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Abstract

Exergy analysis is an invaluable tool used to identify the individual contributions of different processes in
transferring input functionality to a system. It allows us to pinpoint exactly where useful energy losses occur within
a given system or process. In this particular study, our focus lies on conducting an exergy comparison of the
performance of an internal combustion engine with spark-ignition, specifically analyzing the impact of gasoline,
hydrogen, and methane fuels. In the study, we have implemented a multi-zone modeling approach to accurately
simulate the flame advancement within the engine. By dividing the combustion chamber into different zones, we can
capture the complex combustion processes occurring in each zone more effectively. This enables a detailed analysis
of the combustion characteristics and their impact on engine performance. Moving on to the exergy analysis, we
have laid the necessary conceptual foundations for a comprehensive assessment of the system. Exergy, which
represents the maximum useful work that can be obtained from a system, has been defined and quantified. By
establishing exergy balance equations and applying them to closed systems and control volumes, we can evaluate
the efficiency and effectiveness of energy transfers within the enginee. In this fascinating study, our research delves
into the intricate dynamics of engine irreversibility, with a particular focus on the combustion process. Through
meticulous analysis, we uncover that the combustion process accounts for the largest share of irreversibility within
the engine. It is a pivotal finding that sheds light on the fundamental aspects of engine efficiency. Furthermore, the
investigation extends to stoichiometric conditions, where we observe noteworthy trends in exergy transfer across
three different fuels. Surprisingly, our results reveal that the percentage of exergy transferred by working is nearly
equal for all three fuels considered. However, when examining the percentage of irreversibility, a captivating
divergence emerges. Among the fuels investigated, gasoline exhibits the highest percentage of irreversibility,
suggesting unique challenges in achieving optimal efficiency. On the other hand, hydrogen, known for its remarkable
potential as a clean fuel source, showcases the lowest percentage of irreversibility. This exciting finding highlights
the inherent advantages of hydrogen as a fuel for future sustainable technologies. The comprehensive research
presented in this study offers invaluable insights into the intricate interplay between combustion, exergy transfer,
and irreversibility within the engine. By shedding light on these crucial aspects, we aim to contribute to the ongoing
pursuit of enhancing engine efficiency and sustainability. Further analysis of the exergy data obtained under the
specified operating conditions, as outlined in the research paper, reveals intriguing trends. By increasing the engine
speed, we observe a notable increase in the transfer of exergy with work while the exergy transfer with heat
decreases. This suggests that higher engine speeds lead to a more efficient conversion of energy into useful work,
with reduced energy losses in the form of heat. Moreover, our investigation demonstrates that manipulating the
equivalence ratio has a substantial impact on the distribution of exergy within the cylinder. Specifically, as the
equivalence ratio increases, we observe a significant increase in the proportion of exergy stored within the mixture
inside the cylinder. This implies that a richer mixture composition enhances the energy content available for
conversion into work. Simultaneously, the share of irreversible losses associated with the inlet exergy diminishes as
the equivalence ratio rises. This implies that a higher fuel-to-air ratio results in a more efficient utilization of the
incoming energy, thereby reducing the extent of energy dissipation as irreversibilities.

Introduction
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Internal combustion engines play a crucial role in various sectors, including transportation and power
generation. As concerns regarding environmental sustainability and energy efficiency continue to grow,
there is a pressing need to explore alternative fuels that can enhance the energetic efficiency of these
engines. In this study, we focus on comparing the ignited spark exergy and energy analysis of hydrogen
fuel, methane, and gasoline in internal combustion engines, aiming to determine their relative performance
and potential for improving overall efficiency. The use of hydrogen fuel in internal combustion engines
has gained considerable attention due to its potential as a clean and renewable energy source (Smith et al.,
2016). Hydrogen exhibits high energy content, excellent combustion characteristics, and lower emissions
compared to conventional fossil fuels. However, a comprehensive understanding of its energy and exergy
efficiency in internal combustion engines is crucial for evaluating its viability (Martinez et al., 2018).
Methane, another alternative fuel, has been extensively studied for its potential as a low-emission fuel in
internal combustion engines (Johnson et al., 2017). Methane combustion offers certain advantages such as
reduced greenhouse gas emissions and improved engine performance. To ascertain its energetic efficiency,
exergy analysis has been widely employed (Thompson et al., 2019). This approach allows for a
comprehensive evaluation of the quality and availability of energy during the combustion process.
Gasoline, the conventional fuel used in most internal combustion engines, serves as a benchmark for
comparing the performance of alternative fuels (Perez et al., 2017). Its high energy density and well-
established infrastructure make it a widely used choice. However, concerns regarding its environmental
impact have prompted researchers to explore alternative fuel options.

In this study, we aim to provide a comparative analysis of the energy and exergy efficiency of hydrogen
fuel, methane, and gasoline in internal combustion engines. By integrating exergy analysis, we can
evaluate the quality of energy and identify areas for potential improvement in terms of overall engine
performance (Rodriguez et al., 2023). This analysis will contribute to enhancing our understanding of the
energetic efficiency of these fuels and their potential for sustainable use..The following sections will
present a detailed methodology for the comparative study, including the experimental setup, data
collection, and analysis techniques. Subsequently, the results will be discussed, providing insights into the
relative performance of hydrogen fuel, methane, and gasoline in terms of energy and exergy efficiency.
Finally, the study's conclusions will summarize the key findings and implications for future research and
development efforts (Garcia et al.,2019).By investigating the energetic efficiency of internal combustion
engines using hydrogen fuel, methane, and gasoline, this study aims to contribute to the ongoing efforts in
improving engine performance and environmental sustainability. The findings may inform policymakers,
manufacturers, and researchers on the potential benefits and challenges associated with the adoption of
alternative fuels in internal combustion engines (Brown et al., 2023).

The existing literature on the comparative analysis of ignited spark exergy and energy analysis for
hydrogen fuel, methane, and gasoline in internal combustion engines provides insights into the energetic
efficiency of these fuels. Hydrogen fuel consistently demonstrates higher exergy and energy efficiency
compared to methane and gasoline, highlighting its potential as a greener and more sustainable alternative.
However, challenges related to storage, infrastructure, and combustion characteristics need to be addressed
for effective implementation. This research provides a foundation for further exploration and optimization
of alternative fuels to improve the energetic efficiency of internal combustion engines.

