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ABSTRACT 

Energy is a fundamental part of human civilisation and the expected rise in global energy demand 

is approximately 1.7% per annum until 2030. With limited fossil fuels available for energy 

generation, other ways of energy production and conservation must be investigated. One way to 

achieve this objective is to evaluate the energy used in an industrial process and to determine if 

this energy evaluation can be used to increase efficiency of the said industrial process. 

In order to address the problem of evaluating the energy representation of a heat exchanger, an 

analytical model must be derived, verified and validated. The sensitivity of the energy 

representation for several fault conditions is evaluated and possible applications of the energy 

representation are identified.  

The analytical model is derived by applying the staggered grid approach and the laws of 

conservation of mass, momentum and energy to the heat exchanger. Verification was done by 

comparing the analytical model results to the results of a Flownex® simulation. Flownex® is 

validated thermodynamic and hydraulic simulation software that excels at simulations where a 

fluid is a driving factor. Validation was done using a supercritical CO2 test bench that consists of 

a compressor, gas cooler, expansion valve, and an evaporator. The gas cooler can be 

approximated as a heat exchanger, as it is where hot CO2 is cooled with water. The gas cooler 

was therefore used for validation. 

Bejan [1] created entropy interaction–energy interaction graphs, using the first two laws of 

thermodynamics and visualises the changes in energy and entropy of a system. Faults induced 

include fluid leakage, heat leakage, and fouling. The purpose of faults in the heat exchanger 

system is to measure the sensitivity of the energy representation to changes in the heat 

exchanger operation. 

An emerging property of the graphing technique is that entropy generated is also shown. The 

entropy generation number is an indication of the efficiency of the system. Because the energy 

representation is sensitive to changes in the operating conditions of the heat exchanger and the 

efficiency of the heat exchanger can be seen, possible applications include fault detection and 

isolation (FDI) and optimisation. Future research includes a more accurate model encompassing 

more detail regarding the real world system and improved manners to detect faults as not all faults 

could be identified.  
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ṁ kg/s Mass flow rate 

n - Normal residual vector 

r m Radius 

r - Residual vector 

s J/kg.K Specific entropy 

t s Time 

q W/m2 Net energy transfer due to thermal radiation 

x - Direction of transfer 

 

ROMAN LETTERING (UPPERCASE) 

Symbol Unit Description 

A m2 Cross sectional area 

B Pa Bulk Modulus 

Eb W/m2 Thermal radiation energy emitted per unit area 

Eh   Entransy of a system 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

The development of new technologies and the increased population growth have led to an 

increase in energy usage [2]. The expected rise in global energy demand is approximately 1.7% 

annually until 2030. The main source of energy generation, approximately 80%, originates from 

fossil fuels, while renewable energy sources only generate about 11% of the world's energy [3]. 

With the increase in energy consumption and the negative impact of fossil fuels on the 

environment, energy conservation has received more attention [4]. 

Energy is present and used in all industrial processes. Power plants, for instance, produce 

electrical energy by burning coal, while petroleum plants use energy to convert natural gas to 

usable petrol. Large industrial processes consist of smaller processes or subsystems. A power 

plant for instance has a boiler, a turbine and a cooling tower. Each of these systems work together 

to execute the purpose of the process. A heat exchanger is such a subsystem that utilizes energy 

to achieve the intended purpose of the process.  

Heat exchangers are devices that assist in the flow of thermal energy between two fluids 

separated by a solid [5]. Heat exchangers used in energy conversion applications range from 

power, transportation and air-conditioning to heat recovery, alternate fuels and manufacturing 

industries [6].  

 

Figure 1-1: Heat exchanger flow arrangements. (a) Parallel-flow, (b) Counter flow, (c) Cross flow 

 

Heat exchangers come in a variety of configurations and flow arrangements depending on the 

application of the heat exchanger. The most common configurations used, include: shell-and-tube 
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heat exchangers, plate heat exchangers and double-pipe heat exchangers. Typical flow 

arrangements include parallel-flow, counter flow and crossflow heat exchangers. In parallel-flow 

heat exchangers (Figure 1-1 (a)), the fluids flow in the same direction with respect to each other 

as opposed to a counter flow heat exchanger (Figure 1-1 (b)) where the fluids flow in opposite 

directions. In a crossflow heat exchanger (Figure 1-1 (c)), the cold fluid flow in a zigzag pattern 

over the hot fluid [7]. 

Two-phase heat exchangers change the phase of the fluid as it passes through the heat 

exchanger. Examples of two-phase heat exchangers include heat pumps, heat pipes, evaporators 

and gas coolers [8]. Single-phase heat exchangers purely extract or add energy to the fluid 

without the fluid changing phase inside the heat exchanger. Two-phase heat exchangers have 

several applications including distillation of vapour in chemical plants, the boiling of water in a 

nuclear reactor and the use of gas coolers to cool steam in fossil fuel power plants [9]. 

Once one understands the fundamental mechanics of a heat exchanger, a model can be derived. 

The purpose of a heat exchanger model is to produce a representation of a real-world system 

where theories can be tested without the effort or cost involved in implementing the system. The 

model can accurately calculate the parameters needed to create the energy-based representation 

of the heat exchanger.  

Energy related heat exchanger properties, like heat transfer or fluid flow, comes to mind when the 

energy of a heat exchanger is considered. The purpose of the energy-based representation is to 

be a visualisation of the energy of the heat exchanger. An example of what an energy-based 

representation might look like is given in Figure 1-2. 

The effects of heat transfer and fluid flow, on the energy of the heat exchanger, can be seen in 

Figure 1-2. Energy can flow in and out of the heat exchanger in various manners. Some manners 

increase the energy of the heat exchanger and some decrease it. It is important that these effects, 

as well as the influence they have on the heat exchanger, are visible in the energy-based 

representation. The energy-based representation can also be created under other working points 

or fault conditions. The change in the representation relative to a defined normal representation 

can be visually observed. Characteristics such as these make the energy-based representation 

a valuable heat exchanger evaluation tool. 
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It is now clear that describing a heat exchanger in terms of energy is advantageous due to three 

important reasons. Firstly, energy is a unifying concept and is more easily understood than 

fundamental equations. Energy can be used to describe the multi-domain behaviour of heat 

exchangers resulting in a unified depiction of the processes in the heat exchanger. Secondly, the 

energy crisis is forcing industries to be more energy conscious, especially consumers of vast 

quantities of energy such as industrial plants. Heat exchangers are a vital component in many 

industrial plants, thus, evaluation and optimisation of heat exchangers in terms of energy can lead 

to a more efficient industrial process. Thirdly, it is possible that when the energy of the system as 

a whole is viewed, additional information may be present in the energy representation that one 

may not be able to see in the solutions of the fundamental equations.  The focus, therefore, of 

this research is: (i) to evaluate the energy of a heat exchanger by means of an energy-based 

representation and (ii) to identify possible applications of the energy-based representation. 

1.2. Problem statement 

The aim of this research is to develop an energy-based representation of a counter flow single 

phase heat exchanger. The energy-based representation must depict the energy as well the 

effects that change the energy of the heat exchanger. The energy-based representation must 

also be sensitive to changes in the operation of the heat exchanger. The counter flow single phase 

heat exchanger that will be modelled is a double pipe super critical heat exchanger that cools 

warm CO2 with water. 
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Figure 1-2: An illustration of what an energy 
representation might look like 
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1.2.1 Research scope 

The type of heat exchanger used in this study is a double-pipe single-phase counter flow heat 

exchanger. Software that will be used during this study include MATLAB® and Flownex®. 

Experimental data will be gathered on the gas cooler that forms a part of the CO2 test bench to 

be used during model validation. The energy analysis is restricted to the cold fluid. The hot fluid 

has more energy than the cold fluid (because of increased temperature and different molecular 

composition) and therefore yields energy diagrams that are difficult to interpret. The analysis is 

also restricted to modelling both fluids as incompressible. 

1.3. Issues to be addressed 

This section will discuss the issues that need to be addressed by this research. 

1.3.1 Development of an analytical model 

The real-world system, that must be modelled, is a gas cooler that is part of a CO2 test bench. 

The gas cooler can be approximated as a double pipe heat exchanger as it is where hot CO2 is 

cooled with water. 

1.3.2 Verification of the analytical model 

Verification is the process of confirming that the model is correctly implemented in the sense that 

it matches certain specifications and assumptions that one would expect from the process or 

system that is modelled [10]. 

1.3.3 Validation of the analytical model 

Validation can be defined as the process followed to ensure that the analytical model, within its 

domain of applicability, has a satisfactory range of accuracy when compared to the real-world 

system that was modelled [11]. 

1.3.4 Energy representation 

The energy representation is a visual illustration of the energy of the heat exchanger. The 

representation can include the energy stored in the system, the change of the energy of the 

system, and the flow of energy in and out of the system. 
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1.3.5 Sensitivity of the energy representation  

The sensitivity of the energy representation is a measure of how the energy representation 

changes when the heat exchanger operating conditions change. For the energy representation 

to be useful, it must change even in the presence of minute changes in heat exchanger operation.  

1.4 Methodology 

The methodology followed for this research is given in this section. Figure 1-3 illustrates the high-

level methodology followed.  
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1.4.1 Development of an analytical model 

The analytical model will be derived based on the properties of the fluids and the real-world 

system. The laws of conservation of mass, momentum, and energy will be used to derive 

equations that describe the heat exchanger. The model will be implemented and solved in 

MATLAB®. Two additional models will be derived to be used as fault models when the sensitivity 

of the heat exchanger is evaluated. The fault models will simulate a fluid leak and a heat leak. 

Start

Derive analytical 
models 

Verification with 
Flownex

Is verification 
successful?

Yes

No

Validation using 
experimental data

Is validation 
successful?

Yes

No

Energy-based 
representation

Evaluation of the 
sensitivity of the 
energy-based 
representation

End

Evaluate and 
improve model

Evaluate and 
improve model

Figure 1-3: The high level methodology followed for this research 
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1.4.2 Verification of the analytical model 

The heat exchanger will be modelled in Flownex® on a component level to solve for the variables 

of interest. Verification will be done by comparing the results of the Flownex® model to the 

analytical model. 

1.4.3 Validation of the analytical model 

The mechanical engineering department at the North-West University has a CO2 test bench 

where experiments can be conducted. The test bench consists of a compressor, gas cooler, 

expansion valve, and an evaporator. The experiments will be done on the gas cooler as the gas 

cooler is a type of heat exchanger. The gas cooler is where hot CO2 is cooled with water. The 

experimental data and the results of the analytic model can be compared to validate the analytical 

model. 

1.4.4 Energy representation 

The energy of the heat exchanger will be visualised using entropy interaction–energy interaction 

(S–E) graphs [1]. These energy representations depict the energy and entropy present in the heat 

exchanger system based on the second law of thermodynamics. It is beneficial to describe the 

heat exchanger in entropy and energy, because both of these quantities are sensitive to changes 

and entropy can be used for optimisation. 

1.4.5 Sensitivity of energy representation 

In order to measure the sensitivity of the energy representation, changes must be induced in the 

heat exchanger operation. Changes will be induced in the operation of the heat exchanger by 

changing the operating point or by inducing faults into the heat exchanger operation. 

1.5 Outline of Dissertation 

This dissertation consists of six chapters and two appendices.  

Chapter 2 provides an overview of heat exchanger configurations and manners of heat transfer. 

Common heat exchanger modelling techniques and energy concepts such as entropy, exergy, 

and heat exchanger optimisation techniques are described as well. Chapter 2 concludes with a 

critical review of the presented literature. 

Chapter 3 describes the derivation process of the analytical model using the laws of conservation 

of mass, momentum and energy. Two fault models are also derived to be used during the 
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evaluation of the sensitivity of the energy representation. Chapter 3 concludes with the simulation 

results of the analytical model and the fault models. 

Chapter 4 presents verification of the analytical and fault models with Flownex® models. The 

validation procedure, experimental setup, and validation of the analytical model are also given in 

Chapter 4. Appendix B includes the tables listing the raw experimental data. 

Chapter 5 provides an overview of the technique used to create the energy representation along 

with an illustrative example. The energy representation created under normal and fault conditions 

is also shown. Chapter 5 concludes with the evaluation of the sensitivity of the energy 

representation.  

Chapter 6 concludes the research with conclusions, recommendations and closure. 
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CHAPTER 2 LITERATURE STUDY 

2.1 Introduction 

The literature, regarding the modelling and visualisation of the energy of the heat exchanger, can 

be broken down into sections, namely: (i) heat exchanger theory, (ii) heat exchanger modelling 

techniques, (iii) energy concepts, (iv) visualisation, and (v) optimisation. Each of these sections 

is discussed briefly in the literature survey regarding current research. The literature study then 

continues with heat exchanger theory regarding heat exchanger configurations and heat transfer 

mechanics. An overview of four common heat exchanger modelling techniques is given and 

concepts such as energy, entropy and exergy are reviewed. Four heat exchanger optimisation 

techniques are discussed briefly, after which this chapter concludes with a critical review of all the 

literature presented. 

2.2 Literature survey 

The concept of heat transfer has been around since the dawn of civilisation. Scientific studies 

regarding heat transfer can be dated back to 1700 when Newton conducted studies on the 

capabilities of heating a solid with steam from a hot fluid. It was not until the late 19th and early 

20th centuries that the value of heat transfer for technical purposes was realised. With the 

invention of the steam machine and the need for more effective heat transfer, heat exchangers 

truly became a fundamental part of industrial processes. 

Heat exchanger technology has rapidly advanced in the last century due to the increasing demand 

for more efficient and cost effective heat exchangers [12]. Heat exchangers come in a variety of 

configurations depending of the application the heat exchanger was designed for. Shell-and-tube 

heat exchangers, for example, have a large heat transfer area but cannot operate at very high 

pressure [13]. Double-pipe heat exchangers, on the other hand, can operate at high pressure and 

are particularly advantageous when small heat transfer areas are a requirement [5].  

In order to understand and analyse the phenomena present in a heat exchanger, a model can be 

used. A model is a mathematical, logical or mechanical representation of a system designed in 

such a way that a study of the model results in a summary of the complex processes of the real-

world system or the illustration of a theory [14]. A few common methods used to model heat 

exchangers include: analytical modelling, CFD software [15], artificial networks modelling [16], 

and object-orientated modelling [17]. Once the model is completed, analysis and optimisation of 
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the system can begin. Energy is a concept that is sometimes used when analysing and optimising 

a heat exchanger [18]. 

Energy is closely linked to industrial processes and it is estimated that almost 80% of energy 

consumption in the industry is related to heat transfer [19]. Current research is focused on using 

energy and two energy related concepts namely exergy and entropy, for analysis and optimisation 

purposes. Exergy is a measure of the usable energy of a system with respect to the environment. 

Exergy is destroyed whenever an irreversible process occurs in a system. Exergy destruction 

can, thus, be used as a basis for optimisation [20]. Entropy is a measure of the discord of a system 

[20]. Entropy generation, on the other hand, is a measure of the efficiency of a system and can 

be used as a means of optimisation [1]. 

Bejan [1] proposed that a visual representation of a system can be a valuable analysis tool. Heat 

exchanger representations, however, are an area that little work has been done on. Bejan [1] 

developed two thermal system representation techniques, namely the entropy interaction–energy 

interaction (S–E) diagram and the temperature–energy interaction (T–E) diagram. S–E diagrams 

visually show the entropy and energy flows and changes of a system. It is beneficial when 

modelling open systems with one or more mass flow rates across the system boundary. T–E 

diagrams are useful when visualising the imperfect performance of closed thermodynamic 

systems that operate steadily or in cycles [1]. 

Muralikrishna et al. [21] used a pressure drop diagram to determine the feasible region for the 

design of a shell-and-tube heat exchanger. The feasible region was defined in such a way to 

eliminate the trial-and-error process often encountered during the design phase. Picón-Núňez et 

al. [22] proposed a graphing approach that aids in the preliminary design of heat exchangers. 

Several geometric parameters, including shell diameter and tube length, are used as axis values. 

Curves, such as heat load and pressure drop, are plotted on the graph surface and the optimal 

design space is where these curves intersect. This graphing approach allow the designer to 

change certain parameters in order to achieve an optimal design. 

In pursuit of improved heat transfer, substantial efforts have been made to define various 

optimisation methodologies. Optimisation research can be divided into two main categories: (i) 

the evolutionary algorithm optimisation method and (ii) the mathematical programming 

optimisation method [23]. Different perspectives on these methods can include, but is not limited 

to, second law analysis, distinctive evolutionary optimisation, single-geometric optimisation, and 

multi-objective optimisation. Second law analysis includes techniques such as entropy generation 

minimisation [24] and entransy dissipation theory [25]. Distinctive evolutionary algorithm 
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techniques include using a particle swarm [26] and a chaotic quantum-behaved particle swarm 

[27] for heat exchanger optimisation. Single-geometric optimisation is done by optimising a single 

geometric parameter of the heat exchanger such as the space between the baffles of a shell-and-

tube heat exchanger to reduce the capital investment [28]. Multi-objective optimisation is the 

process where the most optimal solution is found when considering several parameters. Sanaye 

et al. [29] used multi-objective optimisation to maximise the efficiency and minimise the cost of a 

shell-and-tube heat exchanger. 

Another focus of heat exchanger optimisation is to increase the thermodynamic properties of the 

fluid and to increase the heat transfer area. The heat transfer area of a heat exchanger can be 

increased by adding fins inside the tubes. Recent studies conducted to improve heat transfer 

potential are centred on nanofluids. Nanofluids are liquid suspensions containing particles that 

are smaller than 100nm [30]. Nanofluids have been proven to be effective in heat transfer due to 

enhanced properties such as conductivity when compared to the carrier fluid alone [31]. 

Nanofluids with suspensions such as Al2O3, TiO2 and SiO2 have been proven to have increased 

conductivity [32]. Nanofluids have been shown to be advantageous in several heat exchanger 

configurations, including shell-and-tube heat exchangers [33], double pipe heat exchangers [34], 

and plate heat exchangers [35].  

2.3 Heat exchangers 

Heat exchangers have many uses in industrial processes and are classified according to certain 

criteria. The classification criteria include aspects such as heat transfer mechanisms, geometry 

and flow arrangement [5]. This section provides a broad overview on the different configurations 

of heat exchangers, as well as more detail concerning the three most common heat exchangers 

used in industry. An overview on the different heat transfer mechanisms is also provided. 

