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ABSTRACT 
 
The aim of this work is to understand the main concept behind the potential use of viscosity 

measurement for milk powder process control and how the understanding of the dynamic 

of viscosity measurement can benefit the process. To achieve this goal, this study used the 

fundamentals of rheology, system identification, and a variety of viscosity measurement 

technologies with potential application for the dairy industry. Finally, a measurement 

application for the dairy industry was proposed. 

In order to choose one specific technology and strategy for viscosity measurement in the 

milk powder process, a comprehensive literature review of viscometry for the dairy 

industry, milk powder process control and milk rheology, was carried out. The potential 

importance of viscosity for the milk powder process and how it can relate to many of the 

quality parameters of the final product is also presented in this work. In addition, the way in 

which process control can affect, or even optimize, desired milk powder characteristics for a 

competitive commercial product is discussed. The milk powder process will be briefly 

described to situate the reader in the chosen application scenario for the viscometry 

problem of concern. 

In this study, the rheological behaviour of different milk materials was evaluated. The data 

were obtained through “off-line” tests, which were carried out using the Rheometer ARG2 

that was available from the Chemical & Materials Department at The University of Auckland. 

An experimental rig was designed for this project; details of instruments mounted in the rig 

as well as the calculations performed are presented in this study. 

The requirements for the identification of potential use of viscosity for monitoring and 

process control are discussed in this work. Two experimental Programmes were designed 

for the project. In this thesis, an introduction is given to the materials, trial processes, 

details of the experiments, measurements taken, and the process variables and parameters 

for each of the Programmes. Finally, the methodology applied for system identification is 

also described. 

Initially, tests were carried out at the University of Auckland using reconstituted milk. Later 

on, milk from Fonterra’s Te Rapa site was analysed. The rig was transported to Waikato and 

set up at the calibration lab in the Advance Process Control building at Te Rapa.  
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Furthermore, in this report, an evaluation of the suitability of the different single input and 

single output (SISO) and multiple input and single output (MISO) models identified for the 

data gathered are presented. Autoregressive, state-space and transfer functions models 

were used to identify and evaluate the dynamic response of viscosity for different 

experimental conditions. 

Finally, a methodology to measure viscosity using a Coriolis meter is introduced and the 

results are presented. This new viscosity measurement technique is based on work 

developed for the pulp and paper industry. Inputs for the controller design are introduced 

and discussed. 
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e(t)   white noise disturbance 

FI   mass flow             kg/h 

k   proportional constant          cP.gal.psi-1.min-1 

KP and BP
K constants obtained through experimental data        dimensionless 

K   gain of the process model              cP/ s-1 or oC 

cL   length of the capillary tube          mm 

)(tm   fluid mass in the receptacle measured at time t         g 

0m   mass of the fluid measured at the beginning of the experiment       g 

∞m   mass of the fluid measured at the end of the experiment        g 

na  autoregressive model’s number of poles 

nb  autoregressive model’s number of b parameters (number of zero + 1) 

nk  dead time of the system            sec 

Q  fluid volumetric flow rate          m3/h 
R  Gas Constant        kJ/mol.K 

Re  Reynolds number              dimensionless 

s  Laplace transform variable 

Td   delay of the response for the process model          sec 

Tf  Model transfer function 

TM,T  milk temperature               oC 

Tpi   number of poles of the process model, (at this work they are real) 
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Tz   zero of the process model 

U  velocity of the fluid inside the pipeline     m/s 

u(t)   input at time t             s-1, oC or both 

VI   viscosity         cP 

y(t)  output at time t        cP 

x   state vector 

 

Greek Symbols         Units 
 
 

)(aγ   apparent or Newtonian shear rate at the wall     1/s 

)(tγ   shear rate             1/s 

τ   shear stress at the wall                dyne/cm2 

ρ   fluid density        kg/m3 

η   dynamic viscosity              cP or Ns/m2    proportionality constant             dimensionless 
 Δ   pressure drop            psi  ∞  frequency factor 

A area section of the duct            m2 

p  wetted perimeter of the duct           m 

K   Consistency index           Pa.sn 

n   flow behaviour index              dimensionless 

  



xxiii 
 

NOMENCLATURE 
ARX  Autoregressive model 

CIP  Cleaning in place 

CSKM  Concentrate skim milk 

CSKMD5 Concentrate skim milk feeding Te Rapa dryer 5 

CV  Controlled variable 

CWM  Concentrate whole milk 

CWMD4 Concentrate whole milk feeding Te Rapa dryer 4 

DCS  Distributed control system 

DV  Disturbance variable 

FPE  Akaike’s Final Prediction Error 

GUI  Graphical user interface 

HSR  Higher shear rates 

HTPHT  High temperatures during preheat treatment 

iCSKM   Mixture of Standardised with Concentrate skim milk 

iCWM  Mixture of Standardised with Concentrate whole milk 

LSR  Lower shear rates 

LTPHT  Low temperatures during preheat treatment 

MDCV  Mass-detecting capillary viscometer 

MISO  Multiple input single output 

MPC  Model predictive control 

MRI  Model requires improvement 

MV  Manipulate variable 

SISO  Single input single output 

SKM  Skim milk 

STDSKM  Standardised skim milk 

STDWM  Standardised whole milk 

TS  Total solids  

WM  Whole milk 

WPC  Whey proteins concentrate 

WPNI  Whey Protein Nitrogen Index 

-ve/+ve negative/positive
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1. INTRODUCTION 
 

 

1.1. Prologue 

 

In order to understand the main concept behind the potential use of viscosity measurement 

for milk powder process control and to explain how the understanding of the dynamics of 

viscosity measurement will benefit the process, the reader will be taken through the 

fundamentals of rheology, system identification, and the various viscosity measurement 

technologies with potential application for the dairy industry. At the end of this work, the 

reader will have a broad idea of how viscosity measurements can improve process 

performance and which technologies are the most suitable for this purpose. Finally, a 

measurement application for the dairy industry will be proposed. 

 

1.2. Motivation and Challenges 

 
Food poses a number of challenges to the obtaining of rheological measurements due to its 

complex rheological nature. Food processing calls for robust and innovative sensor design. 

The process conditions such as plant vibration, the fouling and cleaning agents used, among 

others, appear as additional challenges to the instrument manufacturers, (Cullen et al. 

2000). 

Milk products typically need careful handling and processing, due to milk shear sensitivity. 

Agitation and turbulence may cause damage to the fat globule membranes in the milk, 

which can cause the hydrolysis of the milk fat and slight impairment of the flavour. As a 

result the process must be controlled in order to respond rapidly to disturbances. Moreover, 

in order to keep to microbiological standards and also to preserve valuable constituents, the 

processing of marketable milk products requires first-class raw material and correctly 

designed process lines in order to achieve a high quality final product.  

Milk powder production involves a series of continuous or semi-continuous steps, which 

have associated process variables that affect the efficiency of the process and also the 
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quality of the milk powder. While the control variable for the evaporator is the total solids, 

moisture and viscosity play an important role in the spray dryer section, (O’Callaghan & 

Cunningham 2005) 

In a spray dryer, the more finely dispersed the milk droplets, the larger their specific area 

will be and the more effective the drying. Viscosity of the concentrate is a parameter that 

can help control the droplet size distribution and monitor quality of the concentrate for 

atomisation. Schuck et al. (2005) presents in his work that the droplet size of dairy 

concentrates varies in direct relationship with viscosity to the power of 0.17-0.25. 

Furthermore, the physical characteristics of a spray dryer depend on the viscosity of the 

product at the nozzles. However, the shear conditions at that point are not well defined and 

depend on the milk material being processed. Shear conditions would be difficult to 

replicate in the laboratory therefore, in that case, on-line viscosity measurements would be 

necessary. Besides the importance of the viscosity for the atomization properties, viscosity 

plays an important role in determining the properties of the final product such as 

granularity, texture, solubility, density and wettability. According to O’Callaghan’s work 

(2001) in milk powder manufacture, viscosity may potentially be measured on-line and 

could become part of an integral and useful component of quality control. Monitoring such 

an important parameter as viscosity and providing real-time analysis, should enable the 

food engineer to control many of the operations in the milk powder process with greater 

precision. 

 

1.3. Methodology 

 

In order to address the challenge of this project the following activities took place: 

i. Comprehensive Literature Review 

Viscosity measurement techniques were evaluated and are presented here. Moreover, 

fouling in the dairy industry was also a subject of study, since it could have affected the 

readings. However, in the following chapters an explanation is given for the applications 

used here, fouling on cold surfaces was proved not to be a problem that interfered in the 

readings.  
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System Identification will be the tool used to identify the dynamic behaviour of viscosity and 

will be also described in the literature review. System identification will be applied for the 

development of dynamic models of viscosity and dairy process variables. 

 

ii. Rheological behaviour evaluation of milk concentrate 

For the full understanding of the dynamic models a more simplified scenario was required 

and rheological tests were carried out in the laboratory. Here rheological behaviour such as 

either Newtonian, or non-Newtonian, was characterized for the materials tested. Therefore, 

the time-dependence of the milk was also obtained. These rheological results were also an 

important tool used to validate on-line instruments. 

 

iii. Design of the experiments 

Once the rheological behaviour of milk was known and the measurement technologies 

suitable for milk products had been identified, a pilot rig was designed for online viscosity 

measurements. Here, the parameters that affect viscosity measurements were taken into 

consideration. The pilot plant of concern was capable of controlling and measuring these 

parameters.  

 

iv. Fundamental study correlating viscosity and preheat treatment 

Milk materials were carefully selected to best describe the milk powder process. In this work 

the effects of different preheat treatments will be evaluated. 

 

v. Decay in the accuracy of the viscosity measurements due to fouling on cold surfaces 

A major concern for this application was that the viscosity readings could be affected by 

fouling on the surface of the sensor. The sensors were mounted in easy access fittings and 

were observed during the tests. 

 

vi. Gather process plant data and apply system identification techniques to evaluate 

viscosity dynamic behaviour 

All the parameters that affected viscosity measurements were recorded during the tests and 

will be used to identify a dynamic model of the viscosity response to these disturbances. 
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vii. Validation of the viscometer Instrumentation 

Techniques and principles to be used to measure viscosity were evaluated. The principal 

concern was to study those technologies for online measurements, most suited to process 

control. 

 

1.4. Aims of this Project 

 

This project aims to develop and validate an on-line viscometer for use in control and 

monitoring of a milk powder plant. The first part of the project is the validation of a 

viscometer capable of meeting the demands of a Newtonian fluid and, more importantly, of 

a Non-Newtonian fluid such as evaporated milk (concentrate) which is the product to be 

considered as the feed fluid of the spray dryer system. The behaviour of evaporated milk, 

being primarily a combination of a suspension and an emulsion, encompasses time, shear- 

temperature and pressure dependence. This severely restricts the validity of off-line 

measurements. An evaluation of the rheological behaviour of different milk materials will be 

an object of study of this work. The second part of the study will include the evaluation of 

fouling and its role in decreasing the accuracy of the measurements. The fouling 

mechanisms and patterns will be observed and studied for each of the viscometers that will 

be tested. Besides that, a wide range of the heat treatments of dairy fluid should be tested. 

The last part of the work will be a consideration of the integration of viscosity measurement 

in an industrial monitoring and control system. Finally the dynamic response of viscosity 

measurements will be studied. We will use changes in flow rate, composition, concentration 

and temperature as a means of illustrating the viscosity dynamic response. Process 

identification techniques will be applied to construct a model that describes the viscosity 

behaviour in different scenarios. 
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1.5. The Contribution of this Thesis 

 

The first concern upon the conception of this work was that the work should provide not 

only a new contribution to the scientific community, but also that it should make clear 

contributions to an industrially relevant monitoring and control system. 

Regarding this necessity, we can claim the following achievements as the main contributions 

of this work: 

 

i. The design of a new experimental rig that enabled the simplification of the scenario 

for viscosity measurements. Viscosity measurements were possible online and in a 

tank set up. The rig has an industrial distributed control system (DCS) that allows 

temperature, flow and level control. This feature enabled the variation of many 

important parameters for viscosity measurements.  

ii. Validation of a viscometer for on-line measurements, which is suitable for the dairy 

industry, bearing in mind all the demands of food processing such as: no risk to 

hygiene, physically robust, stable, simple to operate, real time, sensitive and non-

destructive. 

iii. System identification to produce new models that describe the dynamic behaviour of 

viscosity in response to changes of temperature, composition, concentration and 

flow rate. 

iv. Development of a new application for online viscosity measurements with the use of 

a Coriolis meter and differential pressure. A version of this technique was first 

proposed for the pulp and paper industry and for this work it has been adapted for 

the first time and implemented for the measurement of milk concentrate. 

v. Both a fundamental study and a high level systems approach evaluation regarding 

the role of the viscosity in the improvement of the performance of the milk powder 

process concerning final product quality and energy consumption were carried out. 

1.6. Outline of the Thesis 

 

Following this introductory chapter, Chapter 2 presents a literature review concerning 

viscometry for the dairy industry. This chapter not only provides a review of the principles, 
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new techniques and commercial equipment available for the food industry, but also a 

review of the role of viscosity in the drying process, the potential importance of those 

measurements for process control and final product quality. Finally, an introduction for 

system identification is given. 

Next, Chapter 3 introduces the design and results obtained with the off-line tests carried out 

with the TA Instruments: ARG2 Rheometer. The rheological characteristics of the different 

milk materials tested are evaluated and discussed in this chapter. In order to carry out the 

experiments, an experimental rig was designed. Chapter 4 presents the design of the rig, 

discussions and lessons learned. 

Chapter 5 introduces the details of the experimental programmes conducted during this 

study. Methodology and experimental design are presented. In the first experimental 

programme, preheat treatment configuration, composition and viscosity were evaluated. 

The details of experimental programme 2, where process parameters and viscosity were 

observed, are also discussed in this chapter. 

Chapter 6 shows the results obtained in Experimental Programmes 1 and 2 on the 

experimental rig. The tests were carried out at Te Rapa site. The system identification of the 

viscosity models for use in a future monitoring and control strategy is presented in Chapter 

7. Following that, a new technique for taking online viscosity measurements for use in the 

dairy industry is developed, discussed and evaluated in Chapter 8. Finally, to conclude, 

lessons learned and the expectations for further work are outlined in Chapter 9. 

 

1.7. Summary 

 

This Chapter introduces the work and the aims for the validation of a viscometer for milk 

powder process control. The motivation for, and challenges to, this work are also discussed. 

In the following chapters the development of the methodology used to achieve this goal are 

presented, including: a comprehensive literature review, the rheological behaviour 

evaluation of milk concentrate, the fundamental study correlating viscosity and preheat 

treatment configuration, decay in the accuracy of the viscosity measurements due to fouling 

on the sensor’s surface, and a system identification of a viscosity dynamic model.  
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2. VISCOMETRY FOR THE FOOD INDUSTRY 

 

 

2.1. Introduction 

 

In order to choose one specific technology and strategy for viscosity measurement in the 

milk powder process, a comprehensive literature review of the most important aspects was 

carried out and the results are presented in this chapter. Viscosity measurement techniques 

available commercially, as well under evaluation, are described and discussed here. In this 

chapter, the potential importance of viscosity for the milk powder process is outlined and an 

explanation is given as to how the process can be related to many of the quality parameters 

of the final product. In addition, the way in which process control can affect, or even 

optimize, the desired milk powder characteristics for a competitive commercial product is 

discussed. The milk powder process will be briefly described to situate the reader in the 

chosen application scenario for the viscometry problem of concern. 

 

2.2. Why measure viscosity in milk powder processing? 

 

Viscosity is a highly sensitive indicator of a change in a fluid; this is a key reason why 

viscosity measurement is increasingly being chosen as a process measurement. This 

sensitivity means that the measurement can be very sensitive to extraneous effects and 

therefore great care must be taken to consider all factors which affect measurements, 

(EmersonProcessManagement, 2006). 

Fernando et al. (2000) stated that, due to the high shear rates at spray nozzles, it is common 

practice to relate high shear viscosity with atomization. The rheological characteristics of 

milk influence many aspects of the fluid performance during the processing stages, such as 

droplet break-up in spray drying and these can also affect the finished product quality.  

Increasing competitiveness within the food industry has driven a conscious change from 

traditional factory Quality Assurance laboratories to a rapid, real-time response on quality 

and process control which necessitates near-line or in-line measurement techniques (Kress-
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Rogers 2001). The techniques that allow continuous monitoring of key process variables, 

with the option of automated action, require the incorporation of relevant, robust and 

accurate in-line measurements with the production control procedures. When these tools 

are available it is possible to enhance process control. In this way, consistent, controlled 

product quality will be reached, thereby significantly reducing the incidence of reworking, 

products that out of specification, downgraded products and waste at the finished product 

stage.  

The large scale of operation in modern milk powder plants creates a need for better process 

control. Moreover, large-scale plants are more difficult to inspect; hence nowadays an 

operator controls a complex process remotely through instruments. Finally, it is also more 

costly to stop/start large plants in the event of the malfunction of any of the equipment, 

which can be caused by poor process control (O’Callaghan et al. 2005).  

This chapter continues with a more detailed explanation of the many aspects that 

contributed to the decision to include a viscosity measurement in milk powder process. 

Finally, all the relevant aspects that were evaluated in order to decide upon one viscometry 

principle and instrument will be presented. 

 

2.3. The Milk Powder Process 

 

Milk powder is obtained through a series of individual unit operations that are presented in 

Figure 2-1. The milk powder process from which the milk materials tested in this study 

originated is similar to the one represented in Figure 2-1. Prior to preheat treatment, milk is 

received in the plant and stored in silos. After preheat treatment, cream is removed from 

the milk, yielding a skim milk stream that will next be standardised in the process in order to 

comply with product specifications. After the standardisation process, milk is preheated 

before entering the evaporator. Water is removed in a multiple effect evaporator and 

concentrated milk is obtained. Before entering the final drying process, milk is homogenised 

and then flows to the spray drier. 

The final extraction of the moisture is carried out in fluidised beds after the main drying in 

the spray dryers. Only after the final drying is finished, is the milk then ready to be packed.
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Figure 2-1 - Milk powder representation
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2.4. Viscosity and Atomization 

 

Spray drying is becoming increasingly popular in large-scale drying operations where short 

residence times and low drying temperatures are advantageous, as in the case of milk which 

is a thermally labile fluid. Spray dryers provide rapid evaporation rates due to a very large 

heat and mass transfer area, and most of the water evaporates at temperatures 

considerably below the normal boiling point (Zaror et al. 1991). 

Viscosity measurement opens the way to better control of the atomisation process, 

potentially leading to reductions in product loss and energy consumption and better control 

of powder texture, bulk density and moisture. Less moisture variation will reduce the 

amount of downgrading and improve over-runs. On-line monitoring can also shorten start-

up and shut down times, when losses are highest; it can also keep the plant running at near 

optimum conditions with minimum emissions (O’Callaghan et al. 2001).  

The drying of milk is described by Chen (1994) as an integrated process. He states that the 

history of concentrate is the key to successful process control for consistently producing 

quality products, since the performance of a spray dryer depends on the properties of the 

material inputs. 

In the milk powder industry, it is known that particle size distribution has a dominant effect 

on drying and functional properties of the final product, such as dispersibility, wettability, 

flowability etc. (Chen 1994; O'Callaghan, et al. 2001, O'Callaghan and Cunningham 2005). 

Chen also presents established relationships for calculation of the Sauter mean droplet size 

and size distributions. These relationships are dependent on the rheological characteristics 

of the fluid.  

 

2.5. Viscosity Measurement and Process understanding 

 

In the milk powder production process, atomisation in the spray dryer is central to 

dehydration and it is known that viscosity at this point has a crucial effect on subsequent 

powder characteristics, (O’Callaghan et al. 2001). In this same work, viscosity 

measurements, together with other analyses such as spectrophotometry and 
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electrophoresis, has led to advances in the understanding of the mechanisms underpinning 

milk coagulation, especially the proteolitic phase of milk coagulation during a laboratory 

cheese making process. This study has concluded that viscosity is a potentially useful 

component of quality control. The measurement of viscosity potentially allows better 

process control and process optimization, leading to reductions in product loss, energy 

consumption, and better control of the powder texture, bulk density and moisture. 

O’Callaghan et al. (2001) also evaluated the correlation of viscosity with total solids 

concentration in a commercial evaporator. A model-based predictive control scheme was 

developed for a four effect evaporator and process responses were simulated to set point 

changes in solids level, flow and temperature of milk concentrate. However, real dynamic 

response models were not reported on in this study. The same group measured viscosity at 

two points in the milk powder process: before the balance tank and at the pre-atomiser 

stage (before the concentrate heater). In this work the viscosity was only monitored and 

compared with laboratory tests and specific density. Herceg et al. (2005) investigated the 

influence of temperature and solid matter content on the viscosity of model systems 

prepared with untreated, as well as  tribomechanically treated, whey proteins and skim milk 

powder. Herceg and Lelas (2005) showed that systems with higher protein content exhibit 

higher viscosity than those with lower protein content. The lowest viscosity was found for 

systems prepared with skim milk powder. In this same work, the correlation of temperature 

with viscosity was fitted with an Arrhenius model. In conclusion, they presented that 

tribomechanical treatment effects significant changes in the granulometric composition of 

whey protein concentrate and skim milk powder and causes an increase in viscosity. Reddy 

et al. (1994) determined the specific heat, thermal conductivity and apparent viscosity of 

milk for a concentration range of 40 to 70% and a temperature range of 35 to 65oC. 

Moreover, the viscosity was analysed to obtain the consistency coefficient and flow 

behaviour index. Reddy et al. (1994) developed a model correlating viscosity with 

temperature of the product, composition and shear rate.  
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2.6. Viscosity Measurement and Milk Powder Process Control 

 

Spray dryer technology is used in a wide variety of processes ranging from manufacturing of 

pharmaceuticals products to food. According to Shabde and Hoo, (2008) in a spray dryer 

operation there are three main phenomena: (1) atomization of the liquid feed (2) drying of 

the droplets and (3) motion of the droplets. Cited in this work is the study conducted by 

Allen and Bakker (1991), who used a cascade proportional integral (PI) controller strategy 

with the air flow rates as the primary manipulated variable to regulate the average particle 

size for a spray dryer using the online measurements of the particle size.  On the other 

hand, Perez-Correa and Farias, (1995) employed a first principles model of a spray dryer to 

produce a cascade  PI control strategy where the outlet air moisture is regulated by the feed 

flow rate. 

Most of the automatic control systems for spray dryers referred to in the literature, include 

temperature control of the outlet gas (McFarlane 1995), although it has been shown that 

this does not ensure adequate of the main control objective i.e. the solid water content, 

(Perez-Correa and Farias, 1995). In another work, the same authors, (Perez-Correa and 

Farias 1995), presented a model-based control system that ensures adequate humidity 

control of the product despite any disturbance. Nevertheless, such an approach requires the 

measurement of inlet air saturation and a laboratory measurement of the solute-solvent 

equilibrium. Perez-Correa and Farias (1995), proposed a control structure that is based on 

the interaction analyses, presented by Bristol (1966), giving two independent control loops. 

In this structure, the solid outlet water content is controlled with the milk feed flow rate and 

the solid outlet temperature with the air inlet temperature. In addition, a cascade control 

based on off-line measurements was designed in order to keep the main control variable 

close to its set point. 

There are some studies in the literature that evaluate the role of spray-dryer operational 

variables on milk powder quality. According to Clement et al. (1991), the moisture content 

of a product is one of the most important properties. In many spray driers this is controlled 

using a measurement of the outlet gas temperature rather than a measurement of the 

residual powder moisture content since the latter’s online measurement is unavailable. 

Moreover, the same author cited that there are process disturbances for which the normal 
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control scheme cannot compensate, such as variations in feed viscosity. It is presented in 

this work that increased viscosity leads to an increase in droplet size from the atomizer 

which in turn leads slower drying at given gas conditions.  

According to Huntington (2004), one of the key characteristics of this operation that needs 

to be controlled is agglomeration; this occurs during drying. It can happen between 

droplet/droplet, droplet/semi-dried product and between particle/particle depending on 

the stickiness at the point of impact. Agglomeration increases as the tower loading increases 

and must be controlled to prevent an excessively coarse product. In this same work 

Huntington states that, to ensure uniform atomization, the slurry feed to the nozzles should 

be as uniform as possible in terms of its density, temperature, viscosity, homogeneity, 

moisture content, aeration level and the stage of any chemical reaction. The characteristics 

of the slurry will have a key influence on droplet and powder in terms of density, particle 

size and drying rate.  

The models used in current milk powder process control are mostly empirically based on 

plant identification by step response, (O’Callaghan et al. 2001). According to the same group 

(O'Callaghan and Cunningham, 2005), for further development of Model Predictive Control 

(MPC) in the milk powder industry, the manufacturing process needs to be underpinned by 

a significant effort in the characterisation and measurement of thermodynamic properties. 

Furthermore, the relationship between process conditions, e.g. temperature, pressure, 

shear history and final product characteristics, must be known explicitly - i.e. in a predictive 

sense. In summary, for evaporator control, these authors have suggested that viscosity 

measurement should be correlated with the amount of total solids, temperature, time and 

shear rate, while for spray dryer control, the density, surface tension, viscosity and heat 

transfer coefficients need to be determined for the range of droplet sizes and also over the 

range of total solids and temperatures at which milk is atomized and dehydrated. Finally, 

they propose the control of the negative effect of the stickiness, which is related to 

temperature, moisture and composition according to the drying conditions.  

The stickiness in powder influences the deposition of particles on the walls of the spray 

dryer; this, in turn, decreases heat exchange, increases the risk of spontaneous combustion, 

depredates the powder quality and increases the demand for cleaning processes. The 

conditions which cause stickiness or cohesion of a material can be measured using the stick 

point test developed by Lazar et al. (1956) as cited in Ozmen et al. (2002). The stick point 



15 
 

test is a thermo-mechanical test that measures viscosity and assesses the influence of the 

temperature on powder cohesion. In this work, besides viscosity, the authors used the glass 

transition temperature of powdered milk to evaluate the stickiness. They concluded that the 

glass transition temperature and the stick point temperature decrease with an increase of 

moisture content in the milk powder and both temperatures (stick and transition) were 

found to be virtually the same. Chen et al. (1994), presented a review in which the 

manufacture of milk powder was described and the milk concentrate viscosity, atomization, 

particle size distribution, drying mechanisms and protein denaturation were discussed in 

detail in order to develop a strategy for a model-based process control system. Chen (1994) 

presented simple mathematical models for the steady state and transient drying of milk 

droplets and the denaturation and aggregation of milk proteins. This work stated the 

difficulty of incorporating the complex chemical effects which are largely temperature time 

dependent and also significantly affect the physical properties of milk.  

2.6.1. Quality parameters for commercial milk powder:  target product design 

characteristics 

When water is being added, the powder must be able to overcome the surface tension of 

the liquid and be able to submerge into the liquid, i.e. the powder must have good 

miscibility. Once submerged, the powder must dissolve into the water or have good 

wettability. Because raw milk is an emulsion, the powder will have to be able to replicate a 

homogenized emulsion; this ability is referred as dispersibility. Once the homogenized 

emulsion is formed, it is then desirable for it to stay in its homogenized state;  solubility is 

the required ability (Birchal et al. 2005). These four characteristics are significantly 

influenced by the bulk and agglomerate densities, residual moisture, protein and fat 

content, as well as the shape and distribution of agglomerates in the final powder product 

(Birchal et al. 2005). Finally, it is worth saying that the particle size distribution of the 

powder affects these characteristics (Chen 1994). Birchal and colleagues studied the effects 

of different operating variables on the properties of the powder manufactured. It was 

identified that moisture content will significantly influence milk re-constitutional 

performance and agglomeration, where the moisture content varies between 5.3 to 6.4 

percent for whole milk, and between 6.4 to 7.5 percent for skim milk.  
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The key characteristics of a milk powder are the dissolving characteristics. Hence, the way in 

which the properties of the powder influence its dissolving characteristics and how the 

processing conditions influence the properties of the powder are of great interest. 

Huntington (2004) reported some of the important properties for powders as being: 

 

Moisture Content: A target moisture content is established that will give a free-flowing 

product (Huntington, 2004). Moisture content varies with the degree of drying that is 

achieved, which depends on the heat input and the flow rate of the concentrate into the 

chamber. Moisture content is the determining factor that will affect all other physical 

properties of the milk powder (Govaerts et al. 1994).  

 

Bulk density: Or the apparent density of the powder. This density can be increased by 

reducing the concentrate density or increasing the nozzle pressure or the number of 

nozzles. Bulk density is also affected by the water moisture content and the particle size 

distribution of the powder, feed composition, feed concentration, feed temperature, milk 

preheating conditions and age thickening (Pisecky, 1981; Shabde et al. 2005). 

 

Particle size and particle size distribution: these characteristics are related to bulk density. 

This characteristic contributes both with its visual appearance and its performance. Particles 

should be not so coarse as to look unpleasant and consequently be slow in dissolving, 

neither should they be so fine that they deliver a dusty product (Huntington, 2004). Smaller 

particle sizes will result in closer packing and higher bulk density. The particle size is affected 

by nozzle type and the spray drying chamber. Nevertheless, design parameters are not a 

concern for this study. The most important point is that as the viscosity of the feed increases 

and so does the droplet size (Clement et al. 1991). In addition, the particle size distribution 

of the powder is the direct result of the droplet size distribution which has significant impact 

on the dryer performance. 

 

Chemical Composition: Chemical composition uniformity is very important to the powder 

product. Variation in composition will affect characteristics such as size distribution, bulk 

density, flowability and solubility, and determine its storage, handling and transport 

capabilities. Viscosity gives an “idea” of how the composition is varying within the feed. A 
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milk powder process will be controlled according to specific ranges of viscosity depending 

on the type of milk being fed into the process. Viscosity will give to the Advanced Process 

Control (APC) system more information about the chemistry and characteristics of the raw 

material, thus the process will be controlled according to the characteristics of the feed; 

viscosity will change depending on the composition of the milk, characterizing the different 

products specifications of the milk being produced during the year. 

 

The question addressed in this study is how viscosity contributes to control of the 

characteristics mentioned above. How is viscosity related to each one of them? From the 

process control point of view, it is also important to understand and evaluate how, and 

which, process variable affects the quality parameters of commercial milk powder cited 

above.  

2.6.2. Important parameters for milk powder process control 

In the last topic we discussed the important characteristics to be obtained for the final milk 

powder. Next, the focus is on the identification of the effects of two operational spray-dryer 

variables on the milk powder quality.  

 

Inlet Air Temperature Effects on Powder Properties: It has been reported (Kelly, 1981) that 

the relationship of outlet air temperature to bulk density is positively correlated. Increasing 

the temperature results in accelerated drying, and that this implies faster crust formation. 

Expansion of the crust happens quickly and results in enhanced internal pore volume, thus 

lowering bulk density. This fast crust formation will also cause the particle surface crack. The 

relationship between outlet temperature and mean particle size is insignificant, but the 

moisture content tends to decrease. As the fine particles of the agglomerates join together, 

the outlet air temperature to go up, resulting in an increase in both relative humidity and 

the particle bonding strength (Kelly, 1981). 

 

Emulsion Feed Flow Rate: It has been reported that the mean particle diameter will tend to 

increase with flow rate into the spray dryer chamber. If feed flow rate is increased, it will 

also result in increasing the moisture content of powder particles.  Increasing the flow rate 

and keeping moisture content constant means that more water is fed into the chamber 



18 
 

resulting in larger droplet formation inside the spray drying chamber. Assuming that the 

same amount of air is applied for drying, the result will be higher powder moisture content 

and larger particle size. Once the main quality parameters for commercial milk powder are 

identified and the way in which they are affected by process parameter is established, the 

following explains how the viscosity measurements will be inferred from flow and 

differential pressure measurements taken in an actual plant. 

 

The importance of viscometry for the milk powder process having been presented, the focus 

will be on an explanation of the principles and technologies available for the food industry 

that can be applied to milk powder processes. 

 

2.7. Viscosity Measurement Techniques 

 

Viscosity measurement of concentrated milk (concentrated milk is the fluid that flows from 

the evaporators to the spray drying tower), is a challenging task due to its Non-Newtonian  

flow properties, age-thickening behaviour and the presence of suspended gases and solids, 

all of which contribute potential sources of error and thus minimizing the accuracy of the 

measurements, (O’Callaghan et al. 2001). Furthermore, Non-Newtonian fluids have a 

behaviour that encompasses time, shear, temperature, and pressure dependence; each of 

these behaviours restricts the validity of the off-line measurements that provide 

information pertinent to the processing conditions. In addition, the off-line measurements 

only provide a retrospective snapshot of the sample rheology, which may not reflect a 

minute before or after the sampling time. However, modern laboratory rheometry can 

provide an in-depth characterisation of a food system. 

In a on-line measurement system, the food processing environment demands that a process 

sensor must satisfy some requirements such as, no hygiene risk, cleaning-in-place, with 

minimal possibilities of fouling, also flow dead zones must be avoided where micro-

organisms could propagate. Another important issue is the construction material which 

must be food grade. Moreover, the rheometer must be robust and stable in order to 

operate under hostile process conditions such as plant vibration, fouling, presence of 

cleaning agents and dust. The sensor must require little maintenance, should be simple to 
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operate, sensitive, able to provide a usable signal for process control and non-destructive, 

which means that the measurement should not in any way perturb the process or the final 

quality of the product. 

There is a range of commercial viscometers available for in-line/on-line viscosity 

measurement techniques; they can be divided according to the principle of operation, as 

follows: 

 

i. Capillary or tube viscometers 

ii. Rotational viscometers 

iii. Vibrational viscometers 

2.7.1. Capillary or tube viscometers 

Absolute values of viscosity for Newtonian fluids and limited information on power law 

fluids can be obtained through the simplest form of viscometer available, which is the 

capillary viscometer. 

