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A STUDY OM ICE C YSTALS IN FROZi:N MU1' 

4 theai• pr•••nted in porti•l fulfil.oat or the re~uir-•ate 

for th• degree ~•t•r ot T•cbnolou in Food ·t~c:hnolog at 

Maner Univerel\7 



4 atuJy 90 ice cr1•tala in froa•o b@ef baa beoo ma4• in an effort 

to ;aln • ore isaforentltui oi1 the proc••• of tee fortaati&n tn •••t 
during Creezin« and to deterrdne a quonti tati ve rolaUonabip between 

tbe rate or treeein, and ic• cry• tal to.-..tion. Aa a ••affr• ot the 

rate of troeztng tbo rate of tee tonr.attoa ••• calc~l•t•d troa the 

elope of •••ured tt•o/tum~rature cooU.ni curYoe and eutectic data 

for iaoat. and by a ealculaiioo ••tbod baaod on a •olutlan of the heat 

transfer equation• by fini t• difference calcul..- . H•i• latter &aeihod 

••• found tc bo rat er une t iel atory ~• • r••ult of th large cbanc•• 
i~ •J>4tcif1o beat tn the teaperaiure range 27• 30°F . 

ft wu found that the rat• of fr• ~in.a and th• phy•iolocieal 

condition ot Uae ae-1lt pri r to !Neaing b.t,41 •arked effec t on tee 

cr7atal •i•• an~ location , r•la\lve to t1$eue •trycturoa. Tb••• 

phonfMUna have b••n •xplained in tel"B• of the water i,enoea'bi 11 \7 

characteristic& or the :i.aj->1" atruct--.r l coo.v&oents er tbe ti••u• , and 

the wnt•r bindin~ ability of the ~rot in• • lhoro •a• con•iderabl• 

variatinn la ice cryatal 5ia for any given rt• ol treezlac and 

-phyaiologtcal concH tton . 'fhe vari Uon wa.a tt•i)eode,,t on tile rate ot 

free~ing aad a r•latioaahip IMttween r to of tee ConAation and ll&Xiau. 

ice cryetal ai.ae •• establl•hed . le• wu found l.ntr•••llularly , 

extraoollularly wlthln ftbre bundle• nnJ eatrAc•llul•rl1 b• tw••n tlbre 

bundle• at. hlib rat•• of ice for .tion and ooly oa;tr ce J l.ularlJ at low 

rate11 . 



110 le aao M le aaatainatila, o le aao aa le t'1U,1aafa . 11 

(i.ach day bring& new problCUAa , and now euuroa •~•t be round to aolve thea . ) 
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1. 

In 1944 in a por•r delivered to the ~nurth International ~on1ruea 

of ,,efritf'rotion 1' . :-ioran ( 1~2•1) stated, .. , robably OGthin~ is Htor-e 

nc:H:a-ded by thei, rerr.iter tin~ tndu try than a a adequi.ittt th~ory of the 

€rci,eziu..i; of ti~5u,11us , bti.>cau,n! on it ,Dt."t;,t be b aed ftll)' iaiport"nt 

advance in pr~ctic~1 procedure other thHn Much as one of a vurely 

en~ i neer i nMi na t.ure . •t 

Addre •ln• an advanc d tudy institute held at the lntvoratty of 

-;irathclyde tn ~*i ' te111ber 1966 , H. t. . :;:,yaGn• •aid , "I portant though it 

ta, technology occupl~ a rel t.ively 111.nor poaitlon lo tbo lftructu!'e 

ot t.ne rro11en rood io,lu try . '' 

tL l of int~reat tae" to consider just what technological 

utlv, ... nct•• l,tiv,• bt.'en ill de, 1.1urticulttrly in ti,, fret.':.Gln.:, of ID 11t, '-"inc" 

dv.oncv iM the introuuetion of q:.iiek fro &in6 tec-kn iquea •uch aa 

blaet and plate tr•erint • \1th fruJt •ad ve1•t•ble product• ther• 

ta an obvloU$ iliilpi·ovem nt l n q\1411 ty t.u be gainf'd by U5in~ thH1e 

motnod• but wttb meat tho iaprov ont ta not•~ obviou . ihe ra eon 

for adoptini the•• t~ehniqu • tor meat tre sing haa b••~ the ecou011Sic 

prcsaure cauaed by •v r - inc r • A•in1 production • 

.... . 

Probably t • liret d•t.•.U•d •t.ud or tb• eft•ct• or fr••&ing on 

m•• t. wa• 111ade by ;a ~.h,u•daon & Ma erubol ( i OS) • l'be;y t und trom 

biatolo ical atudi•a tbct water aep rat a s 1ee fr tn• ae t fibre• 

during lr•••ing anti \bat on t awing $U~h of thi• ••••la l •i froa 



2. 

th-o aaeat •• drith particu larly from freshly cut aurfa.eoe. 

the nutrl tionnl value in the fon.i o t winen,1- .ind ttoluble vrotein aa 

loat with the dri P• ;·, ubeetquent atud i os by , lank • ii.l@rtHtbauN t~ 

'.\ceuter ( 1;)16) anti ;-'eart>n ':C i-·oa.ter ( 11:1::!2) doa,t>n&truted the 1txl•t.ence 

~fa critical r la ot cooling. t coolin~ rate5 f ng\or th<ln thla 

there wna li t tle dri p lo8a on thaw ini nnd tb~ tbaw~d • ~&t bftd eimilar 

orgAnoleptle characteriat1c• to 1'reah GHuit . Hi•tolo~ itu'll 1Uudie• 

( i:.-.oonz & ,<aa.tJbottom, 1939. itarn.tJb.ottom & hoon , 1930) ahowed \Mt in 

1eiu1t frccer, at •:,ee1.ts o{t"<'l"t r th~ n L}@ er! tieal rate, i c:o c17et l• 

were located tri thin the .u•cl Ubr•e, or cell a• ao that the IS bres 

were hot denydr•ted durlng froeiaJn;s . t'nfortunr1tely th criticHl 

coolt n5 rate ha$ b•en conaiderff too hi .h to b• practical in t.h~ 

co•uercial fre~:itin ~; or large meat cut3. 

l • Vrtuu1i.n5 ,,a te nnd urtp r oniuation 

The eJd •tenco c; f a cri ttcal freoa1ntt rato1 ae deillooetrated by t he 

abeence of driµ After fnozin ~e•f by 1 .. eraton ia liquid air, •aa 

conti.1"1:aed by Look et nl ( 1~~6 • tn ~~ oxten tv• study or the raetor• 

lnl'luuncint\ drir• foraatiun fro• frr,zen beor . they found lb.at t.ho 

a.mount of drip increa ed wi\h d•~reaalnc rrooslng rRte . Aleo the 

a30 nnd tJp• ~, animal, the condition of the beot before freezing and 

th• tba.•i a t v•r tur• , tntlueeced i.he aa4unt of drit) fol'Wed . l'rom 

•ttidiea or chance• in Juicoe oxtraeted fr mioeed untro&on beef •1th 

tr• eaing , it • C$DClu ff tbat ooanK•• to the •&rcol•- (cell wall) 

ra'lho.r tbaD itu, pla.-a wer• eoueiag th• drip (Vicll•rJ • t ae) . 

'.fb• ob-••rv Uon t t th• ruaount of drip in r••••• wt t- decr• Ni n1 

fn•&ing r. te •• ••b••qu•ntly co~t1,... ~1 • kr ot ••rkora. 



(-..;oran, 19.12 :- 1913, !Ju Hot et al, tU40, :~toiMeva ;., PL•karev1t, 19'.:HJ , 

H nidn~ ~ i; in~r, 1-940, dint r et al, 1:145, kumabottom f,. h<U.H'l~. , 1&:SU , 

'iinftr i,. !!nnkin , l:Ji I). 

:.o,n'V r, it h.:is b,un suh.;;cated (11.'.;a,prt>y, 1!.i'.':3) tbat the rat@ of 

treo:7.in ~ ha.$ no si1nt tlc11nt .tffv('.t on th• a.,ounl.. of dri J• for;a..C1J, 1:ut 

rnt~er tbo aiuounl. of ttu,w drip ..,,.. a function of tl,e hy,!roti,en ion 

conct1ntrattan. lt has been eonfiMMrd ( ';air ,...., Cook, 1930, ,b.tw.•bott.om 

f. Koon2 , l\.MO) thnt p,1 ca~tl(t mnrkf.'l :Hy htfluonce the w»oimt of drip on 

tb•wl11tJ, • l,a.•bottOlli t~ 1-,.oonz (UHO) ••at further and 11Jhowed th.t\t. prt 

wat1 not tho only tnc\or involved and thnt th!."- condition Qf the meat 

priGr to .f'reea.1ng wiuJ Ju•t a• impor1.nt1t, t bt• wa• not a pl{ •ffeet . 

-,·hey also de.;1,01u,trRt4td by h1@tolo!i1.ie11l &tudiea that the lnck of drip in 

j.tre-rigor· 1Mt.1t was t.hv rt-.sult of intracollul11r ice foraation rather 

the ice ror~~tiGn waa ex~racellulAr end tqnded ~u iocr~a•• in sic 

•itb ageing , an interestin~ ob••rvation •• tho ~1110unt or drip Jocr•a•ed 

however , they , td delllon•tr t.• that the: apaount of drip 

fonuoJ •aa dependent on \he rate or freeging for each ata o or ageing . 

!i:.Xt.endod a t.udtea on drip {tt.,.abotto AOons , 1941) indicated 

tha t •ior•«• oft.he fro•on ••at iir•aUy tocrea•ed th• dri p and that 

the iacroaae over• ye r ••• tndt-pendenf. of a1ol'age teaaf)"ctr ture . The 

initial difference• cnua d by lfter•nt r at•• or rreeatn ••r• ati ll 

apparent after a Y••r •• etorAge . 

uplnion• on tn influeaoe of fN•atn oo t • or aaoleptic 



•• 

'fr•asl er et ~l, 19~2, Du Uoi• •t al, 1940, uanak ~oleinati\ut, 1i44, 

Niehola• el al t UH7• !Hoer&. Hal\Jdna, 194:1, tHaer •t al, UH!\, 

Thi• 4ain in tendern •• h(\wevor, i• 

~iohola• et al, 1947}. Ap!nat tble there i• a cuneidorable .-ouat 

of evidence w:bich e•n find ao ooocl~cive rel Uonald t,i l>o\weoo 

orca11oloptic propertie• and f r ea1n ( !'aul · Cb.i ld, l'd37, Br.-y e\ al 

1fi.\2, ~• C"y et •1, 1~4 .. , Mor-a11, 1i32 & 19l3 , Fin, 1933, f'•nuylvaata 

teatur• of t.he work done J Valdooanto• i• that h-e a\tomi-, t.•d to •••••• 

th• ditlorence in quality prod~c•d by the diffor•nt r~tea of cooling 

within n aing lo piece ot meat. 

tn difference• in cooling rat• w•r• aaall and he••• ~nable t.o de&.ee\ 

an7 aigaific•ni quality diff' r•n•••• 

~he col«MJr of troaen •••ti• ioflueoe 4 by •vrtaco ice cry•t•l 

•i•• (Taylor• 1930 & l~31J IHtt g a darlter col ur with larc• 1oe 

cr:,•tal• • Tbe colou~ ditt•r•no• ta le•\ on t ••in1 ao th1• 1• or 

little 1•port.aao• lo ~he co euaer • o b117• \hawed ... , . ring 

et.or•c• \ae •urfa,oe colour eh••••• wttb the breakdown of o•,-,•11ob1n 

to aotatyo«lobia. thi• cbaoc• i• not nlal-4 t ic• 017atal •••• 

(--.ta-eti. I& -.oou, UMt) . 

?he •i•• or t.h• fNJ"fa•• ic• o,,.atal• l flueno•• th• t1.P• of 

tnuer hl\"A w tell dev•lopa (1\.affa It eid ... a.a, 19 .2 tit ?) . ~ 

l':law , .. or,aul• tk• •lttt•r aad lM• wlau 117 acceptabl• ao e.v11 ........ 



rn ~eneral ice crystals do nQt ,row aignlricaatly durini tbe 

atorage 01 tro~t1n :UEHtt. when large intracellular ice cr;ra t-a ls r 

5. 

e tracollular ic:o is the r;redoraaina.nt Corm L « !laobEJttollli f., ,• oooz, 1!Ht). 

·Hum finer ice cry.stals are 1. resent. and stora~e is at hi ,'if, h tem?• rnt.ure• 

(15-2. J0 t· ) 5om~ rt> _growtb i.a a pparen t ( 'lortHi ~" Hale, 1932). 

·. ch or tbe conrlicttng oplaion oo the ,utf in wbicb frHzln 6 

affects th qualit7 of rn at as• ariae~ rro~ • lack of appreciat1oa of 

all the t a ciors •bicb govern the rate or eoolio,. in aeat bicb IMlk•• 
co.i;,ar iaon et timHnsa Ji rneutt. 

oran ( 1~ t) waa one ot the first people t.o appre-ciate that the 

rat• or fr1tezin w.aa not uni fora thrc~gbout a pldtti of meat. being; 

irol!en,. 

tbo largest cryatala ,ere fo ed t ib centre awl tbu .ui&lleat a t 

tbe surfac• • l3ois •t al { 10t0) and ·reaaler '-< P Sole ( 10-10) 

round tut ice c at 1 ·iz• in ir bln t froaen b et a.ad cblclten • • 

related to air t P4trat11re a.nd air Yeloct ty. liner et al { 1945) 

tt, drtp ad bi•tologtcal •--lDAtioa• on beet 

fro&•D in •till air at Y&rioua t peratur••• T ey found a deereue 

i c17•t l •1•• wlt fr••••r air temperature. _.botto• ot al (t949) 

demo atrate4 th i c17a al fonutton Y ried wit •ttloh relatlv to 

t e c •li•g • race thai tbe r e&i ti .. det•ralaed troa 

co l t cur¥•• e 1 Yarl..t wit al tio • ft•7 o erYed 

both • str&-ce-llul.ar l ,.-.cellaler i" wit•i t. • one plec• of •at. 

oOllli a K81118Dot\olil ( 1 38) • a •tailed i•tolo ical stud>' of i. • 

• of ice to · tlon in fro•• l'l1"1 t. 1 rt.teutarly f 



G. 

that cry•tAlliaation •a• profoun41,r tntlu.• nc•d by coeling rate ht.it 

d.icl not d tin• th~ cooling; ra\e io a way •hica could be quanti tatiY"ely 

related to their obsorvationa. 

Moro recent hi•tological studie• or troaon •eat (Uiro . t9G2, 

,;..a••• • 1966, Chiz.bov &. .. ulsaoova, 1~,16) sugge.at U1.~t t.h& condition 

of the sactl':\t before frc~ziai baa a !$Teater influence ou tbe hiat.elogical 

atructvre of t.lle troaea aeat than the rate or treeaing. Knee• found 

t t ta pre-ri or frozen bovine auaclo, iee cr,-:st. l• fora predoeio.uitly 

lntrac.ellularly. In slow frozen fN>.Sl-rigor clo, tee eryetala 

appeared ~:a;tracellularly, nnd in quick frozen poat-ric.or ti ·sue boih 

extracellulurl7 anJ intracell11larl7 . The nWilber e .f ice crystal• 

••re fouad to iacreaae &f.\U their aic•• to decrea•e with increa•tn, 

te o f fr1t~&iD , iu"le ;ionJen tl,r ot the pbysio lo glc:al con!lit.ion of the 

tis.sue. 

\' lank ( UH 1) e an anAl7Lic l etu4y of t he nto of ice front 

adva•ce Jurin~ fr~eein0 ~nd aug a~ed taat tbi• ha.as influ••~• on 

lee crratal aiz•• lie d•t.el'Cii ~ t • effect• or f1"eeaing oondit.ieaa 

• the aha e and aiM ef bl<teka t t-e.rial bel I trose 011 t.M rat• 

ot ic• fr t adYa ce ad e lltd.M tllat t c • tact.or• could cavu 

c ide.ra l ditl•r cea ia ice cqat&l •J..••• wt t . i • piec.• ol freae 

tfMH\. l• • eo .- d•J-ad •nld • cletriJuat.al t.e t.M p t. •• it 

would• c .. r•c• recry•t l l ii n b7 • rtue ot t~ tact tut lAJ6C• 

tee cry•tals •• a lower Jt'NtaMU"e t -11 le• • · t•• 

o avoid tilt• b• propo• fre.ai s .. , o4• .tl1cb would pro • unlto:ra 

fN•al-. ratu t t , • aat 1 1. Tile la lic•t.iona or tbia 



1 . 

••rk ae regard• le• er7atal ah:.e •nd quail ty have be4'm larc•17 over­

l&o~ d by aubse~uent workers tn their atte•pta to relate ice eryetal 

size i,r rato of tr•e~lng t.o quaU ty caanges in frozen foO>da . la 

order to cake his aaal7t.ieal solution, i-' lank amde certain aaatH:aptiotu1 

which limit its applic•tion to real ayateaa . Uowever, 110re recently 

nwu~ricol •olutiona baaed upoa t•• ••• of fiaito dttforeaee 

approximations to heat cooduction eqoiaticu1a have been Dsod a1acee .. rull7 

to c lculate cooling r tes dw-iag the freezin t ot ••t (l.arl• ~ i.a.rl, 

196-6, C~llwick, 1967). &y eoabining th• eoolini rate•• obtained witb 

eut•eUe data for .. .at l t is J'IO•eibl• to tired let the ra-te f ice 

foraatlon io teraa ot the rate or chang• of the tracUon of freeaable 

ha thl& wuy it ia 11ossibl@ to xpre s the rate of 

treecin~ in fundaaeutal terms. 

The obJttCt of thi11 stu,ty was to evaluate lee crystal rormation 

in fr ••n aeat i tor-a• of tho ra e of change t tb• traction of 

freenblu oist1ore fro on, to ob11..,rve what ere et t.b pb.7siologieal 

eoaditio• oft o mus le pri r to rr~ezlng hAs on iee cryotalliaation 

wtth re rd to the rate o fr• ain, and to determine tho dear e t 

•arintioa 1ft ice c17atal fo tio wlthi a atngle bl k or frozen 

t.. 

oa a r-.uer 

reaon • eat it ia 

.. " efl'-t ioty w 

lity t tro-& 

erat-andlag •t t • t tc• fOJ'IUlt.lon l• 

, d &bat tt •ill be poul\ll• t.o d•t.e.ratae s1tb. 

1 anu. t.M rate of fre• lag •• •• • tai u.a.1 

u •v u•~t ltty cha••• •lor•&•• 



CilAPl·&s: .. I 

Tkla cupter reYl••• and evalwat•• tb• literature oa 

1cc cry•tal toraation an4 atteapt• to provide a 

coherent pictm-e of preunt no•ledg• ln th!• fiold. 

Cryatal growt..b dependa on~ factor•, lntrtn.eic nd extriaatc 

t• ~h• aat.erlal bei114 tro .. n. latrinaio factera are d•rl••d fro• 

tll• nat.ar• ot u,e 117at. ttaelt; i lriia, ••t•r eoat•n'l , atruct.ur. 

atad afaape, the natu~• and coacentrat.ion of eolutee aad iaperao 

pba•••• a.ad the t be.,_.1 properti•• w1'tct, wi 11 b• aiall•r t., th .. of 

water because of t he hi s b water content. f.xtrlnaic factor• iaelud• 

tb .. bten\ temper ature, the th•naal and plqaica l propert.1•• ~t tho 

eaYirelllllent and tbe aature o f tbe in\errace Mt.ween t he oaw-i.ronmoat 

and t•• freezing kq. 

-4 . tc'f OF Slf.lPlt .ill& fiUWM.AL f'ROPE.iffn:& o, I CE:. Cat.STAL F'OIUU.TlCN 

I• tbe 1atJ"Odvetory ehap'ter tl wu ..,..,.._. tbal toe cryatal ai • 

• t7pe ot 1~• fol'llatl•• were aot lfflitora tk,.. ta iece of fnM 

-••• Pluk ( t1U ) outu-• tu 4ttterent i•t•l•aieal . ptctur•• 

· ..... n\ed 1• a c ..... ••cttoe •f • e:,11 r •f froaeo .. at aocl tile• 

wt o i. ealctll•~• U. 4tatri1Ntle •t tn .. 1a,c r at .. 1a t • c.roaa 

-.ctt••• ft• ealcalatl • or tr•eal11& rat.• dtaU'intioa wae l•t•r 

eat4nld .. t.• ., • ...._ of' otll.u" s• ... ~rtu (flaa. 1Ht> .. 



The tn~riasle tbenaal pr pent•• whlcb lnfl nee lee foraation in 

ti•aue. 

and this haa a .,.rkod effect on tt•• •h•~ of tbe coolin cvne 

par~ic~larl7 tar uc the &one of 1111.Xlaua lee !.,...tion. Io a.at. it 

about 15~ bigber when the beat flo• ia parallel to tbe auacle fibre• 

than when 1 t 1• per peadieular to the• (l,eat.a, 1961. Uil 1 et al, 1967) . 

triaaic fac\ore t flu.nee tke rat• of beat NaoYal troa tu 

aurface of t.1'• rre•&iiag aatertal oad b•nee the rate of coolina and 

The estrinate taeiora are u,e aabient 

'the •arfaee 

T act.ton of -.oN of t.Jloa• tac\ora tbe rat• of f,..••1 ii caa 

k He in Uae followiag ea naaion ( • t Pla ) to, 

• 
1 ... 'f t • 

L 
t 

• • 
• n . e of lilt :l • tr al. of n1• area • 

, .•. 
!'1 • Ta ta tu ifl'•.n • Mt-•• 

tat. ....,..,.,.., 

' 
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L i• the Yol etrlc latent heat of tr .. &iag , 

ll i• tbe oYerall aurface bet tranafer co ffieioot , 

J. 
21 

& -1 ' 

l 
0 

la th« alab thickneaa , 

1 ia the tbickn••• ot the froaen layer , 

ii.. ia t • theraal conductiYlty or t.be fr aen lay•r • 

l• ex •••i •• •• that all t. • .. ter iD t • aaterial 1• 

rat r• (t • free&ia pei t) a t t the 

pro ct i• •aiforal7 at th treeci g int afore t • coaaoac ... at of 

By aaki tb.eae .. a11apU 

~••t •t t • frosen .. ,ertal i• coaataat d tile c • la • t coat• t 

d rl treealng la eootalned in tb• lat• t beat t•ra; t • t el"INl 

con ct.iYlty of th froaea aat rial • a conat t Y lue a.ad the 

• ecifie beat ad t .-.al con •ctiYit7 •ft• 

lg or•••• t~•r• l• o coolt of tae uDfroa 

rr .. a1 • 

For a c7ll ff t • • atloa .: .. 

f t • t r r 
-• ...! la-.. .. 

n r i• tu f t • 1 .,. 
t• t. ,. ot • core. 

For a• 

f - "· 1 

fro••• aaterial c 

.. tarial pr rt 

( t.2) 

( t . J) 
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Where r
0 

l• th• radiua ot ill• aph.er• , 

r i• the radi • • f the unfrocen oore. 

s olution• ot these •quation• are ill~•tretod in f ig• 1, 2 and 3 . 

