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A atudy op ice crystals in frozen beef has been made in an effort
te zain more inforsation on the process of ice formation in meat
during freezing and to determine a quantitative relationahip between
the rate of [reeszing and ice crystal formation, As a measure of the
rate of freezing the rate of ice formatioca was calculated from the
slope of measured time/temperature coosling curves and cutectic data
for meat, and by a calculation methoed based om a solution of the heat
transfer eguations by finite difference calculus. Ihis latter method
was found te be rather unsatisfactory as a result of the large changes
in specific heat in the temperature range 27-30°F.

It was found that the rate of [reezing and the physiolegical
condition of the meat prier to [reezing had a marked effect on ice
crystal size and location, relative to tissue structures. These
phenosiena have been explained in terms of the water permeability
characteristics of the major structural components ¢f the tissue, and
the water binding ability of the proteina. There was considerable
variation in ice crystal size for any givea ratle of freezing and
physielogical condition. The variation w»as dependent on the rate of
freezing and a relatienship between rate of ice formation and saxiwum
ice crystal size was established. Ice was found intracellularly,
extracellularly within fibre bundles and extrmcellularly between fibre
bundles at kigh rates of ice formation and only extracellularly at low

rates.



"G le aso ma le matainatila, o le aso ma le filigaafa.”

(Lach day brings new problems, and new measurcs sust Le found to solve them.)

Sanoan preverb
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1.

INTRUBULCTION

In 1524 in a paper delivered to the fourth International Congress
of wefrigeration 7. “eran (19:l1) stated, "irobably nothing is wore
needed by the refrigerating industry than an adequate theory of the
freezing of tissues, bocause on it must be based any iapoertant
advance in practical procedure other than such as one of a purely

engineer.n; nature,"”

Addressing an advanced study institute held at the Lniversity of
strathelyde in Sejstember 19886, i.i., >ywons sald, "Japortant though it
is, technoloygy occupies a relatively winor position in the structure

of the frozen food (ndustry."

It is of interest then to consider just what technologieal
advances Lave been made, poarticularly in the freezing of meat, since
the aidvent of cosmercial food freezing. ihe wost aiznlficant
advance is the introduction of guick freezing techniques such as
blast and plate freezing. %ith fruit end vegetable products there
is an obvious iwmprovement In quality to be gained by usinzg these
metnods but with meat the improvement is not s¢ obvious. The reason
for adopting these technigues for weat freeeing has been the economic

pressure caused by ever-increasing production.

A, THE LFVECTS OF FRULELZING ON MEAT

irebably the first detailed study of the effects of freezing om
meat was wade by uichardsen % Scherubel (1808). They found frow
histological studies that water separates as ice from the meat fibres

during freezing and that on thawing mueh of this water is lost from
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the meat as drip, particularly from freshly cut surfaces. Some of
tie nutritionnl value in the form of winerals and seluble protein was
lost with the drip. subsequent atudies by « lank, wlerenbaus &
veuter (1916) and Feareon . Foster (1922) demonstrated the existence
of a eritical rate e¢f cooling. At coouling rates [nster than this
there was little drip loss on thawing and the thawed meat had asimilar
organoleptic characteristics to {resh weat. filstologieal studies
(Loonz & {amsbottow, 1939, Hamsbottom & Loonz, 1930) showed that in
weatl frozen at speeds yreater than Lhe critieal rate, ice crystals
were located within the muscle [ibres, or cells, so that the fibres
were not dehydrated during freezing. Unfortunately the critical
cooling rate has been considered toe hkijgzh to be gractieal in the

comuercial freexzing of large meat cuts.

I rreezing nate and Urlp rormation

ihe existence of a critical freezing rate, as demonstrated by the
absence of drip after freczing beef by imwersion in liguid air, was
conifirmed by Cook et al (18926) in an extensive sluiy of the factors
influsneing drip formsation froe frozen beef. fhey found that the
amount of drip increased with decreasing freezing rate. Also the
age and type of aniual, the condition of the beef before freezing aad
the thawing temperature, infliuenced the amount of drip formed. from
studies of changes in juices extracted from minced unfrozen beef with
freezing, it was concluded that changes in the sarcolemsa (cell wall)

rather than the plasma were causing the drip (Vickery, 1926).

The observation that the amount of drip inervases with decreasing

freezing rate was subsequently coanfirmsed by a nuaber of workers.
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(Yoran, 1832 & 1933, u bois et al, 1940, Yolimeva = Viskareva, 1359,
lianicins & i'iner, 1840, dincr et al, 1943, Kamsbottom & hoonz, 1936,

diner + tankins, 19i1).

ilowever, it has becn suggested (Raprey, 1933} that the rate of
freezin: has no signilicapt effect on the awmount of drip forased, Lut
rather the amount of thaw drip wes a functien of the hylrogen lfon
concentration. it has been confirmed (hHair % Coek, 1930, imamsbottiom
& noonz, 1940} that pid couvld snrkedly iniluence the amount of drip on
thawing. amsbottowm & hoonz (1540) weat further and showed that pH
wag nol the only factor invelved and that the condition of the meat
prior to freezing was just as importnant, this was not a pii affect.
they also desonstrated by histologicnl studies that the lack of drip in
pre=-rigor xeat was the result of intracellular ice formation rather
than hiszh nl, in post=rigor =e¢at, for an eguiverlent rate of cooling,
the ice forsation was exiracellular and tended to increase in size
s#ith ageing, an interesting observation &ss the amount of drip dee¢reased
with ageing. liowever, they did dezonstrepte that the amount of drip

formed was dependent on the rate of freezing for each stage ol ageing.

Extended studies on drip (Hamsbottom & Koonz, 1911) indicated
that storage of the frozen meat greatly increased thaw drip and that
the incrvase over a year was independent of storage temperature. The
initial differences caused by different rates of freezing were astill

apparent after a year's storage.

. Freee liate and Urganoleptie 1i
uUpinions on the influence of freezing on the organoleptic

properties of meat tend to be rather more conflicting tham those on
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Aip formation. Generally there is an increase in tenderncss when
weat is frozen and the s=zount of increase is related te the rate of
freezing, being grester with rapid ireezing. (Yankins & Hiner, 1440,
Tressler et al, 1932, Du Beis et al, 1940, Lansk holeinstitut, 1944,
icholas et al, 1¥47, Uiner & iHankins, 1941, iimer ot al, 1345,
4piseva 4 PViskareva, 1850). This gain in tenderness, however, is
lost after aboul six months storage at 0% {Hiner &k Hankins, 1941,
Nicholas et al, 1847}, Against this there is a considerable asount
of evidence which can find no conclusive relationship beiweon
organoleptic npreperties and freeszing (l'aul & Child, 1837, Bray et al
1942, Halay et al, 194¥, Moran, 1632 & 1933, Fim, 1933, i'ennsylvania
Agricultural ‘xperiment station, 1953, Valdecantos, 1063). 4 noetable
feature of Lhe werk dome by Valdecantos is that he atlempted to zasess
the difference in gquality preoduced by the differeat rates of cooling
within a single piece of meat. with the {reesing conditions be used
tne differences in coolipg rate were seall and he was unable to detect

any significant quality differencea.

The colour of freszen meat is influenced by surface ice crystal
size (Taylor, 193U & 1931) being a darker colour with large ice
erystals. The coleur difference iIs loat on thawing so this is of
little importance to the consumer who buys thawed meat. During
storage the surface colour changes with the breakdown of exymyoglobin
to metmyoglobin, this change is net related to ice crystal size

(Hamsbot tem & hoomz, 1941).

The size of the surface ice crysiale influences the type of
freeser burn which develops (haess & veidemann, 1962 & 1967). The
finer the crystals the whiter and less visually acceptable the bura

becomea.
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I'n general ice crystals do not grow significantly during the
storage of frozen meat when large intracellular ice crystals er
extracellular ice is the gredominant form (samshottoa & :‘ooanz, 1941).
ihen finer l{ce crystals are sresent and steoraye is at hiih (emperntures

(15-2:%F) some regrowth is apparent (‘loran & ilale, 1932).

e Freezing late and Ice Crystal rormation

“uch of the conflicting opinion on the way in which freezing
affects the quality of meat has arisen fros a lack of appreciatioa eof
all the factors which govern the rate of cooling in ment which makes

comparison of findings Jdifficult.

<oran (1231) was one of the first jpeople te appreciate that the
rate of freezing was not uniforms throuvghout a picce of meat being
irozen. e found frow studies ol ice formation in frozem meat that
the largest crystals were formed at the centre and the smallest at
the surface. Uu Hois et al (1910) and Tressler & Uu Bois (1040)
found that ice ecrystal size in air blast frozen beef and chicken was
related to air temperature and air velocity. Hiner et al (1943)
conducted tenderness, drip and histolegical examinatiens omn bheef
frogen in still air at various temperatures. They found a decrease
in erystal size with freezer air temperature. Romsbottom et al (1949)
demenstrated that erystal formation varied with pesition relative te
the cooling surface and that the freezing time as determined from
seasured cocling curves also vearied with position. They observed
both extracellular and intracellular ice within the one piece of meat.
hoonz and kamsbottom (1938) made a detailed histological study ef the

types of jice formation in frozea poultry wmeat, particularly eof



intracellular ice formation at high cooling rates. They observed
that erystallisation was profoundly influenced by cooling rate but
did net define the ceoling rate in a way which could be guantitatively

related Lo their observationa.

More receat histological stuldies of freozen meat (Bire, 1962,

saess, 1966, Chizhov & .ulmanova, 1UG6) suggest that the counditien

of the wmeat before freezing has a greater inf{luence en the histelogical
structure of the frozen seat than the rate of freezing. Kaess found
that in pre-rigor frozen bovine muscle, ice ecrystals fore predoaminantly
intracellularly. 'a slew frozen post-rigor asuscle, fice erystals
appeared extracellularly, and in quick frozen pest-rigor tissue both
extracellulorly and intracellularly. The pumber of ice crystals

were found to imcrvase and their sizes to decrease with increasing

rate of freezing, iondepeniently of the physiological condition of the

tissue.

"lank (1911) made an analytical study of the rate of ice front
advance during freezing and suggested thal this has some influence on
ice crystal size. fle deternined the effects of freezing conditions
and the shape and size of blocks of material being frozen on the rate
of ice front advance and concluded that these lactors could cause
considerable differences in ice crystal sizes within a plece of frozem
food. This he considered would be detrimental te the preoduct as it
would encourage recrystallisation by virtue of the fact that large
ice crystals have a lower vapour pressure than ssall ice erystals.

To aveid this he preposed freezing wmethods which would preduce unifora
freezing rates throughout the material. The implications of this
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work as regards ice crystal size and quality have been largely over-
leeked by subsequent workers in their attempts to relate ice crystal
size or rate of freezing to quality changes in frozen foods. In
order to make his analytiecal solutiem, ilank made certanin assumpilions
which 1imit its application te real systems. However, wore recently
numericnl solutiona based upon the use of finite difference
approximations te heat cenduction eguations have beee usced successfully
to calculate cooling rates during the {reezing of meat (Larle & :arl,
1966, Cullwick, 1667). iy coabining the coeling rate so obtained with
eutectic data for meat it is posaible to predict tLhe rate of ice
formation ia terms of the rate of change of the fraction of freezable
moisture frozen. In this way it is poasible te express the rate of

freezin: in fundamemial terms.

B I Ul oCTIVES OF Tals STUOLY

The object ol this study was to evaluate ice crystal forsation
in frozen meat in teruws of the rate of chsange of the fraction of
ireezable moisture f(rozen, Lo observe what effect the physiolopical
condition of the muscle prior to [reezing has on ice crystallisation
with regard to the rate of (reezming, and to determuine the degree eof
variation in ice crystal foraation withim a single block of frozen

meat.

From a fuller uaderstanding of the process eof ice formatiom im
frozen meat it is heped that it will be possible to determime with
more certainty what influence the rate of freeozing has on the initial

quality of frozea seat and upen subsequent quality changes on sterage.
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THE PRYSICS OF JCe CRYSTAL FURMATION IN BICLOGICAL HMATERIALS

This chapter reviews and evaluates the literature on
ice erystal formation and atteampts to provide a

coherent picture of present kmowledge in this [ield.

Crystal growth depends om many factors, intrinsiec and extrinsic
to the material being frozen. Intrinsic factors are derived froa
the nature of the systea itself; including water content, structure
and shape, the nature and concentration of solutes and disperse
phasea, and the thermal properties which will be similar to those of
water because of the high water content. fxtrinsic factors include
the ambient temperature, the thermal and physical properties of the
environment and the mature of the interface between the environment

and the freezing bedy.

Ao EFFECT OF SHAPK AND THUMMAL PROPERTIZS ON JCE CRYSTAL FORMATICON

in the intreductory chapter it was obhserved Lhat ice crystal size
and type of ice formation were not uniferm throughout a piece of frozen
meat. Plank (1914) outlimed the different histelogical pictures
presented in a creosa section of a cylinder of frozem meat and then
went on to calculate the distribution of freezing rates im the cross
section. The calculation of freezing rate distribution was later

extended to systems of other geeometries (Flanmk, 1941).



The intrinsic thermal properties which influemce ice formatien in
frozen tissue are the specilic heat and therwal conductivity of the

tissue.

The value of these properties alter during the course of freezing
and this has a marked effect on the shape of the cooling curve
particularly through the zone of maximus ice fermation. In meat it
has been observed that the thermal conductivity is anistrepic, being
about 15x higher when the heat flow is parallel to the muscle fibres

than when it is perpendicular to them (Lentz, 1961, iiill et al, 1987).

ixtrinsic factors influence the rate of heat removal from the
surface of the freezing materinl and hence the rate of cooling and
ice formation wilhin it. The extrinsic factors are the ambient
temperature and the surface heat transfer ceefficieat. The surface
heat transfer coefficient is iunfluenced by packaging =material, and
where heat transfer is by coavectioam, by the thermal and physical

preperties of the coolant fluid.

The action of some of these factors omn the rate of freezing caam
be seen in the fellowing expression (due to Plank) for the rate of

freezing within a slab ccoled from both sides in a plate freeszer.

T P
dx f a
g = l-i-i- = T 5’ i i—i (1.1)
h Y2
o
Hhere ¥ = A%% is the rate of advance of sn ice front eof unit area,

i.0. the volumetric rate of ice formation,

T‘ - T. is the difference between ambient and preduct freezing

point temperature,
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L is the volumetric latent heat of freezing,

h is the overall surface heat transfer coefficicant,

1 is the slab thickness,
1l is the thickness of the frozen layer,

B is the thermal conductivity of the [rozen layer.

Thia expression assumes that all the water in the saterial is
frozen at a fixed teamperature (the freezing peint) and that the
product is uniformly at the freezing peint before the commencement of
freezing. By making these assumptions it follows that the specific
heat of the frozen material is constant and the change in heat content
during freezing is contained in the latent heat term; the thermal
conductivity of the frozen material has a constant value and the
specific heat and thermal conductivity of the unfrozem material cae
be ignored as there is no coeling of the unfrezen material prier te

freezing.

For a cylinder Lhe egquation becomes:-

4 » 1
h 3 In 1r
o
dhere Fo is the radius of the cylinder,
r is the radius of the unfrozea core.
For a sphere:~-
T, =T
¥ = % i—-l—— (1.3)

%*L(.:.-..l_)
K r |
(-] [ ]
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¥here . is the radius of the sphere,

r is the radius of the unfrozen core.

Solutions of these equations are illustrated in Figs 1, 2 and 3.
From these graphs the relative importance of the shape factors

included in equaticns (1.1), (1.2) and (1.3) becomes apparent.

there the surface heat transfer coefficient is high the
temperature of the freezing medium has a marked effect on the rate
of ice formation, particularly at the surface. dhen it is low the
influence of freezing medium temperature is not great. Slab thickness
has less effeet on the rate of ice formation when the surface heat
transfer coefficient ia low, causing a smaller range of ice formation
rates between centre and surface. Shape can cause considerable
changes in freezing rate, particularly when the surface heat transfer

coelficient is high.

Analytical solutiens for the zeneral problem of heating or
cooling of systems of simple geometry have beea developed (Carslaw &

Jeeger, 19359).
The general equations for coeling are:-
For a slab:-

2Nu Cos (o(n i-) L2y (1.4)
e n o

)
¥ - =
el (“2 + Nu ov(.a)c'o-"{.
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Fer a aphere:-

o 2Nu sim (Y X) 2

Y = EEI - gn = 0-6; o
e 2 (X ° + 8u” « Nu) Sind
a n 0

¥or a cylinder:~

oe 2Nu J_ (B =) 2
Y = E-‘ - 2 p' 2 .-Pn F.
. {P‘ * Nu) Jo (P.)

12.

(1.5)

(1.6)

bhere Y is the unaccomplished temperature change as a fraction of

the total pessible change after a given time,

2 is a diwensionless expression for the lecation of the point

under consideration,

a is the half thickness of the body,

X is the location of the point with respect to the centre,

Nu = EE is the Nusselt number,
o
k@
F = is the Fourier number,
o -
a C
4]

& is the time from commencement of cooling,
/2 is the density of the boady,
C 1is the aspecific heat,
ol _ i®s the nth reot of the transcendental equatioen

p. is the nth root of the transcendental egquation

PI, (B) = Kud_ (p),

Ltand = Nu,

J. B) and Jt (p) are Bessel functions of the first and

second orders,
¥z is the nth root of the transcendental equation

YeotY = 1 = Nu.
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These equations illustrate the complex nature of the process of
heat removal. The process hcecomes further complicated when a change
of state is invelved as the intrinsic thermal preopertiecs of the body
change as cooling proceeds. Solutions by numerical approximation
which take this into acecunt have been developed, such as the one

outlined in Chapter IV.

