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Abstract 

Milk fouling in the pasteurization process reduces heat transfer efficiency. Periodic cleanings 

generate downtime and large amounts of waste water requiring treatment. System 

performance of a pasteurizer unit is dictated by the overall configurations, including not just 

the milk heater, a plate heat exchanger (PHE) (previously studied), but also a holding tube, a 

cooler and a “regeneration” preheater for energy recovery, all tightly integrated. A model of 

the whole pasteurization process can be used as a virtual unit to test different operational 

strategies and therefore optimize the system performance. However, none of the models that 

currently available considers heating-cleaning cycles for the overall pasteurizer unit.  

In this research, a 2D dynamic thermal model was developed for a complete milk pasteurizer 

unit using first principle modelling approach. The thermal model is then coupled with a semi-

mechanistic fouling model and an empirical cleaning in place (CIP) model so that it can be 

used to test various heating-cleaning cycles. This unit model consists of three PHEs (heating, 

regeneration, and cooling), a non-isothermal holding tube, and two non-isothermal tubular 

connections. The thermal, fouling and CIP models of individual PHEs extended and modified 

the 2D distributed model developed previously1,2. For the tubes, the distributed thermal model 

of Coletti3, Diaz-Bejarano and Macchietto4 was adapted and modified to account for deposition 

in the tubes and CIP. The entire unit was modelled by joining the component models via 

suitable boundary conditions. The dynamics of the system were also studied, and the model 

was coupled with two PI controllers to ensure that the required pasteurization temperature and 

the specified storage/outlet temperature are met.  

The generality and flexibility of the model were demonstrated in two common pasteurization 

processes: high temperature short time (HTST) and ultra-high temperature (UHT) treatments. 

The thermal model of the whole pasteurizer unit was first validated against experimental data 

for a HTST process, with excellent agreement. The evolution, extent and location of fouling, 

and its impact on the process was then assessed for both processes. For the HTST process, 

deposition mass was not significant for the first 2.1 days. For the UHT process, a realistic case 

was simulated, and the results indicate a much more severe fouling in the main PHE heater, 

but also in the regeneration section as well as the tubes. It is noted that experimental validation 

is still needed to confirm the prediction of deposition mass for both cases. A heating-CIP cycle 

was also simulated for the UHT case to study the amount of cleaning agent and rinsing water 

required as well as the cleaning time needed within an operation cycle. This modelling 

approach gives a wholistic view of the operations of the unit. It can capture the main features 

of different pasteurization processes and provide valuable insights, which can be useful for 

optimization of cleaning strategies and schedules, and therefore reduce cleaning cost and 

shorten the operational downtime. 
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1 Introduction 

Milk pasteurization is a heat treatment commonly used to eliminate pathogenic 

microorganisms in raw milk to ensure food safety and extend shelf life. A pasteurizer unit 

(Figure 1.1) includes a preheater (energy regenerator), a main heater, a holding tube, and a 

cooler. Firstly, the unprocessed milk is pre-heated in the regeneration section. Then, the pre-

treated milk is further heated to the required pasteurization temperature in the heating section. 

After which, the holding tube is utilized to keep the heated milk for a fixed duration at the 

pasteurization temperature to kill microorganisms. Then, the outgoing hot milk flows back to 

the regenerator to heat the incoming cold milk5,6. By heat integration, less heating and cooling 

energy is consumed5. Lastly, the milk is cooled to the specified storage/outlet temperature in 

the cooling section. 

 

Figure 1.1. Schematic diagram of a pasteurizer unit (reproduced from Gutierrez et al7). 

 

Plate heat exchangers (PHEs) (Figure 1.2) are extensively used for heating, regeneration and 

cooling sections of the pasteurizer unit. In a PHE, cold and hot fluid streams flow through 

alternating channels and exchange heat across the plate wall, which prevents direct contact 

between streams and reduce contamination. The PHE is featured with high compactness, 

flexible, easy operation, and enhanced thermal and hydraulic performance, which make it 

suitable for milk processing5. During operations, certain amounts of materials within milk 

stream can deposit and grow on the surface of the plate wall, leading to extensive economic 

losses (e.g. consume more energy, use more heat exchangers) and environmental problems 

(e.g. use more cleaning water, generate more waste). Multiple fouling mitigation treatment 
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techniques are developed but most of the works focus on the qualitative analysis and there is 

lack of a quantitative assessment of anti-fouling strategies. Experimentation and validation of 

these anti-fouling methods can be both time-consuming and costly. Also, experiments could 

reflect conditions tested but are often difficult to extrapolate to other conditions. Therefore, 

developing more accurate and reliable model is a more suitable and resource-saving approach. 

The model should: (1) capture the main thermal and hydraulic behaviours of fluids within the 

heat exchangers (HE); (2) reflect the interactions among different sections of the pasteurizer 

unit; (3) predict fouling severity and locations; (4) optimize the operation and cleaning of HEs. 

Currently, none of the models available includes all four features. The objective of this 

research is to fill this gap and develop a model for the whole pasteurizer unit with these 

features. 

 

 

Figure 1.2. Schematic diagram of a PHE8. 
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2 Literature review 

In this chapter, a literature review is conducted for the milk pasteurization process and the 

operations involved. The review comprises four main parts. In section 2.1, milk processing 

system is introduced with milk fouling analysis and milk fouling models. In section 2.2, PHE 

fouling monitoring and cleaning methods (cleaning in place, CIP, in particular) are discussed. 

Based on the analysis of current models, the need for this work is identified and the research 

objectives are listed in section 2.3. Lastly, the thesis structure is presented in section 2.4. It is 

noted that this review focus on the models (PHE, fouling and CIP models) involved in dairy 

processing and the ones developed for other industries are either excluded or briefly covered 

in this review. 

2.1 Dairy Processing system and models 

Heat treatment is widely used for milk processing to eliminate bacteria and ensure food safety. 

The results of the treatment depend on the temperature and duration of the heating process, 

since the heat resistance varies with bacteria. The lethal effect curves of common bacteria 

presented in milk are shown in Figure B.1 in Appendix B. In general, higher temperature could 

eliminate pathogenic micro-organism faster and therefore leads to shorter holding time, but 

higher intensity of heat could lead to flavour change. Therefore, the choice of heat treatment 

method needs to consider the trade-offs among quality preservation, bacterial elimination, 

recontamination prevention and energy efficiency5,6. This project focus on two commonly used: 

high temperature short time (HTST) and ultra-high temperature (UHT) processes. HTST 

pasteurization is a process used to heat milk at a medium high temperature (usually between 

72 and 80oC) for at least 15 seconds5,9,10, while UHT process heat milk at elevated temperature 

(usually between 135-140℃) for 2 to 5 seconds10. Some other milk treatment processes are 

also summarized in Table C. 1 in Appendix C. 

A pasteurization system (Figure 1.1) often consists three PHEs and a holding tube. PHEs are 

suitable for milk pasteurization over other types of heat exchangers (e.g. shell-and-tube heat 

exchangers (STHEs)) because: (1) ease for cleaning and maintenance of hygienic 

requirements; (2) high heat transfer coefficients which ensure close operating temperature 

difference (as low as 1 oC comparing to 5-10 oC for STHEs); (3) compact structure which 

allows different treatment sections to be mounted onto a single frame and thus reduces 

installation space and capital cost dramatically5,6,11. PHEs are commonly used for milk 

pasteurization since 1880s when PHEs were originated and rapidly developed due to public 

awareness of untreated milk safety5,6. 

Design of PHEs, their configurations, choice of pattern on plates (corrugations) and number 

of plates, affect heat transfer performance as well as capital and operational costs of the 
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process. Different flow arrangements can be used during operation, for which different 

configurations of PHEs might be required. To increase driving force for heat transfer and thus 

enhance PHE performance, counter-current arrangement is normally more desirable over co-

current arrangement. Also, narrow channels are often better for heat transfer but could elevate 

flow velocity and pressure drop especially when the flowrate is high6. To minimize these effects, 

the inlet streams of PHE can be divided into several parallel flows and each flow then interact 

with the other fluid counter-currently in different channels6. An example of two-inlet and four-

pass configuration is illustrated in Figure 2.1.  

 

Figure 2.1. Example of multi-pass PHE configuration12. 

Some efforts have been made to optimize the overall milk pasteurization system. For instance, 

De Jong et al13 developed a model to optimize the process operation based on the desired 

product safety and quality, which is unique among the models developed. Three predictive 

models are involved in this method: the kinetic model for components transformation 

predictions, the process model for the overall production chain and the predictive model for 

cost estimation. A flowsheet with the general approach of this method is shown in Figure B.3 

(Appendix B). However, in this method, model reactors were used in the simulation to simply 

the PHE configurations and therefore only limited information of the heat transfers within the 

PHEs are available from the simulated results. Gutierrez, Diniz and Gut7 developed a dynamic 

model for the continuous pasteurization process, which can be used as a virtual unit to 

compare different operational policies and control strategies. Thus, better product quality 

could be achieved with less energy consumption. However, water (instead of milk) was used 

as the working fluid in this model and to better represent the pasteurization process, fouling 

models need to be integrated7. Bon et al.9 developed and bulit flowsheets and database for 

milk pasteurization using process simulator tool (ProSimPlus), which are used to simulate and 

optimize the process. They first solved the design optimization case, whose results was then 

used to solve the operating optimization. This approach was used to simulate and study 
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alternative designs by changing the exchanger capacity or mass flowrate of the fluid. In this 

way, it can be used to understand the interactions between different parameters9. 

Nevertheless, this approach relies heavily on databases and semi-empirical equations to 

achieve reliable simulation results9. Additionally, a fixed PHE configuration is used in this 

method and detailed heat transfer information is not availabe through this method since only 

the inlet and outlet temperatures of the whole PHE is included in the model9. 

2.1.1 Fouling in dairy processing 

Milk fouling has been studied extensively during past decades from different approaches 

(through both experimentation and modelling)14. This section covers milk fouling analysis, 

including fouling types, compositions, mechanism and existing models. Fouling causes many 

operational problems. Particularly in dairy processing, heat exchangers are cleaned every 5-

10 hours depending on the production capacity6,15. It is also noted that fouling and cleaning 

accounts for about 80% of the total production costs, which leads to significant economic 

loss16,17. Thus, finding effective methods to reduce fouling or reduce operational cost 

associated with fouling and cleaning is critical and essential. 

The composition of fouling deposit varies widely due to different milk types, pH, operating 

temperature, equipment, etc18,19. The effects of these factors on milk fouling are discussed 

and summarized in detail by Alharthi20. Among these factors, temperature is the most 

important one and is often used to distinguish the type of fouling. For milk fouling, it is often 

classified into two types (type A & B) based on the deposit composition and the temperature 

that the fouling appears. Type A (protein fouling) occurs at temperature between 75 and 110oC 

and type B (mineral fouling) happens at temperature above 110oC17,21. Figure 2.2 shows the 

amount of deposit formed for both type A and B at different temperatures and locations within 

the heater. For type A fouling, initially the amount of protein deposit increases as temperature 

rises and the maximum is reached around 95-110 oC, after which the amount decreases as 

the fluid moves along the heater where 

temperature continue to increase22. It is 

widely agreed that type A fouling is majorly 

affected by the β-Lactoglobulin (β-Lg) 

reaction. However, the full mechanism of β-Lg 

reaction and its interaction with the heating 

surface (bulk or thermal layer reaction) 

remains unclear or unsettled15,23. A commonly 

used protein reaction scheme for modelling is 

show in Figure 2.3. Descriptions of the 

mechanism is summarized in detail by many 

Figure 2.2. Type A and B milk fouling 
distribution in an indirect heat exchanger22. 
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authors12,18,24,25. Tolkach and Kulozik26 also 

summarized a more detailed molecular level 

description for the multistage β-Lg thermal 

denaturation mechanism. Additionally, Bansal 

and Chen17 conducted a comprehensive 

summary of different type A fouling mechanisms 

presented in the literature (Table C. 2 in Appendix C). Therefore, the reason for the formation 

of bell-shaped curve in Figure 2.2 could due to different 𝛽-Lg fouling reactions involved at 

different temperature ranges. Different from type A fouling, the deposits involved in type B 

fouling increase continuously with temperature (Figure 2.2) because the solubility of minerals 

decreases as temperature increases17,22. For HTST pasteurization, only type A fouling is 

considered since type B fouling is negligible during the process of interest; while for UHT 

pasteurization, both type A and type B fouling need to be considered. 

Different PHE models have been developed to better understand the thermal and hydraulic 

behaviours of the processing fluid. For milk, several models that consider the kinetics of fouling 

have also been developed. Extensive summaries for these existing models have been done 

by multiple authors7,12,18,24,27–29. Summary tables for the main PHE and milk fouling models as 

well as their advantages and limitations are also presented in Table A.1 and Table A.3 

(Appendix A). Overall, most of the existing fouling models integrate β-Lg reaction scheme with 

a simplified 1D or 2D representations of PHE (Table A.3 in Appendix A). Among these models, 

many of them used Biot number to describe fouling layer, and the deposition growth was not 

considered12,27. To account for the deposit layer growth, Guan24 proposed a more detailed 2D 

distributed model with moving boundary for a single channel of a PHE. The deposition model 

is adapted from the model developed by Coletti and Macchietto3 and Diaz-Bejarano et al.4 for 

crudie oil fouling in STHE. Sharma18 extended this distributed model to a full PHE system and 

simulated two arrangments, considering deposit re-entrainment and two types of depostion 

mechanism (aggregation and denaturation of protein). It was noted that different Biot number 

values need to be used to describe and predict these tested conditions. Although detailed 2D 

models are more accurate comparing to 1D models, plate topology such as corrugation are 

not considered, which could lead to discrepancies between simulated results and 

experimental data. As noted by Jun30, hydrodynamic characteristics of fluid within PHE could 

be strongly affected by corrugation parameters (angle, depth and pitch); therefore, to describe 

PHE plate topology in a detailed way, multiple computational fluid dynamics (CFD) models 

have been developed30–34. Due to high complexity of the models, CFD models are often 

computationally intensive, which leads to longer simulation time (often days)1. Moreover, only 

a small section of the PHE (e.g. a channel or a plate) can be simulated and it is impossible to 

Figure 2.3. Protein reaction scheme on 
heat exchanger surface12. 
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study the whole PHE or the whole pasteurizer unit through this method. Thus, CFD models 

are often not suitable for process control and optimization purposes. Nevertheless, the 

simulated results of CFD models could potentially be used to find correction factors that could 

be integrated in simplified 2D models and therefore enhance 2D model accuracy. In addition 

to the models developed for milk processing, models built for other fluids such as oil and water 

could be refined and adapted to improve milk fouling models. Examples of these models are 

also shown in Table A.2 (Appendix A). 

2.2 Plate heat exchanger cleaning methods and models 

Dairy industry operations have been shifted from manually to mechanization in past decades. 

Cleaning of PHEs, which used to be a labour-intensive task is now replaced by CIP methods. 

CIP methods use machinery coupled with detergent solutions that can be circulated through 

the PHE channels based on a set cleaning program6,35. Consequently, to fully integrate the 

cleaning program with the operation procedures, a more advanced and accurate model that 

can not only predict the severity and location of the fouling, but also predict and monitor the 

CIP operation would be beneficial and necessary. This type of model can be used to help 

allocate resources more efficient and reduce waste, therefore enhance the overall 

production/operation efficiency. This section covers CIP methods and several models 

developed in the literature. Some fouling monitoring techniques are also discussed. 

2.2.1 CIP methods and models 

Overall, the choice of cleaning agent and method for PHEs varies with types of deposit, 

surface material, configuration, and the economic and environmental factors36. CIP is a 

favoured method comparing to off-line cleaning since it does not require dismantle of the PHE 

and therefore reduces operational downtime. For milk processing, CIP is often done in a two-

stage process using alkali and acid solutions37. This process involves five-steps: pre-rinse, 

alkali-clean, water-rinse, acid-rinse and final-rinse38.  

Mathematically models of CIP that are capable accurately predicting operational parameters 

(e.g. duration, amount of cleaning agent used, mechanical flowrate and thermal energy) 39 can 

be utilized to test and optimize the cleaning procedures and thus reduce the cost and waste. 

Only a few models of CIP have been proposed and developed in literature (Table A.4 in 

Appendix A). Bird and Fryer40 proposed a simplified empirical model to assess the effects that 

temperature and velocity have on cleaning of milk deposit. It was developed specifically for 

cleaning with 1 wt% 𝑁𝑎𝑂𝐻 solution40. The thickness of the deposit was divided into two layers 

and for each layer, a differential equation was used to quantify the rate of change of thickness. 

The model was verified against experimental data and relatively good fit was obtained. 

Nevertheless, the complex mechanism and chemistry involved in cleaning (reactions between 
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cleaning agent and deposit) were not considered and several oversimplified assumptions were 

made for the model40. Xin et al.41 proposed a more detailed chemical cleaning model based 

on polymer dissolution, which accounts for several different processes involved through 

boundary layers (e.g. reputation, disengagement and mass transfer). This model was also 

extensively verified with experimental data. One limitation for the model is that deposits 

removed by shear force was not considered. A more general functional form of conditional-

based cleaning model for crude oil fouling was proposed by Lanchas-Fuentes et al.42. This 

model considered deposit conditions, effectiveness of the chemical cleaning agent and 

duration. Parameters used in the model still need to be adjusted or verified against 

experimental data. On the other hand, this general functional form could be adopted for other 

fluid such as milk. To the best of the author’s knowledge, for milk processing, only Sharma18 

has tried to integrate the CIP model with the fouling model and simulated heating-CIP cycles. 

However, experimental validation is still required to confirm the simulation results (deposit 

mass, heating and CIP durations). 

2.2.2 Heating-CIP cycles and fouling monitoring 

Heating and CIP are performed in cycles during 

pasteurization process. A simplified schematic 

for the main stages of heating-CIP cycles is 

shown in Figure 2.4. A more detailed 

representation for the heating-CIP cycles with 

monitoring is also illustrated in Figure B.2 

(Appendix B). Initially, the process starts with a 

clean heat transfer surface. Then initial 

conditioning occurs (precursors like β-Lg 

deposit in milk process) and allows further 

fouling to start. Once the HE performance 

decays significantly, or the hygienic 

requirements are not met due to deposition, CIP starts followed with disinfection or 

pretreatment14. The process restarts after cleaning is done. Though cleaning is performed, 

degradation or change of the surface is unavoidable (stainless steel that often used in PHEs 

for milk pasteurization is relatively robust towards these changes), which leads to cross-

contamination and aged deposition and therefore reduces the performance of the PHEs14. If 

a model was used to predict the heating-CIP operations, its accuracy would be affected 

because of the changes in fouling composition, PHE surface energy and characteristics at 

different stages of heating-CIP cycles14. Thus, to confirm the model adequacy, the 

performance of PHE needs to be frequently tested. This can be done by fouling monitoring 

Figure 2.4. Stages for heating-CIP cycles 
(solid bar refers to a heat transfer surface, 

dotted bar refers to membrane)14.  
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since it detects the needs for cleaning and can be used to validate the effectiveness of cleaning, 

which provide basis for adjustments of cleaning parameters in the model39.  

Six major methods (Table 2.1) are used as fouling monitoring and detection techniques. 

Detailed information of these methods are also reported by Wallhäußer, Hussein and Becker43. 

In general, these methods use different types of sensors (e.g. pressure/temperature sensors, 

acceleration sensor, acoustic sensor, comb sensor) to measure certain parameter, for which 

an upper- and a lower- bound are set. Once the measured value exceeds the upper-bound or 

becomes lower than the lower-bound, cleaning action would be triggered or stopped. For 

instance, Piepiórka-Stepuk et al44 proposed the use of nephelometers to measure the turbidity 

of the cleaning solution. The turbidity is then used as a cleanliness guideline to determine and 

control the cleaning time. Overall, the use of monitoring techniques could improve fouling 

detection and enhance quality control, but it still has several limitations: (1) sensitivity and 

adaptability of the methods could be low43; (2) localized sensor/detector information could be 

misleading; (3) additional costs are involved in installing and maintaining all the sensors as 

well as associated equipment. Therefore, there is a need for developing advanced heating-

CIP models that are capable predicting the location and severity of the deposit. If the model is 

coupled with real-time monitoring and adaptive control strategies, not only the limitations of 

these monitoring techniques can be minimized, but also the model can be constantly validated 

and adapted. Thus, the cleaning cycles can be scheduled more effectively and the process 

can be optimized.  

 

Table 2.1. Different fouling detection methods43.  

 

In conclusion, a summary of the models in literature related to milk pasteurization process is 

shown in Table 2.2. According to the literatures reviewed by the author, most of the researches 

focus on the modelling of the PHE heater only and for the ones that consideres the whole 
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pasteurizer unit (three PHEs and holding tubes), none of them considers or integrates fouling 

and CIP models together. However, to better understand heat transfers within the 

pasteurization process, it is necessary to account the interactions between different parts of 

the pasteurizer unit in the thermal model. Also, including fouling and CIP models with the 

thermal model allows testing and optimization of different operational policies. The objective 

of this research is to develop a model with aforementioned features. 

Table 2.2. Summary table for models related to milk pasteurization process. 

References  

Model characteristics 

PHE 
Heater 

Fouling 
Whole 

unit 
CIP 

Georgiadis Rotstein & Macchietto (1998)15; 

Georgiadis & Macchietto (2000)12; Jun & Puri (2005, 2006)27,30; 

De Bonis & Ruocco (2009)34; Mahdi Mouheb & Oufer (2009)45; 

Boloorchi & Jafari Nasr (2012)46; Bouvier et al (2014)33; 

Aouanouk, Mouheb & Absi (2018)29; Guan & Macchietto (2018)1 

√ √   

Grijspeerdt et al (2004)47; Aguiar and Gut (2014)48  √ √  
Bird & Fryer (1992)40; Xin, Chen, & Özkan (2003)41    √ 
Bon, Clemente, Vaquiro, & Mulet (2010)9; 

Gutierrez, Diniz, & Gut (2014)7 
  √  

Sharma & Macchietto (2018)2 √ √  √ 

 

2.3 Research objectives 

The aim of this research is to develop a high-fidelity model of the whole pasteurization process 

under fouling (heating, holding, regeneration and cooling). Then, the validated model is used 

for identification of cleaning strategies as well as tuning and implementation of controllers. 

Specific research objectives are listed below: 

Model development 

1. Extend and modify the 2D distributed thermal model of the milk heater (PHE) 

developed previously1,2 to all three sections of the pasteurizer unit (heating, 

cooling and regeneration). 

2. Integrate fouling model to the PHEs. 

3. Adopt and modify the 2D distributed thermal model of the tube developed 

previously3,4 to account for deposition in the tubes (holding and connecting tubes). 

4. Integrate fouling model to the tubes. 

5. Model the entire pasteurizer unit by joining the component PHE and tube models 

via suitable boundary conditions. 