Due to its simplicity and low cost, the capillary viscometer has been widely used within 

industry yet is limited to single shear rate measurement. The operating principle is based on 

the measured pressure drop resulting from fully developed laminar flow of a fluid through a 

straight section of a known length tube at a known flow rate: then the viscosity is 

calculated. The driving force for fluid flow can come from gravity but pressurised gas or a 

piston can be used. 

The restriction of the use of the capillary viscometer is the necessity of fully developed 

laminar flow. Also, in order to neglect entry effects, the ratio of the tube length to tube 

diameter must be over 90. In others words the pressure drop must be corrected for by 

energy loss per unit mass in the fluid due to wall friction, which is commonly expressed in 

terms of the Fanning and Moody Friction Factors. Also, the influence on viscosity of 

temperature fluctuations must be taken into account if the measurements take place in a 

long, straight, pipe.  Moreover, the increase in uncertainty throughout the viscosity scale is 

another disadvantage of capillary viscometry, (Brizard et al. 2005).  

In addition to the capillary viscometer, other techniques have been applied in order to 

obtain the velocity profile such as magnetic resonance imaging (MRI), ultrasonic velocity 

profiling (UVP) and laser Doppler anemometry (LDA). These techniques are applied to 
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improve the understanding and subsequent design of processing stages via non-invasive 

measurements of fluid velocities which can be used to calculate the viscosity, but the cost 

and portability of these equipments severely limit their application. An extension of MRI, 

termed NMRI or Nuclear Magnetic Resonance Imaging based capillary viscometry, extends 

the conventional capillary viscometer capability by generating the actual velocity profile that 

generates information on a range of shear rates. The advantage of the NMRI is the ability to 

evaluate fluid systems from pure fluids to suspensions. A challenge concerning this 

technique is to eliminate the large and expensive superconductive magnet. Studies 

conducted by McCarthy et al. (2006) investigated the applicability of using micromachined1 

NMRI components in order to lower both size and cost of the NMRI-based sensors. 

Another technique that has been developed in order to cover a wide range of viscosities 

while having a low uncertainty is falling-ball viscometry. A falling ball viscometer is simple to 

implement and makes it possible to obtain a better uncertainty, but as a disadvantage, it is 

only valid at very small Reynolds numbers (laminar flow) and steady state. This technique 

uses Stokes law, which expresses viscosity according to the terminal velocity of the falling 

ball under some constraints (Brizard et al. 2005). 

There is a range of commercial capillary viscometer equipment available to the food 

industry such as ViscoClock, ViscoSystem® (AVS 370) from Schott Instruments and also the 

series KV100 manufactured by Rheotec. When looking for the falling ball viscometer, KF10 

from Rheotec is available. 

The capillary viscometer has been trialled before (Bloore, 2009) at Te Rapa site. 

Unfortunately, there are no reports on the methodology of the trials, describing details of 

how the models applied for viscosity estimation were obtained. Moreover, no experimental 

results are available. Nevertheless, according to Fonterra’s senior technologist in charge of 

the trials (Dr T. Truong, personal communication 2009), the current set up failed in 

delivering accurate viscosity estimates due to small differential pressure, low ranges of flow 

rate readings and excessive fouling in the capillary. Moreover, the methodology applied in 

these trials required fully developed laminar flow, which would have contributed to the 

problems listed above. Finally, my personal opinion of this trial is that the apparent viscosity 

                                            
1micromachining: Micromachining is a generic term used to describe a sophisticated and eclectic collection of 
microfabrication techniques, which borrows from over 30 years of experience in the microfabrication of high-
precision integratedelectronics (McCarhy et al. 2006).  
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that would be delivered by the set up described above, would only describe different 

specifications in one specific shear rate (laminar flow). The apparent viscosity under these 

conditions does not characterize the milk behaviour at strategic points of the process, such 

as between effects in the evaporation process or at the nozzles in the spray drier. The 

dynamic behaviour of the fluid is what is of interest for process control and offers more 

possibilities for a more robust control strategy. 

2.7.2. Rotational Viscometers 

Rotational Viscometers are used as standard laboratory equipment, but it is also possible to 

mount them in a bypass loop, and thus they are considered to be on-line. The principle of 

the operation is that the torque resulting from rotation of a spindle at a known rate of 

rotation when immersed in a fluid is measured. In a rotary viscometer the product is 

enclosed between two surfaces, one of which subsequently undergoes an applied rotary 

motion. Rotational viscometers are produced in a series of geometries, which include 

parallel plates, however, the most widely used are of the bob-in-cup and concentric cylinder 

type geometries. Depending upon the type of control of the rotating surface, these 

viscometers can be classified as rate-controlled or stress-controlled. In rate controlled 

instruments the velocity of the rotation of the mobile surface is the controlled quantity and 

the torque is transmitted in order to be recorded on the measuring surface, while for the 

stress-controlled instruments a controlled torque is applied while the rate of the rotation is 

being recorded. Thus, depending on the type of the control, the shear rate or shear stress 

may be determined and used to calculate viscosity. Modern rheometers offer the possibility 

to measure under both conditions (rate-controlled and stress-controlled). 

The conversion of the torque and rotation rate into viscosity assumes that the flow is 

laminar and that there is no secondary flow.  

As for disadvantages for rotational viscometers, the literature records their sensitivity as 

being low. In order to be hygienic risky-free, the reservoir must be sealed which can reduce 

the sensitivity of the measurements, particularly for low-viscosity fluids. Another related 

consideration is the influence of entry flow to the reservoir on the torque response and the 

flow field. Also, rotational viscometers do not perform well in high-pressure applications 

and fluids with larger particulates can potentially bridge between the surfaces. The 

development of fouling in the measuring chamber is a problem with some designs of 
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rotational viscometers. However, rotational viscometers have many advantages, as they can 

be used to give a rheological profile of a fluid by performing a shear rate ramp allowing real-

time multi-point measurements and subsequent modelling of the data, (Cullen et al. 2000). 

The commercial viscometers or Rheometers that use the rotational principal in order to 

obtain viscosity are produced by many manufacturers such as Ata Scientific (Visco 88, C-VOR 

and Gemini), Anton Paar (series Rheolab QC), Rheotec (RC01/02) and Brookfield (R/S and 

DVIII Rheometer), among others. 

2.7.3. Vibrational Viscometers 

Vibrational viscometers are high frequency instruments, which undergo damping due to the 

fluid as it flows past a probe. They operate as surface loading instruments, or in other 

words, there is no reflection of waves from vessel walls and the propagated waves 

attenuate rapidly in the fluid layer surrounding the probe surface. Vibrational viscometers 

are robust, simple to install, requiring no additional flow loops or pumps and provide 

continuous real-time data. Viscometers with this principle are popular as in-line instruments 

for process control systems and trials have shown that vibrational techniques can deliver 

good repeatability over a wide range of fluids and process conditions (O’Callaghan et al. 

2001). On the other hand they can present problems if density gradients or fouling occurs 

on the probe surface. Also, in using vibrational techniques, gas bubbles on the measuring 

surface have been found to markedly increase the measured viscosity. 

Vibrational viscometers are suitable for measuring very low viscosity fluids and they can 

provide heating and cooling viscosity curves for water which agree well with physical data 

tables. Moreover, these instruments have been shown to be sensitive to small changes in 

total solids and seem to be able to provide repeatable viscosity solids loading curves 

consistent with standard literature data (Kress-Rogers,2001). Unfortunately, it is a 

complicated process to derive any information regarding the fluid elasticity from these 

measurements due to the temperature dependence of the resonant response of the steel. 

Also, vibrational viscometers do not have well-defined shear rates and only characterize a 

thin layer of the fluid on the surface of the device (McCarthy,2006). Measurements depend 

on the surrounding fluid dampening probe vibration in proportion to its density and 

viscosity. An advantage of vibration viscometry over rotational viscometry is that it may be 

employed in high-pressure applications, such as spray drying. However, shear rate is 
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undefined as it is not related to instrument parameters such as geometry, frequency and 

amplitude of oscillation, rather, it is related to the fluid parameters such as density and 

viscosity (Cullen,2000). The Torsional viscometer can measure the viscoelastic properties of 

the fluid. The Nanemetre Viscoliner from Nanemetre and the Hydramotion XL7 from 

Hydramotion are examples of commercial viscometers that work under this principle. The 

disadvantage is that the viscosity of some fluids may be dependent upon the flow rate and 

its sensitivity to plant vibration. 

Sofraser, ViscoLite from Hydramotion, Nanemetre and Solartron are some of the 

commercial viscometers available that use this principle. 

2.7.4. New techniques for viscometry 

In addition to the methods previously discussed, in the literature there are a wide range of 

on-line viscometers that may have also an application to the dairy industry such as the 

mass-detecting capillary viscometer (MDCV) developed by Shin and co-workers (Shin et al. 

2001,2002 and 2003).  

 

MDCV 

This technique has been applied to design a viscometer for viscosity measurements of both 

Newtonian and non-Newtonian fluids over a range of shear rates. This study presents an 

innovative approach to capillary-tube viscometry, which is capable of continuously 

measuring fluid viscosity over a broad range of shear rates. Instead of flow-rate and 

pressure-drop measurements, this new technique uses a single measurement variation of 

liquid-mass with time. A mass-detecting assembly has been incorporated into a 

conventional capillary tube viscometer and it is illustrated in Figure 2-2.  

The pipette pump sucks up the test fluid from the receptacle to a pre-defined position in the 

falling tube. The fluid is then allowed to flow back to the receptacle by opening up the pump 

to the atmosphere. The fluid mass variation over time is then recorded by the electronic 

data logging system. Assuming that: 

i. flow is isothermal 

ii. laminar is fully developed 

iii. there is no slip at the wall 

The shear rate )(tγ  can be calculated using the classic Weissenberg-Rabinowitsch equation: 
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   ( ) =    ( )   +                  (2-1) 

 
where Q is the fluid volumetric flow rate, τ is the shear stress at the wall and )(aγ is the 

apparent or Newtonian shear rate at the wall and it is defined as: 

 

    ( ) =           ( ) ( )      (2-2) 

 
in which ρ is the fluid density, cd  is the diameter of the capillary tube, and )(tm is the fluid 

mass in the receptacle measured at time t.  

 

 

 

 

 

 

 

 

 

 

Figure 2-2 - Schematic of MDCV System Hou et al. (2005) 

 

Moreover, 
dt

tdm )( is the fluid flow rate inside the capillary tube and can be related to the 

volumetric flow rate according to the following expression: 

   =    ( )         (2-3) 

The shear stress at the wall τ is expressed through the following expression:  

   =          [  −  − ( )]    (2-4) 
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where fd is the diameter of the falling tube, cL  is the length of the capillary tube, 0m  and 

∞m are the masses of the fluid measured at the beginning and at the end of the experiment, 

respectively. Thus, the viscosity, η  can be determined as a function of )(tm , 

 

  =           [       ( )]  ( )/    +                 (2-5) 

 
In this way, it is possible to identify that the mass-detecting technique has enabled the 

conventional capillary viscometer to measure the fluid viscosity continuously over a broad 

range of shear rate.  

 

Capillary Coriolis instrument for on-line viscosity measurements 

Another technique that will be an object of study of this work is the Capillary Coriolis 

instrument for on-line viscosity measurements that was first developed and applied in the 

pulp and paper industry in the work presented by Dutka et al. (2004). Capillary-Coriolis 

viscometry is based on the Hagen-Poiseuille equation for incompressible Newtonian fluids in 

fully developed, steady state laminar flow conditions in a capillary: 

  =        (2-6) 

 
Where 
  = viscosity, cP  = proportionalityconstant, dimensionless 

Δ = pressuredrop, psi  = density, lb/gal  = mass lowrate, lb/min 

 
The viscosity will be measured using a Rosemount 3051pressure transmitter and a Coriolis 

mass flow sensor DL065 from Micromotion. More details will be given in the following 

chapters. 

According to these same authors, (Dutka et al. 2004), for a Newtonian fluid, the viscosity 

proportionality constant,  , is set by calibrating the sensor at a point of known viscosity. For 

non-Newtonian fluids, two points must be set; one point being calibrated at each one of the 
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extremes of the operating viscosity range. However, these authors evaluated Newtonian 

black liquor. 

It must be noted here that the model presented in this work (Dutka) is developed for a 

straight capillary tube and for a fully developed flow, two conditions that do not strictly hold 

for a Coriolis sensor. The solution presented by these same authors was to operate under 

small Reynolds numbers, reducing the possibility of turbulence. Moreover, at high Reynolds 

numbers, secondary flow characteristics, as well as entry and exit effects, can produce 

pressure drops higher than those assumed in the Hagen-Poiseuille equation. 

 

 

Effects of secondary flow 

This problem should be taken into consideration in processes where a fluid passes through a 

curved section of pipe. Due to the difference in the velocity of the fluids located in the 

centre and walls of the pipe, a centrifugal force is generated, which generates a secondary 

flow. A dimensionless number, the Dean Number, is applied to characterize the secondary 

flow in a curved pipe. 

It is possible to study and quantify the secondary flow; however such analysis is beyond the 

scope of this work. As per Dutka et al.(2004) this work focuses on the effect of the 

secondary flow on the viscosity measurements and possible ways to overcome adverse 

effects. According to these authors this effect can be minimized by examining the viscosity 

ranges of the application and limiting the flow through the mass flow sensor. Another 

strategy proposed by them is the correction by empirical correlation, since they found the 

response to the secondary flow to be systematic, consequently a compensation correlation 

may be developed that covers a wide range of operating conditions. 

Once the viscosity is determined for the real plant, it will be correlated with important 

quality parameters for the milk and for the process performance. The idea is to define a 

viscosity range in which the quality parameters are maximized. 
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2.8. Instruments 

 

Hydramotion XL7/100 

The situation for process measurement is far more challenging when compared to 

measurement in the laboratory. The instrument for online measurement must be capable of 

withstanding the possible process conditions of high pressure, temperature and flow. Plant 

noise, both electrical and mechanical, is commonplace and is often of high intensity. Harsh 

measurement conditions, with minimum maintenance make it essential for the design of an 

instrument with no moving parts, seals or bearings. Nevertheless, in order to create a shear 

stress on the fluid some actual movement of a sensory body is required. In this case, a 

resonant Vibrational design is applied. This technology is structurally robust and rigid but 

allows small vibrational shear movements of a sensing body in the fluid. The vibrational 

system is efficient and can provide greater immunity to plant vibration and noise than non-

vibrating systems. For example, Hydramotion’s XL7/100 (Figure 2-3) operates in a frequency 

range outside the usual plant vibration spectrum, and the transducer structure is highly 

selective of frequency. The principle for viscosity measurement is that the resonating parts 

of the sensor shear through the fluid; as shearing takes place energy is lost to the drag 

forces on the sensor caused by the viscosity of the fluid, and this dampens the vibration. The 

loss of energy in each cycle is measured by the processor unit. Thus, the viscosity is obtained 

through the correlation with energy loss. This makes an ideal technique for viscosity 

measurement, since energy loss is practically independent of all other variables such as 

temperature, flow and pressure.  

The viscometer chosen for the trials operates at very high shear rates, which leads the 

sensor to operate in an upper Newtonian region for Non-Newtonian fluids, and because of 

this, replicates the high process repeatability achieved in Newtonian fluids. Moreover, this 

technique allows readings to be made simply by insertion of the viscometer into the fluid 

with no additional apparatus; this yields high repeatability between different locations. In 

other words, the instrument is not conscious of its surroundings and can be freely relocated 

to other measurement sites without need for recalibration (Hydramotion 1998). 
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Figure 2-3 – Instrument number 1 to be trialled – XL7/100 from Hydramotion (Hydramotion, 1998) 

(Reproduced by permission of Cleveland NZ) 
 

With the same principle and from the same manufacturer, another viscometer to be trialled 

is the portable version of the instrument described above: Viscolite 700-HP (Figure 2-4). This 

instrument has a convenient hand-held design and is suitable for small sample 

measurement. This was used to measure the bulk viscosity of the sample while in the plant. 

More details are given in Chapter 6 (section 6.3.1). 

 

 
Figure 2-4 – Portable Viscometer trialled – VL700 – HP (Hydramotion, 1998)  

 (Reproduced by permission of Cleveland NZ) 
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Solartron 7827  

The 7827 viscometer is a process viscosity meter designed to be mounted directly in-line 

(Figure 2-6). It measures the viscosity of the surrounding fluid by determining the level of 

fluid damping on a resonant element. The 7827 viscometer measures dynamic viscosity (cP), 

density (kg/m3) and temperature (oC). The accuracy and repeatability of the measurements 

can be adversely affected by the following factors: the presence of gas or bubbles within the 

fluid being measured, non-uniformity of the fluid, fouling of the transducers, temperature 

gradients, cavitations and swirls caused by valves, variations in the flow rate, the measured 

fluid being unrepresentative of the main flow and boundary effects which impinge upon the 

effective measurement region of the transducer. 

Firstly, we would like to discuss the boundary effects. For practical reasons, it is helpful to 

consider the sensitive or effective region for the 7827 viscometer as presented in Figure 2-5. 

 

 
Figure 2-5 – Effective region for viscosity measurements for 7827 viscometer (Emerson Process 

Management, 2006) (Reproduced by permission of Emerson Process Management) 
 
 

The 7827 is insensitive to the properties of the fluid outside this region and more sensitive 

to fluid properties the closer the fluid is to the fork. Density can be considered a “mass 

centred” effect and viscosity “surface centred” in this visualization; i.e. the measurement of 

the density is more uniformly sensitive to the density of fluid throughout the region while 

viscosity measurement is much more critically sensitive to fluid on the surface of the fork. 

If part of this volume is taken up by the pipe work or fittings there is said to be boundary 

effect; i.e. the intrusion of the pipe walls will alter the calibration. Small pipe diameters 

(bellow 6”or 4”) can lead a variety of different geometries for the effective geometry which 

would require a separate calibration.  
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The technique applied for this instrument is the same as for the previous instrument. The 

7827 operates on the vibrating element principle, the element in this case being a slender 

tuning fork structure which is immersed in the liquid being measured. The tuning fork is 

excited into oscillation by a piezo-electric crystal internally secured at the root of one tine, 

whilst the frequency of oscillations is detected by a second piezo-eletric crystal secured at 

the root of the other tine. The transducer sensor is maintained at its first natural resonant 

frequency, as modified by the surrounding fluid, by an amplifier circuit located in electronics 

housing. The electronic circuit actually excites the sensor into oscillation alternatively at two 

specific positions. In doing this the quality factor (Q), of the resonator may be determined as 

well as the resonant frequency. The quality factor is a function of the damping imposed by 

the internal damping of the tine material and the viscosity of the surrounding fluid. 

 
Figure 2-6- Instrument number 2 to be trialled - 7827 Solartron viscometer. This representation of the 

instrument does not include the hygienic fitting ordered(Emerson Process Management 2006) (Reproduced 
by permission of Emerson Process Management) 

 

ARG2 – TA Instruments 

In order to validate the online viscosity measurements and the new methodology for online 

viscosity measurements using the Coriolis meter, off line measurements will be required. 

The instrument that will be used for this is a rheometer from TA instruments. The ARG2 is 

part of a set of instruments that function as either controlled-stress or controlled-rate 

devices. The rheometer contains an electronically-controlled induction motor with an air 

bearing support for all the rotating parts. The drive motor has a hollow spindle with a 

detachable draw rod inserted through it. The draw rod has a screw-threaded section at the 
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bottom, which allows the geometry to be securely attached, (TA Instruments, 2004). The 

geometry that will be used for this work is the starch paste cell and cylinder (Figure 2-7). 

 

 
Figure 2-7 – Starch cell set up with cylinder (TA Instruments 2004) (Reproduced by permission of TA-

Instruments NZ) 
 

 

2.9. Summary 

 

Viscometry for the food industry, in particular in dairy processing, was discussed and 

exemplified. Some of the viscosity measurements techniques were presented, including 

those trialled in this work. The importance of viscosity measurements was also object of 

research as well as the importance and potential use of viscosity for milk powder and its 

processing (atomization, evaporation etc). Viscosity measurement for milk powder for 

process control was evaluated correlating the importance of viscosity for some of the 

quality parameters of milk powder. The milk powder process was briefly described. 
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3. RHEOLOGICAL EVALUATION: EXPERIMENTAL DESIGN AND 

RESULTS 

 

 

3.1. Introduction 

 

The rheological behaviour of a variety   milk materials, will be evaluated according to 

definitions and models presented by Rao and Knovel (1999) and Valentas et. Al. (1997). The 

data were obtained through “off-line” tests, which were carried out using the Rheometer 

ARG2 that was available from the Chemical & Materials Department and manufactured by 

TA-Instruments 

The milk materials evaluated in triplicate here are the same milk materials that were tested 

in the experimental rig and that will be presented and fully described in chapter 4.  

Two rheological tests were carried out: 

i. Constant shear rate performance for an increasing temperature profile and 

ii. Constant temperature performance for an increasing shear rate range. 

 

Since milk is an emulsion of oil in water with protein, the effect of temperature is important. 

Denaturation of protein may occur depending on the test conditions. High temperatures 

destroy protein’s secondary and tertiary structures that are responsible for the 

characteristics and functionalities of the milk. Moreover, the denaturation of proteins may 

change the isoeletric point of the proteins; this affects their solubility in the emulsion. 

Finally, gel can be formed (as water can be trapped inside a protein complex), affecting the 

viscosity to be measured,(Fennema et al. 2008). 

This chapter is important for a full characterization of the rheological behaviour of different 

types of milk materials that are going to be part of this study. Moreover, the off-line tests 

are also important for the validation of the commercial viscometer used for online 

measurements. Finally, the results obtained here will be used to validate a new 

methodology using a Coriolis meter as an alternative instrument for online viscosity 

readings.  
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The study began with the analysis of the rheological behaviour of reconstituted milk 

materials. These results will not be presented in this Chapter, but are available in Appendix 

8. They are of little value as a substitute for real milk characterisation. However, the 

understanding of the behaviour of reconstituted milk material was key information for the 

experimental program design (Chapter 5) and was consequently required to enable the 

design of the experimental rig. Besides that, they were of extreme importance for the 

understanding and learning process of the all operational procedures for all the instruments 

trialled in this work.  

 

3.2. Design of the rheological experiments 

 

In order to be able to evaluate the rheological behaviour of any fluid material, two 

important correlations must be obtained: 

i. Viscosity versus Temperature 

ii. Viscosity versus Shear rate 

 

To obtain these correlations, two experimental procedures were developed with the aid of 

the TA rheology advantage software, supplied with the instrument. A detailed description of 

the procedures developed for the experiment follows. 

The procedure developed within the instrument software has three major steps: 

i. Conditioning 

ii. Steady State flow, as shown in Figure 3-1 

iii. Post-Experiment 

 

The first conditioning step guarantees that the system (geometry and sample) has achieved 

one specific state before the flow step takes place. The conditioning step applied to the 

system could be a temperature hold, normal force application or even pre shear. In this 

work we used a temperature requirement of 25oC at the beginning of the test for both 

procedures. 

The second step is when the disturbance of the system takes place. There are various flow 

steps that are possible: continuous, peak hold, steady state flow, stepped, squeeze pull off 
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and temperature ramp. For this work we applied only temperature ramp and steady state 

flow and they will be described in this chapter in sections 3.2.2 and 3.2.1 respectively. 

Lastly, any required post-experiment step takes place; this step relates to any specific 

desired final temperature for the experimental system. In all the experiments described the 

final temperature was 25oC. 

Below, the procedures for the experiments are presented and discussed. 

 

3.2.1. Steady State Flow for increasing Shear Rate 

In this experiment the effects of shear rate on the fluid viscosity were analysed. For a steady 

state flow at a constant temperature of 25oC the effects of increasing shear rate (from 0.1 to 

100s-1) on viscosity readings were obtained. We will see later that this shear rate is higher 

than the one obtained in the rig. However, we are interested in the behaviour or trend per 

se. The difference in the shear rate values was later analysed by means of further testing 

(section 6.4.2). 

 
Figure 3-1– Schematic Steady State flow applied to a sample during a procedure with constant temperature 
 

3.2.2. Steady State Flow for a Temperature Ramp 

In this experiment the effects of temperature on the fluid viscosity measurements were 

analysed. For a temperature ramp at a constant shear rate of 50s-1 the effects of increasing 

temperature (from 25 to 75oC) on viscosity readings were obtained. The conditioning step 

for this procedure is the same as the one stated for the previous procedure, i.e. hold at 

25oC. The second step is when the excitement of the system takes place. Increasing 

temperature is applied to the system at a specified rate of 10oC/min, while the viscosity is 

sampled at every 10 seconds. Lastly, the post-experiment step takes place. In this case it 

was required that the system should cool down from 75 to 25oC. 
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3.2.3. Important calibrations, verifications and adjustments 

One should monitor the performance of equipment in order to be confident that the data 

obtained is correct. It is recommended by the manufacturer (TA Instruments, 2004a) that a 

good laboratory practice (GLP) should be adopted and a routine established for monitoring 

the performance of the rheometer. Taking this into consideration, a GLP form and a check 

list was developed for the tests; one example is presented in Appendix 6. The manufacturer 

suggests some areas that should be monitored by the operator (TA Instruments, 2004a and  

2004b) and the ones relevant for this work are:  

 

ü Verification of the system calibration factors 

i. Instrument inertia 

ii. Measuring system inertia 

iii. Torque mapping 

iv. Air bearing friction 

 

Before the tests, each one of the verifications was carried out. Values for the parameters 

concerned were recorded and the experiment was resumed. 

3.2.4. Viscosity measurements comparison 

At this stage of the thesis, the values obtained in the rheometer will be only compared with 

the apparent viscosity measurement (milk sitting in the bucket after sampling) that was 

obtained during sampling. This procedure is described in this chapter on section3.3.1. 

 

3.3. Milk Materials Tested 

 

The first use of the word ‘rheology’ is credited to Eugene C. Bingham (1928) who also 

described the motto of the subject ‘everything flows’, as Cited in Steffe (1992). The focus of 

this work is on different milk materials where rheology is critical in optimizing product 

development efforts, processing methodology (process control) and final product quality. 

Rheology is a relationship between stresses acting at a point and deformations occurring as 

a result of this action. However, when developing a rheology test, one must be alert to any 
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other variable that may be affecting the relationship between stress at a point and the 

result of this action. It is known that concentration, composition and preheat treatment 

affects the response to stress for milk materials. (Steffe, 1992; Chen, 1994; Reddy and Datta, 

1994; Vélez-Ruiz and Barbosa-Cánovas, 1997; O'Donnell and Butle,r 1999; O'Callaghan and 

Cunningham, 2005; Schuck et al. 2005) Thus, in order to evaluate how those properties are 

important and relevant for milk powder process control, the following samples were tested: 

i. Standardised whole milk (STDWM) 

ii. Concentrate whole milk (CWM) 

iii. Mixture of Standardised with Concentrate whole milk (iCWM)2 

iv. Standardised skim milk (STDSKM) 

v. Concentrate skim milk (CSKM) 

vi. Mixture of Standardised with Concentrate skim milk (iCSKM) 

 

Besides the different milk materials, each sample was submitted to a different preheat 

treatment as described below: 

Concentrate skim milk 

Submitted to medium temperatures during preheat treatment (Milk material description - 

LTPHT) and High heated (HTPHT) 

Concentrate whole milk 

Medium temperatures during preheat treatment 

 

Together with the milk that was sampled for the tests in the experimental rig, a sample was 

collected separately for the rheometer tests. Most of the tests were carried out on the same 

day as the sampling, however; due to time constraints, some of them were carried out on 

the following day. In addition, any shear thickening behaviour was also evaluated in tests 

carried out one or two days after the sampling and applied to frozen samples as well. The 

last evaluation aimed to define whether or not frozen samples are an alternative for future 

studies at the University. 

                                            
2 These data were only to validate Standardised and Concentrate results. They will not be presented 
in this work, they were used to validate concentrate and standardised measurements section (3.4.5). 
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3.3.1. Sampling procedure 

The milk from Te Rapa process was collected using plastic buckets and sample valves 

available at specific points of the plant (at standardisation or after defined evaporators). The 

loading process was timed and recorded for each sample. Moreover, temperature and 

viscosity were measured at the plant using a portable viscometer with an inbuilt 

temperature probe. A sampling form was developed for record keeping. The experimental 

forms are presented in Appendix 7. 

 

3.4. Rheological Evaluation 

 

All the data presented here was initially treated using the Rheology Advantage Data Analysis 

software provided with the TA’s instrument. Curve fitting data was performed with the aid 

of MATLAB’s Curve fitting toolbox.  

3.4.1. Newtonian or Non-Newtonian Behaviour 

As discussed by Rao & Knovel (1999) and Valentas et. al. (1997), Newtonian fluids are shear-

independent. To evaluate whether the samples tested are Newtonian, plots of viscosity over 

a range of different shear rates were examined. The shear rate range used in this study was 

0.1 to 100 s-1. 

According to the diagram presented below (Figure 3-2- STDSKMD5 and STDWMD4), there is 

a variation in the viscosity readings for shear rates over 60s-1 which could characterize the 

fluid as Non-Newtonian. A linear correlation is expected between shear rate and viscosity 

for Newtonian fluids. 

For both standardised samples (Figure 3-2 - STDSKMD5 and STDWMD4) Newtonian 

behaviour can be observed for shear rates up to 60s-1, showing the independence of the 

viscosity from the shear conditions. The equations used to calculated viscosity are only valid 

for a laminar flow. However, due to the low viscous characteristics of the standardised 

samples, the valid shear stress range for a laminar flow is up to 60s-1 in this case. After that 

we could clearly observe the turbulent flow. 

Newtonian fluid viscosity is independent of shear condition and time, which does not 

generally describe the concentrate milk materials. Chen (1994) states that physical and 
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chemical changes caused by heat treatment of milk components such as native proteins, 

casein and fat globules, have been studied in detail and are believed to be responsible for 

many changes in viscosity. The same author explains in his work that in skim milk 

concentrate, denaturation and aggregation or complexing are also accompanied by an 

increase in the apparent viscosity and extensive aggregation that can lead to gelation. 

Comparing the viscosity measurements for standardised milk with those for concentrated 

milk we can confirm this. For concentrate milk samples the viscosity slightly decreases for an 

increase in the shear rate. 

It has been discussed by Steffe (1992) that when a non-Newtonian fluid is subjected to 

infinite shear rate, the structure breaks down to the basic particles. This is explained by the 

existence of an upper Newtonian region in the viscosity-shear rate curve. 

The various samples of concentrate milk material all show a slightly decreasing viscosity 

trend for an increasing shear rate that could be described as shear thinning behaviour 

(Figure 3-3). Age thickening and shear thinning will be discussed in the next section 3.4.2. 

When the fat content is increased, the profile is the same as the one observed for skim milk 

materials. However, the viscosity measurements are slightly higher for samples with high fat 

content (whole milk) as presented in Figure 3-4. 
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Figure 3-2 – Viscosity Measurements for Standardised Milk Samples tested at 25oC with increasing shear 
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Figure 3-3 - Viscosity Measurements for Concentrate Milk Samples tested at 25oC with increasing shear
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For the standardised sample, the difference in the total solids content (9% for skim milk and 

13% for whole milk) explains the higher viscosity value. Nevertheless, it is expected that 

fluids with higher protein content, would present a higher viscosity since proteins make a 

larger contribution to viscosity. Fat contributes only with approximately a third of the 

protein contribution (Dr Hong Chen, personal communication). In this case the lower 

viscosity value for the concentrate skim milk sample could be addressed to the preheat 

treatment configuration. In this work, it has been observed and further discussed that high 

temperature during preheat treatment leads to lower viscosity readings (Figure 6-5 and 

Figure 6-12) 

 
Figure 3-4 - Fat content effect on Viscosity measurements for standardised milk (left) and concentrate (right)

 

According to Valentas and Rao (1997), a linear relationship between shear rate and shear 

stress is also used to characterize Newtonian fluids. 

Typical Newtonian foods have low molecular weight and do not contain large 
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our samples, namely concentrate milk, which is effectively comprised of oil in water 

emulsion with proteins. Non-Newtonian behaviour has been presented as the rheological 

behaviour for milk concentrate by many authors e.g O’Callaghan (2005) and Bylund et 

al.,(1995) among others. However, Figure 3-6 categorizes concentrate milk as a Newtonian 

fluid in a flow situation. 
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Figure 3-5 – Measured Shear stress for an increasing shear rate for Standardised Samples 
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Figure 3-6 - Measured Shear stress for an increasing shear rate for Concentrate Samples
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If we perform a linear regression we see that there is a strong linear correlation between 

shear rate and shear stress for all tested samples (Figure 3-7 and Figure 3-8). Note that 

shear rates over 60s-1, were not considered for Standardised milk. Nevertheless if we look 

closely and consider viscosity measurement variation only, we can see that for standardised 

milk the variation in viscosity measurements is 5% for whole milk and 6% is the variation in 

the viscosity measured for skim milk for increasing shear rate. 

