, qre3eRHA 46TH7?/ 20 August 2002 HEAT TRANSFER SURFACE The present
invention relates to a heat transfer surface, to a heating <PdHgustgpo2
condenser conpri si nﬁ‘;‘sai d heat transfer surface, to a nethod of applying 5

sai d heal\“\\ﬂmmmmw rface and to a nmethod for carrying out dropw se
condensa g said h r During heating of a
fluid via a kbt ransfer surﬁgﬁ%ﬁgwﬁéggﬁ&:ﬂ eadily becone coated
wi th various deposits (eg. CaC03, CaS04 and MyS04) which 10 are dissol ved
or partially dissolved in the fluid. Users of kettles in hard water areas
wi |l be welTHe prapenit iheehtion helatesstpadidatritrartifeh sdefacs| te ahlawatirem ebshaentse
effect on the heat transfer, coefficient of the fsaurface, whjch i s reduced.

This, in tQrFPNIeNKEE qANRriRBgreaid diealdransigr exrfiaceetey? BrethRE HeaRPliNthst er
surfage angdtor F%Hfstf [l d W Ge L T, i er

need fC%r a Id;a?@ﬁ gns eépghudrrfh adcetesavl\}?lle ct}? %l Idé%’/'{lfaotde;é tr hgg’gﬁd@f c;adr)[t dgég Iee?n of
undesi r ableondenisdtiop erhplbyng isaizl h&€anttansfdri surfaceacesses enpl oy t he use of
a condenser, also having a heat 20 transfer surface. Due to the nature of
conventional netal materials used in the construction of heat exchangers,

filmu se @uﬁ%%‘?@a&iﬁ@deﬁ‘éuﬂﬁidi fial 8wt trahstel Hifrfacd e SURBReCWIID {?éd”iﬁl ric

utility condensers and commercial distillation plant condensers |

Fi |l mvi se deedens soated mathuivasious depfasits (ef- IGafidg €a%0i, rendoMgSO Hewhéaht
transfer surface, the liquid typical ei ng. er which is a very 2 oor
conauld or 4P dfiesiivedar seftinfiy elBiRed b HE Bl nUsPea'Bf kel Rl watef
efficient figag WNEBSf QlellR6EQ88iINtEE WRAT tHis FIObEEMS Urd e dePolRY BSve an
condensati on has received much attention in the past because of the

i nher ent @dverseeffeation tebeat tyaosferegefligientopthe sunfacei whigh issedugedo 30
condensi ng-wal l heat transfer coefficients .that.,.can be achi eved co red
with 111 mie At lseRane” s iSspasd NeRyRs SUliml &F dhsphpan transter
condensat isQipfdod AngRs drtRudtidn PERS servidl IAggust 2002 2 devel oped to the
satisfaction of condenser designers [2]. In this respect, it is a

prere“:ﬁji site for achieving dropw se condensation that the condensing

surface POSAGESs @héu%%ﬁé fn%gﬂ t%'?%rr?é/a{tLt?%ns#éP%Wﬁa@%b}ghic%uélﬁéﬁﬁﬁenspﬁ\sesﬁﬁér 2

hi gh surface énergy w t result al st'eam condenses se on such
surfaces. art problem of undesirable build-up of deposits.

Condensation processes employ the use of a condenser, also having a heat
20 transfer surface. Due to the nature of conventional metal materials used in the
construction of heat exchangers, filmwise condensation occurs in industrial
plants, for example in electric utility condensers and commercial distillation
plant condensers [1]. Filmwise condensation results in a film of liquid forming
over the heat transfer surface, the liquid typically being water which is a very
25 poor conductor of heat. This film then acts as an insulator and impedes

efficient heat transfer across the heat transfer surface.

Dropwise condensation has received much attention in the past because of the
inherent order of magnitude higher (eg. up to 20 times higher) steam-to-

30 condensing wall heat transfer coefficients that can be achieved compared with
filmwise condensation.

To date, however, suitable dropwise condensation surfaces have not been
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5 To obtain dropwi se condensation on a netal surface, the syrface energy
must be reduced and the foll ow ng net hods have been tried [gi’.A‘{Q“ft?Qp pply
organic pronoters to a condenser surface; (ii) to coat the surface with
organic polyner; and 10 (iii) to electroplate a |layer of silver or gold on
the surface. Referring to (i), a sol uti%n of organic pronoter (ie.
non-wetting agent) may be w ped, brushed or sprayed onto the surface.

