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Mlcr. He itlvcstiptcd only a relatively small ,IDIC DC now-nIt Reynolcb nwnbers and OlOlla, 

pal'llDlctCI'l &,. Therefore. he was able 10 observe oilly one wave in tbe Ice. More recently Wclpnd. Jlad 

Beer (12) presaned • de1.&l.led aperimcntal IDveIdpUOD of the morphOlOQ of icwtroc:nlrC in 31 pualld-

pille cbaADcl with both walls kept It a lempen.bU'e below the frc:eziDg tclllpetll1lfe o( the water. In (12] 

It coulc1 be o'oleM:d. that jcc.1eJen with many wnes dcYeloped witho.t perturbiog the frozen CnIIL Ibis 

de¥dopmc:nt of iCJc...banc1a WII fOVDd to be qDilC limilar to (be dCYdopment of wavy icc.. .. yers in & cooled 

pipe. ODI)' OBe aperimClltll 1a.vaUptlOD is Down which deals wllh (be uymmwic frcez.iol of a fiuid 

La • cooled. parallel-plitt: cUDAeI. wbere the lower wall was kept at a tempel'llurc below the frcez:lDJ 
tcmpe:ature ot lhe Wlter 1131. The major coaOCfll. In [13) was the measurement of the velocity prafUes 

lDd the twbuJcncc lalCGlity 1D the flow aioG, the deYdopio, lc;:e..lIyer su.rfacc only at fiowfl1C Reyaokls 
Dumben Reo of Ipprolimllely 12:000. 'Jbe lathon observed. wavy ice-layer wilb IWO wa't'CI in the leIl 

section. No IUcmpt wu milk in (13) 10 el.uslfy the differeDt Ice-6U'\1tturC$ with !be help of. 8e - Reo 
diagram. 

1bc subjea of tbe prescot paper is Ibe presentation of a dettUcd aad oomprcheastvc c:rperimeD.tal 

lDw:stiption of tbe morphoiOSY' of ic:z...6ttuaarc in a paralkJ·ptalc cb,nnc:1, wbcre Uae kJwcr ..n iI kept 

at a teDlpcrature below the frecziDl temperature of the WIller. ThililUdy talCDdI to clarify some of tbe 

lIlublallmi wbldIlcad 10 u IAatabWty of the lc:e-t.yer in • cooled panUel·plllC Wnnd. lubJeetCd. 10 

lJIIUIIonic u4 UJIIUDctrtc moUne. 

&pgjmgu,1 AppagIJ' 

A lCbematic: 0'Dtl1nc of the ClpCfilDcDtIJ. &pIIUI.NI is WrwD in Fl&o 1. 1'bc appuar. mainly COJ&SiItI 

Of • tCit sealOD •• rdriacndoD uoJt ad twO QrcullUoD syslem.J for water and cooIaDt, respecttYely. 

WI'" Is cIcIhcrod !rom I WIt. by I ,a"lif_pI P""'l' The ...... _rate COIl be ..... _ wtIh !be boIp 
or a VtDturi·ooule. In order to achieve a fully dCYdoped turbuJeat vdoc:ity profile at the CIltraDce of 

the tell section. IJI. Insulated c;eJml" JeCtioD, 3 m in kal1h, was instaDed in front of Lbe ICII section. 

nc WltcIlCmpe:n.lurc was meuuredi with three thonDocoap1cs at the inlet rro> as weD as at Lbe ail 

(Tal of !he .... section. Sabooq ..... 1Iy tile ....., peued • ca1mlq __ lII4 _ r.d _11110 !he wale< 

tank. The Wiler temperature was coDuolled by a NrC coDU'Olkd bOlter, U I~ ill PI" 1. The ICIt 

$Cellon consists 01 the lower 30 DUll tldct. cooled. copper plate ud III iDsull.1Cd upper plate. The lower 

copper piale wu clevidcd Into aIDe IlidepcndcDt cb.unbcJl, tl:u'o'D,b wbleb tbe temperaturo coatrolled 

coolut wu drc:ulaJcd iAdcpcDricDtly witb blJb velocity. To aclI.icYe a uniform lempcnra.re in caCb 

ebamber of the mppu pllte. daanDelI were mlllcd ID10 lbc lDtcrior 10 fldlltatc tbe drcDlalioa of tbe 

coolant. For lbe ObacrvatiOD ud measurcmcat or die kc.-1aJer thfc:bcu, 1M troD! aDd. the bIct aide of 

