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Backeround of the Invention

[0003] Heat transfer components are used in refinery and petrochemical processing
applications at various locations within the facilities to adjust the temperature (i.e., heat or cool)
of the processed fluid (e.g., crude oil or derivatives thereof). The heat transfer components
(e-8., a heat exchanger, furnaces, and furnace tubes) may be near the furnace to pre-heat the
temnperature of the oil prior to entry into the furnace (i.e., late-train). A typical tube-in-shell
heat exchanger includes a plurality of tubes through which the oil may flow through and



heat exchanger includes a plurality of tubes through

which the oil may flow through andaround. A hot fluid
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t he heat exchanger unit. The hot fluid transfers its

heat to the cold fluid. The heat exchanger is designed

to efficiently transfer heat fromone fluid to

anot her. The hot and cold fluids are never comnbi ned.

Heat transfer occurs through2the tube wall that

separates the hot and cold |iquids. By enploying the

correct flowrate and naxinizing the area of the
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the roughened surface. Fouling is not limited solely to the crude oils being processed. The
vacuum residual streams are often used to heat the crude within the tubes. These streams often
contain solids and are high fouling. Fouling can be associated with other process streams
including but not limited to air. Fouling can be associated with other process streams including

but not limited to process gases (e.g., air).



vacuum resi dual streans are often used to heat the

crude within trie tubes. These streans often contain
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with other process streans including but not |imted

to air. Fouling can be associated with other process

streans including but not limted to process gases

(e.g., air).[0006] While the problens of fouling
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addltlonal fouling problems, as these materials are too heavy and contarnmant laden for the

typical refinery to process. The materials are often pre-treated at the production site and then
shipped to refineries as synthetic crudes. These crudes may contain fine particulate silicaceous
inorganic matter, such as in the case of tar sands. Some may also contain reactive olefinic

materials that are prone to forming polymeric foulant deposits within heat exchangers. As can
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crudes present additional fouling problens, as these
materials are too heavy and contam nant | aden for the
typical refinery to process. The materials are often
pre-treated at the production site and then shipped to
refineries as synthetic crudes. These crudes may
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heating crude oil in a refinery stream prior to the crude entering a furnace, whereby the heat

exchanger is resistant to fouling. The heat exchanger may be a tube-in-shell type heat

exchanger having a tube bundle located within a housing. The present invention is not intended



to be well within the scope of the present invention.
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refinery or petrochemcal facility that is capable of

transferring heat fromone nmediumto another which is

al so susceptible to fouling including but not limted

to Crude Preheat, Coker preheat, FCC slurry bottorms,

debut ani zer exchanger/tower,5 ot her feed/effl uent

exchangers and furnace air preheaters in refinery

facilities and flare conpressor conponents and steam
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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
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to about 5.0 wt. % of the alloy. Preferably, the alloying metal 6 comprises at least about 0.01
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sulfide (Fe)-xS), iron oxide (Fe3®»), iron oxysulfide,
i ron-chrom um sul fide, iron-chrom um oxi de,
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metal Mdf the chrom umenriched oxide (M O4 or MO8 or
m xtures thereof) may conprise Fe, C, and
constituting elenents of the steel z. The steel z may
be selected fromlow chrom um steels, ferritic
stainless steels, martensiti& stainless steels,
austenitic stainless steels, duplex stainless steels
and precipitation-hardenable alloys. [0020] In
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t he i t.] f h |
N e
wititibwdmoe matlic Al ¢lts heeetelbafilos ¢ molk- lamcrhqndnerbagh@nm and
ct%héls?sy ?f%ngasﬁl.lo%?&u{?etréh Bz?sgd ) ?ﬁc@ﬁtﬁatl oflthihofi! lljl{etaﬂﬁ ?ilrﬁ’f

or ne rom the conmposition h,
q, arié'oz'u 8 ﬂr&eﬁetﬂi@é ﬁl'dlé%?ﬁ)ﬁﬁr%, e it R SredoRPhent may
consi sting Co, m xt ures thereof

apisior paora Yot R APie Pﬁ‘@ji“é‘f‘%ﬁlﬁ‘éi‘f? odpt tireftpedyees
b iR hedt Gk fe€ E18GdnS ivhidgre@fits @the ddlelophent of b shedtmotibh in thé lighid,

fiﬁ\’in g('\-/ggi’thh&e I?é%fsexla'raaﬂge!’s’ﬁh%e%%ag ynB%onhoé tulrbé’lenﬁgd\’\b% tgéheaafr?%hsfer
ewinpbreneignits terferofationTdd enyrfowlantrert the burfacef pf the @owprensiygeducing

| e Sibrhdnfl€rne n f
B Loy REDA D8l i S B  gp ov
tempenentaypndlusie oalte qp@atswelyaww isppufetrnrEPdusRg devigotogrply
Mssurdp@atit R @b hrodess skBgn.al | oyi ng nmetal g may conprise
at | east about 0.01 wt%to about 5.0 wt. % of the
al | oy{ooﬁr eﬂ‘leﬁrabxlelyaspdch:ﬁ‘t}alpkaagm iﬁgentmi ta|prOQ1d€ @njemocsasedatmg

éﬂ‘ﬁ ing i Eea&J txctpange% for ag{ro%:e%s s%r ean. tThe hea % &)l'ﬂ%alg}r {f%%stmg

oy|n enen nmprise a
Waféxttongebtobies. 86 @eﬁmd%uthfdei temoand apigast Pp@fl@rcsfmeylur&th!v@f
@!&M%méaaexglaggsmbes mga)ﬁemse%ﬁger, la&ﬁﬁgtalm %ﬁmﬁmoafrma&mem

t o apbout 0|ngeemen
heajpyghapgsrybess Eaghtof ﬂ@a@faharb%t?pla@rr@&t hmt%%lgsvdalsz bejgg, fgrmed
Mo Qfm&@ntl&rhlﬁat@d rtEéPé{atx;t @?%ﬁ@dtlbt%bhﬁ(y Qorﬂng [Bﬁ{iﬁgé Heg&%tﬁég above, and a
co r's ea ou 0L O, .abou

SR capuE R’ b B st bimh Bty %fh/feejm&?m tube
ﬁlh}ecoﬂiain&)sleev'Ehm:aI@d) theﬁmt ﬁ'hé dleevds ibking fomddff&mﬁa@mpfthat ine
%sxstan¥ ton%?ﬁld&%gggljfo%%n ?#Td cloggsg’otn nildu%rd%u‘hn% ck Sipartitioned

on- net a non- net a ilmis a

mul [0bAY & is mem%%él bt pftésénmnaa@ko@@wvﬁgﬁne&m@&fplr@aﬁig
10 atom c percent based the concentration

Tl Rn cATTpSoR TesistaRte %mwﬂr@dwm fopliag resisnRede %W&'?‘&Pfface e
Isistbjdct do@iptocdyg streb@r mgaémlsemmsf &he mammommbs m‘a\ydmg’mxhuﬂ e

i X
i PRy KPethe S Bohani i srsEt SR
tm@nstﬁmcombmﬁ Yuhiddh whersin Ktisa ingfaltstiectaddinal thpgreyn conpisting
%%1 &?de t‘ule th ofl \kfl?elr’éu‘fjls 19@4 My Welte[?l' Als Eth@asthﬁgﬁlloymg

exchanhger . I's shear motion or turbulent | ow wi t

elpracnhsslicted from dre@rous evngistingof S AMasTiy iﬁer Yr %tTaoMO»cW SC,Y,
@:DYZe fPi’ 2Rk, ANRE G, BLUEH, BCES, safpbl BEC, SOOPRRRTS, Wl¥rein a Cr-

enncheﬁ laygr 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.



the viscous boundary | ayer adjacent the walls of the
heat transfer elenent. The heat transfer conponent nay
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produci ng device to apply pressure pulsations to the
process stream [0022] It is another aspect of the
present invention to provide a nethod of reducing
fouling in a heat exchanger for a process stream The
heat exchanger has a plurali®y of existing heat
exchanger tubes. The nethod includes renoving at | east
a portion of the plurality of existing heat exchanger
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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;