, h ff Wi thi few h . and_d '
conaencat iVSFPRIES TF sABRfelion 8 d8h8e foar dftsR 1) 5 TR RES W
addi tion, 4perogeisitt f@fﬂ@lﬂb@in@@l@?\mgé cOhHeRsdtsiitHat the candeasing sufdde

coating, thereby limting the application of such coatings. Referring to
(ii), manyeasesdm dowasuripeerenaigy k. pKowyer metal-swfases ppapess 20high

ol ymor o Stufrdi el MR Ak R ppRhen W bR SR slBremy o

the begef iTéoBfaiHW@?Mﬁ@e 60REENSAIdrPBn A Melilfstfaddy tRE suPficeasiferg) rhist
t hermal resistance of the pol yner coati ng"altself. 25 Referring to (iiil,

thi n coat ibiyEedifcest andthefallgwing metbodsdinvehbeen tdedd8hot e dr opwi se
condensati on. However, such coatings are inpracticable froman economc
point of view. There is therefore a need for a heat transfer surface which
nmay be used to (B0 acfy gyslydsrgRwnic prembosissat a @andehber alicaeeprior art
problens are al|eviated by the present invention which, 20 August 2002 3
according to a ffil r sttoagpricthe purfareaxith asganict pelwstesi abdr f ace conprising a
| ayerqof tetra ral,.a C i - L on, and/or a
conpo1sq)te therggﬂ, oe%%l[:ﬁ%ﬁs eec%!w (ﬁ;gs:‘(v%ﬁ ng(ga[@o%%d#mésgyﬁgé ion of at

| east 70% 5 Tetrahedral anorphous carbon (ta-C) is a substantially

hydr ogen-free form ?,f di arond-1i ke carbon with an spa bondi ng fraction (ie.
of the totRgfesin®in (hoRdelyiarsehry9amaPremetee ifpne-Wethng ageghdray fige
hydr ogen o I t Ry &S

bondi ng fﬁg t étﬁrﬁéhéigfggﬁ\&'og{)ﬁf&é‘g\se%’s%@éfe.pr ef e%‘g‘:g?' %Wgwqrggé%eg%&'ﬂnﬁre
pr ef er abl yofatwithasta fEWohdirs 4D usepEevd despwiset aofdensatiomidrathé surfecee of

crystalline carbon, gith.a short range taﬁrghedraj.order and a densit
appr othi iPanges &0 HIMWisk. cordenaations;ify Ap AIAKINs sthe niss cal 9reapitess

and Lher orsbalhis |dftaR ieklieoln B By {30 AT CRNEBYSIRIARGSAID | ©

10 GPa) can be associated with the of high spa fraction t1lTms,

t hese st r capgdicatian ofeslucte cohtingslhesi on of such filns at 15 higher film

t hi cknesses. | nproved adhesion is conveniently obtained by depositing an
internedi ate reactive netal or netal oxide layer to bond the filmand the

substrat e Reraimgto (iR manyRatdriptiePasbédrdmadfe tbipred 0Bt oridiYeriapd pwisy f ace
materi al. Adhesion may al so be pronoted by depositing ta-C filnms using FCVA

t echm®Queswifeaes Rys¢oatingt witthi eganiss pdemeneJ&i vdigwevasedegauseytheal |y

bet ween - = : |_ 2% I ] Sur jch
nt er act s Kvirss BHERHE RTRS CiatleR Ry a8 o b g Rty BsEaf e
provi di ng werdfits el dngrlviséhesndensdtivrmdes oiffset Byaah i@seasyin thetthermal

el ectrical properties. The band gap of ta-C is around 2eV (versus 5eV for
crystal | i feststanemaf thawahymer cadipptitsfle candi date for use as a

sem - conducting materi al

25 Referring to (iii), thin coatings of silver and gold have been shown to promote
dropwise condensation. However, such coatings are impracticable from an

economic point of view.