Ibe tat section were cow:rcd by b'alllpatcDl polycubolUll pia,., 12 DUI. 10 Iblcacu. allowiDJ for 

pbolOpophic ........ _ 0' .... ioo>la,er. no ,.....plu dI ...... _ by !he _ ...... won, !he 

upper illlulatcd waU Illd the PO~lUIt platcll. bu a wldlb or 100 mm. The clca.r&DCC bclWoea tbe 

opper lII4 1IIc __ II 24 ..... 11Ie .-.... .,....... 0' !be upper wall aII4 !be _ oookid WIll 
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............... .., 211 coIfbroud duome1.oJ1IIIMI _pIoI. _ .... bola. driDed Iroa tho 

bec:bldc of lbe p]a,"- Tbc lknIocoaple Juc:dollS were podtlcmed .1 tho c:eat.e:rUDO of tb p&alel. 

n. ..... pam of the coowu _ Iocp _I of. ~ air, • _I __ ""_ 

with DIDo adJDItIbIe ...... CIlOIaat c::olIrldDr ad lba'~ ...nq 1aitI ...... 1L no &r:apc:iI.t.e 
ot tbe c:oolIDl WU OODuoUed by • NTC comrolJed bcatcr. lutalle4 ID 1M coolaDt cut. 'Doretore, tile 
terDpetllUlC of u.e COOlu.l dHrered by DOl more tba 0.1 K tram tile dc:I1rcd wlK durtaa IA 

apcriaIeow .... 

Opontlp, Prpopdp 

stardDJ tlte apedme:Du. tbe Oow~nt.c of the .. la', iale:t ud OD-dot umpemlllC of tbc _., llle 

leIIIpc:tal.re ot lbe Q)Olul. tbe temperaUire or * c:001c:d c:oppcr plate .. weLl as eM .ude preuUl'O 
dlJl'eteace 8CtO&I 1M ta:I JeQJOD were coattoUed. AU dati were recorded after ltea.dy stale COIdldou 

had deYeloped.. nc t!lJcDra of me 1c:e-laJCr .... meaaared by two lDdepcadeat metbodl: 

PhOlogap'" ...,. .... II dlI!emIl _ ud _ .. ted 1/h:nmcII. 

The Ico-II)er Ih __ -..... willi tho IIdp Of. IIIknlIcope, _ aUdllllII -. c! the 

_I, with Woo _le __ 1L 

.... "" __ the lco-layor thl_ oooId be _ ..... with p>Od """'_ ct the order lea thu 
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0.1 IDIIL The rup: of conditlona employed iD tbe present inYCStig.alloD were: 

Rey>oldl ........ R.,. 9000 '" Re" S 50000 

273 K '" 281 K 

Wall temperature T.,: 257 K. s T.:s 270 K 

The waH temperature T. WU delIaed U I. uitlull.etlc meaD value of all temper.twU meuured at tbe 

lower ooolcd copper plate. Bcc:ause the cooled alpper plate was subdivided. lata nioe fDCkpeDdent 

cbambc:n., the waU tcmpcn.tura IC1d.om differed by more thaD. O.S K .1001 the Icngtb. The aWldard 

deviation orT. wu (oDd 10 be Imalla' than 0.25 K. 1bc c:ooli.D& wnperature ratio 8c=rrrT.)lrro~Tp) 

_ III die ,..,. 0 '" e, '" 20. 

