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ABSTRACT 

Butter keeping qual i ty and pal let physical stabi l ity during transport and storage are dependent on 

the temperature distribution through the product. Understanding these temperature changes are of 

vital importance for the dairy industry with regard to butter manufacture, storage and shipping. 

Three dimensional mathematical models of heat transfer were developed to predict thawing and 

freezing in butter products. These models require accurate thermophysical data as an input. Specific 

heat capacity and enthalpy of butter with different composition was measured using Differential 

Scanning Calorimetry. The specific heat capacity of butter differs for cool ing and heating 

operations due to significant supercooling and delayed crystal l ization of the fat fraction of butter at 

temperatures wel l  below the equil ibrium phase change temperature during cooling. This reduces the 

heat capacity for cooling relative to that for heating. 

Thawing of individual blocks of butter was accurately predicted by the conduction only model (no 

mass transfer l imitations) with equilibrium thermal properties giving accurate predictions when the 

butter was completely frozen before thawing. For partial ly frozen butter the conduction model with 

the measured temperature dependent specific heat capacity data for unfrozen butter including 

melting of some of the fat fraction gave accurate predictions. 

For freezing it was observed that water in the butter supercools  many degrees below its initial 

freezing point before freezing due to its water in oil structure. Experiments suggested that duri ng 

freezing release of latent heat observed as a temperature rebound is controlled as much by the rate 

of crystal l isation of water in  each of the water droplets as by the rate of heat transfer. A conduction 

only model including water crystal lization kinetics based on the Avrami Model predicted freezing 

i n  butter successfu l ly. Simple models with equi librium thermal properties and nucleation only 

kinetics (based on homogenous nucleation theory) or the sensible heat only model (no release of 

latent heat) gave poor predictions. 

The models for i ndividual blocks were extended to predict heat transfer in  butter pal lets. A butter 

pallet contains product, packaging material and the air entrapped between the packaging and butter 

cartons. Measurements were made for freezing and thawing of ful l  and half pal lets at a commercial 

storage fac i lity and in the University laboratory. Thawing and freezing in wrapped tightly stacked 



pallets was predicted accurately by the conduction only model with effective thermal properties 

(incorporating butter, packaging and air) estimated by the paral lel model .  

For unwrapped tightly stacked or loosely stacked pallets there is  potential for air flow between the 

adjacent cartons of butter. An alternative approach was developed which consisted of modeling the 

pallet on block by block basis using effective heat transfer coefficients for each surface. Different 

heat transfer coefficients were used on different faces of the blocks depending on the location of the 

block in the pallet. This approach gave good predictions for both unwrapped tightly stacked and 

loosely stacked pallets using the estimated effective heat transfer coefficients from the measured 

data. Further experimental and/or model l ing work is required in order to develop guidel ines for 

estimating effective heat transfer coefficient values for internal block face for i ndustrial scenarios. 
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CHAPTER ! 

PROJECT OVERVIEW 

1 . 1  Background and Problem Definition 

Fonterra Co-operative Group Ltd is a leading multi national dairy company, owned by 1 1 ,600 New 

Zealand dairy farmers. It i the world's largest exporter of dai ry products, exporti ng 95 percent of its 

production. A large percentage of its exports consist of milkfat products including butter. 

Some ini tiatives in the NZ Dairy Industry have considered qual i ty (e.g. flavour) or functional ity 

(e.g. hardness) changes during the heating or cooling of bulk butter or milk fat products. The impact 

of these temperatures changes are of vital importance to day to day operations with regard to butter 

manufacture and shipping. Bulk butter is generally stored and transported at chil led or frozen 

temperatures. Frozen storage helps to maximise butter keeping quality due to minimisation of 

oxidation and microbial spoi lage reactions and also increases product rigidity and so avoids pal let 

instabi lity. In some cases, in order to meet customer requirements, the product is then later raised 

from frozen to chil led temperatures prior to del ivery. Due to manufacturing and handling 

considerations, a large amount of the heating and cooling of the butter is frequently done on whole 

pal lets of product. 

Pallets of butter general l y  consist of blocks of product (25 kg) wrapped in a polymer liner and 

placed in corrugated cardboard cartons. Many of these cartons (48 or 56) are then stacked on a 

pallet. As a result the bul k  system contains product, packaging material and air entrapped between 

the packaging and the butter and between adjacent cartons. 

To optimize the temperature conditioning of butter it is important to understand the rate of heat 

transfer and the temperature distribution throughout the product. This information can then be 

linked to the functionality of the product and the rates of potential quality re lated changes that may 

occur. Specific examples i nclude; 

• Dry shipment is the practice which i nvolves shipping the frozen butter in un-refrigerated, 

insulated containers to export destinations in order to reduce energy and shipping costs. The 
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warming of palletised, block-stacked butter must be understood to determine the technical 

feasibility of this practice. The potential qual ity related problems linked to this (keeping 

quality and slumping (col lapse of pallet due to reduced stabi l ity» need to be balanced 

against reduced costs of shipment. 

• Carton less butter production depends on assuming sufficient solidification of the milkfat in 

each block to provide pal let stabil ity. This could be optimised by modeling the heat transfer 

in individual blocks of butter. This would al low the extent of case hardening (solidification 

of fat) required in cartonless bulk b lock butter manufacture to be assessed so that the b lock 

can maintain its shape during later pal let based, more complete freezing. 

• A modeling tool giving temperature as function of time and position would be usefu l for 

giving information regarding thawing/tempering requirements (time, temperature, space 

al location) for new customers or customers changing product size/format or al low existing 

customers and Fonterra to optimise their operations. 

• Knowledge of freezing times of the product can help In the optimisation of cool-store 

management and refrigeration heat loads. 

• If the thermal history of the product with respect to its position in the stack is known then 

the product variabi lity due to temperature related quality deterioration can be minimized. 

• A good knowledge of freezing and thawing times of the product can also help in optimising 

the packagi ng geometry and strength .  

Each of these situations is based upon the same underlying principle: three-dimensional heat 

transfer with phase change (melting or crystal l ization of both water and milkfat). The functional ity 

of the product is dependent on the temperature distribution throughout the product and the thermal 

history i t  has experienced because the rates of quality changes are dependent on the local 

temperature within the product. 

1.2 Project Objectives 

The overall objecti ve was to provide a methodology to the dairy industry to allow prediction of 

butter thawing and freezing to be made in different situations. 

In order to achieve this goal it was necessary to; 

• Provide thermophysical property data for a range of butter types over the temperature range 

used in commercial practice. 
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• Develop and experimental ly val idate mathematical models for single homogenous product 

items that can predict the time temperature relationship as a function of position in butter 

undergoing freezing and thawing 

• Extend the methodologies to al low prediction In multiple product stacks in industrial ly 

relevant scenarios. 
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CHAPTER 2 

LITERA TURE REVIEW 

2.1 Introduction 

When modeling the freezing and thawing behavior of butter it is important to understand those 

properties of butter; which change with temperature or time. It i s  important to know about the 

structure and composition of butter, how these are affected by the manufacturing process, how they 

affect thermal properties of the final product, how the composit ion of the milkfat changes with 

season, and how it affects the thermal properties. Approaches that might be appropriate to model 

the freezing and thawing behavior of butter and which methods are best to solve the heat transfer 

model also needed to be identified. 

2.2 Butter Composition and Structure. 

Butter is a water-in-oil emulsion with a continuous phase of both solid (crystal l ine)  fat and liquid fat 

with aqueous droplets dispersed within it (Alfa Laval, 1 980; Boston et ai., 200 I ;  Frede, 2002). The 

size and composition of the water droplets may depend upon the manufacturing process. Most of 

the physical properties of the butter are governed by the properties of the fat phase but some are 

also i nfluenced by the moisture dispersion (Boston et al. , 200 I ). In  order to model freezing in butter 

it is important to understand the crystal l ization behavior of the fat phase as wel l  as the 

crystal l ization of the aqueous phase. B ecause the aqueous phase is an water-in-oil emulsion, the 

freezing behavior of the droplets is likely to be different from other food products for which water 

exists as a continuous phase. Similarly, when considering thawing behavior it is important to look at 

the melting behavior of the milkfat because the melting points of the mi lkfat triglycerides vary from 

-40°C to +38°C (Boston et al. , 200 1 ). The composition of triglycerides within the butter varies with 

time of season, making it necessary to characterize the thermophysical properties and the way they 

change due to storage time, temperature and season. 

Standards concerning butter composition are similar in most of countries (Frede, 2002). The 

principal constituents of a normal butter are fat (80 - 82%), water ( 1 5 .6 - 1 7 .6%), salt (0 - 3%)  as 

wel l  as lactose, protein, calci um and phosphorous (which total to about 1 .2%). Butter also contains 
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the fat-soluble vitamins A, D and E (Alfa Laval ,  1 980). Typical l y  New Zealand butter contains no 

less than 80% fat and no more than 1 6% moisture (Boston et aI. ,  200 I ). 

The current model of butter structure is a three dimensional network of fat crystals in which there is  

entrained l iquid fat and aqueous droplets (Alfa Laval, 1 980; Boston et  aI., 200 I ) . The fat phase 

consists of a solid crystal l ine continuous phase, l iquid fat, partia l ly  crystal l ine fat g lobules and 

semi- continuous fat crystals. The aqueous phase consists of microscopic droplets that contain salt 

and mi lk solids - not - fat (MSNF), (Alfa Laval ,  1 980; Boston et al., 200 I ;  Frede, 2002). A diagram 

of this model of butter structure is shown in Figure 2. I .  

Fat crystals semi­
continuous 
networks 

Figure 2.1:  Structure of butter (adapted from 

http://www.(oodsci.uogueiph.ca/dairyedu/butter.html) 

2.3 Milkfat Composition 

Milkfat can be defined as the mixture of l ipids and other lipid soluble compounds t hat are present in  

the fat or oi l phase of mi lk and cream (Boston et  aI. ,  200 I ) . The l ipids in butter consist mainly of 

triglycerides (roughly estimated to be 98% w/w), the rest consists of diglycerides (::::: 0.3%), 
monoglycerides (traces), phosphol ipids (;:;:: 0.3%), sterols (;:;:: 0.3%), free fatty acids and traces of 

waxes, squalenes and carotenoids (Boston et al. , 200 I ;  Precht, 1 988) .  The composi tion of mi lkfat 

changes with season and this is caused by several factors. Nutritional factors associated with 

changing availabi l i ty and quality of pasture through the year, physiological changes associated with 

the stage of lactation of the cows and pathological factors associated with a changing  incidence of 

mastitis have been identified as playing a significant role (O' Keeffe et aI., 1 982; Lucey et al., 1 992; 
Kefford et aI., 1 992; Auldist et aI. ,  1 995). 
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The fatty acids account for approximately 90% of the weight of the triglyceride molecules. 

Accordingly the fatty acids have a considerable influence on the properties of the triglycerides and 

thus on the mi lkfat (Boston et ai., 200 1 ; Precht 1 988) . The factor of importance to this study is the 

influence of fatty acid composition on the melting points of triglycerides. The melting points of 

triglycerides increase as the relative molar mass of their fatty acids increase and as the degree of 

unsaturation of the fatty acids decreases. Table 2. 1 shows the fatty acid composition of mi lkfat 

triglycerides for spring and summer mi lkfat. 

Table 2. 1: Fatty acid composition 0/ spring and summer milk/at (Boston et at. 2001) 

Chain length Fatty Acid Melting point weight % of total fatty acids 

(0C) Spring M ilkfat Summer Milkfat 

Short chain 4 :0 Butyric -8 4A 3 .9 

6:0 Caproic -4 2 .7 2A 

Medium chain 8:0 Caprylic 1 7  1 .6 1 .5 

1 0:0  Capric 32 3 .8  3 .2  

1 2 :0  Lauric 44 3 .8  3 .6 

Long Chain 1 4:0 Myristic 54 1 0.5 1 1 .5 

1 6:0 Palmitic 63 24.0 30.0 

1 8 :0  Stearic 70 1 4.0 1 1 .0 

Unsaturated 1 8 : 1  Oleic 1 6  26. 1 1 9 .0 

1 8 :2  Linoleic -5 1 .5 l A  

1 8 :3L inolenic - 1 0  1 . 1  0.9 

Table 2. 1 shows the large melting temperature range of mi lkfat triglycerides and as a result the bulk 

milkfat. Spring milkfat has more low melting triglycerides so more melting occurs at low 

temperatures whereas summer milkfat has more high melting triglycerides and a higher melting 

point, (melt below 1 0°C: Spring 9.7% and Summer 8 .6%, melt above 20oe: Spring 56. I % and 

Summer 59.3 %  ). Moreover spring mjlkfat has higher amounts of Oleic fatty acid as compared with 

summer mi Ikfat with a melting point of 1 6°C as shown in Table 2. 1 .  It is expected that this seasonal 

difference in triglyceride fatty acid composition wil l  result in differences in melting enthalpy as a 

function of temperature, which wil l  be important in successfully modeling butter freezing and 

chil l ing. 
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2.4 Crystallization of Fat 

The melting point of the triglycerides is not only affected by the fatty acid composition as stated 

above but also due to the subtle changes in the way in which the i ndividual triglycerides pack 

together to form a crystal (Boston et aI. , 200 I ). Clarkson & Malkin ( 1 934) demonstrated that 

multiple melting points of each triglyceride can occur due to polymorphism. Different 

polymorphism include the a- form, a form that crystallises from the melt and is the lowest melting 

polymorph, �' - form is an intermediate melting polymorph and the �- form is the highest melting 

polymorph (Hagemann, 1 988). Numerous reports have been published on the polymorphism of the 

milkfat but very l i ttle is known about the areas where the polymorphic forms are found in butter. 

This is due to the fact that compared to other naturally occurring fats, milkfat has the most 

heterogeneous triglyceride composition (Precht, 1 988) .  This wide range of triglyceriods cause more 

than one triglycerides crystal structure depending on the arrangement of packing of the carbon 

chains of the fatty acids in the crystal . Boston et al. (200 I ), Precht ( 1 988) and Mulder ( 1 953, 1 947) 

proposed the well-known theory of mixed crystals in  the milkfat in which different kinds of 

molecules incorporate together to form a lattice of a single crystal. I t  has been assumed that mixed 

crystals are also found in the fat globules within butter and explain the higher proportion of solid fat 

in butter fat globules at low temperatures as compared to bulk fat (Mulder & Walstra, 1 974). This 

difference could be associated with the difference in the degree to which the mixed crystals form in 

fat globules as compared to bulk fat (Mulder, 1 953, 1 947; van Bersesteyn & Walstra, 1 972). 

Tverdokhleb & Raksti ( 1 957) found both a and �' crystals in butter. Precht ( 1 980) and Frede et al. 
( 1 978)  also detected limited amounts of � and W crystals in butter. With X-ray diffraction it has 

been shown that, compared with the orthorhombic W - form, the relative proportion of the triclinic 

� phase i ncreased in  butter samples with increasing temperature after 1 2  days storage at 1 2°C 

following butter making (Frede et ai. , 1 978).  W crystals exist in the palletized butter after storage at 

about 1 2°C after manufacture and setting of butter. 

It is possible for the milkfat triglycerides to crystallize in any of these polymorphic forms, 

depending on the speed of crystallization, which itself depends on the driving force produced by 

temperature. When milkfat is crystall ized at a temperature wel l below i ts melting point it 

crystal l izes rapidly and less stable polymorphs, like a, are formed (Boston et al. , 200 I ) . Rapid 

crystallization also plays a role in the inc lusion of lower temperature melting triglycerides to form 

mixed crystals which have lower melting point (Boston et ai., 2(0 1 ), and conversely when the 

crystal l ization temperature is close to the melting point the crystals formed will contain a narrow 

range of triglycerides and thus, have higher melting points and more stable polymorphs. 
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Milkfat triglycerides can supercool and exist as a liquid wel l  below their melting points. When 

nucleation occurs in the supercooled milkfat, initial crystal growth rates can be very high and lead 

to mixed crystals and higher solid fat contents (Boston et al. , 200 I ). 

From the above discussion it i s  qui te possible that whi le freezing the butter, mi lkfat as wel l  as water 

may also supercool which wi l l  affect the solid fat contents of the butter and hence the enthalpy of 

butter The enthalpy of cool ing of butter could be different from the enthalpy of heating of butter 

depending on the thermal history of the product. The freezing may affect the proportion of a and W 

crystals (due to crystal lization and polymorphic transitions) which would affect the enthalpy of 

butter as the specific heat of a crystals is lower than that of W crystals. 

Figure 2.2 shows the solid fat content (SFC) of summer and spring milkfat as a function of 

temperature. It can be seen that in the range of 0- 1 O°C there is a small change in the SFC as 

compared to the change between 1 0°C to 20 °e. The typical range of interest for commercial 

thawing is from 0 - 1 2°e. Most of the studies done on model ing the crystallization behavior of 

mi lkfat were conducted at temperatures above 1 00e. The small change in fat SFC between 0 -

1 0°C suggests that crystallization behavior of fats is less important then one would initial ly  think i n  

the temperature range of interest. 

7 
--- Summer Milkfat 

6 --.- S pring Milkfat 

50 

u 40 u.... (f) 
� 0 30 

20 

1 0  

00 5 1 0  1 5  20 25 30 35 
Temperature ( 0c) 

Figure 2.2: Most extreme differences between New Zealand summer and spring milkfat 

(Mac Gibbon, 1993) 

2-5 



2.5 Aqueous Phase of Butter 

As stated previously, water in butter exists in the form of tiny spherically or oval ly shaped droplets 

embedded in the continuous fat phase. The size of aqueous droplets typically varies from 1 . 3 to 7 .6  

Ilm ( Lu, 1 999). Various authors mention there are approximately I - 3 x l 01o  droplets per  mill i l i ter 

in butter (Walstra, 1 974; Mulder et ai. , 1 956). Electron microscopy studies showed that the 

variability between the samples is not large due to the majority of the droplets being very small 

(Knoop & Wortmann,  1 962; Wortmann et aI., 1 965). In the water droplets, casein micel les of an 

average diameter of 0. 1 Ilm can be observed (Precht, 1 988). It has also been found that the small fat 

globules of approximately 0.7 to 0.3 flm in diameter are often embedded in  the crystal l ine surface 

layer, particularly of large water droplets (Precht & B uchheim, 1 980). Occasional ly, very small « <  

I Ilm) fat aggregates occur within the aqueous phase (Precht & B uchheim, 1 980). 

2.6 Crystallization of Aqueous Droplets 

In order to model heat transfer in butter in the freezing and thawing temperature range it is 

extremely important to understand the crystall ization behavior of the water phase of butter. The 

thermal properties of liquid water are significantly different to that of ice. Therefore, the thermal 

properties of any materials with significant water contents wil l  change significantly as the water 

freezes. 

The heat capacity of the water decreases by 50% if the water freezes but on the other hand if the 

water is super cooled below ooe the specific heat curve has no discontinuity (Angell ,  1 98 2). A 

schematic diagram of the freezing of water and a water sol ution droplet is given in Figure 2 .3 .  The 

five stages of freezing are distinguished by numbers 1 -5 .  

Stage ( I )  i s  the first stage of supercooling of the droplet to  many degrees below i ts initial freezing 

point until the nucleation occurs. Stage (2)  is the nucleation stage where there is enough 

supercooli ng for the nucleation to occur. Stage (3) is the release of latent heat due to the crystal 

growth from the nuclei and this stage continues until the droplet has reached an equilibrium 

freezing temperature. Stage (4) is the freezing stage where the growth of the solid phase depends on 

the rate of heat transfer and this stage continues until all the freezable water in the droplet i s  

completely frozen. The last stage (5)  i s  the cooling of the solid droplet to  a steady state temperature 

near to the ambient. 
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A number of researchers (Butler, 200 I ;  Erickson & Hung, 1 997; Macklin & Ryan, 1 968; Muhr & 

B lanshard, 1 9 86) have described that the addition of solutes increases the ice nucleation 

temperature (stage I ), decreases the crystal growth rate during the recalescence (stage 2) which also 

decreases the temperature rise and thus progressively depresses the freezing poin t  and introduces 

freeze concentration during the heat transfer dependent freezing stage (4). 

---- water 
_ aqueous solution 

r - - - - - - - - - - -,  
, 
, 

: 3 4 

Time 

5 

Figure 2.3: The temperature transition during the five stages of 

freezing for water and aqueous solution 

Dumas et al. ( 1 994) explained that the freezing and thawing processes for an emulsion droplet are 

not symmetric due to the supercooling phenomena. During crystall ization the release of latent heat 

is nearly instantaneous as it occurs far from the thermodynamic equilibrium. During melting, the 

absorption of latent heat is at a fixed melting temperature and its kinetics depends on the rate of heat 

exchange with the surrounding medium (Dumas et ai., 1 994). 

Through statistical studies on large number of droplets, Skripov ( 1 974) showed that the nucleation 

process is stochastic in nature. All the droplets do not crystal l ize at the same time and at the same 

temperature T. Therefore, for a single droplet at some temperature T lower than its initial freezing 

point Tij, the probabi lity of crystall ization J (T) can be defi ned as a function of time. 

Common nucleation theories (Turnball ,  1 956; Rasmussen et al. , 1 983) give the function J(T) as: 
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J (T )  = a exp[ b 
2 J T.(T -Tif ) 

for T < 'I;J (2- 1 ) 

Where a (S- lm-3) and b ( K3) are constants. The coefficient ' b '  represents the characteristics of the 

undercooled substance (molar volume of the crystal, interfacial tension between liquid and crystal) 

whereas 'a ' depends on the volume of the crystal (Tumbal l, 1 956; Skripov, 1 974). 

Michelmore and Franks ( 1 982) suggested the use of classical nucleation theory to describe the 

nucleat ion kinetics in water-in-oi l emulsions and express the nucleation rate in a simpler form as : 

b-r J (T )  = ae � (2-2) 

'a ' and 'b ' are the same constants as in  Eq (2- 1 )  and the degree of supercooling (i(/» is given by: 

m -_ T + 2 7 3 . 1 S  where If' 
'F;f + 2 7 3 .  1 5  

The Avrami model (Avrami, 1 939; 1 940; 1 94 1 )  i s  extensi vely used for the analysis of the 

crystal l ization kinetics at isothermal temperatures. The model considers the process of both 

nucleation and growth from a statistical basis (Rogowaski, 2(05). The model is given by: 

F(t)  = 1 - eKt"  

(2-3) 

(2-4) 

where F( t) is the fraction of the droplets that are frozen and n is known as the A vrami exponent or 

the reaction order parameter. The parameter K describes the combined effect of the rate of 

nucleation (1) and the rate of crystal growth (C) and is given by: 

7r 3 • K = - C" Jp 
3 

where p * is the relative density. 

(2-5) 

These theoretical models of the crystallization behavior of water-in-oil emulsions may be suitable to 

describe nucleation and growth of water droplet freezing in  butter. 
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2.7 Manufacturing Process 

The manufacturing process can influence the composition and microstructure of the butter. There 

are two main butter making processes: Ammix, which is based on scraped surface heat exchanger 

technology and Fritz, which is based on the traditional cream churning process. Although the 

butters produced by these methods are nearly the same, there are some subtle differences related to 

the finer moisture distribution of Ammix butter which affects perceived colour, flavor release, and 

release of moisture on reworking (Phi lpott, 1 999). 

2.7.1  Fritz Buttermaking Process 

A simple schematic diagram of the Fritz buttermaking process is given in Figure 2.4 

salt Buttermilk 

Moisture 

Figure 2.4: The Fritz buttermaking process (Phiipott, 1999) 

In the Fritz process, milk with approximately 4% fat is concentrated in  a centrifugal cream separator 

into cream of 40% fat. The fat in the cream is contained within globules with a diameter of 

approximately I to I O/lm. Cream is pasteuri ed and, in New Zealand, it is then steam stripped to 

reduce some of the flavours associated with pastoral feeding (Cant et al. , 1 997). 

After the steam stripping process, the cream is cooled and left overnight to crystal l ise. During 

churning of the crystallised cream, phase inversion occurs. The buttermi lk is released and is drained 
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off from the butter which i s  worked until a stable water in oi l emulsion is obtained. The release of 

butter milk is a concentration step to get a fat content of about 80-84% in the final product (Cant et 

aI. , 1 997). 

In the working stage, the g lobules are worked into a malleable plastic mass. Excess water is also 

squeezed to produce a butter texture. The 80% fat within the globules is  reduced to 8-30% duri ng 

the working process. Salt i s  added at this stage if salted butter is required and the moisture content 

is standardised. Further working disperses the water into small droplets of less than 1 0flm diameter. 

Even moisture dispersion i s  important for the product qual ity and prolonged shelf l ife. The final 

working process is done under vacuum which  removes air and gives a smooth evenly textured 

butter (Cant et al, 1 997). 

2.7.2 Ammix B uttermaking Process 

Concentrated Milkfat 

Salt Slurry Pasteurised Cream 

Mixing Tank 

I Packing I 
Figure 2.5: Ammix buttermaking process (Philpott, 1999)Figure 2.5: Ammix 

buttermaking process (Philpott, 1999) Figure 2.5: Ammix buttermaking process 

The Ammix style buttermaking system was original ly developed in 1 950's (Philpott, 1 999). In this 

process the gross composition of the butter incl uding freshly made concentrated milkfat, pasteurised 

cream and salt slurry is blended together in the mixing tank as shown in Figure 2.5 .  This mixture is  

then pumped through a series of scraped surface heat exchangers. These are tubular in construction 

and use liquid refrigerant as a cooling medium. High rates of heat transfer are possible within the 
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tubular construction of the heat exchanger which gi ves small fat crystals by rapid supercooling and 

nucleation. The scrapping action of the blades provides high shear forces which favour the 

dispersion of the aqueous phase into small droplets of I Ollm or less ( Mercer, 1 988; Early, 1 992) and 

faci l itates the high heat transfer rates by continuously wiping the heat transfer surface .  

Most of the crystal l isation and the dispersion processes happen in  the pinworker units. These units 

are tubular in construction with some pins fixed to the tube and some mounted on the central 

rotating shaft. The a polymorph fat crystals can rearrange to form W crystals in these units. This 

process releases the latent heat which causes further melting and recrystallisation. 

2.7.3 Differences Due to Manufacturing Processes 

From the above overview on both the butter making processes it can be seen that there are two steps 

which could affect the thermal properties of the final product related to this research. 

One important difference is the addition of salt sl urry at two different steps of manufacturing. In the 

Ammix butter making process, the salt slurry is  added at the beginning of the butter making process 

which causes a more even concentration of salt and other sol id - not - fat compounds. In contrast 

for butter manufactured by the Fritz process salt slurry is added after churning and water droplets 

from different sources (some from the undrained butter milk and other from the added moisture and 

salt slurry) are present in the butter, which may have different salt concentrations and result in 

different freezing points. This has the potential to directly affect the enthalpy of the butter during 

thawing and freezing. 

2.8 ThermophysicaJ Properties 

The modeling of heat transfer in butter requires knowledge of its thermal properties. The key 

properties of interest are initial freezing point, density, enthalpy and thermal conductivity. The 

thermophysical properties of butter are needed for different butter compositions and seasonality, 

over the temperature range of interest (-20°C to +20°C). 

During storage at low temperature, butter undergoes the freezing of fats and water which requires 

the removal of latent heat. The specific heat capacity and thermal conductivity are dependent on the 

ice fraction at temperatures below the initial freezing point .  The thermal properties of the l iquid 

water are considerably different from those of ice and, therefore, the thermal properties of any 
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material with significant amount of water wil l  change a lot as the water freezes. A schematic 

diagram of the change in the ice fraction as a function of temperature is given in Figure 2.6. 

O�------------4---------- T 

Figure 2.6: Schematic diagram of temperature-ice fraction relationship 

2.8. 1 Initial Freezing Point 

It is very important to be able to estimate the initial freezing point of the water phase in butter as at 

this point the water latent heat release or absorption begins to l imit temperature change within the 

material undergoing thawing or freezing. The initial freezing point depends on the amount of 

solutes in the aqueous phase of butter. When the water freezes out of the aqueous phase the other 

solutes become freeze concentrated resulting in the increased depression of the freezing point as 

freezing proceeds. 

Knowledge of the initial freezing point also potential ly allows the estimation of the ice contents of a 

frozen product at any temperature (Heldman, 1 974) and thus other thermal properties l ike thermal 

conductivity, enthalpy, density and specific heat, which depend highly on the ice content, can also 

be determined. 

Pham et al. ( \ 994) and Lindsay & Lovatt ( 1 994) estimated T (f from the intersection of the 

enthalpy curves below and above the i nitial freezing point and reported the i nitial freezing 

poi nts of  butter of varying composition (Table 2.2) .  
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Table 2.2: Composition of butter used by Pham et al. (1994) and Lindsay & Lovatt (1994) 

Butter Composition (%) 

type Water Protein Fat Ash Salt Tif Reference 

Sal ted 1 0.7  0.4 87.4 0.7 0.7 -4.8 1 Pham( J 994) 

Salted 1 6.7  0.6 80.6 J .7 1 .6 -6.25 Lindsay & Lovatt ( 1 994) 

UnsaIted 1 5 .6 0.8 82.7 0. 1 - 1 .94 Pham( 1 994) 

Unsalted 20.4 0.7 78.3 0. 1 0.04 - 1 . 1 2  Lindsay & Lovatt ( 1 994) 

Wolfschoon - Pombo & Lima ( 1 983)  and Wolfschoon - Pombo ( 1 99 1 )  also measured the initial 

freezing point of salted and unsalted butter using cryoscopy on diluted butter serums (Table 2.3). 

This method would average out any differences in droplets compositions made during manufacture. 

According to their procedure 2 ml of the serum phase of the butter were di l uted with 1 0  ml of water 

and then the sample was mixed thoroughly. The cryoscopy measurements were conducted on 2.5 ml 

of mixed solution. All  the procedure was carried out for butter serums samples before and after the 

addition of salt to determine the initial freezing points of the samples. The freezing point was then 

corrected for the dilution of the aqueous extracts. 

Water % 

1 4 .36 

1 4.56 

1 4.85 

1 5 .49 

1 5 .75 

1 5 .8 

1 5 .96 

TabLe 2.3: Freezing point of salted and unsalted butters 

Wolfschoon - POlllbo & Lima ( / 983) and Wolfschoon - POlr/ba ( /99/) 
Unsal ted Butter Salted Butter 

Freezing point (QC) Water% Salt % % in Water Freezing Point (QC) 

-0.6 1 1 1 3 . 3  0.58 4.36 -3.285 

-0.470 23 .6  1 .52 6.44 -4. 1 90 

- 1 .58 1 1 7 .5  1 .72 9.83 -5 .975 

-0.656 1 5 . 3  1 .60 1 0.45 -6.660 

-0.760 1 5 . 5  1 .95 1 2 .58 -8.320 

-0.455 salt% measured by 

-0.58 1 Mohr's method 

The measured initial freezing point of the salted butter from this source seems to agree with the 

estimates of Ph am et al. ( 1 994) and Lindsay & Lovatt ( 1 994) except for the unsalted butter for 

which the values estimated by Pham et at. ( 1 994) and Lindsay & Lovatt ( 1 994) are much lower. It 

is possible that the amount of sol id - not - fat in  the unsalted butter used by Pham et al. ( 1 994) and 

Lindsay & Lovatt ( 1 993) was higher than that used by Wolfschoon - Pombo & Lima ( 1 983) and 

Wolfschoon - Pombo ( 1 99 1 ). 
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Fats do not play a role in water freezing point depression. Tables 2 .2  and 2.3 show that the initial 

freezing point of the butter depends on the concentration of the solutes in the aqueous phase of the 

butter. At higher concentrations of solutes, more freezing point depression is observed. Thus, the 

freezing behaviour of the butter depends on both the water fraction in the butter and the solutes 

concentration in the water. It could also vary with the manufacturing process as mentioned earl ier 

due to addition of water and salt at different stages of the manufacturing process. Because of the 

variabil i ty in the reported data and the sensiti vity of the initial freezing point to the composition, a 

better means of prediction of the initial freezing point of al l the butters that are under consideration 

is needed. It would also be advantageous to develop methods to predict initial freezing point from 

butter water phase composition along with the measurement methods. 

2.8.2 Density 

Density data for butter is sparsely avai lable in the l iterature. A l i st of the density values reported by 

different authors is given in Table 2 . 5 .  Middleton ( 1 996) reported the density of the butter to be 923 

kg m·} on fil l ing into a 25 kg standard carton (butter is normally manufactured at 1 5°C) .  Butter 

density was reported as function of air content and temperature above O°C by Chubik and Maslov 

( 1 965 ) and Ginzburg et al. ( 1 985). I t  is clear from their results that the density of butter above O°C 

is weakl y affected by temperature. The density of butter changes from 945 kg m·} to 895 kg m·} 

when the amount air in the butter increases from 0% to 5%. A 5% increase in air content results in  

about the same percentage decrease in  the density value. There is no data avai lable in  the li terature 

for the density of butter below O°e. M iddleton ( 1 996) reported that butter shrinks by 3% when 

cooled from ambient to - 1 5°e. 

The l iterature density values are quite variable (Figure 2.7 and Table 2 .4). Butter manufactured by 

the conti nuous churning processing has lower density as compared with the butter made by the 

batch churning processing. The main reason is the amount of air in the butter. The continuous butter 

making process includes a vacuum step to remove air, whereas the batch churn butter making 

process i ncludes no such step and thus butter contains some air in it. If the data given in Table 2.4 is 

compared, inclusion of about 2.7% percent air in the continuous churning butter gives the same 

values as those reported value for the batch processed butter. 
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Table 2.4: Density of butter as a function of temperature and air contents 

No Conditions Density (kg m-3) Reference 

Formulae 

T= 0-5°C (Continuous chum production) 94 1 .7-2.0 T Ginzburg( 1 985) 

2 T= 5- 1 O°C (Continuous churn production) 95 1 .4-4.0 T Ginzburg( 1 985) 

3 T = 5 - 1  O°C (Batch churn production) 979.4-4.0 T Ginzburg ( 1 985) 

4 T= 0-90°C 949.8-0.7 T Ginzburg ( 1 985) 

5 T= 2-20°C 950.5-0.5 T Chubik and Maslov ( 1 965) 

6 T= 20-35°C 958-0.73 T Chubik and Maslov ( 1 965) 

7 

8 

9 

1 0  

1 1  

CIf"' 
'E  

980 

970 

960 

Xlii' = 0-5% 

Xlii' = 1 - 1 0% 

T= 1 5°C 

None given 

None given 

945- 1 0  Xai' Ginzburg( 1 985) 

950-9.5 Xlii' Ginzburg( 1 985) 

Constant value or ranges 

923 Middleton ( 1 996) 

950 Pohlmann ( 1 939) 

865-870 Winton ( 1 945) 

-- 1 -Ginzburg et al . (1 985) 

-- 2-Gi nzburg et al . (1 985) 

- 3-Gi nzburg et al . (1 985) 
-----. 4-Ginzburg et al. ( 1 985) 
. .. . . . . . . . . 5-C hubik  and Moslav ( 1 965) 

9-Middleton(1 996) � 950 --_ _ _  . . . .. . . . . . 
'-" 

-
--- -:::.:::�::::.:�::.::.::...:...:.. ... - . . 

� 
.-:,. . . . . . . . . . .. . . . . .. . ... . . . . . . . . . .. . . .. .. . . .. . . . . . . . . . . . . . . . . � 940 � ----- - - - - -- - - - _ __ _ _ _ _ _ _ _ _ _ _ _ _ 

930 

920 

2 4 6 8 1 0  1 2 1 4 1 6 1 8 20 
Tempe rature ( DC) 

Figure 2. 7: Density of butter as a function of temperature as reported in Table 2.5 (the legend 

corresponds to the numbering in Table 2.5) 

As a result of the variability in l iterature data it is necessary either to measure the density of 

different kinds of butter or predict it from compositional data by using the weighted sum of the 

densities of different components of the butter (Rahman, 1 995): 
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� =t� 
P i;1 Pi 

where 

P = bulk density (kg m'3) 

Pi = density of the ith component (kg m,3) 

Xi = mass fraction of the i th component 

(2-6) 

One of the important components is the fraction of the water frozen as density changes from the 

density of water which is about 1 000 kg m'3 to the density of ice which is about 920 kg,m,3 . On the 

other hand, as the butter freezes, it shrinks by 3% which means the densi ty of butter becomes higher 

due to the change in milkfat density. It is  therefore important to look at both these effects ( freezing 

of water and shrinkage of the milkfat) over the whole range of temperature and to consider the 

sensiti vity of the heat transfer predictions to density differences if a constant average value is used 

withi n that range. If this error is not significant then use of a constant value of density wil l  greatly 

simplify the problem. 

2.8.3 Thermal Conductivity 

The thermal conductivity of butter changes as the butter undergoes freezing mainly due to ice 

crystall ization. At the beginning of the freezing process the fraction of the water that is frozen i s  

zero and as  the fraction frozen increases the thermal conductivi ty of  the butter increases due  to  the 

large difference in thermal conductivity of ice and water. In many food products the thermal 

conductivity can be simply related to the composition of the food, ice fraction and the temperature 

(Pham & Wil l ix, 1 989). Wil l ix et at. ( 1 998) measured the thermal conductivity of several foods 

including salted and unsalted butter from the temperature range -40°C to +20°C using a guarded hot 

plate (Table 2.5) .  

Table 2.5: Composition of butter and fitted parameters for the thermal conductivity model 

Butter type Composition % Fitted Parameters 

Fat Ash water Salt Protein TiJ � f2 f r!. 

(DC) (Wm'I K' I ) (Wm' I K'2 ) (Wm' l ) (Wm' I K'2) 

Sal ted 82.4 1 .45 1 4.6 1 .32 0.5 -4.8 1 0. 1 95 1 .42x 1 0,3 0. 1 8 1  9 .74x 1 04 

Unsalted 82.7 0. 1 1 5 .2 0.7 - 1 .94 0. 1 78 I .  4 1  x I 0'3 0.092 1 .25x 1 0,3 

Pham & Wil l ix ( 1 989) fitted equations to the measured data for below and above the initial freezing 

point respectively: 
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A = Af + b(T - Tr ) + C (� - _
1 J 

- I) - T 'F;f 
(2-7) 

(2-8) 

The fitted constants 12, � and Q are given in Table 2 .5 .  

Conochie ( 1 964) reported the thermal conductivity of vacuum processed salted butter to be constant 

at 0. 1 9  W m- l OCi across the temperature range of _3°C to 1 2°C although no freezing is l ikely to 

occur over this range. Olenew ( 1 959) reported thermal conductivity data over a wide range of 

temperature and butter types as shown in Table 2.6:  

Table 2.6: Thermal conductivity of butter (Olenew, 1959) 

Thermal Conductivity (Wm-1K-1) 
Butter Type 1 7°C 5°C _5°C _ 1 0°C _ 1 4°C - 1 8°C -25°C -35°C 

Batch Churned Unsal ted 0.230 0.202 0.279 0.3 1 1 0.275 0.275 0 .288 0.329 

Batch Churned Sal ted 0.206 0. 1 95 0.268 0.292 0.287 0.284 0.272 0.320 

Continuous Churned 0.230 0. 1 95 0.246 0.25 1 0.232 0.244 0 .239 0.273 

Sal ted 

The data given by Chubik & Maslov ( 1 965) was fitted in the temperature range of -35°C to _5°C by: 

A = 0.256 - 7.84 x 1 0-4T (2-9) 

Ginzburg et al. ( 1 975, 1 985) gave the fol lowing relationship for the temperature range 5°C to 1 9°C: 

A = 0. 1 83 + 0.0025T (2- 1 0) 

Equation (2- 1 0) accurately represents the data from different independent sources ( Houska, 1 994). 

Rahman ( 1 995)  reported the thermal conductivity of a butter containing 1 6.5% water and 80.6% fat 

at O°C to be 0.20 WIl1- I K- 1 and at 20°C to be 0. 2 1  W m- I K I . 
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Figure 2.8: Thermal conductivity of butter as function of temperature 

Figure 2.8 represents the data from al l the sources. The data agree wel l  for the temperatures above 

the i nitial freezing point (_2°C or -5°C). The data measured by Wil l ix  et al. ( 1 998) is different to the 

other data for the temperatures below the initial freezing point. Their data shows l ittle change in the 

thermal conductivity above and below the freezing point which is not expected as butter is made of 

at least 1 4.6% water and as the water freezes i nto ice the thermal conductivity should increase as a 

function of fraction of the water frozen. I t  is possible that only a small fraction of the water droplets 

in the butter underwent freezing during the time frame of the experiment and that some of the 

freezable water remained supercooled during the measurements. 

Rahman ( 1 995) reported that various authors claim  that the most important factor in the 

determination of the thermal conductivity is the water content. The other key factor in the 

determination of the thermal conductivity of the butter is the air content of the butter. It can be seen 

that batch churned butter has lower thermal conductivity as compared to butter produced by 

conti nuous churning processes. This trend is consistent with the reduced density of butter made by 

the continuous churning process. The butter made at commercial scale is now made solely using 

the continuous processes and therefore the data for batch chum butter can be disregarded. Salted 

and unsalted butter made by the same process also have different thermal conductivity. Unsalted 

butter general ly  has higher thermal conductivity as compared to salted butter below the initial 
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freezing point. This is expected as at any temperature below the initial freezing point, a greater 

fraction of the water in the unsalted butter sample would be frozen .  

It can be concluded that the thermal conducti vity of butter varies significantly due to the differences 

in water contents, solute concentration and air contents. Because the butter type and the 

manufacturing process influence these factors it is desirable to predict i t  using the theoretical 

models that exist in the l iterature or to measure it over the whole range of interest. Prediction of 

how the thermal conductivity changes with respect to temperature below the initial freezing point is 

also necessary. If the change within the range is not very high, a constant value could be used for 

above and below the initial freezing point. 

2.8.4 Specific Heat Capacity and Enthalpy 

The specific heat capacity observed during freezing includes both sensible heat and latent heat 

effects and is known as apparent heat capacity. The specific heat capacity of butter is a complex 

function of temperature due to the crystal l ine form of triglycerides in the fat (Houska et al. , 1 994). 

The specific heat capacity of butter undergoing freezing is affected by the latent heat as these 

triglycerides undergo phase change. The specific heat capacity of butter for freezing and thawing 

could be different due to supercooling of fat and water in the butter duri ng rapid cooling. 

Table 2. 7: Specific heat capacity of butter for different compositions 

(Houska et al., 1994 (fitted to data from Olenew, 1 958)) 

Composition 

Unsalted Butter 

X. = 1 5.9%, X p = 0.338% 

2 Continuous Production 

X" = 1 6%, Xp = 0.5 1 5% 

3 Sal ted Butter 

x = 1 9.2%, X = 0.783% 11' {J 

4 Salted Butter 

X" = 1 5 .4%, Xs = 0.8 1 5%,  X I' = 0.342% 

Specific Heat Capacity ( kJ kg"loCI) 

Cl' = 2.5 + 2 .93 x 1 O-2 T + 4 1 .2 1 8/( 1 + 1 8.75 ( T  + 1 .37 )2 ) + 

2. 1 3/( 1 + 2 .88x 1 0-2 ( T  - 1 5 .25) 2 ) 
cl' = 2 + 1 .72 x 1 O-2 T + 6.03/( 1 + 0.24 (T + 2.33)2 ) + 

2.85/( 1 + 2.57 X 1 0-2 ( T  - 1 6.8 1 ) 2 ) 
cp = 1 .8 1  + 1 .06 x 1 O-2 T + 6 .80/( 1 + 0. 1 44 ( T  + 2.7 )2 ) + 

3 . 1 7/( 1 + 2.73 x 1 0-2 ( T  - 1 6.5 )2 ) 
cp = 1 .6 1  + 6. l l x l O-2 T + 6.75/( 1 + 0. 1  (T  + 6.32 )2 ) + 

3 .42/( 1 +  2 .69 x 1 0-2 ( T  _ 1 7 )2 ) 
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Olenew ( 1 958) measured the specific heat capaci ty of butter in the range -60 to -25°C. The 

empirical relations fitted to Olenew's  data are gi ven in Table 2.7. The only other data available for 

specific heat capacity of butter was measured by McDowell ( 1 953) and is given in Table 2 .8. This 

data is in  general agreement with the data measured by Olenew ( 1 958). 

Table 2.8: A verage specific heat capacity of unsalted butter as a function of temperature 

(McDowell, 1953) 

Temperature Range Average Specific Heat capacity (kJkg·1oCI) 

2S to 200e 

20 to I s oe 

I S  to 1 0 0e 

1 0  to s oe 

s to o Oe 

o Oe 

o to -s Oe 

-s to - l o Oe 

1 4  

� 1 2  
"';'0) 
� � 1 0  

� u 8 ro Q. ro 
() 6 co Q) 
I 4 u !: u Q) 2 Q. U') 

Mc DowelI ( 1 953) 
-- 1 -Houska ( 1 994) 
-- 2-Houska ( 1 994) 
-- 3-Houska ( 1 994) 
-- 4-Houska ( 1 994) 

4. 1 0  

S .02 

4.27 

3 .68 

3 . 1 8  

S2 .76 

2 .43 

2 . 1 8  
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-60 -40 -20 0 20 

Temperature ( QC) 

Figure 2.9: Specific heat capacity of butter as a function of temperature 

Figure 2.9 shows that all the data agrees wel l  above the ini tial freezing point and there is  l ittle 

difference in  the specific heat capaci ty value of different butters in thi s  range. The differences 
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between the butters are large in the phase change region. The temperature for the peak specific heat 

capacity decreases with increasing salt concentration due to the initial freezing temperature of water 

in butter being depressed. Rahman ( 1 995) reported the specific heat capacity of butter with water 

contents from 1 4% to 1 5 .5% as being 2.05 to 2. 1 34 kJ kg'
I K I . 

The area under the curves given in Figure 2 .9  gives the enthalpy of the butter required for the 

change in  temperature from -60°C to 20°e. The enthalpy of butter as a function of temperature is 

important for modelling purposes. If the specific heat capacity is used as a function of temperature 

then, where very large changes occur over narrow temperature ranges, specific heat capacity can 

easily be over or underestimated during numerical simulations, especially in the phase change 

region. The enthalpy temperature curve is smoother and makes numerical solution of heat transfer 

models more stable. 

Table 2.9 summarizes the integrated form of the empirical equations for specific heat capacity given 

in Table 2.9 using -60°C as the reference temperature for H = 0 (Houska et at. 1 994) 

No 

2 

3 

4 

Table 2.9: Enthalpy of butter for different compositions Houska et al. (1994) 

Composition 

Unsal ted Butler 

x" = 1 5 .9%, X,) = 0.338% 

Tref = -40° C 

Continuous Production 

x '" = 1 6%, XI' = 0.5 1 5% 

Tref = -40° C 

Salted Butler 

XII  = 1 9 .2%, X f' = 0.783% 

T,ef = -40°C 

Sal ted Butler 

X" = 1 5 .4% , X, = 0.8 1 5% 
X f' = 0.342%, Tref = -40° C 

Enthalpy (H) kJ kg'l 

H = 2.5T + 0.0 1 465T2 + 9.5 1 9  tan - I (4.33(T + 1 .37) )  
+ 1 2 .55 tan -I (0. 1 7(T - 1 5 .25)) + 1 30.9 - 2 1 .0622 

H = 2.0T + 0.0086T2 + 1 2 .3 1 tan- I (0.49(T + 2.33)) 
+ 1 7 .78 tan- I (0. 1 6(T - 1 6 .8 1 )) + 1 34.4 - 23.5092 

H = 1 .8 1T + 0.0053T2 + 1 7.92 tan , l (0.38(T + 2 .7) )  
+ 1 9 .9 tan , I (0. 1 65(T - 1 6 .5)) + 1 45 .5 - 25.56 1 2  

H = 1 .6 1T + 0.008306T2 + 2 1 .35 tan - I (0.3 1 6(T + 6 .32)) 
+20. 85 tan-I (0. 1 64(T - 1 7)) + 1 49 - 35.824 1  

Lindsay & Lovatt ( 1 994) and Pham et at. ( 1 994) measured the enthalpy of butter using an adiabati c  

calorimeter for the composition of  butter given in  Table 2. 1 0. The parameters were fitted to  the 

fol lowing form of equation proposed by Schwartzberg's  ( 1 976) in the range -40°C to +40°e. 
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H ( kJ kg- I ) = A + CJT + o/r 
H ( kJ kg- I ) = H" + c"T 

where 

A = Constant (kJ kg- I )  

B = Constant (kJ kg- I )  

T < 'f;f ( "C) 

c "  = Specific heat capacity of unfrozen butter (kJ kg - I KI ) 

cJ = Specific heat capacity of frozen butter (kJ kg - I K I )  

H,,= Enthalpy at O°C (kJ kg - I K I )  

The fitted parameters are given i n  Table 2. 1 0  

(2- 1 1 ) 

(2- 1 2) 

Table 2. 10: Parameters fitted to enthalpy equations (2-11) & (2-12) for different compositions of 

butter 

Composition (0/0) Parameters 

No Butter type Fal Ash water SaIL Protein A cl B c" Ho TiJ 
Salted (a) 80.6 1 .6 1 6.7  1 .6 0.6 54.7 1 .67 -457 3.94 1 42 -6.25 

2 Salted (b) 87.4 0.7 1 0.7 0.7 0.4 59 1 .68 -320 3 .97 1 37 -4. 8 1  

3 Unsal ted (a) 78.3 0. 1 20.4 0.04 0.7 80.4 2 . 1 4  -66 4.2 1 1 42 - 1 . 1 2  

4 Unsal ted(b) 82.7 0. 1 1 5 .6 0.8 76.0 2.00 - 1 46 4.44 1 56 - 1 .94 

( a) Lindsay & Lovatt. ( 1994). (b) Pham el 01.( 1 994) 

All the enthalpy data is plotted in Figure 2. 1 0  as function of temperature with a datum temperature 

of -40°C (H = 0). 
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Figure 2. 10: Enthalpy of butter afunction of temperature 

Both sets of data ( 1 -4 in Table 2 .9  and 1 -4 i n  Table 2 . 1 0) are consistent in  the freezing range of 

below _20De . I n  the range above -20De enthalpy val ues and the initial freezing point of butter start 

to differ. There are two reasons for this variation : 

• The phase change of ice depends on the concentration of solutes i n  the aqueous phase of 

butter. Salted butter has lower freezing point and unsalted butter has higher freezing point 

and this can be observed in both sets of data. The amount of protein al so has some effect i n  

the phase change region. Miles e t  al. ( 1 997) showed that amount of bound water in  foods i s  

a function o f  amount of protein and carbohydrates existing in the food . Bound water 

directly affects amount of the l atent heat as this water cannot under go freezing. A higher 

protein percentage means higher fraction of bound water and therefore lower total enthalpy 

change. In addition some of differences could also be due to the difference in the moisture 

contents of each of the butters. 