There is therefore a need for a heat transfer surface which may be used to

30 achieve dropwise condensation.

i

The above prior art problems are alleviated by the present invention which,



25 for a large area and for high tenperature device applicag]laqns.
Di.anond-|i ke carbon (DLC), unlike for exanple a-Si:H has ahhgéfpf‘?tzooz
state-free optical gap wthout hydrogenation. It has a hydrogen content of
typically 15 60% (ww), and an spa bonding fraction which is typically |ess
than 50% 30 In preferred enbodi nents of,the invention, the coating

conpri ses or consists of ta-C. It is par%cul arly preferred when

encount er LA oA TrEbAEPeT: PreYgeR AUt e EansTessufaca  Satrridlod taver

encount er eﬁcc

t enper at ur gg tleﬁ%%aaart @nforphdUdPchfor Nakdy®r SHIaMssnA-fikeT chiiSortaldhilof ayer -
Wth ta-C, the filmis typically substanti.ally hydrogen-free and any such

st r uct ur al CYMResitethespof, W Pr'iellﬂ thie satbonshasian ap3riendingfiastion ef atrleash 20%.
conbination (eg. an alloy) of ta-C or DLC with one or nore additional
conponents, typically nmetal conponents. The effect of the additional

conpongnt T&trakédratahorphoti@tdriioR (t&lmn@alsdm@ﬁférw ﬁgdwbeerﬁﬁleecmﬁw 6fr bon
source, such as to increase the hardness and drophobicity 10 of the

coating. Etiammnsklike cadmrt Witean &@%b@ﬁdﬁt&fraﬁtwnd@ gbthe tatal oenboniwn@s

chront T SRR PR 1 AP SEhnodBl s BRY T RbLCTG
shoul d 15 mreftér%lb&,ble'sshﬁm\ 200w W)| agd mmbomyfﬁdmro@dw iesly at

conmponent Is Teflon or Teflon-like, filns of greater thickness can be
enpl oyed dsaﬁt &Q%e nreferrably assleash 6Q%h mergesefasrablysasHeast MO %eneths | y

ot abi 11ty BEBSLieY E ML ARl oloffel 13 1RRaP oF SFvate e G BobnRath Batiob e
Conposi t eStemraeheﬂmf@rdeblahdearrdea;&ql armaadstmﬁb thad rdiamiodd. ( Rthastd @imdad
above) are encountered, According preferred enbodi nent the

car bon- coraldReASy %@rmﬁaldwagrq enée paver stabdlity togthataf dinmmansk s bakge
1, um nore.gh r\mytrasgewmmﬁﬁagsaﬁ as%oémgtpﬁ%m% 9@5&;@ BeRhigler

is, the IongeFFéﬁ?e servi ce Ife w
excessi vel gp3 fractipntflimsheaat thesastresseneahiredecd themsdbesionngfrsutihstiens &or

t hi d/ [ t f 6t
0 1° b8 E i BRheR Gl s GkPeBRE S BRI Rt Gdhes an &  ca st éﬁ%@r%r@%’@da& °
clean and geidsping 'ah ibtdriteiste réa@tr%'rﬁefa‘?%??ﬁétal Bx@’él’égbr gé‘ | gﬁ th@¥fiin

especially at the surface, can August 2002 5 provi stress
zone and/ canchthe sabstuate trmgeﬂmr.oallmwlrm:medeﬁheltlmccbtaacﬁl onteeanygrarmootiof

i1 oul t Rt FRERRR o ad e Sed mhualsh RarhBnset b tondsBl et inty o
a pref err agiggFoV AefichaiqudiC ol @SE Bubstraea tivkidh RadBabhNWbgatively biased
20 (typically between -500 to -5000V). Such biasing creates an interface surface
which interacts well with the tép surface layers of the substrate, thereby
providing much improved adhesion. In addition, ta-C has important electrical
properties. The band gap of ta-C is around 2eV (versus 5eV for crystalline
diamond) making it a suitable candidate for use as a semi-conducting material

25  for a large area and for high temperature device applications.

Diamond-like carbon (DLC), unlike for example a-Si:H, has a nearly state-free

optical gap without hydrogenation. It has a hydrogen content of typically 15-

60% (w/w), and an sp3 bonding fraction which is typically less than 50%.
30

In preferred embodiments of the invention, the ocoating comprises or consists

of ta-C. It is particularly preferred when temperatures in excess of 100°C are



el enment_ is provided having a heat transfer surface, said heat transfer
surface conprising a |layer of tetrahedral anorphous carbon &R AHugust 2002