Zr, H, V, Nb, Ta, Mo, W Sc, La, Y, Ce, Ru, Rh, Ir,
Pd, Pt, Cu, Ag, Au, G, Ge, As, In, Sn, Sb, Pb, B, C
WOR00P073634 S and m xtures ther eof . The method fBRET/HEI006/048359
includes formng a non-netallic filmon the surface of
the all oy having a surface roughness of |ess than 40
mcro inches (1.1. nmm, wherein the non-netallic film
conprises sul fide, oxide, carbide, nitride,
oxysul fi de, oxycarbide, oxyrOtride and m xtures
thereof. [0025] It is yet another aspect of the
present invention to provide a nethod of providing
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g‘ﬁ%ﬁ transfer conponents in accordance with an
enbddi ment of the present invention; [0029] Fig. 3 is
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forming the alum numclad carbon steel utilized in
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i nvention; [0031] Fi 5 and 6 are inmages
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8 are inmages illustrating the significant reduction in
f oul i j0@aOP IFigure 16 is a graph illustrating dimensionless temperature change over time

for another test specimen;

[0041] Fig. 17 is a partial side view in secticn of a heat transfer 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,



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

WO p@e/tr5634 eeve i n accordance with the present PO/ER10060MS359
[0034] Figure 10 is a partial side viewin section of
a heat transfer conponent having its inner dianeter
formed in accordance with the surface disclosed
herein; [0035] Figure 11 is a partial side viewin
section of a heat transfer dbnponent having its outer
di ameter formed in accordance with the surface
di scl osed herein; [0036] Figure 12 is a partial side
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oth its i ner dianeter and its outer dianeter forned
tﬁ econd 512 &geWﬁth the surface disclosed herein:
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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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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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preferable that the Cr content be higher than 10 wt.% based on the combmed 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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[0069] Electropolishing or other means of reducing the surface roughness, as
described above, may be used either before or after the tube with the insert is installed in the

heat exchanger bundle to obtain the desired surface roughness. In some instances, it might be
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[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



tenperatures up to 6000C. In petrochemn cal
applications including use in steam cracker and

WO edoonnss4 t ubes, the non-netallic filmforns apCT/US2006/048359
tenperatures up to 11000C. The tenperatures utilized
during the formation of the non-netallic filmwll be
dependent on the netallurgy of the steel being acted
upon. The skilled artisan can easily deterni ne the
upper tenperature constraint?d based on the steel's
metallurgy. . The Si-partitioned oxide or oxysulfide
filmeffectively retards iron transport in the
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aaGitbartitioned 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.



5.0 . % and preferably at |east about 0.01 wt. %to
about 3.0 wt. % [00781 The netal i can al so include
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0.01 wt. % o about 40.0 wt. % Cr provides the alloy
with synergistic sulfidation corrosion resistance.
Thus, the alloy according to this conposition w ||
contain Si in an anount of at |east about 0.01 wt. %
to about 5.0 wt. % and prefearably at | east about 0.01
w. %to about 3.0 wt. % and C in an anount of at
| east about 0.01 wt. %to about 40.0 wt. % and
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The thickness of the non-metallic film ranges from at least about 1 nm to about 100 pm,
preferably from at least about 10 nm to about S0 pm, more preferably from at least about 100
am to about 10 um. The non-metallic film provides superior corrosion and fouling resistance

beneficial in heat exchanger tubes in refinery applications.

[0087] The non-metallic film may be formed on the surface of the alloy by the bright
annealing method. Bright annealing is an annealing process that is carried out in a controlled
atmosphere furnace or a vacuum furnace to provide low oxygen partial pressure environments

in order that oxidation is reduced to a minimum and the surface remains relatively bright. The
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preferably less than 20 micro inches and nore
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ehepaatdenRecanguldr eanmdss af 0. Liinglyx 625 inthearadut ym Beiskegts-athieesample
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.



upon. The skilled artisan can easily determ ne the

condi tions based on the alloy's netallurgy. As a
wmewrlo7iess i ng exanpl e, the bright anneal i ng caPCbhesSzo6@8359

in either pure hydrogen or argon or dissociated

amoni a, provided that the dew point of the atnosphere

is less than -40Q0C. Bright annealing tenperatures

usual |y are above about 10380C. Tinme at tenperature is

often kept short to hold sulbace scaling to a mninum

or to control grain growth. Vacuum furnaces can

general ly achieve the best atnospheric quality for
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acet Ofﬁ@%? GRE Ihla ﬁJuin}/g t@s%gassm&ﬁg Henpﬁéltzcﬁ%eméated 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)-



sel ected anal ytical instrunents.[0093] Both surface
and cross sectional images of the tested specinen are

wWe@x@monwed usi ng a Scanni ng El ectron M cr oscopyPCBER006/048359
The atom c percent of elenments in the
siliconcontaining steel conposition is determ ned by
standard Auger El ectron Spectroscopy (AES) anal yses. A
focused el ectron beamirradi ates a speci men surface
and produces Auger el ectrong/ whose energies are
characteristic of the elenent fromwhich they are
generated. Conpositional depth profiling of elenents
i's a%ﬂl‘ﬁﬁﬂ I sheghihsibtidsO 8T %hel:t@d)@ﬁ&ﬂ_ﬁzﬁl@&r dheactERAdoF Be oil
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e successive depth. Exanple 2 [0094] The

commercially ayail abl e ALCOR Hot, Liquid Process.
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one- | IO9K2] 1 o5 eMhRAFCQR phit spndard, fpnling test parargitessAgd ?Fé%f‘% tﬁg
td@itibhsQidddor(viHdletctnddsHAG) ardduehnjatipgdibeigwi t acr oss a
vertically positioned, carbon -steel rod with a flow
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constant throughout the run. The _rgld su{.face . Is. all
t enpeldQt®H e usédde AEFORETRT pEamEn ingudsy gligop-contaming steels, alloy
Thed 4166 Ukt fre pRPGEI Y Srcatietting € Tioy dikerdelfed alldyh@e batkddled intoi thick

inlet te ratur.e, outlet tenperat tiet).and
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he rod. 96 ring. t Lin . t
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test rod. The coke deposit causes an insulating effect
that H8H#tes t Hier e filsispesiasy. alleu  érexpgspd tp 6Q4Qyol papsa crude
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[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



[0097] DT = Toulto - Toutietmax- [0098] Delta T

nmeasures heat transfer of the foulant |ayer. The
woremensicenl ess Delta T is expressed as: [ 0099]PCT/US2006/048359

D nensionl ess DI = (Touti.t - Toutkt x) / (Trod -

Toutl et ).[00100] Di nensionless DT corrects for heat

transfer characteristics of the oil tested. [00101]

The test time for these runs is 180 m nutes.

