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ABSTRACT 

The ongoing global phase-out of ozone-depleting substances under the Montreal Protocol has 

motivated research into alternative working fluids for the use in refrigeration applications. The 

use of refrigerant grade carbon dioxide (R744) in refrigeration systems as an alternative 

working fluid shows great promise due to its inert properties and its minor environmental 

impact. It has an ozone depletion potential (ODP) of zero and global warming potential (GWP) 

of one. The use of carbon dioxide in heat pump systems has been investigated in the literature. 

However, limited research has been done in the field of fault identification and the isolation 

thereof for these systems. 

The objective of this study is to develop an energy-based representation of a transcritical CO2 

heat pump system, to visualise, identify, and monitor the progression of faults that may occur. 

The energy-based approach is used as a means of system representation because a heat 

pump is essentially an energy converting device. A representation using energy 

characteristics thus allows all the physical phenomena present during operations to be 

summarised into a compact and easily interpretable form. The use of a linear graph 

representation, with heat pump components represented as nodes and energy interactions as 

links, was investigated. Node signature matrices were then used to compile the energy 

information in a more mathematical compact form. 

To generate the energy and exergy information for the compilation of the energy-based heat 

pump representation - a descriptive thermal-fluid model of the heat pump system was 

developed. The thermal-fluid model was based on the specifications of a transcritical CO2 heat 

pump test facility. 

Cost matrices were generated using an algorithm that computes the difference between 

healthy signature matrices and those with system energy characteristics under fault 

conditions. The eigenvalues and eigenvectors of the cost matrices were visualised for fault 

detection purposes. 

Keywords: carbon dioxide (CO2), transcritical heat pump, energy-based representation, fault 

detection, fault diagnosis, fault detection and isolation 
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OPSOMMING 

Die aangaande proses van die globale uitfasering van osoon verminderende stowwe onder 

die riglyne van die ‘Montreal Protocol’ het as motivering gedien om alternatiewe 

werkvloeistowwe vir die gebruik in verkoelingstoepassings te ondersoek. Die gebruik van 

koelmiddelgraad koolstofdioksied (R744) in verkoelingstelsels as ‘n alternatiewe werkvloeistof 

wys potensiaal as gevolg van sy chemies inerte gedrag en minimale omgewingsimpak. 

Koolstofdioksied het ‘n osoonuitputtingpontensiaal (OP) van nul en ‘n 

aardverwarmingpotensiaal (AP) van een. Die gebruik van koolstofdioksied in 

hittepompstelsels is reeds ondersoek. ‘n Beperkte hoeveelheid navorsing is al egter uitgevoer 

op die gebied van foutidentifikasie en isolasie vir hierdie tiepe stelsels. 

Die doel van hierdie studie is om ‘n energie-gebaseerde voorstelling van ‘n transkritiese CO2 

hittepompstelsel te ontwikkel, om die vordering van foute te visualiseer, te identifiseer en te 

monitor. Die energiegebaseerde benadering word gebruik as ‘n manier van stelsel voorstelling 

omdat ‘n hittepomp in wese ‘n energie-omskakelingsapparaat is. ‘n Voorstelling wat van 

energie eienskappe gebruik maak stel dus alle faktore wat teenwoordig is tydens die werking 

van ‘n hittepomp in ‘n kompakte en maklik interpreteerbare vorm voor. ‘n Lineêre grafiek 

voorstelling van die hittepompstelsel is gebruik waar komponente as nodes voorgestel is en 

energie interaksies as verbindings voorgestel is. Node kenmerkende matrikse is gebruik om 

die energie-inligting in die hittepomp se grafiek voorstelling saam te stel in ‘n meer kompakte 

wiskundige formaat. 

'n Beskrywende termo-vloei model van die hittepompstelsel is ontwikkel om die verlangde 

energie- en eksergie inligting vir die energiegebaseerde hittepompvoorstelling mee te 

genereer. Die termo-vloei model is gebaseer op die spesifikasies van 'n transkritiese CO2 

hittepomp toetsfasiliteit. 

Kostematrikse is gegenereer deur gebruik te maak van ‘n algoritme wat die verskil tussen 

gesonde kenmerkende node matrikse en diegene met stelsel energie eienskappe onder 

fouttoestande bereken het. Die eiewaardes en eievektore van die kostematrikse is visueel 

voorgestel vir foutopsoring doeleindes. 

Sleutelwoorde: koolstofdioksied (CO2), transkritiese hittepompstelsel, energie-gebaseerde 

voorstelling, foutopsporing, foutdiagnose, foutdeteksie en isolasie 
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SYMBOL DEFINITION 

CO2 Carbon dioxide 

H2O Water 

R134a 1,1,1,2-tetrafluoroethane (Freon) 

R22 Chlorodifluoromethane 

R744 Refrigerant grade carbon dioxide 

ε-NTU Effectiveness - number of transfer units 
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attributed Indicates a matrix with attributed elements 

avg Averaged property 

C Compressor component 

conv Convection 

CV Control volume 

cyl Cylinder 

ds Indicates dead state property 

E Evaporator component 

EEV Electronic expansion valve component 

evap Indicates evaporation phase transition 

f Indicates fluid 

F Indicates matrix associated with a fault 

fail Compressor failure fault condition 

flow Indicates flow property 

foul Gas cooler fouling fault condition 

g Refrigerant side 

GC Gas cooler component 

gen Generated 

Ho Indicates homogeneous property 

HP Heat pump 

HRT Heat-rejection temperature 

in Inward 

inc Increment 

isen Isentropic condition 

ISOLATED Isolated control region 

leak Fluid leakage fault condition 
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max Maximum 

min Minimum 

net Indicates net property 

normal Indicates normal cost matrix 

out Outward 

R Indicates reference matrix 

R744 Indicates carbon dioxide property 

reduced Indicates a matrix with symbols and zeros 

ref Indicates reference elevation 

s Surface 

SH Superheat 

sim Simulated 

spec Specific 

stream Indicates unique fluid stream 

symbolic Indicates a matrix with symbols as elements 

TP Indicates two-phase property 

tube Indicates property of a tube 

W Wang et al. correlation 

𝐻 Hydraulic 

𝑎 The 𝑎-th column of a node signature matrix 

𝑏 Indicates bulk fluid property 

𝑓𝑟 Indicates Friedel method association 

𝑖𝑖 Inner - inner 

𝑖𝑜 Inner - outer 

𝑙 Indicates liquid phase association 

𝑠𝑠 Stainless steel 
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𝑣 Indicates vapour phase property 

𝑤 Indicates water property 
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0𝐿 Total pressure drop along a length 
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�̇� Due to heat transfer 

© Copyright symbol 

® Registered trademark symbol 

2 Squared 

3 Cubed 
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𝑛 
Power for differentiation between different heat 
transfer conditions when using the Dittus-
Boelter correlation 
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LATIN SYMBOL DESCRIPTION UNIT 

#𝑐𝑜𝑙 Number of columns  [-] 

#𝑐𝑦𝑙 Number of compression cylinders [-] 

𝐶𝑃 Heat capacity at constant pressure [kJ/kg-K] 

𝐶𝑟 Capacity ratio [-] 

𝐼 ̇ Irreversibility generation rate [kW] 

�̇� Work [kW] 

�̇� Exergy flow rate [kW] 

�̇� Mass flow [kg/s] 

𝑚𝑣𝑒𝑙 Mass velocity [kg/s-m2] 

�̇� Rate of heat transfer [kW] 

𝑟𝑃 Pressure ratio [-] 

�̇� Rate of entropy generation [kW/K] 

ℎ Enthalpy [kJ/kg] 

ℎ𝑐 Convection heat transfer coefficient [kW/m2-K] 

𝐴 Area [m2] 

𝐵 Body force per unit mass [N/kg] 

𝐶 Velocity [m/s] 

𝐶𝐹 Correlation factor [-] 

𝐶𝑂𝑃 Coefficient of performance [-] 

𝐷 Diameter [m] 

𝐷𝑒𝑣 Percentage deviation [%] 

𝐸 Friction – dryness fraction dimensionless factor [-] 

𝐸𝑛 Power [kW] 

𝐹 Bulk dryness related dimensionless factor [-] 

𝐹𝐹 Fouling factor [m2-K/kW] 

𝐹𝑟 Froude number [-] 
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𝐻 Property ratio related dimensionless factor [-] 

𝐻𝐶𝑅 Heat capacity rate [kW/K] 

𝐼𝑟𝑟 
Irreversibility generation rate predicted by 
Gouy-Stodola theorem 

[kW] 

𝐿 Physical length [m] 

𝑁𝑇𝑈 Heat exchanger’s number of transfer units [-] 

𝑂𝑝𝑒𝑛% Orifice area opening measure [-] 

𝑃 Pressure [bar] 

𝑃𝑟 Prandtl number [-] 

𝑄 Volumetric flow rate [m3/s] 

𝑅𝑒 Reynolds number [-] 

𝑇 Temperature [K] 

𝑈 Overall heat transfer coefficient [kW/m2-K] 

𝑊 Specific work [kJ/kg] 

𝑊𝑒 Weber number [-] 

𝑒 Surface roughness parameter [m] 

𝑓 Friction factor [-] 

𝑔 Gravitational acceleration [m/s2] 

𝑘 Heat capacity ratio [-] 

𝑘𝑜 Conduction heat transfer coefficient [kW/m-K] 

𝑚𝑎𝑥 Largest element of a certain matrix column [-] 

𝑚𝑖𝑛 Smallest element of a certain matrix column [-] 

𝑟𝑎𝑛𝑔𝑒 The range of a column of a matrix [-] 

𝑢 Specific internal energy [kJ/kg] 

𝑥 Vapour quality [-] 

𝑧 Elevation [m] 

𝑪𝒐𝒔𝒕 Cost matrix [N/A] 
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1. CHAPTER 1: INTRODUCTION 

This chapter starts with a brief introduction of heat pump systems emphasising why these 

devices are of value to society. The research problem statement, the scope of the research, 

specific objectives, and the research methodology are discussed next. The chapter 

concludes with the outline of the dissertation and details on the article contribution 

generated from the study. 

 

1.1 Background 

In the Directive 2010/31/EU of the European Parliament on the energy performance of 

buildings (recast) [1], a heat pump is defined as:  

‘A machine, a device or installation that transfers heat from natural surroundings such as air, 

water or ground to buildings or industrial applications by reversing the natural flow of heat such 

that it flows from a lower to a higher temperature.’ 

Heat pumps form part of a group of devices that operate on a thermodynamic cycle known as 

the vapour-compression cycle [2]. Refrigerators, phase-change computer chip cooling 

solutions, and air conditioning units are often part of a certain system configuration that 

requires vapour-compression to be performed for the system to achieve its respective cooling 

demands. These devices all exploit the cyclic phase changes that their working fluid 

undergoes, as it flows through each unique component in each given system, to achieve the 

heat transfer needed for their respective applications. 

The four principal components always found in a heat pump system are the compression 

device, the heat-rejection component, the expansion device, and the heat-absorbing 

component. Diagrammatically a heat pump system will always have the general layout as 

illustrated in Figure 1-1. 

 

Figure 1-1: General heat pump system with principal components [2] 
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Additional components and fluid loops may be present between the two discontinuity symbols 

as shown in Figure 1-1. Using different configurations allow for heat pump systems to enable 

efficient energy recovery from various heat sources. Heat pump systems can recover energy 

from aerothermal, geothermal, and hydrothermal sources [3]. Aerothermal energy is energy 

stored in atmospheric air; geothermal energy is energy stored in the form of heat beneath the 

earth’s surface and hydrothermal energy is heat energy stored in surface water or in water 

that encapsulated inside the solid earth. Chua et al. [4] argue that rising global costs of power 

lead to greater emphasis placed on energy savings and energy efficiency. In the light of 

increasing global energy demand and increasing energy costs – heat pump systems are 

noteworthy due to their versatility, energy savings potential, scalability, and modular 

configurability. 

The European Union has promoted the use of heat pumps as they are recognised as devices 

that promote the reuse of energy from renewable sources since the release of Directive 

2009/28/EC of the European Parliament and the Council on the promotion of the use of energy 

from renewable sources [5], [6]. Since the United Nations [7] issued the Montreal Protocol on 

the 1st of January 1989, there has been an international effort to phase out the production and 

usage of substances that are considered to have harmful and diminishing effects on the earth’s 

ozone layer. The Handbook for the Montreal Protocol [8] gives the guidelines and procedures 

for the continuing international phase-out of chlorofluorocarbons, halogenated 

chlorofluorocarbons, hydrochlorofluorocarbons, and other harmful substances. Gas mixtures 

that contained chlorofluorocarbons (CFCs), like for example the collection of gases under the 

trademark name Freon, were employed as the working fluids of choice in heat pump and 

refrigeration systems [2]. 

Under the ongoing phase-out of CFCs, the usage of carbon dioxide (CO2) gas as a natural 

working fluid for heat pump applications was investigated by Venter [9], Duddumpudi [10], and 

Chen et al. [11]. Chen [12] states that CO2 has been investigated due to the gas having no 

ozone depletion potential (ODP) and a low global warming potential (GWP) of 1. The zero 

ODP and low GWP of CO2 are favourable when compared to a traditionally preferred working 

fluid like, for example, the refrigerant R134a which has an ODP of zero and a GWP of 1430 

[13]. Another perk of CO2 gas is also that it is inexpensive due to it being easily producible 

from a liquefaction process performed on the earth’s atmospheric air. Large amounts of CO2 

gas are also produced globally by coal-fired power plants [14] and can be collected at carbon 

capture and storage facilities [15] present at these plants. The use of CO2 gas also has the 
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additional advantages of being non-combustible, non-flammable, non-toxic (in low 

concentrations), and chemically inert at subcritical temperatures [12]. 

Due to the thermo-physical properties of refrigerant grade carbon dioxide (R744), a heat pump 

system using it as working fluid operates partially in the supercritical zone of CO2 [9]. The 

complete thermodynamic cycle is thus called transcritical [12] due to a part of the period 

operating within the supercritical zone. This study investigates a transcritical R744 heat pump 

test facility used for simultaneous water cooling and water heating. The device investigated is 

illustrated diagrammatically in Figure 1-2. 

 

Figure 1-2: Transcritical CO2 heat pump diagram [2] 

The heat pump system shown in Figure 1-2 is essentially a device that converts and transports 

energy. The compressor converts electrical energy into mechanical energy required to 

compress and circulate the R744 through the system. The circulated R744 enables the heat 

pump system to transport the heat extracted from the water flowing through the evaporator, 

also known as the heat source, to the water flowing through the gas cooler, also known as the 

heat sink. Energy is thus an important quantitate property of any thermal-fluid system. Marais 
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[16] argues that a thermodynamic cyclic may be monitored by investigation and representation 

of the energy behaviour of the cycle. An energy-based representation of a thermohydraulic 

system is an approach which allows a complex system to be characterised in a generally 

interpretable format [17]. The concept of energy is well appreciated and unifying due to its 

presence in the natural sciences and across all engineering disciplines. 

Previous studies which employed the use of energy-based representations of thermohydraulic 

systems or thermohydraulic subsystem components were done by Marais [16], Smuts [18], 

and van Graan [19]. Marais [16] investigated the application of enthalpy-entropy (Mollier) 

diagrams as a means to fault detection and isolation on an auto-thermal reformer. Marais 

showed that the Mollier diagram representation of the auto-thermal reformer could 

successfully be used to detect whether a fault has occurred within the process. The 

representation could however not be used to isolate the different types of errors that could 

occur in the system. Marais also explored the usage of exergy-based fault detection and 

isolation (FDI) on the auto-thermal reformer system. Marais showed that the usage of external 

exergy as a means of FDI on the auto-thermal reformer system was suitable to both detect 

system faults and isolate the specific faults that had occurred. Smuts [18] focused on the gas 

cooler component of a transcritical CO2 heat pump and modelled the part using a staggered 

grid approach. The staggered grid approach was used to uniquely model three different fault 

scenarios: working fluid leakage, heat loss from the discrete control volumes and fouling 

presence within the heat exchanger tubes. Smuts used entropy interaction – energy 

interaction (S-E) diagrams as the energy-based representation of choice. Faults were 

identified via investigation of the magnitude and orientation of a residual vector which resulted 

from a shift in vectors which were representative of energy and entropy at specific points within 

the heat exchanger. Van Graan [19] also modelled the gas cooler heat exchanger in the same 

heat pump system using a staggered grid approach but used the model for the derivation of a 

linear graph with specific node and element attributes. Van Graan [19] extracted required 

exergy and energy attributes of the nodes and elements and represented them in matrices 

which were used as reference conditions of the system. Van Graan [19] then proceeded with 

the generation of cost matrices. The cost matrices represented the weighted difference 

between matrices with healthy system operation element attributes vs matrices with element 

attributes attributed to fault conditions. Van Graan [19] used the plotted eigenvalues of the 

generated cost matrices as the energy representation of the heat exchanger. The presence 

of fouling, a fluid leakage and heat loss in the system could then be identified via investigation 

of eigenvalue behaviour and the relevant movement of the given eigenvalues when plotted on 

the complex plane. 
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The method proposed by van Graan [19] proved successful in the identification of faults 

associated with a single component within a transcritical CO2 heat pump. Further research is 

needed to improve on the method by van Graan [19] to determine whether it can be used to 

identify faults in a complete heat pump system when the faults and the effects thereof are 

considered on a system level. A system level approach is an approach that focuses on the 

behavioural characteristics of the system and the overall influence that changes in the system 

input parameters has on the behaviour of the system as a whole. 

1.2 Problem statement 

The applicability of the linear graph approach by van Graan [19] needs to be investigated 

when used to model and identify faults on a system level. This study will focus on whether the 

proposed linear graph representations and the resultant signature node matrices can be used 

for fault identification and isolation on the entire transcritical heat pump system and not just 

for a single component as investigated by van Graan [19]. 

1.3 Aim of this study 

The aim of this research study is to develop an energy-based representation of a complete 

transcritical CO2 heat pump system by implementing and expanding upon the methodology 

proposed by van Graan [19]. The developed energy-based representation must be sensitive 

to changes in the energy and exergy characteristics of the system. A heat pump test facility 

will form the basis for the thermal-fluid modelling of the main system components, to be used 

for the energy-based representation. 

The motivation for the research focus on an energy-based representation of the heat pump 

system is to expand the current knowledge available on condition monitoring techniques of 

thermal-fluid systems. The investigation of energy-based representation of the heat pump 

system is used as a starting point to the development of new and strategies that may be used 

to visualise, summarise, and optimise the control methods applicable to thermal-fluid systems. 

In specific, the previous work on energy-based representation is expanded in this study. In 

this study the techniques, from previous work on the topic, are used to visualise the faults of 

an entire thermal-fluid system with more than one constituent component. 

1.4 Research objectives and methodology 

The specific objectives identified for the study and the methodology to be followed to achieve 

them are discussed in this section. 
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1.4.1 Simulation model of the heat pump system 

A steady state thermal-fluid system model of the heat pump system is required. The 

Engineering Equation Solver (EES®) [20] environment will be used to compile the thermal-fluid 

model of the system. The range of working conditions the model can simulate must include 

the same range of working conditions at which the test bench system can operate. The EES® 

model outputs should contain the required energy and exergy information of the heat pump 

system, as required for the compilation of the energy-based visualisations of the system.  

The simulation will thus be based on a heat pump that contains heat exchangers with water 

and CO2 as the energy exchanging fluids. The heat exchangers are assumed to be well 

insulated, and only energy transfer between the CO2 and the water takes place. The effect 

that the circulating compressor oil has on heat transfer characteristics in the system will be 

assumed to be negligible. 

1.4.2 Verification of the simulation model 

In the context of a simulation, verification considers and evaluates the correctness of the 

compilation of the model in the simulation environment. Verification is concerned with whether 

the model is well-engineered and error-free. Verification is thus needed to ensure that the 

simulation code meets is specifications and that it is compiled correctly [21]. 

1.4.3 Validation of the simulation model 

The process of validation requires that the simulation code is checked to ensure that it 

addresses the specifications and needs required for the compilation of the energy-based 

representation of the heat pump system. In the context of this study validation also involves 

the evaluation of how well the compiled simulation code reflects the physical test bench 

system’s idiosyncratic characteristics and behaviour [21]. 

For validation of the EES® simulation code – the simulation code results will be compared to 

the operational behaviour of the physical test bench system. The simulation code will be 

scrutinised by comparing the thermo-physical graph results generated to the graphs that are 

representative of experimental test bench data. Validation is not a requirement for this study 

but is included for completeness. 
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1.4.4 Development of an energy-based visualisation of the system 

An energy-based representation of the heat pump system is required. This energy-based 

representation will expand the linear graph matching approach proposed by van Graan [19] 

for use on an entire heat pump system. The energy-based representation needs to be 

formulated in such a manner to identify the presence of a fault in the system. The 

representation should be able to distinguish between different types of faults. 

1.5 Paper contributions 

The two conference contributions that emanated from this study are as follows: 

[1]  J. de Bruin, K. Uren, G. van Schoor and M. van Eldik, "A thermodynamic cycle model of 

a transcritical CO2 heat pump for energy-visualisation," in Southern African Universities 

Power Engineering Conference, Stellenbosch, 2017.  

[2]  J. de Bruin, K. Uren, G. van Schoor and M. van Eldik, "Performance visualisation of a 

transcritical CO2 heat pump under fault conditions," in International Congress and 

Exhibition on Condition Monitoring and Diagnostic Engineering Management, Sun City, 

2018.  

The first paper, titled: ‘A thermodynamic cycle model of a transcritical CO2 heat pump for 

energy-visualisation’ was presented at the 25th Southern African Universities Power 

Engineering Conference (SAUPEC) in Stellenbosch, South Africa. This paper is available in 

Appendix D. 

The second paper, titled: ‘Performance visualisation of a transcritical CO2 heat pump under 

fault conditions’ was presented at the 31st International Congress and Exhibition on Condition 

Monitoring and Diagnostic Engineering Management (COMADEM®). 

The papers can be found in Appendix E. 
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1.6 Dissertation outline 

Chapter 2 studies the key literature, previous research and publications related to this study. 

Literature and prominent techniques concerning the modelling approaches for each 

component in the heat pump system are reviewed. The literature study also reviews explicitly 

the previous work on energy-based representations applied to heat pump systems. 

Chapter 3 presents the background theory on the control volume method of thermal-fluid 

system analysis. The conservation equations and exergy balance equation that contain the 

fundamental descriptive physics of fluid thermodynamic-, exergy- and hydraulic behaviour is 

also reviewed. The key parameters required to solve the balancing equations of control 

volume regions are briefly discussed at the end of the chapter.  

Chapter 4 discusses the approach followed and assumptions made to compile the descriptive 

characteristic equations that model the heat pump system behaviour. Key equations like 

friction factor correlations, pressure drop formulas and performance indices relevant to the 

investigated heat pump system are presented. The simulation inputs used for the EES® 

simulation are presented and motivated. The chapter concludes with a discussion concerning 

the valid range and capability of the EES® system simulation. 

Chapter 5 deals with verification and validation of the system EES® simulation. Cross-

comparison benchmarks the EES® simulation with experimental data generated by the 

physical test bench system. The simulation’s ability to accurately simulate the test bench 

system operating at specific conditions and generated outputs is also discussed. 

Chapter 6 gives the theory related to the graph-theoretic approach of thermo-fluid system 

representation. The methodology on how to compose a linear graph using node and element 

attributes for the investigated heat pump system is presented. The generation of cost matrices 

from the linear graph representation and generation of cost matrices is done. The use of 

eigenvectors and eigenvalues of cost matrices are then presented and investigated as a 

means to detect faults and monitor the progression of faults in the heat pump system. 

Chapter 7 gives the conclusions drawn from the study, gives recommendations and discusses 

the possible direction and focus future research related to the topic of energy-based system 

representation should take. 

  



 

9 

 

2. CHAPTER 2: LITERATURE STUDY 

This chapter discusses the pertinent background information, literature and previous studies 

related to the modelling of heat pump systems. Previous work on energy-based modelling 

approaches developed for heat pump systems, or heat pump system sub-components are 

also reviewed. The chapter concludes with a summary of the surveyed literature.  

 

2.1 The transcritical heat pump cycle 

The vapour-compression cycle that CO2 heat pump systems operate on has two variants. The 

cycle can be subcritical or transcritical but is never entirely supercritical [22]. In a subcritical 

heat pump cycle, the heat-rejection component is called a condenser. A phase change takes 

place through the condenser component such that the working fluid is condensed to a two-

phase quality with a higher proportion of liquid before throttling. The working fluid may also be 

undercooled in a subcritical cycle before throttling takes place. In a transcritical heat pump 

cycle, the heat-rejection component is called a gas cooler [23]. The working fluid flowing 

through a gas cooler remains a supercritical fluid throughout the heat-rejection process. During 

a gas cooler heat-rejection process in which the working fluid is cooled to a temperature below 

its critical temperature - the working fluid may ‘flash’ into an undercooled liquid state near the 

physical end of the gas cooler length [22]. Classification of a cycle as being subcritical or 

transcritical depends on all the states of matter that the active working fluid is in, at any given 

time, throughout the heat pump system. The four states of matter that is applicable to heat 

pump working fluids are a liquid, a two-phase mixture, a gas, and a supercritical fluid [12], 

[24].  

If all four aforementioned physical phases are present throughout the heat pump system 

during operation, then the cycle is called transcritical. If only the first three phases are present 

- then the cycle is called subcritical [22]. A substance is said to be in the supercritical state if 

it is simultaneously at a temperature and pressure which is above the characteristic values 

that define the substance’s critical point. For CO2, the critical temperature is 304.13 [K] (30.98 

°C), and the critical pressure is at 73.77 [bar]. The critical point of CO2 is illustrated in Figure 

2-1. 
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Figure 2-1: Pressure-Temperature graph with CO2 states of matter [24] 

The components in a heat pump system require the working fluid to be in certain phases at 

their associated inlet(s) and outlet(s). For example, the compressor component in a heat pump 

needs to receive a superheated gas at its inlet to ensure that it can compress the gas and 

deliver it at the required discharge pressure and temperature. If a compressor is supplied with 

a two-phase mixture, then liquid slugging can occur. This is due to the incompressible nature 

of liquids in combination with internal compressor components usually designed to exert a 

compressive force on a gaseous substance [25]. Ensuring that the correct working fluid phase 

is present throughout a heat pump system and actively monitoring the phases thus form an 

integral part of healthy heat pump system modelling and control [26]. 

Another important consideration when dealing with the modelling of a heat pump system is 

system component interdependence and component interaction. Thus, not only does a 

component need to be modelled using a framework describing its operation, but the interaction 

and influence it has on the components that precede and succeed it in the system also needs 

to be considered [27]. 

2.2 Modelling of individual transcritical heat pump components 

This section discusses the modelling approaches used to describe the operation of the 

components found in the investigated heat pump system. 
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2.2.1 Evaporator 

The heat-absorbing component in both subcritical and transcritical heat pump cycles is called 

an evaporator. The evaporator receives the two-phase mixture that comes from the throttling 

device and subsequently adds heat to the mixture to evaporate it to a saturated gas state [2]. 

It is common practice for the evaporator component to be designed in such a manner to add 

extra heat to the saturated gas, after evaporation, to ensure that there is a safe amount of 

superheating of the working fluid before it reaches the heat pump’s compression device [28]. 

The heat pump system considered in this study also uses a counter-flow tube-in-tube type 

heat exchanger as its evaporator component. In the evaporator heat is transferred from the 

cooled water stream to the evaporating CO2. 

The modelling of the heat transfer and fluid characteristics of horizontal two-phase flow 

undergoing the process of evaporation is complex. This is due to the presence of and transition 

between different physical flow regimes in the continually heated two-phase flow. Further 

complexity is added by additional degrees of freedom present in the two-phase flow like the 

occurrence of [27]: 

• Non-unison localised phase flow direction within the overall two-phase fluid flow. This 

phenomenon is known as counter-current flow. 

• Temperature being in non-equilibrium between localised two-phase flow phases. This 

leads to localised heat transfer between phases across interfacial regions.  

• Additional thermal non-equilibrium driven phenomena like inverted dispersed flow or 

saturated condensing liquid film presence in superheated steam areas. 

Collier and Thome [29] stated that the generally accepted flow patterns present in co-current 

two-phase horizontal tubular flow (as also present in the investigated heat pump system’s 

evaporator) is: 

a) Bubbly flow – Flow with vapour bubbles localised to the upper half of the pipe cross-

section area. At moderate velocities of all present phases, the cross-section contains 

bubble presence. At higher relative velocities the observed pattern is sometimes called 

froth flow. 
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b) Plug flow – Flow with larger bubbles which almost fill the cross-section, separated by 

vast liquid regions. The bubbles again tend to be present in the upper half of the cross-

sectional pipe area. 

c) Stratified flow – Flow present at relatively low liquid vapour velocities. Flow phases are 

characterised as being separated by relatively smooth interfaces. Waves may be 

present or absent at the separating interfaces. 

d) Wavy flow – Vapour velocity increase leads to the separating interfaces becoming 

disturbed by waves travelling in the co-current flow direction. 

e) Slug flow – Additional increase in vapour velocity causes the formation of frothy slug 

zones within the flow. These frothy slug flow phenomena propagate forward along the 

flow channel at high velocities. The upper surface area in the flow channel behind the 

wave propagated frothy slug region is wetted by a remaining film layer which later 

drains into the liquid bulk region.  

f) Annular flow – An even higher vapour velocity results in the formation of a gas core 

region with a liquid film around the pipe edge. The developed film tends to not be 

continuous around the entire pipe circumference but is thicker at the base of the pipe 

due to gravity. The surrounded gas core can be homogeneous or non-homogeneous. 

Figure 2-2, as presented by Collier and Thome [29], illustrates the different flow patterns found 

in horizontal two-phase flow through a circular tube. 
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Figure 2-2: Different flow patterns found in horizontal two-phase flow [29] 

In a horizontal tube subjected to heating from a vapour quality of zero to one; the continuously 

linked flow regime patterns which will form would look like the illustration taken from Collier 

and Thome [29] as in Figure 2-3. 
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Figure 2-3: Horizontal tube two-phase flow patterns [29] 

The modelling of an evaporator component requires a methodology to predict the heat transfer 

between its interacting fluid streams and a methodology to predict the pressure drop of each 

respective fluid stream [27]. Thome [30] stated that the methods by Cheng et al. [31], [32] was 

the latest unified approach for predicting the two-phase flow pattern transitions for CO2, the 

two-phase flow pressure drop for CO2, and the heat transfer coefficients for CO2 during flow 

boiling heat transfer. The methods by Cheng et al. [31], [32] was developed using the data 

from 13 independent studies that investigated the flow boiling of CO2 [30]. The methods by 

Cheng et al. [31], [32] was developed from a database with a wide range of parameters as 

follows [30]: 

• Horizontal tube diameters in the range of 0.6  10.6 [mm], 

• CO2 mass velocities in the range of 50  1500 [kg/m2-s], 

• Heat fluxes in the range of 1.8  46 [kW/m2], 

• Saturation temperatures in the range of 245.15  298.15 [K], 

• Saturation pressures in the range of 15.5  64.2 [bar]. 

The methods by Cheng et al. [31], [32] used a flow pattern map with eight unique flow zones 

for CO2 in the range of vapour quality of 0 to 1. The proposed flow pattern map included a 

zone for bubbly flow, intermittent flow, annular flow, dry-out flow, mist flow, slug-stratified wavy 

flow, stratified-wavy flow, and stratified flow. The proposed heat transfer model by Cheng et 

al. [31], [32] showed fair accuracy with a mean error of 34% when all data points in the 

database were considered. The heat transfer model showed less satisfactory results for the 
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dry-out- and mist flow data points. The reported mean error for the dry-out- and mist flow data 

points was 55.4% and 68.7% respectively [32]. Cheng et al. [32] attributed the high mean error 

delivered from their heat transfer model when considering the dry-out flow and mist flow data 

points to the limited amount of experimental data in the two aforementioned flow regimes. The 

influence of high data scatter presence in the flow regimes and sufficiently great discrepancies 

in experimental method from one study to another in the surveyed database also contributed 

to the high mean error value. 

Thome [30] reviewed seven different studies on the prediction of CO2 two-phase frictional 

pressure drop. The reviewed studies used a database compiled out of the work by Bredesen 

et al. [33], Pettersen [34], Zhao et al. [35], and Yun & Kim [36]. Thome [30] found that the 

method by Cheng et al. [31] showed the best fit with the compiled database and that the 

method by Friedel [37] showed the second best fit to the database. The method by Cheng et 

al. [31] used equivalent diameters instead of hydraulic diameters in calculations for non-

circular flow channels. The use of equivalent diameters and unique friction factor formulations 

for each zone in the suggested CO2 flow map resulted in the method by Cheng et al. [31] being 

much more accurate than the method by Friedel [37] in the prediction of pressure drop for flow 

in micro-scale channels. Table 2-1 summarises the accuracy of the method by Cheng et al. 

[31] and Friedel [37] in predicting the pressure drop values found in the investigated database 

[30]. 

Table 2-1: Comparison of the method the by Cheng et al. and Friedel [30] 

METHOD POINTS WITHIN ±30% MEAN ERROR STANDARD DEVIATION 

Cheng et al. 74.7 [%] 28.6 [%] 44.3 [%] 

Friedel 71.1 [%] 30.9 [%] 55.8 [%] 

 

The method by Friedel [37] bears a similarity to the method by Lockhart and Martinelli [38]. 

The Friedel method [37] also relates the pressure drop in two-phase flow to the pressure drop 

that would occur if the flow channel was filled with only a single uniform phase of fluid via the 

use of a two-phase multiplier. The use of a Friedel two-phase multiplier in the Friedel method 

[37] allows for the calculation of two-phase pressure drop while requiring fewer parameters 

than in the method by Cheng et al. [31]. 
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2.2.2 Compressor 

Compressors are used to transfer energy to the working fluid and to circulate it through the 

heat pump’s tubing and components [2]. There are many types of compressors each with their 

specific benefits and compression range. The investigated heat pump contains a reciprocating 

compressor which is driven by a variable speed drive (VSD). The compressive piston action 

of the compressor is used to compress, circulate, and add energy to the working fluid [2]. The 

BITZER™ type 4JTC-15K (40P) compressor used in the system is illustrated in Figure 2-4. 