di anond-1i ke carbon, and/or a conposite thereof. Such a heating el enent has
a prolonged service life and requires | ess frequent cleaning to renove
deposits which may 10 ot herw se cause a reduction in the heat coefficient
of the elenent and an increase in the C(ﬂnsurrption of electricity. In a
specific e diment of the invention described in nore detail bel ow, a heat
transfer s'ﬂ%?\éc,t@ ¢ anpoustetsthy %Yﬂ?’@ﬁ@f‘oﬁtw@sfadﬁn\ée’f/o"’ﬁ’g’"leeégds‘iﬁé'@@ﬁt fbl e
to 15 Toul diBdafdtOterhfelAGHY |dadffh KB WRIsPUPTIGN A thedstictute STPURY A, N
i ndustry standard ftor assessing touling resistance. In this respect, S04
(t he maj orlagenpWitnta-@f, thedilm ibuypidalip substardidbycdnmrepgensfre®mandrargdsuch
deposited and is ch npre diffijcult to break down than is CaC03. 20 The
heat trans?té‘l’c%?ﬁéwwo'i FeMBRBISRE- i nventi on may be enpl oyed in any
apparagus in which heat transfer-occurs and has particular application in
inter alia water heaters such as kettles, dishwashers, washi ng machi nes and
i nstant wallee téreat' eomposite” aneams e\cpobiabtiondegf anallofypiof ¢adlpt OLG with

L 0L Rl oy G4 RbpLEsprdeR bir elBo s 5Bt Ats LS aahare <
when a |i oy thd 8d8itiohaf commpdriedd is 'g%?bﬁblmcﬁﬁﬁcﬁﬁ/ H%hy%ﬁédll)‘;ﬂobeﬁyr@ﬁfhe

transfer surface and di sl odge sone of the scale. Conversely, when low fluid
exci t at i onsdlevieddsarbonssuere sexpasiteinedase the hardd@sp lapdi arhydropbobicitf

scal e ccurfs This.is particularly so, for exanple, during pasteurisation
of m 1% withthe cPURIyhiy undesirable for the milk to boil. During nilk
pasteurisation additional build-up is caused by mlk proteins (eg. casein).
20 August 2002 6 This may be problematic with conventional heat transfer
surfaces. Examplesodf adelitiomancempbnents lircludergoldi eilvenr hiakel othtdmiymesent

invention such deposits have been adyantageausly ¢ edu Spproxi mat el y
500 5 AcdU ey (D TEINSMBRaR cpf JPifda: eian® (it of sribRs2 By cRlgBie
condenser d¢&hpbaadsn WWWtﬁé FddiflensiaEb@iponeat Gs GORNLAIS @hat Avétald shoRAt
transfer surface conprising a |ayer of tetrahedral anorphous carbon and/or

di amoh®l- | | Keferabbphavena/lew sutfafporiaray: h¥Yleere the additionad gamponeahds er

¢ , :
ol oyed areign: B, TEARAEIRG, PEAS diurRat et INkhesSRERTGE britIBRSH fuc & B
pl ant effilomsrcgtredst a1 michv &omposieennf Suehclfimsegehesdlly ensf eyxcellehace

permts a reduced size condenser to be enployed. It is estimated that a 10
nbar decr eté’é’@h"ﬁ’sé@ﬁ'geq{ﬁ@s'% REQRfrEes e3¢ iropfover thegrmalsiabjlihepigparties,

i ncrease i&,rﬂgg% W\(rpﬁ.zé.tgf_%%i,%at %méogf){%é.” a 900 MW nucl ear plant and

0.4%in a conbl ned cyc ant. I'n ase of a 600 MWpl ant, the
corre2pondi ng reduction in coal consunption would be 1,000 tonnes per year,
! Composites are preferably employed when high temperatures (eg. 400°C and

above) are encountered.

According to a preferred embodiment the carbon-containing and/or composite
25 layer has a maximum thickness of 1um, more preferably a maximum thickness
of 0.5um. The thicker the layer is, the longer the service life will be. However,
if the layer is excessively thick, the heat transfer coefficient may be
compromised. For this reason, the carbon and/or composite layer is most
preferably 0.06 to 0.1um thick.
30
The carbon and/or composite layer should be preferably clean and uniform in

thickness. In this respect, a defect in the layer, especially at the surface, can