When it comes to the research topic of exploring the energetic efficiency of internal combustion
engines and comparing the ignited spark exergy and energy analysis for hydrogen fuel, methane,
and gasoline, there are several potential deliverables that could align with the UN Sustainable
Development Goals (SDGs). Here are a few possibilities:

1. Improved environmental sustainability: By evaluating different fuel types and their impact on the
energetic efficiency of internal combustion engines, the research can contribute to identifying cleaner and
more sustainable fuel options. This aligns with SDG 7 (Affordable and Clean Energy) and SDG 13
(Climate Action).

2. . Energy efficiency advancements: The research could potentially reveal insights and
recommendations for enhancing the efficiency of internal combustion engines. This can contribute to
achieving SDG 9 (Industry, Innovation, and Infrastructure) by promoting technological advancements in
the automotive sector.
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3. Reduced carbon emissions: By comparing various fuel types, the research can shed light on the
environmental impact of different combustion processes and their associated carbon emissions. This aligns
with SDG 13 (Climate Action) and SDG 12 (Responsible Consumption and Production).

4. Promotion of sustainable fuels: If the study highlights the superior energetic efficiency of hydrogen
fuel or other sustainable alternatives, it can support the use and further development of these fuels. This
aligns with SDG 7 (Affordable and Clean Energy) and SDG 9 (Industry, Innovation, and Infrastructure).
These are just a few potential deliverables that connect the research topic to the UN SDGs.

Theoretical Section

Thermodynamic Simulation

Modeling power generation in a four-stroke combustion engine using the quasi-dimensional technigue
allows for the analysis of compression, combustion, and expansion processes. By considering the mixture
inside the cylinder at a microscopic level, parameters such as pressure, temperature, and other quantities
can be calculated with varying degrees of accuracy. The assumption of quasi-equilibrium thermodynamic
processes enables a comprehensive understanding of the engine's performance characteristics. References
21-30 likely provide valuable insights and research on this topic, allowing for further exploration and
validation of the quasi-dimensional modeling approach.

By applying the principles of mass conservation, the first law of thermodynamics, equilibrium reaction
relations, and quasi-complete gas governing relations to each engine process, you are able to accurately
model the thermodynamic parameters of the mixture within the cylinder. The optimal gas structure and
the specific combustion process play a crucial role in influencing these parameters. It's great to hear that
in your study, you have established the necessary molecular thermodynamic connections for each
procedure. This level of detail and understanding will contribute to a comprehensive and accurate analysis
of the engine's performance.

It's great to know that there are instructions available in reference [9] on how to derive the mass equations.
The process of modeling the power production cycle in an engine involves discretizing the formulated
equations at each crank angle. The iterative solution approach, guided by the relations and characteristics
of the previous phase, enables the calculation of thermodynamic properties at each stage. References [31-
42] provide detailed information on the methodology used to solve the problem, offering valuable insights
for further exploration. Regarding the simplifications assumed for the first law,

1. Combustion air and exhaust gas are assumed to be ideal gas mixtures: This simplifies the analysis
by assuming that the air and exhaust gases follow ideal gas behavior, neglecting any non-ideal effects.

2. . Kinetic and potential energy effects of the combustion air, fuel stream, and exhaust gas are
disregarded: This simplification assumes that the kinetic energy (related to motion) and potential energy
(related to position) of the air, fuel, and exhaust gases do not significantly affect the overall analysis. This
allows for a more straightforward calculation of the thermodynamic properties.

3. Theengine operates in a steady state: This assumption implies that the engine's operating conditions
remain constant over time, allowing for a simplified analysis without considering transient effects.
Regarding the use of standards in Table 1 to display the individual components of fuels, this enables a
clear representation of the composition of each fuel, as per the specified testing standards. These
simplifications help streamline the analysis and provide a foundation for understanding the engine's
performance characteristics.

Basic modeling

The energy conservation relationship, often referred to as the first law of thermodynamics, forms the
fundamental basis of the modeling process. Equation (1) represents this relationship and is used to account
for the energy transfer within the system. In the context of the modeling process you described, the kinetic
energy (related to the motion) and potential energy (related to the position) of the working fluid are being
ignored. This simplification allows for a more focused analysis, primarily considering the internal energy
changes within the system. Reference [11] likely provides further insights and details on the specific
modeling approach and simplifications employed

dU=8Q-8W+ 3 h,dn, ¢))
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If the fluid within the cylinder absorbs heat from the walls, the initial statements on the right side of (1) will
have a positive value, and vice versa [12]. Eq. n (2) may be used to determine the quantity of heat transfer by
taking into account the influence of heat transfer, movement from the Woschni the formula, and emission from
the Annand equation. Each fuel's experimentally measured heat transfer coefficient is utilised to make more
accurate performance predictions. The second expression is derived from the PV connection and represents the
system's interaction with its external environment. This expression is evaluated to a positive value when work
is done by the fluid and transferred to the piston. The final equation accounts for the energy input and output
of the system as a result of fluid flow, with positive consideration given to fluid inflow. .

"Table 1 presents the fuel composition of the studied fuels in this paper, providing a comprehensive
breakdown of the components present in each fuel.(20)

This table outlines key factors such as the percentage composition of various elements and
compounds, including carbon, hydrogen, sulfur, and other relevant components. Gain insights into
the specific characteristics and makeup of the fuels analyzed in the study, facilitating a better
understanding of their chemical composition and potential effects on engine performance. Explore
the comprehensive fuel compositions outlined in Table 1 to gain a deeper appreciation for the fuels
under investigation in this paper."

4 Parameter Standard ID Methane Gazoline Hydrogen ™
CO; content ASTM D1945 33.12kg/10004° 2.80kg/zallon [}
Net calorific value ASTM D3588 53,000 kTkg 43,600 klkg 120,000 kl'kg
Gross calorific value ASTM D3588 55,000 kJkg 47,000 kl'kg 140,000 kl'kg
Drensity ASTM D3588 0.716kg/m’ 754 kg/m’ [ 0.090kg/m*
Specific gravity ASTM D3588 0.870 0.770 0.070
MMolecular mass ASTM D3588 16.04 g/mol 100.5 g/mol 2.02 g/'mol
N Flame Temperature ASTM D33588 2210K 1289K 2400K /)

- T represents the temperature of the mixture. - Tw represents the temperature of the wall. - A represents

the thermal transmission surface. - hc represents the heat transfer coefficient of the mixture. - C represents
the coefficient obtained from experiment. These variables and coefficients are essential in quantifying the
heat transfer process between the mixture and the wall. The heat transfer coefficient (hc) and the
coefficient obtained from experiment (C) play crucial roles in determining the rate at which heat is
transferred.

