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”So let us come boldly to the throne of our gracious God. There we will receive his

mercy, and we will find grace to help us when we need it most.” Hebrews 4:16
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Abstract

The objective of this study is to develop an energy visualisation of a counter-flow heat ex-

changer by making use of graph matching. The energy visualisation developed should be

suitable for the purpose of fault diagnosis. Since energy is a multi-domain parameter, it is

considered as an ideal approach for fault diagnosis.

The heat exchanger model used in this study is based on the gas cooler of an operating CO2 heat

pump test bench at the North-West University. A simplified model is developed in Flownexr;

a simulation environment that can be used to simulate flow and heat transfer systems. Exper-

imental data have been used to validate the components available in Flownexr. The model

is adjusted to incorporate faults by adding the necessary Flownexr components. The faults

concerned include a fluid leak, heat leakage and fouling.

Energy can be seen as a unifying concept convenient to address multi-domain systems. System

information can be reduced to the essentials if energy is used as modelling parameter. The

concepts of exergy and energy flow rate are used to fully represent the energy of the heat

exchanger. Energy information is related to attributed linear graphs and graph matching is

applied on these graphs. The resulting outputs include a permutation matrix, a cost matrix and

a distance parameter. Graph matching is a technique that describes how similar two graphs

are. Therefore, the three outputs can be viewed as a description of how similar the energy

information contained in two graphs are.

Visualisation is achieved by computing and plotting the eigenvalues of the cost matrix. Using

this visual presentation, a procedure to identify which of the three faults has occurred, is

developed. The procedure is successful in identifying a fluid leak, heat leakage and fouling.

This study confirms that the energy visualisation of a counter-flow heat exchanger can be

achieved by making use of graph matching. The use of energy reduces the number of pa-

rameters considered and makes it possible to treat the fluid and thermal domains found in

a heat exchanger in a similar fashion. This study shows that energy visualisation and graph

matching are suitable for the purpose of fault diagnosis in a practical system.
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Chapter 1

Introduction

This chapter starts with a background on energy as a quantity of system characterisation and motivates

the use of a heat exchanger as a case study. The concept of a reference signature is discussed. The focus

then turns to graph matching as a tool to achieve energy visualisation. Next, the issues to be addressed

are discussed as well as the methodology involved. Lastly the chapter concludes with an outline of the

rest of this document.

1.1 Background

Energy is required to sustain life and is essential to address basic human needs. In [1] the

total final consumption by fuel of the world in 2014 was given as 9 425.69 Mega tons per oil

equivalent (Mtoe). The largest fuel share sectors are 39.94% oil, 18.1% electricity and 15.1%

natural gas. The demand for energy is ever increasing; the outlook for total final consumption

by fuel for 2040 is given as 12 244 Mtoe.

The industry sector is one of the largest sectors to consume energy. In 2014 the industry sector

accounted 29.2% of the total final consumption by fuel. This is expected to increase to 31.3%

by 2040 [1]. There is a lot of focus on studying how energy can be generated and used more

efficiently. This can only be done by looking closer at the energy flow of a system.
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Chapter 1 Background

Energy is a very useful quantity to characterise any system or process. Energy is a universal

concept that can be used for systems that transpire in more than one domain and can be under-

stood by people that work in different disciplines of science and engineering [2]. Furthermore,

the use of energy representation might lead to additional information regarding a system that

is not present in the current way of modelling a system in terms of domain properties and by

making use of fundamental equations.

A system that is widely used and forms an integral part of most large scale industrial processes

is a heat exchanger. By decreasing the use of energy in heat exchangers, the total energy

consumption can be decreased. A heat exchanger is a device that is used to transfer heat

between two different fluids. The two fluids are kept apart and at different temperatures [3].

Heat exchangers are commonly used in chemical processes, power production as well as in

HVAC (heating, ventilation and air conditioning) systems, both commercially and industrially.

Configuration and direction flow are two categories typically used to classify heat exchangers

[4]. The class of heat exchanger used depends on the application.

Fouling is a fault that occurs in heat exchangers and is described as a serious and ongoing issue

that negatively impacts the efficiency of a heat exchanger [5]. Inadequate insulation and leaks

in the heat exchanger pipes are other phenomena that affect the efficiency of a heat exchanger.

As heat exchangers are so widely used; if faults, like the above mentioned, can be correctly

identified and corrected, it could lead to a significant decrease in unnecessary energy loss. In

order to achieve this, some sort of energy signature will be needed. This energy signature

should describe the faultless system. The signature generated will then be compared to the

data of the system with a fault in order to identify the fault.

A graph theoretic approach is chosen as the framework to achieve the generation of the sig-

nature. The approach is called attributed graph matching and is used to describe graph sim-

ilarities [6]. Graph matching enables the comparison of the energy signature and data with

faults. Graph matching can only be applied to linear graphs. A linear graph is a graph in

which vertices denote the nodes of the original system and the edges denote the energy flow by

making use of through and across variables [7]. One of the functional features of linear graphs

is that they can easily be converted to a matrix. A matrix is convenient to use in computer

processing [8]. In an attributed linear graph, the nodes as well as the edges have labels. Labels
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can be numeric or symbolic [6].

1.2 Problem Statement

The objective of this study is to apply a linear graph-based approach to visualise the energy

in a counter flow heat exchanger. The visualisation must be sensitive to faults that can occur

in a heat exchanger and must be able to identify the type of fault that has occurred. Energy,

a multi-domain element, must be used as the modelling tool to incorporate both the fluid and

thermal domains of a heat exchanger. The graph matching technique chosen is applied to the

energy information of a double pipe counter-flow single phase heat exchanger with warm CO2

as the working fluid which is used to heat water.

1.3 Issues to be addressed and methodology

In this section the most important aspects or challenges of the study are discussed as well as

how they will be resolved.

1.3.1 Model of a heat exchanger

A model of a heat exchanger is needed in order characterise the heat exchanger in terms of

energy. An existing Flownexr model of a double pipe counter flow single phase will be used.

The model is based on the staggered grid approach. A model is used to simulate the heat

exchanger with and without a fault. The faults that will be simulated include a heat leak, a

fluid leak and fouling in the pipes.

1.3.2 Energy characterisation of a heat exchanger

Exergy and energy flow will be used to represent the energy in the heat exchanger. The

aforementioned can be computed by making use of the parameters that are available in the

Flownexr model as well as other thermodynamic properties that can be derived from the
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parameters of the Flownexr model by making use of Engineering Equation Solver (EES is a

software package used to solve engineering equations and can compute the thermodynamic

properties of most materials.) Different energy characterisations are derived for the heat ex-

changer with and without faults.

1.3.3 Graph matching approach

There are various graph matching techniques that can be applied. Attributed graph matching

is chosen as the most suitable. The appropriate size for the attributed linear graph is identified

and then populated with the energy information obtained in the previous step. This is done for

the heat exchanger with and without a fault. Then, graph matching is applied to the different

linear graphs, where each graph containing fault information is compared to the graph without

fault information. The graph matching technique is applied by making use of MATLABr.

1.3.4 Energy visualization

By making use of the data obtained by applying the graph matching technique, an energy

signature of the heat exchanger without a fault can be obtained. The same procedure is then

followed to obtain fault visualisations. The reference signature and fault energy visualisation

will be compared and a procedure developed that will be able to distinguish between the

different faults. The signatures will be created by making use of eigenvalue theory and will

be implemented in MATLABr.

1.3.5 Verification

The verification process will be spread out through the dissertation. Each consecutive outcome

will be verified straight away to determine if the data or the information attained is sensible

and meaningful.

4



Chapter 1 Overview of dissertation

1.4 Overview of dissertation

In chapter 2 an overview of heat exchanger types and faults are discussed. Some fault diagnosis

schemes are examined. Then, energy concepts such as exergy, energy flow and heat transfer

are described. An overview of different graph matching techniques is presented. Lastly, the

basic mathematical equations of graph matching are explained.

The heat exchangers models that will be used are discussed in chapter 3. The staggered grid

approach and the software package Flownexr are introduced. Attention will be given to how

the fault models are constructed as well as the identification of the parameters that are available

to be used.

Chapter 4 describes how the Flownexr model and its parameters will be translated into rep-

resenting the energy in the heat exchanger. Energy characterisation will be calculated for the

heat exchanger without a fault as well as each of the three faults.

In chapter 5 the energy characterisations of the previous chapter will be linked to linear graphs

and a graph matching technique that makes use of local descriptions will be applied to the

graphs. The technique compares two graphs by making use of node signature extraction. A

cost matrix and distance parameter is defined for each set of graphs.

In chapter 6 the energy signatures and energy visualisations are calculated and displayed.

The procedure to identify the different faults is described. The procedure is verified by using

different boundary conditions and degrees of faults.

Finally, chapter 7 contains a discussion of the usefulness of using graph matching as a means

to energy visualisation. Some concluding remarks and future work concerning this study is

discussed.
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Literature overview

This chapter is concerned with the relevant literature associated with a graph theoretic approach towards

energy visualisation of heat exchangers. The first part includes a literature survey regarding energy-

based modelling and graph-theoretic system approaches. The chapter continues with some theory of

heat exchangers and faults that occur on heat exchangers. Fault diagnosis is discussed briefly before

continuing with energy concepts. Graph matching is considered next. The chapter concludes with a

critical overview of the associated literature.

2.1 Literature Overview

Most large scale industrial processes take place in different physical domains. The challenge

is to represent models of these systems in a standardised way representative of all relevant

physical domains. Recent work that was done by Van Schoor et al in [9] suggests that energy is

a sufficient tool to characterise and model large-scale industrial processes. Energy is described

as a unifying concept that can be used across domains.

In 2011, Haddad and Nersesov [10] proposed a dynamical system model that is based on an

energy perspective. Such a model is achieved by ensuring the model satisfies energy conser-

vation laws. They then continue with this model and use an energy perspective to optimise a
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large complex system whilst keeping in mind the stability and control of the system.

The problem of modelling a large system in multiple domains was already identified in 1984 by

Chinneck and Chandrashekar [11]. They argue that a plant-level model is necessary in order

to optimise a system. The plant-level models they developed relied strongly on the second

law of thermodynamics - specifically in its exergy form. A set of variables that can sufficiently

describe all energy flow in sub-systems was suggested by making use of exergy principles.

Concerning the use of energy for fault diagnosis, recent work by Marais et al [12] proposed an

energy parameter to perform condition monitoring on a chemical reactor. The paper confirmed

that the use of such an energy parameter has promise and that the parameter is sensitive to time

domain variations. An important outcome was noted; the use of an energy parameter reduces

the input space dimension.

Persin and Torvornik [13] focused on the detection of faults in a heat exchanger by making use

of an analytical model. They made use of a velocity-based linearisation to take into account

the non-linearity of the heat exchanger. In their study they based the linear observer on energy

balance equations. The fault diagnosis of the heat exchanger was achieved in real-time.

The work of Uren and van Schoor [14] gives an example of fault detection on a heat exchanger

by making use of energy-based visualisation. A state space model for a heat exchanger is

derived along with state space models that include a fault. They then introduce an energy-

based residual for both the steady state and transient response of the heat exchanger. Making

use of an energy-based visualisation, they found that they could uniquely identify faults for

the heat exchanger in steady state.

Concerning the use of a graph-theoretic approach, Reinschke argued that the modelling of a

control system by making use of a graph overcomes the drawbacks of the state space approach

[15]. In using a graph, system properties are assigned as the attributes. He argues that the

graph-theoretic approach is especially suited to sparse large scale systems. He specifically uses

directed linear graphs and inspects how linear graphs compare to state space models and other

matrix structures.

Schmitke and McPhee proposed the use of a graph theory formulation to model a multi body,
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multi-domain system in order to obtain the dynamics of the system [16]. They found that using

a graph approach for this application led to reduction in model order. This enables the use of

more complex systems as the equations that must be solved are reduced in order and are easier

to handle by a computer.

Varga et al makes use of directed graphs to represent a network of heat exchangers [17]. The

directed graphs are used to study the dynamics of the system and deliver a verdict on structure

control properties such as controllability, observability and stability.

Leitold et al take it a step further and uses variable structured graphs to simplify dynamic

process models [18]. The structured graphs are attributed direction graphs. They prove that

they can simplify a process (with the use of graphs) whilst structural controllability and ob-

servability remain intact.

Concerning the use of graph theory and fault diagnosis: Tu et al make use of graphs to diagnose

faults in large systems [19] and Chessa and Santi use graphs for the fault diagnosis of faulty

mobiles in ad-hoc networks [20].