wi th correspondi ng reductions in pollution. The introductiop, qf 0
condensation in power production processes constitutes energglaé' hg@z 20 A
heat transfer surface of the present invention may al so be used in a new
type of shell-and-tube dropw se condenser, for which overall heat transfer
coefficients are doubled conpared with rrent filmM se condensers. Hence)
the heat transfer area nay be reduced by half and considerable materials
and 25 enef gy, y a F t t uclen ect ity
s poverd QiR o dfo B c¥ e R b 11, 1BF o BrleBBR B "Be b T lhé

required Qihabsbphrtremnt@ﬁt of théleoﬁtrﬂgs'tsl Ipeeiemalbllvezdrbrd?l d16s € onelens ewhilbn
typical UK conditions, a. 5 nbar pressure reduction is possr bl e, which

cor r espond® Rractge iihisr diffieult toanaid meickepartisie essqthan Jl obdrmPelad fired
plant. In turn, this 30 would result in a saving of 9,000 tonnes per year
of coal and consequently 30, 000 tonnes per year of C02 em ssions [1]. 20

August5 200&cdording lte aaprefefred embdeirment cfutHeageesemt hotdntiorjea loéatirspy, a
condenser pI ate, may conprise a heat transfer surface coated according to
the preserfl lement ig pmrv'dsdmvan%@da%ﬁrseanﬁr@u|serrf@@ﬁerset heshinsesteratyige e

condensat i (BnBHs g |§Y9Poﬂ@€’rai1%8pél aﬁ%r@u@ugeursmaﬁa/&r%@bnan Lhs r?gnl;or

exanpl e, I'ant i's water I"arl'y sea water ccor

second as mmi/ooia ctdrappsr@e&héraorivmama hédtergeelremmﬂdvasjacbralorigdrwslerfubu:e
prepari ng heat transfer surface i.sing a a |layer of

t et rahedrﬁeaﬁﬁéprﬁﬂwreéaﬂm fESRHSN GHeARing. 1o w{éﬁé LD Nighc 6si t e
10 t heg €T othePnidde catisé ?ed%{#oﬁ%ftﬂ%ehérﬁt ESeFfﬂﬁ%ﬁfjoWﬂ'r@ E%‘?néfﬁty%doénthe

present i nvention I's pr era snmoot h e achieve or exa

by cl eani rigcesasdkedn thel mmisurgptr&hmﬂeiectre:rs/urface be greasy, an organic
detergent may be enpl oyed. 15 Follow ng initial cleaning, the surface may
then be subjected to ultrasonic cleaning in a water bath, optionally

cont ai ni ”anér”sbl%@ffucdéﬁﬁio@“r‘r%nt U?eth@ iﬁ%@ﬁﬁoﬁ%éﬁfr%e@% heorteh@&ameob v th
dei oni sed water. Y Stainless steel nmetal is the industry standard heat

transfer shedtatansiadsyprfeoe oéshe presentdevention isaskoendotchle daswt susosiptibleatad ayer
accorgding to,the, prese Laventi o Altern tive ces include cop er and
21 uni 15 uon PobHBoleBE Y TeRllel BhA kg i Fedas onCRRRars pRIGYSH HRC Rt
surfaces. Méﬁbﬁg%té@@é’r@l‘W%%s@@ynQQOUEﬁQ réSisERs | In this PP 120EET, (the
conposite film25 in accordance wth the present invention, see for exanpl e

the HandboBRiasfcameperent of sTalehbuildrgpes ther EXampie)dadnotarearly dengmgd
S anrﬂ'\d is much more difficult to break down than is CaCOj.

20 The heat transfer surface of the present invention may be employed in any
apparatus in which heat transferoccurs and has particular application in inter
alia water heaters such as kettles, dishwashers, washing machines and instant
water heaters, and as an evaporator surface, for example in refrigerators and
freezers.

25
Scale build-up at a heat transfer surface is often reduced when the fluid to be
heated becomes "excited". For example, when a liquid is boiled, excited liquid
molecules may strike the heat transfer surface and dislodge some of the scale.
Conversely, when low fluid excitation levels occurs are experienced, little

30 physical removal of scale occurs. This is particularly so, for example, during
pasteurisation of milk when it is highly undesirable for the milk to boil. During

milk pasteurisation additional build-up is caused by milk proteins (eg. casein).