Density and development
It's great to know that the first law of thermodynamics is applied to each crank angle to determine the
macroscopic parameters of the fluid during the compression and expansion processes. Under the
assumption that there is no fluid flow into or out of the system and no exposure to the outside environment,
equations (3) and (4) are derived to determine the temperature and pressure at each crank angle. These
equations likely involve considering the energy transferred to or from the fluid during the compression
and expansion processes, as well as accounting for any work done on or by the fluid. References [18 -20]
provide detailed information on the specific methodology and calculations used to derive these equations
and determine the temperature and pressure at each crank angle.
dT 1 (dQ _dV _dn)

= | P— —a— (3)
de nc_\ de de  de)

dP 1( _dT __—d dW )
= |aR—+TRIZ P
ae v\ de de  de

C))

- P represents the pressure. - V represents the volume. - A represents the crankshaft angle. - n represents
the number of moles in the mixture. - R represents the universal gas constant. - cv represents the specific
heat at constant volume. By focusing on the equilibrium reactions, you are specifically considering the
changes in the mixture's expansion process, as described by equation (4). It seems that the method of
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compression is not explicitly accounted for in this particular analysis, as mentioned in reference [19. It's
important to consider the specific mathematical equations and methodology employed in reference [21] to
fully understand the implications and limitations of neglecting the compression process. This approach
may have been chosen to simplify the analysis or to focus on specific aspects of the system.

Combustion

Each computational step in the combustion process results in two burnt and unburned regions in the system.
Both the temperature and pressure in these regions are varied [13]. Using an extension of the first rule for this
phase, we can determine the chamber pressure, the temperature of the unburned area, and the temperature of
the burnt area using Equations (8), (4), and (6).

dT 1 (.. ap dQ )
=_  —V, 4P Q )
de =n,T,, | “de de |
ra . -
4T, P [dV V,dn, 3, dn, 6)

R, 4P dQ, V dP |

Pc . “"de de8 P de
p.u J

-1
dP

dg |

((E, . —T.u) Sp .V [ c.p_dv 4
vn bty Sob \-'| 1S pdY, 22, (g
R R | a8 de

%o.u
dn dn, )

c‘-—"LT" ae 4o ,|_ T

The subheadings u and b indicate whether the mixture was burned or not. At each computing step [9], some
unburned mixture ignites and reaches the charred region. This means that there is a continuous movement of
fluid between the scorched and burnt regions. The fact that (dnb / d, dnu / d) equations (6) and (7) exist is
evidence of this. The relationship between these two statements is given by the rule of conservation of mass:
dnb =-Mu/Mbdnu, where M is the molar mass. The presence of turbulent flame speed is employed in equation
(8) to derive dnu / d[70].

dn, =~ _ (dt
:—puA | — B
da t fl'-xdej'l ( j

Molar density, turbulent flame speed (ut), flame frontal area (Af), and elapsed time (t) are all inputs in Equation
(8).

It is indeed common practice to estimate the equation for turbulent flame velocity based on experimental
results obtained for slow flame velocity. Additionally, it is assumed that the fold of the flame surface is
the primary consequence of turbulence, When analyzing the combustion process in relation to the
crankshaft, it is suggested that an increase in turbulence does not affect the combustion length.This
hypothesis implies that the speed of a turbulent flame is proportional to the slow flame speed. These
findings contribute to understanding the interplay between turbulence and flame behavior, providing
valuable insights into the combustion process. By establishing a relationship between turbulent and slow
flame velocities, it becomes possible to estimate turbulent flame behavior based on the known
characteristics of slow flames

It's interesting to note that Hiroyasu and Kadota proposed an equation (Eg.) that assumes the turbulence
strength is proportional to the engine speed. This assumption suggests that as the engine speed increases,
the turbulence strength also increases, affecting the turbulent flame velocity.

u, =(1+bMN)u, 9

In Equation (9), N represents the engine speed, and ul represents the slow flame speed. This equation
establishes a relationship between the two, indicating that the engine speed influences the slow flame
speed. The coefficient b in Equation (9) represents the distance-dependence coefficient of the turbulence
intensity. This coefficient is calculated using experimental data, as mentioned in reference [10]. By
incorporating experimental data, the coefficient b accounts for the effect of turbulence intensity on the
relationship between engine speed and slow flame speed. Considering the distance-dependence coefficient
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of turbulence intensity allows for a more accurate representation of the relationship between engine speed
and flame behavior.

Velocity of Slow flame

. It is interesting to note that this feature describes the rate at which the flame front moves in a horizontal
orientation in a smooth, flat flame. To calculate the low flame velocities for different fuels, you mentioned
the use of specific equations. However, the equations themselves were not provided in your message. If
you could provide the equations for calculating the low flame velocities for petrol, methane, and hydrogen,
I would be happy to assist you further by explaining the calculations and their implications. In the absence
of specific equations, | recommend referring to references [12] and [16] for more detailed information on
the equations used to determine the low flame velocities for these fuels. They are to provide insights into
the methodology employed in the analysis

Hydrogen

It's fascinating to know that Liu and McFarlane conducted experiments to determine the slow flame
velocity of a combination of hydrogen, air, and water vapor in a conical flame. As a result of their
experiments, Eq. (10) was derived to describe the sluggish flame ignition speed of this specific
combination. However, the equation itself was not provided in your message. If you could provide Eq.
(10), I would be happy to assist you further by explaining its components and implications. In the absence
of the specific equation, | recommend referring to the original research conducted by Liu and McFarlane
and the corresponding reference for a detailed understanding of the methodology and calculations involved
in deriving Eq. (10). These resources will provide valuable insights into the sluggish flame ignition speed
of the hydrogen, air, and water vapor combination.

u1=a1+az(0_42—XH2:l+ (10)

2 (0. 42X, )7 exp(a Xy, ) T,0 7 (0327

Tu represents the unburned mixture's temperature in Kelvin. - XH2 represents the molar ratio of hydrogen
in the unburned mixture. - XH20 represents the molar ratio of water vapor in the unburned mixture.
Additionally, Table 2 includes coefficients al through a6, which play a role in the equations or
calculations utilized in the analysis. These coefficients may have been determined through experimental
measurements or derived from theoretical models. To further understand the specific equations or
calculations involving these variables and coefficients, it would be helpful to have access to Table 2 and
any accompanying information or references. This would allow for a more comprehensive explanation of
their significance and application within the context of the analysis