2.2 Heat exchangers

Heat exchangers are used in various energy conversion and utilization applications including

household, commercial and industrial processes [21]. A heat exchanger is a device that enables

the transfer of heat from one fluid to another. The fluids involved are prevented from mixing

with each other and are at different temperatures. Depending on the application, various heat

exchanger designs exist. Heat exchangers are typically classified according to flow arrange-

ment and configuration [3]. In this section, an overview of the most popular classifications of

heat exchangers will be provided along with some heat transfer concepts. Some faults that can

occur on a heat exchanger will be considered.
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2.2.1 Classification of heat exchangers

Flow arrangements

Three types of flow arrangements are present in heat exchangers [22]. In a parallel flow ar-

rangement, the hot and cold fluids flow in the same direction - both enter at the same terminal

and exit at the same terminal. In a counter-flow arrangement, the hot and cold fluids flow in

opposite directions. The cold fluid enters at the terminal where the hot fluid exists and vice

versa. In a cross-flow arrangement, the hot fluid flows perpendicular to the cold fluid flow.

Popular configurations of heat exchangers

The most popular configurations include shell-and-tube, plate and double-pipe heat exchang-

ers. Shell and tube heat exchangers constitute a large shell which houses a large number of

tubes. The flow in the tubes, containing the hot fluid, are parallel to that of the shell, containing

the cold fluid [3]. Baffles are placed in the shell to support the tubes and to ensure that the cold

fluid flows across the shell, enabling augmented heat transfer [23].

Plate heat exchangers constitute series of corrugated plates on a frame. Gaskets are used to

ensure that the cold and hot fluids flow in different plates so that mixing does not occur [3]. The

design of a plate heat exchanger enables a more compact design, achieved with a large surface

area in a small volume [24]. Each cold fluid plate is adjacent to two hot fluid plates which

increases heat transfer efficiency. The number of plates can be adjusted to suit the requirements

needed for the specific application.

Double-pipe heat exchangers are considered the simplest type of heat exchanger and consti-

tutes two concentric pipes. The hot fluid is found in the inner pipe and the could fluid in the

outer pipe. This configuration is suitable for applications where one or both fluids are kept at

high pressures. Counter-flow is customary in double-pipe heat exchangers, with the exception

that parallel flow is established when a constant wall temperature is required [25].

9



Chapter 2 Heat exchangers

2.2.2 Heat transfer concepts

Heat transfer is the hallmark of heat exchangers. However, heat transfer occurs in different

modes. The three basic heat transfer mechanisms are conduction, convection and radiation.

Conduction is the transfer of heat within a substance. Convection is the transfer of heat be-

tween a solid substance and an adjacent moving liquid or gas. Heat transfer in the form of

electromagnetic waves is known as radiation. A short discussion of each mechanism follows.

Conduction

Conduction heat transfer occurs at atomic and molecular levels. In a substance, when the par-

ticles interact, energy is transferred from the particles with higher temperatures to the particles

with lower temperatures. This transfer of energy is known as conduction [22]. Fourier’s law is

the rate equation for heat conduction and given by

Q̇′′ = −k
dT
dx

, (2.1)

where Q̇′′ is the heat flux and is the heat transfer rate per unit area specifically in the x-direction

in W/m2, k is the thermal conductivity of the substance in question in W/m·K and dT/dx is the

temperature gradient in the x-direction in K/m [22]. If the temperature distribution is linear

and an area is considered, Fourier’s law can be rewritten as

Q̇ = kA
∆T
L

, (2.2)

where Q̇ is the heat rate in W, A is the area in m2 and ∆T/L is the linear temperature gradient

in K/m.

Convection

Convection describes the heat transfer between a solid and a moving liquid (or gas) and con-

sists of conduction and fluid motion. If fluid movement is absent, the heat transfer between the

two substances is pure conduction. Concerning the fluid motion, the convection heat transfer

is greater at higher rates of fluid movement. Natural convection occurs when fluid movement

can be ascribed to density differences, whilst forced convection occurs when fluid movement
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can be ascribed to external means [3]. Newton’s law of cooling is used for convection and is

given by

Q̇ = hAs(Ts − Tsurr), (2.3)

where Q̇ is the convection heat transfer rate in W, h is the convection heat transfer coefficient in

W/m2·K, As is the surface area in m2, Ts and Tsurr are the temperatures in Kelvin of the surface

and of the fluid sufficiently far from the surface respectively [3].

Radiation

Substances that are at a nonzero temperature emit heat energy. This is known as thermal radi-

ation and the energy is in the form of electromagnetic waves. In a vacuum thermal radiation is

most efficient. Unlike convection or conduction heat transfer, an intervening substance is not

required for radiation [22]. The maximum rate of radiation of an ideal substance is given by

the Stefan-Boltzmann law as

Q̇ = σAsT4
s , (2.4)

where Q̇ is the radiation in W, σ is the Stefan-Boltzmann constant in W/m2·K4 and Ts is the

absolute temperature of the substance surface [3]. The radiation of a substance that is not ideal

is given by

Q̇ = εσAsT4
s , (2.5)

where ε is the emissivity of the substance with values that range between 0 and 1 [3]. Thermal

radiation can be emitted and absorbed. When the temperature of the surroundings, Tsur is

taken into account, the net rate of heat transfer in Watt is given by

Q̇ = εσAs(T4
s − T4

surr). (2.6)

2.2.3 Heat exchanger faults

Heat exchangers are very commonly used in practise and offer significant challenges for engi-

neers. The first challenge is to select the configuration of heat exchanger to achieve a certain

temperature [26]. For the second challenge, the configuration of the heat exchanger is known,

but an analysis is needed to determine operational parameters. There are two main analysis

methods that can be used to solve the aforementioned problems [26]. The first is the log
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mean temperature difference (LMTD) method and the second is the effectiveness-NTU method

[3]. However, both methods assume certain perfect conditions which are not practical in real

systems. The absence of these perfect conditions can be described as faults. Three typical faults

in heat exchangers are discussed next.

Fouling

Fouling is the accumulation of deposits on heat transfer surfaces. Deposits can be in the

form of biological growth, corrosion products and sediments [25]. Fouling can be modelled

as additional resistance. Fouling creates a pressure drop and increases the thermal resistance

of a heat exchanger [26]. Impurities in the fluids are the most common reason for fouling. A

fouling factor R f is a measure of the thermal resistance introduced by fouling.

Fluid leak

A fluid leak is a weakness on a heat exchanger component, normally a pipe, plate or shell,

that allows fluid to escape. Physically it manifests as a crack, hole, fissure or passage on the

component. The efficiency of a heat exchanger can be greatly reduced if a sufficiently large

leak is present, especially in systems where the fluids are under high pressure [27]. A leak in a

system can also lead to environmental contamination or hazards, depending on the fluids used

in the heat exchanger. Leaks are mostly caused by corrosion.

Heat leakage

A heat leakage is found when the outer surface of the heat exchanger is not perfectly insulated.

In a double pipe heat exchanger, this normally occurs on the cold fluid side and allows con-

duction to take place between the cold fluid and the surrounding environment [28]. If a heat

leakage is present on a heat exchanger, the actual performance could be quite different than the

predictions. Additionally, a heat leakage degrades the heat exchanger efficiency [29].
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2.3 Fault diagnosis

Fault diagnosis consists of three different steps. Noticing the occurrence of a fault in the system

is the first step, called fault detection. The second step is fault isolation. In this step the fault

location is determined. In the last step, fault analysis, the type of the fault is determined along

with the cause of the fault and the magnitude [30]. There are four basic techniques in fault

diagnosis which are described in the following sections [31].

Hardware redundancy based fault diagnosis

This technique makes use of redundant hardware to reconstruct the process in question. The

outputs of the reconstructed process components are compared to the original component

outputs. If there is a fault on a component, the outputs will differ, indicating a fault. The

advantage of this technique is that it is very reliant and fault isolation is straightforward. The

disadvantage is that the use of redundant components result in a very high cost [31].

Signal processing based fault diagnosis

The idea of signal processing based fault diagnosis is captured in the name. Signals of the

system are processed in order to achieve fault diagnosis. This technique relies on the fact that

process signals carry information pertaining to the character of the system. After processing the

signals, fault information is extracted as symptoms. Typical symptoms include time domain

functions and frequency domain functions. The efficiency of this technique is limited. This

technique can only be applied to steady-state systems [30].

Plausibility test

The plausibility test uses the input and output of a certain subsystem or component. A simple

physical law that describes the dynamics of the component or subsystem is considered. If the

output corresponding to the input does not make sense in terms of the physical law, plausibility

is lost. Loss of plausibility indicates a fault. This technique is limited to fault isolation and

complex processes [30].
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Model-based fault diagnosis

Model-based fault diagnosis makes use of the same principle as hardware redundancy based

fault diagnosis except the hardware is replaced by a software model. The software is in the

form of a model. The model can be analytical or knowledge-based. The output of the software

modelled components can then be compared to the components of the physical system and a

difference would indicate a fault. The model and the physical system run in parallel and the

variance in the outputs are called residuals [31].

2.4 Energy and some thermodynamic concepts

The concept of energy was introduced by Newton when he worked on kinetic and potential

energy [32]. Energy is a scalar quantity. Although energy is such a popular concept, one cannot

observe energy. Rather, energy can be recorded and evaluated. The energy of a system also

describes the internal energy of the system. This makes it difficult to measure the absolute

energy of the system or calculate the potential of the system [32]. For this reason concepts, such

as exergy and entropy have been introduced. In the following sections, energy is examined in

more detail along with a discussion of some thermodynamic concepts.

2.4.1 Energy

As already stated, energy is a unifying concept and is representative of all domains. Sig-

nal analogies can be adopted and all the various signals of the different domains reduced to

four basic variables [2]. The four variables are: effort e, flows f , generalised momenta p and

generalised displacement q. Table 2.1 gives the four variables for the physical domains. The

relationships between the four variables are given as

p(t) = p(t0) +
∫ t

t0

e(τ)dτ and (2.7)

q(t) = q(t0) +
∫ t

t0

f (τ)dτ, (2.8)

where t0 is the intial time. Each domain has two power variables, with the power given as

P(t) = f (t)e(t), (2.9)
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where P(t) is the power, e(t) is the effort variable and f (t) is the flow variable. Energy is

calculated from the integral if the power:

E(t) = E(t0) +
∫ t

t0

f (τ)e(τ)dτ, (2.10)

where E(t) is the energy at time t and E(t0) is the initial energy.

Table 2.1: Domains and variables

Domain Effort e Flow f Generalised

Displacement q

Generalised

Momentum p

Electric Voltage Current Charge Flux linkage

Translation Force Velocity Displacement Momentum

Rotation Torque Angular

velocity

Angular

displacement

Angular

momentum

Fluid Pressure Volume

flow

Volume Pressure

momentum

Thermodynamic Temperature Entropy

flow

Entropy NA

The first law of thermodynamics states that energy cannot be destroyed, it can only be trans-

ferred between forms. Equivalently stated, the change of energy in a system is the difference

of the energy entering the system and the energy leaving the system [33]. In equation form:

∆Esystem = Ein − Eout. (2.11)

The above equation can be rewritten as

∆Esystem = ∆U + ∆KE + ∆PE, (2.12)

where ∆U is the change in internal energy, ∆KE is the change is kinetic energy and ∆PE is the

change in potential energy [33].

2.4.2 Exergy

The amount of possible work that one can extract from a system when it interacts with the

surrounding environment is known as the exergy of the system [34]. The pressure and tem-

perature from the surrounding environment is used as a reference and is denoted as P0 and T0.
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Exergy is closely related to reversible work. Unlike energy, exergy can be destroyed. However,

when all the processes in a system are reversible, exergy is conserved [32].

Exergy only exists when the system is not in equilibrium with the surroundings. Equilibrium

indicates that the system and the environment are at the same temperature, pressure, concen-

tration [32]. Exergy is also known as available energy, and for every form of energy transfer

that exists, there is an equivalent form of exergy transfer. The problem with exergy is that it

depends on the surroundings. Thus, care should be taken in defining the reference temperature

and pressure accurately.

2.4.3 Entropy

The amount of molecular disorder in system is known as the entropy of the system [34].

Specific entropy is a thermodynamic property of a system and normally noted on tables along

with specific volume, specific internal energy and specific enthalpy. Entropy is a fundamental

concept in the second law of thermodynamics. The unit of specific entropy is kJ/kg·K and is

denoted by s [33]. The entropy change between two states are always the same, independent

of the path taken.

