REDUCTI ON OF FOULI NG | N HEAT EXCHANGERS FI ELD OF THE
I NVENTI ON [0001] This invention relates to the
wo edaovi4en of fouling in heat exchangers. Thi SPCT/US2007/014335

invention also relates to a process and an apparat us

for preventing the deposition of solid matter on the
internal walls of heat exchangers. BACKGROUND OF THE

I NVENTI ON [ 0002] Heat exchangers are well known and

wi dely used in the chem cal process industries and in
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necessi tating occasi onal renoval from service for
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FIER® OF EHP INVENIIOMNNS can result from a nunber of
mechani snms 1 ncl udi ng chem cal reactions, corrosion,
deposit of insoluble materials, and deposit of
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stagnant wall region they will associate together and deposit on the wall. A reduction of

the boundary layer reduces the thickness of the stagnant region and hence the amount
of precursors available to form a fouling residue. In the case of the deposition of
insoluble materials, a reduction in the boundary layer increases the shear near the wall
and hence exerts a greater force on the insoluble particle near the wall to overcome the
particle's attractive forces to the wall and hence reducing its probability of deposition

and incorporation into the fouling residue.

{0003} When the walls of a heat exchanger become coated with deposits, a

number of difficulties ensue: (i) the heat transfer rate between the tube wall and the



downs and cl eani ng cycles are necessary, and the

| onger the exchanger tubing, the nore expensive and
waledoBioca4ks i s the cleaning job; (v) danage to PEEUS2007/014335

exchanger or ancillary equipnment results when reactor

tubes becone plugged and relief valves burst. Fouling

costs petroleumrefineries significant anounts of

noney each year due to |lost efficiencies, |ost

t hroughput, and waste of energy. The current nethod
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[0005] US Patent No. 3,183,967 to Mettenleiter proposes reducing the
formation of sediment and scaling on the walls of heat exchanger tubing by mounting
the tubing header resiliently or flexibly at one or both ends of the tube bundle and
applying vibration at predetermined intervals to repel solids from the walls of the tubes.

Arrangements of this type are, however, mechanically complicated and add significant



normal Iy contains no noving parts. [0006] In practica
terns, the reduction of scale or deposit fornmation by
wo b@sosr2df mechani cally applied vibration, asPCT/US2007/014335
described in Mettenleiter, Py the use of flexible
nmount ed tube bundl es wi th nmechani cal shakers or
rappers has not achi eved any significant acceptance
wi th heat exchangers. A different approach using fluid
pressure pul sations to clean foul ed heat exchanger
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to Scharton, US Patent No. 4,655,846 to harton and
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proposal s have the marked di sadvantage of requiring
the equi pment to be taken out of service and subjected
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[0007] There have been prior attempts at using coatings on the surfaces of heat

exchanges to reduce corrosion. These attempts are not effective in reducing fouling.
One, for example, intended for forming a protective surface film functions by
depositing a layer of silica resulting from oxidative decomposition of an alkoxy silane
in the vapor phase on the metal surface. Another approach is to passivate a reactor
surface subject to coking by coating the reactor surface with a layer that is from several
microns to several millimeters thick of a ceramic material deposited by thermal

decomposition of a silicon containing precursor in the vapor phase. Both approaches



mcrons to several mllinmeters thick of a ceramc
mat eri al deposited by thermal deconposition of a
W@ RI0BOE3I2E 0Nt ai Ni Ng precursor in the vapor phaBET/UBMNN014335

approachesresult in a surface oxide with relatively

hi gh surface energy that can attract unwanted deposits

of the surface. Wiile these coatings can have sone

val ue in preventing corrosion, they have proved to be
ineffective in reducing fouling. [0008] Oher coatings
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surface treatnent, which reduces
not adequately resist fouling.

[0010] There is a need to reduce and/or eliminate fouling in heat exchangers,

which is presently not addressed by the prior art.

SUMMARY OF THE INVENTION

[0011] It is an aspect of the present invention to combine pulsation or vibration,
which reduces the amount of available foulants, with surface treatment, which reduces

the probability of the foulant adhering to the surface. The resulting combination



the probability of the foul ant adhering to the

surface. The resulting conbi nati onachi eves a reduction
wo@RooBo4ehg that is greater than either nethodr@ies2007/014335

used separately. This can result in significant cost

savi ngs because of the extended tine period between

cl eaning of the heat exchanger and the overal

i ncreased heat exchanger efficiency and, in so doing,

can mnimze or prevent fouling of heater tubes which

achibidsl a 1eBGERASEE fouling @REINSreHet AR Rithel MBIHRH Refen A¥Qkébarately.
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exchanger to effect a reduction of the viscous

boundary | ayer adjacent the walls of the heat exchange
[0012)r f ace. Addveding|tb sheoopresdne ieatiorxhé argeodior fabemgahe

coated with a |l ow surface ener material to.which.the
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liquid. It is an aspect of the cgqresen.t i nvention to
to ap gyigakthabiginos gehipvable by gidhrrisgaedient amids @WRe of t he
heat exchange surface in contact with the [iquid by
applying fluid pressure pulsations to the petrol eum
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. | esli n oat | Vi n a L. ow rtrace ener

tiquieEHg i gl BF brianin s R & roret Sh aEh afeons Biinthry
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fouling.resistant coating is effective in ..
reduce the in%idence o} ?ouling and promote heat transfer from the wall to the liquid.

The wall of the heat exchange surface, e.g. the inner wall of the tube, which in contact
with the liquid is selected as one which has an adherent, fouling resistant coating
having a low surface energy (e.g., not more than 50 mJ/m?). The combination of
pulsation or vibration with a low surface energy fouling resistant coating is effective in
reducing fouling, which improves heat transfer. The particles that cause fouling are
less likely to adhere to the low energy surface due to lower adhesion strengths. The use

of pulsation or vibration creates oscillating shear stresses adjacent the walls of the



reduci ng fouling, which inproves heat transfer. The
particles that cause fouling are less likely to adhere