 

Table 3-1– Variation of viscosity measurements with shear rate 
 

Milk Materials 

 

Average Viscosity cP 

 

Standard Deviation 

 

StdDev/Average (%) 

Standardised Whole 

Milk 
1.52 0.07 5 

Standardised Skim 

Milk 
1.21 0.07 6 

High Preheated 

Concentrated Skim 

Milk 

17.65 (18.13) 0.78 (1.67) 4 (9) 

Medium Preheated 

Concentrated Skim 

Milk 

151.73 (176.11)3 31.81  (82.72) 21  (47) 

Medium Preheated 

Concentrated Whole 

Milk 

25.73  (29.37)  2.46  (11.74) 10  (40) 

                                            
3 Values presented in the brackets,’ ( )’, take into consideration the first viscosity measurement in the 
rheometer test. The first measurement was taken at a very low shear rate and consequently does not 
represent the flowing condition. This is discussed in section 3.4.2 
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Figure 3-7 – Linear regression for the correlation between measured Shear stress for increasing shear rate for Standardised samples 
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Figure 3-8 - Linear regression for the correlation between measured Shear stress for increasing shear rate for Concentrate samples 
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For concentrate milk variation in viscosity measurement is higher: 10 and 21% for medium 

preheated whole milk and skim milk respectively. The variation obtained for high preheated 

skim milk concentrate was only 3%. Note that the time effect was not being taken into 

consideration here and the first viscosity measurement was not taken into consideration for 

this evaluation. Another alternative to evaluate the rheological behaviour of the sample is to 

determine the flow behaviour index, through the power law model: 

  =   ̇     (3-1) 
 
where   is the shear stress (Pa), ̇ is the shear rate (s-1), K is the Consistency index (Pa.sn) and n is 

the flow behaviour index (dimensionless). 

The power law equation is the simplest of the available rheological models. Based upon the 

index, n, the power law model describes three basic types of flow e.g (TA Instruments, 

2004). 

n =1      Newtonian behaviour 

n <1      Shear thinning (or Pseudoplastic)  

n >1      Shear thickening  

 

3.4.2. Shear Thinning or Thickening Behaviour 

Fluids that present these behaviours are Non-Newtonian fluids. These behaviours are 

characterized by a linear relationship of the shear stress with increasing shear rate. Both 

curves begin at the origin, and curve upward for shear thinning behaviour and curve 

downwards for shear-thickening behaviour (Valentas et al. 1997). Moreover, it is also 

possible to evaluate this behaviour by the power law index presented in Equation  =   ̇ 
    (3-1). 

Evaluating the power law index, we can conclude that assuming Newtonian behaviour for 

the materials tested is a good option. The power law index was slightly above 1 for 

standardized skim milk (1.040). The other sample tested had the following power indexes: 

standardised whole milk: 0.9705, concentrated skim milk HTPHT: 0.9495 and LTPHT: 0.7194 

and finally concentrated whole milk had the power law index of 0.8184. The majority of the 
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samples show a power law index slightly below 1, meaning that under shear rate conditions 

of 1 to 60s-1 they have a shear thinning behaviour. 

3.4.3. Time-Dependent or Time-Independent Behaviour 

Heterogeneous systems containing a dispersed phase have particles or molecules linked 

together by weak forces which are broken when the hydrodynamic forces are sufficiently 

high during shear (Rao and Knovel, 1999). 

This behaviour is due to structural changes such as denaturation of proteins, air 

incorporation (foam formation) and when structures are broken due to agitation or 

gelatinization. Those structural changes are more dependent on time rather than 

temperature effects on the sample (Rao and Knovel, 1999). This modification in the protein 

structure may explain the difference between the values for viscosity measurements 

obtained at the plant during sampling (Table 3-2 - Measurement taken a and b) and 

measurements taken at the University (Table 3-2 - Measurements taken c and d). 

Interesting results are presented for the concentrate samples of skim milk submitted to 

different preheat treatments.  To evaluate these results, let us first compare the viscosity 

measurement taken (a) at the plant, (b) before pilot plant test, (c) first rheometer reading in 

the test day and (d) rheometer readings on the day after the pilot plant test (Table 3-2 to 

Table3-4) 

 

Table 3-2– Viscosity Measurements for low temperature preheated whole milk concentrate sample 
Measurement taken Viscosity, cP Temperature, oC 

(a) 03/12/09 –1.20pm 24.6 43.4 

(b) 03/12/09 – 1:52pm 25.5 42.2 

(c) 03/12/09 – 8:00pm 30.0 25.0 

(d) 04/12/09 – 10:25am 35.0 25.0 

 

Table 3-3 – Viscosity Measurements for low temperature preheated skim milk concentrate sample 
Measurement taken Viscosity, cP Temperature, oC 

(a) 09/12/09 –1.00pm 38.5 43.6 

(b) 09/12/09 – 1:23pm 44.3 46.6 

(c) 09/12/09 – 11:00pm 395.5 25.0 

(d) 10/12/09 – 10:25am 23,110 25.0 
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Table3-4 – Viscosity Measurements for high temperature preheated skim milk concentrate sample 

Measurement taken Viscosity, cP Temperature, oC 

(a) 09/12/09 – 4.35pm 11.33 49.0 

(b) 09/12/09 – 5pm 12.3 44.7 

(c) 09/12/09 – 10:35pm 22.4 25.0 

(d) 10/12/09 – 10:25am 27.7 25.0 

 

The sample submitted to less intense preheat treatment showed an increase in the viscosity 

on the day following the sampling that was higher than the effect for the sample submitted 

to high temperatures during preheat treatment. The low temperature preheated sample 

that had an original viscosity of around 40cP that was measured at the plant for a sample 

temperature of 43.6oC, started the rheological test at the University with 395cP at 25oC; this 

was an increase of over 50 times the initial viscosity value. 

The sample from the low preheated concentrate was no longer a fluid by the time of the 

rheological behaviour test as shown in Figure 3-9. 

In the same timeframe, the sample submitted to high temperatures during the preheat 

treatments had a viscosity reading of 11.3cP at the plant, while at the beginning of the 

rheological tests, the viscosity was established as 22.4cP. This represents an increase of 97% 

when compared to the initial value.  

 
Figure 3-9 – medium temperature preheated skim milk sample 

 
The viscosity of milk concentrate has been found to be time-dependent under the 

conditions studied. As observed by Chen (1994), an irreversible change in the structure of 
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the milk components may have occurred in the process after the sampling point. However, 

we can see that the sample that went through a more extensive preheat treatment suffered 

less age-thickening.  

We can add to the observed facts that, not only did the heat treatment affect the sample 

viscosity but also that the viscosity was affected by the time between the first 

measurements at the plant and the rheological testing. We note the varying degrees to 

which the viscosity measurements were affected by time. This behaviour is defined as age-

thickening. 

If we compare viscosity measurements taken on different days, we can confirm the time 

dependence of the milk materials tested (Figure 3-10,Figure 3-11 and Figure 3-12). 

 

 
Figure 3-10 –Age thickening for skim milk concentrate samples submitted to  low temperature  during 

preheat treatment 
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Figure 3-11 – Age thickening for whole milk concentrate samples 

 
Figure 3-12 – Age thickening for skim milk concentrate samples submitted to  high temperature  during 

preheat treatment 
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3.4.4. Effect of Temperature on Apparent Viscosity 

The effect of temperature on either apparent viscosity (   ), viscosity at a specific shear rate 

or the consistency index (K) of a fluid can be described by the Arrhenius relationships (Steffe 

1992; Valentas et al. 1997; Rao and Knovel 1999): 

   =       (    )  (3-2) 
or     =     +       (3-3) 
where  ∞is a frequency factor, Eais the energy barrier that must be overcome before the 

elementary flow process can occur (activation energy for viscous flow)       is the Boltzman factor: fraction of molecules having the requisite energy to surmount 

the barrier. 

Fouling starts to occur in a sample submitted to temperatures above 65oC (Chen, Lin et al. 

2008). This may explain why the viscosity of the sample increased even at higher 

temperatures. Using the correlation presented above, the apparent viscosity for skim milk at 

50 s-1 will be:   =      (     )  (3-4) 

 
Equation 3.4 describes the effect of temperature on the skim milk concentrate sample 

submitted to high temperatures during preheat treatment; equation 3.5 shows effects of 

temperature in the standardised skim milk sample. 

 
   =      (   .  )  (3-5) 

 
 
The energy barrier to be overcome in order for flow to happen is higher for concentrated 

milk (1391 J/mol) when compared with standardized milk (524J/mol). As expected, all 

samples show a decrease in viscosity measurements when temperature increased (Figure 

3-13 and Figure 3-14). 
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Figure 3-13 - Viscosity Measurements for Milk Materials tested at 50s-1 with increasing temperature for Standardised samples 
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Figure 3-14 - Viscosity Measurements for Milk Materials tested at 50s-1 with increasing temperature for Concentrate samples
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3.4.5. Effect of soluble (and insoluble) solids concentrations on the consistency 

index (K) 

For most foods it is often possible to identify components, known as key components, which 

play an important role in a food’s rheological properties. Let’s consider the group of solids 

contained in the sample. We are going to evaluate the effect of the total solid content on 

the consistency index of the power law model. Rao et al. (1999) presented a model to 

evaluate the effect of insoluble solids on the consistency index(K) of the power law model of 

juices. The concentration of the insoluble solids is expressed by % pulp. 

  =       (        %) (3-6) 

or    =     +     (   %)(3-7) 

 

KP and BP
K are constants obtained through experimental data. 

In this work, we use the total solids content as the concentration to be evaluated. For 

different samples of different total solids content shear stress (Pa.s) was measured over a 

shear rate range of 0.1 to 100 s-1. Rheology Advantage Data Analysis (software supplied with 

ARG2 TA Instruments rheometer) was used in order to calculate the consistency index (K) 

for each one of the different total solids content samples. 

 
Figure 3-15 Viscosity Measurements for skim milk with three different total solids contents 
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As expected, the consistency index is higher for higher total solids content as shown for the 

skim milk sample in Table3-5. The sample with high total solids content showed higher 

viscosity readings when compared with the low total solids samples (Figure 3-15). 

 

Table3-5 – Power law’s consistency index for skim milk sample with three different total solids content 
Milk Materials Consistency Index 

Skim milk ( 13% Total solids) 0.013 

Skim Milk (30% Total solids) 0.119 

Skim milk (49% Total solids) 0.214 

 

3.5. Replication Errors 

All the tests for this work were carried out in duplicate and triplicate when necessary. 

The maximum difference between the replicates and first data set evaluated obtained 

was 10% with an absolute average deviation of3%. Figure 3-16 shows a distribution of 

the error for the data set evaluated. 

 

 
Figure 3-16 - Difference between test results and its replicate 
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3.6. Summary 

 

The rheological behaviour for different types of milk materials was evaluated by two 

different procedures. Tests were carried out in an ARG2 TA Rheometer. 

The first procedure kept the temperature constant while a shear rate step was applied. In 

the second experimental procedure, the variable that was kept constant was the shear rate 

for a temperature ramp. Both procedures were described and details discussed. 

Non-Newtonian behaviour was observed for all milk materials tested. Moreover, they were 

characterized as shear thinning materials. However, in a useful simplification, the materials 

tested can be approximated as Newtonian fluids as a linear relationship for shear stress over 

the shear rate range evaluated was observed. Other evidence that supports this 

simplification is that the Power law index is close to 1 for each one of the milk materials 

tested. 

Samples with higher fat content (whole milk) showed higher viscosity readings when 

compared with samples with lower fat content (skim milk). Moreover, concentrated milk 

materials tested showed strong age-thickening behaviour. Lastly, the effect of temperature 

and total solids content on viscosity measurements was also evaluated. 
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4. DESIGNING THE EXPERIMENTAL RIG 

 

 

4.1. Summary 

 

Chapter 4 introduces the experimental rig. Complementary material to this chapter can be 

found in Appendix 4 where design details, instrument, and equipment specifications are 

available. The rig instruments and equipment are introduced in this section of the thesis. 

Finally, the reader will find the description of the main features of the distributed control 

system (DCS) used, cleaning procedures carried out between experiments, photos and 

diagrams of the piece of equipment. 

 

4.2. Introduction 

 

In order to simplify the scenario for the viscosity measurements, an experimental rig was 

designed and constructed for this project. The idea here was not to simulate the real milk 

powder plant or any section of it, but to guarantee a controlled and simple environment for 

the measurements to be taken. In addition, the rig should be suitable for the online 

viscometer and it should contain all the instruments required for further measurements and 

control of the experimental conditions. In the following chapter the requirement for a 

dynamic response model for estimating viscosity will be discussed. In order to obtain this 

model, some input variables will need to be disturbed. The rig should not only enable those 

disturbances to take place, but should also be able to be control and record them. 

 

4.3. Pilot Plant – Dual Set up 

 

The basic pilot plant was designed and was presented in a published paper at the 

International Conference of Agricultural Engineering (De Souza and Young 2008). Pictures 

and detailed P&IDs are presented in Figure 4-1. 



 

 The plant was significantly modified in further work; the resulting set up is presented in this 

chapter. 

The basic experimental setup consists of three tanks, referred to here as the measurement 

tank (jacketed tank), the sample or hold tank and the hot water tank. The measurement 

tank is fitted with an external jacket in which hot water circulates. The hot water tank has a 

temperature control device and a heating element, providing heated water which is to be 

circulated through the jacket of the measurement tank. This setup is illustrated in Figure 

4-1. 

 

 
 

Figure 4-1– Pilot Plant, (1) Measurement tank, (2) sample tank, (3) Hot water tank and (4) Coriolis meter 
(density meter) 

 
As detailed in Chapter 2, two online Vibrational viscometers were tested:  

i. Hydramotion / Cleveland XL7 – 100 named here as instrument 1 

ii. Solartron/ Emerson Process - 7827  cited in this work as instrument 2 
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There are two possible set ups for instrument 1 as shown in Figure 4-3. The first instrument 

can be inserted into the measurement tank or mounted inline in a clamp fitting sitting 

below the measurement tank. Instrument 2 has only one possible set up, that is, inline, in 

the pipe which is also located below the measurement tank. The online mounting positions 

for instruments 1 and 2 are indicated in Figure 4-2.  The modified set up has two possible 

flow paths: closed circulation and open circuit.  

Milk materials are loaded into the sample tank, from where they are pumped to the 

measurement tank. Following this process, the milk material from the measurement tank 

flows through the online viscometers and then to the density meter (4). At this point, there 

are two alternatives for the flow: 

 

i. To be drained from the rig or 

ii. Go back to the sample tank.  

 

At this point of the rig, the path to be taken by the fluid is defined by two valves: 

 

i. A control valve at the end of the run of pipe that enables the fluid to be drained and 

the flow controlled. It is represented as element (9) in Figure 4-2. 

ii. A manual on/off valve that allows the fluid to go back to the sample tank, element 

(10). 

 



 

 
 

Figure 4-2 – Online set up for viscometers:  flow computers (5) – for Instrument 2, (6) for Instrument 1 and 
(7) for Coriolis. (8) Indicates the variable speed control device and (11) the differential pressure cell 

 
Temperature is monitored at several points in the rig, including at the hot water inlet to the 

measurement tank and at the outlet from the same tank. Moreover, there are temperature 

sensors inside the hot water tank, at the Micromotion density meter and inside the 

measurement tank. Other variables such as mass flow and density are monitored by the 

Micromotion density meter (4) and differential pressure through the Coriolis meter is given 

by the Rosemount instrument shown in the same figure as element (11). There are two 

other control valves in the experimental rig. The first one controls the level of the fluid in 

the measurement tank and, the second controls the flow of heating fluid from the hot water 

tank to the external jacket of the measurement tank. 
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Figure 4-3 – Experimental Rig – Dual set up – Instrument 1 (I-01) is mounted in the measurement tank and inline option is also included (OL I-01) and Instrument 2 (I-13) is mounted 
online, more details of the design are included in Appendix 4 



 

4.3.1. Components of the rig 

There are three types of components in this pilot plant and they can be classified as; 

physical components, which include tanks, valves and pumps; sensory components such as 

thermo-couples, viscometer and the density meter and finally, controllers.  The role of each 

component will be discussed in this section. 

 

Physical Components 
Measurement tank (Figure 4-4): The jacketed tank has a 22.5L internal tank. A jacket 

surrounds the internal tank, which provides heating using hot water. A black Armerflex 

material around the tank provides a degree of insulation, minimising heat loss and safety. At 

the top of the tank, a port has been designed for the mounting of a Hydro-motion 

viscometer. The port allows the viscometer to be mounted with a 2” hygienic fitting. During 

the testing, it was also expected that the temperature from the internal tank would be 

measured and the temperature thus recorded was needed as a monitored variable. Hence 

the water jacketed tank was also designed with a thermocouple port for both the inlet and 

outlet of the heating utility. 

 

  
Figure 4-4 – Schematic of the measurement tank 

 
 
Sample (holding) tank: Milk from the Fonterra Te Rapa site was the fluid to be loaded into 

this tank. This tank has a 120L capacity. Inside the tank a mixer was mounted. The milk was 

pumped from the holding to the measurement tank. Finally, there is a pipe that allows flow 

from the circuit to go back to the sample tank. This flow is activated by a manual on/off 

valve. 

Hot Utility inlet 

Hot Utility outlet 
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Hot water tank: The primary purpose of the hot water tank is to provide hot water to the 

measurement tank. The hot water tank holds around 40 litres and has a heating element 

with a 3kW duty fitted inside. The selection of the element duty was based on process 

simulation presented in section 4.5 

 
Valves: Fisher globe valves with automatic actuators were fitted in the hot water line, in the 

feeding line of the measurement tank, and at the end of the piping system for the open 

circuit alternative. The first valve served as the temperature control valve to manipulate the 

hot water flow rate to maintain the milk concentrate at a given temperature set point, if 

required. The water valve had a specified maximum equal percentage flow characteristic (Cv 

max) of 8.7. The same Cv was obtained for the second and third valves, that served as level 

control valves for the measurement tank and the control of the draining flow rate. 

A manual gate valve enables the recirculation of the test fluid inside the rig. The gate valve 

is mounted in the pipe that brings the fluid from the Coriolis meter back to the sample tank. 

 
Pumps: Two identical centrifugal pumps (Little Giant 2-MD-HC) were fitted on the milk and 

hot water lines. One of the advantages of using the Little Giant pump was its construction 

material. The housing of the pump was made from polymeric materials rather than metallic 

materials which are not preferred for food products. From the approximate measurements 

of the head required, it was determined the water loop required a minimum head of 0.9m  

and the milk loop required a minimum head of 1.07m.  From the flow curve of the pump it 

was determined that a flow rate of 0.47 Ls-1 could be achieved for the water loop and the 

milk loop. However, these values are under the assumption of zero pressure loss at the 

instrument. 

 

Sensors 

Thermocouples: Type K thermocouples were the ones used in the rig, since they were 

available at the Chemical and Material engineering workshop and they are suitable for the 

temperature range tested. 
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Hydramotion Viscometer:  XL7/100 is a high performance instrument for the continuous, on-

line measurement of viscosity of process fluids. The transducer has a solid construction that 

allows fluid to flow effortlessly around the sensing element without risk of any fluid 

entrapment. This instrument is designed to meet the rigours of continuous online 

measurement and all the practical considerations of a true operational environment such as 

plant vibrations and a wide range of process conditions. The instrument requires low 

maintenance effort since there are no moving parts. Moreover, the technology applied in 

this transducer enables intrinsic rejection of plant noise without filtering. High accuracy and 

repeatability is achieved mainly through the use of high stability materials and sensory 

techniques which exclusively measure true shear viscosity, whilst avoiding secondary effects 

caused by temperature, flow, entrained debris or bubbles. The viscosity meter accuracy is 

presented by the manufacturer as ±1% of the reading, with the repeatability as± 0.3% of the 

reading (Hydramotion, 1998). For the portable version of this instrument the viscosity 

accuracy was reported to be± 2% of the reading. 

 

Solartron 7827 viscometer: The 7827 Viscometer operates on the vibrating element 

principle, the element in this case being a slender tuning fork structure which is immersed in 

the liquid being measured. The electronics circuit excites the sensor into oscillation 

alternately at two positions, in doing this, the quality factor (Q) of the resonator may be 

determined as well as the resonant frequency. The quality factor (Q) of the resonator is a 

function of the damping imposed on the resonator by the internal damping of the tine 

material and the viscosity of the surrounding fluid. To derive the fluid's dynamic viscosity, 

the frequency of oscillation is taken at two points on the transducer's resonance curve, 

manipulated to calculate the transducer's quality factor (Q) and then calibrated against 

actual fluid viscosity determined by a primary standard. Hence, as the viscosity of the fluid 

changes, the overall damping forces change and with it, the Q. By measuring the time period 

from frequency response of the fluid to the excitements, the viscosity of a Newtonian fluid 

can be calculated. One of the drawbacks of this instrument is the fact that it is calibrated for 

fluids with Newtonian behaviour only. The 7827 Viscometer is calibrated for viscosity 

between 15 and 25°C and at atmospheric pressure using specified fluids which demonstrate 

Newtonian behaviour. Viscosity calibration is effectively immune to temperature or 

pressure errors when operating with Newtonian fluids. The instrument accuracy is quoted 
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as ±0.2cP for the first range to be evaluated (0.5 – 10cP) and a lower accuracy of ± 1cP for 

the next range (1 to 100cP). The repeatability is quoted in the instrument manual as better 

than ±0.5% of the reading (EmersonProcessManagement, 2006). 

 

Micromotion Coriolis meter: A Micromotion DL65 density meter was used in the 

experimental rig. This is the same type of density meter used in Fonterra’s milk powder 

plant at Te Rapa. Micromotion’s DL 65 is an accurate flow sensor that can be used in a wide 

range of applications. The fundamental idea is that the flow rate and density can be 

determined from the Coriolis force exerted by fluid flowing through the meter. 

 

Controllers 

Hot water temperature: The hot water temperature is controlled by an external PID 

controller. 

Variable Speed driver: Making use of two control relays, a variable speed driver has been 

tailored for the pumps of this experimental rig. However, since it was built for analogue 

outputs only; the driver allows the pump to only operate at two different speeds. 

 

Data Acquisition System – Delta V 

The data acquisition system was an Emerson Process Management industrial digital 

automation system, Delta V. Delta V was used as a data logger for the experimental data. 

Moreover, this system includes a variety of applications to help in the configuration (Control 

Studio), operation (Operate run) and documentation (Continuous Historian) of the 

experiment. This system was selected as the managing device for all the instruments in this 

experiment, enabling centralised data to be collected in real-time and also uniform data 

collection over the time domain of the system. Delta V allows all variables to be logged for 

control purposes.  

An important feature of this product for the experimental programmes is the sequential 

function chart which is one type of modular algorithm useful for controlling time events. 

The sequential function chart created for this experiment is presented in Figure 4-6. 

The sequential functional charts are made up of steps and transitions. Each step is a set of 

actions. The transition allows a sequence to proceed from one step to the next when the 

previous condition stated is true.  
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With the aid of this module, consistency between the experiments was possible. The same 

sequence of events or actions was carried out for each one of the experiments. The duration 

of each one of the actions was also established in the sequence. The main idea here was to 

apply the same excitations or disturbances to the different milk material tests. In this 

scenario, the disturbances were the same for all the materials and the response to each was 

recorded and made an object of study. Finally, the response to the disturbances was used 

for system identification to develop viscosity models. 

Furthermore, this system enables the design of a frontend graphical user interface for ease 

of operation. The process picture developed for an experiment is presented in Figure 4-7. 

The sequence for the experiments will be presented in the next chapter. 

 

 
Figure 4-5 - Sequential Functional Chart – Experimental Sequence for program 1of 2 pages 
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Figure 4-6 – Sequential Functional Chart – Experimental Sequence for program 2of 2 pages
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Figure 4-7 – Operate (run) Picture – Delta V
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4.4. Cleaning procedure 

 

First considerations and important highlights (Bylund and Tetra Pak International, 1995) 

Nearly all Cleaning in Place (CIP) of food processing equipment is accomplished with water-

based solutions by a program consisting of; a pre-rinse with potable water, or recovered 

solution, until the effluent is clear; an alkaline solution wash under a variety of time and 

temperature combinations; a post-rinse with potable water and; a recirculating acidified 

rinse, generally at ambient temperature, to neutralize the final traces of the alkaline 

solution, which is not easily rinsed from stainless steel surfaces. A chemical or heat-based 

sanitizing operation may precede use of the equipment for a subsequent production 

operation.  

 

To achieve consistently acceptable cleaning results in food operations, it is necessary to give 

consideration to the following: 

ü The composition of the available water. 

ü Selection of cleaning compound(s) best suited for the job. 

ü Determination of concentrations needed to most economically accomplish the 

desired cleaning. 

ü Establishment of the external energy factors to enhance the chemical cleaning 

procedure. 

ü Determination of the method of application of the cleaning compound. 

 

According to Bylund (1995) cleaning operations must be performed strictly according to a 

carefully worked out procedure in order to attain the required degree of cleanliness. This 

means that the sequence must be exactly the same every time. The cleaning cycle in a dairy 

plant comprises the following stages: 

i. Recovery of product residues by scraping, drainage and expulsion with water or 

compressed air; 

ii. Pre-rinsing with water to remove loose dirt; 

iii. Cleaning with detergent; 

iv. Rinsing with clean water; 
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v. Disinfection by heating or with chemical agents (optional); if this step is included, the 

cycle ends with a final rinse, if the water quality is good. 

 

Cleaning compound selection 

The choices depend upon several interrelated factors, which include: 

ü The type and amount of soil on the surface 

ü The nature of surface to be cleaned 

ü The physical nature of the cleaning compound 

ü Method of cleaning available 

ü Cost 

ü Service 

 

Cleaning Agents 

Chlorinated Alkalis: In its simplest form this chemical solution may be nothing more than a 

mild solution of caustic soda supplemented with liquid sodium hypochlorite. More 

commonly a chelated caustic is used to provide some control of water hardness. Chemical 

concentrations may vary from as low as 800 to 1200 ppm of alkalinity for lightly soiled 

equipment to a maximum of 5000 ppm. Cleaning temperatures are normally in the range of 

57 to 71°C, and exposure time (recirculation at temperature) may vary from 5 to 20 min 

(Valentas et al. 1997). 

 

Acid Rinse: A minimum post rinse using fresh water to drain will be used to remove the 

major portion of the chlorinated alkaline solutions from the equipment surfaces. Then, to 

minimize water requirements for rinsing, the final treatment will be a re-circulated solution 

lightly acidified with food-grade phosphoric acid to produce a pH of 5.5 to 6.0 (just slightly 

on the acid side of neutral). This solution re-circulated at the water supply temperature will 

neutralize all traces of alkali residual films on the equipment surfaces. It has the further 

benefit of providing an equipment surface which will drain and dry free of spots. Finally, 

though not a sanitizing agent, a mild acid solution is bacteriostatic and its use as the final 

treatment reduces or slows down the growth of any bacteria that may be present as a result 

of the water supply or, that may remain due to improper cleaning.  
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Strong Alkalis: Chelated caustic may be used alone at higher concentrations and 

temperatures in order to handle heavy fat and protein soils. Chemical concentrations may 

range from 0.5% (5,000 ppm) to as much as 5%, (50,000 ppm). Re-circulating temperatures 

may be increased from 82 to 88°C and the re-circulating period may be extended to 45 to 60 

min. This is typical of the treatment used for cleaning a milk HTST pasteurizing system, a 

beer kettle, or a whey evaporator. 

 

Strong Acids: the treatment proposed above may be either preceded or followed by 

recirculation of a strong acid solution, phosphoric acid being the most common. Acid will be 

added to produce a pH as low as 2.0 and the recirculating temperatures may be in the 77 to 

88°F range, though the time will generally be shorter than for the caustic product (20 to 30 

minutes maximum). The decision as to which to use first will depend upon the 

predominance of fat or protein in the residuals to be cleaned. High-fat residuals are most 

easily attacked by strong alkaline products, followed by the acid to handle the remaining 

mineral deposits and the deposition of any hardness from the water used for preparing the 

cleaning solution. Residuals to be cleaned which are heavy in mineral will be more 

responsive to the acid first, followed by caustic. 

 

Sanitizing:  All equipment used in producing products sold in the “fresh” form (such as fluid 

milk, cottage cheese, and ice cream) must, by regulation, be sanitized following the cleaning 

and before processing. Sodium hypochlorite is the most common sanitizing agent, being 

applied in cold solutions at concentrations ranging from 55 to 200 ppm for periods of only a 

couple of minutes. 

 

The procedure described next is a proposed Clean in Place (CIP) available in the open 

literature,(Bylund and Tetra Pak International, 1995) and was studied for the elaboration of 

the final procedure used in this work. 

 

Pre-rinsing with water 

Pre-rinsing should always be carried out immediately after the production run. Otherwise 

the milk residues will dry and stick to the surfaces, making them harder to clean. Milk fat 

residues are more easily flushed out if the pre-rinsing water is warm, but the temperature 
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should not exceed 55°C to avoid coagulation of proteins. Prerinsing must continue until the 

water leaving the system is clear, 

 

Cleaning with detergent 

The dirt on heated surfaces is normally washed off with alkaline and acid detergents, in that 

order or the reverse order, with intermediate water flushing, whereas cold surfaces are 

normally cleaned with alkalis and only occasionally with an acid solution. 

To obtain good contact between the alkaline detergent solution, typically caustic soda 

(NaOH), and the film of dirt, it is necessary to add a wetting agent (surfactant) which lowers 

the surface tension of the liquid. Teepol (alkyl aryl sulphonate), an anionic surfactant, is 

usually used. The detergent must also be capable of dispersing dirt and encapsulating the 

suspended particles to prevent flocculation. Polyphosphates are effective emulsifying and 

dispersing agents which also soften water. The most commonly used are sodium 

triphosphate and complex phosphate compounds. A number of variables must be carefully 

controlled to ensure satisfactory results with a given detergent solution. These are: 

ü Concentration of the detergent solution 

ü Temperature of the detergent solution 

ü Mechanical effect on the cleaned surfaces (velocity) 

ü Duration of cleaning (time) 

 

Detergent concentration 

The dosage must always be according to the detergent supplier’s instructions, as increasing 

the concentration does not necessarily improve the cleaning effect – it may indeed have the 

reverse effect due to foaming, etc. 

 

Detergent temperature 

Generally speaking, the effectiveness of a detergent solution increases with increasing 

temperature. A blended detergent always has an optimum temperature which should be 

used. As a rule of thumb, cleaning with alkaline detergent should be done at the same 

temperature as the product has been exposed to, but at least 70°C. Temperatures of 68 – 

70°C are recommended for cleaning with acid detergents. 
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A second procedure (Valentas, et al., 1997) was also considered and is described next. 

Dairy CIP Programmes differ according to whether the circuit to be cleaned contains heated 

surfaces or not. We distinguish between: 

• CIP Programmes for circuits with pasteurisers and other equipment with heated surfaces 

(UHT, etc.). 

• CIP Programmes for circuits with piping systems, tanks and other process equipment with 

no heated surfaces; 

The main difference between the two types of CIP Programmes is that acid circulation must 

always be included in the first type to remove encrusted protein and salts from the surfaces 

of heat-treatment equipment. A CIP program for a pasteuriser, or with other  "hot 

components", circuit can consist of the following stages: 

i. Rinsing with warm water for about 10 minutes. 

ii. Circulation of an alkaline detergent solution (0.5 – 1.5%) for about 30 minutes at 

75°C. 

iii. Rinsing out alkaline detergent with warm water for about 5 minutes. 

iv. Circulation of (nitric) acid solution (0.5 – 1.0 %) for about 20 minutes at 70°C. 

v. Post-rinsing with cold water. 

vi. Gradual cooling with cold water for about 8 minutes. 

 

The pasteuriser is usually disinfected in the morning, before production starts. This is 

typically done by circulating hot water at 90 – 95°C for 10 – 15 minutes after the returning 

temperature is at least 85°C. In some plants, after pre-rinsing with water, the CIP system is 

programmed to start with the acid detergent to first remove precipitated salts and thus 

break up the dirt layer to facilitate dissolving of proteins by the subsequent alkaline 

detergent. If disinfection is going to be done with chlorinated chemicals, there is an 

imminent risk of fast corrosion problems if any residues of the acid detergent remain. 

Therefore, when starting with alkaline cleaning and ending with acid cleaning after an 

intermediate water rinse, the plant should be flushed with a weak alkaline solution to 

neutralise the acid before disinfection with a chlorinated chemical can start. A CIP program 

for a circuit with pipes, tanks and other “cold components" can comprise the following 

stages: 

 



 

79 
 

i. Rinsing with warm water for 3 minutes. 

ii. Circulation of a 0.5 – 1.5% alkaline detergent at 75°C for about 10 minutes. 

iii. Rinsing with warm water for about 3 minutes. 

iv. Disinfection with hot water at 90 – 95°C for 5 minutes. 

v. Gradual cooling with cold tap water for about 10 minutes (normally no cooling for 

tanks). 

 

Finally, using information gathered from the literature, the following procedure was 

developed and used for the cleaning of the experimental rig. 

i. Rinsing with warm water for about 10 minutes. Circulating hot water at 90 – 95°C for 

10 – 15 minutes after the returning temperature is at least 85°C 

ii. Circulation of an alkaline detergent solution (0.5 – 1.5%) for about 30 minutes at 

75°C 

a. mild solution of caustic soda supplemented with liquid sodium hypochlorite 

iii.  Rinsing out alkaline detergent with warm water for about 5 minutes. 

iv. Circulation of (nitric) acid solution (0.5 – 1.0 %) for about 20 minutes at 70°C. 

v. Post-rinsing with cold water. 

vi.  Gradual cooling with cold water for about 8 minutes. 

 

This procedure was carried out after each test day, before shutting down the rig. Before 

starting to run tests again the sanitizing process was followed. Sodium hypochlorite in cold 

solutions at concentrations ranging from 55 to 200 ppm was circulated in the rig for 5 

minutes. After that, hot water was circulated at a temperature of 80oC for 10 min. 

 

4.5. Experimental Rig Design: Simulation 

 

During the design of the experiment, process variables and instrument specifications were 

not only manually calculated but simulated in a commercial simulation package: VMGSim® 

from Virtual Materials Group. Figure 4-8 is the schematic representation of the 

experimental design in the simulator. Excel spreadsheets with all the specifications and 

details of the calculations are presented in Appendix 4. 