The second law of thermodynamics describes the quality of energy in a system and discloses

that not all energy in a system can be used or transferred [32]. The Clausius inequality describes

the second law mathematically by ∮
δQ
dT
≤ 0, (2.13)

where the cyclic integral is used to infer that integration should be done over the entire cycle

[32]. Using entropy (2.13) can be rewritten as

Sgen = −
∮

δQ
dT

, (2.14)

with Sgen is the entropy generation for the entire cycle. For a reversible process, (2.15) gives the

entropy generation and (2.16) gives the entropy for a irreversible process:

Sgen = ∆Stotal = ∆Ssys + ∆Ssurr = 0, (2.15)

Sgen = ∆Stotal = ∆Ssys + ∆Ssurr > 0, (2.16)
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with ∆Ssys the change in entropy of the system and ∆Ssurr the change of entropy in the sur-

roundings.

2.4.4 Enthalpy

Enthalpy is a thermodynamic property defined by

h = u + Pv, (2.17)

where h is the specific enthalpy in J/kg, u is the specific internal energy in J/kg, P is the pressure

in Pa and v is the specific volume in m2 [34]. In the case of an ideal gas enthalpy is given by

h = u + RT, (2.18)

where T is temperature in K and R are constants [34]. From (2.18) it is clear that the enthalpy

of an ideal gas is only dependent on the temperature of that ideal gas.

2.5 Graph Matching

Graph matching was developed to find how similar structural descriptions of objects are [35].

Structural descriptions refer to a description of an object in terms of the different sections of the

object, the properties of the different sections and how the sections pertain to each other. The

most natural form of such a structural description is an attributed linear graph [36]. A linear

graph constitutes of nodes and edges (that connects the nodes). In an attributed linear graph,

the properties of the sections are placed as attributes of the nodes and the attributes of the edges

describe how the sections relate to another. A weighted graph has only edge attributes. In a

directed graph, the edges have a specifc direction. Graph matching is a technique that can be

used to determine graph similarity. The idea is to find a similarity between graphs in such a

way that the process that finds correlations between the different attributes and nodes does it

as consistently as possible [35].

The following sections will provide some background on graph matching and the basic math-

ematical equations used in graph matching for pattern recognition will then be included.
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2.5.1 Graph matching background

Various approaches have been used to derive the similarities between two graphs. In 1979, Tsai

and Fu presented an approach for finding isomorphisms between graphs that included both

numeric and symbolic attributes [37]. They made use of the tree search techniques as did [38].

Both these techniques gave optimum matchings, but large graphs would present a problem

due to the combinatorial nature of the techniques.

In 1988, Umeyama presented an analytic technique that depends on the eigen-decomposition

of the adjacency matrix [39]. His technique could handle larger graphs but is restricted to

numerical weighted graphs (node attributes are not handled). The technique is limited in that

graphs cannot differ significantly close. Umeyama’s technique falls under the category of non-

linear optimisation methods.

Non-linear optimisation methods that make use of relaxation labelling include [40], [41] and

[42]. Other non-linear optimisation are polynomial transforms [6], graduated assignment [43]

and neural networks [44–46].

2.5.2 Graph matching in pattern recognition

Graph matching is widely used in the application of pattern recognition. According to [35] the

most popular and comparable techniques that use full graph matching (number of nodes are

alike) and where the graphs have multiple attributes include:

• Graduated assignment graph matching [43].

• Eigen-decomposition graph matching [39].

• Linear programming graph matching [47].

• Polynomial transform graph matching [6].

• Least squares graph matching [48].

• RKHS interpolator graph matching [49].

• Spherical approximation graph matching [50].
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• Faugeras-price relaxation labelling [51].

• Interpolater-based Kronecker product graph matching [35].

2.5.3 Basic mathematics

The basic equations and principles for attributed graph matching as used in pattern recognition

will be discussed in this section and is based on the work of [52].

Let G′ be a reference graph and G be a duplicate graph each with n nodes, represented by

G′ = (V ′, E′, {A′i}r
i=1, {B′j}s

j=1), (2.19)

G = (V, E, {Ai}r
i=1, {Bj}s

j=1), (2.20)

where V is the set of vertices of the graph, E the set of edges of the graph, AiεRn×n is the edge

attribute adjacency matrix associated with the ith edge and Bj ε Rn×1 the vertex attribute vector

associated with the jth matrix. Equivalently for G′. r is the number of attributes per edge and s

is the number of attributes per node.

In the case of attributed graph matching where G and G′ have the same number of nodes, G is

matched to G′ by finding a permutation matrix P such that

Ai = PA′iP
T (2.21)

for i = 1,...,r and

Bj = PB′j (2.22)

for j = 1,...,s. (2.21) and (2.22) are however not very realistic, so noise matrices Ni and Mj are

added:

Ai = PA′iP
T + εNi (2.23)

for i = 1,...,r and

Bj = PB′j + εMj (2.24)

for j = 1,...,s. ε is related to noise power and is assumed to be independent of i and j. The general

attributed graph matching problem can now be formulated. The idea is to find a permutation
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matrix P for some norm ||·|| that satisfies:

min(
r

∑
i=1

Wi||Ai − PA′iP
T||q +

s

∑
j=1

Wj||Bj − PB′j||q), (2.25)

where {Wi}r+s
i=1 is a set of non-negative weights such that

r+s

∑
i=1

Wi = 1. (2.26)

2.6 Critical overview and conclusion

The focus of this research study is on heat exchangers, fault diagnosis, energy concepts and

graph matching. A broad overview of these aspects was introduced and discussed in this

chapter.

The classifications, heat transfer concepts and faults of heat exchangers were examined. The

double pipe heat exchanger was highlighted as one of the simplest heat exchangers. Attention

was given to three common faults that occur in heat exchangers: a fluid leak, heat leakage and

fouling. These faults will be focussed on during fault diagnosis. Next, four basic techniques

of fault diagnosis were discussed. It can be noted that the signal based and model based

techniques are the most suited for the purposes of this study.

Energy as a multi-domain parameter was discussed. Some other concepts such as exergy,

entropy and enthalpy were also considered. It was revealed that using the principle of energy

in modelling would be a beneficial attempt. A key aspect of using energy is that it leads to data

reduction, which is of great significance in the field of fault diagnosis. Although, energy has

certain shortcomings; utilising the concept of exergy could disclose more characteristics of a

system.

Various graph matching techniques were considered. It is noted that the use of graph matching

techniques as applicable to pattern recognition would be of most value in this study. The

basic idea of attributed graph matching for pattern recognition was explained in terms of

mathematical equations.

Some literature regarding this study was not considered in this chapter. The following chapters

will discuss important concepts and background as necessary.
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System Model

This chapter is concerned with the heat exchanger model that will be used. The staggered grid approach

that is applied to obtain the model in Flownexr is discussed along with components that are used to

realise the system and the properties of these components. Then, the faults that will be induced on the

heat exchanger and the components that are needed to realise these faults are discussed. The chapter

concludes with the properties of the model that are available to be used for the rest of the study.

3.1 Physical system description

The model is based on a CO2 heat pump test bench at the North-West University’s school of

Mechanical Engineering. Figure 3.1 depicts the system. The numbers from 1-5 are used to

depict the different components. The system constitutes a gas cooler (1), a compressor (2), an

expansion valve (3) and an evaporator (5). The gas cooler is a counter-flow double pipe heat

exchanger and the focus of this study. The schematic diagram of the heat exchanger is shown

in Figure 3.2.

Flownexr is the software package that will be used to model the heat exchanger. The simu-

lation environment of Flownexr is suited to simulate flow and heat transfer systems [53]. A

Flownexr model for this specific gas cooler has already been done by Smuts in [54]. The model
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Figure 3.1: CO2 heat pump test bench

used in this study as well as the assumptions are based entirely on the work done by Smuts.

3.2 Modelling approach

3.2.1 Requirements of the model

A model is required in order to obtain a visualisation of energy in the heat exchanger. This

is done for the purpose of fault detection. Since the idea is to do this for a physical system,

all parameters needed must be based on sensor data and geometric properties that can be

obtained from the physical system. The available sensor data include temperatures, pressures

and mass flow at certain points in the system. For this reason, the model must be relatively

simple. Another requirement of the model is that it must be easily realisable in Flownexr by

the components that are available.

3.2.2 Methodology

In order to satisfy the above requirements and as sensor data is available only for certain points;

for the sake of simplicity, a two-dimensional approach to model the heat exchanger is used.
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Figure 3.2: Schematic of test bench gas cooler [54]

The verification and validation that was done on the model by Smuts [54] has shown that

a two-dimensional approach is a realistic representation of the real system for the purposes

of this study. From the schematic (Figure 3.2) it is clear that the gas cooler is a double pipe

heat exchanger with two concentric pipes. For modelling purposes, this configuration can be

adapted to a side-by-side pipe configuration as depicted in Figure 3.3.

Figure 3.3: Two-dimensional layout of the heat exchanger for modelling purposes

The total length of the heat exchanger pipes is denoted in meter by l. In order to link this

model to a system that is realisable in Flownexr, the staggered grid approach of Patankar [55]

is applied to Figure 3.3 resulting in the representation depicted in Figure 3.4. As the figure

shows, the pipe is divided into two main grid points for each of the cold fluid, hot fluid and

separation wall. The assumption is made that heat transfer between the hot and cold fluid only

takes place at these main grid points. Following this approach, a control volume is defined

around main grid points and secondary grid points are inserted between main grid points. As
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depicted in Figure 3.4 the rectangles denote the main grid points and the parameters that are

known in these points are temperature and pressure. The circles denote the secondary grid

points and the mass flow rate is known at each of these points. Main grid points are denoted

by M and secondary grid points by S.

Figure 3.4: Representation of the staggered grid modelling approach applied to the heat

exchanger

The next step is to realise the above approach in Flownexr as explained in more detail in

the next section along with the model parameters required to set up the model and some

assumptions that were made.

3.3 Model components, parameters and assumptions

The Flownexr model of the heat exchanger is depicted in Figure 3.5. In the model, pipes are

used to represent secondary grid points of the staggered grid approach and nodes are used

to represent main grid points. In the pipes, mass flow will be calculated and on the nodes,

temperatures and pressures will be calculated.

In order to model the separation wall, conduction nodes are used to mimic the conduction
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Figure 3.5: Flownexr model of heat exchanger

through the wall, and to model the heat transfer between the fluids and the wall, convection

heat transfer components are used. Boundary condition components are used to specify the

inlet temperatures and pressures for the hot and cold fluids and the outlet pressures for the

hot and cold fluids. The rest of the parameters and assumptions needed are discussed in the

sections that follow.

3.3.1 Boundary conditions

The nature of the physical system is such that the parameters that can be specified for the

hot fluid pipe include the inlet temperature, the inlet pressure and the outlet pressure. For

the cold side, the inlet temperature, inlet pressure and outlet pressure can be specified. This

model is based on a single phase heat exchanger, thus it is important to note that the boundary

conditions must be specified in such a way that the hot fluid, which is CO2, remains in the gas

phase and the cold fluid, which is water, remains in the liquid phase. In this study the boundary

conditions are adjusted to generate data for different cases. The boundary conditions used for

validation of the model are discussed in section 3.4.
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3.3.2 Pipe parameters

The length of the physical system is 24 m. As the model constitutes three pipe sections, each

will have a length of 8 m. Table 3.1 shows the pipe diameters as calculated for the side-by-side

layout. These properties are based on the model by Smuts [54].

Table 3.1: Geometry of the pipes

Parameter Value Unit

Hot pipe inner diameter 15.8 mm

Hot pipe wall thickness 2.75 mm

Cold pipe inner diameter 15.933 mm

Cold pipe wall thickness 3.4 mm

Assumptions that were made for the pipe components include:

• Young’s modulus is taken as zero.

• The Darcy-Weisbach friction factor of the pipes are constant with a value of 0.026.

• The cold fluid pipe is perfectly insulated against the environment.

3.3.3 Heat transfer parameters

The separation wall for the heat exchanger is AISI 304 stainless steel. It is assumed that the

density and specific heat of all fluids are constant for this study. Furthermore, it is also assumed

that the heat transfer is perfectly uniform and the heat transfer coefficients remain constant.

Table 3.2 shows the properties that are specified for the heat transfer components in Flownexr.
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Table 3.2: Heat transfer properties

Property Value Unit

Convection coefficient MH1 2871 W/m2.K

Convection coefficient MH2 4185 W/m2.K

Convection coefficient MC1 3510 W/m2.K

Convection coefficient MC2 4300 W/m2.K

Heat transfer area MH1 0.5956 m2

Heat transfer area MH2 0.5956 m2

Heat transfer area MC1 0.803 m2

Heat transfer area MC2 0.803 m2

3.3.4 Fluids used

In Flownexr the hot fluid is chosen as ”CO2 - Carbon Dioxide” which is then specified as a

pure compressible gas. It has a molar mass of 44.01 kg/mol and a critical pressure of 7377 kPa.