B. THE MOLECULAR STRUCTURE OF WATER AND ICE

Liquid water hag several unique properties indicating that there
are fundamental structural dirferences between it and wmost other
liquids. They include the high melting and beliling points, the
unusually high heat capacity, the decrease in volume on melting and
the subsequent contraction between 0® ana 4%. These apparent
snomzlies are due to strong intermolecular interactions, wmostly
hydrogen bonding between molecules. The hzu wolecule can participate
in four hydrogen bonds, two of them invelving the two hydrogens of the
molecule, and two the lone pair of electrons of the exygen and the
hydrogens of two neighbouring wolecules (Fig. 1). This tetrahedrally

directed bonding is involved in the crystal structure of lce.

In liguid water there is a resonance in the hydregen bonding
between molecules which may be explained as follows:-

(Franks, 1963)

i H K ]
H 103 H 103 == 30: H 10:

.e o e e

c A B (]

A hydrogen bond has been formed between the molecules A and B.
B is more basic than it would be in the unbonded state increasing its

tendency to form another hydrogen bond by acecepting a proton from D.
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The J- charge would then shift to U wmaking U more basic.
Similarly A is wmore mecidic inereasing its teandency to form a hydregen
bend with C by donating a preton te the electron pair eof C resulting
in a shift of the §+ charge. The polarity of this large C - 4 = B =~
9 unit confers additional stability to the A - i bond. Therefore
once one bond forms there will be a tendency for a chain of bonds to
proliferate. such a process could be arrested by thermal fluctuation.
ilydrogen bond forwmatisn is exothersic, the heat released by hond
formation ceuld break other bonds resulting in the uazipping of the
structure as the smaller units so formed will be less stable. Te
minimise the unfavourable free energy change caused by the entropy
loss associated with immobilising melecules by hydrogen boeading,
tetra=-bond formation rather than the linear process first described
would make Lhe clusters of hydrogen bonded molecules more cempact and
is therefore more likely to occur (Nemethy and Sheraga, 1962). fhis
does not necessarily mean that the cluaters will have the sase ordered
lattice structure as ice, which is only one of several possible

tetra-bonded arrays.

The structure of water can be considered then, as one of clusters
of hydrogenm bonded molecules embedded in amnd in equilibrium with
monomeric unbended water. These clusters fors and melt as hydrogen
bonds form and break with local energy fluctuations. At a given
temperature, the total number of hydrogen bonds existing in the liquid
and the equilibrium between clusters and unbonded water are determined
by the requirement that the free eanergy of the system should be a

minimum.
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'm freezing the tetra=bended =tructure tecomes cwore ordered and
proliferates as a fixed crystal lattice similar to the tridyeite fars
of “1¢ ip whieh the siliceon atoas fors a hexagonal arrav. Fige 5

(a & b) illustrates the moleculnr sfrueture of ice.

If the tranaforastion teo ice ig marticularly rasid, a cubie
lattice structure is forsed, Asorphous lce has been forsed by
condensing water onte eold surfaces in a vacuum (Fryde & Jones, 19052,

Blackman & iLisgarten, 1930},

Co ICE CRYSTAL NUCLEATION IN DURL $ATER SYSTIMS

(he firasl =tep in the conversion of water to fce is the lormation
of a» nucleua around wshich the {ee can grow, wwelestion gccurs by the
chance apggregation of a susber of water wolecules a3 a result of local
energy f[luctuations in the manner Jdescribed in the ~revious section.
dhen the numsber of water wolecules in the cluster, or nucleus, becomes
sufficiently large for Lhe addition of vine wmore molecule to decrease
the froee energy of the eluster it has resched eritical size and may

gros to fors am ice crystnl.

e nusber of nuclei in supercooled water, i.e. liguid water at
a tesperalure below its freezing point, containiag a given number of
wolecules is given by:-

(Turnbull et al, 1948)

Ee =L e Gl (1-7’
éhere %¢ is the number of nuelei,
T is the absolute temsperature,

k is Doltesann's constant,
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AL is tie free energy of formetion of a nucleus and:i-
(Stephenson, 1900b)

5

AL = 4 ‘Pi - P" + b1 (1.8)

ahere Pl is the chemical pelential of ice,
P is Lhe chewical poteutial of water,
i is the number of weolecules in the nucleus,
b is 4 shape [aclor,
G is the surface free eneryy Lelween ice and waler.
Sow if AG (4 + 1) >Auli) tie nucleus is subcritical in size and will
generally decay, if Au (i + 1) <Auli/ the {ree euergy vof Lbe nucleus

is decreased LYy iue addilion 0l & wolocule a0 Lrosth cao occur.

i‘ence Lhe critical si12e ia giveu Ly =

Aa (L« 1) = Aull) = 0

or approximately:-

b ] - .
Pl -p ¢ 7% boi = 0
Now P._Pt =z Al lT.- L)
lAiI(r.-f}/l
there 5 is the entropy decresnse on {reezing,
if is the heat of freezing,

T' is the equilibrium temperature between bulk solid and liquid.

PRSP
Q

27 5% Lra (r, - )2

- = &G. =

(1.9)

Jbaot 3
i* = (3—‘1.—’—1.7 (1.10)
ﬂ -

“fo
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Ghere * lenules critical stize,
» s the dans) ty of ice,
tr i the latent he:t of fusion.
lhps in seaere-sled winter '=-
- Ad® /K
:_‘c- = e i (t.11)

fkis theory has been further extended to determine the net
foreard raie at which nuclei in am equilibrium distribution of
eritical muclei becowme lenger than critical, i.e. start te zrow

(lurnbull, 1948).

lais is given by:=-

AN T - ;
p— b L4 € ( K1l ) (1.12)
e - 1 n

there & ias the number of critiecal anuclei starting to grow,
n, is the pumber of wmolecules per unit volume of liguid,
b is 'laneck's constant,
g" ie the ifree energy of activation for diffusion across the
water:iice interface,
e is time.

Iintegration of this equation yields:~

n(e) -f W [T] [1-we)]  au (1.13)

fhere N° [F (w)] is the rate of creation of nuclei lenger than
critical at teuperature T and time (L,
wiw) is the fractien of water which has been coaverted
to ice at time w,

[} - t(wi] is the agqueous fractiom at time .
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Including a lecatica factor se¢ that this expressioa is applicable
ic a point within a bLedy of water cooled from its surface the eguation
becomos =

{stephenason, 19GUa)

v8, j v e ] [-vet] e Gae
2

fhere ibaprclfiaa the locatisn of the peint.

The amount nf wrter available for new criticnl nuclei te form in
will decrense as exiatinz nucleil grow so from these equations it ean
he seen that the numbher of ice ervaetals per wnitl volume wil)l depend
on the rate of temperature decrease and the lowest tesperature reached

during the mucleation ceriod.

. NUCLEATION IN BiULOGICAL SYSTEMS

suspended particlea in an agueows system can provide sites for
ice cryatal growtih, This results in les= supercooling. lhe amount
of supercooling pessible in a system containing suspended particles
is related to the particle size, being grester for tLhe sealler the
particle (liallet, 1965). The chemical nature of the particle alse

influences ite ability to provide a site for crystal srowth.

It is thought that the actiosn of the non-agueous material could
be to lewer the surface free energy between ths developing nucleus
and the water (knight, 1967). Fig. 6 fillustrates the surface free

epergies acting in the nucleus, water, particle system.
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lalancing surface free energies:-

6;‘ = 6;1 Com 8 ¢ '1-

d - g,
S is

wi Cos © {1+15)
khere . is the surface free energy between water and the particle,
61. is the surface free energy between ice and the particle,

% is the surface free energy between water and ice,

€ is the contact angle between ice and the substrate.

The smaller © becomes with increasing affinity between ice and
the substrate the emsaller o . becomes. From equations (1.9) and
(140 it can be seen that for a given amount of supercooling the
nuaber of molecules in the eritical nucleus, and the free energy of
formation of & critical nucleus, will Le lomered. The change in

free energy of forwation will be very much greater than the change

in the number of molecules.

The free energy of sctivation for diffusion of wmolecules across
the liquid/ice interface, Ag*, will be greatly different in colleidal
systems., For a mixed Bﬂliﬂidll system the colleoid whieh individually
causes the greatest lowering of Ag* could be considered as contrelling
value of /Ag® in the mixed system. #ork by Hohatgi and Adams (1967a)
on solutions containing a mixture of solutes indicatea that ice
crystal sise is not controlled by the solute with the lowest
diffusivity but rather by the solute present in the greatest
concentration. When the solutes were in similar concentrations the

effect was intermediate to the effects produced by pure solutes.



However, all of their solutes were elecirelytes and their range of

diffusivities was not great.

Thig indicates that the effect of mixed sgolutes on the activation

energy for diffusion is cemuylicated.

From equation (1.12) it can be scem that only a small difference
in the value of (Ag* +« AG*) can cause a large diiference in the value
4ax/dt. Thus ainor changea in the compesition of a colleidal system

could cauvse major changes in the susber of ice erystals formed.

#ithin a body being frosen, the cooling rate through the
temperature zore of maxisum ice formation generally declines with
increasing distance from the cocoled surface. At low coeling rates,
crystal growth on to existing crystals will remove the water bhefore
the temperature has fallen enough te permit new nuclei to fora. At
high cooling rates, crystal growth is mot rapid enough for this te
happen so that new crystal nuclei will form. Thus ia a body being
frezen nucleation cen only be expected to occur im a surface zone

where the cooling rate is high.

indfret (1966), in studies on freezing erythroecytes in drops
and cylindrical containers, ebserved a merked depreasioen in cooling
curves at the surface which ecould be interpreted as supercooling.
This was only observed at the surface, indicating that deeper inte
the drop the site for ice growth is provided Ly the advaneing ice

froat rather than by new nuclei.



The nalure of nuclealion sitea in Liclo,ical waterial has nat

3

beea deterained. it has beon su_gestod that lwmwobiliscd water

struc ures asasociated with proteins may  rovide suitable =ites [ur

,ruath, but there s no conclusive rool ol Lhie,
erysan 1365) Jesonstrate! that wore su,rreocling octurs ia
amall sections of lissve than in liarger l[oces. e explains this

by stating that the probability ol [inl . ag a site for puclcation is
greater in a large wection. It could also be explained by his
tewperature sensing Jdevice being situated furtber fros Lhe nucleation

site in o large section.

lly extending the  robability concept it fa nossible to explain
an apparent preference lor extracellular erystallisation. Il each
cell is considered as containin, an iscolated boly of water with the
extracellular fluid as a continuous bLoly of water, then although the
extracellular fluid is a small volume compared to the total velume
of water, it is large compared to the voluwe contained within a
single cell. Hence there is a greater probability of extracellular
ice formation. Other theories explaining this phenomenon are; the
freezing point of the extracellulsr material might be higher than the
intracellular material and that the intracellular waterial might be

deficient in nucleation =mites.

These theories are apeculative, and in view of the fact that the
phenomenon of intracellular verses extracellular crystallisation is

dependent on the rate of freeszing, are of doubtful value.
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It has been shown that where a surface has been provided as a

silte for nucleation that the nucleation temperature is dependent on

the nature ef the selute and its concentration (lusena, 1335).

e ICe CRYSTAL GROwTH 1IN BIOLOGICAL SYSTEMS

1. ffect of the Disperse ‘'hase on lce .rystal Trowth

‘in annlytical solution for the grewth of nuclei of supercritical

size does not appear to have been developed.

For the crystal to grow the heat of crystallisatien must be
removed from the advancing ice front. The problem of ice crystal
growth is therefore one of both mass and heat transfer. while
analytical selutions are available for unsteady state heat transfer
or mass transfer to or from a moving phase boundary (lanckeerts, 1950)

none have been developed for simultaneous mass and heat transfer.

la) Freesming point depression and eutectic phenomena

solutes wodify Lthe thermal behaviour of an aqueous system firstly
by depressing the freezing point, then, as ice starts to foram, the
increasing sclute concentration further depresses the freezing
temperature until beth the solute and remaining water erystallise out
at the eutectic temperature. This means that the heat of fusion of
ice will not be released at a fixed temperature as in a pure water
system but over a temperature range,which explains the variation of
the apparent specific heat with temperature in biological materials
as they pass through the freezing zone. As ice has a such higher
thersal conductivity than water, the thermal conductivity of bielegical
materials will also change with temperature as the preportion of ice

increases through the freezing zene.
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In a single solute system there will be a small plateau en the
cooling curve corresponding te a2 rise in specific heat at the eutectic
temperature, the size of which will depend on the amount of solute
present. In a systes with mixed solutes where one solute is present
in small amounis, as would frequently be the case in biological
materials, the plateau will be zorrespondingly small, At the eutectic
temperature the mixture may crystallise out as non hydrated solute and
ice, as a sclute hydrate nnd ice, or completely as the solute hydrate.
The forwm of crystallisation can be explained in terms of the relative
fluidity of the solute and its crystalline radius. For example, the
ions §~, \H4+. ag', k%, kb, cs*, U”, Br” are all of similar size and
fluidity to water molecules. clectrolytes composed of these ions
would cause little disruption of the water structure. The ice lattice

is less amenalble to disruption and expels these ions in a non hydrated

foru.

Sowe organic solutes such as glycerol and dimethylsulphoxide do
not crystallise out at all and form a vitreous solid (Merywman, 1966).
aith this type of solute there is no eutectic temperature determinable
by electrical conductivity weasurements or differential thermal analysis
(Rey, 1960) although twe eutectic values are given for glycerol in the
International Critical Tables. In a system containing both a solute
which normally has a eutectic temperature and glycerol, the solute does

not crystallise out but becomes incorporated into the glass.

(b) Crystal worphology

Luyet (1960) has studied the effects of different types of solute

on the morpholeogy of ice crystals growing im thin films of solution
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frezen between glass slides. #ith pure water he found that the ice
formed ss hexagonal plates. in solutions, variocus wodified forss
were obtained depending on the rate of cooling and the concentration
of the solute. At high cooling rates or solute conceantrations, the
hexagonal symetry became more irregular and gave way to plainm
spherulite disc forsaticas in which the component needle-like ice

elements were arranged radially aroumd a centre.

At higher cooling rates the structure in the plain spherulite disc
forms disappeared to form transparent evanescent spherulite dises.
ixamination under polarised light indicated that crystalline structure
was still presesmt. X-ray diffracticn analysis suggested that cubie
ice was present in varying propertions depending on the cooling rate,
solute concentration and ty e of solute (luyel, 1966a). On rewarsing

the cubic ice changed to the opagque hexagonal form.

The mature of the solute has a marked affect on the ice structure
foramed. The extent of the change compared with pure water is related
to the size of the disperse molecules, particularly chain length.

For example, unmodified hexagemal structures were not observed under

any condition of concentration or coeling rate in gelatin solutiens,
which such structures could be observed in boviame aldbumin at slow
cooling rates (Luyet, 1959). In gelatin the molecules fora an extended
gel network while in albumin the protein is globular. Similar
observations can be made with non-protein material such as pelyvinyl-
pyrrolidone and glycereol. Beefl muscle juice extracted by centrifuging
severely sacerated muscle behaved in a similar manner to bovine albumin

(Luyet, 1959 & 1960).



25.

This work provides a useful iandication of the influence solutes

can have on fce development but gives no indicetion of what happens

at the ice front in the [reezing systemn illustrated in Fig. 7.

{e) sSelute concentratien at the ice/water interface

«ohatgl et al (156&) have derived an expression fer the
concentratlieon gradient developed in the ligquid between ice crystals

in an advancing ice front.

a2 df
L - .
€ = o= & = (1.16)

shere ¢ is the concentraticn difference as a function ef the centre-

to-centre spacing of adjacent ice cryatals,
—— is the freezing rate,

€ in the initial solute conceantration,

U is the solute diffusivity,
f is the fraction of freezable water frozen.

The cencentratiea gradient is therefore dependent on the ice
erystal pepulation demsity, the rate of ice formation and the solute
diffusivity, i.e. the velocity of the ice/liquid interface of adjacent
crystals moving towards each eother, and the selute diffusivity, Fig. 7.
The rate of growth of adjacent erystals towards each other is dependent
on the rate of ice froat advance. The greater the speed of the ice
front advance the more rapid this movement will be and the greater the

concentration of solutes at the surface of Lhe erystal.

dater must diffuse through this colleidal aatrix at the ice

surface if growth is to eccur, so that it is likely that the matrix
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will imiluence ine (ree engrgy oi activation {or diifusion of water
wolecules Lo (ie iy suriace whlca 4w probuvly as an iw,ortaat lacter

Ia tae Lrowil process w8 il ie b (he pueciealion process.

5t the feo front fithe comsencemont of freezin:) the msount of
fee whioh hom to he fermed to achiewve ¢ iy n increase in sclute
concentration or temnerature fall is very auch sreater than behind
the ice front . towards the and af {reepinci, “he rate of solute
rejeciion from the f{er inte the selutiow =i1i be lower for a given
speed I jce interface advance, Yor thie resson the mpeed of the
ice interfece's advence will be high. Mlehind the ice front nnd
Lhetwecin the cryvutala the solule concentlration is hij her so that leas
ice hea to be formed for a given tesmoercivre fril and more selute hos
to he rejected. "hie ia balanced by a lower moerd of interface
advance 59 Lhe concentration build upr wt the gurfzce comprared to tie
averngw toncenirstion hetveen Crystels tends to revajin constant

(Lohatyg) & rdsms, 1967a).

iI{ the initial seluts congentralive is nigh the iatercrvetal
spacing in the frozen material will bPo less than expected from
copsideration of the relative asounts of solute and water originally
present . Inie ia due te the formation of aside branches from the
cryatals and the fnclusion of jpockets of soluts into the sides of

the erystalas.