 

80 
 

 

 
Figure 4-8 – Schematic representation of the experimental rig n VMGSim 

 
Information like pressure drop, velocity and shear rate were obtained through the 

simulation in VMGSim. Moreover, sizes of valves were also estimated using the results from 

the simulation. 

 

4.6. Summary 

 

All the instruments and equipment on the experimental rig were described with the aid of 

diagrams and pictures. Following, the reader was introduced to the cleaning in place 

procedure carried out between the experiments. Finally, the simulation used to specify the 

rig variables and instruments was briefly described.  
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5. DESIGNING THE EXPERIMENTAL PROGRAMMES 

 

 

5.1. Summary 

 

Chapter 5 introduces the experimental Programmes carried out during this work that aimed 

to identify potential application of viscosity for monitoring and process control in a milk 

powder plant. Both experimental Programmes designed for this project are detailed and 

described using flow diagrams. Important logic used in the DCS to carry out the tests are 

also described in here. Next, the materials used, trial procedures, details of the experiments, 

measurements taken and process variables and parameters for each of the programmes will 

be outlined. Finally, the methodology applied for system identification is described. 

 

5.2. Introduction 

 

Seborg et al. (2004)observe that in a traditional approach for control design, the strategy 

and hardware are selected based on knowledge of the process, experience and insight.  

According to the authors, a second alternative for control design would be a model-based 

approach. In this option a dynamic model of the process is first developed and can be 

helpful in at least three ways; (i) it can be used as the basis for model based controller 

design methods; (ii) the dynamic model can be incorporated directly in the control law (e.g. 

Model predictive control or MPC); and (iii) the model can be used in a computer simulation 

to evaluate alternative control strategies and to determine preliminary values of the 

controller settings.  

At this point in the thesis, a study of the dynamic response of the theoretical or simplified 

process – viscosity measurements in the experimental rig is a way in which to explain the 

dynamic response of viscosity to changes in composition, concentration, temperature, pre-

heat treatment, and shear rates.  The process dynamics determine how a process (viscosity 

measurements) responds during transient conditions.  



 

83 
 

The experimental programmes, described in this chapter, were designed aim of delivering 

disturbances that would enable the identification of the dynamic response to the process of 

concern – viscosity measurements – disturbances that would enable the identification of the 

dynamic response. 

The design of both experiments grants us the ability to examine the response to changes or 

disturbances in one input variable on viscosity measurement, or as presented in many 

process control textbooks, the response of SISO (single input – single output) control 

systems, (e.g Svrcek, et al. 2000; Maciejowski, 2002; Seborg, 2004). 

 

Experimental program 1 enables us to evaluate the dynamic response of viscosity related to 

disturbances or variation in the following inputs: 

Composition (whole milk compared to skim milk) 

Concentration (standardised milk compared to concentrated milk) 

Temperature 

 

All the measurements were taken at a constant shear rate (flow rate) in experimental 

program 1. On the other hand, experimental program 2 was performed at a different shear 

rate. Shear rate ranges will depend on the milk material being tested. The different shear 

rates for different milk materials will be fully detailed in this chapter (Table5-1 and 

Table5-2). However, when comparing experimental program number 1 with experimental 

program number 2 we can understand how shear rate affects the viscosity measurements 

for each one of the milk materials. In the second experimental program, shear rate was the 

only input variable that was disturbed. Nevertheless, in a subsequent exercise, temperature 

was also increased. 

 

5.3. Milk Materials 

 

Most food materials have been reported to be non-Newtonian in respect of rheological 

behaviour. The  flow  properties   of  non-Newtonian   fluids  are  influenced  not  only  by 

temperature and concentration  but  also by shear rate,(Reddy and Datta, 1994). Moreover, 

the apparent viscosity of dairy concentrates is a function of the total solid content and other 
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factors including protein concentration, preheat treatment, homogenization and 

temperature, (Schucket al. 2005). 

In order to simulate all the disturbances that are presented to affect viscosity, the following 

milk materials were tested: standardised whole milk, whole milk concentrate, a mixture of 

standardised and whole milk concentrate, standardised skim milk, skim milk concentrate 

and a mixture of standardised and skim milk concentrate. 

Apart from the range of milk materials used, each sample was submitted to a different 

preheat treatment described below: 

Skim milk concentrate: Low heat and high heat 

Whole milk concentrate: Medium heat  

 

Where known, all sample material properties and test conditions will be presented and 

discussed in Chapter (6). 

 

5.4. The experimental program 1: Viscosity and Composition 

 

The researchers considered evaluating, determining and studying the correlation between 

the milk composition and viscosity; samples of milk with different concentrations of proteins 

and fat would be tested and their viscosity measured. For the variation of protein content, 

whey protein concentrate (WPC) powder would be added to the sample to be tested in the 

rig. The fat content variation would be simulated with skim and whole milk. Nevertheless, in 

aiming to increase the relevancy of the trials for real operations, this concept was dropped 

before the rig was taken to the Te Rapa site. It was presented that a range of alternative 

configurations for preheat treatments would be more relevant for the operation than the 

variation of the composition during the year. The variation of composition is minimized 

when the milk is standardized in an evaporation upstream process (Hunter and Russell, 

2009).  

The main object of the study of the project is to understand the role of viscosity in the milk 

powder process. Today, there are no effective measurements of this variable in the process. 

Moreover, the effects of the fluctuations of the total solids percentage of the concentrate 

were also analysed. Finally, the decay affecting the accuracy of the viscosity measurements 
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due to fouling in the viscometers was evaluated. In order to achieve these goals a pilot plant 

was designed; the processes carried out in the pilot plant are next described. The pilot plant 

itself was described in the previous chapter. 

5.4.1. Processes 

The flow charts describing the processes that were conducted during experiment 1 are 

shown in Figure 5-1.  

 

Sample 
Preparation

Commercial 
Viscometer

Viscosity 
Measurements

XL7-100

Commercial 
Density Meter

On-line

Density 
Measurements 
+ Theoretical 

Viscosity
DL-65

 
Figure 5-1– Flow chart of the processes to be conducted during the experiment 1 using the commercial viscometer 

 

5.4.2. Details of the first experiment 

The experiment was conducted under an increasing range of temperatures. Flow rate was 

not controlled. The draining valve was closed and the pump was set to operate at its 

maximum speed. Different values of flow rate were obtained for the different milk 

materials. However, flow (shear) rate was kept constant during the entire experiment. In 

order to guarantee consistency in the procedure between the different experiments (milk 

materials), an operating sequence was developed in the Delta V: distributed controlled 

system (DCS); connected to the instruments of the rig.  

5.4.3. Sampling 

A variety of milk materials were analysed. The samples were taken from different parts of 

the milk powder process. Sampling point and temperature depends on the type of milk 

material being tested and these are presented in detail in Chapter 6. The fluid from the 

process was loaded into plastic buckets and transported from the plant to the experimental 

rig. The transportation time, temperature and two off-line viscosity measurements were 

recorded. The viscosity measurements were taken with a portable viscometer supplied by 
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Cleveland –a Viscolite VL700 from Hydramotion. Measurements were taken after the 

sampling in the plant, and before and after the test at the experimental rig.  

5.4.4. Measurements 

Tank Set up. 

At the experimental rig, the sample was poured from the plastic buckets into the sample 

tank. The sample was then pumped to the tank where the viscometer was mounted. From 

the tank the sample went through the Micromotion Coriolis meter where density was 

measured. The sample circulated inside the rig while the measurements were taken. The 

duration of the experiment was 5 minutes or until the milk had reached the desired 

temperature, which would depend on the milk material. A strategic decision was made at 

this point, since both time and costs (amount of sample) of the experiments were being 

optimized. Standardised milk had its temperature increased to 45oC, resulting in the use of 

the same temperature ranges for concentrate and standardised milk before experimental 

program 2. Concentrates on the other hand, would go through experiment 1 without any 

heating process at all, since overheating could take place during the experimental program 

2, if the start temperature was too high. The detailed sequence programmed at the DCS is 

presented in Figure 5-2. 

 

Online set up 

A second set up for experimental program 1 was also evaluated. In this variant of 

experimental program 1, the viscometer was sitting online, below the jacketed tank. 

Nevertheless, the flow was also kept constant and only disturbances in temperature, 

composition, concentration were studied. 
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Figure 5-2 - Experimental program 1 DCS sequence 

5.4.5. Process specifications and variables 

As described above, a sequence for the experiment was developed in order to keep the 

consistency between the experiments with different samples. As a result, different values 

for the experimental variables were obtained for each of the samples tested depending on 

the characteristics of the materials being tested. 

Calculations were carried out to determine the shear rate and the type of flow inside the 

pipeline (Reynolds number), the correlations used to define those parameters are presented 

below (Darby 1932):  ̇ =                (5-1) 

where  =       =       (5-2) 

 

For a Newtonian fluid n’=1 and   =                 (5-3) 

where    is the shear stress, defined by total pressure drop (Δ ) , tube length (L) and 

diameter(D).   =   ∆   /     (5-4) 

   =          (5-5) 
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where ρ is density (kg/m3), u is velocity of the fluid inside the pipeline (m/s), µ is dynamic 

viscosity (Ns/m2) and dn is the hydraulic diameter (m) defined by the correlation between 

area section of the duct (A, m2), wetted perimeter of the duct p, (m) estimated here for this 

work as 0.3m. This correlation is:   =        (5-6) 

 
Reynolds number is an important parameter for defining whether or not the flow 

established inside the duct is defined as laminar. As required by the methodology, next to 

be presented is the aim to validate the Coriolis meter as an online viscosity meter. 

The test parameters for experimental program 1 are presented in Table5-1 

 

Table5-1– Process parameters during Experimental Program 1 execution 
Milk Materials Whole Skim (LTPHT) Skim (HTPHT) 

Standardised 
Shear Rate (mean) s-1 4.22 5.45 3.29 

Reynolds (mean) 582 851 521 
Concentrate 

Shear Rate (mean) s-1 0.1 0.5 0.1 
Reynolds (mean) 2.3 3.3 1 

 

5.5. The experimental program 2: Viscosity and Process Parameters 

In order to conduct experiments and evaluate the role of viscosity as a control and 

monitoring parameter in a control process strategy, a second experimental program was 

also designed during the execution of this work. In this part of the project, the influence of 

flow rate on viscosity measurements was evaluated. 

5.5.1. Processes 

The process was conducted first without any heat being supplied to the sample. In a second 

exercise the same sequence was activated and the test conducted with heat being added to 

the system. Again flow rate was not controlled. The draining valve was closed and then 

opened according to the sequence programmed at the DCS system. The same procedure 

was applied for the pump that was set to operate at its maximum and medium speed 

according to the sequence. Different values of flow rate were obtained for the different milk 

materials. As mentioned before, a sequence was developed in the Delta V that was 
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connected to the instruments of the rig, in order to guarantee consistency in the procedure 

between the different experiments (milk materials).  

The block flow diagram that describes the processes conducted in the experimental 

program 2 is represented in Figure 5-4. 

5.5.2. Details of the second experiment 

Milk from different points of the Te Rapa process site was analysed. The sampling procedure 

was the same as carried out for experimental program 1. The fluid test sample was poured 

into the sample tank from where it was pumped at a known flow rate to the heating system 

(jacketed tank). The sample circulated inside the system for 2.5 minutes. After circulation, a 

sequence consisting of a variety of different pump speed rates and opening percentages for 

the draining valve was followed. The sequence programmed at the DCS for experimental 

program 2 is shown in Figure 5-3. Values for flow and shear rates are dependent on the 

material being tested and are presented in detail in the following chapter. Once the first 

sequence had ended a new one was initiated, this time with the heating system on (heating 

element and hot water pump). An increasing temperature scenario was tested with the 

same variation in the flow rate (shear rate). In this set up the viscosity measurements were 

taken only online.  

Once the test fluid was loaded in the mixing/sample tank, it was pumped at a known flow 

rate to the heating system (jacketed tank). After the heating process had occurred, the 

measurement of viscosity took place. 

In addition to the viscosity measurements from the viscometers being taken, also logged 

from Coriolis meter and the pressure cell, respectively, were the density and pressure drop. 

Using this information, a second set of online viscosity measurements was obtained and 

those values were compared with the values generated by the commercial instruments. 

These values will be presented, evaluated and discussed in Chapter 8. 
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Figure 5-3 – Experimental program 2 DCS sequence 
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Figure 5-4 – Flow chart of the processes to be conducted in experimental program 2
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5.5.3. Process Specifications and Parameters 

The models used for the calculation of the test parameters are the same presented for 

experimental program 1 (section 5.4.5), the final values are summarized in Table5-2. 

 

Table5-2 – Process parameters during Experimental Program 2 execution 
Milk Materials Whole Skim (LTPHT) Skim (HTPHT) 

Standardised 
Shear Rate (min) s-1 0.49 0.1 0.1 
Shear Rate (max) s-1 6.60 2.86 4.24 

Reynolds (min) 260.4 0.1 0.1 
Reynolds (max) 1458 350 428 

Concentrate 
Shear Rate (min) s-1 0.2 0.1 0.1 
Shear Rate (max) s-1 2.9 2 3 

Reynolds (min) 2.45 0.1 0.6 
Reynolds (max) 58 14 36 

 
 

5.6. Methodology for System Identification 

 

5.6.1. Introduction to System Identification 

Zhu (2001) describes process identification as the subject of constructing models for certain 

purposes from measurement data. Process identification is also described by Juang (1994) 

as a process of developing or improving a mathematical representation of a physical system 

using experimental data. If we also consider the definition given by Norton (1986), it is the 

process of constructing a mathematical model of a dynamical system from observations and 

prior knowledge. However, only the last author (Norton) mentioned something of real 

importance for the problem of concern: viscosity. What are the dynamics of the system? 

In this work we wish to consider the derivation of unsteady-state models of our process: 

viscosity of processed milk. Unsteady-state models are also referred to dynamic models. The 

dynamical empirical model obtained in this work will be used to understand process 

behaviour (milk viscosity) during upset conditions. 

The development of the dynamic model is what defines the success of its use. Depending on 

how the model is obtained, it receives a specific classification: (i) “theoretical” for 
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mathematical expressions obtained using first principles of chemistry, physics and biology, 

(ii) “Empirical” for models obtained by fitting measured data and (iii) “semi-empirical” for 

models, which are a mixture of theory and empiricism. 

Theoretical models offer important advantages such as physical insight and applicability 

over a wide range of conditions. On the other hand, they are expensive, time-consuming 

and may need some parameters not readily available. Although empirical models are easier 

to obtain, they do not extrapolate well. Semi-empirical models are an option to overcome 

the disadvantages presented by the two previous classes of models. 

As a first step to the understanding of viscosity as a control and monitoring variable for milk 

powder process improvement, we will conduct system identification using the data 

obtained with the experimental programmes presented. 

In the system described, data collection was a passive process, meaning that only the 

system outcomes under a given circumstance (type of materials) were observed. It was too 

costly (pressurized lines and tank) and technically difficult to introduce additional excitation, 

besides temperature and flow changes to the system. As presented by Zhu (2001), the 

purpose of this identification test is to excite and collect relevant information relating to the 

process dynamics and the test environment (disturbances). 

At this stage this system has not been identified with the inclusion of a controller, due to the 

simplicity of our process, which is a simple measurement. However, we will use some of the 

concepts of process control to be able to proceed with the system identification. 

5.6.2. System identification test design 

Many authors emphasize that identification is not only a matter of fitting data to a model. 

First, one needs to define the intended use of the model. Since, viscosity has been measured 

online before(O'Callaghan et al. 2001), but its dynamic behaviour has not been evaluated, 

the main goal here is process understanding, i.e. how viscosity measurements are affected 

by process disturbances. Moreover, these models are an attempt to include viscosity 

measurements in a process and monitoring control strategy in a milk powder process. 

A second step would be to determine the adequacy of chosen input and output variables. In 

process control, manipulated variable (MV) is the name given to the input, outputs are 

known as ‘controlled variables’ (CV’s) and measured disturbances are called ‘feed forward’ 

or ‘disturbance variables’ (DV’s). Despite the fact that, in this study, there is no controller 
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identified as being part of the system, rather, the aim here is to analyse how specific inputs 

are affecting the viscosity measurements (outputs) for different scenarios (disturbances). 

For the problem concerned, the system configuration is given by the evaluation of the 

effects of the following inputs on the viscosity (output): 

Inputs:   (i) Shear rate (flow rate) and (ii) temperature 

Output:  viscosity 

As observed in Chapter 3, fat and total solids content have a strong influence on the 

viscosity being measured. Moreover, reliable manipulations of the inputs were possible. 

Optimization of the input and output-sampling schedule could have been carried out if the 

size of the sample and availability of different materials was not a limiting factor for the 

trials. 

The final stage in the experimental design for system identification is selection of the model 

structure. The “future” model was under consideration during the entire identification 

process. In other words, decisions of the scope and type of the model were being taken into 

consideration from step 1 (when the use of the model to be identified was being discussed). 

Generally speaking, the scope determines what type of information the model has to 

provide, decisions about which process parameters should be included, time scale, range of 

operating conditions and what observations should be used. Lastly, the model order is 

considered. For learning purposes the process starts with simple low order models and the 

order is increased to improve the model fitting. 

5.6.3. Experimental Data and Identification of a suitable class of model 

System Identification workflow 

The system identification procedure carried out in this work was developed using 

information available from Matlab’s System Identification Toolbox and open literature 

(Norton, 1986; Zhu, 2001; Maciejowski, 2002; Seborg et al. 2004) and is next described. 

 

Pre-Treatment of Data 

When data was initially collected it was not suitable for immediate use. Outliers and some 

unmeasured disturbances were identified: changes in the operating conditions occurred, 

such as the relocation of the draining hose to increase the flow rate when required. The 

data was plotted and evaluated in order to eliminate the impact of these actions. 
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Peak shaving was performed, taking into consideration, averages, standard deviation and 

visual inspection. A user friendly graphical user interface from Matlab (GUI), System 

Identification Toolbox, was used to perform the pre-treatment of the data. 

The next stage in system identification determines the class of models that most suits the 

data available.  

 

Suitability of the Model 

Empirical dynamic models are low-order differential equations or transfer functions models, 

with unspecified model parameters to be determined from experimental data. In order to 

understand which model suits the data better; we made use of the “quick start” feature of 

Matlab’s System Identification Toolbox. With this tool the user can estimate preliminary 

models. 

After plotting and pre-processing, the data inputs and outputs were defined and four 

different types of preliminary models were obtained as follows: 

(i) A nonparametric response that gives step response by correlation analysis using 

impulse models; 

(ii) Spectral analysis estimate of the frequency function, that is a Fourier transform 

of the impulse response. This is as also a nonparametric model; 

(iii) The first of the parametric models is the fourth order autoregressive (ARX) 

model, which has the following structure: 

  ( ) +    ( − 1) + ⋯+     ( −   )=    ( −   ) + ⋯+     ( −   −   + 1) +  ( ) 
                          (5-7) 

 

Where  

y(t) output at time t 

u(t) input at time t 

na is the number of poles 

nb is the number of b parameters (number of zeros + 1) 

nkis the dead time of the system (number of samples before the input affects the 

system) 
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e(t) white noise disturbance 

 

(iv) State-Space model. The algorithm in the toolbox automatically selects the model 

order. In the State-Space model structure presented below the model order is 3. 

  ( +  ) =    ( ) +   ( ) +  ( )    (5-8)  ( ) =   ( ) +   ( ) +  ( )     (5-9) 

 
Where 

y(t) output at time t 

u(t) input at time t 

x is the state vector 

e(t) white noise disturbance 

A,B,C,D and K are constant matrices 

  

Validate the Models 

With the aim of verifying whether the model reproduces system behaviour and to find the 

model that best captures the system dynamics, a validation took place. 

Due to the complexity of repeating a test with the same conditions (concentrates sampled 

at the same stage of the concentration process from the evaporator, ambient temperature, 

transportation from the plant to the experimental rig), data sets were divided and the 

validation was carried out for the same set of the data (but different sections of the data) 

for some of the material tested. Depending on the model and the material tested, a 

comparison with simulated or predicted model output versus measured output was done. In 

addition, an analysis of autocorrelation and cross-correlation of the residual and inputs 

were also applied. 

 

Akaike’s Criteria to Validate Models 

Akaike’s final prediction error (FDE) criterion was used to compare the different models. It 

provides a measure of model quality by simulating the situation where the model is tested 

on a different data set. According to Akaike’s theory, the most accurate model has the 

smallest FPE. 
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Transform model representation 

For process control, transfer functions are very popular models. In this work, whether it is a 

a nonparametric model or a parametric model that is obtained, a transfer function is also 

presented. 

A dynamic relation between a chosen input (concentration, fat content, preheat treatment 

etc) and viscosity will be represented as an algebraic expression, referred to here as a 

transfer function. 

 

Control Design 

Once the process (milk viscosity) dynamics are known, we will be able to inform future 

studies on the use of viscosity for milk powder process control.  

5.7. Powder Analysis 

In order to characterize the quality of the powder produced with the material evaluated 

(concentrate), some powder analyses are presented in section 8.3. These analyses were not 

carried out by this candidate, except for the particle size analysis. Bulk Density, Solubility 

index and Moisture content were kindly supplied by Fonterra Co-operative.  

5.7.1. WPNI – Whey protein Nitrogen index 

The undenaturated Whey Protein Nitrogen Index (WPNI) is a measure of the heat treatment 

applied to the milk. The WPNI is in the basis of the following classification shown in 

Table5-3, (Niro, 2010). 

Table5-3 – WPNI classification 
WPNI Heat Treatment applied 

< 1.5 High Heat powder 

1.5 < WPNI < 6.0 Medium Heat Powder 

>6.0 Low Heat Powder 

 

5.7.2. Bulk Density 

Bulk density is the weight of the powder divided by the volume it occupies. Bulk density is 

usually expressed as g/ml. More details on Bulk density can be found in section 2.6.1. 
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5.7.3. Wettability 

Wettability defines the time necessary to achieve complete wetting of a specified amount of 

powder, when it is dropped into water at a specified temperature (Niro, 2010).  

5.7.4. Insolubility Index 

The insolubility index is the ability of the powder to dissolve in water. Insolubility index is 

defined as the volume of sediments in ml of water after centrifuging (Niro, 2010). 

5.7.5. Particle Size Analysis 

Particle analyses were carried out at the University of Auckland using the standard 

procedure for powder characterization on a Mastersizer 2000 and with a Scirocco 2000 as 

the sample dispersion unit. The standard procedure is available in the instrument manuals 

and application notes released by the manufacturer and available on the internet (Malvern 

Instruments, 1998). Nevertheless, the test parameters used in the milk powder tests are 

described in Table5-4. 

 

Table5-4 – Particle size analyses measurement parameters used for the Mastersizer 2000 tests 
Parameter Value 

Feed Rate 80% 

Obscuration 3 to 5% 

Dispersive Air pressure 1.5 bar 

Optical Properties: 

Refractive Index (RI)  and Absorption (Abs) 

Skim milk: RI = 1.46, Abs=0.01 

Whole Milk: RI=1.48 and Abs=0.01 

 

5.8. Conclusions 

 

In this thesis, a strategy consisting of two experimental programmes to evaluate viscosity as 

monitoring and process control variable for milk powder processing has been explained. For 

both experimental programmes, details have been presented of the processes carried out 

during the trials, including the description of the environment, sampling and set up of the 

viscometers for the tests; process specifications and variables have also been calculated and 

presented. Finally, the system identification methodology used to evaluate the dynamic 
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response of the viscosity measurements according to disturbances will also be discussed in 

this chapter. 
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6. RESULTS AND DISCUSSION: VISCOSITY & COMPOSITION AND 
VISCOSITY & PROCESS VARIABLES 

 

 

6.1. Summary 

 

In experimental program 1 the correlations between milk composition, concentration and 

viscosity were evaluated. Samples of milk with different total solids and fat contents were 

tested and their viscosity measured. In the second experimental program, correlations 

between the measured viscosity and process variables such as temperature and flow rate 

were determined. Initially the tests were carried out at the University of Auckland with 

reconstituted milk. Later on, milk from Fonterra’s Te Rapa site was analysed. The rig was 

transported to Waikato and set up in the calibration lab at the APC building at Te Rapa. The 

results and discussion of the lessons learned will be presented in this chapter. 

 

6.2. The reconstituted milk experiment 

 

Reconstituted milk was the fluid analysed in tests carried out at The University of Auckland’s 

laboratory. Skim (SKM) and whole milk (WM) powder was provided by Fonterra in 25kg 

bags. Milk powder was hydrated to different total solids (TS) contents. When required by 

the experimental program, whey protein concentrate (WPC) was added to the sample. 

 

i. Materials: Preparation of the samples at The University of Auckland 

Milk was reconstituted at the University of Auckland from milk powder provided by 

Fonterra. Tap water was used to reconstitute milk and a propeller attached to a drill was 

used as a mixer. Water was added incrementally to a certain level; this level depends on the 

TS required for the sample being prepared. The samples were mixed for 10 to 15 minutes 

depending on the TS concentration, protein and fat contents. The sample sizes varied from 
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16.5 to 20L depending on the density of the combination of milk powder fat content, 

concentration and protein mixed. 

Milk composition was calculated by mass balance considering the composition displayed on 

the product label, amount of powder added to the sample and type of milk (Skim or Whole 

Milk).  

 

ii. Method 

Samples at approximately 45oC were loaded in the measurement tank and viscosity and 

density measurements were taken immediately. Hot water at approximately 100oC 

circulated inside the jacket of the measurement tank to raise the temperature of the 

sample. The valve openings (hot water and milk circulation) were set to 100%. The 

temperature of the milk was increased up to 75oC at which point the measurements were 

stopped. The procedure was repeated twice for each of the samples tested. 

 

iii. Results 

The results from the reconstitution experiments carried out at The University of Auckland 

did not show sufficient repeatability. However, as an example, results for viscosity 

measurements for reconstituted skim milk with different protein content are presented in 

Figure 6-1, and reasons for insufficient repeatability are discussed below. 

The reconstituted milk with 4% protein content, the same protein content as milk 

commercialized in supermarkets, shows a viscosity of 1.2cP, slightly below the value 

obtained in the rig for Te Rapa’s process milk (average 1.6 cP).  When comparing samples 

with higher protein content, we cannot be conclusive, since the first sample with 8% protein 

shows an increase in the viscosity values for increasing temperature values, while the 

sample with 6% protein decreases in viscosity values for the same increase in test 

temperatures. We would expect a decrease in viscosity for an increase in the test 

temperature. However, the increase in the viscosity may be related to poor hydration of 

reconstituted milk samples. 

Nonetheless, these experiments served an important purpose, to understand and to help 

the planning of how tests should be carried out in the real plant. Also, results with 

reconstituted milk were discussed in detail in Tien-I Lin Masters Thesis (2009). There were 



  

several possible sources of experimental error which caused the lack of repeatability and 

they will be presented next. 

 

 
Figure 6-1 – Reconstituted skim milk viscosity for different protein contents 

 
 

iv. Sources of Experimental errors 

Concentration: It cannot be guaranteed that the concentration of total solids tested in both 

experimental runs (test and replicate) were the same, since the reconstitution of such a 

volume of milk was not always complete. When preparing samples for the pilot rig, this 

formulation became more difficult due to the large scale. Non dissolved milk was observed 

in each one of the samples prepared. One example is presented in Figure 6-2. 
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Figure 6-2 – Bottom of the sample bucket after hydration showing undissolved milk solids remaining 

 

It has been reported that the method used to reconstitute milk concentrate can significantly 

influence the end product (Trinh et al. 2007). The same author states that this is 

predominately due to the shear conditions when preparing the sample. The shear 

conditions can alter the initial structure of the milk concentrate, delaying the occurrence of 

age thickening as illustrated by Trinh et al. (2007). 

 

Sample Composition: Another problem to deal with in discussing the results with 

reconstituted milk is the determination of the composition of the samples. In addition to the 

fact that hydration was a critical step during the sample preparation, composition and mass 

balance were determined with the use of the product labels. Moreover, in the laboratory, 

the samples were kept open; this could have affected the moisture of the powder. 

 

Heating rate: The heating rate was quite different from one experimental day to another, 

which may have affected the measurements, due to irregular sample heating and shear 

sensitivity of the milk. The times required to heat up the samples during the tests carried 

out in the winter were significantly higher when compared with tests carried out in summer. 

In addition, the initial temperature of water added in sample preparation was different 

depending on the day on which the experiment was performed. 
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Water or other samples inside the rig piping: In the first set up of the rig there were no drain 

valves, thus water from the CIP process and/or samples from previous experiments might 

have been left inside the rig. Due to the low concentration tested, this may also be one 

factor to be considered. For the second experimental set up, a drain valve was added to the 

rig to be used for the subsequent experiments. 

 

Mixing drill: Due to milk’s shear sensitivity, it cannot be guaranteed that the instrument 

used for the mix sample preparation did not affect the samples. 

 

Measurement tank Lid: Due to the instrument technology (Vibrational), the viscometer 

should be well mounted on a very secure measurement rig. However, in the initial trials the 

lid of the measurement tank was not fully closed due to supervision requirements, which 

may have affected the results. 

 

v. Lessons learned 

 Detection of fouling: As presented in Figure 6-3, it was observed that milk fouling occurred 

on the walls of the measurement tank even for pre-treated milk samples (reconstituted 

milk). A positive aspect taken from this is that, even after fouling was detected on the walls 

of the tank, the sensor did not suffer any fouling on its surface (Figure 6-4). Fouling at the 

tank walls and lack of it on the surface sensor happened for the factory milk experiments, 

which are described next. 
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Figure 6-3 – Milk fouling on the heated walls of the measurement tank 

 

 
Figure 6-4 – Sensor after 5 experimental runs showing no signs of fouling 

 

6.3. Factory Milk Experiments 

 

6.3.1. Materials: Obtaining and characterizing the milk samples 
The rig was transported to Fonterra’s Te Rapa site and milk from different parts of the 

process was loaded into the experimental rig. Skim (SKM) and Whole milk (WM) were 

evaluated.  

Milk composition, for the feed to the standardisation line and also for the final milk powder, 

was obtained according to information obtained from the process control system. 



  

Concentrated milk composition was obtained through a mass balance calculated using 

standardised milk, powder composition and refractometry information.  

After pre-treatment of the data was carried out (outlier removal), a first evaluation of a 

single input - single output (SISO) model for viscosity correlated with test parameters was 

obtained and is presented in the first section of the results for the milk experiment (section 

6.4.1).  

6.3.2. System Overview 

(i) Fat content effect on viscosity measurement 

Off-line measurements were taken after sampling at the plant, before and after the test at 

the experimental site, Figure 6-5. This apparent viscosity measurement (at zero shear rates) 

gave some insight of what to expect for the online measurement. These results can also be 

used to compare the effect of fat content on viscosity and they are presented in Figure 6-6. 

In this figure samples of skim milk submitted to different preheat treatment configurations, 

high temperatures during preheat treatment (HTPHT) and low temperatures during preheat 

treatment (LTPHT) were compared with a whole milk sample. 

 

 
Figure 6-5 - Offline measurements – apparent viscosity for zero shear rates 

 
The results presented in Figure 6-6, suggested the dependence of concentrated milk 

viscosity measurements on the preheat treatment configuration. 
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When comparing viscosity values of whole milk concentrate and skim milk concentrate 

submitted to high temperatures during the preheat treatment, we observe the same result 

as the one stated in Chapter 3, that whole milk shows higher viscosity measurements. The 

same was observed by Trinh (2005). However, when the whole milk concentrate with skim 

milk concentrate submitted to lower temperatures is compared during the preheat 

treatment, whole milk shows lower viscosity values. The same behaviour was also seen in 

the data obtained from the simplified scenario i.e. the rheometer test. 

 
Figure 6-6 -Fat content effects on viscosity measurements, comparison between standardised milk (left) and 

concentrate (right) sample from rheometer tests 

 

The results obtained with the portable viscometer for all samples tested are consistent with 

the observations made using the rheometer in the laboratory and discussed in Chapter 3. 

Samples submitted to lower temperatures during preheat treatment (LTPHT) show higher 

viscosity. Moreover, on observing the sample of skim milk submitted to lower temperatures 

during preheat treatment, it can be noted that intensive crystallization of the sugars has 

occurred ) followed by gelation; this also contributes to the high values of viscosity obtained 

(Figure 6-7. On the other hand, samples submitted to higher temperatures during preheat 

treatment (HTPHT) show lower viscosity readings. It can be clearly observed that the sample 

submitted to high temperatures during the preheat treatment does not show the intense 

crystallization of sugar that occurred in the skim milk treated at lower temperatures. Finally, 

as presented in Chapter 3, the sample preheated at higher temperatures suffered less age 

thickening when compared with the sample preheated at lower temperatures during 

0 20 40 60 80 100
1

1.5

2

2.5

Shear Rate, 1/s

V
is

co
si

ty
, c

P

 

 
Skim Milk to LTPHT
Skim Milk to HTPHT
Whole Milk

0 20 40 60 80 100
0

50

100

150

200

250

Shear Rates, 1/s

V
is

co
si

ty
, c

P

 

 
 Whole Milk Concentrate
Skim Milk Concentrate to HTPHT
Skim Milk Concentrate to LTPHT



 

108 
 

 

preheat treatment. It is not the scope of this work to explain any chemical or physical 

interactions that are responsible for this observation. They are complex interaction 

mechanisms that are not fully understood by the scientific community. Some of the 

discussion on the topic can be found in Petermeier et al. (2002), Trinh (2005) and Chen 

(2005). 

 
Figure 6-7 -Concentrated skim milk submitted to low temperatures during preheat treatment. Photograph 

taken on the day after sampling. 

 

There are variables, such as temperature and shear rate, that have affected the comparison 

of viscosity measurements for these two different samples of fat content. 

