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ABSTRACT
Sugarbeet cylinders were subjected to a number of different
f;ggging and thawing conditions. Each set of conditions'
resulted in a marked softening of the beet tissue. The
thawed beets decayed rapidly. Consequently, if beets are
stored frozen, they should not be allowed to thaw prior to
processing..

In order to determine the effect of freezing rate on
sugar loss in storage, samples were frozen at different
rates before being stored at 263 K or 248 K. Experimental
results indicated that all freezing methods produced a
negligible change in sugar éontent after six‘months storage
at either of the storage temperatures.

A numerical model was developed for the freezing or
thawing of an infinite cylinder of biological material. This
model predicted the variation of temperature with time and
with radial position. The model predictions were in good

agreement with experimental values.
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1. INTRODUCTION
Sugar is an important commercial product. It may reach the
consumer in its pure form or as a component of various food
products such as soft drinks, baked foods and ice cream. It
is also used ih the production of non-food items such as
pharmaceuticals and explosives. Alberta's only sugar factory
is located at Taber. In this factory sugar is extracted from
sugarbeets which contain about lG%_sugar. Aéproximately 90%
of this sugar is recovered as bagged sugar. However, with
poor beets the recovery may be as low as 70%. By-products of
the factory are cattlefeed, molasses, and invert sugar. The
factory operates continuously from the beginning of October
to the end of January. About 450,000 tonnes of beets are

processed per year to produce:

1. 60,000 tonnes of sugar,
2. 35,000 tonnes of beet pulp, which is a cattle feed, and
3. 20,000 tonnes of molasses, which is used in the

production of cattle feed or yeast.

At harvest time the leaves and tops are removed from
the veets, which are then placed in large storage piles to
await processing. During storage, sugar is lost, mainly as a
result of respiration. It has been estimated (229) that 10%
of beet sugar in the U.S. is lost during storage. This loss
may be reduced by lowering the storage temperature. Frozen

storage is being considered in the U.S., and Russia, as a



means of reducing or eliminating sugar loss. This method of
storage becomes economically attractive if cold outdoor air
Fcan be used to freeze the beets. However,. rapid
heterioration of the beets may occur if they aré allowed to
thaw in the storage piles. Deterioration results from the
injury suffered during freezing and thawing. It may be
possible to minimize this damage by a careful evaluation of
freezing and thawing conditions. Texture measurements are
useful in this evaluagaon. Freshly harvested beets have a
firm texture whereas freeze-damaged beets are soft. A beet
which has been softened by freezing and thawing is probably
damaged and is llkely to deteriorate rapidly.

Heat transfer models can also be used to estimate the
severity of the freezing injury which is suffered by a
biological sample when it is subjected to specific freezing
and thawing éonditions.'Freezing injury may‘depend on the
rate at which a sample is frozen and thawed. Di(ferent
regions of large samples may experience different rates of
temperature change and, consequently( sustain different
dégrees of injury. To obtain an overall estimate of damage,

it is useful to predict how quickly the temperature changes

throughout the sample during freezing and thawing.



1.0.1 Objectives of this Thesis

In this thesis it was desired to:

examine a number of different freezing and thawing
confitions in order to produce a thawed beet with a firm
texture,

determine if sucrose losses in frozen storage depend on
the freezing conditions to which a beet is subjected
priqr to storage, and

develbp a numerical model which would predict the
transient temperature profile in an infinite cylinder of

biological material during freezing or thawing.



2. PRODUCTION OF SUGAR FROM SUGARBEETS
The production of sugar from sugarbeets is briefly described
in this chapter. This description is intended as an aid in
understanding Processing problems, which arise when
sugarbeets are stored incorrectly.

Sugarbeets are removed from storage piles and placed in
flumes outside the factory. Water then transports the beets
into the factory. The beets are washed with water in an
agitated vessel. After washing they are cut into thin slices
("cossettes™), Sugar is leached from the cossettes in a
diffuser by hot water which flows countercurrently. The
depleted cossettes ("pulp") are dried, combined with
molasses, and pelletized to produce cattle feed; The extract
solution ("raw juice") proceeds to the'carbonation stagel

In carbonation, milk of lime (a mixture of calcium
oxide and water) and carbon dioxide are added to the raw
ﬁuice to precipitate impurities, such as organic acids and
inorganic salts. The precipitate is removed by pumping the
juice through filter presses. Sulfur dioxide is then added
to prevent discolouration of the finished product. The
resulting solution is "thin juice". This juice is
concentrated in multiple effect evaporators to produce
"thick juice", which is about 65% solids.,

"Standard liquof" is obtained by adding recycled sugar
to the fhickrjuice. The liquor is pressure filtered (a
filter aid is used) and boiled under vacuum in the "White

Pan" until sugar crystals are formed. The sugar crystals
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must now be separated from the syrup in which they are
suspended. This is accomplished in the "spinners', which are
large circular baskets rotated at high speed. The syrup is
forced through the basket by cent}ifugal action. The sugar
remains on the basket and is washed with Hot water. It is
then dried and packaged. The syrup is proégssed to produce
molasseé and low grade sugars. The molasses is sold as a
finished product or is added to pulp to form cattle feed.

The low grade sugars are dissolved in thin juice and added

to the thick juice to form standard liquor.



3. STORAGE OF UNFROZEN SUGARBEETS
When beets are stored, sucrose is lost as a result of
aerobic and anaerobic respiration, biochemical
transformations and attack by micro-organisms. Wyse (227)
has defined "respiration in storage™ to be "the process
wvhereby the root converts sucrose into energy to maintain
its physiological integrity". In aerobic respiration,
sucrose is degraded according to the exothermicCreaction:
f
CiaH;,0,, + 120,--> 12C0, + 11H,0

(sucrose) , j

Under ideal stSrage conditions aerobic respiration is

responsible for 60 to 75% of the sucrose loss (213).
Anaerobic respiration may occur in regions of the

storage pile where air ventilation is blocked by dirt,

trash, or snow. It can be represented by:

C.:H,,0,, + H,0 --> 4CO, + 4C,H,OH

(ethanol)

This form of respiration can rapidly lead to cell death and
invasion by micro-organisms.

Micro-organisms present in beet tissue use sucrose for
their respiration and growth (88). They also deposit enzymes
in the beet (138). These enzymes catalyze reactions which

convert sucrose into glucose, fructose, and other
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carbohydrates.;Damaged‘beets are particularly susceptible to
attack by micro-organisms.

Enzymes naturally present in the beet tissue are also
responsible for some sucrose loss. One enzyme, invertase,
catalyzes tbe hydrolysis of sucrose to glucose and fructose.
This mixture of glucose and fructose is known as invert
sugar because it rotates plane polarized light in the
opposite direction to sucrose.

Raffinose, a trisaccharide, may also accumulate during
storage, at the expense of sucrose. The mechanism by which
raffinose is formed is still unknown (13) but it is thought
that it results from the combination of sucrose and a
compound (UDP galactose) formed from glucose.

Nonsucrose cdmponents ("impurities") of sugarbeets
cause problems in the sugar factory. Invert sugars are
degraded to organié acids, such as formic, acetic, lacti;,
and glucinic acid. These acids tend to increase colour
formation (34) and reduce the PH of factory sugar solutions.
‘This decrease in pH results in an increase in the amount of
lime which must be added in carbonation. The concentration
of lime in the thin juice i§ then increased. This may result
in an increase in the quantity of lime which is deposited in
the evaporators, causing scale formation. A high raffinose
content will decrease crystallization rates and produce
distorted and elongated Sugar crystals. Impurities, in
general, tend to increase the amount of sugar contained in

molasses and decrease the Quantity of bagged sugar obtained.

¢



3.1 Factors Affecting Sugar Loss in Storage

3.1.]1 Temperature

The quantity of sugar lost and impurities accumulated
in storage will depend on a number of variables, of which
temperature is probably the most important.,The sucrose loss
will approximately double for every 8 K rise in temperature
(48) above 273 K. The invert sugar content of beets also
increases as the temperature is increased. Onathe other
hand, the raffinose content increases as the storage
temperature is reduced below about 278 K.

If the temperature, anywhere in the storage piTé,
reaches 319 K then the beet structure will be destroyed
within a week (156). Micro-organisms can then attack the
dead cells. This resukts in a further rise in temperature

and a rapid loss of sugar.

3.1.2 Time in Storage

As the storage time is increased so also will be the
sugar loss. However, there is nonlinear relationship between
sugar loss and storage time. A high respiration rate is 4

obtained immediately after harvest. This may result from:

1. injuries sustained during the harvest,

2. metabolic changes resulting from the leaves being
removed, or

3. the large exposed.surfacé area, which is available for

oxygen diffusion, before the surface becomes hardened by



dehydration.

Within a week of storage, the respiratibn rate drops to
approximately half its initial value (227). After a few
months, respiration may increase.again as a result of mould

growth (229),

3.1.3 Condition of Beet Piles

Since respiration is an exothermic reaction, whose rate
increases with temperature, heat must be removed or high
temperatures will be attained in the storage pile. The
presence of dirt and trash in piles :impedes air circulation
and, consequently, the removal of heat. Local overheating in
the pile may then occuf. Beets may be killed by the high
temperatures obtained or by a;dSfiiisﬁszginﬂoxygen/gﬁbﬁi;:
Microbial fermentation of the:;oil and trash may also cause

overheating by as much as 30 K.

3.1.4 Condition of Beets ‘Entering Storage __’///

The condition of the beets entering the storage pile is
also important. Beets suffering from diseases, such as
Violet Root Rot, Clamp Rot, and Crown Rot, will decay

rapidly during storage and will infect other beets. These

diseases are ca d by viruses, the most prevalent of which

is Phoema beta Wilted beets lose sugar quickly and are

likely to und fermentation, Topped beets (crown removed)

show greater spoilage and sucrose los.-s than untopped beets-
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(2). Despite this, beets are generally topped because the
crown contains a high percentage of impurities. Zielke and
Snyder (237) reported that the concentration of impurities:
was 70% higher in the crown than in the remainder of the
root. If leaf buds are not properly removed ffom the beet,

then shoots will grow at the expense of sugar during

storage.

3.1.5 Use of Pile Covers

Numerous covers have been used for storage piles. These
. include storage sheds, covered trenches, straw, beet tops,
earth, plastic canopies, ‘and air inflated bubble itructufes‘
Covers have the advantage of minimizing dehydration and
repeated freezing and thawing of the beets. While frozen
storage reduces sugar losses, alternate freezing and thawing
increase them (58). Covers have the disadvantage of making
it more difficult to cool beet piles during warm weather.
The relative merits of the different coversx;fil\§epend on

the weather conditions at the given location. ~—

3.1.6 Controlled Atmosphere Storage

In controlled atmosphere storage, beets are stored in
an atmosphere which contains about 5% of both carbon dioxide
and oxygen. This type of storage reduces both the
respiration rate and the rate of formation of impurities.
The oxygen content should not be lower than 5% as anaerobic

respiration will then occur (45,227). Despite its
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advantages, controlled atmosphere storage of sugarbeets has

been restricted to research studies (109,226,227).

3.1.7 Use of Venti.ation

Pile venfilation with cold air has been used to lower
the temperature in the pile and to prevent localized -
overheating. If ventilation is used, humidifiers may be

necessary to prevent beet dehydration.

3.1.8 Growing Conditions

Growing conditions influence the ftorage behaviour of
sugarbeets. For example, beets generally-store better after
a wet season of good growth than after a dry season (104).
Aiso, beets store badly if large quantities of nitrogen

fertilizer are added just before the harvest (104).

3.1.9 Beet Variety

Nelson and Wood (153) observed that the quantity of
suggrfiost, during storage, was dependent ﬁpon the variety

of beet which was stored.

The storage and processing of frozen beets is

considered in the next chapter;
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4. STORAGE AND PROCESSING OF FROZEN SUGARBEETS:

It is estimated that about 0.25 kg of sucrose/tonne(gf

beets/day may be lost i torage piles in the Red River
Valiey of North Dakota §;§13§nnesota (15). Based on a
refined sugar price of $1/kg, the elimination of sugar loss
in storage piles results in potehtially increaéeg revenués
of $0.25/tonne of beets/day stored. If this fiqure is
applied to the factory at Taber, then elimination of sugar
loss will increase operating revenues by about $7 milli;n:'
This is approxEmately 10% of their expected gross revenues
for the 1980-81 se;son. .
Frozen storage of sugarbeets h;s been observed to
drastically reduce the amount of sugar lost during storage
(15,58,77,201,213,230). It has also been concluded. (201)
that it is "easier" to procdss a frozen‘beet, in March, than
one which has been stored unfrozen. The decision of whether
or not to use frozen sugarbeet storage will, of course,
depend on economic considerations. The cost of frozen
storage must be baianced against the extra reve;ue obtained
from a reduction in sucrose losses. Frozeh storage is
economically attract{Qe in regions where cold outdoor air

can be used to freeze the beets. Use of expensive freezing

equipment is then avoided.

12

-
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4.1 Frozen Storage.in the U.S.S.R.

| As the U.S.S.R. is the world's largest sugarbeét
producer and has an ideal climate for freezing beets
outdoors, it is not surprising that frozen storage of
sugarbeets has been investigatéd there. In 1974, Moroghan
(150) reported that about 260,000 tonnes of frozen beets
were being stored in the U.S.S.R. Forced ventilation of cold
outaoor éir (at a temperature less than 261 K) is used to
freeze the beets £o a temperature below 268 K, which is
considered to be a "thawing temperature”. The air is
’saturated with ﬁoisture to prevent dehydration of thé beets.
The piles are covered with a layer of ice or snow which
forms a heat transfer barrier to the surroundings. Ice
covers are simply formed by spraying cold water on top of
the pile. The ice layef is melted, when reqguired, by

spraying hot water on the pile.

4.2 Frozen Stofage in the Red River Valley

In 1974-75, the American Crystal Sugar Company (201)
. ' : e
examined two methods of freezing storage piles. One pile/wa

frozen by blowyhg,cold air through ducts (metal drums) /
underneath the pile.fA second pile, the "split pile", was
formed by rémoving b;ets from the centre of a regular pile.
AIt was théﬁ éllowed to freeze naturallf. After 4 months of
storage, each pile had lost an average of 0.1 kg‘of
sugar/tonne of beets/day stored. This was an improvement on

unfrozen piles where b;zz'kg of sucrose were lost/tonne of

o -

NEEN
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beets/day stored.

A second study was undertaken in 1876-77. Two piles
wére'frozén by blowing cold night air through A-shaped
wooden ducts underneath the piles. It was reported that
_sucrose losses were insignificant after 150 days of storage.
‘In contrast, beets in an unfrozen pile lost 16% of ‘heir
initial sugar content.
| Furthef experiments (217) in 1977-78 indicated a 20%
sucrose loss in an unfrozen pile, whereas a frozen‘pile had

only a 0.6% sucrose loss.

4.3 Problems with Frozen Storage

The main problem with frozen stofaée of sugarbeets is
that thawing may occur. This is an important disadvantage as
thawed A;Ets become unprocessable within a week (157).
Sugarbee£ cells are —ery susceptible to freezing injury, a
phenomenon discussed in Appendix B. Dexter et al. 3¢)
stated that some thawed beets "disintegrate completely"”
during fluming and washing. Hull (104) observed that "when
frozen beets begin to decay they heat very'quickly, have a
pungent, vinegary odour, and rapidly collapse into a putrid,
slimy mess".

Some specific problems are encountered with thawed
beets. Pectic substances are complex carbohydrates, which
are present in cell walis. They occur in two forms: (1) -

water soluble pectins and (2) water insoluble protopectin.

The soluble pectins form calcium pectate gels in the sugar
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factory (232) and these gels reduce filtration rates.
'Enzymes”degrade the pectic substances of thawed beets and
increase the percentage of soluble pectins. Conseguently,
thawed beets have a high percentage of soluble pectins. They
can, therefore, be expected to produce juices which are more
difficult to filter than those produced by unfrozen beets.
Oldfield et al. (156) observed that thawed beets,
storea at 293 K, had respiration rates (as measured by the
amount of carbon dioxide evolved) more than ten times the
rate for unfrozen beets. Most of the sucrose loss was due to
‘respiration'and very little was due to inversion.
Micro-organisms are responsible for much of the
deterioration in thawed beets. Damaged cell membranes allow
the exodus of the cell solution into the intercellular
spaces where micro-organisms are present. It is not known
whether these micro-organisms enter from soil after topping
or are naturally present in the beet. Bacteria (Leuconostoc
mesenteroides) act on the cellular solution to produce
polysaccharide gums (dextran and levan), which’cause
filtration problems in the processing plant (13). The
polysaccharide gums lower filtration rates because they
(particularly dextran) reduce the size of precipitated
pérticles and increase the viscosity of the juice, which is
to be filtered. Measurable quantities of dextran or levan
are not found in fresh, mould damaged, heat damaged or
waterlogged beet (157). Conseqguently, the presence of these

gums is taken to indicate that frost injury has occurred.
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Yeasts also act on the cell solution to produce esters and

the characteristic fruity odour of thawed beets (13).

After frozen beets have been thawed, their invert sugar

content increases rapidly (157). The production of invert

sugars starts soon after thawing, whereas there is some

delay before gums are formed. The lower the température,

reached during freezing, the faster will be the invert sugar

formation on thawing (157). The increase in invert sugar

content is important because: \

It occurs at the expense of sucrose.

The invert sugar is degraded in the sugar factory,
during carbonation and evaporation, to produce organic
acids. Increased amounts of lime must then be added,
during carbonation, to remove these acids.

The higher the invert sugar content of a beet the lower
is the fraction of its sucro;e thch is recovered as
bagéed sugar in the sugar factory.

Degradation of invert sugars is accompanied by increased

colour formation in factory sugar solutions.

-

Other disadvantages of thawed beets are:

They may lose as much as 6% of their sugar content into
the factory transportation and cleahing water (196).
They may rot in the piles, causing the formation of "hot

spots".
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3. They have a soft texture and are, therefore, difficult

to slice.

Because of the difficulties encountered with thawed
beets, frozen beets are generally processed without being

allowed to thaw.

4.4 Processing Frozen Sugarbeets

Frozen sugarbeets are more difficult to process than
uﬂffqggn beets. Additional power must be supplied to the
slicers\ngl). Wider knives, producing thicker slices, are
required. Peorlx\formed cossettes, which plug the diffusgr,
are obtained. Sl;Eé{\knives must be replaced often, as they
can be damaged by dirg\hqd stones, which are frozen to the
surface of the beets. :

Extra heating is needed t;\b:ing the frozen cossettes
to the diffuser operating temperatﬁre. This extra heating is
not as much as would at first be expected as low diffuser
temperatures can be used. This is because sucrose enters the
diffuser water more easily from freeze-damaged than from
healthy cells.

When frozen beets reach the hoppers, above the slicers,
their surface is wet as a result of washing. If there is any
hold-up in the sugar factory, this water will freeze, as a
result of losing heat to the frozen beet. Freezing of tﬁe
surface water causes the beets in the hopper to stick

together. Consequently, when frozen beets are being
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processed, fewer beets are allowed to build up in the
hopper. This ensures faster movement of beets and

facilitates the separation of the beets if they do stick

together.

Overall, the protessing of frozen beets is ndat
considered to be a major problem. In Taber, the throughput
of sugarbeets only falls about 5% when frozen beets are

used. Swift (20f\ stated that the greatest problems are

Y

encountered when mixtures of frozen and unfrozen beets must

be processed.



5. TEXTURE EXPERIMENTS
Following the frozen storage of sugarbeets, the beets may be
processed in either the frozen or the thawed state. If the
beets are thawed, prior to processing, then it is essential
that freeze-thaw damage be kept to a minimum. Otherwise,
rapid deterioration will occur after thawing. Beet texture
is a good indicator of the condition of a thawed beet. A
fresh undamaged sugarbeet will have a firm texture unless it
has become wilted through loss of moisture. In contrast, a
*beet which has become damaged by freezing and fhawing will .-
have lost its rigidity and will have a soft texture;

The texture of a thawed beet is important in the sugar
manufacturing process, where the beet must be cut into
cossettes, before the sugar is extracted. If the beet is too
soft, it will be difficult to cut cossettes into the
required shape.

" As discussed in mo?e detail in Appendix B, the severity

of freeze-damage depends on the following factors:

1. the rate at which the sample is frozen and thawed,
2. the lowest temperature reached by the sample during
freezing, and |

3. the temperature at which the sample is stored.
It was decided to investigate the effect, which a number of
different free21ng and thawing conditions, would have on the

texture of sugarbeet samples. It was hoped to determine

19
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freeze-thaw conditions, which would produce a thawed beet
with a firm texture and little indication of freeze-damage.
The freezing conditions, which were examined, ranged from
rapid freezing in liquid nitrogen to very slow freezing
(0.001 K/min). Thawing conditions varied from rapid thawing

in a microwave oven to very slow thawing (0.001 K/min).

EXPERIMENTAL PROCEDURES

5.1 Preparation of Samples Prior to Freezing

The sugarbeets, which were used, were grown for 6
months in a growth chamber and then stored at 275 K until
required. All the samples were cylinders, which were removed
from along the length of a beet by means of a cork borer,
The cylinders were then cut to a length of 5 cm. The
cylinders were 1 cm in diameter unless they were frozen in
liquid nitrogen. With one exception, the liguid nitrogen
frozen samples had a diameter of (.66 cm., This was because
larger diameter cylinders tended to crack when placed in
liquid nitrogen. Cylinders, which were to be subjected to
micréwavé~thawing after freezing in liquid niﬁrdgen, were
0.33 cm in diameter. For diameters greater than 0.33 cm, the
middle of a miérowave thawed-sample was burned before the
+ ends were thawed.