Model applications 

1. Heating-CIP cycle operations: integrate a CIP model to all section models of the 

pasteurizer unit. Then, perform heating-CIP cycle tests for different configurations 
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and provide suggestions for cleaning strategies and schedules. 

2. Controller implementations: integrate PI controller models to the pasteurizer unit 

model.  Then, tune and assess the controller performance based on a case study. 

Also, analyse the dynamic behaviour of the model. 

2.4 Thesis structure 

The thesis is structure as follows: firstly, an overview of the model for the full milk pasteurizer 

unit is presented (Chapter 3). Then, the segments of the complete pasteurizer unit are 

introduced one at a time, which includes: the model for a single PHE channel (Chapter 0), a 

combined PHE section (Chapter 5) and a tube (Chapter 0). Once all the segment models are 

introduced, the entire unit is modelled by joining the component models via suitable boundary 

conditions (Chapter 7). For PHE and tube section models as well as the full pasteurizer unit 

model, simulations were performed to validate and assess the model adequacy in the 

corresponding chapter. With the developed model of the pasteurizer unit, two model 

applications (heating-CIP cycle operations and controller implementations) are discussed and 

case studies were simulated and analysed (Chapter 8 and 9). Lastly, main conclusions and 

future works are reviewed in Chapter 10. 

In addition to the main content, seven appendixes are included at the end of the thesis with 

information that is useful to refer to but can distract the flow if included in the main body. 

Appendix A presents the summary tables for models developed in literature with their main 

advantages and limitations. Appendix B and C show some complementary tables and figures 

for the main text. Appendix D and E list out the mass balance equations for fouling models of 

PHEs and tubes, respectively. Appendix F includes a briefly sensitivity analysis of fluid 

physical properties to support an assumption made in the model. Lastly, Appendix G describes 

the process for the estimation of PI controller transfer function. 
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3 Overview of the model for milk pasteurizer unit 

The structure of the overall pasteurizer unit model as well as the sub-models involved in the 

main model are presented in Figure 3.1 and Figure 3.2. The main pasteurizer unit model 

consists of three PHEs (heating, regeneration and cooling), a non-isothermal holding tube, 

and two non-isothermal tubular connections (TCH & TCR). Firstly, the initial conditions, 

equipment specifications and equipment configurations are specified in the main unit model. 

Then, this information is passed onto the section models for PHEs and tubes. Also, as 

illustrated in Figure 3.1, the fluid and temperature continuities among section models are 

established in the main pasteurizer unit model. For each section model (PHE/tube), a thermal 

model is coupled with a fouling and a CIP models (Figure 3.2). For the PHE section model, a 

single channel model is defined. Then, multiple channels are connected in the section model 

based on configurations (e.g. co-current or counter-current) and proper boundary conditions. 

The tube section model consists of multiple domains: working fluid, deposit layer, and tube 

wall, which are connected using proper boundary conditions. Detailed illustrations, analysis 

and validations of the models involved are discussed in the following chapters. 

 

 

Figure 3.1. Overall pasteurizer unit model. 
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Figure 3.2. Overall section model for combined PHE/Tube. 

  



 

14 

4 Model for a single PHE channel 

This chapter focus on the dynamic and distributed model of a single PHE channel undergoing 

milk fouling in the pasteurization process. Skimmed milk is chosen as the working fluid in this 

case. To better describe and represent the boundary conditions and thermal continuities, each 

internal channel of a PHE is modelled as if it is composed by two half plates. For the two end 

channels of the PHE, they are modelled as if they are composed by a half plate and a full plate. 

A schematic representation is shown in Figure 4.1. In this chapter, the governing equations 

used for each region (flow, wall and deposit layer) within a single channel along with their 

boundary conditions are discussed. 

 

Figure 4.1. Schematic illustration for PHE channel modelling.  

 

4.1 Overview of the moving boundary model 

PHE models developed previously for milk processing either exclude fouling effects or only 

include some parameter (e.g. Biot number) to describe fouling layer but the deposit layer 

growth within the PHEs and its effects on the heater transfer are not analysed. Therefore, an 

advanced moving boundary model was proposed and developed by Guan24, Sharma and 

Macchietto2 to account for the deposit layer growth and better represent PHE channels under 

milk fouling. In this work, the moving boundary model was used with additional modifications 

(discussed later). A schematic diagram for the model is shown in Figure 4.2. Descriptions of 

the model and its corresponding assumptions are discussed and analysed in detail by Guan24, 

Sharma and Macchietto2. For each channel, three domains (plate wall (𝛺𝑤), deposit layer (𝛺𝑙) 

and processing fluid flow (𝛺𝑓)) are considered. The wall and layer domains are also further 

classified into left (𝐿) and right (𝑅) parts to account for different dynamic behaviours on each 

side of the plate. As for the coordinates, 𝑦 = 0 is defined at the centre of the channel and 𝑥 =

0 is defined at the top of the channel as shown in Figure 4.2. All three domains are distributed 

along the 𝑥-axis throughout the channel length [0, 𝐿]. The wall domains (𝛺𝑤
𝐿  & 𝛺𝑤

𝑅 ) are also 
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distributed along the 𝑦-axis to account for the heat transfer across the wall thickness. These 

domains are defined from 𝑦𝑤
𝐿   to 𝑦𝑙

𝐿 for Ωw
𝐿  and 𝑦𝑙

𝑅  to 𝑦𝑤
𝑅 for Ωw

𝑅 , where 𝑦𝑤
𝐿 , 𝑦𝑙

𝐿, 𝑦𝑙
𝑅 and 𝑦𝑤

𝑅 can 

be calculated using the following equations: 

𝑦𝑤
𝑖 = −𝑛𝑖 (

𝑒𝑗

2
+ 𝐵𝑇𝑤) ∀ 𝑖 ∈ {𝐿, 𝑅} 

 
(4.1) 

𝑦𝑙
𝑖 = −

𝑛𝑖𝑒𝑗

2
 ∀ 𝑖 ∈ {𝐿, 𝑅} 

 
(4.2) 

𝐵𝑇𝑤 = {
𝑃𝑇/2   𝑓𝑜𝑟 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑝𝑙𝑎𝑡𝑒𝑠
𝑃𝑇       𝑓𝑜𝑟 𝑡𝑤𝑜 𝑒𝑛𝑑 𝑝𝑙𝑎𝑡𝑒𝑠  

   

 
(4.3) 

Here, 𝑒𝑗 is the channel gap between two clean plates and 𝑃𝑇 is the thickness of a whole plate. 

𝐵𝑇𝑤 is defined as the thickness of the plate within the conservation boundary (Figure 4.1). And 

𝑛𝑖 is used to indicate the direction of the 𝑦-coordinate, which equals to +1 for the left-side plate 

and -1 for the right-side plate.  

 

Figure 4.2. Schematic diagram of the moving boundary model for a single heating channel with 
Lagrangian transformation (Figure is adapted from Guan24 with minor modifications). 

 

Similarly, the deposit domains (𝛺𝑙
𝐿  & 𝛺𝑙

𝑅)  are also distributed along the 𝑦-axis to account for 

different fouling deposit thickness at different locations along 𝑥-axis. The physical domain that 

describe the deposit thickness at spatial coordinate (𝑥, 𝑦) varies, which makes it hard to solve 

the distributed system. A Lagrangian transformation24 is used to scale down the 𝑦-coordinate 

of the layer domain to a dimensionless coordinate, 𝑦𝑙̃ , which is defined between 0 and 1 

(Figure 4.2). When 𝑦𝑙̃ equals to 0, it represents the interface between wall and deposit layer; 

when  𝑦𝑙̃  equals to 1, it represents the interface between bulk flow and deposit layer. It 
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transforms the moving boundary into a static boundary in a different coordinate domain. The 

conservation equations for the deposit domain are also modified accordingly, which are 

discussed later in this chapter. 

4.2 Overall thermal model description 

A detailed overall illustration of heat flux between two fluids in the three regions of a PHE 

channel are shown in Figure 4.3 (internal channels) and Figure 4.4 (end channels). Both hot 

and cold fluids could flow through the channel upwards or downwards (blue or red arrow is 

used to indicate cold or hot fluid, respectively). The directions of heat flux across the channels 

are also indicated by arrows in the figures. For general demonstration, fouling is considered 

for both fluids and the moving boundary model is used. However, in many cases, fouling on 

the cold fluid side can be negligible and may not be considered in the model calculation.  

The following assumptions are used for the overall thermal model2: 

- The plates of the PHE are assumed to be flat and smooth: corrugation is not 

considered. 

- The processing fluid flow is assumed to be plug flow: uniform flow profiles across 𝑥-

axis. 

- No heat or mass transfer along channel length direction (𝑥-axis) for both wall and 

deposit regions. 

- Heat loss to the surrounding environment is neglected. 

- No heat generation/supply within the channel. 

Further assumptions used for different regions (flow, wall and deposit layer) in the channel are 

discussed with the corresponding equations/models in the following part of the chapter. 

4.2.1 Wall region 

For the wall region, heat transfer is described through the following equation: 

𝜌𝑤𝐶𝑝𝑤

𝜆𝑤

𝜕𝑇𝑤
𝑖 (𝑥, y)

𝜕𝑡
=  

𝜕2𝑇𝑤
𝑖 (𝑥, 𝑦)

𝜕(𝑦)2  ∀ 𝑖 ∈ {𝐿, 𝑅} (4.4) 

And the heat flux through the wall is described by Fourier’s law: 

𝑞𝑤
𝑖 (𝑥, 𝑦) =  −𝜆𝑤

𝜕𝑇𝑤
𝑖 (𝑥, 𝑦)

𝜕𝑦
 ∀ 𝑖 ∈ {𝐿, 𝑅} (4.5) 

Here, the physical properties of the plate (𝜌𝑤 , 𝐶𝑝𝑤  and 𝜆𝑤 ) are assumed to be constant 

throughout the PHE channel. And 𝑇𝑤
𝑖  is the local temperature of the left/right wall at spatial 

coordinates (𝑥, 𝑦). Also, there is no heat production within the wall. 
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Figure 4.3. Schematic illustration of the heat transfer across different regions for a single internal 
channel (a): hot-cold-hot arrangement; (b): cold-hot-cold arrangement. 
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Figure 4.4. Schematic illustration of the heat transfer across different regions for a single end channel 
(a): left end channel; (b): right end channel. 

 

4.2.2 Milk deposit layer region 

For the deposit layer region, same conservation law as that of the wall region is applied. Then, 

the standard heat transfer and heat flux equations are modified using Lagrangian 

transformation24, which result in the following equations: 

𝜌𝑙𝐶𝑝𝑙

𝜆𝑙
(

𝜕𝑇𝑙
𝑖(𝑥, 𝑦̃)

𝜕𝑡
−

𝑦𝑖̃

𝛿𝑖(𝑥)

𝜕𝛿𝑖(𝑥)

𝜕𝑡

𝜕𝑇𝑙
𝑖(𝑥, 𝑦̃)

𝜕𝑡
) =

1

(𝛿𝑖(𝑥))2 
 
𝜕2𝑇𝑙

𝑖(𝑥, 𝑦̃)

𝜕𝑦̃2
   ∀ 𝑖 ∈ {𝐿, 𝑅} (4.6) 
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𝑞𝑙
𝑖(𝑥, 𝑦̃) =  −𝑛𝑖

𝜆𝑙

𝛿𝑖(𝑥)

𝜕𝑇𝑙
𝑖(𝑥, 𝑦̃)

𝜕𝑦̃
 ∀ 𝑖 ∈ {𝐿, 𝑅} (4.7) 

Here, 𝜌𝑙, 𝐶𝑝𝑙 and 𝜆𝑙 are the physical properties of the deposit layer. These physical properties 

are assumed to be constant across the PHE channel, and deposit ageing or other changes in 

its structure are neglected. 𝑇𝑙
𝑖  is the deposit layer temperature at the transformed spatial 

coordinate (𝑥, 𝑦̃). 𝛿𝑖(𝑥) is the deposit thickness at left or right plate of the channel. And 𝑞𝑙
𝑖 is 

the heat flux through the left or right deposit layer at (𝑥, 𝑦̃). Additionally, 𝑛𝑖 is used to correct 

the sign for the heat flux (𝑞𝑙
𝑖) due to the introduction of dimensionless 𝑦̃, where 𝑛𝑖 equals to 

+1 for the left-side plate and -1 for the right-side plate. As illustrated in Figure 4.2, for the main 

dimensional 𝑦-coordinate, the increasing direction is always from left to right; while, for the 

dimensionless 𝑦̃-coordinate, the increasing direction is defined from the wall-layer interface 

(𝑦̃ = 0) to layer-fluid interface (𝑦̃ = 1), whose direction varies with left and right plates. The 

two coordinates are consistent for the left plate, but they are opposite for the right plate. Thus, 

the correction of the sign after Lagrangian transformation is necessary to ensure proper 

interactions among the transformed deposit layer region and other regions (wall/flow) in the 

channel model. 

4.2.3 Flow region 

For the flow region, constant mass flow rate is assumed, and a shell energy balance is used 

to develop the following heat transfer equation: 

𝜕

𝜕𝑡
(𝜌𝑓𝐶𝑝𝑓𝑇𝑓(𝑥)𝐴𝑓𝑙𝑜𝑤(𝑥)) =  −𝑑𝑖𝑟

𝜕

𝜕𝑥
(𝜌𝑓𝐶𝑝𝑓𝑇𝑓(𝑥)𝑢𝑓𝐴𝑓𝑙𝑜𝑤(𝑥)) 

 

                                                                   +
𝜕

𝜕𝑥
(𝜆𝑓𝐴𝑓𝑙𝑜𝑤(𝑥)

𝜕𝑇𝑓(𝑥)

𝜕𝑥
)  −𝑊(𝑞𝑓

𝐿 +  𝑞𝑓
𝑅)    

(4.8) 

Where 𝑞𝑓
𝐿 and 𝑞𝑓

𝑅 are convective heat transfer between deposit layer and processing fluid, 

which are defined as following: 

                                        𝑞𝑓
𝑖 = ℎ(𝑇𝑓 − 𝑇𝑙

𝑖|𝑦̃=1) ∀ 𝑖 ∈ {𝐿, 𝑅} (4.9) 

Here, 𝑑𝑖𝑟 is used to indicate the direction of the flow along 𝑥-axis, which equals to +1 for fluid 

flows from top of the channel to the bottom and equals to -1 if it flows from bottom to top. 𝑊 

is the plate width and 𝑢𝑓 is the magnitude of the velocity for the processing fluid, which can be 

calculated by the following equation: 

𝑢𝑓(𝑥) =
𝑄𝑐ℎ𝑎𝑛𝑛𝑒𝑙

𝐴𝑓𝑙𝑜𝑤(𝑥)
 

(4.10) 

The cross-sectional area of flow (𝐴𝑓𝑙𝑜𝑤) changes at different 𝑥 locations as the actual gap of 

channels (𝑒𝑥) varies when fouling occurs: 
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𝑒x(𝑥) = 𝑒𝑗 − 𝛿𝐿(𝑥) − 𝛿𝑅(𝑥) (4.11) 

𝐴𝑓𝑙𝑜𝑤(𝑥) = 𝑊 𝑒𝑥(𝑥) (4.12) 

Here, 𝑒𝑗 is the channel gap under clean condition; 𝛿𝐿 and 𝛿𝑅 are deposit thickness on left and 

right plates of the channel.  

The convective heat transfer coefficient (ℎ ) can be approximated through the empirical 

correlations based on different dimensionless numbers (𝑁𝑢, 𝑅𝑒 and 𝑃𝑟)2: 

𝑁𝑢(𝑥) = 0.0902 𝑅𝑒(𝑥)0.663 𝑃𝑟(𝑥)0.333 (4.13) 

𝑅𝑒(𝑥) =  
𝐷ℎ(𝑥)𝜌𝑓(𝑥)𝑢𝑓(𝑥)

𝜇𝑓(𝑥)
 (4.14) 

𝑃𝑟(𝑥) =  
𝐶𝑝𝑓(𝑥)𝜇𝑓(𝑥)

𝜆𝑓(𝑥)
 (4.15) 

𝑁𝑢(𝑥) =  
ℎ(𝑥)𝐷ℎ(𝑥)

𝜆𝑓(𝑥)
 (4.16) 

𝐷ℎ(𝑥) =  2𝑒𝑥(𝑥) (4.17) 

Here, 𝐷ℎ is the hydraulic/equivalent diameter which is approximated as twice the value of 𝑒𝑥 

to account for the deposit layer thickness. The Nusselt number (𝑁𝑢) correlation is valid for 

Reynolds number between 90 and 200018. A brief sensitivity analysis (Appendix F) is 

performed for the physical properties of the processing fluid (𝜌𝑓, 𝐶𝑝𝑓, 𝜆𝑤 and 𝜇𝑓). It shows that 

using constant physical properties for a specific PHE is a valid assumption and it can simplify 

calculations and reduces model complexity. Therefore, in this project, the physical properties 

of the fluid are estimated at the average fluid temperature within the PHE. Correlations used 

to estimate the physical properties are shown in next section.  

4.2.3.1 Physical properties of processing fluid 

Different correlations for physical properties are used in the current model. It is noted that the 

physical properties of milk vary with milk types (whole, skimmed and concentrated)49–52. For 

skimmed milk, it is noted that heat capacity (𝐶𝑝) remains constant for temperature above 60°C. 

It is because that the latent heat effect is negligible after most solid milk fats dissolved in the 

solution52. The correlations for density (𝜌), thermal conductivity (𝜆) and dynamic viscosity (𝜇) 

of skimmed milk are taken from Kessler49, Minim et al50 and Fernández-Martín51, respectively, 

and are shown below: 

𝐶𝑝𝑓(𝑥) = 4022.6 (4.18) 

𝜌𝑓(𝑥) =  1040.6 − 0.2675 𝑇𝑓𝑐(𝑥) − (2.295 × 10−3) 𝑇𝑓𝑐
2 (𝑥) (4.19) 
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𝜆𝑓(𝑥) = 0.528 + (2.13 × 10−3) 𝑇𝑓𝑐(𝑥) (4.20) 

log10( 𝜇𝑓(𝑥) × 1000) = 0.5181 − 0.0147 𝑇𝑓𝑐(𝑥) + (5.90 × 10−5) 𝑇𝑓𝑐
2 (𝑥) (4.21) 

As for water, the correlations for 𝐶𝑝, 𝜌 and 𝜇 are fitted into similar polynomial form as those 

equations for milk. The thermodynamic data is taken from NIST53 at 1 atm. And the correlation 

for 𝜆 is adopted from Choi and Okos54.  

𝐶𝑝𝑓(𝑥) = 4188.8 − 0.6286 𝑇𝑓𝑐(𝑥) + (8.782 × 10−3) 𝑇𝑓𝑐
2 (𝑥) (4.22) 

𝜌𝑓(𝑥) =  1002.9 − 0.1394 𝑇𝑓𝑐(𝑥) − (3.043 × 10−3) 𝑇𝑓𝑐
2 (𝑥) (4.23) 

𝜆𝑓(𝑥) = 0.57109 + (1.7625 × 10−3) 𝑇𝑓𝑐(𝑥) −  (6.7306 × 10−6) 𝑇𝑓𝑐
2 (𝑥) (4.24) 

log10( 𝜇𝑓(𝑥) × 1000) = 0.1994 − 0.01094 𝑇𝑓𝑐(𝑥) + (3.495 × 10−5) 𝑇𝑓𝑐
2 (𝑥) (4.25) 

It is noted that temperature (𝑇𝑓𝑐) used in these correlations is in degree C. Therefore, in the 

future, if these equations are integrated with other model equations, unit conversion is required.  

4.2.4 Boundary conditions 

Boundary conditions are specified to ensure thermal continuity at both wall-layer and layer-

flow interfaces (internal channels).  

- For the wall-layer interface, equal temperature and equal heat flux conditions need to 

be satisfied (Figure 4.3).  

𝑇𝑤
𝑖 (𝑥, 𝑦𝑙

𝑖) = 𝑇𝑙
𝑖(𝑥, 0) ∀ 𝑖 ∈ {𝐿, 𝑅} (4.26) 

𝑞𝑤
𝑖 (𝑥, 𝑦𝑙

𝑖) = 𝑞𝑙
𝑖(𝑥, 0) ∀ 𝑖 ∈ {𝐿, 𝑅} (4.27) 

- For the layer-flow interface, conductive heat flux from layer to flow has same 

magnitude as convective heat flux from flow to layer. And 𝑛𝑖 is used to correct the 

direction, which equals to +1 for the left-side plate and -1 for the right-side plate 

𝑞𝑙
𝑖(𝑥, 1) = −𝑛𝑖𝑞𝑓

𝑖 (𝑥) ∀ 𝑖 ∈ {𝐿, 𝑅} (4.28) 

4.3 Fouling model and material balance for the PHEs 

As illustrated in Figure 3.2, a fouling model is coupled with the thermal model of a PHE channel. 

The combined model is constructed as follows: the thermal model transfers the wall and layer 

temperatures, fluid properties (e.g. temperature, flowrate, physical properties) and process 

operations to the fouling model; based on this information, fouling resistance and rate of 

deposition are determined in the fouling model; these values are then updated to the thermal 



 

22 

model for further calculation. When implement the combined model, all the equations in both 

thermal and fouling models are solved simultaneously. 

For HTST process, protein fouling (type A) is the dominate fouling type; while for UHT process, 

both protein and mineral fouling occurs at different temperature ranges. However, for the 

scope of this project, only type A fouling is studied and modelled. Therefore, for UHT process, 

the fouling deposition mass estimated from the current model would be lower than the 

experimental values. For this project, the fouling model implemented by Sharma and 

Macchietto2 has been adopted with minor modifications (discussed later). Two 𝛽-lg reaction 

schemes have been used: (1) fouling due to aggregated protein (DepA) (Figure 4.5); (2) fouling 

due to unfolded protein (DepU) (Figure 4.6). Here, 𝑁, 𝑈 and 𝐴 represent the native, unfolded 

and aggregated 𝛽-lg protein, respectively. Reactions of 𝑁 → 𝑈 and 𝑈 → 𝐴 occur in both bulk 

fluid as well as the thermal boundary layer. For DepA fouling, only aggregated protein is deposit 

onto the plate surface; while for DepU fouling, only unfolded protein can deposit onto the 

surface. 

 

Figure 4.5. 𝛽-lg reaction schemes with fouling due to aggregated protein (DepA)12. 

 

 

Figure 4.6. 𝛽-lg reaction schemes with fouling due to unfolded protein (Depu) (adapted from 

Georgiadis and Macchietto12. 