The density, viscosity, enthalpy and entropy are all calculated by Flownexr by making use of

predefined tables.

The cold fluid is chosen as ”H2O - Water” which is a two phase fluid and uses all the predefined

properties of Flownexr.

3.4 Validation of the model

The model validation was done by Smuts in [54]. This was done by comparing the results

from the Flownexr model to data obtained from experiments on the physical test bench at

the North-West University which was described at the beginning of the chapter. The initial

conditions that were used for validation are given in Table 3.3.
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Table 3.3: Flownexr model validation initial conditions

Parameter Value - Experiment 1 Value - Experiment 2 Unit

Hot side inlet pressure 6890 7190 kPa

Hot side outlet pressure 6510 6780 kPa

Cold side inlet pressure 286 286 kPa

Cold side outlet pressure 250.95 250.95 kPa

Hot side inlet temperature 330.25 334.85 K

Cold side inlet temperature 288.55 288.55 K

Hot side mass flow rate 0.169 0.187 kg/s

Cold side mass flow rate 0.267 0.267 kg/s

3.5 Fault models

In this section the faults of the heat exchanger will be discussed, this includes the parameters

that are adjusted or components that are added in order to simulate a fault. The faults that

are modelled include a model with a heat leakage, a model with a fluid leak and a model with

fouling in the cold fluid pipe.

3.5.1 Model with fluid leak

In order to model a fluid leak; a small pipe is added to the cold fluid pipe. This pipe allows

fluid to flow out of the heat exchanger. The Flownexr model for a leak is depicted in Figure

3.6, only the cold fluid side is shown.

Table 3.4 gives the geometry of the pipe used to model the leak. The boundary conditions that

are used for the outlet side of the pipe is the ambient pressure and temperature taken as 100

kPa and 300 K respectively.
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Figure 3.6: Flownexr model with fluid leak

Table 3.4: Geometry of the fluid leak pipe

Parameter Value Unit

Leak pipe diameter 1 mm

Leak pipe length 2.75 mm

3.5.2 Model with heat leakage

In order to model the heat exchanger with a heat leakage fault, a convection heat transfer

component is added to the model. This component allows heat to be dissipated into the

environment. The Flownexr model with heat leakage is depicted in Figure 3.7.

Figure 3.7: Flownexr model with heat leakage
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Table 3.5 provides the properties used to model the heat leakage. The boundary conditions for

the convection component is the ambient pressure and temperature taken as 100 kPa and 300

K respectively.

Table 3.5: Properties for heat leakage component

Parameter Value Unit

Wall 1 heat transfer coefficient 4300 W/m2.K

Wall 2 heat transfer coefficient 3510 W/m2.K

Wall 1 & 2 heat trasnfer area 0.803 m2

3.5.3 Model with fouling

In order to model a heat exchanger where fouling is present in the cold fluid pipe, the model

remains as described in section 3.3 accept that the K forward parameter of the pipe is adjusted

from zero to a positive value. Fouling is generally modelled by making use of the K-forward

factor and relates to an increase of flow resistance. In this specific case it is adjusted to 30. The

value is adjusted for all three pipe components in the Flownexr model.

3.5.4 Comparison of different models

The different models as described are simulated with the same boundary conditions. Table

3.6 depicts the change in some of the key grid points. The values given are obtained from the

model after steady state has been reached.

When a comparison is made between the normal model and the fault models, it is clear that

there is a difference in parameters values. When the values of the different fault models are

compared, it can be seen that parameters stay the same for some faults and for other parameters

differences are noted.

Table 3.6 verifies that for different faults, the parameters change as expected at the relevant

places. Additionally, the table confirms that some parameter values remain constant as pre-

dicted beforehand.
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Table 3.6: Comparison of models

Parameter Normal Leak Heat leak Fouling Unit

MH1 pressure 7916 7915.8 7907.4 7921.8 kPa

MH2 pressure 7849.2 7848.8 7837.6 7854 kPa

MC1 pressure 283.05 282.51 283.04 283.07 kPa

MC2 pressure 280.08 279.81 280.08 280.10 kPa

MH1 temperature 356.3 356.4 349.8 367.7 K

MH2 temperature 330.3 329.7 319.0 341.0 K

MC1 temperature 320.1 319.2 304.6 331.8 K

MC2 temperature 342.3 342.4 332.3 358.5 K

Hot side mass flow rate 0.251 0.251 0.263 0.242 kg/s

SC1 mass flow rate 0.134 0.146 0.134 0.0735 kg/s

SC2 mass flow rate 0.134 0.128 0.134 0.0735 kg/s

SC3 mass flow rate 0.134 0.128 0.134 0.0735 kg/s

Wall temperature 1 347.5 347.6 338.7 361.19 K

Wall temperature 2 325.0 324.2 311.5 336.2 K

Concerning the mass flow rate on the cold side, it is clear that there is a loss of mass flow

between secondary grid points SC1 and SC2 for the fluid leak case. For all other cases, the mass

flow rates are the same for all secondary grid points. The hot side mass flow rates are the same

in all the secondary grid points of the hot side and thus only one reading is included in the

table. For the case of fouling, the mass flow rate in the cold pipes are significantly smaller

than for the other cases, this is due to fouling in the pipes which results in an increase in flow

resistance.

Concerning the temperature of the main grid point of MC2, in the case of a heat leakage, the

temperature falls with 10 K when compared to the normal case. This is due to the heat that is

transferred to the environment. In the case of fouling, the temperature is more by about 16 K

(compared with normal case). This is ascribed to the diminished flow rate, which means less

cold water is flowing though the pipes, resulting in less heat transfer.
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3.6 Parameters needed for energy characterisation

A purpose of this study is to identify the faults that occur on a physical heat exchanger by

making use of sensor data available. Even though multiple thermodynamic and fluid proper-

ties are available from the Flownexr models discussed in this chapter, only a certain number

of parameters can be chosen to use in the energy characterisation discussed in the next chapter.

The parameters that are deemed crucial relating to energy characterisation include:

• The hot side inlet pressure.

• The hot side inlet temperature.

• The hot side outlet pressure.

• The cold side inlet pressure.

• The cold side inlet temperature.

• The cold side outlet pressure.

• The mass flow rates in all pipes.

• The temperatures and pressures of the control volumes MH1, MH2, MC1 and MC2.

• Geometric properties.

• Heat transfer coefficients.

Most of the above parameters are measured by sensors. In the cases where sensor data are not

available, the specifications and geometries of the heat exchanger can be used to calculate the

values. For example, the heat transfer coefficients will not be measured by sensors, but are

calculated beforehand and assumed as constant.

3.7 Conclusion

The development of a Flownexr model for a counter-flow heat exchanger was discussed in

this chapter. In stead of making use of actual measured data, the validated model will be
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used throughout the study. The use of a model enables the simulation of various boundary

conditions and other cases that will be considered. Certain assumptions were made in order

to simplify the model and must be kept in mind for the rest of the study. Although the two-

dimensional approach is a substantial simplification, the model is deemed realistic for further

work. Future work could include the use of a more complex model. Parameters that are

available from sensor data or those that can be calculated, were identified. These parameters

can be used for energy characterisation.
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Energy characterisation

This chapter is concerned with the energy characterisations of a heat exchanger. The energy char-

acterisations are obtained by making use of the model developed in the previous chapter. The use

of entropy, enthalpy, exergy and energy flow rate in energy equations are discussed. The chapter

continues with a description of how software is utilised to obtain and calculate required values. Lastly

the energy characterisations for the heat exchanger with and without faults are discussed for a specific

set of boundary conditions.

4.1 Exergy and energy flow rate

In Chapter 2 it was determined that it is useful to examine the energy in a system for various

reasons. Nevertheless, working with energy itself as a system property poses difficulties. In

fact, energy cannot be used to represent a quantity that calculates the work potential of a

specific component, system or material. Consequently, it would be desirable to work with

a property that can determine the amount of useful work potential a system, component or

material has. This property is called exergy and is the amount of energy that can be converted

to work between two states.

Now, exergy can describe the available energy at a point in a system, but how the energy is
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transferred between sub-systems or components is also of interest. Therefore, it is proposed

that an energy flow rate is used along with exergy. Energy flow rates describe how energy

is transferred between subsystems or components. According to [11], all forms of energy in

a system can be conveyed by making use of exergy and energy flow rate. It is assumed that

the kinetic and potential energy remain constant. The energy flow between two points in a

thermo-hydraulic system is given by

q̇12 = ṁ12(h1 − h2), (4.1)

where q̇12 is the energy flow (W), ṁ12 is the mass flow rate (kg/s) and hi is the specific enthalpy

of point i in (J/kg) [11]. The specific exergy at a point in a thermo-hydraulic system is given by:

x = (h− h0)− T0(s− s0), (4.2)

where x is the specific exergy (J/kg), h the specific enthalpy (J/kg), h0 the specific enthalpy of

the reference state (J/kg), T0 the temperature of the reference state (K), s the specific entropy

(J/kg.K) and s0 the specific entropy of the reference state in (J/kg.K) [56].

In this specific study, the heat transfer from the hot liquid to the cold liquid is also of importance

and is given by

q̇ = UA(T1 − T2), (4.3)

where q̇ is the heat transfer rate (W), U the heat transfer coefficient (W/m2.K), A the area (m2)

and T the temperature (K) [22].

Equations (4.1), (4.2) and (4.3) provide a procedure to represent the energy in a system by

making use of enthalpy, entropy, temperature, mass flow rate and some geometric properties.

As discussed in the previous chapter, only pressures, temperatures, mass flow rates and the

geometric properties are known. As a result, a way must be found to obtain enthalpy and

entropy values from the parameters that are available. This is discussed in the next section.

4.2 Entropy and enthalpy

Entropy and enthalpy are thermodynamic properties, as such there is a relationship between

the pressure and temperature of a material and its enthalpy or entropy. A schematic for the T-s

diagram (temperature - entropy) for water can be seen in Figure 4.1 which shows a relationship
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between entropy, temperature and pressure or volume. The solid black line provides informa-

tion of the phases of the substance. Inside the black dome, water and steam exist together, this

is known as the liquid vapour region. Outside the dome and to the left of the critical point is

the liquid region. Outside the dome and to the left of the critical point is the gas region. At the

critical point, both liquid and gas have the same density. Lines of constant pressure are denoted

with solid pink lines. Everywhere on these lines, the pressure remains the same, even though

the entropy and temperature changes. Lines of constant density are denoted with dashed pink

lines. Using T-s diagrams, one can find the entropy that belongs to a specific pressure and

temperature.

Figure 4.1: Schematic of the T-s diagram for water [56]

Diagrams that link temperature and pressure with enthalpy also exist. In addition, extensive

tables exist that can be used to calculate the entropy and enthalpy of a substance at a specific

temperature and pressure. Consequently, the relationships that exist between thermodynamic

properties provide a way in which the heat exchanger properties and parameters available

(from the Flownexr model) can be used to create an energy characterisation of the system in

terms of exergy and energy flow rate. Table 4.1 shows the enthalpy and entropy values of CO2

and H2O for different temperature and pressure sets.
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Table 4.1: Entropy and enthalpy for some points

Fluid type Pressure [Pa] Temperature [K] Enthalpy [J/kg] Entropy [J/kg.K]

CO2 8913100 363.03 499470 1934

CO2 8845900 330.85 444060 1752

H2O 283060 316.11 180130 612

H2O 280090 344.90 300610 976

4.3 Computational platforms

In order to obtain and compute the energy characterisation of the heat exchanger, computa-

tional platforms are used. EES (Engineering Equation Solver) is a software package that can

be used to solve algebraic and differential equations. Among other things it can also be used

to compute thermodynamic properties of materials by using a thermodynamic and transport

property database. For this specific study, the functions ”enthalpy” and ”entropy” are used. The

input parameters are the material name, the temperature and the pressure. The aforementioned

inputs are obtained from the Flownexr model.

Furthermore, MATLABr is used for all other computations. Moreover, MATLABr provides

the functionality to call the EES functions above by making use of EES Macro files. The Macro

files are given in Appendix A. Furthermore a memory link can be created between Flownexr

and MATLABr and thus experimental data from the model can be stored in MATLABr and

accessed directly. Figure 4.2 depicts the interaction between the software platforms.

Step 1: Boundary conditions are set in Flownexr.

Step 2: By making use of the memory link, parameters such as temperatures, pressures, mass

flow rates and heat transfer coefficients are imported into MATLABr from Flownexr.

Step 3: MATLABr saves and orders the parameters.

Step 4: Temperatures, pressures and the names of the materials are sent to EES.

Step 5: EES calculates the enthalpy and entropy values.