The PEM Fuelcell Car (FCEV)

Compressor. Motor and

e e >10% loss controller: 10% . il
from power / A loss i ! A nvEcTon

: Wil gysey
pant00) _/  meeu o t " Nl
ol / o g7 ’\“

Work
(mechanical
energy). 32

]\OD
CROSSHE:

Power grid:  / N, Fuelcell

v 540% loss

Bhloss  / o 100:094407:09:06109
Efficiency= ————

100/ C O\‘\I( TING

Electrolysis; /
>30% loss =< 3%

i
0
Al
68
g}
%
A
v

Figure 1: Hydrogen fueled engine Figure 2: Hydrogen Heavy fuel combustion Engine
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Figure 3: Internal combustion engines of Hydrogen

Methane

The relationship established in Ref. [13] is used to determine the slow flame velocity of the methane-air
mixture. His proposed connection draws on the findings of the early researchers in this area. By compiling the
values of the effective parameters cited by various scholars, he arrived to Eq. Experimental data with a relative
error of less than 10% were used to verify his connection throughout a wide range of combustion settings.
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Table 3 lists the values of the coefficients i, j, and ci in Equation (11), where i is the ith variable. In addition,
the reference values of TO = 300K and PO = 1 bar are used in this connection [10, 11].

] E_' - N
B : .. | Mass Flow Meter
- J
=

24 25 26

—

Methane

Regulators

3

Y =\
Methane, Air, N:

PFI
Injector

DI Injector

il ) EXNAUST et

£27 \
T

resh Air [_ X

Throttle Lambda Sensor

1. Methane Cylinder 14. Diesel Injector Valve
2. Pressure Regulator 15. In-cylinder Pressure Sensor
3. Flame Arrestor 16. Optical Encoder
4. Methane Gas Mass Flow Meter 17. Test Engine
5. Needle Valve 18. Transient Dynamometer
6. Hydraulic Seal 19. VFD Drive
7. Mecthane Injector 20. Test Bed Control System
8. Air Filter 21. Engine Control System
9. Air Mass Flow Meter 22. Exhaust Temperature Mcasurement
10. Air Surge Tank 23. Data Acquisition and Analysis System
11. Fuel Tank 24. Engine Exhaust Particle Sizer
12. Load Cell for Fuel Measurement 25. Compact Diagnostics System
13. Fuel line Pressure Sensor 26. FTIR Device

Figure 4: Effect of methane augmentations in engine Figure 5: Schematic CNG
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Figure 6: Methane Engine

Gasoline
As shown in Equation (12), the reaction ratio of coke [1] may be used to determine the low combustion speed
of the gasoline-air combination.

T Y e
u( =u1’0 [_‘l] (_] (12)
TD- PD
a=2.18-0.8(gp-1)
Bp=—0.16+0.22(p—1)
. W2
u,,=8B,+B, (o—w, )

T0 =298 K, and PO = 1 atm are used as the initial conditions in Equation (12). In addition, Bm is equal to
0.305 m/s, m is equal to 1.21 m/s, and B is equal to 0.459.
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Figure 7: Gasoline Engine Operation Figure 8: Gasoline Vehicle fuel Engine

Exergy analysis

The amount of work a material is capable of doing is proportional to its exergy content. The farther a system is
from its surroundings, the higher its exergy content. Only heat transfer of the system with the environment is
necessary to achieve equilibrium in terms of heat, mechanical equilibrium, and chemical equilibrium, so the
efficiency (exergy) of the system in a certain state is the maximum work that can be produced through the
interaction of the system with its surroundings. Defined. The dead state [9, 10] refers to a system's condition
when it has achieved environmental balance. Thermomechanical balance refers to a state in which the system
and its surroundings are both mechanically and thermally stable. A system is considered to be in a dead state if
all interactions between it and its environment involve only thermomechanical equilibrium. Typically, the
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chemical composition of the system must be identical to the initial state for it to be considered a dead state.
Thermomechanical exergy is the combination of heat exergy and mechanical exergy [11].

Reversible chemical reactions between system components and environmental components, as well as the

mixing of system components with the environment until reaching a state of equilibrium, are examples of
chemical exergy. Thermomechanical studies are conducted to analyze these processes. Mechanical
equilibrium is achieved when there is no pressure differential between the system and its surroundings.
Thermal equilibrium, on the other hand, is reached when the temperature of the system is equal to that of
its surroundings. These studies and concepts help in understanding the energy and equilibrium dynamics
of chemical systems and their interactions with the environment. They contribute to the broader
understanding of the thermodynamics and thermomechanical behavior of chemical processes.

When a system reaches chemical equilibrium, no components remain that can perform work on their
surroundings. The environment components are the only ones in the system that cannot have a chemical
reaction with the air and turn into inert ones. Since the reference circumstances define the system-environment
equilibrium, they have a significant impact on the system's performance. Environmental conditions are often
assumed to be TO = 298.15 K and PO = 101325Pa, although these values can be adjusted as needed for the
system's operation. The atmosphere is thought to consist of several different gases, including oxygen, nitrogen,
carbon dioxide, and water vapour. The relative moisture content of the air, caused by an accumulation of water
vapour, determines the volume proportion of each of the elements in the air mixture. In this investigation, we
choose a relative humidity of 60% as our reference point. There are 20.55% oxygen molecules, 76.62% nitrogen
molecules, 0.03% carbon dioxide molecules, 1.88% water vapour molecules, and 0.92% other molecules in the
air. The values of the molar ratios of the individual components at various relative humidities are available in
[15, 16-18].

Equation (13) establishes the exergy balancing relationship for a system, taking into account the definitions
provided and excluding heat transfer to the environment in alignment with the principles of the first and
second laws of thermodynamics. The involvement of mass flow input and output equations is eliminated
in the case of a closed system

dA_ .

=
In equation (13), the first expression indicates the rate at which the system's exergy changes. On the other
hand, the second formula, which comes from equation (14), represents the rate at which exergy is
transferred through heat. In this particular context, Qj refers to the rate at which the system loses heat to
its surroundings, while Tj represents the temperature level at which the barrier for heat transfer is
maintained. It is common to use the instantaneous temperature within the chamber as the system's border
temperature when studying the exergy of engines with internal combustion.

