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Small sheep dairy farms often make insufficient volumes of milk for economic daily
collection and are limited by transport distances to processors. A method of long-term on-farm
storage of milk would enable the industry to grow. Freezing would allow extended milk storage
on farms. But existing methods of freezing for on-farm applications have shortcomings around
materials handling, labour requirements and product quality. The project reported in this thesis
aimed to develop the engineering science behind an economically viable freezing method that
would improve on current methods.

The first period of this project focused on two freezer designs which were thought to be
promising: Rolling Droplet Freezing (RDF) and Falling-Film Flake freezing (FFF). RDF was selected
as the initial focus of the research program and consisted of a system where droplets of milk
would roll down an angled super-hydrophobic surface against a cold air flow and freeze. RDF
was abandoned due to concerns about construction costs and operating reliability. In a
condensing atmosphere, droplets rolling on superhydrophobic surfaces occasionally
transitioned from a Cassie-Baxter wetting state to a Wenzel wetting state, which caused the
droplets to stick.

FFF was then developed further. A pilot scale unit was designed and constructed, and
preliminary pilot-scale trials that were conducted with pure water and ovine milk reconstituted
from powder. The partition coefficient of FFF was measured as 0.946 at an operating
temperature of -30°C. At higher operating temperatures the partition coefficient was reduced.
Detaching frozen solids by applying a burst of heat to the freezer/ice interface was studied and
this method of detachment was successful with pure water, but ineffective for ovine milk. The
development of FFF was put on hold with the conception and development of the continuous
tubular freezer.

Ice formed in a solution can show morphologies ranging from highly dendritic structures with
entrapped solutes, which are homogenous on a gross scale, to large crystals of pure ice with
solutes rejected and compressed into inter-crystalline spaces. To investigate which sheep milk
components influence ice morphology at various freezing rates, whole milk was separated into
skim milk and into a casein-free serum phase. A simulated sheep milk ultrafiltrate was also
prepared. The morphology of the ice/sample interface was observed in a custom-built
microscope stage at freezing front velocities from <0.5 ums?® to 50 ums? with a spatial
temperature gradient of 35-38 Kecm™. The morphology arising from extremely rapid freezing
front velocities was investigated by supercooling slides on a temperature-controlled stage and
observing the nucleation and recalescence of the samples.

The morphology of ice at the interface changed from a planar to columnar and then to dendritic
as freezing front velocity increased, with the transitions from one morphology to another
occurring at lower speeds in more complicated solutions. A map of freezing front behaviours
was developed. The transition between interface morphologies was at different velocities and
transition differed based upon the interface velocity. At lower interface velocities a columnar
interface grew directly from a planar starting condition. At higher velocities an intermediate
dendritic zone formed, which then settled into a columnar interface. The ice formed by rapid
freezing from subcooled solutions was highly dendritic, with ice growth rates of approximately
21,000 ums?, which was close to the diffusion-limited ice growth rate in water of similar degrees
of supercooling.

The morphology of frozen ovine milk was also studied by Cryogenic Scanning Electron
Microscopy (Cryo-SEM): Milk was frozen by three different methods-slow quiescent freezing
(SF), rapid directional freezing (DF), and droplet freezing in LN,. Ice crystals rejected unfrozen
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solids into the region between crystals in all samples, including those frozen by immersion into
liguid nitrogen. There was a distinct difference in morphology between the SF and DF samples,
with the bands of unfrozen solids being significantly smaller in DF samples, and the long axes of
ice crystals were aligned with the direction of heat flow. SF samples lacked any particular ice
growth direction, and ice crystals were orders of magnitude larger. Lactose crystallisation was
observed in some SF samples but was not observed in any DF samples. Fat globules were
engulfed in ice crystals in DF samples, but rejected in SF samples.

To study the effects of frozen storage temperature and time, samples of raw ovine milk were
stored frozen at -10°C, -18°C and -28°C to -30°C for up to 8 weeks. Further samples were stored
below -20°C for 6 months. After thawing at 20°C, samples were tested for a range of properties
and serum samples were collected by separating the fat phase and micellar casein phase by
centrifugation. A gel was observed in milk stored at -10°C for 4 weeks and 8 weeks but was not
observed in milk stored at lower temperatures. The gel dispersed under heating and
homogenisation. There was no change observed in the pH, or serum protein level of thawed
samples after frozen storage at any temperature. The whiteness of the milk decreased during
frozen storage and the yellowness increased. Both of these changes were reversed on
homogenisation. The serum Ca?* levels in milk stored at -10°C and -18°C dropped over the
storage period, while no trend was seen in milk stored below -28°C, indicating that the migration
of Ca?* may play a role in the formation of gels after frozen storage. Milk that had been stored
below -20°C for 6 months had a similar viscosity and appearance to fresh milk.

A possible mechanism for the formation of gels at -10°C, but not -18°C or -28°C lies in the altered
solute environment, and the physical agglomeration of milk components in the spaces between
ice crystals, driving the gelation of closely packed casein micelles, with Ca?* stabilising this
network. It is well established in literature that the viscosity of an unfrozen phase increases by
several orders of magnitudes as it decreases in temperature and approaches a glassy state. This
increased viscosity reduces protein mobility and solute diffusion, which reduces the rate of gel
formation.

The tendency for frozen milk particles to bind together during frozen storage was evaluated.
Frozen pellets of whole ovine milk were stored under weights at -10°C and -18°C and pellets of
frozen concentrated milk stored at -18°C and -28°C. Ovine milk pellets bound together at -10°C
but not -18°C, while concentrated milk bound together at -18°C, but not -28°C. This can be linked
to the volume and viscosity of the unfrozen phase in these samples.

Differential scanning calorimetry was used to determine the fraction of freezable water frozen
at any temperature. The melting onset temperature was observed, and this was used to
determine the solids content maximally freeze concentrated solution (X(T;,)). Xs(T,,)=0.875
for whole ovine milk X (T;,,)=0.85 for skim milk, and X, (T;,)=0.81 for ovine milk serum. This
was also determined for whole ovine milk by the magnitude of the overall latent heat release
during melting, which gave a value for whole milk of X¢(T;,)=0.85+0.016. A partial phase
diagram for ovine milk was generated from the data collected.

The insights generated from observing both the dendritic morphology of high velocity ice fronts
and progressive freezing behaviour led to conceptualising a novel tubular freezer, subsequently
constructed. It was hypothesised that reducing the volume or area of ice in contact with the
freezer wall, due to the inclusion of unfrozen product, could reduce the adhesion strength
between a frozen product and the freezer wall. By controlling the outlet temperature, the
volume fraction of unfrozen product could be controlled. The adhesion strength could thereby
be controlled, and a set of operating conditions could be found that would allow a mostly frozen
product to be extruded as a solid from a cooled tube by a high-pressure pump. This was tested
on a benchtop scale (up to 5mL/minute, with a freezer internal diameter of 4.2mm and cooled
length of 500mm), with ovine milk, fruit juice, fruit pulp, concentrated coffee, bovine cream and
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concentrated milks. The system successfully froze all samples. The operating pressure was found
to increase with increased frozen fraction, and therefore with decreased operating temperature.
The ice morphology of milk and juice frozen by this equipment was imaged by cryo-SEM and by
optical microscopy. The ice crystals were radially aligned, increasing in size closer to the centre
of the frozen product plug, which was expected due to the heat flows and the relationship
between freezing front velocity and feature sizing. This positive preliminary result led to the
construction of a larger scale prototype unit which consisted of a spiral tube with a length of
5000 mm, and an internal diameter of 10 mm. This was used successfully for a product flowrate
of approximately 6 kghr™.

vi
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The figure above shows the map of
morphologies  seen in ice/fluid
interfaces, as this interface advances at
different speeds and in different ovine
milk fractions. The figure to the right
shows the morphologies corresponding
to the symbols on the map above. These
are reproduced from Chapter 4.

The figure below, reproduced from
Chapter 6, shows a partial phase
diagram of ovine milk as constructed
from DSC measurements and calculation
from observed transitions. The diagram
shows the phases present as a function

of temperature and solids
concentration, phase transitions, and
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Glossary of Selected Terms.

This glossary is intended to define several terms that are used in this thesis. It is not intended to
be a comprehensive survey of all technical language used.

Xiv

Adhesion strength.

The force per unit area required to detach a sample on a surface.

Apparent ice fraction.

The apparent fraction of the freezable water which has undergone a phase change at a
given temperature, as inferred from DSC measurements.

Apparent unfrozen fraction.

The apparent fraction of the freezable water which has not undergone a phase change
at a given temperature, as inferred from DSC measurements.

Apparent adhesion strength.

The apparent force per unit area required to detach a frozen plug adhered to the interior
wall of the tubular freezer, as determined from operating pressure and total cooled
interior area.

Characteristic distance.

The dimension which defines the scale of the physical process described. Typically
calculated as the ratio of volume and surface area.

DSC.

Differential Scanning Calorimetry — an analytical technique that measures heat flows
required to heat, cool, or maintain a temperature.

Eutectic point.

Formation of co-crystals of solute and solvent. The increased viscosity in food samples
at the eutectic point means that nucleation is often kinetically limited, and this
crystallisation does not occur.

Freezable water.

Freezable water is the fraction of total water in a sample that freezes between the onset
of freezing at the initial freezing point, and the glass transition temperature. Water
which remains unfrozen after the glass transition temperature is not bound in an
energetic or thermodynamic sense, but rather is kinetically prevented from crystallising
due the extreme viscosity of the glassy phase.

Freezing.

Freezing is the process by which water in an aqueous sample changes phase to ice.
Freezing Front

The location of the interface between unfrozen liquid and solid ice. In a dendritic or
columnar interface the location of the freezing front is considered to be the location of
the leading crystal tips.

Glass transition.

A kinetic transition characterised by a sudden increase in viscosity, as a sample
transitions from a highly viscous, or viscoelastic fluid, to a non-crystalline solid.

Ice front velocity/ice growth rate/freezing front velocity.

The rate at which a growing interface between ice and unfrozen sample advances into
the subcooled sample. Typically described in ums™.
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Icephobic surface.

A surface typified by an ice adhesion strength between ice and the surface significantly
lower than that between ice and an untreated substrate.

Initial freezing point/temperature.

The temperature at which a sample starts to freeze if no subcooling occurs.

Maximally freeze concentrated state.

The state at which the unfrozen phase will no longer concentrate as a result of ice crystal
formation removing water from the phase. This occurs when the viscosity of the phase
increases such that further crystal growth will not occur over the timeframe of the
measurement.

Melting onset transition.

The transition at which ice crystal formation ceases during the cooling of a freezing
sample. Further crystal formation will not occur within the measurement time period
due to extreme viscosity of the unfrozen phase.

MPAES.

Microwave Plasma Atomic Emission Spectrometry— an analytical technique that
measures the elemental composition of a sample using the intensity and wavelength of
emitted light from a microwave excited plasma containing the sample to be analysed.
Nucleation.

The formation of a stable crystal nuclei in a system where the new phase is
thermodynamically favoured. The first stage in several common phase transitions.
Subcooling.

Cooling a sample below its equilibrium freezing temperature without formation of ice
crystal. A sample persists in a subcooled state until nucleation occurs.
Superhydrophobic surface.

A surface typified by a high contact angle between the surface and water, typically a
surface is considered superhydrophobic if the contact angle is greater than 150°.
Volume fraction.

The fraction of a sample’s volume in a given phase (solid/liquid. Frozen/unfrozen).






Chapter 1: Programme Background
and Literature Review

1.1 Rationale for Project and Project Aims

The New Zealand Sheep Dairy Industry is small but has the potential to grow and be a
significant export income earner for NZ, by sustainably producing a range of high value product.
However, the small and geographically disperse nature of the industry has created logistical
challenges that limit its growth.[1]

The ovine dairy industry (and other specialist dairy industries, such as cervine or caprine), does
not have the transportation and processing infrastructure across New Zealand that the bovine
industry has, and those processors who may be interesting in increasing manufacturing of ovine
milk products may be located far from milk producers.

Therefore, farmers who would like to enter the industry are either limited by who they can sell
their milk to, forced to process their own milk, or are unable to enter the market altogether.
Furthermore, many farmers the Author has spoken to would like a storage-stable form of their
product, which would allow them a stable income throughout the year.

This is further exacerbated by the small scale of production of ovine dairy farms, where
individual ewes may produce 1.5-2 L/day at peak production[2]. For a farm of 200-300 ewes,
which may be a typical size of a small to medium scale operation[1], this would mean a peak
daily production of 600 L. NZ regulations require that milk be processed in NZ within 72 hours
of milking [3], this means small volumes of milk must be transported regularly, at significant
shipping cost.

The small daily volume of production also limits the processors willing to accept ovine milk, as
typical processing volumes in the dairy industry are much larger than that achieved by ovine
milk producers.

Clearly a method of storage is needed which will allow for the aggregation of significant volumes
of milk before shipping and processing. What has been previously suggested is freezing on farm.

While freezing has attractions, and can allow for year round supply, which is desirable from a
number of viewpoints, the slow bulk freezing methods previously suggested have downsides,
ranging from degradation of quality [4, 5], to microbial growth during the thawing of large
volumes of raw milk[6].

What is needed is a method for freezing volumes on farm, with minimal quality degradation,
and in a form that allows for easy handling, storage and final processing. The on-farm freezer
should also be affordable, environmentally sustainable, reliable, and require minimal labour to
maintain or operate. If these criteria are met, then frozen milk may become a tradeable article
of commerce in the same way liquid milk is today.

The Food Industry Enabling Technologies (FIET) programme, funded by the New Zealand
Ministry of Business, Innovation and Employment (MBIE), established a research project to
investigate the freezing phenomena in ovine milk and the changes occurring during frozen
storage, and use this research to develop a novel and effective on-farm freezer. The freezer
development was to use ovine milk as an exemplar product, however a solution that was
applicable across the wider range of liquid foodstuff freezing, especially freezing of low viscosity,
moderate total solids, liquid foodstuffs was desirable. Therefore, the freezer developed should
be suitable for other high-value products.
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1.2 Sheep Dairying

Sheep have been milked for millennia [7], primarily in regions surrounding the
Mediterranean sea. In 2017, sheep milk accounted for approximately 1.26% of global milk
production, with a global production of 10.4M tonnes of whole milk, from a global flock of 245M
dairy sheep [8].

Sheep were first brought to New Zealand in 1773 by James Cook, and from the late 19*" century
to the 1980s meat and wool farming formed the backbone of New Zealand’s economy[9]. In
recent years the bovine dairy industry has become New Zealand’s largest export earner[10].
However, with the recent instability in commodity prices, there has been a growth in interest in
sheep dairying, which has the potential for higher returns than bovine dairy, and offers several
revenue streams for the farmer (milk, meat and wool)[1].

New Zealand is ideally located to grow the sheep dairying industry. NZ has a temperate climate,
land suitable for pastoral farming methods, a long history of sheep farming, a world-leading
bovine dairy industry, and emerging markets in Asia. Some commenters have said that the sheep
dairy industry in NZ has the potential to grow to grow to a billion dollar industry[1], becoming
one of the 10 largest global producers of sheep milk. Recently the Ministry for Primary Industries
(MPI1) has announced a Primary Growth Partnership (PGP) in conjunction with Spring Sheep
Dairy, making a combined $30 million investment in R&D aimed at growing the NZ sheep dairy
industry[11].

1.3 Sheep Milk Composition

1.3.1 Gross Composition.

Sheep’s milk is typically higher in total solids than the more common cow and goat milks,
primarily in fats and protein, leading to a higher cheese yield, when compared on equivalent
volumes of milk[7, 12]. The total solids composition of sheep milk generally varies from 17% to
21%, depending on breed, farming system, nutrition, and individual animal performance [4, 7,
13, 14].

Ovine milk typically forms a firmer curd on renneting when compared with caprine or bovine
milk, as a result of this higher casein content [15].

1.3.2 Protein Composition
Sheep milk caseins have a Ca content of 3.7 g/100 g casein, higher than caprine milk (3.6)
and bovine milk (2.9)[13].

The caseins are between 76% -83% of the total protein content of ovine milk [4].

1.3.3 Fat Composition

Ovine milk contains a lower proportion of short and medium-chain fatty acids than
caprine milk [15]. These have been suggested [15]to be partially responsible for ovine milk
having a milder taste when compared with caprine milk.

Ovine milk and caprine milk are higher in medium-chain triglycerides than bovine milk. These
medium-chain triglycerides are easier to digest than longer chain fatty acids. [16].[17]

Ovine milk has been found to have a high CLA and omega 3 fatty acid content [17]

1.3.4 Salts and Sugars

The lactose content of sheep milk at ~4.9% on average, is similar to that of bovine milk[4],
but lower on a dry matter basis (22%-27% vs. 33%-40%)[13], and ovine milk has a higher lactose:
water ratio.
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1.4 Sheep Milk Properties and Variation

1.4.1 Variation in Sheep Milk
The production volume of ovine milk, its quality and its composition can vary widely with
breed, nutrition, days in lamb, parity, farming system, milking technique, and climate [18]

The initial freezing point of sheep milk from one farm was found to decrease over 7 months of
milking from an average of -0.584°C to -0.724°C, with a whole season average of -0.617°C[19].
Another study found an average freezing point of -0.559°C with a range from -0.733°C
to -0.360°C[20]

Daily milk production in specific milk breeds (Awassi and Assaf) has been found to peak in the
first 4 weeks and decrease slowly until the end of lactation. In Israeli conditions, the average
daily production from a flock was found to peak in June and reach a minimum in October [2].
Milk yield also increased with time postpartum before conception, and peaked at the second
parity, decreasing with further parities[2]. Total milk yield also increases with the age of first
lambing [21].

Specialist dairy breeds, particularly those like the Lacaune which have had significant
improvement from breeding programmes [22], have higher total milk yields. These breeds
include the East Friesian (up to 550 kg/season), Improved Awassi (530 kg/ season), Awassi (400
kg/ season), Assaf (333 kg/season) ,and the Lacaune (285 kg/ season) [23]. In New Zealand, the
dairy sheep flock lacks the genetic performance seen elsewhere, and milk yields average
approximately 200 kg/season [1, 24].

The total solids concentration of sheep milk is often inversely proportional to the total yield of
milk produced[16].

1.4.2 Sheep Milk Properties

Ovine milk is more viscous than caprine or bovine milk, and is affected by composition,
temperature, pH and age, with an average viscosity of 2.48 mPa.s [12]. The viscosity increases
during cooling, partly due to an increase in the voluminosity of casein micelles, with a partial
dissociation of B-casein from the micelle. The voluminosity of hydrated casein micelles is roughly
4 cm3gt [25].

The fat globules in ovine milk have an average diameter of 3.3um, smaller than caprine (3.5 pm)
and bovine(4.6 um) milks. [13]

The density of ovine milk is 1037 kgm3, which is similar to bovine and caprine milk[13].

1.5 Sheep Milk Products

Sheep’s milk is mainly used to make yoghurts and cheeses, due to its high total solids
content and its history in hot dry regions, where these products served as an effective way to
preserve milk. Some examples of sheep cheeses include the famous Feta (Greece), Manchego
(Spain), Pecorino(ltaly), Ricotta (Italy), and Roquefort (France) cheeses [5, 7].

Less traditional products from sheep milk include fresh pasteurised milk[26], UHT and ESL
milk[27], flavoured milk products[28], skim and whole milk powders[24], infant formulas, ice
creams[26], sweets, probiotics[29] and even cosmetics and soaps[30].

1.6 Review of Freezing Physics

Ice is the solid phase of water, which is of critical importance to many industries, and plays
a critical role in earth’s climate. There are approximately 17 experimentally confirmed crystalline
polymorphs of solid ice and at least 4 forms of amorphous ice, with more predicted by
computational modelling[31]. Ice I4is the form of ice exclusively encountered in daily life, and in
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the food processing industry, as it exists at atmospheric pressure and at temperatures common
to food processing [32].

Freezing is the exothermic liquid-solid phase transition experienced by water when it is cooled
below its equilibrium freezing temperature, which is 0.00°C at atmospheric pressure[33]. Ice is
a crystalline solid, so the process of freezing is a form of crystallisation. Under extreme
conditions however, water can be vitrified forming an amorphous solid below ~130 K [34].

Crystallisation consists of two processes, nucleation followed by crystal growth from the melt.
Incorporation of impurities into the crystal structure, or the crystal matrix may occur during the
crystal growth phase. The size, morphology and distribution of the crystals is determined by the
interaction of these two processes.

1.6.1 Nucleation

Nucleation is the creation of crystal nuclei from a supercooled or supersaturated liquid.
For crystal growth to proceed, the nuclei have to be sufficiently large that further growth is
thermodynamically favourable. The rate of creation of these nuclei is the nucleation rate[35].

There are two main forms of nucleation, primary and secondary nucleation. Primary nucleation
is the spontaneous formation of nuclei either from the bulk, in homogeneous nucleation, or at
a nucleation site, in heterogeneous nucleation. Secondary nucleation is the formation of new
crystal nuclei by the break-up of previously formed crystal[36]s.

Primary homogenous nucleation of water requires a large driving force, in the form of
supersaturation or supercooling to occur. Nucleation begins when small crystal-like molecular
aggregates form. The classical theory of primary nucleation describes the work required to
create a nucleus as having a surface term and a volume term[35]:

W =W +W, (1-1)

Where Ws is the work required to form a new surface interface, and W, is the work required to
create the new bulk phase. W is positive, whereas W, is negative as the new bulk phase has a
lower Gibbs free energy. The change in Gibbs free energy on the formation of a small particle in
liquid can therefore be written as[37]:

AG = AG, + AG, (1-2)

The classical nucleation theory analysis assumes the nuclei are spherical, so this becomes[36]:

4 -
AG = 4nr?o + §TL’T3AGu (1-3)
86, =~ 4 (1-4)

Wherer is the particle radius, AG, is the surface free energy change, AG,, is the change in volume
free energy and is negative, o is the surface energy of the particle per unit are, AG,,is the change
in free energy per unit volume, and £ is the ratio of the vapour pressure and the vapour pressure
at equilibrium freezing temperature for the solute (The saturation ratio), and k is the Boltzmann
constant[38].

This relationship is plotted in Figure 1-1 [39, 40]. If molecular clusters are below a critical radius
1., further growth is energetically unfavourable and the clusters dissolve. Above this radius,
further growth is energetically favourable and crystal nuclei are formed.
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Figure 1-1: Thermodynamics of homogenous nucleation in water at -40°C. From [40]. The critical nucleus contains
around 200 molecules and r.=1.9 nm. The monotonically increasing curve represents the surface free energy term
resulting from the formation of a solid/liquid interface. The monotonically decreasing curve represents the volumetric
free energy change that occurs when a lower-energy solid is formed from a liquid. AGys is the total free energy change
for the transition of the nucleus from liquid to solid.

These molecular clusters form as a result of spontaneous agglomeration of water molecules.
These can be easily dispersed by thermal vibrations. At sufficient supercooling these clusters
reach critical radius and grow into nuclei.

The radius of a critical nuclei is given by the following equation where ( is the molar volume
[41].

(1-5)
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The critical energy barrier is given as [42], with v;., being the volume of a water molecule in ice
and :

16mo3vZ, (1-6)

AG, = ————
¢ 3k2T2Inp2

The homogenous nucleation rate J;,,,at a given level of supercooling is a product of the number
of clusters of critical radius in a volume, n. , and the rate that new molecules move to these
clusters from liquid phase.

The number of critical radius nuclei is derived from the population distribution of clusters, which
is a Boltzmann distribution:

ne = nq ex (— AGC) (-7)

c 1 p kT
Where n; is the number of monomolecules of water in a volume. The rate that the nucleus
acquires new molecules is proportional to the number of monomolecules at the cluster surface
and the frequency of their incorporation into a cluster. This frequency is described as follows,
where v 01ecute i the vibrational frequency of a molecule at a given temperature, h is Planck’s
constant, and AF is the activation free energy change for diffusion into the nucleus:

g) (1-8)
kT
kT (1-9)

Umolecule = n

Vinc = Umolecule €XP (_

Using these relationships, the homogenous nucleation rate can be calculated as shown in
equation (1-11) , where ngis the number density of molecules on the nuclear surface, 1, is the
volume of water and Z is the Zeldovich factor (which corrects for the fact that some nuclei of
critical radius dissolve, rather than grow further([43]) :

ny AG (1-10)
Jhom = ns47T(T'C)ZZ *Vine' mexp (_ kTC)
kT AF\ ny AG (1-11)
_ 20 (2 ). —
Jnom = ns4m(re) Z( h )eXp( kT) Vw eXp( kT)
16ma3v? (1-12)

]hom = A ' eXp 3k3T3 lnﬁz

As can be seen from the above relationships, Jj,,m, is @ product of a kinetic term (A) describing
the incorporation of molecules to a nucleus, and a thermodynamic term describing the number
of nuclei of a critical size at a given temperature. The rate of nucleation can be seen to be
inversely proportional to the cube of the temperature of the system.

AF has a large influence on the nucleation rate, as can be seen from equation (1-11). AF is a
function of the temperature of the system and the diffusivity of crystal species in the melt D
[44]:
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oInD(T
F=—( )kTZ

5T (1-13)

The Stokes-Einstein equation shows that the diffusivity of a particle is inversely proportional to
the dynamic viscosity of the fluid it is in: D o<% [45]. Therefore, in classical nucleation theory,

the homogenous nucleation rate is decreased by an increase in viscosity, all other factors
remaining constant.

As the nucleation rate describes a stochastic process, the probability of a given number of stable
nuclei forming during a given time period can be described by a Poisson Distribution [46].

Heterogeneous nucleation occurs at the surface of a foreign particle or surface. Heterogeneous
nucleation requires a lower degree of supercooling or supersaturation. The nucleus “wets” the
foreign surface with a contact angle 8, similar to how a drop of water wets a surface. The
effective surface energy of the nucleus is lower, and the free energy required for nucleation
modified as follows[47]:

AGheterogeneous = AGhomogeneous f(@) (1‘14)
2—3cosf +cos38 (1-15)
f©6) = 7

Once a nucleus forms, a crystal of ice will grow in the supercooled water, releasing latent heat
until the system reaches the equilibrium freezing temperature. This stage is known as
recalescence.

1.6.1.1 Crystal Growth

Of the large variety of crystalline ice phases, the hexagonal ice lyis the most commonly
encountered. This crystalline form has a hexagonal crystal structure with 3 a-axes in one plane,
and the c-axis normal to this plane [48]. The face perpendicular to the c-axis is called the basal
face, while those faces 30° to a plane perpendicular to the a-axes are the primary prism faces.
The faces perpendicular to the a-axis are the secondary prism faces. This is shown in Figure 1-2.
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Figure 1-2: The crystal faces and axes of Ice 1. Top view and side view shown.

The growth rates of the crystal faces show distinct differences with temperature[49], which
leads to ice crystals grown in isolation having varying morphology with temperature: Crystals
grown at-2°C are planar, columnar at -5°C, planar at -15°C and columnar at -30°C [50]. In crystals
grown at -5.5°C, the condensation coefficient (proportional to growth rate) for the basal plane
was 10x of that for the prism faces[50].

The high level of supercooling possible before nucleation in pure water results in rapid initial
crystal growth rates, which are controlled by the kinetics of the system and depart from those
predicted by thermodynamic and diffusion based models [51]. This makes controlling the
crystalline orientation experimentally difficult[52]. However, this has been overcome in studies
growing single crystal boules using growth tubes to isolate the most stable growth face [52]. This
work suggests that the secondary prism face is the most stable during growth in ice/water
interfaces at 0°C. During growth of boules from polycrystalline seeds ice does not form a random
lattice structure, rather the prism faces of the ice crystals dominate ice growth, with the c-axis
being tilted away from the direction of ice growth [53]. This orientation is the result of the crystal
growth rate and enthalpy differing between the basal and prism faces, leading to the prism faces
being favoured over the basal faces [52-54].

1.6.2 Freezing in Pure Water and Solutions
The freezing point is a colligative property of a solution and is therefore affected by the
molar concentration of solutes present.

A liquid will generally freeze when its chemical potential is larger than that of the solid at the
same temperature:

Usolia < .uliquid (1'16)
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In an ideal solution, the chemical potential of component A can be calculated from its molar
fraction x4 [55]:

ta =1y + RTInxy, (1-17)

The freezing condition becomes:

Hasolia = Haliquid (1-18)

By taking the constant pressure temperature derivative of the chemical potential:

5 (g — us _ (6 lnxA> (1-19)
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For water freezing, HJ is the enthalpy of ice, and H,, is the enthalpy of liquid water, so:

HY — Hy = AHpys (1-24)
The relationship then becomes:

AHpys (6 In xA> (1-25)

RT2 ~\ 6T J,

Integrating this from T'°, the equilibrium freezing temperature of pure water, to T, the freezing
temperature of water in the solution, gives:

AHpys (1 1Y 1
TR (7 - TO) - (1-26)
1 1 _T°—T~AT 70yA7 (1-27)
T TO° T /)
B AHpysAT Inx (1-28)
R(T0)2 A
For dilute solutions, where x, is close to 1, Inx, ~ —(1 — x4) = —xp, where xg is the molar

fraction of the solute. This gives a linear relationship between x5 and AT.

As shown above, the freezing point depression of a solution is dependent on the molar
concentration of the solute, so high molecular mass solute such as proteins have less effect on
the equilibrium freezing temperature, compared to low molecular mass solutes such as salts or
simple sugars [48].
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In concentrated solutions this relationship no longer holds. Second-order polynomials have been
used to describe the relationship between concentration and freezing point depression in food
products [56]. More accurate semi-empirical models[57] or mechanistic models [58]for the
relationship between solute concentration and freezing point depression have been developed.

Ice growing in a solution will cause the remaining unfrozen fraction X, to become more
concentrated in solutes. As previously discussed, the freezing point of a solution decreases as
the molar concentration of solutes increases. Therefore, the equilibrium freezing point of a
solution will decrease as water is removed from the liquid phase. The temperature-time profiles
of a solution and pure water during freezing in a confined volume are show in Figure 1-3.

Temperature

Time

Figure 1-3: Temperature-time profiles during the freezing of pure water and a solution.
The two curves show the following stages of freezing a confined volume:
Freezing in pure water

Onset of cooling.

Nucleation and Recalescence.
Equilibrium Freezing.

Cooling of ice to final temperature.

Ll e

Freezing in a solution.

A. Onset of cooling.

B. Nucleation and recalescence.

C. Freezing with a progressive concentration of solutes in the unfrozen phase, and
progressive depression of freezing point.

The solution temperature after recalescence is lower than the equilibrium freezing temperature
of the pure solvent, as recalescence removes a fraction of the water as ice and increases the
concentration of solutes in the unfrozen phase. For low degrees of supercooling the fraction of
ice removed can be estimated by equating the sensible heat removed during supercooling, and
the latent heat released by nucleation and recalescence[59]:

10
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Xfrozen,recalescence ’ AHfus = ATsupercooling ’ Cp (1'29)
X _ ATsupercooling -Cp (1-30)
frozen,recalescence —
AHgys

1.6.2.1 Freeze Concentration.

The freezing point depression of solutions can be exploited as a separation method, to
increase the concentration of a solute, or to purify a solvent by removing impurities. This has
been applied to fruit juices[60-64], milk products[65-69], coffee[70], and as a method of
purifying water in desalination[71-73] and waste-water treatment[74].

Freeze concentration can be broadly divided into two main categories: Progressive and
suspension[32]. Progressive freeze concentration operates by freezing ice onto a cooled surface
and decanting the concentrated liquid that remains. This cooled surface may be a static tube in
static or flowing fluid[73, 75], or a cooled surface over which a falling film flows [63, 69, 70, 76,
77].

Suspension freeze concentration operates by forming a large population of small crystals in a
bulk solution, and then growing these crystals at a low ice growth rate, with the aim of forming
highly spherical ice crystals with a low solute content. The ice crystals are then separated from
the concentrated bulk solution and washed to recover solute. There are several embodiments
of this form of freeze concentration, including multilayer stirred crystallisers with counter-
current ice and feed flows [68], fluidised beds [66], or a system with a scraped surface heat
exchanger for generating crystal nuclei, a crystallisation vessel for crystal growth, and a wash
column for separating concentrate from ice crystals [78]. This last system is typical of
commercially available systems [79]. The ice crystals formed by this method of freeze
crystallisation are typically smooth disks, and are formed at low levels of supercooling[32].

The partition coefficient is a key parameter in understanding the behaviour and performance of
freeze concentration systems, and is derived as follows, where ¢ and c; are the concentrations
of solute in the solid matrix and liquid solvent respectively[62]:

_ S (1-31)

Falling film freeze concentration uses ice growth rates of 0.01-1 ums™ to separate ice and solutes
[68, 78, 80]. A fluid runs over a cooled surface as a falling film and freezes onto the surface. The
ice has a lower solids concentration than the liquid running off the surface, so the concentration
in the liquid phase increases. Even slow freezing has a fairly high partition coefficient, with values
of approximately 0.45 being recorded for freezing front velocities of 2 ums™ [62]. Moreno et al
[70] found partition coefficients close to 1 with 15 wt.% coffee at ice growth rates of 4 ums™.

Chen and Chen[62] developed a generalised semiempirical relationship describing the partition
coefficient K for a progressive freeze concentration system, as a function of freezing point
depression FPD, ice growth rate v¢, and superficial velocity of the fluid over the ice surface u:

2 Uf (1-32)
K =a+ bFPD + cFPD* + d 0%
ug'
The partition coefficient for concentrated milks increases with the solids concentration, as
would be expected from the increased FPD. The partition coefficient of sucrose solutions has

been found to decrease with increasing superficial fluid velocity[69].

The partition coefficient under flow conditions has been studied analytically, and used to derive
models for the partition coefficient as a function of ice growth rate, mass transfer coefficient,
solute concentration at the interface and the bulk concentration [81].

11
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1.6.2.2 Changes in Ice Crystal Structure During Storage

Ostwald ripening is a process that can cause the size distribution of a population of ice
crystals to change over time. The equilibrium freezing temperature of small ice crystals is
depressed as the surface free energy for a given volume of crystals increases as the crystal size
decreases, due to the increased surface area/volume ratio of small crystals. This depression can
be calculated as follows, where Ty is the equilibrium freezing temperature for a crystal with an
infinite radius of curvature, o is the crystal areal surface energy (1.5-3.2x102Jm2[82] ), p is the
crystal density, AH is the latent heat of freezing and R,is the crystal radius[83].

20Ty (1-33)

AT, = ———
T psAHR,

While the magnitude of this driving force is low (for a 10um crystal AT; is 0.0073°C [83]), it is
nonetheless sufficient to lead to changes in the population size distribution of ice crystals over
a storage period, with a shift to a larger mean particle size occurring.

Other forms of recrystallisation that can occur are isomass ripening and accretive
recrystallisation. Isomass recrystallisation is the tendency of high surface area crystals to change
shape to minimise the surface area, and hence surface energy, without changing mass. Accretive
recrystallisation occurs when two crystals in contact with each other merge to form a single
larger crystal[48].

1.6.3 Freezing in Colloids

Another process where the distribution of particles between an advancing ice front and a
liquid phase is important is freeze casting. Freeze casting is used to create porous ceramic and
nanoparticle structures through the formation of regularly structured ice crystals, and the
rejection of particles into the inter-crystal spaces. The ice is removed by freeze drying, leaving a
porous structure that can be sintered[84-86]. A similar process in the food field is freeze
texturing, which is a method to produce structure in meat analogues, similar to the traditional
Japanese method of producing frozen soybean curd called kori-tofu[32, 87]. An ice front moving
parallel to the heat flux forms a network of needles or dendrites of ice in the protein, which
persists as structured pores when the liquid is melted and removed.

1.6.3.1  Particle Interactions with Advancing Interfaces

Above a critical ice front velocity, particles suspended in a solvent are engulfed and
trapped in the advancing ice front[88].The critical ice front velocity can be calculated by the
following relationship [89], where Aoy is the change is free energy of the particle, ao is the
intermolecular distance of the fluid, n is the fluid viscosity, d is the thickness of the liquid film at
the freezing front interface, R; is the particle diameter and z is an exponent specific to the

studied system.
_ ([ Aad )\ (ap\*
Ve = 3R, (7) (1-34)

For specific systems this critical velocity can be expressed as a function of the particle diameter.
There are two opposing forces acting on a particle just ahead of a freezing interface. There is a
repulsive force that arises from the system’s resistance to an increase in surface energy, and an
attractive force resulting from viscous drag which pushes the particle towards the interface.[90].
A force balance between these two forces allows the critical velocity equation (1-34) to be
derived.

The drag force F,; is a modified form of Stokes equation [91], where v is the freezing front
velocity, and other symbols are the same as those in equation (1-34):
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Fy = 6mnvR}/d (1-35)

From a thermodynamic perspective, a particle will only be trapped if the free energy of the
system is minimised by the incorporation of the particle in the advancing interface, that is Ag
<0:

Agy = 0ps — (op1 + 051) (1-36)
Where g, is the surface energy between the particle and the solid, g,,is the surface energy

between the particle and the liquid, and oy; is the surface energy between the liquid and solid
phases.[92].

This value for Aoy, can then be used to determine the force rejecting the solid from the front:

E, = 21tR,Ac, (%)Z

(1-37)

When these two forces are balanced, one gets the critical velocity equation shown in (1-34) [91].

For 1um spheres of polystyrene the critical velocity of ice growth has been calculated as
approximately 30ums™ [88].

Figure 1-4: Trapping particles in an advancing freezing front. From Waschkies et al (2011) [88].

However, the above relationships are only valid for idealised systems and geometries. For
complicated systems such as freezing in soils, and systems which involve particle-particle
interactions and soft particles, the behaviour is much more complicated [93].

The advancing ice front can have its freezing temperature reduced as a result of two main
factors, solvent constitutional supercooling (SCS), due to dissolved solutes in the solvent and
their migration away from the interface, leading to freezing point depression ahead of the
advancing interface and particulate constitutional supercooling (PCS) resulting from the
thermodynamics of multiple particle interactions ahead of an advancing ice front[94]. This has
been measured experimentally, and SCS was found to dominate for alumina and polystyrene
suspensions in dilute HCI [95].

13
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1.6.3.2  Freezing Front Instabilities and Morphology

It is well known that in many directional freezing or solidification systems a planar
interface becomes unstable and transitions to a more complex interface; this is known as
Mullins-Sekerka instability.[96]. This morphology is determined by the interaction between
macroscopic driving forces, supersaturation or supercooling, and the microscopic properties of
the interface, surface tension, interfacial energy and crystal growth kinetics.

Mullins and Sekerka found that infinitesimal perturbations at the interface of a growing spherical
crystal can either decrease over time, or increase and lead to unstable growth if the perturbation
is above a critical radius[97].This analysis was extended to planar surfaces with a sinusoidal
perturbation of infinitesimal initial amplitude [98], which showed that if the perturbations grew,
the interface would become unstable. In a unidirectionally advancing solidification interface in
a pure melt in a 2-dimensional system, there is a degree of supercooling ahead of the interface
caused by the balance between the crystal growth rate as a function of supersaturation and the
thermal gradient of the system.

If a sharp perturbation exists, the thermal gradient and the growth rate at the perturbation are
higher. This would make it favourable for an interface to break up into a number of
perturbations. This is described in terms of heat removal, but the phenomenon is equally
applicable to mass transport, and diffusion of crystal species to the growing interface.

However, a complicated interface with a number of perturbations would have a significantly
larger interfacial area, and a larger interfacial energy, which is thermodynamically unfavourable.
The increased curvature of the interface at perturbations also leads to an increase in the
chemical potential of the perturbed region as a result of the Gibbs-Thomson effect. This
decreases the chemical potential gradient between the melt and the solid and reduces the
growth rate at the tips. The balance between the kinetic forces driving destabilisation of the
interface and the thermodynamic forces promoting a flat interface is partly responsible for the
variation in interface morphologies seen in advancing solidification interfaces.

In a suspension being directionally frozen the crystal network and, therefore the pore
morphology of a freeze-dried product are strongly dependant on the solvent. Water based
suspensions have typically lamellar pores, camphene-based suspension form dendritic pores
and tert-butyl-alcohol based suspension result in prismatic pores [99].

However, water-based suspensions can also grow in a dendritic fashion [88, 89].The a-value of
a solvent is calculated from the latent heat hp at the equilibrium temperature T; the gas
constant R and a factor dependent on the crystallographic environment of the interface €.

hgé (1-38)
a=—"
RT;

This value determines whether crystal growth occurs in a dendritic or faceted manner. Dendritic
growth generally occurs when a<1[100]. The entropy of melting hz/RTg of water is
approximately 2.6 [90, 101], yet it readily forms dendrites, as & has a typical maximum of 0.5-1
for the close packed crystal plane and less for others.

These phenomena in an idealised unidirectional solidification of a suspension of monodisperse
hard particles, have been described mathematically, with an emphasis on particle size and
particle fraction [102]. This framework has shown that under certain conditions suspensions of
small particles can result in constitutional supercooling, which destabilises the interface. Larger
particles can form stable porous media, where the water phase can become supercooled and
nucleate. This framework provides a partial explanation for the range of freezing morphologies
seen in soils, tissues and colloids [93, 102, 103].
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For suspensions of monodisperse hard particles in water, mathematical analysis of the stability
of the advancing ice interface has showed that an increase in particle size stabilises the
advancing ice interface, and increases in the particle density destabilise the interface [104]. The
stability equation is similar to that derived for dilute alloys [98, 104]. The increase in stability
with particle size, is related to the surface energy at the interface, which scales with RS.
However, this analysis only considered particles at the nanoscale, with a constant partition
coefficient. As the particle size increases, the diffusion coefficient of the particles also decreases,
so they cannot be transported away from the interface as easily. This leads to particle
engulfment and loss of stability at the interface.

Particles can also destabilise an interface by influencing the thermal gradient ahead of the
interface [105]. As a particle with differing thermal conductivity to the melt in pushed ahead of
the interface, it induces a change in the thermal profile ahead of the interface. An insulating
particle can lead to a reversal in the thermal gradient as the gap between it and the interface
decreases, and heat is rejected more easily through the solid phase.

1.6.3.3  Feature Spacing
The feature spacing in an advancing solidification front decreases with increasing
freezing front velocity [88, 89, 99]. This is also observed in freeze-texture meat analogues [106].

The relationship between feature spacing 4 and interface velocity vy in freezing water-based
colloids has been described as a power law 4 = A - v;™ [88, 89, 99]. The prefactor A has been
reported to increase with increased solid content [88]. The exponent n has been reported to
show a dependence on particle size in alumina suspensions, with n decreasing as particle size
decreases [89], varying from 0.67 to 1. Various other colloid freezing studies have reported n
values from 0.33 to0 0.7[99] .

1.6.4 Controlling the Onset of Nucleation

In many applications it is desirable to control the onset or degree of nucleation in
crystalliser or freezer. There are several methods that can increase the rate of nucleation,
however many of these are novel and are yet to be employed at a commercial scale.

1.6.4.1 Ice Nucleating Substances

There are several substances that effectively promote ice nucleation, either by providing
sites for heterogenous nucleation, or having crystalline structures similar to ice, and thereby
promoting nuclei growth [107, 108]. However, while these are of great interest in studies of
atmospheric ice formation[109-112], they are not suitable for application in a food product,
where hygiene and food safety are paramount, and therefore the addition of foreign substances
is not ideal.

1.6.4.2 Ultrasound Assisted Nucleation

Ultrasonic assisted crystallisation is also known as sonocrystallisation and has been
noted in many systems for around 70 years[113]. Ultrasound assisted freezing or nucleation has
been investigated in apples [114], potatoes [115], sucrose solutions[113], and pharmaceutical
proteins [116].

Ultrasound can induce nucleation and increases the reproducibility of when nucleation occurs.
The degree of supersaturation required for nucleation is reduced by the application of
ultrasound[117]. The exact mechanism that occurs during sonocrystallisation is not known [113,
117]. It has been suggested that similar mechanisms that cause increased nucleation in
cavitating systems are also responsible for ultrasound assisted nucleation. These mechanisms
are discussed further below.
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1.6.4.3  Microwave Assisted Nucleation

Somewhat counter-intuitively, the application of microwave can assist in the nucleation
and freezing of food products. Microwave assisted freezing has been trialled in pork[118] and
other meats [119]. The ice crystal size in meat that had been frozen along with the application
of microwave was found to be smaller than that frozen conventionally, and lower levels of tissue
damage and supercooling were noticed. [118]. The mechanism behind this phenomenon is not
well understood, but may be due to the interaction of microwaves and water molecules causing
the water to aggregate intro “ice-like” molecular clusters, which leads to a higher nucleation
rate.

1.6.4.4  Electric Field Assisted Nucleation

Both static and moving electrostatic fields, and applied electric charges can affect the
nucleation rate and size of ice crystals in a frozen system [119]. In one study the temperature of
homogenous nucleation in distilled water increased with increased electric field strength [120].
The effect of static electric fields on the freezing of pork meat has been studied, and has been
found to reduce supercooling and the average size of ice crystals[121].

It has been suggested that the applied electrostatic field induces a dipole alighnment in water
molecules. These aligned water molecules form clusters more easily, which promotes the
formation of ice nuclei, increases nucleation rate and reduces supercooling[122].

1.6.4.5 Cavitation Driven Nucleation

Cavitation is the formation of bubbles in a liquid due to low or negative pressure regions.
When these bubbles collapse an extremely high pressure is generated in the centre of the
collapsing region.

In a supercooled or supersaturated system cavitation causes an increase in nucleation rate.
Cavitation also induces nucleation at lower degrees of supercooling/supersaturation than would
be required for nucleation in a quiescent state.

The mechanism behind this phenomenon was uncertain for many years. It had been suggested
that the evaporation at the bubble/liquid interface caused local cooling, increasing supercooling
and increasing nucleation rates. Another suggestion was that the existence of a gas/liquid
interface promoted heterogeneous nucleation. However, neither of these mechanisms was
sufficient to explain the increase in nucleation rates seen in cavitating systems. An elegant
experiment in the 1960’s separated the effects of cavitation bubble formation and
collapse[123]. It is now thought that the increase in pressure during cavity collapse pushes the
water to temperature/pressure conditions where high pressure ice exists [124], and these germs
then lead to further ice growth. This can be seen on the water phase diagram in Figure 1-12,
where the temperature of the equilibrium liquid/solid phase change increases with pressure
above 207 MPa. The pressures encountered at the centre of collapsing cavitation bubbles have
been found to be on the order of several GPa [125], well above the pressures found in high
pressure processing equipment, or achievable by conventional pumps.

1.7 Review of Existing Storage Work and Milk Gelation Mechanisms
Milk is an extremely perishable substance [126], due to the presence of significant nutritive
value and favourable pH and osmolarity for the growth of spoilage organisms.

Milk is also a highly valuable source of nutrition and income and has been for centuries. As milk
is produced for only a limited season and spoils rapidly, finding methods of preserving milk for
transportation or consumption outside of the normal production season has been the primary
driver for the development of dairy products. Butters, ghee, cheeses, yoghurts, fermented milk
products, dried products, heat treated products, and extended shelf life dairy products are all
the result of attempts to increase the shelf life of dairy products.
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This problem is even more severe for sheep milk, as the small daily production volumes and
rudimentary state of the NZ sheep dairy industry in many regions means that producers face a
challenge in supplying fresh milk to processors. While the vast majority of cow dairy producers
in the western world store fresh milk in chilled vats prior to processing, sheep dairy producers
are often forced to store their milk as a frozen product until it can be processed into dairy
products [6]. The process of freezing and thawing, and frozen storage has a wide range of effects
on the physicochemical and microbiological properties of the milk.

1.7.1 Physico-Chemical Effects of Frozen Storage

The slow freezing of milk and its storage at higher temperatures (>-20°C) has been linked
to decreases in total solids, fats and non-fat milk solids[127],development of rancid
flavours[128], increased coagulation time and decreased curd firmness in cheese making[129],
and losses in cheese yield and increased occurrence of rancid flavours in cheese[130] .

Freezing has also been shown to reduce the stability of milk-like soy beverages [131], and to
cause agglomeration of previously stable colloidal dispersions[132].

Yoghurt manufactured from frozen RO concentrated whole sheep milk, stored at -20°C, has been
reported to have similar quality to that made from fresh milk. However, yoghurt made from
frozen RO concentrated skim milk has been found to have inferior quality when compared with
that made from fresh milk[133]. The skim milk yoghurt formed a thick “cream layer” at the
surface, displayed increased syneresis and had a grainy texture[133].

It has been found that storage temperature has a major effect on the recovery of milk
components. Wendorff [5] stored milk in 13.5L buckets and 170mL containers, at -15°C
and -27°C. The milk stored at -15°C showed higher levels of protein degradation; a higher level
of Acid Degree Value, which has been correlated to increased levels of Free Fatty Acids
(FFA)[134];and a lower bacterial count, which is most likely due to the growth of larger ice
crystals in the higher temperature samples. In another study, Wendorff reported that 40% of
the casein in milk was destabilised after 9 months storage at -15°C [130]. The figure below is
reproduced from this study.

Intact Protein in Frozen Milk
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Figure 1-5: Intact Protein in frozen sheep milk after storage periods up to 12 months (Mo), from[130].

Separation of proteins and the formation of sediment has been reported in ewes milk stored at
-12°Cand -20°C [135].
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Other studies have also found high levels of FFAs in milk stored at -12°C, when compared with
milk stored at -20°C or -27°C. However, lipolytic enzymes retain activity better after storage
at -27°C [127]. This also indicates that minor components such as enzymes may survive frozen
storage better at lower temperatures [127] .

The digestibility of casein from milk frozen and stored at -9.5°C is reduced [128].

Between -10°C and -20°C, a significant fraction of the milk remains unfrozen. It has been
suggested that protein flocculation occurs in the unfrozen phase[128] .

There have been a range of explanations proposed for the reduction of protein stability in frozen
milk. These explanations focus on the salt balance within the unfrozen fraction of the milk, the
crystallisation of lactose, and the growth of ice crystals.

It has been noted that in frozen UF concentrated milk samples that the protein stability is lowest
at -12°C [136], and that this aligns with previous authors who had found that the temperature
range above -20°C was least desirable for protein stability[5]. The concentrated milk (at solids
concentrations up to 35%) was found to be more stable than un-concentrated milk, and lactose
hydrolysis also increased protein stability. Protein stability in this study was noted to be lower
in rapidly frozen samples. However, this was less evident when lactose was hydrolysed. As the
samples were frozen to different final temperatures, then held at -8°C during the storage period,
it was suggested that this difference in stability could be a result of the different temperature
histories experienced by the rapid frozen samples leading to higher levels of lactose
crystallisation[136]. The long storage  at -8°C would have led to Oswald ripening and
increased the ice crystal size, limiting the benefits of small ice crystals due to rapid freezing noted
in other work.

When the milk is frozen, solids concentration in the unfrozen phase increases. This increase in
concentration leads to an increase in lactose concentration and may lead to lactose
crystallisation. Lactose becomes supersaturated in bovine milk during freezing at approximately
-2°C[137]. As lactose crystallises, it crystallises as a-lactose monohydrate[138] and further
removes water from the system, as well as the lactose cryo-protectant itself. Removal of lactose
from the unfrozen portion also decreases its viscosity which kinetically favours micelle
polymerization[139].

The T, of a dairy system can be estimated from the Gordon-Taylor equation, where X; is the
weight fraction of the solute, Tgs is the glass transition temperature of the anhydrous solute,
X,y is the weight fraction of water, TgW is the glass transition temperature of water, and k is an
empirical constant :

_ XSTgS + kXWTgW (1-39)

g X + kX,

The glass transition of water varies slightly from reference to reference, being reported in dairy
science literature as -135°C[140-142], -137°C[137], -138°C [143],-139°C[144]. This variation is
not unexpected given the experimental difficulties inherent in forming glassy water, leading to
a range of values being cited. A value of -137°C, above which an ultraviscous low-density-liquid
is formed on heating is the currently favoured value[145]. Some of the values fitted to the
Gordon-Taylor equation for dairy products are shown in the table below:
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Table 1-1:Published values for the Gordon-Taylor equation for dairy products.

Solute Tg(°C) k Reference
Bovine skim milk. 92 6.7 [140]
Bovine skim milk with
hydrolysed lactose. 49 8.0 [140]
Bovine whole milk (32%

fat). 92 - [140]

Bovine whole milk. 100.6 8.57 [146]
Bovine skim Milk 101 6.5 [146]

As discussed in section 6.1 the homogenous crystallisation rate is reduced by increased viscosity.
The viscosity of a supersaturated solution increases rapidly as it approaches , and this viscosity
can be estimated from one of the two forms of the Williams-Landel-Ferry (WLF) equation [147],
where ar is the ratio of viscosities between the temperature T and the reference temperature
(ar =n(T)/n(Ts) ), Ts is a reference temperature ideally at least 50°C above Ty, Ty, is the glass
transition temperature, and C; and C, are empirical coefficients specific to the system being
investigated:

C,(T —Tg) 17. 44(T T,) (1-40)
e b): 1 =

C,+T—r, o (B)logroar == o T,

The authors caution against using the generalised form of the equation shown in (1-40) (b)

unless absolutely necessary due to the difficulties inherent in accurately determining Ty, and the
universal form of the fitting coefficients[147].

(a): logipar = —

Coefficients C; and C, for the WLF equation have been published for lactose, using
recrystallisation rates to estimate viscosity near T, [148], and these have been found to fit well
to experimental data for amorphous lactose at values of T — T, from -2K to 7K [149]. In contrast
to Koschak [136], other literature suggests that rapid freezing decreases lactose crystallisation
[137]. It is my opinion that this second view is likely to be correct, as lactose remains highly
supersaturated at all temperatures below -2°C and this level of supersaturation will be constant
for all cooling rates, so long as crystallisation does not occur. A rapidly cooled sample will spend
less time at temperatures significantly above T;, where the viscosity according to the WLF
equation is orders of magnititude lower, and the nucleation rates higher as suggested by
Classical Nucleation Theory. A slowly cooled sample will spend more time at temperatures
where the nucleation rate is higher than the final storage temperature, which will increase the
probability of a stable lactose nucleus forming and crystallisation occurring.

The balance of calcium and phosphorus in the milk also affects the stability of frozen milk. The
removal of soluble phosphorous changes the equilibrium between the colloidal and soluble
salts, which destabilises the micelles in the unfrozen phase[136]. Studies on the changes in
frozen bovine milk have found that there is a steady loss of soluble calcium during storage
at -7°C, which reaches a new constant level after 120 days. Inorganic phosphate was found to
drop during the first 60 days of frozen storage. This change was partially reversible after stirring
for 48 hours at 5°C. The protein stability dropped at a similar rate to the Ca% concentration.
Increases in viscosity were also partially reversible on storage [150]. The link between Ca?* and
micelle destabilisation has been noted by other authors who noted slight drops in soluble Ca%
and moderate drops in soluble POs?*during frozen storage[151]. The lower drop in soluble
component when compared with Chen and Yamauchi’s 1969 study[150], was linked to the slow
(48hours) thawing, which allowed the salt system to revert to a more normal distribution [151].
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Removal of Ca?* from the system also leads to a destabilisation of the micelles[139]. However,
removal of up to 30% of the Ca®* from milk by ultrafiltration has been found to increase the
protein stability of the frozen milk [136].

The freezing of milk leads to pH decreases in the unfrozen phases as salts concentrate in the
unfrozen phase. Supersaturation can also occur which increases the concentration of salts
further[152]. This also means that the pH profile in freezing milk may be affected by the speed
of freezing. The magnitude of pH changes in milk indicate that phosphates come out of the
colloidal phase into the soluble phase before being precipitated [152].The salt precipitation
occurs at a similar rate to lactose crystallisation. This occurs to a greater extent in slowly frozen
samples, as rapid freezing limits the time available for salt precipitation [153]. The total
magnitude of pH change in frozen bovine milk is relatively small, with a drop in pH to roughly
6.1 to 6.2 on frozen storage at -10°C recorded [152]. The pH varied slightly during the first 20
days of frozen storage as various salts crystallised [152].

For long term storage, oxygen-proof packaging has been shown to reducing the development of
rancid flavours in frozen milk[154] .

Physical aggregation is another phenomenon that affects the stability of the system. This has
been identified as a factor in the destabilisation of calcium fortified soy beverages [131]. The
rejection of solutes and particles had several interacting effects:

e Interactions between oil droplets were enhanced due to them being aggregated into a
smaller volume.

o Ice formation could interfere with the interfacial protein films surrounding the oil
droplets.

e Increased solute concentration leads to shielding of electrostatic repulsion between
particles. When this was combined with physical aggregation, particle repulsion was
overcome, and particles aggregated together.

Sugars were identified as having a cryo-protectant effect as they inhibited water crystallisation
and increased the viscosity of the unfrozen phase, which decreased mass transfer limited
processes [131].

Wendorff [5], lists and tested several possible pre-treatments that have been suggested to
improve the protein stability in frozen milk:

1. Lactose hydrolysis
2. Pre-freezing heat treatment to resolubilise lactose.
3. Addition of sodium hexametaphosphate.

It was found that lactose hydrolysis and the addition of sodium hexametaphosphate improved
the stability of milk frozen at -12°C for up to 12 months [5]. However, hexametaphosphate adds
a salty flavour to milk, and may destabilise milk fats [128], so may be unsuitable as a method to
improve stability for milk stored in freezers at ~-12°C.

Storage below -20°C is recommended, with stability decreasing at higher temperatures[136]. At
temperatures of -27°C and below, the high viscosity of the unfrozen phase, and low kinetic
energy of the milk components limits the crystallization of lactose and aggregation of protein.

Yoghurt of good quality can be made from milk stored below -20°C for up to 12 months[5,
135],however yoghurt from milk stored at -12°C, has been reported to have unacceptable
quality [135].
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Wendorff [5, 130] concludes that ovine milk should be frozen rapidly and stored at -27°C for
maximum stability, and if milk is stored at -12°C, then it should not be stored for longer than 3
months.

Rapid freezing has also been recognised for a long time as a method of preserving the fat
emulsion in milk, as it prevents fat separation and the growth of large destructive ice crystals
[155].

Protein stability can be reduced by cold storage or freezing in several ways. The first is a
thermodynamic process called cold unfolding. The Gibbs-Helmholtz equation describes the
Gibbs free energy change on denaturation, and can be used to model the temperature variation
of the thermodynamic stability of proteins [156]. AGp(T)is the Gibbs free energy change of
denaturation at a temperature T. AGpfollows a skewed parabola with the protein stability
decreasing both above and below the temperature of maximum stability. As a result, there are
two temperatures outside of which AG,(T) becomes negative, these are the cold unfolding
temperature and the denaturation temperature, Tp. AHpis the enthalpy change on
denaturation, and ACp is the difference in heat capacity between the natural and denatured
states.

T T (1-41)

AGL(T) = AHp (1 — T_> + AC, [(T —Tp)—TIn (T_)]

D D
B-lactoglobulin has been shown to undergo a reversible cold unfolding transition (this is distinct
from the thermal denaturation that occurs at higher temperatures) [157] . The cold-unfolding
temperature of B-lactoglobulin is decreased by increased concentration and by increasing sugar
content, implying increased protein stability. The kinetics of this cold unfolding have been
studied and found to be dependent on the viscosity of the system. In highly viscous solutions or
glasses, the half-life of the cold unfolding process will be long, with a half-life of 2.5x10* years
at T, and 2.2 years in a sucrose solution at T — T;;=25°C [158].
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Figure 1-6: The Gibbs free energy of denaturation for staphylococcal nuclease as a function of pH and temperature,
showing the parabolic form of the temperature relationship, with denaturation becoming thermodynamically
favourable above the higher denaturation temperature and below the cold unfolding temperature. From [159].

1.7.2 Microbial Effects of Frozen Storage.

It is well known that psychrotrophic spoilage bacteria continue to grow during chilled
storage of raw milk. In goat milk for example, these bacteria cause lipolysis which affects the
quality of products made from this stored milk[160]. These psychrotrophs limit the overall time
a raw milk can be stored unfrozen. Goat milk that has been stored in chilled bulk tanks for 48h
shows higher levels of mesophilic aerobes, coliforms, E. coli, and psychrotrophic bacteria than
milk directly after milking, or after 24h of storage[161].

In one study, sheep milk that has been frozen and stored at -25°C and thawed at 40°C had
significantly reduced total bacterial counts after 2, 4, and 6 months of storage, with the only
statistically significant drop occurring after 2 months of storage and the total bacterial count
remaining stable after this period[154].

Recently work has been conducted in Brazil investigating the effect of frozen storage, and frozen
form factor on microbial levels in sheep milk[6]. It was found that there was no significant
increase in bacterial counts immediately post thawing, but certain combinations of storage
container and thawing temperature had higher bacterial growth post thawing than others. It
was found that milk frozen in 1 L bags and thawed at 7°C remained microbially acceptable,
whereas milk frozen in 1 L bags or 5 L buckets and thawed at 25°C was unsuitable after a further
day of storage. This was linked to the increased thawing time required in 5 L buckets and the
increased thawing temperature promoting higher levels of microbial growth.

In the manufacture of yoghurts, slow freezing and thawing has been found to reduce the lag
phase before culture growth[162], possibly as a result of physical damage from ice crystals
exposing lipids to bacterial lipase activity. The overall fermentation profile of milk that was
frozen, thawed and refrigerated for 24h before processing was similar to that of fresh milk.
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Further changes in yoghurt properties when compared with fresh milk were found with milk that
had been thawed immediately prior to processing, however these differences diminished when
the thawed milk had been stored for 24h prior to processing.