Excluding the microwave-thawed samples, all beet
cylinders were covered with two layers of aluminum foil

prior to freezing. This was to minimize oxidation and

-
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dghydration of the beet. The microwave-thawed samples were
n;t covered during freezing and thawing. They were, hoﬁever,
covered immediately after thawing.

A 26 gauge copper-constantan thermocouple was used to'
measure the centre temperature, during freezing and thawing.
The thermocouple was pushed through one end an -long the
axis of the cylinder until the thermocouple jur t: was af
the cylinder centre. ToO fécilitate the insertion ~f . -
thermocouple, a hole had been previously made along “ke axis

of the cylinder with an 18 gauge syringe needle.

5.2 Freezing Procedures

5.2.1 Liquid Nitrogen Freezing

Preliminary experiments were performed in which samples
were cut into pieées and visually examined immediately after
they were removed from liguid nitrogen. These experimeﬁts
indicated that 0.33 cm diameter cylinders were completely
frozen after 15 s in liquid nitrogen. Consequently, samples,
which were to be subsequently thawed in a microwave oven,
were frozen for 15 s in liquid nitrogen; Samples, to be
thawed by ambient air or in a water bath, were placed in a
horizontal position on a sample holder (Figure 1) and then
frozen in liquid nitrogen until the centre temperature
reached 268 K. On removal from the ligquid nitrogen, the
centre temperature continued to fall to 263 K or below.
Samples to be thawed at 0.001 K/min or at 0.008 K/min were

frozen in a vertical position. They could then be

i
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transferred quickly to the centrifuge tubes (see Figure 2)
in which they were thawed. They too were removed from the
liguid nitrogen when the centre temperature was 268 K.

It was observed that liquid nitrogen freezing lowered
the centre temperature, of 0.66 cm diameter cylinders, at a

rate of approximately 50 K/min between 269 K and 267 K.

5.2.2 Freezing in 243 K Alcohol Bath

The cylinders were placed in a horizontal position on a
sample holder, similar to that shown in Fiqure 3. The
cylinders were then frozen in a NESLAB LT-50 bath, which
contained 95% alcohol at 243 K. They were removed from the
bath, for thawing, when their centres-reached 263 K. During'
freezing in the 243 K bath, the centre -temperature fell at

the rate of 2.5 K/min between 269 K and 267 K.

5.2.3 Freezing at 0.008 K/min or 0.001 K/min

The samples were placed, in a vertical position (Figure
2), in closed 50 ml centrifuge tubes (to prevent attack by
alcohol) which were kept in the NESLAB LT-50 bath af 273 K,
When the samples attained a temperature of 273 K the bath
temperature was programmed to fall at the desired rate
(0.008 'K/min or 0.001 K/min). When the bath tempeéature

reached 263 K, the samples were removed and thawed.
P
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5.3 Thawing Procedures

5.3.1 Thawing in Microwave Oven

Microwave thawing was performed in a TOSHIBA DELUXE
SERIES microwave oven. This oven“has nine levels of power
available for heating. The lowest power level was used in
these experiments.

The 0.33 cm diameter samples were placed in liquid
nitrogen for 15.s and then transferred immediately to the
microwave oven for 75 s. Samples placed in tie microwave
oven for less than 75 s were still partially frozen on being

removed. In contrast, samples left in t#® oven for periéds

longer than 75 s were too hot to touch.

5.3.2 Thawing in 303 K or 310 K Water Bath

——

. The samples were thawed ii water, maintained at either
303 K or 310 K, in a BRAUN THERMOMIX 1420 constant

temperature bath.

Between 268 K and 270 K, the temperature at the centre

of the sample rose at a rate of 2.5 K/min.

»

5.3.3 Slow Thawing

The samples were placed on a bench in thézlaboratory
until they were thawed.
Tne centre temperature was observed to rise, at a rate

~of 0.5 K/min between 268 K and 270 K.
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5.3.4 Thawing at 0.008 K/min or 0.001 K/min

Closed centrifuge tubes (capacity 50 ml) were submerged
in 263 K alcohol, in the LT-50 bath. The tubes cont;ined
sufficient weights to allow them to float vertically in the
bath. Samples, prefrozen to 263 K, in a prescribed manner,
were placed ib the tubes. The bath temperature was then
programmed to\riSE“at the desired rate (0.008 K/min or 0.001
K/min). When the bath temperature reached 273 K, t samples
wefe removed and brought to room temperature in a 310 K J

water bath.
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5.4 Texture Measurements

After thawing, the cylinders were cut into five pieces,
each 1 cm long. The three interior pieces were then tested
on an INSTRON UNIVERSAL TESTING MACHINE. This machine has
been widely used (25,26,80,108,167) in Food Science to
examine the effect of various treatments on food texture.
The Instron was arranged as in Figure 4. A sugarbeet
cylinder (1 cm diameter, 1 cm long) was placed on the
compression table. The moving crosshead was then brought
down slowly, using manual controls, until the anvil juét
touched the sample. The crosshead was then lowered at a
speed of 0.5 cm/min until the cylinder was compressed to
0.24 cm.

When a sample is compressed it exerts a force, which is
detected by the load cell. The load cell essentially
consists of four strain gauges attached to a cantilever
beam. The strain gauges are arranged as a Wheatstone Bridge.
Any deflection in the cantilever beam, due to a force
exc-ted on the load cell by a sample being compressed, will
change the resistance of each strain gauge in proportion to
the exerted force. The change in the strain gauges cauées
the bridge to bécome unbalanced and this results in a change
in the output voltage to the recorder. The Instron is
calibrated so the recorder output indicates force versus
time. As the crossheaé speed is known, this output can be

easily converted to a stress-strain relationship.
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5.5 Experimental Results

Prior to performing the freeze-thaw eiperiments,
preliminary stress meésurements were taken on unfrozen
samples. This was to test the variability of samples within
a beet and between different beets. The results are listed
in Table 1. This table shows the compressive stress of 1 cm
long cylinders, after they have been compressed to a length
of 0.9 cm. From this table, it can be seen that an unfrozeﬁ
beet cylinder has a compressive stress of about 65 N/cm?® at
a strain of -10%. However, compressi?e stress measurements,
for different beets, can vary between 54.% and 72.8 N/cm:?.
This 1s a variat%on of about 35%. Within a particular beet,
variations of the:order of 20% were obtained.

Typical results for fresh, and freeze-damaged beets are
shown in Figure 5. Point A is called the "brittleness
point™. At this point the tissue of the beet collapses and
the compressive stress drops sharply. The brittleness point
of a freeze-damaged beet occurs at a strain of about -70%,
whereas for a fresh beet it is observed at a strain gf about
-25%. Also the compressive Stress at the brittleness point
1s smaller for a freeze-damaged beet. For low values of
strain, the curve for an unfrozen beet 1is much_éteeper than’
that of a freeze-damaged beet. Consequehtly, iE‘was decided.
to use the value of the compressive stress, at a strain of

-10%, as an indicator of freezing injury. Low values of



TABLE 1: COMPRESSIVE STRESS OF UNFROZEN SAMPLES

Beet = No. of Samples® Compressive Stress (N/cm?)

1 14
2 14
3 14
4 10
5 15

— - — . — o ——————_——— o t— - ——————

68.8 t 11.7
72.8 £ 11.5
65.4 = 5.7

67.1

+

3.1

1+
s
o

54.4

* No. of Samples

n

number of 1 cm long, 1 cm diameter

cylinders which were examined.

31
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this stress can be considéred§synonymous with softness.
Compressive stress measurements (at a -10% strain), for
unfrozen and thawed beet cylinders, are tabulated in Table
2. The unfrozen and thawec ~~li-ers, in each row of this
table, were taken from the same beet. A v range of
freeze-thaw conditions was considered “hey all produced
soft cylinders, with a compressive stress which was an order
of magnitude less than that of an unfrozen cylinder. Two
trends are noticeable in fable 2. The first one is for
cylinders frozen in liquid nitrogen. For these beets, it
-appears that, with thg exception of microwave thawing, the
faster the thawing rate the firmer will be the thawed beet.
With microwave thawing, 0.33 cm diameﬁer cylinders were used
and this may-have affected the stress measurements. The
second trend was for very slowly frozen samples (0.008 K/min
or 0.001 K/min). Firmness appeared to increase as the
thawing rate was decreased. Thus, these texture experiments
supported the general rule, explained in Appendix B, that
fast freezing should be followed by fast thawing and slow
freezing by slow thawing. However, the experiments were
repeated an insufficient number of times to conclusively
prove this rule for sugarbeets. It was not considered
worthwhile to carry out more repeats to determine which

freeze-thaw conditions produced the "least soft" beets.



TABLE 2: COMPRESSIVE STRESS

FREEZE - THAW CONDITIONS

Liguid Nitrogen Free21ng

—-in microwave oven?
-in 310 K water bath?®
-at 0.5 K/min?

-at 0.008 K/min?

-at 0.001 K/min?

Freezing in 243 K Bath

-in 303 K water bath
-at 0.5 K/min

Freezing to 263 K at

- v ——— — = - t——— — t—— o o . —

-in 310 K water bath
-at 0.5 K/min

-at 0.008 K/min
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OF FROZEN - THAWED SAMPLES

70.

74

74.
84.

76.

' 80.
80.
80.

2+3.5 (2)* 2.3%1.2 (16)
- 6.7t3.5 (12)

.5%3.8 (4) 5.312.6 (8)

5+3.8 (4) 3.5¢0.6 (9)
5+0 (2) 3.8+0.9 (7)

.124.7 (9)  4.140.4 (9)

0+8.4 (8) 7.4%1.0 (9)

7+2.8 (4) 5.140.1 (7)
7+2.8 (4) 8.5+2.7 (8)
7+2.8 (4) 10.6%4.2 (9)



'Freezing to 263 K at

0.001 K/min and thawing UNFROZEN THAWED
-in 310 K water bath : 82.1+3.9 (2) 3.7+0.8 (9)
-at 0.001 K/min 82.1+£3.9 (2) 5.6+1.3 (9)

...____.___—__._—...-..-...——_——_..-_______—_..-......—____—__..—_..—_-..___

' The figure inside the brackets is the number of

l cm long cylinders tested.

* indicates 0.33 cm diameter cylinders were used.

.

3

indicates 0.66 cm diameter cylinders were used.
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The above experiments indicated that thawed beets are
soft, irrespective of the freezing and thawing method used.
This softening of beet tissue is directly related to water
loss from the beet cells. During freezing, water leaves the
interior of the cell and freezes in the intercellular region
or on the surface of the cylinder. On thawing, all of this
water may not re-enter the cell. This may be due to cellular
damage (aiscussed in Appendix B), or to nonequilibrium |
éonditions, where the water has insufficient time to
re-enter the cell during thawing. In either case, the water
is lost as "drip". Loss of water reduces the firmness “he
tissue. S?me experiments were performed to test whetkh 2
softness of thawed beets was due to noneguilibrium thawing
conditions or to cellular damage. Thawed cylinders were left
uncovered in water, for periods of up to 16 hours, to
determine if they would absorp water and increase their
firmngss. It was observed thaé soaking in water did not
appreciably change the compressive stress of the samples.
Conseqguently, it was concluded that loss of firmrase in
thawed cylinders is caused by cellular damage. Ii is,
therefore, expected that all the freeze-thav jivions,
examined in this thesis, result in beets whic. ~teriorate
rapidly and become unprocessable. Therefore, froze.. beets

should not be allowed to thaw before processing.



6. STORAGE EXPERIMENTS
It is geénerally accepted (15,58,77,201,213,230) that if
beets are stored frozen then the rate of sucrose degradation
is decreased. As part of this thesis, experiments were
performed to determine the effect of a number of variables
on sucrose loss in frozen storage.

The amount of sucrose lost during frozen storage should
depend primarily on the storage temperature and the storage
time. To consider the effect of temperature some samples
were stored at 263 K and others at 248 K. The effect of
storage time was removed from the study by storing all the
samples for « x ‘tr... This time was selgcted because the
use of frozen st .. “111 probably increase the factory
operating period frc.. four to six months. Frozen storage
will be limited to six months because outdoor air
temperatures in Aptil may 5? high enough to cause thawing of
the beets. If shorter storaée times were used in the
experiments then smaller changes in sugar conteﬁt would
resuit. These small changes would be more difficult to
measure experimentally.

In addition to storage time and temperature, the rate
at which beets are frozen may affect the amount'of sugar
lost during storage. As explained in Appendix.B, the rate at
which a plant is frozen éan deterr.n+s the amount of injury
it experiences during freezing. It wruld appear likely that
beets experiencing the most damage during freezing would be

the least stable during storage and would show the greatest

36
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decline in sugar content.

Sucrose ioss, during frozen storage, may also depend on
the lowest temperature attained by the beets during
freezing. For example, consider the effect of low
temperature on invertase. Fennema (77) stated that the
activity of invertase can be considerably reduced by
exposing it to a temperature of 233 K, This decrease in
activity may be important as invertase catalyzes the
hydrolysis of sucrose to glucose and fructose. Consequently,
if beets are frozen to 233 K prior to storage, sucrose
losses may be decreased. However, exposing the beets to this

lower temperature may increase the damage inflicted on the

beet cells.

6.1 First Set of Storage Experiments

"n these experiments, beets were subjec.ed to a number
of treatments. A "treatment" is considered to be defined by
the freezing and storage conditions which a sample

experiences. The eight treatments considered are now

defined:

Treatment l:Freeze and store samples in liquid nitrogen at
77 Kl

Treatment 2:* Freeze samples to 233 K and store at 263 K (#

1.5 K).

*Samples subjected to treatments 2-5 were frozen in a 233 K
alcohol bath.



Treatment 3:Freeze samples to 233 K and store at 248 K (%

1K).

Treatment 4:Freeze samples until the centre temperature
reache; 263 K and store at 263 K (x 1.5 K).

Treatment 5:Freeze samples until the centre temperature
reaches 248 K and store at 248 K (% 1 K).

Treatment 6:Freeze samples at a rate of 0.004 K/min to 262 K
and store at 263 K (i 1.5 K).

Treatment 7:Freeze samples at a rate of 0.004 K/min to 247 K
and store at 248 K (z 1 K'

Treatment 8:Freeze samples in liquid nitrogen for 30 s and

store at 248 K (+ 1 K).

Any sucrose loss resulting from treatments 2-8 was to
be evaluated by comparing them to treatment 1. It was
assumed that beet cylinders,'subjected to treatment 1, would
not experiencé a decrease in sucrose content since they were
stgred in liquid nitrogen. Treatments 2 and 3 were
undertaken to test if exposing the samples to 233 K would
reduce sucrose losses during storage. Treatments 4 and 5, 6
and 7, and 8 were investigated to determine the effect of
fast (10 K/min), very slow (0.004 K/min), aﬁd very rapid (50

K/min) freezing on sucrose losses in storage.

6.1.1 Experimental Procedures

A

A Randomized Block Experiment was set up for the eight

treatments. A replicate consisted of a set of three beet
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cflinders, each 5 cm long and 1 c¢m in diameter. EVéry set
contained one cylinder from each of three beets. The eight
sets were then assigned at random to the eight different
_treatments. This procedure was followed twelve times to
produce twelve replicates.

The beets, used in replicates 4 ~ 6, were taken from a
storage pile, outside the sugar factory in Taber. They were
stored at 293 K for three week$, prior to freezing. Unless
stated otherwise, all the other replicates were taken from

beets grown for six months in @ growth chamber and stored at

275 K until they were removed for freezing.

Detailed Description of Treatments

In all the following treatments, the beet cylindefsiwere
covered bv two layers of aluminum foil in-order to minimize
dehydraticu and surface oxidation in storage. It also
afforded some protection to the cylinders from the alcohol
in which they were frozen.

For the four intermediate rate freezing treatments
(2-5), the samples® were put in the sample holder (Figure.3)
which was then placed in a 233 K alcohol bath for various
periods of time, depending on the treatment. The samples
were quickly transferred, after being shaken to remove
alcohol from their surface, to one of the storage freezers.
Preliminary experiments indicated the centre temperature
would be at 263 K, 248 K, and 233.5 K afte; 2 min * 10 s, 2

min 30 s + 15 s, and 4 min 40 sec + 30 s, respectively, in
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the 233 K bath. Based on these preliminary experiments, the
intermediate rate freezing treatments in Table 3 were
performed.

The ultraslow freezing treatments (6 ané 7) were
performed by placing the cylinders in closed 50 ml
centrifuge tubes (Figute 2). The tubes were then&but in a
273 K alcohol bath. The bath temperature wes programmed to
fall at a rat; of 0.004 K/min. When the bath temperature
reached 262 K the treatment 6 samples were transferred to

the 263 K storage freezer. At a bath temperature of 247 K

the treatment 7 samples were moved to the 248 K storage

TABLE 3: INTERMEDIATE RATE FREEZING TREATMENTS

-—— - — - __——..—_—-.—_-—_-..._-._——-_—-_-.__—_——_.—..._

4 ' TIME IN STORAGE
233 K TEMPERATURE
BATH(min)  (K)
Treatment 2 10 263
Treatment 3 10 248
Treatment 4 . 2 263
Treatment 5 2.67 248

freezer. The samples were frozen to 1 K below thei¢ storage

temperature. This was because preliminary experiments had
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shown that the temperature of the samples rose about 1 K,
while being transferred ‘from the alcohol bath to the storage
freezer.

The rapidly frozen samples (treatment 8) were put on a
holder (Figure 1) and then into liquid nitrogen for 30 s.
The samples were next transferred to the 248 K storage
freezer. Preliminary experiments had been performed in which
samples were placed in liquid nitrogen for 30 s and then
warmed in ambient air. It was observed tnat the centre
temperature was hetween 279 K end 271 K, on removal from the
nitrogen. It, subseqnently, continued to fall, to a value

between 249 K and 213 K.

6.1.2 Experimental Results

. ¢
The sucrose contents, reproducible to * 0.2% sucrose,

obtained after 26 veeks (¢ 2 days) of storage are shown in
Table 4. A detailed.deseription of the procedure, used to
estimate sugar contents, is liéted‘in~Appendix C. From the
results in Table 4, an Analysis of Variance (AOV) table was
constructed and it is shown ae Table 5. From the F values in
this table it can be _seen thatlthere is a significant
difference between treatments at the 1% level 1.e. there is
-a 99% probab111ty that a dlfference between treatments
exists. R y

v

In Table 6, the 8 treatments are listed in order of tbe
et S,
mean sugar contents trey produced. ,
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MEAN

TREATMENT SUGAR CONTENT

(¥sucrose)

Trt.1l " 17.6
Trt.7 . 17.6
Trt.8 17.5
Trt.6 17.5
Trt.5 16.9
Trt.3 l6.8
Trt.4 - 16.6

Trt.2 16.4



45

Duncan's Multiple Range Test (69,70) was .used to determine
which treatments were significantly different from treatment
1 (the "control"). The detailed analysis is given in

Appendix D. The results may be summarized as follows:

5% level of significance

Trt.2 Trt.4 Trt.3 Trt.S5 Trt.6 Trt.8 Trt.?7 Trt.l

1% level of significance

Trt.2 Trt.4 Trt.3 Trt.5 Trt.6 Trt.S8 ‘Trt.7 Trt.l
&

3
i

Any two treatments which are underlined with the same line
are not significantly different. If two treatments are not
underlined with the same line then they are significantly
different. With one exception, the use of either a 1 or 5%
level of significance lead to the same conclusions.
Treatment 2 was significantly different from treatments 3
and 5 at the 5% but not at the 1% level.

It can be reasonably concluded that ultraslow freezing
(0.004 K/min) produced a negligible loss of sucrose for both
storage temperatures (treatments 6 and 7). Liqguid nitrogen
freezing, followed by 248 K storage (treatment 8) also lead
to an insignificant change in sucrose content. However, an
intérmediate freezing rate (treatments 2-5) causéd a

significant sucrose loss. This was true for both storage
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temperatures. Freezing the samples to 233 K (treatments 2
and 4), instead of to the storage temperature, did not
appear to reduce the amount of sucrose lost during storage.
However, this sucrose loss could have been due either to the
freezing rate or to attack by alcohol. In treatments 2-5 the
beet cylinders, covered in aluminum foil, were placed in a
233 K, 95% ethanol, bath for 2-10 minutes depending on the
treatment. The samples were then removed from the bath,
“shaken to remove alcohol, and placed in 50 ml containers in
a 263 K or 248 K freezer. Despite this shaking, a few drops
of alcohol did, enter the contaiper. As these containers were
closed éﬁr%ﬂg/ttorage, a few drops of alcohol would have
been sufficient to saturate the air inside the containers.
Also, a small amount of liquid alcohol 4did, despifg the
aluminum foil} reach the surface of the cylinders. Prior to
an examination of the experimental results, it was assumed
that the minute amounts of alcohol involved would not affect
the beets, especially as they were being stored at low
temperatures. However, as the four treatments which sthed a
loss in sucrose were the only treatments in which the
cylinders were physically contacted by alcohol, this may not.
have been a valid assumption.