Not eworthy is that the flowdBegi ne for the ALCOR

systemis |lam nar and therefore direct correlation

wth field experience is difficult. However, the unit

hmh &ﬁanls RNava0 aefniceeictnt 8i babed@X Blcuaictmatigh dftiemenaetsllit Alm
é e fouling potentials between crude oils and
nf‘bOlOZ] The ALCOR unit standard fouling test

%L?Sﬁéﬂﬁﬁei?ﬂ RELT I bR LIRS G PO PR linetod

Rseribpdrahowee, the AQCER/red made qut/of givy & i thytedurythe HpEPBpidnFigure 15
a@kﬁltﬂe%ﬂ Yesulls 8f et BhA&R] as FLO DG el irfthd Mhred aloRd Wi stehdard rod

heat er rods stem Pressure: 400-500 psi. Rod Surface

(Fearpess A0 1C8 @ss¥e figmey oRimspsiqndass Alefislipyat tgmainslmest gy for 180

MR85 MEihg tirRY MRis 3t idgé\a@t‘é }ie oditidGodiak: l}b%hbsﬁldhd‘lly Frdduéed by
I nI Ft Tenper at ur e: gOS- m. nu

the ﬂb“’él FOPGTRS ik T"“W%“Pﬂ“ﬁ’f %@é’&?&‘&ﬂ“‘é‘?‘e ?‘1“15’6%38“’
D[rﬂldﬂﬁlodl@ss N ef 9180 detrbaseswith tind@d030 mﬂues 41630 tires tThisaebult

ude S|I|con Cor ta i, allo
S REls Do piensh S BRI s Bk A g Sl Rlend e
tiredntabiyldegfddei/ts cake ovitichtbuiidbp aadhel smtfue bfﬂl@kstsctde et s of

about 1/2 inch thickness. The sheets are anneal ed at
11000@0W7kr ni ghn the firfl prepimen, felowing thecd S1Q8 BLES fept method

BUERRE 5070 Ae@d COR rsmmeto@tr@@m@w Rstedi e ALCOR d’nQ dFlgure 16
speci nmen i s machined fromthe sheets. aces

P 1 R LAY £ P g SR ) e vigh S
{d3.(fowhHe RN 8UB iR Ge HRWENE DimdnkiBhlcss Aaradanbyemdas lalost flat for 180

B8 B he W0 0O HRE SRr (TR e B P eg o
hmbf Ehe sxncm-cbmhnmgstmmpbaw oampamnm IrAfotmansbxe Plirhangipnless
éﬂ gf g’?g& ge:éﬂe? 65 e an ot olsrfél%seég N}lme rgsu;tfs UEERSs that
tspbdltents sﬁ%mm@nmx depnotpnriethaited A:LGECDR md@va'prfﬁ indjaregheomallyr

bl RePHbikedGhiéithia ¥dn ROGrARRPHe SherRBr 1 1 Oned

(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



oxysul fide is observed. The non-netallic filmis
formed on the silicon-containing steel surface. The
W@ 2002/0t%34 ed specinmen i s characterized by AES.P¢D0315§/048359
Figure 14 depicts AES depth profile fromthe top
surface of the tested speci men. The concentration of
various elenents (O S, C, Fe, and Si) in atomc %is
plotted as a function of sputter depth in nm The
non-netallic filmin this c&#% appears to be a nixture
of outer iron sulfide (Fe,.XS) and inner
Si-partitioned oxysul fide. The thickness of outer iron
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use of the icon-containing steel
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ALCOR rod surface and are ther rrally degraded to coke,

whi chrobiaf d up ﬂ@cﬂr&ﬁuﬁ%ﬁ@&ﬁox@:fe stdo@ oeMzo; 8nixthROEO831)

The surface. treat can. he use eat exchange
E@ﬁ’ﬁ&ﬁ@?ﬂ esurfacen?the steel { before use o thec orm m—em%chef 0,8(;1 9

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



with any surface susceptible to fouling or corrosion.

It is also possible to use the treatnent with other
wore@hanicssrs for reduci ng fouling and corrosi onPCHUK2006/048359

exanpl e, the surface treatnment can be used wi th heat

exchange conponents that are also subject to vibration

or pulsed fluid flow, which are nechani sns used to

di srupt fouling and corrosion deposition. [001 09] In

one exenpl ary enbodi ment, thé0surface treatnent can be

applied to a heat exchange conponent in the formof a

heat exchanger tube, especially those fornmed as tube
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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



m xtures thereof) attributes to superior corrosion
resi stance of the steel z. Chromiumpreferably enters
wo owactwacy sites of the oxide lattice and ef f BCT/USII§048359
suppresses iron transport fromthe steel, a
prerequisite for sustaining corrosion. f001 13] The
chrom um enri ched oxide e (M30 or M2C3 or m xtures
thereof) is forned on the surface of the steel zby
exposing the steel z to a | @ oxygen partial pressure
envi ronnent at a tenperature of from about 3000C to
11000C for a time sufficient to effect the formation
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the need for mitigating corrosion and fouling. The chromium enriched oxide & (M0, or MO,

or mixtures thereof) is formed on the surface of the steel { by exposing the ID, OD or both the
ID and OD of the steel {, as described above.

[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.



steel such as 304L can be bright annealed in either
pure hydrogen or argon or dissociated anmoni a,
wQ@e@viotesas t hat t he dew point of the at nbspher ePCHUBHE6048359
t han -400C and the tubes, upon entering the furnace,
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n 10 mcro inches (0.25
thlckness of the top layer is about S(um A J}Tr?mum-emched oxide (M;Q,) 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



chrom umenriched oxide e (M3O4 or M2CG3 or m xtures
thereof) can be fornmed on the inner dianeter (ID), the
woeien7dsanmet er (OD) or both the ID and t he ODPOI/US1066/048359

steel z, depending on the need for mtigating

corrosion and fouling. The chrom um enriched oxide e
(MBO4 or O3 or m xtures thereof) is fornmed on the
surface of the steel zby expgsing the DD, COD or both
the 1D and OD of the steel z33as described above. [001
18] Fig. 17 shows a heat exchange conponent, in this
case a pipe 100, having a base 102 forned of steel z
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tdQsirgxp\;aﬂiQtio\ﬁQ ln'p%’saggon %m]gl;ttllj ?nag'be):( prg\trided 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



4000C for 4 hours in a tubing bonb test apparatus.
After testing, the specinen is cleaned in tol uene and
waec@rons3sequential ly and characterized by SEMCT/082086/)48359
Fig. 2 1 depicts a surface and cross sectional inages
of the tested specinen. A top layer is conprised of
iron sulfide (Fei- S) and magnetite (Fe3®™) . The
t hi ckness of the top layer is about 5 mMm A
chrom umenriched oxide (M3&4) is retained. The
concentration of the nmetal Mof a chrom um enriched
oxide (M3®4) is Balanced Fe: 12.0 Cr: 1.5S in w.% -
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F}‘P{hgﬁfchh gnected to the outlet conduit is
particularly desirable since it will create the

desi r@oh3py essungs flesplated MSt thdvibBbonlptHa&Sng RGdd whyasSny
means that is capable of imparting a vibration force on the heat exchanger unit, The vibration
producing device may be of the kind disclosed in co-pending US Patent Serial No. 11/436,802.

The vibration producing device may be externally connected to the heat exchange unit to

impart controlled vibrational energy to the tubes of the bundle. The vibration producing device
can take the form of any type of mechanical device that induces tube vibration while

maintaining structural integrity of the heat exchanger. Any device capable of generating



of the pressure drop occurring in the exchanger tube

bundl e. Variation in the frequency of the pul sations
woray7loesead f or ded by variations in the reci procBtT/082006/048359

speed of the piston and any desired variations in

pul sati on anplitude nmay be provided by the use of a

vari abl e di spl acenent punp, e.g. a variable

di spl acenent piston punp, swashplate (stationary

pl ate) punp and its variati 8ds such as the wobble

plate (rotary plate) punp or bent axis punp. [00129]

The present invention is not intended to be limted to
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are not degraded by passage through intervening
devi ces such as valves. Normally, the frequency of the
wo d@aiogsepul sations will be in the range of 0. 1P¢RUSIHOZ048359
kHz. The anplitude of the pul sation as nmeasured by the
increnmental flow rate through the heat exchange tubes
coul d range from about the order of the nornal heat
exchanger flow rate at the | ower end of the range of
pul sation frequencies to | e88 than 10 6 of the nornal
flow rate at the higher frequencies; because of
pressure drop limtations in the heat transfer
conmponent operation and/ or dissipation of higher
frequencies in the fluid, the upper Iimt of the pulse
wamllétlddﬂdmll decrease with increased frequency.
for exanple, in the lower half of this frequency
range, the anplitude of the pulsations could be from
aboutl. AGwed trisfea bapondnh for hratingsdl prdcEss WIcepy @IRABNG t h
freq Al evanﬁarvgx Bt
100 BBl 8 AABRRLE R i DR Gl b
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rrsredofyced Bpneat transnitting vibration energy, while
at high frequency nodes, transverse excitation is nore
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the hit guency ran%e Furt her,  displacenent  of
wherein X is a metal selected Trom the group consisting of Fe, Ni, Co and mixtures

thereof,

wherein is Y is Cr, and

éc:)m%ed

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.