As mentioned before, the heating profile depends on the type of sample being tested. The 

same applies for the flow rate (shear rate). The initial temperature depends on the sample 

point and the transportation delays from the plant to the test site. Since those variables 

were not controlled, although the experiment procedure was kept constant, values 

occurred that were different from those of the process conditions. The initial temperature 

of the sample in different experimental programmes also depends on the sequence in which 

the experiment was carried out. Experiment 2 was carried out first for the skim milk sample, 

while the whole milk experiment 2 was carried out after the heating process for experiment 

1 had occurred. The experimental conditions and results are presented in Table6-1 and 

Figure 6-7 and Figure 6-8. 

 

 

 



 

109 
 

 

Table6-1 - Experimental conditions during program 1 for standardised milk samples shown in Figure 6-8 
 Skim Milk Whole Milk 

Viscometer Set up Online Tank 

Temperature oC, min 19.4 21.8 

Temperature oC, max 38.9 25.9 

Shear Rate s-1 3.3 4.2 

 

 
Figure 6-8 - Experimental conditions during program 1 for standardised milk samples 

 

 
Figure 6-9 - Viscosity measurements during Experimental program 1 for standardised skim and whole milk 
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Let us first compare only the first 150 seconds of the experiment when the temperatures 

are increasing within the same range of values (Figure 6-8 - right). The same rheological 

behaviour was observed for the rheometer and portable viscometer (Figure 6-9). Higher 

viscosity values were read for the skim milk. This can be considered the first step towards 

the conclusion that there is consistency between online viscosity measurements and the 

other instruments. This evaluation continues: 

From testing at different experimental conditions, detailed in Table6-2 and Figure 6-10, it  

also be observed that the effect of temperature on viscosity is more important than the fat 

content (Figure 6-11). We would expect that samples with higher fat content (whole milk) 

would show higher values for viscosity (Figures 3-2 and 6-6). Nevertheless, the effect of the 

experiment temperature changed the course of the results and the viscosity for whole milk 

at these conditions is lower than the viscosity obtained for samples with lower fat content 

(skim milk).  

Table6-2 -Experimental conditions during program 2 for standardised milk samples shown in Figure 6-10 
 Skim Milk Whole Milk 

Temperature oC, min 12.5 45.1 

Temperature oC, max 20.1 52.0 

Shear Rate s-1, min 0.1 1.2 

Shear Rate s-1, max 4.2 6.6 

 
 

 
Figure 6-10 - Experimental conditions during program 2 for standardised milk samples 
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Figure 6-11 - Viscosity measurements during Experimental program 1 for standardised skim and whole milk 
 
 
What if the sample is a concentrate? How does the fat content affect the viscosity 

measurement? Results for concentrated samples are introduced in Figure 6-13 for the 

experimental conditions detailed in Table6-3 and Figure 6-12. Results for the viscosity 

measurements presented in Figure 6-13 show that in this scenario the viscosity values for 

skim milk are higher than the ones obtained for whole milk.  This may be related to the fact 

that test temperatures again are higher for whole milk concentrate. 

 

Table6-3 - Experimental conditions during program 2 for concentrated milk samples shown in Figure 6-12 
 Skim Milk Whole Milk 

Temperature oC, min 40.0 33.5 

Temperature oC, max 47.0 63.9 

Shear Rate s-1, min 0.05 0.22 

Shear Rate s-1, max 2.9 2.9 
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Figure 6-12 - Experimental conditions during program 2 for concentrated milk samples 

 

 
Figure 6-13 - Viscosity measurements during Experimental program 2 for concentrated skim and whole milk 
 

The following section evaluates the effect of the sample concentration on viscosity readings. 

 

(ii) Concentration effects on viscosity measurement 

The diagrams presented in Figure 6-14 show a decreasing viscosity profile for increasing 

temperature for the experimental conditions presented in Table6-4. As expected, viscosity 

measurements for the concentrate sample are higher than the standardised material. The 
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same behaviour is observed for samples with higher fat content (Figure 6-15) for the 

process conditions specified in Table6-5. 

 

Table6-4–Experimental conditions during program 1 for standardised and concentrate samples of skim milk 
shown in Figure 6-14 

 Standardised Concentrate 

Viscometer set up Online Online 

Temperature oC, min 19.4 36.2 

Temperature oC, max 38.9 41.5 

Shear Rate s-1 3.3 0.4 

 
 

 
 

Figure 6-14  – Concentration effect on Viscosity for lower fat content samples 
 
 

Table6-5 - Experimental conditions during program 2 for standardised and concentrate samples of whole 
milk shown in Figure 6-15 

 Standardised Concentrate 

Viscometer set up Online Online 

Temperature oC, min 45.1 33.5 

Temperature oC, max 52.0 63.9 

Shear Rate s-1, min 1.2 0.2 

Shear Rate s-1, max 6.7 2.9 
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Figure 6-15- Concentration effect on Viscosity for higher fat content samples 

 
 
(i) Temperature effects on viscosity 

All the profiles of viscosity obtained with the online instrument are consistent with the 

expected effect of temperature on milk rheological behaviour. As temperatures increase, 

viscosities decrease, as observed in the many profiles presented (Figure 6-7, Figure 6-9, 

Figure 6-11, Figure 6-13, Figure 6-14 and Figure 6-15). 

 

(ii) Preheat treatment effects 

In order to evaluate the preheat treatment effect on viscosity taken online, consideration 

should be taken of the measurement conditions that are presented in Table6-6 and Figure 

6-16. 

 

Table6-6 – Experimental conditions during program 2 for concentrated skim milk samples shown in Figure 
6-16 

 HTPHT LTPHT 

Temperature oC, min 40.0 37.8 

Temperature oC, max 47.1 67.3 

Shear Rate s-1, min 0.05 0.00 

Shear Rate s-1, max 3.0 2.0 

 

0 200 400 600 800
1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

1.45

Time, sec

V
is

co
si

ty
,c

P

Standardised

0 500 1000 1500 2000 2500
12

14

16

18

20

22

24

26

28

Time, sec

V
is

co
si

ty
, c

P

Concentrate



 

115 
 

 

 
Figure 6-16 – Experimental conditions during program 2 for concentrated skim milk samples 

 
 
Another step towards the validation of the online instrument tested here for viscosity 

measurements are the results obtained for samples that underwent a variety of preheat 

treatments. 

Higher viscosity values for samples preheated at low temperatures were also obtained. Even 

with the higher test temperature profile, the sample preheated at lower temperatures 

showed higher viscosity (Figure 6-17). 

 
Figure 6-17 - Viscosity measurements during Experimental program 2 for concentrated skim milk treated by 

two different preheat configurations 
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6.3.3. Accuracy of online measurements 

In previous section (6.3.2), we discussed the correlation of the results obtained with the 

online viscometer and the rheometer results. At this stage of the study, the profile or 

behaviour that would be expected for the viscosity related to different measurement 

conditions was being considered. In this section, the major concern is to validate the results 

as being reliable and to establish whether or not the accuracy presented is sufficiently 

robust for process control. Results from the online viscosity meter will be compared with 

those obtained from the rheometer. To carry out these analyses, one must take into 

consideration the difference between the two measurements technologies (rotational and 

vibrational) and the experimental and sample conditions (size of sample, shear stress rates, 

ambient temperatures and humidity). Despite the fact that we have tried to replicate the 

experimental rig conditions in the rheometer procedure, the size of the sample and the 

effects of ambient conditions may have contributed to the results. Figure 6-18 presents 

measurements for a standardised sample of whole milk taken online in the rig and in the 

laboratory with the rheometer.  

Samples for tests in the rheometer and the rig were taken on different days. There is a slight 

difference in the composition of the sample (0.33% difference in protein content and 1% 

difference in the total solids content). 

The difference between the measurements is on average of 0.33cP. The accuracy of the 

instrument is 0.1cP for this range of viscosity (around 1% of the measured value). Taking 

into consideration the differences between the technologies and the sample size, this seems 

to be an acceptable difference. This could lead to the conclusion that the online 

measurements will give acceptable measurements for process control. 

When analysing the results for the concentrate milk sample consideration has to be given to 

an important factor that differentiates the sample tested in the rig from the one tested in 

the rheometer: the total solids content differs by almost 1%. Moreover, the test conditions 

in which the rheometer needed to carry out in order to obtain a reasonable quantity of 

measurements, exposed the sample to temperatures higher than 65oC for a period that 

enabled increasing viscosity to occur due to denaturation and possible gelation of the 

sample. It explains the reason of the high values for the viscosity that occurred at the 
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beginning of the experiment (blue trend, Figure 6-19). However, the effect of gelation is 

minimized when the shear rates increase due to the concentrate sample shear thinning 

characteristics. 

 
Figure 6-18– Viscosity measurements from standardised milk for a shear rate of 4.2 s-1 at 25oC 

 

 
Figure 6-19 - Viscosity measurements for concentrate milk for a shear rate ramp from 0.1 to 3 s-1 for two 

different temperatures 

 
To evaluate the online measurements, a boundary that characterizes the limits expected for 
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measurements taken in the rheometer at 33oC and at 67oC. They characterize the minimum 

and maximum temperatures of the milk during the rig experiment. 

The online measurements are in accordance with measurements taken with the rheometer. 

The denaturation of the sample inside the rig was not as intense as the denaturation and 

gelation experienced in the rheometer (due to the preliminary step). This can be justified by 

the size of the sample and circulation inside the rig. Nevertheless, the online measurements 

are still within the expected range which is between the boundary characterised by the two 

temperature related trends from the rheometer (Figure 6-19). 

 

6.4. Conclusions 

 

In this chapter, the lessons learned in the reconstituted milk experiment and their 

importance for the real milk experiments were described.   

Following the description of tests carried out at the University of Auckland, the milk 

experiment was described, samples were characterized and a system overview was given.  

The rheological behaviour of the milk tested in the experimental rig was compared to that 

of the samples tested in the laboratory rheometer; it was concluded that they are in 

accordance and that the behaviour observed was the same. Moreover, an evaluation of the 

effect of fat content, total solids content (concentration), temperature and preheat 

treatment on viscosity measurement was carried out and results presented. Finally, the 

accuracy of on line measurements were discussed and concluded to be accurate and 

acceptable for process control. 
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7. RESULTS AND DISCUSSION: SYSTEM IDENTIFICATION 

 

 

7.1. Summary 

 

An evaluation of the suitability of different single input and single output (SISO) and 

multiple input and single output (MISO) models for the data gathered are presented. 

Autoregressive, state-space and transfer function models are used to identify and evaluate 

the dynamic response of viscosity facing different experimental conditions. 

 

7.2. A Suitable Model for Control: Single input and single output (SISO) and 

multiple input and single output (MISO) correlations 

 

As the viscometer was deemed to be suitable for online measurements and process control 

(Chapter 6), a systematic study of viscosity for different conditions took place. 

In the following pages the dynamic behaviour of viscosity subjected to different 

experimental conditions will be seen. The aim has been to gather information about the 

behaviour of viscosity in different process conditions for future controller design and 

potential optimization of the process using viscosity as a monitored variable. 

 

7.3. System Identification: Validation 

 

The data was carefully divided into two similar sets of data. The first data set (labelled “data 

1”) was used for model development purposes. The second set of data set (labelled “data 

2”) was used for model validation. The development of the model and the validation was 

carried out using Matlab’s System identification toolbox and Graphical user interface 

(GUI).As mentioned in the Design Chapter (Chapter 5), the tool starts the analysis of the 

system by fitting the data into four different models: a nonparametric impulse model, a 
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response model, a spectral analysis model, a fourth order autoregressive model and a state 

space model. This tool allows a graphical comparison between the models and gives 

statistical details. The models obtained through simulated outputs, model residuals and 

transient step responses have been compared. 

7.3.1. Whole Milk: Standardised 

Figure 7-1 shows the time plots for the two data sets used for the model development and 

validation, respectively. The reader should be aware that different data sets were used to 

model the effect of different inputs on viscosity readings. 

 
Figure 7-1 - Time plot of input (Temperature) and output (Viscosity) signals during Experiment program 1 

(constant shear rate) for standardised whole milk 
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Figure 7-2 Time plot of input (Shear Rate) and output (Viscosity) signals during Experiment program 2 

(temperature range of 45 to 46oC) for standardised whole milk. 
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the experimental conditions are almost constant and that step changes are small, the state 

space model presented the most reasonable fit. Figure 7-3 shows that the ARX model 

captured both the trends and the values of the variables that can be seen by the error plot 

in Figure 7-4. The maximum error obtained, 0.05cP, is above the accuracy  that is delivered 

by the viscosity instrument (0.01cP, or +/- 1% of the viscosity readings) for standardised 

whole milk samples. In addition, the model residual plots also show a good performance for 

this model (Figure 7-5). Lastly, the step response plot (Figure 7-6) for the ARX model shows 

a dead time of approximately 100 seconds and a response of -1.5cP/oC.K, where K is the 

gain of the step response test and is represented by the variation of output divided by the 

variation in the input during the test  =            (            .   2004). In other words, it 

takes 100 seconds for the viscosity readings to show any response facing a step change of 1 
oC in the temperature. Finally, one can conclude that the model describes the expected 

rheological behaviour of the effect of temperature on the viscosity readings with an FPE of 

0.00026. For an increase in temperature the model captures the negative response of the 

viscosity readings as expected (i.e. viscosity readings decrease). 

 

 
Figure 7-3 – Measured and simulated ARX model output during Experimental program 1 for Standardised 

whole milk 
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Figure 7-4 – Error plot for measured and 

simulated output with ARX model 

Figure 7-5 - Model residuals during Experimental 

program 1 for Standardised whole milk 

 

 
Figure 7-6 – Transient (Step) response for ARX model during Experimental program 1 for Standardised whole 

milk 
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output for the spectral analysis model. This may be related to the signal character, which is 

likely to not be “rich” enough (steady state and step response) to generate an impulse 

response and a rich spectra. As a result, impulse and spectral analysis may not be suitable 

for the type of data treated in this work. This was found to hold for all future identification 

studies in this work. Thus, they were no longer considered. 

 

 
Figure 7-7 - Measured and simulated ARX model output during Experimental program 2 for Standardised 

whole milk 
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Figure 7-8 - Error plot for measured and 

simulated output with ARX model 
Figure 7-9 - Model residuals during Experimental 

program 2 for Standardised whole milk 
 

 
Figure 7-10 -Transient (Step) response for ARX model during Experimental program 2 for Standardised whole 

milk 
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The results presented above were obtained for the first milk material tested (whole milk) for 

the first concentration tested. The results are summarized in Table7-1. Following this 

familiarization with the types of models and their characteristics, the results will be 

presented subsequently only in table format. 

The tables presented next (Tables 7-1 to 7-5) are a schematic representation of the topics 

discussed for standardised whole milk in the previous section (7.3.1). For each sample 

tested in this work (concentrated whole milk, standardised skim milk, concentrated skim 

LTPHT and HTPHT), the quality of the model will be presented in the table for each of the 

input variables evaluated (temperature and shear rate and both). We first present the input, 

output and model type. The trend evaluation according to criteria developed for this work 

follows. A model is described as excellent if both trend and variations in the measurements 

are captured by the model. Evaluated as ‘good’ are the models in which only the trend 

(profile tendency) or the values (low residual error) are captured by the model and the 

lowest FPE. Finally a model is classified as ‘weak’ if neither (trend nor values) are well 

represented. This criterion was developed by the author of this work in order to simplify the 

model evaluation. Following representation of the quality of the model is the maximum 

error observed between model representation and measurements, process delay, and gain; 

this is obtained through a simulated transient step response. Lastly, the agreement with 

expected rheological behaviour (literature and findings in Chapter 3) is also evaluated. 

The rheological status column compares the model gain or the direction of an eventual 

control move with the expected rheological behaviour of the milk materials tested here. 

However, the evaluation stated here depends on the data set used to develop the model. 

Models representing the expected rheological behaviour of the milk material will have their 

status presented as “Yes”. On the other hand, for models that are representing a 

contradictory direction for the rheological behaviour, rheological status is represented as 

“No”, meaning that the model requires improvement, since it is representing a misleading 

direction for the response of viscosity to a disturbance in the input.  

Nevertheless, considering that the variations in the variables of the experiment were small, 

the rheological evaluation of the models takes into consideration this constant 

characteristic. 
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7.3.2. Whole Milk: Concentrate 

Table 7-2 presents system identification summary for concentrate Whole milk during 

experimental program 2 for the data set represented in Figure 7-11 and Figure 7-12. 

All the trends obtained for concentrate whole milk represented the data well. ARX 

representations were used to model the effect of temperature or shear rate on viscosity 

readings. On the other hand, a state-space model with four states is the best fit to represent 

the effects of both shear rate and temperature on the viscosity estimate.  The maximum 

error obtained for all the models is below the accuracy of the instrument, which is 0.22cP 

for concentrate whole milk samples at this temperature range and shear rate conditions (+/- 

1 % of the viscosity reading). Considering the data set used to model the effects of shear 

rate or temperature and both together in viscosity readings, the models obtained described 

the expected rheological behaviours for all the inputs. 

7.3.3. Skim Milk Standardised 

Table7-3 presents a system identification summary for standardised skim milk for the data 

set shown in Figures 7-13 and 7-14. 

When analysing the data one must be aware of the constant characteristics of the 

experimental results due to rig constraints (such as variable speed driver set up and age of 

the pump). According to the state-space representation of the effects of shear rate on the 

viscosity readings, it would take a relatively long dead time (2000s) before any effect on 

viscosity readings could be noticed. For all models, despite the fact that the maximum error 

is 0.05cP, most of errors plotted are within the accuracy range of the instrument for 

standardised skim milk (0.01cP). The data set considered for the MISO model is different 

from the data set for SISO models and is shown in Figure 7-15 and Figure 7-16. That is the 

reason why different directions were obtained for the gains when evaluating the effect of 

temperature on viscosity dynamics. The first data set shows a variation of approximately 

0.5cP on viscosity measurements (Figure 7-14) while in the MISO data set variations of only 

0.1cP were experienced, which is actually the accuracy of the instrument for standardised 

skim milk samples. 

7.3.4. Skim Milk: Concentrate (low temperatures during preheat treatment) 

Table7-4 presents the system identification summary for concentrate skim milk for the data 

set shown in Figure 7-17 and Figure 7-18. 
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Data sets used to model the effects of temperature and shear rate on viscosity readings 

were retrieved from different sections of experimental program two results. This is the 

reason why the temperature ranges are different. It should be noted that the temperature 

history profiles of the sample affect the results (Trinh, 2005). ARX models were responsible 

for the best fit when representing the effects of temperature or shear rate on viscosity 

readings. Neither ARX nor State space models could represent the effects of both 

temperature and shear rate on the viscosity readings for the concentrate skim milk 

submitted to low temperatures during preheat treatment. Nevertheless, a process model 

successfully represented the changes in viscosity and will be presented next (Section 7.4). 

7.3.5. Skim Milk: Concentrate (high temperatures during preheat treatment) 

Table 7-5 summarizes the system identification for concentrate skim milk preheated at high 

temperatures and which data is shown in Figure 7-19 and Figure 7-20. 

As in the previous sample (Table7-4), the data sets used to model the effects of temperature 

or shear rate on viscosity readings were retrieved two results from different sections of 

experimental program. This time the ARX model represented the effect of shear rate on 

viscosity readings with an error maximum below the accuracy of the instrument (0.35cP). 

The same was experienced for the state-space representation of the effects of temperature 

on viscosity. 

Neither the ARX nor State space models could represent the effects of either temperature 

nor shear rate on the viscosity readings for the concentrate skim milk submitted to high 

temperature during preheat treatment. Nevertheless, a process model successfully 

represented the changes in viscosity and this model will be presented next (Section 7.4). 

However, both models representing the individual effects of shear rate or temperature on 

viscosity agree with the expected rheological behaviour. In other words, if applied in a 

process control strategy, they would lead the process in the appropriate direction when 

efforts are being made to control the process when staffs are faced with day-to-day process 

disturbances or new process conditions. 
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Table7-1– System Identification Summary for Standardised Whole Milk 
Milk Material: Standardised Whole Milk 

Inputs Output Model Type 

Quality of the model 
Representation Error 

(max) 
cP 

Model Residuals 
within 99.9% 

confidence 
interval 

Transient Step Response Agreement 
with 

expected 
Rheological 
Behaviour 

Trend Values (FPE) Dead time, s 
Step 

Response 
(y/u.K) 

Shear Rate Viscosity ARX Good Good (1.5e-4) 0.05 Peak outside 2 0.02 Yes 
Temperature Viscosity ARX Good Good (2.3e-4) 0.08 Yes 100 -1.5 Yes 

 
 

Table7-2 – System Identification Summary for Concentrate Whole Milk during Experimental program 2 
Milk Material: Concentrate Whole Milk 

Inputs Output Model Type 

Quality of the model 
Representation 

Error (max) 
cP 

Model Residuals 
within 99.9% 

confidence 
interval 

Transient Step Response Agreement 
with 

expected 
Rheological 
Behaviour 

Trend Values (FPE) Dead time, s 
Step 

Response 
(y/u.K) 

Temperature, deg C Viscosity ARX Excellent Good (2.0e-3) 0.05 Two peaks 
outside 15 0.1 Yes 

Shear Rate, 1/s Viscosity ARX Excellent Good (2.1e-3) 0.1 Two peaks 
outside 100 9 Yes 

Shear Rate (1) and 
Temperature(2) Viscosity 

State Space 
 (4 states) Excellent Weak (1.6e-3) 0.05 No 50 

Input 1: 12 
Input 2: 1 

Yes 
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Figure 7-11- Time plot of input (Shear Rate) and output (Viscosity) signals 

during Experiment program 2 for Concentrate whole milk 
Figure 7-12 - Time plot of input (Temperature) and output (Viscosity) signals 

during Experiment program 2 for Concentrate whole milk 
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Figure 7-13 – Time plot of input (Shear Rate) and output (Viscosity) signals 
during Experiment program 2 for Standardised skim milk 

 
 

 
Figure 7-14 - Time plot of input (Temperature) and output (Viscosity) signals 

during Experiment program 2 for standardised skim milk 
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Table7-3 – System Identification Summary for Standardised Skim Milk 
Milk Material: Standardised Skim 

Inputs Output Model Type 

Quality of the model 
Representation Error 

(max) 
cP 

Model 
Residuals 

within 99.9% 
confidence 

interval 

Transient Step Response Agreement 
with 

expected 
Rheological 
Behaviour 

Trend-  Values (FPE) Dead time, s 
Step 

Response 
(y/u.K) 

Shear Rate, 1/s Viscosity State-Space 
 (1 state) Good Good (6.6e-5) 0.04 One peak 

outside 2000 0.8 Yes 

Temperature, 
 deg C Viscosity State-Space 

 (2 states) Good Good (1.2e-4) 0.03 Peaks outside 50 0.2 Yes 

Shear Rate (1) and 
Temperature(2) Viscosity ARX Excellent Good (3.4e-5) 0.05 Yes 250 (1) 1 (2) -1 

Yes 

 

Table7-4 - System Identification Summary for LTPHT Concentrate Skim Milk 
Milk Material: Concentrate Skim lower Temperatures during preheat treatment 

Inputs Output Model Type 

Quality of the model 
Representation Error 

(max) 
cP 

Model 
Residuals 

within 99.9% 
confidence 

interval 

Transient Step Response Agreement 
with 

expected 
Rheological 
Behaviour 

Trend Values (FPE) Dead time, s 
Step 

Response 
(y/u.K) 

Shear Rates, 1/s Viscosity ARX Weak Weak (2.1e-2) 0.5 Yes 2x104 -1000 Yes 
Temperature, deg C Viscosity ARX Good Good (3.7e-3) 0.2 Yes 180 -5 Yes 
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Figure 7-15 - Time plot of input (Temperature) and output (Viscosity) signals 
during Experiment program 2 for Standardised skim milk (MISO data set) 

 
Figure 7-16 - Time plot of input (Shear Rate) and output (Viscosity) signals 
during Experiment program 2 for Standardised skim milk (MISO data set) 
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Figure 7-17 - Time plot of input (Shear Rate) and output (Viscosity) signals 
during Experiment program 2 for concentrate skim milk submitted to LTPHT 

Figure 7-18 - Time plot of input (temperature) and output (Viscosity) signals 
during Experiment program 2 for concentrate skim milk submitted to LTPHT
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Figure 7-19 - Time plot of input (Shear Rate) and output (Viscosity) signals 
during Experiment program 2 for concentrate skim milk submitted to HTPHT 

Figure 7-20 - Time plot of input (temperature) and output (Viscosity) signals 
during Experiment program 2 for concentrate skim milk submitted to HTPHT
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Table7-5 - System Identification Summary for HTPHT Concentrate of Skim Milk 

Milk Material: Concentrate Skim higher Temperatures during preheat treatment 

Inputs Output Model 
Type 

Quality of the model 
Representation Error 

(max) 
cP 

Model Residuals 
within 99.9% 

confidence 
interval 

Transient Step Response Agreement 
with expected 

Rheological 
Behaviour Trend Values (FPE) Dead time, s 

Step 
Response 

(y/u.K) 
Shear Rate, 1/s Viscosity ARX Good Good (2.1e-4) 0.15 Yes 2x104 -1000 Yes 

Temperature, 
 deg C Viscosity 

Space 
State (4 
states) 

Excellent Good (6.2e-4) 0.1 Yes 450 0.6 
Yes 
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All the milk materials modelled in this section represent the expected rheological behaviour 

for the variables evaluated (Shear Rate and temperature). Nevertheless, the most common 

model used for process control is the transfer function or process model and they will also 

be evaluated in the next section. 

 

7.4. System Identification: Transfer Functions 

 

Transfer function or process models are models that represent the relationship between the 

input and output of a system.  

The process models or transfer functions obtained for this work through Matlab’s System 

identification toolbox have the following structure: 

  ( ) =           (7-1) 

 

Where, G (s) is the first order transfer function for a SISO model. K is the gain of the model 

in units of output (cP) / input (s-1 or oC), Td is the delay of the response in seconds and s is 

the Laplace transform variable. MIMO models have a transfer function defined as presented 

in equation 7-2 for a process model with inputs u1 (shear rate) and u2 (temperature). 

  =   ( )  +   ( )    (7-2) 
 
The rheological status will also be evaluated for the process models developed for the milk 

materials tested here. It is easily possible to find one valid correlation between the different 

milk materials that could be used in the controller. Tables 7-6 to 7-10 present values for the 

process model parameters for all the milk materials tested. They are of great importance 

when considering controller design. 

The data set used to model the effects of the inputs on the viscosity readings are shown in 

Figures 7-1 and 7-2. All the process models obtained for standardised whole milk are in 

agreement with the rheological behaviour and the error is also very close to the instrument 

accuracy (0.01cP). For concentrate whole milk the data set used for model purposes are 

represented in Figures 7-11 and 7-12.Table 7-6 shows the parameters of a process models 

that represents the effects of temperature, shear rate independently and combined on 
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standardised whole milk viscosity readings. The delay obtained for the effects of 

temperature on viscosity readings are considerably long. The variation on temperature 

during the experiment was only 1oC (Figure 7-1) and it may be one of the reasons for such a 

huge delay. 

The viscosity dynamics for this concentrate whole milk material are also well represented by 

the process model (Table 7-7). The model errors are below the instrument accuracy and the 

response to inputs changes are pointing to the right direction (in accordance with 

rheological behaviour).  

Standardised skim milk is another material well represented in terms of measured errors 

between simulation and measured data and also in accordance with expected rheological 

behaviour (Table 7-8). 

The first order process model did not represent well the effects of shear rate on the 

viscosity readings for concentrate skim milk submitted to low temperatures during preheat 

treatment (Table 7-9). However, increasing the complexity of the model (three poles, one 

zero and a delay), the error measured decreases from 20cP to 0.04cP, below the accuracy of 

the instrument for this sample at this specific condition. Nevertheless, if increase in the 

complexity of the transfer model is not the intended strategy, one can also represent the 

concentrate skim milk (LTPHT) with the ARX model obtained, as presented in the previous 

section (7.3.4). The same should be considered for the combined effect of shear rate and 

temperature, since the errors are above the instrument accuracy. 

The first order process model did not represent well the effects of shear rate on the 

viscosity readings for concentrate skim milk submitted to high temperatures during preheat 

treatment (Table 7-10). However, increasing the complexity of the model (by only one zero 

and a delay) the error measured goes from 60cP to 0.05cP. Nevertheless, if increasing the 

complexity of the transfer model is not the intended strategy, one can also represent the 

concentrate skim milk (HTPHT) with the ARX model obtained in previous section (Table 7 5). 

Using the same improvement (adding one zero and a delay) the transfer function that 

represents the effects of both inputs on the viscosity readings, can be improved from a 

measured error of 2cP to 0.04cP; this is far below the instrument accuracy for the sample 

concerned (0.35cP). 
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Table 7-6 - Process Model for Standardised Whole Milk 
 

Input 
K 

(cP) / input (s-1 or 
oC) 

Td, s 

Quality of the model 
Representation Error 

(max) 
Cp 

Transient Step Response Agreement with 
presented 

Rheological 
Behaviour Trend Values (FPE) Dead time, s 

Y/(gain.u), 
cP/(gain.unit of 

input) 
Shear Rate (1) 

and 
Temperature(2) 

(1) -5.11 
(2) 2911.4 

(1) 370.04 
(2) 2.23 e+007 Excellent Good (1.7e-4) 0.01 1000 (1) -5 

(2) 0.3 

Yes 

Shear Rate, 1/s 0.33 5462.1 Excellent Good (5.0e-4) 0.015 1x104 0.3 Yes 
Temperature, 

deg C -32.38 8.61 e+005 Excellent Good (3.4e-4) 0.02 2x106 -30 Yes 

 

Table 7-7- Process Model for Concentrated Whole Milk 
 

Input 
K 

(cP) / input (s-1 or 
oC) 

Td, s 

Quality of the model 
Representation Error 

(max) 
cP 

Transient Step Response Agreement 
with presented 

Rheological 
behaviour Trend Values Dead time, s 

Y/(gain.u), 
cP/(gain.unit of 

input) 
Shear Rate, 1/s 8.77 190.97 Excellent Good (1.9e-3) 0.15 250 8 Yes 

Temperature, 
deg C 0.47 187.86 Excellent Good (1.9e-3) 0.1 500 0.45 Yes 

Shear Rate (1) 
and 

Temperature(2) 

(1) 12.94 
(2) -0.18 

(1) 340.24 
(2) 28.54 Excellent Good (1.8e-4) 0.05 500 (1) 12 (2) 0.18 

Yes 

 

  



 

141 
 

 

 

Table 7-8 - Process Model for Standardised Skim Milk 
 

Input 

K 
(cP) / 

input (s-1 
or oC) 

Td, s 

Quality of the model 
Representation Error (max) 

cP 

Transient Step Response Agreement with 
presented 

Rheological 
behaviour Trend Values (FPE) Dead time, 

s 
Y/(gain.u), cP/(gain.unit of 

input) 
Shear Rate, 1/s 0.82 1101.6 Excellent Good (1.6e-4) 0.02 1800 0.8 Yes 

Temperature) 0.23 70.0 Excellent Good (4.7e-4) 0.04 100 0.22 Yes 
Shear Rate (1) 

and 
Temperature(2 

(1)0.28 
(2) 0.0027 

(1)1503.7  
(2) 235.13 Excellent Good (2.5e-4) 0.06 1000 (1)0.25 (2)0.0025 

Yes 

 

 

 

Table 7-9 -Process Model for Concentrate LTPHT Skim Milk 
 

Input 

K 
(cP) / 

input (s-1 
or oC) 

Td, s 

Quality of the model 
Representation Error 

(max) 
cP 

Transient Step Response Agreement 
with presented 

Rheological 
behaviour Trend Values (FPE) Dead time, s Y/(gain.u), 

cP/(gain.unit of input) 
Temperature, deg 

C -9340 1.88e+008 Excellent Good (3.0e-2) 0.1 0.5 -5x10-5 Yes 

Shear Rate (1) and 
Temperature(2) 

(1) -57.14 
(2) 9390.1 

(1) 1024.4 
(2)2.74 e+007 Good Week (0.5) 2 1800 (1) -60 

(2) 2 
Yes 
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Table 7-10 - Process Model for Concentrate HTPHT Skim Milk 

 

Input 
K 

(cP) / input 
(s-1 or oC) 

Td, s 

Quality of the model 
Representation Error 

(max) 
cP 

Transient Step Response Agreement with 
presented Rheological 

behaviour Trend Values (FPE) Dead time, s 
Y/(gain.u), 

cP/(gain.unit of 
input) 

Temperature, deg C 0.60 59.6 Excellent Good (3.8e-4) 0.08 100 0.6 Yes 

Shear Rate (1) and 
Temperature(2) 

(1)-7.61  
(2) 1166.9   

(1) 7835.1  
(2) 

7.91e+005 
Good Weak (0.1) 2 106 (1)  -8 

(2) 1200 

Yes 
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Process models showed good consistency when comparing the action to the expected 

rheological behaviour, or in other words, if used in a control strategy they will generate 

control movements in the right direction in order to stabilize the process while process 

disturbances are being confronted. Note that the dynamic response depends on the exact 

data set characteristics and the gains are valid only for these sections of the experiment.  

The residual errors estimated for the transfer functions / process models are on average 

lower (0.0057cP) than the error calculated for the ARX and State-Space models (0.12cP). 

Moreover, the trend of simulated output captures any small change in the viscosity 

measurements that are due to changes in the experimental conditions. 

Tests in the experimental rig give us information on the accuracy and repeatability of the 

online instrument and suitability of the methodology for the milk materials tests. To use 

these dynamic models for process control, an online test in the real plant is recommended. 