Rpul" .Qd DllgwIOA 

QMrIftClJlpp of 1cw\r1ld!lSf 

AD tile cUfIInat ...,. oIlu.dy "'Ie icc--lIym caD be d"ltGrd aa::onIbla to f1c.. 2, wbic:b is a Be -

Re"dIa ...... 
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SIlIDIUI'y of diffctr::D.1 PrctdD.& PbeDOIMDa OD. 8c - Ret, CoordilWo s,aem 

Tbo CoUowlOI typer. of toe formation rqlmc:s WCftI foud In cxpcrimCII.lI: 
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Smoolh Icc-lmn 
For law vahacs of Ule coolin, partJDeW' Ie 

(I) 

• smooth Jeo-laye:r cao be obIened. For lhJJ tJPC of ke.fol1l.lioa. tbe k:c-1aJer tllkbca iIlaaaa 

sharply to .b ... " .. ce recI<n> of !lao cooUn, _ ..... ~ $lowly ........... oIcally for IuFr 

valUCl of the uial coonUoalC. .. 
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100-..,., Tbl_ Ibr __ Re" 

PlIo 3 ... PlIo 4 ___ kz.layoa, plOtted •• 6alcdon of II>C ..... ___ PlIo 3 __ 

that ID lII.c:teUiq oool1DJ puuuter B - kJtt. .e mUlti lII. • tWcker Ico-la,. for I flied "80 of tbc 
Reyoolcll ."",ber .......... PrudU .amber. PlIo 4 ...,... .be dIocI of. __ 10 1110 RcyooIcII 
Rlambel' lor B - 13 aad Pr - 12.5. It b obvious.. tIw. aD iaac:GIDa lb:JDOlda DlUllber reH1I1 iD • 

deaeulq 1cc-laJet c)ktn,., 1'Ilis it 4ac Ut tk [zUC1"I6t.d beal UI.III1'cr froID tile auld to dlo kc-lIJer 
willi pvwID' R.eyoolds ............ _ be r=pJzed ................ ..,... are,.......,. _....., 

tlIic. For example. 1be maximum OictDeu of t.bc ke-layer for Rep _ 2AOOO la As. .. is o.DJy 2.4 mID. 

IpptflioD k:o-foDpldoJ 
II .... cooUo& nUo I, Is IDe .............. !be iaeqaalily aa:ordiDl ...... (I) 11>10_ • _ 

is fonUd .... 1bo eotruce of * tCSI -=c:do •. la Ulen.lare it iI elUitJed -uuattlo8. lce-Ia)'er. PlJ. 5 

Ihaws tbe etfect of • willloa ill RcJaoIlb aDlllber for • J1~ l'IlDO of tho ClDOUq JIIII1K'DI' B • VI 

u.d Pr - 13. It cu be oblaYed tbal aa I:acreub., Jtqaol4& Inl",. re&alta bt • doatllllq ~ 

--....... It _ be _ ..... Cur !be IIIpat a.,..... oabOr Re" - 34000 0DIy • --, ...... _ 

is f011Ded IleIt lbe catruoe. 'J'biI C)'pC or tco-tormation 11 btowD lD UteI'II1U1I ..... mootb tlUlfllo.

lcc-fol'lDltJoa. becaUSD thD .now .... ae apadI pwluUy ID flow d.I.reCdoD alter a coatn.c:tJoa Dear Ik 

ClIIJ'Uce. For decreuID, YII ... of tile Repoldl aumber, 1M CrDII IOCdoWlrCIIlDcreaIa very .twply 
after !be""..,., .... .-.............. -_ 'I1Ic sIIUp _loa to __ ....... to 
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• he & 1'000 l C! .... "... 
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PIG. S 
1RlllltloD Jco-Iaym [or vuto .. Val ... or a.o 

a now separation LD tlds resiOD.. lbll type ot ic£..formatJOD .Is bon. as "step IIU1ltio.- lee formatloD. 

The ocr:an:DCt of oae wa...e .ear the eatranc::e of tbe tal aeaicm. caD be cxpl.aiacd acmrdIq to Weipnd. 

aDd Beer [12]. nq. ....... IIW '" Dow wtD be _ In tile 0IIUIIICe _. or tI>c cIIIUaI ...... 

beclU16 of IO'OD,1ClODIc:radoa of Ute Dow ClIIICId by lite II10DJlJ blc:raIia& ~1Iytr Iblctaea For LuJa' 
WDa of the IXial mordlDate die lDcfta5c iD k:e-layer tbidrN'H tcads to zero (Fl&. 1) aDd. tbereb'C, the 

beat tn..tcr at the lOUd liqald lzI.terlace lDc:reucs., which raalls fa • deacuiaa: icc-laye:r thi&::kQcss.. 00 

the olber ballet. HinLa d al. 1101 ezplaloed tbe occurcraot of ODC wave ill tile ICI>lqcr OD • Oat plate 

quite cUftcreaL They polAtcd out, lbt a lamiur bolllDdary layer will be Cormed at the IcadiD, cclae of 

the plate. After a dlJlUcc from the beCfuia~ of the plate. 0Ja lIm1Dar boaDdary layer wiU be uatabJe 

and cbaap iDto • 1mulea! boundary layer. Bocauo of this bet, tbo beat ullllfer at !be tco-Uquid 

IDterface iDcreucs &Ad • wave is formed In the tee-layer OD tbe cooled. pllte.. 

