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ABSTRACT 

 

In order to achieve an acceptable final product quality in the dairy industry, there are strict 

regulations on monitoring and control of various aspects of milk such as temperature, 

pressure, flow, concentration, composition, hygiene, taste and smell. The target of this 

technology is the production of products which fulfil all qualitative requirements, together 

with decreased energy consumption, reduced waste and minimized costs, which can be 

achieved through automatic process control.  

 

Traditional process control typically uses invasive sensing techniques and is largely limited to 

single point measurements.  However, when operating conditions change away from the 

initial norm, it is desirable to have a more distributed or multi-dimensional picture of the 

dynamic state of the process. Although instrumentation for single point measurement of 

physical and physical-chemical properties such as temperature, pressure, flow and levels in 

tanks are currently commercially available and applied in the industry, sensors to determine 

product concentration and composition are not yet fully developed and a need for multi-

dimensional monitoring of these parameters exists. 

 

Electrical Resistance Tomography (ERT), one of the most common modalities of process 

tomography, has become a promising technique in monitoring industrial systems due to its 

various advantages such as high speed, low cost, no radiation hazard, and non-intrusiveness. 

The application of ERT to the milk processing industry has not been investigated 

comprehensively before and it may have numerous potential beneficial applications in 

monitoring and control of the various stages of industrial milk processing. 

 

The goal of this work was set to develop the required methodologies for the application of 

ERT to the milk processing industry and extract valuable knowledge and information of the 

process state. In order to achieve the stated goal the challenge was to develop the application 

methodologies and to relate the ERT measurements to accurate and constructive knowledge 

of the process, which would provide multidimensional insight into the state of the process 

and could then be used in a control scheme. 
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As a result of the methodologies developed in this work, ERT has been made applicable to 

the milk processing industry for the first time. In this thesis it has been proven that this 

application can provide beneficial qualitative information such as detection of undesired 

situations such as inhomogeneity, adulteration, external object, cream separation, foaming 

and vortex formation, and also quantitative multidimensional measurements of concentration, 

composition, flow and velocity profile, which was impossible to attain previously. For 

various solutions in the milk concentration process, an average accuracy of over 96% was 

achieved in milk total solids and fat content measurement, using ERT conductivity 

measurements and temperature, and over 93% when powder composition was also 

considered. For flow measurement of these solutions, an accuracy of ~97.5% was achieved 

comparable to a common online flow meter.  
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CHAPTER 1 : INTRODUCTION 

 

1.1. Prologue 

 

In order to provide the reader with an overall and general view of this research, this chapter 

will focus on presenting a summary of the motivation and challenges of this research, the 

aims of the work, the methodologies applied and the contributions of this study towards 

knowledge of the topic. Finally, an outline of the following chapters will also be provided. By 

the end of this chapter the reader should have a general idea of the main concept behind the 

potential use of Electrical Resistance Tomography (ERT) in the milk powder processing 

industry and how the multidimensional information from the process provided by ERT 

measurements could benefit control of the process.  

 

 

1.2. Motivation & Challenges 

 

The hypothesis of this study was that applying tomographic imaging to the milk powder 

production process would potentially provide the user with the ability of noninvasive remote 

interior inspection, extracting useful information such as detection of undesired situations and 

multidimensional measurement of various crucial parameters of the milk concentration 

process. As such accurate and distributed information is a fundamental requirement of 

automatic process optimization and control. 

 

According to the detailed information on tomography imaging provided in the next chapter, 

ERT is one of the most common tomography imaging techniques compared to other 

successful sensor modalities, e.g. MRI and PET. The characteristics of ERT such as 

simplicity, low cost, safety and sensitivity, makes it very suitable for application to the milk 

powder production process among all other modalities. 

 

ERT may have potential applications in various stages of the milk powder production 

process, in detection of undersired situations and monitoring concentration profile, 

compositional profile and velocity/flow profile: 
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- On any of the several silo tanks and holding/mixing tanks in the various stages of the 

milk concentration process to ensure milk homogeneity, detect external objects and 

aeration, avoid cream separation and measure concentration during the holding 

period. 

- In the standardization process, providing an alternative to density and flow 

transmitters for fat content measurement. 

- In the homogenization process or homogenizing mixers assuring milk homogeneity. 

- On the feed pipe of the evaporators to monitor and control feed characteristics. 

- At any point in process piping to monitor concentration, flow and velocity profile and 

also detect any inhomogeneity or undesired situations in the pipeline. 

 

Therefore, the motivation of this work was to develop a methodology to use the advantages 

of ERT, in the dairy industry in general and in the milk powder production process (mixing 

and flow situations) specifically. This application is proposed in this research for the first 

time, in order to obtain complete knowledge of the process line as an image, which could 

then be used in a control scheme.   

 

Although the potential of tomographic imaging techniques for the aim of process control  

have been proposed in the process tomography literature, very few papers have been 

published on process control with tomography measurements. Those that have show 

significant promise but are limited strictly to simulation only studies or small applications.  

As it will be demonstrated in the literature review in the next chapter, the application of an 

ERT system in the dairy industry has also not been researched comprehensively before, yet it 

is extremely desirable and beneficial for process control requirements to be able to remotely 

inspect the internal volume of pipes and tanks in the milk processing industry without 

invading the fluid flow, which is the aim of this research. 

 

 

1.3. Project Aims 

 

The aim of this research was to develop and validate ERT for use in control and monitoring 

of a milk powder plant. The first part of the work targeted the development and validation of 

a methodology for applying ERT to monitoring milk. For this purpose ERT required to be 
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made capable of meeting the demands of a Non-Newtonian fluid such as evaporated milk 

(concentrate), which is the product to be considered as feed fluid to the spray dryer system. 

Next the study aimed to relate the image obtained from the ERT system to constructive 

knowledge of the system such as detection of various problematic situations in the milk 

powder processing and knowledge of important characteristics in the milk being processed 

such as multidimensional concentration, composition and flow/velocity profile. For this 

purpose and according to the proposed situations for the potential application of ERT, two 

situations commensurate to potential situations in a milk powder production plant were 

examined; a batch mixing/holding vessel and a continuous flow in a pipe system.  

 

 

1.4. Methodology 

 

Thus, according to the project aims, monitoring a mixing tank and also a pipeline of milk 

flow and extracting useful and accurate information from the images for process control 

purposes was investigated. 

 

In order to achieve the goals of this research the following activities were performed:  

 

i. Comprehensive Literature Review  

a. ERT fundamental operation knowledge and concepts  

b. ERT applications to miscible mixing  

c. ERT applications to flow monitoring  

 

ii. Validation of the ERT instrument for application to milk solutions 

a. Examining the application on saline solutions to understand the instrument 

techniques and principles  

b. Proposing a methodology for the application of the instrument to milk  

c. Running tests to validate the “new methodology”   

 

iii. Development of a methodology to extract concentration and composition 

information from ERT measurements 

a. Initial methodology development 
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b. Enhancement of the developed methodology 

 

iv. Application of ERT to detection of undesirable milk mixing tank situations 

 

v. Development of a methodology for ERT application to single phase flow  

and velocity profile measurements 

 

vi. Modifying the general methodology to suit the requirements of milk solutions and 

to provide accurate multidimensional flow and velocity profile measurement of 

various milk solutions 

 

vii. Development of a practical correlation between ERT measurements, milk 

temperature and composition with its concentration, with the aim of using ERT for 

milk concentration measurements 

 

 

1.5. Thesis Contributions 

 

 The main contributions of this work are the following achievements:  

 

i.  Development and validation of a methodology for the application of ERT to 

monitor milk processes for detection of undesirable situations, which is suitable for 

the dairy industry, bearing in mind all the demands of the food processing such as no 

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

destructive.  

 

ii. Development and validation of a methodology for using ERT as a remote multi-

dimensional concentration sensor extracting concentration information from ERT 

measurements. 

 

iii. Development and validation of a methodology to provide multi-dimensional milk 

composition information using ERT measurements. 
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iv. Development and validation of a methodology for using ERT as a remote multi-

dimensional flow and velocity profile sensor extracting quantitative flow information. 

 

 

1.6. Thesis Outline 

 

Following this introductory chapter which was aimed at providing general insight into the 

project motivation and challenges, aims, methodology and contributions, the following 

chapters will present more in depth information on this research. Chapter 2 will provide some 

background knowledge on the milk powder processing industry, process imaging in general 

and ERT specifically, and how the integration of these two topics could be beneficial. Then a 

detailed literature review of the appropriately related studies will also be provided in this 

chapter. Chapter 3 will present the initial development of the methodology for the application 

of ERT to milk solutions and extraction of concentration information. Chapter 4 will present 

the application of ERT to detection of various undesirable situations in the milk processing 

industry. Chapter 5 will discuss how the previously developed methodology was enhanced to 

provide accurate milk concentration and composition information from ERT measurements. 

Chapter 6 presents the methodology development for the application of ERT to single phase 

flow measurement and in chapter 7 the process of enhancing this methodology for accurate 

qualitative and quantitative analysis of various milk flows will be demonstrated. Finally 

chapter 8 develops a practical correlation between ERT measurements (with milk 

temperature) and its concentration taking into consideration the effect of milk composition. 
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     CHAPTER 2:  SUBJECT BACKGROUND 

 

2.1. Prologue 

 

In order to understand the main concepts behind the potential use of ERT for the milk powder 

processing industry and to explain how the multidimensional information from the process 

vessel provided by ERT measurements could benefit control of the process, the reader will be 

briefly taken through the fundamentals of the milk powder production process, the benefits of 

automatic process control, and the problem of lack of complete process knowledge for 

automatic process control. Next an overview of process imaging in general, including the 

various techniques and sensor modalities, and the concept of ERT specifically will be 

explained, as a solution to the stated problem. Finally, a detailed literature review of 

appropriately related ERT applications will be discussed.   

 

 

2.2. Milk Powder 

 

Milk and dairy products naturally contain many essential nutrients for normal growth and for 

maintenance of good health and provide a quick and easy way of providing these nutrients to 

the diet within relatively few calories. Fresh milk is a nutritious food, rich in proteins, 

minerals, fats, vitamins and enzymes. By removing the majority of the water, fluid milk is 

transformed into a shelf-stable dry powder. Milk powder is one of the various different milk 

products, which can be easily reconstituted and consumed as an economical source of dairy 

solids.  

 

Today milk powder has become an integral part of the food industry due to its various 

advantages compared to liquid milk. Milk powder is a common and convenient replacement 

for fresh milk. It is an easily reconstituted, inexpensive source of dairy solids, which is of 

particular interest due to importance of the dairy products market and its reduced transport 

and storage costs and extended shelf life.  

 

From the storage point of view, milk powder, due to its low moisture content and thus 

inhibited microbial growth, has a far more extended shelf life than liquid milk, retaining high 
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quality throughout its 12-18 month shelf life. Milk powder does not need refrigeration and 

has significantly reduced bulk volume and mass compared to liquid milk, which results in 

ease and economy in transportation. Milk powder could also be reconstituted and used when 

fresh milk supplies are low or not available e.g. wars, epidemics or earthquakes. It is also 

suitable in a wide variety of food and beverages as an ingredient ranging from infant 

formulas, baked goods and confections to salad dressings [1-4]. 

 

Therefore, due to the various benefits of milk powder compared to fresh milk, it is now a 

very big business in all parts of the world especially New Zealand which is the largest dairy 

exporter in the world right now and the ninth largest milk producer, averaging 2.2% of world 

milk production in 2010 [5]. New Zealand manufactures a wide range of spray dried milk 

powders (>100) to meet the diverse and special needs of customers and these powdered 

products have demonstrated a continuing increasing trend in their exports, especially whole 

milk powder, casein and ingredients. New Zealand produced and exported over 17.3 billion 

litres of milk containing 1.51 billion kilograms of milk solids in 2010/11 [6].  

 

 

2.2.1. The Milk Powder Production Process  

 

Milk powder manufacture is a multistage process which consists of gently removing the 

water from liquid milk under strict hygienic conditions so that the product acquires a solid 

form, reducing the water content from approximately 87-91% in liquid milk to 2.5-5% in 

milk powder. This process is done at the lowest possible cost while maintaining all the 

natural characteristics of milk including colour, flavour, solubility and nutritional value. 

 

Today, in modern plants, milk powder is produced at a large scale. Skim milk powder with a 

shelf life of about 3 years is the most common milk powder, compared to whole milk powder 

with a shelf life of 6 months. This is due to the oxidation of fat in the powder which causes 

gradual taste deterioration.  

 

There are two commercial methods for drying milk used in the dairy industry: roller drying 

and spray drying. In roller drying the milk is put in contact with rotating steam-heated drums, 

causing evaporation of water from the milk. In this method the protein is converted to a non-

soluble or hard form, which causes discoloration of the product. This form of intense heating 
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produces a powder with some extent of lactose caramellisation, which is useful in the 

chocolate industry. 

 

Spray dried milk powders are usually used to reconstitute liquid milk for consumption as they 

go through a gentle drying process. In this method of drying the liquid milk is dried to 45-

55% total solids content in a first phase and then the concentrated milk is sent to a drying 

tower for the second and final phase of drying [7, 8]. 

 

Fluid-bed drying is usually added as a final step of the milk drying process, in order to 

produce instant powder, which has the characteristic of dissolving quickly. The fluid-bed 

dryer consists of a casing with a perforated bottom which is spring mounted and can be 

vibrated by a motor. The powder is first humidified by steam and as it is conveyed through 

the drying sections, air at a gradually decreasing temperature is admitted through the powder 

bed. Agglomeration takes place in the first stage and then water is evaporated from the 

agglomerates during their passage through the drying sections. 

 

 An overall view of the generic spray dried milk powder manufacturing process is shown in 

Figure 2.1. 
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Figure 2. 1 General Milk Powder Process 

 

There can be variations in the sequence of this process (standardization before pasteurization) 

or some of the unit operations (agitation instead of homogenization) [7, 8]. 
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The milk powder production process is a multistage process in which each stage has 

associated process variables and the function of each stage will affect the efficiency of the 

process and also the quality of the milk powder. Milk products typically need careful 

handling and processing due to their high sensitivity. For example milk is highly shear 

sensitive so agitation and turbulence might cause damage to the fat globule membranes in the 

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

result of the high sensitivity of milk, the process must be controlled in order to answer rapidly 

to all types of disturbances. Therefore having an accurate, online multidimensional picture of 

the dynamic state of the process, in order to maintain satisfactory process control, is essential.  

 

The target of this technology, which is the production of products which fulfill all qualitative 

requirements can only be achieved through automatic process control [9].  In industrial 

processes, including the milk powder manufacturing process, it is well established that 

automatic process control can improve the operation and design of processes, minimize the 

influence of disturbances and perturbations, optimize the overall performance, improve the 

quality and consistency of products, increase product efficiency, decrease energy 

consumption, reduce waste and minimize costs. Thus, there are true economic incentives for 

applying process control. 

 

 

2.2.2. The Need for Detailed Process Knowledge 

 

In order to perform process control and acquire the mentioned benefits in a process, the main 

principle of process control, which is having reliable knowledge, or measurements of the 

state of the process, must be obtained. Therefore, in order to acquire efficient design and 

flexible operation in industrial manufacturing processes it is necessary to remain informed of 

the process with high quality information concerning the actual process internal state [10, 

11].  

 

Traditionally, process control in the industry used invasive sensing techniques and devices to 

collect the required information. These were invasive so they either disturbed the process by 

their presence or in some cases could not be used due to the exposure to harsh internal 

conditions, and were also largely limited to single point measurements such as point sensors 

of temperature, pressure and flow. In the case when operating conditions change away from 
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the initial norm, single point information is no longer valuable and is sometimes even 

misleading. In addition, as manufacturing processes and associated numerical models became 

increasingly complex and the demands on the quality of the products became increasingly 

stringent, single point measurements are no longer sufficient and a more distributed and 

multidimensional image of the state of the process is required [10, 12].  

 

This requirement can be met with introducing Process Imaging which will be discussed in 

the next section. 

 

 

2.3. Process Imaging 

 

The high dimensional information required about the internal state of industrial processes for 

their control, can be provided by Process Imaging which extracts information based on 

spatio-temporal patterns in planar or volume images. Research and development of new 

processes, products, equipment, process monitoring and control are the possible areas of 

process imaging implications. Various applications of image processing techniques in the 

food industry have been explored by Du and Sun [13] in 2004. The wide variety of 

technologies used to obtain process images can be classified as either direct or indirect 

imaging. 

 

The recording of visual scenes, which may be invisible to the human eye, is called direct 

imaging. This kind of process imaging based on vision, is possible when an appropriate 

portal can be applied in order to expose a critical parameter of a process. Direct images were 

traditionally recorded on photographic films but modern technologies have replaced films 

with electronic sensors. In this category of imaging there are various light sources e.g. laser 

or white light, and various sensors e.g. Charge-Coupled Device (CCD), intensified CCD, and 

thermal sensors which can be chosen appropriately for different applications. 

 

Indirect imaging is when measurements of the key variable(s) of interest are made around 

the boundary of an object and are then converted by a mathematical algorithm to 2 or 3 

dimensional images. Process Tomography refers to the calculation or reconstruction of the 

internal distribution image of industrial processes [10, 11].  
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Having an accurate, complete and continuous knowledge of the process, which is the 

fundamental requirement of automatic process control, can be provided by the application of 

a suitable mode of process tomography, which has been previously proposed in literature but 

has never been widely investigated. 

 

 

2.3.1. Tomography Imaging Techniques 

 

The word tomography is a combination of two Greek words tomos meaning slice and graph 

meaning image and refers to the fast and robust internal distribution image reconstruction to 

form 2 or 3 dimensional images, from various external viewpoints using nonintrusive sensors. 

The unique opportunity to unravel the complexities of a process without the need to invade it 

is made possible through the use of Tomographic Imaging [12]. It is used mainly for R&D in 

a variety of industries ranging from medical and pharmaceutical to oil and gas, chemical, 

minerals, food, environmental, utilities and other process sectors [10, 14].  

 

Tomography imaging techniques are a novel method of imaging providing the user with the 

ability of non-invasive remote internal inspection through volume scanning or in other words 

enabling the user to see inside an object which is otherwise optically inaccessible. 

 

The general and basic concept of tomographic imaging is that a narrow beam of, for example 

in CT (Computerized Tomography) X-rays, is transmitted through the object of interest. This 

radiation is weakened as it passes through the object through either being absorbed or 

scattered due to the object's electronic density. The final intensity, which is subject to the 

object's variation in density or composition, is captured on the opposite side on a 

photographic plate or detector. The path integral of the object's density distribution along the 

transmission line, which is called the Path Density Integral (PDI), is measured by the 

measurement system. Keeping the angle constant and moving the beam across the object 

creates a shadow of the object called the Projection. Repetition of this process but with 

various angles of the beam provides the object's shadow from multiple viewpoints [10].  

 

Each pixel of the resultant image symbolizes the integrated attenuation of the object along the 

path of the ray from the source or in other words the PDI. When sufficient values of PDI, the 
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prerequisite for tomographic imaging, are collected, the attenuation distribution may be 

estimated. The process of calculating the object's attenuation distribution using the PDI 

values is called Image Reconstruction and in mathematical terms is an inverse problem. The 

schematic view of process tomography can be seen in the following Figure [10]:  

 

Figure 2. 2  Principal Components in a Process Tomography System 

 

The sensor array is the hardware in contact with the object, defining the mode or modality of 

tomography in use. The sensor data acquisition module is in control of the energy source and 

the projection data collection. The reconstruction processing module converts the projections 

into internal process distribution images, and finally the interpretation processing module, 

which is required in process sensing systems, extracts the relevant information from the 

images [10].  

 

The quality and quantity of the collected PDI values and the reconstruction algorithm 

determine the quality of the distribution estimate or image. A certain amount of error is 

unavoidable because only a finite number of projections can be obtained in practical 

tomography. As stated above, the reconstruction algorithm requires an inverse function which 

has computational power and flexibility.  

 

The selection of the reconstruction algorithm is a compromise between resolution and 

available time. In the case where the object of interest is the body of a patient and the 

imaging objective is the detection of abnormal features in the body, several minutes or even 

hours after collecting the primary image may be allowed for the reconstruction, acquiring 

higher resolution and accuracy. Internal state estimation in industrial processes may have 

specific resolution and time constraints. In the case where the objective is model verification 
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for process optimization, real-time performance is not critical, instead obtaining the desired 

resolution in order to track the feature of interest is much more crucial. In other cases where 

the goal is to collect state information in order to control the process, such as the case of this 

research, the image reconstruction should be at a rate relevant to the actual process dynamics 

and the spatial resolution would depend on the available budget and technology. 

 

The use of tomography in medical applications has clearly been an inspiration to applying it 

in the industrial processes, in that some tomographic modalities have been borrowed from 

medical imaging and applied in industrial processes and various benefits have resulted from 

this cooperation. However, two obvious differences among these two categories are still 

evident: one difference is the broad range of time scales in industrial processes compared to 

the relatively slow dynamic applications in the medical imaging, and a second difference is 

the wide range of inhomogeneity in industrial applications compared to the nearly 

homogenous images of the medical applications [10, 11]. 

 

 

2.3.2. Various Sensor Modalities 

 

Since the sensor is required to be sensitive to the variable of interest in the process, it is the 

most crucial design choice in the application of process tomography. Depending on the 

physical properties of the process components, process environment, size of process 

equipment, the information required from the process and its intended purpose, the desirable 

image spatial and temporal resolution, the equipment cost and dimensions, required human 

resources for operation and potential hazards for involved personnel, there are a variety of 

techniques to choose from each having their own pros, cons and restrictions [10-12]. These 

modalities include X-ray, gamma ray, infra-red, optical, acoustic or ultrasound, magnetic 

resonance, positron emission, and finally electrical impedance, capacitance or resistance. 

Electrical Resistance is the modality used in this research.  

 

Although more complex for process applications, multimodality systems have and are still 

being designed and applied to process analysis applications, as in the medical sector in which 

serious progress have been made through the coalescence of information relating to the hard 

structures of human body illustrated by X-ray CT and that the soft functional parts of the 

body illustrated by MRI [10, 11]. 
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In choosing the best sensor modality, resolution is the first criterion, but in many cases 

having an inexpensive, fast and safe modality is preferred due to the cost and time 

consumption of high resolution modalities. Beck and Williams developed an excellent 

guideline for sensor selection [11, 12], which is presented in Figure 2.3 and has been used in 

this research. 

Figure 2. 3  Process Tomography Sensor Selection Strategy [2, 3] 

 

 

2.3.3. Electrical Tomography  

 

Simplicity and low cost are the two main characteristics of Electrical Tomography (ET), one 

of the most common modalities in process tomography, compared to other successful 

modalities, e.g. MRI and PET [10] . It is also a safe method ensuring the sensitivity of the 

object of interest and also the safety of the experimenter; unlike tomography methods based 

on radiation, e.g. X-ray tomography [15]. Electrical Tomography measurements are based on 
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the electrical properties of the target processes. Using the electrical measurements taken by 

the sensors from all possible views, the ET system reconstructs the conducting or dielectric 

properties of the process [10, 15]. Due to the various advantages of electrical tomography, 

substantial research has been done in this area in order to improve speed of data acquisition, 

sensitivity, flexibility and noise immunity, and a number of commercial products have also 

been made available [10]. 

 

Electrical tomography systems vary depending on the conductivity or non-conductivity of the 

process under consideration. In the case of non-conductivity, e.g. minerals in liquid and solid 

forms such as oils and powders, the 2D or 3D permittivity distribution would be imaged 

through measuring the capacitance between electrodes mounted on the boundary of the object 

with Electrical Capacitance Tomography (ECT) [10]. Dispersed systems with different 

dielectric constants between the dispersed and continuous phase are candidates for 

Capacitance sensing applications [16]. 

 

Electrical Resistance Tomography (ERT), would image the 3D resistivity or conductivity 

distribution through measuring the resistivity/conductivity between the mounted electrodes 

on the periphery of a conducting process such as aqueous mixtures, e.g. pharmaceuticals and 

foodstuffs and in the case of the present research, milk [10]. Dispersion systems consisting of 

medium with polar molecules or ionized solutions are candidates for resistivity sensing. 

Direct or alternating current (to avoid polarization) may be used [16].  

 

Hybrid systems are used for systems demonstrating change in both areas, conducting and 

non-conducting, which is valuable for measuring transient behaviour using either two 

separate or one electrode pair for both measurements [16]. 

 

Electrical Impedance tomography (EIT) is also a novel invention attempting to measure 

complex in-process impedance. In EIT, by injecting low frequency AC current and measuring 

the amplitude and phase of the electrode potentials, the internal complex admittivity 

(electrical conductivity and permittivity) distribution of the domain of interest is measured, 

compared to ERT which only reconstructs the real component, i.e. electrical conductivity [10, 

17].  
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For applications demonstrating considerable sensitivity in terms of inductance, for example 

processes dealing with metals, magnetic minerals and ionized liquids, Electromagnetic 

Induction Tomography (EMT) can be applied which is a low frequency electrical variant 

completing the trio of the standard R, C, L electrical parameters [10] . 

 

Due to its straightforward nature, robust construction and high speed potential, ERT, is the 

most attractive real time imaging modality in many potential industrial applications, 

including the milk powder production process [15]. It has been used for analysis in various 

industries such as pharmaceuticals, chemicals, oil and gas, nuclear, biotechnology, Fast 

Moving Consumer Goods (FMCG), mining, environmental, and pulp and paper. It has the 

potential of providing real time, on line information of various processes such as mixing, 

flow, multiphase flow, filtration and drying, polymerization, crystallization, scale up, bubble 

columns, packed beds, continuous reactors, level detection, CFD validation, and hydro 

cyclones [14]. 

 

 

2.3.4. Electrical Resistance Tomography (ERT)  

 

The basic principle of ERT is that in order to obtain information on the internal composition 

or electrical properties of a cross section of a process vessel, reactor, separator or a pipe, 

combining multiple measurements from the periphery of the object is required [10, 18]. ERT 

offers this ability in a low cost and non-destructive manner, providing the user with better 

understanding of the process kinetics and on-line control of the process, in order to reduce 

energy consumption and increase product yield [18]. An ERT system comprises a sensor 

system, a Data Acquisition System-DAS (hardware) and PC with control and data processing 

software.  

 

The sensor consists of multiple electrodes arranged equispacially around the region of 

interest usually in the form of one or more electrode rings. The most common configuration 

is a circular pipe or vessel with 16 invasive but non-intrusive electrodes, which is the form 

applied in this research [10]. The sensors are usually manufactured from gold, platinum, 

stainless steel, brass, or silver and they must have characteristics such as low cost, ease of 

installation, good conductivity and resistance to effects such as corrosion, abrasion, or 

process operation environment, e.g. temperature, pressure, electrical fire hazards, vessel wall 
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material and thickness. In case of a metal pipe or vessel, the electrodes should be insulated 

from the pipe [19]. It is crucial to design the electrodes in order to obtain continuous contact 

with the fluid in the process domain and maximize their ability to sense conductivity changes 

in the domain of interest. The position and size of the electrodes are also two critical factors. 

In order to maximize the amount of information obtained from the vessel interior and apply 

the reconstruction algorithm, the electrodes must be located at exactly defined gaps. The 

electrodes size should be chosen as the optimum between good current injection and also 

good voltage measurement as they are both done through the same electrodes [20]. 

Multiplane sensors provide one with the ability of acquiring a description of the process in 

three dimensions [15]. In other words, 3D scanning of the interior of any process vessel is 

made possible with ERT, giving spatial information with discrimination of the order of 

O(10
3
) with fast acquisition [21]. 

