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Abstract
Transitioning the transport sector to clean energy sources is crucial for mitigat-
ing greenhouse gas emissions and achieving carbon neutrality. A collaborative
solution, combining both electric vehicles and combustion engines using renew-
able fuels, may prove more effective than competitive ones. This necessitates
a focus on developing sustainable combustion engines by improving their effi-
ciency through renewable energy sources and innovative technologies.

This thesis uses exergy analysis to evaluate engine efficiency, losses, and
irreversibilities, as well as the work potential of exhaust flows. Particular em-
phasis is placed on the implications of these exergy analyses in relation to en-
gine operations, especially concerning combustion processes and exhaust pulsa-
tions. Exergy analysis quantifies the maximum work extractable from an energy
source, enabling the identification and quantification of losses and inefficiencies
in thermal processes. A dual-fuel marine engine with two-stage turbocharging
and an ethanol-fueled heavy-duty spark-ignition (SI) engine using lean burn are
examined with validated one-dimensional engine models to analyze engine per-
formance and losses from an exergy perspective. In the tested marine engine,
irreversibilities are quantified and categorized into three types, with combus-
tion irreversibility being the most significant, followed by losses through gas
exchange and heat dissipation. In the ethanol-fueled SI engine, the effect of
lean-burn combustion at high load is investigated through the excess air ratio
up to 1.8, assessing its impact on thermal efficiency, combustion phasing, as
well as energy and exergy distributions. Results indicate that employing lean
burn improves engine efficiency with advanced combustion phasing but also
leads to more exergy destruction. The importance of maintaining high exergy
recovery through turbocharging for diluted operation is also highlighted.

Additionally, high-frequency exhaust pulsations resulting from valve motion
pose challenges in accurately resolving exhaust energy and exergy. To address
this, this thesis investigates methods for exhaust pulse characterization and
measurement under unsteady flow conditions. Sensitivity analyses, based on a
heavy-duty engine simulation, highlight the importance of time-resolved mass
flow measurements in quantifying the energy and exergy of exhaust pulsations.
Subsequently, this research implements a Pitot tube-based approach to measure
crank angle-resolved engine exhaust mass flow rates and to further analyze the
effect of attenuated temperature measurements on resolving instantaneous mass
flows. The findings indicate that temperature variations pertaining to exhaust
flow conditions have only a relatively small impact on mass flow measurements.
Based on the exhaust flow measurements, the mass flow characteristics of ex-
haust pulsations are also discussed with regard to the blow-down and scavenge
phases.





Sammanfattning
Att överg̊a transportsektorn till rena energikällor är avgörande för att minska
utsläppen av växthusgaser och uppn̊a koldioxidneutralitet. En samarbetslösning
som kombinerar b̊ade elbilar och förbränningsmotorer som använder förnybara
bränslen kan visa sig vara mer effektiv än konkurrenskraftiga alternativ. Detta
kräver fokus p̊a att utveckla h̊allbara förbränningsmotorer genom att förbättra
deras effektivitet med hjälp av förnybara energikällor och innovativa teknologier.

Den här avhandlingen använder exergianalys för att utvärdera motorernas
effektivitet, förluster och oundvikliga förluster, samt arbetspotentialen hos av-
gasflöden. Särskild tonvikt läggs p̊a konsekvenserna av dessa exergianalyser
i förh̊allande till motoroperationer, särskilt vad gäller förbränningsprocesser
och avgaspulser. Exergianalys kvantifierar det maximala arbetet som kan
utvinnas fr̊an en energikälla och möjliggör identifiering och kvantifiering
av förluster och ineffektiviteter i termiska processer. En tv̊abränslemotor
för sjöfart med tv̊astegs turboladdning och en etanoldriven motor med
l̊agbelastning och tändstiftning med gnistbildning (SI) undersöks med valid-
erade en-dimensionella motormodeller för att analysera motorprestanda och
förluster fr̊an b̊ade energi- och exergiperspektiv. I etanol-eldad SI-motor un-
dersöks effekten av magert bränsleblandning vid hög belastning genom att vari-
era överskottsluftförh̊allandet upp till 1,8 och bedöma dess p̊averkan p̊a ter-
misk verkningsgrad, förbränningsfasning samt energi- och exergifördelningar.
Resultaten indikerar att användning av magert bränsleblandning förbättrar mo-
torverkningsgraden med avancerad förbränningstidpunkt, men leder ocks̊a till
mer exergiförlust. Vikten av att upprätth̊alla hög exergi̊atervinning genom tur-
boladdning för utspädd drift framh̊alls ocks̊a.

Dessutom medför högfrekventa avgaspulser som uppst̊ar p̊a grund av
ventilmotion utmaningar när det gäller att noggrant fastställa avgasenergi
och exergi. För att tackla detta undersöker denna avhandling metoder för
karakterisering och mätning av avgaspulsar under instabila flödesförh̊allanden.
Känslighetsanalyser, baserade p̊a en simulering av en tung lastbilsmotor, un-
derstryker vikten av tidsupplösta massflödesmätningar för att kvantifiera en-
ergin och exergin hos avgaspulsarna. Därefter implementerar denna forskning
en metod baserad p̊a Pitot-rör för att mäta vevvinkelupplösta massflöden fr̊an
motorns avgaser och för att ytterligare analysera effekten av dämpad tem-
peraturmätning p̊a att fastställa ögonblickliga massflöden. Resultaten visar att
temperaturvariationer relaterade till avgasflödesförh̊allandena endast har en rel-
ativt liten p̊averkan p̊a massflödesmätningarna. Baserat p̊a mätningarna av av-
gasflödet diskuteras ocks̊a massflödets egenskaper i samband med utbl̊asnings-
och skavenging-faserna.
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And now I see with eye serene, the very pulse of the machine.

- William Wordsworth
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Chapter 1

Introduction

1.1 Background

Recent decades of industrialization and unprecedented economic growth have
been accompanied by high carbon dioxide (CO2) emissions. However, the in-
creasing levels of CO2 and other heat-trapping greenhouse gases (GHG) emis-
sions in the atmosphere are causing the rise in Earth’s temperature. Until
2022, global average temperatures have increased by 1.1 ◦C compared to the
pre-industrial level in 1850 (Morice et al., 2021; Ritchie et al., Retrieved Febru-
ary 10, 2023). The adverse consequences of this climate change include more
frequent and severe extreme weather events (e.g., heatwaves, droughts, and
storms), along with Arctic sea ice loss, rising sea levels, coral bleaching, and
ocean acidification. Therefore, climate-related policies and initiatives have been
regionally or internationally discussed and agreed to accelerate and intensify
the actions and investments required for a sustainable low (or even ”net-zero”)
carbon future (United Nations, 2015; Habib et al., 2018). The European Com-
mission in July 2021 adopted a revised GHG legislative standard to achieve a
climate-neutral EU by 2050 with an intermediate target of a 55% net GHG
reduction in 2030 compared to 1990 (European Union, 2021b).

Transportation is a major contributor to GHG emissions, as the majority of
in-use vehicles still rely on burning fossil fuels for energy. The European Environ-
ment Agency (EEA) reported that in 2019, the transport sector was the second
largest source of GHG emissions in the European Union (EU) region, account-
ing for approximately 25% of total emissions (European Environment Agency,
2022). Road transportation was the largest contributor within this sector, re-
sponsible for 71.7% of transport GHG emissions. Among road transportation,
passenger cars accounted for 60.6% of emissions, heavy-duty (HD) vehicles for
27.1%, and light-duty trucks for 11%. The remaining transport GHG emissions
in the EU were produced by aviation (14.1%) and shipping (13.4%).
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CHAPTER 1. INTRODUCTION

In line with the Paris Agreement (United Nations, 2015), the European
Green Deal aims to achieve climate neutrality by 2050, which requires a 90%
reduction of GHG emissions in the transport sector (European Union, 2019).
However, despite significant reductions in GHG emissions in other sectors, EU
transport emissions in 2019 were 33.5% higher than in 1990, with road trans-
portation emissions rising by 28% (European Environment Agency, 2022). In
similar, the global CO2 emissions from the transport sector in 2021 continued
to grow globally, reaching 7.7 gigatons or 7.65% of total annual CO2 emissions
(International Energy Agency, 2022b).

On February 14th, 2023, the European Commission announced revised CO2
emission performance standards as the first rules agreed in the ”Fit for 55”
package (European Union, 2021a). These standards are meant to set the path
for new passenger cars and light commercial vehicles. Meanwhile, the interme-
diate emissions reduction targets for 2030 have been limited to 55% for cars and
50% for light commercial vehicles. In addition to these updates, the European
Commission has also announced draft legislation to amend the regulation of
CO2 reduction from HD vehicles (European Union, 2023). The new standards
mandate that city buses produce zero-emissions by 2030, while trucks must
achieve a 90% reduction in emissions by 2040 against the 2019 level. This
action underscores the need to accelerate transportation decarbonization and
has been endorsed by straight legislation on transport CO2 reduction.

1.2 Transition and challenge
Mitigating GHG emissions requires the transition of the transport sector towards
cleaner, more sustainable sources and achieving carbon neutrality. Endorsed by
climate and energy-related policies, the development and advancement of tech-
nological solutions for mobility decarbonization become increasingly important
in slowing down and further reducing the GHG growth in transportation. While
full electrification is currently the most popular solution for decarbonization,
conventional combustion engines that use renewable fuels can also be a prac-
tical approach. This section discusses vehicle electrification and the future role
of combustion engines in the context of zero-emission transportation.

1.2.1 Vehicle electrification
Due to zero tailpipe emissions while driving, electric vehicles (EVs) are per-
ceived as the cleanest technological solution and largely promoted by relevant
policies towards decarbonizing transport (Boulanger et al., 2011). With the
electricity from cleaner and renewable energy sources (e.g., wind or solar), the
use of EVs has the potential to significantly reduce GHG emissions throughout
the entire transportation lifecycle. Other advantages of EVs over conventional
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fossil-fueled vehicles also include reduced local emissions (e.g., particulate mat-
ter and nitrogen oxides), lower operational costs, and the potential for improved
performance. The EVs market share in EU, combining fully battery EVs and
plug-in hybrid EVs, increased to 17% in 2021 (International Energy Agency,
2022a) and is likely to continue to grow with the implementation of supportive
EU policies aiming to phase out the sale of new fossil-fueled cars and vans by
2030 or 2035 (European Union, 2021a).

However, despite the benefits of vehicle electrification over traditional gaso-
line or diesel-powered vehicles, there are still many challenges at the current
stage that have hindered the progress of EV adoption. In terms of road trans-
portation, the challenges include limited driving range, long charging times,
limited operating temperature, power-processing capability, battery lifespan and
disposal cost, inadequate charging access, and the increased burden on the
power grid (Habib et al., 2018). The underlying causes of these challenges
can be traced to the limitations of in-space battery technology and the cost of
upgrading infrastructure (Al-Hanahi et al., 2021).

Furthermore, current concerns related to vehicle electrification primarily fo-
cus on road transportation, particularly the replacement of fossil-fueled pas-
senger cars. However, both adopted policies and technological advances have
not yet adequately differentiated among different vehicle applications (Peiseler
& Cabrera Serrenho, 2022). Smith et al., 2020 summarized the technology
gaps in electrifying medium- and heavy-duty (MHD) commercial vehicles for
road transportation. Regarding battery technology requirements, their work
revealed that, compared to the electrification of LD vehicles, electrifying MHD
vehicles requires twice the peak output power, up to five times greater battery
capacity, and a minimum of six times longer battery lifespan in order to achieve
similar performance to gasoline- or diesel-powered counterparts currently in use.
Moreover, similar issues are also present in electrifying the propulsion system
in marine transport, particularly for deep-sea shipping where onshore power is
usually unavailable (Serra & Fancello, 2020). Additionally, the progress of elec-
trification in non-road equipment lags far behind that of on-road vehicles. This
is due to several factors such as the shortage of battery energy densities for
workload, durability and reliability in harsh environments, as well as emission
regulations that typically focus on hazardous local pollutants without specific
GHG limitations at the current stage (Hong & Lü, 2022).

Therefore, it may not be wise to rely solely on EVs as the only pathway
to achieving sustainability principles for zero-emission mobility (Duarte Souza
Alvarenga Santos et al., 2021). Instead, combined solutions - rather than
competitive ones - may be the best near-term answer for achieving green trans-
portation. While battery EVs are currently viewed as a key priority in reducing
greenhouse gas emissions, it’s essential to continue developing a diversity of
technologies to realize the Green Deal goals with climate neutral by 2050. This
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is particularly important in areas where full electrification is technically and
economically challenging.

1.2.2 The future role of combustion engines
Internal combustion engines (ICEs), which have been the traditional method
for powering vehicles, are widely recognized as a major source of CO2 emis-
sions. This is primarily due to their reliance on the combustion of fossil fuels,
which generates significant amounts of GHG and other pollutants. However,
rather than eliminating ICEs, it’s crucial to phase out the burning of fossil fuels,
which is a leading contributor to increased transport GHG emissions and a ma-
jor obstacle to achieving sustainable goals. With the significant technological
progress made in engine development over the past century, it’s important not
to overlook the potential for emissions reduction through the use of combustion
engines powered by carbon-neutral resources.

As previously discussed, in addition to the adoption of upcoming electri-
fication technologies, advancements in existing combustion engines alongside
the use of biofuels can also play a significant role in expediting the process of
transportation decarbonization. The future use of combustion engines must pri-
oritize sustainability and focus on reducing emissions and improving efficiency
through the use of renewable energy sources and advanced technologies.

Renewable fuels

Depending on production processes or resources, renewable fuels include biofu-
els derived from biomass and waste, hydrogen fuel produced from renewable
resources, and synthetic fuel generated from ambient CO2 and water. To
achieve transportation decarbonization, renewable fuels can serve as a CO2-
neutral transitional technology by replacing fossil fuels in the transport sector.

Due to their high energy density and promising environmental performance,
renewable fuels can accelerate decarbonization without requiring costly modi-
fications to in-use vehicles and transportation infrastructure. As a result, the
decarbonization solution based on ICE alongside renewable fuels can be a more
feasible option in areas where progress in electrification is slow or faces obstacles.
Moreover, the adoption of renewable fuels in the transport sector can leverage
the technological knowledge accumulated from previous studies of high-efficient
combustion engine in the last century (Reitz et al., 2020).

In terms of the emission reduction potential of using renewable fuels, life-
cycle assessments of light-duty vehicles GHG emissions conducted by Anders-
son and Börjesson, 2021 indicate that renewable fuels (e.g., alcohols and hy-
drotreated vegetable oil) used in plug-in hybrid vehicles have a comparable
and even larger GHG reduction potential than fully battery-electric vehicles. In
a review of a diversity of propulsion systems towards zero-emissions mobility,

4
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Duarte Souza Alvarenga Santos et al., 2021 address the promising potential of
biofuels and hydrogen fuel to generate clean energy in the context of powering
HD vehicular fleets. This approach has been found to have less environmental
damage than fully battery EV solutions when accounting for the current GHG
emissions associated with electricity resources.

Engine efficiency

The efficiency of combustion engines measures the effectiveness of converting
chemical energy in fuel into crankshaft work. Improving engine efficiency is cru-
cial to engine development for minimizing emissions, reducing fuel consumption,
and improving performance. Modern automotive engines typically have ther-
mal efficiencies of 35-40% for gasoline and 40-45% for diesel (Heywood, 1988),
whereas marine engines with reduced heat losses and improved combustion can
achieve over 60% efficiency. It should be noted that the usage of biofuels as a
renewable resource offers better engine efficiency gains and economic savings
compared to petroleum-based fuels (Gaspar et al., 2019).

Summarized from Johansson, 2014, the overall efficiency of an engine can
be divided into four parts: (1) combustion efficiency, which evaluates the com-
bustion process for converting fuel energy to heat; (2) thermal efficiency, which
describes the thermodynamic heat-to-work conversion by compression and ex-
pansion strokes; (3) gas-exchange efficiency, which assesses the pumping loss to
expel exhaust; and (4) mechanical efficiency, which is related to friction losses.
The product of these four types of efficiency is the brake thermal efficiency,
which is a measure of the conversion of fuel energy into useful work.

Numerous research efforts in recent decades have aimed to decrease engine
losses and improve efficiencies by investigating various engine aspects, including
combustion processes, turbocharging, heat management, and lubrication (Reitz
et al., 2020). The development of combustion concepts utilizing renewable fuels
is a promising research direction for achieving higher thermal efficiency and re-
ducing emissions. Extensive studies have been conducted on various combustion
strategies, such as low temperature combustion (LTC), for engine applications.
Energy harvesting technologies, such as waste energy recovery (WER) devices,
including turbochargers and heat exchange units, have also been identified as
a notable approach to further increase engine thermal efficiency and mitigate
emissions (Armstead & Miers, 2013).

Although the development of new technologies aimed at reducing engine
losses and emissions is valuable in practical applications, identifying and quan-
tifying specific losses and inefficiencies during engine operations remains a non-
trivial problem. The detailed analysis and understanding of engine losses and
inefficiencies can help drive the development of more advanced and efficient
engine designs that are both environmentally friendly and economically feasi-

5



CHAPTER 1. INTRODUCTION

ble (Reitz et al., 2020). For instance, exergy analysis, which uses the Second
Law of Thermodynamics, has been introduced to more accurately measure the
deficiency of energy quality resulting from irreversibilities (i.e., entropy gener-
ation) that occur during engine operation (Caton, 2000b). This analysis can
be accomplished through measurement and comprehensive modelling of various
engine components and systems, such as the combustion process, air boosting
and cooling, turbine performance under pulsating flows (Rakopoulos & Giak-
oumis, 2006). By identifying the specific areas where energy losses occur and
determining the reasons for these losses, it is possible to develop more effective
strategies for improving engine performance and efficiency.

