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Abstraだt  

Severalsaturatedmixtures，SuChasmethylorangesolution，agar，glassbeads，bentonite，andsand，  

werefrozcndownwardusingaspeciauydesignedfreezingapparatustograspthccharacteristicsoffreezing  
phenomena．Exclusion ofsolute with advancmg freezingfrontwas observedin the methylorange  
solution，Whilenotinthecolumnofagar・Itwasfoundfromcomparisonofthetemperatureproね1ieswhich  

weremeasuredineachfreezingsamplethatmacroscopICWaterCOnVeCtiondidnotoccurduringifeezl11gln  
thecolumnsofagar，Clay，andsandw旭eitoccurredinthemethylorangeso】ution・  

Keywords：Free扇ngphenomena・Exclusionofsolution・TemperatureproⅢes  

Ⅰ．Intt・0（lucti（）II   

Soiほeez王Tlginducesupwardmovementofwater如munftozento免・ozenregiOnSinsoiisト3）；Subsequentiy  

thesouexpansioncauedh・ostheavlngtakesplace・4－7）Topreventdisastersbythe良ostheavlng，SuChas  

destructionofpavedroads，breakdownofbuildings，heavingofrailways，andseveranceofplantroots，the  

transportofwaterandheatduringsoilh・eemighasbeenstudiedextensive王yincoldreg10nS．4仙6）   

Fromtheviewpointofchemicalpouutionoftheenvironment，theproblemofchemicalsusedtopreventfrost  

heavinghasrecentlybeenpointedout・7）Forexample，de－icingsalt8），uSedinwintertoreducethefrostheaving  

Ofpavedroads，Often鮎wsintoariverandcauseswaterpo艮ution．AIso，Whenthe如〉ZenSOilthawsin鮎Ids，  

themeltwater，enrichedwithnutrientswhicharecorlCeTltrateddu血g＆eezlngmWinter，runSintorjversand  

lakes．lnordertosolvesuchproblems，itisimportanttoknowmovementofsoluteinsoilssubjecttofreezing．   

FreezingisaphenomenoninwhichLiquidphasechangesintosoildphasewithdecreasingtemperature．  

During the freezing of saiine soil，nOt On皇y the transport ofheat and water but also exclusion of solute  

occurs・9－11）Theobservationsoftheheattransferandtheexclusionofsoluteduringfreezingarehelpfulto  

analyze the transportphenomena ofsoilwater，heatand soluteinfreezlngSOils．Inthis studysaturated  

mitures，SuChasmethylorangesolution，agar，glassbeads，bentonite，andsand，Werefrozendowanwardon  

temperatureconditionthattheuppereTldwasat－10Qcandthe】owerendwasat5勺c・Temperaturepro丘】es  

andso！uteexciusionduringfteezingaredescribed払reachfreezingsampleinthepaper．  
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Il．Experimellt壬11旗Iethod   

l．郎西相知   

AschematicdiagramofexperimentalapparatusisshowninFig．1・Sampleswerefrozendownward・Å  

tubeぬrasamplewasaPlexig】ascylinder，80mminsidediameter，250mmlongand4mmthick・Theupper  

andlowerendsofthetubewerecoveredwithAluminumplatesandattachedtowaterjackets．Theremocouples  

（E：Chromel－COnStantanOfO．1mmdiameter）were触edinthecenterofasarnpletomeasuretemperaturebyan  

ADconverterandacornptlter・Tokeepthepositionofthethermocoupiesftomtheshiftduetofreezlng  

expansion，theywere触edatthedepthofO，0・5，1・0，1・5，2，3，4，5，6，7，8，9，10，15，20and25cminarod，  

250mmlongand2．5mmsquarer Thecolumnhadadraininthelowerpartofthesamplesinordertokeep  

watertablelevelattheupperendandtopreventexpansionpressurebyfreezlng・  

Fig．1SchematicdiagramofexperimeIltalapp；lratuS，  
1．Sample 2．Thermocouples 3．Insulatorbox 4．Rcfrigerator 5．Waterjaclくet 6．AI）converter  
7．Computer 8．1ieatexchange 9．PumplO．Iieaterll．Cooler12．Stirrcr13．Coolant   

Thesample，insulatedwithtwosheetsofcottonand5cmthickstylofoam，WaSinaninsulationboxtokeep  

onedimensionalheat鮎w．BycirculatingethylalcohoIsolutionofwhichtemperaturewascontrolledbyacooler  

andaheater，thetemperaturesoftheupperandlowerwaterjacketswerekeptat－100cand50c，reSPeCtive憂y．   