Yroe th••• graph• the relative importance of the abap• factor• 

taeluded ia equati on• (1.1), (1 . 2) aad (t.3) beco•e• apparent. 

Whore tbe •urface bet traoeter coefticieot 1• bich the 

baa• urked etteot on the rate 

of ice formation, particwl rl7 at the urfaee . b• it 1• low t • 

luls l••• effect on the rate of ice to tion when the •urface boat 

traruJfer coetlicient l• low, cauaina • .. allor ranee ot ico tormatioo 

ratoa bot•••n centre an<l •urtace . Sbape can eauae considerable 

cbaaa•• in freezing rato, particularlJ wben tbo surface bet tranafer 

eoetticloat la h1gb. 

coollag ot •T•t••• or ai• pl• s•oaetr, baYe been developed (Caralaw & 

Jaeger, 1959) . 

f' r • alabs• 

2NI& Coa 
y • 

(oC -> 
ft • 

(Nu + av 
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for a apbere:-

y " 

for cylinder:-

' U Sln ( a :!) 
n • 

~ (Y- 2 
a n 

-0 2 ft' 
• n o 

y .. 2Nu J (Jl .!.) 
o n a .-Jl F 

0 ( t. 0) 

ibere Yi• t • un•c 

the total poa•1bl• c ng• after• give ti••• 

.! la a dt .. netonl••• expr•••ion for \be location ot tbe int • 
under cunaiderat1on , 

a i• th• tualf tbickn••• of th• body , 

x ia the loc tion of the point with re•p•ct to tho centre, 

Nu ah .la the uaaelt nuaber, . -k 
0 

K a 
0 ia the ur er nwab•r, - 2 C 0 

a/ 11 

~ 1• the ti•• troa comm 

; ? ,. tbe d•n•itJ ot the b ,, 
C :l. the a;,.ctttc he•t. , p 

o(a 1• t • nt root f t. • traaace ental equatioa LtanooC • 

P. ia tb• ath root of , ... tr ecende tal • atlon 

., 1 ( ) • u J. (Jl) t 

J (p) and J 1 (p) ar• •••l t et.to• oft• flrat a.ad 

aeco d or-den, 

OQ t t.be ntb root of th• \ranace ental • tion 

ooet<f i • • 

' 
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Th••• equation• ill~•trat• the complex nature of tbo proe••• or 

boat l'hlOY&ll. The proe••• beooa•• fu.rther complicated when a change 

of atate ie involved •• tho .lotrinsic thermal pro;:HH'ti ea ot the bodJ 

change•• cooling prooocda. Solution• b7 nu11-erical approximation 

which take this into account bave b••n developed. •uch a• tho one 

outlined in Chapter IV. 

Liquid water ha• eeveral uni ue properties tadicottn• that ,~ere 

are funda• ental atruetural difference• Ht .. en it and •o•t other 

liquids . 1'1101 inolud• the high .. ttlng and boiling point•• the 

unusual!)' higb heat capacity, the deer•••• ln volUII• on .. ttiag and 

the aub-#equont contraction between o0 and ••c. Th••• apparent 

anoaaH•• are due to a1.rona interaolec11lar lnt•r•ctiona, 11oatl1· 

hydrogen bondlng bet•••n moleeul••• The Hio zolecule can participate 

in four hydrogen bonde, two ot thea inYolvlng the t1'0 hydrogen• of tb• 

aolec l•• and two the lone p•ir of eleetrona of the ex11•n and the 

Thia tetrahedrally 

directed bonding 1• involved lo ihe cryaial etructuro of le•• 

l>et.•••n aolocul•• • tell aa7 be ••platoed •• toll••·•,­

(Frenka, 1 G&) 

H n I 
• • • • •• •• 

101 H : O J - t :Os II 10: 
• • •• •• • • 
C 8 

A hl'drogen bond ha• been fone4 1-tweea t • 

8 la • ore bute than tt •ould be ln t • 

tendency to fora aaotber bl'dr•s•• bond b7 aoeepttn1 a pr•t• troa D. 
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'file J- charge would tb~n •hift to D uklllt< U aor• ba.ic. 

~i•ilarly ~ i• more acidic incr•aain, it• tend•ncy to fena a hydrog•a 

bond with C by donating a proton to th• electron pair ot C re•ulti 

in a ahttt of tbe J• char1•• Tb• polari\J o! tbia large C - A - D -

u untt confer• additional atability t o tbf) A - L1 bond. Tb.oretor• 

once ono bond tor•• there will be a tendency tor a chain of bond• to 

pr lif•r•t•• Such a proceea could be arre•tod by th .... 1 fluctuation. 

llydropn bond foriuUon i• o.xothctr ic: • the heal re lea••d bt bond 

formation could break otber bond• r•aulting in tb• wu.lpping of th• 

structure aa th• NJallor unite •o fonaed will be le• •table . ro 

atni•l•• th• unfavourablo fr•• enorgy change cau•ed by tke •ntropJ 

loB~ •••ociatod with iamobiliaio& olecul•• by b,Jdro&•n beading. 

tetra-bOnd fon11ation r tber tban tbo lin ar µroe aa firat deaeribed 

would IIMlk• tbe clu&tere of h7dro1en bonded olecul~• aore coa~act and 

ia therefore sore likely to occur (Nem•thy and Sher 1a , 106~) . Thi• 

dooe not nece11taarily --•n tbat the cluat.era will b v the~• ordered 

lattice tructure a• ice, which i• only one of •over 1 peaaibl• 

tetra-bonded ,u--rays . 

The atructure of water co be coulder•d tben. •• one or clu•t•r• 

of hydrog•• bonded •olec 1•• ••bedded in and in •q~ilibt-1 wit.b 

aooo1Hria uobonde4 wat r. Tb.••• cluatera tona n rael t u ydro1•n 

bond• fora an-cl break wt\h loe l •n•ru tluct11a\io • A\• 11•• · 

t .. perature , the total nu b•r of bf ro1en b~n • e•i•ti ln the ll id 

and the equilibrtu• be\•••• clu•t•r• and un l'lded wat•r are detena!aed 

by t • Nqulr•ent that the fN• eo•ro I tile••'•• d be a 

•l iMUa. 
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. lattice structure i tor,g-c • 

cbanc ~ ~~re ation G1 n auab r of wa~er 

en rg-y fluctu · tion.8 ln t.hc • nner describe .i.n Ulc.!' ,, reviou ceetina. 

,H, n tbe n ber of w:1ter iM>lO<:ul s in tllc clu.ater, or ouclcn,•, ecoae• 

.surficient.l lnrg for th addit.ion of une ~ore aolecule t.o d.cr-ellae 

gro11- to fo • n ice cry"ltnl. 

( 

b 

n,~ uwaber of nlJ l ei in 

et l, 1 ) 

! i t. 

ia 

r or n cl it 

lute t 

1 t .mia-aitl • • 

r, i •• ll~uid w ter t 

point, o tai ii n iv o btt er 

( t.7) 

• 
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to a. ;ioint. w~ t in u bor1 3 o · 1nilcr cool d i roea i 

becoaoa: -

(. t phon•on, UHi >a 1 

( ' f) ;: \ ' ( 1. 14) 

ti~ IIIOUft l')f. ter Tidla • for n • crlti l ucle i fora ln 

ll'tl d • cro!'l. • .... ~xirJt irq n clei ftO r fill ti~ • it CII 

he •• th. t hi! tl~ r or CC'! C ~.t. 1 P r mi f. V O \ tll epead 

Oft the r"ftt of t r tu rlecrea1t• n'1 tt e Jc,• ~st tea , r ture r e"'ch•d 

duri n,t the cl ·, ion :~rj od . 

_
1
.,_. __ ~_u_c_L_f~A'i'Hi!I T . fHvU.)fif(;AL Y•,·u: s 

anen erl pr icl e \ a 

ic• er et•l g \.l~ • hi a re-. lt i le• 1retto lt . . t 

( ··u pereool l 

1• related lo 

rUcle ( ,I.a 

i e• 1 

a \.M water 

,>0'4 ible ta a c::o 

tbe rUcle ••••• eirt 

le .. 1905 ) . T' • C ic 1 

&bi li 'J c, provi • •l t 

t • 
t ••er 

Ylg. 

n l 

h • t 7). 

n cl , wat- r, 

t in1o f>"" ,led .. rticl a 

re t•r tor 1.be aaaller t · • 

nature of th -p.nrticl l• 

Corer r wth. 

t talc ld 

•• lo 

• t e • ce f o 

t .. . 



10 . 

O.lanein 

(J" -o 
•• i• 

Coa e ( 1 • 15) 

here g- ia the •u.rf11ce ... tr•• enorgy between water and the p•rticle, 

°ta 1• the •urt ce tree enera between ice and the particle , 

tr'•i 1• the avrfac• fr~• enerc, b•t•een water ancl ice , 

a is tbe contact angle between i • and tbo •ubatrate. 

rile ller" ta.c ••• with increaai 

th aubatrat• ~h• ualler (J'"wt bee ••• equatlona (t. 9) and 

(t ~o) it can be aeon th t tor a given ••ount of eupercoollog tb• 

nu b•r or aol culea in the crltic 1 nucleu•• and the tree eneru of 

fol"IUtion or• critieal nucl•u•• •lll te lo~ered. tte chan • in 

tree •n•r y of tonoAti6o will be very auch creater tban tbe chea • 

1n the uaber ot oleeulea. 

The fro• •n•ra of activation for dttfuelon of lecul•• aero .. 

t • liq~id/ice lntertace, .6g• , •111 be greatlJ tUtterent 1n colloidal 

•1•t••·· For• llixed colloidal ayet t • colloid wbiO indlYtduall7 

ca1Utea t • 1r•atea\ lowerlnc t Llc• ould • conaider..S •• controlll 

or T o atal an daa• (t 67a) 

crya-C.al al•• 1• Qot c:ontrolled 7 tbe • lu • •itb t. • lon•t 

e t • 

eftect •u tntel'l .. diate t.o t • ette ·t• 



Ho••Y r, allot thelr •olvte• w•r• electroJrto• and th•ir r •c• ot 

dltfuatvitte• ••• not 1r••t• 

20. 

Thia tndlc t•• tbat the ffect of •lu~d oh:te• on the aethation 

energy tor di tru»ion h coai,Ucutod. 

f'roa equation ( t.12) 1 t can be •••a t t o ly a 11 ,u lterence 

ill tbo ••loo of ( LJ g• +Lie.•) GAA eau•• a 1 r1• dittere11ce itt the value 

41-l/dt . Thu• • ioor c ang•• in the ooapeat tlen of a eoll•tdal ay•t•• 

cold cau•• • Jor cban •• to the ~u•b•r or tee ery•t•l• te d. 

Wlthio o body boio froaen , th• cooling rate tbr ~ the 

t .. peratur• zoAe of mice fo,...tion generally decline• •1th 

th cooled surtac . At lew cooling rat••• 

crystol · rowth on to exiating c17atala will reaove the •ater before 

the t.-.1>eratur• hi.la lal.leo enou h to ;,enlit ••• nuolei io fora. At 

high cooliag rat••• c17atal arowth ta aot rapid enough for thl• to 

bapJ)eD ao that new cr7atal uclet will to.... htUt la a od7 •ln1 

frozen nucleation cen only 

where th• cooling rat• i• 

exp•ete4 to occ r in• aurta e aou 

1gb. 

i dtr•t (tVGG), i etwlt•• o free• io •1"7 ....... ,,, .. v,~•• in rope 

and 07 1 drleAl contal er••• ••"•d a -rk• 4• re••lon ta coollac 

e•..,,•• at t • aarface which ould 1M l terpreted •• aaperceoltq. 

T ta•• 017 o erv.ct at t • aw-tao•• t t t dn r leto 

tbe c.1r th• •1 te for ice 1rowtll l• proYi _. 'by tb• ad•auto1 iM 

fr .. t tha •7 •• let . 



.! 1. 

il10 m t.urtt of uuclt.•atiou si L • u1 lJiolo .• ical 1-."l'-1teri.1l Ima not 

by atattn, th t. lhc , rohabi :ity ot fin 11.., .1 it {.>r nuclc.,Uon is 

_,re.lter in ) • 1 b ~ ~c~C t i. P • l t cuuld .,1).1:.13 I, c:iq>l inctl hy liia 

tN,q: ratur" s nsin .. J vice bcia: situ.JtC'd rurth•r fro th~ nucleat ion 

~ite in u }Lr ~c $PCtiJn • 

tor ~~tr,1coellul tr erystalli ·.,tion . If e11ch 

cel l is cons.i le r ed aa containi11_ an i olntC'J bo!,:- or •ater it!, tnct 

extrac ~l l u l ar f l u i d as a con t lnuou• boJy of •~ter, then l though tbp 

&fla 11 Yo l ume co ·~ r ed t o t h• t o t a l vo l u e 

o r a t e r, i t l l n r ·• co,,i,ar cd to th~ vo}u;.1e conta i ned •i t .. t u a 

e i ng l e cell . Hp ce t here s a gr e tr probab ility of eJ1. t r acelJ l a r 

ico foraa ti on . u t ber t h ori • • •pl a i ni ng t bi • ph n non are; tb~ 

fr esin · point of t he ext• ellul r t• i 1 igbt be b " ~h r t h t • 

intra ce l lul r t ~r i l t h t t h in r c 11 l or t e r a l •i t e 

efic:le tin eleation •l tea. 

T •• t h r i • ar e ap cul tive , d i n Yl e• o f th f act t hat t h 

•naleno or intr cellvtar Yers•s xtr cel l ula r erya t a lllaatto ta 

de end nt t. ral.e oft ain , • or oubttul vale. 



It ba• been -hown tha t w •re a aurface ~ Hen proYlded •• a 

ai t.e for nucleation th•t the nucleat.ton teap, r t.uro i• de1>•nd.lta t on 

the na t ure ot the ao lute ud it• concentration ( Luaena~ ta55) . 

IC-a CR!':!,T 

1 . 

l o anolytic l aolution for the growth ot nuclei or sup•rerl Uc 1 

size doea not appear to have een deYeloJ~d . 

For t h• cryat l to gro• the ba•t of c17a\a lliaat!en the 

reaoYed trNt th• adYancin ice front. ?he pro 1 .. or ice eeyetal 

rowta i• therefore one or i.thil e 

noa l 7tic. l aolution are aYailabl for unsteady state beat transfer 

or aaaa truruafer to or froa • movtn,g pha•e boundary ( Uanckwert • , l li>50) 

none have be n develo ped for aiau ltaneou• lilWl&a and hea t tra11afer. 

(a} ~~ina poi t d!,Pre•al on ~ eutectic pbenC11tena 

~ol•t•• aodiCy t e thel'IIUll beb.aviour of a aqueoua •1•tea llr•tl7 

by deureaainc tbe free&iD poiat. the••• ice atarta to fora. t • 

i cr•uin aolQte con~eotratioA rw-tber de •• .. • t • tr•••i 

te per ture uattl etb the ••lute a reaaiol c ••ter c17atalll•• out 

at t~e eutectic t .. perature. T • ... • t11at t • beat of fual o et 

ie• •ill tu rel• ed at• ti&• ,_ rot • aa io a e water 

.,..,.. • t.. ture ~•-•• wblcll e.s lat tile Yartat.t• ot 

the •'P • cirtc !teat witb t .. a-.rature 1• bioloctcal .. iertala 

aa t e7 •• t t • freest c • . u lee bu• 

tilel"llal it•lt7 t -ter. tut eraal cod ctlYitJ t ,1el•&ical 

aa&ertal• will alff •laaoc• wttll tea1.>4Jl"at.UN •• t • DPll~nertio •f ice 

loc:re ... a 



23. 

In a sin~l solute sy te there wi ll be sm 11 plateau on the 

cooling curve corresponding to a rise in specific heat at the eutectic 

temperature, the aize of which wlll depen on the amount of solute 

pre ent. ln a •ysteru uith i ed olutes where one solute is presen t 

in small amounts, a~ ould freque tly be the caae in biolo.;ical 

materials, tile ,.•l -1t c au ~ill be corr pon i.n~l s~,111. At the eutectic 

tem eratu.re the mixture a,ay crystallise out n111 non hydrated solute and 

ice, a1:> a ·olute hydrnt nnd ict-, or co 11.etc y as th so lut hydrate. 

The fortM of crystallisation can be explained in ter112a of the relative 

fluidi y oJ the solute and its crystalline rn• ius . For ex pl , the 

- + -t ,+ ~ + + - -ions l• , H
4 

, , b , K , l.b , Cs , U , Dr are a 1 of i • ilar size and 

fluidity to water molecules. ~1.ectrolytcs composed of th e ions 

woulu c~u~e littl• disruption of the water structure. The ice lattice 

i leas ruLenaLle to disruption and expel these ion in a non hydrated 

forw. 

o e or anic solutes such as lycerol and dimethyl•ulphoxide do 

not cryatalliae out tall and fo vi tre u solid { !ery an, 1966) . 

· ith this type of olute th re it. no eutectic te p ratur determinable 

by electrical conductivity ea ur ents or differential thenul alyai• 

( y, 1960) although two eutectic value ar iven for lycerol in the 

containing both a solute Internation l Critical T bles . 

which no ally bas a eutectic t 

In syst 

ture nd glycerol, t 

not cry•talli•• out but beco ea incorpor ted into t e gl•••• 

( b) orphology-

aolute do•• 

Luyet ( 1960) • atu ied th cf eta of itforent ty •of.solute 

OD t orpbology of ice cryatala growin in thin filaa ol sol tion 



24. 

fro••• bot•••• gla.• elid••• 'l iU1 puro water lMt fow:ad t. at tbe ice 

Cort1•d u b•xaaonal i,lat•• • lo •oluUona, va.riou ocUUod to .... 

••rtt obtained dependiag oath• rte of cooliag and th coaeeAtration 

t t hi1b coolt gr toa or solu t e conceotrotJon•• tb• 

box.agoaal a,1-.etry 1Mcruae re irregular and a••• way to plain 

a µherulite diac toraatiooa in wbica the ce11ponent n••dl~-like tee 

elea•ota ••r• arranged radially aroun4 a centFe. 

At hi& er coolln rate• tb• structure io t e plain• •rulite diac 

tonu die.appeared to fora tran•r arent ••• •ec•nl apberulite di•e• • 

--IA• lion er polarlaecl u, t iadieafied t.llat cryatallia• at.nsetvre 

waa atill preaent. -ra-, diffraction aaalyaia au&a••t•d that cubte 

ico waa present la varytn& proportio~ depeadiag on tbo cooling rate, 

aolute co c:e tration and ty- 1} • of •olute ( r.11,-et. • 1966a) . 

t • cubic ice chonged to tho opaqu. heJt&goaal fora;. 

Tbe 11Ature of \be• lute b• a aarko4 tfect o the ice atnict~r• 

ronaed . 

to the •i•• of the diaper•• aolecvlea, particularly chain lengtb. 

r or •s-ple, ·u otlified he.a.apa l atrvctw-•• ••r• ot olMJerTed aad.er 

a coaditi•n •t c entr tlon or cooll c rte la 1elatin aoluitona, 

whtca. aucb at c,11rea c ld be obae.-.ed la o•i•• l ua1 at •low 

coli~ rat•• (lMJ'et , t 5 ) . Ia «•l•tla t • tecul•• fona a est• e4 

el netnrk • il• 1• al t • teia ta glo lar. ia1lar 

• ffaUoaa ean be ••4• wit.II aoa-pre~•i• aat•rlal auch •• l:,,rinyl­

,rroltdo • •• ctyee.-ol . Beef -.el.• jute• estrae\.ed br cent.rt f in• 

anerelJ aacerat4HI • cl• be ••d 1G a • iailar aa aer io b •i•• al la 

(l.uJ'el, tt il l GO) . 



25. 

(c) :'>olute concentra Uo a t. tllo_ice/water lete~face 

aohat i et. a l ( H}6d) he v• deriYed 'ln eXJlreaaioB tor the 

d la the liqui d betwea tee e17atal• 

t n a advaoCill,I ie• front . 

C 
L • ., ii C 

df • 'cw"' ( 1. t 6) 

here c t.• tile cencentratiou di lfereoce •• a t etio •f the • tre-

to-centre apaciag •f adjacent ice e17at•l• , 

dt • i• t • freezing rate, -cl 

-e 1• the i ni U a l •olu~e conc•ntratt on, 

0 1• the aelale cllf fwaiYl ty , 

t la t • • tracti 11 o f free&a le water fre••. 

er,atal ·••tty, rate f ice f .l'llail 

dttt •1•it7, t.e. the W'elocit7 of the ice/liqultl tnt erfa • of adjacent 

t • ••1 
• nt.e ot growt of adJa.c• t c17atal• t ward.at eac •t.ller l• 4• 

oa tu r•f.• ot la• tr t adva •• 

...... 
t • 1 tea at t 

\ ttt • 

wt tat 

i• 

aurtaco t t 

apeecl of 

• t • ••br \ 
cryatal • 

trix at t tc.• 

eat 
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20 . 

!ip~e-d · f ice iotor-t eo VJlOCC>• 

to b~ rl'ject«-d . 

coiudueraLion of tae re l hve a=ou '-• of ~lute and "•t•r ori i nally 

the 

(d) 
1111 . .. 

tro~ tb 
- ., _. 

,. .. 



expected t o decreA•• alao. The reeulting decreaee in co•centration 

gradiont in the intercryatellin• liquid •nabl•• th• ~rystala to gro• 

to B l ~rger •lzo b•for~ gro•tb 1• bi "deNd. Tht• ••-n• th t aoae 

teo cr1atala will 1r~• larcer while otbera • 111 di•appear, •• tb•r• 

1• tnauffic1.fflt •at.er avAil abl.41' a t any ,{iYen 1,oint i o enable all or 

tb fffl.l' to i r w l ~r ger. 

Ai tkon ( 1!>6t) haa eho-.n Uiot in trocea fiah tbo c axia ori •a,atiol.l 

of tho lee crr•t•l• la •l••Y• -.,,.rpeadleular to the direetlon of heat 

flow. H• td hd lo detect. •1'7 preferred oriont•Uoa lo iho 

perp•ndi~ular ?l•n• but thi• oould be b•o•v•• \ho rani • ot coolinc 

rat•• in bi• ••vl•• ••• not very gr•at l'4nd tbe 1"At•• were llrobably 

hl 4h. 5tudi•• ot l ak• tee ( ~ni ~b\• t9G?) 8ugre• t tat a preferred 

orienta ttoo i n t h• per poadicular ptaae i• likely. Thia pr~terred 

orie nt u tl.-.n coYld explain •bJ the growth ot ao~e Cl")'atal• ia 

coeUnvod in pl"eferenc• tu otbora. No ex plout.io,n for a preforr•d 

or.ienteU.on ln th• per~ nclicular pla ka• been g iT•n• 

1'h• c•ll wa.11 -prea•nt• a barrier to ice cu7•tal gJ"O• h. 