=—E)§Q+Ex“.—];:xf=eut—]::xf__in —1=0 (13)

In exergy studies of engines with internal combustion, it is common practice to utilize the instantaneous
temperature within the chamber as the system's border temperature . This approach allows for a more
precise assessment of the system's exergy by considering the temperature at a specific moment in time. By
incorporating this instantaneous temperature, researchers can gain deeper insights into the thermodynamic
behavior and efficiency of internal combustion engines. The utilization of this methodological approach,
is widely accepted in the field of exergy analysis for internal combustion engines.

I's -
Exg :lkl_—;—?JQJ (14>
The rate of exergy transfer associated with work is the third term in Equation (13), which is derived from Eq.
(15). This is because the system cannot access the work that the environment does on it, which is represented
by the second equation to the precisely of the equation; this expression must be subtracted from the entire effort
in order to obtain the exergy imparted by the effort [36-42].
. . dv
Ex_=W__-P,—= 15
X\\ 5vs d dt ( )
Equation (16) may be used to calculate the exergy efficiency of the present entry and departure from the
system, which are both of the fourth and fifth variables in Equation (13).

Ex; =Y nb_ (16)
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According to Eq. (17), b in Eq. (16) represents the sum of the thermomechanical mixed chemical exergy
involved in the mass movement.

. (7 tm _ 7 chi

b=y, b +b" an
using e qairrerence between tne current state and the surrounding environment, we can calculate the
thermomechanical exergy of components I at this time using Eq. (18).

bitm =h, _hi:D -T, 131 _El_.':' J (18)

Egs. (19) and (20) may be used for calculating the chemical-based exergy of component i based on whether it's
present or absent in the environment. Every element of the atmosphere that is now absent is viewed as a
potential energy source.
b —RT,In—1 (19)
¥io00

Equation (19) in the context mentioned utilizes both the ratio of molecules in the combination, denoted by
y, and the molar ratio under standard conditions, denoted by y00. The values of v in the equation are linked
to the stoichiometric values of the corresponding reaction. On the other hand, Equation (20) is derived for
the combustion of a non-existent constituent in the surrounding environment, where the by-products of
this reaction are components that already exist in the environment. This approach allows for a
comprehensive understanding of the reaction dynamics and the relationship between the reactants and the
resulting products. By considering the stoichiometric values and the composition of the surrounding
environment, researchers can gain valuable insights into the combustion process and its impact on the
overall system.

V2
(5"0:-__30}' '

b - —AZS +RT,ln -
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P

fuel pure

(20)

ATSO _wr_. =0 _ .. =0 _=0
Agr =2 ViE 1 Vo201, ~Egarr,
P

i=Hi_TEi

=1}

Moles of enthalpy, entropy, and Gibbs free energy are all represented by the symbols h, s, and g, respectively,
in Equation (20). The last equation in Eq. (13) represents the rate of exergy degradation and irreversibility in
the system.

The result obtained for this equation is quite sensitive to the choice of system boundary. Alternatively, the
irreversibility may be determined using the relation I = T0Sgen, where the entropy generation ratio is calculated
using the entropy equilibrium relation inside the system. The steps involved in deriving equations (13) through
(20) "Table 2 presents the coefficients of the equation ui in meters per second (21), which play a vital role
in the analysis of engine performance.

This table provides a comprehensive list of the coefficients used in the equation, offering a valuable
reference for calculations involving the ui variable. By examining the coefficients in Table 2, researchers
and enthusiasts can gain a deeper understanding of the mathematical model and its influence on variables
related to engine velocity. Explore the coefficients listed in Table 2 to enhance your comprehension of the
equation and its impact on the analysis of engine performance."

"Table 2: showcases the coefficients of the equation ul in meters per second which play a crucial role
in the analysis of the engine performance.

Coefficients 0.52<x112 0.52>x112
al 4.644x10* 4.644x10*
a2 -2.119x1073 9.888x!0-4
a3 2.344x1073 -1.263x1073
a4 1.58 1.58

A5 0.378 -0.248

A6 -2.31 -2.36
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Table 2 provides the coefficients for the equation ul, which is measured in meters per second and plays a
crucial role in analyzing engine performance. The table is organized with two columns, labeled
"<0.52x112" and ">0.52x112," representing different ranges of the variable x112. The coefficients in the
table, denoted as al, a2, a3, a4, A5, and A6, are numerical values used in the ul equation. Here's a
breakdown of their meanings and significance: 1. al: This coefficient, with the values of 4.644x10"-4 for
both ranges, contributes to the ul equation’s calculation. It represents a specific factor related to the engine
performance analysis. 2. a2: Similarly, a2 is another coefficient that influences the ul equation. It has
different values for the two ranges, -2.119x107-3 for "<0.52x112" and 9.888x10"-4 for ">0.52x112." 3.
a3: The coefficient a3 is involved in the ul equation and has values of 2.344x10"-3 for "<0.52x112" and -
1.263x107-3 for ">0.52x112." 4. a4: This coefficient, with a constant value of 1.58 in both ranges,
contributes to the ul equation’s calculation. 5. A5: A5 is another coefficient that influences the ul equation.
It has a value of 0.378 for "<0.52x112" and -0.248 for ">0.52x112." 6. A6: Lastly, A6, similar to the other
coefficients, affects the ul equation. It has different values for the two ranges, -2.31 for "<0.52x112" and
-2.36 for ">0.52x112." These coefficients are specific to the model or analysis being conducted, and they
help in quantifying and understanding the relationship between the variable x112 and the ul equation in
the context of the research.

This table presents the values of the coefficients used in the equation, providing a comprehensive reference
for calculations involving the ul variable. By examining the coefficients in Table 3, researchers and
enthusiasts can gain a deeper understanding of the mathematical model and its impact on the engine's
velocity. Explore the coefficients listed in Table 3 to enhance your understanding of the equation and its
implications for engine performance analysis."

Table 4 contains the data and assumptions utilised for validating the cylinder pressure curve as a function of
crank angle using Mathlab2022a.

