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A Re-, of the Processes 1'hat

Control Snow Friction

SAMUEL C, COLIIICIK

L. INTIROI)UCTIION been developed to a very I cli level witliout a good
physical understanding of the processes. hot to 'COtinlue

There is a long,- history3 of interest inl snow frictilon. tile evollution., resear-ch \vill be necessary to imp; ove our
mostly because of the interest inl recreational skiing, basic under-standing of thle mechlanisms. that account for
1 low~ever. interest inl sniow friction also comes from a flit lowv friction Of snlow. V-ie outsiandngw questionls
variety of subjects of practical imiporuince inll~uding, require increased know\ledge of thle contact area be-
auto; nobiC tIc ir, aircraft skis, ice breaker prIopuLlsion. twVeen snIow ailci sI ders. the role of melt vwater lubrica-
and Off-road .echicles. K inctie i-rietion hias bveen studied týOn nl l~Udiinz thiek ness of thle water films. thle occur-
the niost and is discussed lu're bec;Iicis Of thie apliPca- rence of electrical charges, the possibility of capillary

tio oft hat iiIn toiliat ion to ski in. lint static fricetito; is of b~onds, thle act i o. oIliiri at thle iinterface, an cIdcliv fi ci on i~ll
more interest inl applications such asI automotive trac- processes Knowledge of tlw effects of load, speed.

tion (Ahia-gon et al . 1988,). teninet atUC iii 110%iO\ type, and slide; properties onl all of
There hias been considerable ulnc-.rtainty about the thlese processesN and liaraitilLters Is critical to) underC-

li~'ei~iis~is~t nownil c' tirtoi li prtitilir thre standing- evenl tie Simplest resltfonil lr-it:non cx'-

has becen eonlit rove oA0ver thle ic Iet-In bricati oi t heory. perimeots or obseirvaticits under natural con~ditions.

but thle re is at conls;d~ fen ibOIc hod v eideceIC to SI support Otherwvise tilie tesu Its of I a o rat oi\ cx wtiin c nts are

tile idea. and lubrication by mel~ting, I is wide l aWccptedI oftenl not tran,.feiable to oilier c'Iiitroliiiieiits.
inoilier areas oI Iiictiion akltuic.tesor t rib lclOgx (e.g. hill BeyonId tuaikincz a brief~ 1;ic1 ldUCtion to tile snIow%

Anld Asliby 1987). Because this is thle centa isueto srfaeteliicehrestoevwwatskn n
undl~erstancliiicl frictioti over a w"ide aneof nla:ural about snlow friction and to advanice thle field bv t'-stinc
coldI cltolis, u1itichI attenition is dcxoecle to it herle. 1 ]iese: sonic commlonl alssertions a' [it stnow fIrictionl. To thlis

;ssutc, mre c-oniisic'ecl in thle early staugcs of this review culd tile ;iieclianlisiiis -e spkiisihle for slijiii'' will be
anic ilieii tile lirtilielt ohser.vationiscli snow. lrictioii ZArL tevirox d. epciacllly dry sdiclin-g and ;iiel twator Itnbri -

suinnilarizecl. lI~sapproach istaken becausce thle lu mI)Oe caticoll. TheI desc -ipt ions if om o ft ',ll-lthese elcchanlisms
here istO nuiclrstanIsow frcinMii ut ouia/' ae expanded. hutl there is. not nioitli inf'onniatioti ahout
obsen-aticitis cf, it. tilic'])i if) coibitlie theml into a theoryv of sllmw iri ctoitij to!

WVotk on this subject begati sdiic' timie wo:ip- ljlKictiOII. The lIneasiiiccl values of, frictiotn w\Ill be:

(ilidtlon 1 923), hut thle miost imiporiatili erioidl "'asZeiN VdCI s1uiminiiared to Icdenitify' thle effctsý of load. spcectl ailt

lBowdenl developed both thle f~ilmi.1cliluetl ideas bc'lidc tc'iiipeiatiiie. OhseClvalticnis ci interfacial heat and hiqiiil
Il:the ilter kee. lBowcele anld 1ncts19391 anld i'itmo- genecrationl vill he teIewClCk itinld sn11c neCw tstilts
duc-ec pokte~tra lioroetli'~lei &111 it as tter 11OiiitCCtlucc WVlicti p)ossHibl. h tilcis gIiic a possible
base for tc-teationaýl skis (Boct den I9ý tj PTIC'IC was concIlusions will ihe clIaxc i froIIn these test. hullthde
also interest inl aircraft skis inl this[ pertci-o teeL lK'eii e.lsaeotnse-fci' h nricats -nhii
1947).i CIIinlu -iclnealot ofliitetesti inthe USSR duingi-itlic' \VItli someI uIICntlersiaitlti oft tlie p0CCNsc's an1d Obser

ýwar yea; s. Associatled w'ith thle \V mitc' 01\xi mpic Gaie1aiosaalal1;c:ihsoi1lfCfi.o lv:cjisii
ill Salppoto. thle .lapatiese pub~lished Sbenti/hfl .Sitmt ej i1lc plopc'riic"s of ski base' ate exatIlimilccI. beýCanse cx-

s iný" 1.hqniol iSociets of Ski Sciecei I 97 1). aIil thle lict icilce c \\itliski %%axille, and sit ucttn min sh ou~ld help~ U:.

ScanIldlinaViatIls itereaseICl their efotis Inl tile ]late 197/1). Iiiuclistaiiid thle pioccsses. This1 Intll; 1111Shouldl help

This high1 level of interest Is likely to con~tinueI becauseIN n11tif the tiiajirtini:pblisfrieercatl
Oftie kRINII~l 111ICtIl ICI.lilll kmu ad k ithc iiosp~ct'c toi imicieaisin" oiii; tn'iNitcctilitin- of the

rac;igu. As, ;i iiiajii ;neas (1f tchtinoloin. thle snlijcc' hins scuhiect.



11. SNOW SURFACE tht plecýCncc offlica ab.'sfiow i lte faice. Flutl 1fIcnore. the

II.SNW SRFCEp~o: aeC o! a slider- affect" sollw of- these paratic1tels.
Much inform11ation has beef, 8enciated about file teix- llv tctj atiurc. [kni ll qud-%watre contentt.

physical propeities, of snov .,aid1 some of that infonna and Cl \.1.d ,),fil.

lion I" applicable Io the snow surface. The mnovw temn- whel snwfll(,k1 1 OCCUIs. the crystalsk cat be Classiiled
perature. dcilsity. stIrenigth. liquidl-kater content, and Using once of- the sialldard claI1ssification S\yStcnls c
cr~ sal types ale of particular intere~st, hut. these sno0w a., Nbagao and Lee I 1966). Thcrc is a1 \widcrne of

D'alarf1letS -Is ar dif IIC u t to tlIncai rc onl the soi t ice anld/ poss 11ccc ivst :l t\ pes depcitditll' oil the pic\ alill, tcnii-
(-rI thiey as,,sumei rather diffcrcntsm , just llecaue of petI)-IL1 e and UimiIdIkts'\ COndIIOOW duIneI- file for1-

in' Ai Icm /Zit ic It, plO)ish i' liv I/ idbng mI I Ih Iijih('I block.

'1)10c/N-Uin to sJ~, have I cmi oil //,'/? /he I/ l1 I \ii1i-

it a '. ,Ilnm 1. if Mocti I ,'id 1/i1' it,'*



mlliioii ofi siltui clla\ta III thle ;itliitspficlee. ,\lliou'ief ifilo/e. Ii¶1!ilie 2 Slluists Jiii ttfIiiie %\iscý of al h1iLiiif
ther Ilac 11 ot% 1 e alyesieitit tcII!CPIII t'll obsel v'at Ittirs slims- pitliliet 510 iift esiter flik' sIllotitli. daI'Ik 1nrf aces

ili t:ile effcts, 0f difle icrit ty pes o fiesh J Isnow crytls apea fofiast ivsufted 104%Qf " itLI 01 liledlllg a11id itCtieetiiiudtie
skiisfiit fxi tid ha clt. i slisf05 ;lilllMR111111l dc Ito tel'cated ri"sses of Nionfic skisI. ilis phlotuiciltft

Nio0" are aL.1csisifad Iletfun 1ide 55ll~ a.\esX. Tile shows contact , of about 10h) to 3001 pinl ill si/C andh a

Lack of 1j1l01 tii;1ti0ii about tile conliPacivle stietigili. contact aicat of iei 'Is\ 50'; which IS muncli Iiiele ffiait
por tmlity. and i;rtuJularilv of difleieiiil type oft si/tn Co sirietitlielt seeiisll ii ski fIisse.Iiics

stii Lees faints t~~~~re .ippfie~~itiuiit of C kifs ledg miioi liigNtllac fIoife.tilcsaewikisu iaelotr

105 toC11 generlistateents ;ibouit thle pvevaifiiw]L conI- frictionl11all .111 iipolislief stillt *iees tIsl, is not1 s~inpri'liii

(iltiojis. A iiioitj detailedk elass"if catlolt of Sil)\\ sill sin~ce Ice IS slili11lici 1i ltitsilo"nk. j-"N1 tisib c t to tile

fa1,c condtitionls is neededifto cover tile colilplete awice If i111tatilicso laitgl' conatlo i -IN 198 1w)lI rZick

Of eoiidilioirs iwldisfiii Iresli, \tilitlfliwli, stet. stir- of aiieiifar11 ice 12i1ai1s.

aIce Itoar. fIis-1piegefl. g1a/vd. - immed. polisfm ixf d an/ It is alo impoitrint tii look lolitfeC\ c ICICof lecrvst1l.
rcioefl rensurfaceS. A star-t tikhs lsilleatinli catll bec hi;'ation (11 tesili fajl(Ce Of ice as~perities tfiat 1ii1i\ lie

bOuIld Il Cuilbeck et 11. (1990). liut thatl clasNsifica- .fefoi ited b fi ircs s lesie passNes.Blotl ice
io0) -its tollie %\ ithinut special attention to thle silrface andit orfici iitaterilsll nucleate siitall ersstallitesa;t thle

colikilitiills. snlf ate tha.t alt orientedk 10r as\ '-lidte. TItese s\tollt
SnIo\ 1Irietini is ltCit! tOf merestCN Il sPitiatiol`Nis hre offe, essý leI Staill ce t'ofoll~ten i itis iit 1IIoI*/iit to

Atle Sui face fis licen polished lhv repeated eros. igs. and kilo\\ If they em\st on shw stii aces (Ji1lter ic s of tfrs
det a cif etiii ieri coiic ieAlisel _ivt iol oilso tilie slm tiNu itace p rOCe' sQ socI IN a flake ieiM I 0 ,: f 01'11 tici iicsI 0tid lIe
ft'lOX ltIng rCoeit ed passes cueC neetded to dOCIIu~elifitlte stitiglt. espec~ial!v atllo spe\% s N sttall loatfs1 1,0. aitid lost
t'ffeets that [the slitfel has (in tile siiiiv. 1Tue polished teIlpiifilatiie st fucue Iliciltk iter liifiicatinii isN 1luiciiiet Ill

sitk)ti c!i;hnsiii PIctl e:1'I I sfNwtl.1,1 afiperirAI fto v lie iut tIll ex;InitWII~ltioNts SiishtM stir f aces I 11i\Ce10 lntCI St'chtsn
Wa~ter calls ftoiciit till sittu sLIil fces. atitf lIr~iie 2 t'ideiiLct fUrl filIuulok.i ~(NO) SitS ice chips It a1 los%

pa"Nes. 'These jitlisltetl cLailis ci l.x' beietd lv iiiltts% at'r usually', exists at tILt sillirfrcs Of tIlt' itt

ittificrite mieltiic Midt rcief~ otini itil te ice [urin/s thatl ItesI t'e ocd inltfC ietIoved as" thle itieCIltiici

were~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~~~~~~Nl ctitiIef Iisi iiit r ttlelgai srrc ei''ts ~ieit fsrce kcoilititWills dItrr]t stidn:I ictI
froili thit'fasae oi Nordic sk!s. IDefiitite evidu'rict' of is difuffuCtit to cili i 11 i 1, it is t'sicIailx dil~lIC1 10it

uieltiure and tcfit'e.i-j'ii lieý: sen oil) this s11 ittistii. la t'stntau tueIIJ1 rrctiiiul couttact aicri iultllic shidiiicý I .it'nia
s/il 1 fuc tiiti> l rot ci ieide v.!l fitleht f1uct'tso filtte ice IL)j O 'II Th ski teuicipiattmt nitierixt/tu niiit dcistifiei

niltatrlaxci stas drawut illititlitfilid IslruitsNAII dtiit it1 tli1uu xiuhiiir'

ti/I/i nt'/ fli A/lt/'ti T/iC A/lit/,tA Iit/ ti//li/i ld n f t



III. SIDIlIN(G NIIK.CIINISXIS ANII ) N1ODI:IS I = I .. 1. k

The sliditti:, ptILcsses ate tltNCSt't~et belowtilt ie

ttle Itstttetlitent ot fIt clitti arc ptesettted bek:1iuse it Is, Htlett it Is mititel mtote dilliCulI it, deset be tile totall
neceCssary to have% atl leastl a eit a:ICil u1LCndetstandtrgol rite ItI icton because rthe processes must be undRst'.ood ijude-
p~roCesCSs belorC rItIIe e\pett) IIIlenII tal result cat -:t Ibe putt tttt ifo tw'ttdentlv and coltecitsel\
peiNpectix C. IAtttittls its 'A ill Ieitd Ito somie reCp 1I ettott2lt 1ttl0i1t1,1tt0t1 %xI etc avalable aOutL1 thle
Cutttltoll othe dtscitsstotol elbotlt theory 11L anobsevatt0ns. mict111tttst"Ns. tite cotot1bibutionl ol eaich Could be eCtixe-

Vai-ouis tueCCLtani,11s C0s eotrbute to rtie tesistance to nteotlII sMtt11rar11et in.I ilrtctto t utciatii map01 s1C1,]11 1,1 UCh
shldin[eL( oer stI o\% plIow IneI and CotllpactIIot[I ofs~' m k In asN those Lie\ eloped for Wear b 1,1w IItn an As! ill ( 19817).
fromt otf (Ite shdlnr snow del'onniatiott below tile slider. Itucir Illt, tp) wet C eoINstuce LIroin the11 iaialil e Ipe
tlctlotiiatititt or tiaictutre ofl asjelitie~s. shtearitte ol tite mentilal data atId thenI espla.inedI b 1w theo% . A tMtlti tot
wateri tiltu thtat sttpptit t tle slider's, .%eigh.ceapillatxy stIlo% ts suuzestel it I t )Itte lot 1\%k) s~lfidttte neCLt1,t

;t10tit)trll other waiter attaclttnemnt. atnd dIMe b\ nlisnis: ;tsperit\ tielttitit Ctnd tuoeten o 1r1tNs

surface dIirt. AlthoutuhI adltesiot is a very tmilrtant part)oi ottneltwatet . itt teltt tilte dttctons betseel) these
olt-rictiot) whlte tilte slidine nut'lerials ale similar1 ill thtet tegitnes ate ituilritict sitce thete tua% be some sittk;wu
t))o1"l'stlar structure. Ire smootht, and litave tittle to bond OCenrrttIIe eo~cutt tenth\ withl eittet of tilte otltet two
(Rablinowicz 1984). it ts ignored hierebecause tce ttstItlecltattistusN. whclt themsl1elves occLtr sttttttl.te1oUNsl
usuaills slitle ot) a veryý dissi il ar tItaterial. such as wltetn thle tttelt tilttts, utlv pattiall% s'epatate thle two
polvethlvleteor ski %ax. Iuttthennore. :lte suiltarecs are solids.

titit are usually s otil. atd lpolvetltvlete add It].1>F1 cattuot be atdded to this timap \\ ithlout tesfltt''e Ito

suLtrIt.tces ate known to htave low adltesion ito otlter 1111tltipie axes thltlt \ ould ttculde sltmo C ttdpt csstIlil It\.
t));tterils1F (Stei it9I07). Electrostat ic fotce,, mli;I ittter- dttt coticettttatot). .tttd 11jltqtttl-s ter contentl ot tetl)
act wttll somei tif thc.'e tftcchltitnsttts. epCtalCi\ \s ltett petltttttt'. ]ilte ietl CL ot tetpc1tur is, sl10'%t It) Il licutr

sOlid-to-soltd cot1tacts causeC eectrostaIttc elm r1ees tltat 31'. wlterCapCtjllatr t\ t (is. IitteIltIed toaCco0tInt olo ltltttt
Oil guT fit d .111 ;' I f, - -il li-I ..........i.r '--1 1n I-, -

these nllechaullirns htere bitt There ts tot1 stttl1ICett itl- of tlt ittet "lk. ]'Tte ideaI tit a calitlLtr\ attti~lt~ettti ask

tot1111tti0t1 ~tat11alile ito!kc 21CCuttichdetail foc-anv titttetttl. ts ~ s [1wt tt, 1ýItilut 4. tltIuteltkw tltse.it clttttt lilt\ C
hutttltermo11re. it Is, haud to etterialtie trolt) t))tist ol tile ttot b'eett seet .t a sttti\\ ,'s~litlr 11n1et l.1,e its~lt ' Itt

Ieu ltsae niot always helpful It) testJIUit ll,--' thets ple- botittlitt Kit'setltr. .ttt .d tCC\IICtt tHttelt'ot11 it): ptioLCt'sst

setiteth' ab~outtIN tltese tIteltatsms. to occur si111tXIO~ ntlatoi . SJILCe beCat aJCCutulateslll aolone
Altlthoutlt tilte tneeoamsmsIN11' do0 tt01 Ol)ttte li~ldel)Ctt- tltie fetteth t t1 sit ]let'r. (11\ ~I)itt'sNNt' itpL'1tt t' h'tti1tt

dc't~~~~~~~~~thMC .titrn 8elftis)stofittte tlrltter att rIte 1; tt of tite slditt KIKl-ttt NI 01) tuitt ft C1t0otts
etit coi11ditiNot f itt ld IttI' etl, tenpe)~tature. r OnUltUeIss. rcd~ttLCL't farthe ol'n tilte slitter w\itere thtere Is% tnotlt
\fi etnes. stt\no type. attd sltderth'laacteristies. Latter wt' ;tcettttttthlttetL hteatl tt0 1_Ct~'Itet aetieIltxt!C tet ath tIt' C Itt' Iee

will exantilule fite ittdtVIdutall tuecitaInistus .t1tLI tleset the (Gilletk VMS). lltt tde t(i'I1 sttp`1'rtt'tl lutt!lter- h\ 1tt
sotte of tlteit interaictiolns. It thle pt'ce~sss tpii'att e)ptatt tttlrttedt o('ilek.tl\.tttt

iaIdepenthetttls. rtie total flicttittl (It)Cml cttlxbe epwre st't 1 're) svlt t~ittttd thtat it) sotttrslo. wMtele tlte, lont
'Is tltl' stilt) tol a st-lesý- ot t'11. rt))s ~ lM1 ttlt'tttltc l eatIIIIt tttttl eot1tIt: fiI)CMC cc) lic' ts\0 NI C sitlce %i;ts ttt)tt

ttcchtlt~iti it, or ttt1iltit tt. tet~entt iHci 's'lCN aloitL rtie entit e leiterli)
of ithe ski.

v, ltcre filte sitbseripts /u/(t. hi1 . l:iii'. (i1P/. :ttttI dot1 tell ttCs sutt1t 1' t[ottLtNNs. tltt'tttttl1condthiCttslv It\IetItl-

I eseilt lt t11 to0 tltteOI to11 pli0 tw stilt111 tOIleltnti itt.11,1('1 i:v. slidetl ltittdness .tt In sstettelle tte asClC- 'IN %\el As

w~tetluuictiit. cptl~>attraction, AndI Nit]fLice citt stto0%N chatI 1ttt' tsts ulta ilt it LL tttu i sa

IrCbNittttl 0 c ale ;t It I sk I pv"itsiige. WhIt'n IXCo ptIOttss' towC tt0%c\ nIIIiore] ittC e th s1111)[C 1t ICifl N"'CI1MMIIIt ])tcti ts

MIttt ILIIllttt ittp tllt'le. h0\is C\s C':. the tota It11 11 ttl tt,110 st iG I[t' t11,ati thatil tOf ti otMi ci s11 Iiuet t11C tt I ll oh11 .N Il '!'\ h . .ts1A

t'xptesst't: her t'\ittllliht'. AtNht iitIls 1tttt~t. Nt'stliehess\. 11IN tsssotti] uikit)i:
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at1 c;Icli ot the fl/cclioknINra1N 'CjXII,t1\c to~ Nlli)\% hi)\\ thic\ :Iicatl' oil Ilii. kICiiN/t\ ofIii mum .ia)\iila the pii iN'ilia.

c Itl hc LIc~clibcd. exclitcd \%ilc e t.'lieIdtt111C u/tId SI)CLIL aie 11lx0 LilijiaU

Plo%%ing and Cohi] act ion \2e Ill , fit thIe tIaIorit ý6 it)lpact I ~Itel;iiiee )k taa' Icit Ia

Tsit/iA iN ltaiqifI~aa~lice it)a Nfuidcd, ia)(tCol Mle thic heijahilI.l h

jio~ccedi. BItiti of tt te~v p] icia.esC anxtpt ~tr\dli '/ta' I A ii.h

cuuv at l. (197b 1 aviuaWhowe NIUM ttple C~II)1Of . lw where INa N'a \ Si//Vihitit\ ,it-IN hitIhI' X, 1,1t11. a , KI NItsXfCial

Ca/lui'aaiaihaulb laela ;i %kL It 'I n icices dciaeiiih ii;tlAh .\// tilt 'maiiui' dclilhi. liii' Ckii~i% aiCI LcOdftic/C/Il
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he olbzl'te tI i tesL IIIII . NNts sch itN :\cI c eie ` I1( o%\ sN ( 1970). t1int ilo\% Oltist heii;\e 111 !')IN \\It\ hcd:u'e thle It Ictii

I) IN stIl I Inhkno%% Il s o thle piohic ['i Vflsoi\ N ed. I It I.%- oil at NI Lie'B NiiO0\\ IN lC.11i\ l'i0il1oiliili to) loi' 1:1i1d

ecci. tllsec rlaxlo.INsh~ps do usg~est tile poss'biliIE fir inidependent of tie urea o! contact. Then niiisenent :s

somle u-em!I exp)~lel )I bli iltlVied on tile pi Iilcilles die- t1101-i2l1l i0 he dueJ to thle d 'lltOfl0 Icc Uiiiiis a'ild

sci hed i1hok e. no'; to tici'le ltratiiin01 thle slidei Mrn cI,1O.l;iýi-le. 1hiis

it Is vClik-icili thocehit that thle slider aNse slliu!ld he
I -N ruhti bi gaut d Itt]i ttsitil) to t1)(211'%%tCrIuh' atn LIc tll;U iol -I: tI]:;i')ei ~iWdtl.IIice

tie h tioiii of the I 0ci; \% IH he iieolcitl ,lonl¶J it, lelI-ili

Lba- nib/no'' sO t1,HL~ie 10e1 iilitl~i DMin the Nuii lace Oif thle siiol(M il

\Vhel ifleli\ lili ubrieitii INsabseilt orisulchit \vIII acu l) tak plalýc.1 dit :eilipeI iitil e gic'ate! tliaii tile
slidlilel -IN orce Iial 1In patl b- elastic or amlbleiet tcIlylei tuve. especially \ erC tile pl"0!1il

plastich dcholilllatin ii a/or t ac:ure of aspeitCiP Oil tMe sIlclIII that Cai!. El )" iostCi tile loll. III sj:te oif tile soble:
suLirt~ices (Kari a I)??) Brnes, et iIj. (191) 1 511- Iiiatei lid h In lioceasiNIkdl l 1eliiiid the fl*!o:at 0`111i:ill-.