2．月舶鹿戒ぬ   

Materialsusedintheexperimentweresaturatedmixtures：methylorangesolution，agar，glassbeads，  

bentonite，andsand．ThemethylorangesolutionwasamiⅩtureOfpurewaterandpropermethylorange  

powder．Theagarsamplewasagelwhichwascooledinatubeafterboilingwithmethylorangesolution・The   
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bentonitesamplewasapasteof748％watercontent，Whichwasmadeofdriedbentonitepowder（Kunimine  

Koukakougyou，KunigeトVl）andpurewater．Theglassbeads（♯80）samplewasapilewhichwassaturated  

upwardwithmethylorangesolutionafterbeingpackedinatube．Thesand，Toyourasand，WaSaPilewhichwas  

saturatedupwardwithpurewaterafterbeingpackedatthebulkdensityofl．57g／cm3，  

Itl．1tcsultsiul（lt）ist：uSSion   

l．0∂5g柁α如乃〆ノ毎β2わ好   

Asamplewasinitia11yinareftigeratorof5Ocfor24hours，andfrozenfor24hoursattheupperandlower  

temperaturesof－10and50c，reSpeCtively・Thecharacteristicofeachsamplewascompared・  

Photo．1arldPhoto．2showobservationsoffreezingphenomenainthemethylorangesolutionandtheagar，  

respectively．Frozenregionsinthemethy王orangesolutionwerelimpidbecausesolutewasexcludeddownward  

duringfreezlng．Ontheotherhand，frozenregionsintheagardidnotdiscolor・Thisresultshowsthatthe  

agarholdssoluteinthene紬Ork．   

Aswellasthemethylorangesolution，thecoloroffrozenregionsintheglassbeadssampleturnedwhiteas  

showninPhoto．3．However，Whenthe免・ozenpartOfthesamplethawed，thewhitecolortumedorangeagaln  

asshowninPhoto．4．Thismeansthatthecolorofなozenglassbeadsturnedwhitenotbecausesolutewas  

excludedfromfrozenregionstotln良・ozenregionsbutbecausesolutewasremainedinthe免■eezingvoidandonly  

itsopticalpropertycllangedby良－eezing一  

Ph（）t（）．1FrozenmethyloraI鳩eSO旭ion．  Photo．2 Frozenagar．   
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Photo．4 Thawing the frozen glass beads containing  
methylorangesolution．   

Photo．3 Frozen glass beads containing methylorange  

SOlution．  

Inthefrozensaturatedbentonlte，icewedgeswereobserveddownWardasshowninPhoto．5；iceandclay  

particleswere separatedinthefreezmg clay andthatice segregationgrew downWard．This observation  

SuggeStSthatthefreezing血●Ont（theboundarybetween打ozenanduI血ozenregions）wasnotplane．After  

thawingthe血・ozensaturatedbentonitereturnedtoitsoriginalgel．Someinvestigators12M14）haveobservedby  

Xィaydi緻actionthattheclaygelsafter丘●eezingandthawingretainedthearrangementofparticles．Aswe11as  

theirobservations，the bentonite usedinthe experimentalso seems to have retainedthearrangementof  

particles．   

Intheh’OZenagarSample，Ontheotherhand，theicewedgeswerenotvisuallyobservedasshowninPhoto．  

2．Instead，Verticalwrinkles were observedinthe frozen reglOnS after thawing as showninPhoto．6．  

Nakagakietal・15）havedescribedthatwhilethegelatingelsafterfreezngandthawingretainthearrangementthe  

frozenagargelslosewaterandbecomewrinklesafterthawing，andreferredthedifferenceinthebehavior  

betweenthegelatinandtheagargelstotheamountofbondingwaterinthegels．Theobservationofthe血・OZen  

agaragreeswiththeirdescription，andaccordingtothemthebentonitewillbelongtothegroupofthegelatin．  

However，itisnecessarytoinvestigatethedifferenceinthe丘■eezlng－thawingbehaviorbetweenthebentonlte  

andtheagarindetailswithrespecttounfrozenwater（bondingwater）．   
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Photo．5 Frozenbentonite．  

Photo．6 Thawingthefrozenagar．  

2．7セ〝ゆβ相加柁P，Ⅵ斤Jβ5盲乃♪℃βZわ智5α〝ゆJβ5   

Fig・2showstemperatureprofi1esinthefreezlngmethylorangesolution・Thetemperaturepro創eswere  