1.7.3 Milk Gels

The formation of a milk gel is one of the key steps in forming many dairy products, such
as yoghurt and cheeses, and is also linked to undesirable changes in some milk products, such
as age-gelation in UHT milks[163].

Milk gels formed by the action of rennet or acidification are typically irreversible[164]. Renneting
is a two-stage reaction which forms a protein gel network in milk. The first stage involves the
enzymatic hydrolysis of k-casein by chymosin, which reduces the net negative charge and steric
repulsion of casein micelles. The second stage involves the agglomeration of these altered
micelles and the formation of a coagulum or gel. The native structure of the casein micelles
needs to be present, and Ca?* species need to be in the liquid phase for aggregation to
occur[165]. Aggregation is inhibited below 15°C, and below a minimum Ca?* concentration,
indicating that aggregation involves both hydrophobic and electrostatic interactions[164].

Yoghurt is a commonly encountered milk acid gel. The acidification is usually caused by bacterial
cultures which convert lactose to lactic acid by fermentation [166]. Decreasing the pH of milk
increases the voluminosity of casein micelles as CCP is solubilised, and when the isoelectric point
(IEP) of casein is reached the micelles aggregate. At the IEP their charges are neutralised, which
removes the electrostatic repulsion stabilising the suspension. In unheated milk the aggregated
micelles show little cross-linking and the gel is lower strength than gels formed from heated and
acidified milk, as interactions between B-lactoglobulin and k-casein form filaments that cross-
link the casein gel and reduce the number of dense clusters of casein micelles [166]. Acidified
milk systems also do not aggregate at temperatures below <10°C, indicating that hydrophobic
interactions are important in the formation of acid gels[167]

Casein micelles can also be destabilised by the addition of ethanol, which acts to collapse the
hairy layer of protruding k-casein, removing the steric stabilisation this layer provides. This is
also affected by the ionic environment of the micelles, where the electrostatic repulsion must
be lower than the hydrophobic aggregating forces [167].

Physical aggregation of casein micelles has been linked to the cold gelation of highly
concentrated micellar casein concentrate (HC-MCC) and recombined concentrated milk
(RCM)[168, 169]. These suspensions formed a thermally reversible gel on cooling as micelles
physically aggregated in the limited volume available, and attractive forces at low temperatures
overcome the thermal kinetic energy of the micelles. Outer tendrils of adjacent micelles overlap
and penetrate into the hydration spheres of each other. The addition of a Ca** chelating agent
disrupted the gel, suggesting that Ca?* ions act to link neighbouring casein micelles by bridging
negatively charged regions of the proteins. However, at higher micelle concentrations, chelation
of Ca?* ions was not sufficient to disrupt the gel, indicating that other bonding mechanisms are
also present[169]. It is also suggested that that at cooler temperatures, reduced hydrophobic
interactions result in protein strands in casein micelles being less tightly bound, allowing these
strands to interact and form a gel network[168].
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Figure 1-7: Mechanism of cold gelation in HC-MCC, taken from Lu et al ,2015[169].

Gels can also form in milk that has been sterilised by UHT processing by several mechanisms;
proteolytic degradation by heat stable plasmin; proteolytic degradation by heat stable
exogenous enzymes; and physico-chemical age gelation [163]. Gelation by indigenous plasmin
typically occurs in direct-UHT milk when plasmin hydrolyses a and B caseins [170], forming
fragments which interact by hydrophobic bonding and Ca?* bridging to form a gel. Proteolytic
degradation by exogenous enzymes occurs when heat stable proteases hydrolyse k-casein
proteins to form “para-k-casein-like” peptides in the serum phase and on the micelles, and
“glyco-macro-peptide-like” peptides in the serum[171]. These peptides interact with denatured
whey proteins and casein micelles to form a gel on storage [163]. Physico-chemical gelation
occurs when B-lactoglobulin denatures during UHT processing and formed a complex with k-
casein [163]. During storage this complex dissociates from the micelle into the serum forming a
cross-linking gel network.

1.8 Review of Existing Freezing Methods

1.8.1 Possible Methods:

Freezing is a common method of preserving perishable foods[172, 173].A wide range of
methods have been developed to freeze liquid foods, both for preservation and production of
frozen desserts. These methods are evaluated here to gauge their suitability for use as an on-
farm freezer for sheep milk.

In order to be suitable as an on-farm freezer the methods needs to meet the following criteria:

e Freezing speed: The time required to cool any given particle of milk to the final storage
temperature. As discussed earlier in this chapter, several authors have linked rapid
freezing to improved product quality.

e Form factor of the frozen product: The shape of the final frozen product. This affects the
handling, storage and thawing behaviour and methods that are required.

e Complexity of the system: a process that needs to be implemented in an on-farm
setting, should be as simple as possible to improve reliability and reduce maintenance
costs, and should be intuitive to minimally trained operators.
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e Ease of handling the frozen product: The frozen product should be simple to handle,
transport and thaw at the volumes encountered in farm and processing environments,
allowing it to become a standard item of commerce.

e Suitability of the method for small- and large-scale embodiments: The system should be
suitable for the volumes of production encountered on-farm and require minimal
infrastructure for installation. Suitability for large scale operations is ideal.

e Capital expenditure required: this should be minimised to ensure the method is
financially feasible for farmers to adopt.

e Operator input, and oversight required for reliable operation: This should be minimised
to aid adoption on farm. Automated systems can also improve product quality, safety
and consistency by reducing the possibility of human errors.

1.8.2 Blast Freezing in Containers.
This method covers a range of embodiments, all of which share the same underlying
principle, but differ in particulars.

The liquid to be frozen is packed into a sealed container, typically pails or bladders, and placed
into a blast chiller, cooling tunnel or freezer, and held until the desired temperature is reached.
The containers may be immersed in a coolant, or have a liquid coolant sprayed onto them to
increase heat transfer rates. Circulation fans contribute to the cooling load in blast freezers, in
some cases making up ca. 30% of the total cooling load.

The cooling time of these methods decreases as the characteristic distance L. of the container,

14 ; . . .
where L, = W, decreases. Increasing the heat flux ¢, by increasing surface heat transfer
Surface

coefficient hgyyrqce OF the temperature difference AT, also decreases the cooling time[174], but
to the effect of increasing hgy,rqce declines as L increases.

The frozen containers are then stored in a cold store until thawed. Thawing may occur in the
containers or bladders. Thawing time is determined by similar factors as the cooling time and
can be significant for containers with large characteristic distances and small heat fluxes[175,
176).
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Figure 1-8: Freezing liquid products in bladders or containers. a) Insulated freezer walls; b) evaporator unit;
¢) freezer shelving; d) product in containers or bladders; e) cold air flow.

Capital cost for this method can be minimal for a basic installation consisting of a refrigerated
room and food safe containers, however a significant amount of manual product handling is
need during the container filling process and container storage steps. This can be reduced by
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increased capital expenditure on automated product handling equipment, or by using large (1T)
containers which has an adverse effect on freezing and thawing times. The freezing time
determined[177]for a 1-dimensional slab of food in a -30°C blast freezer is shown below to
illustrate the effect of changing hgy,rqce and Le.
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Figure 1-9: The freezing time of a 1D slab with thermal properties identical to water in a -30°C blast freezer.
These parameters, along with the thermal conductivity, are used to calculate the Biot number:

hsur face LC
k

The Biot number is a dimensionless number that describes a body’s ratio of internal and external
resistance to heat transfer. When Bi < 1, there are minimal thermal gradients inside the body,
while Bi > 1 indicates that the internal resistance to heat transfer is dominant, and there are
significant thermal gradients inside the body.

Bi =

1.8.3 Individually Quick Frozen Products

There are a range of methods to produce Individually Quick Frozen (IQF) products. Typically,
droplets or thin layers of food to be frozen are deposited on a flexible belt. This belt travels
through a cooled chamber and is frozen by the cold airflow over the product, or by a cryogen
sprayed onto the product. This belt is often arranged in a vertical spiral to maximise the length
of belt for a given floor space[178].

The form factor of the frozen product can be adjusted to suit the application. This technology is
scalable from small sizes, to significant volumes, if sufficient floor space and energy is available
on site.

The small characteristic distance of the product to be frozen can allow these freezers to rapid
cool products to their final storage temperature if the coolant heat transfer coefficients are
sufficiently high[179].
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Due to the presence of a moving belt in the cooled zone, the refrigeration system must also
remove the energy input from drive motors. Air circulation fans also contribute to the heat load
which must be removed.

While the product quality produced, and scale of these freezers may be suitable for the on-farm
freezer application, the capital cost, floor space requirement and complexity of the moving belt
make this technology less desirable for an on-farm freezer.

1.8.4 Prilling Tower/ Direct Contact Refrigerant Immersion Freezer

Another method for the rapid freezing of liquids is to form droplets of liquids and drop
them into a cold air stream or liquid refrigerant which cools the droplets and freezes them, while
preventing agglomeration. This has been proposed in many different embodiments [180-182].

Dropping these liquid products into a cold airstream is typical of prilling towers, which are widely
used in the fertiliser industry to make pelletised ammonium nitrate, urea and compound
fertilisers. The height of the tower must be sufficient allow the particle to solidify enough to
prevent breaking apart on impact. Those used in the fertiliser industry are typically over 50 m
tall for 2 mm droplets[183]. Therefore, the capital costs for this method of freezing would be
extreme and be unsuitable for on-farm use.

T

d

Figure 1-10: Prilling Tower: a) Liquid product feed; b) air exit; c) cold air inlet; d) frozen product outlet; e) liquid
product atomiser; f) cooling chamber.
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Dropping liquid into a liquid refrigerant, causing it to freeze into spherical particles, has been
proposed in a variety of embodiments. However, this direct contact method requires a
refrigerant that is food safe, and evaporates at a low temperature at atmospheric pressure.
Refrigerants that evaporate at suitable temperatures at above or below atmospheric pressure,
could be used, but would require the freezing to occur in a pressure vessel. The refrigerant must
also be suitable for atmospheric release from an ozone depletion and greenhouse gas
standpoint. As a result, liquid nitrogen (LN2) is the most commonly used refrigerant. Production
of LN2 is an energy intensive process requiring approximately 1800-2600 klJkg? [184, 185]. LN2
freezing typically requires 1-1.5 kg of LN2 for each kg of frozen product[172]. LN2 freezing
therefore has a low energy efficiency, and production of LN2 occurs at centralised plants. A
freezer using LN2 as a refrigerant would effectively require “double-shipping”, transporting
equal masses of refrigerant to, and product away from, a farm. This is unlikely to be economically
viable.

O
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Figure 1-11: Freezing of liquid droplets by immersion in liquid refrigerant. a) Insulated process vessel; b) Liquid
product distributor; c) droplets of liquid product; d) frozen product; e) liquid refrigerant.

The product form factor and quality from these methods is excellent, as small spherical particles
can be easily handled as a bulk, and rapidly thawed due to the small characteristic distance.

These systems can be highly mechanised, to reduce the operation intervention required,
however the system complexity makes them unaffordable and unsuitable for small farms.

1.8.5 High Pressure Freezing.

The equilibrium freezing temperature of water at atmospheric temperature is 0°C,
however increasing the pressure of a system decreases this temperature[186]. The minimum
freezing temperature of -22°C is reached at 207.5 MPa. The phase diagram of water is shown in
Figure 1-12. This property of water can be exploited to increase nucleation by cooling a product
below 0°Cat elevated pressures and then releasing the pressure[187]. This leads to significant
supercooling and homogenous nucleation throughout the volume of product, and may be of use
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for freezing products where a uniform ice crystal distribution is desired over a large volume. At
a pressure of 900 MPa, ice VI can be formed at room temperature without any form of
cooling[188], however research in this area is limited.

The products are typically placed inside pressure suitable containers and immersed in a fluid
that transmits both pressure and heat, inside the high-pressure freezing apparatus.

The form factor of this process is variable, and changes from product to product, as such it is
difficult to make any conclusions about the ease of handling and thawing of the frozen product.

This is a batch process, and operational and capital expenses are high. While the batch nature
of the process means it’s suitable for small volumes of products, the high capital and operational
costs, and the complexity of the system makes it unsuitable for on farm application.
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Figure 1-12: Equilibrium solid/liquid phase diagram of water. Redrawn from[186].The pressure and temperature
changes exploited in high pressure freezing are shown in the sequence a >b—>c—>d.

1.8.6 Rolling Droplet Freezer.

Droplets of a liquid product to be frozen are rolled down an inclined plane with a super-
hydrophobic surface against a cooled airflow. The droplets do not stick to the due to the small
contact area between a droplet and a super-hydrophobic surface. The droplets are frozen into
free-flowing spherical particles which can be easily handled, and rapidly thawed.

This concept of this technology was developed at Massey University, and preliminary
experiments were conducted however these tests demonstrated that there was a tendency for
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ice to adhere on SH surfaces in a condensing atmosphere, due to the transition from Cassie-
Baxter to Wenzel wetting states. This behaviour has also been reported in the literature around
super-hydrophobic and icephobic surfaces[189], especially for condensing atmospheres[190,
191] [192], and temperatures below -20 °C to -25°C[47].Ice adhesion could occur on the inclined
surfaces, causing further build-up of ice, which would be difficult to detect during operation,
and difficult to resolve without raising the temperature of the system above freezing.

The capital and operational costs of this method were anticipated to be affordable for an on-
farm unit, and scaling to larger sizes was believed to be feasible.

This method was initially selected for further development, and will be discussed further in
Chapter 3, however ultimately the ice adhesion risk was deemed too high, fabrication of critical
components was found to be extremely difficult at the pilot scale, and another method of
freezing was selected.

Figure 1-13: A schematic representation of the rolling droplet freezer. a) Air handling unit including refrigeration
system; b) inclined super-hydrophobic surface; c) droplet of product; d) droplet generator; e) product storage bin.

1.8.7 Scraped Surface Heat Exchanger.

The liquid product is pumped into a scraped surface heat exchanger, where heat is
removed, freezing a significant proportion of the liquid[193]. The scraped surface heat
exchanger causes a significant level of secondary nucleation [194],leading to a large population
of ice crystals, of a fairly uniform size [195].

The product is necessarily a slurry as a fully solidified product would not be pumpable, however
the scraped surface heat exchanger removes the majority of the latent heat. Scraped surface
heat exchangers are often combined with a belt-freezer to remove the remaining enthalpy and
cool the product to a suitable storage temperature.
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Figure 1-14: A schematic representation of a Scraped Surface Heat Exchanger. From[195].

1.8.8 Cooled Moulds/ Cooled Trays

This is a commonly used method for producing frozen products such as ice cubes or ice-
creams[196]. Liquid product is poured into the moulds, or onto the trays, and heat is removed
by coolant jackets or channels on the tray or mould. When the product is frozen, it is removed
by inverting the mould, or deforming the mould in such a way as to release the product.

The form factor of this method can be varied substantially, so form factors that enable rapid
thawing can be produced.

These freezers can be automated and are suitable for large scale applications. The basic principle
is also effective at small scales, however at small scale the complexity of the systems required
to handle product without operator intervention makes it less attractive than other freezers
evaluated.

1.8.9 Direct Contact Refrigerant Mixer Freezer

A refrigerant is directly mixed with the product to be frozen and the mix is forced through
a tube or chamber, which allows for sufficient residence time for complete freezing of the
product. The refrigerant is separated from the product, and the frozen product is formed into
the desired shape.

This method is suited to unattended operation, and scales well to larger scale. However, this
direct contact method requires a refrigerant that meets the same requirements as the prilling
tower refrigerants as described in section 1.8.4 . As a result, liquid nitrogen is the most
commonly used refrigerant.
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Figure 1-15: Freezing a liquid product by mixing with refrigerant. a) Liquid refrigerant inlet; b) liquid product inlet; c)
mixing section; d) refrigerant boils off; e) frozen product outlet.

There are several different embodiments of this system described in patent literature [197,
198]The cost and complexity of handling liquid nitrogen makes this method unsuitable for on-
farm freezers.

1.8.10 Falling Film Freezer

In a falling film system, a product to be frozen flows in a falling film over vertical plates,
vertical tubes or vertical annuli. On the other side of the plate, or on the inside of the
tubes/annuli, a coolant flows. This coolant can be a heat transfer fluid such as a propylene glycol
solution, or a boiling refrigerant. The product freezes to the cooled surface and an ice layer
grows. This layer grows to a desired thickness and the ice is the removed by the application of
heat, which melts a thin layer of ice allowing the bulk of the ice to slough off under gravity.
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Figure 1-16: Falling film freezer. a) Coolant flow path; b) liquid product distributor; c) liquid product flow; d) product
frozen to freezer wall.

Commercially available systems such as those provided by Berg Chilling Systems Inc. of Canada
are capable of making 10-50 metric Tonnes per day of ice, which is easily handled and stored for
extended periods[199]. Berg also claims that their product is suitable for freezing fruit juices of
up to 22% total solids, which would normally be affected by freeze concentration, as well as
blood plasmas, processed meats and concrete [200].

Solidification of falling films is also used for freeze concentration and melt purification[201], a
process that differs in aim but has many similarities.

Static Crystallisation of falling films has been used to desalinate sea water [73], to concentrate
orange juice[63], apple and pear juices[80], coffee[70] and milk, and to fractionate milk fat [69,
78, 202].

The frozen product produced is in the form of flakes, which can be easily handled as a bulk. The
small characteristic distance of flakes also ensures that the frozen product can be rapidly
thawed.
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These systems operate at atmospheric pressure and have low to moderate complexity and
therefore capital costs. They are also suitable for unattended operation and therefor are suitable
for on-farm application.

The scaling principles are fairly simple, as increased capacity can be achieved by increasing the
surface area of the freezer, along with a corresponding increase in chiller power.

This method was selected for further development, and the development work conducted on
this will be discussed in Chapter 3

1.8.11 Frozen Product Extruder

The product to be frozen is forced by an augur through a cooled jacked, which removes
the heat required to freeze the product. The frozen product is forced through dies to form it into
the desired shape. This method is similar to that used in some commercial ice makers. This
method has been suggested as a method for freezing concentrated milk [203].

The freezing speed is fairly rapid and produces frozen product with characteristic distances small
enough to allow for rapid freezing.

This method is suited to unattended operation, and scales well to larger scale.
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Figure 1-17: A frozen product extruder. a) Jacketed extruder vessel; b) liquid product inlet; c) coolant inlet; d) coolant
outlet; e) frozen product exit.

1.8.12 Continuous Tubular Freezing

This method was recently developed at Massey University. The phenomenon of freezing
point depression is exploited to freeze the majority of a liquid product, by forcing the product
at high pressure through a jacketed tube. The coolant in the jacket removes the heat required
to partially freeze the product and cool it to a temperature where it is mostly frozen, and appears
as a slightly wet solid. The remaining unfrozen product is sufficient to lubricate the solid and
prevent it from sticking to the tube wall.

The tube is of small diameter, so the characteristic distance is minimal, less than ~15 mm, and
freezing is rapid. The frozen product emerges as a cylinder that can be forced against an anvil to
break product into cylindrical pellets of approximately equal length

The system is simple and requires no moving parts with the exception of coolant and product
pumps. The system can scale to moderate volumes easily. Increasing the tube diameter assists
with scaling, as the force acting upon the end of the frozen plug at a given pressure increases
with the square of the diameter, and the adhesion force preventing movement scales linearly
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based on the tube perimeter, and therefore linearly with diameter. Scaling to larger volumes
may require a tube bank configuration to be adopted to ensure sufficient throughput, while
maintaining small characteristic distances.

The simple operating principle means that this method is suited for unattended operation and
suitable for on farm use.

The capital expenditure will be low as no complicated geometries or specialised materials are
required.

The ease of operation, low system complexity, low capital costs and suitability for small scales
led to this method being selected for further development. This work will be discussed in chapter
6.
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Figure 1-18: Tube freezer. a) Liquid product inlet; b) high pressure positive displacement pump; c) coolant outlet; d)
jacketed tube; e) coolant inlet; f) frozen product outlet.

There are many other possible methods for freezing liquids. Only the methods described
above were investigated closely.
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1.8.13 Qualitative Comparison
Table 1-2:Qualitative comparison of freezing methods for liquid food-stuffs.

Freezing Form Factor | System Ease of Small Scale Large Scale Capex Operator
Speed Complexity. Product | suitability Suitability input
Handling Requirement

Blast Freezer and Low Large Block Low Low High High Moderate Moderate/High
Bladders/containers
Prilling Very High Spherical Moderate/High | High Very Low Moderate Very High Low
Tower/Droplets in Pellets
refrigerant.
High Pressure High Nucleation | Variable High Moderate | Very Low Low High High
Freezer rate
Rolling Droplet High Spherical Moderate High High Moderate Moderate Low

Pellets
Scraped Surface Moderate/High | Formed High Moderate | Low High High Low

Slurry/Pre-

frozen bottle
Cooled Moulds Low Blocks/Pellets | Moderate/High | Moderate | Moderate High Moderate Low/Moderate
Cooled Trays Moderate Flat Sheets Moderate Moderate | Moderate High Moderate Low/Moderate
Direct Refrigerant Moderate/high “Whipped” High High Low/Moderate Moderate/High | Moderate/High | Low
Contact. extrusion
Falling Film Moderate/high Curved Flakes | Moderate High Moderate/High | Moderate Low Low/Moderate
Frozen Product Moderate/high Extruded Moderate High Moderate Moderate/High | Moderate Low
Extruder cylinder
Continuous Tubular Moderate/High | Pellets Low High Very High Low/Moderate Low Low
Freezer
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1.9 Research Aims
In order to develop a reliable on-farm freezer, there were several research areas which
needed to be investigated:

1. Measure properties of ovine milk of interest for the performance of an on-farm freezer.

2. Understand what changes occur in raw ovine milk during freezing and frozen storage,
and the effect of freezing conditions and frozen storage temperature on these changes.
The areas of interest would be the formation of large particles or gels and changes in
the protein or calcium balances affecting this, and the processing suitability of milks
after frozen storage, particularly for fresh products, homogenisation and heat
treatment.

3. Understand the heat flows during the freezing process in ovine milk, track the state of
water in ovine milk during the freezing process, and identify physical transitions such as
glass transitions in ovine milk, with the aim of using this data for design of an on-farm
freezer, and for understanding the storage stability of frozen ovine milk.

4. Understand the factors influencing the ice morphology of the frozen system, and how
this affects the behaviour of the frozen milk, to guide operation of a freezer designed
for ovine milk; and how the ice morphology can be controlled to achieve acceptable
quality of frozen ovine milk.

5. Use the understanding gained of the freezing processes to select or develop a method
for freezing ovine milk that would be robust, reliable and affordable and suitable for on-
farm storage, and conduct trials of this method to assess its suitability for ovine milk.

6. Model the behaviour of the selected method to optimise for best performance in an on-
farm application, or allow for further development of the freezing method.

These research areas are investigated in the following chapters:

Chapter 3 discusses the measurements of relevant properties of ovine milk that will be
conducted, and outlines the research and development work that was conducted on two
candidate freezing methods. These freezing methods were rolling-droplet freezing and falling-
film flake freezing. Both methods were investigated in depth, and developed to differing extents.
Rolling-droplet freezing was abandoned after preliminary single droplet trials, due to scale-up
and reliability concerns. Falling-film flake freezing was trialled at the pilot scale, and then
superseded by the continuous tubular freezing method discussed in chapters 7 and 8.

Chapter 4 covers the ice morphology of frozen ovine milk, and the effects of heat flow, freezing
front velocity, and milk components on ice morphology.

Chapter 5 reports changes occurring during the frozen storage of ovine milk at various
temperatures. The properties of freeze-thawed milk observed and discussed are in viscosity,
colour, pH, particle size distribution, sediment formation, serum calcium levels, serum protein
levels, heat stability and the effectiveness of high-pressure homogenisation at remedying the
effects of frozen storage.

Chapter 6 reports and discusses a series of DSC studies of heat flows during the freezing and
melting of ovine milk and ovine milk fractions, and the thermal transitions detected during
melting studies. The relationship between temperature and unfrozen fraction is explored with
these DSC measurements and a partial phase diagram for ovine milk is developed.

Chapters 7 and 8 describes the final method developed and selected for a rapid and reliable on-
farm freezer: the continuous tubular freezing method. This method was developed from the
knowledge of the effects of heat flow on ice morphology and the relationship between
temperature and ice fraction. The freezing method involves forming a frozen plug in a cooled
tube, with the adhesion of the frozen product putatively being reduced by trapped unfrozen
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fractions at the product/wall interface, and the plug being continuously extruded due to the
high pressure developed by the feed pump. These chapters discuss the principle of this freezer,
lab-scale and pilot-scale trials, product trials and ice morphology in the frozen product, and
models of the system behaviour.

Chapter 9 provides the conclusions of this work, and possible directions for further research and
development work.
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Chapter 2: Equipment.

2.1 Chapter Summary
There are several pieces of equipment that were used regularly in the course of my
investigations. These are described in depth in this chapter.

2.2 Differential Scanning Calorimeter

Differential scanning calorimetry was carried out using a Q2000 differential scanning
calorimeter (TA instruments, New Castle, DE, USA. Instrument # 970001.901) with an RCS40
cooling system (TA instruments, New Castle, DE, USA. Accessory # 972507.902). Calibration was
conducted according to manufacturers’ instruction using MilliQ water, and high-purity indium,
bismuth and tin standards.

All calibrations and measurements were conducted using Tzero aluminium hermetic pans and
lids (TA instruments, New Castle, DE, USA. Consumable # 901683.901 and 901684.901), sealed
with a Tzero sample press (TA instruments, New Castle, DE, USA. Accessory # 901600.901)
according to manufacturer’s instructions.

2.3 Rheology
Rheological measurements were conducted using the suite of instruments available to the
School of Food and Advanced Technology, Massey University (Palmerston North, New Zealand).

The instruments used were Anton Paar MCR301 (Serial # MCR301876728) and MCR 302 (Serial
#MCR30281518692) computerised rheometers (Anton Paar GmbH, Graz, Austria) equipped with
a C-PTD200 Peltier temperature control system (Anton Paar GmbH, Graz, Austria). A double-gap
geometry, DG 26.7 (Anton Paar GmbH, Graz, Austria) was used.

2.4 Optical Microscope

Optical microscopy was conducted using an Olympus CHA microscope with an MTV-3
camera mount and an Olympus NKF 3.3x LD photo microscope eyepiece (Olympus Corporation,
Tokyo, Japan). For most observations a Nikon E4/0.10 4x objective lens (Nikon Corporation,
Tokyo, Japan) was used.

An STC-MC202USB (Omron Sentech Co. Itd, Ebina, Japan) C-mount USB CCD camera was used
for low-speed observations. A Megaspeed MS40K (Mega Speed Corporation, Minnedosa,
Manitoba Canada) C-mount high-speed monochrome CMOS camera was used for high frame-
rate observations.

The custom-built stage discussed in Chapter 4 was used for most microscopy work, some initial
experiments were conducted with an Instec HCS622V cold stage, controlled by a mK2000
Temperature Controller (Instec Inc., Boulder, CO, USA).

2.5 Scanning Electron Microscope

Scanning Electron Microscopy was conducted at the electron microscope suite at the
Victoria University of Wellington (Wellington, New Zealand). A JEOL 6500F (JEOL Ltd, Akishima,
Japan) equipped with a Gatan Alto 2500 cryo preparation chamber and cold stage (Gatan Inc.,
Leicester, U.K.) was used to capture SEM images. A slush nitrogen chamber was used to freeze
samples for imaging. Further details of sample preparation are given in the relevant chapters.

2.6 Centrifuges
For low-speed centrifuge work, an Heraeus Multifuge 1 S-R centrifuge (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) was used.
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To separate caseins a Sorvall ™ WX Ultra 100 ultracentrifuge (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) was used.

2.7 Kjeldahl Distillation.

Assays for Kjeldahl nitrogen were carried out using a Foss Tecator 2006 Digestor (FOSS,
Hilleroed, Denmark) and a Kjeltec™ 2100 distillation unit (FOSS, Hilleroed, Denmark). Direct
titration of 0.1M HCl was used to determine N content.

2.8 Elemental Analysis.

An Agilent 4210 Microwave Plasma Atomic Emission Spectrometer (MP-AES) (Agilent
Technologies, Santa Clara, CA, USA) equipped with an ASX-520 Autosampler (Teledyne CETAC
Technologies, Omaha NE, USA) was used to determine the level of elements present in samples.

2.9 Freezer Space

The freezers used for storage were industrial style storage freezer rooms in the Massey
University Food Pilot Plant (Palmerston North, New Zealand). The freezer rooms were installed
in 2010. The freezers have multiple temperature sensors, which are logged electronically. The
data from the room temperature sensor (located on the freezer wall) two product probes are
archived. The temperature control system uses a combination of room temperature and freezer
evaporator discharge air temperature for control. Each freezer undergoes a defrost cycle of
approximately 30 minutes at regular intervals. For the freezers set to -10°C, -20°C and -30°C
defrost cycles occur every 8 hours. For the freezer set to -20°C, the defrost cycle occurs every
12 hours.

2.10 Miscellaneous Equipment.
A Brabantia Turbo Hand Blender (Brabantia, Valkenswaard, Netherlands) was used to
coarsely homogenise some samples prior to sampling.

An APV 2000 benchtop high-pressure homogeniser (APV systems, Albertslund, Denmark) was
used to process samples as discussed further in Chapter 5.

The surface tension of samples was measured with a SITA science line t100 (SITA Messtechnik
GmbH, Dresden, Germany) laboratory bubble pressure tensiometer.

To isolate casein micelles from ovine milk, a benchtop scale ultrafiltration unit was used. This
consists of a Pellicon ®Tangential Flow Filtration System with a Pellicon ® Mini Cassette Holder
and a Pellicon ®2 0.1 um Durapore 0.1 m? filter membrane (Merck Millipore, Burlington, MA,
USA).

Coolant for small scale experimental set-ups was cooled and circulated by a Julabo FL300
Recirculating Cooler (Julabo GmbH, Seelbach, Germany). A 50% ethylene glycol solution in water
was used as coolant). This was used for the cold-stage and bridgeman furnace microscope.

For large scale cooling loads a Patton Pak PZB600 coolant chiller (Patton, Auckland, New
Zealand) was used as part of the experimental set-ups discussed in Chapters 2 and 7.

A Maximator S40-SS high-pressure air driven pump (Maximator GmbH, Nordhausen, Germany)
was used to develop the feed pressure required for the continuous tubular freezer covered in
Chapters 7 and 8. Driving air was provided by building compressed-air service at 8 Bar, or by N3
from compressed gas bottles if building compressed air service was unavailable.

A Carbolite Muffle Furnace was used to ash samples for proximate analyses and elemental
analyses.

A Thermo Scientific ™ Orion 3 Star Benchtop pH meter (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) was used in all pH measurements. Before each session of measurements the pH meter
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was calibrated with pH4 and pH7 calibration buffers according to the manufacturer’s
instructions

2.11 Software

Image analysis was conducted using the FlJl open source image analysis platform [1], with
feature recognition carried out with the Trainable Weka Segmentation plugin package[2].

Data processing was conducted with Microsoft Excel 2016 and 2019 (Microsoft Corporation,
Redmond, WA, USA), and statistical analyses were conducted with the open source R statistical
programming language [3] or with Minitab Version 18 (Minitab LLC., State College, PA, USA).

Mathematical modelling work was conducted using the Matlab R2017b mathematical
programming language and environment (The MathWorks, Inc., Natick, MA, USA).

Figures were constructed using Excel, R, Minitab or Matlab as appropriate, and Photoshop CC
19 (Adobe Inc., Mountain View, CA, USA) was used to prepare figures for publication. Photoshop
CC19 was used to adjust brightness and contrast of Micrographs to improve legibility. Photoshop
was used to prepare composite images from several micrographs.

Equipment designs, and technical drawings were prepared using SolidWorks 2017 (Dassault
Systémes SE, Paris, France)
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Chapter 3: Development of a
Rolling Droplet Freezer and Falling
Film Freezer.

3.1 Chapter Summary

This chapter discusses some of the preliminary work conducted on freezing, some work on
selected properties of ovine milk, the development of a pilot falling-film freezer and selected
trials involving this freezer.

3.2 Introduction

At the outset of the project, in 2015, the project aimed to develop a “rolling droplet freezer”
which would operate by forming small droplets of liquid milk, and rolling them down an inclined
plate with a superhydrophobic surface. The milk would be frozen by a cold counter-current air
flow. The frozen milk would roll into a storage bin located below the inclined plate.

The size, milk flow, air flow and air temperatures of this freezer needed to be determined.

In order to develop this freezer, the following engineering problems would need to be solved,
and research areas investigated:

e Droplet behaviour on superhydrophobic surfaces.

e The relative contributions to heat transfer from convection, conduction through the
superhydrophobic surface, radiation and sublimation.

e The freezing behaviour of rolling milk droplets on superhydrophobic surfaces, focusing
on the level of supercooling that would occur, the nucleation rate in droplets, and the
freezing temperature profile of a milk droplet.

e How the milk quality was affected by this freezing method, with a focus on the behaviour
of proteins and fat globules during the freezing process.

e How to reliable dispense droplets in a freezing environment without fouling nozzles
with frozen product.

Preliminary proof of concept work was completed in 2015 by a fourth-year engineering student
[1], who investigated the freezing of water droplets rolling in the inside of a rolling ring coated
with a superhydrophobic surface. This was found to be a feasible method of freezing liquids.
Some still images taken from a high-speed video of a freezing droplet are shown below.

Figure 3-1: A rolling droplet of water after 14 s in a -30°C blast freezer. The droplet is still mostly liquid, though some
crystals can be seen.
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Figure 3-2: A rolling droplet of water after 40s in a -30°C blast freezer. A solid shell of ice has formed. Bubbles can be
seen, a result of dissolved gases coming out of solution during freezing.

The original research aims for 2016, the first year of my PhD, are discussed in the following
section.

3.3 Research Aims for the Development of a Rolling Droplet Freezer.

In order to develop the freezer and optimise its operation the freezing behaviour of a rolling
droplet needed to be investigated. The results of the work conducted in 2016 would have been
used to develop a mathematical model of the freezing behaviour of a rolling droplet.

A droplet rolling along a surface displays a resistance to rolling, similar to rolling frictional
resistance. This can be seen as a droplet “climbing” up the wall of a rolling ring, and was seen in
Mariel Catapang’s preliminary work[1] and in literature[2]. This is believed to be as a result of
internal viscous dissipation in the droplet, and deformation of the droplet along the
droplet/surface contact line[3]. Work was planned to investigate the effect of viscosity, density
and surface tension on the rolling resistance of droplets.

A freezing droplet will demonstrate a phenomenon known as “subcooling” or “supercooling”[4]
where the fluid cools below its equilibrium freezing temperature before nucleation occurs,
following which a fraction of the fluid instantaneously freezes and the temperature of the
droplet rises toward the fluid’s equilibrium freezing temperature. It was planned to investigate
the freezing temperature profile and nucleation rate of the droplet in two different
environments: A sessile drop on a cooled superhydrophobic surface, and a single droplet
suspended in a freezing airflow. Determination of the nucleation behaviour of the droplets
would be vital to the design of the freezer, as the nucleation behaviour determines the freezing
profile of the droplet and this freezing profile determines the time required to reach a desired
droplet temperature.

The single suspended droplet experiment was designed with a droplet suspended from an
analytical balance on a thin wire thermocouple. This experiment would have determined the
level of sublimation that occurs, allowing an energy and mass balance to be conducted on the
freezing droplets[5]. This would have been important for the operation of a rolling droplet
freezer as sublimation and de-sublimation of water could affect the quality of product and could
lead to frosting on refrigeration coils or freezer surfaces. One weakness of this experiment is
that droplets in a quiescent system could nucleate at different temperatures when compared to
a rolling droplet, however the dynamics of the mass and energy balances during freezing could
be explored with this experiment

An investigation of the thermal and physical properties of sheep milk was also planned. In order
to accurately model the behaviour of a rolling, freezing droplet, the heat capacity, equilibrium
freezing temperature, latent heat of freezing and rheological properties of milk are needed. The
thermal conductivity of milk is also of interest, however, as a fluid it is difficult to disentangle
the effects of convective heat transfer and it can be predicted within the accuracy of most
measurement methods by equations such as those given in the Food Properties Handbook[6].
The surface tension of milk is an important parameter for understanding the behaviour of a
rolling droplet.
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3.4 Work Conducted on Droplet Freezing

3.4.1 Rolling Droplet Settling Angle.

A droplet rolling on a rolling ring will “climb” the ring from the point of view of an
observer, settling at a point higher than the lowest point of the system. The tangential angle to
the horizontal, at this settling point, is referred to as the “settling angle”.

The proof-of-concept studies collected data on the settling angle of a droplet rolling on a
superhydrophobic surface on the interior of a rolling ring, and the shape of the droplet. The
settling angle was determined from image analysis of high-speed videos of rolling freezing
droplets. These data were used by the student to construct a behaviour map describing the
behaviour of the droplets as a function of size and tangential velocity.

| used the data collected to investigate the relationship between the settling angle and the
rotational velocity of the droplets. This relationship would allow an equation to be developed
to describe the rolling resistance of the droplets. This rolling resistance would have affected the
terminal velocity of the droplets rolling down the plate which would affect several design
parameters of the rolling droplet freezer, such as plate angle, air velocity, and the freezer size/
residence time relationship.

It was found that the rotational velocity of the droplet was a statistically significant predictor of
the tangent of the settling angle.

The settling angle could be predicted by the following equation, with w being the droplet
rotational velocity, and a and b being empirically determined coefficients:

Qsettling = tan_l(a * Waroplet T b) (3-1)

The R? of the relationship was low, at 0.73, as can be seen in Figure 3-3. Further work was
planned to gather more data on the relationship between rotational velocity and rolling
resistance.
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Figure 3-3: Droplet settling angle predicted from equation (3-1) vs. measured settling angle. N=20.

In order to investigate the relationship between the physical properties of the liquid, and the
droplet settling angle, an experimental rig was designed. The rig consisted of a ring, with a
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superhydrophobic inner surface placed on a pair of rollers, driven by a speed-controlled motor.
The settling angle of the droplet would be measured with a high-speed camera.

Figure 3-4: A rolling ring to investigate droplet behaviour. A microprocessor-controlled motor would have driven the
red drive roller, which drives the replaceable ring (blue). The ring would have varied diameters and surface treatments,
and the settling angle of droplets with different sizes and droplet properties would have be investigated at varied
tangential velocities.

Experimental equipment to measure the nucleation rates of quiescent milk droplets on
superhydrophobic surfaces was designed. The equipment consisted of an aluminium plate onto
which superhydrophobic surfaces could be mounted. The plate could be cooled to -30°C by a
thermoelectric cooler (or Peltier module) which rejected heat into a water-cooled copper block.
The cooled plate was placed inside a housing and an IR transparent window was mounted above
the plate. A thermal imaging camera would monitor the temperature of droplets on the
surfaces, and detect the temperature rise that occurs upon droplet nucleation. This principle has
been previously used to investigate the nucleation of pure water droplets[7, 8].
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Figure 3-5: Droplet nucleation experiment concept. The thermoelectric cooler would cool the superhydrophobic surface
at varying rates and the temperature of a population of droplets would be measured by IR videography to determine
nucleation rates of milk drops on superhydrophobic surfaces.

This cooled plate could also have been used with a high-speed camera to investigate the impact
of milk droplets on cooled superhydrophobic surfaces. This principle has been used to study the
interaction between impacting droplets and superhydrophobic surfaces by several authors[9-
11]

The apparatus to measure the freezing and mass loss profiles of a suspended droplet was also
designed. It consisted of a thin wire thermocouple, on which a droplet would be placed,
suspended below a balance. The droplet would be exposed to a cold, dry, air flow of known
temperature and velocity and the data collected. A high-speed camera would record video of
the freezing process. Similar methods have been used to study the freezing of pure water[5],
food solutions[4] and cocoa butter [12].This is shown in Figure 3-6 below.
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Figure 3-6: Single droplet freezer. This would measure mass and temperature changes occurring in a droplet as it is
frozen, to allow verification of numerical models. A droplet would be suspended from the balance on a thermocouple,
T1. A cool dry airflow would be controlled by rotameter V1, and its temperature controlled by T2 and TC1. The air
temperature at the inlet and outlet of the drying chamber would be measured by thermocouples T3 and T4
respectively. A camera would video the droplet as it freezes. Temperatures T1, T3 and T4, video, and mass readings
would be recorded on a computer.

Droplet generators needed to be developed for the full-scale freezer. These droplet generators
would need to form a droplet with a diameter of ca 3mm approximately once per second. This
would have been achieved with banks of orifices. The size of the orifice needed to be
determined, and the effects of non-circular orifices needed to be investigated. Backlit high-
speed videography was used to image the formation of droplets with different orifice sizes and
angles.

The work to develop the droplet generator was largely done by post-doctoral fellow Georg
Ripberger; however, | assisted with collecting high speed video data. Still images from the high-
speed videography are shown in Figure 3-7 below.
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Figure 3-7: Droplets generated from needles at 20°,60° and 80°.

Detailed design had been completed and components were purchased for the experiments
described above, when the decision to change the freezing method was made. It was decided
to discontinue work on rolling droplets, and to focus on flake freezing. The experiments into
droplet behaviour, nucleation, and freezing described above were therefore not conducted.

3.4.2 Freezing Sheep Milk

The degree of supercooling that could occur in sheep milk would have a great effect on
the design of a rolling droplet freezer. Initial measurements of the degree of supercooling were
conducted with a TA Q2000 DSC, described in detail in Chapter 2. The temperature vs time
profiles of several runs are shown in Figure 3-8 and Figure 3-9 . As can be seen, the sessile
droplets of re-constituted milk at 18% total solids nucleated at a temperature of -12°C to -15°C,
whereas pure water nucleated at -22°C This indicated that large degrees of supercooling could
be achieved with sheep milk, despite the presence of milk proteins and fats which might act as
nucleation sites.
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Figure 3-8: Temperature vs. time profiles of ca. 10 mg samples of reconstituted sheep milk being cooled in sealed DSC
pans at a rate of 2 Kmin-1, The temperatures at which nucleation occurred are labelled.
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Figure 3-9: Temperature vs. time profiles of ca. 10 mg reconstituted sheep milk and MilliQ water being cooled in sealed
DSC pans at a rate of 2 Kminl. The temperatures at which nucleation occurred are labelled. MilliQ water shows a
higher degree of supercooling before nucleation.
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3.4.3 Mathematical Model of Rolling Droplets
The data collecting in the rolling ring, freezing profile and nucleation measurement would
have been used to develop a mathematic model of the freezing phenomena in rolling droplets.

The model would have incorporated the following factors:

e Heat transfer from convection, conduction and radiation

e Atreatment of supercooling and nucleation frequency as a function of temperature and
cooling rate.

e Solute partitioning and freeze concentration in the unfrozen section.

e The direction of ice growth would be determined by modelling the system with inward
moving freezing fronts, and a mixed phase system. The model that best predicted the
experimentally determined temperature profiles would be selected.

o The effect of rolling on the freezing phenomena. This would involve the following:

o Theterminal velocity of the droplet on an incline surface, based on air resistance
and rolling resistance.

o Increased or decreased convection due to the tangential velocity of the rotating
air/liquid interface.

o Mixing of components, and advection-based heat transfer.

With the change in freezing method in July 2016, the work on this model ceased.

3.5 Measurement of the Physical Properties of NZ Sheep Milk

3.5.1 Introduction

In order to model the freezing behaviour of a rolling droplet accurately or that of a falling
film of liquid milk, the heat capacity, initial freezing temperature, latent heat of freezing, surface
tension and rheological properties of milk are needed. Work is being done at Massey University
to developed breeding value models of dairy sheep. By collaborating with these researchers, a
source of fresh raw sheep milk, and its compositional data, could be obtained.

These compositional data allow relationships between composition and properties to be
developed.

In this section, the measurements of viscosity, composition, freezing temperature and surface
tension are discussed.

The heat capacity measurements and latent heat measurements will be discussed in Chapter 6

The surface tension measurements were unable to be conducted with the fresh raw milk due to
equipment availability and the limited shelf life of raw milk. These measurements were
conducted with milk reconstituted from powder. These measurements were expected to be less
affected by the changes due to processing.

3.5.2 Methods

Individual milk samples were collected from the herd during the afternoon milking at a
sheep dairy farm in the Hawkes Bay. These samples were approximately 20-50mL in volume and
were collected from a proportional sample of each individual animals’ production using an ICAR-
approved milk meter designed for goat dairy, and therefore represented a sample of the whole
milking.

The collected samples were then refrigerated at 4°C until analysed. All samples were analysed
within 72 hours of collection.

The sample viscosity was measured using an Anton Paar Physica MCR302 computerised
rheometer fitted with a double gap (DG 26.7) measurement geometry, and a Peltier controlled
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temperature cell. The viscosity was measured at shear rates of 1 s*to 100 s. Several samples
were selected at random and the viscosity was measured for a temperature sweep of 5°C to
55°C.

The particle size distribution was measured using a Mastersizer 3000.

The composition of the individual samples and the equilibrium freezing temperature was
determined by the company Milk Test NZ (Hamilton NZ) from samples that had been collected
the previous afternoon milking.

To estimate the surface tension of whole sheep milk, whole sheep milk powder (Spring Sheep
Dairy NZ) was reconstituted to total solids levels of 10,15,20,25, and 30%. The samples were
placed in a water bath, which allowed the temperature to be varied in 5°C increments from 5°C
to 40°C. Surface tension was measured using a SITA science line t100 tensiometer. Tensiometer
bubble lifetimes were 8,000 ms up to a total solid concentration of 20%, and 20,000 ms for
higher total solids samples. Each measurement was the average of 10 consecutive readings, and
each temperature/concentration combination was measured in triplicate.

Detailed descriptions of all analytical equipment used are given in Chapter 2.

3.5.3 Results and Discussion
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Figure 3-10: Measured viscosity (Pa.s) data from all samples plotted against temperature (°C).

As can be seen in Figure 3-10 above there is an inverse relationship between the
temperature of the milk and its viscosity. This is most likely due to the decrease in water viscosity
with increasing temperature.
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The considerable vertical displacement of the curves is due to the differing solids contents
between the milk samples. The solids of the milk, as determined by the external contractor
varied from 13.95% to 23.59 %.

The flow behaviour of the samples was found to be Newtonian at shear rates between 1 s and
1000 s™.

Linear Regression models were fitted in R[13], using the components of the milk as predictor
values for viscosity at 20°C. These were evaluated, and the most effective model was of the
form:

u=Ax*%Fat+ B * %SNF + C (3-2)
where SNF is the solids non-fat.

The coefficients of the fitted equation and their significance values are shown below. For this
analysis DF=42.

Table 3- 1: Coefficients for viscosity prediction equation (3-2).

Coefficient Value P value
A 6.57*10° 0.034
B 4.51*10* 1.29*10°
C -2.76*10°3 0.00185

Figure 3-11 plots the predicted values of viscosity against the measured values. The R? was
0.589.
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Figure 3-11: Values of viscosity predicted by equation(3-2), and the coefficients in Table 3- 1 vs. measured values.

Six samples were chosen at random to be evaluated across a range of temperatures, from 5 to
55°C. The collected data are shown in Figure 3-10.
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This was added to the linear regression model above and evaluated in R, to create a model of
the form:

u=A*%Fat+ B * %SNF+C*InT+ D (3-3)

The coefficients of the fitted equation and their significance values are shown below.

Table 3-2: Coefficients for temperature dependent viscosity prediction equation (3-3)

Coefficient Value P value
A 7.94*%10° 1.39*%10°
B 6.03*10% <2*10%6
C -1.5*10°3 <2*10%6
D -1.51*10* 0.737

The values predicted by this model are plotted against the measured values in Figure 3-12. The
R? of this model is 0.891, for N=290.
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Figure 3-12: Viscosity predicted according to equation (3-3), using coefficients from Table 3-2 vs. measured values.
N=290.

Table 3-3: Measured compositional values and compositional values of NZ sheep milk. SCC is somatic cell count, Dx 50
is the median diameter of the particles in the milk.

Nutritional Composition and Processing Properties of NZ Sheep Milk. N=45
Property Mean SD min max
Total Solids (%) 18.12 1.82 13.95 23.59
Fat (%) 6.75 1.50 3.66 11.83
Protein (%) 5.75 0.60 4.53 6.91
Lactose (%) 4.92 0.23 4.2 5.37
Freezing Point -0.56 0.01 -0.577 -0.531
(°0
SCC (cells/mL) 1,260,000 3,680,000 20,900,000 11,000
Viscosity @ 20°C 0.0028 0.0004 0.0022 0.0037
(Pa.S)
Dx 50 (um) 4.56 1.31 3 9.2

In comparison, a separate program to measure the properties of NZ sheep milk [14] has
published the following compositional data:
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Table 3-4: Nutrition composition of sheep milk, adapted from[14].

Nutritional Composition of NZ Sheep Milk
Component Mean Range
Water (% by Difference) 81.9 78.3-84.7
Total Protein (%) 6.2 5.2-7.7
Casein 4.7 4.1-5.0
Whey 1.0 0.78-1.40
Non-Protein Nitrogen 0.053 0.04-0.12
Fat 6.1 4.4-7.0
Lactose 4.8 4.7-5.1
Ash 0.91 0.89-0.93
Total Solids 18.1 15.3-21.7

The measured values of the surface tension at the measured temperature and concentration
points are shown in Figure 3-13, along with the values calculated from a relationship derived
by least squares regression.
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Figure 3-13: Surface tension of ovine milk vs temperature and milk concentration. Measured values, and values
predicted from least squares fit.

The surface tension was strongly dependent on temperature, decreasing with increasing
temperature, weakly dependent on concentration, with a small decrease as the milk
concentration increases. There was no significant interaction between concentration and
temperature. Models with quadratic terms for both temperature and concentration and first
order interactions were evaluated. After removal on non-significant terms a model of the form
0=A*%TS+ BT+ C*T?+ Dwas fitted to the measured data by least squares
regression. The values fitted to the model are shown in Table 3-5.

Table 3-5:Model parameters for the surface tension of ovine milk.

Parameter A B C D R?
Value -0.0464 -0.7650 0.01198 60.381 91.2%

The range of surface tension values measured includes those which have been reported
previously [15]. These values have only been reported at a single temperature, so the
development of a relationship that describes the surface tension as a function of temperature
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and concentration is valuable. Figure 3-14 shows the measured and predicted surface tension
values, compared with data for pure water[16].
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Figure 3-14: The surface tension of reconstituted ovine milk as measured and predicted. The surface tension of pure
water is shown as a comparison.

3.6 Change of Approach

Methods of fabrication required for the rolling droplet freezer were investigated.The design
of the droplet distributor became a source of difficulty. The requirement for a reliable, robust,
cheap, and sanitary droplet generator, making 3 mm droplets was difficult to achieve in a
freezing environment.

The corrugated sheets required for the rolling droplet system would need to be fabricated by
rolling, and custom rollers would have been required. These rollers would cost in the region of
$100,000. The corrugated sheets would also have needed to meet very tight tolerances to allow
some methods of surface modification under consideration. These sheets would only be
affordable at production scale but would be unaffordable during development.

The manifold design for the droplet generator would have cost approximately $1,300 to
manufacture, and as 48 manifolds were required, the cost to manufacture these for the
prototype unit would have been approximately $60,000. As sources estimate that there will be
around 55 small sheep dairy farms[17], there would only a small production run, reducing
manufacturing economies of scale.

Ice adhesion was also a source of concern. There are two different wetting states for fluids on a
superhydrophobic surface: The Cassie-Baxter and Wenzel wetting states [18]. The Cassie-Baxter
state traps a volume of air in the microstructure of the surface, below the liquid, while in the
Wenzel state the liquid is present in the microstructure of the surface. This can occur in
condensing atmospheres, and is linked to much greater adhesion forces between the liquid and
the surface [18].Tests conducted on the rolling ring freezer in 2015 had shown that there was a
tendency for ice to adhere on areas of condensation on superhydrophobic surfaces. This
behaviour has also been reported in the literature around superhydrophobic and icephobic
surfaces [18], especially for condensing atmospheres[19, 20] [21], and temperatures below -
20°C to -25°C[11]. This would cause severe operational difficulties, as ice adhesion could easily
lead to blockages between the closely packed corrugated plates, which would be difficult to
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detect during operation, and difficult to resolve without raising the temperature of the system
above freezing.

This would also require that the air within the freezer be kept absolutely dry to prevent any de-
sublimation, and that it must be dried completely after CIP to ensure that no moisture remained
within the freezer where it could act as a source for static ice growth.

These factors meant that the rolling droplet freezer was rapidly diverging from its requirements
of robustness, reliability and low cost, suited to on-farm or near-farm operation.

3.6.1 Flake Freezers.
The flake freezer approach offered a method with several advantages, as discussed in
Chapter 1:

e Increased heat transfer through liquid convection and conduction through metal shells,
rather than forced air convection, conduction through a small contact zone and
radiation.

e Insensitivity to condensing conditions.

e Ease of fabrication- no need for precision engineered droplet distributors, or custom
rollers/dies.

e Ease of scale up.

e Proven designs.

e Less sensitive to off-nominal conditions

e Ease of control- can adjust for flowrate fluctuation.

e Geometry may be more suitable for CIP

e Lower technical risk during development.

Two concepts were identified as suitable for our aims, Scraped Surface Flake Ice Freezers and
Falling Film Flake Ice Freezers.

It was decided that a prototype system be constructed where both concepts could be evaluated
for suitability.

3.7 Work Conducted on Developing Flake Freezers

3.7.1 Concepts for Prototype

3.7.1.1 Falling Film Freezer

While falling films have been used as freeze concentration equipment, the operating
conditions of the milk freezer will be rather different to those found in falling film freeze
concentration equipment, which uses ice growth rates of 0.01-1 ums? to separate ice and
solutes [22-24]. Even slow freezing has a fairly high partition coefficient, with values of
approximately 0.45 being recorded for freezing front velocities of 2 ums™ [25]. Moreno et al [26]
found partition coefficients close to 1 with 15 wt% coffee at ice growth rates of 4ums™.

It is hoped that increasing this ice growth by several orders of magnitude should trap solutes
within the ice structure, as rapid directional freezing has been shown to capture solutes between
and within ice crystals[27]. This will be accomplished by increased heat transfer coefficients and
greater temperature differences. The freezing front velocity in our pilot unit is expected to be
between 40 and 70 ums™. Using the relationship given by Chen and Chen[25] for whole milk, the
partition coefficient in a falling film freezer with an ice growth rate of 70 ums™ is expected to be
10.3. This is clearly impossible. The relationship was developed for ice growth rates between 0
and 2 ums™ and therefore is inapplicable to such high ice growth rates.

The concept of the falling film freezer is shown in Figure 3-15, which shows the operating cycle
for the falling film freezer concept.
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1. A vertical tube is completely wetted on the outside by a falling film of product, and on
the inside by a falling film of coolant.

2. The high heat transfer coefficients of the falling films coupled with the large AT between
the coolant and product causes a layer of frozen product to grow rapidly on the outside
of the vertical tube.

3. Once the frozen product has reached the desired thickness, the product flow is shut off.
The coolant flow continues and cools the frozen product to the desired end
temperature.

4. The frozen product is detached

a. Apulse of heat is applied to the interior surface of the tube, melting a thin layer
of product

b. The frozen product, lubricated by a thin film of fluid, falls from the outside of
the tube onto an ice breaking /ice transport device located below, which breaks
the ice up and transports into a storage bin.

c. The development of functional surfaces with low ice adhesion strength may
allow ice to be removed by vibration, or with a reduced heat input.

Similar devices are used extensively in the fishing industry to produce industrial ice for fish
preservation[28], although it is unlikely that an off-the-shelf unit would be suited to on-farm
dairying use, or regular CIP.

Figure 3-16 represents the flows of product, coolant, and heat during the cycle as a function of
time. A major focus of the next two years of work will be to optimise these cycle times to obtain
a high-quality product, at the highest throughput and lowest cost possible.
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Figure 3-15: Falling film freezer concept. There are 4 stages in the freezing cycle. First the cooled surface is wetted with product, and a layer of frozen product is formed on the cooled surface. The product flow is
stopped and the frozen product cools to a final temperature. The product is detached by applying a pulse of heat which melts a thin layer of product. This thin liquid layer allows the frozen shell of product to fall off
under gravity.
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Figure 3-16: Flows of coolant, milk , and heat in a freezing cycle as shown in Figure 3-15.
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3.7.2 Rotating Drum Freezer

In Figure 3-17 A below, shows the other concept for the rapid milk freezer, a rotating
drum freezer. This is a concept that has been demonstrated with food products such as
broccoli[29]. In this concept, which is also illustrated in Figure 3-17 B, a distributor located at the
top half of the freezer distributes a film of milk onto the surface of the rotating drum. The drum
surface is cooled by an internal spray of liquid coolant as shown in Figure 3-17 C. The coolant
distributor can be optimised to give the maximum heat transfer coefficient for a given flow of
coolant, thereby minimising the size and cost, and heat gains from the environment of the
freezer.

The film of milk freezes rapidly onto the surface of the drum and continues to rotate with the
drum. Once the frozen milk has rotated past the flowing film, it continues to cool and harden,
until it reaches the desired temperature.

The frozen milk is removed by a scraper blade, and then stored.

The operation of this freezer can be altered by adjusting the diameter of the drum, the rotational
speed of the drum, the flows of milk and coolant, and the height of the scraper blade.

Milk Distributor

A B

Scraper Blade

'-.

(4 Detached Product

Falling Milk
Film

Milk Distributor

NN

Cooled Rotating
Drum

Ice Layer

Coolant Supply

Drum
(Rotating)

Coolant Spray
Distributor
(static)

Figure 3-17: A) 3-D view of rotating drum freezer. B) Product flows at the exterior of a rotating drum freezer. C) Coolant
flows inside rotating drum freezer.
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A process flow diagram showing the major flows and components of the pilot falling film freezer
is shown in Figure 3-18. In this freezer, milk is stored in the reservoir at approximately 4°C, and
coolant is maintained at a set value between -10°C and -30°C by the chiller unit. To freeze milk,
the milk is pumped through the distributor at the top of the freezer, and the coolant is pumped
through freezer. The falling film of milk freezes to the surface of the freezer and any unfrozen
milk is collected in a sump and returned to the distributor.

vy

Milk
reservoir Milk

Freezer
A E ; ; 2
Milk Supply Pump l

Milk Sump

T

Coolant
Reservoir

Chiller Unit

Circulator Pump Coolant Pump

Figure 3-18: Process flow diagram for a pilot falling film freezer. Milk to be frozen is pumped to the freezer, and
unfrozen milk running off the freezer is collected in a sump, when the sump is full it is recycled to the feed. The coolant
is pumped in one loop from the reservoir to the freezer, and in a separate loop from the reservoir to a chiller unit.
Frozen product is removed from the surface of the milk freezer.

An example of a process flow diagram for the falling film freezer in an on-farm setting is shown
in Figure 3-19. In this application a single chiller unit provides cooling for the freezer and the
milk storage vat.

Coming out of the milking machine, the milk is first pre-cooled by cold water. A glycol coolant
loop operating at 2°C then cools the milk to approximately 2-4°C for short term storage in an
insulated vat. The heat gained by the glycol loop is removed by the coolant tank, which is held a
low temperature (-10°C to -30°C) by the chiller unit.

From the short-term storage, the milk is pumped to the falling film freezer where it is frozen by
the coolant, which is pumped to the interior of the falling film freezer. The detached ice is then
stored in an insulated and cooled storage bin.

The size of the chiller can be reduced by increasing the size of the coolant tank, and using it as a
store of cold energy, and by increasing the size of the milk storage tank and operating the freezer
over a longer period than a single milking. Operating over a longer period reduces the peak
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power consumption of the freezer, and reduces the fraction of operating time spent in start-up
and chill-down of the freezer.

Falling
Water Eilm

Milk Storage Vat Freezer

Milk Pump

Milk from Dairy

Milk pre-cooler Milk/Glycol HEX

Coolant Pump

Coolant tank

Glycol Pump

Frozen Milk
Storage

[

OHJem]

Circulator Pump

Figure 3-19: Process flow diagram for a falling film freezer in an on-farm setting. This is essentially the same as the
system in Figure 3-18, however a glycol loop using the coolant tank as a heat sink to cool milk to the vat storage
temperature is added.

3.7.3 Coolant Selection
There were two possibilities for removing heat from the product: direct expansion of
refrigerant, or falling coolant films. Each option had advantages and disadvantages.

e Direct expansion advantages:

o Higher coolant side heat transfer coefficients.

o Possibility of using hot gas defrost.

o Low risk of contamination of product in the event of a coolant leak.

e Direct expansion disadvantages

o More complicated pressure safe and gas tight construction needed.

o Higher internal refrigerant pressure is a challenge from a food-safety
perspective. Loss of integrity in the heat exchanger could cause refrigerant to
leak into the food product. It is likely that future regulations would require
double-walled heat exchanger construction.

o Increased difficulty in control.

o Environmental impacts if any leakage occurs.

o The range of affordable, high performance refrigerants is limited due to
environmental regulations[30]

o Difficulty in swapping freezer geometry to evaluate concepts.

o Difficulty is combining both falling film and scraped surface systems in one unit.

e Falling film coolant advantages.

o Construction does not need to be pressure tight

o Controls of flow and temperature is decoupled- can alter temperature and flow
separately

o Can easily change geometries

=  This will be important when trialling functional surfaces.
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o Same coolant system can be used for both scraped surface and falling film

freezers.
e Falling film coolant disadvantages.

o Lower coolant side heat transfer coefficient.

o Care needed in selection of coolant to ensure food safety.

o Need to use a double-walled tube to ensure food safety.- These are readily
available for a number of industrial applications [31], but thermal performance
is reduced.