Luyot ( 19S9), atudying ti•• tr•••i•& ot t in ••otian• of ... t •it;h a 

cold ataae atero•4ope, f wld tat the rat• ot g~••th down tbe l••••~ 
or tbo rt br•• •u a ppro•i••t•lt t eet1 1 ... t • r te of rowtb 

aoro•• th... He ol t .. d tat t.h• lft•ren • wu MO •• the tee 

eaeount•r• •ore oell •all• la 1ro•tag • •• tt& tl r•• wbtoh enaea 

\he ,Jt ,ft•r••stt• tn rate. Th• dir•otloa ot •••• traut•r lo 1• 

fre•aia& •1•'-• 1• pre oeinaa'tlJ' erpit dl 1ar tot• 1• e I tti• 

•HUoa ao Ud p.hROGI• o 1• unll •tr to • nlat•4 to the alliaotro to 

thenual cocductivlt7 or ... ~ nl l• •••nai••• tibr• dlr \lon. 



·rne e 11 • 11 1• not co11~letel1 i. peraa. ble- to ic.• 1row-tb. 

~•ryaian (t966) put ron-anl two po. aible t oriea for th~ cell wnll 

acting aa a p3rtlal baM"i er to Jee growth; 

(a) that tbe "ro•t of lee on ooe aide of t tae cell wall continue• 

until th~ e•ll wall bee~••• autficieutly di•r~p\ed to bec0!3o 

~•naeabl• to ic~ grort b and 

(b} the eell • 11 proper\i•• do not lter, but tbo ahl\ity of ic• 

28 . 

to pa•• thrtni h the wall laereaee• •1th 4•~r• eing temperature . 

Tbe first t eor7 canoot "totally atecounted aa there 1• vtdenc• to 

show thAt th e•ll wall e e be zina to tbe estont t t 

tt hec .. coapletely peraoabl t cry8tal growth haequeat 

f'rooal { L Y • tlti6). ,tazur ( 1~65) h • aad-e t.horoua;-h trn,eatigntton 

o(' tbe attcond tbeoey and found that it 1• at lea.Rt par t of th, trutla. 

He found th.At aa a aaapenaioa ot e 11• in .. ter lit cool d belew 

o0 c beth the estracellular and tntracelb,lar fll.ter at flrat reoaln• 

euperc •l•• • the ••~rac llular 

••t•r ,..,..ea•• wbic t n 1a1\lal•• intracellvl•r free&iag proYid• 

tbt t teap,erature i• autftei ntly lo• and t•• coolinc rate 

•ufficle tlJ high. lie reu \ tile 'IOI • of water wtthie • 

1t• .. cell 1• ti 1 c partao wit t ea c.llalar ••1• • t t 

leall • wl\kln t•• c•ll ia liulr• u alt r \lye upl tioa 

fer t•rre4 ealracellular eryat«\U.utl 1 t. l• , ... 1 le ~ at tlM 

•• 1•• ut re •f t • · ta r•• llu•• Yi ~1• t • cell ff c•• • 

• leal-i 

\to 

, .. ,, 
rte al• gt••• t 

....... 
wit 1 

erawn i e pariaea wit. t • 

•ll t • N aCiJt& tke 

, t t te per tvn. 

f 



tor.,.'1J !f'v '• • 

• .. 
• 

f.eo~e ney for wutt-r to flow out cf t b. eel l. 

r 

Oy the t.l:ao t h. t t I per- ,tur i ro cbed Iii •t ot 

·t th r p t d cuoltn, herw ia not ti t r ft1c1. nt 

••tor t leav• tb• ce\l to r• ent tntr cellu\ r tre ~l 

r-0 • • ftieient J• 

tn tti• t llovi. 
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1• u,. c•ll eurfnce •reA, 

ls t h volu • of tntrftcellul r r llpH·coo l d • tor, 

yl , .. tb~ ol Br voluao ot water, 

Lr 1• tho olar b•At. or tu • i on . 

r, u t.lon ( 1. lo ) r- }At•• v,, .. rcoollo t ~ t 

difter•ntf l, nn • t1 e tlon ( t .t .} t • r ttte at •hi.cl st•r l••T•• the 

!Li: • [ (bT+t) .,b('.I' . _.) -
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K i th know p r-eobility o • 

t 
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nn r ) ' 
~r eablli y onAt nt, 

t· • 
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paraaet•r• are tll• aurface \o Yolwa. ratio of tbe oell aad hence tho 

•• a runcti on ot tNtperatur-.. 

ratio •nd \be higher th• pc,raaeabt U \y, th• higher lb• coo Ung rate 

r • quired t.e produee ietracellular ice vary con•iderably for diff•reot 

lt la liko17, though, that the aa•• factor• 

3. -
lee do•• not atop changin& fora &lU)e all the fr••&Abl• ••t•r 1 • 

lp-atory r•el"J•t•Uiut.1 a le p 

I pure 

po1¥c17•talUa• :lo• pr•para\ton• •ll•r• t er• t• •• o.,•tacle to the 

t-ra •l•r ot W'4U.•r 1tol•c.11l•• •t•••n or,etal• ••etT•talll•at.lon ca 

rapid . 



lie ewa1•ar•• tk1t cbaaical potont.ial •nd vapeur prea,wre diltoroneea 

l>etweol!l a &;l1uaar aurtace and \he oonvox. aurtae• of toe •pb•r•• with 

the chemical pot.oti•l and ••pour prtuuu.1re di rt'ere,1co• het•••n a 

planar ieo a~rface ntl tb• eoneave surface ot tho n~ek and conclude• 

that the nee~ will grow la tbickaes• to •iaiat•• tho diftoronee . He 

d•rivea eq11ationa far tb:e It.in tloa of various •olecular transport 

••ehani••• by wb1e:h tbl• could occur ,utd by eoap.arl•on wi ti. e1pet"iaental 

la the •7•t•• contointn, non aqueou8 .aiorial botweeo tho tee 

cory• tal• the di rru.elon prooeae i• hiait•r•d and th i,roc••• of 

r-.cr-yetalliaatten retarded c onaider blf • 



CBAPTU 11 

In this ellapter method• of •• ining and phot&graphi•'-& 

ice cryatal in froaen aeat are diaeuaaed and the 

aetkoda waed in tht• Mtudy ar• outli ed. 

Hiatolegical exaaination of fro&en ... t i• dU'flcult. aa the 

dlanaptlon of the tl••• by ice fo..,..tioa 1• r•••r•lble on t ••1 • 

To over-com. thi• dltflo-altT t • tla.ve ..._.t M •x-ined in~• tro .. a 

•tat• or b-e fise in •o•o ••1 ao that th• diaruptio i• intained o 

WM"Gl1ns; the ttsaue to z-ooe teaperatau-e. fl.Yen io tho froaen •tate 

ice tonaation• are ao~ rlxed, part.lculorlJ at te eraLar•• appreacbiq 

tae fr•~•in· peint , ao that it i• iaportant tbat temperatures btP ke pt 

lo• 4urtn, fixation a.rad durln& obael"Yatioa of the lroaen tiaauea • 

•• 

to 

.:)oae id• et the t .. perat.1.1res n .... ,.,. to reduce recryat.a.111 .. tloD 

tnaianifieant lenl tor light alcroacopy c a n M gai ed troa t • 

work ot et {19 2) oa neqatalliaetto-a la rapidly froaea aolut.tou 

rs• le ••lei... eaaai iq the fros• aol ti • er 

pet.art.. li t he .._. • le t.o det t. aaj-•r cb • ia the le• 

17atallt••'-i • 11• fl tnp an .,._.l.Pta-4 la tu to11 .. tag two 

tal>l••• 



"t able t: 

Uld glyce.-.1 rapidly tro&en into ••aneacoot apberuUt • • 

Solute Cooc.-a- oealng ::s table Teap. • Traaaition 
t.raU a 841.h T .. p . T- .P • "' 

,.\lb in 30.-11, - 40°c -~•c -~•c 
Gelatin 30~ - 4o0 c -1s0 c - to0 c 

~ ...... :so~ - co0 c -40oC - :so0 c 

Glycerol a,.~ -~oc -9o0 c -ao0 c 

Table 2: lttecryatalll••tion ta ••lu1.tona or •l u.in, c•la'tia, 8Ucro•• 

aa4 gqcerol troaon at aoder•t• rat•• into irrecular dondrit•• • 

:Solute c..: .cen- .S table TCtDp. • r r aaaitio 

Al ta 

··• laUn 

l7cerol 

• Stable ae u 

l.,,_ t • 

• 

trati n 

10· 

10 . 

s;. 

10';4 

t G 

P • l'eap . 

-200(.; - 8 C -3°c 
200 ,. 

- I., -t5°C -s0 c 
0 - 40 C - 40°C -1s0 c 

• - 70 C -1o•c 0 - 50 C 

a•••• ouer.-M after 5 o ra at tbi• 

t t t. • ... 
t oae at t-o or l u at t • tea ralw-e. 

aw,... ... affecte oal7 

iHl.YI al .. , •••• ... 1 ... ' 

• 



ftte· int.arferomce cau»e,d by- •ol1n•• ln 111U11Ccle juice e~tracta h~• 

been hown to be greater thn~ eucro•• oot not aA ~redt •• gelatin 

( Hopata ~ I..uy•t, 1~5:J} •o that the •vh•rulite tranatUon te• perature 

eould bct expoct.ed to lio bo1.ween •10 aad -J0°i.: iutd t he trrogul8t­

dendrlte tra.naiU.on between - 5 end -1s0 c. va thia ba•i• il ••• 

eenaidered that for thta •t.udy -Jo4c (-a2° r-~ ) •ould tu, a r,11to 

tetapera\ure for biatohtgica.l e,umination•• 

s . 

1. f eraalin Vlxatlon 

The cutt frequeatly ,uied • othod of U ••u• fixation ( ~icbardeon & 

~eherubel, 1~8, Cook et al, 19 26, ~••••• t9e?) 1nvolve4 1.-•raina 

piece11 of tho trog•n aeat ia M 10-,. tor alt ft aoluU 011 chi 1 lod to U .e 

treeain~ roiat, -u0 c . .\pau.· t froaa tbct t per,. ture boinJ rath cn• ht ~b 

to be $Uro of avoiding r•ceyatalliaati on, flx•Uon ,ond• to b• 

wicertain du• to ia.ade~u te penetration ot tbe fonutlin (~ooft& & 

NUa8bottom. t9~d ). Glycerol or c rta1n .-1ta co•ld b• add•d to the 

formalin •olu.Uon to r•duc• U.a fneaiag poh,t \>ut \.bi• would not 

•••i•t. pc,netrat.J.on. 

Koon an4 R-.a•bottoa ~••d a aodltteatio& fff t • 4luaan fr•••• 

drying teclantque tor eyt.ole11oa1 ftxaU n tn tbeS.1" atudi••• Thi• 

iav•lved treeae dryinc t • tnaen tt••u• at • 32° at•• ••tt.,.,ed 

0,0003 - ••rcurJ ,,r••••r• tor 24 oura. Tbe dried pi•••• wr• 

reaove4. tPoa th.• dryta, cbaaber after it. had. be•n •11owe4 to ••ra 

to roo. l•p•r•tun an4 tranatorred dtrec\ly i•t• aolt•n peratftn 

tor Mbedding ..... ••clloaing •• ·••i. Uob. 



Met und that the drying 

te•p•r•tur• ahoul " be h~ld below .. 30°c fer ndeq i;ate etruc\ural 

preaerYatien and that ao-a• tore of ch••ic•l fixation••• n~ees•ary 

before tMbedding. 

t.o aYoid the heat da .. ,e encountered with paraffin ombedding. 

flioon• & ftftilllbot.to11 (UHt) apparently rocogn.i•ed t.be llait.atiott• ot 

paratfiue Mbo4dina aa 1• their l•t•r •t~di•• they truaferre4 their 

dried tia.we piece• to alcohol and thea ••-•4d•d in c•lluloidta. 

Modifica tion• have been sude to tbe froeae drying techni1ue to 

enable •l•vler equipment to b• used . Sara._,aco• C 1967) d•velo1)•4 a 

laboratory freeae dryi~, upp~r tu• for tudl•• on th• freece drying 

proco•• in foods uatng 41 s~locular aieYe deaiecant to ab•orb the 

wator vapour reaoved troA t.b• pro.Suet. . 

•upplier• of tbe ileateeant (Cn1ora Carbide Ltd.} indicated that it 

would be a Mti•faetory 4eaJ.ceant •t -so0c •o that it•••• tn 

preparation tor hJ.etoloa wu po••ible. 

~•r,-u ( 1059) dev• lopecl • -.tb.e of fr•••• dr1lng t0cr btatological 

prep•r•\1on •bich r•lied u the p •••••of• ••17 rJ •~" or alr 

ever tne • eotton to 4•bydrate ti. ff• nclreulat-4 the ft.tr t.brov b a 

bed ot pell•tt••• .ti aoleoular •1••• to NIIOYe lbe .. .t.alur-e ploked up 

trOll t.b• eetctiOlh Tbe i-iae ... , .. 1 .... to &Chi••· ••tooation by thl• 

••tbod ••• too lOtl& fw it to b• ••4 in the pnMnt •t.udJ•• • 



A diaadvantago t.oheNn\ in. all fn••• drying aivtb.eda ha the 

aus.b•r et pbaae hang•• tnvolved with their at.t.•nclant risk of 

37. 

hiatologic l dis tort.Ion . Tlioy a r• ,- ice s air t eolvont : liquid 

: •olid eabeddin ~•diu . 

ln th pr »eat atudiea freeze drying••• rej•cted un the round• 

that mechanically it i• a ee pl icated techatque and •i•plor meth• da 

were •vailablo. 

Ka•u (lt ?) u• d a fN-••• auba\ttution tee ique in which he 

so•ked aeetioaa of lb• frozen au.eat in dry et •aot tor a v•rftl weeka 

t •'i'u0 c b•tor staln •& with a Ua oto.x.,lln .:.oain atatn cu\d bedding 

in paraffin . 1bia t chnique ••• deYelo r ed by St paon (10 1) •• a 

control aethod in ht~ freea• drfin& atudi••• 

rt••••• au aUtuUon, like fr eu deying, 1• uaed aa a preparative 

t•chnique tor ti••~•• in electron atcroec PY • t t ia level or 

aoa,nt!ication i 1told• opertor roault• to fN••• 4ryiog (Bullivant, 

t968). o • of tbo •ere daa1•roua plka•• chan1•• ia r ... eao dryiq 

(air/solve,) i• olialnat•d ~, thi• tectmiqu•• A ••rloue diaadva tac• 

et t•l• .. i d ta th• U•• ta ~ ( two or aon •••• depeo.cUnc • .-pl• 

th.lo sa) to c l••o au ti tutlo o the tee 7 aolYe t. 

•• p1r.,1,ou rr•~i~ 
T avo d tta. pro 1 ... ••aoctated wtt •~haaical complextt7 Md 

l• 1t.bJ pr• atio 11•• •• al ( 1043) a opt• a cir ct 

• ••rvat.t • leclm,f. • tor b1•tolo teal at. i... • fro••n Mat 

wu ••cltoo .. •tth • eltdtnc •i rot • ad thea th• aectl._ "" 



ro tlattea the ••ction• aad ltAke th• 

thelr fin~er on i tt a doubtful pracUe• illl view of the recr1•talli•atioft 

prob.tom. 

aoluliona u•od •· -c.echnlque ha.aed ora ••talugtcal practice . Work.tog 

•lid•• rit~ • drop of water th•n poliabed th•• down to the deeired 

l h• riake inherent tn tbi• ••tbod r•i beat 

aectioo to a dangorou• level, and t~• poaaibiltty or ali gbt thawing 

wbieb, at'\er lultrleaUon •1th a te•p-•r•t.U.l"e a\Bl!)le ailtcoa• gN••• • 

0 eould b• •••d io a eold Noa at • JO c. 

t.be tro•on • le at ih• 

c\lt •uJ'I••• o carMl"Ulldua et ••• et di tier t fl •••N rad••• A 

wa,er aad ttt, ,.... le c11t awa, tr 

on the elide. 

1ca1 41atort1on. ••• tt ••• tben cut dowa 



with a c:oar•o btul-tard lU• ;:md poliahed on the c-rborondwa atoa•• to 

the .rec1uilt-i t-o \hiokrnuu, for tAic rotJCU:>p1 c oxlhi1110Uoo . 1 t. ••• fO\ffld 

that a new coar•e file cut t he eurfac a0re cleanly with fewer deep 

aeret.che-e .nnd abowed lea$ t.endel\ey to cloi! than II URer f'Ue. Tbe 

clogging of t ho file gave ao • in4feat1on of surface u•ltinc eavaed 

by filio,1 !I• the trouul• wae sor• pr~velant if the r•c. tNpor1.1tur• 

•aa allo,od to rtu. 

GeoerAlly tb4' fia• .cr•t chini l•Ct by tb• poU.t1bin,g opert1tloo 

maaked t.bo hietologt~al detail in tho ,u~etlon. To ov.i•c•e till• 

dittie~lty \h• elide wn• flQod ed with 9~ . alcohel which ~ui~klJ 

dlesolvod the, ico • nd aoratche• '1 thout dietorU.ng U-Le i,aea\ sf.ruct.ure. 

Unfortunately the a l cohol rele~••d t~c ~ftsoe fro~en out o f olution 

fr;,• tbfJ: ment a.nd t4lount hlij w11ter eo th•t b:ubl.:tlea lendetd t1.1 te 

trapped ia Uu: aeetion . " ost of the!ll could be r·emoved bJ a ppl.118': 

a va.euwo of 25" u, t o tho ••ethn1 but t he bandlini of the alldea 

iato and out or tbe v ouwa ch er tended to c.au • wave• to form i .n 

No probltca ••r• cmoolilotered wit.ii \h• euera or rtl• at. -:10°c 

exClept tat C N i:a. , ••• , .... •ll•n adYaMlftl tb• ftla •• th• 

pert ration• were liable t,.o t•ar. • l • pri cipal advanta&•• of 

tla1• t•etmi qu• are aiapl.lel t7 aa:4 in• euori u.. .t volv• tn 

pr•partna •• p1Mto1rapb1 1 1. . • net.to • Jta Nin · taad•a •as• 1• 

1.ha.t it l• a laiPt,- CN'l"M tee 14•• ud i• not. ••rt •••latac'to17 

tor •xatatt1to crr•t•l• ot 1... tbu ao u $hlolto•n• 

• flt• filll -. ... la , i• •• d7 ••• pNJo•••ed bJ' th• a \bor and 

d•tell• of ,. ....... , •• ••d ,. ... a1 pl.Mtt•l"Pld, t.Nbo.tque ..... ,ri.-•• 

la Ap~ta 111 



a. 

Ur.uni• in trcoae a1ibst.i tut ion an frocae dryia~ r;ie turc& h1u been 

statned. 

·rhe troe,:o •ubaUtuti•a aothoo u••d wu to hold t.he ••ction• in 

&bout 50 ti••• \h lr vol\UI et ab•olute ethanol t -:w0
t-· tor abo.ut. 

thre centh before• r111ia. to ro0ta t.e•i.-•r•tur• attd embeddl ,. 

octionR • re wrapvnd ln cotton •ool 

and buried in t! ~ol n~l ~r 5lcvo inn oalcd contain~r and held ttt 

,..,.o' - .. v t for abou\ three month~ bPfor trn,a,t r io~ t.o dry ethanol and 

!tor thu 0t~beddfnte •diwa it waa decided not to uae par&tlin 

IMoau•o of th attendant riak ot he t. 4--«•• l •••• it waa deci •d 

preparatlou of ti ue •lion.st r 113, a •ic.roaeopy. 

an t • fact tba\ t di ao •• to•• •••11 bl• ia -11 en 



Plate 1 , lat •) ~-
•hotoatcrogr 1• • ·r pt rod fro troez drl d aa\erlal 

1•late 3 f• late i 

1•botoedcro ra; t.a 1,repared Cr fr••• •ubatltuted • \orial 

Plate I 

• ot fro•• ... , cu t •l'Tatt 



u . 

l,nrortun~t•ly tbe .;)h•l 1 

re in or hardcnen .• coulJ uot. h, o t.,1 i. ned in aui t~bli.? q1.1•nti tioa -80 

Araldite l: w4\A uae-d us it and t he-- hnr.Jtmcre f'l' ','11 rNI C(rnl~t be br<t>\.;;_ut 

ro ttdl l.)·. 

1':ie for,wlntion recot4"De1todod ( kay , t!JG;> i w-a fQ1;fld to b• t.oo hard 

for ecticniHg with n Btoel bl.i'tdod r ocl,in, a.iorotoae ,-o it •a• l>Odi tied 

to pro<luc a block of aul t. ble hardat\!!Uh 

Qn~e • etloned the tiaauo •~• atotn• wttb 

drop r lra.•rsion oil 

nent cot.ant. 

inclu.Jia~ a ~ruall ~!lfount ot DAter in t',e !i a1n, th Uoaue took it up 

ore UH.rn th~ ~ be'1dini rc:•in t us. 11111 1 njvi o:,, L1 cootro t bef.t:eNl 

The alig t r~hy~rntlon of tho ti&•ue did nnt alter 

the disru;,tion couJ11ed y t.be ico wh1.ch • a fixed by tae r,res nee et 

the • -bedding •diu • 

.gr•ater clarity tban could be obt Lned b)' porAtt't n amb.«lding teeluatqu•• 1 

colouJ" ~:hut.o6 raphlil ot par.-Cfin e; bedded • terto.l being available lt>r 

eoapnrison. 

u. r'11t.tzC lJ;tC.61:Nct a t 

Jl"reeee etching••• aooth r tecbni~u w ich ••• •xaat • u having 

po lble appU.cat.lon t t ia t.y C •kl • At. ••nt t i• u.•-4 tn 

electron •lcro c. 111, articularl7 r i • •ludy ot c•U. ... n• 



TIM a.Lho-d e •O'd by e!o-e l"oa a1ero4teGplAt !nlfol~• tre4.'ltini 

th• Ua•t.Ht 11Mtr1l "! th ffi ,,, •; lyeero1 to lnhlbt t ti:-, cry tn l f!tP.,ution , 

queaeM.n~ it lu U ";uld Ai t r o~•" -cool ~, l'r~•n i i , than chi 1•,:tn.1; the 

AFfitc• of tlkf • ~•"1••n ••oy wtu~ a Hqvi d ut lro:Qon coohd blti-"i9 

allowed t1' ,tohydre.ht sU;M ly by $uhUwiUor.t , t,efo-re s ~ftJ"lHJt1 Ulm i.• 

d• ~o,1H t•d C)nto it. 

d• pe•it-4 ov•r tho ea,w• IIOd tb• aaapl• 1• et h-4 off t • CaPb• n fila 

by ao.td <U.,efll!Uea to l•••• a nliot up I u,e Ue•v.• nrfuo wtHoll 

cu.u k ••oained ueader th• •leotroa • tff'06Cepe (Hall I h rt•nri1 , l 1!i63 , 

nuUivll\nt. ti&d) . 