 

4.3.1 Kinetic model 

The rate of reactions (𝑟𝑝𝑟𝑜𝑡𝑒𝑖𝑛) that is used in the kinetic model to represent the bulk and 

thermal boundary layer are defined as follows: 

𝑟𝑓𝑝𝑟𝑜𝑡𝑒𝑖𝑛
= 𝑘𝑓𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝐶
𝑓𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑛
𝑝𝑟𝑜𝑡𝑒𝑖𝑛

 
 

(4.29) 
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                                   𝑟𝑇𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑖 = 𝑘𝑇𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑖 (𝐶𝑇𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑖 )
𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛

 ∀ 𝑖 ∈ {𝐿, 𝑅} 
 

(4.30) 

Here, 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛 is the concentration of the protein in bulk flow or thermal boundary layer. And 

𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛 is the order of the reaction. Subscription 𝑓 and 𝑇 are used to denote the bulk flow and 

thermal boundary layer, respectively. And the rate constant (pre-exponential factor) (𝑘𝑝𝑟𝑜𝑡𝑒𝑖𝑛) 

are calculated from the Arrhenius equation: 

𝑘𝑓𝑝𝑟𝑜𝑡𝑒𝑖𝑛
= 𝑘0𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑒
− 

𝐸𝑎𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑅𝑔𝑇𝑓  
 

(4.31) 

                       𝑘𝑇𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑖 = 𝑘0𝑝𝑟𝑜𝑡𝑒𝑖𝑛
𝑒

− 
𝐸𝑎𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑅𝑔𝑇𝑇
𝑖

 ∀ 𝑖 ∈ {𝐿, 𝑅} 
 

(4.32) 

Here, 𝑘0𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 is the reference rate constant; 𝐸𝑎𝑝𝑟𝑜𝑡𝑒𝑖𝑛

 is the activation energy; 𝑅𝑔 is the ideal 

gas constant; 𝑇𝑓  is the bulk fluid temperature and 𝑇𝑇
𝑖  is the thermal boundary layer 

temperature. The heat transfer in the thermal boundary layer is not included in the thermal 

model, therefore 𝑇𝑇
𝑖  is set to be the average of the bulk fluid temperature and the deposit layer 

temperature: 

𝑇𝑇
𝑖 =

𝑇𝑓 + 𝑇𝑙
𝑖|𝑦̃=1

2
 

 

∀ 𝑖 ∈ {𝐿, 𝑅} 
 

(4.33) 

The values of the constants used in the kinetic model as well as their applicable temperature 

range are shown in Table 4.155. 

Table 4.1. Constants used in the kinetic model as well as their applicable temperature range55. 

Reaction Temperature 
range (℃) 

𝐥𝐧(𝒑𝒓𝒆
− 𝒆𝒙𝒑𝒐𝒏𝒆𝒏𝒕𝒊𝒂𝒍 𝒇𝒂𝒄𝒕𝒐𝒓) 

Activation energy 
(kJ/mol) 

Order of 
reaction 

𝑻 𝐥𝐧 𝒌𝟎𝒑𝒓𝒐𝒕𝒆𝒊𝒏
 𝑬𝒂𝒑𝒓𝒐𝒕𝒆𝒊𝒏

 𝒏𝒑𝒓𝒐𝒕𝒆𝒊𝒏 

Unfolding (N 
→ U) 

70~90 86.41 261.4 1 

Aggregation 
(U → A) 

70~90 91.32 288.5 2 

90~150 13.99 54.7 2 

 

4.3.2 Deposition model 

An empirical model based on the Biot number and a proportionality constant (𝛽) is used to 

account for milk deposition rate12. It is noted that 𝛽 is an adjustable parameter, which is used 

to fit experimental data for deposition mass. Therefore, its value would change depend on the 

PHE arrangement and fouling types. 

𝜕𝐵𝑖

𝜕𝑡
= 𝛽𝑘𝑤𝐶

𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 

 

(4.34) 

Here, 𝑘𝑤 is the mass transfer coefficient of the protein from the bulk to the deposit. Ans 𝐵𝑖 is 

the Biot number, which is a dimensionless index that compare the convective and conductive 

heat transfer effects. It can be calculated as following: 
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𝐵𝑖 =
𝛿(𝑥)ℎ𝑓

𝑜

𝜆𝑑
 

 
 

(4.35) 

Here, 𝛿(𝑥) is the deposit thickness; ℎ𝑓
𝑜 is the local convective heat transfer coefficient under 

clean condition and 𝜆𝑑 is the thermal conductivity of the deposit. By substituting equation (4.35) 

into equation (4.34), the change of deposit thickness can be expressed as following: 

𝑑𝛿(𝑥)

𝑑𝑡
= 𝛽

𝜆𝑑

ℎ𝑓
𝑜 𝑘𝑤𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝐶
𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 

 

(4.36) 

For fouling due to aggregated protein (DepA), the corresponding 𝑘𝑤𝐴, 𝐶𝐴 and 𝑛𝐴 can be used 

and the expression becomes: 

𝑑𝛿𝑑𝐴
𝑖 (𝑥)

𝑑𝑡
= 𝛽

𝜆𝑑

ℎ𝑓
𝑜 𝑘𝑤𝐴(𝐶𝐴

𝑖 )
𝑛𝐴

 ∀ 𝑖 ∈ {𝐿, 𝑅} (4.37) 

Here, based on the model fitting to experimental data, 𝑘𝑤𝐴 is assumed to be constant12 and 

set to be 10−7 and 𝑛𝐴 is found to be 1. 

Similarly, fouling due to unfolded protein can be expressed as: 

𝑑𝛿𝑑𝑈
𝑖 (𝑥)

𝑑𝑡
= 𝛽

𝜆𝑑

ℎ𝑓
𝑜 𝑘𝑤𝑈

𝑖 (𝐶𝑈
𝑖 )

𝑛𝑈
 ∀ 𝑖 ∈ {𝐿, 𝑅} 

 

(4.38) 

Here, 𝑘𝑤𝐷 can be calculated from the Arrhenius equation: 

𝑘𝑤𝑈
𝑖 = 𝑘𝑤𝑈0𝑒

− 
𝐸𝑎𝑈

𝑅𝑇𝑙
𝑖|𝑦̃=1 

∀ 𝑖 ∈ {𝐿, 𝑅} 
 

(4.39) 

The values for the constants used in the equation are determined experimentally and shown 

in Table 4.255. 

Table 4.2. Constants used in the deposit model due to unfolded protein55. 

𝐥𝐧(𝒑𝒓𝒆 − 𝒆𝒙𝒑𝒐𝒏𝒆𝒏𝒕𝒊𝒂𝒍 𝒇𝒂𝒄𝒕𝒐𝒓) Activation energy (kJ/mol) Order of reaction 

𝐥𝐧 𝒌𝒘𝑼𝟎 𝑬𝒂𝑼 𝒏𝑼 

-0.82 45.1 1 

It is noted by De Jong55 that the value for ln 𝑘𝑤𝑈0 has large uncertainties (±1.45) and this 

deposition model show good agreement for PHE that has surface temperature between 86 

and 115 ℃. 

4.3.3 Material balance 

Concentrations of different 𝛽-lg protein (𝑁, 𝑈 and 𝐴) in bulk and thermal boundary layer are 

determined from the mass balance, which are listed in Appendix D2,12. In the material balance, 

steady state is assumed. Some other simplified assumptions are also used12. For instance, 
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the velocity in the thermal boundary layer is assumed to be same as that of the bulk fluid (Eqn. 

(D.4)-(D.6)), which could overestimate the mass transfer due to convection. In the model, four 

deposition mechanisms are included so that it could be used to test different 𝛽-Lg reaction 

schemes proposed in the literature: (1) fouling due to aggregated protein; (2) fouling due to 

aggregated protein with entrainment due to shear stress; (3) fouling due to unfolded protein; 

(4) fouling due to unfolded protein with entrainment due to shear stress. Logic parameters are 

integrated in the mass balance equations to reflect the fouling type selected (Appendix D).  

Overall, the fouling model discussed in this section is a semi-mechanistic model. Regardless 

of the limitations, this model still demonstrates an advance over other purely empirical models 

in the literature, since it accounts for 𝛽-Lg reactions and analyse the protein concentration 

profile in both bulk and thermal boundary layers.   
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5 Model for a combined PHE 

This chapter focus on the dynamic and distributed model of a combined PHE under milk 

fouling. Firstly, the general description of the model is discussed. Then, the thermal model is 

validated against experimental data and simulated results in the literature. Following that, the 

proportionality constant (𝛽) in the fouling model is estimated for different PHE configurations. 

Lastly, the simulated deposit mass is compared against literature reference values.  

5.1 Channel connections 

The model of a single PHE channel consists a thermal model coupled with a milk fouling model. 

The combined PHE is modelled as a collection of individual channels (Figure 4.1) using a 

hierarchal model building design2. In this way, the single channel model developed can be 

used repeated for both fluids within the combined PHE (working fluid and heating/cooling 

medium), which reduces the model complexity. However, proper connections need to be 

established in order to use the model more effectively. As illustrated in Figure 3.2 and Figure 

5.1, the overall section model of the combined PHE defines initial conditions (e.g. temperature 

of the wall/deposit layer), PHE specifications and PHE configurations of individual channels. 

Then the overall model passes on this information to all channels within the combined PHE. 

Depend on the PHE configuration (single- or multiple- inlet), the information of the inlet fluid 

(inlet temperature, flowrate, protein concentrations) would either pass on to one or multiple 

channels. Connections between different channels are also constructed in the overall section 

model. An example of PHE channel connection for a single-inlet and multiple-pass 

configuration is shown in Figure 5.1. Between sequential channels, fluid mass flowrate, fluid 

temperature and different 𝛽-lg protein concentrations within the fluid are linked with proper 

continuity equations. 

 

Figure 5.1. PHE channel connection (single inlet & multiple passes). 

 

Thermal model 

- Temperature continuity between internal channel walls (Figure 4.1 and Figure 4.3): 

𝑇𝑤,𝑗
𝑅 (𝑥, 𝑦𝑤

𝑅) =  𝑇𝑤,𝑗+1
𝐿 (𝑥, 𝑦𝑤

𝐿 ) ∀ 𝑗 ∈ [1, 𝑃 − 1] (5.1) 

Here 𝑃 is the total number of channels within the PHE. 

- Heat flux continuity between internal channel walls (Figure 4.1 and Figure 4.3): 
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𝑞𝑤,𝑗
𝑅 (𝑥, 𝑦𝑤

𝑅) =  𝑞𝑤,𝑗+1
𝐿 (𝑥, 𝑦𝑤

𝐿 ) ∀ 𝑗 ∈ [1, 𝑃 − 1] (5.2) 

- Two cases (multiple-passes and single-pass PHEs) are considered for the 

temperature continuity of the processing fluid:  

Multiple-pass PHEs: 

      𝑇𝑓,𝑗(𝑜𝑢𝑡) =  𝑇𝑓,𝑗+𝑛𝑗𝑎(𝑖𝑛) ∀ 𝑗 ∈ [1, 𝑃] (5.3) 

Here, 𝑎 is a positive integer, whose value depends on the number of pass and the 

number of total channels (𝑃) within the PHE.  

Also, based on different configurations, 𝑇𝑓,𝑗(𝑜𝑢𝑡)  and 𝑇𝑓,𝑗+𝑛𝑗𝑎(𝑖𝑛)  are determined 

through the following equations: 

If 𝑑𝑖𝑟 > 0, i.e. fluid flows from the top (𝑥 = 0) of the channel to the bottom (𝑥 = 𝐿):  

𝑇𝑓,𝑗(𝑜𝑢𝑡) = 𝑇𝑓,𝑗(𝐿);  𝑇𝑓,𝑗+𝑛𝑗𝑎(𝑖𝑛) = 𝑇𝑓,𝑗+𝑛𝑗𝑎(𝐿) 

If 𝑑𝑖𝑟 < 0: 

𝑇𝑓,𝑗(𝑜𝑢𝑡) = 𝑇𝑓,𝑗(0);  𝑇𝑓,𝑗+𝑛𝑗𝑎(𝑖𝑛) = 𝑇𝑓,𝑗+𝑛𝑗𝑎(0) 

If fluid flows into the PHE from the left side (Figure 4.1): 

 𝑛𝑗 = +1 and 𝑇𝑓,𝑧(𝑖𝑛) = 𝑇𝑓,𝑖𝑛 

If fluid flows into the PHE from the right side (Figure 4.1): 

 𝑛𝑗 = −1 and 𝑇𝑓,𝑧(𝑖𝑛) = 𝑇𝑓,𝑖𝑛 

Here, 𝑇𝑓,𝑖𝑛 is the inlet fluid temperature and 𝑧 is the channel number that fluid flows 

into the PHE. These values are set based on the experimental conditions. 

Single-pass PHEs: 

𝑇𝑓,𝑧(𝑖𝑛) =  𝑇𝑓,𝑖𝑛 ∀ z ∈ [1, 𝑃] (5.4) 

Here, if 𝑑𝑖𝑟 > 0, 𝑇𝑓,𝑧(𝑖𝑛) = 𝑇𝑓,𝑗(0); otherwise, 𝑇𝑓,𝑧(𝑖𝑛) = 𝑇𝑓,𝑗(𝐿). 

- Adiabatic conditions are assumed for both end plates of the PHE (Figure 4.1 and 

Figure 4.4). Therefore, following two boundary conditions were imposed to the system: 

𝑞𝑤,1
𝐿 (𝑥, 𝑦𝑤

𝐿 ) = 0  &  𝑞𝑤,𝑃
𝑅 (𝑥, 𝑦𝑤

𝑅) = 0 (5.5) - (5.6) 

Fouling model 

Two cases (multiple-pass and single-pass PHEs) are considered for the concentration 

of different 𝛽-Lg protein species (Native, unfolded and aggregated): 

Multiple-pass PHEs: 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(𝑜𝑢𝑡) =  𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎(𝑖𝑛)     ∀ 𝑗 ∈ [1, 𝑃] (5.7) 
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𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗
𝑖 (𝑜𝑢𝑡) =  𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎

𝑖 (𝑖𝑛) ∀ 𝑗 ∈ [1, 𝑃], ∀ 𝑖 ∈ {𝐿, 𝑅} (5.8) 

Like the temperature continuity, 𝑎 is a positive integer, whose value depends on the 

number of pass and the number of total channels (𝑃) within the PHE.  

Based on the configurations used, these inlet and outlet protein concentrations within 

the bulk and thermal boundary layer can be found using the following equations: 

When 𝑑𝑖𝑟 > 0: 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(𝑜𝑢𝑡) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(𝐿); 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗
𝑖 (𝑜𝑢𝑡) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗

𝑖 (𝐿)  

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎(𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎(𝐿); 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎
𝑖 (𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎

𝑖 (𝐿)  

When 𝑑𝑖𝑟 < 0: 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(𝑜𝑢𝑡) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(0); 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗
𝑖 (𝑜𝑢𝑡) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗

𝑖 (0)  

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎(𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎(0); 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎
𝑖 (𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗+𝑛𝑗𝑎

𝑖 (0) 

If fluid flows into the PHE from the left side (Figure 4.1): 

𝑛𝑗 = +1; 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧(𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛; 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧
𝑖 (𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛

𝑖  

If fluid flows into the PHE from the right side (Figure 4.1): 

𝑛𝑗 = −1; 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧(𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛; 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧
𝑖 (𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛

𝑖   

Here, 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛 and 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛
𝑖  is the concentration of each protein species in the inlet 

flow (bulk flow and thermal boundary layer) and 𝑧 is the channel number that fluid flows 

into the PHE. 

Single-pass PHEs: 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧(𝑖𝑛) =  𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛 ∀ 𝑧 ∈ [1, 𝑃] (5.9) 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧
𝑖 (𝑖𝑛) =  𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛

𝑖  ∀ 𝑧 ∈ [1, 𝑃], ∀ 𝑖 ∈ {𝐿, 𝑅} (5.10) 

When 𝑑𝑖𝑟 > 0: 

 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧(𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(0) and 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧
𝑖 (𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗

𝑖 (0) 

When 𝑑𝑖𝑟 < 0: 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧(𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(𝐿) and 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑧
𝑖 (𝑖𝑛) = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗

𝑖 (𝐿); 

5.2 Model comparison 

The main differences between the current and previous models are summarized in Table 5.1. 

For the current model, the fluid physical properties are assumed to be constant and calculated 

based on the average temperature in the combined PHE section using the updated 
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correlations from literature (section 4.2.3). While for the previous model, the correlations are 

integrated in the model and fluid physical properties are updated when the fluid temperature 

changes. By doing so, the fluid dynamics within the PHE are better represented. One the other 

hand, using constant physical properties reduces the model complexity and therefore scales 

down the size of the problem. This can effectively shorten the simulation time. However, if 

there is no prior information about the simulation, it is hard to select a proper average 

temperature for the calculation of constant physical properties. As a result, for small size 

problems, using correlations is recommended; while for large size problems, using constant 

values could be a better option. 

Table 5.1. Comparisons between the current and previous model for the PHE. 

Changes Current model Previous model18 

Fluid physical 
properties 

Constant Vary with temperature 

Channel gap Vary with the deposit thickness Constant 

Fluid representation 
Clearly identified in both thermal 

and fouling models 
Only updated in the main 

thermal model 

Proportionality 
constant (𝛽) 

Re-estimated based on the 
current model 

Value estimated from the 
previous model 

 

The calculation for the channel gap (𝑒𝑥) is another change from the previous model. Previously, 

same value as the channel gap under clean condition is used in the calculation. In the current 

model, the deposit thickness is considered when calculate the channel gap at different 

locations within the PHE (Equation (4.11) & (4.17)). In this way, the flow conditions could be 

better described and thus enhance the model performance. 

Additionally, different from the previous model, for which two fluids within the PHE are only 

distinguished in the main thermal model, the current one clearly identifies the two fluids in both 

thermal and fouling models. Therefore, it provides a more reasonable virtual representation of 

the actual setting and reduces the confusions for model users. 

Based on all the changes, the proportionality constant (𝛽) used in the fouling model for the 

prediction of deposition thickness also needs to be re-estimated. Analysis for the model 

performance comparison between the current and previous models are discussed in the later 

section in this chapter. 

5.3 Thermal model validation 

To validate the thermal model of the combined PHE, two different PHE configurations were 

simulated and the temperature profiles from the simulated results were compared with the 

values presented in the literature. Since milk fouling is not considered during thermal model 

validation, the rate of deposition is set to zero when perform the simulations. 
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5.3.1 Simulation description 

Two PHE configurations (Figure 5.2 and Figure 5.3) have been studied extensively in previous 

work12,18,24,56. In the figures, colour blue and red are used to indicate cold and hot fluid streams 

respectively. Both configurations consist of twelve channels constructed from thirteen plates. 

The cold fluid (pre-heated milk) enters the PHE from the left side and the hot fluid (heating 

medium) enters the PHE from the right side. For both configurations, heating medium is 

configured as single inlet and six passes. As for the cold milk, it is configured as six inlets and 

single pass for configuration 1 and as one inlet and six passes for configuration 2. For both 

configurations, the same PHE plates are used, whose specifications are shown in Table 5.2. 

The operating conditions (inlet fluid temperature, volumetric flowrate and protein concentration) 

used for configuration 1 and 2 are presented in Table 5.3.  

 

Figure 5.2. Schematic diagram of PHE configuration 1 (Pi: Plate i; Ci: Channel i). 

 

 

Figure 5.3. Schematic diagram of PHE configuration 2(Pi: Plate i; Ci: Channel i). 
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Table 5.2. Plate dimensions used in configuration 1 and 212,27. 

Dimension Value 

Plate length - 𝐿 (m) 0.75 

Plate width - 𝑊 (m) 0.25 

Plate thickness - 𝑃𝑇 (mm) 0.745 

Channel gap - 𝑒𝑗 (mm) 4.0 
 

Table 5.3. Fluid operation conditions used in configuration 1 and 212,27. 

Processing 
Fluid 

Config. Inlet 
Temp (℃ ) 

Inlet volumetric 
Flowrate (m3/s) 

Inlet protein 
concentration (kg/m3) 

Inlet Milk 
1 60.0 1.388E-05 5.0 (Native protein only) 

2 60.0 0.833E-04 5.0 (Native protein only) 

Heating 
Water 

1 110.0 0.92E-04 0.0 

2 97.0 2.4E-04 0.0 
 

Table 5.4. Physical properties of the fluid. 

Physical 
properties 

Configuration 1 Configuration 2 

Milk 
(𝑻𝒂𝒗𝒈 = 𝟕𝟎℃) 

Water 
(𝑻𝒂𝒗𝒈 = 𝟖𝟓℃) 

Milk 
(𝑻𝒂𝒗𝒈 = 𝟗𝟎℃) 

Water 
(𝑻𝒂𝒗𝒈 = 𝟗𝟒℃) 

𝐶𝑝 (J/kg.K) 4023 4199 4023 4207 

𝜌 (kg/m3) 1011 969 998 963 

𝜆 (W/m.K) 0.677 0.672 0.720 0.677 

𝜇 (Pa.S) 6.00E-04 3.33E-04 4.71E-04 3.02E-04 

 

5.3.2 Initial conditions  

For both configurations, the experimental test starts from steady state. Therefore, following 

initial conditions were used in the simulations: 

Thermal model: 

𝜕𝑇𝑗

𝜕𝑡
= 0 ∀ 𝑗 ∈ {𝑗| 𝑖𝑓 𝑑𝑖𝑟 > 0}, ∀ 𝑥 ∈ (0, 𝐿] (5.11) 

𝜕𝑇𝑗

𝜕𝑡
= 0 ∀ 𝑗 ∈ {𝑗| 𝑖𝑓 𝑑𝑖𝑟 < 0},  ∀ 𝑥 ∈ [0, 𝐿) (5.12) 

𝜕𝑇𝑤,𝑗
𝐿

𝜕𝑡
= 0 ∀ 𝑗 ∈ [1, 𝑃],  ∀ 𝑥 ∈ [0, 𝐿], ∀ 𝑦 ∈ (−𝑡𝑤, −𝑡𝑙) (5.13) 

𝜕𝑇𝑤,𝑗
𝑅

𝜕𝑡
= 0 ∀ 𝑗 ∈ [1, 𝑃],  ∀ 𝑥 ∈ [0, 𝐿], ∀ 𝑦 ∈ (𝑡𝑙, 𝑡𝑤) (5.14) 

𝜕𝑇𝑙,𝑗
𝑖

𝜕𝑡
= 0 ∀ 𝑗 ∈ [1, 𝑃],  ∀ 𝑥 ∈ [0, 𝐿], ∀ 𝑦̃ ∈ (0,1), ∀ 𝑖 ∈ {𝐿, 𝑅} (5.15) 

It is noted that the initial condition equations vary with the boundary conditions used for the 

variables since the boundary conditions have been specified through continuity equations 

discussed previously (Section 5.1). 
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Fouling model: 

For thermal model validation, the PHE starts under clean condition, i.e., the deposit mass and 

thickness were set to zero. Also, no fouling type was selected and therefore the concentration 

of proteins, the deposit mass and the deposit thickness are assumed to be constant 

throughout the simulation. Following conditions are used for initial protein concentrations. As 

noted in Table 5.3, only native protein was present in the milk inlet flow and no protein was 

present in the water flow. 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗 = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(0)  ∀ 𝑗 ∈ {𝑗| 𝑖𝑓 𝑑𝑖𝑟 > 0}, ∀ 𝑥 ∈ (0, 𝐿] (5.16) 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗
𝑖 = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗

𝑖 (0)  ∀ 𝑗 ∈ {𝑗| 𝑖𝑓 𝑑𝑖𝑟 > 0}, ∀ 𝑥 ∈ (0, 𝐿], ∀ 𝑖 ∈ {𝐿, 𝑅} (5.17) 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗 = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(𝐿)  ∀ 𝑗 ∈ {𝑗| 𝑖𝑓 𝑑𝑖𝑟 < 0},  ∀ 𝑥 ∈ [0, 𝐿) (5.18) 

𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗
𝑖 = 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗

𝑖 (𝐿)  ∀ 𝑗 ∈ {𝑗| 𝑖𝑓 𝑑𝑖𝑟 < 0},  ∀ 𝑥 ∈ [0, 𝐿), ∀ 𝑖 ∈ {𝐿, 𝑅} (5.19) 

Like the thermal model, the initial condition equations depend on the boundary conditions 

specified. Here, the value of 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗(0) and 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑗
𝑖 (𝐿) are determined through boundary 

conditions discussed in the continuity equation part (Section 5.1). 