Falling Film coolant was selected as it was felt that ease of control, fabrication and modification
were more valuable in a lab scale pilot unit than the increased heat transfer. Heat transfer in
both cases is more limited by the product flow than the coolant.

3.7.4 Detail Design of Falling Film Freezer.
3.7.4.1 Evaluation of Heat Transfer Fluid

As a falling film of coolant is to be used to remove heat from the product, a particular
coolant formulation needs to be selected. Several different heat transfer fluids were evaluated.

The ideal fluid would have a freezing point 5-10°C lower than the minimum expected operating
temperature (MEOT), in order to prevent ice formation in the chiller unit. The fluid would also
have a low viscosity and high volumetric heat capacity at MEOT, reducing the circulation volume
and pumping power required, and increasing the heat transfer coefficient. A higher heat transfer
coefficient allows for a smaller heat transfer area and system, faster ice front growth rates and
greater flexibility in operating conditions for the pilot unit.

The fluids evaluated were:

e 60% propylene glycol solution

e 50% Ethanol solution

e 29% CaCl; solution

e 22% LiCl solution

e Duratherm XLT-120, an organic compound based HTF.

e Paratherm LR, an aliphatic hydrocarbon based HTF.

e Dynalene HC-50, a potassium formate solution based HTF.
e Temper-55

The falling film heat transfer coefficient (h, Wm2k?) of these solutions was calculated as a
function of irrigation rate expressed as mass flow per unit perimeter length (I' ,kgm™s? ),
according to the equations for subcooled falling film heat described in section 7.4.2.3 of this
chapter. The heat transfer coefficient was evaluated using the fluid properties at a temperature
of -30°C.

The following figure shows the coolant side falling film heat transfer coefficients for a range of
mass flows.
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Figure 3-20: Coolant side heat transfer coefficient for several different HTFs. The film heat transfer coefficient is shown
as a function of coolant irrigation rate.

As can be seen, 60% propylene glycol was predicted to be the lowest performing fluid of all
evaluated. This was largely due to its high viscosity (330 mPa.S) at -30°C[32]. Propylene glycol
also has a volumetric heat capacity of 3.399 kJL 1K™

Duratherm XLT-120 was the highest performing, largely due to a low viscosity of 2.83 mPa.S.
However, this product was only available for export from the US in volumes of over 200 L,
making it impractical for the pilot unit.

Dynalene HC-50 is a potassium formate based solution, and had a high performance due to a
low viscosity.

A 50% Ethanol solution would be an affordable solution, with an acceptable heat transfer
coefficient, a volumetric heat capacity of 3.094 kJLXK%, and a viscosity of 14.6 mPa.S. However,
the flash point of this solution would be 24°C, meaning that during start-up and shut down, the
system could contain a large volume of flammable gases. It would not be possible to reduce the
concentration of Ethanol further, as the freezing point of 50% Ethanol is -37°C, therefore any
lower concentration would run the risk of freezing in the chiller unit’s heat exchanger.

3.7.4.2  Falling Film Flow and Heat Transfer Calculations
3.7.4.2.1  Minimum Wetting Rate

In order to operate as a falling film, the mass flow per unit length (represented by T,
kg/m.s) over the surface must be above a certain value. Above the value, called the Minimum
Wetting Rate (MWR), the fluid flow wets the entire surface. Below this value, stable dry patches
appear, and the fluid flow does not cover the entire surface.

For efficient operation the surface of the freezer should be fully wetted throughout operation.
Fully wetting surface will promote even ice growth, and efficient use of the available heat
transfer surface.
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Perry’s Chemical Engineer’s Handbook suggests that the MWR is between 0.03-0.3 kgm™s for
water at room temperature[33].

As the fluid flowing has different properties to water at 20°C it is necessary to calculate the MWR
for the product.

The Hartley-Murgatroyd model [34] calculates the minimum wetting rate (I}, kgs*m™) for an
isothermally flowing film with the following equation:

1
[ =169 (%p)s (o1 = cosBe))™° (3-4)

Where p is the fluid viscosity in Pa.S, p is the fluid density in kgm™, o is the surface tension of the
fluid in Nm™, and 8 is the contact angle of the fluid on the surface. This equation has been tested
for milk of various concentrations, and has been found to predict the MWR well for
concentrations below 20% TS. Above this concentration the equation is conservative and
predicts a higher MWR than that measured experimentally[35].

El-Genk and Saber[36] reviewed several models for MWRs and developed an analytical model
for MWRs. They compared this with published experimental data to develop the following
empirical expression, with units as for equation (3-4).

3y 0.2
puo
Tpin = < 5 ) (0.67(1 — cos6:4)%6%3 + 0.26(1 — cosO.,4)*°9) (3-5)

These equations were used to calculate the MWR for the coolant and the milk. The coolant
MWR, with 22% LiCl as the coolant, calculated as 0.3 kgm™s™* using the Hartley-Murgatroyd
model and 0.2 kgms? using the EI-Genk and Saber model.

For sheep’s milk at 4°C, the MWR was calculated as 0.2 kgms? using the Hartley-Murgatroyd
model and 0.1 kgm™s? using the EI-Genk and Saber model.

In both cases the more conservative value was used as the basis for further calculations.

As can be seen from the above equations, the MWR is dependent upon the contact angle of the
fluid on the surface, so this will need to be determined accurately in future experimental work.

As an ice layer forms, the MWR of the milk will drop rapidly as the contact angle of milk on ice
should be low. The contact angle of water on ice has been measured as 12+1° [37].

This may allow operational parameters to be tuned to the ideal conditions for each stage of the
operating cycle, such as dropping the milk flow rate low enough that no recycling is necessary.

3.74.2.2 Film Flow, Thickness and Velocity
The Reynolds number of a falling film is as follows [33]:

4T
Re = —
U

Flow will be laminar at Reynolds numbers of less than 2,000. For Reynolds numbers above 25
surface waves appear on the liquid film.

(3-6)

The average thickness of a laminar falling film is given by the following equation [33]:

3rp\ /3
5= (_”)

p2g (3-7)
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The average film velocity is therefore

I gpd?

Vriim = ,0_5 = 3 (3-8)

Assuming no drag at the gas/liquid interface, the velocity profile u(x) where x=0 at the solid
surface and x=6 at the gas/liquid interface is described by:

u= 1'5Vfilm [%X _ (g)z] (3-9)

These equations are suitable for liquids with a viscosity below about 1mPa.s in a viscous flow
regime. However liquids with higher viscosities have lower film thicknesses than would be
expected from pure viscous flow behaviour, with a significant deviation for high viscosity liquids
(>10-25 mPa.s)[33, 38].

For turbulent flow the average thickness can be estimated to within £25% :

[L7s 0.24)1/3

1%

The average film velocity can be calculated as in equation (3-8) above.

For all the above equations, g can be replaced by gsinf for a plate inclined an angle B with the
horizontal.

3.7.4.2.3  Heat Transfer Coefficient
The heat transfer coefficient between the bulk of a non-evaporating falling film and the
wall it flows over can be calculated by the following models[31].

For pure laminar flow, without waves or turbulence (i.e. Reynolds numbers below 25) the Hewitt
and Hall-Taylor model can be used:

1 1
280 <p2gk3>§ 280 <4p2gk3>§R =
= = e

141\ 3ur ) T 141\ 32 (3-11)

An empirical correlation is given by Wilke[39] that includes effects from turbulence and waves:

% = C,Re™pr0344
Re C, m
<1600 0.029 0.533 (3-12)
1600 < Re < 3200 0.212x10° 1.2
> 3200 0.181x107 0.933

For Re < 1600 equation (3-7) is used to calculate §. For Re > 1600 equation (3-10) is used.

For Re <25, equation (3-11) was used and for Re>25 equation (3-12) was used to calculate the
heat transfer coefficients for the milk side and coolant side falling films, for a range of mass
flows, the results are plotted below:
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Figure 3-21: The influence on irrigation rate (I') on : A) Milk side heat transfer coefficients for the falling film freezer.
B) Coolant side heat transfer coefficients for the falling film freezer, using 22% LiCl as an HTF.

With an outside diameter of 76 mm for the pipe, the films are predicted to have the following
properties.

Table 3-6: Film properties under operating conditions.

Coolant Product
Composition 22% m/m LiCl solution Raw Sheep Milk
MWR (kgm™s?) 0.31 0.17
I (kgm™s™) under operating 5.6 0.18
conditions
Re 1500 200
6 (mm) 2.7 0.58
V(ms?) 0.73 0.30
h (Wm?k?) 1200 1500

3.7.4.2.4  Overall Heat Transfer Coefficient.

As the diameter of the falling film freezer’s heat transfer surface is more than 2 orders
of magnitude larger than its wall thickness it can be modelled as a planar surface without
significant loss of accuracy (The difference between internal and external area is less than 2%) .
In this case the overall heat transfer coefficient can be calculated as follows:

1 _ 1 Xwall 1
U hin kwau hout (3-13)

With a wall constructed of 0.5 mm 304 stainless steel, and the convective heat transfer
coefficients given in Table 3-6, the overall heat transfer coefficient between the bulk of the
falling coolant film and the falling milk film is estimated as 740 Wm2k* with no ice layer present.

At the end of the freezing cycle, when a 3 mm thick ice layer is present, the overall heat transfer
coefficient is estimated as 380 Wm>k™.

During the tempering cycle, when the heat is flowing out of the ice layer into the coolant, the
heat transfer coefficient from the coolant bulk to the wall/ice interface is estimated as 1500
W/m?Zk. The heat transfer coefficient from the coolant bulk to the ice/atmosphere interface is
estimated as 520 Wm2k™™.

3.7.4.2.5 Ice growth rate

Assuming an equilibrium freezing temperature of -0.6°C, an overall heat transfer
coefficient of 730 Wm2k?, and a nominal coolant inlet temperature of -30°C, the heat flux of
the freezer is 21 kWm™. This translate to an ice growth rate of 68 pums?, at the beginning of the
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freezing cycle. At the end of the cycle the ice growth rate is 35 ums™. This is around 2 orders of
magnitude higher than the ice growth rate found in falling film freeze concentration equipment
[22, 40].

3.7.4.3 Coolant Supply Design
3.7.4.3.1  Chiller Selection

In order to freeze 50 L of milk per hour, approximately 4.6 kW of heat needs to be
removed, as well as the pumping energy. The desired operating temperature is -30°C. A search
of commercially available units and discussion with commercial refrigeration suppliers led to the
selection of a Pattonpak PZB600W chiller unit.

This unit integrates a stainless-steel brazed plate heat exchanger, digital temperature controller
and low temperature protection. The unit is designed to be installed external to a building to
service a heat load inside. The unit has a capacity of 5.1 kW at -30°C, and 32°C ambient.

37432 Pressure Head Requirement
The pressure head the pump needs to develop across the coolant loop can be summarised
as being made of the following components:

e Pressure drop due to friction in piping,

e Pressure drop due to static head,

Pressure drop due to flow through pipe fittings and shutoff valves
Pressure drop in control valves

e Pressure drop in Flow meter

The following diagram shows a schematic of the major pressure drops.

|
APV5
AP Static head
P freeze
L lines
AP Piping
k]
H ]
%
<
o
5 Coolant
= Reservoir
5
S
g
4
< Q pump, AP pump
APV2 APV4
APFM

Figure 3-22: Schematic of pressure drops in main coolant loop.

Mathematically this can be represented as follows:

APloop = APpiping + APStatic + APFittings + APControl Valve + APFlow Meter (3'14)
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The pressure drops from the pipe fittings can be subsumed by the frictional pipe losses by using
the equivalent pipe length method.

The frictional pressure drops can be calculated by the Darcy-Weisbach equation[33]:

p u’
AP = fp*5x 5% Leg (3-15)

The static pressure can be calculated by the following equation:
APsiqtic = p * g * (Haistributor — Hsump) (3-16)

The pressure drop across the control valve is calculated using the Ky value of the valve, a
measure of how much flow the valve allows for a pressure drop of 1Bar.

V 2
AP = (K_V> * SG (3_17)

In the above equation, SG is the specific gravity of the fluid, V is the fluid flow in m3hr? and AP
is in bar.

The pressure drop across the flow meter was calculated from data provided by the
manufacturer.

Using the above equations, the system curves for the coolant supply shown in Figure 3-23 A
were calculated.

The same coolant loop is used for the rotating drum design with two differences:

e The static head is lower
e The coolantis distributed through the inside of the drum by a series of nozzles that spray
the coolant onto the interior surface.

The rotating drum distributor has been designed to have a velocity across the orifices of 10 ms™,
at a nominal flow of 3 m3hr. A discharge coefficient of 0.61, the discharge coefficient for a
sharp-edged orifice, was assumed.

The system curves for the rotating drum freezer system are shown in Figure 3-23 B
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Figure 3-23: A) Pump and system curve for the falling film freezer, showing the pressure drop as a function of valve
position and coolant flowrate. B) Pump and system curves for the rotating drum freezer.

3.7.4.3.3  Pump Selection

In order to reduce the risk of corrosion from the heat transfer fluid, a stainless-steel
pump was preferred. The flow, head, and temperature requirements for the pump were sent to
several pump suppliers, and the most economic selection was chosen.

The pump selected was a Lowara 3HMO05S05M 0.5 kW multistage centrifugal pump. The pump
curve is shown in Figure 3-23.
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3.74.3.4  Energy Balance
An energy balance was conducted across the freezer system. The main heat loads are the
following:

e Heat loads from piping

e Heat loads from pump inefficiency

e Heat loads through tank walls.

e Heat load due to product freezing.

e Heat loads from convection to the falling film freezer.

This can be represented mathematically as follows:

Qchiller - Qpiping + qump + Qtank + Qconvectian + ereezing (3'18)
The heat loads calculated are summarised in the following table, assuming 20mm of insulation
on the piping and tank, an operating temperature of -30°C, and an ambient temperature of 20°C.

Table 3-7: Heat loads on chiller.

Source Heat Load(W)
Piping 166
Tank 59
Pump Inefficiency 350
Convection to Freezer 153
Product Freezer 4300
Chiller Power 5100

The available chiller power will be sufficient to freeze approximately 47 kghr?! of milk.

37435 Temperature Control.
The temperature within the coolant reservoir will be controlled by the chiller unit, using
a feedback control strategy. The coolant temperature will be monitored with a PT100 RTD.

If this control proves inadequate, a bypass loop can be added from the freezer coolant return
line to the freezer coolant pump suction line, with a motorised valve to provide fine temperature
control by controlling the mixing in warmer coolant from the return line

3.7.4.4  Pilot Unit P&ID and Space Requirements.
A P&ID diagram for the pilot freezer is shown below. A floor plan for the falling film
freezer and the laboratory where it was located is also shown below.
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Figure 3-24: Pilot Freezer P&ID, showing piping, equipment, instrumentation, and valving as built for pilot scale unit.
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3.8 Experimental Work Conducted on Falling Film Freezer
3.8.1 Flowmeter Calibration

50 T

ST %

40 +

35 +

30 + 9,/

25 + <>§/'

20 + ’,‘éﬁ'

15 4 LB ®

10 + S
gﬁé&g y =6.0743x2 + 2.0421x + 0.8616

5 4 R? = 0.9766
0 %_%—%’ &

Orifice AP

0 0.5 1 1.5 2 2.5 3
Coolant flowrate (m3/hr)

Figure 3-26: Calibration curve for orifice plate flowmeter.

A set of trials were conducted to calibrate the response of the orifice plate flowmeter to
coolant flowrate. The flowrate was measured manually with a calibrated scale and stopwatch,
with the control valve set to different locations to control flowrate. The AP across the orifice
plate was measured. The measured response to flow is shown in Figure 3-26. As can be seen, a
guadratic equation is an effective descriptor of the response.

3.8.2 Ice Detachment

The heat detachment of ice was tested initially by flushing hot water at 50°C through the
coolant flow passage of the falling film freezer, and thereby achieving a significant heat flux. The
initial heat flux was estimated at 31 kWm2.

Tap water was frozen onto the surface of the freezer with coolant temperatures of -30°C
and -15°C. The ice layer was grown to thickness of 5 mm or 10 mm. Water at 50°C was then
flushed through the coolant side.

This successfully detached flakes of frozen water. The ice expanded and cracked as is shown in
Figure 3-28. This cracked ice then detached and fell off in flakes of significant size and thickness.
A detached flake of ice approximately 10mm in thickness is shown in Figure 3-27.
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Figure 3-27: Ice flake of approximately 10mm thickness detached by rapid heating of the internal tube surface.

Having proven the principle with pure water ice, the detachment of frozen milk by the
application of heat was evaluated.

Figure 3-28: Cracking of water ice layer (approx. 5mm thickness) during rapid heating of internal surface of freezer
tube.
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3.8.3 Milk Detachment
After the successful detachment of pure water ice, the detachment of frozen milk was
attempted.

Ovine milk was prepared from whole sheep milk powder to a solids concentration of 20%. A
layer of milk approximately 5mm thick was frozen onto the surface of the freezer, then allowed
to temper to the coolant temperature before the application of heated water to the coolant side
of the freezer. This was attempted at coolant (and final product, assuming equilibrium at wall)
temperatures of -30°C, -20°C and -15°C.

Unlike the proof of concept trial with frozen water, no cracking was observed in any frozen milk
samples at any temperature. Frozen milk did not detach like frozen pure water, rather samples
would melt significantly while still remaining attached to the surface.

Figure 3-29: Frozen milk on the surface of the falling film freezer.

Frozen ovine milk appeared much less brittle than pure water ice. It was decided that this
method of detachment would not be effective based on the experience of these proof of
concept trials.
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Initially it was planned to conduct a series of evaluations on the detachment process, to allow
detachment time to be well characterised, as a function of frozen milk temperature and heating
power, allowing the operating cycle to be completely modelled and optimised. This was
abandoned with the failure of these proof of concept trials.

It was instead decided to evaluate other conventional methods of detachment, such as a
mechanical scraper, and unconventional methods such as impact or vibration. This is described
later in the chapter.

3.8.4 Partition Coefficient
The partition coefficient is a measurement of the relative concentration of solute in the liquid

. . = _C . . -
and solid phases and is calculated as K = C—S This parameter is important for describing the
L

performance of a freeze concentration system, or the behaviour of solutes during the freezing
process. Work conducted on freeze-concentration of aqueous solutions shows that the partition
is proportional to the freezing front velocity vy and inversely proportional to the freezing point
depression of the system [25].

The partition coefficient of the whole ovine milk was evaluated at several different freezer
operating temperatures.

Whole ovine milk was prepared from powder to a total solids concentration of 20%. This was
frozen on the falling film freezer and samples removed at 5-minute intervals. Samples of the
unfrozen milk running off the bottom of the freezer were also collected at 5-minute intervals.

The total solids content of the samples was determined gravimetrically by forced air drying after
pre-drying over steam, following AOAC method 990.19 [41].

In general, the total solids concentration of the frozen milk was lower than that of the unfrozen
milk, indicating that separation occurs between the solid and liquid phase.

The partition coefficients measured are shown in Table 3-8. These were collected at a constant
product flowrate. This affects the partition coefficient as shown in [25], where the generalised
expression for partition coefficient in a falling film freeze concentrator incorporates the effect
of product flow past the growing ice. Higher flowrates have been shown to reduce the partition
coefficient of sucrose solutions in falling film freeze concentrators [42]. The milk partition
coefficient was also evaluated at a single whole milk concentration of 20% whole milk. The
partition coefficient has been linked to the freezing point depression of the solution [25]. As the
freezing point depression of milk increases with increased milk concentration [6]. For increased
milk concentrations, the partition coefficient will be expected to increase, whereas it will likely
decrease with decreased milk concentration. This has been shown experimentally by other
authors who have evaluated the performance of falling-film freeze-concentrators with
concentrated milks [42].

Table 3-8: Partition coefficients determined from falling film freezer trials.

Freezer Operating Temperature (°C) Partition Coefficient K = £&.
Cy
X (4
-30 0.946 0.112
-18 0.926 0.021
-15 0.866 0.065

The partition coefficient of whole ovine milk in this study is significantly higher than that
previously published in the freeze concentration field [25, 43], however during extended
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processing runs as experienced during freezing on farm there significant freeze concentration
would occur, especially for higher operating temperatures. This would not be ideal and would
lead to an inhomogeneous product and may affect operating conditions during longer
processing runs.

The partition coefficient increased with decreased freezer operating temperature, as this
increased the driving force behind ice growth, therefore increasing the ice growth rates, and
forcing higher levels of milk components to be incorporated into the ice matrix [23]. The
relationship between ice growth rate and solute incorporation has been found in many other
products that have been freeze-concentrated [22, 26, 44-46]. This is discussed further in Chapter
4 from a microscopic point of view, with reference to the interaction between particles and
advancing solidification interfaces, and the effect of the ice growth rate on the morphology of
this advancing interface.

3.8.5 Milk Distributors

The correlations for MWR used during the system design assumed that the surface wetted
was flat rather than curved, however the radius of the tube is much(~80x) larger than the
calculated film thickness at the MWR, so the divergence from the assumption of a flat surface is
negligible.

Figure 3-30: Two designs for distributors. A: The internal weir discussed in section 3.8.5.2 . B: The sheet distributor
discussed in section 3.8.5.3.

To achieve even distribution of milk at flowrates near the MWR, the milk needed to be evenly
distributed at the top of the freezer. Several different types of distributor were trialled.
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3.8.5.1 Jet Distributor
The first distributor consisted of a series of jets directed through holes inwards towards
the outer surface of the freezer tube.

This distributor was found to have several issues which made it unsuitable for application on a
commercial unit.

There were higher areal flowrates at the intersections of adjacent impinging jets, which impeded
full wetting of the tube surface, requiring flowrates in excess of the calculated MWR for full
wetting of the surface. As the increased product flow would decrease the partition coefficient
and increase the energy requirement this was undesirable.

Misalignment of the jets, or unequal flow through the jets as a result of fouling would also lead
to partial wetting at flowrates above the calculated MWR. This reduced the effective heat
transfer area of the freezer and was undesirable. A further shortcoming of the jet distributor
was splattering caused by spray-spray interactions between adjacent impinging jets. This
splattering could cause fouling of the freezer in areas that would be difficult to reach during
clean-in-place procedures, complicating cleaning of the system. This would be unacceptable
during commercial operation.

3.8.5.2  Weir Distributor

To mitigate several of the issues identified with the jet distributor and to increase
tolerance to varying flowrate a distributor was constructed in the shape of an internally facing
V-notch weir, stood off 3-5 mm from the external surface of the tube. Milk would overflow the
weir, fill the space between the tube and weir, and then flow down the surface. This distributor
is shown in Figure 3-30.

This distributor performed acceptably during trials, fully wetting the surface at slightly above
the MWR. There was no spray-spray interaction, so product spattering was minimal, as was
fouling of surfaces that would not be cleaned-in-place.

However, the narrow space between the weir and the freezer surface impeded operation when
milk flow was lowered and for milk tempering and removal. The surface tension of milk was
sufficient for a liquid bridge to remain between the surface and the weir when flow was stopped.
During the tempering step, this bridge would freeze, forming a blockage that prevented the weir
from operating after one freezer cycle. A larger standoff was required; however, this was not
feasible for the wetting rates used on this freezer.

3.8.5.3  Sheet Distributor

Due to the blockages formed during operation, the weir distributor was replaced by a
distributor consisting of a series of flat slots at an angle of 30° below horizontal, through which
frozen milk could flow in thin sheets, stood-off 6 mm from surface to prevent surface tension
forming liquid bridges that would freeze when the product flow was stopped.

Preliminary trials indicated that this distributor performed acceptably.

3.8.6 Modifications for Milk Detachment
The heating method of fluid detachment proved ineffective, as discussed in section 8.3,
so mechanical methods of frozen milk detachment were evaluated.

3.8.6.1 Scraper

Acircular scraper was fitted to the tube. The internal diameter of the scraper was slightly
larger than the exterior diameter of the freezer tube. The scraper was actuated by hand for the
preliminary tests.
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Water ice was easily removed by a circular scraper. Water ice was brittle and rigid and would
flake or crack when bending forces were applied by a scraper lifting a section of ice from the
freezer surface. The ice/surface bond would fail in a peel mode and then fall from the freezer
surface.

Despite frozen milk having a lower adhesion strength to stainless steel than water ice [47], it
was more difficult to remove from the freezer surface by scraping, as it was less brittle and rigid.
When bending forces were applied by forcing a scraper under a section of frozen product, that
section would peel and detach, leaving the remainder of the product still attached to the
surface. This meant that rather than acting as an inclined wedge removing large sections of solid,
the scraper had to remove areas of frozen milk by shear. This is illustrated schematically in Figure
3-31.

Frozen Milk

Water Ice

\\ ¢

Figure 3-31: Difference in detachment behaviour between water ice and frozen milk. Water ice is brittle and would
detach in large flakes. Frozen milk would “curl” or “peel” off a cooled surface.

3.8.7 Scraper Trial

The scraper was a close fit the surface of the freezer, and in initial trials generally operated
effectively. However, in some trials the scraper would “ride up” over ice if started on already icy
section of tube. This was worse for frozen milk, as frozen milk was less brittle than water.

The scraper was designed to start above the wetted section of the freezer tube to prevent liquid
freezing between the scraper and tube surface and allow the scraper to start at an ice-free
section of tube, so it could effectively remove the product.

Alternative physical methods were evaluated. These included physical impact, flexion of the
tube surface and ultrasonic de-icing. These all generally rely on the brittle nature of ice, and its
response to a mechanical input differing from that of the substrate it is adhered to. The
difference in response would lead to failure of the adhesive bond between the substrate and
the ice.

Physical impact was evaluated by impacting a 2.5 kg mass with an impact energy of ~25 J onto
the surface of the frozen material, or a section of tube which was free of frozen material. The
frozen material was either frozen milk or pure water ice.

The impact of the mass onto the surface of water ice would lead to cracking and detachment of
large sections of ice. Impact of the mass on to the surface of frozen milk had no comparable
effect, beyond impact marks on the surface of milk. The milk remained attached.

Detaching the frozen product by flexing the surface was proposed. A similar method is used to
deice the leading edge of the wings of small aircraft, where inflation of a rubber “boot” forces
the brittle ice to deform, crack and detach. As this would require significant modifications to the
freezer surface it was not pursued further.
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Ultrasound has been used to de-ice helicopter blades[48], turbine blades[49], freezer coils[50,
51] and flat sheets[52, 53]. This works by exploiting the differences in response to ultrasonic
waves by a substrate and the frozen substance, which leads to cracking in brittle ice, and
localised areas of high forces normal to the surface, causing detachment of the frozen substance.
While this would be an elegant method of de-icing, and would be an investigation into a
substrate/ frozen substance combination not previously examined in literature, no further
development of this method of removing the frozen product was conducted.

It was decided that the lowest risk option, the further development of a scraper, would be
pursued. While other systems may have been conceptually elegant or interesting, ultimately a
low-risk and effective system was needed, given the development aims of the project and the
commercial imperatives driving the work.

Ultimately the successful development of the continuous tubular freezer (discussed in Chapters
7 and 8) placed all work on the falling film freezer on hold, as it presented a radically simpler,
more compact, and more hygienic system, which deserved the majority of developmental time
and resources. As a result, the operational behaviour of the falling film freezer was not
completely evaluated, nor were the models envisaged at the outset of the work completed. The
testing of detachment of frozen milk from functional surfaces was not completed as this work
became less relevant with the change in focus to the continuous tubular freezer.

3.9 Conclusions

In this work preliminary measurements of selected properties of ovine milk in an NZ context
were conducted. Ovine milk collected from a farm ranged from 14% to 23.6% total solids. The
viscosity of ovine milk can be described with a high level of accuracy (R?=0.89 for 290
measurements) as a function of % fat, %SNF and the temperature of the milk. The surface
tension of ovine milk can be described by a function of % total solids and temperature.

Preliminary evaluations of nucleation during cooling in samples of ovine milk was measured.
Sessile droplets of milk nucleated at higher temperatures than pure water cooled under identical
conditions.

A number of designs for on-farm freezers were evaluated. Initially a rolling droplet freezer was
selected as the most promising direction for development. These results were further analysed
and used to develop a set of research aims and plan experimental work to study the phenomena
occurring the freezing of a droplet rolling over a superhydrophobic surface.

The condensing atmosphere resulting in transitions to a Wenzel wetting state from a Cassie-
Baxter wetting state would have reduced the reliability of the system. In addition, the
fabrication costs of the system would have likely been excessive for system intended for wide
deployment on small farms. As a result, the work on the rolling droplet freezer was abandoned,
and developmental work was shifted to flake freezing.

Two embodiments were evaluated and designed. As the physical processes underlying a drum
freezer and falling film freezer are similar, a falling-film freezer was constructed, which would
remove ice via heat detachment, as this would require more development effort. Iterative
component design was applied to the distributor.

The application of heat was effective for detaching ice, but was ineffective for milk, due to the
different mechanical properties of milk. The system was modified with the addition of a vertical
mechanical scraper, which underwent iterative design.

The partition coefficient of ovine milk during falling film freezing was found to be significantly
higher (K=0.946 at -30°C) than published values for whole milk in freeze-concentration
literature. The partition coefficient increased with lower freezer operating temperatures.
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A full set of experiments to fit experimental data to generalised models of partition coefficient
behaviour [25] was not conducted due to development of continuous tubular freezer.

The development of the falling-film freezer was abandoned due to development of the
technically superior continuous tubular freezer described in Chapters 7 and 8.
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3.10 List of Symbols

falling film

Symbol Description Units
%Fat Fat content of sample %
%SNF Solids-Non-Fat content of %
sample
%TS Solids content of sample %
a,b Coefficients for egn. (3-1)
A B,C,D Coefficients for eqns. (3-2),
(3-3) and (3-4).
Cp Solute concentration in liquid Isotute/ Isotution
phase
Cs Solute concentration in solid Isotute/ Isotution
phase
C, Coefficient for egn. (3-12).
Di Piping diameter m
o Darcy friction factor
g Acceleration due to gravity ms ™2
h Falling film heat transfer Wm2K-1
coefficient.
H Height m
hin Internal film heat transfer Wm™2K~1
coefficient for freezer
Rout External film heat transfer Wm™2K~1
coefficient for freezer
k Fluid thermal conductivity Wm K1
K Partition Coefficient
kvwan Thermal conductivity of Wm™lK-1
freezer wall
K, Valve flow characteristic
Pr Prandtl number
Q Heat load w
Re Reynolds number
SG Specific Gravity of fluid
T Temperature of sample °C
u Velocity within film at ms™1
location ‘x’
U Overall heat transfer Wm2K-1
coefficient for freezer
114 Fluid volumetric flowrate m3s~1
Veiim Average velocity of laminar ms~1
falling film
x Distance from solid surface m
within film
Xwall Thickness of freezer wall m
B Angle of surface to
horizontal
Tonin Minimum wetting rate of a kgs~im™1

93




Development of a Rolling Droplet Freezer and Falling Film Freezer

Symbol Description Units
1) Average thickness of laminar m
falling film
AP Pressure Drop Pa
Oca Contact angle between fluid °
and surface.
Osettiing Settling angle of a droplet °
rolling in a rotating ring.
p Density of fluid kgm™1!
u Dynamic viscosity Pa.S
o Surface tension Nm™!
Waroplet Rotational velocity of droplet g1
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Chapter 4: Ice Morphology in
Frozen Ovine Milk.

4.1 Chapter Summary

Ovine milk was separated into several fractions: whole sheep milk, skim sheep milk, and a
casein-free sheep milk ultracentrifugate. A simulated sheep milk ultrafiltrate was prepared by
formulation from pure compounds. These liquids along with pure water were frozen at freezing
front velocities from 0.5 pms™ to 50 ums™ and the interface morphologies were observed.

The advancing ice interface displayed several different morphologies. The interface generally
became more complicated as the freezing front velocity increased. The transitions between
interface morphologies occurred at lower velocities as the number of components in the system
increased e.g. transitions occurred at lower velocities in samples with casein micelles than in
samples without. The feature spacing in advancing interfaces decreased with increasing freezing
front velocity.

Raw ovine milk was frozen rapidly with unidirectional heat flow (DF), slowly in a larger volume
with no dominant heat flow direction (SF), and extremely rapidly by immersion in liquid nitrogen
(RF). These samples were imaged using scanning electron cryomicroscopy (Cryo-SEM), and the
ice morphology and distribution of milk solids was analysed.

There were significant differences in ice morphology between the RF, DF, and SF samples imaged
by Cryo-SEM, with the ice crystals and milk solids trapped between ice crystals being significantly
smaller in DF samples. Ice crystals in DF samples were mostly aligned with the direction of heat
flow and had a lamellar form. In some SF samples, crystalline lactose was observed. None was
observed in DF samples. there was an extremely fine network of ice crystals and unfrozen solids
observed in RF samples.

4.2 Introduction.

Frozen storage has been proposed for sheep milk, and has been found to be appropriate
under certain conditions[1, 2]. However it has also been linked to decreases in total solids, fats
and non-fat milk solids[3],development of rancid flavours[4], increased coagulation time and
decreased curd firmness in cheese making[5], casein destabilisation [6] and formation of
insoluble complexes [2]. These effects are linked to the temperature of storage [7], the speed of
freezing [8], the crystallisation of lactose [9, 10], and the salt balance in the unfrozen phase [4,
7, 10].

A greater understanding of the freezing process should allow freezing conditions to be selected
that can minimise the damage caused by the freeze/thaw process.

The time and temperature of storage have a significant effect on the storage stability of milk.
Storage below -20°C is recommended, with stability decreasing at higher temperatures[7]. At
temperatures of -27°C or below, the high viscosity of the unfrozen phase, and low kinetic energy
of the milk components limits both crystallization of lactose and aggregation of protein.

Wendorff [1, 6] concludes that ovine milk should be frozen rapidly and stored at -27°C for
maximum stability, and if milk is stored at -12°C, then it should not be stored for longer than 3
months.

Rapid freezing has also been recognised for a long time as a method of preserving the fat
emulsion in milk, as it prevents fat separation and the growth of large destructive ice crystals
(8].
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Work conducted on freeze-concentration of aqueous solution shows that the partition
coefficient K = C,/C,;, where C, and C; are the concentrations of the solute in the solid and
liquid respectively, is proportional to the freezing front velocity vy and inversely proportional to
the freezing point depression of the system[11].

K o f(v),K < 1/f (ATepp) (4-1)

Rapid freezing involves large temperature gradients and therefore ice growth velocities that pre-
dominate in a single direction, parallel to the established temperature gradient.

Milk is a multi-phase system; incorporating a soluble phase containing salts, lactose, and soluble
proteins; a colloidal protein phase of casein proteins together with colloidal salts in micelles
[12]stabilised sterically and electrostatically by k-casein; and an emulsion of milk fat globules
coated with a phospholipid and protein rich membrane. As a result, the freezing front in milk
must interact with a complicated system of particles with different sizes and surface properties.

The interaction of advancing solid/liquid interfaces with particles, and the morphology of these
advancing interfaces has been studied extensively in the metallurgical sciences, and in food and
pharmaceutical processing science[13]. The interaction between living cells and advancing ice
fronts has been observed and modelled[14].The survival of red blood cells during
cryopreservation, has been studied from the point of view of directional freezing, and survival
rates linked to freezing speeds and unfrozen liquid concentration [15].

Freeze texturing is a method to produce structure in meat analogues, similar to the traditional
Japanese method of producing frozen soybean curd called kori-tofu[16, 17]. An ice front moving
parallel to the heat flux forms a network of needles or dendrites of ice in the protein, which
persists as structured pores when the liquid is melted and removed. The fineness of this network
increases as freezing front velocity increases[18].

Freeze-drying, or lyophilisation, is the removal of water from a substance by sublimation of
frozen water (at or) below atmospheric pressures. The quality of freeze-dried products is
generally high, but the cost of this drying method is also high, so freeze drying is typically used
for high-value, heat sensitive food and pharmaceutical products. The morphology of the ice in
the product significantly affects the performance of freeze drying, and the characteristics of the
final product [16]. Slow freezing generally leads to larger crystal sizes, larger pores and increased
mass transfer through the pores upon drying. Directional freezing leading to parallel ice crystals
with low tortuosity may increase mass transfer in one direction, useful in the freeze drying of
foods [16].

However, despite the importance of the freezing step in frozen storage and a range of food
processing steps, the morphology of ice in frozen milk has received limited study. Therefore, the
work in this study aimed to investigate the effects of freezing front velocity and milk components
on the morphology of frozen milks.

A ‘Bridgeman furnace’ [19]and Cryo-SEM were used to study the interaction between freezing
front velocity and ice morphology in directionally frozen milk. A Bridgeman furnace allows the
microscopic observation of freezing fronts at different freezing front velocities. Cryo-SEM is a
method of electron-microscopy that allows the imaging of water rich samples without
dehydration and chemical fixation. It has been used to study the structure of milk fat globule
membranes in native milk and fat globule dispersions[20]. This makes it an ideal method to study
the structure of ice in milk samples, with minimum changes due to sample preparation
processes.
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4.3 Materials and Methods.

4.3.1 Cryo-SEM

4.3.1.1 Materials and Equipment

Fresh Sheep milk was collected from a local farm and stored in a liquid form up 48 hours
below 4°C until frozen for analysis. A subsample of this milk was stored at-80°C until nutritional
analysis.

Details of the equipment used in this chapter is given in detail in Chapter 2.

4.3.1.2 Methods.
The raw sheep milk was frozen according to the following methods:

Slow frozen (SF) samples: Six samples of milk (100 mL) were added to 100 mL plastic containers,
and placed inside two polystyrene insulated boxes. One box was placed inside a freezer at -10°C,
and the other in a freezer at -30°C. The temperature profiles during freezing were measured
with datalogging temperature probes inserted into representative containers and these are
shown in Figure 4-1. After 48 hours frozen storage the frozen milk was removed from the plastic
containers and shattered under liquid nitrogen to yield samples an appropriate size for SEM
imaging (5-10 mm). The shattered samples were then stored at -80°C until imaging to prevent
any further ice crystal growth, or any changes due to various forms of recrystallization.

------ 10°C Freezer

Temperature (°C)

-30°C Freezer

20 25

Time (hrs)

Figure 4-1: Temperature profiles during the slow freezing of milk samples.

Directionally Frozen (DF) samples: An aluminium plate with interior cooling channels was cooled
with the Julabo FL300 chiller (discussed in Chapter 2) operating at -20°C. Raw Milk was placed
in a mould on the plate to a thickness of 3 mm and removed with a cooled knife once it was fully
frozen. The flake of directionally frozen milk was placed in a pre-cooled container and stored at
-80°C until imaging.

A second directionally frozen sample was prepared by placing a microscope mounting stub on a
cooled aluminium plate, and then freezing a flake onto this surface: this was removed with the
sample attached and stored at -80°C until imaging. This allowed imaging perpendicular to the
direction of crystal growth.

To prepare extremely rapidly frozen milk, a droplet of milk was placed on a stub on the cryo-
SEM mount, and then immersed in liquid nitrogen under vacuum. This frozen droplet was
transferred immediately to the electron microscope after freezing.
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Imaging was conducted at the Electron Microscopy facility at Victoria University of Wellington,
using a JEOL 6500F Scanning Electron Microscope, with Gatan Alto 2500 cryo unit attached.

All samples were prepared according to the following steps:

1.
2.
3.

4.

Sample is loaded into the cryo-chamber and cooled to -120°C.

The sample is sheared to present a fresh internal surface for imaging.

The sample temperature is raised to -95°C and held for 7 minutes to erode ice from
fracture face and improve structure clarity.

The sample is sputtered with Platinum for 3 120s cycles, and then loaded into the SEM.

Image analysis of collected micrographs was conducted using the Fiji image processing
package[21], an open source software package based on Imagel [22].
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4.3.2 Directional Freezing.
4.3.2.1 Methods

A

Cold Side
Thermocouple
Hot side ~ Interface — piisherandtest
i I thermocouple location i cl
[ y \
| . |
e
' \
E: / ;_I—I—l ePusher: 0.25-50 UM/ 5 mm—
Nitrogen Purge |
|
Y
Cell
Thermocouple
Coolant Hot Side Fluid
4
Temp
Lag:;?;:)rv controlled
water bath

Figure 4-2: The microscope system for observing the morphology of advancing ice fronts, as described in section 3.2.1A
schematic of the system is shown above, and the system as installed is shown below.
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The directional freezing system consists of a microscope with a USB connected camera, a custom
stage with two pairs of aluminium plates with coolant channels, and a system to move a test cell
between the two pairs of plates. One pair of temperature-controlled plates was maintained at
room temperature and the other maintained below freezing by a Julabo FL-300 chiller, using a
50% solution of ethylene glycol as a coolant. This is shown schematically in Figure 4-2 A, and as
installed in Figure 4-2 B.

An aliquot (75 pL) of each solution to be tested was sandwiched between two microscope slides
with the edges sealed by vacuum grease to reduce evaporation of test solution. This is shown in
Figure 4-3. The test cell is placed in a 3-D printed pusher which is moved by a Velmex XSlide
(Velmex, Inc., Bloomfield, NY, USA) motorised linear slide.

The linear slide controlled the speed between 0.25 ums™ to several mms™. The system was run
at speeds of up to 50 ums™ in order to allow sufficient heat transfer between the test cell and
the plates.

Dry Nitrogen is introduced into the cold stage and the region around the windows of the cold
stage to prevent condensation and consequent frost growth from interfering with the
observation of freezing in sample cells.

Thermocouples were placed at the edges of the temperature-controlled plates closest to the
freezing interface to monitor the temperature gradient across the interface. A third, thin-wire
welded-tip thermocouple with a tip diameter of 75um was placed at the centre of the long side
of the test cell to monitor the temperature gradient experienced as the cell moved between the
plates.

75um ¢

thermocouple

75uL of sample

Vacuum Grease

Microscope slide

7
V iz 77707 0 w2272 2 kA

Figure 4-3: Assembly of microscope slides, showing the position of thermocouple and vacuum grease used to seal the
test sample. A top view and section view are shown.

As the spatial temperature gradient is fixed by the temperature of the two pairs of plates and
the distance between them, the freezing interface is in a fixed location relative to the
microscope, corresponding to the equilibrium freezing temperature at a given freezing front
velocity. As the freezing interface is in a fixed location relative to these two pairs of plates, the
freezing interface advances from the perspective of sample when the sample cell is moved at a
fixed velocity from the hot set of plates to the cool set. The slide velocity therefore corresponds
exactly to the freezing front velocity.
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The freezing interface is observed using a Nikon 4x objective lens. Image analysis was conducted
using the Fiji image processing package[21], an open source software package based on Image)
[22].

4.3.2.2 Materials
The test solutions studied were as follows:

e RO-water

e Simulated Sheep Milk Ultrafiltrate (SSMUF)

e Whole Raw sheep milk (WSM)

o  Skim sheep milk (SSM)

e Sheep milk ultracentrifuge supernatant. (SMUC)

SSMUF is a buffer simulating the soluble phase of milk, with the omission of soluble proteins.
The composition is shown in Table 4-1. It was prepared by following the method for bovine
SMUF as described by Jenness and Koops[23], adjusted by the ratio of ultrafiltratable salts in
ovine and bovine milk [24], with the addition of lactose to the concertation commonly found in
ovine milk.

Table 4-1: Composition of the SSMUF sample observed in directional freezing studies.

Solute Concentration (mmolL?)
KH2PO4 5.31
K>HPO, 6.81
K3CsH707.2H,0 0.15
N03C5H707.2H20 2.45
CaClL,.2H;0 0.97
Mgg(C5H507)2.9H20 8.14
KOH 1.00
K>COs3 5.08
Lactose 2.74

Milk was collected from a local farm and preserved by the addition of NaNs to a concentration
of 30 ppm. NaN; was chosen due to its effectiveness at low concentrations, minimising the
change in colligative properties due to the addition of preservative. The milk was stored at or
below 4°C until further preparation or analysis.

Skim Milk was obtained by centrifuging milk at 3000 g for 20 minutes at 20°C. The fat was
removed, and the skimmed milk was reserved for analysis and ultracentrifugation.

The casein phase of the milk was removed from the milk by ultracentrifugation at 80,000 g for
two hours at 20°C. This temperature was selected to reduce the amount beta-casein solubilised.
The resulting serum phase was reserved for analysis and the casein was discarded.

The total solids of the prepared milk samples were determined according to AOAC method
990.20 [25]. Crude Protein was determined by a Kjeldahl method adapted from AOAC method
991.20 utilising a Kjeltec KT200 distillation system [25]. Fat was determined according to AOAC
method 989.05 [25]. The ash content was determined according to AOAC method 945.46 [25].
Lactose was determined by difference.

The sheep milk serum is free from micellar casein and therefore its protein fraction consists
mostly of whey and other soluble proteins. This value was used to estimate the relative
compositions of casein and whey in all samples.
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Table 4-2: Composition of samples observed in directional freezing studies. All values are % m/m.

Milk

Fat

Protein

Whey

Casein

Ash

Lactose

Total
Solids

Aqueous
Phase

Water

Whole

6.90

5.43

1.03

4.40

0.92

3.81

17.05

88.70

82.95

Sheep
Milk
(WSM)

Skimmed | 0.39 5.63 1.43 4.23 1.00 5.23 12.27 95.38 87.73

Sheep
Milk
(SSM)

Sheep 0.25 1.52 1.52 0 0.52 5.58 7.92 99.75 92.08

Milk
Serum
(SMUC)

4.3.3 Very-High-Speed Freezing

Samples were placed on microscope slides and these slides were placed on the chilled plate
of an Instec HCS622V cold microscope stage. Glycol coolant at -16°C was pumped through the
cooled stage, and the stage was maintained above freezing with a resistive heater. When the
resistive heater was turned off the stage and sample cooled rapidly, and the sample
supercooled. The sample nucleated suddenly and the resulting rapid recalescence was imaged
at 500 fps with a Megaspeed MS40K high speed camera mounted on the microscope, through a
10x objective lens and a 3.3x eyepiece lens. The temperature profile and the nucleation
temperature were recorded using the thermocouples in the cold stage.

4.4 Results and Discussion

Ovine milk and its fractions are very far from the ideal or model systems often used in
colloidal freezing studies. The colloidal dispersion in milk consists of fat globules, casein micelles
and globular whey proteins in a solution of milk salts, lactose and other small components [12].

The size of the colloidal particles varies significantly, with fat globules in unhomogenised sheep-
milk being, on average, 3.30 um in diameter, and casein micelles averaging ca. 193 nm in
diameter[26]. The whey proteins are dispersed at a molecular level[27].

The aqueous phase consists mostly of low molecular weight solutes, and therefore the
colligative properties of this phase can be approximated by Raoult’s law. The freezing point
depression in raw ovine milk is primarily due to the lactose and salt content of the milk [12],
which results in a freezing point of -0.57°C [26].

Milk composition can also vary significantly as a result of seasonality[28], length of lactation[29],
nutrition[30], parity[31], farming system[31], breed [32]and inter-animal variations.
The complexity of this system makes quantitative, mechanistic description of the behaviour of
the advancing ice interface in ovine milk or milk fractions very difficult.

The majority of work investigating the freezing of colloids has considered model systems of
monodisperse particles in precisely defined liquid phases. These particles are typically ceramics,
polymers, glasses or metals, and the liquid phases are commonly water, or organic solvents such
as camphor or tert-butyl alcohol[33]. When these studies consider inter-particle interactions,
they typically use a hard sphere model, which may not be suitable for the colloidal components
of milk. One of the only other areas where the colloidal freezing of materials of comparable
complexity is considered in detail is the study of frost heave, where’re relatively pure ice lenses
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form in freezing soils[34]. In these studies, predictive models are based upon bulk soil
properties, as models based on ice physics are “a nightmare to understand” [35].

4.4.1 Very-High-Speed Freezing

.Trapped Fat
Globules

s
o AT
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a
*
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Figure 4-4: An advancing freezing front in milk being frozen at very high freezing front speeds after supercooling and
nucleation. Nucleation in the sample occurred at the air/fluid interface seen at the the bottom left of each image. The
left hand image is the sample immediately prior to nuclearion. The sample approximately 10ms after nucleation is
seen on the right. The darker area is the frozen region. Milk globules are engulfed and trapped in place by this
advancing freezing front.

Samples typically nucleated at a temperature of -8°C to -9°C. This is higher than the
typical nucleation temperature seen in DSC studies, as described in Chapters 3 and 6. Milk
sandwiched between slides has a larger contact area than sessile droplets in DSC pans, so
heterogenous nucleation rates are higher. A typical cooling curve is shown in Figure 4-5. The
freezing front velocities (as determined the previously calibrated image field size, and camera
frame rate) of milk frozen at very high speeds averaged 21.2 mms™, with a standard deviation
of 4.8 mms™. The freezing front in these tests was dendritic in form, with extremely fine
dendrites. Freezing began at three-phase (milk/air/slide) interfaces. In all tests the fat globules
were entrapped within the advancing ice front. These freezing front velocities are comparable
to those found in the literature for crystal growth rates in highly supercooled water, and is at
the limit of diffusion driven crystal growth for the measured degrees of supercooling[36].

It is also difficult to supercool large volumes of liquid reliably, as homogenous nucleation is
probabilistic and volume dependent, therefore a stable nucleus is more likely to form in a large
volume at a given degree of supercooling or supersaturation than a small volume. Large volumes
also tend to have a larger number of sites for heterogenous nucleation.
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Figure 4-5: A typical cooling curve during microscopy studies of the freezing of supercooled ovine milk. The nucleation
temperature of -8.9°C is labelled. Nucleation can be detected by the sudden increase in temperature as a result of the
release of latent heat.

The combination of extremely high required heat fluxes, and the difficultly of reliably
supercooling large volumes, makes exploiting supercooling in order to form a fine ice structure
infeasible on a large scale. Therefore, the ice growth behaviour observed in these studies is
unlikely to be representative of that found in products frozen by industrially common freezing
methods. Pressure assisted freezing, which is discussed more in Chapter 1, may be used to form
fine ice networks, however the extremely high-pressure requirements mean that it is not yet
commercially applied.

4.4.2 Controlled Speed Directional Freezing

4.4.2.1 Temperature Gradients

The spatial temperature profile experienced by selected samples is shown in Figure 4-6.
There is some variation in the initial temperature read by the temperature probe, as the initial
position of the probe varied between runs, however the temperature gradient experienced by
the probe in the temperature region of interest was identical between runs.

Table 4-3: Cooling rates experienced by a region of sample as it appraches and passes the freezing front.

Cooling Rate
Vg Cooling Rate (Ks) Cooling Rate (Kmin)
2 ums™ 0.005 0.3
5ums 0.013 0.8
10 ums 0.027 1.6
20 ums 0.050 3.0
30 ums 0.075 4.5
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Figure 4-7: Temperature histories of those experienced by samples being frozen in the c e. The
profiles were measured with a 0.75 mm welded tip thermocouple attached to the centre of theNwmple

slide. This time-based temperature profile shows the cooling rates experience by a region
through the microscope stage.

it troNR/s

The cooling rates experienced by a region of sample as it goes through the phas
shown in Table 4-3. These cooling rates were determined from the straight-line p
temperature histories in Figure 4-7.
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4.4.2.2 Morphology Map in sheep milk

Similar to colloidal systems encountered in freeze casting, sheep milk and its fractions
display a number of different morphologies as v¢ increases. The morphology also changes as the
fluid being frozen changes. The fluids frozen ranged from RO water, to the very complex milk
system. The morphologies observed are shown in Figure 4-8. In (A), the interface is planar. The
columnar interface is shown in subsections (B)-(E). In (D) and (E) the columnar interface begins
to show instabilities of its own. In (D), this is present as splitting at the tip of the columns, and
sinusoidal variations on the hot side of the columns (the side of the columns facing the bulk of
the melt and towards a higher temperature). In (E), the columns no longer display tip splitting,
but appear more needle-like, with small sinusoidal variations on the hot side. These variations
can continue to grow into short parabolic or columnar fingers as can be seen in (F). These side
branches, and the main brain can also be very sharp and needle-like, as is shown in (G). Two
dendritic forms of growth are shown in (H) and (l).
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Figure 4-8: Morphologies observed in an advancing ice/fluid interface. A planar interface is shown in (A), columnar
interfaces are shown in (B) and (C). Columnar interface with ripples on the hot side of the columns are shown in (D),
(E) and (F), with the ripples being larger on (F). In (H) there are secondary needle-like columns on the hot side of the
columns, and the columns themselves are needle-like in form. (G) shows a highly dendritic interface. (I) Shows an
interface which is dendritic but appears planar at the leading edge. All images were captured during this study. (A)-
(F) are images of morphologies in SSMUF, (G) and (I) are images of morphologies in SSM, and (H) is an image of a
morphology in WSM. vy varied from 0.5- 50 pms™.
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The interface morphologies are mapped as a function of the v¢ and the “complexity” of the fluid
in Figure 4-9. Morphology maps have been presented in freeze-casting literature [37], these
maps display behaviour as a function of particle size and v, for a number of systems. However,
these systems are considerably simpler than milk, having pure solvents, or tightly defined
solutions as a continuous phase, and typically monodisperse particle size distributions. The
particles used are themselves significantly simpler, as are their interactions with the solvent and
solutes, and each other. Therefore, a map of morphology against particle size and vswould be
inappropriate, and an arbitrary “complexity” axis was used in place of particle sizing.
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Figure 4-9: A map of the morphologies encountered in advancing ice/fluid interfaces in milk fractions at constant
spatial temperature gradient of ~360Kmm- and varying freezing front velocities. The freezing front velocity is
presented on a logarithmic scale, and the fluids tested are listed in increasing “complexity”. Examples of morphologies
encountered are shown in Figure 4-8. The regions of the map corresponding to various morphologies are labelled.

As the aim of this study is not to provide a quantitative and fully predictive description of the
system, but rather a qualitative explanation of the complex behaviour of freezing milk, this axis
of increasing milk complexity is effective. Each milk fraction adds a new factor to the behaviour
of the system; Pure water is affected by the interaction between the thermal gradient and
freezing front velocity, and the surface energy and crystal growth kinetics at the advancing
interface; SSMUF adds the effects of solute species being rejected and diffusing away from the
interface, and effects of the solute concentration gradient near the interface, and the surface
energy of the interface; SSMUC introduces molecular scale whey protein species and their
interaction with the interface; More significant colloid interactions are introduced with the
casein micelles in SSM (approximately 190 nm); With WSM, the colloidal fat system
(approximately 3um) also interacts with the interface.

The critical speed for the transitions between interface morphologies differs between fluids
studied and tends to decrease for the more complex fluids. Mechanisms governing instability
formation are covered in section 4.2.3 below .

In RO water, a planar interface is maintained until 5 ums?, at a spatial temperature gradient of
38 Kem™. Between 5-10 ums™? the planar interface transitions to a columnar interface. No
transitions to dendritic growth were seen for the speeds or temperature gradients studied.
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In SSMUF the interface was planar at 0.5 ums™ ; transition from planar to columnar interface
occurred at a freezing front velocity of 0.5-1 ums™. The interface was columnar until 50 ums?,
with ripples on the hot side of the columns occurring above 10 ums?, and the columns having
short secondary fingers above 30 ums™.

The advancing interface in SMUC transitions from a planar interface to columnar at a freezing
front velocity of 0.5-1 ums?, and displayed dendritic growth over 10 pums™; however some
samples at 10 ums™ had columnar interfaces. Indeed, in several samples two different interface
morphologies were present at different regions of the interface, indicating that the transition
between different morphologies may be the result of differing initial conditions or initial crystal
orientations.

The interface in SSM was columnar even at vy= 0.5 umst. The transition to dendritic growth
occurs at 20 ums™. At 20 ums™?, some samples also showed needle-like growth with large side
branches. At 30 ums™ and above all samples showed a dendritic interface.

In WSM, the interface was columnar above 0.5 pms™, and became dendritic at vy >2 ums?. At
vy > 10 ums™ some samples displayed needle like interfaces with large side branches.

The a-value of a solvent is calculated from the latent heat AH; at the equilibrium temperature
Ty the gas constant R and a factor dependent on the crystallographic environment of the
interface €.

_ AHS (4-2)
~ RT;

This value determines whether crystal growth occurs in a dendritic or faceted manner. Dendritic
growth generally occurs when a<1[38]. The entropy of melting hg/RT; of water is
approximately 2.6 JK™ [39, 40], yet water readily forms dendrites, as ¢ has a typical maximum of
0.5-1 for the close packed crystal plane and less for others. This effect of plane on the dendritic
growth characteristics could cause some samples to display both dendritic and columnar growth
under identical conditions, due to the interface being imaged at a location where two crystals
of different orientation are growing in parallel.

The spacing of columnar and needle-like interface features during freezing was measured. The
distance from the most advanced tip of one feature to the most advanced tip of the next feature
was considered the feature spacing. Where interfaces displayed planar or highly dendritic
morphology the spacing was not measured.
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Figure 4-10: Feature spacing in advancing interfaces follows a power law relationship with interface speed. The
measured values for feature spacing are plotted against speed above, along with power law fitted trendlines. Error
bars are +1o of the feature spacing observed across all runs and all features at a particular set of conditions.
Observations which were highly dendritic are not shown, due to the lack of repeatable features.

Figure 4-10 A-D shows the feature spacing for each milk fraction measured. The relationship
between feature spacing A and interface velocity vy in freezing water-based colloids has been
described as a power law (A = A - vf_”) by several authors [37, 41, 42]. Power law curves were

fitted to the results for each fluid and the prefactor A and exponentn, and the results are shown
in Table 4-4

Table 4-4: Power-law curve parameters for the lines of best fit as shown in Figure 4-10.N refers to the number of trials
conducted to get the data points for a particular graph.

Fluid A n N R? TSS ESS RSS
SSMUF 133 0.29 24 0.93 0.253 | 0.236 | 0.017
SMUC 107 0.19 15 0.92 0.054 | 0.050 | 0.004

SSM 98.1 0.12 15 0.57 0.028 | 0.016 | 0.012

WSM 105 0.26 18 0.92 0.123 | 0.113 | 0.010

The prefactor A has been reported to increase with increasing solid phase volume [37].This is
fairly constant in all the samples measured, despite the variation in total solids from roughly 5%
to 17%, however the particle loadings vary from 0% to approximately 12 % , and most previous
freeze casting work considers particle loadings higher than this level. An increased A value may
be seen in concentrated milks, if further work is done to investigate these. The exponent n has
been reported to show a dependence on particle size in alumina suspensions, with n decreasing
as particle size decreases [42], varying from 0.67 to 1. Various other colloid freezing studies have
reported n values from 0.33 to 0.7[41] . Unfortunately, the fluids in these studies were simple
systems of water and colloidal particles, with the possible addition of binding agents or
dispersants, yet there was no attempt made to predict spacing quantitatively [37]. There is a
range of particle sizes found in ovine milk, rather than a monodisperse suspension as found in
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other work. The particle interactions in ovine milk are more complicated than those in other
studies, which may lead to n being outside of the range observed in previous water-based
studies. As can be seen in Figure 4-10, the variance of feature spacing decreased as the freezing
front velocity increased in all samples. This may be due to the greater kinetic driving force
destabilising the interface when vy increases. This reduces the effect of initial conditions and
stochasticity on the destabilisation of the interface, which predominates at lower speeds leading
to larger variation in feature spacing.

Previous workers have developed a predictive model for alumina by combing traditional
solidification theories with the two-phase Stefan problem[41]. The Neumann solution to the
Stefan problem was used to derive the magnitude of the steady-state freezing front velocity, A.
A was linked with models describing feature size and freezing conditions in lamellar and
dendritic growth, and the exponents in the regression models were similar to those found in
many metallic and non-metallic environments. It was found that regression models fit more
effectively when dispersion media properties rather than slurry properties were used to
calculate A.[43] This methodology may prove useful for food colloid systems once the freezing
rate approximates a steady state, and provided sufficient data are available to calculate A. This
may be of particular use to calculate properties of interest in freeze-drying.

Engulfment of fat globules was observed in all samples of WSM with v£>0.5 ums?, and partial
engulfment was seen in WSM samples with v;=0.5 ums?, some rejection was observed below
this speed. The engulfment of fat globules was also seen in the electron micrographs of
directionally frozen milk, but not seen in slowly frozen milk. This is discussed further in section
4.3 below.

Due to the limitations of the optical microscopy setup, it was not possible to view the behaviour
of the casein micelles and their interaction with the advancing ice interface. It may be possible
to view this directly if a customised cooling stage is developed for use with confocal microscopy.
It is possible to see the relative amounts of particle engulfment in the electron micrographs that
are presented in section 4.4.3 , and this is discussed there.

4.4.2.3  Perturbations and Growth from Perturbations.

It is well known that in many directional freezing or solidification systems a planar
interface becomes unstable and transitions to a more complex interface. This phenomenon is
known as Mullins-Sekerka instability[44]. This change in morphology is determined by the
interaction between macroscopic driving forces, supersaturation or supercooling, and the
microscopic properties of the interface, surface tension, interfacial energy and crystal growth
kinetics.

