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1. INTRODUCTION

The doctoral thesis entitled "Contributions to the Energy Optimization of Thermal Engines" falls within
the fundamental field of Engineering Sciences, branch of science Mechanical Engineering,
Mechatronics, Industrial Engineering and Management, field of doctoral studies Mechanical
Engineering [1].

Actuality and opportunity The doctoral thesis results from the European Union regulations on energy
efficiency in transport (in the context of Directive 2012/27/EU [2]) as well as in the policies supporting
sustainable mobility [3]. From a scientific point of view, the topicality of the doctoral research is the
modernity of the advanced exergetic models and the opportunity of the proposed energy efficiency
techniques is the progress in the engineering of motors and energy recovery systems, as well as in the
field of related engine instrumentation — sensors, controllers, and advanced testing stands.

Theme The doctoral thesis is in accordance with the Operational Plan for Institutional Development of
Transilvania University of Brasov, [4], especially with the operating strategy of the ICDT (Research and
Development Institute of Transilvania University) on whose high-performance infrastructure most of
the applied research presented in the paper was based. The theme of the thesis is centred on the
attributes energeticand exergetic used in the context of engine analysis or heat balance; according to
the argumentation in Chapter 2, the first term will refer to the energy itself, and the second, to the
energy recoverable from real, irreversible processes.

The need for this work is motivated by the requirement to increase the effective efficiencies of engines
which means a better use of the energy stored in the fuel; this also reduces the rate of depletion of the
world's fossil fuel reserves. The relationship between the composition of the fuel and the CO, emission
of the engine is one of proportionality, based on the mass carbon content of the fuel; CO; is the main
product of the combustion of fossil fuels that contributes to the greenhouse effect.

Alignment with international policies on energy efficiency and pollutant emissions. The European
Green Deal proposes plans for measures aimed at achieving climate neutrality in the European Union
by 2050; quantitatively, it aims to reduce greenhouse gas emissions by at least 55% compared to 1990
levels by 2030. The estimates of greenhouse gas emissions from heavy-duty vehicles are 25-40% of
those allocated to road transport in the European Union, being estimated to be over 6% of total
greenhouse gas emissions. The transport strategy to reduce emissions includes drastically reducing
emissions by 90% by 2050; The field of road transport is proving to be more easily adaptable to the
requirement to reduce greenhouse gas emissions than air or maritime transport, which is why the
pressure on the effective efficiency of heavy-duty vehicle engines requires energy recovery from the
other hot sources of the engines.

Energy efficiency is the most cost-effective way to reduce emissions and the environmental impact of
internal combustion engines, both in industry and transport. "Europe cannot afford to waste energy"
says Directive (EU) 2023/1791 on energy efficiency [5], so the future objectives are to reduce energy
consumption by 11.7% by 2030, compared to the situation in 2020.



At the same time, the transition to zero carbon emissions has the goal of 2050. For this, increased
attention is needed on the transport sector, with the obligation to reduce final energy consumption,
but also on the industrial sector, the energy supply and storage sector, as well as district heating and
cooling. About 40% of the total energy destined for road transport is used for urban mobility, both for
passenger transport and freight transport. Figure 1.1 shows the impact of European directives on CO,
emissions from light-duty vehicles over two decades since 2000, for the European Union, Iceland,
Norway and the United Kingdom. There is a clear downward trend in emissions as the European
directives are adopted, the first being in 2009, and the objectives until 2030 are relatively aggressive
with obvious decreasing thresholds (from 130g/km in 2015 to a target of 59.4g/km in 2030) [6].
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Fig. 1.1 Average CO2 emissions per kilometre for new light-duty vehicles [6]

The current trends in the development of internal combustion engines - especially the directions of
energy optimization - have marked the identification of strategies that increase effective efficiency,
simultaneously with the reduction of polluting emissions; among them are: the implementation of new
combustion modes involving the stratification of the air-fuel mixture, the improvement of the
supercharging process, the recirculation of exhaust gases (EGR — Exhaust Gas Recirculation) perfecting
the scavenging process, multiple injections, increased injection pressure, simultaneous injection of two
types of fuel, variable valve timing through control of intake and exhaust valve opening, reduction of
friction losses, as well as the electrification of engine systems including thermal and energy
management.

Traditional turbocharged Diesel engines have effective efficiencies of around 44% according to [8]. In a
conventional Diesel engine with an effective efficiency of 43%, the fuel energy distribution is 28%
through the exhaust system (including 4% pumping losses), 28% through the cooling media (coolant,
lubricant) and 1% for other indeterminate heat losses [7]; the current data in the literature are
convergent, the average values of the percentages in the engine energy balance being illustrated in
Figure 1.2.
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Fig. 1.2 Averaged energy balance of the internal combustion engine (Adaptation after [8])

In this thesis, the laws of thermodynamics, which describe the qualities of energy to be conserved and
transformed, will be relevant. The first law of thermodynamics is called the law of energy conservation.
The second law of thermodynamics is widely used in the design of thermal systems to establish the
maximum possible efficiency of these systems; it refers to the quality of energy, and the introduction
of the term "exergy" represents a way to quantify this concept.

Figure 1.3 shows the distribution of energy and exergy according to the research of a conventional
Diesel engine [9]. In this case, the heat transfer takes place towards the walls of the combustion
chamber, the piston and the lubricating agent, and in terms of the amount of heat released to the
environment, it is largely lost through the exhaust gases, and can no longer be used to produce
mechanical work. From an exergetic point of view, part of this heat is represented by the irreversibility
of the fuel combustion process, while the rest is represented by the irreversibility of the heat
discharged to the environment.
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Fig. 1.3 Distribution of energy and exergy in the internal combustion engine (adaptation after [9, 11])
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Current literature presents several technologies for the energy optimisation of internal combustion
engines. These include: thermal insulation techniques for the combustion chamber (LHR — Low Heat
Rejection) [10], which involves using thermally insulating materials such as ceramics to achieve a
thermodynamic cycle as close as possible to adiabatic; variable valve timing mechanisms, which can
increase the effective efficiency of the engine at high speeds, with potential fuel consumption
reductions of up to 5.4% [12] and an improvement in effective efficiency of 1.5%; the use of
Homogeneous Charge Compression Ignition (HCCI) engines, which can lead to significant fuel
consumption reductions of up to 25% [14]; the use of Reactivity-Controlled Compression Ignition (RCCI)
technology, managing to produce an indicated efficiency of up to 56% [17], improving the injection
process [20,21] with an effective efficiency of 49%, and using heat recovery systems that add 4-7% to
the effective efficiency.

Doctoral research directions are theoretical and applied.

- the theoretical directions aimed at fundamental research and energy-exergy modelling of
internal combustion engines, as well as the development of computational models to support
the in-depth evaluation of energy and exergy terms.

- At the experimental level, the research directions aim at the instrumental integration of the
engine testing configurations, oriented on the specific measurements indicated in the
performance standards and in the specific operating cycles.

The objectives corresponding to these research directions are:

1.1. Fundamental research of the energy balance as a mathematical application of the analysis of
internal combustion engines based on the principles of thermodynamics, with a view to fuel economy
and energy recovery.

1.2. Analysis of internal combustion engines using the second law of thermodynamics, for various
types of air intake: naturally aspirated, turbocharged, with and without intercooling.

1.3. Study of the influence of some constructive and functional parameters of the engines, such as
load, speed, compression ratio, excess air coefficient and fuel properties for the purpose of evaluating
the terms in the energy and exergy balance.

1.4. Modelling of exergy from an entropic perspective considering the irreversibility of real processes —
complementing the energy balance with an exergy balance, as well as highlighting exergetic losses
through specific Sankey diagrams.

1.5. Improving energy and exergy models - completing the extended exergy balance by refining and
adding new terms.

2.1. Study of the current state of the stands/test benches for all categories of internal combustion
engines, in terms of ignition systems, nature of fuels, their destination, as well as specific measuring
equipment (engine torque, fuel consumption, air flow, temperature, pressure, speed), with sub-system
of sensors and dedicated probes.

2.2. Integration into the ICDT LS engine laboratory of the experimental engine equipped according to
the requirements of the test program.



2.3. Application of the exergy model to Diesel engines - naturally aspirated, turbocharged with and
without intercooling, critical evaluation of the initial model manifested in the identification and study
of the influence of certain parameters on the terms in the balance.

2.4. Evaluation of the energy recovery potential from the thermal sources of the engine in different
operating regimes and cycles; prefiguration of the multi-criteria optimisation and control function of
engine parameters with heat recovery systems (Waste Heat Recovery Systems) in the management
of modern engines.

In the context of this doctoral thesis, the iterative approach involved the development of energy models
and then their experimental testing and validation. Such a cycle allows the identification of possible
model deficiencies, allowing progressive improvement, according to the Agile method.

In terms of interdisciplinarity, the method uses a close interaction between design-development,
implementation, testing and corrective measures, ensuring that problems are solved in the early
stages (modelling) and appropriate adjustments can be made to prevent the effects of these problems
from propagating. One of the key principles of the method is flexibility. In the context of this doctoral
thesis, adaptability to changes in scope, unforeseen requirements or challenges — for example,
infrastructure issues or even pandemic restrictions — was important.

Research resources:

- Documentary Database — publications regarding the current state of research in the field,
mainly "review" and research articles;

- The Experimental Database — provided mainly by ICDT, but also by collaborations with Brasov's
industry, especially with the "Avantec" company, which also took over the research base and
archive of INAR Brasov — the Research Institute of Road Vehicles in Romania.

The organization of the thesis corresponds to the research areas presented (Figure 1.4):
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Fig. 1.4 Areas of doctoral research



2. ENERGY MODELING OF INTERNAL COMBUSTION ENGINES

2.1 Energy model

Energy balance theory

The energy model represents the mathematical form of the energy balance, being in fact the analysis
applied to the engine of the first principle of thermodynamics. The purpose of knowing the energy
balance terms is to increase the effective power, and implicitly the effective efficiency, and to diminish
the collateral terms. The engine is considered to be an open thermodynamic system, surrounded by an
imaginary contour, for which the input and output energies are analysed, relative to the unit of time.
The main terms of the balance are the effective power P,, the heat flow discharged through the cooling
systems (coolant, lubricant) Q,4., the heat flow from the exhaust system Q;,a; to these three terms is
added the residual term Q,.,, which closes the balance sheet and which includes other terms that were
not included in the first three, as well as measurement errors. There are other more detailed
organizations of the energy balance that include either in the residual term, or as a distinct term, the
contribution of heat transfer by convection-radiation from the engine surface to the environment,
incomplete combustion, gas exchange from the intake-exhaust, gas leaks in the crankcase or
mechanical losses. Classifying these balance terms and fitting them into the estimated percentages is
actually more difficult because these terms are not isolated, there are heat losses that are
redistributed; e.g. references [31, 32] show that part of the residual term that includes the heat
released by the engine surface actually comes from the heat produced by friction and partly taken up
by the cooling system.

The assessment of energy balance terms is based on the following equations:
Q.cb =F + Q:qa + Qr.ac + Q1;ez
Qcp = My H;
P, = 2nnM,
Q‘;]a = m:gacpgaTga - macpaTa - mfcpchcb
in which the mass balance results: my, = ni, + me, —my,
Qr.ac = m{”accprac (Trac,e - Trac,i)
Q;ez = ch - (P + Q:ga + Qr.ac)
where m,- fuel flow, H; - lower heating value of the fuel, n - engine speed, M,- engine effective
torque, my,- exhaust gas flow, nig - air flow rate, my,, - the mass flow of crankcase gases (blow-by).
It can be seen that the contribution of the sensible heat of the fuel in the energy balance equation has
been introduced in the formula, as recommended by several references, for better accuracy [33, 34].

The customization of these formulas will be carried out for the case of experimental determinations in
Chapters 5 and 6.

Evaluation of energy terms

Classical literature [31, 35] specify the percentages of these balance sheet terms for engines running
on conventional fuels (Table 2.1):



Tab. 2.1 Energy share of the main energy balance terms (adaptation after [31, 35])

Engine type Term [%]

effective cooling exhaust residual
Compression-ignition 33-38 16-35 23-37 2-6
engines
Spark-ignition engines 25-28 17-26 36-45 3-10

The percentages of the energy terms reflected the technological progress, but also the specifics of each
use. For example, the reference [33] indicates the effect of increasing efficiency by supercharging, but
also the distribution of energies released through different cooling media, according to the data
presented in Table 2.2.

Tab. 2.2 Comparative expression of the energy balance terms (adaptation ref. [33])

Term [%]
Engine type : : .
effective cooling exhaust residual
Naturally aspirated diesel
. 33 25 34 8
engine (2.5 | car)
effective cooling exhaust Radiatipn
Turbocharged diesel iquid | air- convection
engine (250 kW) qu! o supercharging
38 25 3 10 20 4

The current literature records significant increases in the percentages of effective efficiency compared
to those in the tables above; for diesel engines currently used in heavy-duty vehicles, this percentage
is in the range of 38-47%.

2.2 Exergetic model

Theoretical premises

Classical thermodynamics examines thermodynamic processes as sequences of intermediate
equilibrium states that thermodynamic systems traverse at infinitely slow speeds, in a reversible way.
Unlike these ideal reversible processes, real processes are irreversible and do not take place under
conditions of thermodynamic equilibrium. That is why technical thermodynamics, of the processes in
thermal machines, had to adapt the classical theory to the obvious reality; For example, it has been
found that the transformation of heat into mechanical work is not total, which has led to the idea that
energies are qualitatively different in terms of their ability to transform from one form to another.