 

Figure 2-4: BITZER™ semi-hermetic reciprocating compressor [39] 

Borgnakke and Sonntag [2] suggest the isentropic efficiency index and second law efficiency 

index as benchmarking tools of compressor efficiency. The isentropic efficiency of a 

compressor is a relation between the power the compressor would draw during a hypothetical 

isentropic compression process, occurring between its inlet and discharge pressure, to the 

actual power consumed by the compressor. The isentropic efficiency can also be called the 

First Law efficiency since it relates two different energy parameter values to one another. The 

Second Law efficiency index benchmarks the compressor performance by relating its desired 

output to the cost of running the compressor in terms of exergy parameters. The Second Law 

efficiency is a specialised formulation in the sense that it focuses more strongly on the effects 

of entropy generation within in its formulation. 

Zhifang and Lin [40] investigated a water source heat pump that used a VSD driven hermetic 

scroll compressor to circulate either Chlorodifluoromethane (R22) or Freon (R134a) as its 

working fluid. The effects of compressor characteristics like suction and discharge pressure 

and VSD parameters like frequency and shaft rotational speed were considered in the study. 
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Electromagnetic and mechanical losses were incorporated in their modelling approach and 

were represented in the form of copper losses, ferromagnetic losses, and friction losses. The 

shaft input power to the compressor was formulated in such a manner to include many VSD 

motor parameters like motor stator reactance, rotor reactance, stator resistance, rotor 

resistance, inductance, and slip. The shaft input power was then used in combination with 

compressor parameters like compression ratio, shaft angular velocity, volumetric 

displacement and working fluid polytropic compression index to solve for the compressor’s 

delivered power. The outlined approach showed reasonable accuracy with all relative errors 

at ±7.16%. 

Roskosch et al. [25] investigated a heat pump test rig containing a semi-hermetic reciprocating 

compressor operating at various working points and on a variety of different working fluids. 

The outlined modelling approached emphasised the use of differential equations for the 

formulation of, among others, the energy balance and mass balance conservation equations 

used to characterise the system’s compressor. Specific emphasis was placed on formulating 

the approach in such a manner that it could be easily extrapolated to work with a wide range 

of working fluids. To enable the approach to be widely applicable - study specific weighted 

constant coefficients were introduced in the proposed modelling equations to ensure that 

variables were dependant on fluid specific physics. The actual piston position in the 

compressor model, for example, was modelled as a function of the crank angle, the 

compressor’s piston geometry, and a relative clearance volume parameter that was 

specifically associated with the investigated compressor system. The approach by Roskosch 

et al. [25] showed high accuracy with relative mean errors for the modelled isentropic and 

volumetric compressor efficiencies reported as being lower than 3.0%. 

Groenewald [41] did a techno-economical study on a CO2 heat pump system containing a 

single stage piston compressor. The compressor was modelled by the numerical fitting of the 

compressor map data. The supplied data from the manufacturer contained parameters like 

the pressure ratio, refrigeration capacity, gas cooler outlet temperature, suction pressure, 

discharge pressure and compressor power draw. Groenewald [41] chose to ultimately use 

high order polynomial equations with weighted numerical fitted coefficients to represent the 

compressor’s mass flow and isentropic efficiency as functions of compressor suction and 

discharge pressure. The polynomial expressions proved sufficiently accurate to model the 

data range present in the compressor map and conduct the energy consumption modelling 

and system economical evaluations. 
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De Bruin [42] did a study on the same heat pump system as the one under consideration for 

the investigation presented here. In the study by de Bruin [42] a model was developed that 

predicted the heat transfer rate of the air-to-refrigerant evaporator and the isentropic efficiency 

of the system’s compressor with a given set of system inputs. The modelling of the heat 

transfer rate and isentropic compressor efficiency was done in EES®. De Bruin [42] modelled 

the system’s compressor by implementing a model that described the pressure – displaced 

piston volume (P-V) behaviour of the investigated compressor’s internal compression 

mechanisms. The model was modified via the inclusion of study specific constant coefficients 

that added the effect of internal inefficiencies and losses to the mathematics that underpinned 

the modelling approach. De Bruin [42] reported that the developed model showed an average 

relative error of 0.24% after the coefficients derived from the experimental database 

investigated during the study was incorporated into the model. The disadvantage of the 

method proposed by de Bruin [42] is that it requires the associated geometry of the 

compression chamber of the compressor to be known, it is only applicable to piston 

compressors, and the derived model coefficients are only applicable to the experimental range 

investigated in the study and the efficiency characteristics of the specific compressor. 

Table 2-2 summarises the three different compressor modelling approaches used in the 

surveyed literature. 

Table 2-2: Summary of compressor modelling methods 

AUTHOR METHOD DESCRIPTION METHOD DETAILS 

Borgnakke and 
Sonntag 

Isentropic efficiency and 
second law efficiency. 

Efficiency indexes that relate energy and 
exergy parameters to their ideal 
counterparts as a means to represent the 
compressor’s efficiency. 

Zhifang and Lin Variable speed drive 
characteristic equations in 
combination with power 
equations for a polytropic 
compression process. 

Variable speed model that considers the 
working principles and electromagnetic 
properties of the asynchronous 
compressor motor and the physics 
associated with the compression process 
performed on the inside of the 
compression shell. 

Roskosch et al. Modified differential model 
for reciprocating 
compressors with fluid-
dependant physical 
behaviour incorporated. 

Differential equation focused model for a 
piston-cylinder arrangement with two 
regulating valves. Crankshaft dynamics 
and the influence of piston-cylinder 
thermal mass is taken into consideration. 
Study-specific numerical coefficients are 
added to include fluid-dependent physical 
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behaviour in the modelling approach. The 
inclusion of study specific numerical 
parameters made the approach applicable 
to a broader range of system working 
fluids. 

Groenewald Numerical polynomial fitting 
of the manufacturer’s 
compressor map data. 

Compressor mass flow and isentropic 
efficiency expressed using weighted 
polynomial equations defined in terms of 
compressor suction- and discharge 
pressure. 

de Bruin Compressor isentropic 
efficiency modelling based 
on the pressure-volume 
behavioural characteristics 
of the considered 
compressor’s compression 
chamber with the additional 
incorporation of internal 
loss constant coefficients in 
the model’s equations. 

The cyclic up-and-down motion of the 
investigated compressor’s pistons and the 
influence thereof on the compressed 
refrigerant’s P-V behaviour was used as 
the basis of the model. Refrigerant specific 
thermo-physical behaviour was 
incorporated via the use of the average 
heat capacity ratio of the compression 
process. The internal losses were 
incorporated afterwards via the use of 
constant coefficients derived from the 
experimental database of the study. 

 

2.2.3 Gas cooler 

The gas cooler component is used to produce heated water from the heat pump system. The 

system investigated for this study contains a counter-flow tube-in-tube type gas cooler. The 

hot R744 flows through an inner tube which is encapsulated by an outer tube, with a larger 

radius, through which water flows in the opposite direction. Figure 2-5 illustrates the flow 

arrangement found in the counter-flow gas cooler. Figure 2-5 is for illustration purposes only. 

The actual gas cooler in the test bench system contains more tube runs as those shown in 

Figure 2-5. 



 

20 

 

 

Figure 2-5: Tube runs of the gas cooler heat exchanger 

Figure 2-5 shows that the water that flows in the outer tube is heated and that the CO2 that 

flows through the inner tube is cooled. Heat is thus transferred from the R744 to the water. 

The colour scale used in Figure 2-5 is for illustrative purposes only. 

Figure 2-6 illustrates a cross-sectional segment of the CO2 to water tube-in-tube gas cooler 

component. Figure 2-6 is not to scale and is for illustrative purposes only. 
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Figure 2-6: CO2 to water tube-in-tube gas cooler segment 

Monjurul Ehsan et al. [43] did an extensive review on the previous studies on the topic of the 

Nusselt number- and friction factor correlations for supercritical CO2 in horizontally- and 

vertically inclined tubes. Monjurul Ehsan et al. [43] found that supercritical CO2 showed a great 

difference with respects to the properties related to its heat transfer mechanisms and pressure 

drop characteristics when compared to traditional constant property refrigerants. The deviation 

in the behaviour of supercritical CO2, in comparison to traditional refrigerants, was found to be 

especially profound at pressure values that were near the critical pressure of CO2. Monjurul 

Ehsan et al. [43] found that due to the sudden change in thermo-physical and transport 

properties of supercritical CO2, when at pressure levels near to its critical pressure, that the 

traditional correlations failed to accurately predict the heat transfer and flow behaviour of 

supercritical CO2. Monjurul Ehsan et al. [43] found that at significantly lower heat flux values 

that the reviewed correlations showed greater accuracy for the prediction of the thermo-

physical properties of supercritical CO2. Monjurul Ehsan et al. [43] stated in the conclusion of 

their review that none of the reviewed correlations could be used as a universally applicable 

method to predict the properties of supercritical CO2 in both its normal- and deteriorated heat 

transfer regions. 

Venter [9] did a study on the Nusselt number correlations found in the literature. The study 

was done with the aim of determining the applicability of the Nusselt number correlations for 

the determination of the heat transfer coefficient of supercritical CO2 when cooled in a heat 
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exchanger. The study simulated a water-to-CO2 tube-in-tube gas cooler by implementing the 

various Nusselt number correlations that found in the literature. Venter [9] used the Dittus-

Boelter correlation for heating to simulate the heat transfer coefficient on the water side of the 

heat exchanger. The heat transfer process was simulated by dividing the gas cooler into many 

lengthwise increments and then calculating the heat transfer per increment using the widely 

known logarithmic mean temperature difference (LMTD) method [44]. In the study, it was 

found that the Nusselt number correlations found in the literature could not accurately predict 

the convection heat transfer coefficient of supercritical CO2 under the cooling condition. Venter 

[9] proposed three new correlations for the prediction of Nusselt number values for the range 

of experimental data that was reported in the surveyed literature on the Nusselt number 

correlations. Correlation number III proved to be the most accurate for the prediction of the 

convection heat transfer coefficient of the supercritical CO2 in the pipe diameter order and 

pressure range of the study’s surveyed literature. Venter [9] states that correlation III might 

only be valid for the prediction of the convection heat transfer in the pressure range of 7.5 – 

8.8 [MPa] and at corresponding temperature values that are above the pseudocritical 

temperature of CO2 at the given pressures. 

Harris [23] did a study on the cooling of supercritical CO2 in a tube-in-tube gas cooler. The gas 

cooler was a part of a transcritical CO2 heat pump system. The study evaluated the 

experimental heat transfer data produced from the heat pump system to the heat transfer rates 

predicted by the correlations found in the literature. The study focused on a gas cooler which 

had a larger tube diameter size and a larger Reynolds number range when compared to the 

studies found in the literature. Harris [23] used a simulation methodology that discretised the 

gas cooler into many lengthwise increments and simulated the heat transfer rate of each 

segment using the LMTD method [44]. Harris [23] showed that the Nusselt number 

correlations from the literature that were specifically developed to predict the heat transfer 

coefficients associated with cooled supercritical CO2 were accurate for only specific thermo-

physical boundary conditions and associated gas cooler tube geometries. Harris [23] found 

that the correlations from literature generally overpredicted the Nusselt number values and 

their corresponding convection heat transfer coefficients. Harris [23] determined that the 

generic Nusselt number correlation by Dittus & Boelter was the most accurate for the 

prediction of convection heat transfer coefficients out of all the surveyed correlations. Harris 

[23] attributed the accuracy of the Dittus-Boelter correlation to the absence of thermo-physical 

property ratios in the formulation of the correlation. Harris [23] stated that the Dittus-Boelter 

correlation had an average relative error of 20% when used to predict Nusselt number values 

in the same range of conditions that were present in the experimental data of the study. 
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2.2.4 Expansion valve 

The throttling of the working fluid in a heat pump system is performed by either a thermostatic 

expansion valve (TEV) or an electronic expansion valve (EEV) [45]. The system investigated 

in this study contains an EEV. The EEV regulates and controls the pressure drop of working 

fluid flowing through it by controlling an orifice opening, via a stepper motor, which is 

responsible for the throttling process. During the throttling process, a significant pressure drop 

that is induced on the working fluid causes it to undergo a phase change into a two-phase 

mixture state. The Danfoss™ type ICMTS high-pressure motor operated EEV is illustrated in 

Figure 2-7. 

 

Figure 2-7: Danfoss™ type ICMTS motor operated EEV [46] 

Li et al. [45] published a paper on the modelling of adjustable throat-area expansion valves. 

The specifics about the system in which the investigated expansion valves was incorporated 

was not mentioned. Chlorodifluoromethane (R22) as an expansion valve refrigerant was 

investigated. Li et al. [45] used a general format model approach which used manufacturer 

data for the estimation of parameters like the associated orifice’s discharge coefficient. The 

mass flow rate through the expansion valve was then expressed in terms of the orifice 

discharge coefficient, valve throat-area and the pressure difference over the valve. The 

modelling approach considered three different types of internal valve configurations typically 

used in TEVs and EEVs. The derived expressions related the valve’s throttle area to the 

geometric valve position and then in turn related the valve position to the amount of superheat 

generated (presumably at the outlet of the evaporator following the expansion valve 

component). The modelling method by Li et al. [45] has the drawback that it requires the 

internal geometry and dimensions of the considered expansion device to be known. Another 

disadvantageous of the outlined approach is that the specific rated expansion valve data must 
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also be available from the affiliated manufacturer. Without the manufacturer’s data, the 

modelling parameter estimations in the methodology by Li et al. cannot be performed. 

Zhifang et al. [47] performed an experimentally focused study on an EEV with R134a as its 

throttled refrigerant. The refrigerant mass flow through the investigated EEV modelled as a 

direct function of the valve flow coefficient. The flow coefficient thought as being dependent 

on various interacting expansion valve variables like valve geometry, inlet valve pressure and 

temperature, outlet pressure and refrigerant thermo-physical properties like dynamic viscosity 

and surface tension. Two non-dimensional parameters, S and E, were defined and used to 

account for the complex coupled thermo-physical interactions and intricacies found between 

the variables on which the flow coefficient was dependant. The S parameter was defined the 

combined effect of pressure drop, and inlet surface tension of the refrigerant and the E 

parameter was an analogue Reynolds number-like parameter which described flow 

characteristics and the interwoven nature of inlet density, the inlet pressure, dynamic inlet 

viscosity and flow area. The flow coefficient was ultimately expressed in a semi-theoretical 

manner as a weighted function of the S and E parameters. The weights for the flow coefficient 

expression were solved by the implementation of a multivariable regression performed on 

many experimental data sets. The authors claim that the outlined approach may be 

extrapolated for studies using different EEVs and refrigerants. This claim may be true under 

some circumstances, but it does not hold for when supercritical R744 is used as the 

refrigerant. This is due to the way the aforementioned S-parameter was defined in the 

presented approach. The S-parameter was expressed mathematically as the pressure drop 

over the valve times the square root of the flow area divided by the inlet refrigerant surface 

tension. Since a supercritical fluid has no surface tension [48], the appearance of surface 

tension as the denominator in the expression becomes problematic as division by zero occurs. 

Since division by zero is mathematically undefined- the entire approach voids when attempting 

to model characteristics of an EEV, through which a supercritical refrigerant is flowing, using 

the outlined method by Zhifang et al. [47]. 

Hou et al. [49] published a paper describing a methodology of how to characterise the mass 

flow rate through an EEV, which was part of a CO2 refrigeration cycle, by deriving an 

empirically weighted correlation using experimental data regression. The refrigeration system 

of which the EEV was a part also contained a semi-hermetic reciprocating compressor, an oil 

separator, a gas cooler, an evaporator, and a receiver after the evaporator component. Water 

was the secondary interacting fluid circulated through both heat exchangers found in the 

system. The paper by Hou et al. [49] characterised the mass flow of CO2 regarding the EEV’s 
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expansion factor. The expansion factor was expressed as a weighted function of the EEV 

opening area, the ratio of inlet density to the corresponding inlet saturated density and a 

pressure related parameter. The pressure relation parameter contained terms which 

encapsulated various pressure variables like the deviation of outlet pressure from inlet 

pressure and the difference between inlet pressure and saturation pressure at the inlet of the 

EEV. Attention was also given to the classification of the flow through the EEV as either 

flashing flow, cavitation flow or as choked flow. The different flow classification criteria were 

expressed as a function of the magnitude of the pressure drop over the EEV related to the 

critical pressure of the refrigerant. The authors reported that the proposed empirical correlation 

showed fair agreement with experimental data. Maximum relative errors were reported as 

being within a 10% deviated range. 

Table 2-3 summarises the three surveyed studies on the modelling of adjustable expansion 

valves. 

Table 2-3: Summary of literature on the modelling of adjustable expansion valves 

AUTHOR REFRIGERANT METHOD 
DESCRIPTION 

METHOD DETAILS 

Li et al. R22 Mass flow rate 
expressed 
regarding the 
discharge 
coefficient and 
valve throat-area 
derived from rating 
data. 

Discharge coefficient in combination 
with valve throat-area derived using 
geometric considerations and 
manufacturer rating data. Throat-area 
curves were derived for three 
different types of valve geometries. 
The method requires the 
manufacturer’s rating data to be 
publicly available. 

Zhifang et 
al. 

R134a Mass flow rate 
expressed 
regarding 
numerically 
weighted flow 
coefficient. 

Strong data-driven approach used to 
fit the flow coefficient. The coefficient 
was expressed as a function of a 
coupled pressure drop and valve inlet 
surface tension parameter and a 
Reynolds number-like parameter 
which characterised the physical 
behaviour of the present flow. 

Hou et al. R744 Mass flow rate 
expressed 
regarding the 
discharge 
coefficient and the 
modified Bernoulli 
expansion factor.  

The empirical approach is fitting 
discharge coefficient regarding valve 
opening percentage, density ratio, 
and pressure difference parameter. 
The modified Bernoulli factor was 
also incorporated in the mass flow 
formulation to better characterise the 
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physical throttling mechanisms 
present in the valve. The method also 
gave attention to the classification of 
the type of flow present in the valve 
and validity of the approach at the 
various flow conditions. 

 

2.3 Previous studies on heat pump systems or their sub-components for fault diagnosis 

2.3.1 Study by Zogg et al. 

Zogg et al. [26] did a study on the fault detection and diagnostics of a subcritical brine-to-water 

heat pump system using a grey-box process model approach. The grey-box model structure 

was represented by a matrix containing various signal information from the system’s 

temperature sensors. The refrigerant used in the heat pump was not reported. The heat pump 

system contained a condenser, compressor, internal heat exchanger, expansion valve and 

evaporator. The specific sub-classifications of each system component, like manufacturer and 

type, was not reported. Gradually occurring faults like reduced brine mass flow through the 

evaporator, evaporator fouling, reduced water mass flow through condenser and fouling of the 

condenser component were considered. The gradually occurring faults were classified using 

a newly developed clustering method. The probability of fault occurrence as well as fault 

grades was calculated. Actual fault sizes were displayed, and trend charts were generated. 

The contribution of the paper was on the application side with a software tool developed for 

the fully automated training of the classification system. The authors reported that by using 

the newly proposed vector clustering techniques that classification of gradual faults could be 

performed with a meagre rate of incorrect classifications. 

2.3.2 Study by Smuts 

Smuts [18] did a study on a counter-flow single-phase heat exchanger. The investigated heat 

exchanger was part of the same test bench system investigated for this study. The study 

aimed to develop an energy-based representation of the heat exchanger which would be 

sensitive to changes in the heat exchanger’s operation. Smuts [18] created an analytic model 

of the investigated heat exchanger by deriving a set of descriptive differential equations based 

on the laws of conservation of energy, mass, and momentum. The model was derived for a 

six control volume staggered grid representation of the heat exchanger. The hot fluid side of 

the heat exchanger was represented using two control volumes, the tube wall was also divided 

into two control volumes, and there were also two control volumes for the cold fluid side. The 
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hydrodynamics equations were represented using block diagrams and solved in the Simulink® 

environment. The thermodynamic equations were solved using a backwards Euler numerical 

solver coded in the MATLAB© environment. Smuts [18] then modified his staggered grid 

derived model to be able to simulate cold fluid leakage and heat loss from the heat exchanger. 

Smuts [18] validated his analytic model by comparison to a model with the same number of 

control volumes compiled in the Flownex® simulation environment. Smuts compiled a 

performance index table to illustrate the percentage deviation between Flownex® and 

Simulink® simulation variable values. Evaluation of the performance index table showed that 

his analytical model sufficiently matched the variable results delivered by Flownex® in both the 

predicted steady state and transient behaviour. Next, Smuts [18] used entropy interaction-

energy interaction graphs to represent the interacting thermo-physical behaviour inside the 

heat exchanger as vectors on a two-dimensional graph. Smuts introduced three fault 

conditions to his heat exchanger namely: cold fluid leakage, heat loss and fouling. For each 

unique fouling condition, an S-E graph could be compiled. The S-E diagram with fault condition 

could then be compared to a reference S-E graph to diagnose which fault had occurred. Visual 

cross-comparison of the reference condition graphs to the fault condition graphs showed that 

the technique was suited for the detection of specific faults which have occurred. A sensitivity 

analysis was done with the help of a residual vector formulation which was indicative of a 

quantified difference between normal and fault condition S-E graphs. Using the residual vector 

formulation, it was found that additional parameters needed to be included in the residual 

vector formulation for the technique to be sufficiently sensitive to uniquely identify faults over 

a wide range of fault condition variable values. 

2.3.3 Study by van Graan 

Van Graan [19] did a study on a counter-flow heat exchanger. The counter-flow heat 

exchanger was part of the same heat pump system investigated for this study. The objective 

of the study by van Graan [19] was to develop an energy visualisation of the heat exchanger 

by making use of a graph-theoretic approach. The visualisation was developed in such a way 

that it would be sensitive to faults which could occur in the heat exchanger. It was also required 

for the visualisation to be able to identify specific faults that occurred in the heat exchanger. 

Van Graan [19] developed a simplified discrete model of the heat exchanger in the Flownex® 

simulation environment. The model by van Graan [19] was a continuation of the staggered 

grid approach originally put forth by Smuts [18]. Van Graan imported the output parameters 

from her Flownex® simulation into MATLAB© and then continued to use the package to save 

and order the parameter data. Van Graan improved the methodology of Smuts by including a 
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link between MATLAB© and EES®. The MATLAB©-EES® link was used to confirm some of the 

thermo-physical output properties generated by Flownex®. It was found that the thermo-

physical property outputs generated by the Flownex® and EES® environments showed 

satisfactory correspondence. The inclusion of the link to the EES® environment also allowed 

van Graan [19] to include exergy calculations in her evaluation of the heat exchanger. Van 

Graan [19] chose energy together with exergy values as the thermo-physical properties for 

the compilation of her linear graph representation of the heat exchanger component. Specific 

exergy values were chosen as node attributes, and energy flow rate was chosen as element 

attributes of the linear graph energy representation. Matrix representations were populated 

using the parameter values from the linear graph representation. Cost matrices as a numerical 

representation of the difference between reference fault free matrices and matrices containing 

parameter values under fault conditions were then generated. Van Graan [19] considered 

fouling, heat loss due to improper insulation, and cold fluid leakage as fault conditions which 

could occur in the investigated heat exchanger. Van Graan [19] could then identify and specify 

which faults occurred in the heat exchanger by investigation of the behaviour of the eigenvalue 

behaviour of the generated cost matrices. The eigenvalues were plotted on the complex plane 

and their relative movement and magnitude of moved distance, when compared to the position 

of the reference eigenvalues of a fault-free cost matrix, could then be used to identify the 

specific faults which occurred in the heat exchanger. 

2.4 Summary of reviewed literature 

It was found that the two-phase flow phenomena found in evaporator components are very 

complex to model with accuracy. The investigation of the literature showed that the method of 

Friedel [37] showed reasonable accuracy for the prediction of two-phase flow pressure drop 

with greatly reduced computational complexity. 

The study of the literature showed that the study by de Bruin [42] is the most suitable for the 

modelling of the compressor found in the heat pump system investigated by this study. The 

study of de Bruin [42] was performed on the same heat pump test system as investigated by 

this study and will thus have the highest applicability and practicality out of all the surveyed 

methods. 

The review of the studies that investigated various Nusselt number correlations showed that 

no general purpose Nusselt number correlation yet exists that can be used to accurately model 

the heat transfer characteristics of a heat exchanger that uses supercritical CO2 as one of its 

interacting fluids. The study by Harris [23] found that the generic Dittus-Boelter correlation 
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shows the best average relative error out of all the investigated correlations. Harris [23] also 

stated that the generic Dittus-Boelter correlation was found to be the most numerically stable 

correlation when used to predict the properties of CO2 under conditions throughout its pseudo-

critical region. 

The review of the literature on the modelling of adjustable orifice area expansion valves found 

that there exists no applicable methodology in the literature that can be used to model an 

electronic expansion valve that is used in a heat pump system that runs on a transcritical CO2 

cycle. A new experimental data based numerical approach will be proposed in the modelling 

chapter (Chapter 4) that may be used to describe the behaviour of the EEV. The new 

methodology will be used to model the pressure drop over the EEV and the effect that the 

EEV’s orifice area opening has on the refrigerant superheating amount during the heat pump 

system’s operation. 
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3. CHAPTER 3: THE FUNDAMENTALS OF THERMAL-FLUID ANALYSIS 

This chapter gives a broad overview of the theory used to quantify, model, and describe the 

physical phenomena and interactions found inside thermal-fluid systems. The concept of a 

control volume region is introduced and motivated. The high-level conservation equations 

and exergy balance method that is used to solve for the key thermo-physical and hydraulic 

properties associated with control volume regions are presented and discussed. The 

chapter concludes with a brief discussion of the key driving parameters needed to balance 

the conservation equations associated with control volume regions. 

 

3.1 Background on control volumes 

Çengel and Boles [50] define a control volume (CV) as an imaginary boundary that 

encapsulates a finite amount of physical material. The material considered can be an entire 

thermal-fluid system, a system component or a fluid that is in transit inside a component. 

Control volumes are employed in the process of deriving the characterising equations for 

thermal-fluid systems and their sub-components. The interaction of mass, momentum, energy, 

and exergy that flows in and out of a control volume’s surface is of interest when modelling 

thermal-fluid systems and their components. Each conservation equation is composed for a 

control volume region that has associated key variables. The key variables are the total 

pressure drop along the length of a CV, the work absorbed or produced by a CV and the heat 

transferred to or from a CV. Solving the key variables allows for the conservation equation to 

be used to solve for the unknown parameters that are contained within it. 

3.2 Control volume analysis 

This section discusses the three conservation laws used to balance the interacting physical 

parameters entering and leaving selected CV regions. The exergy balance equation, as used 

for exergetic thermal analysis, is also discussed after that. 

3.2.1 Conservation of mass 

The conservation of mass principle relates to the First Law of Thermodynamics in the sense 

that the mass of an isolated CV region can be transported from one zone to another within the 

CV, but more mass cannot be generated or destroyed within the isolated CV [50]. The total 

mass of an isolated CV is thus conserved. For the analysis of thermal-fluid systems, the rate 
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of mass inflow and outflow across the CV region is of concern. An example CV region with 

different interacting mass flow streams is illustrated in Figure 3-1. 

 

Figure 3-1: CV with different interacting mass flow streams 

Rousseau [27] gives the integral form of the conservation of mass for a finite CV region as 

 
𝜕

𝜕𝑡
(∭ 𝜌 𝑑𝑉

𝐶𝑉

) +∯ 𝜌
𝐶𝑉

𝐶 ∙ 𝑑𝐴 = 0, [kg/s] (1) 

Equation 1: Integral form of conservation of mass for a finite CV [27] 

where the first term represents the increase or decrease of mass within the CV with time and 

the second term represents the flow of mass across the boundaries that define the CV. 

Equation (1) may be simplified by considering the flow to be steady state and one-dimensional. 

Under these assumptions, (1) may be written in the finite term equation form as [27]: 

 ∑{�̇�𝑖𝑛}𝑗

𝑙

𝑗=1

=∑{�̇�𝑜𝑢𝑡}𝑘

𝑚

𝑘=1

, [kg/s] (2) 

Equation 2: Finite term equation form of conservation of mass for a finite CV [27] 

where 𝑙 equals the total number of streams entering the CV, 𝑚 equals the total number of 

streams leaving the CV and �̇� is the associated mass flow rate of a given stream. Equation 

(2) may be interpreted as follows: ‘The total amount of mass flowing into a CV must equal to 

the total amount of mass flow departing the CV’. 
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3.2.2 Conservation of momentum 

The law of conservation of linear momentum states that if no net external forces act on a 

system of particles, then the total linear momentum of that system cannot change [51]. Figure 

3-2 illustrates the CV for a flow channel with one inlet and one outlet, with a different inlet 

height to outlet height with a fluid flowing through the channel from the left to the right. 

 

Figure 3-2: CV for the flow through a flow channel with total pressure drop 

Rousseau [27] gives the integral form of the conservation of linear momentum for an inertial 

CV as: 

 ∯ 𝜏
𝐶𝑉

𝑑𝐴 +∭ 𝜌𝐵 𝑑𝑉
𝐶𝑉

=
𝜕

𝜕𝑡
(∭ 𝜌𝐶 𝑑𝑉

𝐶𝑉

) +∯ 𝐶(𝜌𝐶 ∙ 𝑑𝐴),
𝐶𝑉

 [Pa] (3) 

Equation 3: Integral form of conservation of linear momentum for an inertial CV [27] 

where the first term is the surface force term, the second term is the body force term, the third 

term is the rate of change of momentum inside the CV and the fourth term is the net flow of 

momentum across the CV boundary.  

The Mach number of the CO2 and the two interacting water streams never exceed a magnitude 

of 0.1 for the simulated operating conditions and experimental conditions investigated in this 

study. In general if the Mach number of a flow is below 0.3 along the entire length of the flow, 

then the incompressible finite term equation form of the conservation of linear momentum may 

be derived from the assumption that there is negligible variation in the density of the fluid 
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flowing through the associated CV. Figure 3-3 shows an illustrative example simulation where 

the total pressure of CO2 was simulated using both the incompressible and compressible 

derived finite term equation forms of the conservation of linear momentum. 

 

Figure 3-3: Simulated total pressure vs Mach number results when using the incompressible- and the compressible 

finite term equation form of the conservation of linear momentum 

It can be seen in Figure 3-3 that the incompressible- (blue line) and compressible (red line) 

finite equation forms of the conservation of linear momentum yield the same results at Mach 

number values equal to and below 0.4 for CO2. Under the assumptions that the flow is steady 

state, incompressible, and is uniformly single-phase along the entire length of the CV - the 

finite term equation form of the conservation of linear momentum may be written as [27]: 

 ∑{𝑃0|𝑖𝑛}𝑎

𝑒

𝑎=1

+∑{𝜌𝑔𝑧𝑖𝑛}𝑏

𝑓

𝑏=1

=∑{𝑃0|𝑜𝑢𝑡}𝑐

𝑔

𝑐=1

+∑{𝜌𝑔𝑧𝑜𝑢𝑡}𝑑

ℎ

𝑑=1

+ ∆𝑃0𝐿, [Pa] (4) 

Equation 4: Finite term equation form of conservation of momentum for incompressible single-phase steady flow [27] 

where the first term is the total pressure of the flow(s) entering the CV, the second term is the 

hydrostatic pressure contribution of the flow(s) entering the CV, the third term is the total 

pressure of the flow(s) exiting the CV, the fourth term is the hydrostatic pressure of the flow(s) 

exiting the CV, and the fifth term is the total pressure drop that occurs along the length of the 
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flow channel. Equation (4) may be interpreted as follows [27]: ‘The total pressure drop along 

the length of a flow channel is dependent on the difference in total pressure over the flow 

channel added to the difference in hydrostatic pressure from the inlet to the outlet across the 

same flow channel.’ 

In two-phase flow, as present in the investigated heat pump system’s evaporator component, 

the density of the two-phase mixture may vary significantly along the length of the evaporator 

[27]. The finite term equation form of the conservation of momentum for a CV that contains 

two-phase flow needs to be derived under a different set of assumptions as those assumed 

for a CV that contains only single-phase flow phenomenon. The finite term equation form of 

the conservation of momentum for the two-phase flow will be derived under the following set 

of assumptions: 

1) The CV region has a finite length. 

2) The two-phase flow is analysed under steady state conditions. 

3) The liquid and vapour phases in the two-phase flow are homogeneous. 

4) The two-phase flow is subject to significant density variation along the length of the 

CV. 