The low sugar contents may also have resulted from the
experimental procedure which was used to measure them. As
part of this procedure, the cylinders were cut into minute
‘pieces in an Oster blender. Before blending, the a%uminum

foil cover was removed from the cylinders. The surfaces of
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the intermediate rate frozen samples were moist.
Consequently, a small amount of liquid ("drip"), containing
sugar, may have been lost when the foil was removed. The ice
layeern the surfaces of ultraslowly frozen samples may have
prevented any significant decrease in measured sugar content
‘due to drip loss.

As well as being part of the Randomized Block Design,
treatments 2-7 also formed a Complete Factorial Design. This
latter design consisted of two levels of storage temperature
(263 K and 248 K) and three levels of freezing method
(ultraslow f;eezing, intermediate rate freezing to the
storage temperature, and intermediate rate fr-ezing to 233
K). For these six tréatments the experimental results are
rewritten in Table 7 in the form of a Factorial Design.
Table 8 is a summary of Table 7. It simply shows the column
totals of Table 7 in a more succinct form. The AOV table for,
the Factorial Design is shown as Table 9. From the F values
in this table it can be seen that there is a significant
difference between different freezing methods and between

different storage temperatures.



48

»s++13UBLBM AQ BsOUDNSY se passaudxs BJ® S3[NSBU BAOQE BYL, ..,

8 0CZ4 b 961 0664 S 602 €102 670z Lz violL
L]
8 66 V9l €91 8 9l 8'gi € L1 S Ly zi
L v0) 8 94 € L1 LLy ‘ T VoLl €81 .
L ve LSt T 094 T 091 z 94 0\
0 z04 Lol S 94 z L € L1 voLy S L) 6
L zos 8 91 LSt 6 L1 9L} 694 8 L 8
8° 804 L 9 L) - 678} 6 Lt 8 Li &8 L
b 96 6 vi s s 0Lt z° 9 L9y Y ‘9 v
S 20} L9t 99} z Ly £ L) v 9 £ 8 S
8° 06 S vl 9° g4 8 st £ bt 9 vy 091 v
L 2O 9 94 0Lt voLy > el L Ly vl €
T z 9t Ly v 8l Tl 9 9°84 z
9011 ' grgy v 8l z 6l z 8l voLy L6 '
» cez L 39vE0Ls * ez L 39va01s
WI0L o1 323381 oL 323343 373354 0L 323384 01 3731m 323394 31vol1a9n
QINEIINTaIEINT movewmnion OIMEINT aImEIING mOTSvaLh
sz < nivesamas soveers | T X BYZ « 3univaaawal soveoie

NOIS30 1vIg0oidovi sy G3AvIdS1Q S1INS3d INIINOD 3S040NS ‘L 318vy



49

STIAIT INIWLVIML INIWIA41Q 40 S1D03443 '8 3I78VL
.

L L6E 6 10V [ANT44 aviol
.
v 961 0'661 S°'60¢C A €£9¢C
£ 102 6202 L Ve A 8vZ
T A EET 1 39vd01S
R e
01 ONIZ3344 0L ONIZ3343 ONIZ3344 SNOILIANOD
IIVIA3WAIINI FLIVIQINAILINI MmosvalLIn 3OVI01S
-



A e gy e

']
o
Vo]
105 Ly E 18E' O
zh L Zo' v 08
10° S LV E LLLE
(LE E) (8e°2) (ZZ v1)
65 ¢ L6} £V Gz
. Al %5
3ONVOI4INODIS
404 4 4

P
(O Y AR 1]
120 €St
80°0 910
‘8971 89"}
G6'9 60° €1
(66°C) (E6 1)
ve'g§ vL 8G
S3YVNOS S3¥VNOS
NV 3W 40 WNS

4043

¢  3IOVHOLS X DNIZ3I3A4

(s)

b

40 S33¥93a

NDIS30 IVIy0iovy

EDLZJONEN
ONIZ33u4
(SIN3WLVIYL)

$31vO11d3y

40 323N0S

3H1 H04 378vL 3IONVIZVA 40 SISATYNY ‘6 318vil



51

Duncan's Multiple Range Test (Appendix D) produced the

following results for 5 and 1% levels of significance:

Trt.6 Trt.?7
|

:Tkw‘

lﬁ Level of Significance

Trt.2 Trt.« Trt.3 Trt.5 Trt.é6 Trt.7

From the results of Duncan's Test, it can be concluded that
when using an intermediate rate of freezing it is immaterial
whether the sample is frozen to 233 K (treatments 2 and 4)
or merely to the storage temperature (treatments 3 and 5).
Also, ultraslow freezing leads to a significantly higher
sucrose content than intermediate rate freezing.

The low F value for the Freezing X Storage interaction
indicates that the interaction between the freezing method
and the storage temperature is not significant. Thus, the :
freezing conditions which prgduce the highest sugar content
after storage at 263 K will also be the best conditiéns for
storage at 248 K. Similarly, 248 K storage following any
given freezing conditfo?s will produce higher sugar content
beets than those subjéé&ed to 263 K storage, following the
same freezing conditions.

The conclusions from the Randomized Block and Factorial
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Designs are now summarized:

1. It is significantly better to store beets at 248 K than
at 263 K.

2. There is an insignificant interaction between freezing
method and storage temperature. |

3. Ultraslow freezing produces higher sucrose content beets
than intérmediate rate freezing.

4. Freezing to 233 K, instead of to the storage
temperature, has an insignificant effect on the sucrose

. content.

However, as noted in the Randomized Block analysis, the
lower sucrose contents resulting from intermediate rate
freezing mday have been due to alcoholic contamination or to

drip loss during the sugar content determination.

6.1.3 Physical Condition of Beets After Storage

A numbervof beet cylinders weré visually examined
immediately after storage. It was apparent that the
condition of these cylinders depended‘on the freezing method
and storage temperature used. Liquid nitrogen frozen samples
stored at 77 K of at 248 K were as white (immediately after
thawing) as when they wete placed in storage.

Ultraslowly frozen cylinders, stored at 248 K, had

slightly off-white coloured surfaces but their interior was

i R e =

R P P B e

s
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white. Ultraslowly frozen cylinders,stored at 263 K, had
some surface browning but their interiors were white or very
light brown. These samples had a much thicker surface layer
of ice than cylinders frozen more quickly.

Intermediate rate frozen samples stored at 548 K
(treatments 3 aqg 5) were generally as white as the unfrozen
samples. Occasionally some browning occurred. Intermediate
rate freezing, to 263 K or to 233 K, usually resulted in a
marked deterioration of at least part of the surface
following storage at 263 K. The surfaces of these cylinders
had either bléck, brown; or grey areas. This surface
colouring was_also present in the Pﬁterior beneath it,
although generally in a lighter form. Usually, deterioration
started at one or both ends of the cylinder. This could have
been due to the faster freezing rates and lower temperatures
which were obtained at the ends during freezing. It could
also have resulted-from the fact that alcohol may have been
trapped under the aluminum foil at the ends of the cylinder.

6.1.4 Additional Experiments

Some experimental difficulties were experienced with
repli;ates l~3‘of treatment 6 and with replicates 1-6 of
treatment 5?Qé§§sequentlf, it was decided to carry out an
extra three replicates of treatment 6 and an extra six
s,

_replicates of treatment 7. The results obtained are given in
Table 10. These results support the earlier conclusion that

‘ultraslow freezing, followed by six months storage, at

e T A S g e A TS

i i i
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either 263 K or 248 K, produces insignificant changes ipn
sucrose conterit. The mean sucrose content of replicates 4-15

for treatments 1 and 6 yere 17.2 and 17.1%, respectively.

For replicates 7-18, both t:reatments 1 and 7 had a mean

sucrosé content,of 17.8%.

The behaviour of refrozen samples during storage was
tested for three'replicates. 1t was reasoned that refrggz ]
the samples would cause ext;;§§Ve tissue damage and would be
a good test to determine if b. 1y “~maged beets would‘lose
sugar when stored at 248 K. Tre samp;es were frozen slowly
(0?004 K/min) to 249 K (+ 2 K) and cthen immediat)ly thawed,
at a rate of 0.% K/min, to 271.5 K. They were refrozen,
wifhout_delay, at a rate of 0.25 K/min, to 247 K and stqred
at 248 K for six months. These freezing and storage \
conditiohs were considered to be treatment 9. The resulﬁs
are summarized in Table 11. From this table, it woula appear

that even refrozen samples, stored at 248 K, will have a

megligible loss in sucrose. However, additional replicates

.WOULdTbe required to validate this conclusion’

Lo
+ LA



TABLE 11: SUCROSE CONTENTS OF .REFROZEN SivPLES!

—_—— e —— — e — N - — - - ————— —————

3 - v."‘
i I 4
& .
8
REPLICATE CONTROL ‘ REFROZEN
(Trt.l) (Trt.9)
(%¥sucrose) (¥sucrose)
4 15.7 15.1
5 17.6 17.7 ?
6 16.9 17.2
MEAN 16.7 16.7

- e —— ———— - — — ————— ———— — ————— - ——

! Taber bgets were- used in these experiments



6.2 Second Set of Storage Experiments Yﬁ%f‘

These experiments were designed to test if the sucrose
lost in the intermediately fast frozen samples of the first
set of experiments was actually due to the freezing rate. At
the same time it Qas decided to determine if liquid nitrogen
frozen samples would lose sucrose when stored at 263 K. The
following four treatments were considered in this set of
experiments:{& :

’

Treatment 1: Freeze and store samples in liquid nitrogén at
- =

77 K.

Treatment 10: Freeze cylinders in liguid nitrogen and store

R

L 1em at 264 K (+ 1.5 K).

Treatment 1l1l: Freeze cyl}nders in a 233 K alcShol bath until

the centre reaches 248 K and then store at 250 K (1l K).

Treatment 12: Freeze cylinders in a 233 K alcohol bath until

the centre reaches 263 K and. then store them at 264 K (1.5

K).

Prior to freezing, the treatment 11 and 12 samples were
wrapped in aluminum foil and placed in sealed polystyrene
tubes to prevent contamination by alcohol. The polystyrene
tubes reduced the freezing rate by a factor of three. The
tiMie for the geometric centre to go from 269 K to 267 K

T -
increased from 15 s to 45 s. ,‘f
. V.3

/“ .

-t



For each replicate, four groups of three cylinders were
taken from two beets. Each group contained two cylinders
from the first beet and one from the second. The four groups

were then assigned at random to the four treatments..

6.2.1 Experimental Procedures

Treatment 10 consisted of freezing the samples (covered
with aluminum foil) in liquid nitrogen for 30 s aﬁg'theh
transferring them rapidly to the 264 K storage fieege;,

In treatments 11 and 12, the samples were wrapped.ih’ 
aluminum foil and placéd in polystyrene tubes (7.5 cm long,
1 cm 1.D.) which were then sealed. An epq?? glue, which
dried'in 5 min, was used to prevent alcth‘r&eaking into the
tube (Figure 6). The tubes were then put in the holder
(Figure 7) which kept them ;n a horizontal position in the
233 K alcohol batH. In treatment 11, the tubes were in the
bath for 4.5 min before being moved to the 264 K storage
freezer. In treatment 12, the tubes were in the bath for 5.5
min before being transferred to 248 K storage. It had
earlier been observed that the centre of the sample would
reach 258 + 3 K and 244 + 2 K sfter 4.5 and 5.5 min,
respectively in the bath,

The procedure, used to de.ermine sugar"bontent, was
modified for these experiments. The sugarbeet cylinders were
placed in the blender jars without first having their

‘alumigum foil cover, removed. This modification pre -r:ed any

drip %.'Of sugar. » ~
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6.2.2 Experimental Results

Physical Condition of Beets After Storage

Cylinders frozen in liquid nitrogen and stored at 263 K

(treatment 10) usually contained golden and white regions,

bo;b at the surface and in the interior.

Cylinders frgggnﬁat an intermediate rate and stored at
250 K (treatment ii) were all white. . /

The treatment 12 cylinders (frozen at an intermediate
rate and stored at 264 K) had a similar appearaﬁée to those
subjected to treatment 10. However, dark brown regions were
soﬁetimes obtained. Generally, the‘treatment 12 cylinders

showed more sign of deterioration than treatment 10

cylinders.

Sucrose Content

The sucrose contents, which were obtained after 180 + 4 days
of storage, are summarized in Table 12. This data was used
to construct Table 13, which is an Analysis ‘of Variance
table. From the F values in this table, it can be concluded
that a signifiéant difference between treatments existed at

the 1% level.



TABLE 12: SUCROSE CONTENTS!®

Replicate Trt.l Trt.10

—— - ——— ——

1 17.4 17.6
2 18.5 18.3
3 17.2 17.3
4 17.4 17.8
5 16.9 16.6
6 17.6 17.7
7 17.1 16.9
8 17.5 17.4

Trt.1l1

17.7

18.2

17.6

17.9

16.7

17.9
16.8
17.7

62

AFTER 180 DAYS OF STORAGE

Trt.l2

17.2
18.1
17.2
17.8
16.0
17.5
16.2 .
17.0

- — - — ———————— — Y ———— = — - - ———

' Results expressed as %sucrose by weight.
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N\
' The four treatments are now listed in order of their

mean sugar contents:

Trt.12 Trt.1l0 Trt.l Trt.1ll

17.1 17.5 17.5 17.6

The results of a Duncan's Multiple Range Test, performed in

Appendix D, are summarized below:

5% Level of Significance

Trt.12 Trt.10 Trt.l Trt.ll

e ey

1% Level of Significance

Trt.12 - .10 Trt. .11
rt.1l Trt 19, rt.l Trt.1l

From the above results, it is concluded that treatments 10
and 11 caused a negligible loss in sugar. Treatment 12 is
significantly differeng from treatment 1 at the 5% level but
not at the 1% level of significance. However, it must be
mentioned that replicates 5-8 of treatment 12 were stored at
264.x,§355reas replicates 1-4 were stored at 263 K. This was
because'of‘the temperature variation within the storage
freezé}. For replicates 1-4, treaﬁhengg 1 and 12 both had an
average sucrose content of 17.6%. For %éplicates 5-8,

treatment 1 had an average sucrose content of 17.3%, whereas‘
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it was only 16.7% for treatment 12. It would, therefore,
appear that a negligible loss in sucrose is obtained, for
treatment 10, if the storage temperature is maintained at
263 K. However, a small rise in sttrage temperature may
cause a significant loss in sucrose. This theory is
supported by the experiments of Wyse (230). He observed that
the respiration rate of sugarbeets decreased gradually :« _h
decreasing temperature until a temperature of 265 K was

reached. At this temperature *he respiration "declined

shareéy to near zero"

(4

From the above experiments, it is concluded that an

insignificant loss of sucrose results from:

1. six months storage at 250 K or~at'263 K, following
freezing ¥n a 233 K alcohol bath, or.

2. s}x'months storage at 263 K, following freezing in
ligquid nitrogen. |

f
6.2.3°Supplementary Experiments ’

The above conclusions are supported by the results of
supplementary experiments. The results of additional
replicates of treétments 10 and 11 are listed in Tables 14
and 15. The average of the sugar contents of fourteen
replicates (eight from Table 12 and six from Table 14) is
17.8% for bothktreatmepts~lf§nd l;. Similarily, eleven
replicates (eight from Table 12 and three from Table 15) of

treatmént 1 and of treatment 10 have the same average

-
-

! Dl
- ! e
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TABLE 14: SUCROSE CONTENTS® OF EXTRA TREATMENT 10 SAMPLES

—— e —— . - —————— - WA e S A e A e R G M e S b T . T W e e o e v - e e A

Replicate Trt.l Trt.10
1 18.5 19.0
2 18.5 1+.3
3 18.8 1¢

! Results expressed as %sucrose by weight.

1y,
7

é.

TABLE 15: SUCROSE CONTENTS! OF EXTRA TREATMENT 11 SAMPLES

—— e~ — - ——— . W —— e - Ve A S e M A W e e G e et T s ma WA G m et W S e e T e S o G

Replicate Trt.l Trt.ll

1 S 17.4 16.8
2 18.7 18.7

3 18.4 . 17.9

4 18.2 18.1

5 © 18.5 18.5

6 18.9 18.8

*

® * Results expressed as %sucrose by weight.
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sucrose content (17.8%). One extra replic=z=:¢ of treatment 12
(stored at 263 K) produced a sugar content i 18,3%, whereas

the treatment 1 sample had a sugar cc¢ ent of 18.5%.

6.3 Conclusions from Storage Experiments

Based on all the storage experiments, it may be
concluded that sucrose losses will be negligible in beets,
stored for six months at 248 K or 263 K, irrespective of the
freezing method used. HoweQer, ultraslow f;eezing has the
advantage of providing a thick surface layer of ice. This is
imporfant as?it may (at least until the ice melts) reduce
the amount of sugar which is lost in the beet factory to the
water, which is used for the transportation and washing of
the frozen beets.

A storage temperature of 248 K'is preferred to one of

263 K as it minimizes:

1. the probability of the‘beets becoming thawed prior to

processing,

2. the quantity of sugar which is lost to the
transportation and cleaning water, and’

3. the beet deterioration which occurs during storage.

Of course if mechanical refrigeration must be used, storage

Y]

at 248 K will -be the more expensive.

v.fw;
L d . .
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7. SUGGESTED EXPERIMENTS ON STORAGE PILES
The laboratory experiments indicated that frozen storage can
reduce the sugar loss in storage piles from a value of 0325
kg/tonne/day (obta;ned in conventional outdoor piles) to a
negligible amount. L51ng a refined sugar price of $1/kg,
frozen storage could increase operating revenues by
$0.25/tonne of beets/day stored. Frozen storage can be
expected to inérease the gross operating revenues of fhe
Taber factory by about $7 million. It, therefore, appears
Qorthwhile to extend the experiments to thé frozen storage

of sugarbeet piles at Taber. A pilot scale study on one

‘storage pile should first be performed. If the results from

this study are satisfactory then frozen storage of beets
could be carried out on a large scale. .o

There are two alternat1ve methuds of stor1ng frozen -’
plles of beets. The f1rst method ehta1ls the use of cold
nlght air to freeze the beets, w1th subsgquent outdoor )
storage. The main problem with thlS method is that it may be
difficult to prevent the beets from thaw1ng during periods"
of warm weather. This is a particularly val%g concern at
Taber because of the presence of warm é%in&ok }inds. The
second frozen storage method involves freezina and storing.

the beets inside a building, cooled by mechanical

refrigeration. It should not be necessary to use a

Quickfreeze unit to freeze the beets. This is because g&

sucrose losses are negligible in frozen storage even if the

beets are ‘frozen slowly. .
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7.1 Outdoor Frozen Stbragg of Beet Piles

Research efforts should, at first, be cgncent;ated'on
<
the outdoor storage of beets. This is because the cost of

- freezing and storage is minimal. Pile temperatures should be

- increase the cost of storage.

monitored to determine if the beets will thaw during
storage. The use of a piié cover (ice, snow, straw, plastic
etc.) in the prevention of thawing shot - investigated.

»
2

[

7.2 Use of Mechanical Refrigeration”

¥ Tt it appears that thawmg of beets cannot‘" avoided

1n outdoor piles then the  use of mechan1cal refrlgeratlon

<
should be cons:déreﬁfﬁ¥ﬁﬁs would, of cdurse,'significantly
\*\ 3
P .
Hovever frozen storage may

still be econom1cally‘attraat1ve.

. H
7.2.1 Pilot Study Using Mechanical Refrigeration .

TN

A pilot study could be performed by storing 2,500

tonnes of beets at 253 K in an insulated (10 em thick

'styfofoam) archrib structure of dimensions: “

20 m wide X 40 m long X 8m high.
The building would have a six inch concrete floor. The
archrib structure was cqﬁsen'because it is sturdier than an
inflatable building. ThlS is especially relevant because of

the high wind velocities obtained in the Taber area.

!

!
3
M
‘é
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2
”
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3

ca a

7.2.2 Rw pbement s o_f"“}Refrigeration System
~+ Th efrlgeratlon system will have its greatest load

‘requirement in October when outdoor cond:txons are warmest,

g
THe ! £ owing assumptions were. made in estimating the

requirements of the refprigeration system:.:

4 \

ot - >,

; ey : 3

' 7 5 v
€S, u, )

1.  The. average outdoor temperaturexﬁn October ?s 288 K,
'2.  the average outdoor temperature, ddﬁxag ‘the whole

storage periyod, is 273 Kﬂ“") .. i .
o P L \_A‘ SO 4 .
3. the overall heat transfer cbeff1c1ent ig *
- - &#

1 J/(s h;m’.. K) for bbth:heat tr@nsfer through the
s floor and through the wallﬂ’étj - ks

4, the effect of the sunqs na& tlon is account for by
X
: ﬁ

A ! w -

L’

The capacity ‘and average requirements of the refrigeration

+

System were calculated to be 76.7 k%“(ZZ tons of’

refrigeration) and 46.7 (13 tons), respectivelyo

v

R
N, " 1

7.2.3 Refrigeration Reguirement to Cool Beets to 253 K

-

It was assumed .that the 2,500 tonnes of beets were at
283 K when placed in storaée in October. The~hsat, which

must be removedfto‘cool them to 253'K, was then calculated

N

(us1ng the enthalp} ta in Table 18) to be 7.65 x 10° kJ.