Technol ogy and Applications, second edition (ed. Rointan F. Bunshahé NOYES
PUBLI CATI ONS, Park Ridge, New Jersey, USA. 30 A film may be 28dstust 2002
any surface capable of conducting electricity. The carbon film my be
applied by Pl asma Enhanced Chem cal Vapour Deposition (PECVD). Exanples of
this technique are "RF Parallel Plate Pl asma Deposition” 20 August 2002 8
and "Hot Wre Deposition". A general feature of the nbst comon techni ques

is that t transport of the actjve particl towards a sybstrate is

det er ni ned 1y "HRY MSsPEPlemae; With:ganyionsl Reak tehnsier sidACe e UfEee! may
be enpl oyeshnbaamied biRethRXPaBSI tPahdTr SsUrfsddRIf MAPBsbt GndeVESFSducH | ow
pressure. In this technique, the transport of particles towards the

subst r at e depasitsehavebaepadviansageausingpduced by appreximately £Q%a cat hodi ¢
arc apparatus nmay be enpl oyed for applying the carbon and/ or conposite
| ayer as disclosed for exanple in US 5,279, 723. US 5,279, 723 enpl oys a

cat hods Cc aAgcording &' bABtIREHRERHSd EmbUdisient N@lete i$prsvidéda-cUnddrser f6om
the arc spot on the target to the substrate which is to be coated, and the

present i riagnitn éropwigecgaiidgnsetips, saidscondenseigiariag askeat uangferauifadesel v,

honogenou<oal b atey i Blrablohfy BfosBRebe Rafbitand Rt Bidrip e iREZ A Bon.
pur pose ofaridyer i @vefposity abictt,. QdelofSthid Heke trahéedsswiscdliincé@ied by
the Y present applicants in WD 96/ 26531, WD 96/ 26532, WD 98/ 03988,

PCT/ | B98/ (ROrBlenspCTPerBuSy (il 76duUcedToqQrrRissysgl TwesaHE reThe permptoyest during

Coonti i G dsPBaRaR Sulfr I P, Cresiitsd R BB RS o eficiencync

surface engh@nativelyleusaldf tee cladmd itteansfEhisarface garmiits heedaced size
I mproved adhesion of the filmto the surface. 25 The present invention is

now descr i¢fanser do heopEwleved-he fol | owi ng exanpl e in which: Figure 1
illustrates the results of Exanple 1, wherein the DLC and ta-C 30 sputtered
surfaces are in accordance with the present invention. The H inplanted
surface ardidestimated ot a 4Prbantiecuserihicomlensenpréssame fresults in 0.9%

15  turbine work increase in a 600 MW coal fired plant, 1.2% in a 900 MW nuclear
plant and 0.4% in a combined cycle plant. In the case of a 600 MW plant, the
corresponding reduction in coal consumption would be 1,000 tonnes per year,
with corresponding reductions in pollution. The introduction of drop;/vise
condensation in power production processes constitutes energy savings.

20
A heat transfer surface of the present invention may also be used in a new
type of shell-and-tube dropwise condenser, for which overall heat transfer co-
efficients are doubled compared with current filmwise condensers. Hence, the
heat transfer area may be reduced by half and considerable materials and

25 energy may be saved. For example, the cost of producing electricity in a
power plant may be reduced by a reduction in the number of tubes required or
by a reduction of the pressure in the turbine condenser. In typical UK
conditions, a 5 mbar pressure reduction is possible, which corresponds to an
increase in turbine work of 0.5% in a 600 MW coal fired plant. In turn, this

30 would result in a saving of 9,000 tonnes per year of coal and consequently

30,000 tonnes per year of CO, emissions [1]. .



surfaces. 20 August 2002 9 Figure 2 illustrates the heat nsf e
properties of various coated surfaces. The Ti NF surface is éé&“ﬁé'a{%‘gp@D
and enpl oys a netal organic pronoter. The use of an organic pronoter, as
illustrated, frequently results in a deadly toxic coating. In addition, the
TiNF coating 5 is less durable than a ta.C based coating and the coating
costs are nmuch higher. Exanple 1 - caso4 foul i ng test results during pool

boi ling 10 t rod: ttered with tet al h ta-C), b
Nanyang Toeviks SASACSH & BANGEREP\UrRGSE SoHRIT FISE RiaBH: SGRAeORE! RSy |
Heat Fl ux: mbQO chilgitse ReHEHSiraRSferFsOHags dodidd %c_cé?diﬁ?r 1§ B Cprdsaher