Integration of (3) with respect to length and subject to the listed assumptions yields [27]: 

 
(𝑃0|𝑜𝑢𝑡 − 𝑃0|𝑖𝑛) −

1

2
𝐶𝐻𝑜|𝑖𝑛𝐶𝐻𝑜|𝑜𝑢𝑡(𝜌𝐻𝑜|𝑜𝑢𝑡 − 𝜌𝐻𝑜|𝑖𝑛) + 𝜌𝐻𝑜𝑔(𝑧𝑜𝑢𝑡 − 𝑧𝑖𝑛) + ∆𝑃0𝐿

= 0, 
[Pa] (5) 

Equation 5: Finite term equation form of conservation of momentum for homogeneous two-phase steady flow [27] 

where the first term is the net difference in total pressure over the interacting CV fluid streams, 

the second term integrates the effects of two-phase flow homogeneous density variation into 

the conservation equation, the third term is the net difference in pressure across the CV due 

to elevation differences between interacting fluid streams, and the fourth term is the total 

pressure drop along the length of the CV region. 
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3.2.3 Conservation of energy 

The conservation of energy principle states that the total amount of energy associated with an 

isolated CV does not change [2]. This principle is also known as the First Law of 

Thermodynamics. Figure 3-4 illustrates a CV for a compressor component with various forms 

of energy interacting with the CV: 

 

Figure 3-4: CV for a compressor with various energy interactions 

Rousseau [27] gives the integral form of the conservation of energy for a finite CV region as 

 �̇� + �̇�𝑛𝑒𝑡 =
𝜕

𝜕𝑡
(∭ {𝑢 +

1

2
𝐶2 + 𝑔𝑧} 𝜌 𝑑𝑉

𝐶𝑉

) +∯ {ℎ +
1

2
𝐶2 + 𝑔𝑧}𝜌𝐶

𝐶𝑉

∙ 𝑑𝐴, [W] (6) 

Equation 6: Integral form of the conservation of energy for a finite CV [27] 

where the first term is the heat transfer to the fluid, the second term is the net work done on 

the fluid, the third term is the rate of change of energy within the CV region, and the fourth 

term is the net outflow of energy across the boundary of the CV region. Using the integral 

formulation for the conservation of energy given by Rousseau [27] in (6), and considering the 

CV illustrated in Figure 3-4 under the assumption of steady state flow, the following 

conservation of energy balance equation can be derived: 
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 �̇�𝑛𝑒𝑡 +∑{�̇�𝑖𝑛ℎ0|𝑖𝑛}𝑎

𝑓
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𝑏=1
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𝑑=1

+∑{�̇�𝑜𝑢𝑡𝑔𝑧𝑜𝑢𝑡}𝑒

𝑗

𝑒=1

 . [W] (7) 

Equation 7: Finite term equation form for the conservation of energy for a compressor in steady state operation [27] 

The first term in (7) is the net work required by the compressor, the second term is the total 

flow energy entering the compressor, the third term is the total potential energy due to 

elevation head entering the compressor, the fourth term is the heat transfer from the 

compressor to surroundings, the fifth term is the total flow energy leaving the compressor and 

the sixth term is the total potential energy due to elevation head departing the compressor. 

Equation (7) is specifically for a compressor component with heat loss to the environment. 

The conservation of energy equation may also be compiled for a system with multiple 

associated mass flow rates. The conservation of energy equation compiled for a CV region 

will have a unique form for every different component or system it is used to evaluate. Equation 

(7) may be interpreted as follows: ‘The net difference in energy over an isolated CV region 

always equates to zero.’ The energy balance for a heat exchanger will be like (7). The energy 

balance for heat exchanger components will not contain terms relating to work. 

3.2.4 Exergy analysis  

Kotas [52] argues that the First Law of Thermodynamics treats work and heat interactions as 

equivalent forms of energy in transit and offers no proposition concerning the possibility of a 

spontaneous process proceeding in a specific direction. Kotas argues that the Second Law of 

thermodynamics is also required in CV thermal analysis to quantify the qualitative difference 

between mechanical- and thermal energy and to give an indication of the directions in which 

spontaneous processes take place. The Second Law of Thermodynamics is mathematically 

expressed as: 

 (�̇�𝑔𝑒𝑛)𝐼𝑆𝑂𝐿𝐴𝑇𝐸𝐷
≥ 0. [W/K] (8) 

Equation 8: Second Law of Thermodynamics [52] 

Equation (8) may be interpreted as: ‘When a form of energy interaction is taking place across 

the boundary of an isolated system, then the rate at which entropy is generated within that 

system is always greater than zero.’ Entropy generation can only ever equate to zero in a 

hypothetical ideal reversible process scenario. 

Exergy and the availability thereof within a system is indicative of the system’s potential to do 

useful work [50]. The exergy of an isolated CV region at a given state is dependent on the 

condition of the ambient environment around it and is also dependent on the amount of entropy 
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associated with the processes that take place inside of the CV region. The potential to do work 

is zero when a system is at the exact same thermo-physical conditions as the environment. 

The environment is thus commonly referred to as the dead state in exergy analysis. Exergy 

has the same physical unit as energy and is uniquely distinguished from energy by being 

measured relative to the properties of the dead state. The specific exergy of a fluid is defined 

mathematically as: 

 𝑥𝑓 = (ℎ𝑓 − ℎ𝑑𝑠) − 𝑇𝑑𝑠(𝑠𝑓 − 𝑠𝑑𝑠) +
1

2
𝐶𝑓
2 + 𝑔(𝑧𝑓 − 𝑧𝑟𝑒𝑓). [J/kg] (9) 

Equation 9: Specific exergy of a fluid [2] 

The first term in (9) is the specific exergy of the fluid, the second term is the flow energy of the 

fluid relative to the dead state, the third term is the exergy loss component due to the 

generation of entropy, the fourth term is the kinetic energy of the fluid and the fifth term is the 

potential energy of the fluid relative to the chosen reference elevation. It is common practice 

to omit the potential energy and kinetic energy terms in calculations due to their negligible 

quantitate contribution to the exergy when a fluid’s flow has a low Mach number. The flow 

exergy across a CV boundary can be calculated by simply multiplying the mass flow rate of 

the fluid stream, which is carrying exergy in or out of the CV region, by the specific exergy of 

the associated stream. The equation for exergy flow rate is thus as follows: 

 �̇�𝑓𝑙𝑜𝑤 = �̇�𝑠𝑡𝑟𝑒𝑎𝑚 ∙ 𝜒𝑠𝑡𝑟𝑒𝑎𝑚. [W] (10) 

Equation 10: Exergy flow rate of a stream [52] 

Another consideration in exergy analysis is the assignment of a quality to the different forms 

of heat that flow into a CV region from sources of heat. Heat may also be transferred from the 

CV region to heat accepting sinks. Heat is assigned a different quality depending on the 

physical condition of the heat source or heat sink relative to that of the dead state. Figure 3-5 

illustrates an example CV region for a system or component with associated exergy 

interactions. 
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Figure 3-5: Isolated CV region with exergy interactions [52] 

Kotas [52] gives the finite term equation form of the exergy balance for an isolated CV region 

as: 

 ∑{�̇�𝑖𝑛}𝑎

𝑑

𝑎=1

+∑{�̇�|𝐶𝑉
�̇�
}𝑏

𝑒

𝑏=1

=∑{�̇�𝑜𝑢𝑡}𝑐

𝑓

𝑐=1

+ �̇�𝑛𝑒𝑡 + 𝐼�̇�𝑒𝑛. [W] (11) 

Equation 11: General flow exergy balance equation for a steady flow process [52] 

The first term in (11) is the total exergy contribution to the CV region due to matter flowing into 

the CV, the second term is the flow of exergy into the CV region due to heat transfer, the third 

term is the exergy removed from the CV region due to the outflow of matter, the fourth term is 

the net work produced by the CV region and the fifth term is the rate of irreversibility generated 

within the respective CV region. The method of evaluation for the exergy flow associated with 

heat transfer emanating from a constant temperature source is not presented here. Only heat 

transfer between interacting fluid streams is considered in this study. 

The rate of irreversibility generated during a flow process is equivalent to the rate of exergy 

destruction that is associated with a thermal-fluid system or component encapsulated by the 

CV region. The rate of exergy destruction within a CV is directly dependant on the temperature 

of the dead state and the rate of entropy generation within the CV. The relationship between 

irreversibility generation and entropy generation is mathematically related to each other by the 

Gouy-Stodola Theorem [52], [53]: 
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 𝐼�̇�𝑒𝑛 = 𝑇𝑑𝑠�̇�𝑔𝑒𝑛. [W] (12) 

Equation 12: Gouy-Stodola Theorem [52], [53] 

Equation (12) brings to light that exergy analysis is strongly dependant on the implications of 

the Second Law of Thermodynamics as found in (8). The Gouy-Stodola relation also indirectly 

incorporates the quality of heat transfer and the impact thereof on the CV region exergetic 

evaluation. This is due to the way in which heat transfer to or from heat sinks/ heat sources, 

at different temperatures relative to the dead state, is considered in the formulation of the 

entropy balance equations of evaluated CV regions. 

3.3 Conclusion 

Equation (2), (4), (5), (7) and (11) are the equations in the programmable finite term form that 

contain the fundamental descriptive physics needed to evaluate and solve for the thermo-

physical parameters associated with CV regions. The CV regions can be selected to 

encapsulate components and/ or areas of interest related to an investigated thermal-fluid 

system. 

For the conservation of mass equation for steady flow, as in (2), there is no key parameter 

that links the output mass flow(s) to the input mass flow(s). The total amount of mass flow 

entering a CV region is required to be known in order to calculate the mass flow that leaves 

the CV region or vice versa. For the conservation of momentum equation for steady flow, as 

in (4) and (5), the pressure drop parameter is the key parameter that forms a link between the 

inlet thermo-physical properties and outlet thermo-physical properties of associated CV 

region. Once the pressure drop along the length of the flow channel is known; then the outlet 

pressure can be calculated by subtracting the pressure drop from the remaining terms in the 

conservation equation. For the conservation of energy equation, as in (7), the work term, as 

well as the heat transfer term, are the key parameters required to calculate the flow energy 

that leaves the CV region. The exergy balance approach, as in (11), also requires the work 

and heat transfer terms to calculate the rate of exergy destruction that takes place inside the 

associated CV region. 

The precise methodology to calculate the associated component and system mass flow rates, 

total pressure drop parameter values for components, associated compressor component 

work, and the heat exchanger’s heat transfer rates are discussed in the next chapter. The 

discussion will focus on the specific modelling considerations and assumptions made as 

associated with the investigated CO2 heat pump system and its four constituent components. 
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4. CHAPTER 4: MODEL 

This chapter gives an in-depth discussion of the methodologies and equations used to 

characterise the heat pump system in the EES® environment. The methodology followed, 

assumptions made and inputs used to model each component in the heat pump system is 

discussed. The simulation restrictions that are a consequence of the employed 

methodologies and assumptions are also discussed. The approach used to visualise the 

transcritical cycle as a whole is presented at the end of the chapter. 

 

4.1 Test bench system 

The transcritical heat pump test facility is based within the School of Mechanical and Nuclear 

Engineering at the North-West University’s Potchefstroom campus. Figure 4-1 illustrates the 

transcritical heat pump system with its main cycle components and points indicated. 

 

Figure 4-1: Diagrammatic representation of the transcritical heat pump system with its main cyclic points [2] 
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The typical refrigerant loop of the transcritical heat pump is depicted on a T-s diagram in Figure 

4-2: 

  

Figure 4-2: Transcritical heat pump refrigerant loop on a T-s diagram [9], [41] 

A brief heat pump cycle explanation will follow below using Figure 4-1 and Figure 4-2 as visual 

aids. Figure 4-2 shows the pressure values for the constant pressure lines and the left of the 

figure to avoid the text being placed over the two-phase dome area. The transcritical R744 

cycle extracts heat from the water stream that flows through the evaporator component. The 

R744 that flows through the evaporator is thus heated and the corresponding water stream is 

cooled. The R744 that enters the evaporator from the expansion valve is in the two-phase 

state. The R744 is heated in the evaporator until it reaches a saturated vapour state – cycle 

point (1). After the R744 reaches a saturated gas state it is heated further until it reaches a 



 

42 

 

superheated vapour state – cycle point (2). Superheating is performed to increase the 

efficiency of the transcritical cycle and to ensure that the compressor receives a compressible 

state of matter. The compressor component receives the superheated gas that leaves the 

evaporator and compresses the gas to a higher pressure and temperature condition as 

indicated in Figure 4-2 by cycle point (2) to (3). The R744 that is discharged from the 

compressor is in the supercritical gaseous state. The gas cooler component receives the high-

temperature supercritical gas and transfers heat from the supercritical gas to the water stream. 

The R744 that flows through the gas cooler is thus cooled and the corresponding water stream 

is heated. In a transcritical heat pump, the heat exchanger component that rejects heat from 

the refrigerant is called a gas cooler because the supercritical phase that flows through it 

remains in a supercritical state during the heat rejection process. The process of 

condensation, as found in a typical Freon heat pump cycle, does not take place.  

The R744 that exits the gas cooler component may be in either the supercritical gaseous or 

in the supercritical liquid state – cycle point (23). For proper system operation, the expansion 

valve should receive R744 that is in the supercritical liquid state. The expansion valve 

component receives the supercritical liquid R744 after the heat rejection process in the gas 

cooler. Within the expansion valve, R744 undergoes an isenthalpic throttling process – cycle 

point (23) to (24). The throttling process causes the R744 to undergo a significant pressure 

drop. The temperature of the R744 also decreases with the reduction in its pressure. The 

throttling process effectively lowers the temperature of the R744 to a temperature sufficiently 

low enough such that evaporation of the R744 may again take place, via heat transfer from 

the water stream to the R744, in the evaporator component – cycle point (24) to (25). Cycle 

point (25) is set as equal to cycle point (1) for plotting purposes. 

The actual heat pump test facility viewed from the front and the back is illustrated in Figure 

4- 3. 
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Figure 4-3: Heat pump test facility
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Table 4-1 gives the list of components found in the heat pump system with their respective 

functions. 

Table 4-1: Heat pump system component list 

NUMBER DESCRIPTION PURPOSE 

1 Electrical distribution board Electricity supply to components 

2 Danfoss™ PLC Data acquisition from sensors 

3 Danfoss™ VSD interface Frequency control of compressor 

4 Gas cooler Cooling of CO2 gas/ heating water 

5 Evaporator  
Evaporation and superheating of CO2 

gas/ cooling water 

6 
Danfoss™ motor-operated 

expansion valve 
Instigates phase change of CO2 into a 

two-phase mixture 

7 
BITZER™ semi-hermetic 

reciprocating type compressor 
Circulates the CO2 through the system 

8 Example temperature sensor Measures temperature 

9 Example pressure sensor Measures pressure 

10 Gas cooler water flow rate meter 
Measures the volumetric flow rate of 

water through the gas cooler  

11 Evaporator water flow rate meter 
Measures the volumetric flow rate of 

water through the evaporator  

12 Gas flow meter 
Measures the mass flow rate of CO2 

through the gas loop 

13 Evaporator centrifugal pump 
Circulates the water to be cooled 

through the evaporator 

14 Gas cooler centrifugal pump 
Circulates the water to be heated 

through the gas cooler 
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The geometric values associated with the evaporator component is shown in Table 4-2. 

Table 4-2: Geometric parameter values – evaporator component [54] 

SYMBOL DESCRIPTION VALUE UNIT 

tubematerial$ Inner tube material ‘Stainless_AISI316’ [-] 

𝐿𝐸 
The total length of the evaporator 

tube runs 
15.04 [m] 

𝐷𝑖𝑖 Inner diameter of inner tube 0.015748 [m] 

𝐷𝑖𝑜 Outer diameter of inner tube 0.021333 [m] 

𝐷𝑜𝑖 Inner diameter of outer tube 0.02453 [m] 

𝑒𝑠𝑠 The surface roughness of AISI 316 0.0000015 [m] 

 

The geometric values associated with the gas cooler component is shown in Table 4-3. 

Table 4-3: Geometric parameter values – gas cooler component [54] 

SYMBOL DESCRIPTION VALUE UNIT 

tubematerial$ Inner tube material ‘Stainless_AISI316’ [-] 

𝐿𝐺𝐶 
The total length of gas cooler tube 

runs 
22.8 [m] 

𝐷𝑖𝑖 Inner diameter of inner tube 0.015748 [m] 

𝐷𝑖𝑜 Outer diameter of inner tube 0.021333 [m] 

𝐷𝑜𝑖 Inner diameter of outer tube 0.02453 [m] 

𝑒𝑠𝑠 The surface roughness of AISI 316 0.0000015 [m] 
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Figure 4-4 illustrates the cross-sectional view of the tubing arrangement found in both the 

evaporator component and in the gas cooler component. 

 

Figure 4-4: Cross-sectional view of the tubing arrangement in the heat pump system’s two heat exchangers [54] 

From Figure 4-4 it should be noted that the CO2 always flows through the inner tube, of the 

associated heat exchanger, and that the respective interacting water stream always flows 

through the annulus region. 

4.2 Overview of the modelling approach 

The heat pump system investigated in this study contains four components that are each 

interdepend on each other when the heat pump system is in operation. A simulation of such a 

heat pump system should incorporate the interdependent behaviour as well as the relevant 

methodologies to predict component specific parameter values. 

The heat pump system under consideration has four main components. These four 

components are linked together in series on the refrigerant side by piping. The two heat 

exchangers each have water streams flowing through them that interacts with the refrigerant. 

The water is circulated through the heat exchangers via centrifugal feed pumps. The modelling 

of the heat pump system should incorporate the interdependent behaviour that is a 

characteristic of the series connected system components. The modelling and 

characterisation of each component in the system and that of the transcritical cycle will be 

fundamentally based on the control volume approach of thermal-fluid analysis. 



 

47 

 

The conservation equations and exergy balance equations for system components will be 

derived under the assumption that the heat pump system and all its components are operating 

under steady state conditions. The heat exchangers are assumed to be well insulated such 

that there is no heat lost from their interacting fluids to the environment. The heat loss from 

the compressor to the environment is assumed to be negligible in the conservation equations 

used to model the compressor. In the range of heat pump operating conditions investigated in 

this study the flow regime of the refrigerant and the two interacting water streams is always 

turbulent. The Nusselt number correlations that are used in the simulation to predict 

convection coefficient values are thus for turbulent flow. The finite term and incompressible 

flow form of the conservation of momentum equation will be used for the modelling of the heat 

pump system components. This assumption is valid even for the compressible CO2 refrigerant 

due to the low Mach number values associated with the CO2 flow. The effect of elevation 

height difference between system components is assumed to be negligible in the compilation 

of the conservation of momentum equations for the system’s components. 

To ensure component interdependency, it will be assumed in the composition of the 

conservation and component-specific equations that the input values of the devised control 

volume regions are known. The output thermo-physical properties of the associated CV 

regions will then be predicted by solving the parameters associated with the conservation and 

component-specific equations. The component interactions and interdependency will be 

interlaced in the EES® environment by setting the output of each component equal to the input 

of the component that chronologically succeeds it in the transcritical cycle. Implementation of 

this approach assures that the operational characteristics of each component in the system 

are directly dependant on the output of the component that precedes it. 

The EES® simulation of the heat pump system will use the unit system of temperature in Kelvin 

[K], entropy in kilojoule per kilogram Kelvin [kJ/kg-K], pressure in bar [bar], enthalpy in kilojoule 

per kilogram [kJ/kg], mass flow in kilogram per second [kg/s], and distance in metre [m]. The 

aforementioned units are employed in this study because they are the most practical units to 

use on the axes of temperature – entropy and logarithmic pressure – enthalpy diagrams. 
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4.3 Simulation input parameters 

Table 4-4 lists the inputs that will be used in the EES® simulation. The parameters are based 

on the interacting fluids found in the system, the geometric properties of the test bench system, 

and known ambient conditions in which the system operated. 

Table 4-4: EES® simulation input list 

INPUT SYMBOL MEANING VALUE UNIT 

fluid1$ fluid1$ 
Assigns 

refrigerant type 
‘R744’ String 

fluid2$ fluid2$ 
Assigns 

secondary fluid 
type 

‘Water’ String 

Re_crit 𝑅𝑒𝑐𝑟𝑖𝑡 
Turbulence 
transition 

Reynolds number 
2300 [-] 

T_ds 𝑇𝑑𝑠 
Dead state 
temperature 

303.0 [K] 

P_ds 𝑃𝑑𝑠 
Dead state 
pressure 

0.87  [bar] 

g 𝑔 
Gravitational 
acceleration 

9.81 [m/s2] 

eta_isen 𝜂𝑖𝑠𝑒𝑛 
Compressor’s 

isentropic 
efficiency 

0.0 - 1.0 [-] 

tubematerial$ tubematerial$ 
Inner heat 

exchanger tubing 
material 

‘Stainless_AISI316” String 

L_GC 𝐿𝐺𝐶 
Length of gas 
cooler tubing 

22.8 [m] 

D_ii 𝐷𝑖𝑖 
Inner tube inner 

diameter 
0.015748 [m] 

D_io 𝐷𝑖𝑜 
Inner tube outer 

diameter 
0.021333 [m] 

D_oi 𝐷𝑜𝑖 
Outer tube inner 

diameter 
0.02453 [m] 
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e_ss 𝑒𝑠𝑠 
AISI 316 surface 

roughness 
0.0000015 [m] 

FF_io 𝐹𝐹𝑖𝑜 
Inner tube outer 

fouling factor 
0.0 to 5.0 [m2-K/kW] 

T_wi_GC 𝑇𝑤𝑖|𝐺𝐶 
Gas cooler water 
inlet temperature 

Varies [K] 

P_wi_GC 𝑃𝑤𝑖|𝐺𝐶 
Gas cooler water 

inlet pressure 
3 [bar] 

Q_GC 𝑄𝐺𝐶 
Gas cooler water 
volumetric flow 

rate 
2.0 to 16.0 [l/min] 

Open% Open% 
EEV orifice open 

percentage 
0.0 to 1.0 [-] 

L_E 𝐿𝐸 
Length of 

evaporator tubing 
15.04 [m] 

T_wi_E 𝑇𝑤𝑖|𝐸 
Evaporator water 
inlet temperature 

Varies [K] 

P_wi_E 𝑃𝑤𝑖|𝐸 
Evaporator water 

inlet pressure 
3 [bar] 

Q_E 𝑄𝐸 
Evaporator water 
volumetric flow 

rate 
0.0 to 16.0 [l/min] 

 

There are eight key parameters that need to be solved in the simulation to fully define a specific 

working point for the heat pump system: 

1) The compressor power consumption - �̇�𝐶 

2) The heat transfer in the gas cooler - �̇�𝐺𝐶 

3) The heat transfer in the evaporator’s two-phase region - �̇�𝑇𝑃 

4) The heat transfer in the evaporator’s superheat region - �̇�𝑆𝐻 

5) The total pressure drop on the refrigerant side through the gas cooler - ∆𝑃0𝐿|𝐺𝐶 

6) The static pressure drop induced on the refrigerant by the electronic expansion valve 

- ∆𝑃𝐸𝐸𝑉 
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7) The total pressure drop on the refrigerant side through the evaporator’s two-phase 

region - ∆𝑃0𝐿|𝑇𝑃 

8) The total pressure drop on the refrigerant side through the evaporator’s superheating 

region - ∆𝑃0𝐿|𝑆𝐻 

Figure 4-5 indicates the location of the key parameters on the T-s and logarithmic P-h 

diagram of the transcritical cycle. 
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Figure 4-5: Key parameter locations in the transcritical cycle 
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4.4 Individual component modelling 

The way in which each component in the heat pump system is represented using control 

volume regions is discussed in this section. The specific methodology used to solve for the 

key driving parameters present in the derived component specific conservation and 

characteristic equations is also discussed. The modelling discussion proceeds in the 

chronological order of: evaporator first, compressor second, gas cooler third and concludes 

with the modelling of the electronic expansion valve component. 

4.4.1 Evaporator 

The evaporator component is divided into two CVs on the refrigerant aside and two 

corresponding CVs on the cooled water side. The first CV (CV 1 in Figure 4-6) on the 

refrigerant side will encapsulate the two-phase region of the evaporator and the second CV 

on the refrigerant side (CV 2 in Figure 4-6) will encapsulate the region in which superheating 

of the refrigerant takes place. The third CV (CV 3 in Figure 4-6) is on the water side and 

exchanges heat with CV 1. The fourth CV (CV 4 in Figure 4-6) interacts with CV 2 on the 

refrigerant side. CV 4 supplies the heat required to superheat the refrigerant to CV 2. Figure 

4-6 illustrates the entire evaporator component with its four respective control volumes. 

 

Figure 4-6: Evaporator component divided into four control volume regions 

It is assumed that the mass flow rate, temperature, and pressure is known at the inlet of the 

R744 side of the evaporator. The amount of superheating is also known at the outlet of the 

evaporator component and is controlled by the EEV orifice opening percentage. It is also 
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assumed that for the water side of the evaporator that the volumetric flow rate delivered by 

the pump, inlet temperature, and pressure of the water is known. The conservation of mass 

balance for the R744 side of the evaporator is given by: 

 {�̇�𝑖𝑛|𝐸}𝑅744 = {�̇�𝑜𝑢𝑡|𝐸}𝑅744 . [kg/s] (13) 

Equation 13: Conservation of mass for the R744 side of the evaporator 

The conservation of mass for the water side of the evaporator is described by: 

 {𝜌𝑖𝑛|𝐸𝑄𝑖𝑛|𝐸}𝑤 = {𝜌𝑜𝑢𝑡|𝐸𝑄𝑜𝑢𝑡|𝐸}𝑤 . [kg/s] (14) 

Equation 14: Conservation of mass for the water side of the evaporator 

The conservation of momentum for the R744 side of the evaporator is as follows: 

 {𝑃0𝑖𝑛|𝐸}𝑅744 = {𝑃0𝑜𝑢𝑡|𝐸}𝑅744 + ∆𝑃0𝐿|𝐸  . [bar] (15) 

Equation 15: Conservation of momentum for the R744 side of the evaporator 

The total pressure drop, ∆𝑃0𝐿|𝐸, that the R744 undergoes along the length of the evaporator 

is the sum of the total pressure drop that occurs in the evaporator’s two-phase region and the 

total pressure drop that occurs in the proceeding superheating region. The total pressure drop 

that the R744 undergoes in the two-phase region, ∆𝑃0𝐿|𝑇𝑃, is modelled using the Friedel 

method [30]. The Friedel method [37] will be used in this study to predict the pressure drop of 

the refrigerant in the two-phase region of the evaporator component. The pressure drop of the 

coolant in the superheating region of the evaporator will be predicted using the built-in Moody 

Chart function in EES® [20].The Friedel method is similar to the method of Lockhart and 

Martinelli [27], [30] in the sense that it also requires the calculation of a two-phase multiplier 

to relate the pressure drop based only on a single phase to the pressure drop present in the 

homogeneous two-phase flow region. In the Friedel method [30] the total lengthwise two-

phase pressure drop, ∆𝑃0𝐿|𝑇𝑃, is a function of the pressure drop that would occur in the two-

phase region if the whole pipe was filled with only a liquid, ∆𝑃𝑙 , multiplied by the squared two-

phase Friedel multiplier - Φ𝑓𝑟
2 . The Friedel method [30] is expressed mathematically as: 

 ∆𝑃0𝐿|𝑇𝑃 = ∆𝑃𝑙 ×Φ𝑓𝑟
2  . [bar] (16) 

Equation 16: The Friedel method for the two-phase flow pressure drop of R744 [30] 

The CO2 liquid-based pressure drop is expressed as [30] 

 ∆𝑃𝑙 = 4𝑓𝑙 (
𝐿𝑇𝑃

𝐷𝐻,𝑅744
)𝑚𝑣𝑒𝑙

2 (
1

2𝜌𝑏𝑙
) 𝑐1𝑐2 , [bar] (17) 
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Equation 17: Liquid-phase based flow pressure drop [30] 

where 𝑓𝑙 is the liquid-based friction factor, 𝐿𝑇𝑃 is the length of the two-phase region in the 

evaporator, 𝐷𝐻,𝑅744 is hydraulic diameter of the homogeneous R744 flow, 𝑚𝑣𝑒𝑙
2  is the mass 

velocity of the two-phase R744 mixture, 𝜌𝑏𝑙 is the liquid-based bulk density in the two-phase 

region, 𝑐1 is an energy unit conversion factor, and 𝑐2 is a pressure unit conversion factor. 

Please refer to Appendix B for further information on the implementation of the unit conversion 

factors in the simulation code. The liquid-based friction factor is calculated by use of the 

Blasius correlation [30], [55]: 

 𝑓𝑙 =
0.079

𝑅𝑒𝑏𝑙
0.25 , [-] (18) 

Equation 18: Liquid-based friction factor from the Blasius correlation [30], [55] 

where 𝑅𝑒𝑏𝑙 is the bulk dimensionless liquid-based Reynolds number in the two-phase region. 

The mass velocity of the R744 two-phase flow is simply the total R744 mass flow through the 

evaporator divided by the free flow area of the inner evaporator tube [30]: 

 𝑚𝑣𝑒𝑙 =
�̇�𝑅744
𝜋
4 𝐷𝑖𝑖

2
 . [kg/s-m2] (19) 

Equation 19: Mass velocity of the R744 two-phase flow [30] 

After the liquid-based pressure drop has been determined; the two-phase Friedel multiplier is 

required to calculate the total two-phase pressure drop with relation to the liquid-based 

pressure drop in the two-phase region. The Friedel multiplier is expressed as a function of five 

dimensionless parameters as [30]: 

 Φ𝑓𝑟
2 = 𝐸 +

3.24(𝐹 ∙ 𝐻)

𝐹𝑟𝐻
0.045 +𝑊𝑒𝑙

0.035 . [-] (20) 

Equation 20: The two-phase Friedel multiplier [30] 

The first dimensionless parameter is defined as [30]: 

 𝐸 = (1 − 𝑥𝑏)
2 + (𝑥𝑏)

2
𝜌𝑙  𝑓𝑣
𝜌𝑣  𝑓𝑙

 , [-] (21) 

Equation 21: E parameter found in the Friedel multiplier defining equation [30] 

where 𝑥𝑏 is the bulk quality dryness fraction of the two-phase region and 𝑓𝑣 is the bulk vapour-

based friction factor. 

The second dimensionless parameter is defined as [30]: 
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 𝐹 = 𝑥𝑏
0.78 × (1 − 𝑥𝑏)

0.224 . [-] (22) 

Equation 22: F parameter found in the Friedel multiplier defining equation [30] 

The third dimensionless parameter is defined as [30]: 

 𝐻 = (
𝜌𝑙
𝜌𝑣
)
0.91

(
𝜇𝑣
𝜇𝑙
)
0.19

(1 −
𝜇𝑣
𝜇𝑙
)
0.7

. [-] (23) 

Equation 23: H parameter found in the Friedel multiplier defining equation [30] 

The homogeneous Froude number is defined as [30]: 

 𝐹𝑟𝐻 =
𝑚𝑣𝑒𝑙
2

𝑔 ∙ 𝐷𝑖𝑖 ∙ 𝜌𝑏𝐻𝑜
2  

 , [-] (24) 

Equation 24: Homogeneous Froude number found in the Friedel multiplier defining equation [30] 

where 𝑔 is the local gravitational acceleration at the physical location of the heat pump system 

and 𝜌𝑏𝐻 is the bulk homogeneous density of the two-phase flow in the two-phase region. The 

liquid-based Weber number is defined as [30]: 

 𝑊𝑒𝑙 =
𝑚𝑣𝑒𝑙
2 ∙ 𝐷𝑖𝑖

𝜎𝑏 ∙ 𝜌𝑏𝐻𝑜  
 , [-] (25) 

Equation 25: Liquid-based Weber number found in the Friedel multiplier defining equation [30] 

where 𝜎𝑏 surface tension at the bulk conditions in the two-phase flow region. 

The superheat region follows the two-phase region in the evaporator. The total pressure drop 

that occurs in the superheat region is expressed as [27]: 

 ∆𝑃0𝐿|𝑆𝐻 = 𝑓𝑆𝐻 (
𝐿𝑆𝐻

𝐷𝐻,𝑅744
)
1

2
𝜌𝑏|𝑆𝐻 𝐶𝑏|𝑆𝐻

2 𝑐1𝑐2 . [bar] (26) 

Equation 26: Total pressure drop equation for the evaporator’s superheating region [27] 

The Darcy friction factor for the superheat region is determined using the built-in EES® 

MoodyChart function as follows [9]: 

 𝑓𝑆𝐻 = 𝑀𝑜𝑜𝑑𝑦𝐶ℎ𝑎𝑟𝑡 (𝑅𝑒𝑏|𝑆𝐻 ,
𝑒𝑠𝑠

𝐷𝐻,𝑅744
) . [-] (27) 

Equation 27: Evaporator superheating region Darcy friction factor from EES® MoodyChart function [9]  

The total pressure drop on the R744 side of the evaporator is then the sum of the total pressure 

in the two-phase region and the total pressure drop in the superheat region. 
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  ∆𝑃0𝐿|𝐸 = ∆𝑃0𝐿|𝑇𝑃 + ∆𝑃0𝐿|𝑆𝐻 . [bar] (28) 

Equation 28: The two components of the total pressure drop on the R744 side of the evaporator component 

The length of the two-phase region added to the length of the superheating region must equate 

to the total length of the tube runs in the evaporator component: 

 𝐿𝑇𝑃 + 𝐿𝑆𝐻 = 𝐿𝐸  . [m] (29) 

Equation 29: The two lengths that must equate to the total length of the evaporator component’s tube runs 

The focus of the simulation is on the modelling of the refrigerant side of the heat pump system. 

The total pressure drop on the water side of the evaporator is assumed to be negligible. Under 

this assumption the conservation of momentum for the water side of the evaporator is simply: 

 {𝑃0𝑖𝑛|𝐸}𝑤 = {𝑃0𝑜𝑢𝑡|𝐸}𝑤 . [bar] (30) 

Equation 30: Conservation of momentum for the water side of the evaporator 

The conservation of energy for the R744 side of the evaporator is: 

 {�̇�𝑖𝑛ℎ0|𝑖𝑛}𝑅744 + �̇�𝐸 = {�̇�𝑜𝑢𝑡ℎ0|𝑜𝑢𝑡}𝑅744 . [kW] (31) 

Equation 31: Conservation of energy for the R744 side of evaporator 

The total heat absorbed by the R744 during the evaporation process is equal to the heat 

absorbed in the two-phase region and in the superheat region within the evaporator: 

 �̇�𝐸 = �̇�𝑇𝑃 + �̇�𝑆𝐻 . [kW] (32) 

Equation 32: The components of the total heat transfer in the evaporator component  

The total enthalpy at the start of the superheat region can easily be calculated when the total 

pressure drop in the two-phase region is known. The total enthalpy at the start of the superheat 

region may thus be calculated in EES® as follows: 

 {ℎ0|𝑖𝑛}𝑆𝐻
= 𝑓 (𝑃 = ({𝑃0|𝑖𝑛}𝑇𝑃

− ∆𝑃0𝐿|𝑇𝑃) , 𝑥 = 1) . [kJ/kg] (33) 

Equation 33: Total enthalpy at the outlet of evaporator’s two-phase region/ inlet of evaporator’s superheating region 

The inlet enthalpy at the start of the superheat region is defined under the section that 

discussed the modelling of the electronic expansion valve. Once the total enthalpy at the start 

of the superheat region is known, the heat transfer in the two-phase region can be calculated 

by performing an energy balance for CV 1 as in Figure 4-6. The result is: 

 �̇�𝑇𝑃 = �̇�𝑅744 ({ℎ0|𝑖𝑛}𝑆𝐻
− {ℎ0|𝑖𝑛}𝑇𝑃

) . [kW] (34) 

Equation 34: Heat transfer in the evaporator’s two-phase region 



 

57 

 

Since the amount of superheat at the outlet of the evaporator component is controlled by the 

EEV operation, the heat transfer in the superheat region is calculated from the single-phase 

relation: 

 �̇�𝑆𝐻 = �̇�𝑅744 × 𝐶𝑝𝑏|𝑆𝐻 × ∆TSH . [kW] (35) 

Equation 35: Heat transfer in the evaporator’s superheating region 

The heat absorbed by the R744 during the evaporation process is supplied from the cooled 

water stream. The conservation of energy for the water side of the evaporator is thus: 

 {�̇�𝑖𝑛ℎ0|𝑖𝑛}𝑤 = {�̇�𝑜𝑢𝑡ℎ0|𝑜𝑢𝑡}𝑤 + �̇�𝐸  . [kW] (36) 

Equation 36: Conservation of energy for the water side of evaporator 

The exergy analysis of the evaporator is performed over the entire evaporator component. 