"

Assumlng the beets .are cooled in one week, the rate of heat

~

This rate is negl1glhle re}gtzﬂi&&fvthe capacity of the
_ R ol

a




o

‘
-~ N
-

refrigeratioq system.

a

§

7.2.4 Removal of Heat of Respiration
3
The heat of resfiratiop of sugarbeets at 283 K is 0.019

»
kW/tonne of heets (48) The resp1rat1on rate drops to near
¢

zero at about 265 K (230) '1t i ,Jtﬁerefore - assumed that
@ “§"~ble below 265 K. The heat

-

sl »
“the ‘heat of 5espiration

of resp1ratlon to be removed 1s>greatest when tHQ'beetﬂfare
placg& in storage (theh&;tquerature is then 283 X). The
umﬁx1mum value of the” heat of resgamatr%n evolgg by 2 500
d tonnes of beeﬁs, was calculated to be éin kW. This
xvﬁefr1geratﬂon<}oad although much greater than that requ1red

to cool the beets to 253 K is less than the capac1ty'1dfthe
refrlgeratlon system. The h _Vhréspiration does not alter
;the reggired capacity of thfiggizem as. it ‘is negligible when
the ré!glgergtton un1t 1s operating at full capac1ty Thls,

L

of course, occurs when the- storage temperature -is 253 K.

2

7.2.5 Economigs of Using Mechanical Refrigeration

This economic assessment applies to the pilot scale
equipment already described. It ba51cally estimates Ehe net
~cost of performing the experiment. It, also, gives an
indication of the economicrfeasabllity of storing frozen
beets on a.large scale, using mechanical refrigeration.

The potentjal increase in annual rednues obtained by
storing the 2,500 tonnes of beets ln the frozen state was
calculated after making the folloving assumptions:

S

L
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ey 3
0 days, and

2. the price of refined sugar is $1/kqg.
&

' Annual operating costs were calculated after making the

following assumptions:

o

1. no additional labour will be' requiged to pile the beets ‘

in the archrib bu1ld1ng OVer‘hpat required for | ont
16 .

tonventlonal outdoor plles . >
2. the electrical power reguired to.run the refgigeration
system is O{h kW pet kW of refrigﬁration, and

: o
3. the cost of electricity is 1.5 ¢/kW-hour.

v

W . '
b ‘ . LA -
-y Bl

)

" The results of the economic calculations are summérized in
Table 1<, From this table it can be qslckly determlned that

the 1ncr(/;ed HSVenues would pay for the frozen storage

system in about 3 to 4 years. )
o T A c'ap1tal 1n/vestment of $200,000 ’w’ould !)e required to

perform the pilot dcale éxperlment However, 1f 1t was

discovered that thlS form of storage was not fea51ble then

the investment would not be wasted. The archrlb bu1ld1ng
could always be used as a general storage bu1ld1ng The
refrigeration system could be sold for $50,000.

* As shown above, frozen storage of beets may be

economically feasible when applied to an exis 3 sugar

!
-

factory. The possibilities for a new sugar' factory are even

better. Frozen storage could then be used to extend the
) i >
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TARLE 16: SUMMARY OF ECONOMIC CALCULATIONS

T o e e e - —

. h g
» v
CAPITAL COSTS
_____________ .
Archrib building! “” $100,000
Refrigeration system $100,000
OPERATING COSTS il s
-------------- ,‘ ‘ -
_Additional Bbour $8 ¥ 0 -
R e : -
Electricity CRY 2 $1,000
Maintenance . $10,000°
) - ’
OPERATING REVENUES
Increase in ;effned- .
sugar production o, $75,000
;5 . i
_________________ --_-_-__d-__:___T______-_,_
.-
3 [ 4
! includes cost of'installation and
concrete floor. .
FS . : » FRERN ”‘.'.‘;'. a‘ i N .

? 5% of capital cost.

73
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i

OV ) ‘\l

s v
operating period”‘f the factory from four to six, or more,
.

months. This would result in a significant reduction in the
L Y

required daily capacity of the factory. T{{e savzngs in & o

capital costs would then be substantial. #o

In conclusion, the frozen'“storage of sugarbeets in ;’“ &

outdoor piles is economlcg}ly attract1ve. A pllot study
>

shguld beiﬂndertaken to- determlne 1f the beets can be

¥ 3
maintained frozen d,ufmg storage in outdoor piles in the

mechanically co‘oled archr1b&¥ruﬁtures should be
¢ 4

investigated. / . |
,, / > )



g 8. FREEZING MODELS - LITERATURE REVIEW
Heat transfer models are useful in estimating the freezing
injury 1ncurred by Hﬁologlcal samples The severity of this
jﬂ? injury depends on the rat@vat whlch the bioclogical material

is frozen and thawed 'D1f£erent reg1ons of large samples pay
4 ¢
be 1n3ured to different extents since they may experlence

dlfferent rates of temperature change Thus, in estlmat‘lg

‘unlthe overall freehe damage ine.an ent1re sample, it is

dvantqgeous 40 besable to predlct how the temperature
it

~varies ‘with trmeethroughout the samp;e during freezing and

thawingi =~ - - ¢
PRI .
Freezing of biolegical materials is difficult to model

because all the heat of fusion is not remored at one
wfvtemperature‘{.e;”they do:det ha&e a 5534ue free;{pg point.

Assuming there is no superéooling, the water in a biological

material starts to freeze when the temperature is lowered to

’ the initial freezing point. More water is frozen as the

. 7
temperature is further reduced. Approximately 75% of a

food"s water content is frozen by 268 K. . -
. Thermal propertifs change rapidly during freezing.

——

Water is the largest compenent of most ‘€pods. For example,
lean beef contains 74% water, potatoes 78%, and apples 84%,
“When this water freezes, the' thermal conductivity of the
food increases rapidly. In fact, the thermal conduct1v1ty
may trlple in the first 5'K below the 1n1t1al freezing

‘_ .
poxnt. This dramatic increase results from the fact that the

thermal conduétivity of ice is four times that of water. In ~

’
2

75

for
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contrast, the specific heat of a tood falls during freezing.

This also stems from the behavidgi of water, which

experiences a 50% reduction in its specific heat on

freezing.

?

Another complication in food freezing is the fact that -

{
the heat of fusioh is removed over a range of temperatures,
beginning at, or'just below (supercool;ng), the initial
freezing point. This is sometimes alloﬁed for by the use of
an effectlve spec1f1c heat" which 1ncludes a heat of
fusion term. T d" fectlve specific heat 1s a compllcated

g

functlon of te ure just below the initial freezing

point. , R

~ A literature review was undertaken to examine existing -

two phase heat transfer models. Some of these models will .

now be discussed.

PRI
SAR

-8.1 Analytical Solutions.v b

Analytlcal solutions are based on a number of

&h‘m’ ’
simpllfylng assump{;ons. For example, Plank's formula (27),

which is perhaps the most well-known food freezing equation,

is based on the following assumptions: ‘
7

1. the food freezes at 3 unique temperature, rather than

over a range of temperatufes?’

A
2. physical propertles are 1ndependen? of temperature,

‘ although they do have d\ffeneqﬁ value%rln the frozen and
unfrozen reglons, and ..

veNC saL s 4

‘

R A s i -
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oA

3. the food is initially at its freezing point.,

- \ . ~
\ Al

|

~

Plank's formula may be written as:

DLpT1l Gl ‘ Y
tf= [-+——] (1) i
T, h kf : o

where:

i .
t. = time for centré of food sample to reach the freezing

f

- point,
1 = thickness of infinite slab or diameter of sphere or
cylinder, e

?f = freezing point of food,

T; = temperature of cooling medium, ,

L = heat of fusion per unit mass,

p = density, - : "
h = heét transfer coefficient at the surface, _ ' . ‘
D=1/2 for infiﬁite slab or infinite cylinder,i ’

D=1/3 for‘sphéré, )

G =1/4 for ihfinite slab, !

G = l/2-fqr>irf4g3te cylinder o; sphere, o‘b .

kf = thermal conddctiviﬁonf frozen food, ‘

Many researchers (27,40,42,49,68,152) have modified
Plank's eQuation. Cleland and Earle (40;4§Tii,l]5) produced
perhaps the best adagtation of Plank's formula. Based opra

least squares fit of empirical data, the shape factors D and

, : ’
G (in Plank's equation) wg%e modified to allow for thé\;
« : .
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<

‘shaped foods. However, this equation predicted freezing

situation where:

1. the food is ini%ially at a temperature above its

freezing point, and

2. the final temperature at the centre of the’food is bedw

the freezing point.

The heat of fusion, L, was replaced by the enthalpy change
in goin§ from the freezing pofntsfo the final temperature. :

Freezing times (t1 for the ntre of the fooc to reach

263 K) were predlcﬁﬁpr Kar z;.uhe Test Substance, ‘meat and
re

potatoes, which we %%hln + 10% of experlmental values

They concluded (42) that their equations predlcted food
freezing times as accurately as Bonacina and Comini's

4
numerical model (22-24,46). Their method was also shown (44)

¥ ¥,

to be a significant improvement on the eguations of Plank -

and Nagaoka (152). B

Nagaoka ®t al. (152), also, modified Plank's edUatﬁon
to allow fgqr cooling above and below the initial {reezing
point. However, their equation was based on experimental
data fof fx‘h freezing (elliptical shape) Consequently,
Nagaoka s ;;uatlon is not as generally applicable as that of
Cleland and Earle.

Mott (246) proposed an equation, without stating his

assumptigps, for Calculating-fréezipg times of irreqularly

[

" times which were about 80% too long. ‘

w
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appl&ed to the freezing range. The time to go from thé

79

Starting with the freezing point depression equation,
Schwartzberg et al. (185) developed equafions‘to predict the
effective specific heat as a function of temperature during
freezing or thawing. They then assumed thet ohe'phase
solutions to Fourier's heat equation could be extended, for
low Biot mumbers, to the two phase prpBlem.b§ replacing the
constant one phase specific heat:wiﬁh:phe'effective.specific
heat. They also assumed that, duffﬁégfreeidng,‘the'thermal.

conductivity was the average valué“for the fra:en and
e

hined which allowed
' , ) Rois# s s B
the calculation of: the time requireﬁg ;the gﬁerage food

temperature to reach a given value. This equation only

startlng temperature to the initjal free‘,,‘-po1nt, or vi

versa during thawing, was calculateg from en analyficaldé
solution for 512§1e phase heat Eransfer. Schwartzberg tested
his equatlons against experlmentgﬁ?thqr1ng times for slabs
of chdpped beef. The agreement wai generally w1th1n about 5%
but a ‘deviation ‘as -large as 22% was obtalned He concluded -
that hlS equations produced better freezing times than the
methods of Plank, Tao, and Mott, all of which gave maxlmum

3 -
s

deviations from the exper1mental values of the order of 4Q%;w

-l

The maximum deviation obtained with Nagaoka's equation was

27%. 1 . \ : ' \
Bakal and Hayakawa (16,17,96) developed semi-empirical
formulae which predicted temperature-time distributions in

an infinite é;ab.'Their method was more realistic than that

\_"
-

*N/i
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of Plank in that they allowed for the fact that foods freeze

over a range of ‘temperatures. However, their solutions were

based on many other assumptions. For example, they assumed

that:

1.

t
Thermal properties are indépendent of temperature,
although they do- have dlfferent values in frozen and
unfrozen regions. The value of a thcxmal property in a
partially frozen reglon is éﬁe average of .its values in
the frozen and unfrozen stg;es. /J
Before the temperature at the centre of the slab has

reached the 1n1t1al freez1ng poin#; the Tra(tlon of, an

\
|

elemental volume which is frozen is 1nverse1y

,proportronal to the:distance between the element and the

@
surface. After the centre starts to freeze, this

fraction becomes linearly related to the surface
temperature.

-

Y

Their model results were génerally within 3 K of théir
. ‘ - -

v

experimental values but deviatiéns as great as 11'K ‘were

—

A

observed. ‘ 4 SO )

¢

8.2 Numerical Models
T y

Semi-empirical equations are useful in estimating
v 2 *

freezing times. However, in predicting the transient

*aggmpegatdre distributions in a'food during a phase-change,

one should use a numerical approach. Increased flexibility

R




is also gained by using a numerical method. For example, a
numerical model can allow for a heat transfer coefficient
which varies with time. This is especially important for
free convection situations, such as the still air thawing
carried out in thi*hesis. |

#e Charm (37,38) B;esented a numerical'method.which

-%¥ > predicted transient.temperature dlstr1but1bns in an infinite

:é@ﬁf " cylinder or an 1ni1n5te slab. ThlS method applled/f//both
WQi*_ freezlng and thawlng. In develbping hi&.equations, he

ey

assumed foods had a unique freezing point. It vas also
: QW

<

?;fssumed that SpeC1f1C heat and thermal conductlvlty, in both

ARt he frozen and unfrozen phases, were independent of

-

p&gature. However’*the value of these thermal propert1es
H 1 R .
changed durlngvthe transition from the frozen to the

te

unfrozen state. Charm tested h1s model agalnst experlmental
; )y _

céntre temperature measurements, during freezing of cod and

haddock slabs. Fon haddock "his model pred1cted &‘freezlng

2
: plateau which lasted about 15 min. In contrast, no plateau

was'obtained in his erperimental results. The long plateau
in the model predictions resulted from the use of a unique
freezing point approach. Differences,as great as 10 K were
obtained betWeen modeL predictions and experimentalf
measurements. w

Fleming (83) developed a finite difference method for
<0,
determining temperature distributions .during freezing of
. bodies of arbitrary geometry. He alloﬁpd for thermal

properties which change drastically in the freezing range.
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The variation of these properties with temperature was\ ‘

i

: \
approximated by a discontinuous functlon in order to LZduce e
the computing time requxred He tested his model agai
experimental sdata. for foodstuffs and concluded that his

'model precision was' limited by "an adequate knowledge of the

)

thermal propertles

Cu;lwfck and ‘Earle (54) used a ndﬁer1cal approach to
predlda%temperature as a funétion of time in an infinite

. slab. ~They allowed for the variation of spec1f1c heat .and

(S

“thermal conductlvxty wlth temperature. They compared thelr

results to experlmental data’ for minced beef. For slabs 7.5 = _
(,:") ’ - e i’ ’
cm and 10 cm thlck the exper;mental andzmodel regsults were R

essentlally the same. However, it shOuld be notled that the

heat transfer coefflcxent at the surface, which was used in
[

the model equations’| was not measured Instead i, was

selected so the calculated freezlng time (" me!sured from the

beginning of \he cooling and free21ng cycie to; the t1me atv,

»

which the céntre tempereture falls from the latent hea't

-

plateau") was equal to the experxmental valuq For a 12f5 cm
thick slab, model pred1ct10ns deviated from. experimental i

results by as much as 10 K,

Bonac1na and Comini (22~ 24 46) numerlcally solved the

one- d1menszonal heat eguation:

aT aT . "
‘ . pﬁ)cﬂ) -~ = —-[k('r) -—] (2)
;ﬁ -8t a3y 3y d : ' T '
by replacing 3T/3t by a central,difference value. The |
derivat}ve_aT/By wastevereged qver'three time pericde, j=1,

w3
VLo

4

o L

O
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j, and j+1, where j.t is the time since the start of
cooling. Their model is thus referred to as a "three tier
time level implicit scheme"™ (22). By using this approach the
thermal conductivity can be evaluated at the present time
(time increment = j)-and this results in a set of linear
equations. Linearity can also be obtained by using an
explicit model. However, convergence problems can then
arise. In contrast to explicit models, Bonacina and Comini
(22) proved that their system was unconditionally stable and
convergent. Cleland and Earle (41) showed that Bonacina and
Comini's model predicted freezing times which were accurate
to + 8%.

&

All the numerical models, which have been discussed,
used specific hgat in the fundamental energy balance
equations. As stated by Fennema (77) "it is often more
accurate to dé;l with enthalpy™ rather than specific heat.
Also, the effective specific heat is difficult to use as it
increases rapidly when the temperature is lowered pelow the
initial freezing point, It then falls quickly again as the
temperature is furth.. reduced. A two-phase numericgl model
is developed in the ncxt chapter which is based on enthalpy
rather than on specific heat. Shamsundar and Sparrow
(186,187) di! derive an implicif model which was based on

enthalpy. However, their model was for a material with a

unique freezing point.

&
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8. DERIVATION OF MODEL EQUATIONS
In estimating the freeze-damage whic i will .cc » in a biological

sample, it is useful to know the rate at whi h €very roo1on of the sample
is frozen and thawed. A numerical heat transte. fodet which acéomp]ishes
this.is now developed. The model predicts the transient temperature
profile in an infinite cylinder during freézing and thawing. The mode]
derivation is based on the following assumptions:

f. the cylinder is homogeneous,

2. the density remains unchanged, even during a phase change, and

3. the sample does not have a unique freezing pointAbut rather

freezes over a range of temperatures.

4

The ~ylinder is divided into N + 1 concentric elements as shown
in Figure 8. The surface element has a thickness of AR/2, where
AR = R/N. A1l the other elements are AR units thick.

Energy balance equations are constructed for the various elements.
In the following equations - (k %}) i+%. is evaluated at the boundary

detween element i and element i + 1.

-»

CENTRAL ELEMENT (i=1)

~

HEAT IN - HEAT OUT = ENERGY ACCUMULATED

0+2ﬂ-A2—R(kg%)]%=W(%&)2OB—EQ (3)
where: -

k = thermal conductivity,

T = temperature,

r = radial position,

p = density,
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entﬂb]py per unit mass of element 1, and

H

t time

Ed&a?*ég:zsﬁ is rearrangéd to yield: .

o R HT)

srlivy T P g @)

(k

SURFACE ELEMENT, (i=N+1) * ' ' €
HEAT IN - HEAT OUT = ENERGY ACCUMULATED

T
ar

21 (R - ARy

2 - Ta)

) ey - h2mR (Ty,
’ 3Hy ., 1(T)
= on[R? - (R - BRyz) ML )

where:
h = heat transfer coefficient at the surface,

Ty = environment temperature, and

T = surface temperature,

N+1
The next equation follows from Equation (5)

ARy T -
2?)'(k 5;) -T))

- (R - - bR (Ty g - T,

N+
Hy+1(T)
3t .

AR)?

INTERIOR ELEMENTS (i: 2,N)

HEAT IN - HEAT OUT = ENERGY ACCUMULATED

- 2n (i-1%) AR (k3D ;. +2n (i-%) aR (k O i+y
: aH, (T) g
=om [ {(i-%) aR}2 - {(i-1%) aR }2] at : ' (7)
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Equation (7) is rearranged to produce:
. 5T oK, (T)
-(1-1%) (k 52 oy Pk (K ar)1+% p AR(i-1) ——17—- , - (8)
i=2,N

Equitions (4), (6) and (8) are rewritten in terms of dimension-

less temperatures, times and distances to yield:

(k au) _ Ax pa BH](U)

'y T T TRT, h @)

8Xy , U
-0 -7 &3 )N'Hs "R Uy

3H, ., (u)
_ pa ax )2 N+1
T AT,y LAl —5 (10)
PR
and
- (1) (g [+ (1) (k 2y
. (u)
- . _aphX -
(T, T, (i-1) . i=2,N (11)
where:
T-Ta .
u = ~ \ (12)
To Ta :
and
?o = initial uniform temperature of the cylinder,
x = r/R, (13)
Ax = AR/R, and . (14)
T = at/R2 (15)

>\.

FIRST TIME INCREMENT

In the first time 1pcrement, (ax)1+ls is replaced in equations

(9) -(11) by a twé/;1er time level approximation, which is:
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au R e T Uigy ~ Yy
Gx) ity 2 [ AX * AX (16)
and where:

u; = initial dimensionless temperature at the centre of element i,

and

'

u} = dimensioness temperature at the centre of element i at the end of

the first time increment.

S/ .
-From the definition of u (Equation 12) it is apparent that:
0 _ 0.
Uiy = U5 = (17)

Equation (16) can then be simplified to yield:

1 1 .
u. - u,
au _ _it] i
) ity T T (18)

The ggégli terms are replaced by a forward difference

approximation, which is:

), A - S
3T AT

and where:
- At is the length of a dimensionless time increment.
When the finite difference approximations are substituted into EquatiOns

(9) -(11) the following equations are obtained.

-

1 T _ (ax)? a 1 0, _ '
Uy = Uy - 5 E;—ngjng- (H(u)y - H(u)y) =0 (20)
2-x 1 1 1 0
25 Ko (Uns | uy) * PR (uyyy + uyyy)

a (8x)?, 1 0 = 5
tEr Ty (ax - 2zt ) (H(u)yy, - H(u)yyey) = 0, ang (21),
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(i-1%) k (u] - u; 4) -'(i-%) k (u1 - ug)
o ' i-1 o j+] i
2ap(ax)? (i-1) [ 0y -
0 a
and where:
ko = initial value of therma) conductivity.

SUBSEQUENT TIME INCREMENTS

For all times, after the first time increment, (g%) i +k is

replaced in Equatibns (9) -(11) by a three tier time level approximation.

