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ABSTRACT: Exergy analysis is a tool to determine the share of processes involved in transferring
input functionality to the system and where the useful energy loss occurs in a system or process.
In this study, an exergy comparison of the performance of an internal combustion engine with spark-
ignition for gasoline, hydrogen, and methane fuels is considered. For this purpose, first, multi-zone
modeling of the engine based on flame advancement has been introduced. Then, the necessary
conceptual bases for performing exergy analysis of the system have been established by defining
the term exergy and creating the corresponding exergy balance equations and applying them to closed
systems and control volumes. This study shows that the largest share of irreversibility in the engine
is related to the combustion process. Also, for stoichiometric conditions, we can mention the
percentage of exergy transferred by working approximately equal for all three fuels, the highest
percentage of irreversibility for gasoline, and the lowest percentage of irreversibility for hydrogen.
Examining the exergy analysis results in the assumed operating conditions mentioned in the paper
shows that increasing engine speed increases exergy transfer with work and decreases exergy transfer
with heat. Also, increasing the equivalence ratio increases the share of exergy of the mixture inside
the cylinder and decreases the irreversible share of inlet exergy.
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INTRODUCTION

Nearly half a century ago, models of internal
combustion engines were developed to predict the
pressure, temperature, and composition of gases in the
cylinder in terms of time or crank angle. The first
combustion models were obtained by applying the first law
of thermodynamics to a closed system with a time-dependent
volume as a single zone (zero-dimensional model) [1].
The assumption of instantaneous mixing between the
burned and unburned gases leads to a uniform distribution
of properties in the combustion chamber, is unrealistic.
To overcome this inaccurate assumption, multivariate
models were developed. In these models, the cylinder
mixture is divided into burnt, unburned, and ready-to-burn
areas, and it is assumed that the temperature and composition
of the gases are uniform in each of these areas and that
the pressure is instantly uniform throughout the chamber.
In these models, the amount of unburned mixture that
burns at any crank angle is determined by the speed and
radius of the flame front [2-10]. Quasi-dimensional models
calculate the properties of the combustion chamber only
in terms of time or crank angle, and in the divided regions
of the chamber, consider the mixture uniform and are
based on the laws of mass conservation and energy
conservation[11-20].

As mentioned, in the conventional multidimensional
models of the mass conservation balance and the first law
of thermodynamics, the second law of thermodynamics
is not considered one of the modeling parts. However, with
the development of thermodynamic concepts, it became
clear that the first law does not fully determine the engine’s
performance. The second law needs to investigate the
exergy destruction and irreversibility level that can be used
in various engine processes. Thus, the exergy analysis of
engine processes to identify the areas of declining
efficiency became common [4,5]. For more than 40 years,
articles and reports have been published using the second
law of thermodynamics to analyze diesel and gasoline
engines’ performance and related subsystems.

Meanwhile, the use of exergy analysis to compare
engine performance with alternative fuels is a major part.
Azoumah et al. [6] investigated the performance of
compression combustion engines with biofuels by the first
and second laws of thermodynamics. Also, from this
perspective, the analysis of the transient behavior of
internal combustion engines has been considered.
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Nieminen and Dincer [7] have compared the exergy
performance of gasoline and hydrogen spark-ignition
engines and thus obtained various factors in transmitting
input exergy. A complete example of energy analysis and
exergy application on the internal combustion engine is an
article by Mahabadipour et al. [8]. Also, in this study,
subsystems such as superchargers on engine performance
have been studied.

In a study by Dogan et al. [9, 10], ethanol which has
high octane rating, low exhaust emission, and which
is easily obtained from agricultural products, has been used
in fuels prepared by blending it with gasoline in various
ratios (EO, E10, E20, and E30). Ethanol-gasoline blends
have been used in a four-cylinder four-stroke spark-
ignition engine for performance and emission analysis
under full load. The experimental studies measured engine
torque, fuel, and cooling water flow rates, and exhaust and
engine surface temperature. Engine energy distribution,
irreversible processes in the cooling system and the exhaust,
and the exergy distribution have been calculated using the
experimental data and the formulas for the first and second
laws of thermodynamics. Experiments and theoretical
calculations showed that ethanol-added fuels show
a reduction in carbon monoxide (CO), carbon dioxide (COy),
and nitrogen oxide (NOx) emissions without significant loss
of power compared to gasoline. Nevertheless, it was measured
that reducing the temperature inside the cylinder increases the
hydrocarbon (HC) emission.