tube vibration is very small at high frequency (>1000
Hz) and insignificant for potential danmage to the

wo awe®756p0H0132] It will be apparent to those sSRECT/UB06/6M8359
the art that various nodifications and/or variations
may be nmade without departing fromthe scope of the
present invention. Wile the present invention has
been described in the context of the heat exchanger in
a refinery operation. The pBésent invention is not
intended to be so limted; rather, it is contenpl ated
that the desired surface roughness and materials
di scl osed herein may be used in other portions of a

refinery operatjon where fouling. e .of ncer
Redudh e PROGHF P PR SRR G gy KaTit P §ag o
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corrosion re surfaces are extensions of
¢niniclged daycrcbelpg gregerdish theaatiood Y ise K dhe remaining perfiensefiicded d
thek: & fret hod of reducing fouling disclosed herein
can %e conblned with other reduction strategies to
reduce fouling. This includes conbining the | ow
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| east one heat transfer elenent |ocated within the
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holl o in at l'east one
ocﬁmmisa an pridsselecied fopethe ardup ¢pasising P%?amgn@ma arhigqsrchromium spinel,

ﬂ@ﬁ&gﬂmﬁL%Hfﬁhuggw&ﬁgfa surface roughness of | ess
an

mcro inches (1.1 mm. 2. The heat transfer
conponent for heating a process stream conprising:
wher eig ”lthQ Eeaaﬁ'anlsﬁ&ﬁinp&ﬁﬁt abébaﬁngtﬁ alaiad % wheatie e ptotdatmei laygr

@Eﬂi@ glgerd "Whlélﬁﬁ qi {e'[lsli ngaj?rar%s eéele e %é erﬁ%c?éﬁg& £ rocess stream at

high mageiuesuatofdD¢°St material ; a sl eeve, wherein the
sl eeve having a first surface adapted to contact one
of the inner dianeter surface and the outer di amet
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SHihE RERdAABRIIR: letst 6: He@ GlansFd BleE GRGSubjEdt@acn prodeey serbamn at

t he second surf havi ng th
hpgh temperatures up to 68&“% g e surface

12. The heat transfer component according to claim 9, wherein the protective layer
being formed within the at least one heat transfer element when subjected to a process stream at

high temperatures up to 1100°C.

13. The heat transfer component according to claim 3 or 4, wherein the composition is
a carbon steel having an aluminum or aluminum alloy layer located thereon.
14. The heat transfer component according to claim 3 or 4, wherein the composition is

one aluminum, titanium, chromium and alloys of aluminum, titanium, chromium.



roughness of less than 40 mcro inches (1.1 my. 3.
The heat transfer conponent according to claim 2,
wob@rerie3s he sl eeve being formed froma conposPCT/OR82006/048359
that is resistant to sulfidation corrosion and
corrosion induced fouling. 4. The heat transfer
conponent according to claim1l, wherein the at | east
one heat transfer elenent being formed froma
conposition that is resistad8 to sulfidation corrosion
and corrosion induced fouling. 5. The heat transfer
conponent according to claim3 or 4, wherein the
conposition is a steel corrpositi on corrpri Si ng X, Y,

and t al se u
cons 5§ t ifﬂ 3‘6 tftra?—‘%(er c?ﬂ’pon?r:r“,g a°§?f8’“€n° ? Fes { va‘ Feor. pret vfﬁ%‘ eefacta]’e?]st
o8 hdgt irgisEr gnd diredlevirdndign Hidatiegchatge betist foomd fri the/jomgosition,

I t he group consisting of Si AI,
FFORRL oS itpiid |12 00U\ POT! S M
Cu, Ag:hrompm RglCthIQdef qzonta@gpg maﬁnal@rme@sﬁ'om [qu copros@on N g, and
Owh&eindNd S. 6. The heat transfer conponent according
‘0 claimb5, wherein each of the at |east one heat
t r ansfies st@l @aRRinghaMisiPodsteitoutcioad. % aanhiunor med
t hereon, wherein the Cr-enriched | ayer al so heing

for e d ; chrg%xang%rtlrﬁ:ix%edmdg M‘Rlp%’ M AN ﬁlx&;ﬁ:s%%o% foﬁq@c?gr?ﬂlg

the ra enri ¢ bei n

fglrfé‘@toéﬁle sterl b vehigrsineM isjagnegs coptagringat fegst § We % @rhapedion e total

RO bORe RfaltNianfieat transfer elenent. 7. The heat
transfer corrponent accordl ng to claim®6, wherein the

er
ol eott s o verliayd by e SEER oS s Fisdensihen asde ¢ somerns
gilfglapnide, oaywtﬁde,capd abxiung theteher mal spray coating, | aser
deposition, sputtering, physical vapor deposition,
chem cal vapor deposition, plasma powder wel ding
overl ay, cladding, and di ffusion bonding 8. The heat

transfer onent accor dj 7

conprifs |T|‘1‘§gh n‘gtf?“if?r(ff’r&%"t“'?‘\} 8%‘?%&%? v’lﬁ‘(ﬁef’&ﬁe t8‘?1Ia Sfffm s iron

sulfide deg, So/firoh beddiiFe,06) iralvagsul fidy,gron-cBomilinaulfidg tirot-tlaersinar
onent fherein the protective

?mégé'rmnécgr 0“%"%8 gﬁ&bingggi@ee%%oed fromthe group

consi sting of a magnetite, an iron-chrom um spinel, a

chrom um oxi de, and m xtures thereof. 10. The heat

transfer conponent according to claim9, wherein the

pr ot ext iMiehdattysdsfer component according to any one of claims 15 or 16, wherein the

metal M of the chromium enriched oxide (M50, or M;O5 or mixtures thereof) comprises Fe, Cr,

and constituting elements of the steel {.

18. The heat transfer component according to any one of claims 15 to 17, 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

19. The heat transfer component according to claim 3 or 4, 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 silicon containing steel composition including an alloy and a non-metallic film



being fornmed within the at | east one heat transfer
el ement when subjected to a process stream at high
W0 eoopermBur es up to 4000C. 11. The heat transfBPE€T/US2006/048359
conmponent according to claim9, wherein the protective
| ayer being formed within the at | east one heat
transfer el enent when subjected to a process stream at
hi gh tenperatures up to 6000C. 12. The heat transfer
conponent according to clai 89, wherein the protective
| ayer being formed within the at | east one heat
transfer el enent when subjected to a process stream at

3ingh oh BERLRAS sRSNMp t 0 11000C. 13. The heat transfer
conmponent according to claim3 or 4, wherein the

conpositiqn .S a.car t n
SRR 4 RaGUF T8t S ALY 20, ML B
selectersfien the gropmvesitting efdior Wi Gy atubmnttusns he@oH P isfi, apghep atilagst
J;nQ 1 gﬁgmmt sa&tea%omg‘e Al TR o e F 20T, Qgrnqnw YK Ta,

al um nu titani um chrom um’l he

Mo, Sor kT . ReckRpls Tnbt G A6t 8 ) Go0 BB, By BAC.N, P, O,
ShRmBktirePhGesfanine at | east one heat transfer and the
sl eeve having a heat exchange surface fornmed fromthe
gg?'gﬁrfslher eind Eér ﬁaoghmée cr}ﬂr% Q(?m %Q mg&iglde::ﬁ gxq%ﬁg a*ué*d@ By Ifide,
$xycrbidenexysitndsend mixtyres dl,ereef, and z, wherein, z is a
steel containing at |east about 5 to about 40 wt. %
chromum e is a chrom umenriched oxide (M3O4 or MO
or m xtures thereof) fornmed on the surface of the
st eel20z TheMeet tehdfer M)r'h;s)nént nixiaih 18,ovik@innhengeta ) cbromists ableast