For time increment j, the approximation ijs:

: NES I B3 i -1 3
I I e £ el S 5 Bl S 7S Bl (23)
ax’ itk 3 AX AX AX
aH(u),
Tq§ 5 terms are replaced by a forward difference
T
approximation: * - :
H(w); Mtk
3 = 41 (24)
T . AT

Equations (9) - (11)then become:

i[df i i j-1 §-1 ]
K1y [(“2 ) (i ) (- )
. 2 . .
e Gl ) - =
0 a

Koo (220x) ¢ o . i
N [(uJ -l ) + (uJ - uJ) + (w7 - uﬂ )]

6ax N+1 N N+1 N N+1
MR G4, 5L e
vy (U * Uy *uygy)

+ 5—3;9%73:7;) (a8x-(ax)2) (H(Wi) - H(W, ) =0 (26)

and
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At TO-Ta j i
where . _
-kj Sk evaluated RIS (28)
joy Trkeva uated at B
J J
. us + uy
C ] - i i+] ’
ki+% k evaluated at s (29)

To solve the Eaquations (20) - (22) and (25) - (27) it is
necessary to know how the entha]gy changes with temperature. As explained

in the next chapter, H(T) can be adequately represented by:

H(T) = ag * a]T T> Tc] (30)
= : 2 3
H(T) = exp [by + by T + b,T2+ b,T3] Tc2 <T< TC] (31)
H(T) = exp [c0 + 7] T<T (32)
.

where:

AL bo, b1, b2, b3, CO’ and ¢, are constants, and .

Té = initial freezing point of the sample, and
1

Tc = temperature at which In H vs T becomes linear (during freezing)
’ :

The dependence of thermal conductivity on temperature is also

required. The k(T) profile is approximated by:

k(T) = d0 + d1T : T > TC] (33)

k(T) = ey * e]T ‘ Tc3 < T i-TC] (34)
= 2 3

k(T) fo + f]T + f2T + f3T T < TC (35)



9]
where: S

dO’ dJ, eo, e], fO’ f], f2, and f3 are constants, and

Tc = temperature at which k vs T is no longgr linear (during freezing).
3 e

Prior to being used in the model equations>§he H(T) and k(T) functions

are first converted to H{u) and k(uf functions. This results in the

following set of equations:

H(u) = a, + aju TN uC] (36)
H(u) = exp (b, + bgu + beu? + byu3) uc2 <u :-ucl (37)
H(u) = exp (c, +c3u) u < uC2 (38)
and

k(u) = d, + dau u > uc] (?9)
k(u) = e, + equ uc3«i u< uc] (4n)
k(u) = f4 + fsu + f6u2 + foul u < uC3 (41)

where

Lo Tc] “Ta, . (42)
“ To - Ta

u_ = TCZ - Ta (43)
€2 To " Ta

o e, " Ta , "
3 To - Ta Y

a, =ay+a;T, (45)
a; = (T, - Ta) a ~. (46)
by = by + by T, +b, T2 +b, T3 (47)
bg = (T,-T,) (by + 2b, T+ 3b, T.2) (48)
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be = (T,-T,)2 by + 365 T ) | \‘ ‘ (49)
b, = (To-Ta)3 b, T ;\Q\S (50)
C, = Co*q Ta ‘gk “w%; s . (51)
€3 ° (To_Ta) 9 : | ﬂ (52)
dy = dj +d; T, (53)
d3 = (Ty-Ty) 4, (54)
&2 "¢ * & Ty (55)
ey = (T-T.) e, (56)
fp=fg t fy Tyt f, T2 4 £33 (57)
fg = (To-T)(F) + 2F, T, + 3, T 2) ) \(58)
fg = (T5-T,)2 (f, + 3f3 T.), and (59)
f, = (T,-T)% fy ‘ (60)

The Newton-Raphson procedure iSfﬁsed to solve the non-
lTinear Equations (20),- (22) and (25) - k27).

The temperature at the midptint of an element is used in
determining its enthalpy. There are two exceptions to this rule. In
tﬁe centre element, the temperature at the midpoint is greater than in
the remainder of the element during freezing and is lower during théwing.
Thus, the midpoint temperature cannot be considered to be a representative
temperature for this element. Instead, it is assumed that the temperature
varies']inear]y with radial position between the midpoints of the centre
and adjacent elements. It ?hen fq]1ows that the mass averaée temperature

J J
in the centre element is Y2 * 2“1 . This temperature is used in the

» 3
determination of the enthalpy of the centre element. In calculating
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a

the enthalpy of the surface e];hent it is as;umed that the temperature

at the inner boundary of the surface element is (uN+]'+ uN)/2. The average
of the two boundary temperatures of the surface element is then

(3”N+1 + QN)/4. This temperature is used to calculate the enthalpy of

the surface element.

A computer program was written for the above heat transfer
model. It is listed in Appendix G. The program was run on a HEWLETT
PACKARD computer (21 MXE-series). Twenty one space elements (N=20) were
used in the model computer runs for both freezing and thawing of a 1 cm
diameter sugarbeet cylinder.. For freezing a time increment of 0.005 min
+ was used. Under these conditions 9 hours of CP(& time were required to
execute the program. However, for N=5, the CPU time was only 1.5 hours.
Reducing N from 20 to § changed temperatures af a given time by less than

0.5 K. For thawing, a time increment of 0.1 min was used.



10. ESTIMATION OF THERMAL PROPERTIES

10.1 Litefature Review

In order to use the numerical model developed in the
last chapter, it is necessary to know the dependence of both
thermal cénductivity and enthaipy on temperature.

Thermal properties of various foods have been
experimentally deterhined-by a num?er of authors
(10,11,63,77,115,222,225).

Literature values for thermal conductivity should be
carefully examined before being used. Fennema (77) pointed
out a number of inconsister™ies in the literature values
which he examined. The literature on thermal conductivity

and enthalpy will now be reviewed,

10.2 Thermal Conductivity

Cuevas and Cheryan (53) summarized a number of
different methods of experimentally measuring or N
theoretically predicting the thermal conductivity of foods.

Experimental methods for the measurement of thermal

conductivity are basically divided into two classes:

1. Steady state methods (e.q. parallel plate and concentric
cylinders or spheres) in which the temperature within
the food is kept constant with time (12,194).

2. Transient methods in which a heated probe is allowed to
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change %he temperéture of the fogd for a short pgriod of

-

time (114,61). . o

- »

The thermal copductivity may altegl?tively be de?grmined
indirectly from gxperimentally measured diffgsiv&ty f§5
values using .

k = pCa

A number of sipple formulae can also be used to

estimate the thermal conductivity. Comini (47) obtained

kf and kg from :

Kf = k; + (1 - ww) kd . | (61)

ki =W }w + (1 - ww) kd . (62)
] g

where :

= mass fraction of water.

k2 = thermal c&nductivity of the unfrozen food, B 1
J/(s . m . K): ~ ' P

kf = thermal conductivity of the frozen food,
, J/(s . m . K)

k; -‘thermal conductivity of ice, J/(s . m . §)
k = thermal conductivity of watef, J/(s . m . K) Z’v/;
k, = thermal conductivity of dry matter, |
= 0.2602 J/(s . m . K).
In the freezinghfangg k is assumed to vary linearly with
>

temperature from kl to kf.

v
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Alternatively, Fikiin's (78) formula can be used for

temperatures below the initial freezing point. It is:

Te, — 273.2

k(T) = 1.745ww[; - ] + 0.233 (63)

T - 273.2

where:
To, = initial freezing point (K).

By assuming that the thermal conductivity was
linearly dependent on fhe percent of water frozen,
Schwartzberg (184) obtained the following eguation
for the freezing range:

k(T) = kf o kf) (T = Tea) /(T, - T) (64)

where:
Tw = freezing point of water.
He concluded that this equation predicted thermal
conductivities which were within about + 10% of
most experimental values he -examined in the literature.
Riedel's empirically obtained formula (176) for

thermal diffusity may also be applied,

for an unfrozen food, to give:

k(T)= 6.978p(T)c(T)(0.053+(aw(T)f0.053)(ww)) (65)
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vhere:

aw(T)‘= thermal diffusity of water at temperature T

in cm?/min.

Lentz and Van den Berg (115,116,211) developed a model
for predicting the thermal conductivity of foodstuffs. Their
model assumes that an unfrozen food consists of nonagueous
components dispefsed, as spheres, in water. They assumed
that’the thermal conductivity of frozen foods was the
average of two k»values. The first k value was obtained by
assuming water was the continuous phase in which nonaqueous
components and ice were dispersed. The second k value was
obtained by assuming ice was the continuous phase. They
observed that their calculated thermal conductivities at

253 K were within #15% of their experimental data.

10.3 Enthalpy

The. enthalpy-temperature (H(T)) relationship can be
experimentally evaluated\(l3l,l74) or theoretically
predicted. Two theoretical methodé will now be discussed.
Starting with the freezing point depression eguation,
Schwartzberg (184) derived eqguations for the calculation »>f

H(T) by making the following assumptions

1. Enthalpies of food components are additive i.e. heat of

solution = 0.

2. The solution contained in the food is ideal i.e. water



activity (aw) = mole fraction of water.
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For lean beef, Schwartzberg's predicted enthalpy values

which deviated by about 5% from the experimental results of

Riedel.

10.3.1 Riedel's Method

Riedel (174) proposedﬂa method for calculating H(T) for
fruits and vegetables during freezing. Riedel's method was
used in this thesis and thus is considered here in some
detail. |

Based on experimental observation Riedel (174)
concluded that the specific heat of vegetable juices (CJ)

could be calculated from

c, = 4.186 - 2.386w, ’ (66)
where
w, = mass fraction of soluble solids in unfrozen juice.
From further experimental data it was concluded that the
mass Ifraction of soluble solids in the residual solution
(ws) during freezing is related to the temperature by :

T = 273.2 - lOwS - 50wsJ ' (67)

Riedel used Randall's formula to calculate the heat\of
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fusion of ice (L) at the temperature T.

L = 334.12 + 2.118(T-273.2) - 0.00783(T-273.2)* (68)
where:
L in J/g, and
T in K.
The mass fraction of the juice which has become ice (w;) can

be calculated from
wi =1 - w,/wg (69)

Riedel assumed that, in warming a sample from T to 293.2 K,
all the ice is melted at T and the unfrozen solution is
warmed to 293.2 K. He justified this assumptioh\on the basis
that, since enthalpy is a state function, the enthalpj
change in going from one temperature to another is
independent of the path. Thus, the enthalpy change (AHJ(T))

in going from T to 293.2 K is given by

AH‘J(Tl = HJ(293.2) - HJ(T)

= wiL + CJ(293.2 - T) (70)

where:
HJ(T) = enthalpy (J/g) of juice at temperature T.
Equations (66) and (69) are substituted into Equation

-

(70) to yield:
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AHJ(T) = (L+4.186(293.2-T))-(L/ws+2.386(293.2—T))w. (71)

To obtain the HJ(T) profile select a w. value. Equation
(67) determines a T corfesponding to this w, . Equation (68)
then calculates an L value; Using these L T and L values
Equation (71) prédicts a AHJ(T) value. By selecting a number
of L vaiues the AHJ(T) profile is obtained. Assuming the
enthalpy at 233.2 K is zero then the HJ(T) profile is

calculated from :
HJ-(T) = AHJ(233.2) - AHJ(T) (72)

The enthalpy versus temperature profile forvthe vegetable is

then determined from:
H(T) = (1-w JH (T) + c w (T-233.2) C(73)
u J u u

where ‘
H(T) = enéhalpy (J/g) of the vegetable at T.
w = mass fraction of insoluble solids.’
c = specific heat of insoluble solids

= 1;21'J/(g . K) (value suggested by Riedel)



ks

11. DETERMINATION OF THERMAL PROPERTIES OF SUGARBEETS

~11.1 Estimation of k(T) of Sugarbeets

Karlsruhe Test Substance (175) is a gel containing ?7%
water, methylcellulose, and salt. Sugarbeets have a water
content of 78%.(133) which is very close to that of
Karlsruhe Test Substance. In fact, a sugarbeet examined in
this study had a 76% water content (determined using a
vacuum oven at 343 K and a pressure of 6.8 kPa). The
densities of Karlsruhe Test Substance and sugarbegts are
very similar; 1.06 and 1.05 g/cm , respectively. Thus, these
two materials should have almost equal water contents on a
volume aé well as on a weight basis. Van den Berg and Lentz
(211) observed that the measured therﬁal conductivities of a
number of foods, with the same volumetric water content, at
253 K vere within a range of + 15%. As the thermal
conductivity of a food is primarily dependent on water
content (211) it was considered reasonable to use the
published k versus T graph (22) for Karlsruhe Test Substance
to represent the k(T) profile for sugarbeets. This graph was

approximated by the following set of equations:

k(T) = 0.5143 + 0.002199(T-273.2) T > 271.0 K (74)
k(T) = -0.7620 - 0.57657(T-273.2)

269.7 K < T < 271.0 K (75)
k(T) = 0.9504 - 0.10697(T-273.2) - 0.005726(T-273,2)?

-0.0000984(T-273.2)* T < 269.7 K (76)

101
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The k(T) equations used for.sugarbeets were not quite
identical to those used for Karlsruhe Test Substance (listed
in Appendix F). They were altered slightly to allow for the
fact that the initial freezing point of Sugarbeets is 271 K,
whereas for Karlsruhe Test Substance it js_272 K. Thus, the
"unfrozen region, with its lower k(T) values, extends fob-—///
sugarbeets to 271 K instead of to 272 K. Below 270 K this
modification only changes .the k(T) values by about 2%.
However, at 271 K it has a noticeable effect in that‘the
k(T) value used for sugarbeets is 0.510 J/(s . m . K)
whereas for Karlsruhe Test Substance it is equal to
0.935 J/(s . m . K). The published k(T) values for Karlsruhe
Test Substance and the predicted k(T) values for sugarbeets
are listed in Table 17. Assuming-Bonacina and Comini's
measufea.k(T) values were accurate to t+ 15%, the k(T)

values, used in this thesis for sugarbeets, were accurate to

+ 30%



TABLE 17:
"""""""""" AND SUGARBEETS
TEMPERATURE
W (3/(s . m
JARLSRUHE*
243.2 1.67
246.2 1.65
248.2 1.64
253.2 1.61
257.2 1.59
263.2 1.53
265.2 1.49
267.2 1.44
268.2 1.40
269.2 1.29
270.2 1.20
271.2 0.85
272.2 0.50
283.2 0.53
293.2 0.57

! Read from a published k versus T graph (22).

* Approximate values based on the published graph

for

v

Karlsruhe Test Substance.

SUGARBEETS*?

k(T) VALUES FOR KARLSRUHE TEST SUBSTANCE

THERMAL CONDUCTIVITY

.67
.60
.59
.59
.60
.55
.50
.40
.35
.29
.97
.51
.51
.53
.57

103
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11.2 Enthalpy of Sugarbeets

Riedel's method was used to predict the
enthalp?’temperature relationship for}sugarbeets. The H(T)
values obtained were checked againstléxperimental
measurements made by personnel of the Food Science
Department of the University of Alberta. The experimental
enthélpy values were obtained by means of a bomb calorimeter
(see Figure 9). A small sugarbeet piece , weighing about 50
mg, was placed in the sample holder. The calorimeter was put
in an alcohol bath until it reached the bath temperature of
213 K. The bath was then warmed at a rate of 1 K/min,

The temperature of the block (T,) and the temperature
difference between the block and the sample (AT) were
continually recorded by means of chromel-alumel
thermocouples atéached to a Cole Parmer recorder.

'During warming the rate of heat flow (Q(t)) from the
block to the sample and sample holder is given by:
O(t) = BAT(t) (77)
where: |
B = a constant which is obtained from a calibration run with
a material of known specific heat.

A "blank" run is performed to remove the effect of the
sample holder. This run is undertaken without a sample in
the holder and AT4(t) is measured. The rate at which the

sample obtains heat during a normal run is then given by:



105

je— 2 6 cr —o

| — STYROFOAM ~

ot

10cm § s— COPPER SCREW
| 4—— CERAMIC
. BRASS SAMPLE HOLDER

<< THERMOCOUPLE JUNCTION
(on which sample s placed)

\
[y COPPER BLOCK
i - lcmi‘ O08cm

| B i
“*T—=— RUBBER STOPPER

FIGURE 9: CALORIMETER FOR MEASURING H(T)
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Q(t) = B(AT(t) - ATy (t)) (78)
However ,
. ar
Q(t) =mc¢ (T) — (79)
8 S dt
where:

m, = mass of sample,
cs(T) = effective specific heat of sample (includes
heat of fusion) at T, and
T = temperature of sample = Ty - AT.
Equations (78) and (79) are combined to yield:
mc (T)AT = B(AT(t) - ATy (t))dt (80)

Integration of this equation leads to:

T t
J c.mar =3 [ T(t) - 87y (t))at (81)
233.2 s g
or
t
H(T) =B f (4T(t) - o Ty (t))dt (82)
n

From experiments, using acetic acid as the sample, it was
determined that:

"B = 0.223 J/(min . K) (83)
A blank run resulted in a graph of ATy versus time. Thus,
the experimentally determined values of AT(t) and ATy (t)

produced (by means of numerical inte:-ation of Equation
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(82)) the required H(T) data for the sample.

As can be seen from Table 18 and Figure 10, results
obtained using Riedel's method agree well with the
experimental data below the initial freezing point (271 K).
Above this temperature, the experimental results were
apparently in error as they produced specific heats greater
than that of water (4.2 J/(g . K)).

To facilitate the use of the enthalpy data in the
model, it was decided to approximate the H(T) function by
mathematical expressions which could be easily
differentiated. From Figure 10 it can be seen that the
theoretical H(T) function is linear above the initial
freezing point but has a non-linear dependence onaT below
it. In Figure 11, 1n H{T) is plotted as a function of T.
Based on this figure, ln H was represented by a cubic
function of T between 271 K and 266 K and by a linear
function of T below 266 K. From the results of a léast
squares curve fit, in the region 566 K to 271 K, it was

determined that H(T) could be épproximated by:

H(T) = 321.98+3.695(T-273.2) T>27 K (84)
H(T) = expl6.7584+0.6093(T-273.2)
+o.o775(T—273.é)=+0.oo399('r-273.2)’]
266 K < T < 271 K (85)
H(T) = expl[5.420+0.0722(T-273.2)] ‘T < 266 K (86)



TABLE 18: ENTHALPY - TEMPERATURE DATA

- e - —— - — = - == - = an -

233.2
243.2

245.2

247.2
249.2
251.2
253.2
255.2
257.,2
259.2
261.2
263.2
265.2
267.2
269.72
271.2
273.2
277.2
283.2

0.0
23.4
31.0
33.9
40.2
46.9
53.6
61.5

70.3
80.0
91.7

106.3

125.6

154.0

220.2

316.0

323.2

337.8

359.6

- v e = e - — - " = - - - — e W = = = = -

e S — - ——— = = - —— =

56.
64.

72
80

88.

98.
109.
126.
148.
175,
235.
329.
357.
385.
432.

5
5

.4
.4

7
0
7
0
6
8
7
4
5
5
4

ENTHALPY (J/g)
EXPERIMENTAL
RUN 2 RUN 3

0.0 0.0
30.1  29.3
36.4  34.7
43.1 40.6°
50.7 46.5
58.6 52.7
67.0 59.0
76.6  66.1
87.1 73.3
98.0 8l.6

109.3  90.8
122.6 103.4
140.2 118.0
162.8 135.2
212.6 172.9
303.1JA272.9
360.8 344.1
367.1 354.1
' 416.1 406.0

[o)]
w
® N U0y O N O

104.

N

121.4
136.8
181.7
285.1
316.0
351.6

391.4
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TEMPERATURE RIEDEL RUN 1 RUN 2 RQE 3 RUN ¢

——— e o - — - - - -—— - - - - - - - e -

287.2 374.2 453.3 435.8 426.1 412.Z
293.2 396.0 481.0 460.9 448.7 439.

T e et = = = e e e e . e e - e . - - e

! Calculated using Riedel's method (174).

wd
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From Figure 12 it can be seen that the above equations
adequately represent the experimental data below the initial

freezing point.

a

11.3 Determination of Initial Freezing Point

At the initial freezing point the fraction of the beet

juice which has become ice is zero i.e.:

w; = 0 (87)

Therefore from Equation (69):

W= W, (88)
and Equation (67) becomes:

Tcy, = 273.2 -10w, - 50w, * (89)

where:

Tea = initial freezing point of beet juice (K).
One g of beet is composed of 0.78 g water, 0.18 g soluble
soiids and 0.04’g insoluble solids. The beet juice consists
of water and soluble solids.

Therefore,

i}

0.18/(0.78 + 0.18)

W

0.1875 (90)
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Thus,

Tc, 273.2 - 10 X 0.1875 - 50 X 0.1875®

271 K ' (91)

The initial freezing point was also measured
experimentally using a Differential Thermal Analyzer and was
determined to be 271 K. From the recorded T(t) curves during
air thawing of beet cylinders it was estimated to be between

270.5 K and 271 K.‘

11.4 Heat Transfer Coefficient at the Surface

\The determination of the heath}ransfer coefficient_
involved subjecting a copper cylinder to the same
experimental conditions as those experienced by beet
cylinders during freezing and thawing. Analytical solutfg;s
for a single phase material were then used to calculate‘the
heat transfer coefficient from the T(t) data which was
recorded for the copper cylinder.