W eoosloa24k>wW ener gy surface due to | ower adhesiBPOI/US2007/014335
strengths. The use of pulsagion or vibration creates
oscillating shear stresses adjacent the walls of
t heexchanger and is effective in renoving the foul ant
particles fromthe wall of the exchanger surfaces. The
oscillating shear stresses act to tear or pull the
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The principles of the present invention can_be applied
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RX&RI Qonecting a fluid pressure pul sator or
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but 1t also has t esirabl e effect of promnoting heat
flowing thrpugh thedeat exchapngeumibl | to the liquid in the
tubes. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0016] The
invention will now be described in conjunction with
[001F]e accoRpdursiongfdhaviserys bonnddry ddyer Bt dertebel wills got only
red i et o BRIAE Dt ] Bl b 1Shba AR bardd? Bn Rifoment
life ibne:s elsb hag tenddstmblefeifur &f fFomsting beamnsfec fioom e tubeewall to
th g la at gxchanger tube of Figure 1 illustrating the
¢ gy |"ﬁgh HP%%cordance with the present invention;
Figure 3 is a schematic view of a heat exchanger in
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[0016] The invention will now be described in conjunction with the
accompanying drawings in which:

Figure 1 is a partial cross-sectional view of a shell and tube heat exchanger in
accordance with an embodiment of the present invention;

Figure 2 is a cross-sectional view of a heat exchanger tube of Figure 1
illustrating the coating in accordance with the present invention;

Figure 3 is a schematic view of a heat exchanger in accordance with another
embodiment of the present invention;

Figure 4 is a simplified equipment schematic of a test rig for demonstrating the

application of the present invention to a heat exchanger; and



enbodi nent of the present invention; Figure 4 is a
sinplified equi pnent schematic of a test rig for
waeleomsnetsent i ng the application of the present PCWESL00TON4335
to a heat exchanger; andFigure 5 is a graphica
representation of the results achieved in the testing
reported bel ow. DETAILED DESCRI PTI ON OF THE | NVENTI ON
[0017] The present invention will now be described in
greater detail in connection with the attached
fi giges 5 ifh @ephidal képrésehntition of 15 1Rbhitd whicved Gl g ting
30, which is located upstream froma furnace (not
lfpogﬁeﬁﬁ¥wénd enpl oys the principles of the present
i nvention. The tube-in-shell heat exchanger 30
dlsclosed herein illustrates one application of the
HoE R D RIPTION OF THE ENVE 2% on or sulfidic
corrosion and depositional fouling in refinery and
petrochem cal applications. The tube-in-sheH exchanger
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inclu g C s furnace t ubes and ot her
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inveafléh.OThy pabiplek %Slt sefn@ iveRtlon BRAARhIIDR hie@ded in other heat
exchanger 30 is use pre-heat crude oil in a

exchaggery élag}wéias byt n@dlrw%teo érabhedt pxehangershpbednqiabecheat
exchlshgeﬁg @Al pErXS&HANG R bat eﬁéﬂaﬂgérls Ralinp ot nﬁswne%a{ {rm%%er

whi ch surrounds and forns a l ow rnterior .
elemeghdlbe BBH@PICH ehtheayresrmh uientiomars ipignded todmmnlowd il ether
heat ORSfRE L M0A SR forstes Ok RSk B4 ke plViranser
comaqnermSbemham)ah@Bwnc o getroleumcwidéor veomirn gesidual douling. a

rectangul ar configuration. Ot her tube arrangenents are
contenpl at ed and considered to be well within the
[0018¢ ope ofT}teHEapc)ezhemgeri&ﬁ)vie nsé¢dio. pr&Eheit drudeoiBin h adiru:ry

nerally hol l.ow [ t.hat t
ope S5O L L UL AT P Bk A oo o
shell\@l, which urrouhdé and formsacholtow aaerdorcd?2. sA baadle 33| afiteat

exchanger tubes 34 is located within the hollow interior 32, as shown in Figure 1. The

-

bundle 33 includes a plurality of tubes 34. The tubes 34 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 34 has a generally hollow interior 35 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 32 to pre-heat the crude oil stream as the stream flows
through the hollow interior 35 towards the furnace. Alternatively, it is contemplated
that the crude oil may flow through the holiow interior 32 of the housing 31.



t hrough the hollow interior 32 to pre-heat the crude
oil streamas the streamflows through the holl ow
WO nio8/00e3 35 towards the furnace. Alternativel BCT/UB200%014335
contenpl ated that the crudegoil may flow through the
hollow i nterior 32 of the housing 31.[00191 Most heat
exchangers are constructed from carbon steel for
reasons of cost possibly with tubes of copper, copper
al l oys, brass (including nuntz nmetal), cupronickel,
stainless steel, admralty netal, alum num or bronze
l&:}ncl Udll\/% al um num bronzes and ni ckel al um
onzes)Mpstheahexshanggrp pre, conpiEugipd from cqrh%ﬁ@¢lcfﬁr FRagons of
I
e e R I
cupropickel stainlpgs stesht ddmiralien reetah lughinunper brenzd (egduding aluminum
t C
bro BB RPEieREFab i A bR R0 1A 1 EBRRGEINT e dRelBRl kbfiton may be
appligivtersxchangess tegatdléss 06 the dvestreciibinl matgdalplthoufiosuitabde ¢hoice

exi n
of nfihoreh oGfie PR e r AR e SRR Sk e
constagtion ethtadiglce t he pressure pul sations nay be applied

to the liquid flow streamin the exchanger tubes 34 by

an external nmechanism For exanple, a pul sation device
[002@ may DEheEpHindipsl adoarithge of thiepebsend 1ﬁtrerﬁmdﬁ tHat Bficafrbe readily

d I d 37 bot h he tub
adaHt;:ngqlg)&sg gﬁtﬁ ﬁgsu%geag |§§( %ﬁwp&{e&b ggrtlec gﬁr&lsﬁ!i%gat?ons to

the m{x@\Mehfwcﬁ&sgeemﬁﬁm%qemﬁ&dtsﬂﬁfe thé ﬁrdé&ﬁQF auahs 1€la¥ Be applied
t he perforrrance of the invention uid pul sati on

to thediauie flgy FhaAnhia the gxehanger tibesorbby AR cWgHIFhAgehanisy. F
exaxgpgt\,e’b gfﬁlsgﬁgﬁ‘ 39\5@6 hel.aRaR o%ﬁﬁleﬁ't& ShPBRA 1 cRHAuRRS or rl]lquld

f the exchanger ‘wth a negative pul sation on
outlett dpaduis i3 os bothy on dhe whe side ofi theessichanges 3pr asdhoma in Flgure 3.