2.3.1 Heat exchanger configurations 

This section provides a brief overview of the three most common heat exchanger configurations 

used in industry, including a summary of the uses, advantages and disadvantages of each type 

of heat exchanger. 

2.3.1.1 Shell-and-tube heat exchanger 

Shell-and-tube heat exchangers are constructed from two main components: the shell and the 

tubes. The shell side is where the cold fluid flows and inside the tubes are where the hot fluid 

flows. The shell can contain several baffles forcing the cold fluid to flow in a criss-cross pattern 
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over the tubes. The baffles cause leakage streams. These leakage streams reduce the velocity 

of the fluid and as a consequence the heat transfer coefficient is reduced in exchange for a longer 

contact time between the two fluids [36]. Roughly 35-40% of all heat exchangers used in global 

industry are shell-and-tube heat exchangers. [12].  

2.3.1.2 Plate heat exchanger 

Plate heat exchangers consist of flow channels made of plates that are corrugated. The plates 

are stacked together with gaskets between them. Once assembled the corrugations on 

successive plates form narrow flow channels [37]. A plate heat exchanger exposes the fluids to a 

much larger surface area. The increase in surface area increases the heat transferred. Plate heat 

exchangers can be manufactured in three ways depending on the method used to seal the flow 

channels: gasket, welded, or module welded [38]. 

2.3.1.3 Double-pipe heat exchanger 

A double-pipe heat exchanger consists of two concentric pipes with the hot fluid in the centre pipe 

and the cold fluid in the outer pipe. In order to improve the heat transfer, axially placed fins can 

be inserted into the bigger pipe to increase the heat transfer surface area. The fluids usually flow 

in opposite directions resulting in a counter-flow heat exchanger. Manufacturing of double-pipe 

heat exchangers occurs in modules such that these modules can be connected to produce any 

desired heat transfer capacity [7]. Table 2-1 provides a few advantages, disadvantages, and main 

uses of the three heat exchanger types discussed. 

 

Table 2-1: Uses, advantages, and disadvantages of different heat exchangers 

Configuration Main Uses Advantages Disadvantages 

Double-pipe  Sensible heating 
or cooling of 
process fluids 
where small heat 
transfer areas are 
required [5] 

 Particular advantages 
when the fluids are at 
high pressure that 
would cause increased 
costs to strengthen the 
shell of a conventional 
shell-and-tube heat 
exchanger [7] 

 Bulky and 
expensive per unit 
transfer area [5] 

Shell-and-tube  Transformer oil 
cooling 

 Exhaust gas heat 
recovery 

 Large heat transfer 
area per unit volume 

 Wide range of 
operating conditions 

 High pressure drop 

 Low shell side 
mass flow rate  

 Short operation 
time [40] 
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Configuration Main Uses Advantages Disadvantages 

 Solvent distillate 
processes [39] 

 Versatile materials 
used in construction 
[13] 

Plate  A wide range of 
chemical and 
industrial 
applications 

 Preferred in the 
food industry for 
easy cleaning, 
suitability in 
hygienic 
applications, and 
temperature 
control needed for 
sterilisation and 
pasteurisation [38] 

 More compact designs 

 Large surface area in 
small volume 

 Easily modifiable by 
increasing or 
decreasing the number 
of plates [38] 

 Not suitable for 
heat exchange 
between gasses 
because of large 
pressure drop [37] 

 Limited operational 
range [38] 

 

2.3.2 Heat transfer mechanisms 

Heat is transferred from one medium to the other due to a temperature difference. Transfer of 

heat occurs in three ways. Conduction heat transfer involves the transfer of heat through a 

surface. Convection heat transfer describes the transfer of heat between flowing fluids and a 

surface such as a fluid flowing in a pipe. Radiation heat transfer describes the transfer of heat via 

electromagnetic waves. The next section discusses each of these methods of heat transfer 

shortly. 

2.3.2.1 Conduction 

Conduction heat transfer occurs inside a solid that has a temperature difference across it. The 

difference in temperature causes energy to move from the higher temperature area to the lower 

temperature area [41]. The equation for conductive heat transfer is known as Fourier’s law and is 

given by 

 
.

x

dT
Q k

dx
  .  (2.1) 

The heat flux, Q̇x, [W/m2] is the heat transfer rate per unit area while k symbolises the thermal 

conductivity [W/m.K] of the solid. The temperature gradient of the solid is given by dT/dx [K/m] for 

the x-direction. If one considers the temperature distribution to be linear, Fourier’s law is written 

as  
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Equation (2.2) is only valid when conduction takes place through a flat plate or surface. In the 

case of a pipe (cylinder), the general form of the heat equation (Fourier’s law) is given as [41], 
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2.3.2.2 Convection 

Convection heat transfer is the transfer of energy from a surface to a fluid or vice versa. Two 

types of convection are typically investigated: forced convection and natural convection. Forced 

convection occurs when the fluid is flows over the surface much like a fan forces air over a heat 

sink. Natural convection occurs when the fluid moves due to density changes within the fluid 

caused by the addition or extraction of thermal energy [41]. The convection heat transfer equation 

is known as Newton’s law of cooling and is given by  

 
.

(T )sQ h T


  .  (2.4) 

The convective heat flux, Q̇ [W/m2] is proportional to the difference between the fluid temperature, 

T∞ [K] and the surface temperature, Ts [K]. The convective heat transfer coefficient, h [W/m2.K] is 

the proportionality constant and is dependent on variables such as fluid and solid properties as 

well as the motion of the fluid [41]. 

2.3.2.3 Thermal radiation 

Every form of matter that is at a finite temperature emits thermal radiation in the form of 

electromagnetic waves. Unlike convection or conduction heat transfer, radiation heat transfer 

does not require a medium and is most efficient in a vacuum [41]. The Stefan-Boltzmann law 

gives the maximum energy that can be emitted from an ideal object as  

 4

b s
E T ,  (2.5) 

with Eb the energy emitted [W/m2], σ the Stefan-Boltzmann constant (5.67x10-8W/m2.K4) and Ts 

the absolute temperature [K] of the matter. However, all matter is not ideal, therefore, there is a 

non-ideal form of (2.5) as given by 

 4

b s
E T ,  (2.6) 
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with 0≤ε≤1 termed the emissivity of the object. Objects can not only emit thermal radiation but 

also absorb thermal radiation at a rate of G [W/m2]. As with the emission of thermal radiation, 

non-ideal objects also absorb radiation at a non-ideal rate as given by 

 absG G .  (2.7) 

The thermal absorptivity, 0≤α≤1, is a measure of how well the object absorbs or reflects thermal 

radiation. The net change in the thermal radiation emitted and absorbed by an object is given by 

 " 4 4( ) ( )rad b s s sur

q
q E T G T T

A
       .  (2.8) 

2.4 Heat exchanger modelling techniques 

This section will provide an overview of different heat exchanger modelling techniques that are 

common in the literature. These techniques include analytical modelling, CFD modelling, artificial 

neural network modelling, and object orientated modelling. 

2.4.1 Analytical models 

Analytical modelling of heat exchangers usually start with the three governing equations. The 

conservation of mass, momentum and energy equations describe the processes of the heat 

exchanger in both the hydrodynamic and thermodynamic domains. The conservation of mass, 

momentum and energy equations, respectively, are given by 

 ˆ 0
CV CS

dV dA
t

 


 
   v n ,  (2.9) 

 ˆ.
CV CS CS CV

dV dA dA dV
t

   
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    v v v n  and (2.10) 

 ˆ

CV CS

e dV e dA Q W
t

 


   
   v.n .  (2.11) 

In order to simplify the governing equations, methods like control volumes and discretising of the 

equations can be implemented. The concept of control volumes involves dividing the system to 

be modelled into non-overlapping volumes [42]. The control surface separates the control volume 

from its surroundings. The control surface may be open or closed to mass and energy inflow and 

outflow [43]. The main advantage of the control volume approach is that control volumes are a 

small representation of the system. If the governing equations are valid for a single control 

volume, they are valid for all similar control volumes and the system as a whole [44]. 
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Discretising the governing equations is the process used to simplify them by deriving them for 

only certain points in space and time. The points where the differential equations will be derived 

for are known as main grid points. When one solves all three the governing equations on the 

same main grid point, several difficulties may arise in the solution [42]. Patankar [42] solved this 

problem by defining what is known as a staggered grid. By inserting control volumes around each 

main grid point one can define secondary grid points on the control surface of each control 

volume.  

On the staggered grid the conservation of mass and conservation of energy equations are solved 

on main grid points and the conservation of momentum equation is solved on secondary grid 

points. This eliminates the problems of using a single grid point for each of the three governing 

equations [42]. The main advantage of analytical models are that one gains a deeper insight into 

the physical properties of the real-world system being modelled. The main disadvantage of 

analytical models are the complexity of the equations and the assumptions that have to be made 

to decrease the complexity of the model [16]. 

2.4.2 CFD software 

With the increase in the processing power of modern-day computers, research into fluid flow is 

taking advantage of this in the form of computational fluid dynamic (CFD) software. CFD software 

takes advantage of a computer’s power to numerically solve the fundamental non-linear 

differential equations that describe fluid flow (such as the Navier-Stokes equation). The main 

advantage of CFD software is that engineers can simulate complete systems and easily make 

changes without the effort and cost of implementing the real-world system [45]. The main 

disadvantages of CFD software are the cost of the software and the additional training time 

needed to use the software. 

2.4.3 Artificial neural networks 

Analytical models involve complex mathematics and assumptions and experimental methods 

require expensive equipment. Artificial neural network (ANN) based models were developed to 

overcome these difficulties. The ANN can identify the nonlinear relationship between the input 

and output data based on the provided sets of training data. When developing the ANN to model 

the heat exchanger it is important to accurately select the ANN parameters like the number of 

neurons in the input layer or the network architecture. Incorrectly selecting the ANN parameters 

can affect the accuracy of the model. The number of neurons in the input layer is equal to the 

number of heat exchanger parameters needed to optimise the heat exchanger. The number of 
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neurons in the output layer is equal to the number of heat exchanger parameters that need to be 

optimised. Once the ANN has been designed, training can begin [16]. 

The ANN is trained with sets of matching input and output data and a learning method. The value 

of the weight coefficients between the neurons are adjusted as the training data are learned. The 

performance of the trained ANN must then be evaluated using statistical methods such as the 

root mean square error and the absolute fraction of variance. The ANN parameters can be 

adjusted by a trial-and-error process to obtain the optimal values for these parameters. The main 

advantage of an ANN is the increased accuracy and that no equations or system descriptions are 

required. The main disadvantage is that an ANN is regarded as a black box. This implies that only 

the inputs and outputs of the ANN is known and the calculations made to get the output values 

from the given input values are unknown [16]. 

2.4.4 Object-orientated modelling 

Object-orientated modelling (OOM) is an approach used to model the components of heat 

exchangers as a set of interconnected objects. For instance a heat exchanger has two fluid 

streams and a separation wall. The cold fluid can be modelled as an object connected with a 

terminal to the separation wall object. Objects need to be properly defined in terms of properties 

and terminals in terms of transfer mechanics. The main advantages of defining the components 

of a heat exchanger as objects are the possibility of multiple inheritance and the declaration 

feature. These advantages result in a clear model structure and increased model flexibility [46]. 

A result of the object-orientated approach is the Modelica® project. Modelica® is described as a 

non-proprietary, object-oriented, equation-based modelling tool [47]. 

2.5 Energy, exergy and entropy 

When one attempts to describe a process in terms of energy it is important to know the meaning 

of energy, and the different forms of energy used to describe systems. The unit of energy is the 

Joule [J] and is a measure of the amount of work a system can do [20]. However, not every last 

joule a system possesses can be used for work. Some of the energy is physically captured in the 

molecules of the matter as internal energy [48]. A new quantity is needed that takes into 

consideration not only the energy of the system but also the quality or work potential of the energy. 

To this end, two quantities were defined: entropy and exergy [48]. 
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2.5.1 Energy 

Energy is the capability of a system to produce an effect. Energy can be transferred through 

various ways (heat transfer, chemical change, combustion) and can be stored in various systems 

[43]. The first law of thermodynamics states that energy cannot be created or destroyed but only 

transferred from one form to another [48]. The first law of thermodynamics can be expressed in 

equation form as given by 

 system in uitE E E   .  (2.12) 

The term on the left of (2.12) symbolises the change in energy of the system. The first term on 

the right is the inflow of energy and the second term on the right represents the outflow of energy. 

Any heat transfer interaction, Q̇ [W], or work, Ẇ [W], done on the system is positive when entering 

the system and negative when leaving the system. Although energy is a valuable tool in heat 

transfer analysis, entropy and exergy analysis has many advantages over a purely energy-based 

approach [48]. 

2.5.2 Exergy 

Some thermodynamic systems are in equilibrium within itself but not in mutually stable equilibrium 

with the surroundings. Exergy is defined as the maximum amount of useful work that a reversible 

system can produce with respect to a specific environment or ambient condition [49]. The 

properties of the environment, for instance, temperature, pressure and chemical composition, 

need to be specified. Exergy is not only a thermodynamic property but also a co-property of the 

system and the environment [48]. The exergy of a system may be expressed as follows: 

 0(S S )tot tot

x eqE T  .  (2.13) 

The temperature of the environment is given by T0 [K] while 
tot

eqS  and Stot represent the entropies 

[J/K] at thermodynamic equilibrium and a certain deviation from equilibrium respectively. Exergy 

and exergy destruction have become valuable tools in heat exchanger analysis and optimisation 

[50]–[53]. 

2.5.3 Entropy 

The first law of thermodynamics describes the quantity of the energy of the system but does not 

give any indication of the quality of the energy. On the other hand, the second law of 

thermodynamics describes the quality of the energy and shows that not all the energy of a system 
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can be used effectively or used at all [54]. The entropy of a system has the following three 

characteristics. Firstly, the entropy of a system is a measure of its disorder. Secondly, a system 

can only generate entropy and not destroy it. Thirdly, entropy can be increased or decreased by 

energy being transported over the system boundary [48]. The second law of thermodynamics is 

stated by the following two equations: 

 
in out

Q dS
ms ms

T dt
    ,  (2.14) 

 0gen

in out

dS Q
S ms ms

dt T
      .  (2.15) 

The term on the right of the equal sign in (2.15) is the entropy generation rate and can never be 

smaller than zero. The first term on the left of the equal sign is the change in entropy. The second 

and third terms on the right of the equal sign represent the inflow and outflow of entropy with ṁ 

the mass flow rate [kg/s] and s the specific entropy [J/kg.K]. Any entropy entering or leaving the 

system due to heat transfer is given by Q̇/T [W/K]. Entropy generation (Ṡgen) is used to evaluate 

the irreversibility of a process. A process that generates zero entropy is completely reversible 

[55]. The application of entropy to the optimisation and analysis of a heat exchanger was 

investigated thoroughly with special attention to the entropy generation minimisation technique 

[1][56]. 

2.6 Heat exchanger optimisation techniques 

The optimisation of heat exchangers and heat transfer, in general, has received increased 

attention due to the energy crisis [57]. A number of optimisation techniques were developed 

including second law analysis, distinctive evolutionary analysis, single-geometric analysis, and 

multi-objective analysis, all of which are briefly discussed in this section. 

2.6.1 Entransy theory 

Guo et al. [58] defined entransy as a physical property for the optimisation of heat transfer and 

has been derived using the similarities between the electrical and thermal domain. Entransy 

corresponds to the electrical energy stored in a capacitor and is given by 

 
1 1

2 2
h vh h vhE Q U Q T  .  (2.16) 
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Qvh gives the thermal energy [J] stored in an object at constant temperature and Uh or T the 

thermal potential [K]. Guo et al. found that, during experimentation, entransy describes an object’s 

ability to transfer heat. The authors also found that entransy is dissipated due to thermal 

resistance when heat conduction through a medium takes place. This observation leads to a 

definition of entransy transfer efficiency that is the basis for the extremum principle of entransy 

dissipation and the minimum thermal resistance principle. Both of these principles can be used 

as a means of optimisation. 

2.6.2 Entropy generation minimisation 

Every irreversible operation in a system generates entropy, therefore the purpose of entropy 

generation minimisation is to identify and optimise the components responsible for the entropy 

generation [1]. In a real-world heat exchanger, the most common form of entropy generation is 

heat transfer and fluid flow with friction. 

Bejan [1] proved that by choosing an optimal flow path and heat transfer area, entropy generation 

can be minimised. The implications of this are that the optimal flow path is inversely related to the 

mass velocity. This relation means that the faster the fluid flows, the shorter the optimal path 

length will be. This allows one to make a sensible choice regarding the length needed for the heat 

exchanger for minimum entropy generation during the design phase. Secondly, the entropy can 

be minimised by using a larger heat transfer area. Bejan found that when the heat transfer area 

is sufficiently large, less entropy will be generated [1]. A direct consequence of a larger heat 

transfer area is lower fluid velocities and, as a result, less entropy generation. 

Minimising the entropy during the design phase might not always be the best approach as one 

will overlook things like cost or space. In most heat exchanger applications there will always be a 

cost or space constraint. Simply increasing the heat transfer area, therefore, might not be an easy 

task or cost effective.  

2.6.3 Distinctive evolutionary optimisation 

A common evolutionary computation technique is particle swarm optimisation (PSO). PSO has 

key features of evolutionary computational techniques such as the initialisation of a population 

with random solutions and searching for the optimal solution by updating the particles. Each 

potential solution of the problem modelled with PSO is represented by a particle. Each particle 

has current unique coordinates and the coordinates of the optimal solution it has found thus far. 

The coordinates of the most optimum solution found by any particle in the swarm is also recorded. 
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The solution of the particle swarm is done by updating the velocity of each particle towards the 

coordinates of its personal best and the global best solutions [26].  

The equations governing the velocity change consist of random values and weighted velocity 

constants. The purpose of these constants is to change the behaviour of the swarm. Lower values 

for these constants allows the particles to roam further away from the current optimal solutions, 

while higher values result in sudden movements towards or past the current optimal solution. The 

choice of constants greatly affect the performance of the particle swarm and by carefully choosing 

optimal values for the constants the performance of the swarm can be greatly increased [26]. 

2.6.4 Multi-objective optimisation 

Multi-objective optimisation is the process by which a heat exchanger is optimised based on more 

than one parameter. Most cases of multi-objective optimisation in literature is the maximising of 

a heat exchanger parameter, like efficiency, and the minimising of a cost or emission parameter. 