1.3 Research objectives
Exergy is a measure of the maximum amount of work that can be extracted
from a given energy source, as compared to the surrounding environment (Be-
jan et al., 1996). The implementation of exergy analysis for the purpose of
identifying and quantifying energy losses has yielded promising results in many
previous studies with the potential to identify irreversible losses and reduce
engine inefficiencies (Rakopoulos & Giakoumis, 2006).

However, to fully reap the benefits of utilizing exergy analysis in engine
applications, it is crucial to effectively integrate this methodology with the
development process of engine technologies. While most previous studies, as
discussed in Section 2.1, have examined the performance of various engine
technologies, the underlying causes and relevant implications of these exergy
losses have often been overlooked. Thus, there is also a need to deepen the
comprehension of engine applications from an exergy perspective that can ef-
fectively assess both the advantages and drawbacks of tested engine systems
using emerging technologies.

The main objective of this thesis is to evaluate engine efficiency, losses and
irreversibilities, as well as the power of exhaust flows from an exergy perspec-
tive. A particular emphasis is put on the implications of these exergy analyses in
relation to engine operations, especially concerning combustion processes and
exhaust pulsations. Four papers are included in this thesis, documenting this
process, each numerically or experimentally revolving around the understanding
and implementation of using exergy analysis in the context of engine appli-
cations. The scope of this thesis and included studies involves two research
objectives (RO) and associated research questions (RQ):

RO. 1: Combustion and its exhaust exergy assessment

According to the literature (Rakopoulos & Giakoumis, 2006), combustion loss
is considered to be the most significant source of energy and exergy losses
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during engine operations. Hence, it is important to accurately quantify the
combustion-related losses in tested engines, as well as investigate the underlying
reasons for these losses.

The associated research questions start with the quantification of exergy
losses in two engines: a dual-fuel marine engine that runs on compressed natural
gas (CNG) and diesel, and an ethanol-fueled HD spark-ignition (SI) engine
operating under lean burn. The implications of these exergy losses are discussed
to investigate their relation with the improvement of engine performance.

• RQ. 1 Where and to what extent do the engine exergy losses occur,
associated with combustion, heat dissipation, and flow viscosity?

• RQ. 2 How does lean-burn combustion impact energy and exergy in an
HD SI engine with regard to:

(i) Combustion timing advancement due to knock mitigation;
(ii) Relevant turbocharging requirement?

These two main research questions cover assessing engine efficiency and
exergy losses in a range of combustion modes, including pre-mixed CNG ignited
by pilot diesel, diesel diffusion combustion, and lean burn with ethanol fuel.

RO. 2: Characterization of exhaust pulsating flow

After the work extraction in the combustion and expansion stroke, approxi-
mately 20-40% of fuel energy remains in the burned gas, which is then dis-
charged into the exhaust system. This loss has been observed in both on-road
transport (Johnson & Edwards, 2013), and marine applications when answering
RQ. 1 (Hong et al., 2020). However, due to the valve motion, the exhaust flow
in an engine exhibits high-frequency pulsations, which can make it challenging
to obtain accurate measurements of exhaust energy and exergy. To address
this challenge, more research questions are formulated for resolving the exhaust
energy and exergy under unsteady flow conditions.

• RQ. 3 How do variations in flow parameters such as pressure, tempera-
ture, and velocity affect the energy and exergy quantification of pulsating
exhaust flows?

As pointed out by a sensitivity analysis when answering RQ. 3, the fast mea-
surements of flow velocity (or equivalently as mass flow rate) are important for
quantifying the instantaneous exhaust enthalpy and exergy. Inherent questions
about characterizing exhaust pulsating mass flows are given as
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• RQ. 4 How to characterize exhaust pulsating mass flows by using a Pitot
tube-based approach considering the effect of attenuated temperature
pulsations?

• RQ. 5 Based on fast measurement using a Pitot tube-based approach,
what is the characterization of exhaust mass flow pulses with regard to
blow-down and scavenge phases?

1.4 Contributions of appended papers
To answer the above research questions, this thesis conducts exergy analysis
and studies the relevant technologies in four articles referred to by their Roman
numerals:

I. Hong, B., Mahendar, S. K., Hyvönen, J., Cronhjort, A., & Erlandsson, A.
C. (2020). Quantification of losses and irreversibilities in a marine engine for
gas and diesel fuelled operation using an exergy analysis approach. In Inter-
nal Combustion Engine Division Fall Technical Conference (Vol. 84034, p.
V001T01A005). American Society of Mechanical Engineers.

II. Hong, B., Venkataraman, V., & Cronhjort, A. (2021). Numerical analysis of
engine exhaust flow parameters for resolving pre-turbine pulsating flow enthalpy
and exergy. Energies, 14(19), 6183.

III. Hong, B., Lius, A., Mahendar, S. K., Mihaescu, M., & Cronhjort, A. (2023).
Energy and exergy characteristics of an ethanol-fueled heavy-duty SI engine at
high-load operation using lean-burn combustion. Applied Thermal Engineering,
120063.

IV. Hong, B., Venkataraman, V., Mihaescu, M., & Cronhjort, A. (2023). Crank
angle-resolved mass flow characterization of engine exhaust pulsations using a
Pitot tube and thin-wire thermocouples. Applied Thermal Engineering, 121725.

Papers I and III analyze the energy and exergy distribution of tested engines,
evaluating engine efficiency, work potential, as well as the irreversibilities and
losses associated with engine operations. Combustion and its exhaust exergy
assessment are the major research objectives. Paper I focuses on the extent
to which exergy losses occur in the marine engine with a comparison between
CNG and diesel fuel modes. Furthermore, Paper III specifically covers lean-
burn combustion processes along with the assessment of the corresponding gas
exchange process. On the other hand, Papers II and IV are concerned with the
characterization of exhaust pulsating flow. Paper II can be considered a pre-
study to Paper IV, as Paper II highlights the importance of time-resolved mass
flow measurement in resolving the energy and exergy of exhaust pulsations.
Paper IV extends the work of Paper II with an experimental study using a
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Pitot tube to measure exhaust pulses. The contributions of appended papers
to answer research questions are listed in Table 1.1.

Table 1.1: Contributions of appended papers.

RQ. 1 RQ. 2 RQ. 3 RQ. 4 RQ. 5
Paper I D
Paper II D
Paper III D
Paper IV D D

1.5 Thesis structure
This thesis is organized as follows. In Chapter 1, the context of the thesis has
been introduced. The research objectives have been identified, and the value of
the research argued. Then, these objectives are translated into more specific re-
search questions. The scope of the included papers has also been discussed. In
Chapter 2, a summary of the main points and methodologies in literature that
are related to the formulated research objectives in this thesis is provided. This
chapter reviews the progress in previous studies and identifies gaps in scientific
literature that this thesis aims to address. In Chapter 3, the methodological
framework is presented, including the methods used for exergy quantification,
engine modeling, evaluation, and analysis. The configurations of tested engines
and test matrix are also included. In Chapter 4, the primary results and dis-
cussion obtained from the evaluation are presented. In particular, a discussion
of the limitations of the methodology is provided. Finally, in Chapter 5, the
conclusion along with the future research outlook are discussed.
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Chapter 2

Literature review

This chapter summarizes the main points of the literature reviews of the in-
cluded papers, categorized into three topics: exergy application on engine opera-
tions, exergy assessment of combustion process, and characterization of exhaust
pulses.

2.1 Exergy application on engine operations
Exergy analysis, also known as Second Law analysis, has been studied in the
context of combustion engines for many years. In 1963, Patterson and Van
Wylen, 1963 incorporated entropy generation into a SI engine model to evaluate
the magnitudes of exergy losses associated with combustion, heat transfer, and
exhaust products. Since then, numerous aspects of engine systems have been
analyzed from the perspective of the Second Law of Thermodynamics.

Early studies on exergy analysis of combustion engines mainly focused on
systematically analyzing the exergy distribution. One of the primary objectives
was to determine the potential benefits of a turbocharger or heat insulation
(Flynn et al., 1984; Primus et al., 1984). From 1980 to 2000s, as simulation
technology greatly developed, many parametric studies appeared by varying en-
gine configurations or changing specific subsystems at more extreme operating
points using simulation platforms (Rakopoulos & Giakoumis, 2006; Mart́ın et
al., 2016). For instance, Caton, 2000a investigated exergy losses of a SI en-
gine associated with different fuel types, ignition parameters, and heat transfer
rates of cylinder walls. Based on engine simulations, this methodology has been
continuously employed in investigating thermodynamic limitations of SI engines
(Caton, 2018). Most of the previous exergy studies from 1960 to 2005 on com-
bustion engine applications are separately concluded in the literature surveys by
Caton, 2000b and Rakopoulos and Giakoumis, 2006.

In recent years, exergy analyses of engine systems have focused on advanced

11



CHAPTER 2. LITERATURE REVIEW

combustion strategies (Mamalis et al., 2014; Saxena et al., 2014; Wang et al.,
2019), alternative fuels (Meisami & Ajam, 2015; Nabi & Rasul, 2018), and
additional waste heat recovery systems (Edwards et al., 2010; Galindo et al.,
2016; Ganguly et al., 2022). In addition to the studies on systematic exergy
efficiencies in different engines, recent research has also been concentrated on
characterizing exergy losses occurring at specific engine components and pro-
cesses. For example, based on computational fluid dynamics (CFD) simulation,
Lim et al., 2018 evaluated the effect of heat transfer on engine turbine perfor-
mance and its irreversibility with a conclusion that exergy loss in exhaust flow
is affected by heat transfer, while the turbine output power is less relevant.

2.1.1 Research gaps
Despite the studies mentioned above that have conducted exergy analysis on
various engine systems or subsystems, few have fully addressed the practical
implications of these analyses. By repeating the process of exergy analysis,
many studies simply present the exergy results without any comparison to the
conventional energy view, which may leave readers struggling with theoretical
terminology. Therefore, it is important for exergy related study to offer more
practical insights and present the evaluation along with explanations on why
these exergy losses occur and even further identify ways to improve engine
performance.

Papers I and IV in this thesis discuss the implications of exergy analysis
on engine systems with a comparison of exergy and energy perspectives. The
papers also analyze both theoretical and practical reasons for exergy losses.

2.2 Combustion and its exergy assessment
2.2.1 Exergy losses through combustion processes
The combustion process is regarded as the most substantial source of exergy
losses (Rakopoulos & Giakoumis, 2006). Therefore, many previous studies are
dedicated to the quantification of exergy loss (also named as exergy destruction)
through combustion. The entropy generation caused by irreversible processes
(i.e., irreversibilities) also has been noted as an effective way to quantify ex-
ergy losses (Haseli, 2013). Dunbar and Lior, 1994 were the first to assess the
combustion irreversibilities by separating entropy generation associated with the
combustion sub-processes such as constituent mixing, fuel oxidation, and inter-
nal energy exchange (i.e., heat conduction from products to reactants). Nishida
et al., 2002 reported that chemical reaction is the main process responsible for
entropy generation in premixed flames, while heat conduction is the primary
cause of entropy generation in diffusion flames. Som and Datta, 2008 later
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provided more conclusive findings by conducting experiments on combustors
and using CFD simulations. Their results indicate that most entropy genera-
tion during the combustion process is a result of temperature gradients caused
by reactions and mixing.

Initial combustion conditions

Many studies have employed detailed chemical mechanisms to numerically ex-
amine how initial combustion conditions affect exergy loss, which can provide
insight into the relationship between in-cylinder condition of engines and ex-
ergy loss reduction. Caton, 2000a investigated combustion-related parameters
that affected exergy losses in three different combustion processes - constant
pressure, constant volume, and constant temperature. It has been revealed
that the reactant temperature has the most significant impact on exergy losses
compared to other parameters. By simulating a constant internal energy and
volume combustion, Knizley et al., 2012 examined the entropy generation be-
tween reactants and equilibrium products and identified fuel selection, dilu-
tion ratio, and reactant temperature as the most significant factors impacting
combustion-generated entropy. Sun et al., 2015 conducted a numerical analysis
using detailed chemical kinetics of gasoline surrogates to examine the impact
of initial conditions on exergy loss during the premixed combustion process.
The study concluded that increasing the initial temperature, equivalence ratio
from lean to stoichiometric, and oxygen concentration from lack to normal can
result in reduced exergy losses. Liu et al., 2020 identified the factors that im-
pact exergy destruction in an ideal Otto cycle regarding different fuel classes,
concluding that hydrocarbons as fuel possess higher Second Law efficiency than
oxygenates.

Combustion modes

Advanced combustion concepts and modes have been developed and imple-
mented to achieve clean and high-efficiency engine operations. The exergy
perspective has been employed in the literature to assess the pertinent com-
bustion technologies. Teh and Edwards, 2008 implemented the optimal control
theory to minimize the entropy generation in a homogeneous charge compres-
sion ignition (HCCI) engine. The fundamental thermodynamic requirements
for maximizing engine cycle efficiency were also examined in their later work
(Teh et al., 2008a, 2008b). Based on CFD simulation, Li et al., 2016 con-
ducted a comparative analysis of the energy and exergy distributions among
three combustion regimes, namely conventional diesel combustion, reactivity
controlled compression ignition (RCCI), and HCCI. The results revealed that
the reduced exergy destruction observed in HCCI and RCCI can be, respec-
tively, attributed to shorter combustion duration and lower chemical reaction
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rate when compared to conventional diesel combustion. Mahabadipour, Srini-
vasan, and Krishnan, 2019 developed a multi-zone thermodynamic model with
an exergy analysis methodology to determine the optimal start of injection tim-
ing for diesel-methane dual-fuel low temperature combustion, highlighting the
importance of considering both the in-cylinder fuel-to-work efficiency and the
recoverable work from exhaust exergy in optimizing engine operating conditions.

2.2.2 Lean-burn combustion in SI engines

Lean burn, which dilutes the air-fuel mixture with excess air, is an effective
method of increasing the thermal efficiency of SI engines (Szybist et al., 2021).
Caton, 2014 underscored the importance of a higher heat capacity ratio of in-
cylinder gas in maximizing the efficiency gains of Otto cycles through dilution.
Compared to stoichiometric combustion, lean burn reduces combustion tem-
perature by increasing the heat capacity of in-cylinder gas. This temperature
reduction also lowers the knock tendency and further allows to advance the
combustion timing for improving thermal efficiency (Caton, 2017).

Ethanol as biofuel

Biofuels are being widely considered as renewable substitutes to fossil fuels in
the transport sector, due to their high energy density and promising environmen-
tal performance, including lower GHG emissions. Ethanol is the most produced
biofuel with the production capacity accounting for 65% of the overall increase
in demand for biofuels (IEA, 2021). The most common pathway of ethanol
production is fermentation which has been implemented globally (Baeyens et
al., 2015). For example, the sugar-to-ethanol conversion is a high-efficient
route with more than 90% ethanol yield per unit mass of sugar (Mohd Azhar
et al., 2017). However, one of the controversial arguments against the fermen-
tation using feedstock crops is due to the negative indirect land-use change
effect, i.e., the reduction of available farming resources for food production
(Panichelli & Gnansounou, 2017). To avoid this effect, the promotion of non-
crop ethanol production from other renewable sources has been supported in
biofuel policies globally (Lu et al., 2020). The major renewable sources avail-
able to ethanol fuel production is the lignocellulosic biomass, which includes
agricultural and forestial residues, algae biomass, and industrial and municipal
solid wastes (Thangavelu et al., 2016; Devi et al., 2021; Pour & Makkawi,
2021). Ethanol fuel can also be sustainably supplied through gasification or
being synthesized as an electrofuel (Baeyens et al., 2015).
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Ethanol-fueled lean burn

Ethanol is an appealing alternative to gasoline in SI engines, particularly for HD
applications, owing to its significantly higher research octane number (RON),
greater latent heat of vaporization, faster flame speed, and absence of negative
temperature coefficient (Szybist & Splitter, 2017; Mahendar et al., 2018).

Although the literature on ethanol-fueled engines is extensive (Thangavelu
et al., 2016), only a limited number of experimental studies have investigated
the effect of lean burn on ethanol-fueled SI engines, especially at medium or
high loads. Roso et al., 2019 conducted a comparative analysis of engine ef-
ficiency, fuel consumption, and emissions levels between gasoline and ethanol
fuels in a light-duty (LD) flex-fuel SI engine. Their study highlighted the suit-
ability of lean-burn conditions in ethanol-fueled engines as a viable alternative
to fossil fuels, with lower indicated specific fuel consumption (ISFC), higher
thermal efficiency, and reduced nitrogen oxides (NOx) and hydrocarbon (HC)
emissions. For HD applications, Mahendar et al., 2020 conducted a study of
lean-burn methanol and ethanol combustion in a single-cylinder SI engine, with
a compression ratio (CR) of 12.7. This experiment demonstrated low NOx
emissions, engine loads up to 25 bar indicated mean effective pressure (IMEP),
and thermal efficiencies above 45%. More recently, Lius et al., 2022 reported
an increase in engine indicated efficiency from 43% at stoichiometric conditions
to 49% indicated efficiency using lean-burn combustion with methanol fuel on
the same engine with a CR of 14 at 15 bar IMEP. These experimental findings
demonstrate the potential of lean-burn alcohol SI engines to meet the loads
and efficiencies required for HD operations.