Mullins and Sekerka found that infinitesimal perturbations at the interface of a growing spherical
crystal can either decrease over time, or increase and lead to unstable growth if the perturbation
is above a critical radius[45].This analysis was extended to planar surfaces with a sinusoidal
perturbation of infinitesimal initial amplitude [46], which showed that if the perturbations grew,
the interface would become unstable. This is illustrated in Figure 4-11. In a unidirectionally
advancing solidification interface in a pure melt in a 2-dimensional system, there is a degree of
supercooling ahead of the interface caused by the balance between the crystal growth rate as a
function of supersaturation and the thermal gradient of the system. Growing crystals must reject
heat into this region, and the thermal gradient can be shown as a series of isotherms, or
isopotential lines ahead of the interface as shown in Figure 4-11.
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Figure 4-11: A perturbation from a planar interface experiences higher thermal gradients, or chemical potential
gradients (as represented by the dotted isolines) than the pure planar interface. This increases crystal growth rates
at the tip of the perturbation and favours interface destabilisation. The interaction with an insulating particle is also
shown. Heat and/or solutes are rejected ahead of the interface. The insulating particle increases the resistance to heat
or mass flow through the particle, causing the interface to grow more rapidly in regions away from this particle.

If a sharp perturbation exists, the isopotential lines bunch up near the perturbation, steepening
the chemical potential gradient and the growth rate at the perturbation. This would make it
kinetically favourable for an interface to break up into a number of perturbations. This is
described in terms of heat removal, but the phenomenon is equally applicable to mass transport,
and diffusion of solute to the growing interface.

However, a complicated interface with a number of perturbations would have a significantly
larger interfacial area, and a larger interfacial energy, which is thermodynamically unfavourable.
The increased curvature of the interface at perturbations also leads to an increase in the
chemical potential of the perturbed region as a result of the Gibbs-Thomson effect. This
decreases the chemical potential gradient between the melt and the solid and reduces the
growth rate.

An analogous situation to thermal diffusion from an advancing gradient also occurs for chemical
species in any system other than a pure melt. The solubility of solutes in a solidified solvent, such
as ice, is significantly lower than the solubility in the liquid solvent. This causes a chemical
potential gradient to form in front of the advancing interface [16]. The effect of this chemical
gradient can be seen when comparing the behaviour of SSMUF and RO water samples. The
thermal diffusivities of both samples are similar; however, the chemical species present in
SSMUF cause a chemical gradient ahead of the interface to be formed as solutes are rejected
from the solid water. This creates an additional driving force favouring the destabilisation of the
interface, which is why SSMUF samples showed a transition to columnar growth morphology at
freezing speeds roughly an order of magnitude lower than RO water samples.
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Figure 4-12: Instability formation in an freezing front advancing (from left to right) in SSMUF. vs=1 ums™, and G=37
KemL, This is illustrative of the transition from a planar ice front to a columar morphology at lower freezing front
velocities.The location of the front in each image is fixed relative to the camera. In the first image the interface beween
the solid (left hand side of the interface) and liquid (right hand side) SSMUF is planar. Small sinusoidal perturbations
can be seen after 128 s. The furthest advanced perturbations experience greater chemical and thermal gradients and
can be seen to grow at a higher rate than other parts of the interface.

The formation of instabilities in an advancing ice front is illustrated in Figure 4-12, which shows
the transition of an ice front from planar to columnar in SSMUF, where V=1 ums?, and G=37
Kem™. Sinusoidal perturbations are formed in the planar ice front, the rate of this disturbance is
affected by the degree of supercooling and the temperature gradient. Below a certain threshold
these perturbations disappear, however above this the perturbations are reinforced and
continue to grow to form stable columns. The rejection of solutes ahead of the growing ice front
also leads to a region of increased solute concentration, and therefore lower equilibrium
freezing temperature. Ahead of this zone, the liquid may have a lower solute concentration and
be supercooled. This is an unstable situation called constitutional supercooling [47], and is
illustrated in Figure 4-13. If any perturbation penetrates the region of maximum solute
concentration ahead of the interface, it will enter a supercooled region and may grow rapidly.
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Figure 4-13: Graphical illustration of constitutional supercooling. An interface advances into the melt with a velocity
vr. Where there are no solutes the freezing temperature is constant, and the imposed temperature gradient is always
above the freezing temperature in the liquid phase. When solute is present, rejection from the advancing solid phase
leads to an increased solute concentration ahead of the interface, as shown at top right. This increased solute
concentration decreases the freezing temperature, so the temperature gradient imposed now results in a supercooled
volume of liquid ahead of the interface. Adapted from [48].

At temperatures near the equilibrium freezing temperature growth of ice crystals in the primary
and secondary prismatic planes is orders of magnitudes higher than in the basal plane direction,
therefore sideways growth into the supercooled region between is lower. However, if there is a
sufficient spatial temperature gradient then the relative growth rates of the crystal faces can
vary with spatial position. Solutes are also rejected into the area between crystals, reducing the
equilibrium freezing temperature in these regions and the degree of supercooling present. This
further reduces the growth of ice in these directions and leads to the formation of lamellar or
columnar ice morphology, dependent upon the ice growth rate and solution properties[42] .
This also selects for crystals oriented in the direction of heat flux in steady state growth, as those
crystals whose preferred growth direction is perpendicular to the heat flux will be “outgrown”
by those aligned with the heat flux[19]. Dendrites form on the face of the columns/lamella
closest to the warm region[19].

The growth of a stable columnar interface from a planar interface at higher velocities is shown
in Figure 4-14. This transition occurred in a sample of SSMUF, with v, =20 ums™, and G=35 Kcm™.
The transition sequence is different to the lower velocity transition seen in Figure 4-12. At the
lower speed sinusoidal initial variations [46] grew directly into columns. The balance between
crystal growth parallel to the temperature gradient and crystal growth perpendicular to the
temperature gradient, into the sub-cooled inter-column area, determined the stable column
spacing. At higher speeds, the interface remains stable until the decreased temperature at the
interface overcomes the constitutional supercooling. Sinusoidal perturbations grow, the leading
perturbations at a higher rate than others. From these leading columns, a fractal network of
dendrites grows sideways into the sub-cooled surrounding fluid. From the warm side of these
dendrites, a stable interface of equal width columns then emerges, and is maintained during the
crystal growth experiment. The area of dendritic growth corresponds to the zone of fluid that is
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supercooled, and once the dendrites reach the fluid at the equilibrium freezing temperature the
growth morphology changes to a steady state morphology driven by the thermal gradient, the
ice growth rate, and the properties of the sample. The dendrites form at an angle of
approximately 60° to the main branch, indicating that this growth is occurring along the a-axis
of the ice crystals. The degree of supercooling at the interface at the initiation of dendritic
growth can be estimated from the spatial displacement of the interface relative to the
equilibrium freezing line, and the spatial temperature gradient. For the transition shown in
Figure 4-14, the supercooling can be estimated as 0.47°C.

The spacing of these columns is governed by the same balance growth of parallel to the heat
flow and growth sideways into the supercooled interstices, and the fluid properties in these
interstices.
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Figure 4-14: Formation of a columnar interface from an initial planar interface in SSMUF. vy=20ms™ and G=37 Kecm*,
The interface transitions through an intermediate dendritic morphology seen in the images at 50s, 52s and 60s.

This transition from randomly oriented ice crystals during the initial crystal growth phase to
crystals aligned with the temperature gradient during steady state growth has also been
observed in the directional freezing of ice in alumina suspensions, where the random growth
occurs during the growth into the supercooled zone, and once the supercooled zone has been
frozen, columnar growth occurs along the line of equilibrium freezing temperature [49].
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As can be seen in the morphology map in Figure 4-9, this critical speed for this transition
decreases as each new milk component is added to the system. The addition of solutes in SSMUF
leads to a significant decrease in the critical speed when compared to RO water. This decrease
in critical velocity may be the result of two factors. The first factor is the presence of a chemical
as well as a thermal gradient ahead of the interface which promotes the destabilisation of the
interface due to constitutional supercooling[48]. The second factor is the reduction of the
interfacial energy because of the solute concentration in the liquid, which reduces the
thermodynamic penalty imposed by a greater interfacial energy.

The addition of particles reduces the critical speed for a transition from a planar interface below
the onset speed of the Mullins-Sekerka instability[50]. As a particle with differing thermal
conductivity to the melt is pushed ahead of the interface, it induces a change in the thermal
profile ahead of the interface. An insulating particle can lead to a reversal in the thermal gradient
as the gap between it and the interface decreases, and heat is rejected more easily through the
solid phase[50]. This is illustrated in Figure 4-11. This phenomenon may be responsible for the
critical velocity being lower in samples with casein micelles and fat globules (SSM and WSM), as
these particles can interact with advancing ice interfaces.

4.4.3 Cryo-Electron Micrographs of Frozen Milk.
Cryo-Scanning Electron Microscopy as described in sections 4.3.1 and 2.5 was used to
image the ice morphology of samples frozen at different rates.

Electron micrographs of the milk frozen by immersion in liquid nitrogen are shown in Figure
4-13. From this micrograph it can be seen that there is a separation between the milk solids
(which appear as the rippled structure in the image) and the ice even at this high freezing speed.
The ice has formed dendritic structures at this high growth speed. This has been observed in
colloids at extremely high freezing rates where it is referred to as an isotropic interface due to
the lack of significant lamellar or dendritic structures[37]. In order to prevent ice crystallisation,
and form a glassy solid it would be necessary to cool the milk to approximately -130°C, (the glass
transition temperature of ovine milk at 18% total solids as determined by the Gordon-Taylor
equation [51]) fast enough to prevent ice formation.

Fat globules and the outlines of regions where they were located before the sample was
fractured can also be seen in Figure 4-15 A. The average thickness of the solids bands is below
lum.
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Figure 4-15:A) Highly dendritic network of milk solids observed in ovine milk frozen by immersion in liquid nitrogen.
Eroded areas are observed where ice crystals have been removed by sublimation during sample preparation. B) A milk
fat globule engulfed in milk proteins in ovine milk frozen by immersion in liquid nitrogen. Overlapping casein micelles
are also observed as small spherical structures.
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At higher magnification, as shown in Figure 4-15 B, the bands can be seen to be made of casein
micelles. The bands have a grainy appearance and are comprised of spherical structures
approximately 100-200 nm in diameter, which corresponds to the diameter of casein micelles in
ovine milk[26].

When directionally frozen at moderate freezing speeds (approximately 15 ums?) the ice crystals
grow in a columnar fashion, rejecting the solids into thin parallel bands between the crystals.
The long axes of the crystals are aligned with the direction of heat flow, this can be seen in Figure
4-16. This behaviour is also observed in the optical microscope observations described earlier in
this chapter.

The fat globules are rejected from the growing ice crystals and are typically found in the inter-
crystal space. Some can be observed in the ice crystal space, indicating that they were engulfed
by the advancing ice crystal. For an advancing flat ice interface, the particle will be engulfed if
the ice front velocity is above the critical velocity for the particle [42, 52]. This is discussed in
greater detail in section 1.6.3.1. The critical ice velocity for an advancing flat ice interface is given
by:

Aogd rap\" (4-4)
=5 (7

Ve

d

Where d is the distance to the ice interface, 1 is water viscosity, a, is water intermolecular
distance, r is particle radius (radius of gyration for polymers), and Ao is the surface free energy
change, given by:

Ao = o5y — (01 + 0g1) (4-5)

The inverse relationship between r and v, is why some fat globules were engulfed in the ice
crystals, whereas the casein micelles which are roughly an order of magnitude smaller [26],
would have a v, roughly an order of magnitude higher.

The v, calculation is based on a simplified analysis of a dilute system, with an advancing planar
front. The actual velocity at which particles are engulfed may differ from the calculated value,
the relative magnitude of the critical velocities for casein micelles and fat globules helps to
explain the distribution of milk components in the frozen milk samples.
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Figure 4-16: Lamellar ice growth seen in scanning electron micrographs of directionally frozen milk. View is in a plane
parallel to the direction of heat flow and ice growth. The “eroded” areas between bands are where ice cyrstals were
present before sublimation was used to highlight the frozen structures. The bands present are the milk solids, which
were rejected into the inter-crystalline spaces during freezing. Fat globules can be seen as the round structures present
in the bands (some indentations can be seen. These were left by fat globules that were lost when the sample was
fractured for imaging). Fat globules can also be seen in the areas previously occupied by ice crystals.

The lamellar morphology of the ice crystals in directionally frozen milk can be further seen in
Figure 4-17. As can be seen in the views perpendicular to ice growth direction, the crystals are
oriented into lamellae, with a low aspect ratio (width: height). The median aspect ratio is 2.4:1.
The frequency distribution of the aspect ratio of the lamellar ice crystals is shown in Figure 4-19
A. As the aspect ratio is significantly larger than 1, it is appropriate to refer to the crystals as
having a lamellar morphology, rather than columnar. This lamellar morphology is commonly
found in freeze-cast ceramics that use water as a solvent[33]. Parallel to the growth direction
the narrow axis of the lamellae can be seen, as can flatter regions where the sample shear plane
intersects the wide axis of the lamellae.
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Figure 4-17: Cryo-SEM images of ice crystals in directionally frozen milk, imaged in a plane parrallel to ice growth
direction and heat flux, and in a plane perpendicular to to ice growth direction and heat flux. Two maginfications are
shown, to illustrate features across two length scales. Further description of the features present is given in Figure
4-14.

The ice crystals imaged in a plane parallel to the direction of heat flux are ordered largely in a
single orientation, as is shown in the micrographs in Figure 4-17. When ice crystals are imaged
in a plane perpendicular to the direction of heat flux, several orientations can be observed. This
is seen in the micrographs in Figure 4-17. The orientation of the crystals in these two planes, and
their cross-sectional area as seen in image plane are shown in Figure 4-19 B. When viewed in a
plane parallel to the heat flux and ice growth direction, the crystals are more highly alignhed than
crystals viewed in a plane perpendicular to the direction of heat flux.
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Figure 4-18: A) The aspect ratio, determined from the Feret dimensions, of crystals in DF samples, such as shown in
Figure 4-15, when imaged on a plane perpendicular to the heat flux. Aspect ratio appears to follow a lognormal
distribution B) The crystal size and orientation distributions of crystals both parallel and perpendicular to the heat flux.
Orientation is the angle of the long axis of observed crystals relative to the image horizontal plane.

Electron-micrographs of milk frozen slowly are shown in Figure 4-20. In these samples, the
solutes have been rejected into thick bands between spaces which once held large ice crystals.
There is little apparent directionality to the ice crystals. No engulfing of fat globules in ice crystals
is seen, as vy may be significantly lower than v, for fat globules. The average thickness of milk
solids bands is 55+ 49 (std dev) um, compared with 3.2+1.5 um for directionally frozen milk
samples. The size of the ice crystals could not be estimated from the electron-micrographs as
they were larger than the field of view of the SEM, even at the lowest magnification.

123



Ice Morphology in Frozen Ovine Milk.

The size of the milk solids bands could limit the size of any protein aggregates formed during
frozen storage. This could have an effect on the sensory acceptability of freeze-thawed milk; soft
particles above approximately 80 um in size can be perceived as “gritty”, and hard particles
above 20 um are perceived as “gritty”[53]. The slowly frozen samples could form aggregates of
over 80 um in size, which could be perceptible, however the limited size of the milk solids bands
in the directionally frozen milk would reduce the size of any aggregates and their effect on
perceived texture.
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Figure 4-19: Histogram of the measured thickness of milk solids regions observed in cryo-electron micrographs of
directionally frozen (DFA) (such as shown in Figure 4-14 and Figure 4-15) and slowly frozen (SF) milk samples (such as
shown in Figure 4-18 and Figure 4-19).

In some studies, model ceramic systems have been aggregated together so that their attractive
Van der Waals forces ensure aggregate stability after thawing. This has been observed in 32 nm
colloidal silica spheres [54], and in a mixture of nano-scale y-alumina and micron scale
a-alumina[55]. While the nature of these colloidal dispersions is significantly different from milk,
these studies nonetheless demonstrate that stable dispersions can be disrupted by the freeze-
thaw process.

As discussed elsewhere in this thesis, in samples of ovine milk maintained at high frozen storage
temperatures, (>-10°C) for sufficient time, a gel forms and a cream layer can no longer be
separated from the destabilised milk. This may be a result of a network of destabilised proteins
surrounding the fat globules and preventing them from separating. The fat globules were
surrounded by proteins in micrographs of samples frozen slowly and stored at both -10°C
and -30°C, and the overall ice morphology of these samples showed little difference. However,
milk stored at -30°C still behaved like fresh milk after thawing and showed little particle
aggregation. This suggests that the destabilisation of the milk discussed elsewhere was as a
result of changes occurring during the storage time, rather than the freezing process alone.
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Figure 4-20: Large bands of rejected milk solids in electron micrographs of samples of ovine milk that were frozen
slowly and stored at -10°C (A) and -30°C(B).

4.4.3.1 Lactose Crystallisation.

OUM w— | 2um

Figure 4-21: Possible lactose crystallisation observed in a sample of ovine milk that was frozen slowly and stored
at -30°C until imaging.Images A-F are the same region at increasing levels of maginfication. A milk solids band is seen
between two ice crystals in A, and this is the area magnified.

The white crystal-like structures seen in Figure 4-21 are most likely lactose crystals: No
structures that could be identified as bacteria were seen in any micrographs. The white particles
are on average approximately 400nm long. This is smaller than most bacterial cells with the
exception of mycoplasma species, which are spherical. The particles have a distinct faceted
appearance similar to prismatic crystals of lactose monohydrate formed at high lactose crystal
growth velocities, or tomahawk shaped lactose crystals[56] . There are also tetrahedral clusters
of white particles visible , which are unlike the crystal forms typically reported for lactose[9,
56].These are shown in Figure 4-22. According to Paterson [56], there are very few reports of
clustered lactose in the literature, all of which suggests this occurs at high levels of
supersaturation. The extremely small crystals observed, and the large number present also
suggests that the crystals formed at high levels of supersaturation, due to the large nucleation
rates that would be needed to form such a large number of crystals in system with no secondary
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nucleation from attrition of seed crystals. The crystals are also significantly smaller than typically
observed, being on sub-micron scale, whereas a lot of the previous work on lactose
crystallisation deals with crystals 10’s to 100’s of um in size. There are limited references to
nanocrystalline lactose in literature: In the skin of partially crystallised dairy powders, which
contained lactose crystal clusters and crystals 200 nm in length[33][57], and in the athermal
milling of crystalline lactose which was studied by XRD and may lead to the formation of lactose
nanocrystals [58].

The distribution of lactose is not uniform. The crystallised lactose is mostly located in the regions
close to milk solids bands, and in the milk bands. The rejection of lactose ahead of the freezing
front leads to the formation of regions of supersaturated lactose solution at the boundaries
between ice crystals. This may become a supercooled glass if cooled far enough. In the case of
slowly frozen milk the supersaturated lactose solution was held in conditions that allowed for
nucleation and crystal growth. Soluble lactose has been found to have a cryoprotectant effect
in frozen milk[59], so its crystallisation in the slowly frozen samples may contribute to quality
loss. This may also indicate that the slowly frozen milk spent significant time well above the
system’s T which allowed lactose to crystallise. As discussed in chapter 6, in whole ovine milk a
melting onset transition, where the system viscosity drops low enough to allow ice formation,
occurs at -25°C, and the glass transition would occur at approximately -34°C. The lactose in milk
stored at -30°C is in an extremely viscous environment that would supress crystal nucleation. As
discussed in chapter 5, assuming the viscosity of the unfrozen phase follows WLF kinetics, it will
increase by 5 orders of magnitude from -10°C to -28°C. The lactose in the system is
supersaturated below a temperature of approximately -2°C to -3°C. As a result, the longer the
temperature of the system is maintained between -3°C and -25°C to -30°C there is a greater
likelihood of lactose crystallising. This more rapid cooling of milk in the directionally frozen
samples means that the system reaches a highly viscous state where lactose crystallisation is
supressed by the high viscosity. The role of lactose crystallisation in storage destabilisation of
frozen milk has been suggested by previous authors[1, 7, 60], but the cryo-SEM images in this
chapter are a possible detection of crystalline lactose present in slowly frozen samples but not
in rapidly frozen samples.
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Figure 4-22: Possible lactose crystals in electron micrographs of slowly frozen ovine milk that was stored at -30°C.
Clustered crystals are circled in red.

4.5 Engineering Relevance
The freezing front velocities selected in this work are realistic for the range of conditions
that will be encountered in common food processing systems.

The freezing front velocity can be directly related to the heat flux of a freezing system as follows:
Q = AHy * pjce * vy (4-6)

Where Q is the heat flux, in Wm™, AHy,, is the latent heat in Jkg™, p;c, is the density of ice in
kgm?, and vy is the ice front velocity in ms™.

Using a slightly conservative AT value of 20K, the U value required to achieve a given vy can be
calculated. This is plotted in Figure 4-23, with the U values typical of industrial freezers shown
[61].
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Figure 4-23: Freezing front velocities acheivable by commercial freezing methods.

However, these U values are surface properties and are only achievable in the absence of any
appreciable ice thickness. Achieving high ice growth rates in the presence of an ice layer requires
a large AT. Once a 2.5 mm thick layer of ice is present, maintaining a vy of 20 ums? requires a
AT across the ice layer of 25K, 30 ums™ requires a AT across the ice layer of 37 K and this
increases linearly with increased ice thickness.

The morphology of a frozen product also affects the mass transfer rates achievable during
freeze-drying. As freeze-drying is a possible processing step following directional freezing, the
freeze-drying performance may be able to be optimised by optimising the freezing step.
Generally speaking, high freezing speeds lead to poor mass transfer rates during primary freeze
drying [62] due to increased resistance to mass flow in pores due to small pore sizing. However,
it is possible that directionally aligned main columns gives primary porosity in one direction with
side dendrites leading to secondary porosity which may complicate this analysis. The higher total
surface area in rapidly frozen sample may increase mass flow rates of vapour during the
secondary drying phase. This is a rate-determining step for high total solids products. Some
papers have discussed predictive models for the effect of freezing front velocity on the porosity,
tortuosity, and surface area of a sample [41]. These factors are important for modelling mass
transfer during the freeze-drying process.

4.6 Conclusions

Whole Sheep Milk, Skim Sheep Milk, Sheep Milk UltraCentrifuge supernatant, Simulated
Sheep Milk Ultrafiltrate and RO water were frozen with v¢ varying from 0.5 pms™ to 50 ums™
and the interface morphology was observed.

The observed interface morphology changed as vy increased, from planar to columns, to
columns with secondary dendrite growth, to dendritic growth. A map of morphology against
vrand fluid was constructed. Transitions to more complicated morphologies occurred at lower
temperatures in more complicated fluids. The feature spacing in the freezing front followed a
power law relationship with v¢. In general, milk behaves like other water-based colloids.

Directionally frozen (DF) and slow frozen (SF) were imaged with Cryo-SEM. There was a distinct
difference in morphology observed in the DF and SF samples. The DF samples had a highly
anisotropic frozen morphology consisting of lamellar ice crystals with the long crystal axis
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aligned with the direction of heat flux. The SF samples had large ice crystals with large bands of
milk solids between the crystals. There was no distinct orientation to the SF samples. Crystalline
structures approximately 400nm in length, which may have been lactose, were also observed in
some SF samples but were absent in all DF samples. Samples of raw milk were frozen by direct
immersion into liquid nitrogen. These samples had a dendritic ice morphology with separation
of milk components from ice crystals.
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4.7 List of Symbols

Ice Morphology in Frozen Ovine Milk.

Symbol Description Units
A Feature spacing pre-factor
ag Water intermolecular distance m
G Solute concentration in liquid phase Isotute/ Guiquid
Cs Solute concentration in solid phase Isotute/ solid
d Particle distance to interface. m
K Partition Coefficient
n Feature spacing exponent
Q Heat flux Wm™?2
r Particle radius (or radius of gyration m
for macromolecules)
R Gas constant JK mol™t
Tr Equilibrium freezing temperature K
Ve Critical freezing front velocity for ms~!
particle engulfment
V Freezing front velocity ms~!
a Solvent a-value
AH; Latent heat of Jmol?
fusion/freezing/crystallisation
ATepp Freezing point Depression K
Ao Surface free energy change on Jm™?
engulfment
Ui Water viscosity Pa.s
A Feature spacing um
3 Crystallographic factor
Dice Density of ice kgm™3
O1p Surface energy between particle and Jm™?
liquid
Os1 Surface energy between liquid and Jm=?2
solid
Osp Surface energy between particle and Jm™?
solid
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Chapter 5: Frozen Storage of Ovine

Milk
5.1 Chapter Summary

If milk is thawed immediately after freezing, then it is essentially undamaged. No significant
changes were seen in samples stored frozen for 1 or 3 days. Deleterious effects happen over
time. A series of trials was conducted to measure the extent and pace of change under various
storage conditions. Raw ovine milk was collected and stored frozen at -10°C, -18°C and -28°C for
periods up to 8 weeks. The milk was tested after thawing to evaluate changes in the particle
size, pH, viscosity, colour and heat coagulation time. The effects of heating and high-pressure
homogenisation of thawed milk on particle size, viscosity and colour were also evaluated. The
level of protein in the serum phase of the milk was measured across the storage time for each
storage temperature, as was the distribution of Ca?* ions. The viscosity of milk and its response
to heat was measured after 6 months storage at -18°C.

Thermally reversible gels were formed after at least 4 weeks storage at -10°C, as seen by
increases in viscosity, increases in particle size and the formation of a gel. There were no trends
in pH or serum protein levels observed over the storage period, however the Ca?* concentration
decreased in samples stored at -10°C and -18°C. It is suggested that a gel is formed by steric
interaction and interaction with the concentrated solute environment when milk solids are
concentrated into volumes between ice crystals and this gel is stabilised by Ca% ions. This gel is
weak and when thawed milk is heated, the kinetic energy of particles overcomes the binding
energy of the particles.

Homogenisation was able to break apart agglomerated of milk solids formed during frozen
storage.

Sintering and agglomeration of particles could affect the bulk handling behaviour of frozen
milks, so the effect of storage under an applied static load was tested on whole ovine milk at -
10°C and -18°C, and concentrated milk at -18°C and -25°C. Frozen ovine milk sintered after
storage at -10°C but remained free-flowing after storage at -18°C. Concentrated milk sintered
after storage at -18°C and remained free-flowing after storage at -25°C. This may be a result of
the greater fraction of unfrozen milk at higher storage temperatures, and lower viscosity of the
unfrozen milk at higher storage temperatures.

5.2 Introduction

Frozen storage has been proposed for sheep milk, and has been found to be appropriate
under certain conditions[1, 2]. However it has also been linked to decreases in total solids, fats
and non-fat milk solids[3],development of rancid flavours[4], increased coagulation time and
decreased curd firmness in cheese making[5], casein destabilisation [6] and formation of
insoluble complexes [2]. These effects are linked to the temperature of storage [7], the speed of
freezing [8], the crystallisation of lactose [9, 10], and the salt balance in the unfrozen phase [4,
7, 10].

The pH of the unfrozen phase in frozen electrolyte solutions can change significantly due to the
incorporation of ionic impurities in ice and the formation of local electric gradients[11].

Under some freezing and frozen storage conditions, the formation of insoluble gels and insoluble
protein aggregates was noted. The protein composition of these insoluble fractions is of interest
as an understanding of their composition may shed light on their formation, and how to prevent
it.
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Heat treatment is a key process in the dairy industry, and the majority of milk collected
undergoes it[12]. Ovine and caprine milks have lower heat stability than bovine milk [13] which
is related to differences in the mineral composition of the two milks. As frozen storage affects
the salt balance of the system[14], this storage may also affect the heat stability of the milk. The
heat stability of sheep’s milk is affected significantly by the time of year at which the milk is
collected[15]. Calcium contents have been reported stable throughout a lactation season[16],
though some authors have demonstrated that the mineral content of ovine milk varies
significantly over a year[17]

A widely used method to determine heat stability is the “subjective heat stability test” [18],
where a sealed glass tube containing milk is immersed in an oil bath at 140°C and agitated until
coagulation is observed.

To determine total calcium content samples were dry ashed then dissolved in HNOs and analysed
by MP-AES. To determine soluble calcium, the casein micelles and associated calcium were
separated from serum by ultracentrifugation at 80,000g for 2hrs[19]. The supernatant was
prepared as above and then analysed as for total calcium.

During storage of frozen milk pellets there was a concern that the small amount of unfrozen
water, when combined with pressure at the contact points between particles, could lead to
“sintering”, where particles bridge at contact points, leading to the bulk becoming an
agglomeration, rather than a free-flowing product. This could make product handling more
difficult, and should be avoided if possible. The conditions under which milk samples would
sinter together were evaluated.

5.3 Materials and Methods

Raw sheep milk was collected from the bulk tank of a commercial sheep milk farm located
in Wairarapa, New Zealand in September 2018. The milk was kept below 5°C until analysis and
freezing. All analyses on raw milk were conducted within 48 hours of collection. Subsamples of
milk were stored below 2°C for up to 72 hours for proximate analysis, as discussed in section
3.2.

Aliquots (100 mL) of milk samples in 100 mL sample containers were placed in insulated bins to
simulate the slow freezing that would occur in a bladder or bucket in a blast freezer.

Samples were frozen and stored in walk-in freezers at -10°C, -18°C, and -28°C to -30°C, for
periods of 1,3 days, 1,2,3,4,6,8 weeks. The samples will therefore be referred to by their storage
temperature and time, i.e. “-10°C 4 Weeks sample”.

5.3.1 Equipment
Details of all equipment used in this work, including manufacturer and country of origin,
are given in Chapter 2.

5.3.2 Proximate Analysis

The total solids content was determined gravimetrically by forced air drying after pre-
drying over steam, following AOAC method 990.19. The fat content was determined
gravimetrically by Mojonnier extraction, according to AOAC method 989.05[20]. The Ash
content was measured by drying followed by ashing at 550°C according to AOAC method 945.46.
Crude protein was determined from the total nitrogen, measured by the Kjeldahl method,
following AOAC method 991.20. Lactose was estimated by difference.

5.3.3 Sintering During Storage

5.3.3.1 Ovine Milk
Ovine milk (20 L) was reconstituted from whole ovine milk powder, supplied by Spring
Sheep Dairy (NZ), to a concentration of 18% total solids. The milk was frozen in a 5 mm layer in
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trays approximately 10 mm deep in a walk-in freezer room set at -20°C. Further details of these
freezers are given in section 2.9. The frozen milk was then manually broken into flakes with a
thickness of 5 mm, and length and width of approximately 30 mm, and placed into acrylic
cylinders (ID 240 mm, and depth 200 mm). A rigid circular plate was placed on top of the milk
flakes, and a 10 kg mass, simulating the pressure of approximately 500 mm of milk flakes, was
placed on the circular plate. The cylinders containing the frozen milk flakes were placed in sealed
containers in walk-in freezers held at -10°C and -18°C. The sealed container reduced the
likelihood of sublimation or desublimation occurring.

After 4 months frozen storage the samples were removed from the freezer and the particles
were observed for signs of sintering, agglomeration, or deformation. The original location of the
circular plate was marked with indelible marker to provide a reference against which
deformation and settling could be observed.

5.3.3.2 Concentrated Bovine Milk

A further sintering test was conducted using concentrated bovine milk, to simulate
evaporated milk. Milk was reconstituted to 35% from whole milk powder. The simulated
evaporated milk was frozen into cylinders approximately 15 mm in diameter and 30-90 mm long,
placed into acrylic cylinders (ID 240 mm, and depth 200 mm). A rigid circular plate was placed
on top of the simulated evaporated milk pellets, and a 20 kg mass, simulating the pressure of
approximately 1000 mm of milk pellets, was placed on the circular plate. The cylinders
containing the frozen milk pellets were placed in sealed containers in walk-in freezers held
at -18°C and -25°C. No samples were stored at -10°C, as it was expected that the higher total
solids level would lead to extensive sintering at -10°C, based on results from the previous
sintering trial.

After 2.5 months frozen storage the samples were removed from the freezer and the pellets
were observed for signs of sintering, agglomeration, or deformation. The original location of the
circular plate was marked with indelible marker to provide a reference against which
deformation and settling could be observed.

5.3.4 pH Measurement.

The pH was measured in freshly thawed samples with a benchtop pH meter, calibrated at
pH 4.00 and pH 7.00 with Merck CertiPUR reference buffer solutions (Merck KGaA, Darmstadt,
Germany)before each series of measurements. Measurements were carried out at 20°C.
Measurements were conducted in triplicate.

5.3.5 Soluble and Total Calcium Fractionation.

To determine the total and soluble fractions of the milk samples after storage, a method
was required for separating the micellar casein system and its associated colloidal calcium
phosphate from the serum, without changing the solute makeup of the liquid phase.
Destabilising and precipitating casein by adjustment of the system pH was unsuitable.
Ultracentrifugation was used to separate the casein phase[19]. The procedure for sample
preparation is represented graphically in Figure 5-1.

Fat globules were removed by centrifugation at 3000 g for 20 minutes at 20°C. A sample of the
skim milk was retained for analysis. The remaining skim milk was centrifuged at an average
(spatial) acceleration of 80,000 g for 2 hours at 20°C[19].

The serum supernatant was collected. Skim milk and serum were stored frozen below -25°C in
an industrial walk-in freezer for long term storage before elemental analysis.

5.3.6 Atomic Emission Spectroscopy
The samples were prepared for elemental analysis following a procedure adapted from
AOAC official method 991.25[20], with a smaller dilution factor for the ash samples to account
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for the lower mass fraction of calcium in milk compared to cheese, and MP-AES used in place of
AAS.

All glassware used was soaked overnight in 5% HNOs and rinsed with milli-Q water before drying
and use.

Samples were placed in pre-weighed porcelain sample crucibles. Crucibles had been washed in
5% HNOs and milli-Q water, and then placed in a furnace at 550°C overnight. These crucibles
were transferred to desiccators and stored until needed for sample preparation. Samples were
dried over a steam bath, then ashed overnight at 550°C [21, 22].

The ash content was determined gravimetrically, then the ash was dissolved in 2.5 mL of 6M
HNOs. An aliquot (5 mL) of 1% LaCls solution was added (for a final concentration of 0.1% La)
and the samples were made up to 50 mL with MilliQ water. Samples were gravity filtered
through low ash filter papers (Whatman 541).

Calcium content was determined using an Agilent 4210 MP-AES as described in section 2.8 at a
wavelength of 704.815 nm. A calibration curve was generated with standards at 2, 20, 200 and
1000 ppm Ca?, prepared from CaCOs; and 6M HNOs.

e

v

SKIM 3000g 20 MIN DISCARD FAT

ULTRACENTRIFUGE < >
DISCARD CASEIN 80000g 2HR SKIM MILK

h 4

SERUM

ASH

DISSOLVE IN HNO3

MP-AES

Figure 5-1: Preparation of samples for elemental analysis.
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5.3.7 Determination of Serum Protein Concentration

To evaluate the extent of any solubilisation of casein proteins during the freezing and
thawing process, or the incorporation of whey proteins during freezing and thawing, the crude
protein concentration of the serum phase was measured. The serum fraction was isolated by
ultracentrifugation as described in section 3.5. Crude protein was determined by the Kjeldahl
method. Due to time and sample volume restraints, these measurements were conducted in
singlicate.

5.3.8 Homogenisation

To evaluate the effect of high-pressure homogenisation on the properties of freeze-
thawed milk, samples were tested as follows: Each frozen sample was thawed in a waterbath at
20°C. All samples thawed within 60 minutes. A 150 mL aliquot was then heated to 60°C. The
aliquots were then homogenised in an APV 2000 benchtop high pressure homogeniser, with a
pressure at the first stage of 20 MPa, and a second stage pressure of 4 MPa. The samples were
recycled through the homogeniser for 3 passes. Subsamples were taken for analysis after the
heating step and after each pass through the homogeniser.

Colorimetric measurements, particle size distribution and flow curves were collected for the
subsamples. The homogenisation testing was conducted in singlicate.

5.3.8.1 Colorimetry

Colour measurements were conducted with a Konica Minolta CR-400 Chroma Meter.
Samples of milk were placed in a petri dish and placed on top of the sensing aperture. A shade
was lowered over the apparatus to prevent interference from ambient light, and the colour
profile was then measured. Data was recorded in the CIELAB colour space.

5.3.8.2  Particle Size Measurements.

Particle sizes were measured by dynamic light scattering, using a Malvern Mastersizer
2000. For model fitting, the particles were treated as spherical with a refractive index of 1.46,
and an absorption index of 0.001[23]. Samples of milk were dispersed in RO water.

5.3.9 Heat Stability

Milk samples were adjusted to the desired pH by the addition of 1M HCl or 1M NaOH. 5
mL of sample was transferred to an 8 mL Wheaton sample vial (224884), and sealed with a
phenolic resin cap.

Sealed vials were attached to a mounting plate by spring clips and lowered into an oil-bath at
140°C. Vials were rocked at a rate of 10 min™. The time was recorded at first appearance of a
coagulated solid. Readings from vials which leaked and released significant volumes of bubbles
were discarded.

A pH range of 6.2 to 7.0, with increments of 0.2 was selected as typical of ovine milk pH [24],
including possible deviations due to storage and processing conditions.

5.3.10 Viscosity

Viscosity measurements were conducted with an Anton Paar MCR301 computerised
rheometer fitted with a double-gap geometry. A shear rate sweep from 10 s to 1000 st at a
temperature of 20°C was conducted for each sample. These measurements were conducted in
triplicate. Measurements were taken after the heating step, and after each pass through the
homogeniser.

5.3.11 Thawing temperature and time effect on viscosity
Milk was frozen in 100mL sample containers and stored at or below -25°C for 6 months.
Milk was thawed in waterbaths at 4°C, 21°C, 30°C, 50°C, and left in water baths for 1,2,4 hours.
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Viscosity was measured at 20°C and at a shear rate of 230s?, with an Anton Paar MCR 301
computerised rheometer fitted with a double-gap geometry

Particle size was measured with a Malvern Mastersizer 3000. For model fitting, the particles
were treated as spherical with a refractive index of 1.46, and an absorption index of 0.001.
Samples of milk were dispersed in RO water.

5.4 Results

5.4.1 Composition
The composition of the milk was as follows:

Table 5-1: Measured composition of sheep milk used in this study. Error bars are 95% Cl for mean, N=3.

Component % m/m
Total solids 17.69 £ 0.004
Crude protein 6.53+0.03
Fat 5.76 £ 0.04
Ash 1.02 £0.02

This composition is well within the expected range of compositions for sheep milk as reported
by many authors [25].

5.4.2 Sintering During Storage.

5.4.2.1 Ovine Milk

The samples were removed from the freezer after 4 months storage. The frozen milk
flakes stored at -10°C displayed some sintering and agglomeration, with flakes sticking together
when the cylinders were inverted. There was also deformation of the flakes, with the flakes
having a 5-10 mm lower bed depth than when storage was started. This was an approximate
10% reduction in height.

Milk flakes stored at -18°C displayed no noticeable agglomeration, deformation or sintering, the
bed depth was the same as at the start of the storage period, and the particles flowed easily
when the cylinders were inverted.

1.1.1 Concentrated Bovine Milk

The simulated evaporated milk pellet stored at -18°C, the cylinders showed some
flattening (flats ~12mm wide) where they had been in direct contact with the circular plate. The
pellets strongly adhered to each other, so the mass could be lifted as a unit, and individual
cylinders were difficult to detach manually. The bed of frozen cylinders had decreased
approximately 10-15 mm in height during the storage period.
The concentrated milk cylinders stored at -25°C showed no noticeable deformation and
remained free-flowing after the storage period.
The temperature logs from the freezers are shown in Figure 5-2 below:
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Figure 5-2: Temperature log from the storage freezers during the storage of frozen concentrated milk.

The total time above certain temperatures is shown in Table 5-2. These are the temperatures
measured by the freezer control system, not necessarily the temperature measured inside the
container with the frozen pellets.

Table 5-2: Cumulative fraction of time the freezers were above a given temperature.

FREEZER 1 FREEZER 2
TEMP | Total % of total time TEMP Total % of total time

(°C) time (°C) time

over over

(min) (min)

0 0 0.0 0 0 0

-5 0 0.0 -5 70 0.1
-10 0 0.0 -10 165 0.2
-15 0 0.0 -15 4745 4.6
-20 165 0.2 -20 100295 98.8
-25 | 12245 12.2 -25 101490 100
-30 | 84785 84.7 -30 101490 100
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5.4.3 General Observations

Figure 5-3: Separation of milk stored at -10°C for longer than 4 weeks (A). Comparison with milk stored below -25°C
for an identical time (B). The effect of centrifugation (1,500 g x10 minutes) on these samples is shown in C and D. The
milk stored at -10°C separated into a sediment and supernatant. Milk stored below -25°C did not separate under

centrifugation.

After 1 week’s storage at -10°C flecks were observed with the naked eye after thawing.
After 4 and 8 weeks, milk stored at -10°C displayed a significant volume of sediment, similar in
appearance to curdled milk. At -18°C after 8 weeks some small flecks were observed upon
thawing, but little sediment. Milk stored below -25°C never displayed any flecks or signs of
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protein sedimentation. After 8 weeks there was an appearance of a small volume of free fat on
the surface after thawing.

This separation is shown in Figure 5-3 in section A. Milk stored at -10°C then showed a gel-like
sediment layer and a serum supernatant layer. In section B: milk that was stored below -25°C
for the same time period, shows no separation. In C two samples of milk stored at -10 °C for
longer than 4 weeks then thawed at 20°C and centrifuged (less than 60 minutes after thawing)
at 1500 g for 10 minutes; the separation into a sediment and supernatant can be seen clearly.
In D, milk stored below -25°C then thawed , and treated to the same centrifugation treatment
(right-hand centrifuge tube) as milk stored at -10°C (left-hand tube) shows no separation,
whereas the separation in the -10°C milk can be clearly seen.

After centrifugation the cream could be separated from the majority of samples, as it formed a
distinct layer above the skim milk. However, in milk stored at -10°C for 4 weeks and 8 weeks, no
cream layer was present. After centrifugation the milk separated into a gel-like sediment and a
clear supernatant.

After heating to 60°C with stirring, the sediment observed in thawed -10°C 4-week samples
appeared to disperse, returning the milk to a normal appearance. The sediment also appeared
to disperse after 24-48 hours of refrigerated storage. The sediment appeared to re-disperse
more slowly after 8 weeks of frozen storage when compared to the sediment present after 4
weeks of frozen storage for all samples showing sediment.

544 pH
6.75 T
6.7
6.65
L 66
6.55
-—k=--10°C
6.5 + —@—-18°C
ceedpreee 28°C
6.45 : t t t t |
0 10 20 30 40 50 60
Storage Time (days)

Figure 5-4: pH of Ovine milk measured after frozen storage at -10°C, -18°C and -28°C for up to 56 days. Error bars are
standard error of the mean.

The pH evolution over time is shown in Figure 5-4, with the values, and the results of an
ANOVA test presented in Table 5-3. The error bars in Figure 5-4, and the error terms in Table
5-3, are the standard error of the mean. As can be seen, there was no clear trend of increase or
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decrease in the pH over the storage time, for any of the storage conditions. There was a
significant difference between the pH of the unfrozen milk and milk stored for 2 weeks at all
storage temperatures. There was no significant difference between the unfrozen milk and all
the milk stored for less than 2 weeks, or greater than 2 weeks. This may be an instrumental
effect that was only present when these samples were measured. All the pH values recorded
were within the range of pH values previously reported for ovine milk [25]

Table 5-3: pH of samples immediately after frozen storage and thawing. Error bars are 95% Cl for mean. Treatments
that do not share a superscript are different. All measurements were conducted in triplicate: p<0.05.

Storage Temperature (°C)

Storage Time (days) -10 -18 | -28
Unfrozen 6.63 +0.019b¢d¢

1 6.61 +0.00°¢9¢ 6.62 £ 0.01°¢c¢e 6.65 +0.0190¢d
3 6.65 +0.029°¢ 6.69 £ 0.02¢7 6.66 +0.00°°
7 6.62 £ 0.01°¢9¢ 6.65 +0.01°% 6.65 +0.01°%¢
14 6.52 £ 0.01¢ 6.51 £0.01¢ 6.54 +0.01/¢9
28 6.58 +0.019¢f 6.62 £ 0.02°¢d¢ 6.57 £ 0.01¢/9
56 6.59 £ 0.01°9¢f 6.64 +£0.0195¢¢ 6.67 £0.01°°

5.4.5 Calcium Fraction

The serum calcium concentrations decreased through the storage time in samples stored
at-10°C and -18°C. The milk stored at -10°C showed an increase in the Ca®* concentration in the
56 day samples, when compared to 28 day samples though this may merely be a redistribution
of the Ca?* from the sediment to the serum during the time before separation, as has been
suggested may occur in previous work looking at mineral distribution during frozen storage [14].
There was a small decrease in serum Ca®* concentration when milk was stored at -28°C.

0.55 T
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Figure 5-5: Ca?* concentration in the serum phase (or supernatant phase in gelled samples), as determined from MP-
AES analysis of ashed samples. Samples were stored at -10°C, -18°C and -28°C for up to 8 weeks (56 days).Error bars
are 1o.

The Ca®* concentration in the sediment or gels formed after storage was 68% higher than that
of skimmed milk. The total Ca?* concentrations in selected milk samples are shown in Table 5-4.
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Table 5-4: Calcium concentration in selected samples after frozen storage. Reported standard deviation for serum
samples is the pooled standard deviation.

Sample Conditions Ca* Concentration (mg/g)
Storage time Storage Temperature Phase x o
(days) (°C)
Unfrozen Unfrozen Serum 0.424 0.036
Unfrozen Unfrozen Skim milk 2.14 0.13
56 -10 Sediment 3.82 0.17
56 -10 Serum 0.280 0.036
56 -18 Serum 0.210 0.036
56 -30 Serum 0.380 0.036

5.4.6 Protein Solubilisation

There was no apparent change in the protein concentration during the storage period.
The measured protein concentration in the milk serum phase are shown in Figure 5-6.
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Figure 5-6: Protein concentrations in milk serum phase. In samples stored at -10°C for 4 weeks and 8 weeks, the protein
concentration is that of the supernatant after gentle centrifugation.

There was also no consistent change in the concentration of protein in the supernatant fraction
separated from milk which was stored at -10°C for 4 weeks and 8 weeks, indicating that there
was little incorporation of whey proteins into the sediment/curd network observed, and nor was
there any breakdown and solubilisation of casein proteins that would cause them to enter the
soluble phase.

5.4.7 Heat stability

The measured heat stability curves are shown in Figure 5-7. The values presented are the
average of triplicate measurements. In measurements where a leak was detected, the value was
discarded. It is well known that there are two types of milk with regards to heat stability, type A
where the heat stability displays a local maximum at approximately pH 6.7-6.8, and type B,
where the heat stability shows no maximum and increases with increased pH[26]. As can be
seen from the curves in Figure 5-7, ovine Milk is a type A milk with a maximum heat stability at
pH 6.7-6.8. Frozen storage does not cause the milk to change from a type A milk to a type B milk,
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the general shape of the curves was the same for all combinations of frozen storage temperature
and storage time.

One-way ANOVA tests were performed for each set of data at a given pH to see if there were
significant differences between the heat coagulation time at any combination of storage time
and storage period. This was conducted using Minitab 18. There were no significant differences
between the measured HCT for any combination of storage time and storage period.

The mean HCT measured for each combination of storage temperature, storage time and heat
treatment pH is shown in Table 5-8.
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Figure 5-7: Heat stability curves for milk stored frozen for A: 1 day, B: 3 days, C: 1 week, D: 2 weeks, E: 4 weeks and F:
8 weeks.

5.4.8 Homogenisation
5.4.8.1 Viscosity

This viscosity of samples was measured after thawing and before heating for
homogenisation, with the shear rate being ramped from 10 to 1000 s. The majority of samples
displayed Newtonian flow behaviour. In Figure 5-8 the viscosity at a shear rate of 230 s? is
plotted against storage time for each storage temperature. A shear rate of 230 s was selected

as it is representative of the viscosity at all points for a Newtonian sample and is well within the
region of high accuracy for the rheometer used.
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Figure 5-8: Viscosity at 230s™! of raw ovine milk samples stored at -10°C,-18°C and -28°C for up to 8 weeks.

The viscosity of thawed samples was roughly constant for samples stored at -18°C and -28°C.
The viscosity for milk stored at -10°C was constant until 14 and 28 days of storage, when an
increase in viscosity was observed. After 56 days (8 weeks) of storage at -10°C the viscosity was

observed to increase greatly, as did the variability of the measured viscosity.

The milk stored at -10°C for 8 weeks also displayed non-Newtonian characteristics on thawing.
No other samples did. This can be seen in the curves of viscosity as a function of shear rate
shown in Figure 5-9 A. The curving of the graph below a shear rate of approximately 50s? is a

rheometer artefact.
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Figure 5-9: A: The viscosity of ovine milk stored for 8 weeks at -10°C, -18°C and -28°C and then thawed. Dotted lines
represent 95% Cl for curves. B: Shear stress as a function of shear rate in ovine milk, after 8 weeks of storage at -10°C,
-18°C and -28°C. C: Shear stress as a function of shear rate in ovine milk after storage at -10°C . Measurements are
shown for shear rates up to 1000s.

The non-Newtonian behaviour of milk stored at -10°C for 8 weeks can also be clearly seen in the
shear stress/shear rate curve shown in Figure 5-9 B

This develops after 8 weeks of storage, however increases in viscosity can be seen after 2 and 4
weeks, as seen by the larger gradient in the shear stress/shear rate curves in Figure 5-9 C.

The homogenisation process, involving the stirred heating of the thawed milk to 60°C, followed
by 3 passes through a homogeniser, at a primary valve pressure of 20 MPa and a secondary valve
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pressure of 4 MPa, led to changes in the viscosity and particle size of the milk. The viscosity of
samples during the homogenisation process is shown in Figure 5-11.
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Figure 5-10: Flow curves of ovine milk stored at -28°C for 8 weeks, after various stages of the homogenisation process.

The flow curves from a typical set of measurements (-28°C for 8 weeks) are shown in Figure
5-10. All flow curves in Figure 5-10 show a linear relationship between shear rate and shear
stress, confirming Newtonian flow behaviour for samples before and after homogenisation, with
the exception of the samples stored at -10°C when for 8 weeks, which were non-Newtonian
prior to homogenisation.

For each treatment, a power law equation was fitted to the shear stress/shear rate curve to
describe flow behaviour of the milk where 7 is the shear stress, y is the shear rate, K is the flow
consititency index and n is the flow behaviour index:

T=Ky" (5-1)
The fitted values for K and n are given in Table 5-9.
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Figure 5-11: Viscosity at 230 s for milk that has been thawed, heated to homogenisation temperature, and recycled
through the homogeniser for 1, 2 and 3 passes. Milk stored frozen for A: 1 day, B: 3 days, C: 1 week, D: 2 weeks, E: 4
weeks and F: 8 weeks.

There was no apparent change in the viscosity of freshly thawed samples stored at -18°C and -
28°C, when compared with the unfrozen sample for all storage times. An increase in viscosity
can be seen for freshly thawed samples stored at-10°C for 1, 4 and 8 weeks, with a dramatic
increase in the viscosity seen after 8 weeks at -10°C.

A simple application of heat reduced viscosity in all samples by 5-20%. A small increase in
viscosity after 1 pass through the homogeniser was seen in all samples, followed by a small
decrease in viscosity over the remaining two passes.

There is an order of magnitude decrease in viscosity in the milk stored at -10°C for 8 weeks after
being heated to 60°C, before homogenisation. This is seen in Figure 5-11 F. The flow behaviour
of this milk sample also changes from non-Newtonian to Newtonian, after the application of
heat, as can be seen in the flow curves in Figure 5-12.
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Figure 5-12: Flow behaviour of milk stored at -10°C for 8 weeks immediately after thawing, and after heating to 60°C.
Curves recorded at 20°C.

The flow behaviour index of this sample before heating was 0.59. As the flow behaviour index
was below 1, the fluid can be considered to have pseudoplastic behaviour. There was no
apparent yield stress detected. In this test, the time dependence of the flow behaviour was not
measured, so whether the -10°C 8-week milk was thixotropic could not be determined. After
heating the flow behaviour index had increased to 1.00, indicating classical Newtonian flow
behaviour.

150



Frozen Storage of Ovine Milk

5.4.8.2  Particle Sizes

The particle sizes of milk decrease significantly after the first pass through the
homogeniser, with the volume mean of all samples dropping from a range of 2.22 um to 4.69
pum, to a range of 0.46 um to 1.34 um. There was a further decrease in particle size after the
second and third passes through the homogeniser, dropping to a range of 0.86 um to 0.295 um.
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Figure 5-13: Particle size (volume weighted mean) of milk stored frozen after homogenisation treatments. A: Milk
stored at -10°C, B: Milk stored at -18°C, and C: Milk stored at -28°C.
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Figure 5-14: Particle size distributions of milk stored at -10°C and below -28°C for 4 weeks and 8 weeks. A: After heating
to 60°C and before homogenisation. B: After homogenisation. The peaks at approximately 0.1-0.2 um correspond to
casein micelles in the samples, and the peak and shoulder in the 1-10 um range correspond to fat globules in the
samples.
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The particle size distributions of selected samples before and after homogenisation are shown
in Figure 5-14. As can be seen, the particle size distribution changes from a bimodal distribution
to one with a single broad peak.

5.4.8.2.1  Preliminary Measurements

A preliminary set of measurements was conducted prior to this trial. In these preliminary
trials, samples of raw ovine milk were collected from a farm in the Manawatu, and stored for 4
and 8 weeks, at -10°C and below -25°C.

The general observations for this preliminary storage trial agreed with the trial discussed in this
chapter, with significant volumes of a gel-like sediment being found in samples stored at -10°C
for 4 weeks and 8 weeks. The particle size distributions of these samples were measured as
discussed in section 3.8.2. However, whereas the measurements shown in Figure 5-13 and
Figure 5-14 were measured after heating the samples to 60°C, the measurements in the
preliminary trial were conducted immediately after thawing. Volume density particle size
distribution of unfrozen milk from the preliminary as shown in Figure 5-15 B which reveals two
large peaks, and a third smaller peak. The first, with peak maximum at approximately 150 nm,
corresponds to the typical casein micelles in ovine milk. The second has a peak maximum at 4.9
pum, which corresponds to the fat globules in the milk. The third peak was broad, and low and
had a peak at ~600 um. This is likely due to some creaming or agglomeration in the raw milk.

In milk that was stored at -10°C, during the preliminary trial, after 4 weeks of storage, the peak
at 150 nm had significantly decreased in area, as had the peak at 4.9um, and a new peak with a
maximum at 43um was observed. After 8 weeks of storage, there were no particles detected in
the size range of the casein micelles, there was a single large peak, with a maximum at 154 um.
In milk that was stored below -25°C during the preliminary trial, there was no significant shifting
of the peaks at 64 nm and 4.9 um. The third peak decreased in area, however, there was no
difference in the volume fraction of particles greater than 11 um in diameter between the
unfrozen samples, and the samples stored frozen for 8 weeks.

Figure 5-15 A shows the change in the surface area weighted average diameter over the storage
period observed during this preliminary trial. Below -25°C, there was no significant increase in
this mean diameter. At -10°C there was an increase of almost 3 orders of magnitude, increasing
from 89 nm to 58 um.

In comparison, the particle size distributions shown in Figure 5-14, do not show any an
agglomeration during the storage period at -10°C or -28°C. This is likely due to the heating step
prior to measurement, which disrupts the agglomerates seen in Figure 5-15. This is also noticed
in the decreased viscosity after the heating of samples discussed in sections 4.8.1 and 4.9.
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Figure 5-15: A: Evolution of D[3,2] (surface area weighted mean) of thawed ovine milk after storage at -10°C and
below -28°C for 4 and 8 weeks during the preliminary storage trial . This is constant for samples stored below -28°C,
and increased for samples stored at -10°C . B: Change in particle size distributions during the preliminary storage.
During storage at -10°C showed aggregation with the formation of a large peak at 154um. The peaks at approximately
0.1-0.2 um correspond to casein micelles in the samples, and the peaks in the 1-10 um range correspond to fat globules
in the samples. Larger peaks correspond to protein and fat aggregates.

5.4.8.3  Colorimetry

The CIELAB colour space is a method of quantifying colour commonly used in the food
industry[27]. It uses three co-ordinates, L*, a* and b*. L* describes the lightness or luminosity
of the product and is usually depicted on the vertical axis. The green-red axis is described by a*,
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with positive values for reddish colours and negative values for greenish. Blue-yellow is
described by b*, with positive values for yellowish colours and negative for blueish. The
whiteness index (WI) is calculated with formula (5-2) [28]. The yellowness index (YI) is a measure
of the degree of yellowness of the sample, and can be calculated by formula (5-3)

(5-2)
WI =100 — J(100 — L) +a*? + b*?
Yl = 14286 (5-3)

The YI and WI for all measured samples are plotted in Figure 5-16; Values for the thawed and
heated samples, and the samples after 3 passes through the homogeniser are given in Table 5-6
and Table 5-7.

There was a significant decrease in whiteness index after storage and thawing and warming. The
magnitude of this decrease in Wl increased over the storage period. The decrease in whiteness
was seen in samples stored at all temperatures. The whiteness of the samples increased
significantly after the first pass through the homogeniser.

The yellowness of the sample was found to increase in all samples thawed after 8 weeks of
frozen storage. The yellowness increased after the first pass through the homogeniser, and then
decreased over subsequent passes.

A Pearson correlation test was used to evaluate if a relationship existed between Wl and YI, and
no significant correlation was found, so it is appropriate to discuss the two values separately.

A backwards elimination stepwise selection algorithm was conducted to select terms for a pair
of regression models describing the responses of WI, and YI. The predictor terms evaluated were
the homogenisation treatment, the temperature, the first and second order polynomial terms
for storage time, and the first order interaction between time and temperature. The criteria for
term elimination was a=0.05, and the model was required to be hierarchical at each step.

After removing the WI values at a storage time of 3 days, which were found to be outliers with
an unduly large effect on the fitted equation, the following equations describing the change in
whiteness during frozen storage were developed:

WI = 84.77 — 0.1413ST + 0.001776ST? (5-4)

where W1 is the white index of the milk, and ST is the storage time in days. For samples after
homogenisation, equation (5-4) is modified by replacing the constant term (84.77 in equation
(5-4)) with the values in Table 5-5.

Table 5-5: Intercept values for equation (5-4) for each homogenisation treatment.

Homogenisation treatment Regression intercept
Heated 84.77
1 Pass 86.69
2 Passes 87.31
3 Passes 87.66

The storage temperature was not a significant predictor, and neither was the storage
temperature/storage time interaction. The R? of the model is 0.726, for 156 observations.
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A similar regression procedure was followed to develop a model for YI. The first and second
order polynomial terms for storage time were found to be significant predictors, as was the

homogenisation treatment, but not storage temperature. The R? of the model was low, at 0.45,
so the model is not presented here.
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Figure 5-16: Colour Indices of ovine milk after frozen storage and homogenisation. A: -10°C storage temperature, B: -

18°C, C: -28°C.
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5.4.9 Thawing Temperature and Time Effects on Viscosity
Viscosity decreased after thawing and holding at 21°C, 30°C and 50°C. Viscosity was
almost constant for 4°C.

The viscosity decrease was greatest for 50°C, decreasing from 3.3 mPa.S to 2.6 mPa.S, with a
smaller decrease measured for 30°C, 3.3 mPa.S to 2.9 mPa.S and a much smaller decrease
measured for 21°C. This is shown in Figure 5-17 below.
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Figure 5-17: Milk samples were stored below -25°C for 6 months and then thawed in water baths and held at constant
temperature for up to four hours. The evolution of the samples viscosity is shown above. There is no significant drop
in viscosity during storage at 4°C, a slight decrease in viscosity occurs during storage at 21°C. At 30°C and 50°C the
viscosity of milk drops signiicantly after being held for 1 hour.

The greatest decrease in viscosity occurs during the first hour after thawing and storage at
temperatures of 30°C and 50°C. Between 1 and 4 hours after thawing a smaller decrease occurs.
Both 30°C and 50°C samples followed a similar curve, but the total decrease in viscosity was
lower in the 30°C sample. The viscosity of the 21°C sample decreased linearly with time from 3.3
mPa.s to 3.1 mPa.s.

5.5 Discussion

5.5.1 Sintering

The results of the trial indicate that if a free-flowing product is desired after frozen
storage then frozen whole ovine milk should be stored at or below -18°C, as no sintering is
seen at this temperature. The test was conducted when flakes were the assumed geometry, as
flake freezing was then the planned method. This is a worst-case scenario, as flakes will give
larger interparticle contact areas than spheres or short cylinders.