(d) Ice erystal nusbers and distance froa the sooled surface

The rate of iece foreation deercagea with increasing distance f(rowm

the eoolod surface so the velecity of transverse ice greowth would be
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expected to decrease also. The resulting decreoase in concentration
gradient in the intercrystalline lijquid enables the erystals to grow
to & larger size before growth is hindered. This means that aome
ice crystals will grow larger while others will disappear, as there
is insufficient water available at any given point teo enable all eof

ther to grow larger.

Aitken (1966) has shown that in frozen fish the ¢ axis orientation
of the ice crystals is always perpendicular to the direction of heat
flow, lie failed to detect any preferred orientatioa in the
peruendicular plane but this eould be because the range of ceoling
rates in his saszples was not very great and the rates were probably
high. Studies of leke ice (Lmight, 19687) suggest that a preferred
orientation in the perpendicular plane is likely. This preferred
orientation could explain shy the growth of some crystals is
continued in preference to others. No explanation for a preforred

orientatien in the perpendicular plane has been given,

d. i Mfect of Cellular Structure on Ice Crystal Growth

The cell wall presents a barrier te ice erystal growth,
luyet (1959), atudying the freezing of thin sections of meat with a
cold stage aicroscope, found that the rate of growth down the length
of the fibres was approximately twenty times the rate of growth
across them., e claimed that the difference was because the ice
encounters more cell walls in growing aecrosa the fibres which causes
the difference in rate. The direction of heat tranafer in his
freezing system is predominantly perpeadicular to the plane of the
section ao this phenowenon is unlikely to be related to the amisetropie

thernal conductivity of meat which is determined by fibre direction.
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The cell wall is not completely impermeable to ice growth.
Meryman (1968) put forward twe possible theories for the cell wall
acting as a partial barricer to ice growth;

(a) that the growth of ice on one side of the cell wall continues
until the cell wall becomes sufficieantly disrupted to becoae
permeable to ice growth and

(b) the cell wall properties do not alter, but the ability of ice
to pass through the wall increases with decreasing temperature.

The first theory casnot be totally Jdiscounted as there is evidence to

show that the cell wall can be damaged by freezing te the extent that

it becomes completely permeable to crystal grosth sa subsequent
freezing (lLeve, 1966). Mazur (1965) has made a thorough investigatien

of the second theory and found Lhat it 1is at least jart of the truth.

Hie found that as a suspension of cells in water is cooled below
0°C both the extracellular and intracellular water at first resains
uni{rozen and supercools. At some tesjperature the extracellular
water freeres which them (nitiates intracellular freezing provided
that the temperature is sufficiently low and the cooling rate
sufficiently high. ile reasons that the volume of waler within a
given cell is tiny in comparison with the extracellular water soc that
nucleation within the cell is unlikely. As as alternative explanation
for preferred extracellular erystallisation it is pessible that the
conplex nature of the disperse phases within the cell reduces the
nucleation rate at a given temperature in comparisea with the
nucleation rate outside the cell thus reducing the chances of

nucleation within the cell at that temperature.
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intraceliviae wge Jorsatien could be ioivinsled by exiracelluler
fece growmiay Lurougs waeter filled Casauels an tae caell wedbraucs.
Theas Clanvwloe uie very swail agd wvi' ive Lo Lrve urcugathea Lhe
ice Crystal wunl be correspondangly sacli; wv sausl (o fact that
they are anol wuch tulcher Than the diwecler o0 (e aucleuvs they were

foriaed I[ruu,

rrow the cauation for tae radivas of a critical cluster in water,

(stephenson, i)uul)

300
T?;—:—?T ! (1.17)

r.

where - " ix the awounl of supercovliu,, it csn Le sees that for a
given channel wilve wlether intracelluler ice »ill foraw or bot will

depei:d on the pmount of supercecling.

ohen extracellulur vater froezes, fte vagour osressvre drogs bLelow
that of the supercesled water withio the ceile thus preducing a
tendeney {or sater to flow out of the cell, 1f cooling is slow there
e sufficieat time for an appreciable quantity of water to leave the
cell before {t cools to o temperature low encugh for imtracellular
freszing to accur, Dy the time that temperature is reached meost of
the water has left the cell sa that the residual contents are incapable
af freesing. #ith rapld cooling there is not time for sufficient
water to leave the cell teo prevent intrascellular freezing when the

tenperature drops sufficiently.

The fectore that influence the sutflew of water are summarised

in the following eguationsi-
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dhere U'. is the intracellular vaveur  ressure,

i

rﬂ is the exirzecellular vasour nrecavre,

X is the mole fraction of intracellulnr water at freeving

tenverature T‘,

i the mole fraction of intracellular water 2t temperature T‘.

4

is time,

¥ is the perwesbility content of tle cell for water,
A is the cell surface aren,

V is the volume of intracellulrr sunercnoled water,
v, is the molar volume of water,

i., ia Lhe molar heat of fusion.

cquation (1,16) relates su, ercocling to the vapour pressure
differential, and equation (1.19) the rate at which water leavea the
cell to the vapour cressure differeatial. snowing the cowoliey
velocity, aT/At, these equatisns canm be combined to give the amount

of supercooled water in the cell in relation to temperature:~

-

2 : - AN “-l-- - l.a AR
blig=1) dV b{Tg=1) dv (1.29)
Te e [(‘T"} . T Wlveav)°| 9T ° %v'

¥here B 12 the ccoling velocity (assumed to be uniform}),
b is the temperature coefficient of the permeability conatant,

K‘ is the known permesbility csomstant at teaperature Tg.
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From this equation it can be secen that the important biological
parasetiers are the surface Lo volume ratio cof the cell and hence the
size of the cell, and the absolute permeability of the cell te water
as a function of temperature. The greater the surface to volume
ratie and the higher the permeability, the higher the coeling rate
required te produce intracellular ice; thus the cooling veloeitics
required to produce intracellular ice vary ceonsiderably for different

cells.

This theory was developed for isolated cells in suspension not
in tissues, and whether the same conclusions can be drawn regarding
nucleation and freezing of intracellular and extracellular fluids in
tissues is not known. It is likely, though, that the sacze factors

govern the growth of ice across tissue cell membranes.

3. Kecrystallisation

ice does net stop changing form once all the freezable water is

frozen, but continues to change at an ever decreasaing rate,

Twe forms of recrystallisation are commenly recognised, irruptive
recrystallisation or the transition of eubic to hexagonal ice, and

migratory recrystallisation or grain growth.

Migratory recrystallisation is probably caused by vapour pressure
differences between surfaces of differing curvature, In pure
pelyerystalline ice preparations where there is ne obstacle to the
transfer of water molecules between crystals recrystallisation can be

rapid. The precess is retarded by reduced temperatures.
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Kingery quoted by Maasur (1966) has analysed the thermodynamics
of sintering twe small ice spheres of equal radius. See Flge &
lie compares the chemical potential and vapeour preasure differences
between a planar surface and the cenvex surface of the spheres with
the chemiecal petential and vapour pressure differences between a
planar ice surface and the concave surfsce of the neck and concludes
that the neck will grow in thickness to minimise the difference. ile
derives equations f[or the kinetics of various meolecular transpert
mechanisss by which this could occcur and by ecomparison with experimental

results nuggests that surface diffusion is the sost probable mechanism.

in the sysatems containing non agueous material between the ice
cryastals the diffusion process is hindered and the i rocess of

recrystellisation retarded considerably.
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CHAPTER II

HISTOLUGICAL EXAMINATION OF FRUOZEN MEAT

in this echapter metheds of examining and photegraphing
ice crystal in frozem meat are discussed and the

sethods used in this study are outlined.

Histolegical examination of [rozen meat is diificult, as the
disruption of the tissue by ice formation is reversible en thawing.
To overcome this difficulty the tissue must be examined in the frozen
state or be fixed in some way so that the disruptiom is maintained eon
waraing the tissue to roosm temperature. “ven in the frozen state
ice fermations are not fixed, particulerly at temperatures approaching
the freezing point, so that it is important that temperatures be kept

low during fixatien and during observation of the frezenm tissues.

Ao TEMPEHATURE AND ICL CRYSTAL STABILITY

some idea of the temperatures necessary to reduce recrystallisation
to an insignificant level for light micreoscopy can be gained from the
work of Luyet (1962) om recrystallisation in rapidly frosen solutions
ef various organic solutes. By examining the frozen solutions under
polarised light he was able to detect any major change in the ice
cerystallisation. !is findings are summarised im the fellewing twe

tables.
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fable 1: iiecrystallisation in solutions of albumin, gelatin, sucrose

and glycerel rapidly frozenm inte evanescent spherulites.

: Concen- Freezing . TIramsition
bnlute tration Bath Temp. Shabin Temps Temp."*
Albusmin 30% -40° -8 -3%
Gelatin 30% -40% -18% -10%
sucrose 307 -40"C -40% -30%
Glycerel 26% -90°c -90% -80°%C

Table 2: iHecrystallisation in selutions of albuain, gelatin, sucrose

and glycerel frozen at moderate rates inte irregular dendrites.

i Concen- freezing ; % « TIramsition

iskuts tration Bath Tomp, ~table Temp. Temp.®
Albusin 10% -20% -8% «3%
Gelatin 10% -20%C -18°%C «5%c
Sucrose S -40°C -40% -15%
Glyeerel 107 -70% -70°C -50%C

* Stable means that no change was observed after U bhours at this
temperature.
* Tramsition temperature means that the change went to cempletien

in one minute or less at this temperature.

fle found that the transition temperature was affected only
slightly by the cencentration of selute. Ia mixtures of selutes
the recrystallisation temperature was intermediate to theose of the
individual selutes. This alse applied to mixed electrolyte and

non-electrolyte systeas.



fhe interference caused by solutes in muscle juice extracts has
been shown to be greater than sucrose but not as great as gelotin
(Hepats *» Luyet, 1953) so that the spherulite transition temperature
could be expected te lie hetween =10 and =30°C and the irregular
dendrite transition between =% and =15°C.  Un this basis it was
considered that for this study -30%C (=22°F) would be a safe

tewperature for histological examimations.

Ba METHQUS OF CXAMINATION

1. Formalin Fixatien

The wost frequently used method of tissue fixation (RKichardson &
scherubel, 1908, Cook et al, 19526, haesa, 1967) invelved ismersing
gpleces of the frozen meat im a 10% formaulin solutiam chilled to its
freezing peint, ~9%C. Apart from the temperature being rather high
to be sure of avoiding recrystallisation, fixation tends to be
uncertain due to inadequate penetration of the formaliam (hoonz &
amsbottom, 1938). GGlycereol eor certain salts could be added to the
formalin solution to reduce its freezing poinmt but this would not

aseist penetration.

2. Freeze Uryimg

hoons and Hamsbottom used a modification of the Altmann freeze
drying technique for cytological fixation in their studies. This
invelved freeze drying the frozen tissue at =32°F at an estimated
0+0003 mm mercury pressure for 24 hours. The dried pieces were
removed from the drying chamber after it had been allowed to warm
to room temperature and transferred directly into meolten paraffin

for embedding then scctioning and examination.



simpson (1941) made an experimental study of the freeze drying
technique for tissue preparation. He found that the drying
tesperature should be held below «30%C for ndequate structural
nreservation and that scse forw of chemical fixation wam necessary
before embedding. To achieve this he soaked the tismsue in absolute
alcohol before embedding. tie recomamended embedding in celluleidin
to aveid the heat damage encountered with paraffin embedding.
Koone & Hamsbottem (1941) apparently recognised the limitations of
paraffine embodding as in their later studies they transferred their

dried tissue pieces to alcohol and then embedded in celluloidin.

Modifications have besen made to the freoeze drying techmique teo
enable simpler eqguipment to be used, Saravacos (1887) develoued a
laboratery freeze drying apparatus for studies on the freeze drving
process in foods using 1% molecular sieve desiccant to absorb the
water vapour resoved fros the product. Bata provided by the
suppliers of the desiccant (Uniem Carbide Ltd.) indicated that it
would be a satisfactory desiceant at -30%C s0 that its use in

preparation for histology was possible.

Meryman (10359) developed a method of freeze drying for bhistological
preparatien which relied on the passage of a very dry stream of air
over the section to dehydrate it. Hie recirculated the air through a
bed of pelletised 4% molecular sieve te remove the meisture picked up
from the sectionmn. The time required to achieve desiccation by this

method was too long for it to be used in the present studies.
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4 disadvantage inherent im all freeze drying methods is the
anumber of phase changes involved with their attendant risk of
histological distertion. They are:- ice : air : solvent : liguid :

enbedding mediua : solid eabedding mediun,
In the present studies freeze drying was rejected on the grounds
that mechanically it is o complicated technigue mand simpler methods

were available.

3. freese Substitution

Kaesns (1267) used a {reege substitution technique in which he
soaked sectiens of the frozen weat in dry ethanol for several woeks
at =76°C before staining with a laemotoxylin lesin stain and embedding
in paraffin. This technique was develojed by Simpson (1041) esas a

contrel msethod in his freeze drying studies.

Freese substitution, like freege drying, is used as a preparative
technique for tissues in electiron microscopy. At this level of
wagnification it yields superior results to freese drying (Dullivant,
18648). One of the more dangerous phase changes in freese drying
(air/solvent) is eliminated by this techmigue. A serious disadvantage
of this wmethod is the time taken (two or more weeks depending on sample

thickness) to achieve subatitution of the ice by solvent.

4. _Direct Observation

Te avelid the problems associated with mechanical complexity and
lengthy preparation time Hankins et al (1943) adopted a direct
observation technique for histological studies. The frozen wmeat

was sectioned with a sliding microtome and then the sections were
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examined in a -10°C eold room. ifo flatten the sections and make them
stick to the microscope alides they warwed the section by placing
their finger on it, a deubtful practice in view of the recrystallisation

nroblem.

kohatgi & adams (1987) in thelr studies on ice formation in
solutions umed & technique based on metalurgical practice. Sorking
in a -40°% atmosphere they cemented thick sections onto microscope
slides with a dropy of water then polished them down to the desired
thickness with a series of cmery papers of inereasing fineness.
After polishing with tissue paper the sections were examined and
photegraphed at -40%C, ihe risks inherent in this method are; heat
generated during polishing which could raise the temperature of the
section te a dangerous level, and the posaibility of slight thawing

during cementing the section onto the slide.

G METHODS UGED IS THIS 3TUDY

1. frincipal Method

In the present studies it was decided to use a method similar to
that used by Kobatgl & Adams as a wiceroscope and camera were available
which, after lubrication with a temperature stable silicone yrease,

could be used in a cold reem at -30°C.

The method used was to cut through the frozen sample at the
position te be examined with a fine toothed fret saw then polish the
cut surface on carborundum stones of different finencss grades. A
sicroscope slide was cemented to the pelished surface with & drep of
water and the sasple cut away from the slide leaving a thin secetion
on the slide. In this way the section could be removed with a

winimum of mechanical distertion. The section was then cut dewn



S,

#ith a cearse bastard file and pelished on the carborundum stones to
the requisite thickness for aleoroscopie vxamimation. it was found
that a new coarse file cut the surface wore cleanly with fewer deep
scratches aad showed less tendeney to clog than a [iner file. The
clogging of the file gave some indication of surface melting caused
by filing as the trouble was more prevelant if the room teaperature

was allowed to rise.

(ienerally the [ine scratching left by the polishing operatien
masked Lhe histoleozical detail in the section. 7o evercowe this
difficulty the slide was flooded with 0. . aleohel which quickly
dissolved the ice and seratches without distorting the weat structure.
Unfortunately the alcohol relecased the gmses frozen gut of solution
from the ment and mounting water so that bubbles lended te¢ be
trapped ia the section. Yost of them could bhe removed by applying
a vacuum of 23" lig to the section but the handling of the slides
into and cut of the vacuum chamber tended to cause waves to form in

the tissue section, making observationm diffieult.

Xo problems were oncountered with the camera or film at -30%
exce;t that care had to be taken when advancing the film as the
perferations were liable to tear.’ The principal advantages of
this technique are sisplicity asd the short time invelved im
preparing and photographing the section. Its main disadvantage is
that it is a fairly coarse technique and is notl very satisfactery

for examining crystals of less thas 20 u thickness.

. The film used in this study was processed by the author and
details of processing and general pheteographic technique are given
in Appendix 1.



b Contrel ‘ethoids

f'reeze substituticn and a siwple freese Urying method were used
as control metheds. lates 1-6 show that all three methods give
comparable reaulis at the wagnification uzsoed in this study. The
tissue in freese substitution and frecge drying pictures has heen

stained.

ihe freexe substitution method used was to hold the sectiona in
ahout 50 times their volume of absoluie ethanel at -20% for about

three wmontiis before warsing to roem temperature and embeddiag.

To frecze dry, the tissue seclions were wrapped in cotton woel
and buried in 1Y woleculur sieve in n sealed container and held at
-20°% for about three months before transferring Lo dry ethanol and
waraing to rooe teamperature for embedding. o mesist the penetration
of ethanol & vacuua of 18" Mg was applied to the sections in ethanol

to remove mosatl of the air.

For the exbadding wmedium it was decided not to use paraffin
because of the attendant risk of heat dasmage. instead it was decided
to use one of the synthetiec polymers used by electron microscopists in
preparation of tissue sections for light and electrom microscopy.

The morylic resin, methyl wethacrylate, was rejected because of the
risk of tissue distortiom on pelymerisation (Dickson, 1968, Kay, 19653),
and the fact that it did not seem to be available in small enough
quantitios. Uf the epoxy resins the Shell resin tpicotle ¢12 was
gemerally recoamended over the CIBA resin Araldite M as the hardness

was more easily comtrolled and generally bettor sections could be



Plate 5 Plate &
Fhotomicrographs of frozen meat by direct observation
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obtained {Nickson, 196:, williaason, 1V6c). Unfortunately the ohell
resin or hardene;s could not be obtained In suitable quantities =eo
Araldite ¥ was used as it and the hardeners required could be brought

readily.

