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SUMMARY 

This project investigates the time-dependent rheological behaviour o f  fresh and 

reconstituted milk concentrates. 

New experimental protocols, including sampling and measurement techniques, as 

well as equipment calibration and data analysis procedures were developed for both 

the industrial surveys and controlled rheology experiments. 

The controlled rheology experiments were mainly carried out on reconstituted milk 

concentrates to minimise the variation in composition of fresh milk. A new 

recombination r ig was built which could minmise the age thickening process by 

mixing at 35°C and recirculating at 40,000 S-l to break down the structure completely. 

This is the essence of this project, where age thickening is studied from a starting 

point of a fully broken down structure in contrast to past research. Using this method, 

the replicate milk concentrate samples had reproducible rheological behaviour, with a 

maximum reproducible error of 1 0%. 

Age thickening involves two stages, a slow init ial increase in apparent viscosity with 

storage t ime, followed by a sudden sharp r ise which marks the onset of gelation. 

The age thickening behaviour of milk concentrates is dependent on the processing 

variables prior to rheological measurement. These include solids content, shear rate 

and temperature during recombination, shear rate and residence time in  the plate heat 

exchanger, and most importantly the raw material .  The viscosity at the gell ing point 

is an important characteristic of the age thickening process, and seems to depend 

mainly on the powder used, rather than the process treatments applied. 

Industrial surveys exhibited similar trends, even under varying condit ions that could 

not be completely controlled. 

It is proposed that two types of age thickening phenomena can be distinguished: type I 

occurs below the temperature at minimum viscosity (65°C in this case), where weak 
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interactions take p lace between the casem micelles; type 11 occurs above the 

temperature at minimum viscosity, where additional stronger covalent bonds are 

formed, primarily due to the denaturation of whey proteins. 

No mathematical model for the time-dependent rheology was developed. However, 

some important issues that must be taken into account during model l ing were 

discussed. 

The results showed that the age thickening process is more complex than had 

previously been envisaged. The knowledge of the interactions between the operating 

conditions, rheology of fresh concentrates and powder properties should be invaluable 

in the improvement of plant efficiency and quality control. 
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CHAPTER 1 :  INTRODUCTION 

Annual global cow milk production in 2004 was estimated to be 490 bi l l ion litres. 

Major producers include the European Union (EU) ( 1 25 .5 bi l lion), I ndia (9 1 .3 

bill ion), USA (77.5 bill ion) and Russia (32 bill ion) (www.fao.org). 

The EU is the world's major dairy exporter accounting for 36 per cent of al l  export 

sales on a milk equivalent basis. Although accounting for only 3 per cent of world 

milk output ( 1 5  bil l ion l itres), New Zealand is the second largest supplier of  

manufactured milk products to the world market with a 3 1  per cent share. This 

contributes to over NZ$7 billion worth of exports, earning approximately 25% of the 

New Zealand total exports value. The Fonterra Co-operative Group is the biggest 

dairy company in New Zealand, controll ing 95% of milk supply. Mi lk powder is the 

biggest export product with $3 bil lion dol lars worth of sales from 700 mill ion  

kilograms of products, contributing to  nearly 25% of  the total revenue. 

Milk is a complex collo idal dispersion containing fat globules, casein micelles and 

whey proteins in an aqueous solution of lactose, minerals and other minor 

compounds. Its physical, chemical and functional properties are dependent on a 

combination of composit ion and processing factors. 

During the production of milk powder, raw milk with so lids content of 1 0- 1 2% TS is 

concentrated to 45-50%TS by evaporation, before being transported to the spray drier. 

Milk concentrates display time-dependent rheological behaviour where the viscosity 

is dependent on the applied shear rate, temperature and time. In  other words, previous 

processing treatments affect the current rheological behaviour of the milk concentrate 

system, which has a significant effect on both the p lant operating efficiency and the 

quality of the resultant powder product (Vilder et aI. , 1 979; B loore & Boag, 1 98 1 ;  

Snoeren et aI. , 1 982). 

There are numerous reports on the rheology of mi lk based products, including raw 

milk and acidified products such as yoghurt and cheese. However, there have been 
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few studies on concentrated systems. In  the case of milk concentrates, the published 

results have been conflicting, leaving more questions than answers. 

There is a real need to develop a better understanding of the rheological behaviour of 

milk concentrates, as wel l  as other time-dependent fluid systems. The aim of this 

project was to develop new tools and methods for studying t ime-dependent rheology 

of milk concentrates. The specific objectives were 

1 .  To develop a method for recombination of dairy products with reproducible 

rheological profiles 

2 .  To  master, and i f  necessary develop new rheometry techniques appl icable to 

the study of milk concentrates 

3 .  To develop a new methodology for analysing the rheology of  t ime-dependent 

systems 

4. To conduct a survey of mi lk concentrate rheological behaviour in industrial 

p lants 

5 .  To compare the rheological behaviour of fresh and reconstituted milk 

concentrates 

6. To study the effects of shear and temperature history on the rheological 

behaviour of reconstituted milk concentrates 

7. To give an overall description of the combined effect of concentration, t ime 

and temperature on concentrate rheology in samples with a known shear 

history 

8. To obtain structural measurements of milk concentrates during age-thickening 

9. To provide a better understanding of the age-thickening process 

This thesis begins with a comprehensive l iterature review that focuses primarily on 

the rheology of milk concentrate systems. The review discusses the effect of product 

variables (e.g. solids content, protein level) and processing variables (e.g. 

temperature, pH) on the rheology of milk concentrates. A short review of 

recombination fo llows, which looks at the available recombination techniques that are 

being used in the dairy industry. 

Materials and methods are documented in Chapter 3 .  New experimental techniques 

were developed to cope with the complexity of the exercise. The techniques 
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developed include sample preparation, measurement techniques, recombination 

equipment design and protocols, and data analysis. The experimental runs in this 

chapter are labelled as "A" series followed by the run number, e.g. A I -A I OO. 

The experimental results are divided into two separate sections, those data obtained 

from the industrial surveys (Chapter 4) and those collected in the laboratory under 

controlled conditions (Chapter 5). The experimental runs in these two chapters are 

labelled as "B" and "c" series respectively, followed by the run number. 

The industrial survey provided an insight into the change in rheological behaviour of  

the fresh milk concentrate system during processing. The survey investigated the 

effect of several processing variables, such as solids content and temperature, on the 

viscosity and rate of age thickening in fresh milk concentrates. 

The work carried o ut in the laboratory focused on the effect of recombination 

processing parameters on the rheology of reconstituted milk concentrates. Chapter 5 

begins with a discuss ion on new methods of analysing the rheological behaviour of 

time-dependent systems. The next section in chapter 5 compares the rheology of  

fresh and reconstituted milk concentrate systems in  order to  validate the use of  

powder and reconstituted milk concentrates as  a substitute for fresh milk systems. 

The remaining sections of chapter 5 investigate the effect of processing variables on 

the rheology of reconstituted milk concentrates. These include solids content, storage 

temperature, shear level and temperature during recirculation. The results i l lustrate 

the importance of preparation techniques and their impact on the rheology of  the fmal 

reconstituted milk concentrates. 

Chapter 6 provides a summary of the fmdings and discusses their significance. The 

implications of the results from a fundamental research perspective and industrial 

applications are reviewed. Special attention is  given to any information that can shed 

l ight on the age thickening phenomenon in an attempt to answer two important 

questions. "What causes age thickening?" and "What happens to the structure of milk 

systems during age thickening?" 
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CHAPTER 2: LITERATURE REVIEW 

This literature review focuses mainly on the rheological behaviour of milk concentrates. 

However, background knowledge of the milk system and time-dependent rheology are 

also essential. Extensive reviews on these two topics have been carried out. However, 

due to the university size constraint on the thesis, these two reviews are not included in  

this section, and have been attached as  appendices Al  and A2. The reader may wish to 

browse these two documents before proceeding further into this review. 

2.1  Milk Concentrate Rheology 

In  the production of milk powders, the viscosity of the milk concentrate has a significant 

influence on the plant and its performance (Vilder & Moermans, 1 983). The interaction 

between processing conditions and rheological behaviour also controls the quality and 

shelf l ife of the end powder products. The understanding of these interactions provides 

an invaluable quality control tool that can be applied during processing to make products 

with desirable and consistent properties, as well as giving rise to the potential for new 

products with different textural and functional properties. 

The term viscosity is commonly used in the literature to refer either to the apparent 

viscosity of the milk during transportation in the pipeline, or to the initial measurement 

obtained after sampling. 

Under appropriate conditions, such as a high temperature and high total solids content, 

milk concentrates are widely known to exhibit time-dependent behaviour. In these 

systems, the change in viscosity is dependent on both shear and time. If during storage at 

rest, the viscosity increases with time, this t ime-dependent phenomenon, when associated 

with dairy products, is more commonly known as age thickening (Upadhyay, 1 998). 
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Snoeren et aL ( 1 982a, 1 984) described age thickening by providing two viscosity 

definitions for milk concentrate systems: 

• Basic viscosity, jJ� , is the viscosity at infmite shear at zero time 

• Structural viscosity, is the contribution to the increase in concentrate viscosity 

during storage. 

At any given time, the apparent viscosity consists of the basic viscosity and the structural 

viscosity. S imilar defmitions were given by Samel & Muers ( 1 962) who believed that 

the observed viscosity of sweetened condensed milk is the sum of an "initial" viscosity 

(determined by the dispersion of casein, whey proteins, and fat in the continuous phase) 

and an aggregation-network viscosity. The change in structural viscosity (terminology of 

Snoeren et al. ( l 982a) or the aggregation viscosity (Samel & Muers, 1 962) with t ime 

defines the rate of age thickening. 

The initial viscosity and the time-dependent behaviour constitute the rheological 

characterist ics of milk concentrate systems. Fluids with similar initial viscosities may 

possess different rates of age thickening (Lawrence, Clarke, & Augustin, 200 1 ). Yet, 

single point viscosity measurement remains a popular method of investigating the effect 

of various processing variables on the rheological behaviour of the concentrate systems 

(Beeby, 1 966; Newstead, Baldwin, & Hughes, 1 978; Baldwin, Baucke, & Sanderson, 

1 980; Bloore & Boag, 1 98 1 ;  Vilder & Moermans, 1 983; Gassem & Frank, 1 99 1 ). 

Although such data may constitute interesting observations worth invest igating, this 

approach shows a fundamental flaw in the understanding of rheological measurements of 

time-depertdent systems. 

Age thickening of milk systems, dilute and concentrated, has not received much 

attention, as evidenced by the l imited number of published reports on the subject. 

Thixotropic behaviour of fully reversible model systems, such as clay and other colloidal 

suspensions, has been studied in great detail (Yziquel, Carreau, Moan, & Tanguy, 1 999; 

Dames, Morrison, & Willenbacher, 2001 ; Usui, 2002). In these systems, the molecular 
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interactions can be controlled and measured. However, milk systems are complex with 

many components and interactions, including some irreversible reactions. 

A popular measurement within the dairy industry is heat stabi lity, which refers to the 

ability of milk to withstand high processing temperatures without visible coagulation or 

gelation (Singh, 2004). The measurement of heat coagulation time (HCT) is a technique 

for the characterisation of heat stability. HCT is defmed as 'the time taken for milk to 

coagulate (by visual observation) whilst being rocked or agitated in a sealed tube at a set 

temperature (usually between 120°C and 1 40°C) (Wil l iams, 2002). Rose ( 1 963) defined 

heat stabil ity as the time required to induce coagulation at a given temperature, or the 

temperature required to induce coagulat ion in a given t ime. Similar defmitions have been 

given by Kieseker and Pearce ( 1 978). Due to the subjective nature of HCT tests, Rose 

( 1 963) and Singh (2004) pointed out the importance of fully reporting the conditions of 

the test. 

Heat stability tests only focus on the phase transition of the systems, from liquid to gel­

solid state while age thickening refers to the continuous change in rheological behaviour 

of the system with time, eventually culminating in gelation. The author believes that the 

understanding of factors affecting heat stability can shed light on the age-thickening 

behaviour of dairy products, although previous authors have not drawn this parallel 

before. There are obvious differences between HCT and age thickening in milk systems, 

including temperature and solids content being the main variables. HCT is associated 

with less concentrated products which are subjected to higher temperature treatment. In 

addition, HCT is not a rheological measurement, as it does not investigate the 

relationship between shear stress and shear rate. It is speculated that a factor that gives 

rise to a lower HCT may increase the rate of age thickening, i .e. these two processes 

could be driven by similar mechanism/so 

This review wil l  draw on the extensive publications in the area of HCT to shed light onto 

factors affecting age thickening of milk systems. However, this chapter is not a review 

about HCT, for which many good reviews are already available. (e.g. Singh, 2004). 
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The heat stability of milk is affected by the following variables (Rose, 1 963; Kieseker, 

1 980; AI-Tahiri, 1 987; Kieseker & Aitken, 1 988;  Singh, Creamer, & Newstead, 1 989; 

Singh, 2004): 

• Milk composition and concentration 

• Seasonal variation 

• pH 

• Heat treatment prior to evaporation and drying 

• Ionic strength 

• Dispersion of milk fat (homogenization) 

• Water characteristics (degree of hardness) 

• Additives (e.g. urea) 

Milk systems sometime receive severe heat treatment for a short time ( 1 40°C/4- 1 0  sec). 

These are called ultra-high temperature (UHT) milk systems, which are often diluted. 

The severe heat treatment gives rise to a phenomenon called age gelation in UHT milk, 

where the viscosity increases immediately before formation of a gel (Datta & Deeth, 

200 1 ). Similarly to HCT milk systems, UHT milk differ from milk concentrates systems 

in terms of temperature and solids content. However, the high heat treatment received in 

UHT products may spark similar mechanisms to that which caused the onset of 

coagulation in HCT measurement and age thickening in milk concentrates. Where 

appropriate, some knowledge from UHT field will be borrowed for this review. 

The effects of composition and processing variables on the rheological behaviour of milk 

concentrates will be covered first. Next modelling of the rheological behaviour of milk 

concentrate systems will be reviewed, including the time-dependent behaviour. Finally, 

postulated mechanisms of age thickening in milk systems will be briefly discussed. 
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2.1 . 1  M ilk composition 

The force (stress) required to move a solution or suspension at a given shear rate is made 

up of two contributions, the force applied to the solvent and the force required to move 

the solute molecules or suspended particles (E instein, 1 906). The drag force exerted by 

the solvent on the solute or dispersed phase particles is a function of their voluminosity, 

shape and proximity. In milk concentrates, these factors are different for each of the 

many solid components including lactose, proteins, fat, minerals and other mmor 

constituents. Thus the composition of milk has a definite effect on its viscosity. 

2.1 . 1 . 1  Total solids content 

It is wel l  documented that the apparent viscosity of milk concentrates increases 

exponentially with total solids content for skim milk (Bloore & Boag, 1 98 1 ;  Snoeren, 

Damman, & Klok, 1 982b, 1 984; Vilder & Moermans, 1 983) and whole milk systems 

(Fernandez-Mart in, 1 972 ; Vilder, Martens, & Naudts, 1 979; Snoeren, Damrnan, & Klok, 

1 984; Velez-Ruiz & Barbosa-Canovas, 1 997, 1 998, 2000). There is also a gradual shift 

from Newtonian, to shear-dependent and then to time-dependent behaviour (e.g. Velez­

Ruiz & Barbosa-Canovas, 2000). 

The first effect of increasing the total solids content is to increase the contribution of the 

particles to the total force required to shear the solution because there are more of them. 

The rheological properties of milk systems have often been correlated with the volume 

fraction of the solids (Snoeren et aI. , 1 982b; H inrichs, 1 999). The volume fraction of 

milk solids can be considered as the sum of the volume fractions of the soluble 

components, particularly lactose, and the insoluble components both collo idal (casein, 

whey proteins) (Snoeren et aI. , 1 982b) and emulsified (fat). 
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The importance of the volume fraction of the dispersed phase was fIrst highlighted in the 

hydrodynamic theory of viscosity by E instein ( 1 906), shown in equation (2. 1 ). He 

showed that the force required to move a dilute solution of glass beads was equal to the 

force required to move the solvent plus the force required to overcome the hydrodynamic 

resistance of the beads. The latter was described well by Stokes' formula for creeping 

flow past a falling sphere (Bird et al., 1 960). 

f.J = f.Js (1 + 2.5fjJ) 

where f.J is the viscosity of the solution (Pa.s) 

f.Js is the viscosity of the solvent (pa.s) 

fjJ is the volume fraction of the dispersed phase or solute 

(2. 1 )  

The constant 2 .5 in E instein's equation arises from the relation between volume and 

diameter of a sphere. This value has to be modifIed to account for the effect of shape on 

both the volume and hydrodynamic resistance. Numerous studies have been carried out 

to calculate this shape factor, notably with the next simplest shape of suspended 

dumbbells (Eirich, 1 956). The particles investigated in this approach are called hard 

spheres systems as there are no chemical interactions between the particles. The 

movement of each particle can affect the hydrodynamic resistance of a nearby particle. 

Batchelor ( 1 977) incorporated the contribution of this crowding effect for solutions up to 

<j>=0.2 in the equation 

(2.2) 

where k H is called the Huggins coefficient which has a theoretical value of 6.2 for hard 

spheres (Cichocki & Felderhof, 1 988). 

At h igher concentrations, terms in <l> of third and higher order must be incorporated into 

equation (2.2). The theoretical derivation of this infinite series is challenging and a 
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number of empirical and semi-empirical formulas have been proposed. Snoeren et al. 

( 1984) used Eilers' correlation (Eilers, 1 94 1 )  

(2.3) 

where rpmax is the maximum volume fraction of the dispersed phase. Another useful 

correlat ion is Krieger and Dougherty' s ( 1 959) 

(2.4) 

where [u] is the intrinsic viscosity. 

In the derivations reviewed so far, the dispersed particles have been treated as non­

deformable particles, i.e. hard spheres. In real food systems, these particles can be 

deformable and have mutually attractive surface forces. When the mutually attractive 

forces are not very strong, clustering of part icles is not permanent but will increase the 

viscosity because of the energy required to break up these clusters. Russel ( 1 984) 

included the effect of particle surface interaction into the Batchelor formula by modifying 

the Huggins coefficient in his theory of so-called adhesive hard spheres 

(2.5) 

where the Baxter interaction parameter, TB ' is infmite for hard spheres and decreases in 

value as the attraction increases. It is important to note that the adhesive hard sphere 

model only looks at the physical interaction at the surface, and not the chemical 

interactions. The adhesive hard sphere model essentially describes a system where two 
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particles are attracted to each other over long range, but experience a steep repulsive 

force at very short distance due to the steric repUlsion caused by the overlapping of an 

adsorbed layer of active material on the surface. This model can be used to describe the 

behaviour of casein micelles, where the micelle core is surrounded the hairy layer of K­

casein which provide steric repulsion at close distance. 

Luckham and Ukeje ( 1 999) showed that at high volume fraction, significant compression 

and interpenetration of the stabilising polymeric layer can take place and this contributes 

significantly to the elasticity of a system. This brings in an additional variable that must 

be taken account when working with highly concentrated products. 

The correlations reviewed so far are only based on interactions between separate 

particles. They do not take account of floc size and strength and therefore cannot 

describe the shear thinning behaviour often observed with collo idal solutions. Even in 

model systems made up from latex particles manufactured to known particle sizes and 

stabilised with an outer layer of surfactants (Luckham and Ukeje, 1 999), the predictions 

of the Krieger-Dougherty equations could only be correlated with the viscosity "at high 

shear rate" and no attempt was made to explain the shear thinning behaviour. While the 

kinetics of coagulation and flocculation are well researched (e.g. Dobias, 1 993), the 

assessment of floc size and density in concentrated opaque solutions is not available. The 

floc stability and therefore its size is a function of the shear rate applied (Muhle, 1 993) 

and the volume fraction should therefore be measured at the concentration and in the 

shear environment applicable to the viscosity measurement. There is no method for doing 

this at the moment and therefore all discussions relating volume fraction to viscosity 

during age-thickening can only be qualitative at the time being. 

Upon concentration, an increase in ionic strength and a drop in pH are always 

encountered (Walstra & Jenness, 1 984; Upadhyay, 1 998; Walstra et. aI., 1 999; Bienvenue 

et aI., 2003). A decrease in pH can result in a decrease in the electrostatic repulsions of 

micelles, and weak flocs may form that give rise to an increase in viscosity (Bienvenue et 
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aI. , 2003). Casein micelles may increase in size during concentration due to coalescence 

between the micelles (Walstra & Jenness, 1 984; Walstra et aI., 1 999). 

Non-Newtonian behaviour is caused by the formation of secondary structure due to 

reversible interactions between particles. The state ofthe structure is highly dependent on 

shear rate, being more broken down under the influence of high shear. Time-dependent 

arises when these structures take a ftnite time to undergo changes. 

Age thickening occurs at high concentrations above 42% to 45% TS. The rate of age 

thickening increases with solid-non-fat (SNF) concentration in milk systems (Snoeren et 

aI. , 1 984; Upadhyay, 1 998). Similarly, HCT decreases with an increase in SNF 

(Metwally et aI., 1 978;  Kelly, 1 982a; Singh, 2004). This was attributed to the decrease 

in pH and amount of water bound to casein, as well as an increase in concentration of the 

soluble milk constituents (Dahle & Pyenson, 1 938). 

In whole milk, the dynamic interactions can deform the stabilising layer on the surface of 

the fat globules and change their contributions to the viscosity (Mewis et aI., 1 989; 

Hinrichs, 1 999). 

2.1 . 1 .2 Protein 

Jeurnink & Dekruif ( 1 993) demonstrated that the rate of increase in viscosity during 

storage at rest at 90°C increased with j3-lactoglobulin concentration (Figure 2. 1 ). Rohm 

( 1 98 8) observed higher rates of age thickening with an increase in protein. Trinh & 
Schrakeenrad (2002) found that milk concentrates with 40% of whey proteins removed 

had much lower viscosity and rate of thickening than normal milk concentrates. 

Similarly, Newstead, Sanderson and Conaghan ( 1 977) showed that the presence of native 

j3-lactoglobulin decreased the HCT of recombined concentrated milk. White and Davies 

( 1 95 8b) noted that a minimum concentration of 0.9% of whey protein is required to have 

any effect on the heat stability of milk. 
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Ma et a!. (2002) added a proteolytic enzyme to reconstituted whole mi lk at 50%TS and 

showed that the viscosity and rate of thickening increased significantly. More 

interestingly, there was a clear shift of the temperature at which age-thickening begins 

from about 65°C in normal milk concentrates to about 45-50°C in enzyme treated milk. 

The action of the enzyme, Neutrase, was shown by gel electrophoresis and high 

performance liquid chromatography to destabilise the casein micelles by turning the K­

casein into para-K-casein, i.e. lost of negative charge on the micelles. 
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Figure 2. 1 :  Relative change in viscosity %(1 = 0) of whey protein free milk with 

various concentrations of [3-lactoglo bulin ([3-lg) as a function of the ho Iding time at 90°C: 

0, [3-lg = 0.2g/L; -, [3-lg = 3 .3g/L; 6 ,  [3-lg = 6.6g/L. (Jeumink & Dekruif, 1 993) 

The importance of whey proteins rests on their abil ity to denature during heating, where 

the free thiol group (-SH-) at Cys12 1 becomes available for strong disulphide bond 

formation (Papiz et a!., 1 986; Iametti et aI., 1 996) . Interestingly, Gallagher et a l. ( 1 996) 

showed that heating a solution of porcine [3-lactoglobulin did not result in gelation due to 

the absence ofa free thiol group (papiz et aI., 1 986). 
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During denaturation, the denatured whey proteins can associate with themselves 

(Alizadehfard & Wiley, 1 996 ; Gallagher et aI. , 1 996), casein micel les (Cho, S ingh, & 
Creamer (2003) and the fat globule membrane (Velez-Ruiz & Barbosa-Canovas, 2000). 

The formation of whey protein aggregates involves two processes: the aggregation of 

denatured f3-lactoglobulin into intermediate o ligomers, and secondly the use of these 

oligomers as building blocks for aggregate formation (Croguennec, O'Kennedy, & 
Mehra, 2004). These authors also noted that both f3-lactoglobulin A and f3-lactoglobulin 

B variants show similar behaviour in forming intermediates and/or soluble aggregates 

during heat- induced denaturation/aggregation processes. 

The association between denatured whey protein and casein micelles is significantly 

affected by the heating condit ions, including the rate of heating (Smits & van 

Brouwershaven, 1 980), whether direct or indirect (Corredig & Dalgleish, 1 996; 1 999), 

and time (Anema & Klostermeyer, 1 997). 

Cho et al. (2003) showed that a concentration ratio of 1 :  1 denatured f3-lactoglobulin to K­

casein generates the maximum quantity of disulphide bonded complexes. It is important 

to point out that their study was carried out on a model system, where purified f3-

lactoglobulin was heated with purified K-casein solutions. 

Anema and Li (2003a) showed that the rate of denaturation of whey proteins was much 

faster than the rate of association between the whey proteins and the casein micelles. 

They attributed this to the difficulty the denatured whey protein have in accessing the 

cysteine residues on the para-K-casein in the core of the casein micelles. 

Denatured whey proteins on the micelle surface have been observed visual ly to act as 

l inking bridges for micelle network formation (Sawyer, 1 969; Carroll ,  Thompson, & 
Me Inycbyn, 1 970; Kocak & Zadow, 1 985 ; Defelipe, Melcon, & Zapico, 1 99 1 ). Lucey et 

al. ( 1 997) and Lucey, Munro, & Singh ( 1 998) suggested that the denatured whey proteins 
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complex with the casein micelle surface, and the whey proteins can then form bridges 

between the casein micelles and promote the formation of a gel network. 

Schorsch et a1. (2001 )  showed that formation of a gel network in acidified milk systems 

was significantly different when whey protein was heated alone and with casein micelles, 

shown in Figure 2.2. When heated alone, the whey proteins denatured and aggregated 

among themselves to form a particulate gel which was weak. Some casein micelles 

might be entrapped within the gel network. When heated with casein micelles, the gel 

network was more firm and continuous, with the casein micelles incorporated within the 

network structure. 

• •  Native 
• �......--- whey 

• •  protein 
• •  

Casein 
micelle s 

A 20/20 

C 80/20 

8 20/80 

0 80/80 
Figure 2.2 :  Schematic representation of the casein/whey protein acid gels. (A) 

casein/native whey protein heated to 20°C, (B) casein/native whey protein heated to 

80°C, (C) casein/pre-denatured whey protein, which has been heated to 80°C, heated to 

20°C, (D) casein-pre-denatured whey protein, which has been heated to 80°C, heated to 

80°C. (Schorsch et a1. 200 1 )  

Interestingly, Schorsch et a1. (2001 )  also showed that addition o f  denatured whey proteins 

to casein micelles does not result in the association between whey proteins and casein 
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micelles unless further heating is encountered. System D would yield a more porous gel 

system, as the denatured proteins already formed aggregates which then act as bridges. 

In systems where undenatured whey proteins were heated with casein micelles (B), the 

whey proteins would coat the casein micelles in thinner layers, which then help them to 

bind to other coated casein micelles. This will resuh in a more compact gel structure. 

Similarly, Rohm ( 1 988) and Newstead et al. ( 1 977) showed that the addition of denatured 

whey protein did not have a significant effect on the viscosity and HCT of heated milk 

solutions. 

The binding of denatured whey proteins onto the casein micelles, via disulphide bonds 

with the K-caseins, increases the particle size and volume fraction of the casein micelles, 

which in turn increases the viscosity contribution of the suspended phase (Anema et aI., 

2004). In fact, Anema et al. (2004) found a linear relat ionship between particle size and 

viscosity during heating of diluted reconstituted skim milk systems at pH 6.5 and 6.7. 

Heat treatment of whey protein free milk showed no significant changes in either particle 

size (Anema & Li, 2003a) or viscosity (Jeurnink & Dekrui£ 1 993). 

Snoeren et al. ( 1 984) argued that the age thickening behaviour of milk concentrates could 

be explained in terms of the hairs on the casein micel les extending out at low shear rates 

and being forced c loser to the micelle surface at high shear. Trinh and Schrakeenrad 

(2002) argued that the movement of hairs on the micel les cannot account for the 

significant increase in viscosity and particle size, and believe that the caseins must be 

involved in the formation of aggregates or flocs. 

Numerous publications have attempted to correlate the concentration of 13-lactoglobulin 

with the HCT of dilute milk systems but no relationship was established. Kieseker and 

Pearce ( 1 978) attributed the difficulty to the poor analytical methods available for the 

determination of 13-lactoglobulin. 
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Addition of �-lactoglobulin to whey-protein free dilute milk ( less than 20% TS) gives rise 

to maximum and minimum heat stabil ity on a pH-HCT curve. In concentrated milk, 
addition of �-lactoglobulin has a destabilising effect ( i.e. decrease the HCT) over the 

entire pH range (Singh, 2004). In another word, the addit ion of �-lactoglobulin has 

different effect on diluted and concentrated milk systems. More importantly, the presence 

of �-lactoglobulin in milk plays a significant role in the HCT profile. 

2.1 .1 .3 Fat 

The fat globules in whole milk are protected by a native fat globule membrane (NFGM). 

The NFGM is derived mainly from the apical plasma membrane of mammary secretory 

cells at the t ime of milk fat secretion (Kim & limenez-Flores, 1 995). It has a unique 

composition of mainly proteins and phospholipids that stabil ise the emulsion by shielding 

the fat globules from the plasma and serum proteins and protect them from natural milk 

enzymes. In their native state the fat globules contribute to the Newtonian milk viscosity 

only as inert but deformable suspended particles. When the NFGM is disrupted by 

homogenisation, proteins from the plasma coat the surface of the uncovered fat globules 

to give the damaged fat globule membrane (DFGM) (Mulder & Walstra, 1 974; Houlihan 

et aI., 1 992). These surface proteins can be activated to interact with other proteins and 

bring the fat globules into aggregates and networks of the milk solids. The interaction 

between damaged fat globule membrane and casein during age thickening has been 

regularly observed under microscope (Defelipe et al., 1 99 1 ; Velez-Ruiz & Barbosa­

Canovas, 2000). Since the fat globules are comparatively large ( 1 - 1 0  f..tm compared to 

50-500 ll m for the casein micel les (de Krurl: 1 998; Schorsch, lones, & Norton, 2002), 

aggregates in whole milk are always larger than those in skim milk. 

Heat treatment a llows the denatured whey proteins, mainly �-lactoglobulin, to interact 

with the membrane components via disulphide bonds, as well as causing a loss of original 

membrane components, such as phospholipids and membrane proteins (Lee & Sherbon. 

2002). Ye et a1. (2004) showed that the association of �-lactoglobulin and a-lactalbumin 
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with the fat membrane could be described by a first order reaction in the low temperature 

range (65°C-85°C) and a second order reaction in the high temperature range (85°C-

95°C). 

Homogenisation causes a massive disruption of the native fat globules membrane and 

creates a large amount of new interface between the fat and p lasma phases (Noda, Endo, 

& Takahashi, 1 978; Keenan, Moon, & Pyleruski, 1 983 ; Snoeren et aI., 1 984; McCrae, 

1 999; Hayes & Kelly, 2003). Lee and Sherbon (2002) showed that homogenisation 

without heating will only resuh in the incorporation of casein micelles onto the fat 

globule membrane. 

The protein coatings of the fat globules increase the apparent volume fract ion of the 

dispersed particles and thus increase the apparent viscosity of fresh milk concentrates 

(Vilder et aI., 1 979; Lawrence et aI. , 200 1 )  and sweetened condensed milk (SCM) 

(Lawrence et aI., 200 1 ). 

An increase in homogenisation pressure would create more fat globules (Hayes & Kelly, 

2003) that can be incorporated into the evolving structure during storage, and in turn 

result in an increase in the rate of age thickening and a decrease in HCT for SCM and 

recombined sweetened condensed milk (RSCM) (Lawrence, Muller, & Rogers, 1 963; 

Noda et aI . ,  1 978; Kieseker & Aitken, 1 988). During the production of recombined 

sweetened condensed milk (RSCM), the use of recombined cream makes it possible to 

exclude the use of homogenisation and thus achieve lower viscosity and rates of age 

thickening (Noda et aI. , 1 978). 

Vilder et al. ( 1 979) also noted that one-stage homogenisation resulted in a h igher 

viscosity than a two-stage homogenisat ion system, for a given homogenisation pressure. 

During a two stage homogenisation, ''the fat clusters were largely broken down in the 

second stage" (Vilder et aI., 1 979), resulting in lower viscosity values. 
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Snoeren et al .  ( 1 984) made a contrary observation that there was a decrease in the rates of 

age thickening at higher homogenization pressures. They argued that the casein adsorbed 

on to the newly created fat/plasma interface would "be within the sphere of the apparent 

volume and hence will not contribute to the size of the volume", as shown in F igure 2 .3 .  

A higher homogenization pressure would generate a greater fat surface area and more 

casein micelles would be part of the apparent volume-sphere. 
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Figure 2 .3 :  Schematic representation of the thickening of non-homogenised 

concentrate (A) and of homogenized concentrate (B). The filamentous structure 

represents the casein, while the circles represent the fat globules. (Snoeren et at, 1 984) 

On the other hand, Lawrence et al. (200 1 )  noticed that an increase in homogenisat ion 

pressure during the manufacture of SCM had little effect on the age thickening profIle, 

i.e. rate of age thickening, during storage. 

More work is required to explain these contradictory observations on the effect of 

homogenisation of fats on the rheological behaviour of who le milk concentrates. 

2.1 . 1 .4 Sa lts and minerals 

The milk salts exists in equilibrium between diffusible and colloidal phase (de la Fuente, 

1 998; Udabage, McKinnon, & Augustin, 2000). The addition of salts and minerals can 

have a dramatic effect on the rheological behaviour and heat stability of milk concentrate 
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systems (Rose, 1 963; Newstead, 1 977; Kieseker & Pearce, 1 978 ;  Noda, Endo, & 
Takahashi, 1 9 86; Pouliot & Boulet, 1 995;  Upadhyay, 1 998; Vyas & Tong, 2003). 

The addit ion of calcium can result in an increase in viscosity (Noda et aI. , 1 986) and a 

decrease in HeT (Nieuwenhuijse et aI., 1 988;  Vyas & Tong, 2003). F luoride, on the 

other hand, combines with calcium and prevents formation of bridges between the 

micelles, and thus retards the rate of age thickening (Upadhyay, 1 998). Addit ion of 

phosphate enhances heat stabil ity (Nieuwenhuijse et aI. , 1 988). 

It is important to analyse the effect of both individual ions, as wel l  as the ratio of one ion 

to another, on the stability of milk systems (Rose, 1 963). Rose ( 1 963) also suggested that 

any effects of salt compounds on HeT can only exist in the presence of f3-lactoglobulin. 

2.1 . 1 .5 Urea 

Urea is a natural component of milk and it is one of the main components of the non­

protein nitrogen (NPN). There has been no study done on the effect of urea on the 

viscosity or rate of age thickening in milk concentrates. However, the amount of 

literature on the effect of urea on HeT of milk system is more abundant . 

The effect of urea on HCT is wel l  documented, where its addition increases HCT of 

diluted milk systems (Muir & Sweet sur, 1 976, 1 977; Holt, Muir, & Sweet sur, 1 978; 

Muir, Abbot, & Sweet sur, 1 978; Kelly, 1 982a, 1 982b; Shalabi & Fox, 1 982). The effect 

of urea on heat stability is highly dependent on seasonal effect (White & Davies, 1 958b; 

Newstead et aI. , 1 977; Kelly, 1 982a). 

The addition of urea either before or after preheating had no significant effect on the heat 

stability of the reconstituted powder products (Kelly, 1 982a). Kieseker and Pearce 

( 1 978) suggested that urea affects the casein coagulation process, but not the interaction 

between casein and whey protein, which predominantly takes place during preheating. 
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The addit ion of urea increases the sensitivity of HeT proflle to changes in pH (Kelly, 

1 982a). The presence of urea also shifted the pH of maximum stability to the acid side 

of the natural pH (Kelly, 1 982a). 

2.1 . 1 .6 Seasonal variation and stage of lactation 

It is important frrstly to distinguish between seasonal variation and stage of lactation. 

Seasonal variation deals with varying external factors, such as environment, feeds and 

farming practice. Stage of lactation is concerned with the physical state of the cow after 

calving and its effect on the composit ion of the milk. 

In New Zealand, the general farming practice is to concentrate calving in spring, late 

July/ early August. Thus, most of the cows calve at the same t ime. Immediately after 

calving, due to the lactation effect, milk yield increases during the subsequent several 

weeks. During spring, the pasture is often nutritious and abundant. By concentrating the 

calving in spring, the farmers maximize pasture utilization during the maximum milk 

yield period from the cows (Auldist, Walsh, & Thornson, 1998 ;  Nicholas et aI., 2002). 

Thus, seasonal and lactation effects can coincide. 

However, the milk yield will eventually drop. This will coincide with a drop in pasture 

quality and yield. The overal l  quantity of milk supply will drop due to the drop in 

concentration of key components such as protein. Thus, this farming practice resuhs in 

irregularities in the supply and composition of the milk during a dairy production season. 

In Europe, calving is spread across the year, and thus the interaction between stage of 

lactation and seasonal variation is more complex. This practice tends to minimise the 

seasonal variation in the supply and composition of milk (Kieseker & Pearce, 1 978; 

Auldist et aI. , 1 998). 
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Seasonal variation and stage of lactation have significant effects on milk composit ion, 

which in turn affects the viscosity of the milk system. A substantial amount of work has 

been carried out to analyse the variat ion in composition of milk systems with production 

season and stage of lactation. 

Bloore and Boag ( 1 98 1 )  published a thorough study of the variation in the content of 

various milk components over two dairy seasons. Skim milk was concentrated and then 

dried in a pilot plant and the resultant powder analysed. The protein content, which has a 

significant impact on the rheological behaviour, was found to peak in February and 

March, which coincides with the end of the production season. 

Kieseker and Healey ( 1 996) found a similar seasonal variat ion pattern of protein content 

in skim milk powder from three manufacturing plants in Australia over one year of 

production. In this work, there were no matching viscosity measurements. For all plants, 

the maximum protein content was observed in the period of March-May (autumn), in 

agreement with Bloore and Boag ( 1 98 1 ). A reverse trend was observed with lactose 

concentration, with a minimum in the period of March-May and a maximum in 

September-December. A similar trend in protein content was observed by Underwood 

and Augustin ( 1 997) and Newstead et al. ( 1 977). Calcium content also showed peak 

periods in the months of March-May (Underwood & August in, 1 997). 

O'Brien et al. ( 1 999a, 1 999b) carried out a detailed invest igat ion into the seasonal 

variation in composition of manufactured and retail (of the shelf) Irish milk. Total 

protein, casein, whey, urea and fat showed similar trends in seasonal variat ion with 

maxima and minima observed in October-November and February-April respectively. It 

is important to note that October-November is the end of the milking season where 

indoor feeding takes p lace. In addit ion, late lactation takes place in October-November. 

Therefore, the trend in the fluctuation of protein with seasonal variation observed by 

O'Brien et al. ( 1 999a, 1 99b) agreed with the fmdings from B loore and Boag ( 1 98 1 )  and 

Kieseker and Healey ( 1 996). Vitamins and minerals showed complex relationships with 

lactation period. Rennet coagulation t ime did not show significant correlat ion with the 
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trend in protein, urea and fat. Manufacturing conditions, which could have had 

significant effects on the rheological behaviour of the milk systems, were not discussed in 

detail. 

Coulon et al ( 1 998) carried out a thorough investigation into factors affecting the casein­

whey protein ratio in milk. Genetic variation and stage of lactation had the most 

significant effect on the protein concentration and the casein-whey protein ratio. Breeds 

and dietary factors had little or no effect on the ratio. 

Factors including environmental  (Connol ly & O'Brien, 1 994), farm and herd 

management (Dillon et al, 1 995), cow diets (Murphy & O'mara, 1 993), milking practices 

(Stadhouders, 1 972; Coulon et al., 1 998) have a significant effect on the composition and 

the behaviour of milk systems. A combination and/or interaction of these factors could 

give rise to significant variabil ity in the expected seasonal variation in the composition of 

milk (Barber et aI., 200 1 ). 

There are many more published papers which deal with the variat ion of individual milk 

components, such as plasmin (Benslimane et aI., 1 990; Nicholas et aI., 2002), urea 

(Kel ly, 1 982b), casein/true protein ratio (Berg & Berg, 1 996; Ostersen, Foldager, & 
Hermansen, 1 997), free fatty acids (Evers & Palfreyman, 200 1 ;  Fitzpatrick, Rogers et aI., 

200 1 ), and size of casein micel les in bovine milk (Holt & Muir, 1 978) during a 

production season. 

In the literature, only Bloore and Boag ( 1 98 1 )  have compared the variation in viscosity 

and protein contents, as well as other milk components. No published l iterature has been 

found on the relationship between age thickening and seasonal variation. 

A significant amount of work has been published with regard to seasonal variation of 

HCT of milk systems (White & Davies, 1 958a; Newstead, Sanderson, & Baucke, 1 975;  

Muir & Sweetsur, 1 976; Newstead & Baldwin, 1 977;  Holt et al., 1 978; Kelly, 1 982a, 

1 982b; Dalgleish, Pouliot, & Paquin, 1 987; S ingh & Tokley, 1 990; Mil  & Koning, 1 992 ; 
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Underwood & August in, 1 997). Maximum heat stabil ity is often observed in mid­

lactation and minimum HCT during the early and late stages of lactation with New 

Zealand milk. 

The literature c learly showed the effects of seasonal variation, stage of lactation, as wel l  

as many other factors on the composition variat ion in milk system. Yet, publications on 

rheological behaviour and HCT of milk systems often do not include data and discussion 

on the composit ion, seasonal variation and lactat ion. It is apparent that there is a 

significant gap in communication between the two fields of dairy processing and 

dairying. Discrepancies in published rheology data are widely observed and not 

understood. The author believes that the variat ion in milk composition may play a 

crucial role in accounting for these discrepancies. In many pieces of work on rheology or 

HCT, compositional analysis of the raw material was of little interest . Without this 

information, it is difficult to identify the causes for the discrepancies between the 

publ ished rheological data of milk systems (Nicholas et aI., 2002). The gap in the 

understanding of these complex interactions may be bridged by a fusion of knowledge 

between the two fields. 

2.1 .2 pH 

pH of milk changes with processing steps. Venkatachalam et a1. ( 1 993) showed that 

when raw milk at pH 6.83 was processed, the pH dropped to 6.80 after pasteurisation, 

6.77 after filtrat ion and concentration, and 6.7 1 -6.73 after UHT processing. Griffm et a1. 

( 1 976) noted that preheating causes a reduction in pH of milk, particularly with higher 

preheating temperatures and longer holding t imes. The drop in pH of milk during heating 

is attributed to several causes: release of CO2, precipitat ion of calcium phosphate, release 

of It, formation of organic acids from thermal breakdown of lactose (Walstra & Jennes, 

1 984; Singh & Creamer, 1 997). 
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pH has a significant influence on the rheological properties of milk concentrate systems 

due to the loss of electrostatic repulsion near the isoelectric points of the casein and whey 

proteins. pH a lso has a significant effect on CCP, which d issolves as the pH decreases 

(de la Fuente, 1 998;  de KruiL 1 999), thus causing dissociation of caseins, particularly of 

13- and K-CN (Singh et aI., 1 996). Decrease in pH also causes an increase in calcium ion 

activity (de la Fuente, 1 998; Singh, 2004). 

Despite the importance of pH, no work on the effect of pH on the viscosity and rate of 

age thickening of milk systems has been found in the l iterature. However, there is fair 

number of l iterature on the effect of pH on the HCT profIle. 

The HCT of milk can show one of two types of profiles, as shown in Figures 2.4-2.5 .  

Most milks show so called Type A behaviour, where the HCT-pH curve shows maximum 

heat stabil ity in the pH range of 6.5-6.7, then declines abruptly to a minimum in the range 

of pH 6.7-6.9, as shown in Figure 2.4. 
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Figure 2.4:  pH-HCT profile of a Type A milk. (McCrae, 1 999) 
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The relat ive position of the natural pH of the milk solution in relation to the pH of 

maximum heat stability also plays an important part in controlling the heat stability of the 

system. For example, if the natural pH lies on the right of the pH at maximum HCT, then 

a decrease in pH of the system would shift the HCT towards the maximum on the HCT­

pH scale. 

In Type B milk milks as shown in Figure 2.5, the pH-HCT curves increases gradually 

without a maximum. Interestingly, when whey protein is removed from the milk system, 

the pH-HCT curve shifts from a normal type A to a type B behaviour (Kieseker & 
Pearce, 1 978;  Tan-Kintia & Fox, 1 999). Conversely, the addition of f3-lactoglobul in to 

serum protein-free milk (SMPF) shifts the pH-HCT profile from Type B to Type A 

(O'Connel l  & Fox, 200 1 ). Table 2 . 1  lists several methods for converting the pH-HCT 

proftJe from Type A to Type B. 
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Figure 2 .5 :  pH-HCT proftJe of a Type B milk. (McCrae, 1 999) 
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Table 2 . 1 :  Methods for eliminating the minimum from the HCT -pH profLles of  Type 

A milks (Singh, 2004) 

Conversion of Type A to Type B 

Decrease in the assay temperature ( 1 50°C to 1 20°C) 

Addition of K-casein 

Removal of whey protein 

Reduction in the levels of soluble salts 

Several additives (e.g. aldehydes, oxidising agents, polyphenols) 

Treatment with transglutaminase 

Even small changes in the acidity of the fresh milk (0.05 pH units) have a significant 

effect on the tendency to age thickening (Kieseker & Pearce, 1 978; Upadhyay, 1 998) and 

heat stability (Rose, 1 963; Newstead et aI., 1 975; Griffm et aI., 1 976) Manipulation of 

composit ion and structural properties of the system wil l have an effect on the HCT-pH 

relat ionship. Griffm et al. ( 1 976) showed that preheating increases the sensit ivity of the 

heat coagulation time profile with pH, thus causing the maximum heat stability to occur 

within a smaller pH range. 

2.1 .3 Temperature during processing 

There are two groups of work on this topic. One deals with the relatively diluted milk 

solutions (up to 20%TS), where dairy chemistry gives good insights into the chemical 

interact ion of proteins during heating and holding. There are some viscosity 

measurements in this group of work, although most employed the HCT technique. 
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The second group of publications, which is much smaller in number, focuses on the effect 

of temperature on the rheology of concentrated milk so lutions, and deals less with protein 

chemistry. 

The rate of increase in viscosity of dilute milk is dependent on the temperature and 

duration of heating, as wel l  as pH (Cayot et aI. , 2003). This increase in viscosity was 

found to correlate wel l  with an increase in particle size. Below 80°C, the change in 

particle size is l inearly dependent on heat ing t ime. Above 80°C, the particle size 

increases rapidly, before reaching a plateau, which is dependent on the pH (Anema & Li, 

2003a). 

During heat ing, the pH has a significant effect on the interaction between denatured whey 

proteins and casein micelles. At pH 6.5, a maximum of 70% of the denatured f3-

lactoglobulin and a-lactalbumin proteins associate with the casein micel les, compared to 

just 30% when heating was carried out at pH 6.7 (Anema & Li, 2003a, 2003b, 2004). 

This is in agreement with the fmdings from Smits and van Brouwershaven ( 1 980), 

Dalgleish et aI., ( 1 997), Lucey et aI. , ( 1 998), Vasbinder and de Kruif(2003). 

Vasbinder and de Kruif (2003) showed that below pH 6.6, all denatured whey proteins 

attach to the casein micelles, but the coverage is less homogeneous as the pH is 

decreased. At pH values above 6.6, more whey protein aggregates are formed in the 

serum and not bound to the casein micelles, shown in Figure 2.6. This could explain the 

effect of pH during heating on the particle size, where lower pH resulted in larger 

increase in particle size as observed by Anema and Li (2003a, 2004). 
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Figure 2.6: A schematic representation of the interactions between casein micelles and 

whey proteins occurring in milk during heat treatment for 1 0  minutes at 80°C at pH 

values ranging from 6.35 to 6.9. The small circles represent denatured whey proteins, the 

large circles the casein micelles. The whey proteins are either present in aggregates or 

covalently associated with the casein micelle. Native whey proteins are not included in 

the figure. (Vasbinder & de Kruif, 2003) 

Heat treatment of dilute milk systems also causes a shift in gelation pH towards higher 

pH values (Lucey et aI., 1 997; Lucey et aI. , 1 998; Vasbinder, van Mil, Bot, & de Kruif, 

2001 ). This is because whey proteins coagulate at higher isoelectric pH than case ins. 

Hence, the surface coated casein micelles will flocculate at higher pH than native casein 

micelles (Lucey et aI., 1 997; Schorsch et aI. , 200 1 ;  Vasbinder et aI., 200 1 ;  Vasbinder, van 

de Vilde, & de Kruif, 2004). Lucey et a1. ( 1 998) showed that serum protein-free milk had 

a gelation t ime and pH of gelat ion similar to unheated reconstituted milk during 

acidification. 

Heating a lso causes dissociation of casein components from the micelles (Ono et aI., 

1 999; Anema & Li, 2003a). Heating at 1 20°C results in 4% dissociation, while heating at 

1 40°C yields 20% of the micellar proteins (Ono et aI. ,  1 999). An increase in pH during 

heating also gives rise to significant increase in the dissociation of the casein micel les, 

particularly the K-casein above pH 6.7 (Anema & Klostermeyer, 1 997). 

Beaulieu et a1. ( 1 999) suggested that the maximum amount of association between 

denatured whey proteins and casein micelles was due to the saturation of K-casein on the 

micelle surface. The remaining denatured whey proteins form soluble aggregates among 

themselves, as well as with some K-casein in the serum. Interactions of a-lactalbumin 
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with casem micelles can only occur once denatured 13-lactoglobulin has formed 

complexes with the micelle surface (Dalgleish et aI., 1 997; Fairise & Cayot, 1 999). 

The effect of temperature is also dependent on seasonal variation and stages of lactation. 

During the periods of minimum HCT in early and late lactation, heat treatment was found 

to have little effect (Kelly, 1 982a). Newstead et al. ( 1 977) however, observed that h igh 

preheat temperature produced satisfactory heat stable ( long HCT) skim powder during 

late lactation. 

Anema et al. (2004) attributed the increase in viscosity with temperature above 70°C to 

the increase in size of the casein micelles during heat ing. This increase in size has been 

l inked to the association between casein micelles and denatured whey proteins (de Kruit: 

1 998; Beaulieu et aI. , 1 999; Fairise & Cayot, 1 999). The maximum amount of 

association between denatured whey proteins and casein micelles decreases with an 

increase in pH (Anema & L� 2003a). Heating of whey-depleted milk showed little 

change in particle size (Anema & Li, 2003a) or viscosity (Jeurnink & Dekruif, 1 993). 

Anema et al .  (2004) postulated that the adsorbed whey proteins could act as interspaced 

filamentous appendages extending from the micelle surface, and increase the occlusion of 

milk serum and thus extend the hydrodynamic radius of the micelles. This in turn 

increases the volume fraction of the milk system, and consequently, viscosity. 

Ono et al. ( 1 999) suggested that the increase in casein size is the result of association 

between small s ize micelles to form larger ones upon heating, and whey proteins are an 

important stimulator of micellar association. 

In concentrated milk solution (>40%TS), many authors observed a decrease in viscosity 

with temperature unti l  a minimum is reached in the temperature range of 60-70°C, before 

the viscosity increases again (Bloore & Boag, 1 98 1 ;  Snoeren et aI. , 1 982b; Jeurnink & 
Dekruif, 1 993 ; Velez-Ruiz & Barbosa-Canovas, 1 997; Trinh & Schrakeenrad, 2002). 

Interestingly, Trinh and Schrakeenrad (2002) (Figure 2 .7) and Snoeren et al. ( 1 984) 

showed that age thickening was significant only when reconstituted whole milk 
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concentrate was heated at above the critical temperature of 65°C. Below this critical 

temperature, no age thickening was observed in the samples. Tang et al. ( 1 993) made the 

same observations with a whey protein concentrate (WPC) system, where the apparent 

viscosity increased sharply after the critical temperature region of 60-70°C. Below this 

critical range, the viscosity follows the Arrhenius model, where the logarithm of viscosity 

is a linear function of the reciprocal absolute temperature (Markovitz, 1 985). Tang et al. 

( 1 993) argued that this behaviour may be the net result of three effects. An increase in 

temperature would increase the intermolecular d istance and thus results in a decrease in 

viscosity. The second effect involve the shear-induced disruption of the protein 

aggregates formed by intermolecular interact ions. Thirdly, irreversible physicochemical 

changes take place at high temperature, in particular above 60°C where denaturation of 

whey proteins take place. The first two effects would dominate at lower temperatures, 

whereas the third effect dominates at higher temperatures resulting in a viscosity 

minimum (Tang et aI., 1 993). 
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Figure 2 .7 :  Variat ion of apparent viscosity with temperature and storage t ime. (Trinh 

and Shrakeenrad, 2002) 
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In SCM, age thickening occurs with storage at low temperature (Samel  & Muers, 1 962). 

Gelation was observed after 2 weeks of storage at room temperature, but took longer at 

lower temperature (Samel & Muers, 1 962). Samel and Muers ( 1 962) and Zavarin, 

Chekulaeva and Chekulaev ( 1 978) suggested that at the higher end of this storage 

temperature range, the viscosity of the aqueous phase is low, and reactions can proceed 

more quickly in comparison to a more viscous medium at lower temperature. The 

increase in temperature also results in an increase in the strength of hydrophobic effect, 

and thus an increase in protein-protein interactions (Bonomi & Lametti, 1 99 1 ; Lametti et 

aI., 1 993). 

2.1 .4 Preheat treatment 

There is no work on the effect of preheat treatment of milk during powder manufacture 

on the age-thickening of fresh milk concentrates. However, there is information on the 

effect of pr eh eat treatment on the in-line viscosity and the HCT of concentrated milk. 

Preheat treatment has a significant effect on the flow behaviour of whole milk 

concentrate, as wel l  as its sensory and physical propert ies (Baldwin, Cooper, & Palmer, 

1 99 1 ;  Baldwin & Ackland, 199 1 ). H igher heat treatment resulted in higher viscosity 

values. 

Vilder and Moermans ( 1 983) and Lawrence et al. (200 1 )  made similar observat ions with 

in-line viscosity measurements on fresh skim milk concentrate where high preheat 

treatment resulted in higher viscosity values. 

Severe preheat treatment was found to generally increase the heat stability (high HCT) of 

diluted (Vyas & Tong, 2003) and concentrated (Griffm et aI. , 1 976; Newstead et aI., 

1 977; Metwally et aI., 1 978;  Kelly, 1 9 82a;  Singh & Tokley, 1 990; McKenna & Singh 

1 99 1 ;  Mil & Koning, 1 992) milk systems. B loore and Boag ( 1 98 1 )  reported that a high 

temperature-short time preheat treatment yielded lower concentrate viscosity when 
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compared to a low temperature-long t ime treatment which gave a similar extent of 

protein denaturation. 

Mil  and Koning ( 1 992) noted that an increase in heating temperature resuhed in greater 

improvement in HCT (more heat stable) than an increase in heating time. However, there 

apparently appears to be an upper limit to the extent of preheat treatment where there is 

no further increase in HCT, and the HCT may actually decrease (Kieseker & Pearce, 

1 978). 

In  UHT milk systems, higher preheating temperature also results in more stable products 

which take longer storage t ime to exhibit age gelation (Datta & Deeth, 2001) .  

H igh preheat treatment results in a greater amount of whey protein denaturation 

(Metwally et aI., 1 978). Preheat treatment also reduces the amount of ionized calcium 

and magnesium, which in turns increases the stabil ity of casein ( Ismael & Grimbleby, 

1 958). In UHT milk, heating at 1 47°C for 1 0  seconds will deactivate all plasmin activity 

(Rollema & Poll, 1 986). 

The effect of preheat treatment on heat stability is markedly dependent on the total solids 

content of milk (Rose, 1963) and seasonal variation (Newstead et aI., 1 977). Preheat 

treatment was found to have minimum effect on heat stability during the periods of 

minimum HCT in early and late stages of lactation (Newstead et aI. , 1 977). 

An increase in preheat treatment would also trigger other reactions in milk that will have 

a detrimental effect on the shelf life of the products, such as additional milk deposition on 

heating surfaces (Kelly, 1982a). 
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2.1 .5 Reconstituted versus fresh milk 

The heat stability of reconstituted skim milk was found to be dependent on the heat 

stability of original milk and the process treatments applied (Kieseker & Pearce, 1 978;  

Muir et aI., 1 978). However, heat stability of reconstituted systems was found to have a 

complex relationship with the HCT of the original fresh concentrates from which the 

powder was manufactured (Kieseker & Pearce, 1 978; Newstead & Baucke, 1 983 ;  Singh 

& Tokley, 1 990; Singh & Creamer, 1 99 1 ;  Mil & Koning, 1 992). 

The reported viscosity of reconstituted milk concentrates varies greatly between different 

authors. Vilder et a1. ( 1 979) reported a viscosity of 2500 rnPa.s for 50% total so lids (TS) 

reconstituted milk concentrate compared to 70 rnPa.s for fresh concentrates from which 

the powders were made. Buckingham ( 1 978) reported viscosities of the order of 1 00 

rnPa.s for 40% TS reconstituted skim milk powder at 20°C. The viscosity reported by 

Vilder et a1. ( 1 979) is more comparable to values obtained for recombined sweetened 

condensed milk which are known to be age thickening. Fitzpatrick et a1. (200 1 )  noted that 

after reconstitution, an agitated 50% solids milk concentrate solution exhibited a dramatic 

increase in viscosity over 60 minutes at 20°C. Trinh and Schrakeenrad (2002) suggested 

that the results of Vilder et a1. ( 1 979) were affected by age-thickening during 

recombinat ion. 

2.1 .6 Influence of rheological behaviour of concentrate systems on processing 

conditions and milk powder properties 

The solubility limits imposed by the end users restrict the operating efficiency of powder 

manufacturing plants (King, Sanderson, & Woodharns, 1 974). 

It is desirable to remove as much water as possible by evaporation because it is much 

more energy and cost effective than spray drying (Beeby, 1 966 ; Baldwin et aI. , 1 980; 
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Vilder & Moermans, 1 983). During drying, high concentrate viscosity results in larger 

concentrate droplets inside the drying chamber (Snoeren, Damman, & Klok, 198 1 ,  1 982a, 

1 983). It is more difficult for the larger droplets to dry. Thus the particles spend a longer 

t ime passing though a critical moisture range for casein denaturation, giving rise to a 

decreased solubility index (Baldwin et aI., 1 980). An increase in concentrate viscosity 

will also hinder the rate of movement of water to the surface of the milk droplets and thus 

retard the rate of moisture loss during the drying process (Baldwin et aI., 1 980). 

Moreover, the heavy drops are insufficiently deflected by the drying air immediately after 

atomisation, leading to deposits  against the chamber wall. 

High concentrate viscosity has a negative effect on several physical properties of the 

resultant milk powder, including average diameter, moisture content, vacuole volume, 

bulk and particle density (Baldwin et aI., 1 980; Snoeren et aI., 1 98 1 ,  1 983). 

Baldwin et al. ( 1 980) showed that temporary storage of skim milk concentrates resulted 

in an increase in concentrate viscosity, and subsequently an undesirable decrease in 

solubility index. Thus, storage of concentrate systems should be kept to the minimum 

(Beeby, 1 966; Baldwin et aI. , 1 980). 

2.1 .7 Rheological Modelling 

Rbeological modelling requires shear stress versus shear rate data. As HCT and single 

point viscosity measurements have been the preferred method of experiment, there has 

been little modelling work done on fresh and reconstituted milk concentrate systems. 

The Herschel-Bulkley model is a popular choice for rheological modelling of milk 

concentrates (Kristensen et aI., 1 997; Hinrichs, 1 999; Velez-Ruiz & Barbosa-Canovas, 

2000; Trinh & Schrakeenrad, 2002) 

(2.6) 
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where 'f is the shear stress (pa), 'f y yield stress (Pa), K consistency coefficient (pa.sD), 

i shear rate (S·I), n behaviour index. 

Velez-Ruiz and Barbosa-Canovas ( 1 997, 1 998, 2000) studied the rheological behaviour 

of pasteurised and homogenised whole milk concentrates and its interactions with sol ids 

content and temperature. Model parameters were fitted using Statistix and Excel 5.0 

software. Essentially, the parameters were simultaneously modified to achieve minimum 

differential error between actual and predicted data. It is important to point out that al l  

three Herschel-Bulkley parameters are inter-dependent. If a change in composition or 

structure results in an increase in viscosity at a given shear rate, the consistency 

coefficient and the yield stress would likely to increase, and the behaviour index would 

decrease (indicating more non-Newtonian behaviour). Obviously this would only apply 

to a shear thinning Herschel-Bulkley fluids. 

They showed that below a 20.2% solid content, stored milk concentrates behaved as 

Newtonian fluids. Above this concentration level, the concentrates could be modelled 

with the power law mode� and yield stress was observed in concentrate samples with 

solid content over 40%TS. The Herschel-Bulkley model was used to fit the data of high 

solid concentrates. 48% TS milk concentrate solutions exhibited a significant ly lower 

flow behaviour index, and higher consistency coefficient and yield stress than other 

solutions with lower solids content. This anomalous jump was attributed to the milk 

behaving as a concentrated suspension (Velez-Ruiz & Barbosa-Canovas, 1 998) but is 

more likely to have been due to the beginning of time-dependency. The effect of 

temperature was found to have a more pronounced effect on the consistency coefficient 

than the flow behaviour index. 