 

The Data Acquisition System (DAS) is the component that injects current and collects the 

quantitative information describing the conductivity distribution inside the vessel [20]. It 

consists of signal sources, an electrode multiplexer array, voltmeters, signal demodulators, 

and a system controller [15]. The DAS is connected with the electrodes and the PC 

containing the image reconstruction algorithms. Depending on distinguishability and 

sensitivity to conductivity changes, there are various data collection strategies to choose 

from, including adjacent strategy, opposite strategy, diagonal strategy and conducting 

boundary strategy. Depending on the selection of a data collection strategy, if a full set of 

independent measurements is not collected, a misleading image may be reconstructed. In the 

adjacent strategy, which is the most common strategy in conventional ERT due to minimal 

hardware requirements and fast image reconstruction, Alternating Current (AC) is injected 

from the DAS to the electrodes using a pair of neighboring electrodes and the resulting 

voltage is measured through all other neighboring electrodes. The AC drive current then 

rotates to the next electrode pair and the process of injecting current to neighboring electrodes 

is repeated until all independent pairs have been covered [15, 20, 22]. If   is the number of 

electrodes, the total number of independent measurements,   is [20]: 

 

  
      

 
           Equation 2. 1
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Thus, with the 16 sensors of the ERT system used in this research, there are 104 independent 

measurements in each plane. 

 

The resulting voltage measurements, which have been obtained from the sensors, are then 

sent back to the DAS in order to be processed using a suitable reconstruction algorithm. The 

reconstruction algorithm determines the electrical conductivity of each pixel of the image 

from the set of electrical measurements [10]. Generally there are two types of reconstruction 

algorithms: iterative and non-iterative. Non-iterative algorithms such as Linear Back 

Projection (LBP) have lower computational time requirements compared to the iterative 

algorithms which result in images with higher resolution [20]. 

 

One of the most common reconstruction algorithms is the LBP method in which each path 

integral measurement is replicated on the subject space and all the back projections (at 

various angles), each representing a line, are then added together. Back projection may be 

considered as a "smearing" of the projections into a second dimension, due to the one 

dimensionality of the projections. This method is inclined to blur the images and the 

superposition of a huge number of blurred points forms the reconstructed image of a complex 

object. Filtered Back Projection (FBP) is another method developed on the basis of LBP. 

Image reconstruction will be explained in more detail in the next section. 

 

The rate of image production is dependent on the Data Acquisition System (DAS), 

measurement protocol and method of image reconstruction. Increasing measurement speed 

makes imaging faster dynamic processes possible, but increases the noise level which results 

in image quality decrease [10]. Image quality is dependent on the measurement speed, the 

physical nature of the measurement and the method of image reconstruction. The image 

resolution is usually 5-10% of the sensor diameter [21, 23]. 

 

The reconstructed images have 20×20 or 400 pixels of which some lay outside the vessel 

circumference (316 pixels lie inside the region of interest). They demonstrate the relative 

change in conductivity compared to the initial set of reference data collected at the start of the 

experiment. The reference data set eliminates the effects of a mixing shaft or other internal 

structures of the process [20].  
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Usually the resulting tomography data are represented as a colour-coded image called a 

tomogram, with red representing the conducting phase and blue representing the 

nonconductive phase. The data can then be analyzed either statistically, for example to 

determine the extent of or average homogeneity, or dynamically to determine a feature 

change rate [14]. 

 

The reconstructed conductivity information can then be related to other variables or 

parameters such as phase concentration, flow characteristics, void fraction, homogeneity, and 

temperature. For example the ERT system software converts conductivity data to 

concentration using two models. The first model is the Maxwell equation [14, 24]: 

 

   
                     ⁄

               ⁄        
              Equation 2. 2 

 

where   is the volume fraction of the dispersed material, 

   is the conductivity of the continuous phase, mS/cm, 

   is the conductivity of the dispersed phase, mS/cm, and, 

    is the reconstructed measured conductivity, mS/cm. 

 

If the aim is to calculate the concentration of a non-conductive dispersed phase, a second 

equation, a simplified version of the Maxwell equation (obtained with     ), is used as 

follows:  

 

   
        

       
                   Equation 2. 3 

                            

 

If the aim is to calculate the concentration of a conducting dispersed phase, the full Maxwell 

equation would be used. 

  

For example, the following equation was obtained for the miscible phase from experimental 

calibration for a high conductivity injection of 15 mS/cm NaCl solution into a background 

liquid of conductivity 0.1 mS/cm: 
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                             Equation 2. 4         

                     

 

where     is the concentration of NaCl (0«αs»10), g/l, and, 

    is the reconstructed measured conductivity, mS/cm [14, 24]. 

 

 

2.3.5. Image Reconstruction 

 

The goal of image reconstruction in tomography is to ascertain the material distribution that 

would result in the obtained sensor responses and represent them as a cross sectional image 

(tomogram). The path integral and the projection data, which are the sensor outputs, are 

highly dependent on the material distribution and physical state of the subject process [10].  

 

Due to the low frequency excitation voltage source, e.g. 9.6 kHz in the case of this research, 

the ERT system can be described by an electrostatic field and an equation governing such a 

field such as the Poisson equation. Therefore, in order to obtain a cross sectional view of the 

resistivity patterns, the inverse problem needs to be solved iteratively ("The Inverse Problem" 

is calculating the conductivity image from the voltage measurements, while "The Forward 

Problem" is calculating the voltage measurements from the conductivity image [23]). 

However, difficulties do exist because of the limited number of measurements, the existence 

of electrical noise and the "softness" of the applied electrical fields [15].  

 

Thus, tomography reconstruction is an ill-posed problem which in mathematical terms means 

either the problem has no solution, or if not, the solution is not unique, or finally the solution 

does not have a continuous dependence on the projection data. As we guess that there is a 

cross sectional image (solution) for the resulting data, thus the non-uniqueness or broad 

variation of the problem must be resolved. In the case of non-uniqueness, the unsought 

solutions, which are images not representing the actual process, can be eliminated on physical 

grounds. In the other case of an erratic solution, in order to understand the connection 

between projection data and the reconstructed image, a thorough exploration of some well-

chosen test cases may be necessary [10]. A wide variety of research has been carried out on 

various reconstruction algorithms for process tomography converting the path integral and 

projection data into reconstructed tomograms [10]. 
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2.4. ERT History & Applications 

 

Since the initiation of process tomography in the late 1980’s, process tomography has been 

developed increasingly due to the wide variety of research concentrating on this subject. 

There have also been two text books published by Williams and Beck [11] and Chaouki et al. 

[25] on tomographic techniques applied to process industries. The research and development 

of process tomography is spread between software developments, hardware developments 

and also applications of the system in various situations and industries. Hardware 

developments have improved system operation and application range, while software 

developments have enhanced the quality and speed of imaging. Some work has also focused 

on creation of new modalities for more specific applications [10]. 

 

In the range of studies focusing on various applications of ERT, besides the extensive volume 

of research carried out on the development and application of ERT to various industries in the 

environmental and geophysical areas (reviewed by Daily [26]), there has been a wide range 

of research and development on applying ERT to Chemical Engineering, including study of 

mixing processes, visualization of flow and its related parameters, monitoring polymerization 

reaction parameters, investigation of solid-liquid filtration, study of hydro-cyclone 

performance, control of bubble columns, and multiphase process monitoring. In this section, 

the literature focusing on mixing and flow processes of miscible phase and solid liquid 

mixtures, which are most related to the aim of this research, have been reviewed. 

 

 

2.4.1. Selected Review Papers 

 

In 1993, Shi et al. [16] reviewed the fundamentals and also some applications of different 

electrical sensing strategies to study the dispersion behaviour of suspensions. They explained 

the various electrical sensing methods which are based on measuring resistance, capacitance 

and inductance counting as the three components of electrical impedance. The need for 

process tomography and its evolution was explained by Beck and Williams in 1996 [12]. A 

good procedure of sensor selection was demonstrated while explaining the advantages and 

disadvantages of each sensor. The new generation of ERT was stated as a potential area of 

development in the future for proving novel applications of this measurement strategy. In 
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2001, York [27] presented an overall introduction to electrical tomography and the data 

acquisition and processing related to it. He also explained the status of this measurement 

strategy at the time, based on progress towards industrial benefits, and contrasting the 

modality and sensing strategies. An overall introduction to ECT (calculating permittivity 

variations) and EIT (calculating conductivity variations), as low cost , fast and low resolution 

imaging techniques, was given by Tapp [23] in 2003, and a review of their applications in 

chemical engineering were conducted. Various EIT sensor designs, measurement protocols, 

image reconstruction and analysis methods, and applications were also discussed. A review 

of the various applications of ERT for the interrogation of liquid-liquid, liquid-gas and liquid-

solid mixing was presented by Mann [28] in 2005. Stanley and Bolton [29] reviewed the 

fundamentals, developments and applications of ERT in wet particulate processing in 2008. 

 

 

2.4.2. Literature on Mixing Cases 

 

An extensive volume of research has investigated the application of ERT to mixing processes 

as follows: 

 

In 1995, McKee et al [30] investigated the mixing of solid particulates into liquids and also 

liquid-liquid mixing processes (liquids with different conductivities) using three different 

methods-ERT, Positron Emission Tomography (PET) and Intrusive Conductivity Probe 

measurements. Each method had its advantages and disadvantages. For example, PET 

exhibited high resolution images but slow data acquisition and processing, while ERT 

resulted in faster imaging but lower resolution images. The experimental results have been 

compared together and with modelling techniques (e.g. network of zones), giving the solids 

distribution and just suspended-speed. A total volume mixing index has also been introduced 

which can be used for online sensing. Using these methods, mixing times for miscible liquid-

liquid mixing was predicted for axisymmetric and asymmetric pulsed injection of the second 

fluid and compared to the network of zones model, showing satisfactory agreement. The 

asymmetric addition took more time to acquire homogeneity. The effect of particle size, 

vessel geometry, impeller geometry and speed on solid-liquid concentration profiles were 

also investigated. With an increase of height in the agitated tank, the suspension became more 

dilute, and also with an increase of the impeller speed, more uniform homogeneity was 

detected. Increase in the size of particles results in more nonuniformity for the same impeller 
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speed. The relative standard deviation (RSD) or the variance of the concentration profile 

tends to zero with an increase in homogeneity, ending with zero representing perfect mixing. 

 

In 1996, Williams et al. [31] used ERT in order to study different aspects of mixing processes 

and demonstrated 3-dimensional imaging. The effect of impeller speed, impeller type, and 

particle size on the solids distribution, and the observation of transient mixing behaviour were 

investigated. Two important parameters in slurry mixing - the just suspended speed and the 

uniformity of particle distribution, expressed as a mixing index, were used for this study. A 

quantitative algorithm based on finite solution of the forward problem was used as the 

reconstruction algorithm. 

 

Mann et al. published two papers on the study of mixing in 1997 [15, 32]. In one paper he 

investigated the use of the "Network-of-Zones" model in order to reconstruct ERT images 

obtained in various mixing processes. This method of reconstruction was based on dividing 

the area of interest into several smaller interconnected zones with a completely mixed 

situation and then analysing the mass transfer between the zones. Network-of-Zones’ 

computing demands were based on the solution of Ordinary Differential Equations which 

made the process simpler than CFD. In solid-liquid mixing, the solid flow due to settling and 

transport by fluid convection within a set of nested flow loops were used in the mass transfer 

equation [32]. In the other paper, Mann extended the sensor system and also the DAS to 

apply to plant scale mixing processes. The images were then reconstructed using a 

"qualitative" (sensitivity coefficient method using a sensitivity matrix) and a "quantitative" 

(using a Gaussian profile) reconstruction method. Finally, 3D air-core vortices in an 

unbaffled stirred vessel, and gas-liquid mixing and miscible liquid mixing at the plant scale 

were investigated using the ERT system [15]. 

 

The mixing of two liquids with different conductivities using two different impellers was 

investigated by Holden et al [33], in 1998. The image reconstruction method used was the 

qualitative "Linear Back Projection (LBP)” method. Holden et al. also visualized the swirl 

and baffle effects. The reconstructed data were shown by two different methods. In one the 

concentration differences were shown by colour gradation with colour differences operative 

over the whole range of concentration. In the second method, the solid body rendering 

exposed contour lines that delineated regions of differing concentration. Later in 1999, 

Holden et al. [34] also introduced the use of an ERT system to detect three different mixing 
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pathologies including the displacement of a gas sparging pipe where extreme asymmetry in 

conductivity was resulted, the accumulation of solids on the impeller when it was turned off 

which was detected by ERT (although not giving the exact geometry), and at last visualizing 

the effect of adding a second fluid into the first behind a baffle (which has slower mixing) 

instead of adding it between the baffle edge and the impeller shaft. As a result Holden 

demonstrated that ERT, as a simple and inexpensive imaging technique, has the ability of 

detecting such pathologies or any other key feature of a process when visual access is 

impossible, making this technique very useful for process pathologies. 

 

In the same year, Pinheiro et al. [18] compared the use of 2D and 3D sensing strategies for a 

stirred mixing vessel, concluding with the feasibility of the 3D sensing and reconstruction 

strategy. First, the 3D reconstruction algorithm was described as follows: data acquired from 

the region of interest, computation of a transfer resistance matrix, assumption of an initial 

homogenous conductivity distribution, calculation of a respective transfer resistance matrix 

and iteration until a specific error is achieved. Then object detection was done and an air-core 

vortex inside a stirred vessel was examined using the methods mentioned above. 

 

Mann et al. [35] continued their research in 2001, examining the mixing process of two 

miscible fluids, solid-liquid mixing (steady state), adding solid to liquid (unsteady state), and 

also visualization of the results in 3D images using solid body isosurfaces. During the two 

fluid mixing process visualizations the effect of injection point was also investigated, 

showing the best point of injection was between impeller shaft and baffle edge and the most 

unmixed position was a stagnant region behind the baffles. Using the stagnant region as the 

injection point slowed the mixing process down by a factor of three. In the solid-liquid 

mixing process, the three stages of suspension behaviour with increasing impeller speed were 

discussed as: 1) until the just suspended speed, 2) where the last particle also becomes 

suspended, and 3) the increasing suspension uniformity. In the solid to liquid addition test, 

the effects of impeller speed on average/local solid content throughout the vessel and also 

behind the baffles were studied. 

 

About the same time, Wang et al. [36] investigated the unsteady mixing dynamics of miscible 

liquids with different conductivities using ERT reconstructed data. Both Modified Sensitivity 

Co-efficient Back-projection and Multi-step Inverse Solution algorithms were used for 
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reconstruction. The angular velocity profile was also successfully extracted using an auto-

correlation technique and the ERT data. 

 

In 2002, Stanley and his colleagues [21] used an ERT system to investigate the semi-batch 

addition of a brine liquid into a stirred vessel. In order to view the results, various methods 

were used: Raw ERT data for average pixel conductivity distributions over all places and also 

separately for each plane, time incremented 3D solid-body colour-scaled isosurfaces, and 

sliced planes of raw ERT data for planar visualization. 

 

Quantification of mixing processes with chemical reaction in batch stirred vessel reactors 

using the 3D reconstructed ERT images, video imaging using Phenolphthalein as an 

indicator, and also using simplified CFD based on the Network-of-Zones model was 

examined by Wabo et al. [37] in 2004. Close correspondence was observed between 

experimental and theoretical images confirming the assumption of perfect micro-mixing in 

each zone. 

 

In 2005, Mann [28] published an article with the title “Electric process tomography: Seeing 

without eyes inside stirred vessels” in which illustrations were presented to show how ERT 

had been developed for typical stirred vessels widely encountered in batch process 

manufacturing. Examples from UMIST's two-tonne vessel were presented for miscible tracer 

mixing, as well as gas-liquid and solid-liquid mixing. 

 

In the same year Stanley et al. [38] examined the single feed semi-batch process, for the 

addition plume, the mixing time and concentration profile, using 3D solid body iso-surface 

images and also a Network-of-Zones mixing model. Although similar results were 

demonstrated in case of size and shape of feed plumes, but some discrepancies were present 

in the ERT images which were thought to be due to the momentary effect of a sudden large 

eddy swirl.  

 

Kim et al [39] proposed a method for the study of two miscible liquids in 2006. In this study 

other than the qualitative visualization of reconstructed images showing the mixing process, 

quantitative information were also obtained on the mixing time and dispersion velocity. 

Mixing time was measured by setting the Relative Deviation parameter below a 

predetermined threshold, usually 0.01 or 0.05, and finding the time/frame in which it was 
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obtained. Dispersion velocity was calculated using the best correlated pixels, calculated using 

the introduced cross correlation coefficient, and the time and distance between them. 

 

Different aspects of the mixing process of a non-Newtonian fluid were explored using an 

ERT system, by Pakzad and her colleagues [20] in 2008. Mean tracer concentration versus 

time for various planes presented the mixing process. Increasing the impeller speed, increased 

the shear rate for pseudo plastic fluids, resulting in decrease in the apparent viscosity and thus 

lower mixing time. Increasing the tracer (pseudo plastic fluid) concentration increased the 

fluid yield stress and portions with low velocity conditions, therefore increasing the mixing 

time for a constant impeller speed. 

 

In the same year, Zhao et al. [40] examined the feasibility of the ERT system in monitoring 

of mixing processes in the UV photo reactor. They studied the effect of the UV tubes’ 

locations, impeller type and speed, and impeller power consumption on the mixing time. 

 

In 2009, Stephenson [41] used 3D reconstruction of ERT images in order to explore the 

mixing of a saline tracer into water. He compared two different addition points which 

resulted in better validation for liquid surface additions. The mixing time was also calculated 

using reconstructed images and compared to literature findings showing good correlation for 

tests using the liquid surface as addition point. A MATLAB toolkit was used for 3D image 

reconstruction, and NETGEN was used for FEM meshing. 

 

In the same year, Simmons et al. [42] used ERT and Positron Emission Projection Imaging 

for the visualization of cavern boundaries in opaque mixing systems. Comparison of the 

results demonstrated reasonable agreement although some artifacts were present in the ERT 

images due to the method and the interaction between the polymer and the tracer. A robust 

linear ERT array was also used, demonstrating potential for industrial applications due to its 

chemical resistance and ease of application.  

 

Around the same time Mann [43] further enhanced pseudo-3D reconstruction into full 3D 

studies of the fluid space and compared the results to CFD model predicted images, for a 

precipitation process and a batch-fed bioreactor. Kowalski et al. [44] also conducted a series 

of experiments for the validation of ERT in the early characterization of physical stability of 
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liquid compositions. In this study ERT measurements and reconstructed images were 

consistent with visual observations. 

 

In 2010, the artifact resulting from the level change involved in batch addition into a mixer 

was examined by Rodgers et al. [45] using ERT data. A new moving reference method was 

also proposed to resolve this artifact and produce unobstructed 3D images. In order to 

develop images demonstrating the actual level change a moving finite element method was 

introduced. 

 

 

2.4.3. Literature on Flow Cases 

 

There has also been extensive research on the application of ERT to flow analysis: 

 

Although ECT was used for insulating fluids (nonconductive or very low conductive) 

traditionally, in 1993, McKee et al. [46] demonstrated the use of ECT in pneumatic 

conveying systems of two granular products and also a specific hydraulic conveying system. 

This novel application only required the sensor arrangements being calibrated between the 

two extremes of the material permittivities under investigation. The use of ERT to interrogate 

hydraulic conveying systems was also shown. All experiments resulted in satisfactory real-

time evaluation of the processes. 

 

Later in 1998, Fangary [47] used ERT to detect and investigate deposition and bed height in 

hydraulic conveying and static bed systems. It was concluded that the absolute conductivity 

of the background electrolyte has a profound effect on the apparent resolution of the 

reconstructed image (had to be in a specific range/higher than a minimum). It was also 

evident from the static test results that the height of the deposit-slurry interface was 

consistently higher than the actual sediment height and this discrepancy was higher in the 

lower sediment heights. This over-exaggeration was explained as advantageous, since it 

provided an early alert to sedimentation. A distinct perturbation on the conductivity maps 

demonstrated the transition of a dispersed flow to a salting suspension. 

 

The measurement of solids volume fraction and velocity distributions in solid-liquid vertical 

and inclined flows using dual plane ERT, was explored by Lucas [19] in 1999. Measurements 
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from a local intrusive conductivity probe were used as the reference data, showing good 

agreement with the ERT velocity profile and volume fraction measurements. In order to 

obtain sufficient accuracy in the velocity distributions a high data collection rate, e.g. 100 

frames/sec was required. This was unavailable in typical ERT systems, as they were 

operating at less than 10 frames/sec due to hardware limitations. Sufficient improvement was 

obtained with a novel data acquisition system. 

 

In 2003, a few researchers carried out investigations on the use of ERT for flow 

investigations. Wang [24] examined the visualization of an asymmetric solid distribution in a 

horizontal swirl inducing pipe using ERT. The dramatic change in water conductivity due to 

even small changes in its temperature, which is inevitable during the process, was considered 

throughout the reconstruction process. The constructed images showed the solids volume 

fraction distribution with changing concentration and also the concentration distribution with 

increasing flow velocity. At low velocities, particles clumped together forming a crescent 

region reoriented 90º in the swirl direction from the normal settling position and moved 

slower than water. At higher velocities, particles formed large ellipses close to the swirl and 

smaller ellipses further down. Low concentration areas tended to develop circumferentially 

from a crescent shape to a ring structure between the high concentration ellipse and the pipe 

wall. 

 

At about the same time, Yin [48] used an ERT system to investigate swirling flow of a solid-

liquid suspension downstream of a swirl-inducing pipe. He introduced two novel indices: 

suspension angle and dispersion ratio. These two indices were used to further define the 

positions of the particles and the homogeneity of the particle distribution, respectively. In 

order to define the swirling flow, a particle force analysis was also performed in different 

sections of the pipe. This demonstrated two different forces; one due to the swirling motion 

and the other a composite force of buoyancy and gravity. Also, several flow regimes and void 

fractions of two-phase flows were studied by Dong [49], using the voltage measurements of 

an ERT system. The resulting data were analysed using two methods of feature extraction; 

Principal Component Analysis (PCA) and relative changes summation for flow regime 

identification and void fraction estimation, respectively. Then the extracted features were set 

as Artificial Neural Networks (ANN) input data. These methods resulted in satisfactory 

resolution in the evaluation of the two phase flow. 
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In 2005, Norman [50] used ERT to visualize and quantify particle migration in low Reynolds 

number, pressure-driven pipe flows of dense and light particles suspended in a viscous fluid 

where buoyancy effects become important. A pseudo-3-dimensional numerical algorithm was 

used as the reconstruction strategy, producing quantitative images of the particle distribution. 

A comparison was done between the measured phase distributions and the predictions of a 

modified suspension balance model, demonstrating it as unsuitable for concentration 

prediction. 

 

Swirling flow of two different slurry solutions in a horizontal pipe, using an ERT system with 

a novel method of driving current through the electrodes, was investigated by Stevenson [51] 

in 2006. He used a switched, bidirectional, constant-current source to produce the electric 

field in the pipeline. Potential difference measurements were obtained through recording the 

amplitude between the positive and negative current half cycles. Due to the fact that this 

novel current driving method did not need the demodulation required for conventional 

sinusoidal current injection, it provided potential for high speed operation. Different aspects 

of swirling flow with regards to increasing velocity and increasing of particle concentration 

were visualized through reconstructed ERT images (using the Newton-Raphson algorithm). 

 

The use of ERT to visualize the plume of tracer formed by coaxial and side entry jets and also 

the study of axial mixing along the main pipe was explored by Stephenson [17] in 2007. For 

jet visualization the sensors were placed adjacent to the jet entry and for the mixing studies 

they were placed along the main pipe. A COV (Coefficient of variation = (standard deviation 

/ mean)*100) of the reconstructed conductivity was used to evaluate homogeneity as it tended 

to zero for homogenous mixtures. Mixing time and mixing length were obtained from the 

slope of integration versus time/length diagram. 

 

In 2008, Sutherland [52] studied the determination of concentration and velocity profiles of a 

non-Newtonian settling stratified slurry as a heterogeneous fluid, using ERT. The first step of 

the Newton-Raphson algorithm was used as the 2D reconstruction procedure due to the high 

speed requirement for the velocity profile. This showed better discrimination than the 3D 

algorithm between the conducting and non-conducting regions. The results demonstrated 

increasing velocity from the bottom layer of the pipe to the top.  Better correlations were seen 

at the bottom of the pipe with higher particle concentration.  
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At about the same time, Giguere [53] investigated the use of ERT in the identification of 

slurry flow regimes and transitions using the combination of two strategies. One was 

reconstructed image visualization and the other was a direct interpretation strategy from raw 

ERT resistance measurements, to evaluate the extent of homogeneity using a homogeneity 

index and a symmetry index. For image reconstruction, both the LBP method and also an 

iterative Landweber method were used and compared, showing more accurate particle bed 

height estimation with the latter. The results demonstrated that the combined strategy gave 

good evaluation of the flow regime. Later, in 2009 [54], he used ERT to study the influence 

of a pipe bend on the slurry flow regime and also the influence of various flow concentrations 

and the downstream length from the pipe bend, on the two critical velocities of VLH (Limit 

Homogenous Velocity - where the pseudo-homogenous flow changes into heterogeneous 

flow), and the VLD (Limit Deposit Velocity - where the formation of stationary particle bed 

starts). Good agreement was observed after comparison with models in the literature. The 

results demonstrated that the presence of a bend leads to more homogeneity at the outlet, 

decreasing as the flow moves downstream of the pipe bend, causing decrease in both 

velocities; VLH and VLD. Increasing the flow velocity caused an increase in the distance 

downstream the bend where the two transitions occurred due to more turbulence. Increase of  

VLH and VLD with increasing concentration in low slurry concentrations was also observed, 

while a very weak influence was noted in high slurry concentrations. 

 

In 2009, Razzak et al. [55] used ERT to investigate phase holdup, velocity distribution of 

phases and phase propagation velocity of solid liquid flow in a Liquid-Solid Circulating 

Fluidized Bed and compared the results with an optical fibre probe and a pressure transducer. 

The authors concluded that while moving from the centre towards the wall, solid and liquid 

velocities and also propagation velocity decreased due to shear stress at the wall region. Due 

to the same reason, in the same direction there was an increase in the solid phase holdup and 

resistance time. The results also demonstrated that with increasing superficial liquid velocity, 

the solids circulation rate and superficial velocity increased and then reached a constant 

value. Comparison of results demonstrated larger deviations for fibre optic data due to its 

intrusive nature and intermittent measurements for various radial positions. 
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2.4.4. Literature on Dairy Products 

 

Researchers of most of the related literature have commonly applied ERT to the simple 

system of water-saline and have rarely applied it to the complex composition of milk.  

 

The most related works are mentioned in this section.  In 2004, the use of electrical resistance 

to detect milk fouling and its cleaning process was studied by Chen et al [56]. In this work 

Chen et al used only two parallel sets of stainless steel plates (50*110mm) placed 10mm 

apart as electrodes; one was heated in order to accelerate the fouling process on its surface, 

the other was used in order to measure the electrical resistance of the feed fluid (milk). 

Fouling build-up or removal was represented by the difference in the reference electrode and 

the actual test electrode resistances. In order to obtain a realistic approach, thermal resistance 

was also measured throughout the process. Both thermal and electrical resistance results 

showed an induction period at the process start point where very low and constant resistance 

was observed, following a high rate of change period, which decreased at the end. Although 

their system set up was simple, covering only a small section of the flow and not having the 

ability of providing conductivity distribution as the tomography instrument can, the results 

did show that electrical resistance could be a good guide to measuring and controlling 

fouling. 

 

In 2005, Shirhatti [57] examined the process of dispersion, dissolution and settling of a dry 

nonconductive food powder in a mixing vessel using ERT for conductivity measurements and 

Focused Beam Reflectance Measurement (FBRM) for particle count. ERT conductivity 

measurements were also confirmed by an intrusive probe. Similar to milk powder the 

nonconductive dry powder contained trace metal ions, which caused complexity in the 

conductivity of the process. This was because of the tendency to decrease conductivity by the 

nonconductive nature of the powder, opposed to the conductivity-increasing tendency of the 

metal ions. The final overall conductivity was explained as the balance of the two opposing 

forces, which showed as no or lower conductivity at the addition point and while the powder 

was in the form of agglomerates but when the powder became dispersed and dissolved, 

increase in conductivity was visualized. Later, during the settling process, the conductivity of 

the supernatant liquid showed a further increase. This paper had also only focused on the 

dissolution or settling of the powder and not on the characteristics of the milk solution. 
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Henningsson et al. [58] used cross-correlation of a dual-plane ERT system for determining 

the velocity profile and rheological behavior of yogurt flow in a pipe of industrial dimensions 

in 2006. This is the most related study to part of this work. In this study the results 

demonstrated that in the specific velocity range tested yogurt appeared to flow as a plug. 