Step 6: Enthalpy and entropy values are imported in MATLABr.
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Step 7: Equations (4.1) - (4.3) are applied to the relevant parameters to obtain the exergy and

energy flow at certain points in the system.

Figure 4.2: Software interaction of computational platforms

In (4.1) and (4.2), a reference state enthalpy and entropy are used. The reference state is chosen

as 100 kPa and 300 K. Thus the reference state’s enthalpy, h0, and entropy, s0, are calculated

for the hot fluid, the cold fluid and the wall and are then used in the calculations to obtain the

exergy at that specific point. The enthalpy and entropy of the reference state fro the different

fluids and materials are given in Table 4.2.

Table 4.2: Entropy and enthalpy values for the reference state of 100 kPa and 300 K

Material Enthalpy [J/kg] Entropy [J/kg.K]

H2O 112650 393

CO2 507440 2745

Stainless Steel 88733 585

As a result of the reference state chosen, the exergy and energy flow can be negative. This

negative does not indicate the direction of flow, rather, the direction of flow is taken in the

same direction as the mass flow.

The entropy and enthalpy values obtained by EES for the cold fluid, H2O were verified by

making use of the enthalpy and entropy values in Flownexr. For the hot fluid, CO2, the values

of Flownexr and EES did not match and was investigated further.

The enthalpy was determined for different states in EES. (A state refers to a set of values,

where one is the temperature and one is the pressure.) The two enthalpy values were then
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subtracted to obtain a difference - called a delta. Then the same two states were used and

enthalpy values determined in Flownexr. Once again the enthalpy values were subtracted

and a delta obtained. Now, the two deltas from the different programs were compared.

This whole procedure was followed for other states and each time the deltas were compared.

It was found that the deltas agreed except for minor errors. When the percentages of these

errors were analysed, they were determined to be very small. Some further research was

done and it was concluded that there are different models/ polynomials that can be used to

find thermodynamic properties. It was assumed that the two programs made use of different

models/ polynomials and this was the reason for some minor errors. When enthalpy and

entropy equations are used, the difference/ delta between two points are considered. As

discussed earlier, the deltas are mostly the same even when different models are used. Thus,

as long as the deltas between states are similar, you can use any model.

4.4 Normal Model

The next issue is to identify the points in the system where exergy will be computed and the

points where energy flow will be computed. As the staggered grid approach was used to set

up a model, this is a straightforward decision. Exergy is computed for each control volume or

main grid point. Energy flow is computed between control volumes. For the pipes this is at

each secondary grid point. For the wall, the energy flow rate is simply the heat transfer rate,

computed by (4.3).

Table 4.3 shows the energy characterisation of the heat exchanger without a fault, where 4.3a

depicts the exergy at main grid points and input boundaries and Table 4.3b the energy flow

at secondary grid points and heat transfer through the two control volumes of the wall. The

boundary conditions for these values are found in Table 4.4.
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Table 4.3: Energy characterisation of heat exchanger without a fault

(a) Exergy on main grid points

Parameter Value Unit

Exergy of MHin 247920 J/kg

Exergy of MH1 235210 J/kg

Exergy of MH2 234370 J/kg

Exergy of MCin 905 J/kg

Exergy of MC1 1933 J/kg

Exergy of MC2 12985 J/kg

Exergy of MW1 1938 J/kg

Exergy of MW2 632 J/kg

(b) Energy flow of the system

Parameter Value Unit

Energy flow of SH1 14020 W

Energy flow of SH2 -2101 W

Energy flow of SH3 -16706 W

Energy transfer Wall 1 16121 W

Energy transfer Wall 2 14606 W

Energy flow of SC1 -5575 W

Energy flow of SC2 9030 W

Energy flow of SC3 25151 W

Table 4.4: Boundary conditions for energy characterisation

Parameter Value Unit

Hot fluid inlet pressure 9000 kPa

Hot fluid inlet temperature 410 K

Hot fluid outlet pressure 8800 kPa

Cold fluid inlet pressure 286 kPa

Cold fluid inlet temperature 290 K

Cold fluid outlet pressure 277.08 kPa

From the results of Table 4.3 it is clear that the exergy on the hot fluid is far greater than the

exergy on the cold fluid side. Concerning the hot fluid side, there is a decrease in the exergy

from the inlet side to the outlet side whilst the cold fluid side shows an increase in exergy from

the inlet side to the outlet side.

Furthermore, it is important to note that a type of node law is adhered to. This follows the same

principles as Kirchhoff’s current law. Each control volume is seen as a node. If the direction

of the energy flow rate is indicated by the direction of mass flow and the direction of the heat

transfer, where a value that flows into a node is added and a value that flows out of a node is

subtracted, we see that the sum of each node is zero or very close to zero. Small variances can

be present and are attributed to the precision of the EES database and round-off errors.

40



Chapter 4 Faults

4.4.1 Verification of energy characterisation based on the normal model

The exergy of the hot fluid side was expected to be much larger than the exergy of the cold fluid

side. This is reflected in Table 4.3. Additionally, it was assumed that for the normal case, there

is perfect insulation. This is confirmed by the adherence of the node low. All exergy values are

positive which makes sense. The temperatures and pressures of the wall, hot fluid and cold

fluid are well above the reference temperature and pressure. Since the entropy and enthalpy

of the reference state is used, a negative value would indicate a flaw in the calculations or the

operating conditions.

4.5 Faults

In this section, the exergy and energy flows of the model with the three types of faults will be

considered. Despite the fact that extra components have been added in the Flownexr models,

no extra control volumes, main grid points or secondary grid points are added for energy

characterisations. The boundary conditions for all the faults are the same as the previous

section and given by Table 4.4.

4.5.1 Model with fluid leak

The energy characterisation for the model with a fluid leak is obtained by following the same

procedure as for the normal model. Table 4.5 depicts the exergy and energy flow values for the

fluid leak energy characterisation.
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Table 4.5: Energy characterisation of heat exchanger with a fluid leak

(a) Exergy on main grid points

Parameter Value Unit

Exergy of MHin 247920 J/kg

Exergy of MH1 235210 J/kg

Exergy of MH2 234370 J/kg

Exergy of MCin 905 J/kg

Exergy of MC1 1665 J/kg

Exergy of MC2 13028 J/kg

Exergy of MW1 1947 J/kg

Exergy of MW2 587 J/kg

(b) Energy flow of the system

Parameter Value Unit

Energy flow of SH1 14040 W

Energy flow of SH2 -2075 W

Energy flow of SH3 -17178 W

Energy transfer Wall 1 16114 W

Energy transfer Wall 2 15103 W

Energy flow of SC1 -5317 W

Energy flow of SC2 9038 W

Energy flow of SC3 24033 W

Table 4.5a shows that the exergy for the hot fluid side remains the same as in the normal case,

however the exergy on the cold fluid side and on the wall changes. Table 4.5b shows that the

energy flow values are mostly similar to the normal case, yet, the node law is not adhered

to on the cold side at control volumes MC1 and MC2. Considering control volume MC1 with

the energy flow rate of SC1 entering the node, energy flow rate of SC2 leaving the volume and

energy transfer of Wall 1 entering the volume:

(−5317W)− (9038W) + (15103W) = 748W. (4.4)

(The energy flow rate is subtracted if it flows out of the control volume and is added if it flows

into the control volume. Figure 3.4 is used to obtain the direction.) It was expected that the

value of MC1 is not zero because the fluid leak is on the cold side. From the calcualtion it can

be seen that 748 W excapes through the leak.

4.5.2 Model with heat leakage

Table 4.6 depicts the exergy and energy flow values of the energy characterisation of the heat

exchanger with a heat leakage.
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Table 4.6: Energy characterisation of heat exchanger with a heat leakage

(a) Exergy on main grid points

Parameter Value Unit

Exergy of MHin 247920 J/kg

Exergy of MH1 234130 J/kg

Exergy of MH2 243670 J/kg

Exergy of MCin 905 J/kg

Exergy of MC1 291 J/kg

Exergy of MC2 9109 J/kg

Exergy of MW1 1564 J/kg

Exergy of MW2 199 J/kg

(b) Energy flow of the system

Parameter Value Unit

Energy flow of SH1 14516 W

Energy flow of SH2 -4148 W

Energy flow of SH3 -22955 W

Energy transfer Wall 1 18664 W

Energy transfer Wall 2 18806 W

Energy flow of SC1 -5583 W

Energy flow of SC2 2211 W

Energy flow of SC3 20875 W

Table 4.6b shows that the heat transfer in the case of a heat leakage is larger when compared to

the normal case. Inspecting the node law at control volume MC1:

(−5583W) + (18806W)− (2211W) = 11012W (4.5)

,

which is a large deviation from zero. This is to be expected as there is a heat leakage at MC1. At

all other nodes, the node law is adhered to. When the exergy of the heat leakage case is looked

at in Table 4.6a it can be seen that the exergy values on the wall are notably smaller than the

normal case. The exergy on Wall 2 is 632 J/kg for the normal case, whilst it is only 199 J/kg for

the heat leakage case.

4.5.3 Model with fouling

Table 4.7 depicts the exergy and energy flow values of the energy characterisation of the heat

exchanger with fouling.
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Table 4.7: Energy characterisation of heat exchanger with fouling

(a) Exergy on main grid points

Parameter Value Unit

Exergy of MHin 247920 J/kg

Exergy of MH1 238270 J/kg

Exergy of MH2 232530 J/kg

Exergy of MCin 905 J/kg

Exergy of MC1 6498 J/kg

Exergy of MC2 26158 J/kg

Exergy of MW1 3751 J/kg

Exergy of MW2 1231 J/kg

(b) Energy flow of the system

Parameter Value Unit

Energy flow of SH1 13458 W

Energy flow of SH2 2955 W

Energy flow of SH3 -9663 W

Energy transfer Wall 1 10502 W

Energy transfer Wall 2 12678 W

Energy flow of SC1 -3059 W

Energy flow of SC2 9559 W

Energy flow of SC3 20059 W

In the case of fouling, Table 4.7b, shows that the node law is adhered to in all control volumes.

Concerning the heat transfer, it is smaller than in the normal case. When Table 4.7a is compared

to 4.3a, which is the normal case, the exergy on the hot fluid side remains the same, although

on the cold fluid side and in the wall, the exergy values are considerably higher.

4.5.4 Verification of fault models

Concerning verification of the fault models; the behaviour as can be seen in Tables 4.5 - 4.7 was

foreseen. The node law is adhered to on the hot fluid side, as all the faults are induced on the

cold fluid side. Also with the fouling model, the node law also applies. Energy flow does not

escape to the environment. In all cases, the exergy on the hot fluid side is much larger than the

exergy on the cold fluid side. This is expected as the faults induced are not large enough to

bring about a system change that would lead to negative exergy.

4.6 Conclusion

In this chapter, it was shown that it is possible to extract energy characterisations from the

model developed in the previous chapter. Before exergy and energy flow rate formulas could
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be applied, entropy and enthalpy values had to be calculated. This was an issue and solved

by making use of EES. Energy characterisations were obtained for the heat exchangers with

and without faults. There is a decrease of exergy from the hot side to the cold side. The

node law was adhered to in certain instances and in other not. The energy characterisations

were deemed sensible for the faultless heat exchanger and for the three faults as the energy

information varied for each case.
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Graph theoretic approach

This chapter is concerned with the graph theoretic approach that is chosen and applied to the energy

characterisations of the heat exchanger. A linear graph framework is proposed which makes it possible to

pack all of the data from the energy characterisations into linear graphs. Thereafter, a technique called

attributed graph matching is applied to compare the linear graph containing energy information of the

heat exchanger without a fault to the linear graphs containing energy information of the heat exchanger

with faults. By using this method, a cost matrix is obtained as well as a parameter that can be described

as the distance between the two graphs.

5.1 Linear graph

In order to realise the objective of this study; to create an energy visualisation of the heat

exchanger by means of a graph-based approach, a graph form must first be chosen. A decision

needs to be made on how the information from the energy characterisation will be organised

in a linear graph. It was decided that the exergy of main grid points or boundaries should be

the attributes of the nodes and that the energy flow rate should describe the attributes of the

edges. The linear graph used will constitute six nodes and eight edges. The nodes with exergy

as attribute that will be used include:
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• Hot side inlet boundary with specific exergy attribute x1.

• Hot side control volume MH1 with specific exergy attribute x2.

• Hot side control volume MH2 with specific exergy attribute x3.

• Cold side control volume MC2 with specific exergy attribute x4.

• Cold side control volume MC1 with specific exergy attribute x5.

• Cold side inlet boundary with specific exergy attribute x6.

The edges with energy flow as attribute that will be used include:

• Hot side secondary grid point SH1 with energy flow rate attribute q̇1.