. X0 b wei ght of the nmetal M
%%gﬁéég%gngéﬁg%g?gl P% %éb on the surface of the
chrom um enri ched OXIde e, conprising sulfide, oxide,
oxysul fide, and m xtures thereof. 16. The heat
transfe nt of claim15 erein the top |layer
0 corfhr TRt GRgsier SopRemeis e PaPE fasfoom 1 BrpOoieaein Prebisns |
metalrd coxyssed 4t ilede abaut @OL- et to abouty.Gwt. ¥d alehe alloyon- chr om um
oxi de, iron-chrom um oxysul fide, and m xtures thereof.
17. The heat transfer conponent according to any one
of clains 15 or 16, wherein the netal Mof the

chr onunhé&ead tﬁ‘ahﬁ& c&i(fbdil@nt GdVBathe @F an%z%f Qlaini¥ 1% td 0 1€®herein the

PR gkt gt s inahaal s GRERLIS LLREG RSO ©

according to any one of clains 15 to 17, wherein the

23. The heat transfer component according to any one of claims 19 to 22, wherein the

alloying metal 8 comprises at least about 0.01 wt% to about 3.0 wt. % of the alloy.

24. The heat transfer component according to any one of claims 19 to 23, wherein the

alloying element 1 comprises at least about 0.01 wt% to about 3.0 wt% Al of the alloy.

25. The heat transfer component according to any one of claims 19 to 24, wherein the

alloying element 1 comprises at least about 0.01 wt% to about 30.0 wt% Cr of the alloy.



steel zis selected fromlow chromumsteels, ferritic
stainless steels, martensitic stainless steels,
w@oarmenieds c stai nl ess steels, dupl ex stainl essPCI/E81086/048359
and precipitation-hardenable alloys 19. The heat
transfer conponent according to claim3 or 4, wherein
one of the at |east one heat transfer and the sl eeve
havi ng a heat exchange surface formed fromthe
conposi tion, wherein the coMfosition conprising: a
silicon containing steel conposition including an
alloy and a non-netallic filnformed on the surface of
the akl o¥e hedhiRfistirRotipd@en@hdeeiling S ah® bdeRA clhinR M ol B3, wherein the

onposition h, . nd 1, i ich his.a al. sel ect ed
FPURE e ikstiviton Bt bared G V5 gt SRl Bl o af Gl
" Q.0iewtexb aboyt 3050 @Y Crafitheialldys at | east one al | oyi ng
el enent selected fromthe group consisting of Cr, Al,
M, Ti, Zr, H, V, No, Ta, Mo, W Sc, La, Y Ce, Ru,
Rh, Ir, Pd, Pt, Cu, Ag, Au, G, Ge, As, In, Sn, Sb,
Pb, B7. ChdVheatrandRr cSinptineht Bcdiiing &Sany by Eolhimsan & 26helieadinthe

the non-petallic filmc ri ses sulfide, oxide,..
RORPRTRIE, SOE e QR SESRe PN P s L C R SRR e gon-
aaaliofikt ures thereof. 20. The heat transfer conponent
of claim19, wherein the netal h conprises at | east
about 60 W% to about 99.98 wt. % of the alloy. 21.

The heat_transfer conmponent according to claim19 or .
20, viterBs bratHastercPBRARAR) OHAEI /g hEGHIRRG fg’é-gn%ﬂhqfi‘a&ta multi-
B0 tHén-Detblfic MPant condibO b at Rad) 1Mtomi¥p@tent $idasall bioYie codZentration
Tte heat hrg?sfer conmponent according to any one of
YOG TEENS™ 1, wherein the all oying el enent |
conprises at |east about 0.01 wt %to about 40.0 w % of
the aj9| e he%t%ran%@r,%o 1%nt %{;:@1‘%%\% & an9 QR %%‘ec&fﬁfg%agbs‘? g

to an% one of clains 1 , Whérein the afloylng
eerein the heap ansieseogipenent ipalopt exehguaer rddhe apjeass ens head Genstes. o
M&men?/% Qfubk Plﬁld@' Hhél¥g a ;ﬂlﬁ?litﬂ- Sﬁ{ehﬁi&g-sgefr tfu@Ekzgﬁerreiﬁéhﬂlp@ﬂ_ t@dt Heh at
accordin o any ope of cl ai , 23, erein e
Sy e T s LA Pt s QPSS il
b ofithe iherRidthewst Sartide aad tht haeraiahpigr suiace hdtigg dwadice roughness of

f.er . 0 ccording to any one of clains 19
R A Yl ement |

erel [l oying el enent i conprises at
| east about 0.01 wt%to about 30.0 wt% C of the

al | 0y3026me J@%&%co&g%%%&erdmwgm of MRl EHifA 1dis, any

one of clains 19 to wherein the alloying el enent i
WhisHP he surfagg ropghaest s Jsp i B0 e S WBbut 3. 0wt 9% A
and at | east about 0.01 wt% to about 30.0 wt % Cr of

t he lqy., 27. The heat transfer co en cor di ng
Lo ant) heaf ot bl SRR e AP Hec R,
whaneiwthe airfapecrofighhess isiesy then Wuwiérg dnehes{(0.2%em)al | oy
conprises at least 1 nmthick Si-partitioned

nonnetal |ic i ) )
32. 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 stream.

33, 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 one heat transfer element and vibration to the heat transfer component to effect a reduction



film 28. The heat transfer conponent of claim 27,
wherein the non-netallic filmis a multi |ayer
woorreiead [ ic filmand consists of at | east 10PEL/OR1006/048359
percent Si based on the concentration of the
non-nmetallic film 29. The heat transfer conponent
according to any one of the preceding clains, wherein
the heat transfer conponent is a heat exchanger and
the at | east one heat transfér elenent is a tube
bundl e having a plurality of heat transfer tubes,
wherein each of the heat transfer tubes having an
dERSscolis BSMRERY laged hdjaest ienelemnom ht ramifeachahat togedufetbe,
wherein _at. | east o f the.in ' f d
GG S8 TREPEP g FaER Rab Peyed ralF Sk uEict
gkarh.ess than 40 micro inches (1.1 nm. 30. The heat
transfer conponent according to any one of the
precedi ng cl ains, wherein the surface_roughness is
| ess 38hahe Rohadiof redudingdpiag gogordingigclaimy 33, wherginthe fpethod
&&gﬂﬁ%gr conponent according to any one of the
precedi ng clains, wherein the surface roughness is
Iess‘@ﬁ%ﬂgﬂ@dﬁ$§F6pPﬁ%ﬁ@?°%ﬁP?§$%ﬂ$?n32. The heat
transfer conponent according to any one of the
pr ecedi cl ai furt L Si g
Vi br 201 R BB TR oty O Mg SERAL B in 12 MFeioh O ety
tapeiging:0 t he heat transfer el enment and a pul sation
pr odugj i r fdF Qeritiit. sations to the
procg%é®g¥?§§#?ﬁ§%ga%?ﬁg%ﬁggﬁg§§rgducing fouling in a
heat transfer conponent according to anyone of the

p][ e? leﬁ ggm&i\(ﬁi oﬂ&du&r&l&“odm_ﬁ hQdes exchiinigsd forgi pracplsiréany whanen
o) ui d pressure sations.to the pr S
P i 510 RT SOTE ALY 1o R U Ay Se g otprse
and vielbaihd @ feadta@ portien dfeigtplitraline Eesting bemp onsbangertubeafidne the
E redyctipngf the vi scous boundary | ayer adjacent the

P PEXLET e heat transfer element to reduce the
i nci diestelingsfphrality pheplaseenp heshrzehangre iibesy MaFreip gfchof B

%Eﬁalig%ﬂepﬁ&ﬂfé&fh%& efdh@iFBMtibel Pavind @ stF0C R hn&s bEIARthaB 40 micro
The net hod of reducing fouling according to claim 33,
wsesél-hithe et hod conprising: applying fluid pressure
pul sations to the process stream 35. The nethod of

duci ; . . di i :
reduc %’{] Cg%1ﬁ o&ug{hlgclp %@g}'&%g oY 3&, glhgrlalﬁ LA %?’the ygpﬁéeﬁleﬂt hteii e

met ho
exchanger tubes being formed from a composition that is resistant to sulfidation corrosion and

corrosion induced fouling.