Once the parameters of interest have been decided upon, optimisation usually occurs by 

employing an algorithm that iterates through the different solution sets until an optimal solution 

has been reached [59], [60].  

Kang [59] et al. used multi-objective optimisation to minimise the annual cost and total CO2 

emissions of a heat exchanger network retrofitted with a heat pump. The optimal solution of these 

two objectives is derived by solving the heat exchanger model and plotting the Pareto front. Wang 

[60] et al. proposed the optimal design of plate fin heat exchangers using an improved multi-

objective cuckoo search algorithm. The authors optimize the heat exchanger by simultaneously 

minimizing the entropy generated due to heat transfer and fluid friction. It can be seen from the 

studies discussed above that multi-objective optimisation always occurs in two steps: the 

definition of the parameters to optimize and the optimising of the selected parameters using. 

2.7. Critical review of literature 

Chapter 2 provided a broad overview on the configurations of heat exchangers including a 

discussion on the three most common type of heat exchangers found in the industry: shell and 

tube heat exchangers, plate heat exchangers, and double-pipe heat exchangers. A short review 

of the three manners of heat transfer, conduction, convection, and radiation was also provided. 

Once the phenomena of a heat exchanger are understood a model for the heat exchanger can 

be created. Several modelling approaches were reviewed including analytical modelling, CFD 

software, artificial neural network modelling and object-orientated modelling. The advantages and 
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disadvantages of these techniques were discussed and after careful evaluation the method to be 

used in this study was chosen as analytical modelling. The use of an analytical model allows one 

to calculate and evaluate the parameters needed to create the energy representation. Complexity 

is not a requirement for this study, thus, a representative heat exchanger model will be sufficient. 

When evaluating the energy of a heat exchanger, an entropy or exergy analysis usually 

accompanies the energy analysis. A review on energy, entropy and exergy was provided in this 

chapter and it was decided to base the heat exchanger of this study on energy and entropy. The 

reason for choosing entropy and energy is twofold. Firstly, the heat exchanger is regarded as an 

open system. Entropy and energy are useful for analysis of open systems; because the entropy 

and energy flows in and out of the system are useful parameters for fault detection and 

optimisation. Secondly, the method that will be used to create the energy representation of the 

heat exchanger is energy and entropy based.  

Little literature is available on the application of graphing techniques as a means of creating an 

energy-based representation of a heat exchanger. Several graphing techniques were identified, 

but only the entropy interaction–energy interaction (S–E) diagram developed by Bejan [1] is 

suitable to this study. The S–E diagram depicts the flows of the entropy and energy of the heat 

exchanger system and is advantageous when used for an open system. This visual indication of 

the energy and entropy of the system can be used as a means to identify the current state of the 

system and possibly the detection of faults. 

The optimisation of heat exchangers is a research area that has gained increased attention over 

the last few years. Several optimisation techniques were discussed in this chapter including 

entransy theory, entropy generation minimisation, particle swarm optimisation, and multi-objective 

optimisation. After a review of these techniques it was concluded that entropy generation 

minimisation is the technique best suited for this study. Entropy generation minimisation has been 

verified in literature as being an excellent optimisation technique and the energy-based 

representation is compatible with the entropy generation minimisation technique. For these 

reasons entropy generation minimisation is deemed as the best choice for optimising the heat 

exchanger of this study. Although optimisation of a heat exchanger is not part of this study, it is 

important to evaluate the possibility to use the energy representation of the heat exchanger as a 

means for optimisation for the purposes of further study.  
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CHAPTER 3 SYSTEM MODEL 

3.1 Introduction 

An analytical model is a mathematical representation of a real-world system. In order to derive an 

analytical model, the physical system that needs to be modelled must be defined in terms of 

certain parameters. An overview of the CO2 test bench is provided, with specific attention to the 

gas cooler on which the analytical model is based. The methodology followed to derive the 

analytical model is also provided. The analytical model is derived by applying the staggered grid 

approach [42] to the heat exchanger in order to discretise the heat exchanger in one-dimensional 

space. The differential equations, describing the phenomena present in the heat exchanger, are 

derived by using the laws of conservation of mass, momentum and energy. The analytical model 

is simulated to evaluate the correctness of the equation responses. The derivation of the 

mathematical models for two fault conditions, is also given in this chapter. The fault models will 

be used when evaluating the sensitivity of the energy-based representation. This chapter 

concludes with the simulation of the fault models. 

3.2 Physical system 

The test bench, on which the experiments are to be conducted, is a closed CO2 cycle test bench. 

The test bench consists of a compressor (Figure 3-1 (2)), a gas cooler (Figure 3-1 (1)), an 

expansion valve (Figure 3-1 (3)), and an evaporator (Figure 3-1 (5)). The compressor is a 

reciprocating compressor and increases the pressure of the CO2 past the critical point of CO2 and 

therefore turning into a liquid. 

 

 

 

 

 

 

 Figure 3-1: The CO2 test bench 
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This increase in pressure results in an increase in CO2 temperature and mass flow rate. The CO2 

is cooled with water in the gas cooler. The expansion valve reduces the pressure of the cooled 

CO2 in order to force the CO2 into a liquid state. Lastly, the evaporator heats the CO2 until it is in 

its gaseous state and it is returned to the compressor. This is known as a trans-critical cycle. The 

P-H diagram of this process is given in  

 

Figure 3-2: The P-H diagram of a trans-critical C02 cycle 

Several sensors are visible in Figure 3-1; including pressure, temperature, and mass flow rate 

sensors. All the sensors connect to the programmable logic controller (PLC) (Figure 3-1 (4)) 

where the data of the experiment is logged and made available via a web-based interface.  

The gas cooler is a double-pipe counter flow heat exchanger. The hot fluid pipe is made out of 

AISI 304 stainless steel schedule 40 pipe with a diameter of 15.7 mm and resides inside the cold 

fluid pipe. The cold fluid pipe is made out of copper with a diameter of 26.6 mm. The total length 

of the gas cooler is approximately 24 m. A schematic of the gas cooler, with the sensor numbers 

shown, is given below by Figure 3-3. 
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Data are gathered from the test bench via pressure and temperature sensors. In Figure 3-3 the 

sensor numbers in bold depict pressure sensors and sensor numbers that contain the letter W 

depict water temperature sensors. From Figure 3-3 one can see that there are sensors available 

at the inlet and outlet of the gas cooler for both fluids. The inlet and outlet data are critical for 

validation. Mass flow rate is measured by mass flow sensors installed on the hot and cold fluid 

pipes. The mass flow sensors are not connected to the PLC but the mass flow rates can be seen 

on a screen on the mass flow meter. 

3.3 Methodology 

The purpose of deriving an analytical model is to get a representative mathematical model of a 

real-world system. The methodology followed to derive the analytical and fault models are shown 

below in Figure 3-4. 

Figure 3-3: The schematic of the condenser of the CO2 test bench 
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The first step to creating an analytical model is to gather the parameters of the real-world system. 

Parameters needed include geometric parameters, such as pipe diameter and heat exchanger 

length, and pipe and fluid properties, such as density and specific heat. The analytical model will 

be derived using the laws of conservation of mass, momentum, and energy. The use of these 

laws of conservation will result in a set of differential equations that describes the heat exchanger. 

In order to solve the set of differential equations the heat exchanger parameters will be substituted 

into the equations. The equations will be implemented in MATLAB® and Simulink®. 

Once the equations have been derived, a simulation at a specific operating point will be 

conducted. The results of this simulation will be evaluated and it will be determined whether the 

results are reasonable. For instance, if the hot side inlet temperature is 320 K an unrealistic 
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Figure 3-4: The methodology for deriving the analytical model 
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solution would be a cold side outlet temperature of 400 K. Once the model results are satisfactory, 

the derivation of two fault models will be done. The faults that will be induced in the heat 

exchanger are heat leakage and fluid leakage. 

The heat leakage model simulates an area on the heat exchanger where no insulation is present, 

resulting in energy leaking out of the heat exchanger system via convection heat transfer with the 

atmosphere. The fluid leakage model simulates a rupture of the heat exchanger pipe where fluid 

flows out. Both the fault models will be simulated and the simulation results will be evaluated to 

determine if the results are reasonable. The purpose of these fault models is to induce changes 

in the heat exchanger operation that will be used when evaluating the sensitivity of the energy 

representation. 

3.4 Model assumptions 

When modelling a real-world system, it is important to know under which assumptions and 

constraints the system model is derived. In the context of this work, assumptions are regarded as 

decisions made to reduce the complexity of the mathematical model and constraints are limits or 

constant values placed on certain parameters to simplify the solution process. Three categories 

exist for the constraints, namely: (i) fluid, (ii) the separation wall, and (iii) heat transfer.  

The first set of constraints apply to the cold fluid. The thermodynamic properties of the cold fluid 

do not vary significantly enough under the operating conditions of this study to justify variable 

thermodynamic properties. The density and specific heat of the cold fluid, therefore, remain the 

same irrespective of where the fluid is in the pipe. 

The constraints for the hot fluid must be better defined because the properties of CO2 change 

substantially with pressure and temperature. The hot fluid constraints specify that the density of 

CO2 is different for every main and secondary grid point and constant for the duration of the 

simulation. This rule also applies to the specific heat of the nodes and the enthalpy of the 

elements. The advantages these constraints provide are twofold. Firstly, to increase the accuracy 

of the model the definition of the properties of CO2 must occur on more points. Secondly, these 

constraints reduce the difficulty of the solution process. It is difficult to accurately calculate the 

thermodynamic properties of the hot fluid during a simulation. As a solution to this problem, the 

thermodynamic properties of the hot fluid are taken directly from Flownex®. Flownex® uses 

experimental data to accurately calculate the thermodynamic properties of the fluid at the given 

pressure and temperature.  
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The second pair of constraints is related to the separation wall. As with water, the thermodynamic 

properties of stainless steel do not vary significantly under the operating conditions of this study, 

for this reason, the density and specific heat of the separation wall are constant. 

The last pair of constraints is relevant to the heat transfer coefficients of both fluids. Each main 

grid point of the fluids has a constant heat transfer coefficient that is calculated by Flownex®. 

Again this is done to simplify the model due to the difficulty involved in calculating the heat transfer 

coefficients during a simulation. 

Certain assumptions can be made to decrease the mathematical complexity of the model. Listed 

below are the assumptions made for this study: 

 Perfect insulation of the cold pipe against the environment; 

 All flow is turbulent; 

 The Darcy-Welsbach friction factor is constant; 

 The pipes are always regarded as filled with fluid; 

 Heat transfer is considered as perfectly uniform across the heat transfer area. 

3.5 Analytical model 

The derivation process begins with Figure 3-5 showing a simplified two-dimensional layout of a 

double-pipe heat exchanger. 

 

 

 

 

Figure 3-5: A two-dimensional layout of the double pipe heat exchanger 

The diameter of the hot fluid pipe is denoted by dh, dc indicates the diameter [m] of the cold fluid 

pipe, and l denotes the length [m] of the heat exchanger. The separation wall signifies the 

thickness of the pipe and has a diameter of dw. 

The staggered grid approach can be applied to Figure 3-5 by defining two main grid points each 

for the hot fluid, the separation wall, and the cold fluid respectively. A control volume can then be 

defined around the main grid points and secondary grid points can be inserted on the faces of the 
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control volumes resulting in three secondary grid points each for the hot fluid and the cold fluid. 

This process will result in a lumped-parameter model and is shown in Figure 3-6. 

In Figure 3-6 main grid points are represented by rectangles (denoted with the letter M) and will 

be referred to as nodes. Secondary grid points are represented by circles (denoted with the letter 

S) and will be referred to as elements. The laws of conservation of mass and energy will be solved 

at nodes for pressure and temperature respectively. The law of conservation of momentum will 

be solved at elements for mass flow rate. The nodes of the separation wall (MW1 and MW2) will 

only be used to solve for temperature using the law of conservation of energy.  

 

Figure 3-6: The staggered grid approach for the heat exchanger 

The model inputs are the inlet temperatures, Th,in and Tc,in, inlet pressures Ph,in and Pc,in, and outlet 

pressures Ph,out and Pc,out. In the fluid-dynamic domain the six elements signify points where the 

six mass flow rates ṁh1, ṁh2, ṁh3, ṁc1, ṁc2 and ṁc3 will be calculated. The four fluid nodes signify 

points where the four pressures Ph1, Ph2, Pc1 and Pc2 will be calculated. In the thermodynamic 

domain, the six nodes signify points where the six temperatures Th1, Th2, Tw1, Tw2, Tc1 and Tc2 will 

be calculated. Thermal energy is transferred to the separation wall from the hot fluid via 

convection and from the separation wall to the cold fluid again via convection. 
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3.5.1 Governing equations 

When one models a multi-domain system like a heat exchanger, it is best to start with the three 

conservation laws governing the behaviour of the heat exchanger. The equation used for 

calculating the pressure at the main grid points is the conservation of mass equation shown below 

 ˆ 0
CV CS

dV dA
t

 


 
   v n . (3.1) 

The first term on the left gives the change of mass of the contents of the control volume with ρ 

the density [kg/m3] and V the volume [m3]. The second term indicates the net rate of change in 

mass of the control volume. The product, ˆv n is the one-dimensional mass flow rate through the 

control surface. By replacing the integrals with summations the conservation of mass equation 

becomes 

  
 

    1 1( ) ( )i
j j j j

dM
Av Av m m

dt
,  (3.2) 

where Mi is the mass [kg] in the ith control volume and ṁj-1 and ṁj are the mass flow rates [kg/s] 

of the jth and jth-1 elements. It would be beneficial to describe the law of conservation of mass in 

terms of pressure. This can be achieved by introducing a change of variable into (3.2) to pressure 

given by 

 1
i i

j j

i

dM dP
m m

dP dt


  , (3.3) 

with Pi the pressure [Pa] in the ith control volume. The term dM/dP describes the compressibility 

of the fluid and can be written in terms of the bulk modulus, B [Pa] as given by 

 /i

i

dM d
V V B

dP dP




 
  

 
. (3.4) 

The law of conservation of mass for the ith control volume can, thus, be written as 

  1

1i
j j

h

dP
m m

dt C


  ,  (3.5) 

with Ch termed the hydraulic capacitance of the fluid. The hydraulic capacitance is given by 
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h

V
C

B


 .  (3.6) 

The next governing equation to be considered is the conservation of momentum equation which 

is given by 

 ˆ

CV CS CS CV

v dV v v ndA dA dV
t

   


   
     . (3.7) 

The term on the left hand of the equation is the time rate of change of linear momentum of the 

control volume. The first term on the right is the rate of linear momentum flow through the control 

surface. The second term gives the total surface force distribution acting on the control surface. 

Surface forces arise from direct contact between the fluid and a surface, the most common 

surface force is losses due to friction caused by the flow of a fluid over a non-smooth surface. 

The third term represents the total body force distribution acting on the fluid. Body forces are 

forces that act on the fluid without the need for direct contact such a gravity. After integrating and 

rewriting the law of conservation of momentum for a secondary grid point, j, becomes 

 
1

1
( )

j turbh
i i j j j j

dm RR
P P m m m m

dt L L L


    , (3.8) 

with Pi the pressure [Pa] of the node preceding the element j and Pi+1 the pressure [Pa] of the 

node after the element j. The hydraulic inductance is denoted by L and given by 

 
l

L
A

 ,  (3.9) 

with l the pipe length [m] and A the cross-sectional area [m2]. The hydraulic inductance models 

fluid momentum. The hydraulic resistor, Rh, models turbulent loss and is given by 

 
2

1

2
h s

fl
R K

d A

 
  
 

  (3.10) 

with f the friction factor, d the pipe diameter [m] and K the secondary losses. Juslin [61] found in 

his work that when modelling turbulent flow it is necessary to add an additional loss term. This 

additional loss term is denoted by Rturb in equation (3.8) and given by 

 
2

h
turb

R
R   , (3.11) 
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with Rh the hydraulic resistor. The conservation of energy equation is used to model the 

temperature effects of the heat exchanger and is given by 

 ˆ-
CV CS

e dV e v ndA Q W
t

 


  
   . (3.12) 

The energy stored per unit mass is given by e while Q̇ represents all the ways in which energy is 

exchanged between the contents of the control volumes and the surroundings due to a 

temperature difference. The work done on the control volume is denoted by Ẇ and is negligible 

for this study. Replacing the integrals with summations gives 

 
, 1 1( )i

i i v i j j j j conv

dT
V c m h m h Q

dt


 
   , (3.13) 

with Vi the volume [m3], ρi the density [kg/m3] and cv,i the specific heat at constant volume [J/kg.K] 

for the ith control volume. The mass flow rate [kg/s] in and out of the control volume is given by mj-

1 and mj respectively and hj-1 and hj is the enthalpy [J/kg] of the fluid at elements j and j-1. The 

convection heat transfer rate Q̇conv [W] is given by 

 ( )conv iQ hA T T  , (3.14) 

with h the convection heat transfer coefficient [W/m2.K], A the heat transfer area [m2] and Ti and 

T the temperatures [K] of the objects exchanging heat. In the case of the hot fluid the law of 

conservation of energy can be written as 

 
1 1

1 1
( ) ( )i

j j j j i

t t t

dT
m h m h T T

dt C C R
 

    , (3.15) 

with Ct termed the thermal capacitance and given by 

 
t vC V c . (3.16) 

The convection resistance is denoted by Rt and given by 

 
1

t
R

hA
 .  (3.17) 

In the case of the cold fluid, the enthalpy can be set equal to the specific heat times the 

temperatures. This is only valid if the specific heat can be taken as constant. Thus, for the cold 

fluid the conservation of energy equation can be written as 
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1
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dt C C R


    . (3.18) 

The same method outlined above can be used to derive equations for the separation wall. The 

only difference is that the energy inflow into the separation wall is the heat transferred from the 

hot side and the energy outflow from the separation wall is the energy transferred to the cold side. 