Later he used ERT with a new hygienic design to monitor the displacement of yogurt by 

water in the rinsing step of an industrial dairy plant. The effect of rheological properties and 

process parameters on product loss and water usage in this step was also investigated using 

CFD simulations. The results showed good agreement with ERT data. 

 

In 2007, Regner et al. [59] explored the process of the displacement of one liquid (yoghurt) 

by another (water) and used an ERT system to attain experimental data for comparison with 

analytical data obtained from CFD. At about the same time, Kimoto [60] introduced a new 

sensor technology for the non-invasive measurement of several ingredients in a liquid. The 

novel optical and electrical layered sensor enabled the measurement of such properties by a 

single sensor which could be further related to other parameters such as ingredients and 

temperature. Although the proposed sensor required extensive improvements to overcome 

various problems, the undertaken experiments attempting to measure concentrations of coffee 

and milk in distilled water resulted in good estimates. 

 

In 2009, Li and Yang [61] developed an ERT/ECT dual modality system and tested it on 

various phase distributions including a gas-milk two-phase distribution. The focus of this 

paper was again on a novel sensor construction and not on the milk characteristics.  

 

A few researchers have also related milk composition and its various components to 

conductivity.  

 

In 1993, Lawton and Pethig [62] studied and updated the previously reported equation 

relating milk conductivity with its fat content showing decrease in conductivity with the 

increase of fat content. They found that in order to have accurate results in such experiments 

a few issues should be kept in mind: it was important to avoid the generation of air bubbles 

during mixing which would artificially lower the conductivity; temperature, which also 

affected conductivity, should be kept constant; and to eliminate polarization effects 

measurements needed to be done at 100 kHz. 
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Later, in 2003, various milk composition effects on conductivity were investigated [63]. 

Results demonstrated that milk conductivity was mainly influenced by its charged 

compounds like the mineral salts (0.7% w/v of milk) and their distribution between soluble 

and colloidal phases and also the fat content, which decreased the milk conductivity. Lactose 

and Casein (milk's major protein) showed very low conductivities compared to milk salts. 

Again in this research, the importance of constant temperature was emphasized, showing a 

5% increase in the electrical conductivity of milk for every degree Celsius temperature 

increase. Mabrook and Petty also found that leaving the milk at room temperature caused the 

clumping of fat globules, resulting from the disruption of the thin fat-globule membranes, 

releasing free fatty acids which also resulted in the release of calcium ions associated with the 

casein micelles. Both issues increased milk conductivity. Other issues influencing milk 

conductivity were explained as animal breed, season of the year, stage of lactation 

(influencing salt concentration); acidification and also fat globule size (raw milk with bigger 

fat globules compared to pasteurized and homogenized milk had higher conductivity).  

 

Finally, among all of the research done in this area, ERT and its applications have never been 

applied in the milk powder process leaving a wide range of options available for research and 

investigation.  

 

 

2.5. Summary 

 

This chapter first provided the reader with a general overview of the milk powder production 

process and the need for detailed knowledge in this process, which is not currently 

satisfactorily obtained. Next, process imaging was introduced as a solution to this problem. 

After presenting the various sensor modalities of process tomography, ERT was chosen as the 

best option for the purpose of this research. The concepts of this imaging technique were then 

discussed in further detail. Finally a complete literature review was performed on the history 

and applications of ERT presenting an obvious gap in previous research; the beneficial 

application of ERT to the milk powder production process for monitoring and control. 

 

The next chapter will present the first attempt in filling this gap. 
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3.1. Prologue 

 

According to the detailed analysis of the milk powder production process in Chapter 2, and as 

explained in the Project Aims section of Chapter 1, it was concluded that one major potential 

situation for the beneficial application of ERT in the milk processing industry was monitoring 

milk silo tanks, holding tanks or mixing tanks. The application of ERT to such situations 

could provide non-invasive internal inspection, offering a dynamic multi-dimensional image 

of the state of the process, which is otherwise inaccessible [10, 11]. The batch mixing 

experiments in this work were designed to simulate these situations. 

 

In order to develop a methodology for the application of ERT to the complex structure of 

milk solutions in general and correlation of ERT measurements to concentration data 

specifically, various experiments were conducted using the batch mixing vessel and the ERT 

P2000 instrument (described later in this chapter). These experiments were conducted for the 

purpose of validating the proposed methodology and monitoring simulated potential 

situations in mixing/holding tanks using the validated methodology. 

 

These experiments were first conducted on a water/saline system. The tests were planned and 

carried out on this noncomplex system with the aim of gaining knowledge and experience on 

the ERT system operational procedure while avoiding solution complications. Such a step 

was critical before facing the complications concerning the milk solution itself. The 

methodology, results and discussions of these experiments are presented in Appendix 1.  

 

The experiments were next conducted on various whole and skim milk solutions 

commensurate to the milk solutions in multiple stages of the concentration process to produce 

milk powder.  

 

This part of the work is presented as the authors’ first paper, a refereed conference paper 

presented at the “6
th

 World Congress of Industrial Process Tomography-WCIPT6” in 2009 in 

Beijing, China.  
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3.2. Abstract 

 

Electrical Resistance Tomography (ERT) is a novel, robust, high speed and low cost method 

of process imaging which provides the user with the ability to perform non-invasive, remote 

internal inspection through volume scanning. This study describes the use of ERT in the non-

invasive visualization of various milk solutions for quantitative auditing and attaining 

informative data, such as total solids content in the processing of milk to produce milk 

powder. Although various methods of concentration measurement have been proposed, most 

have disadvantages including inaccuracy and sampling problems. No other existing methods 

have the possibility of providing a continuous spatially distributed image of the data 

variation. Such a multidimensional picture of the dynamic state of the process provides for 

fundamental process monitoring and control. 

 

This method provides an average accuracy of over 97% in milk total solids content 

measurement, which is similar to the accuracy of current methods of off-line point 

measurements, with the valuable advantage of providing continuous multidimensional data 

output which is critical for process control applications. 

 

 

Keywords: Electrical Resistance Tomography (ERT), skim milk, whole milk, total solids 

content 

 

 

3.3. Introduction 

 

In industrial processes such as the milk powder concentration process generally (multiple 

effect evaporation through to spray drying and fluid bed drying), it is well established that 

automatic process control can improve the quality of products, decrease energy consumption, 

reduce waste and minimize costs.  One of the fundamental principles of process control is 

that in order to be able to achieve “good” control over processes, one has to have a reliable 

measurement or measurements of the state or states of the process [10, 11].  Traditional 

process control typically uses invasive sensing devices and techniques and is largely limited 

to single point measurements.  However, when operating conditions change away from the 
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initial norm single point information is no longer valuable and a more distributed or multi-

dimensional picture of the dynamic state of the process is required [10, 11]. Electrical 

Tomography (ET), which is one of the most common modalities in process tomography, can 

provide the multidimensional information required for process control.  

 

The milk powder production process is a multistage process in which the function of each 

stage will affect the final product quality. Thus, having an accurate, multidimensional picture 

of the dynamic state of the process provided by the novel application of ERT, in order to 

maintain satisfactory control can improve the quality of products,  and also decrease energy 

consumption, reduce waste and minimize costs [7, 8]. In various stages of the milk powder 

production process, ERT may have potential applications in monitoring concentration, e.g. on 

any of the storage and mixing tanks including the raw milk holding silo tanks to ensure milk 

homogeneity and avoid cream separation during the holding period, in the homogenization 

process or homogenizing mixers assuring milk homogeneity, and on the feed pipe of the 

atomizer to monitor feed characteristics. 

 

The earliest related research in this area was on the use of electrical resistance to detect milk 

fouling and its cleaning process by Chen et al. [56], in which only two parallel sensors were 

used and the system did not have the ability of providing conductivity distribution as the 

tomography instrument can. Also, in 2005, Shirhatti [57] examined the process of dispersion, 

dissolution and settling of dry nonconductive food powders in a mixing vessel using ERT for 

conductivity measurements and Focused Beam Reflectance Measurement (FBRM) for 

particle count. This paper also, only focuses on the dissolution or settling of the powders and 

not on the characteristics of the resulting solution. In 2009, Li and Yang developed an 

ERT/ECT dual modality system and tested it on various phase distributions including a gas-

milk two-phase distribution [61]. The focus of this paper was on a novel sensor construction 

and not on the milk characteristics.  

 

This work has developed a methodology to use the advantages of ERT in the milk powder 

production process for the first time, in order to obtain complete knowledge of the process 

line as an image, which can then be used in a control scheme.  In order to solve the challenge 

stated above, the aim of this research was set to relate the image obtained from the ERT 

system to an important characteristic in the milk being processed to produce powder, total 

solids content, which is a measure of milk concentration. 
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3.4. Experimental Set-up 

 

A circular vessel of 38.8cm inner diameter with 4 electrode rings, each having 16 invasive 

but non-intrusive electrodes positioned equidistantly (8cm apart) around the boundary at 

fixed locations, making electrical contact with the fluid inside the vessel but not affecting the 

normal mass transfer within the process, was used. The distance between the electrode rings 

and to the bottom of the tank was 8cm. The electrodes were made of stainless steel with a 

contact area of 2.25cm
2
. ITS P2000 ERT system [14] with an adjacent electrode pair strategy 

was employed for data acquisition [64]. The conductivity distributions were reconstructed 

using the inbuilt modified sensitivity coefficient back-projection algorithm (SBP) first 

defined by Geselowitz [65] and enhanced by Kotre [66].  

 

The milk solutions used in this study were reconstituted skim milk and whole milk solutions 

(milk powders were kindly provided by Fonterra Cooperative Group Ltd.) commensurate 

with milk solutions processed in the front end of milk powder production plants. A 

photograph of the experimental set-up is demonstrated in Figure 3.1. 

Figure 3. 1  Photo of labratory set-up 
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3.5. Methodology Development 

 

In order to examine the feasibility of using ERT to monitor milk solutions and extract useful 

information first the same methodology previously used for applying the instrument on saline 

([39], [36], [21], [41]) was used as a first assumption for testing milk and then further step by 

step modifications were made to suit the complex characteristics of milk solutions. 

 

 

3.5.1. Conductivity-Concentration Conversion Problem 

 

To obtain a general understanding of the Electrical Resistance Tomography capability in 

monitoring milk, for a first approximation milk solutions were assumed to behave similarly to 

saline solutions (both are conductive solutions), so the optimum settings (injection current 

amplitude, frequency and also software settings) used for saline solutions were also applied 

for testing milk. Miscible phase conversion (which is the conductivity-concentration 

conversion obtained from experimental calibration for a high conductivity injection of 15 

mS/cm NaCl solution into a background liquid of conductivity 0.1 mS/cm) was chosen as the 

conductivity-concentration conversion method as it seems the most appropriate method for 

milk and the other two in-built conversion methods (non-conductive or conductive phase 

which involve the concentration calculation of a dispersed nonconductive or conductive 

phase) were definitely not suitable.  

 

The average conductivity (average of all pixels’ reconstructed conductivities for 10 frames of 

data) of a sample homogenous milk solution compared to a local conductivity probe 

measurement resulted in an error of 2.9% while the concentration measurement was 

unacceptable (98% error). The same settings resulted in an error of less than 5% in 

conductivity measurements and less than 10% in concentration measurement for a saline 

solution of similar conductivity. 

 

The reason for the unacceptable milk solution conductivity measurement was that the 

miscible phase conversion, the most suitable inbuilt conversion method for milk, was 

designed and calibrated for saline solutions and using this conversion for milk solutions 
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resulted in very high errors in concentration measurement and therefore ruled out this 

assumption and also the use of any of the existing conversion methods for a complex solution 

such as milk. Thus, in the next step milk conductivity was correlated to the total solids 

content for each milk type, skim and whole.  

 

 

3.5.2. Conductivity-Total Solids Content Correlation 

 

The correlation between conductivity and total solids content of whole and skim milk 

solutions was determined to obtain a proper conversion method for milk solutions. Samples 

with different levels of total solids content were prepared by weighing the required amount of 

powder and reconstituting it into a homogenous milk solution. The conductivities of the milk 

solutions at a constant temperature of 20°C were determined with a local conductivity probe. 

Due to the changing trend of milk conductivity with concentration separate correlations were 

obtained for dilute and concentrated solutions of each milk type (Figures 3.2a, 3.2b, 3.2c and 

3.2d). 

 

Figure 3. 2  Milk conductivity-total solids content correlation 
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3.5.3. Increasing Conductivity Measurement Error Problem 

 

Using the obtained correlations between conductivity and total solids content of each milk 

type, the focus of ERT measurements would be finding the most accurate milk sample 

conductivity reading. Therefore, the reference measurement can also be taken from an 

appropriate milk solution. An accurate and precise reference file is one with minimum noise 

and error in voltage measurements, so that when it is used for comparison in the solution 

conductivity measurements it would only reflect the voltage measurements related to the 

variation between solution and reference states. Therefore, the best current injection and 

frequency for an arbitrarily chosen reference milk solution was obtained by testing the 

possible current range for the setting with both the minimum difference between voltage 

reference and measurement values (least voltage measurement noise) and the minimum error 

in conductivity measurement of a sample milk solution (compared to the local conductivity 

probe measurement). 

 

Figure 3. 3  Reference Measurement Noise and Conductivity Measurement Error for various current amplitudes for the 

aim of best current injection selection 

 

In Figure 3.3, the reference measurement noise is the average relative deviation of reference 

and measurement voltage values of 10 frames of the reference solution, and the conductivity 

measurement error is the error of the average ERT conductivity reading of a sample solution 

compared to the conductivity reading of a local conductivity probe. 
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According to the above graph, 10mA and 11mA demonstrated the least measurement noise, 

while 10 mA also had the lowest conductivity measurement error of 0.23%. Thus, 10 mA and 

9600Hz were chosen as the best current injection settings for the conductivity measurements. 

 

In the next step, this set up (reference file and current injection) was used to measure the 

conductivity of various concentrations of milk solutions. The results of these measurements 

are demonstrated in Figure 3.4: 

 

Figure 3. 4 Comparison of local probe and average ERT conductivity readings 

 

As it may be seen from the results in Figure 3.4, with the increase of milk solution 

concentration and accordingly conductivity, the error in conductivity measurement also 

increased. This was probably due to the doubling of the milk samples' conductivities which 

caused the reference sample and current injection settings to no longer be suitable for more 

concentrated samples. Thus, it was important to find a current injection and reference sample, 

which was suitable for the entire concentration range giving reasonable accuracy in 

conductivity measurement for the lowest and highest concentration samples. 

 

 

3.5.4. Defining separate reference sample & current injections for each milk category 

 

A new methodology was developed in which separate milk reference sample and related 

current injection settings would be defined for each milk type and category (skim and whole, 

dilute and concentrate).  According to this new methodology, the average concentration of 



44 

 

each category would be chosen as the reference sample concentration and the injection 

current amplitude would be optimized for this concentration. The concentration range of each 

milk type and category, and the reference sample concentrations are shown in Table 3.1: 

 

Table 3. 1  The concentration range and reference sample for each milk type and category 

 

For each milk type and category, the reference sample milk solution was prepared and tested 

for the possible current range to find the best injection setting. This best setting was chosen 

by a direct sum of reference measurement noise and mean conductivity measurement error in 

each current amplitude which would result in the minimum measurement noise and also 

minimum conductivity measurement error for the boundary concentrations in each category 

compared to the conductivity measurement of a local conductivity probe. 

 

Figure 3. 5  Current selection for dilute skim milk 
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Figure 3. 6  Current selection for concentrated skim milk 

 

Figure 3. 7  Current selection for dilute whole milk 
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Figure 3. 8  Current selection for concentrated whole milk 

 

From Figures 3.5-3.8, for both types of milk, skim and whole, the conductivity measurement 

error was less than the reference measurement noise in dilute solutions, remaining under 1% 

in most cases, while in concentrated solutions it increased to more than 1% for skim milk and 

more than 2.5% for whole milk. The reference measurement noise remained in the range of 

1-2% in most cases. The increase of conductivity measurement error from dilute to 

concentrated solutions, for both types of milk, was probably due to less homogeneity 

obtained in more concentrated solutions, caused by powder reconstitution difficulties. The 

higher conductivity measurement errors (~ 2.5%) obtained for concentrated whole milk was 

probably due to the free fat forming a hydrophobic film on the surface of the dry particles, 

also resulting in poor homogeneity in the reconstitution process and accordingly higher 

difference between local probe conductivity measurements and average conductivity 

measurements obtained from the ERT system. 

 

For all milk types and categories the best current injection remained in the range of 11-14mA 

which demonstrated this range as the best current injection amplitude for milk conductivity 

measurements by the ERT system. For skim milk 11 and 14 mA, and for whole milk 13 and 

12 mA, were selected as the best current injection amplitudes for dilute and concentrated 

milk solutions, respectively.   
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3.6. Methodology Validation 

 

In order to validate the proposed methodology, milk samples with various concentrations in 

each milk category were prepared and tested using the chosen reference file and the 

optimized current injection settings.  

 

 

3.6.1. Sample conductivity measurements 

 

The prepared samples were tested for accuracy of conductivity measurements and the results 

are demonstrated in Figures 3.9a and 3.9b. 

Figure 3. 9  Skim and whole milk samples conductivity measurements via local conductivity probe and average ERT 

measurements 

 

The conductivity of skim milk samples were measured with an average error of ~0.6% and 

whole milk samples with an average error of ~0.7%, resulting in very accurate conductivity 

measurements for both milk types and categories. The slightly lower accuracy obtained for 

whole milk could again be due to the compounded wettability problem of the free fat forming 

a hydrophobic layer on the surface of the dry particles. 
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The small error in conductivity measurements were possibly due to; imperfect reconstitution 

causing difference in the local probe conductivity measurement and average conductivity 

measurement by the ERT system for both sample and reference solutions, and error of the 

applied image reconstruction method, SBP, which although has less accuracy in 

measurements but due to its fast reconstruction process is a very good choice for online 

measurements. 

 

 

3.6.2. Sample total solids content measurements 

 

The conductivity measurements of each milk sample, obtained in the previous section, were 

next converted to the TS content of the sample through the correlation equation related to that 

specific concentration range. The results are shown in Figures 3.10a and 3.10b:  

 

Figure 3. 10  Skim and whole milk TS content measurements via conductivity probe and average ERT conductivity 

measurements 

 

According to Figures 3.10a and 3.10b, the total solid contents of the various samples could be 

determined with average error of ~2.4% and ~3.1%, for skim milk and whole milk, 

respectively. The maximum total solid content measurement error obtained for skim milk was 

4.97% and for whole milk 4.44%.  
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The increase of measurement error from conductivity measurements to total solid content 

determination could be mostly due to the fact that the samples prepared for the conductivity – 

concentration correlation tests were in small volumes of 100mL while the actual 

measurement samples were 12 litres and due to the manual mixing applied obviously better 

homogeneity and reconstitution could be obtained for smaller samples. The slightly higher 

errors in whole milk TS content measurement compared to skim milk was probably due to 

poor reconstitution and homogeneity for whole milk samples due to the free fat forming a 

hydrophobic film on the surface of the dry particles, as explained previously.  

 

The proposed methodology for the application of ERT to various milk sample concentration 

measurements has proven to be very accurate providing an average accuracy of over 97%.  

 

 

3.7. Detecting Operating Variations in a Milk Mixing Tank 

 

In order to demonstrate the practicability of the ERT application on a real-life milk process 

and also the application of all previous steps, an experiment was planned on a milk mixing 

tank. The advantage of using an ERT system to provide remote internal inspection of such a 

system was further demonstrated by two example problematic situations; detecting an 

external object in the system and also the incomplete mixing process of the full volume tank 

using an ERT system. 

 

In order to avoid the level change effect investigated by Rodgers et al. [45],  the 3 lower 

plane sensors were applied for imaging a sample milk solution. A mixer was used for mixing 

the milk solutions throughout the imaging process. The DAS settings were chosen to provide 

for a Signal-to-Noise ratio of 78.16 dB and a temporal resolution of 1.34fps. In order to test 

the repeatability and accuracy of the measurements taken by the ERT using the selected 

settings, 5 measurement runs, each taking 10 frames of data, were taken. The largest 

difference among these conductivity measurement data was taken as a measure of 

repeatability, which was 0.08%, and an average conductivity measurement error of 0.03%.  
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3.7.1. Object Detection 

 

The novel ability of ERT in detecting an external object, i.e. a metal tube, in a milk solution, 

commensurate to the existence of an external undesirable object in the milk storage and 

mixing tanks in the actual milk processing sites, which is otherwise undetectable, was 

demonstrated in the selected conductivity tomograms in Figure 3.11. In this experiment, the 

insertion of a metal tube (ID=1.9cm, OD=2.2cm) into the milk tank was imaged with time 

increments of ~1 second.  

 

Figure 3. 11  Object Detection Conductivity Tomograms. Starting at the top left 3 plane tomogram continuing to the right 

and then bottom row left to right with time increments of ~1 second 

 

Although the size of the external object was being over-estimated by the qualitative 

tomograms, but the detection of its existence, in an opaque fluid such as milk which was 

otherwise undetectable, was made possible using ERT and the proposed methodology. 
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3.7.2. Miscible mixing qualitative visualization 

 

The novel capability of ERT to qualitatively visualize the existence of a milk concentration 

variation due to an incomplete mixing process (for example in the storage and mixing tanks 

of a real milk process), which is otherwise undetectable, the addition of a different 

concentration milk solution to the main solution was visualized. The mixer speed and 

characteristics (4 blade axial impeller, D=12cm, ~70 rpm) were not perfectly designed to 

provide a perfect mixing situation, in order to demonstrate the ability of an ERT system in 

recognizing such a variation. For this experiment 5kg of 24%TS whole milk was added to the 

tank filled with ~50kg of 12%TS whole milk at midway between the impeller shaft and tank 

wall. 

 

A selected number of conductivity and concentration tomograms of all three planes, obtained 

during this mixing process have been demonstrated in Figures 3.12 and 3.13, respectively. 

The concentration tomograms are constructed using the obtained correlations in Matlab.  

 

Figure 3. 12  Conductivity tomograms of milk miscible mixing. Starting at the top left 3 plane tomogram continuing to 

the right and then bottom row left to right with time increments of ~3 seconds 
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Figure 3. 13  Concentration tomograms of milk miscible mixing. Starting at the top left 3 plane tomogram continuing to 

the right and then bottom row left to right with time increments of ~3 seconds 

 

In both conductivity and concentration tomograms the addition of a higher conductivity / 

concentration solution into the base solution of plane 1 was visible. Due to the incomplete 

mixing process the higher conductive solution mainly stayed in the middle section of top 

plane while slightly affecting the second plane. After 5000 frames (approximately 2 hours) of 

mixing although still the major part of the higher conductive solution remained in the middle 

section of plane 1 and partially plane 2, a slight increase of conductivity / concentration in the 

base solution of the whole tank was visible (compared to frame 1).  
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The conductivity and concentration tomograms provided for a qualitative detection of the 

mixing variation and also some knowledge on the faulty mixing such as the whereabouts of 

the higher concentration / conductivity region. 

 

 

3.7.3. Miscible mixing quantitative visualization 

 

More detailed description of the characteristics of the malfunction could be provided by 

extracting the data from the software and quantitatively analyzing them. In this section few 

common diagrams in quantitative analysis of mixing processes, according to [21, 33, 39], 

have been demonstrated and analyzed for this faulty mixing process.  

 

 

Figure 3. 14  Average Conductivity Variation of 5000 frames  ( with a closer view ) 
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Figure 3.14a represents the average conductivity variation for the 5000 measurement frames 

of all planes and also the minimum and maximum conductivity of all the pixels for all the 

measurement frames. As it is obvious from this figure from frame 200 and its proximity not 

much variation in the average conductivity measurements and thus in the mixing process can 

be visualized. Also the huge conductivity variation at the end of the process demonstrating 

the degree of homogeneity explains that the tank remained in a non-homogenous state. For a 

more precise analysis a more focused view in the first few frames of the mixing process 

(Figure 3.14b) provides the feed time.  

 

Figure 3. 15  Average conductivity variation per plane 
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Average conductivity variation per plane for all pixels (Figure 3.15) demonstrates the fact 

that the higher level planes were more affected by the addition and had reached higher 

conductivity values. Also the lower planes had a more homogenized state, which was due to 

the fact that less high conductivity solution had reached the bottom planes. 

 

Figure 3. 16  Average concentration value of each plane 

 

The average concentration value of each plane (Figure 3.16) demonstrates the huge 

difference of concentration existing between different levels of the tank which is again a 

demonstration of the non-homogenous situation of the tank caused by the faulty mixing and 

the higher concentration at higher levels of the tank. 
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Figure 3. 17  Relative deviation of each plane 

 

The relative deviation of each plane (Figure 3.17), which in a complete mixing situation is 

the figure demonstrating the mixing time of the process, in this case demonstrated the degree 

of non-homogeneity in each plane. It is obvious from the figure above that the highest 

relative deviation and thus non-homogeneity was obtained in plane 1 due to the fact that the 

higher conductive region mostly remained in plane 1. Plane 2 had a slight increase in the 

relative deviation while plane 3 remained in its original mixed situation (before the addition). 

The relative deviation of plane 1 which increased due to the addition remained in that non-

homogenized state and did not decrease to a more homogenized situation during the faulty 

mixing process. 
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3.8. Conclusions 

 

The novel methodology proposed in this research made ERT applicable to the milk mixing 

process for the first time. This application provided remote internal inspection into the mixing 

process of a milk solution extracting valuable information such as; qualitative images of the 

milk conductivity / concentration profile, quantitative evaluation of the milk mixing process, 

e.g. feed time, mixing time, degree of homogeneity, average milk concentration 

measurement, and the ability of detecting mixing malfunctions such as the existence of an 

external object and a non-homogenous tank due to imperfect mixing. Such multidimensional 

information provides for the control of a milk mixing tank such as the storage and mixing 

tanks in the actual milk processing sites. 

 

This research will be further developed in the future by validating and testing the application 

on milk flow in order to qualitatively visualize the flow and also extract further quantitative 

information such as the flow and velocity profile, applying ERT to higher concentrations of 

milk up to 50%TS commensurate to the feed of the spray dryer in the milk powder plant, and 

considering the extracted information for integration in an industrial monitoring and control 

system and for simulated potential situations. 

 

 

3.9. Summary 

 

This chapter explained the process of methodology development, validation, and testing of 

the first attempt for ERT application to the complex structure of milk for quantitative and 

qualitative analysis of milk solutions in a mixing tank and the detection of two undesirable 

situations, an external object and a non-homogenous tank due to imperfect mixing. The 

quantitative analysis provided information such as accurate concentration measurements of 

various milk solutions, and feed time, mixing time, and degree of homogeneity of milk 

mixing processes. 
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4.1. Prologue 

 

The multidimensional concentration information presented in Chapter 3 was obtained through 

correlations from ERT conductivity measurements and therefore, further enhancement of 

those correlations and the experimental technique could further improve the proposed 

methodology and application. 

 

In a second series of experiments the previously obtained correlations were modified, 

extended and enhanced to produce a more accurate and applicable correlation for 

concentration measurements. Modifications were made in the milk preparation step for better 

resemblance between the reconstituted milk samples and fresh milk, such as: 

 

 Using distilled water instead of tap water for reconstitution of milk powder (as 

distilled water is the liquid removed from fresh milk to produce powder) 

 

 Better reconstitution at a higher temperature (30-40°C) [7] 

 

 Using a professional high shear mixer for reconstitution of samples, causing better 

dissolution of powder into a homogenized solution (especially important in higher 

concentration samples) 

 

 Applying the same reconstitution time for all milk samples to avoid experimental 

factors influencing conductivity variations of milk samples 

 

 Leaving reconstituted milk samples in a water bath of 45°C for approximately 40 

minutes before testing to assure complete hydration of proteins [7] 

 

In the new series of experiments milk categorization was also avoided to eliminate 

unnecessary complications in the methodology. This categorization could limit the 

applicability of the developed correlation, as previous knowledge would be required about 

the milk concentration range. Therefore avoiding this limitation could further extend the 

applicability of the developed methodology and correlation.  
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Also due to the high dependency of conductivity on temperature, the effect of milk 

temperature in determining its concentration from ERT conductivity measurements is also 

crucial and was considered in the next series of experiments. 