• The second reason for the variation i n  the enthalpy in the phase change region is the 

melting effects of the fat. Approximately 25% of the milkfat triglycerides melt below 5De 

(Boston et al., 200 I ) . According to Houska et al. ( 1 994) in  the temperature range -50De to 

40De the specific heat capacity of the milkfat is strongly dependent on the composition of 

milkfat. The composition of milkfat changes with season and lactation as mentioned earlier. 
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There are also differences above the initial freezing point. Although the data reported in equation 

(2- 1 2) was fitted by a straight l ine above the initial freezing point, this is not entirely true as the 

specific heat capacity of butter is not constant in that range due to the melting of milkfat 

triglycerides. The more complex enthalpy functions of Houska et al. ( 1 994) provide better 

approximations for the enthalpy in this range. 

It can be concluded that the speci fic heat capacity of butter changes with composition which in turn 

is a function of season, manufacturing process and the type of butter. To model heat transfer it is 

requi red to have accurate data for the specific heat capacity and enthalpy of butter. It was decided 

that the specific heat and enthalpy shoul d  be measured for different kinds of butter from different 

seasons in order to successful ly model the heat transfer in industrial scenarios. 

2.9 Heat Transfer Models 

The l iterature review on thermal properties showed that thermal properties are temperature 

dependent in the range of interest. Temperature dependent properties make the heat transfer models 

more compl icated because analytical approaches may not be possible and a numerical sol ution 

might be needed. There are several numerical solutions to the heat transfer models. This section 

reviews the l iterature on general heat transfer models and the numerical methods to solve these 

models to al low selection of appropriate methods for model l ing the heat transfer of butter. 

2.9.1 General Heat Conduction Equation: 

General ly  the heat transfer in sol id foods is defined either by the Fourier law of conduction or the 

enthalpy transformed version of Fourier Law. For heat conduction in a sol id in three dimensions the 

equations are: 

t > 0 (2- 1 3) 

t > O (2- 1 4  ) 

where the enthalpy H is given by: 

(2- 1 5) 
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For equation (2- 1 3) temperature is the only dependent variable whereas equation (2- 1 4) is based on 

two dependent variables, enthalpy and temperature. In equation ( 2- 1 3) the latent heat is 

i ncorporated into the apparent specific heat capacity. To accuratel y  model the latent heat in  this way 

a very small time step is required, otherwise in only one time step the local temperature could pass 

over the range of temperatures at which the freezing/thawing occurred. This could result in the 

under prediction of the freezing/thawing time due to less latent heat transfer being required. The 

enthalpy transformation approach (Eq. 2- 1 4) minimizes this problem and is the preferred approach 

for the phase change problems (Delgado & Sun 200 I ) . 

The heat transfer models in equations (2- 1 3) and (2- 1 4) require boundary and ini tial conditions that 

describes the surface heat transfer rates and the condition of the product at time zero respectively .  

2.9.2 Initial and Boundary Conditions 

In the prediction of thawing and freezing in foods many kinds of i nitial and boundary conditions 

can be appl ied. Cleland ( 1 990) categorized boundary conditions as five main types. 

First Kind (known surface temperature) 

The first kind of boundary condition can be stated as: 

T = T  a at the surface, for t > 0 

where Ta is the ambient temperature around the product. 

Second Kind (Constant heat flow at the surface) 

The second kind of boundary conditions can be stated as: 

at the surface, for t > 0 

(2 - 1 6) 

(2- 1 7) 

where n is the unit vector normal to the surface and (jJ is the prescribed heat flux from the surface .  

Third Kind (Convective and/or radiative heat transfer from the surface) 

The third k ind of boundary conditions can be stated mathematically as : 
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A. n.'V 1(x . .v .z ) = lPconveclive + lPradialive 

= hconvec,ive C f.-convective - T ) + hradialive ( I:,-radiative - T) at surface, for t > 0 
(2- 1 8) 

where h is the heat transfer coefficient and Ta is the ambient temperature of the surroundings. 

Fourth Kind (variable temperature at the surface) 

The fourth kind of boundary conditions assumes variable but known temperature at the surface and 

can be written as : 

T = f(t) at the surface, for t > 0 

Symmetry Boundary Condition 

( 2- 1 9) 

Symmetry boundary condi tions can be appl ied to geometric shapes where there is an axis of planar 

or rotational symmetry. It is also applied in the case where there is a perfectly insulated surface .  The 

symmetric boundary condition can be written mathematical l y  as: 

'VT (x, y, z ) = O at the surface, for t > 0 (2-20) 

The third kind of boundary condition is also known as the Neumann boundary conditions. The first 

and fourth kinds of boundary conditions are special cases of the third kjnd where h -+00. Practical ly  

there is usual ly significant surface resistance to  heat transfer so  hconvec'ive cannot be very large 

therefore the first and fourth kind of boundary conditions are not often the best boundary conditions 

for i ndustrial problems. The second kind of boundary condition also occurs very rarely and is 

hardly used even under high ly  controlled and accurately measured experimental conditions. Cleland 

( 1 990) also suggested that the 3rd kind of boundary conditions is the most real istic in modell ing 

thawing and freezing of food processes where phase change occurs. 

The i nitial conditions in the real world could be non uniform depending on the specific application 

but uniform initial conditions are preferred to avoid any complexity in providing large amounts of 

input data to the model .  Also often the positional temperature profile through the product is 

unknown. The uniform initial condition is gi ven by: 

T = T  I at al l places i n  the object at t = 0 (2-2 1 ) 
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To solve the model given by equations (2- 1 3) or (2- 1 4) and the chosen boundary and ini tial 

conditions, the model can be solved by either analytical or numerical methods depending on the 

accuracy required in the predictions and the assumptions made during the formulation .  

2.9.3 Analytical Solutions for Conduction Problems: 

Anal ytical solutions to  heat transfer exist for simplified systems with no phase change, constant 

thermal properties and usual ly  uniform initial conditions (Cleland, 1 990). These model s  are 

approximations to the compl icated real world situations due to the temperature dependence of the 

thermal properties. The large changes in the thermal properties occur during the phase change 

period. Because of this complex behaviour it is not possible to derive an exact analytical solution 

for the freezing time predictions of food for practical situations (Becker & Fricke, 1 999). Such 

l imitations of analytical approaches when thermal properties are temperature dependent mean that it 

is often necessary to use numerical solutions. 

Reviews of analytic and other approxi mate solutions are given by Becker & Fricke ( 1 999) and 

Delgado & Sun (200 1 ). 

2.9.4 Numerical Solutions for Heat Transfer 

Cleland et at. ( 1 987c) stated that numerical methods are accurate and rel iable for freezing and 

thawing time predictions provided that they are formulated and implemented correctly to reduce 

any truncation and rounding errors. Due to the availabil ity of fast computers it is now possible to 

reduce numerical errors by goi ng to very smal l time and space step sizes to solve the heat transfer 

equations. The two numerical methods commonly used for freezing and thawing models are the 

finite element and finite difference methods. For irregular shapes finite element method i s  the most 

appropriate and for the regular geometric shapes the finite difference solution scheme is usual ly 

preferred (Cleland, 1 985). 

According to Cleland ( 1 990) the finite difference method can be implemented in several ways 

including; 

• Simple explicit scheme where thermal conductivity and heat capacity are combined and 

thermal diffusivity is taken as a function of temperature. 

• Expl icit solution where thennal conductivity and specific heat are taken as separate 

functions of temperature. 
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• Explicit difference formulae based on the enthalpy transformation (equation 2- 1 4) 

• Ful l y  implicit, multi-time level schemes such as the Crank Nicholson scheme (Crank & 

Nicholson, 1 947); and Lees scheme ( Lees, 1 966) etc. 

Due to the phase change problem in this work the enthalpy approach is the most appropriate. 

Implicit schemes for the enthalpy transformation involve iterative solutions at each time step, 

making the solution more compl icated but all ow greater numerical accuracy and therefore larger 

time steps. With the availabil i ty of fast computers explicit schemes can be used successful ly with 

small time step and are favored because they are easier to implement. 

A number of papers reported the application of numerical methods for predicting  freezing and 

thawing of food systems. For example Manpperuma & Singh ( 1 988) used an expl icit numerical 

method involving the enthalpy transformation for one, two and three dimensions with the 1 S\ 2nd 

and 3rd kind of boundary conditions to predict thawing and freezing in foods. The predicted results 

showed good agreement with experiment data for cylindrical, slab shaped and spherical products. 

Cleland ( 1 990) reviews numerical methods suitable for predicting freezing and thawing of food 

products. Most of these methods use equil ibrium thermal property data (the process is assumed to 

be heat transfer l imited). However in many food systems freezing involves supercooling (non­

equil ibrium behavior). Therefore it was decided to review the l iterature and look at the different 

approaches available to model the freezing behavior of food systems where supercool ing occurs. 

2.9.5 Freezing Models for Water-enriched Foods: 

The freezing of food is not a simple process and involves the complexity of removal of both latent 

and sensible heat in the food. This removal of latent heat depends on the structure of food. In some 

food materials the removal of latent heat occurs once the initial freezing point of the food is reached 

without any supercooling effects. At the initial freezing point a portion of the water within the food 

crystall ize that makes the remaining solution more concentrated which further decreases the 

freezing point. 

In other kinds of water-enriched foods water supercools to many degrees below its i nitial freezing 

point, but as soon as the ice nuclei are formed the crystal l isation process begins and starts releasing 

the latent heat. Thi s  process gives a quick rise in temperature unti l  the temperature approaches the 

initial freezing point. 
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Cleland et at. ( 1 982) observed that high rates of cooli ng increased the freezing time up to 25% and 

they postulated that this may be caused by the supercooling throughout the process of ice crystal 

growth and prior to the initial ice nucleation. Pham ( 1 989) suggested that unless the physical 

phenomena of ice crystal nucleation and growth are better understood, numerical methods are 

unl ikely to give better predictions than the simple empirical or semi-empirical equations. 

Miyawaki ( 1 989) described the freezing  process i ncluding supercool ing: 

A typical relationship between the enthalpy - temperature is given in  Figure 2. 1 1 . Initial l y  the 

enthalpy during the freezing proceeds along the l ine a�b�c. The section b�c corresponds to 

supercool ing and heat transfer is simple heat conduction without phase change. Once nucleation 

occurs the supercooling ceases, and is fol lowed by rapid crystal growth and the enthalpy curve 

shifts from c�d. This transition happens throughout the sample. The remaining latent heat transfer 

is l imited by the heat removal rates and fol lows the enthalpy curve from d�e�f until the whole 

sample is frozen completely. Lastly pure sensible heat transfer occurs fol l owing the enthalpy curve 

fol lows f�r .  

Pham( 1 989) used a similar type of step approach t o  model supercool ing fol lowed by dendritic 

growth of ice crystal in one dimensional meat slab. Pham ( 1 989) used the same enthalpy­

temperature relationship given in Figure 2 . 1 1  with the inclusion of the process c-d by assuming that 

the crystall ization takes place at a definite nucleation temperature fol lowed by the dendritic growth 

of crystals. 

These models are appropriate in foods in which water is a continuous phase. In such systems 

nucleation anywhere in the product wil l  ini tiate ice crystal growth throughout the supercooled water 

phase. In butter where water is in the form of discontinuous droplets, such models are not likely to 

be appropriate unless all the droplets begin to freeze at the same level of supercooling. A model 

combining conductive heat transfer and the n ucleation/growth models reported in Section 2.6 is a 

promising approach to model the freezing behaviour of butter that has not yet been attempted. 
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Figure 2.1 1  Enthalpy - temperature relationship. Pure water: ahdgf', water-enrichedjood 

without supercooling: ahdejf', jood with supercooling: ahcdegff'. 

2.10 Literature Conclusions 

From the l iterature review it was concluded that butter is a water in oil emulsion and freezing and 

thawing may not be a reversible process l ike i n  other food materials where water is a part of 

continuous phase. Thawing can probably be modeled as conduction only with equil ibrium thermal 

properties. For freezing another approach wil l  probably be required that considers the combined 

effects of multiple individual droplet freezing events. It is not clear from the l iterature whether it 

wi l l  be only nucleation l imited crystal l ization of the aqueous phase of butter or whether 

consideration of growth of crystals is also important in order to model the freezing behavior. 

Successful modeling of thawing and freezing of butter requires accurate thermophysical property 

data. The l iterature review on the thermophysical properties of butter showed that there are 

differences in the values of all the thermophysical properties due to seasonal changes and the 

manufacturing process for different kinds of butter. Therefore it is necessary to either measure the 

thermophysical properties data for different ki nds of butter samples collected from throughout the 

season or estimate it based on the compositions of the samples under study. 

The next chapter comprises the work on collection of samples from throughout the dairy season, 

compositional analysis of the samples, estimation of the thermophysical properties data and its 

measurement where good estimation could not be achieved based on composition. 
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CHAPTER 3 

ESTIMATION AND MEASUREMENT OF THE 

THERMAL PROPERTIES OF BUTTER 

3.1 Introduction 

Accurate data for the thermal properties of butter is key to the prediction of thermal behavior of 

food under industrial conditions. The l i terature review shows that the data avai lable on the thermal 

properties of butter is high ly  variable. Some of this variabi l i ty could be due to the differences in  

butter types, composition, manufacturing methods or seasonal ity. For heat transfer models to  be 

useful ,  it is important to understand how thermophysical properties change because of these 

variables and to provide appropriate methods for data selection or estimation. 

This chapter focuses on estimation and, in the absence of accurate data, the measurement of thermal 

properties of commercial butter. 

3.2 Material 

Samples of butter were collected from Fonterra Co-Operati ve Group Ltd, New Zealand. These 

butter samples were manufactured from different seasons (spring, summer or autumn), with 

different compositions and using different manufacturing processes. A code was gi ven to each 

butter sample and this is used for all the experimental trials in the work. The butters samples can be 

c lassified into four different types: salted butter, unsalted butter, high moisture butter and lactic 

butter. The high moisture butters contained a maximum of 25% of water. The lactic butters had pH 

in the range 4.3 - 5.0 and contai ned lactic acid. A list detai l ing all the butters is given in Table 3 . 1 .  

These butters include samples selected over a period of four years from two different manufacturi ng 

processes. 

Samples B 1 5, B 1 6  and B 1 7  were the butters used for the experiments to validate heat transfer 

models detailed in the thesis, although exact production date were not known. The compositions of 

al l the butters were tested by Fonterra Co-Operative Groups Ltd. Detai ls of the standard methods 
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used for the composition testing are given in Appendix A-2. Table 3 .2  shows the mass fraction 

(w/w) for each of the measured butter components. 

Table: 3. 1 Butter samples collectedfrom different seasons 

Code Butter Type Factory Production Date Season Comment 

B I  High moisture Te Rapa 1 0-Sep-00 Spring Ammix 

B2 Salted Whareroa 24-Sep-02 Spring Fritz 

B3 Salted Whareroa 27-Dec-02 Summer Fritz 

B4 Salted Whareroa 1 6-Apr-03 Autumn Fritz 

B5 High moisture Te Rapa 1 8-Sep-00 Spring Ammix 

B6 Unsalted Clandeboye 7-May-03 Autumn Fritz 

B7 Unsalted Kauri 1 5-Sep-02 Spring Ammix 

B8 Unsalted Kauri 2 1 -Dec-02 Summer Ammix 

B9 Unsalted Kauri 2 1 -Apr-03 Autumn Ammix 

B I O  Unsalted Whareroa 27-Sep-02 Spring Fritz 

B I I Un sal ted Whareroa 23-Dec-02 Summer Fritz 

B I 2  Unsalted Whareroa 2 1 -Apr-03 Autumn Fritz 

B I 3  Unsalted Lactic Whareroa 23-Sep-02 Spring Fritz 

B I 4  Unsalted Lactic Whareroa 8-0ct-0 1 Spring Fritz 

B I 5  Salted Whareroa 2003 Spring Fritz 

B I 6  Unsal ted Whareroa 2003 Autumn Fritz 

B I 7  Unsalted Lactic Whareroa 2003 Summer Fritz 

Table 3 . 2  shows that except for the high moisture butter ( B  I ;  B5), there was very l i ttle difference in 

the moisture contents of all the butters regardless of manufacturing process and the type of butter. 

The salt contents in the salted butter also varied little. Thi s  is because these variables are controlled 

during butter manufacture. The fat contents in the high moisture butters were lower than that of 

standard moisture butter as expected. The amount of milk solids not fat (MSNF) (which includes 

lactate, lactose, non protein nitrogen (NPN), and protein) i n  the two high moisture butters differs 

markedly. In  al l other butters MSNF lay within the range of 1 . 1  % to 1 .59%. 

This data allows investigation of thermal properties with respect to composi tion. Selection of salted, 

unsalted, high/standard moisture and lactic butter samples from different seasons (NZ Autumn, NZ 

Summer and NZ Spring) and from two different manufacturing processes (Ammix and Fritz) 

al lowed a comparison of the thermal properties of butter caused by these factors. These samples 

also help in deciding which thermal properties are more affected by these differences and what 

precision in the thermal data is needed to cover the standard compositional range. 
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Table 3.2: Composition of butteria) 

Salt Fat Moisture MSNF Lactose Lactate NPN TN-Iiquid Protein 

Butter % w/w % w/w % w/w %w/w %w/w % w/w %w/w %w/w % w/w 

B I  76. 1 2 1 . 1 8  2.33 0.83 0.028 0. 1 55 0.8 1 

B2 1 .33 8 1 .5 1 5 .6 1 1 .48 0.64 0.090 0. 1 27 0.24 

B3 1 . 30 8 1 .2 1 5 .68 1 .80 0.66 0.052 0. 1 24 0.46 

B4 1 .26 8 1 .4 1 5 .67 1 .5 I 0.55 0.028 0. 1 32 0.66 

B5 78.0 2 1 .4 1  0.75 0.2 1 0.04 0.027 0.065 0.24 

B6 82.5 1 5 .66 1 .59 0.66 0.030 0. 1 47 0.75 

B7 83.0 1 5 .50 1 . 1 2 0.50 0.034 0.095 0.39 

B8 83.2 1 5 .57 1 .08 0.45 0.047 0.096 0.3 1 

B9 82.7 1 5 .66 1 . 50 0.59 0.029 0. 1 28 0.63 

B I O  82.6 1 5 .66 1 .49 0.62 0.045 0. 1 33 0.56 

B l l 82.6 1 5 .74 1 .3 1  0.53 0.0 1 4  0. 1 22 0.69 

B I 2  83.3 1 5 .67 1 . 22 0.49 0.028 0. 1 26 0.63 

B I 3  82.8 1 5 .67 1 .57 0.59 0.07 0.0 1 3  0. 1 27 0.73 

B I 4  83.0 1 5 .65 1 .42 0.54 0.07 0.037 0. 1 25 0.56 

B I 5  1 . 23 82. 1 1 5 .28 1 .45 0.52 0.007 0. 1 1 5 0.69 

B I 6  83.0 1 5.38 1 .45 0.56 0.005 0 . 1 09 0.66 

B I 7  83.0 1 5 .62 1 . 32 0.8 1  0.06 0.055 0. 1 1 7 0.40 
(a) MSNF - nlllk solids not lat, NPN - non protein nttrogen, IN - total nttrogen. Blanks shows ihat test was not performed for that 

component 

It is expected that the salt and water contents have major effect on the thermal properties of butter. 

The i nitial freezing point of salted butter is expected to be lower than the unsalted butter due to the 

freezing point depression of the salt .  It is also expected that salted butter would have l ower thermal 

conductivity than unsalted butter at temperatures below the initial freezing points as i n  the aqueous 

phases of these butters in those conditions less water is expected to freeze. The butter with higher 

moisture contents wi l l  have a higher enthalpy change due to the high latent heat and the high heat 

capacity of water. The amount of protein could affect the amount of bound water during freezing. 

B utter with a higher amount of bound water would be expected to have a lower enthalpy change on 

freezing. 

Table 3 .3  shows the solid fat content (SFC) of the fat extracted from the butters over the 

temperature range 0 to 35°C as determined by pulsed nuclear magnetic resonance. The SFC is not 
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normally measured below ooe as most of the milkfat fractions solidify above O°e. The sample 

preparation for the determination of the SFC of milkfat using pulsed nuclear magnetic resonance 

includes melting the extracted fat, and cooling and crystallizing the fat under constant conditions. 

This  standardized crystallisation enables any contribution from the butter making process to be 

eliminated and therefore the SFe simply reflects the composition of the origi nal fat when 

comparing samples prepared in the same way ( MacGibbon & McLennan, 1 987). 

Table 3.3: Solid fat contents of butter at different temperatures 

Solid Fat Contents (%)  

Butter O°C SOC 1 0°C l SoC 20°C 2SoC 30°C 3SoC 

B I  62.62 59.03 5 1 .5 1  36.29 1 9.26 9.94 4.43 0.69 

B2 64.3 1 60.65 52.95 37.35 1 9.59 1 0.75 4. 1 7  0.32 

B3 69.83 66.43 59.33 44.00 24.39 1 3.60 6.55 0.7 1 

B4 67. 1 2  63.79 56.9 1 4 1 .72 23.03 1 2.62 5.5 1 0.65 

B5 63.47 59.55 52. 1 8  35 .67 1 8 .72 1 0. 1 4 4.32 0.24 

B6 65.67 62.33 55.69 40.06 2 1 .64 1 2 .20 5.60 0.45 

B7 63. 1 0  59.27 5 1 .93 36.22 1 8 .83 1 0.20 4.4 1 0.79 

B8 69.63 66. 1 1 59.39 44.47 24.48 1 4.0 1 6.88 1 .06 

B9 66.84 60.56 53.62 38.50 20.74 1 1 .6 1  5 .58 0.89 

B I O  63 . 1 7  59.38 5 1 . 26 35.78 1 8.78 9 .77 4.27 0. 1 9  

B I I 69.64 66. 1 8  58.88 43.5 1 24.34 1 3 .40 6.38 0.96 

B I 2  66.45 63. 1 0  56.26 4 1 . 1 7  22.44 1 2 .60 5.96 0.80 

B I 3  63.72 59.90 52.36 36.44 1 9. 1 3  1 0.0 1 4. 1 3  0.27 

B I 4  65.3 1 6 1 .55 53.56 37.46 20.08 1 0.89 4.49 0.00 

B I 5  67.0 1 63.34 55.36 38 .74 20.85 1 1 . 2 1 4.89 0.00 

B I 6  65.52 62.08 55.2 1 39.99 2 1 .64 1 2.55 5 .60 0.88 

B I 7  69.83 66.43 59.34 44.64 26.53 1 4.30 6.74 0.95 

As expected, the summer butter (B3;  B8; B 1 1 ) had higher solid fat contents at lower temperatures 

than the spri ng butter (B2; B7; B 1 0; B 1 3 ; B 1 4) .  The extremes of highest and lowest solid fat 

contents from the butter samples and a typical autumn milkfat sample are gi ven in Figure 3. 1 .  The 

SFe of all other butters lay between these extremes. 

There was l i ttle change in the SFe of the milkfat from the butters between 0 to 1 00e. The largest 

change was i n  the range 1 0°C to 20°e. B utter with a higher SFe at any temperature range of interest 
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is expected to have a higher specific heat capacity over that range and vice versa for butter with 

lower SFC. 
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Figure 3.1 :  Solid fat contents of Summer, Spring and A utumn milk fat 
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(b) Spring 
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Figure 3.2: Solid fat contents of butter 

(a ) Summer (b) Spring (C) Autumn 

Figure 3.2 shows the SFC as a function of temperature for the each spring, summer and autumn 

butters. There was very little difference within each season in SFC for three different types (salted, 
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unsalted and lactic unsalted). Only B 1 4  deviated from the other spring samples to any extent. This 

butter was manufactured in  October 200 I and this month is  in the transition period between spring 

and summer. This butter was sti l l  c loser to spring i nstead of summer with regard to SFC. 

Overal l ,  the resu lts show that the SFC of butter varies with season and it  is not significantl y  affected 

by the manufacturing process or type of butter. 

3.3 Initial Freezing point 

Due to the variabi lity in the initial freezing points of butter reported in the literature and its 

dependence on the concentration of solutes in the aqueous phase, the ini tial freezing points of each 

butter sample were measured directly. 

3.3.1 Measurement Methods 

A cryoscope is the main c lassical i nstrument used to measure the initial freezing point of food 

materials (Rahman, 1 995 ) .  A time - temperature curve is recorded during sample freezing and the 

initial freezing point is derived from the relatively long plateau which fol lows supercooling and 

nucleation on this curve. The thermal history of a sample going through cryoscopy is given in  

Figure 3 .3 .  The sample is cooled very quickly to O°C and a t  that point the cooling rate is slowed to  

supercool the sample to many degrees below i ts initial freezing point. When the sample i s  

sufficiently supercooled, a mechanical pulse is  applied which induces the sample to  freeze and  then 

the heat of fusion warms up the sample asymptotically towards its initial freezing point where it 

equi l ibrates. The temperature reading for the initial freezing point is  taken after a stable temperature 

is recorded on the freezing point plateau. 

In the case of a pure solvent, the plateau fol lowing the nucleation of ice crystals wil l  be horizontal, 

but in the case of non-ideal solutions, this l ine will  be non-linear due to freeze concentration of the 

solutes in the aqueous phase. In this case a correction for the freeze concentration can be made 

using the extrapolation method or by using standard solutions. 
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5 6 2.  S low Cool - - - - - - - - -

3.  Freeze - - - - - - - -�--------------� 

4. Heat of Fusion 
4 5 .  Plateau 

2 6. Readout 

3 

Time 

Figure 3.3. Thermal history of a sample during cryoscopy measurements (4C3 cryoscopy 

manual manufactured by Advanced Instruments Inc) 

3.3.1 . 1  Extrapolation method 

The extrapolation method is a simple method of determining the initial freezing point, by 

extrapolating geometrical ly the time versus temperature freezing curve. This method is i l lustrated in  

Figure 3.4. Detail of  this method is  given by  Fennema et  al. ( 1 973). 

I TB " " � . .  , . . G  

F TG . . . . . . . . . . . . . . . . 

t6 Ti me 

E 

Figure 3.4: Extrapolation method for determining the initial freezing point 

(adaptedfrom Rahman, ( 1995» 

The l ine DE is extrapolated backwards to estimate the initial freezing point B whereas the point G is  

the true freezing point. The error between the points G and B increases with an increase of 

supercooling and a decrease in  the rate of heat removal (Fennema et aI. , 1 973). 
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3.3.1 .2 Calibration with the standard solutions: 

The other method to correct the error from freeze concentration is to use standard solutions with 

known freezing points. Usual ly two standards are used, one with freezing poi nt slightly above and 

the other with freezing point s lightly below the freezing point of interest. The unknown freezing 

point can be corrected on the basis of difference between the observed and actual freezing point of 

the standards. In this case, the same extent of supercooling, same crystall ization temperature and the 

same cooling rate is necessary to get good resu lts (Rahman, 1 995). 

3.3.2 Measurement of Initial Freezing Point of Butter 

Due to the availabi l ity of a cryoscope (Model 4c3 manufactured by Advanced Instruments Inc), this 

method was used to measure the initial freezing point of butter serums. 

About 70- 1 OOg of butter sample was placed into a glass jar and sealed. The jar was placed in  a oven 

at 60°C unti l  all the butter melted and the water phase could be seen c learly .  The aqueous phase 

(serum) was then transferred into a centrifuge tube and centrifuged for 1 0  minutes at 20,000 rpm, at 

room temperature and the aqueous phase sampled from beneath the separated fat. Serums of 1 7  

different samples of butter col lected from throughout the manufacturing season (as described 

above) were prepared in th is way. After centrifugation the samples were sent to Fonterra Co­

Operative Group Limited laboratory at the Whareroa site to measure the initial freezing point using 

cryoscopy using the method outlined in section 3 .3 . 1 .  

Out of the 1 7  samples, four were salted butters. For the salted butters the serums extracted were too 

concentrated to freeze in the range of the cryscope and therefore i nitial freezi ng point for the salted 

butter was not mea ured using this i nstrument. 

Results of Cryoscopy Measurement 

Table 3.4 gi ves the measured initial freezing point of the unsalted butters using cryoscopy. 

The measured freezing point data agrees wel l  with the cryoscopy data measured by Wolfschoon 

( 1 983) & ( 1 99 1 )  whereas it was higher than the values estimated by Pham ( 1 994) and Lindsay & 

Lovatt ( 1 993) using the Succar and Hayakawa ( 1 990) method. 
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Table 3.4: Measured initial freezing point of unsalted butters 

Butter Tif (,C) Butter Tij("C) 

B I  -0.443 B I I  -0.4 1 4  

B5 -0.25 B I 2  -0.408 

B6 -0.5 1 5 B I 3  -0.6 1 6  

B7 -0.397 B I 4  -0.576 

B8 -0.364 B I 6  -0.52 

B9 -0.50 1 B I 7  -0.566 

B I O  -0.48 1 

The sl ight variation in the in i tial freezing points of the butters found was in keeping with the small 

differences due to composition. Out of four Ammix butters (B5; B 7 ;  B8; B9), three had higher 

initial freezing point as compared with the data for the Fritz butters. The fourth Ammix butter (B9) 

had a lower initial freezing point than the other Ammix butters (more inline with the data for the 

Fritz butters) which was probably due to a higher protein concentration which would increase the 

amount of bound water and therefore depress the initial freezing point. 

For Ammix butter, an average value of -0.38°C can be used for the initial freezing point based on 

the finding that there was not much difference in the composition in  al l  the butters studied in this 

work (Table 3 .2). 

For unsaIted lactic butter (B 1 3 ; B 1 4; B 1 7) manufactured by the Fri tz process, a value of -0.59°C 

can be used and for unsalted Fritz butter (B6; B 1 0; B 1 1 ; B 1 2 ; B 1 6) a value of -0.47°C is 

appropriate. 

The freezing point of aqueous solutions is depressed with the increase of solutes in it ;  the amount of 

carbohydrates and proteins in the aqueous solution increases the amount of bound water, which 

causes depression of the freezing point.  Therefore, an analysis of the initial freezing point as a 

function of the solute concentration i n  the aqueous phase of butter (calcu lated from the solute and 

moisture fraction given in Table 3 . 1 )  was done as shown in Table 3.5.  

A clear trend of initial freezi ng point depression with the increase of total solute concentration can 

be seen above -0.5°C. Below -oSC there is bit of scatter in the data which is probably due to the 

compl icated composition of the water droplets. The amounts of lactose and protein play roles in the 

amount of bound water that depress the freezing point further and there are some solutes that were 
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not measured which could also affect the in i tial freezing point. To understand the contribution of 

each solute in the determination of the initial freezing point i t  is necessary to look at the theoretical 

models in the literature. 

Table 3.5: Solute concentration in the aqueous phase of butter compared with the T if 

Butter 

ID 

B5 

B8 

B7 

B I 2  

B I I 

B I 7  

B I 4  

B I 6  

B I O  

B9 

B I 3  

B6 

B I  
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Figure 3.5: Initial freezing point of unsalted butters as a function of solute concentration in the 

aqueous phase 
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3.3.3 Alternative Approaches 

The salted butter serums didn' t  freeze using cryoscopy due to the freezing point range being outside 

the i nstrument measurement range. Therefore, alternative approaches were sought to estimate the 

initial freezing point of salted butter. 

B utter serum contains considerable amounts of lipid material, proteins (eg a, and � -casein, �­

lactoglobulin, a-lactoglobulin) and ionic components such as calcium and phosphate and sodium 

chloride (McPherson, 1 98 1 ) . Materials with high molecu lar weight such as  fat and protein have a 

negl igible effect on freezing point (Harper, 1 98 1 ) . Thus the freezing point depression of the butter 

depends primari ly on the amount of sodium chloride (NaCl) added during the butter making 

process .  

There are various methods available to predict initial freezing point based on composition. These 

models can be divided into two main categories; namely empirical curve fitting models and 

theoretical models.  

3.3.3.1 Empirical Curve Fitting Models 

Rahman ( 1 995) l i sted a number of equations various authors (Chang & Tao, 1 98 1 ;  Dickerson, 1 968; 

Reidel, 1 95 1 )  have developed to estimate the initial freezing point of the food materials as a 

function of water and salt contents. These authors di vided the food into three main groups -

meat/fish, Juice and fruit/vegetable. Chen ( 1 986, 1 987a) and Chen & Nagy ( 1 987) give a third 

degree polynomial equation for the freezing point depression of NaCI solutions: 

Tif = -59.278 5 - 7.33 2 52 - 544.332 53 (3- 1 )  

Where S is the NaCI content in the aqueous solution. This may be relevant to esti mate the i ni tial 

freezing point of salted butter using the gi ven salt concentration in the aqueous phase of butter. 

Potter et aL. ( 1 978) also measured the initial freezing point of aqueous NaCI solutions with different 

concentrations. The data reported by Potter et al. ( 1 978) can be expressed by the fol lowing 

empirical relationship: 

'F;J = -0.02 1 7  5 2 - 0.3559 5 - 0.772 (3-2) 
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Wolfschoon -Pombo ( 1 983) & ( 1 99 1 )  measured the initial freezing point of salted butter using 

cryoscopy on di luted butter serums. The following equation was fitted to the data presented by 

Wolfschoon ( 1 983, 1 99 1 )  

Tif = -0.6 1 1 S - 0.436 1 (3-3) 

3.3.3.2 Theoretical Models: 

Theoretical models exist based on the thermodynamic principles for ideal and non ideal 

solution systems. 

(a) Ideal Solutions 

All  the theoretical models for estimating freezing point of an ideal solution are derived with the 

assumptions that all  the water is freezable, Raoult 's  law is va)jd and insoluble solids do not h ave 

any effect on the water activity (Rahman, 1 995). These models are based on the Clausius­

Clapeyron equation that fol lows from the first and second law of thermodynamics and is given by: 

Tif = L ln ( I - X
'
i 1 

M w I - X'i + EXsi 
(3-4) 

where f3 i s  the molar freezing  point  constant of water ( 1 860 kg Klkg mole), Mw i s  the molecular 

weight of the water, Xsi is the mass fraction of the solute before freezing and E is  the molecular 

weight ratio (molecular weight of the water/molecular weight of the solute). Equat ion (3-4) holds 

only if the aqueous solution is very di lute. In butter, due to the presence of protein, i t  is very l ikely 

that all the water does not freeze. Therefore, using equation (3-4) is not appropriate. 

(b) Non Ideal Solutions 

Most of the solutions in foods do not obey equation (3-4). In real solutions, some water combines 

with the solutes and acts as non-solvent water. Some water is amorphous in nature (Rahman, 1 995) 

and as such does not contribute to the activity of the solution. Chen and Nagy ( 1 987) explained that 

the amount of the bound water for any material is a function of temperature and concentration. 

Schwartzberg ( 1 976) proposed the fol lowing modification of Equation 3-4 for estimating the initial 

freezing point  based on the amount of bound water: 
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T =Lln (  I - B"XSi J i[ M w  I - B"X,i + EXsi 
(3-5) 

where B" i s  the amount of water which is bound per unit weight of solids and is  unavai lable for 

freezing at any temperature. 

Chen and Nagy ( 1 987) proposed the fol lowing modification to calculate the freezing point 

depression: 

( 3-6) 

where f and c" are empirical constants depending on the concentration of the solutes and can be 

estimated by regression . 

The enthalpy of food as a function of temperature has a sharp change in slope at T if. Succar and 

Hayakawa ( 1 990) estimated the initial freezing point using the measured enthalpy data of material 

and then extrapolati ng it above and below the initial freezing point to determine T if where both the 

l ines intersect as shown in Figure 3 .6. This approach was first proposed by Pham ( 1 987) and it 

needs accurately  measured enthalpy data of the material near the freezing point. 
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Figure 3.6: Estimation of in itial freezing point from measured enthalpy data 
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Miles et at ( 1 997) predicted the i ni tial freezing point of a number of foods depending on the 

chemical concentration of the foods and explained that the soluble components of food l ike sugars, 

ions, acids and soluble proteins contribute to the freezing point depression and the insoluble 

components such as fats and insoluble proteins do not contribute. The equation for the freezing 

point depression is :  

(3-7) 

where R i s  the gas constant, To is the temperature (in K) of fusion of pure ice in pure water, f).H is 

the molar enthalpy of fusion of ice, Xi is  the mass fraction of the ilh component , Mi is the molecular 

mass of the ith component .  X", is the water fraction, and Xh•v is the bound water. The bound water is 

gi ven by: 

(3-8) 

Where (Jr are component specific constants and Xr is the fraction of specific component that pay a 

role in  bounded water fraction. The values of (Jr for protei n and carbohydrates were found to be 0.45 

and 0.3 respectively (Mi les et al. 1 997). Three different Fritz butter serums (salted, unsalted, and 

lactic) were tested for the concentration of a range of elements (Table 3. 6) by induction Coupled 

Plasmon Spectroscopy (ICP). 

Table 3.6: Element analysis of salted, unsalted and lactic butter 

Element Butter ID 
(g m·3) B3 ( sal ted) B 1 0  (unsalted ) B 1 7( unsalted lactic) 

Al 1 .6 1 .7 3 .8  

As <0.5 <0.5 <0.5 

B 3 . 1 3 .5 3 .8 

Ca 804 934 900 

Co <0.03 <0.02 <0.02 

Cr <0.03 <0.02 <0.02 

Cu <0. 0 1  0. 1 2  0.20 

Fe 1 .0 0.8 1 .2 
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K 1 700 1 276 1 204 

Mg 57.4 73.9 92.4 

Mn 0.05 0.03 0.05 

Mo <0.03 0. 1 0. 1 

Na 23340 260 333 

Ni <0. 1 <0. 1 <0. 1 

P 92 1 1 008 1 024 

Ph <0. 1 <0. 1 <0. 1 

S 253 288 32 1 

Se <0.5 <0.5 <0.4 

Sn <0. 1 <0. 1 <0. 1 

Sr 0.4 0.4 0.4 

Zn 2.3 3. 1 3 .4 

It is c lear from the analysis that al l  other elements except NaCI ,  have simi lar concentration and 

were in smal l quantity in all the samples and their concentration in the aqueous phase of butter is 

unl ikely to significantly affect the i nitial freezing point of salted butter. 

3.3.4 Estimation on Initial Freezing Point of Salted Butter 

Before applying any of the above methods on the butter samples, the methods were tested against 

two published data for the salted butters (Pham et aI. , 1 994; Li ndsay and Lovatt, 1 993 ) 
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Figure 3. 7: Initial freezing point of salt solutions 

The i ni ti al freezing points of the salted butters avai lable in the l i terature were calcu lated using the 

weight percentage of the NaCI in the aqueous phase of the butter. The results are given in Figure 

3 .7 .  The relationship given by Wolfschoon - Pombo ( 1 99 1 )  gives a lower initial freezing point than 

the other three relations and agrees wel l  with the experimental data points. Because these 

measurements were done on the butter serums and the empirical relations were developed from pure 

waterlNaCl solutions. Equation (3-3) was used to estimate the initial freezing point of salted butters. 

The weight percentage of the salt in the water phase of four salted butter (B2; B3;  B4; B 1 5) were 

calculated and equation (3-3) was used to predict the initial freezing point of the butters (Table 3 .7) .  

Overall an average value of -5.5 QC can be used for salted butter with a typical composition of 

1 5 .5% water and 1 .3% salt. 

Table 3. 7: Initial freezing point estimated using salt solution and empirical curve fitting 

Butter ID Salt ( % w/w) Moisture ( %w/w) Salt weight ( % )  Tjf (OC) Eq(3-3) 

B2 1 . 33 1 5 . 6 1  8.52 -5.64 

B3 1 .30 1 5 .68 8 .29 -5.50 

B 4  1 . 26 1 5 .67 8.04 -5.35 

B I 5 1 .23 1 5 .28 8.05 -5.35 

3.4 Density 

The l iterature density values for butter vary with composition and the manufacturing process (which 

can potential ly affect the air content of the butter). The bulk density of any material can be 

calculated using its component parts (Rahman 1 995) from compositional data using the fol lowing 

equation: 

1 11 x. - = L-' 
P i= 1  Pi 

where P = bulk density (kg m·J ) 

Pi = density of the ith component (kg m·J) 

Xi = mass fraction of the ith component. 

(3-9) 
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Choi and Okos ( 1 986) give the density of major food components for the temperature range of -

40°C to 50°e. Water, air, protein, fat and ash are the major components of butter. New Zealand 

butter has only 0. 1 -0.2% air present (Ballentyne, 2003) which would result in only 0. 1 -0.2% change 

in the density value. Choi and Okos ( 1 986) show that of the remaining components water is the only 

component whose density changes significantly in the range _ 1 8°C to 1 0°e. It changes from a value 

of 997 kg m·3 at 1 0°C to 9 1 7 kgm-3 at _ 1 8°C as the water freezes to ice, which is about a 9% 

decrease in the density of water. All other components' densities increase by about I % over this 

temperature range. If the density is calculated from equation (3-9), assuming constant density 

values for all the components except water, and varying the density of water from 997 kg m-3 to 9 1 7  

kg m-3. it gave about I % change in the density of butter showing that water has no significant effect 

on the density of butter. 

Phi lpott (200 I )  measured the density of butter at 1 2°C and 20°C from both the Fritz and Ammix 

butter making processes. The samples were he ld at the measurement temperature in the incubator 

overnight and the measurements were taken the fol lowing morning .  Three measurements of each 

sample were taken at both the temperatures for salted, unsalted, Ammix and Fritz butter making 

processes from different manufacturing sites. The data from Phi lpott (200 I )  is given in Tables 3 .8  

and 3.9. 

Table 3.8: Density of butter measured at 12°C (Philpott, 2001) 

Butler Manufacturing site Densi ty ( kg m-3) 

Sample I 970 

Frilz Te Awamulu Sample I 970 

Sample I 970 

Sample I 970 

Ammix Te Rapa Sample I 970 

Sample I 970 

Sample I 970 

Ammix Northland Sample I 970 

Sample I 970 

Sample I 970 

Fritz Kiwi Sample I 970 

Sample I 970 
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Table 3 .2 shows that al l  the butters used in  thi s  study, except B I and B5 had nearly the same 

percentage of water. Thus the density value is not expected to vary s ignificantly for the different 

butters for the given composition. Middleton ( 1 995) reported that butter shrinks by 3% from 

ambient to - 1 5DC which resu lts an increase in  the density of butter. The i ncrease in  density due to 

the shri nkage of fat is not fully compensated by a decrease in the density of butter due to water 

freezing. Literature data showed that density of butter increases with temperature but unfortunately 

there is l imjted data available below ODe. 

Table 3.9: Density of butter measured at 2ffC (Philpott, 2001) 

Butter Manufacturing site Density ( kg m-3) 

Sample I 950 

Summer Morrinsvil le Sample 2 960 

Sample I 950 

Autumn Morrinsville Sample 2 950 

Sample I 950 

Summer Whareroa Sample 2 960 

Sample I 940 

Autumn Whareroa Sample 2 960 

Sample I 960 

Autumn, Ammix  Kauri Sample 2 960 

Sample I 940 

Autumn, Amm i x  Te Rapa Sample 2 960 

Sample I 940 

Autumn, Ammix Te Rapa Sample 2 950 

Sample I 950 

Summer, Ammix Te Rapa Sample 2 960 

Sample I 960 

Salted, Spring Whareroa Sample 2 960 

Sample I 950 

Unsalted, Spring Whareroa Sample 2 950 

Sample I 960 

H igh Moisture, Spring Whareroa Sample 3 650 

Sample 2 950 

Sample I 960 

Salted West land Sample 2 970 

Sample I 950 

Unsalted, Spring, Ammix Te Rapa Sample 2 950 
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Salted, Spring, Ammix Te Rapa Sample I 950 

The data measured by Phi lpott (200 1 )  showed that there is l ittle difference in the density of butter 

due to the manufacturing process. Due to advances in  the technology i t  is unlikely to have any air i n  

the butter. The density measured at 1 2°C for Ammix and Fritz butter manufactured at four different 

sites was 970 kg m-3. An average value of 952 kg m-3 was found at 20°C. This represents less than 

2% change in density from changing temperature from 20°C to 1 2°C. Combined with the fact that 

butter shrinks by 3% from ambient to _ 1 5°C then it suggests a 2-3% change in the value of density 

in the range of interest from l Ooe to _ 1 8°C. An average value over the range of interest was found 

to be 970 kg m-3 . M ost of the fat in butter solidifying at about l Ooe with its major portion sol idifies 

between 1 0  - 200e (Figure 3. 1 ). Therefore the change in the density below that temperature is 

probably not significant. Thus a constant value of 970 kg m-3 for the density of butter was selected 

to use for freezing and thawing model predictions for butter. 

3.5 Specific Heat Capacity and EnthaJpy 

Specific heat capacity is one the most important properties in model l ing heat transfer in butter. In 

the case of butter i n  the temperature range of interest ( 1 0°C to -200e) both water, which comprises 

about 1 6% of the mass of the butter, and the fat, which makes most of the rest of the butter, undergo 

phase change. The fat phase change is compl icated due to the wide range of triglycerides present in 

milkfat and the seasonal changes in the composition. Water freezing is compl icated by the presence 

of soluble components which concentrate on freezing and depress freezing point. Therefore, direct 

measurement was the most sensible approach for providing enthalpy/specific heat capacity data. B y  

carrying out these measurements for a range o f  butters, the possibi l ity of predicting enthalpy of 

butter from composition could be investigated. 

3.5.1 Measurement Techniques 

The specific heat capacity measurement methods can be grouped as: (A) Method of mixture, (B) 

Comparison method, (C) Adiabatic method, and (D) Di fferential scanning calorimetry (DSC) 

(Rahman, 1 995). 

The method of mixtures is  the most widely used method to measure specific heat due to its 

simplicity (Rahman, 1 995). Mohsenin ( 1 980) explai ned that in this method the specimen of known 

mass and temperature is added in a calorimeter of known specific heat capacity containing water or 

l iquid of known temperature and mass. The unknown specific heat then can be computed from a 
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heat balance between the heat gained or lost by the water or l iquid and the calorimeter and that 

gained by the specimen. The advantage of this method is that it is easy to apply and the apparatus is 

easy to assemble but there are many sources of error in it i ncluding thermal leakage, direct contact 

with the specimen and the heat exchange medium and problems in mixing due to density 

differences. A lthough a number of researchers have made changes in the method to avoid these 

errors, the system relies on having the fluid in the calorimeter available at the temperature range of 

interest and to get useful results many experimental trials are required. 