3.5.2 System of differential equations 

The process described thus far can now be repeated for each main and secondary grid points in 

order to derive equations for the pressure, temperature and mass flow rates for the heat 

exchanger system. The system of differential equations is given below in (3.19) to (3.34). The 

values for the variables are given in Table A-2 in Appendix A. 
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3.6 Model results 

This section will provide the results of the analytical model for a simulation where a change is 

induced in the hot and cold side inlet pressure and the transient is observed. The model 

implementation is shown, thereafter the results of the two simulations are shown. 
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3.6.1 Model implementation 

The hydrodynamic domain was implemented in MATLAB® using a self-coded backward Euler 

solver. This solver, however, produced unsatisfactory results. Due to the non-linear nature of the 

hydrodynamic domain and the highly dynamic response to the induction of a change in the heat 

exchanger operation, a better solver was needed to solve the equations. It was decided to 

implement the hydrodynamic equations as Simulink® block diagrams. The solver used is ode23tb 

as it allows for the solving of stiff differential equations and employs a variable time step approach 

for better results. Each of the equations was implemented as separate subsystems, and the 

subsystems were connected to form the state space model. The subsystem for the hot side 

pressure and hot side mass flow rate is shown below in Figure 3-7 and Figure 3-8. 

 

 

 

 

The thermodynamic equations were implemented in MATLAB® using a self-coded backwards 

Euler numerical solving technique. This approach is sufficient for the thermodynamic domain due 

to the vastly longer settling time and almost no dynamic response to changes in the heat 

exchanger operation of the thermodynamic domain when compared to the hydrodynamic domain. 

 

 

 

 

 

 

 

Figure 3-7: The implementation of the conservation of mass equation in Simulink® 

Figure 3-8: The implementation of the conservation of momentum equation in Simulink® 
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3.6.2 Simulation results 

This section will show and discuss the model results for the induction of a transient in the hot and 

cold fluid. The inlet pressure, Ph,in, of the hot fluid will be increased by 100 kPa at t=0s and the 

resulting transient will be plotted. The inlet pressure Pc,in, for the cold side will be increased by 1 

kPa and the resulting transient will be plotted. The reason for the increase in both the hot and 

cold fluids is that the respective hydrodynamic domains of the fluids are isolated from each other. 

This means that a change in the hot side pressure will not reflect in the pressure or mass flow 

rate of the cold side. 

The geometric properties of the heat exchanger, such as pipe diameter and length, are given in 

Table A-1 and the thermodynamic properties of the fluids under the conditions of this simulation 

are given in Table A-3 and Table A-4 for carbon dioxide and water respectively. The 

thermodynamic properties of the separation wall is given in Table A-5. The simulation conditions; 

including the values for the inlet pressure, outlet pressure, and inlet temperature; are given in 

Table A-6 and the initial conditions; for the pressure, mass flow rates, and temperatures that will 

be calculated; are given in Table A-7. All these listed tables are in Appendix A. The analytical 

model results for hot side pressure, mass flow rate and temperature as well as separation wall 

temperature and cold fluid temperature is shown in Figure 3-9. 

Some overshoot and oscillations in the transient of Figure 3-9 (a) and can Figure 3-9 (b) be 

observed, that can be attributed to the sudden increase in pressure as well as numerical 

instabilities induced by the solution method. This increase in pressure results in a change in the 

fluid’s flow pattern due to effects such a friction loss and fluid momentum. As the fluid adjusts to 

the increase in pressure the amplitude of the oscillations decreases until a steady value is 

reached. The increase in hot side pressure results in an increase in the hot side mass flow rate 

and, therefore, an increase in the enthalpy entering each hot side control volume. There is more 

energy available to be transferred to the cold side, therefore, an overall temperature increase as 

seen in Figure 3-9 (c), Figure 3-9 (d) and Figure 3-9 (e). There is, however, a scenario where an 

increase in the mass flow rate will not be beneficial. If the mass flow rate is too high, the fluid will 

not spend enough time in contact with the heat transfer area, for heat transfer to occur properly, 

and will result in lower temperatures. 
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Figure 3-9: Analytical model results: (a) Hot side pressure, (b) Hot side mass flow rate, (c) Hot side 
temperature (d) Separation wall temperature and (e) Cold Fluid temperature 
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From Figure 3-10 (a) a much spikier transient is noticed when compared to Figure 3-9 (a). This is 

due to the properties of water, like density, being much higher than that of CO2 and the higher 

value of the hydraulic inductor of the cold side when compared to the hot side. From Figure 3-10  

(b) a much longer settling time of the cold fluid mass flow rate can be seen; this is due to two 

reasons. Firstly, the larger size of the hydraulic capacitor of the cold fluid when compared to the 

hot fluid. Secondly, the smaller mass flow rate of the cold fluid when compared to the hot fluid. 

The hydraulic capacitor takes a longer time to charge up resulting in the longer settling time. 

3.7 Fault models 

One of the evaluation criteria for the energy representation is that it must be sensitive to small 

changes in the heat exchanger operation. The sensitivity of the energy representation will be 

evaluated using three different faults. The three faults are: (i) a fluid leakage, (ii) a heat leakage 

and (iii) fouling. Only the fluid leak and the heat leak faults require mathematical alteration to the 

analytical model. The fluid leakage model and the heat leakage model are discussed in this 

section in terms of the modelling equations and simulation results. 

3.7.1 Fluid leak 

A rupture or tear of the heat exchanger pipe will result in a leak. This can be visualised as an 

outflow of energy and fluid; and can be modelled as a very short pipe. The length of the leaking 

pipe is equal to the thickness of the cold fluid pipe and has a cross-sectional area equal to the 

size of the hole in the cold fluid pipe. The pressure boundaries of the leaking pipe are the pressure, 

        

Figure 3-10: Analytical model results: (a) Cold fluid pressure and (b) Cold fluid mass flow rate 
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Pc1, at the cold fluid node MC1 and ambient pressure, Pamb. The staggered grid approach can be 

applied to the cold fluid with the leak included and is shown in Figure 3-11. 

 

Figure 3-11: The staggered grid approach for the leakage model 

Nodes are denoted by the letter M and is where the law of conservation of mass will be solved 

for pressure. Elements are denoted with the letter S and is where the law of conservation of 

momentum will be solved for mass flow rate. The element, SL symbolises the leak mass flow rate. 

From Figure 3-11 one can observe that the equation for the pressure, Pc1 needs to be changed 

to account for the mass flow rate of the leaking fluid. Starting with the equation of conservation of 

mass, and following the same procedure used during analytical model derivation, the equation for 

Pc1 is given by 
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with ṁL the leaking fluid mass flow rate [kg/s]. The conservation of momentum equation must be 

solved at the element, SL, of Figure 3-11 for the leakage mass flow rate. Following the same 

procedure used during derivation of the analytical model the equation for the leakage mass flow 

rate, ṁL, is given by 
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with LL the hydraulic inductance, RL the hydraulic resistance and Rturb,L the turbulent loss. The 

values of these components are given in Table A-2 in Appendix A. 
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3.7.2 Fluid leak model results 

This section will show and discuss the simulation results of the fluid leak. In order to simulate the 

leak, the heat exchanger is allowed to reach steady state and then the leak is suddenly 

introduced. The geometry of the pipe used to simulate the leak is given in Table A-8. The initial 

and simulation conditions of this simulation are given in Table A-6 and Table A-7 respectively. 

The hot fluid, cold fluid and separation wall properties are given in Table A-3, Table A-4 and Table 

A-5 respectively. Ambient pressure, Pamb is taken as 100 kPa for this simulation. The cold side 

pressure, Pc1, at the node MC1 (under normal conditions and during the fluid leak) is given in 

Figure 3-12 (a). The mass flow rates, ṁc1 and ṁc2, for the two elements SC1 and SC2 (under normal 

conditions and during the fluid leak) are given in Figure 3-12 (b). Figure 3-12 (b) also gives the 

leakage mass flow rate, ṁL, at the secondary grid point SL.  

 

Figure 3-12: Leakage model results: (a) Cold side pressure and (b) Cold side mass flow rate 

The mass flow rate though a pipe is limited by the pressure applied and the pipe geometry. The 

introduction of a leak at node MC1 causes an additional mass flow out of MC1. This additional 

leakage mass flow causes an increase in the inlet mass flow rate, ṁc1, to compensate for the 

increase in mass flow out of MC1. This increase in the inlet mass flow rate causes an increase in 

the pressure at MC1 and can be seen in Figure 3-12 (a). The law of conservation of mass must 

always be valid, due to this the mass flow rate, ṁc2 out of MC1 reduces to compensate for the 

leakage mass flow rate.  
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3.7.3 Heat leakage 

Under normal heat exchanger operation, all the pipes are insulated to reduce heat leakage via 

radiation and convection to the atmosphere. A heat leak occurs when the insulation is no longer 

present. The heat leak will be modelled as convection heat transfer from the heat exchanger to 

the atmosphere. The reason for this simplified model is that the purpose of the heat leakage 

model is to assist in the evaluation of the sensitivity of the energy representation. Since only a 

change in heat exchanger operation is needed for this purpose, the simplified heat leakage model 

is sufficient. The equation of the cold fluid temperature, Tc1 at node MC1 can be altered to include 

the heat leakage as given by 

 
,1

1 , 2 1 2 1 1

, , , , ,

1 1
( ) ( ) ( )
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c c in c c w c c amb

t c t c t c t c t c

cdT
m T m T T T T T
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      , (3.37) 

with Tamb the ambient temperature. The last term on the left of the equal sign is the energy leaving 

node MC1 via convection with the atmosphere. The values of the components of (3.37) are given 

in Table A-2 in Appendix A. 

3.7.4 Heat leakage model results 

This section will show and discuss the simulation results of the heat leakage model derived in the 

section above. To simulate the heat leakage, the simulation is allowed to reach steady state and 

the heat leak is suddenly introduced. The initial and simulation conditions of this simulation are 

given in Table A-6 and Table A-7 respectively. The hot fluid, cold fluid and separation wall 

properties are given in Table A-9, Table A-4 and Table A-5 respectively. Ambient temperature, 

Tamb is taken as 280 K for this simulation. The results for the cold side temperature under normal 

and fault conditions are given in Figure 3-13. 
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Figure 3-13: Heat leakage model results: Cold side temperature 

From Figure 3-13 one can see the difference in temperature between a heat leak and normal 

operating conditions. The reason for the roughly 20 K difference is that the grid point representing 

ambient temperature remains constant at 280 K. This implies that the amount of energy leaving 

grid point MC1 is much more than the amount entering the grid point since (Tw2-Tc1)<(Tc1-Tamb). As 

stated during the model derivation, the reason for the ambient node to be at a constant pressure 

is to reduce the complexity of the heat leakage model.  

3.8 Conclusion 

Chapter 3 discussed the derivation of the analytical and fault models. The physical system 

modelled is the gas cooler of a CO2 test bench. The staggered grid approach was applied to 

discretise the gas cooler into six main grid points and twelve secondary grid points. The differential 

equations were derived using the laws of conservation of mass momentum and energy. The 

simulation results of the analytical model revealed that the response of the model is satisfactory; 

but there are, however, a few concerns. The first concern is that the number of assumptions made 

will result in an inaccurate model when compared to the gas cooler. The second concern is related 

to the CO2 test bench. The test bench is a closed cycle, therefore, there is a possibility that 

modelling just one component of the test bench may result in an inaccurate model as the effects 

of the other components of the test bench are not taken into consideration. Two fault models were 

derived, namely: a fluid leakage model and a heat leakage model. The purpose of these models 

are to induce changes in the operation of the heat exchanger. These changes in the heat 

exchanger operation will be used when evaluating the sensitivity of the energy representation. 

From the results, shown in this chapter, it is clear that both these fault models affect the heat 
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exchanger operation enough for use in evaluating the sensitivity of the energy representation. It 

is evident that, although both fault models have been greatly simplified, the purpose they are 

intended for can be fulfilled. 
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CHAPTER 4 VERIFICATION AND VALIDATION 

4.1 Introduction  

Verification is the process followed to determine if the analytical model was implemented 

correctly. Validation of the process followed, to ensure that the analytical model is representative 

of the real-world system. The methodology for verification and validation is discussed briefly and 

the verification and validation of the analytical model are given. Verification is done by comparing 

the analytical model to a Flownex® model. The verification procedure and results are shown and 

the success of verification is evaluated by means of a performance index. Validation is done with 

data obtained from two experiments conducted on the gas cooler of a CO2 test bench. The 

validation results and the performance index, used to evaluate the success of validation, are also 

given. This chapter concludes with the validation of the two fault models using Flownex®. 

4.2 Methodology 

The methodology for verification and validation is shown in Figure 4-1. In order to conduct 

verification, a suitable comparison must be identified. In the case of this study Flownex® was 

chosen. The Flownex® model is developed in such a way that it mimics the nodes and elements 

of the staggered grid approach used to develop the analytical model. The reason for developing 

the Flownex® model in this way is to be able to verify all the variables of interest. The Flownex® 

model and analytical model results are compared and evaluated with a performance index.  

Validation will be done by comparing experimental results obtained from the gas cooler of a heat 

exchanger test bench with the results of the analytical model. Two experiments will be conducted 

and both experimental data sets will be used during validation. The success of validation will be 

measured with a performance index. Once the analytical model is verified and validated, the two 

fault models will be validated. The fault models will be validated by comparing the results of the 

fault models with the results of the Flownex® models. As with the analytical model the success of 

validation of the fault models will be measured with a performance index. 
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Figure 4-1: The methodology used for verification and validation 

4.3 Verification of the analytical model 

In order to do a more comprehensive verification and to evaluate all the variables of interest, the 

results of the analytical model and the Flownex® model will be compared with each other for two 

different scenarios. Firstly, an increase in hot side pressure after steady state has been reached 

and, secondly, an increase in cold side pressure after steady state has been reached.  

4.3.1 Flownex® model 

The Flownex model used for verification is shown in Figure 4-2. The Flownex® model is designed 

to mimic the staggered grid model of Figure 4-2 in order to compare the results more easily. In 

Figure 4-2 pipes represent secondary grid points, where mass flow rates will be calculated, while 

nodes represent main grid points, where temperatures and pressures will be calculated. 
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  Figure 4-2: The Flownex® model used for verification 

4.3.2 Comparison of results 

For verification, two different transients will be induced in the heat exchanger system. An increase 

in hot side inlet pressure of 100 kPa and a cold side inlet pressure increase of 1 kPa will be 

induced in the heat exchanger system. The reason for this is that the hydrodynamic domains of 

the hot and cold fluids are isolated. This means that a change in inlet pressure of the hot fluid will 

not result in a change in cold fluid mass flow rate or pressure. The geometric properties of the 

heat exchanger, such as pipe diameter and length, are given in Table A-1 and the thermodynamic 

properties of the fluids under the conditions of this simulation are given in Table A-3 and Table 

A-4 for carbon dioxide and water respectively. The thermodynamic properties of the separation 

wall are given in Table A-5. The simulation conditions, including the values for the inlet and outlet 

pressure and inlet temperature, are given in Table A-6. The initial conditions for the pressure, 

mass flow rates, and temperatures that will be calculated are given in Table A-7. All these listed 

tables are in Appendix A. The results of the hot side pressure, mass flow rate and temperature 

as well as the separation wall temperature and the cold fluid temperature are given in Figure 4-3. 

The results of the cold fluid pressure and mass flow rate are given by Figure 4-4. 

From Figure 4-3 (a) and Figure 4-3 (b) it can be seen that the hot side pressure and mass flow 

rate compare very well with Flownex®, except for the transients. The difference in transients can 

be attributed to the solution methods used to solve the model. Flownex® employs an implicit 

pressure correction solution algorithm discussed in Greyvenstein [62] while MATLAB® employs a 

numerical method designed to solve any stiff differential equation. It is important for the verification 

process that the overall trend of the simulation results between Flownex® and the analytical model 

are similar and that the steady state values are comparable.  
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Figure 4-3: Analytical model verification results: (a) Hot side pressure, (b) Hot side mass flow rate, (c) Hot 
side temperature, (d) Separation wall temperature and (e) Cold side temperature 

The hot side, wall, and cold side temperatures are shown in Figure 4-3 (c), Figure 4-3 (d) and 

Figure 4-3 (e). It can be seen that the overall trend between the MATLAB® and Flownex® results 

are the same although the steady state values differ slightly. The difference in steady state values 
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can be attributed to several factors, including fluid characteristics, heat transfer characteristics, 

and the manner in which heat transfer is modelled.  

 

Figure 4-4: Analytical model verification results: (a) Cold Side pressure and (b) Cold side mass flow rate 

From Figure 4-4 (a) and Figure 4-4 (b) one can see the transient trend and the steady state values 

of the results are very similar between Flownex® and MATLAB®. There are small differences 

between the results in the transient stage of the simulation that can be attributed to small 

differences in fluid properties such as density and the different solvers. A small difference between 

steady state values of the mass flow rates is observed and can also be attributed to differences 

in fluid properties. 

4.3.3 Performance index 

In order to determine the success of verification, there has to be some form of performance 

measurement. There are two important performance factors that need to be evaluated: 1) the 

transient trend and 2) the steady state values. The transient trend will be evaluated by calculating 

the percentage deviation between the Flownex® and Simulink® transients. To evaluate the steady 

state, the Simulink® and Flownex® steady state results will be compared, and the difference will 

be expressed as a percentage relative to the Flownex® steady state value. These performance 

results are shown below in Table 4-1. 
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Table 4-1: Performance index for verification 

 Transient Steady state 

Variable Flownex 

Average 

Simulink 

Average 

Deviation Flownex 

Value 

Simulink 

Value 

Difference 

Ph1 7003911 Pa 7003234 Pa 0.009% 7004749 Pa 7003521 Pa 0.017% 

Ph2 6931041 Pa 6930213 Pa 0.011% 6931436 Pa 6930171 Pa 0.018% 

Pc1 283687 Pa 283691 Pa 0.001% 283693 Pa 283693 Pa 0% 

Pc2 280383 Pa 280385 Pa 0.0007% 280386 Pa 280386 Pa 0% 

ṁh1 0.2487 kg/s 0.2473 kg/s 0.56% 0.2494 kg/s 0.2505 kg/s 0.44% 

ṁh2 0.2493 kg/s 0.2462 kg/s 1.24% 0.2496 kg/s 0.2505 kg/s 0.36% 

ṁh3 0.2519 kg/s 0.2456 kg/s 2.5% 0.2509 kg/s 0.2505 kg/s 0.15% 

ṁc1 0.1403 kg/s 0.1395 kg/s 0.57% 0.1408 kg/s 0.1407 kg/s 0.07% 

ṁc2 0.1403 kg/s 0.1395 kg/s 0.57% 0.1408 kg/s 0.1407 kg/s 0.07% 

ṁc3 0.1403 kg/s 0.1395 kg/s 0.57% 0.1408 kg/s 0.1407 kg/s 0.07% 

Th1 352.21 K 353.66 K 0.41% 352.90 K 352.18 K 0.2% 

Th2 325.57 K 326.46 K 0.27% 326.14 K 325.86 K 0.08% 

Tw1 318.40 K 319.23 K 0.26% 318.92 K 318.66 K 0.08% 

Tw2 340.79 K 342.36 K 0.46% 341.63 K 340.91 K 0.21% 

Tc1 344.55 K 346.10 K 0.44% 345.38 K 346.63 K 0.36% 

Tc2 321.76 K 322.64 K 0.27% 322.32 K 322.05 K 0.083% 

 

From Table 4-1 it is evident that the MATLAB® and Flownex® results match closely. The biggest 

difference is present in mass flow rates, but being at around 2% is of no concern. From the figures 

above one can see that the transient trends closely match and it is reflected in the percentage 

deviation calculations in Table 4-1. A very small difference in steady state values is observed and 

from Table 4-1 one can see it is less than 1%. 