Thus, the energies were classified into:

- ordered energies, which can be totally transformed into any other form of energy (mechanical-
kinetic and potential energy, electrical energy, mechanical work) without depending on the

conditions of the environment;



- unordered energies, which can be partially transformed into ordered energies (heat, internal
energy, enthalpy) and which depend on the state conditions of the thermal processes and the

conditions of the environment.

The attribute of ordered/unordered refers to the degree of arrangement and mobility of some particles
in the thermodynamic system; For example, a crystalline solid body has its atoms positioned in a well-
defined, very ordered network, while the molecules of a gas move freely in all directions, their positions
and speeds being unknown, so their arrangement is chaotic and unpredictable. This property is closely
related to the concept of entropy, which is a measure of the degree of disorder in a system.
Quantitatively, both types of energies, ordered or unordered, respect the principle of energy
conservation. The closer a thermal process comes to the condition of total reversibility, the more the
partial transformation of unordered energy into ordered energy tends towards a maximum value.
According to the second law of thermodynamics, the entropy of an adiabatic isolated thermodynamic
system is constant when the internal processes are reversible; In case of internal irreversibility, the
entropy of the system increases. In the case of a thermal machine that exchanges mass and heat with
the environment, another component of entropy appears, as a result of the exchange of heat and mass
with the outside, which generates external irreversibility.

The increase in entropy as a result of irreversibility leads to a decrease in the ability to transform the
energy of a thermodynamic system into mechanical work. The assessment of this capacity was
proposed by the physicist Z. Rant in 1956 who gave it the name of exergy. The definition of this
quantity is as follows: The exergy of a thermodynamic system in a given state is the maximum amount
of ordered energy that can be released by the reversible transition of the system from the given state
to equilibrium with the surroundings [36]. As a result of this definition, the part of energy that cannot
be transformed into mechanical work was called anergy.

By 1970, about 50 articles on exergy had been published in scientific journals or presented at
conferences. In 2004, this number was well over 500. All major journals dedicated to the study of
energy publish, on average, 1 or 2 articles on concepts related to exergy in each issue. Since 2000 there
has been the "International Journal of Exergy”, which has published over 1000 articles to date.
According to Clarivate Analytics, in 2023, approximately 3095 articles about exergy were published on
the Web of Science platform, of which 57 were in the field of internal combustion engine exergy. About
2683 have been published by the end of 2024, and 40 of them cover the keywords "internal
combustion engine".

Unlike energy, which is conserved, exergy can be destroyed in irreversible processes, turning into
unusable energy, into anergy. Irreversibility can be internal or external, as a result of processes that
take place either inside the thermodynamic system or in its interaction with the environment. The
impact of irreversible thermodynamic processes on the energy conversion capacity of a
thermodynamic system into mechanical work is summarized in the Guouy-Stodola theorem, which
states that when 1 kg of thermal agent passes through the system, the loss caused by the internal and
external irreversibility of the processes m;,- is equal to the loss of technical mechanical work produced
by internal and external irreversibility, Al;.

J

T = Al = To * ASjy [W

]
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In a thermodynamic process, exergy can only be conserved in a reversible process. The loss caused by
theinternal and external irreversibility of the processes, ;- , is dependent on the ambient temperature,
70, and on the variation of the entropy of the thermal agent-ambient environment thermodynamic
system, AS;,, as a result of the irreversibility, both internal and external, of the energy processes in
which the thermal agent interacts with the ambient environment. Given the fact that the irreversible
evolution of real processes is correlated with the increase of entropy, it is imperative to introduce the
concept of entropy production into the theory of these processes. Through this approach, it was
possible to elaborate an entropic balance equation similar to the balance equations of conserved
quantities, such as energy and mass.

This balance, the foundation of the dynamics of irreversible processes, shows that the variation in the
entropy of a thermodynamic system is the result of the production of entropy caused by the internal
irreversibility of the processes that take place under conditions of imbalance in that system, as well as
of the variation in entropy caused by the exchange of heat and mass with the external environment
[40, 41]. The main irreversible processes in the field of technical thermodynamics are fuel combustion,
heat transfer at finite temperature differences, real compression and expansion processes, throttling
(reducing the pressure of the working fluid when passing through very small sections), mixing fluids,
and friction.

Analysis of internal combustion engines using the second law of thermodynamics

The application of the second law of thermodynamics to internal combustion engines is based on a
mathematical model of the various processes inside the cylinder and engine subsystems, formulated
in the reference [41]. For the most general case of supercharged and intermediately cooled heat
engines, the main irreversibility comes from:

- irreversible process of fuel combustion;

- irreversible processes of air compression in the compressor and expansion in the turbine;

- irreversible process of exhaust under pressure and temperature differences;

- irreversible throttling processes of the working fluid as it passes through the engine's ducts,
during intake into the compressor, passage through the intercooler and through the turbine;

- irreversible intake-scavenging process;

- irreversible heat transfer processes between the exhaust gases and the ambient environment
at the turbine outlet, between the compressed air and the surroundings at the cooler outlet,
between the gases exhausted from the engine and the scavenging air;

- irreversible mechanical friction processes inside the engine.

The application of the second law of thermodynamics to internal combustion engines is based on
mathematical models of the internal processes. A simplified model, called "single-zone," considers the
working fluid homogeneous with the properties of air. This hypothesis simplifies the calculation and
provides reasonable accuracy. Non-homogeneous models consider distinct zones for the air-fuel
mixture and exhaust gases. The engine is an open system with energy and mass exchanges with the
environment. The energy released by combustion is obtained by applying the first law of
thermodynamics.

In order to simplify the calculation model, the following assumptions are also necessary:

M



- the working fluid is considered an ideal gas;

- pressure and temperature are homogeneous within the thermodynamic system;

- the properties of the gas are considered invariable with temperature and pressure;

- heat of the combustion gases is uniformly distributed in the combustion chamber and cylinder;

- blow-by gases are neglected, applying the principle of mass conservation;

- enthalpy of the fuel in the injection process is neglected;

- thereis no heat transfer between the engine and the environment in the intake, compression,

expansion and exhaust processes, but there is heat transfer between the exhaust gases and

the environment;

Figure 2.1, using the p-V diagram, shows the simplified model of the thermodynamic cycle used for the

analysis of a naturally aspirated, 4-stroke mixed-combustion engine. The parameters associated with

the specific processes and quantities are presented in Tables 2.3 and 2.4.
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Fig. 2.1 The cycle of the isochoric-isobaric combustion engine represented in p-V (Adapt. after [41])

Tab. 2.3 Thermodynamic processes of the thermodynamic cycle

Process Name Specific parameters
2-a Isobaric Intake Process Ya=Ap./po
a-c Reversible adiabatic compression process €
c-y Isochoric combustion process A
y-z Isobaric combustion process P
z-d Reversible adiabatic expansion process (A7 p)
d-e Isochoric Evacuation Process Pa, Pr
e-r Isobaric evacuation process We= Ap:/ pr=p-pd/ pr
r-2 Reversible adiabatic expansion process T, Ta
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Tab. 2.4 Specific quantities of the thermodynamic cycle

R Ideal gas constant [J/kgK]
Cpr Cu Specific heat of gas at constant pressure/volume
H; Lower heating value of fuel [M)/kg]
€ Compression ratio
L Stoichiometric value of the amount of air required to burn 1kg
of fuel [kg air/kg fuell
Y.=Apa/po Relative pressure loss in the intake process
Ye=Ap./p: Relative pressure loss in the exhaust process

For each stage of this process, the thermodynamic parameters were determined and evaluated
according to the following steps [41]:

Inlet pressure:

Pa =Pz =1 —19g) Do

Inlet temperature:

1
T,=T, =Ty

Tow 1
1-(-F

Volumetric efficiency:

1

my =1 =g) — (13

1
4
k
The compression increases the pressure at the p. value and the temperature 7::
Pc =Pa- ek
T, =T, k1

The increase in pressure during the isochoric combustion process is:

by = Ap¢
with the parameter A that can be calculated by knowing the maximum pressure in the engine cylinder.
The temperature increase in the isochoric process is:

T, = AT,
To determine the parameter p that defines the y-z process, the energy balance for the combustion
process is applied. The total heat of the fuel @.- is made up of the heat released during the isochoric

process (J,and the heat released during the isobaric process @, where m. and m, represent the mass
corresponding to the ¢ and ypoints in Fig.2.1.

Qar = Qy + Qp = mccv(Ty - Tc) + mycp(Tz - Ty)

A—1+kA(p—1)

13

Qar = mcRT, -



The mass of thermal agent m,, differs depending on the type of engine, as follows:

- for compression-ignition (MAC) engines, it is the sum of the mass of fuel injected into the cylinder
me, the mass of air introduced into the engine m.,and the mass of waste gases ;.

Myg = Mep +mg +m, = 1+ 1+ Vr)aLO]mcb

- for spark-ignition engines (MAS) represents the sum of the mass of the air-fuel mixture admitted in
the m.c engine and the mass of the residual gases remaining in the cylinder m,.

Mag = Mg +m, = 1+ Vr)(l + aLO)mcb

Calculating the ratio of @, to the dislocated volume I/, we get the quantity q,, that is called the
combustion heat relative to the unit of displacement and with which p can be determined:

:%:mchi: A—=1+kA(p—-1)
for = T TP T -DE-D

_1+k—1 c—1 1 A-1
p_ k pZ Qar k_l A )

The maximum temperature of the cycle is at the z-point:
T, = pT,
Average 7. combustion temperature :

r g A=D1
mar — fc In (l'pk)

Temperature and pressure at the end of the expansion stroke:

TZ pz
Tq=—%7 Pa =7k
3

N
()
Residual exhaust gas coefficient:

1
Ww=—7
pelk — 1
The exhaust gas temperature 7, is determined using the hypothesis of an adiabatic process with
constant 4, during the free exhaust of combustion gases. During scavenging, an isobaric process takes
place in which fresh gases are mixed with the burnt gases remaining in the engine cylinder, preserving
the enthalpy of the gases.

k-1

Pr\ k
e ()
r d Pa

In order to identify the balance equation of losses generated by irreversibility, it is necessary to use the
energy and entropic balance equations integrated between the inlet and outlet sections of the engine:

Q=1L -1 +3¥L;
S, =8 = ZASQ + ZASiTiTl

In the above equations /> — / represents the increase in the enthalpy of the agent during the heat
exchange £Q and the mechanical work performed X.;, S-- 5, represents the increase in the entropy of
the agent during the heat exchange with the ambient environment A5, and the internal irreversibility
of the working processes XA5;, .
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It is obtained:
ZEQ = AF + L + Zl'[irin,
which represents the balance equation for losses caused by irreversibility. £, is the total exergy of

the heat absorbed by the working fluid during intake and the combustion process.

AE represents the loss of exergy through the heat released by the exhaust gases to the environment
in the isobaric cooling process from temperature 7, to 7, :

AE = HQe = |Qe| —To- |ASQe|r
@ is the heat available in the exhaust gases, and 45¢. is the change in entropy of the exhaust gases.

The term 211, describes the sum of losses caused by the irreversibility of inlet and outlet processes,
such as throttling or finite pressure and temperature differences.

The balance equation for losses caused by the irreversibility of the working processes of the internal
combustion engine can be written as follows:

{ Qur =L+ l-[Qea + Hipgr + Mipe + g + e
Qar =L+ HQer + Miparq + Wipgr + Hipe + Mg + 13 *

and in a restrained form:
n
Qar =L+ Z 1-[irj
j=1
Part of the heat produced by fuel combustion is transformed into mechanical work, while the rest are
the losses caused by the internal and external irreversibility of the cycle. Exergy losses can be

expressed in three ways: in energy units, I1,. [MJ], as energy reported per unit mass of fuel r, [MJ/kg],
or as energy reported to the energy released by fuel combustion, expressed as a percentage 7, (%):

I,
Ty = ;
Mep

™ 100 (%)
Hl 0

The exergy losses generated by irreversibility for the naturally aspirated engine are as follows:

T, =

The loss caused by combustion irreversibility:

) k
1 Inlp

The loss caused by the irreversibility of combustion in relation to the fuel unit results:

Hirar = %mdﬂ% In A, for MAS;

T, T,
Mirar = To " ASgar = To(ASgy + ASgp) = Tomep (cy In==+ ¢y In=) = mey RTy -
c y

Mirar = —Ho20%0 m . RT, In 2p%, for MAC;

Loss caused by the irreversibility of the exhaust process:
k T,
e = ToASire = -1 (14 aLy)m,RT, lnT_r;

Loss caused by the irreversibility of throttling during intake:

My, = ToAS;, = (1 + aLy)mepRT, 1nj ;

Loss caused by the irreversibility of the throttling during exhaust:
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Hle = TOASle = (1 + aLo)mchTo ln 1_1¢ '

Exergy loss of heat to the environment:

k . T, T,
l_[Qea = |Qeal — TOlASQeal = m 1+ aLO)meRTO(T_O - T_O - lnT_a)

In the case of turbocharged and intercooled engines, additional factors are present compared to the
naturally aspirated engine, which determine the irreversibility of the processes [41]:
- irreversibility of air compression in the compressor and expansion in the turbine;

- irreversibility of heat transfer at finite temperature variation in the intercooler;
- irreversibility of throttling processes when passing through the compressor, heat transfer in

the intercooler and exhaust gas exit from the turbine;

The parameters specific to thermodynamic processes are presented in Table 2.5.