Lested that 110 n ic1iieltvie %ill Wa¶eilerai~ed at -l :CvII IWO iltill dicil it 'hus die de-raded hb\ tl: fr~ction 1Kcinl
era1iffite sill! oil ice ilt speed, of less thai) I 111111k a.ltt 19171. p ri ips h cause ot d(inl oil thle siloXI sIc.ll

ss Ileil hi as,1sl1id o ice at speedso'les tc'llan I 0i) llllt'. fleci. oic po ~post (-I ot a ki ss.I ax lOUld hetic (0 Il.]ie a

'11 in it i' :ler~ ta iln mitwiterI I !cilicitlcu Inll h1 ut sacli c: id coil--ý- '' tit is hall~ ell')t;Ji -'0 C.LItic the ice to

plossili tile coldest cassN of skIs or slcds tral c~hIill:a dctoi 1nea i ~ll 1 of tetile lc t Noi t l! 01 NO 6awltat it lies ci
il1iiddi sp)ý,ýdsl tin 510. Thll- also 511051 thadt octal tiill- ftals. \cc onl I tuo BI3;nc l~e ct] a1. 197 1 . tiit. I I ic:midna
iiers ar xOrse tilani\ 1101)1 Minllneti ai b% li'laperaltiles. cliect Ol 1)10\% ill,- of thle sOfter 111atC 1:11. nsuaiv thle Ice

Ice Is mole relidiis iefliiilled l atl hi sdCI teillpiatui;le>. fhiilslra side ohil, s!Ils ca,% n he: iedtic:cd f tile sadler
esNIeciailxiihbose ahoit XV Bceat¼ Gid! clienipiiuire Is ha~der tiidil thle ice itnld thle stitlci Is sil)ioti> his I1 Ii.

ti~ictuIiie ot tile ;isci lies iLIilt he liloic likels hitl tIlls ;ii;0o:tai~lt stdlinicid .ihouiitle 11 se I o, 01 hi ,iiid siniot>
idea :Ieee1()' to nete sld i) Ilic i s~ICI o ns-) ci ONI iatnuisN :iwi lV;ies ti) ieIlKcc tI :(itiiiiat, ti. tillIatcIIc1, MiC!,

tut;tiiic ilesiieiiiciit. 11-1iactaie ol1 lollils 1t hiWeACI.ac iii ciiilI ic liul-cel. Miid it v.ii1; he dlcs cl-i

!ei)IIn! esllac111 explinii tile Ci tinchllii souwlds iiial up-cd inloic qý-iii~ltltitxck iitei
1)15';Ii::u!ia -old --nom.. Pic he ýV JtN ,!!iti ti1ti! List! I 1)7 tiMiiiiC 10 -: lj: ml' In" :,IT, (it

IxssicticeICC ct11ioa il ho-s ic(iii~ ShiilliN) 511l dc-tci ll~liics Mm i~etic (Icloi1111- iii IN in icdOiiii

19)7:1 )cipih hls e ep'ilIcite c\ oi~ of tile ilmnlti ductile oi hi itt1e. :\hiloeh INc is olý: -*i~i;eii

v.1%0 '.c: lwaIt Nhis LC icie-Idibn\lh the ~llliva tViilll ;MiLilll tli-!cle ittN of di: isdii.l 1 ahoi 19(-). tiC

Ictuiiiliil¶.!t a illtlsiilace (i5 c s inch :,inld!ii cail t;ikc \CIsis idi iieati g cce lta

pla;1 in.!eliil at iiadile, at1c, tiat die iluchi s-Aci til~in tin )c oii

B~oss\(ieil iltik' -i hor (196 1) hesl'cs ci ih;litI,'C Oseitisoil iiitei cs! Idel. Iil:! t ile hiilaitle\s d- tiI~le ahlIcI1.-;iies et
thle soi-,li suiZi ces iIaV;:N s ICiii phastNIIallv 1 iild statedk ;i- 19-,] 1. Iic.-is Ilc e Oid., t -cei ic-

4 iihoi Iiti-1
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plIore d mIIan'., time'c~ for o,.>,er imlateri aIs, itnjd the transition

0fromn dry to lub:,cated slidinL, ha~s bee.. observedl both
6 x 107 P.eTriretll.nFhertcal.nEeas(e rhi

7 KPT..E Iand Rowntree 1988)-

lc ~~ The rate of iea 2etieration by a slider' q )is 01 veflby

IIce

Fo!ythiene reilardless of thle inechanismn by which the heat is
produced. Although the fractional contact area has not
been measured fordrv sliding over snow, solid-to-solid

2 conti'ct areas are generally% thought to be of thle order of
Pafa r. Wax magnitude of 10-3 (Bovkden and Hughes 1939) or

smaller, so the stress concentration is lar~ce and the heat
Nm ar Wax 1is dissipated through a small area. In addition. the

LI I coefficient of friction is larger fo, dt-\ friction than for
0 _10 -20 lubricated friction. No the heat Leneration is correspond-

TeTperature (--C) ingllv gicater. To analsze its, thcimnal be:havýior %%e as-
sumne th it the slider is perfectl\ %imooth and that all of the

Fiia- 0 w . Hardness of at ious sub- asperitie, are ice particles in the snow. Then the ice
/10/i CS 11- tt'nipel raill (fl oni Bonid cii pauiieiecs are in contact along the entire length of the
amd Iahoi 1964j. O)i/Y the hu!Y-ticY% )of sl ider while any% point onl the slider is in contact intertuit-
ic Cc hounes rapidly over this hle- tenitl %,.lilth ice particles of contact radius i. Becaue (,f

atia/(4 C lull",'c. thisl' InitTrvittetII Clt 1k ctctOf 111% point onl the slider,
Col)bcck and \Varren (in, press) observ\ed steady-%tate
temperature,, ait thebases of skis that wýere just below.,
nilt [lot at.ý inc ilicill ie teill)Ipe tiic.

hotnoloious tempe~ratures for ice. thc hardness' of ice When cont-act Is mlade. tile tetilperatut e of an oh ' eet
increawses .pidl% as ,tempei~rature decreasýes, whereas the rises above I-,s initial aloeac;ICoidine to tile w.idely Used
hardness of w anss d plastics iuirera-es much minoi form Iula

slo%% lv uver the smine temperature ranee 0I~ ). ]in
addition, the hiardness of iceý is higher at high loadilig 7] = 2qUI -, J p,10 ( X)
rates. %% hereas the hardness of waxes (at least parafthn
wax) is independentn iof loading rate. For thre tnatrcials v.11ictC/ q isth licat flus itl ulce sii fc initial
tested. lBowdcti anrd labor (196-1) showed that otil conltact. k. is ticrrtial comidue tivit%. p is diensity. atid trIs
P.T.F.L. s 1 harder than ILc but oats% at tempefiratures the hecat capacityll of thec oblject. Accot d og.ly. all Ice graini
above about -I 5TCC. I larder v% axes have beenimirtitaktd travell iii aloii, tlte leitiuth of a s-lider would t each at
mn//i C recently, aind lBowdeni and 'labor's tests do not li hiher teiClperamut ithanil aty poitit onl thet slider be-cause

aco..~nt forthe ducti1le-to-brittle transition that occurs ii tilie ice gramn Would be nIl eoittiituoos-11 Ceottt1Ic wheea a1I.N

polymeiirs at tlteir taraisit ion tetmplerature (Tcibolslkv 1900() p0111! oil the sld. -'wkould (tils be InI contact ittlenillit-
and niay Occur nil some oif the hardecst ski sae.teiitlsl Th le poinit ol Orle slidetrol heatl atid coot ill

tClcls s tee j'anticels slde past that point. I Ills sugcsts
Ic'Ilipc/ al/i ei (11 w/ 1rlab/i that1 aiiy" p01/l on tli.slt- e NIRIC ls bAd e heated Ill aI step-

kegaidlcess ofthe exac:t tneclianism by wh-Iich; failure 5is- faIsliio:i. ;Is sliOwit1 Ill -Ioi 7.UI wlticC alim aseiidiiii:

occuis. dehotitiatioti -if thle aspet ili.s onl thiliderlo anld! patieill of licatlilt anld eoolite stow thle indivdual
or ithe snoaw Is, ticcssar\ tot n/los-~eu/ct ofa slidervsyleti featiiig and cooling C\cles,. As loll as the mloti"on
inlcltwk ated 101)1iciitioit does not1 comptlletely separatec tile colitil/Ocs. t1iL eoohiiig c\ c1 Is levl(: tongý eiioueli Ii)

sliding SLrf~aeeS_ 'I lie cotiUMc 1101111 in di1% sldiJiTij are retolil1 thic Imoltl oil tile sIloci otealbci e/c ite

st/tall asperities That healt rapills bcaiuse thle ie; cv IsN atdtu etmctnltsa htpiimai h ene
dissipated over at smnall aica. i.e. flaslmlutig-i Is, tote uises los md quasti -eqolibi [till) ale. (Juice
at ill //iot:1tit pticiioti~eiiiui ill frictiiiti because ice Is 1liotioli stop~s. tetil,:1:11(tcI1itie decaysN slow% Is back to

mtuetisoltet at llwmei teittliciaitotes anid becaiuseth ice waid tile 1iinbieiit s ýAuc. as stio%. ii ot a poniton a slilem
titas Csemitu~all\ icachm its titltig tetimp-matuie atild plolt Ill Ign2ie 7. Ani exaii:ple oh the tt I- terpa ii se 'n

duLC ]AlaIn,111. icatile MMeisAt. 'I his subjectl has beenl Cs- t1e 1C s dkcjs uiIm-omed'(, oil at coal'1 s1e1k ttie cl tj lJie



!Mlotiofl SLops

___Ambie-nt Tcmpcuatre at Start of Motion

Time

Fiý-:,cw 7.1A hx-poheiic-(IIpcztteiI I oj'teiiiIcio.11ic I1.5) (I (Ir('lo I I? Iluml (I & c"-(I.% IAt Pluvse.s in 1 id

base cifask i subjected to Ili Icc ce des of- stop -go0 tion ~ assutIe that I ,tile IcIitlo of the slider (/j dwi"idd bsý tile
I,, shown in hiume 8. sedtiemxronpsibeternpcialrture rise of in ice

AssutrinIti or eonsetrietii tat the heat Leneratedlby particle iii Cotuitat k% fitl i slider Is, 121 enl bs
friction floss sequal\is iri-,) thle ice coirtocts, arid thle shldcr

tile heat! flux iltO uril Ice contaict is qi/21imi-. where/1,, sAT 5 =tr:o tr~kl o/Ct'

tile tota; i1rLrroberof conutacts of contact raidlu.s r betweencci
tlic snow and thre lider- Cotnbinliltq!cc, e 7 and 8 to slhow WVith'lie C01iir110i1 asstrrrrpljtIOr thati load--bc1ii ar~lea is
the lepei)Cdeiiee Of tile temperaturelI rIse of an~ icc parIliCle piopor-iorral to weihet 13o%\ den airll"abor I 95('). eq 10)

Oil speedl. loald. aInd Contaet areaILi elve shows the' the temperature r ise :ieasastile sqluare
roots oil'siiolci speed and lcrretli.1 It sueetsa eiticr

(/=Lint;niit-,)tKt) (9) possibilitN o[ ach igth iciing t el letli CIICmpertur arid
experierreiri inehl tiaer luirrica'ioil iii lorrirer slidleis.

%%Iiere K is tI nial diffusivit- and tile srbserilpt itis for an ti be eltrr oie liders hlavekn losc friction
ic~e. As suggestedn iiiPiuics 7 and 8. the effect for one at low temi-peraturesý (Lri cksson I1955), presumnably be-
p)oint ona si'derisernltv ni lta srahel caluse (f ir iert e1Crlui l Iclpe'atuics ~icniescol at tile literl-
I hoseveri. f Itlre ice 1), rticle is iii contact coiitiiuotisl\ Lice. Ill addlItrOj. If ictiori dA" reaes s see ilickmerses
its, teinipenatirrc %\ ould rIse" stcildlv. \%l]icir allows usLl to abose% tire vets()% lo alues v, liceteIm o16%%ietster I rslroLueh

exavrricil' tire coirdrtnrris unider os hirci tire trnliermrtnire to exist arnd wkhere d; \ r ubirir is tire only frictional
rise of1a ice] erarr 2 is I\sufficient tol rechC tile rICIeLtrr poeslrtypical s alnies ot r iitoi ro osnl

po0r [irt skis (pix- 0(1.,It 400 IN. .,ea 01.10 in' w,,ith i0. P,' Ill

RepotrI ts of dog , slds p .o ierat inat polar1 terirllierIrt urIeC actual contact. r IIttr/s. aruid /2 run), tire nuairiuirmil

ir](l1, ate t1hat wooden sleulne I uiiicrsý eXPei Mirce \er 1xssr teVe au I e Is(i air ice urair IM duirre 1 liassrr
high hritown. presuntab~l\ div\ Icti rtort. vkIrer thle tern- of tile skis, w.rrnld be more lmtha 101l K. Ofl corn se tis

pcrarurec drityps1 tobu .- 10 -It) ten: Gjorrlo 1913]) arid eiriprItI-,ILIre HIrrerer could riotoeI becaus I)C the, i1CeR

thlarIit 'd rhilli runne arel ciiworse Scott 19(15). Mans' %rrskoiuloh start 1Cirlirir:I, aX some pornt along tIh

skiers mic C~cs ICrcrrCd tirissatic irieners' : ficii~ iri tora leireili ol tire slider. Thusiii most srth I~Rtroirs01O 1iiteCsCt.

terrpratredrops wecll below lireerrre Iii eoj 9. it we asrllport ron ot tire fl out Of tire slid(er i ("CIi rille tlre
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stup (filon Co/beck and lWa,Ien, in pecsj..

ren a inle r of tile "ntIt lubricatediby ma I sm ate r mam nh borat orv cx per itt ienV canniiot hte a ppl ied to si to,%
Shie tracitionlo (A1' ttclnti0 tcsierta r a knCatise tIll.t, a \1 scd' kin,( rl ile la1Oiatr\ 5' cict100

a mjorjiti cnc O' ti verllfritio eperened by. short and thle \spoads too low.% tliws ,i v illLa vcrvdl treitt
thle slider because thle coefficient of- friction f -or dr' proportion of- dry vesslubricated 1,0L i ijiC tst can
.,Id inc s mnuc h iareater than ithat tor lo ri cated slicdin . IbeatritodIsadsk.
It is also imlportanlt that the wýear r;,'( ior dry slidinig is From eq I I it is, clear that Id, is ureatler tor lticll
nmucht luher than for luliricilted si ine, wo the dry conduLctive slidejN. Accorditeul ' they have Iticlier f'ric-
port inn Of af skior example, should be mli ae from tion both because 1,,,\ is greater and because,, once
Iharder ol0mcr an',11d shou1-ld k)e wa ZXed for both lowýer malt linc hegill", it is notais intensesince moreoft t heliat
taniparat Uerasmc fitx (teir ice coniditions. The length over g!eneratedhvtwrictiort iscoitdulCtedl\'I awy ronlt the ite.-
whialh the froiti of a slvide is, di (1,1") Canl be founld by facec. For a peifectly i rtsulatcd sdidei% with ap1, eyual to
rearraniilCi I itc 0 and th'ensttin A' equald to the snow 0-2 and tiaeiitc ( as 3.0ýu Nvii'a Itront I Ilu.ioka's ( 1962i)

surl'ace letinpe rat Lre. Colbeck (1 9Nl) deried 'I 11 inure rueasurerne',, iil.e leittih oftheli dry zonec at the- Iiottt of'
coitplete aprs inc mlu'di ng heat flow into titla slider a slider is, 7 .91:-4 1,~ 11whre1 is the tartporature of
ai11tcfouitd thle sitow SLrlliCC Mi I\/,' iin til/s. 1ora -itt -lon101 ski that1

I, wellI insuliated mnd miovingc at Id ~)itt/s oit 'itow of
-r -2 -1I0'C, Id, is about 8 titit or a-bouti 0.4',~ of the total

~' I- 1 t)i ll rgtlt. I 1oweverl fur friCtionl tests suet as thtose Of
'0 ISlnt1Ieldt-lilntc1SCnI aiid lo-,reersei ( 1983) wvithlz sl+edc

ol 0.3 rn/ls using a slider of total leiienl 0.3 Ill. lthe div-
where the sut,t"cr ipt .\I refers to tile slitter. 1 IIi ts, letetlt is 0.26 mi (ii MXý of lite totAl 11W~li A~u lsi

thickness, an~d o is its Ifractional Contact area with ihliciecsltcotoatl lubricated frieturllt aone ~its,
snlow, or tit/I. Lhltovalara ( QX, 13) deried ai hnttwtrait taouyo ldr tlbrtr et

sintilar I aqaitlut assuimed rthe Isl at j~ictfct c)l-eicilce ittosIls dry fInctiiaottterlnlstaa

insula11Ztor. Apl)1ICatiOrt of t(Il' eqIual ýssoitc v,~ some utceitaiiitt Iir thseiuitiricalrslt hecaciis
sery irlItarexti ig resutlts Itecause it 21%v 'lti I luizioka's data wasI, tan Ms ien mittlisti atrubriat~oit

tiurtof th theice t sviiehi ry srsus uhi Ic uret. and tile vatLie 'Aft wouid probahls he littaller

"oCet, ll in tar is\rte It sumgests thtat thyk tlUrirte dry ru1bbir11U I lowaverC, thle Cor1iLclioits mie .if

Itt
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least itual j tati Velý \COrreCt anld suzeecst that COnlside-;dulc (1977) obsei red deci casinig 1i ict io asNNpeed int: eased
cautioni should be uscdo inl iiliceiieiinC flicc ICuliN of into t:- raný; -h.2 xIbrclIubricuted rc onbc! impor-

triict il cxpcriinctts. lint.

NWe c-al expand the approaci ltaker to orideistandint-
the Mgnth of the dry section by nlakine the commonn h-c fejueiatiuiimo

assump; oni that thle pressure e xcrted by a skliei ks 1Undcrtaitd Agd y xl o f on sono would he nmcl
limited iy thle beat ino capacity of the mlaterial beneath easier file gcoilcii of the ice aspertlies and the act ual
tOw slder or, in this cam,. by the prcssure reqjnied to contactarea were knownand ifilhed(lfonflationi ates of
compress snow% rapidly to til densi t in the p u ice "wer knowni lo conijl cated states, of st 'ess at

bolb. [or a petrfectly imlulated slidet. eq I I shons that different temlperatures. Thie geonlllct \ of thicaisocritie.,

C a dry) lenth of thc sl ider can be expressed as probabi \ vilnes g reati y with tile snow typc aind.fo fniliesh
"snow, chancges ercatly n~i en' a sI (Icr first pii'C5.lThe

-,contact aica IN i11LIZnol ti ') V-11 lo ad anfld tilc

d;~~ ( 2) comipact Ive stiitut dll Otilte 'ilo% and thle trNeIfQltll ý. I,, c

4ý:K, iOf� varicsn ithliiiacf oadnl tcstt~i~ clpit.c

Because (Of out incomPleIte knox j Oii these 11in0io -
"x\hee Aq is hc total aica OF the slior ai"lUAq is tic tUnit prIopci tie. it Is iMoi lei icl;UI to eiadcr'tait1d dix
pressur crqtircdb ad cipesii o'itted-tlOx, Slidiiic11,1 thn wate -Inbi iCaitcd slidiiie" over s1nw..
to ilk density ichieveo inl the slnow belowv tile sliielc. Noi illaill v. e expect a :iixtiiic ofI dti andil lbi ictcld
Clioosin a pressure of 0 aa esi' f0 c fm icton. with dixh cii lillaiica h iito h
fI oil) thle data of bleand Gow (I Y76)cq 12 piedicts sMlidcii mcliwatem Inib iaoidiiatnath t !iciddle
a rapid inemlease iildr.l nthxitdccaii (ciipra ~iild/oi team oflilt:e shdldt dcpcnldiiwt oii how tilc load Is

totle, thus sliowiwi i,l pail nll livlictioni (hcicases atdistuib'itcd ;ululgý tile clmigeil tdile shdldi. Itl :l.cces';ii

11rlich teollici atores (Lie. 9). Siicccfthe hearinest eut to iillldct staid each1 scll;nitlch and joiiitlv since sonic
inlciasesl iapidlr xnithl nxdiit\.hei' ill I conttacts iav ý fle l conllpletcix sepmalatd- t.lte cilit-
tIle slidci nonldel(lecicsc \%itli ilerecasmne. Silo\' (clilsits. xn tcr iilil.l 1)[11 solid to solid1 iiitiactiui~ll t'ili' i'~ll

eitmtlt iiie in catster lidiii onl detii~e siictw. lq 12 also coiitact'. that ame lpai il litbi icacL1152 b iilenlt\ itc; tmi
N' s that the IClenctlt ofithe div sectionl decicases wýith -1 his aicaoi 01;t iboolw,111n itw', i as ltolixý(l1 idul I iiai Nc.