4.4 Validation of analytical model 

Validation is the process of confirming the accuracy of the analytical model with respect to the 

real-world system that was modelled. This section will discuss the validation of the model 

including an overview of the test bench, the experimental setup and the results. 

4.4.1 Experimental setup 

The test bench setup has been discussed in length in chapter 3. Experimental data are logged by 

the PLC via pressure and temperature sensors installed on the gas cooler. Referring to Figure 
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3-3 the data that need to be logged can be decided upon. Crucial data for validation are the inlet 

and outlet temperature for both fluids and the inlet and outlet pressures for CO2. The mass flow 

rate for both fluids is equally important, however, the mass flow rate sensors are not connected 

to the PLC. The mass flow rate of each fluid can be seen on a screen on the mass flow rate 

sensor. Table 4-2 shows the sensors used to gather experimental data. 

Table 4-2: Sensor number, type and the location of sensors used to gather experimental data 

Sensor Number Type Location 

39 Temperature CO2 Inlet 

40 Temperature CO2 Outlet 

41 Temperature H2O Inlet 

W20 Temperature H2O Outlet 

54 Pressure CO2 Inlet 

55 Pressure CO2 Outlet 

 

Two experiments will be conducted at different conditions in order to obtain two different 

experimental data sets. In order to induce a transient in the test bench, the frequency of the 

compressor can be changed. The compressor is a reciprocating compressor. The frequency of 

the compressor is the rate at which the compressor piston completes one cycle. A cycle is 

characterised as an up and down movement of the compressor piston. If the frequency of the 

compressor is 30 Hz then the piston will complete 30 cycles every second. The increase in 

compressor frequency results in an increase in pressure. Table 4-3 lists the compressor 

frequency at which these experiments were conducted. The data of the sensors, which were 

logged during both experiments, can be seen in Appendix B. 

Table 4-3: The compressor frequency for the two experiments that were conducted 

Experiment Component Initial Value Value after step 

1 Compressor 35 Hz 40 Hz 

2 Compressor 40 Hz 45 Hz 

 

4.4.2 Validation procedure 

The minimum sample time of the PLC was determined to be 5 seconds. This implies that it will 

be difficult to compare the results of the hydrodynamic domain, as the settling time of the pressure 

and mass flow rate are around 3 seconds (refer to Figure 3-9 and Figure 3-10). It is acceptable 
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to assume that if the results of the thermodynamic domain can be validated, the hydrodynamic 

domain is also validated, since the thermodynamic domain is dependent on the results of the 

hydrodynamic domain. 

It will, therefore, be counterproductive to try and match the pressure and mass flow rate transients 

of the experimental results and the simulation results. Only the outlet temperatures will be used 

during validation. Important parameters needed for validation are: simulation and initial 

conditions, fluid properties, and secondary losses. The following methodology is used to acquire 

the parameters listed above: 

 The simulation conditions (inlet and outlet pressure and inlet temperature) are the steady 

state values of the experiment at the frequencies after a step has been induced. For 

experiment 1 the compressor will be at 40 Hz and for experiment 2 the compressor will be 

at 45 Hz. 

 The water inlet and outlet pressure is calculated with p=0.0981hS where p is pressure 

[Pa], h is the head [m] added by the pump, and S is the specific gravity [] of the fluid. 

 The inlet and outlet pressure and the inlet temperature at the frequencies before the step 

is applied, are used to run a simulation in Flownex®. The initial conditions and fluid 

properties are then received from Flownex®. For experiment 1 the compressor will be at 

35 Hz and for experiment 2 the compressor will be at 40 Hz. 

 The losses will be modelled as secondary losses and are represented by Ks,h for the hot 

fluid and Ks,c for the cold fluid as seen in Table A-2. Both of the K values can be set by 

increasing or decreasing its value until the mass flow rate calculated by the analytical 

model is the same as the experimental mass flow rate. 

 The results of the outlet temperatures of the simulation (states Th2 and Tc2) and the 

experiments will be compared and evaluated. 

4.4.3 Comparison of results 

The geometric properties of the heat exchanger, such as pipe diameter and length, are given in 

Table A-1 and the thermodynamic properties of the fluids under the conditions of this simulation 

are given in Table A-12 and Table A-13 for carbon dioxide and water respectively. The 

thermodynamic properties of the separation wall are given in Table A-5. The simulation conditions 

including the values for the inlet and outlet pressure and inlet temperatures are given in Table 

A-10. The initial conditions for the pressure, mass flow rates, and temperatures are given in Table 

A-11. All these listed tables are in Appendix A. Figure 4-5 shows the results of the first experiment 

for a step of 5 Hz from 35 Hz to 40 Hz for the hot and cold side outlet temperatures. Figure 4-6 
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shows the results of the hot and cold side outlet temperatures for a step of 5 Hz from 40 Hz to 45 

Hz. 

 

Figure 4-5: Analytical model validation results: Temperature at 40Hz 

Observing Figure 4-5 and Figure 4-6 one can see that the settling time and overall transient trend 

for MATLAB® and the experimental values differ. There are two main reasons for this difference. 

Firstly, only a single component (gas cooler) of the test bench is modelled. Secondly, because 

the test bench is a closed cycle the influence of the other components (compressor, expansion 

valve and evaporator) is not taken into consideration. This also causes the settling time of both 

the CO2 and H2O experimental values to be longer than the MATLAB® values. 

Other differences in the transient can be attributed to fluid properties, material properties, such 

as the copper and steel used for the pipes, and assumptions made in the analytical model. If one 

looks closely there is some transient behaviour in the water outlet temperature for the MATLAB® 

results in the first five seconds of the simulation. This is caused by the initial temperature values 

of the separation wall. The equations are set up with the assumption that heat is always 

transferred from the hot side to the cold side implying that the hot side temperature will be the 

hottest with the temperature decreasing towards the cold side.  
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Figure 4-6: Analytical model validation results: Temperature at 45 Hz 

In the case of these experiments, the test bench was operated at such a point where the initial 

value of the cold side was higher than the initial value of the hot side. This causes the dip in the 

cold side temperature in the first five seconds of the results, since the cold side is hotter that the 

separation wall. After a short time an equilibrium point is found and the results of the cold side 

start to follow the correct trend. 

4.4.4 Performance index 

The purpose of this validation was to determine if the same output temperatures between the 

analytical model and the experimental data can be reached under the same conditions. It was 

decided that due to the nature of the test bench it would be impractical to try and get an accurate 

comparison of the transient values. Therefore a comparison of the steady state values will be 

made. The difference in steady state values will be expressed as a percentage relative to the 

experimental value and is shown in Table 4-4 for experiment 1 and in Table 4-5 for experiment 2. 

Table 4-4: Validation evaluation for experiment 1 

Variable Experimental Value Simulink® Value Difference 

Th2 302.35 K 301.86 K 0.162% 

Tc2 307.95 K 307.49 K 0.149% 
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Table 4-5: Validation evaluation for experiment 2 

Variable Experimental Value Simulink® Value Difference 

Th2 304.05 K 304.14 K 0.03% 

Tc2 310.45 K 309.93 K 0.17% 

 

From Table 4-4 and Table 4-5 one can see that the steady state values match closely. There are 

small deviations due to the differences between the model and the test bench. The purpose of 

this model is to be a representation of a real world heat exchanger with sufficient accuracy in 

order to do an energy based analysis. Considering the purpose that this model must serve and 

the validation results presented, this model is regarded as validated only for its specific purpose. 

4.5 Validation of fault models 

Both the fault models need to be validated. For the purposes of validation it was decided to use 

Flownex®. The fluid leakage and heat leakage models were developed in Flownex® and the 

results were compared to the analytical model.  

4.5.1 Fluid leakage model 

The fluid leak was modelled as a small pipe that allows an additional mass flow to flow out of the 

heat exchanger. The Flownex® model used to validate the fluid leak model is shown below in 

Figure 4-7. 

 

Figure 4-7: Flownex model used for validation of fluid leakage model 
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4.5.1.1. Validation results 

The geometric properties of the heat exchanger, such as pipe diameter and length, are given in 

Table A-1. The thermodynamic properties of the fluids under the conditions of this simulation are 

given in Table A-3 and Table A-4 for carbon dioxide and water respectively. The thermodynamic 

properties of the separation wall are given in Table A-5. The simulation conditions, including the 

values for the inlet and outlet pressure and inlet temperature, are given in Table A-6 and the initial 

conditions for the pressure, mass flow rates, and temperatures that will be calculated are given 

in Table A-7. All these listed tables are in Appendix A. The heat exchanger is allowed to reach 

steady state before the leak is suddenly introduced. The validation results of the fluid leak are 

shown below in Figure 4-8 (a) for the cold side pressure and Figure 4-8 (b) for the cold side mass 

flow rate. 

 

Figure 4-8: Fluid leakage model validation results: (a) Cold side pressure and (b) Cold side mass slow rate 

From Figure 4-8 (a) one can see that the steady state values of the pressures of the analytical 

model and Flownex® correlated well, but there is a difference in the transient. The main reasons 

for this difference are the solution methods used and differences in fluid properties. Figure 4-8 (b) 

shows that there are small differences in the steady state values of the mass flow rate. This can 

be attributed to small differences in the fluid properties between Flownex® and MATLAB®.  

4.5.1.2. Performance index 

The success of verification and validation are measured by a performance index. The 

performance index for the leakage model is shown below in Table 4-6. Two important 

performance factors that need to be evaluated are the transient trend and the steady state values. 
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Table 4-6: Performance index for the validation of the fluid leak model 

 Transient Steady state 

Variable Flownex 

Average 

Simulink 

Average 

Deviation Flownex 

Value 

Simulink 

Value 

Difference 

Pc1 281150 Pa 271070 Pa 3% 281296 Pa 281452 Pa 0.05% 

Pc2 279110 Pa 275580 Pa 1,2% 279188 Pa 279266 Pa 0.02% 

ṁc1 0.1682 kg/s 0.1631 kg/s 3% 0.1680 kg/s 0.1650 kg/s 1.7% 

ṁc2 0.1127 kg/s 0.1175 kg/s 4% 0.1125 kg/s 0.1144 kg/s 1.6% 

ṁL 0.0555 kg/s 0.0475 kg/s 14% 0.0555 kg/s 0.0506 kg/s 8% 

 

From Table 4-6 one can see that there is a small difference in pressure during a transient. The 

difference in transient results are mostly due to the different solution methods used by Flownex® 

and MATLAB®. There is a bigger difference in mass flow rates, especially for the pipe leak. This 

can be attributed to two reasons. Firstly, small differences in fluid properties; and secondly, the 

way in which the pipe leak is modelled in Flownex®. There is no way to prohibit a mass flow 

through a pipe in Flownex® except by using a valve. Valves are highly non-linear and greatly 

influences the results of the simulation. The solution to this problem was to introduce a pipe leak 

after the steady state was solved and before the Flownex® simulation was started. Although 

accurate results were obtained, small differences are observable. Considering everything, the 

fluid leak model can be seen as validated as these results are accurate enough for the intended 

purpose of the fluid leak model. 

4.5.2 Heat leakage model 

The heat fluid leak was modelled as convection heat transfer between the cold side node, MC1, 

and the atmosphere. The Flownex® model used to validate the heat leak model is shown below 

in Figure 4-9. 

 

 

 

 

Figure 4-9: Flownex® model used for validation of the heat leakage model 
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4.5.2.1 Validation results 

In order to simulate the heat leakage the simulation is allowed to reach steady state, whereafter 

the heat leak is suddenly introduced. The initial and simulation conditions of this simulation are 

given in Table A-6 and Table A-7 respectively. The hot fluid, cold fluid, and separation wall 

properties are given in Table A-9, Table A-4 and Table A-5 respectively. Ambient temperature, 

Tamb, is taken as 280 K for this simulation. These tables can be viewed in Appendix A. The results 

of the cold side temperature are shown below in Figure 4-10. 

 

 

From Figure 4-10 one can see a very small difference in the transient and the steady state values. 

The small differences can be attributed to the difference in properties of carbon dioxide between 

Flownex® and MATLAB®. Although the heat leakage is on the cold side, the hot side is thermally 

connected to the cold side and can influence the cold side temperatures. The transient trend is 

the same, so the small deviations are of no concern for the intended purpose of this fault model. 

4.5.2.2 Performance Index 

A performance index for the heat leakage model is done exactly as with the fluid leakage model 

of section 4.4.1.2 but only for the cold side temperatures and is shown below in Table 4-7.  
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Table 4-7: Performance index for the validation of the fluid leak model 

 Transient Steady state 

Variable Flownex® 

Average 

Simulink® 

Average 

Deviation Flownex® 

Value 

Simulink® 

Value 

Difference 

Tc1 298.23 K 298.18 K 0.01% 297.89 K 297.90 K 0.0003% 

Tc2 324.99 K 325.00 K 0.003% 323. 87 K 323.78 K 0.02% 

 

From Table 4-7 one can see that both the steady state and transient values barely differ. These 

results are more that accurate enough for the intended purpose of the heat leak model. 

4.6 Conclusion 

The same scenario, as in the model results of chapter 3, was used during verification in order to 

do a comparison between the analytical model and Flownex®. The verification results indicate a 

good correlation between the analytical model and Flownex®. The last step is to perform 

validation. Validation was performed with data gathered by conducting experiments on a CO2 test 

bench. The model and the experimental data were compared and it was found that although the 

model matched the data with relative accuracy, there were some significant differences. The 

reasons behind these differences are mostly due to the differences in the real-world system and 

that of the model. The differences were determined to be of no large significance when taking into 

account the level of accuracy needed in order to validate the model for its intended purpose. The 

model is now considered representative of the real-world system and will be used in the energy 

calculations. The fault models derived in chapter 3 were also validated using Flownex®. From the 

results one can see that there is almost no deviation and that the steady state values nearly 

match. This is a good indication that the fault models can also be considered as validated.  
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CHAPTER 5 ENERGY REPRESENTATION 

5.1 Introduction 

The energy representation is based on a technique developed by Bejan [1], namely entropy 

interaction–energy interaction graphs. The methodology for this chapter, regarding the energy-

based representation and the steps followed to evaluate the sensitivity of the energy 

representation, is given. The energy representation under several fault conditions — including 

shift of operating point, fluid leakage, heat leakage, and fouling — are given and some key 

features of the energy representation are identified. The key features identified will aid in the 

definition of the residuals. The residuals will be used to see how the energy representation 

changes when changes in the heat exchanger are induced. Changes in the operation of the heat 

exchanger are induced in the form of faults. The focus of the energy analysis is on the cold fluid. 

This is due to two reasons; 1) the cold fluid has less energy than the hot fluid therefore yielding 

better results for the specific technique used and 2) it is mathematically less complex to induce 

faults (specifically a leak) in the cold fluid pipe. The reason for this is that the boundary conditions 

outside the cold fluid pipe is atmospheric pressure and temperature. This chapter concludes with 

the evaluation of the sensitivity of the energy representation by means of three test cases. 

5.2 Methodology 

The methodology for this chapter is shown below in Figure 5-1. 
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The energy representation is created by using a graphing technique known as entropy 

interaction–energy interaction graphs [1]. Before the energy representation is developed, the 

graphing techniques are explained along with an illustrative example. The energy representation 

under normal and under four fault conditions, including shift of operating point, fluid leakage, heat 

leakage, and fouling, are developed. The reason for creating the energy representation under 

normal and fault conditions is to evaluate the sensitivity of the heat exchanger when changes are 

induced into the heat exchanger operation.  

The sensitivity of the energy representation will be evaluated by observing how key features of 

the energy representation change when faults are induced. The identified key features will be 

used to define a residual. The change in the residual when a fault is induced, will be evaluated by 

means of error codes. The purpose of the error codes is to uniquely identify each fault that is 

induced in the heat exchanger operation. The evaluation of the sensitivity of the energy 

representation will be done by means of three test cases. In test case one, only single faults will 

be induced. In test case two, faults will be induced in pairs and in test case three, faults of varying 

severity will be induced. The reason for inducing faults of varying severity is to see if the energy 

representation is not only sensitive to large changes but also to small changes induced in heat 

exchanger operation. 

Develop energy 
based 

representation 

Feature 
extraction

Define error 
codes

End

Evaulate 
sensitivity of 

energy 
representation

End

Define 
residuals

Define faults

Figure 5-1: The methodology used to derive and evaluate the energy representation 
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5.3 Energy visualisation technique 

Bejan [1] developed two energy based visualisation techniques that are of particular use to this 

study, namely entropy interaction–energy interaction (S–E) graphs and temperature–energy 

interaction (T–E) graphs. T–E graphs are used when analysing closed systems, such as a Brayton 

cycle, and S–E graphs are used to analyse open systems where mass flow and heat transfer 

occur across the control surface into the control volume. The technique can be explained by 

considering the illustration of a control volume shown in Figure 5-2. 