In a study by Dhyani and Subramanian [11],
an experimental investigation was carried out on a multi-
cylinder spark ignition (SI) engine fuelled with
compressed natural gas (CNG), hydrogen blended CNG
(HCNG), and hydrogen with varying load at 1500 rpm
in order to perform comparative exergy analysis. The
exergy analysis indicates that work exergy, heat transfer
exergy, and exhaust exergy were the highest with
hydrogen at all loads due to its high flame temperature, low
quenching distance, and high flame speed. The engine’s
exergy efficiency was the highest with hydrogen
(34.23%), and it was about 24.23% and 24.08% with CNG
and HCNG, respectively, at a high load (20.25 kW). This
indicates a higher potential of hydrogen to convert the
chemical energy input of fuel into heat and then power
output. The exergy destruction was observed at minimum
with hydrogen at all loads, and it was drastically reduced
at high loads.
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The combustion irreversibility calculated using species
present during combustion was the main contributor
to exergy destruction, and it decreased with hydrogen.
The minimum combustion irreversibility was 11.75%
with hydrogen, followed by HCNG and CNG with 16.46%
and 18.88%, respectively, at high load. The high quality
of heat due to high in-cylinder temperature and low
entropy generation during combustion caused by fewer
chemical species in hydrogen combustion are the main
reasons for lower combustion irreversibility with hydrogen.

Sahoo and Srivastava [12] did a comparative energy
and exergy analysis using a bi-fuel Compressed Natural Gas
(CNG) spark ignition engine. The experiments were
conducted for gasoline and CNG fuel at 1700 rpm and
different operating loads from 5 to 30Nm. The
experiments were performed under stoichiometric air-fuel
ratio and maximum brake torque ignition timing.
Quantitative and qualitative analyses were conducted
using the first and second law of thermodynamics,
respectively. The effect of engine operating load on
various energy and exergy parameters was compared
for both fuels. Output energy concerning engine load
was found higher for CNG compared to gasoline. Engine
wall heat transfer was also higher in the CNG engine case
due to its high combustion chamber temperature and lower
burning velocity. The difference in heat transfer energy
fraction between gasoline and CNG gradually increased
with engine load. The exhaust energy was found to be
maximum in the case of CNG under low operating load
and reduced to a minimum at higher engine operating load.
The unaccounted energy fraction was found lower
for the CNG engine and reduced engine load. CNG
exhibits the highest exergy efficiency (26.80%) compared
to gasoline (25.50%) at a 30 Nm load. On average, a 2%
higher exergy efficiency was observed with the CNG
engine at all operating load conditions. This indicates CNG
has a higher potential to convert chemical energy present
in the fuel into useful work output. CNG shows lower
exergy destruction at all operating loads than gasoline,
reducing significantly at higher engine loads. In all
operating loads, exergy transfer due to exhaust gas and
heat transfer to the wall was higher in the case of CNG.

In a study by Liu et al. [13], the change rules and
influence mechanism of injection pressure and timing
on exergy terms at different working conditions are investigated
based on a turbocharged diesel engine test platform,
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a multidimensional simulation model, and subsequent
theoretical calculation. The detailed mechanism and
distribution characteristic of exergy destruction was also
studied at different injection parameters from the in-
cylinder microscopic field to have a comprehensive
analysis. The results show that exhaust exergy and exergy
destruction are negatively correlated with injection
pressure, but the influence of injection pressure on heat
transfer exergy and exergy destruction is relatively weak.
Secondly, advancing injection timing from 1.7°CA BTDC
to 6.7°CA BTDC, the exergy efficiency and heat transfer
exergy increase significantly, while the exhaust exergy and
exergy destruction decrease gradually, compared with
injection pressure, injection timing has a greater impact on
exergy terms. Third, variation of exergy terms occurs
mainly in the combustion process at different injection
parameters. Fourth, the higher exergy destruction mainly
concentrates in the region with an equivalence ratio
of 1-1.5 at different injection pressures, and the EDR
(exergy destruction rate) is proportional to HRR (heat
release rate) in the same temperature range at different
injection timing, the root influence causes of injection
pressure and timing on exergy destruction are
inhomogeneity of equivalent ratio and local temperature
during the combustion process, respectively. Finally,
increasing exergy efficiency is accompanied by a decrease
in exergy destruction, and reasonable adjustment of
injection parameters of the turbocharged diesel engine
to enhance high-temperature and lean combustion characteristics
during the combustion process of the in-cylinder mixture
can effectively promote the exergy efficiency and restrain
exergy destruction.