Sticking between particles occurs when viscous flow of liquid forms a liquid bridge between
adjacent particles. Refreezing of this viscous liquid then forms solid linkages between
particles[29].The difference between the samples stored at -10°C and -18°C can be explained by
considering the difference in volume of unfrozen liquid in each sample, as is discussed further
in Chapter 6. At both temperatures the samples are above the glass transition temperature and
above the maximally freeze-concentrated temperature [30], so unfrozen water will be present
in both samples. The volume of unfrozen liquid in whole ovine milk is approximately 4.5x greater
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at -10°C than at —18°C. This unfrozen water will change the mechanical properties allowing
sintering and deformation to occur. Unfrozen water may also migrate to the interparticle
contact points and solidify if temperature cycling occurs. A similar effect is seen in frozen sucrose
solutions, which have a lower creep strength at higher frozen storage temperatures, due to the
increased volume of the unfrozen phase [31]. Another factor that will decrease creep strength
at -10°C is the decreased viscosity of the unfrozen phase, which may be 2 orders of magnitude
greater at -18°C than at -10°C. This is discussed further later in this chapter, in regard to the
mechanics and kinetics of milk gel formation. At temperatures lower than -18°C further sintering
is unlikely as the unfrozen fraction is further reduced.

Temperature cycling may also be a factor leading to the sintering of samples, where a rise in the
storage temperature may cause a volume of frozen water to melt, which can form interparticle
bridges that re-freeze on subsequent cooling. A similar process occurs during the temperature
cycling of powders in storage at high humidity, where liquid bridges form and the crystallisation
occurs in these bridges when moisture is removed[32]. Cycling is expected to be a greater issue
at higher temperatures than lower as similar temperature swings of compatible magnitude lead
to larger changes in the amount of unfrozen water. For example, the volume of water melted in
a 2°Crise at -10°C is 4x greater than the volume melted in a similar temperature rise at -18°C.

The sintering behaviour of the simulated evaporated milk can be similarly explained by the
difference in the volume of unfrozen phase between the sample at -18°C and the sample at -
25°C. The high concentration of soluble solids in the simulated evaporated milks means that the
volume of unfrozen water at -18°C is sufficient to allow sintering under pressure to occur,
whereas the lower concentration of solids in whole ovine milk meant that -18°C was sufficiently
cold to prevent sintering.

5.5.2 Homogenisation Performance
High-Pressure Homogenisation at 20 MPa/4 MPa effective at returning the particle size,
viscosity and colour of frozen stored milk to values similar to that of the fresh homogenised milk.

The heating step alone was effective in returning the particle size and viscosity to values similar
to fresh milk, however the colour of the milk was still more yellow and less white than fresh
milk, until homogenisation. Decreased whiteness may indicate some agglomeration of the
casein micelles, or the presence of free fat.

This indicates that the heating step provided sufficient thermal energy to disrupt the weak gel
network present in milk that had been stored at -10°C for 4 and 8 weeks. The high shear forces
and extensional forces experienced by the milk during high pressure homogenisation affected
the milk system in the same way in both fresh milk and frozen stored milk.

This indicates that heating to homogenisation temperatures and subsequent homogenisation is
effective at remedying physical faults caused during frozen storage. This study did not
investigate other changes that have been referenced by other authors such as changes in
digestibility [4], changes in rennetability[5], development of rancid flavours[4], changes in minor
components such as FFAs, or changes in ADV[33], so the effect of the combination of frozen
storage and homogenisation on these properties is still not known.

5.5.3 Heat Stability

Previous authors have found differences between the heat stability of various milks.
Ovine milk caseins are more mineralised, and less hydrated than bovine milk, which decreases
its heat stability in comparison. In addition, the molar B-lactoglobulin to k-casein ratio differs,
which influences the heat stability, with increased resistance as the ratio approaches 1. The
smaller micelle size of ovine micelles also affects the heat stability[13, 34-36]. The lower level of
k-casein have been linked to lower heat stability of ovine milk[37]. Changes in the whey/casein
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ratio has been linked to changes in heat stability in goat milk, decreasing whey/casein ratio
improves heat stability of milk[38]. The changes in the mineral and protein balances may also
be why concentrated milks have been found to have lower heat stability[39, 40]. Milk heat
stability can be increased by addition of calcium chelating agents such as TSPP or trisodium
citrate. The change in heat stability with pH is a result of the changes in mineral species as a
result of pH. In goat milk, optimum heat stability is found at pH 6.9. Decreasing the pH increases
ionic calcium concentration, shielding negative charges on micelles and leading ultimately to
aggregation. Addition of inorganic phosphate increases buffering capacity at pH 7[13, 41]. The
storage of milks can also affect the heat stability. Cold storage has been found to lead to B-casein
dissociation and calcium phosphate solubilisation, lowering heat stability in goats milk[42].

The changes in composition with seasonality also affect the heat stability. Ewe’s milk in Europe
has its lowest heat stability (1 min at pH 6.39) in September, higher heat stability (10 min at pH
6.5) in March, and its maximum (18 min pH 6.78) in June [13, 15] . These seasonal changes may
be due to the changes in the mineralisation of the milk, as the minerals in milk are important for
heat stability.

It is generally difficult to compare from study to study with regard to HCT due to differences in
methodology, however comparisons between treatments in a single study are valid. This being
said, the heat stabilities measured in this study were similar to those reported elsewhere for
ovine milk [13, 15] considering possible differences in measurement techniques. As the values
collected in this study were taken from a single, mid-season collection of milk, there were no
data collected on the variation with seasonality.

The milk in this study showed similar heat stability regardless of the combination of storage time
and temperature. As discussed above the ionic environment of the milk can affect the heat
stability, and changes in the serum Ca?* concentration were seen. The lack of difference in heat
stability may be due to changes in the calcium and phosphate systems reverting after thawing
and before the heat stability test, as has been noted in other studies of the mineral environment
of ovine milk[14], returning the freeze-thawed milk to a similar ionic environment as the raw
milk.

It is also possible that the heating process allowed reversible changes in the salt distribution to
revert before the sample reached the analysis temperature, as the mobility and diffusion rates
of salts increases with temperature.

5.5.4 Changes in Milk System Including Gel Formation

The gels formed in ovine milk during frozen storage are unusual in that they appear to be
reversible, re-dispersing upon heating. Other milk gels, formed by the action of rennet or
acidification are typically irreversible[43].

The application of heat or time leads to the disruption of the network and a reduction in PSD
and viscosity, indicating that strong particle-particle interactions are not occurring. This gives
another possible method for remedying physical damage upon storage.

There was no long-term trend showing changes in pH in thawed samples, this indicated that the
presence of gels in thawed samples may not be linked to the pH driven solubilisation of Colloidal
Calcium Phosphate (CCP), which causes acid disruption of casein micelles. Previous studies have
found decreases in pH in frozen bovine milk, with a decrease to pH 6.1 observed at -10°C, and
a similar decrease at -18°C[44] The acidity of raw ovine milk is similar to that of bovine milk [25].
This is unlikely to be sufficient to destabilise casein on its own.

However, other studies have found that there is a steady loss of soluble calcium during storage
at -7°C, which reaches a new constant level after 120 days[45]. Inorganic phosphate was found
to drop during the first 60 days of frozen storage. This change was partially reversible after
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stirring for 48 hours at 5°C. The protein stability dropped at a similar rate to the Ca%
concentration. Increases in viscosity were also partially reversible on storage [45].

In their study of the stability of frozen milk Koschak et al [7] noted that stability increased with
decreasing temperature in previous studies. They also found that removal of Ca?*, and the
addition of soluble sugars (or hydrolysis of lactose) increased the stability of milk. It was
suggested by these authors[7] that H-bonding between adjacent proteins contributes to
destabilisation of milk and this is inhibited by sugars h-bonding to proteins. It was also suggest
that Ca®* plays a part in destabilising milk[7]. The link between Ca?* and micelle destabilisation
has been noted by other authors who noted slight drops in soluble Ca?* and moderate drops in
soluble PO4?* during frozen storage[14]. The lower drop in soluble component when compared
with Chen and Yamauchi’s 1969 study[45], was linked to the slow ( 48hours) thawing, which
allowed the salt system to revert to a more normal distribution. In the current study | observed
a small decrease in Ca%* seen in samples stored at -10°C for 4 weeks and -18°C for 4 and 8 weeks.
This suggests that Ca?* has migrated to the micellar phase in these samples, but not in samples
stored below -25°C.

In the current study no change was observed in apparent protein levels in serum phase of milk
after frozen storage and thawing, even in samples that formed a gel on thawing. This suggests
that the gelation observed is less likely to be due to casein-whey interaction such as found in
age gelation of UHT milks[46], as this would lead to changes in the protein levels present in the
serum. It is possible however that small levels of whey protein incorporation into the gel
network occurred on frozen storage, and this was below the detection limit of the methodology
| used. There was also no heating step before frozen storage, however, protein stability is
thermodynamically reduced at cold temperatures, leading to a formation known as cold
unfolding [47]. This mechanism may be capable of causing whey proteins to denature and
interact with caseins.

The Gibbs-Helmholtz equation describes the Gibbs free energy change on denaturation, and can
be used to model the temperature variation of the thermodynamic stability of proteins
[48]. AGp(T) is the Gibbs free energy change of denaturation at a temperature T, AHj, is the
enthalpy change on denaturation, ACp is the difference in heat capacity between the natural
and denatured states and T}, is the higher denaturation temperature.

T T (5-5)

AGy(T) = AH,, (1 - T—) +AC, [(T ~T,) =T (T—)]

D D
AGpfollows a parabola with the protein stability decreasing both above and below the
temperature of maximum stability. Heat denaturation is an endothermic reaction that occurs
when the thermal kinetic energy of the protein is increased to the point when the protein chains
unfold and expose interior groups, which can then form aggregates[49]

Cold unfolding of globular proteins is an exothermic process[50], that occurs when the
hydration of protein non-polar groups becomes thermodynamically favourable at lower
temperatures. This causes the polypeptide chain to unfold and expose internal non-polar
structures to water[51].

B-Lactoglobulin has been shown to undergo a reversible cold unfolding transition (this is distinct
from the thermal denaturation that occurs at higher temperatures) [52] . The cold-unfolding
temperature of B-lactoglobulin is decreased by increased concentration, as occurs during freeze-
concentration, and is decreased by increasing sugar content, as also occurs during freeze-
concentration. It may be possible that cold unfolding contributed to the formation of gels during
frozen storage in this study. The kinetics of this cold unfolding have been studied, and found to
be dependent on the viscosity of the system, suggesting that in the highly concentrated and
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viscous environment of the unfrozen phase in frozen milk, the half-life of the cold unfolding
process will be long[53].

Thermally reversible gelation of dairy products has been observed in highly concentrated
suspensions of caseins. Panouille et al found that sub-micellar structures can form weak gels at
casein concentrations of over 100 gL?[54]. Lu, McMahon and Vollmer found that cold gelation
of concentrated casein in the form of reconstituted milk is thermally reversible [55]. This was
linked to casein reduction during diafiltration to form casein concentrate, the micelles
dissociate, and protein strands entangle on cooling below a gelation temperature. This occurs
at high casein levels. This network is partially stabilised by Ca?* bonding to phosperine residues
on protruding protein chains on neighbouring micelles. The network formed is weak and can be
reversed by heating. Lu et al observed similar gelation behaviour in concentrated micellar casein
suspensions where it was linked to interaction between whole, non-dispersed casein micelles,
with micelles touching and weak bonds forming between emerging and enmeshing protein
chains on the micelle surfaces [56]. These protein gels are also thermally reversible and are
thought to occur when the kinetic energy of the casein micelles is reduced, and they lack
mobility with their neighbours due to the high casein concentrations. The spheres of hydration
are reduced and they overlap [56].

This may be a mechanism which can explain the behaviour of the milk gels observed in this study.
During freezing the milk solids are rejected from ice crystals and concentrated into small
unfrozen regions ahead of an advancing ice front. The presence of highly concentrated regions
of milk solids in frozen samples is confirmed by cryo-SEM images presented in chapter 4. In
particular Figure 4-18 shows tightly packed casein micelles.

This tight packing could lead to steric interference between adjacent casein micelles and
interaction between protruding protein chains, which form weak bonds. These bonds served to
allow a gel to be maintained after thawing. The increased ionic strength in the concentrated
unfrozen phase may also reduce electrostatic repulsion by increasing the shielding of the
negatively charged surface of the casein micelles.

On thawing the casein micelles once again have scope for movement, however the gel must be
disrupted by thermally induced motion of the micelles in the gel. The increased kinetic energy
on heating, and increased available volume allows for movement of casein micelles and
disruption of networks. This is seen in the behaviour of milk that was thawed and held at
different temperatures, as discussed in section 3.11. Here the viscosity of the samples decreased
fastest and to the greatest degree when the milk was held at 30°C or 50°C after thawing, and
only limited changes were seen in milk held at 4°C. This also explains the disruption of the milk
gels formed under storage frozen storage at -10°C for 4 or 8 weeks, which are disrupted by
heating to 60°C before homogenisation. This heating provided the thermal energy required to
mobilise the casein micelles in the gel.

The gel did not reform when the samples were cooled back down to 4°C after heating or
homogenisation, as the casein micelles were dispersed in the original volume of the milk, rather
than being trapped in small unfrozen volumes, and so there was no driving force to overcome
the stabilising forces in the suspension. This possible mechanism is shown in Figure 5-19. Similar
thermally reversible gel behaviour has been observed in highly concentrated micellar casein
concentrate (HC-MCC) [56]. However, unlike the freeze-thawed milk in this study, the increased
concentration is still present at low temperatures in HC-MCC, so cooling down causes gels to
reform. Some literature suggests that this agglomeration can become irreversible after longer
storage periods [57].

However, there was no gel formation seen in samples stored frozen below -25°C in the current
study, and samples stored at -18°C only showed small flecks after 8 weeks of frozen storage. The
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driving forces behind milk gelation, such as reduced water volume, and increased milk solids
concentration are more significant below -25°C than at -10°C. It seems that there are likely
several factors reducing the reaction rates at the lower storage temperatures. Gel formation
may be thermodynamically favoured, but kinetically limited at lower temperatures.

The solids concentration of the unfrozen phase of ovine milk at its maximally freeze-
concentrated state, is estimated in Chapter 6 as roughly 85%, which is in a similar range as other
milks[30, 58] and food products [59]. The melting onset, which is the upper range of the glass
transition, as viscosity drops low enough for crystallisation to occur) is in the range of -25°C
(measured for whole sheep milk), to -31°C (measured for sheep milk serum). Literature values
of the glass transition have ranges from -38.2°C for freeze dried bovine milk[60], to -28°C and -
23°C for T, for the maximally freeze-concentrated solute matrices of whole milk and skim milk
respectively [61].

The concentration of lactose in the unfrozen phase at its maximum concentration of 85% is
approximately 20-25%. The viscosity of the unfrozen phase at temperatures above the glass
transition can be estimated from the WLF equation[62]. This can be written in two forms [63]:

C,(T—Ts) 17. 44(T T,) (5-6)
———— orb:logpar =

Cy+T—Ts 516+ T — Ty

In this equation, ar is the ratio between the viscosity at temperature T, at the reference
temperature T, or the glass transition temperature Ty, and C; and C, are empirical coefficients.

Equation (5-6)(a) uses the viscosity at a reference temperature, ideally at least 50°C above T,
and equation (5-6) (b) uses the viscosity at T;.

a: logypar = —

Using equation (5-6) (a), the values for C; and C, published by Peleg [63], and the viscosity for
concentrated lactose solution at 10°C[64], the viscosity of the unfrozen phase at -10°C, -18°C
and -28°C can be estimated. These viscosities can also be estimated from the lactose viscosity
at Ty, which has been measured at 1.1x10* Pa.s [65], or estimated from 10** to 10** Pa.s[66],
and equation (5-6) (b), and using a value for Ty of -31°C. The two curves generated are shown
in Figure 5-18.
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Figure 5-18: Viscosity in the unfrozen phase, estimated using the WLF model, based on the viscosity and behaviour of
lactose. The upper curve is based on an extrapolation of viscosity from a glass transition at -31°C, and a viscosity in
the glassy state of 10%? Pa.s. The lower curve is based on an extrapolation of the viscosity of a 20% Lactose solution at
10°C (2.05x10°3 Pa.s).
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The uncertainties in Ty, the reliance on a generalised curve coefficient, and the variance in
published viscosities at T, mean that the curve generated by equation (5-6)(a) is likely more
accurate. For this reason, the authors of the original WLF model counsel against using equation
(1-40) (b) unless absolutely necessary. However, there are limited data in literature about the
viscosity of highly freeze-concentrated milks. Nonetheless, the curves generated from the WLF
model show an increase in viscosity between -10°C and -18°C of 2 orders of magnitude, and an
increase in viscosity between -10°C and -28°C of 5 orders of magnitude.

The concentration factor on a water basis (Q*the ratio of g solid/100 g water in the
concentrated state to the initial state.) of milk at -28°C, Q*= 27.7 was larger than that at -10°C,
when Q*=13.9.This would increase some reaction rates in absence of an increase in viscosity,
however the very large increase in viscosity leads to decreases in reaction rate, despite increased
levels of solutes.

Hydrogen bonding at the contact points of adjacent micelles may be supressed by the presence
of lactose in solutions. Lactose is supersaturated at all the storage temperatures evaluated.
Using the solubility of lactose at 0°C [67] as a rough estimate, and the freezing curves
determined in Chapter 6, lactose becomes supersaturated at -2°C in partially frozen ovine milk.
As described above, the viscosity of the system increases rapidly with decreased temperature,
and may inhibit lactose crystallisation in the samples stored at below -25°C. Lactose may
crystallise in samples stored at -10°C, which removes the cryoprotective effect of lactose and
decreases the viscosity of the unfrozen phase.

This effect can be influenced by cooling rate, as lactose crystals were detected by cryo-SEM in
samples of ovine milk frozen slowly and stored below -25°C (discussed in Chapter 4), as these
samples spend long enough in a temperature range where lactose was supersaturated, yet the
system was not viscous enough to inhibit crystallisation.

Other mechanisms of bond formation between adjacent micelles will also be suppressed at the
high viscosities present at lower temperatures. Linking between protein chains on the micelle
surface and whey proteins, or other micelles, requires realignment and mobility of surface
located proteins. As the cold unfolding of B-lg is kinetically limited by the high viscosity
environment, greatly increasing process half-life (in sucrose solution 2.2 years at -15°C, 2.5x10*
years at Tg.[53]), it may be that the rearrangement of proteins on the surface of adjacent micelles
is similarly affected by increased viscosity, which decreases the amount of agglomeration
occurring in samples stored below -25°C. The increased viscosity near Ty will also reduce the
rate of progressive dehydration of proteins due to the increased osmotic pressure of the cryo-
concentrated phase.

The diffusion of species to and from the micelle surface is limited by highly increased viscosity
below -25°C. This is consistent with higher levels of Ca?* migration to the serum phase in -10°C
and -18°C samples. As a result, any protein system changes that are a result of changes in the
mineral environment of the micelles will occur slower below -25°C when compared to -10°C.

This suggests that best storage stability will be seen in samples stored below -25°C, while at or
below -18°C would be suitable for short storage periods of up to 4-8 weeks. Storage at -10°C is
not a suitable method for storage of frozen ovine milk.
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Figure 5-19: Possible mechanism leading to creation of a gel in ovine milk stored frozen at -10°C. A: Freezing form
large ice crystals, in with micelles forced into small volumes between crystals. The force of rejection by the ice crystals
overcomes the steric and electrostatic repulsion stabilising the micelle suspension. Micelles come into contact and
begin to form low strength bonds in the altered solute environment of the highly concentrated inter-crystal regions.
B: The ice is melted, and the bonds formed during frozen storage hold the micelles together. There is not enough
thermal motion to overcome the attractive force. C: During heating, the thermal motion of micelles causes them to
overcome inter-particle bonds and redisperse in the liquid. Species may diffuse to or from the micelle surface as the
liquid volume has returned to that of the original milk. The liquid volume is large enough that micelles remain
separated by steric and electrostatic repulsion during subsequent cooling to temperatures above freezing.
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g

Figure 5-20: Possible mechanisms of binding between two adjacent casein micelles in a frozen sample: Grey line
represent hydrogen bonding between adjacent proteins. Pentagons represent Ca?* ions which may form bridges
between negative regions on adjacent proteins. Hydrophobic interactions and steric interference may also occur.

5.6 Conclusions

Raw ovine milk was stored frozen at different temperatures for up to 8 weeks, and the
changes occurring in a number of factors was measured. Significant agglomeration, and
separation into a gel and sediment, was visually observed in samples of milk stored at -10°C, for
4 and 8 weeks. The particle size distribution after heating in all samples was similar to original
particle size distribution. Samples stored at -10°C and not heated after thawing showed
significant increases in particle size after 4 and 8 weeks of storage. This gelation was
accompanied by a significant increase in viscosity, and in milk stored at -10°C for 8 weeks, a
change in flow behaviour from Newtonian to Non-Newtonian shear thinning behaviour.

Homogenisation was effective at reducing particle size, viscosity, and yellowness in milk that
had been stored frozen and thawed

There was no change in pH as a result of frozen storage, nor were there any changes in serum
or supernatant protein levels. Nor were there any significant changes in the heat stability of the
milk after frozen storage. However, there was a decrease in the soluble Ca?* concentration after
4 weeks and 8 weeks storage at -18°C and 4 weeks storage at -10°C. This decrease was
approximately 50% for -18°C samples, and approximately 34% for samples stored at -10°C.

The storage stability of milk is most likely affected by the viscosity of the unfrozen phase and the
state of water in milk during frozen storage. At lower temperatures, near the glass transition
temperature, the viscosity of the unfrozen phase increases by several orders of magnitude,
which reduces the rate of the phenomena which cause gelation in frozen milk.
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For storage periods over 8 weeks, frozen ovine milk should be stored below -18°C and ideally
below -25°C. Frozen ovine milk should not be stored at or above -10°C.

In the next chapter, the state of water in milk during freezing and the transitions occurring
during freezing are investigated.

5.7 List of Symbols

Symbol Description Units
a* CIELAB red-green value
ar Ratio of viscosities
b* CIELAB blue-yellow value
Cy WLF equation constant
C, WLF equation constant K
K Flow consistency index Pa.S™
L CIELAB lightness value
n Flow behaviour index
ST Storage time days
T Temperature K
Tp Hot denaturation K
temperature
T, Glass transition temperature K
T Reference temperature for K
WLF model
Wi Whiteness index
Yl Yellowness index
AC, Difference in specific heats Jmol 1K1
between natural and
denatured states
AHp Protein enthalpy change on ]
denaturation
AGpH(T) Gibbs free energy change on ]
denaturation
% Shear rate st
T Shear stress in a fluid Pa
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5.9 Appendix

Table 5-6: Mean White and Yellow Indices of ovine milk after frozen storage and thawing. Means that do not share a
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superscript are significantly different (p<0.05).

Storage Storage Time White Index Yellow Index
Temperature (days)
Unfrozen 0 85.76° 10.85 &n
1 84.08¢ 11.13 cdefe
3 87.03° 9.73k
7 84.41°¢ 10.88 fehi
-10°C 14 83.79 10.59
21 81.75! 11.37¢
42 80.52% 7.36'
56 82.27" 13.60°
1 83.90¢% 10.65"
3 81.74] 11.24cde
7 84.34°¢ 11.28<
-18°C 14 83.60" 10.97 efeh
21 81.81ij 10.86 8"
42 82.07M 10.32}
56 80.32¢ 12.79°
1 83.83¢f 11.02 defeh
3 81.831 11.18 cdef
7 84.37¢ 10.83 "N
-28°C 14 83.76 ¢ 11.07 cdefen
21 81.74! 11.32¢
42 81.99 hi 11.04 cdefen
56 82.72¢8 13.61°
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Table 5-7:Mean White and Yellow Indices of ovine milk after frozen storage and thawing, and 3 recirculations through
a homogeniser at 20 MPa/4 MPa. Means that do not share a superscript are significantly different (p<0.05).

Storage Temperature Storage Time White Index Yellow Index
Unfrozen 0 88.36° 12.34°
1 86.87°¢ 10.70 ccef
3 84.46/ 10.30°f
7 87.05"¢ 10.59 cdefe
-10°C 14 86.78°¢ 10.63 cdefe
21 84.74 8N 10.70 e
42 84.85 8" 9.76¢8
56 85.10°¢f 12.28%
1 87.00°¢ 9.99
3 84.65 " 10.30°f
7 87.27° 6.79"
-18°C 14 86.89°¢ 10.57 cdefe
21 84.531 10.99 cde
42 85.08 ' 10.28 defe
56 85.51¢ 12.232b
1 86.97¢ 10.36°%
3 84.90¢8" 10.08
7 87.20° 10.65 cdefe
-28°C 14 87.06 10.66 defe
21 84.80¢8" 10.32 f
42 86.05 ¢ 11.32bcd
56 85.41¢f 11.35%
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Table 5-8: Heat coagulation time (HCT) of ovine milk after frozen storage. For any particular pH, there were no significant differences (p<0.05) in HCT.
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Heat Coagulation Time (s)

Storage -10 -18 -28
Temperature (°C)

pH 6.2 6.4 6.6 6.7 6.8 7.0 6.2 6.4 6.6 6.7 6.8 7.0 6.2 6.4 6.6 6.7 6.8 7.0

0
E 1 * 176 300 * 793 312 * 176 311 * 807 310 * 182 * 858 862 | 308
§ 3 66 125 253 * 661 317 60 139 250 * 673 362 81 159 309 * 769 | 333
.§ 7 80 150 261 * 594 290 75 147 264 * 775 346 66 162 294 * 798 | 343
§ 14 75 153 286 * 836 304 68 164 275 * 848 336 81 159 250 * 825 | 374
g 28 77 174 292 * 741 319 66 155 249 * 786 296 61 152 230 * 741 | 278
56 59 130 267 * 659 342 71 141 244 * 630 336 62 132 261 * 810 | 375
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Table 5-9: Power-law fluid coefficients for ovine milk after frozen storage and homogenisation treatment. K is the flow consistency index and n is the flow behaviour index.

Power-Law Fluid Coefficients

Storage Temperature -10°C -18°C -28°C
(°c
Homogenisation Thawed | Heated | 1 Pass 2 3 Thawed | Heated | 1 Pass 2 3 Thawed | Heated | 1 Pass 2 3
Treatment Passes Passes Passes Passes Passes Passes
K 0.0037
(V]
E nfrozen . 0.986
S
ks
E K | 0.0035 0.0031 | 0.0034 | 0.0027 | 0.0025 0.0036 0.0033 | 0.0033 | 0.003 0.0024 0.0031 0.0029 | 0.0035 | 0.0028 | 0.0024
— 1
~
g n 0.996 0.997 1.00 1.01 1.00 0.990 1.00 1.00 1.00 1.01 1.00 1.01 1.00 1.01 1.00
S
A
5 K | 0.0036 0.0031 | 0.0034 * 0.0025 0.0037 0.0029 | 0.0032 | 0.0029 | 0.0025 0.0034 0.0029 | 0.0032 | 0.0029 | 0.0025
3
n 0.993 1.00 1.00 * 1.01 0.98 1.00 1.00 1.00 1.01 0.997 1.00 1.00 1.00 1.01
Storage Temperature o o o
°c) -10°C 18°C 28°C
P
Homogenisation Thawed | Heated | 1 Pass 2 3 Thawed | Heated | 1 Pass 2 3 Thawed | Heated | 1 Pass 2 3
Treatment Passes Passes Passes Passes Passes Passes
K | 0.0053 0.0297 | 0.0032 | 0.0027 | 0.0023 0.0037 0.0034 | 0.0033 | 0.0029 | 0.0026 0.0035 0.0028 | 0.0032 | 0.0028 | 0.0024
7
n 0.965 1.00 1.00 1.01 1.02 0.992 0.999 1.001 1.01 1.00 0.995 1.01 1.01 1.01 1.01
3 K | 0.0038 0.0031 | 0.0031 | 0.0025 | 0.0023 0.0032 0.0031 | 0.0032 | 0.0028 | 0.0024 0.0032 0.003 0.0036 | 0.003 0.0026
3 14
g n 0.985 1.00 1.00 1.00 1.01 1.00 1.00 1.00 1.01 1.01 1.00 1.00 0.999 1.01 1.00
S
Y K | 0.0055 0.0029 0.003 | 0.0027 | 0.0023 0.0037 0.0028 | 0.0029 | 0.0029 | 0.0024 0.0041 0.0029 | 0.0031 | 0.0026 | 0.0022
S 28
§ n 0.962 1.01 1.01 1.01 1.02 0.996 1.00 1.01 1.00 1.02 0.995 1.01 1.01 1.02 1.02
K 0.277 0.0031 | 0.0038 | 0.0035 | 0.0030 0.0043 0.0029 | 0.0034 | 0.0027 | 0.0023 0.0036 0.0031 | 0.0034 | 0.0029 | 0.0023
56
n 0.59 1.00 0.996 0.991 1.00 0.991 1.01 1.00 1.01 1.02 0.996 0.997 1.00 1.00 1.02
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Chapter 6: Phase Behaviour of Ovine

6.1 Chapter Summary
The freezing behaviour of whole ovine milk, skim ovine milk and ovine milk serum was
studied via DSC.

The freezing curve of each substance was calculated, with three different methods of
partitioning the energy release into latent and sensible contribution tested; the sensible heat
being calculated by published values of heat capacity for milk components; the sensible heat
being calculated from the measured heat capacity of milk components; and the sensible heat
being estimated from the heat capacity of the samples at temperature above and below the
freezing transition. This final method was found to be suitable. The effect of assuming a constant
latent heat was tested against a more accurate method which accounted for the reduced latent
heat below 0°C. The effect of the reduced latent heat on the calculated freezing curve was
minimal and was therefore ignored. Melting onset transitions were recorded in all samples.

The final fraction of unfrozen phase of water and therefore the maximally freeze-concentrated
solids fraction was calculated from the energy release over the transition, and from the
temperature of the melting onset with the Gordon-Taylor equation. The two methods agreed
well.

A partial phase diagram for ovine milk was developed.

6.2 Introduction

6.2.1 Freezing of Ovine Milk.

Determining the unfrozen fraction of milk as a function of temperature below the
equilibrium freezing temperature will assist in determining frozen storage conditions that
minimise quality loss during storage, and will shine light on some of the behaviour of ovine milk
during frozen storage. Knowledge of the unfrozen fraction will also assist in the design of
commercial and industrial scale freezers for ovine milk, by providing accurate values for heat
flows required to reach desired temperatures.

The phase diagram of bovine milk has been investigated [1] , and the freezing point depression
curve for bovine skim milk given up to 40% TS [2]. Some work has been done on the equilibrium
freezing temperature of ovine milk[3], which allows for detection of adulteration by cryoscopic
measurements. However, there has been little detailed investigation of the freezing behaviour
of ovine milk, so this study aims to investigate the freezing transition of ovine milk, in the
temperature range of -40°C to 20°C.

6.2.2 Differential Scanning Calorimetry and Unfrozen Water.

Differential Scanning Calorimetry (DSC) is a method of thermal analysis that detects
thermal transitions in a sample, by measuring the difference in either heat flow or temperature
between the sample and an inert reference[4]. The two principles of measurement are known
as power compensation and heat flux DSC respectively. Power compensation DSC uses two
separate, but identical furnaces and maintains the sample and reference at identical
temperatures, measuring the difference in power required to achieve this. In heat flux DSC a
single larger furnace holds both the sample and reference and the difference in temperature
between the two is measured, which allows the heat flow into the sample to be calculated. In
this work heat flux DSC is employed.
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DSC is often used to measure phase or thermodynamic changes in dairy products, such as glass
transitions in lactose, denaturation of proteins, and melting of fats[4].

A phase change in a pure substance is accompanied by a distinct change in enthalpy which
occurs at a single temperature. This would be detected on an ideal DSC trace of heat flow against
temperature as a sharp peak at a single temperature, with the enthalpy change of the transition
quantified by the area under the DSC peak.

Impurities in water depress the temperature at which this phase change occurs by reducing the

chemical potential of the mixture at a given temperature. As freezing occurs when the chemical
potential of the liquid mixture reaches the chemical potential of the pure solid. The decreased
chemical potential of the mixture means that this is reached at a lower temperature than the
pure solvent.

As water freezes as pure ice, the concentration of solutes in the unfrozen phase increases, and
the freezing temperature drops further. This is illustrated in the idealised food system phase
diagram in Figure 6-1. This continues until the system reaches its maximally freeze-concentrated
point, or in some systems, the eutectic point. If the viscosity of the unfrozen system is too great
to allow nucleation of solutes at the eutectic point, the concentration of the unfrozen phase
may increase beyond the equilibrium eutectic [5]. The maximally freeze-concentrated point is
the point at which no further ice is formed during the timeframe of the observations as the food
solution has reached a temperature and concentration at which the systems viscosity is too
great for crystal growth. Further cooling beyond this results in the formation of a system
comprising of ice, and a supersaturated solution or glass [6].

This progressive freezing point depression spreads the peak on a DSC trace across a range of
temperatures, until a glass transition or melting onset is detected at the lower temperature of
the phase transition. In pure water, It is possible to form a glass if the water is cooled extremely
rapidly below 130 K at 1 Bar [7], however in food systems the glass transition occurs at higher
temperatures, and lower cooling rates. In freeze dried bovine whole milk powders, a glass
transition has been observed at -38.2°C [8]. Other investigators have measured a melting onset
temperature of whole milk of -32°C[9].

Food solutions that are cooled rapidly also show non-equilibrium ice formation at temperatures
above the equilibrium glass temperatures, and below the melting onset temperatures [6].
However, investigating this region of the ovine milk phase diagram is out of the scope of this
work.

This broadening of the DSC peak can be used to determine the unfrozen fraction of a two-phase
system at a range of temperatures by tracking the enthalpy change up to a given temperature
in the transition and comparing this with the total enthalpy change during the phase change
[10].

The unfreezable water can be estimated from the total enthalpy of the DSC heat flux peak, and
the enthalpy of freezing of water[2, 7], and this has been found to be independent of initial
water concentration, with a unfreezable water content of 0.4 g/gDM [9].
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Figure 6-1: An example of a phase diagram for an idealised food solution, adapted from [2] and [11].

6.3 Methods.

6.3.1 Equipment and Software.
Detailed descriptions of the equipment and software used in this experimental work are
given in Chapter 2 of this thesis.

6.3.2 Preparation of Milk Fractions.

Ovine Milk was collected from a farm in Palmerston North, New Zealand, and preserved
by the addition of NaNs to a concentration of 30 ppm. NaNs was chosen due to its effectiveness
at low concentrations, minimise the change in colligative properties due to the addition of
preservative. The milk was stored at or below 4°C until further preparation or analysis. The milk
was not heat treated in any fashion. All processing and DSC measurements were conducted
within 1 week of collection.

Skim milk was obtained by centrifuging milk at 3000 g for 20 minutes at 20°C. The fat was
removed, and the skimmed milk was reserved for analysis and ultracentrifugation.

The casein phase of the milk was removed from the milk by ultracentrifugation at 80,000 g at
20°C for two hours. The serum phase was reserved for analysis and the casein was discarded.
Ultracentrifugation was used to remove the casein phase as it did not require adjusting the ionic
strength or pH of the fluid. Removing the casein by acid precipitation would lead to changes in
the makeup of soluble species in the milk, due to the dissolution of the colloidal calcium
phosphate [12]. This change in the soluble species could affect the freezing behaviour system,
so a physical method of separation was chosen.

The fat globules collected from the whole milk were dispersed in a volume of RO water identical
to the original milk aliquot. This volume of water was separated by centrifuging milk at 3000g at
20°C for 20 minutes, and the fat was re-dispersed in a second volume of water. The fat globules
were recovered as above, and then frozen at -80°C in preparation for freeze-drying.
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Casein micelles were recovered from skim milk by diafiltration with 7 diavolumes of MilliQ
water, using a membrane with a 0.1 um cutoff. The resulting casein micelle dispersion was then
frozen -80°C in preparation for freeze-drying.

Samples of fat globules and casein micelles were freeze dried in a laboratory scale shelf freeze-
dryer. After freeze-drying, the dried fat and casein samples were stored in a desiccator below
5°C for up to 4 weeks until analysis.

6.3.3 Compositional Analysis

Total solids were determined according to AOAC method 990.20 [13]. The crude protein
content was determined by a Kjeldahl method adapted from AOAC method 991.20, utilising a
Kjeltec KT200 distillation system. The fat content was determined according to AOAC method
989.05 [13].The ash content was determined according to AOAC method 945.46 [13]. Lactose
was estimated by difference.

6.3.4 Heat Capacities

Triplicate measurements of the dry fat and casein samples were measured using a TA
instruments Q2000 DSC, operating in modulated mode. The samples were placed in pre-
weighed T-zero aluminium hermetic plans, sealed and then weighed, and thermograms were
recorded immediately after weighing.

The heat capacities were measured from -35° to 85 °C, at a heating rate of 3Kmin™, modulated
at a frequency of 100 s and an amplitude of 1 K. The cell constant was calibrated using a
sapphire standard disc.

6.3.5 DSC Scan for Melting Peak
DSC signals were measured using a TA instruments Q2000 DSC operating in modulated
mode.

The samples of milk fractions were placed in pre-weighed T-zero aluminium hermetic plans,
sealed and then weighed, and thermograms were recorded immediately after weighing, in order
to reduce any mass loss due to evaporation of water.

The sample was equilibrated at 40°C, then cooled to -35°C, and held isothermal for 10 minutes.
The DSC signal was recorded between -35°C and 35°C at a heating rate of 1 Kmin™, modulated
at a frequency of 1 min™ and an amplitude of 1 K.

Before the measurements described in this chapter a single sample of skim bovine milk had been
cycled from -40°C to 30°C at heating rates of 1 to 10 Kmin™. The shift of the melting peak maxima
was measured and the shift varied from 0.16°C at 1 Kmin™ to 6.04°C at 10 Kmin™. The shift was
0.28 °C at 2 Kmintand at 1.16°C at 5 Kmin™.

Therefore, a heating rate of 1 Kmin was selected to minimise thermal lags during the melting
of samples. Further reduction of heating rate may reduce thermal lag further, but will also
reduce sensitivity at the same time.

6.3.6 Freezing of Reconstituted Milk Samples.

The equilibrium melting points of concentrated milk solutions and concentrated
simulated sheep milk ultrafiltrate (SSMUF) were determined from the steady temperature
region on the temperature-time graph of the freezing process. The temperature time graphs
were gathered by immersing a T-type thermocouple inside a 50mL sample of the test solution,
and then placing the solution in a -80°C freezer. The temperature of the solution was logged
every 2 seconds with a Measurement Computing USB-TC datalogger, until the sample reached
equilibrium with the freezer. The thermocouples were calibrated in an ice-water slush.
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A small number of Agl crystals were added to each sample to prevent supercooling by acting as
a nucleation surface.

Whole milk and sheep milk solutions with controlled total solids were made up from
commercially available whole sheep milk powder and whole cow milk powder. The solutions
were prepared at the following concentrations:

Table 6-1: Concentration of whole milk powders frozen in -80°C freezer.

Sheep and Cow Milks Concentration (% TS)

10

15

20

25

30

40

SSMUF is a buffer simulating the soluble phase of milk, with the omission of soluble proteins.
The composition is shown in Table 6-2. It was prepared by following the method for bovine
SMUF as in Jenness and Koops[14], adjusted by the ratio of ultrafiltratable salts in ovine and
bovine milk [15], with the addition of lactose to the concentration typical of ovine milk[16].

Table 6-2: Composition of SSMUF.

Solute Concentration (mmolL?)
KH2PO,4 5.31
K:HPO4 6.81
K3CsH707.2H,0 0.15
NaszCe¢H;07.2H,0 2.45
CaCl,.2H,0 0.97
Mgs(CsHs07)2.9H,0 8.14
KOH 1.00
K>COs3 5.08
Lactose 2.74

Higher concentration SSMUF buffers were prepared as above, but with the concentration of
solutes adjusted by the concentration levels below:
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Table 6-3: Concentrations of SSMUF frozen in -80°C freezer.

SSMUF concentrations

1.0x

1.5x

2.5x

4.0x

6.4 Determination of the Apparent Unfrozen Fraction
In this work, the calculation of apparent unfrozen water was adapted from a method which
used calorimetric data to study the freezing curves of NaCl solutions [17] .

The apparent unfrozen water referred to in this work is defined as the fraction of the freezable
water which remains unfrozen at a given temperature, as inferred from DSC measurements.
Apparent ice fraction is defined in a similar fashion, as the fraction of freezable water frozen at
any given temperature. Freezable water is the fraction of water in a sample which freezes
between the initial equilibrium temperature and the end of freezing as the temperature of the
sample approaches the glass transition. Water that remains unfrozen at the glass transition may
not be energetically bound to a compound, and may be thermodynamically able to freeze,
however the increase in viscosity prevents any further freezing occurring during experimental
period. These two temperatures are determined from features in the DSC curve after
compensation for thermal lag as discussed in section 6.4.1.

Two separate algorithms for the estimation of unfrozen fraction were considered. Both rely on
the DSC measurements for the total enthalpy change as a function of temperature but differ in
how the contribution of sensible heat to the total enthalpy change is estimates. The first
estimates the enthalpy change required to heat up varying components of the food solution,
using measured or published thermophysical data for the food components, and then completes
an energy balance to estimate the latent heat component. The second utilises the DSC trace to
estimate the average heat capacities in the frozen and liquid fractions in regions away from the
thermal transition, and then completes an energy balance to estimate the latent heat
component. As a result, three different methods were considered: The compositional method
with published thermal properties, the compositional method with measured heat thermal
properties, and the purely DSC based method. These three methods are referred to as FPH, MCC,
and SLF respectively.

6.4.1 Thermal Lag Compensation

In an idealised transition, the enthalpy/temperature curve will be non-differentiable at
the equilibrium freezing point, as the enthalpy/temperature relationship changes from being
solely based on the absorption or loss of sensible heat, to the absorption or loss of latent heat
and sensible heat. However, all measured curves are differentiable and show a smooth
transition in the region of the equilibrium freezing temperature. This smooth transition reflects
the thermal lag occurring within the DSC sample, where the resolution of large transitions is
limited by the heat flux out of, or into, the sample pan.

A straight-line approximation of the highest slope region of the enthalpy curve is made, as the
highest slope occurs just below the equilibrium freezing temperature. A second straight line
approximation is made of the solid-state enthalpy curve and extended to below the approximate
equilibrium freezing point.
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The equilibrium freezing point is approximated by taking the second derivative of
enthalpy/temperature curve and finding where this is equal to zero. This is an inflection point
on the enthalpy/temperature curve and is indicative of the end of heat absorption by melting
ice, all heat flow beyond this point is due thermal lag and sensible heating of the sample.

The intersection of these two lines is taken as the equilibrium freezing point, and the enthalpy
over the phase change is determined. This is shown graphically in Figure 6-2.

Corrected end § Original end of
of transition : transition

Enthalpy

Idealised
transition

\ Curvature

from thermal
lag

Temperature

Figure 6-2: Correcting graph curvature due to thermal lag. The dotted lines represent straight line fits near the end of
the phase transition.

6.4.2 Compositional Method

The enthalpy change during the transition of a complex food substance from a solid to a
liquid is the sum of heat flows from several phenomena. They are as follows:

1. The latent heat required to melt the ice present.

2. The sensible heat required to heat the ice present from its melting point to the final
temperature

3. The sensible heat required to heat the unfrozen aqueous phase present from the initial
temperature to its melting point.

4. The sensible heat required to heat the discontinuous phases present in the food
substance from the initial to the final temperature. In milk these phases are the fat and
micellar casein phases.

To determine the sensible heats, an estimation of the liquid and solid faction is needed. This is
determined by an iterative process. The zeroth iteration of the fraction of water that is in the
solid phase (F;) was made. This first estimate set F; to 1 below the equilibrium freezing
temperature (T¢), and 0 above T¢. At each temperate T, the two phase heat capacity Cpg,, is
calculated from equation (6-1), where Cpg, and Cpy, are the solid and liquid water heat
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capacities at temperature T. The solid and liquid heat capacities of water were calculated from
polynomial estimations available in literature[2].

Cpslw(T) = FS(T) * CPSW(T) + (1 - P:?(T)) * Cplw(T) (6_1)

The two phase sensible enthalpy of the water component H; was calculated by integrating
equation (6-1) between the initial datum temperature T, and T, and multiplying the integral by
the water content of the food X,,,.

r (6-2)
Hyw = X, f CPany (T)dT
To

The enthalpy contributions for the fat and casein, Hg,t and Heggein , in the system were
calculated according to equation (6-3) and equation (6-4). These follow the same form as
equation (6-2), with the relative values for fat and casein substituted in place of water.

6-3
Hyar = Xrat f Cpyac(T)dT (6:3)

6-4
Hcasein = Xcasein f Cpcasein(T)dT ( )

The total enthalpy contribution from the sensible heat of the components Hg,, s was calculated
as shown in equation (6-5).
Hsens = Hg + Hfat + Hegsein (6-5)

The apparent latent heat change to temperature T, AH}uS (T), was calculated by subtracting the
sensible heat from the total measured enthalpy change AH; 0 (T) -

AH’fus (T) = AHtotq1(T) — Hgens(T) (6-6)

The greatest value of AH;uS(T) is used as the latent heat of the transition.

AHjpys = Max[AH},o(T)] (6-7)

The first iteration of F;(T) was calculated from the zeroth iteration of the latent heat of the
transition AHg,; and the zeroth iteration of the apparent latent heat up to temperature T,
AH}us(T)

AHZ,, (T 6-8
FS(T) —1— A);-l;s( ) ( )
fus

This set of values of F; was then used as an input in equation (6-1), and the process was repeated
for a second and third iteration. After 3 iterations there was no significant change in the
calculated values.

6.4.3 Straight-Line Method

In this method, the onset of melting and the equilibrium freezing temperature were
determined from the DSC measurements. Straight line equations were fitted to the
enthalpy/temperature curves in the temperature ranges below and above the phase transition.

The onset of melting was determined from the absolute first derivative of the DSC heat flow vs
temperature curve. This was used to establish when the heat flow diverged considerable from
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a constant as would be observed when latent heat is absorbed by a melting sample. This also
appears as a small step change in the heat flow/temperature graph, similar to that seen in a
glass transition. This is discussed further in section 5.3.

These straight-line fitted equations were used to determine Cpg, and Cp;, the solid and liquid
heat capacities. In these regions the enthalpy change is solely due to the sensible heating of the
milk components that do not undergo phase change, and the water component away from its
phase change. The difference in the heat capacity of the milk components over the temperature
range studied is negligible when compared with the heat flow due to the phase change, and the
change in specific heat capacity of water from a solid to a liquid.
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Figure 6-3: Solid, liquid and two-phase heat capacities in whole ovine milk.

By assuming that the heat capacities are constant across the temperature range, the two phase
heat capacity Cpg; was solely dependent on the change in apparent ice fraction F;(T), as shown
in equation (6-9). This is shown graphically in Figure 6-3.

Cpsi(T) = Fs(T) * Cps + (1 = K(T)) * Cpy (6-9)

The zeroth iteration set Fs(T)=1 below the T¢, and Fs(T)=0 above this temperature. Once
Cps;(T) has been determined, the two-phase sensible heat contribution Hg.,s(T) was
calculated by equation (6-10)

T
Hgens(T) = fcpsl(T)dT (6-10)

To

The apparent latent AH;uS(T) was determined at each temperature by equation(6-6), the latent
heat of the transition AHy, ; was determined according to equation (6-7), and the apparent ice
fraction as a function of temperature was calculated using equation (6-8).

This set of values of F;, was then used as an input in equation (6-9), and the process repeated for
a second and third iteration. After 3 iterations there were no significant changes in the
calculated values.

The various parts of this enthalpy balance are shown in Figure 6-4.
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Figure 6-4: Enthalpy balance as described in section 4.3.

6.5 Results and Discussions

6.5.1 Sample Composition

The composition of the samples studied via DSC are shown in Table 6-4. The ash content
of the sheep milk serum collected was lower than the skim or whole milk, as the colloidal
minerals, associated to the casein micelles were removed with the casein. The composition is
within the expected ranges for ovine milk in NZ[18].

Table 6-4: Composition of fluids studied via DSC. Compositions are given in % m/m on a wet basis. Values are averages
of triplicate measurements. Errors are the 95% confidence interval for the mean.

Milk Protein Lactose Total Solids

Fat (9 Ash (9 Water (9
Fraction at (%) (%) sh(%) | (%) (%) ater (%)
Whole
Sheep Milk | 6.90+0.07 5.4+0.3 0.92+0.06 | 3.81+1.1 17.1+0.8 83+0.8
(WSM)
Skimmed
Sheep Milk | 0.39+0.03 | 5.66+0.04 | 1.00+0.02 | 5.23+0.03 | 12.27+0.01 87.73+0.01
(SSM)
Sheep Milk
Serum 0.25+0.05 | 1.52+0.01 | 0.52+0.02 5.6+0.1 7.940.1 92.1+0.1
(SMUC)
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6.5.2 DSC Curves: Nucleation, Freezing and Melting.

The temperatures at which samples nucleated and began to freeze during the cooling
cycles are shown in Figure 6-5, the mean temperatures are shown in Table 6-5. A one-way
ANOVA test was performed and there were no significant differences between fluids.

Table 6-5: Mean and standard deviation of nucleation temperatures of samples.

Milk Fraction Mean Nucleation Temperature (°C)
MilliQ Water -17.2+2.2
sMmuc -17.3+2.9
SSm -18.7¢1.6
WSM -14.7+1.9

Nucleation temperature of milk fractions during cooling in DSC
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Figure 6-5: Nucleation temperatures observed during the cooling of samples in DSC measurements.

The energy released at nucleation for these samples, and the expected release based upon the
total water content, is shown in Table 6-6.
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Table 6-6: Energy released upon freezing for Whole Skim Milk (WSM), Skim Sheep Milk (SSM) and Sheep Milk
UltraCentrifugate (SMUC) samples. The energy release measured via DSC is compared against the expected energy
release(AHs, s Expected), as calculated from the product of the sample water content and the latent heat of freezing
at the nucleation temperature (AHz,sHyO@Tyycieation)-

AHj,; Measured | Tyycication | AHfus H20 @Trycication AHj,; Expected Fraction
k °C k k

Sample (é) e <é> (é)

WSM B 217 -14.9 302 250 0.87
SSM A 273 -20.6 288 252 1.08
WSM C 262 -16.4 298 247 1.06
SMUC B 260 -15.3 301 277 0.94
WSM D 236 -12.1 308 256 0.92
SSM E 244 -17.5 295 259 0.94
SSM C 234 -18.1 294 258 0.91
SMUCD 263 -16.0 299 275 0.96
SMUCC 268 -6.2 321 295 0.91
WSM A 223 -15.5 300 249 0.89
SSM D 225 -6.6 320 281 0.80
SMUCA 271 -20.7 288 265 1.02

These energy releases are on average within 5% of the expected value calculated from the
integral form of the Kirchhoff equation. This confirms that there were no unexpected
phenomena occurring during the freezing of samples, which would affect the results during the
subsequent heating ramp. All samples were in a solid state before the heating ramp and heat
flow measurement.

Raw DSC output curves are shown in Figure 6-6, with the region of the heat flow curves
containing the melting onset transition highlighted and expanded to make the presence of this
transition visible. Heat flow diverges from steady as the temperature approaches the freezing
temperature and peaks at the equilibrium freezing temperature Tf. There is a small (2-4%)
thermal lag in the peak after Tf.

Typical absolute integrals of the curves in Figure 6-6 are shown in Figure 6-7. The integral curve
can be seen to be approximately linear before and after the melting transition. The slope of this
straight-line region is the heat capacity of the solid or liquid sample.

The heat capacity can also be determined from the heat flow curve if the heating or cooling rate
of the sample is known. As the variation of heat capacity as a function of temperature is small
away from the melting transition, the derivative of the heat flow curve can be used to detect
where large changes in the apparent heat capacity occur, and hence the onset of the melting
transition. This is illustrated in Figure 6-8. The 1% derivative is plotted on a log axis. The rate of
change above approximately 5°C is solely due to the change in the heat capacity of the liquid
phase, and gives an indication of the order of magnitude of this phenomena. The increase as a
result of the melting can be clearly seen.
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Figure 6-6: DSC curves for whole sheep milk

’

skim sheep milk

The curve from -40°C to 5°C is shown on the right. The region outlined in the red boxes is shown at larger scale on the
left. Step changes can be seen in the curves at left, indicating a melting onset transition. Data is shown before post-
processing to remove thermal lag. Curves are shifted vertically to aid in legibility.
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Figure 6-7: Typical absolute integrals (enthalpies) of curves in Figure 6-6 before post-processing to remove thermal
lag.
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Figure 6-8: 1st Derivative of heat flow curve for a SMUC sample across the temperature range studied.

In the region of the equilibrium freezing temperature, the apex of the heat flow peak can be
taken as the equilibrium freezing temperature. As the greatest change in fraction of unfrozen
water due to progressive freezing occurs at or just below the equilibrium freezing temperature
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the heat flow will be greatest at this point. In an idealised phase transition there would be a
discontinuity in the heat flow/temperature graph, or a non-differentiable point in the
enthalpy/temperature graph, as is illustrated in the thermal lag correction in Figure 6-2,
however the thermal lag spreads this transition out. The equilibrium freezing point can also be
estimated from the inflection point in the temperature/enthalpy graph as described in section
4.1.

The equilibrium freezing temperatures as estimated from the two methods described above are
shown in the table below. For analysis of apparent unfrozen water, the 2" derivative method
was used to determine the equilibrium freezing temperature, and the end of the melting
transition. There were no significant differences between the equilibrium freezing temperatures
of each milk fraction. A pairwise t-test showed no significant difference between the two
methods of estimating the equilibrium freezing temperature. More accurate measurements can
be conducted using a cryoscope, but this was not done in this work. However there was no
significant difference (p<0.05) between the measured values and previously reported values of
the freezing point of sheep milk (-0.617 for raw milk, -0.614 for pasteurised milk) [19].

Table 6-7: Estimated equilibrium freezing temperatures. Error bars are the 95% confidence interval for the mean. N=4.

Sample
Estimation Method SMuUC SSM WSM
Peak Apex -0.6940.13 -0.74+0.32 -0.56£0.15
2" derivative -0.58+0.03 -0.72+0.31 -0.560.19

The serum phase of the milk appears to be the chief determinant of the initial degree of FPD, as
there are no significant differences in the estimated initial freezing points.

6.5.3 Melting Onset

In all samples a small, but distinct, melting onset was observed at low temperatures. This
is interpreted as the result of the concentrated unfrozen fraction of the milk transitioning from
a glass to a maximally freeze-concentrated liquid, and the initial melting of the pure ice fraction.

Regrettably the DSC available was limited to a minimum temperature of -40°C, which is above
the glass transition temperatures reported for a number of dairy systems: The glass transition
(Ty) of maximally freeze-concentrated lactose solutions has been measured as -41°C, and the
melting onset (T};,) as -31°C [20]. The same study also found that model lactose/protein solutions
displayed both higher melting onset temperatures and lower glass transition temperatures
when compared to pure lactose systems. The unfrozen aqueous fraction of the milk will be a
highly concentrated solution of lactose and milk salts. In spray-dried bovine milk the T, at
a,,=0.155 ( X, = 0.03) has been measured at -38.2°C [8], which does not agree with other
measurements which report T, =64°C for whole milk at X,,=0.024[21]. T,,=-32°C has been
reported in skimmed bovine milk [21].

A one-way ANOVA was performed to evaluate whether there were significant differences
between the mean melting onset temperature of each sample. The temperatures at which
melting onsets were observed are shown in Table 6-8.
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Table 6-8: Observed Melting Onset in milk samples. Samples with differing superscripts are significantly different.
p<0.05. Standard error of mean presented.

Sample Melting Onset (°C)
SMuc -31+0.7°
SSM -25.3+0.1°
WSM -25+0.1°

The individual values of observed melting onsets are shown in Figure 6-9. T,,, for whole and skim
sheep milks are identical at approximately -25°C, however T, of sheep milk ultracentrifugate is
significantly lower at -31°C. This would indicate that the melting onset temperature of the
system is raised by the presence of casein micelles and their associated colloidal salts, but not
affected by the presence of milk fat globules.

The glass transition temperature in anhydrous milk protein concentrate powders with higher
protein contents (60-80%) has been found to be greater than that in lower protein (40-50%)
powders[22]. This effect is expected due to the presence of high molecular weight protein
polymers, which can also interact with lactose[23].

The intact casein micelle system can also bind significant quantities of water [24], which may
reduce the water: lactose ratio in the unfrozen phase above the glass transition temperature.
As the glass transition temperature decreases with increased water activity [21], the increased
availability of water in the SMUC samples when compared to casein-containing samples may
lead to a higher water activity in the maximally freeze-concentrated state, and therefore a lower
glass transition temperature, and possibly a lower melting onset temperature.

20 +
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Figure 6-9: Observed melting onset temperatures of samples during heating from -40°C to 20°C.

The insensitivity of the melting onset temperature to the presence of fat globules is expected,
as the fat globules can be considered to be a separate phase in the milk system, immiscible with
the components that are responsible for the physical transitions during freezing and vitrification.
Studies of glass transition in milk powders have found no clear effect of fat content on glass
transition temperature[21].
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There is essentially zero mobility of species below the glass transition due to the large increase
in viscosity, to the order of 10!%-10® Pa.s [25]. In the transition zone between the onset of
melting and the glass transition the viscosity of the maximally frozen system will increase
markedly, which will dramatically reduce reaction rates and diffusion rates, decreasing the rate
of spoilage reactions. No recrystallization should occur below this temperature. Oxidation
should occur very slowly below the glass transition temperature, and enzyme inactivation may
occur in the glassy state [26]. This will increase the storage stability of the frozen milk, as is
discussed in other chapters of this thesis.

The DSC method has proven sufficiently sensitive to detect the glass transition temperature
during the freezing of concentrated coffee concentrates in other work we are conducting.

6.5.4 Specific Heat Capacity of Milk Components.

The specific heat capacity of the freeze-dried micellar casein fraction isolated (as
described in section 3.2), when measured by DSC is shown in Figure 6-10 A. This is the average
of triplicate measurements. The specific heat capacity shows an approximately linear increase
with temperature, from 0.98 Jg'K? at -35°C to 1.81 Jg''K? at 30°C. The heat capacity of the
isolated protein fraction differs significantly to the curve predicted using literature values of the
specific heat of protein [2].
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Figure 6-10: A: Measured specific heat capacity of isolated casein with a comparison to literature values. B: Measured
apparent specific heat capacity of isolated fat globules with a comparison to literature values.

The apparent specific heat capacity curve of milk fat globules isolated from sheep milk is shown
in Figure 6-10 B. The curve is the average of triplicate DSC measurements. This curve is compared
with literature values of the specific heat capacity of fats [2]. As can be clearly seen there is a
peak which shows an increase in the apparent specific heat from approximately 1.9 Jg''K! to
approximately 5.7 Jg''K* There is a good agreement with the literature values from -35°C to -
20°C, when the two curves diverge, and a peak is seen in the measured curve. This peak is likely
due to the melting of some components of milk fat, and the latent heat absorbed during this
phase transition.

For use in the determination of apparent unfrozen water in milk the integral of the heat capacity
is more useful and this was determined from -35°C to 30°C. Polynomial functions of the form
shown in equation (6-11) were fitted to the enthalpies of fat and casein with 238.16K (-35°C)
selected as a datum point. The polynomial coefficients are shown in Table 6-9.

H =k 0% + k,0% + k302 + k0 + ks (6-11)
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Table 6-9: Polynomial coefficients for equation (6-11).

k1 k2 ks ka ks
Casein Polynomial -3.0x10°® 3.144x103 -1.251 220.8 -14650
Predictor T-value -18.81 18.58 -18.24 17.91 -17.66
Predictor P- value <0.001 <0.001 <0.001 <0.001 <0.001
Fat Polynomial -4.1x10° 4.237x10? -17.21 3032 -199900
Predictor T-value -21.25 20.89 -20.50 20.09 19.68
Predictor P-value <0.001 <0.001 <0.001 <0.001 <0.001

When the total integrals across the temperature range are compared as shown in Figure 6-11,
there is a roughly 20% difference between the fat enthalpies determined from published
predictive equations [2, 27] and the values measured in this study.

The difference between the measured values for the casein enthalpies determined from
published predictive equations [2, 27] and the values measured in this study, with the values
calculated using published equations being approximately 55% higher at 0°C.

These differences mean that the published predictive equations evaluated are not suitable for
determining the enthalpy contribution of proteins and fats during the melting transition of ovine
milk. These equations cannot be used as part of a methodology to determine the apparent ice
or unfrozen water fraction of ovine milk.
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Figure 6-11: Milk fat and casein specific heat integral, comparison between curves calculated from literature values
(in black), and those measured experimentally (in red).

6.5.5 Apparentice and unfrozen water fractions from DSC Curves.
As discussed above, literature values of fat and protein sensible heat were not suitable
and were not used further to generate curves of ice and unfrozen water fractions.

194



Phase Behaviour of Ovine Milk

When curves generated by subtracting measured values of component sensible heat were
evaluated, it was seen that the apparent ice and unfrozen water fractions were not
monotonically increasing or decreasing as would be expected if the curves accurately described
the phenomena occurring. This occurred as a result of over-estimation of the sensible heat
contribution over the transition, and limitations in using separate component sensible heats and
enthalpies.

These limitations are two-fold: The first is that any error in the measurement of the sample
composition, or the sample mass in the DSC leads to a significant overestimation of the sensible

I dF; .
heat contributions near Tu. At temperatures several degrees above Ty, d—TS is large enough that

the heat flow due to latent heat masks the comparatively small inaccuracy in the sensible heat
estimate.