The formulation recommended (lay, 1965) was found to be too hard
for sectioning with a steel bladed rocking microtome so it was wmodified

to preduce a bleck of suitable hardness. see Appendix 1.

Unce sectioned the tissue was stained with a safranin in 835
cethanel osnd smounted on a microscope slide in a drop of immersion eil
for a temperary sount, or In epoxy resin for a permanent =ount. By
including 2 small amcunt of water in the stain,the tissue took it up
more thuan the esbeddin; resin thus {a rovisg the contreast beiween
tissuve an! resin. The slight rehyidration of the tissue did not mlter
the disrustion cauwsed by the f{co which was fixed Ly tae presence of
the exbedding medium. The slides mso obtained were generally of
greater clarity than could be obtained by poraffin embedding techniques,
colour chotegraphs of paraffin embedded asnterial being available for

comparison.

U, FREEZE UTCHING, AN ALTLRNATIVE TLCHUNIQUE

Freese etching was another technique which was examined as having

possible application te thia type of study. At present it is used in
electron microscopy, particularly for the study of cell semsbrane

surfaces and the surfsces of other cellular structures.
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The method as used by electron micreacopials invelves treating
the tigsue samole with 20 2lyeerol to inhibit ice cryatal formation,
guenchinz (t in liguid mitrocen goolaed freen 22, than ehining the
surface of the apecimen away with a liquid mitrogen cooled blude
until the point 7or obmervation is reached. The expomed aurfoce is
alloved to dehydrate slightly by subklimation, before u ¢arben film is

deposited onte it,

The carton film strikes the surface obliguely se that shadeows
are cast by the raised featurea. A film of inert backing metal is
deposited over the carben nnd the sample is eotehed off the earbon film
by acid digestion to leave a reliefl wmap of the tissue surfsce which
can be examined under the elecireon mieroscope (Hall & Bertand, 1568,

fullivant, 1966).

ihe method suygested for light microstope studies is to work in
the cold room at =307 using a microacope which observes the specimen
by reflected rather than transmitted ligzht. The frozen samzle is
quenched in liquid mitrogenm thea broken mso that the fracture plane
passes through the peint for echservation. The sample is mounted
under the micerescepe se that the fraeture surfoce is {lluninated by
low incident 1ighkt. As the ice starts te sublime the wmeat will stand
proud of the surface and cateh the light making a clear cut distinction

ketween ice and meat.

Ee OBSERVATION OF ICE CRYSTALS DURING GROSTR
Some comnsideration was given te the pessibility of ebserviag the

ice cerystals as they grew. An account of this work and the propesed

mothed of doing this is given im Appendix III.
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CRAPTER 111

DESIGN OF A FRUSLING SYSTEM WITH UNDIRLCTIGNAL HEAT FLOW

The problems enccouniered in developing sn experimental

freezing system wilh undirecticnal heat flow are iscussed

apd the systexz used in this study is described,

Ao LN-.-'II{I-UII\.."AL doanl FLUR

by speecifying undirectional heat flow one of the variables
probably imvolved in ice erystal formation is eliminated and the
calculation of the rate of ice formation at any jgiven point is

simplified conmideral/ly.

i, PULYsTYRINL NUULD S3YSTEM

In the original design of the freesing system not only was it
necessary to provide undirectional heat flow but also sasples of meat
had to be removed for examination during the freezing process. Firstly
a freezing system similar to the one used by Cullwick {(1867) in his
one~dimensional freezing studies was considered. In this system
sample plugs eof diameter suitable for sectioning for microsceopy were
inserted into a slab of mince contained within a weoden mwould and
frosen in a plate freezer. Fige 9. It was realised however that it
would be difficult to remove the plugs, particularly when only
partially frosen, when rapid removal would be essential. An

alternative appreoach was sought.
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The syster developed was to freeze a stiek of ment of suvitable
dimensions for sectioning for microscopic examinotion in a foam
polystyrene mould which left the ends of the stick exjpoesd to nake
contact with the freezer plates. Fige 19, In practice,
unfortunsately after all the atudies on ageinz had heen ecompleted, it
was found that the freezing times were very much shorter than those
which could be expected from a one-dimensional freezing aystes.
subsenuent calculations showed that the basis used for the original
calculations was invalid and that freezing could anly be considered

one=dimensional at dimtance up to 0.5 inches from the plate surface.

Ce MINCED MEAT MOULD SYSTEM

1. Jescerintion of the Syetem

At thie stage it was decided to reconsider the mince mould system
as the {dea of ohserving the partially frozen materins) had been
abandoned. To minimise variation in surface temperature a " thick
aluninium plate was vlaced on tep and boettom of the mould. txperience
with the polystyrene moulds had suigested Lthat there were considerable
local temperature varintions meross the [reeser plates. Four gepper
constantan thermocouples were attached to the meat side of each

alumipiue plate.

To overcome the difficulty im removing the sample plugs from the
mince mould the sample plug was wrapped in polythene sheet then drawn
iante a varnished paper tube. The outside ef the tube was coated with
silicone grease and wrapped in polytheme. The plug was them placed
vertically ia the wmeuld and a copper constantan thermecouple made from

386 gouge wire inserted ianto the centre of the plug through a hole
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punched in its side. [he mince was then packed inte the mould and
the thermocoeuple support wires resoved. fo resove the plug freou the
frozen mould it was necessary to drive it out using a piece of "
steel rod and a heavy wechanic's hasmer, This operation inflicted

conaiderable damage tou one end of the plug.

2e  Verification of Undirectional Heat ilow

(m)} ixperimental

Cullwick (1967) found experiwentally that the temperature of the
centre of the plane parallel to the freezing plates in a 6" x s8" x 4"
thick slab was uniform over much of its area during freezing and
concluded that one-dimensional ireezing was occurring over this area.
ihls constant Lemperalure plane extended to 1" from the centre of the
slah, his finding was repeated for a 5" thick slab. The would
used in the present study was 6" x " x 5" thick with the sample plugs
located at the corners of o square ef side 2" about the centre so that

each plug should have {rozen one-dimensionally.

(b} By ealculation

ie Minced meat mould:-
The galculation wethod used for the polystyrene mould was applied
to this sytem and it was found that the aystem was approximately

one~dimensional.

Briefly, the calculation methed used was to find the thermal
properties of a 5" slab of a hypothetical substance whose centire
temperature would coeol cae-dimensionally from 50°F to -10% in &
plate freeser operating at «40°F in five hours. This is about the

same time it would take to cool a slab of meat over the sase



temperature range under the sawe conditions. A surface heat transfer

scefficlent of 100 BIU/It3hr®F was assumed.

\ theresal conductivity of 0.6 ﬁrt/ftzhr°F was chosen pe this is
the sean thermal conductivity of meat over this temperature range and
from these values a spe 1fic heat of 1.70 BIU/10%F was determined.
This {8 lower than the wmean specifie heat of meat over this temperature
range. By assuming a surface heat transfer coeflicient of 1.6 B‘I‘Uftt2
ar’F for the wooden side surfaces the temperature after five hours
cooling at & peint 1" from the centre in the centre plane paurallel teo
the freemer plates could be calculated. It was found te be -15.3%F
or 8- of the temperature range 30U te -10%F lower than for one-dimensional
cooling. 1t would teke a further 0.6 hourse or 15. lenger for the

tempersture to fall to this value in one-dimensional freezing.

ii. iolystyrene system:-

Cooling ealculatiens for a bloek 2" x 2" x 5" high of polystyrene
foam cooled in the plate freexzer indicated that in the centre plane
parallel to the plate, more heat was being conducted along it to the
air thas perpendiculer te it to the plates and that the block cooled
very much more quickly than a meat slab of 53" thickness would take to
freeze. By including the thickness of polystyrene im the surface
heat tranafer term a surface heat transfer coefficient of 0.21 llU/tta
br'F was calculated for the sides of the mould. On this basis it
would take 0.6 hours for a stick of the hypothetical substance to

cool to -10%.
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3 Allewance for 71ifferent "late Temperatures

‘uring freezing it wne found that the tep plate operated at a
unifors and steady ~11°F and the bottem plate at a ateady and uniferm
-43%. fThis performance was duplicated each time the wmince bleck
uas frozen. (e theraedynamic contre of the mould was determined by
a trial and errer solution of i"lank’g& equation (lank, 1913) far

determining the freezing time of a one-dimensionally frozen slab.
o, » +ha_ (2 i!f (3.1)
2 ' K :

Where af is the freezing tise,
L is the lztent heat of fusion,

is the density of frozen meat,

%

-

is the freezing point of meat,

i

is the plate temperature,

is the slab thickness,

-
-]

b is the surface heat tranafer coefficient,
L is the thermal conductivity ef frozem meat.

For this sclution values .f!P = §7 lb/tta. T, = JO.F. T. = -43°F and

f

-11°%, L = 110 BIU/1D, 6y = 3.75 hrs and K = 0.5 Btu/ft wr’s were

used. Values of 1 ./2 2 2,89", 1 /2 a 2.13" and b - 121 BTE/ftz
[ ot

br’F were obtained. fhere l.. is the thickness of a slab taking

3.75 hours teo freeze, where both surfaces are at -43.F and l.t is the

thickness of a slab taking 3.75 Lours te freeze when both surfaces

are at -11°¥,

An alternative methed of solution using temperature profiles
predicted by the method outlined in Chajpter IV found the thermodynamic

centre in the same place as the trial and error solution from Flank's
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equation (Filge 11)s  The method invelved determinimg the temperature
profiles in a 7" slab with a surface temperature of -43% and a o" slabd

with a surface temperature of -11°F then plotting profiles as in iig. 11.

or caleculation el fce formatjon profiles the experimentul systea
waw taen as being a slab of half-thickuess d.¢0", freczen In a plate

tem arature operalting at -33%.

this lecation of the therwodynowic cenire was later confirmed by

experiment,
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TIMIMRATVHY AN KATR QF XC POIMATION FREDICTION

This chapter exnlains the develowment of o wethsd of
predieting the ~itle of jce forvation usia, a digital
eum uter and cowm sres the predicted values sith values

derived from experimentally determined cooling curves.

\. _ PRIDICTION OF RATE OF 1C' FORMATION TRUM WUURIER'S LAW

The freeming srocess invelves unstiendy slzte hoat transler.
“he relationahis hotween temperature and tiwe of coueliny at any point

within the body »il! therefore be  overned by the '"ourier unsteady-

glate lnw, For undirectional hent flow thls aay he expressed asi-
-
%; . 4 d f (4.1)
' ux

uhere 4 is the temperature at pointl x and Lime ©,
= is the time from commencesmenti of ceoling,
x is the location relative 10 the cocled surface of the
point under coansideratioa,

O\ js the thermal diffusivity,

X -
" e,

& is the thermal conductivity,

2 is the deasity,

!

is the specific heat.

Pifficulty arises in applying this eguation to the freezing
problem as the apecific heat and thermal conductivity are temperature
dependent.



b LEKROR FUSCTICK SOLUTICRS

For a simple fce/pure water systewm, the specific heat and thermal
conductivity can be considered Lo hove constant values in water and
different constant values in ice with a steep change in value between

the twe phases.

A particular solution for this ysroblem iz the Reumann methed
(Ingerseoll et al, 1951) giving am error functios type solution.
Rehatgi & Adaas (1967b) used this type of soluticn as a basis for
their rate of ice formation calculations. Their experimental system
consisted of a solute plus water which they freoze starting fros the
freezing peint tezperature. They divided the freezing process inteo
two zenes of constant specific heat and thermal conductivity so that
they could use this type of solution. ly assuaing constant thermal
properties over the temporature range where they are changing meost
rapldly, deviatioas between the calculated and actual tempersture

bistories could be expected.

Ia calculating the rate of ice formation the slope of the ceooling
curve at any given instant is considered so that errors in the
caleculated rate of ice formatioan could Le expected as a result of
these deviations. it appears that this has happened in their
solution as they find that the rate of ice fermation is inversely
proeportional to the sgquare of the distance from the chill surface.
From vlank's equation (1.1) it could be expected that with a high
surface heat transfer coefficient, as is present in this system, the
rate of ice formation would be inversely propertienal to the distance

from the ehill surface.



S51.

Co SOLUTIUN BY FINITE OIPFERENCL CALCULATIUN

1. lafinite ‘urfoce jeal irunsfer _oefflicicnt

An alteraative seolutiva of the ourisr equation is Ly the calculus
of fiaite differencea. Ixpansion of e uation (4.1) ia terms ol finite

differences yiells:-

: - T - T
1 - T e!uf_é_x_“__'razx - &4 % 9y X=AX
0+ 8 X 8,5 C( DX Ax "

- = - (‘02)
PA ! Pa\e

dhere TQ 2 is the Lesm ernture at Liae ¢ aand polat i,
L]

T ig the temperaivre at time 5 and point x + Ax,
Sy REAX

T.,xqax is the tew erature al time & and polat x - Hx,

: is the tem ercture at point x and time @ + 2De.
8+AS, X

Il a modulus ¥ is defined as:-

2 3 -
- sl (4.3)
A T n A =
Selution of equatien (4.2) for T givesi=
e+AB, X
(X - 2
Tvlltdl $ = ) Tt.x * ro.xn&x

T = AR (4.4)
24 A0,X |

To use this equation for one~dimensional freezing ealculations,
such as a slab cooled freom beth sides, a number of calculation points
are spaced acress Lhe slab aleng the direction of heat flow at egual
spacings, Ax. fhen there is an infinite surface heat transfer
coefficient the surface temperature is taken as being the same as the
ambient tesperature. Starting frem time © equation (4.4) is used to

calculate the temperature at each peint after time & + AG.
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In freezing a sulbstance such as meal, where Lhe therual properties
are teujperstlure dependent, this means that for a conatant value of Ax
and A& the wodulus M will vary (egquation 1.3). “he value of M in
equation ('.1) determines tho weizhting apdied to the preseat
teaperature »t the poiat under consideration 1n caleculating the new
temperature. Cullwick (1907} found that ' =1 gave consistent time
tempersture relationships. Valueas <1 lead to unstable calculations
particularly in the early sluges of Ireczing. Large values of ¥ are
undesirable as the value of A8 must be reduced for given values of
PAY DN Cp and £ which will prolomg calculation as indicated In

eguation (1.3).

In the msetlods used by larle and Zlarl (1966) and Cullwick (1967)
and tha zmethod used in this atudy, the value of ¥ 18 held ceonstiaat
and Ae is allowed te wary as L and Cp Vary. "his weans thet the
new time © « A9 at each cnleulation polnt will vary according to its
teaperature, figwever {t ig neceessary to bring each peist te a comwen

time hefore enleulation canm continue. Tnis is sehieved by a linear

interpelation of the temperature change T te T teo &
8,X L L TP 9
tempersture T where oce i a constant time incresent.
840@4%
D6
P - (fh.ﬂ.- r‘..) ¥ Tca (4.35)

To aveid extrapelatien which will induce instability during the

2
Ax p G
initial stages of calculation 08‘:--Ei-2— « The mimimum values of

2
AxpcC
-—-—Ei-z will eccur whea the ratiea C’ i1 £ is sasallest, i.e. when the

weat is completely frozem at the point under comsideration.



e “inite ‘urface teat Transfer Coefficient

o oa;yoly this ealculation method to 2 system sith a finite suriace

heat transfer coefficient another equation is rejulred to calculnte the

surface tem.ucrature. Businberre (10301 rojosed the following
¢juationi-
iy i
T & e i - — 4
B,8+A8 Nel® Hymeae set’ T5+Ax,qua (4.8)

there T. is the surface tempernture,

'[a is the amblent temnerature,

IS?QI ia the temperature at a noint x from tha surface,
A
N m 2ox isn Lhe Musselt mwodulus,

E23

h is the surface heat transfer couefllicirent,
i im the therwal cenductivity of the body.

xpending this equation -

™

i 1 . ’
rs,'t&O * Rt Tn.e+&o ¥ HETEY) (rs.e + (8-2) Tgtﬂx.o ¥ ‘stzzlx,o)
(4.7)
then N i& large, the surface temperature calculated by this equation

will change almost instantaneously to the asbient tes;erature at the

comrengenient of {reezing.

To avoid this Mickley et al (1uU57) suggest using the following

equation to calenlate the initial surface temperature:-

. 1 NT + 1
L PR 2 [ Toe ® --54§—:—1!3£51! (4.8)

Where €& {8 the time at commencement of cooling.
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D. LU LT SOTUTTION USTNG FINITE DYFFERENCE APPRONIMATIONS

‘reeazin, tenmperature history caleulations by the methed outlined

above can be nost conveniently made using a digital computer. To

this end o ‘roroese in Yortran J7-D with “onitor 1 was developed for
an 1. 1620 11 commuter. A grosrance developed by Cullwick (1967)
was used as n basis i developing thiz jrogroame.

ihe temperature prograeue wos extended to ealculate the rate of
ice formntivn at ench jeint. ‘utectic date for meat as determined
by «dedel (1.07) was jlotted in terws of the equilibrium fraction of
frveceable water froze. againat team erature. This curve was
differentiated to convert Lthe data to lve the fraction of freezable
water [rozen ser unit temserature chence (fractional solidity) at
various tesporatures. fable 11T1-1, Appendix 17, The product of
the fractional solfdity aud the slone of the ennling curve at any
particular tewjerature is the rate o i{ce formation at that temperature
expressed au chunge in fraction of freeorahle water frozen per unit

time.

flavin; made this sodification to the prograsme {t was found that
the rete eof ice formation value was extremely senaitive to change in
slope of the cocling curve. ihe large change in specific heat at
30°F meant th t the temperature calculation at each locatien had te
be stopped when the calculated temperature dropped below 30'!. and
restarted at 30°F to prevent the temperature passing through the sone
of maximum ice foruation, without caleulating the rate of ice formation.
Thie danger was particularly spparent at points near the surface, but

the wmodification made negligible difference to the total freesing time.