• Hot side secondary grid point SH2 with energy flow rate attribute q̇2.

• Hot side secondary grid point SH3 with energy flow rate attribute q̇3.

• Heat transfer of wall 1 with energy flow rate attribute q̇4.

• Heat transfer of wall 2 with energy flow rate attribute q̇5.

• Cold side secondary grid point SC3 with energy flow rate attribute q̇6.

• Cold side secondary grid point SC2 with energy flow rate attribute q̇7.

• Cold side secondary grid point SC1 with energy flow rate attribute q̇8.

Figure 5.1 depicts the configuration of the linear graph used as well as the direction of the links;

which corresponds to the direction of the mass flow in the pipes.

Originally, the control volumes on the separation wall, MW1 and MW2, were also chosen as

nodes. However, the temperature on the nodes are not measured by physical sensors in the

system. Furthermore, if too many nodes are chosen, there might be data redundancy, whilst if

too little nodes are chosen important data might be lost. For the above reasons and by testing

different configurations and error, only six nodes were identified to sufficiently represent the

energy in the system.
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Figure 5.1: Linear Graph with energy information

5.2 Attributed graph matching

Graph matching is a technique that can be used to determine graph similarity. As discussed

in Chapter 2, there multiple graph matching techniques that can be used. In this study it was

decided to make use of the attributed graph matching technique of [57] that makes use of local

descriptions.

With this technique, the local description of the attributed graph constitutes a node signature.

A node signature matrix denoted by N, constitutes n vector rows, where n is the size of the

graph, in other words, the number of nodes. Thus there is a vector row belonging to each

node. The information for each row vector constitutes the attributes of the node, the degree of

the node and the attributes of the incident edges. These vectors are then packed into a matrix

called the node signature matrix. A node signature matrix is formed for both the original graph

and the graph that will be compared to the original graph.

The next step is to compare the two graphs by comparing each vector in the original node

signature matrix with every vector in the comparison node matrix. This comparison is achieved

by making use of the Heterogeneous Euclidean Overlap Metric (HEOM) which can be used for

both numeric and symbolic attributes [57]. In this study, only numeric attributes are present.

Using the HEOM norm and the node signature matrices of the two linear graphs, a cost matrix

is calculated. The element (i,j) in the cost matrix describes the distance between the ith row

vector of the original graph node signature matrix and the jth row vector of the comparison

48



Chapter 5 Attributed graph matching

graph node signature matrix. Lastly a distance formula is defined that calculates the distance

between two graphs by making use of the Hungarian method [57].

To demonstrate the graph matching technique and further details thereof, the following sec-

tions demonstrate how the techniques are applied to two attributed graphs. These linear

graphs are obtained from the energy characterisations of the heat exchanger models by making

use of the procedure described in section 5.1. A linear graph of the heat exchanger without a

fault is used for the original graph and a linear graph of the heat exchanger with a fluid leak is

used as the comparison graph. The energy information that will be used as the attributes for

the nodes and the edges of the linear graphs are given in Tables 5.1 and 5.2. Table 5.1 contains

the node attributes of the two graphs (basically the exergy information) and Table 5.2 contains

the edge attribute for the two graphs (basically the energy flow rates).

Table 5.1: Node attributes

Parameter Original graph Comaprison Graph Unit

x1 247920 247920 J/kg

x2 235210 235230 J/kg

x3 234370 234470 J/kg

x4 12985 13028 J/kg

x5 1933 1665 J/kg

x6 905 905 J/kg

Table 5.2: Edge attributes

Parameter Original graph Comaprison Graph Unit

q̇1 14020.35 14039.50 W

q̇2 -2100.81 -2074.65 W

q̇3 -16706.33 -17177.87 W

q̇4 16121.16 16114.15 W

q̇5 14605.52 15103.22 W

q̇6 25150.93 24032.79 W

q̇7 9029.50 9038.01 W

q̇8 -5574.79 -5316.49 W
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5.2.1 Node signature procedure

Now that the linear graphs have been identified and the attributes defined for each node and

edge, the next step is to create a node signature matrix for each linear graph. This is done by

creating a vector for every node. The vector is ordered as follows:

• The node attribute.

• The order of the node. (Number of edges incident on the node.)

• The attributes of the edges incident on the node, taking into account the directions of the

arrows of Figure 5.1.

– If edge direction is away from the node, multiply with 1.

– If edge direction is into the node, multiply with -1.

Thus N = [columns with node attributes, column with order of each node, columns with node

attributes]. The node signature matrix, NO, for the original graph is given by (5.1).

NO =



247920 1 14020.35 0 0

235210 3 −14020.35 −2100.81 16121.16

234370 3 2100.81 −16706.33 14605.52

12985 3 −16121.16 25150.93 −9029.50

1933 3 −14605.52 9029.50 5574.79

905 1 −5574.79 0 0


(5.1)

The signature node matrix for the original graph has six rows, as there are six nodes. Also, the

direction of mass-flow or heat transfer has been taken into account, so that the last three entries

in each row sum up to zero. However, this is not applicable for the two boundary nodes.
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The node signature matrix, NF, for the comparison graph is given by (5.2).

NF =



247920 1 14039.50 0 0

235230 3 −14039.50 −2074.65 16114.15

234470 3 2074.65 −17177.87 15103.22

13028 3 −16114.15 24032.79 −9038.01

1665 3 −15103.22 9038.01 5316.49

905 1 −5316.49 0 0


(5.2)

The signature node matrix for the comparison graph has six rows, as there are six nodes. The

last three entries in each row do not sum to zero for each row, the reason being that energy flow

rate is lost through the fluid leak.

5.2.2 Procedure to obtain cost matrix

Following the acquisition of the signature node matrices, the HEOM norm is applied to obtain

a cost matrix that describes the difference between the two graphs. Each row of the original

matrix is compared to every row of the comparison matrix. In other words, a norm is obtained

by taking the first row of the original matrix and the first row in the comparison matrix. Then

a norm is obtained by taking the first row in the original matrix and the second row in the

comparison matrix. This continues until there are six norms for the first row of the original

matrix. Then the procedure is repeated for the second row of the original matrix, once again

until there are six norms. When the procedure is finished, there are 36 norms which fit into a

6x6 matrix, where the element (i,j) is the HEOM norm of the ith row of the original matrix with

the jth row of the comparison matrix.

Each norm is calculated using

HEOM(i, j) =

√√√√ k

∑
a=1

δ(NOia , NFja), (5.3)

where NOia refers to the (i,a) entry in the original matrix, NFja refers to the (j,a) entry in the

comparison matrix, k is the length of the row, a is the ath column vector and the function δ is

given by

δ(NOia , NFja) =
|NOia −NFja |

rangea
, (5.4)
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where NFja and NFja are the matrix entries as described above and rangea is given by

rangea = |(ia + (0.05× ia))− (ia− (0.05× ia))|. (5.5)

If row one of the original node signature matrix is compared with row one of the comparison

node signature matrix, the norm is given by

HEOM(1, 1) =
√

0 + 0 + 0.00018656 + 0 + 0 = 0.0137 (5.6)

and the cost matrix, C, with all the norms are given as:

C =



0.0137 16247.1755 22873.2765 25676.0917 10485.7831 17.0144

25.4024 0.1254 72.6828 125.7370 54.3635 19.5503

58.9432 77.3334 0.4597 91.9975 84.1596 39.8779

182.5634 173.7479 173.8362 0.4459 19.2319 19.3884

1272.8131 1207.1275 1203.5106 65.2591 1.5010 17.6968

2729.6743 16452.1924 23018.4181 25676.4373 10485.7751 0.4633


. (5.7)

5.2.3 Distance between graphs

A formula to calculate the distance between two attributed graphs is proposed in [57] as:

D(gi, gj) =
M̂
|M| + ||gi| − |gj||, (5.8)

where |gi| is the number of nodes of graph i, |M| is the number of matching operators and M̂

is the sum of matching operating costs. The matching operators are obtained by applying the

Hungarian algorithm to the cost matrix.

The Hungarian algorithm is an optimization method that solves an assignment problem [58].

When the algorithm is applied to the cost matrix, C, a permutation matrix, P, is obtained, this

is given by equation 5.9.

P =



1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1


(5.9)
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The number of ones in P are the number of matching operators, whilst the sum of matching

operators is given by summing specific values in the cost matrix. The specific values of the

cost matrix that must be summed are the entry positions that correspond to the entry positions

of the ones in the permutation matrix. In this example, the ones lie on the diagonal of the

permutation matrix and thus it is the diagonal entries of the cost matrix that must be summed.

Thus for the two graphs that were used, a linear graph of the energy of the heat exchanger

under normal conditions and a linear graph of the energy of the heat exchanger with a fluid

leak, the distance is given by applying (5.8):

D =
0.0137 + 0.1254 + 0.4597 + 0.4459 + 1.5010 + 0.4633

6
+ |6− 6| = 0.5015. (5.10)

The numerator is given by the sum of the diagonal entries of the cost matrix, C, as the ones of

the permutation matrix, P, are on the diagonal.

5.3 Verification

The process does not need to be verified as it is based on the work done by [57] where it has

been applied on a pattern recognition problem with success. For verification of the MATLABr

functions and programs used to obtain the cost matrix and distance, some of the matrix entries

were checked by hand.

5.4 Conclusion

The notion to pack the energy characterisations of the heat exchanger with and without faults

into linear graphs with six nodes and eight edges was successful. The output of the attributed

graph matching technique is a cost matrix - describing similarities between two graphs by

looking at subsections of the graphs - and a distance parameter - a scalar value that describes

the magnitude with which two graphs differ. It should be noted that the cost matrix is in

the form of a matrix, allowing the use of various matrix techniques and procedures. The cost

matrix will form the base of the energy visualisation of the next chapter.
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Energy Visualisation

This chapter is concerned with the energy visualisation of the heat exchanger obtained by computing

eigenvalues. A visualisation of the heat exchanger under normal conditions is proposed as an energy

reference signature, to which the visualisations of the fault conditions can be compared. Cases with

various boundary conditions are discussed along with cases where the degree of the faults are varied.

Lastly a fault identification procedure is proposed that makes use of the energy visualisations to identify

which type of fault has occurred. The distance parameter of the previous chapter will be used throughout

to aid with comparisons.

6.1 Eigenvalues as visualisation tool

In linear algebra, the eigenvalues of a matrix are computed for various reasons. For a matrix

A, the Euclidean norm is given as the square root of the largest eigenvalue of A∗A (A∗ is the

conjugate transpose of A). Eigenvalues are used to diagonalize a matrix and to find the Jordan

norm. With the Jordan norm, one can calculate the powers of a matrix and can apply functions

to matrices. The eigenvalues of a matrix can also be used to determine if a matrix is singular or

non-singular [59].

In control theory, the eigenvalues of the A matrix are computed to determine if the system
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is controllable, observable and stable. Thus, the eigenvalues supply the characteristics of the

system. One can also find the eigenvalues present in the transfer function of the system as the

poles [60].

The above include only some of the most popular reasons that eigenvalues are used and in truth

it reveals that eigenvalues are in essence a way to see into the heart of a matrix and define some

of the characteristics. As a result, the eigenvalues of the different fault cost matrices (explained

in the previous chapter) will be determined and visualised. In order to achieve visualisation,

the eigenvalues will be plotted on the complex plane; since eigenvalues can either be real or

complex.

The MATLABr function ”eig()” is used to determine the eigenvalues of the cost matrices and

they are plotted on the complex plane by making use of the ”plot()” function. The eigenvalues

are determined from the cost matrix, which is a description of how the energy information

in two graphs differ. As a result, the eigenvalues contain energy information. In fact, the

eigenvalues determined by this procedure will be known as an energy visualisation. The

following sections will explain how the energy visualisation of the different faults are used

to find a procedure that identifies which fault has occurred.

6.2 Reference energy signature

In the previous chapter, attributed graph matching was applied to the node signature matrices

of the different models and cost matrices were obtained. The next challenge is to visualise how

the cost matrices change for each of the faults and if the visualisations are unique. This will

be done by making use of eigenvalues. However, a baseline that will be used for comparison

purposes is required.

A baseline is created for a specific set of boundary conditions by matching the graph to itself

with the attributed graph matching procedure of the previous chapter. The resulting cost

matrix is a matrix with zeros on the diagonal, nevertheless, the eigenvalues of this cost matrix

are not zero. The eigenvalues of this baseline are called the reference energy signature and is

generated for every set of boundary conditions.
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6.3 Visualisation

In this section the energy visualisations for the three types of faults and energy reference

signature for a specific set of boundaries will be shown. This specific set is called Boundary

set I and the conditions are given in Table 6.1.