 

Correlations were also obtained to extract fat content information from ERT measurements, 

through a separate methodology in ERT application. Such multidimensional compositional 

information further enhances the applications of ERT to milk processes. 

 

The experiments required for this part of the work are presented as the authors’ second paper, 

Milk Total Solids and Fat Content Soft Sensing via Electrical Resistance Tomography and 

Temperature Measurement, published in the Food and Bio-products Processing Journal: 

Sharifi, M. and Young, B. (2012) http://dx.doi.org/10.1016/j.fbp.2012.05.001. 

 

 

4.2. Abstract 

 

The novel, robust and high speed method of process imaging, Electrical Resistance 

Tomography (ERT), can potentially provide the user with the multidimensional information 

required for automatic process monitoring and control. In this study it has been applied for 

the first time in the non-invasive analysis of various milk solutions for quantitative auditing 

and attaining informative data, such as total solids and fat content at constant temperature in 

the various stages of milk processing. Although various other methods of total solids and fat 

content measurement are being applied, most have disadvantages such as imprecision and 

sampling problems. No other existing methods have the capability of providing dynamic, 

spatially-distributed knowledge of the data variation, while also enabling visual access into 

opaque solutions and vessels.  

The proposed method provides an average accuracy of over 96% in milk total solids and fat 

content measurement. Such accuracy is comparable to the precision of current methods of 

off-line point measurements, with the advantage of providing continuous output data, which 

is crucial for process control applications. 

 

Keywords Electrical Resistance Tomography, skim milk, whole milk, total solids content, 

fat content 
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4.3. Introduction 

 

Improving the quality of products, decreasing energy consumption, reducing waste and 

minimizing costs, are some of the many advantages of applying automatic process control in 

industrial processes, including the milk processing industry. In order to acquire the 

aforementioned advantages and achieve “good” control over processes, reliable and 

multidimentionally distributed measurements of the state of the process are required. Often 

these can not be satisfactorily obtained using traditional sensing devices and techniques 

which are both invasive and largely limited to single point measurements [10, 11].  Especially 

when operating conditions change away from the desired state, e.g. inhomogenous situations,  

single point information is no longer sufficient and a more distributed and multi-dimensional 

view of the dynamic state of the process is required [10, 11]. Reliable multidimensional 

information [18, 41, 67] required for process control can be potentially obtained by using 

ERT, which is one of the most common modalities in tomography.  

 

ERT is a novel high speed and relatively low cost method of process imaging that has been 

introduced in various industrial processes providing the user with the ability to perform non-

invasive remote internal inspection through volume scanning, or in other words, enabling the 

user to see inside an object which is otherwise optically inaccessible and thus potentially 

collecting information required for process control. Currently there is a huge amount of 

research being carried out on various possible applications of ERT in industry, (e.g. [20, 21, 

35, 41, 68]). However, ERT has not been applied to milk processing to date. 

 

In the various stages of milk processing, there is stringent control on the milk temperature, 

pressure, flow, concentration, composition, hygiene, taste and smell to assure an acceptable 

final product quality [7]. Sensors and instrumentation for in-line and online measurement of 

physical and physical-chemical properties of products, such as temperature, pressure, flow 

and levels in tanks, are commercially available and applied in the food industry at present. 

However sensors to determine product composition and concentration are not yet much 

developed, while the need for multidimensional monitoring of such parameters for control 

purposes still remains [69]. Although various methods for the single point measurement of 

these parameters have been proposed, most have disadvantages including imprecision and 
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sampling problems, and they do not have the possibility of providing a dynamic, spatially-

distributed image of the data variation. 

 

ERT may have potential applications in multidimensional monitoring of concentration and 

composition in various stages of industrial milk processing. In the milk collection and 

receiving step, raw milk undergoes various tests including the milk freezing point test (to 

determine milk adulteration) and composition evaluation; in all of the milk holding tanks 

(storage and mixing), milk homogeneity must be maintained and controlled avoiding cream 

separation during the holding period; in the milk standardization process the fat content of 

cream and milk is controlled using density and flow transmitters which have disadvantages 

due to specific combinations of fat, protein and lactose having possibly misleading densities 

[7, 70]. Also for concentrated products, the concentrate flow rate, dryer feed rate and energy 

input are controlled to obtain the desired total solids content. For milk powders, the total 

solids content of the spray dryer feed is controlled to obtain a desired quality of product [70]. 

In reconstitution tanks in the recombined milk product industry, there is also the need to 

control the total solids content of the reconstituted milk solution. 

 

The earliest related research in this area was on the use of electrical resistance to detect milk 

fouling and monitor its cleaning [56]. However, the system employed did not have the ability 

to provide conductivity distribution information as it only had two parallel sensors. Also in 

2005, Shirhatti and co-workers investigated the processes of dispersion, dissolution and 

settling of dry nonconductive food powders in a mixing vessel using ERT for conductivity 

measurements and Focused Beam Reflectance Measurement (FBRM) for particle counting 

[57]. However, this work focused on the dissolution or settling of the powders and not on the 

characteristics of the resulting solution. In 2009, Li and Yang developed an ERT/ECT dual 

modality system and tested it on various phase distributions including a gas-milk two-phase 

distribution, but focusing only on the novel sensor construction and not how it could be used 

[61].  

 

ERT operation is based on electrical current injections into a medium of interest and a 

reference medium. The resulting ERT relative conductivity measurements are based on 

conductivity measurements of the medium of interest and the reference medium. Therefore, 

successful operation of ERT and the accuracy of its measurements is dependent on 

appropriate selection of two critical factors, current injection setting and reference medium. 
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Selection of a suitable current injection setting for both the reference and the medium of 

interest is an important factor as it will minimize the measurement noise and enhance 

measurement accuracy. Selection of an appropriate reference medium depending on the 

purpose of the measurements is also a crucial factor, as it will define the meaning and 

accuracy of the ERT’s relative conductivity measurements.   

 

Next, the ERT relative conductivity distribution can be transposed into the distribution of a 

parameter of interest using a separately obtained and accurate correlation between 

conductivity measurements and the parameter of interest. Such accurate multidimensional 

information becomes especially useful in inhomogeneous situations where existing invasive 

single point measurement techniques are unable to provide complete insight. A separate 

measurement technique (conductivity probe) has to be used both for development of the 

correlation and for comparison with ERT measurements to examine the measurement 

accuracy. Due to the fact that current techniques do not have the ability to provide multi-

dimensionally distributed measurements required in inhomogeneous situations, preliminary 

experiments in developing the methodology need to be conducted in homogenous situations. 

The accuracy of ERT conductivity measurements in homogenous situations together with a 

precise correlation assures accurate ERT measurements for each pixel of the cross-section in 

a non-homogenous situation.  

 

The aim of this work is to further develop the methodology proposed by Sharifi and Young 

[73] to a more applicable procedure of applying Electrical Resistance Tomography (ERT) in 

the non-invasive analysis of various milk solutions for quantitative auditing and attaining 

informative data of the milk total solids content.  The methodology developed proposes an 

enhanced selection criterion for optimum reference solution and current injection setting for 

the purpose of accurate ERT conductivity measurements, and produces precise correlations 

for extracting accurate total solids data from ERT measurements. A methodology has also 

been developed for the first time for evaluation of milk fat content using ERT imaging. The 

proposed methodology provides ERT with the potential to be an alternative or replacement 

for traditional techniques in milk concentration and composition monitoring and control, in 

the various milk processing situations mentioned above, and many more industrial situations, 

providing accurate, dynamic and multidimensional information. 
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4.4. Experimental Equipment & Materials 

 

The experimental rig used for the experiments was a circular vessel of 38.8cm inner diameter 

with 4 electrode rings, each having 16 invasive but non-intrusive electrodes positioned 

equidistantly (8cm apart) around the boundary at fixed locations. The distance between the 

electrode rings and to the bottom of the tank was 8cm. The electrodes were made of stainless 

steel with a contact area of 2.25cm
2
. A schematic of the experimental set-up is shown in 

Figure 4.1. The vessel and sensors were constructed by Industrial Tomography Systems plc, 

UK. 

 

 

DAS

Data Acquisition System

Host ComputerMetal Electrodes

Conductivity 

Probe

Conductivity 

Meter

Motor

Mixer Shaft

 

Figure 4. 1  Schematic diagram of laboratory set-up 

 

The ITS P2000 ERT [71] system with an adjacent electrode pair strategy [64] was employed 

for data acquisition. The conductivity distributions were reconstructed using the inbuilt, 

modified-sensitivity-coefficient, back-projection algorithm (SBP) first defined by Geselowitz 

[65], and enhanced by Kotre [66]. The data acquisition settings were chosen to provide a 

signal-to-noise ratio of approximately 74dB and a temporal resolution of 1.7 fps for online 

measurements. 
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A METTLER TOLEDO SevenEasy local conductivity probe was used to collect reference 

conductivity and temperature data from the various milk solutions. 

 

A Silverson high shear batch mixer with a square hole screen was used for the reconstitution 

of milk powders. Using a professional, high-shear mixer for the reconstitution assured 

complete powder dissolution into a fully homogenized milk solution. 

 

The milk solutions used in this study were 5-30% total solids content reconstituted skim milk 

and whole milk solutions (milk powders were kindly provided by Fonterra Cooperative 

Group Ltd.) commensurate with milk solutions used in various stages of processing.  

 

 

4.5. Experimental Procedure and Results 

 

4.5.1. Milk solution preparation 

 

In order to prepare fully homogenized and hydrated milk solutions which best resemble fresh 

milk solutions in the various stages of processing, the following procedure [72] was carried 

out for each sample solution: 

 

Milk solutions were prepared by reconstituting the desired amount of milk powder into the 

required amount of distilled water which is heated to 45°C using the high shear mixer for 10-

15 minutes (with foaming minimized). The same mixing process was applied for all solutions 

to avoid variations caused by the degree of mixing. Milk solutions were then left in a constant 

temperature water bath of 45°C for 40 minutes to assure complete hydration of proteins [7]. 

Before being used for further testing, milk solutions were cooled to room temperature (19-

21°C). 

 

 

4.5.2. Milk Correlations 

 

As found in our preliminary study [73], ERT conductivity measurements of milk solutions 

need to be correlated to total solids content through separately obtained correlations. 
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Therefore, reconstituted whole and skim milk samples with various concentrations were 

prepared and their conductivity measured with the conductivity probe at a constant 

temperature of 20°C. Correlations were obtained between each sample concentration (as used 

in preparation) and the measured conductivity (Figure 4.2).  

 

Figure 4. 2  Conductivity-Total Solids Content Relationship 

 

In order to avoid dilute and concentrated milk categorization and the difficulty of category 

detection of unknown milk solutions, only one correlation was obtained for the entire 

concentration range of 5-30%TS. In these correlations the moisture contents of the skim and 

whole milk powders, 3.8% and 3.3%, respectively, were also accounted for.  

 

Due to the close dependency of conductivity to temperature variations, separate conductivity- 

temperature relationships were also obtained for skim and whole milk solutions at various 

temperatures in the range of 20°C to 60°C (Figure 4.3). For this purpose various concetration 

whole and skim milk samples were prepared and their conductivity at different temperatures 

in the 20-60°C range measured with the conductivity probe. 
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Figure 4. 3  Conductivity-Temperature Relationships 

 

As ERT provides relative conductivity measurements (σ/ σreference), taking measurements of 

whole milk solutions with the same concentration skim milk (0.8% fat) set as a reference, 

will provide relative conductivity data for these two types of milk solutions (σwhole milk/ σskim 

milk). This is where, as stated before, appropriate selection of reference medium defines the 

meaning of the ERT measured data. Therefore, in order to provide ERT with the ability to 

determine the fat contents of various milk solutions, a correlation needs to be constructed 

relating the relative conductivity of various milk solutions (σwhole milk/ σskim milk) to the fat 

content. For this purpose various concentration whole and skim milk samples were prepared 

and their conductivity measured using the conductivity probe at room temperature (20°C). 

Then the relative conductivity of the solutions (σwhole milk/ σskim milk) at each concentration was 

correlated with the fat content of the whole milk solution (as existing in the ingredients of the 

whole milk powder) at that concentration.  Figure 4.4 shows this relationship, i.e. provides 

the correlation between fat content data and the relative conductivity of whole and skim milk 

(reference) solutions at various concentrations at room temperature.  
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Figure 4. 4  Fat content-relative conductivity relationship at constant temperature 

 

 

4.5.3. Milk Conductivity measurements 

 

In order to evenly distribute the conductivity measurement error in the entire concentration 

range of 5-30% total solids content [73], the reference solution of each milk type was chosen 

as the milk solution with the average conductivity of the whole concentration range, 12%TS 

for skim and 13%TS for whole milk (from Figure 4.2). Also, only one reference was chosen 

for the entire concentration range of skim and whole milk, to avoid complications of dilute 

and concentrated milk categorizations [73]. 

 

To obtain accurate and reliable measurements, the best current injection setting for each 

reference needed to be selected [71]. For this purpose an optimum current injection was 

selected by using the direct sum of the reference noise and conductivity measurement error of 

the minimum (5% TS), maximum (30% TS), reference point (12% TS for skim milk and 13% 

TS for whole milk) and also two random concentrations (8% and 20% TS) in the 5-30% TS 

range studied (Figures 4.5 and 4.6).  
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Figure 4. 5  Skim milk current amplitude selection 
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Figure 4. 6  Whole milk current amplitude selection 
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Therefore, in order to have one reference and one current setting for the entire concentration 

range of 5-30% total solids content, skim milk solutions were tested with 12%TS solution as 

the reference and 13mA current injection, and whole milk solutions with 13%TS as the 

reference and 12mA current injection. Reference solution concentrations were selected for 

each solution type by using the average conductivity of the whole concentration range from 

Figure 4.2. Current injections were selected for each solution to provide the lowest direct sum 

of reference noise and conductivity measurement errors from Figures 4.5 and 4.6. 

 

Using the selected settings, the conductivities of various homogenized milk solutions were 

measured using ERT and a local conductivity probe. The average ERT conductivity 

measurements were compared to the local conductivity probe measurements to evaluate the 

error of the ERT measurements (Figures 4.7a and 4.7b). 

 

Figure 4. 7  Conductivity measurements; (a)skim milk     (b)whole milk 
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4.5.4. Milk total solids content measurements 

 

The average ERT conductivity measurements of each milk sample (as obtained in the 

previous section) is then further correlated to total solids content data, through the 

relationship obtained earlier between milk conductivity and total solids content for each milk 

type (Figure 4.3). The correlated total solids content data (from ERT conductivity 

measurements) are compared to the total solids value based on dry powder weight to evaluate 

the error of the total solids content relationships (Figures 4.8a and 4.8b).   

 

Figure 4. 8  Total Solids Content Relationships; (a)skim milk    (b)whole milk 

 

The Absolute Average Deviation (AAD) of the correlated total solids content data (from ERT 

conductivity measurements and conductivity-concentration correlations) compared to dry 

powder weight based total solids content data was 3.7% showing good accuracy (i.e. more 

than 96%). 
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4.5.5. Milk fat content measurements 

 

Whole milk solutions with various concentrations were put to test for fat content 

measurement, using ERT, the optimum instrument settings obtained previously, and using 

skim milk solutions of the same concentrations set as the reference measurement at room 

temperature (19-21°C). For this purpose, for various concentrations in the range of interest, 

each skim milk solution concentration was set as an ERT reference, and then the same 

concentration whole milk solution was measured to obtain relative conductivity using ERT.  

These relative conductivities obtained from ERT measurements were then further correlated 

to fat content using the fat content-relative conductivity relationship obtained (Figure 4.4). 

These correlated fat content data were compared to the real fat content of the solutions (from 

the ingredient information of the powder being used) to evaluate the error of fat content 

measurements (Figure 4.9). 

 

Figure 4. 9  Fat content measurement 
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4.6. Discussion 

 

The conductivity-total solids content relationships obtained in Figure 4.2 demonstrated that at 

room temperature (19-21°C) skim milk has higher conductivity than whole milk at almost all 

concentrations (except for 30% TS as is discussed below), which is due to the lower fat and 

slightly higher mineral content. Also, with an increase of concentration (total solids content), 

milk solutions showed an increasing trend in conductivity which was very similar for both 

milk types at most concentrations. At higher concentrations,  of approximately 30%TS and 

greater, both milk types changed to a sharper increasing conductivity trend, which was more 

obvious in the skim milk trend, reaching a similar conductivity at 30% total solids content. 

This was due to the fact that the trace metal ions present in the milk powder were released 

into the solution with the complete dissolution of milk powder, increasing the conductivity of 

the solution. As the concentration of the milk solutions increased, more trace metal ions were 

being released and a further increase in conductivity was visible. 

  

The conductivity-temperature relationships obtained in Figure 4.3 demonstrated the 

increasing trend of milk solution conductivities with temperature. The trends obtained in 

these results are in accordance with a previous study by Henningsson et al [95] who had used 

dilutions of commercial milk. As is obvious from this Figure, again skim milk solutions have 

higher conductivities compared to whole milk solutions of the same concentration due to the 

lower fat content. Skim milk solutions also have higher dependencies on temperature 

variations compared to whole milk solutions of the same concentration and the trend of these 

dependencies increases with the increase of conductivity and therefore concentration. 

 

The ERT conductivity measurement results in Figure 4.7 demonstrated the fact that using the 

proposed methodology in choosing an appropriate reference and the optimum current settings 

related to that reference provides ERT with the ability to perform conductivity measurements 

with an average error of 1.4% for skim and 1.6% for whole milk solutions. This error could 

be related to the image reconstruction method applied, the modified Sensitivity Coefficient 

Back Projection [65], which although has less accuracy in measurement, is a good choice for 

online measurements due to the fast reconstruction process. The slightly higher error in whole 

milk measurements could be due to the compounded wettability problem of the free fat 

forming a hydrophobic layer on the surface of the dry particles [72]. 
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The total solids content data obtained using the average ERT conductivity measurements and 

the conductivity-total solids content correlations shown in Figure 4.8 also proved that the 

methodology proposed in this research gives ERT the potential to monitor the total solids 

content of various milk solutions with an average error of 3.7%. The increase of error from 

conductivity measurements to total solids content measurements could be related to errors of 

correlation due to varying accuracy and homogeneities obtained in the smaller samples of the 

correlation test and the bigger samples of the measurements. 

 

The benefits of the proposed methodology using ERT application for the purpose of this work 

is further demonstrated when the conductivity distribution of an inhomogeneous fluid 

measured by ERT is further correlated to its concentration and fat content data, providing 

multi-dimensional concentration and composition distribution information of the solution 

throughout the 316 pixels of each cross-section (in the ERT produced data each cross-section 

is divided into 316 pixels). Such detailed information cannot be extracted using any other 

available technology. 

 

Although the small range of relative conductivities may cause high sensitivity, the fat content 

data (Figure 4.9) obtained using relative conductivities of whole and skim milk and the 

related correlation obtained separately, actually resulted in an average error of 3.3% and a 

maximum error of 4.9%.  

 

In order to provide for further clarification of the proposed methodology an example 

procedure is explained in detail below: 

For computation of Total Solids content of a whole milk solution with unknown 

concentration and fat content, first a reference ERT measurement is taken from a 13% Total 

Solids content whole milk solution using a current injection of 12mA (as explained in section 

4.5.3). Then the relative conductivity of the solution of interest is measured using ERT and a 

12mA current injection setting. The measured relative conductivity together with the 

solution’s temperature are correlated to the solution’s Total Solids content through the whole 

milk correlation obtained in Figure 4.3. 

 

For computation of the milk solution’s fat content at room temperature, through a separate 

procedure, a reference ERT measurement is taken from the same concentration skim milk at 

room temperature, using a 12mA current injection setting. Then the relative conductivity of 
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the whole milk solution of interest is measured using ERT. This measured relative 

conductivity is then correlated to the solution’s fat content using the correlation obtained in 

Figure 4.4. 

 

 

4.7. Conclusions 

 

The results of this research demonstrated for the first time that ERT, when accompanied by 

temperature measurements, has the ability to multi-dimensionally monitor milk concentration 

and fat content with high accuracy. The benefit of this application and methodology is further 

demonstrated for a non-homogenous solution providing the multidimensional distribution of 

concentration and composition. The dynamic, spatially-distributed information provided by 

ERT could be used for automatic process control in the milk industry. This application may 

also be the solution to the lack of sensors to monitor concentration and composition as 

identified by TeGiffel [69]. It has the potential to control raw milk adulteration issues at 

receipt by monitoring and controlling total solids values and comparing to required values. 

By providing an image of the total solids content variation in any of the various milk holding 

tanks in the milk processing industry, homogeneity of the milk can be controlled to avoid 

cream separation. ERT will also be able to monitor the fat content of raw milk at receipt and 

also in the standardization process of milk, presenting an alternative technique to traditional 

methods. Also, ERT has the ability to monitor the total solids content of the concentrate in 

the evaporator and the spray dryer feed providing the reliable dynamic information required 

for process control. 

 

 

4.8. Summary 

 

Chapter 3 explained the process of methodology development, validation, and testing of the 

first attempt of ERT application to the quantitative and qualitative analysis of milk solutions 

in a mixing tank. The stated quantitative analysis was further enhanced in this chapter for 

better accuracy and applicability. For this enhancement, all stages of the methodology, 

including milk solution preparation, reference solution selection, conductivity-concentration 

and conductivity-fat content correlations were considered. 
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5.1. Prologue 

 

ERT qualitative analysis (discussed briefly in Chapter 3), provided the ability in detection of 

solution inhomogeneity and external object detection. This qualitative analysis ability of ERT 

provides remote insight into milk mixing vessels, providing multidimensional information 

from the process, which was previously impossible to attain from opaque process vessels and 

solutions. Therefore, with further investigation this ability could be further expanded to 

provide numerous crucial information from the process vessel. 

 

According to the detailed analysis of the milk powder production process in Chapter 2, the 

above mentioned potential abilities of ERT can become very useful in the monitoring and 

control of various crucially undesirable situations in milk holding/mixing tanks in the 

processing industry, such as inhomogeneity, external objection or powder lump, cream 

separation, adulteration and aeration/vortex formations. Therefore the first attempt of ERT 

application to milk mixing monitoring (Paper #1) was further enhanced and expanded to 

detect the mentioned situations. 

 

The experiments required for this part of the work  are presented as the authors’ third paper, 

3-Dimensional Spatial Monitoring of Tanks for the Milk Processing Industry using Electrical 

Resistance Tomography, published in the Journal of Food Engineering: Sharifi, M., & 

Young, B. (2011), 105(2), 312-319. 

 

 

5.2. Abstract 

 

The novel application of ERT in monitoring milk solutions could have potential applications 

in various stages of the milk processing industry for monitoring and control of crucial 

parameters. In this study, ERT has been applied for the first time in 3-dimensional 

visualization of milk holding tanks for analysis of overall homogeneity or non-homogeneity, 

total solids content monitoring, adulteration, cream separation, aeration and object/powder 

lump detection which are parameters requiring monitoring and control in the current milk 

processing industry. Although sensors for in-line and online point measurement of physical 

and physical-chemical properties, such as temperature, pressure, flow and levels in tanks are 
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commercially available at present, sensors for the determination of concentration are not yet 

much developed, let alone providing dynamic, spatially-distributed information of the data 

variation.     

 

 

Keywords Electrical Resistance Tomography (ERT), milk, homogeneity, total solids 

content, adulteration, aeration, cream separation 

 

 

5.3. Introduction 

 

There are strict regulations on the monitoring and control of milk temperature, pressure, flow, 

concentration, composition, hygiene, taste and smell in the milk processing industry in order 

to assure a satisfactory final product quality [7]. Instrumentation and sensors for in-line and 

online monitoring of physical and physical-chemical properties, such as pressure, 

temperature, flow and levels in tanks are currently commercially accessible and applied in the 

industry. On the other hand, sensors to determine product concentration are not yet much 

developed, but the need for multidimensional monitoring of this parameter for control 

purposes still exists [69].  

 

Like all other industries, applying automatic process control in the milk processing industry 

will improve product quality, reduce energy use, decrease waste and minimize costs. Having 

reliable and dynamic measurement or measurements of the state or states of the process is 

one of the essential principles of process control but which cannot be adequately obtained by 

the single point information provided by conventional sensing techniques and devices [10, 

11]. 

 

Electrical Resistance Tomography (ERT), a novel low cost and high speed technique of 

process imaging, has the ability to achieve non-invasive internal inspection providing a 

dynamic multi-dimensional image of the state of the process [10, 11]. Therefore, ERT may 

have the potential to provide the consistent, dynamic multidimensional information required 

for automatic process control and also solve the problem of lack of concentration 

measurement sensors [69]. 
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In various stages of the milk processing industry there are milk storage and mixing tanks 

which need to be monitored and controlled for several requirements. These tanks are required 

to have some sort of agitation to prevent cream separation by gravity. The agitation must also 

be smooth enough to avoid aeration [7]. In such cases the capability of ERT in providing the 

user with the ability to visualize the vessel interior can potentially become very useful in 

detecting any cream separation or aeration which could be caused by imperfect agitation. 

ERT could also potentially provide the user with the ability to monitor the overall 

homogeneity or non-homogeneity of the tank; dynamically monitor the milk solution 

spatially distributed concentration (using the methodology proposed by Sharifi and Young 

[73]); identify adulteration which is traditionally evaluated by freezing point tests [7] and 

involves disadvantages such as imprecision and sampling problems; and detect any external 

object existing in the milk solution including powder lumps, and any other variation from the 

desired state.  

 

Very limited research has been carried out on the possibility of applying ERT for monitoring 

milk in the processing industry. In 2004, Chen et al. proposed the use of electrical resistance 

to detect milk fouling and monitor its cleaning. However, the system used did not have the 

capability to provide conductivity distribution information as it only had two parallel sensors 

[56]. In 2005, Shirhatti et al. studied specifically the process of dispersion, dissolution and 

settling of dry nonconductive food powders in a mixing vessel using ERT and Focused Beam 

Reflectance Measurement (FBRM) [57]. In 2009, Li and Yang developed an ERT/ECT dual 

modality system and tested it on various phase distributions including a gas-milk two-phase 

distribution, but focused only on the novel sensor construction and not how it could be used 

[61]. The idea of using ERT for monitoring milk concentration was first proposed by Sharifi 

and Young [73] and later developed in [74]. To our knowledge the various potential 

applications of ERT in the milk processing industry have never been investigated before. 

 

In this work various tests commensurate to the stated possible situations in the milk 

processing industry have been conducted in an experimental rig, while visualizing the milk 

solutions three-dimensionally using ERT. Other than the qualitative images provided by 

ERT, quantitative analysis of the various milk mixing situations have also been performed 

using ERT extracted data. 
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5.4. Experimental Equipment & Materials 

 

A circular vessel of 38.8cm inner diameter with 4 electrode rings of 16 invasive but non-

intrusive electrodes positioned equidistantly around the boundary at fixed locations was used 

as the experimental rig. The distance between the electrode rings and to the bottom of the 

vessel was 8cm. The electrodes were made of stainless steel with a contact area of 2.25cm
2
. 

A schematic of the experimental set-up is shown in Figure 5.1. The vessel was equipped with 

a 4 blade pressure impeller (axial flow) with a third of the vessel diameter clearance from the 

bottom. The vessel had no baffles similar to the silo tanks in the milk processing plant. The 

agitation was set at 75 rpm which resulted in minimum vortex formation for most 

experiments unless otherwise stated (in case of cream separation and aeration experiments).   

 

DAS

Data Acquisition 

System

Host Computer
Metal Electrodes

Conductivity Probe

Conductivity 

Meter

Motor

Mixer Shaft

 

Figure 5. 1  Schematic diagram of laboratory set-up 

 

For data acquisition an ITS P2000 ERT system [71] with an adjacent electrode pair strategy 

[64] was applied. The inbuilt modified sensitivity coefficient back-projection algorithm 

(SBP) [65, 66] was used for the reconstruction of the conductivity measurements. The data 

acquisition settings were chosen to provide a signal-to-noise ratio of approximately 74dB and 

a temporal resolution of 1.7 fps for online measurements. Voltage measurements were 

reconstructed into 3-dimensional images by the inbuilt interpolation software. 