The effect of temperature on the apparent viscosity and consistency coefficient followed 

the Arrhenius equation (Velez-Ruiz & Barbosa-Canovas, 1 998). The changes in 

activation energy with solids content and temperature were also monitored. Velez-Ruiz 

and Barbosa-Canovas ( 1 998) suggested activation energy could be used as a reflection of 

the changes in structural formation during age thickening. 
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Velez-Ruiz and B arbosa-Canovas ( 1 998) also monitored the changes in the Herschel­

Bulkley parameters with storage t ime at various temperatures. The consistency 

coefficient was the only parameter that displayed a clear and consistent trend, showing an 

exponential increase with storage time at a given temperature. 

In their concentration-temperature model, there was a decrease in R2, the coefficient of 

determination, with storage time. This indicated that physicochemical changes other than 

the effects of solid content and temperature changes take place during storage (Velez­

Ruiz & Barbosa-Canovas, 1 998). 

The poor trends observed with the other two Herschel-Bulkley parameters illustrated the 

difficulty in rheological modelling using a computer-based program that operated on the 

basis of least square error between the predicted and the actual results. This could lead 

to erratic trend in the variat ion of individual parameters with t ime (Trinh & 
Schrakeenrad, 2002). 

Trinh and Schrakeenrad (2002) utilised a different approach to modelling. A rough value 

of the flow behaviour index, n , was determined, and a ± 10% constraint was placed on n 

during modelling. Hough et al. ( 1 988) employed similar approach in their studies of 

Dulce de Leche, a typical Argentine dairy product. 

For each hourly measurement, Trinh and Schrakeenrad (2002) showed that the 

rheo logical data was well fitted with the Herschel-Bulkley model. The yield stress ( T y ) 

and the consistency coefficient ( K )  increased with storage t ime, heating and storage 

temperature, and solids content. The reverse trend was observed for the flow behaviour 

index ( n ) . They found that the effect of time on the yield stress and the consistency 

coefficient was adequately modelled with a sigmoid model, especially at high 

temperature. Trinh and Leslie ( 1 997) and Trinh and Schrakeenrad (2002) noted that 

models that did separate the shear and time coefficients, such as the Moore model 
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(Moore, 1 959), were more efficient at capturing the evolution of structure with age­

thickening than models than did not (e.g. Wehman, 1 943; Tiu and Boger, 1 974). 

2.1 .8 Postulated Mechanisms of Age Thickening, coagulation a nd age gelation 

Kocak and Zadow ( 1 985) and de Koning, de Wit and Driessen ( 1 992) believed that 

rheo logical change during storage is a two-stage process. In the first stage, an induction 

period, an increase in viscosity takes place while the system still behaves as a fluid. 

Gelation fo llows in the second stage where an irreversible coagulation takes place, 

accompanied by syneresis at rest . 

Almost all the work performed on age-thickening has focused only on the first stage. 

Snoeren et al. ( 1 982b, 1 984) believed that the effect of age thickening on the apparent 

viscosity can be mostly reversed by infmite shear but on the other hand, Samel and Muers 

( 1 962) and Trinh ( 1 994) argued that age thickening is irreversible involving two effects. 

The fIrst includes the thixotropic changes that relate to a viscosity increase with time 

when the fluid is moved from process lines to a region of lower shear. This effect is  

reversible. In addition, there is  also an irreversible reaction, which involves chemical 

changes that relate to the aggregation of solids. 

There is an abundance of information on the effect of heat on the viscosity as well as 

composition and interactions between the milk components. Velez-Ruiz and Barbosa­

Canovas ( 1 997, 1 998, 2000) measured the change in viscosity during storage of whole 

milk concentrates. However, they did not describe the increase in viscosity during 

storage as an age thickening process. There are other literature publications that discuss 

separate ly the mechanism of heat-induced gelation and thermal coagulation but do not 

l ink it to the age thickening process. Therefore, there are only a small number of 

references that actually do propose a mechanism on age thickening. 
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Snoeren et al. ( 1 984) believed that age thickening is caused by the folding and unfo lding 

of the hairy k-casein layer during shear and storage at rest respectively. Pouliot et al. 

( 1990), Venkatachalam et al. ( 1 993) and B ienvenue et al. (2003a, 2003b) believed that 

age thickening is caused mainly by the aggregation of casein micelles during storage. 

Pouliot et al. ( 1 990) thought that age thickening of sterilised infant products is caused by 

aggregation of casein micelles through hydrogen bonds and calcium bridges. 

Venkatachalam et al. ( 1 993) believed that age gelation "involves the dissociation of 

proteins from the casein micelles and their formation on the micelle surface as 

protuberances and tendrils. Aggregation of the protein particles occurs through these 

appendages, not through the original micelle surface . . .  ". Bienvenue et al. (2003a, 2003b) 

argued a decrease in pH during concentration affects the equilibrium state of the col loidal 

calcium phosphate which has a significant effect on the integrity of the casein micelles. 

They hypothesized that calcium phosphate may be deposited on the micelle surface 

decreasing both electrostatic and steric repulsion. 

Many authors believe that the denaturation of whey protein upon heating at high 

temperature and its interaction with K-casein plays a significant role in the age thickening 

(Rohrn, 1 988; Jeumink & deKruit: 1 993 ; Trinh & Shrakeenrad, 2002), coagulation 

(Newstead et a I. ,  1 977; Singh, 2004), age gelation (McMahon, 1 996; Datta & Deeth, 

200 1 )  and acid gelation (Schorsch et aI. , 200 1 ;  Vasbinder & de Kruif, 2003) processes. It 

is unclear on how these denatured f3-lactoglobluin-K-casein complexes contribute to 

structure build-up process. McMahon ( 1 996) suggested that in UHT milk, the complexes 

dissociate from the casein micelles and involve in cross-linking between themselves and 

associated proteins. Therefore, any treatments or conditions that can reduce the rate of 

whey protein denaturation or inhibits the release of the f3-lactoglobluin-K-casein complex 

from the casein micelles would retard age gelat ion. 

L inking bridges between micelles upon heating have been observed in diluted and 

concentrated milk(Sawyer, 1 969; Carrol� Thompson, & Melnychyn, 1 970; Kocak & 
Zadow, 1 985; Defelipe, Melcon, & Zapico, 1 991 ; Velez-Ruiz & Barbosa-Canovas, 
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2000). It is possible that these bridges are formed in similar manner as that in UHT 

system and followed the principle ofMcMahon ( 1 996). 

2.1 .9 Summary 

The field of milk concentrate rheology is difficuh and confusing. The number of 

published works in this field is adequate, but not extensive. There are many conflicting 

resuhs and theories on the rheological behaviour of milk concentrate systems and the 

underlying causes. These discrepancies can be attributed to four factors: effect of season 

and stage of lactation, milk composition, sample preparation and measurement 

techniques. 

Many published reports have investigated the effects of processing variables on a variety 

of milk systems, including skim and whole milk, infant and whey depleted systems. In  

milk systems, there are a vast number of active components, including casein micelles, 

whey proteins and fat globules. Complex interactions between these species are to be 

expected. The use of dissimilar milk systems, which differ in both composition and 

process treatments, was bound to generate conflicting results due to diverse interactions 

arising from the different mix of active components in the milk systems. Without the 

inclusion of detailed analyses of composition to complement the rheological data, it is 

difficult to account for the discrepancies in the published data, and to obtain a clear 

understanding of the relationship between composition and rheo logical behaviour. 

With time-dependent systems, any application of shear or thermal or other process 

treatments that may affect the interactions between the components responsible for the 

change in rheological behaviour should be controlled and accounted for. This is  

imperative during sample preparation and measurement. Failure to standardize 

experimental procedures will result in d ifferences in rheological behaviour, even with the 

same init ial raw samples. There has not been an international push for some form of 
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standardized or agreed experimental  protocol to mmmuze the discrepancies and 

variations between published results. 

The study of rheology in milk systems is further compl icated by the choice of raw 

materials  for analysis. These include diluted and concentrated, fresh and reconstituted, 

UHT and acidified gel systems. Each of these systems employs different heating and 

mixing regimes, as well as additional processing steps such as pH modification, that are 

bound to give rise to different mechanisms of interactions between the components. 

The author bel ieves that a standardised experiment protocol is a sorely needed, and 

should include choice of raw material, methods of sampling, sample preparation and 

handling, techniques of measurement, and reporting of time-shear-temperature history of 

the samples as  well as the composition of key milk components. This would allow 

international results to be compared, and collaborative work can be set up around the 

world in order to gain a clear understanding into the field of concentrate rheology. 

None the less, the results published so far revealed several important fmdings: 

1 .  An increase in solids content results in an increase in viscosity and rate of age 

thickening 

2. Temperature has a complex interaction with the rheological behaviour 

3 .  Below 60-65°C, an increase in temperature would lower the viscosity of milk 

concentrate systems due to the decrease in the viscosity of the aqueous phase 

4. Above this critical region, an increase in temperature results in an increase ill 

viscosity and tendency to age thicken 

5. Preheat treatment tends to increase the viscosity of milk concentrate, but also 

increases HCT (more heat stable products) 

6. The effect of preheat treatment was found to depend on solids content . No clear 

correlat ion was established between the effect of heat treatment on diluted and 

concentrated milks 
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7. pH affects the heat stability of the system through the modification of the 

electrical charge on ionic components 

8. Variations in composition play an important part in the determining of rh eo logical 

behaviour 

9. The combined effect of seasonal variat ion and stage of lactation needs to be 

considered 

1 0. Variation in several key compositional components has a significant effect on the 

viscosity and HeT of milk systems, particularly urea and whey proteins 

1 1 . The interaction of denatured 13-lactoglobulin and K-casein has been identified as a 

potential pathway for age thickening 

1 2 . Fat and its globule membrane play a significant role in the determination of 

rheo logical behaviour. This relates to the reactivity of the newly formed globule 

membrane after the original membrane is damaged, e.g. by homogenization 

1 3 .  Evidence of a fat-casein network has been detected during age thickening 

2.2 Recombination 

This section lists the main findings of the literature survey on recombination that are 

relevant to this thesis. 

The (IDF) defmit ions for recombined and reconstituted products are as follows: 

.. A recombined product is the milk product resulting from the combining of milk fat 

and milk solids-non-fat in one or more of their various forms with or without water. 

This combination must be made so as to re-establish the product 's  specified fat to 

solids-non-fat ratio and solids to water ratio. 

.. A reconstituted product is the milk product resulting from the addit ion of water to the 

dried or condensed form of product in the amount necessary to re-establish the 

specified water solids ratio (Kieseker, 1 98 1 ). 
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2.2.1  Raw I ngredients 

Raw ingredients used in recombination and reconstitution can be divided into several 

main groups: milk powder, anhydrous milk fat, vegetable o ils, additives and water. In the 

production of recombined milk and other milk products, the quality of the raw materials 

is the main factor determining that of the fmal products. It is important to have a strict 

quality control program to monitor the quality of the incoming raw ingredients. Apart 

from the usual physical, chemical and mjcrobiological quality specificat ions generally 

used for these materials, some special properties are required, depending on the type of 

fmal product (Gunrus, 1 980; Kieseker, 1 98 1 ;  Sjollema, 1 988). 

2.2.2 Recombining technology 

The difficulties encountered with reconstituting whole milk powder in ordinary and cold 

water may be listed as follows: 

• 

• 

• 

• 

• 

• 

Rate of dispersion 

Loss of solubility with the age ofthe powder 

The formation of foam and scum on the surface of the milk 

The adhesion of undispersed powder particles to the container wall 

The formation of distinct layers at the top and bottom of the container after several 

hours in a refrigerator 

A stale flavour due to the reconstituted powder (AI-Tahir� 1 987) 

The choice of water temperature affects the hydration t ime (Sanderson, 1 980). A 

temperature of 40-50°C would only require a hydration time of 1 0- 1 5  minutes 

(Sanderson, 1 980). Temperature also has an effect on the wettability and dispersibility of 

the powder (Lascel les & Baldwin, 1 976; Jensen & Nielsen, 1 982 ; AI-Tahiri, 1 987). The 

temperature range of 40-50°C is commonly employed during mixing of powder with 
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water (Lawrence, Muller, & Rogers, 1 963; Kieseker & Southby, 1 965;  Kieseker, C larke, 

& Aitken, 1 984; van Mil  & deKoning, 1 992). 

2.2.3 Equipment 

Recombination involves the mixing of dry ingredients with water in appropriate 

proportions, before further treatment with processes such as filtering, homogenizing, 

pasteurizing and sterilizing. The processes following mixing may be operated 

continuously but mixing is commonly a batch process. Good dispersion is achieved 

through high shear mix ing in the mixing tank. The maintenance of a vortex is imperative 

to ensure good suction of the powder into the fluid and achieve good dispersion 

(Fitzpatrick et al., 200 1 ). 

The type of mixer used in the mixing vessel affects the degree of dispersion of the dry 

ingredients, which depends on the concentration and viscosity of the solut ion, as well as 

the batch size. A propeller or turbine mixer is adequate for small  batches and a low 

viscous system. At higher mix concentrations and viscosity, a greater mechanical force is 

required to ensure the complete dispersion of the dry ingredients (Sanderson, 1 980). The 

Cowles mixer is suitable to deal with high total solids content solutions (Newstead, 1 980; 

Sanderson, 1 980). 

2.3 Conclusion of literature review 

Milk powder is the biggest export product from Fonterra, contributing to nearly 25% of 

the total revenue. During the production of milk powder, the rheological behaviour, 

particularly the apparent viscosity, of the fresh milk concentrates after evaporation affects 

the physical and functional properties of the end powder product, and thus restricts the 

plant operating efficiency. It is desirable to characterise and understand the interactions 

between the rheo logical behaviour of the fresh milk concentrate system with operating 

conditions, as well as the physical and funct ional properties of the end powder. 
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Milk concentrate systems tend to show time-dependent rheological behaviour, where the 

shear stress changes with t ime at a constant shear rate. At rest, the increase in viscosity 

with storage time is commonly known as age thickening. Some authors have argued that 

some structural changes in milk during age thickening concentrates may be irreversible. 

Rheometry and data analysis techniques for the study of time-dependent rheology are 

well developed for systems where structural changes are fully reversible. Models can 

even account for inter-particle forces, as wel l  as structural re-arrangement during 

breakdown and build-up. 

Rheological study on dairy systems, on the other hand, has been restricted to basic 

techniques. For example, the use of s ingle point measurement has been widely applied 

for quality assurance purposes to systems that are really non-Newtonian . Such tests do 

not offer any useful insight in to the rheological behaviour ofthe milk system. 

More comprehensive tests to investigate the t ime-dependent nature of the milk systems 

are often limited to the study of breakdown under constant shear rate. Model fitt ing has 

been carried out to describe the changes in the apparent viscosity, as well as the structure 

and its rate of change, with t ime. However, these data do not provide useful information 

on the age thickening process where structural build-up takes place at rest. 

There are only a few authors who have attempted to measure the rheo logical behaviour of 

fresh milk concentrates during age thickening. The techniques for sample preparation, 

measurement and data analysis are sti l l  inadequate and require significant improvement. 

The issue of reproducibility needs to be resolved promptly to ensure good agreement in 

trends between future published works from different authors. Failure to do so would 

create confusion to an already difficult field of study. 
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The present work attempts to provide the next building block by developing new 

experimental tools to allow the collection of more comprehensive data to describe the age 

thickening phenomenon. 
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CHAPTER 3 
MATERIALS 

AND METHODS 
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CHAPTER 3 :  MATERIALS AND METHODS 

3.1 Introduction 

The study of the time-dependent rheology of food systems is difficult because the 

rheological properties are a function of the system's evolving structure, which depends 

on many factors. 

An adequate description of time-dependent foods requires the determination of the 

breakdown coefficient and the build up coefficient of the structure, (Cheng, 1 987, 2003; 

Bames, 1 997). Various authors have attempted to develop suitable methodologies for 

experimental measurements of these coefficients. However, these are stil l approximate, 

and based on the assumption of a fully reversible structure. 

It was decided in this work to focus on the reproducible measurement of one aspect of the 

rheology, the build-up of the food structure. This is relevant to the topic at hand, as age 

thickening mainly involves the structural build up process, and the phenomenon is 

important in many time-dependent dairy products. 

In fluid systems where some of the structural changes are irreversible, such as milk 

concentrates, protocols for sample preparation described in the current literature do not 

overcome the problem of replication. The difficulty is in controlling and achieving 

identical shear/temperature histories for the replicate samples, particularly in the case of 

milks reconstituted from powders. 

Thus, the first task in this project was to design a recombination system, which would 

ensure repeatable replicate rheological profiles and hence structures. This was achieved 

by using the principle of an equilibrium structure at high ( ideally infinite) shear rates 

where the structure is effectively broken down into its individual elements (Moore, 

1 959). This design essentially removes the effect of any previous shear history on the 

time-dependent system. However, it is only possible by this approach to investigate the 
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rate of build-up of structure from an initial point of a fully broken down system. The 

method also allows comparison between different systems from a well defined common 

starting point on the structural-time scale for all age-thickening time-dependent 

structures. 

The second task was to develop a suitable protocol for measuring the rheology of t ime 

dependent systems. Every step has an impact on the structure and its rate of change with 

time, including the simple introduction of a measuring probe into the sample .  When a 

shear sweep is attempted, the structure begins changing after the first application of 

shear. Thus, subsequent data do not reflect the same initial structure but the evolving 

structure over the period of measurement (Bames, 1 997). 

An ideal experiment would involve the preparation of: for example, a batch of 1 00 

samples with identical initia l  rheological profiles. A single shear step experiment would 

be conducted on each sample, with a different increment in shear rate so that the sum of 

all 1 00 experiments would cover the desired range of shear rates, starting at a reference 

level. For example, the fust sample would be subjected to a 0- 1 S·1  shear step test, while 

the second sample would receive a 0-2 S· 1 test, and so on, to cover a 0- 1 00 S-1 range. 

Most importantly, all samples would need to be tested simultaneously on 1 00 identical 

rheometers, in an identical manner. Obviously, such an experiment is not practical in 

most situations. 

During the development of a protocol for rheological measurement, it also became 

apparent that the current method of calibrating and characterizing the constant shear 

stress mode rheometer was not adequate, and a new method was investigated. This 

exercise was imperative to prevent the collection of misleading data. 

Once these issues were resolved, industrial surveys were carried out to analyse the 

relationship between product composition, plant design and operating conditions, and the 

rheological properties of dairy products under various manufacturing conditions. The 

main problem associated with this exercise was the difficulty in monitoring the 
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processing conditions in the commercial plants which had a significant influence on the 

rheological behaviour of the milk concentrate. Another issue was the identification of the 

time at which a milk sample was withdrawn from the pipe line. Techniques were 

developed to address and overcome some of these issues. 

The industrial surveys were carried out on fresh milk concentrates. In addition, milk 

powder samples were collected from the industrial runs where online samples had been 

monitored and then reconstituted and tested at Massey University in a more controlled 

environment with more accurate measuring instruments. This al lowed for the comparison 

of rheological behaviour between fresh and reconstituted concentrates. 

Data analysis must ensure that correct information is extracted from the collected data 

and no artifacts are introduced. Truncation and correction of the raw data must be carried 

out where applicable. For this work, modelling techniques were developed to summarise 

the vast amount of data gathered. 

This chapter is divided into five sections as follows. 

1 .  Design and commissioning of a reconstitution rig, and development of a 

reconstitution protocol 

2. Rheological measurement protocol and rheometer characterisation 

3 .  Objectives and methodology for industrial survey 

4. Methodology for control led experiments to analyse the effect of processing 

variables on rheology 

5. Method of data analysis 
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3.2 Recombination Rig 

The complete rheological characterisation of a time-dependent system is time consuming 

and is not possible with in-line samples. For this reason, data col lected from in-l ine 

sampling at industrial milk powder p lants could only provide a partial picture of the 

rheological characteristics of the fresh milk system. Further testing of reconstituted milk 
concentrate systems made from powder taken from the same production run a llowed a 

more rigorous definition of the rheological profile to be carried out. However, it was flfst 

necessary to establish that the trends between in-line and reconstituted samples were 

similar. 

Reproducible reconstitution of milk powders thus became a crucial requirement for the 

progress of this work. The reported viscosity of reconstituted milk concentrates varies 

greatly between different authors, as discussed in section 2 . 1 . 5 .  

3.2.1  Principle of Design 

The main aim of the recombination rig design was to control the age-thickening process 

during recombination. The recombination process can involve mixing, shearing and 

heating steps. In previously published studies, these steps were not separated. When 

designing the recombination rig for this work, these key steps were separated so that high 

shear and heat treatment could be applied independently of the dissolution and hydration 

processes. A schematic layout of the recombination rig is shown in Figure 3. 1 .  
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F igure 3 . 1 :  Schematic layout of the recombination rig 

Plate Heat 
Exchanger 

The milk powder was added to distilled water in the mixing tank (Figure 3 . 3) via a screw 

feed system (maximum 4kg/hour feed rate, Accurate Dry Material Feeders, Whitewater, 

USA) (Figure 3.2). 
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Figure 3 .2 :  Accurate Dry Material Feeder. 

The solution was mixed using a four-bladed propeller 20W mixer (model RW20.n, 

Werke GMBH & Co, Malaysia). A horizontal central baffle disc was attached to the 

impeller shaft above the propeller to prevent the formation of a vortex during high speed 

mixing, as shown in Figure 3.3.  

Figure 3 .3 :  Mixing tank equipped with four baffles and a central baffle disc. 

During mixing, the temperature of the milk was controlled using a water heating system 

connected to the water jacket of the mixing tank. The temperature was normally set at 

35°C, as explained in section 3.2.2.  The hot water system consisted of a 45L water tank 

equipped with a small heating element. A GCS300 temperature controller (Shinko North 
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America Ltd. Toronto, Canada) regulated the water temperature as desired. The hot 

water was circulated around the water jacket with a 3 . 5  m3lhour StarRS25/6 centrifugal 

pump (Wilo AG, Germany). 

Figure 3 .4: Powder mixing system 

At all times, the concentrate solution was recirculated through a piping network, via a 

removable capillary tube section using a 0.5 kW mono pump (Mono Pump NZ Ltd, New 

Zealand), as shown in F igure 3 .5 .  The pump speed was controlled by a Picodrive AC 

Motor Speed Controller (PDL Electronics L Td, New Zealand). Capillary tubes of 

different diameters were used to apply different nominal shear rates up to 40,000 S-I .  
While the application of  an  infmite shear rate would be ideal, a shear rate in  the upper 

Newtonian region was considered sufficient to ensure complete breakdown of the 

structure to its fundamental elements. 
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Figure 3 .5 :  Capillary tubes system 

After recirculation at high shear for a defined period of hydration, the recombined 

product was pumped to a plate heat exchanger (Alfa-Lava, P20-HB, Sweden) with short 

residence time, where it was heated or cooled to the desired temperature, independently 

of the mixing and recirculation temperature. 

3.2.2 Commissioning experiments 

Experimental results are not usually reported within the materials and methods chapter. 

However, the commissioning experiments presented here were not part ofthe rheological 

experiments in this body of work. The rig commissioning exercise is required to ensure 

that the equipment built has satisfied adequately the objectives ofthe design. Without this 

validation, and the results of the commissioning experiments, the reader would have 

difficulty understanding the rationale of the recombination protocol presented later in this 

chapter. 

3.2.2.1 Viscosity data during recombination 

In experiment A I ,  a medium heat whole milk powder was reconstituted to a total solids 

content of 47%TS at a water temperature of 35°C using the recombination rig. At all 

times, the sample was recirculated via the capillary section at a nominal shear rate of 
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40,000 S-I .  Once all the powder had been added, milk samples were taken from the rig 

every 1 5  minutes and subjected to a shear sweep test at 3 5°C using the Paar Physica MC l 

described in more detail in section 3 .3 .  The shear sweep curve at t ime zero, just after the 

completion of mixing, is shown in Figure 3 .6. 
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Figure 3.6:  Shear sweep curve for a 47% TS reconstituted sample of medium heat 

whole powder just after complete mixing. Experiment A I ,  Paar Physica MC I ,  Z2. 1 ,  

CSS, 35°C. 

The shear down curve is lower than the shear up curve, indicating thixotropic behaviour. 

This means that immediately after the completion of mixing, the milk concentrate at 

47%TS was already displaying time-dependent rheological behaviour. It is important to 

note that this thixotropic behaviour was observed during measurement in the Paar 

Physica MC l .  Upon withdrawal from the rig, the sample would have experienced a 

change from the high shear in the capillary section to a lower shear in the sample 

container for a short time while being moved to the rheometer. Structural recovery would 

have taken place, and may have given rise to the thixotropic behaviour. Thus it is 

important to measure the samples as quickly as possible. 

The viscosity at one chosen shear stress, 1 05.3 Pa, was calculated for each sample during 

recirculation. The exercise was also repeated in experiment A2 where the powder was 
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reconstituted to 45.8 %TS. The apparent viscosities at 1 05.3 Pa against recirculation time 

for two batches of samples at 47. 1 %TS and 45 .8%TS are plotted in F igure 3.7. 

Conventionally, the apparent viscosity is quoted as a function of shear rate, and not of 

shear stress. However, this rheometer was operated in controlled shear stress mode and 

for each applied shear stress, the measured shear rate will be different for different fluids. 

Figure 3 .7  also shows the replicate data at both concentrations. 
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Figure 3 .7 :  Viscosity at 105.3 Pa against recirculat ion time for reconstituted samples 

of medium whole milk powder at 47. 1 %TS (AI )  and 45.8 %TS (A2). Paar Physica 

MC I ,  Z2. 1 ,  CSS, 3 5  QC. 

For both curves, the viscosity during recirculation decreased during the frrst 30-45 

minutes of recirculation. The viscosity curve then levelled out temporarily before 

showing a small steady increase with time. The average percentage increase in apparent 

viscosity between the storage period of 60- 1 50 minutes was similar at the two 

concentration levels, with 9% increase at 45. 8%TS and 8.5% at 47. I%TS. However, the 

abso lute increase in apparent viscosity was higher at 47. 1 % TS. 
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The replicate error from 60 minutes of storage time onwards was simply determined as 

the biggest difference between the averaged data and either the largest or the smallest 

data point in the replicate series. This difference was expressed as a percentage of the 

average value. This method would yield very large error if there were any extreme 

outliers in the results. However, such a case was not observed in any sets of data. The 

error range is essentially the maximum error one can expect from the replicate 

experiments. Analysis of variance would yield a lower error range as this technique 

would consider the variation of the entire set of data about the mean. Nonetheless, the 

technique used provided an adequate description of the error of repeatability. It was 

found that in the vast majority of experiments, the error of repeatability was less than 

1 0% between replicate sets of data. Thus, an assumed 1 0% repeatability error was 

imposed on the rest of the data. 

The original decrease in viscosity with recirculation time was attributed to the gradual 

escape of air bubbles from the milk concentrates. The presence of these bubbles was 

shown by quickly gel ling the fresh milk samples with agar and observing with a light 

transmission microscope. The central baffle attached to the impeller axle reduced the 

amount of air inclusion during recombining by inhibiting the vortex but did not eliminate 

it completely. 

It is unlikely that the initial decrease in viscosity could be attributed to break down in 

structure, which would only occur when the fluid is moved from a low shear to a high 

shear region. This is because the reconstituted solution was recirculated via the high shear 

capillary tube section at 40,000 S-I throughout the mixing process before being taken to 

storage at rest. 

3.2.2.2 Viscosity data during storage at 65°C 

Heating of milk concentrates to 65°C is an important processing step during milk powder 

manufacture. A study of the flow behaviour under these conditions is beneficial to the 
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understanding of the relat ionship between processing conditions, rheological properties 

and product functionality. 

In experiment A3, the same batch of powder (that was used in experiment A2) was used 

to make a 48%TS reconstituted solution. Milk samples were withdrawn after 

recirculat ing at 3 5°C in the rig for 30, 45, 60 and 75 minutes, and then were heated to 

65°C using a plate heat exchanger. The samples were then stored at rest in a water bath 

at 65°C, and tested every hour using the Paar Physica MCl .  F igure 3 .8  shows the change 

in viscosity during the shear up test at the shear stress of 1 05.3 Pa with time. 

1 .5 ,-
------------------------------------v------------------, 

Cif cv Q. - 1 
� 
'jjj o f.) t/I 
:> 
-
c 
f 
a. 0.5 
Q. 
et 

7
5 
mins. Rec

i
rc. 

6
0 
mins. Recirc. 

1 �====::::��====:!�
�::::::::::::��3:

0
�&�4:

5
�
m
:
i
�
n
:
s
.�
R
:
e
:
c
:
i
r
:
c
�. __ J 

0 " 
o 2 3 

Storage Time (hour) 

Figure 3 .8 :  Effect of  recirculation time at 35°C on the viscosity during storage for a 

heated reconstituted whole milk concentrate solution. Experiment A3, Paar Physica MC l ,  

Z2. l ,  CSS, 48% TS, 65°C. 

Figure 3 .8  shows that the rates of age thickening for the two samples taken after 30 and 

45 minutes recirculation were similar, within a 5 %  error. The curve for the 60 minutes 

recirculation showed a slightly higher rate of increase in viscosity in comparison with the 

MATERIALS AND METHODS 6 1  



30 and the 45 minutes recirculation curves. The 75 minutes curve showed a dramatic 

increase in viscosity over two hours storage at 65°C. 

The initial viscosity values after sampling for the four curves were similar, within 7% 

error. This indicated that there was no appreciable age thickening during recirculation in 

the rig but clearly the tendency to age thicken had changed. Thus measurement of the 

initial viscosity alone, as often reported in recombination publications, does not fully 

characterize the rheological profile of the recombined products, which are time­

dependent. 

3.2.2.3 Effect of bacteria 

After each run, the recombination rig was cleaned with a cleaning-in-place (CIP) cycle of 

water rinse, 1 % (v/v) sodium hydroxide caustic wash, hot water rinse, 1 % (v/v) nitric 

acid wash and finished with another hot water rinse. Both the caustic and acid washes 

involved recirculating each chemical around the system for at least 30 minutes .. CIP 

cycles in this order are commonly carried out in the industry. The slight increase in in­

line viscosity after 45 minutes of recirculation (Figure 3 .7) could very well be due to 

enzymatic action from bacterial contamination. In experiment A4, a plate count of 

mesophilic bacteria was carried out before and during a recombination experiment 

(47% TS) to study this possibility. The results are shown in Table 3 . 1 .  
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Table 3 . 1 :  Mesophilic bacteria count during a recombination experiment A4. 

Test Description Mesophilic Count 

(cfu/mL) 

Distilled water Obtained from the tap 

Rig count Distilled water passed through the rig 

Milk solution 0 hr 

Milk solution 1 hr 

Milk solution 2 hr 
Milk solution 3 hr 

o 
5, 1 00,000 

2,360,000 

1 ,870,000 

1 ,990,000 

2,020,000 

The results show a high level of contamination in the rig prior to recombination. The 

growth of mesophilic bacteria count is expected due to the suitable temperature of 35°C 

during recombination (Spreer, 1 998; Robinson & I tsaranuwat, 2002). 

In run AS, the rig was carefully cleaned with caustic and acid solutions immediately 

before recombination. Sodium azide (0. 1 g/ 1 00g) was added to the milk solution during 

recombination to control bacterial growth (Anema & Klostermeyer, 1 996; Anema, 1 998). 

Thermophilic and mesophilic bacterial counts were taken during both the pre-cleaning 

CIP and the recombination run. The results are tabulated in Table 3 .2.  

The bacterial count for the un-cleaned rig was four times higher than that obtained from 

experiment A4 in Table 3 . 1 .  This result confIrmed bacterial regrowth between CIP runs. 

The higher initial bacterial count in this run was probably because this particular 

experiment was conducted after a four day break, rather than a one day break between 

runs as in table 3 . 1 .  These results show that bacterial regrowth during equipment storage 

between breaks is a signifIcant hazard, probably because of incomplete drying out of the 

plant. Thus, the plant must always be cleaned immediately before a recombination run. 

In this plant all piping was drained after each CIP. However, the water hold up inside the 

mono pump could not be removed without damaging the pump that must not run dry. The 

results in Table 3 .2 show that the addition of sodium azide did not signifIcantly reduce 

the number of bacteria in the milk concentrate solution. 
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Table 3 .2 :  Effect of cleaning and addition of sodium azide on bacterial count during a 

recombination experiment A5. 

Test Description Mesophilic Thermophilic 

Count Count 

(cfulmL) (cfu/mL) 

Plant before Distilled water was flushed 2,000,000 1 00,000 

recombination through the rig before 

recleaning 

Caustic cycle Recirculation of 60 mL of 50% 1 ,330 1 0  

sodium hydroxide in 5 L  of 

distilled water 

Hot water rinse Hot water at 80°C 

Acid Recirculation of 60 mL of 68% 0 0 

nitric acid in 5L of distilled 

water 

Hot water rinse Hot water at 80°C 89 

M ilk solution Without sodium azide 32,000 1 0,000 

Milk solution 0 hour 5.23 g of sodium azide was 24,500 1 00 

added per litre of reconstituted 

milk concentrates 

M ilk solution 1 hour 26,800 1 00 

Milk solution 2 hour 26,400 1 000 

Recontamination of previously CIPed equipment by biofilm is possible, and a "quick acid 

or hot water flush just before beginning of the production run will restore the hygienic 

quality of the plant" (Trinh, 2003). Further experimental runs, A6 (45 . 1 %  TS), A 7 

(46.5%TS), A8(47%TS) were conducted following an improved hygiene protocol, where 

the rig was cleaned with caustic and acid before the runs and sodium azide was added to 

the reconstituted solutions. During recirculation, milk samples were taken from the rig 

and the viscosity was measured. 

MATERIALS AND METHODS 64 



Figure 3 .9 shows the change in viscosity with t ime during 1 20 minutes of re circulation at 

35°C for experiments A6-A8. In  the figure, all three curves showed an initial decrease in  

viscosity as expected and attributed to the escape of entrapped air bubbles. 

After the initial drop, the viscosity values of the three curves remained constant with 

time. Thus, the addition of sodium azide and thorough cleaning of the rig immediately 

before reconstitution appeared to have eliminated age thickening during recirculation. 
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Figure 3 .9 :  Change in  in- line viscosity with recirculation time at 35°C for three 

reconstituted solutions at three concentrations, 45 . 1  %TS (A6), 46.5%TS (A7), 47%TS 

(A8). Paar Physica MC1 ,  Z2. 1 ,  CSS, 35°C. 

Another run, experiment A9, was performed in the rig under the new hygiene protocol 

with a concentrate solution of 47.5%TS. After recirculation for 30, 45 ,  60 and 75 

minutes through the capillary section at 40,000 s-J and 35°C, the solution was heated to 

65°C in the plate heat exchanger. The samples were stored in a water bath at 65°C and 

the rheological flow curves measured at hourly intervals. The results are shown in Figure 

3 . 1 0. 
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All four curves showed good agreement with one another. The initial viscosity values for 

the four curves in Figure 3 . 1 0  showed a 1 % error, which is significantly smaller than the 

7% error observed in Figure 3 .8, indicating little or no age thickening in the system 

during recirculation. 

It is interesting to note that the 45 minutes recirculation curve was situated slightly higher 

than the 60 and 75 minutes curves. Thus, after 45 minutes of recirculation, air bubbles 

may have continued to escape. The error between the 45, 60 and 75 minutes curves was 

within 1 0%. The good agreement between the 30, 45, 60 and 75 minutes curves 

suggested that both the initial viscosity value and the tendency to age thicken were 

identical for the samples taken after 30, 45, 60 and 75 minutes recirculation. In  other 

words, if two samples were taken from the rig between 30-75 minutes of recirculation, 

they will have the same rheological profile. 
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Figure 3 . 1 0: Effect of recirculation time at 35°C on the viscosity during storage for 

heated reconstituted whole milk concentrates. Experiment A9, Paar Physica M C  1 ,  Z2. 1 ,  

CSS, 47.5%TS, 65°C. 
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3.2.2.4 Replicate error 

Many runs were conducted to check the repeatability error of I O%. It is important to 

point out that this error represents the repeatability of measurements of age thickening, 

i.e. both the initial viscosity as well  as its rate of change with storage time. Replicate 

experiments were conducted in runs A I O-A3 1 which confIrmed the 1 0% error. In 

heating and storage runs, the rates of change in apparent viscosity were similar between 

the replicate samples. For example in runs A30-A3 1 with powder B concentrates at 

50% TS, even the gelling t imes were similar between two replicate samples after 1 0  hours 

of storage at 75°C. 

3.2.3 Recombination protocol 

The recombination rig and any plate heat exchangers (PHE) to be used in a trial received 

CIP treatment before any experiment was conducted. Hot water of 80°C was used for all 

wash cycles. Maximum flow rate achievable of 80 Llhour was used at all t imes. The rig 

and PHEs were fIrst rinsed with hot water, followed by a caustic wash where 1 00mL of 

50% caustic soda (Orica Chernnet, New Zealand) was added to hot water to achieve 1 % 

v/v concentration. After 30 minutes, the equipment was rinsed with hot water before 

receiving an acid wash at 1 %  concentration using 68% nitric acid (Orica Chernnet, New 

Zealand) for 30 minutes. A final rinse with hot water was carried out to remove any 

traces of acid or caustic solutions in the equipment. 

Dist il led water was added to the rig, and recirculated throughout the piping network to 

remove any entrapped air in the system. Distilled water and powder were weighed to 

achieve the desired so lids content. Powder was added via the Accurate Dry Materials 

Feeder and mixed with the water. Throughout the mixing process, the solutions were 

constantly being recirculated via the capillary tube section at the maximum flow rate of 

80 Llhour, unless otherwise stated. The jacket water temperature was set at the desired 

value. 
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During mixing, it was important to ensure that no excess movement of water surface took 

place to minimize the inclusion of air into the milk systems. This was achieved by 

manipulation of the mixing speed, the distance between the propeller and the surface, and 

the height of the central baffle disc on the propeller shaft. Addition of powder was done 

with care to prevent formation ofpowder lumps if the rate of powder feed was faster than 

the rate of powder dissolution. 

Sodium azide (0.0 1% w/v) was added to the reconstituted milk concentrate to prevent 

bacterial growth (Fairise & Cayot, 1 999; Anema & Li, 2003 , Vasbinder, Alting, 

Visschers, & de Kruif, 2003). 

After mixing, the reconstituted milk concentrates could either be withdrawn from the rig 

directly, or be pumped to one or several plate heat exchangers for heating or cooling. 

Once the experiment was tenninated, the rig and the PHEs received a second CIP 

treatment to remove traces of milk solutions. The procedures were similar to the pre­

experiment CIP cycles l isted above. Upon completion, water inside the rig was flushed 

out, and the rig was shut down with the emergency stop button. 

3.3 Performance Characterisation of the Paar Physica MCt 

The Paar Physica MC 1 rheometer (Anton Paar, Graz, Austria) was used in all controlled 

experiments at Massey University. When appropriate and available, the rheometer was 

also used in industrial surveys. 

The rheometer is a rotational controlled shear stress and creep rheometer (physica 

Messtechnik, 1 993). The rheometer uses a ball bearing system. Temperature control is 

achieved with the use of a Julabo F25 water bath (Julabo Labortechnik, GbmH, 

Germany), which is connected to the water jacket of the chamber where the spindle and 

the cup are inserted. Measurements were controlled using the Rheosolve v2. 1 1  software 
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which was later upgraded to version 3 .08. The software upgrade, which occurred mid 

way through the project, did not affect the accuracy and precision of the instrument. 

There are three modes of measurements available, controlled shear rate (CSR), controlled 

shear stress (CSS) and creep mode. The creep mode was not used in this work. I n  the 

CSS mode, a torque is set and the shear rate is measured. The system supplies a current 

to the motor to achieve a desired torque through a current torque transducer. The natural 

mode of operation of the Paar Physica M C l  is the CSS mode. In order to achieve the 

CSR mode, the desired shear rate is set, but the rheometer then applies a current to the 

current torque transducer, measures the corresponding shear rate, and compares it to the 

set point through a control loop until the desired shear rate is achieved. 

A number of spindle geometries were supplied with the MC l .  Most were of a cup and 

bob design (Z2 . 1  and Z3), but the most sensitive spindle, Z I ,  is a double gap concentric 

cylinder design, suitable for products with low viscosity values. The operating conditions 

of the Paar Physica MC l and the dimensions of the spindles as specified by the 

manufacturer are listed in Tables 3 .3  and 3.4 respectively. 

Table 3 .3 :  Background data on the Paar Physica MC l (quoted from Physica 

Messtechnik GmbH, 1 993) 

Accuracy 

Torque range (mains power) 

Torque resolution 

+ 1 % of maximum value or + 1 digit 

0.05 to 50 mNm 

0.0 1 mNm 

Speed range 0.3 to 1 200 min- I 

Angle range 0.8 mrad 

Shear rate range (dependent on the temperature 0.9 to 4000 S-I 

control system used) 

Shear stress range (dependent on the 0.7 to 34,000 Pa 

temperature control system used) (mains power) 

Viscosity range (dependent on the temperature 1 mPa.s to 3000 Pa.s 

control system used) (mains power) 
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Table 3.4: Dimensions for several spindle geometries for the Paar Physica M C !  

(Physica Messtechnik Gmbh, 1 993) 

Z l  Z2. 1  Z3 

Shear rate range (s·l) 0-403 1 Not available 0- 1 032 

Shear stress range (pa) 0-67 Not avai lable 0- 1 14 1  

Viscosity range (Pa.s) 0.00 1 - 1 . 3 Not available 0. 1 1 8- 1 00 

Sample volume (mL) 22.5 69.76 1 7  

Bob Radius (mm) Not available 23.9 1 2. 5  

Cup Radius (mm) Not available 24.4 1 3 .56 

Ratio of radii 1 .02 1 1 .0209 1 .0847 

Inner bob radius (mm) 22.75 Not available Not available 

Outer bob radius (mm) 23.5 Not available Not available 

Inner cup radius (mm) 22.25 Not avai lable Not available 

Outer cup radius (mm) 24 Not available Not available 

Figure 3 . 1 1 : Paar Physica MC1 and lulabo water bath 
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Figure 3 . 1 2 :  Paar Physica M C 1  spindles Z2, 1  (left bob and cup) and Z3 (right bob and 

cup) 

Conventionally, Newtonian oils with known viscosity have been used to calibrate a wide 

range of rheometers (Lewis et al., 1 994; Shi & NapierMunn, 1 996; Shorey et al., 1 999; 

Ascanio et al., 2002; Houchin & Hanley, 2004). Obviously, measurement of any given 

Newtonian oil should yield a constant viscosity across any chosen shear rate range at a 

given temperature. Any deviation from a straight line would indicate performance 

weaknesses of the instrument. 

A typical set of results could be displayed on a flow curve, where a best fit straight line 

could be drawn, as shown in Figure 3 . 1 3 .  The data came from a calibration experiment 

A32 with a S60 Cannon standard oil, which was standardised by the National Institute of 

Standards and Technology in America. Measurements were carried out at 20°C where 

the viscosity was expected to be 0. 1 425 Pa.s, according to the Cannon Instrument 

Company (USA). At first impression, the data could be correlated well with a straight 

l ine, with a correlation coefficient R2 of 1 .  The fitted straight line indicated Newtonian 

behaviour and the accuracy and reliability of the data were acceptable. 
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Figure 3 . 1 3 : Flow curve of a S60 oil at 20°C using a Z2. 1  spindle in CSS mode. 

Experiment A32. 

However, when the same data was re-plotted as viscosity versus shear rate, new 

information emerged, as shown in Figure 3 . 1 4. The straight line shows the expected 

viscosity profile for the Newtonian solution. At low shear rates, the reported viscosity 

deviated significantly from the expected straight line, and at higher shear rates, the 

viscosity fel l  below the expected value. This introduced a false non-Newtonian artefact 

into the data. 

MA TERlALS AND METHODS 72 



0.25,--------------------------------, 

.. 

0.2 i 
� 0.1 5 � 
� 
'ij o 
:;: 0.1 > 

0.05 

0.1 42 5  (Pa.s) 

111111 ................... It ••••••• • • • • • • , I • • • • •  , • 

O+-----��-----�-------�------r_----� 
o 300 600 900 1 200 1 500 

Figure 3 . 1 4 : Viscosity against shear rate for an S60 oil at 200e using a Z2. 1  spindle in 

ess mode. Experiment A32.  

The calibration exercise revealed the presence of minimum reliable operating conditions, 

below which the accuracy of the collected data was severely jeopardised. Numerous 

experiments were conducted in both ess and eSR modes and similar observations were 

made. Thus, the issues with non-linearity and reliable operating conditions were 

primarily caused by the design and operating mechanisms of the instrument, not by the 

mode of operation or the tested medium. 

It was evident that new correction and calibration protocols had to be developed. 

3.3.1 Minimum reliable operating spindle speed 

The shear rate is related to the geometry of the spindle and the spindle speed. Thus, for a 

given spindle speed, the calculated shear rate at the bob surface will be different for 

different spindles. The same situation exists with measured torque and calculated shear 

MATERIALS AND METHODS 73 



stress. Because torque and speed are the primary parameters measured in a rheometer, 

the performance of the MC l was analysed against spindle speed and torque rather than 

shear stress and shear rate. 

The viscosity-temperature data given by the manufacturer of three Newtonian oi l  

solutions are listed in Table 3.5.  The viscosities for al l  standards are based on the 

National Institute of Standards and Technology value of 1 .00 1 6  mPa.s for water at 20°C. 

The S60 solution listed in Table 3 .5  is different to that for which results are shown in 

Figures 3. 1 3-3 . 1 4 . 

Table 3 .5 :  Viscosity-temperature data for three Cannon Instrument Company' s 

Newtonian standard oils (Cannon Instrument Company, USA). 

Temp. (OC) Viscosity (mPa.s) 

S60 S200 S2000 

20 138.4 586.4 8437 

25 10 1 .9 406.3 5324 

37.78 5 1 . 1 4 1 77.7 1 838  

40 45.94 1 56 1 552 

50 29.42 79.9 659 

70 9.98 2 1 .38  1 12 

In experiment A33-A36, the Canon S200 oil was subjected to shear sweep experiments at 

various temperatures using the Z l  spindle in CSR mode. According to Table 3 .4, at 

20°C, the viscosity value of 586.4 mPa.s lies well within the range of the Z I  spindle, as 

recommended by Paar Physica Ltd. The same data were plotted in Figure 3 . 1 5a and 

3. l 5b below showing the effects of spindle speed and torque respectively in the two 

graphs. 
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Figure 3 . 1 5 : Shear sweep curves for S200 oil at several temperatures. (a) viscosity 

versus spindle speed, (b) viscosity versus torque. Experiment A33-A36, Paar Physica 

MC1 ,  Z 1 ,  CSR. 

The standard oil is a Newtonian fluid and the viscosity is theoretically a function of 

temperature only, not spindle speed (shear rate) or torque (shear stress). Hence all lines in 

Figures 3 . 1 5  (a) and (b) should be horizontal. 

The curves in Figure 3 . 1 5  (a) and (b) departed from those expectations and exhibited 

some peculiar characteristics. The viscosity increased dramatically and overshot the 

expected viscosity at low spindle speeds. The overshoot was more significant at lower 
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temperatures (higher viscosities). For all four temperatures, the curves levelled out at the 

same spindle speed, approximately 20 rpm, but at different torque values. The 30°C 

curve levelled out at 20+ mNm, in comparison with just 3 mNm for the 60°C curve. 

The same S200 oil was subjected to a shear sweep (A37) and three shear step tests (A38-

A40) at 40°C. In the shear step test, the spindle speed was held at a constant speed for 60 

second intervals with data being collected at 3 second intervals before the speed was 

increased. Thus, the shear step test was essentially a shear sweep test, where each spindle 

speed was held for a longer time to collect more data points and to allow addit ional 

statistical analysis on the precision of measurement at each shear rate. However, the shear 

step test only involved the shearing up portion. The result is shown in Figure 3 . 1 6. The 

continuous line represents the shear sweep test data where the shear up and shear down 

curves are shown. The data points are the triplicate shear step test data. For each spindle 

speed, the data come from three replicate experiments. 
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Figure 3 . 1 6: Comparison between shear sweep and shear step tests for S200 oil using 

the ZI spindle at 40°C in CSR mode. Experiment A37-A40, Paar Physica MC 1 ,  Z I ,  
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CSR. Solid l ine represents the data from a single shear sweep test. The data points 

represent the data from three replicate shear step tests. 

In the three shear step tests (A38-A40), there was significant scatter in the data at low 

spindle speeds. The scatter quickly diminished and disappeared at 20 rpm and above. 

The presence and disappearance of the scatter , also coincided with the overshoot ill 

viscosity values in both the shear step and shear sweep tests. 

The cause of the scatter in rheological data, particularly at low shear levels will be 

discussed in section 3 .3 . 1 . 1 . 

The scatter in the shear step test could be calculated and normalised. The standard 

deviation, a ,  and the average viscosity, !l were determined for each spindle speed. The 

coefficient of variation was calculated using equation 3 . 1 .  

Coefficient of var iation (COV) = � 
!l 

where a is the standard deviation 

J.l is the viscosity (Pa.s) 

(3. 1 )  

The COY for the S200 oil in experiments A4 1 -44 at different temperatures were plotted 

against spindle speed shown in Figures 3. 1 7 . 
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Figure 3 . 1 7 : Coefficient of variation (COV) against spindle speed at different 

temperatures for S200 oil. Experiments A4 1 -A44, Paar Physica MC 1 ,  Z l ,  CSR. 

In Figure 3 . 1 7, the COY curves for all temperatures dropped to a minimum of 0.00 1 at 20 

rpm, and after this point the fluctuation was negligible. The data shown suggests that a 

critical minimum operating spindle speed for the MC1 was 20 rpm. 

The shear step experiment was repeated with more viscous S2000 oil with the Z3 spindle 

in experiments A45-A49. The plot of CO V versus spindle speed is shown in Figure 3 . 1 8. 

A minimum critical spindle speed of20 rpm was again observed. 
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Figure 3 . 1 8: Coefficient of variation (COV) against spindle speed at different 

temperatures for S2000 oil. Experiments A4S-A49, Paar Physica MC 1 ,  Z3, CSR. 

The 70°C curve was anomalous due to its low viscosity at high temperature. The curve 

eventually reached a low coefficient of variation, but at a much higher spindle speed. 

The reason for this anomaly will be explained in section 3 .3 .2 where the minimum 

reliable torque will be discussed. 

The S200 oil was tested with the Z2. 1  spindle in experiments ASO-AS9. The Z2. 1 

spindle covered a larger range of spindle speeds than that of Z I  spindle for a given torque 

range. The shear step test was conducted in both CSS (experiments ASO-AS4) and CSR 

(experiments A55-A59) modes. Similar to Figure 3 . 1 8, the COY for both the CSS and 

CSR tests reached the minimum at 20  rpm. The results suggested that the mode of 

operation, either CSR or CSS, had no significant effect on the coefficient of variation, 

and more importantly, the minimum reliable operating spindle speed of the instrument. 
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The 70°C curves in the CSR and CSS tests once again showed peculiar trends compared 

to the other curves at lower temperatures. This is in agreement with the observation 

made in F igure 3. 1 8. 

Similar exercises were carried out at numerous other spindle geometries and standard oil 

solutions using both CSS and CSR tests in experiments A60-A73. S ignificant scattering 

and offsets in the measured viscosity were observed in speeds below 20 rpm as expected. 

Both the scale of oscillation and the offset diminished with an increase in spindle speed. 

Interestingly, close inspection of some of the data published in the literature does reveal 

overshoot of apparent viscosity at low shear rate, similar to that observed during the Paar 

Physica MC 1 cal ibration exercise e.g. (Tang et al., 1 993; Schmidt & Munstedt, 2002). I n  

their work with polyisobutylene fluids, Schmidt & Munstedt (2002) argued that the 

"increase of the shear viscosity at small stresses . . .  can be attributed to a formation of a 

particle network due to particle diffusion during preshearing". 

3.3. 1 . 1  Cause of scattering error 

The scattering effect observed in the shear step tests was not a random event. A plot of 

viscosity against time for S200 oil at two constant speeds of 4 and 90 rpm in experiment 

A74, shown in Figure 3. 1 9, shows that: 

1 .  At 4 rpm, the average viscosity was 0. 1 5  Pa. s which was significantly higher 

than 0. 1 32 pa.s obtained at 90 rpm 

2. The magnitude of periodic oscillations in viscosity at 4 rpm was larger than that 

observed at 90 rpm 

3. The magnitude of periodic oscil lations did not diminish with shearing time at 

constant speeds of 4 and 90 rpm. 
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Figure 3 . 1 9: Variation in viscosity over 5 minutes of constant shear of 4rpm and 90 

rpm for an S200 oi l  at  40°C. Experiment A74, Paar Physica MC 1 ,  Z I ,  CSR. 

The regular pattern of the oscillat ions and their dependence on spindle speed suggested 

that they were related to the positions of the spindle as the spindle moved through a 

complete 360° rotation. The Paar Physica MCl  is a ball-bearing based rheometer. Any 

imperfection in alignment or manufacture would give rise to variable frict ional 

resistances during a complete rotation. 

The time taken for a complete rotation can easily be calculated from the spindle speed. 

Thus the relative posit ion of the spindle from 0 to 360° can be mapped on the t ime axis 

together with the variations of measured viscosity. This was carried out on the data 

obtained in experiment A74, and the result ing graph of viscosity and relative position 

against spindle speed is plotted in Figure 3 .20. It shows clearly that the periodic 

oscillation in the viscosity reading fo llowed a pattern similar to the relative position of 

the spindle (change position from 0- 1 00% to Q.. 360 degrees) 
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Figure 3 .20: Viscosity and relative position versus spindle speed for an S200 oil at 

40°C. Experiment A74, Paar Physica MC 1 ,  Z I ,  CSR. 

Taking the data in Figure 3 .20, it was possible to plot the relationship between viscosity 

and relative spindle position for both spindle speeds of 4 rpm and 90 rpm for the fIrst 5 

minutes of shear, as shown in Figure 3 .2 1 .  During the constant shear test at 4 rpm, 

measurements were taken at 3 seconds intervals. This resulted in the movement of the 

bob by 20% of a complete revolution for every measurement. This explains the discrete 

groups of data at every 20% along the x-axis in Figure 3 .2 1 .  At 90 rpm, the shear step 

test was conducted at 1 second measurement intervals, which gave rise to a constant 

scatter of data points along the entire x-axis. 

In Figure 3 .2 1 ,  there was a c lear correlation between viscosity and rotational position at 4 

rpm, with maximum viscosity at 20% and minimum at 60%. Within experimental error, 

no correlation was observed between viscosity measurement and rotational position at 90 

rpm. 
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S imilar observations were made when the exercise was carried out at various spindle 

speeds and geometries, experiments A75-A80. The data illustrated the existence of a 

friction-positional dependence in the rotation system. Similar findings were made by 

Giles & Denn ( 1990) in their analysis with a Rheometrics Stress Rheometer (RSR). 

In operating the Paar P hysica MC 1 ,  for a given test, a measurement time interval input is 

required from the user with a minimum of 1 second. This variable specifies the time 

period for a measurement output by the MC1 ,  i.e. 1 set of rheological data for every 

second. During the specified measurement interval, numerous values are recorded and 

then averaged. Thus, a longer measurement interval would yield more accurate data as 

the averaged value would be evaluated from more data points. The same would apply at 

high spindle speeds, where more rotations are achieved for a given measurement interval. 

This could explain the low scattering error observed at high spindle speeds. 
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Figure 3.2 1 :  Viscosity versus rotational position at 4rpm and 90 rpm, for an S200 oil at 

40°C. Experiment A74, Paar Physica MC1 ,  Z l ,  CSR. 
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As shown, the effect of friction forces was more prominent at low shear level. Yet, it is 

interesting to note that the viscosity values obtained at low torque values were in fact 

lower than the viscosity values in the high shear range, which represented a more true 

value. The presence of additional friction forces during measurement at a given shear 

rate would in theory increase the total torque and hence viscosity values obtained due to 

the definition of apparent viscosity 

T 
Ji app = --:-r 
where Jiapp is the apparent viscosity (Pa.s) 

T is the shear stress (pa) 

r is the shear rate (S-I) 

(3 .2) 

Thus, the drop in viscosity at low shear levels cannot be explained by increased friction 

but reflects another shortcoming in the design of the rheometer and the importance of 

characterization exercise. 

It is also clear that the measurement of yield stress cannot be performed by increasing the 

shear level in small increments starting from zero because the scatter of results in that 

range would be overwhelming. 

3.3. 1 .2 Effect of measurement time on the performance of the MCt 

The effect of measurement interval time on the performance of the Paar Physica M C 1  

was investigated in experiments A8 1 -A85 . Three measurement interval time values were 

tested, 1 ,  3 and 5 seconds. An S60 oil was used with the Z2. 1 spindle at 20°e. The oil 

solution was subjected to a shear step test using CSR mode. The COY was analysed and 

plotted against spindle speed and measured torque, as shown in Figures 3.22 and 3 .23 

respectively. 
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Figure 3 .22: Effect of measurement time on the COY versus spindle speed plot of a 

S60 oil at 20°C. Experiments A73-A77, Paar Physica MC 1 ,  Z2. 1 ,  CSR. 
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Figure 3 .23 :  Effect of measurement time on the COY versus torque plot of a S60 oil at 

20°C. Experiments A8 1 -A85, Paar Physica MC 1 ,  Z2. 1 ,  CSR. 

For a given spindle speed or measured torque, an increase in measurement time interval 

improved the COY value as shown in Figures 3.22 and 3 .23. Similar observations were 

made when the exercise was repeated using different oil solutions, spindle geometries 

and operating modes, in experiments A86- 1 0 1 .  
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As explained in section 3 .3 . 1 . 1 , any given output set of data is an average of a number of 

measured data points recorded by the instrument for the duration of measurement. Thus, 

a longer measurement time would generate more data points and subsequently yield more 

accurate average values, and thus lower COY. 

3.3.2 Minimum reliable torque 

It will be recalled that the curve for the S2000 oil at 70°C in Figure 3 . 1 8, was 

significantly different from those at lower temperatures. The critical spindle speed and 

critical torque at wruch the COY curves decreased to 0.00 1 for the data in Figure 3 . 1 8  are 

tabulated in Table 3.6. 

Table 3 .6: Spindle speeds and measured torques at critical COY of 0.00 1 for Z3 

spindle with S2000 oi l  at various temperatures. Experiments A45-A49. 

Temperature Spindle speed (rpm) Torque (mNm) 

at critical COY at critical COY 

20 20 8.5 

30 20 3 .5  

40 20 1 . 5 

50 55 1 . 5 

70 1 30 1 .5 

A constant critical speed of20 rpm was observed for S2000 oil at 20°C, 30°C and 40°C 

for Z3 spindle. For these three lower temperatures, the torque values were higher than 

1 . 5 mNm. At 50°C and 70°C, the required spindle speed at the critical COY value of 

0.00 1 increased sharply to 55 rpm and 1 30 rpm respectively, whereas the crit ical 

measured torque reached down to 1 .5 mNm and it remained at that value. 

Similar observations were made when the exercise was repeated with different oil 

solutions and spindle geometries, in experiments A50-A59. The COY results 
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demonstrated that the precision of the data collected is affected by both the spindle speed 

and the measured torque. Thus, any given set of data must not fal l  below either of these 

two limits of 20 rpm and 1 .5 mNm. These limits are conservative and represent worst 

case scenarios. There will be some fluids that achieve a low COY even when the speed 

and torque are lower than 20 rpm and 1 . 5  mNm, depending on the viscosity of the sample 

and the spindle used. Data collected above these limits will almost always possess a 

small coefficient of variation. 

The analysis of COY can only discuss the precision of data collected. A different analysis 

must be made to discuss measurement accuracy. The measured torque was found to have 

a significant effect on the accuracy of the data, as well as the precision of the data. The 

viscosity values at different shear rates can be normalised against the relatively constant 

viscosity readings achieved at higher shear rates in a shear sweep. 

f-LnomlOlised = _-,-
f-L __ 

f-Lhighshear 
(3.3) 

JJ "onllalised reflected the percentage deviation of the reading from the correct viscosity 

readings achieved at higher shear rate. Thus if JJ"onllalised is 0.97, it means the current 

viscosity reading is 97% of the correct viscosity, or 3 %  error. 

In experiments A I 02-AI 06, S2000 oil was subjected to a shear sweep test at different 

temperatures in CSR mode using the Z3 spindle. The normalised viscosity was p lotted 

against spindle speed and measured torque for the S2000 oil using the Z3 spindle at 

various temperatures in Figure 3 .24 (a) and 3 .24 (b) respectively. 

The normalised viscosity in Figure 3.24 (a) reached 0.97 at different spindle speeds. By 

contrast , the curves in Figure 3 .24 (b) possessed similar shape and consistently reached 

0.97 around the torque of 1 .5 mNm. 
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Similar observations were made in other experiments with different oil solutions using 

different spindle geometry and operating modes. The results showed that the critical 

torque limit affected both the precision and the accuracy of the rheology data obtained 

from the Paar Physica M C ! .  This relationship is  independent of the fluid rheological 

behaviour, or the spindle geometry or operating modes. The effect of torque is related to 

the physical design of the rheometer itself. 
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Figure 3 .24: Normalised viscosity for S2000 oil at different temperatures. (a) 

normalised viscosity versus spindle speed (b) normalised viscosity versus torque. 