As &EEHE l%ﬁw‘% trél*efénk@?o @e %Ft’ pig(ﬂseél ttoc‘@% fdateNhE réﬁ@f'rh%(rﬁge%f the

a singl e pulsator used, nornm he I'n
inveptide, theifluid aulsaﬂxcmedemcet 4(emoy bk epnBéctisl aqrcbssrth@ exehanger, to
X [ u . L RES.
prof b Bae BRRS pIERIAOTIne b E M ahiP Ul
negatbai ful saion@nsthe otlteh sidnsats am:ctraatg emdesitable pressagpiexcadsions

., Wh ratlo i.S lied to th at, exch e unit.
wittdl Fik Sichaciar2Beteg ARy, ingfetiTSiof 8 RRHSed. Bofrmatly on
the RXéRatRg &vithnd vall®© oh fignRley bide df hedessdre atoirdlge iehysdxeess

motion in the liquid flow stream as disclosed in
Pfe%ﬁteﬁgﬁﬁ%gb@ew&&@ﬁt Serial No. 11/436,802, entitled
"Mtigation of In-Tube Fouling in Heat Exchangers
[OO?OL%ijI C\gl gohﬂﬁtkrg(%lg%sggqefl\{?b %%Bbg’%lﬁdmeﬂlﬂ? cggﬁcatlto?lg tc§:i {hsé(ilegts euxr %ange

unit are required when vibration is applied to the heat exchange unit. External units 50

may be connected to the heat exchange unit to induce vibration creating the shear
motion in the liquid flow stream, as disclosed in co-pending US Patent Serial No.
11/436,802, entitled “Mitigation of In-Tube Fouling in Heat Exchangers Using
Controlled Mechanical Vibration”, the disclosure of which is specifically incorporated

herein by reference.

[0022] The present invention is applicable to use in heat exchangers operating

with a wide variety of liquids on the tube side of the exchanger where a tendency to



herein by reference. [0022] The present invention is

applicable to use in heat exchangers operating with a
woras/ovaes ety of |iquids on the tube side of tP€T/US2007/014335

exchanger where a tendency ¢ of orm deposits in the

tubes is a potential source of trouble, for exanple,

wat er - based |iquids including enmul sions and unstabl e

solutions and oily |iquids such as petrol eunbased

liquids, e.g. crude oil, reduced crudes, heavy
fornd @8go3RS ih thE MERRTs & E@&nﬁ&l frbaycTdrsubks |foﬂ‘ @Rehpl€,0kRér-based -
reaker feed, vacu as oi

heav as oil, vis
liquigs erréle 1pg expufsiens angynsiable sqlyiions ando % quidssaich 35 peireleum-
bascdd ?’dst Q? crubl€ of! Féﬁeéd LAMEd) ‘hb&ﬂ/ ieﬁn@xgrr M&His%hbhf as delayed
use 0023] The pul sation device 4 npri se
cokqﬁyem@kg hreevy 8PP vishreaken feedpresmm easrml emm@mse&t@ct and
the 13;& 1 ﬁ%ﬂ? bQ&oﬂeh&%st b hB grekﬁmheahlo%qg gﬁmcmérﬁ&seﬁn.
nprise a reciprocating punp type
nechanlsn1mnth a cyllnder connected to the
il et/ o Iet 1§ ndu exc I . o
(0o 32c:| pr og‘;}{ i ng ? oSt gﬁlcle On?p rh‘%g‘rg §tr%eaa\§}g £k %ﬂ?ey ing liquid
pressurt: @utsatlonmiouhe tulfe SIdhfehq;yﬂJ ihd'ehe smlesﬁr@npem the dewicegnay
hin the ¢ nder, the er nat el
compites Rectptgedting AP hvmseghatimorith p safind Pibfentd Bine
mle1¢c5tﬁﬁt togiumd gfﬂ%_dhmahgbrgah& ageﬂgfudmﬁg)pistdmh thé& Eylﬂﬁiet GEevary
cte e e o oubl e- act i np
the iRl YR A hG, G At Be FAEh Piodch MBI BBy Hnderaihy liquid

will alterm@teliepe am&eﬁﬁ@met@mh@: adithet e)k?;ivlléﬂ iffonh &, creatmg pulsations
particul arly eS|rabIe since it cre

in thecopdel tq;which the dpyice i sopRectrt t’H’@ qsa ségﬁpeblgr%frleg pugp of

this kfh% P 8R4 5ifle EbARRELid the et ddntliR afX BIRAGEE contiB@ed to the
ndl e. Variation in the frequency of the pul sations

outlmné@lt uf pstierdarlp desieableatinemis Wil craste theclepiresbpresyiie pulsations
in ﬂ%@ﬁﬁ% 2 arhf%gs Pf ?%?ée%aﬂ% %g}‘ oG&ﬁth‘i*n igﬁr dx@hhs tﬁ% bundle

sat | e provided the use of
Vartation étbthe fchq@pmaceﬁtbmpupanpns way) be affordeid iyl variations in the

reci dljlogéﬁ(i%c g)g%] be i g p1?( On 3HI R ﬁmﬁmaﬁéﬁor(ssi%ﬁglﬁggm&enplimde may

var rat 1 ons suc
be ppdnadeai By ﬂmarsy of laaha)ablpldmplmenmehpuram sgpuvgiablddizdlacement

SO be as,.t he Lsatio
plst%eﬁugg, %(%gﬁ%l&{ %ya&ogﬁwr%%tﬁ# Blbl’% gn 1ta v?ﬂatlons su@H as fHe' Wobble
plat@(ratiry phitd)ypudip ovbdntwrisgjunge t hey offer the pot enti al

for activation of the diaphragmby electrical,
pneumatic or direct nmechanical neans with the novenent

[002¥] the dbeh !’;Tbt:@ﬁlxhbs)iﬂa hidotbenised iasl thel fiflsadiddi deoite 1nclud1ng
frequency an npl 1t

ontrol, of the ext
diapiagihPUERS ARA BiFEh RY me‘fthaf};s girastiye sines td S gagrental
for ALVhtiGHIPhe @%I&@éxﬁ%?@léoﬁt’lﬁ@ﬁ ﬁiéﬁfhaﬁ& of BRedt@hédhahichDin@4ins
mthatrl]xg mncyvletrrlxen? gtr_ &Vg f aphragrn controlled to provide the desired frequency and
amplitude (by control of the extent of diaphragm movement). Other types may also be
used but gear pumps 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 types which do produce flow pulsations such as the lobe pump,
the vane pump and the similar radial piston pump, are normally less preferred although

they may be able to produce sufficient pulsation for the desired purpose. Given the



which give a relatively snmooth (non pulsating) fluid
flow are |l ess preferred in view of the objective of
WO ndosoo4ed ng pul sati ons which disrupt the forne€T/082007/014335