0 ICAN"iii sllCd. xyliici PttlY explaii,, 0- ll' KuJioixa is (lxU1C'tiael litci llusxe look aisolid !0 IidcomiAct

ItI



Ai~ciiaJ-d ai1d l\o5lifCCe ( 1988,) Zls('t lbed :11 ' Cici- (ii5111.cfd tilor. tile siirlact. such thi;it tile ituiiiher oh ice
pe)ati~ie distriilitieil across at sijieleW conitact blut. be- 'rains ,.1 conitact increases a-irlthc ipctcsic tl

cause the contacts are so sttaii, we considecr e.;ch of the 5!1055 at that temlperetIure anllot1,1ding ratlei
contct o b comieilv lix urnit retinaheinacrss leached. Second. ii tile ic' is ,ofttcr than lhe slider. thle

the ent Iire Conltact. II t appears that I th ccon ItactIs at thle fron aspe tie onl IlI, slider III,, indenit tihe ice_ cramls and
oht thle slider are coinpictely dry W.ith ail av erage teml- iiclctICis tile ContaIct area unild the jis '2IS redu(Ced tO
peralure that increases s% itli distanlce hehindfI the 11 hon oh lte hiardness oh I e lor that teprtr ni ate of
the, sIideruntiIt tIme tileIt in'tcnmperature is reached att Ir load IngU. 71Ihe act ion ofIlIeII firIsti IlIlecima[Iism i sIII., onle oh the
Sm-Irck pn-ssibe nleehian"inls at tihese dry contacts" In pheliloinena that separates the .it- frictmon ot .Snow friom
trout of /,,,, and inl pailialiý y _parated conitactsý bchinid the fm let on of solid substances, such as, ice. Ils vr
1,1, are considerced next. thi~s nIeclian"isi oniyý occurs iftite snlow dmtist Is i'lss er

The Plasticity tilde> %%,-'s developed to dlistittuuish 1.1 tal te (eIls1iN ty required to support the load. Ilit aim
betweenl plastic aind elastic respoilses sheui asperities case, a hlard slider could indent thle ice particles if the
oil opposing face', inte aciC and sni11c foimI of defoollaIIt- s IdJerI asperities wýere smial Ier titan th ' c rain size of tiiie
tiOil m1ust take place. 'The index de-pends (1n the elastic. 51(IWM. 1I has it is, easy to understand thlat one objectiv e oh
constants and hardtncss of the intetlacial tnatmrials as, xs axling at instet teirpetatures is to alciliese a hlaid.
well as on tegoer fthe aprte WlIalo smooth surface. alillougi tile prevail img idea seemls to

ti984). It (toes not consider brittle failure aithoacil_, it he tihat the -,.ax should not be too muclh miardet tilail thle
could be itlportant. Fein ( IW94j expressed it as, snow~. pos bix' heenose th %sax miustI sielditlodirt oil tile

It- is , asstlliedi thalt thle siiovv grainsl tItii Iii cotipyres-
ii = 1-'2_ 1____ - + (h 4./2 (13) siont unitl tile contact stress, is, reduced to tile cotlpres,-

B L L~~'i' )s: ye strenL'tih of ice atl that temllpeature. Cairters, (19701)

treasured values tor- coniiressi xe sti-enithi c--tii he used
where 13 is the hlat rdness of the soft, er surface. I-zP Iisa to tcicteli inc thle coiIltct area. Tibis suvccsts thlat tilhe

effective ellastic tliodldd, us. isv asperity tip radlius. 11, is ratio atf contact atrea to load. dicc reasle, as, tettperata me
aS'Cra.Le asperit\ ltemilt. and the subscripts refer to the decreases and equlsUI' 0.1.22 2 M'a at -5'C. Conipami ilL! this,

N viss o sur faces. Tuek ilatel ila prprt o at ice suggest Ii mat wit tI hiuziloka', s 192 \J sALa's of 3.05 Ni Pa. immeaso mC0 ilt

plast~c y ield is rmore likely than eiaatic deforma 'tion at a -4-C in thle presence of niilveitsvier lubrication. U\cive the
sJiidkrisiuow Iinterf ace whein the aspecrities are as peLaked expected resullt that the cointact area is sillal Icr \%.ieill

as, they would be for I reshi snow. IHowever, once tile (liiv dry rubbinlg occurs,. 1IZUzmk found adt ;ctiomlall
sharper asperities are tillocvedi aild thle ice coiiiacis are contact area (If I 4 Mviereas a ainee of sat ues of b.2
flattenied by rubbing, as shown in Figure I thle g~eonetry QO.049 t ucetdhr frIlzok' oo5' iun
of thle asperitiessc css that thle ice and/or the slider trineIII) (ictir.. 'Ilite cALI it Ue!cested bV lCsdC!u tlild
silould respoind eiastIicadlv. Titus,\ sv suggest t0l,1t virgiil I luugies ( 1939) for Olrs triictioii-0O. I w4til Ii lli
ice grains yield plasticalls, (or fraciture) MsImeCasl 1101. m1i ice.
istied ice graiiins re p~ond clai at cliv becaluse ( eIf tlierflat To apply eq 15. Gtie I97sugs.0thttom ice
surf aces. 'lius both miodes oi(If nlfriatiol trust he: the rat ionfr"tooG isabout11)0.6. atioct]10.1111 tIS is, ItIlICII less,
coils"ide ad. thami the, iieauredi vlJues oit thle edcticifiie o; fr tctlol

Glcimite (1 987 rex iesed the usau ml approach t(o dry when 01 lv dry prlieeses ate likely. iniheit earls work.
friction where tile actual contact area (At,.,.) and coct - Boss demiaid"Ialxr( 1950. I~4 ucse iiIi bu
ticient oiffriction arie L~%cise by o;C-Imaif thle Nyield stiess iniitenion artl( that 0 is ahbout

threce tinlies that \icl dsres Iip' is ahotmi (~lil-sixil.

A __ - (~14) which iscoet ~sdcms(15;slc t ItrOitmoi. a
(I ~~~least for xlilers at very . iw speeds ss liet notcttnw it' or

aildl adlhesionl Occurs. ak ImmeL va]lies, ot Icthe eiisie Mid1( coiti-

picssivoc lailuic stiessws fromum Cartci ( 0)70) aiid assuit-
='n(15) in12 Ti (iii1C-la!h tile tiCisieI viiite. i calculated \,titles

G oh ILI are sh11\1.s aIn T abe I . 'thse abms ot the
whet': C cv is t' coinpaIctive streiigtii ot tile snow aii T I is codt ticient ot- irictio ii , hav time %% rone2 ticuiol ss ith tent
thle shear streg!hm of eithier the shliner or the mimkst. petaL, s iiCC lost% -s,)lCC(h and( stIatic It ii-ii'im aic kimowni
w,ýliiclicvcr Is \sk cakei . It sciic'iab toass'uiie that to iitcmca'e. tiotd1cceitCae at ho~wer ieiimpeliaiirc'. (105tenl
thle cont act arca IS detena11C i ie ý Iy to prtocesses. I~irstI. 11)53).

it tile silk ISO f is ta low ie101,c0i (icilsit-1. tile ice -ranis 'are jnl siilipl: .tpplohiti c,1ii 1be espatided bly i('('uli'! atl

I2



Table 1.Dry friction calculated from Car-ter's (1970) Table 2. Dry friction calculated froi- eq 17 and
values ef' tensial and compressive strength. Carter's (1970) values of tensial and compressive

strength.

I'r (11a) (Pa) [let, T t-C) 1,,

I 1.0.1 2.1 0.45 0I 0.ý3 2

-2 1.07 3.5 0). 31 -2 0.27

-5 1.08 4.5 0 24 -50.25

-10 11 _)_5 0_17 -I10 0.?)

-21.4 1.13 1) o. 13 -21.4 0.21

-32 1.17 11 0.tt -32 0.13

the failure of an iceý train to see if ice grain failure and cyand for tensile yield for oar), p,, is calculated at various

release from the surf'see might ai-count for dry friction, temperatures and shown in Table 2 for the partijcular
This mechanism is simiiar to the process of flake Fro- geomnetry assumed. This also showy higher friction at
duction (g.Lim and Ashroy 1987) and retains, the hiigher temperatures, but mnost Of the Values are about
assumption that all of the failure occurs in the ice, whinch Correct.
is now subjected to a more comp~lex state of stress. WVe If the controlling processes operate on the scale of
assume that an ice asperity is subjected to a normal the size of the slider's asperities rather than on the scale
stresso~and ashear stresS TZIS shown in Fi gui~c 10. 'l-'drv of the size; of the snow grains, the actual contact area is
is large enougl;. tension may occuir at the upstream determnined by the hardness of ice at hich rates of
corner at the base of the ice asperity, wNhich could lead loading. We would tiiLi-. expect muuch smnaller value-s of
to failure: and removal of the asperity by tensial failure contact ar.-a and much higher local sti esses. The loading
starting at the upstreamn edge and propagating, along, the time of the aspet ties is approxinmateiv their size divided

base as, hardness o& i:ýe reaches a plateaul as the loading. rate
increases, so 'aking Barnes et al.' '( 197 1) largest values

5J)= -5 T (116) tor ha-rdness, we would expect a pressure on the asperi-
ties of% M0NPa compared with , uzioka's (i962) value

Using eq 15 and assuming that the asperity fails in oifO.33MPaand4_l Mlla determined above-Thuls,ifthec
tension on the base at its leading edge, the coefficit-nt of inden'ation of ice by the asperities ott the slider deter-
dry friction can be expressed as mines the contact area, the fractional contact area for a

ski would rt oicall\v he less, than 10-4 and the stiesses
l-~ds 0167 0(r (1) eertd o th ic surfaces by the asperi ties of the sl ider

Oo ~would! be very large. For solid ice surface,,. Bar-neb et al.
where 0(i) i,. taken as the tensile yNield stress for icc. (197 1) suggested that these highi stresses cause reers's-

Using Canter's (1970) data for cotmpressive strength for talli~ation in a 0.2-mmn layer adjacti~t to the slider and

F4igure,( 10. An it c a.V)(' ity %vili a /)aiO dll aIt( ('_Ioa/.dilji[.



thtat this canse, a re~rorin.aron of ithe ice crystals lor I1011.pjiobahll because Itile &sjlCtrti arcs iell ctet tot'O[ In

IdVOralil 1Idd ill shear tailLCetirrl to rtie directionr of- iiol e oiar~u ioi~rbe aoscnee
motion. This is, simiilal; to omxidation-domiriat--d fricition to identify. the important mnechianisrms fordr siliding. in
lor metal~s, and suICh observations moust he miad, for p~atIlculr the11 mode of Iji lure of the ic: "Will" on1 thle
snow to see if this is, a commnon mcchanism for dry sUrfaýCO.' Then mlore dei~ita(ied odielsor the processes ,cani
sliding over snost trains. It ialso rimportant o obse-rve be constructed.l althjJoughI even thenl rite I-sL'Ilt %% uld hV
the coinlitions uniderw%%acli the ditsplaceroemt or tincture un11CCertla becaIuse of thle Lack o1 intonnationl ibotit tile
Of tile ice frainls OLCUI'ý. biaxial fariltire of- ice.

As-su~ingrtetht thre ndenitation hardness of Ice deter - Timre are other existimie mlodels of, (drs 11 ictiort thtat
minnes tlte contact area and that the contacts fail itt shear could bie applied to ice. If tite slider is, harder anld plowýs
along thle basal lavers of ice crystals at thle surfece-, we the ice irairts. Briscoe and Tabor's ( 978;) model of~tle
can calculate the coefficient of dry friction frciv inca- x'tscoelastie plow -inc of solids ,couild be usc todescribe

surmcits f searinesy lid. Ilowver rlerearetwo the friction. The contact art,., ssould be determiined inl
problems. First, there Is a. si:.e effect onl th~e strength of part hv the hardrkss of ice, but thte det-oniaition Would
ice (Tusinia and Fujii 1973) so that experimental re- be controlled by it-s elastic modulus. They p~o 1)0sed
suits from samples of a nurmial siZe would stees1Ct lo\\

values of slteiir strectith .Second, fLw tests iii hiear hazve Ip 0.5 tL vA )' J-23( 
2  

lL! at~ (X
been done- with such high rattes, of loadfinýie as are of
Intrerest here, arid none, have bceer done onl thitn cry\stall- %t ;ere A() = contact area at rest.
Ilites, oriented for easy gl ide. B = hardniess.

The simtplc approachI t akent here to untde rstanrdting a v = Put ssort' rat to
comnlbinedl sitear and] nrontia IIoad has iroduced the F = elastic rIoodUI il In l ens on.11
vvrorie trend wit i tenmpe rat ure becia se the ,tirettciigili rit tanl 6 = rttcchali tical loss Ital -'elit.

tilte strettuth itl tensimon or shteat i. r1io so temlperature u Ls Very s1etisitIie to tite cu~rvatture (1,) 0111 rIeasperitiesC,
depenidentt. Thu,, the denominator in eq I5 irtereases onl tile slider anid, if tire slopes of thlese asperities 'Ile
rnnifills f-l-'Ii.or~ltl (,r,'iiire:ist's andl T1l0 Calciilatedi uuntie eltOUiL.. therc is plbilbabv [oeit)otltlttz but (tll\y

coctflielert of friction decreases accordlnely. It mayi\ be elastic depres-slo i us tile sOlids Coltie Into cotttact.T lii
itl at ice aspe ri ties fail Ir Ii H cnSi on or sliea r ittf de petide I I is (lesc-ri bedi later.
of Ilie. :ointac: area and~ that o~nly their tensile or -)]ear

strenutits are imlportanit. Thteni the correct dependence Meltwtrter lubrication
Ontemtixrt~eure Would reCsuIt.bun Withunt tttore intorita- Thle prcetailinge belief is, thtat lite cocilicicitir of fric-
tiont about tite geomnetry oi tile surfaces, thils process tiori Of Nlalsv a11i ice ale lOW becauSe of lu.brIentiolt
cantnot 1)c alliai 'Icd. Moreover, it I,, iely that for tmost l~tovided \in ietN 11tCrMC. At lowk tetopelIlratre where
plobletttsýOhlltterest s'iI-taliN aill icedef-orrnatlot o ccurs mlocrsaterlub.1ricaItil IMaieas tI (fIrietIIIAiontof srlowk is,
at the nmeltingz temperature aitid thlat tire effect Of tern1- similar tol thatI of sNZld tlBO\dert 19531). 55 iichir ist

.:t IIC iIS lii0Ci te I0 ciiartg i rig tile propoirt ionl (1- I,,e co0mtpaori s~loftent toade h) early poaiii traveller sMiren
Lie Itoti aiti 111'c r~sust it hlayer sh ear. doi sI edd I2ltd at tell ~iIUCI i_'atW e il-(l'.1 Ile tiden oift 11Cit -

AlltIt )Li II1 tile saltiLcs, of an,' gi e it ill Table tiae of tt at er f il) hricati ttin\ itva promoIL tedi hr B owden andI II miii c
aillitt rlite rightt limaelitude. there Is much Lircertalitt 1 939M, sVit't shtowed that pressuret 1citteltirt is lot likely

ab1outI tIICaIl)IIiicaIOlI Of tncseC results bCcaIuse of tire laIck baieriedrsiioftile riieitiil2 tern petalille is too
or ditect obsers-atiolts of' ithe conltact area antd I',tillirc sweak to los er rteitle mitilto mlettetattire b\ at si dlifiaillt
tilcil ttvitns.U! ittptov cOn this model o1 dry slidimil it alitotirit. Ill acUt. lNiM!t rite \,t]LIe 0f Cottl~ct plesstire
Would be lieliAUl tolihae p~rolilies of l*\llridebsesLl s .1ei as % iell abhove, theC deIresCsiort oflc tilencting, tCtiiIpatllfIe

waixed ski basesarid mirsoi \Illýairsilmtv Isoitl]\ abtout0.25,C. I however, tlýile ctIcual "Of idi tti-stlt]d
su iace alte 'idcr !(lt',IhI P)IlSS(I. '11 ;t]-. ,%OLilM pro ile cOHIrIac r11ia\ beC coniiisiderbi L",", ilit1 tIle prTocess Of

ittrltliCtiottl~ tiiLi1i 1itC scaCle atwhich these prTOCeNSes il~esstire lttelttiig-redelaitiii l Is t-estil-irltedtitlaer.

OlIeratet ZIlICI IrIpII Jt1115\t e ILIlest NiIhsaout theC role Of Flireidea of ilciae hllcllt ~ itoilit~t-

grailt dis"placetietnt1 vs ice liltLiettatt mn. thre conrtact .incargit M2 is liecri silinIeTMC bytiticliCI Of the past Iecrl CritIdC ML

\tr1it10tiI lllCIMitaiCI plesetit, MA1t the role Lof asperities (m " sas rl:ý c\%iCwe l b Giclitic i 1)8ý7). %Melt\% iltel alt d it>,

tire '10ksnow stIrtce. HIlUltriIti tlo, Ittis due 1i iresir ,Iloik MAIt CjecLI1tVC ravebee cell Llcrctl% \% elvl uiiijeers sIlde oiil Ice

ti-Ce direC to \k Intl erliUst 0r rtirt-ttiAW SlItui. ; is, Clear Cht.illia1 anrd ) osidi I969). Probalyt~ bc'iaiisc o: ite

11111 o th held ailld laboiatuntv% tihiset atLiris tlita tint' stA ariiri 101treidiii i lcit irasl'ccii show

511%%1155 sll ace is01I oler sttlollreci hi\ titll it ,ter lunitci- it) teic'licieficlil i o.11 m15ttilpilultrc's I I'ta/lincr )11



.tltlit I lh ll tits iloecýý nr C Must he dlone CalIitiocisl'Iy ,tI cC tl"hlelili"ill llstugCAestt 1w Co~lleck ( 1988') %%hereby thle

iiitroiLhietitii OI teat lhOVe tile iiiel~lelfC i-sa veryl~euI

CielIIl I IPitiess. Tie ICbasic idet apiesj~lC to titer11.1 lae I Otis h-I = 1luruIll\I) (24I)
a"s well (Bo\wdeln tll(l I'epss,,oll 1961 . Arellaidhýld.1
lRcm'itlee 98 Lil anld Aslby 1 9;7) anld call be For at speed of- 10 tin/s tle I il11 is theni less tllanl 0.43 pmn
observed I1)051 eas'ily ill lnateriatl w\here tile pihatse and p11)j is 0. 13. A lalrger thickness Could ocCUF if- thle
ttallst-orliiItioli leiuves Clear evidence kI~owden and water IAlin 'lippd alongu the slder, as could happen Ar

Peissoti 19)61 ). its shtownin [I gure It sblo~. ',1011 )iluOpllObic sliders. I iO\%eVr. II uzioka >,

As at test ol' the neltwater lubrication thecory. we plliotWIrMNlls suggeCst l~ thet sli."leat rIeillcvat illeehll tlis~l1

ZIi55ttli t~hat 110 scilid-to-sol it comil- occurs and igenore is operative anid tinni thle M'tctllitimll u151 the shear
te teentergyv cot Idut ci awpt \ trotli Owt illt erlace. TI ell an ti ~haled IatIsle a tint01 lie i gil medLi A codid rilgly. the cailcu-

uippet l imit for the dlickiless of thle nileiwater film can lated value fo f~it thicknes~s is probably too smntll to
be calculated fiorn the rilergv used to jpusll all object sepitiate H ie so1 is wtider host condit ions of intlerest,
over snow Ib' msull) ig thal tOle powver required to evetn whetn 0only sqdueeze okcct's. atid thiis sltggests tfrit

prpelOC tlte object equatls tilte pxixVer eotsuilid by phase thtere Is solid-to-solid initeracetion its well ats llteltw.'Cl
change. or lubrilcation.