Experiments AI 02-AI 06, Paar Physica MCI ,  Z3, CSR. 

MA TERlALS AND METHODS 88 



These user defmed limits of reliability are much more restrictive than the minimum 

torque of 0.05 mPa and speed of 0.3 rpm quoted by the manufacturer (Table 3.3) .  These 

equipment limitations are important in  experiments where changes in viscosity with time 

cover a wide range of shear rates, such as in the study of age thickening of milk 

concentrates. As the milk ages, the viscosity increases with time, the spindle speed 

decreases for a set torque and the rheological data will eventually fal l  below the critical 

operating limits of the Paar Physica MC l .  Thus, more and more of the data collected in 

shear sweeps would need to be truncated as age thickening progressed. 

3.3.2. 1 Accuracy a nd stress correction protocol 

Z l ,  Z2. l and Z3 spindles were calibrated with the Cannon Instrument Company' s 

Newtonian oil, and the measured viscosity values were compared to the expected values 

given in Table 3 .5 .  The Zl and Z3 spindles were found to record accurate data within an 

acceptable level of uncertainty. However, the Z2. 1  spindle consistently displayed lower 

viscosity values than expected, by 50%. Consultation with Physica Messtechnik revealed 

that the original shear rate conversion factor supplied, which is required to determine 

shear rate from spindle speed, was incorrect. A new shear rate conversion factor was 

applied to rectify the situation. 

In experiments AI 07-A1 1 8, triplicate runs of shear sweep tests were conducted using a 

new batch of S60 oil at four different temperatures, 20°C, 25°C, 37.8°C and 40°C using 

the Z2. 1 spindle. The expected viscosity values for the new S60 oil as specified by 

Cannon Instrument Company (2003) are listed in Table 3 .7. Care was taken to ensure 

that the temperature of the oil solution was close to the desired setting. This was 

achieved through the use of a calibrated thermocouple to measure the temperature of the 

oil in the cup prior to measurement, rather than relying on the temperature reading of the 

temperature sensor in the lubalo water bath (which reflects the temperature of the water 

in the spindle jacket). The uncorrected v iscosity profiles against shear stress for the S60 

MATERIALS AND METHODS 89 



oil at al l four temperatures are shown in Figure 3 .25 .  The dashed straight l ines 

represent the expected viscos ity as given by Canon Instrument Company (2003 ). 

Table 3 .7 :  Viscos ity values for the S60 Newtonian oi l  (lot 0320 1 )  (Cannon 

Instrument Company, USA), manufactured in 24 February 2003 , expires on OS 

February 2005 .  
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Figure 3 .25 :  Viscos ity against shear stress for the S60 oil at different temperatures 

without stress correction. Experiments A 1 07-A1 1 S, Paar Physica MC 1 ,  Z2 . 1 ,  CSS.  

A departure from the correct viscosity was found at al l nominal shear stresses 

reported by the viscometer software, especially at low shear stresses. For any given 

shear stress value, a correction coefficient was determined using equation 3 .4 .  
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· . MCl reported vis cos ity stress correctIOn coefficient = -------='----------=--
actual vis cos ity 

(3.4) 

The change in the stress correction coefficient (SCC) with shear stress in the range of 1 .4-

1 94 Pa was calculated for all tests and the results are shown in Figure 3 .26. At the higher 

temperatures (lower viscosity), the maximum spindle speed of 750 rpm was reached 

before the maximum shear stress of 1 94 Pa. In such cases the software does not stop 

measurements but keeps calculating the shear rate, which is clearly in error since the 

speed cannot change. The data in that range were discarded. and thus are not shown i n  

F igure 3 .26. 

The SCC profiles for all curves at different viscosities were similar across the whole 

range of shear stress. The SCC results clearly showed that the spurious report of non­

Newtonian behaviour at low shear rate is attributed to the operating mechanism of the 

Paar Physica MC t .  
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Figure 3 .26 :  Stress correction coefficient versus spindle speed for S60 oi l  at different 

temperatures. Experiments Al  07-Al l 8, Paar Physica MC l ,  Z2. 1 ,  CSS. 

MATERIALS AND METHODS 9 1  



For each shear stress, an average SCC can be determined. An average SCC profile across 

the shear stress range was determined from the replicate runs ( 1 2  altogether) and was 

applied to all subsequent rheological measurements. The corrected shear stress value i s  

determined as follows 

d h MCI reported shear stress correcte s ear stress = -----.:.-------
average SCC 

(3 .5)  

The graph of viscosity versus the corrected shear stress for the S60 oi l  more closely  

resembled that for a Newtonian fluid, as shown in  Figure 3.27. However, at low shear 

stress levels, significant deviation from Newtonian behaviour was still apparent. For all 

curves, the corrected viscosity data above the minimum reliable torque and spindle speed 

of l . 5 mNm and 20 rpm was within 3% of the expected viscosity value. 
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Figure 3 .27:  Corrected viscosity against shear stress for the S60 oil at different 

temperatures with stress correction. Experiments A I 07-A I I 8, Paar Physica MC I ,  Z2 . I ,  

CSS. 
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3.3.3 Rheological measurement protocol for the Paar Physica MCt 

In  view of the results of the characterisation work discussed in  the preceding sections, a 

measurement protocol was devised, and applied in further laboratory work and industrial 

surveys. 

The water bath of the Paar Physica MC l (Julabo Labortechnik, GbmH, Germany) was set 

to the appropriate temperature. 69.5mL of sample was loaded into the cup of the Z2. 1 

spindle. Each test comprised of three steps with details listed in Table 3 . 8. The test 

takes just over 8 minutes to complete. 

Table 3 .8 :  Measuring protocol for shear sweep test using the Paar Physica M C t .  

Step # Mode Type Torque Temp. equilibration Measurement Number of 

(mNm) time (s) time (s) points 

1 CSS Sweep 0.5-50 60 1 200 

2 CSS Step 50 3 1 1 5  

3 CSS Sweep 50-0.5 3 1 200 

In time-dependent fluids, the structure continuously changes with t ime unless the system 

is in equilibrium state. In order to minimize the effect of shear history during 

measurement, it was essential to complete the test in as short time duration as possible. A 

measurement time of only 1 second was used. Before commencing each test, a 60 second 

waiting time was allowed for temperature equilibrium. The inclusion of step two, where 

the torque was held at 50 mNm for a period of 1 8  seconds, was to minimize the effect of 

spindle inertia during rotation at high speed (Krieger, 1990). 

The use of the Z2. 1  spindle, which covered the h ighest range of viscosity values of all 

three spindles available, was found to be adequate to capture the age thickening trends in 

milk concentrates in this work. No other spindle was used. It  was considered preferable 
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to use only one spindle because milk concentrates are known to be non-Newtonian and a 

correction to the reported nominal shear rate calculated by the Rheosolve software was 

necessary (as reported in section 3 .6.2 .2). This correction is dependent both on the fluid 

rheological properties and the spindle geometry. S ince the geometries of commercial 

rheometer spindles are usually complex, the theoretical correction, which is based on 

simple geometries, is not perfect and it is difficult to dovetail completely the results using 

several spindles. In addition the rate of structure breakdown of t ime-dependent fluids also 

depends on the spindle used and the problem is exacerbated by the unnecessary use of 

several spindles. 

3.4 Industrial survey 

The objective of the industrial surveys was to understand and record the effect of product 

composition, manufacturing conditions and plant design on the rheological behaviour of 

various concentrates encountered in dairy powder manufacture in the New Zealand dairy 

industry. 

Figure 3 .28 shows a schematic diagram of the processing steps involved during the 

manufacturing of milk powder at the three milk powder plants surveyed, Te Awamutu, 

Waitoa and Pahiatua. Raw milk was collected and stored in silos at 7°C. The milk was 

separated into cream and skim portions. Obviously, the skim portion was used for skim 

milk powder processing. The protein content was standardized to the level required by 

the product specification by adding lactose or whey permeate. The product was then 

pasteurized, preheated to achieve the desired whey protein nitrogen index before being 

evaporated to reach approximately 4S-S0%TS. In most plants, several evaporation 

systems operated in parallel. After evaporation, the concentrate was heated in the 

concentrate heater before being transported to the spray drier. After spray drying, the 

powder was packed and stored away. 

At the Waitoa plant, there are three parallel processing lines. After the evaporators, 

density meters are situated to measure the density of the concentrates, from which the 
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solids content can be determined. The concentrate is then stored in the concentrate 

balance tanks, before it is pumped through the concentrate filters, then through to the 

concentrate heaters and subsequently the spray drier. 

Chilled storage silos. 

Separation. Raw milk is separated into skim and cream portions. 
Only skim milk is used for skim milk powder. 

Standardisation. Level of protein is adjusted. 

Pasteurisation. Skim milk is heated to 72°C for 1 5  seconds to kill bacteria. 

Preheat. Standardised skim milk is heated and hold to denature whey proteins. 

Evaporation. Milk is concentrated in fall ing film evaporators to 45-50% 
solids content. 

Evaporator storage vessels. Milk concentrates are stored at the last effect 
temperature. 

Concentrate heating. Milk concentrate is heated using shell and tube or plate heat 
exchanger to 55-80°C 

Spray drying. Milk concentrate is sprayed into a drying chamber where the droplets 
are dried by hot air. 

Packing. Milk powder is packed for storage. 

Figure 3 .28:  General process flow chart during skim milk powder processing. 
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The frequency of the industrial surveys was constrained by the manufacturing schedules 

of the three plants, which all have different designs and operating conditions. As a guest 

researcher, it was difficult to have any control over the processing conditions, which were 

changed from day to day, and fluctuated from sample to sample. Besides these 

production changes, there were random fluctuations and drifts in the conditions of 

manufacture. Thus, during industrial measurements, it was important to record 

information that may affect the rheological data. These included the following: 

• Flow rate of mi lk through the evaporator 

• Preheat temperature and holding time (where applicable) 

• Evaporator first and [mal effect temperature 

• Concentrate heater temperature 

While other information such as temperature and residence time at each evaporator effect 

would have an effect on the rheological behaviour of the concentrate, the relationship is 

complex and not understood. In addition this information is much more difficult to obtain 

and was therefore not recorded. 

Milk concentrate samples were withdrawn from taps, which were only situated after the 

evaporator and concentrate heater in most plants. The use of septa was avoided due to 

the high pressure in the line and the long period of time required to collect the desired 

sample volume. 

During most industrial surveys, a simple manual Brookfield L VTD viscometer was the 

only available piece of equipment for rheological measurements on site. It was not 

possible to conduct fast shear sweep tests on the Brookfield, and measurements of age 

thickening were tedious. In many cases, samples of powder were also taken from the run 

and subsequently reconstituted at Massey University to provide more detailed 

information with a more accurate rheometer. However, the rheology of the reconstituted 

systems may be different to that from fresh, it is a rheological measurement of the [mal 

product, and not the in-process concentrates. 
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There was no attempt to correlate fluctuations in the plant processing conditions with 

changes in rheological behaviour. The information was used only to account for any 

unusual observations or drastic discrepancies in trends. 

3.4.1 Sampling method 

A thermally insulated vessel with a constant internal diameter was used as a sample 

container to minimize heat loss. A plastic l id was placed on top to further minimize heat 

loss and evaporation. If available, the container was placed in a water bath to maintain 

temperature. 

A stopwatch was started the instant the tap was opened. This was considered 'time zero' . 

When sufficient sample had been collected, the tap was closed and the time was noted. 

The sample was then carried back to the rheometer and set up for measurement. The 

t ime of measurement was also recorded. Thus, there were three time scales in total to 

account for the three stages of sampling and measurement: time zero for the opening of 

tap, sampling time for the duration of the sample collection period, and the measurement 

time at which the first measurement was recorded. 

The container was carefully carried to the laboratory and gently placed onto the bench. A 

calibrated thermocouple was placed inside the thermally insulated container to monitor 

the change in temperature during measurement. Rbeological  measurement was carried 

out with a Brookfield viscometer, which is shown in Figure 3 .29 along with a LVI 
spindle. 
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Figure 3 .29: Brookfield L VTD viscometer and LVI spindle 

A Paar Physica MC I rheometer was also used on a few occasions, when it was made 

available, to obtain rheological data in the industrial environment. The sampling 

procedure was modified to utilize the full potential of the equipment. The sample was 

collected in a large 3 litre container, which was then stored at the temperature of 

collection. Aluminium foil was used to cover the container to minimise water loss 

through evaporation. The milk sample was allowed to equilibrate in the hot water bath. 

Rheological measurements were carried out at periodic intervals to monitor the rate of 

thickening during storage, as described in section 3 .3 .3 .  
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3.4.2 Rheological measurement protocol for Brookfield viscometer 

The Brookfield viscometer was zeroed at 1 2  rpm without a spindle before each 

measurement, as specified by the manufacturer. 

For any given spindle speed and spindle geometry, the Brookfield viscometer provides a 

percentage torque value as the only output variable, which had to be converted into 

apparent viscosity. It was recommended by the manufacturer that the output percentage 

value should exceed 1 0% of maximum range to avoid large friction errors. 

The choice of spindle was dependent on the viscosity and the rate of age thickening in the 

product. For samples that possessed low initial viscosity values and rates of age 

thickening, the LVI spindle was used. The LV 4 spindle was sometimes used with infant 

formula products, which thickened quickly. Technical data for the various Brookfield 

spindles are listed in Table 3 .9 .  

Table 3.9:  Technical data for several Brookfield spindles (Brookfield Engineering 

Labs). 

Spindle Diameter (mm) Cylindrical Length 

(mm) 

LVI 1 8. 84 65. 1 

LV2 1 0.25 53 .95 

LV3 5 .88 42.86 

LV4 3.2 3 1 .0 1  

Four spindle speeds were used: 6, 1 2, 3 0  and 60 rpm. For each sampling location, such 

as the evaporator and concentrate heater, fresh samples were collected for measurement 

at each of the four spindle speeds. 

The attached spindle was slowly lowered into the centre of the sample container until the 

groove in the spindle was submerged in the solution. A specially designed c ircular 
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plastic disc with a hole in the centre to accommodate the spindle shank was placed on top 

of the flask to minimize heat loss. The spindle speed was set to the desired value. The 

change in percentage output, i.e. viscosity, was recorded with t ime over a period of 20 

minutes at a given spindle speed. The change in temperature during this time was also 

monitored. 

3.4.3 Brookfield versus Paar Physica MCl 

An exercise was carried out to compare the data obtained from the Brookfield L VTD 

viscometer and the Paar Physica MC l rheometer. The aim of the exercise was to 

detennine the adequacy of the Brookfield L VTD to generate accurate, reliable and 

meaningful data for industrial surveys, in comparison with the Paar Physica MC l 

rheometer. 

A production run, A1 1 9, was monitored at the Waitoa milk powder plant. The general 

composition of the product (an infant milk formula) and operating conditions are listed in 

Tables 3 . 1 0  and 3. 1 1  respectively. Fresh milk concentrate samples were collected after 

the density meter, concentrate filter and the concentrate heater described in section 3.4.  

Table 3 . 1 0: General composition of the infant milk concentrates in experiment A 1 1 9  

at the Waitoa milk powder plant. 

Component 

Ash 

Lactose 

Moisture 

Protein 

Fat 
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55.5 

2 .5 
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20 
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Table 3. 1 1 : P lant operating conditions in experiment A 1 1 9  at the Waitoa milk powder 

plant. 

Run # 

Process Variables 

DSI temperature COC) 

Evaporator feed flow rate (m3/hr) 

Evaporator concentrate flow rate (m31hr) 

1 SI effect temperature CC) 

Evaporator concentrate temperature (0C) 

Evaporator concentrate total solids (% TS) 

Concentrate heater milk temperature (OC) 

Concentrate balance tank level (%) 

Bl 

Evap. #2 

96 

53 

1 2  

70 

53 

47 

75 

1 8  

Measurements with the Brookfield viscometer were analysed through the change i n  

viscosity with the spindle rotating at four constant speeds over a 2 0  minute period a s  

described in section 3 .4.2. Samples used for the Paar Physica MC l were stored at rest at 

the temperature of the process line and shear sweeps were performed at regular storage 

intervals. The fundamental difference between the sample handling procedures between 

the two viscometers was that the Brookfield L VTD viscometer measured the data when 

the sample was stored under shear, whereas for the Paar Physica MC 1 ,  the sample was 

stored at rest, before conducting a shear sweep test at periodic intervals. 

3.4.3.1 Comparison of Brook field and Paar Physica MCl measurements 

The viscosity of the concentrates after the evaporator and concentrate heater measured 

with the Brookfield viscometer is plotted against shearing time at four constant spindle 

speeds in Figures 3 .30 and 3 . 3 1  respectively. The concentrate heater samples were taken 

directly from the high pressure concentrate line. 
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Figure 3 .30: Change in viscosity with shearing time for fresh infant milk concentrate 

samples taken after the evaporator (47 .4%TS, 52°C) at the Waitoa milk powder plant 

with the Brookfield LVTD viscometer. Experiment A l 1 9. 
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Figure 3 .3 1 :  Change in viscosity with shearing time for fresh infant milk concentrate 

samples taken after the concentrate heater (47. 1 2%TS, n°C) at the Waitoa milk powder 

plant with the Brookfield LVTD viscometer. Experiment A l 1 9. 
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Figure 3.30 shows that the viscosity of the four evaporator samples remained fairly 

constant during the 20 minutes of constant shear at the four spindle speeds. On the other 

hand, the four curves in Figure 3 . 3 1  showed significant increases in viscosity with shear 

time, indicating age thickening ofthe samples after the concentrate heater. 

The changes in apparent viscosity at 1 05 .3  Pa with time from data collected and 

measured with the Paar Physica MC l were plotted in Figure 3 .32 for samples collected at 

both the evaporator and the concentrate heater. 
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Figure 3 .32 :  Change in viscosity at 1 05.3 Pa with storage time for fresh infant milk 

concentrate samples taken after the evaporator (47.4 %TS, 52°C) and concentrate heater 

(47.4%TS,  74°C) at the Waitoa milk powder plant. Experiment A1 1 9, Paar Physica MCl .  

The viscosity of the evaporator sample again remained constant with time while the 

concentrate heater samples showed significant age-thickening. Thus similar trends in the 

data were observed with the Paar Physica MC 1 and Brookfield viscometers. 
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Comparing the absolute apparent viscosity values from the two instruments revealed the 

Paar Physica MC l yielded lower values. The initial apparent viscosity value for the 

evaporator curve in Figure 3 .32 was 25 mPa.s compared to 2 8  mPa.s obtained from the 

Brookfield viscometer in Figure 3 .30. 

This was attributed to several reasons. The first is simply the difference in shear stress at 

which the viscosity values were reported for the two different instruments. At 60 rpm, 
the shear stress at LV I spindle is approximately } Pa with the Brookfield viscometer. 

This is well below the 1 05.3 Pa at which the viscosity values were measured with the 

Paar Physica MC t .  However, it is not possible to report viscosity values at } Pa with the 

Paar Physica MC l as this would fal l  into the truncated region as discussed in section 3 .3 .  

Therefore, the two instruments operate in two different shear regions. 

The Paar Physica MC l uses narrow gap geometry, where the gap between the cup and 

the bob is kept to a minimum. This was not the case with the Brookfield L VTD 

viscometer, where only fluid layers adjacent to the spindle surface were sheared. Thus, 

the shear distribution profile inside the fluids during measurement is different with the 

two instruments. 

Because of Couette flow and the narrow gap design, the data obtained from the Paar 

Physica MC } gives a more accurate picture of the rheology. However, the trends in age 

thickening profiles were similar between the two instruments. The data shows the 

adequacy of the Brookfield L VTD to monitor the age thickening trends in industrial 

surveys. 

3.4.3.2 Time-dependent analysis 

The Weltman model (Weltman, 1 943) was developed to describe an exponential 

relationship between the rates of breakdown or build up of the structure with shearing 

time (t) .  
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r = A - B In(t) (3 .6) 

where A and B are constant parameters which are dependent on the shear rate at which 

the test was conducted. The model can be eas i ly re-arranged to monitor the change in  

viscosity with t ime, instead of  shear stress, by simply replacing the subject of  the 

equation. 

The model describes an exponential relationship between shear stress and shear time at a 

constant shear rate. However, F igure 3 . 3 1  clearly shows a linear increase in viscosity 

over 20 minutes of constant shear at several spindle speeds. Therefore, the Weltman 

model did not fit the data collected from the Brookfield L VTD viscometer. 

It is important to point out that an exponential curve essentially consists of three parts, a 

lower linear region, an exponential section, and then an upper linear region. Thus, a full 

exponential curve would need to cover all three regions. If  data is only collected over the 

linear region, then a l inear relationship would be apparent, but the exponential portion 

would not be detected. 

It is possible that the rheological data recorded over the first 20 minutes of constant shear 

with the Brookfield L VTD viscometer only covered the linear section of a full age 

thickening profile. If  given longer time, an exponential curve might be detected. 

However, with the data available, the Weltman did not give a good fit to the rheological 

data collected with the Brookfield L VDT viscometer. The rates of age thickening of the 

fresh concentrate samples at each shear rate were simply calculated as the rate of increase 

in viscosity with the change in shearing time. 

The Weltman model  could not be easily applied to the data collected with the Paar 

Physica MC l .  The model was designed to study the changes in rheological behaviour 

under constant shear, i.e. shear step test, but the Paar Physica MC 1 was operated in shear 

sweep test mode. Cross plotting between different sets of shear step data to yield a set of 
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shear sweep data would be required if the Weltman model was to be applied to the Paar 

Physica MC l data. 

There is a significant difference between the two modes of time-dependent analysis that 

were used with the Brookfield LVTD viscometer and the Paar Physica MC l .  With the 

Brookfield, the samples were stored at a constant shear rate, and the changes in the t ime­

dependent rheology were monitored. The exercise was then repeated at different shear 

rates. Analysis of shear stress versus shear rate would require cross plotting between 

different sets of shear step data at several shear rates. 

Measurements made with the Paar Physica MC l were carried out on samples that were 

allowed to rest for different lengths of t ime. The samples were subjected to shear sweep 

tests where the shear stress versus shear rate relationship was monitored. Analysis of the 

change in rheological behaviour with t ime at a constant shear stress requires cross 

plotting between different sets of shear sweep data at different storage time. Figure 3 .32 

is an example of such cross plotting. The results from Figures 3 .30-3.32 showed that the 

rheo logical measurements from the two rheometers produced similar trends in 

rheological behaviour. 

The shear sweep data collected with the Paar Physica MC 1 can be frtted to a 

phenomenological model. The Herschel-Bulkley model was chosen and the changes in 

the model parameters, T y '  K and n , with time were used to monitor the t ime-dependent 

behaviour of the systems. For example, the changes in the Herschel-Bulkley parameters 

for the concentrate heater sample in experiment Al 1 9  are plotted in Figures 3 .33-3.35.  
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Figure 3 .33 :  Change in T y with storage time for fresh infant milk concentrate samples 

collected after the concentrate heater at the Waitoa milk powder plant. Experiment A 1 1 9, 

Paar Physica MC 1 ,  47.5%TS, 75°C. 
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Figure 3 .34: Change in K with storage t ime for fresh infant milk concentrate samples 

collected after the concentrate heater at the Waitoa milk powder plant . Experiment A 1 1 9, 

Paar Physica MC 1 ,  47.5%TS, 75°C. 
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Figure 3 .35 :  Change in n with storage time for fresh infant milk concentrate samples 

collected after the concentrate heater at the Waitoa milk powder plant. Experiment A 1 1 9, 

Paar Physica MC 1 ,  47.5%TS, 75°C. 

Figures 3 .33-3.35 show that the milk concentrate systems became more viscous (increase 

in r y and K )  and displayed more non-Newtonian behaviour (decrease in n )  with 

storage time. 

This analysis demonstrates that more information can be derived from data collected with 

the Paar Physica MC } compared to the Brookfield LVTD, but the data from both 

viscometers exhibited similar trends. 

3.5 Controlled rheology experiments protocois 

A series of experiments were conducted in the pilot plant facilities at Massey University 

using the recombination rig discussed in section 3.2.  The main objective of the 

controlled rheology experiments was to understand the relationship between processing 

conditions and the resultant rheological behaviour of reconst ituted milk concentrate 

systems, in a controlled environment. By using powder, which is stable during storage, 
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the variation in the functional and physical properties of the raw materials was 

minimized, which improved the reproducibility of the rheological profiles of the 

reconstituted samples. 

A number of procedures were used for the experiments with reconstituted milk 

concentrates, depending on the purpose of the experiment. The details are discussed in 

the resuhs chapter 5 under the appropriate section. A generalized experimental protocol 

is given here, as well as several measurement and structural analysis techniques that were 

employed in conjunction with reconstitution and rheological  protocols. 

3.5.1 Materials 

Several skim and whole milk powders were obtained from Fonterra Co-operative Group 

Ltd. Composition specifications are given Tables 3 . 1 2. 

Table 3 . 1 2 : General compositional specifications for several tested powder used in the 

controlled rheology experiments. 

A B C 

Powder Whole Whole Skim 

Heat Medium Medium Medium 

Treatment 

Protein 24.34% 25 .6 1 %  36.4% 

Fat 23 .68% 24.26% 0. 1 1% 

Lactose 42.3% 40.76% 5 1 . 74% 

Ash 5.78% 5 .44% 7.86% 

Moisture 3 .9% 3 .93% 3 .89% 

The majority of the controlled rheology experiments were carried out on whole milk 

powders A and B. The two powders were obtained from two different manufacturing 

plants. The general composit ional specifications for the two powders were similar, with 
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powder B possessing slightly higher protein content. The preheat treatment during 

processing was similar in both powders also, with powder A heated to 1 0 1  QC for 20 

seconds while powder B was heated to 1 00QC for 40 seconds. The operating conditions 

during evaporation, concentrate heating and spray drying were unknown. These 

operating conditions, as well as the p lant design and layout, will contribute to the shear 

and temperature history of the fluid that are expected to significantly affect the 

rheo logical behaviour ofthe two reconstituted powders. 

3.5.2 Generalised experimental  procedures for reconstituted samples 

Only distilled water was used for reconstitution experiments. Powder and water were 

weighed to achieve the desired solids content in the fmal reconst ituted products. 

However, the quantities required had to take into account the water that was trapped 

inside the rig within the mono pump section from the post-CIP pre-rinse. This quantity 

of water was determined to be approximately 650 mL. 

The moisture content of the powder must a lso be taken into account during the weighing 

process. Moisture analysis was conducted on several batches of powder. The average 

moisture content was 4% w/w, this value was used for calculating the powder 

requirements for all experiments. 

The powder and the water were reconstituted according to the protocol l isted in 3 .2 .3 .  

The reconst itution temperature was usually set at 35QC to minimize age thickening during 

reconstitution. However, this temperature was increased in several sets of experiments 

where age thickening was purposely promoted to study the effect of recombination 

conditions. 

Two standard types of experiments were conducted: in-line and storage. For in-line 

investigations, samples were withdrawn from the rig at 1 5  minute intervals and 

immediately subjected to a shear sweep test in the Paar Physica MCt ,  using the 
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measurement protocol in 3 .3 .3 .  At all t imes, the reconstituted solutions were recirculated 

around the rig via the capillary tube at 40,000 S·l .  

In storage experiments, the reconstituted milk concentrate system was allowed to 

recirculate via the high shear capillary tube for 60 minutes, after which samples were 

withdrawn from the rig and heated using a plate heat exchanger (Alfa Laval, P20-HB, 

Sweden). The samples were collected in a 3 L container then stored in a water bath at the 

temperature of the fmal heating step. Approximately 70 mL of milk concentrate was 

extracted periodically from the container and subjected to a shear sweep test using the 

Paar Physica MC l .  

3.5.3 TEM protocol 

Electron microscopy is the science and technology of using an electron beam to form 

magnified images of specimens (Flegler, Heckman, & Klomparens, 1 993). 

A negative staining technique was employed to prepare milk samples for TEM analysis. 

These techniques are thoroughly described in several books (Harris & Home, 1 99 1 ;  

Bozzola & Russell, 1 992; F legler et aI., 1 993), as well a s  journal articles. Essentially, 

milk samples were fixed with glutaraldehyde and washed overnight with cacodylate-HCI 

buffer. The mixture of milk and glutaraldehyde was inverted several t imes. The samples 

were handled gently in order to prevent the destruction of the internal structure of the 

milk system, which is an important requirement during the fixing step (Harris & Home, 

1 99 1 ;  Bozzola & Russell, 1 992; Hunter, 1 993, Flegler et aI., 1993). The fixed samples 

were further treated with a series of washes in buffer solution and rinses in distilled 

water, before being dehydrated in a series of acetone-water mixtures. The samples were 

stained in a mixture of acetone and uranyl acetate, washed and then treated with acetone­

copper sulphate solution. After a few rinses with acetone, the samples were embedded in  
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Araldite resin m ixture. The resin blocks were cut into thin s lices and examined using a 

Phillips 20 1 C  Transmission Electron Microscope (Phillips, Eindhoven, Holland). 

3.5.4 Particle size distribution (PSD) analysis 

Particle size distribut ion (PSD) analysis was carried out on a Malvern Mastersizer Sizer E 

(Malvern Instrument, Worcestershire, UK). 

In some experiments, several samples were set aside during rheological measurement for 

particle size analysis. The sample was diluted in distilled water at approximately three 

parts water to one part milk concentrate to minimize the age thickening process during 

storage at 4°C. The samples were held for no longer than a 24 hour period. 

The solids content of the diluted milk solution was approximately l O%TS. The dilution 

and storage steps were found to have no adverse effect on the PSD results of the 

Mastersizer. However, without the inclusion of these steps, the milk samples would age 

thicken during storage, forming aggregates and flocs that would affect the PSD. 

3.5.5 Total solids content measurement 

The solids contents for all reconstituted samples were measured by using the AOAC 

official method 990.20 (AOAC International, 2002), with an experimental error of ± 0.5 

%TS. 
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3.6 Data analy.sis 

3.6.1 Brookfield L VTD data 

3.6. 1 .1  Shear stress and shear rate calculations 

The gap between the bob (spindle) and the cup during measurement with the Brookfield 

L VTD viscometer is large, and the system is effectively one with a cup radius of inImity. 

The shear stress at the spindle surface can be calculated as follow. 

Shear stress at the bob surface is given as (Bird, Dai, & Yarusso, 1 983; Darby, 1 985; 

MacSporran, 1 986; Princen, 1 986; Nguyen & Boger, 1 992), 

M 
r = -----::--b 271R; L 

where: 

Tb shear stress at the surface of the spindle (pa) 

M torque applied (Nm) 

Rb radius ofthe bob (m) 

L length of bob (m) 

(3 .7) 

As the equation implies, the shear stress does not depend on the rheological behaviour of 

the tested solutions. 

The maximum torque range for the Brookfield LVTD viscometer is 673 . 7  

dyne.centimeters, a s  given by Brookfield Engineering Labs., Inc .  where 

1 dyne.centimeter = 1 0-7 Newton.meter (3. 8) 

For any given percentage value output from the Brookfield viscometer, the equivalent 

torque value can be calculated from 
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7' M reading 673 7 1 0-7 
.1 orque = = x .  x 

1 00 
(3.9) 

The torque value can be substituted into equation (3.7) to determine the shear stress. 

The shear rate can be expressed in terms of the derivative of the rotation velocity (Darby, 

1 985; Princen, 1 986; Nguyen & Boger, 1 992), 

r = _ r dOJ (3 . 1 0) 
dr 

where r radius at which shear rate is measured (m) 

OJ angular velocity (rad/sec) 

For the intmite cup radius situation, Van Warer et al. ( 1 963) derived a simpler 

approximation to equation (3 . 1 0) 

. 2 dN rb = - d ln(rb ) 

Where N is the spindle speed (rpm) 

rb is the shear rate at the surface of the spindle (s·IL 

However, the solut ion cannot be applied to any fluid that has a yield stress value. 

(3 . 1 1 )  

Cherernisinoff ( 1 993) provided a generalized ahemative equation, which can be used for 

any time-independent non-Newtonian fluid. 

. 47!N 
rh = -,­

n 

where n" is the slope of a logarithmic plot of torque versus rotational speed. 
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To calculate the slope n" in equation (3 . 1 2) , a relationship between spindle speed and 

either torque or shear stress is required (Nguyen & Boger, 1992). In the case of the 

Brookfield LVTD viscometer, only shear step tests were conducted (as described in 

section 3 . 1 . 2) where the change in viscosity with time was monitored at a constant speed 

for four different spindle speeds. In order to obtain a relationship between spindle speed 

and torque or stress, cross plotting between data sets with different spindle speeds is 

required. As cross plotting can only be carried out on four sets of data from four different 

samples, experimental error was significant. 

When using the Brookfield viscometer, the spindle geometry was sometimes switched 

between measurements. Thus, for a given spindle speed, different torque values were 

obtained for different spindle geometries. This makes it difficult to obtain a relationship 

between torque and spindle speed suitable for use in equation (3. 1 2), as the calculated 

stress for a given spindle speed would change with a change in spindle geometry. Thus, 

the data from the same spindle geometry must be used during shear rate calculations. 

Due to the significant error arising from cross plotting and the need to use different 

spindles during measurement, detailed non-Newtonian shear rate calculations were not 

carried out on data obtained from the Brookfield LVTD viscometer. Non-Newtonian 

corrections were not attempted due to the significant inherent uncertainties in the data. 

3.6.2 Paar Physica MCl data 

3.6.2.1 Shear stress and shear rate calculations 

The shear stress equation is given by the manufacturer as, 
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1 + &2 M T= ---- · ------�--
2 . &2 2nl . R 2 

• C b L 

where CL = End effect correction factor = 1 . 1  (given by Paar Physica) 

& is the ratio of Rb 
Rc 

The end effect correction factor CL varies depending on the test fluid. 

A shear stress constant, fss ' can be derived from the above equation, 

And, 

T = M ·  fss 

(3. 1 3) 

(3. 1 4) 

(3 . 1 5) 

Equation (3 . 1 3) is specific to the Z2. 1 spindle while equation (3. 1 5) can be applied to 

other spindle geometries, provided the shear stress constants are obtained from the 

manufacturer. 

The shear rate equation for spindle Z2. 1  is given by the manufacturer as follows 

-_ . ---

60 &2 - 1  

where N spindle speed (rpm) 

the ratio of the cup radius Rc to the bob radius Rb , & = � 
Rb 

MATERIALS AND METHODS 

(3 . 1 6) 

1 16 



From equation (3 . 1 6) ,  a shear rate constant, lsr ' can be derived: 

Substitution equation (3 . 17) back into equation (3. 1 6) 

(3. 1 7) 

(3. 1 8) 

Examination of equation (3. 1 7) clearly indicates that it can only be applied to Newtonian 

fluids since it does not involve the slope of the logarithmic plot of torque versus speed. 

As with the shear stress calculations, equation (3. 1 6) holds specifically for spindle Z2. 1 ,  

but equation (3 . 1 8) was true for other spindle geometries, provided the test fluid was 

Newtonian. 

It was interesting to note that during the calibration exercise with Canon standard oils 

with the Z2. 1  spindle, the apparent viscosity values were consistently higher than the 

expected values by 1 .4 times. Communication with Anton Paar revealed that the value of 

Isr (5 .085) supplied for use in equations (3 . 1 6) and (3. 1 7) was incorrect due to some 

false assumptions about the geometry of the Z2. 1 spindle. A new value for the Isr (was 

supplied by the company and proved adequate for the determination of the Newtonian 

shear rate. 

The exercise illustrates the need to carry out independent testing of the equipment. 
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3.6.2.2 Non-Newtonian correction 

Rao et al. ( 1 975) and Chilton et al. ( 1 996) noted that during the rheological analysis of 

non-Newt oman systems, the assumption of Newtonian behaviour can yield significant 

errors, ranging from 20-50%. 

Equation (3 . 1 1 )  can be integrated between the spindle and cup surfaces using the Euler­

MacLaurin theorem (Krieger & Maron, 1 952; Krieger & Elrod, 1 953;  Yang & Krieger, 

1 978) giving the following relationship for concentric cylinder geometry. 

(3 . 1 9) 

Van Wazer et al. ( 1 963) listed 7 assumptions made during the development of 

fundamenta l  equation: 

1 .  the liquid is incompressible 

2. the system is isothermal 

3. laminar flow during measurement 

4. the streamlines of flow are circles on the horizontal plane perpendicular to the 

axis of rotation 

5. the motion is steady 

6. the motion is two-dimensional 

7. there is no slippage 

Equation (3 . 1 9) represents the formal relationship between the spindle speed and the 

shear rate for any fluid system and spindle size when measurements are carried out using 

concentric cylinder rheometers. 

Van Wazer et al. ( 1 963) noted that from equation (3 . 1 9), 
d ln N 

is unity for Newtonian 
d ln rb 

fluids and thus the equation can be simplified to 
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(3 .20) 

d In N  
For non-Newtonian fluids, needs to be determined, and thus the second and 

d In Tb 

d In N  
higher order terms in the power series of equation (3. 1 9) must be evaluated. IS 

d In Tb 

simply the slope m of the logarithmic p lot of In N versus In Tb . 

Krieger and Maron ( 1 952) noted that if (m 10 e) , is less than 0.2, the third and higher 

terms can be discarded with an error of less than 1 %. This is l ikely to be encountered in 

the Paar Physica M C 1  due to the small gap between the spindle and the cup. Thus 

equation (3 . 1 9) is simplified to 

(3 .2 1 )  

where (m 10 e) accounts for the non-Newtonian behaviour of  the system. 

Taking a similar approach to the concentric cyl inder geometry, an approximate non­

Newtonian correction can be applied to the Paar Physica MC 1 data with the use of the 

(m 10 e) parameter by ignoring the effect of the cone at the bottom of the cylindrical bob. 

Thus, equation (3.2 1 )  becomes 

rb = fsr . N(l  + m 10 e) (3 .22) 

If m yields a straight line, then the fluid exhibits power law behaviour. However, when 

a graph of d 10 N versus d In Tb yields a curve, then the slope m must be determined for 

every spindle speed value on the graph. 
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The effect of non-Newtonian correction is demonstrated on the data from run A 1 1 9, as  

discussed previously in section 3 .4 .3 .  The results are shown in Figure 3 .36 for the 

measurement made after 540 minutes of storage. The graph shows viscosity against 

shear stress, with and without non-Newtonian correction on the left axis and the 

percentage error between the two l ines on the right axis. An additional curve, which 

labelled "apparent viscosity with stress correction only", shows the data which have 

taken account of the stress correction factor, as outlined in section 3 .3 .2 . l .  However, no 

non-Newtonian correction was carried out on this line. 
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Figure 3 .36: Effect of non-Newtonian correction on the rheo logical data measured in 

fresh milk concentrates collected after the concentrate heater (47 .6%TS, 75°C) at the 

Waitoa milk powder plant with the Paar Physica MC 1 rheometer. Experiment A l 1 9. 

The apparent viscosity data with the non-Newtonian correction were lower than the 

nominal uncorrected values. This is expected as the non-Newtonian correction increases 

the value of the shear rate, as shown in equation (3 .22). In Figure 3 .36, the effect of the 

non-Newtonian correction decreases with an increase in shear stress. 
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The non-Newtonian correction had a small effect on the viscosity data, as seen by the 3-

5% correction error observed in Figure 3 . 36. However, larger corrections were 

sometimes encountered in samples that were close to the gelling point where non­

Newtonian behaviour is significant. I n  these samples, the non-Newtonian corrections 

could result in an apparent viscosity shift of 1 0% or more, depending on the shear stress 

level. As an example, Figure 3 .37 shows the effect of the non-Newtonian correction as 

well as the percentage error for a reconstituted whole milk concentrate sample (powder 

A, 48% TS, 75°C). The rheological data were taken at the point of gelation. 

Gelation was only encountered in a small proportion of samples. In these cases, the non­

Newtonian correction error is larger than 1 0%. In most other samples, the non­

Newtonian correction error was less than 5%, particularly at the shear stress of l 05 .3Pa 

where the apparent viscosity data are reported in age thickening experiments. 

Nonetheless, the non-Newtonian correction was applied on all truncated rheological data 

for analysis. 
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Figure 3 .37 :  Effect of non-Newtonian correction on rheological data measured in a 

reconstituted whole milk concentrate sample (48%TS, 75°C) with the Paar Physica M C l  

rheometer. 
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3.6.2.3 Model fitting and data analysis 

Mathematical modelling was used to summarize the t ime-dependent data coUected from 

the Paar Physica MC l .  This step was only carried out once truncation, shear stress and 

non-Newtonian corrections had been applied on the data. 

Matlab 5.3 .0. 1 0 1 83 (R l l ) was used to conduct the modelling exercise. Attempts were 

made to fit three models, Herschel-Bulkley, Sisko and Cross models to each set of data. 

One constraint was placed on all the models, which required all parameters to be larger 

than zero since negative values had no physical meaning. The model parameters were 

transferred to Microsoft Excel 2002 for further analysis. The data fitted to the S isko and 

Cross models had poor correlation coefficients, in comparison with the Herschel-Bulkley 

model, and will not be presented. 

The values obtained for the model parameters are highly dependent on the data available. 

The truncation and correction protocols carried out on the collected rheological data had 

a significant effect during the modeling exercise. From the 48% TS and 65°C 

experiments, Table 3 . 1 3  compares the three Herschel-Bulkley parameters obtained from 

the original set of data, as well as those from the truncated and corrected data. The table 

shows that the use of non-Newtonian and shear stress corrections had small effects on the 

model parameters. However, the application of truncation significantly changed the 

values of the three Herschel-Bulkley model parameters, as seen in the last three columns 

in Table 3 . 1 3 . More importantly, the rates of age thickening suggested by the three sets 

of data were significantly different. Thus, it was important that the same data analysis 

procedure was carried out on aU sets of data. 
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Table 3 . 1 3 :  Effects of  data corrections and truncation during rheological mode ling. 

Storage Raw Data Non-Newtonian and Non-Newtonian and 

Time shear stress shear stress 

(ruin) corrections corrections and 

truncation 

K n 'y K n 'y K n 'y 
0 0. 1 3  0.87 1 . 32 0. 1 3  0.88 0.88 0. 1 0  0.9 1 2.44 

30 0.20 0.84 3 . 34 0.20 0.85 3 .06 0. 1 5  0 .88 5 .5 1 

60 0.38 0.77 3 . 1 0  0 .37 0.78 2 .84 0.24 0 .83 7.08 

90 1 .30 0.64 4.68 1 .25 0.65 4.50 0.57 0.74 1 3 .5 1 

1 05 3. 1 7  0.53 5.73 3 .07 0.54 5 .63 0.7 1  0.72 24.38 

1 2 0  1 2.4 1 0.36 3 .59 1 2. 1 8  0.37 3 .45 0.79 0.72 46.40 

1 5 0  26.22 0.28 0.00 25.47 0.29 0.00 1 . 75 0.63 66.29 
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CHAPTER 4 :  INDUSTRIAL SURVEYS 

This chapter presents the results of an industrial sUlvey of rh eo logical behaviour of fresh 

milk concentrates in several manufacturing plants within New Zealand. The survey 

investigated the relationship between the rheology of concentrated milk taken after the 

evaporator and concentrate heater and processing conditions particular to each individual 

plant. The purpose of the survey was to develop a database of rheological behaviour of 

milk concentrates during processing in New Zealand milk powder p lants. 

The methodology of the survey has already been described in Chapter 3 .  Section 4 . 1  

compares the rheological behaviour of  fresh milk concentrates after the evaporator and 

concentrate heater. Section 4.2 discusses the effect of plant design. The subsequent three 

sections of 4 .3-4.5 discuss the effect of solids content and preheat treatment and protein 

content on concentrate rheology. Section 4.6 investigates the effect of shear rate during 

sampling on the rheological behaviour of collected milk concentrate samples and the care 

needed to avoid artefacts that excessive shear rate can impart. 

4.1 Effect of plant operation on the rheology of fresh milk concentrate systems 

The rheological behaviour of medium heat skim milk was analysed at the Te  Awamutu 

skim milk powder plant in experiment B l .  The general composition of the product at this 

plant is listed in Table 4 . 1 . The results are shown in Figure 4 . 1  and clearly showed the 

rate of age thickening was more prominent after the concentrate heater. This agrees with 

the results obtained by Trinh ( 1 994). 

The extrapolated time-zero viscosity values, determi ned by fitting a linear regression on 

each data set, for the four spindle speeds were higher after the concentrate heater than the 

evaporator. For both sets of data from the evaporator and the concentrate heater in Figure 

4 . 1 ,  shear thinning was observed where the viscosity decreases with an increase in shear 

rate, i .e .  spindle speed. Previous publications (Snoeren, Damman, & Klok, 1 982 ; Velez-
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Ruiz & Barbosa-Canovas, 1 998) have also noted that fresh skim milk concentrates 

display shear thinning behaviour. 

Table 4 . 1 :  General composition of the skim milk concentrates in experiment B l  at 

the Te Awamutu skim milk powder plant. 

Component % 

Ash and Lactose 62.7 

Moisture 3 .65 

Protein 33 .0 

Fat 0 .65 
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Figure 4 . 1 : Change in viscosity with shearing time for fresh skim milk concentrate 

samples (46.5%TS) taken after the evaporator #4 (64°C) and concentrate heater (65°C) at 

the Te Awamutu skim milk powder plant. Experiment B 1 ,  Brookfield LVTD. 

The reliability of the industrial measurements was verified by repeating this monitoring 

exercise a number of times. An example is shown in Figure 4 .2, which compares the 
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tendency to age thicken after the evaporator (at 30 rpm) and the concentrate heater (at 6 

rpm) for two sets of experiments, B l  and B2, taken one week apart. The results showed 

less than 1 0% error between the curves within each set of data. A maximum error of 

1 0% was observed between replicate measurements. It is important to note that this error 

is  not repl icate error of the measurement in a true sense, as variation in the plant 

operating conditions significantly affects the results. This error incorporates both the 

repeatabil ity of measurement techniques as well as variation in the plant processing 

conditions. 
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Figure 4.2 : Comparison of replicate values in the age thickening profiles after the 

evaporator at 30  rpm and the concentrate heater at 6 rpm for experiments B l and B2 at 

the Te Awamutu skim milk plant. 

Table 4.2 l ists in l ine values for solids content and sample temperatures in runs B l and 

B2 later. The solids content values were evaluated from various plant records including 

density readings, fat content etc. However, as there was no density meter after the 

concentrate heater, it was not possible to evaluate the solids content in-line. In 

subsequent surveys, samples were collected after the concentrate heater for determination 

of solids content by oven drying. 
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Table 4.2 : Soli ds contents and temperatures of milk concentrate samples from the Te 

Awamutu skim milk powder plant for experiments B 1 and B2. 

Bl 

Locations Evap. #4 

Spindle Time of 

Speed sample 

6 

1 2  20:5 8 

30 2 1  :3 5 

60 2 1 :2 0  

B2 

Locations Evap. #4 

Spindle Time of 

Speed sample 

6 1 1  : 1 1 

1 2  1 1 :4 8  

30 1 2 :2 1  

60 1 3 :0 1 

%TS 

47.0 

46.94 

%TS 

46.67 

46.54 

46.49 

Temp 

64.25 

64.27 

64. 1 3  

Temp 

63 .22 

63 .3 

63 .27 

63 . 1 5  

Conc .  

Heater #3  

Time of 

sample 

20 : 1 9  

1 8 : 1 5 

1 9 :3 0 

1 8 :49 

Conc.  

Heater #3 

Time of 

sample 

1 5 :40 

1 4 :04 

1 4 :39  

1 5 : 1 3  

%TS Temp 

65 .98 

65 .97 

66. 1 2  

65 .82 

%TS Temp 

66.20 

65 .99 

65.45 

66.07 

The plant records of the solids content and temperature of the milk concentrates upon 

exiting the evaporator for two production dates are plotted in figures 4.3 and 4.4. The 

solids content curves in Figure 4 .3 show significant fluctuations while the temperature 

curves in Figure 4 .4 exhibit greater stabi lity. Since the viscosity of the samples is a 

strong function of both temperature and total solids, the data i l lustrates why it is not 

possible to get consistent results in the plant survey and highlights the need to monitor 

the processing variables at the time of sample collection. 
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The solids content values for milk concentrate samples after the evaporator over each 

production date showed a 7% scatter, which is within the maximum 1 0% variation 

observed in the viscosity-time data. 

In all subsequent experiments a 1 0% experimental variation was assumed for rheological 

measurements. During the survey, replicate samples were taken periodically to ensure 

that the experimental uncertainty still fel l  within this 1 0% margin of variation. 
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Figure 4.3 :  Variation in total solids content of milk concentrate samples after the 

evaporator for experiments B l and B2 at the Te Awamutu skim milk powder plant. 
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Figure 4.4 :  Variation in  milk concentrates temperature after the evaporator for 

experiments B l  and B2 at the Te Awamutu skim milk powder plant. 

Experiments B3 and B4 were carried out at the Te Awamutu skim milk plant with a 

sl ightly different skim milk product, but with a similar composition to that listed in Table 

4. 1 .  The experiments were carried out on consecutive days of production. The 

rheological data after the evaporator and the concentrate heater are plotted in Figures 4.5 

and 4.6 for experiment B3.  

The evaporator curves in  Figure 4.5 were mainly flat, with insignificant rise in  viscosity 

with time. Any rise in viscosity was probably due to a fal l  in temperature in the thermos 

flask during measurement. 

Figures 4.6 shows that age thickening was more significant after the concentrate heater. 

The 6 rpm curve showed over 200% increase in viscosity after 20 minutes of constant 

shear. Shear thinning was observed as the spindle speed (shear rate) was increased. 

There was a lag period in the viscosity-time curves in Figure 4.6 for the concentrate 

heater samples. The extrapolated time-zero average viscosity value was higher for 

concentrate heater samples than those after the evaporator. Similar observations were 

made in Experiment B4. 
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Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the evaporator #1  at the Te Awamutu skim milk powder plant. 

Experiment B3,  Brookfield L VTD, 50%TS, 48°C. 
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Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the concentrate heater at the Te Awamutu skim milk powder plant. 

Experiment B3 ,  Brookfield L VTD, 50%TS, 62°C. 

Table 4.4 tabulates the total solids concentration and the inline temperature values for all 

samples over the two production dates. The sol ids concentration was determined by 
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drying the concentrate samples in a hot air oven. The temperature values were obtained 

from an inline temperature probe. 

The temperatures of the concentrate heater samples were consistently over 6 1 -66QC, 

while the temperature for the evaporator samples averaged in the 50-5 1 QC range. The 

solids content values showed small differences between the samples. This suggests that 

high heat treatment at the concentrate heater was responsible for the observed age 

thickening behaviour observed. This agrees with the observations made by Trinh & 
Schrakeenrad (2002) where age thickening was only observed above 65QC for a whey 

depleted reconstituted milk concentrate system. 

In Table 4.3, the average and the COY values of temperature and sol ids content for the 

evaporator and concentrate heater data were determined for experiments B3 and B4. 

Higher COY were obtained for solids content data than temperature. This confirms the 

trends in Figures 4.3 (run B l )  and 4.4 (run B2), where larger fluctuations were observed 

in the solids content data during processing. 
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Table 4 .3 :  Variation in temperature and total solids content for experiments B3 and 

B4 at the Te Awamutu skim milk powder plant. 

B4 

Evap #1 %TS Temp Cone. %TS Temp 

Heater 

Speed Time Time 

6 1 9 :33 50. 1 6  5 1 .23  1 8 :03 49.7 1 62 .28 

1 2  1 8 :57 49.94 5 1 .2 1  1 6 :43 50.58 62.39 

30 1 9 :45 50.05 5 1 .06 1 7 : 1 0  49.43 62. 1 1  

60 1 8 :30  49.7 5 1 .28  1 7 :3 8  50.34 6 1 .64 

Average 49.96 5 1 .2 50.0 1 5  62. 1 05 

COV 3 .9x l 0-3 1 .8x l 0-3 1 O.7x l O-3 4.9x l 0-3 

B5 

Evap #2 %TS Temp Cone. %TS Temp 

Heater 

Speed Time Time 

6 08:4 1 50.4 1 50.3 1 0 :06 50.47 65 .97 

6 09:03 50.79 50.2 

1 2  1 0 :35 50 50.74 07 :22 50.6 1 66.03 

30 1 0 : 1 0  50.5 50. 1 3  08 : 1 3  49.98 65 .92 

60 1 1  :50 50.01 50. 1 8  08 :3 7  50.4 65 .9 

Average 50.342 50.3 1 50.365 65 .955 

COY 6.7x l O-3 4.9x l O-3 5.4x l O-3 0.9x l O-3 

Experiments B I -B4 illustrate the effect of processing on the rheological behaviour of 

fresh milk concentrates. Age thickening was more prominent after the concentrate heater 

than the evaporator. 

The evaporated milk concentrates are temporari ly stored in the concentrates balance 

tanks prior to the concentrates heater. At this point, the concentrate is held for a variable 

residence time at low shear rate, and age thickening can occur. This was evidenced by 
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the increase in extrapolated time-zero average viscosity value at the concentrate heater in 

comparison to that after the evaporator. In other words, the initial viscosity values of 

milk concentrate samples taken after the concentrate heater would be h igher than those 

taken after the evaporator. 

If milk concentrate samples were to be taken from other parts in the process, such as 

before and during evaporation, they would likely yield different rheological behaviour to 

those observed so far. For example, during evaporation, the solids content of the 

concentrate changes as it moves through the system. One would expect the rheological 

behaviour to change with the change in solids content and heat treatment during the 

various stages of evaporation. 

4.2 Effect of plant design on the rheology of fresh milk concentrate systems 

In November 200 1 ,  due to the large milk supply during the peak period, several 

evaporators were used to cope with the milk influx at the Te Awamutu milk powder 

plant. Two evaporators, evaporator # 1  and a smaller evaporator #4, were used in the 

skim milk powder plant to handle the large volume of milk. Different milk concentrates 

from these two evaporators had been evaluated in previous experiments, with evaporator 

#4 in experiments B l and B2, and evaporator # 1 in experiment B3 .  

Experiment B5 was conducted in  this period of November 200 1  when both evaporators 1 

and 4 processed the same batch of milk. The general composition of the milk system was 

similar to that in Table 4. 1 .  The plant operating conditions in experiment B5 are l isted in 

Tables 4 .4. The viscosity-time curves of the milk concentrate samples collected from 

evaporator # 1  and #4 are shown in Figures 4.7 and 4 . 8 .  
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Table 4.4: Plant processing conditions in experiment B5 at the Te Awamutu skim 

milk powder plant. 
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Figure 4 .7 :  Change in  viscosity with shearing time for fresh skim milk concentrate 

samples taken after the evaporator # 1  at the Te Awamutu skim milk powder plant. 

Experiment B5,  Brookfield L VTD, 50%TS, 47.5°C. 
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Figure 4 .8 :  Change in  viscosity with shearing time for fresh skim milk concentrate 

samples taken after the evaporator #4 at the Te Awamutu skim milk powder plant. 

Experiment B5, Brookfield L VTD, 50%TS, 55 .5°C. 

The viscosity data for the milk from the evaporators # 1  in Figure 4.7 remained flat over 

20 minutes of constant shear at various spindle speeds. The average viscosity value for 

all data collected from evaporator # 1  in Figure 4.7 was 53mPa.s, compared to 68mPa.s 

obtained from evaporator #4 in Figure 4 .8 .  

Figure 4.8 shows a more distinct separation between the four curves than that seen in 

Figure 4.7 .  The curves in Figure 4.8 also displayed a small, but noticeable increase in 

apparent viscosity with time, which was not seen in Figure 4 .7 .  

The solids content of the concentrates from the two evaporators were similar as  shown in 

Table 4.6,  but the temperatures and the temperature history during evaporation differed 

significantly between the two configurations. The flow rate of the milk concentrate was 

higher in evaporator # 1 .  The DSI temperature during preheat was also lower in 

evaporator #1 than #4. Unfortunately, no whey protein nitrogen index (WPNI) data, 

which measures the degree of whey protein denaturation during preheating, were 

available for comment. The combination of these differences in the operating variables 
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may have caused the discrepancies in rheological behaviour between the two evaporator 

systems. 

The exercise was repeated in experiment B6 where evaporators # 1  and #4 were utilised to 

handle the large volume of daily milk in December 200 1 .  The product composition and 

plant operating conditions in  experiment B6 were comparable to that in  experiment B5.  

Similar observations were made in  experiment B6, where the viscosity-time curves were 

flat from evaporator # 1 ,  but showed a slight increasing trend from evaporator #4. 

Experiment B7 monitored the rheological behaviour of a skim milk concentrate system at 

the Waitoa milk powder plant where three evaporators fed into the same balance tank. 

M ilk samples were collected at three points at the Waitoa plant, at the density meter, the 

filter after the concentrate balance tank, and the concentrate heater. The density meter 

was located immediately after the evaporator. The milk concentrate was then pumped to 

the concentrate balance tank. F ilters were located at the exit of the concentrate balance 

tank to remove large particles before the milk is passed to the homogeniser, concentrate 

heater and the spray drier. 

Table 4 .5 lists the general composition of the milk product, and Table 4.6 l ists the 

operating conditions during processing. Age thickening profiles after the density meter 

and filters were obtained for evaporator systems # 1  and #3. Figures 4.9 and 4 . 1 0 plotted 

the evaporator data for systems # 1  and #3 respectively, while Figures 4. 1 1  and 4 . 1 2  

p lotted the filter data. 
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Table 4 .5 :  General composition of the skim milk concentrates in experiment B7 at 

the Waitoa milk powder plant. 

Component 

Ash 

Lactose 

Moisture 

Protein 

Fat 

% 

7.9 

54. 1  

3 .8 

33.4 

0.8 

Table 4.6:  

plant. 

Plant processing conditions in experiment B7 at the Waitoa milk powder 

Experiment B7 B7 

Process Variables Evap. #1  Evap. #3 

DSI temperature (QC) 77 77 

Evaporator feed flow rate (m31hr) 59 59 

Evaporator concentrate flow rate (m31hr) 1 2  1 2  

Evaporator feed balance tank level (%) 60 70 

1 SI effect temperature (QC) 70 7 1  

Evaporator concentrate temperature CC) 54 54 

Evaporator concentrate total solids (% TS) 48 48 

Concentrate heater milk temperature (QC) 63 63 

Concentrate balance tank level (%) 20 25 
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Figure 4.9 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the density meter # 1  at the Waitoa milk powder plant. Experiment 

B7,  Brookfield LVTD, 48%TS, 54°C . 
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Figure 4 . 1 0 : Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the density meter #3 at the Waitoa milk powder plant. Experiment 

B7, Brookfield L VTD, 48%TS, 54°C. 

INDUSTRIAL SURVEYS 1 39 



700 

600 
+- 6  rpm 

-: 600 -+- 1 2 rpm 
CL .§. -.- 30 rpm 

� 400 • 0 ....... 60 rpm 
u • 
� 300 
c ! .. 
::: 200 et 

100 

0 
0 10  1 6  20 26 

Shearing Time (mln) 

Figure 4 . 1 1 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the filter # 1 at the Waitoa milk powder plant. Experiment B7, 

Brookfield L VTD, 48%TS, 54°C. 
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Figure 4 . 1 2 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the filter #3 at the Waitoa milk powder plant. Experiment B7,  

Brookfield L VTD, 48%TS, 54°C. 

The data for samples taken at the density meter showed flat curves, with no significant 

increase in viscosity over time in Figures 4.9 and 4 . 1 0. Age thickening was seen in 

Figures 4 . 1 1 and 4 . 1 2 ,  with samples from the filters where the apparent viscosity was 
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found to increase approximately two-fold in all curves. The trends between the two 

graphs were similar, within 1 0% error, reflecting the similar operating conditions 

between the two evaporator systems 

There were no heating steps between the density meter and the filters, so both the 

temperature and the solids concentration were similar in all samples at the two processing 

steps. The cause for the onset of age thickening in the filter samples could thus not be 

attributed to a temperature effect but must be related to the residence time between the 

density meter and the filter. 

Rbeological data was only coIlected at one concentrate heater due to logistical 

constraints. Thus, it was not possible to compare the age thickening profile between the 

two concentrate heater lines. 

The results from experiments BS-B7 showed that there is a strong correlation between 

processing conditions and plant design on the one hand and the rheological behaviour of 

the heated milk concentrates on the other. 

An additional experiment was carried out at the Te Awamutu skim milk plant to 

complement the results obtained so far. In experiment B8, high heat skim milk 

concentrate samples were obtained at the filter for both evaporators, as well as from two 

concentrate heaters. The evaporators were operated under different conditions, while the 

concentrate heaters were similar in design and operating conditions. The general 

composition specification of the milk system was similar to that in Table 4. l .  Table 4.7 

l ists the p lant operating conditions in run B8. 
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Table 4.7:  Plant processing conditions in experiment B 8  at the Te Awamutu skim 

milk powder plant. 