The foUowioi AI- 6 ud rll- 7 sbow • Ylriadoo of the cooliDJ J*UIIe&er B lor ftIf4 vaIua of Reo ad 

Pr. 1. both piau, It cu be OblCrvod, that LD. iDcrcuiDl coollq paramoIor B results In • t.hk:br Icc-
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varfoUl B 
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1c:c.1ayer 1bIck.Deu for Reo • 34000 ud 
vadous B 
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layer COr • lpedfted woe or dLc Pn.adll DWDbcr ud • &fveD YIlae ot tJa.o Dow-nte RqaoJdlIl.UlbC't. 
All other ,aprlalq dcI&lll& tho fIcO .... tho dl& ..... z"III _ tho ........ ot tho <IdIIccI ...... 

ud tho polin tor _1M IcHIyer radlatu .......... th. __ • 1&"',. -. 0/ tho a.,.-
• .,. .... 1111& l& ........... bJ I'll. 6 .... I'll. 7. A _ta-.tq _ 1& thII tho ........ ..

ot tho fco.Ia)oon aI&o _ 10 dopeod DIlly DO tho RopoIdo ._ .... DOl .. tho -uq _ ... 
B. The a:dal diltaaco ~ QJl be Glpr-.ed u • r'UcdoIl or the RO)'IlOIdl D1UIlbor by tllo relaUoa 

.. - 2.3So1O' Gte,,) ..... 
H 

(2) 

,.. CD be .... /rom I'll. .. cq. (2) .......... _oblywdJ tho p_' orperimcoIaI __ wlthIG • 

Ual. of abOU' : 25 _L 

Wm ice=1am 

M,------------------, 

i . 
• 

• 

".y.mWl ... r'" 
,// 

I~--~~~~----~--~ WI ..... _ .. 

-_. Rao 

1'10.8 
TruIlIUoD Pouu zJH u • PuctIoo or the Reyaoldl DUmber 

lI&crOldq 1M coollD, ndo I. for a atvea '4hae 0' tbe AeyaoldI umbOt. a.dJ to U UIIIble Ie&-
IIJer ad • WI"f)' k:o ItI"DCIUJe c:u be 0lIIerWI4. 

" .. " ...... ""1 '0 _ .... WO'J ......,... ~ 10 tho p ....... IIudy wl.-. porWIIIo& .... 
_ """" nil _ alia ...... 11)' .,..., (13). Oa tho ..... bud, ....,. ......,... OD • 1Ia. pia .. 

-pod 0"111)' potIOIIIIq tho _ -' bJ Mldq ........ aopper ,Ipo MIt. __ 1010 tho 

Ice (9). nil __ tho ..... lor tho _If of 1M _ ..... alp. be tho ploe .... ,., 

.la.alautr:adoD 01 tk flow, wIdcb .. DOW mcae .IIIOOpIIbJo to pet1titJetlolll. to PI .. 10 a,...,1cc-II:yer 
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~ . . ---:--: 
FIG. 9 

Wavy Icc-layer for Reo - 34000, Pr - 13, Be t:: 13 

". . . 
~;'.""I" - • 

flO. 10 
Wavy Jce-laJcr lor Reo = 44000. Pr "" 13.8. = 17.3 

ls IbDWD for • IIrpl' vaJDC of the cooUq ratio 8e' It can be seeD. that tho wave &eDith dec:reue& with 

powID& ""_ of ~ -. _ 8. In eorportmau It C01IId be _ ... hJah wi ... <II ~ IXXII1II& 
ratio Ie lead to tbtoe cU:mODlloaal effccb iD the tormatioo of Che icc-tarer. For sucb high valDCS of the 

COOlin, ratio 8e It caD be aaume:d that no Ite8Cly .... te CODdiliollS cap be reacIl.cd. 'Ik lhape of the jcc... 