The comparison method is usually used to determine the specific heat of l iquids. Figure 3 .8(a) 

shows a schematic diagram of comparison calorimeter. While conducting the experiment cup A is 

fi l led with disti l led water or any other l iquid of known specific heat capacity and cup B is fi l led 

with the l iquid whose specific heat capacity has to be determined. Both cups are heated to same 

temperature and then placed in the calorimeter to cool .  The unknown specific heat capacity i s  

calcu lated from the cooling curves of  both the l iquids in cups A and B .  I f  both the cups are of  same 

material, same size, same exterior finish and of identical masses then they can be considered as 

identical emitters (Mohsenin ,  1 980). If the two cups have the same initial temperature and the 

surrounding medium (air or fluid) have nearly constant temperature than the net rate of heat 10 s 

through both the cups wi l l  be same. The heat balance equation for the cups can be written as 

(Mohsenin, 1 980): 

�QA _ �QIJ 
�tA �t/3 (3- 1 0) 

If the temperature changes in the cooli ng body are smal l ,  the specific heats are constants and the 

rate of heat loss is equal to rate of temperature change as (Mohsenin, 1 980): 

both of the above equation can be equated by using equation (3- 1 0) and can be rewritten after 

simplification as: 

(3- 1 1 ) 
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where 

Q = heat rate 

1'1. T = temperature drop for c ups A and B 
W = weight of the reference l iquid (water) or the sample 

I'1.tA= time for cup A and contents to drop to I'1.T 
I'1.tlF time for cup B and contents to drop to I'1.T 

(3- 1 2) 

The subscripts A, B, W, and Sa denote cup A, cup B, water and the sample respectively. Typical 

cooling curves to determine I'1.tA and I'1.tn are given in Figure 3 . 8(b) . The specific heat capacity of 

the sample can be calculated from equation (3- 1 2) (Mohsenin, 1 980) 

(a) (b) 

A B 

", 

Water Tin-c ( .:; )  

Figure 3.8: (a) Comparison calorimeter, (b) Example of cooling curve for use in method of 

comparison calorimeter ( adaptedfrom Mohsenin, 1980) 

Moline et at. ( 1 96 1 )  proposed a simple and rapid adiabatic method to measure the specific heat 

capaci ty of frozen food materials (Figure 3.9). The apparatus consists of rectangular polystyrene 

foam with a cylindrical hole in the center to place the aluminum sample container. A polystyrene 

plug is inserted on the top to minimise the heat transfer to the sample. The sample container is fi l led 

with the sample, frozen in liquid nitrogen rapidly t i l l  it reaches the equili brium temperature and then 

it is transferred quickly to the foam block maintained at room temperature. Moline et at. ( 1 96 1 )  
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measured the heat leakage Q (1s- l ) of the calorimeter by using a sample of standard copper material 

with the known weight and specific heat capacity as: 

Q - w !1T:: - Ccopper copper !1t (3- 1 3) 

Where ccopper and Wcopper is the specific heat capacity (1 kg- lOCi ) and weight (kg) of the copper 

probe, and (!1Tc/flt) is the rate of the core temperature change . Once the rate of heat leakage is 

determined over the temperature range of interest, the specific heat of any material of identical 

geometry may be determjned, assuming that the rate of heat transfer into the cel l  wi l l  be the same at 

any given temperature. The specific heat capacity of food sample is then calculated as: 

Q ( ¥:- ) - ( c,'"mm"m W,'"mm"m ) 

c,ample = WsamPle 
(3- 1 4) 

Where Csample and Wsample are the specific heat (J kg- l OC i ) and weight (kg) of the sample under study. 

By carrying out these measurements for several temperatures, the change in specific heat with 

temperature can be determined. This method was used by Moline et al. ( 1 96 1 )  to measure the 

specific heat of meat. The main disadvantage of this method is the needed to do measurements at 

each temperature point. 

+---ThernuroupJe 10 R."Cortkr 
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Figure 3.9: Specific heat capacity measurement apparatus for frozen specimen (Moline et al. 

1961) 
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Mohsenin  ( 1 980) presented the guarded hot plate method to measure the specific heat capacity of 

food and agricultural materials. In this method the specimen is surrounded by electrical ly heated 

thennal guards as shown in Figure 3 . 1 0. The specimen and the thennal guards are maintained at the 

same temperature so there is no heat loss from the speci men and the specimen is electrical ly heated. 

The specific heat can be calculated by the heat balance as: 

Heat gain by the sample = Heat supplied by the e lectrical heater 

(3- 1 5 ) 

Vlt 
(3- 1 6) Csample = ( ) 

w"amPle TJ -T; 

where V and I are the voltage (volt) and current (amp) supplied to the heater during the t ime t(s), T; 

and TJ i s  the initial and final temperature of the sample (QC). Wright and Porterfield ( 1 970) used this 

kind of calorimeter to measure the specific heat of peanuts. Their calorimeter consisted of a smal l 

cup surrounded by a resistance heating coil and foam insulation. Two thermocouples were used to 

measure the temperature of the peanut and calorimeter. Time temperature data for heating and 

cool ing curves of the calorimeter with and without the sample were recorded after a constant power 

was turned on for a specific time. The specific heat was calculated by heat balance on total heat 

supplied and absorbed, and heat of desorption of water from the sample (Rahman, 1 995). 

u...v 
I 

SaIIl>le Vll  

I 
u...v 

Figure 3. 10: The concept of guarded hot plate method for specific heat capacity measurement 

(Mohsenin, 1980) 
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Staph ( 1 949) and Clark et al. ( 1 946) also proposed alternative calorimeters to measure the specific 

heat capacity of frozen foods. The detail of these calorimeters is given in Mohsenin ( 1 980). 

The adiabatic agricultural calorimetry was proposed by Riedel ( 1 956, 1 957) and the c lassical work 

done on food materials is wel l  known. Mohsenin ( 1 980) also used adiabatic agricu ltural calorimetry 

to measure the specific heat capacity of agricultural materials. The test chamber is usually designed 

such that no heat or moisture transfers to/from the chamber. The test chamber is enclosed in another 

chamber to provide the adiabatic conditions. 

Differential Scanning Calorimetry (DSC) is the most versati le thermal analysis technique used for 

measuring the enthalpy and specific heat capacity of all kind of materials and is regarded as the one 

of the most quantitative technique (Griffen & Laye, 1 992). 

I ndividual realen; 

Figure 3. 11:  Schematic diagram of differential scanning calorimeter 

(Courtesy of Perkin - Elmer corp.) 

A schematic diagram of a DSC i s  given in Figure 3. 1 1 . This method is based on measuring very 

small thermal effects produced in a thermal process. The recorder in the system produces a 

thermogram showing any gain or 10 s of energy as the instrument is scanned at some gi ven rate of 

temperature rise over a time interval . The area inside the thermogram is proportional to the heat 

energy released or absorbed by the sample during the cooling or heating process. 
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The whole system consists of a test sample holder (S), a reference material holder (R), a 

temperature programmer along with heating or cooling system and a temperature / time recorder. 

There are two methods to analyse the DSC data. One given by Widman and Riesen ( 1 987) and the 

other given by Mohsenjn ( 1 980). 

The specific heat of the sample is calculated from the fol lowing relation (Widman and Riesen, 

1 987): 

(d�t) 
c = ----:--...,....,.. " (dT / ) (3- 1 7) 

where : 

M(SA )  / dt 

(d�t ) is the heat flow rate (1S· I ) 

M(SA ) is the mass of the sample (kg) 

Mohsenin ( 1 980) presented the fol lowing equation for measuring the specific heat capacity of a 

sample: 

M SA dSA 
C" = ---- CREF M REF dRI:.F 

(3- 1 8) 

where d is the deflection of the thermogram heat flow (1s- l ) as shown in Figure 3. 1 2  and the 

reference material was sapphi re with known weight and specific heat capacity. The behavior of the 

reference material or pan is compared with that of the sample and its pan. While measuring the 

specific heat capacity of a sample it is  corrected by subtracting the heat capacity of the empty pan. 

Specific heat capacity is a ful ly  normalized output of a DSC, i .e. the displacement during a scan is  

equal to the product of the heat capacity times the sample weight times the scanning rate plus the 

no-sample baseline. DSC data is sometimes misinterpreted because just one heat flow run is  

performed. The data from that run may contain the information about the i nstrument itself such as 
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the specific heat of the sample holder. This problem can be fixed by performing a baseline run with 

no sample using the same conditions to be used for the sample. This constitutes the c lassical two­

curve specific heat capacity method. 

standard 
------, 

basel ine 

Time (s) or Temperature (QC) 

Figure 3. 12: Typical specific heat thermogram offood by DSC 

( adaptedfrom Rahman (1995)) 

Wendlandt ( 1 986) mentioned sixteen characteristics which influence the shape of thermal analysis 

curves : some are incorporated in the design of the apparatus; others are avai lable to the operator. 

Sample mass and preparation, crucible material, heating rate and furnace atmosphere are all known 

to affect the shape of the results (Wendlandt, 1 986). Higher scanning rate moves the DSC peaks 

( latent heat) towards higher temperatures. Higher rates mean easily measured heat flows because 

the total latent heat change wi l l  occur over a smaller time interval, but it is less likely to have 

uniform temperature in the sample as assumed in the DSC analysis and so the sample appears to 

melt at higher temperatures. 

DSC can be used to observe both melting and freezing phenomena i n  the sample. It has the 

advantage of coveri ng the whole range of the temperature of interest in one analysis. 

A Micro- Calorimeter method is suggested by Ohlsson ( 1 983) as an alternative to DSC where the 

reference material is not avai lable. Thermopi les are placed around the sample and around an empty 
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reference ce l l .  Specific heat capacity i s  calculated from the difference between the heat flows into 

the sample and the reference cel l .  

Since DSC was the only apparatus avai lable to  use i n  the research, i t  was used to  measure the 

specific heat of butter. Construction of other specific heat capacity measurement instruments l ike 

the adiabatic calolimeter was a time taking process. Moreover these calorimeter instruments require 

measurement at each temperature rather giving specific heat capacity as a continuous function of 

temperature. 

3.5.2 Measurement of Specific Heat Capacity and Enthalpy 

To model thawing and freezing of butter and in an attempt to improve the existing knowledge on 

the thermal properties of butter over the range of interest, a power compensated Perkin Elmer 7 

DSC 7 was used to measure the specific heat capacity and enthalpy of butter. It was important to 

develop a robust DSC measurement methodology and to demonstrate accuracy. Factors that must be 

considered in  DSC methodology and operation include: 

• Measurement technique 

• Scanning rate 

• Phase separation 

• Sample homogeneity 

• Variation in frozen water contents 

• Equi l ibrium melting compared with supercool ing of the water phase 

• Equi l ibrium melting compared with supercool ing of the bulk fat phase 

• Hysteresis effects brought about by microstructural changes. 

Before investigating each of these effects, a generic methodology is needed for sample preparation 

and calibration of the DSC. 

3.5.2. 1  Generic Methodology 

Sample preparation: Aluminum volati le sample pans and lids were pre weighed before preparing 

the sample and placing in a labeled vial . The sample pans used for determination of specific heat 

capaci ty were of approximately the same weight as the reference pan to avoid error due to the 

sample pan weights. The samples of al l butters were prepared in a cold room at approximately 4°C. 

A cork borer with a diameter approximately equal to the base of the aluminum pan (3 .5  mm) was 

used to col lect the sample of the butter. By pushing a cylindrical sample from the cork borer a s lice 
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of about I mm thickness was cut and p laced i n  the sample pan. It was ensured that the samples sat 

flat in the sample pan for good thermal contact and that the top of the sample did not protrude above 

the base of the sample pan. If the sample is too high it may contact the lid of the sample pan and 

uneven heating during the DSC run would distort the resu lts. The sample pans were sealed using 

the sample closure tool (PE 02 1 9-006 1 ). The sample was then put in the vial again and left in the 

cold room. A l l  the samples were weighed before and after the DSC run to check for any weight loss 

due to moisture loss via a bad seal which cou ld contribute to higher specific heat capacity values. 

Calibration: To minimize the measurement error, the DSC should ideally be calibrated with the 

standards having a melting onset within the temperature range of interest. The DSC was calibrated 

with octadecane and n-decane according to the manufacture 's  specification for the onset 

temperatures and enthalpies of fusion gi ven in Table 3 . 1 0 (Perkin Elmer DSC manual). 

Standard 

n-decane 

Octadecane 

Table 3. 10: Calibration standards for the DSC 

-29.66 

28.24 

202.09 

24 1 .42 

Operation: After calibrating the DSC it was set to ODe. To analyze a butter sample the DSC dry box 

purge gas flow was set to high. The sample was loaded into the DSC sample holder very quickly 

and smoothly to ensure that sample did not get warm to avoid any phase separation. The purge gas 

flow was then set to normal low flow. The sample was then cooled down to the required 

temperature immediately. 

3.5.2.2 Measurement Technique 

As described earl ier there are two methods to determine the specific heat of a material using DSC 

(Widman & Riesen, 1 987 and Mohsenin, 1 980). Mohsenin' s method is considered to be the most 

reliable and is recommended by the ASTM (method 1 269E, 2005), but it is more time consuming 

due to an extra run being required using the sapphire standard as compared with the Widman & 

Riesen method. Both methods have been used by a number of researchers successful ly. Tang et at. 
( 1 99 1 )  and Yang et at ( 1 997) both used the Widman and Riesen method to determine the specific 

heat capacity of lenti l and borage seeds respecti ve ly. 
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The measurement method of Mohsenin ( 1 980) was tested by determjning the specific heat of 

sapphire usi ng the DSC method and comparing it with the wel l-known relationship given by Sarge 

et al. ( 1 994): 

where the values of A to H are given in  the Table 3 . 1 1  for two temperature (K) ranges. 

Table 3. 11:  Constants for the specific heat capacity of sapphire (Sarge et al. 1994) 

Constant T = 70 - 300K T = 290 - 2250K 

A 3 .63245 x 1 0-2 

B - I .  1 1 472 x 1 0-3 

C -5. 38683 x 1 0-6 

D 5 .96 1 37 X 10-7 
E -4.92923 x 1 0-9 

F 1 .8300 1 X 1 0- 1 1 

G -3.36754 X 1 0- 1 4  

H 2 .5025 1 x 1 0- 1 7  

-� 0.8 _����.,rt;:��;;-�",...JGa-tl­
o 
";"Cl 0.7 1 
2-&!' 0.6 
'u � 0.5 
'" 
� 0.4 '" '" 
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" '5 0.2 � 
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o 
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- Sarge et a!. ( 1 994) 
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� 
o 20 40 
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Figure 3.13: Measured specific heat capacity and enthalpy of sapphire compared with literature 

data 

In the c urrent work a base l ine with the empty pans was determined first for better precision. The 

empty pan run was performed by cooling the pans to -40°C at a rate of l ODe per minute from oDe, 

holding for 1 0  minutes and then heating it up at a rate of I DC per minute. The sapphire sample was 
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also run in exactly the same way. The specific heat capacity was determined by the software Pyris I 

DSC using the two curve method. Two independent runs were done on the sapphire. The resu lts 

thus obtained are given in Figure 3 . 1 3 . There is  little difference in  the results and they agree wel l  

with the l i terature values for the specific heat capacity and the enthalpy of sapphire. 

To check the DSC method for butter the specific heat capacity of a sample of butter was determined 

in the same way and the resu lts were compared with the specific heat determined by Mohsenin 's  

method (ASTM standard 1 269E, 2005) using sapphire as a standard using a scanning rate of I 

°emin- I . The results obtained are given in Figure 3. 1 4. 

(a) 
25r---�--�----�--�----�--, 
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20 
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'g 1 5  
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u 

"" 

.� 5 
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�LO---'�30�--'�20�--'1�0----�0--�1�0--�20 
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Temperature (0C) 
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Figure 3. 14: (a) Specific heat capacity (b) Enthalpy of un salted butter (B1 7) with two curve 

method compared with Mohsenin 's Method (scanning rate 1 °Cmin" ) 

There was l i tt le difference between the results given by the two methods. The most important 

differences in enthalpy between the two methods were at the higher temperature (above 1 0°C) as the 

differences in  the specific heat capacity accumulate throughout the heating process. 

From the above experiments it was concluded that the two curves method is rel iable to use for 

measuring specific heat capacity of butter. This method saves time as it requires only two runs, one 

for the base l ine with empty pan and the other for the sample. 

The butter (B 1 7) used for this measurement was an unsalted butter. The specific heat capacity in the 

temperature range of -40°C to about - 1 0°C remained constant at about 2 kJ kg- I 0e-I . There was an 

increase in the specific heat capacity above _ 1 0°C due to the melting of triglycerides and at about 

ooe there is a large peak of water melting. There is some difference in the height of both the peaks 

which could be due to slightly different moisture content in the two samples of the same butter. The 
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butter seemed to be sti l l  melting above O°C which is probably due to the thermal lag within the 

sample because of the temperature gradient between the bottom of the sample pan and the sample. 

If the scanning rate is very slow then this problem can be overcome to some extent. Above O°C the 

specific heat capacity of butter is  not constant and is a very compl icated function due to melting of 

the triglycerides that varies with season, time of lactation etc. 

3.5.2.3 Scanning Rate 

Scanning rate has a large effect on the measurement of the specific heat capacity, especial ly in the 

phase change region which could shift the specific heat capacity or enthalpy curve to the right (high 

temperature) with increasing heating rate. The reason is the assumption that during the test, the 

temperature in the sample and sample pan is uniform. Tang et at. ( 1 99 1 )  mentioned that due to the 

low thermal diffusivity of biological materials, thermal l ag within the sample may introduce 

significant error in the measured value of the specific heat capacity value. Therefore, it was, 

necessary to choose an appropriate scanning rate. Scanning rates of I °Cmin- ' , 5 °Cmin- ' and 1 0  

°Cmin- ' were used on samples of butter to see the differences. The DSC was calibrated at each rate 

before performing each experiment. The results for the specific heat capacity and enthalpy at the 

three different rates are given in Figure 3. 1 5  

(a) (b) 
1 2  300 

-- 1 °Cmin" - 1 °Cmin" I-' 1 0 -- SoCmin" 250 - SoCmin" 

� 8 -- 1 0oCmin" - 10oCmin-' 

� .:-' 200 
-;:; 'Cl '" 6 2-0- il: 1 50 '" 
<.J 4 rn 
iil :6 ., c:: I 2 w 1 00 
.g -;:; ., 0 50 0-
Cf) 

-2 -60 -40 -20 0 20 0 -40 -20 0 20 
Temperature ( QC) Temperature ( 0c) 

Figure 3. 15: (a) Specific heat capacity (b)Enthalpy of salted butter (BlS) at different scanning 

rates 

Higher scanning rates shifted the specific heat curve to the right. There was little difference in the 

runs with scanning rates at 5 °Cmin- ' and 1 0  °Cmin-I but a large difference relative to I °Cmin- ' 

data. The specific heat capacity of the butter was nearly constant below -30°e. Two distinct water 
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melting peaks can be seen in this butter. One peak is at about -22°C and the other is at about _5°C. 

The butter (B 1 5) in this run was salted and, therefore, had salt in the water phase which caused the 

initial freezing point to be depressed. The two peaks are probably due to variation i n  salt 

concentration. In Fritz butter a smal l population of droplets has a higher concentration of salt i n  

them compared with the bulk of the moisture droplets which caused them to  melt a t  about -22°C, 

while more of the population has some lower concentration of salt « 8  %) so they melt at about -

5°C as anticipated. The difference in water peaks could be due to differences in different moisture 

contents in the two samples of same butter. The shift of the curve to the right for higher scanning 

rates gives a significant difference in the initial freezing point of the butter. 

It is expected that there could be differences if a scanning rate lower that I OCmin" was used. To go 

lower than I °Cmin· 1 was not a practical option due to a large amount of time involved in testing 

each sample. Therefore a scanning rate of I OCmin· 1 was used for the measurement of specific heat 

and enthalpy, but subsequent corrections around the ice melting region were investigated (detai l 

later in the thesis) .  

3.5.2.4 Phase Separation 

When butter is heated to relatively high temperature, there is a potential for phase separation (water 

droplet co-alescence) to occur. To investigate if this phenomenon would affect specific heat 

capacity measurements a sample of salted butter was heated up at a rate of I OCmin- 1 from -40°C to 

40°C and then cooled down to -70°C at a rate of I OoC min- I to repeat the measurements. The results 

obtained are given in Figure 3. 1 6. 

The results were surprising. Although the enthalpies at 5°C of the two runs were identical, the 

repeated run showed two distinct melting peaks. The reverse behavior was expected, as in Fritz 

buttermaking process two different water droplets distributions are present. Some were originating 

from the butter mi lk and some originating from the added salt slurry. In this situation two melting 

peaks might be observed. If droplets co-alescence occurs then it fol lows that salt concentration in 

the different droplet distributions might converge giving a single melting peak. 

The observation of two melting peaks after heating to 40°C where previously there had been one 

was also observed in other salted butter samples. The reason for this is not clear. Possibly salt 

crystals trapped in the fat fraction of butter dissolve in some water droplets, upon heating to 40°C, 

thereby reducing the initial freezing point of these droplets. 
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Figure 3. 16: (a) Specific heat capacity (b)Enthalpy from repeated DSC trial with the same 

sample of butter (BlS) 

Based on this observation it was decided that duplicate measurements for the same sample would 

not be used. Any duplicate experiment on the same butter was performed on a new sample of butter. 

3.5.2.5 Sample Homogeneity 

Because only smal l samples are used in the DSC technique (5- 1 5mg) it was important to 

demonstrate repeatabi lity by using replicate samples from the same butter. Two samples of the 

same butter were chosen from a block of butter (B 1 7) .  
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Figure 3. 17: (a) Specific heat capacity (b) Enthalpy of the same kind of butter (Bl 7) for two 

samples done on the same day. 
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Figure 3. 1 7  shows the specific heat capacity and enthalpy of duplicate butter samples of one 

unsalted butter (B  1 7) done on the same day. Both the samples are very consistent apart from the 

water melting peak near O°C being s l ightly h igher for run 2. This was probably due to slightly 

higher water contents compared with the Run- I sample. Overall there was little change in the total 

enthalpy change. 

3.5.2.6 Variation in Frozen Water Contents 

Values for the specific heat capacity and enthalpy of butter are required in the range of -20°C to 

1 0°C for model l ing work but the water in  the butter could supercool and may not freeze at -20°C 

and this is l ikely to differ for salted and unsal ted butter. It was therefore required to investigate the 

freezing DSC behavior for both the unsalted and salted butters. 
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Figure 3. 18: (a) Specific heat capacity and (b) Enthalpy of un salted butter (B1 7)frozen to 

different temperatures 

Figure 3. 1 8  shows the specific heat capacity and enthalpy of the unsalted butter frozen to -70°C, 

-40°C and -20°C and held for 1 0  minutes prior to heating DSC run. The butter did not fully freeze 

after 1 0  minutes at -20°C and on ly a tiny peak can be seen at approximate ly O°e. Most of the water 

in the butter froze at -40°C and the butter was more completely frozen when cooled down to -70°e. 

The water in  the butter would supercool rather than freeze and it  was observed (although not 

recorded) from the DSC thermogram for cool ing that the butter sample froze just below -40°C. 

The same procedure was repeated on salted butter. Figure 3. 1 9  shows that the salted butter did not 

fu l ly freeze even after cooling to -40°C due to the salt concentration reducing the initial freezing 

point and al lowing even greater supercooling. The water in salted butter appears to supercool to a 
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lower temperature as compared with unsalted butter. From the cooling DSC thermogram for salted 

butter it was observed that the butter froze below -50°C (Figure 3.20). 
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Figure 3. 19: (a) Specific heat (b) Enthalpy of salted butter (BlS) measured by heating runs 

after cooling to -2(fC, ·4(fC and at - 7(fC 
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Figure 3.20: Cooling of a salted butter sample (B1S) at a rate of 1 (fCmin-1to avoid the water 

supercooling problem 

As a result of these findings i t  was decided that the butter sample should be cooled to -70°C to 

ensure complete freezing, heated up to -40°C at a rate of 1 0  °Cmin- I prior to each heating DSC 

measurement at a rate of I OCmin- l . 

3.5.2.7 Equilibrium Versus Supercooling of the Water Phase 

Since the water in the butter supercools duri ng cooling runs, the specific heat capacity of water wi l l  

not change until the water starts to  freeze. Some of the milkfat fraction may also freeze or  could 
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supercool over the temperature range of interest. This means that the specific heat capaci ty 

measured during DSC heating of butter might not be appropriate for modeling the freezing process. 

Therefore the difference between the specific heat capac ity during cooling and heating was 

measured. A sample of unsalted butter (B 1 2) and a sample of salted butter (B 1 5) were cooled down 

from 1 0°C to -70°C at a rate of 1 °C min- ) and then heated to 1 00e. Measurements were taken during 

both the heating and cool ing stages. The process was repeated three times using the same sample 

without removing it from DSC. Since it was heated up to just 1 0°C, no separation of the phases was 

likely. 
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Figure 3.21: Specific heat capacity from repeated heating and cooling of a unsalted butter 

sampLe (B12) 

The results for the unsalted butter are shown in Figure 3 .2 1 .  H- I and H-2 are the I sI and 2nd time 

heating specific heat capacity and C- I ,  C-2 and C-3 are the cooling specific heat capacities. The 

peak at about O°C in the heating curves is the water melting at equi librium temperature, whereas the 

peak at -40°C in the cooling curves is the non - equi librium freezing due to super cooling.  The 

specific heat capacity of the 2nd run was slightly lower than the I SI run for both cooling and heating 

at temperatures above O°C (see inset in  Figure 3 .20), whi le the 3rd run was only slightly lower than 

that of 2nd run . The reason is l ikely to be the complex structure of the fat crystal l ization. Before 

performing the I sI run, the butter was heated up from O°C to 1 0°C at a rate of 1 0°C min- ) and was 

held there for 1 0  minutes. Whereas in the 2nd run the butter was heated up from -70°C to 1 0°C at a 

rate of I OCmjn- ) and held there for 1 0  minutes before starting the 2nd cool ing run. This change in the 

cooling and heating rate could affect the crystall ization of fat. Recrystal l isation of the fat could alter 
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the composition and therefore the melting points of the crystals. In particular this treatment is l ikely 

to reduce the amount of a crystals than the P crystal i n  the fat. a crystals  have higher specific heat 

capacity and therefore the overal l measured value wi l l  reduce. 

The specific heat capacity from heating and cooling runs above _ l Ooe was also found to be quite 

different. This is probably due to the significant supercooling and crystal lization of the fat fraction 

in the butter at temperatures wel l  below the equi l ibrium phase change temperature during cooling. 

In thi s case supercooling is caused by the time delay required for crystal l ization Ctriglycerides take 

time to move to the surface of the fat crystals) rather than a lack of crystal nuclei . During heating, as 

the melting occurs at equil ibrium phase change temperature, the apparent specific heat capacity 

above TiJ includes a fat latent heat component. The specific heat capacity of supercooled butter 

remains relatively constant, dropping from 2 . 5  kJ kg' l OCI to 1 .8 kJ kg' l OC I over the range Tif down 

to -45°C. 
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Figure 3.22: Specific heat capacity measuredfrom repeated heating and cooling DSC runs 

for one salted butter sample (815) 

Figure 3.22 shows the measured speci fic heat capacity of cool ing and heating for a salted butter 

C B  1 5 ). The trends for unsalted butter can also be observed for salted butter. The water fraction of 

the butter froze at about -sooe, after supercool ing wel l  below i ts ini tial freezing point. The cooLing 

and heating specific heat capacity profi les are significantly different. Again the repeated sample 

measurement had lower specific heat capacity above -5°C. This suggests that some changes in the 

fat crystal network occur upon repeated heati ng and cooling. 
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In salted and unsalted butter the average specific heat capacity for cool ing was 3. 1 kJ kg' l oCi and 

3.2 kJ kg- l OC i respectively above the initial freezing point. 

3.5.2.8 Equilibrium Versus Supercooling of the Bulk Fat Phase 

It is believed that the difference in the specific heat capacity above ooe observed in butter between 

heating and cooling DSC run is due to mi lkfat supercooling caused by the t ime taken for fat 

crystal l ization and that the reduction observed in  repeated temperature cycling is due to the mi lkfat 

crystal modification. To test this hypothesis, fat was separated from the unsalted butter (B 1 2) by 

heating 250 g of butter to about 1 00°C in  an oven and then separating i t  from the serum. The 

specific heat capacity and enthalpy of the milkfat was then measured using DSC. The DSC runs 

were carried out in exactly the same way as for the butter samples to see the differences between the 

speci fic heats. 
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Figure 3.23: Specific heat capacity of repeated heating and cooling of separated milkfat 

The results of these experiments are given in Figure 3 .23.  The cool ing and heating specific heat 

capacity of the butter fat is clearly different over the whole range of temperature, with much greater 

heat being required to melt  the mi lkfat than required to cool it. This is consistent with milkfat 

supercool ing and the observation made for the whole butter (Figures 3.2 1 , 3 .22). The specific heat 
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capacity of the repeated runs also decreases exactly as that observed in butter. This is evidence to 

support the hypothesis that repeated heating and cooling resu lt in differences in crystal structure of 

the fat phase in the butter. 

Middleton ( 1 998) explained that if milkfat is heated above its melting point and then cooled rapidly 

then the specific heat capacity is initial ly  low but rises gradual ly to a steady level over the fol lowing 

4-5 hours. This i ncrease is due to a gradual rise in the rate of fat crystall ization. 

Figure 3 .24 shows the heating specific heat capacity and enthalpy of mi lkfat compared with the 

specific heat capacity and enthalpy of the salted butter frozen to -40°C and unsalted butter frozen to 

-20°e. The total enthalpy change of milkfat and the unfrozen butters in the temperature range -40°C 

to I Ooe is approximately the same. In the temperature range from - 1 0°C to + 1 0°C the average 

specific heat capacity of milk fat is 3.2 kJ kg- l
OC i and if it is combined with the 1 5 %  of water (cp = 

4. 1 8  kJ kg- 1 0C) and 85% of fat an average specific heat capacity of 3.4 kJ kg-
l
OC i can be estimated 

for butter. It is c lear that in this range the apparent specific heat capacity is dominated by the 

crystal l isation of the fat fraction of butter which i n  turn depends on the triglyceride composition in  

the fat .  
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Figure 3.24: Specific heat capacity and enthalpy of milkfat compared with the specific heat and 

enthalpy of salted butter frozen to -4(f'C and unsalted butter frozen to -2(f'C 

3.5.2.9 Hysteresis Effects Brought About by Microstructure 

It was observed in DSC runs that repeated thawing and freezing gave a lower value of specific heat 

capacity. To check whether this change i s  observed when bulk butter is repeatedly thawed and 
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frozen, samples were taken from salted and an unsalted butter blocks 8 months apart and the 

specific heat capacity was measured using DSC. During the eight months the butter blocks were 

thawed and frozen many times. Figure 3.25 gives the cooling specific heat capacity of the two 

samples of salted and unsaJted butter measured eight months apart. Interestingly in the first run ,  two 

water freezing peaks were observed. This was probably due to the presence of two distinctly 

different water droplet distributions with different salt concentration. One was derived from the 

cream in the Fritz butter making process. The second was due to the addition of standardization 

water and salt slurry. Because of a difference in solute concentration in these different droplets, they 

freeze/melt at different temperatures. In the second run, there is only one distinct freezing peak 

indicating that the water droplets now are more homogenous in concentration as compared to the 

earl ier run .  Possibly the repeated thawing of the butter block has faci l itated diffusion of the salt and 

other solutes through the fat phase of butter or perhaps co-alescence of adjacent droplets. 

This phenomenon had no significant effect on the heating enthalpy values or the initial freezing 

point of the water phase but would affect the crystallization process. 
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Figure 3.25: Specific heat capacity 

(a) unsalted butter (BI8) 

(b) salted butter (BI5) measured by cooling DSC runs 

Run 2 measured eight months later than Run 1 

3.5.2.10 Method Summary 

From these pre liminary experiments a number of phenomena were identified which influence the 

appropriateness and the qual ity of the DSC derived enthalpy and specific heat capacity data. The 
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impact of the scanning rate, phase separation, sample homogeneity and the variation in fraction of 

frozen water as a function of temperature were observed .  Differences were observed between the 

cooling and thawing enthalpy of butter due to superc ooling of the water and fat phase during 

cooling and equi l ibrium thawing during heating of butter. 

From those observations the fol lowing DSC methodology was carned out on the ful l  range of butter 

samples (Table 3. 1 )  to i dentify the effects of composition and season on the enthalpy curves. 

I .  The samples were prepared and loaded at ooe into the DSC (see Sections 3 .6.2. 1 and 

3 .6 .2 .3)  after cal ibrating the DSC with two standards (octadecane and n-decane see Section 

3 .6.2.2) 

2 .  An i so-thermal step of ten minutes at both ends of the run was used to ensure the samples 

were homogenous in temperature and to get better temperature control in the DSC. 

3. The sample was cooled to -70°C from O°C at a rate of l OoC per minute to achieve complete 

freezing. 

4. A scanning rate of 1 °C min- I was used to minimise the occurrence of temperature gradients 

in  the samples. 

5 .  The temperature range for the specific heat capacity measurement was -40°C to +40°e. 

6. The specific heat capacity and enthalpy was determined using the built in software (Pyris 

specific heat capacity software) that incorporated the baseline and the sample compensation 

and were saved separate ly as text fi les for further analysis and comparison. 

3.5.2.1 1  Results and Discussion 

The specific heat and enthalpy for al l  1 7  butter samples (Table 3.2) were measured by the above 

method. For ease of interpretation, the results were divided into two main classes by butter type, 

namely salted and unsalted butter, as they have significant differences in the initial freezing point. 

The unsalted butter was further divided into lactic and standard unsalted butter. Figure 3 .26(a) 

shows the enthalpy resul ts for the salted butters. The measurements are consistent below -20°e. 

Variation in enthalpy results above the initial freezing point is due to the different composi tion of 

triglycerides in the fat fraction and the moisture content of the butter. Table 3 . 1 2  compares the 

initial freezing point of salted butter estimated from the salt concentration in the aqueous phase (Eq. 

3-3) with the DSC derived initial freezing point. 
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The i nitial freezing points (Table 3.4 and 3.7) of the butters are considerably higher than esti mated 

initial freezing points (intersection of enthalpy curve above and below the initial freezing point). 

This difference i s  due to the temperature lag of the DSC which is sti l l  significant at a rate of 

scanning rate of I DC min-) (Wendlandt, 1 986). 

Table 3. 12: Comparison 0/ estimated (Eq. 3-3) and DSC measured initial/reezing point 

B utter ID Ti[ (estimated) Tif (DSC) 
(DC) 

B2 -5 .64 

B3 -5 .5  

B4 -5 .35 

B I 5 -5 .35 

(a)  

2 0 0 �----��----��----�------�------� 

1 50 

� 1 00 
tu 
.J:: 
C UJ 

50 

-- 82 -- 8 3  -- 84 
-- 8 1 5 

O �------�-------L------�--------�----� 
-40 -30 -20 - 1 0 0 1 0 

Temperature ( QC)  

(DC) 
-5 .4 

-5 . 1  

-5.0 

-4.8 

3-43 



'Cl -, 

250 

200 

-;:: 1 50 a. 
m .c C 1 00 w 

50 

(b) 

o �----------�----------�--------� 
-40 -20 0 

Temoerature (oC) 
20 

8 1  
----- 85 

86 
87 

- 88 
- 89 
- 8 1 0  
- 81 1  
- 8 1 2  

8 1 3  
----- 8 1 4  
- 8 1 6 
----- 8 1 7  

Figure 3.26: Measured enthalpy for (a) Salted butter (b) Unsalted butter using DSC 

Figure 3 .26 (b) shows the measured enthalpy of unsalted butters. The apparent initial freezing point 

was above ooe for all the butters. Differently sized samples were used for the measurements of 

enthalpy as it was not possible to control this preci sely. A typical sample size between 5- 1 0  mg was 

used. Small sizes samples gave less temperature lag in comparison with larger size samples which 

confirms that thermal lag is a significant problem. 

To use these data to model heat transfer in butter i t  was required to adjust enthalpy data to take 

account of the thermal lag of DSC. 

3.5.2. 12 Adjusting and Modeling the Measured Data 

To use the data in subsequent heat transfer models, a simple equation for enthalpy as a function of 

temperature was required. Although the measurements were done over a temperature range of -40oe 

to +40oe, the models were fitted from -40oe to l Ooe as this is the range of importance in industry. 

Above l Ooe, the specific heat capacity of butter changes significantly due to the melting of fat 

which, i n  turn, strongly depends on rni lkfat composition 

Schwartzberg ( 1 976) gave the fol lowing equation for the enthalpy of water enriched foods: 
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H = A + c T + B/ J IT 

H = H,, + cIIT 

where 

A = Constant (kJ kg- I ) 

B = Constant (kJ K kg- I ) 

CII = Specific heat capacity of unfrozen food (kl kg - I K I ) 

cJ = Specific heat of capacity frozen food (kl kg - I K I ) 

Hu= Enthalpy at O°C (kl kg - I K- I ) 

(3-2 1 )  

(3-22) 

Below the i nitial freezing point the enthalpy-temperature curve is represented as the sum of a 

straight l ine and a hyperbola. The component cJT i s  the sensible heat component, -BfT is the latent 

heat component and A is  integration constant depending on the datum temperature. Above freezing, 

the curve is  the sum of component enthalpies and can be represented as a straight l ine as phase 

change is negligib le or uniform. 

There is a lag in the measured DSC temperature due to temperature gradients in the sample and this 

distorts the DSC derived enthalpy curve and initial freezing point so  it is appears higher than it  is in 

reality. This phenomenon is most significant when greater heat flows are required such as when 

there is significant melting of ice. As such, in the regions of the curve where only sensible heat is  

required, the DSC result are reliable (e.g. below -20°C). This means the on sets of the melting peak 

are at the correct temperature but the peak and the completion temperature are shifted to higher 

temperatures. How much they are shifted depends on the size of the sample, the amount of the 

latent heat required and the heating rate. To deal with this problem a model l ing approach was taken 

to curve fit the data using the fol lowing adjustment procedure: 

• -40°C was used for the enthalpy datum; 

• the total enthalpy change from -40 to + 1 0°C from the heating DSC run was maintained because 

this was the accumulated heat flow over the experiment and the sample temperatures were well 

control led at each end of the curve; 

• TiJ was specified by the cryoscopy measurement for the unsalted butter (Table 3.4) or estimated 

from salt concentration for salted butter (Table 3 .7); 
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, the specific heat capacity was set constant from 1 0°C down unti l the phase change occurred; 

, Constant specific heat capacity was also used from -40 to -20°C; 

, For the enthalpy above freezing Equation (3-22) was fitted to the DSC data and the straight Line 

was then extrapolated down to the in itial freezing point of the butter; 

, Below the initial freezing point, three points were fixed, the enthalpy at -40°C, the enthalpy at 

-20°C and enthalpy at the initial freezing point as shown i n  the Figure 3 .26. Equation (3-2 1 )  was 

fitted to these three points to give the adjusted shape of the curve in the phase change region .  
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Figure 3.27: Measured and modeled enthalpy of butter 

Figure 3 .27 shows the measured and modeled enthalpy profi le for butter sample B 1 6  from -40°C to 

1 0°C. The same procedure was repeated for all the measured butter data. Table 3. 1 3  gives the curve 

fi tted parameters calculated for each butter. 
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Table 3. 13: Enthalpy equations parameters for all butters 

A Cl B Ho CII Tif 

Code (kJ kg- I ) (kJ kg- I  K-I ) (kJ K kg- I ) (kJ kg- I ) (kJ kg- I K-I ) (OC) 
B I  68.77 1 .73  -25 .0 1  1 30. 1 7  4. 1 8  -0.44 

B2 7 1 .79 1 .99 -308.72 1 39.07 4.2 1 -5.64 

B3  79.23 2. 1 7  -304.33 1 46.00 4.25 -5.5 

B4 83.6 1 2.29 -3 1 2.93 1 54 . 1 7  4.54 -5.35 

B5 79.8 1 2.0 1 -20.33 1 6 1 .93 5.34 -0.25 

B6 78.07 1 .97 -32.24 1 42 . 1 8  4.9 1 -0.52 

B7 79.63 2.00 -20.78 1 32 .99 4.58 -0.40 

B8 77 . 3 1  1 .95 -20.99 1 36.04 4.9 1 -0.36 

B9 68.54 1 .73 -25 .69 1 2 1 .  1 4  4.33 -0.50 

B I O  72. 1 I 1 .82 -26.98 1 29.50 4.54 -0.48 

B I I 62.42 1 .57 - I 7 .37 1 05 .40 4.02 -0.4 1 

B I 2  70.08 1 .76 -20.38 1 2 1 .04 4.25 -0.4 I 

B I 3  77 .02 1 .95 40.87 1 42. 1 7  5 .06 -0.62 

B I 4  84.39 2. 1 4  -40.24 1 53 .03 5.38 -0.58 

B I 5  64.04 1 .77  -275.55 1 25.85 3.69 -5.35 

B I 6  8 1 .03 2.05 -33.3 I 1 46.66 5.0 1 -0.52 

B l 7  73.30 1 .85 -26.77 1 2 1 .60 3 .62 -0.57 
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Figure 3.28 Modeled data for unsalted butters 
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Figure 3 .28 shows the adjusted data for each of the unsalted standard butters. The total enthalpy 

change is clearly different for all the unsalted butters. The maximum value was found for B8 and a 

minimum value was found for B 1 1 . The enthalpy of butters B9 and B 1 2, and butters B7 and B 1 0  

were produced at the same time in the season from different manufacturing process but were nearly 

the same. B utters B8 and B I I  from the same season but from different manufacturing sites and 

processes showed a large difference in the enthalpy both above and below the i nitial freezing point. 

It was postulated that the difference were explained by compositional differences. 

Figure 3 .29 gi ves the measured solid fat contents of butters B7,  B8, B9, B I O, B I I , and B I 2  as a 

function of temperature. Samples B7  and B I 0 are spring butters whereas samples B 8  and B 1 1  are 

summer butters and samples B9  and B 1 2  are autumn butters. 
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Figure 3.29: Solid fat contents of butters at different temperatures 

The solid fat contents in samples B7 and B 1 0  are same and the solid fat contents in  samples B8  and 

B 1 0  are same. The pair B7 and B 1 0  has low solid fat contents being spring butter and samples B 1 0  

and B 1 I  had higher solid fat contents at the gi ven temperature range being summer butter. B utter 

with higher SFC should have lower specific heat capacity and vice versa. This is true for the salted 

butter. Sample B2 being spring butter has a value of 1 .69 kJ kg- l OCi and 3.42 kJ kg- l OCi for the 

frozen and unfrozen range respecti vely as compared to the specific heat capacity of 1 .56 kJ kg- l OCi 

and 3 .03 kJ kg- lOC i for sample B3  which is a summer butter produced in the same year and with 

same manufacturing process. 
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The same observation can be found for samples B 1 0  and B I I for both the frozen and unfrozen 

range whereas for samples B7 and B 8  (spri ng butter) have higher specific heat capacity in the 

frozen range but not in the unfrozen range. 
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Figure 3.30: (a) Adjusted enthalpy for salted butters (b) Solid fat contents for salted butters 

Figure 3 .30(a) gi ves the adjusted enthalpy for all the salted butters and Figure 3.30(b) shows the 

solid fat contents as a function of temperature for all the salted butters. From the compositional data 
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it can be seen that the moisture contents in all the salted butters were nearly the same except for 

B 1 5  which was bit lower than others, contributing to the lower total enthalpy change. B2 and B 3  

were spring and summer butter respectively whereas B 4  and B 1 5  were autumn butters. There was 

l ittle difference in the specific heat capacity of all the butters in the frozen and unfrozen range. 

Although B 1 5  is an autumn butter, it has the lowest values of specific heat capacity for both frozen 

and unfrozen range as the moisture content effect is dominant. Simi larly B4 is also an autumn butter 

but had the highest values of specific heat capacity for both the frozen and unfrozen ranges. 
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Figure 3.31: (a) Adjusted enthalpy of lactic butters (b )Solid fat contents of lactic butters 
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Figure 3 .3 1 (a) shows the adjusted enthalpy for all the lactic butters from Table 3. 1 and Figure 

3 .3 1 (b) shows the measured solid fat contents for the lactic butter. There were very smal l  

compositional differences in these three butters. Figure 3.3 1 (b) shows the mi lkfat fractions of the 

butters B 1 3  and B 1 4  are very simi lar at any temperature. The higher SFC at O°C in butter B 1 7  could 

explain the lower specific heat capacity in the ful ly  frozen region of the enthalpy curve as less 

mjlkfat would undergo phase change below O°e. The lower enthalpy of water freezing in B 1 7  is 

probably due to the higher lactic content of that sample. 

3.5.2.13 Comparison with Literature Data 

Adjusted data was compared with the data from the literature. Figure 3 .32 compares the adjusted 

data for salted butters with the data measured for salted butters by Olenew ( 1 959), Lindsay & 

Lovatt ( 1 994) and Pham et al. ( 1 994). 
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Figure 3.32: Comparison of measured enthalpy data with the literature data 

The data from Ph am et al. ( 1 994) and Lindsay & Lovatt ( 1 994) is intermediate to the measured 

enthalpy data for four salted butters by DSC over the whole temperature range. The data from 

Olenew ( 1 959)  is much lower than any of the measured data. There was little information on the 

butter used by Olenew ( 1 959) regarding the season and manufacturing process. Although the 

composition of the butter used by Olenew ( 1 959) was not very different from the butter used in this 

research (Table 2.9). 
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The total enthalpy change in B I S  was lower and for B2 was higher than that measured by Lindsay 

& Lovatt ( 1 994) and Pham et at. ( 1 994). The butter used by Lindsay & Lovatt ( 1 994) had 80.6% 

fat and 1 6.7% moisture content and the butter used by Pham et al. ( 1 994) has 87.4% fat and 1 0.7% 

moisture contents, which explains some of the differences in the measured enthalpy changes. There 

was no information available on the seasonality and the manufacturing process of the butter; 

moreover Lindsay & Lovatt ( 1 994) and Pham et al. ( 1 994) used an adiabatic calorimeter to measure 

specific heat capacity of the butter. Some of the differences can be attributed to the different 

measurement techniques. 

Overal l ,  the measured enthalpy data agreed well with the other measured data in the literature. 

3.5.3 Conclusions 

From the discussion above, the fol lowing conclusions can be made for the enthalpy and specific 

heat capacity of butter in the range -40°C to 1 0°C: 

• Salted butter has lower specific heat capacity compared with unsalted butter in both the 

completely frozen (be low -20°C) and unfrozen (above T;f) temperature ranges. 

• Spring salted butter has about 1 5% higher total enthalpy change between -40°C and 1 0°C as 

compared with summer butter. 

• Spring butter has higher specific heat capacity value for both the frozen and unfrozen 

temperature ranges for both salted and unsalted butters. 

• There is l ittle difference in the enthalpy of butter produced by different manufacturing 

processes in the same season .  

3.6 Thermal Conductivity 

The data in the l iterature was discussed in the second chapter. The data measured from different 

sources agree well above the initial freezing point, but there are significant differences below the 

initial freezing point. A constant value can be used above the initial freezing point but it was sti l l  

necessary to check the other estimation methods to see which data are more reliable and if  

independent measurement of thermal conducti vity for different kinds of butter is required. 

In food products the thermal conductivity can be estimated from the volume fraction of its 

components and their thermal conductivities. One method to obtain the thermal conducti vity data is 

to apply the empirical relations given by a number of authors using the composition of butter. 
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Rahman ( 1 995) quoted a number of studies suggesting the thermal conductivity of the foods is  

affected mostly by moisture content. Rahman ( 1 995) and M i les ( 1 983) gave empirical relat ions for 

the thermal conductivity of basic food components as a function of temperature. Rahman ( 1 995) 

reported a series of theoretical model to use depending on the structure of food and the direction of 

heat transfer through the material. The basic models are given below: 

Series Model 

In the series model, the phases are thermall y  in series with respect to the direction of heat flow. This 

model gives the minimum value of thermal conductivity and is given by the weighted harmonic 

mean of the conti nuous and discontinuous phase conductivities: 

1 11 v. - =I� A i=1 A, 
where : 

A = Thermal conductivity of the material under study (Wm- 1 K ' ) 

Ai = Thermal conductivity of the ith component (Wm- 1 K1 ) 

Vi = Volume fraction of the i th component (m3. m-3) 

n = Number of the components 

Parallel Model 

(3-9) 

In the paral le l  model the direction of heat transfer is considered to be acting as parallel to 

components of the material. This gives the maximum value of the thermal conductivity and is given 

by the weighted arithmetic mean of the thermal conductivities of the components: 

11 A = I v; A, (3- 1 0) 
i=1 

All  other models predict the value of the thermal conductiv i ty of the material between the l imits 

given by the series and paral lel model .  
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Effective Medium Theory 

This theory assumes that the system is a simple homogenous mixture of components and each part 

has a known thermal conductivity. The thermal conductivity using the medium effective theory for 

mixtures can be calculated as: 

(3- 1 1 ) 

Maxwell- Eucken Model 

The Maxwel l  - Eucken Model was derived on the basis of randomly distributed discontinuous 

spheres in  a continuous medium and assumes that the discontinuous spheres are far enough apart 

that they do not interact. This equation is strictly only applicable where the volume fraction of the 

discontinuous phase is very smal l :  

where: 

A.I = Thermal conductivity of the continuous phase (Wm· I K· 1 ) 

A.2 = Thermal conductivity of the discrete phase (Wm· I K1 ) 

V2 = Volume fraction of the discrete phase. (m3.m·3) 

If component 2 is continuous then equation (3- 1 2) can be written as :  

Levy Model 

(3- 1 2) 

(3- 1 3) 

Levy ( 1 98 1 )  modified the Mawel l-Eucken model to avoid the decisions which of the Maxwel l  -

Eucken equations should be used as both the equations give different answers. The Levy model i s  

given as: 
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A = A, 
2A, + � - 2 (A, - � ) f 

2A, + � + (A, - � ) f 
(3- 1 4) 

where 

f = � [ 2/ g - 1  + 2V2 -J( 2/ g - 1  + 2V2 )
2 

- 8V2 / g ] (3- 1 5) 

and 

(3- 1 6) 

The Levy model was obtained initia l ly on a mathematical basis rather than a physical basis and 

despite often giving the best predictions researchers were hesitant to recommend the use of this 

model .  Recently, Wang et al (2006) showed that the Levy model is the combination of the two 

Maxwel l  - Eucken models and hence provides a physical meaning to the Levy model. 