Tab. 2.5 Thermodynamic processes [42]

Process | Name Specific parameters

Compressor 0-1 Air intake into the compressor at p; <po W.=(po-p1)/ po

1-s Air compression, irreversible adiabatic k, ps Ts
Intercooler s-s' Isobaric air cooling T=ATg/D Trmax

s'-2 Isothermal air throttling in cooler at, 4p- Yo=(ps-p2)/ ps
Engine 2-a’ Isobaric intake process Y.=(p-pa)/ p>

a'-a Irreversible scavenging process B

a-c Adiabatic compression process €

c-y Isochoric combustion process A

y-z Isobaric combustion process p

z-d Adiabatic expansion process (A/ p)

d-e Adiabatic free exhaust process Pd, Pr

e-t Isobaric forced exhaust process Ye=(p,-p:)/ pr
Turbine 3 Irreversible adiabatic expansion process of ‘

exhaust gases
3-er Exhaust of gas with pressure drop to po Wi=(ps-po)/ ps
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Similar to the naturally aspirated engine, the thermodynamic parameters are determined: pressure at
the compressor inlet (p;), pressure at the cooler outlet (p2), intake pressure (p.), temperature at the
compressor outlet (7;), temperature at the cooler outlet (73), air density at the cooler outlet (p>), air
temperature at the engine inlet (7.), temperature increase coefficient (¢.). The following are calculated:
pressure and temperature at the end of compression (p. ,7:), pressure increase ratio in isochoric
combustion (A), volume increase ratio in isobaric combustion (p), total heat released in combustion
(@), heat of combustion reported per unit cylinder volume (g.- ), maximum cycle temperature (7 ),
temperature and pressure at the end of expansion (75, ps ), pressure of the exhaust gases (p; ). The
following are evaluated: gas temperature in the exhaust manifold (7. ), exhaust gas concentration (y,),
exhaust gas temperature (7;), scavenging process temperature (7, ), scavenging factor (8 ), gas
temperature before the turbine (7:), exhaust gas temperature at the turbine outlet (75), and pressure
at the turbine outlet (ps).

Finally, the exergetic losses specific to the supercharged engine are calculated: combustion losses
(iqr ), heat transfer in the cooler (), heat transfer between the exhaust gases and the environment
(mger), irreversibility of compression in the compressor (m;,.g), irreversibility of expansion in the turbine
(i), irreversibility of scavenging during intake (m;,p4), irreversibility of the exhaust process ( m;,),
irreversibility of heat transfer between exhaust gases and scavenging air (mjrat,,) compressor
throttling (m;4s), intercooler thorttling (m;z), engine intake throttling (m;,), engine exhaust throttling
(e0), @and turbine outlet throttling (7).

The numerical model evaluates the cycle indicated mean pressure (p») and the engine cycle thermal
efficiency (n¢). The cycle indicated mean pressure is equivalent to the engine indicated mean pressure
(pmi). The formulas for p.care valid for both engine types.

The thermal efficiency of the engine cycle (n;) is the ratio of indicated work to the heat released by
combustion, similar to the indicated efficiency (n;). The difference between them appears in the heat
term (released vs. available). The ratio of the two heat terms is the incomplete combustion efficiency,

_ Pmc

which in this model is considered equal to unity (total combustion). So.n, = = =1, .

dar
Based on the quantities and equations presented above, a calculation program was built that allowed
the determination of the pressures and temperatures in the cycle, the indicated efficiency, the
indicated mean pressure, as well as the exergetic losses related to the fuel energy, previously
formulated m; .
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3. EXPERIMENTAL TEST BENCH INTEGRATION

This chapter describes the classic stands for testing internal combustion engines of the Research
Institutes (INAR, INMT BRASOV), with a more detailed presentation of the modern stand used within
the Research and Development Institute (ICDT) of the Transilvania University of Brasov. The research
infrastructure provided by the ICDT includes the internal combustion engine test cell of the Research
Center for High-Tech Automotive Products.

E - Setari de injectie

. combustibil E
l .‘—rv“.‘. <

Control Madsurare Senzori de Senzori de Senzor
emisii consum de presiune temperatura oxigen AVL PUMA Open
poluante combustibil

arderii combustibilului |

Fig. 3.1 AVL Test Stand Diagram [50]

The main components of the test stand are the electric dynamometer, the research engine, the unit for
controlling the coolant (at the engine inlet and outlet) as well as the oil (in the sump or on the circuit),
the unit for controlling the air intake into the engine and monitoring the exhaust gases. The general
configuration of the setup (Figure 3.1) shows continuous closed-loop operation of the engine-
dynamometer system. The test stand at the ICDT uses a test cell controlled by AVL Puma Open
software as the main control panel and a modular AVL 5402 single-cylinder engine, reconfigurable for
differentignition types and fuels. The stand includes a reversible electric dynamometer, coolant and oil
temperature control systems, an air supply system (turbocharging simulator), and a data acquisition
system (AVL Indicom). The experimental research is based on a stand with a modular AVL single-
cylinder, four-stroke engine, reconfigurable as both a spark-ignition engine and a compression-ignition
engine (AVL 5402), adapted for different fuel types (diesel, petrol, vegetable oil esters, oxygenated
compounds), having the combustion chamber configuration in the piston crown in the omega shape
illustrated in Fig. 3.14, and the technical data in Tab. 3.2. The injection pressure is provided by a Bosch
Common Rail CP4.1 injection system.

The main specific quantities were the fuel mass flow rate measured with the AVL 735S, the air mass
flow rate measured with the AVL Flowsonix flow meter, the parameters of the intake air supercharging
control system type AVL Supercharger 515 Unit, the working fluid temperatures (Pt100, NiCr-Ni), the
Optimus AT 420 infrared thermometer, the air velocity near the cylinder block with the portable hot-
wire anemometer, AirFlow TA460, the cylinder pressure with the piezoelectric sensor GU21D and other
pressures with the piezoresistive sensor APT100, the excess air coefficient with the Bosch LSU 4.9
lambda probe, the conditioning of the coolant and oil temperatures with the AVL 577 unit, and the
crankcase gas flow rate with the AVL Blow-by 442S system.
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Fig. 3.1 Geometry of the combustion chamber of the AVL 5402 engine [51]

Tab. 3.1 Technical characteristics of the AVL 5402 engine [20, 52]

Parameter Value U.M.
Engine type L-stroke, single-cylinder -
Stroke/bore ratio 90/85 mm
Displacement 510,7 cm?
Connecting rod length 138 Mm
Combustion type Direct inj.e.ction with one i
injector
Rated/maximum speed 4200/4500 rpm
Rated power range
6-16 kW
(naturally aspirated-supercharged)
Maximum injection pressure 180 Mpa
Compression ratio 17,51 -
High-pressure system Common rail CP 4.1 Bosch -
Management system AVL-RPEMS + ETK7 Bosch -
Maximum cylinder pressure 17 Mpa
Diameter of valve seat Intake 24,9 / Exhaust 24,5 mm
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The test stand used AVL PUMA Open software for controlling speed, load, and intake air parameters,
regulated by the AVL Supercharger unit. Data acquisition was performed with the AVL Indicom and AVL
IndiModul 621 systems, monitoring cylinder pressure, injection performance, manifold pressures, and
other operational parameters. Additionally, the temperatures of the engine's external surfaces and the
air velocity in the cell were measured for the analysis of heat transfer by convection and radiation.

The main objective of the AVL engine test programme was to analyse the energy and exergy balance
of the AVL 5402 single-cylinder compression-ignition engine under various operating regimes, varying
speed, load, and intake air parameters. The engine was operated within a speed range limited to 1600-
3600 rpm for comparability. The tests included naturally aspirated operation and simulated
turbocharging at different pressures (100mbar, 250mbar, 400mbar), using diesel fuel according to
standard EN 590 and SAE 15W40 oil. The engine load was varied between 25%, 50%, 75%, and 100%.
Injection included a main injection and a pilot injection per cycle, controlled via the AVL Fire software
module, without modifying specific injection parameters during the tests.

Figure 3.2 shows specific AVL Fire data such as speed, load, injection pressure, as well as injection
timing and injected fuel quantity per stroke for the pilot and main injection.
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Fig. 3.2 Screenshot from AVL Fire software at rated speed and full load

Using the software integrated into the test stand, AVL PUMA Open (Figure 3.3), it was possible to set
the speed and load as input data, controllable via the three-phase asynchronous electric motor.
Furthermore, the PUMA programme is used to display in real time the hourly fuel consumption,
exhaust gas pressure, oil pressure, atmospheric pressure, exhaust gas temperature, and excess air
coefficient, offering the possibility to calculate derived specific quantities, such as effective power and

engine torque.

Summarising what has been described in this chapter, a retrospective look at technical progress in
recent decades indicates a considerable decrease in measurement errors, with two notable
achievements: the PT100 reduces the error by 50 times, and the error for fuel consumption decreases

by 8 times, according to Table 3.1.
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Tab. 3.1 Evolution of measurement errors

Measurement errors Measurement errors
Parameter
[45] [50]
Exhaust gas temperature, Pt100 +5K +0,1K
Exhaust gas temperature, NiCr-Ni +2K +1,5K
Fuel consumption 1% 0,12%
Air consumption +2% <x1%

An advanced performance complex system (high capacity, resolution/accuracy, controllability) was
integrated, offering capabilities to close automatic control loops in real time. The experimental research
resulted in the integration of a significant test configuration (measurement - control via data
acquisition - sensors) and actuators. The significance of this solution lies in opening up possibilities for
monitoring and automatic control strategies that can be transposed into ECU (Electronic Control Unit)
implementations. This modern approach combines Instrumental Informatics with Mixed Reality,
placing these contributions in the category of advanced engineering development techniques
(mechanical, robotics, instrumentation, communications) which are part of the objectives of ICDT
Brasov [50].
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4. APPLICATION OF THE EXERGETIC MODEL TO DIESEL ENGINES

Chapter 4 presents the validation of the initial exergy model described in Chapter 2. The study uses the
calculation programme with its exergy model to evaluate performance and exergy losses under various
operating conditions and engine configurations. For this, a series of experimental engine data, recorded
on test stands, was used. To this end, a database was compiled consisting of internal combustion
engines for road vehicles and tractors developed and produced in Romania. The development activities
for these engines took place over several decades at research institutes in Brasov, at the INAR Institute
- Research Institute for Road Vehicles, which later became the commercial company SC INAR SA, and
INMT - National Institute of Thermal Engines, Brasov branch. To obtain the necessary data, permission
was requested and obtained to consult the INAR archive (Annex 4.1.1), the common repository for
engine test bulletins. Eight types of four-stroke, direct-injection compression-ignition engines, all
manufactured in Romania, were analysed, ordered by total displacement (3,12-13,8 litres), detailed in
Table 4.1. For some of these, the naturally aspirated (N), turbocharged (T), and turbocharged with
intake air cooling (RI) variants were considered.

Tab. 4.1 Main characteristics of the investigated engines

No. Engine Code Type of air Cylinder Rated Maximum

intake configuration speed torque speed
(rpm) (rpm)
1. D127 N L4-cylinder in-line 3200 1600
T 2800 1600
2. 392-L4 N 4-cylinder in-line 2800 1600
T 2800 1800
RI 2600 1600
3. 550-L6 N 6-cylinder in-line 2800 1800
T 2700 1800
RI 2600 1700
4, 1035-L6-DTO T 6-cylinder in-line 2100 1400
5. 1070-L6-DT!I RI 6-cylinder in-line 2150 1400
6. 1230-L6-DTl RI 6-cylinder in-line 1900 1200
7. 1240-V8-DT T 8 cylindersinVV 2600 1600
8. 1380-V8-DT T 8 cylindersinVV 2200 1400
1380-V8-DT! RI 2200 1400
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By running the program, a database of the exergetic analysis corresponding to the initial model was
obtained, which are presented graphically in the form of Sankey diagrams.

These diagrams are representations of the material and energy balances of thermodynamic systems
in their evolution.

The data processing and presentation of the results was carried out as follows:

- for each engine, the results obtained from the exergetic analyses of the two representative operating
regimes were compared: the full load at nominal speed regime and the full load at maximum torque
speed regime, being commented upon comparatively with data from the scientific literature,
categorised by intake type (N, T, and RI);

- for each class of engines, defined by the type of intake (N, T, RI), the homologous terms from the
exergetic balances were compared at the corresponding regimes; by numerical simulation, the
influence of some parameters on the exergetic terms (N, T and Rl) was determined;

Four naturally aspirated engines were analysed: D127, 392-L4, 550-L6 and D30. The calculation
program considered five main exergetic terms, representing the losses with the irreversibility of work
processes:

- loss caused by the combustion irreversibility - ;4

- loss caused by the exhaust process irreversibility - 7,

- loss caused by the irreversibility of throttling in the intake process - m;,

- loss caused by the irreversibility of throttling in the exhaust process - m;,
- loss of exergy of heat released to the environment - 7.,

The terms for the irreversibility of working fluid throttling in the intake and exhaust processes are very
small, almost negligible.

The exergetic losses of the four engines are illustrated in Annex 4.2.1 (which also includes a detail of
the calculation program). They are characterized by high values of combustion irreversibility ;.4 and
heat exergy loss to the environment .4, both in the range (20-24%).