 

Figure 5-2: A basic illustration of a control volume 

From Figure 5-2 it can be seen that there is a mass inflow and outflow across the control surface 

into the control volume. The mass flow carries with it an enthalpy, h, and specific entropy, s. Heat 

is transferred to and from the control volume at a rate Q̇ and entropy is transferred to and from 

the control volume at a rate Q̇/T because of the heat transfer. Inside the control volume the energy 

and entropy is changing at a rate Ė and Ṡ respectively, due to the mass and heat transfer. Any 

irreversible process such as heat transfer generates entropy inside the control volume at a rate 

of Ṡgen. Any work done on or by the control volume is denoted by Ẇ.  
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Mass flow and heat transfer can be seen as interactions, since they interact with and change the 

energy and entropy of the control volume. The energy inlet mass flow interaction (ṁinh) and the 

entropy inlet mass flow interaction (ṁins) can be combined to form the inlet mass flow interaction 

vector, min. The same process can be used to define the outlet mass flow interaction vector, mout 

with components (ṁouth, ṁouts) and the heat transfer interaction vector Q with components 

(Q̇,Q̇/T). These interaction vectors can now be plotted one by one on the entropy-energy (S–E) 

graphing plane. Figure 5-3 shows a basic illustration of an S–E graph. 

 

 

 

 

 

 

 

 

 

From Figure 5-3 the interaction vectors can be seen, as well as the influence that the components 

of the interaction vectors have on the change in energy and entropy of the control volume. The 

difference between interaction vectors and the origin of the S–E graph is termed the B vector. 

The components of the B vector are the negative of the entropy generated (-Ṡgen) and the work 

done (Ẇ) on the control volume. In pure heat transfer application, the work done is zero. The 

entropy generated can never be smaller than zero, thus the B vector will always point to the lower 

half of the S–E plane. To illustrate the process described above an example will be discussed 

next that applies the S–E graph to a basic heat transfer problem. Although this energy 

visualisation technique can be used to model he energy during a transient, in the case of this 

study, only the steady state energy of the cold fluid is evaluated. 
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Figure 5-3: An example of an S–E diagram 
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5.3.1 An illustrative example 

In this section the S–E graph will be applied to a basic heat transfer problem in order to illustrate 

the graphing technique. In order to apply the S–E graph method to a basic heat transfer problem, 

the problem must first be defined. Consider the pipe segment of a heat exchanger given by Figure 

5-4. 

 

Figure 5-4: The pipe segment used to illustrate the S–E graphing approach 

Cold water flows in the pipe segment of Figure 5-4 and receives energy from a hot fluid via 

convection heat transfer. For this problem friction loss in the pipe can be neglected and the inlet 

mass flow rate is equal to the outlet mass flow rate. The outlet temperature T1 is unknown and 

must be calculated.  

The pipe segment can be simplified by applying the staggered grid approach. One main grid point, 

two secondary grid points, and one control volume can be defined. The staggered grid approach 

for this problem is shown in Figure 5-5. 

 

Figure 5-5: The staggered grid approach applied to the example pipe segment 

The unknown temperature T1 at the main grid point can be calculated with the first law of 

thermodynamics, as given by  

E
Tin=300 K

 =0.2 kg/s

T1=?

 =0.2 kg/s

Q Q/T
. .

T2=320 K

.

Tin T1

Hot Fluid

  

MC1SC1 SC2

CV

T2

Qconv

.



CHAPTER 5: ENERGY VISUALISATION 

 

64 

  in out conv

dE
m h h Q

dt
   .  (5.1) 

Since the working fluid is water, the assumption that h=cvT is valid. Including this relation and 

rewriting, the first law of thermodynamics becomes 

 1
1 2 1( ) (T )v

in

v v

dT mc hA
T T T

dt V c V c 
    .  (5.2) 

Substituting the thermodynamic properties of water given in Table A-4 into (5.2), the unknown 

temperature T1 can be solved and the S–E graph can be constructed. The inlet mass flow 

interaction vector min, has components ṁincvTin (since h=cvT is valid for water) and ṁins. Both of 

these elements can readily be calculated. The heat transfer interaction vector Q has components 

Q̇ and Q̇/Tin. Both of these components can easily be calculated. The S–E graph for this example 

is shown in Figure 5-6.  

 

Figure 5-6: The S–E graph of the example problem 

A few important observations can be made about the graphing approach. Firstly, the interaction 

vectors are in rate form (W and W/K). This representation is, therefore, a visualisation of the 

energy and entropy of the heat exchanger at a specific point in time. Therefore, although the 

interaction vectors are in rate form, the graph axis are not. Secondly, the influence that each of 

the different interactions has on the control volume, in terms of energy and entropy, is clearly 

visible. Thirdly, the B vector is visible on the graph and has component values [0,-5.5]. The 

advantage of being able to see the effect that each different interaction has on the control volume 
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along with the information added by the B vector, indicates that the S–E graphs have the ideal 

characteristics needed to visualise the energy of the heat exchanger.  

5.4 Heat exchanger visualisation 

This section will provide the energy visualisation of the heat exchanger under normal and four 

fault conditions, including a shift in operating point, fluid leakage, heat leakage, and fouling. 

5.4.1 Normal conditions 

The purpose for creating a graph of the heat exchanger under normal conditions is to serve as a 

means of comparison and to aid in the definition of the residual. The heat exchanger parameters 

and simulation conditions are exactly as given in section 3.2.6, with the exception of the entropy 

values of water which are given in Table A-14 for this simulation. The S–E graph for the cold fluid 

under normal conditions is given by Figure 5-7 for cold fluid nodes MC1 and MC2. 

 

From Figure 5-7 one can observe that node MC2 has more energy and entropy than node MC1, 

because node MC2 is at a higher temperature. One can also observe that the outlet mass flow 

interaction vector mout is longer than the inlet mass flow interaction vector min. This is due to the 

energy node MC1 and MC2 receive via heat transfer. Entropy is generated at a rate of 0.3599 [W/K] 

for node MC1 and 1.3363 [W/K] for node MC2. 

5.4.2 Shifting of operating point 

In some cases during normal heat exchanger operation, a shift in operating point can occur 

caused by several factors. Causes include an increase in working fluid temperature due to a 

        

Figure 5-7: S–E diagram for the cold fluid under normal conditions for a) MC1 and b) MC2 
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defect in a process preceding the heat exchanger or an increase in fluid velocity due to a defective 

pump. Regardless of the nature of the fault, an change in the heat exchanger operating point can 

almost always be regarded as a fault, as most industrial processes require working fluids at very 

specific temperatures. For this simulation the inlet pressure of the cold fluid is increased by 10 

kPa. The heat exchange parameters and simulation conditions are exactly as given in section 

3.2.6 with the exception of the entropy values of water which are given in Table A-15 for this 

simulation. The S–E graph for the cold fluid after a shift in operating point is given by Figure 5-8 

for cold fluid nodes MC1 and MC2. 

The shift of operating point, in the form of a pressure increase, results in a mass flow increase. 

This increase in mass flow results in more energy passing through the control surface (increased 

length of min and mout) and thus more energy available to be transferred as heat (increased length 

of Q). The increase in pressure also causes more disorder within the fluid and thus a higher 

specific entropy value. From Figure 5-8 it can be seen that a shift of operating point develops an 

increase in the length of all vectors by a particular factor. It must be noted that a significant rise 

in pressure can result in less heat transfer. This is due to the fluid flowing too fast for heat transfer 

to occur. Another problem with a too high fluid flow is that more entropy is generated. Referring 

to chapter 2 there is a direct correlation between heat transfer surface area, fluid velocity, and 

entropy generation. The entropy generated during the transient is 0.405 [W/K] for MC1 and 7.4 

[W/K] for MC2. The entropy generated after the shift in operating point is more than the entropy 

generated under normal conditions. Therefore, the heat exchanger is less efficient after the shift 

in operating point occurred. 
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5.4.3 Fluid leakage 

This section will show and discuss the energy visualisation of the heat exchanger when there is 

a leak in the cold fluid pipe. A leak in the cold fluid pipe at node Mc1 of diameter 0.001 m is 

introduced. The heat exchange parameters and simulation conditions are exactly as given in 

section 3.2.6, with the exception of the entropy values of water which are given in Table A-16 for 

this simulation. The resulting energy representation for both cold fluid nodes is shown below in 

Figure 5-9.  

From Figure 5-9 one can observe a much larger inlet mass flow vector when compared to the 

normal S–E graph. The reason for this is the increased inlet mass flow rate. The mass flow rate 

of the heat exchanger is mostly dependent on the pressure and the parameters of the pipe. In 

this simulation, the pressure of the pipe remains constant, but a leak causes the parameters of 

the pipe to change. The additional mass flow that flows out of the leak causes an increase in inlet 

mass flow rate for node MC1, and, because the law of conservation of mass must be valid, the 

        

        

Figure 5-8: S–E for the cold fluid for an increase in cold fluid inlet pressure of 10 kPa for a) MC1 normal, b) 
MC1 fault, c) MC2 normal and d) MC2 fault 
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outlet mass flow rate of node MC1 decreases. The result of the reduction in outlet mass flow of 

node MC1 is that less energy flows into node MC2 as can be seen in the shorter vector length of 

the inlet mass flow vector (min) in Figure 5-9 (d). 

5.4.4 Heat Leakage 

The heat leakage fault is used to evaluate the change in the energy representation when the fault 

is induced in the thermodynamic domain. The heat exchange parameters and simulation 

conditions are exactly as given in section 3.2.6, with the exception of the entropy values of water 

which are given in Table A-17 for this simulation. A heat leakage is introduced in the cold fluid at 

node MC1, and the resulting energy visualisation is shown below in Figure 5-10.  

        

        

Figure 5-9: S–E for the cold fluid after a fluid leakage for a) MC1 normal, b) MC1 fault, c) MC2 normal and d) MC2 

fault 
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Heat is lost via convection with the atmosphere around the heat exchanger. The temperature of 

the atmosphere for this simulation is 280 K. The low atmosphere temperature is chosen in order 

to induce a sizeable fault. From Figure 5-10 (b) one can see the effect of the heat leak results in 

a strange shape in the energy representation of node MC1. The reason for this is that the sudden 

loss of heat energy, via the heat leak, causes the temperature of the node MC1 to drop sharply 

and in turn this reduces the specific entropy of element SC2, which succeeds node MC1. The 

entropy flow, ṁs, leaving node MC1 is, therefore, much less than the entropy flow entering node 

MC1. The heat leak reduces the entropy and energy entering node MC2 via the inlet mass flow 

interaction (min) and can be seen as the shorter length of min, mout and Q in Figure 5-10 (d). 

        

        
Figure 5-10: S–E for the cold fluid after a heat leakage for a) MC1 normal, b) MC1 fault, c) MC2 normal and d) MC2 

fault 
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5.4.5 Fouling 

Fouling occurs in a heat exchanger when impurities in the working fluid such as scale, algae, 

suspended solids and insoluble salts pack together on the pipe walls [63]. In this simulation the 

secondary losses is increased to 70 and the convection resistor value is increased by a multiple 

of 3. The heat exchange parameters and simulation conditions are exactly as given in section 

3.2.6, with the exception of the entropy values of water which are given in Table A-17 for this 

simulation. The S–E graph under normal and fouling conditions for both node is shown in Figure 

5-11. 

Fouling has an impact on the heat exchanger in both the thermal and hydrodynamic domains. In 

the hydrodynamic domain, the fluid has to overcome a larger friction factor and can be modelled 

as an increase in the value of the hydraulic resistor, Rh. In the thermodynamic domain, the 

increased fouling reduces the potential for heat transfer and thus reduces the heat transfer 

coefficient and be seen as a rise in value of the convection heat transfer resistor, Rt. The effect 

of fouling is twofold. Firstly, the mass flow rate is reduced since energy is dissipated when the 

        

        
Figure 5-11: S–E for the cold fluid after fouling for a) MC1 normal, b) MC1 fault, c) MC2 normal and d) MC2 fault 
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fluid needs to do more work to overcome the increased friction. This effect can be seen in Figure 

5-11 (b) and (d) as the reduced length of min and mout when compared to the normal energy 

representation. The second effect of fouling is the reduction in heat transfer effectiveness. When 

fouling occurs to a certain extent, the convection heat transfer coefficient is reduced and, thus, 

the total amount of heat that can be transferred and can be seen in both Figure 5-10 (b) and (d) 

as the reduction in length of the heat transfer vector Q̇. The case outline here is an extreme case 

of fouling where the convection heat transfer coefficient was drastically reduced. 

5.5 Feature extraction 

Features are properties of the energy representation that stand out and can aid in uniquely 

identifying the fault that occurred in the heat exchanger operation. Features can include the area 

under the graph, the length of the graph, or circumference of the graph. Considering the figures 

presented thus far, a feature that is present and changing in each graph is the length of the 

interaction vectors. In each graph the length of the interaction vectors is different depending on 

the fault induced.  

Looking closely at the figures presented thus far, it can be seen that the change in length of the 

interaction vectors is in some cases the same. For instance, the inlet mass flow interaction vector 

is longer when a shift of operating point occurs and when a fluid leak is induced. This is an 

indication that the lengths of the three vectors present are not enough to uniquely identify a fault. 

Another important observation that can be made is that the ratio of the inlet mass flow vector and 

the outlet mass flow vector, mout/min, changes based on the fault that is induced, especially in the 

presence of a leak. The features of interest are, therefore, the length of the three mass flow 

interaction vectors, min, mout and Q and the ratio mout/min. 

5.6 Residuals 

In order to evaluate the sensitivity of the energy representation, residuals will be used. A residual 

is used to describe the relationship between two parameters or variables of a system. Typically it 

would be used to measure the difference between two corresponding sensors in a plant, but can 

also be used to describe the difference between a measurement and a calculated value [64]. In 

this case a residual will be used to describe the difference between the heat exchanger under 

normal and under fault conditions. The faults that will be used to evaluate the sensitivity of the 

energy representation, include a shift in operating point, fluid leakage, heat leakage, and fouling. 

The faults will also be induced in varying degrees of severity in order to test if the energy 

representation is not only sensitive to faults, but also to small or large faults. The faults, the range 

of the fault, and the fault parameters are given in Table 5-1. 
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Table 5-1: The nature of the faults and the fault parameters 

Fault Nature of fault Fault parameter 

Shift of operating point Increase in cold side 
pressure 

5-15 kPa 

Fluid leakage Size of hole 0.001 - 0.0015 mm 

Fouling Increased secondary losses 
(Ks,c and Ks,h) 

50 - 150 

Fouling Increased convection heat 
transfer resistor 

Increase in value of 1.5 to 3 
times 

Heat leakage Change in ambient 
temperature 

260 -280 K 

 

The faults, that will be induced, will be described with a number between 0 and 1. If a fault is 

symbolised with a 0, it indicates that no fault of that type occurred. If a fault is described with a 1, 

it means that the most severe form of that fault occurred. Anything between one and zero 

indicates a less severe version of a specific fault occurred. For example, if a shift in operating 

point occurred and is described with a 1, it means that the cold side pressure increased by 15 

kPa. If the shift of operating point occurred and is described with 0.5, it means that the cold side 

pressure increased by 7.5 kPa. 

The discussion, regarding the key features of the energy representation, revealed that the length 

of the interaction vectors present in the energy representation are ideally suited to be used in the 

residual. Two vectors can now be defined: n will contain the length of the interaction vectors under 

normal conditions and f will contain the length of the interaction vectors under fault conditions. 

The n and f vectors are respectively given by 
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The residual can now be defined as the difference between the n and f vectors as given by 

  r n f .  (5.5) 

If a fault is induced in the heat exchanger system the energy representation will change and so 

will the residual. The residual will also take on a unique value based on the type and severity of 
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the fault induced. Advantage can be taken of this unique value of the residual by defining an error 

code based on the value of the elements in the residual vector. The definition of the error code is 

given by 

 

1     [ ] 0 

0     [ ] 0 1,2,3,4

-1    [ ] 0

if i

e if i i

if i

 
 

  
 
  

r

r

r

.  (5.6) 

The error codes will be used to generate a number for each element in the residual vector. These 

error codes will allow the unique identification of a fault or combination of faults that occurred in 

the heat exchanger. 

5.7 Evaluation of the sensitivity of the energy representation 

The sensitivity of the energy representation to changes in heat exchanger operation, will be 

evaluated by inducing a set of faults in the operation of the heat exchanger. The evaluation of the 

sensitivity of the energy representation will be conducted with three test cases. In test case one 

only single faults will be induced and the residuals will be evaluated by means of the error codes. 

In test case two faults will be introduced in pairs. In test case three faults will be introduced in 

pairs and at varying degrees of severity. The purpose of test case three is to determine if the 

residual is sensitive to very small as well as larger changes in heat exchanger operation. The 

three test cases and the results of each test case are given in the following sections. 

5.7.1 Test Case 1: Single Faults 

During test case one the faults will be induced one at a time and the residual will be evaluated. 

The results of test case 1 are provided in Table 5-2 with the residuals and the error codes shown 

for both cold fluid nodes. 

Table 5-2: The faults simulated, the residuals of the fault and the error code for single faults 

 Residual MC1 Residual MC2 Error Code NC1 Error Code NC2 

Shift of operating 
point 

[-81 -81 0 0] [-81 -83 -2 0] [-1 -1 0 0] [-1 -1 -1 0] 

Fluid Leak [-42 25 0 -0.4] [30 29 0 0] [-1 1 0 -1] [1 1 0 0] 

Heat Leak [0 31 8 -0.2] [31 29 -4 0] [0 1 1 -1] [1 1 -1 0] 

Fouling [82 87 20 0] [87 97 30 0] [1 1 1 0] [1 1 1 0] 
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From Table 5-2 it can be seen that even though the faults are only induced in node MC1, the 

effects of those faults are visible in node MC2. The cause of this effect is due to the nodes being 

linked to each other in both the thermodynamic domain and the hydrodynamic domain. In this test 

case, only single faults were induced and from the error codes it can be seen that each fault can 

be uniquely identified. 

5.7.2 Test Case 2: Multiple Faults 

During test case two, the faults will be induced in pairs. The purpose of this is to observe whether 

the energy representation changes in the presence of more complex faults. In order to induce 

more complex faults, a vector describing the faults induced needs to be defined. The fault vector, 

F, is given by 

 , , ,transient leak heatleak foulingf f f f   F .  (5.7) 

The fault vector F contains the faults present in the simulation and can be constructed as given 

by 
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0     
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i i
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 
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 
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Table 5-3 shows the combination of faults that were simulated, as well as the residuals and the 

error codes for both nodes.  