W~itll these lithin filmns. I~vatls et il]. (I 976j suZ,-custed
u~,i~u= '~p(19) tihat rather thltlt ice' defonhliiiitt thle solids illa' be sepa

rated In a few\ Illoleculair layersI itl whvichl mlost of tile
w\here in iis thle ineltwater inuss oroductioll rate. Takitie fr]ictiotial lotce is genterated. IThe) suggýested tha~t thle

iii ats le tltte oit .,urll -ace mlelting~ (Ii) over die aictuatl %%elx otel ulr \1d ilot be thick etiotitili to) prev'ent all

Con-tact Pe:a, solid to-solid Cotit1Lactnrd tltitr there would be a coitibi-
natitn toil oldyand Ilubricated friction occurrine1 sitliul~ta -

Itrph ni~ (2o1) Ileon-IN wilteeotily thle luyIte t isoerl ites would cotitact

the otel r surilace - I liMe cotk ,' cat M! be o t'emtsed for
where c is the tatiio of hcttul coiact areat to lad oni the snw by n titlude eXperimeiCital tesuilts -if I~iZiokat
slider. Accord ~ o lue o ol~itill 5 laws br frIoj-ict:ioni (1962). Evetiifoil Ineettoalcurdail10
I Ilo(deti antd labor 10.ti ltoi oittt.lst hellt werCe contduictedl iaýc Ittoill) thle interface. tor those

Collieck's ( 1988) equnationi for the tiiel comnponenit of ex perIirnetills the iiiei\\twter f Iillr would have been onilly

Irieitioll (1.1::War If 98j sliivditirtiilar relationfl. (1.17lpmtrihick, clearly tnot ellUiot IIOCMWCIII s]ILN
Thus it is likely ill II ltiika-Cs eslieriieilt that bntui

p = 1 (11Ih - (21) ieltwater lubricatioti atid solid-to-.sol ic intieractiton oc-

eu iltecl at d thIiat Iot (itt ofthIese Ii oed's es p rl idtlly neCCii
file tInh[Ilt ae is founid its Intlos cases, Of slidt, soil stiOWUCN utless te1tw Cte ittidl

or hteat alre a-atlaihfe fioti othier sottice-s.
Ii=t(i~,22)t \ltoiCitie %%" A of testi thle idea Of Sliditie witho01,t

soli1d *tn oli i ttolst tsteto l fleta
whr Ills, cc ,tters % iseos'ity. If te ate % cv-cr rliliovell uciclrateli by fII eluti ois eiter.ttcl bye h slelicaitietll' iiiel-

fron t~l coitacs V he sueee ireclttnitn Ieserbel w~ter lIlHuis: Ithis, leads tol ICt det I VJtto 101 eqCL 21. 'hieti.
b\v Colhlbek J988ký. the ithicktie-,s hI the film\in tlt be1.1( usirtg the elcrittleniil il'stillts of I Ii/ioikt ( 1962). flie

ini halaitetL helle water filthl ini his, espet itlilen sllioild hakte beeni tittI
0.00(1 1 pin thick. This is eleciilv nituei too thiin to

ht = N V) (ctii 23) 11iittl tIll itspetI tie. and~t 11111'it is, eCtsc to utiildeistlt
\% Ii> I IuzIo1k:t CoieUdeCd thl.t sIlil to-s.old C'oltict OCe-

'Taktti it 3.1)5 \1l'a Ift oti I Iti/iokats ( 1962) cdit. Culetidc ill its, expel litl'ilt aid cxttltpolattec this Ititllct-

its I 1111n ii am! itas l0 n/s. the filmn thickness w\ould be sion1 t10 Itigliet ! andip ite ~ticl'.lUes of htealt plrodie-

I S Pni if oneM atl (RI III11(1C ll> 5d"l'C/l' nuls . This \ alute 11ole

is, less t1l11itilte % alkutes clddUeCIf by ,\iiixtel atitd Iac t [lie tlteot\ Of ol tcltcc atier tliti~ic l iuts Kal llIl',beni esll-

I 1981 i fiotti cfl'iCet i it'tsieiitis bill is i'ie,tlet litl'(iolo tcee Lc~ttisettil.i l9)76).Oksaitieiiii~tnclxitoitte'It

tlthtll that Llitlel.iiell hc B cais't itl. ( 1970) ot ('ollicl. (h 9"'2),a" .tid kkctk Li itl. 1I1087, anid for sitoc\ I)

11988). It siieecwt t (1 a Iteetit cii Ofr11il'tin of f036I(. ('olbeek i, and8 .tilx*lttic ajiit ( NN"(). 'Ihe tw~o itiod
wkliltcl Is aboutt li re .\ itinlic sitia11le value lo[t ile' IClTtl C'ltis h" snoct weltk ailtet dlcIt fteo. cct tile ~l
filiti tlhickiiess is dali-ttl1tledl tIstlie thc slteai lill~l 1111[LO'llOat onc ~ii~tt~li:tllSo 1ltC' helet aid 1it1ss1" oc slk -101itk.
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tile lat1ter 11101 tOC cocetited watl tile intielactolt of at Colheck* ( P)"% " eq describe" Thle bataiIicC Mfl0o111

ski with Tile silo%% tIiiotiei load 'lstil ibit ioul. Both Coin melticit.eiosai. and I din thkkickness. It Is mloditied to
siieted(.ithy lriitioii aitd 11calclaited at CoelliCiCtit 01 ICCOLI]It t01 JIiC SI1ippgC of tile 55 altcils 1lonU tile
I I C10 Ijilil ht dIIepiided 0:1 11(011 we't .1iiit th1y II ces~es. surface til te SlidRI l1V 1iiitrodIieiiie a IiCto. .S. thuJ
Whilie eleitoviaali i55illsucd that met%\eitwterwas icinoved I I tIo1I0iIlv% redcesIC. 111k. iiailiCeaillism1. TIw resiuit I,,

0])INx bN the sqct~lcC mccl hiamisin., Coibeck conisidered
[)oit) 5iL'lld "iii cil-i rictiloval of tile ill icitsatc iioitt

The tlillls huit Mstigeested (Ihat shear %LIL tviii b a illoe ___-2 q -(5

,,'~c lent IncciiallI"IisniTliis led to ;iitllpi'1C prC:.I oilI for 1.1) 31lc Ij INi

thim thicknecss kh). i'1 Veil Ill eI 2-4.
It is possibl Thiitat thleshear mnechan isim descriibed b\ whete t tie t CmI S ic peeiI ttII mcit aer aprodunctioni rate.

Coibeck I 9,M) is too efficient because it does not al low removal byv squeCZe,.11and removlOV by SlIeM.1.spC
for silippagec of- the water films, alonig the s .der or for tlivelcy. This Call he solved for tiic ia11io

metwtrto be ret a i nd b' iOti iI "l 5 i IaCe . ailld it %\Ill

benioditied accordniuiy.I tilie slider base is siiootii and
IvNdrophoII~hC. InIchI IIIII Clns ca e ob-served to slide alon1e- -S- + Xt

26

attachiileu. Thenl tile stitm~eeZC e lCIaiJlisnl wotild hle U?4,7 I iri~

rciatively lli moreiiportant lit, process that has bee i
frequecntl us( I tribology (e-g Moore I 965) anid was The valucN of'l fiction comnputed fromi, eq; 2 i and 2(are
used exclusively by Lehitovatara IM9~). Ini addition, if shown ill I~ilcure I I . where it varies wit Titlte effective-
Tile wteitiit of the slider is carried by solid-to-solid tlessof Tihe shear renimllvi Iliocessascelaracteriz7ed by S_

Contacts or Very large hydrodynamnic forces. as, die- IT appeals froml Tilte highl vii tis oft tile coelteiciejit of
scritled inl li astoiiydrodvnamti ics (e.L. 1-owles 1909), friction for laric values of Sithat Coiheck s (I 9X8 I as-
then the liquid Cotild he ictained trotuid tue niovitiv stained.shearl mnechanisnm is too ellicicil. that tlilesaliic
asperi ties and wotild increase the thicknless oflite nille- of( iobtained froi lIluziokas (1962) I iliti is Too lare~e.
wa!tr ilm Itln l docie:Ust' ilie fr-iction ;icteordiio'iv Thw, ;Iilih/Oi 111i Oilother DInocesses 00ejATe As, Well. If we Conl

atl low temlperatuores whiee aiicltwater lubricat ion is ci ude thlat shtear is- effetedive at loW sp~eeds ind It l0ooses
"Sseiltlia. at '11100thi uLIdineI surh~ace Would he desirable i[ tts efectiveitess at itigher speeds. then thle Calculated

To allo jxt ater sililaise. whereas, at lii ii te ~in eratl aires. a IIh tisOf It..tj,1 are In til lietan Cc of VILva ICtis rpotied by

where wvater attachments increcase drac. at ;ouei s~ ider Kuioi waVi (1977) MI wesci, .1 a%;,I',s shiowil ;ov,)0C even
surface Would be usefulI to disrupt tie wsater attach- if nlo reovl o)%.Iccuts"I) by sear, tile assumtli ion that all1 ot

meiiis . Iii additiion. since wvate r slides, m ore icad il tile coiltic t is Thiroiughi Ile it wi icr tiIllsI leads ItO tile

at onu hlyd ropi iothi c su ia-i(cs t lie sli ear ret 1105'I alitlecliai- Coclu isioin thIat Thle tile Itwatr iliii .1111 ate too t111 itoi i
iIS l sin ) i ny e I e.4S Cteffctii e iflectat IIC I IZC tIia.-cC Of fthle separate I tile sol ids for t lie sL u-IC rt I to ii eli ilSSeS thatl e\xist
slider is hiydrophaobic: thus aI ihydroph obic surface wouIld onl most si nfcis. Th us tIeIle I C1111st be SoIlIC Sol id-to-solid

appear to he adsaigoi at all terl ipe ralt tire. iintecractlion. whiich ti reatlly coimpl ic ates imodelIs of sliow
While Colheck (I19X8) assumied That Conltact arlea (tiet-ionl.

tincrease (I proporlionaicliey to load and looked atl tile
effect of cointact size, Letltovaara (I 1989) usedl tile nuii I- Eiastoh.% drodviiamtics and thina filmis

her oflcontacts anld tIli,- hardntess of lie silv XIs a pa rat i- iiWsti t o i i ilc wa e\ CIe xi tid tLI stld fti le i-
eters. Boh 0111conluded tilaIt fr'ictionl Wvould decreaseC T ýtoa ioalritiie liuhresoiit-siditritii
mnin imiuml hfotei mmncreasiing withl speed anid that thle dtie it) deseloped1. Iitilai liiti hullsN. Nome~ Oll

fricionwoul begreaer or alarer i utlbe ofcontcts the w cilzllu oh tilie slider i honlic ciii erh dIlv l icc coit :tct
because of the dyniamlics of Thec water filmr. Both pre- or by imienlial forces ill li tilewltsvatcr iiii, h filsde it) thle
(iletethtilat thle minimiluim friction 55'(lLI occur at1 lowerC vety rfti[( passavle Of tile asperities. TilisNI is very

valules of speed as' tetnipieatu Ctle inreased. 1 IowvC lC. com iphi cat ed sutibject requ tIII! i nuimgi ile ri cal soluLitillns Toi

Colbcck predlicted that friction w.ould bc hosserat hlighler COIiplcd d. fiereiiial eqtiatioiis fesci it)LIifletie tlIM \1iie f
telilpe-atlireN wiltil capillary attatchm~ents becamei ill- pilysical poes tltocrwiiithe s-lIi~I.stilteract ill
poraint . whiereats elxhwiits aira l~,Itci ictd It i at frictOiln 550 ILI ill1 s'sa - NVI1 H Iclkm atIClIiIt IsIMI made C liicto 0111taim

tIncrealse weithl tetlljerature (hue to thle thicker rnehtwater mitmiiieiical so)]ltiotis,. t11e NtiljeCt %Vill Ile desýCrilled. The
filmis. This (letlionstratles at futidainemnal (hifferlttce be- iltoliat ioi ticeded Will b'(.e discusd. aiIdI ',kulllC Ilils,-
tweel titlie t 5( a pproacelis. hothI of whIich ICoilt a in as- sihIC he Ilet i isill CiCIt i Oied . 0t ie 1tI to1idel. Itsbhou tIttlii II
suiipt iOtis That rema int to he tested,- ftills ate al o p resel ited.
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Slippage

I"i'ur'c 11. , 'I'S slipiaii,('l))r 'ritil. .,jT'cdsJor ( (atott(', .i:e qJ

min01. ;l/cti S is 0 titn s/retr remroval occit)s. card whrenr S is 1.0 no

slippaee occurs.

iPolyethylene is commonly used at lubricated sur- distance. Lehtovaara (1989) found that ice could also
faces because of its favorable properties. Chemically. it smooth tile slider, although, when the ice is very cold,
forms a weak bond with ice, Which reduces adhesion. it can be observed to shred polymer ski bases.
and, except at very 1c, temperatures, it is harder than The thickness of the water film asway fromn tile hioh
ice so it is net gouged by ice. It has a high strength but points of tire asperities could be considerably greater
is more elastic than icc and thu:; asperities on thesurface than those portions of the lill.s trapped betweerr tire
of the slider can deforni elastically to allow pas.sage of solids, which iray account for tire difference between
the solids. From the Plasticitv Index givcn in eq 13, an the thick filuos reported by Ambach and ay r 19% 1) "
ice/polyethylene interface should respond elastically and tire thin films calculated above. The scenario dc-

hten asperities interact as long as tteir surf:ace slopes piCted in Figure 12 reopens the old issue of pressure
are less than about 1%. Asperities with steeper slotpes melthi|g, since tieC tUpst rear tonportios ofthIe ice;aspcrities
Would be subject to plastic defornmation and. if ice, would see much lrigher stresses than the downstrezar
removal b) nielning as well. Thus to minimize friction, portions. If the upstream pressure otr tIre asperity is
the shidine surface should be hard but elastic with very_ assumred to be limnited by tile indentation hardness ofice
"gently sloping surface relief. Skis that are struclured byI

indeirtation 11may have tire additional advantage of pro-
vidini a smooth ru1rt'ing sUrfatce while tile indeintations -
allow increased flexuCre of tile polyetiylene. With irr
creased flexibility, tire polyethyleniie iase could act like Slider

a series of shock absorbers that fiCe inidividually as tire
ice passes, as suggeested irr Figure 12. This fultiure also
sue:!Cst, thi.at the wate r fihilr increascs ir thIrickniess along

flre IC[e!ntIni of tire COlltact rild could he shed at the
downstrearr side of the ice reta itn. ThIe inrdividuiial asperii -
ties onl tile slider de.,rmr elastically to allow Ile gentlyx-

slopiing rough;,r'.,s clet'lents orl tire ice grairi to pass. 1t
is inlitorranr to note that onlv the peaks of tire ice erriIcr
are ill rcorltact sth at only t lrhey are tilteied. thus snroot rl-
ing tire ice grain a.s the slider passes and trovidmir f'o
coilllItied sir ootllilli with repealed passes- TIis stce-
aario suggests tlat tre ice grairts ale stirootlied to ac 1",i,'rc' 12.ltly! tt/i'.oi-/ as troj ai ug/i.v fli'.tih'

coinllodate tile scale of tn,ugliness on tile slider, so tire t,1 3/'ethvlt' cvec INl./i i t. ,Ir,'r C/ i 'I i( I l / ,.s ld'r

rou.ghIless of tire sli ler 'ou d h (elteimiire tire roti lii less ra.c( c/c \trt ,s('l1,,ni l.v w/ii 'ii i1' i/t'r 'arai u ili•a,,t/nd
of tire ice e a frt.ll. fer tire slider hIad passcd a shmiol' uc,'/t ir f tc' .5 iitiitti a.5 cit i c/•i A .. icl'.i ' i / ct /lc '.-X

17



Jiesit' i dttuliltlte Ic. tlhe dir tciciice Ini lttt'l~liI, Iiic au ;ttiiil tciiiiciaii'ci. I; fhile \ scicsii\ ol %xaercie

'lliciatic oliis ll 1s UILi itt ticilt h!c J'licia I I 'C 1Ui1C'11ct anit it- ,ti [LIIcc Cciicit lCss. etctxli'ii

Lx iiitthchc~l ici'.p~ti tirii'-l t1ccc~ijit iv siihv [;ices, xx ctilti piiitiiiii xxot k bccsi.

I pill. tileInchi ilatae 'liliii flie dii ectioli of ititixcitictit Wit hoit betIc[nx i cc l-l(1%Cc 1 1w 'Ie iiit fc i lit'

woiild lie less 111au1 Ii) ittitijs. %\t u litictsho tliit. at Itiosi slitting so Nutics. it dl otlietiiiitiaiclsit
sjiteeis ol ntrcI.t. rtie ;isperitx xvicalld hit '. to he ic- tioiii l~itioilivtlr oc"ltiliiiiCs. hut its cLieilitatit 1c aiippicli

tittiteil ofi ,cxoiiitet lhx siolt lic r Pliepotess. flitis. \%ttlil tioti IN uiseltil itiM N%) I oi 25:1111 plc. iN I til -iII oltlii

the, tCilttCiZiitliit Lilepressioti caus~ed li% jitCNiite tiicltiii luiN icaticcixoi K \w xk %Cli xxicit thle Itilt ic~iilif spimi dies tilt'

Is larige thle pioccss, is still too sliitt to t1w of tiltiicit scii i itiicoh cs t t)hhttistem

iLcil ;itttflUiit 0f1C tltltt'iicr IS aVaiiailbC anid sn11C sol id to- hislitis NI ititi ttiQo W 0C !cv 0% s iitat suihhrCt/iiiig ictipIIcra-

solidi mittlactionlt akes, place. The roic oh tocliwate iN totesN.ttis Iclear thalt MOilie CotilsideiatconIi oh i
Still imp11i01ta1t1 hot( otlCit pmcescsC tUItts alsO occui. hi x\ ;i\,s of inakiitu- thle slikilitt pi ocess, acitN eicietit as,
Ol'tenl somei polishltg of tlte sin i11i aspe It Ic tC tiust ta1ke pN~issll.

iaIce heloIfil te suIirtces atle suficietIxIlII stiit01ot)ih Iuiettl',1969). 1971) sltluxCL c 1ii 1 C\hat ccii I t HtPt ! Can1
al.only ciastlic dchtiniatoitollo the apcrtscý. Asfthe OCCiii Ott tlistreaiil idesN ot thle :Nispcrities i~cc;iu[ ise th

ipcisliciiie app)roa~chlite Ciei is a %tet rapidcomlpicssNioii ol hlighI ratIe oil- liquid slcicltitýIn (Ilde thin1 t11ins dissNipates(

lr IleIIe IIilwaer ftint wh ýIIich .1 tca heC erv tin[. These11,- Iil- otneltCICI -ulIN lOCallx . TItusN tile loe ier~ I Oiitii- l onla
lifessolic hiltits shear aii aid alloxx tile as~perities to Ice snrIt :ice Canl he tetiioved ptctctlcitillv [cx \tielld or
passN While reduLcingI- 0i Clilinitiariiig tile sol ii to-solid ttcicliit. \%]ltie the asperities oil at pol> II cihiicit slit tact
Contact. Ev enl asper ities that ate f101 ;Iilcktiedii contiactI. delono11 elastliclly. When liii _Ce stresses (l-v elop localE1

blix %iili( cotliet close ito toiicliittg-. tiita interact tlitotich oil ;iii astI w.. thle plastic reIo tt!101 l1Ihe qitsIIIkI]t~ill. hilt

thek [qoict~ prI'ssN~ie: fie~ldiad pto~dIICe dragl (I-ottC. [lsite tlieriial etec's can1 hie tellft ki~o iIiOst (it the as~pklI1ri)

piesur etect. alIhlcigItI solid-like stIlIicinres ;ire i10t a11C1 ctt Ni peet or overlap. thle pjolcN' apcl~lelr it) lie
likeix to appeall Ill tihew 1t1ur hullsl inl thle little att ltiiihic. isotIteIttil. so tint1 ililcilse ileltilig cilli\ ocitNtllsllcit
I~klliCIiteilttlr. if tilt' 1)leslite is I tintedLv tile 11iaruliicss t-o1dlhltolts uif high11 NpCt-t anld direct oxci lap of [Ilk

oficeil cc at ll ldt Iii CNiclutt-' iitesa(tC the viscosit xotiuld ciilyciitll aTciris le lliitiiitiiule oft ilic teitliel iti1C
otIxl hie ILt edit lhy abhoiit 3". j )orsev 194(1). list' cailcilitcdl fix I oxxit' stiu-CN( ests x tt idt tales (if

less (i iqc a 1tettut cailt cl'imiie x%.iti rite (lirieitatloit oh ascl~ierNi ciii tilt ' itci\\ 1ii'isi pN1ii1sliC.
thle iiuoLIhCles t'!t'icilttt. X\ihelt tile t'C~iitcitts ate onl- It as CI be-i clieixc thatii kiicltic trilcucit is hiiýhlc at
t'ited (h ho'ILgitltiIitah tlt the slier tltt'C1,1 ii)Cltwatt'rI ti~ltius lowt'i sp'tdsxitti less iiteat is etu~ct'iztctl (Bux clti ;antd

tetith to hie tit itttici. 'this sI'!CN1 wc ts aINIV pot ivt et-tthiack Tbiic 11)ti-1. IKittoikia Nc77). This ot'eiits lilt ustI lit--

sili1ce. it owIii'tkidiuiaii uouciiic ct isCW ht lutite' 1*i1111, cause uttour litit-hwaiticlI -iscttt ;til it indict slicetis lit]
art' rhtiut. tile xx itt- tli thit'ktcs wIIIIINNýould he' tt'ditcd t'xt'i htc~uiseC 'lit' ilit'miixx 1tt is ]11 iii ttc1vt'C,[\. At hlicilt-r

1101 . hi , 111 1L 11IL I~l t ] rIe c itt IIC,'',
t

II Np kd .i\-llc %ito c h N kalp N

iticit'. itisis : sttiilgarcuticct ici \it'll tesli ill,-, ;ie itit-x littl siciiict d kcitti ... I\ cel tail CI

Witel it r ilt ltititit art' o(ci tciitt tli~IIIsvcis'i across the tind]II thu ixtiichiitc scilld cit stihii cciitlei cr sf olo] \itid-

slither. thle watet filin tiiicknt-ss is, ittet'ased htcciuis of I I A. ;\tiuciiti such cciticiisiiit at iiast'Id ciii qitalitatix tC
thuld p)CNI es ItlIlt-ICZlst oil tilt- k)ipsrit'aii 5NId-s tit tlil. t1a011iii trt -~soti iociMiiut. Il Iex Mdcc ilcucit

ashievitit's. I hits. xx iu.'it thle xx,[C aici iltt is, tio tititi icr ticci 1,1 iltit ihti l t \ei Call hit icx p ~ci Ii1 tcooi Ini tII'i-li stilliciIli,,

thick, its titicklites atid rieetile m lv diaiditics oit tlie thc tiicticcitl (it shCIc0i it siici. It isII)Nl itcsi HICNSiAlt tt

iiitcrilctiiiii ii tfit' ilshie tics calt if be ciitit t1011Cii a0 sui dutitI i li itl rttit tieh lkuicxxiu lict'tcct'illicit

Stllitital (ht'''rt-' 1ix citaltttctitg theC 01Cii .11 Otft~tct iililt' silt - (tluiltitatIxt'I use tcciihl lie illilc~t ot lilt'\\111 estlc ihii' .

takct' sti ilc uteccl tilt' sIltlr.1 'f clit- irtiltlt il is, C~~pL-L- I'll

itluhtict11 twitthie tilt' surllict' toituhiitt. Nt'it'iit'Iiltlot thle ()file- Inrechanlisgms

s~lthe ateles tutu thal le rluicbitt'ss tIlt' \X tcr 1u1tut xxiitli Sutcixx siltlC act 11s 1icht ;ItCIIItlIIkiCit ii It 1ith, it tilt'

llixe it tliýlt'sittakct wt'tt silottiici. flits ahpilc~ts tic ut' ilt sitult' Is tI-icctucist.aricii tI~lrct-tl If itticinIl it-taut c hit.

cast'\ loi uit -,iot"111tatiicis xih s]I lts NL CINO stIcix Milil thIUs a [:\ell ltiliiscci0Ili tilts iliist x\cii\0 ;t tt1tlthtlii

tliltiNisxcs sriit)Alitt sitiuili lit' hCt'iiitciih lit iiixx tetit titetlattsat sI',litce tl't 1 ctioiiti -it'sc sutucill A 1ilauci
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pittlicle trapped betwecti two solterni ',llItces\\iui Itotu ticclts ot) Alilit:sIs. ;ttd it seetisl cett.tttt that
Indent (11 'ri.1ttiC0'e ot 101e ot 1t 1 suttlCes. WViteti Ilte pitidesICCý citaige4- sepaItt.io wkouldI itttIuct: linputl Mtt,, Ofi tI/C that

ate sIeCII U otdcut itl l'lCP]astItcttx\ II ndex sI o ws that1 plastIic wokuild tittetCI et x'l~tl du.1ttel. It also seetits possible.