The exergy analysis thus considers all four CV regions that encapsulate the evaporator 

interactions simultaneously. The exergy balance over the entire evaporator is: 

 {�̇�𝑖𝑛}𝑅744 + {�̇�𝑖𝑛}𝑤 = {�̇�𝑜𝑢𝑡}𝑅744 + {�̇�𝑜𝑢𝑡}𝑤 + 𝐼�̇�  . [kW] (37) 

Equation 37: Exergy balance equation for the evaporator 

4.4.2 Compressor 

The compressor component is represented using one CV. The compressor component with 

its CV is illustrated in Figure 4-7. 

 

Figure 4-7: Compressor component with its CV region 
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The compressor only has CO2 as its interacting fluid with the conservation of mass for the 

compressor component given by: 

 {�̇�𝑖𝑛|𝐶}𝑅744 = {�̇�𝑜𝑢𝑡|𝐶}𝑅744 . [kg/s] (38) 

Equation 38: Conservation of mass for the compressor 

The discharge pressure of the R744 after compression is defined by the compressor’s ratio of 

pressure [50]: 

 {𝑃0|𝑜𝑢𝑡}𝑅744 = 𝑟𝑃 × {𝑃0|𝑖𝑛}𝑅744 . [bar] (39) 

Equation 39: Compressor discharge pressure from the compression pressure ratio [50] 

The conservation of energy for the compressor is: 

 {�̇�𝑖𝑛ℎ0|𝑖𝑛}𝑅744 + �̇�𝐶 = {�̇�𝑜𝑢𝑡ℎ0|𝑜𝑢𝑡}𝑅744
 , [kW] (40) 

Equation 40: Conservation of energy for the R744 that is compressed in the compressor 

where �̇�𝐶 is the power absorbed by the compressor during the compression of the CO2 gas. 

The compressor power drawn is the key parameter required to solve for the output flow energy 

delivered by the compressor. The compressor power drawn is calculated from the 

compressor’s isentropic efficiency: 

 �̇�𝐶 =
�̇�𝑖𝑠𝑒𝑛

𝜂𝑖𝑠𝑒𝑛
 , [kW] (41) 

Equation 41: Compressor power as function of isentropic efficiency [50] 

where �̇�𝑖𝑠𝑒𝑛 is the power the compressor would draw in an ideal imaginary isentropic 

compression process between the same inlet and outlet thermo-physical conditions and 𝜂𝑖𝑠𝑒𝑛 

is the isentropic efficiency of the compressor as a value in the range of zero to one. 

The method by de Bruin [42] will be used to express the ratio of pressure across the 

compressor as a function of the isentropic efficiency of the compressor at various operating 

conditions. Figure 4-8 illustrates the pressure-volume behaviour of the refrigerant through the 

compression process inside of the compression chamber of a reciprocating compressor. 
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Figure 4-8: P-V behaviour of the refrigerant inside a reciprocating compressor’s piston chamber [42] 

Four different stages are defined in the cyclic up-and-down movement performed by the 

compressor’s pistons. At the point, a in Figure 4-8, the suction valve opens during the 

movement of the piston and low-pressure refrigerant flows into the compression chamber. The 

piston continues moving and drawing in refrigerant until it reaches its bottom dead centre 

(BDC) as indicated by point b in Figure 4-8. At point b the suction valve closes and the piston 

now starts moving in the opposite direction and compressing the refrigerant. The compression 

action is illustrated in Figure 4-8 by the curved line that connects point b to c. At point c the 

refrigerant reaches a high enough pressure to open the compression chamber’s discharge 

valve. The refrigerant is pushed out of the compression chamber by the motion of piston as it 

moves from point c to its top dead centre (TDC) as indicated by point d. The discharge valve 

closes after the piston has reached point d. The pressure inside of the compression chamber 

is lowered from point d to a as the piston moves from its TDC back towards its BDC. After the 

piston reaches point a again the process starts anew. 

De Bruin [42] gives the expression to determine the specific work required per piston to 

compress the refrigerant from the evaporating pressure to the gas cooler pressure as: 
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 𝑊𝑐𝑦𝑙 =
𝑘𝑎𝑣𝑔

𝑘𝑎𝑣𝑔 − 1
𝑃𝑏𝜈𝑏 (𝑟𝑃

𝑘𝑎𝑣𝑔−1

𝑘𝑎𝑣𝑔 − 1)[
1

𝑐2
], [kJ/kg] (42) 

Equation 42: Specific work required per piston to compress the refrigerant [42] 

where 𝑘𝑎𝑣𝑔 is the average heat capacity ratio between the compressor’s discharge and suction 

side, 𝑣𝑏 is the specific volume of the refrigerant at point b in Figure 4-8, and 𝑟𝑃 is the pressure 

ratio over the compressor during steady state operation. 

The total specific work required by the compressor during steady operation is then the specific 

work required per piston times the number of pistons that compress the refrigerant: 

 𝑊𝑠𝑝𝑒𝑐 = 𝑊𝑐𝑦𝑙 ∙ #𝑐𝑦𝑙, [kJ/kg] (43) 

Equation 43: Total specific work required by a reciprocating compressor during steady state operation [42] 

where #cyl is the number of compression cylinders that compress the refrigerant at any given 

instance during steady state compressor operation. 

The isentropic efficiency of the compressor may thus be simulated by taking the theoretical 

specific isentropic work required by the compressor at the same operating conditions and 

dividing it by the calculated actual specific work required by the compressor: 

 𝜂𝑠𝑖𝑚 =
𝑊𝑖𝑠𝑒𝑛

𝑊𝑠𝑝𝑒𝑐
 . [-] (44) 

Equation 44: Simulated isentropic efficiency expressed as the ratio of specific work parameters [42] 

De Bruin [42] improved the accuracy of (44) by including two constants into the equation that 

were determined from test bench data. The improved equation for the isentropic efficiency of 

the compressor is given by: 

 𝜂𝑠𝑖𝑚 =
𝑊𝑖𝑠𝑒𝑛

𝑎1 ∙ 𝑊𝑠𝑝𝑒𝑐
𝑏1
 , [-] (45) 

Equation 45: Improved isentropic efficiency equation with added constants [42] 

where 𝑎1 =  1.629497 and 𝑏1 =  0.869919. The two constant parameters are added to 

compensate for the effect of real-world losses that occur inside of the compressor during the 

compression process. The heat lost from the compressor to the environment will assumed to 

be negligibly small. The losses that occur during compression are due to friction, recirculated 

refrigerant compression because of imperfect piston chamber sealing during the compression 

action, valve losses, and the generation entropy. The isentropic efficiency of the compressor 

is assumed to be known in this study and its value is used as an input parameter in the 
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simulation of the heat pump system. The method by de Bruin [42] may be used to implicitly 

determine the ratio of pressure over the compressor when the isentropic efficiency of the 

compressor is known, as is evident from inspection of (42). Please see the report by de Bruin 

[42] for further details. 

The exergy balance for the compressor is given by: 

 {�̇�𝑖𝑛}𝑅744 + �̇�𝐶 = {�̇�𝑜𝑢𝑡}𝑅744 + 𝐼�̇�  . [kW] (46) 

Equation 46: Exergy balance for the compressor 

4.4.3 Gas cooler 

This study will use a discretised 휀 − 𝑁𝑇𝑈 method [44] that employs the Dittus-Boelter 

correlation to predict the heat transfer coefficients of both interacting gases cooler fluids. The 

gas cooler is divided into twenty control volumes on the refrigerant side and twenty 

corresponding control volumes on the heated water side. This was done to accurately 

calculate the heat transfer in the gas cooler component using the ε-NTU method. The 

segmentation is also beneficial when plotting the supercritical heat rejection curve of the 

refrigerant on a T-s diagram. The gas cooler component with its control volume regions is 

illustrated in Figure 4-9. 

 

Figure 4-9: Gas cooler component divided into control volume regions 

It is assumed that the mass flow rate, temperature, and pressure is known at the inlet of the 

R744 side of the gas cooler. It is also assumed that the volumetric flow rate, inlet temperature 

and pressure is known on the water side. The conservation of mass balance for the R744 side 

of the gas cooler is given by: 

 {�̇�𝑖𝑛|𝐺𝐶}𝑅744 = {�̇�𝑜𝑢𝑡|𝐺𝐶}𝑅744 . [kg/s] (47) 
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Equation 47: Conservation of mass for the R744 side of the gas cooler 

The conservation of mass balance for the water side of the gas cooler is: 

 {𝜌𝑖𝑛|𝐺𝐶𝑄𝑖𝑛|𝐺𝐶}𝑤 = {𝜌𝑜𝑢𝑡|𝐺𝐶𝑄𝑜𝑢𝑡|𝐺𝐶}𝑤 . [kg/s] (48) 

Equation 48: Conservation of mass for the water side of the gas cooler 

The density of the water, 𝜌𝑤 , is in [kg/m3] and 𝑄𝐺𝐶 is the volumetric flow rate of the heated 

water through the gas cooler in [m3/s]. The conservation of momentum for the R744 side of 

the gas cooler is 

 {𝑃0𝑖𝑛|𝐺𝐶}𝑅744 = {𝑃0𝑜𝑢𝑡|𝐺𝐶}𝑅744 + ∆𝑃0𝐿|𝐺𝐶  , [bar] (49) 

Equation 49: Conservation of momentum for the R744 side of the gas cooler 

where ∆𝑃0𝐿|𝐺𝐶 is the total pressure drop of the R744 along the length of the gas cooler. The 

total pressure drop is a function of flow channel friction, the total coil length, the hydraulic 

diameter, and the thermo-physical properties of R744 as it flows through the gas cooler. The 

total pressure drop on the R744 side of the gas cooler is equal to the sum of the pressure drop 

over each segment on the refrigerant side. The pressure drop per increment on the refrigerant 

side is given by [27]: 

 ∆𝑃0𝐿|𝑖𝑛𝑐 = 𝑓𝑊
𝐿𝑖𝑛𝑐

𝐷𝐻,𝑅744

1

2
𝜌𝑏𝑔𝐶𝑏𝑔

2 𝑐1𝑐2 , [bar] (50) 

Equation 50: Pressure drop per increment for the R744 side of the gas cooler [27] 

where 𝑓𝑊 is the friction factor correlation by Wang et al. [56] for the prediction of supercritical 

CO2 pressure drop in the turbulent flow regime, 𝐿𝑖𝑛𝑐 is the length of a increment, 𝐷𝐻,𝑅744 is the 

hydraulic diameter, 𝜌𝑏𝑔 is the bulk density per increment, and 𝐶𝑏𝑔 is the bulk velocity per 

increment. The friction factor correlation by Wang et al. is given by: 

 
1

√𝑓𝑊
= −2.34 ∙ log (

𝑒𝑠𝑠
1.72𝐷𝐻,𝑅744

−
9.26

𝑅𝑒𝑏𝑔
∙ log {(

𝑒𝑠𝑠
29.36𝐷𝐻,𝑅744

)

0.95

+ (
18.35

𝑅𝑒𝑏𝑔
)

1.108

})  . [-] (51) 

Equation 51: Friction factor correlation by Wang et al. [56] 

The parameter 𝑒𝑠𝑠 is the surface roughness of the inner gas cooler tube material and 𝑅𝑒𝑏𝑔 is 

the dimensionless bulk Reynolds number of the R744 per increment. The correlation by Wang 

et al. has a valid Reynolds number range of: 3400 < 𝑅𝑒𝑏𝑔 < 2 × 10
6. The pressure drop on 

the water side of the gas cooler is assumed to be negligible. Under this assumption the 

conservation of momentum equation for the entire water side of the gas cooler is: 
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 {𝑃0𝑖𝑛|𝐺𝐶}𝑤 = {𝑃0𝑜𝑢𝑡|𝐺𝐶}𝑤 . [bar] (52) 

Equation 52: Conservation of momentum for the entire water side of the gas cooler 

The conservation of energy for the R744 side of the gas cooler is: 

 {�̇�𝑖𝑛ℎ0|𝑖𝑛}𝑅744 = �̇�𝐺𝐶 + {�̇�𝑜𝑢𝑡ℎ0|𝑜𝑢𝑡}𝑅744 . [kW] (53) 

Equation 53: Conservation of energy for the R744 side of gas cooler 

The energy extracted from the R744 side of the gas cooler during the cooling process is 

absorbed by the heated water side. The conservation of energy for the water side of the gas 

cooler is described by: 

 {�̇�𝑖𝑛ℎ0|𝑖𝑛}𝑤 + �̇�𝐺𝐶 = {�̇�𝑜𝑢𝑡ℎ0|𝑜𝑢𝑡}𝑤
 , [kW] (54) 

Equation 54: Conservation of energy for the water side of gas cooler 

where �̇�𝐺𝐶 is the total heat transfer that takes place from the R744 to the water stream. The 

total heat transfer is the summation of the heat transfer per segment on the R744 side of the 

gas cooler. The heat transfer per increment will be solved by using the ε-NTU method. The 

heat transfer per increment is given by [27]: 

 �̇�𝑖𝑛𝑐 = �̇�max |𝑖𝑛𝑐 × 휀𝑖𝑛𝑐  , [kW] (55) 

Equation 55: Heat transfer per gas cooler increment [27] 

where �̇�max |𝑖𝑛𝑐 is the maximum theoretical heat transfer possible per increment and 휀𝑖𝑛𝑐 is the 

effectiveness of the gas cooler in transferring heat per increment in the range (0,1). The 

maximum heat transfer per increment is given by [27]: 

 �̇�max |𝑖𝑛𝑐 = {𝐻𝐶𝑅𝑚𝑖𝑛∆𝑇𝑚𝑎𝑥}𝑖𝑛𝑐  , [kW] (56) 

Equation 56: Maximum heat transfer per gas cooler increment [27] 

where 𝐻𝐶𝑅𝑚𝑖𝑛 is the minimum heat capacity rate between the two interacting fluid streams 

and ∆𝑇𝑚𝑎𝑥 is the temperature difference between the R744 and water, at their respective 

inlets, per increment. The effectiveness per increment for a counter-flow tube-in-tube type of 

heat exchanger is defined by Incropera and DeWitt [57] as: 

 휀𝑖𝑛𝑐 = {
1 − exp[−𝑁𝑇𝑈(1 − 𝑐𝑟)]

1 − 𝑐𝑟 ∙ exp[−𝑁𝑇𝑈(1 − 𝑐𝑟)]
}
𝑖𝑛𝑐

, [-] (57) 

Equation 57: Gas cooler effectiveness per increment [57] 
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where the 𝑁𝑇𝑈 is the dimensionless number of transfer units per segment of the gas cooler 

and 𝑐𝑟 the dimensionless capacity ratio of the interacting fluids. Equation (57) is valid for all 

possible values of the capacity ratio that are smaller than one. The capacity ratio is expressed 

as the ratio of the minimum to maximum heat capacity rates of the interacting heat exchanger 

fluids per increment: 

 {𝑐𝑟}𝑖𝑛𝑐 = {
𝐻𝐶𝑅𝑚𝑖𝑛
𝐻𝐶𝑅𝑚𝑎𝑥

}
𝑖𝑛𝑐

= {
(�̇�𝑐𝑝𝑏)𝑚𝑖𝑛
(�̇�𝑐𝑝𝑏)𝑚𝑎𝑥

}

𝑖𝑛𝑐

, [-] (58) 

Equation 58: Capacity ratio per gas cooler increment [57] 

where 𝑐𝑝𝑏 is the bulk specific heat capacity at constant pressure per increment for a given fluid 

stream. The number of transfer units per gas cooler increment is given by: 

 {𝑁𝑇𝑈}𝑖𝑛𝑐 = {
𝑈𝐴𝑠

𝐻𝐶𝑅𝑚𝑖𝑛
}
𝑖𝑛𝑐

, [-] (59) 

Equation 59: Number of transfer units per gas cooler increment [57] 

where 𝑈 is the overall heat transfer coefficient per gas cooler increment and 𝐴𝑠 is the heat 

transfer surface area per increment. It is assumed that there is no possibility of fouling build-

up on the R744 side of the gas cooler while it is possible for the water side to foul. Furthermore, 

it is also assumed that the gas cooler is well insulated on the outside of the outer tube such 

that there is no possible heat loss to the environment. Under these assumptions the product 

of the overall heat transfer coefficient with the heat transfer surface area per gas cooler 

increment may be expressed in terms of thermal resistance as [44]: 

 {
1

𝑈𝐴𝑠
}
𝑖𝑛𝑐

= {
1

(ℎ𝑐𝑐𝑜𝑛𝑣𝐴)𝑅744
+

ln (
𝐷𝑖𝑜
𝐷𝑖𝑖
)

2𝜋𝑘𝑜𝑡𝑢𝑏𝑒𝐿𝑖𝑛𝑐
+
𝐹𝐹𝑖𝑜
𝐴𝑤

+
1

(ℎ𝑐𝑐𝑜𝑛𝑣𝐴)𝑤
}

𝑖𝑛𝑐

. [K/kW] (60) 

Equation 60: Total thermal resistance between interacting gas cooler fluids per increment [44] 

The first term in (60) is the total thermal resistance per gas cooler increment, the second term 

is the convection thermal resistance of the R744 side, the third term is the conduction thermal 

resistance per increment. The fourth term is the fouling resistance on the heated water side 

and the fifth term is the convection resistance of the heated water side of the gas cooler. 

The Dittus-Boelter correlation [58] is used to solve for the convection coefficient, ℎ𝑐𝑜𝑛𝑣 , on 

both the R744 and the water side of the gas cooler. Although there exist correlations that 

predict the convection coefficient of supercritical R744 with higher accuracies such as those 

investigated by Venter [9], the study by Harris [23] showed that the Dittus-Boelter correlation 
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showed an excellent fit (for larger diameter tubes) with experimental data over a wider range 

of Reynolds number values. The study by Harris [23] also concluded that the Dittus-Boelter 

correlation remained relatively stable when used to calculate convection coefficients based on 

thermo-physical conditions in the pseudo-critical region of CO2. The unmodified Dittus-Boelter 

correlation will also be used for the water side of the gas cooler. The Dittus-Boelter correlation 

is used on the water side of the heat exchanger for simplicity purposes. The focus of this study 

is not the accurate modelling of the outlet water temperature on the water side of the gas 

cooler. The convection coefficient for CO2 per gas cooler increment while implementing the 

Dittus-Boelter correlation is expressed as: 

 {ℎ𝑐𝑐𝑜𝑛𝑣}𝑖𝑛𝑐 = 𝐶𝐹 (0.023
𝑘𝑜𝑏
𝐷𝐻

𝑅𝑒𝑏
0.8𝑃𝑟𝑏

𝑛) , [kW/m2-K] (61) 

Equation 61: Convection coefficient per increment from Dittus-Boelter correlation [44], [23] 

where 𝐶𝐹 is a correlation factor specifically fitted to the specific test bench system to further 

increase the accuracy of the Dittus-Boelter correlation, 𝑘𝑏 is the bulk conduction heat transfer 

coefficient of the fluid, 𝑃𝑟𝑏 is the bulk dimensionless Prandtl number of the fluid per gas cooler 

increment with unit [-] and 𝑛 is a dimensionless power set to 0.3 if the fluid considered is cooled 

or set to 0.4 if the fluid is heated. The 𝐶𝐹 factor for the experimental data used in this study is 

2.294 [-]. The CF factor is included to make the prediction of heat transfer values associated 

with the test bench system as accurate as possible. The CF factor reported here is only valid 

for the test system investigated in this study and only valid for the prediction of the heat transfer 

coefficient on the refrigerant side of the gas cooler component. Appendix A shows the heat 

transfer values predicted by the unmodified and the correlation factor modified Dittus-Boelter 

correlation. The CF factor used here is an average of all the individual factors determined by 

setting the simulation results equal to the experimental results. The CF factor is thus a form of 

direct numerical fitting of the simulation to the test bench results. 

The exergy analysis of the gas cooler is done over the entire component. The exergy balance 

over the entire gas cooler is: 

 {�̇�𝑖𝑛}𝑅744 + {�̇�𝑖𝑛}𝑤 = {�̇�𝑜𝑢𝑡}𝑅744 + {�̇�𝑜𝑢𝑡}𝑤 + 𝐼�̇�𝐶  .  [kW] (62) 

Equation 62: Exergy balance for the gas cooler 

4.4.4 Electronic expansion valve 

The EEV component is represented with one CV. The EEV component with its CV is illustrated 

in Figure 4-10. 
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Figure 4-10: EEV component with its CV region 

The EEV has only CO2 as its interacting fluid. The conservation of mass for the R744 flowing 

through the EEV component is given by: 

 {�̇�𝑖𝑛|𝐸𝐸𝑉}𝑅744 = {�̇�𝑜𝑢𝑡|𝐸𝐸𝑉}𝑅744 . [kg/s] (63) 

Equation 63: Conservation of mass for the R744 through the EEV 

The EEV controls the mass flow rate of the refrigerant through the entire heat pump system. 

The BITZER™ Software v6.7.0 utility [39] may be used to find the recommended mass flow 

rate for the BITZER™ type 4JTC-15K (40P) compressor operating at specific working points. 

The amount of refrigerant that was loaded into the heat pump test bench was done by an 

operator. The mass flow rate of the refrigerant at various locations throughout the heat pump 

system may thus not match the mass flow rate recommended by the BITZER™ Software 

utility. A better approach is a linear regression fit of the refrigerant mass flow as a function of 

the EEV orifice opening percentage for the actual test bench. The built-in EES® [20] linear 

regression utility was used to fit the mass flow rate of the refrigerant to the experimental data 

generated from the heat pump test bench. The fitted linear relation of mass flow as a function 

of the EEV orifice opening is illustrated in Figure 4-11. 
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Figure 4-11: Refrigerant mass flow rate as a function of EEV opening 

From Figure 4-11 it should be noted that a decrease in the flow restricting orifice opening area 

percentage leads to an increase in the mass flow rate of the refrigerant through the entire heat 

pump system. The specific linear equation that describes the relationship between the 

refrigerant mass flow rate and EEV orifice opening of the line displayed in Figure 4-11 is: 

 �̇�𝑅744 = 0.1442(𝑂𝑝𝑒𝑛%) + 0.11262  . [kg/s] (64) 

Equation 64: R744 mass flow rate as a function of EEV opening 

The conservation of momentum for the R744 that undergoes throttling as it passes through 

the EEV is: 

 {𝑃0𝑖𝑛|𝐸𝐸𝑉}𝑅744 = {𝑃0𝑜𝑢𝑡|𝐸𝐸𝑉}𝑅744 + ∆𝑃0𝐿|𝐸𝐸𝑉  . [bar] (65) 

Equation 65: Conservation of momentum for R744 through EEV 

The physical dimensions of the internal EEV mechanisms are not readily available to the 

public, a new method is thus required to predict the total pressure drop over the EEV 

component. The static pressure drop over the EEV is modelled as an inverse linearly 

proportional function of the opening percentage of the expansion valve orifice area. The 
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suggested inverse linearly proportional graph of the static pressure drop over the EEV as a 

function of the opening percentage of the expansion valve orifice is illustrated in Figure 4-12. 

 

Figure 4-12: Static pressure drop over EEV vs EEV orifice opening 

From Figure 4-12 it should be noted that the static pressure drop over the expansion valve 

orifice tends to zero as the valve orifice is increasingly opened. This trend is suited because 

when the EEV orifice is 100% open it will not offer any resistance to the flow of the refrigerant 

and the induced pressure drop on the refrigerant will thus be zero The specific linear equation 

that describes the line found in Figure 4-12 is: 

 ∆𝑃𝐸𝐸𝑉 = −81.30(𝑂𝑝𝑒𝑛%) + 85.37 . [bar] (66) 

Equation 66: Static pressure drop over EEV as a function of orifice opening 

Once the static pressure drop over the EEV is known, it can easily be converted to total 

pressure drop by adding the kinetic energy component of total pressure to the static pressure 

drop value. The throttling the R744 undergoes as it flows through the EEV is assumed to be 

an isenthalpic process. Under this assumption the conservation of energy for the EEV is 

simply: 
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 {ℎ0|𝑖𝑛}𝑅744 = {ℎ0|𝑜𝑢𝑡}𝑅744 . [kJ/kg] (67) 

Equation 67: Conservation of energy for the R744 through the EEV 

Another important cycle parameter controlled by the EEV is the amount of superheating that 

takes place in the evaporator. A linear equation is also used to describe the amount of 

superheating as a function of the EEV orifice opening. The linear relationship between the 

amount of evaporator superheating and the EEV orifice opening is shown in Figure 4-13. 

 

Figure 4-13: Amount of superheating in evaporator vs EEV orifice opening 

The specific linear equation that describes the line found in Figure 4-13 is: 

 Δ𝑇𝑆𝐻 = 11.8(𝑂𝑝𝑒𝑛%) + 3.62 . [K] (68) 

Equation 68: Superheating in the evaporator as a function of EEV orifice opening 

The exergy balance over the EEV is performed over the entire EEV CV region. The exergy 

balance for the EEV is: 

 {�̇�𝑖𝑛}𝑅744 = {�̇�𝑜𝑢𝑡}𝑅744 + 𝐼�̇�𝐸𝑉 . [kW] (69) 

Equation 69: Exergy balance for the EEV 
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4.5 The energy and exergy characteristics of the transcritical cycle 

The performance indicators of the transcritical cycle are discussed in this section. The 

performance indicators are used as benchmarking tools that help determine how efficient the 

system is operating. 

4.5.1 Energy balance over entire refrigerant loop 

The CV region over the entire primary R744 loop is illustrated in Figure 4-14: 

 

Figure 4-14: CV region over primary R744 loop 

The conservation of energy over the entire refrigerant loop is: 

 �̇�𝐸 + �̇�𝐶 = �̇�𝐺𝐶  . [kW] (70) 

Equation 70: Conservation of energy over the entire R744 loop [50] 

4.5.2 Cycle performance indicators based on energy 

The most commonly used performance index to benchmark heat pump system performance 

is the coefficient of performance (COP) [2], [50]. The heating COP is expressed as the relation 

of the heat delivered by the heat pump system to the power required to enable the heat transfer 

process as absorbed by the heat pump’s compressor component. The heating COP is 

expressed as: 

 𝐶𝑂𝑃𝐻𝑃 =
�̇�𝐺𝐶

�̇�𝐶

 . [-] (71) 

Equation 71: COP for a heating process [2], [50], [59] 
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The heating COP of a heat pump does not contain information about how well the heat pump 

system is converting energy compared to a heat pump system with ideal energy conversion 

properties. Stene [59] suggests the Lorentz efficiency index as means to express the efficiency 

of a heat pump by comparing the heating COP of the heat pump to the maximum heating COP 

the heat pump system would have when operating under ideal hypothetical conditions. The 

Lorentz efficiency of a heat pump is given by: 

 𝜂𝐿𝑍 =
𝐶𝑂𝑃𝐻𝑃
𝐶𝑂𝑃𝑚𝑎𝑥

100, [%] (72) 

Equation 72: Lorentz efficiency for a heat pump [59] 

where 𝐶𝑂𝑃𝑚𝑎𝑥 is the maximum theoretical COP a heat pump system could deliver operating 

between the same evaporation and heat-rejection temperatures. The maximum heating COP 

of a heat pump system is given by: 

 𝐶𝑂𝑃𝑚𝑎𝑥 =
𝑇𝑎𝑣𝑔|𝐻𝑅𝑇

𝑇𝑎𝑣𝑔|𝐻𝑅𝑇 − 𝑇𝑒𝑣𝑎𝑝
 , [-] (73) 

Equation 73: Maximum COP for heat pump under ideal theoretical conditions [59] 

where 𝑇𝑎𝑣𝑔|𝐻𝑅𝑇 is the logarithmic weighted average heat-rejection temperature of the 

supercritical fluid from which the heat is extracted and 𝑇𝑒𝑣𝑎𝑝 is the evaporation temperature. 

4.5.3 Cycle performance indicators based on exergy 

Kotas [52] argues that a more rational approach to heat pump performance analysis is via 

evaluation using the rational exergetic efficiency indices. Kotas suggests two formulations for 

the rational efficiency of a heat pump system. The first rational efficiency form is expressed as 

the deviation of total exergy destruction relative to the total exergy supplied to drive the heat 

pump. The first rational efficiency form is given by [52]: 

 𝜓1 = {
�̇�𝐶 − 𝐼�̇�𝑃

�̇�𝐶

}100, [%] (74) 

Equation 74: First form of the rational efficiency of a transcritical heat pump [52] 

where 𝐼�̇�𝑃 is the total rate of irreversibility generated within the entire heat pump system. The 

second rational efficiency form is expressed as the ratio of total useful exergy associated with 

the heating process that takes place in the gas cooler to the exergy required to drive the 

transcritical heat pump system. The second rational efficiency form is given by [52]: 
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 𝜓2 = {
∆�̇�𝐺𝐶

�̇�𝐶

}100, [%] (75) 

Equation 75: Second form of the rational efficiency of a transcritical heat pump [52] 

where ∆�̇�𝐺𝐶 is the rate of useful exergy transferred to the water flowing through the gas cooler 

component. 

4.6 Sample calculation using EES® model 

Once the EES® simulation has solved for the key parameters throughout the system, then the 

transcritical cycle may be represented using temperature - entropy diagrams and logarithmic 

pressure-enthalpy diagrams. 

Table 4-5 lists the inputs used for an illustrative cycle condition simulation. 

Table 4-5: List of simulation inputs for an illustrative cycle working point 

INPUT MEANING VALUE UNIT 

eta_isen 
Compressor’s 

isentropic efficiency 
0.6527 [-] 

FF_io 
Inner tube outer 

fouling factor 
0.00 [m2-K/kW] 

T_wi_GC 
Gas cooler water inlet 

temperature 
299.45 [K] 

Q_GC 
Gas cooler water 

volumetric flow rate 
16.26 [l/min] 

Open% 
EEV orifice open 

percentage 
0.30 [-] 

T_wi_E 
Evaporator water inlet 

temperature 
313.00 [K] 

Q_E 
Evaporator water 

volumetric flow rate 
16.00 [l/min] 
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The key parameters calculated by the simulation from the inputs are listed in Table 4-5. 

Table 4-6: Key working point parameters associated with the inputs listed in Table 4-5 

SYMBOL VALUE UNIT 

�̇�𝑅744 0.1559 [kg/s] 

∆𝑇𝑆𝐻 7.16 [K] 

�̇�𝑆𝐻 1.870 [kW] 

�̇�𝐶 10.834 [kW] 

�̇�𝐺𝐶 35.882 [kW] 

�̇�𝑇𝑃 23.183 [kW] 

∆𝑃0𝐿|𝑆𝐻 0.0344 [bar] 

∆𝑃0𝐿|𝐺𝐶 0.1586 [bar] 

∆𝑃𝐸𝐸𝑉 60.98 [bar] 

∆𝑃0𝐿|𝑇𝑃 0.5431 [bar] 

 

The cycle points that are representative of the illustrative working point are shown on a T-s 

diagram in Figure 4-15. 
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Figure 4-15: Example transcritical cycle working point shown on a T-s diagram 

On the T-s diagram displayed in Figure 4-15 the 25 cycle points that are used to describe the 

refrigerant side of the heat pump system is shown. The refrigerant compression process is 

indicated by cycle point (2) to (3). The line segment that represents the compression process 

leans to the right which is in accordance with the entropy generation predicted for a 

compression process by the Second Law of Thermodynamics [2]. The supercritical heat 

rejection process is indicated by cycle point (3) to (23). The supercritical heat rejection line 

has a similar physical shape as the constant pressure lines that are displayed on the T-s 

diagram in the supercritical region. The T-s diagram also shows the corresponding water lines 

that describe the temperature behaviour of the two water streams that interact with the 

refrigerant circuit. Visual inspection of the representative water lines shows that the water that 

interacts with the refrigerant in the evaporator component is cooled and that water that 
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interacts with the refrigerant in the gas cooler component is heated. The cooled water line 

consists of 3 representative points and the heated water line consists out of 21 representative 

points. 

The cycle points of the illustrative working point are also shown on a log. P-h diagram in Figure 

4-16. 

 

Figure 4-16: Example transcritical cycle working point shown on a log. P-h diagram 

On the log. P-h diagram displayed in Figure 4-16 the expansion process, as represented by 

cycle point (23) to (24), is isenthalpic. The expansion process reduces the pressure and 

temperature of the refrigerant while maintaining a constant flow enthalpy from the inlet to the 

outlet of the expansion valve component. 
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In addition to the cycle diagrams, the effects of the heat transfer process that takes place 

inside the gas cooler component may be visualised using fluid temperature-position diagrams. 

The Temperature vs position diagram that corresponds to the simulation inputs listed in Table 

4-5 is shown in Figure 4-17. 

 

Figure 4-17: Example Temperature vs position diagram 

Figure 4-17 illustrates the increase in water temperature and a decrease in refrigerant 

temperature that takes place inside of the gas cooler component. The lines that represent the 

two interacting fluids have different slopes due to the differences in the thermo-physical 

properties of CO2 and water. The fact that the two representative lines do not touch or come 

close to one another shows that the sub-simulation of the gas cooler component is functioning 

correctly. 