 

7.5. Conclusions 

Chapter 7 presents the system identification of the dynamics of milk viscosity. As a result, 

this chapter initiates the development of a methodology in order to implement viscosity 

measurement as a monitoring or control variable. The system identification applied here is 

described, evaluated, validated and its results are discussed. Auto-regressive with 

exogenous input, state space and transfer function or process models were obtained, 

evaluated and discussed for each one of the samples tested in this work. Even with small 

variations in the experimental results data set, due to experimental rig constraints, 

reasonable dynamic models and useful directions were obtained that represent the process 

actions. 
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8. RESULTS AND DISCUSSION: THE CORIOLIS METER AS AN ON-LINE 

VISCOSITY MEASUREMENT DEVICEAND INPUTS TO CONTROLLER 

DESIGN. 

 

 

8.1. Summary 

 
In this chapter a methodology to measure viscosity using the Coriolis meter will be 

introduced and results presented. This new viscosity measurement technique is based on 

the work developed for the pulp and paper industry. Later in this same chapter, inputs for 

the controller design will be introduced and discussed. 

 

8.2. Introduction 

 

As presented by researchers in the pulp and paper industry (Dutka et al. 2004) it is possible 

to use the Coriolis meter as an on-line viscosity measurement device. The same may apply 

for milk processes. In the original work, viscosity measurements from the evaluated device 

were taken separately for different flows, temperature and solids concentration of the pulp 

in a specific rig that had been built for the study. The viscosity measured with the Coriolis 

meter mounted in the experimental rig was compared with results from three different 

reliable rheological laboratory instruments used in the same conditions as those of the rig 

tests. 

In this work, the reference viscosity measurements used to compute the proportionality 

constant (equation 2-6), were instead taken with the online viscosity instrument. Viscosity 

measurements were logged simultaneously with the variables used to compute the 

proportionality constant.  Since the viscosity instrument was already available, the idea here 

is to establish a relationship between the online viscosity measurement and the differential 

pressure across the instrument divided by the volumetric flow rate, the relationship 

presented by Hagen-Poiseuille (1828) which is characterized via proportionality constant. 
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However, there is a potential drawback when considering this methodology for real plant 

application; this is the laminar flow requirement. Nevertheless, this law was extended to 

turbulent flow by Wilberforce (1891), based on Hagenbach’s (1858) work and could also be 

implemented for real process applications. Therefore, it is possible to apply the same 

methodology independent of the type of flow (turbulent or secondary) in the real process. 

The methodology was tested with milk materials in the experimental rig and the results of 

viscosity measurements were evaluated as acceptable and accurate, considering that no 

flow control was applied during the tests for reasons already presented in this work 

(Chapter 5). Moreover, all results obtained in this work show Coriolis meter viscosity 

measurements to have no higher difference than 10% when compared with the online 

viscosity measurements taken with the commercial viscosity meter (Hydramotion/Cleveland 

instrument).  Dutka and colleagues (2004) considered the online instrument (Coriolis meter) 

to be accurate if the relative difference was no more than ±10%.  The results are here 

presented taking one milk material into consideration: Whole milk. 

For a shear rate varying from 0.49 to 0.54 s-1 during whole milk tests, the variation of the 

viscosity calculated through the Hagen-Poiseuille (1828) correlation was no more than 2% 

different to that of the online viscosity meter (Figure 8-1). The worst result obtained for this 

methodology was obtained while testing concentrate whole milk at a higher shear rate (1.1 

s-1). The differences between the viscosities are almost 8% (Figure 8-2). 
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Figure 8-1 - Viscosity measurements taken with the viscosity meter (on-line) and calculated with the Hagen- 

Poiseuille correlation (Coriolis) for concentrated whole milk for lower shear rates of 0.5 s-1 

 
Figure 8-2 - Viscosity measurements taken with the viscosity meter (on-line) and calculated with Hagen- 

Poiseuille correlation (Coriolis) for concentrated whole milk for higher shear rates of 1.1 s-1 
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This is a simplified methodology compared to that used in pulp and paper industry research, 

(Dutka et al. 2004). Here the viscosity measurement used as a reference was obtained at the 

same time, from the same sample, and with the same process conditions as the viscosity 

calculated from the Coriolis meter. The advantage of the methodology developed during 

this work, and that is being proposed for use in the dairy industry, is that the viscosity 

measurements used to calculate the proportionality constant were obtained from an online 

instrument. Thus, shear rate, temperature conditions, quality and size of the samples were 

the same for the Coriolis meter and for the viscosity instrument. Moreover, this 

methodology simplified the experimental routine significantly since processes variables such 

as flow rates, and temperature were tested in the same experiment without the 

requirement for different tests or different samples. In addition, in an eventual real plant 

test, where, in most of the cases, the flows are turbulent or transient, the fact that the 

methodology will be applied using an online viscosity meter, means that the effects of the 

transient or turbulent flow will be captured by the viscosity instrument. The viscosity in a 

turbulent or transient flow is then used to calculate the theoretical viscosity using 

volumetric flow and differential pressure across the Coriolis meter (equation 2-6). The 

proportionality constant obtained may also work as a correction factor for the turbulent 

flow since the viscosity measured and used in the model is presented as being under the 

effect of the transient and turbulent flow.  

Results for viscosity measurements obtained for a different total solids concentration 

sample were acceptable and accurate. The results presented in Figure 8-3 show a maximum 

of 7% difference. 

When looking for an application for this study in the real process, one notices that the 

proportionality constant could be correlated with the total solids content of the materials 

tested. There is a demand for determining the total solids content more accurately during 

concentration processes. As presented in section 3.4.5, it is possible to correlate the total 

solids contents with the consistency index using a model available in the open literature 

(equation 3-7).  As shown in this chapter, the consistency index will vary with the total solids 

content (Table 3-5). Once this correlation for the real process is known it will enable the 

calculation of the total solid content using the consistency index of the process fluid. This 

application could instead be developed with the proportionality constant and may generate 
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a more accurate and robust calculation for the total solids content. On-line measurements 

or soft sensor applications could be used for this purpose. 

 

 
Figure 8-3 -Viscosity measurements taken with the viscosity meter (on-line) and calculated with Hagen- 

Poiseuille correlation (Coriolis) for standardised whole milk at higher shear rates. 
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the process to be controlled e.g. cause and effect relationships between the products’ 

attributes and process variables should be known in some quantitative fashion. Most of the 

control for the food industry is inferential, using the product attributes: taste, texture and 

appearance. Those attributes are not directly measured but are controlled inferentially by 
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load reduction, bulk density, solubility index, moisture content and particle size. However, 

intermediate process parameters could be also be taken into consideration, such as the 

optimization of the droplet size in the spray dryer nozzle and total solids content before the 

spray dryer stage. In the second case, viscosity would give important information on the 

maximum value of total solids that does not impact by increasing fouling in the evaporators. 

Let it now be supposed that the information gathered in the previous chapters and control 

product attributes or process variables using viscosity measured within the milk powder 

process is required for use in an actual situation, in real time. There are many possibilities to 

be evaluated. Viscosity could be used as an inferential measurement to control droplet size 

in the spray chamber. Moreover, viscosity could also be used to control the total solids 

content in the evaporation process. Since different total solids contents and types of milk, 

have been considered, this work opens the possibility for process control engineers to 

evaluate viscosity as a control variable or a manipulated variable in different sections of the 

milk powder process. During this project the researchers could visualize the importance of 

at least two variables in the viscosity dynamics: shear rate and temperature. This 

observation is only valid if one type of milk material (whole or skim) is being considered at a 

specific concentration (standardised, concentrate or intermediate milk solids content). 

Otherwise, the type of milk and the solids concentration should be considered as 

disturbance phenomenon or as other important variables that also impact upon the 

dynamics of the viscosity. Another important effect observed in this work was the effect of 

the preheat treatment on the viscosity dynamics. Table 8-1 and Table 8-4 summarize the 

qualitative correlation between the variables considered in this work and the viscosity 

dynamics. 

 

Table 8-1 – Qualitative Correlation between variables considered to evaluate viscosity dynamics of 
standardised milk 

Standardised Milk 

Milk 

Materials 

Viscosity 

Low  

Shear 

Rate 

High 

Shear 

Rate 

Temperature 
Total 

Solids 

Fat 

Content 
HTPHT LTPHT 

-ve +ve -ve +ve +ve NA NA 
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Standardised milk for both fat contents (skim and whole) suffers a decrease in the viscosity 

with an increase in the shear rate. However, there is a limit for this behaviour. Once the 

shear rate reaches a specific value (depending on the test conditions and material being 

tested) the dynamics change and an increase in the viscosity is observed. This observation 

was made during the rheological behaviour evaluation in chapter 3 and was also captured 

by many of the models developed here and presented in the previous sections (e.g. Figure 

7-10). Herceg & Lelas (2005) also experienced higher viscosity readings for samples 

submitted to higher shear rates. The authors reported an apparent viscosity of 10cP in a 

shear rate of 1290s-1 when testing skim milk with 10% of total solids. 

Thus, a statistical evaluation was carried out to confirm this observation.  Table 8-2 shows 

the quantitative correlation between the variables measured during experiments in the rig 

and Table 8-3 shows the same correlation but for experiments that were conducted in the 

rheometer. To evaluate the quantitative correlation obtained from the rheological tests, the 

shear rate ranges were divided in two, lower shear rates from 0.1 to 44s-1 and higher shear 

rates from this point to 100s-1. 

Table 8-2 – Quantitative correlation between variables considered to evaluate viscosity dynamics of 

standardised whole milk in the rig during Experimental program 1. 

Correlation (Experimental rig) 
  SR (s-1) TM ( oC) 

VI (cP) -0.24  -0.97  
K 

(cP.gal.psi-1.min-1) -0.45  -0.82 
 

where TM is the milk temperature (oC), VI is the viscosity measurement (cP) and SR is the 

shear rate (s-1)and k is the proportionality constant (cP.gal.psi-1.min-1) obtained through the 

Hagen-Poiseuille equation (section 2.7.4). The correlation coefficient was calculated using 

the “correl” function available in the Microsoft Excel programme. The inputs to calculate the 

correlation between the process variables were normalized values of viscosity and shear 

rate (VIxSR) and viscosity and milk temperature (VIxTM). The same methodology was 

applied to calculate the correlation between the proportionality constant with shear rate 

(kxSR) and temperature (kxTM). 
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Table 8-3 - Quantitative correlation between variables considered to evaluate viscosity dynamics of 

standardised whole milk obtained in lab tests. 

Correlation (Rheometer) 
VIxSR 0.75 VIxLSR -0.71 
VIxTM -0.87 VIxHSR 0.93 

 

Where VIxLSR is the correlation of low values of shear rate and viscosity measurement and 

VIxHSR is the correlation between viscosity and high values of shear rates during laboratory 

tests. As expected, all the correlations show a negative correlation between temperature 

and viscosity. If temperature is increased, a decrease in the viscosity measurement is 

observed. This correlation was captured by all the viscosity measurement technologies used 

in this work. Another correlation captured by all the technologies tested in this work is the 

increase in the flow rate and decrease of the shear rate, up to a specific threshold. After a 

specific point, which was dependent on the milk material being tested, the viscosity 

increased. The proportionality constant obtained through the Hagen-Poiseuille model 

(section 2.7.4) follows the same correlation obtained for the online viscosity.  

 

Table 8-4 – Correlation between variables considered to evaluate viscosity dynamics of concentrate milk 
Concentrate Milk 

Milk 

Materials 

Viscosity 

Low  

Shear 

Rate 

High 

Shear 

Rate 

Temperature 
Total 

Solids 

Fat 

Content 
HTPHT LTPHT 

-ve -ve -ve +ve +ve -ve +ve 

 
Concentrated milk at both fat contents shows a decrease in viscosity for increasing shear 

rate and temperature. Again, both correlations were noticed during both laboratory and rig 

experiments (Tables 8-5 and 8-6). It should be noted that the absolute values for the 

correlation are quite different and this was expected, since different ranges of temperature 

and shear rate were used for the various tests (laboratory and rig). Experimental conditions 

(shear rate and temperature) have been detailed in sections 3.2 and 6.3.2. 
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Table 8-5 - Quantitative correlation between variables considered to evaluate viscosity dynamics of 

concentrate skim milk submitted to low temperatures during preheat treatment during obtained for 

experiment in the rig during Experimental program 2. 

Correlation (Experimental rig) 
SR (s-1) TM (oC) 

VI (cP) - 0.63 - 0.85 
K 

(cP.gal.psi-1.min-1) -0.58 - 0.55 
 

For concentrate skim milk, the proportionality constant, k, also shows the same correlation 

with temperature and shear rate obtained for the online viscosity. 

 
Table 8-6  - Quantitative correlation between variables considered to evaluate viscosity dynamics of 

concentrate whole milk obtained in lab tests. 
Correlation (Rheometer) 

VI x SR -0.77 
VI x TM -0.99 

 

It is easy to understand the correlation between the total solids content and viscosity. A 

fascinating observation made during this work is related to the viscosity dynamics for 

different preheat treatment applied to the materials. Milk submitted to lower temperatures 

during preheat treatment, demonstrated a more violent response to age thickening, and the 

viscosity increased at a steep rate. Milk preheated at higher temperatures did not suffer age 

thickening that was as severe. On the sampling day, lower viscosity measurements were 

obtained for samples treated at higher temperatures before the evaporation process took 

place. Since the dynamics are known for at least two process variables, the control of milk 

viscosity can be achieved by manipulating flow and temperature.  However, there are 

certain steps to be carried out before viscosity can be implemented as a control variable. 

The correlation of viscosity and a quality attribute that is desirous to control needs to be 

evaluated in future work. Then, the next step should be viscosity measurement in the 

process, followed by the development of models that describe the dynamic changes in 

viscosity and how it affects quality attribute parameters. Unfortunately this work could not 

go this far, since plant tests were not sanctioned and quality attribute measurements are 

not implemented for all products in the plant. Table 8-7 shows a snap shot of what could be 
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the relationship between viscosity measurements and quality attributes that could be used 

in future work to monitor and control milk powder quality. 

 

Table 8-7 – Milk powder quality attributes and concentrate viscosity 

Attributes / Milk Whole HTPHT Skim LHPHT Skim 

Insolubility index 0.1ml 0.1ml 0.1ml 

WPNI Not available 0.4mg/g 5.2mg/g 

Wettability 10 sec Not available Not available 

Bulk Density 0.5g/ml Not available Not available 

Particle size 1096.48 to 1445.44µm 1096.48 to 1445.44µm 1096.48 to 1445.44µm4 

Moisture content 2.895% 3.103% 3.925% 

Viscosity 24.75 cP 11.33 cP 38.5 cP 

 

Once the correlation between the desired qualities attributes and viscosity is defined, the 

process control strategy should enable the manipulation of flow and temperature in order 

to keep viscosity in the range that maximizes the quality factor. Another strategy previously 

mentioned is the use of viscosity to define the limitation in raising the total solids content 

during the evaporation process. In addition to this, minimizing viscosity fluctuation in the 

feed to the dryer nozzles is a third alternative. In other words, viscosity information could be 

applied to control droplet size distribution before the spray dryer. A simplified control 

diagram is presented in Figure 8-4 toFigure 8-6 show how the control could be achieved 

based on the later observations. The figures represent a general evaporation process with 

three effects. After each effect a Coriolis meter is made available and is used for flow and 

density measurements. After the third effect and before the process reaches the 

concentrate tank we propose that an online viscosity meter should be installed (Figure 8-4 

and Figure 8-6). However, if the control strategy changes (Figure 8-5) the installation of the 

viscosity meter may change as well. A second potential alternative is to have the viscosity 

meter installed at a point before the operation reaches the homogenizer pumps, just 

beyond the concentrated milk heater. 

From the concentrate tank, the process fluid is heated and goes through the homogenizer 

before heading to the spray dryer and fluidizingbeds. 

                                            
4 Particle size presented for the at least 60% of the particle tested. 
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Figure 8-4 – Suggested Control Loop using Viscosity information to optimize total solids content during evaporation 
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Figure 8-5 - Suggested Control Loop using Viscosity information to optimize milk droplet size before atomizer 
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Figure 8-6 - Suggested Control Loop using Viscosity information to optimize milk powder quality attributes 
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In this work, a potential use of viscosity information in three different control strategies has 

been identified. 

The first control strategy proposes the viscosity control according to optimal total solids 

content during the concentration process (Figure 8-4). The manipulated variables would be 

either temperature during concentration or, feed flow. If the viscosity values that optimize 

the droplet size at the feed of the dryer are known, in order to control viscosity for 

optimized concentrated milk droplet sizes, we propose that the temperature of the 

concentrate or the homogenizer speed could be the manipulated variables. Finally, if inline 

process tests are available (insolubility index, wettability, bulk density, etc.) their optimal 

values should be correlated to viscosity and a set point would then be sent to the controller. 

Again, in order to keep the desired viscosity value, feed flow to the evaporator and 

temperatures along the concentration process are alternatives for manipulated variables. 

The manipulated variable to be used in the control strategy will depend also on the process 

constraints, such as fouling and equipment design. If, at first, an online viscosity meter is not 

an option to be considered, there is always the option to use the Coriolis meter for viscosity 

measurement, as proposed in this work. Differential pressure cells should be mounted in 

the inlet and outlet streams of the Coriolis meter and calibrations tests will be required with 

laboratory tests. 

8.4. Conclusions 

 

A methodology to use a Coriolis meter an online viscosity measurement device was 

presented. Results for viscosity measurements obtained with the Coriolis meter showed 

acceptable and accurate results. The results presented for this new technique show a 

maximum of 7% difference between the results. Samples with a variety of total solid 

content were analysed and the quality of the results was good for all the samples tested. 

The new viscosity measurement technique is followed by an initial concept for a future 

control strategy including viscosity as a parameter. 
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9. FINAL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 

 

 

9.1. Contributions and achievements 

 

This work aimed to evaluate the real potential of the use of viscosity information for milk 

powder process control. Regarding this necessity we claim that the main contributions 

delivered by this work are: 

i. Design of a new experimental rig that enabled the simplification of the scenario for 

viscosity measurements. Viscosity measurements were possible online and in a tank 

set up. The distributed control system (DCS) wired to the rig allowed temperature, 

flow and level control. This feature enabled the variation of many important 

variables for the evaluation of viscosity measurement dynamics. 

ii. Validation of a viscometer for on-line measurements, which has been found to be 

suitable for the dairy industry. Nevertheless the author recommends online testing 

in the plant for a final conclusion. 

iii. System identification of models that described the dynamic behaviour of viscosity in 

response to changes of temperature, composition, concentration and flow rate. 

Autoregressive, state-space and transfer function models were obtained for single 

input and single output as well for multiple input and single output cases. 

iv. Development of a new application for online viscosity measurements with the use of 

a Coriolis meter and differential pressure. This technique presents itself as a 

promising application for the dairy industry, since the Coriolis meter is an instrument 

well known and trusted by the professionals in this industry. 

v. Both a fundamental study and a high level systems evaluation regarding the role of 

viscosity in the improvement of the performance of the milk powder process were 

carried out and relevant conclusions for the dairy community were presented. These 

conclusions are detailed in the next section. 
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9.2. Conclusions 

 

9.2.1. Importance the Viscosity for the Dairy process 

Viscosity measurement is useful and promising for the monitoring and control of the milk 

powder process. In the milk powder industry it is known that particle size distribution has a 

dominant effect on drying and the functional properties of the final product, such as 

dispersibility, wettability and flowability (Chen, 1994; O'Callaghan et al. 2001; O'Callaghan 

and Cunningham, 2005). The control of the viscosity of milk concentrate is believed by the 

researchers mentioned above to be a potential tool for the optimization of the rheological 

characteristics of the milk that has been concentrated for drying. The drying of milk is 

described by Chen (1994) as an integrated process. He states that the history of concentrate 

is the key to successful process control for the consistent production of quality products, 

since the performance of a spray dryer depends on the properties of the inputs materials. It 

is believed that viscosity control can be a powerful tool in the monitoring of the 

characteristics of the concentrate being fed to the dryer. On the top of that, viscosity is a 

promising tool in the search for a more robust and accurate total solids calculation. For milk 

powder processing, the optimisation of the total solids content, along the concentration 

process, leads to improvements in energy efficiency. However, many constraints must be 

taken into consideration, since fouling is aggravated for operations with higher total solids 

content. 

9.2.2. Instruments 

We initiated this work and in the process learned about the viscometry applied in the food 

industry and more specifically in the dairy processes.  Rotational and vibrational instruments 

are the most suitable for this industry. Rotational instruments are not suitable for process 

control, since they enable only a snap shot of the characteristics of the milk at the sampling 

point. For instant process control online instruments are preferable. Online instruments 

take into consideration process variables at the moment of the measurement and any 

change will be captured by the instrument and will affect the reading. On the other hand, 

capillary viscometers are not suitable for dairy applications. They present drawbacks such as 

costly maintenance that makes difficult the implementation of this technology for the dairy 

process, which requires instruments that are both hygienic and easy to maintain. Taking into 
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consideration the characteristics of the milk powder process, an on-line viscometer was 

chosen and purchased for online tests in an experimental rig designed for this work. The 

rheological behaviour of the milk tested in the experimental rig was compared to samples 

tested in the laboratory rheometer and it was concluded that they are in accordance and 

behaviour observed is the same. Finally the accuracy of online measurements were 

discussed and they were concluded to be accurate and acceptable for process control. The 

results using the online viscosity meter were successful in replicating the rheological 

behaviour found in the lab tests. Moreover, despite the difference in the technologies and 

test conditions, both instruments showed reasonable and accurate results for the sample 

tested. Viscosity results obtained with the two different technologies did not differ more 

than 10% for all the milk materials tested. Another important result was that the online 

instrument tested did not suffer fouling that could interfere with the reliability of the 

measurements. Unfortunately, the Solartron 7827, did not present accurate results. The 

Solartron instrument has a set up and mounting recommendations that are not sufficiently 

flexible for an experimental rig. However, it does have suitable technology for the dairy 

industry and it is recommended that the Solartron 7827 should be trialled further in order 

to validate its potential for the milk industry. 

9.2.3. Rheological Behaviour 

To learn about the rheology of the milk and gather data to evaluate the accuracy and 

reliability of the online instrument, laboratorial tests were carried out and the rheological 

evaluation of milk materials took place.  Non-Newtonian behaviour was observed for all milk 

materials tested. Moreover, they were characterized as shear thinning materials. 

Nevertheless, the materials tested can be assumed to be Newtonian fluids, in a useful 

simplification, as we observed a linear relationship for shear stress over the shear rate range 

evaluated. Other evidence that supports this simplification is the Power law index which  

was close to 1 for each of the milk materials tested. 

Samples with higher fat content (whole milk) showed higher viscosity readings when 

compared with samples with lower fat content (skim milk). Moreover, concentrate milk 

materials tested showed strong age-thickening behaviour. In this work we compared the 

rheological behaviour of two samples that were submitted to different preheat treatments. 

The samples submitted to less intense preheat treatment showed an increase in viscosity on 



 

162 
 

 

the day following the sampling; this viscosity level was higher than that of the samples 

submitted to high temperatures during preheat treatment. It was not object of this study to 

evaluate any chemical or physical interactions that generate this observation. 

Lastly, the effects of temperature and total solid content on viscosity measurements were 

also evaluated. As expected, temperature has a negative effect on viscosity. In other words, 

higher temperatures will generate lower viscosity readings. Total solids presented a positive 

effect on viscosity measurements; the higher the total solids, the higher the viscosity read.  

9.2.4. Experimental rig and Programmes designed for viscosity measurements 

evaluation 

The experimental rig and Programmes were designed for the purposes of this work and 

useful and new information about the viscosity dynamics were observed and modelled. 

Two experimental Programmes were designed, these aimed to identify the dynamics of 

viscosity measurements facing different “process” conditions. The first program was capable 

of generating a scenario in which the milk characteristics were the disturbance to be 

evaluated. In this program, fat content, total solids content were the input variables 

observed at a constant shear rate for both constant and increasing temperature.  

The second experiment kept the temperature constant while the shear rate was varied. In 

this experiment the effect on flow was observed. 

Before any model was considered, results of both experiments were evaluated and 

compared with the laboratory rheological tests. 

Due to experimental rig constraints, some of the disturbances created to evaluate the 

dynamics of the viscosity measurement were small. Nevertheless, for most of the samples 

even the small disturbance could generate changes in the viscosity readings that enabled 

the development of the models. 

9.2.5. System Identification 

Besides the fundamental approach discussed in section 9.2.3 a high level systems evaluation 

of the dynamic response of viscosity measurements was also carried out. Using the system 

identification technique, the changes in viscosity facing disturbances during the 

measurements was modelled. 

Auto regressive with external input, state-space and process models (transfer functions) 

were obtained and useful information about the correlation of temperature, flow and 
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viscosity was obtained. Models were validated with part of the experimental data not 

previously used for the development of the model. 

For each one of the models estimated, the error between the measured data and simulated 

by the model were compared. The successful online instrument claims a viscosity accuracy 

of ∓1% of the reading.  The majority of the models obtained in this work presented error at 

or below the accuracy of the instrument. Moreover, the models were also evaluated 

according to the autocorrelation of residuals for output viscosity. In addition, the cross 

correlation for input and output residuals were also evaluated. Most of the models obtained 

in this work had their residual inside the confidence interval of 99.9%.  

Finally, step response was also evaluated for each one of the models developed. The gains 

were consistent with the expected rheological behaviour. 

9.2.6. Coriolis meter as an online instrument for viscosity measurements 

Lastly, as shown in this work, the Coriolis meter seems a promising instrument to infer 

viscosity. A methodology for the use of a Coriolis meter as an online viscosity measurement 

was presented and evaluated. Results for viscosity measurements obtained with the Coriolis 

meter showed acceptable and accurate results with a maximum of 7% difference when 

comparing the results with the viscosity instrument readings. Samples with different 

concentrations were analysed and the quality of the results was good for all the samples 

tested. 

One of the benefits of this technique is that the dairy industry is already familiar with the 

Coriolis meter. At the Te Rapa site there are several instruments mounted along the process 

line. It would only require investment in the differential pressure cells that are required to 

be mounted at the inlet and outlet streams of the Coriolis meter. 

The new viscosity measurement technique is followed by an initial concept for a future 

controller including viscosity as a variable. 

9.2.7. Inputs to controller design 

The ideal controller structure would take into consideration cause and effect relationships 

between the product attributes and process variables. The product attributes should be 

known in some quantitative fashion. However, such online measurements are not available. 
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It has been stated that Viscosity could be used as inferential measurement to control 

droplet size in the spray chamber. Moreover, viscosity could also be used to control the 

total solids content in the evaporation process. 

The relationship between viscosity response and milk temperature, shear rate, fat content, 

preheat treatment and total solids is known and this could already improve the control of 

the evaporation and drying process by maximizing the total solid content before the dryer. 

9.3. Recommendations for future work 

Tests with the online viscosity meter should be carried out in the plant and correlation of 

viscosity and final product attributes should be defined. Identification of the dynamics of 

the process should be included and analysed as an opportunity to control viscosity and 

achieve optimal product quality. A second possibility for the use of viscosity information as a 

monitoring and control variable is as a more accurate inference of the total solids content of 

the evaporated milk. Thirdly, viscosity could also be correlated with spray drier performance 

since it is said to be straightforwardly correlated with the droplet size distribution. Viscosity 

could be used to control the feed characteristics to the spray dryer nozzles. Online tests 

should be carried out to determine which viscosity range is more suitable to increase final 

product quality and maybe to improve the economic performance of the evaporator by 

maximizing the total solids content. 

Moreover, the Coriolis meter could be applied to measure viscosity instead of an online 

viscosity meter. Furthermore, correlations of the proportionality constant and total solids 

contents could be obtained and used to improve online total solids measurements and, or, 

control during the concentration process. However, tests to obtain the proportional 

constant would require a temporary viscosity meter online for this purpose. 

Plant tests would assist in the better understanding of the viscosity dynamics and would be 

useful for improving the correlation between the inputs and viscosity. Pressure is another 

variable to be considered and included as a disturbance or as a manipulated variable in 

further studies. Further investigations on the dependence of viscosity and preheat 

treatment should be carried out.  

There are also some improvements to be done in the experimental rig. The electrical set up 

of the speed driver controller is one to be cited. Digital input/output signals should replace 
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the analogue ones. Thus, the control of the pump speed will be possible for intermediary 

speeds, instead of the two speeds currently available. 
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ABSTRACT: This paper presents a critical review of dairy fluid viscosity measurement studies 

available in the literature and their potential benefit for the dairy industry. Moreover, this 

paper will describe how viscosity measurements improve understanding of the dairy 

process. Particular emphasis is placed on the relationship between viscosity and process 

control systems. Future demands in the area are identified and a new approach to dairy 

fluid viscosity measurement and process control is proposed. 

 

KEYWORDS: Dairy processes, Process control, Viscosity measurements. 

INTRODUCTION: Raw dairy milk shows a considerable seasonal composition variation 

throughout the year, which affects the final quality and sensory parameters of the milk final 

product. This seasonality must be compensated for through changes in the formulation and 

process parameters. In order to compensate for these variations and develop models 

capable of predicting these variations, advanced process control systems have been applied 

in the Dairy processing industry. In order to use viscosity as a process variable in the 

advanced process control system, the correlation of viscosity with a key performance 

indicator (KPI) of the process must be known. Viscosity could be correlated with the final 

product quality, process step response performance, atomization or other parameters that 

affect the profitability of the process such as fouling. The measurement of viscosity without 

any correlation to a measurable variable of performance is not useful from the process 
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control point of view. Once a range of viscosity that enhances the process operation is 

known, the challenge lies in keeping the process running within this optimized range. Since 

milk concentrate is a Non-Newtonian fluid and its viscosity is affected by temperature, shear 

rate, shear stress and pressure, for each unit operation in the dairy process plant, the 

process control engineer will have to identify the best operating conditions to keep the 

viscosity inside a range that maximizes the profitability of the plant, minimizing downtime 

required by cleaning in place processes, for example.  

 

VISCOSITY MEASUREMENTS AND PROCESS UNDERSTANDING: In the milk powder 

production process, atomisation in the spray dryer is central to dehydration and it is known 

that viscosity at this point has a crucial effect on subsequent powder characteristics 

(O’Callaghan et al., 2001). In this same work, viscosity measurements, together with other 

analyses such as spectophotometry and electrophoresis, led to advances in the 

understanding of the mechanisms underpinning milk coagulation, especially the proteoltic 

phase of milk coagulation during a laboratory cheese making process. This work concluded 

that viscosity is a potentially useful component of quality control. The measurement of 

viscosity potentially allows better process control and process optimization, leading to 

reductions in product loss, energy consumption, and better control of the powder texture, 

bulk density and moisture. O’Callaghan et al., (2001) also evaluated the correlation of 

viscosity with total solids concentration in a commercial evaporator. A model-based 

predictive control scheme was developed for a four effect evaporator and process 

responses to set point changes in solids level, flow and temperature of milk concentrate 

were simulated. (Herceg and Lelas 2005) investigated the influence of temperature and 

solid matter content on the viscosity of model systems prepared with untreated as well as 

tribomechanically treated whey proteins and skim milk powder. Herceg and Lelas (2005) 

showed that systems with higher protein content exhibited higher viscosity than those with 

lower protein content. The lowest viscosity was found for systems prepared with skim milk 

powder. In this same work, the correlation of temperature with viscosity was fitted with an 

Arrhenius model. In conclusion, they presented that tribomechanical treatment effects 

significant changes in the granulometric composition of whey protein concentrate and skim 

milk powder and causes an increase in viscosity. (Reddy and Datta 1994) determined the 

specific heat, thermal conductivity and apparent viscosity of milk for a concentration range 
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of 40 to 70% and a temperature range of 35 to 65oC. Moreover, the viscosity was analysed 

to obtain the consistency coefficient and flow behaviour index. Reddy and Datta (1994) 

developed a model correlating viscosity with temperature of the product, concentration and 

shear rate.  

VISCOSITY MEASUREMENT AND PROCESS CONTROL: The models used in current milk 

powder process control are mostly empirically based on plant identification by step 

response (O’Callaghan et al., 2001). According to these authors, for further development of 

Model Predictive Control (MPC) in the milk powder industry, the manufacturing process 

needs to be underpinned by a significant effort in the characterisation and measurement of 

thermodynamic properties. Furthermore, the relationship between process conditions, e.g. 

temperature, pressure, shear history and final product characteristics, must be known 

explicitly - i.e. in a predictive sense. In summary, for evaporator control these authors 

suggested that viscosity measurement should be correlated with the total solids amount, 

temperature, time and shear rate, while for spray dryer control, the density, surface 

tension, viscosity and heat transfer coefficients would need to be determined for the range 

of droplet sizes and over the ranges of total solids and temperatures at which milk is 

atomized and dehydrated. Finally, they propose the control of the negative effect of the 

stickiness, which is related to temperature, moisture and composition according to the 

drying conditions. Stickiness in powder influences the deposition of particles on the walls of 

the spray dryer, decreasing heat exchange, increasing risk of spontaneous combustion, 

depredating the powder quality and increasing the demand for cleaning processes. The 

conditions which cause stickiness or cohesion of a material can be measured using the stick 

point test developed by Lazar et al., (1956) as cited in (Ozmen and Langrish 2002). The stick 

point test is a thermo-mechanical test that measures the viscosity and assesses the 

influence of the temperature on powder cohesion. In this work the authors used, besides 

the viscosity, the glass transition temperature of powdered milk to evaluate the stickiness. 