Other Models 

Wang et at (2006) gave a new procedure for model ling complex materials as composites of the five 

basic models gi ven above using the combinatory rules. 

3.6.1 Estimation of Thermal conductivity of Butter 

The thermal conductivity of butter was estimated using the composition of the butter from different 

theoretical models. The composition of the butters studied did not differ much except for B I and 

B5 ,  which had higher water contents and as a result would have higher thermal conductivity value. 

The other significant difference might be between sal ted and unsalted butters. For all other butters 

the thermal conductivity is not expected to differ significantly. 

Water, fat, protein, ash and other MSNF (including lactose and salt) are the major components of 

butter. Some butter contains air, which could affect the thermal conductivity significantly. Since NZ 

butter has negl igible amounts of air, air was not considered as a component. Protein and ash fonn 

3-55 



parts of aqueous phase and the volume fraction of these two components is very smal l .  The major 

components are thus fat and water/ice. Water or ice makes on average I S.7% of the volume of 

butter and most of the remaining 84.3% is fat. For butters B I and B S  (high moisture) 20.7% was 

water. 

In the freezing range, the difference in thermal conductivity is mostly due to the water freezing. I t  

was decided to  estimate two values for thermal conductivity: one for the freezing range (below T if ) 
and the other for the unfrozen range (above TiJ). The value for the freezing range was estimated for 

ful ly  frozen butter because intermediate thermal conductivity can be estimated from the estimates of 

the fraction of frozen water using enthalpy diagram for partially frozen butter. 

For temperatures above T if the thermal conducti vities of the fat, ash, protein and water were 

calculated using the empirical models  of Choi & Okos ( 1 986) at a temperature of SOC as shown i n  

table 3 . 1 4. Then the effective thermal conductivity ( using parallel model )  of the remaining 

components was combined with that of the water using the Levy mode l .  An average value for the 

thermal conductivity of butters B I and BS  was found to be 0.20 Wm- ' K ' . For all other kinds of 

butter the value was 0. 1 8  Wm- ' K' . This is in good agreement with the data reported i n  Table (2 .6) 

at SOC (0.20 Wm- ' K ' for unsalted and 0. 1 9  Wm- ' K' for salted). 

Table 3. 14: thermal conductivity of butter components in Jrozen and unJrozen range using Chio 

& Okos (1986) models 

Temperature A.t-at Awater or "'ice "-aSh !Yrotien 

S.OO 0. 1 7  0.S8 0.34 0. 1 8  

-30.00 0.26 2.S0 0.29 0. 1 4  

For the fu l ly  frozen temperature range, the same procedure was applied using a temperature of 

-30°C, but instead of using I S .7% of water, I S.7% of ice was used. A value of 0.34Wm- ' K'was 

estimated for B I and BS .  For all other butters a value of 0.29 Wm- ' K ' was estimated. This agrees 

very wel l with the values reported in Figure 2 .S .  

The same approach was taken to calculate the thermal conductivity of partial ly frozen butter using  

the Levy model with the fraction of water frozen.  I t  was found that the thermal conductivity of 

butter l ies within the range of 0.2 1 2  Wm- ' K ' to 0.290 Wm- ' K- ' when the water fraction frozen 

changes from 0 to I .  
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It can be concluded that the data reported in Table 2.7 is more reliable than the data measured by 

Wi l l ix  et al. ( 1 998), probably because the water was not frozen completely for the samples of 

Wi l l ix  et al. At temperatures above Tij , thermal conducti vity values of 0.20 Wm- ' K' and 0.22 Wm­
' K' can be used for salted and unsalted butter respective ly. At temperatures below T if ' thermal 

conducti vity values of 0.28 Wm-2K ' and 0.29 Wm-2K ' can be used for salted and unsalted butter 

respectively. Intermediate values of thermal conductivity can be calculated using weighted averages 

of the frozen and unfrozen values based on the ice fraction of the water in the butter. 

3.7 C onclusions 

For model l ing heat transfer in butter thermal properties data was defined through a mixture of 

literature data and measurements. 

The density of butter does not change significantly over the temperature range of interest and 

therefore a constant value of density can be used. 

A constant value of thermal conductivity for the frozen temperature range (be low Tij) and a constant 

value for the unfrozen temperature range (above Tif) can be used. 

Measured values for the enthalpy of butter wi l l  be used. It was observed that during cooling, 

supercooling is important and, therefore, a l ower value of the specific heat capacity and a value for 

the unfrozen range for thermal conductivity should be used for predicting freezing processes than 

for thawing processes. 
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CHAPTER 4 

HEAT TRANSFER IN BUTTER BLOCKS 

4. 1 Introduction:  

The investigation o f  enthalpy changes in butter during heating and cooling using DSC showed that 

the butter samples supercool be low the initial freezing point before freezing. Even when the cool ing 

rates in the DSC were slowed to one degree per minute, this rate is  st i l l  much faster than the cool ing 

rates expected during the freezing of bu lk butter. During cool ing of butter pats and blocks it is 

thought that, due to the slow rates ,  the butter may not show the supercooling behavior observed in 

the DSC. Before developing a mathematical model, thermal history data for bulk butter was 

col lected on blocks of butter during  freezing and thawing to investigate the freezing and thawing 

behavior of bulk butter. A number of experiments were conducted on pats and blocks of both salted 

and unsalted butter. 

4.2 Material and Method : 

This section describes the geometry and type of the butter samples used for the freezing and 

thawing trials, along with the experimental design for each trial .  

4.2 . 1  Butter: 

Two 500 g butter pats (one salted and one unsalted ) were bought from a local super market. 

Simi larly, two 25 kg cartons of butter were sourced from Fonterra Co-operative Ltd. The geometry 

of each butter type used in the coo I ing/heating trials are summarised in Table 4 .  I : 

Table 4. 1: Dimensions and type of butter used in block experiments (without packaging) 

B utter Type and Code Weight (kg) Length (mm) Width (mm) Height (mm) 

Salted Pat ( B  1 8) 0.5 1 1 6 64 60 

U nsalted Pat (B 1 6) 0.5 1 1 6 64 60 

Salted B lock (B 1 5 ) 25 377 242 264 

Unsalted B lock (B 1 9) 25 367.5 236.5 273 . 1  

4- 1 



All  the butter samples were manufactured using the Fritz butter making process. Analysis of 

composition and in itial freezing point was carried out as described in Chapter 3 on the un salted pat 

( 8 1 6) and the salted (8 I S) block samples. The salted pat ( 8 1 8) and the unsalted block (8 1 9) were 

not tested due to the sma l l  differences already observed in Chapter 3 for a number of salted and 

unsalted butters. Enthalpy and the specific heat capacity characterisation were carried out on four 

types of butters using DSC. 

The cartons in which the butter b locks were packed were made of corrugated cardboard and the 

blocks had a single layer (4 mm) of cardboard on each face and two layers on the top and bottom. 

The butter inside the cartons was wrapped in 0.85 mm thick polyethy lene l iners. The mass of the 

carton was 5 1 4 g and the mass of the l iner was 37 .8  g.  The weight of the butter block with  the 

packaging was found to be approximately 25 .6 kg. 8utter pats were wrapped in a parchment paper 

packaging of about 0.01 1 mm th ickness. 

4.2.2 Temperature Measurements 

Type - T thermocouple w ire (copper/constantan) with a gauge of I mm was used to measure the 

temperature of the butter. Al l  the thermocouples were cal ibrated at ODC using an ice-water s lurry. 

Three types of data loggers were used to record the temperature profi les within the butter. These 

data loggers were a Grant Squ irrel ( series 1 000) data logger, a Data taker ( series 600) and a 

Campbe l l  (CR I  0) data logger which had data accuracies of ± I  DC, ± I QC and < ±O. I QC respectively. 

A data col lection time interval of 2 minutes was used for the heating and cooling runs of b utter pats 

and an interval of 5 or 10  minutes was used for the butter b locks. 

4.2.3 Position of Thermocouples 

Thermocoup les were pos i tioned in the butter by first freezing the butter at about -24 DC for about 2-

3 weeks and then dri l l ing holes with a I mm dri l l  in the desired location. The thermocouples were 

then positioned within these holes. For butter pats a short dri l l  was used to bore into the frozen 

butter pat. For blocks a short dri l l  was used first to dri l l  the hole and then a longer dri l l  was used to 

extend the hole to the required position. To minim ize the error due to the heat transfer through the 

thermocouple wire, the thermocouple junction was positioned such that the wire entered from the 

farthest surface of the butter. 
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4.2.3. 1 Salted Pat (BI8) 

Figure 4. 1 shows the pos i tions of the thermocouples in the salted butter pat. 
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Figure 4. 1: Position of thermocouples in the salted butter pat (B18) 

Three thermocouples were positioned ins ide the butter pat at different positions re lat ive to the origin 

of the x, y and z axis (positioned at the lower, left hand corner) as follows. One was placed in the 

geometric centre C (58, 30, 32 mm) of the butter pat, which is the position in the pat that is likely to 

be slowest in changing temperature. One thermocouple was positioned at point D (87, 30, 1 6  mm), 

half way from center to the corner of the pat but vertically centered. The third thermocouple H (58, 

40, 32mm) was positioned 20 mm from the top in the center of the butter pat. Two thermocouples 

were attached to the surfaces of the pat (S 1 and S2) and three thermocouples were positioned in the 

air to measure the air temperature around the butter pat (A 1 to A3) .  The t ips of the thermocouples in 

the air were wrapped with foi l  to min imize the any error in thermocouple readings due to heat 

transfer by radiation. The thermocouples were pos i tioned in such a way that they can g ive an 

overal l  trend for the heat transfer in the butter from top to bottom as well as from one side to the 

other. 

4.2.3.2 Unsalted Pat (B I 6) 

Figure 4.2 shows the positions of the thermocouple in the unsalted pat. Three thermocouples were 

positioned ins ide the butter to observe the thawing and freezing behav ior of butter across the 

diagonal of the butter pat. The pos itions of the thermocouples were C (58, 30, 32 mm), D (87, 45, 

48 mm), and Q ( 1 02 , 52.5, 56 mm) in x, y and z directions of the butter pat. Three t hermocouples 
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were positioned outside the pat for recording ambient temperatures (A I to A3) and one on the 

surface of the butter pat (S  I ) . 
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Figure 4.2 Position of thermocouples on the unsalted butter pat (B1 6) 

4.2.3.3 Salted Block ( B l S) 

Thermocouples posit ions inside and outside the butter block are given in F igure 4.3 and Table 4 .2 .  
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Figure 4.3: Position of the thermocouples in the salted butter block (B1 5) 
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Table 4.2: Thermocouples position in the salted butter block (Bl S) related to the origin as shown 

in Figure 4.3 

Thermocoup les 

c 
o 
H 

Q 
S I  

S2 

S3 

A I  

A2 

4.2.3.4 Unsalted Block (B19) 

Position 

Thermal centre ( 1 88.5, 1 32, 1 2 1  mm) 

(282 .75, 66,60.5 mm) 

(94, 1 32,60.5 mm) 

(47, 1 32,30.25 mm) 

Face x=X (377, 1 32, 1 2 1  mm) 

Face y= Y ( 1 88.5,242, 1 2 1  mm) 

Face z=Z( 1 88.5,  1 32,264 mm) 

Adjacent to S I  

Adjacent to S2 

Figure 4.4 shows the pos it ion of the thermocouples in the plan v iew of the block. Three 

thermocouples were placed ins ide the butter, two on the surface of the block (S I to S3)  and two 

outside the packaging (A I to A2) to measure ambient temperatures as shown in the Figure 4.4. 
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Figure 4.4: Position of thermocouples in the plan view of unsalted block. (B1 9) 

CC I 83 .7, 1 3 7, 1 1 8), H(275.6, 1 40, 6 1  ),Q (32 1 .5 ,  1 50, 30.6) 

4.2.4 Initial and Am bient Conditions 

All  the  trials were conducted at  Massey University laboratory. Before start ing each experiment, the 

butter was held at the in i t ial temperature in a control led temperature walk - in room long enough to 

ensure a uniform init ial temperature. The samples were then transferred to another room and held at 
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the desired air temperatures. To minimise the temperature variations in the in i tial temperature 

during transfer, the butter pats were transferred in an insu lated container. Once installed in the new 

temperature environment the thermocouples were connected to the data logger. Thus, a lag time of 

several minutes was observed due to the time spent in connecting the thermocouples with the data 

loggers. During this time the data could not be recorded but the conditions to which the butter was 

exposed were held constant. Table 4.3 summarizes the initial and ambient conditions used for a l l  

the trials a long with the precond itioning of each butter sample. 

Table4.3: Experimental conditions for tile trials on butter pats and blocks 

Butter Type Codel I n itial Temperature Ambient Temperature Preconditioning Time 

( T;) ( Ta) (tp) 

Salted Pat SPC- I 1 0°C -24°C 1 0  hours 

(B 1 8) SPH- I -24°C 1 0°C 1 3  hours 

SPC-2 1 0°C -24°C 1 0  hours 

SPH-2 -24°C ) O°C 60 hours 

Unsalted Pat UPC- I ) 5°C _ 1 5°C 1 0  hours 

(B 1 6 )  U PH- I - 1 5°C 20°C 1 2  hours 

U PC-2 20°C -70°C 1 0  hours 

UPH-2 -70°C 20°C 1 2  hours 

U PH-3 - 1 5°C 20°C 1 2  hours (-70°C) 

Salted B lock SBC- I a  4°C - 1 8°C 3 days 

(B 1 5 )  SBC2- 1  b 4°C - 1 8°C 3 days 

SBH- I a  - 1 8°C 2°C 3 days 

SBH2- l b  - 1 8°C 2°C 3 days 

SBH-2a - 1 0°C 1 0°C I year 

SBH-2b - 1 0°C 1 0°C I year 

Unsalted B lock UBH- I a  - 1 0°C l OoC 6 months 

(B 1 9 )  UBH- I b  - 1 0°C l OoC 6 months 

UBC- I a  1 0°C -23°C 3 weeks 

UBC- I b  1 0°C -23°C 3 weeks 

UBC-2 1 0°C - 1 0°C 3 weeks 
I · S ·  - Salted, ' U ' - Unsalted, ' P' - Pat, ' B ' - Block, 'C ' - Cooling, ' H ' - Heating, 2 without cardboard packaging 
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4.3 Results and Discussion 

Th is section describes the results from all the above trials. A comparison of heat transfer for 

different types of butter under the same environmental conditions is also given . A I I  the data is also 

inc luded in the accompanying CD as text fi les. 

4.3. 1  Heat Transfer in Salted Butter Pats: 

Figure 4. S(a) shows the temperature profile of the butter pat undergoing cool ing with an air 

temperature of approximately -24°C for 1 0  hours. The water droplets  in the butter did not appear to 

freeze and, therefore, the butter did not exh ibit  a typical freezing plateau. As such the water droplets 

appeared to have been supercooled to many degrees below the nom inal initial freezing point of the 

butter. There was l ittle difference in the air temperature measured on the three s ides of the butter 

measured, suggest ing even air flow and, hence, even cool ing around the sample. S imi larly there was 

not much difference in the heat transfer through different s ides of the butter as the surface 

temperature was nearly the same on the two different sides of the butter pat measured. As a result, 

as expected, the geometric center of the pat was found to be the s lowest point to cool. 
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Figure 4.5:Heat transfer in salted b utter pat (Bi8) 

(a) Cooling (SPC - 1) with: Tj =lffC, Ta = -2.f1C, tp=iOh 

(b) Heating (SPH - l) with: Tj =-2.f1C, Ta = 1ffC, tp=J3h 

Figure 4.5 (b) shows the temperature profi le of the same butter pat during heating in an air 

temperature of about 1 0°C after freezing for about 1 3  hours at -24°C. There is some data missing for 

first few minutes due to the t ime taken to connect the thermocouples to the data logger. The air  

temperatures were re latively consistent on the different sides of the pat measured. The surface 

temperatures show that the heat transfer through the different sides of the pat were not completely 

uniform which is likely to be due to differences in the air flows around the butter pat. 

The most important observation in this thawing trial is the absence of the expected plateau at the 

freezing point of the water phase, which shows that the water in the butter did not freeze at al l  

during the cool ing experiment and subsequent storage at -24°C for 1 3  hours. This behav iour w as 

very consistent with the observation made from the DSC runs where the water in salted butter did 

not freeze unti l  the temperatu re decreased to about -50°C Walstra (2003) explains that super­

cooling can occur in water in o i l  (W/O) emu lsions due to the div iding of the water phase into such 

small droplets that nuc leation origins are not present in most of the droplets. This finding has 

important impl ications for rapid cool ing of butter blocks during butter manufacture and storage. The 

rates of cool ing and, therefore, mi lkfat sol idification are faster than might be expected. 
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Figure 4. 6:Heat transfer in salted butler pat (BI8) 

(a) Cooling (SPC - 2) for 60 hours 

(b): Thawing (SPH - 2)after cooling at -25'Cfor 60 hours 

A temperature profi le for an experiment conducted on a salted butter pat CB 1 8) for extended period 

of t ime is given in F igure 4.6 (a). The temperature rise after 1 3  hours is l ikely due to the change i n  
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ambient tem perature rather than release of latent heat of freezing. It seems that the pat might not 

exactly have eq u i l ibrated wi th the air tem perature but remained at a sl ight ly e levated temperature. 

This could be consistent w ith grad ual water crystal l isation releasing latent heat slowly over t ime.  

However, the prec is ion of the temperature measured and the control of the air  tem perature mean 

that any such elevation in temperature is not certain. When the pat was thawed immediate ly after 

the 60 hours of cool ing (F igure 4.6(b)), there was a sl ight latent heat plateau j ust below the in itial 

freezing po i nt of the butter however; it is c lear from its small size that not a l l  the water in the butter 

had frozen.  To observe any latent heat release in small scale experiments, it appears that very 

carefu l  experi ments are needed in a very wel l  tem perature controlled room. I n  industrial s ituations 

butter pats are normal ly packed together to form a bigger b lock. Therefore, as they were not very 

useful for the practical industrial situations and accurate measurement of latent heat release was 

unl i kely,  no fu rther experiments on butter pats for extended period of time were attempted. 

4.3.2 Heat Transfer in Unsalted Butter Pats 

The above experiment was repeated fo r the unsa lted butter and apart from h igher freezing po i nt 

depression; the same supercooling behav ior was expected. 

F igure 4 . 7(a) shows the coo l ing temperature profi le of the butter pat with an air tem perature of 

about - I S°C . The three ambient temperatures were q u ite cons istent ( less than 1 °C different) so an 

average air temperature is shown. The same su percoo l ing behavior observed for salted butter pats 

was observed in these data as wel l .  In add ition, the butter temperature asy m ptote was c learly about 

a degree h igher than the ambient even after 1 2  hours. This diffe rence in the temperatures was 

greater than the measurement and temperature control uncertainty . The difference could be due to 

the slow release of the water latent heat as water droplet freezing occurs slowly, i .e .  the water 

droplets did freeze but very slowly and we l l  be low the in itial freezing po int. 

F igure 4. 7(b) shows the heating temperature profile of the butter pat wi th an air tem perature of 

about 20°C after storage at - I SoC for about 1 2  hours. The air  temperature was not wel l  control led 

but the temperature on all the sides of the butter pat was re latively un iform . A latent heat absorption 

plateau was m issing from the data, which suggests that, even though the butter was unsalted, the 

water in it did not freeze significantly during storage at - I SoC for 1 2  hours. This  behavior is again 

cons istent w ith the DSC resu lts for which the mo isture in unsalted butter did not freeze at -20°C, 
even when it was kept there for 1 0  minutes. 
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Figure 4. 7: Heat transfer in unsalted butter pat (B16) 

(a) Cooling (UPC - 1) with: T; = 1 SOC, Ta = -lSOC, tp= lOll 

(b) Heating(UPH - 1) with: T; = -lSOC, Ta = 20"C, tp= 1211 

The DSC showed that the moisture in unsalted butter froze at about -40°C when coo led at a rate of 

1 0°C per minute from 1 0°C to -70°C. To see whether butter pats show the same behav ior, the 
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unsalted pat was monitored whi le cool ing with an air temperature at about  -70°C (Figure 4.8a). 

Even though this was a much lower air temperature than previously used, it should be noted that the 

rate of cool ing of the butter pat was much s lower than that experienced by the DSC sample. The 

water in the butter froze at about -40°C and the release of latent heat of water gave a distinct plateau 

in temperature especial ly at the centre of the pat ( F igure 4 .8a). This is consistent with what was 

observed in the DSC run. 
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Figllre 4.8: Heat transfer in IInsalted blltter pat (B16) 

(a) Cooling (UPC - 2) with: T; = 2(fC, Ta = - 7(fC, tp= 10h 

(b) Heating (UPH - 2) with: T; = - 7(fC, Ta = 2(fC, tp= 12h 
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The butter was kept at - 70°C for about 1 2  hours and no change in the temperature was o bserved 

after 6 hours. F igure 4.8(b) shows the temperature profile of the thawing of this pat w ith an air 

temperature of about 20°C.  The butter heated up j ust below the in it ial freezing point quite quickly 

due to the higher thermal conductivity of the frozen butter. A c lear plateau can be seen j ust below 

the in it ial freezing point, after which the butter s lowly approached the ambient temperature. S ince 

the air temperature was not well contro l led, and kept on rising very s lowly, the butter centre 

temperature took a long time to final ly approach the ambient temperature. However i t  c learly took 

longer to thaw a pat of fu l ly frozen butter as compared to butter with supercooled water due to the 

need to provide the latent heat necessary for melting the ice. Direct comparison of this trial with 

F igure 4. 7(b) is not possible due to the dramatically different in it ial temperatures, and hence heat 

transfer rates, in the experiments. 

Another experiment was conducted on the butter pat by freezing it to -70°C and then heating i t  to 

approximately - I S°C. The butter was equ il ibrated at - I SoC and then i t  was again heated w ith air at 

about  20°C. This was done to al low direct comparison of the heating of butter with and w ithout 

fu l ly frozen water. F igure 4.9 shows the measured data. 
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Figure 4. 9: Healing of unsalted buller pat (UPH - 3) with: Ti = -1 S'e, Ta = 2ife, 

tp= 12h 

A plateau for the center of the butter pat can be seen just below the in itial freezing point .  The other 
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two points in the butter (D  & Q) also showed some ice melting below the in itial freezing point.  A 

comparison of the thawing t ime for this pat when the water phase is frozen and unfrozen is g iven in  

Figure 4. 1 0  which confirms the slower thawing rate of butter in which the water phase is  fu l ly 

frozen due to the extra latent heat. There was not much difference in the temperature profile below 

the in itial freezing point. However, there was a two hour difference in  the time requ ired to reach 

5°C between the "frozen" and "unfrozen" butter pat. 
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Figure 4. 10: Comparison of thawing time for all unsalted pat with (UPH - 3) alld without 

(UPH - 1) complete prior water freezing 

Overall ,  the data col lected for the butter pats were consistent with those col lected during the DSC 

measurement. The water in butter pats did not fu lly freeze after 1 2  to 1 3  hours under normal 

commerc ial storage conditions. It is expected that crystal l isation of the water phase would occur 

slowly if longer storage conditions are appl ied. 

From an industry point of v iew, most of the butter used for thaw ing and freezing purposes is i n  

form of25 kg blocks packed in corrugated card board carton, either individually, o r  a s  a part of 

pal let. The rates of cooling in blocks are expected to be much slower than that for a 0.5 kg butter 

pat. Whether the freezing shows non equi l ibrium behavior as was observed in butter pats 

experiments was investigated as this has more commercial relevance .  
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4.3.3 Heat Transfer in Salted Butter Blocks 

The results of the 25 kg salted butter block cool ing trial are g iven in Figure 4. 1 1 (a). A lthough the 

rates of cool ing were much slower than that of the DSC trials, the water droplets in the butter 

supercooled and did not ful ly freeze even after the storage at abou t  - 1 8°C for more than 60 hours.  

There was l i ttle d i fference in the air temperature on two sides of the box. The heat transfer from the 

face y= Y was slower compared to two other sides which could be due to less air flow on that s ide of 

the carton. The temperature at a l l  the pos itions in  the butter b lock leve led out a few degrees h igher 

than the ambient temperature. This was consistent to what was observed for the butter pat 

experiments and can be attributed to progress ive but slow freezing of the water droplets. 

Butter was kept at - 1 8°C for suffic ient time to equ i l ibrate the temperature before starting the heat ing 

trial . Figure 4. 1 1 (b) shows the temperature profi les in the butter c arton during heating with a i r  at 

approximately 2°C. An ice melt ing plateau is missing, even though the butter was kept for 60 hours 

in the freezer at - 1 8°C. This observation confirms that even though the rates of coo l ing were much 

slower than that were used in  DSC, significant amounts of water in  the butter did not freeze at al l .  
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Figure 4. 11: Heat transfer in butter block (B1S) with cardboard packaging. 

(a) Cooling (SBC - la) wit": T; = 4°C, Ta = -l8"C, tp= 3days 

(b) Heating (SBH - la) with: T; = -18"C, Ta = rc, tp= 3days 

To show the effect of the heat transfer resistance due to the packaging the above experiments were 

repeated with the same ambient conditions and butter blocks, but without the corrugated card board 

packaging. A faster cooling and heating was expected in this case.  

The resu lt of the cool ing and heat ing trial without packaging is g iven in Figure 4. 1 2  and a 

comparison of with and without packaging is given in Figure 4. 1 3 . The air temperatures in both the 

cool ing and heat ing trails were s imi lar to those for blocks in cartons (Figure 4. 1 1 ) . The s lower heat 

transfer rates are obvious. The slow heat transfer rates had no obv ious effect on the rate of water 

droplet freezing. 
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Figure 4. 12: Heal transfer in butter block (BIS) wit/lOul cardboard packaging. 

(a) Cooling (SBC - 1 b) with: Tj = .(lC, Ta = -1 SOC, tp= 3days 

(b) Heating (SBH - 2b) with: Tj = -ISOC, Ta = �C, tp= 3days 
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Figure 4. 13: Comparison of with box and wit/lOut packaging trails for salted butter (B1S) 

(a) Cooling (b) Heating 

In al l  the experiments conducted on the salted pats and blocks it was observed that the salted butter 

did not freeze even after storage at quite low temperatures for many days. Further heating trials 

were conducted on two salted butter blocks which had been in - l ODe for more than a year. The 
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purpose of this trial was to see whether the water in the butter eventually freezes at normal 

industrial storage conditions or remained undercooled during that period of time. The position of 

the thermocouples in the plan v iew of b lock I is given in Figure 4 . 1 4. The posit ions were sim ilar in 

block 2 .  
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Figure 4. 14: Position of the thermocouples in the plan view offrozen salted block (Bl5) 

C( 1 92 .5 ,  1 45 ,  1 25 mm), H(96, 1 60, 62. 5  mm), Q( 48, 1 45 ,  3 1  mm) 

The temperatures for one of the b locks are g iven in  Figure 4. 1 5 . The heat transfer through different 

s ides of the block was uniform. Position C in the butter clearly shows some ice melt ing. There is 

change in the rate of temperature change around _4°C at point C due to the change in the thermal 

conductivity and the moisture in butter changing from frozen to unfrozen states and the requ irement 

to provide latent heat to melt the ice. Point C was 1 3  mi l l imeters away from the thermal center of 

the b lock so the phase change plateau was shifted and a temperature bit higher than would be 

expected for the thermal center of the block. 

Overal l  the absence of a c lear latent heat plateau is probably because the initial temperature was 

qu ite c lose to the initial freezing point. Therefore even if equ i l ibrium was reached the ice fraction 

might not be large and latent heat release would be less noticeable.  
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Figure 4. J 5: Thawing of frozen salted butter block (SBH - 2a) with: 
T; = -JO"C, Ta = JO"C, tp= J year 

F igure 4. 1 6  compares the resu lts for the two repl icate blocks of butter. The average air, surface and 

center temperatures were very consistent between both the experim ents. The rates of temperature 

change at the positions H and Q were sl ightly sl ower in block 2, which is probably due to some 

differences in positioning of the thermocouples in the blocks. I n  block 2, a l l  the thermocouples were 

positioned at a depth of 1 40 mm from the top rather than 1 45 mm as fo r block I .  Overal l  the 

thaw ing behav ior was found to be repeatab le. 

These experiments demonstrate that wh i le short term storage at i nd ustrially relevant temperatures 

does not result in significa nt water fraction freezi ng, the water does freeze after long term storage. 

In salted butter, the difference in t ime scale between cool ing (days) and water droplet freezing 

(perhaps months) mean that fro m  a modell ing perspective cool ing m ight be accurately pred icted by 

ignoring the latent heat effects for the water phase. Thaw ing predictions however w i l l  depend on 

how long the sam ple has been stored for and at what temperature. For long storage ti mes the 

fraction of water frozen would need to be predicted. 
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Figure 4. 16: Comparison of two independent thawing trials (SRH - 2a) and (SRH - 2b) of salted 

butter blocks (Rl S) with: 

Tj = - lonC, Ta = l onC, tp= 1 year 

I n  contrast to salted butter, unsalted butter would be expected to experience greater supercool ing, 

and hence greater driv ing forces for ice nuc leation would exist at commerc ial storage temperatures 

due to less freezing point depression . Therefore, it is poss ible that the t ime scales for heat transfer 

and water freez ing m ight converge for unsalted butter. 

4.3.4 Heat Transfer in U nsalted Butter Blocks 

The last two experiments conducted for the salted butter were repeated for unsalted butter. F igure 

4. 1 7 shows the temperature profi le of the butter thawed w ith an ambient temperature of about 1 0°C 

after storage for 6 months at - 1 0°C temperature. A c lear plateau can be seen just below the in itial 

freezin g  point of the butter, wh ich shows that a s ign ificant fract ion of the water in the butter froze 

during the few months in which the butter block was kept at - 1 0°C. Both the surface temperatures 

were cons istent, as were the air temperatures, which show that the heat transfer through d ifferent 

s ides of the block was uniform. Pos itions H and Q also demonstrate a c lear phase change just 

below the in it ial  freezing point. The central temperature C quick ly reached about _2°C, influenced 

by the h igher thermal conduct iv ity value of frozen butter, and then p lateau for nearly 40 hours due 

to the absorption of latent heat required for ice melt ing .  Once all the ice melted, the temperature 

increased to approach the ambient temperature. 
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Figure 4. 1 7: Heating of a frozen unslllted butter block (UBH - Ill) with: 

Ti = -l ifC, Ta = lifC, tp= 6 months 

A comparison of the experimental data col lected for frozen ( i . e .  the water was frozen) salted and 

unsalted butter is g iven in Figure 4. 1 8. The salted butter requ ires less t ime to thaw compared w ith 

unsalted butter. S ince the thermal conduct iv ity of the salted butter is lower than that of un salted 

butter, below the in itial freezing point, the unsa lted butter temperature rises more quickly as 

compared with the salted butter. The phase change for salted butter occurs at a m uch lower 

temperature compared with unsa lted butter and probably required less latent heat due to less 

complete freez ing due to the greater salt concentrat ion, grcater freezing point depression and hence 

a lower equ i l ibrium ice fraction at - l ODe. Overal l ,  even with lower thermal conductiv ity, the salted 

butter took about  22 hours less to heat from - I  ooe to 4°e with a l ooe ambient temperature due to 

the lesser amount of ice that needed to be thawed. 
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Figure 4. 18: Comparison of heating times for salted (SBH - 2a) and unsalted (UBH - la) butter 

blocks 

The data for unsalted block showed that most of the water in the butter was frozen if it was kept for 

6 months at - I  O°e. Therefore, it was decided to observe the effect of different ambient  temperatures 

on the freezing time . 

A cool ing experiment was carried out on the same b lock of unsalted butter in a room at about -23°e. 

The b lock had previous ly been kept at l ooe long enough to obtain a uniform initial temperature. 

Figure 4. 1 9  shows the observed temperature profi le. The water droplets in the butter were 

supercooled to many degrees below the initial freezing temperature. After approximate ly 60 hours, 

the crystal l izat ion process in the water dropl ts began re leasing latent heat faster than it could be 

removed by conduction, giving a temperature rebound in most of the butter block. As the cooling 

was ongoing and the crystal l isation was not instantaneous, the temperature of the system slowly 

increased towards the equil ibrium freezing point. However, it started to decrease aga in before the 

initial freezing point was reached. This is because a large fraction of the water that could freeze had 

frozen and freeze concentration of the sol utes in the water droplet had l owered the freezing point, 

thereby reducing the driving force for further crystal l isation. An alternative explanation is that 

overal l  the rate of crystal l isation has reduced to a point where the rate of heat removal was greater 

than the rate of latent heat release. 
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Figure 4. 19: Cooling of un salted butter block (UBC - 1a) with: T; = l Ooe, Ta =- 23°e, tp= 3 weeks 

The freezing behavior of butter is apparently very different from other food products where water is 

present as a cont inuous phase. To check this  behavior was repeatable, the butter block was thawed 

to 1 0°C and when a uniform in itial temperature was ach ieved, the block was again cooled under the 

same conditions. F igure 4.20 shows the comparison of the resu lts of the repl icate trials. In the 

supercooled region the temperature profile of both the runs was nearly identical, but, although 

cooling cond it ions were nearly identical, the rebounds in two runs differed by about 20 hours. This 

suggests that the crystal l izat ion processes is stochastic in nature. The nuc leation event in a water 

droplet does not necessary trigger nuc leation and ice crystal growth in the other droplets and, thus, 

the crystal l ization in each droplet may not be independent. G iven the h igh number of droplets w ith 

sign ificantly d ifferent droplet s ize, solute concentration and tempe rature differences, it is not 

surpris ing if nuc leation is stochastic in nature. 

The repeated experiment showed that the butter freezing behavior was not observed by chance and 

it is a repeatable process with the exception of the di fference in timing of the release of latent heat 

due to the water crystall ization process. 
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Figure 4.20: Comparison of two cooling trial in tile same unsalted butter block (B 19) under 

identical cooling conditions as: 

T; = lifC, Ta = -23°C, tp= 3 weeks 

Final ly ,  another experiment was conducted on the same block under different cool ing conditions. 

This time an ambient temperature of about - 1 0°C rather then -23°C was chosen because this is a 

common ly used industrial storage temperature but the experiment was continued for m uch longer 

period of time. Figure 4.2 1 shows the freezing temperature profi le of the butter block .  It was 

observed that butter supercooled to a temperature about I .SoC above the air temperature and settled 

there for about 20 hours after which the crystal l isation process re leas ing latent heat very slowly and 

steadi ly .  Only the centre temperature rebounded to any s ignificant extent, presumably because the 

rate of cool ing ach ieved was lower (and ther fore the rate of crystal l isation was lower) at warmer 

ambient temperature than at -23°C. The extent of the rebound seems to be a del icate balance 

between the rate of crystal l isation of water and the rate of cooling affected by both air temperature 

and s ize of the butter b lock. 
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Figure 4.21:  Cooling ojunslI/ted butter block (UBC - 2) with: T; = 1 ifC, Ta = -lifC, tp= 3 weeks 

4.4 Conclusions 

The experiments conducted on salted and unsalted pats and blocks ind icated that release of latent 

heat d uring freezing is control led as much by the rate of cry stal l isation of water in each of the water 

droplets as by the rate of heat transfer. Th is is due to the water droplets behaving independent ly d ue 

to the water i n  o i l  emulsion structure of butter.  Experiments on butter freezing showed that the 

release of water latent heat depended on the degree of super-cool ing, which in turn depended on 

cool ing med ium temperature, size of the butter item, packaging, and the type of butter. The 

c rystal l izat ion process appears stochast ic in nature and, therefore, under the same coo l i n g  

cond itions, water in the same b utter may re lease its latent heat with d i fferent t iming dur ing the 

coo l i ng process. 

Based on these observations the fo l lowing conclusions can be made w ith respect to model l ing of 

h eat transfer in butter: 

I .  The thawing behavior of fu l ly frozen butter might be accurately mode led using a 

conduction only model with equ i l ibrium thermal properties. 

2 .  The heating behavior of frozen butter depends on t h e  storage temperature h istory of the 

butter (how long and at what temperature was it stored at), and therefore the fraction of 

frozen water. t f the fraction frozen i s  low then m ight be accurately mode led with a sensible 

heat model .  tf the fraction frozen is h igh then a model that takes account of the latent heat 
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effect is needed. 

3 .  The freezing of butter i s  not so lely a heat transfer control led process and probably needs to 

be mode led using appropriate ice nucleation or both ice nucleation and crystal growth 

models. 
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CHAPTER S 

MODE LING HEAT TRANSFER IN BUTTER 

5.1 Introduction 

From the experimental data col lected in chapter 4 it was observed that the heat transfer during 

thawing of frozen butter appeared to be an equi librium process. That is, the melting of ice and 

release of latent heat occurs at the temperature representing equil ibrium between the frozen and 

unfrozen phases in the butter. As such it should be able to be accurately mode led using a conduction 

only model with equilibrium thermal properties. Unfortunately  the freezing process probably cannot 

be accurately modeled in this way due to considerable amount of super cool ing and release of latent 

heat at a lower temperature instead of at the equil ibrium freezing point. 

This chapter explains the formulation, implementation and val idation of a conduction only 

mathematical model for predicting the heating and cooling behavior of butter. 

5.2 Model Formulation 

This section describes the development and mathematical formulation of a model in order to predict 

the temperature of butter as a function of time and position. 

5.2.1 Conceptual Model 

Figure 5. 1 i l lustrates the physical situation of a block of butter being heated or cooled. The physical 

basis and assumptions of the model can be summarized as: 

• Butter is a homogenous medium of milkfat and dispersed water and ice. 

• Three dimensional conduction heat transfer through a homogenous rectangular block of 

butter of any size depending on the particular application (e.g. pat, carton etc). 

• The butter box has symmetric cuboid geometry. 

• Initial ly the block has a constant temperature. 
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• The heat transfer from the surface of the block to the ambient i s  by convection to the 

surrounding medium temperature. 

• Radiation and evaporative heat transfer at the surface are either negligible or can be 

modeled as pseudo-convection. 

• Different sides of the carton may experience different air temperatures and different air 

flow rate (su rface heat transfer coefficients). 

• B utter has constant density 

• The corrugated card board case and the polyethylene liner affect the effective surface heat 

transfer coefficient but the i r  thermal mass i s  negligible. 

• There is no i nternal heat generation 

• The enthalpy and thermal conductivity of butter fol low the temperature dependent 

relationships determined in chapter 3 . 
• Enthalpy changes fol low equi l ibrium conditions and thus there is no supercoo ling. 

I 
Ly 

I 

r·· .... ·l i . 

/ \ 
1... .r--� ..... � ....... . 

/ - I"� 

Figure 5. 1: A block of butter 

5.2.2 Validity of Assumptions 

Phi l pott (200 I )  meas ured the density of different types of butter and found less than I % difference 

i n  the density of butter. He found a decrease in density due to temperature increase. The density 

varied from 960 kg m-3 at 1 2  °e to 95 2 kg m-3 at 200e which gi ves < I % change in this range. 

B utter shrinks during cooling due to the fat shrinkage and thus increases its density upon freezing. 

An average value of 970 kg m-3 gi ves about I % e rror. Upon thawi ng, butter increases its volu me 

which would cause the model to underestimate the vol umetric heat capacity and over esti mate the 
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thermal conductivity also by about 1 %. Thus from these considerations it seems reasonable to 
assume the density is constant. 

From the physical structure of butter explained in chapter 2 it is reasonable to consider butter as 
homogenous medium of fat with water dispersed i n  it in the form of tiny droplets. 

The packaging used for the butter includes two types. One is corrugated cardboard and other is a 
polythene li ner. The corrugated cardboard has a thermal conductivi ty of about 0.06 1 Wm- IK- I and 
the polyethylene liner has a thermal conductivity of 0.29 Wm-IK- I (ASHRAE 1989). The thermal 
resistance at the surface includes that caused by the cardboard and any trapped air, so these 
resistances were included in the effective heat transfer coefficient using equation (5- 1 ) . The air-side 
heat transfer coefficient ha was estimated from the measured air velocities i n  the freezer rooms 
using the relationship given by Cleland et al. (2005) which takes account of convection and 
radiation effects. 

h = 7 .3v0 8 a a 

(5- 1 )  

(5-2) 

For a typical 25 kg block of butter the butter thermal mass i s 62.5 kJ 0C-I while the thermal mass of 
the packaging is 0.83 kJ°C- 1 « 2 %). So it is reasonable to assume negligible thermal mass of the 
packaging. Jamieson et aI. ,  ( 1 993) successful ly used a similar conceptual approach to model 
freezing in cheese. 

Butter is normally manufactured in the form of pats or blocks. Some deformation of the shape at the 
edges was observed but that gives less than ±5mm error on each axis. This corresponds to less than 
I % difference in the volume. Therefore model l ing the system as a regular shape was reasonable. 

In the product storage rooms it was observed that air velocity varies with position . Although the 
heat transfer to each surface was found to be reasonably uniform, temperatures on different faces 
were observed to be di fferent depending on the position of the block in the cool store. If an i tem 
was placed near the block then this could affect the air flow and hence the heat transfers through 
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that face of the block. Therefore different heat transfer coefficients and air temperatures were used 
for different sides of the block. 

Uniform initial temperature was observed in industrial measurements. The temperature data 
collected from different blocks of a pal let from an industrial production faci lity differ by less than 
OSc. 

Microbial growth or chemical oxidative reactions can happen in butter at high temperatures but at a 
very slow rate. These normally do not generate a large amount of heat and have negligible affect on 
heat transfer. 

The butter is tightly wrapped in a polyethylene l i ner and then packed into corrugated cardboard 
cases so it is unlikely that there wi l l be any evaporation from the butter surface. 

Data col lected using cryoscopy for the unsalted butter and estimated for the salted butter showed 
that the initial freezing point of the butter varies with its composition. Thus thermal conducti vity 
wi l l also be a function of composition. 

Data collected in the chapter 3 shows that heat capacity of the butter changes with temperature so i t 
was necessary to use temperature dependent enthalpy relationship. 

5.2.3 Mathematical Formulation 

Heat conduction in a solid with phase change is governed by the three dimensional partial 
differential equation: 

aT a ( aT ) a ( aT J a ( aT ) c - = - A(T ) - +- A(T ) - + - A(T ) - for t > O and O > x, y, z > Lx , Ly , Lz at ax ax ay ay az az -

(5-3) 
If the enthalpy transformation of Eyres et al ( 1 946) is used then (5-3 ) becomes: 

(5-4) 
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T 
where H = fCpdT 

o 

{A + C  T + BI 
and H(T) = f IT 

Ho + cIIT 

Equation (5-5) can be rearranged to get an inverse relation for T as a function of H given by: 

-(A - H ) -�( A - H )2 - 4cf B 

T(H )  = 
2cf 

H - Hu 
CII 

The thermal conductivity is defined as a function of 

The convective boundary conditions are given by: 

aT � (Ta , - T) = -A'(T) - at x = O  & t > O ax 
aT � (Ta3 - T) = -A(T )  
ay 

at y = 0 & t > 0 

aT h, CF,,5 - T) = -A( T ) az- at Z = O & t > O 

aT 
� (Ta2 - T )  = A(T )  - at x = Lx & t > O 

ax 
aT h4 (TC/ 4 - T) = A( T ) ay at y = L  & t > O ," 
aT h6 (�6 - T)  = A(T ) az- at Z = L. & t > 0  

Heat transfer coefficients on al l the faces were calculated using equation (5- 1 ) . 

(5-5) 

(5-6) 

(5-7) 

(5-8) 

(5-9) 
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The uniform initial conditions are given by: 

T = I;lIitial at t = 0 and 0 < x < Lx ' 0 < Y < Ly ' 0 < z < Lz (5- 1 0) 

5.3 System Input Parameters 

The model developed above requires input data for thermal properties and other parameters. The 

equations describing thermophyscial properties of butter are discussed in chapter 3 ,  dimensions and 

initial conditions for each experimental trial are discussed in chapter 4 on data col lection. 

5.4 Numerical Solution of the Heat Transfer Model 

The model is too complex to be solved by analyt ical methods, due to the non-l inear relationship 

between variables and temperature. Moreover with the advancement in the computing technology 

and faci l i ties available, the model was best solved numerical ly.  

As mentioned in chapter 2 there are a number of commonly used numerical solution methods for 

partial differential equations, including finite element methods as wel l  as explicit and implicit finite 

difference schemes. 

Finite element methods are used especial ly where the geometry of the object under study is not 

regular and simulation software packages are avai lable. However many finite element packages 

have l imited abi l i ty to incorporate temperature variable thermal properties. 

Explicit finite difference schemes are the easiest to use because the temperature predictions are 

based on the known values from the past time step. This method has the disadvantage of instabi l ity 

when there are fast changes in the dependent variables (temperature and enthalpy). Implicit fini te 

difference schemes have the advantage of unconditional stabi lity but require additional complexity 

to solve the simultaneous non l inear equations for the past and future values of the dependent 

variables. 

In the case of thawing, the butter pats and blocks of rectangular geometry, and the changes in the 

temperature are relatively slow apart from at the surfaces, thus the explicit method was used in this 

study. It was expected that small time steps might be needed to ensure numerical approximation 

uncertainty was acceptably small and to ensure a stable solution. 
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A rectangular grid of nodes with p, m and n nodes in the x, y and z direct ion was used as shown in 
Appendix A3. I .Thus the continuous system for each block was changed into a discrete system of 
smal l simi lar sized blocks. 

The partial differential heat equations that describe the heat transfer for each node were 
approximated using the Taylor series. Boundary conditions were also approximated using standard 
finite difference methods. The whole set of equations were generated such that one equation was 
used for the internal nodes, 8 equations for the 8 corners, 1 2  equations for 1 2  edges and 6 
equations were used for the 6 faces. These equations along with the init ial conditions and thermal 
property relationships were solved using MATLAB. The detail of the formulation of finite 
difference scheme can be found in Appendix A3. I -A3.3. Separate function files were used for each 
of the thermal properties for ease of debugging. The other advantage of separate function fi les is 
that for the enthalpy approach, the temperature of the next step must be calculated from the 
enthalpy at the end of previous time step. One function gave the enthalpy at the gi ven temperature 
and the other gives the temperature at a given enthalpy. The time domain was solved using Euler' s 
method. A copy of the MATLAB code is gi ven in Appendix A3.4 

5.5 Maths Checking 

Once the model was solved numerically, it was necessary to perform maths checking to ensure no 
errors were included in the coding. This included checks of the model against existing validated 
numerical solutions and checks for any numerical error due to the time step and number of nodes 
used in the model. 

5.5.1 Numerical Error Checking 

Significant error in the numerical solution solved by fini te difference explicit scheme could occur i f 
the time or space step i s too large. For explicit finite difference methods the stabi l i ty criterion is : 

t.t '; ( I  PC� I 1 2,.1, - + - + ­&2 �l �2 
(5- 1 1 ) 

Generally i f the space sub-division tends towards infini ty and time step tends towards zero the 
model wi l l  c losely model a continuous system but this requires considerable simulation time. 
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Numerical solutions also introduce rounding error which keeps on increasing as the simulation t ime 

i ncreases. Therefore a study to determine the appropriate space and time steps that could give both 

stabi l i ty and accuracy was performed. 

A series of simulations were run using typical i nput data for a block of butter by choosing a grid of 

I Ox I Ox I 0 nodes in all the directions. This grid has a maximum time step of 1 750 seconds using 

equation 5 - 1 1 .  Simulations with time step of 875 seconds and 1 750 seconds were compared for 

thawing a typical butter block. The results had a difference of less than 0.026°C from each other 

over the entire 70 hour period of simulation for the centre temperature of the block. It took 

37seconds on a 1 .67GHz computer to complete the simulation w ith the time step of 1 750 seconds 

and halving the time step doubled the simulation time. 

Another simulation was run by increasing the nodes to 20x20x20 in each direction. This gives a 

maximum time step of 486 seconds using the stability criteria. It took 947 seconds to complete the 

same simulation and the results showed less than 0.07°C difference in the temperature of the centre 

of the block compared with the 1 0x I Ox I 0 block. These results i ndicated that the numerical errors 

were not significant if an appropriate time step is selected using the stabi lity criteria. 

Equation (5- 1 1 )  is a function of density, thermal conductivity and specific heat capacity. Density i s  

assumed t o  be constant but thermal conducti vity and specific heat capacity are functions of 

temperature. Therefore whi le using temperature dependent properties minimum values of specific 

heat capacity and maximum values of thermal conductivity should be used to find the appropriate 

t ime step. 