5.3.3 Solution method 

The overall section model for the combined PHE (Figure 5.1) was implemented and solved in 

gPROMS ModelBuilder (version 5.1.1)57. The embedded PHE channel model in the overall 

section model (Chapter 0) is a partial differential algebraic equation (PDAE) system. It includes 

a set of algebraic, differential and partial differential equations. The partial differential 

equations (PDEs) are reduced to algebraic equations through discretization in the 𝑥- and 𝑦-

axises. The performance of the reduced system depends on the discretization method and 

the size of discretization step selected (discretization grid). In the case of thermal model 

validation, based on the boundary conditions, different discretization methods were used for 

different domains. For instance, the differential variables along 𝑥-axis in all three domains 

(Figure 4.2) were discretized according to the flow direction (𝑑𝑖𝑟). When 𝑑𝑖𝑟 was positive, i.e., 

the fluid flows from top of the channel to the bottom, a second order backward finite difference 

method (BFDM) was used. When 𝑑𝑖𝑟 was negative, a second order forward finite difference 

method (FFDM) was used. Also, to obtain a good profile of the differential variables along 𝑥-

axis, the domain is evenly divided into 20 segments. The differential variables in the wall 

domain (𝛺𝑤
𝐿  & 𝛺𝑤

𝑅 ) along 𝑦-axis (Figure 4.2) were discretized along the positive direction of 

the 𝑦-axis. For differential variables along 𝑦-axis in the deposit layer domain (𝛺𝑙
𝐿  & 𝛺𝑙

𝑅)  (Figure 

4.2), the direction of the dimensionless 𝑦 coordinate (𝑦𝑙̃) was used for discretization. For all 

the differential variables along 𝑦-axis, a second order central finite difference method (CFDM) 
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was used with 10 evenly spaced differential elements. Additionally, to solve the simulation, 

the index of the system needs to be reduced to 1, which can be performed automatically by 

gPROMS. After discretization, the system was solved using standard DAE solvers in gPROMS. 

5.3.4 Results and discussion 

Temperature profiles of milk in different channels were obtained from the simulated results. 

As shown in Figure 5.4, for configuration 1, the milk was heated from the inlet temperature 

(60℃) to various outlet temperatures depend on the channel it was located. Since the heating 

medium (hot water) entered the combined PHE from the right-hand side, the milk in the 

channels close to the right side was heated to a higher temperature comparing to the ones 

near the left-hand side. For configuration 2, since it is a single-inlet and six-pass arrangement, 

the milk was continuously heated along different channels. The continuity of temperature was 

correctly represented by the model as shown in the figure.  

  

Figure 5.4. Temperature profile of milk (Left: configuration 1; Right: configuration 2). 

 

To validate the simulation results, the outlet temperatures from different channels for both 

configurations were compared with the values in the literature58–60. For configuration 1, the 

simulated results from the current model are consistently higher than the experimental data 

and the differences are in the range of 0.2 to 4.5℃ (Table 5.5). The percent deviation of 

simulated results from the experimental value varies from 0.19% to 5.43%. This could be 

attributed to the overestimation of the effective heat transfer area in the model because the 

port opening area of plate was not excluded from the heat transfer area. Also, adiabatic 
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conditions were assumed for both end plates of the PHE, which could lead to underestimation 

of heat losses. Different from configuration1, for configuration 2, underestimation is noted for 

the outlet temperature (Table 5.6). However, for configuration 2, simulated results from 

Delplace et al59 is used as reference value since experimental data is not available in literature. 

In this case, the deviations between the current model values and the simulated reference 

values are in the range of 0.6 to 4.9℃. Like the simulated results for configuration1 in the 

current model,  Delplace et al58 and Rene et al60 also reported that the numerical predictions 

from their model were always higher than the measured ones and the deviations could be up 

to 3℃. Therefore, taking this into consideration, the results from current model for configuration 

2 agrees with the reference value in a reasonable range.  

Table 5.5. Channel outlet temperature comparison for configuration 1. 

Channel 1 3 5 7 9 11 

Simulated results – as18 (℃) 76.9 85.8 88.9 92.1 95.9 99.8 

Simulated results – mz (℃) 76.6 83.8 87.4 91.0 95.5 100.0 

Experimental data (℃)58 73.7 79.5 82.9 87.7 93.5 99.8 

% Deviation (as & Exp.) 4.41 7.90 7.26 5.06 2.61 -0.05 

% Deviation (mz & Exp.) 3.97 5.43 5.38 3.76 2.10 0.19 

 

Table 5.6. Channel outlet temperature comparison for configuration 2. 

Channel 2 4 6 8 10 12 

Simulated results – as18 (℃) 75.6 84.8 90.3 93.4 95.2 95.8 

Simulated results – mz (℃) 77.8 86.5 91.4 94.1 95.6 96.1 

Simulated results - reference (℃)59,60 82.7 90.7 94.4 96.0 96.6 96.7 

% Deviation (as & Exp.) -8.63 -6.53 -4.38 -2.68 -1.42 -0.95 

% Deviation (mz & Exp.) -5.87 -4.62 -3.21 -2.00 -1.04 -0.66 
 

For both configurations, the current model has better agreements with the values reported in 

the literature comparing to the previous model18 (Table 5.5 & Table 5.6), which indicates that 

the modifications of the model (Table 5.1) lead to some improvements of the PHE section 

model.  

In conclusion, the numerical results of the selected two configurations (single-pass and 

multiple-pass) demonstrate that the thermal model is capable capturing the main features of 

different configurations with reasonable experimental agreements. 
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5.4 Fouling model validation 

Parameter estimation in used to determine the optimal value of the proportionality constant, 

𝛽 , in the two PHE configurations. DepA (fouling due to aggregated protein only) fouling 

mechanism was selected for the preliminary estimation, since it is the most common one used 

in the literature. The results of the parameter estimation are assessed through two aspects: 

(1) parameter statistical significance; (2) model adequacy. For parameter statistical 

significance, the 95% confidence interval was analysed; and for model adequacy, a chi-

squared test was used. The results of parameter estimation are reported in Table 5.7. The 

predicted and experimental values of the deposition mass for both configurations are also 

shown in Table 5.8 and Table 5.9.  

Table 5.7. Estimation of proportionality constant (𝛽) (fouling due to aggregated protein). 

Configuration 𝜷 
95% confidence  

interval 

chi-squared value 

Calculated Critical 

1 2.78 [2.50, 3.06] 6.41 11.1 

2 24.1 [23.5, 24.7] 3788 21.0 
 

Table 5.8. Deposition mass for configuration 1 (fouling due to aggregated protein). 

Channel # Experimental Value15,58 (g) Predicted Value (g) Deviation (g) 

1 0.0 0.08 0.08 

3 1.5 1.46 -0.04 

5 4.0 3.45 -0.55 

7 7.0 6.22 -0.78 

9 8.5 9.32 0.82 

11 12.0 11.94 -0.06 

 
Table 5.9. Deposition mass for configuration 2 (fouling due to aggregated protein). 

Plate # Experimental Value15,59 (g) Predicted Value (g) Deviation (g) 

2 6.0 0.0 -6.00 

3 7.5 0.0 -7.50 

4 12.3 0.4 -11.9 

5 14.0 0.6 -13.4 

6 18.8 5.5 -13.3 

7 20.0 7.1 -12.9 

8 20.0 13.5 -6.50 

9 19.5 15.5 -4.01 

10 18.5 17.5 -1.02 

11 17.0 19.2 2.21 

12 13.0 19.5 6.47 

13 11.8 21.0 9.21 
 

The newly estimated 𝛽 values for configuration 1 and 2 are 2.78 and 24.1, respectively. The 

95% confidence intervals of 𝛽 for both configurations are narrow (Table 5.7), which indicate a 

high confidence of the estimated values being close to the true values. For configuration 1, 

the calculated chi-squared value is lower than the critical value, suggesting a good fit between 

the experimental and simulated results, which is also confirmed from the small deviations 

between experimental and predicted values (Table 5.8). As for configuration 2, the calculated 
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chi-squared value is significantly higher than the critical value and large differences between 

the predicted and experimental values are observed (Table 5.9), which implies that the current 

model is not accurate enough to describe the experimental data. It is noted that for 

experimental data, the deposition mass on the plate firstly increased and then deceased as 

the location of the plate gets closer to the right side of the PHE (higher temperature); while for 

predicted values, the deposition mass always increased. This mismatch could due to the 

fouling mechanism selected. Thus, another reaction scheme (DepU, i.e., fouling due to 

unfolded protein) was implemented. The newly estimated value for 𝛽 is shown in Table 5.10 

and the predicted values for the deposition mass are presented in Table 5.11. Using DepU 

reaction scheme, the trend of deposition mass on different plates is now correct and the 

deviations from the experimental values narrowed. However, the chi-squared test still failed. 

This suggests that instead of assuming only one type of protein is deposited onto the surface 

at a time, the reaction scheme for 𝛽-Lg protein might be a combination of both DepA and DepU. 

A new deposition model is required to test this hypothesis, which is beyond the scope of this 

project. Nevertheless, this is a positive direction to explore for fouling model improvements.  

Table 5.10. Estimation of proportionality constant (𝛽) (fouling due to unfolded protein). 

Configuration 𝜷 
95% confidence 

interval 

chi-squared value 

Calculated Critical 

2 15.1 [14.8, 15.4] 556 21.0 
 

Table 5.11. Deposition mass for configuration 2 (fouling due to unfolded protein). 

Plate # Experimental Value (g) Predicted Value (g) Deviation (g) 

2 6.0 1.3 4.7 

3 7.5 2.0 5.5 

4 12.3 12.6 -0.3 

5 14.0 15.5 -1.5 

6 18.8 23.3 -4.5 

7 20.0 24.2 -4.2 

8 20.0 18.5 1.5 

9 19.5 18.6 0.9 

10 18.5 13.6 4.9 

11 17.0 13.8 3.2 

12 13.0 10.5 2.5 

13 11.8 10.0 1.8 
 

Overall, through both parameter confidence and model adequacy analysis, current model can 

accurately describe the fouling phenomena within PHE for configuration1 using the DepA 

mechanism; while for configuration 2, sufficient data is available for precise estimation of the 

parameter, but the model is not accurate enough to fit the experimental behaviour. Thus, for 

configuration 2, it is suggested to use a combined 𝛽 -Lg reaction scheme for future 

improvements.   
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6 Model for a tube 

This chapter covers the dynamic and distributed model of a tube undergoing milk fouling. The 

holding tube is an important section in the unit, which is used to hold the heated milk for at 

least the specified time above certain temperature. For HTST process and skimmed milk, the 

requirement is to hold milk for at least 15 seconds at or above 72 ℃ according to FDA 

regulations10. And for UHT process, it is required to hold milk for 2 to 5 seconds within the 

temperature range of 135 to 140℃ 10. In this chapter, a non-isothermal tube is modelled using 

the moving boundary model developed previously3,4. The governing equations and major 

assumptions used for the thermal and fouling models are discussed along with their boundary 

conditions. 

6.1 Overall thermal model description 

The distributed moving boundary model of the tube is adapted from Coletti3, Diaz-Bejarano 

and Macchietto4 to account for milk deposition within the tube. A schematic diagram is shown 

in Figure 6.1. Major assumptions for the overall thermal model of the tube are listed below61: 

- Radial symmetry is assumed for the tube with 𝑟 = 0 defined at the center of the tube. 

- Radial heat transfer of the bulk fluid is ignored. 

- No heat or mass transfer in the axial direction for both wall and deposit regions. 

- The milk deposit is assumed to be a solid material, which could attach or detach from 

the wall surface but cannot flow or displaced by the bulk fluid. 

The governing equations and specific assumptions used for the heat transfer across different 

regions of the tube (wall, layer and flow) are discuss in the following paragraphs. 

 

Figure 6.1. Cross-sectional diagram of the moving boundary model for a tube with Lagrangian 
transformation. BC stands for boundary condition61. 
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6.1.1 Wall region 

For the tube wall domain, similar heat transfer equations as the one used for the PHE channels 

are used with cylindrical coordinate: 

𝜌𝑤,𝑇𝐵 𝐶𝑝,𝑤𝑇𝐵

𝜕𝑇𝑤,𝑇𝐵

𝜕𝑡
= −

1

𝑟

𝜕(𝑟𝑞𝑤,𝑇𝐵)

𝜕𝑟
 

 

(6.1) 

And the heat flux (𝑞𝑤,𝑇𝐵) through the tube wall is calculated from Fourier’s law: 

𝑞𝑤,𝑇𝐵 =  −𝜆𝑤,𝑇𝐵

∂𝑇𝑤,𝑇𝐵

𝜕𝑟
 

 

(6.2) 

Here, 𝑟 is the radial coordinate of the wall position. In this model, the physical properties of 

the wall (𝜌𝑤,𝑇𝐵, 𝐶𝑝,𝑤𝑇𝐵
 and 𝜆𝑤,𝑇𝐵) are assumed to be constant across the tube.  

6.1.2 Milk deposit layer region 

For the deposit layer region, the modified heat transfer and heat flux equations after 

Lagrangian transformation3,24,61 is shown below: 

𝜌𝑙,𝑇𝐵 𝐶𝑝,𝑙𝑇𝐵
(

𝜕𝑇𝑙,𝑇𝐵

𝜕𝑡
−

𝑟̃

𝛿
 
𝜕𝛿

𝜕𝑡
 
𝜕𝑇𝑙,𝑇𝐵

𝜕𝑡
) = −

1

(𝑅𝐼 − 𝑟̃𝛿𝑇𝐵)𝛿𝑇𝐵

𝜕 ((𝑅𝐼 − 𝑟̃𝛿𝑇𝐵) 𝑞𝑙,𝑇𝐵)

𝜕𝑟̃
 

 

(6.3) 

𝑞𝑙,𝑇𝐵 =
𝜆𝑙,𝑇𝐵

𝛿𝑇𝐵
 
𝜕𝑇𝑙

𝜕𝑟̃
 

 

 
(6.4) 

Here, 𝛿𝑇𝐵 is the deposit thickness in the tube, and 𝑞𝑙,𝑇𝐵 is the heat flux through the deposit 

layer. Also, 𝑟̃ is the dimensionless radial coordinate of the deposit position, which is 

defined as 𝑟̃ =
𝑅𝐼−𝑟

𝛿𝑇𝐵
. It equals to 0 at wall-layer interface and equals to 1 at layer-fluid interface. 

Like the wall region, the physical properties of the deposit layer (𝜌𝑙,𝑇𝐵, 𝐶𝑝,𝑙𝑇𝐵
 and 𝜆𝑙,𝑇𝐵)  are 

assumed to be constant. 

6.1.3 Flow region 

For the flow region, constant mass flow rate is assumed through the tube. Heat transfer 

equation is obtained based on the shell balance: 

𝜕(𝐴𝑓𝑙𝑜𝑤,𝑇𝐵𝜌𝑓,𝑇𝐵 𝐻𝑓,𝑇𝐵)

𝜕𝑡
= −𝑑𝑖𝑟 

𝜕(𝐴𝑓𝑙𝑜𝑤,𝑇𝐵𝑣𝑓,𝑇𝐵 𝜌𝑓,𝑇𝐵 𝐻𝑓,𝑇𝐵)

𝜕𝑧
 

 

     −
𝜕(𝑞𝑓,𝑇𝐵

𝑍  𝐴𝑓𝑙𝑜𝑤,𝑇𝐵)

𝜕𝑧
+ 𝑞𝑓,𝑇𝐵

𝑟 (𝜋 𝑅𝑓𝑙𝑜𝑤) 

 

(6.5) 

Where, 𝑞𝑓,𝑇𝐵
𝑍  and 𝑞𝑓,𝑇𝐵

𝑟  are axial conductive and radial convective heat flux, respectively, 

which can be calculated by the following equations: 
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𝑞𝑓,𝑇𝐵
𝑍 =  −𝜆𝑓,𝑇𝐵  

𝜕𝑇𝑓,𝑇𝐵

𝜕𝑧
 

 

(6.6) 

𝑞𝑓,𝑇𝐵
𝑟 = ℎ𝑓,𝑇𝐵(𝑇𝑙,𝑇𝐵|𝑟̃=1 − 𝑇𝑓,𝑇𝐵) 

 

(6.7) 

Here, 𝑑𝑖𝑟 is used to indicate the direction of the flow along 𝑧-axis, which equals to +1 for fluid 

flows from left to right and equals to -1 if it flows from right to left (Figure 6.1). 𝑅𝑓𝑙𝑜𝑤 is the 𝑟-

coordinate of the layer-fluid interface, which will vary with deposit thickness as time goes: 

𝑅𝑓𝑙𝑜𝑤 = 𝑅𝐼 − 𝛿𝑇𝐵 
 

(6.8) 

And 𝑣𝑓,𝑇𝐵 is the magnitude of the velocity for the processing fluid, which can be calculated as: 

𝑣𝑓,𝑇𝐵 =
𝑄𝑓,𝑇𝐵,𝑖𝑛

𝐴𝑓𝑙𝑜𝑤,𝑇𝐵
 

 

(6.9) 

Here, the cross-sectional area of the tube changes at different axial locations since 𝑅𝑓𝑙𝑜𝑤 

varies along the axial direction: 

𝐴𝑓𝑙𝑜𝑤,𝑇𝐵 = 𝜋 𝑅𝑓𝑙𝑜𝑤
2  

 

(6.10) 

The convective heat transfer coefficient (ℎ𝑓,𝑇𝐵) can be approximated using different equations 

depend on the flow regime. In this model, the flow in the tube is assumed to be fully developed. 

For internal convection in horizontal tubes, if the flow is in laminar regime, local Nusselt 

number (𝑁𝑢) remains constant. For constant surface temperature boundary conditions, 𝑁𝑢 = 

3.66; and for constant surface heat flux, 𝑁𝑢 = 4.36. From the 𝑁𝑢 number, ℎ𝑓,𝑇𝐵 can be found 

by the following equation: 

𝑁𝑢(𝑧) =  
ℎ𝑓,𝑇𝐵(𝑧)𝐷ℎ,𝑇𝐵(𝑧)

𝜆𝑓,𝑇𝐵(𝑧)
 (6.11) 

Where 𝐷ℎ,𝑇𝐵  is the hydraulic/equivalent diameter, which is approximated as the actual 

diameter of the fluid region to account for the deposit layer thickness: 

𝐷ℎ,𝑇𝐵(𝑧) =  2𝑅𝑓𝑙𝑜𝑤(𝑧) (6.12) 

If the flow is in the turbulent flow regime (𝑅𝑒 > 10000), 𝑁𝑢  can be approximated by the 

empirical correlations based on dimensionless numbers, for instance, the Dittus-Boelter 

equation: 

𝑁𝑢(𝑧) = 0.023 𝑅𝑒(𝑧)0.8 𝑃𝑟(𝑧)0.4 (6.13) 

Where 𝑅𝑒, 𝑃𝑟 and 𝑁𝑢 are calculated from the following equations: 

𝑅𝑒(𝑧) =  
𝐷ℎ,𝑇𝐵(𝑧)𝜌𝑓,𝑇𝐵(𝑧)𝑣𝑓,𝑇𝐵(𝑧)

𝜇𝑓,𝑇𝐵(𝑧)
 (6.14) 

𝑃𝑟(𝑧) =  
𝐶𝑝𝑓𝑇𝐵

(𝑧)𝜇𝑓,𝑇𝐵(𝑧)

𝜆𝑓,𝑇𝐵(𝑧)
 (6.15) 
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𝑁𝑢(𝑧) =  
ℎ𝑓,𝑇𝐵(𝑧)𝐷ℎ,𝑇𝐵(𝑧)

𝜆𝑓,𝑇𝐵(𝑧)
 (6.16) 

Based on preliminary simulation results, under experimental conditions interested7, the flow is 

mainly found in the laminar flow regime. 

Temperature drop across the tube length is relatively small since the tube in the pasteurizer 

unit is designed to transfer the fluid or hold it at certain temperature for a specified time period. 

Therefore, the constant physical properties assumption for the processing fluid (𝜌𝑓,𝑇𝐵, 𝐶𝑝𝑓𝑇𝐵
, 

𝜆𝑤,𝑇𝐵 and 𝜇𝑓,𝑇𝐵) used for the PHE channel section should still hold for the tube section. 

6.1.4 Boundary conditions 

Boundary conditions need to be specified to ensure thermal continuity at both wall-layer and 

layer-flow interfaces.  

- For the wall-layer interface, equal temperature and equal heat flux conditions need to 

be satisfied (Figure 6.1).  

𝑇𝑤,𝑇𝐵(𝑧, 𝑅𝐼) = 𝑇𝑙,𝑇𝐵(𝑧, 0) (6.17) 

𝑞𝑤,𝑇𝐵(𝑧, 𝑅𝐼) = 𝑞𝑙,𝑇𝐵(𝑧, 0) (6.18) 

- For the layer-flow interface, conductive heat flux from layer to flow has same 

magnitude as convective heat flux from flow to layer. Here negative sign is used since  

the increasing direction of dimensionless 𝑟̃-coordinate is defined from the wall-layer 

interface ( 𝑟̃ = 0 ) to layer-fluid interface ( 𝑟̃ = 1 ), which is opposite to the main 

dimensional 𝑟-coordinate (Figure 6.1). 

𝑞𝑙,𝑇𝐵(𝑧, 1) = −𝑞𝑓,𝑇𝐵
𝑟 (𝑧) (6.19) 

 

Also, for the wall domain, either outer surface temperature of the tube wall or the outer heat 

flux through the tube wall need to be specified. 

- For isothermal condition, the outer surface temperature is assumed to be uniform and 

equals to the constant temperature of the surrounding environment. 