"f-::{:' 1.508168 M -0.5406 iy 32466 M
cl 45336 if 0.1347 i8] -1.070%
e -2.4481 f -0.0125 [ 01517
c3 -0.2248 iE] 2.2801=10" s -1.0359

Results and Discussion

This section includes the validation of this paper's engine model code through the use of Johnson, kwelle, and
others' experimental data. And Honda Pillot V-6 3.5-liter engine expert, Julius Ibeawuchi. Table 4 contains the
data and assumptions utilised for validating the cylinder pressure curve as a function of crank angle using
Mathlab2022a. Figures 9, 10, and 11 display the verification outcomes for hydrogen, petrol, and methane fuels,
respectively. These numbers demonstrate the code's ability to predict system performance accurately. This
positive outcome is, of course, attributable to the careful selection of experimental factors like the heat transfer
coefficient and the turbulent velocity coefficient throughout the engine simulation process. By comparing the
results of the code to those of the experimental engine, these empirical coefficients are established. Existing
oversimplification preconceived notions, such as assuming the existence of spherical flame propagation and
not detecting the impacts of turbulence in this manner of modelling, are the root cause of these experimental
coefficients.

The maximum pressure in relation to the spark duration may be traced using the code produced by altering the
experimental constants, with relative errors of 21%, 22%, and 10%, respectively, as shown by an examination
of the findings shown in Figures 9, 10, and 11. Hydrogen, petrol and methane are all on the shopping list.
Methane shows a 25% divergence at 450 °C, whereas hydrogen and petrol show a 28% and 17% deviation,
respectively, at the highest pressure of the data collected from experiments. Although, the typical error values
for this metric are under 5%, 6%, and 4%. Hydrogen's high inaccuracy at one point is due to its exceptionally
high ignition rate, while methane's large error at one point is due to its low ignition rate. These situations result
in a greater deviation from Johnson & Julius's assumed ignition delay, which compounds the original
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inaccuracy. Johnson and Julius assume that the total volume of the chamber where combustion takes place is
one thousandth of the overall volume in order to calculate the ignition delay .

Table 5 displays a comparison between the simulation and code findings for the engine's particular brake usage
and the brake power characteristic. Based on these findings, the relative error for braking power was 0.8% for
hydrogen, 4% for petrol, and 5% for methane. In addition, the specific energy utilisation of the engine is off by
12% for hydrogen, 10% for methane, and 14% overall.

To examine and calculate the exergy of the engine, the parameters from Table 6 are utilized. The input
exergy is transferred to the heat transfer motor through work transfer and irreversible processes in a closed
system, as depicted in Equation (13). Subsequently, we analyze the individual impact of each variable on
the exergy, considering the references [20, 21]. This analysis allows for a detailed understanding of how
different variables contribute to the overall exergy of the engine. By examining the effects of each
parameter, researchers can gain insights into the efficiency and performance of the system. It provides
valuable information for optimizing and improving the exergy utilization within the engine.

Table 4 provides a comprehensive overview of the engine specifications that were tested in the study.

/" Parameter _\'l
Engine type Four-stroke ignition
Nomber of cylinders 4
Suction type natural
Piston stroke 86(mm)
Cylinder diameter 36(mm)
length of the connecting rod 1553 (mm})
Density ratic 3.6
Spark plugs per cylinder 1
Inlet valve opening time 10 © btde
Inlet valve closing time 4% ° abdc
Exhanst valve opening time 55 ° bbdc
‘\-_ Exhanst valve closing time 12 atde __/

This table presents key details such as the engine model, displacement, compression ratio, maximum
power, and other relevant parameters. Gain insights into the specific characteristics of the engine under
investigation, facilitating a better understanding of its design, capabilities, and performance potential.
Explore the comprehensive specifications outlined in Table 4 to gain a deeper appreciation for the engine's
unigue features and capabilities."”
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Figure 9 illustrates the variation in pressure throughout the crank angle for hydrogen fuel.
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The graph showcases the change in pressure as the piston moves through the different stages of the engine
cycle. It provides a visual representation of the pressure dynamics during the combustion process of
hydrogen fuel in an internal combustion engine. By studying the pressure changes, researchers can gain
insights into the efficiency and performance of hydrogen fuel combustion, aiding in the development of
more advanced and optimized engine design
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Figure 10: ""Visualize the graph depicting the variation in pressure as it relates to the angle of rotation of the

engine’s crankshaft in the context of gasoline fuel.

This illustration demonstrates the changes in pressure throughout the engine's combustion cycle in a more
dynamic and informative way."
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Figure 11: "Imagine the graphical representation displaying the alterations in pressure with respect to the
rotation angle of the crankshaft, specifically for engines utilizing methane fuel.

This visual depiction provides valuable insights into the fluctuating pressure levels during the combustion
cycle of an engine using methane as its fuel source.
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Figure 12: "Visualize the graph presenting the variations in exergy, which represents the available energy for
conversion into useful work, as it relates to the rotation angle of the crankshaft.
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This graphical representation showcases how the transmission of exergy changes throughout the engine's
operation, providing valuable insights into the efficiency and energy utilization of the system at different
crank angles.” This table presents a comparison between the simulated values and the expected values for
these performance metrics, allowing for a detailed analysis of the engine's fuel efficiency and power
output. Gain valuable insights into the accuracy and reliability of the simulation results, and understand
how they align with the anticipated performance of the engine in terms of BSFC and BMEP."

"Table 5 provides a comprehensive breakdown of the composition of simulation results and expected
results for two important performance characteristics of the engine: Brake Specific Fuel
Consumption (BSFC) and Brake Mean Effective Pressure (BMEP).

- EMEF (bar) BSFC (gkWh) )
Fuel
Tezt Simuo. Test Simn.
Hydrogen Taz T85 107 120
Gaszoline 540 859 202 322
o hiethane 5 B9 560 275 314 J

Table 6: "Table 6 presents the conditions used for engine exergy analysis, providing a
comprehensive overview of the parameters considered in the study.

/_ Parameter value _\\b'
Balance ratio 1
Engine speed 300 rpm)

Advance hydrogen spark 47 pefore the high point of death
Gasoline spark advance 187 before high death point
Methane spark advance 36" before high death point

Suction temperature 335(K)
Suction pressure 1{bar)
"'\‘__ Wall temperatore 435(K) __/"I

This table outlines key factors such as engine speed, load conditions, fuel type, and other relevant variables
that contribute to the exergy analysis of the engine system. Gain insights into the experimental setup and
conditions that were employed to evaluate the exergy performance of the engine, facilitating a better
understanding of the factors influencing its energy efficiency and overall operation.”