 



82 

 

A METTLER TOLEDO SevenEasy local conductivity probe was used to gather reference 

conductivity and temperature data from the various milk solutions. 

 

For the reconstitution of milk powders, a Silverson high shear batch mixer with a square hole 

screen was applied. Complete powder dissolution into fully homogenized milk solutions was 

assured using the professional high shear mixer for reconstitution. 

 

The milk solutions prepared for the tests were 12.7%, 30% and 50% total solids content 

reconstituted skim milk and whole milk solutions (milk powders were kindly provided by 

Fonterra Cooperative Group Ltd.) commensurate with raw and more concentrated milk 

solutions used in various stages of processing.  

 

 

5.5. Experimental Procedure 

 

5.5.1. Milk solution preparation 

 

Fully homogenized and hydrated milk solutions, which best resemble fresh milk solutions in 

the various stages of processing were prepared using the following procedure [72]. 

 

Sample milk solutions were prepared by reconstituting the required amount of milk powder 

into distilled water at 45°C using the high shear mixer for 10-15 minutes. The same mixing 

process was applied for all solutions to avoid variations caused by the degree of mixing. Milk 

solutions were then left in a constant temperature water bath of 45°C for 40 minutes, to 

assure complete hydration of proteins [7]. Before being used for further testing, milk 

solutions were cooled to room temperature (19-21°C). 

 

 

5.5.2. Three-dimensional visualization of homogeneity and non-homogeneity 

 

In order to demonstrate the capability of ERT in monitoring milk homogeneity and non-

homogeneity which is otherwise undetectable, various tests were conducted. In these tests 1 

litre of a higher concentration milk solution (more conductive) or water (less conductive) 
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were added into homogenous whole and skim milk solutions of 12.7% total solids content 

(commensurate to raw milk). The solutions were prepared in a volume that would cover the 

four planes of sensors. Selected three-dimensional images of the addition process are shown 

in Figures 5.2-5.5. 

 

 

Figure 5. 2  Addition of water to the surface of a homogenous whole milk solution (near vessel wall); images a to e 

demonstrate increasing time increments of ~25 seconds 

 

 

 

Figure 5. 3  Addition of a higher concentration solution to the surface of a homogenous whole milk solution (near 

agitator shaft); images a to e demonstrate increasing time increments of ~25 seconds 

 

 

 

Figure 5. 4  Addition of water to the surface of a homogenous skim milk solution (near agitator shaft); images a to e 

demonstrate increasing time increments of ~25 seconds 
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Figure 5. 5  Addition of a higher concentration solution to the surface of a homogenous skim milk solution (near agitator 

shaft); images a to e demonstrate increasing time increments of ~25 seconds 

 

 

5.5.3. Adulteration Detection 

 

In order to demonstrate the potential ability of ERT in detecting adulteration, desired 

solutions (12.7% total solids content skim and whole milk commensurate to raw milk) were 

set as the reference and measurements were taken after 1L water was added and mixed into 

the milk solutions (Figures 5.6 and 5.7). 

 

 

 

Figure 5. 6  Adulteration Visualization for a whole milk solution a: Desired state with no adulteration, b: After 

adulteration 
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Figure 5. 7  Adulteration Visualization for a skim milk solution a: Desired state with no adulteration, b: After adulteration 

 

 

5.5.4. Cream Separation 

 

In order to demonstrate the potential of ERT in detecting cream separation, 12.7%, 30% and 

50% total solids content whole milk solutions were prepared and left overnight without any 

agitation. Images were taken the next day using a reference image of the milk solution at a 

homogenous state. The resulting three-dimensional images are presented in Figure 5.8. 

 

            

Figure 5. 8  Overnight cream separation for whole milk solutions of  a: 12.7% , b: 30% and c:  50% total solids content 

 

 

5.5.5. Aeration 

 

In order to demonstrate the capability of ERT in visualizing vortex  and aeration [15] caused 

by inappropriate agitation which is otherwise undetectable in an opaque vessel, 12.7% total 

solids content whole and skim milk solutions (commensurate to raw milk) were visualized. 

a

: 

b 

38.7 cm 

4
6

 c
m

 

5
.1

9
 

5
.5

9
(m

S/
cm

)
 

a

: 

b

: 

c: 

38.7 cm 

4
6

 c
m

 

3
.5

2
 

5
.4

7
 

4
.6

4
 

3
.9

2
(m

S/
cm

)
 

5
.8

7
(m

S/
cm

)
 

5
.0

4
(m

S/
cm

)
 



86 

 

Different levels of vortex formation and aeration were visualized at a 50-500 rpm range of 

agitation speeds. Selected images are shown in Figures 5.9 and 5.10. 

 

 

Figure 5. 9  Aeration and vortex formation in a homogenous whole milk solution; images a to e demonstrate increasing 

agitation speed (50-500 rpm) 

 

 

 

Figure 5. 10  Aeration and vortex formation in a homogenous skim milk solution; images a to e demonstrate increasing 

agitation speed (50-500 rpm) 

 

 

5.5.6. Object Detection 

 

In order to demonstrate the potential ability of ERT to detect undesirable objects/states 

existing in an opaque vessel of whole or skim milk solutions (e.g. displacement of agitator 

shaft) which is otherwise undetectable, a metal tube was entered into homogenous whole and 

skim milk solutions of 12.7% total solids content commensurate to raw milk. Selected three-

dimensional images are shown in Figures 5.11 and 5.12. 
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Figure 5. 11  Object detection in a homogenous whole milk solution; images a to d demonstrate increasing time 

increments of ~33 seconds during the insertion 

 

 

 

Figure 5. 12  Object detection in a homogenous skim milk solution; images a to d demonstrate increasing time 

increments of ~33 seconds during the insertion 

 

 

5.5.7. Powder lump Detection 

 

In order to demonstrate the potential ability of ERT to detect powder lumps existing in a 

whole milk solutions which is otherwise undetectable due to milk opacity, various random 

size powder lumps were prepared and added to 12.7% total solids whole milk solution 

commensurate to raw milk. The size of the powder lumps could not be measured accurately 

as they did not have a particular shape and their shape and size changed as they sank to the 

bottom of the vessel. Selected three-dimensional images are shown in Figure 5.13. 
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Figure 5. 13  Powder lump detection in a homogenous whole milk solution; images a to d demonstrate different size 

powder lumps 

 

 

5.5.8. Quantitative analysis of mixing process 

 

Besides qualitative visualization of milk mixing processes, ERT also has the capability of 

quantitative analysis. To reveal this capability, extracted data from the water and milk 

addition to homogenous 12.7% total solids content whole and skim milk solutions have been 

analyzed demonstrating various behaviours of the mixing process such as conductivity 

variation throughout the vessel, conductivity variation at each measurement plane, 

concentration (total solids content) variation at each plane, and the cross-sectional relative 

deviation at each plane (Figures 5.14-5.17). 

 

         

Figure 5. 14   Average conductivity variation of all pixels; a: Water addition, b: Different concentration milk addition 
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Figure 5. 15  Average conductivity variation of each plane; a, b, c, d : Plane 1, 2, 3, 4 images for water addition; e, f, g, h: 

Plane 1, 2, 3, 4 images for different concentration milk addition 
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Figure 5. 16  Cross-sectional average concentration of each plane; a: Water addition, b: Different concentration milk 

addition 

 

 

       

Figure 5. 17  Cross-sectional relative deviation of each plane; a: Water addition, b: Different concentration milk addition 

 

 

5.6. Results and Discussion 

 

In 12.7% and 30% total solids content homogenous whole and skim milk solutions, 

conductivity measurements were obtained with an average accuracy of over 99% compared 

to the real conductivity values measured by the local conductivity probe   
               

     
 

     . Correlating the conductivity measurements to total solids content data [74] resulted 

in an average accuracy of over 94% for whole milk and over 95% for skim milk total solids 

content measurements compared to the real total solids content values as used in the 

preparation of the milk solutions   
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whole milk solutions could be related to the compound wettability problem of the free fat 

forming a hydrophobic layer on the surface of the dry particles. 

 

The nonhomogeneity caused by the addition of a lower conductive solution (water) and 

higher conductive solution (higher concentration milk solution) to a homogenous milk 

solution is obviously detectable in Figures 5.2-5.5. The conductivity variations are 

demonstrated with a colour coded change from red to yellow, to green and then blue 

changing from higher conductivity to lower conductivity regions. In both cases the 

conductivity variation caused by the addition of a higher/lower conductivity solution slowly 

spreaded through the vessel increasing/decreasing the conductivity of the whole solution, 

respectively.  

 

In order to quantitatively assess the degree of mixedness reached at the end of these 

experiments the variance ,    
 

   
∑     

 
   ̅   , where   is number of measurements,    is 

concentration at each pixel, and  ̅ is the mean concentration [75], arising from the individual 

concentration measurement of each pixel for the final frame was used. Skim milk tests 

reached a variance of ~1×10
-3

 and whole milk tests reached ~3×10
-3

. These very low variance 

values demonstrate the fact that for both milk types the tank remained in a completely 

unmixed situation by the end of the mixing process. The slightly higher mixedness achieved 

in the whole milk experiments could be due to slightly smaller volumes of milk / water 

additions. 

 

The region of lower conductivity which can be seen around the vessel in the final images of 

Figures 5.2 and 5.4 is possibly due to image distortion caused by higher sensitivity in regions 

close to the electrodes [32, 40]. Figures 5.3 and 5.5 demonstrate the fact that the higher 

conductivity region mostly remained around the addition point while slowly increasing the 

conductivity of the whole solution as it dissolved into the original solution. 

 

Figures 5.6 and 5.7 demonstrate that adulteration can be easily determined by ERT imaging 

when the desired solution is set as the reference. 

 

Cream separation caused by gravity during an overnight period of milk solution settling can 

be seen in Figure 5.8. This figure shows that cream separation in higher concentration 
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solutions was more remarkable than in lower concentration solutions as could be expected. It 

was also detected more dramatically in regions close to the electrodes which could be due to 

reconstruction noise as explained previously. 

 

Figures 5.9 and 5.10 demonstrate the ability of ERT in detecting vortex formation and 

aeration [15] in a whole or skim milk mixing vessel, although an overestimation of the size of 

the vortex was undeniable. This overestimation could be an advantage as it gave an early 

detection to the start of vortex formation. Even though in higher agitation speeds the time 

resolution of the measurements may be lower than the agitation speed but due to the fact that 

there was no process variation which was faster than the measurement time resolution the 

provided data was sufficient for visualization of the vortex size. 

 

Detecting the existance of an external object (metal tube) in a whole or skim milk mixing 

vessel has been demonstrated in Figures 5.11 and 5.12. This ability could be useful in 

detecting the displacement of the agitator shaft in a milk mixing tank which is otherwise 

undetectable. 

 

As it is clear from Figure 5.13, ERT also has the ability of detecting powder lumps in a milk 

solution. The size of the powder lumps were overestimated in the images which becomes 

useful in detecting smaller lumps which are observable by ERT considering the space 

resolution of the system. 

 

For quantitative analysis of mixing processes, the average conductivity variation of all pixels 

(Figure 5.14) is a good indication of the addition time as the overall conductivity of the vessel 

starts changing at this point (as shown in the Figure). The water addition caused an overall 

decrease in the conductivity of the vessel and the higher concentration milk addition caused 

an overall increase in conductivity. The amount of conductivity variation in the final frames 

of imaging was also a good indication of the degree of non-homogeneity of the solution at the 

end of the process. 

 

The average conductivity variation for each plane (Figure 5.15) demonstrates the fact that the 

higher level planes were more affected by the addition showing more deviation from the 

original state. Also the lower planes had a more homogenized state which was due to the fact 

that less of the added solution had reached the bottom planes. The increasing trend of the 
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maximum conductivity range in plane 1 of the water addition test, which is also detectable in 

Figure 5.14a was probably due to the sudden extreme change of conductivity and change in 

the nature of the electrical interface between the fluid and the impeller shaft causing an error 

in the reconstructed image. 

 

Figure 5.16 demonstrates the cross-sectional average concentration of each plane which 

shows an overall decreasing trend in the case of water addition due to the dilution caused 

(except for the top plane as explained previously) and an overall increasing trend in the case 

of higher concentration milk addition. This Figure demonstrates the differences in 

concentration existing between different levels of the tank, which in this case was more 

dramatic between the top plane and the rest. This was also an indication of the 

homogeneous/non-homogeneous state of the tank. 

 

In a complete mixing situation the relative deviation Figure demonstrates the mixing time of 

the process. In this case where a complete mixing state had not been reached, the relative 

deviation of each plane (Figure 5.17), demonstrates the degree of non-homogeneity existing 

in each plane. It is obvious from this figure that the highest relative deviation and thus non-

homogeneity was obtained in plane 1 due to the fact that the different conductivity solution 

mostly remained in plane 1. Plane 2 had a slight increase in the relative deviation while plane 

3 and 4 mostly remained in the original situation (before the addition). The relative deviation 

of plane 1 which increased due to the addition remained in that non-homogenized state and 

did not decrease to a more homogenized situation during the incomplete mixing process. 

 

 

5.7. Conclusions 

 

This research successfully applied ERT to the monitoring of milk storage and mixing tanks 

used in various stages of the milk processing industry for the first time. The ability of ERT in 

providing direct insight into this opaque liquid and its holding vessels provided the user with 

reliable dynamic multidimensional information required for automatic process control. 

Various situations and parameters which require monitoring and control in the current milk 

processing industry such as analysis of overall homogeneity or non-homogeneity, total solids 

content monitoring, adulteration, cream separation, aeration and object detection were multi-
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dimensionally monitored using ERT for the first time. Quantitative analysis of the milk 

mixing processes was also performed using ERT extracted data for the cases where more 

detailed information of the process state is required.  

 

 

5.8. Summary 

 

The investigation into the application of ERT to qualitative monitoring of milk 

mixing/holding tanks, briefly touched in Chapter 3, was further analyzed, developed and 

enhanced in this chapter. This application was demonstrated to provide various beneficial 

multidimensional information from the process state, such as enabling non-invasive internal 

inspection and extraction of dynamic multi-dimensional images.  It was proven to provide the 

user with the ability of detecting various undesirable situations. All of such process 

knowledge was previously impossible to attain and therefore such a beneficial application 

encouraged further investigation into the second potential situation, the pipe flow situations. 
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6.1. Prologue 

 

According to the detailed analysis of the milk powder production process in Chapter 2, and as 

explained in the Project Aims section of Chapter 1, other than mixing/holding tanks, pipe 

flows are also another major potential situation for the beneficial application of ERT in the 

milk processing industry. The application of ERT to pipe flow situations was the next topic to 

be investigated. This application besides all the previously mentioned beneficial information, 

has the potential to provide multidimensional flow and velocity profile information. Such 

knowledge is especially useful for process control of systems in which operating conditions 

have changed away from the initial norm and the single point information provided by the 

common single point flow meters are no longer sufficient. For the purpose of flow 

measurement using ERT, the passage of a conductivity contrast through two consecutive 

planes of ERT sensors has to be monitored and analyzed. 

 

In order to apply ERT for milk flow monitoring, first a methodology was required to be 

developed for the application of ERT to single phase flow monitoring in general, as this 

application had not been explored in previous literature. This was more complex than the 

application of ERT to multi-phase flow which intrinsically contained the required 

conductivity contrast as the secondary phase. The common methodology for ERT flow 

measurement, the details of the deficiencies of this technique for application to single phase 

flow and the novel methodology proposed for this purpose will be discussed later in this 

chapter.  

 

The experiments required for this part of the work are presented as the authors’ fourth paper, 

Electrical Resistance Tomography (ERT) for Flow and Velocity Profile Measurement of 

Single Phase Liquid in a Horizontal Pipe, submitted to the Journal of Chemical Engineering 

Research and Design.  
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6.2. Abstract 

 

Electrical Resistance Tomography (ERT) is a novel, simple, and robust method of process 

imaging which uses non-invasive sensors located on the periphery of vessels to reconstruct a 

cross-sectional image of the vessel interior. This method of imaging when conducted on two 

adjacent planes on a pipe provides the ability to extract flow information. Previous studies 

have investigated this application on multi-phase flows in which the secondary phase 

provided the required pulse conductivity variation. In these studies the velocity profile and 

flow regime were identified using the common cross-correlation technique.  

 

This study investigates the novel application of ERT to single phase flow and velocity profile 

measurement. For this purpose a new measurement technique is also developed which 

excludes the limitation of “pulse” conductivity change in the cross-correlation technique. 

This new technique has been applied to saline flow and velocity profile measurement using a 

“step” change in the flow conductivity. The effect of flow speed, ERT measurement 

frequency, secondary solution conductivity and addition volume has also been investigated 

and the optimum settings selected. The optimum settings for this experimental setup resulted 

in an average accuracy of 97.0% for a secondary solution with conductivity more than twice 

the primary solution conductivity and 94.8% for a secondary solution with conductivity 

~67% more than the primary solution conductivity. This application and accuracy level has 

been further confirmed through 13%, 24% and 47% total solids content whole and skim milk 

experiments which resulted in an average accuracy of over 98%. 

 

 

Keywords Electrical Resistance Tomography (ERT), liquid flow, single phase, flow 

distribution, velocity profile, whole milk, skim milk 

 

 

6.3. Introduction 

 

Process tomography, a new generation of process variable measurement, provides fresh 

methods for inspecting the internals of an industrial system. Electrical Resistance 

Tomography (ERT) is one of the most common modalities of Process Tomography and has 
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greatly progressed since it was invented in the 1980s. ERT, due to its various advantages 

such as high speed, low cost, no radiation hazard, and non-intrusiveness, has become a 

promising technique in monitoring various existing industrial flows, both providing 

conductivity images, and being able to measure some flow parameters such as velocity 

distribution and flow regime identification [19, 76].  

 

Many researchers have presented attractive investigations on this subject. Loh et al. [77] and 

Lucas et al. [19] used ERT to monitor a non-conductive solid and conductive liquid two-

phase flow in vertical and inclined pipes. Ma et al. [76] proposed a new method for 

monitoring horizontal gas-liquid flow in which measurements were not restricted by flow 

conditions. Wang et al. [78] studied the velocity distribution and air volume fraction of gas-

liquid swirling flows using ERT. Lee and Bennington [79] studied the flow velocity 

distribution in a model batch digester. Razzak et al. [80] successfully implemented ERT in a 

gas-liquid-solid circulating fluidized bed system where they measured the local and average 

phase holdups and propagation velocities using cross-correlation and later compared it to 

optical fibre probe measurements [81]. Razzak et al. also investigated liquid-solid two phase 

systems in a Liquid Solid Circulating Fluidized Bed for flow characteristics [82]. In all multi-

phase applications the secondary phase provides the conductivity variation required for 

extracting flow information. 

 

However, until now, there has rarely been research regarding the application of ERT to 

monitoring the velocity and flow profile of a single phase flow. Although single-phase flow 

meters for total flow measurement and control have been available for many years, they are 

only able to provide single point information about the flow. The single point information 

provided by these instruments may no longer be sufficient with the increasing demands of 

process control and optimization and especially when operating conditions change away from 

the required situation. In such cases a more distributed and multi-dimensional vision of the 

dynamic state of the process is required for automatic process control [10, 11]. Also, in the 

case of traditional flow meters, the selection of an appropriate flow meter for an application is 

dependent on various factors, with flow profile being amongst the most important factors. 

Flow profiles are dependent on the fluid velocity and viscosity and are currently determined 

theoretically.  
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The results of this research proves that ERT may have the potential to provide the reliable 

multidimensional velocity and flow information required for the advanced process control of 

such systems. Measuring the velocity profile with ERT and the methodology developed in 

this paper gives spatially distributed information on the variability of the process flow. In 

some applications, such as the milk powder processing industry, the various milk 

concentrations throughout the process demonstrate various different fluid behaviours and 

therefore various different flow patterns. The measured flow profiles can provide insight into 

the fluid behaviour and can potentially be correlated with process operating conditions and 

other issues such as fouling.  As such, the new measurement technique takes into account 

these distributed variations and can therefore potentially be incorporated into a process 

control scheme that optimizes the plant operation and potentially minimizes variation and 

therefore maximizes production and/or minimizes energy usage or intensity. 

 

Bentley and Dawson [83] proposed the method of temperature disturbance cross-correlation 

for the measurement of single-phase flow in a pipe. Later, ERT was applied for the first time 

to this subject by Henningsson et al. [58] who determined the flow profile of yogurt using the 

addition of NaCl to a small portion of the yogurt positioned between two valves to cause the 

conductive contrast. As explained in this work and also all research on ERT applications on 

multiphase flows, the measurements of the two ERT planes are cross-correlated during a 

conductivity variation passing through the planes. For the cross-correlation technique to 

develop desirable velocity measurements, the conductivity variation (second phase in the case 

of multi-phase flows and salted yogurt in the case of yogurt flow research) has to cause a 

pulse change in conductivity of the primary solution.  

 

The cross-correlation methodology is explained in detail in various publications, e.g. Fangary 

et al. [47]; Sutherland et al. [52]; and Tan and Dong [84]. Figure 6.1 shows the principle of 

velocity measurements by cross-correlation of ERT signals as demonstrated by Henningsson 

et al. [58].  
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Figure 6. 1  The principle of velocity measurement by cross-correlation of ERT signals [58] 

 

In order to achieve a desirable flow analysis using the stated measurement strategy the 

conductivity contrast must cause a “pulse” change in the conductivity of the primary solution. 

This is due to the fact that the cross-correlation methodology consists of multiplying the 

conductivity of the corresponding pixels in the two planes with various time delays while the 

primary solution conductivity changes to sense the conductivity contrast 

(additional/secondary solution) and return back to the original conductivity. The summation 

of the multiplied values over the cross-correlation window (during the passage of the 

secondary solution through the ERT planes) neutralizes the values and therefore in the case of 

a step change in conductivity where the primary solution conductivity does not return to the 

original conductivity the summation does not return a correct correlation value resulting in 

very high errors in velocity calculation. 
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The aim of this work is to develop and validate a methodology for the novel application of 

ERT to flow and velocity profile measurement of single phase flows. For this purpose a new 

measurement technique was developed in correlating the two ERT measurement planes. This 

measurement technique does not necessitate a pulse conductivity variation which may be 

difficult to establish in single phase flows.  The proposed methodology was validated via 

flow measurement of saline as a single phase solution. The effects of ERT measurement 

frequency, primary solution flow rate, and secondary solution conductivity and addition 

volume were investigated and optimum settings selected. For confirmation of the application 

to other single phase flows, the validated methodology and optimized settings were applied to 

various milk solutions commensurate to milk solutions in various stages of the concentration 

process to produce milk powder; 13% total solids content as the raw milk entering the 

concentration process, 24% total solids content as the concentrated milk leaving the second 

effect of the evaporator, and 47% total solids content as the concentrated milk leaving the 

third evaporation effect. A different concentration milk solution was used as the secondary 

solution causing the required conductivity variation for flow measurement. 

 

 

6.4. Calculation Methodology 

 

The need for a “pulse” conductivity change for the purpose of single-phase flow analysis 

causes a limitation for this novel and promising application, due to the fact that implementing 

pulse conductivity change may require modifications to existing process designs.  “Step” 

changes in conductivity are much easier to establish as they only require the simple addition 

of the conductivity contrast to the primary flow line prior to the ERT sensor location. The 

novel calculation methodology proposed in this work for the application of ERT to single 

phase flow analysis eliminates this limitation and can be applied to “pulse” or “step” changes 

in primary solution conductivity.  

 

A sample experiment of saline flow with a step change in conductivity is shown in Figure 

6.2.  
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Figure 6. 2  A saline experiment with a step conductivity change, also showing the area of focus for the new proposed 

velocity calculation methodology 

 

The fundamental idea of the proposed methodology is the same as the cross-correlation 

methodology, which is to find the time delay in which the conductivity contrast passes from 

the first plane of ERT sensors to the second plane of ERT sensors. For this purpose and in 

order to avoid limitations on the type of conductivity variation, the focus of the calculation is 

only on the first part of the process in which the conductivity variation is first sensed by the 

ERT sensing planes (area of focus in Figure 6.2) which is shown in Figure 6.3.  
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Figure 6. 3  Area of focus in proposed calculation methodology for a sample pixel. Points A and B and the distance 

between them (time delay) illustrate a sample calculation 

 

The area of focus is the region in which the conductivity of the flow changes and tries to 

reach the conductivity of the secondary solution; starting from the first frame sensing the 

conductivity change until the final frame in which the conductivity starts to tend towards the 

original state. In this area of focus, starting with pixel 1 and measurement frame 1, the 

conductivity of plane 2 at the corresponding pixel is compared to plane 1 with various time 

delays to find the smallest time delay in which the conductivity of the second plane (for 

example point B in Figure 6.3) reaches the conductivity of the first plane (for example point 

A in Figure 6.3). This comparison is conducted on all measurement frames in the area of 

focus (for example points A2 and B2, A3 and B3 and so on in Figure 6.3) and the mean of 

these values is concluded to be the time delay at pixel 1. The flow velocity in that specific 

pixel can then be calculated easily as the distance between the two planes is known (in this 

setup 10 cm). The flow rate in each pixel can then also be calculated as the area of each pixel 

is also known (in this case             ).  
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Due to the relatively high conductivity of the experimental medium and the very small cross-

sectional area of the electrodes, noisy data are unavoidable. The small distance between the 

electrode planes and the noise in the data together cause problems in the calculation as the 

measurements of the two planes overlap and produce error in time delay measurements. To 

overcome this problem a data filtering strategy was applied in which each measurement 

frame was replaced by the average of the 9 neighbouring frames. As shown in Figure 6.4, 

although this strategy filters the noise out and eliminates the overlapping issue, it does not 

time shift the data to cause error in measurements. Also, as the measurements are conducted 

independently (on each pixel), different patterns of secondary solution diffusion will not 

negatively affect the measurement technique.  

 

 

Figure 6. 4  Data filtering effect 

 

A Matlab code was developed to repeat the calculations above for every pixel and produce 

the velocity and flow profile / distribution information. The code also demonstrates a colour-

coded cross-sectional view of the velocity / flow distribution using the velocity / flow data 

calculated for each pixel through the proposed methodology. The total flow rate is calculated 

as the sum of the flow rates at each pixel. Figure 6.5 shows the proposed calculation 

methodology algorithm.  
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Figure 6. 5  Algorithm for the proposed methodology 
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6.5. Experimental Equipment & Materials 

 

The experimental setup of the flow rig designed for the purpose of this research consisted of 

two tanks, referred to here as the jacketed tank and the holding tank. The tanks were 

connected via piping and two identical centrifugal pumps (Little Giant TE-3-MD-HC); one 

pumping from the holding tank through an automatic Fisher control valve to the jacketed tank 

and the other from the jacketed tank through another automatic Fisher control valve, ERT 

sensors, a Micromotion DL-65 Coriolis meter (providing accurate reference flow 

measurements) and a manual valve, back to the holding tank. The ERT sensor was placed 

after 3.0 metres of straight pipe for fully developed flow to reach the ERT sensor in order to 

obtain accurate and reliable ERT flow measurements. As the measurements were conducted 

independently (taking in each single pixel), the diffusion pattern of the secondary solution 

within the primary solution would not affect the measurement technique accuracy 

considerably. But obviously as fully developed flow has a more uniform pattern in the cross-

section, fewer pixels will show nonuniformity in the velocity profile.The experimental setup 

is illustrated in Figure 6.6.  
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Figure 6. 6  Schematic diagram of the experimental rig / setup 
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The ERT sensor was a 2 inch diameter pipe section with 2 electrode rings of 16 invasive but 

non-intrusive electrodes positioned equidistantly around the boundary at fixed locations. The 

distance between the electrode rings was 10cm. The electrodes were made of stainless steel 

with a contact area of 0.07 cm
2
.  Data acquisition was via an ITS P2000 ERT system with a 

cross-correlation current injection strategy in which the two sets of 104 voltage 

measurements were inter-leaved. In this measurement strategy the first voltage measurement 

was made at plane 1 followed by the first voltage measurement at plane 2, then the second 

voltage measurement was made at plane 1, followed by the second voltage measurement at 

plane 2 and so on [71]. The inbuilt modified sensitivity coefficient back-projection algorithm 

(SBP) [65, 66] was used for reconstruction of the conductivity measurements.  