2.2.3 Research gaps

In terms of exergy assessment of combustion mode, it is relatively rare but
valuable to compare various combustion modes within the same engine config-
uration, particularly under high-load conditions. In Paper I, a dual-fuel marine
engine is analyzed, and the premix CNG combustion ignited by pilot diesel is
compared to diesel diffusion combustion from an exergy perspective. Another
gap in combustion assessment is that the exergy loss in ethanol-fuel lean-burn
combustion remains unclear. Paper IV characterizes energy and exergy on
ethanol-fuel HD SI engines operating under lean burn. In addition, Papers I
and IV also evaluate exhaust flows as part of the combustion loss, and examine
the feasibility of recovering this amount of exergy through turbocharging.
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2.3 Characterization of exhaust pulses
2.3.1 Flow enthalpy and exergy quantification
Improving the efficiency of combustion engines needs the adoption of exhaust
power recovery technologies (Reitz et al., 2020). An accurate assessment of
energy and exergy within exhaust flows is essential in assessing their capabil-
ity to produce work in WER devices located downstream (Ganguly et al., 2022;
Mosca, 2022). Such an assessment can also aid in identifying energy and exergy
losses, and optimizing the operational efficiency of exhaust system components.
For instance, an optimized exhaust manifold can reduce energy or exergy losses
(Primus, 1984; Lim et al., 2019), while a heat exchanger’s design can be im-
proved for more effective recovery of waste heat based on the conversion ratio
from flow enthalpy to work production (Hatami et al., 2015). Various studies
on turbochargers have explored ways to utilize the energy carried by pulsating
ICE flows, including the impact of different unsteady inlet conditions (Copeland
et al., 2011; Mosca et al., 2021), the reduction of heat dissipation upstream
the turbine (Lim et al., 2018; Luján et al., 2019; Simonetti et al., 2020), and
optimization of turbocharger configurations (Zheng et al., 2018).

Instantaneous versus averaged exhaust flow parameters

Quantifying the energy and exergy of exhaust flows is challenging due to the
unsteady nature of high-frequency exhaust pulses (Holmberg et al., 2018) and
limitations of on-engine measurement techniques. Most literature commonly
assess exhaust energy or exergy by averaging time-varying flow parameters,
regardless of flow dynamics. However, it is important to note that, as Chen
et al., 1996 reported, the work potential of a turbine under pulsating flows
exceeds that under steady flows, which highlights the significance of considering
the difference between using instantaneous and averaged flow parameters.

Exhaust pulsation simulation

The assessment of energy and exergy of exhaust pulses in literature often re-
lies on instantaneous flow simulation from either one-dimensional (1D) engine
simulation software or CFD models. Validated by direct measurement (e.g.,
slow measurement of flow parameters or fast pressure measuring), engine flow
simulations are capable to simulating the instantaneous exhaust pulsating flows
(Mahabadipour et al., 2018; Avola et al., 2019; Mosca et al., 2021). Using
a fast pressure sensor at the outlet of exhaust port, Mahabadipour, Krishnan,
and Srinivasan, 2019 employed 1D engine simulation to model flow temperature
and velocity, and further characterized the crank angle-resolved flow exergy of
exhaust pulsations. However, it should be noted that the accuracy of these
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simulation-based approaches is highly dependent on the model quality to pre-
dict flow physical properties, as well as the accuracy of boundary conditions to
represent the actual engine operating conditions.

2.3.2 Measurement of exhaust pulses
Despite the availability of various commercial sensors for flow measurement, ac-
curately measuring the time-varying flow parameters of exhaust pulses remains a
significant challenge. In the context of engine exhaust pulsation, the flow condi-
tions are typically described using three fundamental flow parameters: pressure,
temperature, and mass flow rate or velocity. However, with the exception of
fast pressure measurement, which employs the well-established piezoresistive
sensor (Tropea et al., 2007), the commercially available solutions for measuring
the time-varying flow temperature and mass flow rate (or velocity) are limited
by the resolution and response time of the sensors.

Temperature measurement

Gas temperature measurement using conventional mineral-insulated metal-
sheathed (MIMS) thermocouples with a wire diameter of 3-4.5 mm is limited
by their slow dynamic response due to high thermal inertia (Tropea et al.,
2007). It is still challenging to measure time-varying temperature pulses under
engine exhaust pulsating flow conditions. Some previous studies have utilized
multiple fine-wire thermocouples to measure the crank angle-resolved temper-
ature pulses through signal reconstruction techniques (Tagawa & Ohta, 1997;
Kar et al., 2004; Papaioannou et al., 2020). Others have employed resistance
wire thermometers or cold-wires for direct measurement (Benson & Brundrett,
1962; Venkataraman et al., 2020) or utilized the isentropic relation based on fast
pressure measurement (Mollenhauer, 1967). Additionally, some measurement
techniques based on laser diagnostics, ultrasound, and radiation thermometry
have been used for high-resolution in-cylinder gas temperature measurements
(Zhao & Ladommatos, 2001).

Mass flow rate measurement

To accurately measure the high amplitude and high-frequency pulsating flows in
an engine, commercially available standard flowmeter techniques such as vortex
flowmeter, venturi, electromagnetic flowmeter, rotameter, as well as hot-film are
unsuitable (Tropea et al., 2007). These techniques are designed for steady flow
environments and are unable to detect such dynamic flow (Laurantzon, 2012).
Additionally, these flow meters usually function at gas temperatures lower than
the high-temperature range of engine exhaust pulses, especially when operating
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under upstream turbine conditions, which exceeds their operating temperature
limit.

A few techniques have been reported in the literature to measure on-engine
exhaust mass flow or velocity in a time-resolved manner. (Lakshminarayanan et
al., 1979) developed an ultrasound flowmeter to measure the instantaneous flow
velocity and temperature of engine exhaust. Ehrlich et al., 1997 utilized particle
image velocimetry (PIV) to characterize the flow field at the turbine volute inlet.
The highly unsteady flow measured through laser diagnostics demonstrated
a significant departure from the steady flow assumption used in flow energy
calculations at the turbine inlet. However, the measurement techniques, such
as ultrasound flowmeter or PIV, have not been widely adopted in test facilities
due to their configuration complexity, lack of robustness, and high costs.

In a subsequent investigation, Ehrlich, 1998 conducted a comparison be-
tween the differential pressure method (i.e., Pitot tube) and PIV measurements
at the turbine inlet. The results indicated comparable velocity waveforms with
maximum absolute deviations of ∼10 m/s at low loads. However, it is note-
worthy that the relative error in this comparison was high due to the small
peak-peak velocity fluctuations from PIV, which were approximately 60 m/s.
Later, the differential pressure method using a Pitot tube has been applied in
direct measurement of exhaust pulsating flows. Nakamura et al., 2005 observed
nonlinear correlations between dynamic pressure obtained from Pitot tube mea-
surement and exhaust flow rate under pulsating flow conditions at the tailpipe.

2.3.3 Research gaps
Although previous studies have noted differences in using instantaneous and
averaged flow parameters, the importance of each flow parameter in quanti-
fying the enthalpy and exergy of exhaust pulses, as well as the necessity of
resolving time-varying flow parameters for accurate pulse energy and exergy
quantification, are not fully determined in the literature. Based on 1D simula-
tion of engine exhaust pulses, Paper II identifies the significance of time-varying
flow parameters in determining exhaust enthalpy and exergy. Another gap in
the field of measuring time-resolved exhaust mass flow is that the techniques
listed in the literature still have limited applicability and capability when used
in on-engine contexts, and integrating them into experimental setups can be
challenging. In Paper IV, an experimental study is conducted to measure the
time-resolved mass flow rates of exhaust pulses using a Pitot tube.
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Chapter 3

Research methodology

This chapter details the methodologies used to address the research objectives,
starting with an introduction to the exergy concept and its sub-models in the
context of engine applications. Specific areas are explored in detail through
the work presented in the included papers. Additionally, the chapter provides
a description of the engines used in the studies, along with an overview of the
research methods employed.

3.1 Exergy concept and its engine application
3.1.1 Primer for exergy development
When thermal systems interact with their surroundings, they undergo non-
equilibrium processes. To produce the useful work δW , as shown in Figure 3.1,
a thermal system with internal species {Nk} operates with the transport of
environmental species δNi across the system boundary, heat transfer δQ to
surroundings, and the work δWb of the working substance expansion.

To develop the concept of exergy, definitions of its relevant thermodynamic
concepts are restated:

• Energy, an extensive, conserved quantity that is inter-convertible with
heat and work:

dU = δQ − δW (3.1)

• Entropy, an extensive measure of the number of microscopic rearrange-
ments of energy:

S = KB ln Ω (3.2)

where KB = R
NA

is the Boltzmann constant, R is the universal gas
constant, and NA is the Avogadro constant. Ω represents the number
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Thermal System (Resource)
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𝑆𝑔𝑒𝑛 = 0

Reversible process

Figure 3.1: Thermal system combined with its surrounding environment.

of microscopic configurations, or micro-states, that are compatible with
the macroscopic properties of a system, such as its volume, pressure, and
temperature.

• Gibbs free energy, thermodynamic potential that is utilized to deter-
mine the upper limit of reversible work that can be accomplished by a
thermal system under isothermal and isobaric conditions, i.e., constant
temperature and pressure (Atkins et al., 2014):

G = Σ
k

µkNk = U + pV − TS = H − TS (3.3)

where V is volume, and H is enthalpy. N denotes the mole number of
each species k, and µk is the chemical potential of species k at pressure
and temperature (p, T ).

The foundation of exergy is based on the recognition that not all energy
is useful according to the Second Law of Thermodynamics, and the ability to
perform work depends on both the state of the resource and the surroundings.
The energy system is typically viewed as the resource, while the surroundings
are regarded as a large but finite reservoir. The intensive state of the reservoir
is kept constant through the transport of heat and matter.

• Exergy, the maximum work that can be extracted from a given energy
resource through its interaction with the surroundings:

X = U + p0V − T0S − Σ
k

µk,0Nk (3.4a)

= H − T0S − Σ
k

µk,0Nk (3.4b)
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where the subscript 0 refers to the ’dead state’ which is the reference
condition defined as the set of thermodynamic states of the system’s
surrounding. The derivation of exergy concept is provided in Appendix.

The ambient condition is commonly assumed to be the dead state in lit-
erature. In engine applications, the environmental pressure and temperature
are often considered to be p0 = 1.01325 bar and T0 = 298.15 K, respectively.
The molar composition of the environment under these conditions is typically
20.35% O2, 75.67% N2, 0.03% CO2, 3.03% H2O, and 0.92% other substances
(Rakopoulos & Giakoumis, 2006).

3.1.2 Physical and chemical exergy
Two types of dead state are utilized in exergy analysis (Edwards, 2012): thermo-
mechanical states, which consider only the temperature and pressure of the
ambient condition (p0, T0); and complete states (i.e., true dead state), which
include all thermal parameters (p0, T0, {Ni}). Therefore, exergy can thus be
classified into two categories based on the reference states chosen: physical
exergy, which accounts for only the temperature and pressure of the reference
condition; and chemical exergy, which represents the potential exergy result-
ing from chemical reactions and dissipation of composition. The physical and
chemical exergy are derived in Appendix.

Since the definition of physical exergy excludes the work potential from
chemical reactions, the last term in Equations (3.4a) and (3.4b) is equal to
Gibbs free energy. Thus, the physical exergy can be expressed as:

X(p, T ) = (U − U0) + p0 (V − V0) − T0 (S − S0) (3.5a)
= (H − H0) − T0 (S − S0) (3.5b)

Chemical exergy represents the work potential resulting from chemical re-
actions and product diffusion until equilibrium is reached. In particular, non-
environmental species f (i.e., fuel) react with environmental reactants r (e.g.,
oxygen) and are converted into product species p after oxidation. The non-
environmental species j and reactants from the environment can be written
as:

Nf + Σ
reac

νrNr −→ Σ
prod

νpNp (3.6)

where νr and νp are stoichiometric coefficients for the reaction.
For fuel at dead state (T0, p0), its molar chemical exergy can be expressed

(Van Gerpen & Shapiro, 1990):

xCH,f (T0, p0) = −∆G(T0, p0) + RT0 ln


∏

ract
(χ0

r)νr∏
prod

(χ0
p)νp

 (3.7)
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where ∆G is the change of Gibbs free energy through reaction. The last term
in Equation (3.7) represents the work potential of molar diffusion processes.
χ0

r denotes the mole fraction of each environmental species in the reactant
mixtures, while χ0

p denotes the mole fraction of products at the environmental
condition. Note that the extraction of energy related to molar diffusion is
difficult in engine applications; therefore, the diffusion part of fuel exergy is
often neglected in most engine studies.

3.1.3 General equation of exergy balance
Unlike energy, which is conserved, exergy can be destroyed. Irreversibility, which
is the source of entropy generation, can reduce exergy through irreversible pro-
cesses such as flow viscosity, heat dissipation, chemical reactions, and mechan-
ical friction. Therefore, the change in exergy of a system is not only due to
exergy transferred through heat and working flow, but also to exergy destroyed
by irreversibilities:

Xsys =
∫ (

Ẋin − Ẋout − Ẋdes

)
(3.8)

where Xsys indicates exergy of a thermal system. Xin and Xout represent the
exergy transferred in or out of the system. The exergy flow in and out of an
engine system can be caused by fuel combustion, work extraction, heat transfer,
and gas flow in and out of the system. Xdes is the exergy destruction (i.e.,
exergy loss) of a system. The exergy destruction can be evaluated through the
Gouy-Stodola relation (Moran, 1989) by using entropy generation Sgen during
irreversible processes.

Xdes = T0 Sgen (3.9)

For engine applications, exergy balance can be formulated with respect to
the crank angle:

dX

dθ
= ΣdXQ

dθ
− dXW

dθ
+ 1

ω

(
Σ
in

d ṁinxin

dθ
− Σ

out

d ṁoutxout

dθ

)
+ dXdex

dθ
(3.10)

dXQ =
(

1 − T0

T

)
δQ (3.11)

dXW = δW − p0 dV (3.12)

where XQ and XW represent the exergy transferred through heat and work,
respectively. The crank angle of the engine is denoted as θ, and the mass flow
rate term ṁ is converted into the crank angle resolution using the engine speed
ω. The specific exergy of the inlet and outlet flow is represented by x. The
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work potential of system heat transfer Q is determined by the temperature of
the working flow. Equation (3.12) applies to work exergy in a closed system,
i.e., an in-cylinder process, while in an open system (e.g., a turbocharger) the
control volume is constant dV = 0.

3.2 Combustion modeling and assessment
3.2.1 Engine performance
The engine load is represented by the gross indicated mean effective pressure
(gIMEP). The gIMEP is defined as the amount of piston work during the com-
pression and expansion strokes divided by cylinder displacement Vd.

gIMEP = 1
Vd

∫ EVO

IVC
(p(θ) − p0)dV (θ) (3.13)

Moreover, the indicated thermal efficiency ηind is used to evaluate the fuel-
to-work conversion during the closed cycle as

ηind = gIMEP · Vd

Qf
(3.14)

where the released heat of fuel is calculated by
Qf = mf · LHV · ηcomb (3.15)

where mf denotes fuel mass consumed per cycle, and LHV represents the lower
heating value per unit of fuel mass. Combustion efficiency ηcomb is defined as
the ratio of energy released by burning to the total LHV of burned fuel. The
fuel energy transported by HC and CO in the exhaust is considered incomplete
combustion loss. The extent of incomplete combustion can be calculated based
on HC and CO emissions using the following expressions (Heywood, 1988):

ηcomb = 1 −
Σ

i∈{HC,CO}
Mi

Mp
χi (1 − χH2O) LHVi

1
1+AFR LHV

(3.16)

where Mi is the molar mass of HC and CO emissions, while LHVi is the lower
heating value of unburned CO and HC. Mp is the molar mass of products, while
χ denotes the molar fraction. AFR denotes the mass-based air-fuel ratio.

The excess air ratio λ corresponds to the air-fuel equivalence ratio, where
λ = 1.0 represents the stoichiometric condition, and λ > 1 characterizes lean-
burn combustion as the excess air ratio in the mixture.

λ = AFR
AFRstoich

= ṁa

ṁf · AFRstoich
(3.17)

where ṁf and ṁa are the fuel and air mass rates.
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3.2.2 Two-zone combustion model
The in-cylinder process in this thesis is simulated using a two-zone model. The
model represents the flame front as a spherical surface with negligible thickness,
truncated by the cylinder wall (Perini et al., 2010). The combustion chamber is
divided into burned and unburned zones, with each considered a homogeneous
region of the gas mixture. Gas temperatures of the two zones are assumed to be
independent, while the pressure throughout the cylinder is constant (Verhelst &
Sheppard, 2009). The two-zone approach is simplified to a single zone during
non-combustion periods. As the flame propagates, it consumes mixtures in the
unburned zone for reactions, and combustion products enter the burned zone
(Perini et al., 2010).

Governing equations for mass and energy conservation in the two-zone
model can be formulated as follows:

d(muuu)
dθ

= −pV̇u − Q̇ht,u − (ṁf hf + ṁaha)u→b (3.18)

d(mbub)
dθ

= −pV̇b − Q̇ht,b + (ṁf hf + ṁaha)u→b (3.19)

ṁu = −ṁb = ṁf + ṁa (3.20)
where subscripts u and b denote the unburned and burned zones, respectively.
In each zone, m and u represent mass and specific internal energy. The last
terms in the bracket on the right-hand side of Equations (3.18) and (3.19)
represent energy transferred by combustion products from the unburned to the
burned zone. hf and ha denote the specific absolute enthalpy for fuel and air,
respectively.