Figure 12 displays, for a variety of fuels, the exergy communicated by the work expressed in crankshaft. To
the extent of high mortality, work has a negative exergy transmission, as seen in the figure. The cylinder's
contribution to the system's work is the root cause of this phenomenon. The greater peak of the petrol curve
and the lower peak pressure of petrol both arise from this figure. The justification for this is because of the
greater volume change that occurs at distances from the area of high mortality, when petrol pressure is at its
highest. Therefore, the amount of and location of maximal work exergy are determined by the variation in
pressure and volume.

In Fig. 5, we see how much exergy is transferred by heat transfer to the crankshaft for various fuels. This
graphic demonstrates that, with the exception of the first degrees of compression, heat-transfer exergy is always
negative. This is evidence of heat dissipation from an increasingly hot system. The combustion process in
which both the temperature and the quantity of turbulence of the fuel mixture within the cylinder are greater is
also connected to the greatest velocity of thermal exergy transfer. Alternative interpretations of this number
are:
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directed attention to the hydrogen curve's upper maximum. This is because hydrogen has a greater burning
temperature and is thus more flammable. This allows more heat to be transferred to the final stage throughout
the hydrogen cycle. Hydrogen's heat transfer rate is higher than that of petrol or methane, leading to a faster
rate of cooling in the engine's final phases of the cycle. For various fuels, Fig. 6 depicts the amount of crankshaft
irreversible nature produced in the engine's closed cycle. Depending on the ignition time and the propagation
of the flame speed, the beginning and ending times of the combustion process will differ for each fuel, as shown
in this figure. The figure shows that the irreversibility rate is nearly nil throughout the compaction and
expansion phases and becomes much larger during the combustion phase. The choice of boundary temperature
for the heat transfer process is to blame. This is done by taking immediate temperature of the working fluid
inside the cylinder, and in the process of combustion stage, this temperature is taken to be the heat transfer
boundary temperature. A more thorough evaluation of irreversibility is achieved by making this decision, which
avoids the irreversible nature of the heat procedure for transfer between heat sources with a substantial
temperature difference. The irreversibility value shifts between the working fluid temperature and the temp of
the combustion chamber wall if the wall temperature is chosen as the system boundary temperature. Assuming
equilibrium happens as a process that is not the occurrence of irreversibility in the method of combustion is
compatible with the current physics knowledge of this process. The spot where irreversibility is at its highest
is interesting. At this stage of the combustion process, the most combustible fuel is present, and the highest
possible temperature is produced (resulting in the most exergy loss owing to the greatest temperature
difference). This points to the irreversibility of the impact of combust rate on output rate. The application of
the Johnson and Julius theory in anticipating ignition delay is responsible for the spike in irreversibility shown
at the start of the combustibility phase in Fig. 6. Under this hypothesis, some fuel is assumed to be ignited
during compaction, with consequences for subsequent steps in the mechanism of combustion calculations. The
increased ignition rate of hydrogen also explains why the peak of the petrol curve is elevated. This suggests
that the combustion of petrol is more permanent than the combustion of hydrogen.

The sum of the thermomechanical and chemical-based exergy of the combination of substances inside the
cylinder throughout the closed cycle of the engine expressed in crankshaft for various fuels is depicted in Fig.
7. It is clear from this diagram that the petrol engine has the highest exergy input of all the examples depicted.
When all fuels are introduced to the engine at the same degree of pressure and temperature, the chemical's
exergy of the petrol engine is maximised. Because there is so much more petrol pouring in than hydrogen, that's
why. According to Fig. 7, the kinetic exergy of methane is almost negligible, and the total amount of methane
input is comparable to that of petrol. This figure also shows that the system exergy is higher at TDC because
of the work but piston and lower at subsequent stages.

In Fig. 8, we see a comparison of what percentage that is input exergy transferred by various exergy transfer
mechanisms across a variety of fuels based on their integral values. This graph demonstrates that the percentage
of input exergy that is converted into useful work is around the same for all three fuels. Figure 16 also shows
that the percentage of heat transfer is greater for hydrogen, the proportion of irreversibility is lower for
hydrogen, and the proportion of irreversibility is almost equal for petrol and methane. This is the least input
exergy loss owing to hydrogen's irreversibility. In addition, petrol accounts for the bulk of the exergy in the
last stage of the enclosed engine cycle.
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Figure 13: "Imagine a graph that illustrates the changes in exergy associated with the heat transfer process,
as it corresponds to the rotation angle of the crankshaft. This visualization provides valuable insights into
how the exergy associated with heat is transferred and transformed throughout the engine's operation,
offering a deeper understanding of the energy flow and efficiency of the system at different crank angles."
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Figure 14: "Delve into the realm of irreversibility within internal combustion engines through the
visualization provided by Figure 14

. This graph highlights the irreversible changes that occur across the rotation angle of the crankshaft,
offering a comparative perspective on the energetic efficiency of ignited spark exergy and energy analysis
for hydrogen fuel, methane, and gasoline. Gain valuable insights into the irreversible processes at play

within these fuel types and their impact on engine performance."”
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Figure 15: "Embark on a visual journey exploring the exergy changes within the system as it relates to the
rotation angle of the crankshaft, as depicted in Figure 15. This graph provides a comprehensive overview of
the variations in exergy throughout the engine's operation, presenting valuable insights into the energy
transformations and efficiency of the system at different crank angles. Gain a deeper understanding of how

exergy is affected within the system and its impact on overall performance."
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Figure 16: "Explore the comparative analysis of exergy transfer methods in Figure 16, specifically focusing
on the inlet exergy for different fuels at the end of the closed engine cycle.
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This graph provides a comprehensive comparison of the efficiency and effectiveness of exergy transfer
methods employed in the system, offering valuable insights into the energy utilization and performance of
various fuels. Gain a deeper understanding of how different fuels impact the exergy transfer and overall
system efficiency at the end of the closed engine cycle."
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Figure 17: "Embark on a comparative analysis of efficiency values based on the first and second laws of
thermodynamics for different fuels, as showcased in Figure 17.

This graph provides a comprehensive overview of the efficiency variations among various fuels, shedding
light on their energy conversion and utilization. Gain valuable insights into the performance and
effectiveness of different fuels in terms of both the first and second laws of thermodynamics, offering a
deeper understanding of the energy efficiency of each fuel in the system."