t he troubl esome boundary | ayer. Other types which do
produce flow pul sations such as the | obe punp, the

vane punp and the simlar radial piston punp, are
normal ly | ess preferred although they may be able to
produce sufficient pulsation for the desired purpose.
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perig) viheR the vane sraplotadamt] Al Preste OpeoTS GRS AL ViRF open.
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ressure once npore forces the vane open.. | 0025]b As
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to tHY SlBARRY Yo bAEAtPShsGlOB8t the pull8tisncha RERiedty R4fierrddo the
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[0026] Alternatively, a vibration producing device 50 may be used instead of
the liquid pulsation device, described above. 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 50 can take the form of any type of mechanical device that induces tube



fromabout 10 6 to 0.1 of the normal flow rate through
t he exchanger. [0026] Alternatively, a vibration
w@e@dnel4nyy devi ce 50 may be used instead of theCT/U§0T014335
pul sation device, describediabove. The vibration
produci ng device nmay be of the kind disclosed in
co-pending US Patent Serial No. 11/436,802. The
vi bration produci ng device may be externally connected
to the heat exchange unit to inpart controlled
vibrifidd ¥hile Aflintaiiea@dtrdcdurblB@tdgeite 6 tHe Heieekvhanier. Allyedevice

vi bration produci.ng devig¢e 50 can_ take the form of, any

capablg,el grnertigalacientfiypprie forch 2 el EroaRIPHFRRIAE

suitd¥lé.| ShERILARIMbREuShE d6tidE eim w&lﬂgrel deXicef sﬁdneasféﬁaﬁapact
exchanger. Any devi ce capabl generatlng sufficient
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evice, such as a I mpact anner or ectronagne I C
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heatcxshares uimrtnng 8$ ‘gmd istaonetanizaklink totht itulxs.
vi brational frequency, as shown in Figure 1. The
vi bration produci ng device may be placed at various
[002‘7(}(: at i orSuffinient vibeationtdnerdysmin bexcimafeyredifrorn thestubesiof the heat
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[DO%Ed | s ne! tfxslecoqn fbrap n BP uerat on reg ces%ul%n E}g hgg%xchanger

028] e use o ration or
by cireiting gcillatihg shdae atresecindj agat t}icywa:llsaa’cthel gxcdmngd:ﬂ thatileduce the

a stre ses,. adjacent the_ wall
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conﬁiﬂeﬂfmﬁs a 0 eadaasaictd efouligg séxaint TOARES &S eﬂ%eﬁve in reducing
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exchanger. surfaces,
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[0029] As noted above, many coatings of the conventional type, for example,
epoxies, fend to be relatively thick with a consequent adverse effect on heat transfer
and for this reason, coating methods which result in a relatively thin thickness of
coating, desirably no more than 10 molecular layers thick, are preferred provided that

the necessary characteristics of corrosion and fouling resistance are achieved. The gas



The oscillating shear stresses act to tear or pull the
| oosely adhered particles fromthe surfaces. [0029] As
woodstdoabbve, many coatings of the conventi onaPCT/YpmN7/014335
for exanple, epoxies, tendito be relatively thick with
a consequent adverse effect on heat transfer and for
this reason, coating nethods which result in a
relatively thin thickness of coating, desirably no
nore than 10 nol ecul ar | ayers thick, are preferred
phasel2a¥ vk ddpatitivhendtBe@sEa therefoss Bl td sétha®nothemselves for this
corrosion and fouling resistance are achieved. The :
PUR§a&phase and vapor deposition nethods are therefore
likely to comment thenselves for this purpose. [0030]

A preferred class of coatings are the |ow surface
[0038her gy coarafemed descef dpatinghare shplomusurfrceisnegy ceptings

desfﬂggh g&g%gcr . I}guslﬂétg&‘lﬁgﬁ%anwnml ?)30& 78! ©NGhich %f@i%%@e is

i on o coatings, their properties
mada o éITéQShtiHB'OIIDf)f syshl opiatiges, Heim propéntias aed pisthegle of applying them
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molécmyesr\shlt:h ick tovhl adoleduldr layers ﬂndewgmhsulﬂsm mhidergo substantial

03|t|on a es 450 and whi ch
decqrESHIREN s kermBe B TOP T het Crig bl e ? Pics Rt onkBly Whver than
50 rﬁm@buhgﬁ?’ a[rl&b amuhge drekappﬁedn bacbntagtindthe mrdtal suefacé adth an

Wi th t al ound .c g of . bondj 0
oraeH RO S e e o6 DRt e BRI SR RPT R forh the
desitclRikfacd fayes RipefdrRd tb@r@fa@@ﬂfeenétmesmﬁba pristitd @€fment by

prior to treatnent by heating .the net surface in

heatyig ihe metd) spEpeR Wga“a?WBT?@P@lr&Pg PERS® %\‘F@F é%nmfa*we&rﬁ?fmm

10090 RD500°€ 18RA%G shill bRRBuRbIIBY dhrbdHAJBGS r2lduRB ¥nd then

car bonaceous residues and then contactlng t he net al
contaetingihe matalisurfaee Wi the requisitepagrnemetallic sompapading.

[0031] Alternative | ow energy surface coatings which

i nhi bit the deposition of fouling deposits are the
[0033dat i ngAlteroatineddvwhgnergresyyfase costangskwiveln indubitighd deposition of

foulpaga&ﬁgggsspelsrg??Hcc?aﬂ{g%ﬁo%lﬂcé% eg%eélg KN %%I/B)low Cathode
Plasmaiuﬁﬁaslohdbh Pobcesting lor threeplaomaressisted ¢henzivali vapbt deposition
®ARI & el P S Copmeranny Ao R E8 i e
Bek&wmbﬂﬂrahy)(\ehﬁhqﬁ'odlgﬁ caatingsefapirdus as sDbmmorhkkel Coatings”.