The two-zone model, based on governing equations (Vancoillie et al., 2014),
can describe the combustion process by providing the two-zone temperatures
and cylinder pressure (or burn rate). Heat transfer from the in-cylinder gas to
the wall in the two-zone model is calculated separately using the temperature of
each zone, based on a modified Woschni model (Morel & Keribar, 1985; Lounici
et al., 2011). In Paper I and Paper II, cylinder pressures are measured and
imposed in the two-zone model to calculate burn rates with other combustion
parameters. In contrast, Paper III employs an SITurb model calibrated by
Mahendar and Erlandsson, 2021 to predict flame development (i.e., burn rate)
and subsequently calculate the two-zone temperatures and cylinder pressure. In
addition, a Livengood-Wu knock integral (Livengood & Wu, 1955) is used in
Paper III to predict knock onset.

3.2.3 Combustion exergy destruction
Combustion-generated entropy can be determined by the change in entropy
through the reaction and the entropy transferred through heat loss to the com-
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bustion chamber.
Sgen = −(Sreac − Sprod) + Qht

T
(3.21)

The exergy destruction fraction (EDF) can be calculated as the ratio of
exergy destruction to released fuel exergy (excluding incomplete combustion
loss), given by

EDF = Ẋdes

ẊCH,f − ẊCH,inc

= T0Ṡgen

ẊCH,f − ẊCH,inc

(3.22)

where XCH,inc is the chemical exergy of HC and CO as incomplete combustion
products.

The evaluation of internal energy, enthalpy, and entropy in the two-zone
combustion mode are conducted in Cantera, a chemical kinetics and thermo-
dynamics Python library (Goodwin et al., 2021). In Paper I, GRI-Mech 3.0
detailed mechanism is used for CNG combustion, while a detailed multicom-
ponent chemical kinetic mechanism from Lawrence Livermore National Labo-
ratory (Pei et al., 2015) is selected for diesel combustion. Paper IV employs
a reduced AramcoMech 2.0 kinetic mechanism for ethanol-fueled combustion
(Pichler & Nilsson, 2020), as this kinetic mechanism focuses on hydrocarbon
reaction mechanisms of oxygenated C1 - C2 fuels.

3.3 Exhaust pulses analysis and measurement
3.3.1 Flow enthalpy and exergy
Enthalpy and exergy are employed to measure the energy and exergy carried by
engine exhaust flow. Similar to physical exergy, flow enthalpy refers to thermo-
mechanical energy (i.e., sensible energy) without considering chemical reactions
or phase transitions within exhaust flows.

Enthalpy is commonly used to represent flow energy according to the First
Law of Thermodynamics. The amount of flow energy can be estimated using
the stagnation enthalpy of flow, which accounts for internal energy, flow work,
and kinetic energy. The flow enthalpy rate can be written as

H = ṁ h = ṁ

∫ T

T0

cp dT (3.23)

where ṁ is the mass flow rate, and h is the mass-basis specific enthalpy. The
gas temperature of the flow is denoted by T , and the ambient temperature T0
represents the lower limit of integration. cp denotes the specific heat capacity
of gas mixtures. Based on the ideal gas law assumption, cp are computed by
7-coefficient NASA polynomials (Burcat & Ruscic, 2005):
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cp

Rg
= a1 + a2T + a3T 2 + a4T 3 + a5T 4 (3.24)

where polynomial coefficients a1 to a5, and the gas constant Rg are determined
based on the gas mixture property.

Flow exergy refers physical exergy in Equation (3.4b), which is be deter-
mined by calculating the difference in enthalpy and entropy between the current
flow conditions and the dead state:

X = ṁ x = ṁ (
∫ T

T0

cp dT − T0

∫ T

T0

cp
dT

T
)︸ ︷︷ ︸

Xth

+ ṁT0Rg ln p

p0︸ ︷︷ ︸
Xme

(3.25)

The physical exergy rate can be further separated into two components:
thermal exergy rate Xth representing the work potential of the heat-related
exergy, and mechanical exergy rate Xme, which depends on pressure and rep-
resents the mechanical part of physical exergy that can be directly used to
produce work.

3.3.2 Exergy recovery rate through turbocharging
For engine applications, intake thermal exergy Xth,in, is removed by the charge
air cooler to increase charge air density, resulting in only the mechanical exergy
of the intake flow Xme,int being used to maintain the boost. Therefore, to
evaluate the performance of turbocharging, exergy recovery rates are computed
by comparing the mechanical exergy of the intake air with the exergy of the
exhaust gases and the chemical exergy of the consumed fuel, respectively.

φint−exh = Xme,int

Xexh
= Xme,int

Xth,exh + Xme,exh
(3.26)

φint−fuel = Xme,int

XCH,f
(3.27)

3.3.3 Pitot tube approach for measuring mass flow rates
The flowchart of mass flow measurement of the Pitot tube-based approach
is presented in Figure. 3.2, while the test setup and sensors employed in the
measurement are present in Section 3.5. The Mach number of the compressible
flow can be calculated based on the stagnation-to-static pressure ratio using the
isentropic relation:

M =
√

2
γ − 1(pt

p
)1− 1

γ − 1 (3.28)
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Fast stagnation pressure: 𝑷𝒕
Pitot tube & Piezoresistive sensor

Fast static pressure: 𝑷
Piezoresistive sensor

Mach number:𝑴

Exhaust gas properties

• Heat capacity ratio: 𝜸
• Gas constant: 𝑹𝒈

Exhaust flow density: 𝝆 Mass flow rate: ሶ𝒎

Speed of sound: 𝒄

Fast static temperature: 𝑻
Thermocouples & Isentropic relations

Fuel flow meter: Air-fuel ratios

Flow velocity: 𝒖

Molar fractions of 

exhaust gas species
Emission measurement

Excess air ratio: 𝝀

Figure 3.2: Flowchart of the mass flow measurement using a Pitot tube-based approach
(Hong, Venkataraman, et al., 2023).

where pt and p denote stagnation and static pressures. M is the Mach number,
and γ is the specific heat ratio that is a function of gas temperature:

γ(T ) = cp(T )
cp(T ) − Rg

(3.29)

Due to the kinetic energy of the exhaust flow, the stagnation pressure mea-
sured in Pitot tube is larger than the static pressure as

pt = p + ∆p = p + 1
2ρu2[1 + M2

4 + 2 − γ

24 M4 + ...] (3.30)

where ∆p denotes the dynamic pressure resulting from the flow kinetic energy.
The flow velocity is represented by u, and ρ = p/(RgT ) represents the gas
density. The compressibility factor as the bracketed terms in Equation (3.30)
increases with Mach number (Anderson, 2003).

The mass flow rate can be expressed as
ṁ = ρuA (3.31)

where A is the cross-sectional area of the measuring section. The flow velocity
can be estimated based on the speed of sound c as

u = Mc = M
√

γRgT (3.32)
Additionally, the isentropic relation-based static temperature is used in Pa-

per IV, which can be estimated by using the static instantaneous pressure mea-
surement as (Mollenhauer, 1967)

Tisen = T̄ (
p

p̄
)
1− 1

γisen

(3.33)

where the calculation of Tisen involves an iterative procedure until γisen con-
verges. The maximum difference between two iterations is limited to less than
0.1%. T̄ and p̄ are the mean temperature and pressure of exhaust pulses.
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3.4 Sensitivity analysis
Sensitivity analysis (SA) is a numerical method to assess the influence of se-
lected parameters on a system’s behavior (Borgonovo & Plischke, 2016). The
papers included in this thesis employ both local and global sensitivity anal-
ysis approaches to evaluate the significance of flow parameters on enthalpy
and exergy quantification in Paper II, initial cylinder conditions on combustion-
generated entropy in Paper III, and temperature variations on mass flow esti-
mation in Paper IV.

3.4.1 Local SA
Local SA is a method that evaluates sensitivity by varying the value of individual
input variables. For a dynamic system y = f(z) with a set of time-varying inputs
z = [z1, ..., zn], the sensitivity in local SA is computed by measuring the output
increment ∆y in response to a small perturbation ∆z according to the following
equation:

∆y(z + ∆z) = f(z + ∆z) − f(z) (3.34a)

≈
n∑

i=1

∂f(z)
∂zi

∆zi (3.34b)

where the perturbing value ∆zi represents the small change around the base-
line of zi and Equation (3.34b) approximates system variation using first-order
terms, assuming that the input variables are independent. The sweep variable
is separately varied over its deviation to examine the significance.

Local SA in Paper II

For Paper II, local sensitivity analyses are performed to measure the effects
of exhaust flow parameters, such as pressure, temperature, and velocity on
enthalpy and exergy quantification. The flow parameters of engine exhaust
pulses are obtained from a calibrated GT-Power engine model. This model uses
a 1D pipe model with uniform assumptions at the measuring cross-section to
describe the flow under the crank angle-based resolution. Equation (3.34) is
used to evaluate the sensitivities of flow parameters by calculating derivatives of
Equations (3.23) and (3.25) with respect to temperature, pressure, and velocity.
Analytical solutions are used to examine the effects of each flow parameter on
computing specific and mass flux-based flow enthalpy and exergy.

As flow parameters are time-varying, local SA further sweeps 5% of flow pa-
rameters to observe resulting variations in flow enthalpy and exergy waveforms.
In addition, averaged flow parameters, T̄ , p̄, and ū are used to simulate the
results of ”slow measurements” commonly used in industry. The differences in
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flow enthalpy and exergy pulsations between the results obtained from averaged
flow parameters and instantaneous flow parameters highlight the need for ”fast
measurements”.

Local SA in Paper IV

Paper IV uses local SA, based on Equation (3.31), to examine the effect of
temperature variations on time-resolved mass flow calculations. In addition to
the derivative of mass flow rate with respect to gas temperature using Equation
(3.34), the derivative is normalized and defined as a sensitivity factor. This
sensitivity factor (SF) indicates the fraction of change in mass flow calculation
caused by the fraction of change in temperature.

∆ṁ

ṁ
= SF · ∆T

T
(3.35)

SF = (∂ṁ

∂T
)/(ṁ

T
) = − T

2γ(γ − 1)
dγ

dT
+ T ln (pt/p)

2γ2
(pt/p)

γ−1
γ

(pt/p)
γ−1

γ − 1
dγ

dT
− 1

2
(3.36)

dγ

dT
= −4T 3a5 + 3T 2a4 + 2Ta3 + a2

(cp/Rg − 1)2 (3.37)

3.4.2 Global SA
Global SA, as described by Saltelli et al., 2004, can simultaneously evaluate the
significance of all variables with respect to the system variance. Sobol’, 2001
proposed a variance-based global SA approach, which formulates the contri-
bution of a single variable zi on the system output y(z) as Sobol main (i.e.,
first-order) effect index:

SIi =
Vzi

( Ez−i
(y |zi) )

V( y ) (3.38)

where V(·) denotes the variance of the system response, and E(·|zi) denotes
the conditional expected value given zi. The set z−i represents the remaining
variables in z apart from zi.

In short, the Sobol main effect index, SIi, is the ratio between the reduced
variance due to the fixed zi and the original variance of the system response.
The global SA indices are computed in the SALib Python library using the
Monte Carlo method (Herman & Usher, 2017).
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Global SA in Paper II

Paper II employs global SA to prioritize the impacts of input variables on the
computation of flow enthalpy and exergy. Sobol indices are computed to rep-
resent the relative significance of each flow parameter within the bounds given
by a calibrated GT-Power model, considering the flow conditions at different
measuring locations and test points (see Section 3.5 for details).

Based on Equations (3.23) and (3.25), the system output y(z) can be the
specific enthalpy h, specific exergy x, mass flow-based enthalpy H, or mass flow-
based exergy X, while z = {p, T, u} pertains to the exhaust flow conditions.

Global SA in Paper III

Paper III uses global SA to analyze the correlation between lean-burn exergy
destruction and reaction conditions. A chemical kinetics simulation is performed
in a closed homogeneous reactor, based on the four factors of reaction conditions
selected to examine their influence on combustion-generated entropy. These
factors include excess air ratio, reactant pressure, reactant temperature (i.e.,
unburned zone temperature Tu), and temperature difference between reactants
and products (i.e., Tb − Tu). The reason for adding the last factor is that,
unlike an adiabatic reactor, Tb − Tu in engine applications is affected by work
extraction and heat transfer. Thus, Tb − Tu is set as an independent factor in
the simulation, adjusted by modifying the heat transfer of the reactor.

To determine the impact of individual factors on combustion-generated en-
tropy, the system output in the chemical kinetic simulation is expressed as y(z).
Based on Equation (3.21), y = Sgen/mf denotes the entropy generation per
fuel mass, and z = {p, Tu, Tb − Tu, λ} is specific to the in-cylinder conditions.

3.5 Engine setup and test matrix
3.5.1 Paper I
Paper I investigates a four-stroke, medium-speed, V10 Wärtsilä 31DF marine
engine with two-stage turbocharging. The engine’s specifications are provided
in Table 3.1. The fuel system of the engine is capable of operating in two
modes: Gas mode and DI mode. In Gas mode, the CNG fuel is port injected,
and the premixed air-fuel mixture is ignited by a pilot diesel. The heat released
during the micro-pilot diesel injection in Gas mode accounts for less than 5%
of the total fuel energy. The high-pressure common rail system used for diesel
direct injection in DI mode is utilized for the micro-pilot diesel injection in Gas
mode.

The engine’s turbocharging system comprises a high-pressure (HP) and a
low-pressure (LP) turbocharger, arranged in sequence, with charge cooling after
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each compression stage. The charge air cooler (CAC) and inter-stage cooler (IC)
are respectively located after the high-pressure and low-pressure compressors.
The system utilizes air bypass valves and exhaust waste gate valves to improve
the charging efficiency and protect the components. The catalyst of after-
treatment system is not modeled in this study. Instead, the measured back
pressure before the catalyst is imposed as an end environment.

Table 3.1: Marine engine specifications in Paper I

Cylinder layout 10-cylinder, V-bank engine
Bore × Stroke 310 mm × 430 mm
Displacement 2152 litre
Max Brake Power 5500 kW at 750 rpm
Gas exchange Two-stage serial turbocharging

Hydraulic valve actuation
Fuel system Gas mode: CNG premixed charge, pilot diesel ignition

DI mode: Diesel direct injection

To investigate the impact of load changes on engine performance, four
operating points (25%, 50%, 75%, and 100% load) are selected for both Gas
and DI modes at a constant working speed of 750 revolutions per minute (rpm).
Exergy analysis is performed in a 1D GT-Suite engine model developed and
validated based on measurement data of this tested marine engine. At the
chosen operating points, all the bypass and waste gate valves of the two-stage
turbocharging system are closed in the simulation.

3.5.2 Paper II
A Scania D13 commercial HD diesel engine is employed in Paper II. The engine’s
specifications are provided in Table 3.2. Two operating points are selected
to analyze the exhaust pulsations (see Table 3.3). The load of the selected
operating points is represented by the net indicated mean effective pressure
(nIMEP). The instantaneous exhaust flow parameters are from a calibrated
engine model in GT-Suite. The 1D engine model is built and validated against
experimental data. The engine combustion model utilizes the imposed burn
rates, which has been calculated through the Three Pressure Analysis (TPA)
method in GT-Power using the measured cylinder pressure data. A simplified
turbocharger model is tuned in simulation to fit the experimental data.

Three measurement locations in the simulation are selected in the exhaust
system to analyze the pre-turbine flow parameters. The first location, named
”Exhaust valve”, is located at one of the twin ports near the exhaust valve. The
”Port outlet” location refers to the runner inlet where the exhaust gases enter
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the exhaust manifold. The third location ”Turbine inlet”, locates at the entry
of the twin-entry radial turbine corresponding to the rear bank of the manifold.

Table 3.2: Engine specifications in Paper II.

Cylinder layout 6 inline
Bore×Stroke 130 mm × 160 mm
Compression ratio 18 : 1
Displacement 12.7 liter
IVO/IVC 346 ◦CA ATDC/-154 ◦CA ATDC
EVO/EVC 125 ◦CA ATDC/ 373 ◦CA ATDC
Fuel system Common rail
Turbocharger Honeywell GT-4594
Emission standard Euro VI

Table 3.3: Operating points in Paper II.

Point (a) Point (b)
Speed [rpm] 1300 900
nIMEP [bar] 17.8 11.5
Load [kW] 245 110
Fuel mass injected [mg/cylinder] 202 136
Intake air flow [kg/s] 0.22 0.10

3.5.3 Paper III
Experimental data used in Paper III are from a single-cylinder research en-
gine (SCRE) test conducted by Mahendar et al., 2020. In this experiment,
25 bar gIMEP is achieved by using lean-burn combustion with alcohol fuels
(i.e., methanol and ethanol). The tested SCRE equipped with a port fuel in-
jection system and a central spark plug is a HD single-cylinder engine adapted
from a Scania D12 commercial engine. The engine specifications are listed in
Table 3.4.

A 6-cylinder engine model is developed in GT-Suite, based on the SCRE
experiment. The model is constructed with the cylinder and valve train con-
figuration of the tested SCRE engine. A turbocharger model is integrated into
the simulation to investigate the boosting requirements for efficient lean-burn
combustion. Due to the infeasibility of a map-based turbocharger model, tur-
bocharger efficiency in the simulation is assigned a fixed value to evaluate the
engine gas-exchange conditions. A fixed geometry turbine model is utilized for
the simulation, with the turbine housing inlet cross-section adjustable to alter
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Table 3.4: Single-Cylinder engine specifications in Paper III.