38. A method of reducing fouling in a heat transfer component for a process stream,
wherein the heat transfer component having at least one heat transfer element for heating the
process stream, wherein the heat transfer element having an inner diameter surface and an outer
diameter surface, the method comprising:

installing a sleeve on at least one of the heat transfer elements, wherein the sleeve
being formed from a composition 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 um).



applying vibration to the at | east one heat transfer
el ement. 36. A nethod of reducing fouling in a heat
wez@hanges for a process stream wherein the hPEL/US2006/048359

exchanger having a plurality of existing heat

exchanger tubes, the nethod conprising: renoving at

| east a portion of the plurality of existing heat

exchanger tubes fromthe heat exchanger; and

installing a plurality of ré®lacenent heat exchanger

tubes, wherein each of the plurality of replacenent

heat exchanger tubes having a surface roughness of

| ess than 40 micro inches (1.1 nra). 37 The net hod

according to claim.36, wherein each o e re Iace

oat 2 Heghrt TR HEG: FRIPHBLeP Ot B CETEUe G

fhklAg rdsiStaice & ahéttl urfade thatlif subjedt tocrpravess lsmrrmnhlglndmperatures, the

CE%FOSIOH i nduced fouling. 38. A nethod of reducing
H%a heat transfer conmponent for a process

str eaornwdm@mstam laydn baviregatsutfacareagraess oblinss dirme @ mirae/inghgs etl-

;ln%q@r{neﬁ) B&m B Sthpokifi Fnﬁﬁs )@ We RMd Z QherBR &Lik MhethiNBlected from

rocess stream rein heat transfer el enment
thegPUPoRspting i de. Nij %fh?é‘ti c‘—}?x%’ﬁﬁt\‘%@é wheIgmahY éftreAnd dheRiB Ldat
18441 dnd 6lfbyin® elRMEA Qe Wit gip coudistirl of S1) gl anSTie By HE, G Nb,

ooty & et £5, Ao dur b RET: BLIBSE FEER B b G 8ends,
wiesiirsd Grdnrithed Buyérfid 1oa@tel omthe oetrldayen whersid ﬂw&r{emsqh@iﬂayer also

) tl)etpn%?(i%gd Er(? h% ggel céﬁ&%ﬁ&{‘x t\h gndsi gf&g‘ﬁ %‘f&tﬂg)f § é(g Xru%lthe Cr-

ace a to contact one e | nner | anet er
@uﬁlﬁé@éeréﬁlﬂg zrh@er@luﬂ the ratio gh¥ ¥ indhg metel daves andhe heat

transffn%ﬁngﬁa!n SRRRLivedEr A 2SBEROEE i Asdeatigpt ed to
contact the process stream wherein the second surface

havi ng a surface roughness of less than 40 mcro

i nche gﬁ“ gng 39 A rOV|d|n sul fi n
corrosi Q}h@ Pafidine Séi‘ °8 ¢ ?rﬁossﬁog FRESE edp Fou nqr%uce%
foelgigs¢sanoe t¢ sheat trapsferd compontm swfacd die niethod Gmljlpeleltlg t o a
process streamat high tenperatures, the nethod

conp rﬂr(ﬁi‘uﬂ% a sp{cgﬁ/ éﬂiaﬁ&g@te%&rﬂﬂom’h&y Réludd@dnRloydwheif & @lloy is
rou% ness of |ess than 4

P OTROEBRPCS P19 o ‘”g]’é’hﬁ P.aéﬁq% eﬁf& % ﬁaﬁa@m

swRgstag Bf B¢, N5CE, aﬁd&ﬁx&kurésﬁle%f, e S, randn it fdeagrooeigloying element

of Fe t reof r|
FEGH 9 oy Bl 0PN T4 S gy A
R, @h&hthsléJ @ereddu Gordet Av IgPo§p. Bbohd: 8% PiY Sdfld eitxmrw
t!}@-eodend Zr, H, V, No, Ta, Mo, W Sc, Y, La, Ce, Pt,
Au, Ru, Rh, Ir, Ga, In, G, Sn, Pb, B, C N

O P for?r{]ngg aSnon-metalhc film on the surface of the alloy having a surface roughness of

less than 40 micro inches (1.1. um), wherein the non-metallic film comprises sulfide, oxide,

carbide, nitride, oxysulfide, oxycarbide, oxynitride and mixtures thereof.

41. A method of providing sulfidation corrosion resistance and corrosion induced

fouling resistance to 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;04 or M;0; 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



wherein a Cr-enriched |layer is |located on the netal
| ayer, wherein the Cr-enriched | ayer al so being forned
wo e@miotises st eel conposition X, Y, and Z, wher ePOT/URE06/048359
ratio of Yto Xin the Crenriched |ayer being greater
than the ratio of Yto Xin the netal |ayer; and
formng an protective |layer on a surface of the
Cr-enriched layer. 40. A nethod of providing
sul fidation corrosion resisttdnce and corrosion i nduced
fouling resistance to a heat transfer conponent
surface, the nethod conprising: providing a silicon
H9OMkid,Ng steel conposition including an all oy,
wherein the alloy is formed fromthe conposition h, g,

and | esrmir avi‘(o;\# 1%% Foﬁ-rﬁfd%n%ts@facg’@ﬂ e dnffhidoh- O chd¥ox e ﬁée'vﬁhg a

consi st m xtures_thereof,
Bifzce amghiessf st rinlgticro Rehea (I o GOTBITBIAE A ey ity R HIRce

LomdBengEQup consisting of G, A, M, Ti, Zr, Hf,
e A T AR A AR A A
Cu, Ag, Au, G, Ge, As, In, Sn, Sb, Pb, B, CN P, O

S and tures thereaqf; .an rd

P, ot S ) YLl T, Aol s
crdmpgshﬂm&smpﬁsuigess t han 40 mcro inches (1.1. nm,

wher ' (ﬁznon metalllcfllmcorrprlses sul fide,

OXIde dar nitride, oxysulf de, car bi de

OXy i WhieFegheX arpanatel slagicd §om Hsragnyp congisting ofk 8 @ogpixtures
fikeyd ding sul fidation corrosion resistance and

corrosi on jnduced foul ing resistance to a heat
trans‘Yl@Fe”b‘éPFdﬁ)ﬁ%ﬁ'i surface, the nethod conprising:

pr ovi whefgn 2isSt et or&uncﬁmgelecemaéqtddrﬁgmahe framsonsishea ot Sb Al

Eﬁr@ﬁ?uﬁf leé\%]i’]e(y oXi S’é{;@’ ?%B%Sf t?liw% ﬁu er‘rll l){(l% glrr Ce}as, In, Ge, Sn,

Phidy; 60F,)0,@naridl$e surface of the steel, wherein Ms a
netal containing at least 5 wt. % C based on the
total weight of thenetal a formng a to

f or med- dhe W@O%Q?F?f@é%méhmﬁ%féﬁrvﬁ‘ﬁ‘iem 8&5@/
Bé¥iridg & CRbHricRs8ayeOfoGta ﬁﬁ&o@fwhlzraﬁﬂletdﬁamoﬁéh Iagec tlep bemg

ot B LA B B s

mpmeldg Bigatérahan|tiei ra® 3 Y toK iB8¢ rewpi@ine pertiothef ce@m@% ‘tion
is a steel conposition conprising: X, Y, and Z
wherein X is a netal selected fromthe group

consi 4% i Thg mefhogeccorfjng toclpim A WhETRp the&3-cpifrapdiayer ’S\WY@F%?yn"“e

'o?el%trb-ﬁol@ﬁmg e QOmposmon, electroplating, thermal spray coating, laser deposition,

sputtering, physical vapor deposition, chemical vapor deposition, plasma powder welding

overlay, cladding, and diffusion bonding.