5.5.2 Checks Against Previously Validated Solutions 

The numerical solution was checked against two existing and validated solutions. A comparison 

was made against a previously validated finite difference model RADS developed by Cleland and 

Cleland ( 1 99 1 )  for heat conduction in a solid with convective boundary conditions and uniform 

i nitial conditions. The comparison was made for a I m x I m x I m cuboid with constant thermal 

properties (p = 923 kg m·3, A. = 0. 1 9Wm·IK I 
, cl' = 3.6 kJ kg· 1 °C l ) being heated from 4°C to 1 2°C. 

A maximum difference of less than O. 0 I °C was found for the centre of the block for a 250 hour 

simulation with I Ox I Ox I 0 nodes in each direction. 
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The other check was made against the analytical solution (Carslaw and Jaeger, 1 959).  For heat 

conduction i n  a block with uniform initial conditions (Ti = 4°C, Ta= 1 2°C) and convective boundary 

conditions (h = 1 1 .4Wm-2K 1 ). When the analytical solution was compared with the model 

predictions the maximum temperature difference for the centre of the block temperature was found 

to be less than 0.03°C. 

5.6 Evaluation of Mathematical Model 

In this section a sensiti vi ty analysis was done on all the i nput data to the model and then the model 

was validated against the experimental data. 

5.6.1 Sensitivity Analysis 

Once the model was rigorously checked for numerical errors and validated against already existing 

models, a sensitivity analysis was performed to see how sensitive the model predictions were to 

each of the i nput parameters data including density, thermal conductivity, enthalpy, heat transfer 

coefficient, dimensions, i nitial freezing point, ambient temperature and initial butter temperature. 

The best estimates of the above input data was taken and applied to a 25kg block of butter being 

heated up from an initial temperature of -9.5°C to an ambient temperature of 1 1 °C. Simulations 

were run for both completely frozen and unfrozen unsaIted butter. 

Table 5 . 1 gives the upper and lower bounds for the predictions for defined % errors in each 

corresponding input. The percentage error was different for different inputs and was selected from 

the measured data to reflect the uncertainty in each value. 

The density of butter does not change significantly with in  the temperature range of interest. 

Sensitivity analysis shows a negl igible change in the predictions with I % density change . So usi ng 

a constant value for modeling heat transfer in butter is appropriate. Uncertainty in thermal 

conductivity of the butter was estimated to vary by about 1 0% below Tif and about 5% above Tif' 
Sensitivity analysis on the thermal conductivity shows that it has negligible effect on predicted 

temperature in the freezing range but gave some differences in the final thawing time. Thus using 

an appropriate value for thermal conductivity for the thawing and freezing range is important. 

Uncertainty of ± I 0% in the enthalpy of the butter had large effects on the thawing time predictions 

as shown in Table 5 . 1 .  Lower specific heat capacity predicts shorter thawing time and higher 
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specific heat capacity predicts longer thawing times. Heat transfer coefficients are a function of the 

air flows and the packaging material. The overall resistance is dominated by the packaging and the 

air gaps. The effect of the resistance due to convection and radiation is not significant as shown in 

the Table 5 . 1 .  Dimensions have significant effect on the thawing t ime predictions. So accurate 

determination of the dimensions is  very important. Ambient temperature also affects the thawing 

time significantly. In storage rooms the ambient temperature changes with time due to the incoming 

and outgoing of the load traffic and imprecise refrigerati on system controls. If the measured 

ambient temperature has large changes, it is important to use time - variable ambient temperature 

for the model input. The initial temperature of the product is also necessary, although it has 

negl igible effect on the final thawing t ime predicted. 

Table 5. 1: Sensitivity analysis of the thawing model to changes in input variables 

Input property data Prediction band (---- + x %, -- - x  %) 

With Freezing Without Freezing 

Densi ty 
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Dimensions ,. 
V = ±5% 
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5.6.2 Model Predictions - Thawing 
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In chapter 4, the experimental data col lected for thawing and freezing of butter pats and blocks was 

summarized. Using the guidelines developed for the number of nodes and the time step in section 

5 .5 and the thermal properties data determined in chapter 3, the model predictions were compared 

against the measured data for thawing butter pats and blocks. Two modeling approaches were taken 

to model the thawing behavior of butter. 

The first approach (Equilibri um Properties -Model - I )  assumed equi l ibrium thawing behavior 

where the latent heat is absorbed over a range of temperatures up to the initial freezing point. This 

data is  gi ven in Table 3. 1 3 . Thus in this case the temperature of the butter wi 1 1  not rise above T if 

unt i l  al l  the latent heat is absorbed at that position. 

The second approach (Sensible Heat Only - Model - 2) was taken by using a temperatu re dependent 

enthalpy relationship measured in chapter 3 where the butter was frozen only to -2oDe before 

thawing and no significant water freezing was observed. This was done to approximate the thawing 

of butter that had not ful ly  frozen prior to thawing. 
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5.6.2.1  Predicting Thawing of Pats 

5. 6.2. 1.1 Salted Butter Pat (B18, SPH - 1) 

From the measured data for the freezing and thawing of butter pats it was observed that the water in 
butter pat did not freeze unless i t was frozen to -70°C. The salted butter pat thawing was predicted 
with both modeling approaches. Table 5 .2 gives the i nput data used for the predictions . 

Table 5.2: Input data for salted butter pat (BI8) heat transfer predictions (Trial SPH - 1) 

Lx (m) 0. 1 1 6 

Ly (m) 0.060 

Lz (m) 0.064 

Va (ms·l) 2 .5  

h (Wm-LK-I) 1 4 .9 

p (kg m-j) 970 

T; (OC) -20 

Af (Wm-'K - ' ) = 0.29 } Equi librium Properties Model 
Au (Wm 'K -' ) = 0.22 

Af (Wm-' K - ' ) = 0.22 } Sensible Hea. Only Model 
Au (Wm-' K -' ) = 0.22 

H (kJ kg-' ) = T { 64.04 + 1 . 77T - 275.5;4 
1 25 .85 + 3.69T 

( ' ) { 2.3T + 45 .7 H kJ kg- = 
0.06T2 + 3 .6T + 5 1 .4 

T < T;j (Equil ibrium Properties Model ) 
T ?  T;j 

T < -6.8 "C 
(Sensible Heat Only Model) 

T ?  -6.8 "C 

T ( 'C) = {-0.98(t 1 3600)' + 3 . 1 ( / 1 3600) + 8.6 
(/ \ 0  

O �  t < 7200 
t ? 7200 

For Model - I  the measured enthalpy data gi ven in Table 5.2 measured by DSC was used. For 
Model - 2 the enthalpy data given in Figure 3. l 8(b) was used. This data does not include the water 
latent heat but does include the change in specific heat capacity due to melting of different fat 
fractions of butter. 
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The heat transfer coefficient was calculated using equation (5- 1 )  for a pat with 0.0 I I  mi l l imeter 

thick wax paper in which the butter was wrapped (Apaper = 0.07 Wm" K ' Robertson et al. ,  1 998) and 

assuming no air gap. Equation (5-9) was used to calculate ha. 

The model was run for a grid of 20 x I Ox 1 0  nodes in x ,y and z directions respectively. 

1 5  
Air 

1 0  

,.-.., 5 
u 

0 
'-" 

Q) 0 
'-:::J 

-5 -co 
c 

'-Q) E -1 0 H 
Q) 
I- -1 5 • Measured 

-20 
-- Sensible Heat Only Model 
-- Equilibrium Properties Model 

-25 0 1 2 3 4 5 6 
Time (Hours ) 

Figure 5.2: Comparison ofmeasured data for thawing of salted butter pat (B18, Trial SPH -1, 

tp=13 hours at -20"C) with equilibrium property model and sensible heat only model predictions 

(S- surface, C-centre, H-20mm from the top) 

(R2=O. 9956 for the position C) 

Figure 5 .2  shows the predictions compared with the measured thawing data for B 1 8 . Equil i brium 

thermal properties model closely predicted the experimental data in the very early stages due to the 

good estimation of the specific heat capacity value used in those ranges but the measured data did 

not have the predicted latent heat plateau. Thus the equi l ibrium property model cannot predict the 

thawing behavior of salted butter pat unless it was completely frozen prior to thawing. 

The Model - 2 predictions given in Figure 5 .2  agree c losely with the experimental data at the centre 

point (C) (with R2 
= 0.9956) and the point (H)  which is 20 mm in from the top at the centre of the 

block (see Fig 4. 1 ). The surface predictions (S) do not match wel l  at the beginning of the thawing 

process; however these predictions are very sensitive to the location of the thermocouple, ambient 
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conditions and heat transfer coefficient estimates. The small deviation in the surface would not 
significantly affect the predictions at the centre of the pat. 

There was no experimental data where the salted pat was completely frozen and showed signs of ice 
melting when thawed. 

5.6.2.1.2 Unsalted Butter Pat (Unfrozen, B16, Trial UPH - 1) 

For the unsalted butter pats the same approach as used for the salted butter was taken. Both the 
equi l ibrium property data (Table 3. 1 3 ) and the measured enthalpy data for unfrozen unsalted butter 
gi ven in Figure 3 . 1 2(a) were used. Table 5.3 gives the input data used in both the models. 

Table 5.3: Input data for unsalted butter pat (BI6) heat transfer predictions (Trial UPH - 1) 

Lx (m) 0. 1 1 6 

Ly (m) 0.060 

Lz (m) 0.064 

vlI (m s' ) 2.5 

h (Wm'-K' ) 1 4.9 

p (kg m" ) 970 

TiJ<°C ) -0.52 

Ti (OC) - 1 5  

Af (Wm" K " ) = 0.29 } Equi] ;brium Pmperties Model 
A" (Wm" K" ) = 0.22 

Af (Wm" K " ) = 0.22 } Sensible Heal Only Model 
A" (Wm" K" ) = 0.22 

{ 8 1 .03 + 2 .05T - 33 .3}-;: H(kJ kg' l ) = 
T 

1 46.66 + 5.0 IT 
T < 'F;f (Equi l ibrium Properties Model)  
T ? 'F;f 

H (kJ kg' l ) = 0.07T2 + 3.4T + 44.9 for all T (Sensible Heat Only Model )  

T" ( °C) = 
{ -0. 1 2(1 / 3600): +4.5(1 / 3600) + 1 4.6 O :S  t < 7200 
-0.03(t / 3600)- +0.7(t 1 3600) + 1 7 .8 t ?  7200 
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Figure 5.3: Comparison of measured data for thawing of un salted butter pat 

(816, Trial UPH -1, tp=12 hours at -1S'C) with equilibrium properties model and sensible heat 

only Model predictions for centre and surface of pat 

Figure 5.3 shows the predictions compared with the experimental data for the surface and the centre 
of the block. The results of both model predictions gave the same trends as for the salted butter pat. 
The Equil ibrium properties model showed a long plateau before the initial freezing point i s  
approached, consistent with the absorption of the latent heat o f  water. This gives a large difference 
in predicted and actual thawing time. 

Figure 5 .4 shows the results of sensible heat only predictions for al l the positions in the pat. The 
predictions match very wel l with the measured data at al l points in the unsalted pat. 

From both salted and unsalted pat predictions it can be concluded that the equil i brium properties 
model cannot predict the thawing behavior of butter very well i f  the water in the pat is not fu l ly 
frozen. I t  i s necessary to use the temperature dependent enthalpy data excluding water latent heat 
effects for accurate predictions for the unfrozen butter. 
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Figure 5.4: Comparison of measured data for unsalted butter pat (B16, Trial UPH -1)  with 

sensible heat only model using temperature dependent specific heat capacity 

(position of thermocouples position are given in Figure 4. 2) 

(R2=O. 9986 for position C) 

5. 6.2.1.3 Unsalted Butter Pat (Frozen, B16, Trial UPH - 3 ): 

Trial UPH -3 was the butter which had been previously cooled to -70°C to ensure that all the water 
had been frozen. The non availabi l i ty of the thermal properties below -40°C meant that the pat was 
warmed approximately to _ 1 4°C and was kept there for long enough (7 hours) to achieve uniform 
temperature before thawing it in air at about 20°e. 

From the predictions of the salted and unsalted butter pats using both the models it can easily be 
seen that the equi l ibrium properties model would be the most real istic in this case. Sensible heat 
only model predictions were not performed. The input data in Table 5 .4 was used in the model to 

predict the thawing of completely frozen pats. 

The predictions of the model are given in Figure 5 .5 .  It can be seen that equil ibrium properties 
model predicts the experimental data wel l with a coefficient of determination of 0.99 for the centre 
of the pat. The model under predicts the temperature at the centre of the pat slightly but the 
prediction for an adjacent node close to the centre of the block has very good fit. The difference 
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between measured and predicted temperatures can be explained by uncertainty i n  the position of the 

thermocouple. 

Table 5.4: Input data for unsalted butter pat (B16) heat transfer predictions (Trial UPH - 3) 

Lx (m) 0. 1 1 6 

Ly (m) 0.060 

Lz (m) 0.064 

v" (ms" ) 2.5 

h ( Wm--K-I ) 1 5  

p (kg m-J) 970 

Tjf(°C ) -0.52 

Tj (°C ) - 1 4  

A.f (Wm- K- ) 0.29 

A./1 (Wm- K )  0.22 {8 1 .03 + 2.0ST - 33.3 Yr T < T;f H (Jg-I ) = T 
1 46.66 + 5.0 1T T ?  T;f 

T" ( vC ) = {-0.05(( / 3600)2 + 1 .03(t / 3600) + 1 6.32 t ? 0 

25 

20 air 
........ -........ 

--() 1 0  0 

Q) 5 L-:::s .... ro 
L- 0 Q) c Cl. 
E -5 Q) I-

- 1 0 
• Meaured 

- 1 5 Equil ibrium Properties Model 

-20 
0 2 4 6 8 1 0  

Time (Hours) 

Figure 5.5: Comparison of thawing data of a fully frozen butter pat (B16, Trial UPH - 3, 

tp=12 hours at -7(f'C ) with equilibrium properties model (position of the thermocouples are 

given in Figure 4.2) (R2=O. 9975 for position C) 

5- 1 7  



5.6.2.2 Predicting Thawing of Blocks 

B utter is normal ly  packed in 25 kg cartons after manufacturing for the purpose of storage and l ater 

on transporting them in the form of pallets to export to other countries. In this section the 

predictions using either equi l ibrium thermal properties model or sensible heat only model 

depending on the extent of water freezing are compared with the thawing data collected for the 

salted butter blocks with and without packaging and for an unsaJted butter block. 

5.6.2.2. 1 Salted Block (unfrozen with corrugated card board packaging, BI5, Trial SBH - la) 

To predict heat transfer during thawing of 25 kg blocks of butter both the models were used. The 

input data gi ven in Table 5.5 was used in the models to predict the thawing behavior of salted butter 

blocks. 

Table 5.5: Input data for unsalted butter pat (BI5) heat transfer predictions (Trial SBH - la) 

Lx (m) 0.377 

Ly (m) 0.264 

Lz (m)  0.242 

Vu (ms' ) 2 . 5  

h (Wm'-K' ) [4. 2 , 4 .2 , 3 .3, 3 . 3 , 4.2, 4.2] 

P (kg m" ) 970 

Tif(°C) -5.35 

Tj (°C)  - 1 6. 5  

AI (Wm'l K " ) = 0.29 } EquHibrium Pmperties Model 
Au (Wm'I K ' I ) = 0.22 

AI (Wm'l K " ) = 0.22 } Sensible Heat Only Model 
Au (Wm" K " ) = 0.22 { 64.04 + I .  77T - 275.5% 

H (kJ kg" ) =  T 
1 25.85 + 3 .69T 

H (kJ kg" ) = 0.02T2 + 3 .2T + 92.4 

'£" ( QC )  = 0. 1 2(t / 3600) 

T < 7;1 (Equi l ibrium Properties Model )  
T � 7;1 

for all T (Sensible Heat Only Model ) 

+ 1 .48 t � 0 
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The measured enthalpy data for butter (B  I S) was used for equil ibrium properties model (Table 

3 . 1 3 ) .  For sensible heat only model the data measured and reported in Figure 3. 1 8  (b) was used as 

an input. 

For al l  models the effective surface heat transfer coefficient (h) was estimated assuming convection 

from the packaging surface, with the i ncl usion of the additional resistance to heat transfer caused by 

the corrugated cardboard carton and the polyethylene l iner, and air gaps between the butter and the 

packaging using equation (5- 1 ) . The airside heat transfer coefficient ha was estimated to be 8 W m-2 

K- ' from the measured air velocities i n  the freezer rooms using equation (5-2). 

Taking }'a = 0.024 W m-I K- I , Ac = 0.06 1 W m- I K-I and Ap = 0.290 W m- I K- I , and assuming a I 

mm air gap between the cardboard and the l iner, gave an overall heat transfer coefficient of 4.2 W 

m-2 K- I for the four vertical side faces (si ngle layer of cardboard) and 3 .3  W m-2 K-I for the top and 

bottom surfaces of the carton (due to the double layer of cardboard). 

Figure 5 .6(a) gives both the model predictions along with the measured data for the salted block of 

butter with packaging. Predictions using equil ibrium properties model were poor due to the absence 

of the plateau below the initial freezing point in the measured data and therefore over prediction of 

the time to reach the ambient temperature. The predictions agree very well with the measured data 

for all the points in the butter block using sensible heat only model with measured temperature 

dependent heat capacity of butter when butter was froze to -40°C prior to DSC measurements. 

Figure 5 .7  (b) shows the sensible heat only model predictions for all the positions in the butter 

block. There was some lack of fit for positions 'D '  and 'H '  probably due to the actual thermocouple 

position not exactly matching with the position in the model for the defined grid. A better prediction 

could be achieved either by increasing the number of nodes in each direction or by using a weighed 

average method to predict the temperature at the actual position of the thermocouple location. 
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Figure 5.6: (a) Comparison of the measured data for the salted block 

(BI5, Trial SBH-la, tp= 3days at -ISOC) with equilibrium property model and sensible heat only 

predictions for surface and centre. 

(b) Comparison of the measured data for the salted block using equilibrium properties model 

predictions for all the positions. 

(position of the thermocouples is given in Figure 4. 14) (R2=O.9965 for position C) 
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5.6.2.2.2 Salted Block (unfrozen without corrugated card board box, BI5, Trial SBH - Ib) 

To predict the thawing behavior of butter block without corrugated cardboard packaging material, 
the heat transfer coefficient value was estimated using the equation (5- 1 )  by deleting the cardboard 
and air gap terms. The value was found to be 7.8 W m-2 K-1 for al l the faces. An average ambient 
temperature for the model was used as given by equation (5- 1 5) . Al l other input data was the same 
as used in Table 5.5 for the prediction of the salted block with packaging. 

T ( oc )  = { -0.004(t I 3600)2 + 0. 1 7(t I 3600) + 0.33 
Cl -0.0002(t 1 3600)2 + 0.0 1 6(t 1 3600) + 2.08 

o � t < 7200 
t � 7200 

(5- 1 5 ) 
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Figure 5. 7: Comparison of measured data for salted butter block without packaging 

(BI5, Trial SBH - Ib, tp= 3 days at -IS°C) with predictions using sensible heat only model 

predictions with temperature dependent heat capacity. 

(positions of the thermocouples are given in Figure 4.14) 

Figure 5.7 shows the measured temperature profi les and the sensible heat only model predictions 
for the block of salted butter without the packaging effect of the corrugated cardboard. The 
predictions agree well with the experimental data except for the surface of the block. The poor 
agreement for the surface temperature probably reflects variation i n  air temperatures and air 
velocities on different sides of the block due to i ts posit ion in the storage room. When packaging i s  
present, the dependence of  the overall heat transfer coefficient on air velocities i s  much l ess. 
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5.6.2.2.3 Salted Block (Fully frozen, B18, SBH - 2a ) 

When a salted butter box of the same type (B 1 5 ) as the unfrozen ones was thawed after I year at 
about _ l Ooe, it was observed that the water in the butter had ful ly frozen during that t ime. In thi s  
situation the predictions using the equil ibri um properties model were expected t o  be the most 
appropriate. 

The input data in Table 5 .6 was used for the model. The equil ibrium enthalpy data from Table 3 . 1 2  
for butter B 1 5  was used. 

Table 5.6: Input data for unsalted butter pat (BI5) heat transfer predictions (Trial SBH - 2a) 

Lx (m)  0.377 

Ly ( m) 0.264 

Lz (m) 0.242 

VlI (ms' ) 2.5 

h ( Wm--K" ) [4.2, 4.2, 3.3, 3.3, 4 .2 , 4 .2 ]  

P ( kg mOO) 

T ifCOC) 

T; C°C) 

AI (Wm-I K"I ) 

All (Wnf K"I) 

H (kJ kg- ' ) = T {64.04 +  I .77T - 275.57j' 

1 25 . 85 + 3 .69T 

Tu ( oC) = 2X I 0-\t /3600)2 +0 .035(t / 3600) + 9.74 

970 

-5.35 

-8 .5 

0.28 

0.20 

T < TiJ 
T ? Tif 

t > O 
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Figure 5.8: Measured data for thawing of fully frozen salted butter block 

(B 1 5, Trial SBH - 2a, tp=1 year at -1 (f'C) compared with the equilibrium thermal properties 

model predictions (positions of the thermocouple are given in Figure 4. 14) 

(R2=O.9898 for position C) 

Figure 5 .8 shows that the model predictions compared wel l  with the experi mental data over the 

whole range except for the cen tre of the butter in the phase change region (R2= 0.9898). The 

esti mated initial freezing point appears l ower than that observed in the data suggesting that 

uncertainty in the enthaJpy data may have caused the lack of fi t in that region. In addition, the 

method used to model the data to correct the temperature shift in DSC may have led to increase 

uncertainty for the enthaJpy data in this temperature range. 

5.6.2.2.4 Unsalted Block ( Fully Frozen, B19, Trial UBH - la) 

An unsalted butter block was also kept for a long time at about - 1 0°C before thawing it .  The 

recorded thawing data showed a very clear plateau just below the i nitial freezing point. Therefore 

only the equil ibri um property model was used to predict the thawing behavior. The enthalpy data 

given in Table 5.7 measured by DSC was used. The other input data used is given in Table 5.7.  The 

model was run with 20 x 20 x 20 nodes in each direction to more close ly  match the exact positions 

of the thermocouple. 
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Table 5. 7: Input data for unsalted butter block (BI9) heat transfer predictions (Trial UBH - la) 

Lx (m) 0.3675 

Ly (m)  0.273 1 

Lz. (m) 0.2365 

Vu (ms' ) >4.5 

h C Wm'-K'  ) [6.8, 6 .8 , 4.7, 4.7, 6 .8 , 6 .8 ]  

P (kg m'J) 970 

T ij(OC)  -0.4 1 

T; (°C) -9.3 

A.j CWm' K' ) 0.29 

A.II (Wm' K' ) 0.22 

7;, ( oC ) = 2 x I O-5 (t / 3600)2 +0.04(t / 3600) + 9.37 t � 

H (kJ kg' ! ) = 7 1 .08 + 1 .8T _ 
27.75 

T 
H (kJ kg' ! ) = 1 39.98 + 3.96T 

T 5, 'F;j 

T > Tif 

Measured 

-- Predictions 

_ 1 0 L-------�------�-------L------�--� o 20 40 60 80 
Time (Hours) 

0 

Figure 5.9: Measured data for thawing offully frozen unsalted butter block 

(B 19, Trial UBH - la, tp= 6 months at -lonC) compared with the equilibrium thermal 

properties model predictions (positions of the thermocouple are given in Figure 4.4) 

(R2=O.9963 for position C) 
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Figure 5.9 shows the model predictions along with the experimental data. It can be seen that the 
equi l ibrium property model agrees wel l  with the experimental data for all the posi tions in the butter 
block. The surface temperature also agreed wel l except below T if where the model predictions show 
a distinct plateau that was not observed in the measured data. 

5.6.2.3 Summary 
The above sections show that the model performance for the thawing behavior of blocks was 
similar to that found for the pats although the thawing rates were slower. The equilibrium thermal 
property model was needed to model the thawing behavior of butter blocks where the blocks are 
ful ly frozen. For unfrozen blocks, the measured temperature dependent enthalpy relation for the 
unfrozen butter was needed to get accurate predictions. 

5.6.3 Model Predictions - Freezing 

Like thawing, two modeling approaches were taken for predicting freezing in butter. In the 
Model - I ,  equilibrium thermal properties were used. For the equi l ibrium thermal properties 
model the measured enthalpy data from chapter 3 was used (Table 3 . 1 3) along with temperature 
dependent thermal conductivity values . 

In Model -2, sensible heat only thermal properties data was used (Figure 3 .2 1 ,  Figure 3 .22) 

5.6.3.1  Predicting Freezing of Pats 

The experimental data collected for the butter pats showed that the water in the butter super cooled 
and did not freeze even if it was held at a lower temperature for long period of time. The unsalted 
pat did completely freeze when an experiment was conducted in a -70°C freezer. 

5. 6.3. 1. 1 Salted Pat 

The system inputs in Table 5 .8 were used to model the freezing behavior of a salted pat. Figure 5. 1 0  
compares the model predictions with the measured data for the surface and the centre of the salted 
butter pat (Trial SPC - I ). The experimental data for the ambient conditions varied significantly at 
the third hour after the start of the experiment due to the opening of freezer doors. It can be seen 
that the sensible heat only model (Model - 2) predicted the measured data very wel l over the whole 
of the temperature range. The equilibri um thermal properties model (Model - I) showed a plateau 
at the initial freezing point and as soon as al l the latent heat had been removed the temperature 
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approached the ambient temperature gradual ly. Al though both models reached the ambient 

temperature at the same time there was a large difference in predictions in the phase change region. 

It is c lear that the best approach modeling freezing in butter pats is  by Model -2 and neglecting 

water droplet freezing. 

Table 5.8: Input data for salted butter pat (BIS) heat transfer predictions (Trial SPC - 1) 

Lx (m) 0. 1 1 6 

Ly (m) 0.060 

Lz (m) 0.064 

Va (m S'I) 2.5 

h (Wm'-K" ) [4.2, 4.2, 3.3, 3.3, 4.2, 4.2] 

P (kg m·j) 970 

TiJ(°C ) -5.35 

T; (°C ) 2 

cp (k Jkg' 0c- ) 3 .  I (Sensible Heat Only Model)  

AJ (Wm'l K" ) = 0.29 } Equ;l ibrium Pmpert;es Model 
Au (Wm" K" ) = 0.22 

AJ ( Wm" K " ) = 0.22 } Sens;ble Heat Only Model 
Au (Wm" K" ) = 0.22 {64.04 + 1 .77T - 275.5Yr 

H ( kJ kg' l ) = T 
1 25.85 + 3 .69T 

T < 'F;J 
T � 'F;J 

T ( 'C ) = {0.83(t 1 3600)' -2.96(, 1 3600) - 2 1 .52 
(/ 

-0.02(t / 3600) - 23.4 1 

(Equil ibrium Properties Model)  

o � t < 1 0080 

t � 1 0080 
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Figure 5.10(a): Comparison of measured data for the freezing of the salted pat 

(BI8, Trial SPC - 1) with Equilibrium thermal properties model predictions and the sensible 

heat only model predictions 

(b) Measured data for the salted pat(BI8) with the sensible heat only model for all the positions 

(positions of the thermocouple are given in Figure 4.1) 
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5. 6.3. 1.2 Unsalted Pat (BI6, Trml UPC -1) 

The data measured in Chapter 4 for the unsalted butter showed that the water in the butter 

supercooled to many degrees below the initial freezing point of the butter and the centre 

temperature remained a degree higher than the ambient temperature for a while. Both the model ing 

approaches were used to compare with the experimental resul ts. The input data given in Table 5 .9 

was used to model the freezing of unsalted butter pats: 

Table 5.9: Input datafor unsalted butter block (BI6) heat transfer predictions (Trial UPC - 1) 

Lx (m)  0. 1 1 6 

Ly (m)  0.060 

Lz (m)  0.064 

vt/ (ms-I ) 2.5 

h (Wm--K') 1 5  

p (kg m-J) 970 

Tif(°C ) -OA I 

Tj (OC) 1 4.5  
cp (J g-I0C-I) 3.2 (Sensible Heat Only Model) 

At (Wm-' K -' ) = 0.29 } Equihbrium Properties Model 
Au ( Wm-' K' ) = 0.22 

At ( Wm-' K -' ) = 0.22 } Sensible Heat Only Model 
A" (Wm-' K' ) 

= 0.22 

H ( kJ kg- ' ) = 62.42 + 1 .578T _ 
1 7.37 

T 
T 5, TiJ 

H ( kJ kg" ) = 1 05.40 + 4.02T T > 'F;f 

T ( 'C ) = {-0.47(1 1 3600)' -2.56(1 1 3600) - 1 3 .69 
11 

-0. 1 5(t / 3600) - 1 6.97 

(Equil ibri um Properties Model)  

0 5,  t < 1 0080 

t � 1 0080 

Figure 5 . 1 1  shows the predictions using both models compared with the experimental data. As 

expected the equi l ibrium property model predicted a plateau at the initial freezing point after which 

the temperature approached the ambient temperature quickly. Again the sensible  heat only  model 

predicted the measured temperature accurately but due to absence of any heat removal the predicted 

temperature continuously cooled and reached the ambient temperature slightly faster than the actual 

measured data. 
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Figure 5 . 1 1  (b) shows the predictions for the sensible heat only model for all the measured positions 

in the butter pat. The model predicted well for al l positions. There was some difference in the 

surface temperature prediction that suggested some uncertainties in the input data or the 

thermocouple positions. 
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Figure 5. 11:  (a) Measured data/or the unsalted butter pat (816, Trial upe - 1) compared with 

the sensible heat only model and the equilibrium property model predictions 

(b) Measured data compared with the sensible heat only model predictions/or all the position 

in the pat (positions of the thermocouples are given in Figure 4.3) 
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Overal l in both salted and unsalted butter pats, the sensible heat only model predicted the data better 

than the equi l ibrium property model .  For both the pat predictions equi l ibrium property model used a 

specific heat capacity above the Tif that was higher than that used for the sensible heat only model 

which gave significant differences in the predictions above Tif . It was observed in the DSC 

measurement that the heating and cooling specific heat capacity of butter was different due to the 

supercooling of the fat fraction and the fat fraction phase change. 

5.6.3.2 Predicting Freezing of Blocks 

Both the model s  were also used to predict freezing in 25 kg salted and unsalted butter blocks in the 

same manner to that described for freezing of pats. 

5.6.3.2. 1 Salted Blocks (B15, SBC - la) 

Chapter 4 showed that during freezing of salted butter blocks the water in the butter did not freeze 

when the block were held for about 60 hours in a - I SoC room. Therefore i t  was expected that a 

sensible heat only model would give the best predictions. The experimental data for the ambient 

conditions varied significantly during the experiment due to the opening of freezer doors. Ambient 

temperature has a large effect on the model predictions and accurate input data is necessary for the 

mode l .  The ambient temperature was approximated by breaking it into four regions. Table 5 . 1 0  

shows the input data used: 

Figure 5 . 1 2  (a) shows the predictions for the salted block frozen to a temperature of about _ 1 8°C 

using both the models. The prediction trends were exactly the same as for the freezing of butter 

pats. It was thought that due to the slow rates of cooling in butter as compared with the pats, the 

equi l ibrium property model might give better predictions compared with the sensible heat only 

model but this was not the case. Figure 5 . 1 2  Cb) shows that the sensible heat only model predicted 

the measured data at all the posi tions very wel l .  
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Table 5. 10: Input data for salted butter block (BIs) heat transfer predictions (Trial SBC - la) 

Lx (m) 0.377 

Ly (m) 0.264 

Lz (m) 0.242 

Va (m s· ) 2 .5  

h (Wm·LK· ) [4.2, 4 . 2, 3 . 3, 3.3, 4.2, 4 .2]  

P (kg m-j) 970 

Tif(°C) -5.35 

T; (°C ) 2 

cp(kJ kg- 0C ) 3 . 1 (Sensible Heal Only Model)  

f 
Equilibrium Properties Model 

A (Wm ' K ' ) = 0.29 } 
A" (Wm-' K- ' ) = 0.22 

AI (Wm" K' ) = 0 22 } 
A" (Wm·' K ' ) = 0.22 

Sensible Heat Only Model 

{64.04 + 1 .77T _ 275.57j' 
H(kJ kg- ' ) =  T 

1 25.85 + 3 .69T 

7;, ( oC ) = - 0. 1 3(t / 3600) - 1 6.03 

7;, ( oC ) = 1 .45(t / 3600) - 39.75 

7;, ( oC )  = - 1 .25(t / 3600) + 1 1 . 55 

Ta ( oC )  = - 0.03(t / 3600) - 1 6.43 

T < 'F;J ( Equ i l ibrium Properties Model ) 
T ? 'F;J 

o � t < 54000 

54000 � t < 68400 

68400 � t < 82800 

t ? 82800 
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Figure 5.12: (a) Measured data for the salted butter block (B15, Trial SBC - la) compared 

with the sensible heat only model and the equilibrium property model predictions 

(b) Measured data with the sensible heat only modelfor all the positions in the salted block 

(positions of the thermocouples given in Figure 4.3) 
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Figure 5 . 1 3  shows the predictions for the salted block without packaging using the sensible heat 
only model . The predictions and measured data agree very wel l  for all the positions in the block. 
For this model a higher heat transfer coefficients value (7.2 Wm-2°Ci ) was estimated from equation 
(5- 1 )  because the resistance due to the cardboard packaging was not present. 
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Figure 5. 13: Measured data for the salted butter block (B15, Trial SBe - lb) compared with 

the sensible heat only model for all the positions in the salted block 

(positions of the thermocouples given in Figure 4. 3) 

5. 6.3.2.2 Unsalted Block (B18, UBe - la) 

In chapter 4 the measured data for the unsalted butter showed that the water in the butter 
supercooled and then a temperature rebound was observed in the whole block when the block was 
frozen with an air temperature of about -23°C. The same phenomenon was observed when the same 
block was frozen in a - I  ooe room. It took quite a long time (300 hours) to freeze the butter 
completely in a _ l Ooe room as compared to the -23°e room ( 1 20 hours). 

Both sensible heat only and the equil ibrium properties model were used to predict the freezing 
behavior in this case as wel l , although neither model would ever predict a temperature rebound as 
observed experimental ly. The input data in Table 5. I I was used: 
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Table 5. 11: Input data for unsalted butter block (B18) heat transfer predictions (Trial UBe - la) 

Lx (m) 0.3675 

Ly (m) 0.273 1 

Lz (m)  0.2365 

v" (m s·') 2.5 

h ( Wm·- K"')  [4.2, 4.2, 3.3, 3.3, 4.2, 4 .2]  

P ( kg m-J) 970 

Tif(OC) -0.4 1 

Tj (OC) for -23°C Ambient 1 1  

Tj CC) for - 1 0°C Ambient 1 3  

cp(kJ kg- QC) 3.2 (Sensible Heat Only Model )  

AI (Wm-I K-I ) = 0.29 } Equ;l ;bri um Pmpert;es Model 
A" (Wm-I K-I ) = 0.22 

AI (Wm-I K·' ) = 0.22 } Sens;ble Heal Only Model 
Au (Wm·IK' ) = 0.22 

o _ {-O I (X'600 )- 20 
For -23°C room; 1',, ( C ) -

-23 .2 

For -2 1 0°C room; 1'" ( 0 C ) = 3600 {-0 5 (X' )- 8 7 

- 1 0.7 

H ( kJ kg· ' ) = 7 1 .08 + 1 .8T - 27.75 
T 

H ( kJ kg - I ) = 1 39.98 + 3.96T 

o � t � 1 1 8800 

t >  1 1 8800 

O �  t � 1 40400 

t >  1 40400 

T � T,f 
(Equil ibrium Property Model )  

T > T,f 

Figure 5. 14 compares the predictions for both the models with measured data for the centre and a 
surface of the block of butter The "sensible-heat-only" model predicted the experimental data very 
well for the whole of the supercooled region (down to about - 1 0  °C) but because of the absence of 
latent heat removal, the predicted centre and surface temperatures continued to decrease to the 
ambient temperature without any freezing plateau or rebound. As expected, the equilibrium thermal 
properties model gave a temperature plateau just below the in itial freezing poi nt. After all the l atent 
heat had been released, the temperature decreased rapidly to the ambient temperature because of the 
removal of sensible heat only. However, because the latent heat was removed at a higher 
temperature on average compared with the experimental data, the overall predicted rate of freezing 
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was too fast. These results suggest that if freezing predictions of butter cartons is required, more 

complex models of water freezing kinetics must be included in the model . 

(a) 

1 5�----�----�----�------�----�----� 

1 0  .... , . 

5 
6 

o o 
Q) ::; co -5 
..... 
Q) � - 1 0  
Q) 

� - 1 5 

-20 

.. , .... " ,  
.

.... " 
...... .. '" 

- Measured 
. . . . . .... . Equil ibrium Properties Model 
-- Sensible Heat Only Model 

Centre 

_25L-----L-----�----�-----L----�----� 
o 20 40 60 80 1 00 1 20 

1 5  

1 0  

6 5 0 

Q) ::; co 0 ..... 

Q) 
a. E 
Q) -5 � 

o 50 

Time (in hours) 

(b) 

- Measured 
. . . . . . . . . .  Equil ibrium Properties Model 
-- Sensible Heat Only Model 

Centre 

Surface  

1 0 0 1 50 200 250 
Time ( hours) 

Figure 5, 14: Measured data for the unsalted butter block (B19) compared with the sensible 

heat only model and the equilibrium property model predictions 

(a) Freezing with an air temperature of -23°C (UBC-1a) 

(b) Freezing with an air temperature of -HIC (UBC-2) 

5-35 



5.7 Conclusions 

In l ight of the observations made in Chapter 4 and Chapter 5 the following conclusion can be 

drawn : 

5.1 .1  Thawing of Butter 

• The equi l ibrium thermal properties model (Model I )  predicted the thawing behavior of butter 

pats and blocks wel l  when the water in the butter was completely frozen before thawing. 

• The modeled equilibrium thermal properties model could not predict the thawing behavior of 

butter when the water in butter was not previously ful ly  frozen due to the absence of the plateau 

around the initial freezing point of the butter. 

• Using the measured temperature dependent specific heat capacity data for unfrozen butter 

including melting of some of the fat fraction gave accurate predictions. 

5.7.2 Freezing of Butter 

• The equilibrium thermal properties model gave poor predictions of the freezing of butter 

pats or butter blocks. 

• The s implified model with sensible heat only predicted the freezing behavior accurately for 

butter pats and the sal ted blocks of butter during the supercooling period only. 

• For butter blocks the sensible heat only  model predicts the measured data accurately  unti l 

the water droplet freezing occurs, releasing latent heat and giving a rebound in the 

temperature of the block. 

• Model ing the freezing of butter is not trivial . The rebound i n  the temperature occurred for 

same block of butter at two different places in time in replicate experiments; suggest that 

freezing in butter is not l imited by the rate of heat transfer but also by nucleation and 

growth of ice crystals. To model this behavior a model taking account of nucleation and for 

growth in water in oil emulsions is needed. 

The next chapter comprises the modification of the heat transfer model developed in this 

chapter to take account of nucleation and growth of the water droplets in  butter. 
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CHAPTER 6 

MODELLING FREEZING OF BUTTER 

6.1 Introduction 

B utter is a water in oi l emulsion so its behavior during freezing is very different from that of most 

of the food products, in which water forms the continuous phase. Measurements of the freezing of 

butter in Chapter 4 showed that the release of l atent heat from the freezing water depends on the 

degree of supercooling which, in turns depends on the cooling medium temperature, the size of the 

butter item, the packaging and the type of butter. I t  was postulated that the nucleation of water 

within butter is the rate limiting process because they are present in the form of tiny droplets, which 

supercool below the initial freezing point of the water in the bulk form. The nucleation in  each 

droplet would be unlikely to trigger nuc leation and ice growth throughout the rest of the butter 

because the droplets probably nucleate and freeze independently of each other. Franks ( 1 985) and 

Walstra (2003) explained that significant supercooling can occur in water in oi l emulsions because 

of the division of the water phase into such smal l  droplets that nucleation sites (e.g. impurities) are 

not present in most of the partic les. Therefore, in  butter the release of latent heat during freezing 

may be contro l led as much by the rate of crystal l ization of water in  each droplet as by the rate of 

heat transfer. 

A conduction only heat transfer model with convecti ve heat transfer at the surfaces using the 

enthalpy transformation and equil ibrium thermal properties was developed in Chapter 5. For 

freezing, it was shown that such an equi l ibrium thermal properties model predicted a temperature 

plateau near the initial freezing point of the butter in a manner that was inconsistent with the 

measured data. A sensible heat only model accurately predicted the butter temperature unti l  

temperatures were reached at which the water freezing became significant. 

As stated in the l iterature review, Pham ( 1 989) modeled nucleation as a function of supercooli ng, 

but assumed that the thermal equi librium was restored after the initial nucleation (i .e. once the 

nucleation occurred, crystal growth was i nstantaneous). This approach had a significant effect on 

the predicted freezing times for situations where ice forms as dendrites with low nucleation 
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temperatures and low freezing medium temperature. Miyawaki et at. ( 1 989) took the same 

approach to model the freezing behavior of water enriched foods when supercool ing occurs. This 

approach may not work in  predicting freezing of butter as the nucleation temperature of the water in 

butter is  unknown and, as observed in  the experimental data under different experimental 

conditions, the nucleation temperature was quite different. In the modeling approaches taken by 

Pham ( 1 989) and Miyawaki et at. ( 1 989), i t  was assumed that, as soon as the nucleation started, the 

crystal growth was instantaneous, leading to the release of latent heat which raised the temperature 

of the product to its equi librium freezing temperature instantaneously. In contrast, in butter freezing 

experiments it was found that the increase in temperature during the release of latent heat was very 

slow. These results suggest that the introduction of a crystal l isation rate term in the heat transfer 

model is needed. 

This chapter describes the modification of the conduction only model developed in Chapter 5 into a 

more uni versal freezing model so that the effects of the rates of nucleation and growth on butter 

freezing can be predicted more accurately. 

6.2 Model Formulation 

Using the same assumptions stated in Chapter 5 for the conduction only model, the general equation 

for heat transfer by conduction in three dimensions was used, incorporating a term that accounts for 

the release of latent heat at a rate that is dependent on the kinetics of ice crystal l ization. 

C dT = � (A dT )+ � (A dT J+ �(A dT ) + M dF 
dt dx (T ) dx dy ( T ) dy dZ (T ) dZ dt 

for t > 0 and 0 < x < Lt '  0 < y < L" ,  0 < z < L 

The convective boundary conditions are given by: 

(6- 1 )  
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aT � (Ta l - T) = -A'(T)  - at x = 0 & t > 0 
ax 
aT 

� (Ta3 - T) = -A(T) 
ay 

at y = O  & t > O  

aT hs eTaS - T) = -AcT) a; at Z = 0 & t > 0 

aT � (1;,2 - T) = A(T )  
ax 

at x = Lx & t > 0 

aT 
h (T T) - A at y = L.v & t > 0 4 a4 - - (T ) ay 

aT 
h6 (Ta6 - T) = A(T )  - at Z = L & t > 0 

az 

and the uniform ini tial conditions are given by: 

T = I;llilia/ at t = 0 and 0 < x < Lr ,  0 < y < Lv ' 0 < z < Lz 

Equation (6- 1 )  can be transferred into the sensible heat only model by simply substituting: 

M = O  F = O  

(6-2) 

(6-3) 

(6-4) 

This assumes that the water in  the butter supercooled but never freezes, so that no water latent heat 

is removed from the butter and the specific heat capacity is constant and equals the unfrozen value. 

Equation (6- 1 )  can also be transferred to the equilibrium thermal properties model where the rate of 

the latent heat removal is heat transfer l imited rather than mass transfer (nuc leation and crystal 

growth) by substituting: 

M = O  (6-5 )  

Because the sensible heat on ly model worked wel l  for the situations where the supercooling occurs 

and water in the butter never freezes and the equi librium thermal properties model did not 

adequately model the freezing behavior of butter, a new model is required that estimates the 

freezing rate of water droplets during freezing (that is estimation of 8FI8t in Equation (6- 1 ». 
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6.3 Modeling Freezing Kinetics 

Nucleation Only Kinetics 

One approach is to assume that ice crystal growth is rapid once ice nuclei have formed. Therefore, 

the overall freezing is controlled by the rate of nucleation. 

Nucleation is a process by which embryos (nuclei) of the new phase are formed in a phase 

transition from a pure metastable (parent) phase to a more stable (daughter) phase (Abraham, 1 974; 

Oxtoby, 1 992). The onset of the nucleation occurs as a result of fluctuations in  t ime and space of 

temperature and density. In vapor to l iquid water nucleation, the nucleation event occurs only if a 

critical supersaturation of the vapor (dependent in time) is exceeded. Simi larly, in liquid to solid 

nucleation the nucleation event occurs only if supercooling of the water exceeds the critical l imit 

(Pruppacher and Klett, 1 997). 

The process of nucleation is said to be homogenous (spontaneous) when no foreign particulates or 

surfaces take part in  the nuclei formation and said to be heterogeneous if a foreign particulate is 

involved as a nucleation site. 

The theory of homogenous nucleation considers the energetic and kinetics of the growth and decay 

of molecular c lusters due to random density fl uctuations and their abi lity to act as nuclei for the 

crystal l ization process (Tumbul l  & Fisher, 1 949; Dufour & Defay, 1 963; Hobbs, 1 974). This theory 

is currently under review because of several alleged shortcomings (Katz & Spaepen, 1 978; 

Rasmussen, 1 982; Franks et aI., 1 984). 

To get an expression for the nucleation rate a small spherical volume V is considered in a 

supercooled l iquid at temperature T, corresponding to a degree of supercooling: 

(8 = T + 273. 1 5 ) (6-6) 

If the molecules which make up the spherical c luster are assumed to be in ice l ike configuration, 

then the free energy of condensation is gi ven by: 

I1Gc = R8 I n ( Picel ) I PliqIlid 
(6-7) 
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where Piee and Pliqllid are the vapor pressure of ice and the vapor pressure of the supercooled l iquid 

respectively. At subzero temperatures ice is a stable phase so Piee < Pliqllid ' and thus tlGc < 0 . 

!:J.Gc is the free energy change that accompanies the transfer of a mole of water from supercooled 

l iquid to the i nterior of the solid- like cluster. 

Equation (6-7)  can be approximated as: 

(6-8) 

where !:J.H J i s  the molar latent heat of crystal l ization. For a cluster of radius r the net free energy 

accompanying the l iquid solid condensation is given by Equation (6-9) 

(6-9)  

(J being the interfacial free energy of the c luster. To estimate the value of r when !:J.GHs becomes 

negati ve, Equation (6-9) can be differentiated w.r.t. ' r' and then equated to zero to get the critical 

points. 

Th
. .  

• 
2(J IS  0 lves r = - -­b !:J.G c 

and as the critical values. 

The number of critical clusters n,l/) in a given volume of water at a g iven temperature is estimated 

by assuming the Bol tzmann distribution :  

(6- 1 0) 

Where n )  is the number of molecules per unit volume in the l iquid phase. 

Apart from the estimation of the number of critical clusters under the varying conditions it is also 

important to get an expression for the kinetics of nucleation. This gives the rate of the generation of 
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the critical c lusters in the body of the supercooled water. The nucleation rate J, the number of 

nuclei formed per second and per unit volume is commonly written as: 

n,kO ( -f..C: J ( -f..C* J J = Hexp ke exp k8 
'------v------- '------v-------

Kinetic Tenn Boltzmann distribution 

(6- ] I )  

The term c: is taken to be the free energy of activation of self diffusion. The kinetic term depends 

on the mechanism by which the c lusters are formed. 

By making various substitutions for f..C* in Equation (6- 1 1 ), it can be written in a simple form as 

(Franks, 1 985) assuming that kinetic term is not limiting: 

Where T i s  the quantity containing all the () terms from Equation (6- 1 1 )  and is given as: 

Michelmore and Franks ( 1 982) expressed T in a more useful form of reduced temperatures 

(supercooling) as: 

and 
(0 - 0) f..fjJ = iJ = I - fjJ 

B;J 

which upon substitution in Eq (6- 1 2) gives: 

br J = ae � 

(6- 1 2) 

(6- 1 3 )  

(6- 1 4) 

(6- 1 5 ) 

(6- 1 6) 
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This substi tution makes it possible to compare different solutions and liquids which freeze at 

different temperatures. A plot of In} against t"lb should be linear. The constant 'a' depends on the 

volume of the crystal and the other parameter 'b' is a characteristic of the supercooled substance, 

molar volume of the crystal and interfacial tension of the l iquid crystal ; (Skripov, 1 974; Tumbull, 

1 956). 

Equation (6- 1 5 )  describes the rate of nucleation and, therefore, the rate of water freezing can be 

calcul ated, if crystal growth from a nucleus is rapid, by: 

aF 
= JV ( l - F ) 

at 
(6- 1 7) 

where V is the volume of droplet and F is the fraction of the freezable water which is frozen and 

can be calculated by integrating Equation (6- 1 7). The unknowns a and b are the kinetic constants 

which needed to be measured or estimated as an input to the nucleation model .  