Bore × Stroke 127 mm × 154 mm
Compression ratio 12.7:1
IVO/IVC 346 ◦CA aTDC/-154 ◦CA aTDC
EVO/EVC 145 ◦CA aTDC/355 ◦CA aTDC
Mixture formation Port fuel injection
Ignition Central-mounted spark plug
Fuel Ethanol
Combustion chamber Bowl-in piston

its flow capacity. To achieve the desired turbine power, a PID controller is de-
signed to regulate the cross-sectional area. The turbine outlet and compressor
inlet are connected to the ambience.

Port Fuel 
Injection

Intake 
Manifold

Set λ In-Cylinder Process

Combustion 
Modelling TC Ambient

Charge 
Air Cooler

Knock
Integral

PID controller

Combustion
Timing Controller

Spark Timing

Intake Air Flow

Exhaust

Target gIMEP

gIMEP

Boost Control

Set 𝜂𝑡𝑐

Figure 3.3: Flowchart of identifying KLSA timing in simulation (Hong, Lius, et al., 2023).

Table 3.5: High-load KLSA operating points in Paper III.

gIMEP [bar] 20 20 20 20 20
Engine speed [rpm] 1200 1200 1200 1200 1200
Excess air ratio [-] 1.0 1.2 1.4 1.6 1.8
Boost pressure [bar abs.] 1.76 2.03 2.23 2.46 2.74
Air mass rate [g/s] 190 214 237 273 306
Exhaust temperature [K] 1170 1033 943 879 820
Back pressure [bar abs.] 1.22 1.33 1.48 1.69 1.94

Engine spark timing is retarded to prevent knock, limiting the increase in
cylinder pressure and temperature during combustion. This retarded combus-
tion timing is known as knock limited spark advance (KLSA). In the simulation,
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a combustion timing controller module is employed to explore the optimal crank
angle at 50% fuel mass fraction burned (CA50) with the highest thermal effi-
ciency. Figure 3.3 displays the strategy employed to identify the KLSA timing
with the highest efficiency at a preset target gIMEP. In combination with the
boost control, the combustion timing controller module advances the spark ig-
nition timing until knock occurrence. The selected KLSA test points are listed
in Table 3.5.

3.5.4 Paper IV
Paper IV utilizes the same default engine as Paper II but implements a single-
pipe measurement system to isolate the measurement of a single exhaust pulse
from the interaction of other cylinder pulses. Figure 3.4 illustrates the main
modification made to the default engine configuration in this study, which
changes the layout of the exhaust piping. A single-pipe measurement system
is connected to the exhaust port of one cylinder, and its outlet bypasses the
turbocharging stage before merging into the exhaust vent of the test cell, which
is connected to the ambient environment. Specifically, a variable-geometry tur-
bocharger (VGT) is employed to extract exhaust power from the remaining five
cylinders, while its compressor side provides boost to all six cylinders.

(b)

Pressure Transducer

Fast-T
Location

Wall-T Sensor

Slow-T
(D=3mm) 

Measurement 
Section

VGT

5-Cylinder Exhaust Manifold Bank

Static 
Pressure

Stagnation
Pressure

Fast-Temperature
(D= 50μm,75μm,250μm)

(c)

Flow Direction

Cylinder Connected 
to Single-Pipe

(a)

Figure 3.4: Engine setup with the single-pipe measurement section in Paper IV.

The purpose of the test matrix is to obtain on-engine pulsating flows for
examining various exhaust pulse waveforms associated with changes in engine
load and speed. The test matrix consists of eight test points. After the engine
warm-up, the test points are operated by completing the load sweep (LS) at
1500 rpm (see Table 3.6), followed by initiating the speed sweep (SS) from

34



3.5. ENGINE SETUP AND TEST MATRIX

Table 3.6: Engine test matrix for load sweep in Paper IV.

Operating points LS#1 LS#2 LS#3 LS#4
Load [Nm] 528 597 822 996
Speed [rpm] 1500 1500 1500 1500
Excess air ratio [-] 2.26 2.30 2.28 2.32
Intake pressure [kPa abs.] 106 113 136 157
nIMEP [kPa] 648 731 1016 1203
CoV of nIMEP [%] 1.95 1.50 1.37 1.15
Single-pipe exhaust flow
Trapped mass [g/cycle] 2.31 2.56 3.32 3.99
Exhaust gas temperature [K] 638 655 650 647
Cylinder pressure at EVO [kPa abs.] 328 362 476 555
Backpressure [kPa abs.] 104 104 105 105

Table 3.7: Engine test matrix for speed sweep in Paper IV.

Operating points SS#1 SS#2 SS#3 SS#4
Load [Nm] 748 732 593 503
Speed [rpm] 700 1100 1500 1900
Excess air ratio [-] 1.99 2.05 2.27 2.50
Intake pressure [kPa abs.] 110 112 111 117
nIMEP [kPa] 805 862 745 696
CoV of nIMEP [%] 0.86 1.69 1.47 3.22
Single-pipe exhaust flow
Trapped mass [g/cycle] 2.69 2.6 2.54 2.63
Exhaust gas temperature [K] 644 648 653 658
Cylinder pressure at EVO [kPa abs.] 388 381 376 387
Backpressure [kPa abs.] 103 103 104 105

700 rpm to 1900 rpm (see Table 3.7). The LS and SS test points are chosen to
isolate the effects of valve opening speed and trapped mass from the perspective
of exhaust valve discharge. For LS test points ranging from 500 Nm to 1000
Nm, although the fundamental frequency of exhaust pulses remains the same
due to the constant engine speed, the in-cylinder trapped mass increases with
the engine load. Conversely, for SS test points, the trapped mass of the cylinder
is maintained at a similar level to analyze the effect of varying engine speed
on the exhaust pulse waveform. Specifically, the engine control variables are
manually adjusted to maintain a comparable mean exhaust gas temperature.
The cycle-to-cycle variation of in-cylinder processes can affect the exhaust flow
condition, and therefore, the coefficient of variation (CoV) (Heywood, 1988)
in the nIMEP is included. The nIMEP and CoV are determined based on the
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pressure traces measured in the cylinder connected to the single-pipe system.

3.5.5 Fuel properties
The natural gas used in Paper I is CNG-M91 with volumetric percentages of
constituents: 91% methane, 7.4% ethane, 0.6% propane, and 1% nitrogen. The
diesel fuel used in Papers I, II, and IV uses the mixture of 77% of n-dodecane
(n-C12H26) and 23% of m-xylene (n-C8H10) as a diesel fuel surrogate. The
fuel exergy listed here is the Gibbs free energy change and does not take into
account the exergy of molar diffusion. The calculation of LHV and fuel exergy
is in the Cantera (Goodwin et al., 2021) using reaction mechanisms discussed
in Section 3.2.3.

Table 3.8: Fuel properties

Fuel CNG-M91 Diesel Ethanol
Involved paper I I, II, IV III
Cetane number [-] - 57.6 12
Research octane number [-] 120 - 107.2
Latent heat of vaporization [kJ/kg] - 846 254
Density [kg/m3] at 15 ◦C 0.72 794 805
Lower heating value [kJ/kg] 47.97 42.95 26.80
Fuel exergy [kJ/kg] 49.65 45.78 28.56
Exergy to LHV ratio [-] 1.035 1.066 1.063
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Chapter 4

Summary of results

This chapter summarizes the primary results of the included four papers and
describes their relation to the objectives and research questions formulated in
Section 1.3. In particular, the limitations of the evaluations are also presented.

4.1 Irreversibility of the tested marine engine
This section presents the results of exergy analysis to identify losses and im-
provement potential of a marine engine system with two-stage turbocharging.
Irreversibility of different engine processes is evaluated in a calibrated 1D en-
gine model while operating on different load points fueled with CNG and diesel
separately.

4.1.1 Energy and exergy distributions
Figure 4.1 illustrates energy and exergy distributions of the tested dual-fuel ma-
rine engine. Both the first and second laws show that brake efficiency increases
while mechanical friction loss decreases with increasing engine load. However,
the indicated work fraction, which is the sum of net work and friction loss,
remains relatively stable. It should be noted that unlike most literature that
focuses solely on combustion assessment, the energy and exergy distributions
discussed in this section are based on the entire engine system. Therefore,
the ”exhaust” segment refers to the energy or exergy of the exhaust flow after
turbocharging, and the ”heat transfer” segment refers to the heat loss through
the in-cylinder and gas path. Heat transfer and exhaust loss are large sources
of losses, but the effects of load change on these losses are opposite. Heat
transfer increases with load as the relatively higher temperature of working
flows at higher loads. Meanwhile, due to higher exhaust temperature and mass
flow rates, the turbine side operates with better efficiency and extracts more
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energy (or exergy) from the exhaust flow. As a result, energy and exergy losses
decrease with the increasing load.

The total irreversibility, including mechanical friction loss, ranges from
40.2% to 44.9% in Gas mode and from 43.4% to 49.0% in DI mode. The
higher irreversibility level in DI mode is mainly due to the larger combustion
irreversibility of diesel (see Section 4.1.2 for details). Load has a relatively small
effect on total exergy destruction, with only a 1.3 percentage points decrease
in DI mode and a 0.3 percentage points increase in Gas mode when the load is
changed from 25% to 100%, without considering mechanical loss.
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Figure 4.1: Energy and exergy distributions of tested engine (Hong et al., 2020).

4.1.2 Irreversibility categories
This section investigates the causes of ”exergy destruction” as shown in the
previous section. This section addresses RQ. 1, which is also reported below:

RQ. 1 Where and to which extent do the engine exergy losses occur,
associated with combustion, heat dissipation, and flow viscosity?

The irreversibility is further categorized into three types: (1) combustion pro-
cesses related to fuel burning, (2) heat transfer associated with in-cylinder
processes and piping systems, and (3) flow viscosity through the gas-exchange,
including turbocharging. The implications of these exergy losses are also dis-
cussed to investigate their relation with the improvement of engine performance.
It should be noted that in this section, the unit for both energy and exergy is
selected as ”kW” instead of ”kJ/cycle” to align the results with engine ap-
plications. Since the marine engine speed remains constant in this study, the
segment proportions of energy or exergy distribution in both units should remain
consistent.
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Combustion irreversibility

Combustion irreversibility is typically viewed as the primary contributor to total
engine exergy destruction (Rakopoulos & Giakoumis, 2006). Figure 4.2 displays
the in-cylinder exergy balance during combustion at 75% load for Gas and DI
modes, highlighting the varying fuel exergy curves due to different fuel-supply
methods. At IVC, the initial physical exergy of in-cylinder gases is greater
than zero due to compressor boost, with values of 4.3 kJ and 4.8 kJ for Gas
and DI modes, respectively. During the start of combustion, the exergy of in-
cylinder gases increases due to piston work compression. In DI mode, a minor
decrease in the exergy of in-cylinder gases is observed due to heat loss from
fuel evaporation. Following the start of combustion, there is a sharp increase
in the exergy of in-cylinder gases. Consequently, there is an increase in the
exergy loss by heat transfer, as indicated by negative values. Towards the end
of the combustion period in the DI mode, the consumption of unburned diesel
exergy slows down, and a portion of fuel exergy from this latter combustion is
destroyed as the last increment of combustion irreversibility.
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Figure 4.2: In-cylinder exergy balance from IVC to EVO at 75% load (Hong et al., 2020).
Dash lines denote the results in Gas mode, while solid lines are DI mode.

Table 4.1 provides the combustion exergy destruction fraction described in
Section 3.2.3, which serves as a metric for assessing the extent of combustion
irreversibility. Notably, for the same engine load, the combustion irreversibilities
in DI mode are consistently greater than those in Gas mode. This is due to
the faster combustion process and closer-to-homogeneous conditions in Gas
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mode, resulting in less entropy generation. Thus, Gas mode achieves higher
fuel conversion efficiency from the exergy perspective.

Table 4.1: Combustion exergy destruction fraction.

Engine Loads
% of fuel exergy∗ 25% 50% 75% 100%
Gas mode 27.5 26.5 26.0 25.3
DI mode 29.8 28.3 27.8 26.7
∗ EDFcom = Icom/XCH,f

Heat dissipation

The exergy losses through heat transfer are presented in Figure 4.3, which
include in-cylinder thermal processes and heat transfer along the engine gas
path. Regarding the heat transfer through the gas-exchange system, the ’IC’
segment denotes the inter-stage cooler (IC) after the low-pressure compressor
(LPC), and the ’CAC’ segment represents the charge air cooler downstream of
the high-pressure compressor (HPC). In particular, the exergy destruction as-
sociated with heat transfer can be examined by evaluating the heat dissipation
(i.e., exergy destruction) depicted as shaded areas. In contrast, the non-shaded
regions indicate the recoverable exergy carried by the coolant due to its tem-
perature increase. In short, the heat losses in Figure 4.3 can be summarized in
three types:

1. Heat dissipation that cannot be recovered (depicted as the shaded region);

2. Heat transferred to the ambience that cannot be recovered and is con-
sidered as heat dissipation (depicted as the shaded region);

3. Heat transferred to the coolant that can be recovered (depicted as the
shaded region).

An increase in engine load is observed to correspond with a rise in heat
transfer, mainly due to the cooling process after turbocharging. The IC’s con-
tribution becomes more significant as the load increases. Moreover, the exergy
destruction and heat exergy transferred to the cylinder or coolers also increase
with load. The comparison of heat transfer between combustion modes demon-
strates that although the DI mode exhibits reduced in-cylinder mean and ex-
haust temperatures, the overall heat transfer-related exergy loss in this mode
surpasses that of the Gas mode. This increased loss can be attributed to the
higher amount of mass flow for diesel diffusion combustion. At 100% load in
DI mode, the exergy held by the coolant after the cooling process is 492 kW.
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Figure 4.3: Exergy loss through heat transfer (Hong et al., 2020). The shaded area
represents heat dissipation, while the non-shaded region indicates recoverable exergy carried
by the coolant. Left-side bar: Gas mode, right-side bar: DI mode.

The heat exergy loss through heat transfer processes is illustrated in Fig-
ure 4.4. This loss can be categorized as (1) heat dissipation and (2) heat
exergy transferred to the coolant. Based on the results shown in Figure 4.3,
the fraction of heat exergy losses relative to fuel exergy is evaluated and listed in
Table 4.2. It can be seen that while the heat transfer energy appears significant
in Figure 4.1 (i.e., 17.0% - 25.6% of fuel LHV), the level of heat dissipation
from an exergy perspective is not particularly high. Therefore, reducing heat
transfer in the tested engine may not yield significant benefits. However, the
exergy analysis reveals that the coolant contains a work potential equivalent to
4.7% - 6.2% of the fuel exergy. Thus, incorporating waste heat recovery for
the coolant could be a profitable option.

Figure 4.4: Heat exergy loss through the heat transfer process.

In particular, in situations where heat transfer is unintended, as is often
the case in piping systems, the preservation of flow exergy can be achieved by
adding thermal insulation to the system. Conversely, in instances of intentional
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Table 4.2: Heat exergy losses fraction.

Engine load
% of fuel exergy∗ 25% 50% 75% 100%

Heat dissipation Gas mode 4.4 3.6 3.7 3.7
DI mode 3.8 3.3 3.5 3.5

Heat exergy to the coolant Gas mode 5.1 5.5 6.0 6.2
DI mode 4.7 5.4 6.0 6.1

heat transfer, such as with coolers, the loss of exergy through heat transfer is
crucial for the continuous operation of the engine. In such cases, waste heat
recovery by harnessing the exergy of the coolant could be a more efficient option
to improve engine performance, as opposed to merely attempting to minimize
heat loss. Additionally, it is important to highlight that higher energy recovery
efficiency can be achieved when the heat energy carried by the coolant is used
directly for heating applications, rather than being converted into mechanical
work.

Gas-exchange irreversibility
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Figure 4.5: Exergy destruction in gas-exchange system (Hong et al., 2020). Fraction of each
segment is marked by the number on the bar. Left-side: Gas mode, right-side: DI mode.

The gas-exchange system experiences exergy destruction due to irreversibil-
ities caused by flow losses in piping restrictions or flow energy recovery by
turbochargers. Figure 4.5 illustrates the flow exergy destruction within the gas-
exchange system. The segments labeled ”valves” and ”pipes” represent the

42



4.1. IRREVERSIBILITY OF THE TESTED MARINE ENGINE

irreversibilities associated with the viscosity of the flow through the valves and
pipes on both the intake and exhaust sides. The turbocharger’s flow exergy
change is mainly due to the work extraction by the turbine and the air boosting
by the compressor, while the loss caused by flow viscosity in the piping system
is completely wasted. The distribution of flow exergy destruction is shown in
Figure 4.5, where 70% to 80% of exergy destruction in gas paths occurs in
the turbocharging system. The high-pressure turbocharger (HPT) contributes
approximately 40% of the total flow exergy destruction, whereas the fraction of
low-pressure turbocharger (LPT) irreversibility increases significantly with load
and accounts for over 40% of flow exergy destruction at 100% load. The com-
pressor in each charging stage causes more irreversibility than the turbine side,
and this observation is consistent with the relatively low compressor efficiency
observed during engine operation. The flow loss by valves also increases with
load, but is less sensitive to load effect than the increase in irreversibility in
turbochargers.