𝑇𝑤,𝑇𝐵 (𝑧, 𝑅𝑜) = 𝑇𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 (6.20) 

- For constant heat flux condition, the outer heat flux is assumed to be same as the 

specified external heat flux. 

𝑞𝑤,𝑇𝐵 (𝑧, 𝑅𝑜) = 𝑞𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 (6.21) 

As noted previously, large heat transfer between surrounding and the tube is undesired as the 

holding temperature (often much greater than the surrounding temperature) needs to remain 

high enough to eliminate bacteria in the milk. As a result, constant heat flux condition is used 

in this model. 
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6.2 model and material balance 

Only a few models developed for pasteurization process considers holding tube (Table 2.2). 

Among these models, none of them considers fouling within the tubes as a relatively large 

diameter to length ratio are often used for holding tube and therefore it was often assumed 

that no significant fouling takes place due to large shear stress. Also, no experimental data 

regarding fouling in the tube has been reported in literature. However, to generalize the model 

and expand its applications, fouling model is still integrated with the main thermal model to set 

up the framework. In this way, when more experimental data is available, the model could 

easily be adapted to reflect the fouling mechanism within the tubes, especially for the 

comparison between the deposition and re-entrainment rates. This information could be useful 

for cleaning scheduling and product safety monitoring.  

Here, the same kinetic and deposition model as the ones used for the PHE channels are 

adopted (Section 4.3.1 and 4.3.2)., For the tubes, only one side needs to be modelled since 

radial symmetry is assumed. 

The mass flow rate of the processing fluid is assumed to be constant throughout the tube. 

With this assumption, material balance for different protein species within the fluid as well as 

the thermal boundary layer were derived with cylindrical coordinates and presented in 

Appendix E.  

6.3 External heat flux determination 

Previously, models developed for the holding tube in the pasteurization process either 

assumed an isothermal condition or a constant temperature drop based on the experimental 

data7,47,48. In this model, non-isothermal condition was used and an average external heat flux 

( 𝑞𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 ) for the process was determined using experimental data to account for the 

convective heat transfer of air around the holding tube/ tubular connections. 

The experimental data is taken from Aguiar and Gut48 and the experimental apparatus in the 

reference is same as the one depicted in Figure 1.1. For parameter estimation, the segments 

of the apparatus from 𝑇3 to 𝑇6 (TCH, holding tube (HT) and TCR) was modelled. Following 

continuity equations were used to connect the tubes: 

𝑇4 = 𝑇𝑓,𝑇𝐶𝐻(𝑡𝑢𝑏𝑒 𝑙𝑒𝑛𝑔𝑡ℎ) (6.22) 

𝑇𝑓,𝐻𝑇(0) = 𝑇4 (6.23) 

𝑇5 = 𝑇𝑓,𝐻𝑇(𝑡𝑢𝑏𝑒 𝑙𝑒𝑛𝑔𝑡ℎ) (6.24) 

𝑇𝑓,𝑇𝐶𝑅(0) = 𝑇5 (6.25) 

𝑇6 = 𝑇𝑓,𝑇𝐶𝑅(𝑡𝑢𝑏𝑒 𝑙𝑒𝑛𝑔𝑡ℎ) (6.26) 

Here, 𝑇𝑓 is the fluid temperature within the tubes (TCH/HT/TCR).  
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Fouling is not included in this case. As noted by Aguiar and Gut48, an average of 2℃ 

temperature drop was observed from 𝑇3  to 𝑇6 . Therefore, 𝑇6  was used as the objective 

function. Parameter estimation was then implemented in gPROMS. The average 𝑞𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is 

found to be 467 W/m2. Key temperatures in the process is shown in Table 6.1. Based on the 

estimated value of 𝑞𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙, accurate temperature predictions were obtained.  

Table 6.1. Experimental and predicted temperatures for tube parameter estimation. 

 
Temp (oC) 

Experimental48 Predicted (reference model)48  Predicted (current model) 

𝑻𝟑 73.1 ± 0.5 73.4 73.1 

𝑻𝟒 72.8 ± 0.4 73.4 72.8 

𝑻𝟓 72.3 ± 0.3 71.4 72.0 

𝑻𝟔 71.3 ± 0.1 71.4 71.3 

                Note: for the reference model48, isothermal conditions were assumed for tubular connections  
          and a constant temperature drop (2℃) was used for holding tube. 
 

In conclusion, comparing to other models in the literature, using an average 𝑞𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 for tubes 

in the pasteurization process is a better way to describe heat transfer between the tube and 

the surroundings. This estimated value can be used for future simulations to enhance model 

performance.  
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7 Model for a full milk pasteurizer unit 

This chapter focus on the dynamic and distributed model of a complete milk pasteurizer unit 

(Figure 1.1) subject to milk fouling. First, the general description of the model is discussed. 

Then, the thermal model is validated against experimental data in the literature. Following that, 

a start-up test is conducted to assess the model adequacy for dynamic changes. Lastly, fouling 

test is simulated to check fouling severity for the HTST process. 

7.1 Model description 

The pasteurizer unit consists of three PHEs (heating, regeneration and cooling), a non-

isothermal holding tube, and two non-isothermal tubular connections. As illustrated in Figure 

3.1, the section models of PHEs and tubes (Chapter 5 and 6) are connected in the main 

pasteurizer unit model. The overall unit model defines initial conditions (temperature of the 

fluid/wall/deposit layer, fluid flowrate), equipment specifications and equipment configurations 

for each PHE and tube section model. Then the overall model passes on this information to 

all PHEs and tubes. Between sequential section models (PHE/tube), fluid mass flowrate, fluid 

temperature and different 𝛽-lg protein concentrations within the fluid are linked via proper 

continuity equations.  

The general PHE section model discussed in Chapter 5 is used for all three PHE sections in 

the pasteurizer unit. The 𝛽-Lg protein fouling normally occurs when the temperature is higher 

than 70℃ (Table 4.1), therefore fouling is considered in the milk channels for the heating 

section. The temperature range within the regeneration section depends on the heat treatment 

implemented (e.g. HTST, UHT). To increase the generality of the model, fouling is included in 

the analysis for both raw and regenerated milk channels. On the other hand, as the 

temperature is relatively low (normally below 35℃) in the cooling section, the effects of fouling 

are excluded from analysis. 

For both holding tube and tubular connections, the section model discussed in Chapter 6 is 

adopted. Milk deposition is considered for all three tubes because the inlet fluid of the tubes 

exits from the heating section (Figure 1.1). 

7.2 Model connection 

In order to use the PHE and tube section models discussed previously, the inlet fluid 

temperatures and inlet 𝛽-Lg protein concentrations need to be specified. Previously, for each 

individual section model, these values were set based on the simulation/experimental 

conditions. In this case, the inlet and outlet fluid conditions between sequential models need 

to be matched because the models are connected. This is achieved via proper continuity 

equations. 
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Thermal & Fouling model – temperature & protein concentration continuity 

Here a set, 𝑋𝑖𝑛, is used to represent the continuity equations, where 𝑋𝑖𝑛 = {𝑇𝑓,𝑖𝑛, 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛}. 

𝑇𝑓,𝑖𝑛 and 𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑖𝑛 are the inlet temperature and inlet protein concentrations (native, unfolded 

and aggregated) for each section model, respectively. 𝑋𝑖  is also used to denote fluid 

conditions at different locations in the pasteurizer unit (Figure 1.1), where 𝑋𝑖  = {𝑇𝑖, 𝐶𝑖| ∀𝑖 ∈

[1,8]}. 

Continuity between regeneration and heating sections (cold fluid) 

For regeneration section, the 𝑋𝑚𝑖𝑙𝑘𝑟𝑎𝑤,𝑖𝑛  for the raw milk equals to the condition of the 

unprocessed milk: 

𝑋𝑚𝑖𝑙𝑘𝑟𝑎𝑤,𝑖𝑛 = 𝑋1 (7.1) 

And the milk outlet condition in the regeneration section equals to the inlet milk condition in 

the heating section:  

𝑋𝑚𝑖𝑙𝑘ℎ𝑒𝑎𝑡,𝑖𝑛 = 𝑋2 (7.2) 

To determine the milk outlet condition in the regeneration section (location 2 in Figure 1.1), a 

logic variable 𝐼𝑠𝐻𝑜𝑡 is introduced, which equals to +1 if the fluid in channel 𝑗 is hot (to be 

cooled/heating medium); otherwise, it equals to −1 (to be heated/cooling medium). For the 

simulation, the PHE frame is set as following: the cold fluid enters the PHE from the left side; 

while the hot fluid enters the PHE from the right side (Figure 1.1). The experimental/simulation 

configurations differ from the pre-defined PHE frame can always be transferred into the 

desired configurations via rotation or minor image. In the regeneration section, because 𝑋2 is 

the outlet condition of the cold fluid (raw milk), it can be determined using following equations: 

If 𝐼𝑠𝐻𝑜𝑡 < 0 for the last channel (Channel 𝑃), i.e., the last channel is milk channel, then 

𝑋2 = 𝑋𝑓,𝑃(0) If 𝑑𝑖𝑟 < 0 (7.3) 

𝑋2 = 𝑋𝑓,𝑃(𝐿) If 𝑑𝑖𝑟 > 0 (7.4) 

If 𝐼𝑠𝐻𝑜𝑡 > 0 for Channel 𝑃, i.e., the second last channel is milk channel, then 

𝑋2 = 𝑋𝑓,𝑃−1(0) If 𝑑𝑖𝑟 < 0 (7.5) 

𝑋2 = 𝑋𝑓,𝑃−1(𝐿) If 𝑑𝑖𝑟 > 0 (7.6) 

Here, 𝑋𝑓,𝑗 and 𝑑𝑖𝑟 are the condition (temperature or protein concentration) and the direction 

of the fluid in channel 𝑗, respectively. 

Continuity between heating section and TCH 

The inlet fluid condition of the connecting tube with heating section (TCH) (Figure 1.1) equals 

to the outlet fluid condition of the heating section (𝑋3). 𝑋3 can be identified using same method 

as the one used for 𝑋2 in equation (7.7) to (7.8) because, in the heating section, 𝑋3 is also the 

outlet condition of the cold fluid (milk).  
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Continuity between TCH and holding tube (HT) 

𝑋4 = 𝑋𝑓,𝑇𝐶𝐻(𝑡𝑢𝑏𝑒 𝑙𝑒𝑛𝑔𝑡ℎ) (7.9) 

𝑋𝑓,𝐻𝑇(0) = 𝑋4 (7.10) 

Here, 𝑋𝑓 is the fluid condition within the tubes (TCH/HT). 

Continuity between HT and TCR 

𝑋5 = 𝑋𝑓,𝐻𝑇(𝑡𝑢𝑏𝑒 𝑙𝑒𝑛𝑔𝑡ℎ) (7.11) 

𝑋𝑓,𝑇𝐶𝑅(0) = 𝑋5 (7.12) 

Here, TCR stands for the tubular connection with regeneration section (Figure 1.1). 

Continuity between TCR and regeneration section (hot fluid) 

𝑋𝑓,𝑇𝐶𝑅(𝑡𝑢𝑏𝑒 𝑙𝑒𝑛𝑔𝑡ℎ) = 𝑋6 (7.13) 

𝑋𝑚𝑖𝑙𝑘𝑟𝑒𝑔,𝑖𝑛 = 𝑋6 (7.14) 

Here 𝑋𝑚𝑖𝑙𝑘𝑟𝑒𝑔,𝑖𝑛 is the inlet hot fluid condition in the regeneration section. 

Continuity between regeneration and cooling section (hot fluid) 

The hot fluid outlet condition in the regeneration section equals to the inlet milk condition in 

the cooling section.  

𝑋𝑚𝑖𝑙𝑘𝑐𝑜𝑜𝑙,𝑖𝑛 = 𝑋7 (7.15) 

Different determination method other than the one used for 𝑋2 needs to be applied since 𝑋7 is 

the outlet condition of the hot fluid. 

If 𝐼𝑠𝐻𝑜𝑡 > 0 for Channel 1, i.e., the first channel is regenerated milk channel, then 

𝑋7 = 𝑋𝑓,1(0) If 𝑑𝑖𝑟 < 0 (7.16) 

𝑋7 = 𝑋𝑓,1(𝐿) If 𝑑𝑖𝑟 > 0 (7.17) 

If 𝐼𝑠𝐻𝑜𝑡 < 0 for Channel 1, i.e., the second channel is regenerated milk channel, then 

𝑋2 = 𝑋𝑓,2(0) If 𝑑𝑖𝑟 < 0 (7.18) 

𝑋2 = 𝑋𝑓,2(𝐿) If 𝑑𝑖𝑟 > 0 (7.19) 

For the cooling section, the outlet condition of the final pasteurized product (𝑋8) can also be 

identified using equation (7.20) to (7.21). 

7.3 Steady-state thermal model validation 

To validate the thermal model of the whole pasteurizer unit, a steady state experimental case 

for HTST process was simulated and the temperature profiles from the simulate results were 

compared with the ones presented in the literature7,62. Fouling was not considered in this 

simulation.  
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7.3.1 Simulation description 

The experimental apparatus is depicted in Figure 1.1. The configurations of the PHEs used 

are shown in Figure B.4 to Figure B.6 (Appendix B). The heating, regeneration and cooling 

sections consists 12, 20 and 8 PHE channels, respectively. For all three sections, single-inlet-

multiple-pass configurations were used. The dimensions of PHEs and tubes used in the 

apparatus is shown in Table 7.1 and Table 7.2. It is noted that the length of outer diameters 

(ODs) for the tubes are not available in the literature. Therefore, it was assumed to be 2 mm 

longer than the inner diameter (ID). The fluid operating conditions are presented in Table 7.3. 

In this simulation, water instead of milk was used as the working fluid7,62. As discussed 

previously, physical properties of the fluid are assumed to be constant within each section 

model and their values are calculated based on the average temperature within that section. 

The values used in this simulation as well as the temperature used for the calculation are 

displayed in Table 7.4 and Table 7.5. For the tubes, the estimated 𝑞𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 value (467 W/m2) 

from section 6.3 was used to better describe the heat transfer. 

Table 7.1. Plate dimensions of PHEs (Armfield F-43 plate)62 

Dimension Value 

Plate length - 𝐿 (mm) 90 

Plate width - 𝑊 (mm) 60 

Plate thickness - 𝑃𝑇 (mm) 1.0 

Channel gap - 𝑒𝑗 (mm) 1.5 
 

Table 7.2. Dimensions of the tubes (HTST)7 

 Length (m) Inner diameter (ID) (mm) Outer diameter (OD) (mm) 

Holding Tube 0.99 10.7 12.7 

TCH 0.42 9.5 11.5 

TCR 1.06 8.0 10.0 

Note: OD information is not available in paper. In the simulation, it is assumed that OD = ID + 2mm 
 

Table 7.3. Fluid operation conditions (HTST)7,62. 

Processing 
Fluid 

Inlet Temp 
(℃ ) 

Inlet volumetric Flowrate 
(L/h) 

Inlet protein concentration 
(kg/m3) 

Cold Water 19.4 20 0.0 

Heating Water 76.3 60 0.0 

Cooling Water 10.1 60 0.0 
 

Table 7.4. Physical properties of working fluid (water) in different sections of pasteurizer unit (HTST). 

 
Cooling 

(𝑻𝒂𝒗𝒈 = 𝟏𝟓℃) 
Heating 

(𝑻𝒂𝒗𝒈 = 𝟕𝟎℃) 

Regeneration Tube 
(𝑻𝒂𝒗𝒈 = 𝟕𝟐℃) (𝑻𝒂𝒗𝒈 = 𝟓𝟎℃) (𝑻𝒂𝒗𝒈 = 𝟑𝟓℃) 

𝐶𝑝 (J/kg.K) 4023 4023 4023 4023 4199 

𝜌 (kg/m3) 1036 1011 1021 1028 969 

𝜆 (W/m.K) 0.560 0.677 0.635 0.603 0.672 

𝜇 (Pa.S) 2.05E-03 6.00E-04 8.52E-04 1.19E-03 3.33E-04 
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Table 7.5. Physical properties of heating/cooling water in different sections of pasteurizer unit (HTST). 

Physical  
properties 

Cooling 
(𝑻𝒂𝒗𝒈 = 𝟕℃) 

Heating 
(𝑻𝒂𝒗𝒈 = 𝟖𝟓℃) 

𝐶𝑝 (J/kg.K) 4185 4199 

𝜌 (kg/m3) 1002 969 

𝜆 (W/m.K) 0.583 0.672 

𝜇 (Pa.S) 1.33E-03 3.33E-04 
 

7.3.2 Solution method 

As discussed in section 5.3.3, discretization is used to transfer the PDAE system into the DAE 

system. For the PHEs, same discretization methods were implemented (section 5.3.3). For 

the tubes, the first order BFDM discretization method was selected for the axial domain (𝑧) 

with 10 evenly spaced discretization elements. For the radial domain (𝑟), a second order 

CFDM was used with 20 evenly spaced elements. As for the transformed radial domain (𝑟̃), a 

second order CFDM was applied with 20 elements and an exponential distribution of the points 

were used to help with the accuracy of the integration. 

7.3.3 Results and discussion 

Steady state initial conditions were used, and the simulation was solved using a standard DAE 

solver in gPROMS. The key temperatures for model validation are presented in Figure 7.1. 

From the simulation results, it is noted that the continuity of temperature between and within 

different sections was correctly represented by the model. Also, good agreements between 

the experimental data and simulated values were observed. This indicates that, for steady 

state operation, the thermal model of the whole pasteurizer unit can describe the actual 

experimental conditions well.  

 

Figure 7.1. Key temperatures for model validation (Exp. Data taken from Aguiar&Gut48) 
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7.4 Start-up test and validation 

7.4.1 Simulation description 

To assess the model performance under dynamic conditions, a start-up test was implemented. 

Like the steady-state test, water was used as the processing fluid and fouling was not 

considered. The experimental settings and the fluid properties were same as the ones in the 

steady-state test. However, different initial conditions were used in this case. The whole 

pasteurizer unit was first fed with water at ambient temperature (20℃) at a volumetric flowrate 

of 20 L/h. Once the steady state of ambient condition was achieved in the experiment (after 

about 95 seconds), the hot- and cold- water circuits were connected to the equipment, whose 

volumetric flowrate was all adjected to 60 L/h. Also, for the hot water, the temperature was 

changed to 90℃. No information about the inlet cold water temperature was given by Gutierrez, 

Diniz and Gut7 in the paper; thus, the value used in another paper from the same group48 was 

applied in this simulation. As for the working fluid (water), it still enters the equipment at the 

same volumetric flowrate (20 L/h) and temperature (20℃). The simulation was then continued 

for another 655 seconds. 

7.4.2 Results and discussion 

Same solution methods as the one used for steady-state simulation was implemented. 

Temperatures at different locations of the pasteurizer unit (Figure 1.1) were plotted, whose 

values were then compared with both experimental and simulated results in the literature7. As 

shown in Figure 7.2, similar trends for the dynamic behaviour during start-up were captured 

in the simulated results. However, in the transition region (regions between two steady states), 

the experimental value responded slower comparing to the simulated results. It can be 

attributed to the fact that the thermal inertia was not considered in the models7. The average 

absolute error of the temperature predictions during steady-state and dynamic situations were 

quantified and reported in Table 7.6.  

  

Figure 7.2.Temperature profile at different locations in the pasteurizer unit (Left: reference - grey dots: 
experimental data; solid black line: simulated results-GCC7; Right: MZ). 
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Table 7.6. Error analysis for temperature prediction during steady-state and dynamic conditions. 

Temperature 

Steady state  
average absolute error (℃) 

Dynamic  
average absolute error (℃) 

MZ GCC7 MZ GCC7 

𝑇2 2.16 1.55 4.70 3.03 

𝑇5 1.03 0.04 4.39 5.53 

𝑇7 3.91 3.01 4.49 4.77 

𝑇8 4.14 0.11 4.28 0.60 
Note: steady state is defined for 60 ≤ 𝑡 < 95s and 440 ≤ 𝑡 ≤ 750s; dynamic is defined for 95≤ 𝑡 ≤440s. 

From Table 7.6, it is observed that, for both simulated results, errors during steady state are 

always lower than the errors involved in dynamic conditions. It is because that, for dynamic 

conditions, the effects of the simplified assumptions (e.g. negligible thermal inertia, negligible 

heat loss to the surroundings) became more significant. Overall, the model developed by 

Gutierrez et al7 agrees with experimental value better during steady state conditions while 

during dynamic conditions, current model has comparable performance as the reference 

model. For the temperature profile of 𝑇5, less oscillation is observed in results from current 

model during transitions. As for the temperature profile of 𝑇7, similar trend is observed among 

the experimental and simulated values, but both simulated results (GCC7 & MZ) overestimate 

the final steady state value. This might due to the use of constant physical properties in both 

models. For the heating fluid, large temperature drop across the PHE channels was observed 

in the regeneration section, therefore it might be better to use correlations for physical 

properties. For 𝑇8, it is noted that the predicted value from current model has relatively large 

deviations from experimental data. It can be attributed to the inlet cold water temperature 

assumed (value from another paper).  

Above all, during start-up process, current model can capture the main trend of temperature 

evolution at different locations. And the deviations from experimental values were within an 

acceptable range. 

7.5 Fouling model test 

A fouling model test for the whole unit was conducted to check the fouling severity during the 

HTST pasteurization process. Same experimental apparatus as the steady-state test was 

used while the working fluid was switched from water to milk to account for fouling effects. 

Based on the fouling test in section 5.4, the DepU (fouling due to unfolded protein) fouling 

mechanism was selected for the simulation because all three PHEs used were configured as 

single inlet and multiple passes (Figure B.4 to Figure B.6 in the Appendix B). The fluid 

operation conditions and the physical properties of milk used are presented in Table 7.7 and 

Table 7.8, respectively. The model was solved using the same solution method as the steady-

state simulation case. 
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Table 7.7. Fluid operation conditions (HTST)7,62. 

Processing 
Fluid 

Inlet Temp 
(℃ ) 

Inlet volumetric Flowrate 
(L/h) 

Inlet protein concentration 
(kg/m3) 

Cold Milk 19.4 20 5.0 (Native protein only) 

Heating Water 76.3 60 0.0 

Cooling Water 10.1 60 0.0 

 

Table 7.8. Physical properties of milk in different sections of pasteurizer unit (HTST). 