Spatiauydividedintothreeparts‥upper，middle，andlowerparts・Thetemperatureofthemiddlepartwas   
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constantat40c．Thistemperaturepro魚1eisrelatedtoBenardconvectionandcanbeexplainedintermsof  

gravityandwaterdensitywhichisdependentontemperature・16〉Ingeneral，thedensityofliquidwateris  

maximum at4Cc；itdecreases at temperature below40c with decreasing temperature and decreases at  
temperatureover40cwithincreasingtemperature・Consequently，Whentheupperendofthesolutionhaving  
theinitialtemperatureof5℃iscooled，theupperwaterhasthehighestdensityat4Oc，thusfallingdownby  

gravity・Whenthewholesolutionexceptnearthebottomreaches40c，＆eezmgoccurs蝕）mthetop．Asa  

result，thetemperaturepro触sinthesolutionshouldbedividedintothreeparts．Thisisrelatedtothreekinds  

Ofheattransferin＆eezingsolution：COnductioninthepartbeiow40c，COnVeCtioninthepartat4¢c，and  

COnVeCtionandcondtlCtioninthepartatthetemperature血・Om4to5Oc．  

（
 
〕
．
 
 

）
巴
コ
〕
巾
】
乳
一
－
む
ト
 
 

18  

Dep亡h（Cm）  

28  沌  

Dep亡h（Cm）  

F料2 TeJ11Perature PrOfi）es duling freezing methyl  

Orarlge．rnitialtemperature：50c，Boundary  

temperatures：－10，50c  

Fig．3 Temperaturepro丘ksdu血gかee血gagar．Initial  
temperature：50c，Boundarytemperatures：－10，  
50c  

Fig．3showstemperaturepro良1esinthefreezlngagar．Thetemperaturepro親esintheagardidnothave  

such去4Ocpartasappearedintheh・eeZirlgmethylorangesolution．Instead，thetemperaturedecreased  

downwardcontinuously，ThisresutsuggeststhatmacroscoplCCOnVeCtiondidnotoccurinthe免・eeZingagar．  

After20hours，thetemperaturegradientsof丘■ozenandun＆ozenregiorlSbecameconstantandwereaboutl．O  

andO，338c／cm，reSpeCtively．Thisisattributedtothedifferenceintherma重conductivitiesbetween丘ozenand  

unfヒozenag訂．   

Fromtheobservationoficewedgesinthefrozenbentonite，the育eezingh・ontisassumednottobeplane．  

Therefore，latentheatoffusionperunitvolumeandthermalproperties，heatcapacityandthermalconductivity，  

W親bespatial王ydifferentinthefrozenfdnge．Thenthethermalpropertiesareexpectedtohavesomeeffectson  

temperaturepro魚1es．Inthepro丘Ieat12hoursinFig．4，thetemperaturegradientsaround9cmappearsto  

decreasesughtly．However，WeCannOtaSSertthatthisisattributedtotheeffectofthethemalpropertiesin  

the打ozen餌nge．  

Fig．5showstemperaturepro創esinthe良●eeZingsand．Thepro長Iesdidnothaveconstanttemperature  

regionsandwereanalogoustothetemperaturepro鎚esoftheagarratherthanofthemethylorangesolution．  

Thisresultsuggeststhatlessconvectionoccursmacroscopica㍊yinthe良■eezingsaturatedsand．Considering  

themacroscoplCCOnVeCtionwasnotobservedinthebentonite，theconvectionduringfreezlngwi11benegligiblely  

Smauinageneralsaturatedsoilwhichiscomposedofseveralsizedparticles丘・Omdaytosand，Hence，the  

effectofconvectioncanbeignoredsu触：ientlyinかeezingunsaturatedsoilsofwhichhydraulicconductivityis  

lowerthansaturatedsoils．   
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Fig．∠i′remeprature proⅢes during鉦eezlng bentonite  

酢】・王niぬ1temperature：50c，Boundarytempera・  

tures：－10，50c  

Dep蝕（C汀l）  

Fig・5 Tel－叩erature prO創es during丘・eezlng Saturated  

Sand・Initialtemperature‥50c，Boundarytemper－  

atures：－10．50c  
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飽和混合物の凍結現象の観察  

溝 口  勝  

三親犬学生物資源学部   

凍結現象の特徴を絶擬するために，メチルオレンジ溶液および水分飽和状態の寒天，ガラスビーズ，ベントナイ  

ト，砂の各紙科を，統作した凍結案飲薬置で下向きに凍結させた。メチルオレンジ溶液では凍結前線の進行に伴い溶  

質の排除が観察されたが，寒天訊料では溶質の排除が見られなかった。各練給紙科に対する温度分布を比梗すること  

により，寒天，粘土および砂では凍結過程で巨視的な水分の対流が起きないが，メチルオレンジ溶液では対流が生じ  

ていることがわかった。   