The second limitation is the non-ideal nature of the major milk components in the highly
concentrated state that occurs near Tw. At these temperatures, and the concentration there
are limited thermal data available in literature. As a result, correlations that were intended for
more commonly encountered temperatures and concentrations were used, which may not
accurately represent the thermal behaviour in this region.

Therefore, the method described in section 6.4.2 was unsuitable and data from this is not
presented further. Instead, the apparent ice and unfrozen water fractions were estimated using
the method discussed in section 6.4.3, which used a single DSC scan per sample and estimated
the sensible heat contributions from the regions of the curve outside of the transition.

Apparent ice fraction curves generated by this method are shown in Figure 6-12. Curves for
each milk fraction are similar, indicating that the freezing behaviour is governed by the solutes
present, which are present in all samples. There are no significant differences in the SSM curves
and WSM curves, indicating that the presence of fat globules has minimal effect on freezing
behaviour.
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Figure 6-12. Apparent ice fraction as a function of temperature for Sheep Milk UltraCentrifugate(SMUC) , Skim Sheep
Milk(S5M) and Whole Sheep Milk (WSM). Curves are average of all replicates and 95% Cl for the means are shown as

dashed lines. Curves are shifted 0.1 units in the Y-axis. Reference lines at an apparent ice fraction of 1 are shown for
each sample.

The unfrozen water over the whole phase transition can be calculated as follows [2]:

= AHpys
| =
AI-Ifuswater (6'12)

Where the enthalpy of the sample peak AHy is given in ki/kg solute and the M, is the mass of
ice.

Mg (6-13)

The mass of unfrozen water M,,,, was calculated from M;, the total mass of water M;,, and the
mass of solids in the system Mg;[2]. This value for M,,,, was used to calculate the solids fraction
X,(T), the water fraction X,,,(T) and the lactose fraction X;(T) in the unfrozen phase. These
curves are shown in Figure 6-13. The concentration factor Q*(T), on a basis relative to water
(eg, g solid/g water) can be calculated from the mass fraction of solids at Ty and at a temperature
T [28]:

X (1-x4(17))
- XS(Tf)(l - Xs(T))

Q*(T) for whole ovine milk during the freezing process is shown in Figure 6-13. Several milk
properties such as a,,, mineral equilibria, colligative properties, and diffusion coefficients are
proportionally affected by Q* at a constant temperature, with diffusion constants decreasing,

(6-14)
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and the viscosity increasing and becoming non-Newtonian. However, in the concentration
process that occurs during freezing, the temperature also affects physical properties of the
unfrozen phase. This is discussed further in Chapter 5.

For whole milk the solids concentration at the maximally freeze-concentrated point, Xs(Ty,),
was calculated as 85+1.6% from equations (6-12) and (6-13). This is similar to published phase
diagrams of whole bovine milk calculated from the behaviour of lactose [1], which was
determined to be maximally freeze-concentrated at approximately 80% total solids. A maximally
freeze-concentrated solids level of approximately 80% has been suggested as typical for a lot of
food solutions[6]. A level of bound water in milk has been suggested as 0.4 g/g lactose. In lactose
solutions the solids concentration of the maximally freeze-concentrated solution has been found
to be 82%, with lower concentrations for mixed protein/carbohydrate systems[20]. The
concentration in the unfrozen phase at the melting onset can also be estimated from the
temperature of this transition using the Gordon-Taylor equation[29] Estimating Xg(T,,) for
whole ovine milk from the Gordon-Taylor equation and coefficient values for bovine milk[1, 20,
21, 30-32] and the measured melting onset point, gives, Xs(T;,)=87.5%, which agrees well with
the value determined from the energy release, when possible differences between ovine and
bovine milk are considered. Using the same method gives X;(T,,)=0.85-0.86 for ovine skim milk,
and X,(T,,) =0.8-0.82 for ovine serum.
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Figure 6-13:Component fractions in the unfrozen fraction in whole ovine milk during freezing. Xs, the total solid
fraction, Xy, the water fraction, and X, the lactose fraction. The concentration factor Q* is also shown.

The graph of X, in Figure 6-13 can be used with values for T, discussed in section 5.3, the values
for X, (T;,) discussed above, and the Gordon-Taylor equation for T, of bovine milk to draw a
partial phase diagram for ovine milk, shown in Figure 6-14.

The glass transition onset for a maximally freeze-concentrated system Ty is estimated from
Xs(T;) and the Gordon-Taylor equation for Ty of bovine milk. As a result, these values are
estimates, as ovine milk has a typically higher protein: lactose ratio (typically 3.4:4.2 for bovine
milk [33], 5.4:3.8 for ovine milk used in this work) , which may act to increase Ty values. This is
an area for further investigation.
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Figure 6-14: Partial Phase Diagram for ovine milk. T, estimated from the Gordon-Taylor equation fits for whole bovine
milk. T and T,,, determined from DSC study, and X(Ty,) estimated from energy release during the freezing process.Ty
estimated from the Gordon-Taylor equation and X (Ty,).

6.5.6  Error Sources in Curve Generation.

6.5.6.1 Reduction of Latent Heat of Water Below 0°C
A possible source of error in this analysis in the handling of the decreased latent heat of
water at temperatures below 0°C. The magnitude of this effect is discussed:

There are two different processes reducing the latent heat of water below 0°C: The
thermodynamic reduction due to the reversibility of the freezing process, and the reduction of
latent heat when water freezes from a metastable state.

The second case is discussed first: The latent heat change on freezing is lower when ice is formed
from a metastable state by a non-reversible process, when compared to a change from a
reversible process [34]. The latent heat has been measured calorimetrically by other workers
and found to be lower than predicted from hydrostatic predictions, indicating higher entropy
and free energy state [35]. This is hypothesised to be due to rapid freezing from a metastable
state forming polycrystalline ice with stored energy in grain boundaries. This is supported by
images of frozen sucrose solutions formed from solutions supercooled below -5°C being
polycrystalline. Similar behaviour has been seen in simple solutions of NaCl, at dilute
concentrations. Studies investigating water/H,0, solutions have also found similar behaviour.
[36] The formation of interstitials in ice reduces latent heat at a rate of approximately 4 eV per
interstitial [37]. This reduction in latent heat would be observed in the melting peak if the water
in the frozen solution has not had time to anneal to a lower energy state.

As discussed above, this anomalous behaviour of water is seen in measurements of transitions
from a metastable state. The resulting solids have a higher entropy, and higher free energy,
hence a lower latent heat. During the freezing of a food solution, assuming that the freezing
began near Ty, rather than from supercooled liquid, the formation of ice below Tt is not a
transition from a metastable state, and will therefore be a reversible transition. Therefore, the
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thermodynamic reduction in the latent heat can be considered by itself and can calculated using
the integral form of Kirchhoff equation:

Ty
My (T) = Ay (Ty) — fT [Cp, — CpgldT (6.15)

The heat capacity of water below 0°C increases to a maximum at -45°C. This is well established
in literature, with some disagreement between emulsion and bulk studies[38]. This has also
been measured from vapour pressure, which also allowed estimation of latent heat of
fusion[39] using the integral form of the Clausius-Clapeyron equation:

in(22) = e (L1

p/ R, \I\ T (6-16)
The calculations of the latent heat from the Clausius-Clapeyron equation in the literature match
those calculated by the Kirchoff equation. By calculating the latent heat as a function of
temperature using the Kirchoff equation as derived by [35], and using the data for liquid water
heat capacity from [40] and solid water heat capacity from [2], the curve shown in Figure 6-15
A was derived. This curve shows the latent heat of freezing for water supercooled below 0°C, or

it can also be expressed as a ratio of latent heat at a given temperature to Latent heat at 0°C as
is shown in Figure 6-15 B
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Figure 6-15: Latent heat of water at temperatures below 0°C A: Absolute value. B: Ratio of latent heat below 0°C to
the value at 0°C.

The effect of incorporating this reduction in latent heat below 0°C into the algorithms described
in section 6.4 was evaluated. The average deviation between curves derived using the
uncorrected latent heat and curves corrected for the reduced latent heat was 0.4%. Therefore,
the increased accuracy does not justify applying this correction, as this is not a major source of
error.

Ice does not superheat under commonly encountered conditions; water will not be presentin a
metastable form at temperatures above the equilibrium melting temperature for the solution,
as the surface of the solid acts as a nucleation site for the formation of liquid [41], and there
exists a quasi-liquid pre-melted layer at the surface of bulk ice[42]. Experimental lags before
melting have been measured in ultrafast heating studies, however these times are on the order
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of picoseconds and therefore can be neglected in this study [43]. It can be assumed that in this
study there is no dynamic superheating of ice to temperatures higher than the equilibrium
freezing temperature, for a given solution. Therefore, for a given solution in contact with ice,
and at a uniform temperature, the temperature corresponds to the equilibrium melting
temperature of that solution. None of the ice present can be superheated above its equilibrium
freezing temperature. Therefore, the required heat in excess of that required for sensible
heating of the sample can all be assigned to the latent heat at the temperature where the heat
flow is measured.

6.5.6.2 Thermal lags within DSC samples.

The major contribution to temperature error in this study is the thermal lag within the
DSC sample pan itself. This is can become significant when the heat change over a transition is
large, sample volumes are large, and heating rates are high. As the liquid-solid phase change in
water involves a significant change in enthalpy, the heating rate for this study was set at 1 Kmin
to reduce thermal lag, and the sample volumes were minimised. Nonetheless a significant
thermal lag was observed during the final 2-4% of the thermal transition, due to the large energy
requirements of melting. This was compensated for after the fact, but remains a possible source
of inaccuracy, as the straight line fitted as a correction may have a somewhat different slope
than the idealized curve.

6.5.6.3 Thermal Properties of Milk Components and Advantages of Self-Contained Methods.

When comparing the various algorithms for estimating the apparent ice fraction of
partially frozen milk fractions, the “straight line fitting” algorithm is the most effective. The
algorithm is “self-contained” which means that no external data are needed. Other methods can
lead to compounding errors resulting from inaccuracies in the measurement of the sample mass,
or the sample composition.

Methods which calculate the enthalpy contribution of sensible heat of each food component,
require highly accurate measurements of the sample composition, and accurate measurement
or calculation of the thermal properties of the food components across the entire range of the
phase transition. Errors in the above will become highly apparent when the latent heat release
is small, as happens near the melting onset transition.

The measured thermal data for food components also need to be representative of each
component, in the environment in which it is found for all temperatures. l.e., the heat capacity
of a dry casein sample measured at temperatures below T, may not be an accurate
representation of the actual heat capacity of casein micelles in the in concentrated solutes
present below T.

Using a single sample in the DSC has other advantages. The measurements and analysis can be
done rapidly, without requiring a set of compositional analyses to be conducted. The sample
volumes are small, which has advantages when supply of the product is limited, however, this
adds complexity to the preparation of the product, requiring it to be homogenous before a sub-
sample is taken for DSC analysis.

Other than the requirement for homogeneity, the sample preparation for DSC is simple and
rapid, allowing a number of samples and replicates to be measured fairly rapidly.

6.5.7 Freezing of Reconstituted Milk Samples.

To corroborate freezing behaviour as observed by DSC measurements and that seen at a
bulk scale, samples of reconstituted milk at several solids levels were frozen in a -80°C freezer,
and the temperatures logged. Examples of the freezing curves measured by samples frozen in
the -80° freezer are shown in Figure 6-16 and Figure 6-17. The presence of Agl in the samples
was mostly successful at preventing supercooling and a subsequent temperature jump upon
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nycleation. Small levels of supercooling were observed in some samples. Supercooling was

X, = AHqu
v ATsubcoot Cp1 (6-17)
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Figure 6-17: Temperature/time curve of 30% TS ovine milk reconstituted from powder during freezing.

The effect of total solids on Tf for each of the tested solutions is plotted in Figure 6-18, showing
the averaged freezing temperature of triplicate measurements. Each replicate represents a
sample prepared from separate batch of powder, and replicates were carried out on separate
days. Error bars represent Figure 6-18A shows the relationship for reconstituted whole cow
milk, Figure 6-18B for reconstituted whole sheep milk, and Figure 6-18C for SSMUF.
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Figure 6-18: Tf vs. %TS for A: Cow milk, B: Sheep milk, C: SSMUF. Error bars represent the 95% confidence interval of
the mean.

Quadratic equations of the form shown in equation (6-18) were fitted to the mean freezing
temperature values for each solids concentration. There is no constant term in equation (6-18)
to ensure that T is 0°C for water without dissolved solids.
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Tf = azcs + a3C52

(6-18)
The coefficients for equation (6-18) are shown in Table 6-10 below:
Table 6-10: Quadratic coefficients for freezing point depression curves.
Coefficient Coefficient P
values
Sample a as R? a as TSS ESS RSS
Sheep -2.46x107 -1.05x103 0.997 0.012 | 0.004 | 12.95 | 12.91 | 0.04

Milk

Cow’s -2.75x10? -6.84x10™ 0.955 0.22 | 0.32 | 9.70 | 9.27 | 0.43
Milk

SSMUF -5.87x107? -1.62x10°3 0.997 0.036 | 0.11 | 6.54 | 6.53 | 0.02

The curves of Ty predicted from the solid concentration according to equation (6-18) are shown
in Figure 6-19.The freezing curve derived from the DSC data is also plotted. There is a close
alignment between the two curves. Milk was not reconstituted at concentrations above 40%,
for several reasons. There is a high degree of difficulty getting full wetting in high total solids
(>50%) milk that is reconstituted from powder. The milk reconstituted from powder may not
necessarily be indicative of actual behaviour in a highly freeze-concentrated solution, as a
separation of components occurs when solids and particles are rejected from advancing ice
fronts. This rejection occurs at different rates for different sizes of component. Therefore, the
unfrozen freeze-concentrated solution in an intercrystalline space may have differing levels of
fats and proteins to a bulk solution at similar total solids concentrations. As a result, the phase
change behaviour may differ. This can be seen in some cryo-SEM images of frozen milk
presented in chapter 4, where there appears to be a separation between protein and fat rich
bands, and regions of dissolved solids, indicated by lactose crystals.

% TS

0.00

-1.00

-2.00

-3.00

T; (°C)

-4.00

-5.00

-6.00 -

SSMUF  =e==- Sheep  eeccceees Cow = - = Sheep-DSC measurements

Figure 6-19: Freezing point curves predicted by equation (6-18), using the coefficients in Table 6-10, compared to
measured values.
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The volume and temperature dependent nature of nucleation in lactose[45] may also lead to
differences in the freezing behaviour between a solution made up to a given solids
concentration, and an unfrozen inclusion with similar solids content. The sample in the two
cases will take different temperature/volume and concentration paths to reach a similar
endpoint, so non-equilibrium processes such as lactose crystallisation may not behave similarly
in each case. This is further reinforced by the cryo-SEM images presented in chapter 4, where
lactose crystallisation is present in one of two samples that were cooled to the same eventual
end point but followed different time and temperature paths. As lactose in solution contributes
to the freezing and glass transition behaviour in the liquid phase, differences in its state (in an
unsaturated solution, supersaturated solution, or crystallised) will lead to differences in freezing
behaviour.

6.6 Conclusions

The phase transition behaviour of several milk fractions was studied by DSC and by
measuring cooling curves in a freezer. During the cooling phase of the DSC study, the milk
fraction samples nucleated at an average temperature of -16.8°C. Supercooling was minimal in
the cooling curve experiment, as the addition of Agl promoted nucleation.

The energy release on nucleation is lower at higher degrees of sub cooling, as calculated from
the integral form of the Kirchoff equation. The measured energy releases at nucleation were on
average within 5% of the predicted values.

During heating from -40°C, the melting onset Tw of the maximally freeze-concentrated sample
was observed at between -31°C and -25°C, dependant on sample. The melting onset of SMUC
was the same as literature values for maximally freeze-concentrated lactose solutions. The
melting onset was higher in SSM and WSM (-25.3°C and -25.0°C respectively).

The equilibrium freezing temperature Tswas determined by two methods, from the peak apex
in the DSC curve, and from the second derivative of the enthalpy/temperature curve near the
expected Tr. The values determined were within the range of previously published values. There
were no significant differences between Tt values estimated for each milk fraction.

The concentration of the maximally freeze-concentrated solution of whole milk X(T;,,) was
determined from the latent heat release, X(T;,)=0.85+0.016, and from the Gordon-Taylor
equation using T, X(T;,)=0.875. These two methods agreed well. Using then Gordon-Taylor
equation, X;(T;;,)=0.85 for skim milk, and X, (T;,)=0.81 for ovine milk serum. A partial phase
diagram of ovine milk was plotted from the data derived from the DSC measurements and the
Gordon-Taylor equation. The curve of T¢ vs Cs determined from DSC measurements agreed well
with that determined from the freezing point of reconstituted milks.

This freezing behaviour may allow the properties of partially frozen milks to be controlled by
adjusting their temperature. This may allow the milk to be frozen with novel techniques which
exploit this behaviour. One of these techniques is discussed in detail in the next two chapters of
this thesis.
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6.7 List of Symbols

Symbol Description Units
a, 3 Quadratic coefficients for
FPD

CPcasein Casein specific heat. Jg K1

CPfar Fat specific heat. Jg iK™t
Cp, Liquid-phase specific heat. Jg iK™t
Couw Water liquid-phase specific Jg iK™t
heat.
Cps Solid-phase specific heat. Jg Kkt
Cpg Two-phase specific heat. Jg iK™t
CPsiw Water two-phase specific Jg iK™t
heat.
CPsw Water solid-phase specific Jg iK1t
heat.
Cs Solids Concentration % Total Solids
F; Ice fraction of freezable g/9
water.

H_asein Casein enthalpy. Jg~t
Hpqy Fat enthalpy. Jg~t
Heons Total sensible enthalpy. Jg~t

Hg Two-phase sensible heat Jg~?!
enthalpy.
Hg\ Water Two-phase sensible Jg~t
heat enthalpy.
ki s Polynomial coefficients for
fat and casein enthalpy
M, Mass of ice formed during g
transition
Mg; Mass of solids in sample g
M, Total mass of water g
M, Mass of unfrozen water g
1] Vapour pressure of liquid Pa
solvent
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Ds Vapour pressure of solid Pa
solvent
R, Gas constant Jmol 1K1
T Temperature. °C
To Datum temperature °C
T¢ Equilibrium Freezing °C
Temperature.
T, Glass Transition °C
Temperature
Ty Melting Onset Temperature °C
Thucteation Temperature at which a °C
cooled sample nucleates.
Xcasein Casein Fraction. g/gmilk
Xfat Fat fraction. g/gmilk
X; Lactose Fraction g/gmilk
X, Solid fraction g/gmilk
Xg Aqueous phase fraction. g/gmilk
X Water fraction g/gmilk
Xwr Amount of water frozen on g/gmilk
recalescence
X; Lactose Fraction g/gmilk
AHfs Enthalpy change due to Jg~t
phase change from T to T;
AHpys Total enthalpy change due to Jg~t
phase change.
AHfusygter Enthalpy of fusion of water Jg~t
ATy Amount of FPD °C
ATsubcool Amount of supercooling °C
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6.9 Appendices

Table 6-11: Average recorded heat flow and cumulative integral of heat flow from DSC measurements between -35°C and 25°C, and apparent ice fraction as calculated in section 6.5.5 for

samples tested in this chapter.

WwWsm SSM SMUC
Heat Flow Integral Ice Fraction | Heat Flow Integral Ice fraction | Heat Flow Integral Ice fraction
Temperature wg! Jg? Xf wg! Jgt Xf wg! Jgt Xf
-34.5 -0.021 -9.77 1.000 -0.026 -0.80 1.000 -0.010 -0.81 1.000
-34 -0.021 -10.62 1.000 -0.027 -1.60 1.000 -0.010 -1.62 1.000
-33.5 -0.021 -11.47 1.000 -0.027 -2.40 1.000 -0.010 -2.43 1.000
-33 -0.021 -12.32 1.000 -0.027 -3.21 1.000 -0.010 -3.26 1.000
-32.5 -0.021 -13.18 1.000 -0.027 -4.02 1.000 -0.010 -4.09 1.000
-32 -0.022 -14.05 1.000 -0.027 -4.84 1.000 -0.010 -4.93 1.000
-31.5 -0.022 -14.91 1.000 -0.028 -5.66 1.000 -0.010 -5.78 1.000
-31 -0.022 -15.79 1.000 -0.028 -6.49 1.000 -0.010 -6.65 1.000
-30.5 -0.022 -16.66 1.000 -0.028 -7.32 1.000 -0.010 -7.53 1.000
-30 -0.022 -17.54 1.000 -0.028 -8.16 1.000 -0.011 -8.42 1.000
-29.5 -0.022 -18.42 1.000 -0.028 -9.00 1.000 -0.011 -9.33 0.999
-29 -0.022 -19.31 1.000 -0.028 -9.85 1.000 -0.011 -10.25 0.999
-28.5 -0.022 -20.21 1.000 -0.029 -10.71 1.000 -0.011 -11.18 0.999
-28 -0.023 -21.12 1.000 -0.029 -11.57 1.000 -0.011 -12.12 0.999
-27.5 -0.023 -22.02 1.000 -0.029 -12.44 1.000 -0.011 -13.07 0.998
-27 -0.023 -22.94 1.000 -0.030 -13.32 1.000 -0.011 -14.03 0.998
-26.5 -0.023 -23.87 1.000 -0.030 -14.22 1.000 -0.011 -14.99 0.998
-26 -0.024 -24.81 1.000 -0.031 -15.13 1.000 -0.011 -15.96 0.997
-25.5 -0.024 -25.77 1.000 -0.031 -16.06 1.000 -0.011 -16.94 0.997
-25 -0.025 -26.75 1.000 -0.032 -17.01 0.999 -0.011 -17.93 0.997
-24.5 -0.025 -27.75 0.999 -0.033 -17.99 0.999 -0.011 -18.92 0.996
-24 -0.026 -28.78 0.999 -0.034 -18.98 0.999 -0.011 -19.93 0.996
-23.5 -0.026 -29.82 0.998 -0.034 -20.00 0.998 -0.011 -20.94 0.995
-23 -0.026 -30.87 0.998 -0.035 -21.03 0.997 -0.011 -21.96 0.994
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-22.5 -0.027 -31.93 0.997 -0.035 -22.07 0.997 -0.010 -22.99 0.994
-22 -0.027 -32.99 0.997 -0.035 -23.12 0.996 -0.010 -24.04 0.993
-21.5 -0.027 -34.08 0.996 -0.036 -24.18 0.995 -0.004 -25.09 0.993
-21 -0.028 -35.17 0.995 -0.036 -25.26 0.995 0.019 -26.16 0.992
-20.5 -0.028 -36.27 0.995 -0.037 -26.34 0.994 0.058 -27.23 0.991
-20 -0.028 -37.38 0.994 -0.037 -27.45 0.993 0.001 -28.32 0.990
-19.5 -0.029 -38.51 0.993 -0.038 -28.56 0.992 0.001 -29.42 0.990
-19 -0.029 -39.66 0.992 -0.038 -29.70 0.991 0.001 -30.54 0.989
-18.5 -0.029 -40.82 0.991 -0.039 -30.85 0.990 0.000 -31.67 0.988
-18 -0.030 -42.00 0.990 -0.040 -32.02 0.989 0.000 -32.81 0.987
-17.5 -0.030 -43.19 0.989 -0.040 -33.21 0.988 -0.001 -33.97 0.986
-17 -0.031 -44.41 0.988 -0.041 -34.42 0.987 -0.001 -35.15 0.985
-16.5 -0.031 -45.64 0.987 -0.042 -35.64 0.986 -0.002 -36.35 0.984
-16 -0.032 -46.89 0.986 -0.042 -36.90 0.984 -0.002 -37.57 0.983
-15.5 -0.032 -48.18 0.985 -0.043 -38.18 0.983 -0.003 -38.81 0.982
-15 -0.033 -49.48 0.984 -0.044 -39.49 0.981 -0.004 -40.08 0.980
-14.5 -0.034 -50.82 0.982 -0.045 -40.83 0.980 -0.004 -41.37 0.979
-14 -0.035 -52.19 0.981 -0.046 -42.20 0.978 -0.005 -42.70 0.978
-13.5 -0.035 -53.58 0.979 -0.048 -43.61 0.976 -0.006 -44.06 0.976
-13 -0.036 -55.02 0.977 -0.049 -45.06 0.974 -0.007 -45.46 0.974
-12.5 -0.037 -56.49 0.975 -0.050 -46.55 0.972 -0.008 -46.89 0.973
-12 -0.038 -58.00 0.973 -0.052 -48.09 0.970 -0.009 -48.37 0.971
-11.5 -0.039 -59.56 0.971 -0.054 -49.68 0.968 -0.010 -49.89 0.969
-11 -0.041 -61.18 0.969 -0.056 -51.33 0.965 -0.012 -51.48 0.967
-10.5 -0.042 -62.85 0.966 -0.058 -53.05 0.962 -0.014 -53.12 0.964
-10 -0.044 -64.59 0.964 -0.061 -54.84 0.959 -0.016 -54.84 0.962
-9.5 -0.046 -66.39 0.961 -0.064 -56.72 0.956 -0.018 -56.65 0.959
-9 -0.048 -68.30 0.958 -0.068 -58.71 0.952 -0.020 -58.55 0.956
-8.5 -0.051 -70.30 0.954 -0.072 -60.82 0.948 -0.023 -60.56 0.952
-8 -0.054 -72.43 0.950 -0.077 -63.06 0.943 -0.027 -62.71 0.949
-7.5 -0.058 -74.70 0.946 -0.083 -65.48 0.938 -0.031 -65.01 0.944
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-7 -0.063 -77.15 0.941 -0.091 -68.11 0.932 -0.036 -67.52 0.939
-6.5 -0.068 -79.81 0.935 -0.100 -71.01 0.925 -0.042 -70.26 0.934
-6 -0.076 -82.75 0.928 -0.112 -74.24 0.917 -0.051 -73.33 0.927
-5.5 -0.084 -86.03 0.921 -0.127 -77.91 0.908 -0.061 -76.77 0.920
-5 -0.097 -89.78 0.911 -0.147 -82.14 0.896 -0.075 -80.76 0.911
-4.5 -0.112 -94.14 0.900 -0.175 -87.19 0.882 -0.092 -85.41 0.900
-4 -0.134 -99.33 0.886 -0.213 -93.33 0.864 -0.118 -91.10 0.885
-3.5 -0.164 -105.82 0.868 -0.271 -101.20 0.839 -0.153 -98.18 0.867
-3 -0.211 -114.18 0.844 -0.357 -111.73 0.805 -0.209 -107.53 0.842
-2.5 -0.282 -125.73 0.809 -0.498 -126.80 0.754 -0.292 -120.48 0.807
-2 -0.408 -142.97 0.755 -0.731 -149.97 0.673 -0.439 -140.13 0.753
-1.5 -0.620 -171.27 0.665 -1.129 -189.10 0.534 -0.688 -172.25 0.661
-1 -1.033 -224.20 0.493 -1.520 -251.17 0.315 -1.165 -232.55 0.488
-0.5 -1.218 -309.57 0.212 -1.641 -323.07 0.116 -1.474 -332.38 0.195
0 -0.762 -358.33 0.044 -0.832 -354.17 0.000 -0.803 -380.13 0.000
0.5 -0.406 -372.63 0.000 -0.504 -365.97 0.000 -0.440 -395.58 0.000
1 -0.247 -378.80 0.000 -0.304 -372.23 0.000 -0.252 -402.70 0.000
1.5 -0.160 -382.47 0.000 -0.176 -375.97 0.000 -0.144 -406.73 0.000
2 -0.096 -384.93 0.000 -0.097 -378.40 0.000 -0.071 -409.38 0.000
2.5 -0.060 -386.50 0.000 -0.058 -380.10 0.000 -0.022 -410.98 0.000
3 -0.048 -388.00 0.000 -0.059 -381.67 0.000 -0.014 -412.48 0.000
3.5 -0.045 -389.57 0.000 -0.062 -383.50 0.000 -0.018 -414.20 0.000
4 -0.047 -391.33 0.000 -0.063 -385.37 0.000 -0.019 -416.05 0.000
4.5 -0.048 -393.23 0.000 -0.063 -387.23 0.000 -0.020 -417.95 0.000
5 -0.048 -395.10 0.000 -0.063 -389.13 0.000 -0.020 -419.85 0.000
5.5 -0.048 -397.03 0.000 -0.063 -391.03 0.000 -0.020 -421.75 0.000
6 -0.048 -398.97 0.000 -0.063 -392.93 0.000 -0.020 -423.65 0.000
6.5 -0.048 -400.90 0.000 -0.063 -394.80 0.000 -0.020 -425.55 0.000
7 -0.048 -402.83 0.000 -0.063 -396.70 0.000 -0.020 -427.45 0.000
7.5 -0.049 -404.77 0.000 -0.063 -398.60 0.000 -0.020 -429.38 0.000
8 -0.049 -406.73 0.000 -0.064 -400.50 0.000 -0.020 -431.30 0.000
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8.5 -0.049 -408.63 0.000 -0.064 -402.40 0.000 -0.020 -433.20 0.000
9 -0.049 -410.60 0.000 -0.064 -404.30 0.000 -0.021 -435.10 0.000
9.5 -0.049 -412.60 0.000 -0.064 -406.20 0.000 -0.021 -437.03 0.000
10 -0.049 -414.53 0.000 -0.064 -408.13 0.000 -0.021 -438.95 0.000
10.5 -0.049 -416.50 0.000 -0.064 -410.07 0.000 -0.021 -440.88 0.000
11 -0.049 -418.47 0.000 -0.064 -411.97 0.000 -0.021 -442.80 0.000
11.5 -0.049 -420.47 0.000 -0.064 -413.90 0.000 -0.021 -444.75 0.000
12 -0.049 -422.40 0.000 -0.064 -415.80 0.000 -0.021 -446.70 0.000
12.5 -0.049 -424.37 0.000 -0.064 -417.73 0.000 -0.021 -448.63 0.000
13 -0.049 -426.33 0.000 -0.065 -419.67 0.000 -0.021 -450.58 0.000
13.5 -0.049 -428.33 0.000 -0.065 -421.63 0.000 -0.021 -452.55 0.000
14 -0.049 -430.27 0.000 -0.065 -423.57 0.000 -0.021 -454.50 0.000
14.5 -0.049 -432.23 0.000 -0.065 -425.50 0.000 -0.021 -456.45 0.000
15 -0.049 -434.17 0.000 -0.065 -427.40 0.000 -0.021 -458.38 0.000
15.5 -0.049 -436.13 0.000 -0.065 -429.40 0.000 -0.022 -460.35 0.000
16 -0.049 -438.07 0.000 -0.065 -431.33 0.000 -0.022 -462.30 0.000
16.5 -0.049 -440.00 0.000 -0.065 -433.27 0.000 -0.022 -464.28 0.000
17 -0.049 -441.97 0.000 -0.065 -435.23 0.000 -0.022 -466.23 0.000
17.5 -0.049 -443.90 0.000 -0.065 -437.20 0.000 -0.022 -468.23 0.000
18 -0.049 -445.83 0.000 -0.065 -439.13 0.000 -0.022 -470.15 0.000
18.5 -0.049 -447.77 0.000 -0.065 -441.13 0.000 -0.023 -472.13 0.000
19 -0.049 -449.73 0.000 -0.066 -443.07 0.000 -0.023 -474.08 0.000
19.5 -0.049 -451.67 0.000 -0.065 -445.07 0.000 -0.023 -476.08 0.000
20 -0.049 -453.60 0.000 -0.066 -447.00 0.000 -0.024 -478.03 0.000
20.5 -0.049 -455.57 0.000 -0.066 -449.00 0.000 -0.025 -480.00 0.000
21 -0.049 -457.53 0.000 -0.066 -450.97 0.000 -0.025 -482.00 0.000
215 -0.049 -459.47 0.000 -0.066 -452.97 0.000 -0.026 -483.95 0.000
22 -0.049 -461.43 0.000 -0.066 -454.90 0.000 -0.031 -485.95 0.000
22.5 -0.049 -463.37 0.000 -0.066 -456.90 0.000 -0.066 -487.93 0.000
23 -0.049 -465.37 0.000 -0.066 -458.87 0.000 -0.067 -489.95 0.000
23.5 -0.049 -467.37 0.000 -0.066 -460.90 0.000 -0.067 -491.95 0.000
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24 -0.050 -469.33 0.000 -0.066 -462.87 0.000 -0.067 -493.95 0.000
24.5 -0.050 -471.33 0.000 -0.067 -464.87 0.000 -0.067 -495.98 0.000
25 -0.050 -473.33 0.000 -0.067 -466.87 0.000 -0.067 -497.95 0.000
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Chapter 7: Development and Testing
of a Continuous Tubular Freezer.

7.1 Chapter Summary

A method was proposed for continuous freezing into a substantially frozen product by
pumping through a smooth-bored cooled tube. This exploited the progressive freezing of ovine
milk discussed in Chapter 6, and the formation of dendritic or columnar ice discussed in Chapter
4 to form a plug of solid product lubricated by unfrozen product. This was trialled for a range of
foodstuffs and temperatures on a benchtop scale rig with an internal tube diameter of 4.2mm.
The apparent ice fraction of samples tested on the small-scale system was evaluated by the
method discussed in Chapter 6. Products extruded continuously in an apparently solid form. The
pumping pressure required for operation increased as the temperature decreased, and the solid
fraction (at the outlet temperature) increased.

7.2 Introduction

Several freezer concepts were evaluated at the outset of the project. These are discussed in
detail in Chapter 1. During testing of a falling film freezer it was found that the mechanical
properties of milk ice differed significantly from those of water ice and that this made the
detachment of frozen milk ice from the surface of the falling film freezer by a short melt-back
cycle problematic. This is discussed further in Chapter 3. The elasticity displayed by the frozen
milk caused issues during melt-back detachment, but it was thought that this might be exploited
in other ways.

The possibility was raised of creating a slush and then freezing it solid by controlling the heat
flow distribution in a straight pipe. There have been slush ice makers developed that control the
supercooling in a cooled tube by causing nucleation at a pre-determined location. This allows
controlled amounts of heat to be removed from the slush, and the ice fraction of the slush to be
controlled [1].

As discussed in Chapter 6, there is a significant proportion of unfrozen water in frozen milk at
temperatures just below the initial freezing temperature. It was suggested that this may allow a
plug of milk to be substantially frozen into a tube, from the outside in, and then extruded by the
pressure behind the plug. The unfrozen liquid fraction would serve to lubricate the frozen milk
plug and allow it to be extruded. The high rate of freezing at the interface between the cooled
tube and the slowly moving milk was hypothesised to lead to the formation of a highly dendritic
region, as discussed in Chapter 4, at the perimeter of the freezing plug, with a significant volume
fraction of unfrozen liquid. This would limit the shear strength, and adhesion strength of the
milk at the milk/ tube interface and reduce the force required to extrude the frozen product.
Under steady state continuous flow conditions, the frozen plug would be free to expand ahead
of the freezing location, toward the outlet of the freezer, preventing significant normal forces at
the tube/plug interface as a result of the expansion of milk upon freezing.

Informed by the ice growth studies in Chapter 4, ice crystal growth was hypothesised to be
predominantly radial and aligned with to the dominant heat flows in the freezer.

The crystalline orientation of the ice grown in this freezer was not expected to have any
significant effect on the hoop stresses resulting from ice expansion during freezer: There is
minimal anisotropy in the expansion of water on freezing- The unit cell of ice is 0.3% shorter in
the c-axis, and compressibility along this axis is only slightly reduced[2]. Moreover, it is difficult
to reliably form crystals with a uniform crystalline orientation[3], so it was expected that crystals
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growing inside the freezer would have a range of orientations. The expansion on freezing was
expected to be reduced across any limited temperature range, when compared to the freezing
transition in pure water, as a fraction of the liquid was expected to remain unfrozen and so not
contribute to the expansion. The presence of solutes and particles in the fluid which do not
expand on freezing was also expected to limit expansion. The stress resulting from expansion
may also be reduced as unfrozen liquid may allow crystals to slip relative to one-another. Finally,
the freezing plug may also be free to expand distally.

The high rate of freezing should also limit radial mass flows of solutes due to freeze-
concentration effects, as discussed in Chapters 1 and 3. It is known that the partition coefficient
(K = C;/C;) increases with ice growth rate[4], so maintaining a high average ice growth rate
was expected to limit the formation of a solute-depleted exterior region and solute-rich interior
with reduced freezing point.

It was hypothesized that the adhesion of frozen product to the wall would be reduced by either
a lubricating layer of unfrozen liquid, or a reduction in ice volume at the interface between the
frozen product and the wall. This hypothesis was investigated as part of the work discussed in
this chapter and the next chapter.

Regardless of the actual method governing adhesion to the wall, some physical relationships
between operating parameters, fluid properties and system conditions could be postulated.
These guided the design of the proof of concept experiments and assisted in the design of the
lab-scale prototype system. The relationships between the radius, length, fluid properties and
required pressure is described below.

The adhesion force at the frozen plug/ wall interface is estimated to be proportional to the
perimeter of the interface, and the length of the frozen section:

Fadhesive X Kadhesive * 27Trplug * Lplug (7'1)

The extrusion force behind the plug is the product of the area of the plug, and the pressure of
the liquid behind the plug:

— 2
Fextrusion - T[rplug * Pliquid (7'2)

It was expected that the pressure required to extrude the frozen product would be insensitive
to the superficial velocity of the product in the freezer. Higher superficial velocities in a tube will
lead to increased pressure drop due to flow resistance, as described by the Darcy-Weisbach
equation:
AP p v? (7-3)
L P2 D
The pressure required to extrude the product was expected to be several orders of magnitude
higher than that required to overcome resistance to flow, so frictional pressure losses can be
ignored. When estimated from published ice adhesion strength values (<10 kNm) for icephobic
surfaces [5] this pressure was initially calculated as roughly 10-20MPa.

The apparent adhesion strength may be a function of solids concentration, surface roughness,
surface energy, temperature of the frozen milk, and apparent ice fraction. It may also be a
function of the normal force resulting from ice pressure on the exterior wall:

Kadnesive = [ (Xs, Ra, 0, Tpitge, Fice) (7-4)
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The extrusion force must be greater than the adhesion force to extrude the solid plug.

Fextrusion > Fadhesive (7'5)
Therefore, while temperature, surface properties, and fluid properties are held constant, the
pressure required to move a frozen plug was postulated to be inversely proportional to the plug
diameter. This would work in favour of scaling to larger diameters during scale up.

(7-6)

Pliquid x
Tplug
This is shown graphically in Figure 7-1, which shows the adhesion force for a given length

increasing linearly with radius (assuming no changes in operating conditions), and the required
pressure to overcome this adhesion force and extrude product decreasing with increased radius.

25
008

[0[0)7%
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0 4 8 12 16 20
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Figure 7-1: Adhesion force and Pressure required to extrude a 1m section of frozen product at -6°C (an apparent
adhesion strength of 11kNm-) as a function of frozen product plug diameter for an exemplar product. The adhesion
force increases in linear relationship with plug diameter is it is a function of the contact area between the tube wall
and frozen plug. The pressure required to extrude a given length of pipe decreases in a linear relationship with the
cross-sectional area of the plug.

However, as the plug diameter increases, so would the characteristic distance for heat transfer,
increasing the requisite residence time to form a frozen plug, and therefore the length of tube
required (and the interfacial area for adhesion) also increases.

Proof of concept experiments were conducted to test whether this freezing method was
feasible. These experiments also tested the suitability of this freezing method for substances
beyond ovine milk. Further experimental work was conducted to test the influence of coolant
temperature and product flowrate on the behaviour of the system, the expected scale-up
behaviour of the system, and to test whether methods to reduce the floor-space of the system
were feasible.

The behaviour of the system was expected to be strongly dependant on the apparent ice fraction
of the aqueous phase, and so this was estimated using calorimetric methods for the feedstocks
tested. This methodology was discussed earlier in Chapter 6, and is simple, rapid and suitable to
many liquid samples so it used here.

The expected heat flows and ice growth behaviours discussed earlier will lead to an expected
ice morphology which can be verified by optical microscopy of samples taken from the freezer,
and Cryo-SEM of frozen samples. This microscopy work might also answer questions such as
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whether the frozen product is lubricated by a thin layer of unfrozen liquid as it is extruded,
whether fats and other solids trapped at the interface serve to lubricate the frozen product, or
whether the ice fraction at the wall is reduced and therefore less ice is adhered to the wall,
reducing the adhesion strength between the wall and the frozen product. This work is discussed
in detail in the next chapter.

Finally, areas of further interest will be briefly discussed, including the processing of other
products with this system, and the use of this system as a preparatory step for other processing.

7.3 Methods

7.3.1 Materials

Reconstituted sheep milk was prepared to total solids concentrations of 15%, 18% and
23% by weight from whole sheep milk powder (Spring Sheep Dairy, Auckland NZ). Samples
were reconstituted by stirring with a magnetic stirrer at 40°C for 30 minutes after the slow
addition of the correct mass of powder. Samples were degassed under vacuum and stored
below 4°C for up to 48 hours before use.

Other samples evaluated were as follows:

1. Coffee extract at 20° Brix

2. Commercial orange juice (Keri Premium Orange Juice, Coco-Cola Amatil (NZ) Ltd,
Auckland NZ) Total solids 10.3 % by vacuum drying, 10.2° Brix.

3. Fruit smoothie mixes (Kaitahi, Waverley, NZ).

4. Gold kiwifruit pulp, seedless with a total solids content of 16.1%.

The fruit smoothie mixes had the following composition, as reported by the packaging
nutritional information:

Table 7-1: Composition of smoothies tested during product proof of concept trials.

Component (% m/m) Smoothie 1 Smoothie 2 Smoothie 3
Fat 0 1.42 2.50
Protein 1.75 1.25 2.42
Dietary fibre 4.5 3.25 4.75
Carbohydrates 13 11.75 9.75
Sugars 9 9.5 7.5
Water 85 85.6 85.3

The coffee extract was received as a freeze-dried powder and was stored in an oxygen and
moisture impermeable bag below 4°C until it was reconstituted to a target of 20° Brix according
to a published relationship between coffee % solids and °Brix [6]. The refractive index of
reconstituted coffee extract was measured immediately following reconstitution and it was
stored below 4°C for less than 24 hours before testing.

The gold kiwifruit pulp was prepared from Zespri SunGold kiwifruit (Zespri International Ltd.,
Mount Maunganui, NZ). Kiwifruit were blanched at 90°C for 60s and peeled. The peeled fruit
were pulped in a food processor and then passed through a 1.6mm screen to remove seeds. The
pulp was then pulped further in the food processor and passed through an 800um screen. This
pulp was vacuum packed and stored at -80°C until use. The pulp was thawed at room
temperature before testing. The total solids content was determined by vacuum drying at 70°C
for 18 hours.
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7.3.2 Equipment.
Further details of laboratory equipment, microscopy equipment, and software packages
used can be found in Chapter 2.

7.3.2.1 4.2mm Diameter Freezer Description.

A schematic of the initial benchtop unit is shown in Figure 7-2 below. The annular heat
exchanger consisted of an 800 mm long section of stainless-steel tube, 6 mm OD and 4.2 mm ID,
with ends deburred. The coolant jacket was a 500 mm length of 12.7 mm OD stainless steel tube,
leaving an annulus of 2.5 mm for coolant flow. The heat exchanger was insulated with 15 mm
polyurethane foam insulation.

Heat was removed by a 50% ethylene glycol/water solution chilled by a Julabo FL300 laboratory
chiller. The inlet and outlet temperatures of the coolant were measured with a pair of T-type
thermocouples.

Milk is pumped by displacing a piston inside a high-pressure reservoir. RO water is pumped into
the reservoir behind the piston by a Waters model 600E multi-solvent delivery unit, capable of
a maximum flowrate of 20 mL/minute. The reservoir is a cylinder of 316 stainless steel, with an
OD of 100 mm, bore diameter of 45 mm, and a total reservoir volume of 350 mL. Reservoir end
caps are 25 mm thick plates of 316 stainless steel.

Pressure is monitored by a pressure indicator built into the HPLC pump, and a Wika “type 2”
pressure gauge with a measurement range of 0-690 Bar. For some experiments the Julabo FL300
was replaced by the coolant circulator unit described in section 3.7.4.3

Q | 500mm |
| |

@—{ Annular tube heat exchanger }—@

Milk [ﬁ

RO Water

RO water

High Pressure Product Reservoir

E— Lab Chiller

}7

HPLC Pump

Figure 7-2: Schematic of the 4.2 mm diameter freezer. Product to be frozen (i.e. milk) is placed in the high-pressure
reservoir. The piston in the high-pressure reservoir is displaced by RO water pumped by a Waters 600E multisolvent
delivery system. The product is pumped through jacketed tube with an internal diameter of 4.2 mm, an external
diameter of 6 mm and a cooled length of 500 mm. Coolant (50% ethylene glycol solution) is chilled and circulated by
a Julabo FL300 circulating chiller. Pressure is indicated by a Wika type 2 pressure gauge with a range of 0-690 Bar,
and temperatures are recorded by T-type thermocouple.
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7.3.2.1.1  Typical Experimental Procedure for 4.2mm Diameter Freezer.
The typical experimental procedure for a trial of a product using the 4.2 mm diameter
freezer was as follows:

1. The high-pressure reservoir was filled with the product to be tested at room
temperature and was assembled. The reservoir was connected to the outlet of the HPLC
pump and to the inlet of the 4.2 mm diameter freezer.

2. The HLPC pump was primed and then used to displace sufficient fluid to fill the 4.2 mm
diameter freezer. Once liquid product flowed from the freezer the flow at the HPLC
pump was stopped.

3. The lab chiller was started, and coolant flow begins. The temperature was set to the
desired test temperature. Thermocouple readings were logged with a USB-Temp data
logger. Once the coolant had reached the set temperature, it was held isothermal for 10
minutes, the desired flowrate was set at the HPLC pump, and the pump started.

4. |If the product flowed out as a liquid, the pump was stopped, and the system was left to
cool further, before the pump was restarted. If liquid flow persists this was noted, and
the coolant set temperature was reduced, while the pump was stopped to allow the
product to freeze.

5. Once the product extruded as a solid, the pressure reading on the pressure gauge, the
set temperature, the inlet temperatures and the flow rates were noted.

6. The coolant temperature was varied, and the pressure required for solid product
extrusion was noted once the system reached steady state at the new temperature, and
at least one tube volume of product was extruded.

7. Any solid product would be collected in rigid sample containers held at 30° to the
vertical. The impact of a solid product against the far inner wall of the container would
provide the force required to break the product into lengths of approximately 3-10 tube
diameters. The sample collection containers were filled with liquid nitrogen to
immediately cool the sample to preserve the ice structure of the sample for further
analysis.

Frozen samples were stored at -80°C to prevent crystal structure changes resulting from
recrystallization, or Ostwald ripening.

7.3.2.2 10.2mm Straight Freezer
This freezer was essentially the same as the 4.2 mm diameter freezer as described in section
3.2.1, with the following differences:

1. Theinner tube length was been increased to 1200 mm,

2. The inner tube diameter ID was 10.2 mm, OD was 12 mm. At a typical flowrate of
10mL/minute the residence time was 588s.

3. The outer tube internal diameter was 20 mm, giving an annular space of approximately
4mm. Coolant superficial velocity in the annulus was 1.8 ms™.

7.3.2.2.1  Typical Experimental Procedure for 10.2mm Straight Freezer
The experimental procedure when using 10.2 mm Straight Freezer diameter was
essentially identical to the procedure used with the 4.2 mm diameter freezer.

7.3.2.3 10.2 mm Spiral Tubular Freezer Description.

In order to increase throughput of the freezer, the refrigeration power must be
increased, and the amount of heat removed increased. The freezer is essentially a heat
exchanger, and the heat flow from product to coolant can be approximated as a function of the
overall heat transfer coefficient U, the heat transfer area A, and the temperature difference
between the coolant and the product.
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ereezer ~ UAAT (7-7)
Increasing any of these factors will increase the heat flow, however one of the easiest to change
on scale-up is the heat transfer area. The heat transfer area can be increased by changing the
cross-section profile of the tube to one that has a greater ratio of perimeter to cross sectional
area, increasing the diameter of the tube, or increasing the cooled length of the tube.

Modifying the cross-sectional profile of the tube could lead to difficulties with fabrication, and
increase cost, so was not appropriate for a freezing system intended to minimise capital
expenditures. Complicated geometries could also increase the risk of difficulties being
encountered during CIP.

Increasing the diameter increases the external area of the tube where heat transfer occurs,
however this also increases the characteristic distance of the system, increasing the resistance
to heat transfer to the centre of the product, and increasing the required residence time. This is
an area where the trade-offs between increased resistance to heat flow, increased heat transfer
area, increased residence time, and reduced feed pressure requirements can be optimised
further.

Increasing the heat transfer area by increasing the length of the tube is simple from a
conceptual, analytical and manufacturing viewpoint. The post-doctoral fellow collaborating on
this project developed the concept of forming the tube into a spiral, increasing the length of the
tube while minimising the physical size of the freezer. A constant radius spiral also maintains a
constant geometry for a frozen plug.

A schematic of the system is shown in Figure 7-3 below. The coolant system described in
Chapter 2 was connected to the freezer. The feed was pumped into the system by a Maximator
S40-SS air driven pressure intensifier. The pressure intensifier has a 1:39 ratio of drive pressure
to output pressure, and a maximum rated pressure of 390 Bar. The pump was driven by a
cylinder of oxygen free-nitrogen, or a commercial air compressor. The flow of liquid feed was
controlled by varying the air drive flow with a needle valve.

Three thermocouples measured the coolant temperature in the annular space surrounding the
freezer tube. The pressure of the feed was indicated at the pump outlet with a Wika “type 2"
pressure gauge with a range of 0-690 Bar and recorded with a pressure transducer. The 4-20 mA
output from the transducer was converted to 0-2 V for logging by an MCC USB-Temp data logger.

Coolant was cooled and circulated by a Julabo FL300 laboratory chiller for initial trials. For
further trials and demonstrations, coolant was cooled and circulated by the chiller unit initially
intended for use with the falling-film freezer, as described in Chapter 3.
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Figure 7-3: Schematic of the Spiral Freezer. Coolant (50% ethylene glycol solution) is circulated around the annular
space around the freezer tube by the chiller unit described in Chapter 3. Product to be frozen (i.e. milk) is held in a 20L
plastic reservoir in a domestic refrigerator. Product is pumped by a Maximator S40-SS air-driven pressure intensifier.
Air is supplied by a building air supply, or a nitrogen gas bottle, with pressure with a downstream pressure control
gauge. Flow is regulated by a needle valve on the air supply. The pressure of the feed is indicated at the pump outlet
with a Wika “type 2” pressure gauge (range of 0-690Bar). Freezing occurs in the spiral tube, which has a length of
4.5m, and an internal diameter of 10mm.

The 10.2 mm spiral freezer tube is shown in Figure 7-4. The product enters through the tube at
the base of the coolant space and leaves through the tangential exit at the top. Coolant flows in
an annulus around the spiral tube, between the exterior wall of the coolant space, and a central
plug (not shown). The coiled tube has a length of 4.5 m, and internal diameter of 10 mm, and a
spiral radius of 150 mm. The annulus around the tube has an internal diameter of 100 mm and
an external diameter of 200 mm.
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Figure 7-4: Spiral Freezer tube, showing the spiral construction and the exterior of the coolant annulus. The plug that
forms the annulus is not shown.

7.3.2.3.1  Typical Experimental Procedure for 10.2 mm Spiral Freezer.

Prior to use, the 10.2 mm spiral freezer was cleaned using a CIP procedure as follows:
The system was rinsed thoroughly with hot water. A solution of caustic detergent was then
flushed through the system and recirculated several times. After a contact time of at least 30
minutes the caustic detergent was drained, and the system was rinsed. A cold solution of acidic
detergent was then flushed through the system and recirculated. After a contact time of at least
30 minutes the acid detergent was drained, and the system was then rinsed with cold water.
The system was then drained and prepared for trials. After use a similar CIP procedure was used.
If the system was to be used in the near future for a study involving microbial testing then it was
stored filled with an iodophor sanitiser solution, which was drained before trials.

The coolant temperature in the coolant reservoir was controlled by the external refrigeration
unit. The temperature was set at this unit, and the coolant circulated through it to bring the
coolant to the desired temperature.

The product reservoir was filled, and product was pumped through the freezer until the freezer
tube was full. Once the coolant was at the desired temperature the coolant supply pump was
activated to pump coolant around the exterior of spiral freezer tube. The temperature of the
coolant surrounding the spiral was logged at 3 points with a USB-Temp data logger, as was the
temperature in the coolant reservoir.

Once the product was frozen, the air-driven high-pressure pump was activated. The pressure
developed was varied by controlling the gas supply pressure with a regulator, and the gas flow
was controlled with a needle valve. The voltage produced by the pressure transducer was logged
with a USB-Temp data logger and converted to a pressure reading at a later time. The state of
the product leaving the freezer was noted.
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The frozen product was collected in a pre-cooled container, or in a container with liquid nitrogen
to keep it cold for further use.

7.3.3 Determination of Apparent unfrozen water

Subsamples from each product tested on the tube freezer were reserved and stored
below 4°C for less than 48 hours to be investigated by DSC. Measurements were conducted with
a pre-calibrated TA instruments Q2000 DSC. Approximately 10-20mg of samples were sealed in
TZero Aluminium pans and placed in the DSC. The samples were equilibrated at -40°C and then
heated at 1 Kmin™ to 35°C with a purge gas flow of 50mL/min of instrument-grade nitrogen. The
frozen water as a function of temperature was determined from the heat flow curve according
to the straight-line fitting procedure described in Chapter 6.

7.3.4  Ovine Milk Trials

Ovine milk trials were carried out for conditions that would encompass the vast majority of
operating conditions and milk compositions that are likely to be encountered in commercial
operation.

The ovine milk concentrations of 15%, 18% and 23% corresponded to the mean, and upper and
lower limits, for 95% of ovine milk encountered in NZ (as shown in Table 3-3 and Table 3-4 ).
These were frozen at a range of operating temperatures in order to study the effect of operation
temperature on the required pressure, and apparent adhesion strength, for extrusion. The
lower limit of operating temperature was set during trials by pressure limitations of
experimental equipment. The temperature was raised during trials until extruded product were
considered too soft to be effectively handled using bulk solids handling equipment. This was a
subjective judgement on the part of the researchers.

7.3.5 Product Proof of Concept Trials

In order to evaluate the suitability of this freezing method for a range of food products,
samples of liquid food products to be evaluated were tested on the 4.2mm diameter freezer
using the methodology described in section 3.2.1.1. The samples evaluated are described in
detail in section 3.1.

7.4 Results and Discussion

7.4.1 Product proof of concept.

All products tested on the 4.2mm diameter extruded in a solid form. A feed flow of
2.5mL/min, corresponding to a residence time of 166s, allowed for steady state operation of the
freezer, and trial length was limited solely by the volume of the high-pressure reservoir. The
freezer was operated in excess of 1 hour for each individual product trial. The equilibrium
freezing points , Tr, were determined from the DSC curves as discussed in Chapter 6.Coolant
temperature rise across the freezer was low, on average -0.44°C. Coolant temperature listed
below is the average of inlet and outlet.
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Table 7-2: Pressures and operating temperatures recorded during proof of concept trials

Sample T (°C) Temperature(°C) Pressure (MPa)
20.4°Brix Coffee -1.2 -7 Still Liquid
Extract -9.8 2
-11.5 3.5
-13.6 7.5
-14.6 12
10.3°Brix Orange -0.8 -14.5 8
Juice
Smoothie 1 -1.5 -9 12 initial, 1.5-2.2 at steady state.
Smoothie 2 -1.5 -7 4 initial, 1.5 steady state
Smoothie 3 -1.5 -7 8 initial 1.0 steady state
Gold kiwifruit pulp -1.7 -9 1.25
-9.5 1.75
-10.5 2.5
-12 4.5
-13 6
-13 6.5

These steady state operating pressures are plotted against the difference between operating
temperature and product equilibrium freezing temperature, T, — Tf, in Figure 7-5. As can be
seen from the plotted pressures of the trials, the relationship between pressure and T, — Ty is
monotonically increasing, as also seen in trials with sheep milk and reconstituted milk in Figure
7-11. The relationship in Figure 7-5 can be described by equation (7-8) , where the P44 is
given in MPa and T,,, — Ty is in °C . For 14 observations, r’=0.91.

Piiguia = —0.95(T,p — Tf) — 5.1

(7-8)
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Figure 7-5: Operating pressures required for extrusion from the 4.2mm diameter freezer of several feedstocks at a

range of temperatures. Residence times were between 166s and 208s.

Figure 7-6 shows representative images from the proof of concept experiments. These trials
demonstrated the suitability of this freezing method for a variety of liquid and paste food

products.
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Figure 7-6: Product being extruded from the 4.2mm freezer during proof of concept trials. The residence time for the
pictured trials was 166s. A: Extrusion of 15% TS ovine milk. B: Extrusion of 20.4° Brix coffee extract. C: Extrusion of
10.2° Brix orange juice. D: Extrusion of a fruit smoothie mix.

These trials show that the freezing method is applicable to products with a significant fat
proportion such as the ovine milk, a significant level of fibres such as the smoothie mixes, and
products with neither fats not suspended fibres such as the coffee and orange juice samples.

7.4.2 Apparent Unfrozen Water and Ice Fractions

The DSC heat flow curves from -40°C to 20°C for several products are shown in Figure 7-7, as is
the curve for pure water. The water peak displays a significant amount of peak spreading after
the onset due to thermal lag within the sample, but the peak onset is at 0°C. The other curves
have less distinct peak onsets due to the progressive melting of the solutions. The peak apexes
are all lower than 0°C, with the exception of the pure water sample.

The amount of freezable water frozen at any given temperature was calculated and plotted from
-35°C to 20°C, giving a curve of apparent ice fraction vs. temperature. These curves are shown
in Figure 7-8, along with the idealised curve for water. As can be seen, there are significant
apparent unfrozen water fractions present at temperatures below 0°C
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Figure 7-7: DSC curves of selected products with pure water for reference. Products were heated at 1Kmin- from -40°C
to 20°C .Curves are shifted vertically for visual clarity, with the exception of RO water. . and the less obvious peak
onsets when compared to water, which has a distinct and steep onset at its melting point of 0°C.
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Figure 7-8: Apparent ice fractions for various products tested on freezer with the idealised water transition(all water
freezes at the 0°C) as reference. The apparent ice fraction is the fraction of freezable water (water that is frozen at -
35°C) that is frozen at any temperature, not a fraction of total water. Apparent ice fractions were determined from
DSC measurements.
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7.4.3 Effect of Apparent Ice Fraction on Pressure

As postulated in section 7.2, the extrusion of the frozen plug requires a significant
pressure to be developed by the pump. This pressure is orders of magnitude higher than that
required to pump a liquid through the same tube at the same flowrates. Therefore, the pressure
required for liquid flow can be ignored when measuring the pressure required to extrude the
frozen plug and determining the apparent adhesion strength between the milk and the wall for
a given set of conditions. This was confirmed by experimental data as there was no relationship
between residence time (i.e. superficial velocity) and pressure required.

A scatter plot of the pressures developed during operation of the 4.2 mm diameter freezer
against the difference between operating temperature and sample equilibrium freezing
temperature , Ty, — T, is shown in Figure 7-9 . The concentration of the milk used in each run
is shown in the scatterplot.

The pressure required to extrude the frozen milk increases with increasing T, — T¢. Each milk
concentration demonstrates a similar relationship between T, — Tr and pressure.
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Figure 7-9: Pressure developed at various T, — Ty during operation of the 4.2mm diameter freezer during trials of
reconstituted ovine milk at 3 different solids levels. Solids levels presented are % m/m on a wet basis. Residence times
for these samples were between 139s and 208s.

The apparent adhesion strength described in equation (7-1) was calculated from a force balance
of equations (7-1), (7-2) and (7-5) is plotted against temperatures for all milk compositions in
Figure 7-10. The apparent adhesion strength is described in kNm?, as it is calculated as the force
required to detach and extrude the frozen plug, divided by the interfacial area. This interfacial
area is calculated assuming that the frozen plug is the entire cooled length of the tube. This
apparent adhesion strength could also be described as the ultimate shear strength of the
plug/wall interface.

229



Development and Testing of a Continuous Tubular Freezer.

a7 A 15% Whole Sheep
Milk
35 +
+ 18% Whole Sheep (m W]
Milk O +
~ 30 + E'
£ O23% Whole Sheep
> .
< 51 Milk + +
] X 20.4° Brix Coffee (] +
o0
S 20 4 i
7 © Gold Kiwifruit Pulp f X )
5 15 + +
" 8
2 O Smoothie Mix +
< 10 4 2o
€ + X
7} +
o 1 A
g o sl 8 <>°<> X
< A
0 I I I I I I I {
0 -2 -4 -6 -8 -10 -12 -14 -16
Top Tt (°C)

Figure 7-10: Apparent adhesion strength at various freezer operating temperatures for reconstituted ovine milk and
other products trialled. Where solids concentrations are given, these are %m/m on a wet basis. The apparent adhesion
strength is calculated from pressure developed in 4.2mm diameter freezer, the cross-sectional area of the plug and
the area in contact with the freezer wall assuming that the frozen plug is the entire cooled length of the tube.