The loss caused by the irreversibility of the exhaust process, ;. , falls within the range (1,3-1,95%),
and the sum of the losses due to throttling of the intake and exhaust is about 2%.

The influence of engine speed on exergetic terms shows that ;4 increases slightly with engine
speed, while 7., decreases slightly. m;.. decreases with speed, and the sum of throttling losses
increases. These trends are similar to those in the specialised literature [40].

The exergetic balances in the form of Sankey diagrams plotted for the two representative full load
speeds of the 392-L4-D engine are illustrated in Figure 4.1:
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Fig. 2.21 Sankey diagrams — 392-L4-D engine

Six T engines were analysed. The exergetic balance included eleven terms, specific to the processes in
the engine and turbocharger. Additional terms to N engines include:

- exergy loss of heat rejected by the exhaust gases from the turbine to the environment - my.r

- loss caused by irreversibility of air compression in the compressor — ;¢

- loss caused by the irreversibility of gas expansion in the turbine - my

- loss caused by irreversibility of intake-scavenging processes - m;,pq

- loss caused by the irreversibility of heat transfer between the exhaust gas from the engine and
the scavenging air - T rep

- loss caused by the irreversibility of throttling in the intake of the engine - m;,u

- loss caused by the irreversibility of throttling in the exhaust of the engine - oy,

- loss caused by the irreversibility of throttling in the compressor intake - m;,¢

- loss caused by the irreversibility of throttling in the turbine exhaust - ;.

The terms of irreversibility of throttling are very small, their sum not exceeding 1%. T engines are
characterized by relatively high values of 7.4, (16,33-18,70%), but lower thanin N engines. The exergy
loss of heat rejected to the environment, mg.r (14,53-19,50%) are also lower than my,., in the N
engines. The loss caused by the irreversibility of the exhaust (1,38-2,20%) increases with the decrease
in speed. The irreversibility of the m;,.; compressor (0,48-3,60%) is higher than that of the m;,+ turbine
(0,23-1,34%), both of which increase on average with increasing speed. The terms 1,4 and mrep have
slight variations. Throttling losses increase with speed.

Intermediate cooling (RI) of the intake air has the effect of increasing the mass of fresh charge in the
cylinder. In the list of engines in question there are five turbocharged engines that have been cooled by

means of air-to-air coolers.
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The calculation program for Rl engines includes thirteen exergetic terms, adding two more terms
associated with the intercooler:

- exergy loss in the air-to-air heat exchanger - mog
- exergy loss due to the irreversibility of throttling in the air-to-air heat exchanger - m;z

The sum of the throttling irreversibility terms does not exceed 1.8%. The exergetic losses of the five
engines are characterised by high values of combustion irreversibility (18,56-21%), higher than those
of turbocharged engines. Exergy losses of heat to the environment (11,78-17,57%) are lower than their
only turbocharged counterparts. The exergy loss due to heat transfer in the air cooler varies between
0,22-1,22% with higher values at higher speeds. Losses caused by exhaust process irreversibility fall
within the range (1,65-2,48%). And in this case, compressor irreversibilities (0,93-2,71%) are higher
than those of the turbine (0,56-1,18%). The terms ;54 and a7, both have a small variation, the first
0,54-0,83%, and the second 0,23-1,06%, the first increasing with speed, and the second decreasing as
speed increases. Throttling losses are higher than in T engines, explainable by the additional throttling
in the intercooler with an average contribution of 0,2%. Total throttling loss values oscillate within the
range 0,67-1,75%, increasing with increasing speed.

Compared to the T case, applying RI confirms the notable increase in combustion irreversibilities,
characterised by the range (16,33-18,70)% for T, to the range (18,56-21)% for RI. On the other hand,
the loss with the heat exchange of the exhaust gases at the turbine outlet, my.r, decreased in RI,
(11,78-16,34%) compared to T (14,53-19,50%).

The qualitative influence of increasing engine speed on the balance terms for the three engine types,
averaged over the presented engines, is summarised in Table 4.2.

Tab. 4.2 Response of exergy terms to increasing engine speed

Tirar | Tear | Tire 2m Tirs Tirr Tirpa TaTeb TR
N 7 N N 7 - - - - -
T - \ N 7 7 Vs 7 N -
RI 7 N N 7 7 2 7 N 2

With the exception of the term 7;,.4, , the trend of evolution of exergetic terms can be observed.

The last part of Chapter 4 presents the study of the influence of certain parameters on the terms in the
exergy balance. The study used a variational calculation method, applying small variations to the
parameters to observe the effect on the terms in the exergy balance. The influences were analysed
separately for the N, T, and Rl engines..

The following figures illustrate the evolution of some parameters of naturally aspirated, supercharged
and supercharged engines with intermediate cooling, at the two specific engine speeds.

In the case of the naturally aspirated engine, the parameters considered were atmospheric factors
(temperature and pressure), compression ratio and excess air coefficient. The ambient temperature 75,
in the case of testing the two engines was 290K or about 17°C.
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In order to study the influence of this parameter on the engine cycle and the exergetic balance, the
operation of the engine in the temperature range (273-310K) or 0-37°C was simulated.

The quantities affected by the variation of 7, are the density of the intake air, py, the cycle
temperatures as well as 7. - the mean thermodynamic temperature of combustion, the indicated
mean pressure, pm, the cycle indicated efficiency, n;, the volumetric heat load of the cylinder q,,, and
the heat transferred to the environment from the exhaust gases Q... In the exergy balance, the most
sensitive relative terms are the loss caused by combustion irreversibility, m;.q.,, the loss with the
exergy of the heat transferred to the environment 74, and the loss caused by exhaust irreversibility,

Tire -

With increasing ambient temperature, there is a decrease in air density p,, explainable by the equation
of state for air, considered an ideal gas: p, = RLTO. The cycle process temperatures 7, 7., 7, T., Tsalso
naturally increase with 7,. The results of the numerical models applied for the 392-L4-D and

550-L6-D engines are presented in parallel.

The trend of increasing 7. with 75 is evident for both engines, having higher values for maximum
torque speed, as shown in Figure 4.2.

Engine 392-L4-D Engine 550-L6-D
1550 - 1600
1500 4 1550
1450 -~
- = 1500
= 1400 - 5
E —
= 1450
1350 -+
1300 - 1400
1250 T T T T 1350 T T T T
270 280 290 300 310 270 280 290 300 310
Temperaturaatmosferica [K] Temperatura atmosferica [K]
——Temperatura medie de ardere 1600rpm —— Temperatura medie de ardere 1800rpm
—e—Temperatura medie de ardere 2800rpm —e—Temperatura medie de ardere 2800rpm

Fig. 4.2 Variation with 70 of the average thermodynamic combustion temperature, 7.

The heat developed by the combustion of fuel per unit engine cylinder volume, garys proves to be
relatively stable with increasing temperature 7, registering higher values for the maximum torque
speed, according to Figure 4.3.

The average indicated pressure, p», undergoes minor variations with temperature, with higher values
for the maximum torque speed than for the rated speed.

The heat of the exhaust gases Q..slightly increases with 7, The indicated efficiency, n;, decreases very
slightly with increasing temperature (Figure 4.4).
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The irreversibility of combustion ;.- increases slightly, the exergy loss of exhaust gas heat to the
environment 7y, increases with 7, , and the loss caused by the irreversibility of exhaust processes
is almost invariable with 7.

By increasing the compression ratio (Figure 4.5), the heat evacuated by the exhaust gases Q..
decreases, more significantly for the rated speed, and the indicated efficiencies and indicated mean
pressures increase. From a quantitative point of view, for the 392-L4-D engine at a speed of 2800 rpm,
it can be observed that by increasing the compression ratio from 18,5 to 21,5, the pressure increase
ratio in isochoric combustion, A, decreases by 18%, the volume increase ratio in isochoric combustion,

o , increases by 15%, and the indicated efficiency increases by 1,9%.
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Fig. 4.5 Variation with the compression ratio of pm, 1/, Qea
Although the reductions in exergetic losses are not notable, the increase in the compression ratio leads
to the simultaneous decrease of the two important terms 7,4, and mg,, (Figure 4.6).

Numerically, for the case of the 392-L4-D engine at a speed of 2800 rpm, 7;,.¢,- decreases by 1,6%, and
through heat exchange m,,, decreases by 4,5%; at a speed of 1600 rpm, m;,.,, decreases by 1%, and
Tgeq decreases by 3,4%.
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Fig. 4.6 Main exergy terms sensitive to compression ratio variation

Average thermodynamic combustion temperature, 7,.- decreases considerably with an increase in
excess air, more pronounced at high engine speeds, which predicts a decrease in the combustion
exergetic efficiency and implicitly an increase in combustion irreversibility m;.q,. This also causes a

notable decrease in the garys parameter.

Figure 4.8 shows the considerable reduction in p, and the heat evacuated by the exhaust gases Q..,
concurrently with the increase in indicated efficiency. By decreasing 7., the exhaust gas temperature
also decreases, a fact which anticipates the decrease in exhaust gas exergy losses. The variation of the
excess air ratio over the entire range of values 1,3-2,2, considerably decreases the volumetric heat
load garisand the indicated mean pressure, and the indicated efficiency increases by about 2%.

With the increase of the excess air coefficient, the exergetic loss due to the irreversibility of combustion
TT;rqr iNCreases significantly, the exergy loss of heat from the exhaust m,,, decreases significantly, and
the irreversibility of the exhaust processes assessed by the term m;,, has a decreasing tendency with
the increase of the excess air coefficient (Figure 4.9).

The trends of variation of exergetic parameters and terms are consistent with the literature.
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Fig. 4.9 The main exergetic terms sensitive to the variation of

The compression ratio seems to be the only "win-win" parameter, simultaneously improving energy
and exergetic performance. The excess air coefficient can simultaneously influence three exergetic
terms, and the increase in speed influences Qe.and m,,, important terms for the energy recovery from
the exhaust gas.

For the case of turbocharged engines, the influence of factors on engine exergy follows the form
presented for the case of naturally aspirated engines, with the necessary additions and modifications.
Atmospheric factors - temperature, atmospheric pressure, and humidity - are reduced to atmospheric
temperature, with atmospheric pressure being replaced by the boost pressure ps The quantities
investigated were: 7. - the mean thermodynamic temperature of combustion, the volumetric heat
load of the cylinder q,,, the heat rejected by the exhaust gases from the turbine during an isobaric
cooling process, Qer, the indicated efficiency n;, the indicated mean pressure, pm.

The main terms in the exergy balance investigated were the loss caused by the irreversibility of
combustion 7.4, the loss with heat exergy mg.r, the losses caused by the irreversibility of the
compression process in the compressor m;,., the irreversibility of the expansion process in the turbine
mirr, as Well as the irreversibility of the exhaust process ;. -
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The study of these influences is based on the results of the numerical analysis of two turbocharged
engines, presented in parallel, 550-L6-DT and 1240-V8-DT, based on experimental determinations at
full load for two revolutions.

The increase in 7, increases the cycle temperatures and the average thermodynamic combustion
temperature, 7., having as in the case of naturally aspirated motors higher values for maximum
torque speed, as shown in Figure 4.10.
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Fig. £4.10 Variation of Tmar with 7

The heat developed by the combustion of fuel per unit engine cylinder volume, garys also called
volumetric heat load, slightly increases with temperature, registering higher values for the maximum
torque speed; the heat at the turbine outlet @.r depends on the difference between the temperature
at the turbine outlet (7.7=75) and 7,; as 7, increases, the temperature difference relative to the
environment decreases, and (.rdecreases, as can be observed in Figure 4.11.

Thereisanincrease in the indicated mean pressure p with the increase of 75, which implies an obvious
increase in the indicated efficiency n; , valid for both engine speeds and shown in Figure 4.12.

The engine exergy losses, illustrated in Figure 4.13, show a slight increase in combustion irreversibility
Trar With the increase of 75.

Although 7. increases, in the expression that defines 7., (1-TO/Tma), the increase in 70 is more
important, and the trend is in line with the observations in the reference [36].

At the same time, the losses with the exergy of the rejected exhaust heat 7g.rare reduced.

With the increase of 7,, the exergy losses in the compressor s decrease significantly, while the
irreversibility of the exhaust process 7. and irreversibility in the turbine 7+ remain quasi-constant.
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Fig. £.13 Variation of 7.-and mger with 70

Regarding the variation of the boost pressure p, the volumetric thermal load registers notable
increases with the increase ps, more pronounced for the low engine speed, but the heat released into
the environment, @.; remains rather constant (Figure 4.14). Increasing engine speed decreases garis
and Cer.

The average indicated pressure increases, while the indicated efficiency increases very little for the
rated speed and remains almost constant for the maximum torque speed (Figure 4.15). The increase
in rpm decreases p,; and increases n; .

The psvariation of the two important terms, 7.-and 7ger, is limited. The combustion irreversibility 7z
increases very little with p..

Regarding the specific processes of supercharging, Figure 4.16 shows the evolution of the
irreversibilities in the compressor and turbine.