The definition of nucleation rate } is  completed by setting } = 0 for e 2:: eiJ 

Combined Nucleation and Crystal Growth Kinetics (A vrami Model): 

An alternative model to describe crystal l ization rate is the theory known as the Johnson, Mehl, 

Avrami, and Kolmogorov (JMAK) Model (Kolmogorov, 1 937; Johnson & Mehl, 1 939; Avrami 

1 939, 1 940 & 1 94 1 )  or as the Avrami Model ,  which considers both nucleation and crystal growth 

kinetics. The equation for isothermal condi tions is :  

F(t) = l - exp(-Kt" ) (6- 1 8) 

This model is used extensively for the analysis of crystal l ization ki netics at isothermal temperatures 

and considers the processes of nucleation and growth from a statistical basis (Rogowski ,  2005). The 

amount of crystal l isation is clearly time-dependent. According to Yinnon & Uhlmann ( 1 983) and 

Christian ( l 965), the power n is a reaction-order parameter, which is expected to be dependent on 

the morphology of the growing crystal (needles, plates, dendrites, spherul ites, etc). Van Krevelen 

( 1 990) gives the theoretical values of 'n' and 'K' according to the form of growth and type of 

nucleation (Table 6. 1 ) . To apply the A vrami Equation to the freezing of butter it was assumed that, 
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since nucleation type i s  not predetermined (no nuclei to start with), nucleation wi l l  be spontaneous 

and the form of growth wi 11 be spherical . Hence the A vrami exponent has a value of n = 4 that 

accounts for the three dimensional l inear growth of the spheres and a constant nucleation rate. 

Table 6. 1: Theoretical values of A vrami constants (Van Krevelen, 1990) 

Type of nucleation 

Form of growth 

Predetermined (constant number of nuclei 

per cm3) 

Spontaneous (sporadic) (constant 

nucleation rate) 

n 

Spherul i tic (spheres) 3 

Discoid (platelets) 2 

Fibri l lar (rod lets) 

K 

4 G3N • - Jr  P 
3 

JrbG2N p' 

fGNp • 

n K 
4 4Jr G3 J p' 

3 

3 � bG2J p' 
3 

2 f GJp' 
2 

f = cross section rodlets, b= thickness of platelet, N = number of nuclei per unit volume, J = rate of nucleation per unit  

volume, G = rate of crystal growth. p' = relative density 

The parameter K describes the combined effect of the nuc leation rate (1) and the rate of crystal 

growth (C) and is defined as: 

(6- 1 9) 

Where J is the nucleation rate as defined by Equation (6- 1 5 ) .  

The relationship between the crystal growth rate and the supercooling i s  often written in  the simple 

form as ( M ul ler, 2004; Jackson, 2004) :  

G = g (7;" - T) (6-20) 

Where g is a kinetic constant and Till i s  the equi librium freezing temperature of the liquid phase 

within the droplet, which changes as a function of F as a result of freeze concentration of the 

solutes. 
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For non isothermal applications, the differential form of the Equation (6- 1 8) should be used. 

Differentiating Equation (6- 1 8) gi ves: 

aF I K "  I Ktn- - I Ktll- ( 1  F) - = n e = n  -
at (6-2 1 )  

the t ime term can be eliminated by substituting Equation (6- 1 8) into Equation (6-2 1 )  to give: 

aF = nK"1l ( I _ F) (  - In  ( I _ F ))( I-I
/ Il ) 

at 
(6-22) 

By combining the Equations (6- 1 5 ), (6- 1 9), (6-20), and (6-2 1 )  the overall  rate of crystall ization is 

given by: 

aF 3/4 
( )

1 /4 314 
a;- = U (I;Il - T )  exp(br� ) ( I - F) ( - ln ( I - F ) ) (6-23)  

7r 3 . . ( )1/4 
where U = 4 "3 ag p IS a constant. (6-24) 

The two parameters U and b in Equation (6-23) are the rate constants which need to be estimated to 

use the model .  

The main difference between Equations (6- 1 5 )  and (6- 1 8) is that ice c rystal formation is now 

dependent on time as well as supercooling i .e. the more time spent at a certai n temperature, the 

greater the extent of crystal l isation. Normally the A vrami model divides crystal l isation into 

nucleation and growth . However in practice the mechanisms may not be easi ly separated. Hence, 

overal l ,  the model represented by Equation (6- 1 8) was considered as modell ing the whole 

crystal l isation process and the subdivision between the nucleation and growth was ignored. 

6.4 Measurement and Estimation of Model Input Data 

The crystal l isation models represented by Equation (6- 1 ), Equation (6- 1 5 ) and Equation (6-23) 

needed additional input data in order to run the simulation. The methodology required for data 

measurement and estimation to obtain these variables is given in this section. 
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6.4.1 Measurement of Nucleation Rate 

The function J(D given in Equation (6- 1 5) has been determined using differential scanning 

calorimetry by many authors for water and water in oil emulsions using isothermal experiments 

(Wood & Walton 1 970; Michelmore & Franks, 1 982; Franks et aI, 1 983; B ronshteyn & Steponkus, 

1 995).  However isothem1al experiments are very time consuming and require very precise control 

of experimental conditions. Rasmussen and Looper ( 1 97 1 )  described how DSC can be used in  

either isothermal or  scanning mode to measure the nucleation rates in metall ic systems. 

Michelmore and Franks ( 1 982) conducted DSC experiments in scanning mode to measure 

nucleation rates of ice in supercooled water and aqueous solutions of polyethylene glycol by 

adapting the method given by Rasmussen and Looper ( 1 97 1 ) . 

The method used by Michelmore and Franks ( 1 982) was used to measure the nucleation rate of 

water droplets in butter. The same Perkin Elmer DSC 7 that was used to measure the specific heat 

capacity of butter was also used for nucleation rate measurement after calibration. This method is 

based on the graphical integration of the power-time contour of a scanning rate cooling experiment. 

Samples of the unsalted butter were cooled at a rate of 1 .25°C mjn- I (a very low rate) unti l the 

freezing was complete. Figure 6. 1 gives the cooling results for the two unsalted butters (Fritz (B 1 9), 

Ammix (BS))  cooled at a rate of 1 . 25°C min- I for the determination of the nucleation kinetics. 

t Thermogram of cooling the butter at a rate of 1 .25 °Cmin-1 
E .... 
Q) 

£ .-
o -g F===�:::::":"'-.... UJ 

E .... 
Q) 

£ .-
o 
X 

UJ 

Ammix Fritz 

t L--...----'---------'--_�_ 
-50 -45 -40 

Temperature (0C) 
-35 -30 

Figure 6. 1:  DSC thermogram jor Fritz and Ammix butter 
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Two distinct peaks can be observed i n  the butter manufactured by the Fritz process, probably due to 

two populations of water droplets having different concentrations of solutes (as discussed in 

Chapter 3) .  The kinetic constants for both the peaks were analyzed using the method gi ven by 

Rasmussen & Loper ( 1 97 1 ). Ammix butter shows only one peak, probably due to a more uniform 

solutes concentration in all the water droplets. 

The power-time curve was then divided into equal time intervals with /),/ = 1 1 .25 sec, which was 

equal to the time interval between the successive heat t ime measurements output by the DSC. The 

temperature at each t ime interval was known. The corresponding areas under the curve were 

evaluated and J was estimated (Rasmussen and Looper, 1 97 1 ) : 

J = _ _ 1 In [�tl +�t ) ] 
V /),t At I 

(6-25) 

Where At is  the area after time t l which is directly proportional to the fraction of the droplets 
I 

which has frozen and V is the volume of the droplet. The volume of the water droplets for Ammix 

( 1 .55 x 1 0- 16 m3) and Fritz butter ( 1 . 1  x I Q- 1 7m3) were taken to be those measured by Lu ( 1 999). 

The resu lts found in  this way for J as a function of T were then fitted to the linearised version of 

Equation (6-26) to determine the kinetic constants ' a ' and ' b' : 

In J = In a + br� (6-26) 

Figure 6.2 shows the DSC thermogram for Fritz butter from which the temperature dependence of 

the nucleation rate was calcu lated using the Equation (6-25) .  Figure 6.3 gives In J as a function 

oft"(b . 

For the Fritz unsalted butter, the analysis gave a value of a = exp (66.392) S- lm-3 and b = -0.364 for 

the larger peak, and a = exp (9 1 .062) S-
l m-3 and b = -0.775 1 for the smal ler peak. For Ammix butter, 

this analysi s  gave: a = exp ( 1 0  \ .788) S- l m-3 and b = - 1 .223.  
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6 t = 12 sec 

226 242 
Tempertaure (K) 

Figure 6.2: DSC thermogram for the Fritz unsalted butter with cooling rate of 1.2S0C min-J 

Table 6.2: Measured kinetic constants 'a ' and 'b ' for different emulsions 

Solution a (S- lm-3 ) b V (m-3) Reference 

Pure water 3 x 1 050 - 1 .0 I 0 3 .40 X 1 0- 1 7  Michelmore and Franks ( 1 98 2 )  

1 6.7% PEGI 5 x 1 046 - 1 .025 1 .53  x 1 0- 1 7  Michelmore and Franks ( 1 98 2 )  

2 3 .0% PEG 3 x 1 044 - 1 .030 1 .53  x 1 0- 1 7  Michelmore and Franks ( 1 98 2 )  

Erthrocytes I x 1 054 - 1 . 1 3  6.5 x 1 0- 1 7  Franks e t  al. ( 1 983) 

Erthrocytes I x 1 054 - 1 . 1 2  6.5 x 1 0- 1 7  Franks e t  al. ( 1 983) 

Saline Solution 6 x 1 057 - 1 .24 5 . 8  x 1 0- 1 8  Franks e t  al. ( 1 983)  

Saline Solution 4 x 1 058 - 1 .26 5 . 8  x 1 0- 1 8 Franks et al. ( 1 983)  

Glycine max cells 4 x 1 0 1 6  -0. 1 1 1 . 8 x 1 0- 14  Franks et al. ( 1 983) 

Glycine max cel ls 6 x 1 014 -0.07 1 . 8 x 1 0- 14 Franks et al. ( 1 983) 

Ammix Butter 1 .59 x 1 044 - 1 .223 1 . 55 x 1 0- 1 6  Current research 

Fritz butter (Peak I )  6.82 x 1 028 -0.364 1 . 1  X I O- 1 7  Current research 

Fritz butter (Peak 2 )  3.53 x 1 039 -0.775 1 . 1  x 1 0- 1 7  Current research 

' PEG polyelhylene Glycol 
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A comparison of kinetic constant values with other literature values for water in oil emulsions is 
given in Table 6.2. The l iterature measurements were performed for pure water in oi l binary 
solution whereas, the water droplets in butter are not pure water but contained other solutes. The 
values found i n  this research were found intermediate to the l iterature values of a and b. 

The calculated nucleation rate J as a function supercooling i s gi ven in Figure 6.3. Figure 6.4 shows 
the nucleation rate as function of temperature for the two Fritz and Ammix butters. In all three 
cases, the temperature range relevant for most of the freezing experiments has a J of zero which 
means that of/at is also close to zero. Use of this nucleation data would predict that each droplet 
wil l j ust supercool and wil l  take a very long time to freeze which does not seems consistent with the 
observed freezing behavior. 

38 

'\ '. 
36 

'Z 34 -. • 
.s 32 , Fritz 

30 
28 • Measured -- Linear Fit 

2%0 60 70 TtfJ 80 90 1 00 

Figure 6.3: In] as a function of super cooling for both Fritz butter and the Ammix butter 
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Figure 6.4: Nucleation rate as afunction of temperature for the Fritz and Ammix butters 

Most of the data used in the measurement of nucleation rate using DSC i s  for temperatures less than 

-35°C (Figure 6. 1 ). However the temperature used in the freezing experiments was never below -

25°C and i ndustry freezi ng temperatures of - 1 8  and -9°C are common. Therefore, application of the 

DSC kinetics rates to the experimental conditions requires significant extrapolation which is l ikely 

to add considerable uncertainty. 

Therefore an alternative approach was taken; the nucleation kinetic values were back-calculated 

from the experimental data col lected for different sizes and types of butter. J was calculated from 

different sets of freezing data for butter pats and blocks using the fol lowing integrated form of 

Equation (6- 1 7) for periods where the temperature was relatively constant. 

1 = In(l - F) 
Vt 

(6-27)  

For each set of data, this calculation was performed for the centre and the surface of the butter pat 

or b lock, assuming that, between the start and end temperatures of the crystal l isation process about 

95% of the water in the butter had frozen (that is F=O.95). The data thus obtained is given in Table 

6.3 . A plot of all the resulting data (Table 6.3) and the nucleation rates calculated by the DSC 

analysis is given in Figure 6.5 :  
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Table 6.3: Calculation of the nucleation rate J !!pm the e�erimental data 

Butter Position Nucleation Temperature (QC) T", 

Pat ( B 1 6, UPC - 2 )  Surface 

@ -70QC Centre 

B lock I (B I 9, UBC - I a) Surface 

@ -25QC 

Centre 

Block 2 (B 1 9, UBC - 2) Surface 

@ - I I QC 

Centre 
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Figure 6.5: 1nl as a function of super cooling calculated from the experimental freezing data 

and the DSC measurements 
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Figure 6.5 confirms that extrapolation of the DSC results to model the freezing of butter in the 

temperature range -25°C to - 1 0°C is unlikely to be accurate. Therefore, i t  was decided to find the 

nucleation rate kinetic values 'a' and 'b' from experimental data for the unsalted block of butter 

under two different ambient conditions. The time taken for nucleation at the surface of the butter 

b lock and at the centre was the same but there was no unique temperature of nucleation. An average 

temperature for both the data sets was taken and the values of 'a' and 'b' were found by li near fit to 

those two points. These values were: a = exp (28.423) S- l m-3 and b = -0.00 1 8_ 

Figure 6.6 gives the function J (n and shows that the probabi lity of the droplets nucleating starts to 

increase at about _5°C contrary to the nucleation rates measured using the DSC which gave values 

of nearly zero above -25°C. 

2 x 1 0 12 

1 . 5 

1 

0 .5 

O �--------�--------�----------L---�----� 
-40 -30 -20 -1 0 0 

Temperature ( cC)  

Figure 6.6: Nucleation rate J as afunction of temperature calculatedfrom twofreezing 

experiments on a butter block (B19) 

The kinetic constants for the Avrami Model have been measured by number of researchers using 

isothermal experiments assuming n and K as constants. In  this study K is a function of (Tm-n 
(Equation 6-23)  and is not constant. It is a function of the fraction frozen which in turn is a function 

of temperature. It was decided to use the same value of 'b' for the Avrami model as for the 

C lassical Nucleation model. The other constant ' U' could then be found by curve fi tting to one set 

of experimental data. Fitting the data for a block of butter (B  1 9) at -25°C gave a value of U = 0.0 1 4. 
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Using only one set of data to fit the constant means that the other sets of data can be used to 

validate the kinetics modeling. 

6.4.2 Specific Heat Capacity 

To model freezing, the specific heat capacity during cooling of butter is required for both the frozen 

and unfrozen ranges. 

As explained in Chapter 3, the specific heat capacity of the butter was measured using a DSC 

(Perkin Elmer DSC 7). Samples were frozen to -70 QC at a rate of 1 .25 QC min- I and then heated at 

the same rate to calculate the specific heat capacity and the enthalpy for both heating and cooling 

(Figure 6.7) .  The average specific heat capacity for fu l ly frozen butter (cl) was found to be 1 .8 kJ 

kg- I K-' for both heating and cooling measurements. 

The specific heat capacity of the thawed butter (ie. the water phase was not frozen) in the range 

from T iJ to 1 0 °C was higher when heating than during cooling. It was postulated that this was due 

to the sign ificant supercooling and crystal lization of the fat fraction in the butter at temperatures 

wel l  below the equi l ibrium fat phase change temperature. 

During heating, as the fat melting is at equi l ibrium temperature, the apparent specific heat capacity 

above TiJ includes a fat latent heat component. Figure 6.7 shows that the apparent specific heat 

capacity of supercooled butter in DSC cooling mode measurements remained relatively constant 

from 1 0  QC down to about -35°C, below which water latent heat started to be removed. As any fat 

supercool ing and phase change effect would also occur during a butter freezing trial, the value 

measured in the DSC cooling mode (clI = 3.2 kJ kg- I K-1 ) was used for unsalted butters and a value 

of 3 . 1 kJ kg-I K-1 was used for all the salted butter samples. 
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Figure 6. 7: Specific heat capacity of butter (B19) measured by DSC in heating and cooling 

modes 

The equilibrium freezing model requires an apparent heat capacity that includes latent heat effects. 

The thawing specific heat capacity curve was used in this  case, except that the unfrozen heat 

capacity was taken to be the apparent value measured during the cooling ntn .  

The heating enthalpy data were adjusted by: 

, using -40 DC for the enthalpy datum. 

, using constant fu lly frozen specific heat capacity from -40 to -20 Dc. 

, keeping the enthalpy change from -40 to + l O De the same as for the heating differential 

scanning calorimetry run. 

• keeping TiJ at the measured initial freezing point. 

• holding the specific heat capacity constant at cf from l ODe unti l TiJ. 

• adjusting the val ue of Hif to meet the above criteria. 

Table 6.4: Enthalpy equation parameters for experimental butters 

A '  cr B ' H' u c '" Tif 

Code (kJ kg· l ) (kJ kg· I K" I ) (kJ K kg- I ) (kJ kg· l ) (kJ kg· I K· I ) CC) 

B I 5  58.28 1 .68 -354. 1 2  1 3 1 .97 3. 1 -5.35 

B I 6  9 1 .66 2 .32 -39.25 1 67 .35 3.2 -0.52 

B I 9  70.8 1 .8 -3 1 .6 1 48 .4 3.2 -0.4 1 

dHif 

(J kg· l ) 

57.34 

74.25 

76. 1 7  
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Equation (6-28) was fitted to the measured data using the above adjustments for all the 
experimental butter. The parameters for the butters used i n  the experiments are given in Table 6.4. 

( ) I I Ef H kI Ikg = A +c T-­tI T 
H ( kI I kg ) = H; + c� T 

(6-28) 

Essentially, this procedure means that any fat melting related latent heat not included in the sensible 
heat between Tif and l ODe, was added to the equil i brium water latent heat peak as the fat freezing 
would occur at simi lar temperatures to ice freezing behavior. 

For the classical nucleation and Avrami crystal l isation models for partial ly frozen butter, the 
volumetric heat capacity C was taken to be a pro rata function of the fraction of frozen water and 
given by: 

C = p ( Fc�. + ( 1 - F)c;, ) (6-29) 

6.4.3 Equilibrium Freezing Temperature 

The equi l ibrium freezing temperature (Tm) is required by the crystal l izati on model Equation (6-22). 
It was calculated from the adjusted equi l ibrium enthalpy (Figure 6. 8(b)). 

For any point below TiJ on the enthalpy diagram (Figure 6 . 8(b)), H can be calculated from the 
values of T and F using: 

H = H if' - F ( dH if + <. (T;j - T ) ) - c:' ( I  - F ) (I;j - T ) (6-30) 

By substituting this value of H into Equation (6-28) with T replaced by Tm and using the constants 
in Table 6.4 results in a quadratic Equation for Tm as a function of F: 

T = -� + �Ai + 4x3 1 .6AJ m 2A J 
where 

(6-3 

(6-32) 
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(6-33)  

This allows the equilibrium melting point to be calculated from the instantaneous frozen fraction 

(F) and used to calculate the driving force for crystal l ization. 
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Figure 6,8: (a) Equilibrium enthalpy-temperature diagram for butter (B19) showing specific heat 

capacity values used for different temperature ranges, 

(b) Enthalpy-temperature diagram for the calculation of equilibrium freezing temperature 

6-20 



6.4.4 Latent Heat 

For the nucleation and crystal l ization models, the latent heat released as a function of temperature i s  

given by the vertical distance between the unfrozen sensible heat l ine and the frozen sensible heat 

l ine in Figure 6.8(b). 

(6-34) 

6.4.5 Thermal Conductivity 

Values of the thermal conducti vity of butter were calculated from the data reported by Middleton 

( 1 995)  for the completely frozen and unfrozen temperature ranges. In the freezing range, the 

thermal conductivity was interpolated between these values using the predicted local estimate of the 

fraction of frozen water (F) using the paral lel model :  

(6-35) 

As the difference between the fu l ly  frozen and ful ly unfrozen thermal conducti vities was smal l ,  

more sophisticated models  were not justified (Wang et  al. 2005) .  

6.4.6 Model Solution 

The model was solved using the input data for Nucleation Only Model and the Avrami Model for 

butter pats and blocks. A detai l of the MATLAB code is given in Appendix A4. 

6.5 Nucleation Only Model Predictions 

Using the input data discussed in Section 6.3, the model was run using the DSC derived and 

experimental data derived val ues for 'a' and 'b ' to compare the model predict ions with the 

experimental data for the centre and the surface of the butter block. 

The predictions of the Nucleation Only model using the kinetics constants measured using the DSC 

are given in Figure 6.9 .  As expected the water in  the butter supercooled and did not freeze at al l 

because the DSC nucleation rate was too low at temperature above -20°C. Thus, this model behaves 

l ike the sensible heat only model discussed in the previous chapter. 
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Figure 6.9: Comparison of the measured data (Bl9) with the prediction using the nucleation­

only model. (a) Freezing of butter block (UBC - la) with an ambient temperature of -23°C. 

(b) Freezing of butter block (UBC - 2) with an ambient temperature of -lrc. 

The predictions in Figure 6.9 for the nucleation-only model using the ki netics constants calcu lated 

from the experimental data matched those for the sensible heat only model unti l ice nucleation 
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began to occur at about -5 QC. As the predicted fraction of frozen water increased, the temperature 

decl ine s lowed because of the release of latent heat. No increase in temperature (rebound) was 

predicted. Once all the freezing had occurred, the temperature decreased rapidly to the ambient 

temperature, as expected. A lthough more real istic than the equi l ibrium thermal properties model ,  

the differences between the predictions and the measurements suggest that the mechanism of 

nucleation and ice crystal growth is more compl icated than that modeled by nucleation only. In  

particular, the measured data at  - I  I QC showed a temperature rebound at the centre of the butter 

despite the degree of supercooling being less than 1 0  QC. 

The temperature rebound suggests that water phase crystal l ization in butter has time dependence as 

wel l  as temperature dependence, simi lar to that observed by Broto and C lausse ( 1 976). It can be 

shown that supercooling-driven nucleation only wil l  not predict a rise in temperature, because, if 

the temperature rises, the nucleation rate wi l l  drop and the rate of latent heat release wi l l  no longer 

exceed the rate of cooling. In addition, the nucleation-only model assumes that, once a nucleus has 

fonned, ice crystal growth is instantaneous. Finite rates of ice crystal propagation and 

interdependence between droplets may explain some of the rebound phenomenon. 

6.6 A vrami Model Predictions 

6.6.1 UnsaJted Butter Block (BI9) 

Figure 6. 1 0  shows the predictions for the centre and one surface positions of the block of butter for 

the A vrami model (Equation 6-23). Figure 6. 1 0(a) shows the model predictions compared with the 

measured data for the block frozen with -23 QC air with a coefficient of determination of 0.99. The 

model had very good agreement with the measured data with the exception that the model did not 

rebound to as high a temperature as the experimental data and the rebound occurred slightly later i n  

time than observed for one of the trials (UBC - I  b) 

Figure 6. 1 1  (b) shows the model prediction lIsi ng the same values for the crystal lization kinetics 

constants (U and b) for the freezing trial at - 1 1 QC . The model predicted the data very wel l  for the 

first 80 hours and predicted a rebound at the centre of the butter with a coefficient of determination 

of 0.99. The crystall ization process appeared to be slightly faster in the model than for the 

experimental data, however the freezing completion time was the same. The difference in  the 

positions of the rebounds for the two experiments at -23 QC suggests a stochastic nature for the 

crystall ization process. It is likely that the values of U and b are not the same for each droplet in the 
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butter and may vary randomly for essentially the same cool ing conditions. The Avrami model 

appears to accurately predict the mechanism apart from the time of the rebound and its magnitude. 
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Figure 6. 10: Comparison of the measured data for unsalted butter (B19) with the predictions 

using the A vrami model. 

(a) Freezing with an ambient of -23°C (UBC - 1a, UBC - 1b), R2=0. 9865 for centre 

(b )Freezing with an ambient of -1  rc (UBC - 2), R2=0.9873 for centre 
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6.6.2 Sensitivity Analysis 

Figure 6. 1 1  shows the predictions for the data col lected for the freezing  trial at - 1 1 °C with a slightly 

lower value of U (U = 0.0 1 2, 1 0% lower). The model predicted the data very accurately  (R2 = 0.99), 

which suggests that the lack of fit in Figure 6. 1 1  was due to the uncertainty in the kinetics data or 

variation in the samples of butter rather than the model being conceptually inappropriate. 
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Figure 6. 1 1 :  Comparison of the measured data (UBC - 2) for unsalted butter (B19) with the 

A vrami model using a U value of 0.012 rather than 0.014, R2 
= 0.9922 for centre 

A further sensitivity analysis was performed on the values of kinetics constants 'b' and ' U' to see 

how sensiti ve the model predictions are to these values. 

Figure 6. 1 2  shows the model predictions with ± 1 0% change in U and ±50% change in b. It was 

observed that a 1 0% change in U gives nearly the same variation in predictions as the 50% change 

in b value. It can be seen that higher values of U or b shift the rebound to the left (earlier i n  time) 

and lower values shift the rebound to the later in time. This happens because the higher value of b 
or U means the nucleation starts with less supercooling. 
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Figure 6.12: Effect of U and b values on the model prediction using the Avrami Model 

with Ta= -23°e, T j= I re, U =0.014, b = -0.0018 

6.6.3 Salted and Unsalted Pats 

The A vrami model was applied to the freezi ng of salted and unsalted butter pats where no release of 

latent heat was observed and the water in the butter was observed to super cool and did not freeze 

over a long period on time. In these situations the sensible heat only model worked very well as 

explained i n  the previous chapter. 

6.6.3. 1 Salted Pats (B 18) 

Figure 6. 1 3  compares the prediction using the sensible heat only model ,  Nucleation only model and 

A vrami model with the experimental data (SPC - I )  for the salted pat (B  1 8). 

There was very l ittle difference between the models for the first 1 0- 1 5  hours. However the 

simulation with the A vrami Model predicted a very small rebound between 30 hours 70 hours as 

shown in  Figure 6. 1 3  (b). The temperature difference between the centre of the butter and the 

ambient was <0.03°C before the start of temperature rebound. The maximum temperature rebound 

was found about O.SoC which is the same order of magnitude as the experimental temperature 

measurement uncertainty and, therefore, this effect is l ikely  to have been too smal l  to have been 
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detectable in the experimental data. As expected the Nucleation model and the sensible heat only 

models did not predict any rebound in the temperature. 
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Figure 6.13: Comparison of the measured data (SPC - 1) for the salted butter pat (BI8) with 

the prediction using various freezing models 

(a) For 10 Hours (b) For 70 hours 

Comparison of the model predictions with a temperature profile for a freezing experiment (SPC-2) 

conducted on a salted butter pat (B 1 8) for an extended period of time is given in Figure 6. 1 4  (a). A 

predicted rebound in temperature can be observed between 30 to 60 hours. The fraction of the water 

shows that 80% of water would be frozen after 60 hours. This seemed to be more than what was 

observed. When the pat was thawed immediately after the 60 hours of cooling a slight latent heat 
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plateau just below the initial freezing point of the butter was observed showing not all the water in  

the butter had frozen. This could be  due to  the model not taking account of  the change in  the  air 

temperature that occurred during the experiment. 

A comparison of the measured thawing data (SPH-2) with both the thawing models is given in  

Figure 6. 1 4(b). The measured data clearly l ies within the prediction band. 
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Figure 6. 14(a): Comparison of the measured data(SPC-2) for the salted butter pat (BI8) )with 

the prediction using A vrami Model predictions for longer period of time 

(b) Comparison of measured data (SPH-2) for the thawing of salted butter pat (BI8)with the 

equilibrium properties models and sensible heat only model predictions after cooling at -25°C 

for 60 hours 
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6.6.3 .2 Unsalted Pat (BI6, UPC - 1 )  
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Figure 6. 15: Comparison oJthe measured data (UPC - l)Jor the unsalted butter pat 

(B 16)with the prediction using various Jreezing models predictions 

(a) For 10 hours (b) For 80 hours 
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Figure 6. I S  gives the comparison of the measured data with various freezing models. The 

predictions with the Avrami Model were not significantly  different from the sensible heat only 

model for the fi rst I D  hours of cool ing. The Nucleation model predicted slightly h igher 

temperatures than other models .  The sensible heat only model and the Avrami Model started to 

differ after about 20 hours with a temperature rebound for the Avrami Model. The sensible heat 

only model quickly approached the ambient temperature after 1 0  hours. A smal l  rebound « I 0c) 

over a long period of time (6S hours) was observed for the Avrami model .  The Nucleation model 

remained higher than the measured data and approaches the ambient after about 60 hours (Figure 

6. I Sb). 

Overall ,  the trend for the models were exactly the same as in  the salted butter pat predictions and 

unsalted butter block trial predictions. The size of the predicted rebound was sufficiently small that 

it would be difficult to detect in the measured data. 

6.6.4 Predictions for the Salted Block (B15, SBC - la) 

The A vrami model was validated against the data col lected for a 2S kg salted butter which was 

cooled at an approximately - 1 8°C (B I S) for abut 60 hours. No rebound was observed during the 

experiment. Figure 6. 16  (a) compares the model predictions against the experimental data for the 

centre of the salted butter block. As observed for the unsalted pat, there was no difference between 

the model predictions for the sensible heat on ly  model and the Avrami model for first cool ing 

period (70 hours in this case). The temperatures for the nucleation model remained higher than the 

other model predictions. A rebound was predicted after about I I S  hours (after data measurement 

was terminated) for the Avrami Model .  Unfortunately, time constraints precluded repeating this 

experiment for a longer period of time to experimentally confirm this behaviour, but simi lar 

observation were observed in the whole pal let trials for salted butter described in the next chapter. 
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Figure 6.16: Comparison of the measured data (SRC -la)/or the salted butter block(R 15) with 

the prediction using various freezing models 

(a) For 70 hours (b) For 200 hours 

6.7 Conclusions 

A graphical summary of the freezing models used in Chapter 5 and in this chapter is given in Figure 

6. 1 7. It can be concluded that the "sensible-heat-only" model predicted the experimental data very 
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well for the whole of the supercooled region but, because of the absence of latent heat removal, the 

predicted centre and surface temperatures continued to decrease to the ambient temperature without 

any freezing plateau or rebound. The equilibrium thermal properties model gave a temperature 

plateau just below the initial freezing point fol lowed by a rapid drop to the ambient temperature. 

However, because the latent heat was removed at a higher temperature on average compared with 

the experimental data, the overal l predicted rate of freezing was too fast and the temperature 

predictions were generally poor. 

The Classical Nucleation Model was an attempt to model the interesting behavior of a temperature 

rebound repeatedly observed during freezing of butter blocks. The model assumed the nucleation 

rate was just a function of super-cool ing using the classical nucleation theory for water in  oi l 

emulsions. It was clear that this mechanism alone wi l l  never give the rebound in the temperature as 

observed i n  the experimental data. 
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Figure 6. 17: Comparison oJthe measured dataJor the salted block Jreeze to -23°C with all the 

Jreezing models 

A differential form of the A vrami Equation, used for model l ing the kinetics of crystallization, 

predicted the measured data for the freezing of butter very wel l  using the fitted kinetics parameters. 

It not only predicted the temperature rebound observed in unsalted blocks of butter at two different 

temperatures but also predicted small rebounds for butter pats and salted butter blocks. A more 

detai led i ndependent study to determine the nucleation and growth kinetics constants for the 
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Avrami Equation by means of isothermal experiments is needed to improve the predictions under 
all cooling conditions. A population balance model l ing approach for the freezing process may be 
appropriate to predict the fluctuations in the position of the temperature rebound observed in nearly 
identical experimental trials. 

In summary, the freezi ng behavior of the butter was modeled successful ly in this chapter. Both 
freezing and thawing models were validated against the experimental data collected for the O.5kg 
pats and 25kg blocks of butter. 

In commercial stores, the butter blocks are stacked in the form of a pallet containing 48 or 56 
blocks. These pal lets are either stretched wrapped or stacked without the wrap which creates air 
gaps in between the adjacent blocks. The collection of data on wrapped and unwrapped pallets and 
a new approach to model the situation where there are potential of air flows i n  between the blocks i s 
the subject of the next Chapter. 
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CHAPTER 7 

HEAT TRANSFER IN PALLETISED BUTTER 

7.1 Introduction 

In Chapter 5 a heat transfer model of thawing or cooling of blocks of butter was developed and 

validated against experimental data collected for regular 25kg blocks and Y2 kg pats of butter. In 

Chapter 6 this model was extended to include ice crystall ization kinetics for freezing .  These models  

were developed for regular shaped homogenous blocks of the product. In commercial stores butter 

b locks are generally wrapped in a plastic liner and placed in corrugated cardboard cartons. These 

cartons (48 to 56) are then stacked on a pallet base. The pallets are usual ly stretch wrapped to 

maintain the shape of the pal let. As a result the bulk system contains  product, packaging material 

and air entrapped between the packaging and butter and between adjacent cartons. In the case of 

unwrapped pal lets there is potential for air flows between the cartons on the pallet that can 

accelerate the thawing and freezing rates. 

This chapter experimental ly characterizes the freezing and thawing behaviour of wrapped or 

unwrapped butter pallets. By understanding how the pallet configuration influences the rates of air 

infi ltration into the pallet and the rates of heat transfer into the butter blocks, approaches to adapt 

the individual block heat transfer models to pal letised butter could be identified. 

7.2 Data Collection 

In order to identify typical pallet scenarios and realistic external conditions for experimental trials 

the configurations used in industrial practice were surveyed. 

Figure 7. 1 gives a pallet configuration used commercial ly for butter. In the New Zealand dairy 

industry a pallet is made up of 6 or 7 layers of 25 kg cartons with 8 cartons in each layer. The 

cartons are placed in an interlocking pattern in order to maintain the stabi lity of the stack during 

transport and storage. Normal ly the pal let is constructed in last stage of the manufacturing process 

of butter. Butter is manufactured at about 1 5°C to 1 7°C and packed in pre l ined cardboard cartons. 

At the time of manufacturing the butter has a paste l ike structure and i t  flows into the cardboard 
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carton easi ly. After fi l l ing, the cartons are stacked on a pallet base using a pal letizing machine. 

S ince the butter is usually soft enough to deform at this stage, the butter blocks becomes tightly 

packed and have no significant gaps between adjacent blocks. The butter pal let is then stored i n  

freezer rooms with or without stretch wrapping around it. The solidification o f  the butter provides 

enough strength to the pal let stack to avoid s lumping. If the butter is not cooled fast enough or is 

subsequently heated, the cartons can s lump and bulge at the sides making close packing difficult, 

resulting in air gaps between cartons within the pal let stack. 

During transportation from one store to another, the pallets without wrap can be significantly 

disrupted. The jolts recei ved during fork l ift transport can jostle the block posi tions and this 

deformation creates air gaps between the adjacent blocks. If these gaps are such that air can flow 

through them then it can have significant impact on the thawing and freezing times. Therefore 

experiments needs to consider both tightly packed pallets (wrapped or unwrapped) and pallets 

where there are significant air flows between the cartons. 

A total of 7 pallet trials were conducted. Two of these (Trial I and 2) were thawing and freezing of 

fu l l  sized pallets under industrial conditions in a commercial storage faci lity (Fonterra, Whareroa 

site, Hawera, NZ). To support this data, and to, achieve better control of ambient conditions it was 

decided to conduct extra experiments in a Massey University frozen storage facil i ty .  Due to l imited 

height in the freezing faci lity, the number of layers in the pal let was reduced to include only the 

middle three layers in a half pallet. 

(a) Plan View (b) Elevation 
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Figure 7. 1 :  Plan and elevation view of the full butter pallet configuration 

(approximate outer dimensions in mm) 
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Thawing and freezing experiments were conducted on the half pallets for three different scenarios. 

The first (Trial 3) was the freezing and thawing of a ful ly wrapped half pal let. The second (Trial 4) 

consisted of thawing and freezing an unwrapped tightly stacked half pallet. The third (Trial 5 )  

investigated the freezing and thawing of unwrapped loosely stacked layers to  identify how 

significant the air flows between adjacent cartons mjght be. Table 7 . 1 gives the code number, 

average ambient and initial conditions, and the thermocouple positioning plan for each trial . More 

complete detai ls of ambient conditions are given in the results section below. The fol lowing 

sections provide the detai ls of the experiments for two ful l  pallet and three half pal let trials. 

Table 7. 1: Experiment plan for half andfull pallet trials 

Code Type Con figuration T; (0C) TioC) Thermocouple positions 

Trial I PC - I  Full pallet Wrapped tightly stacked 1 0  - I  I Appendix (A5. 1 )  

PH - I  Full pallet Wrapped tightl y stacked - I  I 1 0.4 Appendix (A5 . 1 )  

Trial 2 PC - 2  Full pallet Unwrapped tightly stacked 1 0  - I  I Appendix (A5. 1 )  

PH - 2  Full pallet Unwrapped tightly stacked - I  I 1 0  Appendix (A5.2) 

Trial 3 PC - 3 Half pallet Wrapped loose stacked 20 -25 Figure (7.5, 7.6) 

PH - 3  Half pallet Wrapped loose stacked -25 20 Figure (7 .5,  7.6) 

Trial 4 PC - 4  Half pallet Unwrapped tightly stacked 20 -25 Figure (7 .5 ,  7.6) 

PH - 4  Half pallet Unwrapped tightly stacked -25 20 Figure (7 .5 ,  7.6) 

Trial 5 PC - 5a Half pallet Unwrapped loose stacked 1 0  -25 Figure (7 .5 ,  7.6) 

PC - 5b Half pallet Unwrapped loose stacked 20 -25 Figure (7.5, 7.6) 

PH - 5  Half pallet Unwrapped loose stacked -25 20 Figure (7 .5 ,  7.6) 

7.2.1 Full Pallet Trials 

The first trial was performed on a ful l  pallet of butter. Figure 7.2 shows the actual wrapped pall et on 

which the experiments were performed. The configuration of the pal let is also given in Figure 7 . 1 .  

The pallet was selected from pal lets of freshly made butter at Fonterra, Whareroa, Hawera and then 

stored for about six weeks in a cheese store at I O°e. The cartons were re-stacked on the pal let after 

placing 45 thermocouples at different positions inside and outside the butter cartons. The 

thermocouples inside the butter were placed using a needle, nylon thread and a guide to ensure 

accurate placement of the thermocouple to the required positions. The thermocouples were then 
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connected to a Grant Squirrel data logger ( 1 000 series) and a Campbel l  data logger (CR 1 0X) to 

record the temperatures profi les throughout the pal let. The whole pallet was then tight ly  wrapped i n  

polyethylene stretch-wrap. 

Al l  the thermocouples inside the butter and outside the cartons were positioned at the vertical centre 

of the blocks at different positions along the width and length of the blocks, except for along the 

diagonal of the pallet for which the thermocouples were positioned in approximate posi tion of the 

diagonal. Altogether there were 46 thermocouples positioned i n  and outside the pal let. The 

thermocouples were positioned throughout the pallet i n  such a way that it could give maximum 

information not only on the general trend of heat transfer in the pal let but also on how the air gaps 

affect the heat transfer i n  different layers. 

Before starting the trial (PC - I ) , the pallet was held at 1 0QC for another month to ensure uniform 

initial temperatures. The pal let was then shifted to a freezer store at approximately - 1 1 QC. 

Temperature readings were recorded every hour for 28 days. The pallet was kept in the freezer 

store for another 30 days before beginning the thawing trial (PH - I ). At this time unifo rm initial 

temperatures were achieved and the pal let was shifted to a cheese store at about I OQC where the 

readings were monitored for a further 28 days. 

The pallet used in Trial I was again used for Trial 2 but the stretch wrap was removed. It was 

expected that there would be more chance of air flow to occur through the channels between the 

cartons. These gaps occurred due to the loosing of the pal let stacking caused by repeated movement 

of the pal let between freezers and cheese stores in the previous experiments. To give some pallet 

stabi l ity, the top and the fourth layers were strapped. This resulted in these two layers bei ng more 

c lose ly stacked as compared to others as shown in Figure7.3. 

The pal let was frozen and thawed (PC - 2 & PH - 2) under the simi lar conditions as for Trial I .  To 

more closely fol low what was happening around the slowest cooling block and to observe the heat 

transfer in the single inner block of a commercial pallet, the thermocouples were repositioned in 

B locks 3 1  & 38 and the air channels around them. Block 3 1  was in layer 4 which was the middle 

layer with direct paths for the air to reach all the faces of the block whereas the B lock 38 was in 

layer 5 which had direct path for the air to reach only two of the side faces of the block but an 

indirect path to reach the inner faces of the block. These boxes were selected to identify how the air 

movement in  the pal let could be affected by the different block layout of the layers. 
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Figure 7.2: Wrapped full pallet usedfor Trial 1 (PC - 1, PH - 1) 

Front Back 
Figure 7.3: Unwrappedfull pallet used for Trial 2 (PC - 2, PH - 2) 
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The repositioned thermocouple locations in  the plan view of layers 4 & 5 are given in  Appendix 

A5.2 and the positions i nside the butter are given in the 3D  drawing (Appendix A5.2). Six 

thermocouples were posit ioned on the six sides of the pal let to record the ambient temperatures on 

al l  sides. Five and six thermocouples were placed inside B locks 3 1  & 38 respectively. Six sensors 

were positioned outside each of B locks 3 1  & 38 for the local ambient temperatures on different 

sides of the blocks and the remaining six thermocouples were positioned in between the air 

channels as shown in Appendix A5.2. 

The dimensions of the pal let were taken after each freezing and thawing trial to account for the 

bulging of the cartons and also the deformation of the pal let due to transportation from one storage 

room to another. 

7.2.2 Half Pallet Trials 

Trials 3, 4 and 5 used a half pallet experimental design that approximated the middle three layers (3, 

4, and 5) of a seven high pallet. Medium density polystyrene sheets (50 mm thick) were placed 

above and below the top and bottom layers to insu late against heat transfer in the vertical direction. 

The carton configuration is shown in Figure 7 .4. Thermocouples were located throughout the 

middle layer in the same way for all three trials as summarised in Figure 7 .5 .  The main purpose of 

placing so many thermocouples was to quantify the temperature gradients along the air gaps and to 

collect information that indicated the presence and the direction of the air flows within the pal let. 

Figure 7.6 gi ves the positions of the thermocouples in B locks I and 2. The same positions were 

used for B locks 7 and 8. A l l  thermocouples throughout in the layer were placed at the geometric 

centre of the half pallet which was at the vertical centre of the middle layer. The blocks were placed 

in a freezer at about -25°C for 1 0  weeks to freeze them completely and then the thermocouples were 

inserted by a dri l l ing a 2 mm diameter hole and pushing the thermocouple into position. Al l  the 

thermocouples had been previously calibrated in an water and ice slurry and were accurate within 

±0.25°C. 

The thermocouples were connected to a Campbel l  data logger (CR I OX) to record the temperature 

profi les with a time interval of 1 5  minutes. Prior to starting the experiment, the pallet was held at a 

temperature of about 1 0°C to equil ibrate for 2 weeks in  a walk in chi l ler and then shifted to a -25°C 

walk-in freezer for the freezing trai l .  A single carton took about 1 20 hours at about -25°C to freeze 

a l l  the water in the butter. It was expected that for the half pallet trials it could take 3-5 weeks for all 

the water to freeze depending  on the extent of air penetration into the pal let. 
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After the completion of the freezing trial (when an equi l ibrium temperature of -25Qe was achieved) 
the freezer was then turned off to start the thawing trai l and a thermostat controlled heater was 
placed inside the freezer to control the temperature at about 20Qe. The ambient temperature for the 
thawing trial was low for the first 22 hours of Trial PH -5 because of a lack of air circulation i n  the 

room. A pedestal fan was then placed in the room facing towards front wal l to enhance the mix ing 

of air in the room. 

The directions of air flow in the freezer during freezing and thawing of the half pallet is given i n  
Figure 7.7. During freezing trials the fan del ivered air across the top of the pallet where i t  flowed 
down the back and recycled around the pallet at lower levels. This resulted in sl ightly cooler 
ambient temperatures at the top and rear of the pallet stack. During thawing the pedestal fan 
resulted in more circulation around the pallet with air travel ing from the top of the pallet to the back 
and sides. 

Trial 3 (pe - 3, PH - 3) was performed by stretch wrapping a half pallet which had under gone 
several freeze and thaw cycles creating bulginess and reducing the height of the pallet due to 
s lumping. The approximate outer dimensions of the half pallet were ( 1 1 82 x 820) x 738 mm. The 
bulging of the blocks partial l y  fi l led the (30-40 mm) gaps that were initially between the adjacent 
cartons. Thi s  was to be expected considering the appreciable periods of time the butter was at 1 0Qe 
or higher where the SFC of the milkfat i s  reduced to about 50-60% and the butter was softer. 

The set up of Trial 4 (PC - 4, PH - 4) was the same as for Trial 3 but without any gaps between the 
blocks. By stacking the pallet with freshly manufactured butter and without stretch wrap it was 
expected that air gaps would be present through out the pallet and therefore faster heat transfer 
would result due to the potential for internal air flows. However in thi s  trial the blocks were placed 

as tight as possible with hand stacking. The Trial 4 half pallet was set up on the top of the Trial 5 
half pallet trial to save space and freezing and thawing resources. The thermocouples were placed in 
the same location as in Trial 3 .  The approximate outer dimensions of the half pallet without the 
polystyrene sheet were ( 1 1 54mm x 840mm) x 8 1 0 mm. After freezing, the half pallet was kept at -
2 1  QC for 5 weeks prior to thawing to achieve uniform initial conditions. 

Trial 5 was carried out to present the most extreme scenario likely to be experienced in industrial 
practice, with large potential for internal air flow through the pal let and subsequently faster heat 

transfer rates .  For Trial 5 the cartons in all three layers were placed with gaps of 30-40 mm between 
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them to allow air flow between the cartons. The approximate outer dimensions of the cartons were 
(385 x 280) x250 mm. The effective outer dimensions of the pal let were ( 1 1 54 x 840) x 8 1 0  mm. 

(a) - Layer I & 3 

(c ) 
t'olystyrene 

i 
8 7 6 

1'0 ystyrene 

5 

(b) - Layer 2 

DODO 
DODO 

1l-8 13-7 13-6 13-5 

Figure 7.4: Plan views ((a) and (b)) andfront elevation (c) of half pallet trails (Trials 3-5) 
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(c) (d) 
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Figure 7. 7: Direction of air flows in the experimental room (a): Plan view (freezing) 

(b): Plan view (thawing) (c): Elevation (freezing) (d): Elevation (thawing) 

7.3 Experimental Results 

wall 

This section summarises the experimental results for thawing and freezing of half and fu l l  pal lets of 

butter. The detai led data for each thermocouple in the half and ful l  pallets is given in the 

accompanying CD (Appendix AS.3) .  

7.3.1 Trial 1 - Wrapped Full Pallet 

(a) Freezing (PC - 1 )  

Figure 7 .8  shows the measured data for the freezing of  the wrapped ful l  pallet trial. Figure 7 .8(a) 

gives the data for the six external faces of the pal let which were found to be quite uniform. The 

temperature of the bottom surface was a little higher due to sl ightly less air circulation through the 

base of the pal let. The temperature of the top surface was very slow to change compared to any 

other face due to the position of the data logger on the top of the pal let effecti vely insu lating the 

pallet surface from the ambient conditions. 
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Figure 7.8: Experimental temperature profiles measured for trial PC - 1 

(a) pallet faces (b) across the pallet diagonal from bottom LHS front corner to top RHS back 

corner - positions in mm indicated are relative to bottom LHS of pallet as in Figure 7. 1 

(c) across layer 4 

Figure 7 .8(b) gives the general trend of the heat transfer through the diagonal of the pal let. Heat 

transfer was quite symmetrical through the pal let. The measured positions in layers I & 7 had 

similar temperature profi les at the positions in layers 2 & 6 and in  layers 3 & 5. The middle layer 4 

had the slowest freezing position. The release of latent heat was either very slow or incomplete. 

Only the recorded positions on layers 2 & 6 showed evidence of release of latent heat after 600 

hours and a sl ight raise in the temperature. The experiment was stopped after 675 hours due to the 

cost and time involved in conducting the trials. 

Figure 7.8 (c) shows the temperature profi les throughout the middle layer ( layer 4) of the pal let. 

Four positions ( 1 6, 1 8, 1 9, and 2 1 )  near the centre of the pallet had the simi lar temperature profi les. 

Thus the physical centre of the pallet was found to be the thermal centre of the pallet and the s low 

heat transfer from the top and bottom surfaces of the pal let did not significantly influence the pallet 

centre temperature. 

From Figure7.8 (c) it is also c lear that the heat transfer in the pal let is by conduction only. Positions 

1 6  & 1 7  (inside the butter in block 30) were nearly at the same positions from the front and back 
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surfaces of the pal let as positions 24 & 25 but in the channel between the B locks 26 & 27. There 

was l ittle difference between the temperatures of each of the pairs i ndicating an absence of air 

c irculation in these air gaps. 