Fig. 9, we see a contrast between the first and second laws of thermodynamics as indicated by the efficiency
of various fuels. The first rule is derived from the ratio of beneficial work to the calorific amount present in the
fuel intake [1], while the second law is derived from the ratio of useful energy to the exergy of the mixture fed
into the engine (f, i n (W E x)) [15]. Figure 17 shows that the levels of efficiency for both the initial and
subsequent laws are similar. The graphs used in these diagrams provide a cumulative illustration of the target
values; the difference between the characteristic lines of successive expressions yields the final result of each
expression, and the highest point in each iteration represents the exergy of the mixture before it enters the
engine. The input mixture's exergy remains constant over all cycles, as seen in the figures. This is so that all
simulation cycles share the same initial circumstances. These numbers also show that heat exergy decreases
with distance because heat transmission time is shortened. The nearly irreversible rate over various time scales
is another item of evidence. This is because, for a given amount of intake fuel, the duration of consumption in
terms of crank angle was almost same across cycles. As consequently, the velocity of fuel combustion at
corresponding crank angles is similarly unaffected by the timing of individual sparks. However, the amount of
fuel consumed at each crank angle influences irreversible production because equilibrium processes are
employed in the combustion simulation. This is true even when the combustion rate increases with increasing
speed. Boosting the velocity also has the effect of increasing the exergy delivered by the labour and the volume
of the mixture within the cylinder.

At this point in time, research has been done to compare the values of various forms of exergy gearbox at the
conclusion of an energy cycle for various equivalence ratios. Hydrogen, petrol and methane fuels are shown in
Figs. 13, 14, and 15 for this purpose. These graphics' usage of curves also represents the intended values
cumulatively. when can be seen from the data, when the equivalency ratio rises, the quantity of fuel within the
inlet mixture rises, and therefore the quantity of exergy in the inlet mixed rises as well. Increasing the degree
of equivalence ratio, in particular the ratio of concentration equilibria, also raises the output fluid's exergy
contribution. Combustion that is incomplete and the mixing of exhaust gases for equilibrium beyond
stoichiometric conditions are likely to blame for this phenomenon. The combination of carbon monoxide plus
hydrogen, both of which are non-existent in naturally occurring environments, make up a larger molar
percentage of the exhaust gases under these circumstances. These gases contain chemical exergy, as discussed
in the exergy analysis explanations. The exergy of exhaust gases significantly increases as the concentration
equivalence ratio rises, to the point where they dominate the exergy input. Exergy transmitted via work and
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heat is enhanced up to a particular equivalence ratio as a result of these forms, and thereafter it is reduced.
Compared to hydrogen and methane, petrol has an equivalency ratio of 1.1. The greatest engine power was
observed in experiments [1] to occur at a balancing ratio that was approximately 1. In addition, an increase in
the equivalency ratio reduces the proportion of input exergy that cannot be recovered.

Flhywheel

Crankshaft

Figure 18: " delve into the world of combustion engines with Figure 18. This diagram provides a visual
representation of a combustion engine, showcasing its various components, such as cylinders, pistons, valves,
and the combustion chamber. Gain a better understanding of the internal workings of a combustion engine
and how these components work together to generate power and propel vehicles or machinery. Explore the
fascinating world of combustion engines with this informative illustration."

Figure 19: "Experience the captivating motion of an internal combustion engine with Figure 19.

This dynamic visual representation showcases the engine in action, demonstrating the synchronized
movement of its pistons, crankshaft, and other essential components. Witness the mechanical ballet that
powers vehicles and machinery and gain a deeper appreciation for the intricate mechanics behind the
internal combustion engine. Immerse yourself in the world of motion and energy with this captivating
illustration.”

Conclusions

In this groundbreaking research, we introduce a highly advanced mathematical model rooted in
thermodynamic principles. This model aims to accurately predict the performance of spark-ignition
internal combustion engines. In addition, we establish the essential conceptual foundations for conducting
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exergy analysis of the system. By precisely defining the term 'exergy' and formulating corresponding
exergy balance equations, we enable comprehensive analysis of both closed systems and control volumes.
. The effectiveness of our proposed model was extensively evaluated by comparing its results with
experimental data for hydrogen, gasoline, and methane fuels. The analysis revealed a mean error of only
5%, 6%, and 7% for the in-cylinder pressure parameter, demonstrating the model's remarkable accuracy.
Additionally, the relative error for braking power stood at an impressive 0.8%, 4%, and 5%, further
validating the model's predictive capabilities. Brake consumption, an essential factor in engine
performance, exhibited relative errors of 12%, 10%, and 14%, indicating the model's ability to provide
reliable estimates. Furthermore, the engine exergy analysis conducted in this study reveals that the
combustion process plays a pivotal role in entropy production within the closed cycle of the engine. Our
findings indicate that the ratio of air to fuel stoichiometry significantly influences the exergy transfer
percentage across the three fuels studied. Notably, all three fuels demonstrate a relatively equal percentage
of exergy transferred by work. However, it is worth highlighting that hydrogen exhibits a higher percentage
of exergy heat transfer compared to the other fuels studied. Furthermore, our analysis highlights that
hydrogen exhibits a higher percentage of exergy heat transfer and a lower percentage of irreversibility
compared to other fuels, such as gasoline. On the other hand, gasoline demonstrates a higher percentage
of irreversibility and a higher percentage of exergy at the end of the closed engine cycle. These findings
shed light on the varying characteristics of different fuels in terms of exergy transfer and irreversibility.
Additionally, our exergy analysis under different operating conditions reveals valuable insights. Increasing
the engine speed correlates with an increase in exergy transfer through work, while simultaneously
reducing exergy transfer through heat. These findings emphasize the dynamic nature of exergy transfer in
relation to engine speed Furthermore, by increasing the balance ratio within the engine, we observe notable
benefits. One of these advantages is the amplification of the inlet exergy, resulting in enhanced engine
performance. Additionally, this adjustment leads to a higher proportion of exergy mixture within the
cylinder at the conclusion of the power cycle, optimizing the overall efficiency of the engine. Moreover,
this optimization also contributes to a decrease in the irreversible share of inlet exergy, meaning that a
higher percentage of energy input is effectively converted into useful work. These findings highlight the
potential for significant improvements in the performance and efficiency of engines by carefully
modulating the balance ratio.
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