  



 

77 

 

4.7 Sample fault scenario simulations using EES® model 

This section shows the behaviour of three typical fault conditions on thermo-physical property 

diagrams. The results showed in this section are for illustrative purposes of the simulation 

model’s capabilities. The simulation model will be verified and validated in the next chapter. 

4.7.1 Working fluid leakage 

In a heat pump system, the working fluid may leak out of the system with time. The refrigerant 

may leak out from small weld imperfections present throughout the system or from areas 

where seals are not perfect. Refrigerant leakage may also occur at the charging point orifice 

used for the initial charging of the heat pump’s working fluid. Working fluid leakage may be 

simulated in EES® by gradually decreasing the mass flow rate of the CO2 gas as a simulation 

input parameter. The initial value of the mass flow rate is taken as the mass flow rate at the 

reference operating point as found in Table 4-6. For the example calculation presented here, 

the mass flow rate of the CO2 was varied from 0.1559 [kg/s] to 0.0959 [kg/s] in increments of 

0.02 [kg/s]. 
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The effect of working fluid leakage on a T-s diagram of the heat pump’s refrigerant is illustrated 

in Figure 4-18. 

 

Figure 4-18: T-s diagram illustrating the effect of working fluid leakage 

  



 

79 

 

The effect of working fluid leakage on a log. P-h diagram of the heat pump’s refrigerant is 

illustrated in Figure 4-19. 

 

Figure 4-19: Log. P-h diagram illustrating the effect of working fluid leakage 

Figure 4-18 and Figure 4-19 show that the effect of refrigerant leakage on a heat pump system 

is that the evaporation temperature of the cycle starts to decrease. The evaporation 

temperature decreases to increase the temperature difference between the two interacting 

fluids in the evaporator component. The larger temperature difference is required to maintain 

the same amount of heat transfer in the evaporator when the mass flow of refrigerant 

decreases. 
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4.7.2 Slow compressor failure 

Compressor failure may occur in a heat pump system when the seals and mechanisms inside 

a compressor wear with use. Compressor failure may be simulated in EES® by keeping the 

simulation parameters constant and decreasing only the isentropic efficiency input parameter 

in the simulation. For the example given here the isentropic efficiency of the compressor was 

varied from 0.6527 [-] to 0.5027 [-] in increments of 0.05 [-]. The effect of compressor failure 

illustrated on a T-s diagram is shown in Figure 4-20. 

 

Figure 4-20: T-s diagram illustrating the effect of compressor failure 

The effect of compressor failure illustrated on a log. P-h diagram is shown in Figure 4-21. 
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Figure 4-21: Log. P-h diagram illustrating the effect of compressor failure 

Figure 4-20 and Figure 4-21 shows that a failing compressor results in the migration of the 

cycle on the thermo-physical diagrams to the left and upwards with reference to the normal 

operating condition. The line that illustrates the expansion process moves to the left on the 

diagrams with respect to the normal condition and the line that represents the evaporation 

process moves upwards with respect to the normal condition. 
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4.7.3 Fouling accumulation in the gas cooler 

Fouling may accumulate on the water side of the gas cooler due to the precipitation of 

dissolved or suspended solids in the water onto the inside tube wall [44]. Fouling has the effect 

of introducing extra thermal resistance in the path of the heat transfer that occurs inside the 

gas cooler component. Fouling may be simulated in EES® by keeping the required heat 

transfer rate constant and varying the fouling factor input value used in the simulation. For the 

example given here, the fouling factor (FF) parameter was varied from 0.00 [m2K/kW] to 1.00 

[m2K/kW] in increments of 0.25 [m2K/kW]. The heat transfer rate in the gas cooler component 

was kept constant at the reference value of 35.882 [kW]. The effect of fouling accumulation is 

illustrated on a T-s diagram in Figure 4-22. 

 

Figure 4-22: T-s diagram illustrating the effect of gas cooler fouling 
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The effect of fouling accumulation on a log. P-h diagram is illustrated in Figure 4-23. 

 

Figure 4-23: Log. P-h diagram illustrating the effect of gas cooler fouling 

Figure 4-22 and Figure 4-23 show that the effect of fouling accumulation in the heat pump’s 

gas cooler is to force the heat pump’s compressor component to do more work to compensate 

for the less effective heat transfer that takes place in the gas cooler. The resultant pattern that 

emerges on Figure 4-22 and Figure 4-23 shows that the EEV line tends to move from its 

reference position to the right on the diagrams and that the gas cooler line tends to move from 

its reference position to progressively higher-pressure lines. 
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4.8 Conclusion 

The theory and assumptions used to model the transcritical heat pump system were presented 

in this chapter. The EES® simulation of the system was developed for the steady state 

operating condition. The simulation used compressor isentropic efficiency, expansion valve 

opening orifice percentage, gas cooler geometric parameters, ambient properties, and the 

boundary conditions of the water that interacts with the heat pump system as input 

parameters. 

The simulation of the system can generate temperature – entropy, logarithmic pressure – 

enthalpy, and temperature – position diagrams as visual representations of the refrigerant 

cycle and of the interacting water. The property diagrams can be used to visualise the change 

in system operating parameters subjected to the progression of fault conditions within the 

system. The fault conditions of working fluid leakage, compressor failure, and fouling can be 

simulated. The three considered fault scenarios each have their own unique respective pattern 

that develops when plotting successive iterations on property diagrams. The three fault 

scenarios can be successfully visualised and distinguished by visual interpretation of the shift 

in cycle position and shape on the plotted T-s and log. P-h diagrams. 
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5. CHAPTER 5: MODEL VERIFICATION AND VALIDATION 

This chapter focuses on the verification and validation of the heat pump system EES® 

simulation. Verification is proven by checking that all the equations used in the EES® 

simulation are dimensionally compatible and by evaluating the magnitude of the maximum 

residual produced when an example simulation is executed. Validation is proven by 

checking that the EES® simulation results are a satisfactory match to the behaviour of the 

physical test bench system when under the same operational specifications. 

 

5.1 The input data used in the verification of the simulation 

Table 5-1 shows the input data that was used to generate the results used for the verification 

and validation of the EES® simulation. The data contained in Table 5-1 is a working point that 

was measured directly on the test bench system. The test bench operating parameters are 

used as the inputs for the simulation. Unless stipulated otherwise, the figures and data shown 

in this chapter will be for the working point defined by the inputs listed in Table 5-1. 

Table 5-1: Working point input list used for verification and validation 

INPUT MEANING VALUE UNIT 

eta_isen 
Compressor’s 

isentropic efficiency 
0.6507 [-] 

FF_io 
Inner tube outer 

fouling factor 
0.00 [m2-K/kW] 

T_wi_GC 
Gas cooler water inlet 

temperature 
297.45 [K] 

Q_GC 
Gas cooler water 

volumetric flow rate 
16.24 [l/min] 

Open% 
EEV orifice open 

percentage 
0.40 [-] 

T_wi_E 
Evaporator water inlet 

temperature 
313.00 [K] 

Q_E 
Evaporator water 

volumetric flow rate 
16.00 [l/min] 
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5.2 Simulation model verification 

Giordano et al. [60] define dimensional compatible equations as equations that involve only 

sums of products having the same dimensions. Equations with all the products having the 

same dimension thus add similar quantities that are interrelated. A simulation code that uses 

even a single equation which adds products that are not dimensionally compatible will deliver 

erroneous results. The EES® simulation environment [61] has a built-in unit checking function. 

The Solution Window generated in EES® when using the input data listed in Table 5-1 is shown 

in Figure 5-1. 

 

Figure 5-1: The Solution Window output from the heat pump EES® simulation for the input data listed in Table 5-1 

Figure 5-1 shows that the EES® simulation of the heat pump system uses equations that are 

dimensionally compatible. 

A simulation code with incorrectly typed equations will also deliver incorrect results. The 

equations used in the simulation code was checked by visual inspection while using the 

‘Formatted Equations’ display mode in EES®. Rousseau [27] states that the EES® environment 

makes use of a Newton-Raphson type of solver algorithm. The implementation of a Newton-
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Raphson type of solver algorithm within EES® makes the environment fast, but residuals will 

also be present in the generated solution. Chapra and Canale [62] define a residual as the 

discrepancy between the true value of a variable and the approximate value predicted by a 

numerical method. The maximum and minimum residuals present in a solution can thus be 

used as a benchmark of simulation quality. The output Calculations Window for the input data 

listed in Table 5-1 is illustrated in Figure 5-2. 

 

Figure 5-2: The Calculations Window output from the heat pump EES® simulation for the input data listed in Table 5-1 

Figure 5-2 illustrates that the maximum residual for the working point defined by the input data 

in Table 5-1. The maximum residual is very small and acceptable. 

It is also important that a thermal-fluid simulation adheres to the First and the Second Law of 

Thermodynamics. The accuracy of the energy and exergy variables calculated by the 

simulation is directly dependant on how well the simulation adheres to the first two laws of 

thermodynamics. An energy balance can be performed over a thermodynamic cycle to check 

that it adheres to the First Law of Thermodynamics. In theory, an energy balance over a cycle 

should balance exactly. Due to the nature of the numerical solver and the resultant residuals 

in EES®; the energy balance over a simulated cycle will always show a slight imbalance when 

summating the interacting energy flows. The percentage deviation in the flow of energy over 

the CO2 loop for the illustrative working point is: 

 ∆𝐸𝑛 =
|𝐸𝑛𝑖𝑛 − 𝐸𝑛𝑜𝑢𝑡|

|𝐸𝑛𝑖𝑛|
100 =

|35.883 − 35.866|

|35.883|
100 = 0.05 . [%] (76) 

Equation 76: Energy balance over refrigerant loop for the working point defined by Table 5-1 

The refrigerant cycle can be visually inspected to check that it adheres to the Second Law of 

Thermodynamics. The representation of the refrigeration cycle on a T-s diagram should show 

entropy generation for the refrigerant for every component except for the gas cooler in which 
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the refrigerant is cooled. There is still entropy that is generated during the heat transfer 

process inside of the gas cooler when all interacting fluids streams (refrigerant and water) are 

evaluated. The calculation of an entropy balance performed on only the refrigerant side of the 

gas cooler component will show a net reduction in entropy due to the heat transferred from 

the refrigerant to the water. Figure 5-3 illustrates the T-s diagram for the illustrative working 

point as defined by the input data listed in Table 5-1. 

 

Figure 5-3: T-s diagram showing the increase and decrease in refrigerant entropy 

Figure 5-3 shows that the entropy of the refrigerant increases in each component except for 

the gas cooler component in which the refrigerant is cooled. The cooling of the refrigerant in 

the gas cooler component reduces the entropy of the refrigerant. The net entropy generated 

in the gas cooler component when considering all the mass streams that interact with the gas 

cooler will still be greater than zero. 
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The irreversibility rates calculated for each component from the exergy balance method can 

be verified by comparison with the numerical values yielded by use of the Gouy-Stodola 

theorem [52]. The Gouy-Stodola theorem is defined by Equation (12) on page 38 in Chapter  3 

on the fundamentals of thermal-fluid analysis. The two methods used for the calculation of 

component irreversibility rates are the exergy balance method and the Gouy-Stodola theorem. 

Equation (77) to (80) shows the percentage deviation between the irreversibility rate when 

calculated with the two aforementioned methods: 

 𝐷𝑒𝑣𝐸 =
|𝐼𝑟𝑟𝐸 − 𝐼�̇�|

|𝐼𝑟𝑟𝐸|
100 =

|2.459 − 2.482|

|2.459|
100 = 0.93 , [%] (77) 

Equation 77: Deviation in evaporator irreversibility rate for illustrative working point 

 𝐷𝑒𝑣𝐶 =
|𝐼𝑟𝑟𝐶 − 𝐼�̇�|

|𝐼𝑟𝑟𝐶|
100 =

|2.991 − 2.985|

|2.991|
100 = 0.17 , [%] (78) 

Equation 78: Deviation in compressor irreversibility rate for illustrative working point 

 𝐷𝑒𝑣𝐺𝐶 =
|𝐼𝑟𝑟𝐺𝐶 − 𝐼�̇�𝐶|

|𝐼𝑟𝑟𝐺𝐶|
100 =

|1.351 − 1.349|

|1.351|
100 = 0.15 , [%] (79) 

Equation 79: Deviation in gas cooler irreversibility rate for illustrative working point 

 𝐷𝑒𝑣𝐸𝐸𝑉 =
|𝐼𝑟𝑟𝐸𝐸𝑉 − 𝐼�̇�𝐸𝑉|

|𝐼𝑟𝑟𝐸𝐸𝑉|
100 =

|2.076 − 2.077|

|2.076|
100 = 0.05 . [%] (80) 

Equation 80: Deviation in electronic expansion valve irreversibility rate for illustrative working point 

The percent deviation values shown in (77) to (80) are all below 1%. The small percent 

deviation values illustrate that the exergy balance method and Gouy-Stodola theorem show 

similar results when used to calculate the irreversibility rate associated with each component 

in the heat pump system. 

5.3 Simulation model validation 

The experimental results generated at five different expansion valve orifice opening conditions 

were compared to the simulations of the same working points in EES® to validate the model. 

This section shows the T-s diagram and log. P-h diagram associated with the working point 

defined by the input parameters as found in Table 5-1. The additional diagrams and 

comparison results can be found in Appendix D. 
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Figure 5-4 shows the experimental results and simulation results overlaid on the same T-s 

diagram for the input parameters listed in Table 5-1. 

 

Figure 5-4: T-s diagram with overlaid experimental and simulated refrigerant cycle 
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Figure 5-5 shows the overlaid experimental results and simulation results on the same log. 

P- h diagram for the input parameters listed in Table 5-1. 

 

Figure 5-5: Log. P-h diagram with overlaid experimental and simulated refrigerant cycle 
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Table 5-2 shows the key parameter values associated with the working point illustrated in 

Figure 5-4 and Figure 5-5. Table 5-2 illustrates the percent deviation between the simulated 

and test bench parameter values for the working point. The test bench system as taken as the 

reference for the simulation. The accuracy of the simulation is dependent on the accuracy of 

the measuring equipment used on the test bench system. 

Table 5-2: Key cycle parameters at the 40% EEV orifice opening illustrative cycle working point 

PARAMETER 
TEST BENCH 

VALUE 
SIMULATED 

VALUE 
PERCENT 

DEVIATION 

�̇�𝑅744 0.1715 [kg/s] 0.1703 [kg/s] 0.70 [%] 

∆𝑇𝑆𝐻 8.40 [K] 8.34 [K] 0.71 [%] 

�̇�𝑆𝐻 2.382 [kW] 2.511 [kW] 5.42 [%] 

�̇�𝐶 10.9 [kW] 10.197 [kW] 6.45 [%] 

�̇�𝐺𝐶 35.800 [kW] 35.866 [kW] 0.18 [%] 

�̇�𝑇𝑃 22.518 [kW] 23.175 [kW] 2.92 [%] 

∆𝑃0𝐿|𝑆𝐻 0.0 [bar] 0.0532 [bar] 100.00 [%] 

∆𝑃0𝐿|𝐺𝐶 4.0 [bar] 0.2061 [bar] 94.85 [%] 

∆𝑃𝐸𝐸𝑉 51.9 [bar] 52.85 [bar] 1.83 [%] 

∆𝑃0𝐿|𝑇𝑃 0.6 [bar] 0.5693 [bar] 5.12 [%] 

 

From Table 5-2 the reader should note that the pressure probes on the test bench system can 

only measure pressure values to a certainty of one decimal after the point. The compressor 

power draw value on the test bench has the same decimal certainty as for the pressure probes. 

The largest percent deviation listed in Table 5-2 is the difference between test bench 

measured pressure drop and the simulated pressure drop in the superheat region of the 

evaporator. The pressure drop in the superheat region seems to be zero from the pressure 

measurements. The pressure sensors on the test bench are simply not sensitive enough to 

measure the minuscule pressure drop in the superheat region and the value was thus set to 

zero. The percent deviation between the measured and simulated pressure drop in the gas 

cooler component is also very large. The large percent deviation in the simulated pressure 

drop in the gas cooler compared to the value measured on the test bench system may be due 

to the pressure drop model not compensating for secondary pressure loss factors. Secondary 
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pressure loss on the refrigerant side may occur in the gas cooler due to the additional pressure 

drop the refrigerant is subjected to as it flows through the flow direction changing elbows at 

the ends of the gas cooler component’s tube runs. 

The area encapsulated by the heat pump system’s refrigerant cycle on a representative cycle 

diagram is a function of the expansion valve’s orifice area. A good simulation should thus also 

incorporate the system’s behavioural dependency on the expansion valve characteristics. 

Figure 5-6 illustrates the effect of various EEV orifice opening settings on a T-s diagram plot 

generated from test bench data. 

 

Figure 5-6: The effect of variation in the EEV orifice area on a T-s diagram from test bench data 
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Figure 5-7 illustrates the effect of various EEV orifice opening settings on a log. P-h diagram 

as generated from test bench data. 

 

Figure 5-7: Effect of variation in the EEV orifice area on a log. P-h diagram from test bench data 

Figure 5-6 and Figure 5-7 shows that the effect of a smaller EEV orifice opening is to increase 

the overall size of the area encapsulated by the refrigerant cycle on the property diagrams. 

The encapsulated area tends to increase from the right of the diagram to the left. This effect 

occurs because a smaller orifice opening leads to an increase in the magnitude of the pressure 

drop over the EEV. An increase in the magnitude of the pressure drop over the EEV 

necessitates the compressor to increase the pressure of the refrigerant that it delivers to the 

system. A steady decrease in orifice opening area thus leads to a steady increase in delivery 

pressure by the system’s compressor. Figure 5-7 shows that the shape of the refrigerant cycle 
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is stable and well defined for operating conditions where the enthalpy associated with the 

isenthalpic throttling process is at values less than the critical enthalpy of CO2. The critical 

enthalpy of CO2 is the enthalpy that CO2 has when at the temperature and pressure that 

defines its critical point. 

Figure 5-8 illustrates the simulated effect of the variation in the EEV orifice area on a T-s 

diagram. 

 

Figure 5-8: The effect of variation in the EEV orifice area on a T-s diagram from simulation data 
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Figure 5-9 illustrates the simulated effect of the variation in the EEV orifice area on a log. P-h 

diagram. 

 

Figure 5-9: The effect of variation in the EEV orifice area on a log. P-h diagram from simulation data 

Figure 5-8 and Figure 5-9 shows the simulated effect of a decrease in the orifice area of the 

EEV on the thermo-physical property diagrams of the refrigerant. The total area encapsulated 

by the refrigerant cycle on the property diagrams becomes larger with a decrease in the orifice 

opening area. 
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5.4 Conclusion 

The simulation of the heat pump system uses only equations that are dimensionally 

compatible. The simulation has a small maximum residual for the working point that was 

illustrated in this chapter. The simulation shows good adherence to the First Law of 

Thermodynamics in terms of the energy flow across the boundaries of the refrigerant cycle. 

The resultant value of the energy that flows into the cycle and the energy that flows out of the 

cycle shows only a minor deviation when compared to each other. The deviation of energy 

that leaves the cycle compared to the energy that enters the cycle is less than 0.1%. A 

deviation is present due to the existence of non-zero residuals in iterative solvers such as 

those incorporated in the EES® program. 

The two methods used to calculate the irreversibility rate associated with each component at 

a given working point (the exergy balance method and the Gouy-Stodola theorem) show good 

agreement when compared to each other. All the percent deviations between the irreversibility 

values predicted by the two methods were smaller than 1%. The small deviation in predicted 

values by the two methods show that the exergy analysis via the exergy balance method was 

compiled correctly in the simulation. 

The shape of the refrigerant cycle plotted on T-s diagrams and log. P-h diagrams are like the 

shape found when plotting the measurements from the test bench system. The shape of the 

refrigerant cycle on the thermo-physical property diagrams shows an increase in entropy over 

the expansion valve-, evaporator-, and compressor component. The plotted results from the 

test bench system show an increase in entropy over the same components during steady state 

operation. The pattern produced when plotting successive property diagrams from the 

simulation when the expansion valve orifice is varied shows a similar pattern to the one 

observed from the plots of the test bench data. As the opening percent of the orifice area 

inside of the expansion valve is decreased the area encapsulated on the inside of the 

refrigerant cycle property plots tends to increase in their respective overall size. 

The simulation does not predict the pressure drop values in the superheat region of the 

evaporator and in the gas cooler accurately at any of the test conditions reported in this study. 

The simulation shows the satisfactory prediction of the heat pump’s energy characteristics 

under the condition that the enthalpy associated with the expansion valve’s throttling process 

is at a value smaller than the critical enthalpy of the system’s refrigerant. The simulation is 

thus only accurate for the simulation of steady state operating conditions where the enthalpy 

of the constant isenthalpic line is smaller than the critical enthalpy of CO2. 
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6. CHAPTER 6: ENERGY-BASED VISUALISATION 

This chapter gives the theory and methodology used for the derivation of an attributed graph 

representation of the investigated heat pump system. A linear graph representation of the 

heat pump system is given and discussed. The specific variables assigned to the graph’s 

node and link attributes are presented and then motivated. The process used to generate 

cost matrices utilizing the method of Jouili & Tabbone [63] is then discussed. The chapter 

concludes with an investigation of the eigenvector and eigenvalue behaviour of the cost 

matrices as a means to fault detection and isolation for different possible heat pump system 

fault scenarios. 

 

6.1 Definition of a graph 

Rahman [64] defines a figure as a set of vertices and a set of edges, each joining two vertices. 

Rahman states that a graph may be used to represent any form of information that can be 

modelled as objects and relationships between the described objects. Balakrishnan and 

Ranganathan [65] gives the following formal mathematical definition of a graph: ‘A graph is an 

ordered triple 𝐺 = (𝑉(𝐺), 𝐸(𝐺), 𝐼𝐺), where 𝑉(𝐺) is a nonempty set, 𝐸(𝐺) is set disjoint from 

𝑉(𝐺), and 𝐼𝐺 is an “incidence” relation that associates with each element of 𝐸(𝐺) an unordered 

pair of elements (same or distinct) of 𝑉(𝐺).’ The symbol 𝐺 is thus used to denote the graph as 

a whole, 𝑉(𝐺) represents the vertices of the said graph, 𝐸(𝐺) is the graph edges and 𝐼𝐺 is the 

connection relation between the vertices and edges of the graph. Figure 6-1 illustrates an 

example of a linear graph. 

 

Figure 6-1: An example illustration of a linear graph [65] 
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In the context of graph theory terminology, the term vertices may be used interchangeably 

with the term nodes, and the term edges may be used interchangeably with the term links. 

The author will henceforth refer to nodes and links. The size of the nodes and links used to 

compile a linear graph are arbitrary. 

6.2 Graph matching 

De la Fuente [66] defines a normal condition as: ‘A system operating under a condition where 

none of its defining characteristic properties or associated parameters deviates from the 

standard system condition.’ 

Furthermore, de la Fuente [66] defines a fault condition as: ‘A system operating under a 

condition where an unpermitted deviation of at least one characteristic property or parameter 

of the system from the standard condition is present.’ 

It is desirable to keep a heat pump system running at its normal condition for the longest period 

possible during operation. Operating at the normal ‘healthy’ system condition ensures efficient 

and reliable energy conversion and lowers the overall maintenance required to run the system. 

A fault scenario for a heat pump system is thus likely to impact the efficiency and economics 

of the operation of said system. This chapter investigates working fluid leakage, slow 

compressor failure, and fouling as heat pump system fault conditions. 

Graph matching refers to the methodologies and the algorithms that compare two or more 

graphs numerically to determine the degree of similarity between their attributed parameters 

[19]. In the context of fault detection and diagnosis, a fault signature may be defined as a 

distinct set of parameter attributes that are expressed on a numerical basis for a fault scenario 

that uniquely identifies a specific operating condition under which a system is operating [67]. 

Graph matching will be used in this study to aid in the compilation of fault signatures for the 

fault scenario cases investigated here. The approach outlined by Jouili & Tabbone [63] will be 

implemented in this study to perform the matching of two different graphs to each other. 

6.3 Heat pump system graph representation 

An attributed graph is graph representation that is assigned a set of parameters with numerical 

values [19]. An attributed graph is useful for system representation because numerous graph 

matching operations may be performed on the node signature matrices that are compiled from 

attributed graphs [64]. A node signature matrix results from the representation of an attributed 

graph’s attributed parameters in a matrix format [68]. The investigated heat pump system has 
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four components. Nodes will be used to represent the four components and links will be used 

to represent the energy that flows in and out of the components. The attributed graph 

representation of the heat pump system is illustrated in Figure 6-2. 

 

Figure 6-2: Attributed graph representation used to represent the heat pump system’s components 

In Figure 6-2 the nodes are indicated with symbol 𝑛 and the links are indicated with symbol - 

𝑙. The node with the number zero as a subscript is defined as the reference node. The 

inclusion of a zero node enables the structuring of the graph with its attributes while 

maintaining the structural information of the graph [68]. The graph illustrated in Figure 6-2 can 

be represented using a node signature matrix as proposed by van Graan [19]. A node 

signature matrix is a way to represent a graph and the information represented in such a graph 

in a matrix format. To populate the node signature matrix the same approach as proposed by 

van Schoor & Uren [68] will be followed in this study. The node signature matrix for the graph 

shown in Figure 6-2 is: 

 𝑴𝒔𝒚𝒎𝒃𝒐𝒍𝒊𝒄 =

[
 
 
 
 
𝑛0 𝑙00 𝑙01 𝑙02 𝑙03 𝑙04
𝑛1 𝑙10 𝑙11 𝑙12 𝑙13 𝑙14
𝑛2 𝑙20 𝑙21 𝑙22 𝑙23 𝑙24
𝑛3 𝑙30 𝑙31 𝑙32 𝑙33 𝑙34
𝑛4 𝑙40 𝑙41 𝑙42 𝑙43 𝑙44]

 
 
 
 

 . [N/A] (81) 

Equation 81: The node signature matrix for the graph in Figure 6-2 
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The node signature matrix - 𝑴𝒔𝒚𝒎𝒃𝒐𝒍𝒊𝒄 is structured with the first column allocated for the node 

attributes and the subsequent columns for the link attributes. The first number in a subscript 

indicates the origin of the link and the second number indicates the destination. A subscript 

with the number - ‘01’ indicates that the link is directed from node number zero to node number 

one. The links in the proposed graph representation thus encode information on the magnitude 

and the direction of the attributed parameters. In this manner, each row of the matrix 

represents attributes associated with a specific node. 

The links that do not appear on Figure 6-2 are assigned a value of zero. Equation (81) may 

thus be simplified by populating the entries of the matrix with zeros for the positions that 

represent links that are not present in the graph representation. We will also assign link 

attributes a negative value if their subscript notation is in the opposite direction of the flow 

direction found in the linear graph representation. We will thus use the rule of 𝑙𝑚𝑛 = −𝑙𝑛𝑚 to 

determine whether to assign a link attribute a positive or negative sign. In this manner, the 

structural information of the linear graph is encoded during the matrix compilation process. 

The matrix that results after redundant link elimination is: 

 𝑴𝒓𝒆𝒅𝒖𝒄𝒆𝒅 =

[
 
 
 
 
𝑛0 0 𝑙01 𝑙02 𝑙03 0
𝑛1 𝑙10 0 𝑙12 0 −𝑙41
𝑛2 −𝑙02 −𝑙12 0 𝑙23 0
𝑛3 𝑙30 0 −𝑙23 0 𝑙34
𝑛4 0 𝑙41 0 −𝑙34 0 ]

 
 
 
 

 . [N/A] (82) 

Equation 82: The node signature matrix with preserved structural information for the graph in Figure 6-2 

The graph representation of the heat pump will use the rate of exergy destruction of the 

associated component as the node attributes. The link attributes will be the energy flow rates 

in or out of the associated component to which the links are connected. Table 6-1 lists the 

attributes that will be assigned to the graph representation of the heat pump. 
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Table 6-1: Parameters assigned to the graph’s node and element attributes 

ASSIGNED 
ATTRIBUTE 

ATTRIBUTE DESCRIPTION 
ATTRIBUTE 

SYMBOL 
UNIT 

𝒏𝟎 Irreversible exergy loss of the reference node 0 [kW] 

𝒏𝟏 Irreversible exergy loss rate in the evaporator 𝐼�̇� [kW] 

𝒏𝟐 Irreversible exergy loss rate in the compressor 𝐼�̇� [kW] 

𝒏𝟑 Irreversible exergy loss rate in the gas cooler 𝐼�̇�𝐶 [kW] 

𝒏𝟒 Irreversible exergy loss rate over the EEV 𝐼�̇�𝐸𝑉 [kW] 

𝒍𝟎𝟏 
Energy flow rate of the water entering the 
evaporator 

�̇�𝑤𝑖|𝐸 [kW] 

𝒍𝟎𝟐 The power consumed by the compressor �̇�𝐶 [kW] 

𝒍𝟎𝟑 
Energy flow rate of the water entering the gas 
cooler 

�̇�𝑤𝑖|𝐺𝐶 [kW] 

𝒍𝟏𝟎 
Energy flow rate of the water leaving the 
evaporator 

�̇�𝑤𝑜|𝐸 [kW] 

𝒍𝟏𝟐 Refrigerant’s flow energy at cycle point 2 �̇�2 [kW] 

𝒍𝟐𝟑 Refrigerant’s flow energy at cycle point 3 �̇�3 [kW] 

𝒍𝟑𝟎 
Energy flow rate of the water leaving the gas 
cooler 

�̇�𝑤𝑜|𝐺𝐶 [kW] 

𝒍𝟑𝟒 Refrigerant’s flow energy at cycle point 23 �̇�23 [kW] 

𝒍𝟒𝟏 Refrigerant’s flow energy at cycle point 24 �̇�24 [kW] 

 

From inspection of Table 6-1, it is evident that every parameter assigned to the graph 

representation is a variable with the same unit, i.e. kilowatt. The assignment of parameters 

with the same unit to the signature node matrices ensures that the subsequent calculations 

that use the matrices are performing calculations with variables that represent the same 

physical property. In this study, the represented physical property that is of interest is the rate 

of energy transfer. The rate of irreversibility generated within the confines of a node, as 

denoted by the symbol 𝐼,̇ is like the parameter denoted by 𝐵𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 in the paper by van 

Schoor & Uren [68]. In this study, the approach of the author differs from van Schoor & Uren 

[68] when the exergy characteristics of heat exchangers are evaluated. In this study, all the 
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interacting streams of a heat exchanger are considered simultaneously when calculating the 

irreversibility generated inside of the heat exchanger. There is thus not an independent 

irreversibility rate for the heated and cooled fluid side of the heat exchanger. Independently 

calculating the rate of exergy destroyed in a heat exchanger for individual interacting fluid 

streams may lead to irreversibly rates that have a negative value – a direct conflict with the 

intuition of net positive entropy generation for processes as stipulated by the Second Law of 

Thermodynamics [69].  

The heat pump graph representation with the EES® simulation output parameters assigned as 

attributes is illustrated in Figure 6-3. 

 

Figure 6-3: Heat pump graph representation with assigned attribute symbols 

The information in Figure 6-3 can now be used to compile a node signature matrix with the 

attributed heat pump parameters. The general form for the node signature matrix that will be 

used for the calculations to follow is given by: 

 𝑴𝒂𝒕𝒕𝒓𝒊𝒃𝒖𝒕𝒆𝒅 =

[
 
 
 
 
 
0 0 �̇�𝑤𝑖|𝐸 �̇�𝐶 �̇�𝑤𝑖|𝐺𝐶 0

𝐼�̇� �̇�𝑤𝑜|𝐸 0 �̇�2 0 −�̇�24

𝐼�̇� −�̇�𝐶 −�̇�2 0 �̇�3 0

𝐼�̇�𝐶 �̇�𝑤𝑜|𝐺𝐶 0 −�̇�3 0 �̇�23

𝐼�̇�𝐸𝑉 0 �̇�24 0 −�̇�23 0 ]
 
 
 
 
 

 . [N/A] (83) 

Equation 83: Node signature matrix with attributed elements 
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The node signature matrix - 𝑴𝒂𝒕𝒕𝒓𝒊𝒃𝒖𝒕𝒆𝒅 shows that only the links that have corresponding lines 

on the graph representation are assigned parameter values. Links that are not visible on the 

graph representation have been assigned a value of zero. 

An example reference node signature matrix consisting of the output parameters from the 

EES® simulation using the inputs listed in Table 4-5 is as follows: 

 𝑴𝑹 =

[
 
 
 
 
0 0 44.229 10.834 29.840 0

2.753 19.174 0 9.864 0 −34.914
3.088 −10.834 −9.864 0 0.971 0
1.463 65.725 0 −0.971 0 34.914
2.033 0 34.914 0 −34.914 0 ]

 
 
 
 

 . [N/A] (84) 

Equation 84: An example reference node signature matrix 

The subscript – ‘R’ is used to indicate a node signature matrix compiled from the simulation 

outputs that are the reference condition. The reference matrix will thus be the healthy fault-

free case when progressive fault conditions are visualised. The reference matrix is used as 

the reference condition for each of the three fault scenarios that are investigated in the content 

that follows. 

6.4 Cost matrix generation 

A cost matrix, denoted by 𝑪, is a matrix that describes the matching costs between two node 

signature matrices [63]. The method proposed by Jouili & Tabbone [63] may be used to match 

the same signature node matrix to itself or a node signature matrix with a different set of 

element values. The matching of an initial node signature matrix that contains parameter 

values relating to a healthy operating condition, to itself is performed to generate the reference 

condition to which other operating conditions may be compared. The element entries of a cost 

matrix thus encode information on the similarity between two compared node signature 

matrices. 