The top to bottom symmetry can also be observed from Figure 7 .9, which gives the temperature 

profile of the centre of the butter b locks from top to bottom of the pal let. The temperature profi le of 

the positions in the centres of the boxes i n  layer 3, 4, and 5 were exactly the same and were the 

s lowest, showing there is negligible heat transfer from top to bottom in the pal let. The blocks at 

layers 2 & 6 cooled at the same rate at the beginning but then the b lock in layer 6 remained higher 

as did the block in  layer 7. This was due to the slow rate of heat transfer from the top due to the data 

logger box. 

1 5  
-- Layer 1 (block 6)  
-- Layer 2 (block 1 4) 

1 0  -- Layer 3 (b lock 22) 
----
u -- Layer 4 ( block 30) 

0 

Q) 5 
.... 
:::J 
ro 
a> a. 0 
E 

-- Layer 5 (b lock 38) 
-- Layer 6 (b lock 46) 
-- Layer 7 (b lock 54) 

Q) I-
-5 

-1 0 
0 1 00 200 300 400 500 600 

T i me (Hours)  

Figure 7.9: Experimental temperature profiles measured for trial PC - 1  at centre of the 

blocks (one on each layer) from top to bottom of the pallet 

(b) Thawing (PH - 1 ) 

Figure 7 . 1 0  shows the temperature profi les for the pallet undergoing  heating. The surface 

temperatures of all four vertical sides were quite consistent whereas the heat transfer through the 

top and bottom was found to be slow as was observed in freezing trial. To try and prevent this data 

7- 1 4  



logger box was placed on two wooden blocks to allow air flow over the top surface of the pallet, but 
in spite of this the air flows were lower compared to the sides of the pal let. 

In Figure 7 . 1 O(b) for the temperature profiles of the positions on the diagonal down through the 
pallet, Layer 4 was again the slowest thawing position. The corners of layers 1 & 7 showed 
identical temperatures slightly higher than the ambient after about 400 hours indicating some 
variabil i ty in the air circulation around the pallet. The measured positions on layers 2 & 7 thawed 
quite consistently to about 4°C but then layer 7 thawed faster than layer 2. The same pattern was 
observed on layers 3 and S .  

A clear latent heat plateau can be seen in the thawing as the butter was kept i n  the freezer for long 
enough to freeze all the water in the butter before starting the experiment. The thawing of posi t ions 
on layers 6 & 7 were faster than those on layers 2 & 3 showing that the heat transfer through the 
upper half and lower half of the pal let was not symmetrical. This was l ikely to be due to better air 
flow over the top of the pal let than at the ground level through the pallet base. 

Figure 7 . 1 0  (c) shows the temperature profile measured through the middle layer of the pallet. 
Positions 1 8  & 1 9  on layer 4 were the slowest changing temperatures recorded in the pallet. 
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Figure 7. 10: Experimental temperature profiles measured for trial PH - 1  

(a). pallet faces (b). across the pallet diagonal from bottom LHS front corner to top RHS back 

corner - positions in mm indicated are relative to bottom LHS of pallet as in Figure 7. 1 

(c). across layer 4 
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Figure 7. 11 :  Experimental temperature profiles measured for trial PH - 1  at  the centres of 

the blocks (one on each layer)from top to bottom of the pallet 

Figure 7 . 1 1  shows the temperature profi le of the centre of seven blocks (one in  each layer) at the 

back of the pallet. The centre of the blocks on layer 2 ,  4 & 5 showed the same temperature profi le  

and the centre of the B lock 22 on layer 3 was found to be the slowest. This analysis confi rmed that 

the upper half of the pallet heated sl ightly faster than the lower half. 

As seen in Figure 7 .2  the pal let base was also wrapped thereby preventing air flow through it. This 

would provide a good barrier to heat transfer as air cannot flow directly onto bottom face of the 

butter blocks on the bottom layer. 

Overall the freezing and thawing of wrapped pallet shows that the heat transfer in pallet was 

conduction dominated. The geometric centre of the pallet was found to be the thermal centre of the 

pallet. 

7.3.2 Trial 2 - Unwrapped Full Pallet 

(a) Freezing - (PC - 2) 

Figure 7 . 1 2  shows the recorded temperature profi les for cooling of the unwrapped ful l  pallet. The 

ambient temperature on all sides of the pallet was very uniform except the bottom. Figure 7. 1 2(a) 

shows that the temperature of the centre of the pallet faces foI lowed the same trends as were 

observed in Trial I (PC - I ) . 
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Figure 7. 12: Experimental temperature profiles measured/or trial PC - 2 

(a). pallet faces (b). across the pallet diagonal from bottom LHS front corner to top RHS back 

corner - positions in mm indicated are relative to bottom LHS of pallet as in Figure 7. 1 

(c). across layer 4 

Figure 7 . 1 2(b) shows the temperature profile on the diagonal of the pal let . Unlike the trends 

observed in Trial I ,  the cooling profiles were not vertically symmetrical .  Layers 3 & 5 were 

different, layers 2 & 6 were different, although layers I & 7 were found to be reasonably similar. 

Although the heat transfer throughout the pallet was not uniform, the slowest position was on the 

layer 4. The fact that similar rates of heat transfer over the top and bottom surfaces did not result in 

symmetry of heat transfer in the vertical direction suggests the possibi l i ty of i rregular air flow 

internal to the pallet. 

Figure 7 . 1 2(c) showed that the slowest freezing point was near position 1 6  (the diagonal position in  

layer 4 ) .  This shows that the most of the heat transfer was from the external face. The temperature 

profi le at position 20 and the surface shows the heat transfer resistance due to the packaging. A 

simi lar but a smal ler temperature difference can be seen between positions 1 8  & 2 1 .  A l l  these 

factors showed that the heat transfer in the pal let was affected by the air flows in the gaps between 

adjacent blocks. 
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Figure 7 . 1 3  shows the temperature profi le of the centre of all the blocks on the back side of the 

pallet. B lock 6 on layer 1 was the fastest to cool due to heat conduction from two sides of the block 

being exposed to ambient. Although block 54 in layer 7 also had two faces exposed to ambient, it 

was found to change much slower than layer I .  This could be due to the data logger box which 

could have partially blocked the heat transfer from some part of the top face. The blocks on layers 

4, 5, & 6 had very simil ar temperature profi les. The blocks in layers 2 & 3 were found to cool 

slightly faster than other three which could be due to different sized air gaps around these blocks. 
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Figure 7. 13: Experimental temperature profiles measured for trial PC - 2 at centers of the 

blocks (one on each layer ) from top to bottom of the pallet 

A comparison of slowest freezing position in the wrapped and unwrapped pallets is g iven in  Figure 

7 . 1 4  with the average ambient temperatures of both trials. By unwrapping the pal let, the freezing 

rates were accelerated as expected, although some of these differences were due to the differences 

in the ambient conditions. It took about 1 60 hours longer to reach to _5°C for the wrapped pallet 

even though the freezer conditions were within 2-3°e of those for the unwrapped trial. 

The unwrapped trial was monitored for long enough to observe any slow release of latent heat and 

rebound in the temperature due to freezi ng. Even after 700 hours at about - I Ooe, the temperature of 

the slowest freezing position in the pallet remained higher than the ambient suggested that the latent 

was heat released very slowly over a long period of time and no significant rebound i n  temperature 

was observed. 

7-20 



6 <L-
a.> 
'-� 
co 

'-a.> a. 
E a.> 
I-

1 5 .---�----�----�----�---------------. 

-- Wrapped 
1 0  

. . . . . . . . . . . .  Unwrapped 

5 

o 
.' ..... Cent� 

-5 

- 1 5 L---�----�----�--�-----L----�--� 
o 1 00 200 300 400 500 600 700 

Time (Hours) 

Figure 7. 14: Comparison of the slowest cooling position (16) in the wrapped (PC - 1) and 

unwrapped (PC - 2) full pallet trials 

Summarizing the freezing for the unwrapped ful l  pallet trial i t  can be concluded that due to the 

shifti ng of the pallet with forkJ ifts, the air gaps between the blocks were not consistent. The least air 

gaps were present in layer 4 where the whole layer was strapped with the plastic band to maintain 

the dimensions of the layer thus avoided any increase in the air gaps. Despite this the centre of the 

pallet was not the slowest cooling point, i ndicating that some air flow through the pallet did occur. 

The presence of these air gaps and subsequent i nternal air flow had a dramatic effect on the rate of 

heat transfer in the pallet. 

(b) Thawing (PH - 2) 

Figure 7 . 1 5  shows the measured temperature profile through the unwrapped ful l  pallet during 

thawing. As in  the previous experiments the ambient temperature on all sides of the butter pallet 

was found to be uniform except the bottom of the pallet which was found a little lower than the 

other faces. To compare the rate of heat transfer on different sides of the Block 3 1  all the posi tions 

on the faces of the block along with an average ambient temperature is given in Figure 7 .  1 5(a). 

Overall the two side faces had slower heat transfer than the i nner and outer faces of B lock 3 1 .  There 

was some heat transfer from B lock 32 towards B lock 30. There must have been significant airflow 

through the centre of the pal let for the inner face to heat more quickly than faces nearer the outside 

of the pallet. 
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These uneven rates of heat transfer affected the temperatures at the positions i nside the Block 3 1  as 
shown in Figure 7 . 1 S(b). Position 1 5  (centre of the block) and position 1 1  (towards B lock 30) were 
the slowest heating points, which shows that the block was heating from the side towards the B lock 
32 and there was negligible heat transfer from the side towards the block 30. The block also 
received some heating from the inner face towards its centre; most probably d ue to air flows 
occurring through the pallet. 
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Figure 7. 15: Experimental temperature profile measured for trial PC - 2 

(a). centre of all thefaces of the Block 31 (b): positions inside the Block 31 
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Figure 7 . 1 6  shows the temperature profiles of all the faces on B lock 38. There is l i ttle evidence of 

air flow between B locks 38 and 37.  Some air flow is evident between B locks 38 and 39 resulting  i n  

that face heating u p  faster. There was significant air flow occurring along the inner face .  Although 

the blocks were tightly packed vertically, some heat transfer can be seen from the top and bottom 

faces. Overall the temperature profiles of the faces demonstrate uneven heat transfer rates which 

subsequently affected the rate of heati ng of the butter blocks. 
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Figure 7. 16: Experimental temperature profiles measured for trial PH - 2 at the centre of all the 

faces of the Block 38 

Figure 7 . 1 7  shows the temperature profi le of al l the positions inside B lock 38, which is placed 

between blocks 37 and 38. Most of the heat transfer was from the face exposed to ambient resulti ng 

in  position 5 heating up most quickly. There was symmetry along the diagonal of the block where 

position 3 1  and 1 8  showed the same temperature except in the phase change region. Position 1 7  was 

at the same distance from the inner face as position 5 was from the internal face. The fact this was 

lower than the pal let centre shows that there was some heat transferring through the i nner face as 

wel l .  Position 1 9  which was 50 mm in from the top also heated up very slowly showing that there 

was much less heat transfer from top to bottom as was observed in B l ock 3 1 .  
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Figure 7. 1 7: Experimental temperature profiles measured for trial PH - 2 at positions inside 

the Block 38 
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Figure 7. 18: Comparison of thawing of wrapped (PH - 1) and unwrapped (PH - 2)in the full 

pallet trials 

A comparison of the wrapped and unwrapped ful l  pal let thawing is  gi ven in  Figure 7. 1 8 . The 

measured slowest heating points in each configuration (position 1 6  in B lock 30 for the wrapped trial 

and position 1 1  in B l ock 3 1  for the unwrapped trial) were compared. There were some differences 
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in the initial and ambient conditions, but as expected the wrapped trial took much longer to thaw as 

compared with the unwrapped trial, clearly demonstrating the impact of air flow through the pallet 

on the overall rates of heat transfer. 

7.3.3 Trial 3 - Wrapped Loosely Stacked Half Pallet 

(a) Freezing (PC - 3) 

Figure 7. 1 9  shows the temperature profi les for the external surfaces and at the centres of various 

blocks. Heat transfer rates through the surfaces were uneven. The B l ock 8 corner cooled faster 

compared to the Block I corner. From Figure 7. 1 9(b) two clear groups of profi les are evident, 

consisting of outer and inner blocks showing that heat transfer occurred through the pal let by 

conduction. Blocks 3 and 4 were the slowest cooling blocks showing that the rate of heat transfer to 

this corner of the pallet was slowest. There was no difference in the rates of cool ing for B locks 6 & 

7 and simi larly the rate of cooling in B locks I & 5 was found to be simi lar. The pallet' s  inner block 

temperatures (except Block 2) showed some temperature rebound due to the release of latent heat 

but the corner blocks showed no significant rebound. 
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Figure 7. 19: Experimental temperature profiles measured for trial PC - 3 

(a). Temperature profile at the centre of the faces exposed to ambient 

(b). Temperature profile at the centre of each block 

Figure 7 .20 shows a snapshot of the temperature in the middle layer of the pallet at the surfaces of 

the butter blocks and in the air channels between the adjacent blocks of butter. There was up to 

S .3°C variations in the ambient temperature around the four sides of the paJlet. At the front and the 

right hand side (towards the wall )  of the pallet the temperature was hi gher than at the back and left 

hand side (towards the door). The difference was due to the direction of the air flowing in the 

freezer (Figure 7.7).  [f there was significant ai r flow between blocks then significant differences 

between temperatures in the air gaps and the adjacent block surfaces would be expected. Figure 

7.20 clearly shows the consistent trend of increasing temperature towards the centre of the pal let 

and smal l differences between air gaps and adjacent butter surfaces temperatures. This behavior i s  

consistent with heat transfer by conduction within the pal let, and there i s  no evidence of  internal air 

c irculation within the pallet. 
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Figure 7.20: Temperature readings (between the blocks and corresponding butter surfaces) 

after 50 hours in Trial PC - 3 

A further comparison of blocks I and 8 and 2 and 7 was made to see if there was any symmetry 

through the pallet. Figure 7.2 1 shows the temperature profi le at the internal positions of Blocks I 

and 8. Although the heat transfer through the faces of the pallet was not uniform, there was l ittle 

temperature difference at positions 1 0  and 40 and between positions 9 and 4 1 .  Simi larly Fi gure 7.2 1 

(b) shows that there were not large differences in the temperature at the positions 1 8  and 32 but 

position 1 9  was found to cool slower than at position 3 1 .  Only at position 32 was some rebound i n  

the temperature observed. All other position showed very l ittle or no rebound i n  the temperature but 

did flatten out above the ambient temperature indicating s low freezing. 
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Figure 7.21: Experimental temperature profiles measured for the wrapped loosely stacked half 

pallet trial (PC - 3) 

(a) Comparison of block 1 & 8 (b) Comparison of block 2 & 7 
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Figure 7.22: Experimental temperature profiles measured for the wrapped loosely stacked half 

pallet trial (PC - 3) 

(a): Temperature profiles of the slowestJreezing position along with the other positions 

around the centre of the half pallet. 

(b): Schematic diagram of the centre of the pallet. 
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The s lowest cooling point was near the geometric centre of the pallet as shown in Figure 7.22. 

Position 36 was found to cool the slowest but only sl ightly slower than the other central positions 

(27, 29 and 25). 

(b) Thawing (PH - 3) 

Figure 7-23(a) shows the temperature profiles at the centre of the external faces of Blocks 1 , 2 7  and 

8. The data i s  missing for about 4 1  hours due to a technical problem with the data logger but it i s  

c lear that the rate of  heat transfer through all the faces was not same. Figure 23(b) gives the 

temperature profiles at the centres of each block and the ambient temperature around the four sides 

of the pallet. B locks I and 8 had lower initial temperature than the other blocks. The centres of 

these blocks heated at different rates. Figure 7 .24 shows the temperatures after 50 hours throughout 

the mjddle layer of the pallet. The front left hand side heated faster fol lowed by the back of the 

pallet, then the right hand side. This was due to the placement of the fan heater in  front of B locks I 

and 2 and pedestal fan blowing air around the room. No significant temperature differences were 

found between air gaps and their adjacent butter surfaces except for between B locks I and 2 where 

there were large differences near the external face. Overall the air flow within the pallet was 

i nsignificant and it appears that the heat transfer is by conduction only. 
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Figure 7.23 Experimental temperature profiles measured for trial PH - 3 

(a). Temperature profile at the centre of the faces exposed to ambient 

(b). Temperature profile at the centre of each block 
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Figure 7.24: Temperature readings (between the blocks and corresponding butter surfaces) 

after 50 hours in Trial PH - 3 
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Figure 7.25: Experimental temperature profiles measured for the wrapped loosely stacked half 

pallet trial (PH - 3) 

(a) Comparison of block 1 &8 (b) Comparison of block 2 & 7 

A further comparison between Blocks I and 8 and between Blocks 2 and 7 is shown in Figure 7 .25 . 
These plots confirmed that there was inconsistency in the initial temperatures inside the blocks and 
therefore frozen water contents in the butter blocks may not be have been the same. Due to uneven 
heat transfer rates from the external faces, B lock I heated up slighter quicker than Block 8 and 
Block 7 heated up quicker than Block 2. Despite these differences the physical centre of the pallets 
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(positions 36 and 27) was found to be the slowest thawing point in the wrapped loose stacked half 
pallet trial as shown in Figure 7 .26. 
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Figure 7.26: Experimental temperature profile measured for the slowest thawing position 

along with other positions around the centre of the half pallet (PH - 3) 

7.3.4 Trial 4 - Unwrapped Tightly Stacked Half Pallet 

(a) Freezing (PC - 4) 

Figure 7.27(a) shows that the rate of heat transfer across the faces 1 1  and 42 and 1 2  and 22 was 
very uniform. There was also a temperature difference in the ambient conditions. The door side of 
the pallet and the surface temperatures on that side of Blocks I and 8 was found to be higher than 
the other surfaces showing a very l itt le air flow on that side of the pallet. 

Figure 7.27(b) shows the temperature profi les at the centre of each block. Two clear bands of 
temperatures can be seen. One band consists of the corner blocks I ,  4, 5 and 8 that cooled down 
quickly compared to the other band consisting of inner blocks 2, 3 and 7. All these positions 
showed a smal l rebound in the temperature due to the release of latent heat. The temperature 
profi les at posit ions I and 4, 2 and 3 and 5 and 8 were quite uniform indicating symmetry across the 
pallet. 
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Figure 7.27: Experimental temperature profiles measured for Trial PC - 4 

(a). Temperature profile at the centre of each block along with the average ambient 

temperature on four sides of the half pallet 

(b). Temperature profile for the centres of all the blocks 

Figure 7 .28 shows the temperature at the surfaces and the air gaps between the blocks across the 

middle layer of the pallet, 50 hours after the start of the experiment. It was quite clear from the 

temperature readings that there were small temperature gradients between the air gaps and the 
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surfaces of the blocks near the external faces of the pallet. Since al l the blocks were packed quite 

close so there was a possibi l i ty that the thermocouples positioned i n  between the indi vidual blocks 

were touching the opposite blocks . The heat transfer through each b lock appeared to be 

predomi nated by conduction from all the faces exposed to ambient. Reasonably large air penetration 

appears to occur at the outward ends of the air gaps between the B l ocks I and 2 and between B locks 

I and 8. Smal ler ai r penetration is evident at the outside ends of the ai r gaps between B locks 2 and 3 

and between Blocks 6 and 7. No air flow is evident further inside the pallet interior. The directions 

of the ai r circu lation in between the indi vidual blocks are shown in Figure 7.28.  The thermal centre 

of the pal let seemed to be near the geometric centre of the pallet, indicating that heat transfer is 

pallet based, where heat transfer occurs primari ly  by conduction from the outside of the pallet 

inwards, but with some contri bution by convection due to ai r flow penetration in the outer regions 

of the pal let only. 
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Figure 7.28: Temperature readings (between the blocks and corresponding butter surfaces) 

after 50 hours for Trial PC - 4 
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Figure 7.29 shows the comparison between blocks 1 , 2, 7 and 8. Figure 7.29(a) shows that the 

temperature profiles at position 1 0  and 40 and 9 and 4 1  are quite different due to the effect of the 

different ambient temperatures on different sides of the pallet. In Blocks 2 and 7, the outer posi tions 

1 9  and 3 1  were affected by the ambient conditions but there was l i ttle difference at positions more 

central to the pal let ( 1 8  and 32) as sown in Figure 7.29(b). 
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Figure 7.29: Experimental temperature profiles measured for the unwrapped half pallet trial 

(PC - 4) 

(a) Comparison of block 1 and 8 (b) Comparison of block 2 and 7 
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At the centre of the pallet (Figure 7.30 ) the temperature at positions 24, 25, 27, 29, 36 and 37 are 

nearly identical and are the slowest freezing point of the pallet (thermal centre) of the pal let. Overall 

position 37 was the slowest moving position which also consistent with the rate of heat transfer 

through the front of the pallet (fan side) being slightly faster than from the back (wall side) of the 

pallet. 
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Figure 7.30: Experimental temperature profiles measured for the slowestfreezing position 

along with other positions around the centre of the half pallet (PC - 4) 

A comparison of the slowest freezing point between trials PC - 3 and PC - 4 under the same 

ambient and ini tial condition showed Trial PC - 3 took about 240 hours longer to reach -22°C. The 

difference in the temperature rebound due to ice crystal lisation was about 1 90 hours although in 

both the freezing trials the maximum rebound in  temperatures were found to be at about _ 1 6°C. It 

should be noted that the pallet dimensions in  Trial PC - 3 were much larger than in Trial PC - 4. It 

appears that the additional air internal to the pallet acts as additional resistance to heat transfer 

thereby further slowing heat transfer rates whereas some convection in the air gaps towards the 

outside of the pallets accelerated the heat rate of heat transfer in Trial PC - 4. The net effect of the 

convection is a s lightly faster overall heat transfer rate for the Trial 4 configuration. 

(b) Thawing (PT - 4): 

Figure 7.3 1 (a) shows the surface temperatures of the blocks exposed to the ambient. Heat transfer 

from al l the sides were not uniform as was observed in the previous half pal let experiments. Figure 

7 .3 1 (b) shows the temperature profi les of the centre of all the butter blocks. Overall two clear 

groups can be seen as were observed in the freezing of this configuration . The temperature profi les 
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of positions 2 and 7, 4 and S and 3 and 6 were simi lar showing symmetry across the pallet. The pair 

of positions 2 and 7 heated up slightly faster than the other pair but overall there was l i ttle 

temperatures difference in the four positions. Posi tion I heated up faster than position 8 but the 

di fference was less than SOC and probably due to the slightly lower ambient temperature on the two 

sides that B l ock 8 was exposed to. 
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Figure 7.31:Experimental temperature profiles measuredfor Trial PH - 4 

(a): Centre of all the faces exposed to ambient (the position 12 on block 1 is missing) 

(b): Centres of all the blocks in the middle layer 
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Figure 7.32 shows the temperatures of the positions monitored at the surface and in the air channels 

between the adjacent blocks. The overall trend was nearly the same as was found in the freezing of 

this pallet. 

The ambient temperature at the front and the right hand side ( towards the door) of the pallet was 

higher than the other two sides. The geometric centre of the pallet was found to be the thermal 

centre of the pallet. Large temperature gradients were found along the channel s  between the 

adjacent blocks as for the freezing trial. The temperature at any point in between the carton gap and 

those of the butter surfaces adjacent to it were virtually the same, consistent with no significant air 

flow passing through the pallet except for gaps toward the outside of the pallet. 
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Figure 7.32: Temperature readings (between the blocks and corresponding butter 

surfaces) after 50 hours for Trial PH - 4 
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Figure 7.33: Experimental temperature profiles measured for Trial PH - 4 

(a) Comparison of Blocks 1 & 8 (b) Comparison of Blocks 2 & 7 

Figure 7.33 (a) & (b) compares the heating of Blocks I and 8 and Blocks 2 and 7 respectively. 

Si nce the heat transfer through around the pallet was not uniform, the rates of heating of B locks I 

and 8 were different. Although the heat transfer to the faces exposed to ambient for B locks 2 and 7 

was found to be up to 1 °C different this did not cause differences in the temperatures at positions 

the same distances from the surface in Blocks 2 and 7 as shown in Figure 7.33(b) 
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The slowest thawing points were found to be at position 27 and 36 which were around the centre of 

the half pallet as observed in  the freezing experiment for of this trial (pe - 4). 
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Figure 7.34: Experimental temperature profiles measured for the slowest thawing position 

along with the other position around the centre of the halfpallet Trial PH - 4. 

A comparison of trials PH - 3 and PH - 4 for the slowest thawing point showed that trial PH - 3 

took more than 300 hours to reach l ooe from -20oe as compared to 1 80 hours taken by PH - 4 with 

less than 3°e difference in ambient temperatures. 

Overall ,  in Trial 3 heat transfer was through conduction only whereas in Trial 4 it was dominated by 

conduction but some convection on the outer regions of the pallet was also evident. 

7.3.5 Trial 5 - Unwrapped Loose Stacked Half Pallet 

(a) Freezing (PC - Sa) 

Figure 7 .35 gives the temperature profiles for the centre of al l the blocks during cool ing of the 

pallet. The centre of B lock 7, supercooled very quickly and the temperature stayed higher than the 

ambient for a long period of time suggesting slow freezing but no significant rebound in the 

temperature was observed. The centre of the blocks 3 and 4 cooled down together and were the 

slowest as anticipated by the directions of air flows around the pallet (Figure 7.7).  The release of 

latent heat in block 3 was observed earlier than that observed in block 4. The central positions of 
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blocks 1 ,  2, 5 ,  6, and 8 cooled down almost together but the rebound i n  the temperature occurred at 

different times. The differences in crystal l isation times (where rebound occurs) could be due to the 

stochastic nature of the crystall isation process as found in the individual block trials or due to 

different rates of heat transfer removing the latent heat within the blocks. 
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Figure 7.35: Experimental temperature profiles measured for the half pallet loosely stacked trial 

PC - 5 at the centre of all the blocks along with the ambient temperature on four sides of the half 

Figure 7.36 shows the temperature profile for the all surfaces of blocks 1 , 2, 7 and 8. The more 

internal surfaces cooled slower than the others. The heat transfer through the surfaces into blocks 

was quite uniform although there are a few points where regions are cooling very slowly (e.g. 2 1 ). 

This was probably due to two blocks bulging together and the thermocouple position not directly 

interacting with the air. Also there are points where heat transfer was found to be quite rapid 

(e.g. 1 7). 
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Figure 7.36: Experimental temperature profile measured for the positions at the surfaces of the 
blocks (PC - Sa) 

(a) Block 1 (b) Block 2 (c) Block 8 (d) Block 7 

Figure 7.37gives the temperature profi les for the middle layer of the trial, SO hours after starting the 

experiment. All the recorded temperatures (position 60 was not recorded due to the thermocouple 

malfunction) in the air spaces between cartons were much lower than the adjacent carton surfaces, 

even in the centre of the pallet. This can only be due to significant air flow occurring through the 

pallet. By fol lowing the temperature changes with position through the flow channels it was 

possible to estimate the directions of air flow through the pallet. These are included in Figure 7.5 as 

arrows which trace the steady increase in air temperature as it flows through the pallet and is heated 

by the cartons. A simple heat balance (see Appendix AS.4) for the air flows in the channels between 

B locks 1 and 2, Blocks I and 8 and B locks 7 & 8 gave estimation of the velocities of air as 0.5 ms- I , 

0 . 1 8  ms· 1 and 0.23 ms· 1 respectively. 
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Figure 7.37: Temperature readings (between the blocks and corresponding butter surfaces) 

after50 hour for Trial PC - 50 

Figure 7_38 gi ves the temperature profi le within blocks I ,  2, 7 and 8 along with the average ambient 
temperature. There is more conduction occurring from the sides of the blocks exposed to ambient. 
This resul ted in position 1 0  and 40 cooling more quickly than positions 9 and 4 1  respecti vely. 
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Figure 7.38: Experimental temperature profile measured for trial PC - Sa at the positions inside 
the blocks along with the average ambient temperature. 

(a) Block 1 (b) Block 2 (c) Block 8 (d) Block 7 

The central temperatures of the corner blocks ( 1 ,  8 and 5 )  were almost the same until the nucleation 

event started. The centre of block 4 was cooled slightly slower than the others. Similarly there was 

l i ttle difference in the central temperatures of the four inner blocks before the start of the nucleation 

process. Moreover the maximum time difference in the rebound position for the centre of the blocks 

was smaller (about 1 0  hours) than that observed in the si ngle block trials (UBC- I and UBC-2 about 

20 hours) in Chapter 4 performed under the uniform initial and ambient condi tions. 

Overal l there were no real evidence to support the difference in  rebound position and magnitude 

being a result of differences in heat transfer rates between the cartons. Therefore most l ikely the 

difference in  rebound time was due to the stochastic nature of the crystal l isation process. 

Overal l heat t ransfer into each carton was much more independent of other blocks, due to the 

different local air gap temperatures (due to the direction of the air flow through the pallet) around 

each block of butter. Because of the air flows through the pal let, the temperature distribution within 

block is not uniform and the centre is not necessari ly  the slowest cooling point. 

(b) Thawing (PH - 5) 

Figure 7.39 shows the temperature profile at the centres of all the butter cartons  together with the 

ambient temperatures. As observed in the freezing trial (PC - 5) the blocks thawed in  response to 

the air flow through the pallet rather than as a bulk mass of product. B lock 3 was the slowest 

thawing block and block 5 was the fastest which was consistent with the overa l l  airflow from the 
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back of the room and through the pal let. The temperatures at positions I and 8 and positions 2 and 4 

were nearly identical showing symmetry across the pal let. 
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Figure 7.39: Experimental temperature profiles measured at the centre of each block along 

with the ambient temperature on four sides of the halfpallet (PH - 5) 
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Figure 7.40: Experimental temperature profiles measured for trial PH - 5 at the surfaces of the 
blocks 

(a) Block (b) Block 2 (c) Block 8 (d) Block 7 

Figure 7 .40 shows the temperature profile of all the surfaces temperatures in block 1 , 2, 7, and 8_ 

Large differences in  the surface temperatures can be seen which confinn the uneven heating of the 

blocks. Surfaces more internal to the pal let heated the most slowly. 
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Figure 7.41: Temperature readings (between the blocks and corresponding butter surfaces) 

after 50 hours for Trial PH - 5 
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Figure 7.4 1 shows the temperatures throughout the middle layer of the pallet (PH - 5), 50 hours 

after the start of the experiment. As for freezing the air temperatures within the pallet were 

consistently higher than the temperature of the adjacent butter surfaces suggesting there was 

significant air flow in the gaps between cartons. The arrows show the direction of the air flowing  

through the pal let inferred from the direction of  temperature decrease of  the air as i t  travels through 

the pallet. Most of the air flowed through the gap between block I and 8. Some of the air flowed 

straight through the gap between cartons 2 and 7, and some flowed between cartons I and 2. A flow 

of air between cartons 7 and 8 and cartons 6 and 7 was also evident, although this was reduced 

because bulging of the cartons partial l y  blocked the passage of air through this region of the pallet. 

There was no evidence of air flow through the gap between cartons 2 and 3 as the air temperature 

was intermediate between the temperatures of the butter surfaces on either side of the gap. The 

velocities between B locks I and 2, B locks I and 8 and Blocks 7 and 8 were found to be 0.058 rns· ) , 

0.06 ms· ) and 0.0 1 6  ms· ) respectively using a simple energy balance of the air flowing in the gaps 

(see Appendix A5.4). 

Figure 7.42 shows the temperature profile of cartons I ,  2, 7 and 8. The rate of heat transfer from 

external surfaces was faster than internal block surfaces due to the extra resistance related to air 

flow from the outside to the i nside of the pal let. 
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Figure 7.42: Experimental temperature profiles measured for trial PC - 5 inside the blocks along 
with the average ambient temperature. 

(a) Block 1 (b) Block 2 (c) Block 8 (d) Block 7 

It is c lear from trials PC -Sa and PH - 5 that airflow in unwrapped pallets can be very important to 

the overall heat transfer rates during freezing and thawing. Model l ing the pallet thawing behaviour 

must consider this phenomenon where air flow results i n  more individual block heat transfer 

behaviour, but the rates of heat transfer over each surface depends on the position of the block 

within the pal let. 

The freezing run was repeated after the end of the thawing run (PC - 5b). Although the gaps in  

between the blocks were partially fi l led due to  the bulging of  the blocks resulting from repeated 

heating and cooling of the pal let similar trends were observed as i n  the freezing of Trial I (PC - Sa). 

A comparison of the slowest freezing point (position 3) in  both the runs is  given in Figure 7 .43. 

PC - Sa had a higher initial temperature and the freezing rebound occurred about 50 hours later than 

for PC - 5b. 
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Figure 7.43: Comparison of the slowest freezing point for both the freezing runs of Trial S 

(PC - Sa and PC - Sb) 

7.4 Conclusions 

Figures 7.44(a) and (b) gi ve a graphical summary of al l the half pal let trials for freezing and 

thawing respectively. It can be seen that the unwrapped loosely stacked pallet (PC - 5, PH - 5 )  gave 

the fastest rate of freezing and thawing. The unwrapped tightly stacked half pallet (PC - 4, PH - 4) 

scenario was the second fastest and the wrapped loosely stacked half pal let trial (PC - 3, PH - 3 )  

was the s lowest. Simi lar observations were found on  the ful l  pallet scale pallet trials (Trials I and 2) 

i n  i ndustrial cool store facil ities. 

In unwrapped pal lets, there is  potential for significant air flow to occur through the pallet, thereby 

i ncreasing heat transfer rates due to convective heat transfer by the air movement. This results in a 

more block based heating or cool ing behaviour (thermal centre towards the centre of the b lock 

rather than the centre of the pallet). If the air gaps are reduced, this can effectively make air flows 

through the pallet i nsignificant thereby moving thawing /freezing behaviour back to a pal let based 

heat transfer behaviour where heat transfer is dominated by conduction and convecti ve heat transfer 

due to air flow through the pal let i s  minor(centre of the pallet is the thermal centre). B y  wrapping 

the pal let, air flow can be effectively blocked but i t  was clear that amount of trapped air inside the 

pallet significant altered the heat transfer rate. In t ightly packed unwrapped pallets an intermediate 

behavior can result where heat transfer in the inner regions of the pallet is by conduction only but 
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some air penetration can occur in the outer regions of the pallet. Prediction of heat transfer i n  a bulk 

pallet situation must consider al l  these factors. 
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CHAPTER S 

MODELING HEAT TRANSFER IN PALLETISED 

BUTTER 

8. 1 Introduction 

This chapter evaluates simple approaches to adapt the thawing/freezing models for individual butter 

blocks developed in Chapters 5 & 6 to a stacked pallet scenario. A pallet of butter is a combination 

of butter, two types of packaging and air. There are many approaches to model freezing and 

thawing in such a system. Computational Fluid Dynamics (CFD) packages allow the actual 

convective and conductive heat transfer in the heterogeneous system to be approximated. However 

this kind of approach is not suitable for industrial use due to the requirement for a large amount of 

system input data and the need for expert personnel to operate the packages. Therefore, a simpler 

mode ling approach is  needed that can use system input data that is easi ly measurable in industrial 

situations e.g. pal let and carton dimensions, manufacturi ng detai ls and ambient storage conditions 

etc. 

Chapter 7 summarised the experimental data col lected for the freezing and thawing of half and full 

pallets of butter. The heat transfer in  a wrapped pal let behaved like a homogenous block of butter 

with the thermal centre being in the geometrical centre of the pallet and no convective heat flow 

within the pal let. This is because the plastic wrap around the pallet prevented air flow through the 

gaps between the butter blocks. In trials on an unwrapped, c losely-stacked, pallet, the heat transfer 

rate was faster than would be expected from conduction only, despite there being no evidence of air 

flow through the pal let. In trials on an unwrapped loosely stacked pallet, the heat transfer rate was 

only sl ightly slower than for a single block of butter, due to a large amount of air flowing through 

the pal let between the blocks. 

Analysis of the wrapped and unwrapped pal let trials showed that different model ing approaches 

were l ikely to be necessary to predict the thawing/freezi ng behaviour in the different scenarios 

depending on the amount of air flow within the pal let. At one extreme, with low internal air flows, 

the heat transfer within the pal let probably needed be mode led as conduction only within a 
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homogenous pal let-sized butter block with effect ive thermal properties set dependent on the amount 
of packaging and entrapped air. At other extreme, with high internal air flows, the pallet probably 
needed to be modeled as individual cartons with uneven heat transfer on each face, depending on 
the position in the pallet and the amount of air flow on each face .  

I n this chapter these different modeling approaches are assessed using the experimental data 
collected the Chapter 7. 

8.2 Modeling Approaches 

It is clear from the experimental data that two key factors influencing the palletized 
thawing/freezing behaviour are: 

• The extent of air flow within the pallet. 
• The amount of trapped air, and packaging within the bulk pallet. 

Two broad approaches were used to model the heat transfer. 

Changing from a fu lly wrapped pallet to one without wrapping which is loosely stacked gives 
i nternal airflow which shifts the heat transfer behaviour from one for which the thermal centre of 
the pallet is the geometric centre of the pallet to one for which the thermal centre is somewhere in 
the butter block that is slowest to change temperature. This suggests that the geometry to be 
modeled in this case should be an indi vidual block with the rate of heat transfer on each face being 
different based on the extent of air flow through the different pathways in the pal let. This approach 
was applied for the following scenarios: the loosely stacked half pal let trials (PH - 5, PC - 5); and 
the unwrapped full pallet trials (PH - 2, PC - 2) as outlined in Chapter 7. 

In the scenarios with trapped air/packaging within the pallet and little internal air f1ow,(conduction 
dominant) trapped air/packaging i ncreases the dimensions of the pal let and also produces additional 
resistance to heat transfer within the pallet. The orientation of the ai r/packaging is either in parallel 
to or in series with the direction of the heat transfer depending on the location within the pallet. A 
simple approach i s to model the whole pallet as one block with effective thermal properties 
dependent on the amount and distlibution of air and packaging in the pallet. This approach is 
applicable to the wrapped full pallet trials (PH - I ,  PC - I ), the wrapped loosely stacked half pallet 
trials (PH - 3, PC - 3) and the unwrapped tightly stacked half pal let tri als ( PH - 4, PC - 4) out lined 
in Chapter 7. In each case, the temperature predictions for either a corner block ( I  or 8) and an 
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i nner block (2 or 7) or the slowest heating/cooling position were compared with the experimental 
data. 

8.2.1 Modeling Heat Transfer in Pallets With No Internal Airflow 

The simplest approach to model heat transfer in pallets with no internal airflow is to assume it to be 
a homogenous block with effective thermal properties using the conduction-only model using 
equil ibrium properties for predicting thawi ng (Equation 5-2 to 5- 1 0) and the conduction-only model 
with the crystal lization model for predict ing freezing (Equation 6. 1 - 6.3), that were developed i n  
Chapters 5 and 6 respecti vely. This model ing approach combines the heat transfer resistances of the 
air, two types of packaging (cardboard and plastic l iner) and the butter based on their respective 
volume and mass fractions to provide effecti ve thermal properties. The thermophysical properties of 
the butter, air and packagi ng components are summarized in Table 8. 1 .  

Component 

Salted B utter 

Lactic Unsal ted Butter 

Corrugated Carton I 

Polyethylene L iner l 

Air2 

I . 2 AS H RAE , Miles el al. ( 1 993) 

Table 8. 1:  Pallet component thermal properties 

A/ = 0.28 

AI/= 0.20 

At = 0.29 

AI/= 0.22 

0.06 1 

0.290 

0.024 

970 

970 

200 

897 

L2 

8.2.1 . 1  Calculation of the Volume o f  Air Gaps 

C 

(kJ kg- I K )  
cI = L7 

Cu =3. 1 

cI = L8 

Cl/ =3.2 

1 . 340 

2 .303 

1 .005 

The volume and masses of the whole pallet, the butter and the packaging were measured. The 
volume fraction of air was calculated from their difference between the values for the whole pallet 
and the sum of the values for the butter and packaging. The air in the outer layer of the packaging 
on all external faces was not incl uded but instead included as a heat transfer resistance in the 
effective heat transfer coefficient. Table 8 .2 gives the volume and mass fractions of all the 
components estimated in this way for the half and ful l  butter pallet experiments. The volume 
fraction of air in the wrapped, closely stacked, ful l pallet was simi lar to that for the unwrapped 
closely stacked half pallet, as expected. The volume fraction of air in the wrapped loosely stacked 
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pallet was nearly double that of the tightly stacked pallets . .  In the wrapped ful l  pal let, the volume 

fraction of cardboard and plastic l i ner was slightly h igher as compared with the two other 

configurations, due to some extra packaging between the pal let layers ( in a seven pal let trial there is 

an average of 1 217= 1 .7 1  layers of top or bottom carton packaging per layer whereas there are 

4/3= 1 .33 layers or top or bottom carton packaging per layer on a three layer half pal let). 

8.2.1 .2 Effective Thermal Conductivity Models 

The effective thermal conductivity of a butter pallet depends on its configuration in terms of the 

location of the packaging and entrapped air, relative to the butter. In Chapter 3 detai l s  of commonly 

used theoretical models to calculate effective thermal conductivity and their application to calculate 

the thermal conducti vity of butter were discussed. The Series and Parallel Models represent two 

effecti ve conductivity extremes. The heterogeneous nature of the pal let i ncludes two types of 

packaging, air and the bulk butter as its principle components. For the series model ,  the components 

are assumed to be thermal ly in series with respect to the direction of heat flow. In the parallel 

model, the components are considered as thermal ly in parallel with respect to the direction of heat 

flow. Obviously neither case is true for the pal let but the approximations may be sufficient for 

model ing purposes. In the middle layers of the pal let there is no significant heat transfer from the 

top to the bottom and the heat conduction occurs horizontal ly from the other four faces so the that 

air gaps and the packaging are predominantly in parallel to the heat transfer di rections. Therefore, 

the Paral lel  Model appears to be the closest approximation to the pal let system. Another model that 

could be used is the Maxwel l  Eucken Model by considering butter as a continuous phase and the air 

and packaging as the dispersed phase. Equations (3-9), (3- 1 0) and (3- 1 2) give the Series, Paralle l  

and the Maxwell Eucken Model respective ly. Table 8.2 gives the thermal conductivity values for 

both the frozen (A.J) and unfrozen (A.I1) temperature ranges using the three models for al l  the trials. 

The estimated effective thermal conductivity values for both the half pallets show that, although the 

volume of air fraction doubles with loose stacking, the thermal conductivity values decreases only 

sl ightly. The effective thermal conductivity for the ful l  wrapped pallet was higher than that for the 

unwrapped half pallet, despite the volume of air fraction being slightly higher. This is due to the 

higher butter thermal conductivity values used for the ful l  pallet. 
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8.2. 1 .3 Effective Density 

The effective density of the pallet was calcu lated using Equation (3-9) discussed in Chapter 3 using 

the mass fraction of air, butter and two types of packaging. Table 8.2 gives the values of effecti ve 

density for all the pallet configurations. 

8.2.1 .4 Effective Specific Heat Capacity and Enthalpy 

The effective specific heat and enthalpy of the pallet was calculated on a mass fraction basis with 

air, butter and packaging as the main components: 

(8- 1 )  

Where Heff i s  the effective enthalpy of the pal l et calculated on components basis, H is the measured 

enthalpy (Table 3 . 1 3) of butter (Note -40°C was used as a datum). It was assumed that the apparent 

specific heat capacity of butter changes in the frozen and unfrozen range but remains constant for 

the other components. The values used for the specific heat capacities of air (c,,) ,  corrugated card 

board (cc ) and the plastic sheet (Ct) are given i n  Table 8. 1 

Table 8. 1 also gives the effective values of specific heat capacity for the butter in  frozen and 

unfrozen range for the freezing model .  Figure 8. 1 gives the difference between the enthalpy of 

butter and the effective enthalpy of the pal let of butter (B 1 5) .  Figure 8. 1 also shows the enthalpy 

estimated by correcting the enthalpy prorata to the change in effective density of the pallet (Heff= 
Pcff / Pb )' This approach ignores the thermal mass of the air and packaging components. There i s  

l ittle difference in  the effective enthalpy from two approaches because the thermal mass o f  the non 

butter components is smal l .  Therefore, for the sake of simplicity, the enthalpy was estimated from 

the effective density. 
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Table 8.2: Summary of the effective properties for butter half and full pallet used in model 

predictions 

Wrapped Full Wrapped Half Unwrapped Half 

Configuration Pallet Pallet Pallet 

(PH - I ,  PC - I )  (PH - 3 ,  P C  - 3) (PH - 4, PC - 4) 

(tightly packed) (loose packed) (tightly packed) 

Measured Length (L.,) 1 .0380 1 . 1 820 1 .060 

LxejJ (m) (inside) 1 .0258 1 . 1 695 1 .0476 

Measured Width (LJ 0.7764 0.8200 0.7860 

L�ejJ(m) (inside) 0.7640 0.8075 0.7736 

Measured height (Ly) 2.0430 0.73 80 0.8450 

LyejJ(m) (inside) 2 .0252 0.7 1 95 0.8262 

PejJ 898 896 904 

A" ejJ (Parallel model) (WmK-i ) 0.2055 0. 1 868 0. 1 885 

AjejJ(Parallel model) (WmK"i ) 0.2692 0.2596 0.2620 

All ejJ (Maxwell Eucken model) (Wm-2K" i ) 0.2006 0. 1 822 0. 1 846 

AjejJ(Maxwell Eucken model ) (Wm-2K"i ) 0.26 1 8  0.25 2 1  0.2555 

All ejJ (Series model) (W mK"i ) 0. 1 675 0. 1 5 1 0  0. 1 597 

Ajeff(Series model) (WmK- i ) 0.20 1 2  0. 1 879 0.2020 

C"ejJ (klkg" i ) 3 . 1 5  3 .04 3.04 

Cfej,(klkg-i ) 1 . 79 1 .68 1 .68 

Volume fraction of air Vu 0.0 1 5  0.024 0.0 1 4 1  

Volume fraction of butter V" 0.9 1 0 1  0.9094 0.9 1 87 

Volume fraction of cardboard Vc 0.0734 0.0652 0.0659 

Volume fraction of l iner VI 0.00 1 5  0.00 1 4  0.00 14  

Mass fraction of  air Xli 2.002 x 1 0-5 3 .2 1 9  X 1 0-3 1 . 8634 x 1 0-3 

Mass fraction of butter Xb 0.9829 0.9847 0.9847 

Mass fraction of cardboard Xc 0.0 1 56 0 .0 1 39 0.0 1 39 

Mass fraction of l iner XI 0.00 1 5  0.00 1 4  0.00 14 
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Figure 8. 1: Comparison of measured enthalpy with the effective enthalpy for the unwrapped 

halfpallet 

8.2.1 .5 Effective Heat Transfer Coefficients, Ambient and Initial Conditions: 

The effective heat transfer coefficient for the faces of the cartons exposed to ambient air were 
estimated using Equation (5- 1 ), assuming convection to the packagi ng surface, plus the additional 
resistance to heat transfer caused by the corrugated cardboard carton, the polyethylene liner and air 
gap in between the butter and the packaging. This was the same approach used for individual block 
butter trials outli ned in Chapters 5 and 6. The convective heat transfer coefficients for the half pallet 
trials were estimated from the measured air velocities using Equation (5-9) for four sides of the 
pallet. For the top and the bottom of the pallet heat transfer coefficients were set to zero, due to 
negl igible heat transfer in the vertical direction due to the presence of the polystyrene sheets on top 
and bottom. For the full pallet industrial trials, no data were avai lable for the air ve locities and, 
therefore, a typical value of 1 0  Wm'2K' I was used for the convective heat transfer coefficient. Table 
8 .3 gi ves a summary of heat transfer coefficients, initial and ambient temperatures used in modeling 
for each trial. 
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Trial 

PH - I 

PC - I 

PH- 3 

Table 8.3: Input data for the full pallet and halfpallet trials 

Heat Transfer Coefficients, Ambient and Initial Temperature 

Ta { OC ) = 1 O 
I; { oC ) = -6 

for all t 

h {Wm-2K- I ) = [4.8 4.8 3 . 5 3 .5 4 .8 4.8]' 

7;, ( oC) = 1 0-5 (}j60of -0.0 1 3 (}j600) - 7 .8455 
7; ( oC) = IO 
h (Wm-2K- ' ) = [5 .3 5 .3 0 0 5.3 5 .3] 

7;, ( QC )=  

1 .73 (}j600) + 3x I 0-' 5  

4x I 0-4 (}j600f +0.09t+ 1 3 .94 
5 .0x I 0-3 (}j600) + 1 8 .88 

7; ( OC ) = -22 
h (Wm-2K- I )  = [5 .3 5 .3 0 0 5 .3 5 .3] 

0 <  t :=;  30600 

30600 < t :=; 424800 
t > 424800 

(negl igible heat transfer i n  vertical d irections due to polystyrene sheets) 

for all t 

PC - 3 For front and left hand side of the pallet 

PH - 4 

{ 1 6X I 0-4 (}j600f -0.2 1 6 (}j600) - 1 6. 1 0 
7;, ( oC ) = 

-3x I 0-4 (}j600) - 23.22 
7; ( oC ) = 22 
h ( Wm-2K- ' ) = [5.3 5 . 3  0 0 5.3 5 .3] 

7;, ( oc ) =  2 

{2. 1 7 (Jj'600) + 4x  1 0-1 5 

7 x  1 0---6 (j·-j'600) - 8x  [0-4 (}j600) + 23.8 

7; ( oC ) = - 1 6  
h (Wm-2KI ) = [5 .3 5 .3 0 0 5.3 5 .3] 

t < 30600 

t 2 30600 

t < 288000 
t � 288000 

t < 39600 

t � 39600 
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PC - 4  -3.85 ( 1j'600) -4.6 1 
2 

Ta ( OC) = 4X l 0-3 (1j'600) -0.3 1 6X I O--4 (1j'600) - 1 5.25 

6x 1 0-6 (1j'600f -6. 1 x 1 0-3 (1j'600) - 2 1 .086 

I; ( oC) = 2 1 .47 

h (Wm-2K' ) = [5 . 3  5 .3 0 0 5.3 5.3] 

'h = [ front, back, left hand side, right hand side. top, bottom) faces 

8.2.1.6 Results and Discussion 

(a) Wrapped Full Pallet (Trial - I) 

t < 1 0800 

1 0800 � t < 1 67400 

t � 1 67400 

Figure 8 .2 gi ves the model predictions for the centre and surface temperatures duri ng the full pallet 
thawing trial (PH- I )  using the conduction only model with the Series, Parallel and Maxwell Eucken 
effective thermal conductivity models. 
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Figure 8.2: Measured thawing data for the centre of the wrapped full pallet trial (PH - 1) 

compared with model predictions using conduction only model with effective thermal 

properties calculated by Maxwell Eucken, Parallel and Series models 

Ti =-6°C, Ta=lO°C 

Rl=O.9784 for centre using Maxwell Eucken Model 

R1=O. 9848 for centre using parallel Model 

R1=O. 12 for centre using series Model 
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Predictions using the Parallel and Maxwell Eucken models were closer to the measured data than 
the Series model which predicted the temperature to change far too slowly. The model predictions 
were a l ittle lower than the actual data at temperatures below the init ial freezing point, which could 
be due to the some uncertainty in the initial freezing point and, hence, enthalpy data. Above the 
init ial freezing, the Parallel and Maxwell Eucken Model s  gave good agreement with the measured 
data. 
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Figure 8.3: Measuredfreezing data for the centre of the wrapped full pallet trial (PC - 1) 

compared with model predictions using conduction only model with effective thermal 

properties calculated by the Parallel model. Ti =10"C, Ta=-1 rC 

R2=0. 9701 for centre using for first 400 hours 

R2=0.9301 for centre for 700 hours 

Figure 8 .3  gives the model predictions for the surface and pallet centre for the wrapped fu l l 
pal let trial (PC - I ) for freezing. The effective thermal conducti vity was calculated using the 
Paral lel Model only. The model predicted the experimental data wel l up to 400 hours. The 
temperature rebound due to latent heat release on water crystal l ization was predicted to be 
earlier than measured. The rebound had just started when measurement were terminated after 
600 hours due to the cost and time involved i n  carrying out the experiments. The butter used in 
this trial was lactic unsalted butter (B 1 9) which may have had different crystal l i sation kinetics 
than B 1 9  (standard unsalted butter) for which the kinetics parameters were fitted (Chapter 6) 
which may explain the deviation in the predicted rebound from the actual rebound. A higher 
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value for the kinetic constant U would be expected to shift the rebound later i n  time. Overal1 ,  

the freezing model shows simi lar behaviour for pallets as were observed for single blocks of 

butter (Chapter 6). 