45. The method according to claim 44, further comprising:

an protective layer formed on an outer surface of the Cr-enriched layer.

46. The method according to claim 45, wherein the protective layer comprises an
oxide selected from the group consisting of a magnetite, an iron-chromium spinel, a chromium

oxide, and mixtures thereof.

47. The method according to claim 46, wherein the protective layer being formed

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



wherein Z is at |east one alloying elenent sel ected
fromthe group consisting of Si, Al, M, Ti, Zr, Hf
w&200R075630, Mo, W Sc, Y, La, Ce, Pt, Cu, Ag, ARCT/RS82006/048359
Rh, Ir, G, In, G, Sn, Po, B, C N O P, and S. 43.
The net hod according to claim39 or 42, wherein the
conposition further conprising a Cr-enriched |ayer
formed thereon, wherein the Cr-enriched |ayer also
being forned fromthe steel 4donposition X, Y and Z,
wherein the ratio of Yto Xin the C-enriched | ayer
being greater than the ratio of Yto X in the
remai ni ng portion of conposition. 44. The net hod

according to claim43, wherein the Cr-enrjched | ayer
o vl o A oBn St S MO AT 5 PR P,
eleqt e coppoaitibing subjeaed e pracpds ayeamealiigingmpdranges up to 600°C.
deposition, sputtering, physical vapor deposition,
chem cal vapor deposition, plasma powder wel di ng
over |48y Theghefepd iaprgrdingrieiclafinf48  rghersin thanTeliegiie layes beimpg fermed
W RRAoAGERAHEs Rbid-Rd & Al 4ireabnht HiRPEmPQIRE! & 1B Fio0aN)
protective layer forned on an outer surface of the
Cr-enriched | ayer. 46. The nethod according to claim
45, vdoe g@d’f rﬂetﬁdﬂ&;@fdﬂ{g&@ tlhive 37 eB8r wieRifhé Qapositiondxd d@ebon
el ecte romthe. grou onsi sting.of a magnetite, an
%’ELIF?-V R PLHETE B 98 ,ungalg) rag?rrﬁ%cﬁﬁe(g%r € and mixtures
t hereof. 47. The nethod according to claim46, wherein

the protReLiNG LYl DELAY 37 BT I¥Bhe pite %Oh?ogm&&%fon

is subjected to a process stream at enper at ures
Ppmingn.4itge, dromipr andgliopo kEEym it SherEMm 47,
wherein the protective |ayer being formed when the
conpositjon js subj.ected tqg_ a process,stream at high

{ enperatbrBehgsoertngpBiems 435 e eri e B RRE P PRy RS
cl ai m chBmiwiedriehad okide cqueadiirgathatoriel fhranee frofpdiervgmpaitiond, &, and
g@gqﬁ&he,conposition is subjected to a process stream

{

gh tenperatures up to 11000C. 50. The net hod

accordi Ndeel ConaindleTBlea( atdlit 538 abo RN %A clirbBiufmOMPOSI ti ON
is a carbon steel having an al um num or al um num al | oy

cl 41 h® SR g ( Qrd B B BT g e
sukfadel ofi thigsted] (1 vetieieinr ischmadaticontaiampcht Bask Hys Yofr tabadion thengtal
&%@§?¥§§%mﬁﬂ%QHku"‘ 52. The nmethod according to clains

erei’n the conposition conprising: a
chromi umenri ched oxide containjng material formed .
f r om & 1R @ top drpidermied g thg surface of Hig chromigpeeneichd oxides, gonpyising
Sidexile NP ysaifidk, @86 ixab@ullerdor.t 0 about 40 wt. %
chrom um

53. The method of claim 52, wherein the chromium enriched oxide (M304; or MyO; 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;0; or mixtures

thereof) on the surface of said a steel.

54. The method of claim 53, wherein the time sufficient to effect the formation of the

chromium enriched oxide (M0, or M,05 or mixtures thereof) on the surface of the steel ranges



e is a chromumenriched oxide (M3O4 or M2QG3 or
m xtures thereof) fornmed on the surface of the stee
waQ00meseei n Mis a netal containing at | east SPQI/USZNEN48359
based on the total weight of the netal M and, d is a
top layer forned on the surface of the
chrom umenri ched oxide e, conprising sulfide, oxide,
oxysul fide, and m xtures thereof. 53. The nethod of
claim52, wherein the chron#dm enriched oxide (M3O4 or
M2O3 or m xtures thereof) is fornmed on the surface of
the steel by exposing the steel to a | ow oxygen
A T mBlto RHBSSUr € environment at a tenperature of from
about 3000C to 11000C for a tine sufficient to effect
the formation of a chrom um enriched oxide (MO or
M2O3 or m xtures thereof) on the surface of said a
steel. 54. The nethod of claim53, wherein the tine
suf f i56i Brstmathedef ¢leimis3¢ whereinghalay PBfsebRariah S HE BRIORRont is
t@ﬁ{eh &h& ang(éegz@teé V& Pthe QfoupVEdaBstRl CO, XI0 ces, Nrheat,e0f1), NOAr, He
the surface of the steel rangesfron11 mn to 100 hrs.
a8 mixfes htgofod of clai m 53, wherein the | ow oxygen
partial pressure environment is fornmed from gases
selected fromthe group consisting CO2, CO CH4, NH3,
H2O, H2, N2, Ar, He and m xtures thereof. 56. The nethod
of clsgi %e’iﬁethdﬁ%%lﬁhﬁ?»t VrirOé 1@%)6% Rﬁ‘t’iaﬁ bx@isud@ ERSPMN@!L is a
environment Is_a gas m xture of CO. The
gretHgHe ofCQrad GP53, wherein the Iom;oxygen partla
pressure environnent is a gas mxture O H20 and H2.
58. The nethod of claim53, wherein the | ow oxygen
partial pressure environment is pure hydrogen or argon
havi ¢ ntisa
000 B O o e il e i S i
g yéyese pE0Oiaa8 Hpr essure environment is vacuum having a
vacuum | evel better than 1x10 3 Torr. 60. The net hod
according to anyone of clains 53 to 59, wherein the
top layer d conprises iron sulfide (Fei-xS), iron
oxi desg( e $Mhod drk h XV 11119 RBw, ok f RRpaiH ?msumeﬁmomg@is
i ron-"Chr o um oxi i ron-chrom um oxysu ,
priritydrogen qr laxgpelving 618116\‘1 Poiet of e AEWSPheTe @r‘%ﬁs Age t48°C@ny one
of clainms 53 to 60, wherein the netal Mdf the chrom um
enriched oxide (M3O4 or M2C3 or m xtures thereof)
conprises Fe, Cr, and constituting el enents of the

ste el Iﬁ £ hde of niEI hﬁd é: o&lg lon x&%fl géﬂ‘%{al g{l?su%fen\(/‘ll'oﬁjngm is

53 t0°6 ereln
vacuum having a vacuum level better than 1x10 Torr

60. The method according to anyone of claims 53 to 59, wherein 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.

61. The method according to any one of claims 53 to 60, wherein the metal M of the
chromium enriched oxide (M0, or M,0; or mixtures thereof) comprises Fe, Cr, and

constituting elements of the steel L.