Table 6.1: Boundary conditions: Boundary set I

Parameter Value Unit

Hot fluid inlet pressure 8000 kPa

Hot fluid inlet temperature 396 K

Hot fluid outlet pressure 7800 kPa

Cold fluid inlet pressure 286 kPa

Cold fluid inlet temperature 302 K

Cold fluid outlet pressure 277.08 kPa

The reference energy signature for set I is depicted in Figure 6.1. Note that there are six

eigenvalues as the cost matrix is a 6x6 matrix. There is one positive real eigenvalue, three

negative real eigenvalues and a pair of complex conjugate eigenvalues. The eigenvalues are

given in 6.2.

Table 6.2: Reference signature eigenvalues: Boundary set I

Real Imaginary

-3472 -

-566 + 43

-566 - 43

-51 -

-18 -

4672 -
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Figure 6.1: Energy reference signature: Boundary set I

6.3.1 Visualisation of a leak

Figure 6.2 depicts the energy reference signature along with the energy visualisation of a fluid

leak. A quick clarification is introduced that is needed for the rest of the chapter: a set of

corresponding eigenvalues refer to the eigenvalue of the energy visualisation that is closest to

an eigenvalue of the energy reference signature. For example the two real positive eigenvalues,

with values of about 4671, 873 and 4696.040, in Figure 6.2 are corresponding.

Figure 6.2 shows that the energy visualisation of the leak has six eigenvalues, denoted by the

circles, of which one is positive and real, three are negative real and two are complex. This

is the same as for the energy reference which also has one real positive eigenvalue, three

real negative eigenvalues and two complex eigenvalues. Observe that the values of each

corresponding eigenvalue differ from the reference eigenvalues. For the real eigenvalues, the

difference is relatively small (the circles and x’s are almost on top of each other) whilst for the

complex eigenvalues, the differences are significant. The eigenvalues for the for the energy

characterisation of the fluid leak is given by Table 6.3.
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Figure 6.2: Energy visualisation of a leak (Boundary set I)

Table 6.3: Fluid leak eigenvalues (Boundary set I)

Real Imaginary

-3506 -

-559 + 97

-559 - 97

-51 -

-18 -

4696 -

6.3.2 Visualisation of a heat leakage

Figure 6.3 depicts the energy reference signature along with the energy visualisation of a heat

leakage. Observe that there are six eigenvalues, of which one is positive and real, three are

negative real and two are complex. Concerning the most negative real eigenvalue, it varies

significantly from the most negative real value of the reference signature. The complex values

also differ significantly from the reference complex values. On the other hand, the other
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three real eigenvalues differ little form the corresponding reference signature values. The

eigenvalues for the energy characterisation of the heat leakage is given by Table 6.4.
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Figure 6.3: Energy visualisation of a heat leakage (Boundary set I)

Table 6.4: Heat Leakage eigenvalues (Boundary set I)

Real Imaginary

-216 -

-1735 + 1037

-1735 - 1037

-55 -

19 -

3771 -

6.3.3 Visualisation of fouling

Figure 6.4 depicts the energy reference signature along with the energy visualisation of the heat

exchanger with fouling. Observe that there are six eigenvalues, of which one is positive and

real, one is negative real and four are complex. Thus, an extra pair of complex eigenvalues are

present. When the largest and smallest real eigenvalues of the reference and the heat leakage
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visualisation are compared, a significant difference is noticed. The eigenvalues for the energy

characterisation of fouling is given by Table 6.5.
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Figure 6.4: Energy visualisation of fouling (Boundary set I)

Table 6.5: Fouling eigenvalues (Boundary set I)

Real Imaginary

-3152 -

-507 + 58

-507 - 58

-13 + 11

-13 - 11

4260 -

6.3.4 Visualisation of all faults

Figure 6.5 depicts the energy reference signature along with the energy visualisations of all

three faults. It can be noted that the corresponding eigenvalues vary the least in the case of a

leak and vary the most in the case of a heat leakage. The distance parameters (as described in

the previous chapter) for the different faults are given as:
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• Leak: 0.4493

• Heat leakage: 8.2223

• Fouling: 11.1395

The distance parameters reflect the variation in the corresponding eigenvalues for each of the

visualisations. Importantly Figure 6.5 reveals that the energy visualisation is different for each

of the faults. Consequently, it confirms that the attributed graph matching technique along

with the way in which the energy visualisations were defined, are successful in visualising the

different faults uniquely.
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Figure 6.5: Energy visualisation - Case 1 (Boundary set I)

The specific boundary conditions set and fault parameters from section 3.5 used to obtain

Figure 6.5 is called Case 1. Other cases will now be looked at.

6.4 Different cases and scenarios

In the previous section the energy visualisations of a specific set of boundaries called Boundary

set I were considered. The faults that were considered were based on the fault parameters
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as explained in section 3.5. Nevertheless, a heat exchanger can be operated with different

boundary conditions and the degree of the faults can also vary. For instance, the hot fluid can

be at a higher temperature or the leak in the cold fluid pipe can either be very small or large.

Consequently, more cases need to be considered, cases where other boundary conditions are

applied and cases where the degrees of the faults are adjusted. The aforementioned cases are

described and the respective energy visualisation considered in the following subsections.

6.4.1 Adjustment of fault degrees

Two cases are considered; in Case 2, the degree of the fault is greater than in Case 1, in Case 3,

the degree of the fault is smaller than in Case 1. Both Cases 2 and 3 have the same boundary

conditions as Case 1, Boundary set I, given by Table 6.1. The fault parameters for Cases 1, 2 and

3 are given in Table 6.6. Figures 6.6 and 6.7 depict the energy visualisations for Cases 2 and 3

respectively.

The energy visualisations of Cases 2 and 3 are very similar to that of Case 1. In all cases, the

energy reference signatures have one positive real eigenvalue, three negative real eigenvalues

and a pair of complex conjugate eigenvalues. In all three cases, the visualisations of the fluid

leak have one positive real eigenvalue, three negative real eigenvalues and a pair of complex

conjugate eigenvalues. The energy visualisations of the heat leakage are also similar with

two positive real eigenvalue, two negative real eigenvalues and a pair of complex conjugate

eigenvalues. For fouling the visualisations differ, in Case 1, there was two sets of complex

eigenvalues. In Cases 2 and 3, there are only one set of complex eigenvalues. The eigenvalues

for Cases 2 and 3 are given in Tables 6.7 and 6.8 respectively.

Table 6.6: Fault parameters

Parameter Case 1 Case 2 Case 3 Unit

Leak pipe diameter 0.001 0.002 0.0005 m

Heat leakage area .803 1 0.5 m2

Fouling K-forward factor 30 50 10 N/A
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Figure 6.6: Energy visualisation: Case 2 (Boundary set I)
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Figure 6.7: Energy visualisation: Case 3 (Boundary set I)
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Chapter 6 Different cases and scenarios

Table 6.7: Eigenvalues: Case 2 (Boundary set I)

Reference Fluid leak Heat leak Fouling

-3471 -3607 -209 -3030

-566 + 43i -534 + 179 -1719 + 1099i -7 + 14

-566 - 44i -534 - 179i -1719 - 1099i -7 -14i

-50 -50 -55 -515

-18 -19 21 -468

4672 4757 3733 4117

Table 6.8: Eigenvalues: Case 3 (Boundary Set I)

Reference Fluid leak Heat leak Fouling

-3471 -3480 -235 -3329

-566 + 43i -564 + 61i -1778 + 854i -538 + 70i

-566 - 43i -564 + 61i -1778 + 854i -538 + 70i

-50 -51 -53 -31

-18 -18 14 -17

4672 4678 3874 4483

Table 6.9 gives the distance parameters for Cases 1, 2 and 3. When Figures 6.5, 6.6 and 6.7 are

compared, it can be observed that all the forms of the energy visualisations remain the same. In

comparison with Case 1, observe that the corresponding eigenvalues vary less in Case 3, whilst

they vary more in Case 2. In brief, it appears that the energy visualisations reflect the degree of

the faults. Similarly, the degree of the faults is reflected in the distance parameters of Table 6.9.

Table 6.9: Distance parameters for Cases 1,2 and 3

Parameter Case 1 Case 2 Case 3

Leak 0.449 2.298 0.108

Heat leakage 8.222 8.578 7.289

Fouling 11.140 14.946 5.147
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Chapter 6 Different cases and scenarios

6.4.2 Adjustment of boundary conditions

Table 6.10 supplies the boundary conditions that are called Boundary Set II and used in Case 4.

Compared to Case 1; all the boundary conditions of both the hot fluid side and the cold fluid

side have been adjusted. The fault parameters remain the same as in section 3.5.

Using Boundary Set II as given by Table 6.10, the whole procedure is repeated. Parameter

values obtained are from the Flownexr model and used to calculate energy values which are

packed into linear graphs, then attributed graph matching is applied and the eigenvalues of the

respective cost matrices are visualised. Figure 6.8 displays the energy visualisation for Case 4.

The distance parameters are given as:

• Leak: 1.950

• Heat leakage: 11.162

• Fouling: 13.984

Table 6.10: Boundary conditions: Boundary Set II

Parameter Value Unit

Hot fluid inlet pressure 8400 [kPa]

Hot fluid inlet temperature 402 [K]

Hot fluid outlet pressure 8200 [kPa]

Cold fluid inlet pressure 287 [kPa]

Cold fluid inlet temperature 303 [K]

Cold fluid outlet pressure 278.08 [kPa]

When Figure 6.8 is compared to Figure 6.5 a significant difference is noted for the energy

reference signature. All the eigenvalues are real. In this case the energy visualisations for the

two fluid leak also contains only real eigenvalues. The energy visualisation for heat leakage

contains only one set of complex eigenvalues and two positive real values, which is the same

as in Case 1. Concerning the energy visualisation for fouling, in there is one set of complex

eigenvalues which differs from Case 1, which has two sets. When comparing the distance
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Figure 6.8: Energy visualisation - Case 4 (Boundary Set II)

parameters, the parameters are larger for Case 4. This was expected as both the heat leakage

and fouling fault visualisations contain at least one set of complex values whilst the reference

signature does not.

Table 6.11: Eigenvalues - Case 4 (Boundary Set II)

Reference Fluid leak Heat leakage Fouling

-3335 -3439 -232 -3039

-886 -819 -1798 + 1053i -15 + 13i

-398 -422 -1798 - 1053i -15 - 13i

-15 -15 -82 -789

-75 -75 23 -353

4710 4780 3954 4295

66



Chapter 6 Verification

6.5 Fault identification procedure

At this point the challenge is to define a procedure that can identify which fault has occurred

when only the data of the energy reference signature and one energy visualisation are available.

In this instance the type of fault of the energy visualisation is not known. A procedure was

developed by making use of cases 1-4 and other cases (different boundary conditions and dif-

ferent fault magnitudes) not discussed in the previous sections, but can be found in Appendix

B. These include cases where all boundary condition parameters were adjusted and cases where

only one boundary condition parameter was adjusted. The procedure makes use of ”if” logic

and each fault is unique. The procedure is described in Table 6.12. The procedure makes use of

the energy reference signature and the energy visualisation concerned. Each ”if” rule is given

a number that will be used later.

Table 6.12: Identification Procedure

If condition Fault if true

1 Energy-visualisation has two positive real eigenvalues. Heat leakage

2 The most negative real eigenvalue of the energy visualisation is

more negative than the most negative value of the reference signa-

ture AND the most positive real eigenvalue of the energy visualisa-

tion is more positive than the most positive value of the reference

signature.

Fluid leak

3 None of the above criteria are met. (Can also be: The most negative

real eigenvalue of the energy visualisation is less negative than

the most negative value of the reference signature AND the most

positive real eigenvalue of the energy visualisation is less positive

than the most positive value of the reference signature)

Fouling

6.6 Verification

In order to verify the use of eigenvalues to create an energy visualisation two factors are

considered. The first is that each energy visualisation is unique which is necessary since the

faults are unique and the energy characterisation is different for every fault. The second is the
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fact that the degree to which each set of corresponding eigenvalues differ, corresponds with

the magnitude of the distance parameter. In turn the distance parameter can be trusted since it

has been applied in [57] with success.

Concerning the verification of the identification procedure, it was tested on different cases

(where the fault was not disclosed beforehand). These cases include both cases that were used

to create the procedure as well as cases that were not used. Table 6.13 gives the ”if” number of

the identification procedure (of Table 6.12) that was used to identify each of the three faults for

ten different cases. The case numbers are identified by C1, C2 etc. The boundary conditions,

fault parameters and eigenvalues for Cases 5 - 10 are found in Appendix B.