This increase in pressure requirement and apparent adhesion strength with increased T, — T
is most likely due to the increase in apparent ice fraction with decreasing temperature, discussed
in section 7.4.2 The increased apparent ice fraction may increase the volume fraction of solid
ice at the plug/wall interface. The ice morphology at the interface is discussed in detail in
Chapter 8. Increased ice fraction at the interface will increase the strength of this interface as
more of the interface is able to bear a load. For example, if there is an area of 100mm? of product
in contact with the freezer wall, a frozen product with a homogenous apparent ice fraction of
0.85 at the wall would have 85mm? of ice in contact with the wall, and 15mm? of unfrozen liquid
in contact. At lower ice fractions this interface has a significant liquid phase which cannot
transfer a load between the plug and the wall. This leads to the ice at the interface shearing at
a lower stress, and therefore less pressure being required to extrude the plug.

The relationship between the apparent ice fraction and apparent adhesion strength for each
milk composition tested is shown in Figure 7-11, as is the relationship for other products tested
in the product proof of concept trials. This relationship appears linear, for the ranges of apparent
ice fractions present in the tested temperatures.

The apparent pressure required to extrude frozen milk at 23% total solids appeared to be greater
than for other products. This may be a result of different ice structure in samples of more
concentrated milk, which alters the apparent adhesion strength. It may be a result of increased
viscosity in the unfrozen phase, which has been linked to different mechanical properties in
frozen sucrose solutions[7]. There was a significant variability in the results for 18% TS whole
milk. This work was the first conducted with the small diameter freezer, so this increased
variability may be a result of less controlled operation parameters in the first trials conducted
on a novel piece of equipment.
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Figure 7-11: Apparent adhesion strengths as a function of apparent ice fraction for reconstituted milk at 15%, 18%
and 23% TS are shown, as are other products tested. The apparent adhesion strength is calculated from pressure
developed in 4.2mm diameter freezer, the cross-sectional area of the plug and the area in contact with the freezer
wall assuming that the frozen plug is the entire cooled length of the tube. The apparent ice fraction is determined from
DSC measurements as discussed in 3.3. Residence times for these samples were between 139s and 208s.

7.4.4  Scale-Up Trials: 10.2mm Straight Freezer and 10.2 mm Spiral Freezer

Only one successful trial was recorded with the 10.2 mm Straight Freezer, as a pinhole
leak formed at a weak weld on the product size. Nevertheless, the trial suggested that the
operating pressure at a given temperature did decrease with an increase in diameter, when the
increased interfacial area was accounted for. As the 10.2 mm Spiral Freezer was available when
the pinhole leak occurred, it was decided to conduct further trials with the 10.2 mm Spiral
Freezer, rather than repair the 10.2mm Straight Freezer.

The 10.2 mm spiral freezer operated successfully and was used to produce kilogramme scale
quantities of frozen milk from raw ovine milk for use in a storage trial for a separate research
trial. In a typical run of the 10.2 mm spiral freezer, the operating temperature was -5°C, and the
maximum operating pressure was 20MPa. A total of 6kg of product was frozen over a 45-minute
period. Accounting for the increased interfacial area of this freezer, the pressure was within
expected limits: The freezer diameter was approximately 250% that of the 4.2mm diameter
freezer, whereas the 10.2 mm spiral freezer is 1,000% longer. This gives an expected pressure
scaling factor of roughly 170%.

The operating pressure for ovine milk at 18% solids at -5°C on the 4.2nmm diameter freezer
varied from 6MPa to 13MPa. When increased by 170% to scale up to the 10.2nmm spiral freezer
as above, the expected operating pressure was 10MPa to 22 MPa. The observed pressure was
within this expected range. The residence time for trials on this scale freezer varied from 123s
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to 184s. Figure 7-12 shows frozen milk being extruded from the outlet of the 10.2 mm Spiral
freezer.

Figure 7-12: Frozen milk being extruded from the outlet of the 10.2 mm Spiral Freezer. Freezer operating
temperature was -6°C. Pellets of frozen milk are approximately 10mm diameter 20-30mm long.

7.5 Further Applications and Research

7.5.1 New Products
As has been shown in section 4.1 this freezing method can be applied to a range of food
products. It is suggested that this method could be applied to a range of other products such as:

e Meat by-products or extracts

e Colostrum

e Sauces

e Evaporated milk at 50% TS in place of a spray drier

e RTD/RTE foodstuffs

e Anything displaying sufficient freezing point depression to allow for the progressive
freezing that enables this process.

There is the possibility of using this system outside of the food industry. It is still an open
guestion whether freezing point depression is required for the method to work, or whether the
presence of a sufficient fraction of non-ice substance at the frozen product/ tube wall interface
will be sufficient for operation. If it is the latter, then there is a possibility of freezing an oil/water
emulsion or a suspension of solid particles. This would allow this methodology to be applied to
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certain applications in the materials science industry, such as the production of porous ceramic
extrusions by the extrusion of the frozen product, followed by freeze drying and a binding
process such as sintering [8]. These ceramics could have applications as filter media or
biomimetic scaffolds.

7.5.2 Use as a Preparatory Step for Further Processing

This single step freezing process which forms discrete particles of frozen product will likely
be suitable as a preparatory freezing step for freeze-dried products. Many manufacturers of
freeze-dried products prefer to freeze the products prior to loading the drier rather than freezing
on the trays, in order to maximise dryer through-put. The continuous freezing process also has
an advantage in that it forms free-flowing particles which can be easily handled by continuous
freeze-dryers.

However, there may be both advantages and disadvantages to this freezing method, when
applied as a preparatory step for freeze-drying and research needs to be done to evaluate the
freeze-drying performance of continuously tubular frozen products.

In samples of products frozen on a cooled plate with a free product surface, such as occurs when
freeze-dryer trays are used for the freezing step, the rate-limiting factor for drying can be the
macroscopic concentration of solutes at the top of the sample, leading to a layer of glassy
concentrate at the vacuum/sample interface which reduces mass transfer[9]. Products frozen
using this tubular freezer may have higher effective mass transfer rates due to higher surface-
area/ volume ratios than bulk frozen samples. However, if a concentrated solute layer exists at
the vacuum sample interface, this could reduce the mass transfer rates during freeze drying.
This should be evaluated as part of future work into this freezing process.

However, the mass diffusion coefficient D in freezer drying is related to feature spacing of ice
crystals, A, with larger ice crystals leading to shorter primary drying times[10], so the smaller
feature space resulting from the rapid freezing in the CTF method may limit the achievable mass
transfer rates. In contrast, directional freezing of products in vials has been linked to lower
primary drying times when compared with vials which supercooled and nucleated, given more
homogenous ice structures. This is due to better heat conduction through the directionally
aligned ice crystal, and directional continuous porosity which allowed higher sublimation rates
without increasing pressure in the freeze-dried cakes[11]. Increased supercooling is linked with
higher primary drying times due to smaller pore networks as a result of rapid recrystallization
[12]. This situation may be analogous to that encountered in pellets form by the CTF process,
which have radially aligned ice crystals, and which will form radially aligned pores on drying,
which may decrease the resistance to mass flow out of the pellet.
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As a preliminary test of freeze-drying suitability, samples of frozen 20.4° Brix coffee extract, fruit
pulps and frozen smoothie mixes have been vacuum-freeze-dried successfully. Mass flow rates
have not yet been compared against tray frozen samples of identical characteristic distance, so
no conclusions can yet be drawn on relative mass flow rates. Figure 7-13 shows several samples
after vacuum-freeze-drying. No collapse during the freeze-drying process was noted. Some
change in coloration was seen as a result of the freeze-drying process, but this was also observed
in other products that had been freeze-dried after conventional freezing on a cooled belt and is
likely due to the removal of water and changes in the surface morphology affecting the
scattering of light at the particle surface.

Figure 7-13:Samples of product that was vacuum freeze-dried after rapid freezing and extrusion. A: 20.4° Brix coffee
extract. B-D: Fruit smoothie mixes.

Pellets frozen by the CTF process can be packaged direct into bags as a frozen product for either
the consumer market, or into larger bags as item of commerce for business to business trade.
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7.6 Conclusions

A novel continuous freezer for liquid food products was conceived, based on the behaviour
of rapidly advancing ice fronts and the progressive freezing of milk. The continuous freezer was
found to be effective for a wide range of liquid food products at a several scales.

The 4.2 mm diameter freezer operated as hypothesised, with solid product being extruded by
high pressure liquid feed. The freezer was capable of continuously extruding the following
products; whole sheep milk, at a range of solids concentrations; orange juice; concentrated
coffee extract; gold kiwifruit pulp; and smoothie mixes.

The pressure required to extrude all frozen products from the freezer increased as the
magnitude of T,, — Ty increased. The residence time for samples on the 4.2mm diameter
freezer varied from 166s to 208s.

The pressure required to extrude the sample, and therefore the adhesion strength between the
sample and the tube wall increased as the fraction of freezable water frozen increased. Samples
with frozen fraction from 0.8 to 0.98 were extruded during this study.

Frozen milk at 23% total solids appeared to follow a different curve, with a greater adhesion
strength for a given temperature or frozen fraction than comparable products.

The freezer concept scaled to larger sizes, with a single successful extrusion of product from a
10.2 mm internal diameter straight freezer, and a series of successful trials with the 10.2mm
Spiral Freezer. The 10.2 mm spiral freezer operated with a residence time of 123-184s at an
operating temperature of -5°C and an operating pressure of 20 MPa.

Vacuum freeze-drying was effective for a variety of product pellets frozen by this method.

The ice morphology of products frozen in this freezer, the heat flows occurring during the
freezing process, scaling relationships, and work done to develop a commercial scale unit are
discussed in the next chapter.
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7.7 List of Symbols

Symbol Description Units
A Heat transfer area in freezer m?
Fuanesive Force of product adhesion. N
Feoxtrusion Force required to extrude N
frozen product
Fice Normal force of ice against N
freezer wall.
Kadnesive Coefficient of product Nm™2
adhesion/ adhesion strength
Lpiug Length of frozen product m
plug
Piiquia Liquid product pressure in Pa
freezer
o] Heat flow in freezer w
Ra Surface roughness um
Tplug Radius of frozen product m
plug
T Temperature °C
Ty Product equilibrium freezing °C
temperature
Top Freezer operating °C
temperature
U Overall heat transfer Wm™2K~1
coefficient in freezer
Xice Apparent ice fraction gice/gfreezeable water
X, Solids fraction in product 9/ 9product
o Surface energy Jm™?
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Chapter 8: Continuous Tubular
Freezer- Ice Morphology, Modelling,
and Scale-up.

8.1 Chapter Summary

The ice morphology of selected products frozen by the continuous freezer described in
Chapter 7 was investigated by optical microscopy and scanning electron cryo-microscopy (Cryo-
SEM). The ice morphology was found to be predominantly radial parallel to the expected heat
flows in the freezer. The ice crystals increased in size closer to the centre of frozen plugs and
were highly dendritic at the plug/wall interface. There was no obvious continuous layer of
lubricating liquid observed at the external surface of the plugs, however there were many
inclusions of unfrozen liquid implying a reduced volume fraction of ice at the plug/wall interface.

The expected scaling relationships of the freezer system are developed from first principles. A
simplified model of the heat flows within the freezer was developed. This model was solved
numerically for a number of initial conditions, and the results of the modelling agreed with the
expected scaling behaviour. The required residence time was found to decrease with increased
radial heat flux and decreased radius. The required length appeared to be invariant with regards
to radius for a given flowrate and areal heat flux. An overview of possible enhancements and
optimisations is given, but detailed optimisation work is outside of the scope of this chapter.

Finally, work carried out to develop a possible commercial-scale system is discussed, as are
various possible embodiments which may allow further scale-up of the system. The heat transfer
area for the freezer may be increased by using a number of parallel tubes, or by using an annular
product flow path.

8.2 Introduction
As discussed in the previous chapter, a freezer suitable for liquid food products was
conceived, and it was hypothesised that it would operate as follows:

e Rapid freezing forms a dendritic network of ice crystals (as illustrated in Chapter 4) at
the interface between the product and a cooled wall.

e The dendritic network of ice crystals entraps liquid and may prove fragile.

e Acertain fraction of this liquid remains unfrozen at the freezer’s operating temperature
due to the progressive freezing of solute-containing water (as discussed in Chapter 6).

e This unfrozen liquid would reduce the adhesion of frozen product to the cooled wall,
either by acting as a lubricant, or by reducing the volume fraction of ice in contact with
the wall and available to distribute stresses.

e This reduced adhesion would allow the frozen product to be extruded by feeding the
product into the freezer with a high-pressure pump. The pressure of the feed acting on
the cross-sectional area of the plug would develop forces great enough to overcome the
reduced wall adhesion.

This method of operation is shown graphically in Figure 8-1, which shows the hypothesised
effects of freezing rate (vy) and temperature on product being frozen in a tubular freezer,
assuming unfrozen liquid inclusions reduced the volume fraction of ice at the wall.
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Figure 8-1: Hypothesised operating mechanisms of the continuous tubular freezer and ice growth behaviour inside
the tubular freezer.

These hypotheses were partially tested on a benchtop scale using a freezer with a cooled length
of 500mm and an internal diameter of 4.2mm and at larger scale using a freezer with a cooled
length of 4500mm (wound in a spiral) and an internal diameter of 10.2mm, as discussed in
Chapter 7. At both of these scales the freezer operated effectively on a range of products with
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operating pressure increasing as the difference between operating temperature and product
equilibrium freezing temperature increases, and as the frozen fraction increased.

While the operation of the system was demonstrated in the previous chapter, the hypotheses
about ice growth behaviour and operating principles could not be confirmed by operational
observations alone. Ice morphology can shed light on the heat flows within the system, and the
ice morphology may also help in understanding the mechanism that governs the adhesion
strength between the product and the freezer. To investigate the ice morphology in frozen
product, and test hypotheses about its relationship with adhesion strength, optical microscopy
and cryo-SEM were used.

Basic heat transfer relationships and energy balances were used in the previous chapter to
develop expected relationship between freezer dimensions and operating conditions. These
relationships may be useful for parametric modelling of the system.

There are a number of possible avenues for enhancing performance of a freezer like the one
discussed in this chapter, many of which are well established in heat exchanger design literature.

Numerical modelling is a useful tool for many scientific applications, and can be used to study
the effect of operating temperature, product flowrate and freezer diameter on heat transfer
within the freezer, and to see the effect of these factors on the ice distribution within a freezer
during observation. Due to the interlinked nature of the anisotropic thermal properties of the
system, the apparent ice fraction of the product, and the temperature of a region of the freezer,
numerical solutions to the system of equations may be more appropriate than semi-analytical
solutions. A simplified partial differential model of the heat flow can be developed, and the
output from its solution could be compared against the expected scaling relationships
developed from energy balances and basic heat transfer relationship to explore the scaling
behaviour, and guide scale-up efforts..

The goal of the project underlying this thesis was to develop a freezer suitable for the on-farm
freezing of sheep milk. Therefore, designs for a commercial prototype unit need to be canvassed.
These might consider: Piping and instrumentation diagrams (P&ID) which comprehensively
show the required equipment, piping, instrumentation, and valving for a food-safe on-farm unit;
Layouts showing the components, temperatures and air pressures needed for a food-safe unit
and possible embodiments of the continuous tubular freezer which may allow further scale-up
of the system.

8.3 Methods

8.3.1 Materials

Reconstituted sheep milk was prepared to a total solids concentration of 15% by weight
from whole sheep milk powder (Spring Sheep Dairy, Auckland NZ). Samples were reconstituted
by stirring with a magnetic stirrer at 40°C for 30 minutes after the slow addition of the correct
mass of powder. Samples were degassed under vacuum and stored below 4°C for up to 48
hours before usage.

Commercial orange juice (Keri Premium Orange Juice, Coco-Cola Amatil (NZ) Ltd, Auckland NZ)
was purchased from a local supermarket. The total solids content was determined to be 10.3 %
by vacuum drying at 70°C for 18 hrs, or measured as 10.2° Brix at 20°C. The orange juice was in
liquid form on purchase and was stored below 4°C until testing. The orange juice container was
shaken before testing to redistribute any pulp or sediment present.

Raw Ovine Milk was collected from a local farm. The composition was determined according to
the methodology discussed in section 5.3.2, and was 15% total solids, 5.4% protein, (4.3%
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casein), 3.7% fat, 4.8% lactose, 0.92% ash. The milk had been stored frozen between -18°C and
-20°C for 20 days prior to thawing at 20°C and being re-frozen in the tube freezer.

8.3.2 Equipment.
Further details of laboratory equipment, microscopy equipment, and software packages
used can be found in Chapter 2.

8.3.3 4.2mm Diameter Freezer Description and Operation.

Chapter 7 gives a detailed description of this freezer, and a detailed description of the
experimental procedure used to gather data and collect samples. For the purposes of
microscopy, frozen samples were collected under liquid nitrogen and stored at -80°C to prevent
crystal structure changes resulting from recrystallization, or Ostwald ripening.

8.3.4 Microscopy of Frozen Samples

Ovine milk made up to 15%TS from WMP was frozen in the 4.2mm diameter freezer. The
frozen samples captured under liquid nitrogen were then transferred to a -30°C freezer for 24
hours until microscopy.

An optical microscope with C-mount camera attachment was placed in a -30°C freezer overnight
to allow it to reach thermal equilibrium. A secondary light was mounted at an oblique angle to
the microscope stage to allow for reflected light microscopy. An attempt at using a microtome
failed due to solidification of lubricating oils, so samples were carefully sectioned in the axial and
transverse planes with a razor at -30°C.

8.3.4.1 Cryo-SEM of Frozen Sections.

To discern the structure of product frozen in the tube freezer in greater detail than that
achievable with optical microscopy, sections of frozen product were imaged via Cryo-SEM. The
samples frozen were as follows:

1. Raw Ovine Milk
2. Commercial orange juice.

Both samples were frozen on the 4.2mm diameter freezer described in Chapter 7, at set flow
rates of 2mL/min, giving a residence time of 208s. The set temperature for the coolant was -5°C
for the Ovine Milk samples, and -12.5°C for the Orange Juice samples.

Frozen samples captured under LN2 were packed in dry ice and stored for 24-72 hours before
sample preparation for cryo-SEM.

Imaging was conducted at the Electron Microscopy facility at Victoria University of Wellington,
using a JEOL 6500F Scanning Electron Microscope, with Gatan Alto 2500 cryo unit attached.

Samples were frozen into sample holders with the addition of Tissue-Tek Optimal Cutting
Temperature (O.C.T.) compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) to enhance
sample adhesion. Samples, tools, and sample holders were cooled in liquid nitrogen to prevent
reheating and re-melting the sample during the mounting process. The orientation of mounted
samples and their fracture planes is shown in Figure 8-2.

Once loaded into the preparation chamber the samples were held at -120°C for 20 minutes,
fractured and then sublimated at -95°C for 7 minutes to expose structures on the fractured face.
The samples were sputter coated with Palladium then loaded onto the SEM stage.
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Transverse Fracture Plane

Axial Fracture Plane Sample

Fracture Plane

Sample Holder Sample Holder

Figure 8-2: Sample mounting for cryo-SEM. Cylindrical plugs of frozen product are frozen to sample holders with
Optimal cutting temperature (OCT) compound in two orientations, to allow imaging of ice morphology in two
directions. The fracture planes of the two orientations are shown. The same nomenclature for fracture planes is used
for optical microscopy images.

To analyse ice crystal size and shape in the cryo-SEM images, the FlJl image analysis software [1]
was used. Segmentation of images into regions of ice crystals and concentrated solids was
carried out using the Trainable Weka Segmentation plugin[2]. Statistical analysis was carried out
using Minitab® Statistical Software. Further details of these software programs are given in
Chapter 2.

8.4 Results

8.4.1 Optical Microscopy

The ice structure in the frozen plug was anisotropic and showed distinctly ordered
structures in both the axial and transverse planes. The ice morphology can also be seen to vary
with radial position, i.e. the ice at the interface of the plug and tube wall was geometrically
different to ice further from the interface.

The images in Figure 8-3 were captured using a 4x objective lens and a 3.3x camera eyepiece
lens.

Transverse slices of the frozen plug are shown in Figure 8-3 A and B, and these show several
interesting features that can be understood by reference to the phenomena discussed in
Chapter 4.

The ice crystals were columnar/lamellar in form and are oriented radially. This indicates that the
heat flow was predominantly radial, which can also be deduced from a consideration of the
geometry of the system and where heat removal occurs. The columnar/lamellar form of the ice
also indicates that the freezing front velocity was high enough to lead to this morphology, rather
than planar ice growth.

At the perimeter of the frozen plug, the ice shows a complicated morphology that appeared
fractured or dendritic. This could be due to either mechanical stresses at the interface between
a sliding plug and a stationary wall, or a result of the high freezing front velocity predominating
at the plug/wall interface, or a combination of the two factors.

A combination of the two factors was most probable, as the freezing front at the tube/plug
interface would be subject to a greater temperature gradient, and freezing front velocity, than
experienced further into the plug. For a residence time of 208s in this freezer, the average ice
growth rate is at least 10.1ums™. This would lead to a dendritic structure as this ice growth rate
is within the dendritic range for ovine milk as shown in Chapter 4. As the structure at the
interface contains ice dendrites and unfrozen water, its adhesion strength should be lower than
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that of the bulk of the plug[3, 4]. Any factures that occur due to ice adhering to the wall and
then breaking/detaching will occur in this region, and this could contribute to the discorded
structure at the perimeter of the plug.

Breakage of ice at the wall may also cause secondary nucleation as the crystals adhered to the
wall will act as seeds for further ice growth. This may allow for the rapid growth of small crystals
near the wall, leading to a rapid formation of interspersed volumes of concentrated unfrozen
liquid and ice.

The transverse slices displayed sectors of parallel crystals, arranged radially, with chaotic zones
where two converging sectors merge. The chaotic areas are highlighted in Figure A and B, as are
the radial sectors of parallel ice crystals. The direction of ice crystal growth is shown with the
overlaid arrows in the figures. This crystal morphology is similar to that encountered in
metallurgical fields with round bar stock formed via continuous casting[5] , which also arises
from the radial heat flow from the centre of a cooling and solidifying melt.

Detachment of the frozen plug could occur by shearing of the dendritic ice structure at the plug
perimeter, as discussed previously, or the entirety of the frozen plug could detach from the wall
at the exact interface between the ice and the wall and be lubricated by the unfrozen liquid
fraction. As the wall has not been polished, there is significant surface roughness that could lead
to a strong ice-wall interface. It is inferred then that the detachment of the frozen plug is a result
of the dendritic network at the outside of the plug shearing, leaving a certain amount of ice
adhered to the wall. Further testing with polished surfaces and low surface energy surfaces that
affect the theoretical adhesion strength between ice and the wall material may help to
understand the method of detachment in greater detail. The Cryo-SEM images presented later
in this chapter are also helpful when attempting to describe the adhesion behaviour of the
system.

Figure 8-3 C shows the ice morphology in a representative axial slice of a frozen plug frozen at a
set temperature of -5°C. The ice crystals are generally parallel in direction and are narrow in
form. The ice has grown in parallel to the centripetal heat flow, with a high enough freezing front
velocity to form columnar/lamellar ice crystals, as discussed in Chapter 4. The average centre-
centre size of the ice columns/lamellae in the axial slices was 46pum with a standard deviation of
14um.
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Figure 8-3: A and B: Ice morphology in a transverse slice of frozen plug imaged by optical microscopy. Regions of crystals with major axes aligned in similar directions are outlined. C.
Crystal morphology in a slice along the polar axis. The exterior of the plug, i.e. the region in contact with the freezer wall, is at the top left in image A and the top right of image B. Scale
bars are 200um. Image C is away from the wall. The primary heat flow and ice growth direction in A and B is radially in from the wall, and in C the heat flow and ice growth direction are
from the top right of the image. These are indicated by the double-headed arrows.
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8.4.2 Scanning Electron Cryo-Microscopy

Figure 8-4 shows the ice crystal structure in a sample of raw ovine milk frozen on the
4.2mm diameter freezer. The figure is a composite of images taken at 40x magnification, looking
at a transverse fracture plane in the sample. Figure 8-5 is an image of same sample as Figure 8-4
composited from images taken at 150x magnification. The ice morphologies in samples frozen
on the 4.2mm diameter freezer were similar to those observed by optical microscopy and are
similar to what would be predicted from the ice morphology behaviour described in Chapter 4.
Due to the more effective microscopy method, it is easier to determine features present in these
images.

In the cryo-micrographs of frozen milk samples, the visible ridges are interpreted as being milk
solutes, dominated by casein micelles and amorphous lactose, and the valleys are ice crystals
that were partially removed by sublimation during sample preparation. Areas of extensive
ridging imply zones with appreciable unfrozen liquid. This analysis is similar for cryo-micrographs
of orange juice, however rather than being milk solids the solutes that make up ridges are low
molecular weight carbohydrates, primarily in an amorphous state.

The average area of the ice crystals parallel to the fracture plane increased as the distance from
the edge of the frozen plug increased. This indicates that the heat flow decreased due to the
insulating effect of ice and the spacing of interface features increased as the distance from the
exterior of the plug increased. The relationship between interface features and freezing front
velocity (a function of heat flow) is discussed further in Chapter 4. Freezing front velocities will
have increased at the centre of the tube, however this is not seen in the ice morphology of
frozen samples, as a result of collisions and interactions between advancing ice crystals There
may also be a change due to the solute environment as a result from freeze-concentration.

The direction of crystal growth appeared to be generally radial, from the exterior to the plug,
aligned with the expected heat flow in the sample.

The initial crystallographic orientation of ice nuclei affects crystal growth orientation, so the
regularity of the radial ice distribution was lower than would be expected if orientation were
solely dependent on heat flow. Radially growing crystals may also “foul” each other as they
approach the centre of the plug, and change the alighment of crystals. This is appeared to be
more prevalent in milk than in orange juice, as can be seen by the greater apparent radial
symmetry in micrographs of orange juice samples.
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""'7" " _

Figure 8-4: Fracture face of sample of milk frozen on 4.2mm diameter freezer. Composite of images at 40x magnification. Imaged by Cryo-SEM. The fracturing process broke the core roughly in half along the long axis of the core. The curved surface at the right is the contact surface with
the freezer wall (some hoarfrost, typical of Cryo-SEM preparation, can be seen.). At left is where the centre of the core would be located. The predominant ice growth and heat flow direction is radially inwards from the exterior wall.
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Figure 8-5:Fracture face of sample of milk frozen on 4.2mm diameter freezer. Composite of images at 150x magnification. Imaged by Cryo-SEM. The fracturing process broke the core roughly in half along the long axis of the core. The curved surface at the right is the contact surface with
the freezer wall (some hoarfrost, typical of Cryo-SEM preparation, can be seen.). At left is where the centre of the core would be located. The predominant ice growth and heat flow direction is radially inwards from the exterior wall.
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At the wall of the sample, where the highest growth rates are likely, the ice crystal structure was
fine, and showed less obvious alignment. From the cryo-SEM images, it can be seen that this
was a result of the patterns formed by the advancing ice front, rather than being mechanical
damage due to shear in the freezer. This morphology is shown in Figure 8-6. Initial crystal gowth
may occur into a slightly supercooled melt, which leads to high growth rates and the formation
of dendrites. This is shown in Chapter 4, and has been observed in studies investigating the
structure of frozen colloids[6] [7], and model food systems [8]. It is sometimes referred to as a
“homogenous” or “Equiaxed” zone.

5.0kV X150 WD 6.8mm  100um

Figure 8-6: Frozen sample morphology at the frozen plug/freezer wall interface. The sample is a plug of raw ovine
milk, imaged on a transverse fracture plane by Cryo-SEM .The frozen plug/wall interface is seen at the far right of the
image, 50um from the edge of the image. Hoarfrost is observed past this (a consequence of Cryo-SEM preparation).
The heat flow and ice growth direction is from the right of the sample to the left.

Once the heat involved in supercooling has been removed, if the heat flux and the ice growth
rate is sufficient, a dendritic or tree-like morphology results. As discussed in section 4.4.2.2, in
ovine milk this transition to dendritic growth happens at ice growth rates of 2-5um™. When heat
flow decreases due to increased ice thickness, a columnar or lamellar ice morphology becomes
established, generally parallel to the direction of heat flow. For the samples tested, the average
ice growth rate (as determined from the residence time in the freezer) was 10.1ums™.

Although there are significant volumes of unfrozen liquid trapped in the ice structure near the
wall, there is no uninterrupted layer of unfrozen liquid apparent at the wall. If an uninterrupted
layer of unfrozen liquid was present at the wall that would suggest that the limited adhesion
strength observed could be the result of this liquid acting as a lubricant.

The volumetric proportion of unfrozen liquid at varying distances from the exterior surface of
the frozen plug of raw ovine milk was estimated by measuring the fraction of a transect drawn
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concentric with the exterior surface that was solute ridge. A series of such arcs were measured
on the image in Figure 8-6 and are shown in Figure 8-7. The unfrozen liquid volume is enriched
in the exterior 50-100 um, slightly enriched at a distance of 150 um from the exterior, and no
enrichment is apparent further into the frozen plug. This unfrozen liquid fraction enrichment
could limit ice adhesion strength near the tube wall.

This enrichment may be the result of increased liquid pressure at the centre of the freezing plug
leading to a radial bulk liquid flow outward to the freezer wall, where the final unfrozen liquid
fraction is greater than that in the bulk sample. While it is reasonable to assume some inward
radial displacement of unfrozen liquid as the crystals grown inward, once crystals reach the
centre of the plug and compete for available volume, the direction of bulk liquid flow is expected
to reverse. The solute concentration in the unfrozen liquid at any radial location is unlikely to be
different from that determined by the equilibrium freezing temperature. i.e., the concentration
of liquid in the unfrozen liquid in a region at -10°C is the same as that in a sample of the same
product held at eqilibirum at -10°C. As this unfrozen liquid flows towards the colder plug
exterior, some will freeze, maintaining the equilibrium between temperature and
concentration. The bulk flows occurring are not expected to occur at timeframes faster than the
diffusion limited ice growth rate.

As shown in chapter 4, Ifice growth is columnar, the ice growth rate is greatest in the axis aligned
with the heat flux, with lower ice growth velocities sideways into the intercrystalline melt. It is
likely that columnar ice crystals will intersect in the centre of the frozen plug before the
intercrystalline spaces have solidified, which will lead to an increase in liquid pressure in the
centre of the freezing plug and outward radial liquid flow. Micrographs show that unfrozen
liquid regions in the plug are in communication with each other, allowing this bulk liquid flow.

This should be treated with caution as the micrographs used for this analysis were from a single
sample of raw ovine milk, and more data are needed before it can be shown whether this
phenomenon is common to all samples frozen with a continuous tubular freezer.
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Figure 8-7: Apparent solute fraction in a frozen plug of raw ovine milk as a function of the distance from the exterior
surface. A possible mechanism for this enrichment is shown graphically: The ice crystals grow with the greatest
velocity in the direction aligned with heat flux. This is labelled as the primary direction of ice growth. The collision of
these crystals at the centre of the freezing plug, along with slower secondary growth from the sides of the columns
leads to a higher liquid pressure at the centre of the plug, which in turn leads to a radial liquid flow to the exterior of
the freezing plug.

The relationship between ice fraction and mechanical properties of frozen food solutions has
been observed in other studies; The rigidity of partially freeze-concentrated frozen food
solutions is affected by the fraction of ice present [9]; The adhesion strength of frozen bovine
milk on stainless steel substrates increases with decreased temperature, and this effect was
linked to the decreased volume fraction of unfrozen liquid at the milk/stainless steel interface
as the temperature decreases [4]; The yield stress of frozen sucrose solutions has also been
found to increase with decreased temperature, as a result of the increased levels of
concentrated unfrozen solution[10].
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The existing literature, the observed ice behaviour, and the relationship between adhesion
strength and apparent ice fraction all support the hypothesis that the reduction of ice volume
compared to pure ice, as a result of dendritic ice growth trapping volumes of unfrozen liquid and
radial movement of unfrozen liquid, reduces the adhesion strength at the wall. Further, if the
ice/unfrozen liquid matrix at the wall is modelled as a porous material then a generalised mixing
rule would be appropriate for describing mechanical properties[3], and the adhesion strength
will monotonically decrease with increased unfrozen liquid fraction at the wall.

Much like the frozen milk plug, the ice crystal structure in a plug of frozen orange juice was
predominantly radial, this is shown in Figure 8-8. Ice crystals can be identified in micrographs
as eroded areas between bands of solutes. The size of ice crystals was analysed from
micrographs in Image) image analysis software. The size of the ice crystals decreased at the
exterior of the plug, when compared to the centre of the plug. The ice crystal size within 850um
of the plug exterior was significantly smaller than the ice crystal size within a radius of 850pum of
the centre of the plug, however in both regions there were significant variations in particle size
as shown in Table 8-1.

Table 8-1: Dimensions of ice crystals exposed on fracture face in orange juice. Variations shown are standard
deviation for values, and the 95% confidence interval for the difference. The area is the cross-sectional area of the
ice crystals exposed at the fracture face.

Dimension Centre of frozen plug Exterior of frozen Difference
N=321 plug
N=403
Area (um?) 3610+5380 1330+2610 2280640
Feret length (um) 129+126 83.7176 45.7+15.6
Feret minima (um) 36.0+30.8 22.4421.1 13.5%4.0
Aspect ratio 4,11+£3.07 4.54+2.74 0.43+0.43
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Figure 8-8: Fracture face of a sample of orange juice frozen on the 4.2mm diameter freezer. Composite of images at 40-100x magnification. Imaged by Cryo-SEM. The exterior of the frozen plug can be seen at the top of the image (hoarfrost can also be seen), and the centre of the frozen
plug is located approximately 600-900um from the bottom edge of the image. Heat flow and ice growth was radial from external edges to the centre of the frozen plug.
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The angular distribution of ice crystals at the centre of the solid plug was fairly even, as shown
in Figure 8-9, illustrating the predominantly radial direction of the crystal growth.
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Figure 8-9: Histogram of ice crystal angles in the centre of a frozen plug of orange juice. Angles were determined from
the Feret maxima and minima of ice crystals exposed at the fracture plane, and are the angle of the long axis of these
cross-sections an arbitrary horizontal.

The morphology of the ice crystals in the core of orange juice shown in Figure 8-8 is analysed
further for a region located 700um to 1400 um from the external edge. The size of crystals in
this region follows a loglogistic distribution with a large number of smaller crystals, and a tail of
larger crystals. The median area exposed on the fracture plane was 1070um? and the mean area
was 3770 um?. Some of the smaller crystals may be a cross-section of a larger columnar crystal
out of the plane of the image

The crystal aspect ratio, derived from the ratio of the long and short Feret diameter, follows
lognormal distribution. The median aspect ratio was 2.9 and the mean aspect ratio was 3.5.

The radial distribution of the crystals was measured by plotting the angle of the long axis of all
crystals with an aspect ratio greater than 3 against the radial position of the crystals’ centroid.
There was a linear relationship between the two plotted angles with an R?=0.78 for 140
observations. This indicated that the crystals were aligned radially, with long axes pointed to the
centre of the frozen plug. These measurements are summarised in Figure 8-10.
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Figure 8-10: Analysis of the crystal size, shape and orientation of the region of the orange juice core located 700-1400um from the external surface of the core. D shows the masked region,
and E shows the particle shapes extracted from this image. The size histogram of these crystals is shown in A. The crystal size appears to follow a loglogistic distribution. The distribution
of the aspect ratio of the crystals is shown in B. The radial distribution of the crystals is illustrated in C. The angle of the crystals to vertical is plotted against the radial co-ordinates of the
centroid of the crystals, excluding crystals with an aspect ratio below 3. These angles align, indicating that ice crystals grow radially inwards.
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There was a small layer of glassy solid at some areas on the exterior of the orange juice
samples as shown in Figure 8-11, however this may be a result of sample handling causing a
small degree of melting at the exterior, as this was not seen on frozen milk samples, and
orange juice has a higher degree of freezing point depression making it more susceptible to
melting at the exterior during handling. Despite this thin layer, the morphology of the sample
more than ~20um from the edge is unaffected by melting during handling.

-F

SEI 5.0kV X250 WD 9.7mm  100pm

Figure 8-11:Frozen sample morphology at the frozen plug/freezer wall interface at 250x magnification. Sample is a
frozen plug of Orange Juice, imaged on a transverse fracture plane by Cryo-SEM. The exterior of the frozen plug is
located at the top of the image. Heat flow and ice growth is radial inwards from this exterior.

Some crystallisation of solutes in orange juice can be observed at 13,000x magnification in the
micrographs in Figure 8-12, however, the majority of the solute was in a glassy state. The
crystalline structures observed were extremely small, approximately 150nm in length.

No crystallisation of lactose was observed in any of the frozen plugs of ovine milk, indicating that
this freezing method did not promote crystallisation, unlike the slowly frozen samples discussed
in Chapter 4.
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SEI 5.0kV X13,000 WD 9.9mm Tum

Figure 8-12: Concentrated solute region in orange juice sample at 13,000x magnification. Imaged by Cryo-SEM. Some
crystallisation of solute may have occurred.

8.4.3 Comparison to ice structure in other products

There are a number of other freezing methods used in food processing, and the ice morphology
formed by these processes may differ from that seen shown in the electron-micrographs in this
chapter. The ice morphology of products frozen by the continuous tubular freezer consists of
dendritic crystals at the wall, with radial columnar crystals growing toward the centre of the
plug. The crystals may once again become dendritic at the centre of the tube as the ice growth
rate increases again (discussed in section 8.6.5.2 ). The ice structure is solely a result of the
product and the operational parameters of the freezer and the absence of any external mixing
or scraping devices.

One of the most common products made by a continuous freezing method is Ice-cream. Ice-
cream is a multiphase product with ice crystals, fat crystals and air bubbles in a continuous phase
of unfrozen ice-cream mix. These ice crystals are typically disc-shaped[11] in the final product.
The crystals form as dendrites on the cooled wall of the freezer, which has a temperature of
approximately -20°C. These dendrites are removed by the scraper and mixed into the bulk where
they become rounded by recrystallisation, isomass rounding, and related processes[12]. The air
injection typical to ice-cream also reduces the ‘hardness’ of the mixture, which is also controlled
by controlling the temperature of the semi-frozen mixture.

Scraped surface freezers are similar to ice-cream freezers in that dendritic ice is formed at the
cooled wall before being broken off and transported to the bulk by the scraper, where crystals
become rounded by various ripening processes[11].
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Freeze crystallisers aim to form very pure ice, and to achieve this they grow ice with a very low
vr. Progressive freeze crystallisers achieve this by having low heat transfer rates at the wall to
form bulk layer of pure ice[13]. Suspension freeze crystallisers aim to have a high crystallisation
rate to ensure larger growth area and low v¢[14]. This is achieved by separating nuclei formation
(which occurs in a scraped surface heat exchanger which forms a large population of crystal
nuclei) and crystal growth (which occurs slowly in a separate vessel, or in a separate volume of
the scraped surface freezer). Ice crystals formed are rounded and have minimal solute
incorporation.

The closest analogue to this freezer in terms of ice morphology are freezers where is ice formed
on cooled surfaces and allowed to grow for an extended time period without mechanical
disturbance, such as falling film or drum freezers. Falling film freezers have been found to
generate a similar ice structure, with ice crystal size increasing as a layer of ice forms between
the cooled surface and the freezing product[15]. The continuous tubular freezer was conceived
after studies intended to understand the ice growth morphologies in a falling film freezer.

8.5 Optimisation and Scaling

8.5.1 System Heat and Mass Flow
A schematic illustrating the heat and fluid and mass flows that occur during the steady
state formation of a frozen milk plug is shown in Figure 8-13.
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Figure 8-13: Heat and mass flows in continuous tube freezer. The ice profile is expected to show a parabolic profile as
shown in by the blue line. This is distinct from the fluid velocity profile as indicated by the parallel arrows. For initial
analysis this profile is assumed to be uniform.

The flowrates are low, and the flow is laminar for all tested and simulated systems (ranging from
Re=3 in the smallest-scale tests to Re=400 for the largest simulation).However, rather than the
fluid having a parabolic velocity profile characteristic of Poiseuille flow, it is assumed for the
purposes of this chapter that a uniform velocity profile exists due to the frozen plug ahead of
the liquid milk. In reality, flow patterns will be more complex and there may also be radial
mixing resulting from convection driven by the temperature gradients in the freezer. Convection
would be more predominant as diameter increases.

Heat should flow in a predominantly radial direction, due to the significantly smaller distance
radially vs longitudinally, and the high heat transfer driving force due to the flow of coolant
around the tube.

Ice grows radially inwards, aligned with the heat flow. The ice growth rate should decrease
initially as the thickness of the ice layer increases, before increasing again as the area of interface
decreases at the centre of the plug. As a result, the initial dendritic morphology transitions to a
columnar ice morphology. This ice layer would not possess a “sharp” interface such as would be
found in pure water or on a cooled tube operating as a progressive freeze-concentrator[16],
rather the interface would very likely be a “mushy” layer of mixed ice and unfrozen solution
trapped between ice columns.
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Partial differential models describing heat and mass flow within the system can be used to
optimise the product and coolant flows to allow the greatest throughput for a given geometry,
and a preliminary one is presented in section 8.6.

8.5.2 Surface Finish

It may be possible to reduce the adhesion strength between the frozen milk plug and the
inner surface of the tube by altering the surface properties of the tube. Examples of these
alterations include:

1. Reducing the surface roughness by mechanical polishing

2. Reducing the surface roughness by electro-polishing.

3. Modifying the surface to have a lower surface energy via coating with low surface energy
chemicals.

4. lon-beam indentation [17].

These modifications may reduce the force required to extrude the frozen product and the pump
pressure requirement. This would reduce the energy costs of operating the freezer and may
decrease the capital expenditure, if the cost of surface coating is offset by lowered pump
requirements. The results of initial pilot trials indicate that the freezer is feasible without surface
modification to standard heavy gauge stainless steel piping. The technical readiness of these
modifications should be monitored and may be implemented as they become feasible.

8.5.3 Product and Coolant Temperatures

Heat exchangers (HEX) can be broadly classified as cross flow, co-current flow, or counter-
current flow. The two types applicable to the operation of the continuous freezer are co-current
and counter-current.

In co-current flow, the fluid in both the hot side and cold side of the HEX enter at the same end,
and the flow to the exit is parallel. The temperature difference is greatest at the entry to the
HEX and smallest at the exit. The exit temperature of the hot side cannot be lower than the exit
temperature of the cold side.

Temperature
Temperature

v
v

Distance Distance

Figure 8-14: Temperature profiles in A: a co-current HEX, and B: a counter-current HEX

In a counter-current arrangement the hot and cold fluids enter at different ends of the HEX, and
the temperature difference across the heat exchanger is constant. The log-mean temperature
difference (LMTD) is higher, and this makes a counter-current arrangement most efficient for a
given area and heat transfer coefficient. The hot side outlet temperature can be lower than the
cold side outlet temperature. The temperature-distance profiles characteristic of a counter-
current heat exchanger are shown in Figure 8-14 B.
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For the tubular freezer under discussion the thermal profiles will deviate from the ideal, due to
the phase change of the water in milk.

While a counter-current arrangement is most efficient from a thermal design perspective it may
not be the most effective. A co-current arrangement is attractive for this application as it allows
for a closer approach to the desired final temperature. Because the adhesion force appears to
increase as temperature decreases, it is important to control where heat flow occurs and ensure
that temperatures at the wall at the freezer exit are not too cold, or ice fraction too high.

While co-current flow reduces the average temperature difference and increases the required
heat transfer area, heat transfer enhancements on the coolant side of the tube can increase the
overall heat transfer coefficient and reduce the area required.

As control of the wall temperature of the freezer outlet is vital to its performance, a co-current
flow pattern allows for monitoring and control of the coolant temperature at this point and was
chosen for current embodiments of the freezer.

8.5.4 Heat Transfer Enhancements.

Heat transfer can be controlled in different sections by modifying the external geometry
of the tube, or by altering the flow path of liquid coolant surrounding the tube. These heat
transfer enhancements reduce the effective thermal resistance and therefore increase the heat
transfer for a given area and temperature difference.

Heat transfer enhancements work by increasing the effective heat transfer area, such as
extended surfaces or fins, or decreasing the thickness of the boundary layer by increasing
turbulence near the heat exchanger walls, such as turbulators or swirl generators[18]. The
Thermal Performance Factor (TPF) describes the effectiveness of enhancements as the ratio of
heat transfer increase to friction increase:

Nu (8-1)
Nuo

0

Heat transfer enhancements can also be classified as active, passive or compound[19]. Active
methods involve some external device augmenting heat transfer by vibrating the surfaces,
pulsing the fluid flow, stirring the fluid, inducing fluid flow by electrostatic fields, or removing
evolved vapours to reduce the insulating effect of gas. Passive devices were discussed above,
and compound devices are combinations of the two other approaches.

r]:

Heat transfer enhancements can also be selectively added to areas of the tube where increased
heat transfer is desired, or to compensate for low temperature differences near the freezer exit.

At Bi>1.0 coolant side heat transfer enhancements lose effectiveness. The Biot number for all
realistic film heat transfer coefficients is significantly greater than unity, for both fully solid and
fully liquid tube contents, for larger diameter tubes, indicating that internal thermal gradients
will be significant, as will internal resistance to heat flow. The Biot number only approaches unity
for small diameter freezers with low film heat transfer coefficients: Bi=1 for a 5mm diameter
tube, full of liquid product with k=0.5 WmK?, and cooled with h=200 Wm™ K. For a 20mm
diameter tube, full of liquid product with k=0.5 WmK?, and cooled with a more likely h=1000
Wm=2K?, Bi=20, indicating that a significant internal heat gradient would exist.

The current embodiment of the freezer uses passive devices to enhance heat transfer
performance to allow for shorter freezer lengths and reduced operating pressures.
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8.5.5 Coolant Selection

In the system, there are two broad classes of refrigerant which can be used: A primary
refrigerant, boiling at the exterior surface of the freezer tubes, or a secondary refrigerant, such
as a glycol solution, which is cooled by an external chiller unit.

A primary refrigerant will generally have a higher coolant-side heat transfer coefficient than a
secondary coolant, as heat is transferred by boiling, rather than convection[20], however this
may be of limited benefit for larger diameter tubes where Bi >> 1.0.

A secondary refrigerant can have a cross-flow, counter-current or co-current flow direction, as
discussed above. While the temperature of the coolant will not necessarily be constant across
the length of the freezer tube, and the coolant-side heat transfer coefficient will likely be lower
than with a primary refrigerant, a secondary refrigerant can serve as a store of cold energy.
While the freezer is not operating, a large reservoir of secondary refrigerant can be cooled and
then used during the freezing process, reducing the size of the chiller unit required.

A secondary refrigerant may also be easier to control, by throttling the refrigerant flow around
the freezer tubes.

The current embodiment of the freezer uses a secondary coolant, as it simplifies system
construction and control during system start-up, and the large internal resistance to heat
transfer reduces the benefit of implementing a primary refrigerant system.

8.5.6  Scaling Relationships

The tube length and diameter will have a significant impact on the thermal performance
of the system, and the pressure requirements to extrude the frozen product. Increasing the heat
transfer area by increasing the tube diameter is possible. However, the characteristic distance
of the system increases with the diameter, increasing the resistance to heat transfer to the
centre of the system, making this method less efficient than increasing tube length. The amount
volume of product to be frozen per unit heat transfer area will also increase as diameter
increases, a larger diameter tube will require a longer residence time for freezing to occur.

Increasing the heat transfer area by increasing tube length maintains the characteristic distance
of the system and therefore the resistance to heat transfer does not increase with increased
heat transfer area. The surface area of the product/wall interface increases linearly with
increased heat transfer surface area. The ratio of cross-sectional area to interfacial area
increases linearly with increased length, so the increase in extrusion pressure requirement
should be directly proportional to the increase in heat transfer area.

The relationships between length, diameter, and operating conditions are discussed in this
section. These relationships may prove useful for preliminary calculations, optimisation studies,
and scaling-up from experimental small-scale data, and studying the maximum capacity practical
for single tube elements. For more in-depth design work, 2D or 3D numerical heat transfer
equations, coupled with finite element modelling of the physical properties of the system should
be used.

8.5.6.1 Residence Time
A given volume of milk must reside in the tube for a sufficient length of time to allow
sufficient heat removal from said volume to freeze the milk to the desired final ice fraction.

Heat required to freeze volume of milk (8-2)
= Heat removed via heat transfer

LtubenrtzubepproductAHfuince,f = 2Ltubeﬂrtube ¢qT (8'3)
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This gives a relationship for the mean residence time, 7:

I = rtubepproductAHfuince,f (8'4)
2¢,

8.5.6.2  Radius and Required Pressure.
Described in equation (7-6). The pressure required for extrusion for a constant length,

temperature and set of fluid properties is inversely related the radius of the freezer :
1

Py .. 00—
liquid Ttube
8.5.6.3 Heat Transfer, Residence Time, Length and Pressure
The required length of the tube can be calculated from the residence time and the

superficial velocity in the tube as follows

. mproduct (8-5)
Vg=—— 75—
pproductnrtube

Leype = UsT (8-6)

Tube length can be expressed as a function of fluid properties, heat transfer properties, tube
radius, and product flowrate:

Lt be = AI'Ifuince,f77"Lprod1,tct (8-7)
uve 277Ttube¢q

If it is assumed that the system is designed so that the length of the frozen plug is a constant

fraction of the total tube length, and this fraction is invariant with changes to radius, flowrate

and average heat flux, then the pressure required for product extrusion can be estimated by

combining equations (7-1), (7-2), and (7-5) and equation (8-7):

Lplug = pluthube (8-8)

_ 2KadhesiveLpLug (8'9)
Pliquid - Teub
tube

P = ZKadheSiveXplugmproductAHfuince,f
liquid — ﬂ¢qT2 (8-10)

It can be clearly seen from equation (8-10) that for a given flowrate through a tube, latent heat
requirements and adhesion strength, the pressure requirement is inversely proportional to the
product average heat flux and the square of the radius.

This relationship between heat flux, and tube radius will be the key focus for optimisation of the
system.

8.5.7 Satisfying Scaling Relationships and Design Constraints.

The relationship between mass flow, heat flux, radius and required pressure applies to a
single tube. The most effective method of scaling up for higher product throughputs is likely to
be finding the optimum combination of mass flow, radius and heat flux achievable for the
selected product and coolant method and construct multiples of this tube. The pressure
requirement for several identical tubes in parallel is identical for a single tube, and the flow rate
increases linearly with increased tube numbers. The power requirement for a pump is
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proportional to the product of flowrate induced and pressure developed. Higher pressure
pumps, valves and fittings and controls increase cost and complexity more than simply
increasing the flowrate requirement of the pump.

Several possible embodiments of a multiple tube design are shown in Figure 8-24 A-C. Multiple
tubes may be operated in parallel. These tubes may be each fed by individual pumps, or from a
manifold fed by a single pump. The tubes may each be individually isolated by valves to allow
for operation at off-design conditions.

A further possible arrangement is to construct the system so an internal tube runs coolant
through the centre of the product zone, this annular arrangement is shown in Figure 8-24 D. This
reduces the characteristic distance for a given cross-sectional area, however the perimetric area
will increase when compared to a circular cross section of identical product flow area. The
relationship described by equation (8-10) can be updated to calculate the pressure requirement
for an annular heat transfer arrangement, where r, and rjare the exterior and interior
dimensions of the annulus which contains the product:

p. = 2KadhesiveXplugmproductAHfus
liquid ﬂ¢q (TZZ _ le) (8-11)

8.6 Numerical Modelling of a Continuous Tubular Freezer
In order to assist in the design of a commercial prototype tube freezer a mathematical
model of heat flow and phase change within the tube was developed.

This model was intended primarily as a “ball-parking” effort to allow basic dynamics and ice
growth rates to be investigated, and provide sizing information for the design of a heavily
instrumented full-scale prototype. Data gathered from this future prototype could be used to
support a more detailed modelling effort, which includes the effect of phenomena that have
been omitted in this model.

8.6.1 Conceptual Design of Model

The system is modelled as a straight tube, with a 2-dimensional cylindrical geometry, an
unsteady-state partial differential model is solved using an implicit solver, with a backwards time
difference and 2" order central finite-difference discretisation scheme. This is illustrated in
Figure 8-13.

The latent heat of the transition is accounted for by the apparent heat capacity method which
is appropriate given the wide range of temperatures over which the phase change transition
occurs, the apparent heat capacity, enthalpy, and ice fraction follow the curves determined for
whole ovine milk by DSC studies presented Chapter 6.

The phase change transition modelled does not include the total temperature range of the
transition that was covered in Chapter 6. While whole ovine milk still has unfrozen water present
until it reaches a maximally freeze concentrated stage at a temperature of -25°C, and the ideal
storage temperature for long term storage is above -28°C, the tubular freezer as described in
this chapter and the previous chapter requires a certain volume fraction of unfrozen liquid to
operate. This unfrozen liquid is required to reduce the adhesion of the frozen plug to the freezer
wall.

As a result, the system will not be modelled under conditions that will result in milk undergoing
a complete freezing transition. Then effective end of freezing will be assumed to have occurred
when the product reaches an apparent ice fraction that is sufficient for it to behave like a solid.
If the apparent ice fraction is too low, the product will be too fragile for extrusion, or act as a
slurry. From experimental work in Chapter 7, whole ovine milk was observed to extrude from
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the small diameter freezer at an apparent ice fraction above 0.85, and this value was used when
tracking ice front locations during this analysis.

8.6.1.1

8.6.2
8.6.2.1

Model Assumptions

The model is based on the following assumptions:

Uniform velocity profile within the tube. This is justified in the solid as limited mixing is
expected to occur, due to the lack of mixing force in the solid. The velocity profile in the
liquid is assumed to be uniform to simplify model development, and as actual velocity
profiles are not known.. The superficial velocities in the tube are low, and heat flows in
the radial direction is high. Therefore, the effect of advection and a parabolic velocity
profile is negligible when compared to conductive heat transfer.

Mass-flow in the radial direction is negligible, and freeze concertation occurs within a
matrix fixed in volume and location. There is no axial or radial anisotropy in the
distribution of solutes. This is a simplifying assumption for these heat transfer
calculations. There are likely some diffusive and convective mass flows occurring, but
modelling these is beyond the scope of this work.

Due to the wide distribution of the freezing transition there is no sharp phase change
boundary, instead there is a mushy layer of increasing ice fraction as radial distance
increases. Therefore, the central assumption of the Classical Stefan problem, a smooth
phase-change boundary defined at the equilibrium freezing temperature, is not met.
Methods which avoid the requirement to specify a sharp phase change front and better
models the freezing behaviour of foods[21, 22].

Coolant is a uniform temperature along the length of the simulated system-This is
justified, as most experimental and pilot systems tested thus far have effectively run
with a ‘cross-flow’ coolant path, where coolant flowrates and patterns are significantly
in excess of product flows and so there is very little temperature difference between
inlet and outlet.

The overall heat transfer coefficient (U value) is constant along the length of the
simulated system.

The change in volume is ignored, as the radius is constrained and the change is gradual,
contributing to an increase in the downstream velocity. The velocity change is minimal.
As velocity is constant, and the velocity profile in constant, the movement of fluid can
be simulated by iterating the position of each cell at each time step.

Mathematical Description

Product Side
The heat flows for a representative volume in the system, away from system boundaries

can be described as follows:

Change in enthalpy = (Heat conducted in — Heat conducted out)

Or, in the form of a standard heat transfer equation:

60 (8-12)
pCy 5o V(xV6)
In an axisymmetric cylindrical co-ordinate system this becomes:
660 ko660 6 466 6 ( 66
T (i T 8-13
Ply St 1 or +6r (K é‘r) +62 (K 52) (8-13)
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The thermal conductivity k, varies with the increasing ice fraction X;.. in the node, as does the
apparent heat capacity C,,. However, due to the arrangement of ice crystals parallel to the heat
flow, the thermal conductivity will also be different in the axial (z) and radial (r) directions. The
thermal conductivity of a one dimensional system with parallel solid and liquid layers can be
modelled using the Kopelman(1966) model [23]. This model effectively reduces to a simple
volumetric average rule in direction parallel to the ice and solid layers. Simple volumetric
average rules for prediction of thermal conductivity have been used in literature modelling the
heat flow during directional freezing [24, 25].

The solid volume fraction is calculated as follows:

-1

€ = [1 + (che -1) (%)] (8-14)

From this the thermal conductivity parallel to the layers k,,, and perpendicular to the layers
kpe, are calculated:

o =1 (1)
K; (8-15)

_ Ks ]
Kpe = 1 [Eskl + K. (1 —€) (8-16)

Heat transfer in the axial (z) direction occurs perpendicular to the ice layers, and the
perpendicular thermal conductivity (k) will be used. In the radial (r) direction, the parallel
thermal conductivity (k) will be used.

8.6.2.2 Coolant Side

For simplicity in the initial models , the coolant is assumed to have a significantly higher
mass flow rate than the milk, so the coolant temperatures is uniform along the length of the
simulated system, and there is a constant film heat transfer along the length of the tube.

8.6.2.3 Boundary Conditions
8.6.2.3.1  Centreline of Tube: r=0.
At r = 0, a singularity exists, as well as a symmetry boundary condition, this can be resolved by
utilising L'Hopital’s rule:
160 52%6
— — ﬁ —
rér  Or? (8-17)

56 ( 526 529>

5t pC,\“8r2 T 522 (8-18)

8.6.2.3.2 At Convective Boundary with Coolant
At a node on the convective boundary r = 13,,4,, heat is lost by convection to constant
temperature coolant.
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66 (8-19)
U(gcoolant - grmax) = _Kg

8.6.2.3.3 At TubeEntry
At the entry to the tube, z = 0 the product temperature is fixed.

0,=0 = Ointet

(8-20)
8.6.2.34 At Tube Exit
The exit of the tube z = z,,,4,, there is an insulated boundary:
66
— =0
8z (8-21)

8.6.2.4  Discretisation of Model

The model was discretised using a backwards time difference and a spatial 2" order
central difference scheme. Figure 8-15 illustrates a node used for the discretisation equation.
This implicit method for solving the heat equation is numerically stable for all sizes of time step.

As thermal conductivity values at adjacent nodes may differ, the thermal conductivities between
two adjacent nodes are evaluated at the mean temperature of these nodes [26].

Bi,j-1

Bi,j
0i-1,j @ ) @ o1

+r

v >

Figure 8-15: A node away from boundaries

8.6.2.4.1  Ata Node Away from Any Boundaries

5%6 C0ij1— 20+ 64

5r2 Ar? (8-22)
186 _ 6ij41— 0
r or 2rAr (8-23)

5%0 _ 0i41,j — 20+ 0,1
522 Az2 (8-24)
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k+1 _ gk k+1 k+1 o, pk+1 k+1 k+1
07 —0i;  Kpa (9 ij-1 =205+ 0, 07 — i,j—1)

At pC, Ar? 2rhr (8-25)
Kpe lk++11] - Zeij + 91'k—+1%j
+ 2
pCy Az
8.6.2.4.2 At a Node on the Convective Boundary
+z
>
0i,j-1
0i,j

Figure 8-16: A node on the convective boundary between coolant and tube. Rmqy is located at the dotted line. The
coolant node indicated by the cross-hatched dot is an imaginary node for programming purposes.

The boundary condition at these nodes is described in equation (8-19), it is discretised
with a backwards difference in the radial direction and central difference in the axial direction

as follows. i1 is the radius halfway between the external node and the next interior node.
2

k+1 _ pk A k+1 _ pk+1
0 0i _ Arnax U (Bkc- _ g_k_) + i~3 Kpa <9i,j—1 an )
At Veonw pCp ' v Veonw pCp Ar
k+1 k+1
Kpe (Oiv1; — 20 + 0,71
R 2
pCy Az
5 (8-26)
Veonv =T rr%Lax - rj_l Az
Ay = 2TAZ gy
A, | =2mlAzr 1
=3 1=z
8.6.2.4.3  Ata Node on the Tube Entry Boundary
As the temperature is fixed, the discretisation at this boundary is simple:
k+1
90,}"— = Ointet
(8-27)

8.6.2.4.4  Ata Node on the Tube Exit Boundary.
In order to simulate an adiabatic boundary in the axial direction a synthetic node,
6;4+1,j,is added and defined as:

267




Continuous Tubular Freezer- Ice Morphology, Modelling, and Scale-up.

k+1 __ 9k+1
=0;;

i+1,j
(8-28)
Therefore, there is no heat flow in the axial direction as:
50 (8-29)
Kk—=20
0z
8.6.2.4.5 At the Centre of the Tube, Where r=0.
This can be written as follows, for programming at 7 = 0.
5rz Ar2 (8-30)
60 0;,,_1—0;;
— =0, M:O, ;i1 =0; 41
or 2Ar J J (8-31)
620 2(0;j41—6y)) o
52 ArZ arr = (8-32)
2
A discretisation for the (;TZ term was given in equation (8-24). The full discretisation is given
below:
4‘Kpa (eil,{]tll - Ql!,(;-l & lk++11] - 295"'1 + gik—-'fj _ eil.(j-"-l - eil.(j
oC, Az pC, A7? At (8-33)
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8.6.3 Solution Algorithm
The solution algorithm for the unsteady state model is shown in Figure 8-17.