 

A METTLER TOLEDO SevenEasy local conductivity probe was used to gather reference 

conductivity and temperature data from the various saline and milk solutions. 

 

The primary flow medium was 30 kg of 0.3% NaCl solution at room temperature for each 

experimental run. The conductivity variation was caused by the addition of 300 ml, 500 ml, 

1000 ml and 2000 ml of 0.5% and 1% NaCl solutions. 

 

The milk solutions prepared for the tests were 13%, 24.55% and 47% total solids content 

reconstituted skim milk and whole milk solutions at room temperature commensurate with 

raw and concentrated milk solutions after second and third evaporation effects in the 

concentration process to produce milk powder, respectively. Milk powders were kindly 

provided by Fonterra Cooperative Group Ltd. For the conductivity contrast required for flow 

analysis, a different concentration milk solution which would provide the largest conductivity 

difference with the primary solution for each milk type was used.  

 

 

6.6. Experimental Procedure 

 

For the application of ERT to single phase flow analysis the conductivity contrast could be 

achieved by the addition of a secondary solution of different conductivity to the primary 

solution. Using the proposed calculation methodology in this research (which does not limit 

the conductivity contrast to pulse change), the addition of the secondary solution could be a 
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simple manual addition ahead of the ERT sensing planes. The additions of the secondary 

solutions in this experimental system were manual additions to the solution in the jacketed 

tank. In order to find the optimum settings with which the best flow analysis results could be 

achieved, various settings such as measurement frequency, secondary solution addition 

volume and conductivity were optimized. 

 

 

6.6.1. Comparison of the proposed measurement methodology with the common cross-

correlation methodology 

 

In order to demonstrate the effect of the applied measurement strategy on flow measurement 

accuracy, five repetitions of 500 ml “step” change additions of 1% NaCl solution to the 

primary solution (30kg of 0.3% NaCl) were conducted. The resulting data were imported into 

both the common cross-correlation measurement strategy and the novel proposed 

measurement strategy. The results are compared to the Micromotion flow meter readings in 

Figure 6.7. 

 

 

Figure 6. 7  Comparison of flow measurement error using the common cross-correlation measurement strategy, the 

proposed measurement strategy and flow meter readings 
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6.6.2. The effect of measurement frequency & flow rate 

 

As the fundamental idea of the application of ERT to flow measurement is based on the 

calculation of time delay for the flow travelling the distance between the two sensing planes, 

the frequency of the frame measurements during this movement becomes critical. A higher 

measurement frequency should logically increase the accuracy of velocity measurements, but 

on the other hand a higher noise level would also be unavoidable. 

 

In order to establish the most accurate measurements and least measurement noise for an 

experimental system it was important to find the optimum current injection settings for that 

system [74]. The current injection amplitude most suitable for the conductivity range of the 

primary solution in this research (~4.5 mS/cm) was 18mA. The current injection frequency 

for the stated conductivity range resulting in tolerable noise was 9600Hz-19200Hz. An 

increase in current injection frequency would provide higher measurement frequency and 

frames per second which in turn should improve velocity calculation accuracy, but on the 

other hand it would also increase the measurement noise. Therefore it was important to find 

the optimum current injection frequency for the system. As increase in ERT measurement 

frequency is limited due to the Data Acquisition System capabilities and measurement noise 

level, a decrease in primary solution flow rate may be an alternative option. A slower flow 

rate allows more time for measurements to be taken while the conductivity change front 

passes through the sensors.  

 

To understand the effect of increasing current injection frequency and reducing flow rate on 

flow measurement accuracy and to find the optimum settings for this experimental system, 

the addition of 1000 ml of two different conductivity solutions (0.5% NaCl & 1% NaCl) at 

two different flow rates (~0.905 ( 
 

  ⁄ ) & ~ 0.450( 
 

  ⁄ ) ) to the primary solution 

(30kg of 0.3% NaCl) at room temperature were examined using each current injection 

frequency (9600Hz & 19200Hz). The Micromotion DL-65 Coriolis meter flow readings were 

used as a reference flow measurement throughout the experiments as according to the manual 

it provided an accuracy of ±0.2%. 
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Figure 6. 8   Effect of ERT current injection frequency on total flow rate measurement error 

 

 

 

Figure 6. 9  Effect of lower flow rates on total flow rate measurement error @ 9600Hz 
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6.6.3. The effect of secondary solution addition 

 

For the application of ERT to single phase flow analysis, the required conductivity contrast 

can be established by the addition of a secondary solution with a different conductivity. In 

this addition the conductivity difference between the primary solution and additional solution 

and also the volume of addition become two important factors to be optimized as although 

large conductivity changes in the primary solution may improve velocity measurement 

accuracy, they will not be desirable from a product consistency point of view. 

 

Therefore, using a current injection of 18mA amplitude and 9600Hz frequency the addition 

of 300 ml, 500 ml, 1000 ml and 2000 ml of each secondary solution (0.5% NaCl and 1% 

NaCl) to the primary solution (30kg of 0.3% NaCl) at room temperature were evaluated to 

find the optimum additional solution characteristics. 

 

 

Figure 6. 10  Effect of secondary solution addition volume on flow measurement error 
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6.6.4. Repeatability of flow measurements 

 

In order to find the repeatability of the flow measurements using the optimized settings, each 

experiment (500 ml addition of 1% NaCl and 1000 ml addition of 0.5% NaCl) was repeated 6 

times and the results compared. 

 

 

Figure 6. 11  Flow measurement error of 6 repetitions of 500 ml 1% NaCl additions and 1000ml 0.5% NaCl additions 

 

 

6.6.5. Cross-sectional velocity distribution 

 

A MATLAB program was also developed to demonstrate a colour-coded cross-sectional 

view of the velocity / flow distribution using the velocity / flow data calculated for each pixel 

through the proposed methodology.  
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Figure 6. 12   Cross-sectional velocity distribution of 0.905 m^3⁄hr flow using 500ml of 1% NaCl addition 

 

 

 

Figure 6. 13  Cross-sectional velocity distribution of 0.905 m^3⁄hr flow using 1000ml of 0.5% NaCl addition 
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6.6.6. Application to various concentration whole and skim milk flow 

 

In order to demonstrate the applicability of the proposed methodology to other single phase 

solutions, the proposed and validated methodology and the selected optimized measurement 

settings were next applied to 13%, 24% and 47% total solids content milk as primary 

solutions. A different concentration milk solution was used as the secondary solution causing 

the conductivity contrast for each experiment. According to whole and skim milk 

conductivity-concentration-temperature correlations obtained in a previous research [74], for 

each primary milk solution a secondary milk solution was chosen to have the highest 

conductivity difference with the primary solution. These selections are shown in Table 6.1.  

 

 

Table 6. 1  Secondary milk solution selection for each experiment 

 

According to the optimized settings chosen previously all experiments were conducted at an 

injection frequency of 9600 Hz and secondary solution addition volume of 1000 ml. 

 

 

Figure 6. 14  ERT flow measurements for various milk solutions 
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6.7. Results and Discussions 

 

Figure 6.7 shows the fact that when the conductivity variation required for flow measurement 

using ERT did not provide a pulse change in the primary solution conductivity, the common 

cross-correlation measurement strategy was not applicable due to high flow measurement 

errors (~65%). On the other hand for the same experiments, the proposed measurement 

strategy produced comparable results with the Micromotion flow meter with an average bias 

of ~2.5%. 

 

From Figure 6.8 it is obvious that the increase of measurement frequency from 9600 Hz (with 

6.59 frames per second) to 19200 Hz (with 11.53 frames per second) decreased flow 

measurement accuracy extensively due to the high increase in measurement noise. The 

detrimental effect of higher noise level exceeded the beneficial effect of higher frames per 

second. The average flow measurement error for the different experimental settings at 9600 

Hz was 2.1% while the same settings at 19200 Hz produced an error of 27.9%. This extreme 

error difference ruled out the option of higher current injection frequency for this 

experimental set up.  

 

Figure 6.9 shows the effect of lowering the flow rate at 9600 Hz in order to allow more time 

for frame measurements during the passage of the conductivity contrast through the ERT 

sensors. This modification also had two contradictory effects. By lowering the flow rate, the 

passage of the conductivity contrast through the ERT sensor required more time and therefore 

allowed more time for frame measurements and therefore higher accuracy in flow rate 

measurement. On the other hand lower flow rates did not provide for a fully developed flow 

to reach the ERT sensors. The average flow rate measurement error for the different 

experimental settings at 0.905  
 

  ⁄  was 1.3% while the same settings at 0.450  
 

  ⁄   

produced an average error of 2.9%. The detrimental effect of undeveloped flow surpassed the 

beneficial effect of more measurement frames. Therefore decreasing the flow rate will not be 

beneficial in flow rate measurement in this experimental set up. 

 

Figure 6.10 shows the effect of the addition of different volumes and conductivities of the 

secondary solution on the flow measurement accuracy. Each experimental setting was 

repeated 3 times and the measurement error mean and standard deviation of the 3 repetitions 
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are shown in Figure 6.10.  In the case of adding 1% NaCl solution (15.8mS/cm) to the 0.3% 

NaCl primary flow (4.4 mS/cm) with an increase of addition volume (from 300 ml to higher 

volumes) a decrease in measurement error was obvious. The 500ml and 1000ml reached the 

same mean error of 4.1% and the error standard deviations were 3.3% and 3.1% respectively. 

In this case, in which the measurement accuracy was the same for the two volumes, it is 

desirable to select the lower volume (500ml) as the optimum addition volume as it would 

cause less change in the overall primary solution conductivity. In the case of adding 0.5% 

NaCl (8.2mS/cm) to the 0.3% NaCl primary flow (4.4 mS/cm), with an increase of addition 

volume a decrease in measurement error was again obvious. A 300 ml addition volume was 

not viable as it resulted in very high measurement error. Increasing the addition volume to 

500 ml lowered the error and resulted in an average error of 7.8% but 1000ml and 2000ml 

reached the same mean error of 3.2% and the error standard deviations were 2.2% and 3.6%. 

The same optimum volume selection criterion applies here with the lower volume of 1000ml 

being the best volume for such systems. Therefore depending on the conductivity difference 

between the possible secondary solution with the primary solution conductivity, the optimum 

addition volume can be selected. If higher conductivity difference additions were possible, 

lower volumes would be required, while lower conductivity differences would require higher 

volumes. 

 

The optimum experimental settings obtained in previous experiments were tested for 

repeatability by performing 6 identical experimental runs of 500 ml 1% NaCl additions and 

1000 ml 0.5% NaCl additions at 9600Hz injection frequency and 0.905  
 

  ⁄  flow rate. The 

results are shown in Figure 6.11. The 1% NaCl additions resulted in an average error of 3.0 % 

and a standard deviation of 2.8%, while the 0.5% NaCl additions resulted in an average error 

of 5.2% and a standard deviation of 4.2%. Obviously, higher conductivity differences 

between the primary solution and the secondary solution result in better flow measurement 

accuracy. 

 

Figure 6.12 shows the cross-sectional velocity distribution of one sample experiment of the 

0.905  
 

  ⁄   flow obtained using the proposed methodology and the addition of 500 ml of 

1% NaCl solution to the 0.3% NaCl primary solution. Figure 6.13 shows the cross-sectional 
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velocity distribution of one example experiment of the 0.905  
 

  ⁄   flow obtained using the 

proposed methodology and the addition of 1000 ml 0.5% NaCl solution to the 0.3% NaCl 

primary solution. Both velocity distributions demonstrate a fairly flat profile across the cross-

section of the pipe which is in agreement with theoretical expectations as the flow conditions 

provide a turbulent flow. 

 

Figure 6.14 confirms the application of this methodology to other single phase flows such as 

milk and presents the ERT flow measurement bias from flow meter reading for each milk 

type and concentration. The proposed methodology in this work provided milk flow 

measurements with an average bias of 2.5% compared to the Micromotion flow meter 

measurement. Generally with the increase of milk concentration ERT flow measurement 

error increased due to the fact that for higher milk concentrations the experimental rig pump 

could only provide for much lower flow rates and consequently lower flow rates could not 

provide a developed flow to reach the ERT sensors.  

 

 

6.8. Conclusions 

 

This research successfully applied ERT to flow and velocity profile measurement of a single 

phase flow in a horizontal pipe. The methodology proposed in this work provided accurate, 

dynamic and multi-dimensional information on the process flow and velocity distribution of 

single phase flows meeting the increasing demands of detailed process control. For this novel 

application a new calculation methodology was developed with the same fundamental idea as 

the cross-correlation technique but with no limitation on the type of conductivity contrast 

(step or pulse change) required for velocity measurements. The methodology was validated 

by experiments on saline as a single phase solution. The effect of measurement frequency, 

flow speed, additional solution conductivity and volume on flow measurement accuracy and 

the measurement repeatability were also investigated. The optimum experimental settings for 

this application were selected depending on flow measurement accuracy and applicability. 

The application of the proposed methodology to other single phase flows and the accuracy 

level of this application were further confirmed with various concentration skim and whole 

milk solutions providing high accuracy flow measurements. 
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6.9. Summary 

 

In this chapter the development process of a methodology for the application of ERT to 

single phase flow monitoring was discussed. This step was a crucial step before examining 

ERT application on milk flow, as ERT was never previously been applied to such purposes. 

All earlier ERT flow monitoring research was focused on multiphase flow monitoring in 

which the required conductivity contrast was naturally provided by the second phase. The 

deficiency and limitations of the existing common methodology for this purpose, the 

proposed methodology and comparison of the novel results with previous techniques were 

discussed in detail in this chapter.   
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7.1. Prologue 

 

With the proven accuracy of the proposed methodology for application of ERT to single 

phase monitoring in the previous chapter, the next step was to further enhance this 

methodology to meet the needs of milk solutions and increase measurement accuracy. 

 

The developed methodology for the application of ERT to single phase flow analysis, was 

next further enhanced and developed to provide for the most accurate flow and velocity 

profile measurements possible in the milk processing industry. Milk solutions in various 

stages of the concentration process to produce milk powder were both qualitatively monitored 

and quantitatively analyzed. The multidimensional images provided by the qualitative 

monitoring were put together with the detailed quantitative data provided by the novel ERT 

flow measurement methodology, to extract a recommended technique to provide the most 

accurate flow information for the stated milk solutions.  

 

The experiments required for this part of the work are presented as the authors’ fifth paper, 

Qualitative Visualization and Quantitative Analysis of Milk Flow using ERT, published in 

the Journal of Food Engineering: Sharifi, M. and Young, B. (2012) 112: 227-242. 

 

 

7.2. Abstract 

 

Product quality enhancement, reduction in waste and energy consumption and cost 

minimization are the results of having good automatic process control in all processes 

including the milk powder production process. Having an accurate, multi-dimensional and 

continuous knowledge of the process which is the fundamental requirement of automatic 

process control can be provided by the application of process tomography. Electrical 

Resistance Tomography (ERT), a novel, simple, and robust method of process imaging when 

conducted on two adjacent planes on a pipeline, provides the ability to extract multi-

dimensional qualitative and quantitative flow information. The application of an ERT system 

to flow monitoring and control in the dairy industry has not been researched comprehensively 

before. Yet it is extremely desirable and beneficial to be able to remotely inspect the internal 

volume of pipes without invading the process, which is the aim of this research. 
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In this study ERT has been applied to 3-dimensional qualitative visualization and quantitative 

analysis of the flow and velocity profile of various milk solutions in a horizontal and a 

vertical pipe, commensurate to milk solutions in various stages of the milk concentration 

process to produce milk powder. Water, a different milk concentration and cream were used 

as the secondary solution for the required conductivity variance for flow measurement. These 

results were studied and compared in order to provide a selection criterion for the secondary 

solution. The results demonstrated an accuracy of ~97.5% in flow measurement comparable 

to a common online flow meter. 3-dimensional qualitative visualization of non-uniformity in 

milk concentration, composition and temperature was also investigated. 

 

 

Keywords Electrical Resistance Tomography (ERT), skim milk, whole milk, velocity 

profile, flow distribution 

 

 

7.3. Introduction 

 

In the milk powder production process, a multistage process in which the function of each 

stage affects the final product quality, having accurate and multidimensional knowledge of 

the process state in different stages of the process is crucial in order to maintain satisfactory 

control of the process. The target of this technology, which is the production of products 

which fulfill all qualitative requirements [9], together with decreased energy consumption, 

reduced waste and minimized costs, can be achieved through automatic process control.  In 

order to achieve an acceptable final product quality in this industry, strict regulations on the 

monitoring and control of various aspects of milk such as temperature, pressure, flow, 

concentration, composition hygiene, taste and smell have been imposed [7].  

 

Recently, the measurement of process variables has been achieved through a new technique 

called “Process Tomography”. This technique presents novel methods for inspecting the 

interior of an industrial system. One of the most widespread modalities of Process 

Tomography which has greatly evolved since it was invented in the 1980s is Electrical 

Resistance Tomography (ERT). ERT has become a promising technique in monitoring and 

analysis of various industrial flows, due to its diverse advantages such as high speed, low 
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cost, no radiation hazard, and non-intrusiveness. It has the potential of providing for both 

qualitative analysis of flow by providing 3-dimensional conductivity images, and quantitative 

analysis by providing the data required for measurement of some flow parameters such as 

velocity distribution and flow regime identification [19, 76].  

 

Many researchers have presented attractive investigations on this subject. Loh et al. [77] and 

Lucas et al. [19] used ERT to monitor a non-conductive solid and conductive liquid two-

phase flow in vertical and inclined pipes. Ma et al. [76] proposed a new method for 

monitoring horizontal gas-liquid flow in which measurements were not restricted by flow 

conditions. Wang et al. [78] studied the velocity distribution and air volume fraction of gas-

liquid swirling flows using ERT. Lee et al. [79] studied the flow velocity distribution in a 

model batch digester. Razzak et al. [80] successfully implemented ERT in a gas-liquid-solid 

circulating fluidized bed system where they measured the local and average phase holdups 

and propagation velocities using cross-correlation and later compared it to optical fibre probe 

measurements [81]. Razzak et al. also investigated liquid-solid two phase systems in a Liquid 

Solid Circulating Fluidized Bed for flow characteristics [82]. In all multi-phase applications 

the secondary phase provides the conductivity variation required for extracting flow 

information. 

 

However, other than Henningsson et al. who determined the flow profile of yogurt using the 

addition of NaCl to a small portion of the yogurt positioned between two valves to cause the 

conductivity contrast [58], there has rarely been an investigation regarding the application of 

ERT in flow monitoring and analysis of milk in the dairy industry until today. Although 

single-phase flow meters for total flow measurement of such flows have been existed for 

many years, they are only able to provide single point information about the flow. With the 

increasing demands of process control and optimization and especially when operating 

conditions change away from the desired condition, the single point information provided by 

these instruments may no longer be acceptable [10, 11]. Also, in the case of traditional flow 

meters, the selection of an appropriate flow meter for an application is dependent on various 

factors, with flow profile being amongst the most important factors. Flow profiles are 

dependent on the fluid velocity and viscosity and are currently determined theoretically. 

 

The overall novelty of this research compared to previous literature includes a methodology 

developed for accurate analysis of milk flow; a qualitative and quantitative exploration of 
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various milk solutions in horizontal and vertical pipes; and insight into the diverse mixing, 

distribution and flow of different milk solutions and detection of undesired situations which 

may arrise in a milk flow pipeline such as foaming and phase separation using the application 

of ERT. The results of this research proves that ERT has the potential to provide a more 

distributed and multi-dimensional vision of the dynamic state of the milk flow required for 

the advanced process control of such systems. Measuring the velocity profile with ERT and 

the proposed methodology gives spatially distributed information on the variability of the 

process flow. In the milk powder processing industry, the various milk concentrations 

throughout the process demonstrate various different fluid behaviours and therefore various 

different flow patterns. The measured flow profiles can provide insight into the fluid 

behaviour and can potentially be correlated with process operating conditions and other 

issues such as fouling.  As such, the new measurement technique takes into account these 

distributed variations and can therefore potentially be incorporated into a process control 

scheme that optimizes the plant operation and potentially minimizes variation and therefore 

maximizes production and/or minimizes energy usage or intensity. 

 

The main objective of this work is to develop a methodology for accurate, quantitative 

analysis of the various different flow characteristics of milk solutions in horizontal and 

vertical pipes using ERT. As explained in our previous work [85], for the purpose of flow 

measurement using ERT, it is required to find the time delay in which a conductivity contrast 

travels the distance between two ERT measurement planes. This required conductivity 

contrast is provided by the addition of a secondary solution. Milk solutions in various stages 

of the concentration process to produce milk powder were used as primary solutions. For the 

secondary solutions causing the required conductivity variation for flow measurement,  tap 

water, a different concentration milk, and cream have been applied for each primary solution. 

For the purpose of flow measurement, the calculation methodology developed for correlating 

the two ERT measurement planes in a previous study by the authors [85] has been used and 

the applied calculation algorithm is shown in Figure 7.1.  
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Figure 7. 1  Applied calculation algorithm 
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The calculation methodology and its characteristics have been discussed and analyzed in 

detail in the original work. Briefly, the basis of the calculation methodology is to find the 

time delay in which the conductivity of corresponding pixels in the two ERT sensing planes 

reach similar conductivities. This value is taken as the average value over the time period the 

conductivity contrast passes the two sensing planes. In this study the effect of the different 

additions and their influencing factors, have been compared in order to provide a secondary 

solution selection criterion. Horizontal and vertical flows and additions have also been 

qualitatively compared. Non-uniformity in concentration, composition and temperature have 

also been 3-dimensionally monitored. 

 

The paper is organized as follows. The experimental equipment and materials used are 

described. Then the experimental procedure is described including milk solution preparation 

and, both quantitative and qualitative analysis of milk flows. Finally the results are presented, 

discussed and conclusions drawn. 

 

 

7.4. Experimental Equipment &Materials  

 

The experimental setup of the flow rig designed for the purpose of this research consisted of 

two tanks, referred to here as the jacketed tank and the holding tank. The tanks were 

connected via piping and two identical centrifugal pumps (Little Giant TE-3-MD-HC); one 

pumping from the holding tank through an automatic Fisher control valve to the jacketed tank 

and the other from the jacketed tank through another identical automatic Fisher control valve, 

ERT sensors, a Micromotion DL-65 Coriolis meter (providing accurate reference flow 

measurements) and a manual valve, back to the holding tank. For the horizontal position the 

ERT sensor was placed after 3.0 metres of straight pipe for fully developed flow to reach the 

ERT sensor in order to obtain accurate and reliable ERT flow measurements. For the vertical 

position the ERT sensor was placed at the outlet of the jacketed tank. Both setups are 

illustrated in Figure 7.2.  
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Figure 7. 2  Schematic diagram of the experimental rig / setup 

 

The ERT sensor was a 2 inch diameter pipe section with 2 electrode rings of 16 invasive but 

non-intrusive electrodes positioned equidistantly around the boundary at fixed locations. The 

distance between the electrode rings was 10cm. The electrodes were made of stainless steel 

with a contact area of 0.07 cm
2
.  Data acquisition was via an ITS P2000 ERT system with a 

cross-correlation current injection strategy in which the two sets of 104 voltage 

measurements were inter-leaved. In this measurement strategy the first voltage measurement 

was made at plane 1 followed by the first voltage measurement at plane 2, then the second 

voltage measurement was made at plane 1, followed by the second voltage measurement at 

plane 2 and so on [71]. The inbuilt modified sensitivity coefficient back-projection algorithm 

(SBP) [65, 66] was used for reconstruction of the conductivity measurements.  
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A METTLER TOLEDO SevenEasy local conductivity probe was used to gather reference 

conductivity and temperature data from the various primary and secondary solutions. 

 

The milk solutions prepared as primary solutions for the experiments were 13%, 24.55% and 

47% total solids content reconstituted skim milk and whole milk solutions commensurate 

with raw milk and concentrated milk solutions after second and third evaporation effects, 

respectively, in the concentration process to produce milk powder. Tap water (T~20°C, ~ 

0.12 mS/cm), milk and cream were used as the secondary solutions providing the conductivity 

contrast required for flow measurement. For each primary solution a different concentration 

and temperature milk solution which would provide the largest conductivity difference with 

the primary solution was selected and applied. Commercial full fat cream purchased from the 

supermarket was also used. Milk powders were kindly provided by Fonterra Cooperative 

Group Ltd. According to the optimized settings chosen in the authors’ previous study [85], all 

experiments were conducted at an injection frequency of 9600 Hz and secondary solution 

addition volumes were 1000 ml of milk and cream and 500 ml of tap water due to their 

conductivity differences with the primary milk solutions. 

 

For the reconstitution of milk powders, a Silverson high shear batch mixer with a square hole 

screen was applied. Complete powder dissolution into fully homogenized milk solutions was 

assured using the professional high shear mixer for reconstitution. 

 

 

7.5. Experimental Procedure 

 

The application of ERT to quantitative analysis and 3-dimensional qualitative monitoring of 

milk flow in the various stages of the milk concentration process to produce milk powder has 

been investigated in this study.  The conductivity variation caused by the addition of the 

secondary solutions; water, milk and cream, was used to quantitatively determine the flow 

and velocity profile of the primary solution in a horizontal pipe. The additions of the 

secondary solutions in this experimental system were made as manual additions to the 

solution in the jacketed tank. The secondary solution additions were also analysed 

qualitatively through 3-dimensional colour-coded conductivity images for homogeneity or 

non-homogeneity of the flow as a selection criterion for the secondary solutions and as an 
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example non-homogeneity requiring detection. The qualitative analyses were conducted on 

both horizontal and vertical pipes and also temperature and concentration variations were also 

monitored in the vertical pipe experiments.  

 

 

7.5.1. Milk solution preparation 

 

Fully homogenized and hydrated milk solutions, which best resemble fresh milk solutions in 

the various stages of processing were prepared using the following procedure [72]: 

 

Sample milk solutions were prepared by reconstituting the required amount of milk powder 

into distilled water at 45°C using the high shear mixer for 10-15 minutes. The same mixing 

process was applied for all solutions to avoid variations caused by the degree of mixing. Milk 

solutions were then left in a constant temperature water bath of 45°C for 40 minutes, to 

assure complete hydration of proteins [7]. Before being used for further testing, primary milk 

solutions were cooled to room temperature (19-21°C) and secondary milk solutions were set 

to the required temperature stated in Table 7.1. 

 

Primary milk solution 

(at room temperature) 
Secondary milk solution 

13% total solids content whole milk 40% total solids content whole milk at ~50°C 

24% total solids content whole milk 10% total solids content whole milk at ~10°C 

47% total solids content whole milk 10% total solids content whole milk at ~10°C 

13% total solids content skim milk 30% total solids content skim milk at ~50°C 

24% total solids content skim milk 10% total solids content skim milk at ~10°C 

47% total solids content skim milk 10% total solids content skim milk at ~10°C 

Table 7. 1  Secondary milk solution selection for each primary solution 

 

7.5.2. Quantitative analysis of milk flow 

 

For each primary milk solution (13%, 24.55%, and 47% total solids content skim and whole 

milk) flowing in the experimental rig at room temperature (19-21C°), 1000ml of full fat 

cream at ~4°C, 1000 ml of a selected milk solution (Table 7.1), and 500ml of tap water at 

~20°C were added to the jacketed tank (during a ~5 second time period) and ERT 
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measurements were taken at a frequency of 9600Hz. An optimum current injection amplitude 

which would provide the most accurate conductivity measurements with the least noise [73, 

74] was applied. The secondary solutions selected were chosen due to the fact that they 

would cause minimal change in the primary milk solution compositional state. According to 

whole and skim milk conductivity-concentration-temperature correlations obtained in a 

previous research [74], for each primary milk solution a secondary milk solution was chosen 

to have the highest conductivity difference with the primary solution. These selections are 

shown in Table 7.1.  