A listing of the basic temperature prograame is given in Appendix 17.

As an arithmetic check on this programme, coolin. curves for a slobh

with constant thermal properties (K = 0.0 RTU/ft hr°F. Cp = 0,5 NY/1b
“F) were ealculated uming two di fferent values for A x (0.2 inches and
Os1 inches in a 2 inch thiek =lab), Ny ha:lving A x the time for the
centre tempersture to cosl frow 1% to -13% (ambient temperature
-43°F. h = 240 Hft/tt“hr'“) was roduced slightly but bolh agreed to
within 0.5% of the time cnlculnted from egquation (1.4} similarly
consistent results were obtained at eaneh ,eint during the entire eocoling

process.

su@n the thermal propertiea for meat were substituted in the same
sysiew, 1L was found that halving Ax reduced the overall cooling time
by 1. and the temperatures at given points in each block would lag and
leau with respect to each other in a eyelic pnattern. Ay using a
constaat velue of uaity for the fractionmal solidity the slone of the
cooling curve could be calculated na the rate of ice formation with
the ice lormation programse. wepeatin: the calculations with the ice
formation programme ashowed that 2«3 fold differences in the cooling
curve slope were possible between the two csleuletions in the
temperature range 30 teo a0°r. For this reason it was decided to
calculate the mean rate of ice fermation over the temperature range
30 te 20%F as a mensure of the rate of ice formation, rather than the
rate at any particular temperature or the maximum rate. The mean
calculation was not imcluded in the prograsase and had to be calculated

from the data printed out.

ihe discrepancy beiween calculations is probably a consequence of

the large change im specific heat in the temperature range 30 to 27%.



The caleculation method asswwes censtant thermal propertiea over a
thickness AX each side ¢f the peint under consi leration and over the
tive A=, fhe tea,erature range ovir Lhis tuLickness may ke large
particulorly near the surface so the aszumption is not always valid.
vecreasing Ax layroves this assumption but at the sase time it

prolongs caleulatio: .

o overcome this Jifficulty it was decided to change A x during
calculation as the ice front soved away frou the surface. In
changing AX & new set of caleulation joints had to be set up at the
new Axspaclag, shich weant that the ice forwmation programme had to
e wmgdified to delerwsice the Llewperatures at these poinis, by
interpolation froa the teaperaiurea at the former calculation ;ointis.
Ihe interjyelation sysiea was designed =so that both larger and smaller
values af A x could be catered for. "nis made it possible to start
calculating with u ssall Ax value, then tou enlarge Ax to reduce
cos utation time a8 the temperature gradients within the slab
decreased, Pinally A x was deereased as the ice front approached
the centre to exauine the ice development process at the centire aore
closely, as an increase in the rate of ice formaticon at the centre
compared with jolnts on either side ol it appeared frowm the calculations.
ibis may be a renl phenowenon as rates of ice formation derived from
experimental [(rcezing curves (Meryman, 1966) and Fig. 12 show such an
increase. A listing of the iee formation programme is given in
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E. CUMIARLSON OF CALCULATZD RATLS OF 100 PORMATION #wITH EXPERIMENTALLY

T v 3 g
LA F o aas # el

'he com uted Jata hus been lotted ('igs 12, 13} in the forui-

. < i
Rate of 1%e Termation ositlon «f the ico front

“here rate of ice {urwtion is the wean rate of fce formation between
30 and 2‘!0",
rvosition of the ice front is the distance oi the ice front from
the surfece (location).

iros Tlank's ‘quatlen (1,1) this relationshis would be jredicted when

tl-‘)m.

Fige 12 <ranhs the rates of ice loruantion across the experimental
system, colculated with varying Ax (0,12 inches, 2.18 inches and
0.56 inches) and with constant Ax (U.70 inclies), and cowpares them
aith walues derived from differentiatin, the experimental time/teaper-
ature curves of the experimental sywmten. 1t can be seen (rom this
that by meintoining a constant value fer Ax the rates of ice formatien
have been appreoxiamately halved torards the surface and so this tarows
considerable doubt on such a calculation technique as & wethod of
oredicting rotes of ice formation. A series of calculations wmade
with the temperature programue using decreasing values of A x,
sugzested that the solution may have heen approaching a limiting
series of values. If this is @0 the rates of ice formation calculated
using varying A x values are likely to be more probable. Comparison
of these values with the experimentally derived values, illustrates
that towards the centre the values calculated using variable A x
values are closer to the experimental values than using comstant A x.

There is, however, considerable difference towards the surface.
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> check this findin, rates of icc formation were determined by
differentintin, cnoling curves measured by ZJullwie (1967) in a %®
¢nick mincod zeal slab and compare? with carleculated rates of {ice
forartion for {hls sysatem, Iige 13, he calculnted rates wmere
detersined by constunt Ax (V) inches) an!l varying Ax (J.125 inches,
'

e dd incies and Ul 41 thesl. Lom.arison ol “igs 12 and 13 shows Lhat

these resulis hi:ve a similar for..

ihe ritos of ice [formuticn were derived from the experimental
aystens by wensuring the slore of tne cooling eurve at 1% intervalas,

e ]

in the tenperature range 30 teo 22U, and wultiplying the slope at

ereh oint Ly ite corresponding froctiovnsi solldity value.

F. EAMUASTALN UF CALLULATED ANy SEABURED Wb VALTAS TIMES

“easured and calculated temperature hisvories at the geometric
centra oi the experimental system are Com,ared in vrige 14, In spite
of tihe hi h surface heat transfer coef{ficient used in the calculation
{240 ﬁ?l/ftzhruF), the enleulated ireezing time (35 te -10%) is much
lsrger. 'he weasured freezing time ig a little short compared with
sowe freezing times found in commercial plate Ireeming practice, while
the cnlculated f(reezing time is longer. This iodicates that the
experimental systes may not be behaving in & strictly one-dimensional
manner nnd alsc " hat the calculated systew does mot give an adeyuate

deseription of the freezing process.

It was thought that the computer may not have been carrying enough
significant figures during the interpolatiocan time calculation. This

would bave meant that it would calculate a value for the interpelated
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tempercivre bicher than {t sheould have been, particularly in the

; o ; :
tearercture rsnge 70 to 38 ) e Allering Lhe cuajecer setting did aet
“ruse any signiilcant clange deweonslraliang that this was nuotl the

reus.on fur the longer cocling time.

‘8 @& checr on tu freezing time, a combined numerical/analytical
solulicn was ewyloyed using (lank's [riezmin, time equation, equation
(3.1), and the ice formatiocn programae. tyuation (3.1) wae used to
calculate t.¢ Lime laken for the ice front to reach the centre of the
alab, then the ice forwation _rogramie wee vsed to enlculate the time
taken fer the centre teapereature to fall to -10%" It was assumed
that once the lce fruout had roached Lbe centre there would be a linesr
tes erature Jistributlon betwcen the surface at ~10%F (ambient
tea ercture -1f°.) ml the centre at ldu‘; the constant theraal
propertics of coupletely frozen wmeat were ew;loyed in the caleulation.

The [recsing tiwme calculrted ip this macner was 4.1 hours, which

compores favourably =ith the mecsurer! experimental freezing time.
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EXPLRIMENTAL OBSLRVATIOUAS ON ICE CHYSTAL 7FO=ATIGN

[he eaperiswntal obsorvations oa i1ce [orsatisn are preseuted
and are related Lo rete of ice [ormation and tae
physiological condition of the ameal. a relationship
between maximum ice crystal size and rate of ice forwation

is derived.

. ICH CRYSTAL FURM AND RATL OF ICE FORMATION

1. guantitative Htudies

(a) oselectioa of an index of crystal form

iy exswzining sections takem froa differeant lecations in Lhe
experiasnts] system, the ianflluence of differest ratea of ice luvrwalien
on the ice erystal structure in {rozeo =meat could be seen. A
attespt te find a quantitetiive relatisnshiy between rate of ice
forzmation and fjce crystal size was made and Lbe resulis of thiis work

are presented here.

The anximum width of an ice erysial (iece erystal width) was taken
s being a suitable index of erystal size. The eross sectional area
may have becn m more sultable index ns it would them be possible te
ebtain an estimate of the relative ascunis of water in each type of
fce formation. To make this measuresenti large prints would need te
be made ef each photomicregraph and the area of each crystal measured
with a plananimeter. This was considered impractical for the present
studies because of the large variation in crystal sises for a given
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rate of ice formatien and the consequent numbers of crystals which
would have to be measured to obtain statistically significant size

paraseters.

As it was not possible te mearure Lhe cross sectiomal areaz it
was decided to square the crystal width to obtain an estimate of the
crystal area and use this as an additionmal index ef crystal size.

The method used to measure ice erystal size is givea in Appendix I.

(b) ainalysis of erystal size data

As approximately 18,000 erystal width measurements were made a
statistical method of analysing this data was obviously necessary.
iiowever, before attes ting te use a statistical analysis to correlate
crystal width to rate of ice formation, it was decided to study the
frequenecy distribution of ice erystal widths at each lecalion examined.
A svitable computer programme for determining frequency distributiens
was available. The results from this prograsae were expressed as
numbers ef ice crystals in each width class, and as frequency
distribution histegrams. Lach histogram bar was represcentative of
a width class and its length was calculated as a fraction of the
length of the bar in the moest popular width class to which was
assigned a fixed length, In this way it was possible to obtain a
visual comparisen between Lhe frequeney distribution at each location,
and this is shown on Figs 135, 16, 17, 18, 15, 20, 21 and Plates 7, 7a,

6, Ba, ". da, ‘0‘ 10a, 1" ‘u. 12, 13.. 13, 13a.

The hisiugranas illusirate that the widtih frequency distribution

is agproximately normal at the surface and becomes skewed as the rate
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of ice formation declines. Ic analyse this data statistically a
noraal distribution cannot therefore be assumed. “hile it might be
pvossible to describe the distribution changes in numerical terms by
fitting equations to the lines of best fit through the tops of the
histogrem bars (a compuler progromme which could have dene this was
available), it was felt that as there was no theoretical basis for
expecling any givenm type of distribution, there was insufficient

Justification for doing this.

A scatter diagram comparing lce crystal width to lecation has
been ;repared (roz the frequeacy distribution histograss, Fig. 22.
It desonstrates that the largest crystal width varies almest linearly
with location between 1 and 2. inches from the surface and could be

related to rate of ice formation by a relationshi; of the form:-

1
Hate of ice formation + C

Largest ice crystal width =<

“here C is a comstant.

Vutside this range the relationship betlween largest crystal width
and lecation is mot linear and the largest crystal width is larger
than would be expecied from extrapolation of the linear portion.

Fige. 12 shows that the rate of ice formation (experimental) is ssaller
than would be expected fres extrapolation ef the linear portiea of
this graph which is what would be expected from a reciprocal
relationship between largest ice erystal width and rate eof ice

formation.

To cheek this hypothesis an equation relatiang ice crystal width
and rate of ice formation over the linear portion of each graph was

developed :~
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3
. 2.3 x 10
“. " K+ 80 - 42 (5.1)

ihere C- is the largest ice erystal width,

Hi is the rate of ice formation.
iige 23 graphs crystal widthsdetermined by this relationship and
compares them with experimental values. The graph demonstrates
that this relationship ia valid over the nomn linear portion of
¥igs 22 and 12. This further supports the contentien that the
caleculation sethod ie unsatisfactory for predicting rates of ice

fermation as the non limnear portion of the rate of ice formation

location curve is not predicted by caleculation.

The significance of the darker zeones in Fig. 22 is discussed
later in this chapter.
{c)

Crystal size distribution in the polystyrene mould experimental

systes

A scatter diagram was alse prepared from frequency distributien
histogramus taken froa the polystyrene would experimental system,
Fig. 1. Compared to the mince would the distribution is uniform
over the thickness of the slab, which confirms the theeoretical
prediction that the rate of ice forzation would be determined by the
heat removed from the sides of the plug as well as from the ends.
The meat used in this study was f{rozen post-rigor without ageing.
A cold storage study on this meat showed that recrystallisation after
4 months storage at -20°F was undetectable, confirming that -20°F was

a safe tesperature for preparing frozen meat for microsceopy.
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(d) Influence of muscle fibre direction

The longitudinal sections (Plates 7a - 13a) were taken from meat
plugs in which the heat flow was perpendicular to the [(ibres. It is
unlikely that this had any major effect on the rate of ice fermation
in the experimental system as the thermal properties of the mince
surroupding the plug would tend to magk any differences in the thermal
conductivity of the frozen meat plug due to fibre ¢ ' ntation. Some
difference may be evident towards the centre, as the greatest
difference in thermal conductivity oceurs in the frozen meat. Fige 25
compares frequency distributions taken from the sesme location in four
plugs, twe with fibres parallel and two with fibres perpendicular te
the direction of heat flow. The two histograws indicate that there
may be a higher propsertion of amall ice crystals in the weat frozen
with perpeadicular fibre orientatien. This may be the result eof a
higher rate of ice feormatien bul the similar widths of the larger ice
erystals suggest Lhat thi: is net se. A wore likely explanation is
that the leongitudinal secition does mot pass through the widest part of

all of the crystals.

(e) Analysis of estimated erystal cross sectiomal ares data

The sguared erystal width values were treated in the sase way as

the erystal width values and histograms at various rates of ice
formation were obtained. iHistegrams from the sase rates of ice
formation as in Figs 15-21 are shown in Figs 206-32. By squaring the
width valves the skewness of the distribution has been exagerated and
the distribution has been smoothed. In relation to the ice erystal
width histograms, the class sizes for the smaller crystals are larger

than for the larger crystals; this causes the increansed skewness and
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fixes the highest observation frequency in the smallest claas. This
means that the range can be used as an index of skewness. The square

root of the range gives the largest crystal width.

The total range is a difficult paraseler to use as il has a
ratiber indefinite value. For this resson it was decided to use the
95+« confidence limit as a seasurement of the rangce, ..e. Lhe value of
the class beyond whieh 5% of the total number of observatiocas remain.
These range values are plotted in Fige. 35 and compared swith range
values calguliuted from the largest crystal sidth predicted Ly equation
(5.1). The experimental velues parallel the predicted values
indicating that the comstant valve 2.8 x IU‘ ie equatien (3.1) is toe
high when the 30k liwmit of the width-squared distribution is used as
an estimator of maximum crystal size. From a plot of the square roct
ef 93+ range agaimst lecation and Vig. 12 a mew coustant value of

4

2.33 x 10 was derived for use with this estimator of maximum ecrystal

size.

(f) Lismitations of crystal size as an index of crystal form
It is apparent from the photographs (ilates 7-13) that size alone,

a&s wmeasured by width or estimated area, does not adequately deseribe

the changea in ice erystal form which take place with changing rate of
ice formation. Three types of ice erystal forsation existj
intracellular, extracellular between individual fibres, and extracellular
between fibre bdundles. The relative proportions of each type of ice
vary with the rate of ice formation as does the size within each type

of formation. The influence of the rate of ice formation en the

everall erystal size can therefore be expected to be cemplicated.
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In this study no attempt was made to measure the influence of the rate
of ice formation on crystal size in any ene type of ice erystal. The
size distribution near the surfuice, where the rates of ice feoermation
are high, is almost normal. In this region extracellular ice crystals
within fibre buniles and extracellular ice zre o! similar sizes so

that » stuvdy suvch as this would provide evidence uvn the effects of

rate o! freezing on individual types of lce forsat.

2. cuslitative Ubserviatious on Ice Lrystal Size and late of Ice

Ferwation
ihe fellowing Jdiscussion describes the changes in crystal size

with changing rotes of ice formatioen.

{a) Intracellular ice

Fige 34, :'late 14. iate of ice romuonf 1000 o/hr.
In the pest-rigor mest used in this study ihere is a size limit of
20-30 p oa this type of crystallisation. ihe photomicregraph is eof
a section just below the suriace and shows that iantracellular and
both types of extracellular ice are present. The size of cuch type
of ice fermatiom is approximately lhe sase. I'ne iatraceilular ice

is presenit as a nuaber of ice needles within each cell.

racellular ice
Fige 35, Plate 15. ate of ice r-mun-:- 800%/hr.
In this photemicrograph much of the intracellular ice has been excluded
by extracellular ice. Ualy one ice crystal is preseat within eaeh
cell. The extracellular ice erystals between fibre bundles are net

as large as the ice crystals within thewm.
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Fig. 36, Plate 18. Hate of ice formatien = 100%/hr.
The fce between the fibre bundles is ol the sase genersl size as the
ice between {ibres, TQ'QOJF' [ntracellular ice has been excluded

completely.

Fige 37, vlate 17. Rate of ice formatien i 100 «/hr.
The ice betveen fibre bundles has becowe thicker th.a. .ae ice within
them, and 1s foraing al the expense of these crystals. The ¢rystals
between the fibres are becominy smaller und larger masses of Jdehydrated
fibres are foraing. Illustration of an advance!) state of this

condition is glven ia Flate 18 (rate of ice formatiom = 305/hir.).
[he size distributien of lce erystals beoiseen fibre bundles ias
greater than for intracellular ice or {ce between the [ibres at any

given rate of lce fersatisa.