Table 6.13: Identification of faults according to procedure

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Fluid leak 2 2 2 2 2 2 2 2 2 2

Heat leakage 1 1 1 1 1 1 1 1 1 1

Fouling 3 3 3 3 3 3 3 3 3 3

6.7 Conclusion

This chapter has revealed that it was sensible to calculate and plot the eigenvalues of the

cost matrix - obtained by graph matching and based on energy data - as a means to energy

visualisation. The procedure that was developed for fault identification was tested on various

cases and was successful in identifying the three different types of faults. The results of this

chapter confirm that graph matching is a valid approach. Similarly, the use of energy data to

identify faults is sensible and provides a comprehensive method to pack information into a

graph that is representative of all the domains in system.
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Conclusion

In this chapter conclusions will be drawn from the results of previous chapters. The usefulness, short-

comings and problems of the issues addressed in the study will be discussed. The chapter continues with

recommendations for possible future work.

7.1 Conclusions

The counter-flow, single phase heat exchanger model in this study is based on the gas cooler of

an operating CO2 heat pump test bench. The choice was made to use a pre-existing validated

Flownexr model. This increased the validity of the results and allowed energy visualisation

and graph matching to be the primary focus points of the study.

A side-by-side simplified two-dimensional approach towards modelling the counter-flow heat

exchanger was followed. Six control volumes were identified. The argument exists that six

volumes might not be enough to fully represent a system which is normally modelled in a

distributive manner. Nevertheless, an objective of the study was the fault diagnosis of a heat

exchanger. In fault diagnosis, the reduction of system data is of value. Sensor availability is

another reason for choosing a smaller number of control volumes.
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Chapter 7 Conclusions

Three types of faults were introduced in the Flownex modelr. The faults were introduced one

at a time and only on the cold fluid pipe. The system response to the faults was as excepted.

In order to achieve a visualisation, energy information had to be extracted from the model. The

choice to make use of exergy and energy flow rates presented some difficulties at first. Even

though Flownexr had access to enthalpy and entropy values of some points, only temperature,

pressure and mass flow data are available from sensors. The problem was solved by making

use of EES. The next challenge was the reference state that had to be used. At first, the reference

state was not chosen and used correctly - this led to data that did not make sense. The problem

was solved by discussing the issue with chemical and mechanical engineers with knowledge

of thermodynamics. When the correct reference state was chosen and implemented correctly;

the data made sense and a node law was adhered to as explained in Chapter 4. The fact that

enthalpy values could be negative was another confusing aspect. Later it was realised that the

negative sign did not indicate direction but has everything to do with the reference state chosen.

In the end, by applying the energy equations, energy information was obtainable for each con-

trol volume, boundary condition, secondary point and heat transfer point. Energy information

could also be extracted for the three different faults and the values could be compared.

The decision was made to use two boundary conditions and four control volumes as the nodes

of the attributed linear graph. If the control volumes on the separation wall were used, the

energy heat transfer rates would be duplicated in the graph. For the reason of data redundancy,

the wall’s control volumes were left out. Two boundary conditions were selected as nodes, so

that the energy visualisation obtained would be directly dependent of the boundary conditions

used.

The literature study showed that graph matching as used in pattern recognition would be the

most appropriate technique to use. Moreover, one of the simplest techniques in the pattern

recognition field was identified. A simpler technique would allow the focus to remain on the

energy in the system on how it changed when different faults were introduced. In order to

understand the technique better, it was applied on two simple electric circuit configurations

constituting two resistors, an inductor and a capacitor. This was not discussed in this study.

The motivation for applying the technique by Jouili et al [57] was their use of a cost matrix

and distance parameter. In addition to the permutation matrix, the cost matrix and distance
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parameter would supply more information of how the graphs corresponded. This proved to

be a valid decision. The energy graphs were similar and the permutation matrices were the

same for most of the cases. On the other hand, the cost matrices differed and provided more

information.

In creating an energy visualisation, it was decided to make use of a baseline. The baseline was

named the energy reference signature and was associated with a certain set of boundary con-

ditions. The idea was that any one of the faults could be compared to the reference signature.

For various reasons, eigenvalues were chosen to achieve visualisation. Two significant reasons

include; eigenvalues give insight into the characteristics of a matrix and eigenvalues can be

represented in two-dimensions. For the sake of comprehending the visualisation results, it was

decided that visualisation had to be kept at three dimensions or lower.

The procedure developed for fault detection has been tested and was successful in detecting a

fluid leak, heat leakage and fouling. However, the procedure can only identify an individual

fault and not simultaneous faults.

7.2 Recommendations and future work

The model used in the study is very basic and only the steady state response of the heat

exchanger was considered. In future work, a more complex model could be used and the

transient response of the heat exchanger should also be taken into account.

It was decided that the attributed linear graph constituted six nodes and eight edges. This

decision was based on careful considerations regarding data redundancy, information reduc-

tion and the model used. Further investigation into the graph size could be done in order to

determine how the optimum configuration links to the model used and how the configuration

affects data redundancy and reduction.

The use of eigenvalues for energy visualisation proved to be of great significance. Future

work could look at the use of eigenvectors in energy visualisation. Based on the success of

eigenvalues, the forecast is that more insight would be gained into the energy change in the

system and also that the detection procedure could benefit from the inclusion of eigenvectors.
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Chapter 7 Closure

Only a single fault can be detected by the procedure. Future work could investigate the effects

of simultaneous faults and if the graph matching approach is still successful in identifying

faults.

In this study, only verification was of concern. It would be beneficial to investigate the validity

of the specific approach taken. Furthermore, the credibility of the approach would be enhanced

if a Monte Carlo analysis is performed.

Lastly, it is proposed that using graph matching as a means to energy visualisation should

be evaluated on other systems or processes. It would be interesting to see how the approach

translates and what aspects would need the most consideration.

7.3 Closure

The objective of developing energy visualisations for a counter-flow heat exchanger, by making

use of graph matching was achieved. Additionally, the energy visualisations are sensitive to

faults. Energy characterisations were extracted from a Flownexr heat exchanger model. This

was done for the model without a fault and with faults. The energy characterisations were

packed into attributed linear graphs of size 6. The technique of graph matching was applied to

the graphs and two-dimensional energy visualisations achieved by calculating eigenvalues. A

procedure was developed for the identification of faults which proved to be successful.
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Appendix A

EES Macro files

Figure A.1 depicts the EES Macro file that was called by MATLABr to calculate the enthalpy

and entropy values of a fluid and store it in a temporary file. The specific material’s name and

three different temperatures and pressures are input for the file and are supplied by MATLABr.

Figure A.1: Macro file to obtain enthalpy and entropy of CO2 and H2O

Figure A.2 depicts the EES Macro file that was called by MATLABr to calculate the enthalpy

and entropy values of a solid and store it in a temporary file. The specific material’s name and

two different temperatures and pressures are input for the file and are supplied by MATLABr.

Figure A.2: Macro file to obtain enthalpy and entropy of AISI 304 stainless steel
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Appendix B

Data cases for energy visualisation

The boundary conditions sets, fault parameters and eigenvalues for Cases 5-10 are given in the

following sections.

B.1 Case 5

Table B.1: Boundary conditions for Case 5

Parameter Value Unit

Hot fluid inlet pressure 9000 [kPa]

Hot fluid inlet temperature 410 [K]

Hot fluid outlet pressure 8800 [kPa]

Cold fluid inlet pressure 286 [kPa]

Cold fluid inlet temperature 302 [K]

Cold fluid outlet pressure 277.08 [kPa]
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Table B.2: Fault parameters for Case 5

Parameter Value Unit

Leak pipe diameter 0.001 m

Heat leakage area .803 m2

Fouling K-forward factor 30 N/A

Table B.3: Eigenvalues: Case 5

Reference Fluid leak Heat leak Fouling

-3305 -3353 -307 -2926

-1107 -1078 -1961 + 912i -1018

-394 -399 -1961 - 912i -323

-170 -171 -184 -34

-8 -9 35 -22

4983 5013 4485 4475

B.2 Case 6

Table B.4: Boundary conditions for Case 6

Parameter Value Unit

Hot fluid inlet pressure 8800 [kPa]

Hot fluid inlet temperature 410 [K]

Hot fluid outlet pressure 8600 [kPa]

Cold fluid inlet pressure 286 [kPa]

Cold fluid inlet temperature 300 [K]

Cold fluid outlet pressure 277.08 [kPa]
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Table B.5: Fault parameters for Case 6

Parameter Value Unit

Leak pipe diameter 0.001 m

Heat leakage area .803 m2

Fouling K-forward factor 30 N/A

Table B.6: Eigenvalues: Case 6

Reference Fluid leak Heat leak Fouling

-3051 -3066 -1204 -2734

-1272 + 1491i -1289 + 1520i -1835 + 1124i -1147 + 1393i

-1272 -1491i -1289 - 1520i -1835 + 1124i -1147 -1393i

-133 + 49i -136 + 45i -171 -61 + 53i

-133 - 49i -136 -45i 145 -61 - 53i

5859 5918 4977 5299

B.3 Case 7

Table B.7: Boundary conditions for Case 7

Parameter Value Unit

Hot fluid inlet pressure 8800 [kPa]

Hot fluid inlet temperature 410 [K]

Hot fluid outlet pressure 8600 [kPa]

Cold fluid inlet pressure 286 [kPa]

Cold fluid inlet temperature 302 [K]

Cold fluid outlet pressure 277.08 [kPa]
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Table B.8: Fault parameters for Case 7

Parameter Value Unit

Leak pipe diameter 0.001 m

Heat leakage area .803 m2

Fouling K-forward factor 30 N/A

Table B.9: Eigenvalues: Case 7

Reference Fluid leak Heat leak Fouling

-3454 -3506 -356 -3074

-1046 -448 -2043 + 687i -934

-444 -448 -2043 - 687i -357

-231 -233 -245 -64

-3 -4 42 –11

5178 5210 4779 4635

B.4 Case 8

Table B.10: Boundary conditions for Case 8

Parameter Value Unit

Hot fluid inlet pressure 8300 [kPa]

Hot fluid inlet temperature 400 [K]

Hot fluid outlet pressure 8200 [kPa]

Cold fluid inlet pressure 288 [kPa]

Cold fluid inlet temperature 300 [K]

Cold fluid outlet pressure 280 [kPa]
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Table B.11: Fault parameters for Case 8

Parameter Value Unit

Leak pipe diameter 0.0015 m

Heat leakage area .75 m2

Fouling K-forward factor 25 N/A

Table B.12: Eigenvalues: Case 8

Reference Fluid leak Heat leak Fouling

-3489 -3535 -1410 -3296

-751 + 1131i -763 + 1186i -1291 + 1103i -974 +1049i

-751 - 1131i -763 - 1186i -1291 - 1103i -974 -1049i

-93 -156 -6 -82

-46 -40 88 -25

5129 5213 3946 4799

B.5 Case 9

Table B.13: Boundary conditions for Case 9

Parameter Value Unit

Hot fluid inlet pressure 8300 [kPa]

Hot fluid inlet temperature 302 [K]

Hot fluid outlet pressure 8200 [kPa]

Cold fluid inlet pressure 286 [kPa]

Cold fluid inlet temperature 302 [K]

Cold fluid outlet pressure 277.08 [kPa]
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Table B.14: Fault parameters for Case 9

Parameter Value Unit

Leak pipe diameter 0.0015 m

Heat leakage area .75 m2

Fouling K-forward factor 25 N/A

Table B.15: Eigenvalues: Case 9

Reference Fluid leak Heat leak Fouling

-3803 -3883 -226 -3523

-467 + 288i -452 + 311i -1727 + 825i -424 + 271i

-467 - 288i -452 - 311i -1727 - 825i -424 - 271i

-21 -28 -30 -13 +7i

-27 -21 11 -13 - 7i

4785 4840 3735 4441

B.6 Case 10

Table B.16: Boundary conditions for Case 10

Parameter Value Unit

Hot fluid inlet pressure 7500 [kPa]

Hot fluid inlet temperature 398 [K]

Hot fluid outlet pressure 7300 [kPa]

Cold fluid inlet pressure 286 [kPa]

Cold fluid inlet temperature 302 [K]

Cold fluid outlet pressure 277.08 [kPa]
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Table B.17: Fault parameters for Case 10

Parameter Value Unit

Leak pipe diameter 0.0008 m

Heat leakage area 1.2 m2

Fouling K-forward factor 15 N/A

Table B.18: Eigenvalues: Case 10

Reference Fluid leak Heat leak Fouling

-3602 -3626 -255 -3420

-547 + 165i -543 +177i -1736 + 988i -506 + 170i

-547 - 165i -543 - 177i -1736 - 988i -506 - 170i

-10 -89 -92 -48i

-88 -10 36 -8

4795 4813 3849 4547
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