. coati, a hig ardness .and, a | ow coeffj.cient, of
Diafpp e o e GOTTBR OPKHEoE FRRIPRP ST bieh Fafpess and
a lo®ceefflcadt o‘ﬁ/ﬁ@dtldrﬁ ST ¢t Bp R baId- shiuk k¢ RGults in excellent wear

char acteri st hese cqatipgs are_thin, che
resxsrt'ﬁé:‘etand non-stic ng characteristics. ese coatings aré thin, [lTl]emlcallgl inert

and have a low surface roughness. They can be tailored to have a wide range of
electrical resistivity with a standard thickness between 0.002 and 0.04 mm.
Compositionally, the carbon Diamond-like Coatings are a mixture of sp2 and sp3
bonded carbon atoms with a hydrogen concentration between 0 - 80%. These coatings
provide high hardness and abrasion resistance characteristics. Diamond-like Composite
Coatings comprising C, H, Si and O are also available. Phosphate and phosphite ester
coatings, and fluorinated surface coatings which may be applied in thin, adherent
layers, which can also be produced by commercially available processes are also

potentially applicable.



and have a | ow surface roughness. They can be tailored

to have a wi de range of electrical resistivity with a
wgat@adexsds t hi ckness between 0.002 and 0. 04 nm PCT/US2007/014335

Conpositionally, the carbon3D anond-1i ke Coatings are

a mxture of sp2 and sp3 bonded carbon atons with a

hydr ogen concentrati on between 0 - 80% These coatings

provi de hi gh hardness and abrasion resistance

characteristics. D anond-|like Conposite Coatings

conprising C, H Si and O are also available

Phosphate and phosphite ester

tings,
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commercially avail abl e processes are al so potenti al
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conpound, not its oxide, functions as the protective
coating. Thus, the organonetallic coating functions as
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[0034] The organometallic coating on the metallic surface should preferably
have a low energy surface, that is, a surface free energy lower than 50
milliJoules/square meter (mJ/mz), preferably between 21 to 45 mJ/m?. The low surface
energy of the layer ensures a low interfacial energy at, for example, the interface
between crude oil and the coated layers, even at the higher temperature conditions
found in typical heat exchangers, e.g., 200°C to 400°C for a crude pre-heat exchanger

train. This in turn provides for a weak interaction of foulants and corrosive species



conpounds include al kyl - or al koxysilanes having from

1 to 20 al kyl or al koxy groups, especially tetraal koxy
w@erpomads such as tetraethoxy-silane, al kyl siP@n©s2007/014335

having from1 to 6 al kyl gnoups, especially

hexamet hyl - di si | oxane. [0034] The organonetal lic

coating on the netallic surface should preferably have
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S logb t o
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150h vatheahgles ¢iat least 330° givingdestrendist act angl es | s ASTM

D-5725. Hi gh water contact angles inply high
hydr ophobi city and good coverage of the underlying
[0036t al ( oThermhahnmf odeéng 6f e orgamofrgtallib goating layer ranges from

erodf AL 280 ith Cof B forrdsBhndifigly BRfEL 1eBifES B comosionand
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30 givin S. [0036] The Vel
Tho; RoR PSSR i AE 1L ot G e dre Eootrop 8 T00v8 tnd for
optxﬁia@@ésﬁ[tstlhmﬂf dbde cWoHlto @026 asip&sibl&or r espondi ngl y
better resistance to corrosion and fouling as the

covering of the netal surface approaches 100% of the
[003\t al surTh@fftal surface to be protected is preferably clean of carbonaceous

deposits such as coke. This is important in continuous processes in which a feed is

heated while in contact with a metal surface such as pipes used in refinery and chemical
plant service, heat exchangers and furnace tubes. After standard initial cleaning with a
light cycle oil, other light oil or other solvent and high pressure water jetting or high
pressure steam cleaning, the metal surface is preferably cleaned by heating in the
presence of an oxygen-containing gas, preferably air, at temperatures of from 200°C to
500°C, preferably 300°C to 400°C for a time sufficient to remove the desired deposits,

particularly carbonaceous deposits. The heating typically occurs at atmospheric



Thus, from50 to 100%is preferably covered, nore
preferably from80 to 100% and for optinmal results,
waesmas2ias cl ose to 100% as possi bl e. [0037] FOEUABDADI4335
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[0039] Various other techniques may also be used for the generation of
chromium-enriched surface layers on the exchanger tubes including, but not limited to
electroplating, thermal spray coating, laser deposition, sputtering, physical vapor
deposition, chemical vapor deposition, plasma powder welding overlay, cladding, and
diffusion bonding. Passivation, that is treatment of metals with dilute nitric or citric

acid, for example, can also be used to increase the concentration of chromium at the



descri bed above to obtain a uniform surface roughness
within the desired range. [0038] The chrom um enriched

wo 2008002323 be gi ven a superficial oxide | ayer PCT/082000014335
deposition of the organonetial | ic coating. The oxide
| ayer will typically include an oxi de species whose
own conposition wll be dependent on the netallurgy of
the substrate; thus, with ferrous netal tubes, the
oxi de layer may typically be expected to include one
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[0042pi ck. TAeokted ﬁkﬁ%{&hﬂfgef hﬂ)elml ie Glstratelddy efosmsycthm in Figure

5 L sl §1<ISEE S S B85S S8 st e
possﬁ@ilﬁ)hﬂlat fouling is expected on that side with a non-fouling medium on the shell
side. If, however, fouling were to be expected on the shell side, the coating could be
applied to that side or even to both sides if necessary. The coating 5 extends over the
inner surface of tube 34 to provide resistance to fouling but in this case, this resistance
is enhanced by the use of the fluid pulsation technique to provide superior anti-fouling

performance.

[0043] Operating temperatures for the metal surfaces coated with

organometallic molecules according to the invention should be maintained below



organonetal | i c conmpound and controlling the pressure
under which the coating is applied. [0042] A coated
wheas/oedehanger tube 34 is illustrated i n crosSBEHESI00TON4335

in Figure 3. In this case, ithe coating 5 is |ocated on
the inside of the tube 34 consistent wth the
possibility that fouling is expected on that side with
a non-fouling nediumon the shell side. If, however,
fouling were to be expected on the shell side, the
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plangd.f ective as organonetal |ics because their surface
energies may still be high, i.e., greater than 100
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[00453ed t O T¢ asefifine thy&ec aff flald puledftionditfoulingt apdsation flow
umt%afstald%gé aler A?go?"?“ iIL?’%dM;Oef,irq%xu Pr%%gs?sl SnallllullatXrS.’ ' Tlgear%sB%ng test
rig is shown in Figure 4. The Alcor HLPS-400 Hot Liquid Process Simulator is a
laboratory tool for predicting heat exchanger performance and the fouling tendencies of
specific process fluids. The Alcor HPLS operates in the laminar flow regime at
accelerated fouling conditions compared to commercial heat exchangers which
typically operate a high turbulent flow regime at much lower fouling rate but in spite of
these differences, the Alcor HLPS has proven to be an excellent tool for predicting the

relative fouling tendencies of fluids in commercial heat exchangers.