 
Cooling 

(𝑻𝒂𝒗𝒈 = 𝟏𝟓℃) 
Heating 

(𝑻𝒂𝒗𝒈 = 𝟕𝟎℃) 

Regeneration Tube 
(𝑻𝒂𝒗𝒈 = 𝟕𝟐℃) (𝑻𝒂𝒗𝒈 = 𝟓𝟎℃) (𝑻𝒂𝒗𝒈 = 𝟑𝟓℃) 

𝐶𝑝 (J/kg.K) 4023 4023 4023 4023 4199 

𝜌 (kg/m3) 1036 1011 1021 1028 969 

𝜆 (W/m.K) 0.560 0.677 0.635 0.603 0.672 

𝜇 (Pa.S) 2.05E-03 6.00E-04 8.52E-04 1.19E-03 3.33E-04 
 

From the simulated results, it is found that deposition mass for the HTST process was not 

significant (less than 1.0g in each PHE channel) for the first 2.1 days. The temperature of milk 

was above 70℃ (the temperature threshold for fouling to occur) in the following locations: 

channel 9 and 11 in heating section, tubes (both holding tube and tubular connections) and 

channel 20 in regeneration section. The fluid temperature in majority of the pasteurizer unit 

was under the threshold that would trigger the fouling reactions. This led to negligible 

deposition mass for a long period. Also, the effect of fouling on the heat transfer is not 

significant. From the simulated result, 𝑇5, the outlet temperature from the holding tube, only 

dropped by 0.03 ℃  after 2.1 days. As a result, to reduce the fouling effects, HTST 

pasteurization process is always recommended for milk treatment if extended shelf-life, i.e., 

the elimination of thermal resistant bacteria (e.g. B. licheniformis and B. subtilis), is not 

required for the milk product.  
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8 Model applications: cleaning scheduling 

As discussed previously, fouling could reduce the heat transfer efficiency of the PHEs. Thus, 

periodic cleanings are required to restore the performance of the pasteurization unit and 

safeguard the process operation. The complete pasteurizer unit model developed (Chapter 7) 

is used to identify the cleaning strategies and schedules. To achieve this purpose, a proper 

CIP model needs to be integrated with the existing model. For this project, the two-stage CIP 

model developed by Bird and Fryer40 are used. In this chapter, firstly, the CIP model used is 

introduced. Then the integration method of the CIP model is discussed. Lastly, two heating-

CIP tests conducted are analysed.  

8.1 CIP model description 

The two-stage empirical CIP model developed by Bird and Fryer40 is based on alkali cleaning 

using 1wt% NaOH  solution. As noted in Figure 3.2, the CIP model needs initial deposit 

thickness and cleaning fluid temperature as inputs. In this model, the deposit is considered to 

have two forms (removable and non-removable). Initially, all the deposit is assumed to be in 

the non-removable form. In the first stage, the non-removable form is transferred to a 

removable form. Then, it is removed in the second stage by shear. Following model 

equations18,40 are used for the rate of change of the deposit thickness initially: 

𝜕(𝛿𝑛𝑟)

𝜕𝑡
=  −𝑘𝑛𝑟 (8.1) 

𝜕(𝛿𝑟)

𝜕𝑡
=  𝑘𝑛𝑟 − 𝑘𝑟𝛿𝑟 (8.2) 

Here, 𝛿 is the deposit thickness and the subscripts 𝑟 and 𝑛𝑟 are used to denote the removable 

and non-removable form of the deposit, respectively. The total deposit thickness (𝛿𝑇) is the 

sum of 𝛿𝑛𝑟 and 𝛿𝑟. The kinetic constants for the deposit removal rates are expressed by 𝑘𝑛𝑟 

and 𝑘𝑟  for two forms respectively, whose value can be estimated from the Arrhenius 

equations37,40.  

𝑘𝑟 = 1.0𝐸-4 exp(0.0680 𝑇𝑓) (8.3) 

𝑘𝑛𝑟 = 3.0𝐸-8 exp(0.0497 𝑇𝑓) (8.4) 

Here, 𝑇𝑓 is the temperature of the cleaning fluid. 

Once all the non-removable deposit form has converted to the removable form, the equations 

for the rate of change of deposit thickness switches to: 

𝜕(𝛿𝑛𝑟)

𝜕𝑡
=  0 

 

(8.5) 

𝜕(𝛿𝑟)

𝜕𝑡
=  −𝑘𝑟𝛿𝑟 

 

(8.6) 
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And the time for the switch is defined as 𝑡𝑠, whose value is calculated as 
𝛿0

𝑘𝑛𝑟
. Here 𝛿0 is the 

initial deposit thickness.  

Since only the removable form of the deposit is cleaned out through shear. The rate of cleaning 

(𝑅𝑐) (removal of the deposit thickness) at any time is defined as 

𝑅𝑐 = 𝑘𝑟𝛿𝑟 (8.7) 

The cleaning operation would end when the stopping condition is met. Based on different 

regulations or safety requirements, different stopping criteria could be used. For instance, 

maximum final deposition mass within the system after cleaning is a common criterion 

implemented. 

It is also noted that this model is only suitable for fluid with Reynolds number (𝑅𝑒) less than 

3000. Therefore, 𝑅𝑒 value is calculated37,40 in the model to check if the model is valid. Here, 

the Reynolds number is estimated based on an empirical correlation37,40: 

𝑅𝑒 = 742.79 exp (0.0173 𝑇𝑓) (8.8) 

8.2 CIP model integration 

To integrate the CIP model with the existing model, different operation modes (heating, 

cleaning and rinsing) were defined. In the heating mode, the raw milk will be processed, and 

deposit will form on the equipment surface. In the current model, critical deposition mass 

density is used as the criteria for operation switch. When the 𝑚𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 < 𝑚𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑜𝑠𝑖𝑡, rinsing 

mode will be triggered. In the rinsing mode, water is used to pass through the system for a 

fixed duration. For numerical reasons, rinsing water with same temperature and flowrate flows 

through all sections in the pasteurizer unit and therefore no heat transfer occurs during rinsing. 

Also, it is assumed that rinsing has no effect on the deposit. When rinsing is done, it will switch 

to the cleaning mode, where CIP model developed will be used. When the CIP operation stops, 

another rinsing cycle is performed to neutralize the remaining cleaning solution and pre-treat 

the equipment surface so that it is safe to be used for milk treatment. The fouling-cleaning 

cycles could be implemented continuously using this model. 

It is noted that the model developed previously18 integrated the CIP model by updating the 

deposit thickness and rate of removal to the main thermal model; while the temperature and 

other properties of the cleaning fluid are only defined in the CIP model. Therefore, the fluid 

within the main thermal model as well as the embedded fouling model is not updated. In the 

current model, fluid properties will be switched from the working fluid (milk in this case) to 

cleaning solution in the thermal model and this information will be passed on to the CIP as 

well as fouling model (Figure 3.2). In this way, the fluid within the whole system would also be 

updated.  
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8.3 Heating-CIP model test 

Two cases were studied for the heating-CIP cycles: one for the heating section only, and the 

other for the complete pasteurizer unit. For the heating section, the configuration 2 from 

section 5.2 (Figure 5.3) was used with same experimental settings. As for the full pasteurizer 

unit, a realistic case for UHT was simulated10. The simulation descriptions and their 

corresponding results are discussed in the following sections. 

8.3.1 Heating-CIP cycle of the heating section 

The configuration 2 (Figure 5.3) was used for heating-CIP cycle study of the heating section. 

Same experimental settings were applied. And the simulation started from steady state and 

under clean condition for the equipment. As noted in section 5.4, DepU (fouling due to unfolded 

protein) is a better 𝛽 -Lg reaction scheme for PHEs with single-inlet-multiple-pass 

configurations. Therefore, it was selected as the fouling type in the simulation. Two heating-

CIP cycles were scheduled. In this case, the rinsing time was fixed to 3 minutes; the critical 

mass density2,12 within the PHE was specified to be 16g/m2, and the deposition mass on each 

plate was used as the stopping criteria for cleaning (𝑚 < 0.1g). An overview for the operation 

cycle is shown in Figure 8.1. The physical properties of water were utilized for the cleaning 

agent (𝑁𝑎𝑂𝐻 solution) and temperature for the cleaning and rinsing fluid was set to 50℃ 

(Table 8.1). The volumetric flowrate of the cleaning/rinsing fluid was assumed to be same as 

the flowrate of heating/cooling water (2.4E-4 m3/s), whose mass flowrate was then calculated 

to be 0.237kg/s. This case was solved using the same solution method for the thermal model 

tests (section 7.3.2). 

 

Figure 8.1.Heatin-CIP operation cycle. 

 

Table 8.1. Physical properties of cleaning/rinsing water used 

Physical properties Cleaning (𝑻 = 𝟓𝟎℃) 

𝐶𝑝 (J/kg.K) 4179 

𝜌 (kg/m3) 988 

𝜆 (W/m.K) 0.642 

𝜇 (Pa.S) 5.49E-04 
 

The predicted mass of the deposit during the heating-CIP cycles is depicted in Figure 8.2. For 

comparison, the simulated results from previous model developed by Sharma18 is also shown 

in Figure 8.3. In the figures, the flat lines between heating and CIP operations were the rinsing 



 

54 

operations, during which the deposition mass remains unchanged. Similar to the trend of 

deposition mass for configuration 2 (section 5.4), the mass on the plates firstly increased and 

reached the peak at plate 7, and then decreased as the plate approaches to the right side of 

the PHE where the heating water entered. It is also observed that the predicted deposition 

mass was always higher in the current model than that of the previous model, and the CIP 

cycle was also longer comparing to the results from previous model18. This is attributed to the 

model differences presented in Table 5.1.  

 

Figure 8.2. Deposition mass on different plates during heating-CIP cycles (configuration 2) estimated 
from current model (Pi: Plate i). 

 

 

Figure 8.3. Deposition mass on different plates during heating-CIP cycles  (configuration 2) estimated 
from previous18 (Pi: Plate i). 

 

The duration of the heating, cleaning and rinsing operations in heating-CIP cycles for the 

current and previous model are also shown in Table 8.2. It is noted that, for the previous model, 

the CIP cycle time for the first and second cycle was almost identical with a difference of 3.78 
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seconds; while for the current model, a deviation of 13.45 minutes was observed. Additionally, 

in the current model, the 2nd cycle had higher deposit mass comparing to the 1st cycle during 

a fixed period. These deviations between the current and previous model could due to the 

different CIP model integration method used. As noted in section 8.2, for the previous model, 

only values for deposit mass, deposit removal rate and deposit thickness were updated to the 

main model during cleaning/rinsing period. The temperature as well as other properties of the 

cleaning fluid was defined in the CIP model but not updated to the main thermal model and 

therefore also not passed on the embedded fouling model (Figure 3.2). Thus, during 

cleaning/rinsing period, the concentration of proteins in the embedded fouling model was still 

changing/reacting assuming milk was continuously passing through. As a result, when the 2rd 

cycle started, even though the initial deposit mass of cycle 2 was higher than cycle 1 (which 

started from clean state), the initial concentration of the proteins in cycle 2 was lower than that 

of cycle 1. In this case, the two effects cancelled each other, resulting in a similar deposit mass 

profile over time for the two cycles. On the other hand, for the current model, the information 

(temperature and other properties) of the cleaning fluid was passed on to the CIP model 

through the thermal model (Figure 3.2). Therefore, the processing fluid would switch from milk 

to cleaning agent or rinsing water during cleaning/rinsing period for all the models involved. 

When the new cycle started, fresh milk would enter the PHE. Due to the remaining deposit 

from last cycle, for a fixed period, the deposition mass in the new cycle would be higher than 

that of the old one and result in shorter cycle time, which is reasonable. 

Table 8.2. Comparisons of duration of different operations within the heating-CIP cycles 

Description 
Current model Previous model18 

1st cycle 2rd cycle 1st cycle 2rd cycle 

Total cycle time (hr) 2.34 2.11 1.94 1.94 

Heating time (hr) 2.03 1.81 1.54 1.53 

Cleaning time (hr) 0.202 0.202 0.304 0.304 

Total rinsing time (min) 6 6 6 6 
 

Moreover, even though the deposition mass predicted by current model was higher than the 

ones from previous model, the CIP duration was shorter in the current simulation. It is because, 

for the previous model, 0.01g instead of 0.1g was used as the stopping criterion for cleaning 

operation. Hence, longer cleaning time was required to further reduce the mass deposit on 

each plate of the PHE. 

In this case, the effects of fouling are significant. For the outlet temperature of channel 12 

(Figure 5.3), a drop of 8.3℃ was observed throughout the heating operation. Also, the amount 

of cleaning and rinsing fluid required in the cycles was estimated based on the mass flowrate 

as well as the cleaning and rinsing time (Table 8.3). From the values, it is noted that large 

amount of waste water was generated during cleaning and rinsing operations for the PHEs. 

Consequently, optimization of the cleaning operation is necessary. 
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Table 8.3. Information of cleaning and rinsing fluid used in the cycles - MZ 

Description 1st cycle 2rd cycle 

Mass flowrate (cleaning fluid) (kg/s) 0.237 0.237 

Total amount required (kg) 172 172 

Mass flowrate (rinsing fluid) (kg/s) 0.237 0.237 

Total amount required (kg) 85.3 85.3 
 

Above all, current model was used to simulate different heating-CIP cycles for the PHE heater. 

And with the modified CIP model integration method, the current model provides a better 

representation of the experimental conditions and demonstrated an improved performance 

over the previous model18. Additionally, from the simulated results, a need for the optimization 

of the cleaning operation was identified to minimize the generation of waste water during 

operations. 

8.3.2 Complete pasteurizer unit 

A heating-CIP cycle of the UHT process was simulated for the whole pasteurizer unit. It is 

noted that for the UHT process, no experimental data on a configuration or measured 

performance of the unit was available in literature, so a realistic case was used based on the 

requirements for the UHT process6,10.  

For the experimental apparatus, same plates used in section 5.2 was adopted (Table 5.2) for 

all three sections of PHEs. And the configurations of three PHE sections are shown in Figure 

B.7 to Figure B.9 (Appendix B). The heating, regeneration and cooling sections consists 12, 8 

and 12 PHE channels, respectively. As for the tubes, the dimensions were calculated based 

on the holding time required6,10 (Table 8.4). The fluid operating conditions (inlet temperature, 

volumetric flowrate and protein concentrations) are presented in Table 8.5. And the physical 

properties used for the fluids within different sections are shown in Table 8.6 and Table 8.7. 

The physical properties of milk and cooling water were calculated based on the average 

temperature within that section using equation (4.18) to (4.25). As for the heating water, since 

the average temperature (137℃) was high, the correlations used previously is not applicable. 

It is because that the correlations were formed based on the thermodynamic data of water at 

1 atm; while water would be in gas state at the operation temperature (137℃) in this condition 

(1 atm). Therefore, the values were acquired from NIST53 with pressure set to 10 atm to ensure 

water is in fluid state. 

Table 8.4. Dimensions of the tubes for UHT process. 

 Length (m) Inner diameter (ID) (mm) Outer diameter (OD) (mm) 

Holding Tube 1.0 40.0 44.0 

TCH 0.42 30.0 33.0 

TCR 1.06 30.0 33.0 

Note: OD is calculated based on ID,  OD = ID + 2mm. 
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Table 8.5. Fluid operation conditions (UHT). 

Processing 
Fluid 

Inlet Temp 
(℃ ) 

Inlet volumetric Flowrate 
(m3/s) 

Inlet protein concentration 
(kg/m3) 

Cold Milk 4.0 0.833E04 5.0 (Native protein only) 

Heating Water 140 2.4E-4 0.0 

Cooling Water 4.0 2.4E-4 0.0 
 

Table 8.6. Physical properties of milk in different sections of pasteurizer unit (UHT). 

 
Cooling 

(𝑻𝒂𝒗𝒈 = 𝟏𝟓℃) 
Heating 

(𝑻𝒂𝒗𝒈 = 𝟏𝟐𝟎℃) 
Regeneration Tube 

(𝑻𝒂𝒗𝒈 = 𝟏𝟑𝟕℃) (𝑻𝒂𝒗𝒈 = 𝟗𝟓℃) (𝑻𝒂𝒗𝒈 = 𝟒𝟎℃) 

𝐶𝑝 (J/kg.K) 4023 4023 4023 4023 4023 

𝜌 (kg/m3) 1036 975 994 1026 961 

𝜆 (W/m.K) 0.560 0.784 0.730 0.613 0.820 

𝜇 (Pa.S) 2.05E-03 4.02E-04 4.51E-04 1.06E-03 4.09E-04 
 

Table 8.7. Physical properties of heating/cooling water in different sections of pasteurizer unit (UHT). 

Physical  
properties 

Cooling 
(𝑻𝒂𝒗𝒈 = 𝟕℃) 

Heating 
(𝑻𝒂𝒗𝒈 = 𝟏𝟒𝟎℃) 

Cleaning 
(𝑻 = 𝟓𝟎℃) 

𝐶𝑝 (J/kg.K) 4185 4199 4179 

𝜌 (kg/m3) 1002 926 988 

𝜆 (W/m.K) 0.583 0.684 0.642 

𝜇 (Pa.S) 1.33E-03 1.97E-04 5.49E-04 
 

As discussed in section 4.3, for UHT process, both protein and mineral fouling would occur at 

different temperature ranges, but for the scope of this project, only protein fouling was 

modelled. Consequently, underestimation of deposition mass is expected. Moreover, DepU 

fouling mechanism was used since single-inlet-multiple-pass configurations were applied for 

all three PHE sections. Also, the same proportionality constant (𝛽) estimated in section 5.4 

was used because no sufficient deposit information was available in literature for another 

parameter estimation.  

Same critical mass density, cleaning mass threshold, rinsing time and cleaning fluid properties 

used for the PHE heater (section 8.3.1) were applied for the whole pasteurizer unit. As for the 

operation switch from heating to the first rinsing, a combined local stopping criterion is used, 

which means that the operation switch for the whole unit will occur when the critical mass 

density in one of the sections gets above the critical mass density. Here, two scenarios were 

considered: (1) account for deposition mass in the tubes for all operation switches; (2) only 

account for tube deposition mass for operation switch from cleaning to second rinsing.  

8.3.2.1 Results and discussion 

Both simulations started from steady state and under clean conditions, which were then solved 

with the same solution method used for steady-state thermal model simulations (section 7.3.2). 

The predicted deposition mass at different sections of the pasteurizer unit are depicted in 

Figure 8.4 to Figure 8.9 for both scenarios. The duration of the heating, cleaning and rinsing 

operations in heating-CIP cycle for both scenarios are also shown in Table 8.8. 
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Figure 8.4. Deposition mass in different channels during heating-CIP cycle (UHT) for scenario 1 (Left: 
heating section; Right: regeneration section). 

 

    

Figure 8.5. Deposition mass in tubular connections during heating-CIP cycle (UHT) for scenario 1 
(Left: TCH; Right: TCR). 

 

 

Figure 8.6. Deposition mass in holding tube during heating-CIP cycle (UHT) for scenario 1. 

 

    

Figure 8.7. Deposition mass in different channels during heating-CIP cycle (UHT) for scenario 2 (Left: 
heating section; Right: regeneration section). 
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Figure 8.8. Deposition mass in tubular connections during heating-CIP cycle (UHT) for scenario 2 
(Left: TCH; Right: TCR). 

 

 

Figure 8.9. Deposition mass in holding tube during heating-CIP cycle (UHT) for scenario 2. 

 

Table 8.8. Duration of different operations within the heating-CIP cycle for both scenarios (UHT). 

Description Scenario one Scenario two 

Total cycle time (min) 36.0 104.1 

Heating time (min) 12.3 69.7 

Cleaning time (min) 17.7 28.4 

Total rinsing time (min) 6 6 
 

From the simulated results, it is noted that, comparing to the HTST process (section 7.5), 

much more severe fouling was found in the main PHE heater and tubes for the UHT process. 

On the other hand, no significant deposit was observed in most of the regeneration PHE 

channels and all cooling PHE channels since the temperature was lower than the one that can 

trigger the fouling process (70℃). For numerical reasons, a small initial deposit thickness 

(1.0E-7 m) was applied to all tubes; while for PHEs, zero initial deposit thickness was used. 

This explains the initial jump of the deposition mass in the tubes (Figure 8.5, 8.7, 8.9 & 8.10). 

It is also noted that, for scenario one, the operation switch from heating to the first rising was 

triggered by the deposition mass in the holding tube; while for scenario two, it was triggered 

by the deposition mass in the heating section. Also, the operation cycle for scenario two was 

significantly longer than the cycle for scenario one (Table 8.8). This is due to the operation 

switch condition used. In the current model, same stopping criteria (𝑚𝑠𝑒𝑐𝑡𝑖𝑜𝑛> 𝑚𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) was 

applied to both PHEs and tubes for operation switch from heating to first rinsing; while as 
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noted in section 6, fouling effects could be less significant on tubes because of the relatively 

large diameter to length ratio. Therefore, using same stopping criteria for both PHEs and tubes 

can underestimate the cycle time that the process could actually reach. That’s why when the 

tube deposition mass was not considered during operation switch for scenario two, its heating 

period increased significantly comparing to scenario one.  

For both cases, short cycle time were determined from simulation results and the cleaning 

operation started before significant temperature drop in the process occurs. This shows that, 

when the overall interactions between different sections of the pasteurizer unit are accounted, 

fouling effects from one section would have limited impact on the overall processing 

temperature. This suggests that a more reasonable global stopping criteria other than the 

combined local criteria should be used for operation switch. 

The amount of cleaning and rinsing fluid required in the cycle for two scenarios was shown in 

Table 8.9. Large amount of waste water was generated during operations so optimization of 

the operation is necessary. In the simulation, the full pasteurizer unit was cleaned at the same 

time when one of the sections reached the critical mass density. However, as noted previously, 

fouling in most of the regenerator and cooling channels were not severe and therefore cleaning 

was not necessary. A parallel set of equipment can be installed and instead of cleaning the 

whole unit together, smart switching between parallel PHEs/tubes can be used to clean one 

part of the unit at a time. If so, less cleaning agent and rinsing water would be required. 

Additionally, operational downtime due to cleaning could be reduced. 

Table 8.9. Information of cleaning and rinsing fluid used in the cycles - MZ 

Description Scenario one Scenario two 

Mass flowrate (cleaning fluid) (kg/s) 0.237 0.237 

Total amount required (kg) 252 404 

Mass flowrate (rinsing fluid) (kg/s) 0.237 0.237 

Total amount required (kg) 85.3 85.3 
 

In conclusion, current model can be used to simulate heating-CIP cycles for the whole 

pasteurizer unit based on user-defined operation switching conditions. It can test different 

operating conditions as well as identify cleaning strategies and schedules. However, it is also 

noted that becasue no experimental data is currently available in literature, the simulation was 

run based on the proportionality constant value (𝛽) estimated from another configuration. 

Additionally, only protein fouling was considered in the simulations. Thus, experimental 

validation is still needed to confirm the prediction of deposition mass. Moreover, for operation 

switches of the whole unit, instead of applying a combined local criterion based on deposition 

mass, it would be better to use a more reasonable one (e.g. pressure/temperature drop, 

effects on mass flowrate). Otherwise, cleaning would be performed too frequently based on 

the simulated results  
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9 Model applications: controller implementation 

For different pasteurization processes, the milk needs to be heated to a certain temperature 

and hold at that temperature for a specified time period (Table C. 1). Also, for food safety and 

shelf-life requirements, the pasteurized product needs to be stored at certain temperature. As 

a result, a controller within the process could be useful to make sure the desired temperature 

is met. Controller models could be integrated with the pasteurizer unit model developed 

(Chapter 7). In this way, different operation conditions can be tested with disturbance and 

preliminary tuning of the controller can be done before implementing it on the actual setting, 

which could be a more effective and resource saving approach. Also, the model performance 

under dynamic conditions can be assessed through the tuning process. 