(e) lce form and leocation

Zomes of high erystal size fregueancy (darker areas) caam be seen
in the width locatieon scatter diagram, Fig. 22. sone lil ceorreajponds
teo intracellular and extracellular ice within the fibre bundies of the
sase geaneral size. Lone LC corresjponds te extracelilular ice within
the fibre bundles, and the decreasing size tread in this zone as the
rate of ice formation becomes slower should be neted. Lone EB
correspends to ice outside the fibre bundles and desonstrates the

inereasing size distribution as the rate of ice forsation decreases.
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B. ICE CRYSTAL FORMATION AND THE PHYSIOLUGICAL CONDITION OF Tie MaAT

Unfortunately, all of the ageing and meat condition studies were
made using the polystyreae mould experimental systes shich prevented
the assesawment of the combined influence of condition and rate of ice

formatien on ice crystal fora.

1s _Ageing Studies

¥idth distribution histegraas were prepared from crystal
measureaents taken [rom sections at i inch and g inch from Lhe surface,
in meat which bad beea aged G, 5, 10, 15 and 21 days in a 35°F chiller
and are shown om Figs 38, 39, 40, 41. Lgual nusbers of measurements
from easeh location within easch plug were used in tLhe aistegraa
calculations except for the five day histogram for which emly ; ineh
data was available. This histegram has been omitted. The histograms
and a scatter diagrams prepared from them, Fig. i, fail to dewonstrate
any obvious trends wilh ageing, an observation which is coanflirsed by
comparison of the photomicrographs of the tissue taken ; inch from tLhe
surface, Flates 19, 20, 21. There is, however, scme indicatien of a

amall increase in crystal size over the 41 day period.

2s Higor Mortis Studies

There is considerable difference in crystallisation between meat
frezen pre-rigor and meat fromem pesti-rigor. in pre=-rigor weat there
is a greater tendency feor intracellular crystallisation which persists
until the crystals reach a thickness of GU=70 m. kxtracellular ice
forming between fibres at this stage is assaller than iatracellular ice,
shile ice forming between fibre bundles is approximately the same size,
Flates 22, 23, 24, Figs 13, 44.
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Plate 19: Unaged meat.

Plate 21: Meat aged 13 days
at 35°F,
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3 Lold Shortening studies

Ihe changes ia tLie cold shortened meat were intermediate between
pre=-rigur and posti-rigor wmeat, teanding toc be more like the meat frozen
pre=rigor, ilates 25,26, The crystal sise distribution was sasaller

thau {ln post=rigor weail for eguivaleat froezimg cenditianas.



flate 25: Intracellular ice in

meat celd shortened hefore

freeai Ngs

'Hiato L0t Extracelluler ice i

=

meat cold shortened before

freezing.



CHAFTER VI

ICE CRYSTAL FOBMATION IK KEAT

Jiseussion on the experimentally oeobserved processes of

ice cryatal formation in meat, and possible practical

conseguences of these ohservations.

A, THE PROCESSES INVOLVED DURING ICE FORMATION
1. _The hNature of the Disperse hase

In Chapter 1 it was stated that ice erystal structure in frosen
solutions was controlled by twe factors, ithe rate of heat removal and
hence the rate of lece feorsmation, and the properties of the disperse

phase.

The disperse phase {in a tissue such as meat is complicated,
conzisting of the disseolved and suspended components of the sarcoplasm
and other tlasue fluids together with the structural elementis of the
tissue. The experimental observations have shown that there ias a
relationshiy between crystal sise and ice formation rate. Apart from
the meximum crystal size finding, the mathomatical ferms eof this
relationship is not obvious and there is no theerctical basis for
expecting any particular relationship. It is clear from these
ebservations and frem the influence of the physiolegical condition eof
the suscle, that the disperse phase plays a major rele in determining
ice erystal size and structure. It is worthwhile then to ceonsider
the possible rele of the various tissue components in dttor-inlng ien

erystal form.
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In meat,crysatal size could be expected to be contrelled by tissue
membranes and the myoefibrils. Their influence on water diffusion
rates and the activation energy for diffusionm is likely to be greater
than for the sarcoplasmic proteins, mineral constituents and other
tissue components in colleidal suspension or true solution. At high
rates of ice formation these latter components could become impertant
in the formation of polyerystalline intracellular forss. As thisa
phencmenon was rarely observed this discussion will be confined to

the influence of the atructural compeonents of the tisaue.

2. _The Influence of Tissue Membranes

The tissue wmembranes which are likely to influence ice erystal
form are; the perisysium, surrounding the fibre bundlea; the
endomysiuwa, continuous with the perimysius and surrounding each
individual fibrej; and the sarcoleama or cell wall. The funection of
the perimysium is to carry the larger blood vessels and nerves and te
transfer mechanical forces originating in the myofibrils to the
epimysium, the connective tissue mheath surrounding the muscle, and
the tendons. A certain asount of fluid to lubricate the muscle, and
associated with the lymphatiec system, is likely to be found with the
perimysium. The endomysium presumably earries finer bleood veasels
and nerves to the individual cells or fibres, and translates
mechanical ferces to the periaysium. Sowe fluid will be assceciated
with this membrane alse. One of the functions of the sarcolemma is
to saintain the osmetic integrity of the cell so that as a living
membrane it can eontrol the process of water diffusion through it.
This ability to contrel diffusion through the membrane is probably

abasent in the other membranes.
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(a) rerimysium

txactly where the extracellular ice forming between the fibre
bundles forms in relation to the perimysium is not clear from the
photoemicrograpgha. The fact that thie type of ice forms at all rates
of ice growth, suggests that the free water normally assccisted with
this meadbrane freeszes in situ and then for further ice to fors water
has to diffuse from within the fibre bundle at the expense of other
types of ice formation. “hen the rate of ice fermation is low
¢nough to allow this to take place the extracellular fce masses
between the fibre bundles could be expeeted to be surrounded by a
layer of dehycdrated cells and beyond this layer there weould be other
ice forms, possibly with clumps of dehydrated fibres dispersed between
themn. i'lates 16, 17, 1¢ show that this happens im practice. This
type of ice ferms independently of the physiolegical conditicn of the
meat indicating that there is always some fluid asscciated with thins

membrane.

(b) cndomysium

fhe actien of this membrane is probably to limit the dirfusion
rate which retards the formation of ice between fibre bundles. In
Plates 7, 19, 21 there is evidence of ice having formed ocutside the
eell. Fige 45 and Plate 27 (llustrate the diffusion processes
invelved in this type of ice formation. ice will be forwed first
within the endomysium surrounding the cells which freese extracellularly
at high rates of ice formation. As the rate of ice forwmation falls,
ice will grow within the endomysiua surrounding these cells from water
which diffuses through the endomysium from surrounding cells. Ice

will mot then forw within the endomysius surrounding the neighbouring
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cells. Un reaching sufficient size the developing ice crystal may tear

the endomysium, giving rise to irregular ice formations within fibre

bundles at certain rates of (ce foramation, shown on Flates & & 9.

(e) sarcolessa

A8 the living sarcelemsa can exert some control over the diffusion
of water through it, a drasatic change in ice formation could be
expected when it dies or loses this ability. The less of functiom by
the sarcolemma probably partially expalins the change in type of

crystallisatioa in pre-rigor and post-rigor fresen meat.

Shen ice develops extracellularly, water passes {rom within the
cell by diffusion through pores im the sarcolemua. in pre-rigor meat
this means that the water must diffuse against the sarcolemaa
mechanism to retain water inside the cell. This will ishibit the
growith of extracellular ice. At the sawe time it will assist the
formation ef intracellular ice as the sarcolemma will tend to draw
extracellular water into the cell to replace the water which is being
converted into iece. Unce all of the extracellular water has been
drawn ipto the cell and frozen, if the ice crystal is to grow any
larger water would have teo be drawn into the cell from a neighbouring
cell. To do this water has to diffuse against the meighbouring cells
water rotention mechanism, and then through the endomysium and the
cell's sarcoleama. for ice to develop extracellularly water has only
to diffuse against the sarcolemma of one ¢ell and possibly through the
endomysium. The size of the dlce erystal is contrelled by the rate of
ice formation as is the water [low rate te the developing ice fromt.

Therefore wsore resistance to flow can be accommodated at low rates of
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ice formation and ice is able to develop extracellularly. Continued
intracellular ice growth will cease at this eritical point as the
water flow resistance is higher than for extracellular growth. Cnce
started, extracellular ice will continue to grow to the exclusien of
intracellular ice even though at still lower flow rates centinued

intracelluvlar growth could be accommodated.

In posterigor meat the sarcolemwa permits water to diffuse in
either direetion through it, providing the same amount of resistance
in either direction. At high rates of ice formation the ice is
formed intracellularly as most of the water was originally iatracellular.
fhe resistance to water diffusing out of the cell is smaller and to
water diffusing into the cell is greater, relative to pre-rigor meat,
so that ice will start to form extracellularly at higher rates of heat

removal in post-rigor meat.

3. he Ilnflue of the Myofibrils

buring freezing the myofibrils are pushed aside by the developing
ice crystals. The resistance of the myofibrils to displacement ceuld
influence ice erystal fore in a manner analegous te a solute of low
diffusivity. In pre-rigor meat they would offer less resistance to
displacement than in post-rigor meat as the actin and myosin elements
in the myofibril are free to slide over one another. Ice developing
in pre-rigor meat will tend to displace the myofibrils to the perifery
of the eell. S50 evidence of pelyerystalline intracellular erystal
formations was observed in pre-rigor meat. In rigor mortis the actin
and myosin elements cowbine te form relatively rigid actomyosin. With

ageing the myofibril breaks deown by fission at the 4 line reducing its
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resistance to displacement. The rate of ice formation reguired te
produce pelycrystalline intracellular ice could therefore be expected
to incresse with ageinyg. it is probably significant then that
polyerystalline introcellular ice was observed with certainty only

in unaged post-rigeor meat.

Changes in the myofibrils could be expected to influence
oxtracellular crystallisation, as collectively they deterwine the
dehydraied {ibres resistance to displacement. As meat ages, larger
ice erystals would form for a given rate of ice formation. The
ageing studies indicute that this effect is not particularly great
although there is some suggestion of its existence. This is
pessibly because the endomysiusm and perimysium, which do not break
down to any great extent with ageing, coatrol extracellular ice

crystal size.

1. ihe Influgnce of Chemical Changes

L chemical effect which may influence ice forwmation is the state
of hydration of the protein structures. The impression gained from
comparing the preerigor and pest=rigor photomicrographs (Plates 7-21
and 42-24 respectively) is that less ice is forwed in the pre-rigor
meat. Tols could result from were water being chemically bound to
the grotein in the pgro-rigor meat so that it is net available for ice
forsation. The hydration of proteins is pi dependent and the pi of
seat falls during the omset of rigor wortis whick would reduce water

binding.

As the myofibrils and sarcoplasmic proteins are contained within

the cell, their affinity for water above the iscelectiric point,
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pil 5.44=35.5, could discourage the withdrawal of water from the gell in
pre-rigor meat thus encouraging intracellular ice crystallisation.
The saset of rigor wmortis vwould not snly increase the amount of water
available for ice l[ermation by precipitation of the sarcoplasaic
protein aand reducing the water bindinmyg of the ayofibrils, but weuld

also enable water to be withdrawa [roam the cell more easily.

fhe pi of meat riscs slowly with ageing, with a concurreant
increase in water heolding capacity as scame of the water binding
ability is restored to the myofibrils. This inerease in water
binding way compensate for any facrease in erystal size, due to
incrcased flexibility of the ayofibrils, by reducing the available

water for ice foraation.

D PHAUFICAL CONSEQU

C3 FULMATION

i Lonsumer iecgptability

An experimental atteapt to relate the different typea of ice
foraation to changes in meat as a consumer product was not wmade.
lowever, soms observations ¢an be made on the basis of this work about
the rate of freering and its posaible imiluence on the consumer

acceptability of the meat.

Some of the conflicting opinion over the extent to which freesing
rate influences the quality ef fromen meat may be due to Agnorance of
the variation in ice erystal sizme which is possible within a single

picce of meat.



2s _ Urip Vormatien

This study has shown that Lhere can be considerable dillerences
in ice formation within a slab of [roxen weat. iLove (1938) and
Leove & daraldssem (19€1) have shown that im frozen [ish certain types
of ice formatioa favour drip formatfeon. Similar phenomena are likely
to oceur in weat. In & block of meat frozem, thawed, and allewed to
hasg intact for a peried after thawing (common practice ia carcase
weat handling), the escape of fluid from areas which have been
subjected to rates of ice formation conducive to drip fermationm will
be wechapically prevented by the surrounding tiszue. This fluid is
them able to be reabserbed inte the cells, and is not leost as drip.
However, i1 a [rozen corcase is disseccted inte cuts while still lrozem
{a comeon practice ia the precut lasd trade) the cut surfaces will
expose these greoss se that eon thawing the drip cam ¢scdpe [reely
withowt being reabsorbed. #hat effect this would have on palatability
is not certain, but it would be unsightly te tke housewife who thaws

her meat before cookiag.

Se Storage Ceterioration

lee erystal location may play some role im deteruiaing the type
and extent of deterioration in frozen sterage. khan (1968) claims
that the protein denaturation reactien invelving disulphide bend
interchange is catalysed by lce surfaces. This reasction does mot
norually occur at pii values as high as those found in meat.
Deanaturation from extracellular ice, where lce is in coniact asstly
with connective tissue protein, could result in a diifereat type of
denaturation to that frowm intrecellular ice where it is in contact

with the myofibrils. The denaturation of the conneciive tissue and
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cell walls way be faveurable, enabling more rapid reabsorbtion of water
inte the cells en thewing. CDepaturation of the ayefibrilar pretein
would be undesirable, as it would relesse the water binding capacity

of the protein and may induce tougheming. This may explain the more
rapid loss of tenderness in guick frozen meat during storage than in
slow froren meat. Tue water released by Jdenaturation of the
eyofibrils would not form drip as it woul! be retained within the cell.
If thaved frozen meat is to be minced for saussge or hamburger
manufacture the denaturation of the wmyoefibrilar protein would
definitely be undesirable as the mincing would rupture the cell walls
and reduce the free water within thes. Treataent with pelyphosphates
to impreve water retention is unlikely to be of much benefit because

of the denatured state of the protein.

4., _Tenderness

ixtracellular cerystsllisation is unlikely to tenderise the meat
ag the ice dehydrates the fibres without amy splitting of ladividual
fibres. There may be some teonderisiang from tearing the endomysius
in some types of extracellular ice formatiocm, but the role of the
endomysiua in determining overall toughness is probably saall cempared
to the fibres. Intracellular crystallisation may cause some tender-

ising by splitting the fibres.

5. Thaw itiger

Ice crystal location may imfluvence the iacrease in ATFPase
activity on freezing pre-rigor muscle. This would influence the
shortening during the onset of thaw rigor and the amcunt of drip

exuded. Lawrie (1966) suggests that the ATPase activity is dependent



on the rate of f[reezing and comsiders that this is the result of
localised salt concentrations. The location of the ice crystals
would determine which compenents of the tissue vould be bought inte
contact with high salt concentrations and could thua influence

ATvase activity.

C. CURCLUSIUNS

1. lee erystal size in [frozen meat depends on the rate of heat
removal and hence the rate of ice formation. A relationship

ef the form:-

1
iate of ice leormation + C

Maximum ice crystal size

was found, The large size variation betweea ice crystals for
a given rate of ice formation malkes & complex statistical
description of size necessary znd wilh the present data it has
net been possible to develop a complete relaticonshipy betsoen

erystal size and the rate of ice formatioun.

2. The location of ice crystals relative to tissue structures in

frozen meat is dependent on the rate of ice formation.

3. The physiological conditicn of the muscle before freezing has a
mari:ed effect on the location and size of ice erystal foraations.
These effects can be explained in terms of the water permeability
characteristics of the major structural components of the tisaue

and the water binding ability of the preteins.
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The chonges in ice formation observed could have impertant

conserquences in frezen meat quality and heandliag practice.

Further work is neecded on the analytical study of thermal
processes during (reszing teo evolve a more satisfactory method

of vredicticon of rate of ice lforwation.

Little is understood of the processes invelved in ice crystal
formation, and endeavours to find a relatiensaip beiween thermal
processes and ice erystal formatien are likely to show little

advance umtil there is a better understaanding of these processes.
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EPILOGUR

Ia 1924 koram (1934) put the question; '"Can we aveid the evils
of freezing, the less oi texture, etc., by altering the form of the
cooling or thawing curves, or by restricting the temperature limits?"
ills answer was; "lhe theery of freezing of tissues is not suificiently

advanced to furaish a reply.”

This study shows that we can alter the form eof ice erystallisatioen
by altering the form of Lhe cooling curves and suggests that it =zay be
peossible to reduce the "evils' of [reezing by deing this, so this study

has at least gone some of the way in answering his questien.
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APPENDIX I

HYSTOLOGICAL EXANINATION METHODS AND MATERIALS

chroac opy

The micreoscope used in this work was an Ulympus Laboratery
microscope model E with photomicregraphic attachment model PlM~G and
built-ip illuminator. Before the micreoscope could be used in the
freeser all sechanical parts were dissantled and lubricated withk
bow Coraing silicene stopceock grease (temperature rating -40% te
+400°¥7). Aeroshell Grease Il was considered as an alternative
lubricant, (temperature rating -63% to 250°r) but unfortunately it
was not available in suitable quantities. In the camera only the
eyepiece focussing and {ilm advance mechanisms required lubrication.

The shutter wmechanisa operated dry.

After reasseably the cawmera and micreoscope were calibrated with
a stage micrometer by photegraphing the micremeter at 6Ux, 100x and
100x magnifications. Also the exposures which would probably be
required were deterwined with an exposure meter attachment. This
could mot be used in the coeld room as the circuitry in the meter was
not sufficiently temperature-stable to give reliable readings at this

temperature.