In the method by Jouili & Tabbone [63], the entries of a cost matrix are calculated using a 

version of the Heterogeneous Euclidean Overlap Method (HEOM). The entries of a cost matrix 

𝑪 are calculated using the HEOM [19], [63] such that: 

 𝐶𝑜𝑠𝑡(𝑖, 𝑗) = 𝐻𝐸𝑂𝑀(𝑖, 𝑗) = √∑ 𝛿 (𝑀𝑅𝑖𝑎 , 𝑀𝐹𝑗𝑎)
2
,

#𝑐𝑜𝑙

𝑎=1

 [N/A] (85) 

Equation 85: Cost matrix entries defined regarding the HEOM [19], [63] 
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Where 𝑖 denotes a row entry in the generated cost matrix, and 𝑗 denotes a column entry in the 

generated cost matrix. The first entry of a cost matrix, for example, is thus calculated by 

substituting 𝑖 and 𝑗 with 1 such that: 

 

 𝐶𝑜𝑠𝑡(1,1) = 𝐻𝐸𝑂𝑀(1,1) = √∑ 𝛿(𝑀𝑅1𝑎 ,𝑀𝐹1𝑎)
2
.

#𝑐𝑜𝑙

𝑎=1

 [N/A] (86) 

Equation 86: The first element of a cost matrix 

The complete cost matrix is thus constructed out of all the individual calculated entries: 

 𝑪𝒐𝒔𝒕 = [

𝐶𝑜𝑠𝑡(1,1) 𝐶𝑜𝑠𝑡(1,2) ⋯

𝐶𝑜𝑠𝑡(2,1) ⋱

⋮

] . [N/A] (87) 

Equation 87: Construction of a complete cost matrix 

The variable 𝑎 is the number of columns in the desired cost matrix. The delta function, 𝛿( ) is 

defined as: 

 𝛿 (𝑀𝑅𝑖𝑎 , 𝑀𝐹𝑗𝑎) =

{
 

 |𝑀𝑅𝑖𝑎 −𝑀𝐹𝑗𝑎|

{𝑟𝑎𝑛𝑔𝑒}𝑎
 , 𝑖𝑓 {𝑟𝑎𝑛𝑔𝑒}𝑎 ≠ 0

|𝑀𝑅𝑖𝑎 −𝑀𝐹𝑗𝑎| , 𝑖𝑓 {𝑟𝑎𝑛𝑔𝑒}𝑎 = 0

 , [N/A] (88) 

Equation 88: Delta function in HEOM algorithm [19], [63] 

where 𝑀𝑅𝑖𝑎 indicates the matrix entries in the reference node signature matrix and 𝑀𝐹𝑗𝑎 

indicates the matrix entries in the node signature matrix that is compared to the reference 

matrix. The range is given by: 

 {𝑟𝑎𝑛𝑔𝑒}𝑎 = |𝑚𝑎𝑥𝑎 −𝑚𝑖𝑛𝑎| , [N/A] (89) 

Equation 89: Expression for the range equation in the HEOM [19], [63] 

where 𝑚𝑎𝑥𝑎 is the largest numerical entry of the 𝑎-th column of the reference node signature 

matrix and 𝑚𝑖𝑛𝑎 is the smallest numerical entry in the corresponding column. The MATLAB© 

code used to generate a cost matrix from two node signature matrices may be found in 

Appendix C. An example cost matrix generated by matching the matrix in (84) to itself is 

illustrated below: 
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 𝑪𝒐𝒔𝒕𝒏𝒐𝒓𝒎𝒂𝒍 =

[
 
 
 
 
0 1.413 1.750 1.759 1.518

1.413 0 1.071 1.545 1.331
1.750 1.071 0 1.252 1.063
1.759 1.545 1.252 0 1.317
1.518 1.331 1.063 1.317 0 ]

 
 
 
 

 . [N/A] (90) 

Equation 90: An example cost matrix generated by the MATLAB© code in Appendix C 

The cost matrix in (90) has the following set of eigenvalues: 

 𝜆1…5 = −1.967,−1.536,−1.253,−0.883,+5.640 .  [N/A] (91) 

Equation 91: Eigenvalues for the example cost matrix in (90) 

The eigenvectors associated with the set of eigenvalues are: 

 𝒗𝟏...𝟓 =

[
 
 
 
 
−0.797 +0.221 +0.050 −0.259 +0.496
−0.089 −0.616 −0.433 +0.490 +0.430
+0.399 −0.360 +0.017 −0.732 +0.418
+0.400 +0.665 −0.401 +0.147 +0.464
+0.192 −0.005 +0.806 +0.368 +0.422]

 
 
 
 

 . [N/A] (92) 

Equation 92: Eigenvectors for the example cost matrix in (90) 

Note that the eigenvectors and eigenvalues are composite of only real numbers. It is also 

important that the generated cost matrix in (90) is square. A square matrix is a matrix that has 

the same number of rows and columns [19]. A matrix must be square to be able to calculate 

its eigenvectors and eigenvalues. The use of eigenvectors and eigenvalues are motivated in 

the section that follows. The MATLAB© code in Appendix C will thus always generate cost 

matrices that are square. It is also interesting to note that the cost matrix (90) shows symmetry 

about its main diagonal and that all the entries of the main diagonal are populated with zeros. 

6.5 Eigenvectors and Eigenvalues 

Lay et al. [70] give the following mathematical definition for the eigenvectors and eigenvalues 

of a matrix: 

‘An eigenvector of an 𝑛 × 𝑛 matrix 𝑨 is a nonzero vector 𝒙 such that 𝑨𝒙 = 𝜆𝒙 for some scalar 

𝜆. A scalar 𝜆 is called an eigenvalue of 𝑨 if there is a nontrivial solution 𝒙 of 𝑨𝒙 = 𝜆𝒙; such an 

𝒙 is called an eigenvector corresponding to 𝜆.’ 

Eigenvectors define a set of properties of those numerical values subject to a linear 

transformation in 𝑛-dimensional space that remain unchanged. The eigenvectors of a linear 

transformation are those vectors that remain on their spanning line through the origin of the 

𝑛-dimensional space after a linear transformation [70]. Each eigenvector has associated with 

it an eigenvalue that encodes information on the change in direction change and scaling that 
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the eigenvectors undergo during a linear transformation. The eigenvectors associated with a 

linear transformation may thus change direction on their linear span and increase or decrease 

in magnitude, but they always start at the origin of the 𝑛-dimensional space and point in a 

direction along the length of their span. 

Eigenvectors and their associated eigenvalues are thus excellent properties that may be used 

to uniquely characterise, summarise, and represent the data encoded in a matrix [68]. This is 

the motivation for calculation of the eigenvectors and eigenvalues of the cost matrices. 

6.6 Fault condition parameters 

This section investigates the use of eigenvectors and eigenvalues of the cost matrices 

generated by the method by Jouili & Tabbone [63] as a means to fault detection and 

identification on the heat pump system. Three fault conditions will be investigated: working 

fluid leakage from the heat pump, compressor failure, and the effects of fouling accumulation 

inside of the gas cooler on the refrigerant side. The same data as presented in section 4.7 

under Chapter 4 will be used in the generation of cost matrices for this section. 

6.6.1 Working fluid leakage 

The representation of the working fluid leakage fault condition will be based on the same data 

as used in section 4.7.1 and will only compare the reference condition to the fault condition 

with the highest amount of simulated fluid leakage. The working point with a CO2 mass flow 

of 0.1559 [kg/s] is used as the reference condition, and the working point with a mass flow of 

0.0959 [kg/s] is used as the fault condition. The node signature matrix for the leak fault 

condition is given by: 

 𝑴𝑭,𝒍𝒆𝒂𝒌 =

[
 
 
 
 
0 0 44.229 8.833 29.840 0

2.962 28.028 0 5.848 0 −22.048
2.462 −8.833 −5.848 0 2.985 0
1.250 54.874 0 −2.985 0 22.048
1.702 0 22.048 0 −22.048 0 ]

 
 
 
 

 . [N/A] (93) 

Equation 93: Node signature matrix for the working fluid fault scenario 

The cost matrix generated by the MATLAB© code in Appendix C when comparing the leak-

free signature node matrix to the signature matrix compiled from the fault condition with fluid 

leakage is given by: 
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 𝑪𝒐𝒔𝒕𝒍𝒆𝒂𝒌 =

[
 
 
 
 
0.170 1.488 1.588 1.740 1.399
1.413 0.409 1.051 1.518 1.187
1.667 0.799 0.220 1.135 0.834
1.668 1.215 1.150 0.296 1.132
1.422 1.130 0.971 1.204 0.328]

 
 
 
 

 . [N/A] (94) 

Equation 94: Cost matrix for the fluid leak fault scenario 

The cost matrix for the leak fault given by (94) has the following eigenvalues: 

 𝜆1…5,𝑙𝑒𝑎𝑘 = +5.467,−1.683,−0.520,−1.072,−0.769 .  [N/A] (95) 

Equation 95: Eigenvalues for the fluid leak fault scenario 

The corresponding eigenvectors are: 

 𝒗𝟏...𝟓,𝒍𝒆𝒂𝒌 =

[
 
 
 
 
+0.506 +0.812 +0.096 −0.011 −0.038
+0.457 +0.016 −0.448 −0.568 −0.608
+0.394 −0.441 +0.772 −0.328 +0.073
+0.450 −0.344 −0.004 +0.753 −0.149
+0.421 −0.165 −0.441 +0.051 +0.776]

 
 
 
 

 . [N/A] (96) 

Equation 96: Eigenvectors for the fluid leak fault scenario 

6.6.2 Slow compressor failure 

The representation of the slow compressor failure fault condition will be based on the same 

data as used in section 4.7.2. The same methodology as with the generation of the signature 

for the leaking fluid condition is followed to generate the fault signature for the slow 

compressor failure fault condition. The reference condition will be taken as the working point 

where the isentropic efficiency of the compressor is 65.27%, and the fault condition is taken 

as the point where the compressor has an efficiency of 50.27%. The node signature matrix for 

the compressor failure fault condition is given by: 

 𝑴𝑭,𝒇𝒂𝒊𝒍 =

[
 
 
 
 

0 0 44.229 11.391 29.840 0
1.816 17.570 0 10.504 0 −37.126
𝟒. 𝟔𝟒𝟑 −11.391 −10.504 0 0.887 0
1.715 67.853 0 −0.887 0 37.126
1.460 0 37.126 0 −37.126 0 ]

 
 
 
 

 . [N/A] (97) 

Equation 97: Node signature matrix for the compressor failure fault scenario 

Note that the rate of irreversibility generated in the compressor (indicated in red) is high 

relative to the other irreversibility parameter values in the first column of the matrix (97). The 

effect of compressor failure on the heat pump’s thermo-physical behaviour is thus reflected 

directly in the increased magnitude of exergy destruction that takes place inside of the 

compressor. The cost matrix that is generated from the comparison of the compressor failure 

fault condition to the reference condition is: 
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 𝑪𝒐𝒔𝒕𝒇𝒂𝒊𝒍 =

[
 
 
 
 
0.047 1.250 2.085 1.801 1.467
1.416 0.311 1.233 1.553 1.409
1.775 1.190 0.504 1.255 1.183
1.786 1.555 1.539 0.092 1.339
1.547 1.356 1.322 1.339 0.193]

 
 
 
 

 . [N/A] (98) 

Equation 98: Cost matrix for the compressor failure fault scenario 

The cost matrix for the compressor failure fault condition given by (98) has the following 

eigenvalues: 

 𝜆1…5,𝑓𝑎𝑖𝑙 = +6.120,−1.911,−0.639,−1.323,−1.100 .  [N/A] (99) 

Equation 99: Eigenvalues for the compressor failure fault scenario 

The corresponding eigenvectors are: 

 𝒗𝟏...𝟓,𝒇𝒂𝒊𝒍 =

[
 
 
 
 
−0.478 −0.830 −0.340 −0.404 0.006
−0.435 −0.051 0.680 0.499 −0.424
−0.436 +0.342 −0.581 0.375 −0.032
−0.460 +0.401 0.108 −0.638 −0.352
−0.425 +0.174 0.272 0.202 0.834 ]

 
 
 
 

 . [N/A] (100) 

Equation 100: Eigenvectors for the compressor failure fault scenario 

6.6.3 Fouling accumulation in the gas cooler 

The representation of the gas cooler fouling fault condition will be based on the same data as 

used in section 4.7.3. The same methodology as with the generation of the signature for the 

leaking fluid and slow compressor failure condition is followed. The reference condition will be 

taken as the working point where the fouling factor is 0.00 [m2K/kW], and the fault condition is 

taken as the working point where the fouling factor is 1.00 [m2K/kW]. The node signature 

matrix for the fouling fault condition is given by: 

 𝑴𝑭,𝒇𝒐𝒖𝒍 =

[
 
 
 
 
0 0 44.229 𝟏𝟒. 𝟕𝟔𝟑 29.840 0

2.387 23.104 0 9.906 0 −31.025
3.873 −𝟏𝟒. 𝟕𝟔𝟑 −9.906 0 4.857 0
3.817 65.722 0 −4.857 0 31.025
3.335 0 31.025 0 −31.025 0 ]

 
 
 
 

 . [N/A] (101) 

Equation 101: Node signature matrix for the fouling fault scenario 

Note that the amount of power consumed by the compressor is relatively high in the fouling 

fault condition. The power consumption parameter value is 14.673 [kW] (indicated by the two 

entries highlighted in green). The cost matrix that is generated from the comparison of the 

fouling fault condition to the reference condition is: 
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 𝑪𝒐𝒔𝒕𝒇𝒐𝒖𝒍 =

[
 
 
 
 
0.333 1.332 1.898 2.260 1.718
1.470 0.141 1.147 1.713 1.267
1.945 1.088 0.266 1.207 0.918
1.967 1.463 1.418 0.832 1.386
1.740 1.309 1.207 1.464 0.432]

 
 
 
 

 . [N/A] (102) 

Equation 102: Cost matrix for the fouling fault scenario 

The cost matrix for the fouling fault condition given by (102) has the following eigenvalues: 

 𝜆1…5,𝑓𝑜𝑢𝑙 = +6.469,−1.909,−1.091,−0.643,−0.821 .  [N/A] (103) 

Equation 103: Eigenvalues for the compressor failure fault scenario 

The corresponding eigenvectors are: 

 𝒗𝟏...𝟓,𝒇𝒐𝒖𝒍 =

[
 
 
 
 
+0.509 +0.800 +0.331 −0.163 +0.119
+0.407 +0.023 −0.836 +0.402 −0.466
+0.390 −0.522 −0.224 −0.772 +0.235
+0.487 −0.212 +0.291 +0.148 −0.501
+0.431 −0.205 +0.238 +0.440 +0.681]

 
 
 
 

 . [N/A] (104) 

Equation 104: Eigenvectors for the compressor failure fault scenario 

6.7 Fault signatures 

This section discusses the methodology followed to compose a fault signature for each of the 

three heat pump system faults considered in this chapter. The section concludes with a word 

on the uniqueness of each of the compiled fault signatures. 

6.7.1 Compilation of fault signatures 

Fault signatures will be compiled for each of the three fault scenarios. The aim of a fault 

signature is to compile a simple visual representation that may be used for fault detection and 

diagnosis purposes. The eigenvalues and eigenvectors shown in (91) and (92) will be used 

as the normal condition that characterises ideal fault free heat pump operation. The following 

steps will be followed in the compilation of the fault signatures: 

1) The eigenvalues and their corresponding eigenvectors are determined for each fault case. 

2) The eigenvalues and eigenvectors of the normal operating condition and that of the three 

fault signatures are arranged into a table format. The eigenvalues will make up the first 

row of the table, and the subsequent rows will subsequently contain the eigenvectors as 

entries. 
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3) The table entries of each of the fault cases will be compared to the entries of the normal 

case. The percent deviation of each corresponding element entries in the tables will be 

determined. 

4) A margin value will be defined to determine if two entries are sufficiently different to be 

allocated a sign in the final fault signature in the corresponding table position. 

5) A positive sign will be allocated to an element of a fault signature if the value of the entry 

of a fault condition minus the value of the entry in the normal condition is a positive number, 

a negative sign will be allocated if the value is determined to be negative, and a zero entry 

will be allocated if the compared values were determined to be below the specified margin 

of difference. 

6.7.2 Percent deviation margin 

The conditions at which a heat pump system operates can be controlled by changing the 

operating characteristics of the system’s compressor or the control valves that regulate the 

flow within the system. There is thus natural variation in a heat pump system that emanates 

from the two mentioned two control mechanisms. A deviation margin is introduced to ensure 

that a control system will not flag natural variation in sensor readings as the onset of a fault 

condition. A deviation margin of 5% will be used for this study. This allows for a heat pump 

system to have natural variation in operational characteristics that result in up to a 5% variation 

in the eigenvalues and eigenvectors determined from the sensor readings. An entry that is 

compared to the reference entry in the normal condition that is determined to not deviate less 

than 5% from the reference will thus be assigned a zero value in the fault signature. In this 

manner, the emphasis is placed on the contribution of the eigenvalues and eigenvectors that 

have constituent entries that deviate more than 5% relative to the normal. 

Figure 6-4 outlines the process to determine the signs of the various elements of the fault 

signatures while considering the deviation margin. 
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Figure 6-4: Flowchart of the procedure to determine the entries of the elements in the fault signatures 

6.7.3 Fluid leakage fault signature 

The compilation of the fault signature for the fluid leakage fault will be shown step by step. 

The remaining two fault signatures are compiled similarly. The percent deviation of the 

eigenvalues and eigenvectors of the fluid leakage condition when compared to the same 

corresponding values of the normal condition is shown below. 

Table 6-2: Percent deviation of the fluid leakage fault condition 

𝜆1…5 377.94 9.57 58.50 21.40 113.63 

𝒗𝟏…𝟓 163.49 267.42 92.00 95.75 107.66 

613.48 102.60 3.46 215.92 241.40 

1.25 22.50 4441.18 55.19 82.54 

12.50 151.73 99.00 412.24 132.11 

119.27 3200.00 154.71 86.14 83.89 

 

The two values indicated in bold in Table 6-2 have percent deviation values that are below 

5%. The two corresponding positions in the fault signature of the fluid leakage condition will 

thus be occupied by zeros. To determine the rest of the element entries of the fault signature 
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the numerical difference between the eigenvalues and eigenvectors of the fault condition and 

normal condition are calculated. The difference in the various eigenvalue and eigenvector 

elements for the fluid leakage fault condition is shown in Table 6-3. 

Table 6-3: Difference in element values for the fluid leakage fault condition 

𝜆1…5 7.43 -0.15 0.73 -0.19 -6.41 

𝒗𝟏…𝟓 1.30 0.59 0.05 0.25 -0.53 

0.55 0.63 0.00 -1.06 -1.04 

0.00 -0.08 0.76 0.40 -0.35 

0.05 -1.01 0.40 0.61 -0.61 

0.23 -0.16 -1.25 -0.32 0.35 

 

The information in Table 6-3 is now summarised by taking only the sign of the difference and 

compiling it into a new table. The fault signature for the working fluid leakage condition is 

shown in Table 6-4. 

Table 6-4: Fault signature for working fluid leakage 

𝜆1…5 + - + - - 

𝒗𝟏…𝟓 + + + + - 

+ + 0 - - 

0 - + + - 

+ - + + - 

+ - - - + 

 

6.7.4 Compressor failure fault signature 

The fault signature for the compressor failure fault condition was compiled using the same 

process as used to compile the fault signature for working fluid leakage fault condition. Table 

6-5 shows the fault signature for compressor failure. 
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Table 6-5: Fault signature for compressor failure 

𝜆1…5 + - + - - 

𝒗𝟏…𝟓 + - - - - 

- + + 0 - 

- + - + - 

- - + - - 

- + - - + 

 

6.7.5 Fouling fault signature 

Table 6-6 shows the fault signature for the fouling fault condition. 

Table 6-6: Fault signature for gas cooler fouling 

𝜆1…5 + - + + - 

𝒗𝟏…𝟓 + + + + - 

+ + - - - 

0 - - - - 

+ - + 0 - 

+ - - + + 

 

6.7.6 Uniqueness of the fault signatures 

A visual inspection of Table 6-4 to 6-6 illustrates that each fault signature is successful at 

detecting that a fault has occurred in the heat pump system. This fact can be deduced from 

the fact that none of the three fault signatures is populated by only zero values. A comparison 

of the first column of each fault signature is enough to show that the three signatures are 

distinguishable from each other. 

The degree of uniqueness of each fault signature may be represented by counting the number 

of positive and negative signs that each signature contains. Table 6-7 summarises the sign 

count for each fault signature. 
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Table 6-7: Number of signs for each fault signature 

FAULT CONDITION PLUS SIGNS MINUS SIGNS 

Working fluid leakage 15 13 

Compressor failure 10 19 

Gas cooler fouling 14 14 

 

Table 6-7 shows that the working fluid leakage and gas cooler fouling has similar fault 

signatures. The number of plus signs and minus signs of the two fault signatures is close when 

compared to each other. The fact should not pose a problem for fault isolation since the faults 

signature is still different on a visual basis. 

6.8 Conclusion 

The energy information of a heat pump system operating under steady state conditions may 

be organised in a graph representation constructed from nodes and links. The use of the 

method by Jouili & Tabbone [63] enables the calculation of a cost matrix when two node 

signature matrices are compared. The approach proposed by van Schoor & Uren [68] may 

then be used to both identify the presence of a fault scenario, in steady state heat pump 

simulation data, and to uniquely identify the type of fault that has occurred. The different fault 

conditions considered in this study can only be uniquely distinguished from each other when 

the information of both the eigenvalues and eigenvectors are included in the fault signature 

compilation. 
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7. CHAPTER 7: CONCLUSION 

This chapter serves as the conclusion of the study. The key discoveries are reported, 

suggestions are given, and the possible direction of future research on the topic of energy-

based system representation is briefly discussed. 

 

7.1 Conclusions 

A thermal-fluid model of the transcritical CO2 heat pump system was developed in the EES® 

simulation environment. Energy and exergy output parameters from the simulation model 

were then used to construct a graph representation of the heat pump system. The method by 

Jouili & Tabbone [63] was then used to compare the node signature matrices that were 

produced from organising the graph attributes into a matrix form. The cost matrices generated 

from the method were then visualised by the implementation of their eigenvalue and 

eigenvector information. The use of eigenvalue information alone was not enough to both 

detect a fault condition and to isolate the specific type of fault that was present. The inclusion 

of the eigenvector information in the procedure enabled both the detection and isolation of a 

fault scenario. The energy-based fault visualisation methodology considered in this study thus 

proved successful for fault detection and isolation of the three investigated fault conditions. 

7.2 Future research on this topic 

Future research could investigate a system which may be represented using only three nodes 

using a graph representation such as an open-loop type Brayton cycle system. The usage of 

three nodes to represent a system will allow for the visualisation of faults via eigenvectors that 

may be visualised by three-dimensional plots as well as the eigenvalues of the given 

eigenvectors. Only a few fault conditions were considered in this study within a limited 

simulated range. Future research on the energy-based representation of heat pump systems 

should investigate whether the same patterns that hold in this study are valid for larger 

simulated data ranges. Future research may also include validation of the outlined techniques 

on a heat pump system in which fault conditions are induced under laboratory conditions. 

The technique outlined in this study may be able to deliver information on the severity of fault 

conditions. The sensitivity of the fault detection technique to a change in the stipulated margin 

value (as discussed in section 6.7.2) and sensor noise also needs to be investigated. Further 
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investigation is also required to determine if the outlined technique may be useful for the 

detection of simultaneous fault occurrences. 

The modelling of the pressure drop values in the superheat region of the evaporator requires 

additional investigation. The upgrade of the test bench system with pressure sensors that have 

a higher measurement accuracy will aid in the investigation of the pressure drop phenomena 

present in the gas cooler. The sensitivity of the currently installed pressure sensors is not 

sufficiently accurate to make an in-depth study of the pressure drop characteristics of the 

system. The author also strongly recommends that the emergency refrigerant release valve is 

moved to the high-pressure side of the heat pump system before any future experimental work 

is performed on the heat pump test facility. 

7.3 Closure 

The objective of developing an energy-based visualisation method for an entire transcritical 

CO2 heat pump system was achieved. The method by Jouili & Tabbone [63] was applied to 

calculate cost matrices that contained information on the difference between normal system 

operating conditions and operational conditions with the presence of a fault. The use of 

eigenvalue and eigenvector information of generated cost matrices was proven to be a viable 

methodology to use for fault detection and isolation on the transcritical CO2 heat pump system. 
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APPENDIX A: THE CF VALUE USED IN THE DITTUS-

BOELTER CORRELATION 

The correlation factor is a simple method that is used to increase the accuracy of the Nusselt 

number values predicted by the Dittus-Boelter correlation. The correlation factor is a constant 

number that multiplies the Nusselt number predicted by the unmodified Dittus-Boelter 

correlation. The correlation factor may only be used for the experimental data in this study 

since the correlation factor was determined directly from the data used in this study. Multiplying 

the Nusselt number predicted by the unmodified Dittus-Boelter by a factor does not mean that 

the heat transfer value calculated with the aid of the Dittus-Boelter correlation was under 

predicted or over predicted by the same factor. The Dittus-Boelter correlation with modified 

correlation factor is used for the prediction of only the thermal resistance of the refrigerant side 

in the ε-NTU method used to predict the heat transfer that occurs in the gas cooler component.  

Table CF = 1 shows the predicted heat transfer rate in the gas cooler when using the 

unmodified Dittus-Boelter correlation: 

Table CF = 1 

EEV Open% [%] �̇�𝑮𝑪 – Test bench [kW] �̇�𝑮𝑪 – Simulation [kW] Deviation [%] 

30 35.838 32.356 9.72 

40 35.800 32.216 10.01 

50 34.537 30.951 10.38 

60 27.022 30.460 12.72 

70 21.054 30.457 44.66 

 

Table CF = 2.294 shows the predicted heat transfer rate in the gas cooler when using the 

Dittus-Boelter correlation with the correlation factor determined from the experimental data: 

Table CF = 2.294 

EEV Open% [%] �̇�𝑮𝑪 – Test bench [kW] �̇�𝑮𝑪 – Simulation [kW] Deviation [%] 

30 35.838 35.882 0.12 

40 35.800 35.866 0.18 

50 34.537 34.437 0.29 

60 27.022 33.810 25.12 

70 21.054 33.714 60.13 
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APPENDIX B: EES® SIMULATION SOURCE CODE 

The EES® simulation code of the heat pump system is available below. Please ensure that 

that the correct unit settings are used within the EES® environment before the code is 

executed. The correct unit settings for the simulation is displayed below: 

 

The unit settings can be found in the EES® environment under:  

Options  Preferences  Unit System 

The author also recommends changing the inputs of the simulation in the incremented steps 

as listed in the table and then updating the simulation guess values by pressing (Ctrl + G) on 

the keyboard in order to ensure simulation stability. 

INPUT 
RECOMMENDED 

INCREMENT 
UNIT 

eta_isen 0.05 [-] 

FF_io 0.05 [m2-K/kW] 

T_wi_(GC or E) 5 [K] 

P_wi_(GC or E) 0.5 [bar] 

Q_(GC or E) 0.5 [l/min] 

Open% 0.05 [-] 
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"JJA de Bruin" 
"ORCID iD: 0000-0002-9517-4681" 
"TRANSCRITICAL R744 HEAT PUMP SIMULATION" 
  
"PROCEDURES" 
  
Procedure gcfriction(Re_crit,Re_b_g,e_ss,D_H_R744:f_GC) 
  
If (Re_b_g<Re_crit) Then 
  
 f_GC=64/Re_b_g 
  
Else 
  
 f_GC=(1/(-2.34*log10(e_ss/(1.72*D_H_R744)-9.26/Re_b_g*log10((e_ss/(29.36*D_H_R744))^0.95+(18.35/Re_b_g)^1.108))))^2 
  
Endif 
End 
  
Procedure r744conv(CF,Re_crit,Re_b_g,k_b_g,D_H_R744,Pr_b_g:h_conv_g,GasFlow$) 
  
If (Re_b_g<Re_crit) Then 
  
 h_conv_g=k_b_g/D_H_R744*4.36 
 GasFlow$='Laminar' 
  
Else 
  
 h_conv_g=CF*(k_b_g/D_H_R744*0.023*Re_b_g^0.8*Pr_b_g^0.3) 
 GasFlow$='Turbulent'   
  
Endif 
End 
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Procedure h2oconv(Re_crit,Re_b_w,k_b_w,D_H_H2O,Pr_b_w:h_conv_w,WaterFlow$) 
  
If (Re_b_w<Re_crit) Then 
  
 h_conv_w=k_b_w/D_H_H2O*8.24 
 WaterFlow$='Laminar' 
  
Else 
  
 h_conv_w=k_b_w/D_H_H2O*0.023*Re_b_w^0.8*Pr_b_w^0.4 
 WaterFlow$='Turbulent' 
  
Endif 
End 
  
"INPUTS" 
  
m_dot_R744=0.0959 [kg/s] 
  
"Correlation factor in Dittus-Boelter Nusselt number correlation" 
  
CF=2.294 [-] 
  
"System inputs" 
  
fluid1$='R744'         "Primary loop working fluid in heat pump" 
fluid2$='Water'         "Secondary fluid in heat exchangers" 
Re_crit=2300.00 [-]       "Critical transition Reynolds number" 
  
"Atmospheric conditions" 
  
T_ds=303 [K]         "Ambient temperature around system" 
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P_ds=0.87 [bar]        "Ambient pressure around system" 
g=9.81 [m/s^2]         "Gravitational acceleration" 
  
"Compressor specific inputs" 
  
eta_isen=0.6527 [-]       "Compressor isentropic efficiency" 
  
"Gas Cooler specific inputs" 
  
tubematerial$='Stainless_AISI316'  "Material which the tubes consist of" 
L_GC=22.80 [m]        "Length of the Gas Cooler tubes" 
D_ii=0.015748 [m]        "Inner tube inner diameter" 
D_io=0.021333 [m]       "Inner tube outer diameter" 
D_oi=0.02453 [m]        "Outer tube inner diameter" 
e_ss=0.0000015 [m]        "Roughness parameter of AISI 316" 
FF_io=0.0 [m^2-K/kW]      "Inner tube outer fouling factor" 
  
T_wi_GC=299.45 [K]       "Water inlet temperature in Gas Cooler" 
P_wi_GC=3.00 [bar]       "Water inlet pressure in Gas Cooler" 
Q_GC=16.26 [l/min]       "Water volumetric flow rate through Gas Cooler" 
  
"Expansion Valve specific inputs" 
  
Open%=0.30 [-]         "Expansion valve orifice opening setting" 
  
"Evaporator specific inputs" 
  
L_E=15.04 [m]        "Length of the Evaporator tubes" 
T_wi_E=313.00 [K]      "Water inlet temperature in Evaporator" 
P_wi_E=3.00 [bar]       "Water inlet pressure in Evaporator" 
Q_E=16.00 [l/min]       "Water volumetric flow rate through Evaporator" 
  
"Conversion constants" 
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c_1=0.001 [kJ-s^2/kg-m^2]    "Energy converter" 
c_2=0.01 [bar/kPa]      "Pressure converter" 
c_3=0.0166667 [min/s]     "l/min to l/s converter" 
c_4=0.001 [m^3/l]       "l/s to m^3/s converter" 
K=273.15 [K]         "Kelvin at 0 Celsius" 
a=100 [%]          "100 % constant" 
  
"CYCLE POINTS" 
  
"Point 1: Saturated gas point in Evaporator" 
  
x[1]=1 [-] 
  
T[1]=temperature(fluid1$,x=x[1],P=P[1]) 
s[1]=entropy(fluid1$,x=x[1],P=P[1]) 
P[1]=P_sat 
h[1]=enthalpy(fluid1$,x=x[1],P=P[1]) 
Cp[1]=cp(fluid1$,x=x[1],P=P[1]) 
mu[1]=viscosity(fluid1$,x=x[1],P=P[1]) 
rho[1]=density(fluid1$,x=x[1],P=P[1]) 
C[1]=abs(m_dot_R744)/(rho[1]*A_ff_R744) 
  
T_0[1]=T[1]+0.5*C[1]^2/Cp[1]*c_1 
P_0[1]=P[1]+0.5*rho[1]*C[1]^2*c_1*c_2 
P_0[1]=P_0[24]+0.5*C_H_in*C_H_out*(rho_H_out-rho_H_in)*c_1*c_2-DELTA_P_0L_TP 
h_0[1]=h[1]+0.5*C[1]^2*c_1 
  
"Point 2: Evaporator out/ Compressor in" 
  
T[2]=T[1]+DELTA_T_SH 
s[2]=entropy(fluid1$,T=T[2],P=P[2]) 
P[2]=P_0[2]-0.5*rho[2]*C[2]^2*c_1*c_2 
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h[2]=enthalpy(fluid1$,T=T[2],P=P[2]) 
Cp[2]=cp(fluid1$,T=T[2],P=P[2]) 
C_nu[2]=cv(fluid1$,T=T[2],P=P[2]) 
mu[2]=viscosity(fluid1$,T=T[2],P=P[2]) 
rho[2]=density(fluid1$,h=h[2],P=P[2]) 
C[2]=abs(m_dot_R744)/(rho[2]*A_ff_R744) 
  
T_0[2]=T[2]+0.5*C[2]^2/Cp[2]*c_1 
P_0[2]=P_0[1]-DELTA_P_0L_SH 
h_0[2]=h[2]+0.5*C[2]^2*c_1 
  
"Point 3: Compressor out/ Gas cooler in" 
  
T[3]=T_0[3]-0.5*C[3]^2/Cp[3]*c_1 
s[3]=entropy(fluid1$,T=T[3],P=P[3]) 
P[3]=P_0[3]-0.5*rho[3]*C[3]^2*c_1*c_2 
h[3]=h_0[3]-0.5*C[3]^2*c_1 
Cp[3]=cp(fluid1$,T=T[3],P=P[3]) 
C_nu[3]=cv(fluid1$,T=T[3],P=P[3]) 
mu[3]=viscosity(fluid1$,T=T[3],P=P[3]) 
rho[3]=density(fluid1$,h=h[3],P=P[3]) 
C[3]=abs(m_dot_R744)/(rho[3]*A_ff_R744) 
  
T_0[3]=temperature(fluid1$,P=P_0[3],h=h_0[3]) 
P_0[3]=r_P*P_0[2] 
h_0[3]=h_0[2]+W_dot_C/m_dot_R744 
  