provided with a | ow surface energy nonol ayer or near

nmonol ayer of organonetallic coating that resists both
weoersosi4sen and foul i ng deposits in refineries BOTUS2007/014335

chem cal plants. [0045] Toisleterm ne the effect of

fluid pulsation on fouling, a pulsation flow unit was

added to an Al cor(tn) HLPS-400 Liquid Process

Simulator. The resulting test rig is shown in Figure

4. The Al cor HLPS-400 Hot Liquid Process Sinulator is
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In a sin’lar nmanner, ranch |ine 16 extends
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ns t In crrculation ring e test” run
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d.center ctlon 25 thin
on e, dBirtp f BpetioR ety in B ROk, RS SRag St hl
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port 23 connected to return line 17. Liquid sea
bet ween the coupon and the casing is provided by

[00g£ASKet S Phe RAGHN insk Wat Forahfte s With wWidifiondl Tiieeaupiante
exits the casing;, the gaskets also insulate the coupon
perigfipfor .ea@mayupraaﬁwpﬂkdaweﬁ%sawwgc out by charging a reservoir

with 800 ml of the test crude. The crude in the reservoir and lines to and from the test
heat exchanger were heated to 150°C. To prevent vaporization of the test fluid, the
system was pressurized to approximately 3450 kPag (500 psig) with nitrogen. The
fluid from the reservoir was pulied through the test heat exchanger by the downstream
constant displacement circulation pump ata flow rate of 3 ml/min. which returned the
fluid to the top of the reservoir. A piston was placed in the reservoir to separate the
frésh crude from the used, heat exchanged crude. In the test heat exchanger, the fluid
flows up through the annulus formed by a vertically positioned heated test coupon rod.

The test section of the heated rod is about 3.20 mm in outside diameter and 60 mm



coupon may be heated electrically by neans of

el ectrical connections (not shown) at its two ends,
we@oemsmeeexl to a controller to supply current aPCWHS100UG14335

anper ages dependi ng on theidegree of heating required.

In this test program the coupon is used as a

surrogate for a heat exchanger tube. [0047] The test
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recorded over the duration of the test. As deposits or

[oomul i ng R &daiidk ueea i Ru P w%?Sbt%H{efi?fl;;&:réAfm lﬂf‘e Alcor rods

héated rod, the outl et teggerature of flurd from
with HM DSt (hexarmethyjdisilgsenedaJbs Alror rodg usaddndhis sty wege 1018

caﬂ{?h%'@gegﬁebeﬂﬁg it ﬁawfaa@tayé Eoftla LAR 108PBR the PoUs NG o%p

rease In outlet tenperature gives a neasure
sequentaliy mlthtglueaﬁ,dempyopyﬂ alchbolf (TRAY vmtert, aed thed IBArtpalre the rod.

wel [, as S fRiCl 0
TheeafSorts Saf gl ing s bR bl s e huylnlfs e
furnhea dirothe HMM DR &eatng:np tleproda svera ﬁirsidlrmxldizdd)atrﬁ50°ﬂfer one
C es,in vol.u ds ar.e rOX|nat
hout, 13RERE b pUine By Hine SR P BRERe B 15 BRBE BT Anflighen
treafibi@theSfode evithaSVEDE O Shpst dt 350 @ €oreorfel Houel Phe HMIDS@ wdpor is
the forward, and reverse

cartifiatg tpd Biraace tyO b ing i tEogisn e b Bop Ty TP T Brepupds of

HMOBUiGe/R. Dhhel ARBE 1088 atdooM L tfider @sSHMDSO vapor before removal
from the tube furnace. The effectiveness of the coating can be gauged the increase of
the water contact angle. The clean rods had an average water contact angle of 81
degrees. After the HMDSO treatment, the rods made an average water contact angle of
129 degrees.

[0050] To examine the effect of liquid pulsation plus HMDSO treatment the

following series of runs were made in the test unit: the base case with non-coated rods



wi th HVDSO (hexanet hyl di sil oxane). The Al cor rods used
in this study were 1018 carbon steel. Because the new

w0 o@s/oea4e3 coated with Iight oil, the rods werePCl/eswen014335
sequentially with tol uene, 20s0-propyl al cohol (IPA),
water, and then IPA to dry the rod. The cl ean rods
were | oaded in a horizontal, controlled atnosphere,
al um na tube furnace. In the HVDSO treatment, the rods
were first air oxidized at 3500C for one hour,

and £,8/puRABsh, Bie PHlkSidiDon1 @adc R the 2000881 thilsedi gul26i6A r4te) the
ten mnutes, and then treating the rods wth HVDSO

HMDgfbireaimentordy casss aph therpytisationplus iiaes @ disgmend case.
carried to the furnace by bubbling nitrogen through a

roomtenperature reservoir of HVDSO |iquid. The Al cor
[0051hds ar Figens| eshayrtbe changeinvindinggiaingdinothe Aleprypas as

f i (o) .
e S B orl IR, T IR fns is shown for
eaclcaast.aFhe dagl carvestin Figwa A showshiatdbe tamperatesydeorease for the

cont act f 8 1, degrees f T
pusifL B BT Bhafehy S50 P B IR cpe ndicaing o
lowarfgliin@fatd. ZEhettegipersure [d8Gete foo thexadsationtphes HMIRSO trehtment

cases i amite fioe Pt gilbeiim bRESREER i LR Bfigd cose.

ThisiagRatts alkyfierpetio affest onaddwdinlg Rulinglveladn miisatiohds combined with

ul sati on ly case with the +/- 0.083.m/sec,
surthisy GERERE. B S L PSS e TRa TS BYIGE PUSRIonLHE 2fe
shifiedts AlghentePhpiiataMdRie R tifinbted Re trahSfePdffercd ®iytRe Pulsation.
shows the change in fouling obtained in the Al cor runs
as depicted by decrease in outlet tenperature. The