Ha, te1e1.hod .-u,;.-alelll l1>r li ,ifh't a!enaeor1• atudioe i• le work in 

Ui4 @old l"OQfii •l -:w0 v ....... • •l•ro o,.,. •lllcb ON•"·· .,. a pH1•• 

- r•fl•euc.t rat.b•r tlla \.raaa.t,te4 U&t.t . fll• tr•••• ... , 1. 1• 

queNh•d la liquid .,~ .... ,. i u broke& eo lb.a\ lh• , .... , ..... , 111LJM 

,. .... 1,tiro\i3h t l;)• pot.at. for ou•rvau~,,. · be aM1i,,l• l• MtU1te4 

umt•• ti•• ........ ,. 40 t.ll'1i, llMt ,.._'111 •rta•• t• lll · teated bl' 

low tact~•-, 11.~,. •• ·b• lo• •l•r•• t.e •v•lta• ...... ~ •tll .,.Ad 
pNWt or U•• __.,.,.. • kll t • lipt ukt • olur o t 4tattaotio ........ , .. -...... 

~-- ••uJ..,..~la WM glYen t• •ta. JM!i••&Ll1i'f ef • fflAC' Ott 

•••• ..,.1a1 ... , .• ., ..... u .. ., ..... , t• wof'k aud ..... 'f!NfMH 

•tllofl of ooc tki• t• &l••• l• ,ilpJHtl'uUa Ul .. 



t be ;')robloala enco"'ntered in d.eve lopin~ an ox p-erbumtal 

probably involved in ico or1atal fonaatlon ia •li•lin t d and tbe 

u. 

had to bei roaove4 for exaaiA&ttoo during tbe tr•••tns J>NM•• • 

a freeztna ayetem eiall ar to the one u4;1d bJ C.ullwtck {1~67) in b:la 

It WU PMllud however t.hat l t 

pal'liallf fro••• when ra lei •••val would 

alt•ra•••~• ap,,.._.b wa• aouabt. 

•••• ,1.1. 
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• lck of met of auttabl~ 

diaemsiona tor eecttoRJn~ for tcroeco ~to examlnot loa in f orua 

pol7atyrene mould which left the •nd• ot tho attek tnt1'•H• to make 

contact wit~ U,• frlte~•r plnte•• 

\lllfortun~t•lY nft•r 11 the atudte 

••• found that the fre•ain 'J tl•o• were v ry a \\:Cb shorter then tboee 

which could be expected rro111 a on••dt• cHu1tonal frecalng •1•t••• 
'ub•equent cnlcuhtiona abowod th t \kc baai• ua-4 for the ori ginal 

calcul•ttofl• wa• in~stt, nn th t tr.•~tng could &nly be considered 

en.-,1i• •n•ion l t ~iataneo llP to o. 5 f neh • tr, the _p l at• ur f a c • 

_l.:_. __ rt_l_fi,_~&il_Hf-i.1}' )ltt}ltf,.!J • l!STOl 

Oeacri pt1_~!.!.. or the ; z~.!~ 

,\ t this •ta,;e It Wtla c!e<:ltl~d to recooait1er the Bi inc i:iould JJ)'stem 

u tho !flea ot obsorvin v. the )Qrti 117 fN1utn motttri l had been 

abandoned. To min.1mtao ••rt tton in au.rfAoe temp rll!tur• a .. " thick 

al tnlt11t pl Ate Wfl• placed on top nd bottom of the ld. t x perlenc• 

wl th the polyat.yr•tui moulds h d • u11.gestod t.hat th•r• wur• conalder ble 

local temperat re v111"latio1u, meroes th~ frueaer plat.o• • 

eonat.antan tboneoco111>le• ••r• attaohod to th• • · t •id• oC each 

al 11iu.e a, lat. • 

To oYel'CoiM the itfi ulty in rea •in tho a 11 1• plut e tr th• 

al•• mould t • nl• plu wu wr pp• i oly\ ••• et th n rawn 

tato a varai•h• per u • Th o~t•ld• f i tub41 w • oate4 wit 

atli AM ao wrap 4 la lyt •••• • pl •••, • placed 

v.rtJ.c 117 in i • ao 1 • a oopp r con.•t tan t •coup,l• Mde froa 

H c•q• wire io••rt•d int t • centr• or the pl tarou& a bol• 



The mince wae th n packed into tbe mould and 

~-
~~; 1;-..AporiaeAtal 

Cullwick (ti67) found experi entally tha\ the tosaperature t the 

c,mtre or tbo plane parallel to th• fN•ziag plAte• i a 0" x ~" x 4t.t 

thick •lab waa UAifona over -.tcb of it• ar • during f..-eal I ud 

eoneludo-d tb t otle-di naioul freezing••• oecu.rrina over thia ar••• 

Thia conet nt C. peratu.r• pl•n• extefld~ to 1·1 from the centre of tho 

al ha the mould 

Ufi'!ed ln the preaent •tudJ •••aux~" x ~11 thick with the aaaple plug• 

located at the corner• oc a aquar• of aide lH a ut t!Mt centre•• tbnt 

onoh ~lu, ehQuld h•ve froaen ooe-diaeui•nally. 

(t>! lif ealcu.laUo 

l. ~11nced •••t. .. uld , ... 

'lho oalculaUo, , .. t od uaecl tor the poly•t1r•n• aoul ••• api,U• 

t thia -.rte \ t lb• eJ•\- ••• appro•l-t•l7 

cane- i .. ut 1. 

nr1efl7 , t • cale•latio ••ta4kl ~• 4 ••• io ltn ih• lheraal 

propor-•1•• of•,._.. elal> ot • b;rpol••t.ieal •u tan• w oao ••a-tn 

, .. ,-r•t r• would ~ool •a••dill••••• .. llJ tr• SQ°F te -1o•r in• 

plat• freeur os-rau I a\ •40 

.... tiM 11. • 



, .. ,,erature r~n • und•r the • • condi U.on•• 

eoef!icient of 100 BTt/tt 2h.r0
,,• waa aas\lAed . 

the ~onn t heraati l cooductivlt7 of • ea t over thi• teaper ture raag e and 

troa th•ae valuea a •P itic beat cf t.7~ BTtJ/lb°F waa dete ined . 

'lhi• is lotrer U.1.a.n the .. ,u, a i,o i ttc heat of •eat ovor thi• teD1per t.u.re 

range . 

au-0
• for t h •ooden aide aurf • &be tesper tur after five hour• 

cooUng at a ,,oint r fro• th• centre l tho centre plan• parallel \o 

t • trooaer plate• could M calculat••• I\ wita to1111d to be -ts.s0 r 
0 or 6 /i. ct the tempe.ra\i.u•• range SO io -10 ;' lower than tor- une- dh1e1uaional 

oooline; . 1 t would h .ll{ e a turthor 0 . t16 hour• er US,., longer tor the 

teape r a tur• to fall to tbla value in one-dlaoneienal tre•aint,; . 

ii• ,"ol1• t.yrene •1•t• ,-
Co8U og calcl.ll \ion• tor a bloc.k. a11 

• 2" x: S" ht of polyat7rene 

toa• cooled :tn tae pl11te tro•••r indioat.ed tba\ in \be co11tre plane 

parallol te the plate, aore eat••• being oondue~ed •lon& it to the 

air tnap perpend icul t ti \o tbe pl tee aed Iha\ th• block cooled 

••1"1 -..eh aor• q•iclll7 \ban .. \ •lab of S" i.hi ta••• would take to 

, .... ~ .. Uy includiq ihe thl 

would take o.a boar• Ir a •ti k ot 

... 1 to - io0
f ·. 

• •• ca. t.hle at• lt 

a bala •• \o 



47. 

3 . 

'lurfn_ fr~ sic it Wi1 foun t at. the top pl e op r te,I at 

unitol"'9 an 
0 ate cy -11 rand tho bo plate 1 mt u tr r11 

- -43 • r ia ,,erfora ace wa uplicated . e, ti the lnee bloc 

• • froaeo. fhe t •r edynaai ce tr of th• aould w • et by 

n trial nJ error solution of ? l nnl.<'s • uution ( ,' lan • 191'3) for 

et~ lnin~ tte fr•~Ein• tiao fa o -il••n i o lly fro• ta. 

t • T ~ 
t • 

( 3 . t) 

...... t t tbe f'reezf Ua, 

L •• the latent • of tu•to t 

/' i• tbc- • eity t fr zen .. ,, 
Tt la t ~ tr ezi111 oi t f t, 

l u-•• • 1 t• te per t u 
' a 

lo 1• Uae •l• tblcknes• • 

t• t • rfaee he t tr•• ter eNffl i•at, 

i• the t •r 1 c a uctl•i ty of fro•e •• ... 
f'or t l• olutlo val •oft 61 1 /ft, , a t • -43 Jl" a • 

0 I -u' ' f !Ir . 76 • • D 1ar•; weN 

• V a .r 1 • .;2 a • • 1.t1 • t3" • - t 1 ~,,,2 
ere • t i • •r 1 l• t • I • •l• i 

0 

3 . r• te tr• ••• .. ere C a -• 1 • ., t• 

et • ala .7 ,.. • I" • • • 
-1 • 

y .. file• 

• • pl • l 1 •• 
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• 

Th~ ethod lnvolv d detu,doln4 tho tOl'llperatur• 

or t'alcul tion of ic l' f o l!ttion ,;ro f ile .. thCI' •.x.,eri a-ntttl ayetea 

;AN t f''CHl 1u, b-.in~ a lnb of hnl!•th!~kn .s& .! . tu ·•, fror:en in a plat• 

1his loca lt<a, of t h \h• ic cen\ro ~a• lat r conft •d b7 



,":" : • .. : " •.• • ... J • \ T ., " ... , . 
1 

...... 
• \. 6 .. 

method or 

c~. · •JI.er . t:I c 

~cri "J"cd rru ~xi ' rimt,nt l l_y de t ~, i.iu .<I coolira,; curvv • 

TC 

Th, rr<:c:r.in · .roe • in olv~ un to.11Iy ·tut, hen tran fer. 

' ! e r letl<J11sh1. • 1Jotw . n lP. ;••r iur nd tia.ui of coolinb :1 nny point 

.-1 t, in the bo, y • i 1 ther fo r e t ic .o •c•rttl'd b y the ourier un te d · -

8 ,'-\l ln •• 'or un .Hr*ctionnl hent flrj t'.i · tit y lJc oxµreaaod aa :-

d't -d-

.• n r ;: ie he l.e or·ahu-o ~oin JL .. 11 1 

~ i• t.he 1.iae fro ouU. ah 

~ i,a. i110 loca on rel tivv tu t.h• oQlo eurt11.ce o I.be 

poin i ua~er c oo ider tio, 

be.-.al • ftua vit7, 

de ait.1, 

1• t • • p ifio ••' • 

ttl ult •ri•• le p 171 thi•. 
• • .,. tfto eat•• t. en1al oo 

1.lo tot 

(4.t) 



:SO . 

!-'or A aia;.,l le / pur,o water eyste , he.- p•;clflc h a t and tben11.al 

conductivit)' c n be con&i dured to ti.a ve con¥ tant v~lue in wat!l"r end 

Ji!ferent c us taAt YMlu•• in ice with a at• p change in v lu• between 

tlle t•o ph42,aea. 

' j..31'ticuln.r olution for thia probl(trit iu the ,;e,w:iann meth·Gd 

(1 &•r•oll et ol, 1951) givi~, an error !uaction t ype aolutio. 

( t 067b) used thi• ty po or S.-.llution a bael• for 

their ra~• or ico to tion eal ul a tiona. Th ir experi•e&t.al •Y•t•• 
cout•t•d ot •ol t. pl us waier wbicb t bey froze starting t 

rroo&iA& i>Oiot t• v•ro.tur • 

two zone.g o f conata,st av-cific h .t and t nera=a l eonductivitJ' ao that 

t hey c ould uae tbi• tyµe or aolutio . 

properties caYer the i.eai:-oratw.-. rans • where they are changing ao•t 

rapi 11, dovi ti s b t•~~n the calc~lated and actua l te•per ~ture 

1ia\orioa coul 1N •~p•cted . 

la ~alcul ti t h r a te of ice f ormation the slope ot th• cooll 

• n J. ataat i ouidered ao that error• l th• 

c lcal t~d rate ot tee foraati -~ • lt ap t t.hi v.r• d lo th ir 

Nlulioo .. 1 fin that. • I' t• t ice , ..... ,, i• l ........ 1, 
• tt al to"•• aqun of -t dta, ce fl"Oat.n. 111 aer-t •• 

r j l.a.n '• • ( 1.1) it ~ould M ct• t. 1, 

aartace IMat t.r ct t. ... l _, l i. ia q•tea. the 

rate t would 1 weraely p omtl ,., • distance 

t ..... ill a ce .. 



, . ... . 
1. 

S-JL t t~X 

!ntlni t . 

·1 nlt. ra~tiv o l utiv f tb ,uurier e~u, Ion la h7 the c~lculu• 

r. ,a · 103 or fli ti o u (1 . 1) in\ nt\8 

c<c 
-

0+£19, Jl • JL 
" 4 

... i the \.(,!'Ml : :r . 
• t 1 

r , x•~ th 0 SPt:r t 

T 
, :s.-L\X i t.hc- l~ :•er l. •r 

' .i l(' te ,•t:r lur e 
• 4 , x 

It a: -

!. L\., 

olu\ioa t • • 1• (4. 2 ) for 

T 1' 
''.I. 

~Jl 

t 1. .l i:: ll 

a t t1 nd 

u ..n.l 

a t poin 1 od 

gi••• =­+L\. • .J. 

- T 

.6.x 

a i t 

1t0ittt 

11olat 

u • 

• (!'I - 2) T + r 
. x .,.-Lui. 

C 

T t la tl t .. 1ae al , .... 
eue .. • alab cooled. ot ai • •• a r 

aN • acetd ..... t • ala a l lrectt f 

•• L}. • 1. • f ite • rtace 

c .. rnclea t. • ta ta • .. .. • t t• rt • 
cal l a te t t r• • at.• t after Ue -

•--) 
.... 
;x. • -6X , 

ll: - £.'\Kt 

• • .l.'\8• 

lculatl 

ule t l 

t f l at. • 
at. t •f 

• 
( • ) 1• 

• L\ • 

( .. ) 

( -1. 3) 

( .4) 

t 

1.• 

•1 

' . 
to 



tfl!peruture f'(.illalianship • \."a.lueo <. 1 lNtd to un8tAblo c lculat! one 

1u1d••lr le a· ttie value of L1 m et. lJo r duced for iv a Y 1 ~• of 

.6.a, /' , CP and · • &i.ch •ill p.rolo g calc:ulation a in icnte 

• qW\tlO I . ) • 

l.n 

·~rl ( t ' 66J and Cull•ick ( 19-67) 

tUld t h\i I etbQJ used in this ~tu~ , th• Y 1 1i: of ~ · • bo l d ceri& teot 

and Ll i.s , 1 t O"ll e ~ t o vnry ns .. .lH1.d C vary • Th i , I,,(>.' '1B th.ut t h e 
p 

w ti • 6 t'J at each cnlei#letion 4;o lni. will V rt.'t"l ccnrdtn, to Jt 

i. .. per ..... . H ••ver it i• ne:ice1:1s r· t.u i.,g ctl'l b J.Olti• to 

tlaJe -~f()r~ C tculaU en can continu • !'ids 1 Dc:1 i eved y 11 ~e- r 

i nt i,olntion o! the t ratwr C • .e r to 1· to 8l , s ••L:e ... 
t~ µer t re T wh ... 0 t tl Cl>tdt. t ti f' incre nt. 

• o •• 

T - lT - ... ) .. t (4. !S) 
• • .O . L)td ~.• • 11• •• 

• •• l • \ra u will i 

b.~ .... /-' (; 
ltd.\lal eta,.• ef cal.~ula'lio oo < P • nu, alataua val•• t 

.6JC /J C 
.,. r ill • C 

" 
. . • aaall • • i.e. the 

ant I•••• lel.el7 f ae al. t.e tat 



... -· ·"Lll te ur·fnce t• o :t · ron ror ocrrtci.!:.!!! 

"o .:l,· l~· f ~. i a c. lcu l t l on n ot'w,t to .1 y,; l ,, \\ · th 

·•u inborre ( 1\J •J t; 1 ,• ropo• rt tl-c fr,llowlng 

T 
.~ 1 r .. 

\ • -1. • • ¼1 . (4.6) 
.. t • ,l l• • .-,6 S+L\ ,E' ... .C.-

,. here .,. 
1 th~\ ~urf ,c~ tcisq;ernture , A 

a 

1 ,. t C lt hi<'nt t (' ·>era ture, 

T l th0 te• per tore ~t ft ~int x fro th ~urf~c , 
s•~A 

\ u - L1 Q I U&S l t t.lulua. , 

1 t~ the ,n1rf.1cc 1,eat tr2!nt:1f r cue!fict n , 

l ~-•.;+1 · • l' ) 
• 2b x , 

(4.7) 

11 \ chrm e el.:10 t in tAnt n ou. l) to t: c hient tc,·eratur at the 

comntenc mentor fr eain . 

o avoid this ~ lei ley •t al (1ur.7) SU u 1n th• tollo•ina 

eq\1 tio to C.\lCnl te tho initial aurt e te ;,er11 ture i-

1 
[ T• •• •1tt + O+L\XaO] ,,,, - • (4 . ) .... ~ ., ... 

• 1 

• •r ~ 1 the tt•• at C eoc.aent of cooUn • 



04 . 

y'•.d t1T.: ·.nrri.·ro~ flf\ 'Wt f''l!'UT~! {)lf'fl'eRE~Cli: APPaQXll4AT I ONS 

,·rt?t~ .. :tn,~ e;r,:.,;-:-itur ~il'ltory ca t eul'\tton • by t he ,aetbod outlined 

aho~e can be ti:o:fl t conveni"nt l y • de u• i ng .::1 d i g ita l coar,u ter. 'fc, 

this nd ,t · ro.· r·~,;r,,. in t·ort r nn J r- o with "''<>nit or t • -• devel opri for 

l c...::: l .i e:t,r.1r 1.,. t er . 

xten~ed to enlcu l nt• t he r ote of 

- utocti.c th t for aoat •• detel'IDined 

by .. 1 Jt:11 (l ,7) •s:t 1 lottei! ill t •s of t • qui Ubri fr•ctton of 

n,ta curve • • • 

different.tated to c11n~ert t.bu d~t"' <> lve t • r r 3a t ton ot freezable 

wa.ter frv~.:a ,@r unit tc-m 11n· 01ture chM1 ·e ( f r ttet i on a 1 eolidt ty ) A\ 

The J}roduct o f 

th fr-"c lo"l.sl -iO H ,Ji t:v .1:,d t.ht- ·lor"~ r,f' the c n., J inll'; cur•• a t aay 

particul,1r \.CH'l i•oreturv i the r tc t,C ie"" f<1r a t ion a t that toiDperA'ture 

oxvre ed f\1ti eh"nt.e in fr cti n r>l Ir~ r. hie •a t e i- troe•n ,,er unit 

tiae. 

Lavin,;. 11uvl C. i• AU)tHtic tlo t{'J t.h• ,rogr a1t1111 • i t na found that 

tho r~,• or le@ o tl~n v loe ~a e~tr ty • n•ttlv• too nc• in 

101 • o · i.he cool i n c v • · h large chan~• i • cl rte beat at 

•• t tLi t th• mvernture caleul tin • locatto ha4 to 

b• at.opp'"d w en t • calc A • t••i• rnt.u • dr b• l • , aOJ 

t.hrou II Ute eon• 

0 .. i • t Q , wi thout c lcul \ 1n the rate of tee f l'lla\lon. 
• 

' J.a clan • r • • rt i ulorl y pnrent a t eor t • eurfa •• tntt 

i oat.10 · d ne 111ibl di t teronc• tot• total fr•••i a ,1 • 



.\.e an e.ri thaet:lc check on tbi• r,r·ogruime, eool i o,, curv•s for a alt, b 

•itb. conatant ihu•11Mtl proper\i•• h ... o . ~ HTT' /ft hr0v·, c .,, o.~ !H'l'/lb 
V 

0 r,· ) ••r• calcula ted uain twro di ffc.,r nt v \lu~,3 for .6,. (0 . 2 i ncbca and 

0 .1 inebee in a 2 inch thiek s l ob ). 

' 
- 4~0 r . b "" 240 Art,/tt..., •i 0 r.· ) wa rodue"'d sli;:;h t ly but both a reed to 

within 0 . 5.¾ et the tb,e c 1.-ulntc d from Ch~uution ( 1. ·11 . 

eoaid•tent r ~esulta • re o ,t aine a t each ,,oint- durln i. the entil'"e ctt>oli 

·• ·••n the t.keraal propertt•• for aeat were •ubati tu ed in the " • 

by l ., 1.md the t••perntur•• i given point• ln @ftch block would lA.a. ftJld 

coru,t.ant volue of un.U.1 for the fraot.iona\ solidity h~ slo t)O of the 

co-olin, eu.rv• could be calcul•t•d ~• t he rte of ice formation •1th 

t.bo h e f o at.ion p r01,l"AIJillle . ke.,-atin,..; the caleul ttona •1th t.be ice 

G\lrve •lopo were: 

tMp9.rat.ur• J"ttll e 

oaleul.at.• 1. • •••n 

~o• J t t 2•3 fold difference• tn th Coolin 

saible bet•••n tho two calcul tton• in the 

0 " 
.&-001'. Fo.r tbla re11•oa it ., . clecidod to 

rat.• ot le• fotwati n over • f'IH" ture I' 

30 t ~0 0 ~ •• a ••o• • of the rt• or ic• tonaat n • I" th•r t an 

rat.• ' ~ paJ-Ue t. •nture or the &Xi 1' 0 en 

the 

c.alc11latlo Wa.• ftOi i olu • 1 the pro r • d ad t calc la.t•d 

frOM t e a, printe t. 

•• proba ly • ooaa• • of 



S<i . 

1. r- c 4 lcul.:,t i o . t, t od n ,!,,uu s ccnsL .'.l nt the 

t t ickri .... ,n -Cl e~1 • l .i • u1 

ti , • .6- . 

:~r ti'-'1.l rly ner.:r ti, r{ C MO lh .. valid . 

• ere. -il in .6:a. i 1-.rov 

pro lo 1_,& n l ul,.;1. ti o, • 

Lbi& a~ - • ~tin b~t at the aa, time it 

·o overc:: orue this Ji rct.culty it aa :Jeci ,1•d to chanc:e .0. x durina 

c l cul tl,,n us t h e ic front ov~ t 1.li !ro:. t.h a rf c • In 

c tian:.,in ~ ~ • n• · aet ot c lcule1tion ,•oint. hil J to bo '° t u;, · t th• 

nc" '°- "spacln , h ie .l nt Lh t t e i 1.: e for• li on 1•ro6 r e bed t o 

int ·r .~ o I 

i: 1• i nt er : l,1tio11 111y,~t.: -. • ie i ri ,i no th t b<>th 1 r!,; r anJ sra'\ ller 

vnlucs or .6 >. cc,ut l be c<1tereJ tor . rnt ~ de it po••ibl• to ,art 

c., ul,1t.ii1_, with !.4 • ill .6.x value , tb n to enlir5• L\.. x to reduce 

e u nt ton ti • ,,a the t.e per ·~ tur~ gr . dl ente wi thtn th• a lab 

,i crea•od . 11'.I n \ ly .6 x ae doere erl • the ic front appro cbed 

the c n re ~o c mlne tb ice Vf:'lo ••nt proe •• at the o• n&re a1>re 

cloaely, a an incr a • 1 t. rate ot ico ro a t ion at,• c•utre 

co r •ith ,otnt~ n •1th r •• ~• oJ it a,re red frQ t e c l culat ion• • 

lb i ay r~ 1 pbe n n •• rates or le to atio derived f r oa 

incr• uo. u.u 

peod l • 

vn•• ( 
of t i • 

t I) and Fi . 12 abow eu h ao 

"' i i pro ra eta &1•• i 



~ l • J . 
• I l 

Ti m Cot . uLcJ J -tt h ,, · PICC(~ ,lo Ll •tl (. i · s l . , 13) in t i c t ,rr .. :-

l 

".hcra r•,"\t~ •>i ice ·1.1 r •.:. tion l thn i; ,e 1: , rnt~ c-: f ice fo1 ,'ltJ.,,n b tween 

-,: > und ;:;o t 

: o 1.1 it i ,) n of U, , i c · fr., n l i • t he ..1 L t ,;.1-i<,' o f th i c front fro 

tlu., 11urf c ( lo nl!o,.i. 