\clii of ilit.i xNlikc\ixto ocect' unless the dillt p1;utches ;tlthtottgh tnot itttpotitaut. That cli.tt CC seplitl.1ittt coul~d

,tt e salt t 01'dMlii. 11,ilitnls tha 111.l~211! hislit ehkdded be- fie piessatle of' the slidet oil thle sttoxx. Flo

t weel tate sltdItII,' satl lacesA~otmittittlti e Ltilu \ 1w ttecitl dxtye lcrcliotilble - glut sii1 Nppott ite -)~

III. terial. 'rapiplttex waxes ate tis.cd Oil skislit ltlo 'tile oh atllowi 10' l'a CLibot 4 witicli is ttiticlt
eIcctrostIatte klIit-It 'sC Ito d Iain ;II v n ttO tllttItel 'ih. iller titail lthe licY Ntt ess Of icc. Ii. ct 0 ii reitee (It

nI;phl It is sIN i itoh l 1 _OL Ioo tlt11ml COtI ItkIico COIM Id ItI canII clarts littielt lhe titiost itttpiio'tltilt\ hleit tOr sittittiC
also d11;1i1t Itea, flee tile Ic~letostUItic Ctled s atillk'Mst oicclis ;it low hltitttttities ;tttd jot )ltet) tihe tilost tItt%% lt
likehl~ o de''loj alilow tettperattlres \0 Ilete the hat is let is, beiltte shted II illtilte stlxxc:Iitm N slaiciieicliutsol,

miost ticededl at the uluertace, tile coincidence iuouil ek trCUostat ICiie on skOis Ahoit.1101Id be ll;tuile to iileutlil\
electr ical and tltemial L olidtiietioi ItIýIi )rIplte Is -]nilortii - the conditioins tIldeklticl This phllelotlletlati1 oeent'.

tiatc. Mev~astirilcitis ot tire-'!:a--I ptt'sstiteat the base 0) a

V-IeetiostaTIC eliatiesaec oillIOn ot Oilihi' hod- uflidiiiti ski ate als1o tCle-es.ii\ to iileit111 ilxt'l collIlitiolls

Ies. IItul COMiMtt to 1Cinduce electrical COndacivitv to xx ltet eIapHIulliN atotttraduti otesi obc

tiliiltttttie clliarue acealltlu Illna ettIoi stilfii:es ate widelr It,8 sit gesteil that tIIlC l~eae t\kl t\ pesol slx. Ut1m ,Itll[s

used. It is know\it that electrical clmatees can ,tise floort that1 ititetac \txiitli "'. -N: those thatsill otte xII ýClll

d i fl-ere!',t tetuperatute: .,rakiewNtsI in ý. t _Imrbbin:I solids otIlie slidtic wt.tli either solid to-solid colilc;o rthltoun'lu
I bxxden and Ttbo r 1950u). di lfe ic it S attaCe tet 1l)Ck', a iI It- p ress ire xviietci fills, Mid ltlttskiippH it tiC i L1Il

iliti's. Str'esse In ftile so01lids or p)luiuse bounaiesIZI-. SFince thaut itt. iii contact \k ilthe slliterId 11tltot lia liquid I'idat.

tu1Cltwater IS shed Iroti1 ice etaItls.. it iV. likel that the su~chil as hCle 1h\I at sloiiiihiiie-.his ;tI ailac oil

dNpisplced w~tipieleentiallyll retl1IOVes aeCturtIliated thle slider. ofet' o111i lix tesillit the coilatuit;tue
ch arge . thlus leax-iitiz thle ice Limitu xI. tilt-th opposiii IltitIa dotmn .i'tl Vice, be~mcaueof the educcdi.pessiiic,

ehltaiC. (llI'it .Im~ earie work, DOrse (1Nk 940tl uepIOIttd tltIii ill atis wae ttilite ith ithis slial'i. While thecir

tuciels- diippion! ice intto water Is stifticienit to gl ive itca existelce is 01yuo Ci aila\iliiiso lCtIiiil1

poslt)Sii' cha~t te. xvhichi H. ttiin nliul.hi ittiluce ;i ticaixi. tlci'c ate the til[% pilOposed uciticltaiisitis lot dlie

chat cc ott the slii er. ii ICICease Ill ch1 ; 1iu IN a is 1uss teci-ted \%i ill iC xxi otit
1 

ii ti

V1ltoii dixt N iubl-iu'Oti:L ocn,, tile' Celtuige selbitatt~oti IbisN (apillat'.- Iulices slhotuhld be, hitii xx lieu ltIt Oxwl

bieent obseix-etl ito kulIcpld till leitpIeICIillittIe milId sl'eet 1 and Isl.xetioWci tse0tlest ilt lild tt01ioie ttili-

tlttietineC otil The durlation of tlt' toittilct m ttinad ots[ieitdrtoscotitois.\ ]'tu' stuctioti Ill a1 j'10'.

Masonl 1901 ). Takaia~ihiu (I 1
9
69.1 biO[klt

1 
that rubht'tl ice slloxit 11i 1Ft -iitc 13, itceteases is thle iii. cise ofI lieput'

stitICS laces.IM! itcuItce stirtices coveteýd IM iuht 11ild Siut, and relCiI mr Iliti-ctailtied slitox lits sitlialict poles.

Liv-er 1'alk~uaslIli 1909b). dexeloptul a1 Iatl:e tcat'ixeV Fo oic-titct r0x1~'icolcr sliowtmin I-anti
polelltizil. This i igltbe '. xplatled I% slicatitig of the. 4 sIWPCiits 11hat theL flotC \\' xxI o lil beuteatet ý tlln less

COUld pIiCetukt1111v11 en:ilove positive cliuriz'es aild leaIve would bie greater ,11C brII( tilltihiiid Istlls ox xc

thle ice siirlatciucuau clv ciarud ISltexxchln aidi itmit', islanids w\otili be acut imiole xIait' \\'~ .'it a'1

rilsirtue 197-1). Pot I0 hJt pit duoplvts tf pulcwuetd

-Iilid o)( iti etiagi' s 1'p1naitoi g uteia'iI iiti, 11;iltixll,

el fect Is ouilx I Ilpotaitll at Iw luiclte speckis. I Iox, i' ., f.ite 
7 

r 
7 

< 777 ' W.7~7 r

tI'Si C lot1 I it xxii' "et 1-4i1 atC WC i sitC NLPe'st in ¶1 that both / / /// ~ ~ // / ////

tf ile i'JlIItiiidc .1t1d the skit_1 Of thisc1t'c wII~ \ie xex 717/ 77' ,/ ,,l, /<//\

"seisiNixI ' ito slitualt jtutounts olt tiuput t~ies ill thexi' wterc'"§ 7,///,7/

Siii revrsalshave I'eiiobst xi' ii titlC ierexperitticiutspc

to .ulht'. its to id~lt'iuit the' :ti11pott.i1it pitucesses withI Ice
Ctilitleticii tc.i. Ilaket and IDasht 118)1. l't iII)ltl.-iie

.uuud K let! 19"Sj ie x iexxcd filte pitwisses tli,u1 tiuiiIltt

aitCCUttuu Itr clii~ tue'.pautatttn ott tee. but Ilthe utlouttu /_ýl c ¶1 It ah I Ol 11 1tt 'Wi %iil P. I ; i/~t'll! I
tio0n does lot IIIlO\x us Ito decide whIichI ticlu'CuiuIstttI ate /it) I x/i lj i !I -/ ll ('I ,i 141 1ii h I ,x 1.( f/I\li lt' I . i C/W;

i'j'elIutC il' on sludit. l0 OM't 0\ .iii'tl 11x itilu l 'Ctu NCI)seltita 1/li p a' a1" - I/h \ionI i/t I i/pt' Ii ii /it l'i . i

ti-it ilwtet tuimi-t hi'- It is \xciv like[x tltut iLia tize-- .)tita n'i 0 !n



Table 3. Contact angles of waiter on various sub- Combined models of the processes
strates from Bowden and Tabor (1964). From what is known aituut tile different processes, it

is likely that Va•ion's one.s dom irate under different
(,,,itti .snow conditions such as tcnpicratu- crstal type. and

.Substate (deg) Contntutt wetness and different slider ciar. -riszics such as

length, speed, load, and thernnal condu,:tivity. From the
Ski td:qucr o available L ,'idence, it seems that plastic deformation or
"IParallfin a•s-graphite 91.5 Decreaes wit!: time fracture of t!hc asperities dominates under conditions of
ti'raffii ".. tix l 'Decreas.s i'til time fresh dix snow, low speeds, and low temperatures. AAtuttiitnumit ..te3 122 38: vwh'i rubbcd ueider higher speeds arid higher temperatures on smoother

waterthor

N,-hq) 0) .snow', the processes are predominantly elastic defonna-

Pcr,,-, i 0t of the solids with hydrodynamic lubrication be-
P.T.F.L. 126 Remains constant tween the aoiids. For still higher temperatures with wket

snow, capillary attachments increase drag on the slider
base in a manner that is sensitive to the contact angcle of
water on the slider, the roughness of the slider. and the
geometry of the snow grains. Given this complexity, it

able, so the effect for coarse-grained snow may be isclear why Lehtos aara (1989) saidthat"one particular

greatest at intennediate values of water supply. While ski cart operate optimally only in a small range of track

tire georictr of tile pore or ice particle may determine and air conditions.' For this reason we will construct a
rite w ater pressure in tire connection, the surface area on simple model thai describes' snow friction in terls of
the slider is largely controlled by tire contact angle of the amount of water avaiiable for lubrication at the
,,.ater onl the slider base. As showvn in Figure 4, there is interface. Tb,- i,'a behind this trodel is shown iin Figure

a histercsis it that anele at-, the wa.ter slides over a dry 14: tic, ,anin:-ni process depends otn the film thicknress,

base. Ott the leadinig edge tire antlc itncreases as tbc A'nilCh in) trl Ir epCnids on both the amtrtunt of niclvater

wateradvances onto the dry surface and, on the il ig being produced and the efficiency with v.which it is used.

advarlee tuL the dry, surface and tileit~ ovilnie bei
v. cired "Urface. This change in angle greatly incr-ases C "iri,; on snowv as contmsti ng of three componentsM wriose
tire drag oai trie sl idc. relative significance depended prittari lv on tire aitbient

The downward pull on tire slider esetted by alt islard temperature but altso ott the licat loss itrto both the slider
is tIh' pressure it- tire island titie.s tire contact area. Both r and the supporting ice grainit. It dry, cold sno,., iuch of

prcessurel attd conititat anca arc detentuird by ire shape of tire tleat produced at rite ilt- -facc is lost to eoiiotlutt:
the island, wvhich i,, affected by tite geoitetry of rite ice thus tfie friction is deterln' d by vt combination of !.he
sulrfacc Ztid tire coirtact iie otn tire slider. Laovwden and forces required to deform .,te solids and thie hiisdridv-

Taior ( 1964) reporicd contact ancles for various sub- 1131nic drage it thin fi hI irs. \Vlhent trie sinow is wet atrd lrest
stances of interest atd aisdr reported that, for soonie of generation at the interface i,, a dtsatdvantage, tire friction

these surfaces, tire angle decreases vw'ith tinre as rite is controlled by drag due to capillatry forces and trie

irolecules in the substince reoriettt. Some of these Ilvdrodynantic drag in titicker filis. 1 :ntlrhtuntttc) . the

zagles zic listed in Table 3. whlee tile disadvantatge of onrly' orte of thewse three ploees,,t,, that li].s bcni de-

the Old ,K] lacquers aind rite great advantage of P.T.lF.. scribecd quatitil\ ait this ltne is the hldrttd'nraittc
isclean. While rIt time cc'-stant \'vats uit reportecd ot frthe dniaig. and liar hats only bCCni icset ireni for siits, af thie

decrcasc in contact ate le, I Bwdcn and 1Tabor did report Iterlaces arc sr toothI and if the hieat and irass baanccrs
that rite effect of wkctting o0 newly waxed skis could be ate L.nio, n at the ititerface. Leitovaaia ( 19,I9) moidelled

obscrt ed iftra "'shou t distance of sltdintg.' It is not clear friction as the Stum n of wet tiltd ,,I t t c oll ttp letlts that

if all iraodceni waxe,, have this same disadvantagc but if operated o'er diftfrcint polrtion,t of. the ba'e. litc .\et
they do. tihat would explain why skis are roughented to friction was described zis itt eq 211 antd the dry friction ats

help ot. ctcotle capiliar% bonutd.. It alsco point's out Orie of it crq 15. When tire apptrrlrtate aut eats tivet wi tich thcsc

tire greati ditfcttnccs ill pl-,ier, since souie. smicli it-, lt)s operate atre knttiwit at geierlllyY, irl.tllt ]cahle

,ryltrll, \wil aliuf w 1 aitcl i(' pcleteiritc (('unireir attidI "'•lrtr i del of rt1 tirtiti (at, Ir ctsllt.ll tiered. tjIIolrrt itt alt]e,.

1900), i.`.lch reduces the strength, increases thie real the alteas-, ale not urr111%l but el )Ishtidtt.

Colitact alea, and titus iiecreanses it ction (Lalicastcl en ,,lliat1cs sugests 1it,11 thie Lonlacl aciras ate scii ill

1972) WVatt-r prcttetiatttiu ,hltuild her Tcduce.d tr b]utpte debcitied since rite solids can itticratet itunoughi luidl -

\,'isitile'.. suo c xitilhotil cotmitit it direct coIntatct 'I lir a it l e
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4where 7- it is Ihe snow surface temperature in 'C an~d tis

the timcinec the onset of co:itact for that snow grain.
If thle s-ramn is in contact with thle ski alione its entire
!-nizth 1, the zivcrac!e hecat flowý into the ice terai n is cim enl

,z b)

L- -2 q--K7,1 (29)

Dry Capillary ~ ~ ha osit l c rm uiepsaei
Plowing Lubricatea Suction Th ota ti es t this value. c gaw drnupsaeP

Rimn Thickness To analyze thle hecat flow Into the slide-r, Colbeck

Figm-e 14. I:,i(.ton vs vvierfilm thiukness. Ihefriwtion (I988) assumned that any point on the slider w.as at WYC

is'4greater wheni the films o'e thinner. bec (s4.%c (ýsolid- when in contact with anl ice part icle and at T,~ othierwise.
to-.%olid1 imtey( tjohns. anid when ihc'ie is too m)uch ivater It wasiv atlso assumed that the top of thle slider wa,, at the
pr-esent. same temperature as, thlesnow,ý surface and that the hlea!

flow.-% was only% vertical. These assumiptions arc- sho-.. n to
be rather poor by the temperature measure. -lents at ilhe

empirical approach will be used here that is, based on the base of skis reported byý Coibe-ck and Warren (in press).
three mainm processes used in PI -cure 14. Sit-ce the as well as, some ic ev. measuremnents discussed later.
relative importantce of thtese three processes is con- Accordine.Lv. -'e take tile heat loss into the slider as a
trolled by the thick-ness, of the meicwater film, which is parameter that can he greatly affected by such simple
inl turn at leastpartly controlled bN thle heat balance at the tliinus as, the color of1 thle slidlr and its metal content. A

sI idi ne interface, we bcgi ii by examinlinL lthat heatl more complete eneritv balance of a sler than that d]one
bialance. by Colbeck and Warren (on press) ih needed to uecithe

nocccsýary jitformatioln ahout tile theima 1 respolis ot
bu1tejulfl/a ene, gv alance skri, to heat product ion b\ speed. radiat ion hal ance. and

Thie hleat available foi meitine at thle interface is. thle ambient temperaturc. W\hen cqs, 27 and 29 are comibiined
heat genlerated bv friction aitd radiat.on absorption and tile r..tio of area to weiclit is, takein as c the rate of
iliitlis tile tiet cierwy bailanice duie to Conlductionl. The lmehin ove r ontacts of area u,t,,12i
total encres- balanice is

It.nW +~ 1i (I -I ) R = WEIrt-~ /IT[/21 1( w~ P,- lln I~ II- (i!

(27) (00)

wkhere ht is tile rate of nlelti ilL at the conitact,,. q1, is, thle Miele 7<, is 11' (. '11P hi"i all expanded vei~ionl of

hecat flit iiito thle ice, an d q'i is thle heat flux into the Lehlitovaaria's (I 9,9j eq 19 an 1 is, simtilar to thle equa-
,slider. (,. i, the albedo of the base (of tile slider and Ri is tioti, dci ived by Collieck (I 1984 It giv es tile inuclt~sate

ithe solar radiation ituplingiti directly, at tile ilitcrfaice. production rate, which. ;iloitn f~il fe sheai iclinoval

Laterx we sltowk thatn this canl crcatly affect thle initerfacial rate, coittiols thle thickness, of thle .%,attr I litis,. The
tetlliicratutc aiit[ie I fv thle trictioit. The heat flo\k sigilficailec (f the (iffereiti letiw i 5descijbed hatm.

into tile slider aild filie heat flow into the ice mtus't lie
ticated separattcly because thle sldide accutllulates hcat milnp I( aI/ uvidcl

as, it 111(1 es but tile ice is, cotitatiti rceiles ed. A~sumnill Thre experimeinttal evidenlce 511055 s that ilicic is, a
tltc snISiriisiltIllVraht'C m00t sldta- railge f'oit div shiditi. %%hlcic too ltittle tirelmiss t is,

of te s dc , olbck I 9t(~ siuuesed hatili het lii leti avaiil able- IBecaasc o' th it. (A'lf c:k s , k98F,)

iiito all icce 1!arti is 1itjiiica (iiodl was based oi) %\v.C alfiltr thiickirCss.
WVhir~ lei t~wiodel cahitutes thle nasýic idea, ablout tile

k, 7l phuysic., of tie 1iroccsscs as e\liliii1e( Ill this" iiloi-
41 = '.112'. -(28) gialip. thte iulodcl s u'e is limiited by tIre lack of Coti e-

(r rK, )- itietit %\ a\' to rllaUIC tlu f hi[V* tho0ACkres. Coriclin.clu
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ally- it kis terel aN aii Itrenipt to fit equations tot thIe. eiti ne v.rIe re [3 ista constIant for giv en coid It I ons. An exam~ple
ideas, about ho0W frFiction \x orks.h bu itI does not increase Of how' the to1tal IFrICtIion anld IItS componentsII chiange with
our understandinu of thc prcsssvaFLe, film thickness is shIown I in Pirz'ure 15 for a typical

Taking wet arid dry friction as paral tel pr.oce-sses. that sct ofcondttions. Ov erallI tire frictilon is a hal ance among
operate accordi ng toI the ideas, of elastoliy.drody namnics. its, diffecrent coorporretos %N ith the result that it reaches a
thle total friction is given by the sumn afthe interactioti of- minimium at ati intennediate value o!fIi iin thickness.
these parallel proýcesses and the friction due to capi~llary

atraton erSuimmary riof models and processes
It should be clcar from the precedingdtscussitrns that

U + (31) l~ udmetli~frito about stiov- rIc-

the shdi~ng prcew until ss e know thre scales at wkhich
T-he ex pefirimental evidence suggests that dry friction tire dotoitrant toechanisors- operate Studies, of thre sýur-
decays exponentially as the thickness of the nieltwater face topography of' sliders, atid snow roust be done in
fitto increi-ses. so we assume thiat conjunction with rnecasu rcieriierts of friction, electrical

charges, surface temperatures, and wA.ater Elmr thick

P", = C Cxp (-ýh) (32) tiesyses.Tlre' thle the.ory ofehuastoli)do-imccnb
appied to test idea' about possible ineclranisros. Unti

where v and ;:are conistatnts that canl be detenirited theni.discussiJonsof thle necliatrinis %% ill be speculative
experienirtally but dfia would vary with tile prexailing atnd models of the processes % wih be qualitativec at best.

conditions. While pub canl be deteniiined froiti tre LEmnpirical models% such a', the otre presented abovec Iiray

p~h> sical tnicors- outhintch above fur tire hINsnaitrics of thre he of some pras tical %Alue but cannotl0 poss.i hi> iniclude
\% ater filmn. tlteeistohsic alý orexperitimeiral basis for ailI of**,Ite ptatro etersoQf ir;,tercst - a\ cii tIs s i tuat ioni. t lt'

quairtif\ tIgI thre ict icuial force dIue to ;a~rrs attrclr- exlcritnrewitl ohsei % atonti discussed rest ao palurtcu-

et.Stince the irri[portatice: ofI these, attaIcititrirt'.1 tiust hurls %av.iu)ih hut, as \ vas, esiultinied ahts c. the-, ;tlph I-

iii w~c\Nith thle ts tiilahiltrs of water. aind reinos iil h\ bdint ot ani expel t1c]ITtal es:ult ns, Iitiite:d to tile range of

tissuire .hat tire diag inrrerase ws It powetj of h. Ac- 11ca 1eie rCese thaýt cuino:th fltlI raot taitec

corcitnes \)ill Ititaitteteis suich as speed midt slidet 1 lertgt. Nes er-
rh1ieles. t~tuclt i b1, en leaincd fionir hiurli litial rt'rsl

0 20-: -- t......-- . . .