Calculate initial Cp,
Inputdata » K, Hand Xice values
for each node

v

Assign Coefficients
to nodes and create
matrices Aand B to

4

Calculate fluid

velocity Vdot
v represent system of
equations
v v

Solve system A\B=x
to determine
Temperatures at
t=t+d_t

:

Calculate initial Cp,
K, H and Xice values
Create Mesh for each node

'

Determine d_z from

V_dot*d_t, so fluid

moves one node per
time step.

A 4
Move node values
Write initial alongbyd_z
temperature values
to mesh

Final time step?

Write data to
output file

Figure 8-17: Solution algorithm for model

The model was programmed in MATLAB R2017b. Details of software are provided in section
2.11.
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8.6.4 Model Input Parameters
The model was run with a range of input conditions. These are summarised in the Table
8-2:

Table 8-2: Initial conditions for model runs

Coolant Inlet Length Coolant Product Tube Diameter
Heat Temperature (m) Temperature Flowrate (mm)
Transfer (°C) (°C) (kghr¥
Coefficient
(WmZK?)
-5 10 10
-7.5 20 20
25 -10 30
-12.5 40
1100 4
-5 10 30
-7.5 20 50
4
0 -10 30
-12.5 40

The coolant heat transfer coefficient is a typical value for liquid-liquid heat transfer in a tubular
heat exchanger (Table 11-3, Perry’s Chemical Engineers’ Handbook, 7™ ed.[27]). For detailed
design this value should be replaced with one determined for the specific combination of coolant
properties and tube exterior geometry selected.

The apparent heat capacity Cp over the temperature range of interest was determined from
DSC data presented in Chapter 6 of this thesis, as was the apparent ice fraction over the
temperature range. From these data the axial and radial thermal conductivities were calculated
from equations (8-16)-(8-18). The apparent heat capacity includes the latent heat spread of the
progressive freezing transition, and thus is significantly greater near the equilibrium freezing
temperature. These values are shown in Figure 8-18.

Initial liquid phase conductivity above the freezing point was set as 0.55 Wm™K?, which is in the
range of thermal conductivities reported for liquid milk[28], and aligns with values measured by
the author using the transient hot-wire technique (not presented in this thesis). Solid phase
thermal conductivity was set initially at 2.3 Wm™K?at -35°C using a parallel model, and milk
component thermal conductivities [23].

Thermal conductivity could be estimated in greater detail by incorporating the effect of varying
solid and liquid composition on thermal conductivity. The solid and liquid phase composition
will vary during the freezing process as a result of rejection of solutes from the growing ice front.
However, for the purposes of this model this should be sufficiently accurate.

270



Continuous Tubular Freezer- Ice Morphology, Modelling, and Scale-up.
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Figure 8-18: Curves of apparent heat capacity and axial (Kpe) and radial (Kpa) thermal conductivities. These were
determined from the apparent ice fraction data presented earlier in the thesis. Thermal conductivities were
determined by Kopelman’s 1966 model for one-directional layered anisotropic materials.

8.6.5 Model Results

Implicit PDE solving algorithms are inherently stable for all time steps, however the
truncation error of a backwards difference discretisation is a first order error, and scales with
the time step. The relative error of the model was evaluated for a subsection of the total
length at time steps from 0.25s to 15s. A timestep of 1 s was selected as being a compromise
between reducing truncation error, and simulation time. There are no macro-scale heat
transfer or phase transfer processes which are expected to occur within a single time step.

The required length is the length required for the ice fraction in the centre of the simulated zone
across two successive axial nodes to differ by less than 1%, and be over 85% of the ice fraction
at a simulated position from the inlet of 25m for 10 mm and 20 mm diameter, and 40m for 30
mm and 50 mm. The time to reach steady state after the application of cooling is determined as
the time for the average temperature difference for each node across two time steps to be less
than an absolute value of 0.001K.

The outputs of the modelling work are discussed in this section. The plots of temperature, and
ice fraction and tables of required length and residence time are presented in the appendix of
this chapter.

Contour plots of the temperature and ice fraction for freezers with a diameter of 10 mm, 20
mm, 30 mm, and 50mm are shown in Figure 8-26 to Figure 8-33, and the freezer conditions and
required lengths, residence times, and average ice growth rate are shown in Table 8-3 to Table
8-6.

The contour plots represent an axisymmetric slice, with the centreline on the left and the
coolant surface on the right. The fluid inlet is at the bottom and the outlet at the top.

Temperature and ice fraction plots are presented for steady-state operation.

The temperature profile and the ice fraction profile are roughly parabolic in shape.
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8.6.5.1 Model Validation

8.6.5.1.1  Comparison against analytical solutions and predictive equations.

The required residence time were compared against simple predictive models for freezing time.
The system was modelled as an infinite cylinder, and the freezing times were calculated using
Plank’s Equation[29], Pham’s equation [30]and Salvadori and Mascheroni’s equation[29].

The average absolute deviation between the residence time as predicted by the model and by
the predictive equations was 10% for Pham’s equation, 10% for Salvadori and Mascheroni’s
equation, and 15% for Plank’s equation.

Figure 8-19 shows a scatter plot of the residence time predicted by the model in this chapter
and freezing times as predicted by the above equations. Residence times measured in the
commercial scale up times below are also highlighted.

The generally close agreement between the required residence times predicted by the model
and the freezing times predicted by well-established analytical solutions indicate that the results
should be suitable for the intended purpose of sizing a protype unit.
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Figure 8-19:Residence time predicted by present work plotted against freezing times for infinite cylinders predicted by
several equations. Residence times measured during scale-up trials are plotted as open circles.

8.6.5.1.2  Comparison against commercial scale-up trials.

While a full set of validation trials for the model presented was not possible due to time
and material constraints, some limited validation can be done with data from experimental runs
conducted on the 10.2 mm Spiral Freezer, and commercial scale-up work being conducted at
the time of the writing of this thesis.

Experiments with the 10.2 mm Spiral Freezer were reported in Chapter 7. During operation
at -5°C, with a cooled length of 4500 mm products were frozen with residence times of 123s to
184s. The throughput was approximately 6-8 kghr™.
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Commercial scale-up trials were conducted by a partner company during the writing of this
thesis. The trials were conducted using a freezer based off the designs presented in this thesis,
and adapted the chiller unit described in Chapter 3 and the high-pressure feed system used for
the 10.2 mm spiral freezer discussed in Chapter 7. These trials reported pulsed operation at a
residence time of approximately 120-180s for a 12 mm ID freezer operating at -7°C for freezers
with cooled lengths of 600 mm and 1200 mm. Cooled sections used spiral fins to increase
coolant-side heat transfer coefficients.

These results are similar to the model results, which predicted required residence times of 210s
for 10 mm ID freezers operating at -7.5°C.

Unfortunately, it was not possible to measure the internal temperature and ice profiles of the
products during these freezer trials to validate the predicted temperature and ice profiles.
Further work with specialised experimental equipment should be considered to validate the
predictions made by this model.
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8.6.5.2  Residence times and ice growth rates

The length required is primarily a function of flow through the tube, and the operating
coolant temperature, which is a proxy for average heat transfer. This is expected from the scaling
relationships described in section 5.7. The required lengths are plotted in Figure 8-20 as are the
relationships between residence time and the heat fluxes and heat flows for different freezer
diameters. As can be seen from plot C, the required residence time, is inversely proportional to
the average heat flux and is directly proportional to the tube diameter. This agrees with the
relationships shown in equation (8-4). Plot A indicates that the residence time is independent of
flowrate and is instead proportional to the diameter and operating coolant temperature (related
to heat flux).

Tables of the lengths and residence time for each freezer diameter and set of operating
conditions are presented in the appendix.
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Figure 8-20: Various relationships between operating conditions as determined by numerical modelling. A: Residence
time required as a function of flowrate, diameter, and operating temperature. B: Required length as a function of
flowrate, diameter, and operating temperature. C: Residence time as a function of the average heat flux at the exterior
of the tube and the interior diameter of the freezer. D: The average ice front velocity as a function of residence time,
and the interior diameter. The dotted line represents the ice front velocity at which the interface morphology for whole
ovine milk was observed to transition between columnar and dendritic forms, as discussed in section 4.4.2.2.
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Figure 8-21: Radial position of ice front over time for all combinations of operating temperature and tube diameter.
The radial direction of heat flow is indicated by the arrows at the right. Tube exterior is at the top of each graph, and
tube interior is at the base.

For this analysis the ice front is assumed to be located within a node when the nodal apparent
ice fraction first reaches 85%. The nodal position of the ice front as a function of time is shown
in Figure 8-21. There is a high ice growth rate at the exterior of the tube where the product is
in direct contact with the cooled wall. This ice growth rates decreases as an ice layer increases
the resistance to heat flow from the ice front. However, near the interior of the tube there is a
very high ice growth rate as the ratio of the area in contact with coolant and the area of the ice
front becomes very large and overcomes the heat transfer resistance resulting from the
increased thickness of the ice layer.

This shown mathematically in equation , where the ice growth rate is shown as a function of the
radius of the plug, the radial position of the interface and the properties of the ice and latent
heat, and the temperature difference across the cylindrical ice layer. The first term dominates

as Tjce tends to zero: lim

— = o . The second term dominates as 735,45 /Tice tends to one:
Tice—0 Tice

im — = 00.
Tplug/Tice™1 ln(rplug/rice)
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1 ABK; .,

vp = .

pAHquTiCe 1n(rplug/rice )
This can also be seen in the steady-state contour plots of ice fraction and temperature shown in
the appendix. The isothermal contours, and shape of the freezing front at steady-state show
different gradients to the horizontal at different radial positions. If the gradient of the ice front
is high, this indicates that the radial position of the ice front is moving slowly with respect to its
longitudinal displacement caused by product flow through the freezer. Areas of the freezer with
a low gradient indicate that the radial position of the ice front rapidly with respect to the product
flow through the freezer. This is seen at the exterior and interior of the freezer, where the ice
front velocity is greatest.

(8-34)

As discussed in Chapter 4, feature size decreases as ice front velocity increases. The higher ice
growth rates at the exterior predicted by this modelling, explain the ice morphology seen in
Cryo-SEM images presented earlier in this chapter showing ice crystals which are smaller at the
exterior of the frozen plug than the interior.

The average ice growth rate (vy) determined from the diameter of the system and the residence

time. vy ranges from 4.6 pums? for initial conditions of 10 kghr? product, with a coolant
temperature of -5°C and a freezer diameter of 50mm, to 38.9 ums™ for a coolant temperature
of -12.5°C and a freezer diameter of 10mm. This is plotted for the simulation results in Figure
8-20 D. As can be seen in Figure 8-20 D, for large diameters, and long residence times, the
average vy can drop below the v required for dendritic ice formation. At intermediate distances
from the exterior of the tube ice growth rates will be lower than the average, and these low ice
growth rates may result in gross separation of solutes at the interior.

At large diameters, this separation of solutes at the interior may cause the underlying principle
of the freezer to break down.

8.6.5.3  Required Operating Pressure
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Figure 8-22: The required operating pressure as a function of heat transfer to the exterior of the freezer, flowrate and
freezer internal diameter, assuming an apparent adhesion strength of 14 kPa, and sufficient tube length to reach
steady state by the outlet.

Assuming a realistic apparent adhesion strength as measured in section 7.4.4, the graph shown
in Figure 8-22 can be constructed, which shows maximum expected operating pressures as a
function of flowrate, heat fluxes, and interior diameter of the tube. As can be seen in the figure
larger diameter tubes have lower operating pressures for a given flowrate and exterior heat
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transfer rate, as expected from the relationships between pressure and cross-sectional area
given in Chapter 7. The operating pressure also decreases as the average heat flux increases,
due to higher average heat fluxes decreasing the required length of the freezer and required
area for heat transfer for a given flowrate. The reduced area leads to a lower ice adhesion
strength.

However, as the average ice growth rate decreases as the tube diameter increases, as discussed
in section 8.6.5.2 , the tube diameter cannot be arbitrarily increased in order to decrease
operating pressure, as this will reduce ice growth rates to the point where solute separation
could occur. As a result, a balance must be struck between maximising ice growth rates and
decreasing operating pressure.

An upper limit of 20-30mm may be appropriate to maintain high ice growth rates while
minimising operating pressures as much as practicable. The pressure requirements also indicate
that the best option to achieve a given flowrate for a particular diameter may be to parallelise
freezer tubes, rather than extend the tube length. More detailed modelling which incorporates
mass transfer phenomena should be carried out on this system to expand upon the heat transfer
modelling. This mass transfer modelling will allow for optimisation of the diameter of the
system, aiming to maximise diameter while maintaining vy sufficient to prevent solute
separation.

Optimisation of heat transfer will also be effective at reducing the required freezer length, and
required pressure, while maintaining high ice growth rates.

As the operating pressure is directly related to the adhesion, then icephobic coating should
effectively reduce the required operating pressure. There are literature reports of smooth
icephobic surfaces which reduce adhesion by a factor of 10, when compared to structural
materials such as steel [31]. The application of such a material to the interior of the freezer
should result in a decrease in operating pressure and should be investigated further.

8.7 Commercial Prototype Design

8.7.1 P&ID
A P&ID describing a possible prototype is shown in Figure 8-23. The system depicted in the
P&ID performs the following function in a food-safe environment:

Freezes a product supplied from a cooled vat.

Transfers the frozen product to a storage container in a cooled food-safe environment.

Stores frozen product in the cooled food-safe environment.

Contains equipment to CIP the cooled vat, the freezer, and the transfer lines between

equipment.

5. Contains instrumentation to monitor the system for process control and for food safety
assurance.

6. Allows safe and effective start-up and shut-down of the system.

Ll e

The freezing process occurs as follows. The product to be frozen is stored in the feed tank (E-1)
until required. This tank is cooled by a coolant loop circulated by a pump (E-10), and stirred by
an agitator (E-8). The temperature in the feed tank is monitored and controlled by a temperature
controller (I-5), which allows cold coolant into the coolant loop by actuating a solenoid valve (V-
5). The coolant bleeds through a check valve (V-4), into the coolant loop and out through an
orifice to the coolant return line. The feed tank can be isolated with a manually operated
butterfly valve (V-1).

The product passes a manually operated freezer isolation valve (V-2) and is pumped by a positive
displacement pump (E-2) into the freezer (E-3) where it is frozen as described earlier in this
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chapter. The positive displacement pump is driven by a variable speed drive (E-4 and I-1), which
is controlled in part by a pressure indicator and controller (I-2), which allows flow only while a
sufficient pressure drop is detected across the freezer, indicating that frozen product is present
at the outlet. Coolant flow to the chiller is controlled by a solenoid valve (V-6), with an additional
start-up loop which allows finer control of coolant flow on start-up by actuating a solenoid valve
(V-19). To drain the system of product during shutdown, or wash fluid after CIP, a fail open
solenoid valve (V-3) is provided, which flows to a tundish.

Frozen product flows through a cooled large diameter tube to the storage container (E-5), in a
cooled insulated space. The temperature at the outlet of this tube is monitored and used for
control (I-3). This space is cooled by a fin fan heat exchanger (E-6). Coolant to this heat exchanger
is controlled by a solenoid valve (V-7), which is controlled by a temperature controller
monitoring the temperature in the cooled space (I-4). This space is maintained at a positive
pressure to prevent contamination of the frozen product. External air is driven through a HEPA
filter (E-17) by a forward curved blower (E-16), and then supplied to the storage space.

Coolantis supplied by a coolant supply pump (E-9), and its temperature is maintained by a chiller
on the coolant return line (E-15) which is controlled by a temperature controller (I-7) on the
insulated coolant reservoir (E-7) . A coolant bypass valve (V-8) allows coolant to be recirculated
during start-up.

Water for CIP and for general purposes is supplied through a pair of ball valves (V-18 and V-17)
The CIP tank (E-11) can be isolated by a butterfly valve (V-9), and drained to a tundish through
a normally closed butterfly valve (V-10). The CIP pump (E-13) transfers the solution through an
inline heater (E-12), controlled by a downstream temperature controller (I-9). CIP flow can be
diverted to the feed tank by a normally closed valve (V-11), and into the main freezer line by a
normally closed valve (V-12). A drain valve (V-13) and CIP return valve (V-14) are also located
nearby. A CIP bypass valve is located around the high-pressure pump (V-16). This allows for
sufficient velocity in the freezer tube to achieve CIP. The high-pressure pump(E-2) discharge can
be cycled back to the suction side during CIP to ensure it is well cleaned. CIP fluids are returned
to the CIP tank by a pump (E-14).

Some valving may be replaced by a flow-plate in order to reduce capital costs, and ensure
product security without the expense of double block-and-bleed valving. These valves are
outlined on the P&ID.

8.7.2 Food Safety

Food safety is ensured by a hierarchy of precautions. The primary factor that ensures food
safety is the development of effective procedures and practices which ensure food safety is
maintained. These are collectively referred to as “good operating practices” and can include:

e Monitoring animal health.

e (Cleanliness during collection of milk.

e Development and implementation of effect SOPs for system operation.

e Effective record-keeping, and prompt handling of deviations from normal operation.
e Effective tracking of product.

The first layer of physical protection is that system is designed to operate at temperatures that
minimise the growth of microbial hazards. The mechanical design of the system is the next level
of protection. The system will be designed and constructed to relevant standards, in order to
reduce the possibility of microbial growth in the system. The system will have smooth internal
surfaces with no dead legs or crevices in order to reduce stagnant areas, and to allow simple
cleaning. It is also designed to drain by gravity to reduce the water activity in the environment.
All food contact surfaces will be made from non-corroding materials, food grade to prevent the
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formation of rough areas where bacterial growth can easily occur. The system is isolated from
the atmosphere by two concentric barriers. The primary barrier is the freezer construction,
which does not allow liquid product to contact the atmosphere during operation. The secondary
barrier is the system housing, which is intended to operate at a positive pressure over the
external environment, prevent ingress of dirt or bacteria. The system is protected against
coolant leaks by two main principles, the first is the extreme pressure difference between the
product environment during freezing and the coolant loop. If a leak develops in the
coolant/product barrier, the product will leak into the coolant rather than the other way around.
The second is that only food-safe coolants will be used.

The system will also be cleaned regularly by CIP, and is designed to allow this to be effective at
destroying microbial contamination, and the removal of biofilms, or dirt and other substrates
that support microbial growth. This cleaning is a necessary component of food safety, but cannot
entirely compensate for failings in other levels of protection.
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Figure 8-23: A P&ID drawing of a commercial prototype, displaying all equipment, vessels, instruments, valves, services, lines, and signals required.
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8.7.3 System Layout

Two possible layouts for a commercial prototype system are shown in Figure 8-25, one
layout (B) incorporates a single intermediate bulk container(IBC) for storage of frozen product,
the other (A) is designed to hold 3 IBCs to allow for loading, or possibly swing-over filling of more
than one IBC in an operating session.

Each layout illustrates possible locations for the freezer, high pressure pump, coolant reservoir,
air handling units to supply cool filtered air to the unit and preserve positive pressure, CIP
systems to clean the system, valving and control locations and refrigeration systems, and access
for product and operators.

The expected operating temperatures are also shown on the layouts. IBC storage areas are to
be kept below -25°C, and are insulated from the rest of the unit. The area containing the freezer
and coolant bank is to be kept at approximately 4°C, and is insulated from the external
environment and the CIP area. The CIP area is kept separate to minimise heat transfer between
the tank of hot CIP fluid and the rest of the unit.

Some valving may be replaced by a flow-plate in order to reduce capital costs.
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8.7.4 Suitability for On-Farm Use

8.7.4.1 Reliability

The system is expected to have a high level of reliability in an on-farm environment. There are
minimal moving parts involved, and the parts that are moving are high pressure, which are commercial
off-the-shelf units. Thermal cycling is minimised, which should reduce reliability and lifespan issues
resulting from this. Further reliability can be achieved by replacing automated valving with a flow
plate, at the cost of a small increase in labour requirements. Electronic interlocking can be
implemented to prevent common errors that may lead to damage of the system, such as operating
pumps against a closed valve.

8.7.4.2 Ease of Use
Minimal product handling will be required. The product can be taken directly from storage
vats to final storage vessels (as a frozen product), without any requirement for human interaction.

The system is suitable for high levels of automation, allowing unattended operation. If utmost
reliability is wanted, then a small decrease in automation will be encountered, as automated valving
will be replaced by a flow plate. However, this will only require human interaction during start-up and
CIP.

8.8 Conclusions

The ice morphology in frozen plugs studied using optical microscopy and scanning electron cryo-
microscopy showed predominantly radial ice crystals, as expected from the heat fluxes involved. Ice
crystals at the exterior of the frozen plugs, near the product/wall interface were significantly smaller
than those further in. Crystals were columnar in form, with the long axes radially aligned. The ice
morphology supports the hypothesis that trapped solutes at the frozen product/wall interface reduce
the apparent ice adhesion of the product ,relative to that of pure ice, by reducing the fraction of ice
adhered to the surface, and allowing movement of ice crystals relative to one-another, rather than
serving as an uninterrupted lubricating layer between the frozen plug and the wall.

Ice morphology was similar for samples of raw ovine milk, and single-strength orange juice. Glass
regions were seen in between ice crystals, indicating that these regions were liquid before immersion
in LN,. There was no lactose crystallisation observed in raw ovine milk samples, and there was limited
sugar crystallisation observed in orange juice samples.

Scaling relationships suggested that the required residence time, and therefore required freezer
length would decrease as the radial heat flux of the system increased, and the radius decreases.
Numerical modelling showed that, in agreement with these relationships, required residence times
decreased with increased heat flux and decreased radius. The pressure required for extrusion
increases as radius decreases. The average freezing front velocity decreases as the freezer tube radius
and residence time increases. If this drops below the velocity required for gross solute entrapment,
then the operating principle of the freezer breaks down. The balance of required pressure and
required ice growth rate gave a probable maximum practical diameter for the simulated conditions of
30 mm.
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convective boundary node and
next radial node

Symbol Description Units
A Heat transfer area in freezer m?
f Friction factor
fo Original friction factor
FLanesive Force of product adhesion. N
Fosxtrusion Force required to extrude N
frozen product
Kaahesive Coefficient of product Nm™2
adhesion/ adhesion strength
Lyiug Length of frozen product plug m
Liupe Length of freezer tube m
Myroduct Product flowrate in freezer kgs™t
Nu System Nusselt number
Nu, Unenhanced Nusselt Number
Piiquia Liquid product pressure in Pa
freezer
0 Heat flow in freezer w
2 Internal radius of annular m
freezer
Ty External radius of annular m
freezer
Ra Surface roughness um
Tice Radius of ice front location m
Tplug Radius of frozen product plug m
Ttube Internal radius of freezer tube m
T Temperature °C
U Overall heat transfer Wm™2K~1
coefficient in freezer
Vs Freezing front velocity.
U Superficial product velocity in ms™1
freezer
Xice,f Final ice fraction in product Jice/ 9freezable water
Xplug Fraction of freezer length
frozen
X, Solids fraction in product 9/ Gproduct
AHpy Latent heat of freezing Jkg™?!
n Thermal performance factor
Kice Thermal conductivity of ice Wm 1K1
Pproduct Average density of product in kgm™3
tube
o Surface energy Jm™2
T Residence time s
bq Heat flux in freezer Wm™2
For PDE model
Ay Area of convective boundary m?
A, Area of shell between m?
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Cp Heat capacity of substance Jkg iK™t
i,j,k Node indices in the radial,
longitudinal and time
directions.
T Radial position in cylindrical m
co-ordinates
Tmax Radial position of convective m
boundary
o1 Radial position Ar/2 from m
772 convective boundary
t Time S
Veonv Volume of node at convective m3
boundary
Xice Ice fraction Yice /gfreezable water
Y Angular position in cylindrical m
co-ordinates
z Longitudinal position in m
cylindrical co-ordinates
€s Solid phase volumetric fraction
6 Temperature °C
K Thermal conductivity Wm iK1
K; Liquid phase thermal Wm™ik-1
conductivity
Kpa Thermal conductivity parallel Wm K1
to layers
Kpe Thermal conductivity wm iK1
perpendicular to layers
K Solid phase thermal Wm™lK-1
conductivity
p Density of substance kgm~3
D Liquid phase density kgm™3
Ds Solid phase density kgm™3
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8.11 Appendix

Contour plots of the temperature and ice fraction for freezers with a diameter of 10 mm, 20 mm, 30
mm, and 50mm are shown in Figure 8-20 to Figure 8-27, and the freezer conditions and required
lengths, residence times, times to reach steady-state and average ice growth rate are shown in Table
8-3 to Table 8-6.

The contour plots represent an axisymmetric slice, with the centreline on the left and the coolant
surface on the right. The fluid inlet is at the bottom and the outlet at the top.

Temperature and ice fraction plots are presented for steady-state operation.

Table 8-3: Results from runs of model for a 10mm diameter freezer.

Run Diameter Coolant Product | Required Required V¢

(mm) Temperature Flow Length residence | average

(°C) (kghr?) (m) time (s) (ums™?)
A 10 -5 10 11.4 322 15.5
B 10 -5 20 22.8 322 155
C 10 -5 30 34.2 322 15.5

D 10 -5 40 0

E 10 -7.5 10 7.4 210 23.8
F 10 -7.5 20 14.9 210 23.8
G 10 -7.5 30 22.00.3 210 23.8
H 10 -7.5 40 29.7 210 23.8
/ 10 -10 10 5.6 158 31.6
J 10 -10 20 11.2 158 31.6
K 10 -10 30 16.8 158 31.6
L 10 -10 40 22.4 158 31.6
M 10 -12.5 10 4.5 128 39.0
N 10 -12.5 20 9.1 128 39.0
0] 10 -12.5 30 13.6 128 39.0
P 10 -12.5 40 18.1 128 39.0
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Figure 8-26: Temperature profiles in a freezer with a length of 25m and a diameter of 10mm at steady state, or after 1200s of operation, whichever is shorter. Conditions corresponding to each letter are given in Table 8-3. The colour scale is constant for all runs, ranging from +5°C
to -15°C. The image is a 2-dimensional axisymmetric slice with the centre of the modelled region on the left, and the coolant boundary on the left. The fluid inlet is at the base and the product outlet is at the top.
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Figure 8-27:Ice Fraction profiles in a freezer with a length of 25m and a diameter of 10mm at steady state, or after 1200s of operation, whichever is shorter. Conditions corresponding to each letter are given in Table 8-3. The colour scale is constant for all runs, ranging from 0 to
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Figure 8-28: Temperature profiles in a freezer with a length of 25m and a diameter of 20mm at steady state, or after 1200s of operation, whichever is shorter. Conditions corresponding to each letter are given in Table 8-4. The colour scale is constant for all runs, ranging from +5°C
to -15°C. The image is a 2-dimensional axisymmetric slice with the centre of the modelled region on the left, and the coolant boundary on the left. The fluid inlet is at the base and the product outlet is at the top.
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Figure 8-29: Ice fractions profiles in a freezer with a length of 25m and a diameter of 20mm at steady state, or after 1200s of operation, whichever is shorter. Conditions corresponding to each letter are given in Table 8-4. The colour scale is constant for all runs, ranging from 0 to
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1.. The image is a 2-dimensional axisymmetric slice with the centre of the modelled region on the left, and the coolant boundary on the left. The fluid inlet is at the base and the product outlet is at the top.
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Table 8-4: Results from runs of model with a freezer diameter of 20mm.

Run Diameter Coolant Product Required Required Vy

(mm) Temperature Flow Length residence | average

(°C) (kghr?) (m) time (s) (nms™?)
A 20 -5 10 9.07 1026 9.7
B 20 -5 20 18.14 1026 9.7
C 20 -5 30 27.22 1026 9.7
D 20 -5 40 36.29 1026 9.7
E 20 -7.5 10 5.87 664 15.1
F 20 -7.5 20 11.75 664 15.1
G 20 -7.5 30 19.97 664 15.1
H 20 -7.5 40 23.33 660 15.2
I 20 -10 10 4.40 498 20.1
J 20 -10 20 8.80 498 20.1
K 20 -10 30 14.96 564 20.1
L 20 -10 40 17.60 498 20.1
M 20 -12.5 10 3.56 402 249
N 20 -12.5 20 7.11 402 249
0] 20 -12.5 30 12.09 456 219
P 20 -12.5 40 14.22 402 249
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Figure 8-30: Temperature profiles in a freezer with a length of 40m and a diameter of 30mm at steady state, or after 6000s of operation, whichever is shorter. Conditions corresponding to each letter are given in Table 8-5. The colour scale is constant for all runs, ranging from +5°C
to -15°C. The image is a 2-dimensional axisymmetric slice with the centre of the modelled region on the left, and the coolant boundary on the right. The fluid inlet is at the base and the product outlet is at the top.
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Figure 8-31: Ice fractions profiles in a freezer with a length of 40m and a diameter of 30mm at steady state, or after 6000s of operation, whichever is shorter. Conditions corresponding to each letter are given in Table 8-5. The colour scale is constant for all runs, ranging from 0 to 1.
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The image is a 2-dimensional axisymmetric slice with the centre of the modelled region on the left, and the coolant boundary on the right. The fluid inlet is at the base and the product outlet is at the top.
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Table 8-5: Results from runs of model with a freezer diameter of 30mm.

Run Diameter Coolant Product Required Required Vg

(mm) Temperature Flow Length residence | average

(°C) (kghr?) (m) time (s) (ums?)
A 30 -5 10 16.6 2114 7.1
B 30 -5 20 249 2114 7.1
C 30 -5 30 33.2 2114 7.1
D 30 -5 40 5.3 2114 7.1
E 30 -7.5 10 10.7 1356 11.1
F 30 -7.5 20 16.0 1356 11.1
G 30 -7.5 30 21.3 1356 11.1
H 30 -7.5 40 4.0 1356 11.1
I 30 -10 10 8.0 1020 14.7
J 30 -10 20 12.0 1020 14.7
K 30 -10 30 16.0 1020 14.7
L 30 -10 40 3.2 1020 14.7
M 30 -12.5 10 6.5 824 18.2
N 30 -12.5 20 9.7 824 18.2
0] 30 -12.5 30 12.9 824 18.2
P 30 -12.5 40 16.6 824 18.2
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Figure 8-32: Temperature profiles in a freezer with a length of 40m and a diameter of 50mm at steady state, or after 6000s of operation, whichever is shorter. Conditions corresponding to each letter are given in Table 8-6. The colour scale is constant for all runs, ranging from +5°C
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Figure 8-33: Ice fractions profiles in a freezer with a length of 40m and a diameter of 50mm at steady state, or after 6000s of operation, whichever is shorter. Conditions corresponding to each letter are given in Table 8-6. The colour scale is constant for all runs, ranging from 0 to
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1. The image is a 2-dimensional axisymmetric slice with the centre of the modelled region on the left, and the coolant boundary on the right. The fluid inlet is at the base and the product outlet is at the top.




Continuous Tubular Freezer- Ice Morphology, Modelling, and Scale-up.

Table 8-6: Results from runs of model with a freezer diameter of 50mm.

Run | Diameter Coolant Product | Required | Required Vs

(mm) Temperature Flow Length residence | average

(°C) (kghr?) (m) time(s) | (ums?)
A 50 -5 10 7.6 5377 4.6
B 50 -5 20 15.2 5377 4.6
C 50 -5 30 22.8 5377 4.6
D 50 -5 40 30.4 5377 4.6
E 50 -7.5 10 4.9 3464 7.2
F 50 -7.5 20 9.8 3464 7.2
G 50 -7.5 30 14.7 3464 7.2
H 50 -7.5 40 19.6 3464 7.2
/ 50 -10 10 3.7 2608 9.6
J 50 -10 20 7.4 2608 9.6
K 50 -10 30 11.1 2608 9.6
L 50 -10 40 14.8 2608 9.6
M 50 -12.5 10 3.0 2114 11.8
N 50 -12.5 20 6.0 2114 11.8
0] 50 -12.5 30 9.0 2114 11.8
P 50 -12.5 40 12.0 2114 11.8
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Chapter 9: Conclusions and
Recommendations

9.1 Project Background and Aims

To grow from its current size, the New Zealand sheep milk industry needs to aggregate the
small volumes that individual farms can supply into larger lots, presented in times and places
desired by sheep milk processors. Freezing sheep milk into a form easy to transport and to thaw
would offer a solution. However, today’s slow freezing methods offer a poor solution. They can
limit quality[1, 2], and can promote microbial growth due to poor thawing practices [3].

The current project was funded by the New Zealand Ministry of Business, Innovation and
Employment (MBIE) through the Food Industry Enabling Technologies (FIET) research
programme. The project was aimed at developing sufficient understanding of sheep milk
freezing, storage and thawing to provide the basis of a simple, robust, inexpensive and safe on-
farm rapid sheep milk freezer suited to farms of up to approximately 500 milking sheep. A
solution that was applicable across the wider range of liquid foodstuffs was desirable.

At the outset of this project, an objective was to develop a rolling droplet freezer involving super-
hydrophobic surfaces. Freezing of individual rolling droplets of milk into milk hail was shown to
be technically possible but technologically and economically challenging. At this point a review
of existing methods was conducted.

The decision was made to investigate the well-known technology of flake freezing, which is used
for the production of ice[4], and has been evaluated for food-stuffs[5].The final configuration
selected was a vertically oriented falling film freezer. The frozen product was to be detached by
the application of a brief burst of heat, causing a thin liquid layer to lubricate the surface, and
detach the frozen product.

The Research Aims for the overall project were as follows:

1. Investigate the changes in sheep milk during the freezing process, including the
energy balances during freezing, the crystallisation behaviour of water, and the
changes occurring during frozen storage and thawing. This knowledge would be
used to select freezing and storage conditions which minimised quality losses during
freezing and storage.

2. Understand the phenomena that occur during the directional freezing of a liquid
aqueous foodstuff, specifically ovine milk, and how the heat flux and the speed of
the freezing front affects the incorporation of solutes into the frozen ice matrix. This
would also involve investigating the effect of freezing conditions on ice morphology

3. Design and optimise a rapid liquid freezer for on-farm use and evaluate this freezer
with other feedstocks.

During the testing and modification of the pilot scale falling film, a completely novel freezing
method was conceived, deriving from an understanding of the phenomena involved in freezing
in liquid foods:

e At high enough freezing front velocities, ice in milk would grow in a columnar or (at
higher velocities), dendritic morphologies, trapping regions of unfrozen liquid and milk
solids in a matrix of ice.

e Below Tt there is a certain fraction of water which remains unfrozen. The fraction of
unfrozen water is temperature dependent.
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o |f the temperature of the freezer is controlled, a mixed phase of liquid and solid could
be maintained. This mixed phase may not have the same adhesion strength to the
cooled surfaces of the freezer as a fully-frozen product. Therefore, it was hypothesised
that a liquid food product could be frozen in a simple cooled tube, to form a solid matrix
with a high liquid content, the proportion of which could be precisely controlled by
varying the product outlet temperature.

This hypothesis was evaluated at small scale. The system was found to work successfully, and so
was evaluated at a larger diameter, to test basic scaling relationships. The system was then
scaled up to a small-scale pilot unit, capable of several kghr? throughput.

9.2 Frozen Storage of Ovine Milk.

9.2.1 General Observations

When samples of ovine milk were stored at -10°C, for 4 and 8 weeks, significant
agglomeration, and separation into a gel and sediment, was observed visually. Milk stored at -
18°C for 8 weeks displayed some small flecks of solids which dispersed shortly after thawing. No
flecks or gelation was seen in milk stored at or below -28°C. Clearly, the lower the temperature
of storage, the more stable the sheep milk system remained. For long term storage, over several
months, ovine milk should be stored at or below -28°C.

After centrifugation, milk that was stored at -10°C for 4 weeks and 8 weeks separated into a
sediment and a clear serum. There was no cream layer present, indicating that all milk fat
globules were trapped in the sediment. No significant sediment or entrapment of fat was
observed in samples stored at -18°C or -28°C.

9.2.2 Particle Agglomeration

The particle size distribution was measured after heating and homogenisation in all
thawed samples. The particle size distribution after heating in all samples was similar to the
original particle size distribution before frozen storage. In a preliminary trial, the particle size
distribution of milk was measured after storage for 4 and 8 weeks at -10°C and -28°C. The
samples stored at -10°C showed significant increases in particle size after 4 and 8 weeks of
storage. This indicates that heating disrupts the particle network that forms during frozen
storage at higher temperatures.

The viscosity measured at a shear rate of 230 s of samples stored at -18°C and -28°C showed
no changes over the storage period. The samples stored at -10°C showed a slight increase in
viscosity up to a storage period of 4 weeks. After 8 weeks storage at -10°C, samples showed non-
Newtonian shear thinning flow behaviour. The flow behaviour for all other samples was
Newtonian. This indicated that aggregation of particles was occurring at -10°C but not at lower
storage temperatures.

The changes in the particle size distribution on heating indicates that the gel of agglomerated
milk solids observed in samples is disrupted by heat. This is also indicated by the decrease in
viscosity in samples heated prior to homogenisation.

9.2.3 Physico-Chemical Changes
There were no long-term trends showing a change of pH of freshly thawed milk after
frozen storage.

The level of crude protein in milk serum phase in the-10°C, -18°C and -28°C samples, and in the
clear supernatant in -10°C 4 weeks and -10°C 8 weeks samples was constant. This indicates that
there is a limited or no solubilisation of casein, including in samples that formed a gel on thawing,
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The Ca?* concentration in the serum phase decreased in through the storage period in milk
stored at -10°C and -18°C. There was a small decrease at -28°C seen after 2 weeks storage,
however the concentration was stable after this. After 8 weeks of storage, the serum Ca%
concentration decreased by 50% in samples storied at-18°C and 34% in samples stored at -10°C.
The Ca?* concentration in the sediment or gels formed after storage was approximately twice
that of skimmed milk. The total Ca*" concentration in skimmed milk samples was 2.14+0.13
mg/g, and in sediment it was 3.82+0.17 mg/g.

Colorimetric measurements where conducted on samples after frozen storage and after
homogenisation treatment on thawed samples.

There was a decrease in whiteness (WI) in all samples, and an increase in the yellowness (YI) of
all samples. The response of the Wl value of the frozen milk to storage time followed a quadratic
relationship. Homogenisation was effective at increasing the WI of sample.

9.2.4 Processing Suitability

Homogenisation at 20 MPa/ 4 MPa at 60°C was effective at reducing particle size and
viscosity in all samples. The heating step alone was sufficient to reduce the viscosity (at 20°C) of
-10°C 8-week samples, and change the flow behaviour from shear-thinning to Newtonian. The
first pass through the homogeniser was responsible for the greatest decrease in viscosity and
particle size, and the greatest increase in whiteness, with smaller changes on further
recirculation.

The heat stability of ovine milk follows a curve typical of type A milks, with a maximum heat
stability at pH 6.8. There was no statistically significant change during frozen storage, despite
changes in serum Ca?* levels occurring over frozen storage.

9.2.5 Sintering of Frozen Milk

The increase in unfrozen faction of milk at higher frozen storage temperatures was linked
to sintering and agglomeration of particles of frozen milk under simulated storage conditions.
Ovine milk pellets stored under simulated storage pressures at -10°C for a period of 4 months
had agglomerated and bonded together and were no longer free-flowing. Milk stored at -18°C
displayed no agglomeration and was still free-flowing. Concentrated bovine milk was also
evaluated for sintering at -18°C and -25°C. After 2.5 months of storage, concentrated bovine
milk that was stored at -18°C sintered and deformed significantly. The sample was no longer
free-flowing. No sintering or deformation was seen in the sample stored at -25°C. The pellets
remained free-flowing. Concentrated frozen milks should be stored below -25°C to prevent
deformation and sintering of frozen product.

9.2.6 Further Work

The formation of a gel on frozen storage appears to be reversible. While | suggest that the
responsible mechanism is the steric interference between tightly packed casein micelles in the
unfrozen phase in a frozen sample, more work should be done to investigate the mechanisms
of gel formation.

The pH of frozen ovine milk has not been measured, however it could be measured with pH
probes intended for low temperatures [6, 7], or use of a chemical pH probe, as has been done
using °F NMR of 3-fluorobenzoic acid as a pH probe [8].

The gross structure and nano-scale structure of gels formed after frozen storage should be
imaged. Confocal Microscopy would be appropriate to show the gross structure of the gel
network, and scanning electron cryomicroscopy (Cryo-SEM) would show the structure at a scale
of approximately 0.5 um-500 um. Transmission electron cryomicroscopy (Cryo-TEM) would
allow the nano-scale structure of the gel to be imaged. TEM has been used to image the casein
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structure of concentrated skim milk ultrafiltrate[9], casein sub-micelle networks[10],the internal
structure of casein micelles[11], and the protein structure of linkages in casein gels [12, 13].
Cryo-EM methods are particularly suited for these studies as the native structure can be imaged
without dehydration and fixation steps which may alter the structure of the gel.

To investigate the effect of various bonding mechanisms in gels formed from frozen milk, the
response of the gel rheology to the addition of various compounds could be studied:

e Ca® bridging could be investigated by the addition of Ca? containing salts or the
removal of Ca?* by chelating agents such as EDTA

e Hydrophobic interactions could be investigated by the addition of urea, which affects
the hydrophobic interactions in the milk.

o The effect of hydrogen bonding on the gel network could be investigated by the
addition of simple sugars which can act as a hydrogen bonding target.

The change in heat stability of ovine milk over a milking season has been measured in European
studies[14, 15], but similar data in a New Zealand context is lacking. Gathering this data would
be valuable.

9.3 Effect of Freezing Conditions on Ice Morphology

Observation of the morphology of advancing freezing fronts showed a number of different
ice morphologies. As the freezing front velocity (vy) increased, the ice morphology would
transition from planar to columnar to dendritic. These transitions are a result of a balance
between thermodynamic effects which encourage the formation of a planar interface, and
kinetic effects which encourage the growth of perturbations in ice fronts.

As the number of components in fluids increased, the critical vy for transitions between
morphologies decreased. In RO water, a planar ice front existed for vy<5 ums?, and columnar
ice growth was observed above this speed. Dendritic growth was not observed in any RO water
samples. However, in SSM and WSM columnar growth was observed above 0.5 ums, with SSM
showing dendritic growth above 20 pms?, and WSM showing the same growth at 2 ums™. The
increases levels of solutes and particles present in SSM and WSM samples lead to the formation
of chemical gradients and alteration of thermal gradients, which encouraged the growth of
perturbations and destabilised the interface at lower vy.

The feature spacing in the freezing front was plotted as a function of v¢. The curve followed a
power law relationship. The variation in feature spacing for all samples decreased with increased

Uf.

The transition from planar ice fronts to stable columnar ice growth morphology was recorded.
At vp=1 ums™? the columns grew directly out from sinusoidal perturbations on the planar ice
front. At v,=20 umst, the ice front subcooled slightly before sinusoidal perturbations grew into
dendrites. These dendrites then grew into stable columns, all sharing a parallel orientation.

9.3.1 Cryo-SEM

Samples of whole raw ovine milk were frozen, giving two samples: Directionally frozen
(DF) and slow frozen (SF). These samples were imaged by scanning electron cryo-microscopy
(Cryo-SEM).

The DF samples had a highly anisotropic frozen morphology. There was a matrix of ice crystals,
interspersed with regions of concentrated milk solids. In the DF samples the ice crystals were
lamellar, with the long axis of the crystals aligned with the heat flux. The cross sections of the
crystals when viewed perpendicular to the heat flux were roughly rectangular. The cross sections
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of the ice crystals viewed perpendicular to the heat flux showed a range of different
orientations. Some fat globules were engulfed entirely in ice crystals.

The SF samples had large ice crystals, much larger than the FOV of the microscope, with large
bands of milk solids between the crystals. Possible clusters of lactose crystals were observed in
SF samples. There were no lactose crystals observed in DF samples. This indicated that the longer
freezing process experienced by SF samples allowed for the crystallisation of lactose, but this
crystallisation was suppressed by the more rapid freezing experience by DF samples.

Milk was also frozen by immersion in LN2 and then imaged with Cryo-SEM. These samples
displayed an extremely fine network of ice crystals and bands of concentrated milk solids. This
indicates that even with extremely rapid freezing, milk did not form a glassy solid.

The bands of unfrozen solids were significantly larger and displayed larger variability in size in
SF samples; The thickness of milk solids bands was 56+ 49 um (standard deviation), compared
with 3.2£1.5 pum for DF samples.

9.3.2 Further Work

The temperature gradient imposed on ice fronts in this study was constant. Further work
could be conducted to investigate the relationship between temperature gradient and feature
spacing for whole milk and skim milk.

Confocal microscopy, coupled with a customised cold stage allowing for controlled freezing
rates, and dying of fats and proteins may allow for the distribution of fats and proteins, and their
incorporation and rejection from advancing ice fronts to be investigated in greater detail. The
distribution of fats and proteins within a frozen sample can also be studied after further
processing by freeze-drying, as it has been noted that the surface of freeze dried WMP had
significantly higher levels of fats than spray-dried powders [16]and this may be linked to the
freezing process.

There is increased interest in freezing concentrated dairy products, so it would be valuable to
investigate the effects of concentration on the morphology of the advancing ice fronts, as
particle interactions have significant effects on ice front morphology[17-20]. This can be
investigated using the methodologies discussed in this thesis, applied to RO/ UF and evaporator
concentrated milks, creams and whey products.

The formation of ice, and the morphology of ice in the frozen product is a major determinant of
freeze-drying performance and the quality of freeze-dried products [21-28] . Applying the
methodologies described above and investigating the links between the morphologies observed
and the freeze-drying performance and the quality of freeze-dried milks would be a valuable
contribution to knowledge in the dairy processing field.

9.4 Effect of Temperature on Unfrozen Water in Ovine Milk

9.4.1 Freezing Behaviour

The heat flows occurring during the freezing of ovine milk were measured using
differential scanning calorimetry (DSC), and this was used to estimate the fraction of liquid that
remained unfrozen below the equilibrium freezing temperature (T¢) of ovine whole milk (WSM).
The freezing transition was also studied in skim milk (SSM), and a casein and fat free milk serum
(SMuUCQ).

There was no significant difference in the nucleation temperature observed, indicating the milk
fat globules and casein micelles did not affect the nucleation behaviour of the soluble system. A
melting onset transition was observed, Ty which is affected by the presence of casein micelles,
but not the presence of fats.Tw occurred at -31+0.7°C in SMUC, -25.3+0.1°C for SSM and -
25+0.1°C for WSM.
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The amount of freezable water frozen in the range of -40°C to 0°C was estimated in each sample
by fitting equations to the system enthalpy above and below the freezing transition, and
assigning the unaccounted heat flows to latent heat. The thermal lag directly after the freezing
transition was corrected for, and the two-phase heat capacity was estimated by an iterative
procedure. The effect of correcting the latent heat of water to account for differences over the
freezing temperature range was evaluated and found to make minimal difference.

The concentration of the maximally freeze concentrated solution X(T,,) was determined from
the latent heat release, X;(T},)=0.85£0.016, and from the Gordon-Taylor equation using T,
X(T,;,)=0.875. These two methods agreed well.

A partial phase diagram of ovine milk was plotted from the data derived from the DSC
measurements and the Gordon-Taylor equation. The curve of Ty vs (s determined from DSC
measurements agrees well with that determined from the freezing point of reconstituted milks

9.4.2 Further Work

The Cryo-SEM images presented in Chapter 4 indicated that in some freezing conditions
lactose could crystallise, but not in others. As the state of lactose in the frozen system has
implications for the storage stability and the phase transitions, (e.g. Tg), further study of this is
warranted. As this is a dynamic process involving the formation of a crystal it may be suited for
investigation by small angle X-ray scattering (SAXS) or X-ray diffraction (XRD) during the cooling
and freezing of dairy products at different cooling rates and after annealing at various
temperatures and times. The crystallisation of amorphous lactose has been studied with XRD by
[29, 30], and *H-NMR coupled with XRD [31] and the transition from crystalline to amorphous
due to milling has also been studied by XRD [32], and by XRD and *3C CP-MAS NMR [33].

The cooling rate has been suggested by several authors to determine storage stability by
promoting lactose crystallisation in the unfrozen phase. This could be studied by DSC by cooling
at quench rates and very slow rates then holding isothermal at various temperatures for
extended periods to detect whether lactose crystallisation occurs. The nucleation rates of
supersaturated lactose solutions and supersaturated whey solutions have received considerable
interest, but this is more limited in the region below 0°C. Lactose in whole milk becomes
supersaturated at approximately -2°C to -3°C[34].

Knowledge of the crystallisation rates of lactose at temperatures below 0°C may also allow the
viscosity in the unfrozen phase to be estimated, and models such as the WLF model to be fitted,
as crystallisation is partly a function of molecular mobility, which is affected by the viscosity in
this phase[35]. The viscosity in this phase is not well studied yet has a strong effect on the rates
of various reactions occurring during frozen storage.

A model describing the homogenous nucleation rate, J;,,, (T) ,(or the probability distribution of
this[36]) from equations for the degree of supersaturation from the concentration factor and
solubility data below 0°C, and the viscosity below 0°C, and integration of this model over the
cooling and storage periods may help to determine which conditions will lead to lactose
crystallisation, and reduced storage stability.

The diffusion and kinetically limited processes such as crystallisation, hydration of proteins and
carbohydrates, and diffusion of calcium phosphates in and out of casein micelles can be
investigated by NMR. Crystallisation of water and lactose can also be studied by NMR.

1H-NMR can be used to investigate the movement of water in and out of protein and lactose, as
well as the state of what between the solid and liquid phase. NMR has been used to study
freezing in model food solutions[37] and the effect of ice-cream formulation of water and ice
behaviour during the freezing process, and was able to monitor the behaviour of both liquid and
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solid water during the freezing process, and, in addition, detect flocculation of interacting
caseins and stabilisers[37].

31p-NMR allows the chemical environment of phosphorous atoms to be investigated. This may
allow the movement of colloidal calcium phosphate (CCP) during the freezing process to be
investigated, and the effect of freezing speed on this. CCP is critical to the stability of casein
micelles, so understanding the behaviour of CCP during the freezing process would increase
understand of the freeze-thaw behaviour of milk. 3'P-NMR has been applied to study the
distribution of phosphorous in UHT milks [38] and in heated milks [39]

9.5 Selection of Freezing Methodology

9.5.1 Methods Evaluated

A number of freezing methods were developed and considered with the aim of choosing
one for development for an on-farm ovine milk freezer. Of the methods considered, the rolling
droplet freezer was the first selected for development in this project. When developmental
issues arose with the rolling droplet freezer, a falling film flake freezer was selected as a
promising candidate for development. This was constructed on a pilot scale and development
continued until the continuous tubular freezer was developed.

9.5.2 Rolling Droplet

The rolling droplet freezer was selected for development at the start of this project as it
promised a system that would rapidly freeze milk, into a form factor that could be easily handled
as bulk. Initial trials were mostly promising however the presence of a condensing atmosphere
during freezer operation could cause the wetting behaviour of droplets to transition from Cassie-
Baxter state to Wenzel state. This transition could lead to the milk adhering to the
superhydrophobic surface rather than rolling over it. This phenomenon was observed on the
single droplet freezer.

Additionally, the surface geometries required for freezer operation would have been expensive
to manufacture and treat with superhydrophobic surfaces. As the aim of the project was to
develop a reliable and low-cost freezer for on-farm use, this freezing method was abandoned,
and development of a falling-film freezer was prioritised instead.

9.5.3 Falling-Film

The falling-film freezer consisted of a tube, cooled by a secondary refrigerant on its
interior surface. A falling film of product flowed over the exterior surface and froze to the
surface. Once the product reached the desired thickness it was detached. The product was
detached by the application of a pulse of heat which would melt a small layer of product at the
product/freezer interface, and the remaining frozen product would fall off under gravity.

Once the falling film freezer was designed at constructed initial tests were conducted with
water. These tests found that water ice was easily detached by a pulse of heat. Water ice was
brittle and would expand and crack as a result of rapid heating and thermal gradients within the
solid, on the application of heat, assisting the detachment of ice.

Further tests were conducted with milk. Ovine milk at 20% TS was found to have a partition
coefficient (k = C,/C;) of 0.946+0.127 at an operating temperature of -30°C. At -18°C
k=0.926+0.024, and at -15°C k=0.866+0.074. These k values were significantly higher than those
encountered in the literature for freeze concentration of milk on falling film freeze
concentrators.

Unlike water, milk was not easily detached by a pulse of heat. Frozen milk did not crack during
the application of heat and remained attached to the freezer surface. It is suggested that this is
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due to frozen milk being less brittle, and therefore more easily deforming under thermal
expansions.

As a result, a commercial unit would require a scraper to detach the frozen milk. A scraper was
designed and fitted. Frozen milk behaved differently to frozen water during detachment by
scraping. Frozen water would detach in large sheets ahead of the scraper, whereas frozen milk
would curl away from the scraper.

The development of the falling-film freezer was abandoned due to development of the
technically superior continuous tubular freezer

9.6 Development of a Continuous tubular freezer.

9.6.1 Principle of Operation
A novel freezer was envisaged using the following principles:

1. High freezing front velocities would lead to dendritic or columnar ice morphology.
The growing dendritic or columnar front would trap concentrated milk solids and
unfrozen solutions between ice crystals.

2. This trapped solution would remain in the liquid state due to the progressive
freezing behaviour of milk.

3. The total volume fraction of the unfrozen phase could be controlled accurately by
controlling the temperature of the product.

4. This fraction of trapped unfrozen solution and milk solids would reduce the
adhesion of the ice to a surface, and reduce the increase in volume due to ice
formation.

These four principles would allow a frozen milk to be forced through a cooled tube by a high-
pressure positive displacement pump, whereas pure water would be unable to be extruded. The
pressure required would be significant, but within the capabilities of commercially available
pumps.

A 4.2mm internal diameter scale prototype system was constructed. Five different products
were trialled on the 4.2mm diameter freezer; Whole Sheep Milk, at a range of solids
concentrations; Orange juice; Concentrated coffee extract; Gold kiwifruit pulp; and Smoothie
mixes. The pressure required to extrude all frozen products from the freezer increased as the
magnitude of T,, — Ty increased. The residence time for samples on the 4.2mm diameter
freezer varied from 166s to 208s.

The pressure required to extrude the sample, and therefore the adhesion strength between the
sample and the tube wall increased as the fraction of freezable water frozen increased. Samples
with frozen fractions from 0.8 to 0.98 were extruded.

9.6.2 Scale Up

The freezer was tested at a larger scale with two different setups; a straight tube with an
internal diameter of 10 mm, and a length of 1200 mm; and a spiral tube with an internal
diameter of 10 mm, and a length of 5000 mm.

The scaled-up systems were tested with ovine milk reconstituted from IWMP, and raw ovine
milk. The operating temperature was -5°C, and the maximum operating pressure was 20 MPa.
The raw ovine milk was stored frozen for a long-term storage trial, however at the time of
writing, the results were unavailable. The residence time for trials on this scale varied from 123s
to 184s.
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9.6.3 Microstructure

The microstructure of frozen product plugs of ovine milk, and single strength orange juice
were observed with optical microscopy, and with Cryo-SEM. The ice structure consisted of
predominantly radially aligned ice crystals, with ice crystal size decreasing as towards the
exterior of the frozen plug. There was some evidence of centrifugal migration of unfrozen solids,
possibly a result of increased pressures at the centre of a plug due to colliding ice crystals. The
ice growth was more ordered and more apparently radial in orange juice when compared with
the microstructure of ovine milk. This has been linked to the morphology of advancing ice front
described in Chapter 4.

9.6.4 Future Work

9.6.4.1 Mechanism of Detachment

It was suggested that the mechanism that reduces the adhesion strength with increasing
temperature, is the reduction in ice volume at the interface between the frozen product and the
freezer walls (relative to a pure ice layer), due to the combination of progressive freezing and
dendritic ice growth at high freezing front velocities. The attachment of frozen milk to stainless
steel surfaces has been found to vary with temperature, and milk composition, and some of this
variation has been explained by reference to the unfrozen water fraction [40].

Testing the freezer performance with emulsions of low dissolved solids water and a non-freezing
component such as hexane, or soft and hard solid particles, at total solids levels equivalent to
unfrozen water contents in successfully trailed products would determine whether liquid is
needed to reduce the adhesion strength or whether any non-ice entrapped particulate would
be sufficient. This would also allow the effects of ice adhesion strength varying as a function of
temperature to be separated from the effects of reduced ice volume.

Microscopy was conducted on samples taken from steady-state operation of the tubular freezer.
Samples should be taken from unsteady state operation such as start-up and shut-down to allow
for imaging and analysis. This will increase understanding of phenomena occurring during start-
up and shut-down.

9.6.4.1.1  Effect of Functionalised Coatings

Functionalised surfaces to reduce ice adhesion are becoming more common [41]and it
is expected that functionalised surfaces that reduce the ice adhesion strength would improve
system performance by reducing the pressure required for extrusion.

The roughness of a given material can strongly affect the ice adhesion strength, but there is still
active debate about the mechanism of this relationship, and whether increases surface
roughness increases or decreases ice adhesion[40].The surface energy of a material also effects
the ice adhesion [42], with lower surface energies having lower ice adhesion strengths.

The effects of surface roughness and surface energy on the required pressure for extrusion
should be investigated. This could be achieved by constructing a benchtop unit with removable
freezer tubes, similar to the 4.2 mm scale unit discussed in this thesis and modifying the surface
roughness and surface energy of the internal surface of the tube. The surface roughness can be
modified at different scales by methods such as mechanical and electropolishing to reduce
roughness, or mechanical or chemical etching to increase roughness. The surface energy can be
reduced by coating the freezer surface with fluorinated silane compounds.

9.6.4.2  Parallelisation

The pressure requirement for freezer operation for a given radial heat flux is related to
the product flow per tube. In order to scale to larger production volumes, a design with several
tubes in parallel should be evaluated, initially at the 4.2 mm scale. A small-scale unit would also
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allow the dynamics of a multiple tube system to be evaluated, which would assist in the
development of control systems for multiple tube systems.

Other designs that could be evaluated for suitability include an annular arrangement, where
there is a cooled core inside the freezer tube leaving an annular flow path for product, and non-
circular tube geometries.

9.6.4.3 Control Design

The control system design for the continuous tubular freezer remains unoptimized.
There remains a number of open questions about what variables to best monitor, and which
factors should be controlled. The basic design of the control system is also an open question:
The system may well be controllable with an open-loop control system if a stable operating
range is found. This would be simpler and preferable to a closed loop or predictive control
system. Further research into the operating principles, and the system’s responses to
perturbations would allow a control system to be designed and optimised.

9.6.4.4 Heat and Mass Transfer within Tube during Freezing

No attempt was made in this thesis to study or model the mass transfer of solutes
within the tube during the freezing process, rather it was assumed that solute concentration
was isotropic and invariant on a gross scale. This may not be realistic for all freezer conditions.
Qualitative measurements of partition coefficients as a function of freezing front velocity for
various milk components will need to be determined, and then this modelling could be used in
combination with heat transfer modelling to determine the distribution of solutes within the
frozen products.

This modelling could then be validated by freezing samples of simple product solutions and
suspensions under controlled conditions, examining the distribution of solutes and particles by
M-CT, and comparing this distribution with the distribution predicted by mathematical
modelling.

Further analysis which investigates the effects of localised latent heat release in the region of
rapidly growing ice crystals, and the effects of this heat release on other crystals should be
conducted. This heat release may affect the heat flows in the freezer and ice morphology of
the frozen product.

9.6.4.5 Morphology and Mass Flows during Freeze-drying

As one of the possible uses of this freezer is the production of frozen pellets as a
feedstock for freeze-drying, the freeze-drying performance of these frozen pellets should be
investigated.

The mass loss rates of these frozen pellets should be evaluated in both vacuum and atmospheric
freeze-drying systems, and compared against current commercially used freezing methods. The
effect of the smaller characteristic distance should be considered, so both particle scale, and
packed bed mass flow characteristics should be measured. The mass loss rate of rapidly frozen
particles should also be compared against particles of identical external dimensions, but having
undergone differing freezing conditions, such as slow freezing to form a coarser ice structure, or
frozen with axial heat flows to form axially aligned ice crystals. This will allow the effects of ice
structure and form factor to be studied independently.

As the frozen morphology of the pellets is an important factor governing mass flows during
freeze drying [27], detailed measurement of the porosity and tortuosity of the ice matrix should
be conducted. Techniques such as u-CT imaging may prove useful for this[43], and has been
used by some authors to conduct time dependent measurements of the freeze-drying process
[44, 45]. Two dimensional images give limited information about three-dimensional
morphologies. The use of contrast agents with different particle sizes and surface properties will
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allow the distribution of solids in the frozen samples to be directly measured. For example, by
varying the size of Barium Sulphate contrast agent particles, the effect of particle size of particle
spatial distribution could be studied.

9.7 Concluding Remarks

This project aimed to develop a simple, robust and safe system for the on-farm storage of
raw sheep milk. To this end, research was conducted to investigate the changes occurring during
the frozen storage and thawing process, the phase change behaviour during the freezing
process, and the effects of freezing conditions on ice morphology. From the knowledge gained
during this research, a novel continuous tubular freezer was conceived, tested, and developed.
This continuous tubular freezer exploits the dendritic morphology of rapidly advancing ice fronts
and the progressive freezing of whole sheep milk to form a self-lubricating frozen plug. This plug
can be extruded continuously from a cooled tube by a high-pressure pump. This freezer meets
all the aims laid out at the beginning of the project, and is currently being scaled-up and
commercialised for a range of liquid foodstuffs.
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