 

The resulting data for each combination of primary and secondary solution is then correlated 

using the calculation methodology proposed in a previous study [85] to produce flow and 

velocity profile data. The resulting velocity data in each case are then converted into a colour-

coded, cross-sectional view of the velocity profile using Matlab code. 

 

 

7.5.3. Qualitative analysis of milk flow 

 

The variations caused by the addition of the secondary solutions to the primary solution were 

next analyzed for non-homogeneity, both as a selection criterion for the secondary solutions 

and also as an example of undesired non-homogeneity which may exist in an industrial flow 

and requires detection and control. The non-homogeneity caused by the addition of cream, 

different concentration milk (same temperature), and different temperature milk (same 

concentration) in an undeveloped flow in a vertical pipe was also qualitatively monitored. 

Such non-homogeneities which may commonly happen in an industrial flow are otherwise 

impossible to be detected in the case of an opaque solution (milk) and vessel (stainless steel). 

 

 

7.6. Results and Discussions 

 

The biases of the ERT flow measurement results compared to a common online flow meter 

reading for each combination of the primary and secondary solutions are presented in Figure 

7.3.  
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Figure 7. 3  ERT flow measurement bias from flow meter for each primary and secondary solution pair 

 

This Figure compares the effect of the primary solution concentration under analysis and the 

type of secondary solution used on ERT flow measurement accuracy compared to the flow 

meter readings. The results demonstrated an overall accuracy of ~97.5% compared to the 

flow meter. With the increase of primary milk concentration, ERT flow measurement error 

increased. This was due to the fact that for higher milk concentrations the experimental rig’s 

pump could only provide much lower flow rates and consequently lower flow rates could not 

provide a developed flow to reach the ERT sensors. Due to the decrease of flow rate, the flow 

measurement error approximately doubled between the 13% and 47% concentration milk 

solutions. Although an obvious selection could not be made between the secondary solutions 

from this graph, in general water addition seemed to be causing higher errors in the flow 

measurement for most cases. On the other hand, cream addition mainly resulted in the most 

accurate flow measurements. 

 

The effect of the type of secondary solutions on ERT flow measurement accuracy could be 

due to two underlying factors; the conductivity difference between the primary and secondary 

solutions, and the overall conductivity change in the primary solution due to the additions. 

Figures 7.4 and 7.5 show the effect of the overall change in primary solution conductivity, 

and the conductivity difference between the primary and secondary solutions on ERT flow 

measurement error for each primary and secondary solution pair.  
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Figure 7. 4  Effect of overall change in primary solution conductivity and conductivity difference between primary and 
secondary solution on ERT flow measurement error for milk, cream and water additions to whole milk; a: 13%, b: 
24.55%, c: 47% TS 
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Figure 7. 5Effect of overall change in primary solution conductivity and conductivity difference between primary and 
secondary solution on ERT flow measurement error for milk, cream and water additions to skim milk; a: 13%, b: 24.55%, 

c: 47% TS 
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From these Figures it is obvious that for all combinations of primary and secondary solutions, 

the conductivity difference between the primary and secondary solutions did not have a 

consistent effect on the accuracy of ERT flow measurements. On the other hand, the overall 

change in primary solution conductivity showed a consistent decreasing trend. An increase in 

the overall primary solution conductivity change showed a decreasing effect on the ERT flow 

measurement error. Although this may have a detrimental effect on product consistency at 

higher values, the results in this graph show that an overall change of ~3% in primary 

solution conductivity provided a flow measurement accuracy of ~98.6%. Although water 

generally had the highest conductivity difference with the primary solution, in most cases it 

resulted in a smaller overall change in the primary solution conductivity and therefore a less 

accurate flow measurement. On the other hand cream resulted in a higher primary solution 

conductivity change and therefore a more accurate flow measurement in most cases. 

 

Figures 7.6 - 7.13 show selected 3D and planar colour-coded conductivity distribution images 

of the addition process for all primary and secondary solution combinations, and the cross-

sectional flow and velocity distribution images for each selected case (experimental details 

are described in section 7.5.2). 

 

 



034 

 

Figure 7. 6   3-dimensional and planar images of 13% total solids content whole Milk during; 1: Cream addition, 2: Milk 
addition, 3: Water addition, a,b,c,d,e images are with time increments of ~1.4 seconds. Blue represents lower 

conductivity (4.25 mS/cm) and red represents higher conductivity (4.92 mS/cm) 
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Figure 7. 7: Flow & velocity profile of 13% total solids content whole milk using; a: cream addition, b: milk addition, c: 
water addition 
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Figure 7. 8  3-dimensional and planar images of 47% total solids content whole milk during; 1: Cream addition, 2: Milk 
addition, 3: Water addition, a,b,c,d,e are images with time increments of ~2.3 seconds. Blue represents lower 

conductivity (4.88 mS/cm) and red represents higher conductivity (5.48 mS/cm) 
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Figure 7. 9  Flow & velocity profile of 47% total solids content whole milk using; a: cream addition, b: milk addition, c: 
water addition 
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Figure 7. 10  3-dimensional and planar images of 13% total solids content skim milk during; 1: Cream addition, 2: Milk 
addition, 3: Water addition, a,b,c,d,e images are with time increments of ~0.95 seconds. Blue represents lower 

conductivity (5.08 mS/cm) and red represents higher conductivity (5.62 mS/cm) 



039 

 

Figure 7. 11  Flow & velocity profile of 13% total solids content skim milk using; a: cream addition, b: milk addition, c: 
water addition 
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Figure 7. 123-dimensional and planar images of 47% total solids content skim milk during; 1: Cream addition, 2: Milk 
addition, 3: Water addition, a,b,c,d,e images are with time increments of ~3.2 seconds. Blue represents lower 

conductivity (7.32 mS/cm) and red represents higher conductivity (8.52 mS/cm) 
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Figure 7. 13  Flow & velocity profile of 47% total solids content skim milk using; a: cream addition, b: milk addition, c: 
water addition 
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The qualitative images obtained from ERT have been previously validated in several 

publications using non-opaque solutions, tracers, photographic or video camera imaging, and 

also comparison with CFD models [18, 33-35, 37]. The authors’ previous research has also 

developed methodologies which produce accurate and validated ERT conductivity 

measurements from milk solutions (in [74, 86]). These two validated techniques put together 

provide indirect validation and confidence for the proposed technique and results in this 

paper. To our knowledge the capability of ERT in providing multidimensional qualitative 

insight into opaque solutions such as milk is a novel and unique capability which cannot be 

attained using any other technique.  

 

Previous research had successfully applied ERT in developing flow and velocity distribution 

images, such as [19, 87, 88], but these studies were mostly focused on multiphase flows in 

which the secondary phase naturally provided a pulse change in conductivity and the cross-

correlation calculation methodology was also applicable [85]. The cross-sectional flow and 

velocity distribution images produced in this work confirm theoretical expectations. They 

mostly demonstrate a flat profile in the middle region of the flow which is as expected due to 

the fact that the experimental rig’s pumps provided for a turbulent, developed flow to reach 

the ERT sensing planes. In the images some positive and negative spikes were also evident. 

These spikes, which can mostly be seen around the boundary are due to ERT measurement 

noise and possibly image distortion caused by higher sensitivity in regions close to the 

electrodes [15, 40].  

 

From comparison of the conductivity tomograms, various conclusions can be made: 

 

 In all primary solutions, cream addition showed a lower conductivity area due to the 

higher fat content. 

 

 Milk additions, depending on the concentration used, showed higher or lower 

conductivity regions. In case of 13% total solids content whole or skim milk, higher 

concentration milk addition was used which showed a higher conductivity region. For 

24.55% total solids content whole or skim milk, a lower concentration milk addition 

was used which showed a lower conductivity region as expected. On the other hand, 

for 47% total solids content whole or skim milk, the lower concentration milk 
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produced a higher conductivity region. This is due to the fact that in concentrations 

over ~30%, milk dilution increases its conductivity [74]. 

 

 In the cases of water addition to 13% and 24.55% total solids content whole and skim 

milk, the dilution showed a lower conductivity region, and for 47% total solids 

content a higher conductivity region was seen as explained above. 

 

 Cream addition to all concentrations of whole milk was rapidly mixed with the 

primary solution, decreasing the conductivity homogenously throughout the cross-

section. On the other hand, cream addition to all concentrations of skim milk did not 

mix with the primary solution to form a homogenous cross-section. This could be due 

to the large fat difference between the primary and secondary solutions causing the 

cream to remain separate. 

 

 In the images related to cream addition to 47% total solids content skim milk, the 

cream remained in the central region of the cross-section. This was due to skim milk 

foaming and the lower conductivity region in the top half of the cross-section 

exhibited the foaming while the lower conductivity region in the bottom half of the 

cross-section was the primary solution. This demonstrated an example of an undesired 

processing situation of inhomogeneity and foaming which requires detection and 

control in a dairy process and is not otherwise easy to detect. 

 

 In the cases of milk addition, the higher concentration milk added to 13% total solids 

content whole and skim milk remained as a separate region in the top half of the 

cross-section, while the lower concentration milk additions to 24.55% and 47% total 

solids content whole and skim milk showed more homogenization but in the bottom 

half of the cross-section. The lower concentration region was first sensed in the 

central region but was later mixed into the bottom half of the cross-section. 

 

 Water addition to 13% total solids content whole and skim milk showed rapid 

homogenization and therefore dilution of the entire cross-section. Less 

homogenization could be seen for water addition to 24.55% and 47% total solids 
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content and even less in the cases of whole milk due to the presence of fat in whole 

milk. 

 

Figures 7.14 and 7.15, show 3-dimensional and planar conductivity distribution images of the 

flow in a vertical pipe at the outlet of the jacketed tank.  

 

The primary flows are 13% total solids content whole and skim milk at room temperature, 

respectively. The secondary solutions used were cream at room temperature, 30% total solids 

content whole and skim milk (different concentration milk at the same temperature as the 

primary solution), and 13% total solids content whole and skim milk at ~60°C (different 

temperature milk at the same concentration as the primary solution), respectively. 

 

These images also demonstrate the fact that any inhomogeneity in the concentration, 

composition or even temperature of the flow can be easily detected with the application of 

ERT. The secondary solution additions to the undeveloped vertical flow in these Figures 

demonstrate more homogenization throughout the cross-section compared to the developed 

horizontal flow in Figures 7.6 - 7.13 which shows more separate regions. 

 

  

 



045 

 

Figure 7. 14  3-dimensional and planar images of 13% total solids content whole milk during; 1: Cream addition, 2: Milk 
addition, 3: Higher temperature addition, a,b,c,d,e images  are with time increments of ~3.9 seconds. Blue represents 

lower conductivity (4.25 mS/cm) and red represents higher conductivity (4.92 mS/cm) 
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Figure 7. 15  3-dimensional and planar images of 13% total solids content skim milk using; 1: Cream addition, 2: Milk 
addition, 3: Higher temperature addition, a,b,c,d,e images are with time increments of ~3.7 seconds. Blue represents 

lower conductivity (5.08 mS/cm) and red represents higher conductivity (5.62 mS/cm) 
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7.7. Conclusions 

 

3-dimensional qualitative analysis demonstrated the capability of ERT in detecting various 

undesired situations such as inhomogeneity due to concentration, composition and 

temperature imbalances, and phase separation and foaming in a horizontal and vertical pipe 

which is otherwise not possible for an opaque solution such as milk. This application also 

provided insight into the different homogenization/mixing processes of two solutions with 

different composition, concentration and temperature flowing in a vertical and horizontal 

pipe. Although the qualitative ERT images from milk solutions have been validated indirectly 

through the validation of qualitative ERT images for non-opaque solutions (using tracers, 

photographic / video camera imaging and comparison with CFD models) and also validated 

ERT measurements from various milk solutions in previous publications by the authors, 

further direct validation could be an option for future work in this area. This direct validation 

could be through experimental techniques (e.g. using pipes of various geometers and baffles 

to separate the fluid flows) or using a modelling approach. Another area for future research 

could be investigation into data processing improvements. 3-dimensional flow and velocity 

distribution information from the application provided quantitative information of the flow 

with more than 97% accuracy. Various different additions were compared to provide a 

secondary solution selection criterion in order to provide the most accurate flow 

measurements. Although in general cream addition presented better accuracy in flow 

measurements, when bearing flow homogeneity in mind, a different concentration milk 

solution could be a better choice for skim milk solutions. 

 

 

7.8. Summary 

 

In this chapter the general methodology developed for application of ERT to single phase 

flow monitoring (in Chapter 6) was further enhanced with the purpose of providing 

applicability and accuracy for milk solutions. The effects of several conditions were analyzed 

to provide the optimum setting for various milk solutions. The optimized settings were then 

examined for accuracy and repeatability of quantitative flow measurements. The results from 

the stated analysis combined with the flow distribution knowledge from qualitative images, 

provided a selection criterion for an optimum secondary solution selection.  
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8.1. Prologue 

 

In Chapter 3, after the development, validation, and testing of a proposed methodology for 

quantitative and qualitative analysis of milk solutions in a mixing tank using ERT, the 

application of ERT to milk concentration measurement was attempted for the first time. The 

correlations obtained in that chapter had a few limitations which required improvements in 

order to enhance its accuracy and applicability. Therefore, in Chapter 4 those limitations were 

resolved and new correlations were developed. The enhancements applied for the new 

correlations included improved solution preparation for better resemblance of fresh milk in 

the processing industry and more homogenized and stable sample solutions, consideration of 

the effect of temperature variations, and avoiding categorized correlations which would 

require prior knowledge to the milk solution concentration range. These new correlations 

focused on the 10-30% TS concentration range and 20-60°C temperature range. Although the 

developed correlations provided excellent prediction accuracy, after careful consideration of 

the milk concentration process, few more considerations could improve the applicability of 

the correlations even more. 

 

 In the concentration process to produce milk powder, although the process solution is 

standardized milk, process variations in the solution composition are unavoidable. Such 

variations will affect the conductivity and therefore concentration correlation. Hence, further 

investigation was required to take the milk compositional variations into consideration. With 

the increase of influential factors, Design of Experiments was applied to reduce time and 

material resource requirements and yield valid, meaningful and objective conclusions from 

experimental results. Also accurate factor ranges were considered in order for the correlation 

to be applicable to the whole concentration process. 

 

The experiments required for this part of the work are presented as the authors’ sixth paper, 

Towards an Online Milk Concentration Sensor using ERT: Correlation of Conductivity, 

Temperature and Composition, submitted to the Journal of Dairy Research.  
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8.2. Abstract 

 

The milk powder production process is a multistage process in which the function of each 

stage affects the final product quality. Having accurate and multidimensional knowledge of 

the milk solution at different stages of the process is crucial in order to maintain satisfactory 

control of the process. Electrical Resistance Tomography (ERT) is a novel, robust and high 

speed method of process imaging. It has the potential to overcome the lack of online 

concentration sensors and provide multidimensional concentration information at various 

stages of the milk powder production process. In order to achieve this goal an accurate model 

is required to correlate the ERT’s multidimensional conductivity measurements to milk 

concentration / total solids content. 

 

This work focuses on obtaining a correlation of milk conductivity, temperature and 

composition (including powder protein, lactose and fat content on a dry basis) to the total 

solids content for whole and skim milk in the process to produce milk powder. For this 

purpose, the Design Of Experiments (DOE) methodology was applied to plan and conduct a 

Central Composite Design (CCD) experiment. The resulting Response Surface, correlating 

the factors to whole and skim milk concentration, provided an accuracy of over 93%. The 

results were also compared to the results of a multiple linear regression model correlating 

only milk conductivity and temperature to its total solids content. Multiple linear regression 

models presented better accuracy for lower concentrations while the CCD model presented 

better accuracy for higher concentrations. 

 

Keywords Skim milk, Whole milk, Conductivity, Total Solids content (TS),  Electrical 

Resistance Tomography (ERT) 

 

 

8.3. Introduction 

 

In the milk powder production process, manufacturing of products which fulfill all qualitative 

requirements [9], together with decreased energy consumption, reduced waste and minimized 

costs, can be achieved through automatic process control which in turn requires accurate and 

multidimensional knowledge of the process states at different stages of the process. This issue 
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becomes especially important when operating conditions change away from the initial norm. 

The need for such detailed information is due to the fact that the milk powder production 

process is a multistage process in which the function of each stage affects the final product 

quality.  

 

In order to achieve an acceptable final product quality in the milk processing industry, strict 

regulations on the monitoring and control of various aspects of milk such as temperature, 

pressure, flow, concentration, composition, hygiene, taste and smell have been imposed [7]. 

Although at present, sensors and instrumentation for in-line and online measurement of 

physical and physical-chemical properties of products, such as temperature, pressure, flow 

and levels in tanks, are commercially available and applied in the food industry, sensors to 

determine product composition and concentration are not yet much developed [69].  Various 

methods for the measurement of milk concentration or total solids content (TS) have been 

proposed, but most have disadvantages including imprecision and sampling problems and 

they do not have the possibility of providing a dynamic, spatially-distributed image of the 

data variation. Therefore, the need for multidimensional monitoring of milk concentration, 

especially in inhomogeneous situations, still remains. 

 

Lately, the measurement of process variables has been revolutionized through a new 

technique called “Process Tomography”. This technique offers fresh methods for studying the 

interior of an industrial system. One of the most common modalities of Process Tomography 

which has significantly progressed since it was invented in the 1980s is Electrical Resistance 

Tomography (ERT). This technique injects current to the various sensors arranged around the 

region of interest and collects the resulting voltage from all the other sensors. The collected 

voltage data are then reconstructed into multidimensional conductivity data of the region of 

interest. Such multidimensional conductivity data can then be further correlated to various 

other useful information of the process under investigation. ERT has become a favoured 

system in observation and examination of various flows, due to its varied benefits such as 

high speed, low cost, no radiation hazard, and non-intrusiveness. ERT may have potential 

applications in multidimensional monitoring of concentration in various stages of industrial 

milk processing. This could be at any point from the collection and reception step to the 

concentrate feed to the spray dryer. Currently, for concentrated products, the concentrate flow 

rate, dryer feed rate and energy input are controlled to obtain the desired total solids content. 

For milk powders, the total solids content of the spray dryer feed is controlled to obtain a 
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desired quality of product. In reconstitution tanks in the recombined milk product industry, 

there is also the need to control the total solids content of the reconstituted milk solution [72]. 

 

There is a growing body of evidence on the applicability of ERT to process characterization 

and diagnostics [20, 24, 34, 40, 41, 54, 79, 89-91]. However, Sharifi et al. studied the 

application of ERT in the milk processing industry in general, including milk  concentration 

measurement, for the first time in 2010 [73]. Later in 2011, we further expanded our studies 

and also examined the application of ERT to milk fat content measurement [74] and 3-

dimensional monitoring of milk mixing tanks [86]. In 2012, we applied ERT to single phase 

flow analysis by developing a novel calculation methodology for this purpose as previous 

methods were not applicable [85] and later a methodology was developed for accurate 

multidimensional monitoring and velocity profile measurement of various milk solutions 

flowing in a pipe [93]. In these studies we identified the need for correlating ERT 

conductivity measurements to milk concentration or total solids content information. Our 

study focused on correlating the conductivity and temperature measurements of reconstituted 

whole and skim milk solutions up to 30% totals solids content and 60°C to total solids 

content data using Multiple Linear Regression. Concentrations above 30% TS in the milk 

concentration process to produce milk powder and also the effect of compositional process 

variations were not examined. 

 

The aim of this work is to obtain accurate correlations between ERT multidimensional 

conductivity measurements with milk concentration. To address this aim and in order to 

systematically plan the required experiments so that appropriate data will be obtained that can 

be analysed by statistical methods, to yield valid, meaningful and objective conclusions the 

Design of experiments (DOE) methodology was applied. DOE is a very comprehensive topic 

including various techniques, designs and principles which are discussed in detail in various 

books including “Design and Analysis of Experiments” by Montgomery [92]. Some of these 

designs and techniques applied in this work are introduced below.  

 

The first stage of the experiments will aim at identifying factors that have large effects on the 

response among the several initially recognized factors (Factor Screening Experiments). 

Factorial Designs are the most efficient technique for this type of experiment in which one or 

more process variables or factors are changed in order to observe the effect of the changes on 

one or more response variables. Factors showing very little effect on the response when 
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changed can be omitted from the correlation equation. In this work due to the relatively large 

number of factors (k) which required a large number of runs outgrowing time and material 

resources, a One-Half Fraction of the 2
k
 design or a 2

k-1
 design (Fractional Factorial Designs) 

will be conducted in order to eliminate inactive factors [92].  

 

After elimination of the low influence factors, the next step was to fit a Response Curve / 

Surface to the levels of the quantitative factors using Response Surface Methodology so that 

the experimenter has an equation that relates the response to the factors [92]. In this work, the 

objective is to develop a response surface that relates concentration / TS (response) to the 

active factors among milk conductivity, temperature, and dry composition; i.e. powder 

protein, lactose and fat content (factors). For this purpose the Sequential Strategy of 

experimentation will be applied. In this strategy the 2
k
 design augmented with Centre Points 

needs to be conducted to fit a first-order model. Then, in experiments which curvature is 

significant and lack-of-fit is exhibited, the two-level design can be augmented with Axial 

Points to allow quadratic terms to be incorporated and obtain a Central Composite Design 

[92]. 

 

The aim of this work is to develop a model for whole and skim milk concentration / total 

solids content (TS) in relation to the active factors among solution conductivity, temperature, 

and dry powder composition; protein, lactose and fat content, during the concentration 

process to produce milk powder. (i.e. Milk Concentration is a function of active factors 

among milk conductivity, temperature, fat, protein, and lactose content). This model will 

provide the ability to extract accurate concentration distribution information from various 

milk solutions in the dairy industry based on multidimensional conductivity measurements 

obtained from the application of ERT, and other known information such as temperature and 

composition. During the milk concentration process to produce milk powder, standardized 

milk faces variations in terms of concentration, temperature, protein, lactose and fat content. 

The variations of each of the 5 stated factors during the standard / typical milk concentration 

process were the ranges tested for each factor (Table 1). Design of Experiments (DOE) will 

be applied to plan the experiments. A One-Half Fractional Factorial Design will then be 

conducted to screen-out any factor with little or no effect on the response. Finally the 

Sequential Strategy will be applied to acquire a Central Composite Design (CCD) and 

develop a Response Surface for milk concentration.  The resulting Response Surface will 

then be blind tested for the prediction of the concentrations of milk solutions at various stages 
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of the concentration process to produce milk powder such as solutions commensurate with 

raw milk and concentrated milk solutions after second and third evaporation effects in a milk 

powder plant. The Response Surface predictions are also compared to the predictions of a 

Multiple Linear Regression model correlating the effect of only milk conductivity and 

temperature to concentration. 

 

The paper is organized as follows. The experimental materials and equipment used are 

described. Then the experimental procedure is described including the milk solution 

preparation, factor screening experiments, response surface development experiments, 

multiple linear regression model experiments, and model testing experiments. Finally the 

results are presented, discussed and conclusions drawn. 

 

 

8.4. Materials & Methods 

 

The whole and skim milk concentration, temperature, and dry powder compositional 

variations observed at the Te Rapa site of Fonterra Cooperative Group Ltd during the 

concentration process of standardized milk to produce milk powder are the ranges being 

tested in this work and are provided in Table 8.1. These are typical of milk concentration 

processes generally [72]. 

 

Factors 
Whole Milk Skim Milk 

-1 +1 -1 +1 

Total Solids Content (%) 13 52 9 52 

Temperature (C) 13 45 13 45 

Protein Content-Dry powder based (%) 24 27 33 39 

Lactose Content-Dry powder based (%) 38 50 51 58 

Fat Content-Dry powder based (%) 28 30 1 2 

Table 8. 1  Factor variations during standardized milk concentration process to produce milk powder at Te Rapa-Fonterra 
Co. Also the ranges applied in the model development experiments in this work. 

 

The milk samples prepared for the model development experiments were 200 ml samples 

prepared by reconstitution of whole and skim milk powder and also Whey Protein Isolate 

(WPI) as the protein source, lactose powder as the lactose source and commercial full fat 
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cream as the source for fat. For testing the models developed, 30 kg each of 13%, 24.55% 

and 47% (weight percentage) total solids (TS) content reconstituted skim milk and whole 

milk solutions were prepared commensurate with raw milk and concentrated milk solutions 

after the second and third evaporation effects, respectively. These ranges were chosen to 

demonstrate the accuracy of the model over the entire concentration range of the milk 

concentrating process in the industry.  Milk powders, WPI and lactose powder were kindly 

provided by Fonterra Cooperative Group Ltd. Commercial full fat cream was purchased from 

the supermarket. 

 

As explained in the authors’ previous studies [74, 86], a Silverson high shear batch mixer 

with a square hole screen was used for the reconstitution of milk powders, and a METTLER 

TOLEDO SevenEasy local conductivity probe was used for the conductivity measurement of 

the sample solutions in the model development experiments and to gather reference 

conductivity and temperature data in the model testing experiments. 

 

All milk solutions throughout the experiments were prepared as fully homogenized and 

hydrated milk solutions [72], which best resemble fresh milk solutions in the various stages 

of processing using the procedure described in the authors’ previous studies [74, 86]. 

 

The experimental setup of the flow rig used for the purpose of testing the concentration 

models developed was the same set up explained in the authors’ previous studies [85, 93]. 

This setup is illustrated in Figure 8.1. 
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Figure 8. 1  Schematic diagram of the experimental rig / setup 

 

A P2000 ERT system (Sensor and Data Acquisition System) was purchased from Industrial 

Tomography Systems plc. for the purpose of the model validating experiments. All 

experiments were conducted at an optimized injection frequency and current amplitude of 

9600 Hz and 20-30 mA, respectively. The small amplitude of the injection current assures no 

impact on the milk components and safety. 

 

Design-Expert 8.0.6 was used to assist with planning of experiments and analysis of results. 

 

In this work, the objective is to develop a response surface that relates concentration / TS 

(response) to the most influencing factors among milk conductivity, temperature, and dry 

powder composition; i.e. powder protein, lactose and fat content (factors): 

 

                                                                                 Equation 8. 1 
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It is not possible to use conductivity as a variable factor and concentration as the response in 

the sample preparation and experimental stages. In order to make sample preparation 

possible, conductivity was used as the response while concentration was modified as a 

variable factor: 

 

                                                                                   Equation 8. 2 

 

For Equations 8.1 and 8.2:      

   = Solution conductivity, (mS/cm) 

      = Solution total solids content (%) 

 = Solution temperature (°C) 

 = Dry based protein content (%) 

 = Dry based lactose content (%) 

 = Dry based fat content (%) 

      Mathematical functions 

 

Equation 2 is the general format of the model which will be obtained through DOE 

experimentation and Equation 1 is the general format of the model or response surface of 

interest which will be obtained from rearrangement of Equation 2 or the DOE obtained 

model. 

 

As the first step, a factor screening experiment was designed and conducted with the aim of 

screening-out and eliminating any factor(s) with little or no effect on the response 

(conductivity). For this purpose and due to resource restrictions a One-Half Fraction of the 2
5
 

factorial design or in other words 2
5-1

 design with 2 replicates was conducted for each milk 

type, whole and skim. Milk solutions were prepared according to this design and as explained 

previously, and duplicate conductivity measurements were made with the average 

measurement recorded.  

 

After elimination of low/no-influence factor(s), the next step of experiments with the aim of 

extracting a response surface was conducted on the remaining factors using the Sequential 

Strategy to allow for checking of the first order model and estimation of the experimental 

error using the replicates of the centre points.  
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As quadratic effects were found to be significant, further axial runs were required for the aim 

of developing a quadratic response surface. Due to the fact that the factor ranges applied to 

the experiments were the complete ranges for each factor and predictions outside these ranges 

were not of interest for the aim of this work, an α (the distance of the axial points from the 

centre point) of 0.5 was used to produce axial runs which were at the median of the two 

factorial levels. The axial runs were all replicated twice for the estimation of experimental 

error.  

 

In the authors’ previous study [74], a multiple linear regression model was developed 

correlating whole and skim milk conductivity and temperature to concentration for solutions 

of up to 30% TS (weight percentage). In the concentration process to produce milk powder, 

the concentrate TS reaches up to ~52% TS (weight percentage). Therefore, the same 

methodology was applied in this work to obtain a correlation for whole and skim milk 

solutions with concentrations in the range of 30-50% TS (weight percentage).  