11.4.1 Experimental Procedures

The ends of a copper cylinder (15 cm long, 1 cm
diameter) were insulated with 1 cm long, 1 cm diameter cork
cylinders. A sheathed copper-constantan thermocouple
(THERMOELECTRIC model no. T125G304-0-12-12-5H, wire diameter
= 0.13 cm, sheath diameter = 0.102 cm) was placed at the

geometric centre of the cylinder. For thermal insulation,
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the part of the thermocouple sheath, which was outside the
sample, was covered with 0.64 cm o.d. POLYFLOW tubing. The
thermocouple lead wire was insulated with asbestos tape. The
voltage produced by the thermocouple was recorded by a
Hewlett Packard recorder (model 7100B), maintained at a full
scale range of 5 mV. Published charts showing mV versus
temperature for a copper-constantan thermocouple were used
to prepare a table, showing temperature as é function of
recorder reading. This table was then used to convert the
recorded mV readings to temperatures. Measured temperatures
were observed to be accurate to t 0.5 K.

Imitating the situation for the beet cylinders
(discussed in the next>chapter) the middle of the cdppér
cylinder was covered with aluminum foil. The ends were
cévered with Scotch plastic tape. A schematic diagram of the

experimental set-up is shown in Figure 13.

Air Warming

The copper cylinder, at known initial temperatures of 243 K,
253 K, or 263 K, was placed on the sample holder (see Figure
14) and heated by ambient air. The temperature at the

cyllnder centre was measured as a function of time.

Cooling in Alcohol Bath

The copper cylinder, at a femperatufe of approximately
298 K, was placed in the LT-50 alcohol bath which was

maintained at either 243 K, 253 K, or 263 K. The variation
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of the cylinder centre temperature with time was then

recorded.

11.4.2 Experimental Results

The T(t) data obtained for air warming are llsted in
Tables (E-1) to (E-3). The results for liquid cooling are

summarized in Tables (E-4) to (E-6).

11.4.3 Calculation of h

Air Warming

. As copper has a very high thermal conductivity, the internal
resistance to heat transfer is negligible and a uniform
temperature is maintained in the cylinder. For this
situation, it can be shown that:

mc T(t-At)-T S
h= — 1lp —— 3 (92)

where:

m = mass of cylinder = 101.4 g,

c = specific heat of copper = 0.383 J/(g . K),
A = surface area = IIDL = 0.004668 m?,

At = time difference between two temperature
measurements (s),

T(t) = temperature of copper at time t (K),

T = temperature of cooling or heating medium (K).
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During air warming of the copper cylinder, Biot numbers
(hR/k) of the order of 0.0001 were obtained. Conseguently,
Equation (92) is applicable for air thawing. Using the data’
iaﬁgebles (E-1) to (E-3), the variation of h with time is
calculated from Equation (92) and is shown in T-bles (E-7)
to (E-9). The value of the dimensionless temperz u: at the
surface (uy.,) where:

. T(t)-T,

= m------ ' (9:.

is calculated at the various_times and is also listed in
Tables (E-7) to (E-9). The data in Tables (E-7) to (E-9) are
plotted in Figures 15 - 17 in the form of h versus Uyoss
Least-squares curve fitting of the h(uy.,) data produced the
following second degree approximations for the heat transfer

coefficient:

Tz 23K
h = 0.8953 + 49.393%u,., - 30.5409(uy.,)? (94)
W
T 123K
h = 0.0363 = 39.0551uy., - 19.3128‘(u,,..>2 (95)
T D3k
h = 1.9937 + 26.9908uy., - 9.1479(uy.,): (96)
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Error Analysis of h Used in Air Thawing

The measured temperéture of the copper cylinder 1is
accurate to = 0.5 K. For 0.25 < u,., < 1.0, this leads to a
maximum error of approximately 10% in the heat transfer
coefficient, calculated from Equation (92). The maximum
percentage error in h increases as uy., is further reduced.
This is because T(t) - T, and T(t - At) - T_ in Equation
(92) are decreasing with uy., and are affected to a greater
degree by an error in the temperatufe measurement. When uy.,
reaches about 0.1 the maximum error in h will have risen to
about 50%. However, for uy., values less than 0.25 an
accurate estimate of h is not very important for air

thawing. This is because the sample temperature is above 283

K and has already been thawed.
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Cooling in Alcohol Bath

The heat transfer coefficient is now evaluated for cooling
in the LT-50 bath. The alcohol in this bath is continually
circulated. Consequently, forced convection is the primary
method of heat transfer between the cylinder and the
alcohol. It is, therefore, assumed that the heat transfer
coefficient remains constant during cooling. The h values
are calculated from Carslaw and Jaeger's (35) analytical
solution for one phase heat transfer in an infinite

cylinder. This solution is:

- “(Bn)’at/R’

T(r,t) - T e J.(rg_/R)
a . ZPZ n (97)
T, - Ta ool ((Bn)’+P’)J.(ﬁn)
where:
tBn , N =1,2,-=----=- are the roots of
B J:(B) = PJ.(B_) ’ (98)

J.(Bn) and J,Kﬂn) are zero and first order

Bessel functions, and

P = Rh/k ' (99)

A trial and error procedure is used to calculate h from
Equation (87). Different values of h are substituted into
this equation until the calculated and measured values of

T(0.5) are equal. The temperature after 0.5 min was selected
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because at least 50% of the temperature change inflicted on
the copper cylinder occurs during the first 0.5 min. It can
thus be considered to yield an "average" h value for the
cooling process. For times greater than 0.5 min, the
calculated heat transfer coefficient becomes more sensitive
to errors in the measured temperature.

For a constant heat transfer coefficient, Equation (97)
yieids more accurate h values than Equation (92). This is
because it allows for a nonuniform temperature prc’ le
inside the copper cylinder. Equation (97) was not used for
air thawing because the heat transfer coefficient changed’
dramatically with u,.,.

The second computer program in Appendix H was used to
determine h. The calculated hea} transfer coefficients are
listed in Table 19. The mean values in this table are used
és the heat transfer coefficients for freezing of sugarbeet
cylinders in the LT-50 bath. They are summarized in Table

20,

Error Analysis of h used for Alcohol Bath

The h values for cooling were also calculated, as a

function of -time, using Equation- (92). These values are

listed in Tables (E-10) to (E-12). From these values, it is

apparent that errors in h are of the order of 50% and h
generally decreases with u,.,. Eguation (92) was used to

estimate the error involved in measuring h because the

variation of h with time could be easily obtained from this
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TABLE 19: CALCULATED h VALUES®' FOR THE FIRST

T RUN l‘ RUN 2 RUN 3 MEAN S.D.:? S.D./MEAN
o« T S T
243 238 283 328 283 45 0.159
253 285 317 370 324 83 0.133
263 432 377 423 411 30 0.072

! The h values (J/s . m? . K) were calculated

using Carslaw and Jaeger's analytical solution.

-

* §S.D. = standard deviation.

TABLE 20: HEAT TRANSFER COEFFICIENTS FOR FREEZING

—— - - - - - - —— — ————

BATH TEMPERATURE h (J/s . m* . K)
243 K 283
253 K ' 324

263 K 411
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equation. This variation gives some indication of the
accuracy involved in the h measurements. For cooling df the
copper cylinder in the alcohol bath, Biot numbers of the
order of 0.001 were obtained. Thus, for constant h and a

given T,, T and At, Equation (92) pre8icted a h value

within 5% of that calculated from Equation (97).



12. EVALUATION OF FREEZING MODEL

12.1 ANALYTICAL SOLUTION

The numerical model was first tested for a
one-dimensional heat transfer problem. The thermal
conductivity and specific heat were assumed to be constant.
An analytical solution (Equation (97)) is given in Carslaw
and Jaeger (35) for this problem. The second computer
program in Appendix H was used to calculate the T(t) profile
from the analytical solution. As shown in Table 21, the

model results are within 0.1 K of the analytical solution.

12.2 KARLSRUHE TEST SUBSTANCE

The numerical model was next tested against ’
experimental data, obtained by Cleland and Earle (44), for
cylinders of Karlsruhe Teét Substance. This material is a
methylcellulose gel which has been used (22,41-44) for
testing food freezing models. Cleland and Earle considered
‘the "freezing time" to be the time required for the centre
of a food to reach 263 K..They (44) published experimental
data for the freezing time of a2 5.2 cm diameter cylinder of
Karlsruhe Test Substance under various freezing conditions.
This data consiéted of freezing times which ;6rresponded to
specified h, T,, and T; values. Th® h values;were reported

v .

to be correct to within + 4%,

127



TABLE 21: RESULTS FOR ONE-PHASE HEAT TRANSFER

A e e e e e e e = T e e e e e e - - - e e S

TIME

(min)

ol

375

.75 -

.125

+n

.875
.25
.625

h = 293 J/(s

c
S

k

T
a

=1

SURFACE
ANAL, MODEL
274.1 274.1
265.8 265.8
261.3 261.3
257.8 257.8
255.0 255.0
252.8 252.7
250.9 250.9
CONDITIONS
m. oK)
8.37 J3/(g . K)
03/(s . m . K)
243.2 K

TEMPERATURE €K)

r/R = 0.5 CENTRE
ANAL. MODEL ANAL. MODEL
287.7 287.6, 291.5 291.5
279.6 279.5 284.4 284.4
272.7 272.6 276.9 276.9
267.0 267.0 270.5 270.5
262.5 262.4 265.3 265.3
258.8 258.7 261.1 261.0
255.8 255.8 257.6 257.6

Te = 293.2 K
R=0.005m ]
p=1,05X10¢ g/m?

At = 0.225 s
N = 20

128
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In this thesis published H(T) and k(T) data, for
Karlsruhe Test Substance, were put in a form suitable for
use in the numerical mode’. ' re Jdet=1ls are given in
Appendix F. Cleland and Earle's , T,, ar”  values were
then entered and a freezing time calcu ated. The model and
experimental results are both listed in Table 22. It can be
seen that the model freezing times deviated from the average
experimental value by between -2 and +11.6%. This 1is
essentially the éame deviation as reported by Cleland and
Earle (44) for the best finite difference scheme which they
tested.

The model predictsAfreezing times which are generally
around the upper limit of experimental values. It thus
predicts freezing times which err on the safe side i.e. it
ensures nearly all the samples are frozen to 263 K, rather
than just the average sample. However, in one case (T,=298.5
K, Ta=243 K, h=23.9 J/(s . m®* . K)) the model actually
predicted a freezing time 2.5 min shorter than the average
experimental value. This indicates that there is not a ’
fundamental error in the model which would always make it

predict freezing times longer than those which actually

occur.



RUN CONDITIONS

T,=301.2 K ; T,=253.3 K
h=35.5 3/(s . m* . K)

T,=292.9 K ; T, =253.2 K
h=35.5 . =
T,=290.4 K ; T,=240.0 K
h=35.5

7
T,=298.5 K ; T =243.0 K
h=23.9
T,=288.6 K H Ta=233.0 K
h=23.9
T.=277.5 K ; T =239.7 K
h=35.5 a
To=277.2 K ; T_=239.5 K

h=35.5
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____.._—___._.._..._....__-_____-_____....__-.-..-—.—._._._-.

FREEZING TIME (min)?®

EXET AL
12 ox10.
118.849.6
70.844.8
126.0+11.4
80.4+7.8

63.6%4.2

MODEL

77.0

123.5

85.2

65.6

65.0

___—.__._.______.____-.—____—_..—____——..-—_—___—_____

% DIFF?

1 FREEZING TIME = time for centre of sample to reach 263 K

? Cleland and Earle's experimental results

’ MODEL RESULT-MEAN EXPERIMENTAL VALUE
% DIFF = —ceeooooemem O

P R N
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12.3 FREEZING AND THAWING OF SUGARBEETS

The model was also tested against experimental results
obtained by the author for 1 cm diameter, 15 cm long

sugarbeet cylinders.

12.3.1 Experimental Procedures Used to Test Model

Thebtemperature at the geometric centre of a sugarbéet
cylinder (1 cm diameter, 15 cm long), insulated at both ends
by cork (1 cm diameter, 1 cm long), was measured as a
function of time during freezing and thaﬁing. The 15 cm long
cylinder was obtained by glueing tggether three 5 cm long
cylinders. This Qas necessary because of the small size of
the béets. The middle cylinder was covered with two.layers
of aluminum foil to prevent dehydration. For ease of
handling, the fwo outside cylinders and cork insulation were
covered with plastic tape instead of aluminum foil.

A sheated copper-constantan thermocouple (wire diameter
0.013 cm, sheath diameter 0.102 cm) was used to measure the
temperature at the geometric céntre (see Figure 18). Heat
transfer from the thermocouple wire to the surrounding fluid
was minimizea by covering the sheath‘with 0.635 cm (1/4
inch) polyflo tubing. The thermocouple lead wire was
insulated with asbestos tape.

In order to test the model results, the sugarbeet
cylinder was frozen in the LT-50 bath, which was maintained

at a constant temperature of either 243 K, 253 K, or 263 K,
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and the centre temperature recorded as a function of time.
The sugarbeet cylinder was later thawed in still air, by
natural convection. For still air thawing, the cylinder was
placed on a wooden holder (Figure 14). This holder was
located beside the LT-50 bath so the frogen,sample could be
quickly placed on the holder. The temperature of the ambient
air was measured with a thermometer, accurépe‘to t+ 0.5 K.
Du}ing both freeziﬁg and thawing the cylinder was in a
horizontal position.

The experimental results and model predictions are
listed, in Appendix G, for various freezing and thawing
conditions.

The fre~¢i: -imes (time for centre of sample to reach
263 K) in the » . Kk -3 253 K’alcohol baths are summarized
in Table 23. For the 243 K bath the average of the three
experimental freezing times wés 2.2 min, whereas the model
predicted a freeziﬁg time of 2.5 min. In contrast, the
predicted freezing time (3.5 min) in the 253 K bath was less

than the average expertimental value (4.1 min).



134

TABLE 23: FREEZING TIMES IN 243 K AND 253 K BATHS

e .
RUN 1 2.1
RUN 2 2.1
RUN 3 2.3
MODEL (h=283):? 2.5
T = 253 K

RUN 1 4.1
RUN 2 4.0
RUN 3 4.0
RUN 4 4.2
" MODEL (h=317) 3.5

T T e T T T e e e e e e e e e e - — — ———— = -

* FREEZING TIME = time for centre of sample to reach 263 K.

*h is in units of J/(s . m? . K)
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temperatures are to experimental values is given by the

"standard deviation from the predictegd curve”. It is defined
by:

HUewp (8) -1 ()7 (o8)

(n - 1)

Standard deviation

N = number of time increments at which the temperatures
are compared,
T;xp (t) = average experimenta] value at time t, and

T}re (t) = Predicted value at time t,

temperatures,



TABLE 24:

—— - - -
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COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS

FREEZING MAXIMUM® STANDARD*

CONDITIONS DIFFERENCE DEVIATION
(K) (K)

T = 243 K 9.2 4.1

T = 253 K 4.8 2.2

T = 263 K 3.2 1.9

THAWING MAXIMUM STANDARD

CONDITIONS DIFFERENCE DEVIATION
(K) (K)

T, = 243 K 6.3 2.4

T, = 253 K 4.2 1.3

T, = 263 K 4.9 1.6

! MAXIMUM
of |T
exp

2

[
STANDARD DEVIATION 7fi

DIFFERENCE is the maximum value

(t) - T_ ()],
pre

T (t) -T_ _ (t)]?
€Xp pre

(n ~ 1)
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The tables in Appendix G are summarized in Figures 19 -
26. For freezing in the 243 K bath, Figure 19 shows t)at the
model predicts the correct general trend but, for
h = 283 J/(s . m* . K), lags the experimental data by about
0.5 min, after the initial freezing point has been reached.
It was thought that the difference between predisted and
experimental curves might result from an error in the
determination of h, Consequently, ;n h value of 417 was also
used. From the dashed line in Figure 19 it is Epparent that
increasing the value of h actually caused the predicted
results to precede the experimental values by about 0.5 min.
Thus, an incorrect h value could be responsible for the
differences between predicted and experimental results.

The results for the 253 K bath are somewhat improved.
After the initial freezing point is reached, the theoretical
curve, in Figure 20, initially lags the experimental curve
but the situation is later reversed. This may be due to the
fact that the actual h value is decreasing whereas a
constant h is used in the model.

' The experimental data in Figure 21 appears to suggest
the existence of two platéaus, a short one at 270.5 K and a
longer one at 269 K. Pereira (167) discussed this phenomenon
in some detail. Num;rous cells are damaged when a
thermocouple is placed inside a solid food. Liqdid then
exudes from these cells and surrounds the,ﬁhgrmocouple

junction. According to Maximov's "wound sap theory",

freezing of this liquid is responsible for the first = .
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plateau. Pereira supported Maximov's theory. His
experimental results also indicated that the second plateéu
is caused by freezing within individual cells close to the
thermocouple. The fact that the second plateau is about 2 K
below the initial freezing point may be a result of
supercooling. '

To estimate how sensitive the model is to errors in
k(T), it was decided to increase all the k(T) values by 20
or 100% and then examine the changes in the model results.
From Figure 22 it can be seen that a 20% increase in k(T)
values reduces the time to reach a given temperature by less
than 0.2 min. Figure 22 shows that even a 100% increase in
k(T) does not prevent a plateau occurring in the model T(t)
profile. The existenée of this plateau, in the model
predictions, may result from the use of an incorrect heat
transfer.coefficient. Alternatively, the lack of a plateau
in experimental results may be caused by supercooling.

The model is based on equilibrium enthalpy values and
thus does not allow for supercooling. Initially, an attempt
was made to consider supercooling but then it was realized
that different parts of the cylinder would have different
degrees of supercooling. To predict the amount of
~ Supercooling throughout the cylinder it would be necessary
to allow for water diffusion. This would be a possible
future extension of the model. The presence of supercooling
might explain why the model results lag behind the

experimental values just below the initial freezing point.
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As heat of fusion need not be removed, supercooled foods
will initially cool faster than predicted.

Originally, in testing the model for still air thawing,
a constant h value of 11 J/(s . m? . K) was used. This
estimate of h was suggested by Charm (37) for slow moving
air. From Figure 23, it is apparent that use of this h Yalue
resulted in poor agreement being obtained between model
predictions and experimental results. The experimental h
values in Equations (33) - (35) were then employed. As can
be seen from Fiqures 24 - 26, this led to excellent
agreemenf between experimental and predicted temperature
profiles.

The experimental h(uy.,) data, for air thawing, was
also approximated by cubic and discontinuous functions. Use
of these functions resulted in T(t) curves wvhich were as N,
close to experimental values as the model results in Figures
24 - 26. It is, therefore, concluded that many different
types of approximating functions can be used to represent
h(uy..) and produce accurate T(t) profiles.

Model results (for Te = 243 K, h = 283 J/(s . m* . K))
are used in Figure 27 to show how the T(t) profile changes
with position, during freezing. This figure indicates that a
very fast freezing rate is obtained at the centre relative
to the outer regions. As T,.,- T, at the surface is small
when the centre is be%ng frozen one might expect the latter

v

to freeze slowly. HGWéver, the model predictions agree with

the experimental results of Mef}ﬁan (142) and Luyet (129).
. ¢ . -
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to freeze. At this stage most of the heat of fusion has
already been removed from the exterior regions, Also, the
thermal conductivity has been significantly increased as a
result of freezing.

In conclusion, the numerical mode] predicted
temperaturé-time relationships which were/ﬁithin 0.1 K of "~
the analytical solution for one phase heat transfer, For
Karlsruhe Test Substance, the model predicted*freezing times
which were withip =2 to +11.6% of experimental values, For
freezing of Sugarbeet cylinders in the 243 K bath, the
predicted freezing time was 13.6% greater than the average
experimental value. The situation wasg reversed for the 253 K
bath. In this bath, the predicted freezing time was 14.6%

lower than the average experimental value. The maximum

difference between experimental and predicted temperatures

.,
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13. CONCLUSIONS

b v

1. Frozen beets should not be allowed to thaw prior to
processing. This is because thawed beets are soft and
decay rapidly.

2. Insignificant sucrose losses occur in beets which are
stored frozen, at 563 K or 248 K, for six months. This
conclusion applies to a wide range of freezing rates.

3. Two frozen étorage methods appear economically
attractive and warrant furtﬁf: investigation. The first
one is .the storage of frozen beets in outdoor piles. The

second method is the frozen storage of beets in

mechanically cooled buildings.

se of enthalpy, in the energy balance equations,
simplifies the development of heat transfer modéﬁs for
freezing and thawing of biological materials. No loss in

accuracy results from this simplification.

HRE ¥
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14. RECOMMENDATIONS

»

A numerical model should be developed for the freezing
and thawing of storage piles of sugarbeets or other
plant material. This model could then be used to predict
the effect of unusual weather cond{tions, such as i
Chinook winds in Southern Alberta, on the temperature of
stored beets.

Frozen storage experiments should be performed on beet
piles in the Taber area. Cold night air should be blown
through the pile to freeze the beets to 263 K or below.

Temperatures in the pile should then be monitored to.

determine how long the beets remain frozen. The use of

aﬁile covers in the prevention of thawing should also be

"investigated.

Accurate experimental measurements of thermal
conductivity and enthalpy, in the freezing range, should
be obtained for numerous biological magefials.

The enfhalpy épproach should be used tg‘develop heat
transfer models for othe‘ shapes, sugh as finite
cylinders, finite slabs Qédfcones.

The numerical model, developed in this thesis, should be f
extended to allow for the effects of bdth supercooling '

i
and water diffusion. : i , i
' 3

'
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15. NOMENCLATURE

constants used in calculating enthalpy -
water activity

surface area, cm?

constants used in calculating enthalpy

constant used in the experimental
determination of enthalpy, J/(min . K) .