Theincrease in psleads to a decrease in irreversibility in the compressor, 775, more pronounced at rated
speed, while the irreversibility in the turbine, 77, are not influenced at all. The irreversibility of the
exhaust process 7. increases with ps, more intensely at maximum torque speed.
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Increasing the compression ratio leads to an increase in the pressure and temperature in the cylinder,
as well as in the indicated efficiency, n; . The increase in the temperature level in the cycle is best
described by the evolution of the 7,.- parameter, shown in Figure 4.17.
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The volumetric heat load, gars remains constant with the variation of the compression ratio, and the
heat evacuated to the environment (.r has a very slight decreasing tendency, both quantities
registering lower values at nominal speed. By increasing the compression ratio, the indicated
efficiencies and indicated mean pressures slightly increase. From an exergetic point of view, the two
significant terms in the balance ;4 and g, undergo a small simultaneous reduction, along with
the increase in the compression ratio. The irreversibilities in the turbocharger, 7 7 as well as the
exhaust irreversibilities 7., are not influenced by the variation of the compression ratio.

Regarding the variation of exergy terms with increasing excess air ratio «, 7. decreases, which leads
to an increase in combustion irreversibilities, 7. In contrast, m.r evolves in the opposite direction as
a result of decreasing temperatures at the turbine outlet (Figure 4.18), and the effect of engine speed
is decreasing for both quantities.

The irreversibility in the compressor increases significantly with the increase in the excess air
coefficient, and that in the turbine increases very little. On the other hand, the irreversibility of the
exhaust process has a quasi-constant, slightly decreasing variation.
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Fig. 4.18 Variation of 7. and mg.r with the excess air coefficient

Increasing the maximum cycle pressure pmax has the effect of decreasing slightly, simultaneously, the
irreversibility 7. and meer (Figure 4.19). The increase in engine speed increases .- and decreases 7ger.

The terms in the exergy balance associated with the turbocharger and exhaust indicate almost
constant values, which are not significantly influenced by the variation pax.
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The analysis of turbocharged engines showed a good correlation of the variation of energy and exergy
quantities with specialised studies. Turbocharging brings advantages such as increased indicated
power and decreased exhaust heat. Operating optimisation can be achieved by increasing the
compression ratio and the boost pressure, but with different influences on the exergy terms.
Decreasing the excess air ratio increases p, but also increases mg,r .

The analysis of the influence of certain parameters on turbocharged engines with intercooling included
the changes produced by the integration of the intercooler. Novelty in the calculation programme is
related to cooling efficiency (t), heat removed (Qk), and air throttling in the cooler. The quantities
investigated were: the mean thermodynamic temperature of combustion, 7,.-, the volumetric heat
load of the cylinder q,,, the heat rejected by the exhaust gases from the turbine during the isobaric
cooling process, Qer, the indicated efficiency, n;, the indicated mean pressure, p». The main terms
from the exergy balance investigated were the loss caused by combustion irreversibility, ;4. the loss
with the exergy of the exhaust heat 7,7, the losses caused by the irreversibility of the compression
process in the compressor, m;,s, the irreversibility of the expansion process in the turbine, 7, as well
as the irreversibility of the exhaust process, ;.

The supercharged and intercooled engines analysed were 550-L6-DTl and 1380-V8-DTI, presented in
parallel, based on experimental determinations at full load for maximum torque speed and nominal
speed.
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Intercooling produces fewer effects than simple turbocharging, therefore some graphs show constant
values, making it irrelevant to present them in full. The most important parameter of intercooling is the
cooling efficiency (or degree of cooling), .

By increasing the efficiency of the cooling process in the cooler, the mean thermodynamic combustion
temperatures, 7,.-, decreases as a result of cooler air entering the engine cycle after the heating
produced by compression in the compressor, Figure 4.20.
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Fig. 4.20 Variation 7mar with T

Better air cooling decreases the exhaust heat ¢.r and increases the volumetric thermal load, gars
both of which are inverse to that of the engine speed, as shown in Figure 4.21.

In the case of increasing the cooling efficiency, Figure 4.22 shows a slight increase in the indicated
mean pressure, and the indicated efficiency shows a quasi-constant character. At the same cooling
efficiency, increasing rpm gives lower p,, values, but higher values of the indicated efficiency, n;.

The variation of the exergy terms is presented in Figure 4.23, where a slight increase in combustion
irreversibility and a moderate decrease in the irreversibility of exhaust heat at the turbine outlet are
observed, along with the increase in intercooling efficiency.

Increasing engine speed significantly decreases the exergy loss of evacuated heat; in contrast, the
effect of speed on combustion irreversibility is very reduced.

Figure 4.24 shows the terms of irreversibility in the turbocharging and exhaust processes in the engine.
Irreversibility in the compressor and turbine does not exhibit sensitivity to variation of the cooling
efficicency.

On the other hand, the irreversibility of the exhaust process increases slightly with the increase of the
cooling efficiency. The increase in engine speed increases m;r and decreases 7. ; as far as 7 are
concerned, the two engines behave differently at the speed variation, with the observation that the
respective percentages have low values, between 1-2% of the fuel energy, for both engines.
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The behaviour of the analysed Rl engines registered a series of differences, justifiable by the different
operating parameters and different ranges of working speeds. The results of the numerical study are
in good agreement with the technical literature. Intercooling added an increase in indicated power
compared to T engines. By applying RI, an increase in 7. is observed concurrently with a decrease in
exergy losses of heat released to the environment my.; . Parameter control is difficult, with energy
optimisation often contradicting exergy optimisation. The quantities @.r and m,.r are important for
energy recovery from the exhaust gas heat, and increasing engine speed reduces them
simultaneously.

The detailed study of the influence of parameters on the exergy terms offers a valuable perspective
on optimising the operation of diesel engines from the point of view of both principles of
thermodynamics. Although some constructive parameters (compression ratio) or environmental
conditions (temperature, pressure) have predictable influences, functional control through
parameters such as boost pressure and excess air ratio requires a multi-criteria approach to balance
energy performance with exergy performance. Significant exergy losses through combustion and
exhaust remain the main targets for future improvements.
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5. IMPROVING ENERGY AND EXERGETIC MODELS

The first part focuses on the energy balance of the AVL 5402 engine, based on experimental data, with
emphasis on the influence of speed on the main balance terms, the comparison between the naturally
aspirated and turbocharged variants, and the evaluation of heat transfer through the engine surfaces.
The AVL 5402 engine was tested on the stand in naturally aspirated (N) and turbocharged (T) operating
variants, over a representative speed range (1600-3600 rpm) and at different loads (50%, 75%, 100%).
The energy analysis focused on operating regimes above 50% load, because at low loads temperatures
and flow rates are reduced, limiting the potential for energy recovery. The influence of engine speed on
the balance terms was analysed for the AVL 5402 engine in naturally aspirated (N) configuration. For
operation at the nominal regime, the proportions of these energy quantities per unit time are illustrated
in Figure 5.1.
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Fig. 5.1 Change in the main balance terms with speed, at full load

The term that represents the difference between the energy flow released by the complete
combustion of fuel and the sum of the effective power and the heat flow evacuated by the exhaust
gases is the extended cooling heat flow Q... At full load, the trends in the proportions of these
quantities with increasing speed from 1600 to 3600 rpm, expressed relative to the energy of the fuel
consumed per unit time, are the following: effective power, P, decreases from 32,9% to 27,2%, the heat
flow evacuated by the exhaust gases Q:qa increases from 25,1% to 33,1%, and the extended cooling
heat flow, Q,ce, decreases from 41,9% to 39,7%. Having the same balance terms considered previously
in Figure 5.1, Figure 5.2 depicts the shape of the representative curves specific to turbocharged
operation.
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Fig. 2.2 Change in the main balance terms with speed, at full load

At full load, the evolution trends of the proportions of these quantities with increasing speed from 1600
to 3600 rpm, expressed relative to the energy of the fuel consumed per unit time, are the following:
effective power, P, decreases from 35,8% to 30,42%, the heat flow evacuated by the exhaust gases Q:ga
increases from 25,3% to 33,4%, and the extended cooling heat flow, Q, 3., decreases from 38,8% to
36,2%. Compared to the balance of the N variant, the T variant with increasing speed registers better
utilisation of fuel energy, the averages of the percentages of the T terms compared to their N
counterparts increasing by 3,2% for P, and decreasing by 1,2% for Q:qa and by 2,4% for Q,sce.

Heat transfer in combustion engines is a complex phenomenon that influences the effective efficiency,
the thermal load of the components and the level of pollutant emissions.

According to the analysis of the energy balance terms (Chapter 2), the residual term, Q,-.,, which closes
the balance, has a proportion of the fuel energy estimated by different references, as follows: 2,6%
[31], 6,8% [33],8,16% [32, 105]. This term includes several constituents, of which the heat transfer by
convection and radiation from the engine surfaces to the environment Q; is the most significant in
energetic magnitude. The experimental evaluation of the heat transfer by convection-radiation from
the engine surfaces to the environment, Qs, can be done starting from the data of the AVL 5402 engine,
measured during the tests described in Chapter 3, and reported as a percentage of the fuel energy. The
heat transfer from the engine surface to the environment Q, has two components, one produced by
thermal convection, Q., and the other by thermal radiation, Q,..

Qc = ac(tpm - tf)Aef (W]
. Tom\* [ T\
Cr = &l [(m) ~(105) ]Aef W
Qs = Qc + Qr
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in which a, — the convective heat transfer coefficient, 4.5 — the effective area of the engine block
surface, ¢, - the energetic emission coefficient by radiation of the engine block surface (emissivity),
Cy - the radiation coefficient of the absolute black body (Stefan-Boltzmann constant), and Tym and Ty
are the mean absolute temperatures of the engine block surface and the surrounding air, respectively.
For the particular case of the engine speed of 2000 rpm at full load, the local temperature of the engine
block was measured with an infrared thermometer at multiple points, the temperature varying
between 85 and 91°C (Fig. 5.3).

Fig. 2.23 Reading the exterior temperature of the AVL 5402 engine block

For the average surface temperature of 88°C, and the ambient temperature of the laboratory of 28°C,
calculations were performed, resulting in the following conclusions:

a. The share of the radiant term in the heat transfer (Q,-/Qs ) is only 2.48%, the convective transfer
being dominant.

b. Reporting Qs to the energy flow corresponding to the fuel represents 6,6%, a value quite close to
the range of values of the residual term, Q,.,, which includes Q;, according to the four references
[31-33, 105].

A numerical evaluation of heat transfer through the surface of the exhaust manifold was performed
for the D30 engine, using the COMSOL Multiphysics software. Modelling involved defining the manifold
geometry, material and fluid properties, boundary conditions, and generating a finite element mesh.
The simulation results (Figure 5.4) illustrated the distribution of temperature, velocity, and pressure of
the exhaust gases in the manifold.
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Fig. 2.24 Results of exhaust gas flow simulation through the exhaust manifold

A significant decrease in temperature was observed at each bend, attributed to the increase in local
pressure and the favouring of heat transfer by convection. The increase in section at the intersection
of the exhaust pipes also affected the cooling of the gases. Model validation was performed by
comparison with experimental measurements (infrared thermal scanning).

Mechanical losses include losses due to friction between engine parts, losses from driving various
auxiliary systems, as well as pumping losses; the prediction of these losses uses simple and fast
calculations, with a few of the main engine variables, being expressed through the mean effective
pressure of inherent resistances, p,, dependent on the mean piston speed, wy,, the maximum
pressure in the combustion chamber pr., the speed n, and the compression ratio €. A series of five
empirical formulas were analysed comparatively with experimental data extracted from the INAR test
bulletins, leading to four new equations, adapted to the characteristics of the engines investigated in
this work:

Prp = 1,113 + 0,118 - wy,, (1), in the bar

Drp = 0,749 + 0,1629 - Wy, + 5 - 10 8xppqy (2), in the bar

Prp = —13600 + 29,4 - n+ 0,016 - ppa,y  (3)inPa

Prp = 85,1448 (7o) + 0,4 - why, (5),inkPa

46



The chapter also explores the possibility of predicting mechanical losses for untested engines using
global formulas calibrated based on data from the tested engines.

Motor nou
(introducere
date)

Calcul
| predictiv
(ecuatiile 1-5)

t

Coeficienti
recalibrati

Exista
masuratori?

DA Coeficienti

initiali

Incadrare
eroare
relativa

Tncadrare
masuratori

Baza de
date
Motoare

> STOP )

Fig. 5.5 Database operation algorithm

The proposed algorithm (Figure 5.5) involves the iterative application of empirical formulas and the
calibration of their free term to minimize the error compared to the average mechanical losses of the
tested engines. As a result of the analytical determination of these mechanical losses, a new exergy
term was generated in the initial exergy balance, I1,,, which is calculated with the formula proposed in
reference [36]. After normalising by the fuel exergy and subtracting the pumping losses, the loss due
to the irreversibility of the friction processes results; this becomes 7;:
ﬁf =Ty — (Mg + Tie)

Table 5.1 includes, based on the calculations presented in the heat transfer evaluation, the situation of
the analysed engines from the point of view of how the mechanical losses were calculated, as well as
the percentage of mechanical losses due to the irreversibility of friction processes, 75, reported to the
fuel exergy, a fact which was achieved by dividing the percentages from the energy balance by the
previously calculated constant, 1,07.