rod (No.432), the average final heat transfer coefficient was about 1900
W n2. K. Afingentibe. Baaher conderisdr. waD)d berefitttrpatboth Hropwie cordensatiore

final heat t f. fficient fter ' |y .60 h
| ncr eased 2% Sbotiiestb iy kol CHUNBIAN ik CROft i BHEBratie ihe
observgd toadlaRBY w8y, péttitaldry2kes wiep dancing in the solution. These

fl akes 20 were scal e deposits which had broken off the heat transfer
surface. During the entire test, only a few parts of tF~e heat transfer

surface were covered with a very thin |ayer of .deposit, and nost af the

heat transPEPOUliRg J0cA \ReSoRgrauIadt Rt Bresally BYERRENI thers BoProvider X of

a Hinpl a%@w&@%ﬁbré&é’ri@‘@ RedtL{raf ek R Rt e RVNGPridiAg APy RIgSS 18YEMBF | N

Figure 1 for cor;parl son. By conparing the final heat transfer coefficients

(see Fi gurtetrahedrakamorphousocarbensand/acdiapnavd-tike carzomnatd/pe s ¢ompasitn

WnR. K af t I %‘? rQ imatelf%%GO hours, followed by the DLC coated surface
TR

4000 ng. ?'ely 60 hours. 30 20 August 2002 10 10 Tabl e
1 - Final Heat Transfer Coefficients for Different Treated Surfaces

The surface to be coated with the layer of the present invention is preferably
smooth. This may be achieved, for example, by cleaning and/or polishing.
Should the surface be greasy, an organic detergent may be employed.
15  Following initial cleaning, the surface may then be subjected to ultrasonic
cleaning in a water bath, optionally containing further detergent. The cleaned

surface may be then washed with deionised water.

Stainless steel metal is the industry standard heat transfer surface and provides
20 anideal surface to be coated with a layer according to the present invention.
Alternative surfaces include copper and aluminium, though the invention is of

application generally to all such surfaces.

Various techniques may be used to deposit a carbon and/or a composite film

25 in accordance with the present invention, see for example the Handbook of
Deposition Technologies for Films and Coatings (1994), Science and
Technology and Applications, second edition (ed. Rointan F. Bunshah), NOYES
PUBLICATIONS, Park Ridge, New Jersey, USA.

30 A film may be deposited on any surface capable of conducting electricity. The
carbon film may be applied by Piasma Enhanced Chemical Vapour Deposition

(PECVD). Examples of this technique are "RF Parallel Plate Plasma Deposition"
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di am)ng-l ieggédgﬁm’agﬂﬁgﬁﬁ dgi)g%ﬁ%éz{lé?qeimﬁ%reo a,(v]\%%e?@?!l%eﬁggé%&? Fl%es an
spa bondi ngxparsidn ofiacheahal plasinaniftd aZesbekarlbacpressuce aimeds itackhigue) 1,
conprising tetrahedral anorphous carbon. 3. A surface as clainmed in Caim
2, wher ei nthendranspesh afapattiriep doywigsnie ratastaieots geterninedgby, difech
surface astrgh \dgd in any preceding claim wherein the carbon is in the
formof a con%%)si te. 5. Asurface as clained in any preceding claim
wherein the | ayer has a maxi numthickness of 1 p.m

10 In particular, a cathodic arc apparatus may be employed for applying the
carbon and/or composite layer as disclosed for example in US 5,279,723. US
5,279,723 employs a cathodic arc ion source apparatus in which there is no
line-of-site from the arc spot on the target to the substrate which is to be
coated, and the present invention may employ this or similar apparatuses.

15  Alternatively, apparatuses having a line-of-site may be employed. This is
because a homogenous, macroparticle-free layer of carbon is not critical for the
purpose of the present invention. Other suitable methods are disclosed by the
present applicants in WO 96/26531, WO 96/26532, WO 98/03988,
PCT/IB98/01764, PCT/IB98/01765, PCT/IB98/01762 and PCT/IB98/01768.

20
Referring to the above methods employing a plasma source, a O, or N,-
containing plasma is a further option. Such gases help to increase the surface
energy of the surface to be coated. This, in turn, leads to improved adhesion
of the film to the surface.

25
The present invention is now described by reference to the following example

in which:-

Figure 1 illustrates the results of Example 1, wherein the DLC and ta-C
30 sputtered surfaces are in accordance with the present invention. The H-
implanted surface and bare surface represent conventional heat transfer

surfaces.