0 12

0 4 83 12 G3 20
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IV. SNOW FRICTION' MEASUREMENTS lP.T.FK.F. with thc friction droppi112 very rapidly as,

sped frstinreaed.as h~n i Ii~ut 1. Eor ice tltc
There is a loni- historv of m-easuremnents of snow% friction continu'½, to, drop with increasing2 spee)d but

friction but, because of the large variety of important %ioh snow it is usual;-,, found that friction increases, at
parameters in these tests, it will1 still he a long Time speceds -boe 5 to 10 ni/s. As show n in FiguLre 16.
before there is enough good quality data to provide all Kuroiwa (1977) observed this behiavior for bohi %%axed
of the needed informi'ation. Certainly maitic of the prob- and unv'ascd pol,-etltv lene in both wet aind dr\ ttow..

leni) is (InC TO The lack- of measurements under the Spring (I 198X).lso obsers ed Thtis inrae seilyfor
codtoof primary interest: lone sliders, mtovi ng at ýe nv wie[i rcino i- ,o% t~dlwa

high speeds under at variet% of natural snowý condit ions,. least LII) to 10 ntl/s. as, shOV n iii i ur 16. Col heck
[S:ýordlngh\. the available experimental results ate (I 9SS) explained both the decreaseý at low% Npeeds and
useful for isstatin hle important processes but do tte increase at higher ped ýIL(,in terms of tlied\ naiiiicsof-
not proxilde informiation aibout tle coefficient offrictionI the w-ater- films I lovces r. it scents likely, that the
uree-, mio-st condit ions of i ntet est. The existine experi- redactio:' of solid-to-solid intteraction t as speed fIrst

menti t e'VidrýICe doeIs giVe us i'tformnation about itow% tiicease, atid he -'reater- heat lo'ss atl hligh 'speeds alrC at
friction varies %vith pararnleý.rs such ats speed, load, and least pinrtly respotisible.
twmperature ender laborator conditions,. Fruom tte data it is clear life frictiont decreases he:loss

The static v alue once -speed,, are great enough to ititro-
1Uffct of' speed dI:CC sortie Litbricatitg melissater attd thtat fricttot itn-

At low speeds. lBowdei t and Tabor ( 1964) founrd thaLi creases acain once Thte spe:ed exceedsý 2 tn/s aecordino
the friction of miniature sk~is dropped slIowlyI as speed to Sprin- ( 1988). or 10 mis. accordine: to Kuroisa
increaseCd gradually, so, at a speed of 0.t03 rn/s. the (1977). It is, not I ikel that Thte trend seeti in Spring e\
frictionvwas (itly slieLttlv, less than its stattc value. Tlte re'.Ults Call eotttinLuesince aircraft landines ott ,no', antd
sattte iatterit wkas obsered for a satilet\ of mteitrials but skraiiwodbittssbe[rttsaerat.t

ss ith less, frtctiott for ss axed wood than for lac:que.-ed is uttlkcl% That tite steepctatt n-Tretd show\n Iin Kur ojwa s

\%ood. ,esp or- alumninumo. I losses, er. the frictiotn Tor datta Could 1-lc correct. Ilaw\es er. It (locs zappeir ti, be

Al oif m~,' itwrri;ls drowi,o' -rotatlv whlcttit' 11 ne col-1c 01t' 0 ft ill, trictiont itrt':its, :if tIti'lttr s

wasv increased toi 5 tm/s,. presuttifahl% becausel- O) thte psil eas fbtttedntttso ewtr t

Lercater litat andI tieltwater produIctionlil atý, theeitielt and because,. as showtt itt ell 29. the avetace tecat flios

spCedls. ila Ilte ice grairts mtereases ss tlt speed a s\%oaldl tlrelte
Shtitila 190t) 1 obsetsed simtilatr behtastor ttr loss tfrotit ilte sliderdu otcrveiti tee~lr2 wXlI ith!C~ 1t~lt t.
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(.vasasa et al. ( 1991 ) nineasied the friction of. snow ot slidino niosed troiii theC left-hiand sidte to thle rn1iddfle
on wno%% and sl~O% onl ic. While their work was de- Of "tigre 14.
sIý CI. top 10 ' ji L'.vd Intoniliatoil about flow,112 NION% sinw d

not about sliders onl snow. the slidine, of ice onl snow or Effect of temperature
%110%% aln ice igtpro v desonic i s gilt ntuo thle roessThirew has beeni a iot of lilt e est hil tie effect of
of snow% triction iltlo sO alutes of load. At these load'. anmbiiit temperature on slidin-, friction. because thle
snow, particle disaggragation and movmentin canl add effect is discerniable to boihi ice skaters and skiers and it

dra. ad e-t-ie alisio mut l 'o e cnsdered. is relat vels eass% to Obiserve experilmeitall\. Eq 30)

Thus their results, are niot used here, but thev do show )hows t1 tat thle rate ofieltw%%ater product ion dec reases a'.
interesting effects of' speed at different teniperatrires. tetipej--rature drops,,. tid itiscleairttliat die thickne-ss of tIre

layer of tnelttsaer decreases "Vitll) decreasilig2 templera-
Effect of load tlure. Amtibac IIantd NI as' t (1 9,8 ) found( thfat Itleeffect of"

Wfientilte coef'ficien~t of frictioti is independent of tile temperature se-as rMost pronounced in tile first onie-thtird
load onl tie slider, tile proces-ses of frictioti can lie of a ski run bciore tile speed Increased to tie liicliest
described more easily, sitnce it is then~t assumied that tue values. Thus it is tile combilination of weiiclit. friction.,
contact area is proportional to the load ( Bowýden atid speed, and die etelere balaince at the interfarce that
T abor 1956). Kuroda ( 1942) foutid thiat the coefficient controls. tile _eneratioli of tieltwater: illw amtlbienit air
of static frict ion retmainied constant seith) inerecasin,21 temperature, snos% iutface teilperau io id radiation
pressure fora variety of stiuw coid it ioil- atid mallterials. balatice all cotitibUte to this etierg) ...;arce. Since
arid Boswdeni (1953) found a simillar result. I le also stiowý urface tenliperature is very difficult to measure
.show~ed that tile coeffilcient depended oti the type of because of'radiational effects, oii seri~ors,. use of the aif
sciriaCe. IlelitOI lowest for P.T.IKE. Sfilinib (19611). tcnicifeatllte as it paraniciete is, coimmotnil aitlhotei,_ thle
Keititie~ti (1978Xx and Sp~ringe-t al. -i )AS5) foundsildiilar stietstow ite facial tl(lilpieature. not the dii teltilicr-
re~sults, for both static and kitietic friction. At a speedo(f title, is of pnrrijuir- interest.
o t ill/s. Bos\~el cii)( and I inch (1939) foanttd thalt tlie Bowijeri ;lrid I ~lties (M9),j K lei 1i19417. ;111(f

coefticicilto(iffriction ofia ski oiti snowý tfecreasef C et riiao ( 94)ieaux sta lsiicrease ifii fictionl

fo1undt thfat it dcci ast tI'm intic ieasec loatds ait S. iim/s. W arreni (iii P ice s) foun tial ta ski bases %Acic c 11(1 ciat
With thewe speeds arid iitaueis iot loads, th ile l'i'ict'r]rii% elw ariiicrit tetliperatures. liow (eii (1953 , to-irf thiat

rIocesse s ss ( liii I ~e el ia ii 2et froin i (rs processes to staticl frictionr Iniritasec at loxserf telIIpcrlltiii., h~ Il tfit it

wubnicait ed processesý asý lIie IoadI imikeised. arild th us the i also rrcicr'eaCe at air tclCilerI;1Iltiealbi)\c fiCe/r1iii itird

experimental ,irliplN, inidicate tiat thie tlootl fi at both suhl If ree/iri 'iw, sn 1;it h 'if '' fIClN ~CI
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l'realtl On the type 01 inla1crial applied to the OaSe of'a frictilon of- sk i.s tended to (teicrase for harder snow
ski. 1Bowd%.en and PTabor' 1964) found a similar response surfaces. hut the effect was not very- larg'e. Thus several
at low bpeeds (Fig. 17) but found a great diffe,-ence investigators found thre highest friction for fresh snow
between IRT.E.B and other miaterials. At a spced of 2.5 and the second hi uhest for "s et snow, whie older, higeher
mnis, Ernckssoin ( 1955) observed a more rap:id rate of density. f'rozecn snowks had lower f riction (e.g. Kuroda
Wancrae in friction for steel runners thwn for wooden 1942). It appear That crushd ice has rathei Wiferent
runners ;, the temnperatore dropped. presutnablv be- properties titan most srio \ (S lifinit o 196 1, Lch tov aara
causC of the ureater heat loss throudh Whe metal. 1 low- I 9N9) and should he avoided as a substitute for snow in
ever, Erickssoi found that the fricion on the "woo I almorao em i 'ew Nt.

runne r iitcr-.asesl above about -1 I C. not aaov\e WfC as

Bowden had observed. This suggests that for highlyl Effects of slider characteristics
polished. hydrophiiic runners, capillar-y drag may be- The effect of lcenth observed by ErickssonU( 955)

comc imiportant at temnperaturespjst below thernielting and shown in Lienre 19 i' welt known to kiers: it is one
temperature. Outwatwer (1970) suggested that this ofth remsons why loneerskis ai-e used for racine eveniis
mninimumi in friction occurs at (different subfreezinL, htepaiesedrte ta unn.Ti a ei

temperaiures for diffeirent ski surfaces-,. leastpartiyepindbthticnngote\tr m
alongI the teretlh (It the ski,.11 a ~sCUtiscn d eaiher. The

Elt1ect (if snon type eftect oflte thennal conductivity of aslideron ice was
It is generally aureed that fresh, cold, and mn-nmade obser-ved 1, lBoNden mnd I lii.lies (1939)L woo !ti '

snow are aggressive because theyerode the base of a ski suggested use of low -conductivity metals Air ski edges.
and increase friction. Avccorrdinlgly harder waxes are Thns ide;' was extended by the theory of Colbeck (I WS

used under these conditions. Conversely, old, warim. and! the therm-al tnode of a ski by Colbeck and NNirren
andl (ense sflo5k s exhibit low friction. This is partly (lue (Ill pre'ss %% ho0 suggested that highly: Con1dLiCt ye mnate

to tMe (lerease inl trition "with incrasing gram size rhias such as alotmninuto should be avoided eslmckial

(Lie I 8r, shkhcan be explained b) the dynamnics of the close to the base of the ski.

watet il in (Colbeck 1 98h) and by the greater elatcSow sm kis are mat ely inignpiied with Iitflerent
resfonse when the grAits are higgcer or smoother Kein1 touglhncsosesand coated withi "saxes of (dlterent
(1947) stated furthter thW th resstance to Aklidng "a, hardness.>. lna niian, mpola se;.~0 csts. Shimtt-ho

hikchl wýith tresh sno,, until it lost its dendlritic stlIruTctr. k 1961. 1971) shossd the eftect of hardnes% and ronihl-
and hec stwgested that liner snow structur.s had Idelir ness onl kinetic frictioni a! iaspeect of 2.4 in/s, At an
slidiny resisances. ambienti temlperature ot '5 C. theC kinetic trictioii is less,

I l~maiinei an~priig 9Xj tond hatthe ineic for rougher surfaces (fi'. 0(tj ssueieas at -2'C% the ki-
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netic friction Increased r.l Thull %k withrulios These nlounced at low.er temperat ures where thle coefficient of
tests should b-, more detailed inl the finer scale o.' friction decreases- rapidly as vicx hardneý.s incr,:ases,
rougliness~es epecially inl thle range of 0to I 01.0 %%here possibly because thle harder ice surfacesý are capable of'
ski rouchniesses, cencralls occur. penetrating, thc polymer bases of skis, at these tempera-

Tlitc o- (elsoyrdnmisecie hv turc-. As shown in Pioure 0. ice increases ill hardiness
SlIQl'i ;Jtppl\ to snFow XNIChetilte slider is hlarder thlau wvith falling' teIClperCature mouch m1ote: ~p Iiy itan

snow bat istl i h eati.When thle slider i, softer mi.L.ad ice is thle harder suh,,tance heho~ )w aout
and begins, to cr0 de and rougheti. tile inereased roaobh- - I SýC. Sin[ce ice is capable of er odioc sk i bases at lower

hardness~~~f~ez (aL leise value ofpneruto inicte a harde erin I efct of rouolitiess oil Iric-

surface). The results of thse test,, explain what is, tiotli at lowerl temtpciatui-cs i, pobotlyl touch g,!eater
cotmtton Iknto%\lede ia si in:harderwl xe scott bkt- thaTI su o1-Cested bthe ties IIký InI [-t"ate 20. IV: tests such

ter at lower temptzratures. and softcr waxes work better as, these ri cuail to he done at lowNer tettlpFiertli C,

atl higher teilpteratuiles,. Tule eflect is, especially pro- 1 hereacalcther itryttamt effects onl sliditi', friction
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Figure 21. Coefficient of friction vs penetr-ation into wax at difler-ent

lteinpet-atu~re~s(afet ci Sitnibo 1971). Penietration is invtersely re-lated to hardness.

but th,ýre are no observations of these effects to report, the most important parameter for the friction measure-
Electrical charges have been observed to accumulate ments given in the last section, it would havfý been
when snow is rubbed against itself (Chalmers 1952). much more informative to report tlte interface temo~era-
and these charges -may account for some dirt aceumula- turc of the slider, which is not determnined b\ air temi-

tion by the slider. Measurements of both the charges and perat ire alone. In fact. in somec circorns-ances solar
the dirt arc lacking and, while the charge., should not be radiation may be mole nimportant than air tvinpierature.

bccause it is likelyv to be in the size range of micronme- of the interfacial hecat, which -cnenrates the ineltwatc:
ters. Micrormeter-SILCe particls would be easily att-acted tlhat controls the friction
by electrical charges and, if harder than ice, would be

Film thickness

Bowden and H ughes (i 939) mnade the first attempt to
measure the thickness of at ncltwater film. Hiowever.i

V. OTHER SLIDER MEASUREMIENTS they used a crude method based on the electrical con--
AND SIMULATIONS ductivitv of salt water, anld thXestimttate was al most

certainlyl too nighf. Anibacli and Mlayt (1l9K I) used a
The most useful Information that could be obtained l~I)ri capacitdance probe placed at 'he base ofi a ki

at this time would comle directly from the sirlding_ inl- to detenroinc the thick ness of the fi lii and thtus obtained
t ace. the iistributioin of thicknesses and areas, of the the first values that are at least close to beinue correct.

t- -twater films, the sufaf-ce roughniess of' sliders, the Because a calibration1 plOCedLre Cwa Ls t)CeceSsarl lo cotikeil

sufface roultiness of the supporting, ice oramns, the the VOitage sietihd into0 a film thickne1ss, the rep)orted
_.uact, areas of the solids, the deformation of both solid values of ithickntess are not tieeessarilvi exact. bat theyv

surfaces,, thci r tenmpe tatu tes, and the itat ure of c apillIary are atlmiost certa inly of theI I il"it Order Of m1agn1litude arid
honds. I fere we reviewý the smuall amount of infor-im~tionl ,howtr-enulk with var, i tieccindit ions that aite verY helpful
that is available about these subjects: itifonniatioti oti the itt tltitkirig about till( piocesses . Aitbacli and Mavr
cotntact area betteatli the slider atnd the tliickticss of the foound that thec %;iterT fIte thiicktiess varied s\ iti stiowý
titcltwýatc:r filIns. teinperat are. sp-_ed. ski base 1)1eparattoit. and ,iioxk

Tertipe-atni c mtcasurtientcns a, the base of the slider surface cotiditions. hliC fi ]li Ili ickness i. 22) dicci eased
airc art indireel measure of the processes arid properties with boll, snlokk and all !enirpa-ratu res. WVhilec it wvould he
anthei Inter face, but tllc\, arc inlihiortait inl tlrcit Owl) n lit. speculatis c to cXttali'iiatc tticsc saloes" to loweti tet!,-
Tiiv:ý arc mutchi tote easily made thatn anv of the otherc peiniures, it seemis teasoita'bh)c than thre fIntilrtickiiess
tMeasuremients. arid it is ver)' 11n11o011,111 to know the w-ould coittintie to inlcrease, wýith air tetiplpe atur'. stlow
tettperatotre at wkhich the inter-fari1al piocesses" tAke wxctess.or solarr1adilatiiit ab~o p otprio. Simiilarttieasnrc-

htlace. Whiilc arhietit air tetilierature was tepirrted as HeiC~ts ill a riucliIls tettlirue l;niigC wou)ld p)o
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14 1lbe piossible to separate these t~vo forum, of' interaction

F147.ielqudbig , smtmsavr- hnlqi

siincune heg liquie quczd brdeisotietw erythn liquidri
121- Snow Ai ticsvnt underhighpessuret woueld be, wtotween twontape.

S 2 Sn wArTiles eve lcntasp r ti aes ai woul psee wthrough an g onassplt.

U) I mounted in at ski is an approximation of the true inter-
10)-

10 ~action between the solids since it gives thle total of thle
- H contact area but does, not provide information about

F E direct contact versu.s interaction through a liquid film.
E f Ini addition, it is very unfortunate that these observations

~ v -] have not been made over a range of conditions to find,
for example, how the contact area chanoes with load.