"Point 4-22: Heat transfer from R744 to water in Gas cooler" 
  
Duplicate i=1,19 
  
 T[i+3]=T_ge[i] 
 s[i+3]=s_ge[i] 
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 P[i+3]=P_ge[i] 
 h[i+3]=h_ge[i] 
 Cp[i+3]=Cp_ge[i] 
 mu[i+3]=mu_ge[i] 
 rho[i+3]=rho_ge[i] 
 C[i+3]=C_ge[i] 
  
 T_0[i+3]=T_0_ge[i] 
 P_0[i+3]=P_0_ge[i] 
 h_0[i+3]=h_0_ge[i] 
  
End 
  
"Point 23: Gas cooler out/ EEV in" 
  
T[23]=T_0[23]-0.5*C[23]^2/Cp[23]*c_1 
s[23]=entropy(fluid1$,T=T[23],P=P[23]) 
P[23]=P_0[23]-0.5*rho[23]*C[23]^2*c_1*c_2 
h[23]=h_0[23]-0.5*C[23]^2*c_1 
Cp[23]=cp(fluid1$,T=T[23],P=P[23]) 
mu[23]=viscosity(fluid1$,T=T[23],P=P[23]) 
rho[23]=density(fluid1$,h=h[23],P=P[23]) 
C[23]=abs(m_dot_R744)/(rho[23]*A_ff_R744) 
  
T_0[23]=temperature(fluid1$,P=P_0[23],h=h_0[23]) 
P_0[23]=P_0[3]-DELTA_P_0L_GC 
h_0[23]=h_0[3]-q_dot_GC/m_dot_R744 
  
"Point 24: EEV out/ Evaporator in" 
  
x[24]=quality(fluid1$,P=P[24],h=h[24]) 
  
T[24]=temperature(fluid1$,P=P[24],h=h[24]) 
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s[24]=entropy(fluid1$,P=P[24],x=x[24]) 
P[24]=P[23]-DELTA_P_EEV 
h[24]=h_0[24]-0.5*C[24]^2*c_1 
Cp[24]=x[24]*Cp_v_24+(1-x[24])*Cp_l_24 
Cp_v_24=cp(fluid1$,P=P[24],x=1) 
Cp_l_24=cp(fluid1$,P=P[24],x=0) 
mu[24]=x[24]*mu_v_24+(1-x[24])*mu_l_24 
mu_v_24=viscosity(fluid1$,P=P[24],x=1) 
mu_l_24=viscosity(fluid1$,P=P[24],x=0) 
rho[24]=density(fluid1$,P=P[24],x=x[24]) 
C[24]=abs(m_dot_R744)/(rho[24]*A_ff_R744) 
  
T_0[24]=T[24]+0.5*C[24]^2/Cp[24]*c_1 
P_0[24]=P[24]+0.5*rho[24]*C[24]^2*c_1*c_2 
h_0[24]=h_0[23] 
  
"Point 25: Close the cycle" 
  
x[25]=x[1] 
  
T[25]=T[1] 
s[25]=s[1] 
P[25]=P[1] 
h[25]=h[1] 
Cp[25]=Cp[1] 
mu[25]=mu[1] 
rho[25]=rho[1] 
C[25]=C[1] 
  
T_0[25]=T_0[1] 
P_0[25]=P_0[1] 
h_0[25]=h_0[1] 
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"CALCULATIONS" 
  
"Global geometry parameters" 
  
A_ff_R744=pi#/4*D_ii^2 
D_H_R744=D_ii 
A_ff_H2O=pi#/4*(D_oi^2-D_io^2) 
D_H_H2O=D_oi-D_io 
  
"Mass flow rate of R744 through heat pump" 
  
{m_dot_R744=m_1*Open%+m_2   
m_1=0.1442 [kg/s] 
m_2=0.11262 [kg/s]} 
  
"Total static pressure drop in EEV" 
  
DELTA_P_EEV=EEV_1*Open%+EEV_2 
EEV_1=-81.30 [bar] 
EEV_2=85.37 [bar] 
  
"Superheating in Evaporator" 
  
DELTA_T_SH=SH_1*Open%+SH_2  
SH_1=11.8 [K] 
SH_2=3.62 [K] 
  
"Mass flow rate of water streams through heat exchangers" 
  
m_dot_w_E=rho_wi_E*Q_E*c_3*c_4 
rho_wi_E=density(fluid2$,T=T_wi_E,P=P_wi_E) 
m_dot_w_GC=rho_wi_GC*Q_GC*c_3*c_4 
rho_wi_GC=density(fluid2$,T=T_wi_GC,P=P_wi_GC) 
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"Mach number at cycle point with highest fluid velocity" 
  
C_max=C[2] 
C_sonic_max=soundspeed(fluid1$,h=h[2],P=P[2]) 
Ma_max=C_max/C_sonic_max 
  
"Heat transfer and pressure drop and in Evaporator's superheating region" 
  
q_dot_SH=m_dot_R744*Cp_b_SH*DELTA_T_SH 
  
DELTA_P_0L_SH=f_SH*(L_SH/D_H_R744)*0.5*rho_b_g_SH*C_b_g_SH^2*c_1*c_2 
f_SH=moodychart(Re_b_g_SH,e_ss/D_H_R744) 
  
"Length of Evaporator's superheating region from LMTD method" 
  
q_dot_SH=UA_SH*DELTA_T_LMTD_SH 
  
1/UA_SH=1/(h_conv_g_SH*A_g_SH)+ln(D_io/D_ii)/(2*pi#*k_tube_SH*L_SH)+1/(h_conv_w_SH*A_w_SH) 
  
h_conv_g_SH=k_b_g_SH/D_H_R744*0.023*Re_b_g_SH^0.8*Pr_b_g_SH^0.4 
A_g_SH=pi#*D_ii*L_SH 
k_tube_SH=conductivity(tubematerial$,T=(T_b_g_SH+T_b_w_SH)/2)*c_1 
h_conv_w_SH=k_b_w_SH/D_H_R744*0.023*Re_b_w_SH^0.8*Pr_b_w_SH^0.3 
A_w_SH=pi#*D_io*L_SH 
  
DELTA_T_LMTD_SH=(DELTA_T_1-DELTA_T_2)/ln(DELTA_T_1/DELTA_T_2) 
DELTA_T_1=T_wi_SH-T[2] 
DELTA_T_2=T_wo_SH-T[1] 
  
"Gas bulk properties in Evaporator's superheating region" 
  
T_b_g_SH=(T[1]+T[2])/2 
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P_b_g_SH=(P[1]+P[2])/2 
Cp_b_SH=(Cp[1]+Cp[2])/2 
mu_b_g_SH=(mu[1]+mu[2])/2 
rho_b_g_SH=(rho[1]+rho[2])/2 
C_b_g_SH=abs(m_dot_R744)/(rho_b_g_SH*A_ff_R744) 
  
k_b_g_SH=conductivity(fluid1$,T=T_b_g_SH,P=P_b_g_SH)*c_1 
Re_b_g_SH=(rho_b_g_SH*C_b_g_SH*D_H_R744)/mu_b_g_SH 
Pr_b_g_SH=prandtl(fluid1$,T=T_b_g_SH,P=P_b_g_SH) 
  
"Water inlet properties at Evaporator's superheating region" 
  
T_wi_SH=T_wi_E 
P_wi_SH=P_wi_E 
Cp_wi_SH=cp(fluid2$,T=T_wi_SH,P=P_wi_SH) 
mu_wi_SH=viscosity(fluid2$,T=T_wi_SH,P=P_wi_SH) 
rho_wi_SH=density(fluid2$,T=T_wi_SH,P=P_wi_SH) 
C_wi_E=abs(m_dot_w_E)/(rho_wi_SH*A_ff_H2O) 
  
"Water outlet properties at Evaporator's superheating region" 
  
T_wo_SH=T_wi_SH-q_dot_SH/(m_dot_w_E*Cp_b_w_SH) 
P_wo_SH=P_wi_SH 
Cp_wo_SH=cp(fluid2$,T=T_wo_SH,P=P_wo_SH) 
mu_wo_SH=viscosity(fluid2$,T=T_wo_SH,P=P_wo_SH) 
rho_wo_SH=density(fluid2$,T=T_wo_SH,P=P_wo_SH) 
C_wo_SH=abs(m_dot_w_E)/(rho_wo_SH*A_ff_H2O) 
  
"Water bulk properties in Evaporator's superheating region" 
  
T_b_w_SH=(T_wi_SH+T_wo_SH)/2 
P_b_w_SH=(P_wi_SH+P_wo_SH)/2 
Cp_b_w_SH=(Cp_wi_SH+Cp_wo_SH)/2 
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mu_b_w_SH=(mu_wi_SH+mu_wo_SH)/2 
rho_b_w_SH=(rho_wi_SH+rho_wo_SH)/2 
C_b_w_SH=abs(m_dot_w_E)/(rho_b_w_SH*A_ff_H2O) 
  
k_b_w_SH=conductivity(fluid2$,T=T_b_w_SH,P=P_b_w_SH)*c_1 
Re_b_w_SH=(rho_b_w_SH*C_b_w_SH*D_H_H2O)/mu_b_w_SH 
Pr_b_w_SH=prandtl(fluid2$,T=T_b_w_SH,P=P_b_w_SH) 
  
"Compressor power and specific work from isentropic efficiency" 
  
eta_isen=W_dot_isen/W_dot_C 
m_dot_R744*h_0[2]+W_dot_isen=m_dot_R744*h_03s 
h_03s=enthalpy(fluid1$,P=P[3],s=s[2]) 
W_C=W_dot_C/m_dot_R744 
W_isen=W_dot_isen/m_dot_R744 
  
"Ratio of pressure for compressor" 
  
freq=50 [1/s] 
Bore=0.036 [m] 
Stroke=0.026 [m] 
cyl=2 [-] 
V_disp=pi#/4*Bore^2*Stroke 
  
k_suc=Cp[2]/C_nu[2] 
k_dis=Cp[3]/C_nu[3] 
k_avg=(k_suc+k_dis)/2 
  
P_a=P[2] 
P_b=P[2] 
P_c=P[3] 
P_d=P[3] 
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nu_a=volume(fluid1$,T=T[2],P=P[2]) 
nu_c=volume(fluid1$,T=T[3],P=P[3]) 
  
C=0.05 [-] 
V_disp=V_b-V_d 
C=V_d/V_disp 
  
V_a/V_d=r_P^(1/k_avg) 
  
m_a=V_a/nu_a 
m_a=m_d 
m_b=m_c 
  
(m_b-m_a)*freq=m_dot_R744 
  
nu_b=V_b/m_b 
nu_c=V_c/m_c 
nu_d=V_d/m_d 
  
W_cyl=k_avg/(k_avg-1)*P[2]*nu_b*(r_P^((k_avg-1)/k_avg)-1)*1/c_2 
W_spec=W_cyl*cyl 
a1=1.629497 [-] 
b1=0.869919 [-] 
W_sim=a1*W_spec^(b1) 
eta_sim=W_isen/W_sim 
eta_sim=eta_isen 
  
"Heat transfer and pressure drop in Gas cooler from e-NTU method " 
  
"Initial inlet values - R744" 
  
T_ge[0]=T[3] 
s_ge[0]=s[3] 
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P_ge[0]=P[3] 
h_ge[0]=h[3] 
Cp_ge[0]=Cp[3] 
mu_ge[0]=mu[3] 
rho_ge[0]=rho[3] 
C_ge[0]=C[3] 
  
T_0_ge[0]=T_0[3] 
P_0_ge[0]=P_0[3] 
h_0_ge[0]=h_0[3] 
  
"Initial inlet values - Water" 
  
T_we[n+1]=T_wi_GC 
s_we[n+1]=entropy(fluid2$,T=T_we[n+1],P=P_we[n+1]) 
P_we[n+1]=P_wi_GC 
h_we[n+1]=enthalpy(fluid2$,T=T_we[n+1],P=P_we[n+1]) 
Cp_we[n+1]=cp(fluid2$,T=T_we[n+1],P=P_we[n+1]) 
mu_we[n+1]=viscosity(fluid2$,T=T_we[n+1],P=P_we[n+1]) 
rho_we[n+1]=density(fluid2$,h=h_we[n+1],P=P_we[n+1]) 
C_we[n+1]=abs(m_dot_w_GC)/(rho_we[n+1]*A_ff_H2O) 
  
T_0_we[n+1]=T_we[n+1]+0.5*C_we[n+1]^2/Cp_we[n+1]*c_1 
P_0_we[n+1]=P_we[n+1]+0.5*rho_we[n+1]*C_we[n+1]^2*c_1*c_2 
h_0_we[n+1]=h_we[n+1]+0.5*C_we[n+1]^2*c_1 
  
"Geometry for duplicate" 
  
GC_inc=L_GC/n 
A_g=pi#*D_ii*GC_inc 
A_w=pi#*D_io*GC_inc 
pos_GC[0]=0 [m] 
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"Duplicate statement" 
  
n=20 [-] 
Duplicate i=1,n 
  
 "Position in along Gas cooler length" 
  
 pos_GC[i]=pos_GC[i-1]+GC_inc 
  
 "Inlet conditions - R744" 
  
 T_gi[i]=T_ge[i-1] 
 s_gi[i]=s_ge[i-1] 
 P_gi[i]=P_ge[i-1] 
 h_gi[i]=h_ge[i-1] 
 Cp_gi[i]=Cp_ge[i-1] 
 mu_gi[i]=mu_ge[i-1] 
 rho_gi[i]=rho_ge[i-1] 
 C_gi[i]=C_ge[i-1] 
  
 T_0_gi[i]=T_0_ge[i-1] 
 P_0_gi[i]=P_0_ge[i-1] 
 h_0_gi[i]=h_0_ge[i-1] 
  
 "Outlet conditions - R744" 
  
 T_ge[i]=T_0_ge[i]-0.5*C_ge[i]^2/Cp_ge[i]*c_1 
 s_ge[i]=entropy(fluid1$,T=T_ge[i],P=P_ge[i]) 
 P_ge[i]=P_0_ge[i]-0.5*rho_ge[i]*C_ge[i]^2*c_1*c_2 
 h_ge[i]=h_0_ge[i]-0.5*C_ge[i]^2*c_1 
 Cp_ge[i]=cp(fluid1$,T=T_ge[i],P=P_ge[i]) 
 mu_ge[i]=viscosity(fluid1$,T=T_ge[i],P=P_ge[i]) 
 rho_ge[i]=density(fluid1$,h=h_ge[i],P=P_ge[i]) 
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 C_ge[i]=abs(m_dot_R744)/(rho_ge[i]*A_ff_R744) 
  
 T_0_ge[i]=temperature(fluid1$,P=P_0_ge[i],h=h_0_ge[i]) 
 P_0_ge[i]=P_0_gi[i]-DELTA_P_0L_GC[i] 
 h_0_ge[i]=h_0_gi[i]-q_dot_GC[i]/m_dot_R744 
  
 "Bulk values - R744" 
  
 T_b_g[i]=(T_gi[i]+T_ge[i])/2 
 P_b_g[i]=(P_gi[i]+P_ge[i])/2 
 Cp_b_g[i]=(Cp_gi[i]+Cp_ge[i])/2 
 mu_b_g[i]=(mu_gi[i]+mu_ge[i])/2 
 rho_b_g[i]=(rho_gi[i]+rho_ge[i])/2 
 C_b_g[i]=(C_gi[i]+C_ge[i])/2 
 k_b_g[i]=conductivity(fluid1$,T=T_b_g[i],P=P_b_g[i])*c_1 
 Re_b_g[i]=(rho_b_g[i]*C_b_g[i]*D_H_R744)/mu_b_g[i] 
 Pr_b_g[i]=prandtl(fluid1$,T=T_b_g[i],P=P_b_g[i]) 
 HCR_g[i]=m_dot_R744*Cp_b_g[i] 
  
 "Inlet conditions - Water" 
  
 T_wi[i]=T_we[i+1] 
 s_wi[i]=s_we[i+1] 
 P_wi[i]=P_we[i+1] 
 h_wi[i]=h_we[i+1] 
 Cp_wi[i]=Cp_we[i+1] 
 mu_wi[i]=mu_we[i+1] 
 rho_wi[i]=rho_we[i+1] 
 C_wi[i]=C_we[i+1] 
  
 T_0_wi[i]=T_0_we[i+1] 
 P_0_wi[i]=P_0_we[i+1] 
 h_0_wi[i]=h_0_we[i+1] 
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 "Outlet conditions - Water" 
  
 T_we[i]=T_0_we[i]-0.5*C_we[i]^2/Cp_we[i]*c_1 
 s_we[i]=entropy(fluid2$,T=T_we[i],P=P_we[i]) 
 P_we[i]=P_0_we[i]-0.5*rho_we[i]*C_we[i]^2*c_1*c_2 
 h_we[i]=h_0_we[i]-0.5*C_we[i]^2*c_1 
 Cp_we[i]=cp(fluid2$,T=T_we[i],P=P_we[i]) 
 mu_we[i]=viscosity(fluid2$,T=T_we[i],P=P_we[i]) 
 rho_we[i]=density(fluid2$,h=h_we[i],P=P_we[i]) 
 C_we[i]=abs(m_dot_w_GC)/(rho_we[i]*A_ff_H2O) 
  
 T_0_we[i]=temperature(fluid2$,P=P_0_we[i],h=h_0_we[i]) 
 P_0_we[i]=P_0_wi[i] 
 h_0_we[i]=h_0_wi[i]+q_dot_GC[i]/m_dot_w_GC 
  
 "Bulk values - Water" 
  
 T_b_w[i]=(T_wi[i]+T_we[i])/2 
 P_b_w[i]=(P_wi[i]+P_we[i])/2 
 Cp_b_w[i]=(Cp_wi[i]+Cp_we[i])/2 
 mu_b_w[i]=(mu_wi[i]+mu_we[i])/2 
 rho_b_w[i]=(rho_wi[i]+rho_we[i])/2 
 C_b_w[i]=(C_wi[i]+C_we[i])/2 
 k_b_w[i]=conductivity(fluid2$,T=T_b_w[i],P=P_b_w[i])*c_1 
 Re_b_w[i]=(rho_b_w[i]*C_b_w[i]*D_H_R744)/mu_b_w[i] 
 Pr_b_w[i]=prandtl(fluid2$,T=T_b_w[i],P=P_b_w[i]) 
 HCR_w[i]=m_dot_w_GC*Cp_b_w[i] 
  
 "Pressure drop per increment on R744 side" 
  
 DELTA_P_0L_GC[i]=f_GC[i]*GC_inc/D_H_R744*0.5*rho_b_g[i]*C_b_g[i]^2*c_1*c_2 
 {f_GC[i]=(1/(-2.34*LOG10(e_ss/(1.72*D_H_R744)-9.26/Re_b_g[i]*LOG10((e_ss/(29.36*D_H_R744))^0.95+(18.35/Re_b_g[i])^1.108))))^2} 
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 Call gcfriction(Re_crit,Re_b_g[i],e_ss,D_H_R744:f_GC[i]) 
  
 "Heat capacity rates" 
  
 HCR_MIN[i]=min(HCR_g[i],HCR_w[i]) 
 HCR_MAX[i]=max(HCR_g[i],HCR_w[i]) 
  
 "Capacity ratio" 
  
 C_r[i]=HCR_min[i]/HCR_max[i] 
  
 "Heat transfer per increment" 
  
 q_dot_GC[i]=epsilon_GC[i]*q_dot_max_GC[i] 
  
 epsilon_GC[i]=(1-exp(-NTU_GC[i]*(1-C_r[i])))/(1-C_r[i]*exp(-NTU_GC[i]*(1-C_r[i]))) 
 NTU_GC[i]=UA_GC[i]/HCR_min[i] 
 1/UA_GC[i]=R_t_g[i]+R_tube[i]+R_foul_o[i]+R_t_w[i] 
  
 R_t_g[i]=1/(h_conv_g[i]*A_g) 
 {h_conv_g[i]=CF*(k_b_g[i]/D_H_R744*0.023*Re_b_g[i]^0.8*Pr_b_g[i]^0.3)} 
 Call r744conv(CF,Re_crit,Re_b_g[i],k_b_g[i],D_H_R744,Pr_b_g[i]:h_conv_g[i],GasFlow$[i]) 
  
 R_foul_o[i]=FF_io/A_w 
  
 R_tube[i]=ln(D_io/D_ii)/(2*pi#*k_tube_GC[i]*GC_inc) 
 k_tube_GC[i]=conductivity(tubematerial$,T=(T_b_g[i]+T_b_w[i])/2)*c_1 
  
 R_t_w[i]=1/(h_conv_w[i]*A_w) 
 {h_conv_w[i]=k_b_w[i]/D_H_H2O*0.023*Re_b_w[i]^0.8*Pr_b_w[i]^0.4} 
 Call h2oconv(Re_crit,Re_b_w[i],k_b_w[i],D_H_H2O,Pr_b_w[i]:h_conv_w[i],WaterFlow$[i]) 
  
 q_dot_max_GC[i]=DELTA_T_max[i]*HCR_min[i] 
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 DELTA_T_max[i]=T_gi[i]-T_wi[i] 
  
End 
  
"Total heat transfer and pressure drop in Gas cooler" 
  
q_dot_GC=sum(q_dot_GC[i],i=1,n) 
q_dot_max_GC=sum(q_dot_max_GC[i],i=1,n) 
epsilon_GC=q_dot_GC/q_dot_max_GC*a 
DELTA_P_0L_GC=sum(DELTA_P_0L_GC[i],i=1,n) 
  
"Pressure drop in Evaporator's two-phase region from Friedel method" 
  
"Geometry" 
  
L_TP=L_E-L_SH 
A_TP=pi#*D_ii*L_TP 
  
"Mass velocity of R744" 
  
m_vel=m_dot_R744/A_ff_R744 
  
"Homogeneous static properties at inlet" 
  
x_in=x[24] 
T_in=T[24] 
P_in=P[24] 
h_in=h[24] 
P_0_in=P_0[24] 
h_0_in=h_0[24] 
rho_H_in=(x_in/rho_v_in+(1-x_in)/rho_l_in)^(-1) 
C_H_in=abs(m_dot_R744)/(rho_H_in*A_ff_R744) 
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"Homogeneous static properties at outlet" 
  
x_out=x[1] 
T_out=T[1] 
P_out=P[1] 
h_out=h[1] 
P_0_out=P_0[1] 
h_0_out=h_0[1] 
rho_H_out=(x_out/rho_v_out+(1-x_out)/rho_l_out)^(-1) 
C_H_out=abs(m_dot_R744)/(rho_H_out*A_ff_R744) 
  
"Liquid properties at inlet" 
  
m_dot_l_in=(1-x_in)*m_dot_R744 
rho_l_in=density(fluid1$,T=T_in,x=0) 
C_l_in=abs(m_dot_l_in)/(rho_l_in*A_ff_R744) 
mu_l_in=viscosity(fluid1$,T=T_in,x=0) 
Re_l_in=(rho_l_in*C_l_in*D_H_R744)/mu_l_in 
  
"Liquid properties at outlet" 
  
m_dot_l_out=(1-x_out)*m_dot_R744 
rho_l_out=density(fluid1$,T=T_out,x=0) 
C_l_out=abs(m_dot_l_out)/(rho_l_out*A_ff_R744) 
mu_l_out=viscosity(fluid1$,T=T_out,x=0) 
Re_l_out=(rho_l_out*C_l_out*D_H_R744)/mu_l_out 
  
"Vapour properties at inlet" 
  
m_dot_v_in=(x_in)*m_dot_R744 
rho_v_in=density(fluid1$,T=T_in,x=1) 
C_v_in=abs(m_dot_v_in)/(rho_v_in*A_ff_R744) 
mu_v_in=viscosity(fluid1$,T=T_in,x=1) 
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Re_v_in=(rho_v_in*C_v_in*D_H_R744)/mu_v_in 
  
"Vapour properties at outlet" 
  
m_dot_v_out=(x_out)*m_dot_R744 
rho_v_out=density(fluid1$,T=T_out,x=1) 
C_v_out=abs(m_dot_v_out)/(rho_v_out*A_ff_R744) 
mu_v_out=viscosity(fluid1$,T=T_out,x=1) 
Re_v_out=(rho_v_out*C_v_out*D_H_R744)/mu_v_out 
  
"Bulk properties in two-phase region" 
  
x_b=(x_in+x_out)/2 
T_b=(T_in+T_out)/2 
rho_b_H=(rho_H_in+rho_H_out)/2 
C_b_H=(C_H_in+C_H_out)/2 
sigma_b=surfacetension(fluid1$,T=T_b) 
  
rho_b_l=(rho_l_in+rho_l_out)/2 
C_b_l=(C_l_in+C_l_out)/2 
mu_b_l=(mu_l_in+mu_l_out)/2 
Re_b_l=(Re_l_in+Re_l_out)/2 
  
rho_b_v=(rho_v_in+rho_v_out)/2 
C_b_v=(C_v_in+C_v_out)/2 
mu_b_v=(mu_v_in+mu_v_out)/2 
Re_b_v=(Re_v_in+Re_v_out)/2 
  
"Two-phase region static pressure drop" 
  
DELTA_P_TP=DELTA_P_L*PHI_fr^2 
  
"Liquid-based pressure drop" 
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DELTA_P_L=4*f_L*(L_TP/D_H_R744)*m_vel^2*(1/(2*rho_b_l))*c_1*c_2 
f_L=0.079/Re_b_l^0.25 
f_V=0.079/Re_b_v^0.25 
  
"Two-phase Friedel multiplier" 
  
PHI_fr^2=E+(3.24*F*H)/(Fr_H^0.045*We_l^0.035) 
  
E=(1-x_b)^2+x_b^2*(rho_b_l*f_V)/(rho_b_v*f_L) 
F=x_b^0.78*(1-x_b)^0.224 
H=(rho_b_l/rho_b_v)^0.91*(mu_b_v/mu_b_l)^0.19*(1-mu_b_v/mu_b_l)^0.7 
Fr_H=m_vel^2/(g*D_ii*rho_b_H^2) 
We_l=(m_vel^2*D_ii)/(sigma_b*rho_b_H) 
  
"Two-phase region total pressure drop" 
  
DELTA_P_0L_TP=DELTA_P_TP+TP_b_KE 
TP_b_KE=(0.5*rho_H_in*C_H_in^2*c_1*c_2+0.5*rho_H_out*C_H_out^2*c_1*c_2)/2 
  
"ENERGY CALCULATIONS" 
  
"Power balance over cycle" 
  
m_dot_R744*h_0[24]+q_dot_TP=m_dot_R744*h_0[1] 
q_dot_E=q_dot_TP+q_dot_SH 
E_in=q_dot_E+W_dot_C 
E_out=q_dot_GC 
DELTA_E=abs(E_in-E_out)/abs(E_in)*a 
  
"COP and Lorentz efficiency" 
  
COP_HP=q_dot_GC/W_dot_C 
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eta_LZ=COP_HP/COP_MAX*a 
COP_MAX=T_m/(T_m-T_evap) 
T_m=(T[3]-T[23])/(ln(T[3]/T[23])) 
T_evap=T[24] 
  
"Energy flow rates" 
  
E_dot_2=abs(m_dot_R744*h_0[2]) 
E_dot_3=abs(m_dot_R744*h_0[3]) 
E_dot_23=abs(m_dot_R744*h_0[23]) 
E_dot_24=abs(m_dot_R744*h_0[24]) 
  
"Evaporator water side inlet properties" 
  
s_wi_E=entropy(fluid2$,T=T_wi_E,P=P_wi_E) 
h_wi_E=enthalpy(fluid2$,T=T_wi_E,P=P_wi_E) 
h_0_wi_E=h_wi_E+0.5*C_wi_E^2*c_1 
  
"Evaporator water side outlet properties" 
  
T_wo_E=temperature(fluid2$,h=h_wo_E,P=P_wi_E) 
s_wo_E=entropy(fluid2$,h=h_wo_E,T=T_wo_E) 
h_wo_E=h_0_wo_E-0.5*C_wo_E^2*c_1 
rho_wo_E=density(fluid2$,h=h_wo_E,P=P_wi_E) 
C_wo_E=abs(m_dot_w_E)/(rho_wo_E*A_ff_R744) 
h_0_wo_E=h_0_wi_E-q_dot_E/m_dot_w_E 
  
"Gas cooler water side properties" 
  
h_wi_GC=h_we[n+1] 
s_wi_GC=s_we[n+1] 
T_wo_GC=T_we[1] 
h_wo_GC=h_we[1] 
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s_wo_GC=s_we[1] 
  
"EXERGY CALCULATIONS" 
  
"Dead state properties of R744 and H2O" 
  
h_ds_R744=enthalpy(fluid1$,T=T_ds,P=P_ds)   
s_ds_R744=entropy(fluid1$,T=T_ds,P=P_ds)   
h_ds_H2O=enthalpy(fluid2$,T=T_ds,P=P_ds)   
s_ds_H2O=entropy(fluid2$,T=T_ds,P=P_ds) 
  
"Evaporator exergy balance" 
  
X_dot_24+X_dot_wi_E=X_dot_2+X_dot_wo_E+I_dot_E 
X_dot_24=m_dot_R744*((h[24]-h_ds_R744)-T_ds*(s[24]-s_ds_R744)) 
X_dot_wi_E=m_dot_w_E*((h_wi_E-h_ds_H2O)-T_ds*(s_wi_E-s_ds_H2O)) 
X_dot_2=m_dot_R744*((h[2]-h_ds_R744)-T_ds*(s[2]-s_ds_R744)) 
X_dot_wo_E=m_dot_w_E*((h_wo_E-h_ds_H2O)-T_ds*(s_wo_E-s_ds_H2O)) 
  
"Compressor exergy balance" 
  
X_dot_2+W_dot_C=X_dot_3+I_dot_C 
X_dot_3=m_dot_R744*((h[3]-h_ds_R744)-T_ds*(s[3]-s_ds_R744)) 
  
"Gas cooler exergy balance" 
  
X_dot_3+X_dot_wi_GC=X_dot_23+X_dot_wo_GC+I_dot_GC 
X_dot_wi_GC=m_dot_w_GC*((h_wi_GC-h_ds_H2O)-T_ds*(s_wi_GC-s_ds_H2O)) 
X_dot_23=m_dot_R744*((h[23]-h_ds_R744)-T_ds*(s[23]-s_ds_R744)) 
X_dot_wo_GC=m_dot_w_GC*((h_wo_GC-h_ds_H2O)-T_ds*(s_wo_GC-s_ds_H2O)) 
  
"EEV exergy balance" 
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X_dot_23=X_dot_24+I_dot_EEV 
  
"Total irreversibility in heat pump" 
  
I_dot_tot=I_dot_E+I_dot_C+I_dot_GC+I_dot_EEV 
  
"Alternative irreversibility rates from Gouy-Stodola Theorem" 
  
Irr_E=T_ds*s_dot_gen_E 
Irr_C=T_ds*s_dot_gen_C 
Irr_GC=T_ds*s_dot_gen_GC 
Irr_EEV=T_ds*s_dot_gen_EEV 
Irr_tot=Irr_E+Irr_C+Irr_GC+Irr_EEV 
  
m_dot_R744*s[24]+m_dot_w_E*s_wi_E+s_dot_gen_E=m_dot_R744*s[2]+m_dot_w_E*s_wo_E 
m_dot_R744*s[2]+s_dot_gen_C=m_dot_R744*s[3] 
m_dot_R744*s[3]+m_dot_w_GC*s_wi_GC+s_dot_gen_GC=m_dot_R744*s[23]+m_dot_w_GC*s_wo_GC 
m_dot_R744*s[23]+s_dot_gen_EEV=m_dot_R744*s[24] 
  
"Deviation of balance method from Gouy-Stodola Theorem" 
  
Dev_E=abs(Irr_E-I_dot_E)/abs(Irr_E)*a 
Dev_C=abs(Irr_C-I_dot_C)/abs(Irr_C)*a 
Dev_GC=abs(Irr_GC-I_dot_GC)/abs(Irr_GC)*a 
Dev_EEV=abs(Irr_EEV-I_dot_EEV)/abs(Irr_EEV)*a 
  
"Rational efficiency indices" 
  
psi_1=(W_dot_C-I_dot_tot)/W_dot_C*a 
psi_2=(X_dot_3-X_dot_23)/W_dot_C*a 
  
"DIAGRAM DATA POINTS" 
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"Plot points for Evaporator water line on T-s diagram" 
  
T_w_E[1]=T_wi_E 
T_w_E[2]=T_wo_SH 
T_w_E[3]=T_wo_E 
  
s_w_E[1]=s[2] 
s_w_E[2]=s[1] 
s_w_E[3]=s[24] 
  
"Plot points for Gas cooler water line on T-s diagram" 
  
Duplicate i=1,n+1 
  
 T_w_GC[i]=T_we[i] 
  
End 
  
Duplicate i=0,n 
  
 s_w_GC[i+1]=s_ge[i] 
  
End 
  
"Temperature points for Gas cooler water line on T-position diagram" 
  
Duplicate i=1,n+1 
  
 T_w_GC_L[i-1]=T_we[i] 
  
End 
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"Water energy flow rates" 
  
E_wi_E=m_dot_w_E*h_wi_E 
E_wo_E=m_dot_w_E*h_wo_E 
E_wi_GC=m_dot_w_GC*h_wi_GC 
E_wo_GC=m_dot_w_GC*h_wo_GC 
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APPENDIX C: MATLAB© SOURCE CODE 

The MATLAB© code used to generate a cost matrix with two node signature matrices as inputs 

is available below. 

close all 
clear all 
clc 
 
rows=5 ; 
columns=6 ; 
 