6. A heating element for heating a fluid, said heating ele havj a
heat transfer surface as claimed in any preceding cl aigm 7@&%‘95?‘2@2

elenent as clainmed in Caim6, wherein each exposed surface of said heating
el enent is substantially coated with a |ayer of carbon and/or conposite as
defined in any of Clains 1-5. 8. A heating elenent as clained in Claim6 or
7) wherein the fluidis aliquid. 9. A I?eating elenment as clained in Caim

8, wherein the Liquid, i | ytion, 10 h i Si
S heat tr anst ot gy FRE e MardPer oper ¥ J5RbES RRER, "
el enent as cl aigiRthded, anyTid THIRIstRfdEedis dplicd BRIEVDER @mEioys|Ahvdrd] i n

G aim 10, wherein said water heater is a kettle, a dish washer, a washing
machi ne, or an drgenimtpramoder.hdheeruse opmEmMargenicoaempden, 2 asaillpsitiaseder

for use in dropw se condensat.i on, sai d condenser [l Sl . t transfer
surface as cl aﬁﬁ'_‘é%”?'?{‘?yawuitf '@:Iaaci‘??sﬁﬁ?%).('cf?.a W%-&’S%Hﬁ@°€b#ﬁ??@@ﬁg"°§t““%
conderser as cligidgddurabld ftah d ta-Cldased 0B4teg ah@itheceBBhgtbsds Bfdimuch
transfer surface as clainmed in any of Clains 1-5, conprising applying a

| ayer of tetraHdghel. anor phous carbon and/or di anond-1ike carbon, andlor a
conposite thereof, to a surface. 15. A nethod as clainmed in C aim 14,
wherein the layer is applied by a cathode arc source. 16. A nethod for

carryi ng @xariplePti- CaSOpHSIFR] teyt, reslRE &iutiry poorboiiag i s enpl oyed havi ng
a heat transfer surface as clainmed in any of ains 1-5. 17. Use of
tetrahedral anorphous carbon and/or dianond-1ike carbon, and/or a conposite
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A2 A A TeohndRodicAl BndrsithY. A U6 A3U&U; & >\j d h wy

ertval b1 X calcal selcalcafeal sall eale el ahes) Ehegkbhea) o cal oal cal oz

Results: see Figures 1 and 2.

15 For a bare heater rod {N0.432), the average final heat transfer coefficient was
about 1900 W/m?2.K. After the heater rod (N0.432) was coated with ta-C, the
average final heat transfer coefficient (after approximately 60 hours) was
increased to about 5000 W/m?2.K, as show in the following chart. It'was
observed that many tiny white flakes were dancing in the solution. These flakes

20  were scale deposits which had broken off the heat transfer surface. During the
entire test, only a few parts of the heat transfer surface were covered with a
very thin layer of deposit, and most of the heat transfer surface was deposit-

free.

25 Previous fouling test results of a H-implanted heater rod and a DLC sputtered
heater rod are also shown in Figure 1 for comparison. By comparing the final
heat transfer coefficients (see Figure 1), the ta-C coated surface provided the
best results 56000 W/m?2.K after approximately 60 hours, followed by the DLC
coated surface 4000 W/m?2.K after approximately 60 hours.

30
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4, A surface as claimed in any preceding claim, wherein the carbon is in the form of
a composite.
5. A surface as claimed in any preceding claim, wherein the layer has a maximum

thickness of 1um.

6. A heating element for heating a fluid, said heating element having a heat transfer
surface as claimed in any preceding claim.

7. A heating element as claimed in Claim 6, wherein each exposed surface of said
heating element is substantially coated with a layer of carbon and/or composite

as defined in any of Claims 1-5.

8. A heating element as claimed in Claim 6 or 7, wherein the fluid is a liquid.
9. A heating element as claimed in Claim 8, wherein the liquid is an aqueous
solution.

10. A water heater comprising a heat transfer surface as claimed in any of Claims 1-5
and/or a heating element as claimed in any of Claims 6-9.

11. A water heater as claimed in Claim 10, wherein said water heater is a kettle, a
dish washer, a washing machine, or an instant water heater.
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17. Use of tetrahedral amorphous carbon and/or diamond-like carbon, and/or a

composite thereof, as a heat transfer surface.

18. A heat transfer surface substantially as hereinbefore described with reference to
the examples.