Before taking the microscope inte the cold reom it was packed
inte plastic bags coentaining silica gel to dry the air arcund and
inside the micreosceope se¢ that there would be no condensation onte the

optical parts when it was takem inteo the ceold reoem. OUne week was
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allowed for desication te take place. In the cold room the microscspe
was set up on a dense foas rubber pad to minimzise vibratien. Beth
the microscope and the camera gave satisfactory performance im the

cold.

rolarising filters were wade to fit the microscope but were not
used a8 it was found that the meat exhibited birefractive properties

which made distinguishing meat from ice difficult.

To examine the epoxy embedded material, the possibility eof using
jphase contrast sicroscopy was considered so as to aveid having te
stain the material. However, it was found that definition was little

better than with conveantional miereoscopy.

Phetography

Film:- Ilford Fi'J bought im bulk and cut and reolled te 20 exposure
lengths. ixXposure }&5 sec. for 100x and 60x magnifications.
Developer:-  Ilferd Microphem. Development time 6 min. at 88°F,
after reusing once the time was increased to 6.6 min. and reused a
further two times.

Step bath:- 2% acetic acid.

Fixer:- Amphix. Fixation time 2.5 min. at Oﬂ‘r.

imbedding
Materials supplied by CIBA K.Z. Ltd.

Resin:~ Araldite ¥ (araldite CY212).

Hardener:- UY604, dedecenyl sucecinic anhydride.

Accelerator hardener:~ Y064, tridimethylaminomethyl phenel.
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“lasticiser:- Dibutyl phthalate.
fhe following formulation was found to give satisfactory sections with
a conventional Cambridge rocking microtome.

3 ml Araldite M

O« t ml Y604

1 ml HY9GH

2 ml Dibutyl phthalate

This is a wodification of the following feormulation recommended
by hay (1965) for electron micreoscopy.

10 =l Araldite CY213

10 ml HY964

0.5 ml 0Y064

1.0 ml Uibutyl phthalate

The amount of accelerator hardener is eritical as it deterwines
the amount of cress linking within the polymerised resin. Teo much
sives a dark coloured brittle block. This latter formulatien is

recommended as a permanent meunting medium for epoxy sections.

Embedding Schedule:-

1. The dehydrated ethanol soaked pieces of meat were scaked in
xylene for 20-30 min. at room temperature.

2. The xylene was decanted off and replaced with a 30:50 mixture
of xylene and the embedding wediusm. The bottle was shaken
gently to mix the couponents and allowed to stand for 1 hour

at room temperature.
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3. An equal velume of embedding mixture was added and after mixing
allowed to stand 3-8 hours or overnight at reom toaperature.

$. The xylene resin mixture was drawn off, replaced with the
embedding medfum and left to stand 24 hours at room tesmperaturs.

8. The tissue plece was then transferred te the esbedding mould,
covered with esbedding mediua, and transferred to a 43°%
incubater t» polymerise the embedding resin.

6o After polymerisation, which took 1-2 days, the bleoek was allowed

to cure at room tewperature for aboul one week before sectioning.

The embedding mould consisted of pieces of soft {” plastic tube
set in holes drilled in a wooden block. The mould was half-Tilled
with resin which was partially polymerised befere the tissue piece was
placed in the mould so that the tissue would lie in a suitable plane

for acctioning.

Microtomy

A sct of wooden jaws were made to fit the specimen block chuck
on the wmicrotome so that the epoxy block could be held for sectioning.
before clamping in the wmicrotome, the epoxy blocks were removed from
the wooden mould and the plastiec tube pared away with a scalpel to a
level below the tissue piece. Some difficulty was encountered from
the rather elastic nature of the block in controlling section thicknesa.
The resulting sections would probably be betweea 10 and 20 P thick,
Further experimentation with the embedding medium formulation wmight

have reduced this difficulty.

The epoxy sections were tough enough to be handled with a fine

pair of tweesers, which simplified section transfer.
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Staining

The sections were transferred to a spotting tile and flecded with
safranin stain (1% safranin in 85% ethanol). After asakieoy for about
2 min. they were transierred to a piece of filter paper to draw off
the surplus stain, and then onto a drop of imwersion oil or wmounting
epoxy on a mieroscope slide taking care not to entrap air bubbles
under the section. The section was covered with further oil ar resin
and covered with a cover slip. lhe sections ceuld then be examined
or photegraphed and the epoxy mounted mmterial transferred to the 45%

incubator to polymerise.

Heasureaent of Crystal Size

ice erystal size was determined by projecting the negatives of
the photomicrogranhs onto a screen which had been marked outl with a
grid with ssrkings equivalent to 10 » spacing. The screen and
projector were calibrated for each wmaganification using the photomicro~
graphs of the stage micrometer. The calibrated acreen was later
abondoned in favour of a ruler calibrated at ‘O,P spacinges to
facilitate measuring. Mepasurements were rocorded on a recording
adding machine so that a neat convenient record could be kept of sizes
and wean ice erystal size. This aethod of recording proved
particularly convenient when it came to transferring data to punched

carda fer computer analysis.

YMeat Used in Experimentis
Lean beef was used in the mince mould system. This involved

trimming off all visible fat before mincing. The details of the

animal it came from were not known. The sample plugs weore all
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prepared from iternc-mandibularie musceles (neck muscles) removed from
Aberdeen Angus beaats within 3O ain. of slaughter. #i{th the excestion
of the cold shortenad and pre-rigor froren muscle they were allowed to
go into rigor mortis at room temperature (50-80%7). The meat was

held at this temperature for 24 hours to enable this te occur. After
this they were traraferred te a 35°F chill reowm to age for the
prescribed time. The ment used in the effect of rate of ice formation

studies was allowed to age 5 days before freoezing.

The meat frozen pre-rigor was in the freeser within 2 hours of
slaughter. The cold shortened meat was tranaferred to the 35'?

ehiller within 14 bours of slaughter and frozen 24 hours later.
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AFPENGIX 11

TEMPERATURE AND ICE FORMATION PROGRAMNEIS

Qualitative logic Flow Piagram for lce Formation i'rogramwe

\_ irint job headings /

y
set aside space for all arrays

fead and Print Fractiomal Solidity
data, Thermal Conductivity data,
Specifie Heat data and calculatio

paraseters

Initialise calculatieon arrays and
indicies and calculate constants

CALCULATIUN BLOCK

‘etermsine which data teo
select from data arrays

'

Yes| Is it a surface calculation? No

Is it the first surface Ne Caleculate new temperature
calculation? - by equatien (4.4)

Yes

Caleculate surface tesperature
by equatien (4.7)

Caleculate surface temperatur
by equation (4.8)

r J
2

Interpolate to constant time

increment by equatiea (4.3)
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P

Calculate rate of ice formation

3

Calculate rate of heat removal

“ense Switch 1 C

orr

To cokplete calculation by-
passing print contrel bleck

VRINT CONTRUL BILOCA

ilase the rate of heat removal
changed by mere than Chl?

»o

y

Frint index en

ilas the rate of ice formation
changed by meore than CHI?

No

Print index on

T

is ghc tanpsraturo betwean
307 and 20°F and has *t
changed by more than 1 7

Priat index eon

Complete calculation
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@

R

Is it time for a print out?

—

ilas the centre tenperaturae

fallen encugh for a print out“—lsly

Yes

3[ No
sense Switch 1 | Uny
vy Off
1s the print index on? _—_Ag
Xo
v

Frint time,

temperatures,

ates of heat reacvel and
rates of ice {formation

D

L seass swites 4

ofr

-

Interpolate temperatures at
points between those jJust
printed out. (sense Switeh 3
on to change interpeolation)

Of f]

sense itﬁ

un

|

funch continuation carda
Accept new parameters to
change OAx then interpolate
temperature array to new AX
Re-entor former parameters
to change Ax to its previous
value then imterpolinte
temperature array

Je

'« To ehange value of CHI

O



fiag freezing been completed?

Tes

Ho

et up temperature arravs for
caleculntion of nee Lemperatures
at tise € « D&

Ye Yas any instability detected
- in the last ealculation?

Ho

Type inatability
and pause

=

|
\

Sense lLwiteh 2

le=enter calculatien bloek and
continue with ca'culation for
tiwe 8 + D&

|

All=4

1. Call Exit

Z2e 'nter new paraveter eard
Jes ‘nter new ther al data
and new pearame’er card
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ICE FORMATION PROGRAM

C MAXTMUM AgMBER DF DIVIS TGRS 27
=EAD 111
PRINT 111}
111 #ORBAT (20H fellH /)
36 PRINT 227
222 FURMAT (S3HOTEMPERATUREy HEAT RENOVAL AND JCF FORMATION PROFILES/
126H0ONF DIMENSTONAL CODLING/Z)
TY#E 383
NIHMENSTON TIZ2R )19 TIIZ2R)FRETIZ28) qRHRIZ28) oBFSFELZ20) O 20)SPFCLZT)
1eRH(2A )9 FRI28)4TY(28)
PRINT 444
64 FORMAT (G2HORATE QF CHANGE DF Flﬁﬁflﬂn SOLID ERT TEMP/)
nNa 2 I=1,29
2 RESE(] )=G,
READ 1004RFSE
PRINT LOORFSE
PRINT 565
565 FORMAT (ZLHOTHERMAL CONBUCTIVITY/)
READ 100 .C0ON
PRINT 10G.COH
PRINT A6n
b&66 FORMAT [14HOSPECIFIC HEAT/)
READ 1804,SPEC
PRIBT 1U04SPEC
AT READ 200¢ MeEMg T s Re DT oD Z g TMN DEN gH o TNPGTT B ,CHY
PRINT T77 :
T77 FORBAT {1IHIPARAMETERS/¢74H N mMoo A TENP I TFMP BOT X IN
1IC T INC DER SHTC TE INC FIN TE)
PRINT 200N EMaT S g BgBNTyDZ ¢ THMNoDENJHoTHP oTTPHCHI
Bii b1 ImlyZ8
RER(I} = O,
AHiE) = O,
FRET(I) = 0,
FRII) = Qg i )
Tli)=0, =
1 Titl)=s0s i : -
08I0 = 0,
18]

il

1'!'”
i

al*n!ﬂoinlﬁﬁlll&o ' _
TEY ;n-a. N W - .
60 READ Fﬂﬂo tﬂl.THP.'IH

=
=, .. = Se=—T = .= E ==&
e=—— "g = 6 = s
= _ ,
.




io
11
12
14
13
18
16
17

18

19
20

4%
45

bl

TEiI) = &

TIM s O,

THP = B=THNP

TMM = T

5 =0

DO 42 I=1eN

L = T(I)/1GC+4,
IF (LY1G4910

IF (L~8)i5412411
IF (L=73112+14413
L = L*1

GO TR 15

L = T(l)=11.

GO T 15

L= TlL)/5.+13,
G TO 1%

L = k=2

IF {I=1)1l6elb6el®
BNT = HaBZ/CON(L)/12.
IF {IX))16417418

TX = J5(TLLI)+(BNT=TS4TI2)) /(BNT+1.))

60 T 20

TE = (HRuTaTSe(T(I)+3R=T(2)+T(3) ) /M (BNT+]1e)

GO TH 20

TX = (TCi+1)+T(I=1)+8NMsT(1))/EM
TIC(]) = DOT/825(TX=-TUI))RCONIL) /SPECILYI4T(])

IF (TUI)=20,1864%,43
IF (T1{1)=304)8004e4%
Til) = 29,9999

H=1

GO TO 8

IX = 1

IF (RFSE(L)IIZ1e21422
FRSY(L) = 6,

60 TO 24

FRESTE1) = RESFILIX(TII)=TI(1))/ 00T
RERLE) = SPRCOLI=(T(II=TI(1))/0DF

IF (RHR(1)=0,)53,64464
MM o= 1
IF (SENSE SWITCH 1)42466

IF (RE(1)=RHRII)=CHI )4 T80, 4R

IF{RHRL I )=RH{ I }=CHI ) 49:48,48
H=1

RMLTY = RHR{L) .

IF {FRI1)I=FRSTIII=CHI)53451,51
iF t:ﬁstitiwﬁlt!l~£ﬂ!!!915lo§l
M=

FRUI) = FRST(I)

IF (TIUI)=30,)60460442

IF (TH{1)=20,)0482441451

IF (TUI)=TItI)=1,0142452452
= ]

Gﬂﬂ!tﬁﬁe =

Ti® = TiseDDY =

IF (TIH=TMM) 26427527

IF (TUNI=THP) 26428450
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27
28

50
54

29

67
6%
70

71

68
57

72

THM = THM+TMN

it TG 29

THP & THP=Th#

G TG 29

IF (SENSE SWITCH 1)29,.54
IF (M=1131,29429

PRINT 360, TI®

N 30 I=1leel3

ALI=7

PRINT 8G0¢ TIC(I)aTIC(I+1)oTICT+2) oTHOI#3) T I I4a) o TIEIS5)TIUT46),T

YTIET 7)o TI{ 148 T 149)pTICI+T0Y oTIC0I41) TR TR12)

PRINT 400y RHR(I)sRHR(T+1)oRHR{I42)pAHRITH3) gRHR(144) JRUR([+5) o2H
IR(I+H ) e BMEIIFTIRHR (T 4B ) o HER([4T) pRHR(IFTO) 4RHR(I 411 ) o B R ([+12)

30 PRINT 500y FRSTUI)gFRSTHI#1) yFRETEIH2 ) gFRSTIT43)4FRET(I46)FRST(I+
1S oFRETUI#G) g FRETIIFT) pFRSTII*B) oFRSTHI ST o FRSTII#I0)oFRSTII®11),F
PRET(I+12)

I¥ (SENSE SWITCH 4)a7.68
M4 = 1

IF [NN)OG,70969

IF (SENSE SHITEH 3170.71
TYPE 223

ACCEPRT 201NN

PRINT 201480

NSAVE = NG

XSAVE = uln

NGO = N

H = NH

DED = DL

XM = W=}

X, = N~}

8L = DZOwXRSXL

43 T Ts

IF (SENSE SHITCH 2157465
8 = 999,999

TYPE 999

ACCEPRT 2014%

GO TO (6heT3eT2991) 9K
NSAYE = N

XSAVE = D2

TSAVE = DDV

K# = NOD

pDd = DZU

28T = DOTO

NG = NSAVE

BZ0O = XSAVE

o070 = TSAVE

58 10 74

NO = N

0Zn = B2

DDTD = DOT

ACCEPT 26248, 907

Xf = NO=-1

AL = N=)

DL = btgtmuxg

PRINT 777 = ==— ==
-:Pﬂiﬂ%*i?!iﬂi!!iiif!i§i¥i33r¥ﬂlfﬁllﬁﬂafﬂki*ifiﬁul = == - —

TY{l) = Tit(1)
13

,_-'iﬁll-.,,.




77

78
9

50
&1

43

A4
85
a6

87

a8

89

90

&6
88
91
&%

31
a3

= 53

MU = 2

Nzl = B2

IF LDZ0=DZ) 77929472
DO BL J=24N

IF {U21=~Z01)B0,B0479
[ = My

MU = MUel

NZ1 s p2l=020

o) TH T

TYWd) = TILI)+(TI(a)~TItI) ¥ 2i/0i0
Dl = N21+07

G TO 88

DO B4 Ju2eM

TY(S) = THOI}+(TI M) =TI{ ) )RDZ2I/020
DZI = DZI+DZ

ir ‘DZI“”Z”'H‘!QQ‘&,H}
i = My

My =pUe]

DI1 = DZI=DIG

CONT INUE

IF (4B )8E 88,86
PRINT 4004(TY(I)1=1eM)
M) 87 f=leN

TYtll} = 0O,

Md = 0

o= NO

N2 = DZB

N = NSAVE

DZ0 m XSAVE

0 TO &8

B B89 IsleND

RHR{I) = Q4

RH{I) = 0,

FRSY(I) = O,

FRII) = D,

Til) = G,

TI(I) = O,

B8 90 I=leN

TILI) = TY{D)

TY(I) = @,

BZ = DI®DIHDEN/EN/Las,
B = EMeZ,

MM =2 0

G0 T8 29

PUNCH 200.&,an,rs.a.oﬂr,oz.Tun,nﬁu,ﬂ,turgtvr.cnl

PUNCH TOODg THM,THMP,TIN
PUNCH S004(TI(I)sI=leN)

GO TO 34

ACCEPT 203,4(CH1

IF {Tffﬂ}‘?’?’?#iiﬁgil =
D0 33 I=leN : o
Tti) = Yi¢(1)

Tt1) = Tiih=1)

IF {HM=1) 56!”955

TYPE BB& _

Mg =20

PAUSE

All-8



56
ia

18
100
200
300
400
$09H
Bin
760
“uion
201
202
203
HUB

221
223
333

9499

All-9

IF (SENSE SwlITCH 2)34,7

TYPE 221

ACCEPT 201K

30 TO (38,37436) 4K

CALL FXIT

FORMAT (5X95F8,2)

FORMAT (I 30FBa392Xg2F a3 aF T e aFno34F8429F8,)19FTa193FT42)

FORMAT (SHOTIMEgFS.4)

FORBMAT (54 TEMPI3F10,2)

FORMAT (5H RCFSe13F18,.2)

FURMAT (5H RHR ¢13F18,2)

FORMAT (3F1l044)

FORMAT {(gFL044)

FORBAT (13}

FOARMAT ([3eFTeb)

FORMAT (FSa.1)

FORHAT (20HTEMPERATURE INCREASF/ oSTHSENSE SwITCH 2 DN Tn ABamnDl €
LALCULATION, OFF TO CONTINUE/SZY

FOURMAT (19HTH CALL EXIT TYPE 1/,29M70 asan NEW PARAMETERS TYPE 2/,
129HT0 READ NEW THERMAL DATA TYPE 3/,10HFORMAT(13)//)

FORMAT (T3HSENSE SWITCH 3 (iFF THEN TYPE TEMPERATURE INTERPOLATJON
IVALUE, FORMAY (12)/77)