Experiment B9 B9 

Process Variables Evap. #2 Evap. #4 
DSI temperature (OC) 1 1 0 1 1 0 

Evaporator feed flow rate (m31hr) 36 30 

Evaporator concentrate flow rate (m31hr) 6.4 5 

1 st effect temperature (OC) 67 76 

Evaporator concentrate temperature COC) 47 60 

Evaporator concentrate total solids (% TS) 46 46 

Concentrate heater milk temperature (OC) 66 66 

Concentrate balance tank level (%) 50 70 

The viscosity-time plots for the evaporators #2 and #4 are shown in Figures 4 . 1 3  and 4 . 1 4 

respectively, while those data for concentrate heaters #2 and #4 are shown in Figures 4 . 1 5  

and 4. 1 6. The trends in the two evaporator graphs in Figures 4 . 1 3  and 4. 1 4  showed a 

small but noticeable difference in the tendency to age thicken, which is more prominent 

in Figure 4 . 14  (for the evaporator #4 with a two fold increase in viscosity) than in Figure 

4 .22 (roughly 1 .5 fold increase). 

The viscosity-time data for the two different concentrate heaters in Figures 4 . 1 5  and 4 . 1 6  

showed similar rates o f  age thickening within 1 0% error. Thus, the discrepancies in 

rheological profi le after the evaporators were removed during concentrate heating under 

similar conditions. 
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Figure 4 . 1 3 :  Change in viscosity with shearing time for fresh skim mi lk concentrate 

samples taken after the evaporator #2 at the Te Awamutu skim milk powder plant. 

Experiment B8 ,  Brookfield L VTD, 46.2%TS, 47.SoC. 
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Figure 4 . 1 4 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the evaporator #4 at the Te Awamutu skim milk powder plant. 

Experiment B8 ,  Brookfield L VTD, 46.4%TS, 60°C. 
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Figure 4 . 1 5 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the concentrate heater #2 at the Te Awarnutu skim milk powder plant. 

Experiment B8 ,  Brookfield L VTD, 46%TS, 66°C. 
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Figure 4 . 1 6 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the concentrate heater #3  at the Te Awarnutu skim milk powder plant. 

Experiment B 8, Brookfield L VTD, 46% TS, 66°C. 
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The operating conditions were significantly different between the two evaporation 

systems, as shown in Table 4.7 .  During evaporation, milk in evaporator #4 was subjected 

to consistently higher temperatures than that in evaporator #2. Lower flow rate was also 

encountered in evaporator #4. The combination of high temperature and low shear may 

have contributed to the age thickening observed in evaporator #4. 

The results illustrated the effect of equipment design, plant configuration and operating 

conditions on the rheological behaviour of milk concentrate systems. Where the 

configuration and operating conditions of the evaporation and concentrate heating 

systems are significantly different, such as found at the Te Awamutu plant, visible 

discrepancies in the tendency to age thickening in the evaporator milk concentrates were 

observed. However, such discrepancies in the rate of age thickening of fresh milk 

concentrates were not observed when the plant design and operating conditions were 

similar between process lines, such as that encountered at the Waitoa milk powder plant. 

4.3 Effect of solids content on the rheology of fresh milk concentrate systems 

Figures 4 . 1 7  and 4 . 1 8 compare the tendency to age thicken of samples after the 

concentrate heater for experiments B5 and B6. These experiments were conducted on the 

same skim milk supply at the same Te Awamutu skim milk plant with similar operating 

conditions and plant configuration. However, experiment B6 was conducted shortly 

after the plant was started up, when there were significant fluctuations in operating 

conditions. This resulted in a considerable temporary increase in solids content, from 

50%TS in B5, to 52%TS in B6.  To capture the full extent of age-thickening in both 

experiments the y-axis scale on the two graphs was extended to 6000 mPa.s. 
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Figure 4 . 1 7 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples (50%TS, 66°C) taken after the concentrate heater at the Te Awamutu skim milk 

powder plant. Experiment B5, Brookfield L VTD. 
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Figure 4 . 1 8 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken (52%TS, 66°C) after the concentrate heater at the Te Awamutu skim milk 

powder plant. Experiment B6, Brookfield L VTD. 
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An increase in 2%TS resulted in a significant increase in the rate of age thickening. In 
Figure 4. 1 7, an average four fold increase over about 29 minutes was observed in all four 

viscosity-time curves. In Figure 4. 1 8, the 6 rpm curve showed a remarkable 32 times 

increase in viscosity over 20 minutes of constant shear. Thus the control of concentrate 

total solids i s  very important for the control of concentrate rheology. 

It is also interesting to note that the data in Figure 4. 1 8  may suggest shear thickening 

behaviour in the milk concentrates. It is unclear why such a peculiar behaviour is 

observed. The 60 rpm curve only contained 3 data points and this was due to the 

limitation of measurement range of the Brookfield viscometer. 

4.4 Effect of preheat treatment on the rheology of fresh milk concentrate systems 

The effect of preheat treatment intensity on the rheological behaviour of concentrates 

after evaporation and concentrate heating was analysed by fol lowing production runs for 

low, medium and high heat skim milk powders. The product compositions and operating 

conditions for four skim milk systems are shown in Tables 4.8 and 4.9 respectively. 

Experiments B l ,  B8 and B I 0  were conducted at the Te Awamutu skim milk plant. 

Experiment B9 with low heat skim milk was carried out at the Te Awamutu whole milk 

plant, due to its capability to process low heat products. Table 4.9 also shows the rate of 

age thickening in concentrate heater samples. The rates of age thickening were 

determined simply from the ratio of final to the initial viscosity. 
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Table 4 .8 :  General composition of skim milk concentrates in experiments B9,  B 1 ,  B8 

and B I 0  at the Te Awamutu skim milk and whole milk powder plants. 

Component B9 B l  B 8  & B I 0  

Heat treatment Low Medium High 

Ash and Lactose 6 1  62.7 62.7 

Moisture 4 3 .65 3 .65 

Protein 34 33 .0 33 .0 

Fat 1 0.65 0 .65 

Table 4.9: Plant processing conditions in experiments B9, B l ,  B8 and B I 0  at the Te 

Awamutu skim and whole milk powder plants. 

Experiment B9 B l  B8 B I O  
Process Variables 

Plant TAWMP TASMP TASMP TASMP 

Evaporator N/A # 1  #2 # 1  

Heat intensity Low Medium High High 

DSI temperature eC) 92 94 1 1 0 1 2 0  

Holding time (s) 0 0 1 20 1 20 

Evaporator feed flow rate (m3/hr) 53 27 34 36  

1 SI effect temperature (OC) 69 67 7 1  

Evaporator concentrate temperature (OC) 40 64 48 48  

Evaporator concentrate total solids (% TS) 47 46 46 46 

Concentrate heater milk temperature (OC) 55 66 66 66 

Rate of age thickening after concentrate heating 1 1 .6 3 .5  5 

The rate of age thickening increased with the heat treatment intensity. No age thickening 

was observed in low heat skim milk concentrates at the Te Awamutu whole milk plant. 

The data agreed with the observations made by Vilder and Moermans ( 1 983) where the 

inl ine viscosity of fresh whole milk concentrates increased with preheat treatment. This 
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highlights the importance of temperature history in detennining the rheological behaviour 

of milk concentrates during processing. 

Similar observations were made in experiments B l l and B 1 2  at the Waitoa milk power 

plant. The two sets of experiments were conducted on consecutive dates of production 

on the same instant infant powder products. The product compositions and production 

conditions for the two sets of experiments are l isted in Tables 4 . 10  and 4 . 1 1 .  

Table 4. 1 0: General composition of the infant milk concentrates in experiments B l l 

and B l 2  at the Waitoa milk powder plant. 

Component 

Ash 

Lactose 

Moisture 

Protein 

Fat 

B l l & B 1 2  

5 .6 

53 .4 

2 .5  

2 1 .5 

1 7  

Table 4 . 1 1 :  Plant processing conditions in experiments B 1 1  and B 1 2  at the Waitoa 

powder plant. 

Date 

Process Variables 

DSI temperature (QC) 

Holding time (s) 

Evaporator feed flow rate (m31hr) 

Evaporator concentrate flow rate (m31hr) 

1 SI effect temperature (QC) 

Evaporator concentrate temperature (QC) 

Evaporator concentrate total solids (% TS) 

Concentrate heater milk temperature (QC) 

Concentrate balance tank level (%) 
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Evap. #1 
96 

20 

62 

1 5  

69 

53 

47.8 

72 

1 8  

B12 

Evap. #1  
90 

20 

58 

1 3  

70 

53 

47.5 

78 

1 8  
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The operating conditions for experiments B l l and B 1 2  were similar, except for the 

higher DSI temperature encountered in B 1 1 . The holding time during preheat treatment 

was similar in both experiments. Thus, the higher DSI temperature in experiment B 1 1  

would have resulted in harsher preheat treatment on the milk products. Figures 4. 1 9  and 

4 .20 plot the change in apparent viscosity with time for the concentrate heater samples 

from the two sets of experiments. 

As the two experiments were conducted on the milk products with similar composition 

and plant configuration, the discrepancy in the age thickening profiles must be attributed 

to the operating conditions. 

It is interesting to note that the concentrate heater temperature was higher in experiment 

B 1 2 , which should have resulted in a higher rate of age thickening. This was obviously 

not the case, as the rates of age thickening were more prominent in experiment B 1 1 , seen 

in Figure 4 . 1 9, than those in experiment B 1 2  in Figure 4 .20. It is possible that the 

harsher preheat treatment in experiment B 1 1  played a more dominant role in the 

determination of the rheological profile of milk concentrates than that of the heating 

temperature at the concentrate heater. 

Thus temperature history, especially preheat treatment, has a significant influence on the 

rate of age thickening in milk concentrates after concentrate heater. 

INDUSTRIAL SURVEYS 1 50 



2000 ,..----------------------------, 

_ 1 600 • ci IL 
!. 
� 
J 1000 

C f a. 0-
« 600 

-- 1 2  rpm 
.....- 30 rpm 
....... 60 rpm 

o L-___ � ____ � ___ � ____ � ___ � 
o 6 1 0  16 20 26 

Shearing Time (mln) 

Figure 4 . 1 9: Change in viscosity with shearing time for fresh infant milk concentrate 

samples taken after the concentrate heater at the Waitoa mi lk powder plant. Experiment 

B l l ,  Brookfield L VTD, 48%TS, noc. 
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Figure 4 .20: Change in viscosity with shearing time for fresh infant milk concentrate 

samples taken after the concentrate heater at the Waitoa milk powder plant. Experiment 

B 1 2 ,  Brookfield LVTD, 48%TS, 78°C. 
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4.5 Effect of protein content on the rheology of fresh m ilk concentrate systems 

Experiment B B  was perfonned at the Te Awamutu whole milk plant by monitoring the 

manufacture of a low heat skim milk product with high protein content. This was then 

compared with the data from experiment B9, another low heat skim milk product from 

the same plant, to study the effect of protein content on the rheological behaviour of milk 

concentrates. The product composition and operating conditions for experiments B9 and 

BB are listed in Tables 4 . 1 2  and 4. 1 3  and the age thickening profiles for the concentrate 

heater samples are plotted in Figures 4.2 1 and 4.22. 

Table 4. 1 2 :  General composition of the skim milk concentrates in experiments B9 and 

B B  at the Te Awamutu whole milk powder plant. 

Component B9 B B  

Ash 7 .5 7.8 

Lactose 53 .5 49.8 

Moisture 4 .0 3 .8 

Protein 34 37 .8 

Fat 0.8 
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Table 4 . 1 3 :  Plant operating conditions in experiments B9 and B B  at the Te Awamutu 

skim milk and whole milk powder plants. 

Experiment 

Process Variables 

Plant 

Heat intensity 

DSI temperature (OC) 

Holding time (s) 

Evaporator feed flow rate (m31hr) 

1 st effect temperature (OC) 

Evaporator concentrate temperature (OC) 

Evaporator concentrate total solids (% TS) 

Concentrate heater milk temperature (OC) 

Rate of age thickening 

B9 

TAWMP 

Low 

92 

0 

53 

69 

40 

47 

55 

1 

B13 

TASMP 

Low 

70 

0 

55 

69 

37 

46 

55 

2 

The operating conditions listed in Table 4 . 1 3  showed that the skim milk products in run 

B9 received a harsher preheat treatment, and had a higher solids content than the product 

in run B B .  With higher preheat and total solids, the concentrates in run B9 should show 

a higher rate of age thickening than in experiment B B, provided all other factors being 

the same in the two experiments. However, the opposite was observed in Figures 4.2 1 

and 4.22. 
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Figure 4 .2 1 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the concentrate heater at the Te Awamutu whole milk powder plant. 

Experiment B9, Brookfield L VTD, 47 .5%TS, 55°C. 
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Figure 4 .22 :  Change in viscosity with shearing time for fresh skim milk concentrate 

samples taken after the concentrate heater at the Te Awamutu whole milk powder plant. 

Experiment B 1 3 ,  Brookfield L VTD, 46%TS, 55°C. 
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In F igure 4.2 1 ,  the viscosity remained unchanged with time when subjected to constant 

shear at various spindle speed. The concentrate heater data in Figure 4.22 clearly showed 

an increase in viscosity over 20 minutes of constant shear for all four spindle speeds. 

There was a two fold increase for most curves. 

The noticeable age thickening observed in Figure 4.22 was likely to be caused by the 

increase in protein content. Future experiments would need to keep processing 

conditions constant, and only change the protein content in the milk concentrates to 

il lustrate this point more clearly and definitely. 

4.6 Effect of shear rate during sampling on the rheology of fresh milk concentrate 

systems 

The rate of age thickening has been shown to be dependent on shear rate (Snoeren, 

Brinkhuis, Damman, & Klok, 1 984). The shear rate applied is also widely known to have 

a significant influence on the subsequent rheological behaviour of time-dependent 

systems. However, there are no data in the literature that describe the effect of shear rate 

during sampling on the rheological behaviour of the milk concentrates (or time­

dependent fluids). 

At the Te Awamutu skim milk and whole milk plants, the concentrate heaters were 

situated before the homogeniser so that samples could be taken via taps from a low 

pressure l ine. However, this was not the case at the Waitoa powder plant where the 

concentrate heater was situated after the homogeniser. The samples were extracted via 

taps located in a high pressure line, at approximately 250 bar. In addition, the sampling 

taps at Waitoa were smaIJ and can only be slightly opened to prevent excess splashing of 

the hot milk concentrates during sampling. This resulted in an excessively high shear 

level being imposed on the fluids during sampling. This system gave rise to a de facto 

additional homogenization step for the concentrate samples collected. Two-stage 
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homogenization has been found to increase the viscosity values of whole milk 

concentrates (de Vilder et. aI, 1 979). 

A low shear sampling module was put in place at the Waitoa milk powder plant. The 

module consisted of a chamber which could be isolated from both the high pressure line 

and atmospheric pressure. The system was first attached to the line and isolated from the 

atmosphere to allow the chamber pressure to almost equilibrate with the l ine pressure 

during sampling. The chamber was isolated from the line and the pressure in the chamber 

released before the sample was withdrawn. A schematic diagram of the low shear 

sampler is shown in Figure 4 .23.  

Milk 
Concentrate In 

Milk 
Concentrate Out 

Figure 4 .23 :  Schematic diagram of  the low shear sampler at the Waitoa milk powder 

plant. 
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For both methods of sampling, fresh milk concentrate samples were withdrawn from the 

high pressure concentrate line. The difference between the two methods lay in the shear 

level enforced on the fluids during the actual withdrawal stage. 

Experiment B 1 4  was carried out at the Waitoa plant using both the high and low shear 

sampling techniques. Rheological measurements were made with both the Brookfield 

L VTD and the Paar Physica MCl rheometers. The general compositional specification 

of the powder and the operating conditions for experiment B 14 are listed in Tables 4 . 1 4  

and 4 . 1 5  respectively. 

Table 4. 1 4 : General composition of the infant milk concentrates in experiment B 14 at 

the Waitoa milk powder plant. 

Component 

Ash 

Lactose 

Moisture 

Protein 

Fat 

B 14 

4 

55.5 

2 .5 

1 8  

20 

Table 4 . 1 5 :  Plant operating conditions in experiment B 1 4  at the Waitoa milk powder 

plant. 

Experiment 

Process Variables 

DSI temperature (OC) 

Holding time (s) 

Evaporator feed flow rate (m31hr) 

I SI effect temperature (OC) 

Evaporator concentrate temperature eC) 

Evaporator concentrate total solids (% TS) 

Concentrate heater milk temperature (0C) 
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96 

20 

53 

70 

52 

47 

74 
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With the use of the Brookfield L VTD, samples collected directly from the high pressure 

concentrate l ines showed higher rates of age thickening at constant viscometer spindle 

speed than samples taken through the low-shear sampler (results not shown). At 1 2  rpm 

the high-shear concentrate samples showed a five fold increase in viscosity after 20  

minutes of  constant shear compared to just a two fold increase the low-shear sampled 

concentrate. 

The data from the Paar Physica MCl  is shown in Figure 4.24. The samples were 

collected from the concentrate lines and stored in a water bath at 74°C.  Rheological 

measurements were then made at regular intervals. The changes in apparent viscosity 

with storage time were plotted. Age thickening was more prominent in samples which 

were taken via the high shear taps. This was in good agreement with the observations 

made with the Brookfield L VTD viscometer. 
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Figure 4 .24:  Effect of shear level during sampling on the rate of age thickening of fresh 

infant milk concentrate samples taken after the concentrate heater at the Waitoa milk 

powder plant. Experiment B 14, Paar Physica MC 1, 47 .2% TS, 72°C, apparent viscosity at 

105.3 Pa. 
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The flow curves for the high shear and lower shear sampling data were fitted with the 

Herschel-Bulkley model, and the results are shown in Figure 4.25 . For both sets of data, 

T y and K increased while n decreased with storage time at 75°C. 

Sampling using the low shear sampling module significantly reduced the values of T y 

and K during age thickening at 75°C. The quasi lack of build up in structure in this 

sample when stored at rest is evident in the smallness of the increase in apparent viscosity 

at a given shear stress with storage time seen in Figure 4.24. 
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Figure 4.25:  Changes in the Herschel Bulkley model parameters for 47 .5 %TS with 

storage time at 75°C. (a) yield stress Ty ; (b) consistency coeffic ient K; (c) behaviour 

index n .  
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The effect of shear level during sampling was also analysed in experiments B l l (Figure 

4 . 1 9) and B 12 (Figure 4.20), which were also conducted at the Waitoa milk powder plant 

with the Brookfield L VTD viscometer. In these two experiments, samples collected from 

the high pressure concentrate l ines showed a 4 fold increase in viscosity over 20 minutes 

of constant shear, compared to just a twofold increase observed in samples from the low 

shear module. This is  in good agreement with observations made in experiment B 14 .  

The results showed the importance of shear level during sampling and its effect on the 

rheological profile of the time-dependent systems. The choice of a suitable shear level 

during sampl ing in time-dependent systems is not widely known, has not been discussed 

in the literature and remains an unanswered question. The results from experiments B 1 1 , 

B 1 2  and B 1 4  indicated that high shear sampling results in a significant increase in 
viscosity and age thickening. Sampling after the concentrate heater at low shear yielded 

initial viscosity values that were similar to those after the density meter and the filter 

systems. More experimental work is required to obtain a better understanding of the 

relationship between sampling shear level and the resultant rheological behaviour of 

time-dependent systems. 
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CHAPTER 5:  CONTROLLED RHEOLOGY 

EXPERIMENTS 

This chapter presents the controlled experimental results obtained mainly at Massey 

University, Palmerston North, New Zealand. 

There were four main aims of the exercise: 

1 .  To develop a new methodology for analysing the rheology of t ime-dependent 

systems 

2. To understand the effect of several processing variables on the rheology of 

milk concentrates upon heating and subsequent storage 

3 .  To obtain structural measurements o f  milk concentrates during age-thickening 

4.  To provide a better understanding ofthe age-thickening process. 

Section 5 . 1  presents new methods of data analysis to provide a more comprehensive 

p icture of the age thickening process. Such techniques have been not available in the 

past and thus restricted the amount of information that could be extracted from the 

raw flow curve data. 

The majority of the experimental runs in this chapter were carried out on reconstituted 

milk concentrates. Section 5 .2 compares the rheological behaviours of fresh and 

reconstituted systems.  In doing so, the section investigates the legitimacy of using 

reconstituted systems to study the rheological behaviour of fresh concentrates. 

The effect of processing variables during reconstitution is shown in sections 5 .3-5 . 7 .  

The results show that when working with time-dependent systems, such as  milk 

concentrates, any processing steps that contribute to the shear and temperature history 

profiles have a significant effect on the rheological behaviour ofthe end product. 

Section 5 . 8  investigates the change in structure of reconstituted whole and skim milk 

concentrates during age thickening. The section also compares the changes in 

structure with the changes in rheological behaviour during age thickening in a s ingle 
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run. Such data is rarely available in the literature. Section 5 .9 presents data from a 

novel experimental technique which examines the reversibility of the age thickening 

process. 
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5.1 Rheological characterisation of whole milk concentrate systems 

The rheological behaviour of time-dependent fluids has been often studied with 

measurement of both viscoelasticity and thixotropy. Viscoelasticity is mainly 

measured with an oscillatory test that monitors the material 's response to small 

reversible deformations. The present study is aimed at rheological behaviour during 

transport and processing which involve much larger deformations. Therefore shear 

sweep and shear step tests (where high shear rates can be appl ied) are more 

appropriate. 

Many studies of time-dependent behaviour in multiphase systems have been based on 

the assumption that structural changes are fully reversible and structural recovery 

after the removal of the shear stress is complete (Cheng, 1 987;  Bames, 1 997). This 

assumption implies that there is  a unique equil ibrium shear stress- shear rate curve. At 

equil ibrium point, the rate of break down is equal to the rate of build-up, and thus 

there is a zero net change in structure. In other words, for a given shear stress, there is  

only one equil ibrium shear rate, and thus one equilibrium apparent viscosity, provided 

that the samples is allowed to be sheared for a sufficient period of time to reach the 

equil ibrium state. The use of this equilibrium flow curve removes the influence of 

shear h istory. Obtaining the equilibrium flow condition can be time consuming in 

systems where the structural changes are slow. 

Shear sweep tests are quick and simple. The shear stress - shear rate data are fitted 

with phenomenological models, and the changes in the model parameters can be 

followed with time to analyse the time-dependent behaviour (Velez-Ruiz & Barbosa­

Canovas, 1 997, 2000; Trinh & Schrakeenrad, 2002 ; Ma et aI . ,  2002). Sometimes, the 

rheological measurement can be further simp lified to just a s ingle point measurement, 

which is commonly used for quality control but provides l ittle information about the 

rheology of the products (Beeby, 1 966; Newstead et aI., 1 978 ;  Baldwin et aI . ,  1 980; 

B loore & Boag, 1 98 1 ; Vilder & Moermans, 1 983 ;  Gassem & Frank, 1 99 1 ). 

In many real systems, particularly food systems, the complex nature of the 

composition and interactions between the components can give rise to irreversible 
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reactions. Age thickening is a well  known phenomenon in many dairy products 

where the viscosity increases during storage at rest. The phenomenon is accompanied 

by physical and chemical changes that are irreversible (Samel & Muers, 1 962) and 

culminate in gelation with possible syneresis, such as in yoghurt (Steventon et aI . ,  

1 990). Such irreversible changes invalidate the assumption of an equilibrium flow 

curve, the basis for many analyses of reversible thixotropy. 

This section discusses the procedure developed in this work for rheological 

characterisation of time-dependent fluids, whether reversible or not. The procedure 

uses the shear sweep data at different periods of storage to capture the instantaneous 

snapshots of rheological behaviour. The technique can only work if the time scale of 

the shear sweep experiments is much shorter than the period of storage. The shear 

sweep data can be supplemented with oscillatory tests to provide complementary data 

on l inear viscoelasticity. However, oscillatory tests were not attempted in the present 

work, which concentrated the effort on h igh shear deformations. 

5. 1 . 1 Materials and M ethods 

Medium heat whole milk powder A was used in this section. In run C l ,  the powder A 

was reconstituted to 48%TS at 35 °C and 40,000s-\ and then heated to 65°C before 

being stored in a 65°C hot water bath. 

5.1 .2 Results 

5. 1 .2. 1 B asic flow Curve 

Figure 5 . 1  shows the flow curve as well as change in the apparent viscosity with shear 

rate for the heated 48% TS reconstituted concentrate sample after 1 50 minutes of 

storage at 65°C. The decrease in the apparent viscosity with shear rate showed shear 

thinning behaviour, which is often observed in milk concentrates (Velez-Ruiz & 

Barbosa-Canovas, 1 997, 1 998, 2000; B ienvenue, Jimenez-Flores, & S ingh, 2003a, 

2003b). The shear up and shear down flow curves showed that the heated concentrate 
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sample was t ime-dependent exhibiting a well defined hysteresis effect between the 

shear up and shear down legs. 
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Figure 5 . 1 :  Shear sweep curves and change in apparent viscosity with t ime for 

48% TS heated reconstituted whole milk concentrates after 1 50 minutes of storage at 

65 °C. Run C l .  

5. 1 .2.2 Rheological descriptors of time-dependent fluids 

Much more information could be extracted from the basic flow curve in Figure 5 . 1  

but the total information contained i n  all the instantaneous snapshots was so large that 

it must be broken down into several separate descriptors. 

5. 1 .2.2.1 Apparent viscosity 

The change in rheological behaviour during age thickening is sometimes i l lustrated by 

p lotting apparent v iscosity against shear rate for different storage times (Bienvenue et 

aI., 2003a, 2003b). In this work, it was found that the age thickening process could be 

more easily visualised by following the evolution of the apparent viscosity with time. 

Thi s  apparent viscosity must always be determined at a constant reference shear rate 
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or shear stress depending on the operating mode of the rheometer. Figure 5 .2 p lots 

the change in apparent viscosities for the 48%TS sample at three different reference 

shear stresses from the shear-up leg of the flow curves. As expected for a non­

Newton ian fluid, there are differences between the viscosities at different reference 

shear stresses. There is also a difference between the trends calculated from the 

shear-up and shear-down legs, as shown in Figure 5 .3 for the reference shear stress of 

1 05 .3 Pa. The viscosities calculated from the shear-down leg are lower. This is  

because the shear-up sweep was performed first and has already broken down the 

original structure to some degree before the shear-down sweep. The behaviour of the 

shear down leg is very dependent on the history of the shear-up sweep and does not 

provide an accurate p icture of the original structure of the stored sample. Thus, in 

subsequent analyses only data from the shear-up leg will be presented. 

The shapes of all the curves in Figures 5 .2 and 5 .3  are similar. The apparent viscosity 

showed a region of slow but steady initial increase, followed by a region of rapid rise. 

The point at which the viscosity showed a rapid increase with time can be used to 

identify the onset of gelation (Clark, 1 992). This point is determined by visual 

inspection. According to Clark ( 1 992), gelation involves firstly the slow formation of 

individual c lusters that are randomly dispersed throughout the aqueous phase. As the 

number and size of the clusters grow, the viscosity increases, reflecting the increase in 

resistance to flow. At the point of gelation, one particular c luster reaches a critical 

size and shape, so that future associations between components and c lusters take place 

via thi s  one cluster. These associations will quickly lead to the development of a 

three-dimensional sol id network throughout the system. 

The rate of age thickening up to the point of gelation, i llustrated by the change in 

apparent viscosity with time, decreased with an increase in shear stress, as shown in 

Figure 5 .2 .  This is in agreement with the observations of Snoeren et al .  ( 1 982), even 

though they plotted the apparent viscosity against shear rate. However, the same 

gelling time is indicated by all curves in Figures 5 .2 and 5 . 3 .  
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The presence of the gel ling point during age thickening has never been reported in the 

literature. This  provides a new powerful tool to characterise the age thickening 

process for milk concentrates, as well  as other t ime-dependent systems where gelation 

occurs if adequate measurement t ime is allowed. 

5.1 .2.2.2 Extrapolated viscosity at infinite shear rate 

In principle, when a non-Newtonian fluid is subjected to infinite shear rate, the 

structure breaks down to the basic particles. This is shown by the existence of an 

upper Newtonian region in  the viscosity-shear rate curve (Steffe, 1 992). In the view 

of the candidate and his supervisors, the changes of thi s  viscosity at infinite shear with 

time should reflect permanent physical and chemical changes observed during age 

thickening. 

It is extremely difficult to build rheometers that can provide the required shear rate to 

reach the second upper Newtonian region. Commercial rotary rheometers only 

achieve shear rates in the range of thousands of S-I .  However, the apparent viscosity 

at infinite shear rate, floc> '  can be obtained by extrapolating the changes in apparent 

viscosity with the reciprocal of the shear rate using l inear regression. The advantage 

of using this method of p lotting is that the reciprocal of shear rate diminishes quickly 

to zero as the shear rate is increased, thus a y-axis  intercept can be obtained by 

extrapolation. This techn ique has been used by Snoeren et al. ( 1 982) for fresh skim 

milk concentrates. This  technique should be compared with the conventional 

extrapolation technique used to determine the yield stress (Chapter 2)  and should have 

the same advantage, mainly convenience, and the same weaknesses. In particular, 

since the range of shear rate attainable during measurement for a solution diminishes 

as it age-thickens, the extrapolated viscosity value at infinite shear rate may actually 

be affected by the gradual decrease in the shear rate range. A possible way of 

counteracting this bias i s  to normalise the viscosity at infinite shear with the shear rate 

range of the flow curve being extrapolated. This variable will be called "adjusted 

extrapolated viscosity", flooad at infinite shear. 
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The shear rate range (the difference between the largest and smallest shear rates) at 

time zero was taken as the reference range. For subsequent storage times, a ratio of 

shear rate range was determined by s imply dividing the new shear rate range over the 

reference, which would yield a value less than one, as expected from Figure 5 .4 .  

Ji�ad was calculated by dividing the extrapolated viscosity at  infinite shear by this 

ratio. 

Figures 5 .4 (a) and (b) plot the apparent viscosity values against shear rate and 

1 
respectively for the 48% TS milk concentrate samples durin g  storage at 

Shear rate 

65°C.  The decrease in the shear rate range during measurement due to age thickening 

was more apparent in Figure 5 .4 (a) than in Figure 5 .4 (b). 

Figure 5 .5 plots the changes in the extrapolated and adjusted extrapolated apparent 

viscosity at infinite shear with storage time, and compares them with the change in 

apparent viscosity at 1 05.3 Pa.s. The increase in both the adjusted and non-adjusted 

extrapolated apparent viscosity values at infinite shear with storage time did not 

fol low the exponential curve of the apparent viscosity at 1 05 .3  Pa. The 2 .5 fold 

increase in Jiroad with storage time indicates the formation of strong aggregates that 

can withstand the destructive effect of infinite shear rate. In addition, Figures 5 .4 and 

5 .5 showed little differences between Ji� and JiaJad . 
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Figure 5 . 5 :  Comparison between the extrapolated infinite apparent viscosity and 

apparent viscosity at 1 05 .3 Pa of a 48% TS reconstituted whole milk concentrate 

sample during 1 50 minutes of storage at 65°C. Run C l . 

5.1 .2.2.3 Hysteresis loop area 

The hysteresis loop area (HLA) is the area between the shear up and shear down legs 

of the flow curve in Figure 5 . 1  and can be easily estimated. It is often used as a 

qualitative indication of thixotropy (Bames, 1 997) but there is no record of its use for 

quantitative analysis.  The l iterature does not describe very clearly the physical 

s ignificance of this hysteresis area but it can be interpreted as an indication of the 

scale of structural breakdown after a shear sweep. The hysteresis loop area is  affected 

by the sensitivity ofthe structure to break down during shearing, and the time scale of 

the recovery process. 

During the determination of HLA, it was important to ensure that the final shear rate 

value of the shear up curve matched the beginning shear rate value of the shear down 

curve. Because the shear sweep test was conducted in CSS mode and the milk 

concentrate system was time-dependent, the beginning shear rate of the shear down 
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curve was often larger than the final shear rate of the shear up curve even though both 

points were measured at 50 mNm, as seen in F igure 5 .6. This is because there is an 

additional shearing step between the two curves where the torque was held constant at 

50 mNm for 1 5  measurements at 1 second intervals. This shearing step results in an 

additional break down in structure, and thus a decrease in apparent viscosity. As the 

apparent viscosity can be determined from 

r JLapp = --:-r (5 . 1 )  

for a constant shear stress r ,  a decrease in the apparent viscosity JLapp would result in 

an increase in shear rate i ,  as observed in Figure 5 .6 .  Therefore, the initial shear rate 

of the shear down curve is often truncated to the value of the maximum shear rate of 

the shear up curve. 
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Figure 5 .6 :  Flow curve of  the reconstituted milk concentrate sample after 90 

minutes of storage. C l ,  powder A, 48%TS, 65°C. 

The HLA is determined by splitting the shear rate range into segments using two 

adjacent data points. For each segment, the HLA is the area underneath the curve, 

which is approximated by summing together the areas of a rectangle and a triangle. 

This approximation will always yield a lower HLA value than the actual one. 
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The initial calculation of HLA for each flow curve was carried out over the truncated 

shear rate range at which the flow curve was obtained reliably. Figure 5 .7 p lots the 

(HLA) and the apparent viscosity against storage time for the 48%TS sample during 

storage at 75°C.  It is interesting to note that the breakdown area increases during the 

initial rate of age thickening but decreases abruptly after the gel ling point. The two 

curves in Figure 5 .7  give powerful complementary tools for the determination of the 

sol-gel transition in thixotropic and other time-dependent systems. As far as the 

author knows this method of using of the HLA for the characterisation of time­

dependent systems is unique to the present work. 
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Figure 5 .7 :  Changes in thixotropy hysteresis area and apparent viscosity of the 

48%TS reconstituted whole milk concentrate sample during storage at 65°C.  Run C l .  

The value of the HLA depended on the spacing between the shear up and down 

curves, as well  as the shear rate range over which the HLA was determined. During 

storage, the milk concentrate samples thickened and the maximum shear rate 

attainable decreased. The changes in the maximum shear rate with storage time of the 

milk concentrate samples in run C l  are plotted in Figure 5 . 8  together with the HLA. 

The maximum shear rate decreased continuously with storage time. For the same 

shear sweep range with the same upper shear stress value, this reduction in the range 

of shear rate resulted in a smaller value of HLA. 

The shapes of the two curves in Figure 5 .8 were completely different. There was no 

dramatic decrease in the maximum shear rate after 1 05 minutes of storage time to 

coincide with the sudden drop in the HLA. It was interesting to observe that the HLA 
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continued to increase with storage time up to the gelling point despite the decrease in 

the maximum shear rate. 
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Figure 5 . 8 :  Changes in the maximum shear rate of the shear up curve and the lll.,A 

with storage time in the reconstituted milk concentrate sample. Run C l ,  powder A ,  

48% TS ,  65°C. 

A better understanding of the significance of the lll.,A is gIven by examining the 

changes in the flow curves of the milk concentrate samples before and after gelation 

as shown in Figure 5 .9 for 90 minutes and 1 20 minutes of storage. 
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Figure 5 .9 :  Changes in the flow curves of the shear up and down tests of  the 

reconstituted milk concentrate samples after 90 and 1 20 minutes of storage. Run C l ,  

powder A, 48%TS,  65°C. 
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To better obtain an idea of the spacing between the up and down curves, we can use 

one of two techniques: 

1 .  Calculate the HLA of different samples in a set for a fixed ran ge of shear 

rates. By necessity, this will be the smallest of range of shear rates found 

with the thickest sample. For convenience this wil l  be called standardised 

HLA. It must be understood that the smallest range of shear rate differs with 

each set of data taken with different products and that the method is only 

useful for comparison of samples within a set. There is no absolute standard. 

2 .  Calculate the HLA per unit interval of shear rate by using equation (5 .2). 

Again, for convenience, this is called the intrinsic HLA. 

J .
. HLA HLA ntrmslC = --;------------------------::-(Maximum Shear Rate - Minimum Shear Rate) 

(5 .2) 

The standardised and intrinsic HLAs were calculated for data in run C l ,  for a range of 

shear rates from about 80 to 870 S-I which was the maximum shear rate in the sample 

after 1 50 minutes. Figure 5 . 1  0 p lots the changes in the standardised and intrinsic 

HLAs with storage time during age thickening. The two trends were s imilar and 

either method can be used to identify trends. 

25000 _ .......... _ ....... _ .. _ ...................... _ ....... -....... _-_ ... _ ......... _ ... _.-.................... _ ........... _._ .......... -

' .. 
oi 
� 

20000 

< 1 5000 
-J 
:I: 
'tI Cl> .. 'E 10000 
Cl 'tI c: 

� 
5000 

-+- Standardised HLA 

--- Intrinsic HLA 

25 

20 

.. 
'''! 
Cl 

15 � 
:5 
:I: 
u 

10 � 
E .E 

5 

OL----'---�---'---�---'---�---'-------' O 
o 20 40 60 80 1 00 1 20 140 160 

Storage Time (min) 

Figure 5 . 1  0: Changes in the standardised and intrinsic HLA with storage time. Run 

C l ,  powder A, 48%TS,  65°C. 
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Both the intrinsic and standardised HLA showed that the degree of thixotropy of the 

concentrate increased with storage time, even after gelation and did not drop as shown 

by the non-standardised HLA as observed in Figure 5 .7 .  The reason the non­

standardised HLA decreased sharply after gelation in F igure 5 .7  was caused by the 

dominating effect of the decrease in the maximum shear rate range over the 

continuous increase in the degree of thixotropy during age thickening. The sudden 

drop in the HLA curve gives a convenient method of identifying the onset of gelation. 

This is  a p ractical observation, not a theoretical postulation. 

5.1 .2.2.4 Rheological modelling 

The previous information must be complemented by some indication of the evolution 

of shear dependence of the viscosity with storage time. This requires an analysis of 

the basic flow curves like the one presented in Figure 5 . 1 .  The massive amount of 

information available in the instantaneous flow curves can be summarised by fitting a 

rheological model to the data. The model of choice was the Herschel-Bulkley model 

because it can degenerate to the simpler Newtonian and power law models under 

different operating conditions such as low total solids or low temperatures as shown 

later in this chapter. The model has been used by others to describe the rheological 

behaviour of dairy products, including milk concentrate systems (Velez-Ruiz & 

Barbosa-Canovas, 1 997, 1 998, 2000; Trinh & Schrakeenrad, 2002 ;  Ma et aI . ,  2002). 

Model fitting was carried out using Matlab V I I ,  where the three parameters were 

varied simultaneously until the lowest residual squares error between the predicted 

and the actual data was achieved. 

The three parameters of the Herschel-Bulkley model, yield stress 'l"y ' consistency 

coefficient K and the behaviour index n were plotted in Figure 5 . 1 1 against storage 

time for the 48% TS reconstituted milk concentrate samples. The decrease in the 

behaviour index indicated that the viscosity became more shear dependent with 

storage time. The consistency coefficient K increased almost exponentially with 

storage time indicating that the material becomes thicker. The yield stress 'l"y also 
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increased exponentially indicating that the rested structure was more difficult to 

deform initial ly. In the author's view, the yield stress could also be interpreted as the 

l imiting stress for elastic deformation ofthe rested structure. 
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Figure 5 . 1 1 :  Changes in the Herschel Bulkley model parameters for 48% TS with 

storage time at 65°C. (a) yield stress Ty ; (b) consistency coefficient K; (c) behaviour 

index n .  Run C l .  

CONTROLLED RHEOLOGY EXPERlMENTS 1 79 



5.1 .2.3 Limitations 

The use of the shear sweep tests for characterisation of time dependent fluids is not 

without serious drawbacks. The first problem arises from the fact that the structure of 

the fluid changes upon the first shear disturbance applied and the successive points on 

a shear sweep actually deal with different structures, not the original one at the 

beginning of the test as explained in Appendix 2 .  

The shape of the hysteresis loop area i s  a function o f  many parameters that the 

experimenter can set for the test: for example the values of the maximum and 

minimum shear stresses in the loop, the delay time between successive readings, the 

measuring time for each point and the number of points monitored within the chosen 

range of shear stresses. The derived parameters such as the apparent viscosity, the 

hysteresis loop area, the yield stress, the consistency and the behaviour index are in 

turn all affected. 

These effects have been studied with yoghurt, a well known time-dependent dairy 

product (Rohm, 1 992 , Fangary, Barigou, & Sevil le, 1 999). Two sets of experiments 

were conducted in this work on two commercial yoghurt samples that were bought 

from a local supermarket (Mainland Products Limited, Naturelea Acidophi lus, Plain 

Unsweetened; Yoplait New Zealand Limited, Yoplait Lite vanilla). No non­

Newtonian corrections were carried out for the calculation of the nominal shear rate 

on these two sets of data. In the first set of experiments with the Mainland products, 

the shear stress range was kept constant at 1 .94- 1 94 Pa. The number of data points 

collected at 1 second intervals was varied, from 20 to 200 data points in a shear 

sweep. The test was conducted in CSS mode with the Z2 . 1  spindle at 1 0°e. In total 

1 1  runs (C2-C I 2) were carried out including  repl icate runs which confirmed the 

maximum experimental error of 1 0% for rheological measurements in thi s  work. The 

results are shown in Figures 5 . 1 2  and Table 5 . 1 .  Figure 5 . 1 2  shows the change in the 

apparent viscosity at 1 05 .3 Pa with the number of data points, while Table 5 . 1  l ists the 

changes in the Herschel-Bulkley parameters. An increase in the number of data 

points resulted in a decrease in the apparent viscosity. This is expected because the 

structure of the yoghurt sample would be subjected to a greater amount of destruction 
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during measurement. An increase in the number of data points would mean the 

sample is sheared for a longer time period before the shear stress of 1 05 .3 is reached. 

The change in apparent viscosity also led to the changes in the Herschel-Bulkley 

model parameters, seen in Table 5 . 1 .  K increased while n decreased with an increase 

in the number of data points. 
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Figure 5 . 1 2 :  The effect of the number of data points on the apparent viscosity when 

conducting a shear sweep test on Main land yoghurt samples at 1 0°C in CSS mode 

using the Paar Physica MC l .  Runs C2-C 1 2 . 

Table 5 . 1 :  The effect of the number of data points on the Herschel-Bulkley model 

parameters when conducting a shear sweep test on Mainland yoghurt samples at 1 0°C 

in CSS mode using the Paar Physica MC 1 .  Runs C2-C 1 2. 

Number of data K (pa.sn) 

points 

20 

50 

1 00 

1 50 

200 

1 2 .02 

1 4 .53 

1 6 .23 

1 6.32 

1 6.7 1 
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n 

0.42 

0.38 

0.35 

0.35 

0.34 

'y (pa) 

3 .00E-07 

8 .02E-08 

3 . 1 6E-08 

1 .35E-07 

6.50E-08 

1 8 1  



The second set of experiments with the Yoplait yoghurt measured 50  measurement 

points at 1 second intervals. Nine runs (C 1 3 -C2 1 )  were carried out where the 

minimum torque in a shear sweep test was varied from 0.5 to 25 mNm. The results 

are shown in Table 5 .2 which l ists the changes in the apparent viscosity and the 

Hershel-Bulkley model parameters. An increase in the minimum torque while 

keeping the number of data points constant resulted in a decrease in apparent viscosity 

and K and an increase in r y • 

Table 5 .2 :  The effect of the minimum torque on the Herschel-Bulkley model 

parameters when conducting a shear sweep test on Y oplait yoghurt samples at 1 0°C in 

CSS  mode using the Paar Physica MC 1 .  Runs C I 3-C2 1 .  

Min imum Apparent K (pa.sn) n "" (pa) 
. y 

Torque (pa) 

0.5 

1 0  

25 

Viscosity 

(pa.s) 

0 . 1 54 

0 . 1 24 

0 . 1 1 4  

2 .40 

1 .34 

0 .05 

0 .55 

0.60 

0.94 

1 8 . 1 2  

30.61  

76.65 

The results from runs C2-C2 1 showed that it is not possible to compare the results of 

tests on different t ime-dependent samples unless the protocol of experimentation is  

clearly defined and followed rigorously. If this i s  done, then the method presented 

here can provide useful trends. 
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5.2 Comparative rheology of fresh and reconstituted whole milk concentrates 

The use of fresh milk concentrate systems poses two issues, variation in the raw materials 

and in processing conditions during concentration. 

A fresh milk system has a shelf life in the order of several weeks. Thus, if the number of 

experiments is extensive and requires a lengthy period of time, more than one batch of 

milk is required. This brings in the problem of variation in composition of the raw 

material . Daily fluctuation in protein and fat contents will be unavoidable. Even if the 

same raw material is used, storage under chil led conditions to prolong the shelf life is 

required. However, chill storage would still give rise to chemical and physical changes to 

the raw milk system. On top of this, the processing conditions during preheating and 

concentration would need to be carried out in the exactly the same manner for all samples 

in order to ensure that the shear and temperature histories are similar between sets of 

concentrated samples. 

Powder is stable and does not deteriorate quickly. A large batch can be obtained and 

serves as the common raw material for many experiments. Composition variation is  

minimal. Recombination involves a smaller number of processing variables than 

preheating and evaporation. Shear and temperature histories can be more strictly 

controlled with reconstituted systems. Cost is significantly reduced, and time­

management for experimentation is more flexible with the use of powder as the source of 

raw material. 

The rheological behaviour of reconstituted milk concentrates has been reported to be 

different from the corresponding fresh milk concentrates obtained during the manufacture 

of the powders. Vilder et al . ( 1 979) reported that the viscosity of reconstituted whole 

milk concentrates was six to fifty times higher than fresh concentrated systems from 

which the milk powder was produced. Similarly, work on HCT also showed that it was 

not possible to predict the HCT of reconstituted systems from the data obtained for fresh 
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systems (Kieseker & Pearce, 1 978; Newstead & Baucke, 1 983 ; Singh & Tokley, 1 990; 

Singh & Creamer, 1 99 1 ;  Mil & Koning, 1 992). It is possible that physical and chemical 

changes during reconstitution have not been considered carefully as an explanation for 

the discrepancies both in rheological behaviour and heat stability between fresh and 

reconstituted systems. 

Commissioning trials on the recombination rig showed that the reconstitution of powder 

to yield concentrated systems should be done with care as rheological changes are 

inevitable. Particularly, age thickening can take place during reconstitution which alters 

the rheological behaviour of the final heated solutions. 

In the commissioning trial, the storage experiment A3 , the 48%TS reconstituted milk 

concentrate was heated to 65°C and stored at 65°C. The averaged initial apparent 

viscosity value was 0.03 Pa.s. This value is substantially lower than the viscosity value 

of 1 .2 Pa.s for a 45.6 %TS reconstituted non-homogenised whole milk concentrates 

reported by Vilder et al . ( 1 979). In fact, this value is more comparable to the apparent 

viscosity values of 0.022 Pa.s obtained for fresh milk concentrate as measured in 

experiment A 1 l 9 . B ienvenue et al . (2003a, 2003b) carried out a study on 45%TS fresh 

skim milk concentrates which were stored at 50°C for rheological measurements. The 

initial apparent viscosity at 50°C was approximately 0.025-0.03 Pa.s, which is similar to 

that obtained in experiment A3. 

This section analyses the rheological behaviour of fresh and reconstituted systems in  

more detail . The section wil l  also discuss the feasibility of the use of powder as  an 

alternative raw material to fresh milk systems for rheological studies. The comparative 

analysis between the flow behaviours of fresh and reconstituted milk concentrate systems 

was done under three different conditions :  

1 .  Different shear histories during sampling and preparation, and measured using 

two different rheometers, the Brookfield L VTD on the fresh and the Paar Physica 

M C l  on the reconstituted concentrates. 
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2 .  Different shear histories during sampling and preparation, but measured on  the 

same piece of equipment, the Paar Physica MCl .  

3 .  Similar shear h istory during sampling and preparation, as well as being measured 

on the same rheometer, the Paar Physica MC ! .  

5.2. 1 Materials and methods 

5.2. 1 . 1  Fresh versus reconstituted milk with different shear history using the 

Brookfield LVTD and the Paar Physica MCl 

During industrial surveys, powder was collected for further experimentation at Massey 

University. The powder was reconstituted using the custom-built recombination rig at 

3 5°C and 40,000 S·l . After recirculation for 60 minutes, the reconstituted solutions were 

heated and stored at the heated temperature in a water bath. F or each type of powder, the 

solids content and the heating and storage temperatures were kept identical to those 

encountered in the plant. Thus, during milk powder processing in industrial plants, if the 

milk concentrates were evaporated to 47%TS and heated to 75°C in the concentrate 

heater, the powder would be mixed to 47%TS and heated and stored at 75°C. 

It is  important to point out that during industrial surveys, rheological measurements of the 

fresh concentrates were made with the Brookfield L VTD viscometer. The shear step test 

was used where the sample was sheared at a constant spindle speed for 20 minutes. At 

Massey University, all rheological measurements were carried out using the Paar Physica 

MC ! ,  where the reconstituted samples were stored in a water bath and subjected to a 

shear sweep test at regular intervals. 

Aside from using different instruments, the reconstituted and fresh systems possessed 

different shear history profiles prior to sampling. Reconstituted systems were sheared at 

a constant shear rate of 40,000 S·l during recirculation. The shear history in the industrial 

environment is more complicated and difficult to assess. Also the shear history varies 
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between plant configurations. Thus, it is not possible to analyse the difference in the 

shear history between fresh and reconstituted systems. 

The exercise was carried out on 4 industrial surveys, where the powder was collected in 

experiments B8, B9, B 1 0  and B 1 1  , and reconstituted experiments C22-C25 . 

5.2. 1.2 Fresh versus reconstituted with different shear h istory using the Paar 

Physica MCl 

In industrial survey B 1 4, the fresh milk concentrates were measured using the Paar 

Physica MCl . The 47%TS fresh concentrates were heated to 75°C in the concentrate 

heater. Samples were col lected just before the spray drier and were stored at 75°C in a 

hot water bath. Samples were obtained from both the high shear concentrate drier l ine 

via a tap, and a low shear sampling module, as explained in section 4.6. 

In run C26, the powder coIlected from the survey B 1 4  was reconstituted to 47% TS at 

35°C and 40,000 S·I . The concentrates were recirculated for 60 minutes, heated to 75°C 

and stored at 75°C to achieve similar solids content and temperature settings as 

encountered in the industrial survey. A replicate experiment was also carried out in run 

C27. 

5.2. 1 .3 Fresh versus reconstituted with the same shear history using the Paar 

Physica MCt.  

A more carefully planned experiment than the standard industrial surveys presented in 

chapter 4 was conducted at the Fonterra Cooperative Ltd. Pahiatua milk powder plant. In 
order to achieve similar shear histories in the fresh and in the reconstituted systems 

before measurement, the recombination rig was transported to the Pahiatua plant. In run 

C28,  the fresh whole mi lk system was evaporated to 47%TS and heated to 75°C in the 
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Pahiatua milk powder plant. The composition specification and operating conditions are 

l isted in Tables 5 .3 and 5 .4 .  

Fresh milk concentrates were collected after the concentrate heater and recirculated 

through the recombination rig at 40,000 S-l and 75°C for 60 minutes. The solutions were 

withdrawn from the rig and stored in a 75°C water bath while rheological measurements 

were carried out at regular intervals using the Paar Physica MC! .  

Ideally, the fresh concentrates should have been cooled to 35°C before recirculation in 

the recombination rig, and then heated to 75°C for rheological measurements to match 

exactly the procedure used for reconstituted samples. However, the unavailability of a 

plate heat exchanger and a hot water source at the plant did not allow this. 

The powder obtained from industrial survey C28 was reconstituted at a later date in 

experiment C29 to 47%TS at 35°C and 40,000 S-l in the recombination rig. The solution 

was then heated to 75°C and stored at 75°C. The reconstituted milk concentrates were 

not recirculated at 75°C as was done in run C28 with fresh concentrates. Instead, it was 

recirculated at 35°C to prevent age thickening during recirculation. Rheological 

measurements were made with the Paar Physica MC l .  

Table 5 .3 :  General composition of the infant milk concentrates in experiments C28 & 

C29 at the Pahiatua milk powder plant. 

Component 

Protein 

Fat 
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Table 5 .4 :  Plant operating conditions in experiments C28 & C29 at the Pahiatua milk 

powder plant. 

Experiment 

Process Variables 

DSI temperature (0C) 

Holding time (s) 

Evaporator concentrate total solids (% TS) 

Concentrate heater milk temperature (OC) 

5.2.2 Results 

C28 & C29 

98 

45 

47-48 

76 

5.2.2. 1 Fresh versus reconstituted milk with different shear history using the 

Brookfield LVTD and the Paar Physica MC1 

Figure 5 . 1 3  plots the changes in apparent viscosity with measurement time for the fresh 

concentrate (B8), and storage time for the reconstituted concentrate (C22). The apparent 

viscosity values of the reconstituted samples were determined at the shear stress of 1 05 .3 

Pa, which was considerably higher than the shear stress that would be encountered at 60 

rpm in the Brookfield L VTD viscometer. 

The initial viscosity for the reconstituted concentrate was higher then the fresh 

concentrate by approximately twofold. However, the rate of increase in viscosity with 

time was higher in the Brookfield data. The sudden decrease in apparent viscosity after 

70 minutes of storage in the reconstituted concentrate data cannot be explained and i s  

considered an outlier due to some unknown disturbance to the experiment . 
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Figure 5 . 1 3 :  Apparent viscosity against storage time for the reconstituted concentrate 

with the Paar Physica MC } and measurement time for the fresh concentrate with the 

Brookfield L VTD. 47.5% TS and 75°C. C22. 

The higher apparent viscosity data for the reconstituted system agreed with Vilder et al .  

( 1 979), but obviously not in the same ratio. This is due to the several factors : 

1 .  different shear history during sampling and measurement between fresh and 

reconstituted systems 

2 .  different shear rate at which the apparent viscosity values were detennined 

Thus, the data obtained from the Brookfield L VTD and the Paar Physica M C 1  should not 

be compared in terms of absolute values, but only in trends. 

Similar observations were made in runs C23 -C25 . 

CONTROLLED RHEOLOGY EXPERIMENTS 1 89 



5.2.2.2 Fresh versus reconstituted milk with different shear history using the Paar 

Physica MCl 

Figure 5 . 1 4  plots the change in apparent viscosity during storage time for the fresh 

concentrate (B 1 4) and reconstituted concentrate (C26) that was made from the powder 

collected in run B 1 4. The solids contents for both systems were 47.5%TS and the final 

temperatures were 75°C. Figure 5 . 1 5  plots the changes in the Herschel-Bulkley model 

parameters with storage time for the fresh and reconstituted systems. For the fresh 

systems, the data obtained from the high shear concentrate line and the low shear 

sampling module are presented. 
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Figure 5 . 1 4 : Apparent viscosity against storage time for fresh (B 1 4) and reconstituted 

(C26) concentrates using the Paar Physica M C t . 47.5%TS and 75°C. 
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Figure 5 . 1 5 :  Changes in the Herschel-Bulkley model parameters with storage time for 

fresh (B 1 4) and reconstituted concentrates (C26) using the Paar Physica MC l .  47.5%TS 

and 75°C. (a) Ty ; (b) K ; (c) n .  
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Figures 5 . l4  and 5 . 1 5  showed that the rheological behaviour of the reconstituted 

concentrate was similar to the fresh samples within 1 0% experimental error, but only 

when the fresh sample was collected via the low shear sampling module. Section 5 .5  

discusses in  more detail the effect of  shear level during sampling. 

The reconstituted milk concentrate possessed a slightly higher apparent viscosity, i y '  K 
and lower n in comparison to those of the fresh system when sampled at low shear rate. 

However, these differences were small and fell within the 1 0% experimental error band. 

Duplicate run C27 showed similar results to that observed in run C26 and agreed within 

the 1 0% experimental error uncertainty. 

5.2.2.3 Fresh versus reconstituted milk with the same shear history using the Paar 

Physica MCt .  

The changes in rate of age thickening during storage at 75°C for runs C28 and C29 are 

shown in Figure 5. 1 6. The y-axis error bars are also plotted in Figure 5 . 1 6  with a 1 0% 

uncertainty range. The initial apparent viscosity values for the fresh and reconstituted 

systems were 0.0278 Pa.s and 0.0299 Pa.s respectively, less than 1 0% difference. The 

l iterature review showed that there has never been a comparison between fresh and 

reconstituted system within one study that has achieved this close agreement in initial 

apparent viscosity values. 

The changes in apparent viscosity during age thickening were also similar in both 

systems. The fresh concentrates consistently showed slightly higher viscosity values than 

the reconstituted system. It was possible that in run C28 with fresh concentrate, 

recirculation at h igh temperature resulted in an increase in the initial apparent viscosity 

and rate of age thickening. The effect of temperature during recirculation is dealt with in 

detail in section 5 .6. 
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In Figure 5 . 1 6, 1 0% y-axis error bars were drawn for each data point to provide a 

qualitative analysis of the agreement between the two l ines. A more appropriate test 

would be to assume a hypothesis that the two sets of data could be drawn by a common 

l ine, where the y-axis intercept and the slope of the graph are identical. The hypothesis 

could then be tested to see whether it is significant or not at a particular level of 

probability. 

(RSS corn - RSS sep )j(dfcom - dfsep ) F - ----------��------� 
va/lle - RSS jdif sep sep 

where RSScom is the residual sums of squares of the common line model 

(5.3) 

RSS sep is the sum of residual sums of squares of each separately fitted line 

dfcom is the degrees of freedom for error of the common line model 

dfsep is the sum of the degrees of freedom for error of each separately fitted l ine 

Using equation (5 .3), an F value of 5 .79 was obtained, which was not significant at 

p<O.O l ,  therefore the original hypothesis was accepted and the two sets of data could be 

represented by a common line. Thus, the two sets of data do agree with each other at 

p<O.O l .  
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Figure 5 . 1 6 : Apparent viscosity against storage time for fresh (C28) and reconstituted 

(C29) concentrates using the Paar Physica MC 1 .  47.5% TS and 75°C. Paar Physica 

MC l .  

The flow curves were fitted with the Herschel-Bulkley model and the changes in the 

model parameters with storage time for fresh and reconstituted systems are plotted in 

Figure 5 . 1 7 . The model parameters provide a clearer picture of the instantaneous 

rheological behaviour at each measurement time, as well as the evolution of the changes 

in the flow curve. 

The most obvious observation in Figure 5 . 1 7  is the similarity in trends of the Herschel­

Bulkley three model parameters with storage time for both fresh and reconstituted 

systems. The yield stress and the consistency coefficient increased while the behaviour 

index decreased with storage time. During age thickening, the fluid is getting thicker 

(increase in K )  and requires stronger force to initiate fl ow (increase in T y ) . The material 

also shows a greater degree of shear thinning during age thickening (decrease in n ). The 

similar trends in all three parameters between the fresh and reconstituted systems clearly 

showed that both systems build up in a similar manner during age thickening, and break 
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down in similar manner during shearing. This is clear evidence that fresh and 

reconstituted systems possess similar rheological behaviour when proper care is exerci sed 

in the reconstitution and pre-shearing steps. 

Figure 5 . 1 7 : Changes in the Herschel Bulkley model parameters with storage time for 

fresh (C28) and reconstituted milk concentrates (C29) with storage time. 47.5%TS and 

75°C. Paar Physica MC l .  (a) yield stress 'y ; (b) consistency coefficient K ;  (c) 

behaviour index n .  
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5.3 Effect of solids content on the rheology, pH and PSD of the reconstituted 

whole milk concentrates 

An increase in solids content has an effect on apparent viscosity and rate of age 

thickening (Snoeren et aI ., 1 984), pH and ionic activities (Walstra & Jennes, 1 984; 

Walstra et aI., 1 999; Bienvenue et aI . ,  2003a, 2003b), and particle size (Walstra & Jennes, 

1 984; Walstra et aI. , 1 999). However, quantitative data analysis has only been found for 

the relationship between solids content and apparent viscosity. Changes in particle size 

with solids content have been studied by Anema (2000) and B ienvenue et al. (2003a). 

However, in these experiments, the fresh milk concentrates were heated prior to particle 

size measurement. The effect of solids content on pH in milk systems has only been 

noted and acknowledged. No data has been found in the literature on this interaction. 

In this set of experiments, whole milk powder B (documented in section 3 .5 . 1 )  was 

mixed to various solids contents at 35°C. No heating was carried out. The changes in 

rheology, pH, and PSD were measured. 

5.3 . 1  Materials and methods 

Whole milk powder B was used in this experiment. In run C30, the powder was 

reconstituted at 3 5°C and 40,000S·I . The powder and distilled water were initially added 

to achieve 1 0%TS. Samples were withdrawn after 60 minutes of recirculation for 

rheological , pH and particle size distribution measurements . More powder was then 

added to achieve 20%TS. The exercise was repeated for different solids content, up to 

52%TS ± 0.5%TS. Rheological measurements were carried out at 35°C, and no heating 

took place. The milk  samples were allowed to equilibrate to room temperature for 30  

minutes before pH measurements were carried out. 
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5.3.2 Results 

Figure 5 . 1 8  plots the change in apparent viscosity at the shear stress of 1 05 .3 Pa with 

solids content of the reconstituted whole milk solutions at 35°C. An exponential 

relationship was observed between apparent viscosity and solid content, which agreed 

with previous work (F emandez-Martin, 1 97 2 ;  Bloore & Boag, 1 98 1 ;  Snoeren et aI., 

1 982, 1 984; Vilder & Moennans, 1 983 ; Velez-Ruiz & Barbosa-Canovas, 1 997, 1 998). 

Above 45%TS, the apparent viscosity increased sharply with an increase in solids 

content. 
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Figure 5 . 1 8 : Effect of solids content on the apparent viscosity at 1 05.3 Pa of the 

reconstituted whole milk solutions. Powder B .  3 5°C. 