,ros: ' l nn ' !.qu t.lon '1 . 1, tbl • rolt, ti crn ~hi,, wouh1 be , r•dlct.ed • en 

h ---) oo • 

~! !(, • 1~ r ri, tJ ·• rt of ic f o r· :io tion aero a;. t.he experi ent!\l 

ay.tccn, c11lculP-tcd with v •tryin., L'.1.1 (t.: . 12 i.nc:h~ , 0 . 10 inch•• and 

J t 'Ul CO j.lrl ri>a u ... 

itl ul · · ,iftt-.llied frOa, l i fet·cnti tin _., tilt • peri ot. l ti e/t .. p•r-

\ur C\tl V of ti ex1 r im,,n t.n l y . lt CQn be •• n froa t la 

that by 1nt1 loin a cgnat nt v, lu ,or .6 the r L t • ot lee formation 

twvv b n OpJ>l'U i tel) h l cl to a (; & t. h. -ot r nc 8 60 ttia ro•• 

C n i <lo.r l:l o d ut.t on au h C le ln .lon tee l,nl 'l u •• ot. ocl of 

! r•diclin~ rot~ or tc ror• tioo . vrl f c lculaUon ade 

& of ~ a., 

~u0 et d tb t the aolutton hnv bee a lia i in1 

••r1 • f valuea . tr thi • ia •o t er te or i e to t.io cualculate 

6x Vft l uea are likely to b more probabl• • t.: • a.rla 

of the• v luea with he•• • r i •ntally d•riYed valu • • illu•tr tea 

th t o r • tf• c ntre t e cnlcul t du rl l• L'.l X 

al•• re cl r to\• expert nt 1 ftl, a t han ua 1 C ata t -6..Xe 

·r •r• 1a, ow ver, o di. rr r nee tow rd• t • urface. 
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AATE OF IC.~ 

FOl'.M"TIO"' 

•Jo /Hr. . .. 
600 

400 

100 

Suc-\,c.e. te.-pc.c-,'\'1o1,c-e. -1.~•s: 
8 "'"•WW\ -t~ .. "~ --.l'i~'' 
0 C &\ c.""l-.-t1.al ,ia..-i i .. 9 6 x. 
lC C .. ,c..,.,,t .... c.cu,,t-.W\1 ax. 

-- -------

2 ,., • ,, 

LOc.ATl .. f -I '• /I 

FICit.11. ~ATES OF JU Foll.MATIOH IN TM~ MI .. C.11'D Mll'AT H\Oua.O E,Pe'lt.lM5e1TAL. '\'fSTEfil\. 

llATe· o~ le.I IOO 

FO!t.""ATICIH 

¾/u.. 

laOO 

100 

100 

Ito 

® F,o"' t"4,'°'""'"' ~-.\ 'S ti, ( p\-.i& 'ta•p •'SI•,) 
(!) C•\c....\., t&tl "M"\ i", 4 X ( pl-.t& ta.,_ p -C. ~) 
X c.1c..,., .. -t • .a. <.o"~'t .. "t ax l p\,i, tt.-p _,,.,.> 

a s 
LOC.ATIHl•I le/l ' 

~,Gr.13. llATfS OF"~ t'0llMATIHf '" s·M1t1UD ll'CF' SLAe (o«a,,,co FAOfll .. ,,O1.-ICalT.' 

I'/ C VU.WICK'., I 4'' l) 



~0 c:lec i< t'dH fln1Hn, r ,,tr·s c,f 1c~ fr.:a-l!~ tion •~r• detentin tt by 

d{ne;,r-e 1~t l '!tin,.: 1tllL1, curvns ... ,e,gur~ by ·:t, 11 ic ( 19~7) in o "1° 

t"'i i cl.z; mt11co,t !.ent .;; l ~,t unl c~~ .n r .. ,i •dt'1 calc ,: l .•t~, r»-ti!$ of tee 

1",t:• r1t,':i& of ice forn,;1 ti:,n '.<.en:,\ rived frof., th c poriuumtal 

ayfit~,u. Lji ;t•r.uiuring he •lo· r• of tnc cool i g curve t 1°1:t' intervllla, 

in thf" tc• '•,> 1·;! t1,1re r :tu.;.~ 3U to .tlJ
0

,· , l):,d a.utti:., lyio!!, the lo pe , t 

" •C~! oi•1t LJ' itio corre · pouling fr:1cli •)1,8 l oli ,iit)' Vlllue. 

In epi.te 

of h" h i .h s urf.1cc. hoat traneft.'r co.-fficle-nt u ed in thct c lculation 

( ,;;4() rrn /t·t2ttr0
P'), tho colcultltod Croo.c.i ir time ( ;;~ to - 10°1-) i• ucb 

1,u•gtn•· • 1'he ,. • aur d !r ezin; time i.s a li ttlo $hori c pared wit.b 

ao freezi !'\ ti u• toua in co rcinl pl te 1ree"ing J)r ct i ce, while, 

be culculate f1•c, &'!ihl tlatt ie longer . '.I .J.• tndicat•• tb111. th• 

c., peri ntal ay te •a ot be behavi ,. in a eta·ic\17 n•• iaeneional 

manne-r l"nd alau ~h l!lt. 0 b calculated JJJ' t• doea not. giv• an ade quat.e 

••criptton or th tro•zin vr • • • 

1t waa t ug it i • c ter 1 no\ ruaYe IHI n c 17inc enou1h 

ai icant. fig\lree d rin interp l tin i. • c lo.ul tion. Thi• 

would ba • ••nit it •old ~aloul te v lu o t.lte .lnteri,ol te.a 



T £~ PERA TUI.£ (•r:) 

so 

10 

0 
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TIME ( Hrs.) 
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t l • ,-. . I.>•, '°.• • e,i:.: c,r•,. ,ITC' r .,n::, '° . _ _ .... 

,s .:i ci,4:'c~. ou tt. trcez.in~ tiiJ. , a cv bi ned nu. erical/aoalytical 

(3.11, an,! t.Lc ice forlit tion proi rath.,1e . 

enlculnte t ~ Ll~~ Lak~n Jor the ic~ fron t to ro~ct th~ contr of the 

.sleb, then t! e ic4; foru: , t.iou .,ro~rtui ... o w n vsed to c,,lc'4J. te t h ti 

to._ o rc-r ttH: ~ ntr t ..i~ereturc t.o fall to -1•.)0
1· . tt ...... 

.,o .. ~O h l tc ... , er, t 1.,.rt: - i . ) •,._,1 the CE•n tr1.• '\t ,l, • • tt,tt const nt t ,erma 

't'ho fr«ec~t•i 4 ti.~ cntcul11t d 1D thi u:. n11t'r •as 1 .1 hcn.ar , which 



1. 

fhc A,;..:iri ntal o aorv tu1r _,ll 1c~ £,o • · tion arc- ~re •ut.ed 

1ud uro rcl~,tcl! t. 0 r.1t..: of i c r::irt.-.atioi aau tri 

i e G f oiU n 

i ct ri• d. 

(a) ., lecUua. r an ind•x ot crilatt.l;ll fora 

60. 

n.> tx .. ioing ect.ioiu, t ea rroa di(" fitre t loeat.iou ia the 

e•:-~ri- cint:d ·,•t , t. e i 1! luencc: 1! u i!i~re,, t r.ll o of ic ,~ ·u.r~.41.i o 

on tt i c t• cry t a l 

t. to pt. 1.v find 

. J.1 

tor ·,'l tioo .,n·• le c J tal he ,. w dv n Lbe r .. •M,llt.a ~r t. , i work 

r~ prea nt•d h~re. 

Tb~ 1 t or A ic ~ ,t. l Oc cry tal widt.h} waa ta eb 

•• •in • • i\ of e17St.al .tae. ih C -.. cuon 1 area 

r ble i Jes •• 1't WO 1 ..... i 

• te • r 1 t ta .r ••t .. in ••• type ., 
i ti To •• t i&. l ne ~• t.• 

de of 4UlC icr • t t , ..... of .. 
•i a .P a ftltae ... ial cUo 1 tor t • .... t. 

... , •• be ... •f t. • l nrtatio la er.,atel aiMa ftt • si• 
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rote of lee roraati OD and t.be con eqaeat nwat, ra of cryat•l• •ht ah 

•oultJ h•Ye to be • east.red to obtain al•U•Ueall.Y aig-nifie.,.t eiae 

var ••t•r•• 

t. 

A& i.t waa not po&,Niblo to meaMure t.t,e cross a-ect ioaal •r•~ i t 

•a• deci ded to e quare t he er7•tal width to ~htain an eati•ate of the 

crystal area and use thi • ao additional index at ceyetal •i••• 
The 1Htbod actd to me-aaur• lei- ery s t.ttl .•l&e 1• gi •.-en in Appondi.a I. 

ill_ A 17•!• •f crzatal eiae data 

~n approsiaa.telr t ,000 C1"7at l width •e ... urcraeata • re aade 

atAtls\ical ••tbod of anal7aing thia dat ... obvioual7 aeco•• ry . 

,\o••v•r• before attein ;:, t lng to u111e • otaiiat.ieal anoly•i• to c orrelate 

ery•tal width to r a t• Qt iee tonaation, it•• decid•t.t to etudy t he 

trequ•ncy diat ribution ot ice crystal width• ai each location exaui ad. 

A ,111ui tahh c ;~uter pl"Of,1" e tor dote · inln~ frequenc7 di tribtlt.ioa• 

••• aYailable. 

nwr.bere o f 1ce cry•t la in eaeb idt l•••• aad •• fr•qu• c7 

di•trib11Uon hi•t•ir-• Eacb. hiatocraa bar wa. repr &t- tat.iYe of 

a •idth elaaa and it• l•aatb ••• calc lated•• a tractlon ot t • 

len•t <1f the laar in t. • ... t pop-ular •1 t c-la•• to icb waa 

•••lpo a fta9d le gt . I thi way lt wu poa•l let obtai a 

vt..al C.Ollparl•• tween \be tre enc1 1atr1boU .. at eao 1 caUoa, 

d tki• ta aao•n Fia• t5, t, 17, t, 1 , , sand lat•• 7, 1•~ 

H, t 9, a, 10, t0at 1t, 11&, 12, 12a, 13• t3a. 

111 atrat.• t.bat Ule width 

l• ap ro.xlMlely- aonaal at tll • rtae coaee 

7 dietri tio 

....... tit• .. ,. 



l 1 lat.•• 1• t3 and ?a- t3a 

r-l•t• 1: f thr• par llel to he t 

f101II'• ~ te of ice foraattoa 

fltiO. /Hr . 

flow . ~• ot le• to u 
6 j,./Ur. 

t 1 te 7a t 

h t fl w. 

6~0 / t r. 

heat fl•• • 

r-ibre perpendicular tn 

aat• ot tee foraatioft 

perp•nd1oular to 

te of i • toraatt•n 



'late u, Fibre parallel to boat 

flow. Hate ot ic• formation 

10 ./1lr. 

p r 

heat flow. ·te of ic 

fol'IUtion a40 /Hr. 

Pl te 111 Fibr1t par llel to 

h•at fl••• te of lo• 
fonaatton t90"'1lr. 

Plate 9a: Pibro perpundicu lar to 

hea\ flow. ., • of icu formation 

110 ~/lJr. 

_,erpendicul ..1r 

to he t flo. Kate of ice 

for tion 240 11/itr. 

Pl t 11 t 

te beat fl••• 

to tio 19 

ibr• perpendioul r 

Rate t ic 

/llr. 



~ t e or ice 

fu,- tion 100 / hr . 

parallel 

• t fl •• ,. of l • 
fo tin "" / Hr . T 

dyn-tc • ir• ol 
•-

;• lat 1· •, ibr• perpendicula r 

to h • t flow . l at• ot le 

fo a tion t CO /Hr. 

to .... flow . 1 • 

t o ttoa , Hr . T rao-
dyn ic eentr• ot k . 



or ice for11ation deelio••• lo al7so thia data at tiatieally 

no al dtatribvtioo cannot tbtorefore "aaeuaed. 

Vo••ible to detuiribo tu diat-ributioa cbana•• lo nuaericel t•ra• by 

titting •qua~ione to th• linea of beat flt th.ro~~h Ul top• of the 

hiato~roa bar-a (a coap Lor progr~aae which could ba•• done tui• ••• 

available), it •a. felt that u; t er~ woa no theoretical b •1• for 

juatification for doini thia. 

ti.• ~•repare4 Cr fNqveae diatri tlon bi togr-., ii• 22 . 

d l j inch•• froa tu urtace and could be 

related to rat or le• toraatioo b7 a r 1 tie abi ~ of the fora: -

=-<" 1 
Lara ai ice eryatal width Qate of ice foraatton • c 

bore C ta a coaatant. 

talde tbt• rana• t • reJ•tto abip bet••• . ...... t c17etal w1clth 

d lMatlo• i• t lte .. r an the larpat cr,s l wldt le l• r 

than weul be •• ecte froa extr ·pelatio of the liaear rtlo. 

1 • 12 • -· thal the rate or tee toraatlo (expert 11 ... 

\ ,r uld ••peet.od fr ••trap laUo of the 11 r1.t f 

• • le ,,... • reet cal 

Nl tio 1 , , ... larg••t .t.e atal wldt• rat• et tc• 

t na 1 a. 

T e t • llT • 
an rat• •• ice fo.f1Mlt.1n offr t. • llaear ni •I ..ct. crap -• 
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C 
2 . - .1t 10

4 
42 ( 5 . t) .,: -; • b() • i 

kilere C i• t • largeat ice cryet.al width. • 
i i• tbt> rte of ice formation . 

n,. 23 grapba cryatal widtba detereined by thi• r•lationabi p od 

tbat thi• rela tionsh i p la waUd oYer the aon linear porUon of 

1-'i ga 22 and 12. Thia fu r ther .ur rta the coatenti n tbat the 

ealculation aethod 1• YAAtiefactory tor predict105 rat•• el ice 

.r-tion of t ile rat• O 'f ice toraatlon 

Tile •lgni f ic•~c• of the darker aon•• lo Fig. 22 1• diacu.aed 

later t a thie ehapt~r . 

(c) Cryat.a l •i•• 4i•tri Uoa in ibo e,lz tzrene llO!ild experi .. ratal 

.,.i .. 
A aca tt• r dtavGII ••• al• pr• rad fl'OII fr ueac1 1atri tioo 

Fi 4 . :u. Coaparri t.o tile aluce etollld the dl•tribut:lon le uaifo,.. 

ower t •thick••• or t ala, whicb co flna• tbe t or.ti al 

t.• of toe fo 

~••t reaoYM tl'OII t •at•• ot tbe pl 

tl•o. ld bo •• ,. e-CI by t • 

•• nil - froe t. • • • • 

... 
• .. r. • ratu.r. fr prepart • 
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64. 

( ) Influence of au le tibr-e direcU.o 

Tbe longitvdinal aection. (Platea ?a - t3) were taken tr• aeat 

pl g• lo •hicb the bet tlo• wae per~ndicular to the flhN•• It ie 

unlikely tba\ thl• had any aajor effect. oa tbe rate ot lee foraation 

in tbe experiJleatal ayatem • th theNlal ~ropertl•• ol the minee 

auvroundin tbe plus would tend to ak any diftoroo~•• in the tboraal 

co1uiucUYlt7 or the trozenaeat plug due to fibre <:·!~ 'l tatic,;a. ·.-, 

d1ffeNitee say be evident toward• the cetttre, •• t.he ,ireate•t 

difference in th nwa.l conductivity occurs to tho troaen eat . ig. :.!5 

plv • t• with fl r•• parallel aad t• wttb fibre• perv-- icular to 

th• direction ot eat flow. 

aigh•r rate of le• 

all r tee c-17etala . 

(e) l,Y•i• ot 

• • -and c17a&-al •1 

• rr•t.•l •l tb .,al •• u 

t ... ,1 or• • ta1 • 

f N&at-to •• ' t l t 

"''' Yaluea t • a1r. ...... 

' tl ... 
.,., ili • ila 1 ... 

sa;atal o 

til ••luo• 

dlat ..... 

ot fn,au 

Thia •a.r N tb roault ot a 

- aectiooal &re& ta 
I I ... treated in .. • • 
.,., rat•• ol lee 

,~ .... ........ , ice 

bl • i .. t 

.. 

t tile i•t.rt 1.1 A exqeratd • 
••• Ia relat.t t.o t • .le• 1'1•tal 

aia.• I eaall•r c17at l• .,.. 1 Cfl" 

t tr t • 1 ....... r;yetala, 111• ......... 1 fff.Ut .. ... 
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lleat cl._... 

aeana tbat the raage c•n be uae4 aa aa index of ke1rn••• • 

root ot tba range glv•• tDe largeat crystal width. 

The t tal range 1• a difficult pn.rAllilet.er to 1u1e • it ha• a 

65 . 

Tlaie 

r t iler iadefinil •-.lue. For thi• re on it• ad cide-d to u.e the 

t • cl .. • l>eyo d wuich 5 ' of the tot l IUUllber of ob•orvatlou l"Ol'Ulft• 

T ••• raA e Y•l •• are plotted in Vi . 33 and coa;,,iare •1th raGge 

• luoa cal Nl to f t e 141"& t cry•i•l •idlb predict bJ equaU 

• l). r llel the pr 1cto v · lu•• 

~ - ~ x 10
4 

la equatien ( 5 . 1) i• too 

bili,h wl\on tb@ ~~,. 11 it of tbe idth- •tuared <liatribut ie 111 •ed •• 

a eattaat r l aaxiaua cryatal alae. 

ot us. r c• gaiut 1 atlen aud Yi& • 1- a..-. coua t.ant val0e ot 

J . 33 x 101 waa dvived for "witJa thl• eatiaator of aaxillRull e'7at l 

•t.ae-

( '' let.u 7- 13) tut •1•• alo 

a 

ch e i.n 1o.e c17•1.•l r "'• tea take lace wi hue 111 rate of 

t l • u. 

• 

••tr ellul 

lcWHA f U'e • nlatl•• 

• rat.• •f le• I• 

of I'• \ ... • i t • 

t .... , .... 
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6f. 

4• to o.eanre th inl'lu nee ot t ho rate 

within fibre 

I n thi• region xtracellular tee c17a ~al• 

,11•• and extroc llul r ic~ ~r• or aiailnr aizea ac, 

t h.at a atud7 &'1Cll a t.hi» ot.ald l,-il'Ovide ~idenc uu the eft ct-• of 

r t• o f fr • ~t aa 011 lndi vi dual t7 >ea o le• to at .. 

a. ziulitativ• tee 
T p 

&i. tellMia Ji e aai d • tb~ clut •• l• erya l eiao 

Uo . 

~·1,. 34 , ,·1 t.e 1 t of tee f O l"IIW ti Oft • tOO(; ~/hr . • . &. 

• 
111 tlae poat.-ri,; r t Q ·ed i t ia at J-s '-b•ro i •i& Hait ot 

30 fl ea U.la q- • ef e..,._u1u u • .l.ftC oalc i• 

" ..ction J t t..l • • avr • • that. i tr •11 1 r and 

l 

'-YVo• of ••t ell•lar tee " pre nt. bea •• or• c t.7-pe 

of ie• t o,... io • .. ,.1,. t. •• ia r etlular lee 

i ..... t • r lea it Ill ea 11. 

(}?;} :5tr: ee 

le• l•'-• t • , •• , i t to • • -• 
I• till• tJ • of r le• ....... esclu 

1 •• -t&l i• pNa• wit t ... 
11. •nr: 11 1.v i al• et. ti l•• are t 

-1..-p u • • atal• it,. ill t • 
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Pia • Je, Plate 14 . Hate or ice to aUc.n ; -1000:.,/hrf 
• 

ice be\woen fibree , ?o- 0 r• 
coaplet ly . 

t•'ig. 37. ,' l te 17. Ra le of ice far ttiun • 100«/hr . 
• 

Th ice • bee 

.,. 

0 •• the fi br • are d larger as • of JehT rated 

fibre C le • lll tr ti of J at.ate £ thi• 

e ndiU n i• &lve 14 l'l•t• 1 (r..it.e of tee fo-r· At.ion • aOs./hr .) • 
• 

s a t r than fr l tracoll~lar tee rice beta~ n t • fibre~ t aey 

(~} Ic• fon1 

t.oo•• f bi-£h e:ryat. 1 •i•• treque 7 (d er .... ) C e •• n 

in th• •1 th locat G- aeatt•r , .. 23 . ,. carre•~o 11• • .. 
to t ell • :ra •1 l 1 r ce • t ~ . t1 

• 1 .. . .. w.; • t , ... ice w-tt.Jlin 

t. • 11-N 1 .. . aa4 .. •• ....... ,,.. J.a ta a.a the 

rae •t lc.e t .... -u .• • .1 ...... 

COl"Na t l • i i • 1•• t~ 

l •aai •J.•• tatrl 1 .. .. t • rate •t le• 0 \1 • 



/ 

E .. t~-.ce.l\1a\.,~ ic.~. T\\.c. ic.c. 

'-•'twe.-.~ t"e. .C.,\:».-..1, ,•, •' 
Si""';t...,. t"°'c.." f'e.U t. \ "., 
,·c.c. 11».,t.-vc. .. "' t\.t. ta.~ .. -..,.V\..i., ••. 

L .. r,• --.,~~., .,t e.a t,a.c.c.lh~.l-.r 
l c.e. I.at-,••~ li'9~ \t~.ll•"· 



Plate tG: ,,:JJ.traeellular ice. 

i' l • 17 i 17.JLtrac•ll lar ico 

wit hin nd betwe•n Clbre bun les. 

11ta1.e tra 

Ntween. rt Nt bun l•• • 



8. 

the••-- nt ot ~b• coabinef! iailuenee of condition ad rate~ ice 

1. 

i .. ti. which. laatl be•• aa• o, , 10, 15 

• iac troa th .-ur-tac • 

21 aya 1 a 35°' chill r 

lroa • eh location •1tbi •acb plug wvre Wied int at. gr 

ealculatioaa except tr ,he five ay 1 taaraa for wbie o 17 a ineb 

data W&e a•ailable. • at 

t • 

• ,.. ia, a •ver, aOllle 1nd1cati of 

Th•N ,. 0 14•ra le cliflerea • ia cr7atalUaa\J-.a ., ... n ..at. 