Tab. 5.1 Losses associated with friction in the engine, Ty

Engine Intake Method e[ %]
Type At the rated speed At maximum
torque speed
D127 N Prediction 12,10 7,83
T Prediction 12,97 11,02
392 N Prediction 11,17 7,40
T Experimental 13,93 9,15
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550 N Experimental 10,26 7,38
T Experimental 11,48 8,48
RI Experimental 11,24 7,47
1035 T Prediction 10,44 7,26
1070 RI Experimental 10,68 7,03
1230 RI Prediction 8,61 6,28
1240 T Prediction 11,18 7,45
1380 T Experimental 10,48 6,36
RI Experimental 10,25 7,02
D30 N Prediction 9,49 -

Combustion efficiency can be calculated if the quantities of combustion products CO (carbon
monoxide), HC (hydrocarbons), PM (particulate matter) are known. Carbon monoxide releases 10,16
MJ/kg through combustion; the released hydrocarbons are considered to be compositionally close to
the hydrocarbons present in the fuel, therefore it is accepted that they have lower heating values close
to those of diesel fuels and gasoline (42-44 MJ/kg). Particulate matter emitted by diesel engines has a
more diverse chemical composition, however, it is accepted that 75% is represented by amorphous
carbon, and 24% by heavy hydrocarbons [121]. A heating value of 32,8 MJ/kg is attributed to carbon,
and for heavy hydrocarbons the heating value of fuel oil, of 40,9 MJ/kg. Thus, the efficiency of
combustion or combustion 1. can be calculated with the following formula:

3 2 9 Hij

(Mep/ (Mep +1Mg))Hicy

where: /= CO, HC, PMc (carbonaceous particles), PMh (particles from heavy hydrocarbons), g — the

ne =1

mass fraction of component / in the exhaust gas, Hj— the lower calorific value (mass) of component /
or fuel, m,;, - the mass flow rate of fuel, m, — the mass flow rate of air.

The results of two combustion efficiency calculations for two engines, technologically three decades
apart, 1240-V8-DT and AVL 5402, based on the previously presented formula, are presented. The
previously presented lower heating values were used, and for diesel fuel 42,5 MJ/kg was considered.
Both engines were tested in the same 13 representative stationary regimes described by European
Regulation No. 49 [125], a fact which allowed the comparison of the results. The calculation results are
based on the pollutant emissions involved in the oxidation process of the two investigated engines and
on the combustion efficiency formula, being presented in Table 5.2.

Tab. 5.2 Combustion efficiency and pollutant emissions

Engine CO [g/kwh] HC [g/kWh] PM [g/kWh] Ne
1240-V8- DT 3,82 0,76 1,93 0,982
AVL 5402 4,4 0,275 0,106 0,996

In conclusion, according to the data in Table 5.2, it is confirmed that the loss is about 2% as predicted
by the reference [31], contemporary with the 1240-V8-DT engine.
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The methodological novelty presented is the differentiation of the calorific value of particles based on
their composition (carbon and heavy hydrocarbons), which improves the accuracy of the calculation of
combustion efficiency.

Part 2 evaluates more precisely the influence of the fuel exergy, the quantity to which the exergy terms
are normalised.

Diesel was considered to be mainly made up of carbon and hydrogen, neglecting impurities such as
sulphur, nitrogen, and oxygen.

Compositional variation has led to a variety of exergy evaluation formulas, with approaches based on
choosing a representative hydrocarbon (e.g., dodecane Ci2H.¢) or expressing the number of atoms with
decimals (CM,AHZA,Q).

The most accepted approach, used in the thesis, expresses the chemical exergy of the fuel (4.) as a
function of the lower calorific value (4;) and the chemical composition in the form of C,H,0,Sq:

Ay = H, (1,0401 + 0,01728% + 0,04325

+0,2196 T (1 - 2,0628%))

Z VA
Although there is no scientific explanation, it is worth noting that the proportionality coefficient, which
is valid for many liquid petroleum fuels: the value of 1.07 of the ratio Acb /H; coincides with the ratio of
the upper calorific value to the lower calorific value, Hs /H;, which can lead to approximation of the fuel
exergy with the upper calorific value A =Hs.

The exergetic study of the heat transfer in the cylinder during the compression, expansion and
combustion process generated three new exergetic terms 7, through the walls of the combustion
chamber and the cylinder during the combustion processes, 7, in the compression process and 7,
in the expansion process.

The extension of the exergy balance involved normalising the existing terms to the fuel exergy, using
a correction factor of 1,07, and the addition of the exergy term for the mechanical losses of the engine
7ir, as well as the three exergy terms for the heat losses from the cylinder, 7y, 7o, , g,

It is worth mentioning that in the new Sankey diagrams, the representation of the loss associated with
combustion efficiency n, was neglected, being estimated as being less than 1%.

A new term is added to the four distinct terms described above, 7, , which designates indeterminate
exergy losses that are not explicitly included in the exergy balance.

In conclusion, compared to the initial exergy model, by adding the four new exergy terms, the engine
loss profile becomes clearer, more detailed, as can be observed in Figure 5.6 for the analysis of the
550-L6-DTI engine at full load regimes corresponding to maximum torque speed and nominal speed.
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Fig. 5.6 Extended exergy balance of the 550-L6-DTI engine

6. ENERGY RECOVERY FROM THE EXHAUST GASES

6.1. Energy recovery methods

To harness the full energy potential of internal combustion engines, the principle of "Waste Heat
Recovery" (WHR) has become increasingly known, making it possible to improve the overall efficiency
of the internal combustion engine by converting wasted heat into ordered energy. Evidently, not all the
energy released from the combustion of fuel in the engine cylinders can be recovered, but even a tiny
fraction of it can contribute significantly to conserving the planet's energy resources. Exhaust gases
that are released into the atmosphere through the exhaust system or gases recirculated through the
EGR system, heat losses from the engine's cooling and lubrication systems, or even radiation emitted
from its surface, all can be considered sources of waste heat in the internal combustion engine [134].
Figure 6.1 presents conventional methods for recovering waste heat from internal combustion
engines. These technologies can be classified as passive or active technologies, depending on whether
the heat is used directly at the same or a lower temperature, or is transformed into another form of
energy or to a higher temperature [135]. Heat exchangers and Thermal Energy Storage (TES) systems
are among the most used passive technologies for heat recovery, being capable of constantly
transferring energy, either by storing it and/or releasing it on demand. Turbocompound systems, heat
pumps, thermal power cycles, and thermoelectric generators are considered active technologies.

The dotted connections in the figure represent the possibility of bypassing certain technologies in the
process of obtaining mechanical work or electrical energy.
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These technologies are useful not only in the transport sector, but also in the industrial sector, each
with its advantages related to available space, the recoverable energy source depending on

temperature and heat flow, as well as costs [136].
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Table 6.1 shows the advantages and disadvantages of the main energy recovery systems, adapted
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Fig. 6.1 Waste heat recovery technologies (Adaptation after [135, 136])

according to the [163], [162].

Tab. 6.1 Energy recovery technologies. Advantages and disadvantages

Advantages

Disadvantages

Thermoelectric generator (TEG)

- Operational safety

- They do not produce noise

- They do
emissions

not produce harmful

- Do not depend on the type of the heat
source

- They can be mounted and oriented in
any direction

- Direct heat conversion

- Compact size

- Low conversion rate (4-10%)
- Cost per watt generated (€8.4/W)
[141]

- Dependent on system construction

M.A.L

The Rankine Cycle applied to

(100-500°C)
combustion

- Operating range

according to internal
engines

- Considered to perform better than
other power cycles such as Kalina or
conventional Rankine

- Simplicity of design

- Conversion rate 10%-46% [151]

- Requires operational safety measures
due to working fluids with potential
for environmental pollution

- Overall dimensions and weight
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= Low specific fuel consumption Considerably increases the

g Simple design resistance to the exhaust gas flow

El Suitable for operation at high speeds At low loads, specific fuel

g and loads [163] consumption is worse than the non-

'g Conversion yield 68-88% [175] turbocompound configuration

= Low volume

. High energy storage capacity Desynchronization between energy

9 Long energy storage period demand and energy availability

ko Reduces engine operation at high Design complexity

%" load by using stored heat and High upfront and maintenance costs

E reduces heat released to the Increased wear according to charge-

@ environment discharge cycles

::5’ Can be used concurrently with other Long charging and discharging time
energy recovery systems for latent heat storage.

6.2. Sources of energy recovery. The case of internal combustion engines

The main energy sources of the heat engine that could be used for recovery are exhaust gases,
recirculated exhaust gases (EGR), boost air, coolant, lubricants and the outer surface of the engine,
which during operation can reach a considerable temperature of over 90°C.

Energy recovery is greater the higher the temperature of the hot source, therefore the recovery sources
of thermal engines are divided into two categories, high potential and low potential, the former being
much more efficient and comprising only the exhaust gases themselves and the exhaust gases
recirculated through the EGR system.

The heat transformation factor is associated with the theoretical degree of energy recovery (1-T0/T),
having values for an ambient temperature 7, of 20°C, included in Table 6.2.

It can be observed that there is a similarity of data for the same type of source, as well as a clear
separation of the sources based on the level of energy potential.

For the three detailed engines, the exhaust gases themselves and the recirculated ones reach high
recovery potential values of 0,39-0,67 by combination, while the low potential sources cover the range
(0,09-0,22) by combination.

On average, hot sources have 3,42 times greater energy recovery potential than less hot sources, a
fact which is decisive in the selection process of the recovery procedure.
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Tab. 6.2 Thermal characteristics of the heat sources in diesel engines [122, 160, 176]
Hot source Burnt gases Recirculated Lubricant Coolant Boost air Engine surface

exhaust gas
(EGR)

6-cylinder diesel engine, 243 kW [160]

T hot source, K 479-744 555-867 363-373 347-357 330-426 -

Factor (1-TO/T) 0,389-0,606 0,472-0,662 | 0,193-0,214 | 0,156-0,179 0,112-0,312 -

1240-V8-DT diesel engine, 265 kW [122]

T hot source, K 453-833 - 358-375 349-354 - -

Factor (1-TO/T) 0,353-0,648 - 0,182-0,219 | 0,160-0,172 - -

Diesel engine 392-L4- DTI, 93kW, [176]

T hot source, K 490-803 - 351-373 351-368 322-375 -

Factor (1-TO/T) 0,402-0,635 - 0,165-0,214 | 0,165-0,204 0,09-0,219 -

AVL 5402 diesel engine, single-cylinder, 8 kW

T hot source, K 632-771 - 362-364 344-377 - 330-364

Factor (1-TO/T) 0,568-0,620 - 0,190-0,195 | 0,148-0,223 - 0,112-0,195

In the situation of engines or other industrial systems with large installed capacities, the selection of
energy recovery procedures could also lean in favour of colder sources, if the flow rates of the thermal
agents were large enough to ensure the profitability of the recovery. For systems recovering unused
energy from fuel combustion (WHRS), in an internal combustion engine there are two main sources
that can be exploited: the exhaust gases and the other hot sources (Table 6.2). The former are
considered to have high potential for recovery due to the larger temperature differences compared to
that of the ambient environment, but because the exhaust system contains emission reduction devices
(oxidation catalysts, selective catalytic reduction systems for NOx, particulate filters) which reach their
maximum efficiency at high temperatures, the use of WHRS could interfere with their functioning. For
road vehicles, energy recovery from exhaust gases depends on the engine operating regimes, and the
evaluation of the potential for recovering lost heat can be best performed starting from experimental
data collected from an engine test stand.

6.3. Evaluation of exhaust gas exergy

The exergy of a thermal agent in continuous flow and steady state is considered as a sum of the
physical exergy, the kinetic exergy, the potential exergy, and the chemical exergy. Kinetic and potential
exergy have formulas identical to those of the respective energies; usually these have very low values
and are neglected. Chemical exergy is the specific exergy of the fuel.

Physical exergy is given by the relationship [177]:
E=( —Io) - TO(S_SO)
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The quantity (I — I,) is the difference between the enthalpy of the thermal agent at the state
characterised by parameters (p, 7) and the enthalpy of the thermal agent at equilibrium with the
ambient environment (p,, 75), and (S — S,) is the difference of analogous entropies. The calculation of
the quantity £ is dependent on the specific values of the agent, available in thermodynamic tables. In
this chapter, the subscript g will be used instead of ga for exhaust gases to be in accordance with
already published formulas and graphs. By normalising the equation to unit time and to the specifics
of the exhaust gases, the equation is obtained::

: vZ
E, = ni, [cpg(Tg —To) = To(sg — o) + 79 + gh]

in which nig is the mass flow rate of the exhaust gases, Ty, is the absolute temperature of the gases, s
is the specific entropy, v is the gas velocity, /is the height of the system relative to the ground surface,
and gis the gravitational acceleration. Particularising for the entropy variation, the exergy flow rate Eg
can be written as follows:

v,

; . T, p 2
Eg = mg [Cpg(Tg - To) - TO (Cpg ln (T_g) - Rg ln (_‘g)) + 7‘9 + gh]
0 Po

In literature there is a series of derived indicators of this quantity which allow normalising to the energy
flow from the exhaust gases or to the exergy flow of the fuel; the first quantity, 6, is called the exhaust
efficiency, first defined in work [38] as the ratio between the exergy of the exhaust gases E, and the
thermal energy of the exhaust gases Q. This ratio shows the percentage of exhaust gas energy that
can be transformed into useful mechanical work in an ideal energy recovery system, being recognised
and intensively used in articles dedicated to energy recovery [166]:

_E
= 3,

The second indicator, &, compares Eg in relation to the chemical exergy introduced into the engine by

6

the fuel, being relevant in determining the amount of energy possible to be extracted using an ideal
energy recovery system, from the exergy of the fuel used:
Acbmcb

6.4. Evaluation of the energy recovery potential of the AVL 5402 engine in
relation to engine operating cycles

The conversion of heat into mechanical work depends on the Carnot cycle efficiency, which is defined
as the maximum efficiency of a thermal engine operating in a completely reversible cycle between two
temperatures of the hot source and the cold source. The variation of the cold source, usually the
atmospheric temperature, is quite small, so the Carnot cycle efficiency depends mainly on the highest
temperature in the cycle. This explains why waste heat recovery applied to exhaust gases at 450-
600°C is 2-4 times greater than that of waste heat recovery from the coolant or lubricant, i.e., 80-
90°C, the calculation being done in the absolute Kelvin temperature scale. For the operation of the
naturally aspirated AVL 5402 engine, at full load, the temperature curves of the exhaust gases, coolant,
and lubricant are represented in Figure 6.2.
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The considerable difference between the temperatures of the combustion gases compared to those of
the coolant and lubricant explains the disadvantageous recovery potentials of the latter.
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Fig. 6.2 Variation of exhaust gas (7;), lubricant (7;), and coolant (7;) temperatures at full load

The operating conditions of the investigated engine and the corresponding calculations correspond to
those described in the analysis of the experimental data resulting from the testing of the naturally
aspirated (N) AVL-N engine, for all operating regimes, at speeds in the range 1600-3600 rpm and at
loads of 25%, 50%, 75%, and 100%, for each speed.

