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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-1.  
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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 
the maximally-freeze-concentrated 
solids concentration of ovine milk. 
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 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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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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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. 

a

b

c

d

e

f

 

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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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. 

a

b

c

d

e

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. 



Programme Background and Literature Review 
 

32 

a

b

c

d

e

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. 

a

b

c

d

e

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. 

b

c

d

e

f

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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1.9 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.   



http://www.nuffield.org.nz/uploads/media/2014_Lucy_Griffiths__Cruickshank_.pdf
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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, I 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. 

 
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 Kmin-1. The temperatures at which nucleation occurred are labelled. MilliQ water shows a 
higher degree of supercooling before nucleation. 
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temperature cell. The viscosity was measured at shear rates of 1 s-1 to 100 s-1. 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 

 
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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and concentration is valuable. Figure 3-14 shows the measured and predicted surface tension 
values, compared with data for pure water[16]. 

 
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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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. 

 

A B

C

 

 

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. 

Coolant
 Reservoir

Coolant Pump

Milk
Freezer

Milk 
reservoir

Milk Supply Pump

Milk Sump

Circulator Pump

Chiller Unit

 

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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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. 

 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 3HM05S05M 0.5 kW multistage centrifugal pump. The pump 
curve is shown in Figure 3-23. 
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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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Figure 3-25: Floor space required for the Falling Film Freezer pilot unit.
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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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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 
A circular 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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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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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. 

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. Sample is loaded into the cryo-chamber and cooled to -120°C. 
2. The sample is sheared to present a fresh internal surface for imaging. 
3. The sample temperature is raised to -95°C and held for 7 minutes to erode ice from 

fracture face and improve structure clarity. 
4. 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 ImageJ [22]. 
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4.3.2 Directional Freezing. 
4.3.2.1 Methods 

 
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 µL) 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 µms-1 to several mms-1. The system was run 
at speeds of up to 50 µms-1 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 75µm 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.  

 
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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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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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 
1µm.  
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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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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 aligned than 
crystals viewed in a plane perpendicular to the direction of heat flux. 
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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. 
 

 
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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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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 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 Ca2+ 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 Ca2+ 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 Ca2+ 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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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% HNO3 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% HNO3 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 
HNO3. An aliquot (5 mL) of 1% LaCl3 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 Ca2+, prepared from CaCO3 and 6M HNO3. 

MILK

ULTRACENTRIFUGE
80000g 2HR

SERUM

DISCARD CASEIN

SKIM 3000g 20 MIN DISCARD FAT

ASH

DISSOLVE IN HNO3

MP-AES

SKIM MILK

 
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-1. 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-1 to 1000 s-1 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-1, 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% CI 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: 








































































































































































































































































































































