6 Based on thle hardness of ice, Bowýden and Tabor7 2 (1964) estimated that the fractional contact area would
0, ~be between 10~ and 3 - IT~ fortemperatures from just

--44 - below the melting temperature to -20-C. This assumes
that thle slider is harder than ice and that none of the load

Temperature ('C) is carried by pressure in the water filmis. Thi,.:s are upper

Figutre 22. Warter filn thickness VS rcMPc~trarrs ojF11iC limits for the direct solid-to-solid contact and .vould be

-nolv Or air (after duia ofAnibach antd Ala yr 1981). reduced significantly if thle dynamic pressure Iin the
%%ater films, separated thle solids,. Huzioka (1962) oh-
ser\esl the contactsi directly through a glass plate ai.d
fo- ..d a, niuch laruer fractional contact area of

vide a 2reat deal oif Information about thle transition to l .4 - 10 - Much of that w;as due to theSUPp)OiM tintwter
dr) sliding.fiii.wchs rshaeawyfotecoataoi

Ambach and Mayr (1 981) found that use of' the wxith somne Ice tIi IJirig. Presuiniahl% i t hili l ghrSpeed".

recommended TOKO wax for thieir range-, of snow where mIore hKat arid nmeltwater are ' eiierated. the ice

-teriperatures, irroduc.ed thicker w~ater flurris arnd pie- fI'lig H-,would dl,,isappcati, as lie warf-j 1hri[icI(kciied. Itis

sumrahl ,. ow~er friction. However, th~ei r tests failed to riot cleatr what wNould happen then to thle con tact area.
show any effect of ski roughlness. WhileI the results, oi anu cornt inuedl ineasuremnentsý sucti as% Iluziokas iare

these tests, are from at limnited ratnie (if conlditiens. the\- essential to understaridinL sios frict ion.
atdd a ereat deal of credilii his, tothre meltI water l ubricatilonl Toirgeiseri (as- reported by Perla arnd Glenrie 1981I

iii eory insi cotiifinit oiotiieil usýi ons draw ýii foionitlIieorv. found rid con tact area for necw siiowv o fless Omt It ý tihI~4 at
experiment, or expercrence. For examl plc. the, obser-\a- increased to ticul rIS O',(" for riev. ncirieLtio,%.s N. More:
tioir that ;ess lieliwatet is Lenrerated v, lien tile snow, is receritls Pilikalat arid Spririg (I MO)r rIireasurcd tile thicr-

colder supports tire use, of esi 30. liieoh'ser\sati)ni of the irial conducri v it across, tire slidin, Ilicitrfac: as" ali

effect of waxLes, onl tire thickness, of rireltwater filnis indirect nireasure of the contact areat arid fournd nint ic

helps, quanitify thinkirre, about tire Use of' WaNeS. It higher s'alues, than had bert previously repc(ned. For
suggests, for example, that 'lie di fferenrce !ii filmr dense sniow at or belowk --,; C. tie\ reporiiedl conitact arcas
thlickness between TOKO vel low arid TOKO greeni .kax of 5 toi 1 51' . arid for dense.wcCt ',i10%% theyX 011Isers ed
att a snow temperature of - I I -Cwould be aat~ci I.5 urim contact aiea, (of 45 to IM ,f~ depend ire onl tile lI iqirid
Using, eq 21 , tills suggests that tile yel low% wax would watier conicrit of itic now. Apparent l the Iry urd water
increase friction about 30',( (isr thec groeri wax. Tlri content of tire snlow has, at klarc efteCI onl contact rica.
differceit:v 1is rat enoughi to lie observed byr skiers, btint ii is aica rrras lIase C~ I0re ;IIlI)0IlIrrIIed irrihri soird-
which explains why wax ite ClIriolo-\ huts evolved to at to-solId. load-tI),rr rile V,0aer I irislI. aird cap)1i_ llr r idec.ýý

high level even without detailed riivasurctnerrt . of the
donrriu;rnr processecs. Thle !rceri wxis, recommeinetded Slider temperatures and heal flow,
for thecse corlinortro, arid tire velos ax is reeorn- Altlrowglr the tirniperature at thre base of tire slid-r i-,

imenrded lon mruchlr wanner arid w-etter condidtion,,. arn indirect indication (of thek piocesses. it Is, Cas"il
rireasuredC under at variety sit ~ordidtioirs. [uttlictinirire

CJontact area b)x irieasulirrig thi tteripericrtuic iie 1 oleii a shdidr.tlie hat
"I lre cOrkiceit of cointact a'e;r iii nitV iibologv inni flow. Into tire slider can he calculaied. v.k Inch prov ides

tie. esjxiided irý rirciide solidt-oid coitI3ct Lirid s'olid nun011AIII iriarirr about t CIre tiosa of Iiert fr.';ii tire arc, o:

to"kdi s~ill rratci 1)1- ihliouighita liquid bridge. It nayA riot rrrcl,%kalicl priductiori. 1 teclrrtiqnre ltr rmai,1rirg these



0~

-2 (a)

S~B
9•-4-AB

7ý1

Z5 -6 - (b) _

AA

F A+

-10 • ---
ii ± I 1 1 1 I 1 1 1

0 40 80 120 160 200

Time (s)

Fig ure 23. Ski hase temperature vs tine for three rias at difficren:

ambient temperatures (after Colbeck and 11arren, in press).

measurements was described in Warren et al. (1989), indicator of the friction on the ski, a result that is clearly
and the results were summarized in Colbeck and War- shovn in Figure 24. Wood skis are known to have a
ren (in press). Some more recent iesuits are added here. Iicher level of friction than P.T.F.E. (Bow,'den 1955)

Similar measurements are frequently made by tribolo- but. as is shown in Figure 24, well-waxed x,•,iod runs at
gists. a much lower teniperatuLre than unwvaxed wood. Presum-

I ypc-al results of temperature measurements at the ably the tinv,,axCd side ,nI:rCatCs more 1C 11,Ctltc I thl'ou.ih
base of a downhill ski are shown in Figure 23: it can be frictional heat dissipation. but the v, axed side uses iclt-

seen that the.re is a sudden increase in temperature at the water more efficiently. We will return to this issue in the
onset of motion -rod tlhz, the temperature reaches a next chapter when we look at the total cnercv balance.
plateau if given sufficient time. This steady-state tern- Skis are generally constructed of different materials
perature is determined by the balance of heat produc- with markedly differen' thermal responses. The ,ate of
tion, heat flow. ieltin., and removal of lehtwater from heat flow into at ski is an important aspect of snow

the interfaL The temperature rise decreases with in- friction since, as has been shown earlier (e.g. Bowden

creasing Itnbient temperature but increases with in- and I luches 1939), friction increases when the slider is
creasing load and speed. The temperatures in a transverse more conductive and can remove moe heat fioni the

profile across the base of the ski respond quickly to interface. Some idea of tile heal flow patterns can be
pressure changes while turning,. and tetperatures are a derived from the temperature response at three levels in
good measure of the weight distribution boili across and a Rossipnol I)1t ski (Fig. 25). This type of thernnal

along a ski. They show, for example that skier pressure response was simulated in a numerical model 1, Colbeck
increases from the inside to the outside of a ski even and Warren (in press) for various positions alon; the

when the skier percei yes the weight to be evenly distrib- bottom of the DLI ski, and some results are shov, n in
uted. On a hard snow surface Most of tile weight is Eigcure 26. [-or four transverse positions fron; tile steel
carried under the ski r, but when sk ln._: in I,3it snow the edge in ti cure 20a to the centerline of the ski in I i. cure
weight is minre evenly distributed, as indicated by a 26d. the heat flux for four diftercent material composi
coltituous inclea-e of temperature froim the front to the tions caml tbe seen. Figure 26a shov, s that the steel edce

back of the ski. (cases I and 4) dominates the lteat flux 3 min frori the

Ileaf production lv friction is load x speed x the dearid that t'. heat flux issicnificantly reduced v hlen
coefficient of friction. Colbeck and Warren (in press) the steel is rcplace-d lit a ceramic edge (cases 2 and 3).

shov, ed that the temnperature rise at the base of a ski Fig•ies 26b and 26c show that the heat fluxes at I( 1i11in

increases with spced arnd load, and thus it is rcasonable Ilnd 25 min front the cdctc are reduced if the steel edee
to assuirle- that tile tiCniIiratu.re rise increases with the i,, replaced b\ a ceramic ed!c and/or if the alonllinllrU
coefficient of friction ;s,, well. Accordin,,!v. I interpret pli:te ac'oss thel bottom o(f mite ski Is replaced byt a

the teniperature rise at the base oIf the ski to lie a, .ood polvnier (cases 2. I. and 4). ei:r!c 26d shows that. at tile
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Figut-c 24. Skl hose ntnpereltnre vsv timefiM a ii-u(''i that

ivas one-half Iv',lxed unid olht(-hatlr ha, c' wood alongi.~ its

centeri ine ot thle ski. thle al Amin um plate dominates tile Aithouijh incoilup1 etc. hie variet) of, fr cti it aind

hlea flux Icsz and 2) and that the s~Iedge has a other niteasurctlleiits reviewed here shows both the
signif ican-,t effect t' 'o wheni it is; cot nbi ncd with thle scope Of tihe inftormat ion that isý dvadiiable and tilte inaturei

alutonuuni plate I)sel. With a large aluminun- plate Of thec intonnalion that should heýýCINIC ecirted bout shOWV

running across, thle basec of aski witn steel edges. the heat friction. WhIent combinedI With currcnt ideas 4iout thle

available for tuitin- Zit thle basie in thle CenterF section Of Ptoe~sse~s. Sonlie us"eful approalches tol achie~ving low

the A.~ is reduiCLd by about 50%~. friction aile oppacictt.
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VII. FRICTrION ADJUISTIMENTIS * Polish

TO LICNIIl'll a1 !-ldlc With file tllrilllltllll kIr0cti oj tt I l-pt

"i VC1eil 'c ofCOOIA It i~llS 1MI Ilii Wll!' lie 1N fi't he 1,1oWnl. The 'Pic Io lmlllO'' - pIC oT~ccNw' a \ IC LNo i I I~t I pl1,11it:

pioel e oNNC' tf reatest ill1I-eSt OCCuir at thle Slidjit' inleCI- * Ice IellCIimi

face,.i 111 lci ar-e 1jillay lacitors that1 allect ihos -i I Icat 1111W jinto [lie "I Oct

CCNNCS Iiese 'ýJder propcrllics Zile imptlitlt: I (icat flow ilto i~ce ZLI1

"* 1 AiLd tlisiti1hiliitiii Slicai of- l'InilwatIlel Ij

"* Sulltacc l(%.iIloh iC m -Cap Lid vll. dlll/i lldsi' JIIili'Iilu NiI

"* h:Il'stic amlpi ' fd1Ilc cllalaiciCsticSý tof iluc Solatl~l ladialioll ahl'Niiljkllll

sulfhce kIN cl - Cooingii of filc slidcr

-\(filevCic: to ice l DIrc bN (III

*Sill fa.ce ColliaIlill'l;loll * Iiect~iClIa thai lino

1* 1lti~ci al li~ld thlcllidil coldllctic it\ * Solitd 10i siuil 11111h~CN101

lli1Cs llW IlOI)CI.lI~cIC" 'Ili;1(?l;ltllt: (-ilcr tile dIIthicklIc\ of01 iilp olllt'l' cclll CCIIlca~lNIII Il

* lcluhciaIl LIVC ofl~' Thews hiltpt'fl tc'. 11 rs li'iicl to di~eistll-ci

*IIllcsI olicil C'.\p IICJIIiici 10 h~ildi ;IC effect of a11'% C!I\CI

*l3callil'2 NIICi21 Lll-';iiffIiic1c. -Stutho'l I')?, 17) icmiihis mIN ljbllIh)il 111c

*(ii dill Ni/C liot illl ofi lc cxpcimlll ildl coiitllitni' ii crc I l ic.III
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thil cliajlcie C\istiit * exj)Cierittiettl midh conc epitual ic- lIeJIt 11lat11CC ot t;ic Sl ider. 'Vii.ý kal .111 lv.1 IV I et 1',A iflil

"Luitl" me discus'sed with ti.Ile annof atclijvitte the lowestI [inure 27. wlteic the ski cools lathier Hiant waunsl at ilte

friCtioll all1owed by tile 4,01(itio0i1. Start ofa tdvwititill rn becau-se it hiad beent heated by tile
skinl. Then whent motioni stop,,. tile Aki hcats i atlier t1ita

Ihiterfiocial temtperature cools,I aswa Ionild Ii [I' t uat loil" wihere1 sulisllitlle was nlot

Whtile wa:.xes are usually applied accordiiig to air ai faicto (e.g. Figs. 23 and 24). Ilt filct. tile base of the ski
telipjerattire and sntow conditions, the wax actually \%X as Wiated to abo0\C Iltetlt'-' teC I CIJCItpraUre althou1.gh
woiks at thle sliding ineterLace. whto: e temtperature i.s the air temlperature wkas --9'C. Ill this situationl it i la
affct ed b\ a balance aIlnottg hcat prodtuction.itr eat loss, that-1 tile eItiWe ski wouLld be leatied sutficieiltly to con-

and ~latent 11eat uisc. Tire ititerfacial tentperiature can be dtuct at sinlificatit atniouilt of heat ito thle baise when it
considertably greater thianitite air- teinperl-atire and tlitus started ito mlovo ;,Uait. Anl all-wýooid -ski of* aea (1.10 Itt'-

so,nle knlowledec eof tbeactual slidingtenll"1ratur.1C NvMuld and thiicknless 20 nint1 woul.1d stoicettIotigt Criere to'1 nlIClt

hleIp cI loose thle proper wa't. ai td/o r sn i fce Str ru0.e t -0 Ihifr aOtIit 540)0 inin o I water pe'r decree o ft ittpe iaii t trrise

thle prevail inc condition01s. The differences between abveWC if lithe hleat COuld ble cotuple~iCl) IeCOv ered.
amubi en t an d sl idiing tem pe rat ures are especially i ntpor - Altlion LIg heatl is usewd x c rv ini t 11i cicritt v. as, si owni bv

tait sitice tite tomperature. onl thle absolute scale, Is lal/ner (1947). little ineltwatcil is needed to Itibrlicate
-trally close to tite nteltiitg temiperatuLre of ic, I the tile Ski. [tirtltenliore., avft ski would greatl- afet

proper-ties of' ice change rapidly iii that temlperaturet frictiont in tite early pait tof a ski rutn. as is suggested 1w
range ev"en if tite properties of tlte slider do nlot. tite Iticli ski temlperatures stOWit Itl Ficolre 27. After the

Asstimting thtat aonditionis Lire the -same all over thle start of miot ion. tltc l skhase cools for abotit 10 s(1 before
slie ,las, tilie total .-nel-1 1) d iIai te fi-rom eqls 27 atnd reacd Ii tg a plateaul that itself is coils ide rablN It diel rt Iianl

29 is, would be expected ilt Tile 11i.etlIC of- radiation0 ltbso01p-

mion. lit Flinii 2-4 tirte waxed temtperatture plaiteauL is

ticarls 5'Ccoolcr tilall tile hot w-ax piatlwill~ lit ii 27.

l/ ~(3-4) alitolti'll tile. cond~itionts of tile t\\o tests \\ere silil~lar
u- al - k it, , (a K, except oric tIeittettse solat illpitit OCCtit rIL: dtirutlc Tite

later test.

;IC lif rsttnt ilitlt 111'(illatloi lvpwrolilelt It Cat prodtilt-

tioti bw rIeIItionl. lite secoild tetii represents hteal piodu,7- ('ndri'o 11m fo texih

tiont by sokla radtattloit absorptioit tilte thiair term. tepie- 11C letf1o'V iliro1tJl tile s1LIdet is .1 very 11111)01 attt
stits tet ls-.hie t il~luil. he ottli cttrepesilts coitsudema' -21 slilce It Ctiii VaiV s C ovra\\ideratice. F or

hewat loss bv hilta flow I itto the sl ider. and tite f tifth tentl tewo k ecie iovnicsed-tt etfo
reprec'lc~ts heatl loss,ýN iv hat lo I mkInto tlite ice. E xcept f-or thtroughi thle ski wouIld be aothOIt I .3-16'\V \\ whet C 6/ is

tile thud temnt.iech is C%. abate~d uitclvdtia~Lll). tite tetpitici c i I\ ilwil~le ti-le ea loss, 110111ithe
.ski, ItI this ca, se tile hea, t flow v% otlddh be 1,1 sitt ll ctipared

rjFjI~ , /\%f ~iltl tile lita t ecilerated by\ ft I Wti0i. ecwept ill its tiait

Iltftfie. sider carries a weiclit of 4001 N at a speed of 10 sIent phase. tite Ite"[t flow inlto or ouLt of a ý\ ood ski is
tilts w ilth a coelhcicitti of frictionl of 11.13, thle Ii ictioil lecle:LlbI-IN. Io anIll -. 11itlii LIM 0111 1 the I sf11C,litlte d 11it)eit

piodtcc, icsitet at tin, rate of* 12(0 \% atis.ilhus, as a rutle of sloils. ltott eel. tile stead\ -state lie'l imt flw moIld bec

ilitittthi. aI dowiihill racer typically lnelrates s itii I,,mc 100061 W. \liiclt Is, very swiitficaiit sllitecI %ii \ 11(

heatl tiitder each ski as\ a 200) or 3100. NV light1 bi)lbl. COtI~stIItIC 11tot Or all Of thle heat P)iotliletili 11\ I1i ictoli
trcitil- to11111 italiiCs of 61l. SHinc ski le , trtai a1 111'11v.

TakingcIt slider area otf (110 Itt' -vi1ii a solaflux f tilt\O (1 piessI stuiedlk thle lieut fHoim pittI isI \\ itlita iIIIIttCI I

onle 1half ilie soar COltistalt reachtII gttetie base oftlt sic"Ider cal titodlcl. sotttt. of thle results aic sitoml ill F~ietit 26i.

h)V iifftisoii f rotl- tile tuiderihv ill showtt\Ita lpro'llic- Whileli the stedy-sitate teshiliseof0 at wood or pla, st ic

Li~io tate 1, 1 12 WV lie base if thle albedko Is (). Foi a1 ski is not very imottt~ tin l it the uct\rall cilcii, C' l.1h-.iiCc.

wvhuite) v base th .is \a \ ould be an1 Order Of lliitaiittiLic thliej traitsiemit lesliolViSe caii he. Ill 1-i21.te 2S tile telti

less, ttanl ftil at black basec NO thle color of a "lidtic is, peilitiuic i is vN licii-ltt Is shO\itiw1i lot 1C tIitce tillies 111 ':

cleall \Cver imtportanit. Whten the slider is, Idack aiid is thle t1Iaisiel piiasIC of 11ieatiitg itl thle 011 ski: sititlih
recelili iltetise s"Col.1i ia1diatiott. it cati absorb ttcarlv as 1)101 ils \ ecw obita'ittd 110h ai al ll plaisfic ski i(Colbeckl

muLL-lch beat at tile base as, it ptoducLcs h\ ft tetioiu IIiLI and 'Vt tel. ill jitess). [Ie cIihrt( LIII)M1C ldleciaditit oh'
wiieii the heat i1o pi Ii a te ides aitdl top aid' etutsd 5c'. I iii thes skis si'JM t11.it theC hea lt)Iho\' diiiIIz tietft

ered, the totail Nohat i adiatioit effect could cowflth the itit1i.il pei lod of Iliooto, '.' otild be s'iillliia to thec late1 of
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ha~tl p~rodutctionl 1w tnCtiOl. Thus UCreatis ledUCiliiu thle tile averacue heat flow into tile ice Ljrails duriiiafthe
enlercy available to gihlerate mieitwater. [or a step pasg of thle slider as -,it) oi by eq 29. While tie heat
change ill tern plettiil ic o thle balse ol a sli dci, the heat ii u x is highcl becauLIse t il ic te gwai[Ns are- only ill a1 apid
flow inito thle ski at tilie base would decrease wvith iittl e t raliis i ci ode fto r a sin nt per-iod of 1 t ii1Q tileC contaIct
accoidivicý to a rca oftilie ice artiici es is a Nillwal p rcc l~itge 01th totatll

kO' 1  1,35
i~ .)-(Th'), IQ (~ 10

heiat hi ox won Id equal 7561'W Mitter I -,of hecat i viand8

w~ould drop rap"idly, thereafter. Thlis accounts for tile
rapid IIses, ill teII)Mpctatu ic1` 11i ill Fin ures 8, 23, 24.20, ~

and28.sice ilehet lssilto the ski would fall rapidi\ E
xN ith ti lie. 1:01 ai all 'sooth ski tile h eatl flow w~onId he-
about Olne-hlalf of thait vallue. depiendinig oil tile type of __

wood an~d tile oriclitatilin of tile wood urafii. Ill either I
eas"e. the heat flow ililto tile: e slider'ls is onlNily iiiolt,1nt lie s)
(hirinL theC tranlsiii jihase oil lleicitiii 2 L20) 30L

Ctoii~~-i~~iI/lu 0 C10

Only tralis"icit heat1 flows lilto tile Ice becauseIN tile 0 _______

si ierpsses over anl ice pal-licde ill a ltile periodl of /itu. 0 0.2 0.4 0.6 0.8 1 -0
It tile ice Iv. :lAes it illieditatel v r-ise to thle nictielllý Temperature flise IC)

tellipeiatille 511(1 stay at that icilipll ;/tlllrk: 1. iltesidr111~ /' 1 'ii i/Il'! (11(11 1 ' I Lvc1.' I' icighitr, /liffie i'lif 011/1t,

pase. lteraileeq2 oeriictul prid/i gve i-n /t'/0,i/A //dd-lji ilU33 ~



aire o! tire silcittrtti thr(1 III s! irte t-' ', inn coiisilier \:truck ol patter ii, carl he i rpt I tiledrli r It iorrit Ju ldinto)

attori. l or ni Aldter of 2 iii lengthi tro., at Ill11- til % fxill tle bol~ititofr ! NIRder. arid tirex siroaLld iraxý e sexera!

ii .atetoiitii contact nirca of 1I with tire Iic le patificie' or liiiiioiin~t chirni .rteIstics. lire sniiii "es CorrCe-nI)' r' ol

their~ ii1.ir1vi hlls, tIre tiCiiC iieit 10ml into tile wCC niigliies m Owt irn gmuiiet cm m Ca Sit ligi uitali

"xx 011( he 8.461 IV iii is great ý on onrie tntx-sae au! arid tir055 tir sinieno sor diierri Pnii'y5e.

iret ossino x~on s Ide ,i'. is 'till a stuarii titiii1 iniiicii s irc cottttloij\ tise(] to Cat st:irC i Lee oti)-

tire renti that h;:ui be errraick bx tihe sldide 1rirtier jeered to ii :uctota;x e-ar, arid these reerieral!' adhecre
those conditioirs. lihus whiile heat llcxx titer tile ice better it tiesi ae r lgri orrir:ill tireCase

carriot ire irrirored, it is riot a mnajor teirrm in tir v'ei (A ci ~ re ais amh N ofitrts iabout T5A ini is bes t i(jnu-.

bailtrice ars lunge as tIre cottitt ani~ is rio MUIrIri niriC tihanr 19, 2). O;Cenrrde andti taririrde tire knoiioxx tio iuhrricate

I ptri: etlixet .rrni cart he Iiiio:01 )0itrtCv I(Ii tire bi)Lrt. ottire

j)_Ail> tie. V.b I here 1 tire ditse to Itire sotl fIce to pIox ide art

.Srurro Voj iiS ;fn 01ir''peo 41io c eteeixccl~ lubiirt rendriu m-ix (Crioleir arid inibor 1900)nu.