60 

The flow curves for each solids content were fitted with the Herschel-Bulkley model and 

the results are shown in Figure 5 . 1 9. The yield stress did not exist below 35%TS. Above 

this critical mark, the yield stress showed a proportionate increase with solids content. 
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The consistency coefficient, K ,  increased exponentially with solids content, in a trend 

similar to that of the apparent viscosity. This agreed with findings of Velez-Ruiz and 

Barbosa-Canovas ( 1 998). The increase in K is due to the increase in the interaction 

effects between the individual milk components suspended in an aqueous phase with a 

decrease in water content (Tung, 1 978). 

The behaviour index did not deviate significantly from the Newtonian value of 1 .  The 

first deviation from the value of 1 was observed at 45%TS. However, at solids content of 

50.6%TS and 5 1 .3%TS, the behaviour index values were 1 .  Thus, the reconstituted 

whole milk solutions prepared from powder B at 35°C and 40,000 S-1 showed Newtonian 

behaviour up to 35%TS,  above which B ingham plastic behaviour was observed where 

only the yield stress and the consistency coefficients varied with solids content. 
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Figure 5 . 1 9 : Effect of solids content on the Herschel-Bulkley model parameters of the 

reconstituted whole milk solutions .  (a) Ty ; (b) K ; (c)  n 
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The change in pH with solids content is shown in  F igure 5 .20. The pH at the solids 

content of 1 0% TS is 6 .68, which closely resembles the pH of 6.7 -6.8 of fresh raw milk at 

1 0- 1 2%TS (Venkatachalam et al ., 1 993). An increase in solids content resulted in a 

gradual decrease in pH up to the value of 47%TS.  Above this concentration, the pH 

appeared to have reached a minimum plateau of 6.22 The inversely proportional 

relationship between pH and solids content has been discussed by previous authors 

(Upadhyay, 1 998; B ienvenue et aI., 2003a). However no detailed data covering a wide 

solids content range has been found in the l iterature. 
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Figure 5 .20: Effect of solids content on the pH of the reconstituted whole milk 

solutions at 35°C. Powder B, 50%TS. 

Figure 5 .2 1  shows that the particle size distribution did not change with an increase in 

solids content. A mono-modal distribution shape was observed for al l curves. Particles 

larger than 2 )lm were considered as aggregated particles formed during the powder 

manufacturing and recombination processes and were not present in raw milk at 1 0%TS.  

Thus, the PSD could be subdivided into two zones, < 2)lm and > 2)lm which can be 

regarded as  an aggregation zone. Figure 5 .22 plots the changes in aggregation zone with 

solids content. Approximately 5% of the particles were larger than 2 )lm. No significant 

CONTROLLED RHEOLOGY EXPERIMENTS 200 



changes were observed in the aggregation zone, indicating no aggregation process with 

an increase in solids content. 
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Figure 5 .2 1 :  Effect of solids content on the particle size distribution of the reconstituted 

whole milk solutions at 35°C. 
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Figure 5 .22: Effect of solids content on the volume percentage of particles > 2f.lm at 

35°C.  
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5.4 Effects of solids content and temperature on the rheology of reconstituted 

whole milk concentrates 

The picture of milk concentrate rheology painted in the literature is still patchy. M ost 

authors working with fresh concentrates did not have access to full pilot plant facilities 

with adequate preheating systems and evaporators of suitable design. More important, 

many previous experiments only covered solids content of 20% and below (e.g. 

Femandez-Martin, 1 972, Anema, Lowe, & Li, 2004). Snoeren et al . ( 1 984), Velez-Ruiz 

and Barbosa-Canovas ( 1 997, 1 998 , 2000) and Bienvenue et al. (2003a, 2003b) are among 

the few authors who experimented with milk concentrates above 25% TS. 

A comprehensive set of data describing the effects of temperature, total solids content, 

protein content, milk quality, preheat treatment, equipment configuration and storage 

time on milk concentrate rheology is still some time away. Rheological measurements of 

reconstituted milk concentrates are also very incomplete. The problem here lies in the 

inadequate control of age-thickening during the reconstitution process. When this is not 

done widely, variable results are obtained (Trinh et aI . ,  2002). 

The current work investigated the combined effect of solids content and storage 

temperature on the rheological behaviour for two different reconstituted medium heat 

whole milk concentrate systems. 

5.4.1 Materials and methods 

Medium heat whole milk powders A and B were used in this exercise. However, the 

number of experiments and the experimental conditions varied between the concentrates 

made from the two different powders. 

As stated in chapter 3 ,  section 3 .5 . 1 ,  the two powders were obtained from two different 

manufacturing plants in New Zealand. The two powders possessed similar compositional 
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specifications, with powder B possessing a slightly higher protein content at 25 .6% 

compared to 24.3% in powder A. Powder B also received slightly harsher preheat 

treatment at 1 00°C for 40 seconds, compared to 1 0 1 °C for 20 seconds in powder B. 

Powder A was reconstituted to different sol ids contents ( l 0-48%TS ±-0.5%TS). The 

reconstituted m ilk solutions were recirculated for 60 minutes at 40,000 S·1 before being 

heated to different temperatures (45-85°C ±-2°C) in a PHE. The heated solutions were 

then stored in a water bath at the temperature of the final heating step. The experimental 

runs and their associated solids content and temperature values are l isted in Table 5 .5 .  

Table 5 . 5 :  Experimental conditions to study the effect of solids content and 

temperature on the rheology of reconstituted whole milk concentrates made from powder 

A. 

45 55 65 75 85 
Temp. eC) 

Solids 

Content (%TS) 

1 0  C3 1 C32 

20 C33 C34 

30 C35 C36 

35 C37 C38 

40 C39 C40 C4 1 

44 C42 C43 C44 

46 C45 C46 C47 C48 C49 

48 C50 C5 1 C52 C53 C54 

Powder B was reconstituted to 50%TS ±0.5%TS at 35°C and 40,000S·I . The 

reconstituted concentrates were then heated to four different temperatures, 35°C, 65°C, 

7 1  °C and 75°C. Thus, only the effect of temperature on the rheological behaviour of the 

reconstituted concentrates made from this powder was investigated. The purpose of the 
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exercise was to provide some preliminary data to allow comparison be made on the 

rh eo logical behaviour of concentrates made from two batches of powder. The 

experimental runs and their associated temperature values are listed in Table 5 .6. 

Table 5 .6: Experimental run conditions to study the effect of solids content and 

temperature on the rheology of reconstituted whole milk concentrates made from powder 

B.  

Temp (OC) 35 65 7 1  75 

Runs C55 C56 C57 C58 

PSD analysis was carried out on runs C55 and C57.  

5.4.2 Powder A results 

5.4.2. 1 Effect of solids content and temperature on the initial apparent viscosity 

The initial (0 hr) apparent viscosities of reconstituted milk solutions at 45°C are shown in 

Figure 5.23 .  

The apparent viscosity increased exponentially with an increase in solids content. This 

type of correlation has also been observed in other studies with skim milk (Bloore & 

Boag, 1 98 1 ;  Snoeren et aI . ,  1 982; Snoeren et aI . ,  1 984 ; Vilder & Moennans, 1 983); and 

whole milk systems (Femandez-Martin,  1 972; Vilder et aI . ,  1 979; Snoeren, Brinkhuis et 

al . ,  1 984; Velez-Ruiz & Barbosa-Canovas, 1 997, 1 998, 2000; Hinrichs, 1 999). Note that 

the 45°C curve was obtained from cross plotting between 5 different reconstitution 

experiments. 
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Figure 5 .23 :  Effect of  solids content on the initial (0 hr) viscosity of  reconstituted 

whole milk concentrates at 45°C (runs C3 1 ,  C33,  C35 ,  C37, C45, C50). 

60 

Reconstituted milk samples below 35%TS at 45°C exhibited Newtonian behaviour and 

no age-thickening was observed after 4 hours of storage, as shown in Figure 5 .24. 
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Figure 5 .24: Effect of concentration and storage time on the viscosity of reconstituted 

whole milk concentrates during storage at 45°C . Runs C3 1 ( l O%TS), C33 (20%TS), C35 

(30%TS), C37 (35%TS), powder A, 45°C . 

When the reconstituted milk concentrates were heated and stored at the higher 

temperature of 85°C, the results were different as shown in Figure 5 .25 .  During storage 

at 85°C, age thickening was observed after 7 hours of storage at solids contents of 

30%TS and 35%TS. Storage at 85°C triggered the onset of age thickening in the 35%TS 

system. 
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Figure 5 .25 :  Effect of concentration and storage time on the viscosity of reconstituted 

whole milk concentrates during storage at 85°C. Runs C3 1 ( l O%TS), C33 (20%TS), C35 

(30%TS), C37 (35%TS), powder A, 85°C. 

Velez-Ruiz and Barbosa-Canovas ( 1 997, 1 998, 2000) observed power law behaviour at 

solids content as low as 22% for freshly evaporated milk concentrates. In this work, non­

Newtonian behaviour was only observed above 40% TS at 45°C and 30% TS at 85°C. The 

difference may be due to the much higher shear rate used during reconstitution in this 

work (40,000S-I), which may delay the onset of age-thickening as discussed in section 3 .2 

and by Trinh et a1 . (2004). 

The effect of temperature on samples at four nominal concentrations 40%, 44%, 46% and 

48% TS is shown in Figure 5 .26 ( immediately after heating) and Figure 5 .27 (after 60 

minutes of storage at the heating temperature). The time dependence effect was more 

visible in Figure 5 .27 after 60 minutes of storage. In both graphs, the two higher 

concentration curves showed a clear minimum viscosity at 65-75°C region. Within 

experimental error a minimum was not observed at the two lower concentrations (40% 

and 44% TS). 
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The general shape of the curve is in qualitative agreement with previous work and the 

value of the m inimum viscosity is also of the same order of magnitude (Bloore & Boag, 

198 1 ;  Velez-Ruiz & Barbosa-Canovas, 1997; Trinh & Schrakeenrad, 2002). Tang et al . 

( 1 993) also observed s imilar minima with whey protein concentrates from 1 5-30%TS. 

Interestingly, Anema and Klostermeyer ( 1 997) and Anema ( 1 998) observed a m inimum 

turbidity in heated dilute reconstituted skim milk at 65-70°C . 

0.5 

0.4 

>-� 0.3 
o u III :> 

-
c 0.2 e 
1\1 
Q. 
Q. 
et 

0.1 
48%TS 

46%TS � I r::::: 44%TS 
40%TS o � ______ � ________ � ________ � ______ � ________ -L ______ � 

35 45 55 65 

Temperature (
D
C) 

75 85 95 

Figure 5 .26: Initial apparent viscosity values of various reconstituted whole mi lk 

concentrates as  a function oftemperature. Powder A. 
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Figure 5 .27 :  Apparent viscosities of various reconstituted whole milk concentrates as a 

function oftemperature after 60 minutes of storage. Powder A. 

5.4.2.2 Effect of solids content and temperature on age thickening 

Figure 5 .28 plots the changes in the apparent viscosity with shear rate at three different 

storage times in run C52 with 48% TS concentrates heated to 65°C. The data in both the 

shear up and down legs for each storage time was plotted . Shear thinning behaviour is 

observed in all samples, where the apparent viscosity decreased with shear rate . This 

agreed with previously published results (Snoeren et aI . ,  1 984; Bienvenue et. aI . , 2003a, 

2003b). 

Time dependent behaviour was evidenced by the existence of the hysteresis loop area 

between the shear up and shear down legs . For this particular run at 48%TS and 65°C, 

time-dependent behaviour was observed at al l times during storage. 

CONTROLLED RHEOLOGY EXPERIMENTS 209 



0.25 

0.2 en 
I1i CL. -

� ·in 0.1 5 
0 CJ 1/1 :> 
-

0.1 c: 
GI ... IV Co Co 
et 

0.05 

o 

o 500 1000 

-- 0  min Up 

-- 0  min Down 

-- 30 min Up 

-- 30 min Down 

-- 60 minutes Up 

-e- 60 min Down 

1500 2000 

Shear Rate (S·1) 
2500 3000 3500 

Figure 5 .2 8 :  Changes in the apparent viscosity with shear rate at different storage 

times. Run C52, powder A, 48%TS ,  65°C . 

The age thickening process can be easier to visualise with a plot of the change in apparent 

viscosity at a given shear stress of 1 05 . 3  Pa with storage time. The effects of heating and 

storage temperature on the rate of age thicken ing o f  milk concentrate solutions were 

analysed at three sol ids content of 44%TS, 46%TS and 48%TS ,  and the data are plotted 

in Figures 5 .29, 5 . 3 0  and 5 .3 1 respectively. 
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Figure 5 .29 :  Effect of  heating and storage temperature on the changes in  apparent 

viscosity with storage time of 44%TS reconstituted milk concentrates. Powder A. 
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Figure 5 .30: Effect of  heating and storage temperature on the changes in  apparent 

viscosity with storage time of 46%TS reconst ituted milk concentrates. Powder A. 
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Figure 5 .3 1 :  Effect of heating and storage temperature on the changes i n  apparent 

viscosity with storage time of 48%TS reconstituted mi lk  concentrates . Powder A .  

Age thickening was visible i n  many samples, a s  evidenced b y  the slow initial increase in 

apparent viscosity, followed by a rapid rise which marked the gell ing point. 

The onset of age th ickening depended on both temperature and sol ids content. At 44%TS 

in Figure 5 .29, age thickening was only observed when the concentrate was heated to 

85°C .  The increase in apparent viscosity at the two lower heating temperatures of 65°C 

and 75°C could be accounted for by the 1 0% error. 

In F igures 5 .30 for 46%TS, and 5 . 3 1 for 48%TS concentrates, the increase in apparent 

viscosity with storage time in all samples could not be accounted for by the 1 0% error. 

An increase in solid content to 46%TS and 4 8%TS lowered the minimum temperature 

required for the onset of age thickening to 65°C and 45°C respectively. 

In F igures 5 . 30 and 5 . 3 1 ,  as the temperature was increased, the gel l in g  time decreased. 

This indicated that the formation of a network structure takes place faster at h igher 
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temperatures. However, the v iscosity values at the gel l ing point were roughly similar at 

0. 1 Pa.s .  If the viscosity value represents an indication o f  the state of the structure, the 

results suggest that the critical structure at which gelation occurs was independent o f  

temperature and solids content. 

It is interesting to observe that in Figure 5 . 3 1 ,  at 48%TS, the concentrates heated to 45°C 

and 55°C did not show any sign of gelation (sharp rise in viscosity with time) even 

though the apparent viscosity reached the value of 0. 1 Pa.s and beyond. It is possible that 

more than one mechanism is responsible for the onset of gelation at different 

temperatures, in particular above and below 65°C . 

The changes in the apparent viscosity with storage time up to the gel l ing point could be 

fitted with an exponential curve. F igure 5 .3 2  plots the changes in the apparent viscosity 

with storage time for runs C46 (46%TS, 55°C) and C47 (46%TS, 65°C). The fitted 

correlation coefficients obtained were 0 . 9 8  for run C46 and 0.96 for run C47. The 

exponential relationship could not account for the dramatic increase in the apparent 

viscosity after gelation. Thus, a multi-component model is required if post-gelation 

behaviour is to be mon itored . 
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Figure 5 .3 2 :  Changes in the apparent viscosity with storage time up to the gell ing point 

at two heating and storage temperatures. Runs C46 (55°C ) and C47 (65°C), powder A, 

46%TS. 

For simpl icity, the rate of age thickening (RAT) up to the gell ing point is  detenn ined as 

Rate of age thickening (RA T) = 
t'1Ji = Jib - Jia 
t'1t tb - ta 

(5 .4)  

where the subscripts a and b define the start and end points. 

Thus the change in apparent viscosity with storage time is simpl ified to a straight l ine 

fonnula. 

The effect of concentration on age-thickening is i l lustrated in Figures 5 . 3 3 -5 . 3 5  for 

solutions that were heated and stored at 65°C, 75°C and 85°C respectively. As expected, 

the results clearly showed that age thickening took p lace at lower solids content as the 

heating temperature was increased. For example, the 46%TS gelled after 200 minutes of 
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storage at 65°C, 100 minutes at 75°C and 60 minutes at 85°C. The 44%TS curve only 

exhibited significant age thickening behaviour when heated to 85°C . 
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Figure 5 .3 3 :  Effect of solids content on the changes in apparent viscosity with storage 

time in reconstituted milk concentrate solutions that were heated and stored at 65°C.  

Powder A. 
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Figure 5 . 34 :  Effect of sol ids content on the changes in apparent viscosity with storage 

time in reconstituted milk concentrate solutions that were heated and stored at 75°C . 
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Figure 5 . 35 :  Effect of sol ids content on the changes in apparent viscosity with storage 

time in reconstituted milk concentrate solutions that were heated and stored at 85°C .  

Powder A .  
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The effects of solids content and heating and storage temperature on the gelling time are 

plotted in Figure 5.36. For a given temperature, the gelling time decreased with an 

increase in solids content (Figure 5 .36 (a)). While for a given solids content, the gel ling 

time decreased with an increase in heating and storage temperature (Figure 5.36 (b)). For 

the 46% TS concentrates, the gelling time decreased with an increase in heating 

temperature. 
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Figure 5 .36:  Effects of solids content and temperature on the gelling time of the 

reconstituted concentrates made from powder A. (a) gel l ing time versus heating and 

storage temperature at different solids contents, (b) gell ing time versus solids content at 

different heating and storage temperatures. 

CONTROLLED RHEOLOGY EXPERIMENTS 2 1 8  



5.4.2.3 Rheological modelling 

Solutions at concentrations above 40%TS showed non-Newtonian behaviour. The flow 

curves for these solutions were fitted with a Herschel-Buckley model to capture snap 

shots of the age thickening process. 

(5.5) 

A better overall picture is obtained from three-dimensional plots of the yield stress 't y '  

the consistency coefficient K and the behaviour index n .  For clarity, separate plots are 

presented of rheological parameters against temperature-time for one concentration of 

48%TS (Figures 5 .37-5 .39) and against concentration-time for one temperature at 75°C 

(Figures 5 .40-5 .42). Because of restricted space, the full data base spanning 5 

temperatures, four concentrations and an average of 5 storage times will not be presented 

here. The trends in the graphs were observed in other sets of data, and provide a true 

general view of the relationship between solids content, storage temperature and 

rheological behaviour. 

As a requirement for 3D plots, equal number of data points are required along the two 

horizontal, x and y axes. This was not possible as some samples gelled faster than others. 

Using the "smooth" function in SigmaPlot 2002 (v9.0), the vacant spots for fast gelling 

samples were filled with predicted values, and artificial plateaus can be observed. The 

"inverse distance" smooth function was employed, where the weighted average of the 

values at neighbouring points is computed using inverse distance. 

In Figures 5 .3 7-5 .39, as the temperature and storage time increased, there was an increase 

in the yield stress (5 .38) and consistency coefficient (5 .37), as well as a decrease in the 

behaviour index (5 .39). This agreed with the observations made by Velez-Ruiz and 

Barbosa-Canovas ( 1 997). 
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The data confirms the argument forwarded by Trinh and Yoo ( 1 997) that time-dependent 

rheological models that attempt to separate the rheological parameters t y , K and n from 

a time-dependent "structure" coefficient cannot adequately describe the rheological data 

of time-dependent systems. Models where the apparent viscosity or rheological 

parameters all change with time are more successful. 

It is also important to point out that the values for the three parameters are fitted values. 

In particular the yield stress is a fitted yield stress and not a measured yield stress. 

Whether or not the yield stress has any physical significance is  still debatable. A more 

detailed discussion of yield stress is documented in the appendix, A.2.3.2.  
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Figure 5 .3 7 :  Variation of consistency coefficient K with time-temperature for 

48%TS reconstituted whole milk concentrates. Powder A. 
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Figure 5 . 38 :  Variation of yie ld stress 'y with time-temperature for a 4 8%TS 

solution reconstituted whole milk concentrates. Powder A. 
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Figure 5 .39 :  Variation of behaviour index n with time-temperature . 48%TS 

reconstituted whole milk concentrates. Powder A. 
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Figure 5 .40: Variation of consistency coefficient K with time-concentration at 

75°C for powder A reconstituted whole milk concentrates. 
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F igure 5 .4 1 :  Variation of yield stress 'fy with time-concentration at 75 QC for 

powder A reconstituted whole milk concentrates . 
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F igure 5 .42 : Variation of behaviour index with time-concentration at 75 QC for 

powder A reconstituted whole milk concentrates. 
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Figures 5 .37-5 .42 showed that as the milk concentrates age thickened, the systems moved 

away from Newtonian behaviour as evidenced by the decrease in the behaviour index, n ,  

with storage time. The accompanying increases in consistency index K and yield stress 

-r)' suggested a build up of structure. 

The effects of temperature, solids content and storage time on the flow behaviour index 

were more complex. An increase in solids content and storage time resulted in a decrease 

in behaviour index. The effect of temperature on behaviour index is simi lar to that of 

apparent viscosity, where a minimum is observed in the 65-75°C range, as seen in Figure 

5 .39. 

In Figures 5 .39 and 5 .42, the behaviour index values obtained at the lower concentrations 

slightly exceeded the value of 1 .  This should not be interpreted as an indication of 

dilatancy but must be seen as a consequence of the uncertainties in curve fitting of three 

parameter models. 

It is difficult to provide a clear trend for the changes in the Herschel-Bulkley parameters 

at the gelling point with solids content and heating temperature. The concentrates made 

from powder A exhibited significant changes in rheological behaviour near the gel ling 

point, even within 15 minutes between two measurements. For concentrates made from 

powder A, the typical ranges of values for the Herschel-Bulkley parameters are given in 

Table 5 .7. 

Table 5 .7 :  Typical values for the Herschel-Bulkley parameters at the gell ing points in 

reconstituted concentrates made from powder A. 

Herschel-Bulkley Yield Stress -r y (Pa) Consistency 

parameters 

0-60 
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Coefficient 

(Pa.sn) 

0 .5- 1 .5 

Behaviour Index n 

K 

0.6-0.7 
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5.4.3 Powder B results 

5.4.3. 1 Effect of solids content and temperature on age thickening 

The effect of heating temperature on the rheological behaviour of 50%TS reconstituted 

milk concentrates samples made from powder B during storage is shown in Figure 5 .43.  

The changes in the apparent viscosity with storage time during age thickening in powder 

B concentrates showed similar trends to those observed in Figures 5 .29-5 .3 1 and 5.33-

5 .3 5  for reconstituted concentrates made from powder A. A steady initial increase in 

apparent viscosity was observed with time, followed by a sudden sharp increase which 

marked the gelling point. The apparent viscosity at the gell ing point for the three heated 

solutions (65°C, 7 1 °C and 75°C curves) in Figure 5 .43 averaged at approximately 0.6 

Pa.s. This was significantly higher than the value of 0 . 1  Pa.s observed in concentrates 

made from powder A. 

In F igure 5 .43,  age thickening was apparent even at 35°C where no additional heating 

was carried out after reconstitution. In addition, the apparent viscosity at 3 5 °C did not 

show any significant sharp rise with storage time to mark the onset of gelation. The 

result is similar to that observed in 48%TS reconstituted concentrates made from powder 

A where heating to 45°C and 55°C did not show a sharp rise in viscosity with storage 

time. For the analysis sake, the gell ing time in the 35°C curve was taken as the time 

required for the apparent viscosity to pass the 0.6 Pa.s mark. 
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Figure 5 .43 :  Effect of heating and storage temperature on the changes in apparent 

viscosity with storage time in 50%TS reconstituted milk concentrate solutions. Runs 

C55-C58, powder B. 

Figure 5 .44 plots the gelling times at different combinations of solids content and heating 

temperatures for reconstituted concentrates made from powders A and B. An increase in 

heating temperature resulted in a decrease in gell ing time for concentrates made from the 

two powders. However, concentrates made from powder B had significantly h igher 

gell ing times than those made from powder A. 
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Figure 5 .44: Effects of solids content and temperature on the gelling time of the 

reconstituted concentrates made from powders A and B.  

The RAT up to the gelling point for the reconstituted concentrates made from powder B 

was detennined using equation (5 .4) and the results are plotted in Figure 5 .45.  The figure 

also plots the RAT for the concentrates made from powder A at 44%TS, 46%TS and 

48%TS. 

Figure 5 .45 showed that RAT increased exponentially with temperature for concentrates 

made from powders A and B .  Given that the apparent viscosity at the gel l ing point does 

not vary significantly within a concentrate system, a high RAT would result in a shorter 

gell ing time. This agreed with the trends in the gell ing time observed in Figures 5 .36 for 

powder A and Figure 5 .44 for powder B .  Figure 5 .45 also showed that the 48%TS 

concentrates from powder A and the 50%TS concentrates from powder B possessed 

similar RAT. 
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Figure 5 .45 :  The effect of powder type on the rate of age thickening (RAT) up to the 

gel l ing point of reconstituted concentrate samples made from powders A and B .  

5.4.3.2 Rheological modelling 

The changes in the Herschel-Bulkley model parameters with storage time for the 

concentrates made from powder B in runs C55-C58 are shown in F igure 5 .46. S im ilar to 

that observed in section 5 .4 .2 with concentrates made from powder A, F igure 5 .4 . 5  

showed that during age thickening, r y and K increased while n decreased with storage 

time. This trend was more p rominent at h igher heating temperatures. 

Table 5 . 8  l ists the apparent viscosities and the Herschel-Bulkl ey parameters at the gel l in g  

point at three different heating temperatures i n  concentrates made from powder B .  

Compared to Table 5 . 7  that l isted the typical values o f  the Herschel-Bulkley parameters 

at gelation for powder A concentrates, K is generally h igher while n is lower for 

concentrates made from powder B .  
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Figure 5 .46: Effect of heating and storage temperature on the changes in the Herschel­

Bulkley model parameters with storage time in reconstituted whole milk concentrates 

made from powder B .  (a) r y ;  (b) K ;  (c) n .  Runs C55-C58, powder B ,  5 0%TS. 
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Table 5 .8 :  Changes in  the apparent viscosity and the Herschel-Bulkley parameters at 

the gelling points in reconstituted concentrates made from powder B at different heating 

temperatures. 

Temperature eC) Jl.app (pa.s) T y (pa) K (pa.sD) n 

35 0.85 24.98 4 .42 0.60 

7 1  0 .54 26. 1 2  3 .2 1  0 .6 1  

75 0.78 46. 1 9  3 .44 0.58 

In comparing the data in Table 5 .9 for concentrates made from B and Table 5 .8  for 

concentrates made from powder A, it is clear that the rheological behaviour at the gel ling 

point differed significantly between the two concentrate systems. The reconstituted 

concentrates made from powder B possessed higher apparent viscosity, consistency 

coefficient and lower behaviour index at the gelling point, as well as longer gelling time. 

5.4.3.3 Changes in PSD of powder A reconstituted concentrates during age 

thickening 

The changes in the PSD in runs C55 and C58 are shown in Figures 5 .47 and 5 .48 

respectively. At 35°C, the PSD did not  change significantly with storage time, and thus 

did not agree with the trend in apparent viscosity which increased during age thickening. 

At 75°C, the PSD changed from a mono-modal to a bi-modal distribution during age 

thickening. This agreed with the observations made by Bienvenue et al . (2003a, 2003b) 

in their studies with 45%TS fresh skim milk concentrates. 
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Figure 5 .47 :  Changes in particle s ize distribution with storage time. Run C55, powder 
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Figure 5 .48 :  Changes in particle s ize distribution with storage time. Run C58, powder 

B, 50%TS, 75°C . 

The newly formed particles that are larger than 2)..lm can be considered as aggregates 

fonned during age thickening. Therefore, the change in the volume percentage of 

CONTROLLED RHEOLOGY EXPERIMENTS 23 1 



particles larger than 2f.!m with storage time was considered as the aggregation profile. 

Figures 5 .49 and 5 .50 compare the changes in the aggregation profile and apparent 

viscosity in runs C55 and C58.  

Figure 5 .49 in  run C55,  where the concentrates d id not receive a h igh heat treatment, 

showed no significant change in the aggregation profile with storage time. The 

aggregation profile did increase from 3% to 8%. However, the small increase in volume 

percentage of particles l arger than 2f.!m did not agree with a seventeen times increase in 

apparent viscosity with storage time during age thickening. 

In Figure 5.50, the general trend in the aggregation profile and apparent viscosity showed 

similar behaviour with storage time. The volume percentage of partic les >2f.!m increased 

significantly after 525 minutes of storage time, which coincided with the gelling time. 
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Figure 5 .49: Comparison of the change in apparent viscosity and aggregation profile 

with storage time. Run C55, powder B,  50%TS, 35°C .  
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Figure 5 .50 :  Comparison of the change in apparent viscosity and aggregation profile 

with storage time . Run C58, powder B,  50%TS, 75°C. 

5.4.4 Data summary 

The results showed the combined effects of temperature and solids content on the time­

dependent rheological behaviour of reconstituted milk concentrates. Higher solids content 

and temperature tended to give rise to faster rate of age thickening and subsequently 

shorter gell ing time. Rheological modelling showed that the concentrates shifted away 

from Newtonian behaviour as age thickening progresses, as indicate by a decrease in n . 

An increase in r y and K with storage time indicated structural build-up during age 

thickening, which agreed with the PSD results. 

It should be noted that the reconstituted concentrates from powder A never exceeded 

48% TS due to the rapid rate of age thickening upon heating. For example, at 85°C, the 

48%TS samples gelled almost instantly. 
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5.5 Effect of shear rate duri ng recirculation on the rheological behaviour of 

reconstituted milk concentrates during reconstitution and subsequent heating 

and storage 

It is often argued that the rheology of time-dependent systems is dependent on their shear 

history (e.g. Cheng, 1 987;  Bames, 1 997; B ienvenue et aI., 2003a). Unfortunately most 

publ ications on recombined and reconstituted products provide little information about 

the shear history. In fact, there has been no work to study the effect of shear history 

during recombination on the rheology of reconstituted time-dependent food systems. 

During the commission work of the recombination rig, it was shown that age thickening 

could be suppressed through the use of high shear, moderate temperature, sodium azide 

and thorough cleaning procedures, as documented in chapter 3 .  The effect of shear level 

during recirculation on the rheological behaviour of time-dependent systems was 

investigated in more detail .  

5.5 . 1  Materials and methods 

Medium heat whole milk powder A was mixed to 48%TS for the recirculation 

experiment and 47%TS & 48%TS for the two sets of storage experiments. Whole milk 

powder B was mixed to 50%TS at 35°C. As explained in section 5 .4, concentrates made 

from powder A were only reconstituted to 48%TS and 47%TS as the concentrates at 

50% TS would gel too quickly to be monitored. 

Three sets of experiments were performed to explore three different aspects of the effect 

of shear during mixing. 

• The first set of experiments analysed the effect of recirculating shear rate on the 

l ine viscosity of the milk samples measured off line. 

• The second set analysed the effect of these recirculating shear rates over a fixed 

shearing time on the subsequent rheological behaviour of heated milk products. 
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• The third experiment investigated in more detail the combined effect of shear 

level and shearing time during recirculation on the resultant rheological behaviour 

of the heated time-dependent milk systems. 

As shown in section 5 .4, powder B possessed a longer gelling time as well  as different 

rheological behaviour during age thickening. Thus the results also compared the effect of 

recirculation shear rate on the rheological behaviour of reconstituted concentrates made 

from two different types of whole milk medium heat powder. 

The first set consisted of five experiments, C55-C59, where the reconstituted concentrate 

was recirculated through the rig at 35°C and samples withdrawn from the rig every 1 5  

minutes over a period of 1 80 minutes for rheology measurement. Recirculation was 

carried out with five capillary tubes with different internal diameters to modify the shear 

level applied to the reconstituted milk concentrate systems. The nominal shear rate 

values at the wall of the tube could be estimated assuming the concentrates behaved as 

Newtonian fluids as fol lows 

8V r Newlonian = D (5 .6) 

where V is  the velocity flow rate (m/s) 

D is the inner diameter of the capillary tube (m) 

Powders A and B were used in the first set of experiments as shown in Table 5 .9. 

Table 5.9: Experimental conditions to study the effect of shear rate on the rheology 

of reconstituted whole milk concentrates during recirculation at 35°C 

Tube ID (mm) 1 .76 2.56 3 .76 5 .74 7 .06 

Recirc. Shear Rate (S·I) 40000 1 000  4400 1 200 600 

Powder B C59 C60 C61 C62 

Powder A C63 C64 C65 C66 C67 
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In addition, S repl icate experiments were carrie d  out on both powders A and B to confirm 

the experimental error was within 1 0% (C68-72). 

In the second set of experiments, the whole milk powder A was reconstituted to 48%TS 

and recirculated for 60 minutes at five different shear rates (C73-C77). The reconstituted 

milk solutions were then pumped to a plate heat exchanger with an 1 8  seconds residence 

time to achieve 65°C. The heated solutions were divided into a number of samples and 

stored in a 65°C water bath. The exercise was repeated with powder B 50%TS 

reconstituted concentrates. However, only two recirculation shear rates were tested, 600 

S-I in run C78 and 40,000 S-I 
in run C79. The reconstituted concentrates were heated to 

75°C, instead of 65°C as carried out on concentrates prepared from powder A. 

In the third set of experiments, the whole milk powder A was reconstituted to 47% TS and 

recirculated at two nominal shear rates of 40,000 S- I  (C80) and 600 S-I 
C(8 1 ). Portions of 

the products were withdrawn at intervals of 3 0, 45,  60 and 75 minutes of recirculation 

and pumped through the plate heat exchanger with 1 8  seconds residence time to achieve a 

temperature of 65°C. The heated solutions were stored as before and subjected to 

rheological measurement. 

Particle size distribution (PSD) was measured in runs C67, C80 and C8 1 .  

5.5.2 Results 

5.5.2. 1  Effect of recirculation shear rate o n  the inline rheological behaviour 

The effect of recirculation shear rate on the inIine rheological behaviour of reconstituted 

whole milk concentrates made from powder B is shown in Figure 5 .5 1 .  A decrease in the 

recirculation shear rate resulted in an increase in the initial apparent viscosity. At 40,000 

S-I , the apparent viscosity levelled out after 60 minutes of recirculation. At the two lower 

shear rates, the apparent viscosity increased with recirculation time after 60 minutes of 
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recirculation. In fact, the rate of increase in apparent viscosity after 60 minutes of 

recirculation increased as  the shear rate decreased. 
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Figure 5 .5 1 :  Effect of rec irculation shear rate on the in-line apparent viscosity at 

1 05 .3Pa with recirculation time of the reconstituted milk concentrates .  C59-C62 , powder 

B, 50%TS, 35°C. 

The flow curves for the data in F igure 5 .5 1  were fitted to the Herschel-Bulkley model, 

and the changes in the parameters with recirculation time and shear rate are shown in 

Figure 5 .52. 

The yield stress trend in Figure 5 .52 (a) was anomalous and did not show any consistent 

trend. The yield stress values during recirculation at 4,400 S·1 were higher than the values 

obtained at three other recirculation shear rates. The discrepancy was not s ignificant, and 

could have been due to experimental error or shortcomings in the model fitting. 
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The trend for the consistency coefficients against recirculation time in F igure 5 .52 (b) 

resembled that of the apparent viscosity against recirculation time in Figure 5 .5 1 .  As the 

consistency coefficient reflects the thickness of the systems, it is likely to match the 

trends shown by the apparent viscosity data. Similarity between the trends of consistency 

coefficient and apparent viscosity during age thickening was observed in many cases, as 

will be shown in the data in subsequent sections. The significance of this observation 

will be discussed in section 6 .3 .2.3 .  

The behaviour index for the four curves in Figure 5 .52 (c) initially started below 1 ,  and 

then quickly reached the value of 1 .  The results showed that after 60 minutes of 

recirculation, the reconstituted systems do not show shear thinning behaviour, even at  the 

recirculation shear rate of 600 S·I . Thus, the reconstituted systems essentially behaved as 

Bingbam plastic fluids, showing the flexibility of the Herschel-Bulkley model. 
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Figure 5 .52 :  Changes ill the in-l ine Herschel-Bulkley model parameters during 

recirculation at different shear rate for reconstituted whole milk concentrates . (a) r y ; (b) 

K ;  (c) n .  C59-C62, powder B ,  48%TS, 35°C . 
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Quite different results were obtained when this experiment was repeated with powder A 

as shown in F igure 5 .5 3 ,  which plots the effect of rec irculation shear rate on the changes 

in the inl ine apparent viscosity with recirculation time.  
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Figure 5 .5 3 :  Effect of recirculation shear rate on the inl ine apparent viscosity during 

recirculation at 35°C . C63 -C67, powder A, 48%TS, 35°C .  

At the two higher shear levels (40,000 S·l 
and 1 0,000 S· l), the apparent viscosity remained 

fairly constant over 1 80 minutes of re circulation indicating no age thickening within 1 0% 

experimental uncertainty. Dupl icate experiments confirmed this experimental error 

range. The 40,000 S·l 
data agreed with the earl ier experiments observed during the rig 

commissioning exercise (Chapter 3) within 1 0% experimental error. 

For the three lower shear levels, 600 S·l 
to 4400 S·I

, age thickening increased with a 

decrease in shear level .  This agreed with the trends reported by Snoeren et al . ( 1 982, 

1 984) where the rate of age thickening of skim milk concentrate was inversely 

proportional to shear rate during 4 hours measurement at constant shear rate. 
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Comparison between powders A and B showed that the initial apparent viscosity values 

were similar within the 1 0% error for both powders at the recirculation shear rate of 

40,000 S·l despite the difference in the solids content, with powder A concentrates at 

48%TS and powder B concentrates at 50%TS. 

The rate of in-line age thickening was defined as the rate of change in apparent viscosity 

per minute from when the inl ine apparent viscosity was lowest (usually after 60 m inutes 

of recirculation) to the final data point on the time scale. Figure 5 .54 plots the rates of in­

l ine age thickening with rec irculation shear level for reconstituted milk concentrates 

made from powder A and B. For both powders, below a shear level of 1 0,000 S·l , there is  

an inverse exponential relationship between nominal shear l evel and rates of age 

thickening during recirculation. Above 1 0,000 S·l , the rates of age thickening do not 

change significantly with recirculating shear rate. The rate of age thickening was 

significantly higher in powder A concentrates, particularly at low recirculation shear 

rates. 
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Figure 5 .54 :  Changes in rates of age thickening with nominal shear rates during 

recirculation in reconstituted milk concentrates made from powders A and B.  
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5.5.2.2 Effect of recirculation shear rate on the rheological behaviour of heated 

reconstituted milk concentrates during storage at 75°C for powder B 

concentrates at 50%TS and 65°C for powder A concentrates at 48%TS 

The effect of shear rate during recirculation on the rheology of heated and stored 

reconstituted whole milk concentrates made from powder B in runs C78-C79 is shown in 

Figure 5 .55 .  A lower recirculation shear rate resulted in a faster gell ing time. 

The gelling time can be determined from a plot of the change in the non-standardised 

HLA with storage time, as shown in Figure 5 .56. The time at which the non-standardised 

HLA suddenly decreased was used to indicate the gel ling time. Recirculation at 600 S·1 

resulted in a gel ling time of 400 minutes, compared to 530 minutes when recirculation 

was carried out at 40,000 S·I . The gelling t ime of 530 minutes observed at 40,000 S·1 

agreed well with the 525 minutes of gell ing t ime in run C57 observed in Figure 5 .43 for 

50%TS concentrates made from powder B .  

The averaged apparent viscosity value at the gelling points in Figure 5 . 55  was 0.5 Pa.s. 

This is  sl ightly lower than the 0.6 Pa.s observed for concentrates made from powder B in 

section 5 .4 .  As d iscussed, the apparent viscosity at the gel l ing point can vary 

considerably as significant changes in the rheological behaviour are observed over a short 

time frame near the gelling point. 
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Figure 5 .56: Effect of recirculation shear rate on the hysteresis loop area of the 

reconstituted whole milk concentrates during storage at 75°C. C78-C79, powder B ,  

50%TS, 75°C. 
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Changes in the Herschel-Bulkley model parameters with storage time for runs C78-C79 

are shown in Figure 5.57. T y and K increased while n decreased with storage time as 

expected. The respective degree of increase and decrease of the three parameters was 

more significant when recirculation was carried out at lower shear rates. 

There were again anomalies in the yield stress results. The yield stress T y dropped after 

the gelling point for both curves in Figure 5 .57 (a). The results point to a short coming of 

rheological modelling process used here rather than the changes in the real physical 

behaviour of the reconstituted milk concentrates systems during age thickening. This 

i ssue will be discussed in greater detail in chapter 6. 
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Figure 5 .57 :  Effect of recirculation shear rate on the Herschel-Bulkley model 

parameters during storage at 75°C. Ca) r y ;  Cb) K ;  Cc) n .  C78-C79, powder B, 50%TS, 
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The effect of re c irculation shear rate on the rheology of heated 48%TS reconstituted milk 

concentrates made from powder A in runs C73-C77 is shown in Figure 5 .58 .  The 

40,000S-1 curve agreed with the data in Figure 5 .3 1 in section 5 .4 within 1 0% error. 

In Figure 5 .58, higher recirculation shear rates resulted in longer gelling times, s imilar to 

the observations made with Powder B concentrates. The relationship between 

recirculation shear rate and gell ing time during storage at 65°C is shown in Figure 5 .59. 

The gelling time significantly increased with an increase in recirculation shear rate. 

Above 1 0,000 S-I , this effect is less prominent. 

The results agreed in princ iple with those observed with powder B. However, 

comparison between the data in Figure 5 .58 (powder A) and Figure 5 .55 (powder B) 

showed that the reconstituted concentrates made from powder A gelled at a significantly 

lower apparent viscosity at 0. 1 Pa.s, compared to 0.5 Pa.s for powder B concentrates. 

The gelling times were also significantly shorter for powder A concentrates. This agreed 

with the results in section 5 .4 .  

It is  interesting to note that the powder B concentrates were heated to 75°C, while 

powder A concentrates were only heated to 65°C. It was shown in section 5 .4 that for a 

given powder, the gelling times at higher temperatures usually decreased as the 

temperature increased. When recirculation was carried out at 40,000 S-I , the gelling time 

for powder A concentrate was 90 minutes, compared to 530 minutes in powder B .  Thus, 

powder A concentrates had a faster gelling time even though they were reconstituted at 

2% TS lower and heated at 1 0°C lower than those made from powder B .  
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reconstituted whole milk concentrates during storage at 65°C. C73-C77, powder A, 
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5.5.2.3 Effect of recirculation time and shear rate on the rheology of 47%TS 

heated reconstituted milk concentrates made from powder A d uring storage 

at 65°C 

The results from the third set of experiments, C80 and C8 1 ,  are shown in Figures 5 .60 

and 5 .6 1  respectively. Experiment C80 was conducted at 40,000S-1 and C8 1 at 600s-l . 
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Figure 5 .60: Effects of recirculation time on the apparent viscosity with storage time at 

65°C for 47%TS reconstituted m ilk concentrates that had been sheared at 40,000S-1 

during recirculation at 35°C .  e80, powder A, 47%TS. 
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F igure 5 .6 1 :  Effects of recirculation time on the apparent viscosity with storage time at 

65°C of 47%TS reconstituted milk concentrates that had been sheared at 600s-1 during 

recirculation at 35°C. C 8 I ,  powder A, 47%TS . 

In F igure 5 .60, when the solution was recirculated at 40,000S·I , the gelling time during 

storage was independent of the recirculation time. This complemented the data obtained 

in Figure 5 . 53 where the reconstituted concentrates sheared at 40,000S·1 showed no signs 

of age thickening during recirculation. In other words, when the concentrates were 

recirculated at a high shear rate, the inline viscosity did not change with time, and the rate 

of age thickening and gel l ing time were s imilar regardless of the recirculation time. This 

agreed with the results obtained in experiment A9 during the commissioning trials with 

the recombination rig, as discussed in section 3 .2 .2 . 3 . 

Figure 5 .6 1  clearly showed that when recirculation took place at 600s·l, recirculation time 

had a s ignificant influence on the rates of age thickening during storage. Longer 
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recircul ation times at 600s·1 resulted in higher initial viscosity and subsequently shorter 

gell ing time when the concentrates were heated and stored at 65°C . 

5.5.2.4 Changes in PSD of powder A reconstituted concentrates during 

recirculation and storage 

The PSD was analysed only in reconstitution experiments with powder A. The PSD of 

the reconstituted concentrates in runs C67 (recirculation at 600 S·I ), C80 (recirculated at 

40,000 S·I for 60 minutes and then heated ) and C8 1 (recirculated at 600 S·
I for 60 minutes 

and then heated), and these are plotted in Figures 5 .62, 5 .63 and 5 .64 respectively. The 

concentrates were allowed to recirculate 
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Figure 5 .62 : Changes in particle size distribution with recirculation time during 

recirculation at 600s·1 at 3 5°C. Run C67, powder A, 48%TS, 3 5 ° C .  
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Figure 5 .64 :  Changes in particle size d istribution with storage time at 65°C when the 

milk concentrates were sheared at 600s· 1 at 35°C. Run C8 l ,  powder A, 47%TS, 65°C. 
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During rec irculation, little change was observed in the particle distribution profile (Figure 

5 .62 with run C67), but more s ignificant shifts were noticed when the reconstituted 

systems were heated and stored at 65°C. F igures 5 .63 and 5 .64 showed an obvious shift 

from a mono-modal to a bimodal particle size distribution with storage time at 65 °C . 

Similar changes in the PSD during age thickening were observed by Bienvenue et al. 

(2003a, 2003b) in 45% TS fresh skim milk concentrates stored at 50°C. 

The appearance of the second peak occurred at a faster rate in Figure 5 .64 compared to 

Figure 5 .63 , indicating that the rate of aggregation during storage occurred faster when 

the system was reconstituted at a lower shear rate. 

The aggregation profile was determined from the PSD curves in Figures 5 .62-5 .64. The 

changes in the aggregation profile were compared against the changes in apparent 

viscosity during recirculation in run C67 (Figure 5 .65) and storage in runs C80 (Figure 

5 .66) and C8 } (Figure 5 .67). 

During recirculation at 600 S·l and 35°C there was a 1 % increase in the volume 

percentage of particles larger than 2J.llll, compared to a 1 00% increase in apparent 

viscosity. In agreement with the PSD results obtained below 65°C shown in section 5 .4,  

the volume percentage of particles > 2 /-Lm in run C67 did not increase with an increase in 

apparent viscosity. 

Upon heating to and storage at 65°C, the PSD increased with storage time during age 

thickening. The trend was more prominent at lower recirculation shear rate. The 

increase in PSD with storage time followed a similar trend to that of the apparent 

viscosity. 
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Figure 5 .65 :  Comparison of the changes in apparent viscosity with the aggregation 

profile during recirculation at 600 S-I at 3 5°C. Run C67, powder A, 48%TS, 35°C. 
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Figure 5 .66: Comparison of the changes in apparent viscosity with the aggregation 

profile during storage at 65°C. Recirculation was carried out at 40,000S-1 for 60 minutes. 

C80, powder A, 47%TS, 65°C. 
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Figure 5 .67: Comparison of the changes in apparent viscosity with the aggregation 

profile during storage at 65°C. Recirculation was carried out at 600s·1 for 60 minutes. 

C8 1 , powder A, 47%TS, 65°C. 

5.5.3 Data summary 

The results showed that the shear h istory during recirculation has a significant effect on 

the rheological behaviour of the reconstituted milk concentrates. Higher recirculation 

shear rates decreased the rate of age thickening during recirculation and during 

subsequent heating ad storage. At shear rates above 1 O,OOOS-I , no age thickening was 

observed during recirculation at 35°C for reconstituted milk concentrates made from 

powder B.  
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5.6 Effect of temperature during recirculation on the rheological behaviour of 

reconstituted whole milk concentrates during reconstitution and subsequent 

heating and storage 

The dependence of viscosity of fresh and reconstituted milk concentrate systems on 

temperature has been studied by many authors (Beeby, 1 966; B loore & Boag, 1 98 1 ;  

Snoeren et aI . ,  1 982; Snoeren, Brinkhuis et aI . ,  1 984 ; Trinh & Schrakeenrad, 2002). The 

viscosity decreases with an increase in temperature, shows a minimum in the temperature 

range of 60-70°C, and then increases at higher temperatures. 

Another aspect of the rheological behaviour of milk concentrate systems is age 

thickening, which occurs at a faster rate at high temperature (Snoeren, B rinkhuis et aI., 

1 984). 

This work analyses the effect of temperature during recirculation on the rheological 

behaviour of reconstituted whole milk concentrates. 

5.6. 1 Materials and method 

Whole milk powder A was reconstituted to 48%TS + 0.5%TS and powder B was 

reconstituted to 50% TS ± 0.5 % TS at 40,000 S-I . 

Two sets of experiments were performed. The first set of experiments investigated the 

effect of recirculating temperature on the changes in inline viscosity with time. 

Reconstituted concentrates made from powder A were mixed at 35°C (run C82) and 45°C 

(run C83) at 40,000 S-I . Powder B concentrates were recirculated through the rig at three 

different temperatures, 35°C (run C84), 45°C (run C85) and 65°C (run C86) at the shear 

rate of 40,000S-I . Samples were withdrawn from the rig every 1 5  minutes over a period 

of 1 20 minutes for rheological measurement. 

CONTROLLED RHEOLOGY EXPERlMENTS 255 



In the second set of experiments, the powder was again reconstituted and recirculated at 

40,000S-1 for 60 minutes at four temperatures. For powder A concentrates, the solutions 

were made to 48% TS and the runs at different recirculation temperatures were as follows; 

35°C-C87, 45°C-C88, 55°C-C89 and 65°C-C90. The solutions were heated and stored at 

65°C. For powder B 50%TS reconstituted concentrates, two recirculation temperatures 

were tested, 55°C in run C91 and 65°C in run C92. However, the reconstituted 

concentrates in these two runs were heated to 75°C, instead of 65°C as carried out in the 

runs C87-C90. 

An additional 3 further replicate experiments (runs C93-C95) were carried out to ensure 

that the data were within the 10% error as suggested in the previous recombination rig 

commissioning trials. Table 5 . 1 0  lists the run numbers. 
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Table 5 . 1 0 : Reconstitution conditions for experiments C82-C92. 

Run # Powder Experiment Recir. Temp. PHE Heating Recirc. Shear 

(OC) Temp. (OC) (S-I) 

C82 A Recirc. 35 N/A 40,000 

C83 A Recirc. 45 N/A 40,000 

C84 B Recirc. 35 N/A 40,000 

C85 B Recirc.  45 N/A 40,000 

C86 B Recirc.  65 N/A 40,000 

C87 A Heating 35 65°C 40,000 

C88 A Heating 45 65°C 40,000 

C89 A Heating 55 65°C 40,000 

C90 A Heating 65 65°C 40,000 

C91 B Heating 55  75°C 40,000 

C92 B Heating 65 75°C 40,000 

5.6.2 Powder A results 

5.6.2.1 Effect of recirculation temperature on the inline rheological behaviour 

Figure 5 .68 plots the changes in the inline apparent viscosity during recirculation in 

47%TS reconstituted concentrates made from powder A. Recirculation at 35°C resulted 

in no increase in apparent viscosity during recirculation. This agreed with the results 

obtained from the recombination rig commissioning trial discussed in chapter 3 .  

Recirculation at 45°C, however, resulted in  a significant increase in apparent viscosity 

after 45 minutes of recirculation . The gap between the 35°C and 45°C results was greater 

than the nominal 1 0% experimental error. 
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Figure 5 .68: Effect of recirculation temperature on the inline apparent viscosity with 

recirculation time at shear level of 40,000S·I . C82-C83 ,  powder A, 4 8%TS. 

5.6.2.2 Effect of recirculatioD temperature OD the rheological behaviour of stored 

samples at 65°C 

Figure 5 .69 plots the change in apparent viscosity with storage time at 65°C. The 35°C 

curve agreed well with the data in Figure 5 .3 1 where the solution was mixed at 35°C and 

heated to 65°C. 

Figure 5 .69 clearly shows all four curves displayed similar two-stage age thickening­

gelation characteristics. However, an increase in mixing temperature from 3 5°C-65°C 

resulted in a decrease in the gelling time, with a particularly strong influence when 

mixing was carried out at 65°C. 
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Figure 5 .69: Effect of recirculation temperature on the apparent viscosity during 

storage at 65°C. C87-C90, powder A, 48%TS.  

5.6.3 Powder B results 

5.6.3.1 Effect of recirculation temperature on the inline rheologica l behaviour 

Figure 5 .70 plots the inline apparent viscosity at the shear stress of 1 05.3 Pa against 

recirculation time at three temperatures. The initial apparent viscosity decreased with an 

increase in recirculation temperature. This is expected as viscosity is widely known to 

have an inversely proportional relationship with temperature (Steffe, 1 992). 

After 60 minutes of recirculation, the viscosity-time curve for reconstitution temperatures 

of 35°C and 45°C levelled out and showed no signs of increase in viscosity. The slight 

increase in the 65°C curve was within 1 0% error with the other two curves at lower 

recirculation temperatures. Therefore, it was difficult to analyse the effect of heating to 

65°C during recirculation on the inline viscosity. 
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Figure 5 .70: Effect of recirculation temperature on the inline apparent viscosity with 

recirculation time at shear level of 40,000S·1 . C84-C86, powder B, 50%TS. 

5.6.3.2 Effect of recirculation temperature on the rheological behaviour of stored 

samples at 75°C 

Figure 5 .7 1 plots the effect of recirculation temperature on the apparent viscosity during 

storage at 75°C in 50%TS reconstituted concentrates made from powder B.  The 35°C 

data was from run C79 in section 5 .5 .  The 35°C essentially represented the control 

experiment. 

An increase in the recirculation temperature to 55°C had l ittle effect on the gelling time. 

However, recirculation at 65°C resulted in a significant decrease in the gelling time. This 

agreed with the data shown in Figure 5.70. Obviously, the effect of heating during 

recirculation on rheological behaviour was more prominent when the milk solutions were 

heated and stored at elevated temperature. 
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Figure 5 .7 1 :  Effect of recirculation temperature on the apparent viscosity during 

storage at 75°C. C9 1 -C92, powder B, 50%TS.  

5.6.4 Data summary 

Recirculation temperature during reconstitution has a significant effect on the rheological 

behaviour of downstream time-dependent products. Even at shear rates above I O,OOOS-I , a 

high temperature can still give rise to age thickening during recirculation. This critical 

temperature is dependent on product specification. 
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5.7 Effect of shear and residence time during heating on the rheology of 

reconstituted whole m ilk concentrates 

Heating is important in the food industry as it is used for cooking, pasteurisation and 

sterilisation. Heat exchangers come in a wide range of designs, such as parallel plate, 

shell and tube, scraped surface and direct steam injection. 

The design and operation of heaters are generally geared to the flow rate of the products 

and the required heating temperature. The shear and temperature history profiles during 

heating are often overlooked, and their effects on the rheology of heated or cooled time­

dependent systems are thus unknown. 

As shown in sections 5 .5 and 5 .6, shear and temperature histories during recirculation 

have a significant effect on the rheology of heated products. Even though the residence 

time inside the heater during heating may be relatively short (less than one minute), the 

history of processing conditions may significantly affect the rheological profile of the 

heated products. 

This section investigates the effect of shear level and residence time (i .e. the duration of 

shear applied) during heating on the rheology of reconstituted whole milk concentrate 

systems. 

5.7.1 Materials and methods 

Whole milk powder B was mixed to 50%TS ± 0 .5%TS. After 60 minutes of 

recirculation, reconstituted milk concentrates were heated and stored at 75°C. The flow 

rate and the residence time of the milk concentrates inside the plate heat exchanger (PHE) 

were controlled by varying the speed of the mono pump and the number of plates of the 

PHE respectively. Two flow rates of 80Llhour and 40Llhour and three different numbers 

of plates, 6, 1 0  and 20 plates were used. The milk products only make one pass through 
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the PHE and the plates are in series, i .e .  one plate after another. The flow rate affects the 

shear rate and the residence time, while the number of plates only affects the residence 

time of the milk concentrates during heating. It is important to note that the flow rate of 

80 Llhour was maintained during recirculation to achieve the desired shear rate of 

40,000S-I . The flow rate was modified to the appropriate setting only when the 

reconstituted concentrates were ready to be heated. 

The temperature and flow rate of the hot water were recorded for all experiments. The 

testing variables during experimentation are listed in Table 5 . 1 1 .  

Table 5 . 1 1 :  Operating parameters during heating experiments. 

Run C96 C97 C98 C99 C 1 00 C 1 0 1  

Plates 6 6 1 0  1 0  20 20 

Flow rate (L/bour) 80 40 80 40 80 40 

Solids Content (%TS) 5 1 .07 50.5 50. 1 2  49.7 50.5 50.8 

Residence time (s) 1 0 . 1 7  1 4 .03 1 3 .5 1 7 .89 1 8  22 

Milk temperature (OC) 77 76.8 76.2 76.5 77.5 77 

Hot water flow 247. 1 225 .7 228.4 205 .8 22 1 .3 249. 1 

(kg/bour) 

Hot water inlet (OC) 84.6 82 83 .4 82.7 84 8 1 .6 

Hot water outlet (CC) 82.8 79.04 82 . 1  8 1 .7 83 . 1  78 .9 

One replicate run (C I 02) was carried out as a duplicate to run C I OO with 20 plates and 80 

Llhour. 

5.7.2 Results 

5.7.2.1 Age thickening during storage 

Figures 5 .72-5 .74 plot the change in apparent viscosity during storage at 75°C when 

heating was carried out with 20, 1 0  and 6 plates respectively. In each figure, two curves 
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were plotted for each flow rate of 80Llhour and 40Llhour. The axis scales on all three 

graphs were identical . 
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Figure 5 .72 :  Effect of flow rate during heating on the rheology of reconstituted milk 

concentrates during storage at 75°C. C96-97, powder B, 50% TS, 6 plates. 
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Figure 5 .73 :  Effect of flow rate during heating on the rheology of reconstituted milk 

concentrates during storage at 75°C. C98-99, powder B, 50%TS, 10 plates .  
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Figure 5 .74: Effect of flow rate during heating on rheology of reconstituted milk 

concentrates during storage at 75°C. C I 00- 1 0 1 ,  powder B, 50%TS, 20 plates. 

1 000 

All curves in Figures 5 .72-5.74 displayed similar characteristics, where a gradual increase 

in viscosity with storage time was first observed, fol lowed by a sudden break point and a 

significant increase in viscosity thereafter. 

From the flow curves, the non-standardised �A were determined and used to determine 

the gelling points. The effects of flow rate and number of plates during heating on the 

gelling time of the 50% reconstituted whole milk solutions are shown in Figure 5 .75.  

Figure 5 .75 showed that a decrease in the flow rate during heating resulted in a longer 

gelling time. Secondly, a minimum gelling time was observed at 1 0  plates for both flow 

rates. There is  no apparent explanation for this minimum and it is unclear whether it is 

the 6 plates or the 1 0  plates data that are anomalous. 
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Figure 5 .75 :  Effect of shear rate and number of plates during heating on the gel l ing 

time of heated products during storage. 

Another set of experiments was conducted under the same conditions, but using a 

different batch of reconstituted whole milk concentrates (results not shown). The gel l ing 

time again showed a minimum at 10 plates. Thus the observed trend is reproducible. 

However, there were insufficient data to identify the underlying mechanism that gave the 

6 plates result. 

It is also interesting to note the variation in the apparent viscosity at the gelling points in 

Figures 5 .72-5 .74. For the 6 and 20 plates experiments in Figures 5 .72 and 5 .74 

respectively, the gelling point occurred at a viscosity around 0.5 Pa.s, which agreed with 

previous results in sections 5.4, 5 .5  and 5 .6. In Figure 5 .73 with the 1 0  plates 

experiment, gelling occurred at approximately 0.3 Pa.s, which was considerably lower 

than that observed for the other two experiments and previous results. 
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5.7.2.2 Rbeological modelling 

The changes in the Herschel-Bulkley model parameters with storage time in runs C90-

C91 with 20 plates are shown in Figure 5 .76. The trends in the values of K and n were 

similar to those previously observed, where K increases and n decreases with storage 

time during age thickening. 'y on the hand displayed some unusual behaviour, as seen 

in Figure 5 .76 (a). 
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Figure 5 .76: Effect of flow rate during heating on the Herschel-Bulkley model 

parameters during storage at 75°C in a hot water bath. (a) 'y ; (b) K ;  (c) n .  C90-C9 1 ,  

powder B ,  50% TS, 2 0  plates. 
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r y initially increased with storage time during age thickening, indicating an increase in 

the initial resistance to deformation upon an application of shear. Thus, the structure was 

building into a stronger network that had a h igher initial resistance to deformation. 

However, r y then suddenly dropped significantly after gelation. This was observed in 

other runs in this series of experiments. Similar observations in the yield stress trends 

were also made in section 5 .6. The estimates of yield stress obtained after gelation were 

distorted by the modelling process which will be discussed in more detail in chapter 6.  

The drop in  yield stress after gelation should be ignored for the time being. 

The changes in the consistency coefficient, K ,  with storage time once again showed 

similar trends to that of the apparent viscosity. 

5.7.2.3 Changes in PSD during age thickening 

Figure 5 .77 plots typical changes in PSD curves obtained during storage in run C97 with 

6 plates at 40 Llhour. The curves shifted from a mono-modal to a bimodal mode, 

indicating an aggregation process during age thickening. 
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Figure 5 .7 7 :  Change in particle s ize distribution during storage of heated reconstituted 

whole milk concentrates. C97, powder B, 50% TS, 75°C, 6 plates, 40 Llhour. 