[0052 €T 20€ 10%vifl ¥R aBb&Rht fo4RSsel skilfdAGWRNS &t 18R Vhri6@SBodiTi8tions
data curves in Figure 5 show that the tenperature

and/ge vawetinas oy bhmage rithorodeperting DS scopgofihn Presend
inv%nﬁoﬁ.%ﬁ tlh% %@gﬂv%ﬁé&h?as RRASE dEqsBeli DliHeaohftet Bf the heat

owe tenperature decrease for the
exclpumigesini aoreflipensopdvdB®, thegpresnat inventien issnddlintondadeio|bgrso limited;
h | ther ' 2 e .
rnbf s ShAPApREF bR, Qlikef 856, B b D5y
disciazsed berein foaylbengediresthpupartivnoof 4 efinersboperation where fouling

urface trea nt.. . Th tant | te rature f t
mas) o o R RSt isgfented ek B PRE R (ler B8
modifERRna atd @aflforisofithemetiod teeddn heratided ainesf emeaodwithingtle scope
by the | sation,  [0052] Jt wll be apparent to those
°fWﬂﬂegﬁgijﬂ%mﬁirwl’irﬁﬂw]v@;ﬁmsous modi fi cati ons and/ or
vari ati ons may be made w thout departing fromthe
scope of the present invention. Wile the present

i nventi on has been described in the context of the
heat




exchanger in a refinery operation, the present
invention is not intended to be so limted; rather, it
w0 2008004e31pl at ed t hat the surface coatings andPCT/US2007/014335
vi bration and/ or pul sationadi scl osed herein may be
used in other portions of a refinery operation where
fouling may be of a concern. Thus, it is intended that
the present invention covers the nodifications and
vari ations of the nmethod herein, provided they cone
CLX1g: n the scope of the appended clains and their
equi val ents. CLAIMS: 1. A nethod for reducing the
formati on of deposits on walls of tubes in a heat

exchan g%ehmd%greduehfg%e f&%{a&i@hw%p@m @nl WAl of thBes in a

fl owi ng, conprising: applying one of fluid pressure

heatrryichangen fhsough which a peitledm-dasergliquid éviflowings compesings

t h
 ReBRPOAEE: A0 pARGAL L BTG A NABR b s
of tlqumberger o yibgatidretst the hettaexghanger tca@fé@t efreduvélomlf pyiscous

bou.%xc?a.r% ?&é‘f Q?J%geﬁnnt ngrelge%? FQ‘I}F& géj %ﬁrﬁ%ﬁ%gﬁﬁﬁ tvg £ ttg 6@&% the

inciddree of fiouling andl promond bt lmagsfbhﬁroirn the tubeha\thengqlad in the tubes,

wh SRk COLLA%, £t ARL00R LRGN 0 AL SBuring
haviagesutfang eicrgg baiho thoredhen SOm¥mehani cal vibration is

applied to the heat exchanger. 3. A nethod according
to claim1, wherein fluid pul sation pul sations area

app.i edy hetHddeackbflihgltd tiaih MowhéteRugbcHahtcal wiegtiondis applied to
nmet hod according to claim3, wherein the fluid

the heat §x¢haBERFul sati ons are applied at a frequency in the
range of 0.1 Hz to 20 kHz. 5. A nmethod according to
claim3 or claim4, wherein the anplitude of the
pulat idmethod acsardingtp ¢Jgim hewhereieiiid paisativp pulsatiens area

ﬁkﬁﬁfn K{.‘Jﬁgﬂ s is in the range from
appg%%gﬁﬂgghgglt e ﬁorna %@%ﬁmgschanger flowrate to

about an order of the nornmal heat exchanger flow rate.

6. 46‘ e Hx%ﬁxo%ca%ggfalﬁ]% 91]1 §' @hé‘em\"m@ rfﬁ!i(f‘{)%egﬁ%rg Iﬁngxlesations are

pul sations are a a“frequency in
appledoah 20frdqueocyl th mHzamnjoﬁmbH?rquZOth}Bze of the pul sation

as neasured by the increnental flow rate through the

heat exchange tubes is in the range of about 10 2 of

t hes. norAraletiivebdccordihg ttgelning B @wclairhel, wheedin tite athplitodelof the
pulsa{mltash &5 mea{srlgraéd by the incremental flow rate through the heat exchange tubes is
in the range from about 107 of the normal heat exchanger flow rate to about an order of

the normal heat exchanger flow rate.

6. A method according to claim 5, wherein the pulsations are applied ata
frequency in the range from 0.1 to 10 kHz and the amplitude of the pulsation as
measured by the incremental flow rate through the heat exchange tubes is in the range
of about 107 of the normal heat exchanger flow rate to about the order of the normal

heat exchanger flow rate.

7. A method according to claim 5, wherein the pulsations are applied at a

frequency in the range from 10 to 20 kHz and the amplitude of the pulsation as



heat exchanger flow rate. 7. A method according to

claimb5, wherein the pulsations are applied at a
woe@gueaaey in the range from 10 to 20 kHz and P¢EUS2007/014335

anpl i tude of the pul sati on2asneasured by the

increnmental flow rate through the heat exchange tubes

is in the range of about 10 6 of the normal heat

exchanger flow rate to about 0.1 of the order of the

normal heat exchanger flow rate. 8. A nmethod according

meab@red by ARE irkterh&iRalN S stk kot kR tHBheaV\B&hBhEE £ub8s is in the range
adherent fouling resistant coating on the wall of

h
of Aol 9 “c i PRIl hgat X BANESF TOMHIHUIFAPEH 0.4 CeSheRIdEBat the

noriAMid3PefehbRE GRS 2t@f 1 to 10 nol ecul ar |ayers,
I

wherein the |ayer wll not undergo substantia

deconposition at tenperatures up to 4500C and wherein

| IESHER R R WOHEL PR, g

adherkmtr fouling resistany eatirfg an thenwatbofilbkitebaswompuises - i s

depasi ted on 80 .100.% of the inper, wall rface :
To MR grt B epdthendtis RpIeeh s Aeipe A kb o €I G Prgoutar
layets) viheecio tigalagerewidl hotandergoaubstantial lebompositid at tdmperatures up

od,accor.di.ng to .claim3, wherein t organg..noi ety

to 4 R SPERRIG ik P o e ey ISrd R oy By G
from1l to 30 carbon atons. 12. A nethod according to
clgjm1l, rein the hydrogarpyl. gro is_.aliphatic.
o ot obel i AP o i f Cun R et 36 preghametafii

molécliléd ik A8Positgl QRIBO 130044 B HDRnSCHAN Shrfatet O Cl ai m 8,
wherei n the organonetal lic conmpound is an al koxy
silane, silane, silazone or phenyl siloxane. 14. A
metiipod et deBoddhElodl1 A 8, widiein&h® nfdi in the organometallic
organonetal | i ¢ conpound i s hexanet hyl di si |l oxane.” 15. A

comppundhis sHléco® di ng to claim 8 wherein the surface energy
of the coating is between 18 and 50 mJ/ nR2. 16. A

met hod according to claim8, wherein the coating has a
surlflac & miethodacoending toalaiac 8, wherkin the orgads maietydo the

oo ORI LTR A Gl AR BB

according to claim 16, wherein the water contact angle

IS 1f2r O™ method according to claim 11, wherein the hydrocarbyl group is

aliphatic or aromatic and is substituted with at least one functional group.