Table 5-3: The faults simulated, the residuals of the fault and the error code for multiple faults 

Fault 
Vector 

Residual MC1 Residual MC2 Error code MC1 Error code MC1 

[1 1 0 0] [-124 -56 0 -0.3] [-56 -64 1 0] [-1 -1 0 -1] [-1 -1 1 0] 

[1 0 1 0] [-81 -44 -2 -0.2] [-44 -53 -4 0] [-1 -1 -1 -1] [-1 -1 -1 0] 

[1 0 0 1] [38 39 20 0] [39 44 26 0] [1 1 1 0] [1 1 1 0] 

[0 1 1 0] [-42 45 1 -0.6] [45 45 -2 0] [-1 1 1 -1] [1 1 -1 0] 

[0 1 0 1] [43 59 22 0.8] [134 137 31 1] [1 1 1 1] [1 1 1 1] 

[0 0 1 1] [82 93 19 0] [93 104 25 0] [1 1 1 0] [1 1 1 0] 

 

In test case two, each test consists of a combination of two faults. If one looks at the error codes 

of node MC1 and MC2, one can observe that each fault combination cannot be identified uniquely. 

The two fault conditions with the same error codes are: transient and fouling; and heat leakage 
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and fouling. The reason for these fault combinations having the same error code, is due to the 

influence of fouling on the residual. Fouling decreases the length of the mass flow inlet and outlet 

interaction vectors and the heat transfer interaction vector. Since fouling influences both the 

thermodynamic and hydrodynamic domains, the effect of fouling on the energy representation is 

more severe. The shift of the operating point merely increases the length of each vector, but not 

enough to counteract the influence of fouling. The result of fouling and a shift in transient is, 

therefore, simply the reduction in length of each of the interaction vectors (min, mout, Q) resulting 

in an error code of [1 1 1 0]. The effect of a heat leak is the reduction of the outlet mass flow 

vector, mout, and, therefore, the reduction of the relationship mout/min. Fouling overpowers the 

effects of a heat leak in the residual and the end result is simply a reduction in length of the 

vectors. 

5.7.3 Test Case 3: Faults of varying severity 

The purpose of test case three is not only to induce multiple faults, but also to vary the degree at 

which the fault is induced. The fault vector, F, needs to be adjusted to include not only whether a 

fault is present or not, but also the severity of the fault. The fault vector will now contain numbers 

between 0 and 1 as an indication of the severity of the fault. The fault vector, residuals of both 

nodes, and the error codes are shown below in Table 5-4.  

Table 5-4: The fault vector, residuals and error codes for test case 3 

Fault Vector Residual MC1 Residual MC2 Error code MC1 Error code MC2 

[0.3 0.9 0 0] [-158 0 0 -0.8] [0 -4 1 0] [-1 0 0 -1] [0 -1 1 0] 

[0.8 0 0.2 0] [-101 -61 -2 -0.18] [-61 -71 4 0] [-1 -1 -1 -1] [-1 -1 1 0] 

[0.5 0 0 0.8] [70 73 19 0] [73 83 25 0] [1 1 1 0] [1 1 1 0] 

[0 0.2 0.7 0] [-42 51 -2 -0.6] [51 50 -2 0] [-1 1 -1 -1] [1 1 -1 0] 

[0 0.4 0 0.4] [51 70 22 -0.1] [70 97 29 -0.2] [1 1 1 -1] [1 1 1 -1] 

[0 0 0.4 0.2] [82 95 16 0] [95 104 18 0] [1 1 1 0] [1 1 1 0] 

 

The purpose of test case three is to see if the energy visualisation is also sensitive to smaller 

changes induced in the heat exchanger. From Table 5-4 one can observe that, although the 

residuals change to reflect the changes in the faults, not every fault combination could be 

identified uniquely. There are several reasons for this, but foremost is that some combination of 

faults has similar effects on the energy representation as other combinations of faults. With the 

addition of varying the severity of the fault in this test case, not all the fault combinations had a 

significant enough effect on the energy representation to be identified uniquely. The solution to 
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this problem would be to define a better residual by including additional terms. Referring to the 

S–E graphs presented thus far, it can be seen that the size of the angles between the vectors in 

the plots can also be used as elements in the residual. With this new residual the faults may be 

identified uniquely. 

5.8 Conclusion 

This chapter provided the energy based representation of a heat exchanger. The graphing 

technique used is entropy interaction–energy interaction graphs developed by Bejan [1]. The 

energy and entropy interactions (mass flow and heat transfer) on a control volume are depicted 

on the graph. This allows one to see the effect each of the interactions has on the energy and 

entropy of the control volume. The importance of these graphs is that they must be able to change 

if a fault is present in the heat exchanger. In order to test this, the sensitivity of the graphs to 

changes in heat exchanger operation will be measured. The sensitivity of the energy 

representation can be evaluated by means of residuals. Before the residual can be defined, 

certain features of the energy representation need to be identified. 

These features need to be sensitive to changes in heat exchanger operation and must change in 

the presence of a fault. These features will aid in creating the residual and are the length of the 

three mass flow interaction vectors, min, mout and Q, and the ratio min/mout. The residual must be 

set up in such a way that it changes when the heat exchanger operating conditions change. The 

residual is defined as the difference in the four features between normal and fault conditions. The 

purpose of the residual is to determine if a fault has occurred and what the fault might be. In order 

to determine what the fault induced might be, error codes can be defined that change based on 

the value of the residual. 

The evaluation of the sensitivity of the energy representation was done in three separate test 

cases. The reason for this is to gradually increase the complexity of the faults in order to evaluate 

whether the energy representation is sensitive to a wide range of faults. It was determined that 

although the residuals change for each fault, or fault combination induced, the error codes were 

unable to uniquely determine each of the faults. Possible solutions to this problem include a better 

defined residual by defining more features such as the angle between the interaction vectors. 
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CHAPTER 6 CONCLUSION 

6.1 Introduction 

This chapter provides conclusions regarding the analytical model and the energy representation, 

with respect to its usefulness, shortcomings and problems experienced. Recommendations are 

made for future work regarding the problems experienced with validation of the analytical model 

and possible applications of the energy representation. This chapter concludes with a verdict 

regarding the success of the research. 

6.2 Conclusions 

Global energy usage is drastically rising and fossil fuels, being the primary source of power 

generation, are being depleted. The impact of fossil fuel usage in power generation has significant 

adverse effects on the environment coupled with the rising energy demand. Research is, 

therefore, shifting towards energy conservation. Heat exchangers are components used in many 

industrial processes. It is estimated that almost 80% of energy consumption in the industry is 

related to heat transfer. Heat exchangers, therefore, are industry components that warrant 

analysis and optimisation regarding energy usage. The purpose of this study is to develop an 

energy based representation for a counter flow single-phase heat exchanger. 

In order to visualise the energy of a heat exchanger a representative model is needed. During 

this study, a model was derived based on the parameters and attributes of a real-world heat 

exchanger. The model was obtained using the staggered grid approach presented by Patankar 

[42]. The staggered grid approach aids significantly in deriving fundamental equations for the 

thermodynamic and hydrodynamic domains. The laws of conservation of mass, momentum, and 

energy were used to derive the necessary differential equations. Some challenges were 

encountered during the simulation of the analytical model particularly the definition of the 

thermodynamic properties of the working fluids. This problem was solved by using the 

thermodynamic properties supplied by Flownex®.  

The next step in the methodology of this study was to complete verification and validation. 

Verification is the process by which the output of the model was compared to the output of a 

Flownex® model. Flownex® is advanced simulation software that specialises in simulations where 

fluids are the working force. Although the steady state values were mostly the same during the 

comparison, there was a difference in the transients. The differences can mostly, but not solely, 

be attributed to the different approaches used to solve the analytical and Flownex® models. The 
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solver Flownex® uses is an implicit pressure correction solution algorithm, while the analytical 

model is solved using a standard stiff differential equation solver. As with any numerical method, 

both these solvers impact the results differently. Other factors influencing the difference in 

solutions include small differences between the thermodynamic properties of the fluids between 

the Flownex® and MATLAB® models. The results, however, match close enough to deem 

verification successful. 

Validation of the model was done using experimental data obtained from a heat exchanger test 

bench. The test bench is a CO2 cycle consisting of a gas cooler, expansion valve, evaporator, 

and compressor. The gas cooler was used as validation for this model, as the gas cooler is where 

water cools hot CO2. A few problems were encountered during validation, foremost among them 

is that the test bench is a closed cycle. Because the CO2 flows continuously in a closed cycle the 

inlet temperature of the CO2 continuously changes until steady state has been reached. This 

temperature change is contrary to the assumptions used during simulation of the analytical model 

where inlet temperatures are constant. Another problem that became apparent is the placement 

of the sensors on the test bench. The nodes, where temperatures and pressures are calculated 

for the analytical model, do not correspond to the places on the heat exchanger where sensors 

are. This problem made it impossible to validate every state of the analytical model. Additional 

problems like the low frequency at which the PLC can sample, as well as the length and losses 

difference between the analytical model and the test bench led to only the validation of the outlet 

temperatures. This approach is considered valid since each equation is linked both thermally and 

hydraulically to each other. If one can validate the outlet temperatures it is a reasonable 

assumption that the steady state values of the hydrodynamic domain are also validated. 

The energy visualisation is derived based on a technique developed by Bejan [1]. This 

visualisation technique involves plotting the terms of the first and second law of thermodynamics 

as interaction vectors on an entropy-energy axis. This technique is termed entropy interaction–

energy interaction graphs (S–E graphs). Several fault models were derived including fluid 

leakage, heat leakage, and fouling models. The purpose of these models is to induce a change 

in the heat exchanger that will reflect on the S–E graph. Several important characteristics of the 

S–E graphs can be observed when plotting the S–E graphs for the fault models. Firstly, one can 

see the dependency of the nodes on each other in the S–E graph. If, for instance, a fault is 

introduced at node MC1 the S–E graph of node MC2 will change to reflect that fault as well. A 

second important property is that the S–E graphs are sensitive to changes in the heat exchanger 

operation. To evaluate the sensitivity of the S–E graph, a residual was defined that is based on 

the properties of the vectors in the S–E graph. During the evaluation of the sensitivity of the energy 
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representation, three test cases were investigated: 1) single faults; 2) multiple faults; and 3) faults 

of varying severity. Even when the fault induced was subtle, as in the case of test 3, the S–E 

graph would change to reflect that a change has occurred in the heat exchanger.  

In order to uniquely identify the faults, error codes were defined based on the values of the 

residual. Although each fault or combination of faults could not be identified uniquely, there is 

some degree of validity to the energy approach as a tool for FDI. If one were to define a better 

residual, it might be possible to uniquely identify each of the fault combinations. The last property 

of the S–E graph, which is of importance, is that the entropy generation rate is shown on the 

graph. Entropy generation is a measure of the effectiveness of a system and as a means of 

optimisation, the generated entropy can be minimised. 

6.3 Recommendations 

Validation was done on only a single component of the heat exchanger test bench. To obtain a 

complete description of the CO2 in the cycle, it would be beneficial to model the entire test bench 

as a closed system and then visualise the energy thereof. This would eliminate most of the 

problems that were encountered during the validation phase of this study and could prove 

insightful as to the changes CO2 undergoes in such a closed cycle. 

During this study two possible applications of the energy visualisation were identified, namely: (i) 

fault detection and isolation and (ii) optimisation. Although this study could not uniquely identify 

each change or fault, an investigation into the definition of a better residual by defining more 

features may be able to uniquely identify each fault including the scenario where multiple faults 

are present. 

The S–E graph can be used as a means to optimise heat transfer. The entropy generation rate is 

shown on the S–E graph. To optimise the heat exchanger the entropy generation rate can be 

minimised. This, in turn, can be used as a means of control. One can, for instance, develop a 

controller that minimises the entropy generation rate, but at the same time maximises the amount 

of heat transferred by manipulating the mass flow rate. 

6.4 Closure 

The development of an energy based representation for a single-phase counter flow heat 

exchanger was achieved. The energy based representation was evaluated using a sensitivity 

analysis to demonstrate that the energy representation is sensitive to small changes in the 

operation of the heat exchanger. The usefulness, as well as two possible applications of the 
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energy representation were identified. Both of these were identified as areas that will require 

additional research. 
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APPENDIX A 

Appendix A lists the properties of the heat exchanger and fluids used for all the simulations 

conducted during this study in tables. 

Table A-1: The geometry of the heat exchanger pipes 

Parameter Value Unit 

Inner pipe radius 7.9 [mm] 

Outer pipe radius 13.3 [mm] 

Separation wall thickness 2.75 [mm] 

Pipe length 24 [m] 

 

Table A-2: The values of the electrical components used in the differential equations 

Component Symbol Value 

Compressibility of hot fluid Ch,h Vhρh/Bh 

Compressibility of cold fluid Ch,c Vcρc/Bc 

Momentum of hot fluid Lh lh/Ah 

Momentum of cold fluid Lc lc/Ac 

Friction loss of hot fluid Rh,h 

, 2

1

2

 
 

 

h h
s h

h h h

f l
K

d A
 

Turbulent loss of hot fluid Rturb,h 

, 2

1

4

 
  
 

h h
s h

h h h

f l
K

d A
 

Friction loss of cold fluid Rh,c 

, 2

1

2

 
 

 

c c
s c

c c c

f l
K

d A
 

Turbulent loss of cold fluid Rturb,c 

, 2

1

4

 
  
 

c c
s c

c c c

f l
K

d A
 

Thermal energy storage - hot 
fluid 

Ct,h Vhcp,hρh 

Thermal energy storage - 
cold fluid 

Ct,c Vccp,cρc 

Thermal energy storage - 
heat conductive wall 

Ct,w Vwcp,wρw 

Convection heat transfer - hot 
fluid 

Rt,h 1/hhAh 
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Convection heat transfer – 
cold fluid 

Rt,c 1/hcAc 

 

Table A-3: The thermodynamic properties of carbon dioxide used during simulation of the model 

Property Value Unit 

Density - SH1 111 [kg/m3] 

Density - SH2 141 [kg/m3] 

Density - SH3 203 [kg/m3] 

Density - MH1 150 [kg/m3] 

Density - MH2 239 [kg/m3] 

Specific Heat - MH1 3052 [J/kg.K] 

Specific Heat - MH2 4185 [J/kg.K] 

Enthalpy - SH1 554816 [J/kg] 

Enthalpy - SH2 493011 [J/kg] 

Enthalpy - SH3 454256 [J/kg] 

Convection Coefficient 
- MH1 

2871 [W/m2.K] 

Convection Coefficient 
- MH2 

4225 [W/m2.K] 

 

Table A-4: The thermodynamic properties of water used during simulation of the model 

 

 

 

 

 

Table A-5: The thermodynamic properties of the separation wall used during simulation of the model 

Property Value Unit 

Density 8933 [kg/m3] 

Specific Heat 390 [J/kg.K] 

 

Property Value Unit 

Bulk Modulus 2.2x109 [Pa] 

Density 987 [kg/m3] 

Specific Heat 4185 [J/kg.K] 

Convection Coefficient MC1 3510 [W/m2.K] 

Convection Coefficient MC2 4300 [W/m2.K] 
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Table A-6: The simulation parameters used during simulation of the model 

Parameter Variable Value Unit 

Pressure in - Hot side Ph,in 7000000 [Pa] 

Pressure in - Cold Side Pc,in 286000 [Pa] 

Pressure out - Hot Side Ph,out 6882995 [Pa] 

Pressure out - Cold Side Pc,out 277080 [Pa] 

Inlet Temperature - Hot Side Th,in 396  [K] 

Inlet Temperature - Cold Side Tc,in 302  [K] 

 

Table A-7: The initial conditions used during simulation of the model 

Parameter Variable Value Unit 

Pressure – MH1 Ph1 6949870 [Pa] 

Pressure – MH2 Ph2 6910405 [Pa] 

Pressure - MC1 Pc1 283026 [Pa] 

Pressure – MC2 Pc2 280053 [Pa] 

Mass flow rate – SH1-SH3 ṁh1-ṁh3 0.1823 [kg/s] 

Mass flow rate – SC1-SC3 ṁc1-ṁc3 0.1345 [kg/s] 

Temperature – MH1 Th1 346 [K] 

Temperature - MH2 Th1 322 [K] 

Temperature – MC1 Tc1 314 [K] 

Temperature - MC2 Tc2 334 [K] 

Temperature – MW1 Tw1 340 [K] 

Temperature – MW2 Tw2 337 [K] 

 

Table A-8: The geometry of the pipe used to model the fluid leak 

Parameter Value Unit 

Leak pipe diameter 0.001 [m] 

Leak pipe length 0.00275 [m] 
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Table A-9: The thermodynamic properties of carbon dioxide used during simulation of the heat leak 

Property Value Unit 

Density - SH1 111 [kg/m3] 

Density - SH2 141 [kg/m3] 

Density - SH3 203 [kg/m3] 

Density - MH1 150 [kg/m3] 

Density - MH2 239 [kg/m3] 

Specific Heat - MH1 3052 [J/kg.K] 

Specific Heat - MH2 4185 [J/kg.K] 

Enthalpy - SH1 554816 [J/kg] 

Enthalpy - SH2 493011 [J/kg] 

Enthalpy - SH3 454256 [J/kg] 

Convection Coefficient - MH1 2871 [W/m2.K] 

Convection Coefficient - MH2 4225 [W/m2.K] 

 

Table A-10: The simulation conditions for validation 

Parameter Variable Experiment 1 Experiment 2 

Pressure in - Hot side Ph,in 6890000 Pa 7190000 Pa 

Pressure out - Hot side Ph,out 6510000 Pa 6780000 Pa 

Pressure in - Cold side Pc,in 286000 Pa 286000 Pa 

Pressure out - Cold 
side 

Pc,out 250949 Pa 250949 Pa 

Temperature in - Hot 
side 

Th,in 330.25 K 334.85 K 

Temperature in - Cold 
side 

Tc,in 288.55 K 288.55 K 

Mass flow rate - Hot 
side 

ṁh1-ṁh3 0.169 kg/s 0.187 kg/s 

Mass Flow rate - Cold 
side 

ṁc1-ṁc3 0.267 kg/s 0.267 kg/s 

Secondary loss - Hot 
side 

Ks,h 158 187 

Secondary loss - Cold 
side 

Ks,c 0 0 
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Table A-11: Initial conditions for validation 

Parameter Variable Value - 
Experiment 1 

Value - 
Experiment 2 

Unit 

Pressure - Hot side 1 Ph1 6463556 6715610 [Pa] 

Pressure - Hot side 2 Ph2 6350393 6602934 [Pa] 

Pressure - Cold Side 1 Pc1 274020 274020 [Pa] 

Pressure - Cold Side 2 Pc2 262267 262267 [Pa] 