The aggregation profile was detennined from the changes in the volume percentage of 

particles l arger than 2 Ilm. The aggregation profi le was compared with the changes in the 

apparent viscosity during age thickening (Figure 5 . 78). The two curves showed similar 

trends, where a significant increase in apparent viscosity and aggregation profile were 

observed after 740 m inutes of storage which was the gel l ing point. 
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Figure 5 .78 :  Comparison of the changes in the apparent viscosity and the aggregation 

profile with storage time during age thickening at 75°C. C97, powder B ,  50% TS, 75°C, 

6 plates, 40 Llhour. 

5.7.3 Summary 

During heating, the residence time (seconds) inside the PHE is very short in comparison 

to the age thickening time during storage (hours). However, the shear history profile 

during this critical short period has a s ignificant effect on the rheological behaviour of the 

heated time-dependent milk concentrates during storage. The effects of residence time 

and shear history during heating on the rheological behaviour of the heated time­

dependent products still require more detailed investigation before a solid conclusion can 

be drawn. 
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S.S Age thickening of skim and whole milk concentrates- TEM, rheology, PSD 

The mechanism of age thickening of reconstituted milk concentrates at h igh 

temperature is still largely unknown. Information with regard to different aspects of 

age thickening has been discovered independently. Temperature is known to have an 

effect on apparent viscosity (Bloore & Boag, 1 98 1 ;  Tang et aI. , 1 998;  Trinh & 

Schrakeenrad, 2002) and age thickening (Velez-Ruiz & Barbosa-Canovas, 1 998, 

2000). Anema and Klostermeyer ( 1 997), Anema ( 1 998, 2000), Anema and Li (2003), 

and Anema et al. (2004) studied the effect of temperature on the compositional 

changes, in particular the dissociation kinetics of casein and its interaction with 

denatured whey proteins. No age thickening study was carried out. Velez-Ruiz and 

Barbosa-Canovas ( 1 997, 1 998) used a rheological approach to study age thickening of 

fresh milk concentrates, and Velez-Ruiz and Barbosa-Canovas (2000) also used TEM 

techniques to reveal some insights into the structural changes of the fat globules. 

TEM has also been used by others to show the interaction between casein via whey 

protein bridges (Sawyer, 1 969), as well  as participation of fat (Defelipe et aI. , 1 99 1 )  

during heating. 

This section uti lises several methods of rheological and structural measurements to 

provide a comprehensive picture of the age thickening process. These techniques 

include shear sweep measurements, particle size analysis, as well as TEM. 

S.S.1 Materials and methods 

Whole milk powder B and skim milk powder C were used in this experiment. Whole 

milk powder B was reconstituted to 50%TS in run C I 03 ,  while skim milk powder C 

was mixed to 47%TS in run C I 04. 

Reconstitution was carried out at 35°C and 40,000S·I . After 60 minutes of 

recirculation, reconstituted milk concentrates were heated to 75°C, and subsequently 

stored in a water bath. 
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In run C I 03 with whole milk concentrates, rheological measurement, particle size 

distribution and TEM analysis were carried out. In run C I 04 with skim milk powder 

C, only TEM was conducted. 

5.8.2 Results 

5.8.2.1 Age thickening in reconstituted whole m ilk concentrates 

5.8.2 . 1 . 1  Rheological measurement 

The apparent viscosity at the reference shear stress of 1 05 .3  Pa was p lotted against 

storage time, shown in Figure 5 .79.  The apparent viscosity curve increased steadily 

with storage time. No gel l ing point was detected. This  was expected as the apparent 

viscosity only reached 0.3 Pa.s after 350 minutes of storage, whereas previously, 

gelation in powder B concentrates at 50%TS and 75°C occurred at the apparent 

viscosity of 0.5 Pa.s and 550 minutes, as observed in sections 5 .4,  5 . 5  and 5 .7 .  
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Figure 5 .79: Changes in the apparent viscosity at 1 05 .3  Pa with storage time during 

age thickening at 75°C. Run C I 03 ,  whole milk powder B, 5 0%TS .  

CONTROLLED RHEOLOGY EXPERIMENTS 272 



The flow curves were fitted to the Herschel-Bulkley model, and the changes in the 

model parameters with storage time are p lotted in Figure 5 . 80. As expected, K and 

i y increased while n decreased with storage time during age thickening. Even 

though the trends for K and n fol lowed smoothly with storage time, i y however 

displayed an unusual drop after 270 minutes of storage as shown in Figure 5 .80 (a). It 

was expected that i y would continue to increase with time due to the development in 

structure during age thickening. This unusual data point for the yield stress curve c an 

either be attributed to experimental error during sampling and measurement, or to the 

weakness of model fitting as discussed in chapter 6 .  
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Figure 5 .80: Changes in the behaviour index, n, of the Herschel-Bulkley model with 

time for a 50%TS reconstituted whole milk concentrate during storage at 75°C. Run 

C I 03 ,  whole milk powder B, 50%TS. 
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5.8.2.1 .2 PSD 

The PSD for the 50%TS whole milk concentrate during storage is shown in Figure 5 . 8 1 .  

The particle size distribution shifted from a mono-modal to a bi-modal mode, indicating 

aggregation between particles. The change in the percentage of particles b igger than 2 

Ilm was determined and plotted against the change in apparent viscosity with storage 

time, shown in F igure 5 . 82.  The two curves displayed similar trends indicating the close 

relationship between particle size distribution and apparent viscosity. 
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F igure 5 .8 1 :  Change in particle size distribution of the 50%TS reconstituted whole milk 

concentrates during storage at 75°C.  Run Cl 03, whole milk powder B. 

CONTROLLED RHEOLOGY EXPERIMENTS 275 

\ 



0.4 ,----------------------------, 30 

U) 0.3 
� -
� 
Cl) o 
� 0.2 :> 

.. 
c: f ca Cl. 
Cl. 
< 0.1 -+- Apparent Viscosity 

-11- Aggregation Profile 

.... 0 _  
20 & �  

J! E 
i �  � " 
CD Cl) 

Q. CD 
CD U  
E :e 

1 0  .a � � 

o �-----�------�-----�-----� 0 
o 1 00 200 

Storage Time (min)  
300 400 

Figure 5 .82 :  Comparison of the changes in the aggregation profile and apparent 

viscosity with storage time at 75°C during age th ickening for the 50%TS reconstituted 

whole milk concentrates. Run C l03,  whole milk powder B .  

5.8.2 . 1 .3 TEM 

Figures 5 .83-5 .85 show the changes in structure during age thickening in reconstituted 

whole milk concentrates over 340 minutes of storage at 75°C at three different 

magnifications, 3200x in Figure 5 .83 ,  9 1 00x in F igure 5 .84 and 20600x in F igure 

5 .85 .  The large oval shaped particles represent the fat globules, while the dark c ircles 

are the casein micel les. Denatured whey protein can sometimes be seen as 

filamentous appendages. 
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Figure 5 . 83 :  Age thickening in  reconstituted whole milk concentrates during storage 

at 75°C. Magnification 3200x. Storage time: (a) 0 min, (b) 1 50 min, (c) 270 min ,  (d) 

340 min. Run C I 03 ,  whole milk powder B, 50%TS, 75°C. 

In Figure 5 .83 (a), during the initial stage of age thickening, the fat globules and the 

casein micel les are scattered randomly through the dispersed phase. As age 

thickening progressed, clusters are formed, where the fat globules are buried within 

the casein network (Figure 5 .83 (b )-( d)). 
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Figure 5 .84: Age thickening in reconstituted whole milk concentrates during storage 

at 75°C.  Magnification 9 1 00x. Storage time: (a) 0 min, (b) 1 50 min, (c) 2 70 min, (d) 

340 min. Run C I 03 ,  whole milk powder B, 50%TS, 75°C. 

Under higher magnification (Figure 5 . 84), the association of the casein micelles with 

the fat globules membrane is better discerned. Initial ly, caseins occupy random sites 

on the membrane and are individual ly attached, as evidenced by distinct humps on the 

perimeter of the fat globules (Figure 5 .84 (a) and (b» . During age thickening, the 

adsorbed caseins fuse and form a continuous layer which eventually covers most or 

all of the available fat globule membrane (Figure 5 .84 (c) and (d» . 

Aggregation between casein micelles can be readily seen at 20600x magnification 

(Figure 5 .85 (a» . Fusion of globular casein micel les is shown by the large dark 

formations, often of an oval shape. The progressive casein aggregation on the surface 
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of the fat globules with storage time is evident in  the growth of the dark bands that 

suggest direct casein-casein interactions. 

Figure 5 .85 also shows a light shaded area surrounding the free casein micel les as 

well  as the adsorbed caseins on the fat globules. The l ight shaded area h as been 

observed by others authors and could represent the hairy x-casein layers (Beaulieu et 

aI. , 1 999; McKenna, Lloyd, & Munro, 1 999; Velez-Ruiz & Barbosa-Canovas, 2000). 

In Figure 5 .85 (a)-(d), faint fi lamentous connections between the casein micelles can 

be seen. These fi laments have been observed previously (Harwalkar & V reeman, 

1 978 ;  Koning et aI . ,  1 985;  Kalab, 1 993) and are thought to represent the presence of 

denatured whey proteins, acting as cross-linking bridges between casein micel les 

(Carroll et aI., 1 970; Davies et aI., 1 978;  Kocak & Zadow, 1 985;  Defelipe et aI., 

1 99 1 ). 

Figure 5 .85  (d) also shows that the fat globules interact with one another and with the 

casein network through the adsorbed casein micelles. This implies that the fat 

globules can only participate in the protein network via the adsorbed protein layers on 

the membrane.  
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Figure 5 .85 : Age thickening in reconstituted whole milk concentrates during storage 

at 75°C. Magnification 20600x. Storage time: (a) 0 min, (b) 1 50 min , (c) 270 min, 

(d) 340 min. Run C 1 03 ,  whole milk powder B, 5 0%TS, 75°C. 

5.8.2.2 Age thickening in reconstituted skim milk concentrates 

Figures 5 .86 and 5 .87  show the changes in structures during age thickening in the 

reconstituted skim mi lk concentrate samples over 4 hours of storage at 75°C at two 

different magnifications, 3200x in Figure 5 .86 and 20600x in Figure 5 .87 .  

The first obvious observation in the Figures 5 .86 and 5 .87 is the absence of opaque 

circles which represent fat globules in TEM images. The dark black c ircles and 
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blotches represent casein micelles and aggregates. The background area is the serum 

protein. 
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Figure 5 .86 :  Age thickening in reconstituted skim milk concentrates during storage 

at 65°C. Magnification 3200x. Storage time : (a) 1 hour, (b) 2 hours, (c) 4 hours. Run 

C I 04,  skim milk powder C, 50%TS, 75°C. 

In Figure 5 .86 (a)-(c), there is  an increase in the number of observable casein particles 

per given area of image during age thickening. As all samples were made with the 

same dilution ratio, a given area of image presents the same portion of milk sample 

being examined. Therefore during age thickening, the case ins organise into some 

form of distinct cluster network. 
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At the initial stage of age thickening seen in Figure 5 .86 (a), the casein micelles are 

already in loose cluster network. .Most casein micel les retain the globular shapes. As 

age thickening progresses, the caseins associate with one other and form clusters. 

Figure 5 .86 (c) clearly show formation of distinct groups of case ins, which are c losely 

associated. 

The size of the casein micelles increases with age thickening. This is more readily 

seen at high magnification shown in Figure 5 .87 .  Initially, the casein micelles are 

globular, ranging in size between 0 1 -0.3 nm, which agreed with others, (e.g. Kalab, 

1 993 ; Lucey, 2002). It is important to remember that the solution is a reconstituted 

system made from powder which has received both heat and shear treatments during 

the manufacturing process. After 2 hours of storage, visible indications of 

aggregation between two or more casein micelles are apparent. This results in 

formation of casein aggregates (Figure 5 .87 (c» , which are more than 3 times larger 

than the individual casein micel les (Figure 5 .87 (a» . It is unclear whether the 

increase in size of the casein micelles is  caused by the increase in size of the micelles 

themselves or due to the aggregation process between micelles or both. 

In Figure 5 .87, there is a light shaded area surrounding the casem micelles and 

aggregates. It is uncertain whether or not these light shaded areas represent layers of 

K-casein as depicted in  the casein models by Walstra et  a l .  ( 1 999). Careful 

observations of Figure 5 .87 suggest the presence of denatured whey protein to provide 

cross-linkages between casein micelles and aggregates. This has been observed by 

Sawyer ( 1 969) for skim milk concentrates. 
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Figure 5 .87:  Age th ickening in reconstituted skim milk concentrates during storage 

at 65°C. Magnification 20600x. Storage time: (a) 1 hour, (b) 2 hours, (c) 4 hours. 

Run C I 04, skim milk powder C, 5 0%TS, 75°C. 

5.8.3 Data summary 

TEM i mages showed that casein m icel les playe a crucial role in the formation o f  

aggregates and eventually a gel network during age thickening. I n  whole milk, the fat 

globules could only takes place in the build-up structure via the adsorbed protein layer 

on the DFGM. While in skim milk,  the casein micel les grew bigger during age 

thickening and even fused together to form larger aggregates. Linking bridges were 

observed in both systems, which may represent the denatured whey proteins. 
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5.9 Direct experimental proof of irreversible changes during age thickening 

The irreversibility of the age thickening and gelation processes has often been linked to 

the denaturation of whey proteins and their interactions with other whey proteins as well 

as casein micelles to form permanent aggregates (e.g. Jeurnink & Dekrui£ 1 993 ; 

Schorsch et aI ., 200 1 ). Denaturation of whey proteins is an irreversible process that 

results in exposed free thiol groups that can form covalent disulfide bonds. 

Proof of the irreversibility of the changes in structure and rheological behaviour during 

age thickening comes in several forms. SDS PAGE (polyacrylamide gel electrophoresis 

using sodium dodecyl sulfate) has been used to show irreversible changes in the 

concentration of each individual protein during heating (e.g. Dalgleish, 1 990; Anema & 

Li, 2003). Changes in PSD during age thickening have been associated with irreversible 

changes in the structure (Bienvenue et aI . , 2003a, 2003b). An increase in viscosity at 

high shear rate has also been taken as an indication of a permanent structural change. 

Bienvenue et al. (2003a, 2003b) noted that the apparent viscosity at 1 000 S- I during 

measurement increased with storage time. They considered this as sufficient evidence to 

prove irreversibility by high shear. 

Snoeren et al . ( 1 982) uti lised extrapolated viscosity at infinite shear as a measure of the 

basic viscosity, while the increase in viscosity during age thickening constitutes the 

structural viscosity. Snoeren et al . ( 1 982) argued that the changes in structural viscosity 

during age thickening were "almost completely" disrupted by maximum agitation, as 

evidenced by the mild increase in the extrapolated viscosity at infinite shear rate with 

storage time. However, they did not provide direct experimental proof that the structure 

formation during age-thickening could be dismantled completely by shear. 

This section proposes a novel experimental method to investigate the irreversibility by 

high shear of the age thickening process. As shown in section 5 .5,  a shear rate of 

40,000S-1 can minimise the onset of age thickening during recirculation. At this h igh 
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shear rate, the apparent viscosity approaches the upper Newtonian region, and one can 

assume that the structure is substantially broken down to its individual elements, and any 

further break down is not possible. Therefore, an increase in viscosity at 40,000 S·l 

indicates that these individual elements have either increased in size (which may increase 

the volume fraction) or formed strong bonds that cannot be destroyed by h igh shear 

processes. This is a strong evidence that some irreversible changes have taken place in 

the system during age thickening. 

Adopting this principle, we set out to measure the apparent viscosity, standardised HLA, 

Herschel-Bulkley parameters and PSD of milk concentrates after alternate age thickening 

and high-shear disruption cycles. The reconstituted milk concentrates were prepared as 

normal with mixing carried out at 35°C and 40,000 S·l . The concentrates were allowed to 

age thicken at different temperatures for a predetermined period, re-sheared at 40,000 S-l 

for 60 minutes, and then age thickened under similar storage conditions as before. If the 

application of the second high shear recirculation step returned the system to its original 

state, it could be taken that the observed changes were fully reversible. On the other 

hand, if the system could not be fully returned to its original condition, this would be 

proof that there had been some irreversible changes. 

5.9. 1 Materials a nd methods 

Whole milk powder B was reconstituted to 49.5 %TS ±0.5 %TS at 35°C and 40,000 S-l 

for one hour in run C 1 05. No additional heating was carried out and the reconstituted 

concentrates were stored at 35°C for 23 hours. Rheological measurements, pH and PSD 

analysis were carried out at regular intervals. One hour cycle of recirculation is the 

standard reconstitution protocol that has been applied to all previous reconstituted 

concentrates. 

After the first 23 hours of storage, the remaining volume of sample was put back in the 

rig to be recirculated at 40,000 S-l for 60 minutes. Note that the rig received a CIP wash 

before the second recirculation run. The twice-recirculated concentrates were then stored 
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at 35°C in a water bath for an additional 23 hours after which rheological measurement 

and PSD analysis were carried out. 

Solids content measurements were carried out after the first and second cycle of 

recirculation. The change in pH during age thickening was also monitored. 

The exercise was repeated in run C I 06 with a 47 .5%TS concentrates made from powder 

B. The reconstituted concentrates were heated to 75°C. After the first storage step which 

lasted just over 1 300 minutes, the concentrates were recirculated for 60 minutes at 40,000 

S-1 and 75°C before being stored again at 75°C. However, there was only enough sample 

for two measurements. PSD and rheological measurements were carried out. The 

change in pH was not monitored for this run at 75°C. 

5.9.2 Results 

5.9.2.1 Irreversibility at 35°C 

The solids content measurements for the two sets of data are shown in Table 5 . 1 2 .  It was 

difficult to completely empty out the recombination rig after the CIP run because of water 

hold up in the mono pump. Table 5 . 1 2  clearly showed that some dilution occurred during 

the second recirculation cycle, where the solids content dropped from 49.4 %TS to 

48%TS. 

Table 5 . 1 2 : Changes in solids content after recirculation 

After first After second 

recircula tion recirculation 

%TS 49.4 

49.5 

49.4 

Average 49 .4 
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Figure 5 .88 plots the change in apparent viscosity with storage time during age 

thickening in the concentrates after one and two cycles of recirculation at 40,000 S-I .  
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Figure 5 .88 :  Change in apparent viscosity with storage time during age thickening at 

35°C. Run C 1 05,  powder B, 49.4%TS, 35°C. 

After one cycle of recirculation, the initial and the rate of change in viscosity with storage 

time were slightly lower than that observed in Figure 5 .43 in section 5 .4.3 . 1  where a 

50%TS concentrates made from powder B was stored at 35°C. The slightly lower solids 

content of 49.4 %TS may have contributed to these discrepancies. 

The application of the second cycle of recirculation reduced the apparent viscosity 

significantly, from 0.59 Pa.s (the last point on the "after first recirculation" curve) down 

to 0 . 1 4  Pa.s (the first point on the "after second recirculation" curve). Comparison of the 

initial apparent viscosity between the two curves showed a 25% increase. The RAT was 

detennined from equation 5 .4, and a 22% increase was observed after the second 

recirculation step. 
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Given the reduction in solids content by dilution after the second recirculation step, it is  

reasonable to suggest that the initial apparent viscosity and RAT after the second 

recirculation step would have been even higher if the solids content had been maintained 

at 49.4%TS. None the less, the higher initial apparent viscosity and RAT after the second 

recirculation step showed that it was not possible to completely reverse the changes in 

structure and rheological behaviour by applying a shear rate of 40,000 S-I . 

The change in pH was monitored and shown in Figure 5 .89. For both sets of sample, the 

initial pH  value was 6. 1 7  after one recirculation and 6. 1 8  after the second recirculation. 

This agreed with the pH 6.2 plateau that was observed in Figure 5 .20 in section 5 .3 .2 .  

The pH fluctuated slightly throughout the 23 hours of storage, and no significant change 

was observed. 
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Figure 5 .89: Change in pH with storage time during age thickening at 35°C. Run 

C 1 05,  powder B, 49.4%TS, 35°C. 

The standardised HLA was determined to analyse the degree of thixotropy of the 

concentrates after one and two cycles of recirculation. The standardised HLA was 
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determined over the measurement shear rate range of 80 S-1 
- 4 10 s-t , and the results are 

shown in Figure 5 .90. The standardised HLA was consistently higher after the second 

recirculation step at 40,000 S-I . 

1 6000 ,-----------------------------, 

.;- 1 2000 
I/) � 
:5 
::E: 
"C 8000 
CII 
I/) 

� 
nI 

"C 
C � 4000 

-+- After 1 st Recirculation 

-It- After 2nd Recirculation 

o �--�---�---�---�---�---�--� 
o 200 400 600 800 1 000 1 200 1 400 

Storage Time (min) 

Figure 5 .90: Change in standardised HLA with storage time during age thickening at 

35°C. Run C l  05 , powder B, 49.4%TS, 35°C. 

The rheological data was fitted to the Herschel-Bulkley model and the results are shown 

in Figure 5 .91 . K was consistently higher and n was lower in the samples that have 

received two recirculation steps. This means that the samples were thicker as well  as 

more shear thinning. 
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Figure 5 .9 1 : Effect of heating and storage temperature on the Herschel-Bulk1ey model 

parameters with storage time in concentrates made from powder B. (a) Ty ; (b) K ;  (c) n .  

Run C 1 05,  powder B, 49.4%TS, 3 5°C. 
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The changes in PSD with storage time during age thickening at 35°C are shown in 

Figures 5.92-5.93 . 
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Figure 5 .92 : Changes in PSD with storage time after the first recirculation step. Run 

C 1 05,  powder B, 49.4%TS, 35°C. 
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Figure 5 .93 : Changes in PSD with storage time after the second recirculation step. Run 

C 1 05,  powder B, 49.4%TS, 35°C. 
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In Figures 5.92-5.93 , the mono-modal distribution curve did not change with storage 

time. This is in agreement with the PSD results obtained at 35°C for a 50%TS 

concentrates made from powder B, as shown in Figure 5 .47 in section 5 .4 .3 .3 .  The 

resu lts indicated no significant difference in the PSD after one or two cycles of 

recirculation at 40,000 S-l.  

The aggregation profiles were determined for both sets of data and compared as shown in 

Figure 5 .94. No significant increase in the aggregation profile with storage time was 

observed in either curve. The two curves were similar in values, with average 

aggregation profile of 4% after the first recirculation and 3% after the second 

recirculation step. 
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Figure 5 .94 : Changes in volume percentage of particles >2�m with storage time. Run 

C I 05, powder B, 49.4%TS, 35°C. 
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5.9.2.2 Irreversibility at 75°C 

The solids contents after the first and second recirculation step were 47.5%TS and 

47%TS respectively. 

The changes in apparent viscosity with storage time during age thickening are shown in 

Figure 5 .95. The initial apparent viscosity value after one cycle of recirculation was 

0.026 Pa.s. This value is lower than 0.06-0.07 Pa.s observed previously in SO%TS 

reconstituted concentrates made from powder B that were heated to 7SoC. The lower 

solids content of 2 .S%TS would have contributed to the lower apparent viscosity in 

Figure S .9S. 

The second recirculation step at 40,000 S-1 reduced the apparent viscosity from 0. 1 2  Pa.s 

(last point on the "after 1 st recirculation" curve) to 0.03 Pa.s. This is  a I S% increase in 

the initial apparent viscosity between the two curves. This increase is obviously smaller 

than the 2S% increase in apparent viscosity observed in run C I 0S at 3SoC. Once again, 

this can be attributed to the lower solids content in this run . 

As there were only two data points available in the "after 2nd rec irculation" curve in 

Figure S .9S, the RAT could not be reliably estimated. 
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Figure 5 .95: Change in apparent viscosity with storage time during age thickening at 

35°C. Run C 1 06, powder B,  47.5%TS, 75°C. 

The standardised HLA was determined over the range of 80-4 1 0  S·1 (the same as run 

C 1 05 at 35°C) and the results are shown in Figure 5 .96. The initial standardised HLA 

values were similar between the two curves. After 60 minutes of storage, the 

standardised HLA after the second recirculation step was slightly lower that after j ust one 

recirculation step, obviously against the apparent viscosity trend in F igure 5 .95. 

The results of standardised HLA between runs C 1 05 at 35°C and C I 06 at 75°C are 

plotted together in Figure 5 .97 . The initial standardised HLA were lower in the two 75°C 

curves. However, the standardised HLA after the first recirculation step increased 

dramatically at 75°C and surpassed the 35°C after 1 20 minutes of storage. Therefore, 

even though the apparent viscosity values were lower at 75°C, the standardised lll.A was 

higher, indicating a greater degree of thixotropy. 
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Figure 5 .96: Change in standardised HLA with storage time during age thickening at 

35°C. Run C I 06, powder B, 47 .5%TS, 75°C. 
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Figure 5 .97 :  Comparison of standardised HLA between runs C l  05 at 35°C and C l  06 at 

75°C. 
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The flow curve data in run C 1 06 were fitted to the Herschel-Bulkley model and the 

results are shown in Figure 5 .98. There was l ittle difference between the two curves. 

However, K was consistently higher and n was lower in the samples that have received 

two recirculation steps. This agreed with the observations made in run C I 05 in F igure 

5.9 1 . 

The changes in PSD with storage time during age thickening are plotted in F igure 5 .99 

for one recirculation cycle, and Figure 5 . 1 00 for two recirculation cycles. In both figures, 

the PSD changes from a mono-modal to a bi-modal shape during age thickening. This i s  

i n  contrast with the data i n  run C 1 05 where n o  change in P S D  was observed during age 

thickening at 35°C despite a significant increase in apparent viscosity. 

It was interesting to observe that the structure was almost broken down back to its 

original state upon recirculation at 40,000 S-I .  Thus, the aggregates that contributed to the 

second peak in Figure 5 . 1  03 (one cycle of recirculation) were broken down upon high 

shear. 
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Figure 5 .98 :  Effect of heating and storage temperature on the Herschel-Bulkley model 

parameters with storage time in reconstituted milk concentrates made from powder B. (a) 

L y ;  (b) K ;  (c) n .  Run C I 06, powder B, 47.5%TS, 75°C. 
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Figure 5 .99: Changes in PSD with storage time after the first recirculation step. Run 

C I 06, powder B, 47 .5%TS, 75°C. 
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Figure 5 . 1 00 :  Changes in PSD with storage time after the second recirculation step. Run 

C 1 06, powder B, 47.5%TS, 75°C. 
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The aggregation profi le was detennined for the two sets of data in run C 1 06 and the 

results are plotted in Figure 5 . 1 0 1 .  The initial volume percentage of particles >2flm after 

one cycle of recirculation was 1 0.5%, which was significantly h igher than the 3% 

observed in run C 1 05 at 35°C, as shown in F igure 5 .94. The volume percentage 

increased to over 80% during age thickening at 75°C. 

After the second recirculation step, the volume percentage decreased to 1 8%. This is a 

significant increase from the initial volume percentage of 1 0% in the samples that 

received one cycle of recirculation. Similar to the determination of RAT, it is not 

possible to compare the rate of change in the volume percentage of particles >2flm from 

only 2 data points. 
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Figure 5 . 1  0 1 : Changes in volume percentage of particles >2flm with storage time. Run 

C 1 06, powder B ,  47.5%TS, 75°C. 

5.9.3 Data summary 

Using an innovative testing method, it was possible to show that when the reconstituted 

milk concentrates were heated to 75°C, age thickening during storage was partly 

irreversible as indicated by the increase in apparent viscosity when the age thickened 

samples were sheared to 40,000 S·I .  
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CHAPTER 6: DISCUSSION 

Throughout the course of the project, many new techniques were developed and 

interesting results were obtained. This  chapter summarises the techniques developed and 

the results collected, d iscusses their significance in comparison to other published work 

in the l iterature and their contribution toward the fields of time-dependent rheology and 

milk concentrate rheology. 

The chapter is divided into four main sections as followed 

1 .  Data analysis methods: the techniques that have been developed to collect and 

analyse the data are discussed for their strength and limitations 

2. Method of reconstitution : the importance of the new recombination rig is  

discussed in terms of design, operation and application 

3 .  Results: the results are summarized and reviewed 

4. Age thickening: a mechanism of age thickening is proposed using the results 

obtained here and those available in the literature. 

6.1 Data analysis methods 

The accuracy and reproducibi lity of results in the study of time-dependent rheological 

behaviour are affected by the techniques of sample preparation and collection, of 

rheological measurement and of data analysis. 

6.1 .1  Data collection and measurement procedures 

6.1 . 1 .1 Oscillatory versus flow curve tests 

Non-Newtonian fluids should always be measured in a shear rate range that encompasses 

the shear rate of their intended application. However, this is not always possible with 

available commercial rheometers. 
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Many works in the literature have studied the rheology of gel and semi-solid systems 

with oscillatory tests (low shear deformation) to obtain G' and G" (e.g. Ozer et aI ., 

1 998; Kelly & O'Kennedy, 200 1 ;  Trckova et aI . ,  2004). These tests give no indication 

about the flow behaviour in process applications that involve much greater deformations 

at higher shear rates, such as during homogenisation and atomisation 

These considerations led to the determination of the flow behaviour at high shear rates as 

the most relevant method of rheological measurement for the study of thixotropy in this 

work. No oscillatory test was performed. 

6.1 . 1 .2 Structure breakdown and build-up 

Time-dependent systems exhibit both structural build-up and breakdown at any given 

time and shear rate. Characterisation of these systems must involve the analysis of these 

two processes. However, many published experiments and models have only attempted 

to characterize the breakdown process. In these experiments, the fluids are sheared at a 

constant shear rate, and the decrease in shear stress with measuring time is monitored 

(e.g. Tiu & Boger, 1 974 ; Ramaswamy & Basak, 1 99 1 ). 

Age thickening is a phenomenon where the apparent viscosity increases during storage at 

rest. Thus, the phenomenon is mainly caused by a bui ld-up of structure with time. In 

order to study the age thickening process, the structural build-up process must be 

monitored. 

The snapshot technique utilised by Velez-Ruiz and Barbosa-Canovas ( 1 997, 2000) and 

Trinh and co-workers (Trinh & Yoo, 1 997; Trinh & Leslie, 1 997;  Trinh & Schrakeenrad, 

2002 ; Ma et aI., 2002) for rheological modell ing was more appropriate in the study of age 

thickening where no assumption is made on the reversibil ity of structural recovery. The 

protocol consists of shear sweep tests of samples stored at rest for various lengths of time 

under different conditions. However, unlike these previous studies, this work included 
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three phases in the shear sweep test: a shear up, a constant shear and a shear down leg. 

The technique allows several important pieces of information to be collected: 

• The flow curves show the shear dependent flow behaviour of the systems for each 

storage time 

• The changes in the flow curve with storage time give insight into the changes in 

flow behaviour during age thickening and hence a measure of the build-up of 

structure 

• The difference between the shear up and shear down legs gives a relative 

indication of the level of thixotropic breakdown due to shear 

6.1 .2 Measurement with the Brookfield L VTD viscometer and the Paar Physica 

MCt rheometer 

The Brookfield L VTD viscometer was mainly used in the industrial surveys due to its 

portable design. Age thickening occurred during measurement because the shear rates 

during measurement were smaller than those in the process lines. Due to the limited 

capability of the Brookfield L VTD, shear sweep tests were not possible. 

The Paar Physica MC l rheometer was mainly used in control led rheology experiments in 

the more stable environment of the pilot plant. The ability to record data automatically 

via a computer made it possible to conduct more extensive shear sweep tests. 

The two instruments were found to provide complementary trends, but the absolute 

values obtained were different. This is due to both the difference in the modes of 

operation and in the operating shear rate ranges. 

The measurement parameters, including the minimum and maXImum shear rates, the 

number of data points and the measurement intervals were found to have a significant 

effect on the rheological behaviour during measurement of time-dependent systems (runs 

C2-C2 l ). This agreed with the findings from Rohm ( 1 992). Without the full  knowledge 

of the measurement parameters, it is not possible to compare absolute values between 
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different experiments. Thus, the measurement conditions must always be, and were 

always, recorded and noted for each set of data. Unfortunately, this practice has only 

been carried out by a small number of workers (e .g. Buttler & McNulty, 1 995). 

6.1 .3 Techniques for rheology characterization of time dependent m ilk 

concentrates 

Several new methods of data analysis were developed in this work to fol low the changes 

in the rheological behaviour with storage time during age thickening. The first method 

involved tracking the changes in the apparent viscosity with storage time during age 

thickening. 

Any given rheometer is l imited by both a maximum torque (shear stress) and speed (shear 

rate). Measurements of a fluid as it thickens with time involve steadily decreasing the 

maximum attainable shear stresses and shear rates. This issue can be visualised by 

plotting torque versus spindle speed for two Newtonian fluids A and B with two different 

viscosities as shown in F igure 6 . 1 .  Fluid B is significantly thicker than fluid A as 

indicated by the slope of the two straight l ines. The maximum spindle speed (750 rpm) 

and torque (50 mNm) of the Paar Physica MC} are also indicated on the graph. The 

thinner solution (fluid A) reaches the maximum spindle speed before it reaches the 

maximum torque. The thicker fluid (fluid B) reaches the maximum torque before it 

reaches the maximum spindle speed. Thus during age thickening, the maximum shear 

rate attainable at the instrument's maximum shear stress of 50 mNm would decrease with 

storage time. 

For consistency, the apparent viscosity was determined at a reference shear stress of 

1 05 .3 Pa (27 .4 mN.m). This reference shear stress value was chosen because it was 

included in most of the flow curve data obtained in this work. The change in apparent 

viscosity with time describes the rate of age thickening. 
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Figure 6 . 1 : Typical flow curves drawn as torque versus spindle speed for two typical 

Newtonian solutions. 

During storage, the rate of age thickening at 1 05 .3 Pa was higher in the shear up than the 

shear down curve data. This is because the shear down curve data would have already 

been affected by the additional structural breakdown during the shear up portion of the 

test. Therefore the rate of age thickening was analysed with the shear up curve only. 

The extrapolated apparent viscosity at infinite shear rate, fJoo ' was estimated by using the 

method of Snoeren et al . ( 1 982) where the plot of apparent viscosity against � is  
y 

extrapolated to the y-axis intercept. Using linear regression fJoo was the y-axis 

interception. The change in fJoo with storage time can be used to analyse the 

irreversibility of the age thickening process. 

The hysteresis loop area (HLA) has been linked to time-dependent behaviour (Barnes, 

1 997) as an indication of the degree of thixotropy. However, it is rarely used in the 

l iterature to quantify the time-dependent behaviour. The determination of HLA, used as 
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a descriptor of age thickening in this work, is h ighly dependent on the shear rate range 

over which it is calculated. Therefore the determination of the HLA must be standardised 

to a particular shear rate range. 

Even though the standardised HLA provided a more accurate description of the change in 

the degree of thixotropy, the non-standardised HLA stil l  provided a useful  tool to be used 

in conjunction with apparent viscosity-time curve to identify the gelling point. The HLA 

was found to increase up to the gelling point where it suddenly decreased sharply. 

Modelling is a useful tool to summarise the vast amount of data avai lable. Structural 

models are most desirable because they are evolved from fundamental concepts as 

discussed in Appendix 2 .  They are capable of describing both the breakdown and build­

up coefficients (Cheng, 1 987; Bames, 1 997). However, many authors who have used the 

structural models restricted their study to the structural breakdown process only (e .g. Tiu 

& Boger, 1 974; Baravian et al . ,  1 996) and thus provided no information on the structural 

build-up coefficient. As a further restriction, these techn iques required the structural 

changes to be fully reversible, which is not applicable to concentrated milks. Finally, the 

use of structural models has yet to be applied to the analysis of process applications, such 

as spray drying and homogenization, where breakdown in structure is encountered. 

The preferred modelling method here was to fit a phenomenological model, the Herschel 

Bulkley model, to the instantaneous flow curves and to fol low the evolution of its 

parameters with storage time. While it is not the most rigorous modelling technique, it is 

simple to apply and does not require a postulate of reversible structure changes. The 

technique has been used by others (e.g. Velez-Ruiz & Barbosa-Canovas, 1 997, 1 998, 

2000; Trinh & Schrakeenrad, 2002 ; Ma et al . ,  2 002). 

6.1 .4 Bias and short comings of the modeUing technique 

The modelling technique used in this work has many draw backs and shortcomings that 

the reader needs to be aware of The steadily decreasing range of shear rates of the flow 
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cUIVes measured during age-thickening as discussed in section 6 . 1 .3 affects both the HLA 

(section 5 . 1 .2.2)  and the estimates of the Herschel-Bulkley parameters . 

Figure 6.2 plots actual changes in nominal shear rate and shear stress for the 50%TS milk 

concentrate samples made from powder B in run C 1 00 after three storage times of 0, 570 

(gelling time) and 730 (after gelation) minutes. The maximum attainable shear rate 

decreased with storage time, from 2950 S-1 at 0 minute, to 890 S-1 at 570 minutes, and 245 

S-1 at 730 minutes. If  the maximum shear rates for the 0 and 570 minutes samples were 

restricted to 245 S-1 to match the 730 minutes sample, rheological model l ing would return 

different results, as shown in Table 6 . 1 .  

Table 6. 1 :  Changes in the HLA and the Herschel-Bulkley parameters with shear rate 

range in three concentrate samples. Run C I OO, powder B,  50%TS, 75°C. 

Storage fJapp at Max. i' 'y (pa) K n HLA Intrinsinc 

Time 105 .3 Pa (S-I ) (pa.sD) (pa.s-1 ) HLA 

(min) (pa.s) (pa.s-2) 

No truncation in the maximum shear rate range 

0 0.06 2950 2.93 0.34 0.76 1 1 290 

570 0.83 890 53 .56 4 .06 0.52 3788 1 

730 3 .5 1  245 0.00 4 1 .29 0.28 1 2 5 1 2  

Truncation ofthe maximum shear rate to 245 S-l 

0 0.06 245 3 . 1 5  0.35 0.75 655 3 .97 

570 0.83 245 20.66 1 6 . 1 6  0.34 1 038 1 62 .91 

730 3 .5 1  245 0.00 4 1 .22 0.28 1 25 1 2  75 .83 
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Figure 6.2 : Changes in the flow curve during age thickening in run C I OO. Powder B ,  

50% TS, 75°C. 

As shown in Table 6 . 1 , a decrease in the shear rate range had the most impact on the 

estimate of the yield stress, particularly in the 570 minutes data. The problem cannot 

always be circumvented by truncating the maximum shear rates and shear stresses to the 

same level in all data sets. As shown in Table 6. 1 ,  the maximum shear rate achieved in 

the 730 minutes sample was only 245 S·I . The data for this sample was now completely 

devoid of data points in the quasi linear region between 245 S·1 and 890 S·1 as observed in 

the 570 min sample in Figure 6.2 . Consequently the extrapolated l ine obtained by curve 

fitting with the Herschel-Bulkley model had a vel)' steep slope and estimated a zero yield 

stress. This result was of course counter intuitive as one would expect the gelled samples  

to show a much higher yield stress. The only recourse was to ignore the modelling 

results for the gelled samples because of the artefacts created by the torque limitation of 

the Paar Physica M C ! .  
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6.2 Methods of recombination 

Many authors have pointed out that the samples must be conditioned prior to rheological 

measurement to improve reproducibility in the measurements of time-dependent fluids 

(e.g. Tiu & Boger, 1 974). ill these fluids, the structure and thus the rheological behaviour 

changes with time. This makes it difficult to identify the time zero throughout the sample 

preparation, handling and measurement steps. It is important that all replicates samples 

prior to rheological measurement have the same initial structure as well as the rate of 

change with time, since these will affect the subsequent rheological behaviour. 

A popular method of conditioning i s  to store the samples at rest and at low temperature 

prior to measurement. The resting period ranged from 1 hour (Lawrence et aI ., 2001 ) to 1 

day (Schelhass & Morris, 1 985) to 5 days (Velez-Ruiz & Barbosa-Canovas, 1 998). 

There is no published argument that explains exactly how this conditioning ensures good 

reproducibility. One may assume that the storage step would allow the system to fully 

rebuild its structure to reach an equilibrium state. This will remove the effect of shear 

history, and thus produce replicate samples with reproducible rheological behaviour. 

However no proof, buttressed by data, has been given in the literature that this 

conditioning by storage has removed the effect of shear history or ensured that the initial 

rheological behaviours of the replicate samples are similar. There is no theoretical 

guidance in the literature as to what conditions should be employed, particularly the 

storage time and temperature required, to ensure good reproducibility between replicate 

samples. 

The author and his supervisors propose a new method of conditioning samples, as 

described in section 3 .2, which subjects samples to shear rate of 40,000S·1 or any other 

shear rate able to reach the upper Newtonian plateau of colloid systems. This effectively 

removes most of the effect of prior shear history and can contribute to a more systematic 

study of time dependent fluid rheology. The biggest advantage of the technique is the 

ability to obtain the same reference point on the structure-time scale for all samples. 
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The effect of recirculation shear rate on the changes in the inline apparent viscosity was 

investigated in section 5 . 5 .  The data in F i gure 5 . 53 are replotted in F igure 6 .3 to show 

the exponential decrease in apparent viscosity with recirculation shear rate at different 

recirculation times . It is clear that the apparent viscosity reached a minimum plateau 

between 1 0,000 and 40,000s·' . This is characteristic of the upper Newtonian plateau 

where the viscosity is no longer dependent on shear rate or on time. Rheological 

modelling of all the d ata gathered showed that the flow behaviour index was 1 throughout 

the recirculation process at 40,000 s· ' , indicating Newtonian behaviour. When 

recirculation took place at 40,000 s·' , the rheology of samples withdrawn after 60 m inutes 

of rec irculation was constant. Under these conditions, there was no time-dependent 

behaviour. This made it possible to produce repl icate reconstituted milk concentrate 

samples with rheological profiles within 1 0% error, an important requirement in the 

rheological study of age-th ickening or any time-dependent phenomenon . 
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F igure 6 .3 : The changes in apparent viscosity with shear rate after different duration 

of re circulation. Runs C63-C67, powder A, 4 8%TS, 3 5°C. 
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Several authors have acknowledged good reproducibil ity between rep licate samples can 

be achieved by breaking down the aggregates to the primary particles through the 

application of high shear rates (Wolthers et al., 1 996; Corvisier et aI ., 200 1 ). Yet, the 

methods they appl ied to achieve this degree of breakdown were restricted to relatively 

low shear rates compared to the 40,000 S-1 
carried out in this work (e.g. solutions mixed 

for three minutes with a ''whirl mixer" (no shear rate given) by Wolthers et al. ( 1 996) and 

sheared at 500 S-1 
by Corvisier et al .(200 1 )). More importantly, the results in section 5 

showed that age thickening can sti l l  occur at 4,400 S-1 , which is significantly higher than 

the shear rates achieved by these authors. It is fair to argue that the critical minimum 

shear rate required to reach the upper Newtonian p lateau varies between systems. 

However, it should be demonstrated that what ever the choice of shear rate, it i s  sufficient 

to reach the upper Newtonian region. 

The rheological behaviour of the reconstituted milk concentrates, a time-dependent 

system, was defined here by: 

• The initial apparent viscosity and flow curve after recirculation and heating 

• Changes in the apparent viscosity and flow curve with storage time during age 

thickening. 

Samples with the same apparent viscosity at one shear rate do not necessarily have 

similar flow curves or a similar rate of change in viscosity with time. Thus, a full  

description of the rheological behaviour of a time-dependent system must include both 

the initial flow curve and its rate of change with time under specified test conditions. 

Thus, the reproducibility data presented in section 3 .2.2 is much stronger than any that 

was previously available in the literature. 
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6.3 Controlled rheology experiments 

6 .3.1 Use of reconstituted powder solutions versus fresh milk concentrates 

Milk powder was used as an alternative raw material to fresh raw milk to avoid the lack 

of uniformity in fresh milk supply. 

There is evidence in the l iterature which shows that the apparent viscosity of 

reconstituted milk differs significantly from fresh milk (e.g. Vilder et aI. , 1 979). The 

author bel ieves that the lack of control of the age thickening process during reconstitution 

was the main reason for the difference in the rheological behaviour between fresh and 

reconstituted systems in previous work. The use of the new recombination system 

overcomes this problem with the use of high shear rate and low temperature during 

recirculation. 

In order to compare the rheology of fresh and reconstituted milk concentrates, the shear 

history of the two systems must be similar. To achieve this, the fresh concentrates were 

recirculated in the recombination rig at 40,000 S-I .  The results in section 5 .2 showed that 

the rheology of the fresh and reconstituted concentrates were similar (significant at 

p<O.O I )  when care is taken during the reconstitution process to minimise age thickening. 

This validates the use of powder and reconstituted milk concentrates system as an 

alternative source of raw material in this work. 

The control led rheology experiments were mainly carried out on two medium heat whole 

milk powders A and B which had similar compositional specifications. 

6.3.2 Effects of solids content and temperature on the transition of rheological 

behaviour in reconstituted whole milk concentrates 

Much has been made of the importance of controlling concentrate viscosity in the 

manufacture of powders of good quality (Bloore & Boag, 1 98 1 ; Snoeren et aI . ,  1 983 ;  
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Vilder & Moermans, 1 983; Snoeren et aI., 1 984). Since these concentrates normally 

range between 48% and 50%TS, correlations of viscosity to powder characteristics such 

as particle diameter and solubility are at best only indicative because these viscosity 

numbers are point values of much more complex rheological profiles. Atomisation in 

dairy plants should be designed for non-Newtonian time-dependent fluids ,  not simple 

Newtonian fluids. 

It is essential therefore to define the transition regions between the different rheological 

behaviours, in other words the temperatures and concentrations when the milk 

concentrates change from Newtonian to time-independent non-Newtonian and time­

dependent non-Newtonian behaviours. Simple analysis of apparent viscosity against 

concentration and temperature without model l ing the time-dependency (Velez-Ruiz & 
Barbosa-Canovas, 1997) can be misleading. 

The results from section 5.4 showed that reconstituted concentrates made from powder A 

exhibited Newtonian behaviour below 30%TS. Between 30%TS-40%TS, the behaviour 

was time-independent non-Newtonian (shear thinning), the level of non-Newtonian 

behaviour depending on the temperature of the fluid. At even higher solids content, 

above 40%TS, the rheology is time-dependent, i.e. age thickening. 

The onset of non-Newtonian behaviour in powder A concentrates occurred above 

30%TS, with the exact value depending on the temperature. The critical 3 0%TS mark is 

a much greater value than found previously (Velez-Ruiz & Barbosa-Canovas, 1997, 

1 998, 2000). A key difference appears to be the shear rate used in the research. In the 

current work, recombination was carried out at 40,000S-1 which may have resulted in 

lower rates of age thickening during storage and thus delayed the onset of non-Newtonian 

behaviour. Velez-Ruiz and Barbosa-Canovas ( 1 997) prepared their concentrates in a 

small rotary bench top evaporator, which implies very low shear rates. Even whi le 

acknowledging that fresh and reconstituted concentrates cannot have exactly the same 

rheological profile, it can sti l l  be argued that the higher shear rates in the present 
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recombination rig were responsible for the onset of non-Newtonian behaviour occurring 

at a much higher concentration. 

For a given solids content, the onset of time-dependent behaviour is dependent on the 

heating temperature. For example, the 30%TS concentrates exhibited shear thinning 

behaviour but were sti ll time-independent at 35°C (Figures 5 .24-5 .25). However, heating 

to 85°C triggered time-dependent behaviour in milk concentrates of 30-35%TS. In more 

diluted solutions ( l O-20%TS), heating above 65°C did not trigger the age thickening 

process. 

6.3.3 Behaviour of milk concentrates observed during age thickening 

There are four distinctive features of the age thickening phenomenon. 

1 .  Initial rate of increase in apparent viscosity (or model parameters) and HLA with 

time 

2. Gell ing time 

3 .  Apparent viscosity at the gelling point 

4. Changes in the apparent viscosity with time after gelation 

In the literature, only the first of the four features has been acknowledged previously. 

This is because the experimentation times were not sufficiently long for the system to 

reach gelation. 

Rheological modelling showed that r y and K increased while n decreased with storage 

time at temperatures between 35°C and 85°C. This i s  in qualitative agreement with the 

results from Velez-Ruiz and Barbosa-Canovas ( 1 998) where the fresh milk concentrates 

were stored between 5°C and 25°C. These results indicated that during age thickening, 

there was a build-up in structure that resulted in an increase in the initial resistance to 

flow deformation (increase in r y ) and the overall resistance to shear deformation 

(increase in K ). The degree of shear thinning increased with time (decrease in n ). 
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Since the onset of gelation can be considered the natural end point of age thickening 

(Walstra et aI., 1 999), the gelling time and the flow curve at gelation are as relevant to the 

issue as the rate of age-thickening itself. The physical characteristics of gels  have been 

studied with solid rheology, particularly with osci l latory tests (e.g. Zoon et aI., 1 988; 

Ozer et aI ., 1 998) but they have also been studied by l iquefying the gel with shear (Ma et 

aI . ,  2002), the method used in this work. 

During age thickening, the apparent viscosity showed first a steady increase with time. At 

high temperature (above 65°C in the present work), a second phase showed a sharp 

increase in viscosity with storage time. Clark ( 1 992) suggested that the gelling point is 

marked by this sudden sharp rise in the viscosity. Kieseker and Pearce ( 1978) proposed 

similar kinetics for the heat coagulation process. Kieseker and Pearce ( 1 978) believed 

that coagulation is a two-step process consisting of an induction period of variable length, 

during which the milk remains fluid but increases steadily in viscosity, followed by a 

rapid coagulation stage. 

In this work, the gell ing point was determined from the sharp rise in apparent viscosity at 

the start of the second phase, and also from the sudden decrease in the HLA that often 

occurs at the same time. 

The adjusted extrapolated apparent viscosity at infin ite shear rate was found to increase 

with storage time during age thickening. Such increase indicated that there was a growth 

of the basic structure at infinite shear with storage time indicating some permanent 

l inkage between the individual elements of the products. 
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6.3.4 Effect of solids content and temperature on the rheology of reconstituted 
milk concentrates 

6.3.4. 1  Solids content 

For a given temperature, the initial apparent viscosity increased exponentially with solids 

content in powder A concentrates, as shown in section 5 .3 .  This was observed at 

temperatures between 35°C-85°C, which agreed with results from (Bloore and Boag 

1 98 1 ;  Snoeren et aI ., 1 982; Snoeren et aI., 1 984 ; Velez-Ruiz and Barbosa-Canovas, 1 997, 

1 998, 2000) . 

The first effect of concentration on viscosity is through the increase in volume fraction of 

the suspended solids. The second effect is  due to crowding that brings the particles c loser 

together. It is known that particles in close proximity experience a higher hydrodynamic 

resistance to motion than when they are alone in an infinite fluid medium (Richardson & 

Zaki, 1 954). Beeby ( 1 966), Prentice ( 1 992) and Caric ( 1 994) suggested that the increase 

in viscosity with total solids content indicates that the casein micelles are physically  

interacting as  they are forced closer together. 

In milk systems, the size of the individual partic les can also increase upon concentration. 

This third effect is  illustrated for example by changes in casein micelle size during 

concentration (Walstra et aI . ,  1999). This phenomenon is often linked to the changes in 

the balance between the colloidal and soluble calcium with an increase in solids content 

(Walstra & Jennes, 1 984; Walstra et aI., 1 999). This shift in calcium balance between the 

colloidal and soluble states causes a drop in pH, leading to a reduction in the electrostatic 

repulsion between casein micel les, as well as an increase in the solubility of l3-casein 

(Bienvenue et aI., 2 003a). 

It is well known that the pH of a system fal ls  when a neutral salt is added. An increase in 

solids content would increase the concentration of all associated e lectrolytes (Galster, 

1 99 1 ). Therefore a decrease in pH is expected. 
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The results in section 5 .3 showed that the pH of milk decreases with concentration up to 

47%TS and then plateaus. Such a quantitative relationship between pH and solids 

content, in particular the plateau at pH 6.2 above 47%TS, has not been found in the 

literature. It may be due to some saturation effect such as insufficient water to further 

affect the ionic balance of the calcium or increased buffering effect in the system. These 

possible mechanisms are only conjectures that can be best investigated by dairy protein  

chemists. What i s  clear in this work i s  that any further increase in apparent viscosity with 

solids content above 47.5% TS cannot be caused by pH changes. 

Upon concentration, the particles are forced closer together and the chances of 

association to fonn flocs and aggregates increase. Flocs have three basic physical effects :  

1 .  an increase in apparent volume of the dispersed phase because of the occlusion of 

continuous phase trapped inside the flocs (Cheng, 1 987), 

2 .  fonnation of particles with irregular shape that al so tend to increase the 

hydrodynamic resistance to motion (Walstra et aI., 1 999) and 

3 .  induction of shear dependence of the viscosity profile because the floc structure 

can be disrupted by high shear and the irregular shaped particles tend to align in 

the direction of flow (Steffe, 1 992). 

6.3.4.2 Temperature 

Above 40% TS, the apparent viscosity decreased with temperature to a minimum at 

65°C-75°C, and then increased significantly (Figures 5 .26, 5 .27 in section 5 .4). Thi s  

phenomenon was more apparent at higher solids content and longer storage times. This 

has also been observed by B loore and Boag ( 1 98 1 ), Snoeren et al . ( 1 982) and Snoeren et 

al . ( 1 984) for skim milk concentrates, Snoeren et al . ( 1 983) on whole milk concentrates 

Trinh and Schrakeenrad (2002) on whey depleted whole milk concentrates. 

The apparent viscosity-temperature relationship i s  driven by two opposing effects : a 

reduction in the vi scosity of the aqueous substrate with increasing temperature (Steffe, 

1 992; Walstra et ai, 1 999) and an increase in milk protein interactions, in particular the 
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activation of whey proteins above 6S0C (Dalgleish, 1 990; Beaulieu et aI., 1 999). The 

interactions of denatured whey proteins with either other denatured whey proteins or 

casein micelles are well documented, and would be expected to contribute significantly to 

the increase in apparent viscosity above 6S°C. Tang et al. ( 1 993) made a similar 

argument to explain the temperature dependence of the viscosity o f WPC solutions. 

At 40-S00/0TS, age thickening occurs at a slow rate at low temperatures, 3S-SSoC. Upon 

heating above 6SoC, gelation was observed during age thickening in reconstituted 

concentrates made from powders A and B .  An increase in heating temperature and solids 

content resulted in faster rates of age thickening and subsequently shorter gelling times. 

The results showed a complex relationship between solids content, temperature and 

rheology of milk concentrates. There is likely to be more than one mechanism that 

contributes to the age thickening process, with different dominating effects at different 

temperatures. The effect of temperature above 6SOC-7 SOC may be linked to the 

denaturation of whey proteins and the formation of complexes with other proteins. 

However, the particles are sti ll required to collide for interaction to take place. This is 

less likely at low solids contents where the particles too far apart. An increase in solids 

contents increases the proximity of the partic les, and thus promotes and increases the rate 

of interaction. 

The apparent viscosity at the point of gelation did not change significantly with solids 

content and temperature (Table S .8, section S .4). For all concentrate samples made from 

powder A, it was 0 . 1  Pa.s, compared to O.S Pa.s for powder B.  These results suggest that 

the apparent viscosity at the gelling point is a characteristic property of the powder. 

As explained by Clarke ( 1 992), gelation marks the time when a critical structure has been 

reached where future associations between components are centralized via one group of 

aggregates. The fact that for a particular powder, the apparent viscosity at gelation was 

the same for all temperatures and concentrations suggests that the critical structure does 

not change with solids content or temperature, and is only a function of the chemistry of 
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the reconstituted milk protein. It is not known how this critical structure is affected by 

powder composition or processing variables. 

6.3.5 Effect of sample preparation techniques on the rheology of reconstituted 
milk concentrates 

The importance of shear and temperature histories on the rheology of time-dependent 

systems has been d iscussed in reviews and published articles (e.g. Cheng, 1 987 ;  Barnes, 

1 997; Corvisier et aI., 200 1 ). Yet, the methods of sample preparation and measurement 

protocols are not often reported in detail in the literature. 

The results presented in sections 5.5 to 5 .7 c learly demonstrated that the shear and 

temperature histories of a time-dependent material, in this case concentrated milk, 

significantly affect their rheological behaviour, not only right after preparation but also in 

subsequent processing steps such as heating and storage at different temperatures. The 

importance of age-thickening during sample preparation has not been recognised or 

analysed previously. 

6.3.5.1 Effect of recombination shear rate 

In traditional recombination processes, the shear is applied during mixing to improve the 

sinkabil ity of the powder (Fitzpatrick et aI., 2 00 1 ). It has long been recognised that a 

high shear rate helps the dissolution process, especially through the maintenance of a 

vortex at the liquid surface (Fitzpatrick et aI . ,  2000). Thus high shear mixers like the 

Cowles mixer are preferred when recombining to a high sol ids content (Yziquel et aI., 

1 999; Hou et aI . ,  2 000; Lawrence et aI., 200 1 ; O'Donnell and Butler, 2002). One 

constraint on high speed mixing is the amount of entrained air that cannot easily be 

expelled from concentrated milk solutions. 

In the current design of the new recombination rig, the recirculation shear rate was 

separated from the mixing shear rate. The recirculation shear rate was manipulated via 
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the interchangeable capil lary tubes and the re circulation flow rate . S ince the structure of 

a time-dependent fluid is defined by the highest shear rate it is subjected to, the shear rate 

in the recirculation l ine was always kept much higher than the shear rate in the mixing 

vessel. In addition, the impeller speed in the mixing vessel was kept low to min imise air 

inclusion and a centre baffle was fitted to minimise vortex formation. 

In a normal tank mixing with an impeller, the shear rate achieved is in the order of 

hundreds. This can be estimated using the Metzner and Otto ( 1 957) equation, which 

gives a shear rate of 433 S-1 
inside the tank during mixing. This simple estimation of the 

shear rate in the tank is well short of the 40,000 S-1 achieved with the capillary system and 

the minimum 1 0,000 S-1 
required to control the rate of age-thickening during 

reconstitution (section 5 .5 .2 . 1 ). 

The effect of recirculation shear rate can be better illustrated using the extrapolated 

apparent viscosity at infinite shear. The /-loo after 60 minutes was used as the reference 

point. All subsequent Jioo divided against this Ji",, (at 60 minutes) to give a ratio. The 

change in the ratio of Jioo during storage at rest to the viscosity value after 60 minutes of 

recirculation was calculated and plotted for runs C59-C62, as shown in Figure 6.4. At 

40,000 S- I , the extrapolated apparent viscosity at infinite shear rate did not increase with 

recirculation time. This suggests that the fully broken down structure does not change 

with time . When the powder was reconstituted at 600 S-1 
(shear rate similar to that 

encountered in the mixing tank), the extrapolated viscosity at infinite shear increased 

with time. This suggests that the elementary particles were interacting with one another 

to form flocs resulting in an increase in apparent viscosity. 
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Figure 6.4: Effect of shear rate on the ratio of increase in the extrapolated apparent 

viscosity at infinite shear rate during recirculation. 

When the recombination shear rate is h igh, the solutions are disaggregated: the structure 

is broken down to its elementary particles containing a very large amount of kinetic 

energy. This essentially forces the particles to move past one another very fast so that 

contact times are very short making bond formation difficult. When the shear rate is 

dropped, the particles have a greater chance to collide and interact with one another to 

form flocs during circulation that can result in an increase in apparent viscosity. 

A consequence of age-thickening, whether occurring in a system undergoing some shear, 

or at rest, is that the flocs become larger with time and move increasingly closer. The rate 

of col lision is consequently increased with age-thickening time . This is seen both in the 

industrial surveys (e.g. Figures 4. 1 5  and 4 . 1 6) and the controlled rheology experiments 

(e.g. Figure 5 .2). Consequently, when the recirculation shear rate is low enough and age 

thickening occurs, the time duration of the recombination process is  also an important 

factor in the history of the product. This is clearly shown in Figure 5 .58 where longer 
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recirculation time at 600 S-1 resulted in an increase in the rate of age thickening and a 

decrease in gell ing time. 

6.3.5.2 Effect of recombination temperature 

Recombination is commonly carried out at 40-50°C to ensure good solubility and short 

hydration time (Harper, 1 960; Samel and Muers, 1 962). However, 40-50°C is an ideal 

temperature range for the growth of thermophilic bacteria (Spreer, 1 998; Robinson and 

Itsaranuwat, 2002). A few authors such as Fitzpatrick et al . (200 1 )  reconstitute at low 

temperatures, but even at 20°C, Fitzpatrick et al. (200 1 )  noticed that immediately after 

reconstitution, a 50%TS skim milk concentrate showed a 3 .5 times increase in apparent 

viscosity within 1 hour of storage at that temperature. 

The results in section 5 .6 showed that age thickening occurred during reconstitution if the 

mixing temperature was too high even during recirculation at 40,000 s -1. This critical 

temperature was 65°C for powder B concentrates and 45°C for powder A concentrates. 

6.3.6 Effect of powder origin 

All of the above effects of recombination variables on the rheology of milk concentrates 

are highly dependent on the place and date of production of the powders. For this 

project, the majority of the work was carried out on two medium heat whole milk 

powders, A and B .  The general compositional specifications for the two powders are 

listed in Table 6 .2. The two powders shared similar compositional specifications. 

Powder B had slightly higher fractions of protein and fat. 
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Table 6.2: General composition of the two whole milk powders used in the controlled 

rheology experiments. 