Distribution of engine irreversibilities

Fuel exergy
8839kW 
(100%)

Heat transfer to coolant 137kW (1.7%)

Cylinders
Brake power 
4150kW (47%)

Friction 344kW (3.9%)
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Flow exergy 
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Valve & pipes
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Figure 4.6: Sankey diagram of the engine exergy flow at 75% load in Gas mode. The
percentage in brackets indicates the fraction of the exergy flow compared to the total fuel
exergy.

Figure 4.6 uses a Sankey diagram to illustrate the exergy distribution at
75% load in Gas mode. This diagram shows the exergy flow among different
components, illustrating the utilization, losses, and recovery of exergy within the
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tested engine system. As depicted in Figure 4.6, the engine irreversibilities due
to combustion, heat dissipation, and losses in gas-exchange are quantified across
the test matrix. Figure 4.7 presents the results of the quantification of engine
irreversibilities, including engine mechanical frictions, for comparison with the
three previously discussed types. To facilitate comparison across different loads,
Table 4.3 extends Table 4.1 by listing the fraction of different irreversibilities
relative to the fuel exergy (unit: %). The magnitude of total irreversibility,
displayed in the last row, is also provided (unit: kW).
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Figure 4.7: Magnitude of engine irreversibility (Hong et al., 2020): Gas mode (yellow), DI
mode (blue).

The combustion irreversibility dominates, as it accounts for more than half
of the total exergy destruction. The magnitudes of all irreversibility terms in
Figure 4.7 increase with load. However, Table 4.3 reveals that with an increase
in load, most fractions of engine irreversibilities decrease, while only the fraction
of losses in the gas-exchange system increases. This suggests that the loss due
to flow viscosity increases more significantly at high load. Moreover, as the
load increases, the flow exergy losses in the gas-exchange system become the
second major contributor to engine exergy destruction, with the most significant
exergy destruction caused by the work recovery of turbocharging processes.
Additionally, heat exergy dissipation accounts for the smallest fraction at low
load and exceeds mechanical friction loss as the load increases. This occurs
because in-cylinder heat transfer causes the most substantial heat dissipation
at high load.
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Table 4.3: Fraction of different irreversibilities to fuel exergy.

Engine Loads
% of fuel exergy 25% 50% 75% 100%

Combustion exergy destruction Gas mode 27.5 26.5 26 25.3
DI mode 29.8 28.3 27.8 26.7

Losses in gas-exchange Gas mode 7.1 7.9 8.8 9.3
DI mode 7.8 8.1 8.9 9.2

Heat dissipation Gas mode 4.4 3.6 3.7 3.7
DI mode 3.8 3.3 3.5 3.5

Mechanical friction Gas mode 8.3 5.1 3.9 3.3
DI mode 7.2 4.7 3.6 2.9

Total irreversibility Gas mode 47.4 43.1 42.4 41.5
DI mode 48.6 44.4 43.8 42.3

Magnitude of total irreversibility
(Unit: kW)

Gas mode 1594 2615 3751 4802
DI mode 1775 2908 4202 5282

In terms of the comparison between combustion modes, the DI mode ex-
hibits higher combustion irreversibility, indicating lower exergy efficiency of
diesel diffusion combustion. In addition, DI mode also presents higher mag-
nitudes and fractions in gas-exchange losses due to the larger flow exergy as-
sociated with higher mass flow rates. Furthermore, although the fraction of
mechanical friction losses varies across operating points, its magnitudes in Fig-
ure 4.7 indicate that mechanical friction is less sensitive to changes in either
load or combustion modes.

4.1.3 Limitations
This section presents a summary of the energy and exergy distributions of a
dual-fuel marine engine, based on a validated GT-Power model. The aim is
to identify the irreversibility of engine processes and address RQ. 1. However,
this work has several limitations that may impact the accuracy of the model.
Firstly, the absence of emission data means that the simulation assumes com-
plete combustion, and the chemical exergy present in incomplete combustion
products is not accounted for. Although both Gas and DI modes operate lean,
the absence of exergy loss due to incomplete combustion may still result in a
deviation from the actual values and impact the accuracy of exergy analysis.

Additionally, during the simulation, the amount of micro-pilot diesel injec-
tion in Gas mode has been converted to CNG fuel, with an equivalent amount of
heat released. This could mislead the calculation of burn rates at the beginning
of combustion and further influence the evaluation of combustion exergy losses.
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Moreover, using a two-zone model to simulate diesel combustion is another no-
table limitation. Although the combustion processes are directly imposed by
measurement data, the physical properties of diffusion combustion cannot be
accurately captured in a two-zone model, which has been mainly developed to
model premix combustion. This simplification affects the exergy analysis of the
combustion process, as the calculation of entropy generation in this model only
relies on the temperature of unburn and burn zones. Therefore, future studies
need to consider incorporating emission data and using more advanced models
to describe diffusion combustion.

4.2 Lean burn in an ethanol-fuelled SI engine
This section aims to enhance the understanding of high-load performance in a
HD SI engine that uses lean-burn combustion with ethanol fuel. The RQ. 2 is
investigated and discussed, which is also reported below:

RQ. 2 How does lean-burn combustion impact energy and exergy in an
HD SI engine with regard to: (a) combustion timing advancement due
to knock mitigation; (b) relevant turbocharging requirement?

Based on a 6-cylinder engine model using a validated predictive combustion
model, the engine’s thermal efficiency and combustion phasing under knock-
limited operation are evaluated. In addition, this section discusses the entropy
generated through combustion to identify the relationship between exergy de-
struction and different operating conditions. Furthermore, the requirements to
achieve lean-burn combustion are addressed through an exergy analysis of the
turbocharging system.

4.2.1 Combustion timing advancement
Figure 4.8 illustrates the improvement in efficiency resulting from knock mit-
igation using lean-burn combustion. Based on simulation, the ηind contour
plot shows the indicated efficiency change associated with CA50 and excess
air ratio. The use of dilution for knock mitigation allowed the engine to ad-
vance combustion phasing and achieve favorable CA50s, resulting in an asso-
ciated improvement in efficiency. Despite causing a longer combustion dura-
tion, the CA50 advancement kept the center of combustion phasing moving
towards TDC. Moreover, it was observed in Paper III that the cylinder tur-
bulence near TDC increased the turbulent flame speed, which counteracted
the prolonged combustion duration in diluted cases. As dilution increased, the
KLSA CA50 advanced, resulting in a 6.9 percentage points increase in indicated
efficiency reaching 47.3%. The CA50s corresponding to knock-free maximum
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Figure 4.8: The comparison of efficiency between KLSA and knock-free MBT is conducted
across excess air ratios up to λ = 1.8. the markers for KLSA indicate the optimal CA50 for
KI ≤ 1. While, the markers for MBT indicate the CA50 resulting in the highest indicated
efficiencies in simulation, regardless of knock limitation (Hong, Lius, et al., 2023).

brake torque (MBT) were also computed, and according to the simulation,
the knock-free MBT CA50 was retarded by almost 5◦CA across the dilution
range to keep CA1090s centering at TDC. The convergence of KLSA CA50s
and knock-free MBT CA50s with dilution indicates that dilution can greatly aid
KLSA combustion in approaching the knock-free highest efficiency.

4.2.2 Energy and exergy distributions
Figure 4.9 presents the energy and exergy distributions of the tested ethanol-
fueled engine using lean-burn combustion. The energy and exergy distributions
per cylinder are divided into four segments: piston work, exhaust enthalpy or
exergy, heat transfer through cylinder walls, incomplete burning, and exergy
destruction (only from the exergy perspective). In contrast to Section 4.1.1,
this section focuses on the combustion-oriented energy and exergy distributions.
Hence, the exhaust loss refers to pre-turbine exhaust flow, and heat transfer
only accounts for the in-cylinder process.

It can be observed that the proportion of work conversion to the total
fuel energy (i.e., indicated efficiency) increases gradually with dilution. Lean-
burn combustion leads to an increase in indicated efficiency by 6.9 percentage
points, resulting in reduced fuel consumption at high loads. The reduction in
the magnitude and percentage of heat transfer loss and exhaust gas segments
with dilution is also significant. Incomplete combustion energy loss drops and
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(a) Energy distribution (b) Exergy distribution

Figure 4.9: The energy and exergy distributions per cylinder at KLSA timing over the
dilution range (Hong, Lius, et al., 2023). The magnitude of energy or exergy is represented
by the height of each bar, while the portion of each segment to (a) fuel energy or (b) fuel
exergy is denoted by a percentage number.

then rises with increased lambda, with the smallest loss occurring at λ=1.4. On
the other hand, the exergy distribution per cylinder is presented over the closed
cycle, which quantifies the magnitude of each exergy segment. The exergy
quantification of heat transfer and exhaust gas is less than their equivalent
energy values, and the amount of these heat-related exergies is vastly reduced
with dilution due to the drop in in-cylinder temperature. Furthermore, it should
be noted that dilution also causes more exergy destruction, with combustion
exergy destruction increasing from 17.3% to 20.6%. This observation reveals
that reducing combustion exergy loss doesn’t necessarily lead to an increase in
engine efficiency. This observation confirms the conclusions of many previous
studies (Knizley et al., 2012; Caton, 2017; Liu et al., 2020). The reduction in
combustion exergy loss primarily preserves more work potential for the exhaust
flow, which can provide benefits to subsequent components along the exhaust
path, such as turbochargers or other waste energy recovery systems.

4.2.3 Exergy destruction through lean burn
In Figure. 4.10, the combustion-generated entropy in the closed homogeneous
reactor simulation is presented. Compared to stoichiometric combustion, di-
lution at λ = 1.8 resulted in more entropy generation. Increasing reactant
temperature was found to reduce entropy generation, as observed in the com-
parison among different Tu values. However, combustion-generated entropy
increased with Tu − Tb, consistent with prior studies by Knizley et al., 2012.
The study by Liu et al., 2020 found that reaction pressure can inhibit entropy
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generation by suppressing product dissociation, particularly when Tb ≥ 1900
K. However, this pressure influence was only noticeable for 1 to 35 bar abso-
lute, and the effect of changing reactant pressure was negligible for the cylinder
pressure during combustion (i.e., p ≥ 35 bar abs.).

Figure 4.10: Entropy generation per fuel mass through combustion (Hong, Lius, et al.,
2023). The x-axis is the temperature difference between the burned and unburned zones
(i.e., Tu − Tb). The left plot corresponds to λ = 1.0, while the right plot corresponds to
λ = 1.8. The shaded area marks the in-cylinder pressure range between 35 and 120 bar
absolute. The reactant temperatures in the unburned zone (i.e., Tu) are chosen as 300,
600, and 900 K, and the range of Tu − Tb is from 900 to 2100 K.

Figure 4.11: Normalized sensitivity indices of individual factors on entropy generation
through combustion (Hong, Lius, et al., 2023). The sign above each bar indicates whether
the factor has a positive or negative correlation with combustion-related entropy generation.
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To further understand the effects of reaction conditions on exergy destruc-
tion, variance-based sensitivity analysis was conducted within the limits of in-
cylinder conditions. Figure. 4.11 illustrates the contribution of factors and their
normalized sensitivity indices to combustion-generated entropy. According to
the sensitivity analysis, the excess air ratio (i.e., air-fuel equivalent ratio) had
the most significant influence on entropy generation. Additionally, the reactant
temperature in the unburned zone was found to be the second most influential
factor, and had a negative correlation with entropy generation.

Figure 4.12: EDF and combustion temperatures at KLSA timings across dilution (Hong,
Lius, et al., 2023). The solid lines represent 10%-90% fuel mass burned duration (CA1090)
as the rapid burning duration, while the dashed lines represent 2%-98% fuel mass burned
duration (CA0298) as the entire combustion duration.

The combustion-generated exergy destruction fraction, EDFcomb, and com-
bustion temperature are illustrated in Figure. 4.12. The excess air ratio was
identified as the primary factor in increasing combustion-generated entropy.
Although the unburned temperature increase during diluted operation reduced
exergy destruction to some extent, the increased excess air ratio still resulted
in higher EDFcomb. Moreover, the prolonged combustion duration caused more
exergy destruction as the λ increased. The instantaneous EDFcomb curves
showed a consistent trend across the dilution range. Following SOC, EDFcomb

decreased to a minimum just beyond CA50 and then increased until the end of
combustion. The reactant temperature was identified as the primary cause of
the EDFcomb change for each λ. Prior to reaching the minimum, the increase
of Tu caused a decrease in EDFcomb, while the change of Tb − Tu during this
period was not significant. Then, both Tu and Tb − Tu decreased until the end
of combustion. Due to the contrary effect of Tu and Tb − Tu on entropy gen-
eration, the reduction of Tb − Tu slowed down the rise in EDFcomb, alleviating
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the level of exergy destruction after CA50. Moreover, the reactant temperature
during the rapid-burning period varied from 21% at λ = 1.0 to 15% at λ = 1.8.
However, the Tb − Tu variation for each λ remained within 7%, resulting in a
decrease in the maximum variation of EDFcomb with dilution.

4.2.4 Exhaust exergy recovery by turbocharging
The exergy flow rates at the turbine inlet and compressor outlet can be broken
down into mechanical and thermal components, as depicted in Figure 4.13.
Dilution led to a reduction in the exhaust flow’s thermal exergy due to a de-
crease in exhaust temperature. However, increasing the turbine pressure ratio
to dilute the exhaust flow resulted in the production of more mechanical exergy
in the exhaust flow. The compressor model with a fixed efficiency generated
more thermal exergy to increase the intake pressure (i.e., mechanical exergy for
boosting charge air). However, the increased thermal exergy was considered an
exergy loss due to charge cooling removing the thermal exergy of the intake
flow. The variation of exergy flow rates was observed during the ηtc sweep.
The turbocharger with a greater ηtc required less exergy input on the turbine
side and produced less thermal exergy on the compressor side. Furthermore,
the effect of ηtc sweep on the thermal exergy after the compressor was signifi-
cant, especially at diluted operation, as the compressor outlet temperature was
sensitive to ηtc.

Figure 4.13: Mechanical and thermal parts of exergy rates of turbine inlet (left plot) and
compressor outlet (right plot). The height of bars indicates the result in baseline case with
ηtc = 0.6. The error bar represents the variation caused by sweeping ηtc between 0.5 and
0.7 (Hong, Lius, et al., 2023).

The study evaluated turbocharging requirements across a range of dilution
using the exergy recovery rate, with only the mechanical component of intake
exergy considered useful. Results showed that at a fixed turbocharger efficiency,
exergy recovery rate from exhaust to intake increased from 5.4% at λ = 1.0
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Figure 4.14: The exergy recovery rate evaluated across the dilution range. The error bar of
φint−exh represents the variation of φint−exh caused by sweeping ηtc between 0.5 and 0.7
(Hong, Lius, et al., 2023).

to 22.6% at λ = 1.8, with the spread of exergy recovery rate from exhaust to
intake variation caused by exergy recovery rate through turbocharging sweep
increasing with dilution. High exergy recovery rate through turbocharging was
highlighted as essential for diluted operation, with exergy recovery rate from fuel
to intake increasing from 1.1% to 4.8% at λ = 1.8. However, while lean-burn
combustion offered advantages, the increased demand for mechanical exergy for
higher boost pressure also increased with dilution, with the recovery of exhaust
exergy at λ = 1.8 accounting for 22.6% of exhaust exergy and 4.8% of fuel
exergy.

4.2.5 Limitations
It should be noted that the CO emission level at stoichiometric conditions is
unexpectedly low. The exhaust emissions were measured using a Horiba MEXA-
7100DEGR, with measurement ranges of 0-5000 ppm for CO, HC, and NOx,
and a ±1% full-scale uncertainty. During the experiment, the CO emission
measured at λ = 1.0 was approximately 4200 ppm, which was close to the upper
limit of the measurement range. Additionally, compared to a later experiment
with the same engine fueled by methanol (Lius et al., 2022), which showed
a CO emission of 9032 ppm, the CO emission at λ = 1.0 might have been
underestimated.

Another drawback is the use of global SA to assess the impact of cylinder
conditions on combustion-related entropy generation. Global SA presumes that
the variables being examined are independent, which may oversimplify a physi-
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cal system. The chosen factors, such as in-cylinder pressure, temperature, and
the temperature difference between unburned and burned zones, are interde-
pendent. Consequently, although the bounds of SA are defined by in-cylinder
conditions, the findings from this variance-based method may not precisely de-
termine the influence of the selected factors on combustion-related entropy
generation.

4.3 Effect of flow parameters on enthalpy and
exergy quantification

This section performs local and global SA on a 1D HD diesel engine model
to determine the importance of flow parameters (i.e., pressure, temperature,
velocity) in enthalpy and exergy quantification. This section answers RQ. 3
which is:

RQ. 3 How do variations in flow parameters such as pressure, tempera-
ture, and velocity affect the energy and exergy quantification of pulsating
exhaust flows?

In short, the SA results show that the flow temperature is the dominant param-
eter when considering mass-specific enthalpy and exergy, while the flow velocity
is the most significant parameter for absolute flow enthalpy and exergy. These
results can assist in prioritizing fast measurements of pulsating flow parameters
for pre-turbine flow enthalpy and exergy analysis. In this section, the highlights
of results are presented.

4.3.1 Necessity of using time-resolved flow parameters
This section assesses the importance of using time-varying flow parameters in
the calculation of mean values of flow enthalpy and exergy. The quantification
of enthalpy and exergy based on instantaneous exhaust flows is presented in
Section 3.3.1. The mean flow quantity is defined as the mean value of pulses
over one engine cycle.