, ...... ml t fro -r or. In r t th• 

1• ........... .. t,p; raiata 

uatll t • cqat.ala .,.. • ., lee 

t rat ....... fibr•• •t t. , •• •• ,. l• t J. r 11 i • 
•llile tee t IMttwua fibre l•• la aatel7 ta.-. al••• 

,1., .. u. 23, 2 • rtp ., • ••• 
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ic cryat,,ls in J:re-rl t\u.r lroaee 

meat . 

Plate 231 Intraeellular -nd 

••traeellul r le in pre-rl0 or 

fr-oe n moat . 
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fbe ~ an v• 16 \~• c~1J short•nvd •• t •~r• 1~t~l"llled1ate ~etnen 

1-•r•• ri~~r .aua i:ioi',lt•r.L.;.or iii at , tend.in..; t <J b 1t eion, .like th,e ea t rro••n 

pr•• ri1or , i)1.-h.a 25 , 26 . ! he ceyatal •iae diatrtbution wae • · allor 



l· lt1te 2S: In.tracelh&l r tee 1n 

~• t cold ahort•n d before 

freezing . 

• t col ahortened •for 

fl"eeaing. 
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VI 

iti•cue•ion on tbe experiaentall1 obeerved proc••••• of 

ice cryatal tonwiioo la .. t, and poaetbl• pr ct1oal 

couequ•n••• of tb••• oba rvatlona • 

Tho N•tuN of tho Oief!N• • •• 

10. 

I~ Cba t•~ 1 it••• at ted ,11a, ic• cr,atal •• c\ure ln troaen 

aoltU,icuu1 wu eo11trolled bJ iwo taot.or• • t r••• or b•at r•oval 

henc the r•te of ice tor tlon• nd the proper'll•• of tile di•p•r• 

pha••• 

The diapers• pha•• iA a tla.aue •uob •••••'ta coapli~ated. 

con•t•tina of th• diu 1Ye4 and• pead c011poaenta of tu aarcopl ... 

•ad ther tiaaue flvist. toget er wit the• ctvral ele .. nla of tht 

tiesue. The --~J>t .. niel olt•erYatlon.a MY• owa that t ere la a 

relationahlv ut•••D er7atal at•• ud lo• fol'Nti•D ,.. AJUU"\ 1.-.. 

t • aax c17•t•l •••• 11 ia&, t • .. ,~eaat1 1 r .-. of thta 

relation• t 1• aot • Ti Ila a t •r• ta net ••r•ttcal •1• tor 

ea ectt a117 parlto~l•r ~•l•ttoubl. II i• clear roe t ••• 

•lta•rY•ti t.-.. tb• i flue • ot t • p etoloaical coD4ttlon or 

i • •l"J'•tal •1•• • •trvotur•• It i• ••rt while tb• io couider 

the ••l l• rol• •t t • vartou• ti••••• eata 1 4•••n1i 1•& t ~ 

o.ryatal to • 



?t. 

la 11u11at, cryatal •l•• eould b.• expeeted to " c ntroll•4 by tt••u• 

meabrane• and tbe myofibril•• fhetr influence on ••l•r 4itt.a.ioo 

rate• and the aot1YaUon emtrgy for cHffu•ioB 1• U.kely to be peaier 

t.b.an f&r the aarcoplaut.c pr-otelna , ineral eon•tttueat• and oth-w 

ti••u• cocponenta tn colloidal •u•p•n•ion or truo eel~tion. At higb 

rate• ot ice foraation th••• latter coapone t• could becoae 1 portant 

ln tho fof"tlQtion of polyc17atal ltae iotraoellular tol"ll•• Aa thi• 

pbonoaeun ••• rarel)' obe•l"Y•d tlU.• dtaou••ion •t 11 tMt ••nfin•d to 

the infl~•tlC• of the •tructu~al coapon•nte of the ti••u•• 

the Iaflueno• of Tl•to• 

Th• tt••u• •• brantta •btca are likely to taflu•nc• ice cr,etal 

tora ro; the perivq•1.,., aurrouadtn& tbe tibre bundle•, the 

•ndOtlJ•iwa, contin~ou• witb the P4trl•J•ium amt aurroundin5 each 

.t.nd.ivld\141 fibr-os and th• aa.reolffla& or cell ntl. l 'be !Wlctioo of 

the p•rua7ai i• to carry u,e laraer blood vea •1• and nerve• an t.o 

tron•f•r IHt had al tore•• originatinc tn the -,ofihril• tot• 

eplmy iU!ll, the coaoective ti•au• •h• th .tNrrou~ding th• waele, and 

the t•a oea. Ao rt•tn amowit ~t tluid lo lubrl ate t • cwacle, d 

aaao lat• d wttb t • l7•phait ~•t .. , 1• llkel7 t be found wit th• 

r..ert-,aiura. T •ll40IIY•1ua pr •uaabl7 c rri•• finer leod v• ••l• 

and n•rv•• t t • indl•id l c•ll• or tt r••• • tr n•l•t•• 

••eha teal f NH to ,be pert.,-•i•• $ • flt&J.4 wtll a .. oelat-4 

w11.h thl ..,. r • at... Oa• t t • f t.1• • t the..,. ol._. J.• 

to tntata Ule otio iate1rtt7 ot \h• oell sot t • a 1lv1a. 

meabrAA• 1t •• tile ota•N of water Ulna.to i ou it. 

Thi• abtllt~ t ~oa\nl dlttuat • n \brou h th• bllllll"a. l• fll'Oba~l, 

•'-"nt lo tb• ot. or •••r••••• 



(a) Perigatwra 

L&aetly wber• tbe xtracellular ice to ta 'botween tne fibre 

b~ndl<HI foraa ln Nl3UOU to tho perlr,y•htm ta not clear !Nil the 

~hot tcrugrapb•• the rot tat thi• tyr;>0 ot ice tu • at all rate• 

ot 1ee gro -th , SU8$•sta that the tr•• wst•r norm.all7 ~seoctated with 

this SUl~r ne fre•••• in ait~ !Uld then tor hart •rice to foN wat r 

ha• to diftu•• from within the fibre bundle at the expea•• ot other 

ty p•• et ice forMAtlo • ~hen \be rte or tee toraatlon is low 

enough to allo~ ti• to take plaoe th• ••~r collul rice--•••• 

between. tbe tlbre b ndlea c-o\lld be exp ct•cl to b• • rround-4 b't a 

l•y•r of deh7dr ted c oll• and •1 nd tb1e l•T•r t ere •ould be other 

ice f ol"IM, vo•si bly with. chap• dehydrate f 1 br•• cU.sp•r••d betw•en 

them. lat•• Ui, 1'1t l ti •how t at thl• happeoe ia pr•ctice. lh:l• 

t7r,,e ot tee ro,... indep•ndentl7 of th• pllyatolo1ic 1 con4ltiell or the 

aeat lndtcating ~hat there 1• al••1• aoae fl~id aaeoclated •it this 

... -..r,uu,. 

(b ) 

rne •oUon or t hie •o• ran• ta _p.robabl7 to li• tt t.h 

rat• which Nta da t • t"' tion of ic• et• e ti r• 

Pla\e• 7, 19 4 21 t •N l& ••id nee of tee haw n fnNmen talde t • 

cell. Fig• 1, a Pl•• 01 lll•••r te th• dtttuai proo •••• 

ia lv•d 1 thta lJP• of lo I .... ,1 • Ice wtll be foffl•4 tint 

wit i t.be •ndc.,.•i • c 11• •hl b tre••• ntnc•llularly 

at btah ~•~• ot tee tt n. .u ~ of le• t ti tall•• 

i •ill writ. in tb• nd ,eiWI aUrN\ll'l ing t • • c•U.• troa ftt.er 

nt - dittu••• thr ugh • • -,ai fro ndl cell•• Io• 

•ill ~• t te wtt 1 , • endN7•1 ln t • ul1 r1 



Oa\.'!.l.--.'teclc.e.11 

'-ti'"''"' 
• 1\ .l. Q - 'S ,. i "'-- C.a\\" w\\i~ \...,_,,._ 

.lt."'-' ci~-.1-..1 wit~o"':t 
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toraati n witbl th •• 



13. 

cell•• o-a rea,oniag autfici • ot &in tho d•velopiq tc• Ol'J'&tal llllJ t•• 
the ondo411aiua, ii¥lAg r1•• to irregular ice fontntioaa •ithin fibN 

ba;tt\dle• at certain ratv& of i~• toriii-lllU.,)n, ehown o.o Pl oitta ts & o. 

( c) :H:1ruol mg 

Ae the livia,i.j; aar~ol...a .. a cu exert aoao cootrol ever t.be d lthtaien 

of wat r tilrou~h it , a draaaiie chaaao in iee torwatioa eould bo 

OXf>ected tvhoo it, di•• or 1011•• thi• abilitJ• fhe lo•• or fwncU.oa by 

the Prcol ~Nbably p rtially •xpalin• the can,• ia type ot 

cr1etal11Nt1on in pr••rigor and po•t-ricor troa•n •••t• 

within th• 

gr•wth of oatr•eellulor i~e. At the aAlllo time it will •••i•\ t • 

formation ot intr•eollul r tee aa the Krcolo-a will te d ~o dra• 

H;t1·ncellular WAt r into tho oell to r plac t.h• water which ia klng 

converted into tee. once allot t" atracellul water Ila.• be•n 

drawn into \to ••11 nod fro••n, it tk• lee cr1•tal i• to vow ADJ 

larg r water would bave to b• drawa io\o th• c•ll froa a oe11MMaurtoa 

cell. ro do thi• water has to dlffva• •&ainat t • •11ht.ovla1 ••11-

water r tontt•n ••obui•• an4 t •• tb.ro~gh tb• • OIIJ'•i• aud t.lMt 

o•ll'• eareoluiaa. ror lee to 4•nlop •xirao•llularly ••t•r u oa1, 

to dttfu•• aaaiMt the ..,.col .... or'°" oe11 and po•ai.bl1 t reup t.h• 

ea4oay•i . • Th• aJ.u ot t.h• le• orr•t.•11• ont..r•1lo4 l>.J th• a-••• ot 

1 .. tonatton u .ta t.h• ••t•r flow rat.• to tM 4nelopiag le• fnnt . 

'lbertt Pe aore r••i•lu•• •• flow ean M acc ... ~•'- at. ln ralea of 



intracellular ice arowth will o•••• at tbi • crit1e•l point•• th• 

wat.•r flow roe.tetance i• btghor Uutn for extracelhtlar growth. Oace 

ater~H, extr.acel halar ice •! 11 continue to grow io t.he ex.clualot\ ot 

intracellular ice evon though at attll lodr flow ra&e• ooatinved 

intracelhtlar growth could be ace och•t•d• 

In po•t-rigor •••'- th• aarool...,. peN11t• ••••.- t.o diffu.• in 

elt ••r dlreotl n t. ro11g~ 1,. prov1dini the •••• aMOunt of realatance 

in eit.ber dit.ctto.n . At htgh rate• of 1~• to t.ion t.h• lee 1• 

toraed tntracollwlar1, u ao•t oft• water wu orl.ctaallJ intracellular. 

'fbe •••i•tau,c• to nter di truatag out of t.a• cell 1• ..all•r aocl to 

water diffualng into the coll t• gr•aior, nl ti•• to pre-ricor • eat, 

ao that 1c• wt 11 atort t.o ton. eKtncelhalarlJ at. big or rate• of be...at. 

r .. o••l lo po•••ri ·or at. 

lhlrl fNealng the 111oribrll• ar• puahod Hide by •h• d•Y•loping 

lco cir1etal•• .rbe r••ietaao• oft• e,otibril• to diaplao .. •nt could 

iatlu•nc• in or,atal f N io a•• r AMl•1ou to a ••1~•• of low 

difhl•ivt\7 . I pre•rl o,- .... t ihe7 w-ould ofter l•N r••l•t.anc• w 

dl•9l o ... t I 1 poal-rlgor Mat•• t • actt • •r••ln et ... t• 

i a iu -, fibril are tr•• to altd• OTer oae aut •r• I • ••••loploc 

in .. ,.1,or •••t rill ,. to l•plao• t • .,-oU.bl'11• to h• perif•rr 

ot t~• ••11 . evi • polycr,•Wllu int.r•o•llvlftl' orya\al 

t ,...,,ou ._.. oba•rved l Pl"••ri r ... , . tn rigor or&i• th•• \ia 

aad •futa eleMot• oal,irut ,. fora r•1•\tvei, rtgld aot-,oaia. f1tb 

•1•l '$he.,. tl ril r••• •••n ftuion •' ik• ill•• Aductq it• 



r••i•tanc• to dl•plac•aent. The r-'t• of tee for• aiio required te 

pro< uc:e pol7\l..-y• talUn intr cellul r ice ao l t.b•r•for• be • peoted 

to tncre••• •i l.il ageir.s. . It 1 J,rob. 1y •1 nlfieal' t th l\ t al 

11olyerya\allino iatrocellular ice ••• obser •" wt th certainty- onlJ 

in~ god vo~t-riaor • at . 

~h•n•e• in the ~ofibril• could be ex ct d to inllu•nc• 

ox~r e llul r cr,•tulll-..tio , •• colloctiv ly the. dete the 

deh7dr 4td fibr • reeii.tan"'• to Ji• l ,,ccment . , 1 c•r 

ic• er7at la• ld fo tor• 1i,••n rate of 1•• toraatt• • Tb 

a cin atudie• 1n41cat• tat thl• etteot i• a\ rtlcvlarl1 er• t 

aH,h.ou.gb tb•re l.• ao.o • ge•tlo ot i u oxi•t• c , bt• 1• 

o l\Ot break 

"o•n tu an1 il'O.tt oxtent •itn a in , control e.xtrocelhal r ice 

cryat l •i• . 

4 . '.1. ! luilu1nco ot Ch ~ical than;c;ea 

.~ ch •ic l etl ct which y tntlue • lo• to1'1Nt1on ts t • atate 

of lqdraUon ot tho rroteio atrueture•• '? 1• reaaton g 1 d frot1 

t • p •rt or and •t•rt r 1> otoal ( latM f• t 

a d il2•.24 r••P••tivel7) 1• tb. t l•• ice ta form the ti -ripr 

• ,. Tl11a coul roault fr • re • 't•r eJ. al lf ua t 

tb• protein int• ~r••ri1or ••tao t •• 1, i• t av tla e fr ice 

to tio. • t16 of oteio• ta pU dep• • • •t 

•••' t 11• \&l'i too ••tor rt, r aortta • 1 •••I r• o• ••t•r 
bin i &• 

Mt• tlbril• d .... opl•-lc p~otet • •r• cot ia•d wt to 

tlle ••11, t •lr attiait1 for ••t•r a••• i • 1 ... 1. t 1 int, 



.,,. 

1:! $. 44 5 . ~, co~ld 41eoouraa• th• withdrawal of ••t•r troa t~• o•ll in 

pr••rt,or •••i tm,• edouraaiag intrecell•la.r ice cry•klll•atiea. 

the oa•el of riaor iaorlia wo~!4 no~ only iurM•• the amount of ••t•r 
availabl• ter tee fol'lHt1on b7 precipitation of th• aaroop1a•1c 

protein .u1d r•ducins t.be water bit\J in6 ot i.be a1.10Uoril• • but ••uld 

aleo ~nablo ator to be witbdrawa lroa the cell ao~e • aily . 

'fbe ~tt ol ••• , ri•e• alo1d7 wl tb .,.1na . with • OORCUl"Nft\ 

in.cro •• i~ water olutn4 o.a cit1 • • • ot the ••i•r blading 

binding 'f1MAJ coi:aponaot• tor au, 1 llr• •a in cry•tal •l••• du• to 

increH.sed tloaibill Ly- ot the •.yotibril•, by r9duci~ ihe av-ailablo 

• t•r !or ieo ! ora~ti u . 

~-
btli\J 

dl {ferent t1p • ot io• 

to~~at i on to ohans e• in oat a• a con• er prodye ••• ot ode. 

However, a • oboervat ion Ctffl be • on t.b• but t tbia worl~ about 

th• r ~t• or tn• is n ita poa~ibl• ta f luenee q \ • 

acc•~tabiltt r ot \he t. 

&owt ot t h• ao tlict.1 c or>lnton ov• r th• •xtunt t.o " lch £roeeing 

rato lafl 11'¥ I fro•• a • ue t. lpoi--o.ace t 

IMP Vflriatloa ln :le cr,•tal •l• • hJ.oh 1• ••ibl• ithi11 a etagl• 

pi coot •••t• 



11 . 

ID A block of ae~t frua a , tlaawe , and allOlfed \o 

hti&i intact tor a .. riod aft..- tba•ing (coaaoD practice ia care••• 

au 

tae 

been 

tio will 

Tide flui ta 

uowoYer , i! a !r a~ rca.e 1• 4i••ocied let euta wiul• &till t r a•• 

(a ~vae~• pra tic int• prnvt laab tr•4•i lbo cut aurfaQ a will 

~P •• th ac ar•~• »o ~aat on thA•io tbe drip caa oac~?• trcol7 

her •••i before cooki • 

.!:,_ Storue ~•t•riOl"A~!OD 

1 • or,at 1 loc tio aay itay ~• rol t 

• •t.o v • 

t ft t pr 1.ei , en re ti l'l involvt 

i terc i& rt• ••• 

DC . , ~ .. 1 ... .. hi 

r;.,,. tto fr 0.2'U" 11 l r ic • • Ni 

wit.h tetn. ould r IIUU, 

tio l t int. 11 lar ice 

wttll t • .,.,1 11 • • t 

t• 

Da 

C 

• 

i C nt 

tlitfon»t 

i ta in 

t.. ty-. 

) ol•ta. 

• t 

t t.17 

tr,e •t 

tat 

tiv ... , . A 



ce-11 walla iii y b• fnvourable, cm bUn~ .ore r apid rcab&orbtion or water 

into Uw cell• on tbawio · • ')en1J.tur, tion of thtt yo!ibrilur 1:l.rotei n 

would be und••1rl\ble • .-s 1t would rtd o.111i.e tht- w t r b1n!1-ln1' c apa.e:i ty 

oft e prote in nd 1 inducv tou~h nin~ . Thib 11147 explalu th• more 

rapid lo&a of tcndertMaa in quick froa n aeat during a~or go tbnn in 

alow tro~en ~ a t . Tue .-.at.er releea•d b:, ~~aatH•.Jti. on or t • 

ayolibrUs would not ronr dr.i.p aa it woul ! be ret iatd •ithin t.be cell . 

If thawed froeea ••at ie io be atnced to aauhge or bW"aer 

aamtfacture tbe dena t.uration ot t e ofibr1lar ~roteio w 

defi l tel7 be ua ••1ra l• u ti•• aelns: • -ld rvpt r• t.he cell wall• 

and reduce the tr ••t•r •1thin the• • Treat..-ot wit polypbo•pbat•• 

to i • preve •at-er r lentioo i vaUkely lo • o r aueb bee•ll t b~cauae 

of U•• de-rutt.ur-ed •t"-'t• of the p:r-ot.•in. 

4 . Tendernoaa 

~tracell 1 r c17•t•llt .. ~lo 

•• tbe ice •hJdrat.ea t tibr · 

1• unlikel1 tot n •rla• tbe ~~at 

witho t aay aplltting of 1ad1vidu 1 

ftbr••• There c y be• 1M' tcndorlsi, fro-a t.eorto, t he entlo-.,eiua 

in aome ty~•• of •xtr• c•llular ice tonMtion. bvt tl• ol• ot tbe 

eadoa,al 1D deter»ini overall t n••• ta robably ..all coapared 

tot• fibre• • 1 tracell•l•r J"J'•talll .. tio -.r c•~• aoae teadff­

t•l•& bf a.lttli ~ fib•• • 

§• 1or 

Ice cry• 1 loc ti arq i tl lhe incre i AT••• 

u ti Yi t.J tro ea1•& r.-rigor cle, . is wOGld 1D · l n-e• & ~ 

to •tor ta.a. l'igor a t • aout. of rip 

es ••• wrie (1~l6) n~gNt.a at tke • ae aetlvtty la • •ad••\ 



79 . 

on t •rte or tr ezl rul c naidera t t &bi• 1• t • rea lt ot 

locali .all cone tratio~•• • locatio ot the i~• cr7atals 

COtilac t •lt 

onta of tbe tau ~old be bo .ht iot 

i b aalt coaceniratloas od could, ws i tluo e 

. 'ti 'aa ac t.i Yi ty . 

<.. . 

1 . le cr7 al eiz• in f ros• t dep-e, d4I on t r te- ot bet 

r Yal a • t er•\• ot ice to u • A r l t.ioa• i p . , for11: -

1mm tee Cl")'atal ., .. ~ .... + C 

••• fo nd. 1 e l e i~ •ri,iti.un b ice cry•t la for 

ft i••• rt or {c ro k 8 • COJRillt- tatist.ic l 

de ription of i:& n C •• r> nd •i b t.b t,>r ., ot d ta it aa 

not ible t •• lo1J a C pl te r l ti hip tseen 

er atal ail:• and tb t• of ice 0 t . 

• The location of le cryatals relatiYe t tia u• truct r • in 

t r os(t:, ••ti t O t e te 

3 . p ~•i lo ical cs 1 l of cl efo • fr••• g baa• 

t a a or c cryatal ti •• 

t 0 • • t r 

r of t l aaue 

lllT I 



• Til~ etuu1ge• tn lee ronaath, observed could have 1•vo.rt.a.nt 

consequences in fro&en eeAt qual ity an4 b•ndliag practic•• 

5 . Fortb~r work i• ne-ed•d on th• analytta~ l •tmly of tberaal 

proe••••• durins; l'r1n&ing to ••ol•e a aore •ttafactor,- aotllod 

or pr..Slc~ioo 0£ rate of tee fonv.atioo. 

6 . Littl i• under•tood Qf t.bc proee ••a io¥o1Yed in ice eryetal 

tena ti o • a.n..d ende.avouFti i,o fin a rel ti.ona 1 p bet ••n thermal 

1:>r c:o•••• .and ice er, \al fol"l1liltl o or-ct lik 17 to ah01r Utt.le 

dYa1.eo u til ther• a tier era\.ai n, ti• proc•••••• 



••• 

raa ( 1:ilJ ) .PU tu quutioaJ -• a •• avoi d tt~ vil• 

the fora ot Uut 

cHliq or taa•!o.. edrv•a• or by r~•trioUn. the toapcr tur liaita?" 

Uie anaw•r •a.; "the ta ory et tree&~ of ti••ue• 1• aot a fttctently 

ad.-aueed t o turniata a re ply . •t 

Thia study aho.,. th t • .au alt•r t he fora et le• ryatalli.-at1oa 

~, alter!• t~• t rm ot t • coolia cur••• J •Q .. ,. lat ii~ be 

p ... lble to re ce \ • "••ila'• •l t'Naaiag 7 d iq t i•• 1• &tud7 

• at. le .. t. so•• aoae of tbe wa., 1• • ••ri •J.• .. i1 • 



:lPPF.ti»lX I 

built-ta tllualnatOI". Defore t o atereac-epe could be ••ed ta t.be 

fNe&e-r all aec1'aalcal part.e ••N 41...atled aad lulwicated witb 

l~• Coral 

+400°F ). Ae....-.11 •• .. II.,.. coeatdered u an altel"IUlti•• 

In U1,e Gfllll ra onl.7 ibe 

A.111-0 th• ••'PO•w--.a which• ld proba ly • 

•tore tald.111 th• atoroac•pe tnt.o th cold rooe it - packed 

into plaat.Jc taac• coatalalag ei11u pl••...,.. t.h• 41.11' aNUad Hd 

iuide U.. alo.,.._.pe n t t t; ere •ovld 1ae no o.ode..,.t,len oaio the 

ta a it wu take• l•~• tile c.old ,..... o.., week wu 



allcnrN for de•icatton t take place. la~•• cl r oat• aicroacope 

cold . 