A B 

Powder Whole Whole 

Heat treatment Medium Medium 

Protein 24.34 25 .6 1  

Fat 23 .68 24.26 

Lactose 42.3 40.76 

Ash 5 .78 5 .44 

Moisture 3 .9 3 .93 

The reconstituted concentrates made from the two powders behaved distinctly differently 

from each other. F irstly, powder A concentrates gelled much faster, at around 4 hours at 

48%TS and 75°C, compared to 1 0  hours for powder B at 50%TS at 75°C. The apparent 

viscosity at which gelation took place was only 0 . 1  Pa.s for powder A concentrates, and a 

much higher value of 0.5-0.6 Pa.s for powder B concentrates. The rate of age thickening 

up to gelation was similar between the concentrates made from the two powders. The 

significantly shorter gel l ing time in powder A concentrates is mainly caused by the lower 

apparent viscosity at the gelling point. 

The reconstituted concentrates made from powder A were more sensitive to process 

treatments than that from powder B .  For example, during recirculation, powder A 

showed signs of age thickening at 45°C, while powder B concentrates did not age thicken 

until the recirculation temperature was increased to 65°C. The effect of recirculation 

shear rate was more pronounced on concentrates made from powder A. 

The results suggested that powder A is more prone to gelation, and thus more sensitive to 

process treatments that can affect its tendency to age thicken and ultimately gel . 

Currently, there is not enough data to understand the difference in the structure and 

rheological behaviour between the two reconstituted powders during age thickening. 
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However, the results clearly showed that the rheological behaviour can be significantly 

different between two time-dependent systems, even though the composition 

specifications are similar. Thus, it is important to document as much information as 

possible on the raw material, such as time-temperature history, to provide the reader the 

necessary background to understand the rheological behaviour of the tested fluid. 

6.4 Industrial surveys 

The main purpose of the industrial surveys was to capture trends in rheological behaviour 

of fresh milk concentrates in industrial processing environments. Despite the number of 

variables that could not be controlled to the same level as during the controlled rheology 

experiments, the trends obtained during the industrial surveys agreed surpris ingly well 

with those from the controlled rheology experiments. 

After the evaporation process, the fresh milk concentrates showed time-independent 

shear thinning behaviour. After the concentrate heater, time-dependent behaviour was 

prominent. After evaporation, the milk concentrates are stored in the concentrate balance 

tank for at least 1 0- 1 5  minutes and up to 30 minutes before being pumped to the 

concentrate heater, homogeniser and spray drier. The tank serves as a buffer point in the 

process line to damp out fluctuations in the milk flow rate in the upstream processes. 

During storage in the buffer tank, age thickening can take place, which may contribute to 

the greater age thickening observed downstream at the concentrate heater. 

The effect of solids content, temperature, preheat treatment, equipment design and 

operating conditions, variation in composition all have significant effect on the rheology 

of fresh concentrates. These results agreed with other published results in regard to the 

effect of processing variables on the rheology of milk concentrates (de Vilder et a I . ,  1 979; 

Bloore & Boag, 1 98 1 ; Vilder & Moermans, 1 983 ;  Snoeren et aI., 1 984; Lawrence et aI ., 

200 1 ). However, these previous authors only measured the apparent viscosity and not the 
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rate of age-thickening of the fresh concentrates. The present work shows that age 

thickening can be significant during processing. 

One could argue that it is unnecessary to study the rheology of fresh concentrates over 

time periods that are much longer than any residence times in milk processing l ines. For 

example, after the concentrate heater, the milk concentrates spend less than a few minutes 

in transportation before being spray dried into powder. During this short time frame, the 

change in the rheological behaviour is small and unlikely to have any significant effect on 

the rheological behaviour of the products. 

However, this l ine of reasoning is obviously proven incorrect by the results presented in 

section 5 .7 .  The shear rate and residence time during heating (which is only in the order 

of seconds) in a plate heat exchanger had significant effects on the theological behaviour 

of the heated reconstituted milk concentrates. Similar effects of shear rate and residence 

time on the rheology are l ikely to exist in the industrial environment, possibly extending 

as far back as the preheat treatment, in addition to the evaporation, concentrate heating 

and spray drying processes. 

There are data available in the literature on the effect of viscosity of milk concentrates on 

the physical and functional properties of the powder. However, there are no data on the 

effect of age thickening on the powder properties. It is recommended that extensive 

experimentation should be carried out to study thi s  relationship between processing 

variables, time-dependent rheological behaviour of the milk concentrates, and the powder 

properties. 

6.5 Mechanism for age thickening 

Previous discussions of the mechanisms of age-thickening can be roughly grouped into 

two categories :  those that focus on the change in volume of individual particles (Snoeren 

et aI ., 1 984) and those based on the chemical causes of flocculation in concentrated milk 

(e.g. Bienvenue et aI . ,  2003a). Others (e.g. Velez-Ruiz & Barbosa-Canovas, 1 997, 1 998, 
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2000) simply provided phenomenological models of age-thickening without attempting 

to discuss the mechanism. 

The following discussion can be divided into four issues: 

1 .  What physical changes are involved? 

2. Are these changes reversible? 

3 .  What milk components are involved? 

4. What kind of reactions are taking place? 

6.5 . 1  Physica l changes during concentration and heating 

The changes in viscosity during age-thickening are linked to several factors :  

I .  Changes in the hydrodynamic resistance to flow of the dispersed solids. These 

involve changes in shapes and apparent volume of the individual col loidal 

particles. 

2. Flocculation, coagulation and aggregation modify the volume fraction of the 

dispersed phase and the PSD. In cases of extensive age-thickening, the PSD can 

change from monomodal to bimodal distributions. These factors necessarily 

involve interactive forces between particles that must therefore be surface forces, 

not those involved in internal cohesion. 

Coagulation phenomena can be divided into two types depending on the nature of particle 

movement: orthokinetic phenomena i .e .  those originating from fluid flow, and perikenetic 

phenomena i.e. those originating from Brownian motion of the dispersed particles 

(Muhle, 1 993). Therefore, floc formation during evaporation (Croy et aI, 2002), 

recombination (section 5 .5)  and in shear step tests (section 4. 1 )  fol lows orthokinetic 

coagulation principles, while age-thickening of samples stored at rest is perikinetic 

coagulation . This difference has not been mentioned in the literature of age-thickening 

presumably because thi s  work is the first to have measured the former mechanism of 

coagulation during flow. 
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The Massey University research group, to which this project is affiliated, believes that it 

i s  more fruitful to first analyse the physical phenomena that contribute to the shear stress 

and therefore the apparent viscosity (Trinh, personal communication, 2005) before 

attempting to analyse the chemical interactions underlying these phenomena. This 

strategy allows a more systematic and detailed examination of all the elements involved. 

6.5.1 .1 Volume fraction 

The models that described the relationship between volume fraction and rheology 

reviewed in Appendix 2 are based on interactions between separate particles. They do 

not take into account the floc size and strength and therefore cannot describe the shear 

thinning behaviour often observed with colloidal solutions. Even in model systems made 

up from latex particles manufactured to known particle sizes and stabil ised with an outer 

layer of surfactants (Luckham and Ukeje, 1 999), the predictions of the Krieger­

Dougherty equations could only be correlated with the viscosity "at high shear rate" and 

no attempt was made to explain the shear thinning behaviour. While the kinetics of 

coagulation and flocculation are well  researched (Dobias, 1 993) the assessment of floc 

size and density in concentrated opaque solutions cannot be easily measured as discussed 

in more detail in the next section. The floc stability and therefore its size is a function of 

the applied shear rate (Muhle, 1 993) and the volume fraction should therefore be 

measured at the concentration and in the shear environment applicable to the viscosity 

measurement. There is no easy method for doing this at the moment and therefore all 

discussions relating volume fraction to viscosity during age-thickening can only be 

qualitative. 

6.5. 1 .2 PSD 

The volume fraction is affected by the degree of packing of the dispersed particles 

throughout the continuous phase, but it does not provide information on the SIze, or 
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shape, or formation of any flocs or aggregates. This  is where PSD is useful to some 

extent. 

Direct measurements of PSD have been made on fresh and reconstituted skim and whole 

milk concentrates by Yoo et al. ( 1 996), Ma et al. (2002), Croy et al. (2002), B ienvenue 

et al. (2003a, 2003b) and in this work. However, it must be pointed out that the 

measurement of PSD with the Malvern Mastersizer, and indeed other systems based on  

microscopic observation, light scattering or coulter counting require the samples to be 

diluted (Anema and Li, 2003b; Bienvenue et aI ., 2003a). 

In this work, the milk concentrates were diluted with distil led water to achieve an opacity 

range of 1 5 -20% prior to measurement. The dilution step may break up any weak flocs 

or loose networks that contribute to the viscosity. 

Milk concentrates reconstituted at 35°C showed no change in PSD with concentration 

between 1 0% and 52% TS, despite the exponential increase in apparent viscosity with 

solids content. Similar trends were observed when concentrates made from powder B 

age thickened during storage at 35°C. No change in PSD was observed even though the 

apparent viscosity increased significantly with storage time. 

These results lead to the paradox that while the volume fraction does not increase during 

age-thickening, since both the solids content and PSD remain constant with storage time, 

the change in viscosity indicates that particle flocculation or aggregation has taken place. 

Since this would normally be reflected by a change in PSD, it is  suggested that the flocs 

formed during this age-thickening are weak and destroyed by the di lution process. 

In contrast, when the concentrates were heated above the temperature for minimum 

viscosity, gelation was observed and a change in PSD :from a monomodal to a bimodal 

distribution took place. The aggregation profile paral leled the changes in apparent 

viscosity during age thickening (section 5 .4). The onset of aggregation is caused by 

heating and not by the high solids content since no change in PSD was observed at 35°C.  
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Therefore, heating above the temperature at minimum viscosity triggered new reactions 

that resulted in stronger bonds which are not readily reversed upon dilution during PSD 

measurement. 

Other researchers have maintained that an increase in solids content results in an increase 

in particle size due to association between the casein micelles (Croy et aI., 2002 ; Anema 

& Li, 2003a, 2003b;  B ienvenue et aI ., 2003a, 2003b). However, in all these works the 

milk was pre-heated above 65°C e ither before or after concentration. 

A comparison of changes in age thickening and PSD above and below the temperature at 

minimum viscosity has not been shown before . The results here clearly show that a 

change in viscosity does not necessarily equate to a change in PSD, as measured by laser 

diffraction. 

6.5.2 Reversible and irreversible changes during age thickening 

Irreversible changes during age-thickening can be classified into two categories: 

1 .  Not reversible by dilution 

2. Not reversible by shear 

6.5.2.1  Changes not reversed by dilution 

The PSD results suggest that any changes in PSD at low temperatures are reversible by 

dilution. However, after heating the concentrates, changes in PSD in the diluted samples 

are apparent. This indicates that some irreversible aggregation has occurred. However, it 

cannot be assumed that all the aggregates are resistant to breakdown. 
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6.5.2.2 Changes not reversed by shearing 

Bienvenue et al. (2003a) claimed that the exponential increase in viscosity at 1 000 S·l 

with storage time during shear sweep tests in 45%TS skim milk samples (that had been 

preheated to 90°C and then stored for eight hours at 50°C) was direct evidence of 

irreversible (by shear) interactions. 

It was shown in section 5 .5  that concentrates reconstituted at 4 ,400 S·l could still age 

thicken during recirculation. Therefore, a shear rate of 1 000 S·l is not sufficiently high to 

prove the irreversibility of age thickening as proposed by Bienvenue et al. (2003a). One 

may argue that the critical shear rate to reach the upper Newtonian plateau during 

recirculation is different for different fluids. However, the critical shear rate for the 

45%TS milk concentrates was not detennined in Bienvenue's  et a1. (2003a) work. 

The results in section 5 .9 indicated that the large aggregates (between 2 and 1 00 !-lm) in 

concentrates stored at 75°C are largely disrupted by re-shearing at 40,000 S·I and only a 

very smaIl fraction remains. The rheological behaviour after re-shearing of the 

concentrate samples, that have already been age thickened, was also different from 

freshly reconstituted concentrates. This has significant practical implications since 

B ienvenue et al . (2003a, 2003b) suggested that their results showed that homogenisation 

and atomisation would reverse any age thickening which occurred during processing. 

There are no published measurements of shear rates in homogenisation and atomisation 

processes although preliminary estimates, due to be consolidated in upcoming projects at 

Massey University, put them at least within the range of maximum shear developed in the 

recombination rig. 

The evidence presented in this section indicates that the forces involved in the fonnation 

of flocs during age-thickening have at least three levels of cohesive strengths. The 

weakest forces are likely to be the van de Waals forces. Upon dilution, the flocs held 

only by van der Waals forces are the most l ikely to be disrupted. At the other end of the 

spectrum, the irreversible aggregates that can withstand shear levels in the upper 
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Newtonian region probably involve extremely strong bonds. These are more l ikely to be 

of a chemical (covalent bonds) rather than electrical nature. A discussion of l ikely 

chemical reactions in age-thickening is presented in  a later section (6.5.5) 

6.5.3 Milk com ponents a nd chemical changes involved in the age-thickening 
process 

It is wel l  known that when milk proteins are heated above 65-70°C, denaturation of whey 

proteins takes place. The combination of high temperature and solids content and a 

decrease in pH gives rise to a series of interactions between the denatured whey proteins, 

in particular �-lactoglobulin with K-casein. Fat globules can participate in the build-up 

structure but can only do so via the adsorbed protein layer on the DFGM. 

During the initial stage of age thickening, the fat globules and the casein micelles are 

randomly dispersed in the continuous phase, as shown in  F igure 5 .87.  The fat globules 

are at least ten times larger than the casein micelles (Walstra et aI ., 1 999) and therefore 

must make a significant contribution to the size of any aggregates. Their participation in 

the gel  network has been shown to increase G' during gelation, in comparison to gels 

made from skim milk only (Underwood & Augustin, 1 997). 

B lack "lumps" on the fat globule membrane are often observed during age thickening. 

These are casein micelles associating with the fat globule surface (pouliot et aI., 1 990; 

Velez-Ruiz & Barbosa-Canovas, 2000). It is possible that denatured whey proteins also 

associate with the fat globules (Brun & Dalgleish, 1 999). 

During age thickening, the amount of plasma proteins adsorbed on the fat globules 

increases until the caseins appear to have fused together into a continuous layer. The 

layer also increases in thickness during age thickening, as shown in Figure 5 .86. Similar 

observations were made by Velez-Ruiz & Barbosa-Canovas (2000). 
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The participation of the fat globules, case ins and possibly denatured whey proteins in the 

continuous network is clearly seen in the TEM images in section 5 .8 .  There are an 

increasing number of aggregates of fat globules and casein micelles with storage time 

during age thickening (Figures 5.84-5 .86). The incorporation of the fat globules into this 

network most l ikely takes place through the interactions of the surface plasma proteins 

and the serum proteins. Shanna and Singh ( 1 999) shared a similar view during their 

analysis ofHCT of recombined milk. 

The participation of casein micelles and denatured whey proteins can readily be seen in 

skim milk concentrates (Figures 5 .87-5 .88). Caseins can either interact with themselves 

or with denaturated whey proteins . Filamentous appendages from the casein micelles can 

sometimes be seen acting as cross linking bridges. These have been identified as 

denatured whey proteins (Carroll et aI., 1 970; Davies et aI . ,  1 978; Kocak & Zadow, 1 985;  

Defel ipe et al ., 1 99 1 ;  de Koning et al ., 1 992). I t  is al so possible that these linking bridges 

are the [3-lactoglobulin-K-casein complex that have been formed, released from the 

micelles and then attached themselves between micelles, as suggested by McMahon 

( 1 996). 

Casein micelles interact with one another to form clumps that grow in size. Again there 

i s  evidence of direct fusion of casein micelles or sub-micelles into large non-spherical 

particles suspended in the continuous phase. A decrease in pH at high concentration 

results in the solubil isation of the CCP, with complete solubilisation at pH 5 .3 (de la 

Fuente, 1 998). This results in an increase in the Ca2+ activity, which can decrease the 

e lectrostatic repulsion between the casein micelles and consequently increase the 

aggregation rate. 

The possibility that casein micelles can affect age-thickening without the help of whey 

proteins was i llustrated by Ma et al. (2002) who added a proteolytic enzyme, Neutrase, to 

attack the para-K-caseins. This action destabilised the casein micelles which became 

much more heat sensitive. The viscosity and rate of thickening increased with the level of 

addition of the enzyme and more importantly the point of minimum viscosity (which 
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coincides with the first significant evidence of age-thickening) fel l  to 40°C from the 60-

65°C range. 

6.5.4 Types of age thickening 

When heating and storage were carried out at temperatures below the temperature for 

minimum viscosity, age thickening proceeded slowly, and no gelation and changes in 

PSD took place. On the other hand with heating above 65°C, age thickening was rapid, 

gelation took place, and changes in PSD were observed. 

The results suggest that the rate of development, structure and strength of the flocs are 

significantly different in the two temperature regions, implying d ifferent mechanisms of 

structure formation. A typical industrial example of viscosity change with time in the 

low temperature region is the age-thickening of RSCM during storage at room 

temperature. Well-known examples of viscosity changes with time in the h igh 

temperature range are concentrate heating during milk powder manufacture and 

recombined evaporated milk manufacture. To simplify further references to these two 

situations, the writer proposes to cal l  low temperature age-thickening type I and high 

temperature age-thickening type n .  

Authors who have worked with acid gelation of diluted milk systems have also observed 

two mechanisms of gelation in two temperature ranges resulting from different pre-heat 

treatments (Lucey, Tamehana et aI ., 1 998; Lucey et aI. , 1 999; Steffl et aI., 1 999 ; Schorsch 

et aI ., 200 1 ;  Vasbinder et aI, 2 003a, 2003b; Famelart et aI . ,  2004) . .  

Walstra et a1 . ( 1 999) noted that there is  a fundamental difference in the phenomena of 

age-gelation (of say RSCM) and the viscosity changes in the measurement of HCT, 

normally conducted at very high temperatures (above 1 20°C). They did not quote direct 

evidence to i l lustrate their statement nor differentiate between type I and type n. 
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The writer agrees with Walstra et a1. ( 1 999) and further argues that since proteins are 

activated at all temperatures above the temperature of minimum viscosity, the difference 

between type IT age-thickening and heat stabi lity measurements is only one of extent and 

not fundamental mechanism. While the HCT is not a rheological measurement, changes 

in viscosity have been used to measure the HCT (van Mil  and de Koning, 1 992). 

Coagulation marks the change in phase of the system from l iquid to semi-solid. Thus one 

may argue that the formation of aggregates in HCT measurement is  equivalent to the first 

sign of phase change during age thickening that could eventuate in the formation of a full 

gel network. Therefore, the knowledge from the very extensive studies of HCT in the 

literature may give c lues to the mechanism of type IT age thickening. Obviously, the 

difference in solids content (low solids content for HCT measurement in comparison to 

the high solids content in milk concentrates) would play an intricate role. However, that 

knowledge cannot be used to explain type 1 age-thickening. 

The preheat treatment contributes to the temperature history. Data from Trinh and Leslie 

( 1 996), and Bienvenue et al. (2003b) showed that preheating above 65°C gave rise to 

changes in PSD and age thickening during storage. Thus it appears that both type 1 and 

type IT  should be further divided into two sub-types A and B to take into account the 

effect of pr eh eating, as shown in Figure 6.6. 

Under types la and llb, the important characteristics of the rheological behaviour of the 

milk concentrates are deduced from the experimental data obtained in this thesis. 

However, no such information is predicted for types lb and ITa due to insufficient data 

and knowledge on age thickening and gelation under those conditions. 
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I Type I age I thickening 
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Type Ib 

Type la Preheating above 

No preheating the critical 
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Age thicken slowly 

Type IIa 

No preheating 

Figure 6.5 : Proposed types of age-thickening 

6.5.5 Proposed mechanisms of age-thickening 

6.5.5.1 Physical interactions in type I mechanism 

Type lIb 
Preheating above 

the critical 
temperature 

Age thicken quickly and 
always gel 

A large body of literature IS available on the rheology of concentrated colloidal 

suspensions (e.g. Batchelor, 1 977;  Le and Bhattacharya, 1 990; Luckham and Ukeje, 

1 999). The consensus indicates that these solutions are shear thinning with a yield stress 

and can be described adequately with the Herschel-Bulkley model as found in this work. 

Much of the rheological behaviour of these colloidal systems may be explained in terms 

of primary particles consisting of a core and an outer layer (Luckham & Ukeje, 1 999). 

The kinetics of aggregation and disaggregation of particles can also be analysed in terms 

of the relative strengths of the surface interactions defined by this outer layer and the 
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motion of the particles (Muhle, 1 993). These analyses are made in terms of physical 

behaviour and can be applied to all colloid systems, not just milk. 

The rheology of skim milk and its concentrates below the temperature of minimum 

viscosity is dominated by the contribution of the casein micelles which can be pictured as 

an inert core with an outer layer made up of K-casein hairs. The complication in 

characterising the behaviour of the milk system in terms of volume fraction lies in the 

way the hairs are distributed on the micelle surface and the manner in which the layer 

interacts with other milk components. 

The solids content affects the volume fraction of the individual particles, hydrodynamic 

interactions between the particles in a flow field, and more importantly the proximity of 

the particles. At low solids content, the colloidal particles can be considered as 

individual spheres with no interactions. An increase in solids content promotes physical 

interactions between particles. At sufficiently high solids content, the close proximity 

allows bonding to take place that results in the formation of weak flocs. The bonds at this 

stage are l ikely to be weak ionic, hydrogen, and possibly hydrophobic bonds. 

In highly concentrated milk, when the casein micelle domains can overlap, one should 

not discount the possibility of steric entanglement of the hairs in the outer layer. 

Luckham and Ukeje ( 1 999) have postulated that this entanglement and compression of 

the steric layer may explain the strong viscoelastic properties of highly concentrated 

colloid solutions. 

At 3 5°C, age thickening does take place, but only at high solids content, i.e. 50%TS in 

powder B concentrates. The K-casein casein layer may be destabilised to some extent 

during powder manufacture resulting in a reduction in the steric and electrostatic 

repulsion. Casein-casein aggregates are expected to primari ly contribute to the formation 

of weak flocs. A decrease in pH upon concentration and its effect on the CCP may also 

contribute to the unstable micelles. 
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6.5.5.2 Aggregation in type 11 mechanism 

Upon heating above the temperature of minimum viscosity, additional interactions take 

place due to the denaturation of whey proteins that exposes free thiol groups. Heating 

also affects the interactions between the serum and plasma proteins with the fat globules. 

Even though heating chemically modifies the components and makes them more reactive, 

collisions are still required for interactions to take place. Thus, the effect of temperature 

is dependent on solids content, where high value brings partic les closer together and thus 

increases the rate of reaction. 

The formation of aggregates between casein micelles, denatured whey proteins and fat 

globules via covalent bonds give rise to strong floes and extended network structures. 

This affects the PSD, and intum the volume fraction and the rheological behaviour . .  

Unfortunately, PSD cannot differentiate between the increase in size of individual 

particles and the size of the aggregates and floes. 

Luchkham and Ukeje ( 1 999) have demonstrated that the maximum volume fraction of a 

polydispersed colloidal suspension of latex partic les increases with the polydispersibilty 

of the dispersed phase. Thus the effect of PSD is not restricted to an increase in apparent 

volume fraction of the solid phase but also reflected in the maximum packing efficiency 

of the floes. This manipulation of PSD to affect the viscosity of food systems has been 

previously carried out, as reviewed by Servais et al. (2002). 
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6.5.5.3 Particle interactions 

The results obtained in this project suggest that there are at least three levels of the 

strength oflinkages between the particles in an aggregate: 

1 .  weak bonds that are disrupted by dilution 

2.  stronger interactions which are not reversible by di lution, but reversible by h igh 

shear 

3 .  very strong bonds that cannot be  broken up  by  high shear 

The RAT of samples stored at rest increased with storage time indicating clearly that 

either the rate of collisions of particles increased or the bonding effectiveness of each 

encounter was increased, or both, during storage. S imilarly the PSDs of type n age­

thickening show increasingly large flocs with time indicating more bonds that cannot be 

affected by dilution. 

Brownian motion only applies to particles smaller than 1 Ilm and in a shear field of less 

than 1 0  S·1  (Muhle, 1 993). During storage at rest, small particles move towards each 

other under the influence of Brownian motion and interact to form flocs through van der 

Waals forces. As the flocs get bigger during age thickening, the influence of the 

Brownian motion is less prominent and certainly cannot affect the movement of large 

flocs, only unattached small particles. In addition, the distance between free particles and 

established floes diminishes with time, since the apparent volume occupied by the flocs 

increases, resulting in a higher adsorption rate (Muhle, 1 993). Using the gelation theory 

by Clark ( 1 992), one can speculate that one floc eventually reached a critical size where 

future association takes place primarily through this main floc. 

There is little agreement on the mechanism of age thickening of milk concentrates in the 

l iterature. However, the literature on acid gelation observed a multi-stage gelation 

process that depended on the range of gelation temperature as well as preheat treatment. 

This is remarkably similar to observations here on types I and n age-thickening. Some 

insight into the mechanisms of age-thickening can be gathered from the large amount of 
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work published on acid milk gelation, although the work on acid milk gelation often 

involved only dilute systems, 1 0- 1 5%TS. In addition, electrostatic and possibly steric 

repulsion are minimal due to the low pH. 

Vasbinder et a1 . (2003a, 2003b) showed that gels made by acidification between 20°C 

and 40°C without preheating were much weaker than those made from milk preheated to 

90°C for 1 0  min .  When the milk was preheated before acid gelation, there was an 

increase in gel hardness and storage modulus (G ' )  (Lucey et ai, 1 997 , 1 998; Pamell­

Clunies et aI . ,  1 998) and the gels were less susceptible to syneresis (Dannenberg and 

Kessler, 1 988). The effect of preheat treatment on acid gelation has been linked with 

whey protein coating of casein micelles creating a shift in the gelation pH from 4.6 

(isoelectric point of caseins) to 5 .2 (isoelectric point of whey proteins) (Lucey et aI. , 

1 997; Vasbinder et a1 . 200 1 ). 

Vas binder et a1. (2003a) used N-ethylmaleimide (NEM) and SDS-agarose gel 

electrophoresis to show that the disulphide bonding only takes place when the solutions 

were heated at high temperatures. This presence of the covalent disulphide bonds at h igh 

temperature has also been observed by others (Jang & Swaisgood, 1 989;  Schorsch et aI ., 

200 1 ;  Famelart et aI ., 2004). While the covalent bonding of �-lactoglobulin to K-casein 

is  the principal heat induced change (Jang & Swaisgood, 1 990; Singh, 1 993; Corredig & 

Dalgleish, 1 996), significant amounts of a-lactalbumin and other minor whey proteins 

also interact with the casein micelles (Corredig and Dalgleish, 1 996, Oldfield et aI., 

2000). 

Vasbinder et a1. (2003) summarised their views into two different mechanisms of acid gel 

formation. In acid gels made from unheated milk, the structure is formed by direct 

aggregation of casein micelles through physical, and therefore weaker, interactions 

(hydrogen, hydrophobic and electrostatic bonds). In acid gels made from preheated milk, 

casein micelles network through the intermediary of disulfide linked complexes of whey 

and casein. 
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It is proposed that during age-thickening, the effect of floc formation outweighs the 

contribution of the volume changes of the individual particles especially in the later 

stages close to the gelation point. Two mechanisms of coagulation are distinguished: one 

i nvolving direct interaction between casein micelles and the other involving disulfide 

linkages, particularly but not exclusively through the !3-lactoglobulin-K-casein complex, 

as shown in Figure 6.6. 

The first mechanism applies to age-thickening of milk concentrates made with whey­

protein free milk, milk with addition of blocking agents for the thiol groups, by 

evaporation of fresh but not preheated milk, or by reconstituting milk powders at 

temperatures below the critical point of the viscosity minimum (Type la). The second 

mechanism applies to milk concentrates made from fresh preheated milk, reconstituted 

milk concentrates heated above the temperature of the viscosity minimum and then 

cooled back (Type Ib) and milk concentrates age-thickened at temperatures above this 

critical point (Type IT). 

I Type la Type ll 

Figure 6.6:  Proposed mechanisms of age thickening. 

Upon cooling the milk back to ambient temperature after heating, a number of thiol 

groups remain active (Hashizume & Sato, 1 988;  Guincamp et aI. ,  1 993). The d ifference 

between types Ib and IT is that in Type Ib there are only a fixed number of activated thiol 

groups able to participate in the gelation process whereas new thiol groups are 
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continuously activated In type IT age-thickening until the reserve of thiol groups is  

exhausted. 

The weak physical particle interactions in casein-casein aggregates, in particular the 

electrostatic and hydrogen bonds, are easily disrupted by dilution. This explains why the 

diluted milk samples show no change in PSD during age-thickening in type la. Addition 

of a proteolytic enzyme, like Neutrase (Ma et ai, 2002) cuts the glycomacropeptide from 

the K-caseins thus providing more destabi lised casein micelles for the aggregation 

reaction. Hydrophobic interactions can also take place during casein aggregation. 

The greater strength of Type IT age-thickening structure arises from the presence of 

disulfide bonds associated with the hair like l inkages between casein micelles. When part 

of the whey proteins is removed, both the viscosity and age-thickening rate decrease 

significantly as found by Trinh and Schrakenraad (2002). 

The nature of assoc iation between the denatured whey proteins and casein micelles is not 

yet clear, but it has been suggested that this takes place via the K-casein (Anema & Li, 

2003a; Cho et aI . ,  2003). Since the dissociation rate of K-caseins is  strongly pH 

dependent, the author predicts that the rate oftype IT age-thickening is also pH sensitive 

by analogy with well documented observations of heat coagulation time (HCT) behaviour 

(Singh, 2004). Obviously, extensive experimentation is required to prove this hypothesis. 

It is  also not known whether the denatured r3-lactoglobulin first attaches to the K-casein 

on the micelle surface and then the complex dissociates from the micelle or whether the 

r3-lactoglobulin attaches to the already dissociated K-casein. Obviously, direct casein­

casein and denatured whey protein aggregation can also take p lace and contribute to the 

gel network. Thus at any stage, several mechanisms can co-exist in type II age­

thickening. 
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6.5.6 Modelling of the age thickening process 

There is currently no mathematical model available to monitor the age thickening process 

in milk concentrates, or any other dairy system.  There is no attempt to develop one here, 

but the author wishes to point out a few issues that need to be addressed in the 

development and/or choice of a suitable time-dependent rheological model. 

A suitable model will involve both time-dependent structural viscosity and elasticity, as 

proposed by Mujumdar et al. (2002) 

', = 'e + 'v 

where " is the total stress (Pa) 

'e is the elastic stress (pa) 

'v is the viscous stress (pa) 

(6. 1 )  

The viscous stress is likely to dominate the first phase called hereafter age-thickening 

phase and the elastic stress to dominate the second phase called gelation phase. A 

number of such models exist (e.g. Fang and Tiu, 1 990; Mujumdar et aI., 2002) but have 

not been applied to milk concentrates. For example, Mujumdar et aI. (2002) developed a 

model which summed the elastic and viscous contribution to the total stress. They found 

that the model gave better prediction of the variation of the G' / G" ratio with oscil lation 

frequency of concentrated suspensions of silicon particles and sil icon carbide whiskers in 

polyethylene than the Rutgers-Delaware model (Doraiswamy et aI . ,  1 99 1 ). This is 

because the Rutgers-Delaware model was found to apply only to the linear viscoelastic 

region, while the Mujumdar et aI. (2002) model could be applied in the non-linear region 

i .e. at large deformations encountered in process operations. These models should be 

considered for contributing elements into rheological models of milk concentrates and 

other dairy products. 
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Mujumdar et al. (2002) and Fang and Tiu ( 1 990) did not indicate how their models could 

be appl ied to the sol-gel transition. 

The structural modelling can either fol low direct (monitoring the bonds directly) or 

indirect microstructural approach (structural parameter). 

In d irect structural modelling, the bonds involved between the milk components can be 

modelled to some extent, as shown by Tuinier and de Kruif (2002). They calculated the 

strength of the attractive and repulsive forces on the surface of casein micelles to estimate 

the viscosity of milk during renneting. Their analysis was quite accurate up to 40% of K­

casein cleaved off by rennet (destabi lisation of casein micelles) and qualitatively 

described the shape of the viscosity-rennet addition curve but predicted gelation at too 

low cleaved-off levels. This approach may be adapted to estimate the viscosity at 

gelation and possibly the gelation time. The difficulty here is that direct casein-casein 

interactions are only one of three types of bonds, which would result in at least three 

different types of structures. A substantial amount of work will be needed to identify the 

kinetics and mechanisms of these protein interactions and will hopefully give an estimate 

of the success rate of particle col lisions to be employed in coagulation kinetics (Dobias, 

1 993). 

Indirect structure models use the lumped structural parameter to monitor the change in 

structure, and thus change in viscosity (e .g. Moore, 1 959;  Tiu and Boger, 1 974; Nguyen 

and Boger, 1 985 ; Cheng 1 987;  Baravian et aI., 1 996). In most of these models, the 

structural vi scosity at infinite shear is constant. The results from section 5 .9 showed that 

during age thickening, this value changes with storage time. The structural viscosity at 

infinite shear must be a function of time to account for irreversible changes during age­

thickening. For example the Cross (Cross, 1 965) model should be rewritten as 

1 
(6.2) 
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Of course the relationship between f-Joo and time must be defined through careful and 

extensive experimentation. It is l ikely that it will be a function of the composition and 

quality of the raw milk used to make the concentrate and as such will also exhibit a 

dependence on seasonality, stage of lactation and feed quality. 

The age thickening process is mainly governed by the rate of structural bui ld-up. It must 

be noted that even in sheared systems, age thickening can sti l l  take place. In such cases, 

the structural breakdown wil l  also affect the age thickening process, but obviously, 

structural build-up sti ll dominates. 

The bui ld-up coefficient can be analysed through the change in the Herschel-Bulkley 

parameters with storage time during age thickening, where structural build-up dominates. 

The same structural parameter can be used to determine all three Herschel-Bulkley 

parameters, with three separate time functions. 

(6.3) 

The model proposed by Mujudam et al . (2002) to take into account both the elastic and 

viscous stresses is as follows 

(6.4) 

where Ye is the elastic strain associated with the flowing structure 

The yield stress term r y from the Herschel-Bulkley model is essentially replaced by the 

elastic stress term A(GrJ . Equation 6.4 can be modified in a similar manner to equation 

6.3 to give 

(6.5) 
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The effect of other variables in  the processing history, such as temperature and solids 

content, seasonality, lactation, lactose and permeate addition are too complex to be 

modelled at the present time. 
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CHAPTER 7 :  CONCLUSIONS AND RECOMMENDATIONS 

The l iterature survey in  chapter 2 indicated that the rheological characterisation of 

time dependent fluids i s  extremely difficult and time consuming. The understanding 

of this phenomenon in concentrated milk solutions is stil l  very incomplete and the 

experimental techniques currently available in the l iterature were either inadequate or 

inappropriate for this project. 

7.1  Calibration of the Paar Physica MCl 

Calibration of the Paar Physica MC ! rheometer ensured that the collection of data 

was accurate and reliable. The cal ibration exercise showed that there were strict 

l imits to the operating spindle speed and torque of the Paar Physica MCl .  Therefore, 

the reliable operating ranges were smaller than c laimed in the operating manual. 

Shear stress corrections were applied to correct for non-linearity in the rheometer 

response, and a non-Newtonian correction was also required. 

7.2 Controlled rheology experiments 

The rheological behaviour of reconstituted milk concentrate systems was high ly 

dependent on the reconstitution process. Milk concentrates reconstituted in a 

purpose-built recombination rig, where they were recirculated at 40,000 S·l and 35°C 

for 60 minutes were similar in rheological behaviour to fresh concentrates (correlation 

sign ificant  at p<O .O l ). In addition, under these conditions, both the rates of build up 

and breakdown of the dispersed phase structures were zero: the fluid was in structural 

equilibrium, and replicate samples showed excellent reproducibility with a maximum 

experimental error range of 1 0%. 

7.2 .1  The rheology of m ilk concentrates 

The rheology was mainly affected by solids content and heating and storage 

temperatures. The rheology of the reconstituted milk concentrates at 35°C shifted 
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from Newtonian (below 30%TS) to time-independent non-Newtonian (30-40%TS) to 

t ime-dependent non-Newtonian (above 40%TS) behaviours. 

Below 20%TS, Newtonian behaviour existed at 35°C and 85°C. At 30-35%TS, 

heating to 85°C triggered the onset of time-dependent behaviour. At 40% TS and 

above, the degree of thixotropy and age thickening increased with an increase in 

heating and storage temperature. 

7.2 . 1 .1 Effect of solids content and temperature on the viscosity of 

reconstituted milk concentrates 

An increase in solids content resulted in an exponential increase in viscosity and a 

decrease in pH from 6.7  to 6.2 at 47%TS where a plateau was reached. An increase in 

heating temperature resulted in a decrease in viscosity unti l  a minimum at 65°C-75°C, 

above which the viscosity increased significantly. 

7.2.2 Age thickening behaviour 

Age th ickening was characterised by: 

1 .  Initial rate of increase in apparent viscosity (or yield stress and consistency 

index) and HLA with time. 

2. Gell ing t ime 

3 .  Apparent viscosity at the gel l ing point 

The rate of age thickening was dependent on solids content and heating and storage 

temperatures. The viscosity at the gel l ing point was independent of concentration and 

temperature, and appeared to be a property of the milk powder. 
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7.2.2.1 Processing conditions affecting the age thickening behaviour 

In addition to solids content and heating and storage temperature, the rate of age 

thickening and gelling times in the reconstituted concentrates were highly dependent 

on the processing conditions during the reconstitution and heating stages. 

An increase in recirculating shear rate during reconstitution at 35°C, resulted in lower 

rates of age thickening and subsequently longer gel l ing times when heated and stored 

at high temperatures. An increase in recirculating temperature, resulted in shorter 

gel l ing times when the concentrates were heated and stored at the elevated 

temperature. 

When heating and storage of the concentrates was carried out under industrial 

conditions, using plate heat exchangers with different numbers of plates, similar, but 

quantitatively different results, to the controlled rheology experiments were obtained.  

The design and operating conditions of the heat exchangers had a significant effect on 

the rheological behaviour. 

7.2.2.2 Effect of powder o rigin 

Reconstituted concentrates made from two whole milk powders, A and B, with very 

similar compositions, showed different age thickening behaviour. 

Powder A concentrates gelled at O. l Pa.s, while powder B concentrates gel led at 0 .5-

0 .6 Pa.s. As both concentrates had similar rates of age thickening, powder B 

concentrates consequently took a longer time to gel during age thickening. 

7.3 I nd ustrial  s u rveys 

Industrial surveys of fresh milk concentrate systems showed that many processing 

conditions, including the preheating level ,  heating temperature during evaporation and 

concentration, solids content and protein content affect the viscosity and age­

thickening behaviour of the concentrates. The shear level during sampling also played 
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a s ignificant role. The design of the p lants also affected the viscosity of the 

concentrates,  presumably through their temperature, shear and residence t ime 

histories. 

7.4 Mechanisms of age thickening 

A new classification of age thickening in dairy solutions is proposed: 

• Type 1 age thickening taking place below the temperature at mmlmum 

viscosity, 

• Type 2 occurring above this temperature. 

In type 1 age thickening, the lack of change in PSD during age thickening suggested 

that the bonds involved are weak and readily broken up by dilution. It is proposed 

that these bonds resulted from direct physical interactions between casein micelles. A 

change in PSD in type 2 suggested heat treatment above the temperature at minimum 

viscosity triggered new reactions that resulted in stronger bonds,  which can be 

attributed to the irreversible denaturation of whey proteins upon heating above 65-

70°C and their interactions with other denatured whey proteins, casein micelles, 

dissociated caseins, or fat globules. 

7.5 Recom mendations for future studies 

7.5.1  Improvements to the recombination rig 

Despite the success achieved with the recombination rig, there are many design 

changes that could improve the efficiency of the rig and make the operation and data 

collection easier. These include: 

• A more powerful mono pump to deliver higher shear rates during recirculation 

• Automatic control of the heating system 

• Installation of more sensors, including pressure sensors 

• Automatic powder feeding system to control the solids content in short time 

frame. 

• Larger mixing c apacity from 5 L to at least 1 0  L.  
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7.5.2 I ndustrial surveys 

The database obtained from the industrial surveys needs to be expanded to include 

more milk products at different p lants throughout several production seasons. The 

change in rheological behaviour during processing should also be correlated with the 

physical and functional properties of the end powder. This will provide valuable 

information to ensure the production of milk powders with the desired properties in a 

consistent manner. 

7.5.3 Factors affecting the age thickening behaviour of reconstituted milk 

concentrates 

There is still a need to do further tests on the effect of processing variables, such as 

solids content, temperature, as well as operating conditions during recombination and 

heating. The effect of pH on age thickening should be investigated thoroughly. The 

relationship between age thickening and HCT should also be established. In addition, 

future experiments should include a wide variety of products, including skim and 

whole milk, RSCM, recombined evaporated mi lk and other time-dependent dairy 

products. Establishment of the critical conditions for the onset of age thickening and 

gelation in each product would be valuable. 

TEM ,  SDS-page and SDS-agarose, PSD, and any other chemical analytical 

techniques that may prove beneficial towards the understanding of the chemical 

interactions and change in structure during age thickening should also be employed to 

support the rheological data. 

7.6 Concluding remarks 

This project has successfully developed improved methods for the rheological study 

of time-dependent fluids. Even though this work is focused on the rheology of 

reconstituted milk concentrates, the techniques developed are appl icable to the study 

of other time-dependent systems. 
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Age thickening is far more complex than previously envisaged in the literature. Age 

thickening is affected by many processing variables, including composition, sol ids 

content, as well as temperature and shear h istories. The knowledge of the interactions 

between the processing variables, rheology of the milk concentrates and the properties  

of the end powder could provide an  important quality control tool during process ing.  

The physical and functional behaviour of the products can then be controlled 

systematically. This would allow the production of more consistent products, and the 

development of products with new texture and mouth feel characteristics .  
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A.I  Milk system literature review 

Milk contains approximately 85% w/w water. Lactose (4.6% w/w), fat (3 .9% w/w), 

and protein (3 .25% w/w) make up the bulk of the remaining components. Other 

miscellaneous components, including vitamins, are present in trace amount. 

The milk system is mainly aqueous, with various species of dispersed particles. Fat 

globules are the biggest constituents with an average diameter of 0 . 1 - 1 0  !lm. Casein 

micelles are the next largest components in the plasma, the milk solution minus the 

fat, averaging 1 0-300 nm in diameter and constitute approximately 80% of the protein 

in milk (Lucey, 2002). Milk without fat globules and casein micelles is cal led serum. 

The fat globules and the casein micel les are the col loids that contribute to the white 

appearance of milk (ten Grotenhuis et aI . ,  2003). 

The aqueous part constitutes the continuous phase, and thus the properties of milk are 

primarily those of an aqueous system. Polar substances dissolve well in milk. The 

low viscosity of milk enables it to be mixed easily. 

Fresh milk varies widely in composition and properties. The variations are caused by 

genetic and physiological differences, arising particularly from the stage of lactation 

and the breeding environment. Milk from different cows behaves differently during 

processing (Hill et aI., 1 996). 

The milk system is never in equil ibrium. Once collected, milk undergoes significant 

changes. Thus the system constantly changes, even if the environment is held 

constant. The changes in the milk system can be divided into the following 

categories: 

• Physical changes: e .g. separation of phases 

• Chemical changes: e.g. natural oxidation of l ipids 

• Biochemical changes: are largely enzymatic 

• Microbial changes : fermentation by lactic acid bacteria (Walstra & Jennes, 

1 984) 
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A.1 . 1  Lipids 

The composition of milk fat is very variable. Variations of feed, in particular both its 

lipid and non-lipid components, is  an important factor. Consequently, the fat 

composition varies  with time of year, region, farming practice ,  and so on. 

The triglycerides are very non-polar and not surface active. They act as a solvent for 

many other non-polar substances. Fatty acids are surface-active and somewhat 

soluble in water. They dissolve well in fat ,  and tend to associate into dimers by 

hydrogen bonding. 

The triglycerides can be attacked by milk and bacteria enzymes to yield diglycerides. 

These can also be subjected to further attacks to yield mono glycerides. Diglycerides 

do not differ much from the triglycerides in properties. Monoglycerides are much 

more polar and surface-active. They tend to accumulate at an oil-water or air-water 

interface .  The attack on triglycerides can also yield free fatty acids. 

The monoglycerides have hydrophilic and hydrophobic sections. This makes the 

molecule amp iphilic, and means that the molecule is compatible with both water and 

oi1 .  The molecules form micel les with polar ends on the outside in the presence of 

water, and inside in the presence of oil .  In milk, they are in  contact with water and 

with proteins. 

There are numerous other lipids in milk in very small quanti ties. These include 

pigments (carotenoids), vitamins (mainly A, D, and E), antioxidants and squalene. 

They are al l predominantly dissolved in the core of the fat globules. 

Mi lk i s  an oil-in-water emulsion and no emulsion is entirely stable. Some physical 

properties, such as the colour and viscosity of milk and its products, are influenced 

particularly by the dispersed state of the fat. 
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A.l .1 . l  M ilk Fat Globules 

A fat globule can be visualised as a coated spherical partic le, ranging in size from <1  

to about 1 0  )lm. The core consists of  numerous non-polar triglycerides and other 

lipids with different lengths and attached groups (Jensen, 2002). The content is  

bounded and protected by a layer of membrane, known as the natural fat globule 

membrane (NFGM) (Mather, 2000; Michalski et aI., 2002). The natural membrane 

consists mainly of bipolar materials including phospholipids, protein, as well as 

enzymes (Kim & Jimenez-Flores, 1 995;  Jensen, 2002),. Al l  interactions between fat 

and plasma must take place through the membrane (Lee & Sherbon, 2002). The 

NFGM is a natural barrier and thus protects the fat globules from deteriorative 

reactions such as lipolysis and autoxidation, as wel l  as flocculation and coalescence. 

The NFGM also acts as an emulsion stabilizer in milk systems. 

Under certain conditions, such as high shear (homogenisation) and high temperature 

(heating), as wel l  as the presence of enzymes and air bubbles, the NFGM is damaged 

(Kim & Jimenez-Flores, 1 995; Hayes & Kelly, 2003),. The damaged fat globule 

membrane does not offer the same resistance to deteriorative reactions as its natural 

counterpart. 

Heating results in the denaturation of whey proteins which interact with the 

membrane components of the fat globules via main ly but not exclusively disulphide 

bonds (Sharma & Dalgleish, 1 994 ; Kim & Jimenez-Flores, 1 995 ;  Lee & Sherbon, 

2002), as wel l  as the K-casein on the casein micelles (Jang & Swaisgood, 1 989). Ye 

et aJ. (2004) showed that association between the whey protein and the milk fat 

globule membrane of fresh whole milk system follows a first-order reaction in the low 

temperature range (65-85°C) and a second-order reaction in the high temperature 

range (85-95°C). Heating also results in loss of membrane lipid components (Lee & 

Sherbon, 2002). 

Homogenisation breaks up the fat globules into smaller ones and thus increases the 

total surface area. New membranes are formed via the adsorption of plasma proteins 

(preferentially casein micel les over whey proteins) (McCrae & Muir, 1 99 1 ; Houl ihan 
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et al., 1 992). Lee and Sherbon (2002) showed that homogenization only results in the 

adsorption of casein onto the fat membrane. Incorporation of whey protein only takes 

place in heated milk, either before or after homogenization. 

A.1 .2 Proteins 

About 80% of the milk proteins consist of case ins (Hansen et al., 1 996; Marchesseau 

et al., 2002), a group of phosphate containing milk-specific proteins that precipitate 

upon acidification to pH 4.6-5 (Singh et al., 2000). Almost all casein in milk is  

present in casein micelles. The proteins remaining in  solution at p H  4.6-5 are called 

whey proteins (or milk serum proteins). The isoelectric pH of whey protein is around 

5 .2-5-5 . 

A.1 .2.1 Caseins 

Compositionally, the hal lmark of the caseins is ester-bound phosphate and all of the 

casein polypeptide chains have at least one such group per molecule. Caseins are a 

family of phosphoprotein (Rasmussen et al . ,  1 999), consisting of four types of casein 

proteins, U, f3, A, and K caseins (Curley et al., 1 998; Lucey, lohnson, & Home, 2003 ; 

Vasbinder, Rollema, Bot, & de Kruif, 2003). Of the four caseins, only Us2- and K­

casein contain cysteine residues, which can form disulphide bonds (Rasmussen et al., 

1 999). 

Casein micelles in milk are roughly spherical particles, ranging in size from 50-500 

nm (de Kruif, 1 998; Schorsch, lones, & Norton, 2002). The micelles are highly 

hydrated and have large voluminosity containing 20,000- 1 50,000 casein molecules .  

Three types of  models for the structure of  casein micelles have been proposed. 

Slattery & Evard ( 1 973), Slattery ( 1 976), Schmidt ( 1 982), Walstra ( 1 990, 1 999), 

Hansen et al. ( 1 996) visualized a casein micelle as a roughly spherical, swollen 

particle with a hairy outer layer consisting of K-casein, shown in Figure A. 1 .  
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Figure A I .  Model (cross section) ofa casein micelle. (Walstra, 1 999) 

When whole casein is in solution at a concentration, pH, and ionic strength as in milk, 

but at low Ca2+ activity, small aggregates are formed . These are 1 0-20 17 m, and 

contain between 1 0- 1 00 casein molecules. These aggregates have a simi lar structure 

to globular proteins, with a dense hydrophobic core, in which most hydrophobic parts 

of the casein molecules are buried, and a more loosely packed, hydrophil ic outer 

layer, containing most ofthe acidic (carboxyl i c  and phosphoric) and some of the basic 

groups 

Each of these small aggregates of whole casein is cal led a submicelle .  On increasing 

the activity of Ca2+, the association between the submicelles increases considerably. 

Under conditions as in milk, the submicelles aggregate into micelles. 

The calcium phosphate acts as a cementing agent which accounts for approximately 

7% of the micelle dry mass (Smyth et aI., 2004), but it is not known what bonds are 

involved. The K-casein occupies key positions at the micelle surface (Kirchmeier, 

1 973 ; Schmidt, 1 982 ; Walstra, 1 990). The molecular chains of the C-terminal end of 

K-casein protrude from the micel le's surface into the solvent as flexible hairs 

( Walstra, 1 979; Singh, 2004). The protruded K-casein provides stabi lization via 

electrostatic repulsion from the negative charge associated with the m icelles and steric 

stabi l isation through entropic repulsion between the protruding hairs at short range 
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(Slattery, 1 976; de Kruif, 1 999; S ingh, 2004)" Interestingly, de Kruif ( 1 999) pointed 

out the negative charges on K-casein contribute little directly to the stability of the 

micelles, but do so by promoting the solvency of  the K-casein in the continuous phase. 

Removal of K-casein, such as by the action of chymosin during renneting, promotes 

coagulation between casein micelles due to the loss of repUlsion. 

Holt ( 1 998) argued against this  model showing that selective removal of the colloidal 

calcium phosphate (CCP) did not result in a sub-micelle distribution. McMahon & 

McManus ( 1 998) found no concrete proof of existence of submicel le structure using 

transmission electron microscopy (TEM). Holt ( 1 992) suggested that the internal 

structure of casein micelles comprises a mineralized, entangled, or cross-l inked web 

of chains of casein molecules. CCP acts as cross-linking agent responsible for 

holding the network together. 

Home (1 998) believed casein micel les are made of individual case ins in a cross­

linked network through hydrophobic regions of the case ins and bridging using CCP. 

The stability of casein micelles i s  governed by the balance between attractive 

(localized excess of hydrophobic attraction) and repulsive forces (static repulsion) 

(Lucey, 2002). This theory can be supported by observations that the dissociation of 

CCP by acidification at low temperature does not disrupt the micelle structure 

(Dalgleish & Law, 1 988; Lucey, Dick, Singh, & Munro, 1 997). 

Recently, Dalgleish et a1. (2004) obtained pictures of casein micelles with much better 

resolution through the use of field emission scanning electron microscopy. They 

proposed that the caseins in the micelle are not organ ised into spherical sub-micelles 

but into tubular structures that protrude outside the micellar surface. Their images also 

show the micellar surfaces without a hairy coating and they suggest that the K caseins 

may be situated on the tubular protrusions. 

The importance of K-caseins in retaining the globular structure of casein micel les is 

wel l  documented. Structural understanding of K-caseins has been attempted 

(Creamer, Plowman, Liddell, Smith, & Hill, 1 998). At the natural pH of milk, 6.7-

6 .9,  K-casein has been widely postulated to occupy key positions on the surface of 
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casein micelles to prevent casein aggregation via e lectrostatic and steric repu lsion 

(Holt & Home, 1 996; Creamer et aI . ,  1 998;  Dickinson, 1 999; Vas binder et aI., 2003). 

The de-stabil ization of casein micelles is thought to be associated with either the 

dissociation ofK-caseins from the micelles (Anema & Li, 2003), or the col lapse of  the 

hairy K-casein layers. This results in the loss of the repulsive barrier causing the 

micelle particles to come together under Van der Waals forces. These interactions 

between the casein micelles can be described by an adhesive hard sphere (ARS) 

model, where the inter-molecular potential is characterised by a short ranged 

attraction preceding a steep repulsion (de Kruif, 1 998, 1 999). 

Aggregation of micelles can also take place. Several different treatments may lead to 

the aggregation of the micel les. If the cause is a change in environment, such as pH 

or  salt content, the lack of stability usually can be  explained in terms of col loid 

science ;  the aggregation can be reversed by restoring the original environment. 

Aggregation may also be caused by permanent chemical changes in the casein 

micelles, such as renneting and age gelation . 

The stability of the micelles correlates well with their voluminosity, where a higher 

voluminosity means great stability. This is because a h igher volume may correspond 

with a more extensive hairiness, hence a stronger steric repulsion. The stability also 

depends on casein composition, markedly increasing with increasing proportion of K­

casein .  Other factors which can influence the stability of  casein micelles include salt 

composition, pH and heat treatment. 

A.1 .2.2 Whey proteins 

Whey proteins are highly nutritive and stable in mildly acidic conditions (Ibramhim, 

Kobayash i ,  & Kato, 1 993). 13-1actoglobulin is  the most abundant whey protein in 

bovine milk accounting for 50% of the total whey protein (Gallagher, Lynch, & 

Mulvihi l l ,  1 996; Croguennec, O'Kennedy & Mehra, 2004). 
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l3-lactoglobulin is a small globular protein that is soluble in dilute salt solution. It 
occurs in two natural variants, l3-lg A and l3-lg B .  13-lactoglobulin consists o f  1 62 

amino acid residues that fold up into an eight stranded, antiparaIlel l3-barrel 

(Kontopidis, Holt, & Sawyer, 2004). l3-lactoglobulin contains two disulphide (-SS-) 

and a free thiol group (-SH-) at CYS 1 2 1  which become available upon denaturation of 

the protein (papiz et aI . ,  1 986; Iametti, de Gregori, Vecchio, & Bonomi, 1 996). 

Heating above 70°C results in the denaturation of whey proteins ,  where the tertiary 

structure i s  broken and the globular protein is unfo lded (Anema & McKenna, 1 996; 

Dannenberg & Kessler, 1 998). The rate of denaturation has been studies extensively, 

which can vary between a first order reaction (Reddy et aI., 1 999) to a 1 .5 order 

(Dannenberg & Kessler, 1 988) to a second order reaction (Lyser, 1 969) depending on 

the system and the heating conditions .  

The denaturation process is  often irreversible due to permanent chemical interactions 

between the exposed thiol groups to form strong covalent d isulfide  bonds (Hil l  et aI., 

1 996; Vasbinder et aI . ,  2004), which can form soluble whey protein aggregates or be 

associated with the casein micelles via K-casein to yield whey protein coated casein 

micelles (Singh & Fox, 1 987; Jang & Swaisgood, 1 989; Oldfield, Singh, & Taylor, 

1 998; Anema, Lowe, & Li, 2004). Interestingly, denaturation of porcine 13-

lactoglobulin, which does not contain free thiol groups, is fully reversible (Burova, 

Grinberg, Visschers, Grinberg, & de Kruif, 2002). 
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A.2 Time-dependent rheology: Thixotropy review 

Rheology is the study of the flow and defonnation of matter (Borwankar, 1 992 ; 

Lapasin & Pricl, 1 995 ; Ma & Barbosa-Canovas, 1 995;  Fellows, 2000) i .e. the study of 

the internal response of materials to external appl ied forces (Cheremisinoff, 1 993). 

Time-dependent rheology is the most complex aspects of rheology and progress in 

this field has been reviewed regularly (Mewis, 1 979; Cheng, 1 987;  Barnes, 1 997). 

This review will concentrate on time-dependent rheology, covering three main 

aspects: definition and characterisation of thixotropy, modelling and rheometry. It i s  

important to note that thixotropy is  a subset o f  time-dependent behaviour, where the 

material displays shear thinning but time-dependent characteristics. 

Rheological data are needed in the food industry for two main reasons :  

• They directly affect the transport of heat, mass and momentum ill unit 

operations and are required for the design of food manufacturing processes 

and equipment (Peeples, Gould, Jones, & Harper, 1 962; Steffe, Mohamed, & 

Ford, 1 984; Mohamed & Steffe, 1 985 ;  Dodeja, Sanna, & Abichandani,  1 990; 

Carreau, Chhabra, & Cheng, 1 993 ; Bhamidipati & Singh, 1 995), 

• Rheological behaviour is directly related to food structure. As such it 

correlates well with the texture and sensory properties of food and can be used 

for quality control 

A.2.t  Strain and stress 

Stress and strain are two rheological tenns which deal with the force appl ied and the 

resultant defonnation respectively. 

Stress is defined as a force per unit area, and expressed in Pascals (N/m2).  Stress can 

be tensile (stretching force), compressive (compression) or shear (tangentially to a 

surface area). Tensile and compressive forces act perpendicularly to the surface area, 

ie. nonnal forces. Shear force acts in parallel direction to the surface area (Steffe, 

1 992). 
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Strain is the measure of the deformation of a system. The strain rate (often called the 

shear rate in l iquid rheology) is defined as the rate of change of strain. 

A.2.2 Rheological models 

Rheological behavior is often analyzed through the use of a flow curve or rheogram, 

where the shear stress is plotted against the shear rate (Cheremisinoff, 1 993). This plot 

is commonly used to describe the relationship between the two variables, which can 

be mathematically modelled using various functional relationships. Modelling is a 

powerful tool to represent and summarise a large quantity of data into a single 

equation where possible, and al lows prediction of system behaviour. Al l  liquid food 

systems fit one of two rheological model groups, Newtonian or non-Newtonian. 

A.2.2.1 Newtonian fluids 

Newtonian fluids have a straight l ine relationship between shear stress and shear rate 

with a zero intercept (Steffe, 1 992), which can be expressed mathematical Iy as 

(A I )  

where j.J is  the constant ofproportional ity, with the unit of Pascal-seconds (pa.s). 

'[ shear stress in Pa 

y shear rate S- 1 

All fluids that do not exhibit this behaviour are called non-Newtonian. 

The viscosity is dependent on temperature, and follows the well-known Arrhenius 

equation 

B 
In,u = - + C 

T 
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where B and C are empirical constants and T is temperature in degree Kelvin. Thus 

an increase in temperature results in a decrease in viscosity. 

A.2.2.2 Non-Newtonian Time-independent fluids 

The viscosity of many real fluids systems is not constant, but is a function of shear 

rate or shear stress appl ied. The apparent viscosity for non-Newton ian fluids has a 

precise definition. It i s  shear stress d ivided by shear rate (Steffe, 1 992) 

r 
Jlapp = -:-

r 
(A3) 

A plot of apparent viscosity curves for various non-Newtonian time-independent 

fluids is shown in Figure A2. For Newtonian fluids, the apparent viscosity remains 

constant with shear. For non-Newton ian fluids, the apparent v iscosity can either 

increase (shear thickening) or decrease (shear thinning) with an increase in shear. 

Time- Independent Fluids 

rJ) 
ro 

Cl. 

i3 11 ·00 0 u rJ) 
;; 
c 
� 
ro 
a. 
a. 
<t: 

Newtonian 
Shear Rate. 1 /s 

Figure A2 : Apparent viscosity of time-independent fluids (Steffe, 1 992). 

This i l lustrates the fundamental flaw in comparing rheological behaviour based on 

data obtained at just one shear rate value. In Figure A.2, if a s ingle point test of two 

different fluids was carried out at the intersection between the shear thinning and 

thickening curves, the same viscosity would be obtained, indicating similar behaviour. 
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This is obviously wrong, as the two curves represent very different viscosity-shear 

rate behaviour. Thus, numerous data points across the shear range are required to 

evaluate the flow behaviour ofnon-Newtonian fluids. 

For non-Newtonian fluids, there are many relationships that describe the relationship 

between shear stress and shear rate ,  from which viscosity values are obtained. Most 

of these non-Newtonian models are empirical models which were developed by fitting 

mathematical equations to experimental data. 

A commonly used non-Newtonian time-independent model is the Herschel-Bulkley 

model (Herschel & Bulkley, 1 926). 

where Ty is the yield stress (pa) 

K is the consistency coefficient (Pa.s) 

n is  the flow behaviour index (dimension less) 

(A.4) 

Under special conditions, the Herschel-Bulkley model can be simplified into other 

models (Nguyen & Boger, 1 992; Kokini ,  1 992) as summarised in Table A I .  
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Table A I : Newtonian, power law and Bingham plastic fl uids as special cases of the 

Herschel-Bulkley model (Steffe, 1 992). 