It is :clw frorri [tire dliscussion ahoxe thrat there arie lIr itileoix oi elastolix drods triairCs siroxx sthat 1 has-

cer tanrr thiriris itt tire desrgrrl of a slkite that shoulid be trc det~ornilatior (it' tire slider Cart be I%0olded it tire

done to tmrake it better suited to itv iwnteidei risei Ior rou.ciriess eleireirts rite xxeHAll-iided. '0) at itiý ltern-

exaNiiine highly eidkuctve Alders are rut xclii-rjtedl peCratIres tire shicde sirotid he: prepared k. tr ;Ns sritrootli

icr use ;ai low ;eiripevnttrres beeause thee ieiinoeC twati a rirtirir stirlace as possnihie. In rhi,, si!.rniiori. rorinri-

hiorntire intrae.x nh elrestrix ae rviittir tesx iti tititii,ýrs\ c CiCoiieitittioii tend' to iir:rease tire

arid, iii tire exircirr, reduces tire tetirpeatute at xxw irei trikies of tie xx ater, fritm, arid rouelirress eletcnicirt
tire sri1ds Mrutst tieflrri ieer'.e:al tee rniu'-diŽ liCoiries xxii ihretdirltretiliisiort etxiid ote

less debolinirbic a tlinetenprtietii.ar dcliii ilit- xrrrttrxCsititei~riert Could be tirade triter uile of tire

turn oieeecssar\ 0aC Ii aeccirirnudnrie tIr I CJiaoIassnienr IstIerIres elnisitlis iudxo~lal mitoe nrdels. hut to; now%. Shiiriho'

xxnUinid lie: triore LI! d 1tnti tire titter!L tree elleirriet (1 1971 r resultsl sirox in it, isr,,urc 2r) rue tire ciii> rnarlitrtt-

decreased. Iin aidditkiti. it Is 'escle ýar frlorw tire slider t1ixe resUnit ax rltaiin. ind tires dir tPrt MirrLIrdCIugrs
terrrpetr!n; C t1CieAsnrieirriis slrirxx m in Virnire 27 iria! t a xiireiatiori or exertoý0I)S inir iessreunls frorntir 1 itrc alýCio

siitter I 1.C earnt ie' vh~iii evl\heated 11s i nHon rileZ ,Iinil t1itis ilicicrci . (jicarixii 111t(J1 li ccldl 1i ci '111 1" 1 I' illck

radial]t()]) tint penetrate~s ftir srrlisx arid dif11INise nip tirtir pru~de rtrirrI(rII,1orr ihotilt slider rlrUJilirss.

.li ltn si~se Ithre s litt r - oI) i v n iiin t roreIN pnrb i o i rr im i i. u t o p Arirt d s a l v m c ri i o r i J u s e d ton t ltr C e o f r a n y trW

rl'e sirder'xini ro lt fevt itictitrit cire- tire slider started to Caiiii i C\ ii i ickit]i ill thrrcllsrisxes i I tirt trill aid

Cnx . COHiiist 0if nirerrirelo tCsirisUi suc rsplIreoirurre arid c 0ises

I ire rietricnrf ai) prirpetieIs. rIrrt'jUt Itile niýclianrirnetr pitop- oii srwretinles srliretrre (Ii nikxds if uitrs i')72n. 1for

eties. (1 ill ~e shld...are riit1raitnr:lt. \eir rIs Cirior Cani traiiarliliretl.t resti harkeduntlotire snirtiace atl

triteer i tirrilicN srcy inlixl xxher] thereo is Citrrn crriccilrc tip in, 20(0 C' arid take litrtr 15 ifi .r '

ti(io ]]ifth~i ii Too)i'llittl rrrirxx tlC a'. ailrLrI Arrliututlit- sex Cemil itrirtlostIivi -Hj lies HCC ])rtre rote unit(]iio ritiiti

tihese ti'.- rirrairi11 1) ire testeti Ill xxCii cirrlict(i cx- C\- \\tc) rte stiristraiC issxinrx': irenictl 11 ( l to iciipr ttire.

iiircortricrx an tnri nt lxx err~irnriics xirreIti dni.ialhiitil adir0 tlot rrirdtlce: tire x'. ilc iniriC 0Ii iesrItId

triiirriilrrt nIt iettirin rric liu heattt ainid liiirtlrc irirvi ellch cits. I 'ic livjCIi~ lirl~tl(ilvi (Jl

trrv'ýýItx'. r ae , is i,oilic. I liixxexet. it Iirreir tv'ii Jtv'atniiv's xx ;rs tis riirprriel xxl irir the a\ is nrli -,diei tit al-I irunir ir-

sxiiei: ltrit tirnrci xxtitet tirlpetri, sto siiixx Ilire siltetre u t c u.2. alrstitiei tinsý iiesrrilr~iIlx tir

siiiiitlit sev.hire toý irriiiit/c solanr rcrdrIrronr trisolI~irrrr. Nisi xxIl lilitir Iirxtr\trcrs rvoe iflncutein I ir 27,

Lrrorirrunmx - tr. hiack lore ii, kin W heri jIrrixteeI ictrrc ixi hiivt'ni. is Wext'lrixt in Irerc 24i
riiiaxv it ,s.iii suntrr tun tir x lWitr Rissictrirse~ oi I'In 'mi rrx sc s. xx ra r xxool si,f

tilt uim: ol ctriilhrrr no! giriuiite. 1I lit], riteCthither li,rsN ill \\,tse ire rIj)Iriet tir sJANIs lL ;1 sx Inr rasns1H. Allot

tire, nire rieierkirirr it s'Isl tic tnI irecexsnilil mixsirrd diterlciti x ises inrx d e tirnic it drilevir Icer (Ini siir'xx

I" Ist a ill hAý tviti~lcrtrIII;s. Iimreuur I ltuxxtle altur 'I trboirl 191s1es arc.

Il l> tlit (I% illi)v'ii o a% s 111(11C Sr r irr s ifltn x nil inrirn1rts thy'

Snialniaee t'(ukjinicxs mtidi xxo\iii'- irkv'lo tkin I rcorivrrlrtrrx'i xx lit tirireC h'lix ii ix liix'iie

>oM,irrt I tilo' .11 \\a xxtis tintrsrti iri thlt siru)irr tutu.. ai Itrirr: 'Ii livh' tMist tIiv'vtr~"e. 1
1
1v xxix titls [WIt

'ni ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ICW re-swtiiici~tl i'itl rrcix~lriirrvi ie r ' ilt llie tlesrier Luarire inrires ttiv

rireard itiiiti '.rer iti rrerxnreixx .s rri A, sirtti. - "inch uy xrvest s~h "a ttx' a j ~ q Muti cii isst nd ihil
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vers thi n-too thin to see. If vecll -bonded to thle hase of wvei A1it to achieve better characteristics in different

the slider, the .% ax should he effective in alterine, the temperature rances wMiel e ditferent pro-cesses control

lis drophlobicit% and hiardness, of the slider without thie frictionl.althiouc'h this efftect of m~oleculair\xxeighit is

chanc:in" the ro~t:nhneSs. ShillnbO (1971) 11o%%Cd that1t co:1tros1erIalý. Bases arie ax ;iilable in) sintered form and

for most wa ixes, tested, the iii ickness of the \k I\ did not thu.1s% waxes can be reýtailied [itfthe pores. Ini general thie

affect ft.,e Iriction lthou th10-11 ie FOui211inCV Of tile Slidcr hiclicr 110CLk o%%uQr '1. er lt polveths lenes are us~ed at

xasnot reported. As reprod_0uced in) 1-i cure 21. SI tirrio lower ten iperaru rs w-here Iwihi dIemipact testi Ilance anld

dId( sh oxx that the hardnessý of the %%ax has it iar-c effect better %% eari clmiwratcristtcs are important fi (Clauss, 1972).

on i riction. especially at lowver temperatures %x here Ice WWIt the lowe-chain noisniers us~ed tot ski1s. the mol-

hardens muc~h riiorc ralpidl\ than- xx axes. At these tern- ccules can bedrawri fout III the directionl of :n1oilon so th'at

perarUres. the xkzax must be hard eunough to) withstand thle shlidmri acruahE occur, onl oriented sur face, onl !he

plastic deformation as indicated b% the Piasteirst Index. miolecu~im scale 'Tahor 1974).

Tie wkax should al% if% N vse harder than tile icc. which

imax bc tre mnai n atdvaitace of modern xx axes.

Iemnicrat Iure ;ud p ressure are' knowni to va I-,()%er theI VII1. S UNI NI1A R'mY

lene~th and widtih of thfe sliders. so opt moniil use el

surface rodghenirig1 and wkaxiw-c should rake thil, into0 \lthouch -here hlas been at low-c histor\ of miter tin

consideration. At the speed of snow% skis thle length of and study of snow. friction, as in oth:r areas of rribology .

the dry area at thle front of the ski is, li'kels to be quite- thfe basic processes by xx iich slider, muse ox er snills'

srr-.all if the load js cesuls distributed, but, xx uld be are subjects of conjectureC. ¶50155 surt~ceS should he

somewhat loncer fin most actual situations. For ex- obsers -ed to ctrara~ctite thfe cuhes lement, ox er

arriple, %kxith a Ro~ssieol DII ski oil aI h~ird surll';icc. w.hich a sldernitist fin -e. Tl- %k Ill help ii uinderstarnxl-

Colheck and Warren Iill press) founid that iriost of thle Hnic liox thle basic processes differ; xx ith the t\ pL Of

CeatrIL xxI as) onite inlside underneaoth *fhe center secinili stUir lac. Obser vato'Ns ol silos. crams, suh a't thlos ill

oflfthe ski. Iiie temiperatures sxere less- at thfe tront. rear. [:''i!curN I arid 2. lre a start Iin ca0'heriL tins killd of

and oi~iurde o: thre ski. so tliox areas, should he: xx axed iitIorrrat;ori. t)1't other evidenILc 1s a1110 r1Ieede. espeC-

ý Ci~P Iiuctul :k kjj~jo U1,1to t tisid edljk e L ,111 Mt'sei t1iioos MC Mi lale ~,ii OLCUIi in1 IICsji

benaitih the skier Althoughi Ifaltncr I 1947,) shoxx ed sNflxx grants durrý,ir t aCICC seuec (It pise. I itor I Patt loll

tha~t thle proc'v, is, xr\ infiiene il l~ti de oa about the dcvebtpneinct of roag~ill' Iesll oi- 1e5 on) botI the

slider ji should he dlone fiiiltfe coldest areas where it sr cux rd slider surface' xxtjuld hellp us, Unidestand thle

"xxould be mlosteft ie scales a t xx Inch thle piex ;inlurug proýces-es occur Whlile
soni ohcr ami'u)iis of fihe Coltcl rahveVi ae

Slider stirt'ace material ;n~l\inmx I intre arercedeu ox ci a w%]ide raucol coodititirus.

'I lie suLrlatce mater iai of a slider uecd unIvl bie at It Is also iiecessNair lo re-ine this rmcasluiein1ciut ti d!is-

lirictioiu oflits totail thickness but ttit cart have a ilaree effect tuncuisuIh betweecn solid to-solid corut;act, aimd eoi'iactN

onl how% th, slider per fonnis. Ti eLJ sufýuCC 1%elae iif 10Ir%%lilt wihiielix- tcr films. It pissilik. it xx oulld alsNo be %Civ

ský'Is is about a I -rnrnm-Thick i\laser pol P ItCili> cu. vich uset! to kfioxx If capilklar bNd scasteoeli5

has several distinct advantma~cN0 user nuit othrI inatert- if. lie ure 4. exist oil 'nosm sufi Laces ai~d. it sit. xx hat thtir

ils. Most plastics renld 1o be seHll luluricrirug arid there- corurubutol)l(it is to the dragý.

lore have lox. friction. All haivelk llsv henal c-aiuductuv- It has "long, been assNiiiied thanth(I u oil at sluden oii

It%. w shichi IsN iavne ill roost In ictiotnal applica- sito', coruIIN -Is Of a IriixUIiC Oollcotuporetirs that arise,

tiolis but anl z;nxlvaunntLe wkithl stiov. t1iuf()ttrlturitcls the(ir Iton dulterenu uincltaiusins op ei~nu NIrililat)u ( e( uasls

electrical'I Contluctux ntx1 is itlsI rahe !ux '. ti do riot If thle silwktix dni"ts Is, riot lox\ ti suppoit u 11 t Ine ripn

dnssnp;ntc lcticf~-al chargesreatdjiy mi~d thus tra% Attract app)Ilica iii oxtf stress Its% tlIn slider7. lie sr11tm :s pl-uussed

(lirt p;)iriiches. %Iost asties base thle irtip"lrarir ;rdvaniu arlocoiiiplicrcd A\t lttýx h-ues cipraurs i tads

rage o ittaborhilil s11iltatutti xxell bcauseC O l I their 1)i Ii I tin had sriut.k sin laces. t11c dolutiuiniitI Itixessý is tisutalis

eLastucirs . aiid 11,1\i cnx Ilin'i Impaict lesistaricc aIt xxcll JdIttiintiM- it filrte 1aspCr ties ('1oit til iii lttl sur ices.

(CLatNNiss 7t2). \'lnli flulotutcarboiis luarve kmx flictiot. I ises. pxlh.incrxai sereraclbyIlaeclttai

tilk~li do [(It base a ili li' resistaII: rice 'iihaste i~ltttina t th JI Ie lace. Cotil H'l ied s\Alnl I-rtostilid Jititeciio:I antI

tiori. alild thusI l elhi has rittt beer; xx ideix% wu-.x-tJonhI oi I'1L1Itl] f l sldesli L. aIe lI~ icrt Ii dl IedI :1inarit litiCesses. I liciec

oil -.ookk. I Inh tilt Iccular xxciglit 2 tIo 5 rilt11lltl) iok - diuc.s Ho? allpear tiesnll ue&C N11f.ciur lu-at1i1i1 al ti LeCuer 7-

crlvleic hissx c. oes have OitutstMntliite' 'rhktiNsoIirt ate citlio(Il rllrsx ;Qite Itl sehtIrte.I th1C 'kit laces cutri

resistanice arid luvitlabie elastic. 1 rtjjtciics arid I-\kiilel\ 1Phetel\ atI~l O so. IL' tirixhe tLs 1 ilu~lristin- Csui (1sUhfI LeC/iilc'

tusetd Iott sk is. Sitriu minrufailrcuiter ir f te tnitlu:c iliki eot.!I,Itiuun. it, \%Ill lhe riexess~Ir s!t0 useeaithsht
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dynamics 10 Ltodersta'nd boss the lsperilics intecract to *Its Iricrionl IN, nut Litcatl\ ahtected 1w surIace
cause (Ira. \\henl Leaier qjuattitis of nteltater lire Cotlatttal'll~ttofl (ILn "case 1 972).

presntcontktesepaatin othe aspcritieN sposbe
but the ,Lurlhice area bo-cr dot incilease, considerathis In I.eoNlec Itatvstscudeue oeraer
additiov. capillary, attachmients, mvak then add drag. adkantage b\ u%,ing clasto'lsdrodvnamic:s to predict

Several other mechanisms nma be important too, how, the meitwater filmis ant, :e ice grains riteract wvith
i ncloutdIn I elect rostat ic chatru i anld c olawlninalonhks differenit p)atterns ont the sit. r sortace.
dirt1 particles attracied by [Ihe charges. Of all of these LxAperitnental obsers ati 'roidemuh -needed

IneellaIýtustli. tile onle that Is easiest to understand is the l(ildanlck as to ItoA rcin oi~wt prtr n
shecar ofirmeltiwater tfilms. Thei r gen ~rat ton is cont rolled cramn size and with slider roughness, hardness,, speed.
b) he- iat productiotil atithe interface and hecat flow otto loid, and length. Since friction is generally, lowk, It is
both the sl ider and thle ice Lrains. Whlile heat floss into difficult, to conduct tests to sIitow I'oss it varies, -and

the Ice g~raIlisnss evr I 'ige cotiiparcd\ witltlIiltt produc- teetssresenmedifcul tde r thle cottdit ions1
Ition ei:her hecat flossk into highly conductiv e .liders or ofrts ttrs.Tu eut lal how thatfriction is
solar raito(bor loth arks slders can co trolt Ithe It i Cl\.Ici htot o tvucIlSi a~te ris rsn r t ta ti w

interfacial temperat ure- Pihls thle choice of both slitder at or just below OVC. It then decreaises as temperature
miaterial and color is critical antd depentds ont thte cottdi- drops. probabl\ becaase, miore hecat i-s condlucted aiskas
tions for is hich tihe slidermwll he uNC&- htitoi tile ittterf ace rittitcr thirti becatuse tce is ltordcr atl

Th\2 front o: a slider toovitte at subtreezi'.itcintetlipt- losser tetlperatutes- Mlost of thuý frictiontal processes

lures, tends to he Jrlk andi It cart be easdvl abradc~d. 'Ihe miay clcur !t thte ttelt~itg temperature bLcause of flasht

millaertaI'l atInd coatitte chosen, for tilte fronti should con- Iteatitteu at tile cutttactIs. Some roeghittlss is dk:sit able
(ide thte lIuicite trtcttot and abrasion ~is \kI sic -, aste s tnto") ntticlt %, atl is prese-ta. piohahl\ because it

losser te~llileatatecs tltete. I)CpetI~idltt Ott tite s eighIt lielpIs hitcalk tplt)Ile vs ater 1)lttts-aind Itttitttotttal patte ins
distibution. Ilte sttine mtasý be tritle 10r tlte tear; 1k-cause SliRtuld help) to ttiosI1M evalet. IricttoI.' itecteasesC, as

thke Iratottl of the slider that is sbhjecte~d to dt" sI diag splcd MI i s nicrase, tiecause o! the ottsct of Itibric,,ted

ipleptils -tm tile thlteitnal ptoprtcslCIl 1h1til slidet and tile 11tteltttU. but' tilcit ittcreises at ItiLtltet speeds because, of

ilt appiN ttgth tsuts of lahlsotot tINtsts I') othlte uidepe:ndent ( lot d, pet taps because Itte contaict atlea

colttdittnlt. Ill 1l.ttttiU!tiH thle sittit artt slItss shidets% tttetelite pttottttI]t)]tt'ly :. I -itcttott (fctt ,c asfislt

icmll scmhIt Iaoj itttutes ttthliitttl\c hýCUcaisc1 Vgt~tatt Inoptitlt III

p) artpopiotot I' f dr1 ( httntat t0t pttpcttv ofits clenittth is luI~kicatt hs ttiielt1sact. atnd ft tettilt

ate ttettld ttt repieseilt. (eCtease\s as itratit sa'Ctteesc tIkC iNCsCanse wot tlte ths nattt

l'olsC~iI\ivCtiC sutrtices are kit, tto 11t1%c ltt%% hitc- ics oh the kIs ne ftlmt.

tilio'nd aitiae settcr t1itan ttlttst otltet poIt> nets. a11 'Iht ththitesses1~w.o ittte titIwti Id hintsl lit\a C lice it

atdIo1:1% athr I, 'imttt his appcitts tt- wresult fottithe a Cotfivhs -~ i~ IncW 1-0-0t~tic tes s oh1 CItCihtýtcl ol Ii tI9si

ttmtntit of pt titet ics th1,t dust itý,igIsh thil" palittcttlatt sj-ucested filtt tliit.kniiscss ott ', ttt I0 It11 ptit tit tite
Ilitit t;tk ncottditti(ti ttlts HitiCtcistlites lttntt (hecteisiite, I h

tittektiesses at itt.NC it C1111tMOCtN.tt!\a %%sII ht,:t hCXc-

*It iý htdt%( 1, ~Iithtt .tth tettIlatit so) uititet Itittitiitct- tti I)etdI(I 1C ict es 1i.tl,ttiCc. at tt k t ili tisIlliILcit

t.(lo~,ilt t It N . tite ptoltet shtl \%,I as ,I S. s usi. t'. tIt 11;s ttl thtese

*It is 1t1i , tt tltt ,asInd daittýtCdil is c tit;ý:[-s tltttkAitis~sks attlit hleC~ltlattteLh 1itttl wIts) dwtl cliii is

11 It I ' igll] chla't itttt stlid ) a lieti: ies -1I l.ttt I h 1-tt 1i tt Cittetti a i ittis te ti] akeitc ou It t tIl w tt1 ksv It is

tlt ,ItelttC ItIttIeiCleIt to! the sulthc,ts Its \cty t i:j)Ltttai at estlc th1is 511'. ecatitc tlte Ctts't'c

*It cati It5' siiitlclk ~tI' tp~t tild %kitl. i~lt~llctit LUotttIlCte\ sitIte lt stt iaCes. \% tttlkc t.tw c,!I.tilt~t

1i,111:111 tt i 'liit ,t.s ttttt% h~ic t,iht;J C t:iit1ti11i 1eslt- siucs ltths ,tc Ncithtet til-t.l'tlt h jiN t I,,le

\k Itt K'C' L!t tin1, Itt theIlC ti of tiItsait ttltcipc lh ss 1 itita ltietitItI. mtttlt issi: t1)iti Illt test0sci

*It .- I!6 ~it'ttd~iN ettited %%th 101 xc ti 1itt .jtttiiit I'll titettie1

I ts tI.' IttCI~ s.dit ttknitoette 1 ttt.thtI\A -CI. t %ts td :It) ]it t t



increased meltw.ater. If it were determined by the hard- we-re provided by Dr. Jean-Claude Tatinclaux, Dr.
ness of ice, it should have a value of less than 10-4, hut Malcolm MNellor, Dr. Robert E. Davis, and Nicholas;
ih. ). .crved va)lues are gre ate r- Contact area appear., t) I luber.
excee-d 1C, 2 formost conditions of interest but we do not
know howA much of that contact issol id-to-solid, through
high-pressure liquid films or through low-pressure BIBLIOGRAPHY
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