In this chapter, firstly, the general description of the controller model is introduced. Then the 

methods used for controller parameter identification are discussed. Lastly, a case study for 

HTST process is conducted to test the performance of the controller, for which the results are 

analysed and discussed. 

9.1 General description 

For pasteurization process, 𝑇5 and 𝑇8 (Figure 9.1) are two main temperatures that need to be 

controlled. In this project, two standard parallel PI controllers were implemented (Figure 9.1). 

In the heating section, the controller is used to assure the required pasteurization temperature 

(𝑇5) is met. Additionally, it could help prevent overheating and therefore save energy. In the 

cooling section, the controller is used to ensure the required storage/end temperature is met 

and prevent subcooling.  

 

Figure 9.1. Schematic of a pasteurizer unit with two types of controller schemes (Type one: mass 
flowrate; Type two: temperature) (modified from Fig. 1.17) (TCH: tubular connection with heating 

section; TCR: tubular connection with regeneration section). 
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For each controller, two types of manipulated variables were selected: mass flowrate (type 

one) and temperature (type two), which are indicted by red and blue lines, respectively in the 

figure. Here, pump is used to alter the mass flowrate in response to the controller signal and 

heat exchanger can be used to change the inlet cooling/heating medium temperature based 

on the controller signal.  

9.2 Controller parameter identification 

To ensure proper heat transfer and avoid non-physical values (<0) in the simulation, saturation 

is imposed to set a lower bound for each manipulated variable (𝑀𝑉) (Figure 9.2); while no 

upper bound is applied: 

𝑀𝑉𝑖𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑒𝑑 = {
𝑀𝑉𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑      𝑖𝑓 𝑀𝑉 > 𝑀𝑉𝑚𝑖𝑛

𝑀𝑉𝑚𝑖𝑛                𝑖𝑓 𝑀𝑉 ≤ 𝑀𝑉𝑚𝑖𝑛
 

 

 

(9.1) 

 

 

Figure 9.2. Block diagram of the PI controller. 

 

To identify and tune the controller parameters, the process transfer function needs to be 

estimated. Firstly, a dynamic simulation was performed with step changes in each manipulated 

variable. Then, from the profile of the process variable (variable to be controlled), 𝐾𝑝 and 𝜏𝑃 

were estimated. Lastly, the controller parameter 𝐾𝑐  and 𝜏𝐼  were calculated using internal 

model control (IMC) tuning relations. The estimated values for 𝐾𝑝 and 𝜏𝑃 are shown in Table 

9.1 and detailed information about the estimation process can be found in Appendix G.  It is 

noted that due to the nonlinearities involved in the process, the process variables in the 

transfer function were not constant and an average values was used. Also, both controllers 

were tuned independently, and their interactions were not considered. 

Table 9.1. Process parameters estimated from dynamic simulations. 

Process parameter 
Type one (Mass flowrate) Type two (Temperature) 

𝑻𝟓 𝑻𝟖 𝑻𝟓 𝑻𝟖 

𝐾𝑝 163.7 (
℃ 𝑠

𝑘𝑔
) -151.0 (

℃ 𝑠

𝑘𝑔
) 0.955 0.563 

𝜏𝑃  41.67 (s) 6.67 (s) 32.5 (s) 7.5 (s) 

For moderate tuning,  𝜏𝑐 was set to the same value as 𝜏𝑃 since the deadtime for both controller 

is negligible (Figure G. 1 to G.4 in Appendix G), Thus, the IMC tuning correlation was reduced 

to Equation (9.2) and the tuned controller parameters are present in Table 9.2. 



 

63 

𝐾𝑐 =
1

𝐾𝑃
  &  𝜏𝐼 = 𝜏𝑃 

 

(9.2) 

Table 9.2. Controller parameters identified through IMC tuning relations. 

Process parameter 
Type one (Mass flowrate) Type two (Temperature) 

𝑻𝟓 𝑻𝟖 𝑻𝟓 𝑻𝟖 

𝐾𝐶 6.11E-03 (
𝑘𝑔

℃ 𝑠
) -6.62E-03 (

𝑘𝑔

℃ 𝑠
) 1.047 1.775 

𝜏𝐼  41.67 (s) 6.67 (s) 32.5 (s) 7.5 (s) 
 

9.3 Case study: HTST process with disturbance 

A dynamic test for the HTST process was used to assess the performance of the controllers. 

The simulation started from the nominal steady state condition as the one noted in section 7.3. 

Then, changes of 𝑇1 as depicted in Figure 9.3 were implemented. Three simulations were 

carried out: one uncontrolled case, and two controlled case with type one and two controllers, 

respectively. 

 

Figure 9.3. Temperature profile of inlet milk (𝑇1) through the controller test. 

 

9.3.1 Results and discussion 

Temperature comparison of 𝑇5 and 𝑇8 among three tests are shown in Figure 9.4 and Figure 

9.5 along with their corresponding manipulated variable profiles. It is observed that both 

control types can help meet the set points of 𝑇5 and 𝑇8 to some extend within relatively short 

period of time. For 𝑇5, almost identical performances of the controllers were obtained from the 

two types. And some oscillations were observed due to the integral part of the controller. 

Obviously, larger step change resulted in longer response time, but overall, the new steady 

state could be reached within relative short period of time. As for 𝑇8, the performance of Type 

two (temperature) controller was better compared to the performance of Type one (mass 

flowrate) controller. For Type one controller, relatively large offset is observed from 527 to1622 

seconds. It is because that the controller was saturated and therefore the minimum mass 

flowrate was implemented instead of the calculated mass flowrate from the controller (Figure 

9.4). 
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Figure 9.4. Profiles of the controlled and manipulated variables for type one controller (Top left: 
controller variable 𝑇5; Top right: controller variable 𝑇8; Bottom left: manipulated variable 𝑚̇ℎ𝑜𝑡; Bottom 

right: manipulated variable 𝑚̇𝑐𝑜𝑙𝑑). 

 

  

  

Figure 9.5. Profiles of the controlled and manipulated variables for type two controller (Top left: 
controller variable 𝑇5; Top right: controller variable 𝑇8; Bottom left: manipulated variable 𝑇9; Bottom 

right: manipulated variable 𝑇11). 
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In conclusion, both controllers can help achieve the required pasteurization and storage/end 

temperature. And depend on the equipment setting, it might be easier to implement one or the 

other type of controller. From the simulation point of view, temperature variation of the 

heating/cooling fluid introduces less dynamics/noise into the system comparing to flowrate 

changes. It is because that flowrate step change would not only influence the heat transfer 

between the fluids but also the fluid dynamics. It would bring more disturbance into the system 

comparing to the temperature change, which often results in simulation failure. Additionally, 

based on the analysis for the tests performed (Figure 9.4 and Figure 9.5), saturation of the 

manipulated variable for Type one controller is a main problem that hinders the performance. 

Nevertheless, from the practical point of view, flowrate variation would be relatively easier and 

cheaper to implement since flowrate can be altered through pump or valves with sample 

mechanisms. On the other hand, due to complex thermodynamics involved, targeting a 

specific temperature within short response time could be challenging.  
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10 Conclusions and future works 

This thesis extended the 2D distributed thermal model of the milk heater (PHE) developed by 

Guan, Sharma and Macchietto1,2 to a complete pasteurizer unit. The unit comprises three 

PHEs (heating, cooling and regeneration), one holding tube and two tubular connections.  

First, the PHE section model developed previously1,2 was modified, and its performance was 

validated against experimental and simulation results in the literature, where better 

agreements were observed comparing to the results of the previous model. Then, the tube 

section model was adopted and modified from the distributed model by Coletti3, Diaz-Bejarano 

and Macchietto4. Lastly, the entire pasteurizer unit was modelled by joining the component 

section models of PHE and tube via proper boundary and continuity equations. The thermal 

model of the unit has been validated with the experimental results reported by Gutierrez, Diniz 

and Gut7 for a HTST process.  

A semi-mechanistic fouling model and an empirical CIP model was also integrated with the 

main thermal model for all sections of the pasteurizer unit. The fouling model was first verified 

through two configurations of the PHE heater. For configuraiton1, good agreements with the 

experimental data was observed; while for configuration 2, a better 𝛽-Lg reaction scheme 

might be needed to model the fouling phenomena accurately. As for the CIP model, a new 

model integration method was introduced, and more realistic simulation results of deposition 

mass over the heating-CIP cycles were obtained comparing to that of the previous model. 

With the combined pasteurizer unit model, a heating-CIP cycle was simulated for a realistic 

UHT case of the whole unit. The simulation results suggest an attenuated fouling effects of a 

single section on the overall process, which led to a need for the use of a more reasonable 

operation switch criteria other than the combined local critical mass density criteria currently 

being used. Additionally, large amount of cleaning and rinsing water was required during the 

heating-CIP cycle, indicating a need for operation optimization.  

Two PI controller models were also added to the main unit model, which was used to assess 

the dynamic performance of the model as well as pre-tune the PI controllers. The simulation 

results indicate that the model can describe the dynamic conditions well and the tuned 

controller can be used to ensure the required pasteurization and storage/outlet temperature 

are met. 

 

10.1 Future works 

Based on the analysis in this work, several future works are suggested for model 

improvements and model applications. 
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Model improvements 

1. Experimental validations: for the fouling model, limited deposition mass data is 

available in literature, which can greater hinders the model adequacy. It is because a 

semi-mechanistic fouling model is currently being used, for which sufficient data is 

needed to accurately estimate the value of the proportionality constant ( 𝛽 ) and 

therefore better represent the deposition growth rate. 

2. Explore different 𝜷-Lg reaction schemes: As noted for configuration 2, none of the 

reaction schemes (DepU and DepA) currently being implemented can describe the 

fouling phenomena well. In the current reaction scheme, only one protein species is 

allowed to deposit onto the surface at a time. For future exploration, an advanced 

reaction scheme that combines both DepU and DepA could be developed. 

3. Include mineral fouling (type B) in the fouling model: In this work, only protein 

fouling (type A) is included, while, for the UHT case, significant mineral fouling is 

expected to occur. Therefore, to better estimate the deposition mass in the UHT 

process, it is essential to include a model for mineral fouling. 

4. Physical properties of the fluid: In this work, constant physical properties of the 

processing fluid are assumed to reduce the model complexity and problem size. This 

assumption can introduce some misrepresentations of the experiential conditions. As 

an alternative, correlations can be implemented for the physical properties that have 

large impact on the outlet temperature (identified through sensitivity analysis) and 

constant values can be used for the ones that have minor influence.  

5. Develop a more general CIP models: the CIP model implemented in this work is 

taken from Bird & Fryer40, which was developed specifically for cleaning with 1wt% 

𝑁𝑎𝑂𝐻 soltuion. A more general CIP model (e.g. the one proposed by Lanchas-Fuentes 

et al42) can be used to reduce the limitations of this empirical model.  

Model applications 

1. Expand to other types of milk: this work focus on the analysis for the skimmed milk, 

while fouling is expected to have larger impact for the processing of the whole and 

concentrated milk due to higher fat content. By integrating parameters such as fat, 

protein and mineral contents in the model, it can be adapted to simulate heating-CIP 

cycles for different types of milk. 

2. Automation of heating-CIP cycles: the operational downtime can be reduced 

through automation of heating-CIP cycles. Two alternative options can be used: (1) 

include a separate set of spared PHEs to form a heat exchanger network (HEN) and 

schedule the PHEs so that while one set of the PHEs are being cleaned, the other 

could continuously be in operation63; (2) change the configuration of the existing PHEs 
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to include additional channels and install valves that control and alter the flow 

directions along the PHEs. By doing so, portions of the PHEs could remain in operation 

while others being cleaned simultaneously. The pasteurizer unit model developed in 

this work can be modified and then implemented to test these two options and identity 

the optimal operation policies. 
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Appendix A. Summary tables for models developed 

Table A.1. Summary of PHE models. 

Reference Model Type Remarks/Advantages Limitations/Simplifications 
28 - 1D 

- Steady-state  
- Plug-flow 

- Algorithmic model for gasketed PHE with generalized 
configurations.  

- The assumption of constant overall heat transfer 
coefficient was tested and validated. 

- Hard to be used for optimization due to the nature of algorithmic 
feature embedded in the model.  

- Simplified plate geometry.  
- Plate topology was not considered. 

31 - 2D & 3D 
- CFD 
- Steady-state 

- Considered detailed geometry of the plate (corrugation) 
- Experiments were conducted to compare the simulation 

results 

- Single plate simulation 
- Computational heavy 
- The 2D model has limited predictive ability 

62 - 1D 
- Steady-state 
- Plug-flow 

- Algorithmic model 
- Optimized PHE configuration by minimizing the heat 

transfer area 

- Simplified plate geometry.  
- Plate topology was not considered, which could significant 

affect the heat transfer area and therefore influence the 
optimization results. 

64 - Dynamic 
- Linear process  

- Predicted transient responses of PHE 
- Considered control strategies and verified model with 

temperature controllers 

- Empirical model 
- Plate topology was not considered. 

32 - 3D 
- CFD 
- Steady-state 

- Considered and analysed three corrugation parameters 
(angle, depth and pitch) of plates 

- Computational heavy 
- A single plate analysis 

 

Table A.2. Summary of other models that could be adapted for milk pasteurization. 

Reference Model Type Fluid Remarks/Advantages Limitations/Simplifications 
3 - Dynamic 

- Distributed 
- STHE 

Crude oil - Considered local deposit growth and aging 
- Moving boundary 
- Parameter estimation using refinery data 

Only considered fouling on tube-side, could 
underpredict fouling on shell-side 

4 - Dynamic 
- Distributed 
- STHE 

Crude oil - Could be used to simulate fouling-cleaning cycles in one 
deposit model 

- Overcome several assumptions that were commonly used in 
previous models 

Only considered fouling on tube-side, could 
underpredict fouling on shell-side 

65 - HEN (Preheat train) 
- Fouling rate model 

Crude oil - Included data reconciliation (redundancy analysis and variable 
classification), which included measurement and instrument 
(systematic) errors 

Semi-empirical model (rely on operating data)  

66 - MILP/MINLP 
(cleaning schedule) 

- NLP (control) 

Crude oil - Considered optimal cleaning scheduling and control with 
versatile formulation 

- Validation of the results against plant data 
needs to be done 

- Limited ability for large-scale optimization 
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Table A.3. Summary of combined models (PHE & Fouling) for milk pasteurization. 

Reference Model Type Fouling Type Remarks Limitations/Simplifications 
12,15 - 1D 

- Dynamic  
- Plug-flow 

β-Lg reaction 
scheme 

- Distributed model 
- Consider axial convection and radial continuity 

- Plate topology was not considered. 
- Plug-flow 

47 - 1D 
- Dynamic 
- Plug-flow 

β-Lg reaction 
scheme 

- Considered the bacteriological quality and lactulose and 
hydroxymethylfurfural formation of UHT process 

- Considered homogenisation and holding tube sections 
- Optimization of UHT process was performed 

- Plate topology was not considered. 
- Plug-flow 
- Used β-Lg reaction scheme (Type A)  to 

model fouling of UHT process, which is 
often dominated by Type B fouling 
(minerals)  

30 - 3D 
- CFD 

β-Lg reaction 
scheme 

- Considered the corrugation (both shape and orientation) 
of plates 

- Simulated a full PHE system 

- Computational heavy 
- The chemical reaction scheme used can 

not fully capture the fouling phenomena 
27 - 2D 

- Dynamic 
- Navier-Stokes 

β-Lg reaction 
scheme 

- Simulated results were validated against both empirical 
data and previous simulated results in the literature 

- Plate topology was not considered. 
 

34 - 3D 
- CFD 
- Dynamic 
- Navier-Stokes 

β-Lg reaction 
scheme 

- Considered milk fouling and plate corrugation 
- Considered conjugate framework, which solved the mass 

and heat transfer in solid and fluid phase simultaneously 

- Single-channel analysis 
- Computational heavy 

45 - 2D 
- Dynamic 
-  

- β-Lg reaction 
scheme 

- Minearl 
deposition 

- Considered mineral deposition 
- Simulated deposition rate was compared with literature 

data and simulated temperature profile was compared 
with an industrial heating plant. 

- Plate topology was not considered. 
- The comparison results were not shown or 

discussed in paper. 

46 - 2D 
- Dynamic 

Empirical fouling 
threshold model 

- Considered mass deposit change (both deposition and 
removal) 

- Based on empirical data, which limits its 
application to other 
configurations/topology 

33 - 2D 
- CFD 

β-Lg reaction 
scheme 

- Simulated a full PHE system to study the denaturation and 
aggregation of β-Lg on PHE 

- Considered the corrugation 

- Computational heavy 
-  

29 - 2D 
- Dynamic 

β-Lg reaction 
scheme 

- Relationship between fouling thickness and wall 
temperature were studied 

- Plate topology was not considered. 
- The milk fouling model is not generalized 

1 - 2D 
- Dynamic 
- Distributed 

β-Lg reaction 
scheme 

- Detailed 2D distributed model 
- Moving boundary used to account deposit layer growth 

- Single-channel analysis 

2 - 2D 
- Dynamic 
- Distributed 

β-Lg reaction 
scheme 

- Full PHE system analysis 
- Simulated different configurations with two deposition 

mechanism (aggregation and denaturation of protein) 

- Different models need to be used for 
different configurations 
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Table A.4. Summary of CIP models. 

Reference Model Type Remarks Limitations/Simplifications 
40 - Simplified 1D model 

- Dynamic 
- Chemical cleaning 

- For dairy processing (whey and whole milk) 
- Used to determine temperature and velocity effects on cleaning 
- Verified against experimental data 

- The chemistry involved in cleaning was not 
analysed/included in the model 

- Included several oversimplified assumptions 
41 - Dynamic 

- Chemical cleaning 
based on polymer 
dissolution 

- For dairy processing (milk protein deposit) 
- Considered and included several processes (e.g. reputation, 

disengagement, mass transfer) through the boundary layer 
- Considered surface area change during decay cleaning stage 
- Verified against experimental data over a wide range 

- Deposits removed by shear force was not 
considered 

38, 67 - Risk assessment 
- Monte Carlo 
- Latin Hypercube 

sampling 

- Integrated milk CIP models40,41 with a risk factor to account for 
potential failures of CIP operation 

- Model could be extended to any unit-operations 

- Extensive experimental data or expert knowledge 
is required to accurately predict the risk factor 

- The model used for the unit-operation need to be 
relatively accurate 

42 - Chemical cleaning 
- Dynamic 
- Conceptual 

- For crude oil fouling 
- Considered deposit conditions, effectiveness of the chemical 

cleaning agent and duration 
- Conditional-based cleaning (differ from the fixed-duration 

cleaning that are commonly used) 
- Could be adapted for other fluids 

- General “functional form” 
- Parameters used need to be adjusted/verified 

against experimental data 

2 Same model proposed by 
Bird & Fryer40 

- Integrated CIP model40 with the fouling model and simulated 
heating-CIP cycles 

Same limitations as the one proposed by by Bird & 
Fryer40 
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Appendix B. Complementary figures 

 

Figure B.1. Lethal effect on common bacteria presented in raw milk6. 

 

 

 

Figure B.2. Stages for heating-CIP cycles with monitoring 



 

77 

 

Figure B.3. The use of kinetic models for process development13. 

 

 

Figure B.4. Schematic of PHE for heating section for HTST process (Pi: Plate I; Ci: Channel i). 
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Figure B.5. Schematic of PHE for regeneration section for HTST process (Pi: Plate I; Ci: Channel i). 

 

 

Figure B.6. Schematic of PHE for cooling section for HTST process (Pi: Plate I; Ci: Channel i). 

 

 

Figure B.7. Schematic of PHE for heating section for UHT process (Pi: Plate I; Ci: Channel i). 
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Figure B.8. Schematic of PHE for regeneration section for UHT process (Pi: Plate I; Ci: Channel i). 

 

 

Figure B.9. Schematic of PHE for cooling section for UHT process (Pi: Plate I; Ci: Channel i). 
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Appendix C. Complementary tables 
 

Table C. 1. Typical heat treatments used in the dairy industry6.  

Process Temperature, oC Time 

Thermization / / 

LTLT pasteurization of milk 63 30 min 

HTST pasteurization of milk 72 – 75 15 – 20 s 

HTST pasteurization of cream, etc. > 80 1 – 5 s 

Ultra pasteurization 125 – 138 2 – 4 s 

UHT (flow sterilization) normally 135 – 140 a few seconds 

Sterilization in container 115 – 120 20 – 30 min 

Note: LTLT: low temperature long time; HTST: high temperature short time; UHT: ultra-high temperature 

 

Table C. 2. Aspects of type A fouling mechanisms in the literature17. 
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Appendix D. Fouling model mass balance equations for PHEs 

The mass balance equations for different 𝛽 -lg protein species are adapted with minor 

modifications from previous researches12,18,24. 