The calculation of the exergy Ej is based on the following equation, with the kinetic and potential
energy terms being neglected:

: T p
. g g
E, =my [Cpg(Tg — TO) - Ty (Cpgll’l (T—) — Ryln(=— )]
0 Po

Exhaust gas temperature has a determining contribution in both energy analysis and exergy analysis.
By applying the previously presented equations, as can be observed in Figure 6.3, for the nominal
regime the increase in temperature leads to a tripling of the transferred energy flow rate Qg, as well as
the exergy flow rate Ej,.

Technical literature has noted that exhaust gas temperature increases significantly with speed, being
reported in numerous references in the field, such as [180] for diesel engines normally used in trucks
under maximum load conditions and [181] for driving cycles of heavy-duty vehicles.

Regarding speed and load, as represented in Figure 6.4, the energy flow rate of the exhaust gases
increases with both parameters, the influence of speed being greater than that of load [91].

For a speed range between 1600-3600 rpm, reported relative to the initial values, Qg increases on

average by 2,7 times, for all loads; for the load range 25-100%, Qg increases on average by 1,9 times,
at all speeds.
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Fig. 6.4 Exhaust gas energy flow rate Qg as a function of speed and load

The values of the exergy flow rate, E,, present profiles quite similar to those of the graph for Qg, as
can be observed in Figure 6.5, but with lower values. The influence of speed and load on the exergy
flow rate is quite similar to that of Qg. Similar to previous results, E,,increases on average by 2,8 times
with increasing speed for all loads; for the load range 25-100%, Eg increases on average by 2,1 times
for all speeds.

Eg W]
6000
o 0 a=100%
........... s o,
4000 e o o ® 75%
..-...-;.'.':.. ...... ®--.... @ - o ¥ Lh 50%
‘,.._.,..0 < PR 259,
2000 rett B @eooee @ B naigenaa e @i
4 ..','.'.:!.':::_':,: ...... @i S..... : ............ :
0
1500 2000 2500 3000 3500

4000
Turatia [rpm]
Fig. 6.5 Exergy flow rate Ej; as a function of speed and load
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The exhaust gas temperature was taken from the data generated by the AVL PUMA software. A
graphical representation of the temperature evolution as a function of mean effective pressure and
speed is presented in Figure 6.6. The increase in exhaust gas temperature with increasing mean
effective pressure in the cylinder and engine speed can be observed.
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Fig. 6.6 Exhaust gas temperature depending on the average speed and effective pressure

The ratio between Eg and Qg, symbolised ¢, shows the part of the exhaust gas energy that can be
transformed into a convertible form of energy or exergy. It varies between (0,45-0,52), having lower
values in the range of low loads and speeds. The value 0,5 is reached at maximum load and at speeds
over 2400 rpm. The magnitude ¢ indicates how much of the fuel exergy survives the engine cycle and
can be recovered. This percentage is quite small, between 11-20%, with the low values in the range
being dominant for high loads — Figure 6.7.
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Fig. 6.7 Exergetic indicators by speed and load

The recovery of energy from the exhaust gases depends to a large extent on the flow rate and
temperature level.
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The maximum flow rate is registered at the highest speed, while the highest temperatures are
influenced by speed and load. Through an ideal heat recovery system, the maximum energy recovered
could be around 50% of the exhaust gas energy or the approximate equivalent of 11-15% of the fuel
exergy.

6.5. Study of energy recovery potential in relation to engine operating cycles

For the case of thermal engines used for vehicle propulsion, the potential for energy recovery depends
on the structure of the operating cycles, on the load and speed regimes. Limiting the object of the
research to the case of road vehicle engines - primarily freight or passenger transport vehicles - the
effect of the composition of different operating cycles on energy recovery is analysed below.

In this work, two existing operating cycles established by European organisations for measuring
pollutant emissions were used, as well as three representative cycles studied through regime
monitoring in the operation of vehicle engines in Romania, proposed by the Road Vehicle Institute
Brasov [182]. The operating cycle of a vehicle is associated with its destination and refers to the type
of service it performs. By performing load and speed measurements and applying regime monitoring,
the temporal distribution of operating regimes for a specific route and type of service can be identified,
establishing performance, pollution level, as well as evaluating the potential for energy recovery. The
cycles used are the stationary cycle included in CEE-ONU Regulation No. 49 [125], the European test
cycle ESC [184], as well as three cycles developed based on regime monitoring from Romania in urban
traffic, traffic on mountain roads, and on highways [182]. In urban traffic, low speeds and low loads
corresponding to idling and engine braking predominate as a result of frequent speed changes. On
highways, high loads and speeds are predominant. On mountain roads, medium speed regimes around
maximum torque are dominant, with loads towards the upper limit, corresponding to starts from full
stop, alternating with low loads corresponding to idling and engine braking. Based on the defined cycles
mentioned, their application to the data collected on the dynamometric stand for the 392-L4-DT
engine [70] was carried out. The results demonstrated that energy recovery is more efficient when the
engine operates at high loads and at medium and high speeds. The averaging of temperatures
according to their temporal weight generated a representative value for each test cycle, illustrated in
Figure 6.8.
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Fig. 6.8 Maximum and average exhaust gas temperature as function of the test cycle
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The potential for energy recovery from exhaust gases depends on both average temperature and flow
rate. The formulas used for determining the recovery potential are identical to those from section 6.4.
A comparison of driving cycles based on the averaged exergy value (Figure 6.9) indicates their ranking
based on the intensity of using high load and speed regimes. The extra-urban regime, specific to
highway driving, proves to be the best performer in terms of energy recovery resource, being followed
with a large difference by the other regimes. The most disadvantageous proves to be the urban regime,
about 6 times lower.
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Fig. 6.9 Weighted average exergy rate in driving cycles

This ranking is maintained for the quantities 6 and ¢ (Figure 6.10), for which the theoretical potential

for energy recovery can reach 40% of the exhaust gas energy or over 12% of the fuel energy.
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Fig. 6.10 Exergy normalised to exhaust gas energy ( 0 ) and to fuel exergy ( ¢ )

The control of engines using exergy-oriented techniques can be done by defining an exergy
maximisation function, which is based on the detailed results of the study on the influence of
parameters on the terms in the exergy balance (Chapter 4). The averaged ranking of the terms of the
exergy balance for the most general case, of two turbocharged and intercooled engines from the INAR
database, led to the following distribution of the terms:
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Tab. 6.3 Hierarchy of exergetic terms - turbocharged and intercooled engines

Tirar | TQer Ty | Toa | Tgar | Tie | Tis Sum of Tt | Tirba | TQR | TaTeb
laminations
[%] 18,05 | 13,96 | 899 | 3,99 | 3,94 | 2,00 | 1,34 0,74 0,70 | 0,59 | 0,53 | 0,52
Order 1 2 3 4 5 6 7 8-11 12 13 14 15

It is observed that the first three terms have the largest weights, summing to 41% of the fuel exergy.
Terms 4-7 follow, summing to 11,27%, then terms 8-15, under 1% each, summing to 3,08%.

Techniques for simultaneous reduction should be sought and applied to the first three terms. By
defining a minimisation function for exergy losses F = min(nimr + Moer + nf), the operating regimes
(load, speed, compression ratio, etc.) that generate the local minimum values can be sought and found.
The variation of the first two terms was specified in Chapter 4; the variation of the term r, is predictable
as a function of load if the influence of the excess air ratio, already investigated, is known, and 7,
increases with increasing engine speed. These correlation functions of the parameters studied in
Chapter 4 together with the minimisation function can generate individual correlation curves for each
engine, which can be introduced as a supplementary function of the engine's central control unit (ECU)
to prepare the engine to operate in those regimes with minimal exergy destruction and maximum
energy recovery. The success of this method is predictable because the variations of the quantities
Tirqr aNd oy are inverse to the variation of load, speed, and the air cooling degree in the intercooler.

7. CONCLUSIONS, CONTRIBUTIONS, RESEARCH DIRECTIONS

The main conclusions formulated follow the objectives of the thesis:

1. The effective efficiency of diesel engines resulting from the literature analysis, particularised for the
case of heavy-duty vehicles used for freight transport, currently varies between 42-47%, in rare cases
even exceeding 50%. By adding WHR systems, these engines gain approximately 5% on top of the
effective efficiency without WHR. An increase of at least 10% in effective efficiency compared to those
recorded in classical literature has been achieved over the last four decades.

2. There is a very good correspondence between the results reported in this work and the specialised
literature, concerning the weights of the terms in the energy and exergy balances of the engines, which
reinforces confidence in the numerical models, while confirming the variability of these terms with
changes in environmental factors and constructive and functional factors.

3. Based on the data interpreted in detail in Chapter 4 and in accordance with Objectives 1.1-1.4, the
following aspects regarding the variation of the engine's energy and exergy quantities with the
modification of functional, constructive, and environmental parameters can be synthesised, while
simultaneously considering the type of air intake system (N, T, RI):
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- Increasing the excess air ratio has the same effect for all engine categories (N, T, Rl) of decreasing the
exergy loss of exhaust gases (., 0r mg.r), cOncurrently with the increase of combustion irreversibility

(Tirar)

- Increasing engine speed has the same effect of simultaneous decrease of the heat evacuated by
exhaust gases (.. or Qer, as well as the exergy loss associated with this heat, 7., OF Tger:

- Increasing the compression ratio is very efficient for naturally aspirated engines, registering
significant and simultaneous reductions of Qes Tgeq, Tirqr; fOr turbocharged engines the same trends
for Qer Toer. Tirqr are Maintained, but with more modest reductions; for turbocharged and intercooled
engines, the trends persist, but the reductions of the same terms are negligible.

- Increasing the maximum cylinder pressure pmx largely produces similar effects to increasing the
compression ratio, by a simultaneous but modest reduction of both important quantities m;,4, and
mger for N, T, Rl engines. The adjusting of this parameter depends on the quantity of fuel injected
corresponding to the isochoric combustion phase, a quantity that cannot be experimentally
determined.

- Atmospheric factors influence through the variability of ambient temperature 7, and pressure p; for
N engines, by increasing atmospheric temperature 7pthereis anincreasein m;.,,, With 7., remaining
almost constant; while for T engines, there is an increase in m;,.q,-, With a decrease in mg,r. Increasing
atmospheric pressure leads in the case of N engines to an increase in .4, Simultaneously with a
decrease in myeq.

- Increasing boost pressure, ps, improves energy performance but does not produce notable effects on
exergy terms.

- Increasing the intercooling efficiency, , decreases the loss of exergy from the exhaust gases mq,r,
increasing the combustion irreversibility m;4,- to alesser extent.

4. The level of knowledge of the terms in the energy and exergy balances was qualitatively and
quantitatively increased, and the ranking of magnitude variations was done in accordance with
Objectives 1.3, 1.5, and 2.3. New exergy terms were added, and the undetermined exergy term 7,
which closes the exergy balance, had an average value for the 12 operating regimes detailed in Annex
A.5.2 of 6,27%.

5. In accordance with Objectives 1.2 and 1.5, Chapter 5 presents the estimation of heat transfer from
the cylinder, which follows the formalism of the established Nusselt-Reynolds equation and introduces
an adapted proportionality coefficient for the studied engines. For the compression, combustion, and
expansion processes, additional terms were added, which were quantified and included in the exergy
balance. The evaluation of the engine's mechanical losses, based on data extracted from test reports
(in cooperation with INAR), was confirmed with the help of a set of four numerical equations that
determine with good precision, as well as a selection algorithm by comparison, generating a new
exergy term. In total, the proposed extended model added five new exergy terms.

6. For five specific testing cycles depending on the category of the road, the energy and exergy flow
rates of the exhaust gases were calculated for the engine tested at INAR Brasov. Both evaluations
were convergent, demonstrating that high load and speed regimes have the highest energy recovery
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potentials, and the favourable cycle is the highway operation cycle, being followed in descending order
by the cycle from CEE Regulation 49, the ESC cycle, the cycle on grade roads, and the urban cycle.

7. The complexity of processes in internal combustion engines affects the possibilities of energy
recovery, only within a limited interval. For the case of the AVL 5402 engine that was tested, this
potential for energy recovery from exhaust gases represented only 11-20% of the fuel energy.

For the case of engines with variable operating regimes with load and speed, such as engines used in
the transport sector, regime optimisation functions included in the ECU are necessary to favour
regimes with high recovery potential.