1aJcr wu follDd to tllaDJO very slowly Willi time. 

Pi_WM betweea I!mIlIldrlc: Ipd I'Y!pgetrle ic:c-l!yu formatioD In a cooled eapIlcl-pl!te £hlnod 

FlnaU)' It hal to be polatcd DDt. thlll the Be • Rep dlapam (Pi,. 2) for aymmctric trce:zi.a& 10 a 

parallel-plate cbmael loots quJtc dUrcre:at thin lbat for 'ymmetric frcczinl in • parancI.platc dwmel, 

where botb nib arc kept at !he .. me temperature below the frcc:zbt, temperature of tbe 00wlDg Uqa14 

(12). PI" 11 sbows tltc 8e - Rco diapla for symmctri<: frecziDi In a ,.ralld-plato cbu.acl. aocoJdlo, 

to (12). ID lbc cae of symmctri<: freczlDliD • paraI1cl-plate (,blOnd, smoolb ice-1ayet5 OCCIU' for 

8, < ... -0.41+-
7<m 

(Re" > 6000) (3) 

Th1I _ Ibot for. _ .uu. 01 !he __ Reynolds ._ Rep. SDlootll1co-ioyeIs 10 • puaIIoI-

pllte chaDDel with only ODe cookd waU. will be In cxistcD.ce Cor hJ&ber \'Itool of 8. tbaII for the 

symmetric: cue (oq. (3)). 'lbb IKt caa be ...u, 1UIdeIst004 by ~ that tbe _Iloo 01 !he 

flow III the cae of I,IIUDctric &oaiag III • puallel.p1alC cIwlDol II more prouo1lJlCCd lila iD die c::ase 
of aym.metric frcc:I::ba&. Tbis .... dim -.mutDdoD d tbo Ilaw oa:m lor lower valla Of 1M coaUq 

ratio e, Ia ... -'" ..... _It " 1-..dq to ..... tbIllICp _tIOD Ice - ......,. 

011\ the wboic nqc of ftow-rate Reynolck DUiben could oDIy be obIcrved in • paraUol-plate eMnne] 
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PlO. 11 

2S 

S'Oruwy of 4Urctan Freeda, PIIc:aomeu oa Be - Reo COotd1Dato 9,.nclIS tor SymIDc:Crlc A'ee:I:Ia.I ill 
• Pan.Uol-P'lIto OIQDCI 

wi ... ' ..... njc a>OIJq (Pic. II~ ID .......... , .... 0I..,.-m: -.. (PI~ 2). '1Cp UOIIIf_ ioc 

formation ... fCltrictcd to RqDoIds aaaaben R.cu :s 2A(OL For IIJ.&Iaa' ftluca of Reo. tbe appcaruce 
or Dow ....- ...... _ ........ ol .... IIn' __ ............... __ 01 • ..., .... 

Ia)a". OIlplD eo aL (9J ...... out .... , ........... 11IIl pIIIo ___ qaJm< .......... '_ 

lor a>ollD& ndor e, < 12. 11IlI ...... II ..... _ .......... ol..,..-tc frocdq (Pic. ~ 0aIJ 
/Dr low val ... 01 ... ...,...,. ......... (IIc., - 9000) WWf .....,... ........... lor .. < 12. 'IlIII II doe 
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HOVtftOt. tor hlper valoet of tJ.e Reyooldl Dllmber h mUlt be auppcRd Cllat lbe boaaduJ. deIafbed 

by "I. (4). Is 00 10_ I rtnJP. Hoc. By latIo,". ~ .... 1aI "".1Ia of lhc IIJIIUIICUk -.. 
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CcaclusloDS 

Accordlnc to the apcrImeataJ reswu of lbe pre5UlI iIlvestlpdoD concern1DJ tbe asymmetric 

freezfD, of Wlter now between horizoDlil parallel pialel. where only tbe lower pllte Is cooled, the 

fol1owlDI major colleJalDIlI IDly be draWl!: 

1. It wu fo\&D4 olll that t.bc 0CCW'eDCC of WI.., ic:e--laycn In ID lSJIDlDetric cooled. c:bID.Del is nearly 

ladcpea4eal at the ftow·nte RcyDolds nambcr. This faa is quite differeDt to the development of 

'IIIVY Ice-layers La • symmetric mated. clla.uel. 