YOlari•lng tilter• w.re --• to flt t he •icroacope but •ere not 

• ... , eKbibltecl birefractl•• propert i•• 

phue eoatn•t llieroacop7 ••• oo aider eo aa io ••old b.aYinc to 

at.a.int. aatwrtal. iloweYer, .ti ••• rou d ~bat. doflnitioa • • • U t t.le 

lltonl FNS 

..._.1 licaUe • • 

lltord Microµ • 

aco,1c acid. 

er:- A.a lx. utloa 1.:1 .. 2.5 Iii•• at 8<$F. 

.tral 1to . (ualctlte er 12). 



1-'laaUei••r ,... Di butyl pbthalate . 

The following tormulatton ••• found to give Ntiataetor7 •eetiou with 

• conventional Cambridg• rocking •icrolCMH• 

5 ml Araldite M 

o. ! •l tiY604 

4 al UY~EH 

a al Otbut1l phtbalate 

Tht• ta a • odiflcatioe ef the followinc foravlation recoamended 

b7 ·ay (1965) for electron • icr aeop7. 

to •l raldlte CY2 

to al HY964 

0 . 5 al uY064 

1.0 al ibvtyl pbthalat• 

Tho aaowtl or Accelerator hardeo.r 1• critical .. it. deterain•• 

tti. aaourat of or••• 11 iq wit int.• 17• ri•ed Nein. Teo auoll 

&1••• a dark oolouretl bl"itU.e blook. hi• latter fonaulatlen i• 

rHoae aded •• • •raaaeat. aoun\tq •• iua fr epoq •••ti na. 

"' o ffulea-

1. The deh74rat.ed •tb.Anol .... d pi• ••• , ... , ••N ••••• ,. 
•Yl• tor o-3 .ta. •tr t .. perature. 

a. The qleae ••• Haet.ff otf an r• lae .. ·•it.II • G011SO alxture 

of qle • ud t • .. o4cll 1 .. .s11111. The bottle •aa 

a• •ty t 111• • ON ••t• and allowed to atand tr S bour 

at r0011, pent.v.. 



1--t 

3 . n •1ual velu•• ot • bedding ai&tur• ••• a •lded and alter hr.ing 

Allowed to atand 3- 6 hour• or ~verniiht at r vo to~r,or. t re. 

-1. Tho lCTl ne reain aixture wa dr •n otr, r•pl ced #ith the 

••beddtn~ 

coverod with• bed~in ed i ua• Gd tranaferred to a 45 C 

incubator t:, pol,-eri•• the .. ~d tn;i reeln. 

6 . After µol711eri• tioo, which too 1-a deJ•, the block••• allowed 

to cure at r • t• per ture for a ut ooe •••k tore aectlonin. 

The eiaboddi I aould con•tated of pi•c•• of aoft f'' pl attc: tube 

••tin hole• drilled in• •ooden block. 

witb re•ln which wAa p rtiall7 polya riaed befere tbe tia•u• piece •as 

placed !n the aould ao that the ti••u• would 11• to• auit bl• plane 

tor 80Ctioning . 

Mtct; tn11i. 

A• t of woode J••• were• de to flt the pecie•n block cluck 

on the ndcrot ld for eectionin& • 

D tore clamp!, ln t e aicrot.oae, t • epoxy bl cite ••r• r o••d froa 

Ue• • pl• •• 

N4 awar wit a •~•lP4Jl to• 

tffloult1 ••••countered tr 

k lac trollta eeot1on thick••. 

be re•ulti. ·••ti • WO • probably "'·" 

f urt •~ •• •rtlff iation •i'h the .. •4 1 --41 

bav• nu •d t 1• difficulty. 

Tb • nett n• ••re tu to 

10 

l 

ha 41 

patr of t•••••r•, wbtell •lapliti•d •• \1011 tra ter. 

r • 

laiio 

wtt • ti 



Al-5 

After aNkin~ for ahout 

a •in. tkey were tran•ferre4 to a pi•o• ot filtor ;:,,aper t o draw otf 

the •urpha• •t.atn, and t.b.en ont • drop of l1111Poraien oil or aQ\mUng 

e poxy on a •lcroecope •Ude \akin; ouo no t i.o entrap air bubble• 

wnder tbe aeetto. The ••ctieft ••• covered with rur\her oil or re•ln 

and cover•d with a cov• r alip. 

or photogra1,d1•d and th• • P••Y ••uat.ed aateri•l trao•fornd to the ,,:s0c 

incubato~ to poly••ri•• • 

~e~3ure•~ttt Qf Cff•tal &izo 

I ao cry~tal •1•• wu de te.-.in@d by proj•e$ing the eesativea of 

Ulo pbotomiero, raph• ont.o a Rcrooo •hiob bad be•n aarkod e1ut • 1th a 

The •creen and 

pr~Jector ~ere calibr&ted for eac ••gaiflcatign ueia th~ photo icro• 

Tb• cnli r e ted acroen wu later 

abondonocl ia favour of a ruler eaUhrate~ at 10 f •p•c,lnae to 

Thia ••thod et reeordin1 pro••d 

euda for eoaput.•r 

>tea t Uad t.A • ;, r•,:-l .. n .. 

L••• be•f ••• u••d tc the moo• mould eyat.ea. Ttaie inYOlY'ed 



At-6 

4berdeen .\ngu• be ate. lfithin 30 11111n . ot sllllu~ht r. 

ot the col d •horton.-d and pre-rigor rrol'-eu f4uacle they were allowod to 

go into rigor ort.111 ai roOll tea})Oratvr• ( 50-oo0n . The •eat was 

held at tb!• tomperature tor 24 hour• lo •aabte tbi• to occur. 

this the1 wer\l t.r•nttterret1 to a J6°F chill roOUI to g• for Uui• 

After 

The aoA~ used in the effect ot rate or toe ror~ati•a 

The •eat fr•••n pre-rigor••• tn tho tr••••r •itbin 2 hour• ot 

elaugh\er. The cold abortened ~••t ••• t~3n•ferred io the 3a°F 

chiller withiP 14 bour ot •laughter •~d frozen 24 hGura lat•r• 



C 

Y•• la tt. a• 

1• it l tir t • rt ce 
le-ulat.i T 

Yea 

11-1 

e al 

• 



.. 11-

C lculat• rai• or lee torafttion 

C lculate r at• or beat r oval 

S nae · witch 1 

orr 

ro o•(l•te calcul tion b¥­
pa a• n~ ~in t ~ontrul block 

I• the rtte ot hat re,o 1 
chana• bJ •or• ihan CUI ? 

ho 

• ri :1 t. 1ndell on 

or ice tor tion 
aor• t. n CHI? 

No 

ta &h• teapgrat re 
30 O d 

C ed 1 t 



I• lt ti .. tor a pr; nt out? 

y • 

l ae t.be cen tre teu,, r, , t -i r• 
fall n enough tor rint oot .t---==.M 

Ott 

l• th• print. index on? 

ot 

Print ti , t••perat ne , 
ie t bat r oval• d 
r tea or tc fur~•tion 

t . 
2 . 

3 . 

.·f.! 11•• ·•tte 4 

Ott 

Inter 

n 

t 



Ye 

TJJ'J in•tablUt1 
and pau• e 

;et up t ~re rature array& tor 
calc 1 Uoo ot n<' tellperaturoe 
:it ti•• 

ae an inatabtlit · de t ct d 
1 th l••t lculattcn7 

1ft 



;... .,.r 

C MAXI %W,t ::tJt,HH·q ilF• i)Jtfli~u,r <; i!1 
1t:AU 111 
!-<Rli'H lll 

111 f n~ ~AT ( 2 ()1-! I • 1 l H 
·.J .--·urn i• 1.2 

/) 

222 H1H~&J' (5~J..tflTF.t4Pf·'"'J\THR(:, Vi;AT ~ •l•\OVAt.. tiNfl }Ci: FflRM~Tf(tN P 0 tii! t.f<:./~ 
!24tmo F. 0 1 Mf.NS 1 flNA t. COCll biG//} 

f'J'f>f 333 
nJnENStUN 'H?.Hl t ll ( 2!H , FRS ( i!JU , RHR(28} . Ff~F•~O ). ,.rm ( ?O) • .'flf.f.fj,,'f)} 

l , kH(2~ ), FR ( 28 }, TV {t6l 
RtHH'f 444 

444 ~U~f4AT (4lH'JfUTl: OF CHA~ rt F CTIO~ It.I T Tr P/) 
nn 2 t=l,20 

2 RFSf; fl)=O• 
R~AO 100.fu=s .... 
p;.q ru l f}O . ~fSE 
f'l•'fl.!'f ~-~,.._, 

;;•;,.:;, F~H,rnAT ( 211-ViitffRMAL CONDUCT VtfYI) 
!'(,E Ah 100 , CON 
JJ~INT 100,CHN 
p:~ J !\IT r-.. • ) 

bh~ FO"MAl (l6~0~P~t!FIC H·AT /) 
Ri:All HH.r t SPEG 
P!fit!t lUO, P€C 

:,7 iH•fl() ioo ~ , F.M ,T ~ , 'l , nf>l t •1.,T 
PRJNT 777 

777 fURAAT tllH PARAMEf~Sl.7 H 
lC T LC OE SH C fE INC 

P~INT 200 , N, E,,Ts,s. onr , uz T 
nu 1 r 1 • i 
RHR fl> ; ,,, 
~tit!t . o. 
FRsTiI) ~ f)• 
flHH ;; 0 
TU Jl!tfl• 

1 Tlftl=D• 
nzo :s o, 
fol( t:t 0 

60 

Ntt __. ' tt 
ff&*. 
£sl :i= 

~r; • ~ 

~ n-
l r :t 

AO 
tK = l 

• 

~- A'fl . l.V.l i:"fT I 
~ ·· 

59' IX t:t 

N)! ~ ~ • 
-f ~~I,JtX 

fl'iOfJ T fl 
I TE) 

N• f.N ., H,-T t1P ,TH ,C.Ht 

X 



t Tit)• VJ 
TIM Q u. 
TMP ;; 8• H P 
T MM C TM,) 

7 lit = 0 
Oi) 42 l el,, N 

ML a Ttit/1 0.+4. 
IF tU1!1 t Qtl il 

10 IF fl- 6)15,1 2 t1l 
ll IF CL•7)12tl 4,1J 
9 t~ :: t + l 

Gn TO l, 
12 t. = TfH-11._ 

(iO TO l:, 
14 l = TCl}/ 5.+1 3. 

Gn TO l!, 
l l L :a t.•2 
t~ If ft-1)1~.l~,19 
lf, NT a H•Ul.lCU,,H t.) I 12. 

If fl>Ol6 17,l8 
1.7 TJi! {A' . 5),'i (Tfl )+f tt.f,ff.\'!T +'rf 2Ulf A~T+l .U 

GO TO 20 
l A TX ::: ( it.:il,.,.T~+(T(ll+ tH•tt;l. T{2)+T(3)l/H· t/( NT+l.) 

GO TO 20 
l~ TX= (Tt l+l}+T(l •l) ~ *Tlt)J/E~ 
20 Tiff) n DDT / SZ•(TX~TCl)J*C DNtLilSPEC(L) • Tlll 

(f (TtiJ-~0 .)44,4~,42 

43 IF lllil)-10.,45t44 t4~ 
45 fllJ = 1.9.,9g9~ 

M :!I l. 
GO TO H 

4'•1X=l 
IF CRFSE{LfJ2ltZltl2 

l'l FR tH} :n o. 
GU TO 2S 

,::2 FRST tll • R.FSF. fL)11t.(l(lt-TH1H/ 1.Wl 
23 ft f l) c S?liC! L •*I Tf i-t U t lt/Df) 

tF tRHR U) ...-0• H13 b4t 6• 
63 il1I 

64 If (SENSE S~ITCH 1)42 •• 
4& ·{J:, t Hf! 1-lHa U )-Giff J - 7 
47 IF UtMRt It Hf l J--C:Ml )4 . ,4 
48 .:t lb 1 

iHl.t #I RHHI • 
i+-9' r tr~ftJ•MSTHt- fl l 
!t3 l f M l t l-F l l.J-ftt " 
,1 t•l 1 . 

fRtl) =- rR.STCI .. 
39- l f f ff 1~3.0,. J4tl 
40 tF f If tJ• Q,. 142,_4 t4l 
41 tfi- t Tt tt•rt u, 1. 142 sa,sz 
·2 M . l 

,42 e - :i-i-tn.n: 
!4 ft ,. rt-M-+ mt 

• 2 5 t f f l •t.-l' M J 2 t 21 t l 1 
26 t? t f lNl-tl-tV) 28t.2n,-,o 

·, 



-= - =---=---=--

21 urn = TMt-1+11•01 
G<O TO !"> 

28 TMP @ Tt.W-TNP 
GO TO 29 

~O lF (SEN~E SWITCH ll?.9,14 
54 !F fM•113l,29t29 
29 PRINT JOOt TIM 

no 3 () I 11: h N t 1 3 

All - ? 

PR J NT 400 t TI f J ) t TI C l + 1 >,Tl ( I • cl , TI ( I • 3 h T l ( l +11), T ( f l +i.;) t T f ( I+!, J, T 
lltl+7l,Tfl!+8)•TJfl+9),TI(l+lOltTlfl+ll>.Tllf+l2> 

f>R INT 600, RHR CI) .,~KR f !-+ l •, RHiq ! +2 • t RttR ( 1 +3- J tt-lHfH I +-4 J -tRHR t I +5; tRH 
lRCl+6},BHR{l•7l•RHRtl+k)t~Mq(f+91,RHR(l+lOl,R•~(l • ll), 0 HMtl+l?) 

30 PRINT Sou, f~ST(I),FRSTf l+11,FRSTll • ?),FRSTt1+3)1FR~T(l+4),FRST(t+ 
15 i • FkSTt I +6Jt f:;.RST1 -+1 hFlS'f f l+R l tf'RSTfl +~ It F~~T H +lo hf=RSTt 1+111 • -
21\S T < l + 12 J 

If tSE~Sf ~WtTCH 4t~716 
6 7 f4fl lS \ 

IF i#N) o9, TO, b4• 

Q9 i~ tSENSE SWllttt l •Tl 
70 TYPE 223 

AC;Cf:?PT 1-0ltNN 
P fU rtT 101 t Ni"! 

71 f4SAVE- = NO 
XSAVf. = UlP 
~o = t' .. 

N : NN 
UlD # DZ 
XN r.: 1,JO ... l 
Xt. ;:: N-l 
fi.l '(; t)lO*Xi4/Xl 
~OTO 7o 

~8 IF fSFNSk SWITCH 3)57,65 
57 i.; 1:1 999.99q 

"fYPt1 99·~ 
At:CF.PT 201,K 
Gu TO (66t13t72t9l)tK 

12 NSit\t/€ i= N 
XSAVE • OZ 
f $AVE ,:,i DOT 
l'tl ii: ~o 
ill= DlO 
oor ~ tmT 
~ C SAV 
Oll.1 = XSA'\Jf 
001'0 T ·t,.vf. 
r• fe l4 

7"! ffil = '. z. 

ozo oz 
OUTO lot flOt ~ 

~&fti t ~.Jl;"J nt 
iM • · -1 
Xl 
Ol t: Z.P""'XMI XL 

7 - PRI.M ,n -PAM~ - -~ =_ - -

76 TYCl t o Tlllt • 
l 
~- ~.:=; 

·- --

': 

~ 

- --



.. -

MO z 2 
nz1: oz 
1ft I OZO•ftZ ) 11 , zq t ~2 

77 on Hl J=2,N 
7R fF ( DZ1 - DZU )80 , 80 t7q 
79 t c mu 

MU :i; MU+l 
nu ·;,.t nz t-nz n 
Gn rn 7t, 

~JO 'TY(Jl:: Tltr)+fTI(~Ul - Tlfll l *Dl.l/Hltl 
Bl n,U = Oll+Ol 

t;u TO t!S 
ti? 00 ~)4 .J:2 t N 

TVf J) ... Tt U l+( TI HUH -Tl t U ) ~fJZl/f)lO 
01.1 e Ol.l+OZ 
IF (DZt~ozo) R•, 94,83 

H3 ! = MU 
HU =vtU+l --
0.lf = oz1- ozo 

A4 CONTINUE 
es t f pu,. > aa , a , a 6 
86 P1HNT 406 , f TYH t t I;; 1 ,tH 

00 87 I '~1t N 
H7 TY(O = u ., 

M~ ~ 0 
t,J ~ Nil 
02 # r)lO 
I\JIJ = r,1SAVE 
nzo !U XSAV ! 
GO TO _ 

BA fnJ a~ lo!,,NO 
QHR(l) ii,; o. 
RH(l ) c (} ,. 
FRSTtfJ e Oe 
FR (I) - o. 
nn = • 

89 Tt (l) • O+ 
oo -10 J•lt­
Tlt I) T'i' U l 

90 TY(O • o. 
bl= l _l$PEN/f.~/l • 
t¼-jl,1 = .z. 
~M l:1f 0 
.:;u TO 29 . 

66 PlfijtH 200,N,E~tTSt , ljj t 
Pm$l't 7-GO-. T _:_ t TMP- T 

l, TM ~t-Dft· •Ht Tfl4Pt TP.t .-Hi 

sa PUNett OD t ' fl l-tl- ·~ _J 
c-;o ro l -

9t teer , CHI 
&S lF {Tt 1 ·t•T 9-l 34,,J t 1 
510013 1~1.-
33 l'tl} Tl t l 

'f ti l • T J Ul-1 ) 
•~ ftt~-1Js~,, ,s~ 

- 51 TVJi& 88 
Mf<l • · Q 
f>AUSf 

. . 
' ' 



56 lF (SENS~ SWITCH 2)34t7 
34 TVPt 22.l 

ACCEPT 20lfK 
GO Ttl t3~,37,36JtK 

::s<J CALL rxlf 
100 FfJtU•1fi T 1 51' t J-PB • 2 , 
ZOO FORMAT (I tF ·•3•2X72~8•~•~7.4tFhs3tF5-2•F5.J•FTwlt3Fl.2) 
300 t-DRNAT (l;)POTlf-tt:,F-9.4) 
4UO FORs.tAT { 5H lfft ,13Fl0.2) 
SOO FHR~AT ("H RCFS,13f-10.2, 
600 FO~MAT I ~H t•'Uii< , l i\ r-Hl• 2 J 
700 FOH~4T t1Fl0.4) 
HOO FOtU-tA.T Ct:tFl0 •. 4l 
2Ul ftO~!>lAT f 131 
202 ~U~MAT Cl tF7.4l 
203 fWH4A f F • lJ 
Ut$8 FDi-H·lAT ( 20HT J,tPE A tJRF. fNCRF.I\SF/ t '7H5f?NS 

14lCUt TIO w OFf TO tji,jTt Ue//) 
221 FQiU.UH C 1 tTfl L Xll TYPE 1/ tZ 0 

l ?-9HTO RE O f\.JF.W THE -'AL U TA TYPt- 3/ t l 
22::S FQlH-tAT t 1 H$eNSF. SW CH 3 OFF Td N TV 

lVAlHE-• ffi . - f U!l/1) 

N~w P A ffE~S T1Ptt 2f 
Hf O 1 A'f l ) I I t 

· EMPERAHP INTEii<PO ATION 

:333 rO-iHtAT t 2HTO t>Rt~T R-E t.· S OF t!ACH I f ATIO~ SE E s.t,JlTCM 1 fJN/• 
llHTO n.THlHP'f CA.tCULATllM ENS€ WITCH ~ ON/,40HTn A~Afn1j/'4 C LCOlA 
~TlflN SENSE SWITCH 2 ON/,61Hfn l~TERPOLATF T~MPl~A •~F . ~rw Fi ntVl 
'·HONS SENSE swrrc.i-1 4 00/-tbOHTO ENT 'R lNTERPOlATlON StH\OIVfSiON SENS 
4E S!-ilTCHf 3 NO 4 fJN//} 

9'J9 flJf.i.MAT (47HTO f>UMCt1 Cr»tltN .IATilH\i CARDS TYPF l, r--flr<MAT {lj)/.6CH·. T P 
l f, OiHFY !,, ANO l PJT r- -tPULAT l O TI Mt-: TY 0 t: 2 THf:N Mli JI f- l C TIPNS/, Jt-i ,FOM:1 
2T tl3-iF"l•-lf.l/t59!-fT!J R . f:Nlt:!i Pf.~~V.i US. t. AW.l ft·HfRPU.Affnt~ TIH~ \tMt.J 
3ES TYPE 3/ t57HTO CHAJ'1$~ Hl:AT ANO iCE PRINT CONTRf'l TYPE 4 THf~ NEW 
4VALUEl • l3HFOR ~T (FS.ll//l 

ENO 



C HAXlf-'i'HM NU~BER nF OiVISJm,;;S 27 
.. ~f:An J 11 
VlH!lvf 111 

111 FORMAT t20H /,llH /) 
36 PH HH 22.:: 

411- 10 

?2?.. Fl'!l< 1 ~i,T (':,'3HOTHW'R/\T\JR ·- , tH.AT l{~hH\lltL ANH ICF FH.! ;Jrtflft•• PPflj-:!Lf::;.:,/, 
124HOUNF- IJ{""E- SHN L COhlfNt';//J 

OlMENSION Tt2~),Tlt28l•F Slf2H) , CO~C20 ),~PhCfZO) 
Pklt4T 555 

!i~S FnR.~AT (2lHOT~rRMAl C.ONOUCT1VlfY/• 
Re.~o 1 oo , c, r1 
J°)R l ~T 100 t -
PRH~T b6o 

66b OR~AT (14HOSPF.CtFlC HF.A /) 
~ EAi) 1 OOt SP .C. 
PRINT 1on,SP[C 

37 f{EAO Zt>O , N1 l:r'-1 ,TS , t1 1fJt> , ,T fi'N , ,>~r,i,tt Tl'.lli TT 
j.>f.:J;\,I 177 

71'f f:')f{i'U\T ( UHl UtAt..1f.TEi<S/ , 74H N Mrnt A THP I TEMP nnr X JN 
}CT INC OE SHTC TE l~C FIN TE ) 

PRINT 200, N, EM tT · , e . ODT Ol,Tt<tN,OEN , t-t , THP ,T- P 
oo l I=l,2i> 
rt 1 J =:f\ • 

l TI fl )~o, 
Bl~ DZ*OZ~OEM/E~/1 44 9 

ijM c Fti- 2 • 
1~ (R-~9V.99Jt 9 t 6O t 60 

hO READ 100 1 T~M•T P,TI M 
I X :s 1 
rl\i•·1 ~ 0 
~fAD AOO ,CTICt),l•l N> 
GO TO zq 