FORMAT (52HTO PRINT RESULTS OF EACH ITTERATION SENSE SHITCH 1| aON/. 46
1IHTO INTERUPT CALCULATIONM SENSE SWITCM 3 ON/Z.40HTD ARANDON CALCULA
27100 SENSE SWITCH 2 ON/y61HTO INTERPOLATE TEMPERATURE BFTWEEN DIV]
FI0ONS SENSE SWITCH 4 nﬂlgbﬂﬁfn FHTER INTERPOLATION SHEDIVISION SEMS
4F SWITCHES 3 AND 4 0x//)

FORMAT (4THTD PUNCH CONTINUATION CARDS TYPF 1, FORMAT (13)/7,604T0
1H40DIFY v AND INTERPOLATION TIME TYPE 2 THEN MODIFICATINNS/ ¢ 1 6HFORA
2T (134FToa)7959HTH RE~ENTER PREVIOUS N AND INTERPOLATION TIHE VALU
3ES TYPE 3/,5THTN CHANGE HEAT ANG ICE PRINT CONTROL TYPE 4 THEN NEW
HVALUE /o 13HFORMAT (FS,1)//7)

END
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TEHPERATURE PROGRAM

HAXI BN NUMBRER 0OF DIVISIDRS 27
READ 111
PRINT 111
111 FORMAY (20H JellH /)
3& PRIRT 222
722 FORBAT (93HOTEMPERATUREe HEAT REMOVAL AND JCE FORMATION PROFTILES/.
128HOONF DIMENSTONAL COGLING/Z) _
DIMENSION T(28)sTI(Z28)sFRSTIZ2R) JCUN{20)4SPECI20)
PRINT 555
565 FIUIRMAT (Z1BOTHERMAL CONDUCTIVITY/)
READ 100,CON
PRINT 10G.C0N
BRINT 666
666 FORMAT (1aHMDSPECIFIC HEAT/)
AEADN LMl4SPEC
PRINT 1004 SPEC
537 READ 200¢ NeEMaTSeHeliDT oD TENGDENsHe THRSTTF
PRINT 77
TT7 FORMAT (LIMIPARAMETERA/ ¢ Ta4H N M A TEMP | TENME DT X IN
1C T INC DEN SHTC TE INC FIN TFE)
PRINT 2009 NoEMyTSeBeDDT D2 ¢ THRDENH o TNP,TTP
3 1 I=le.28
Tl )=,
1 Titli=0,
AZ = DIEHISDENTEM/l 44,
Kt = Flhe/,
IF (R=999,999) 59,600,560
&0 READ 700, THiaTRP,TIR
X =1
Mia = 0
READ BOU(TELT )pl=1gM)
60 TO 29
59 IX = O
NX & N+l
DO 6 I=lenX
& Ti{I) = & =
TIH = 0,
TMP = B=TNP
THM = THn ;
7 M4 =0 =
00 42 J=lN
8L = T{1)/10.+4,
IF (LY1049410
10 IF f§5§¥i!§l!§li
11 1F (L=7)12414413
9 L = L+l
60 TO 15 o _ 2 .
12 L= Til)=11s £ . = T ===
Sewep -5 - — - - —J= =

ol

e

e Tltilsvtlin

6o Tﬂ 15

i
4

|

|

=""_'-__ — = — = = = e — S == - == = —— == =
== == ==, = = S =: S = Naso——— —go — e
= * ' T ¥
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13 L = =2
15 IF (I=1116416419
16 8NT = HERZ/CONILY/12,.
IF (IX)184)7e18
17 TX = a5 {T(II+{ANTETS+T(2) ) /{BNT+1,))
GU TG 20
IR TX = lBNT#TS’iTlli*BM#T(Z)+7I3!lIElelHHTﬁlo!
GO TH 20
19 TX = (T{L1+1)+T(I=1)+BxT{1)}/EN
2G TI(L) = DOT/8Z%{TX=T(I))®CON(LI/SPECIL)+T (1}
IF (TUI)1=30,144y43443
43 1F (TI(1)=30,)45,&444
45 TLI) = 29,9994
G T B
46 (X = 1
IF (TIC1)=TUI))a2e42453
B MM = 1
62 CONTINUE
24 TIH = TIwsenNDY
25 IF (TIH~THNM)2H42T427
26 IF (T(N)=THP)28,28,5%0
27 TEM = THASTHN
GD TO 29
ZRA THP = THP=TNP
GO TO 29
50 IF (SENSE SWITCH 1129431
29 PRINT 3200, TIW™
PHINT 4009{TI(I)gl=1eN)
IF (SENSE SHITCH 3157465
87 8 = 995,999
PUNEH 200.N’E“pTSuB;QQT}DZ,THN,”EH,HQINP.TTP
PUNCH TOUOy TMMaTMP,TIN
58 PUNCH BOQO(TI(T)ei=len)
60 TG 34
65 IF (TI(N)=TTP)B4 346,31
31 DI 33 I=1yN
33 T(I) = TI(1)
TUIY = Tlin=1}
IF (H=]l)56955,55
55 TYPE ana
888 FORMAT (9HTEMP RISE/Z4SHSENSE SHITCH & ON TO ABANDON Joa. OfFF YO €1
INTINUE)
PAUSE
56 IF (SENSE SWITCH 41!&.7
34 PAUSE
1F (SENSE SHITCH 3%331$8
35 IF ISENSE SWITCH 3036437
38 CALL EXIT :

100 gg MAT (5Xy5F842)

209 T *iitﬁl;t:iiﬁtiﬁultﬁ?piwﬁﬁs3i$5ﬁ!§?5gl'F?.1.?F?oi’ =
300 FORMAT (5HOTINE,F9.4) . 2 ==

400 FORMAT (SH TEMP,13F10,2) :

700 FORMAT (3F1044) = 3 AT A0
r_tﬁa-faﬁﬁif tafzn,ia == === . = =
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THERMAL DATA ARRAYS

FRACTIONAL SGLIBITY DATA

() o 00 000 N410 Ogt:0) 0.%0
D.OO 0;&0 Ugﬁg 1.60. 1‘20
1+50 2490 2450 o1} 540382
Be i} 20400 3250 9 8 16 ] 1 o 0D

-

THERMAL CONDUCTIVITY DATA

Qes96 0,93 .89 Des83 D477
Oes28 029 0438 Q.70 0969
Geb7 OeH5 G662 Ga58 da53
Do tsth Ge3h 0e32 027 027

SPECIFIC HEAT BATA

Daebi) e 50 Gehl 0,90 1.30
100 1,08 i.00 180 200
2:30 2«50 3,10 3430 4450
&,.30G 27 400 23,00 1,00 - 1,00

PARANETER CARD

17 4o 000 63,000 999,999 L0025 L1BO 425 6Ta0 240,40 70 =1040

* According to Cullwick (1967)
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Notes on Temperature and Ice Formation Prograsmes

Listings of the ice forwmation and temperature programses are
given en pages All-0 to 4ll-ll A gqualitative logic flow diagras for

the ice formation programse is given on pages All-1 te All-4.

Contrel of the ice feormation prograsmwe is achieved by sense
switches and typewriter input to computed GO TC statements. fullest
use has nut been made of the “onitor 1 features incerporated into
Fortran I1-D with Monitor 1 as the prograsme had been almest fully
developed in Fortram Il=-D when it was introduced. Monitor 1 allows
the uee of free input formats, a feature which would have been
particularly useful for the parsaeter inrut a2s it would have offered
greater flexibility in the pumber of significant figures and size of
numbers which could have been punched inte the parameter card.
Monitor 1| also provides a caleulation trace which could be operated
at any stage of computation by turning Sense Switeh 4 on if u trace
card had been included in the source deck. Because Sense switeh 4
vas used in this programee the operations between statements 68 and 76
could not be traced in Lhis way. lowever, the diagnostic features

of Menitor 1 proved invaluable im tracing prograsming errers.

The time required for calculation was lengthy (about 3 hours for
the caleulation of the experimental systew with varying Ax) so that
provision had to be made to ensure that sufficient relevant rate of
heat removal and rate of ice forwation data was printed out to aveid
wasting time by having to go back ever the calculation because
important data had been missed. Manmual print control by sense switch
proved inadequate, as it was not known hew the rate of ice formation

would change duriang freesing, and so a print control routine was added.
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The priat-out contrel value CHI represents the change in rate of heat
removal or ice formstion rate which was considered large enough te
warrant recerding. As this cocntrol operatea at every calculation
peint too wmuch data could be printed out, especially when there were
many c¢alculation peints, so provision was made to change this value
during calculation. The tcnpiratur- print control in the 30 to 20%
range was intended to ensure that any gradual changee in ice formation
rate were recorded, but it is doubtful if it ever functiened as a l.}

fall in one iteration is unlikely in this temperature range.

The time and temperature print contrels punched ianto the parameter

card were intended to control the print-out cutside the range 30 to 20'F.

The long ealculation time meant that seme vrovieion had to be made
to interupt enlculation then pick it up at a later date. iunching
continuation cards was the most convenient wethod of doing this. it
also provided a weans for imnserting non-uniforas initial temperature
data and geinyg back over portions ef the calculation with different

values for A x.

The reasons for providing f{or changes in A x during ealculation
are given in Chapter IV. Provisien for temperntiure interpolation
during calculation was made so that the moment to change A Xx could

be chosen more precisely.

It was found that calculation inatability eould be induced by
punching errors in the parameter card, er by too large an interpolatien

time value which caused the interpolation equation to extrapolate
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rather than intervolate. If the instability was allowed to develop,
the comiputer was addressed out of storage In a very short timse which
meant that the whole rogramme had to be cleared out and restarted.
To aveid this, provisiou was made for any negative rate of heat
removal (temperature rise¢ in the temperature prosrasme) to stop
computation and type out an ingtability messnge. The calculation
could Lhen be abandened or gontinued as swuall negative valueas did

not always lead to instability.

Te reducc the amount of storage occupied by thermal data arrays,
the data was condenscd into the arrays listed on page All-12. The
routine bounded by statcwenis 6 te 13 selectsn the appropriate values
Ifrom these arrays. Compariason of these arrays with Table All-1 shows

how the data is arranged.,

fhe values ou the paraseter card shown on page AlI-12 are, froms

left to righti-

N the nuebor of subdivisions in the half thickness of the
slab plus 1, f.e. the number of teaperature calculation
points,

EM the calculation medulus, M,
TS the plate temperature, Ta (°F),

B the initial temperature, Ti. 599,999 is punched in this
coluan if continuation cards or mnon-uniform starting
tewperature data are teo be enterad ('r).

OUT the constant time inecrement, U6 (hrs),

DZ the subdivision thickness, ox (inches),
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THN the time print-cut value (hrs),
Jik the density of the meat (lb/ftai.

i the surface heat transfer coelficient (3Tt/ft2hr.F}.
TN! the centre tesjperature print-out value (°¥),
Ti'Y the ead of freezing tesperature (%F)

Cill (not shown on page AlI=12) the rate of ice formation

and heat removal print control.

The ice formation programme types out operating instruetions

during execution.

No instructions sre included in the tewpersture prograase, as
there is no provieion for changing A x during computation, and the
print=cut ias contrelled manually and by the time and centre temperature

values.

Table All=1: Thermal iroperties and iracticnal Solidity of Minced

Lean Ueef

- 0 <30 =20 =10 0 10 20 21 28 23 24 a3

gPesifi® .50 0.30 0.30 0,30 0,90 1,30 1.60 2,00 2.30 2,30 3.10

Thermal Com=; o5 0,46 0,93 0.89 0.83 0,77 0.71 0,60 0,67 0.85 0.62

ductivity

Fractional

solidity CeGO 0400 0,00 0,10 0,40 0.30 1,00 1.20 1.5 2,00 2,50
Temperature as 26 27 a8 9 30 35 40 O 60 79
Specifie Heat 3430 4.60 6.80 27.00 23,00 1.00 1,00 1.0 1,00 1.00
Thermal Con- "

ductivity O0u58 0353 0.48 0,36 0.32 0.27 0.27 0.28 0.29 0.30
Fractional 4.00 5,00 8,00 20.00 32,50 0,00 0.00 0.00 0,00 0,00

Selidity
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APPENDIX TI1T

A Method for Observation of the Freeming i'rocess as it I'roceeds

The technijues described in Chapler IT all exsmine the completely
frosen material which limits the amount of informatien which can be
gained from histological study. i considerable amount of thought
was given to tne possibility of overcoming thie limitation and a
possible technique was eveolved. Unfortunately the time available
for this study was insufficient to develop it inte a working technique
so it had to be abandoned. In this Appendix the thought which went

inte developing this technique is oullined.

7 By iiireet Ubservation

Opiginally the rosaibility of ebserving the ;rocess of ice
development in the tisyue during the freezing precess with a cold
stage mieroscope was examined. The approach was te ceol a seetion of
meat on the microscope stage so that its temperature history closely
resembled the temperature history of any given peint withim a slab of
meat being {rozen. 4 numbsr of workers have used covled microscope
stages to examine freeaing processes (Luyet & Rapatz, 1957, Rapatz &
Luyet, 1857, Rey, 1957, Asahina, 1662, smith et al, 1951). “ith the
exception of Asahina who cecled the whole microscope, all of these
workera used either dry ice or liquid nitrogen as a heat sink and
eirculated a heat transfer fluid from the sink to the stage at
contrelled rates to control the stage temperature. Rey could alse
heat the stage with an electric element to obtain cleser contrel.

In this study some attention was given to usimg the thermoelectric
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effect between dissimilar metals to coel the stage, this being a wmore
controlable method of reducing the stage temperature. The method
was abandoned, however, when it wams realised that the freezing
conditions in a small section on a wmicroscepe stage could not be

representative of the situation within a slab of meat.

In a large piece of meat, except in the initial stages of
freeaing, an advancing ice front provides the site for ice crystal
growth, In a small section of meat on the microscope stage it would
be difficult to simulate this condition. A nuclous would first have
to be forsed or provided, and in either case it would be difficult te
initiate growth without supercooling. It would be difficult to
obtain approximately the undirectional heat flow on a microscope stage

that there would be within a slab of meat.

Even Af these difficulties could be overcome it would not be
possible to obtain a thin enough section of meat for observation
without considerable disruption of the cellular structure, which would
mean that the meat would lose many of its ice development inhibition

properties.

B. By Examining the tiall n Material

The peasibility of "stopping” the freezing process and then
examining it was alse considered. This could be achieved by freezing
the partially frozen saterial rapidly enocugh to freeze the unfrozen
water inte submicrescopic ice erystals, and then preparing the tissue
by freeze substitution or freeze drying for micreoscopic examination.

An outline of the method is given in Fig. ATII-1.
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Freeziang rapidly enough te produce submicroscopiec ice crystals
could be ebtalne! by guemching the gartially [roxzen aeat in liguid
nitrogen coeled liguid propane or, for safety, freco %l. calculated
cooling rates for thia systes indicvnted that sufficiently rapid

cooling rates could be obtained #ith sticks of meat J wa in diameter,

In developing this method there was much debate as to whether
frecze substitution or freeze drying would be the most suitable
preparation tecinique for eabedding. The possibility of using the
water scluble acrylic resin, ethyleneglycel monomethyacrylate, as the
frecze substituting fluid (Bartl, 1962, leduc et al, 1083) was
considered. ihis would aveld the necessity for a separate ezbedding
process. ihe resin unfortunately was not recadily available and ite
synthicsis was not simple (dYeichterle & Lia, 1960, Caldwell, 1930).

In preparation of tissues for electron microscopy it is custemary te
use a cryatallisstion inhibiter, suvch as glycercl, which alse reduces
recrystallisation of small ice crystals during the time taken feor
substitution. Ia the method under consideration, it is net possible
to use such an inhibiter ac that the risk of recrystallisation is high

during Lhe long substitution peried.

For this reason it was proposed to use a low temperature freese
drying process. By uwsing a number of small vaguum chamnbers coanected
to a common vacuum pump the helding time before drying would be
ainimised and a succeaslon of freezing rums could be handled at the
same time, reducing the disadvantage of the long drying time involved

with low temperature drying.
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The baclkground to the freezing system which might be used in this
wothod is given in Chapter III. The cores of ment, J ma in diameter,
would de enclosed in thin wall glass tubes which could be withdrasn
and plunged {nto the gquench bath at any stage during freezing. The
minced meat block would be frozen from the bettom surface only
leaving the top surface exposed to enable the withdrawal of the cores.
By maintaining the air above the block at alightly above the freesing
point, conditicons at this surface would be similar to those experienced

at the centre of a slab cooled from hoth sides.

o enable easy withdrawal of the glass sample tubes they might be
inserted into another glass tube which would be glued to the freezing
plate and a film of kerosine maintained between the two tubes. This
fila would need to be Lhin to minimise conveetion currents. Un
quenching the glass sample tube would either shatter Iif the weat
inside waa unfrozen, or the frozen meat would contract at a greater
rate than the glass tube emabling the =meat to be removed for drying.
Luring freezing in the mould it {2 hoped that freezing would be slow

enough to peruit expansion along the length of the sample tube.

Using this approach it should be possible to determine with more
certainty the morphology of the ice front in wmeat. Freeze etching
could provide useful information in this type of study as the sublimation
rate from the large ice masaes formed in the freezing process is
probebly higher than from the fine ice engrained into the cellular
material forwmed during the quenching process. If thie is 80 it would
be possible to obtain relief pictures of the ice front as it pemetrates

the meat.
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Quantitative information on ice development could be obtained by
measuring the area of the ice voids in sections taen at various
stagea during freezing, and comparing it with the area of the ice
voids in completely [rozen meat so as to obtlain a mensure of the

fraction of the freczable water [roszen.
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