The effect ive property model performed very wel l for the wrapped whole pallet trials. These 

results indicate that the conduction only  approach with effective properties given by the paral lel  

thermal conducti vity model i a reasonable basis to simulate heat transfer in  butter where no 

internal air flow occurs. The modeling of unwrapped whole pallets is discussed in the section 

below. 

(b) Wrapped Half Pallet Trial (Trial - 3) 
The same model ing approach as above was taken for the wrapped half pal let trial where the 

loosely stacked layers of the pal let were wrapped with plastic film. As discussed in Chapter 7, 

the thawing of the three l ayered pallet was not uniform on al l  four sides. In addition, there was 

no heat transfer from top to bottom. Figure 8 .4 gi ves the model predictions compared with the 

measured data for key positions in the pal let. Position 36 was the slowest heating position in the 

pallet. Position 3 was the centre of the B lock 3.  Positions 1 2, 22, 39 and 47 were the centres of 

the four faces exposed to the ambient for B locks I ,  2 , 7 and 8 respectively (surface probes).  
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Figure 8.4: Measured data for the centre of the wrapped half pallet trial (PH - 3) during 

thawing compared with the conduction only model with effective thermal properties 

calculated by the Parallel model (Trial 3) with Ti =-23°C, Ta=2(f'C 
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The model predictions agreed reasonably well with the data below the initial freezing point of the 
butter. Above the initial freezing point, the predicted rate of temperature increase was very low 
(slower rate of heat transfer) compared with the measured data. These differences could be due to 
uncertainty in the input data. The source of uncertainty could be due to the specific heat capacity of 
butter which varies significantly between ooe and 20°C. Salted butter has a peak at l Ooe (Figure 
3 . 1 8) . I n  this range the specific heat capacity varies from about 3 kJkg- 10C I to about 4 kJilOCI with 
an average of 3 .69 kJkg- 1 0CI (the value used in the model ) .  The difference could also have been due 
(at least in part) to the butter not being ful ly frozen at the start of the experiment in which case the 
total enthalpy change was over estimated. Another simulation was made using the enthalpy data 
collected for unfrozen salted butter (Figure 3. l 8(b» . Figure 8.5 shows the comparison of the 
measured data for Position 36 of the pallet with the models predictions using enthalpy data for 
completely frozen and unfrozen butter. The measured data l ies between these predictions suggesting 
that i ncomplete freezing of the butter is a possible explanation for some of the differences between 
measured and predicted temperatures. This suggests that the butter pallet l ayers needed to be placed 
in the freezer for longer period of time before thawing. 
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Figure 8.5: Predictions for the wrapped halfpallet trial (PH - 3) using enthalpy for the fully 

and partially frozen butter compared with the measured data 
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Figure 8.6: Comparison of measured data for the freezing of wrapped loosely stacked half 

pallet trial (PC - 3) considering heat transfer as conduction only with effective thermal 

properties based on the parallel model. Ti =22°C, Ta=-23°C 

Figure 8.6 shows the measured and predicted temperature profil e  for different positions i n  the 
wrapped half pal let trial (PC-3) during freezing. The model showed good agreement with the 
measured data for Position 22 on the surface of the pallet. As for the thawing, the predicted 
temperature changed slower than the measured temperature profile for both Positions 3 and 36. The 
rebound was also predicted to occur earl ier as compared with the measured data. However, the time 
to reach about -20°C was predicted to be the same for both the positions. The reason for the model 
giving slower changes in temperature than the measured data can not be explained as by the reasons 
suggested for the differences found for the thawing trial . Some of the inaccuracy of prediction can 
probably be explai ned by uncertainty in the estimation of thermal properties in general and the 
crystal l isation kinetics parameters. However, the conduction model with paral lel estimation of 
effective thermal conducti vity approach seems only to work when the volume fraction of air i n  the 
pallet is not too large. The results suggest that, as the volume fraction of ai r increases and the 
potential for internal convection of air or natural radiation heat transfer increases the model i ng 
approach starts to fall down. 
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(c) Unwrapped Tightly Packed Half Pallet Trial (Trial - 4) 
(a) 
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Figure 8. 7: Comparison of model predictions with the measured data for the unwrapped half 

pallet trial (PH - 4) considering heat transfer as conduction only with effective thermal 

properties based on the parallel model. 

(a) Thawing with T; =-16°C, Ta=23°C (b) Freezing with T; =2rC, Ta=-22°C 
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Figure 8.7 gives the model predictions for the unwrapped half pallet trials (PC-4) and (PH-4) using 

the same approach as above. As observed for the wrapped half pallet trial, temperatures predicted 

by the model within the butter blocks were lower than the measured data for both thawing and 

freezing, but there was a different reason. Due to the half pallet being unwrapped, there was some 

air movement into the outer regions of the pallet that accelerated the thawing and freezing, whereas 

the model assumed conduction only with effective thermal properties. There was evidence of 

convection in the outer sides of the pallet that speeded up the freezing and thawing mechanism 

(Chapter 7). 

8.2.2 Modeling Heat Transfer in Pallets with Internal Airflow 

The experimental results summarized in Chapter 7 for trials on unwrapped, loosely stacked, half 

pallets show that significant air flows can occur within the pallet, suggesting that modeling heat 

transfer in the pallet as only conduction is less appropriate. An alternative approach is to model 

each block in the pallet individually (as in Chapter 5 & 6) using different heat transfer rates on each 

face depending on the position in the pallet to account for heat transfer caused by internal air flow. 

A simple approach is to treat the air channels within the pallet as additional resistance to heat 

transfer that increase as the path length from the pallet surface increase and decrease as the air 

velocity through the channel increases. Taking this approximation, a methodology to calculate the 

effective heat transfer coefficients on each surface from the experimental temperature differences 

between the surfaces and the air gaps was developed. 

The effective surface heat transfer coefficients for the faces of cartons exposed to ambient air were 

estimated as previously by considering convection and radiation to the external surface of the pallet 

plus the additional resistance to heat transfer contributed by the corrugated cardboard carton, the 

polyethylene liner and the air in between the butter and the packaging: 

(8-2) 

In the experimental trials, the temperatures of the butter surface and the air gap immediately next to 

it were measured for a number of internal air channels. Assuming that the heat transfer coefficient 
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from the air in the gap to the butter surface adjacent to the gap is h, then these data can be used to 

estimate the heat flux at a particular point on the face using: 

(8-3) 

where TJ is the temperature of the air flowing in the gap between the cartons and Ts is the 

temperature at the surface of the butter. The average heat flux for an internal face was then 

expressed in terms of the difference between the air temperature outside the pallet (Ta) and the 

temperature of the carton surface (Ts) as: 

(8-4) 

In this way, the effective heat transfer coefficient (hef!) accounts for the resistance to heat transfer 

due to limited air flow through the pallet interior as well as the local resistance calculated in 

equation (8-2). Although this approximation gives correct average heat flows across the face, heat 

flows are overestimated near the centre of the pallet (as the temperature difference is large) and are 

underestimated near the outside of the pallet (as the temperature difference is small). 

By simple rearrangement of Equations (8-3) and (8-4), an expression to estimate the effective heat 

transfer coefficients for internal was derived: 

h = h _(T-"-J _--,7'.-,) ef! (r: - Ts )  
(8-5) 

The way hefJ i s  calculated i t  i s  possible to have negative values for hefJ so for the sake of 

completion if  the calculated value of hefJ is negative it wi l l  be considered 0 giv ing no heat 

conduction through that s ide of the block. 

For the unwrapped, loosely stacked, half pallet trial (PC-5, PH-5), effective heat transfer 

coefficients were directly estimated from the measured temperature profile using Equation (8-5) .  

For the unwrapped full pallet trial (PC-2, PH-2), n o  similar i nternal temperature measurements were 

made and, therefore, an estimation of the heat transfer coefficients were determined from fitted 

surface measured temperatures to predict the rates heat transfer. 
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The conductive heat transfer model developed in Chapter 5 (Equations (5-2) to (5- 1 0» was used to 

predict thawing in each block of butter i n  the pallet by replac ing h by heff. Similarly the conduction 

only model for freezing individual blocks developed i n  Chapter 6 (Equations (6- 1 )  to (6-3» was 

used to predict cool ing in blocks of butter in the pallet was used by replacing h by heff• 

(a) Unwrapped Loose Stacked Half Pallet (Trial - 5) 
The heat transfer coefficients on the inner faces of Blocks 2 & 7 for first 60 hours of freezing are 

given in Figure 8.8 (b). The estimates of the heat transfer coefficients were very consistent 

throughout the 60 hours (note that the regular discontinuities occurring every 8 hours were due to 

freezer room defrost and can be ignored). An average value for each position on each face were 

estimated and used for model inputs. Figure 8.8(b) shows the positions on surface of the blocks 

where the temperature was measured and the value of the heat transfer coefficient used for that 

position. The heat transfer coefficien ts on the top and bottom of each carton were set to zero as 

negligible thermal gradients were observed in the vertical direction i n  the half pallet. The heat 

transfer coefficients for the faces exposed to ambient were estimated using Equation (8-2). The 

effective heat transfer coefficient decreased as the length of the air flow path increased. The 

effective heat transfer coefficients at the same positions on opposite sides of the pallet (e.g. 

Positions ) 5 & 20 and 1 3  & 2 )  had very simi lar values. The average heat transfer coefficients 

used in the model are given in Table 8.4 
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(b) 

h12 h22 

h 1 3  h21 h23 

h 1 1 1 h 1 4  2 
h 1 S  h20 h24 

h 1 7  h 1 6  h26 h2S 

Figure 8.8: Effective heat transfer coefficient for freezing of Block 2 and 7 in unwrapped half 

pallet trial (PC - 5) 

(Positions corresponding to those given in the plan view of the blocks in Figure 8. 8(b) 

Table 8.4: Effective heat transfer coefficients (W m-2 K')  used in the model to predict freezing in 

trial PC - 5 

h l 3  h l 4 h l 5  h l 6  h l 7  h20 h2 1 h23 h24 h25 h26 

3.5 3.4 3.7 3 . 1 3 .6 3 .5 3.5 missed 3 .0 2 .6  2 .3  

The heat transfer coefficients for the inner faces were also predicted for Blocks 7 & 8 during 
thawing (Figure 8.9).The greater variation in the effective heat transfer coefficients with time was 
due to poorer control of the air circulation in the room for this trial. At approximately 1 7  hours, a 
pedestal fan was placed into the room to improve the ai r flow generally resulti ng in less variable 
calculated heat transfer coefficients thereafter. The ai r velocities in the thawing trial were lower 
than those i n  the freezing trial for the same pallet resulting in lower effecti ve heat transfer 
coefficients val ues. The effecti ve heat transfer coefficients were averaged for times below 1 7  hours 
and above 22hours and used in the model. The heat transfer coefficients used in the model are given 
in Table 8.5 
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Figure 8.9: (a) Effective heat transfer coefficient for freezing of Block 7 and 8 in unwrapped half 

pallet trial (PH - 5) 

(Positions corresponding to those given in the plan view of the blocks in Figure 8.9(b) 
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Table 8.5: Effective heat transfer coefficients (W m·2 K') used in the model to predict thawing in 

trial PH - 5 

Time (hours) h33 h34 h35 h36 h37 h38 h43 h44 h45 h46 

t < 1 7  
1 .5 1 .0 1 .0 1 .0 1 . 1  1 .6 0.9 0.7 1 .2 1 .2 

t � 1 7  
2 .8  0 .8  1 .3 1 . 1  1 .0 2 . 2  2 . 6  2 . 2  l . 1  2 .3  

All the other input data for predicting freezing in Blocks I and 2 and thawing in B locks 7 and 8 is 
given in Table 8 .6 . 

Table 8.6: Input datafor unwrapped loosely stacked trial 

Trial 

PC - 5 

PH - 5 

Ambient and Initial Temperature 

° _ {-0.224 (Jj600 ) - 1 8 .5 T,, ( C) -
-25 

T, ( oC ) = 1 O, 1 2. 1 4  

3 .5 

t < 1 04400 
t � 1 04400 

T" ( "C) = -2.5 X 1 0-3 (Jj600f +0.29 (Jj600) + I 1 .23 
-8x l O-5 (Jj6oof +0.03 (Jj600 ) + 1  8 . 1  8 

T,C'C) = -2 1 .5 

0 <  t ::;  68400 

68400 < t � 2 1 2400 

t > 2 1 2400 

Figure 8. 1 0  shows the measured data compared with the model predictions using the block by block 
effective heat transfer coefficient model for freezi ng Blocks I & 2. The exterior surface predictions 
agreed wel l with the measured temperatures (Block I ). The model shows good agreement with the 
measured data for all other positions in the blocks with the exception of the magnitude of the 
temperature rebound for the centre of the butter in Block I and the timing of the rebound in Block2. 
Due to the stochastic nature of the crystall ization process the rebounds in all blocks occurred at 
different times. 
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Figure 8.10: Measured data compared with the model prediction for freezing of unwrapped 

loosely stacked half trial with gaps (PF - 3) with T j= lrc, Ta=-25°C 

(a) Blockl (R2=0.9936for centre) 

(b) Block 2 ( R2=0.9654 for centre ) 
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Figure 8 . 1 1  shows the model predictions for thawing compared with the experimental data for 
Blocks 7 and 8. In general the model gave good agreement with the measured temperature data for 
thawing. 

The way in which the effecti ve heat transfer coefficients were calculated gave average values across 
each face to which the heat transfer model was appl ied. This resul ted in under-prediction of surface 
heat fluxes for the points of the interior faces near the outside of the pallet and over-prediction of 
heat fluxes further i nto the pallet. This trend is evident in Figure 8 . I I (b), where rates of heat 
transfer at interior positions in block 7 were predicted to be slightly slower than experimental ly 
measured. 

Overal l ,  this modeling approach gave reasonable predictions for the pallet layer containing gaps 
between the blocks. The model validation demonstrates that useful predictions for the thawing of 
bulk butter can be obtained with a relatively simple heat transfer model. In practical use of the 
model , the temperature profiles throughout a pallet would not be known and, therefore, the effecti ve 
heat transfer coefficients could not be easi ly estimated. It would be expected that they would be 
strong functions of the magnitude of the ai r flow through different regions of the pallet. This would 
in turn be dependent on the directions and velocities of the air flowing on to the pallet exterior and 
the looseness of the pallet stacking ( i .e. the width of the air gaps between adjacent cartons). If the 
pal let was stacked very tightly, the amount of air flowing within the pallet would be very low and, 
therefore, a different set of heat transfer coefficients (presumably lower) would be needed for those 
scenarios. 

Further testing of the approach requires repeated experimental trials in which more defined and 
constant air flow patterns through the pallet are achieved for both thawing and freezing scenarios so 
that a systematic method to predict heJ! values can be developed. 

(b) Model Predictions for the Unwrapped Full Pallet Trial: 
The unwrapped ful l  pallet trial was an industrial trial with some air gaps between blocks due to 
repeated movement of the pallet by forkl ift . The air gaps in between the cartons were not as open as 
i n  trial pC-So To predict freezing and thawing i n  the unwrapped ful l pallet trial , Block 30 was 
chosen as a representative i nner block in the central layer of the pallet. The effective heat transfer 
coefficients were manually estimated from observations of the relative rates of heating around the 
block. Table 8.7 gives the input data used. 
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Trial 

PH - 2 

PC - 2 

Table 8. 7: Input data for unwrapped tight packed full pallet trial 

Ambient and Init ial Temperature {-2 X l O-3 C�600f + 0.04S3 (}j600) +8.6676 
Ta ( OC) = 

-6 x 1 0-6 (Jj'600f + 0.0072 (}j600 ) + I 0.266 

I; ( oC ) = - 1 1 

h (Wm-2 K - 1 ) = [S.3 I 0 0 O.S O.S ] {2 . 1 2 (}j600) +S . 3  
Tu ( " C ) = 

I .S x I 0-3 (}j600) +23.76 

I; ( OC) = - 1 7 . S  

h (Wm -2 K-' ) = [3.7 0 . 3  0 0 0 . 3  0.3] 

t < 3 1 320 

t > 2 1 2400 

t < 1 80000 

t � 1 80000 

Figure 8. 1 2(a) gives the model predictions for the freezing of the unwrapped full pallet trial for 
Block 30. The model predicted the measured data well for B lock 30 at the surface and at position 
1 7, showing that the air side heat transfer coefficient was accurately fitted for the industrial sett ing. 
For Positions I S  and 16, the predicted cool ing rates were slightly faster than observed 
experimentally. For position 1 9, the model predicted slower heat transfer rates than the measured 
data. The predicted temperature rebound due to the ice formation was after about 2S0 hours for 
Block 3 1 .  Although no rebound was observed in the experimental data as shown in Figure 8. 1 3(b), 

the measured temperature stayed above the ambient for a very long period of time consistent with 
the slow release of the latent heat of water. The difference in the rebound could be explained by 
uncertainty in the crystal l i sation kinetics. 

8-24 



(a) - B lock 30 

1 0  

.--.. 5 
() 0 

Q) ::; 0 
ro .... Q) a.. 
E -5 Q) I-

- 1 0 

0 
Time(Hours) 

(b) - Block 30 

1 0  \ 20 
.. 

1 7 

G' 5 
o 

o 

-5 

- 1 0 

o 1 00 200 300 400 500 600 700 
Time(Hours) 

8-25 



1 5  

1 0  

---. () 5 0 

Q) .... 
:::J 

0 -ro .... Q) a. 
E -5 Q) I-

- 1 0 

-1 5 
0 

Air 

1 00 

(c) - Block 31 

Centre of Block 3 1 

Outer Surface of Block 31 

200 300 
Time (Hours) 

Meaured 
Predi ctions 

400 500 

Figure 8. 12: Comparison of the model predictions with measured data for the unwrappedfull 

pallet trial ((PH - 2) & (PC - 2)) 

(a) and (b): Freezing in Block 30 with T j= I(/'C, Ta=-lrC 

(c): Thawing in Block 31 with T j= -Ire, Ta=lrc 

Figure 8. 1 2(c) gives the model prediction for the surface and the centre for the thawing of B lock 3 1  

in  the pal let. The heat transfer coefficients used in the model predictions are given in Table 8.5. 

The model agreed well with the measured data for both positions. 

Overall the model using the fitted heat transfer coefficients for single blocks gave good predictions 

for both the Trials PH - 2 and PC - 2 for both thawing and freezing. However further work is 

needed to develop methods to estimate the internal heat transfer coefficients for different scenarios 

likely to occur in  the dairy industry. 

(b) Model Predictions for Trial 4: 
Trial 4 (unwrapped closely stacked half pallet) was set up by packing the blocks manual l y  together 

as much as possible. This trial represented the best-case scenario in an industrial situation where the 

pallet is not moved from one place to another causing air gaps between the cartons. For predicti ng 

heat transfer in Trial 4, the heat transfer coefficients on the i nternal faces of all the blocks were 

calculated using Equation (8-5) .  It was found that the heat transfer coefficients were below zero for 
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most of the positions. For the positions 1 3, 2 1 ,  23, 28, 38 , 30, 33, 46, and 48 the heat transfer was 
not negative due to some air movement at those places as being exposed to ambient. An average 
value of effective heat transfer coefficients on each face was used for model ing the freezing of 
Block 7. Figure 8. 1 3  gives the effective heat transfer coefficients used for modeling freezing and 
thawing of Block 7. All other input data used for modeling are shown in Table (8. 1 ). 
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Figure 8. 13: (a) Effective heat transfer coefficient for freezing of Block 7 in unwrapped closely 

stacked half pallet trial (PC - 4) for Block 7 

(Positions corresponding to those given in the plan view of the blocks in Figure 8.13(b) 
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Figure 8.14: MeasuredJreezing data compared with the model prediction Jor unwrapped 

closely stacked half pallet trial (PC - 4) with Ti = 2rC, Ta= -2rC 

Figure 8. 1 4  gives the model predictions for Block 7 with only one surface exposed to ambient. The 
model predicted a slower drop in temperature for Position 3 1  i n  the beginning, due to a s l ightly 
l ower heat transfer coefficient. For all other positions, the model agreed wel l with the experimental 
data. 

For thawing of Trial 4 (PH-4), B lock 7 was chosen for the model prediction. There was no heat 
transfer from the smaller inner (end) face and so the heat transfer coefficient was set to zero for that 
face as for the top and the bottom of the block. An average heat transfer coefficient of O.3W m-2 K ' 

and 1 W m-2 K' was used on the two other inner (side) faces (Figure 8. 1 3  (a» and a heat transfer 
coefficient of 5.3 Wm-2K ' was used for the face exposed to the ambient. Figure 8. 1 5 gives the 
model predictions for the thawing of Block 7 in Trial PH-4. The model gave good agreement for the 
surface and al l other positions in the block. 
Overal l ,  for Trial 4 the approach of predicting freezing and thawing in unwrapped half pal let trial 
on a block by block basis worked successful ly. 

8-28 



25 

20 

1 5  
.---.. () 

1 0  0 

Q) 
'-

5 ::J -co 
'-Q) 0 a... 
E Q) -5 I-

- 1 0 

- 1 5 

0 50 1 00 

- - - _  ... 

Measured 
Predictions 

1 50 200 
Ti me (H ours) 

7 

39 

250 300 

Figure 8.15: Measured data for thawing of Block 7 in thawing of unwrapped half pallet trial 

with no gaps (Trial PH-4) with T ;= - lire, Ta=22°e 

8.3 Conclusions 

From the models developed and appl ied on different industrial scenarios for freezing and thawing of 
palletized butter, the fol lowing conclusion can be drawn from an industrial point of view: 

• For wrapped pal letised butter where there is no internal air flow, a model considering the 
heat transfer within the pallet by conduction only with effective thermal properties 
estimated from the paral lel model gave good predictions. 

• The same approach starts to fall down as the amount of air in the wrapped pallet increases. 
• For unwrapped pal letized butter where significant airflows exists within the pallet, the 

approach of predicti ng heat transfer on block by block basis using effective heat transfer 
coefficients gave good predictions. 

• For unwrapped tightly packed butter pallets the individual block effect ive heat transfer 
coefficient model can give reasonable predictions if the rate of heat transfer over the inner 
face of the carton is set to zero and the effective heat transfer coefficients on the inner sides 
of the block are set to reflect the extent of air penetration into the outer regions of the pallet. 

• Further experimental and/or modeling work is required in order to develop guidel ines for 
estimating effective heat transfer coefficient values for internal block face for industrial 
scenarios. 
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CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

• The specific heat capacity of butter differs for cooling and heating operations due to 
significant supercooling and delayed crystal l i zation of the fat fraction of butter at 
temperatures wel l below the equilibri um phase change temperature during cooling. This 
reduces the heat capacity for cooling relative to that for heating. 

• A conduction-only model using the equil ibrium thermal properties can be used to 
adequately predict the thawing of butter blocks when the water in the butter is completely 
frozen before thawing. Measured temperature-dependent specific heat capacity data for 
butter for which the water phase was not frozen, gave accurate predictions for the 
conduction-only model . These val ues included data for melting of some of the fat fraction. 

• To predict the freezing behavior of butter blocks, which included the freezing of the water 
phase, a differential form of the Avrami equation (which models the kinetics of 
crystal l ization) was combined with a standard three dimensional heat conduction model .  
This model gave good predictions of the measured data for the freezing of a butter block 
when fitted kinetic parameters were used. 

• Freezing and thawing models developed for the indi vidual blocks were extended to predict 
heat transfer in palletized butter in different industrial scenarios. For wrapped palletised 
butter (for which no internal air flows occur), a conduction-only model gave accurate 
predictions when effective thermal properties predicted by the parallel model were used. 

• For an unwrapped palletized butter, (for which there i s  significant airflow occurs through 
the pallet) the approach of predicting heat transfer on a block-by-block bas is using effective 
convective heat transfer coefficients on a surface-by-surface basis looks promising but 
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methods to predict the heat transfer coefficient of internal air flow and pallet geometry were 

not adequate and require further development. 

• Some industrial pallet configurations behave in an intermediate fashion. Internal air flow i s  

at such a level that a conduction-only model is not appropriate, but the air flow is not high 

enough that a block-by-block model ing approach can be expected to be accurate. A model 

that combines a conduction-only model with an effective convective heat transfer 

coefficients on the surfaces exposed to air flows gives good predictions using block by 

block basis approach in such a case. 

9.2 Recommendations 

• It i s  recommended that the nucleation and growth kinetics constants for the A vrami 

equation are independent ly defined by means of isothermal experiments, or equivalent to 

improve the model predictions under all cooling condi tions. 

• A population balance model Jjng approach for the freezing process may allow prediction of 

the fluctuation in the position of the temperature rebound observed in nearly identical 

experimental trials. 

• Further experimental and/or model l ing work is required i n  order to develop guidelines to 

estimate the effective heat transfer coefficient values as a function of air flow conditions 

and pal let configuration for more accurate predictions of heat transfer in unwrapped 

palletised butter in industrial ly relevant scenarios. 
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Appendix -A1 :  NOMENCLATURE 

a Nucleation rate constant S- lm-3 

A Constant kJkg-1 

A' Constant kJkg-1 

B Constant (kJ K kg-I ) 

B'  Constant (kJ K kg-I) 

B" Bounded water 

f2 Constant Wm-1 K2 

C Volumetric specific heat capacity Jm-3KI 

f Constant Wm-I 

C Constant (kJ kg-IKI ) 

c ' Constant (kJ kg-I KI ) 

c " Constant 

cf Specific heat capacity below initial freezing point Jkg-I KI 

cp Specific heat capacity at T Jkg- I KI 

Cu Specific heat capacity above initial freezing point JkilKI 

4 Constant Wm-1 K2 

d distance m 

da Thickness of air gap m 

dp Thickness of packaging m 

dHif Latent heat of freezing at T if Jkg- I 

E Molecular weight ratio 

f Constant 

F Fraction frozen 

G Linear growth rate ms-I 

L1G* Critical value of free energy change 

L1G: Free energy of activation of self diffusion 

L1Gc Free energy change_ 

g Growth constant ms-I K-I 

H Enthalpy kJkg- 1 

HefJ Effective enthalpy kJkg-1 

Hif Enthalpy at initial freezing point kJkg-1 

Ho Enthalpy at temperature equals to zero kJkg-1 
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t1H Molar enthalpy of fusion of ice Jkg- 1 

t1HJ Molar latent heat of crystallization kJkg-1 

h Heat transfer coefficient Wm-2K
1 

ha Air side heat transfer coefficient Wm-2K1 

hejJ Effective heat transfer coefficient Wm-2K
1 

J Nucleation rate s-lm-3 

K A vrami Constant 

LF Latent heat of freezing at T Jm-3 

Lx Length m 

Ly Height m 

Lz Width m 

Mw Molecular weight of water 

n A vrami index 

nl Number of molecules 

no{r*) Number of critical cluster 

Pice Vapor pressure of ice 

Pliquid Vapor pressure of supercooled liquid 

Q Internal heat generation Wm-3 

q Heat flow rate Wm-3 

r radius m 
• 

Critical radius r m 

S Salt fraction 

s surface 

T Temperature 

Ta Ambient Temperature 

Ti Initial temperature 

Tif Initial freezing point 

Tm Equilibrium freezing temperature 

TreJ Reference temperature QC 

t time second 

tp Preconditioning time 

U Crystallization constant ms-1 K-1 

Va Velocity of air ms- 1 

V Volume of droplet m3 
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Va Volume fraction of air 

Vb Volume fraction of butter 

Vc Volume fraction of cardboard 

VI Volume fraction of l iner 

X Mass fraction of a component 

Xa Mass fraction of air 

Xb Mass fraction of butter 

Xc Mass fraction of cardboard 

Xi Mass fraction of i 1h term 

XI Mass fraction of l iner 

Xp Mass fraction of protein 

Xs Mass fraction of salt 

Xsi Mass fraction of solute before freezing 

Xbw Mass fraction of bounded water 

XIV Mass fraction of water 

x Distance in direction of length m 

y Distance in direction of height m 

z Distance in direction of width m 

(/> Reduced temperature (supercool ing) 

p Density kgm-3 

Pia Density of ice kgm-3 

p. Relative density  

() 273_ I S+T K ' 

,d() 
fJ Molar freezing point constant of water kgK kg- 1mole 

A Thermal conducti vity Wm- ' K1 

)-J Thermal conductivity below initial freezing point Wm-' K 1 

)," Thermal conductivity above initial freezing point Wm-' K1 

T (B"'c \ - e )2r' 
T; «(/> \ 1 - cpir' 
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Appendix-A2: Standard Methods Used to Measure the 
Composition of Butter 

Lactose - Auto analyzer 

Hoffman W S ( 1 937), 1 .  Biol .Chem., 1 20, 5 1 -55 
NZTM3: 6.3 

Fat by Roese Gottlieb 

IDF Provisional Standard 1 6C :  1 987 Cream. Determination of fat content (Roese Gottl ieb 
Reference Method) .  International Dairy Federation, Brussels. 

Lactate- Enzymatic 

Boehringer Mannheim ( 1 995).  Methods of Enzymatic Bioanalysis and Food Analysi s 
Using Test-Combinations. Lactic acid test kit catalogue number I 1 1 2 82 1 .  Boehringer 
Mannheim Biochemica GmbH Mannheim Germany. 

Butter Moisture 

IDF Provisional Standard 1 37 :  1 986 Butter. Determination of water content (Routine 
Method). International Dairy Federation, Brussels. 
NZTM3 : 1 2 .4 

Non Protein Nitrogen 

IDF Provisional Standard 20B: 1 993 Milk. Determination of Nitrogen Content. Part 4: 
Determination of non-protein nitrogen content. International Dairy Federation, Brussels .  
NZTM3: 1 5 .3 

Salt using Autotitrator 

International standard ISO 1 5648: 2004, IDF 1 79: 2004 
Butter - determination of salt content. Potentiometric Method. 
NZTM3: 9 .20 

Solids-Not-Fat (SNF) 

Wilster, G.H.  Testing Dairy Products and dairy plant sanitation. Second Edition. Testing 
butter for composition. pp 3 1 -32. OSC Cooperative Association, Oregon 1 948. 
NZTM3: 1 2 . 1  

Nitrogen on Liquid using Kjeltec 

IDF Provisional Standard 20B : 1 993 Milk. Determi nation of Nitrogen Content. Part I :  
Kjldahl Method. International Dairy Federation, Brussel s. 
NZTM3: 1 5 .4 
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Solid Fat Content 

The fat was extracted from the butter by melting, centrifuging and fi ltering it. The sample 
was crystall ised using a standard temperature/time regime. The solid fat content was 
determined using low resolution pulsed NMR. This method calculates the percentage solid 
fat content from the sol id and l iquid signals generated from the relaxation of the nuclei in 
the sample after a magnetic pulse is appl ied at 90° to the magnetic field in which the 
sample was placed. 
MacGibbon AKH and McLennan WD ( 1 987) 
Hardness survey of New Zealand patted butter: seasonal and regional variations. New 
Zealand Journal of Dairy Science and Technology, 22, 1 43- 1 56.  

Triglycerides by HPLC 

Fat samples were analyzed by a reversed-phase high-performance l iquid chromatography 
(HPLC) method with an evaporative l ight scattering detector (ELSD).  Using a binary 
solvent system the method separates the triglycerides into distinct peaks, on the basis of 
chain length and number of double bonds. All solvents were HPLC grade (BDH, Poole, 
UK) and nitrogen and hel ium (oxygen-free grade) supplied by BOC Gases (Palmerston 
North, NZ). The fat samples were dissolved in 1 ,2-Dichloroethane to 1 0  mg/mL solution. 
The i njection volume was 1 0  flL.Reversed-phase chromatography was performed on a 
Waters ™ LC Module I Plus (Waters Associates, Milford, MA) that incorporated a 
quaternary pumping system, carousel autosampler and helium sparging unit. The 
chromatography column was a Waters Nova-Pak ™ C 1 8, 4 flm, 3 .9  x 1 50 mm (Part No. 
W AT086344, Lot No. W0248 I ) with a precolumn module that contained inserts of the 
same solid phase. The chromatography column was j acketed and maintained at 20°C, by 
water ci rculated from a bath ( LKB Bromma 22 1 9  Multitemp 11, Thermostatic Circulator). 
Triglycerides were detected with a Varex MKIII  ELSD, (Alltech Associates Inc.,  Deerfield, 
I 1 1 inois, USA). Nitrogen gas was directed to the ELS D at a pressure of 80 psi with the flow 
at the nebulizer kept at 2 .00 standard Llmin (SLPM).  The ELSD drift tube temperature was 
set at 70°C.The peak data sampling rate was 2 points/s acquired through a BUS/LACE 
i nterface with Waters Mi llennium 20 1 0  Software System (Version 2 . 1 5 , Waters Associates, 
Milford,  MA). 
The mobile phase gradient program is  shown in Table I .  The mobile phase composition 
changed l i nearly between each step. 

Table I .  Mobile phase gradient program used for triglyceride separation at I mLlmin flow rate (A 
= acetonitri le, B = dichloromethane). 

% of each solvent 
TIME (Min) A B 

90 1 0  
20 90 1 0  
1 00 65 35 
1 1 0 50 50 
1 1 5 50 50 
1 1 5 . 1 90 1 0  
1 25 90 1 0  
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Reference 
The Composition of New Zealand Milk Fat Triacylglycerols by Reversed-Phase High­
Performance Liquid Chromatography by N .P. Robinson and A.K.H. MacGibbon publi shed 
in JAOCS, Vol . 75,  no. 8 ( 1 998)  

Appendix - A3: Numerical Formulation of Model 

A 3.1 :  Finite Difference Method (Explicit Method) 

Finite difference explicit scheme was used for the numerical solution of the heat transfer 
equation. 

• 
(p- I ,  m, n) 

i+ l 
• 

i 
• 

(p, m, n)  

• 
(p+ I ,  m, n) 

Figure: definition of a node with i as time level Y (m� 
z (n) 

X (p) 

Lz 

\ < - .. > ,\'1--'\.-----'1:----\-1'_\ \ �,�_�,r'yo·-�- f=- -���. _ _\_ 

���..:...+�;:::\':" " " ,  
l-_+_--+f--+---+ . . . . . . . . . . . . . . . . . .  f-f--+-_-+ ..... -'-f--1 Ly 

I' 
I 2 3 ..... . . . . .. . . . . . . . . . . . . . . . . . . . .. . . .. ... .. . . . . . . . P p+ ) �- - - - - - - - - - - - - - - -

L - - - - - - - - - - - - - - - -> 
x 

'� 

,... - - - - - - - - - - -'1 
.. " I  .. " I .. I .. I f- - .L - - - - - - - -.' I 

I I I I 
1 1 1 
1 • 1 

1 1 

: T (p, rn+ I ,  n� 

• 
T (p, rn, n) 

D.� = L)P 

Figure: Division of block into P+l, M+l, N+l nodes 
(a) Axis direction (b) Three dimensional gridfor a solid block (c) Two adjoining nodes 
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A3.2: Thermal conductivity 

A\ P+ 1 /2, m. n) was evaluated at Y2(T\p+ I , m, n)+ T\p, m, n») and 
A'( p- l l2, m. n) was evaluated at Y2(T\p_ l ,  m, n)+ T\p, rn, n») 

T (p, m+ 1 ,  n) 
T (p, m, n+ 1 )  

A (p, m+1 /2, n) 

T (p-1 , m , n) T (p+ 1 ,  m, n) 
;., (p+ 1 /2 ,  m, n) 

;., (p, m, n- 1 /2) ;., (p, m- 1 /2, n) 

T (p, m, n-1 ) T (p, m-1 , n) 

Figure Calculation of thermal conductivity for finite difference method 

A3.3: Heat transfer coefficient (h) and ambient temperature (Ta) 

h = [h( 1 ) h(2)  h(3) h(4) h(S) h(6) ]  
simil arly 

Ta = [7;, ( 1 ) 7;, (2) Ta (3) 7;, (4) Ta (S) 7;, (6)] 
where I ,  2 ,  3 ,  4, S and 6 correspond to the faces 
x = 0, x = Lr , Y = 0, Y = Ly ' Z = 0, and Z = Lz respecti vely 

A3.4: MA TLAB code for the numerical solution for thawing of butter 
blocks 

Please see attached CD 

Block.m (Script File) 

roh.m ( Density) 

K.m (Thermal Conductivi ty) 

TtoH.m( Initial enthalpy from temperature input) 

htooT(h).m(Calculation of Temperature at the end of each time step from enthalpy) 
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Appendix -A4: MATLAB code for the numerical solution for freezing 

of butter blocks 
Please see attached CD 

BlockF.m (Script File) 

La.m ( latent Heat Calculation) 

J.m (Calculation of J function) 

K.m (Thermal Conductivity) 
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Appendix - AS : Plans of Thermocouples Positions and Data for 

Pallet Trials 

AS. I : Plan of Thermocouples in the Full Pallet Trials I & 2 

There were 46 thermocouples all together. 

LAYER I (bottom): 
No of thermocouples used in this layer = 5 

No Position of the thermocouple 
I Box I at (30,30,30)mm for diagonal 
2 Bottom Box 3 (surface)  
3 Between slots (ambient) 
4 Box 6 (at the centre of the box 6) 
5 Box 6 (between box and butter) in corner towards centre of layer 

B ack 
B-8 B-7 B-6 B -5 

e4 

Left 5 

3 Rjght 

.2 

.1 

B- 1 B-2 B-3 B -4 
Front 
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LAYER 2 
No of TC used = 4 

No. Posit ion of the thermocouple 
6 Box 9 for diagonal at(22 I ,436, 1 65)mm 
7 Box 1 4  for centre 
8 Centre of pal let on top of layer 2 
9 Indirect path between box 1 6  and 9 on top of L2 1 80mm in (x direction) 

B ack 

B- 1 6  B- 1 5  B - 1 4  B- 1 3  

e7 

Left 9 

8 
Right 

e 6 

B-9 B - l O  B - l l B - 1 2  

Front 
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LAYER 3 
No of thennocouples used = 5 

No. Position of the thennocouple 
1 0  Centre of box 23 
1 1  Centre of box 24 
1 2  Centre of box 22 
1 3  In box 24 diagonal at (367,727,275)mm 
1 4  I n  air between box 2 2  and 1 8  

B-23 B-22 B-2 1 

- ID 
- 12 

8-24 - 1 1  14 8-20 
13 -

B- 1 7  B - 1 8  B - 1 9  
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LAYER 4 
No of thennocouples used = 1 1  

No. Position of the thennocouple 
1 5  Box 30 centre 
1 6  Box 30 on diagonal at (5 1 3 .5 , 1 0  1 7.5, 385)mm 
1 7  Box 30 3cm in from the face i n  the centre of the box 
1 8  Corner towards centre in  box 30 between box and butter 
1 9  Near corner in  butter ( 1 .5 ,Centre of box 30, 1 .5 )  
20 Between butter and box same point as OO(in Y and X direction) 
2 1  Centre of pal let 
22 Indirect path between 32 and 25 ( 1 20,870+ 1 95 ,Centre) 
23 Indirect path between 3 1  and 26 (385,870+ 1 88,C) 
24 Indirect path between 27 and 26( Centre, 1 85+870,200) 
25 Indirect path between 27 and 26(centre, 1 75+870,50) 

Back 

B -32 B-3 1 B-30 B -29 
" 2 0  
. 1 7 

. 1 5  

· 1 6  

Left 22 23 8" 9 

;< 1  
Right 

24 

25 

B-25 B-26 B-27 B -28 

Front 
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LAYER S 

No of thermocouples used = 3 

No. Position of the thermocouple 
26 Centre box 38 
27 Diagonal (660, 1 308,495) 
28 Centre in air between the box 38 and 34 

B-39 B - 3 8  B-37 

- 26 
-27 

8-40 2R 8-36 

B-33 B-34 B-35 
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LAYER 6 
No of thennocouples used = 6 

No. Position of the thennocouple 
29 Centre of box 46 
30 For diagonal in box 45 at (807, 1 599,605) 
3 1 Centre of box 42 
32 Centre of box 4 1  
33 I n  the i ndirect path between 48 and 4 1  
34 In the centre in air 

Bac k  

B-48 B -47 B -46 B -45 

e29 
e 30 

Left 33 
34 

Right 

e32 e31 

B-4 1 B -42 B -43 B -44 

Front 
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LA YER 7 (Top layer) 
No of TC used = 3 

No. Position of the thermocouple 
35  Between l iner and box ( under two layers) 
36 Centre of 54 
37 Corner of box 53  for diagonal at (996,20 1 2,734) 

B-55 B -54 

- 35 

- 36 

8-56 

B -48 B -49 

Ambient and Surface: 

No Position 
38 Top of pallet under data logger 
39 Back face ( in the middle) 
40 LHS face (in the middle) 
4 1  Back ambient 
42 Top ambient 
43 Front face( i n  the middle) 
44 RHS ambient 
45 Front ambient 
46 RHS on face(in the middle) 

B-53 

37 

8-52 

B -5 1 
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AS.2: Plan of Thermocouples in the Thawing of unwrapped Full Pallet 
Trial (PH-2) 

Ambient Positions on six faces of Pallet 
26 LHS 
27 RHS 
28 Back 
29 B ottom 
30 Front 

Centre of each layer in  air 
37 Centre of layer 6 
2 1  Centre of layer 5 
33 Centre of layer 4 
4 Centre of layer 3 

39 Top 

others 
2 on layer 5 between block 38, 39 
34 on layer 4 between block 3 1 ,32,25,26 
36 On layer 4 between block 28,29 
20 on layer 3 between block 22, 23 
38 on layer 3 top of block 22,23,24 

(a) 
Y-axis 

Block 3 1  
6 = Bottom face 

1 5  = ( 1 88,1 40 , 1 20) 8 = Face tON ads block 32 

1 4  = Face tON ads block 30 1-36 = ( 1 80 , 1 40,1 20) - mssedt<-----t---l.4=c;------r 
1 1  = (95,140,60) 7 � 

• '6 es 7 = (30,1 40, 1 20) 

12 = (282 , 1 40,1 80) 

(b) 

A.rbient 

J1 

Z-CIl<is 

.. 
I 
I 

1 <;"" .... '';40mm � �. from top � 
8 

• 
1 1  I 

I 
I 

'-<--------2-40-m-m---_ -_ -_ �-:-' v 

24 = hner face 

9 = Outer face 

25 =Top face 

x-axis 
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(a) 
V-axis 

Block 38 

1 6  = ( 1 88,1 40,1 20) 

5 = (346, 1 40 , 1 20) 

1 7  = (30, 1 40,1 20) 

1 20mm l' t 50 mm 

1 8  
• 

� . 1 9 
Y 

. 1 6 

1 8  = (94,1 40,60) 

3 1  = (282, 1 40,1 80) 

1 9  = ( 1 88,50, 1 20) 

z-axis 

(b) 

1-, , 
, 

� 1 7  

� • 
1 6  

• 

1, 
• 

5 

, 
� �------------------------�� < - - - - - - - - - 376 mm 

� 

A mbient 

Jr_-_-_-_-_-_-��-O_ck-_-�-�-_ _ -_-_-_-_-_ _  -_-_-_--,_lL _ _ _ _ _ _ _ _  �l�o_��:� _ _ _ _ _ _ _ _ _ _  -'- _ .  

A5.3 : Data for Full and Half Pallet Trials: 

22 = Bottom face 

1 0  = Face tCNV ad; block 39 

3 = Face tCNV ad; block 37 

23 = Inner face 

32 = Outer fa:e 

35 =Top face 

x-axis 

The data for all the trials is given in accompanying CD. The name of the text file corresponds to the 
trial n umber. Number of columns shows the number of position. Last two columns give the average 
ambient temperatures and time, 

A5.4: Heat Balance: 

qpCpa (LlB"ir ) = 2 fhH (B u -B, 'fix 

2hHALlB"_H q = . 
pCpa (LlBair ) 

where 
h = effecti ve heat transfer coefficient (Wm-2K"1 ) 
H = B lock height (m) 
q = Air flow rate (m3s- l ) 

q 

Bk><:k I B, B, 

B, B, 

B, 6x 
B, 

Ilk><:k X 

A- I 7  



Cpa= specific heat capacity if ai r 
2 comes from the fact that there are two faces exposed to the ai r 

Thawing Trial : 

�, - Os = 1 6.8 - 1 1 .9 = 4.9()C  1 1 .9 

Oa - 0, = 1 3 .5 - 7 . 1  = 6.4°C q 16.8 

on average = 5 .65° C 
!:l.0uir = 1 6.8 - 1 3 .5 = 3 .3°C  1 1 .8 

e.g: Between Blocks 1 & 8 
= (2)(3)(0.25)(0.28)(5.65) = 6x 1 0-4 m3 S-I 

q ( 1 000)( 1 .2)(3 .3) 
area of the gap = (0.04)(0.25)=0.0 I m2 
Thus 
v = 0.06ms-) 
Simi larly 
Between Blocks 1 & 2 
q = 0.7 X 1 0-3 
v = 0.05ms- ) 
Between Blocks 7 & 8 
q = 0.2 1  X 1 0-3 
V = 0.02ms- ) 
Freezing Trial 

Block I 

I1x 
Block 8 

7 . 1 

1 3 .5 

7 .5 

Using the same approach the air velocities were calculated for freezing trial : 
Between Blocks 1 & 8 
q = 1 .8 X 1 0-3 
V = 0. 1 8ms-) 
Between Blocks 1 & 2 
q = 1 .64 X 1 0-3 
V = 0.46ms-) 
Between Blocks 7 & 8 
q = 3 . 27 X 1 0-3 
V = 0.23ms- ) 

A- 1 8  