K) &,

specific heat ¢ vc.r able juice,

J/(g . K)
specific heat o' samgbe, J/(g . K)

-

55ecific heat of insoluble solids,
J/(g . K)

constants used in calculating enthalpy ®

constants used in calculating thermal

conductivity

o

shape factor used in Plank's equation

calculating thermal
conductivity

error mean square

O
~

constants used in calculatinéléﬂermal

copductivity_

shape factor used in Plagﬁgs equation
enthalpy per unit mass% J/g
enthalpy per unit mass of juice, J/g

heat transfer coefficient at the surface,
J/(s . m?* . K)

zero order Bessel function

first 6rder Bessel function

thermal conductivity, J/(s . m . K)
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thermal conductivity of dry matter,
J/(s . m . K)

thermal conductivity of frozer :ood,
J/(s . m . K)

» therimal conductivity Q{ ice,

J/(S.m.K) P

thermal conductivity of unfrozen food,
J/(s *m . K)

‘thermal conductivity of water,

J/(s . m . K)

thickness of infinite slab, or diameter
of sphere or cylinder, cm

least significant range
mass of copper cylinder, g
mass of sample, g
number of time increments at which ,
e>verimental and predicted temperatures are
¢~ ared
number of elements
Rh/k
rate of heat flow from block to sample,
J/min i
¢
radial ‘position, cm
Aumber of geplicates
DT 3
standard error of the mean

sum of all the medsured sucrose contents

sym of the 7 treatments which had a
replicate 10 measured S

sum of the. 11 measured replrcates of s
tgeatment 8

51gn1f1cant studentized range
time, min
‘4 "

%ﬁl,
b ®

W e



t time for -entre of sample to reach the Z“Eﬁ

f free- 2int, min Lo
trt number of treatments’ \ : iJ‘
\
T temperature, K )
T, initial temperature, K
Ta temperature of cooling or heating medium, K
Ts temperature of block, K
Tes .- initial freezing point, K
Te: temperature at which 1ln H vs. T becomes.,
o linear (during freezing)
Q '
Tecs temperature at which k vs. T is no longer
linear (during freezing)
T (t) average experimental temperature at
exXp time t, K
Tf unique freezing p01nt K
Lien surface temperature‘K
Tpre(t)’ predicted temperature at time %) ‘K
T, ' freezing point of water, X
T - Ta
u dimensionless temperature, =-------
Te - Ta
Ter = T
Ucl ————————
To = T
. Tcz - Ta
Uc, e
Te = T
Tc; - T
Ues mmome-—=
Te = T
Wi mass fraction of juice wvhich has become ice

W, o mass fraction of soluble séaﬂds in unfrozen

- juice

l‘\‘_
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v mass fraction of soluble solids in residual
solution

W mass fraction of insoluble solids

w mass fraction of water

w L I

X : dimensionless position, r/R

y distance in one-dimensional heat equation, cm

Y estimated missing value in Table 4, ¥ sucrose

\f'» K

»

Greek Symbols

a thermal diffusity, cm?®/min @

a« ' thermal diffusity of water, c‘i(yin

ﬂn roots of BnJ,(Bn) = Pq.(ﬂn)

AH (T) H (293.2) - H (T), J/9

AR element thickness, cm

At - time increment, min

AT Ty = T |

ATy AT without sample

AX dimensionless element thickness, AR/R
0 density, g/é’ | '
T dimensionless time, at/R?

Subscripts and Superscripts

¢
ES

d ‘@é:? dry matter = ~



frozen

element number
time increment
juice

unfrozen DBy

e
sample
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17. APPENDIX A

17.1 The Sugarbeet

The sugarbeet is a biennial plant which produces a
large tap root in the first year and seed in the following
year. Sugar is produced by photosynthesis, in the leaves of
the plant, and is used for the plant's metabolism and
growth. Excess sugar is stored in the'tap root. The top part
of the root, from where the leaves grow, is called the
"crown". The'sugar content varies throughout the root. It's
minimum value is attained at the crown where fewer storage
cells exist. The maximum sugar content occurs about halfway
down the root.

The sugarbeet is composed of white storage tissue which
is penetrated by darker vascular rings. The vascular rings
are composed of xylem and phloem vessels. The xyiém conducts
water and the phloem conducts nutrients. For example, sﬁgar
is transported from the leaves to the root by means of the
phloem. The storage tissue consists of thin walled '

."parenchyma” cells. Small parenchyma cells surround the
vessels whereas larger parenchyma cells are further away.
The large cells are primarily responsible for water storage
and have a much lower sugar content than the small .cells.
The "intercellular space" between cells occhpies about 0.5
to 2% of the total volume (67). ‘

It is important to remember that the sugarbeet root is

composed of different types of cells of varying compoéition.
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Each of these cells may freeze at a different temperature.

Oldfield et al.. (157) observed that sugarbeets start to

freeze at 271 K. However, Wyse (239) stated that the

intercellular region and

the surface of the beets

cells may also differ in

does occur. Phloem cells

A

some cells (epidermal cells) near
may freeze at 272 K. Different
their tolerance to freezing when it

are more resistant to frost injury

than parenchyma cells (214).
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18. APPENDIX B

/

18.1 Freézing Injury in Plants
Plants are composed of small units called "cells", each

ofbwhich is bouynded by a "cell wall"™. Every cell is divided
into a number 6f different compartments, each of which has
its own specific functions. Separating the various
compartments is the "ground cytoplasm" which is a complex .
colloidal solution. Changes in the concentration or pH of
this solution can irreversibly damage the cell (106).
Biological materials are injured by freezing ané<
thawing. This injury results from the conversion of water
into ice. When the temperature falls below the initial
freezing point, ice begins to form in the intercellular
region. Water then leaves the inside of the cell in an
attempt to equalize the chemical potentials inside and
outside the cell. Thus, a growing ice layer is formed
outside the cell. At the same time thecgoluge concentration
inside the cell-is increased and this lowers the freezing
point of the solution inside the cell ("ihtracellular
solution”). If the temperature is decreased suf:iciehtly
slowly so water can leave tﬁe cell then intracellular ice
formation will be avoided. However, if the sampie
temperature falls very rapidly then water cannot leave the
cell quickly enough and ice is eventually formed inside the
cell. This intracellular ice is considered to be lethal for

cells. For frozen foods lethality may not be important as

198
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~cells need not survive freezing and théﬁing if the food is
consumed within a short time of thawingﬁ\

The increased solutéd concentration, obta1ned dur1ng
freezing, may~result in precipitation of some solutes (65),
attack on cell'membranes (5,6,87,125,183,1?1), and
acceleration of some chemical reactibns (119). Damage to/

cell membranes can result in the movement of enzyﬁ;s to
regions of the tissue where thgy can act on reactants to’
which they do not normally have access. Loss of water leads
‘to cell shrinkage, which, in turn, brings potential
yeactants closer together. This can result in protein
denafuration (119,120) and degradation of lipid components
(6,219,236) of cell membranes. |

The rate constant for most chémical reactions decreases

with decreasing temperature. However, one must consider that

the cell solution is concentrated when water is transformed

into ice. Thus, the rate of some chemical reactions is

actually increased during freezing. These reactions are
— . »

subsequent 'y slowed down when the temperature falls below

about 263 K. 1S is because: (1) the reaction rate constant
-
continues to .. " with temperature, and (2) the viscosity of

the cell solutis~ is increasing with decreasing temperature
and will eventual.,k6 beccme so great as to essentially stop
the movement of potential reactarts.

“ When water freeze" it expands about 9%. This expansion
may cause the grow1ng ice layer to push ad301n1ng cells

apart or to even penetrate some of the cells
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(57,77,119,145,173,198).

fgf % During thawing intercellular. ice melts and flows béc}

; into the cell andlthis causes a -stress on the cell wall and
membranﬁs (117). 1In addition,nﬁhawing of ice momentarily
result; in large concentration gradienté inside the cell.
Regions of almost pure Qater are adjacent to regions Of
conceﬁtrated solutes. The resulting high osmotic gradiént
céﬁ damage the cell.

’ The plasma membrane is situated just inside the cell
wall and it maintai;s the integrity of the cell. It allows
some molecules to enter the Celi but stops others. If the
plasma membrane is damaged then it may lose this
semipermeability and solutes are lost from the interior of
Ifhe cell. This results (because of a reduction in osmotic
Pressure) in a decrease in the amount of water which =
re-enters the cell during thawing. Loss of water may also be
partly attributed to the reduction in water holding capacity
of proteins denatured during.freezihg. A decrease in cell
water content caﬁses é redﬁction in the pressure on the cell

~wall and results in a softening of the tissue. Cell walls,

.because of their rigid nature, Are partly responsible for
the firmness of a plant tissﬁe.“Thus, dpﬁage to cell walls
and membranes during freezing contgibﬁtes to the softening
of the tissue. |

As stated above; cell membranes can be irreversibly
damaged during freezing and lose their semipermeability.

There are many possible causes of membrane damage.

J
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Lovelock (125) stated that concentrat1§p of electrolytes,
rather than the mechanical effect of ice crystals, was the
main cause of damage in the freezing of red blood cells.
" When the cells were placed in NacCl solutions stronger than
0.8 M the plasma membrane became permeable to sodium 1ons.
. Levitt (119) considered that when the cell contracts
during slow freezing a "break" occurs in_the lipid layer of
o its membranes. This break is then stabilized by the
formation of disulfide linkages between membrane proteins
. and is not removed during thawing. For intracellular
freezing, Levitt (122) speculated that submicroscopic
'crystals "expand into the plasma membrane, creating small
holes ip the now solid lipid iayer". During thawing, these
holes cause a loss of sémipermeability in the plasma
“membrane. |
' Meryman et al. (143) postulated that irreversible
- damage to cell meﬁbranes occurs du;ing slow freezing when
the cell volume is reduced below a certain critical-valde
(about 40 to 50% of the unfrozen volume"). This damage was
attributed to loss of lipid or profein components from the
cell membrane. The loss of the membrane material was
considered to be caused by either a direct osmotic stress or
physzcal forces resulting from the reductlon in cell volume.
- Araki's (6) experimental results, for mitochondrial
membranes, indicated that phospholipids (particularly
phosphatzdylethanolamlne) may be ‘degraded during slow

freezing by the action of a phosphollpase This enzyme is
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apparently activated by changes inflicted on the membrane

following exposure to high solute concentrations.

»

18.2 Effect of Freezing and Thawing Rates

Fast freezing generally produces food of a better
quality than slow freezing (28,77,180,220). Fast freezing
results in small distributed ice crystals. Slow freezing
produces large ice masses which tend to physically disrupt
the cell walls. Another disadvantage of slow freezing is
that cells lose a large amount of water during freezing. The
remaining solution then becomes highly concentratéal The
probability of unfavourable reactions or solute
ﬁrecipitation occurring is therefore increased,

. Chemical reacti%?s can take place quite rapidly above
263 K. The faster thé freezing rate the quicker the food
temperature will go below 263 K and the less guality
deterioration will occur. However, it should be noted that
'if large samples are frozen too quickly, for example in
liqugd nitrogen, the surface will be frozen solid befo;e the
interior starts to freeze. When the interior expands during:
freezing seve:re cracking occurs. ‘

Slow thawing allows growth of ice crystals
(recrystallizat}on) and thus minimizes the advantagés of
fast freezing, It also permits more time for undesirable
reactions to occur. However, it should be noted that fast

thawing has the following disadvantages :

PN
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l. 1Ice is melted rapidly and neighbouring regions of almost
pure water and concentrated solution will exist.
2. Water is returned very quickly through the céll wall and

. &
membrane, thus creating a shear stress on these

structures.

The disadvantages of fast thawing are greater following slow
freezing as more water must be returned to the cell. Thus,
as a general rule, fast freeiing should be‘followed by fast
thawing and slow freezing by slow tha;ing.v

Rates of thawing are limited by the fact 7ﬁ5;’;;e
surface temperature cannot be allowed to reach too high a
value. If it is desired to keep a plant alive after thawing
then the surface must be kept below 318 K. When dealing with
a food, higher sur{ace temperatures may be used but care
must still be taken to avoid damaging the surface. Thawing
rates are also limited by the fact that heat must be
transferred through a growing layer of thawed food which has

a thermal diffusity about nine times less than that of the

frozen food.

18.3 Storage Temperature

Frozen vegetables are usually stored at 255 K as
biochemical reactions take place very slowly at this
temperature. Frozen storage above 263 K is not recommended

as above this temperature :
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1. Micro-organisms can grow.

2. Some biochemical reaction rates are high.

(?he actual storage temperature is decided by economics i.e.
the potential improvement in vegetable guality or storage
life must be balanced against the increased -refrigeration
cost of a lower storage”temperature.

"As a result of ice crystal growth the benefits of fast
freezing may be lost durlng storage (180, 224) The lower the
storage temperature the slower will be the ice growth rate.
It is generally accepted (103,180,208) that fluctating
storage temperatures encourage the growth of ice crystals
and thus the storage temperature should be kept asaconstant
as possible. However, some experiments (92) have indicated
that fluctuations in the storage temperaturé are not
important for food storage.

s

Enzymatic reactions can continue at frozen storage
temperatures. Thus, vegetabfes usuelly undergo a blanching
treatment prior to freezing. It consists of placing.the
vegetable in steam or hot water (353 to 373 K) for
approximately one minute. Blanching deactivates some enzymes
and kills many micro-organisms (159). It also removes air |

from vegetable tissues and thus reduces the probability of

oxidation occurring (91).



19. APPENDIX C

19 1l Estimation of Sucrose Content of Beet Cylinders

‘The follow1ng me' hod was used to determine the gEErOSe

content of beet cylinders. It was adapted from a proc

——

@
developed by Karr and Norman (109a).

1.

2‘

Weigh a closed container to 4 decimal places (=A).

Add 3 beet cylinders and reweigh to 4 decimal places

-
- -

®
Transfer the 3 cylinders to a 4 oz. oster blender jar.

(=B).

Cut the cylinders into small pieces and add 100 ml of

distilled water.

Add 0.4 g of dry basic lead subacetate (aids in

subsequent filtration);

Blend for 6 min at the top speed of a CYCLOMATIC 14
OSTERI ZER.

e
Filter the solution obtained into a preweighed (to 1
decimal place) plastic container (weight of container,

including top, =C).

In this procedure it is assumed that no sucrose is lost

during extraction. Consequently, after pouring the
extract solution into the funnel the remaining extract,
in the blender jar and on the cutter blades etc., is
washed into the filtration funnel wiﬁh disf?}i:: water.
The precipitate left on the filter paper (WHATMAN no. 4,

24 cm diameter) after filtration is also washed with

distilled water. The total amount of distilled wafer
L
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used for washing is about 170 ml.

9. The top is then put on the container a;d the container.
and extract solution are weighed to 1 decimal p?‘ce
(=D).

10. Weigh a 5 ml volumetric flask (=E),.

11. Add about Q0.9 ml of the extract solution and reweigh
_(=F).

12. Add about 0.9 ml of a trehalose solution of known

concentration (should be about 0.007 g trehalose/g of

1

solution) and reweigh (=G).

The above three weights are all recorded to 4 decimal

places. .
13. The solution in the volumetric flask is mixed well and
then 0.8 ml of theflsolution is added to a labelled,

empty, 6 ml hypovigl. \ | ’
14. The hypovial is placed in, a vacuum oven (at 333 K and

10.2 kPa (3 in. Hg)) for 1 hour to remove all the water

from the solution. .

15, The hypovial is sealed and 0.5 ml of
trimethylsilylimidazole and 0.5 ml of dimethylformamide
are injected. The resulting solution is left overnight‘
at room ;emperatufé or for 15 minutes at 333 K,

16. Then 9.8 microlitres of this solution are injected into

a Gas Chromatograph (F and M model 810).

Using the resulting ratio of the sucrose and trehalose

peak areas, the % sucrose can be calculated from the

RN
\
\
\

xd
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(\ formula:

% SUCROSE AREA CONC.TREH. (G-F)(D-C)
= X X KX ———— X 100%
‘IN COSSETTES RATIO SOLUTION (F-E) (B-A)

(c-1)

The constant*K is the calibration constant for the Gas

Chromatograph and is defined by:

trehalose peak area/trehalose mass injected
K = - (C-2)

sucrose peak area/sucrose mass injected

It:is obtaihed\by carrying out calibration runs using
standard sucrose and trehalose solutions of known
/concentration. These stindard solutions were injected, every
day samples were being anaiysed, to detect any variations in

—

K. ’ . A '

Gas Chromatograph Details

A single column flame ionization detector was used to detect
the sugar peéks. The response Erom the detector was

- transmitted to a HEWLETT PACKARD computer (Zlyx E-series),
via an A/D converter, where the peak areas were determined

and reported on a telytype.



\y
G.C. Operating Conditions

-

4.3

Helium flow rate: 30 ml/min,
Hydrogen flow rate: 45 ml/min.

Air flow rate: 440 ml/min. . \\

e
Heliu?/ﬁnlet pressure: 380 kPa (40 psiq).

Hydroﬁen inlet pressure: 250 kPa (22 psig).

Air inlet pressure: 380 kPa (40 psig).
Oven temperature: 533 K
Injection port temperature: 573 K

Flame detector temperature: 583 K

208
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20. APPENDIX D

20.1 Estimation of Missing Value in Table 4

Due to expgrimental problems the percent sucrose for
replicate 10 of treatment 8 in the f.rst set of experiments
was not measur‘d. As a value was required for the Randomized
Block besign it was decided to estimate éne using the

formula in Snedecor and Cochran (195):

trt X St8 + rep X Srl0 - Sall
Y = (D-1)

(trt - 1) (rep - 1)

where:

Y = estimated %sucrose of treatment 8, replicate 10.

trt = number of treatments = 8

rep number of replicates = 12

St8 sum of the 11 measured replicates of treatment 8

193.4
Srl0 = sum of the 7 treatments which had a replicate 10 '
measured = 110.8

Sall = sum of all.the measured sucrose contents = 1624.8

Thué,
8 X 193.4 + 12 X 110.8 - 1624.8
Y = 3 (D-2)
7 X 11
= 16.3%

209
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20.2 Duncan's Multiple Range Test
<

20.2.1 First Set of Storage Experiments

Randomized Block Design

a) Rank Treatment (Trt.) Means
. '
Trt.2 Trt.4 Trt.3 Trt.5 Trt.6 Trt.8 Trt.7 Trt.l

16.4 16.6 16.8 16.9 17.5 17.5  17.6 17.6

b) Calculate the Standard Error of the Mean (s;)

From Table 4 the Error Mean Square (EMS) = 0.1849

Number of replicates (rep) = 12

s = y{EMS/rep = /0.1849/12 = 0.1241 _ (D-3)
c) Degrees of Freedom (DF) for ErrOf

DF = (trt - 1l)(rep-1)

= (8-1)(12-1) = 77 | (D-4)

d) 5% Level of Significance |

For DF=77 a linear interpolation of Harter's (94) Table 1

7 yields:

\\\
\
No. of means 2 3 4 5 6 7 8
SSR 2.82 2.97 3.06 3.13 3.19 3.23 3.27
where:

SSR = significant studentized range.
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e) Calculate the Least Significant Ranges (LSR)
LSR = s, X SSR (D-5)

This yields the following LSR values:

No. of Means 2 3 4 5 6 7 8
LSR .35 .37 .38 .39 .40 .40 .41

f) Determine the Treatments which are Significantly
Different
Trt.l - LSR, = 17.6 - 0.41 = 17.19
Trt.5 = 16.9
Therefore, Trt.l is significantly greater than treatments
2-5.
Trt.l - LSR, = 17.6 - 0.38 = 17.22
Trt.6 = 17.5
Therefore, Tft.l is not signifiqahtly different from
treatments 6-8.
Trt.8 - LSR, = 17.5 - 0.40 = 17.10
Trt.5 = 16.9
Thereforé?'Trt.B is significantly different from
treatments 2-5. Q\
Trt.5 - LSR, = 16.9 - 0.38 = 16.52

Trt.2 = 16.4

Therefore, Trt.5 is significantly different from Trt.2.
Trt.5 - LSR, = 16.9 - 0.37 = 16.53
Trt.4 = 16.6

Therefore, Trt.5 is not significantly different from
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treatments 4 and 3.
Trt.3 - LSR, = 16.8 - 0.37 = 16.43

Trt.2 = 16.4 ‘ \\

Therefore, Trt.3 is significantly different ‘from Trt.2.
Trt.4 - LSR, = 16.6 - 0.35 =“16.25

Therefore, Trt.4 is not significantly different from Trt.2.
The above results can be summarized as follows:

v >

Trt.2 Trt.4 Trt.3 Trt.5 Trt.6 Trt.8 Trt.7 Trt.l

‘Thojzreatments which are underlined with the same line are
not significantly different at the 5% level. If two |
treatments are not underlined with the same line then they
are significantly different. The calculations were repeated
at the 1% level and the following results were obtained:

Trt.2 Trt.4 Trt.3 Trt.5 Trt.6 Trt.8 Trt.7 Trt.l

Y

Factorial Design

The six treatments in order of ranking are:
Trt.2 Trt.4 Trt.3 Trt.5 Trt.6 Trt.7
16.4 - 16.6 ~ 16.8 16.9  17.5  17.%

From TaBle 7:

}/ EMS = 0.210 R

rep = 12 4

s =;/EMS/r»ep = /0.210/12 = '0.1323 (D-6)
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DF for Error = (trt - 1)(r-1)
= (6-1)(12-1) = 55 4 - (D-7)
For a 5% level of significance

use of Harter's Table 1 gives:

No. of Means 2 3 4 5 6
SSR 2.84 2,98  3.08 3.15 3.20
 LSR 0.38  0.39 0.41 0.42 0.42

Trt.7 - LSR, 17.6 - 0.42 = 17.18

Therefore, Trt.7 is significantly greater than

treatments 2-5,

.;rt.7 - LSR, = 17.6 - 0.38 = 17.22

Therefore, Trt.7 is not significantly differént froqurt.s
Trt.6 - LSR, = 17.5 ~ 0.42 = 17.08

Therefore,>Trt.6 is significantly greater than

treatments 2-5,
Trt.5 - LSR,’ = 16.9 - 0.41 = 16.49

Therefore, Trt.Siis significantly different from(Trt.2.
Trt.5 - LSR, = 16.9 - 0.39 = 16.5]

Therefore, Trt.5 is not significantly different from

treatments 4 and 3
Trt.3 - LSR, = 16.8 - 0.39 = 16.41

Therefore, Trt.3 is significantly different from Trt.2
Trt.4 - LSR, = 16.6 - 0.38 = 16,22

Therefore, Trt.4 is not significantly different frém Trt.2.