M_R=[0 0 44.229 10.834 29.840 0;2.753 19.174 0 9.864 0 -34.914;3.088 -10.834 -9.864 0 
0.971 0;1.463 65.725 0 -0.971 0 34.914;2.033 0 34.914 0 -34.914 0] ; 
M_F=[0 0 44.229 10.834 29.840 0;2.753 19.174 0 9.864 0 -34.914;3.088 -10.834 -9.864 0 
0.971 0;1.463 65.725 0 -0.971 0 34.914;2.033 0 34.914 0 -34.914 0] ; 
 
summ=0 ; 
 
for i=1:rows 
 for j=1:rows 
  for a=1:columns 
   Colmn_vect=M_R(:,a) ; 
   min_a=min(Colmn_vect) ; 
   max_a=max(Colmn_vect) ; 
   range_a=abs(max_a-min_a) ; 
   if range_a ~= 0 
    sigma=abs(M_R(i,a)-M_F(j,a))/range_a ; 
   else 
    sigma=abs(M_R(i,a)-M_F(j,a))/1 ; 
   end 
   sigma_sqrd=sigma*sigma ; 
   summ=summ+sigma_sqrd ; 
  end 
 C(i,j)=sqrt(summ) ;  
 summ=0 ; 
 end 
end 
 
[v,lambda]=eig(C,'nobalance') ; 
 
real_v=real(v) ; 
imag_v=imag(v) ; 
 
real_lambda=real(lambda) ; 
imag_lambda=imag(lambda) ; 
 
C_round=round(C,3)  
v_real=round(real_v,3) 
lambda_real=round(real_lambda,3) 
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APPENDIX D: TEST BENCH VS SIMULATION DATA 

Test 1 - input parameters: 

INPUT MEANING VALUE UNIT 

eta_isen 
Compressor’s 

isentropic efficiency 
0.6527 [-] 

FF_io 
Inner tube outer 

fouling factor 
0.00 [m2-K/kW] 

T_wi_GC 
Gas cooler water inlet 

temperature 
299.45 [K] 

Q_GC 
Gas cooler water 

volumetric flow rate 
16.26 [l/min] 

Open% 
EEV orifice open 

percentage 
0.30 [-] 

T_wi_E 
Evaporator water inlet 

temperature 
313.00 [K] 

Q_E 
Evaporator water 

volumetric flow rate 
16.00 [l/min] 

 

Test 1 – measured test bench values vs simulated values: 

PARAMETER TEST BENCH SIMULATION DEVIATION 

�̇�𝑅744 0.1556 [kg/s] 0.1559 [kg/s] 0.19 [%] 

∆𝑇𝑆𝐻 7.20 [K] 7.16 [K] 0.56 [%] 

�̇�𝑆𝐻 1.818 [kW] 1.870 [kW] 2.86 [%] 

�̇�𝐶 11.50 [kW] 10.834 [kW] 5.79 [%] 

�̇�𝐺𝐶 35.838 [kW] 35.882 [kW] 0.12 [%] 

�̇�𝑇𝑃 22.520 [kW] 23.183 [kW] 2.94 [%] 

∆𝑃0𝐿|𝑆𝐻 0.1 [bar] 0.0344 [bar] 65.60 [%] 

∆𝑃0𝐿|𝐺𝐶 4.1 [bar] 0.1586 [bar] 96.13 [%] 

∆𝑃𝐸𝐸𝑉 61.1 [bar] 60.98 [bar] 0.20 [%] 

∆𝑃0𝐿|𝑇𝑃 0.5 [bar] 0.5431 [bar] 8.62 [%] 

 

Test 1 – overlaid thermo-physical property diagrams: 



 

156 
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Test 2 - input parameters: 

INPUT MEANING VALUE UNIT 

eta_isen 
Compressor’s 

isentropic efficiency 
0.6434 [-] 

FF_io 
Inner tube outer 

fouling factor 
0.00 [m2-K/kW] 

T_wi_GC 
Gas cooler water inlet 

temperature 
296.05 [K] 

Q_GC 
Gas cooler water 

volumetric flow rate 
16.25 [l/min] 

Open% 
EEV orifice open 

percentage 
0.50 [-] 

T_wi_E 
Evaporator water inlet 

temperature 
313.00 [K] 

Q_E 
Evaporator water 

volumetric flow rate 
16.00 [l/min] 

 

Test 2 – measured test bench values vs simulated values: 

PARAMETER TEST BENCH SIMULATION DEVIATION 

�̇�𝑅744 0.1831 [kg/s] 0.1847 [kg/s] 0.87 [%] 

∆𝑇𝑆𝐻 9.50 [K] 9.52 [K] 0.21 [%] 

�̇�𝑆𝐻 2.990 [kW] 3.309 [kW] 10.67 [%] 

�̇�𝐶 10.50 [kW] 9.376 [kW] 10.70 [%] 

�̇�𝐺𝐶 34.537 [kW] 34.437 [kW] 0.29 [%] 

�̇�𝑇𝑃 21.047 [kW] 21.796 [kW] 3.56 [%] 

∆𝑃0𝐿|𝑆𝐻 0.1 [bar] 0.0814 [bar] 18.60 [%] 

∆𝑃0𝐿|𝐺𝐶 4.2 [bar] 0.2635 [bar] 93.73 [%] 

∆𝑃𝐸𝐸𝑉 45.5 [bar] 44.72 [bar] 1.71 [%] 

∆𝑃0𝐿|𝑇𝑃 0.6 [bar] 0.5874 [bar] 2.10 [%] 

 

Test 2 – overlaid thermo-physical property diagrams: 
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Test 3 - input parameters: 

INPUT MEANING VALUE UNIT 

eta_isen 
Compressor’s 

isentropic efficiency 
0.6200 [-] 

FF_io 
Inner tube outer 

fouling factor 
0.00 [m2-K/kW] 

T_wi_GC 
Gas cooler water inlet 

temperature 
293.55 [K] 

Q_GC 
Gas cooler water 

volumetric flow rate 
16.20 [l/min] 

Open% 
EEV orifice open 

percentage 
0.60 [-] 

T_wi_E 
Evaporator water inlet 

temperature 
313.00 [K] 

Q_E 
Evaporator water 

volumetric flow rate 
16.00 [l/min] 

 

Test 3 – measured test bench values vs simulated values: 

PARAMETER TEST BENCH SIMULATION DEVIATION 

�̇�𝑅744 0.1959 [kg/s] 0.1991 [kg/s] 1.63 [%] 

∆𝑇𝑆𝐻 10.40 [K] 10.70 [K] 2.88 [%] 

�̇�𝑆𝐻 3.604 [kW] 4.397 [kW] 22.00 [%] 

�̇�𝐶 9.81 [kW] 8.372 [kW] 14.66 [%] 

�̇�𝐺𝐶 27.022 [kW] 33.810 [kW] 25.12 [%] 

�̇�𝑇𝑃 13.608 [kW] 21.158 [kW] 55.48 [%] 

∆𝑃0𝐿|𝑆𝐻 0.1 [bar] 0.1283 [bar] 28.30 [%] 

∆𝑃0𝐿|𝐺𝐶 4.2 [bar] 0.3238 [bar] 92.29 [%] 

∆𝑃𝐸𝐸𝑉 37.4 [bar] 36.59 [bar] 2.17 [%] 

∆𝑃0𝐿|𝑇𝑃 0.6 [bar] 0.5489 [bar] 8.52 [%] 

 

Test 3 – overlaid thermo-physical property diagrams: 
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Test 4 - input parameters: 

INPUT MEANING VALUE UNIT 

eta_isen 
Compressor’s 

isentropic efficiency 
0.5552 [-] 

FF_io 
Inner tube outer 

fouling factor 
0.00 [m2-K/kW] 

T_wi_GC 
Gas cooler water inlet 

temperature 
292.15 [K] 

Q_GC 
Gas cooler water 

volumetric flow rate 
16.20 [l/min] 

Open% 
EEV orifice open 

percentage 
0.70 [-] 

T_wi_E 
Evaporator water inlet 

temperature 
313.00 [K] 

Q_E 
Evaporator water 

volumetric flow rate 
16.00 [l/min] 

 

Test 4 – measured test bench values vs simulated values: 

PARAMETER TEST BENCH SIMULATION DEVIATION 

�̇�𝑅744 0.2165 [kg/s] 0.2136 [kg/s] 1.34 [%] 

∆𝑇𝑆𝐻 12.10 [K] 11.88 [K] 1.82 [%] 

�̇�𝑆𝐻 3.921 [kW] 6.458 [kW] 64.70 [%] 

�̇�𝐶 9.10 [kW] 7.164 [kW] 21.27 [%] 

�̇�𝐺𝐶 21.054 [kW] 33.714 [kW] 60.13 [%] 

�̇�𝑇𝑃 8.032 [kW] 20.519 [kW] 155.47 [%] 

∆𝑃0𝐿|𝑆𝐻 0.2 [bar] 0.25000 [bar] 25.00 [%] 

∆𝑃0𝐿|𝐺𝐶 4.4 [bar] 0.3735 [bar] 91.51 [%] 

∆𝑃𝐸𝐸𝑉 27.7 [bar] 28.46 [bar] 2.74 [%] 

∆𝑃0𝐿|𝑇𝑃 2.5 [bar] 0.3490 [bar] 86.04 [%] 

 

Test 4 – overlaid thermo-physical property diagrams: 
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APPENDIX E: PAPER CONTRIBUTIONS 
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ABSTRACT 

Heat pump systems have gained acceptance and appeal as an energy efficient alternative to electrical geysers for 

the purpose of water heating. This paper investigates a next-generation transcritical heat pump system using 

carbon dioxide as its working fluid. The water-to-water heat pump system used in this study simultaneously 

produces cooled and heated water. The heat pump system consists of four components. An evaporator is used to 

extract heat from a stream of water in order to evaporate and then superheat the working fluid. Chronologically 

after the evaporator comes the reciprocating compressor that raises the pressure and temperature of the working 

fluid to enable its circulation through the system. The gas cooler follows the compressor and is responsible for 

transferring heat from the working fluid to the second stream of interacting water. The expansion valve causes 

the working fluid, that leaves the gas cooler component, to undergo a large pressure drop and phase change. The 

working fluid that leaves the expansion valve enters the evaporator component for evaporation and superheating. 

The continuous conversion between different forms of energy, as enabled by the heat pump’s components, make 

heat pumps susceptible to many different types of fault conditions. In this paper, the identification of faults that 

can occur during the operation of a heat pump and the degrading effects thereof on system performance were 

investigated. Fault detection and monitoring of the heat pump system via various visual representations are 

proposed. Specifically; fouling, working fluid leakage and coinciding water pump failure as system faults were 

investigated. The visual representations could uniquely identify and distinguish between the investigated fault 

conditions. The graphs were also able to monitor the severity and progression of system faults and their 

contribution to performance degradation. 

Keywords: Transcritical heat pump, carbon dioxide, diagnosis, system performance, performance visualisation 

 

1. INTRODUCTION 

In the residential and domestic sectors, electrical geysers are traditionally used to provide warm water on demand. 

Carré [71] states that space and water heating accounts for approximately 70% of the IEA19 country group 

domestic sector energy consumption. Heat pump systems have gained notoriety in recent times due to their high 

efficiency when applied as alternative space heating and fluid heating solutions. 

Heat pumps contain different system components in which energy is converted back and forth between different 

forms. Energy can be present in the form of thermal-, mechanical- and electrical energy in heat pump systems. 

The relative complexity of heat pump systems and the continuous conversion between different forms of energy 

by components that are present in heat pump systems make such a system susceptible to many different types of 

fault conditions [72].  

Li et al. [73] did a theoretical and numerical study on an air-source heat pump system in the high-altitude region 

of Tibet, China. The study was performed to assess the performance of a specific air-source heat pump (ASHP) 

system operating at various ambient conditions. The study benchmarked and represented the ASHP system’s 

performance using various derived two-dimensional relationships. Parameters like system power consumption, 

heat pump heating capacity and the coefficient of performance (COP) were related to ambient air temperature at 

various produced hot water temperatures. Li et al. focused only on the influence of ambient factors on system 

performance. Fault conditions were not considered in the study. Another study by Casteleiro-Roca et al. [74] 

considered a geothermal heat pump system used to heat a bioclimatic house in Galicia, Spain. The study used a 

novel intelligent approach to detect possible fault conditions in the system’s geothermal heat exchanger. The fault 

detection approach implemented classification techniques and temperature probe date from two temperature 

sensors, located on the system’s geothermal heat exchanger, to identify the presence of fault conditions and their 
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effect on the system. The approach proved to have high accuracy, but only for the identification of fault conditions 

which stemmed from problems associated with the system’s geothermal heat exchanger. Mehrabi and Yuill [75] 

did a study on the generalised effects of faults on the normalised performance of air conditioners and heat pumps. 

Fault intensity (FI) factors were used to model the drift of various defined parameters, which occur due to faults, 

from their nominal values. Fault conditions which incorporated the effects of change in refrigerant system mass, 

COP, input power, working fluid mass flow and pressure drop due to liquid line restrictions were considered in 

the study. Different operational scenarios were presented by depicting the heat pump cycle on temperature-

entropy (T-s) and pressure-enthalpy (P-h) diagrams. Each depicted cycle diagram corresponded to various unique 

FI factor values. 

In this paper, the use of unique two-dimensional and three-dimensional visual representations which correlate 

system performance parameters to the progressive effects of faults are investigated. The approach uses the 

interpretation of the proposed graphs as a means to identify specific faults and quantify their magnitude and 

progression in the considered heat pump system. 

In Section 2 a system description is given of the investigated system and its component arrangement. Section 2 

also discusses the holistic system level modelling approach used to solve for the system parameters in the selected 

simulation environment. After that, Section 3 presents and discusses the indices used to benchmark the overall 

system performance of the investigated heat pump. In Section 4 the unique visual representation to be used to 

visualise the degradation impacts of faults on the heat pump system’s performance is presented. The paper 

concludes with Section 5 where the summary of key findings of the study and recommendations for future work 

on the topic are discussed. 

2. SYSTEM DESCRIPTION AND MODEL 

2.1. Overview 

The heat pump system considered in this paper is a thermal-fluid device that uses carbon dioxide as an 

environmentally friendly working fluid. The secondary interacting fluid in the system is water. Two different 

streams of water are circulated through the system. The first stream that flows through the evaporator component 

serves as an energy source and is therefore cooled during system operation. The second stream flowing through 

the gas cooler serves as an energy sink and is therefore heated during system operation. Additionally, the heat 

pump system consists of a compressor which circulates the carbon dioxide and an expansion valve which 

regulates pressure drop and initiates the evaporation process in the evaporator. The heat pump system thus 

transfers heat energy from the one water stream to the other via the circulated carbon dioxide gas. The heat pump 

system’s component layout is illustrated in Figure 1. 

 

Figure  1. Diagrammatic representation of heat pump system layout 
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The first feed pump ensures circulation of water through the evaporator in which heat is transferred from the 

water to the carbon dioxide. The water is thus cooled, and the carbon dioxide absorbs heat to evaporate to the 

saturated gas state and heat even further into the superheated gas state. The second feed pump circulates the water 

to be heated through the gas cooler component. The water absorbs heat from the supercritical carbon dioxide. 

The supercritical gas is thus cooled, and heated water is delivered at the gas cooler outlet during system operation. 

2.2. Refrigerant cycle representation 

The thermodynamic behaviour of the system’s refrigerant may be illustrated via a graphical representation that 

uses critical cycle points. Cycle points are graphed points that are representative of refrigerant thermo-physical 

properties at specific locations in the system. Cycle point (1) to (2) represents heat absorption by the refrigerant 

in the evaporator component. The compressor does work on the refrigerant to circulate it through the system. The 

action of the compressor is depicted by cycle point (2) to (3). After compression, the refrigerant transfers heat to 

water in the gas cooler component. The heat rejection from the refrigerant is represented by cycle point (3) to (4). 

After heat rejection, the expansion valve component decreases the refrigerant pressure and enables the process 

of evaporation. The expansion valve isenthalpic pressure drop process occurs from point (4) to (1). The refrigerant 

behaviour may be visualised on a temperature-entropy diagram as shown in Figure 2. 

 

Figure  2. Heat pump refrigerant loop depicted on a T-s diagram [76] 

2.3. System model 

The system model was developed in the Engineering Equation Solver [77] (EES®) environment. The simulation 

methodology used a system level approach. Semi-theoretical models were used with the implementation of 

conservation laws to solve for the required parameters which quantified the behavioural properties of each 

component in the system. The laws of conservation of mass, momentum and energy (for steady incompressible 

flow) were each applied to every component in the system. The use of the incompressible form of the conservation 

of momentum law is valid due to the Mach number of the refrigerant never exceeding 0.1 throughout the system 

within the range of simulated system conditions. At flow Mach numbers below 0.3, the compressible and 

incompressible form of the law of conservation of momentum both yield the same thermo-physical property 

results. The law of conservation of mass for steady incompressible flow through an individual component’s 

control volume region (CV) is expressed mathematically as [78]: 
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 ∑�̇�𝑖𝑛

𝑛1

𝑖=1

│𝑖 =∑�̇�𝑜𝑢𝑡

𝑛2

𝑗=1

 ,  (1) 

where the first term is the summation of all the mass flow streams entering the CV and the second term is the 

summation of all the mass flow streams flowing out of the CV. The refrigerant and interacting water all flow 

through pipes with no other fluid flowing in or out of the piping. The conservation of mass for every system 

component may thus be simplified to: 

 �̇�𝑖𝑛 = �̇�𝑜𝑢𝑡  .  (2) 

Equation (2) holds true for each component and for the refrigerant side of the heat exchanger as well as the water 

side. The law of conservation of momentum for steady (incompressible low Mach number) flow through an 

individual component’s CR is expressed as [78]: 

 ∑(𝑃𝑡𝑜𝑡)𝑖𝑛

𝑛1

𝑖=1

│𝑖 +∑(𝜌𝑔𝑧)𝑖𝑛

𝑛2

𝑗=1

│𝑗 =∑(𝑃𝑡𝑜𝑡)𝑜𝑢𝑡

𝑛3

𝑘=1

│𝑘 +∑(𝜌𝑔𝑧)𝑜𝑢𝑡

𝑛4

𝑙=1

│𝑙 + ∆𝑃𝑡𝑜𝑡 ,  (3) 

where the first term is the total pressure of the fluid(s) entering the CV, the second term is the hydrostatic pressure 

of fluid(s) entering the CV, the third and fourth term represents the total- and hydrostatic pressure of fluid(s) 

leaving the CV and the fifth term represents the pressure drop which occurs as the various interacting fluids flow 

through the CV. Equation (3) may be simplified by only considering the interacting fluids for each component. 

For the refrigerant side of the evaporator, gas cooler and expansion valve components are: 

 (𝑃𝑡𝑜𝑡|𝑟)𝑖𝑛 = (𝑃𝑡𝑜𝑡|𝑟)𝑜𝑢𝑡 + ∆𝑃𝑡𝑜𝑡|𝑟  .  (4) 

The conservation of momentum for the water side of the evaporator and gas cooler components is: 

 (𝑃𝑡𝑜𝑡|𝑤)𝑖𝑛 = (𝑃𝑡𝑜𝑡|𝑤)𝑜𝑢𝑡 + ∆𝑃𝑡𝑜𝑡|𝑤  .  (5) 

The pressure ratio of the compressor is used to find the discharge pressure of the refrigerant leaving the 

compressor. The ratio of pressure for a compressor is defined as [69]: 

 𝑟𝑃 =
𝑃𝑡𝑜𝑡|𝑜𝑢𝑡𝑙𝑒𝑡
𝑃𝑡𝑜𝑡|𝑖𝑛𝑙𝑒𝑡

 .  (6) 

Finally, the law of conservation of energy (First Law of Thermodynamics) for a steady flow process of an 

individual component’s CV is given by [78]: 

 �̇�𝑛𝑒𝑡 + �̇�𝑛𝑒𝑡 +∑(�̇�ℎ𝑡𝑜𝑡)𝑖𝑛

𝑛1

𝑖=1

│𝑖 +∑(�̇�𝑔𝑧)𝑖𝑛

𝑛2

𝑗=1

│𝑗 =∑(�̇�ℎ𝑡𝑜𝑡)𝑜𝑢𝑡

𝑛3

𝑘=1

│𝑘 +∑(�̇�𝑔𝑧)𝑜𝑢𝑡

𝑛4

𝑙=1

│𝑙 ,  (7) 

where the first term is the net heat transfer into the CV, the second term is the net work absorbed by the CV, the 

third term is the total flow energy entering the CV, the fourth term is the gravitational potential energy of the 

flow(s) entering the system, the fifth term represents the flow energy leaving the CV, and the sixth term represents 

the gravitational potential energy of the flow(s) departing the CV. The conservation of energy for each component 

was compiled under the assumption that the elevation head difference throughout the system is negligible. The 

conservation of energy for the evaporator and gas cooler component is 

 (�̇�ℎ𝑡𝑜𝑡|𝑟)𝑖𝑛 + (�̇�ℎ𝑡𝑜𝑡|𝑤)𝑖𝑛 = (�̇�ℎ𝑡𝑜𝑡|𝑟)𝑜𝑢𝑡 + (�̇�ℎ𝑡𝑜𝑡|𝑤)𝑜𝑢𝑡 .  (8) 

The conservation of energy for the compressor component is 

 (�̇�ℎ𝑡𝑜𝑡|𝑟)𝑖𝑛 + �̇�𝐶 = (�̇�ℎ𝑡𝑜𝑡|𝑟)𝑜𝑢𝑡 .  (9) 

The expansion valve component’s throttling process is assumed to be isenthalpic. Under the isenthalpic 

assumption, the conservation of energy for the expansion valve simplifies to: 

 (�̇�ℎ𝑡𝑜𝑡|𝑟)𝑖𝑛 = (�̇�ℎ𝑡𝑜𝑡|𝑟)𝑜𝑢𝑡 .  (10) 
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In addition to the traditional conservation laws, an exergy balance was also applied to each component to solve 

for its corresponding internal irreversibility rate within each system component. An exergy balance for an 

individual component’s CV has the form [79]: 

 �̇�𝐶𝑅
�̇�
+ �̇�𝑛𝑒𝑡 +∑(�̇�)𝑖𝑛

𝑛1

𝑖=1

│𝑖 =∑(�̇�)𝑜𝑢𝑡

𝑛2

𝑗=1

│𝑗 + 𝐼�̇� ,  (11) 

where the first term is the exergy transfer to the CV due to heat transfer, the second term is the net work absorbed 

by the CV, the third term is the exergy entering the CV, the fourth term is exergy leaving the CV and the fifth 

term is the rate at which exergy is irreversibility destroyed inside of the CV. The evaporator and gas cooler 

component do not have associated work terms in their respective exergy balance equations. The exergy balance 

for the evaporator is: 

 (�̇�𝑔)𝑖𝑛
+ (�̇�𝑤)𝑖𝑛 = (�̇�𝑔)𝑜𝑢𝑡

+ (�̇�𝑤)𝑜𝑢𝑡 + 𝐼�̇�  .  (12) 

The exergy balance for the gas cooler component is identical to the exergy balance for the evaporator component, 

as in (12), with the only difference being that the irreversibility rate’s subscript change to GC. The exergy balance 

for the compressor component is: 

 (�̇�𝑔)𝑖𝑛
+ �̇�𝐶 = (�̇�𝑔)𝑜𝑢𝑡

+ 𝐼�̇�  .  (13) 

The exergy balance for the expansion valve component is: 

 (�̇�𝑔)𝑖𝑛
= (�̇�𝑔)𝑜𝑢𝑡

+ 𝐼�̇�𝑉 .  (14) 

2.4. Validation of the system model 

The EES® system simulation model from which results were generated for this paper has been validated by de 

Bruin et al. [80] using the comparison of simulation data to experimental results overlaid on a cycle T-s diagram. 

This paper generates results from an updated and improved version of the previously validated simulation model. 

3. SYSTEM PERFORMANCE MEASURES 

Thermal-fluid systems can be modelled and evaluated by usage of their energy as well as exergy characteristics. 

The application of system energy indices is considered first. The most well-known benchmark of heat pump 

performance is the coefficient of performance [69]. The COP relates how much useful energy leaves the 

refrigerant loop compared to the energy invested in driving the heat pump’s compressor. The formula for the 

coefficient of performance of a heat pump assigned to a heating objective is: 

 𝐶𝑂𝑃 =
�̇�ℎ𝑒𝑎𝑡

�̇�𝑒𝑙𝑒𝑐
 ,  (15) 

where �̇�ℎ𝑒𝑎𝑡 is the heat transferred to the water being heated and �̇�𝑒𝑙𝑒𝑐 is the electrical energy required by the 

system’s compressor. The COP does not give an indication of how well the system is performing compared to 

ideal energy transfer system conditions. Stene [81] recommends the Lorentz efficiency index in order to 

benchmark a heat pump system’s COP to a maximum COP which could be achieved under theoretical ideal 

circumstances. The Lorentz efficiency for a transcritical heat pump has the form: 

 𝜂𝐿𝑍 =
𝐶𝑂𝑃

𝐶𝑂𝑃𝑚𝑎𝑥
100,  (16) 

where 𝐶𝑂𝑃𝑚𝑎𝑥 is expressed as 

 𝐶𝑂𝑃𝑚𝑎𝑥 =
𝑇𝐺𝐶̅̅ ̅̅

𝑇𝐺𝐶̅̅ ̅̅ − 𝑇𝑒𝑣𝑎𝑝
 .  (17) 

𝑇𝐺𝐶̅̅ ̅̅  is the logarithmic mean heat rejection temperature in the gas cooler component and 𝑇𝑒𝑣𝑎𝑝 is the evaporation 

temperature respectively found in the evaporator component. Kotas [79] argues that it is more rational to use 

exergy analysis to evaluate the performance of thermal-fluid systems. Kotas purposes the formulation of rational 

exergy domain efficiency indices which compare process operation to that of a process which is completely 

reversible. 
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The rational efficiency of a process can be defined in two different manners. The first way to define rational 

efficiency is by relating how much irreversibility is deducted from the driving exergy of a system due to effects 

of intrinsic and avoidable process inefficiencies. Mathematically the first form of rational efficiency for a heat 

pump is expressed as: 

 𝑅𝑎𝑡1 =
�̇�𝑒𝑙𝑒𝑐 −∑ 𝐼�̇�

𝑛
𝑖=1

�̇�𝑒𝑙𝑒𝑐
100,  (18) 

where 𝐼�̇� is irreversibility rate inside a sub-system component which must always have a positive and greater 

than zero value. The second rational efficiency has equivalent logic to the COP because it is defined as the ratio 

of useful desired exergy delivered by the system to the exergy expenditure used to drive the system. The second 

form of rational efficiency is expressed as 

 𝑅𝑎𝑡2 =
∆�̇�𝐺𝐶

�̇�𝑒𝑙𝑒𝑐
100,  (19) 

where ∆�̇�𝐺𝐶 is the exergy absorbed by the water that is heated by the heat transfer process in the gas cooler 

component. 

4. VISUALISATION OF FAULT CONDITIONS 

4.1. Heat pump system faults 

There are multiple faults which can occur in the considered heat pump system. A fault with a fast-enough onset 

could be considered so severe that it may cause the system to cut out completely and to stop working instantly. 

A severe system fault could, for example, be a loss of electrical power to the system’s compressor. If the heat 

pump system’s compressor cuts out during operation, then the heat pump system will stop transferring heat 

between the two water streams almost instantaneously. Other system faults manifest and progress slowly with 

time. These faults can slowly reduce the performance of the system over time without an operator noticing due 

to the slow and incremental, steady decrease in system performance. 

This paper considers three faults that may develop slowly over time in a carbon dioxide heat pump system 

namely: the build-up of unwanted material inside the heat exchanger tubes, gas leakage from the refrigerant loop 

and finally external water pump failure. The build-up of unwanted material inside heat exchangers is formally 

called fouling [82]. Fouling build-up occurs when water with impurities is circulated through heat exchangers. 

The impurities precipitate onto the inside of the tube walls with time. The refrigerant may leak from the primary 

loop in a heat pump system due to the culmination of erosive effects of particulate matter that is carried with the 

flow of a fluid through system tubing. The erosion of the tubing may ultimately lead to a hole in the piping from 

which refrigerant may leak. Pump failure may occur due to problems with the pump’s electric motor or due to 

pump impeller damage that has occurred over time due to insufficient pump net positive suction head (NPSH) at 

the pump’s inlet [83]. Fouling may also build-up with time inside water pumps just like inside the tubing of 

components. 

4.2. Visualisation of gas cooler fouling build-up 

Fouling in the system was simulated by varying the gas cooler’s inner tube’s outer fouling factor (𝐹𝐹𝑖𝑜), which 

effects the gas cooler component’s thermal resistance levels, from 0.0 to 2.0 [m2-K/kW]. Fouling has the effect 

of introducing extra thermal resistance in the path of heat transfer inside a heat exchanger. The effect of fouling 

is the same as with the introduction of extra electrical resistance in an electrical circuit. The analogy between 

thermal and electrical resistance is depicted in Figure 3. 
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Figure  3. Circuit analogy that shows the similarities between thermal and electrical resistance 

An increasing amount of fouling presence in the transcritical heat pump system’s gas cooler was found to have 

the effect on the magnitude of the four performance indices used to benchmark the refrigerant cycle as 

summarised in Table 1: 

Table  1: The effect of the fouling fault condition on the magnitude of the heat pump’s performance indices 

FAULT 𝑪𝑶𝑷 𝜼𝑳𝒁 𝑹𝒂𝒕𝟏 𝑹𝒂𝒕𝟐 

Gas cooler fouling Decreases Decreases Decreases Increases 

A decrease in the heat pump system’s performance may be due to the progression of any number of faults in the 

system. To specifically visualise the impact and the progression of fouling a logarithmic pressure – flow energy 

(log. P-h) diagram is suitable. The log P-h diagram that illustrates the heat pump’s working fluid under various 

gas cooler fouling conditions is depicted in Figure 4. 

 

Figure  4. Fouling fault condition visualised on a log. P-h diagram 
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Figure 4 represents the thermo-physical condition of the heat pump’s working fluid at various physical locations 

throughout the heat pump system’s constituent components. Visual inspection of Figure 4 shows that in order to 

maintain the required heat transfer rate in the gas cooler component – the compressor’s discharge pressure and 

temperature trends to increase with an increase in the fouling build-up in the gas cooler. 

4.3. Visualisation of working fluid leakage 

Working fluid leakage was simulated using a parametric study in which the mass flow rate value for the reference 

condition was used as the initial entry and with subsequent decreasing values for the mass flow rate onwards in 

the parametric table. Table 2 summarises the effect that an increasing amount of working fluid leakage has on 

the four performance indices. 

Table  2: The effect of the working fluid fault condition on the magnitude of the heat pump’s performance indices 

FAULT 𝑪𝑶𝑷 𝜼𝑳𝒁 𝑹𝒂𝒕𝟏 𝑹𝒂𝒕𝟐 

Refrigerant leakage Decreases Decreases Increases Decreases 

A discretised temperature-position (T-pos) diagram has some interesting properties suited for the visual 

investigation of working fluid leakage. Figure 5 illustrates the lengthwise thermal interaction between the cooled 

working fluid stream and the heated water stream, that respectively interact in the gas cooler component, before 

and after working fluid leakage has occurred. 

 

Figure  5. Working fluid leakage fault condition visualised on a T-pos diagram 

From Figure 5 it should be noted that a pinching zone may be identified on the diagram. It can be seen that in the 

interval between 0 [m] and 5 [m] that the working fluid undergoes a rapid temperature decrease when compared 

to the reference condition in the same length interval. The pinching zone occurs due to the decreased ability of 

the working fluid to carry and store thermal energy as it flows through the gas cooler. The pinching zone occurs 

between the interacting fluid streams after working fluid leakage has occurred and the region is indicated by the 

black ellipse. Due to working fluid leakage the temperature difference between the interaction fluid streams in 

the pinching zone, as represented by the symbol – 𝜹, trends increasingly to zero. 
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4.4. Visualisation of simultaneous water pump failure 

Simultaneous water pump failure was simulated by varying the delivered volumetric flow rate of each pump of 

the two water pumps simultaneously between 16 and 6.5 [l/min] in a parametric table. Simultaneous failure was 

simulated to investigate a system fault condition that may stem from improper pump installation/ maintenance of 

both system heat exchangers. A decreased flow rate delivery from a pump can be thought of as a forerunner effect 

that may be a warning sign in the lead up to complete pump failure. The Lorentz efficiency was selected as the 

z-axis parameters for the compilation of a three-dimensional graph. The x-axis represents the volumetric flow 

rate of feed pump one and the y-axis represents the volumetric flow rate of feed pump two. Figure 6 depicts the 

relationship between heat pump Lorentz efficiency and the volumetric flow rates delivered by the heat pump’s 

feed pumps. 

 

Figure  6. Lorentz efficiency three-dimensional representation as a function of feed pump volumetric flow rates 

5. CONCLUSION 

Figure 4 shows a pattern where the representative expansion valve line moves from the left to the right on the 

graph. The line that is representative of the heat transfer in the gas cooler shows a pattern of moving from a lower 

pressure to a higher pressure. A transcritical heat pump of which the associated refrigerant shows the shift in 

cyclic representation as illustrated in Figure 4 may be diagnosed as having fouling present as a fault condition in 

it. The presence of a pinching zone on a T-pos diagram may be used as a means to identify and isolate a working 

fluid leakage fault condition. The comparison between representative fluid lines on T-pos diagrams may be used 

as a means to track the progression of working fluid leakage within a heat pump system. The results presented in 

Table 1 are distinguishable from the results present in Table 2. Gas cooler fouling and refrigerant leakage are 

thus distinguishable fault conditions when only using the behaviour of the performance indices as a fault detection 

procedure. 

From Figure 6 it can be seen that when the volumetric flow rate of the evaporator’s water pump, 𝑄𝐸, and the 

volumetric flow rate of the gas cooler’s water pump, 𝑄𝐺𝐶, are decreased then the Lorentz efficiency, 𝜂𝐿𝑍, of the 

associated heat pump trends to a minimum value. The Lorentz efficiency is at its lowest value in the blue ‘cold 

spot’ region in Figure 6. The cold spot region coincides with the lowest values of the simulated volumetric flow 

delivery rates by the heat pump system’s two water pumps.  

Future research should include an investigation of whether the same patterns and visual representations, as 

suggested in this paper, could be used to identify faults in larger simulated data ranges. Various combinations of 

fault conditions also need to be investigated and such an investigation may result in the development of improved 

residual definitions. 
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