5!j; lk = 0 
f'J.X "J+ l 
t>O 6 1::1, X 

6 T{ 1-t ;;; 6 
114 :: o. 

TNP = B-T P 
Ttd4 • T N 

7 M '"-. 
Oft t~LtN 

8 L • T(IJ/ • 4• 
u: ll) t ,9 10 

10 ff iL- l15, 2 
11. f- t t.•71 1~ 
9 t.., L+l 

f,0 TO l 
12 -t. ll t l'""l t • 

-oo ts 
14 ~ ~ Tll~l5t+l • 

GD ro 1, 



13 L • L-2 
lS IF fl-1llo,t6,l 9 
lo SN T H*Ol/CONtLt/12. 

lF (l X)l M,l ~ftlH 
l l 'f X • • •• ,,,.,q T( I)+ t 8t:T,.1TS+H l l) 10~":)'+l • l 1 

GU TO 20 
18 TX i;J H:HH*TS+CTfl) • f.H401CZJ+H3)t/F0/HHff+l.l 

GD TO 20 
l q TX a n t I + U + T ( J ... lt + t: ~'* T t I ) l / Er-1 
20 Tlfl) = DDT/ BZ* (TX•Tfl)J*CON ( )/SPEC fLt+T{II 

iF (T{l)-30 .l44, 43 t43 
43 IF (Tlf l )~30.) 4~,44~44 
, .. , TC It III l'? .\-1 • 99 

GO tO 8 
,,.4 IX ft l 

IF CTICl)-Tfl)l42 t 42 • 53 
r, 7\ '•iM .a l 
1;2 C'AJMT l ~UE 
24 Tl M Tl • flfiT 
25 l F flt THMJZ6t27t27 
2b tF (T(P )•TM~)2Pt2 8 t 50 
2.7 T!ilf..1 Ti4M+T~N 

GO TO 29 
2A "fl<i? ~ TMP-T NP 

GO TtJ 29 
~n tF fS ENSE SW ITCH l)Z9t31 
2g PRJNI 300 , TIM 

p ,,_: ! NT ~JtJ, ( Tl f I J, J .:11, NJ 
tF OiFNSE SWITCH 3 1 "H,t,':> 

S7 !j = 9q9.9g9 
PUNCH 200,MtEM,TS,a,o r.02,1M • UEN tH,T NP ,TfP 
PUNCH 7 0 , f MM , no1 • i Hi 

~8 µi~c s ~oo ,(Tl(l),1 lt N) 
GO TO 4 

65 !F tflHO 1'lPV4t34"t31 
'::>l 00 33 l~ltN 
33 T(l) • Tllll 

Ttlt ::: TIO lt 
f F t M~ l) S ,, J!,,, SS 

S5 TV?E 988 
8 8 FORM T C9 TEM 

l~Ttmtet 
PAUSE 

i.i Jrf'E 1 E 5 lT,ti4)4t7 
34 VAU t 

I F f SE E , Kt l'(ff 21 a j,t-3 
a, 1-f u~ · ~e .st1.tT'(K 1t:t&t,t7 _ 
38 CIH .. t F.XlT 

100 t=OR _ A f f . X t 5_ • ?. ' 

1 CH 4 O • TO A N 0 

200 90 ! f3f'f _,.3,Zlf.t!'FB. ~,Jo. •4tf6•3-•S: . tF5• l, - 7.h2F1•!} 
00 ~t- tS F• l 

4 O FO T lSH T& Ptl ·10.} 
700 Ftl l!IAT tlFlOt4l 
llfi _ ·_ :{ ¥1 .4t 

mD=.. . 

r= 

• £ 

TO o 
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THEfOtA L t1A TA ARfHt ¥$ 

FRACTI ONA L SOt HHTY OATA 

o.nn t} • t.)O n. 10 
o. oo o. oo r, . oo 
1. ,0 1. 00 2 . 50 
a. (H} .?-O ,. UfJ 3i . i,n 

TkE~J.tAL COt~ouc·r t VI TV OATA 

o , 96 Ot 93 
0 . 2a ().29 
O._ b 1 o.is 
o. 4c, o. :H, 

SPEC JFI C ~tAT OA t A 

17 

o .. ~o o. so 
1 ., (10 1 . 00 
2 . 30 2 . 50 
t.. . ao 21 , 00 

4 • 000 

o. s9 
0 ..,0 
o. 62 
0 . 32 

) ., •i () 

:;. . on 
3 . 10 

23 ., 00 

O. l1-0 
1,.00 . 
4 ., f}') 

n. iw 

o. ) o.,. 
0 ss 
0 . 21 

o. ,n, 
t . 80 

3 • 30 
1. 00 

0 ,. 5t) 
l . 20 
$ • 0€) 
0 11 0fl 

0 .11 
0 . fl9 
th 5 
0 . 11 

1 . 30 
2 . 00 
4 .. 60 
1.00 
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Not•• on T .. e•r iure and Ice i'oraation Progra ••• 

l,iatinf• of the ice for a t1011 and te•pctretur• pro1ra •• •r• 

given on Jl s•• AI l•G o. ,' 11 .. 11. q~ 11 tat 1 v u lo 1c flow d1acr tor 

tbe ic• toraation riro.,;r,a.i-a;e f lven ll pagea Ail•t to .H I-4. 

Control of the ice toraaitoa progr • ia achieved y ••n•• 

••itch•• and typewrlt•r input to COIi uted GO ·ro atateaenta . fvlle•t 

uae ha• aut be•o de of the Monitor t f•ature• i corporated into 

Fortran II-D •itb Monitor t •• lh pro,ramme had been alaoat full7 

d•••lop d i t;-ortra11 It-0 • • H ••• introduced. Mo itor 1 allow• 

th• u•• of fr•• top t foraat•• •feature• tc would bave beea 

s~rticularl7 Qa•ful !or the p r n et•r lnrut •• lt would haYe offered 

r e tor fl••1billt1 in tbe nu• ber of •11nitlcant tiaur•• and aiae of 

nu.ber• whicb coul hiJYe been puncbed l to t be par ... t.er eard. 

~on i tur l • t11•, ;_>f'(,)Vtu•& a c lculati on traoe wbieb could be op rated 

at any 11to1• of Cedpu taUon by turni •n•• . wit.oh 4 o i f a trace 

Gard h d be n ineluded lo the •oune d ok. D•cauae efta• witch 4 

• • uaed ln tb1s projram • tbe o eratton• between •t•t eat.• 6~ and 16 

coul not. be t.ract, in tbi way. lcow v r, t • dia1 oatic: feature• 

of oaitor t proved invaluable ia traclft& prau•~-•i I errora. 

he U•• re uired tor galc1&lation ... 1• 

tbe cal ulaU.o t th• eXfJert•• tal 1• t •1 t. varyi ..6 .X) • 

ra tor 

tat 

proY1e oa ha4 to 

II• t. r.-oval an 

U• 

••• enaun t 

rate of ice fo Ii 

i • ttl tent relevant ra,o ot 

t. ••• pri te ut to avotd 

y t Co •••rt.~ calc lat1o becau .. 

l data ad been ai•••. al print c trol b7 ••n•• awitcb 

• • ••••• 1, • t t e rate t tee toraat.ioa 

woul eba • wrin treeai • • ao • pri t. oatr l r t.ine ••• ••• 



Tb• ~rint-out control valu• CUI revre enta th chona• in rat• or eat 

r .. owal or tee foraatton rate which••• oon•idered l,rge enoug to 

warrant rocordiag. 

point too •ucb data could b 11rint d o t • ~••ei lly wher there were 

uny calculation point• • •o vrovlalon ... made to chaage thi• value 

during calculation. The toporat.ure r•rint control in the 30 to 20°t 

ranee••• tnt•nded t.o ensure that ft)' ;;radu l chang11ts io lee formaUoa 

rate ••r• Noor4ed, but it i• doll ttul 1 t it evc,r runctioaed aa • 1°1, 

1• u111.ik•l7 t.n thi \em~rf.lture ran •• 

The ti•• d t r~ratMre print co trol• pune,b• into the parueter 

o•rd were t t nd.-d to C$Qtro1 'h• print-nut outaide tu r• • 30 to ·o°F. 

to hatoru pt enlcolation then pio.k it up at a lat.er date, 

continuation ur-da ••• th•J ao•t con·n,niont U1 tho<.! of doi 

i·w,~blng 

thi•• It 

a•• P1"'•ViJe4 a •••n• for to••rting non-unttora initial t perature 

data 11.ftd oin;.; b ck en· r porU.ona f the caloulaUon •1th ditf•r•nl 

v•lu•• to.- D •• 

ft• nuon• t•r proridin 

•N gt•• ta C pter IV . 

tor ohen •• in .6 x duri g oalculatsoa 

evt•l•n fr~ peraluN int•rpolaiion 

durlq uloulaUon ••• aa4e •o t.a.&t , • • nt to ch• s• ..6 a c ld 

It ... t 

etton ia •"• 

tl•• ftl • whlc aua 

•t•r cANI, •r ~••large• tater l••l• 
t • tnterpolati •q Uo t• exira lat• 



If tbe toata'b1Uty ••• all•••d to •• .. •••t>, 
Uu, coaput•r •aa add re Ml d 0\1 t of te>r•go l t1 a vu7 short U .•• which 

meant that t.bo whole r roart!.fillffle had to b• clunre-d out imd reat-artod . 

To ovoid t hle. , >rovb,l on w.ta ~d~ f or· art,,v n•g«tive rat• or b•at. 

remova l ( to, :,c,r tur• ri tt i n tbt- t "lfl!Tfttur• prog.ruaue) to atop 

C tattoo a nd t yJo uut n inata illt~ mea~ag~. Tb• ca leulation 

could t b4i- n b~ abnndonud Qr continue na e.uall negative value• did 

n~t alw Y• load ,o inatubllity. 

U1e data wu Condon cd intQ the Tb.e 

froa th••• array• • Coaapor.l.ao of tbel!t• arra;ra witb Table All • t •howa 

bow the data is arranged. 

l'lut •al uc on ti o p ru.weter c d •bo11· 

left to rlgbt,-

n page II-12 re, rr 

N the n b t- r ot sub.Ii vi ions in th half t ic ne•• of the 

er f ...... •••ture e lculatioa 

pot.at• • 

QI the alcul tion 110Juba•, , 

TS t • plat• t , r,erat.uro, T <0 •·> • 
th• i 1ti l t • ratw-e, t. 99 .990 t• p ac • 1 thi• 

o•l i c ,ntinu ti ft card• •r •n- uni ora atart1ac 

t .. p• tw-• data are t• • t•r 4 , (0 v), 

Dllt the c atant ta• ieor •• • 00 (lu-e)• 

Oli th euWivtal Q tbl••····· 6X (loob••> t 



m ti.. tiQe print-out val~• (hr•> • 

o~~ tbe d•n•ity ot th~ mat (lb/tt3) , 

u tbe aurfaoe hu,\ tran•fer coerttcl•ut 

T~i tbe c1totr~ t.~ • .ite rat~r• print-out valu 

t(T th• eud or fn'eiting \ttllilfctr•ture (or) 

(Utt/tt2hr°F), 

c0 v>, 

CHI (not i!bo•n 011 }.I ge Ul •1 2) th~ rmte of ice- for&Atioo 

The tea fonuat ion oroiraa • tJ1•e• out OfMtrntt i.natr-u:oti •• 

thor is no proviaio11 ror cbaot;ing L\ >. durin 80. tftt1oa, and \he 

walu••• 

T•ble All•1: fberaal Prope.-tl•• an f ra<:tie>n 1 Solidity ot Hi ced 

Lean !Seet 

T .. per• - to - 30 • "'0 •10 0 to 20 21 li a, ... 
ature 

pee Ito o.so o.,o o.,o o.so 0 . 90 t.30 1. 10 2 . a.ao a.~ 3.10 ••t 

:15 

~beraal coa-0 96 uct..lYU,J • O. tlG o. 3 o. o. 0 . 11 0 .11 0 . 60 0 . 6? o. 0 o.u 

otlo l o.oo .oo o.oo 0 . 10 . 40 o.oc 1 . 00 1.ao 1.so a.oo 2. 00 oll 1t¥ 

tu rature ,6 :.!6 27 'l 9 30 30 ,tO tSO 60 19 

eoif C pt 3 . 30 ... 0 • 0 .,. >O 3. 00 1. 00 1. 00 1. 1.00 t . 00 

Thenaal Con• -~ o.~3 o.u 0 . 3G o.a!) 0 . 21 (>.27 0 . 2D 0 . 2, 0 . 30 tivilf , ... lo 1 •• oo • oo .oo .oo o • o.oo o.oo o.oo o.oo 
•lldity 
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APP·-.NnIX IIf 

The teeuni '-l1.1e11 dcGcrlbed in C:hat)ter H nll exB•in• t.he coaapletel7 

fro~•o JMltorial which limits the naount of in!oNl'!a t.icm t1t.ich can bo 

gained from histC>lot.ic:il 11tudy. :. c:oru,idcrable ount ot t hought 

waa giv n to t h.@ ~oasibility of o oreo1 1io.\ t 1 limitation and 

po aible techn l~ue wa• Yolv•d• Onfortunately the ti•• vailabl• 

tor ihie •iucy • inaufflcient to develop it into a wor tn teohniq • 

•• it ad to be •bnn<loued . ln thi A L' •ndix t • t h.ought. which went 

into devolor,iog \ hi• teehni ,,ue i a oul 11 o d . 

'\ . 

Originally th~ . • ibiUty of ob•ervint, t ho proc••• or tee 

d•velo r.,,..nt \n the tt•~ • dw in the tr ez in& proe••• with a cold 

•ta • aicrot1Cop• was •~ ined. 1· • p1>roach waa to cool • aeetion ot 

•••t on the ,dcroac:ope at a.g• ao t hti t it• temperature hiator1 cloaely 

r•H• l•d th tear,•r•t"r• history ot any g iven poin •i hio a el.ab of 

aeat bei froaen . ;. n er ot work•r • hav 11aed cooled icroacope 

a\agea to •xaain• t •••Ing proo••••• (Luyet & Rapata . 1931, Rapata & 

Lu et, 19~1 •• ,, t 5? , Ubi , 1962 , ~•1th •• al, t 5t) . 1th tb• 

oxcept1oa f Aaahina who cooled th• whole aleroac pe, all of to.•• 

••rk•n wto-cl elth r dr :le or 11 i d n t ros•• •• a eat al ud 

etr ulat.e4 a eat r anafep thdd tr th aink to t.h at.ace at. 

C9 troll drat u to oo trol tb • c te ~•r tur•• ~ oould al•• 

eat the •t with an electric •1 aent to obtain loaer control • 

ln. • stu r ao,n att• lion ••• i Yen to v•i a t e lh•N eleotrlo 



Alll• 2 

oontrolabl• 1H\hod of reduein• tbe •t4'• temperature. The method 

aonditione tn • am.all aection on• aicro•cope atage could not be 

re1>r•••ntative ot the al tu.aUon w1 t.hin a elab of •••t. 

In a large piece of aoat , except in tho tniiial •••c•• ot 

la a ... 11 •••tlen of ••at oa ,be •1croacope •t•c• it would 

be difficult to •i•vlate thia coeditlon. A nucloua would fir•t h •• 

to be foNJed or proYided , and in eitbor caae it would be difficult to 

It would be difficult to 

obta in approximately tho undirectlenal he•t. now on a mteroacopo ataue 

tha t there would be within a • lab of aeat. 

~ven lt thoae ditficulti•• could be oYeNotae it would not be 

poe.aible to obtain a U.i eaougb ..-cUon of aeat tor ob•erYation 

aean that the meat •ovld loae .. nJ' of it• ice developaent inhibition 

propert.i••• 

s. 
I 

••aainlng 11 ••• alao oouldered. 

th• partt•l1J troae -t•rtal rapidly •nougb to tr•••• th• \ltlfroN 

water into a11batore•copto to• •n•t•l.fl, aocl tua prepartq the tiuu• 

bJ tr•••• avbatitutton or fn••• drying for •loroacopie exa.inatloa. 



F llE ~ZIN._, !t YSTEM 

C.op,-.f"- C.o .. ~ta."'~­
't"-t~ - .,, ..... ,., 

D 

'le.f", .... ~\\li110\t f"c--c.crr-tl...­

"'i +"- $ w, +c.\r.'"''1 "'c.c."-.111.,,""' 
t. M.lac."t tl\..--c.o~ple.. 

~AMPLE PLUC. OETAI L 

s .. ""'t-'• 
Gsl,n ~•'­

t.J,• 

Pl-.'tc 

< ::>c :, 
< ::::, 

(..., ~1.1 b r·,,..., coo li"'ti -t.., .. 1e 
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' , 11 I'\ l'<I, o ~ - 2 a •c. 

• S.20M,l-.c.1, -U•IC. 

4·74 M 1<.,c.0. --i~-s l 
If • 51 M c, ( NO~) s. - 2.,-'l •c. 

T "._ ~ .. ~ tt•~ w••ltl Ii.• .f-••~ 
-,, "-ol.t,,._1 11\e,,._ ~""' ._ '-n c.0111.-t-_-_.ill\1 
.... '! iu.. 

FIGr.ADI. -1. v-.oPos£D METHOD Fo-. ~,,.,,..,,.,,,,. TH~ Al>YANCUIGr i'E F'1t.•HT 



Df'':ti9's c.~ .. -~ • .-~ (S•• t&e1"-.il) 

Col.I Ito• coolc..l 

'-'J s•c."• tt .... t 
f roa•" •'-''\•c. 1",~ 
t<.a c.O s bf' i~ e. 

_ _..;../_ '-..... __ _ 

C: C: 

t , ........ ""- ",, ... ,. 
, .. 11\C.f"&~M". 

T'->c. " .. C.\AU.""' i .. .. f'Ol<•WII ..,i-t\. .c..~~-.\,111, 
~ .. , • ..,.,. to l,11, tk& 'tiu-.ef 

QUENCHIPIGr &ATH 

OR.YIN<. C.HAM8ER OETIUI-

a-"-C.~\,1\1) ., .... ~ .. c.e"1'" ... ~,ft'l 
Ii,, \ai .t •..-..~ 11. 

A 1-.-iw-i-.- \\...,t "-.--.---r-.._--,...--,_ 
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Ill-3 

FroeatQ, r >tdl7 eno~~n to produce aub lcruacG pic ice cr·atals 

ootJ1J be obt.ai&H! bJ quenching the r,art.Ja.11;., troaen. tin ll111i d 

nitro en cool~J liquid p~o; a• or. for eafety, trooo 2i . Calculutod 

coolin1 r~t • could b• obtained 1Lb at1ct a ~r =~~, J in dia1Aeter. 

ln develo~in thi• •tl1od t.:-iere ••• .;ch debAte •• t w:1ether 

.trot>ze 3·.1ba.tJ tut.ion or tree.,. dry in'° woull! be tho •o•t •uitnble 

prepnr tion t ci&ni ue for eabeddin • rhe o •ibilU~ ot u in~ tho 

••tr soluble acrylic roain, etbJlene.lycol • noa•tb7acrylate, •• he 

fr••~• ••batltuUn,& fluid ( Bartl, 111e.2, Leti c et al, 1063) ••• 

conaidered. f t.d,a • uld aYoi I the noe ••tty I r • ~arete e b ddinc 

proc:tia $ . ! he r aln unfortunately •a• n ,, t rt:,HHl)' av ila lo and lt• 

•.rnthe is_. a n ,) t •i•il <~ ichtorl ti. Li 1 lU O, Caldwell , 1950). 

In prvpur tton or ti••uca for• ectron icroscop it 1¥ cu•tomAry to 

u•• cry.t.alHa«tiQP inhibitor , auch aa l7c rel. hich alao re uc 11 

reerf tallisation ot ... 11 ice cryat la d~r l n the tiae taken tor 

aub1ati tt-tion. ln t • 11HJthod uoder c.>nr;.1 ~lerat1on , t.t is not r••.si l 

to u4e such an ·nhibitor au t t the riak ot r cry•tn111~ tion i hJg 

d',lrfn& tbe lone aubaUt tion ~riod. 

,or t ia reaaon tt • • propoaed to u•• a low te• poratur• tr eae 

dr7in pr ce •• 1 uain • er of 11 v~cu ch~ b•r• c oneet..S 

to• c n ••c ua tte hol ti• before dr7t wold be 

aiai iaod nd a auc •-• lo of tro•&tn r a co~ld h adled at to 

aaae tiae, r· ucin the dtud nt ,. oft• lo · d.r7in tt•o involved 

•1th lcn, t pe,r4t~r• dryi • 



The backiround \ o t h'-' freer. l og a7at m which i gbt be ua.-d in th1• 

••thod is gh·en in Chapter l !I. Tb c ore• or .. \., 3 in dt•m•t•r , 

would be enclosed ln thin wAll glaa• tubos which could be withdrawn 

•nd p lunged ha to the quench b th at ~ atng durin.; fr••&i og . 'fbe 

•inced eat block would be trozen from t h• bottom aurf~c• only 

loavio1 the top •urf c eapoeecl to enable the withdrawal of the core•• 

Uy • aintainin~ the air above th• block at llght ly ab~ve t ho freealng 

point~ condition• at tbie aurtace would b• •latl r to thoee experienced 

at tho oentl'o of• alab cooled frOill both 14••• 

1o enable •••1 withdraw 1 of t he glaaa aaaple twb•• they • ight be 

in •rted into nother laa tube whlc would be glu d to t he frtoaing 

plate and a t ilm of keroalne aaintain between the two tubea . Thla 

fll• would noed to" thin to inimi•• eonYe tion curr•nt~ . on 

qu nehing the gl••• sa r,l• tub would eithor abatter if th• 1119 t 

in•lde ••• untro en, or t ~o froaen eat •o~l contract t n r•a t r 

rate th ft th• l aa tub • ablin; the•• t to b• r ov•d tor . dry ng . 

liurin f r••zin& in th • old ii 1• ho p d that fn•ain would be •low 

ou · h to ponai t expan•ion &lonr the length t t he• µl• tub• • 

U•inc tbl• approach it• ould be Po••1bl• to deterain• •lth aore 

certai tr t he or olo f th• ice fr nt i •• i . Fr•••• etching 

ce 14 pro•ide ueet l intoraat1 ft in thi• type rat y •• t • aubllaatio 

rate tr t.h• lar,. 1 • u••• to ed tn t. • rreeat r o••• i• 

proba lJ hi& er than t • the tin• tee en1rat •4 tn\ th cellular 

aaterlal to •• d rln tb• quenchtnc proco•• • It ti• l• ao tt would 

b ••1 lo too tain rellel ploturea o! th• lee front u it peaetrat•• 

' .... t . 



Alll•G 

Quantt~atiYe inforaation on l~• 4•••loi••ot oould "obtained bJ" 

meaeuring the ar•a of th• tee void• ln aection• ta~on ai v•riou• 

•t•s•• d,iring rro zing• aad eoap~riag it •1th tbe 4rea ot tho tee 

voids in coapletely troaen • eat eo •• to obtain a ~•••ure of the 

traction ot tbe freeaable water froaen. 
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