, - @ :

L 4
L]
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The above results are now summarized:

A

Trt.2 Trt.4 Trt.3 Trt.5 Trt.6 . Trt.7

The following result was obtained for a 1% level of

significance:

Trt.2 Trt.4 Trt.3 Trt.5 Trt.6 Trt.?7

20.2.2 Second Set of Storage Experiments

The four treatments in order of ranking are:

Trt.12  Trt.10 Trt.l Trt.1l

17.1 17.5 17.5 17.%

From Table 13:

EMS = 0.084

rep'= 8
s,= VEMS/rep = /0.084/8 = 0.1025 (D-8)
4DF for Error = 21 T (D-9)

For a 5% level of significance, use of Harter's

Table 1 yields:

7
No. of means: 2 3 4
SSR . 2.94 3.09 3.18
" LSR 0.30 0.32. 0.33
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Trt.l1 - LSR, = 17.6 - 0.33 = 17.27
Therefore, Trt.11 is significantly greater than Trt.12.
Trt.11 - LSR, = 17.6 - 0.32 = 17.28
Therefbre, Trt.11 is not signiTicantly greater than
treatments 1 and 10.
Trt.l - LSR, = 17.5 - 0.32 = 17.18
Therefore, Trt.l is significantly greater than T. .._.
Trt.10 -LSR, = 17.5 - 0.30 = 17.20
Therefore, Trt.10 is significantly greater than Trt.l:

3

The above results are summarized as follows:

~7Tre 12 Trt 10 Trt.l Trt.ll

{
The following result was obtained for a 1% level of

significance: ]

Trt.12  Trt.10 Trt.1  Trt.11




21, APPENDIX E.

-

21.]1 Experimental Results Used in Determining h:

TIME TEMPERATURE
(min) (K)
RUN 1 RUN 2 RUN 3

(T =297.7) (T =297.5) (T =297.5)

0 243.1 242.9 242.9
1 250.5 249.9 250.5
2 - 257.7 256.5 . 256.7
4 268.9 266.5 266.7
8 281.2 '278.3 . 278.0
12 286.2 283.5 283.2
16 288.2 . 286.2 285.5
20 o 289.3 288.2 287.6
2¢ 290.5 289.8 . 28B.9
28 291.3 . 290.9 . 289.9
32 292.1 292.1 290.8
- 36 292.7 292.9 - 291.7
40 - 293.3 293.7 292.3
44 293.9 294.5 292.7
¢8 . 294.2 294.7 293.3

52 C T 294.7 295.2 293.9
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60
64
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TABLE E-2: AIR HEATING OF COPPER CYLINDER, T,=253 K

- e e e e e e e e e e e e - -~

12
16
20
24
28
32
36
40
. 44
48
52
56
60
64
68
72

(T =297.8)
a
252.
258.
263.
271.
281.
284 .
287.
288.
289.
290.
291.
292.
293.
293.
294.
294.
294.
294.
295,
295,

S
3

w O N

9
S
9
9
7
6
9
3
6
7
9
2
6

(T =297.9)
a

252.
258.
263.
271.
280.
284.
286.
288,
289.
290.
291.
292.
293.

293.

294 .

294.

294.
294.

295,

295.
295.

9
2
7

5
7
8
1
S
6

(Taé297.9)
252.9
258. 4
263.7
271.4
280.3
28491

. 286.4
288.2
289.3
'290.2
290.9
291.9
293.6
293.2

 #293.7

. 294.2
294.5
294.7
294.9
295.1

w

218



TABLE E-3: AIR HEATING OF COPPER CYLINDER, T,=263 K

_—..__._._..—.__-—-_—.__..__-_..._—_—_-—__—--_—s._._

- e m - ———

12
16
20
24.
28
32
36
40
44
48

T T T T e e e - - —

(T,=297.9)

263.2
267.3
270.9

276.8

283.4
286.9
289.3
290.5
291.7
292.6
293.1
293.9
294.7
295.1
295,

(Ta=297.8)

263.
' 267.
271,
276.
283.
286.
288.
290.
291,
292.
293.
293,
294,
294,
295,

2 .

3
2
8
3
7

(T,=297.9)

263.2
267.2
271.1
276.7
282.9
286.3
288.6
290.2
291.4
292.3
293. 3
293.8
294.4
29,7
295.2
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TABLE E-4: COOLING OF COPPER CYLINDER, T8=243 K

—— o e e - - - - S o - - G e e . - A e e

TIME TEMPERATURE
(min) T

RUN 1 RUN 2 RUN 3
0 297.6 297.2 296.1
0.167 284.7 281.9 276.6
0.5 266.7 263.1 °  259.8
1.0 253.5 251.3 250.1
1.5 . 247.9 246.7 246.1
2.0 245.4 244.5 244.2
2.5 244.1 243.4 243, 3
3.0 © 243.5 243.3 -
3.5

243.1 - s -
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TABLE E-5: COOLING OF COPPER CYLINDER, L;=253 K

TIME ' TEMPERATURE ‘ //
(min) S
\\\

RQN 1 RUN 2 RUN 3
0 297.3 296.8 296.6
0.167 286.2 - 281.3 278.8
0.5 269.3 267.5 264.9
%0 259.1 258.4 257.2
1.5 955.5 255.2 254.7
2.0 254.1 253.8 253.7
2.5 253.2 253.2 -



TABLE E-6:

TIME

(min)

TEMPERATURE

222



12
16
20
24
28
32
36
40
44
48
52
56
60
64

RUN 1
Uy, h
0 -
0.864 20.
0.733 23,
0.527 23,
0.302 19.
0.211 12.
0.174
0.154 4
0.132 S
0.117 4
0.103 4
0.092 . 4.
0.081
0.070
0.064
0.055
0.048
0.046
0.044

20.
19.
l6.
11.

-———

h is expressed in

(To = 243 K)
RUN 2

Uy
1.0

2 0.872

0 0.751

0 0.568

5 0.352

6 0.256

3 0.207
0.170

.6 0.141

.2 0.121

.9 0.099

2 0.084
0.070

9 0.055

8 0.051

6 0.042

) 0.035

4 0.029

4 -~ 0.027

units of J/(s

RUN 3
Uy, h
1.0 -
0.861 20.2
0.747  19.5
0.564  19.5
0.357  15.3
0.262  10.5
0.220 6.3
0.181 7.0
0.158 4.9
0.139 4.2
0.123 4.2
0.106 4.9
0.095 3.5
0.088 2.8
0.077 4.9
0.066 5.6
0.059 4.2
0.053 3.5
0.049 2.8

K)
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12
16
20
24
28
32
36
40
44
48
52
56
60

64

68

72

’
4

(T,
RUN 1

Uy., h
1.0 -
0.880 17.4
0.759 20.2
0.581 18.8
0.369 15.3
0.287 9.1
0.234 7.0
0.198 5.6
0.176 4.2
0.154 4.9
0.131 5.6
0.114 4.9
0.094 7.0
0.087 2.8
0.078 3.5
0.071 2.8
0.069 1.4
0.065 2.1
0.058 3.5
0.049 5.6

20.9

o o o o o o
L] . L] * » -

18.1
20.2°
17.4
14.0

804 )
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TABLE E-9: AIR HEATING - h AS A FUNCTION OF u

(To

12
16
20
24
28
32
36
40
44

48

Un.

1.0
0.882
0.778
0.608
0.418
0.317
0.248
0.213
0.179
0.150
0.138

- 0.115 -

0.092
0.081
0.069

17.4
17.4
17.4
13.3
9.8
8.4
5.6
6.3
5.6
3.5

= 263 K) ’

0.882 17.4
0.769 18.8
0.607 16.0

0.419 12.6
0.321 7.0
0.260 7.0
0.217 6.3
0.179 6.3
0.150 6.3
0.130 4.9
0.113 4.9
0.095 5.6
0.087 3.5
0.078 3.5

N+

h is expressed in units of J/(s . m?

. K)

RUN 3
Un . h
1.0 -
0.882 17.4
0.770  18.8
0.609 16.0
0.431 11.9
0.333 9.1
0.267 7.7
0.221 6.3
0.187 5.6
0.161 4.9
0.132 7.0
0.118 4.2
0.101 5.6
0.092 2.8
0.078 5.6
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TIME

(min)

.167

H = o o o
wn

223
235
225
208
193
203
193
305

226

____—.--.—-—-.—_._._..-—___—__—__.____—-—————_-—————-—-——-.————_

RUN 2
UN.]_ h
1.0 -
0.718 275
0.372 273
0.155% 243
0.070 155
0.029 105
0.0089 322
0.007 62

of J/(s

h is expressed in units

N OF uy.,

RUN 3

Un.a h
0 -
633 380
318 288
135 237
060 225
024 250

0.008 327

K)



TIME

-—— -

(min)

T T s e e e e e e et r — E E e e ——— - - ——— - -

Un+a

1.0

0.750
0.369
0.140
0.059
0.027
0.007
0

.005 -

240
295
270
240
215

385
112

RUT‘ £
Un+1 h
1.0 -
0.647 362
0.333 277
0.125 ..270
0.052 242
0.021 « 260
0.007 305
of J/(s

h is expressed in units

-

o e e e e e G e G s = = - . - e -

435
320
285
242
225

227
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TABLE E-12:

———_—— L
TIME 'RUN 1
(min)

Uy s h

0 1.0 -
0.167 0.550 497
0.5  0.222 378
1 0.063 348

4)
1.5 0.023 358
2 0.009 272
2.5 - -

—__—_—._.._______——_-_-.-_-—_-._.__-.—__-.-_—__-__-_—_——_——_——

h is expressed in units of J/(s

- o - —a—

UN+2

1.0

0.596
0.268
0.085
0;025
0.014
0;003

430
332
320
335
163
447

LIQUID COOLING - h AS A FUNCTION OF uy.,

S A mn e e e e e e e e e e e = - e = - e mm e o . - - - —

0.538 515
0.229 355
0.068 337
0.025 272
0.009 305

. K)

228
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22. APPENDIX F

22.1 Karlsruhe Test Substance

Karlsruhe Test Substance is a methylcellulose gel which
was first produced by Riedel (175) “In Karlsruhe, Germany.
This gel also contains 77% water, a preservative called
parachlorometacresol, and enough common salt to loﬁer the

g

initial freezing point to 272.2 K. It is extremely useful in

testing a freezing model because:

1. 1It's enthalpy and thermalvconductivity have been
measured as a function of temperature in the fre 1.
range.

2. 1It's thermal properties are less variable than those of

a food.

3. It behaves very similarly to foods (especially lean

beef) during freezing. }>
Riedel tabulated (175) enthalpy ’ersus temperature
data. For ease of use in the numerical model these values

were approximated by the following sets of egua“ or 3:

H(T) = 285.44 + 4.272(T-273.2) ‘ TSt &
(F-1)
H(T) = expl6.09566 + 0.51751(T-273.2)
+ 0.06387(T-273.2)* + 0.003089(T-273.2)°] ‘
264.2 K < T < 272.2 K
, (F-2)
H(T) = exp[4.928" + 0.0632(T-273.2)] T < 264.2 K
| (F-3)
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The reason for choosing these particular functions is
explained in the chapter on "Determination of Thermal
Properties of Sugarbeets". The above approximations lead to
a8 maximum deviation from Riedel's tabulateq values of 2.6%.
Also, the enthalpy calculated from the equations agreed with
the actual data at 293.2 K and 263.2 K. Thus, the
approximatiofs should have a negligible effect on predicted
freezing tipes.

Bonacina and Comini (22) published a graph displaying
the dependence of thermal conductivity on temperature. The
graph was approximated in this thesis by the following

equations:

k(T) = 0.495 0.0C 0(T-273.2) T > 272.2 K
(F-4)

k(T) = 0.1312 - 0.36456T 270.2 K < T < 272.2 K
| (F-5)

k(T) = 0.95271 - 0.10682(T-273.2) - 0.00572(T-273.2)?

~ 0.000098(T-273.2)
T < 270.2 K
(F-6)
3 .
These approximations lead to thermal conductivity values
within the accuracy (5%) of reading data from the published
graph. The constants in Equation (F-€) were obtained by
means of a least squares fit through data read from

Bonacina's graph. The constants in Equation (F-4) were
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determined by making k(T) ;qual to the published value at
293.2 K and 272.2 K. Similarly, the constants for Equation
(F-5) were obtained by making k(T) equal to the published
value at 272.2 K and the value calculated from Equation
(F-6) at 270.2 K. This procedure ensured that the k(T)

function was continuous at both 272.2 K and 270.2 K.



23. APPENDIX G

23.1 Results for Freezing and Thawing of Sugarbeets

TABLE G-1: FREEZING OF SUGARBEET CYLINDER, T =243 K

- ———— _..__.._._—-—--.-—___,__.._—__..-.-—..___._—..-—..____

TIME CENTRE TEMPERATURE

- ——— T T T T T T T e e e e - — -

(fin) (K)

0 297.6 298.2 298.2 298.0
0.5 287 285.9 287.5 288.3%
1 274.9 272.7 272.9 275.8
1.5 270.5 271.1 270.5 271.2
2 267.5 264.9 268.4 271.0
2.5 257.1 249.9 255,2 263.3
3 247.9 245.4 247.4 253,7
3.5 244.3 243.8 244.5 247.2
4 243.5 243.2 243.6 244.2
4.5 243.2 243.1 243.2 243.3
5 243.1 243.0 - - 243.1

.~~-.-—---—_—-__.__..—...._—-—__—-_—..——_--

A constant h value of 283 J/(s . m? . K)

was used+in the model run.
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TABLE G-2:

- - -

TIME

-————

(min)

= = o o
w

2.5

- A - - o - . S S e S e W . i G W e G - A

FREEZING OF SUGARBEET CYLINDER, T;=253 K

et e . A e e A A A M W e e W o e A A e e sy S e

"CENTRE TEMPERATURE

. - - - e e . R b G e e e A M e Ae A A AV e e e e T e R e e

- -

298.
289,
277.
271.
270.
2689.
266.
265.
262,
259,
256,
254,
253.
253,
253,

—

L« AT Yo

A constant h value of 317 J/(s

was used in the model run.J

— - -~
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TABLE G-3:

TIME

(min)

234

. R

FREEZIN OF\ SUGARBEET CYLINDER, Ta =263 K

- — - o an - - o em e - - —— e - e = . S = e

CENTRE TEMPERATURE

— e - G o e e e - = e e S e - o= e mm .

RUN 1 RUN 2 RUN 3 MODEL

— e e e - —— - - -——— -

299.3  298.9  298.2  298.8
291.9  291.1  290.3  290.6
280.3 279.7 280.5 279.0
273.5  272.9  274.1  273.4
270.2 270.2 270.5 271.4
270.2  270.5  270.3  271.0
269.4  269.3  269.7  271.0
269.2  269.1  269.3  271.0
269.0  268.9  269.1  270.9
269.0  268.9  268.9  270.3
269.0 . 268.9  268.9  269.1
269.0  268.8  268.9  267.7
268.9' 268.7 ~ 268.5 266.6
:268.5  268.4  268.2  265.5
267.9  +267.9  267.7  264.7
267.5  267.5  267.1  264.2
266.9 - 267.1  266.5  263.8
266.2  266.4 . 265.8  263.6
265.3  265.7  265.2  263.5

265.1 265.3 264.7 ° 263.4



-0

‘L- Y

RUN l*/) RUN 2 RUN 3

10 264.5 264.7 264.2

10.5 - 264.3 264.4 264.1

11 264.1 264.1 263.8
11.5 263.9 264.1
12 - 263.7
12.5 - 263.6

A constant h value of 417

was used in the model run.

J/(s

MODEL

ml

K)
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TABLE G-4: THAWING OF SUGARBEET CYLINDER, T,=243 K

(min) w
RUN 1 RUN 2 RUN 3 MODEL
B ) (remes) (12970
0 243.0 243.0 243.2 243.0
2 256.8 255.9 256.1 256.1
4 263.7 262.5 262.7 261.9
8 268.1 267.7 267.3 267.1
12 269.5 269.3 269.1 268.9
as 270.2 269.9 269.8 269.8
20 270.5 270.3 278.7 270.3
24 278.7 277.8 284.3 274.0
28 284.1 283.5 286.9 280.9
32 286.2 285.9 287.9 284.9
36 287.3 287.3 288.6 287.
i0 287.9 288.3 289.1 289.2
Iy 288.5 288.8 289.3 290.5
6 286.8 289.5 289.8 291.4
52 289.2 289.9 1290.1 292.1
56 289.7 290.5 ~290.6 . 2892.7
60 «290.1 ‘ - 291.1 293.1
64 290.6 - ©291.5 293.5
68 290.9 - 291.9 293.8
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Vi

RUN 1 RUN 2 RUN 3 MODEL

72 291.2 292.3 294.1
76 281.5 - - -

80 291.8 o= - | 294.5

h = 0.8953 + 49.3939UN., - 30.5409(UN.,)2

J/(s . m* . K)
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TIME CENTRE TEMPERATURE v

miny Ty

RUN 1 RUN 2 RUN 3 MODEL
| (1,-298.0)  (1,2297.8)  (T..297.9) " (r,=298.4)

0 252.9 252.9 '252.9 252.9

2 260.4 2597 .~ 259.9 259.7

4 264.5 2621 264.1 263.9

8 267.6 267.2 1267.3 267.7 f
12 269.3 268.8 1268.7 269.2
16 . 269.8 269.5 269.7 269.9
20 270.3 278.9 271.2 270.3
24 279.4 281.3 279.7 275.9

28 . 283.7 284.3 283.6 282.1 ?
32 285.5. 285.6 285.9 235.8 [
36 287.4 286.7 . 287.7 288.2 g
40 289.3 287.8 289.5 289.9 .f
44 290.8 288.7 289.8 291.1
48 292.1 289.6 290.7 292.1

52 293.2 290.2 291.6 292.8 ®

56 - 294.1 290.8 292.2 293.4

60 294.7 291.4 292.7 293.9

64 295.2 | 299 293.3 294.3

3

68 295.5 ' 292.3 293.7 294.6
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RUN 1 RUN 2 RUN 3 MODEL
72 295.9 292.9 294.1 294.9
76 296.4 , - 294.5 295.1
80 - - 294.6 295.3

__..____.____.___—..___--_-...___—.-._..___-_.__.__

3
h = 0.0363 + 39'0551UN‘% - 19.3128(UN.1)’

J/(s . m* . K)



THAWING OF SUGARBEET CYLINDER, T,=263 K

T T e e e ———— F e e e e e e e - — -

TABLE G-6:
TIME
(min)

ROUN 1

12
16
20
24
28
32
36
40
44
48
52
56
60
64
68
72

- ——

(T =297.9)
a

263.2
265.3
267.1
268.9
269.7
270.2
280.3
284.3
285.9
287.7
289.1
290.2
291.1
291.8
292.3
292.8
*293.3
283.6
283.9
294.3

—— ——

(T_=297.9)
" 263.
265.
267.
268.
269.
270.
280.
284.
286.
287.
288.
289,
290.
291,
292,
293,
293,
293,
294,
294,

2
5

 © 9 » O m

~

O o0

(T =297,
a

263.2
265.5
267.2
268.9
269.7
272.2
281.5
284.7
286.2
287.5
289.5
290.1
290.7
291.5
291.9
292,3
292.7
293.3
293.6
293.9

O o

[V}
~J
wn
@ ~ v W

.8)
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RUN 1 RUN 2 (RUN 3 MODEL
76 294.5 294.5 294.1 296.1
80 294.7 - 294.5 296.3

..____—...-.—.-___....-__—__—__.....__...____—(—..——_-———.._...._.._._....—

___-__.__-._-.—____—_._-..-—~_._——.._---_ ——— - —

h = 1,9937 + 26.9908UN., - 9.1479(UN.,)’

J/(s . m": K)



24. APPENDIX H

24.1 Computer Programs

24.1.1 Model for Freezing and Thawing of Sugarbeets
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