They concluded that the glass transition temperature and the stick point temperature 

decrease with an increase of moisture content in the milk powder and both temperatures 

(stick and transition) were found to be virtually the same. (Chen 1994) presented a review 

where the manufacture of milk powder was described and milk concentrate viscosity, 

atomization, particle size distribution, drying mechanisms and protein denaturation were 

discussed in detail in order to develop a strategy for a model-based process control system. 
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(Chen 1994) presented simple mathematical models for the steady state and transient 

drying of milk droplets and the denaturation and aggregation of milk proteins. This work 

stated the difficulty of incorporating the complex chemical effects which are largely 

temperature time dependent and affect the physical properties of milk significantly.  

 

VISCOSITY AND MILK POWDER PROCESS PARAMETERS: In order to understand how the 

process parameters affect viscosity, a new approach is proposed. Figure 1 is a schematic of 

the proposed new experiment. A milk powder suspension of approximately 50% total solids 

will be the fluid to be analysed.  This total solid content represents the fluid that leaves the 

evaporator system and enters the spray dryer section of a milk powder production plant. 

The test fluid will be prepared in a mixing tank from where it will be pumped to the jacketed 

tank. After the heating process, the measurement of viscosity will take place. Temperature, 

pressure and flow rate are important parameters for this measurement stage. Thus, the 

system shall provide flow rate control of the heating fluid (hot utility stream) which will be 

regulated to maintain the fluid temperature constant inside the viscometer. Moreover, the 

system will operate under pressure. Note that only one variable will be controlled at each 

run of the experiment (flow or pressure). 

µ

ρ

 
Figure A1 - 1 - Schematic of the lab plant develop to evaluate the influence of the Milk powder process 

parameter on viscosity. 
 

The first part of the proposed work is the evaluation of fouling and its role in decreasing the 

accuracy of the measurements. Once the pattern of decay in accuracy of the measurements 
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is known, we will be able to work with reliable data. The second part of the proposed work 

is the development and validation of strategies to identify a range of viscosity values that 

maximize the profitability of the plant. There are three aspects to be studied: composition 

versus viscosity, stickiness point and blockages in the spray dryer. Notwithstanding this, the 

amount of fouling will be used in a type of soft sensor strategy. There are no studies in the 

open literature that correlate viscosity directly with fouling. On the other hand, it is known 

that milk composition plays an important role in fouling. The main idea of this part of the 

work is to correlate milk composition and viscosity. To evaluate the correlation between 

viscosity and fouling, concentration values of protein, fat and calcium ions and pH ranges 

that increase the fouling rate, obtained through models available in the literature, will be 

used to generate a correlation with viscosity. To be useful in a control scheme, the question 

that must be answered is how to develop a model that represents the relationship of the 

process parameters to viscosity. In this case the process parameters will be used to 

compensate for any variation in viscosity that may increase fouling, stickiness in the spray 

dryer, changes in the final product specifications or that cause blockages in the spray dryer.  

It is known that the calcium ions and un-controlled milk flow rate cause blockages in the 

spray drier section, causing downtimes for cleaning. The idea here is to identify the viscosity 

that minimizes blockages and then relax the constraint on the final product flow rate. 

Finally, the influence of fluctuations in the concentrate total solids percentage will be 

analysed.  

 

CONCLUSION: This paper critically reviews the available literature on milk viscosity 

measurement and control. A new strategy is proposed. The strategy will provide more 

information about desirable viscosity ranges for milk powder processing. Furthermore, the 

correlations between viscosity and other process parameters will be determined and will be 

used to keep the viscosity in a specific range to improve the process. 
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ABSTRACT 

The aim of this paper is to present the results to date of a new approach to develop and 

validate the potential of Viscometer for process application suitable for use in monitoring 

and control of a milk powder plant. An experimental program was designed and is 

presented in this paper together with the strategy that will be used in order to evaluate 

fouling. The degree of fouling will be used in a type of soft sensor strategy. There are no 

studies in the open literature that correlate viscosity directly with fouling, but it is known 

that milk composition plays an important role in fouling. This work presents the preliminary 

results of a methodology in a development stage that aims to correlate viscosity and fouling 

for use in a monitoring and control strategy.  

KEYWORDS:  Viscosity Measurements/ Fouling/ Soft Sensor Strategy/ Process Control/ Milk 

Powder 
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1. INTRODUCTION 

In the literature there are a number of studies presenting benefits of viscosity measurement 

for the dairy industry ((Oguntunde and Akintoye 1991; Vélez-Ruiz and Barbosa-Cánovas 

1997; O'Donnell and Butler 1999; O'Callaghan, Schulz et al. 2001; Özkan, Walisinghe et al. 

2002; Ozmen and Langrish 2002; Ozmen and Langrish 2003; Ozmen and Langrish 2003; 

O'Callaghan and Cunningham 2005; Koc, Heinemann et al. 2007)). Models have been 

developed to correlate viscosity with final product parameters such as granularity, texture, 

solubility, density and wettability. The authors of these studies have concentrated their 

efforts on the evaporator and spray dryer units. Their work presents how temperature and 

total solids content affect the viscosity and final product quality. However, the effects of 

fouling and consequently any decay in accuracy during viscosity measurement were not fully 

evaluated.  Thus, the influence of fouling on viscosity measurement requires more study by 

the scientific community. 

Fouling of equipment surfaces has been a costly problem for many years. However, process 

conditions have been optimized due to the use of the knowledge of the fouling mechanism 

and the development of a quantitative reaction model, De Jong (1997) . Fouling in 

measurement devices is a major concern as progressively metering would become less and 

less accurate. Thus, signal processing (in the context of control engineering) should be 

employed to discover the best way to interpret the transient data recorded to avoid wrong 

readings. The fouling mechanisms and patterns will be observed and studied for each of the 

viscometers tested.  

The governing reaction of the mechanism of fouling is described in the literature by some 

researchers5as protein aggregation. Other authors6 state that the governing reaction is 

protein denaturation. Also, there are studies7 that present the dependency of the fouling on 

protein reactions (both denaturation and aggregation). Other researchers8, also report that 

mass transfer plays an important role in fouling. It is known that fouling depends on various 

factors such as heat transfer method, hydraulic and thermal conditions, heat transfer 
                                            
5Lalande & René  1 988),  oth am   t  l  1 992),  elp la ce  t  l  1 997)  ite d  n Bansal&   hen  2 006) 
6 Lalande et al (1985), Hege & Hessler (1986), Anebrant et al (1987), Kessler & Beyer (1991) and de Jong at al (1992) 
cited in Bansal& Chen (2006) 
7de Jong & van der Linden (1992), de Jong et al (1992), Belmar-Beiny et al (1993), Delplace et al (1994,1997), 
Schreier & Fryer (1995) Grijspeerdt and others (2004), Sahoo and others (2005), Nema and Datta (2005) cited in 
Bansal& Chen (2006) 
8Toyoda and others (1994), Georgiadis and others (1998), Georgiadis and Macchietto (2000), Chen and others 
(1998a, 2000, 2001), Bansal and Chen (2005), Bansal and others (2005) cited in Bansal& Chen (2006) 
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surface characteristics , and type and quality of the milk as it is processed (Bansal and Chen 

2006). According to Bansal and Chen, the above mentioned factors that affect milk fouling 

can be classified into the following categories: 

i. milk composition 

ii. operating conditions on the heating exchangers 

iii. type and characteristics of heat exchangers 

iv. presence of microorganisms 

v. location of fouling. 

 

In this study, the fouling rate and its correlation with the composition of reconstituted skim 

milk will be evaluated. A simplified scenario will be considered: the dependency of fouling 

on protein reaction (denaturation) only. 

The simplified reaction scheme was first proposed by De Jong et al. (1992). The simplified 

reaction scheme was adopted partially from Toyoda and Fryer (Toyoda, Schreier et al. 

1994). 

As mentioned before, there are no studies in the literature correlating viscosity and fouling. 

However, many authors describe the role of the milk composition on the mechanisms of 

fouling. Using this information, this work will analyse the correlation of protein 

concentration in the milk with the viscosity of the fluid. Samples of reconstituted skim milk 

with different protein content will be tested and viscosity measured.  A range of viscosity 

that increases, or even better, minimizes the fouling will be experimentally determined. 

Once known, the viscosity range that minimizes fouling can be used as a constraint in a 

process control system or even as a controlled variable. The development of a strategy for 

control or use viscosity as a constraint is one of the broader aims of this work. 

 

2. METHODOLOGY 

 

2.1. Milk Concentrate Viscosity Measurement for Milk Powder Process Control 

Figure 1 is a schematic of the proposed new experiment. A milk powder suspension will be 

the fluid to be analysed.  . The test fluid will be prepared in a mixing tank from where it will 

be pumped to the jacketed tank. After heating, the measurement of viscosity will take place. 
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Temperature, pressure and flow rate are important parameters for this measurement stage. 

Thus, the system shall provide flow rate control of the heating fluid (hot utility stream) 

which will be regulated to maintain the fluid temperature constant around the viscometer. 

Moreover, the system will operate under pressure. Note that only one variable will be 

controlled in each run of the experiment (flow or pressure). 

The first part of the proposed work is the evaluation of fouling and its role in decreasing the 

accuracy of the measurements. Once the pattern of decay in accuracy of the measurements 

is known, we will be able to work with reliable data. The second part of the proposed work 

is the development and validation of strategies to identify a range of viscosity values that 

maximize the profitability of the plant. To be useful in a control scheme, the question that 

must be answered is how to develop a model that represents the relationship of the process 

parameters to viscosity. In this case the process parameters will be used to compensate for 

any variation in viscosity that may increase fouling, stickiness in the spray dryer, changes in 

the final product specifications or that cause blockages in the spray dryer.  It is known that 

calcium ions and un-controlled milk flow rate cause blockages in the spray drier section, 

causing shut downs for cleaning. The idea here is to identify the viscosity that minimizes 

blockages and then relax the constraint on the final product flow rate. Finally, the influence 

of fluctuations in the concentrate total solids percentage will be analysed.  

 

2.2. Viscosity and Fouling 

The new approach demands a fundamental understanding of how viscosity affects the milk 

powder process performance. One parameter that will be studied as a KPI (Key performance 

indicator) is fouling in the Heat Exchanger. 

The approach to be tested is to use viscosity measurement as a soft sensor of how the heat 

exchange will be affected by fouling during the heating process. Knowing the viscosity range 

that minimizes fouling, the control strategy is to run the process in a range that minimizes 

fouling. Since milk concentrate is a Non-Newtonian fluid, the process parameters 

(Temperature, pressure, flow) affect the viscosity. Another important application of viscosity 

and fouling is how the measurements will be affected by fouling, or in other words, the 

decay in the accuracy of the signal from the sensor. 
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2.3. Chemical Reaction Fouling 

According to Patterson and Fryer (1988), chemical reaction fouling is of economic 

importance and therefore it is useful to develop a quantitative understanding of this class of 

fouling. Changani et al (1997) state that beta-lactoglobulin is the milk protein most sensitive 

to heating. According to these authors, Delplace et al (1994) developed a model to predict 

dry masses of deposit due to the heat denaturation of beta-lactoglobulin in the channels of 

a plate heat exchanger on to two types of plate geometry: straight corrugated and 

herringbone. This model also incorporates different flow arrangements, together with the 

effect of Reynolds number, mean residence time, and the concentration of native beta-

lactoglobulin in the inlet of the plate heat exchanger.   A second order kinetic model 

(Equation 1) for beta-lactoglobulin denaturation was used to calculate the outlet 

concentration of native beta-lactoglobulin for each channel of the heat exchanger: 

  ( ) =                 (10) 

where: 

C(t) = concentration of native beta-lactoglobulin at time t (kg/m3) 

C0 = initial concentration of native  beta-lactoglobulin (kg/m3) 

k = second order rate constant [m3/ (kg.s)] 

log10k=37.95 - 14.51 (103/T) where T≤ 363.15K; 

log10k=5.98 – 2.86 (103/T) where T≥ 363.15K; 

 

For the purposes of this work it will be assumed that 40% of the protein content in the 

sample WPC dispersion is the protein most sensitive to heat (e.g beta-lactoglobulin), Elgar et 

al. (2000). For reconstituted skim milk, 9.8% of the total protein content is the protein 

concerned i.e. beta-lactoglobulin (Bylund and Tetra Pak International AB. 1995). 

According to Changani et al (1997), Belmar-Beiny (1968) used the relationship between 

deposit mass, the volume of fluid processed, Vi (m3), and surface area of different plate 

geometry, S (m2) to develop a model. This model (Equation 2) was developed by a 

combination of experimental results and numerical simulations and is presented below:       =  .       .       (11) 

where 
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mdi = dry mass of deposit in a channel i (kg) Δ   = the difference between inlet and outlet native beta-lactoglobulin concentration in the 

channel (kg/m3) 

0.127 is the coefficient calculated for straight corrugated plates (for Herringbone plates, the 

coefficient is 0.06), (Changani, Belmar-Beiny et al. 1997) 

Differently from the model presented by Delplace (1994), Belmar-Beiny’s (1968) model, 

both cited in (Changani, Belmar-Beiny et al. 1997), did not consider Reynolds number, flow 

arrangements and mean residence time. 

Fryer and Slater (1985) presented the model developed by Kern and Seaton (1979) to yield 

the overall rate of local solids accumulation in a shell tube heat exchanger as:      =   (  )    −            (    )   −   (  )     (12) 

   (  ) =   (  )       −             (     )       (13) 

 

where: 

Bi =  Biot number dimensionless local fouling factor 

k = pseudo first order rate constant (s-l)   = surface shear stress (N m-2) 

 

Subscripts: 

dfor the deposit, f for the tube side fluid, s for the shell side (fluid),  w for the tube wall, ∞ 

for infinite fouling time and r for solids removal 

This model incorporates a more elaborate fouling scheme, and might be used in the next 

stage of this project, when a more complex scenario will be considered. 

 

Finally, the model presented by Petermeier et al (2002), claims to be an integral model of 

the fouling process. However, only the aspects related to chemical reaction will be 

considered in this work. These authors interpret milk heat treatment as a continuous 

reactor. In this scenario, the milk constituents are the reactants, where each individual 

component (i) of the milk constituents (s), can have the reaction vector  ̇ calculated by:   ̇ = ∑          ∏      ̅         (14) 
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   =   ,     −   ,           (15) 

where 

 kj = is the reaction rate factor,  

rij =  the stoichiometric coefficient, 

nk = denotes the order of the reaction (Gavalas, 1968, cited by Petermeyer et al)) 

For the purposes of this work, the ARG2- Rheometer’s starch cell will be considered as a 

reactor and the model presented last will be applied. Finally, the kinetics for the protein 

reactions (when native protein is transformed into denaturated protein) will be order one, 

as suggested by Georgiadis et al. (1998) 

Studies e.g. (De Jong, Bouman et al. 1992) present a methodology to evaluate whether 

fouling is being governed by chemical reactions or mass transfer. In order to simplify the 

scenario, this study considers that fouling is being controlled by chemical reaction, as 

presented by De Jong et al. (1992) and the reaction factor will be calculated using the 

correlation presented by Delplace, (1994). 

 

3. MATERIALS AND METHODS 

 

3.1. Sample preparation 

The samples were prepared using skim milk powder from products available in 

supermarkets. The WPC was supplied by Fonterra. Samples were prepared with RO water 

and the milk proteins were hydrated for 20 minutes at 500 rpm in room temperature. The 

composition (Table 1) was calculated according to the product label. The viscosity was 

determined by a TA-Instrument: ARG2 Rheometer. 

Two tests were carried out: 

i. Fixed temperature (25, 60 or 75oC) with an increasing shear rate from 0.1 to 300 s-1 

ii. Fixed shear rate (300 s-1) with an increasing temperature from 25 to 100oC 

 

4. RESULTS AND DISCUSSIONS 
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For the experiment carried out at 25oC, the variation in the calculated concentration of 

beta- lactoglobulin is zero, as expected, since there is no denaturation at such a low 

temperature.  At 60oC the denaturation occurs but at a very low rate, which is increased 

when the test temperature is increased to 75oC (Figures 3 and 4). When the sample was 

submitted to a constant shear rate of 300s-1 under an increasing temperature program, the 

denaturation of beta- lactoglobulin only started to take place at temperatures over 70oC, 

(Figures 5 and 6). 

Samples of skim milk submitted to test i, presented a variation in viscosity measurements of 

98% (measured at the beginning and at the end of the experiment at 75oC) for a calculated 

denaturation of native beta-lactoglobulin of 6%. The same correlation is observed for the 

WPC sample. 

When comparing the viscosity measurements of two different samples in terms of protein 

content, the difference of the viscosity measurements before test ii was 7%. At the end of 

the test ii (after denaturation had occurred) the difference between the viscosity 

measurements of those two samples had increased to 80%. 

Figure 6 clearly shows the effect of the protein denaturation on the viscosity profile. Despite 

the fact that temperature is being increased, when viscosity is expected to decrease, there 

is an increasing trend in the viscosity measurements (starting at temperatures over 70oC). 

When practically all native beta-lactoglobulin is denaturated, we can observe that the 

expected decrease on the viscosity with temperature happens. 

For both samples tested, there is a sigmoid trend between viscosity and the calculated 

variation in the concentration of native beta-lactoglobulin, at a constant temperature with 

increasing shear rate, and at atmospheric pressure (Figure 7). On the other hand, if shear 

rate is kept constant (300s-1) and temperature is increased, at atmospheric pressure, there 

is a possible quadratic correlation between viscosity and the calculated variation in the 

concentration of native beta-lactoglobulin (.  

 

5. CONCLUSIONS AND FUTURE WORK 

The results show a correlation between viscosity and calculated variation in the 

concentration of native beta-lactoglobulin.  At a constant Temperature with increasing 

shear rate, and at atmospheric pressure, the correlation between these two parameters 
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shows sigmoid trend. However, if shear rate is kept constant (300s-1) and temperature is 

increased, at atmospheric pressure, the correlation between the viscosity and the calculated 

variation in the concentration of native beta-lactoglobulin shows a quadratic correlation. 

The simplified scenario presented will be developed in future work. The new scenario will 

include the complete mechanism of fouling in heat exchangers (reaction; mass transfer, 

deposition and final resistance to heat will be considered). Finally, on-line tests will be 

carried out. At this stage the effect of pressure and flow rate as well as temperature will be 

evaluated in order to develop a strategy that enables the viscosity to be used as a soft 

sensor for fouling in a monitoring and control strategy. 
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Figure A2 -  1 - Schematic of the lab plant developed to evaluate the influence of the Milk powder process 

parameters on viscosity. 

 
Table A2 -  1 - Composition and beta-lactoglobulin concentration for the samples evaluated 

Reconstituted Skim Milk – Contents in g WPC Dispersion - Contents in g 

Protein 11.28 Protein 21.71 

Fat 0.30 Fat 0.04 

Carbohydrate (Sugars) 14.24 Carbohydrate (Sugars) 4.56 

Sodium 0.13 Sodium 0.00 

Calcium 0.36 Calcium 0.00 

Total Solids 26.31 Total Solids 26.32 

Water content 290.91 Water content 277.16 

Total 317.22 Total 303.48 

beta-lactoglobulin 1.11 beta-lactoglobulin 8.68 

beta-lactoglobulin 

(g/L) 3.7 beta-lactoglobulin (g/L) 28.9 

 



  

 
Figure A2 - 2 - Viscosity and variation of calculated beta- lactoglobulin concentration during the experiment 

at 75oC for reconstituted skim milk sample 
 

 
Figure A2 - 3 - Variation on the calculated concentration of beta– lactoglobulin and viscosity with 

temperature for sample with lower protein content 3.7g/L reconstituted Skim Milk 



  

 
Figure A2 - 4Viscosity and variation of calculated beta- lactoglobulin concentration during the experiment at 

75oC for WPC sample 
 

 
Figure A2 - 5Variation on the calculated concentration of native beta– lactoglobulin and viscosity with 

temperature for sample with higher protein content 28.9g/L – WPC dispersion 
 



  

 
Figure A2 - 6Correlation between viscosity and calculated variation in the concentration of native beta-

lactoglobulin for reconstituted skim milk in test i 
 

 
Figure A2 -  7Correlation between viscosity and calculated variation in the concentration of 

native beta-lactoglobulin for reconstituted Skim Milk in test ii 



  

 
Figure A2 - 8Correlation between viscosity and calculated variation in the concentration of native beta-

lactoglobulin for WPC solution during test i 

 

 
Figure A2 - 9Correlation between viscosity and calculated variation in the concentration of native beta-

lactoglobulin for WPC solution during test ii 
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Abstract 

In spray drying, the viscosity of the feed is a critical characteristic. It affects the droplet size 

formed at the atomiser, the end product properties (e.g. bulk density, moisture content and 

solubility) and the characteristics of the process (e.g. drying time and wall sticking 

behaviour.). Currently viscosity has been robustly measured online on a pilot scale plant but 

no robust online measurements were reported for industrial scale plant. However, it is 

possible that empirical correlations can be developed.   

For a spray drying plant, the density is usually measured online and used to calculate the 

percentage of total solids. It has also been identified that there is a positive relationship 

between the viscosity of the feed concentrate and the density. However this correlation is 

not reported in the open literature.  Therefore, it is of interest to attempt to identify and 

validate this correlation for model predictive control purposes. Due to the availability and 

reliability of on line density measurement at the industrial plant, the validation and 

application such a correlation is potentially relatively simple.  

A pilot plant was set up with a Micromotion density meter and a Hydromotion vibrational 

online viscometer. The viscometer was placed in a water- jacketed tank, where the 

measurements took place. Milk concentrate for total solids (TS) contents between 35% to 

45% was then re-circulated in the system at temperatures up to 70oC at atmospheric 

pressure to obtain online measurements of both density and viscosity. 

Keywords: Viscosity, Milk powder, Process control, Soft sensor. 
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1. Introduction 

 
Milk powder is the most important processed dairy product for export due to its long shelf 

life and ease of transportation. However, there is a huge energy requirement in the milk 

power production process, predominately from evaporation and drying 

Spray drying is the most common milk powder manufacturing method. In recent years, 

spray drying technology has been developing in two separate directions. The improvement 

of energy efficiency and the development of new functional products by applying spray 

drying techniques. However the future success of both directions lies with better 

understanding and controllability of the process (Kelly 2006). 

In the 2004 International Symposium on Spraying of Milk Products, advanced process 

control (APC) was considered to be one of the top areas that required further development 

due to difficulty in operating larger spray drying units. This area is currently advancing in a 

significant rate (Kelly 2006). However, the primary challenge in developing a model for 

model predictive control remains the of understanding of properties and stickiness 

behaviour of the droplet and powder in the spray drying process (Kelly 2006).  

Currently, many spray drying process plants adopt process control schemes that are very 

dependent on the operator’s experience, where the set point of a process is determined by 

the operators (Chen 1994; Setnes and Babuska 2001). Some attempts have been made to 

incorporate advanced process control but fail to take physical attributes of the milk into the 

process model (Govaerts, Johnson et al. 1994), (Allen and Bakker 1994).  

For spray drying, temperature is normally measured in lieu of moisture content online 

(Clement, Hallstrom et al. 1991; Zaror and Pe?rez-Correa 1991; Govaerts, Johnson et al. 

1994).  This method assumes a correlation between the temperature measurement and the 

evaporation rate (Zaror and Pe?rez-Correa 1991). However there is a fundamental flaw in 

this method. The variation in inlet air, wet bulb temperature or  equilibrium constant of inlet 

air can result in dramatic change in moisture content of the product but have no effect on 

the outlet air temperature (Zaror and Pe?rez-Correa 1991).  This relationship changes 

depending on the physical attributes of the milk. Chen pointed out that  viscosity of the milk 

concentrate is important in this process (Chen 1994).  

Before any process control is applied to a system, a process model must be developed. For 

spray drying the main challenge is developing a process model for the spray drying unit. The 
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relationship between the process condition and the product characteristics must be known. 

Also thermodynamic/fluid dynamic equations must be described in terms of online heat and 

mass transfer measurements (O'Callaghan and Cunningham 2005). These measurements 

must be valid for a range of process conditions and product specifications. Given these 

requirements, viscosity must be measured in terms of total solids and shear rate for a range 

of the product specifications to give accurate fluid dynamic equations. 

In many cases, development of process control is limited by the availability of robust and 

accurate sensors. This can be due to the cost effectiveness and the limitation of technology. 

In the case of viscosity in the diary industry, attempts of using online viscometers and soft 

sensor approaches have both been undertaken (O'Callaghan and Cunningham 2005; Schuck, 

Me?jean et al. 2005) but only on pilot plant. Density of milk concentrate is normally 

monitored at the end of the evaporator and used to determine the total solid content of the 

milk concentrate. It has been reported by several sources that a correlation between density 

and viscosity of milk concentrate exits, however without details.  

This paper intends to describe an experimental set up that is capable of finding such a 

correlation. The performance of the experimental rig was evaluated and preliminary results 

are also presented in this paper.   

2. Experimental method 

The setup of the experiment and the experimental method of testing for the viscosity-

density correlation are described in this section. 

 

2.1. Rig description  

The basic experimental rig setup (Figure 1, (De Souza 2008)) consists of two tanks, 

henceforth referred to as the jacketed tank and the hot water tank, respectively. The 

jacketed tank is fitted with an external jacket in which hot water is re-circulated.  The 

jacketed tank also contains the milk concentrate in an inner tank. The hot water tank is a 

temperature controlled heat source, providing heated water which is circulated through the 

jacket of jacketed tank. 

A Hydro-motion vibrational viscometer (XL/7) is inserted into the jacketed tank.  This allows 

the viscosity of the milk concentrate to be measured at this point. Afterwards, the milk 

concentrate from the jacketed tank is passed though a Micromotion coriolis meter (DL65) 
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allowing the density and flow rate of the system to be measured. The milk concentrate is 

then returned to the jacketed tank.   

In order to control the milk concentrate temperature, a control valve is fitted on the water 

line from the hot water tank to the jacketed tank. The temperature of the jacketed tank is 

controlled by a control valve which adjusts the amount of heated water allowed to enter the 

jacket of the jacketed tank. Inside the hot water tank, a 3kW heating element is fitted along 

with a PID temperature controller and temperature sensor to regulate the water 

temperature. 

Temperature is monitored at several places in the rig, including the hot water inlet to the 

Jacketed tank, the Jacketed tank hot water outlet, inside Hot water tank, at the 

Micromotion coriolis meter and inside the Jacketed tank. Other variables such as flow and 

density are monitored at the Micromotion coriolis meter within the jacketed tank.  

 

2.2. Operating Procedure 

The heating element is turned on to heat the water to a desired temperature. A controller is 

fitted to the heating element which cuts power to the element when the water reaches the 

desired temperature. For a typical run, the controller is set to cut out at 80 °C to maintain 

heated water to the rig. 

Whole milk powder was used to prepare samples of milk concentrate with total solid 

contents of 35%, 40% and 45%. Once prepared, the sample is poured into the hot water 

jacketed tank for viscosity testing  and recirculation.  Once the jacketed tank is loaded, the 

pump was switched on to start to re-circulate of milk concentrate within the milk loop; the 

pump from hot water loop is also started to heat up the sample to the desired temperature. 

From offline experimental results to minimise protein denaturation and structure change, 

the operating temperature for pilot plant is limited to 70°C. Structure change was observed 

above 80°C and it has been reported in literature that excessive whey denaturisation could 

not be avoided if it is operating above approximately 71°C (O'Sullivan 1971).  

Measurements were made during both heating and cooling of the concentrate to 

investigate whether the thermal history is an important factor in viscosity measurement.  

Data was collected during heating and cooling in the following temperature runs: 40 °C, 50 

°C, 60°C and 70 °C. Other than at the maximum temperature of 70 °C, results were all 
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collected twice. These two sets of results were then compared to check for consistency of 

viscosity measurements. 

At the end of the experimental run, hot water is used to clean the rig by re-circulating at 

70°C for 10 minutes. This is followed by a Clean In Place (CIP) procedure where caustic and 

acid clearing was performed. 

 

3. Results 

 
3.1. Temperature sensitivity 

Error! Reference source not found.Figure 1 presents the viscosity for both the heating and 

cooling cycles for whole milk concentrates of 35%,40% and 45% TS contents. The viscosity 

value was taken to be the average viscosity reading over a steady state of period of 10 

minutes. Fluids were tested for both heating and cooling cycles to see if the fluid was still 

the same.  

The results in Figure 2 show that there is a strong downward trend, in which the viscosity of 

the fluid decreases as the temperature increases. The milk concentrate behaviour appears 

to observe the same trend when heating and cooling. This suggests that the milk 

concentrate is thermally stable over the experimental range.   

 

3.2. Viscosity density relationship 

The viscosity–density curves and correlations between 40°C to 70°C are presented in Figure 

3 and Table 1, in which we can see that there is a clear upward trend as expected.  

 

4. Discussion 

The method presented in this paper offers a potential way of formulating a viscosity-density 

correlation. The fluid appears to be thermally stable within the experimental conditions. 

There appears to be no difference in viscosity after the fluid is heated and cooled down. 

Viscosity and density correlations were able to be identified, an increase-increase 

relationship was found at all temperatures tested. This relationship is in agreement with 

expectation and literature. However, the slopes of the correlations are very shallow (0.0041-

0.0090 g.cm-3/cP) and there is some scatter in the data (R2 is 0.77-0.93).  This indicates that 
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further study is needed, either with respect to improving these correlations or researching 

direct on-line viscosity measurement.   

The method presented in this paper offers a potential way of testing for viscosity-density 

correlation which is useful for the formulation of a process model for advanced process 

control. In this experiment, reconstituted milk was used instead of fresh milk concentrate. 

This is expected to have an influence on the viscosity value of the milk concentrate, as the 

milk powder is exposed to high temperature at the spray drying chamber and this can cause 

protein denaturisation and hence viscosity change.  

 

5. Conclusions and Future work 

 
The correlations developed by this method are empirical, and hence each different product 

specification (milk composition) needs to be tested if it is to be used for the model. It is 

expected that milk composition will affect the viscosity-density correlation. Further 

development is required in the search of density-viscosity correlation for milk. The approach 

presented above offers a way of identifying this correlation in steady state. However, for 

process control purposes, a dynamic correlation must be identified. This implies that the 

density and temperature needs to be changed and the response of viscosity needs to be 

observed.  

Currently the sample used is reconstituted milk. It is expected that there is a difference in 

viscosity of milk concentrate between fresh milk concentrate and reconstituted milk 

concentrate. As this correlation is purely empirical correlation and highly possible site 

dependant. It is important perform the experiment with the feed from the particular plant.  

In conclusion, this paper presents a proposed method for formulating a viscosity-density 

relation via an empirical approach. This correlation is potentially useful for the development 

of predictive control for milk concentrate when formulated, but requires further study and 

also testing on a specific site. 
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Figure A3 - 1Schematic of the jacketed tank and hot water tank 

 

 
Figure A3 - 2 - Viscosity versus Temperature for Skim Milk Concentrate for Heating/Cooling cycles, (A) At 

35% TS, (B) At 40% TS, and (C) At TS 45% TS 
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Table A3 - 1 - Density-viscosity correlation for whole milk between 35% to 45% total solids, where y= density 

(gcm-3) and x= viscosity (cP) 
 

Temperature 

(°C) 
Correlation R2 

40 y = 0.0041x + 1.0437 0.77 

50 y = 0.0067x + 1.0324 0.93 

60 y = 0.0064x + 1.0362 0.81 

70 y = 0.0090x + 1.0259 0.87 
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Figure A3 - 3 - Viscosity-Density correlation for whole and skim milk over temperatures of 40 °C to 70°C: (A) 

At 40 °C, (B) At 50°C, (C) At 60 °C, and (D) At 70°C 
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APPENDIX 4 – Design details, instruments and equipment 
specifications for the experimental rig. 
 