Fluid K n Ty 

Herschel-Bulkley (Herschel & >0 O< n <oo >0 

Bulkley, 1 926) 

Newtonian >0 1 0 

Power law shear-thinning >0 O< n <l 0 

(pseudoplastic) 

Power law shear-thickening >0 l < n  <00 0 

(di latant) 

Bingham plastic (Bingham, >0 1 >0 

1 922) 

Both the Herschel B ulkley and the Bingham plastic models incorporate a yield stress, 

which represents a minimum shear stress (force) required to induce flow. Below this 

value, the material exhibits sol id-like characteristics. The topic of yield stress will be 

discussed in further detail in section 5. Halmos & Tiu ( 1 98 1 )  and Dervisoglu & 

Kokini ( 1 986) noted that the B ingham plastic model can be used to describe a 

Herschel-Bulkley fluid in the Iow shear rate region where Newtonian behaviour takes 

p lace, as discussed below. 

In a rheogram for a typical non-Newtonian fluid, there are three distinct regions, a 

lower Newtonian region, a Power Law (middle) region, and an upper Newtonian 

region (Figure A3). Sometimes more than one model is required to describe the 

complete rheological behaviour of a given system over a broad range of shear rates 

(Umeya, Isoda, Ishii, & Sawamura, 1 969). 
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Figure A.3 : Complete rheogram of idealised shear thinning behaviour (Steffe, 

1 992) 

A.2.2.3 Non-Newtonian Time-dependent fluids 

In time dependent systems, for a given constant shear rate value, the shear stress 

changes with shearing time and can either decrease or increase. The rheological 

behaviour is dependent on the shear rate value, and more importantly on the shear 

h istory. 

A.2.3 Thixotropy 

The definition of thixotropy varies widely in the l iterature and has changed with time. 

The term comes from the Greek words "thixis" (stirring or shaking) and trepo (turning 

or changing) (Barnes, 1 997). Thixotropy was originally associated with the 

i sothermal sol-gel transformation during storage and gel-sol transformation caused by 

mechanical shear (Barnes, 1 997). This  definition focuses on the extreme change of 

structure, with the transformation from liquid to solid and vice versa (Alexander, 

1 992). The definition assumed that the who le process is completely reversible and is 

practical in systems such as paint and adhesive. 

In 1 994, Pryce-Jones provided an alternative definition which stated that thixotropy 

describes "an increase of viscosity in a state of rest and a decrease of viscosity when 
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submitted to a constant shearing stress" (Barnes, 1 997). In this definition, the change 

in viscosity during rest and during shearing is considered, but the change in the state 

of the system, either l iquid or solid, is ofless concern.  

Kembloswki and Petera ( 1 98 1 )  defined three conditions which a purely thixotropic 

system must fulfil l :  

• The l iquid must be inelastic, i .e. unable to store internal energy without the 

change of entropy 

• For any given shear level, when given sufficient time, the viscosity of the 

system wi ll approach an equil ibrium value 

• The equil ibrium viscosity function is monotonic. 

Cheng ( 1 987) listed five typical characteristics of thixotropic behaviour. 

1 .  A decrease in viscosity with time under constant shear rate 

• In a rested material, or 

• When the shear rate is changed from a low to a high value. In this case the 

shear stress over shoots, and shows a steady decrease with time, until it reaches 

the equilibrium value (Figure A.4) 

-
..... 

Time 

( 0 )  in ruted molorial 

-
... 

t 
c " 
j 
:. Tim. 

( b )  on 'honQinQ from low 
to hiqh sheor rot. -

Figure A.4 : Characteristics of thixotropic behaviour; decrease ill shear stress or 

viscosity under constant shear rate. (Cheng, 1 987) 

APPENDIX A22 



2 .  The viscosity recovers with time 

• In a material at rest, or 

• When the shear rate is changed from a high to a low value. But thi s  viscosity 

can be reduced again upon renewed shearing at h igh shear rate. (Figure A.S) 
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Figure A.5 : Characteristics of thixotropic behaviour; shear stress or viscosity 

recovery. (Cheng, 1 987) 

3 .  An equil ibrium flow curve i s  obtained when each applied shear rate i s  held until 

the shear stress attains the steady state value (Figure A.6) 
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Figure A.6 : Characteristics of thixotropic behaviour; equi li brium flow curve. 

(Cheng, 1 987) 

4. A hysteresis loop under cyclic shearing, ramped or osci l lation 

.- In a rested material the first loop may show a more or less sharp peak. 

Subsequent loops on repeated cycling reduce in size and shift towards the shear 

rate axis;  

.- In a material that has been pre-sheared at  a high shear rate, the repeated loops 

shift away from the shear rate axis (Figure A.7) 

Shear rote (y )  

Figure A. 7:  Characteristics of thixotropic behaviour; hysteresis loop under cyclic 

shearing. (Cheng, 1 987) 
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5 .  An equi librium loop i s  obtained when the cycl ic shearing is  repeated indefinitely 

(Figure A.8) 
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Figure A.8 :  Characteristics of thixotropic behaviour; equil ibrium loop. (Cheng, 

1 987) 

The peak in the first cycle is typical of the h igh level of  shear needed to break down 

l iquid solutions that have gelled to some extent. Such experimental observation 

cannot be accounted for by the definition of thixotropy of Kembloswki and Petera 

( 1 98 1 ). Thus some confusion will persist until there is a universally accepted 

definition of thixotropy. Time dependent behaviour, including thixotropy, arises 

because of the finite time required for any structural change to take place in response 

to an applied shear (Kembloswki & Petera, 1 98 1 ;  Bames, 1 994). Thus, any l iquid 

with a microstructure can show thixotropy. It can also be said that all shear thinning 

materials are thixotropic, because the structure will always take a finite time to bring  

about change under the influence of  shear. Time independent fluids simply have a 

very short timescale. 

This brings the d iscussion on to the importance of the response time of the measuring 

instrument in comparison to the time scale of the structural changes in  the system 

(Bames, 1 997; Quemada, 1 999). If the time scale of the changes is shorter than the 

response time of the instrument, then any structural changes wil l  be seen as an 
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instantaneous event. On the other hand, i f  the time scale of the changes is  longer than 

the response time of the instrument, thixotropy can be measured where gradual 

changes between two structural states can be detected (Kokini ,  1 992 ; Ma & Barbosa­

Canovas, 1 995). A given material can behave like a solid or l iquid depending on the 

time-scale of the appl ied stress (Lapasin & Pricl, 1 995). 

A time-dependent system has a memory effect. This means that the shear history has 

a significant effect on the behaviour of the system (Dekee, Code, & Turcotte, 1 983). 

The memory effect arises from the way energy is dissipated from a given system in a 

flow field. In the first mechanism, some energy can be stored in  the system, and the 

elastic response is delayed by the viscous nature of the system. This is encountered in 

both viscoelastic solids and fluids. In the second mechanism, complete dissipation 

occurs and the delayed response arises from the time needed for structural changes of  

the material to  take place (Kembloswki & Petera, 1 98 1 ). 

The change in structure is  governed by the competition between the bui ld up process 

caused by Brownian motion and in-flow collisions forces and the breakdown process 

caused by shear (Kembloswki & Petera, 1 98 1 ; Barnes, 1 994, 1 997; Yziquel, Carreau, 

Moan, & Tanguy, 1 999). The breakdown process actually involves two opposing 

processes. Shear force wil l  break down the bonds interl inking the structural elements, 

as well as induce collisions of separated units to reform such bonds (Mujumdar, Beris, 

& Metzner, 2002). 

It is possible for Brownian motion to cause break up of structural elements. In such 

situation, anti-thixotropy occurs (Barnes, 1 997). 

At rest, Brownian motion is the only rebuilding force present, which is usually much 

smaller than the shearing forces (Barnes, 1 997). Thus, rebuilding can take a long time 

for the particles to rearrange and move into the most favourable position and 

structure. 

Thixotropy is more pronounced in systems containing non-spherical partic les as they 

have to find themselves in the best 3D structure by rotational as well as translational 

movement. The changes in the structure can be visualised with the aid of F igure A.9 
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from Barnes ( 1 997), which plots a shear sweep curve overlaying a structural diagram. 

The dark l ine represents the equilibrium flow curve where the shear stress was 

allowed sufficient time to reach a constant equi librium value for every shear rate. On 

this equi librium flow curve, the equi l ibrium structure breaks down with an increase in  

shear rate. At a h igh enough shear value, the structure is  broken down into its 

separate constituent primary particles. 

shear rate (log scale) 

Figure A.9 : Microstructure and flow curves of a flocculated suspension. (Barnes, 

1 997) 

It is important to real ise that the rate of break down and build up are different. The 

breakdown process occurs in a short period of time, from seconds to a few minutes 

depending on the system and shear rate level .  The bui ld-up process is much longer 

and can take hours to days and weeks. This is attributed to the small kinetic energy 

from Brownian motion available to the particles. 

Shear changes the internal morphology of floes, as wel l  as breaking them down. 

Floes cons ist of particles attracted to one other as wel l  as entrapped l iquid. Thus, 

when the floes are deformed, the viscous dissipation within them has also to be taken 

into account. 

When the floes are big, the internal contribution to viscous energy is significant and 

includes the energy required to break or make the floc aggregates, floes and floccul i ,  
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stretching of bonds within the floes, and viscous dissipation due to movement of 

particles through, and flow in,  the occluded liqu id (Cheng, 1 987). 

Particle SIze and distribution also have significant effects on the rheological 

behaviour. Small  particles are less deformable which can affect the way they are 

packed in flocs (Bames, 1994). 

Al l  of the above discussion is based on a very important assumption of a completely 

reversible recovery process. This has two consequences: 

• For any given shear rate, there is only one equi librium shear stress value. 

• The use of an equi l ibrium state removes the effect of shear h istory 

The development of rheological models is simplified significantly because of this 

assumption, as the shear history can be removed. Of course, the complete reversible 

recovery of structural changes is only appl icable to a few classes of materials, such as 

clay (Alessandrini, Lapasin, & Sturzi, 1 982). 

The characterisation of thixotropy is  essentially based on the measurement of 

viscosity changes with shear rate and time. In real time-dependent fluids, the 

formation and break down of structure in the dispersed phase is often accompanied by 

two other important phenomena, viscoelasticity and the presence of a yield stress. 

These phenomena are normally studied at low shear rates. 

A.2.3.1 Viscoelasticity 

Gelation is often monitored using dynamic osci l latory measurement techniques. The 

sample shear is varied s inusoidally with time and the deformations are kept small to 

keep the data in the l inear viscoelastic range, where the strain i s  l inearly dependent on 

the applied stress. For a viscoelastic system, the in-phase stress i s  related to the 

elastic response, whi le the out of phase stress is the viscous part (Hamley, 2000). If 

the frequency of deformation is cv and time is t ,  the stress can be determined as 

follows 
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i = r; sin mt + < cos mt (AS) 

Two shear moduli i  can be determined for the in phase (G') and out of phase (G") 
components. 

, G' = � (A6) 
Yo 
" G" = � (A7) 

Yo 

The two shear moduli are more commonly referred to as the storage modulus (G') 
and the loss modulus (G") (Hamley, Hamley, 2000; Curcio et aI., 2 00 1 ;  Bower, 

2002). 

The loss tangent, tan S (used to evaluate the gel ling point, e .g.Curcio et aI . ,  200 1 ), 

which is  defined as 

G" 
tan S = G' 
where G" is the loss modulus, viscous properties 

G' is the storage modulus, elastic properties 

(A8) 

Gelation could be evaluated as the point at which the loss tangent does not depend on 

frequency (Curcio et aI., 200 1 ). A typical plot of G' , G" and tan S with testing time 

i s  shown in Figure A 1 0. The second cross over point between the G' and G" can 

be considered a coagulation time which marks the transition from l iquid-like to solid­

l ike behaviour without invoking the onset of a gel (Lapasin & PricI, 1 995). Ozer et a1 .  

( 1 998) provided an alternative method to define the gelling point, which is  the time in 

minutes to attain a G' of 1 0  Pa. 
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G' and G "  become non-linear at larger strains as the frequency is  increased. Beyond 

the l inear region, G' < G" , the material becomes more dominantly viscous (Benezech 

& Maingonnat, 1 994). 
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Figure A l a : A typical plot of G' , G" and tan <5 . (Curcio, et. al. 200 1 )  

A.2.3.2 Yield Stress 

A.2.3.2.1 Definition 

The yield stress is an important variable in industrial appl ications. A well recognised 

definition of yield stress is the minimum stress required to initiate permanent 

deformation in a given system (Dzuy & Boger, 1 983 , 1 985 ;  Cheng, 1 984a; Hannote, 

Flores, Torres, & Galindo, 1 99 1 ). When a stress less than the yield stress is appl ied, 

no permanent deformation takes place, i .e. no flow. On exceed ing the yield stress, 

flow occurs (Bames & WaIters, 1 985). The yield stress is a measurement of the 

network structure, and the strength required to break this  structure into elements that 

can be defonned under shear (Mewis, 1 979). 

Bames and WaIters ( 1 985) derived two new definitions, dynamic and static yield 

stresses. The dynamic yield stress is obtained from extrapolating flow curve data that 

has been obtained at equi l ibrium position, i .e. when the system was al lowed to reach 

constant shear stress for a given shear rate level .  The static yield stress is acquired 

after prolonged storage. The static yield stress can be higher than the dynamic yield 

stress in many cases. The static yield stress is more applicable in start up situations, 
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whi le the dynamic yield stress would be more appropriate for continuous flow 

appl ications (Bames & WaIters, 1 985). The static yield stress has been sometimes 

referred as gel strength (Goodrich, Yoshimura, & Prudhomme, 1 989; Keating & 

Hannant, 1 989; Zhou, Solomon, Scales, & Boger, 1 999). 

There are many more definitions of yield stress that have been derived over the years; 

(Houwink, 1 958;  Dzuy & Boger, 1 983; Evans, 1 992 ; Schurz, 1 992 ; Spaans & 

Will iams, 1 995). 

A.2.3.2.2 Yield stress measurement techniques 

There are three schools of thought regarding the measurement of yield stress: 

extrapolation of the flow curve to zero shear rate intercept, direct measurement at 

extremely low shear rates and curve fitting with rheological models with a yield stress 

(Lang & Rha, 1 98 1 ;  Dzuy & Boger, 1 983 ; Hannote et aI., 1 99 1 ;  Nguyen & Boger, 

1 992). 

Under the classical definition of the yield stress as the minimum stress required to 

initiate permanent deformation, proof experiments would need to be carried out for 

infinite time to show that the shear rate at any given stress i s  actually zero (Evans, 

1 992). For example, Hartnett and Hu ( 1 989) showed that a 3 .2 mm diameter nylon 

ball with a density of 1 . 1 6  g/cm3 did not move by a measurable distance after 3 

months of observation when immersed into a Carbopol solution. They bel ieved that 

the yield stress is an engineering reality. However, they admitted that if given more 

time, a measurable deformation distance may have been obtained. Thus, patience of 

the experimenter becomes the bottle neck of the experiment (Spaans & Williams, 

1 995). 

There are several methods that have been devised for direct measurement of yield 

stress. However, each technique has its own definition of yield stress, l imitations and 

sensitivity (Nguyen & Boger, 1 992). Techniques that approach the yield stress from 

below el iminate the effect of shear history. This means the shear stress is 

progressively increased to and above the yield stress. In this low region, only 
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reversible deformation takes place and thus shear h istory does not play a role  in 

determining the rheological behaviour. These techniques include creep/recovery, 

stress growth and vane method. However, i n  methods such as stress relaxation and 

incline-plane tests, the fluid structure is permanently damaged by the preshearing 

actions. These tests are only suitable for time-independent systems. 

The value of the yield stress is h ighly dependent on the equipment used and the 

testing parameters appl ied (Lang & Rha, 1 98 1 ;  Bames & WaIters, 1 985 ; Yoshimura, 

Prud'homme, Princen, & Kiss, 1 987; Chilton, Stainsby, & Thompson, 1 996). Barnes 

and Waiters ( 1 985) pointed out that the yield stress is a time dependent property, and 

is dependent on two time scales, the elapsed time between the appl ication of stress 

and the start ofthe  observation period, and also the duration of the observation period 

itself Thus, the yield stress does not have a unique value. Schurz ( 1 992) proposed 

the use of an "apparent yield stress" which is dependent on the measuring time and 

the lowest accessible shear rate. 

The use of data in the low shear region wil l  be in danger of suffering wall slip and 

other defects during measurements (Wildemuth & Will iams, 1 985;  Magnin & Piau, 

1990). Sl ips are typically encountered in concentrated suspensions when the stresses 

are below the yield stress (Nguyen & Boger, 1 992). During flow, breakdown of fluid 

structure can take place where the suspended particles move away from the wal l  

region, leaving a low viscosity thin lubricating which forms a lubricating layer 

adjacent to the wall (Coke let, Merri l l ,  & Gi l l i land, 1 963 ; Cheng, 1 984a; Muller­

Mohnssen, Weiss, & Tippe, 1 990; Kokini, 1 992; Nguyen & Boger, 1 992). This effect 

can be negated by having rough surfaces on the inside of the capi llary tubes (Nguyen 

& Boger, 1 983). Independent analysis of the rel iabil ity of rheology data at low shear 

level for a given rheometer is imperative before any extrapolation can be carried out 

(Nguyen & Boger, 1 992). 

Whether a true yield stress exists or not, the presence of a marked change in 

rheological behaviour in the region of critical stress has been widely observed, e.g. 

(Nagase & Okada, 1 986; Keating & Hannant, 1 989; Hannote et aI., 1 99 1 ; Moore, 

Cossor, & Baker, 1 995). Yield stress plays important roles in processes where some 

form of start up in flow is encountered, such as dri l l ing (Jones & Hughes, 1 996), 
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mixing (Moore et aI . ,  1 995) and pumping (Dzuy & Boger, 1 983;  Chilton et aI., 1 996). 

The determination of the critical stress region at the appropriate shear level as that 

encountered in practical appl ications would be of more importance than the definition 

of the true yield stress where greater accuracy is not required (Charm, 1 963;  Bames & 

Walters, 1 985). 

As it i s  d ifficult to measure the shear stress at zero shear rate, extrapolation from the 

lowest shear rate value used in an experiment is commonly employed (Bames & 

Walters, 1 985). For non-linear data flow curves, the prediction of yield stress through 

extrapolation depends on the accuracy of the lowest shear rate measurement. Thus, an 

instrument with a lower rel iable operating shear level would produce a lower yield 

stress value. This prompted Cheng ( 1 984a) to argue that the yield stress is a myth, 

and given accurate enough measurements no yield stress will be observed, and that a 

second Newtonian plateau wil l  be observed at low shear rates .  The use of 

extrapolation techniques would mean that the yield stress is a model parameter, not a 

physical description of the system (Hannote et aI . ,  1 99 1 ; Nguyen & Boger, 1 992). 

The yield stress can also be estimated by fitting the experimental flow curve with a 

rheological model that includes a yield stress, such as the Herschel-Bulkley and the 

Casson models.  The accuracy of the yield stress estimation is defined not only by the 

reliability of the rheologica] data, but also on the number of points and the shear range 

covered, in particular the lower shear rates range. 

Astarita ( 1 990) summarized the confusion about the existence of yield stress with a 

simple question. "What are a measurable distance and a practical time scale? 

Acknowledging the importance of the "practical time scale", Scott B lair ( 1 933)  and 

Coussot and Boyer ( 1 995) required the yield stress to be observed during "usual 

experiments" which correspond to the conditions of practical appl ications. 

There are sti l l  many arguments whether or not the yield stress exists as a well  defined 

quantity (Doraiswamy et aI . ,  1 99 1 ) or whether the yield stress is nothing more than a 

fitted parameter in a rheological model .  Thus the yield stress remains a controversial 

field of study because of the disagreement in the meaning of the term, and the 

APPENDIX A33 



methods of measurement required in order to obtain an accurate value (Bames & 

WaIters, 1 985 ;  Evans, 1 992). 

A.2.4 Rheological modelling 

Rheological models can be classified into one of three categories (Alessandrini et aI . ,  

1 982 ;,Nagase & Okada, 1 986; Barnes, 1 997), depending on the level of detail in the 

analysis ofthe structure of the system. 

1 .  Structural models can be further subdivided into two groups 

• The first group includes those which attempt to derive some direct descriptions 

of the transient change of microstructure. 

• The second group analyses the change in structure as a whole, and a lumped 

structural parameter, A ,  is introduced. 

2. Empirical models of time dependency based on rheological data, such as shear 

stress-shear rate, as wel l  as viscosity data. 

3 .  Dynamic models, where the structure of  the systems is described through detai led 

analysis of inter-particle forces 

Dynamic model s  attempt to analyse structural changes from fundamental 

understanding, arising from simple physics of attraction and repulsive forces and 

statistical analysis .  Many workers further attempt to explain these forces in terms of 

the chemical and thermodynamic behaviour of the components that make up the 

product. 

A.2A.1 Structural Models 

Structural models deal with the relationship between rheo logical parameters measured 

and the evolution ofthe d ispersed phase structure as a whole but do not investigate in  

detail the inter-particle forces that make up the structure, as  wel l  as  the interactions 

between the dispersed and the aqueous phases. 

In direct structure theories, the models view the structure as made up of aggregates, 

which are formed from primary particles. The structure is  discussed with reference to 
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the rate equation for the kinetics of aggregation and segregation. In lumped structure 

models, a structural parameter, A ,  is introduced which simp lifies the situation even 

further by collating al l  forces that affect the structure into one variable. 

Neither the direct nor lumped structure model s  require a discussion of the nature of 

inter-particle forces or the chemical behaviour of the individual elements that make up 

the structure. These models are most useful for industrial applications where the key 

rheological parameters are required for transport analysis  and design and operation of 

plants. They do not al low any insight into product formulation and how that may 

affect rheological behaviour. 

A.2.4.I .t Direct structural theories 

The structure of a system is related to the distribution of broken and unbroken bonds 

(Goodeve, 1 939). 

d{unbroken} k ( b k )" k {b k )m - = a un ro en - b ro en 
dt 

(A.9) 

where ka is  the rate constant of breakdown and depends on the amount of unbroken 

bonds available. kb is assumed to be independent of shear rate, and describes the rate 

constant of collision leading to structural build up caused by Brownian forces .  

Similarly to the above expression, (Cross, 1 965) derived his  model based on the 

assumption that a structure is made up of flocs of randomly l inked chains of particles. 

dN = k P _ (k k ' m \u 
dt 2 0 + )Y r (A. 1 0) 

where N is the average number of l inks per chain, k2 is a rate constant describing 

Brownian coll ision. ko and k) are rate constants for the Brownian and shear 

contributions to breakdown. P is the number of single particles per unit volume, and 

m is a constant less than unity. 
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At equi l ibrium, i .e. when 
dN 

= 0 ,  the above equation becomes 
dt 

(A l l ) 

Cross assumes that viscosity is  given by a constant Poo plus a VISCOUS structural 

contribution proportional to the number of bonds Ne 

_P--'..e_-_P_oo_ 
= 

___ _ 

I k( ' /11 + - r 
ko 

(A 1 2) 

Y ziquel et al . ( 1 999) provided an alternative method for the analysis of structural 

changes in time-dependent colloidal suspensions. The evolution of their structural 

parameter was described fol lowing three possible kinetic processes: 

• Structure changes due to the rate of shear 

• Structure changes associated with stored elastic energy 

• Structure changes related to the rate of energy dissipated 

They found that the energy-dependent model provided excellent fit to the nonlinear 

behaviour of concentrated suspensions. The model describes yield and thixotropic 

phenomena, nonlinear viscoelastic behaviour during oscillatory measurements, and 

overshoots observed in stress growth experiments. 

A.2.4.1 .2 Lumped pa rameter structural theories 

Moore F. ( 1 959) introduced the idea of a structural parameter A with his work on 

ceramic slips. He assigned two extreme values to A for the two extreme states of 

structure in a flocculated system. When the structure is fully bui lt up, i .e. when 

allowed to rest until equi librium is reached, A = 1 . When the structure is fully broken 
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down, i .e.  when sheared at infinite shear and the system IS allowed to reach 

equi librium, /L = 0 . 

Moore F. ( 1 959) then derived the equation of state 

The equation of rate is given as 

d/L = g = a(l - /L)- b/Ly 
dt 

Where - bAY i s  the rate of structural break down 

a(l - /L) i s  the rate of structural build up 

(A. 1 3) 

(A. 1 4) 

A negative g value indicates breakdown,  while a positive value means build up. A 

zero value denotes equilibrium state. 

It is interesting to note that in this model the build up rate is not dependent on the 

shear rate. This implies that the bui ld up process is only dependent on the Brownian 

motion, as a shear parameter is not included in the equation. This view is agreed by 

some authors (Mujumdar et aI ., 2002) and disagreed by others who prefer to include 

the dependence of shear rate in the bui ld up rate equation (Alessandrini et aI., 1 982). 

For any given shear rate, the structure value can be evaluated by integrating equation 

(A. 1 4) 

(A. 1 5) 

The equation uses the idea of equilibrium to predict the change in structure where the 

system is  changed from one equilibrium state to another. 

Combining the equations of state (A. 1 3  ) and rate (A. l 4), Cheng ( 1 987) gives, 
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T = (Pro + a - g. cJr 
a + by 

(A. I 6) 

This equation incorporates the time dependent effect into the viscosity variable. The 

time effect is not treated as an independent variable that can be multipl ied with a basic 

relationship at time zero to obtain the rheology data. 

A contour map can be plotted to illustrate constant A and constant g l ines (Cheng, 

1 987), as shown in Figure A. I l .  Moore F. ( 1 959) gave a similar plot with shear rate 

on the y-axis and shear stress on the x-axis. As Newtonian behaviour was assumed, 

all constant A l ines represented straight-line relationship between shear stress and 

shear rate. 

.. ... ... !:: ... 
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lines 

Equilibrium 
f low ,'rve 
0 · 0  

Figure A. 1 1 :  Contour map of the Moore model .  (Cheng, 1 987). 

A generalised model can be derived as fol lows, where no assumptions are made on 

the kinetics of the breakdown and build up processes (Cheng, 1 987). 
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dJ., 
= (.� J.,) dt gv, 

(A I 7) 

(A I 8) 

Baravian, Quemada and Parker ( 1 996) fol lowed the same approach as Cheng, 

however, with a different relationship between viscosity and structure 

1 

,u(r, t) = ,u(J.,) = ( ,uro y , K = 1 - (,uro J2 
1 - KJ., ,uo 

The structural parameter can be written as 

(A 1 9) 

(A20) 

There have been several modifications to the rate equation l inking the rate of change 

in the structural parameter with the rates of break-down and build-up processes 

(Alessandrini et aI., 1 982 ; Schmitt, Ghnassia, Bimbenet, & Cuvelier, 1 998;  Mujumdar 

et aI., 2002). Schmitt et a1. ( 1 998) went one step further and developed a model to 

predict the friction factor from viscosity flow data on yoghurt during transportation. 

Al l  models were developed for fully reversible thixotropic systems due to the need of 

obtaining equi librium rheological behaviour at a given shear rate to eliminate the 

effect of shear h istory (Alessandrini et aI . ,  1 982). 

Tiu and Boger ( 1 974) devised a different approach in the analysis of time dependent 

behaviour in their ambitious work titled "Complete rheological characterization of 

time-dependent food products .  The equation of state was given as, 

(A2 1 )  
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The instantaneous value of A, can be detennined from the instantaneous apparent 

viscosity 

A, = --,-P-,-Y­
Ty + Kyn 

(A.22) 

The above equation is also valid at equi librium with the substitution of A,e and Pe m 

the appropriate locations .  

On a graph of shear stress versus shear rate for mayonnaise, Tiu and Boger ( 1 974) 

observed a non-linear relationship on a log-log plot. Interesting, these flow curves at 

different time periods of constant shear rates were almost parallel to each other. They 

claim that this observation suggests that the fluid systems could be described by a 

single rheological equation with time as a parameter, as stated in equation (A.2 1 ). 

The equation treated the time dependent structural variable as an independent 

parameter that can be multiplied to a Herschel-Bulkley model to account for the time 

dependency. This equation implied that the structural changes had the same effect on 

each of the three Herschel-Bulkley parameters (Dekee et aI., 1 983). 

The decay in the structural parameter was assumed to follow a second order equation 

dA, ( )2 
- = -k] ...1, - A, for A, > A,e dl e (A.23)  

where kJ  i s  the rate constant that i s  dependent on shear rate. More importantly, this  

equation can only be u sed to analyse the rate of breakdown in structure, as the 

equation specifically states that the equil ibrium structure value must be less than the 

current value. The relationship between kJ and shear rate can be determined using the 

following equation 

(A.24) 
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Both kl and a1 increase with an increase in shear rate, indicating an increase in the 

rate of breakdown in structure with shear rate. Tiu & Boger ( 1 974) fitted an 

exponential model to analyse the change in kl and a1 with shear rate, whi le Benezech 

and Maingonnat ( 1 993) util ised l inear regression. 

More importantly, Tiu and Boger believed that mayonnaise only has one equi librium 

structural value which is independent of shear rate. This contradicts the definitions of 

thixotropy where the equilibrium structure would change with shear rate, as shown in 

Figure A.9. 

O'Donnel l  and Butler (2002) showed the dependency of the equilibrium structural 

parameter and shear stress on shear rate in their experiments with yoghurt. They 

found that the yield stress, equilibrium shear stress and equi librium structural 

parameter had a power law relationship with shear rate. The inclusion of this  

dependency of equi l ibrium structure on shear rate gave better model predictions 

against experimental data. Residual error between predicted and experimental data 

decreased with an increase in shear rate and measurement time during shear step tests. 

The adoption of the lumped parameter principle in rheological modelling of food 

products i s  commonly encountered e.g. (Benezech & Maingonnat, 1 993 ; B utler & 

McNulty, 1 995; Power, Rodd, Paterson, & Boger, 1 998) Many of these systems are 

multi-structured (more than one type and grade of microscopic and molecular 

species). The use of a single structural parameter is adequate to approximate the 

thixotropic behaviour of multi-structured systems (Cheng, 1 974). 

An alternative approach to the structural parameter is the use of volume fraction as an 

indication of the arrangement of particles. E in stein ( 1 906) proposed the fol lowing 

relationship between viscosity and volume fraction for a system of spherical particles 

completely dispersed in a dilute aqueous suspension 

.u = 1 + 2 .5� (A.25)  
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where tjJ is the volume fraction of the system 

The Einstein equation has been modified over the years to express the effect of 

volume fraction on the viscosity of concentrated and non-spherical particles systems 

e.g. (Mooney, 1 95 1 ;  Krieger, 1 972; Dames, Morrison, & Wil lenbacher, 200 1 ;  Usui, 

2002). Due to the complexity of the interactions involved, many have preferred to 

restrict their work to simplified systems where interactions between components are 

better understood. These include : 

• Mono-dispersed system (Tsenoglou, 1 990) 

• B imodal spherical particle size distribution system (Gondret & Petit, 1 997; 

Dames et aI . ,  200 1 ). 

• Multimodal spherical particle size distribution system (Usui ,  2002) 

A.2.4.2 Phenomenological models 

One of the main limitations of analysing the rheological behaviour of time-dependent 

fluids with the structural models i s  the requirement of an equil ibrium state, which 

implies full reversibi l ity. Many real time-dependent fluids, particularly emulsions and 

colloidal solutions encountered in the food industry, undergo permanent structural 

changes during storage. For example, recombined sweetened condensed milk 

(RSCM) is known to exhibit age thickening (Same I & Muers, 1 962). Structural 

models  cannot describe or explain these irreversible changes. 

The existence of irreversible changes implies that such a time-dependent fluid cannot 

be fully characterised unless the full time-temperature-shear history is known, which 

is not normally the case. An approximate description, however, can be made by 

simply taking several snap shots of the flow curve at different points in time. Th is  

method only works if the measurement time is  considerably shorter than the storage 

time of the sample. 

The instantaneous flow curve can be described by phenomenological models. Thi s  

approach derives mathematical models to describe the relationship between shear 

stress and shear rate and time. They do not connect directly to the basic processes 
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responsible for structural changes (Mujumdar et aI., 2002). They are restricted to the 

product investigated and to the conditions under which the measurements were 

performed .  Thus, these models are emp irical and do not offer any insights into the 

physics and chemistry of the structure and its interaction with shear. 

Time-independent rheological models used for these snapshots have been briefly 

discussed in section 2.2.3 .2 .  Benezech and Maingonnat ( 1 994) published a good 

review on the numerous rheological models used to characterise the rheological 

behaviour of yoghurt. The Herschel-Bulkley model has been widely used to capture 

the instantaneous flow curves of dairy systems e.g. (Benezech & Maingonnat, 1 993 ; 

Velez-Ruiz  & Barbosa-Canovas, 1 997, 1 998, 2000). The changes in the model 

parameters with time can be analysed to monitor the time-dependent behaviour. 

An alternative approach is to fol low the change in shear stress with time. One of the 

more widely  used models of this type i s  the Weltmann model (Weltman, 1 943). 

r = A - B In(t) (A.26) 

where A and B are constant parameters which are dependent on shear rate at which 

the test was conducted. 

Many of those who have used the Weltmann model have made an assumption that the 

shear rate i s  constant with time (Hough, Moro, Segura, & Calvo, 1 988). This is 

technically incorrect. In most commercial rheometers the rotational speed is kept 

constant with time but as the structure changes with shearing time, the flow behaviour 

index n changes and therefore the true shear rate also changes even when the 

rotational speed i s  constant. 

Ramaswamy and Basak ( 1 99 1 )  proposed a similar model to that of Welt man, where 

the time of measurement i s  normali zed by the time, tm, at which maximum shear 

stress is observed t", 
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t 
r = A - B ln(-) where t � tl/l 

tl/l 
(A.27) 

t m was not defined as zero time, but instead as the time when the first rel iable 

measurement of shear stress could be obtained. Because the fluid i s  shear thinning, 

this value would obviously be larger than al l  subsequent shear stress values. t m i s  a 

function of the data acquisition and measuring system, and measuring time 

(Ramaswamy and Basak, 1 99 1 ). A sign ificant advantage of thi s  model and the 

Weltman model is that an equil ibrium parameter i s  not required to describe the 

rheological behaviour. 

O'Donnell and Butler (2002) found that the Weltman model gave the best fit during 

rheological characterisation of yoghurt across the shear rate range of 5-700 S - 1  in  

comparison to the lumped parameter model proposed by Tiu and Boger ( 1 974) and 

the modified version by O'donnell and Butler (2002) which takes into account the 

change in equilibrium structural parameter with shear rate. 

Nguyen and Boger ( 1 985, 1 987) developed an alternative method to monitor the 

thixotropy behaviour by concentrating on the development of structure during storage 

at rest through the use of yield stress. Obviously, thi s  brings in the issue of the 

determination ofthe yield as discussed in section 2 .2 .5 .  

A.2.4.3 Dynamic Models 

There is a vast amount of literature on the development of thixotropic  models based 

on hydrodynamic (motion of particles) and thermodynamic approaches (Regirer & 

Shadrina, 1 978; Heyes, 1 988;  Tuinier & de Kruif, 2002 ; Sohn & Rajagopalan, 2003). 

These models analyse the forces that govern the attraction and repulsion between 

particles, and how these affect the structure of the system. The model s  rarely deal 

with the chemistry details, such as the molecular make up, bonds and chemical 

reactions. 
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Ideally  such a model should be explicit in a constitutive equation so that one can 

measure the evolution of the structure from the knowledge of hydrodynamics and 

thermodynamic interactions. Ultimately, the aim of rheological model ing is to 

provide engineers and technologists with a tool to predict the final morphology under 

a given flow field from the knowledge of the on-line rheological measurements (Yu, 

Bousmina, Grmela, Palieme, & Zhou, 2002). 

Particles wil l  attract or repulse each other depending on the n ature ofthe inter-particle 

forces. Except when SUbjected to infinite shear where the structure is fully broken 

down into individual particles and the fluid behaves in a Newtonian manner, particles 

are attracted to one another and form flow units. 

The structure of the flow units wil l  change upon the application of shear. In order to 

analyse the continuous change in structure of the flow units, one has to know the 

inter-particle forces between the particles, the adsorbed macromolecular layer, as wel l  

as the interactions with the free macromolecules, surfactants and emulsifiers in the 

continuous phase if applicable.  One also has to know the actual number of inter­

particle bonds in the aggregated flow units (Kembloswki & Petera, 1 98 1 ). 

Next, the inter-particle forces between the flow units that lead to the break down and 

build up processes will have to be determined. The kinetics of the two processes are 

required, as well  as the frequency of encounter. This provides information into the 

energy required for break down or aggregation processes to occur, and how these 

relate to energy imparted by Brownian motion and applied shear. 

Then the effect of flow unit structure on the rh eo logical behaviour of the system is 

analysed. Factors to be considered are shape, concentration, size distribution, shear 

and time. 

In complex systems such as milk concentrates, there are thousands of components and 

interactions, which are often superimposed in a complicated manner to form these unit 

structures (Usui ,  2002). In complex fluids, there are consequently multiple structural 

relaxation times contributing to a corresponding variation of  the rheological behaviour 

with time scales over which they are measured (Sohn & Rajagopalan, 2003). 
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The use of model systems in the study of rheological behaviour i s  widely 

encountered. In these models, the number of components are l imited, and the 

interactions between them are simplified and can be easily controlled (Sohn & 

Rajagopalan, 2003). Correlations between structure, particle interactions, and 

rheological behaviour can be determined more easi ly. Examples of model systems 

include mono-dispersed hard sphere (Sohn & Rajagopalan, 2003) such as gum, clay 

suspensions, polymer solutions and other colloidal system (Mills, Goodwin, & 

Grover, 1 99 1 ). Brownian hard sphere systems are often encountered, which consist of 

stable hard spheres with Brownian motion, but without long-range inter-particle 

forces (Mewis, Frith, Strivens, & Russel ,  1 989). 

An example of a dynamic model is found in the work ofTuin ier and de Kruif (2002), 

de Kruif ( 1 998" 1999) on factors affecting the rheology of a milk system. Tuinier 

and de Kruif (2002) combined previously developed theories of hydrodynamics with 

chemistry understanding to model the rheological behaviour of dilute skim milk 

during renneting or acid induced coagulation. Firstly, from fundamental physics, 

they pointed out that the change in structure is governed by three forces: van der 

Waals forces, electrostatic repulsion and steric repulsion. 

Van der Waals forces are the results of permanent dipole- permanent dipole, 

permanent dipole- induced dipole, and induced dipole- induced dipole interactions 

between molecules (Narsimhan, 1 992; Dickinson & McCLements, 1 995;  Schramm, 

1 996). Induced dipole-induced dipole interactions result from the rapidly fluctuating 

dipole moment of a neutral molecule which polarises other neighbouring molecules, 

and thus gives rise to an attractive force between the neighbouring molecules 

(Narsimhan, 1 992). Van der Waals forces are weak, and act over a relatively long 

range in comparison to the steep steric and electrostatic repulsion between 

approaching molecules. 

Electrostatic and steric repulsions are caused by the presence of a stabilised K-casein 

layer on the surface of the casein micelles. The segment of the K-casein protruding 

into the serum contains 1 5  weakly charged groups that give rise to the electrostatic 
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repu lsion (Tuinier & de Kruif, 2002). The steric repulsion arises from the overlapping 

stabil ised layer, which consists of x-casein in milk systems, as two particles approach 

(Cheng, 1 987). For steric repulsion, the model even accounts for the dissociation of 

the x-casein from the casein mice l les at low pH. 

The total force is the sum of these three forces. Upon lowering pH, the model 

revealed the smaller contribution of e lectrostatic repulsion and the overwhelming 

effect of steric repulsion. Due to the dissociation of the x-casein at low pH, the steric 

repulsion is short range. The system can thus be regarded as an adhesive hard sphere 

system (Tuinier & de Kruif, 2002). 

A.2.S Rheometry 

Measurement of rheology for non-Newtonian fluids always requires care and, more 

importantly, a thorough understanding of rheological behaviour, of the conditions 

under which the data is generated and the implication of the results. 

Additional difficulties are encountered with time-dependent fluids because of the 

dependency of shear stress on time, as well  as shear rate. The system constantly 

changes during preparation, storage, and measurement. 

During measurement, even the simple task of fi l l ing and loading the sample in the 

rheometer imparts additional shear history that is often ignored or forgotten in data 

analysis. In cup and bob geometry, the gap between the parts is often of the order of 

several mil l imetres. The force required to push the solution through the gap is high, 

and can cause undesirable breakdown in the structure. 

When working at high solids content, reproducibil ity is jeopardised by the difficulty 

in obtaining consistent solids contents, particle size distribution and particle packing 

structure (Cheng, 1 984a). Many thixotropic systems are multi-structure (more than 

one type and grade of microscopic and molecular species (Cheng, 1 974)). 

Reproducibility in these systems is d ifficult due to inadequte mixing, sedimentation, 

syneresis and inhomogeneity (Cheng, 1 974). 
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Several methods can be uti l ised to establish a consistent initial condition in the sample 

during measurement, including fixed rest time after sample loading, pre-shear at a 

p rescribed shear rate for a fixed time followed by a set rest period (Labropoulos, 

Palm er, & Lopez, 1 98 1 ;  Pamell-Clun ies, Kakuda, Mullen, Amott, & Deman, 1 986; 

Gassem & Frank, 1 99 1 ). These methods however cannot completely el iminate the 

problem as the effect of prehistory on a previously untested sample is always 

unknown (Barnes, 1 997). 

Cheng ( 1 987) util ises the theory of equi librium to eliminate shear h i story effect on a 

sample. He suggests that a sample should be sheared at a low level until an 

equil ibrium state is reached. Theoretically, the processes of  breakdown and bui ld up 

in thixotropic systems are fully reversible. Thus, for a given shear rate, the 

equilibrium state should be independent of shear h istory. 

In systems where there are permanent changes to the structure with time, such as milk 

concentrates (Bienvenue, limenez-Flores, et al . 2003), a true equi l ibrium state does 

not really exist. The temperature and shear h istory of the sample becomes extremely 

important and the replication of measurements i s  impossible. In such cases, the 

system is not really thixotropic although the irreversible changes are sometimes much 

smal ler than the thixotropic effects and an approximate rheological characterisation is  

sti l l  possible. 

Mewis ( 1 979) l isted three fundamental types of experiments for the study of time­

dependent rheology: 

• a step function (shear step) 

• consecutive l inear increase and decrease in shear (shear sweep) 

• a sinusoidal change in shear (oscillation) 

The choice between the shear sweep or shear step test becomes the first immediate 

question . A shear sweep test involves a l inear increase in shear rate or shear stress 

from zero to a set value, and then returns at the same rate to zero. The test is quick, 

easy to carry out and provides an indication of the degree of thixotropy (Benezech & 
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Maingonnat, 1 994). The area between the up and down curve is  sometimes taken as a 

measure of thixotropy. 

Bames ( 1 997) l isted several bad points associated with the shear sweep test: 

• The test i s  often carried out too quickly, and thus introduces effects of 

equipment inertia that does not always gets taken into account (Krieger, 1 990; 

Baravian & Quemada, 1 998). In more advanced rheometers, the instrument' 

inertia is taken into account in the software packages. 

• The test varies both the shear and time variables at the same time. Ideally, 

these two variables should be manipulated independently. For example, if it i s  

desirable to  analyse the time dependent behaviour of a fluid over a shear rate 

range ofO- l Os-l , ideally 1 0  identical samples would be required. Each sample 

is subjected to a step-wise experiment, with the first covering the shear rate 

range of 0- 1 S-I , the second over 0-2s-l , and so on. A1l samples should be 

measured simultaneously in identical equipment by operators working ill 

exactly the same way. Obviously, this ideal exercise cannot be carried out. 

In a shear sweep test, apart from the first point of measurement, all subsequent data 

points will be affected by the shear history created by the previous measurement 

points that will affect the way the system behaves at the current shear value. This 

makes it impossible to analyse the rh eo logical behaviour in terms of each variable 

separately. 

The shear step test is an alternative testing method, which involves subjecting the test 

material to a constant shear rate or stress for a predetermined period of time, before 

the shear level i s  changed to another constant value. The test needs to be repeated for 

different jumps in shear level. More importantly, the initial rheological behaviour 

must be similar between batches. 

The results from these tests depend on the test parameters used, such as measurement 

interval, the shear range covered, number of data points. Rohm ( 1 992) published a 

comprehensive study on the effect of measurement procedure on the rheological 

behaviour of yoghurt. Two sets of experiments were carried out. In the first set, the 
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range of  shear rate in the shear sweep test remained constant, whi le the measurement 

time was varied. The hystereris loop area was found to increase drastically with 

duration of test. In second experiment, the duration was kept constant, while the final 

shear rate of modified. The hystereris loop area increased proportional to final shear 

rates when these were over 1 00 S·I .  Standardisation of experiment protocol is  

eminently desirable (Rohm, 1992). 

Another issue is the choice between control led shear stress and control shear rate 

mode. Bames and WaIters ( 1 985) and Chi lton et a1 .  ( 1 996) found that the control led 

stress rheometer was more accurate at low shear strain rates. However, Krieger 

( 1 990) pointed out that controlled-stress rheometers contain much longer instrument 

inertial time delays of the order of 1 second that must be taken into account during 

measurement. 

For most computerised rotational rheometers, the shear stress and shear rate are 

obtained from torque and spindle speed measurement with the assumption that the 

measured system is Newtonian .  Chilton et aJ. ( 1 996) acknowledged that this 

assumption can produce errors of up to 30% in the values for shear rate, and thus non­

Newtonian corrections are required (Krieger & Elrod, 1 95 3 ;  Rao, Hamann, & 

Humphries, 1 975). 

Accurate temperature control is imperative during rheological measurement for any 

given systems (Bames, 1 994), particularly time-dependent systems. In systems such 

as milk concentrate where irreversible reactions take place under certain conditions, 

temperature control becomes even more important. At elevated temperature, drying 

of samples at exposed surfaces and edges provides additional complication in 

appl ications where only a smaIl volume of sample is required, such as cone and plate . 

In time-dependent systems, the change in rheological behaviour is  a function of time. 

Thus, the response time of the rheometer must be faster than the time scale of the 

structural changes of the system in order to measure the time-dependent behaviour 

(Ma & Barbosacanovas, 1 995). 
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There are other problems during measurement that may also need to be addressed, 

including position dependent friction at low shear rate (Giles & Denn, 1 990), 

instrument inertia (Cheng, 1 987; Krieger, 1 990; Baravian & Quemada, 1 998), slips 

encountered in the high shear range and end effects correction (Bagley, 1 957 ;  

Highgate & Whorlow, 1 969; Princen, 1 986). 

A.2.S.l Instruments 

A.2.S.I .l CapiUary viscometers 

Fluid from a balance tank is forced through a small circular tube, and the resultant 

pressure drop and the flow rate are recorded (Ma & Barbosa-Canovas, 1 995). The 

constitutive equation for capillary viscometry can be derived from first principles for 

time-independent non-Newtonian fluid (Nguyen & Boger, 1 992 ; Ma & Barbosa­

Canovas, 1 995). End and wall effects are two main problems encountered with the 

use of capi l lary rheometers (Bagley, 1 957; Vinogradov & Froishteter, 1 978; Cheng, 

1 984b; Kokini ,  1 992; Nguyen & Boger, 1 992). 

In general the amount of sample required for capil lary rheometers is quite large and 

the time taken for each measurement relatively lengthy making them less suited for 

the study of time-dependent fluids, except for special designs such as the gun 

rheometer developed by Cheng ( 1 987). 

A.2.S.I .2 Concentric cylinder viscometers 

These are generally a cup and spindle design, where the spindle rotates and the cup is 

fixed. Shear is  applied to the fluid located in the annulus between the two 

components. The narrow gap between the cup and spindle ensures a uniform 

deformation profile within the fluid system (Ma & Barbosa-Canovas, 1 995). 
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The operation of computerised concentric cylinder rheometers with real time 

reporting of viscosity measurements i s  based on the assumption of Newtonian 

behaviour in the test fluid. Thus, the introduction of non-Newtonian behaviour, in 

particular the presence of a yield stress, gives rise to tedious procedures for data 

analysis (Darby, 1 985;  Nguyen & Boger, 1 992). 

Concentric cylinder rheometers also suffer from errors from end effects and apparent 

sl ip at the wall .  End effects become more significant with non-Newtonian fluids,  

particularly those with a yield stress. End effects corrections can be easi ly appl ied by 

adding an extra equivalent length to the actual depth of submersion of the bob during 

data analysis (Highgate & Whorlow, 1 969; Nguyen & Boger, 1 992). S l ip can be 

minimized through the introduction of rough surfaces. 

The vane meometer, an alternative form of concentric cylinder design, was introduced 

by Dzuy and Boger ( 1 983) as a novel method to measure yield stress. The design has 

been widely applied to study the yield stress of a variety of systems (Keating & 

Hannant, 1 989). 

Because of their relative ease of operation and cleaning, rotational viscometers have 

come to be widely used for rheological characterisation. 

A.2.S. 1 .3 Cone and plate rheometers , 

These rheometers consist of an inverted cone, the apex of which is  in near contact 

with the plate (Quinzani & Valles, 1 986; Nguyen & Boger, 1 992; Cheremisinoff, 

1 993). 

The shear rate in a cone and plate instrument is constant with radial position, which i s  

a definite advantage in  rheological studies. Data analysi s  with cone and plate design 

is less tedious than the other designs, provided the angle of the cone is sufficiently 

small (less than 4°) (Hell inga, Somsen, & Koenraads Jpjm, 1 986; Nguyen & Boger, 

1 992 ; Bames, 1 994). In addition the cone and p late design requires very small 

samples making it well suited for small-strain osci11atory experiments often used to 
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study gel systems (Benezech & Maingonnat, 1 994). The biggest problem i s  that the 

evaporation rate is  high, especially at high temperatures because of the high surface to 

volume ratio and the small size of the sample making it d ifficult to keep the total 

sol id s  concentration constant during measurement (Bames, 1 994). S lippage is a 

problem that must be endured, as experienced by other designs too. 

A.2.S.2 Sample preparation 

Sample preparation of time-dependent systems is difficult due to the continuous 

change in rheological behaviour with time (Boger & Tiu, 1 974; Bames & Waiters, 

1 985 ; Cheng, 1 987; Bames, 1 997 ; Corvisier, Nouar, Devienne, & Lebouche, 200 1 ). 

It i s  important to either control or account for this change during preparation and 

subsequent measurements to ensure the collection of accurate, rel iable and, more 

importantly, reproducible results. In the l iterature, numerous authors have developed 

techniques to overcome this reproducibility difficulty, with most methods uti lizing the 

principle of equilibrium state (park & Ree, 1 97 1 ;  Edwards, Godfrey, & Kashani ,  

1 976; Cheng, 1 987), which would el iminate the effect of shear history and achieve 

consistent initial testing condition for a time-dependent experiment. Table 2.2 l ists 

various sample preparation and rheological measurement techniques cited in the 

literature. 

The most obvious observation from Table 2 .2  is the apparent lack of information 

provided by authors who analysed the rheological behaviour of time-dependent fluids. 

Rohm ( 1 992) clearly showed the significant effects of measurement conditions on the 

rheological data of time-dependent reconcile the discrepancies that are often 

encountered between different published results. 

As seen in Table A.2 , a common technique during sample preparation is to rest the 

samples for a period of time before measurement commences. The resting period 

ranged from 1 hour (Lawrence, Clarke, & Augustin, 200 1 )  to 1 day (Schelhass & 

Morris, 1 985) to 5 days (Velez-Ruiz & Barbosa-Canovas, 1 998). However, often 

there are no data to show that the initial rheological behaviours are similar between 

rep licate samples. 
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Many authors have used h igh shear rate to achieve equi l ibrium state in time­

dependent systems (park & Ree, 1 97 1 ;  Edwards et aI., 1 976; Cheng, 1 987; Steventon, 

Parkinson, Fryer, & Bottomley, 1 990; Wolthers, Duits, Vandenende, & Mellema, 

1 996; Corvisier et aI . ,  200 1 ). Wolthers et al. ( 1 996) and Corvisier et a1. (200 1 )  noted 

the possible use of h igh shear to break the structure down to its individual component 

and prohibit the build up process. Interestingly, Abu-Jdayil and Mohameed (2002) 

only applied a shear rate of 47.43 S-1 using a Haake VT 500 concentric cylinder 

viscometer to achieve complete break down of Labneh (concentrated yoghurt) 

samples after 2 hours of constant shear. However, this method would only allow the 

study of structural build up once this  high shear force is removed 

There are also other techniques developed to minimise replicate error. For example, 

Boger and Tiu ( 1 974) and Power et aJ. ( 1 998) degassed mayonnaise samples while 

Pradipasena and Rha ( 1 977) shook r3-lactoglobul in samples gently to ensure good 

repeatabil ity of the data. 
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Table A.2: Sample preparation and measurement techniques from literature review 

Authors Title Test Equip, Equip. type Sample Test shear Model 

description model preparation range (S· I )  

(Ramaswamy & Time dependent stress decay Constant Haake Rotational Storage at 2°C for 1 00-500 We It man 

Basak, 1 99 1 )  rheology of stirred yoghurt shear rate 20 min 

(Abu-Jdayil & Experimental and modelling Haake rotational 2- 1 32 

Mohameed, studies of the flow properties of 

2002) concentrated yoghurt as affected 

by the storage time 

(Alonso, Rheological behaviour of infant Haake rotational 0-230.4 

Larrode, & foods 

Zapico, 1 995) 

(B loore & Boag, Some factors affecting the Single point Contraves Inline, 356 (at 200 

1 98 1 )  viscosity of concentrated skim AG rotating bo b (rpm) 

milk 

(Kel ly, 1 982a) The effect of preheat temperature HCT at N/A N/A N/A No 

and urea addition on the seasonal 1 20°C and 

variation in the heat stability of 20%TS 

skim milk powder 
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Table A.2 :  Sample preparation and measurement techniques from literature review (continue) 

Authors Title Test Equip, Equip. type Sample Test shear Model 

description model preparation range (S- I )  

(Kelly, 1 982b) Effect of seasonal-variation, urea HCT at N/A N/A N/A No 

addition and u ltrafiltration on the 1 20°C and 

heat-stabil ity of skim-milk powder 20%TS 

(Baldwin, The effect of concentrate viscosity Single point Brookfield Rotationary 50 rpm No 

Baucke, & on the properties of  spray dried RVT, 

Sanderson, 1 980) skim milk powder spindle #2 

(Velez-Ruiz & Flow and structural characteristics 25C, shear Paar Concentric Evaporated 500- 1 000 Herschel-

Barbosa- of  milk (whole) sweep Physica cylinder (Z l )  samples stored at Bulkley 

Canovas, 2000) UM 4°C for 2-3 days 

MC20 

(Velez-Ruiz & Effects of concentration and Shear sweep Paar Concentric Evaporated 500- 1 000 Herschel-

Barbosa- temperature on the rheology of Physica cylinder (Z l )  samples stored at Bulkley 

Canovas, 1 997) concentrated mi lk (who le) UM 4°C for maximum 

MC20 of 5 days 
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Table A.2: Sample preparation and measurement techniques from literature review (continue) 

Authors Tit le Test Equip, Equip. type Sample Test shear Model 

description model preparation range (S·I ) 

(Hough et aI. , Flow properties of Du Ice de Constant Haake Concentric Not given 32 rpm Weltmann 

1 988) Leche, a typical Argentine dairy shear RV2 cylinder 

product 

(Lawrence et aI . ,  Effects of heat treatment and S ingle point Brookfield Cup and bob, RSCM from cans 20 rpm, None 

200 1 )  homogenization pressure during RVT rotationary were stored at spindle 4 

sweetened condensed milk 25°C for 1 hour 

manufacture on product quality 

(Velez-Ruiz & Rheological properties of Shear sweep Paar Concentric Evaporated 0- 1 000 Herschel-

Barbosa- concentrated milk as a function of Physica cylinder (Z l )  samp les stored at Bulkley 

Canovas, 1 998) concentration, temperature and UM 4°C for maximum 

storage time MC20 of 5 days 

(Kocak & Process conditions affecting age- S ingle point Mojonnier Torsional Not mentioned N/A 

Zadow, 1 985) thickening and gelation of visco- meter 

sterlised canned evaporated milk simeter 
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A.2.6 Summary 

Thixotropy is  a common rheological behaviour observed in  many complex systems, in 

particularly the food industry. There are several definitions of thixotropy that are well 

established and the flow behaviours identified. Thixotropy is the destruction of structure 

when the shear rate is increased, or the build up of structure when the shear rate is  

decreased . Thixotropy arises because of the finite time required for any structural 

changes to take place. 

The relationship between structure, its rate of change and rheological behaviour are still 

poorly understood. Models have been developed to provide more simple views of 

structure and its interaction with rheology. However, these models do not provide 

adequate infonnation to improve the understanding of structure and its make up. 

Dynamic models offer detai led insights into the physics of bonds formation and inter­

particle potentials that have been derived from fundamental knowledge of forces. These 

models usually do not incorporate chemistry understanding. 

Experimental techniques, including sampling, preparation and measurement, may 

contribute significantly to the discrepancies between publ ished results on the thixotropic 

behaviour of many systems .  Rohm ( 1 992) clearly showed the effect of measurement 

parameters on the resultant rheological behaviour of time dependent system, and 

standardisation of experiment protocol is desirable. 

Of course, such standardisation of experiment protocol is difficult when the results must 

be kept within the range of shear rate of practical applications. Thixotropy experiments 

have been carried out on a wide range of materials, ranging from simple colloidal system 

to complex food solutions. Each type of material has its own practical value in its 

industry, and its application is different from any other. For example, the rheology of 

paint deals with low shear level, with particular interest on the recovery of viscosity 

during resting, i.e. once the paint has been applied. In the oil industry, transportation 
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takes place at h igh shear. The yield stress i s  also of importance due to its effect during 

start up. Yield stress is a perfect example of a rheological parameter that has was devised 

to describe certain aspects of rheology with many practical benefits. 

The evidence that irreversible changes occur during storage or processing of time­

dependent fluids are largely anecdotal . More fonnal evidence has only begun to be 

reported recently. Such behaviour complicates immensely the problems in measurement 

techniques as well as modelling. It implies that the system can only be characterised if 

the full temperature-shear-time history of the product is known, which is extremely rare 

in the commercial/industrial context. There is barely any work at all in this area which 

remains one of the biggest challenges in the rheological study of time-dependent fluids. 
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A.3 Ratios of change in the Herschel-BulkJey parameters during age thickening 

All the storage runs in this work showed that the value of n decreases with storage time 

during age-thickening. This is also observed by Velez-Ruiz and B arbosa-Canovas ( 1 997) 

in fresh milk concentrates. The ratio of increase in i y and K ,  and the ratio of decrease 

in n can be detennined and plotted against storage time. Figure A 1 3  plots the changes in 

i y / T y,O , K/ Ko , and n / no against storage time for run C 1 00.  The ratios of increase in T y 

and K with storage time are quite different in Figure A 1 3  and therefore cannot be 

modelled by a unique multiplier. This trend was also observed with the data from Velez­

Ruiz and Barbosa-Canovas ( 1 997) when similar graphs were plotted. These results 

validate the argument put forth by Trinh and Schrakeenrad (2002) that separate time 

factor should be coupled with each model parameter to account for the independent 

variation with time. 
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Figure A. 1 2 :  Changes in iJ, ji y,O , K/ Ko , and n / no with storage time during age 

thickening. Run C l OO, powder B, 50%TS, 75°C. 
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As stated previous, the structure of a time-dependent fluid at any time is the result two 

competitive processes: build up and breakdown which can be expressed in the equation 

derived from the Moore model (Moore, 1 959) 

dJ.. = g = a(l - J..)- bJ..Y 
dt 

(A.2 8) 

The method of Tiu and Boger ( 1 974) assumed that the parameter a is zero and thus 

structural build up is non-existent. Even when there is a net breakdown of structure at a 

given shear rate, it is not conceptually correct to assume that collisions of particles by 

Brownian motion and agitation do not result in some structural build up.  Therefore the 

parameter measured by Tiu and Boger ( 1 974) is not quite the same as the breakdown 

coefficient in the Moore model. 
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A.4 Comparison of consistency coefficient versus apparent viscosity 

As observed in sections 5 .4-5 .7 ,  the consistency coefficient was found to follow similar 

trends to the apparent viscosity during age thickening in reconstituted concentrates made 

from powder B .  An example of the similarity between the trends in K and Jlapp for 

run C l OO is shown in Figure A 14. 
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Figure A. I 3 :  Comparison in the changes in K and JLapp with storage time during age 

thickening. Run C I OO, powder B,  50%TS, 75°C. 

The trends in yield stress and apparent viscosity were quite different. As the apparent 

viscosity is determined by 

r Jlapp = -:-r 
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, 
it is be more appropriate to plot the changes in  � with storage time and compare the r 

'y trend with that ofthe apparent viscosity. -. , f.iapp and K were normalised against the r 
time-zero value for run C l  00 and the results are shown in Figure A I S . 
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Figure A. 1 4 :  Comparison between the changes in the normalized --:- , and K with 

storage time during age thickening. 

r r 

The trend ofthe yield stress did not agree with that of the apparent viscosity. I t  seems 

that the change in viscosity with storage time during age thickening was driven much 

more by the consistency of the fluid than its yield stress. 
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