ȳ(T, p, u) =
∫ 720

0 y(T, p, u)dθ∫ 720
0 dθ

(4.1)

Tables 4.4 and 4.5 show the mean values of flow quantities of enthalpy and
exergy at two operating points, i.e., point (a) 1300 rpm / 17.8 nIMEP, point (b)
900rpm / 11.5nIMEP, across three selected locations. Additionally, the ”error”
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columns compare the mean value of flow quantities with the results calculated
using the mean value of each flow parameter:

error = y(T̄ , p̄, ū) − ȳ(T, p, u)
ȳ(T, p, u) (4.2)

where y(T̄ , p̄, ū) represents the flow quantities calculated based on the mean
values of flow parameters, which is indicative of ”slow measurement.” Therefore,
the ”error” column highlights the importance of using fast flow parameters for
engine exhaust studies, from a measurement-oriented perspective.

Table 4.4: The mean values of enthalpy of exhaust flows.

Specific enthalpy [kJ/kg] Enthalpy rate [kW]
Operating point (a) h̄(T, p, u) error H̄(T, p, u) error
Exhaust valve 585.9 -2.4% 18.8 -62.4 %
Port outlet 561.0 -0.4% 36.1 -7.4 %
Turbine inlet 544.2 -0.1% 103.7 -1.9 %
Operating point (b) h̄(T, p, u) error H̄(T, p, u) error
Exhaust valve 584.3 -2.7 % 8.4 -60.3 %
Port outlet 536.0 -0.5 % 16.9 -13.6 %
Turbine inlet 529.0 -0.2 % 46.8 -5.6 %

Table 4.5: The mean values of exergy of exhaust flows.

Specific exergy [kJ/kg] Exergy rate [kW]
Operating point (a) x̄(T, p, u) error X̄(T, p, u) error
Exhaust valve 334.4 -4.2 % 11.2 -65.8 %
Port outlet 308.1 -0.7 % 20.2 -11.1 %
Turbine inlet 291.5 0.1 % 56.9 -2.7 %
Operating point (b) x̄(T, p, u) error X̄(T, p, u) error
Exhaust valve 267.5 -5.8 % 4.5 -67.3 %
Port outlet 245.9 -0.6 % 8.3 -22.2 %
Turbine inlet 234.5 0.0 % 22.1 -8.4 %

The ”error” columns confirm the findings of Chen et al., 1996, which state
that calculating flow enthalpy and exergy using the mean of flow parameters
results in lower values compared to using flow parameters within a crank angle-
based resolution. When analyzing enthalpy or exergy rates, significant differ-
ences are observed. For instance, at operating point (b), there is an 8.4% exergy
rate discrepancy between these two calculation approaches even at the turbine
inlet, where the flow condition is relatively stable. Furthermore, as the mea-
surement location moves upstream along the exhaust path, error becomes even
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more pronounced, highlighting the necessity of high-resolution measurements.
On the other hand, for specific enthalpy or exergy, resolving time-varying flow
parameters is much less required. The largest error appears at the measurement
point close to the exhaust valve, where ”slow measurement” can yield results
with an error of -5.8% in specific exergy. In summary, this finding emphasizes
the importance of using crank angle-resolved flow parameters when quantifying
enthalpy and exergy rates, especially in the presence of exhaust pulsations with
significant flow fluctuations. Even when evaluating the mean values of enthalpy
or exergy rates, evaluating temporal variations in flow parameters is necessary.

4.3.2 Local SA

Figure 4.15: Exergy rates at operating point (a). The shaded area in each subplot
represents the deviation of enthalpy and exergy pulses resulting from variations in
temperature, pressure, and velocity, with the black curve as a reference for the ”true”
exergy rates of the exergy pulsation. Meanwhile, the dashed curves depict the results
obtained using the mean values of each corresponding flow parameter (Hong et al., 2021).

Figure 4.15 displays the exergy rate at point (a) for three different measuring
locations, illustrating the sensitivity of flow parameters. The local SA results,
obtained from a ±5% sweep of time-varying flow parameters, show that tem-
perature variations have a negligible impact. However, deviations arising from
changes in flow pressure and velocity are more prominent. The most sensitive
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areas emerge at the peaks of pulses, where the flow parameters reach their max-
imum values. Furthermore, comparing the ”fast” and ”slow” flow parameters
underscores the importance of utilizing time-varying flow velocity.

It is worth noting that, based on the SA results presented in Paper II,
fluctuations in pressure and velocity predominantly influence the evaluation of
enthalpy and exergy rates. In contrast, the temporal variation in flow temper-
ature is the most crucial factor when determining specific enthalpy and exergy.
These findings from the local SA are consistent with the conclusions of the
global SA.

4.3.3 Limitations
In this section, one of the measurement locations is designated as the outlet of
the ’Exhaust valve,’ which refers to a position at one of the twin ports near the
exhaust valve of the selected cylinder. Although the valve discharge coefficients
imposed in the model are from a prior experimental study by Holmberg et al.,
2017 using steady-flow test bench data, the GT-Power model as a reduced-
dimension simulation still fall short in accurately representing the actual flow
conditions passing through the exhaust valve.

Specifically, the flow representation in the GT-Power model cannot cap-
ture choke flow conditions, resulting in a flow velocity simulation based on the
assumption that the Mach number is less than or equal to 1, M ≤ 1. Conse-
quently, this assumption fails to provide an accurate estimation of the flow loss
through the valve, which in turn affects the model’s accuracy at the selected
measurement points situated near the exhaust valve within the simulation.

4.4 Exhaust mass flow rates measurement
In the previous section, a sensitivity analysis addressing RQ. 3 highlighted the
significance of resolving flow velocity (or, alternatively, mass flow rate) to ac-
curately quantify the instantaneous enthalpy and exergy of exhaust pulses.
Consequently, this section employs a Pitot tube-based method to gauge the
time-resolved engine exhaust mass flow rates.

4.4.1 Temperature sensitivity
The temperature measurements obtained from unsheathed thin-wire thermo-
couples are considered the static gas temperature of exhaust pulsations. How-
ever, the thermal inertia of the thermocouple junction still attenuates the time-
resolved measurement in this Pitot tube-based approach. RQ. 4 subsequently
focuses on the effect of limitations in fast temperature measurements on mea-
suring mass flow pulses under unsteady exhaust conditions.

56



4.4. EXHAUST MASS FLOW RATES MEASUREMENT

RQ. 4 How to characterize exhaust pulsating mass flows by using a Pitot
tube-based approach considering the effect of attenuated temperature
pulsations?

The sensitivity factor of mass flow rate to gas temperature, denoted as
SF(T, pt

p , λ) in Equation (3.36), is not only related to the gas temperature,
but is also dependent on the stagnation-to-static pressure ratio and the compo-
sition of the combustion product gas, which is characterized by λ. Figure 4.16
presents the analytical results for the sensitivity factor to gas temperature. The
ranges for these variables are chosen based on the exhaust flow conditions ob-
served throughout the test matrix. It becomes evident from the analysis that
the stagnation-to-static pressure ratio has a more significant impact on the
sensitivity factor compared to λ. However, within the constraints set by the ex-
haust flow conditions, the changes induced by these two variables are relatively
small.

Figure 4.16: Sensitivity factor of mass flow calculation to gas temperature used in Pitot
tube-based approach (Hong, Venkataraman, et al., 2023).

Comparing the temperature pulsations from a 50.8 µm thermocouple
(Venkataraman et al., 2023) with the isentropic relation-based fast temper-
ature estimation in Equation (3.33) and the slow measurement from a 3 mm
conventional thermocouple, the largest difference observed across the test ma-
trix is 9.7% (which occurs at LS#4). The corresponding discrepancy in mass
flow rate is approximately -4.9%. Although the effects of different temperature
pulsations cannot be disregarded, these differences arise only at the peak of
mass flow pulses, while the waveform of the mass flow pulse and the overall
distinction among the pulses remain insignificant.
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4.4.2 Validation by trapped mass
The modification of the exhaust system might lead to uneven air induction
across different cylinders, especially for the single-pipe exhaust without back-
pressure. To address this issue, the mean exhaust mass flow of the single-pipe
is computed using the excess air ratio λ from the Horiba gas analyzer. The
λ-based trapped mass estimation can be expressed as

mtrapped ≈ ma + mf (4.3)

ma = λ · mf · AFRstoich (4.4)
where the trapped mass mtrapped of the single-pipe system is the exhaust mass
per cylinder over one engine cycle. Similarly, ma and mf denote the air mass
and fuel consumption per cylinder over one engine cycle. The estimation for in-
cylinder trapped mass neglects the blow-by flow entering the crankcase. This
approach using the measured λ, also presupposes a similar amount of resid-
ual gas across the examined engine cycles. The reason for this is that the
trapped mass in one cycle integrates the residual gas left from the previous
cycle. However, the average exhaust mass flow rate determines the trapped
mass disregarding the residual gas of the current cycle. AFRstoich = 14.5 for
diesel fuel is the stoichiometric air-fuel ratio (Heywood, 1988). The mf value
is determined by scaling the fuel measurement to a single cylinder, assuming
that fuel is evenly distributed across all cylinders.

Figure 4.17: Comparison of trapped mass. Error bars are 2σ-level deviation of trapped mass
over the 300 engine cycles (Hong, Venkataraman, et al., 2023).

Figure 4.17 compares the trapped mass from the Pitot tube-based approach
and the reference measured value using the λ-based estimation. With the
exception of SS#1, which has a 3.4% difference, the trapped mass differences
between these two methods are less than 2% across the test matrix. It should
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be noted that measurements from the Pitot tube-based approach are typically
expected to overestimate, as the Pitot tube tip measures on the pipe centerline
where the velocity profile is expected to be flat and less sensitive to the pipe
wall-induced viscous friction. However, for test points with low exhaust mass
flow rates, the trapped mass measured by the Pitot tube-based approach can
be lower than the reference value. This limitation is caused by the sensor
accuracy of stagnation and static pressure measurements. As the measurement
uncertainty of dynamic pressure in this experiment was 1.4 kPa absolute (see
Section 4.4.4 for details), test points with a small flow rate may have lower
dynamic pressure, which can lead to larger measurement uncertainty.

4.4.3 Characterization of mass flow pulses
Due to the relative insensitivity to temperature variations, the temperature
waveform obtained from the 50.8 µm thin-wire thermocouple is selected for the
calculations of mass flow rates. Based on the measurement results, the next
research question involves characterizing mass flow pulses:

RQ. 5 Based on fast measurement using a Pitot tube-based approach,
what is the characterization of exhaust mass flow pulses in regard to
blow-down and scavenge phases?

The test matrix consists of a range of engine load and speed variations to
develop various on-engine flow conditions, enabling the determination of crank
angle-resolved mass flow rates. The investigation focuses on the characteristics
of exhaust pulsation flows, including the analysis of pulse waveforms and the
arrival time of exhaust mass flows. The discrepancy in exhaust mass flow
waveforms is examined in relation to the change in pulse shapes during both
the blow-down phase and the subsequent scavenge phase. Furthermore, the
cyclic variation of mass flow in exhaust pulses across 300 cycles is investigated,
considering the combustion stability and associated gas exchange events.

Waveform of exhaust pulses

Figure 4.18a demonstrates that as engine load increases, the peak magnitudes
of mass flow pulses rise while the scavenge phase’s magnitude remains constant.
The increased trapped mass is primarily discharged during the blow-down phase,
resulting in a higher peak of mass flow pulsation. The pulse duration keeps
consistent under the load sweep due to the constant engine speed and higher
pressure ratio across the valve at EVO, as referred to Table 3.6.

For the speed sweep, shown in Figure 4.18b, exhibits significant variations in
exhaust pulse waveforms compared to the load sweep. At lower speed points,
the extended duration of the blow-down phase expels most of the exhaust,
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(a) Load sweep (b) Speed sweep

Figure 4.18: Exhaust mass flow pulses’ waveforms under the test matrix. The dashed lines
refer to the cycle-averaged mass flow rates over 300 cycles (Hong, Venkataraman, et al.,
2023).

causing discontinuity in the exhaust pulses at SS#1. The mass flow peak
location of the scavenge phase deviates due to earlier cylinder emptying at
SS#1 and SS#2. As engine speed increases, the peak of exhaust pulsation in
the blow-down phase rises, and the mass flow rate in the scavenge phase grows,
merging with the blow-down portion. This can be attributed to the higher valve
opening speed enabling increased mass flow rates at a given pressure ratio.

Variation in mass flow pulses over cycles

The mass flow pulse variation over cycles (in short, named as cyclic variation)
under load sweep (see Figure 4.18a) can be analyzed by considering differ-
ent phases through the exhaust event. The blow-down phase’s cyclic variation
decreases with increasing load, following the combustion CoV presented in Ta-
ble 3.6. The scavenge phase’s mass flow cyclic variation demonstrates a more
apparent interaction with gas-exchange events. Notably, low load points (LS#1
and LS#2) exhibit significant cyclic variation between 225-270 ◦CA ATDC due
to the piston’s low motion speed at BDC and the influence of reflected waves
inside the exhaust pipe. Additionally, the intake pressure during the overlap be-
tween IVO and EVC affects the exhaust flow, resulting in larger cyclic variation
at high load points.

Similar to the load sweep, the speed sweep’s mass flow cyclic variation (see
Figure 4.18b) aligns with combustion CoV, with the largest variation occurring
at SS#4 due to the lowest combustion stability. Scavenge phase mass flow
cyclic variation varies significantly with engine speed. High cyclic variations
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occur at SS#2 and SS#3 due to low piston motion at BDC, while SS#1
exhibits less variation due to mass flow discontinuity. Exhaust discharge at
SS#1 and SS#2 finishes before IVO, eliminating interaction with valve overlap;
however, the prolonged pulse duration of SS#3 and SS#4 reaches the valve
overlap period, leading to notable cyclic variations.

Pulse arrival time at measurement section

Figure 4.19 displays the pulse arrival time at measurement section, which has
a time delay due to the Pitot tube’s downstream location from the single-pipe.
As engine load increases, the pulse arrival time in Figure 4.19a advances and
the flow speed at LS#4 becomes twice that of LS#1. This can be attributed to
the higher cylinder pressure at EVO under increased load, which in turn leads
to a phase-advanced exhaust pressure propagation indicating a phase-advanced
mass flow pulse at the measurement section.

(a) Load sweep (b) Speed sweep

Figure 4.19: Mass flow pulse arrival time at measurement section. The dashed lines refer to
the cycle-averaged mass flow rates over 300 cycles (Hong, Venkataraman, et al., 2023).

When cylinder conditions remain consistent throughout the speed sweep, the
valve opening speed affects the exhaust flow velocity, as shown in Figure 4.19b.
The faster valve opening speed on the timescale leads to the rapid propagation
of mass flow waves due to higher static pressure levels (Annand & Roe, 1974).
However, it should be noted that the results on the crank angle scale and
timescale are opposite, as the valve discharge process is scaled to time based
on the engine speed. For instance, despite a 9.6 ◦CA delay, the mass flow pulse
at SS#4 arrives earlier than the pulse at SS#1 on the timescale.
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4.4.4 Limitations
The approach utilizing a Pitot tube has limitations in measuring dynamic pres-
sure accurately. This method calculates dynamic pressure as the difference
between the measured stagnation and static pressures. The employed stagna-
tion and static pressure transducers have an accuracy and long-term stability of
±0.1% and 0.1%, respectively. The uncertainty in measuring stagnation and
static pressures is 1 kPa (i.e., 0.1% of the 1MPa full scale). Figure 4.20 depicts
the distribution of non-zero dynamic pressure during the exhaust event.

Figure 4.20: Distribution of non-zero dynamic pressure during exhaust event for load sweep
(top) and speed sweep (bottom) (Hong, Venkataraman, et al., 2023).

It is clear that cases with smaller mass flow rates have a more significant
distribution of values below 1.41 kPa, where the pressure sensor accuracy limits
the mass flow measurement. Specifically, the mass flow measurement at SS#1
may contain higher errors (i.e., inaccuracies in detecting small flow rates) be-
cause most of its dynamic pressure is smaller than the measurement accuracy
range.
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Chapter 5

Conclusions and outlook

5.1 Concluding remarks
The objective of this thesis is to evaluate engine efficiency, losses, and irre-
versibilities, as well as the power of exhaust flows, from an exergy perspective,
with particular emphasis on the combustion process and exhaust pulsations.
This thesis takes several steps towards incorporating exergy analysis into engine
operations. Combustion processes and exhaust exergy assessments are analyzed
through numerical experiments using validated engine models. The analysis in
this part involves two engines: a dual-fuel marine engine and an ethanol-fueled
HD SI engine operating in lean burn. Furthermore, this thesis conducts research
to characterize the exhaust pulsating flows in order to resolve the exhaust en-
ergy and exergy under unsteady flow conditions. Simulation-based sensitivity
analyses are performed on the model of an HD diesel engine, highlighting the
significance of instantaneous mass flow measurements in determining the en-
ergy and exergy of exhaust pulsations. An experimental approach that employs
a Pitot tube on the same tested engine to measure the crank angle-resolved
mass flow of exhaust pulses is also examined. The main outcomes of this thesis
are summarized and presented as the answers to RQs:

• RQ. 1 Where and to what extent do the engine exergy losses occur,
associated with combustion, heat dissipation, and flow viscosity?

This thesis investigates three types of engine irreversibilities in a dual-fuel
marine engine: combustion irreversibility, flow exergy losses in the gas-exchange
system, and heat transfer. Among these, combustion irreversibility is the most
significant, accounting for over half of the total exergy destruction, especially in
DI mode, which exhibits lower exergy efficiency. Flow exergy losses in the gas-
exchange system constitute the second major contributor to engine exergy de-
struction, primarily attributable to the turbocharging process. In-cylinder heat
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transfer leads to the highest amount of heat dissipation-related irreversibility.
Additionally, the exergy analysis indicates that implementing waste heat re-
covery from the exergy of the coolant could be a more effective strategy for
enhancing engine efficiency than trying to minimize heat loss. Furthermore,
when compared to Gas mode, DI mode in the tested engine shows greater
levels of irreversibility.