fromlow chromumsteels, fep tic stainless steels,
martensitic stainless steels, austenitic stainless
wat@elozie3dupl ex stainless steels and PCT/US2006/048359
preci pitation-hardenabl e alloys. 63. The net hod
according to claim37 or 38, wherein the conposition
conprising: a silicon containing steel conposition
including an alloy and a non-netallic filmforned on
the surface of the alloy, wdérein the alloy is forned
fromthe conmposition h, q, and t, in which his a
nmetal selected fromthe group consisting of Fe, N,
Co, @NdTHI N BcotdRR Nty ondloficRinSi 53 t(%ldwherélﬁ thaktedl € &Stlected
one, al ] oyi ng B d from.the

%%lg}vglexiownbs'tee tgr%% stg’lg}lﬁses%:ﬁqs rr??tensxpf sta ﬂﬁas, er.lésten%

MinlSestedlsdup¥x staimlessRteels B prdceipjtatido ,harﬂtn,ablélaﬂoyd\g Au, @,
Ge, As, In, Sn, Sh, Pb, B, C N P, O S and m xt ur es
thereof, and wherein the non-netallic filmconprises

sul Tigq em&ﬁéﬂ%@’ac&m 151 8ain W7 lof 38 Gher@X ¥ WbrhySition comprising:
oxycarbi de, oxynitride and m xtures thereof. 64. The

met hadiiRén &)hlﬁinﬁi\gﬁi@el QbmfbditionE @i g n ik 2B Adn-hetallic film
conpri ses eas about 60 wt% to about 99.98 wt. %
@F“@ﬁ%%ﬂ“%“%@ ali¥he et hod according to claim63 or
64, wherein the alloying netal g conprises at | east
aboutwhBrefithati®y tsdormbdfrom Bie Gorposition P, and e inaWHidyn is aetal
%}}@teﬁ&ﬁtﬁh gi%ﬁ]?: fb%gédﬁg oe ﬁ{‘ Yo %@m&ﬁur&ltlﬁkems 0 65351 taQd 5@ at least

ereln emént | conprises at | eas
enseliaying, etmewo}mt@ feoRgig Sroup. censmﬂ% Bty T &5 er‘? Norhae
el E&QOCQRB,CRH @, B) V1, OR& p0Ru, TadhédIBs, 63 SaBHoBh, B, C, N, P, O,
wherei n the ying netal g conprises at |east about
Pansmigipes ih S’E%b‘iﬁ‘gt 3.0 wt. %of the alloy. 68. The
nmet hod according to any one of clains 63 to 67,
wher eilereirtke mintngepllivdilslcemprises silfideo npids, cabidaitridezpsysulfide,
A0 BhicthYad 1 APQUrcdr O W96 AL o the al | oy. 69,

e rret’ﬁ according to any one of clains 63 to 68,
wherein the alloying elenent i conprises at | east
about 0.01 wt%to about 30.0 vvt%Cr of the alloy. 70.
The t cor. n I
wher ggl‘th?%rg 06 ang e ? Wh relin%le ta? 9omsp %%f Iéagsg e?)gﬂt 60
w%twtab@kt@%&/wto/éﬁ)t@mabumt 3.0 vvt%AI and at | east about
0.01 wt%to about 30.0 wt% Cr of the alloy. 71. The
nmet hod according to any one of clains 63 to 70,
wherein the non-netallic filmon the surface of the
al | oyssc mm&mcaﬁdxﬁmﬂauﬂ 63064, niherkin Bie-apPaying rhdtad A eeiprises at

f|Im N thod of claim 71, wherein
Pﬁséab%toadl &% abouthth /"olgg‘ea cfytl -layer nonnetallic

66. The method according to any one of claims 63 to 65, wherein the alloying element

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

67. The method according to any one of claims 63 to 66, wherein the alloying metal 0
comprises at least about 0.01 wt% to about 3.0 wt. % of the alloy.

68. The method according to any one of claims 63 to 67, wherein the alloying element

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



filmand consists of at |east 10 atom c percent Si
based on the concentration of the non-netallic film
wQ@ 20070s34ret hod according to any one of cl ai TePGBUS®06/048359
72, wherein the non-netallic filmis fornmed by
exposing the alloy to a high tenperature up to HOOOC.
74. The nethod according to any one of clains 63 to
72, wherein the non-netallic filmis forned by
exposing the alloy to a prodess stream at high
tenperatures up to 11000C. 75. The nethod according to
any one of clains 63 to 72, wherein the non-netallic
filmis fornmed on the surface of the alloy by exposing
the alloy to a | ow oxygen partial pressure environnent
at  aeh.eHeeiedbdl kRoding fo Mo dikin3 69 OGS whelel:OBOMof 0g clement

time sufficient to effect e f i of a
‘ﬁ%‘ﬁmﬁﬁstage?sf %bo‘f“iqi}r}l“gg? ® %é’uts%'lrafwat\é’g{rgf& %Egl;gﬁ' an alloy. 76.
The nmet hod of claim 75, wherein the tinme sufficient to
effect the formation of the non-netallic filmon the

surface of the alloy ranges fr,om% rrqi%n to.ltgo IE’;QS?' 77.
The @t Fsaregrod agegrding fasany ones claigs &P i 69 Wheaeit Boplisy g glgment
Lra&lhﬁris@d a\ctJI RA® &ﬁuﬁ(ﬁ)leﬂ%i t6 EHOAEI wivSAlld aedstfab@ind.gheBsto about
ect r the group consisting CO, CO CH4,NH3, H
%%‘ﬁ%’c%ff%ﬁ?lmym and m xtures thereof. 78. The nethod
of claim75 or 76, wherein the | ow oxygen parti al
pressure environnent is a gas mxture of CO2 and CO
79. The nethod of claim75 or 76, wherejn the low .
oxygé&h- Paermgther asgopding e @y SRR A BRI fo 10sWhErgn be pengnqiplic film
d¥thd e df thi2alloB QompHe® atRishDein eiick Sli-pertifioR &l r@n-méG]lic film.
wherein the | ow oxygen partial pressure environnent is
pure hydrogen or argon having the dew point of the
at nosphere is I ess than 400C. 81. The nethod of claim
75 0r727®he mitkod of plaimiyd, Whergitohs rparmeiadlictfilm fis ayput-fayeraon-
SN ORBRR Eonkists Y WA DAMHID PerdenVS GakedIb (BY @hncea@itiof bf the
than | x1 0'3 Torr. 82. The nethod according to any one
gop-negallicfim3e t o 81, wherein the surface roughness is
| ess than 20 mcro inches (0.5 nm. 83. The nethod
according to any one of clainms 36 to 82, wherein the
sur f @6e Thaugindes®rding th eyne dfakin63ne ¢ wheirein e gor-getalic film
J ' e of clainms 36
B i FEG e REGALARDE S BHOR0E O &
vi brational force to the heat transfer el enent and
pressure pul sations

74. The method according to any one of claims 63 to 72, wherein the non-metallic film

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

75. The method according to any one of claims 63 to 72, 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.

76. The method of claim 75, 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.



to the process stream
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77. The method of claim 75 or 76, wherein the low oxygen partial pressure
environment is formed from gases selected from the group consisting CO,, CO, CHs, NHs,
H,0, H,, N,,Ar, He and mixtures thereof.

78. The method of claim 75 or 76, wherein the low oxygen partial pressure

environment is a gas mixture of CO, and CO.

79. The method of claim 75 or 76, wherein the low oxygen partial pressure

environment is a gas mixture of H,O and H,.

80. The method of claim 75 or 76, wherein the low oxygen partial pressure
environment is pure hydrogen or argon having the dew point of the atmosphere is less than -

40°C.

81. The method of claim 75 or 76, wherein the low oxygen partial pressure

environment is vacuum having a vacuum level better than 1x107 Torr.

82. The method according to any one of claims 36 to 81, wherein the surface

roughness is less than 20 micro inches (0.5 pm).

83. The method according to any one of claims 36 to 82, wherein the surface

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

84. The method according to any one of claims 36 to 83, further comprising:
imparting one of a vibrational force to the heat transfer element and pressure pulsations

to the process stream.