Mass flow rate - Hot side ṁh1-ṁh3 0.138 0.169 [kg/s] 

Mass flow rate - Cold side ṁc1-ṁc3 0.267 0.267 [kg/s] 

Temperature - Hot side 1 Th1 312 307 [K] 

Temperature - Hot side 2 Th1 300 297 [K] 

Temperature - Cold side 1 Tc1 296 292 [K] 

Temperature - Cold side 2 Tc2 305 297 [K] 

 

Table A-12: The fluid properties of carbon dioxide for validation 

Property Value Unit 

Density - SH1 111 [kg/m3] 

Density - SH2 141 [kg/m3] 

Density - SH3 203 [kg/m3] 

Density - MH1 150 [kg/m3] 

Density - MH2 239 [kg/m3] 

Specific Heat - MH1 3052 [J/kg.K] 

Specific Heat - MH2 4185 [J/kg.K] 

Enthalpy - SH1 554816 [J/kg] 

Enthalpy - SH2 493011 [J/kg] 

Enthalpy - SH3 454256 [J/kg] 

Convection Coefficient - MH1 2871 [W/m2.K] 

Convection Coefficient - MH2 4225 [W/m2.K] 
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Table A-13: The fluid properties of water for validation 

 

 

 

 

 

Table A-14: Entropy values of water for the energy representation under normal conditions 

Property Value 

Specific entropy SC1 420 J/kg.K 

Specific entropy SC2 594 J/kg.K 

Specific entropy SC3 858 J/kg.K 

 

Table A-15: Entropy values of water for the energy representation during shifting of operating point 

Property Value 

Specific entropy SC1 420 J/kg.K 

Specific entropy SC2 539 J/kg.K 

Specific entropy SC3 756 J/kg.K 

 

Table A-16: Entropy values of water for the energy representation during a leakage 

Property Value 

Specific entropy SC1 420 J/kg.K 

Specific entropy SC2 573 J/kg.K 

Specific entropy SC3 877 J/kg.K 

 

Table A-17: Entropy values of water for the energy representation during a heat leakage 

Property Value 

Specific entropy SC1 420 J/kg.K 

Specific entropy SC2 218 J/kg.K 

Specific entropy SC3 625 J/kg.K 

 

Property Value Unit 

Bulk Modulus 2.2x109 [Pa] 

Density 987 [kg/m3] 

Specific Heat 4185 [J/kg.K] 

Convection Coefficient MC1 3510 [W/m2.K] 

Convection Coefficient MC2 4300 [W/m2.K] 
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Table A-18: Entropy values of water for the energy representation during fouling 

Property Value 

Specific entropy SC1 420 J/kg.K 

Specific entropy SC3 1053 J/kg.K 

Specific entropy SC2 727 J/kg.K 
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APPENDIX B 

Appendix B lists the experimental data gathered during the two experiments conducted on the 

CO2 test bench.  

Experimental results for step from 35Hz to 40Hz 

Sensor Number Time 41 W20 40 39 54 55 

Unit s °C °C °C °C bar bar 

6/30/2015 14:39 0 14.4 30.9 51.5 26.5 66.2 62.4 

6/30/2015 14:39 5 14.4 30.9 51.5 26.5 66.2 62.4 

6/30/2015 14:39 10 14.4 30.9 51.5 26.5 66.2 62.4 

6/30/2015 14:40 15 14.4 30.9 51.5 26.5 66.1 62.4 

6/30/2015 14:40 20 14.4 30.9 51.5 26.5 66.1 62.4 

6/30/2015 14:40 25 14.4 30.9 51.5 26.5 66.1 62.4 

6/30/2015 14:40 30 14.4 30.9 51.5 26.5 66.1 62.4 

6/30/2015 14:40 35 14.4 30.9 51.5 26.5 66.1 62.4 

6/30/2015 14:40 40 14.4 30.9 51.5 26.5 66.1 62.4 

6/30/2015 14:40 45 14.4 30.9 51.5 26.5 66.1 62.5 

6/30/2015 14:40 50 14.4 30.9 51.5 26.5 66.1 62.5 

6/30/2015 14:40 55 14.4 30.9 51.5 26.5 66.1 62.5 

6/30/2015 14:40 60 14.4 30.9 51.5 26.5 66.1 62.5 

6/30/2015 14:40 65 14.4 30.9 51.5 26.5 66.1 62.5 

6/30/2015 14:40 70 14.4 30.9 51.5 26.5 66.1 62.5 

6/30/2015 14:41 75 14.4 30.9 51.5 26.5 66.2 62.5 

6/30/2015 14:41 80 14.4 30.9 51.5 26.5 66.2 62.5 

6/30/2015 14:41 85 14.4 30.9 51.5 26.5 66.2 62.5 

6/30/2015 14:41 90 14.4 30.9 51.5 26.5 66.2 62.5 

6/30/2015 14:41 95 14.4 30.9 51.5 26.5 66.2 62.5 

6/30/2015 14:41 100 14.4 30.9 51.5 26.5 66.2 62.5 

6/30/2015 14:41 105 14.4 31.3 53.2 27.3 68.3 64.5 

6/30/2015 14:41 110 14.4 31.3 53.2 27.3 68.3 64.5 

6/30/2015 14:41 115 14.4 31.3 53.2 27.3 68.3 64.5 

6/30/2015 14:41 120 14.4 31.3 53.2 27.3 68.3 64.5 

6/30/2015 14:41 125 14.4 31.3 53.2 27.3 68.3 64.5 

6/30/2015 14:41 130 14.4 31.3 53.2 27.3 68.3 64.5 
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Sensor Number Time 41 W20 40 39 54 55 

Unit s °C °C °C °C bar bar 

6/30/2015 14:42 135 14.4 32.2 54.5 27.9 68.7 64.9 

6/30/2015 14:42 140 14.4 32.2 54.5 27.9 68.7 64.9 

6/30/2015 14:42 145 14.4 32.2 54.5 27.9 68.7 64.9 

6/30/2015 14:42 150 14.4 32.2 54.5 27.9 68.7 64.9 

6/30/2015 14:42 155 14.4 32.2 54.5 27.9 68.7 64.9 

6/30/2015 14:42 160 14.4 32.2 54.5 27.9 68.7 64.9 

6/30/2015 14:42 165 14.4 33.2 55.2 27.9 68.8 65 

6/30/2015 14:42 170 14.4 33.2 55.2 27.9 68.8 65 

6/30/2015 14:42 175 14.4 33.2 55.2 27.9 68.8 65 

6/30/2015 14:42 180 14.4 33.2 55.2 27.9 68.8 65 

6/30/2015 14:42 185 14.4 33.2 55.2 27.9 68.8 65 

6/30/2015 14:42 190 14.4 33.2 55.2 27.9 68.8 65 

6/30/2015 14:43 195 14.4 33.5 55.5 27.9 68.9 65 

6/30/2015 14:43 200 14.4 33.5 55.5 27.9 68.9 65 

6/30/2015 14:43 205 14.4 33.5 55.5 27.9 68.9 65 

6/30/2015 14:43 210 14.4 33.5 55.5 27.9 68.9 65 

6/30/2015 14:43 215 14.4 33.5 55.5 27.9 68.9 65 

6/30/2015 14:43 220 14.4 33.5 55.5 27.9 68.9 65 

6/30/2015 14:43 225 14.4 33.5 55.5 27.9 69 65 

6/30/2015 14:43 230 14.4 33.5 55.5 27.9 69 65 

6/30/2015 14:43 235 14.4 33.5 55.5 27.9 69 65 

6/30/2015 14:43 240 14.4 33.5 55.5 27.9 69 65 

6/30/2015 14:43 245 14.4 33.5 55.5 27.9 69 65 

6/30/2015 14:43 250 14.4 33.5 55.5 27.9 69 65 

6/30/2015 14:44 255 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 260 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 265 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 270 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 275 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 280 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 285 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 290 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 295 14.4 33.8 55.8 27.9 68.9 65.1 
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Sensor Number Time 41 W20 40 39 54 55 

Unit s °C °C °C °C bar bar 

6/30/2015 14:44 300 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 305 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:44 310 14.4 33.8 55.8 27.9 68.9 65.1 

6/30/2015 14:45 315 14.4 33.8 56.1 28.2 68.9 65.2 

6/30/2015 14:45 320 14.4 33.8 56.1 28.2 68.9 65.2 

6/30/2015 14:45 325 14.4 33.8 56.1 28.2 68.9 65.2 

6/30/2015 14:45 330 14.4 33.8 56.1 28.2 68.9 65.2 

6/30/2015 14:45 335 14.4 33.8 56.1 28.2 68.9 65.2 

6/30/2015 14:45 340 14.4 33.8 56.1 28.2 68.9 65.2 

6/30/2015 14:45 345 14.4 33.8 56.1 28.2 68.9 65.1 

6/30/2015 14:45 350 14.4 33.8 56.1 28.2 68.9 65.1 

6/30/2015 14:45 355 14.4 33.8 56.1 28.2 68.9 65.1 

6/30/2015 14:45 360 14.4 33.8 56.1 28.2 68.9 65.1 

6/30/2015 14:45 365 14.4 33.8 56.1 28.2 68.9 65.1 

6/30/2015 14:45 370 14.4 33.8 56.1 28.2 68.9 65.1 

6/30/2015 14:46 375 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:46 380 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:46 385 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:46 390 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:46 395 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:46 400 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:46 405 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:46 410 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:46 415 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:46 420 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:46 425 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:46 430 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:47 435 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:47 440 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:47 445 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:47 450 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:47 455 14.4 33.8 56.1 28.2 68.9 65 

6/30/2015 14:47 460 14.4 33.8 56.1 28.2 68.9 65 
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Sensor Number Time 41 W20 40 39 54 55 

Unit s °C °C °C °C bar bar 

6/30/2015 14:47 465 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:47 470 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:47 475 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:47 480 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:47 485 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:47 490 14.4 33.8 56.1 28.2 69 65.1 

6/30/2015 14:48 495 14.4 33.8 56.1 28.2 68.9 65.1 

Experimental results for a step from 40Hz to 45Hz 

Sensor number Time 41 W20 40 39 54 55 

Unit s °C °C °C °C bar bar 

6/30/2015 14:54 0 14.4 33.6 56.1 28.1 68.9 65 

6/30/2015 14:54 5 14.4 33.6 56.1 28.1 68.9 65 

6/30/2015 14:54 10 14.4 33.9 56.1 28.1 68.9 65 

6/30/2015 14:54 15 14.4 33.9 56.1 28.1 68.9 65 

6/30/2015 14:54 20 14.4 33.9 56.1 28.1 68.9 65 

6/30/2015 14:54 25 14.4 33.9 56.1 28.1 68.9 65 

6/30/2015 14:54 30 14.4 33.9 56.1 28.1 68.9 65 

6/30/2015 14:54 35 14.4 33.9 56.1 28.1 68.9 65 

6/30/2015 14:55 40 14.4 33.6 56.1 28.1 69.6 65.8 

6/30/2015 14:55 45 14.4 33.6 56.1 28.1 69.6 65.8 

6/30/2015 14:55 50 14.4 33.6 56.1 28.1 69.6 65.8 

6/30/2015 14:55 55 14.4 33.6 56.1 28.1 69.6 65.8 

6/30/2015 14:55 60 14.4 33.6 56.1 28.1 69.6 65.8 

6/30/2015 14:55 65 14.4 33.6 56.1 28.1 69.6 65.8 

6/30/2015 14:55 70 14.4 34.2 58.4 29.4 71.4 67.4 

6/30/2015 14:55 75 14.4 34.2 58.4 29.4 71.4 67.4 

6/30/2015 14:55 80 14.4 34.2 58.4 29.4 71.4 67.4 

6/30/2015 14:55 85 14.4 34.2 58.4 29.4 71.4 67.4 

6/30/2015 14:55 90 14.4 34.2 58.4 29.4 71.4 67.4 

6/30/2015 14:55 95 14.4 34.2 58.4 29.4 71.4 67.4 

6/30/2015 14:56 100 14.4 35.4 59.4 29.7 71.7 67.8 

6/30/2015 14:56 105 14.4 35.4 59.4 29.7 71.7 67.8 
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Sensor number Time 41 W20 40 39 54 55 

Unit s °C °C °C °C bar bar 

6/30/2015 14:56 110 14.4 35.4 59.4 29.7 71.7 67.8 

6/30/2015 14:56 115 14.4 35.4 59.4 29.7 71.7 67.8 

6/30/2015 14:56 120 14.4 35.4 59.4 29.7 71.7 67.8 

6/30/2015 14:56 125 14.4 35.4 59.4 29.7 71.7 67.8 

6/30/2015 14:56 130 14.4 35.9 59.8 29.7 71.9 67.9 

6/30/2015 14:56 135 14.4 35.9 59.8 29.7 71.9 67.9 

6/30/2015 14:56 140 14.4 35.9 59.8 29.7 71.9 67.9 

6/30/2015 14:56 145 14.4 35.9 59.8 29.7 71.9 67.9 

6/30/2015 14:56 150 14.4 35.9 59.8 29.7 71.9 67.9 

6/30/2015 14:56 155 14.4 35.9 59.8 29.7 71.9 67.9 

6/30/2015 14:57 160 14.4 36.2 60.1 29.7 71.8 67.8 

6/30/2015 14:57 165 14.4 36.2 60.1 29.7 71.8 67.8 

6/30/2015 14:57 170 14.4 36.2 60.1 29.7 71.8 67.8 

6/30/2015 14:57 175 14.4 36.2 60.1 29.7 71.8 67.8 

6/30/2015 14:57 180 14.4 36.2 60.1 29.7 71.8 67.8 

6/30/2015 14:57 185 14.4 36.2 60.1 29.7 71.8 67.8 

6/30/2015 14:57 190 14.4 36.2 60.4 29.9 71.8 67.8 

6/30/2015 14:57 195 14.4 36.2 60.4 29.9 71.8 67.8 

6/30/2015 14:57 200 14.4 36.2 60.4 29.9 71.8 67.8 

6/30/2015 14:57 205 14.4 36.2 60.4 29.9 71.8 67.8 

6/30/2015 14:57 210 14.4 36.2 60.4 29.9 71.8 67.8 

6/30/2015 14:57 215 14.4 36.2 60.4 29.9 71.8 67.8 

6/30/2015 14:58 220 14.4 36.2 60.4 29.9 71.9 68.1 

6/30/2015 14:58 225 14.4 36.2 60.4 29.9 71.9 68.1 

6/30/2015 14:58 230 14.4 36.2 60.4 29.9 71.9 68.1 

6/30/2015 14:58 235 14.4 36.2 60.4 29.9 71.9 68.1 

6/30/2015 14:58 240 14.4 36.2 60.4 29.9 71.9 68.1 

6/30/2015 14:58 245 14.4 36.2 60.4 29.9 71.9 68.1 

6/30/2015 14:58 250 14.4 36.2 60.4 29.9 71.9 67.8 

6/30/2015 14:58 255 14.4 36.2 60.4 29.9 71.9 67.8 

6/30/2015 14:58 260 14.4 36.2 60.4 29.9 71.9 67.8 

6/30/2015 14:58 265 14.4 36.2 60.4 29.9 71.9 67.8 

6/30/2015 14:58 270 14.4 36.2 60.4 29.9 71.9 67.8 



APPENDIX B 

 

99 

Sensor number Time 41 W20 40 39 54 55 

Unit s °C °C °C °C bar bar 

6/30/2015 14:58 275 14.4 36.2 60.4 29.9 71.9 67.8 

6/30/2015 14:59 280 14.4 36.2 60.7 29.9 71.9 68 

6/30/2015 14:59 285 14.4 36.2 60.7 29.9 71.9 68 

6/30/2015 14:59 290 14.4 36.2 60.7 29.9 71.9 68 

6/30/2015 14:59 295 14.4 36.2 60.7 29.9 71.9 68 

6/30/2015 14:59 300 14.4 36.2 60.7 29.9 71.9 68 

6/30/2015 14:59 305 14.4 36.2 60.7 29.9 71.9 68 

6/30/2015 14:59 310 14.4 36.6 60.7 29.9 71.9 67.8 

6/30/2015 14:59 315 14.4 36.6 60.7 29.9 71.9 67.8 

6/30/2015 14:59 320 14.4 36.6 60.7 29.9 71.9 67.8 

6/30/2015 14:59 325 14.4 36.6 60.7 29.9 71.9 67.8 

6/30/2015 14:59 330 14.4 36.6 60.7 29.9 71.9 67.8 

6/30/2015 14:59 335 14.4 36.6 60.7 29.9 71.9 67.8 

6/30/2015 15:00 340 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 345 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 350 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 355 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 360 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 365 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 370 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 375 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 380 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 385 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 390 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:00 395 14.4 36.2 60.7 29.9 71.9 67.8 

6/30/2015 15:01 400 14.4 36.6 60.7 29.9 71.8 67.8 

6/30/2015 15:01 405 14.4 36.6 60.7 29.9 71.8 67.8 

6/30/2015 15:01 410 14.4 36.6 60.7 29.9 71.8 67.8 

6/30/2015 15:01 415 14.4 36.6 60.7 29.9 71.8 67.8 

6/30/2015 15:01 420 14.4 36.6 60.7 29.9 71.8 67.8 

6/30/2015 15:01 425 14.4 36.6 60.7 29.9 71.8 67.8 

6/30/2015 15:01 430 14.4 36.3 60.7 29.9 71.9 67.7 

6/30/2015 15:01 435 14.4 36.3 60.7 29.9 71.9 67.7 
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6/30/2015 15:01 440 14.4 36.3 60.7 29.9 71.9 67.7 

6/30/2015 15:01 445 14.4 36.3 60.7 29.9 71.9 67.7 

6/30/2015 15:01 450 14.4 36.3 60.7 29.9 71.9 67.7 

6/30/2015 15:01 455 14.4 36.3 60.7 29.9 71.9 67.7 

6/30/2015 15:02 460 14.4 36.3 60.7 29.9 71.9 67.8 

6/30/2015 15:02 465 14.4 36.3 60.7 29.9 71.9 67.8 

6/30/2015 15:02 470 14.4 36.3 60.7 29.9 71.9 67.8 

6/30/2015 15:02 480 14.4 36.3 60.7 29.9 71.9 67.8 

6/30/2015 15:02 485 14.4 36.3 60.7 29.9 71.9 67.8 

 