 

Table A4 - 1 - Variables and Equipment specifications calculated using VMG simulation for flow rate of 
0.55m3/h 

Pump 1 - Milk Concentrate - Sample 
Preparation Tank to Measurement tank     
Description, Unit Value Pipe 1 
Calculating Net positive head required   DP=density*g*Dh 
Measurement tank height + Cradle, m 0.4 996.25 
mounting height of measurement tank,m 1.1 9.81 
Net positive head (P1) required,m 1.5 12.41194791 
      
Calculating Net positive head available     
Sample Preparation tank height, m 0.6   
mounting height of preparation tank (mountate) 
,m 0.7   
Pump head, m 1.5   
Net positive head available,m 2.8   
Pump nominal flow rate, m3/h 0.55   
Pump nominal flow rate, gal/min 2.4   
      
Net positive suction head,m 1.3   
      
Flow rate distribution for Hardy Cross DP=density*g*Dh   
water density,g/cm3 996.25   
Allowable Pressure Drop,Pa 12411.94791   
Allowable Pressure Drop,psi 1.8   
Allowable Pressure Drop,Kpa 12.4   
Valve 1 Sizing 1.8   

 
 
 

Table A4 - 2 - Valve 3 sizing for Simulation of flow rate of 0.55m3/h 
water density,g/cm3 996.25 

Allowable Pressure Drop,Kpa 
                 
51.59  

Allowable Pressure Drop,Pa 
          
51,589.53  

Allowable Pressure Drop,psi 7 
Flow rate, m3/h 0.55 
Flow rate, gal/min 2 
Valve 3 Sizing 0.9 
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Table A4 - 3 - Valve 2 Sizing for simulated flow of 0.55m3/h 
Pump 2 - Water - From Hot Water Tank to 
Jacket of the Measurement Tank   
Description, Unit Value 
Calculating Net positive head required   
Measurement tank height + Cradle, m 0.4 
mounting height of measurement tank,m 1.1 
Net positive head  (P2) required,m 1.5 
    
Calculating Net positive head available   
Water tank height, m 0.5 
mounting height of preparation tank (mountate) 
,m 1.07 
Pump head, m 1.5 
Net positive head available,m 3.0 
Pump nominal flow rate, m3/h 0.55 
Pump nominal flow rate, gal/min 2.4 
    
Net positive suction head,m 1.5 
    
Flow rate distribution for Hardy Cross DP=density*g*Dh 
water density,g/cm3 996.25 
Allowable Pressure Drop,Pa 14953.0 
Allowable Pressure Drop,psi 2.2 
Allowable Pressure Drop,Kpa 15.0 
Valve 2 Sizing 1.6 
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Figure A4 - 1 - Summary of Specified Data on VMG 
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Table A4 - 4 – Instrument list specifying items shown on Figure 4-3 

 Tag Description Connection 
Size Manufacturer Model

I-01 Viscometer 2"tri clamp Hydromotion XL7-100
I-02 Density Meter 1" Micro Motion DL-65

I-03 Pressure 
Transmitter

3/4" Sanitary Tri-
Clover Seal Micro Motion Rsemount 

3051

I-04 Transmistter 3/4" Sanitary Tri-
Clover Seal Micro Motion 3700

I-05 CoreProcessor 3/4" Sanitary Tri-
Clover Seal Micro Motion 700C

I-06 Flow Controll
Signal from 

Process to Delta 
V

Emerson Process available but 
not in use

I-07 Temperature 
Controll

Signal from 
Process to Delta 

V
Emerson Process available but 

not in use

I-08 Level Controll
Signal from 

Process to Delta 
V

Emerson Process

I-09 Measurement 
Tank Level Meter

I-10
Measurement 
Tank Temp 

Sensor
K

I-11 Hot Utility Tank 
Temp Sensor K

I-13 Viscometer 3" to 2" Hygienic 
Tri Clamp Emerson Process Solartron 

7827

Instrument List

 
 

Table A4 - 5 – Valve list specifying items shown on Figure 4-3

Name Description Line Size Valve Class Manufacturer Model
Control Valve 1 Control Valve 1 Control Control Fisher SS-201
Control Valve 2 Control Valve 2 Control Control Fisher SS-201
Control Valve 3 Control Valve 3 Control Control Fisher SS-201

Gate Valve On/Off 3/4" Open/Close

Valve List

 

 
Table A4 - 6 – External controller specifying items shown in Figure 4-3 

External Controllers 
Tag Description Service Manufacturer Model 
I-26 Control Relay UoA CST Crydom MCPC2425D 
I-27 Control Relay UoA CST Crydom MCPC2425D 
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Table A4 - 7 – Equipment list specifying items shown in Figure 4-3 

Name Description Manufacturer Material Model

Giant Pump #1 Circulation Pump Giant Plastic 2-MD-HC

Giant Pump #2 Circulation Pump Giant Plastic 2-MD-HC

Hot Water Hot Utility - Stainless 
Steel

Taylor 
Made

Jacketed Tank Water Jacketed 
Tank Stainless Design Stainless 

Steel
Taylor 
Made

Sample Tank Sample Tank - Stainless 
Steel

Taylor 
Made

Equipment List

 

 

Table A4 - 8 – Pipeline list specifying items shown in Figure 4-3 

Label Description Line Size Schedule Design Pressure Design Temperature Quantity
P-01 Milk Conc. 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-02 Milk Conc. 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-03 Hot Water 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-04 Hot Water 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-05 Hot Water 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-06 Hot Water 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-07 Milk Conc. 2" 5 up to 50 bar 25 to 90 degC 1
P-08 Milk Conc. 2" 5 up to 50 bar 25 to 90 degC 1
P-09 Milk Conc. 3/4" 5 up to 50 bar 25 to 90 degC 1
P-10 Milk Conc. 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-11 Milk Conc. 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-12 Milk Conc. 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-13 Milk Conc. 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-21 Milk Conc. 3/4'' 5 up to 50 bar 25 to 90 degC 1
P-22 Milk Conc. 3/4'' 5 up to 50 bar 25 to 90 degC 1

Pipeline List
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APPENDIX 5 - Evaluation, Analysis and Comparison between 
Viscometers and Rheometers commercially available and 
considered for the project. 
 
 
 

Table A5 - 1 - Comparison between Viscometer and Rheometer 
  Viscometer Rheometer 

Measurements 
Principles Spindle movements 

oscillatory and step changes in 
stress and strain 

Obs about 
Measurments 

principles   

determine viscoelastic 
properties - providing info 

about the structural properties 
of the sample as well as flow 

properties 
Bearing Mechanical low friction air 

Obs about Bearing 

limits speed and torque 
capability - difficults the low 

viscosity measurements 

enables measur. of low 
viscosity samples and solids. 
Also, performs a complete 

range of rheological testes as 
creep, stress relaxation ad 

multiwave  oscillation 
Measurements 

Geometries x   

Obs abou Measur. 
Geometries 

enable to conver a broader 
viscosity ranges 

wider dynamic range for 
control and measurements 

parameter 

Share rate x 

Works across a very wide 
range of shear rates 

(simulation of real processes) 

Obs about shear 
rate x 

high speed control allows to 
work in a very high shear rate 

process 
Yield stress x x 

Normal forne x x 
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Table A5 - 2 - Commercial products considered for the project 
 

Product Manufacturer Principle articles 
available 

On 
line 

Off 
line 

Issue Further 
Principles 

Sample 
Numbers 

Sample 
Charact 

Therm 
bath 

Auto toll 
recog 

online 
pricing 

Automatic Sampling 
viscometer AVS pro SCHOTT capillary yes x   

Newtonian 
Fluid only 

optical and TC 
sensing systems 8 none 2   

not 
applicable 

Automatic Sampling 
viscometer Herzog HERZOG ? yes x       8   yes   not 

applicable 

Capillary Viscometer SCHOTT capillary yes   x 
Newtonian 
Fluid only simple 1 none none 

not 
applicable   

Capillary Viscometer RHEOTEC capillary yes x     

pressure 
decrease over 
the measured 

capillary 

1 dairy 
included none yes   

Falling Ball Viscometer KITTIWAKE Falling Ball yes x         oil     not 
applicable 

Falling Ball Viscometer RHEOTEC Falling Ball yes     Newtonian 
Fluid only 

measured 
principle by 
Hoeppler 

1 
light 

transmiss
ives 

none not 
applicable 

  

DV-I Prime Viscometer BROOKEFIELD ? Rotational yes   x     1   1 yes   

Laboratory 
Viscometer 

SOFRASER Vibration     x     1 none none not 
applicable 

  

Stabinder 
Viscosimeter 

ANTON PAAR new patente no           oil     not 
applicable 

Laboratory 
Viscometer HIDROMOTION ? Rotational yes x x     1 none none yes yes 

Laboratory 
Viscometer LAUDA capillary yes   x   light sensors 1 none none   yes 

Open Tank Viscometer NORCROSS 
Piston time of 

fall     x     1   none 
not 

applicable   

ReolabQC ANTON PAAR Rotational yes   x     1 none 1 yes yes 

VISCO88 MALVERN capillary yes   x     1 none none 
not 

applicable yes 

Gemini ATA SCIENTIFIC Rotational yes   x           yes yes 

RH2000 Capillary 
rheometer ATA SCIENTIFIC capillary yes   x           ? yes 
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Table A5 - 3 - Price, Specification, features, Accuracy, Ranges and repeatability comparison of Rheometers and Viscometer considered for the project (pages 200-205) 
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APPENDIX 6 – Rheometer Experimental Forms 
 
Tables A6 – 1 to 6 are examples of the table containing check list items to be evaluated during the rheological evaluation. 
 
 

Table A6 - 1 - Rheometer Experimental Form 1 of 2 – Test day 03/12 
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Table A6 - 2 - Rheometer Experimental Form 2 of 2 – Test day 03/12 
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Table A6 - 3 - Rheometer Experimental Form 1 of 2 – Test day 04/12 
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Table A6 - 4 - Rheometer Experimental Form 2 of 2 – Test day 04/12 
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Table A6 - 5 - Rheometer Experimental Form 1of 2 – Test day 08/12 
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Table A6 - 6 - Rheometer Experimental Form 2 of 2 – Test day 08/12 
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APPENDIX 7 – Experimental Sampling Forms 
 
Tables A7 1 to 7 are example of the form filled during sampling. 
 

Table A7 - 1- Sampling Form 1of 1- Test Day – 03/12/2009 

Milk Materials Viscosity  

TE RAPA Date: 03/12/2009 
Rheometer: TA-Instrument / Hydromotion in 

the rig 

TEST DESCRIPTION: Whole Milk - Evap 4 - Dryer 4 - AWS Test 

Dryer: 4 Model: ARG2 / XL7 - 100 

Ambient Temperature: 18.2 and 20.9 oC Geometry: Paste Cell + Cylinder / vibrational 

Product: Whole Milk 

For the concentrates Sampling 1 Sampling 2 Sampling 3 

Evaporator no.       
D4 Evap 4 + Standardised 

Milk 
D4 Evap 4 

Evaporator run time (h)       mixed 7.22/20 hours 

Evap. Preheat  (DSI) ToC/second       x 
 

Time at the system (beginning) 09:34 x 13:13 

Time at the system (end) 09:38 x 13:17 
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Table A7 - 2 - Sampling form 2of 2 – Test Day 03/12/2009 
  Sampling 1 Sampling 2 Sampling 3 

Feed - fat 3.77 3.75 3.72 

-  protein 3.09 3.05 3.01 

- TS% 13.07 12.94 12.8 

- lactose 5.59 5.51 5.43 

Sample taken from Standardisation Mixing Sample 1 + 3 Evap 4 

Conc. Density (plant) x     

Conc. Density (meas.) first in the DL065       

Concentrate TS% (brix) x UoA: 30%   

Concentrate TS% (BRIX for Circulated conc) 
same viscosity at the beginning 

of the test 

same viscosity at the beginning 

of the test 
  

Concentrate Preheat ToC x x 91.6 

  Sampling 1 Sampling 2 Sampling 3 

Viscosity (cP) 
At the 

plant 

At APC 

before 

test 

At APC 

after test 

At the 

plant 

At APC 

before 

test 

At APC 

after test 

At the 

plant 

At APC 

before 

test 

At APC 

after test 

Viscolite, UC 2.6 2.8 1.2 - 1.5 x   3.4 - 3.7 25.2 
25.7 - 

26.3 

53.1 - 

53.8 

UL 2.7 2.8 1.2 - 1.5 x   3.2 - 3.6 23.6 - 25 
24.6 - 

25.2 
51 - 51.2 

@ ToC 13.4 14.2 41.6 x   35 43.4 42.2 36.7 

Measurements taken at 09:40 10:16 12:03 x   15:33 13:20 13:52 15:58 
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Table A7 - 3 - Sampling Form 1of 4- Test Day – 09/12/2009 
Milk Materials Viscosity  

TE RAPA Date: 09/12/2009 Rheometer: TA-Instrument / Hydromotion 

TEST DESCRIPTION: Skim Concentrate Milk - "Skim Milk" Sri Lanka high Heat Evap 3 to D1/2 in a AAWS Test day  

Dryer: 1/2 Model: ARG2 / XL7 - 100 

Ambient Temperature: 20.6 and 24.8oC Geometry: Paste Cell + Cylinder / vibrational 

Product: High heated milk for Sri Lanka 

For the concentrates Sampling 1 Sampling 2 Sampling 3 

Evaporator no.       Standardised milk + Evap 3 3 

Evaporator run time (h)       x 4 

Evap. Preheat  (DSI) ToC/second       x   

Time at the system (beggining) 9:18 18:09 16:20 

Time at the system (end) 9:20 x 16:30 
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Table A7 - 4 - Sampling Form 2of 4- Test Day – 09/12/2009 
Feed 

fat 0.07 0.07 0.07 

-  protein 3.23 3.23 3.23 

- TS% 9.46 9.46 9.46 

- lactose 5.52 5.52 5.52 

  

Sample taken from       

Conc. Density (plant) kg/m3 x x 1160.6 

Conc. Density (meas.) first in the DL065       

Concentrate TS% (brix) TO DO 41.8 (UoA) 51.6 (UoA) 

Concentrate TS% (APC control) x x   

Concentrate TS% (BRIX for Circulated conc) TO DO TO DO TO DO 

Concentrate Preheat ToC x x 94 

Concentrate Preheat Method  x x   

  Sampling 1 Sampling 2 Sampling 3 

Viscosity (cP) At the 
plant 

At APC 
before 

test 

At APC 
after test 

At the 
plant 

At APC 
before 

test 

At APC 
after test 

At the plant At APC 
before test 

At APC 
after test 

Viscolite, UC no shear 
thickening 
or thinning 

history 

3.9 no shear 
thickening 
or thinning 

history 

    8.3 11.7 12.3-12.6 17.5-18.5 

UL 3.9     8.1 10.8-11.5 12-12.4 17.5-18.5 

@ ToC 10     42 49 44.7 40.6 

Measurements taken at 9:59       16:35 17:00 18:06 

Average  3.9    8.2 11.33 12.33 18.00 
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Table A7 - 5 - Sampling Form 3 of 4- Test Day – 09/12/2009 
Milk Materials Viscosity 

TE RAPA Date: 09/12/2009 Rheometer: TA-Instrument / Hydromotion 

TEST DESCRIPTION: Skim Milk - Evap 3 - Dryer 5 - EMAWS Test 

Dryer: 5 Model: ARG2 / XL7 - 100 

Ambient Temperature: 27.1 oC Geometry: Paste Cell + Cylinder / vibrational 

Product: Skim milk 

Spec: 83 

Cypher:  

For the concentrates Sampling 1 Sampling 2 Sampling 3 

Evaporator no.    Standardised Milk + S3 3 

Evaporator run time (h)    x 11 

Evap. Preheat  (DSI) ToC/second    x  

Time at the system (beggining) 11:10 14:20 12:44 

Time at the system (end) 11:16 x 12:55 
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Table A7 - 6 -Sampling Form 4 of 4- Test Day – 09/12/2009 
Feed 

fat 0.1 0.1 0.1 

-  protein 3.25 3.25 3.25 
- TS% 9.76 9.76 9.76 

- lactose 5.82 5.82 5.82 
  

Sample taken from       

Conc. Density (plant)       

Conc. Density (meas.) first in the DL065       

Concentrate TS% (brix) TO DO 43.4 (UoA) TO DO 

Concentrate TS% (APC control) x x   

Concentrate TS% (BRIX for Circulated conc) TO DO TO DO TO DO 

Concentrate Preheat ToC       

Concentrate Preheat Method        

  Sampling 1 Sampling 2 Sampling 3 

Viscosity (cP) At the 
plant 

At APC 
before 

test 

At APC 
after test 

At the 
plant 

At APC 
before 

test 

At APC 
after 
test 

At the 
plant 

At APC 
before 

test 

At APC 
after 
test 

Viscolite, UC no shear 
thickening 

or 
thinning 
history 

2 no shear 
thickening 

or 
thinning 
history 

    7.4 38 - 40 44 -45.4 66 

UL 2     7.4 37 - 39 43.3 - 
44.5 

65 

@ ToC 13.9     D5? 43.6 46.6 42 

Measurements taken at 11:35     43 13:00 13:23 15:40 

average   2       7.4 38.5 44.3 65.5 
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APPENDIX 8 – Reconstituted Milk rheological evaluation 
 
The rheological behaviour of different  tested samples, will be evaluated according to 

definitions and models presents at Rao & Knovel (1999) and Valentas (1997). The data were 

obtained through “off-line” tests, which were carried out using the Rheometer available at 

the Chemical & Materials Department, manufactured by TA-Instruments – ARG2 

Samples were prepared using commercial milk powder available at the supermarkets. For 

composition analyses purposes, composition will be calculated using the information 

available on the products labels (Table A8 - 1). Contents from 9 to 50% of Total Solid (TS) will 

be used in this study. Also the temperature of the tests will vary from 40 to 90oC. Since, milk 

is an emulsion of oil in water with protein, the effect of the temperature is important. 

Denaturation of protein might occur depending on the test conditions, thus destructing the 

structures that are responsible for the characteristics of the milk. Moreover, the 

denaturation of the proteins may change the isoeletric point of the proteins which affects its 

solubility in the emulsion. Finally, gel can be formed (water trapped inside protein complex), 

affecting the viscosity to be measured. (Fennema et al., 2008). 

 

Table A8_ 1 -  Labels of milk powder and Whey Protein Concentrate (WPC) products used in this work. 

Products Available for Sampling 

 

LABEL 

WPC 
(%) 

 
Milk Powder 
size 100ml 

 
Instant (g) Skim (g) 

Protein 80 3.40 3.80 
Fat  3.40 0.10 

Carbohydrate (Sugars)  4.60 4.80 
Sodium  0.04 0.05 
Calcium  0.12 0.12 

 

1. Newtonian or Non-Newtonian Behaviour 

According to the authors mentioned above, Newtonian fluids are shearing independent. 

Thus, diagrams of viscosity in a range of different shear rates will be presented. The shear 

rate range was chosen in order to simulate the flow rate inside a real milk powder plant 

pipeline. According to personal communication (Frank Lin, Fonterra Group) the shear rate in 



  

the pipeline between the evaporator and the spray drier is around 250 to 300 s-1. For 

research and data gathering purposes the shear rate range used in this study is 0.1 to 1000 

s-1. Test details are described in Table A8 -2. 

 

Table A8_ 2 – Specification Test#1 
Test Specification 

Sample Skim Milk - 50g 

Extra Component added  

Fat Protein 

(WPC/WPI) 

Water 

0 0 50g 

Final Total Solid Content (%) 50 

Shear Rate (s-1) 0.1 to 1000 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 40 

 

 
Figure A8_ 1 - Viscosity Measurements for Skim Milk 50% total solids at 40oC with increasing shear rate 

 
Discussion: 

According to the diagram (Figure A8_1) the sample presents a Non-Newtonian behaviour at 

lower shear rate (below 200s-1), where the viscosity varies approximately 43% with the 

increasing shear rate. There is a variation of the viscosity over different shear rates, which 

could characterize the fluid as a Non-Newtonian fluid. However, this variation decreases 

with higher shear rates. After 200s-1 the variation on the viscosity is only 17% but still exist. 



  

 
Figure A8_ 2 - Shear stress measured in a skim milk sample in a increasing shear rate for skim milk sample 

50% TS at 40oC 

 
According to Valentas and Rao, the linear relationship of shear rate and shear stress is used 

to characterize Newtonian fluids, the same behaviour can be observed in the sample 

analysed (Figure A8_2 and A8_3). 

 

 
Figure A8_ 3 - Evaluation of the linear relationship of the shear stress over the shear rate for 50% skim milk 

concentrate at 40oC 

 
In order to evaluate the effect of temperature in this behaviour, we present next the test#2. 
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Table A8_ 3 - Specification Test #2 
Test Specification 

Sample Skim Milk - 50g 

Extra Component added  

Fat Protein 

(WPC/WPI) 

Water 

0 0 50g 

Final Total Solid Content (%) 50 

Shear Rate (s-1) 0.1 to 1000 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 60 

 

 
 

Figure A8_ 4 - Viscosity Measurements for Skim Milk 50% total solids at 60oC with increasing shear rate 

 
In this test (Figure A8_4), viscosity measurements were taken at higher temperature, the 

variation of the viscosity over the increased shear rate was smaller when compared with the 

results at 40oC. 

At 60oC the variation of the viscosity over the shear rate range (0.1 to 1000s-1) was 24% 

(Figures A8_4 and 5) while for the sample at 40oC was 43%. In higher ranges of shear rate, 

over 200s-1, the variation on the viscosity range was even smaller, almost 12%.As expected 

the viscosity range for the sample submitted at higher temperatures presented lower values 

for viscosity (48% lower than the value at 40oC). 
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Figure A8_ 5 - Shear stress measured in a skim milk sample in a increasing shear rate for skim milk sample 

50% TS at 60oC 
 
 

 
Figure A8_ 6 - Evaluation of the linear relationship of the shear stress over the shear rate for 50% skim milk 

concentrate at 60oC 
 

Typical Newtonian foods present low molecular weight and do not contain large 

concentrations of either polymers or insoluble solids, which does not characterize our 

sample, concentrate milk, which is oil in water emulsion with proteins. Non-Newtonian 

behaviour has been presented as the rheological behaviour for milk concentrate by many 

authors, O’Callaghan (2005), Bylund et al (1995) among others. 

Another alternative to evaluate the rheological behaviour of the sample is to determine the 

flow behaviour index, through the power law model: 
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  =   ̇      (16) 

 

Where    s the shear stress (Pa)  ̇is the shear rate (s  ) 

K is the Consistency index (Pa.sn) and  

n is the flow behaviour index (adimensional) 

If n=0 the fluid presents a Newtonian Behaviour. 

 

 
Figure A8_ 7 - log   over log  ̇ at 60oC 

 
 According to the modified Power Law model,   

     =      ̇ +      (17) 

 
The flow behaviour index for the sample (50% Total solid content at 60oC) is 0.572 (Figure 

A8-7), which characterize Non-Newtonian Fluid (n<1). Furthermore, this is also a flow 

behaviour index that characterizes the sample with a shear-thinning behaviour. 
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2. Shear Thinning or Thickening Behaviour 

Fluids that present these behaviours are Non-Newtonian fluids. These behaviours are 

characterized by a linear relationship of the shear stress with increasing shear rate. Both 

curves begin at the origin, concave upward for shear thinning behaviour and concave 

downwards for shear-thickening behaviour.(Valentas et al., 1997) 

This behaviour is resultant of structural changes such as denaturation of proteins, air 

incorporation (foam formation), when structures are broken due to agitation or 

gelatinization. Those structural changes are more related with time rather than temperature 

effect on the sample.(Rao and Knovel (Firm), 1999) 

The diagram for tests #1 (Figure A8-2) and test 2 (Figure A8-5) state the shear-thinning 

behaviour for concentrate skim milk. 

According to the subtle but existent variation of viscosity over shear rate for both 

experiments (test #1 – at least 17% and for test #2, 12% variation of the viscosity over shear 

rate) we can consider a Non-Newtonian behaviour for the test samples. However a 

simplification to Newtonian can  be accepted. 

3. Time-Dependent or Independent Behaviour 

Heterogeneous systems containing a disperse phase, present the particles or molecules 

linked together by weak forces, which are broken when the hydrodynamic forces during 

shear are sufficiently high.(Rao and Knovel (Firm), 1999) 

To evaluate the effect of shear rate on the sample the Test #3 was proposed. 

 

Table A8_ 4  - Specification Test #3 

Test Specification 

Sample Skim Milk - 50g 

Extra Component added  

Fat Protein 

(WPC/WPI) 

Water 

0 0 50g 

Final Total Solid Content (%) 50 

Shear Rate (s-1) 0.1 OR 1000 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 60 

Duration of the Experiment (Min) 57  

 



  

 
Figure A8_ 8 - Viscosity measured at shear rate 1 s-1 at 60oC 

 

 
Figure A8_ 9 - Viscosity measured at shear rate 1000 s-1 at 60oC 

 
Evidently there is an effect of time on the viscosity of the sample. The experiment at lower 

shear rate (Figure A8-8) presented an increase of the viscosity with time, which was not 

expected, once our sample has a shear-thinning behaviour, that can be observed on the last 

experiment (Figure A8-2 and Figure A8-5). However, this can be explained by the 

evaporation of water occurred during the experiment, resulting in higher viscosity values.  

The same behaviour was observed at shear rate 1000s-1 (Figure A8-9). To eliminate this 

effect over the sample, the evaluations over lower temperatures are proposed for next 

tests. Moreover, the duration of the test will be fixed in 20 minutes. 
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4. Effect of Temperature on Apparent Viscosity 

 
Effect of temperature on either apparent viscosity (   ), viscosity at a specific shear rate or 

the consistency index (K) of a fluid can be described by the Arrhenius relationships:   =       (    )  (18) 

Where   is a frequency factor 

Eais the energy barrier that must be overcome before the elementary flow process can 

occur (activation energy for viscous flow)       is the Boltzman factor: fraction of molecules having the requisite energy to surmount the barrier 

Test # 4 (Table A8-5) was proposed to understand the effect of temperature on the 

apparent viscosity. 

 

Table A8_ 5 - Specification test #4 
Test Specification 

Sample Skim Milk - 50g 

Extra Component added  

Fat Protein 

(WPC/WPI) 

Water 

0 0 50g 

Final Total Solid Content (%) 50 

Shear Rate (s-1) 310.04 and 207 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 60 

Duration of the Experiment (Min) 57  

 



  

 
Figure A8_ 10 - Effect of temperature on viscosity according to Arrhenius model 

 
 
 

 
Figure A8_ 11 - Effect of temperature on viscosity according to Arrhenius model 

 
Fouling starts to occur in a sample submitted to temperatures above 65oC. This may explain 

why the viscosity of the sample increased even in higher temperatures. Another factor, 

mentioned before is the evaporation of the water in the sample that may also affect the 

viscosity measurement. Thus, for the application of the Arrhenius model (Figures A8-10 and 

11) only the 3 first points will be considered.Resulting in the following diagrams: 

 



  

 
Figure A8_ 12 - Effect of temperature on viscosity according to Arrhenius model (#1) considering T<70oC 

 

 
Figure A8_ 13 - Effect of temperature on viscosity according to Arrhenius model (#2) considering T<70oC 

 
Using the models developed above, the prediction for the apparent viscosity at the same 

shear rate within the temperature range of the model will be:     =     +              (19) 

 lnη = 3696. 1T− 13.89 

at specific shear rate (310.04 s-1) and for a sample with 50% total solid content. 
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5. Effect of soluble (and insoluble) solids concentrations on the consistency 

index 

In most foods is often possible to identify the components, called key components that play 

an important role in the rheological properties. At this stage of this work, let’s consider the 

group of solids contained in the sample, we are going to evaluate the effect of the total solid 

content on the consistency index of the power law model. Rao et al (1999) presented a 

model to evaluate the effect of insoluble solids on the consistency index of the power law 

model (K) of juices. The concentration of the insoluble solids is expressed by % pulp. 

  =       (         %) (20) 

 

KP and BP
K are constants obtained through experimental data. 

In this present work, we will use the total solid content in the Whole Milk as the 

concentration to be evaluated. 

On five different total solid contents samples (40, 45, 50, 55 and 60%), shear stress (Pa.s) 

was measured over a shear rate range of 1 to 1000 s-1 (Tables A8-6 to A8-15) Equation 5 will 

be used in order to calculate the consistency index (K) for each one of the different total 

solid content samples. 

 
Table A8_ 6 - Specification test# 5 – sample 40% Total Solids 

Test Specification – Sample 40% 

Sample Whole Milk – 40g 

Extra Component added  

Fat Protein 

(WPC/WPI) 

Water 

0 0 60g 

Final Total Solid Content (%) 40 

Shear Rate (s-1) 0.1 to 1000 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 70 
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Table A8_ 7 - Composition for sample 40% Total Solids on Test #5 

Sample Concentration - 100g Basis Product tested: Whole Content in the Sample 

Product Test (g)  Protein 11.76 

40.00 Fat 11.76 

Water (g) Carbohydrate (Sugars) 15.91 

60.00 Sodium 0.15 

Cream added (g) Calcium 0.42 

0.00 Total Solids 40.00 

Final Total Solids Total 100.00 

40% Water content (g) 60.00 

 
 

Table A8_ 8 - Specification Test#5 – Sample 45% Total Solids 
Test Specification – Sample 45% 

Sample Whole Milk – 45g 

Extra Component added 

Fat Protein 

(WPC/WPI) 

Water 

0 0 55g 

Final Total Solid Content (%) 45 

Shear Rate (s-1) 0.1to 1000 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 70 

 
 
 

Table A8_ 9 - Composition for sample 45% Total Solids on Test #5 
Sample Concentration - 100g Basis Product tested: Whole Content in the Sample 

Product Test (g) Protein 13.23 

45.00 Fat 13.23 

Water (g) Carbohydrate (Sugars) 17.90 

55.00 Sodium 0.16 

Cream added (g) Calcium 0.47 

0.00 Total Solids 45.00 

Final Total Solids Total 100.00 

45% Water content (g) 55.00 
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Table A8_ 10 - Specification test#6 – sample 50% Total Solids 
Test Specification – Sample 50% 

Sample Whole Milk – 50g 

Extra Component added 

Fat Protein 

(WPC/WPI) 

Water 

0 0 50g 

Final Total Solid Content (%) 50 

Shear Rate (s-1) 0.1to 1000 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 70 

 
 

Table A8_ 11 - Composition for sample 50% Total Solids on Test #5 
Sample Concentration - 100g Basis Product tested: Whole Content in the Sample 

Product Test (g) Protein 14.70 

50.00 Fat 14.70 

Water (g) Carbohydrate (Sugars) 19.89 

50.00 Sodium 0.18 

Cream added (g) Calcium 0.52 

0.00 Total Solids 50.00 

Final Total Solids Total 100.00 

50% Water content (g) 50.00 

 
 

Table A8_ 12 - Specification test#5 – sample 55% Total Solids 
Test Specification – Sample 55% 

Sample Whole Milk – 55g 

Extra Component added 

Fat Protein 

(WPC/WPI) 

Water 

0 0 45g 

Final Total Solid Content (%) 55 

Shear Rate (s-1) 0.1to 1000 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 70 
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Table A8_ 13 - Composition for sample 55% Total Solids on Test #5 
Sample Concentration - 100g Basis Product tested: Whole Content in the Sample 

Product Test (g) Protein 16.17 

55.00 Fat 16.17 

Water (g) Carbohydrate (Sugars) 21.88 

45.00 Sodium 0.20 

Cream added (g) Calcium 0.57 

0.00 Total Solids 55.00 

Final Total Solids Total 100.00 

55% Water content (g) 45.00 

 
 
 

Table A8_ 14 - Specification test#5 – sample 60% Total Solids 
Test Specification – Sample 60% 

Sample Whole Milk – 60g 

Extra Component added 

Fat Protein 

(WPC/WPI) 

Water 

0 0 40g 

Final Total Solid Content (%) 60 

Shear Rate (s-1) 0.1to 1000 

Shear Stress (Pa) Measured by Rheometer 

Temperature (oC) 70 

 
 
 

Table A8_ 15 - Composition for sample 60% Total Solids on Test #5 
Sample Concentration - 100g Basis Product tested: Whole Content in the Sample 

Product Test (g) Protein 17.64 

60.00 Fat 17.64 

Water (g) Carbohydrate (Sugars) 23.87 

40.00 Sodium 0.22 

Cream added (g) Calcium 0.62 

0.00 Total Solids 60.00 

Final Total Solids Total 100.00 

60% Water content (g) 40.00 
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Table A8_ 16 - Flow behaviour index (n) and consistency index (K) for samples with different total solids 
content, obtained through power law model presented in Equation 2. 

Total Solids 40% 45% 50% 55% 60% 

K 0.296 0.190 0.794 1.711 141492.218 

n 0.011 0.016 0.025 0.036 0.091 

 
 
As expected, the consistency index is higher for higher total solid content (Table A8-16). 

Using the consistency index presented above and Equation 5, we present the model for the 

consistency index according to total solid content at 70oC. 

     = −  .  +  .       %  (21) 

 

6. Combined Effect of Concentration and Temperature on the Consistency 

Index 

According to Rao (1999) the combined effect of temperature and concentration can be 

described by  =  ′    (    +   )    (22) 

 

Boltzman factor is unknown, to determine it, for the purposes of this report, the model 

presented by O’Donnell & Butler (1999), will be applied and is presented in Equation 8. 

Moreover, the relationship of the consistency index with the concentration (Equations 9 and 

10) presented by the same authors, will also be evaluated.                                                                                                                                =            (23) 

 

  (24) 

 (25) 

where: 

K1, K2, b and a are constants to be determined, while C is the concentration being evaluated. 

Consistency index (K;Pa.s) is obtained through the Ostwald Power Law Model (Equation 11), 

which is commonly used to describe the effect of shear rate on final viscosity of Non-

Newtonian time-independent fluids.  



  

It was presented in this report that concentrate milk is a time-dependent fluid, a shear 

thinning behaviour; however, this consistency index will be obtained in a shear rate range, 

in which the time does affect considerably the sample to be evaluated (0.1 to 300s-1). The 

same premise was adopted by the work used as a reference for the evaluation of the 

combined effect of concentration and temperature on viscosity.(O'Donnell and Butler, 

1999). Moreover, in sections 1 to 5, milk concentrate rheological data were treated using 

models valid for Newtonian fluids such as the Power law model presented by equation 1. 

Those results will be compared in the final section of this report. 

  =   ̇      (26) 
 

 
Figure A8_ 14 - Combined effect of Temperature and Concentration on Vicosity 

 
As expected the sample with higher concentration (55%) and lower temperature (40oC) 

presented the higher viscosity (Figure A8-14). On the other extremity of the diagram the 

sample with lower concentration (44%) and higher temperature (80oC) shows the lower 

viscosity. 

In the middle of the plot, we can observe that when considering the combined effect of 

concentration and temperature, the concentration plays a more important role in the 
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viscosity, since the sample with 55% and 50% Total solids at 80oC presented higher viscosity 

when compared with the sample with 45% of total solids and lower temperature. 

The lower viscosities values were measured for the samples with lower concentration.  

We will further investigate if the %TS is more relevant to increase viscosity when compared 

to the decrease of the temperature. 

Moreover, besides the empirical evaluations, the model that combines both effects on the 

sample used in this work was developed. 

In order to determine the constants of the model as well as the Boltzmann constant, for 

each one of the concentration, a series of analysis were carried out. 

1. logarithmic plot of the effect of shear on final viscosity at different temperatures:  

40oC to 80oC  (Ostwald Power Law Model) to determine K for each one of the 

concentrations 

2. Using K and T determine Ea/R and K0 for the sample considered  

3. Using the K0 obtained in the first step, Determine K1 and K2 , which gives the 

correlation between K0 and Concentration of the sample 

 

After that the following model was developed:   =  .  .   .     (27) 

   =  .  .   .   .    (28) 

 