2. Wavy ice-1.I.Jer1 devdopcd In aD asymmetric cooled c:hInDei without perturbJnl the frauD CI1IS4 

which II d.lfI'erCllt from the dt¥doPJDeDt of ice.-blQdI OIl • cooled llat plate. 

J. 1, .... be _ Wl111e OOOUIeooe 0/ WI'I)' Dla)<n Is '1ro11&IY _ 10 !he ._ of Dow 

KparatJ01l ID Lbe apauIoa repon of the now punae behbld the tim WIve. 
4. Flow __ pla)s .. fmponut role In 1he iIIstabIIl1)' pbcnomena 01 k:o-Ia)sss ID • ..,.uel. 

p .. te chaaMi. 

"Tmrtedamep,t 

TIle ."ndol support 0/ 1IdI >I0Il< by 1IIe Deaud1. Foncb •• FMI ..... •• Is pa1IJ .-...,..s. 
'The "tboa ate Il1o 1Adebtcd. 10 Mr. 11a 0.,00 .. wbo ~ c:arc:fuUJ pc:formed some of die cxpcrimtDu. 
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Homcsdlture 

dlmelllioaleu frccziDC parameter 

hydnalic diamttu 

dlswu:e betMIea pamle1 plltel 

derma1 "'-1)' 01 1he Ice 

thermal u)lulacttvity of the Uqllld 

Prudll Dumber 
Rtyooldl DDlDber bUc:d OD D 

freeda, temperatme of the UquJd 

wall temperature 

coutu. inlet tempcRt\llC of the liquid 

ouUet lempeBtOle of lIle Uquld 

iliaD uial veloclly .t lbe eotr1.llce 01 the test sectlOD 

Dial c:oordiaate 

D"IIlIhioD poiDt 100-._ 
dimCDIloalcu tcmpcnlure dtffcrcocc 
_tic .tscm11)' 



Vol. 19. No. 1 SOLIDIFICATION OF FLOWING UQUID IN A CHANNEL 

I. R.O. Zutk: _lid J.E. Suoclerlalld, J. Hu. Truster J!Q. 183 (1968). 

2. 0.0. Lee .. d R.O. Zerkle, J. HOI' Tra .. r., 2L 583 (1969). 

3. Y. KikuCII;, Y. Sb;...,... and T. Opla, J. Nod. Sci. TocIuIOl1J, 4J (1!I86). 

•. B. Wclplld 1114 H. Boor. Z. WIrme- IIIId SIOIIiI.......,...1!!. 233 (1991). 

5. A. Sblbaol ODd lot. Ozblk, J. HOI' TnoIIsfCT 220 20 (1977). 

6. B. Wdpad aDC1 Ii. 8ccr. Z WInI:le- UDd SlOrhbcnlll.UJ (ac:ccptcd ror pubUcadoa). 

7. R.R. GUpta, J. HOI. TraIlS/or 1m. 363 (1981). 

.. R.R. GUpta, Heat TraIISIu - Sao OICJD 1919. Alan! s,mp. _ 189.1L 89 (1979). 

9. R.R. OUpta, T. Hlrata and KC. Oleo" J. F11>lc1 MOCIL 2!. 619 (1980). 

10. T. Hlrala, R.R. ODpill .. d KC. Oleo" lAL 1. HOI' Mau Traasr.r ~ 1.35 (1979). 

II. N. SckJ. S. _ .. d G.W. Yo ..... 1. Hea. Traut .. ~ .98 (1984). 

27 

12. B. WeiJlod ud H. Boer, Pf'OCICCdlnp or Ik 'nird lDt. Symp. on Cold RqioDi Heal TraIllCer. 
Alaska. 167 (1991). 

13. M.,...,. S. ~ M. Y_ A. _ and O. O~ _"'" or ... 'IldIII lAL s,mp. 
00 COld R'Jloas Hoa. TrIIIster. AIab, 2j7 (1991). 