• RQ. 2 How does lean-burn combustion impact energy and exergy in an
HD SI engine with regard to:

(i) Combustion timing advancement due to knock mitigation;
(ii) Relevant turbocharging requirement?

This thesis examines thermal efficiency, combustion phasing, and exergy
destruction in the context of knock-limited operation. By employing lean-burn
combustion through air dilution, the engine’s knock limitation is mitigated,
and combustion phasing is advanced. This results in a 6.9 percentage point
increase in indicated efficiency. The energy and exergy distributions of the
tested ethanol-fueled engine demonstrate a decrease in exhaust and heat trans-
fer losses. Moreover, numerical experiments on the exergy destruction fraction
reveal that the excess air ratio is the primary factor contributing to an increase
in combustion-generated entropy, with higher λ corresponding to a larger ex-
ergy destruction fraction. This observation indicates that the reduction of ex-
ergy destruction through combustion would not lead to additional piston work.
Furthermore, the study analyzes turbocharging requirements using the exergy
recovery rate. The analysis reveals that, despite the advantages of using lean
burn, the increased demand for higher boost pressure results in a greater intake-
to-fuel rate of exergy recovery through the turbocharging process, increasing
from 1.1% at λ = 1.0 to 4.8% at λ = 1.8. This emphasizes the importance of
achieving high exergy recovery through turbocharging in diluted operations.

• RQ. 3 How do variations in flow parameters such as pressure, tempera-
ture, and velocity affect the energy and exergy quantification of pulsating
exhaust flows?

This thesis numerically conducts a sensitivity analysis on an HD diesel engine
model to determine the significance of flow parameters, such as pressure, tem-
perature, and velocity, in enthalpy and exergy quantification. Numerical studies
in this work illustrate the necessity of resolving time-varying flow parameters
for accurately quantifying enthalpy and exergy rates within exhaust pulsations.
Conversely, when evaluating the mean values of mass-specific enthalpy and ex-
ergy, using time-varying flow parameters proves to be less essential. The results
further reveal that flow temperature is the dominant factor for determining
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mass-specific enthalpy and exergy, while flow velocity (equivalent to mass flow
rate) is the most crucial parameter for obtaining accurate enthalpy and exergy
rates. These findings can help prioritize fast measurements of pulsating flow
parameters for pre-turbine flow enthalpy and exergy analysis. The conclusions
hold consistently across both local and global sensitivity analyses.

• RQ. 4 How to characterize exhaust pulsating mass flows by using a Pitot
tube-based approach considering the effect of attenuated temperature
pulsations?

This thesis employs a Pitot tube-based method to experimentally measure
crank angle-resolved exhaust mass flow rates. Temperature measurements from
unsheathed thin-wire thermocouples are used; however, the thermal inertia of
the thermocouple junction still attenuates time-resolved measurements. The
gas temperature sensitivity factor shows that the ratio of temperature-induced
mass flow change is half of the ratio of gas temperature change. Moreover, the
effects of the stagnation-to-static pressure ratio and λ on the sensitivity factor
are negligible. Although the impact of temperature variation on mass flow rate
calculation cannot be ignored, these differences primarily occur at the peak of
mass flow pulses. The mass flow pulse waveform and the overall differences
caused by attenuated temperature measurements remain insignificant.

• RQ. 5 Based on fast measurement using a Pitot tube-based approach,
what is the characterization of exhaust mass flow pulses with regard to
blow-down and scavenge phases?

This thesis analyzes exhaust pulsations within a test matrix containing the
sweep of engine load and speed. As engine load increases, the peak magni-
tudes of mass flow pulses rise, while the scavenge phase’s magnitude remains
constant. In contrast, the speed sweep reveals significant variations in exhaust
pulse waveforms, with the peak of exhaust pulsation rising during the blow-down
phase as engine speed increases. In regards to mass flow pulse variation over
cycles, it decreases with increasing load during the blow-down phase, whereas
the scavenge phase exhibits a more pronounced interaction with gas-exchange
events. During the speed sweep, this variation aligns with combustion CoV and
exhibits significant changes in accordance with engine speed, particularly no-
table during valve overlap. Additionally, the arrival time of the mass flow pulse
at the measurement section has been discussed. The arrival time is affected by
engine load, with higher cylinder pressure at EVO resulting in an advanced ex-
haust static pressure pulse and a faster pressure wave propagation. Meanwhile,
the arrival time during the speed sweep indicates that a faster valve opening
speed on the timescale leads to a faster propagation of mass flow waves.
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5.2 Future work
• This study identifies the sources of irreversibility in a dual-fuel marine

engine, thereby facilitating future optimization efforts aimed at minimiz-
ing energy and exergy losses. To achieve this goal, it is imperative to
conduct additional research exploring potential solutions for these en-
gine processes. One such avenue of investigation involves determining
the optimal diesel injection strategy for the examined engine to minimize
combustion losses and enhance overall efficiency.

• In contrast to the one-dimensional engine model employed in this research,
more advanced simulations incorporating aspects such as chemical reac-
tions, heat transfer, and fluid dynamics could provide further insights
into the loss mechanisms within engine components. These higher-order
computational models have the potential to reveal a deeper understand-
ing of the underlying phenomena, enabling more effective strategies for
minimizing losses and enhancing performance.

• Sensitivity analysis is employed to quantify the impact of selected factors
on various analyzed subjects. However, the findings presented in Chap-
ter 4 are subject to certain limitations stemming from both the model
employed and the design of the methodological frameworks. Specifically,
the global sensitivity analysis, which is a variance-based method, is ap-
plied under the assumption that all examined factors are independent.
To improve the accuracy of the sensitivity analysis, future work should
consider incorporating more constraints into the sensitivity analysis to
accurately reflect the physical interdependencies among these factors.

• This thesis presents an experimental evaluation of a method that utilizes
a Pitot tube for determining the instantaneous mass flow rates of exhaust
pulses. Given additional time, the findings from this study hold the po-
tential to be employed in characterizing the rates of enthalpy and exergy
associated with exhaust pulsations. Although some numerical research
has been undertaken in this domain, there is a lack of investigations
that are anchored in experimental data. To address this gap, it is sug-
gested that future research on exhaust pulse measurement be extended
to quantify crank angle-resolved enthalpy and exergy flows, employing a
single-pipe measurement section similar to that which was developed in
Paper IV of this thesis.
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Appendix: Exergy concept development

The derivation of exergy presented in this Appendix is an extension of an exergy
lecture note by Chris Edwards (Edwards, 2012). The section on fuel chemical
exergy is mainly based on the work of Van Gerpen and Shapiro, 1990, but is pre-
sented in a formulation consistent with Edwards’ approach, which is commonly
used in the analysis of physical chemistry.

Exergy formulation is developed by reconstructing the First and Second
Laws of Thermodynamics with respect to the combined system shown in Fig-
ure 3.1. To produce useful work δW , the system’s performance considers the
mole number δNk of species k transported across the system boundary, heat
loss δQ to surroundings, and work δWb for the working substance expansion.
The First Law is reformulated as follows:

dU = δQ − δW + Σ
k

hkδNk − δWb (A.1)

where the mole enthalpy hk = uk + pvk is the transfer energy with matter for
species k. Then the entropy balance (i.e. the Second Law of Thermodynamics)
is reformulated as:

dS = δQ

T0
+ Σ

k
skδNk + δSgen (A.2)

where the mole entropy of species k transferred with matter is represented by
sk. The entropy generated by this process is denoted by δSgen. Combining the
two equations above, the work δW can be expressed as follows:

δW = −dU − p0dV + T0dS + Σ
k

(hk − T0sk)δNk + T0δSgen (A.3)

In addition, the chemical potential for species k can be defined as the
differential of the molar Gibbs free energy:

µk,0 = ( dG

dNl
)p,T,Nl̸=k

= hk − T0sk (A.4)
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The reversible work δWrev can be obtained by assuming δSgen = 0 as
follows:

δWrev = −dU − p0dV + T0dS + Σ
k

µk,0δNk (A.5)

where species k can be separated as two types, the environmental species i
and non-environmental species j. For those species that do not exist in the
environment, they will react with the environmental species i until all resource
species j are transformed into i. The general transformation reaction, i.e.,
chemical reaction balance, for species j can be formulated as follows:

υjNj → Σ
i

υijNi (A.6)

where the stoichiometric coefficient of j is represented by υj , and υij denotes
the molecules ratio from j to the environmental species i. As a result, the
balance for the environmental and non-environmental species i and j is as
follows:

δNi = dNi + Σ
j

(υij/υj)dNj (A.7)

By plugging Equation (A.7) into Equation (A.5), the formulation for eval-
uating the system’s reversible work, i.e., the maximum work, can be expressed
solely through fixed environmental intensive parameters (T0, p0, µi,0) as follows:

δWmax = −dU − p0dV + T0dS + Σ
i

µi,0dNi + Σ
i

µi,0 Σ
j

(υij/υj)dNj (A.8)

Since the right side of Equation (A.8) represents exact differentials, the
integral is path independent. Therefore, we can integrate along a two-part
path subsequently as follows:

1. At fixed composition to the thermo-mechanical ’restricted’ Dead State
(or TM Dead State) that means no diffusion or reaction is permitted
during this step;

2. At fixed thermo-mechanical state, but with diffusion and reaction to the
environmental ’true’ Dead State.

Since the maximum work Wmax presents to the maximum available work
that can produced the system which actually means exergy, i.e.,

X =
∮

δWmax (A.9)

These two steps above can be formulated as:
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X =
∫ TM Dead State

Resource State
(−dU − p0dV + T0dS) |No reaction

+
∫ Dead State

TM Dead State
(−dU − p0dV + T0dS + Σ

i
µi,0dNi

+ Σ
i
µi,0 Σ

j
(υij/υj)dNj) |(T0,p0,{Ni}) (A.10)

The first integral refers to thermo-mechanical, or physical, exergy XT M ,
while the second integral represents the chemical exergy XCH . The expression
for the physical exergy XT M can be rewritten as follows:

XT M =
∫ TM Dead State

Resource State
(−dU − p0dV + T0dS) |No reaction

= (U − UT M ) + p0(V − VT M ) − T0(S − ST M )
= U + p0V − T0S︸ ︷︷ ︸

Availablility function:A

+ UT M + p0VT M − T0ST M︸ ︷︷ ︸
Gibbs free energy function at TM State:GT M

(A.11)

Therefore, the physical exergy is the difference between availability and
Gibbs free energy at the TM dead state. Availability is defined as the maximum
useful work from the system that is done against the surroundings during the
reversible process (Bejan, 2016):

A(p, T ) = U + p0V − T0S (A.12a)
= H − T0S (A.12b)

Even though A is a combination of properties, it is not considered a property
itself because it is defined in relation to the environmental conditions p0 and
T0. This differentiate A from Gibbs energy G.

Most literature after 2000s prefer to equate ”availability” with ”exergy” by
using the expression of A exactly as the exergy. However, they are two distinct
concepts. The difference between the definition of exergy and availability is
clear: availability is the system state evaluated by a reference condition, while
exergy X, by emphasizing the relation between the system and its surroundings,
represents the change of availability between two states.
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For the chemical exergy XCH , its expression can be also rewritten as:

XCH =
∫ Dead State

TM Dead State
(−dU − p0dV + T0dS + Σ

i
µi,0dNi

+ Σ
i
µi,0 Σ

j
(υij/υj)dNj) |(T0,p0,{Ni})

= (UT M − U0) + p0(VT M − V0) − T0(ST M − S0)
+ Σ

i
µi,0(Ni,T M − Ni,0) + Σ

i
µi,0 Σ

j
(υij/υj)(Nj,T M − Nj,0)

= UT M + p0VT M − T0ST M︸ ︷︷ ︸
Gibbs free energy function at TM State:GT M

− Σ
j
[ Σ

i
µi,0(υij/υj)]Nj︸ ︷︷ ︸

Gibbs free energy function at Dead State:G0

(A.13)
where the Gibbs free energy function at Dead State, G0 is equal to the chemical
potential of environmental species formed from species originally present in
resource.

Therefore, the exergy can be defined as:
X = A − GT M︸ ︷︷ ︸

XT M

+ GT M − G0︸ ︷︷ ︸
XCH

= A − G0 (A.14)

Note that, there are two Dead State in this derivation. One is the thermo-
mechanical Dead State for calculating the physical exergy XT M , during this
process, no chemical reaction or diffusion is considered. The Dead State only
refers temperature TT M and pressure pT M of environment. Anther Dead State
is ’true’ Dead State which includes the equilibrium compositions Ni,0 of envi-
ronment. The temperature and pressure for both Dead State are the same, i.e.,
TT M = T0 and pT M = p0.

The chemical exergy XCH in Equation (A.13) is not easy to implement as
it does not clearly distinguish between environmental and non-environmental
species. Therefore, we further discuss the inclusion of the standard-state of
chemical potential,

µk,0 = µ0
k + RT0 ln ak (A.15)

where the superscript 0 represents the TM Dead State. ak = χ0
k/χk,0 is the

ratio of the mole fractions of species k in the mixture (TM Dead State) and
the environment (true Dead State).

XCH = GT M − Σ
k

ϵ0
kNk − RT0Σ

k
(Nk ln γk) (A.16)

where, ϵ0
k is the standard-state chemical exergy:

ϵ0
k =

{
µ0

k if k = i is an environmental species.
Σ
i
µ0

i (υik/υk) if k = j is a non-environmental species. (A.17)
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and γk is the effective activity:

γk =

ak if k = i is an environmental species.∏
i

a
(υik/υk)
i if k = j is a non-environmental species. (A.18)

Using superscript 0 as the shorthand referring TM Dead State, the Gibbs
free energy GT M at TM Dead State can be rewritten as:

GT M := U0 + p0V 0 + T0S0 = Σ
k

µ0
kNk (A.19)

In regards of fuel mixtures which contain environmental species (e.g., NCO2
in CNG fuel, or CO2 in intake due to EGR), the chemical exergy of fuel needs
to be discussed by separating the environmental species (i.e., k = i) and non-
environmental species (i.e., k = j).

For the species k = i in the fuel that is an environmental species, the
corresponding chemical exergy in Equation (A.16) can be simplified as the
exergy change by diffusion based on the ratio of mole fraction of species i in
reactants χ0

i and the mole fraction in environment χi,0:

XCH,k=i = RT0Σ
i
Ni ln

χi,0

χ0
i

(A.20)

While for the rest species which react with the environmental composition
to finally form environmental species i, we have:

XCH,k=j = Σ
k

µ0
kNk − Σ

i
µ0

i Σ
k

(υik/υk)Nk︸ ︷︷ ︸
Exergy released by chemical reaction

+RT0Σ
k

NkΣ
i
(υik/υk) ln χi,0︸ ︷︷ ︸

Exergy change by diffusion
(A.21)

The explanation for chemical exergy adopted in this work has been given by
Teh et al., 2008b, who defines chemical exergy as the difference between the
chemical potential (i.e. Gibbs function) of the resource before and after it has
reacted and diffused to become part of the environment, and all at the same
temperature and pressure of dead state.

To better express the fuel exergy, the environmental species i involved in a
reaction can be further denoted as reactants with the subscript r (e.g., oxygen)
and product species with the subscript p (e.g., H2O, CO2). Only fuels are taken
as non-environmental species f . Equation (A.7) can be rewritten as:

Nf + Σ
reac

νrNr −→ Σ
prod

νpNp (A.22)
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where νr = υrf /υf and νp = υpf /υf are stoichiometric coefficients for the
reaction. Therefore, the molar chemical exergy of fuel at dead state (T0, p0)
can also be expressed:

xCH,f (T0, p0) = −∆G(T0, p0)︸ ︷︷ ︸
Exergy released by chemical reaction

+ RT0 ln


∏

ract
(χ0

r)νr∏
prod

(χ0
p)νp


︸ ︷︷ ︸

Exergy change by diffusion

(A.23)

where ∆G is the change of Gibbs free energy through reaction. The last term
in Equation (A.23) represents the work potential of molar diffusion processes.
χ0

r denotes the mole fraction of each environmental species in the reactant
mixtures, while χ0

r denotes the mole fraction of products at the environmental
condition.

Additionally, to simplify the chemical exergy calculation, Szargut et al., 1987
discussed different approximations for the ratio between chemical exergy and
lower heating value (LHV) for substance not present in the environment, e.g.,
fuel, sulfur, or incomplete combustion products. The approximation for liquid
fuel of the general type CaHbOcSd is given in (Stepanov, 1995):

xCH,f = [1.0401+0.01728 b

a
+0.0432d

a
+0.2196d

a
(1−2.0628 b

a
)]·LHV (A.24)

It can be seen that fuel exergy, as defined in physical chemistry, includes
not only the change in Gibbs free energy through reaction but also the latent
heat for evaporation, diffusion energy of product moles, and the work potential
due to molar changes in reactions (referred to as the ”molar expansion ratio”
by Nguyen et al., 2020). Regrettably, these additional aspects of work potential
may be recoverable in chemical-electrical devices like fuel cells but do not apply
to our current engine setup. As a result, the relatively higher value of fuel exergy,
compared to fuel heating value, consistently results in lower brake efficiency in
engine studies.
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