For the case of engines with stationary operating regimes (cogenerating units, motor pumps), the
problem of energy recovery simplifies, with the stable regime that has the highest recovery potential
being preferred, typically the nominal regime. Furthermore, these engines have the advantage that
they canintegrate energy recovery systems more easily, without having the weight and size limitations
that engines for road vehicles have..

The main contributions made within the doctoral research, presented extensively in the thesis and
capitalised on, mostly through publications in specialised journals and volumes of international
conferences with a review committee, are the following:

- Development of the thermodynamic, energetic and exergetic model of internal combustion engines,
through an extensive study of the current state of research in the field. Establishing the parameters of
the model and related systems of equations — Chapter 2 [ in accordance with Objective 1.1 ].

- Development of an integrated calculation program that incorporates in a computational structure the
specific thermodynamic equations, energy and exergy models, developed in Chapter 2 [in accordance
with Objective 1.2].

- Creation of a database consisting of the characteristics of vehicle engines developed by the INAR
Research Institute of Brasov and manufactured at S.C. Roman S.A. This database, which became the
documentary basis of the doctoral research regarding process irreversibilities in engines, was
consolidated by extracting technical information from industry technical standards, from studies and
test reports from the INAR archive. The information extracted from these test reports was essential
for the in-depth critical study of energy models and their validation through detailed evaluation of
energy and exergy terms.

- The result of running the integrated calculation program was the generation of a first series of Sankey
diagrams that quantify the main terms of the exergetic analysis for the engines in the database; the
generation of the diagrams was parameterized by using the Design Table module in the Catia v5 format
that allows the association of multiple variables from the CAD system with a Microsoft Excel
spreadsheet.

- Instrumental integration of the test stand for the energy analysis of the AVL 5402 motor, within

ICDT — Research and Development Institute of Transilvania University. The experimental configuration
was adapted to the requirements of the thesis which also required atypical measurements, in addition
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to the established engine tests, such as the measurement of engine surface temperature and air
velocity near the engine surface [in accordance with Objectives 2.1 and 2.2].

- Development of a test stand program and structured acquisition of experimental data under the
control of Puma Open software, AVL instrumental informatics system [in accordance with Objective
2.2].

- The integrated calculation program was also exploited by applying the method of small variations -
of the main engine parameters - to study their influence on energy and exergy quantities, in Chapter 4.
The results of these multi-variable investigations were structured according to the classification of
engines into naturally aspirated (N), turbocharged (T), and turbocharged and intercooled (RI) engines.
The contributions consisted of determining the influences of environmental and constructive-
functional factors on established engine quantities and on energy and exergy balance terms. Thus, a
ranking of the magnitude of exergy losses was also performed, which is very useful in the strategy for
controlling energy recovery [in accordance with Objective 1.3].

- The dependence between the flow regime of the thermal agent and heat transfer from the cylinder
was validated in Chapter 5, proposing an original equation of Nu-Re invariants, close to the established
values in literature, an equation supported by the results of the analysis of the engine batch
[in accordance with Objectives 1.2 and 1.5].

- The quantification of heat loss through the engine's exterior surfaces, @, (Chapter 5), a quantity little
studied in literature, an important component of the residual term in the energy balance, was
experimentally investigated for the case of the AVL 5402 engine. Comsol Multiphysics was used for
simulating heat transfer from the exhaust manifold of the D30 engine, thus creating the necessary
foundation for carrying out advanced simulations applicable in the optimisation of internal combustion
engines [in accordance with Objective 1.5].

- In Chapter 5, the experimentally determined mechanical losses of the investigated engines from the
database were compared with prediction formulas from literature, as a function of a series of engine
catalogue parameters; the critical analysis of the mechanical loss predictions against experiments led
to the recalibration of four formulas with new coefficients, and a prediction algorithm was also
developed. This approach was necessary for evaluating the exergy term corresponding to mechanical
losses [in accordance with Objective 1.5].

- A contribution to the study of combustion perfection (Chapter 5), assessed based on the energy
remaining in the combustion products (CO, HC, Diesel particulates), was the updating of the definition
formula by separating diesel particulates into two fractions, one carbonaceous and the other
containing heavy hydrocarbons [in accordance with Objective 1.5]. As a result of the difference in
heating values of the two fractions, differences appear compared to the case where the difference in
composition is not considered. In addition, it was possible to assess, by using the same test cycle
according to ECE Regulation 49, how combustion perfection increased, from 0,982 to 0,996, through
the decrease of the three pollutants, over a period of two decades in which effective methods for
reducing pollutant emissions were applied.

- In Chapter 5, a contribution to the evaluation of fuel exergy is the proposal to consider the higher
heating value, Hs, as a very good predictor for liquid petroleum fuels, being easier to use than the
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product A -H;which requires exact knowledge of the fuel's chemical composition [in accordance with
Objective 1.4].

- Also in Chapter 5, the proposal to introduce three new exergy terms associated with heat transfer
due to heat losses from compression, combustion (which considers the energy efficiency of
combustion), and expansion processes is motivated and supported, as well as a residual, undetermined
term that closes the exergy balance [in accordance with Objective 1.5].

- The paragraph dedicated to the extended exergetic balance sums up all these contributions,
generating a set of new Sankey diagrams, with five new exergy loss terms, compared to the first series
of charts [ in accordance with Objective 2.3 ].

- Table 6.2 contains an ideal comparative characterization of the energy recovery factors of the heat
sources existing on the engine, which have the highest values for exhaust gases, then decreasing for
lubricants, coolants, boost air and external surfaces of the engine.

- In section 6.2, for the most advantageous source of recovery, the exhaust gases, based on the high
experimental data for the AVL 5402 engine, the energy recovery potential was studied in detail, finding
that the maximum values were obtained at the highest temperatures, which are reached at high
speeds and high loads. The quantitative expression of this potential in relation to exhaust gas energy
(8) recorded values of 0,4-0,51, and in relation to fuel exergy (&) of 0,11-0,25 [according to Objective
2.4].

- For five distinct engine operating cycles, (section 6.5), the ranking by recovery potential indicates that
highway operation is the most advantageous; compared to this, the operating regime on grade roads
- mountain roads, has a recovery potential of about three times lower, and when operating in the urban
cycle the potential is about six times lower. These data are particularly valuable for developing
strategies for applying energy recovery means.

- The ideal control of exergy recovery should focus on optimising the exergy balance terms with the
largest weight, i.e., on the loss caused by combustion irreversibility - m;-4,- @and on the loss with the
exergy of the heat rejected by the exhaust gases to the environment - m,.r [in accordance with
Objective 2.4].

The publication of the main results of the doctoral thesis in specialized journals and the volumes of
international conferences with a committee of reviewers can be considered as an important
contribution that enriches the technical literature in this field of research.

Regarding future directions for continuing research, the principles applied in the exergy balance can be
extrapolated to other models and system configurations, beyond the compression ignition engine. The
paper [40] focuses on the identification and quantification of irreversibilities, which offers immense
potential for application to various other engine types.

The most natural extension of the numerical model is for the case of spark-combustion engines, where
the application of the exergy model is already presented in section 2.2; there are differences in distinct
thermodynamic processes, combustion characteristics, and operating conditions that influence the
magnitude of the irreversibilities. The differences in the exergy balance between the spark ignition
engine and the compression ignition engine consist in the type of thermodynamic processes that occur
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during operation, where combustion in Sl engines is characterised by higher average temperatures,
and combustion irreversibilities are lower compared to Cl engines.

Exergy loss from exhaust gases is however lower in Cl engines, with a lower exhaust gas temperature
as well, also specifying a higher efficiency in the case of the compression ignition engine [41]. Besides
these differences, Cl engines also differentiate themselves by a higher fuel energy per unit volume than
their counterpart, resulting in a better conversion of the fuel's chemical exergy into mechanical work.
Cl engines are also functionally and constructively advantaged by the higher compression ratio and
higher pressures developed, allowing operation closer to the fuel's energy potential.

From the point of view of the numerical model, modifications appear in the engine cycle ( 0 =1), in the
mass of the thermal agent introduced into the cycle (m.g), as well as in the different values of some
input-specific quantities, such as compression ratio, excess air ratio, or fuel exergy.

Furthermore, exergy analysis represents a valuable method in selecting and integrating alternative
fuels for internal combustion engines, as it identifies in detail the manner and location where exergy is
destroyed through irreversibilities due to fuel combustion and heat transfer within the engine, while
also quantifying the exergy available in the exhaust gases. Fuel characteristics can directly affect
irreversibilities during thermodynamic processes. By precisely quantifying chemical exergy and its
destruction, exergy analysis presents a method for improving engine efficiency and optimising fuel
utilisation for both conventional and alternative fuels. In the case of the compression ignition engine,
the combustion of methane or methanol, which is characterised by an increase in the amount of
available oxygen, will lead to lower combustion irreversibility values due to reduced entropy upon
mixing the combustion products. This reduction in combustion irreversibilities will lead to an increase
in efficiency compared to the case of conventional diesel fuel [190].

The spark ignition engine shows increased efficiency when using ethanol or oxygen-enriched mixture,
resulting in reduced combustion irreversibilities compared to the case of pure gasoline [191, 192].
Fuels such as ethanol, compressed natural gas, and oxygen or hydrogen enriched mixtures lead to an
increase in useful mechanical work, unlike butanol or adding water to the intake path up to 50% of the
mixture, in which case the increase in combustion irreversibilities is significant, resulting in low
efficiency [193, 194].

Renewable fuels are of great interest because they reduce CO, emissions by reducing the carbon
footprint throughout their life cycle and by reducing the combustion of fossil fuels which, through their
combustion, supplement the amount of CO; in the atmosphere. Paper [195] presents an experimental
study carried out on a compression ignition engine powered by biodiesel at 50% and 100%.

The results show that combustion irreversibilities are lower with increasing biodiesel quantity, mainly
due to the relatively high oxygen content, about 10-12% (m/m) of this fuel, which helps homogenise
the mixture; in contrast, the exhaust gas temperature decreases slightly.

Adding a fraction of up to 15% (m/m) of ethanol in a 50% biodiesel blend leads to increased exergetic
efficiency and reduced combustion irreversibilities [196].

Two trends are emerging that would reduce combustion irreversibility, namely the use of lighter
hydrocarbons (methane, ethane) than gasoline and diesel fuel, as well as the use of oxygenated
compounds (methanol, ethanol).
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From the point of view of the numerical model applied to engines with alternative fuels, modifications
appear in the formula for calculating fuel exergy, in the compositional components (c, h, o, s), and in the
resulting lower heating value.

The exergy model can also be applied to LHR (Low Heat Rejection) engines, which are continuations of
the concept of an engine, improperly called adiabatic, i.e., without heat losses, in which case the cooling
system would be eliminated as useless; this technology aims to minimise heat transfer through the
engine walls by using insulating materials for the combustion chamber, thus increasing the average
temperature inside the cylinder and implicitly the efficiency. By applying the second law of
thermodynamics, a reduction in irreversibilities due to fuel combustion and higher exhaust gas
temperatures are observed, corresponding to anincreased availability of energy for the turbine or other
energy recovery systems. A comparison of the behaviour of a thermally insulated diesel engine,
compared to the conventional case, shows a slight increase in indicated mechanical work of
approximately 3,7%, as well as an increase in exhaust gas exergy of up to 49%, a fact which gives the
thermal insulation solution for the cylinder wall a positive evaluation from the point of view of the
second principle of thermodynamics [197]; the "flip side of the coin" is that the reduction in heat
transfer from the cylinder does not translate notably into an increase in indicated efficiency, but rather
into an increase in exhaust gas exergy.

The method for identifying subsystem irreversibilities can even be extended to cogenerating systems
driven by thermal engines. Cogenerating systems often operate under variable loads and conditions,
especially in applications such as urban heating or various industrial processes, and exergy analysis
could be applied at the design stage to achieve high efficiency under dynamic conditions. The balance
of chemical and thermal exergy is particularly relevant for cogenerating systems, where both electrical
and thermal energy must be optimised.

Exergy analysis can be used for integrating waste heat recovery systems, such as thermoelectric
generators (TEG) or systems using the Organic Rankine Cycle to utilise exhaust gas heat for producing
mechanical work. Furthermore, by extending the analysis to engine auxiliaries, exergy analysis can
improve technical solutions for developing and designing turbocharging and intake air intercooling
systems by reducing irreversibilities due to compression, heat exchange, and fluid throttling.

By using the presented exergy model, input data can be obtained for the characteristic software
programs of energy recovery systems. The experimentally validated model using data from the INAR
engine database, including the AVL 5402 engine, can be used to provide the necessary information for
determining required boundary conditions, for instance, in the case of determining temperature and
pressure data needed for an energy recovery device using the Rankine cycle or data about the hot
source of the thermoelectric generator (TEG).

An alternative engine configuration is modern hybrid systems, where internal combustion engines
operate in synergy with an electric motor. Exergy analysis can evaluate energy storage losses by
estimating losses due to heat transfer and can contribute to optimising the interaction between the
thermal energy of the internal combustion engine and the electrical energy from the battery. Hybrid
systems are often designed to recover energy from the thermal engine's exhaust gases or from
braking. Applying the second principle of thermodynamics can be beneficial in better understanding
how energy circulates between the components of the hybrid system and can help in the design stage
of energy recovery systems, such as turbochargers or regenerative braking solutions [198]..
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