13. A method according to claim 8, wherein the organometallic compound is

an alkoxy silane, silane, silazone or phenyl siloxane.

14. A method according to claim 13, wherein the organometallic compound is

hexamethyldisiloxane.

15. A method according to claim 8, wherein the surface energy of the coating
is between 18 and 50 mJ/m?.

16. A method according to claim 8, wherein the coating has a surface with a

water contact angle from 95° to 160°.



130 to 160. 19. A heat exchanger for effecting heat

exchange between a petrol eum based |iquid and a heat
wez@kamyes nedi um conprising: a housi ng havi ngPErmUS2007/014335

interior; a plurality of heat exchange tubes having a

holl ow i nterior passage for the passage of one of the

petrol eum based |iquid and the heat exchange nedi um

t her et hrough, wherein each tube having an interior

surface and an exterior surface; an adherent fouling

resi stant coating on one at | east one of the interior

surface and the exterlor surface, wherein the coating

hali’ng 4ame orsing Q\clam My (whesein the, wates e‘oratarfr@gleaﬁdiom
110988 50F fluid pressure pulsatlon generating device and

a vibration generating device, wherein the fluid

pressure pul sation generating device applying fluid

Pr QRS U LR Ofind & diflfn PEWIRIGHTROQARA cbhbH dhalfis from

ef fect "a reduction e vi Scous boun ary ayer on
1300l 66F. t he interior surface and the exterior surface,

wherein the vibration generating device applying

nmechani cal vibration to housing and the plurality of

t ud®s tmhezftfeechmer fod effecting lefat thehampe betweeh ayrtialepm-based

nterior.surface and the exterior

. la on one
hqu‘&%ﬁaacleeat 5t° a"f‘ﬁ%“f?gia‘{m’e%?gﬁ’a%'@’ according to claim 25,
mhaﬂﬁuﬁldghﬁvh@dnﬁmhaﬁger includes a fluid pressure

ul sat erat wher.ein the devi ce

D Aaser i O Rt B aES fioes BiviBaA RO e terpE Rer e B b
passagé 61‘3&&@6&% ipatrble@m- aﬁee 1ighidOant thig ht @ exOhddige méﬂnlm The

heat exchanger accord |ng to.claim19 or claim 2

thergihequghn hgeein sardrtabg bavdng pm interdQy Wirtane andan F’Hﬁ“"f surface;

C ORRddBEZnBfd ! &es‘?&aﬁ%@ﬁfh@%’@ h 8ht heleh®R|one b a5 iReYioP Quidace
t hickness of 1 to 10 nol ecular |ayers, wherein the

and theyexteripn surfaeg, wheaein ge eqisg havinga PetasApRYEY 06 Rogmore than
50 hPRPELRE Ures up to 4500C, and wherein the |ayer has a
surface energy lower than 50 mllijoule/m2. 22. The
h eane of flvidh pesswe pulsatiomgersrating devikelandwgrabrition tghperating
gver of organonetal lic nolecul es is deposited on 80
G 100 % of the inner wall surface. 23. The heat
ex ottenejartha fait phessyrd pulsdtminrgedetatinghleviee mpplyengidwid|pressure

pulsgggns to the petroleum-based liquid to effect a reduction of the viscous boundary

devrfz

layer on one of the interior surface and the exterior surface,
wherein the vibration generating device applying mechanical vibration to
housing and the plurality of tubes to effect a reduction of the viscous boundary layer on

one of the interior surface and the exterior surface.

20. The heat exchanger according to claim 25, wherein the heat exchanger
includes a fluid pressure pulsation generating device, wherein the device generating

fluid pressure pulsations are generated at a frequency in the range of 0.1 Hz to 20 kHz.

21. The heat exchanger according to claim 19 or claim 20, wherein the

adherent fouling resistant coating comprises:



organonetal | ic conmpound is silicon. 24. The heat

exchanger according to claim?2 1, wherein the organo
worRiosny242h t he organometal i c conmpound is a hyrPeDUs200y014335

group from1 to 30 carbon atons. 25. The heat

exchanger according to claim 24, wherein the

hydr ocarbyl group is aliphatic or aromatic and is

substituted with at | east one functional group. 26.

The heat exchanger according to claim 24, wherein the

Or 02 RYEEbAbldatomeriaiindlcctled Radthg @tiickhésRHE 1 161103AGecular
silazone or phenyl siloxane. 27. The heat exchanger

layere cuhereiythe daxar arithnes undgrge sibstantial decommeniiion) at t@mperatures up
to 50RO awherefie R TRl hhélh %%%@rfgyzl%we;-bﬁm%illzij fule/mz.

exchanger according to any one of clains 19 to
wherein the surface energy of the coating is between

18 d : (o] to

anyode oo B Behangs cclfRE R ISR DR ORERERRIA DG

orgsnarhetaBicunoleculenis dapositadtanc0 tnlfl0e¥fofdhe et wall6orfags.
The heat exchanger according to claim 29, wherein the
wat er contact angle is from 110 to 150. 31. The heat
excRhngEhe heatexchanget accotdngrna’dainn &y whereinhtbe wadtalrin the

cont act. an | e ia.fr. m 130 to 160.
organometallic compound is silicon.

24. The heat exchanger according to claim 21, wherein the organo moiety in

the organometallic compound is a hydrocarbyl group from 1 to 30 carbon atoms.

25. The heat exchanger according to claim 24, wherein the hydrocarbyl group

is aliphatic or aromatic and is substituted with at least one functional group.

26. The heat exchanger according to claim 24, wherein the organometallic

compound is an alkoxy silane, silane, silazone or pheny! siloxane.

27. The heat exchanger according to claim 24, wherein the organometallic

compound is hexamethyldisiloxane.

28. The heat exchanger according to any one of claims 19 to 21, wherein the

surface energy of the coating is between 18 and 50 mJ/m?.

29. The heat exchanger according to anyone of claims 19 to 28, wherein the

coating has a surface with a water contact angle from 95° to 160°.

30. The heat exchanger according to claim 29, wherein the water contact

angle is from 110° to 150°.

31. The heat exchanger according to claim 29, wherein the water contact
angle is from 130° to 160°.