 

Finally, in order to test the models developed using the DOE technique and the multiple 

linear regression for TS prediction accuracy across the complete concentration range of 

interest in the milk concentrating process in the industry (13%, 24% and 47% TS (weight 

percentage)), reconstituted skim milk and whole milk solutions were prepared 

(commensurate with raw milk and concentrated milk solutions after the second and third 

evaporation effects, respectively). These solutions were put to test in the experimental rig in 

which multidimensional conductivity data were obtained using ERT. These conductivity 

measurements were then converted into TS information using the response surface developed 

using the CCD technique and the correlation model developed using multiple linear 

regression (MLR). The results of these techniques were compared to the real TS as used in 

the preparation of samples for accuracy.  
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8.5. Results and Discussions 

 

8.5.1. Factor Screening Analysis 

 

Selected results from the Design-Expert software analysis of the factor screening experiments 

for whole and skim milk are shown in Figures 8.2 and 8.3.  

Figure 8. 2  (a) Normal Plot and (b) Pareto Chart for Whole milk Screening experiments demonstrating factor effects 

a: 

b: 
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Figure 8. 3  (a) Normal Plot and (b) Pareto Chart for Skim milk Screening experiments demonstrating factor effects 

 

Figures 8.2a and 8.3a show the Normal Plot of Residuals for whole and skim milk, 

respectively. The Normal plot is used to highlight active factors or factors with significant 

effect on the response. The idea of this approach is that if none of the factors is active, the 

variation in the estimates of effect will be purely due to random variation, so that a Normal 

plot of the estimates will be roughly linear. Otherwise, the points not on the underlying linear 

pattern show significant positive and negative effects depending on which side of the line 

a: 

b: 
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they are located at. Figures 8.2b and 8.3b show the Pareto chart of t-values of the effects for 

whole and skim milk, respectively. The Pareto chart is used to give a picture of the relative 

sizes of the different effects. Pareto charts are usually used in conjunction with the Normal 

plot for active factor selection and help prevent over-selection of factors from the Normal 

plot. We can see that all independent factors of Whole milk (TS, temperature, protein, lactose 

and fat) show significant effects, while for skim milk fat content does not show a significant 

effect on conductivity and therefore was eliminated in the following experiments. The 

insignificant effect of fat content on skim milk conductivity is due to the very small range in 

which it appears in skim milk contents. For both types of milk some interactions also show 

significant effects, especially for whole milk.  

 

 

8.5.2. CCD Response Surface Analysis 

 

From the factor screening experiments’ analysis, as the effect of fat content for skim milk 

was found to be insignificant, thus this factor was eliminated from the response surface 

experiments. Therefore whole milk remained with 5 and skim milk with 4 significant factors 

to be tested for response surface development. A 2
5-1 

design for whole milk and a 2
4
 design 

for skim milk with 6 centre points were conducted to allow for checking of the first order 

model.  

 

 

 

 

 

 

 

 

 

Table 8. 2  Anova Summary of results for testing the first order model against curvature for (a) Whole milk; and (b) Skim 
milk 

 

The Anova results of the first order model (Table 8.2) showed significant curvature for both 

milk types, whole and skim. Therefore it was concluded that the effect of curvature in the 

a: 

b: 
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response is significant and needs to be considered for an accurate model. In order to consider 

the curvature and consequently quadratic effect of the model, extra axial runs with the aim of 

developing a quadratic response surface were conducted. 

 

Figures 8.4 and 8.5 show selected quadratic surface analysis results from Design-Expert for 

whole and skim milk, respectively. 

 

Figure 8. 4  Selected Design-Expert results for Whole milk Central Composite Design; (a) Normal plot of Residuals; (b) 
Predicted vs. Actual Plot 

a: 

b: 



063 

 

 

Figure 8. 5  Selected Design-Expert results for Skim milk Central Composite Design; (a) Normal plot of Residuals; (b) 
Predicted vs. Actual Plot 

 

Figures 8.4a and 8.5a show the normal plot of residuals which should ideally be a straight 

line, and in this case for whole and skim milk they line up adequately. Figures 8.4b and 8.5b 

show the predicted versus actual plots for whole and skim milk, respectively. These plots 

show how the model predicts over the range of data and should exhibit random scatter about 

the 45 degree line. Clusters of points above or below the line indicate problems of over and 

under predicting. Therefore there is no significant problem with the prediction of the 

b: 

a: 
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developed response surfaces for whole and skim milk, although better prediction can be seen 

in the case of Skim milk. This is due to the fact that for whole milk, due to the fat content, 

keeping the samples in a homogenous situation for conductivity measurement was found to 

be difficult to maintain in the case of higher fat content samples. 

 

Table 8.3 shows the resulting quadratic surface models developed for each milk type, and the 

various values demonstrating the accuracy of the developed models.  

Table 8. 3  (a) Quadratic Response Surface for Whole milk; (b) Quadratic Response Surface for Skim milk 

It is again obvious that the model developed for skim milk is much better than the whole milk 

model which could be caused by the fat content causing inhomogeneity. 

 

 

 

 

b: 

a: 
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8.5.3. Multiple Linear Regression Analysis 

 

A multiple linear regression model correlation for whole and skim milk concentration to the 

solution conductivity and temperature was developed for a 30-50% TS (weight percentage) 

concentration range (Figure 8.6) as the authors’ previous work [74] only covered 

concentrations up to 30% TS (weight percentage). As in the previous study, for 

concentrations of 30-50% TS also the interaction effect of temperature (T) and conductivity 

(C) showed to be statistically significant in the regression analysis. 

 

 

Figure 8. 6  Multiple Linear Regression for 30-50% TS Whole and Skim Milk 

 

The points represent the experimental data and the lines represent the regression. The models 

developed show good accuracy as can be seen through the high R-squared values. The 

slightly higher effect of temperature on whole milk conductivity could be due to the presence 

of higher fat content. 

 

 

8.5.4. Model Testing Results 

 

Using the conductivity-concentration models obtained from CCD and MLR, ERT 

multidimensional conductivity measurements from various milk solutions are converted to 

concentration data. Figure 8.7 shows a comparison between the TS prediction of the response 
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surface developed through CCD, including the effects of powder compositional variations, 

and the simple multiple linear regression (MLR) model focusing only on the effects of 

conductivity and temperature. In order to collect the most accurate ERT conductivity 

measurements of the various milk solutions, reference measurements were taken from the 

same milk solution being tested. 

 

 

Figure 8. 7  Comparison of CCD and MLR model TS prediction errors 

 

These estimations are compared to the real TS value as used during the sample preparations 

for error evaluation (          
                                      

             
     ). MLR shows 

an average error of 5% in TS estimation while using the CCD model this value is slightly 

higher at 6.8% for both types of milk. As can be seen in Figure 8.7, the CCD model provides 

better TS estimation in the higher whole and skim milk concentration ranges compared to 

MLR. MLR shows an increase in TS estimation error with the increase of milk concentration, 

while for CCD better estimation can be seen in higher concentration ranges. Both CCD and 

MLR predictions show less accuracy for whole milk TS estimations. 
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8.6. Conclusions 

 

In order to develop and apply ERT as an online multidimensional concentration sensor in the 

milk powder production industry, an accurate model needs to be established to correlate ERT 

multidimensional conductivity measurement to milk concentration data. For better 

applicability and precision the model needs to consider any process variations effecting the 

correlation. Previously milk concentration was correlated to its conductivity and temperature 

only through MLR. Also the developed model focused only on a subsection of the milk 

concentration process (up to 30% TS). The present work has completed the concentration 

range and developed an MLR model for the correlation of milk concentration from 

conductivity and temperature for higher concentration ranges (30-50%).  The authors have 

also developed a response surface model through DOE and CCD that as well as the effects of 

conductivity and temperature, takes the effects of compositional variations (protein, lactose 

and fat content) into consideration. In the model development procedure the concentration, 

temperature, and compositional variations of the entire concentration process of the 

standardized milk has been taken into account. Both models provide relatively similar 

accuracies in the range of 93-95%. The relatively high accuracy of the developed models 

provides ERT with the potential ability of being applied as an online concentration sensor in 

the milk powder production process. 

 

 

8.7. Summary 

 

This chapter focused on further enhancing the correlations obtained previously in Chapters 3 

and 4 for correlating ERT conductivity measurements to concentration data. This enhanced 

methodology other than covering the entire concentration and temperature range in the milk 

powder production process, also took into consideration the effect of process variations in 

solution composition on ERT measurements. Due to the large number of influential factors, 

Design of Experiments was applied for this analysis. The developed correlations which were 

then applied to milk flow experiments provided accurate assumptions of milk concentration. 
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CHAPTER 9:     SUMMARY & FUTURE WORK 

 

The heart of this work has focused on development, improvement and validation of the 

methodologies required for the application of ERT to the milk processing industry. 

Methodologies were developed, enhanced and validated for the related purpose and then each 

proposed methodology was further examined on simulated potential situations to provide 

multidimensional insight into the process which would be beneficial for automatic process 

control. From detailed analysis of the milk processing industry two potential situations were 

found to be exceptionally beneficial, batch mixing/ holding tanks and continuous flows in 

pipes, which were both investigated separately.  

 

The benefits of the application of ERT to the milk processing industry are discussed in detail 

in this thesis. These benefits are not limited to the ones explored in this work and could be 

further explored with future research on this topic. Although each one of the investigated 

applications on their own provides sufficient benefits to encourage the use of ERT 

application in the milk processing industry , all the benefits put together with future 

discoveries potentially opens a new horizon in process monitoring and measurement systems 

with the aim of better dairy process control. 

 

 

9.1. Towards an Online Milk Concentration/Composition Sensor 

 

One potentially beneficial application of ERT to the milk processing industry was found to be 

its use as an online concentration sensor. Such a multidimensional sensor could have the 

potential to provide a revolutionary solution for the problem of lack of online concentration 

sensors, especially in the milk powder processing industry which is highly dependable on the 

milk concentration variation throughout the process. The required methodology was 

developed and improved in three stages for higher accuracy and applicability. 

 

The first attempt of the application of ERT to the milk processing industry demonstrated in 

detail the challenging nature of this application due to milk complexity and the development 

of accurate conductivity-concentration correlations as a solution to the problem. Therefore, 

correlations were obtained for dilute and concentrated solutions in the concentration range of 
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8-30% TS for whole and skim milk. The correlations obtained provided an average accuracy 

of ~97% for concentration measurement (milk solutions in a batch mixing vessel) but the 

categorization of the concentration range could have been a limitation as prior knowledge of 

the solution concentration range would have been required. Also the full concentration range 

in the milk concentration process (up to 52% TS) was not considered. 

 

To remove the aforementioned limitation and enhance the applicability of the methodology, 

further experiments were conducted with enhanced solution preparation techniques. The new 

techniques in sample preparation provided a better resemblance of the reconstituted milk 

samples to fresh milk in various stages of the concentration process. Also milk concentration 

categorization (10-30% TS) was avoided as the required prior knowledge might not have 

been available. The general effect of temperature variations, an important factor influencing 

the solution conductivities, was also considered and a multivariate correlation was developed 

for milk concentration prediction from temperature and ERT conductivity measurements. 

This correlation provided an accuracy of over 96% (for milk solutions in a batch mixing 

vessel). A methodology was also developed for milk solution fat content measurements, 

another potential revolution in process measurement systems, which provided an accuracy of 

~96% in fat content measurement.  

 

As compositional variations in the standardized milk concentration process is unavoidable 

and these variations could have a large impact on the developed correlation prediction 

accuracy when applied in the industry, in the next step these effects were also taken into 

consideration. The complete ranges of variation of milk temperature, concentration and 

composition in the milk concentration process were considered and examined for correlation 

development using Design of Experiment techniques. The developed correlations provided a 

concentration prediction accuracy of over 93% for milk solutions in a continuous flow pipe 

system commensurate to raw milk and concentrated milk after second and third evaporation 

effects. 
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9.2. Detection of Problematic Situations in a Milk Mixing Vessel 

 

One of the other potential benefits of applying ERT to the milk processing industry was 

proven to be detection of problematic or undesired situations. The ability of ERT in providing 

remote multidimensional insight into opaque process vessels/solutions was applied for this 

purpose. Various problematic or undesired situations which were otherwise impossible or 

difficult to detect and control in a milk processing industry such as detection of external 

objects, solution inhomogeneity, adulteration, aeration and vortex formation, foaming, cream 

separation and an incomplete mixing process due to imperfect mixing were easily detected 

using appropriate application of ERT. 

 

 

9.3. Multidimensional Flow and Velocity Profile Measurement 

 

For the purpose of applying ERT to multidimensional flow and velocity profile 

measurements, first a methodology was developed for this application on single phase flow in 

general.  This was essential as all previous studies focused on ERT applications on 

multiphase flow measurements in which the required conductivity contrast was naturally 

provided by the second phase. As this was not the case for single phase flows and the 

required conductivity contrast needed to be developed manually, the previous calculation 

methodology was no longer applicable. Therefore a methodology was proposed and 

investigated for finding the optimum settings which provided an average accuracy of ~97% 

for saline flow measurements compared to an online flow meter. 

 

The developed methodology and selected optimum settings were next enhanced to fit the 

requirements of the milk processing industry. The ERT quantitative data provided by the 

proposed methodology together with qualitative imaging of the different secondary solutions, 

provided a selection criteria for the optimum settings.  The proposed methodology together 

with the selected optimum settings provided multidimensional flow and velocity profile 

measurement with an accuracy of ~98%. 

 

 



070 

 

9.4. Future Work 

 

The application of ERT to milk processing has potential for future research in various areas: 

 

 Modification of ERT hardware and software to better suit the requirements of the 

milk processing industry and in order to increase measurement frequency, reduce 

measurement noise, and enhance reconstruction techniques for more accuracy and 

less time consumption. 

  Further research into finding more potential applications such as monitoring and 

control of the CIP process 

 Enhancement of developed applications and development of a methodology for 

industrial scale requirements 

 Converting high dimensional extracted data into smaller dimensional process 

knowledge using e.g. PCA or PLS 

 Applying the acquired process knowledge into process control loops 

 

Each of the above mentioned topics could be on itself a huge research project opening 

horizons into even more potential improvements and beneficial applications.  
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APPENDIX 1:     PRELIMINARY EXPERIMENTS ON WATER & 

SALINE 

 

In this Appendix the preliminary experiments undertaken with the aim of gaining knowledge 

and experience on the ERT system operational procedure and the batch mixing vessel have 

been demonstrated. Such a step was critical before facing the complications concerning the 

milk solution itself. These tests were planned and carried out on a noncomplex solution, 

normal tap water, to avoid solution complications and focus on the ERT system operation 

alone. Ideas such as "Phantom Detection" and "Saline Mixing" which have previously been 

investigated were used for this aim. 

 

 

A1.1. Optimum Current and Frequency Selection 

 

In the first phase of experiments normal tap water was used as the testing solution. The 

temperature of water samples were kept at room temperature (19-20°C) to avoid changes 

related to temperature difference. The injection current amplitude range of 0.1-50mA and 

frequency range of 4800-76800Hz were tested. The configuration window settings were 

selected as below: 

 

Sampling Time Interval = 55ms Maximum Number of Frames = 10 

Number of Sensing Planes = 4 Injection Current= 0.1-50mA 

Electrodes per Plane = 16 Frequency = 4800-76800 Hz 

Samples per Frame = 8 Starting Plane = 1 

Frames per Download = 1 Delay Cycles = 20 

 

Tap water with the following characteristics was used to fill the tank to cover the 4 planes of 

sensors: 

 

TW=19.0-19.5°C 

 W=108.9-109.1µS/cm 
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The mean value of the sum of the top and bottom values of the 10 frames in the software 

produced graph showing the relative change between reference and measurement data were 

used for graphing the results and comparison. The results are demonstrated in Figure A.1. 

The data collected with 76800 Hz frequency current injection was far off acceptable range, 

thus were left out. 

 

 

Figure A. 1  Finding optimum current injection and frequency for water as reference medium 

 

Leaving out the data related to 38400 Hz which resulted in much higher values of relative 

change between reference and measurement values compared to other frequencies, the 

remaining data were left for more precise comparison (Figure A.2.) . 
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Figure A. 2  Finding optimum current injection and frequency for water as reference medium (excluding 38400Hz) 

 

Figure A.2 shows that 19200 Hz is also obviously unacceptable and should also be left 

behind.  
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Figure A. 3  Finding optimum current injection and frequency for water as reference medium (excluding 38400Hz and 
19200 Hz) 

 

Figure A.3 shows that for 9600 Hz and 4800Hz, from 30mA the same relative change of 

approximately 1.9% was obtained. Two obvious minimums were also visible for 4800 Hz at 

7mA and 12mA demonstrating overall relative changes of 0.93% and 0.88% respectively. 

Therefore, the two frequencies of 4800Hz and 9600 Hz were chosen for retesting the best 

current range of 6-14mA with smaller intervals. 

 

This time also the tank was filled with tap water to cover the 4 planes of sensors: 

 

TW=19.2-19.6°C 

 W=109.1-109.2µS/cm 

 

The two best frequencies of 4800Hz and 9600 Hz were tested for the best current range of 6-

14mA with smaller intervals of 0.5mA. Again the mean value of the sum of the top and 
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bottom values of the voltage relative change is used for graphing and comparison. The results 

are demonstrated in Figure A.4. 

 

Figure A. 4  Checking best current injection and frequency for water as reference medium 

 

The results in Figure A.4 show that the best frequency would be 9600 Hz showing a 

minimum of relative change of conductivity measurements between reference and 

measurements at 12.5mA. This selection was made due to the fact that it resulted in the least 

change in conductivity between reference and measurement values or in other words the least 

measurement noise. Using a current injection with these values will result in more accurate 

conductivity measurements of the state of interest. 
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A1.2. Temporal & Spatial Resolution 

 

In this section the best temporal and spatial resolution of the data obtained by this ERT 

system have been determined.  

 

In order to determine the best temporal resolution for "Fast Offline Measurements", the tank 

was filled with normal tap water to cover one plane of sensors and the following 

configuration settings were used: 

 

Sampling Time Interval = 30 ms Maximum Number of Frames = 1000 

Number of Sensing Planes = 1 Injection Current= 12.5 mA 

Electrodes per Plane = 16 Frequency = 9600 Hz 

Samples per Frame = 1 Starting Plane = 1 

Frames per Download = 1000 Delay Cycles = 5 

 

The imaging was started and the time for the system to take the 1000 frames measured by a 

stopwatch, 76.50 seconds. This time period is the time required for the offline imaging of 

1000 frames of data, thus the temporal resolution for fast offline measurements will be: 

 

1000/76.50 = 13.07 frames/sec 

 

The temporal resolution for "Fast Online Measurements" was determined with the following 

configuration settings: 

 

Sampling Time Interval = 30 ms Maximum Number of Frames = 100 

Number of Sensing Planes = 1 Injection Current= 12.5 mA 

Electrodes per Plane = 16 Frequency = 9600 Hz 

Samples per Frame = 1 Starting Plane = 1 

Frames per Download = 1 Delay Cycles = 5 

 

This time also the time period required for such imaging was measured by a stopwatch; 28 

seconds. Thus, the temporal resolution for fast online measurements will be: 
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100/28 = 3.57 frames/sec 

 

Although in both of the above cases reducing the electrodes from 16 to 8 will reduce 

measurements from 104 to 28 and consequently, the temporal resolution would obviously be 

reduced greatly. Clearly, changing the settings in the favor of a more define and accurate 

image result will decrease the temporal resolution which is applicable to slowly changing or 

static situations in which high temporal resolution to detect changes with time is not required. 

In the case of dynamic situations in which the change with time is required, the configuration 

settings should be changed in the favor of higher temporal resolution which would result in 

lower image quality. 

 

The spatial resolution of the data obtained from 16 electrode sensors are usually defined as 

approximately 5% of the vessel diameter or in other words the size of one pixel of the 

reconstructed image in relation to the whole vessel diameter: 

 

                                    ⁄                

                 √                     

                                        

 

 

A1.3. Phantom Detection 

 

After obtaining the best current injection amplitude and frequency for water as a reference 

file, explained in the previous section, a series of tests were carried out in order to 

demonstrate the ability of the ERT system in the demonstration of various phantoms or in 

other words demonstrating the most unique ability of the ERT system which is "remote 

internal inspection". In this following section these experiments and the resulting images 

have been demonstrated. 

 

Tap water was used to fill the tank to cover the 4 planes of sensors and the reference file was 

taken. The reference water characteristics were as follows: 
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TW=19.2°C 

 W=108.7µS/cm 

 

The configuration window settings were selected as below: 

 

Sampling Time Interval = 55ms Maximum Number of Frames = 0 

Number of Sensing Planes = 4 Injection Current= 12.5mA 

Electrodes per Plane = 16 Frequency = 9600 Hz 

Samples per Frame = 8 Starting Plane = 1 

Frames per Download = 1 Delay Cycles = 20 

 

The conductivity of the second phase was set to zero and the images were reconstructed to 

measure the concentration of the non-conductive phase. 

 

One plastic and one metal tube with the following dimensions were used as phantoms: 

 

Plastic Paddle:  Top width = 3.5cm  ,  Bottom width = 7.7cm  , Thickness = 1.4cm 

Metal Tube:  External Diameter = 2.2cm    ,   Internal Diameter =  1.9cm 
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Figure A. 5  Conductivity tomograms of metal and plastic object visualization in water; images a to i demonstrate 
increasing time increments of ~33 seconds during the insertion 

 

The conductivity variations are demonstrated with a colour coded change from red to yellow, 

to green and then blue changing from higher conductivity to lower conductivity regions. 

a  b  

c  d  

e  f  

g  h  

i   
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From Figure A.5 it is obvious that there is an over estimation of the size of the objects in the 

reconstructed images which counts as the error of measurement but a precise visualization of 

the conductive and non-conductive phase in each stage of the insertion is clearly visible.  

 

 

A1.4. Saline mixing visualization 

 

In this section the visualization of the dissolution and mixing of a saline solution into water 

has been demonstrated.  

 

To perform the saline tests, the vessel was filled with tap water (TW=20.1°C , ϬW=105.1 

µS/cm) to cover the 4 planes of sensors. Next a 20 g/L saline solution (TS=19.2°C  ,  ϬS=30.4 

mS/cm) was also prepared. The "Electrical Properties" settings in the configuration window 

best suited for saline solutions was set to the conductivity of water as the continuous 

conductivity, the conductivity of the final saline solution as the second phase conductivity, 

and miscible phase as the conductivity concentration conversion method. 

 

The reference measurement from the tap water was taken while manual mixing at a rate of 

~58 rpm was being performed. After saving the reference file, 500mL of the saline mixture 

was added while the manual mixing was being performed at the same speed. 

 

Some of the frames of images obtained during the mixing of saline into water have been 

demonstrated as conductivity tomograms in Figure A.6 and concentration tomograms in 

Figure A.7. 
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 Conductivity tomograms (Figure A.6): 

 

 

a  b  

c  d  

e  f  

g  h  

Figure A. 6  Conductivity tomograms of the addition of a saline solution to the surface of water (near agitator shaft); 
images a to h demonstrate increasing time increments of ~25 seconds 
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 Concentration Tomograms (Figure A.7): 

 

a  b  

c  d  

e  f  

Figure A. 7  Concentration tomograms of the addition of a saline solution to the surface of water (near agitator shaft); 
images a to f demonstrate increasing time increments of ~40 seconds 

 

 Quantitative analysis  

 

For quantitative analysis of mixing processes various analysis can be conducted using  

various graphs. In this section, each of these graphs and the information extracted from them 

are demonstrated for the saline addition experiment. 

 

The average conductivity variation of all pixels (Figure A.8) is a good indication of the 

addition time as the overall conductivity of the vessel starts changing at this point (as shown 

in Figure A.8). As obvious in this figure, the saline addition causes an overall increase in the 
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conductivity of the vessel. The amount of conductivity variation in the final frames of 

imaging is also a good indication of the degree of non-homogeneity of the solution at the end 

of the process. 

 

Figure A. 8  Average conductivity value of all pixels 

 

 

The average conductivity variation for each plane (Figure A.9) demonstrates the fact that the 

higher level planes are more affected by the addition showing more deviation from the 

original state. Also the lower planes have a more homogenized state which is due to the fact 

that less of the added solution has reached the bottom planes.  

 



093 

 

 

Figure A. 9  Average conductivity variation of each plane 

 

Conductivity and concentration cross-sectional relative deviation figures (Figures A.10 and 

A.11 respectively) demonstrate the degree of non-homogeneity existing in each plane 

throughout the mixing process including the end of the process. 
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Figure A. 10  Cross-sectional conductivity relative deviation of each plane 

 

Figure A. 11  Cross-sectional concentration relative deviation of each plane 
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The mixing time-curve of various points of the vessel (Figures A.12 and A.13) demonstrate 

the mixing time of the process at each point. 

 

Figure A. 12  Mixing-time curve for addition point of saline 

 

Figure A. 13  Mixing-time curve for 90-degrees rotation (clockwise) from addition point of saline 
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Figures A.14 and A.15 demonstrate the cross-sectional average conductivity and 

concentration of each plane, respectively. These figures show a final increase in conductivity 

/ concentration which is due to the addition of the saline (higher conductive) solution. The 

figures demonstrate the differences in conductivity / concentration existing between different 

levels of the tank throughout the mixing process. These figures also give an indication of the 

homogeneous/non-homogeneous state of the tank at the end of the process. 

Figure A. 14  Cross-sectional average conductivity of each plane 

 

Figure A. 15  Cross-sectional average concentration of each plane 
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A1.5. Saline Concentration Measurement 

 

In this section the ability of Electrical Resistance Tomography in measuring the concentration 

of a solution has been examined. 

 

A saline solution of 0.3 g/L and 0.652 mS/cm was prepared to cover the 4 planes of sensors 

and measurements were taken. The conductivity of water was selected as the reference 

conductivity and the conductivity of the saline as the second conductivity and the miscible 

phase conversion was selected. 

 

The mean conductivity reading from the ERT measurement results was 0.6323 mS/cm which 

resulted in 3.02% error in conductivity reading. 

 

The average concentration calculated by the ERT software using the conductivity readings 

and reconstruction algorithms was 0.3079 g/L which resulted in 2.63% error in concentration 

calculation. 

 

 

A1.6. Conclusions 

 

From the preliminary experiments conducted on the simple medium of tap water (which was 

previously interrogated by other researchers), it was concluded that the current ERT system 

has the ability to provide a broad range of information and knowledge on the solution in the 

sensing domain such as the detection of an external object (phantom detection), visualization 

of concentration variation, providing information for the interrogation of a mixing process, 

estimation of the average concentration of the solution in the sensing domain and possibly 

various other applications which would be developed with further research.  

 

For a system of water and saline an optimum current injection setting of 9600 Hz frequency 

and 12.5 mA amplitude was selected as it results in the least change in conductivity between 

reference and measurement values or in other words the least measurement noise and 

therefore more accurate conductivity measurements of the state of interest. 
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The best temporal resolution of a 16 electrode sensor such as the one used in this research 

was determined as 13.07 frames/sec for offline measurements and 3.57 frames/sec for online 

measurements. Thus, depending on the application and the aim of the measurement either 

offline or online measurements can be chosen. The spatial resolution was also determined as 

approximately 5% of the vessel diameter. 

 

The phantom detection experiments demonstrated that the current Electrical Resistance 

Tomography system might not be quite successful in defining the size of an object due to the 

over-estimation error it has in reconstructing the image of an object in a vessel but it is 

definitely very useful in detecting the existence of an external object in a vessel which is 

otherwise optically inaccessible. This overestimation can be an advantage for the early 

detection of smaller objects. 

 

Besides detecting external objects in a vessel, Electrical Resistance Tomography has 

demonstrated the ability of visualizing the mixing process of a solution of different 

concentration and accordingly different conductivity, into a primary solution. This detection 

can be beneficial in the detection of homogeneity / inhomogeneity, different phase positions, 

phase separation and etc. in opaque liquids and vessels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