Native proteins (N) in bulk fluid: 

𝜕𝐶𝑁

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑥
(𝑢𝑓𝐶𝑁) + 𝐷𝑁

𝜕2𝐶𝑁

𝜕𝑥2
− 𝑟𝑓𝑈 −

𝑘𝑚𝑁
𝐿

𝛿𝑇
𝐿

(𝐶𝑁 − 𝐶𝑁
𝐿 ) −

𝑘𝑚𝑁
𝑅

𝛿𝑇
𝑅

(𝐶𝑁 − 𝐶𝑁
𝑅) 

 

(D.1) 

Unfolded proteins (U) in bulk fluid: 

𝜕𝐶𝑈

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑥
(𝑢𝑓𝐶𝑈) + 𝐷𝑈

𝜕2𝐶𝑈

𝜕𝑥2
+ 𝑟𝑓𝑈 − 𝑟𝑓𝐴 −

𝑘𝑚𝐷
𝐿

𝛿𝑇
𝐿

(𝐶𝑈 − 𝐶𝑈
𝐿)

−
𝑘𝑚𝑈

𝑅

𝛿𝑇
𝑅

(𝐶𝑈 − 𝐶𝑈
𝑅) 

(D.2) 

Aggregated proteins (A) in bulk fluid: 

𝜕𝐶𝐴

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑥
(𝑢𝑓𝐶𝐴) + 𝐷𝐴

𝜕2𝐶𝐴

𝜕𝑥2
+ 𝑟𝑓𝐴 −

𝑘𝑚𝐴
𝐿

𝛿𝑇
𝐿

(𝐶𝐴 − 𝐶𝐴
𝐿) −

𝑘𝑚𝐴
𝑅

𝛿𝑇
𝑅

(𝐶𝐴 − 𝐶𝐴
𝑅) (D.3) 

Native protein (N) in thermal boundary layer: 

𝜕𝐶𝑁
𝑖

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑥
(𝑢𝑓𝐶𝑁

𝑖 ) + 𝐷𝑁

𝜕2𝐶𝑁
𝑖

𝜕𝑥2
− 𝑟𝑇𝑈

𝑖 +
𝑘𝑚𝑁

𝑖

𝛿𝑇
𝑖

(𝐶𝑁 − 𝐶𝑁
𝑖 ) ∀ 𝑖 ∈ {𝐿, 𝑅} (D.4) 

Unfolded protein (U) in thermal boundary layer: 

𝜕𝐶𝑈
𝑖

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑥
(𝑢𝑓𝐶𝑈

𝑖 ) + 𝐷𝐷

𝜕2𝐶𝑈
𝑖

𝜕𝑥2
+ 𝑟𝑇𝑈

𝑖 − 𝑟𝑇𝐴
𝑖 +

𝑘𝑚𝑈
𝑖

𝛿𝑇
𝑖

(𝐶𝑈 − 𝐶𝑈
𝑖 ) 

 

−
𝐷𝑒𝑝𝑈 + 1

2
𝑟𝑑𝑈

𝑖 +
𝐸𝑛𝑡𝑈 + 1

2
𝑟𝑒𝑈

𝑖  

∀ 𝑖 ∈ {𝐿, 𝑅} (D.5) 

Aggregated protein (A) in thermal boundary layer: 

𝜕𝐶𝐴
𝑖

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑥
(𝑢𝑓𝐶𝐴

𝑖 ) + 𝐷𝐴

𝜕2𝐶𝐴
𝑖

𝜕𝑥2
+ 𝑟𝑇𝐴

𝑖 +
𝑘𝑚𝐴

𝑖

𝛿𝑇
𝑖

(𝐶𝐴 − 𝐶𝐴
𝑖 ) 

 

−
𝐷𝑒𝑝𝐴 + 1

2
𝑟𝑑𝐴

𝑖  +
𝐸𝑛𝑡𝐴 + 1

2
𝑟𝑒𝐴

𝑖  

∀ 𝑖 ∈ {𝐿, 𝑅} (D.6) 

Here, 𝑟𝑓𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 and 𝑟𝑇𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑖  can be calculated from equation (4.29) and (4.30), respectively. 

𝑘𝑚𝑝𝑟𝑜𝑡𝑒𝑖𝑛
𝑖  is the mass transfer coefficient of different protein species; 𝐷𝑝𝑟𝑜𝑡𝑒𝑖𝑛 is the diffusivity 

of different protein species and 𝛿𝑇
𝑖  is the thermal boundary layer thickness for left or right plate. 

Their value could be determined from the following equations55: 
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𝑆ℎ(𝑥) = 0.0902 𝑅𝑒(𝑥)0.663𝑆𝑐(𝑥)0.333 (D.7) 

𝑆𝑐(𝑥) =
𝜇𝑓(𝑥)

𝜌𝑓(𝑥) 𝐷𝑁
 (D.8) 

𝛿𝑀(𝑥) =
𝐷ℎ(𝑥)

𝑆ℎ(𝑥)
 (D.9) 

𝛿𝑇(𝑥) = 𝑃𝑟(𝑥)
1
3 𝛿𝑀(𝑥) (D.10) 

𝐷𝑝𝑟𝑜𝑡𝑒𝑖𝑛 =
1.31 × 10−17 𝑇𝑓

𝜇𝑓  (𝑁𝑎𝑣 (
1
6 𝜋𝑑𝑖

3))

0.6 
(D.11) 

𝑘𝑚
𝑖 = 𝐷𝑖 𝛿𝑀 (D.12) 

Here, 𝑆ℎ  and 𝑆𝑐  are the dimensionless Sherwood and Schmidt number. 𝛿𝑀  is the mass 

boundary layer thickness. 𝑁𝑎𝑣  is the Avogadro number (6.023 × 1023) and 𝑑𝑖 is the diameter 

of different protein species whose values12,27 are shown in Table D.5. 

Table D.5. Mean particle diameter of different protein species12,27 

Protein species Mean particle diameter (m) 

Native (N) 9.92 × 10−11 

Unfolded (U) 9.12 × 10−11 

Aggregated (A) 5.0 × 10−10 

 

Also, 𝑟𝑑𝐴
𝑖  and 𝑟𝑑𝑈

𝑖  are the rate of deposition for DepA and DepU fouling models, which are 

calculated from the following equations: 

𝑟𝑑𝐴
𝑖 =

𝜌𝑙

𝛿𝑇
𝑖

 
𝑑𝛿𝑑𝐴

𝑖 (𝑥)

𝑑𝑡
 ∀ 𝑖 ∈ {𝐿, 𝑅} (D.13) 

𝑟𝑑𝑈
𝑖 =

𝜌𝑙

𝛿𝑇
𝑖

 
𝑑𝛿𝑑𝑈

𝑖 (𝑥)

𝑑𝑡
 ∀ 𝑖 ∈ {𝐿, 𝑅} (D.14) 

Here, 𝜌𝑙 is the deposit layer density. And 
𝑑𝛿𝑑𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑖 (𝑥)

𝑑𝑡
  is the rate of change for the deposit 

thickness, which can be determined from (4.37) and (4.38). When DepA fouling model is used, 

𝑟𝑑𝑈
𝑖  will be set to 0. And when DepU fouling model is used, 𝑟𝑑𝐴

𝑖  will be set to 0. This can be 

achieved by using a logic parameter 𝐷𝑒𝑝𝑝𝑟𝑜𝑡𝑒𝑖𝑛, whose value equals to -1 when the fouling 

model is not selected and equals to +1 when it is selected. 
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Additionally, entrainment due to shear stress could bring deposit protein back to the thermal 

boundary layer. It is take into account through the term 𝑟𝑒𝐴
𝑖  and 𝑟𝑒𝑈

𝑖  (the rate of entrainment for 

DepA and DepU fouling models), which are be calculated from the following equations68: 

𝑟𝑒𝐴
𝑖 =

𝜌𝑙

𝛿𝑇
𝑖

 𝛿𝑑𝐴
𝑖 (𝑥) 𝑘𝜏 ∀ 𝑖 ∈ {𝐿, 𝑅} (D.15) 

𝑟𝑒𝑈
𝑖 =

𝜌𝑙

𝛿𝑇
𝑖

 𝛿𝑑𝑈
𝑖 (𝑥) 𝑘𝜏 ∀ 𝑖 ∈ {𝐿, 𝑅} (D.16) 

Here, 𝑘𝜏  is the pre-exponential factor of entrainment whose value68 is determined to be 

1.3 × 10−3 s−1. Like the deposition model, a logic parameter 𝐸𝑛𝑡𝑝𝑟𝑜𝑡𝑒𝑖𝑛 is used to indicate 

whether the entrainment term is included or not: it equals to -1 when it is not included in the 

model and equals to +1 when it is included. 
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Appendix E. Fouling model mass balance equations for tubes 

The mass balance equations for different 𝛽-lg protein species in the tube are obtained by 

transferring the ones for PHEs (cartesian coordinates) into the cylindrical coordinates. 

Native proteins (N) in bulk fluid: 

𝜕𝐶𝑁

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑍
(𝑣𝑓,𝑇𝐵𝐶𝑁) + 𝐷𝑁

𝜕2𝐶𝑁

𝜕𝑍2
− 𝑟𝑓𝑈 −

𝑘𝑚𝑁
𝑙

𝛿𝑇
𝑙 (𝐶𝑁 − 𝐶𝑁

𝑙 ) 

 

(E. 1) 
 

Unfolded proteins (U) in bulk fluid: 

𝜕𝐶𝑈

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑧
(𝑣𝑓,𝑇𝐵𝐶𝑈) + 𝐷𝑈

𝜕2𝐶𝑈

𝜕𝑧2
+ 𝑟𝑓𝑈 − 𝑟𝑓𝐴 −

𝑘𝑚𝐷
𝑙

𝛿𝑇
𝑙 (𝐶𝑈 − 𝐶𝑈

𝑙 ) 

 

(E. 2) 
 

Aggregated proteins (A) in bulk fluid: 

𝜕𝐶𝐴

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑧
(𝑣𝑓,𝑇𝐵𝐶𝐴) + 𝐷𝐴

𝜕2𝐶𝐴

𝜕𝑧2
+ 𝑟𝑓𝐴 −

𝑘𝑚𝐴
𝑙

𝛿𝑇
𝑙 (𝐶𝐴 − 𝐶𝐴

𝑙 )  

 

(E. 3) 
 

Native protein (N) in thermal boundary layer: 

𝜕𝐶𝑁
𝑙

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑧
(𝑣𝑓,𝑇𝐵𝐶𝑁

𝑙 ) + 𝐷𝑁

𝜕2𝐶𝑁
𝑙

𝜕𝑧2
− 𝑟𝑇𝑈

𝑖 +
𝑘𝑚𝑁

𝑙

𝛿𝑇
𝑙 (𝐶𝑁 − 𝐶𝑁

𝑙 ) 

 

(E. 4) 
 

Unfolded protein (U) in thermal boundary layer: 

𝜕𝐶𝑈
𝑙

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑧
(𝑣𝑓,𝑇𝐵𝐶𝑈

𝑙 ) + 𝐷𝐷

𝜕2𝐶𝑈
𝑙

𝜕𝑧2
+ 𝑟𝑇𝑈

𝑙 − 𝑟𝑇𝐴
𝑙 +

𝑘𝑚𝑈
𝑙

𝛿𝑇
𝑙 (𝐶𝑈 − 𝐶𝑈

𝑙 ) 

 

            −
𝐷𝑒𝑝𝑈+1

2
𝑟𝑑𝑈

𝑙 +
𝐸𝑛𝑡𝑈+1

2
𝑟𝑒𝑈

𝑙     

 

(E. 5) 
 

Aggregated protein (A) in thermal boundary layer: 

𝜕𝐶𝐴
𝑙

𝑑𝑡
=  −𝑑𝑖𝑟

𝜕

𝜕𝑧
(𝑣𝑓,𝑇𝐵𝐶𝐴

𝑙 ) + 𝐷𝐴

𝜕2𝐶𝐴
𝑙

𝜕𝑧2
+ 𝑟𝑇𝐴

𝑖 +
𝑘𝑚𝐴

𝑙

𝛿𝑇
𝑙 (𝐶𝐴 − 𝐶𝐴

𝑙 ) 

 

           −
𝐷𝑒𝑝𝐴+1

2
𝑟𝑑𝐴

𝑙  +
𝐸𝑛𝑡𝐴+1

2
𝑟𝑒𝐴

𝑙  

 

(E. 6) 
 

Here, superscript 𝑙 is used to denote variables in the layer domain of the holding tube. Other 

variable definitions are analogous to the ones used for the plate fouling model and can be 

calculated using equations discussed previously (Section 4.3.3). 
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Appendix F. Sensitivity analysis of fluid physical properties 

For both configuration 1 and 2 (Figure 5.2 and Figure 5.3), a general sensitivity analysis of the 

physical properties for milk and heating water is conducted. Firstly, the temperature ranges 

for the sensitivity test of the fluid were selected (Table F. 1). Then, the physical properties of 

the fluid at the maximum and minimum temperatures were estimated using equation (4.18) to 

(4.25). The values are presented in Table F. 2. The percent variations of the physical 

properties over the temperature range are shown in Table F. 3. From the table, it is noted that 

when temperature increases, some of the physical properties (𝐶𝑝 & 𝜆) would also increase, 

while others would decrease. Lastly, the sensitivity of each physical property was assessed 

by comparing to the baseline case. Here, only main-effect (1st order) sensitivity was assess, 

i.e., the interactions between different physical properties were not included. 

Table F. 1. Temperature ranges of the fluid for sensitivity test. 
 Milk Water 

Max. (℃) 110 110 

Min. (℃) 60 80 
 

Table F. 2. Physical properties of the fluid for sensitivity test. 

Physical 
properties 

Min temperature Max temperature 

Milk  
(𝑻𝒎𝒊𝒏 = 𝟔𝟎℃) 

Water  
(𝑻𝒎𝒊𝒏 = 𝟖𝟎℃) 

Milk  
(𝑻𝒎𝒂𝒙 = 𝟏𝟏𝟎℃) 

Water  
(𝑻𝒎𝒂𝒙 = 𝟏𝟏𝟎℃) 

𝐶𝑝 (J/kg.K) 4023 4197 4023 4226 

𝜌 (kg/m3) 1016 971 983 951 

𝜆 (W/m.K) 0.656 0.671 0.762 0.684 

𝜇 (Pa.S) 7.06E-04 3.41E-04 4.12E-04 2.62E-04 

 

Table F. 3. Percent variations of physical properties over the temp range of interests. 

 Milk Water 

𝐶𝑝 0.0% 0.7% 

𝜌 -3.2% -2.0% 

𝜆 16.2% 1.9% 

𝜇 -41.6% -23.2% 

 

The baseline of the sensitivity analysis was selected as the simulated outlet temperature 

based on the physical properties calculated from 𝑇𝑚𝑖𝑛. To check the effects of each physical 

properties on the outlet temperature, the simulation was performed by changing one of the 

physical properties of one fluid (milk or water) at a time. Then the newly obtained outlet 

temperature and the baseline outlet temperature were compared. And the sensitivity of each 

physical property is assessed using equation (F.17). Since the magnitude of these physical 

properties (𝐶𝑝, 𝜌, 𝜆 and 𝜇) are quite different, to compare the sensitivity of each properties, 

normalization is used (Equation (F.17)): 
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𝜕𝑇𝑓,𝑗(𝑜𝑢𝑡)̃

𝜕𝑃𝑃̃
=

𝜕𝑇𝑓,𝑗 (𝑜𝑢𝑡)

𝜕𝑃𝑃
×

𝑃𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙

𝑇𝑓,𝑗,𝑛𝑜𝑚𝑖𝑛𝑎𝑙(𝑜𝑢𝑡)
 ∀ j ∈ [1, 𝑃] (F.17) 

Where 
𝜕𝑇𝑓,𝑗 (𝑜𝑢𝑡)

𝜕𝑃𝑃
 is estimated using the following equations: 

𝜕𝑇𝑓,𝑗 (𝑜𝑢𝑡)

𝜕𝑃𝑃
≈

𝑇𝑓,𝑗(𝑜𝑢𝑡) − 𝑇𝑓,𝑗,𝑛𝑜𝑚𝑖𝑛𝑎𝑙(𝑜𝑢𝑡)

𝑃𝑃 − 𝑃𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙
 

 

∀ j ∈ [1, 𝑃] 

 

(F.18) 

Here, 𝑃𝑃 is the physical properties of the processing fluid. 𝑇𝑓,𝑗(𝑜𝑢𝑡) is the outlet temperature 

of milk at different channels. 𝑇𝑓,𝑗(𝑜𝑢𝑡)̃  is the normalised outlet temperature of milk. 

𝑇𝑓,𝑗,𝑛𝑜𝑚𝑖𝑛𝑎𝑙(𝑜𝑢𝑡) is the nominal outlet temperature of milk and 𝑃𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the nominal value 

of the physical property. 

The results for the sensitivity analysis for both configurations are depicted in Figure F. 1 and 

Figure F. 2. The maximum deviation from the baseline results for each channel are also 

presented in Table F. 6 and Table F. 7. For both configurations, the density of the milk has 

largest impact on the outlet temperature, followed by the density of water and the heat capacity 

of the water. All other physical properties have relatively minor effects on the outlet 

temperatures. It is also noted that change of physical properties has larger impact on 

configuration1 comparing to configuration 2. It is reasonable since configuration 1 is a single-

pass PHE, when the physical property changes, it would directly affect the outlet temperature 

of each channel. And depend on the actual temperature within each channel, the effects would 

vary. On the other hand, the configuration 2 is a single-inlet-six-pass PHE, for which the fluid 

in sequential channels are linked and therefore the effects of changing physical properties 

reduced as the fluid flow along different channels (Table F. 7).  

Table F. 4. Baseline channel outlet temperature for configuration 1. 

Channel 1 3 5 7 9 11 

Baseline outlet temp (℃) 76.2 83.6 87.0 90.5 94.8 99.2 

 

Table F. 5. Baseline channel outlet temperature for configuration 2. 

Channel 2 4 6 8 10 12 

Baseline outlet temp (℃) 76.0 84.7 89.9 93.1 94.9 95.6 

 

Table F. 6. Max deviations of channel outlet temperature from baseline values for configuration 1. 

Channel 1 3 5 7 9 11 Max 

% Deviation (+) 3.16 4.02 3.56 3.03 2.17 1.60 4.02 

% Deviation (-) -3.84 -4.34 -4.05 -3.67 -3.06 -2.41 -4.34 
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Table F. 7. Max deviations of channel outlet temperature from baseline values for configuration 2. 

Channel 2 4 6 8 10 12 Max 

% Deviation (+) 2.25 2.51 2.08 1.49 0.92 0.69 2.51 

% Deviation (-) -3.31 -3.55 -2.90 -2.06 -1.29 -0.98 -3.55 

 

 

Figure F. 1. Sensitivity analysis of physical properties for configuration 1. 

 

 

Figure F. 2. Sensitivity analysis of physical properties for configuration 2. 
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Overall, no significant difference of outlet temp is observed over the temp range of interests, 

especially for single-inlet-multiple-pass configurations. As a result, the assumption of constant 

physical properties is valid. If correlations instead of constant values of the physical properties 

are used, the values of the physical properties need to be updated at each location of the fluid 

when the fluid temperature changes, in this case, every discretized location along 𝑥-axis 

(information about discretization could be found in section 0). Using constant physical 

properties could reduce the model complexity and therefore scale down the size of the 

problem. This could effectively shorten the simulation time. However, if there is no prior 

information about the simulation, it is hard to select the average temperature for the calculation 

of constant physical properties in advance. Therefore, for small size problems, it is still 

recommended to use correlations to enhance the model performance. And for large size 

problems, when this assumption is used, a preliminary simulation could be conducted for 

better selection of average temperature to be used. As an alternative, correlations could be 

implemented for the physical properties that have large impact on the outlet temperature and 

constant values could be used for the ones that have minor influence.  
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Appendix G. PI controller transfer function estimation 

Here, the process for PI controller transfer function estimation is presented. The nominal 

steady state HTST process operation are shown in Table 7.3 and the pasteurizer unit 

configurations are depicted in Figure B.4 to Figure B.6. For each step change of the 

manipulated variable, 𝐾𝑃 is estimated from the value of 
∆𝑌

∆𝑈
. And 𝜏𝑃 is estimated from the time 

between the start of the step change and the time when it reaches 63.2% of the next steady 

state. Then the average value of 𝐾𝑃  and 𝜏𝐼  from these three step changes are used for 

controller parameter tuning.  

Controller for the heating section (Note: controller is used to control T5) 

Type one (change heating water mass flowrate) 

1. For the simulation, start from the nominal steady state 

a. Continued for 500 seconds 

2. Reassigned the inlet mass flowrate of the heating water from 0.0162kg/s (60 L/h 

volumetric flowrate) to 0.0323kg/s (120 L/h volumetric flowrate) 

a. Continued for 500 seconds 

3. Reassigned the inlet mass flowrate of the heating water from 0.0323kg/s (120 L/h 

volumetric flowrate) back to 0.0162kg/s (60 L/h volumetric flowrate) 

a. Continued for 500 seconds 

4. Reassigned the inlet mass flowrate of the heating water from 0.0162kg/s (60 L/h 

volumetric flowrate) to 0.00808kg/s (30 L/h volumetric flowrate) 

a. Continued for 500 second. 

     

Figure G. 1. Left: Step changes of the inlet heating water mass flowrate (∆𝑈); Right: T5 temperature 

response to the step changes (∆𝑌). 

 

Average 𝑲𝑷 and 𝝉𝑰 calculated: 𝐾𝑃 = 163.7 
℃ 𝑠

𝑘𝑔
, 𝜏𝐼 = 41.67 s 
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Type two (change heating water temperature, T9) 

1. For the simulation, start from the nominal steady state 

a. Continued for 500 seconds 

2. Reassigned the inlet temperature of the heating water from 76.3 ℃ to 90 ℃ 

a. Continued for 500 seconds 

3. Reassigned the inlet temperature of the heating water from 90℃ back to 76.3℃ 

a. Continued for 500 seconds 

4. Reassigned the inlet temperature of the heating water from 76.3 ℃  to 60℃ 

a. Continued for 500 seconds 

     

Figure G. 2. Left: Step changes of the inlet heating water temperature (∆𝑈); Right: T5 temperature 

response to the step changes (∆𝑌). 

 

Average 𝑲𝑷 and 𝝉𝑰 calculated: 𝐾𝑃 = 0.955, 𝜏𝐼 = 32.5 s 

 

Controller for the cooling section (Note: controller is used to control T8) 

Type one (change heating water mass flowrate) 

1. For the simulation, start from the nominal steady state 

a. Continued for 500 seconds 

b. (HTST process and pasteurizer unit configurations are described in detail 

in previous report – July 25th) 

2. Reassigned the inlet mass flowrate of the cooling water from 0.0162kg/s (60 L/h 

volumetric flowrate) to 0.0323kg/s (120 L/h volumetric flowrate) 

a. Continued for 500 seconds 

3. Reassigned the inlet mass flowrate of the cooling water from 0.0323kg/s (120 L/h 

volumetric flowrate) back to 0.0162kg/s (60 L/h volumetric flowrate) 

a. Continued for 500 seconds 

4. Reassigned the inlet mass flowrate of the cooling water from 0.0162kg/s (60 L/h 

volumetric flowrate) to 0.00808kg/s (30 L/h volumetric flowrate) 

a. Continued for 500 seconds 
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Figure G. 3. Left: Step changes of the inlet cooling water mass flowrate (∆𝑈); Right: T8 temperature 

response to the step changes (∆𝑌). 

 

Average 𝑲𝑷 and 𝝉𝑰 calculated: 𝐾𝑃 = -151.0 
℃ 𝑠

𝑘𝑔
, 𝜏𝐼 = 6.67 s 

 

Type two (change heating water temperature, T11) 

1. For the simulation, start from the nominal steady state 

a. Continued for 500 seconds 

b. (HTST process and pasteurizer unit configurations are described in detail 

in previous report – July 25th) 

2. Reassigned the inlet temperature of the cooling water from 10.1 ℃ to 4 ℃ 

a. Continued for 500 seconds 

3. Reassigned the inlet temperature of the cooling water from 4℃ back to 10.1℃ 

a. Continued for 500 seconds 

4. Reassigned the inlet temperature of the cooling water from 10.1 ℃  to 15℃ 

a. Continued for 500 seconds 

 

     

Figure G. 4. Left: Step changes of the inlet cooling water temperature (∆𝑈); Right: T8 temperature 

response to the step changes (∆𝑌). 

 

Average 𝑲𝑷 and 𝝉𝑰 calculated: 𝐾𝑃 = 0.563, 𝜏𝐼 = 7.5 s 
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