The study by Bhatti et al. [14] deals with energy and
exergy analysis of variable compression ratio four-stroke
spark-ignition engine based on experimental work. The effect
of varying compression ratios from 6 to 10 is analyzed
on both energy and exergy-based approaches. Both energy
and exergy distributions are evaluated at different
compression ratios for different rpm. The results show that
as the compression ratio increased from 6 to 10, the
maximum power output is obtained at a compression ratio
10 at 1800 rpm, i.e., 3.80 kW. The maximum energy and
exergy efficiencies are found to be 28.55% and 27.35%
respectively at a compression ratio of 9 for 1200 rpm.
Entropy generation was found to be maximum for
compression ratio 7 i.e. 36.47 W/K at 1800 rpm and
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minimum for compression ratio 9 ie. 15.68 W/K at
1200 rpm. The results of this work revealed that exergy
destruction of 10.87kW was found to be maximum
at compression ratio 7 for 1800 rpm. This conclusion
is drawn from the study that applying both energy and
exergy analysis gives a more valuable understanding of the
performance and improvement of internal combustion
engines by locating and then reducing the exergy loss
at that location. Application of alternative gaseous fuels,
exhaust heat recovery techniques, and lean and low-
temperature combustion strategies reduce these exergy
losses.

In a study by Rufino et al. [15], exergetic analysis
evaluates the exergetic balance on experimental data.
When applied to an internal combustion engine, exergetic
analysis can identify sources of inefficiency and
potentialities for utilizing exergy rejected. To perform this
analysis, experimental data were acquired for different
operating conditions of a spark-ignition engine by using
gasohol and hydrous ethanol as fuels. With these data,
an exergetic analysis was carried out by evaluating the effects
of engine operating parameters on associated irreversibilities.
Afterward, a comparison between the exergetic analyses of
hydrous ethanol and gasohol was presented. Finally, first and
second law efficiencies were evaluated as engine speed,
engine load, and air-fuel ratio functions. Exergy distributions
of hydrous ethanol at different conditions and the accounts
of exergy losses during engine operations were also evaluated.

In an investigation by Jafarmadar [16], the energy and
exergy analyses are carried out in pre and main chambers
of a Lister 8.1 Indirect Diesel Injection (IDI), engine diesel
engine for two loads (BMEP of 2.96 bar and 5.9 bar as
50% and full load operations) at maximum torque engine
speed (730 rpm). The energy analyses are carried out
during a closed engine cycle using a Computational Fluid
Dynamics (CFD) code. The pressure in the cylinder for
two loads is compared with the corresponding
experimental data and shows good agreement. Also, for
the exergy analysis in the chambers, a developed in-house
computational code is applied. Various exergy
components are identified and calculated separately with
the crank position at both loads. The results show that 56%
and 77% of total irreversibility at partial and full load
operations are related to the combustion process in the
main chamber, respectively. This work demonstrates that
multidimensional modeling can be used in complex
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chamber geometry to gain more insight into the effect
of the flow field on the combustion process accounting
for the second law of thermodynamics.

Numerous researchers have devised various strategies
to improve the combustion efficiency of the internal
combustion engine. Despite continuous improvement
during the past decades, there is still scope for further
development in engine performance. This paper by
Shinde et al. [17] analyze the energy and exergy
distribution of a single-cylinder 199.5 cc electronic fuel
injected three-spark ignited high-speed petrol engine. The
engine is operated at 25%, 50%, 75%, and 100% throttle
positions for different speeds of 4000-10,000 rpm with an
increment of 2000 rpm. From the detailed heat balance
analysis, the best results obtained are maximum brake
thermal efficiency of 34.9% corresponding to 6000 rpm at
50% throttle opening, minimum heat carried away by
exhaust gas of 18.5% at 4000 rpm and 25% throttle
position, minimum heat carried by cooling water as 13%
for 10,000 rpm and 25% throttle, and the minimum
unaccounted energy loss of 26.6% under the condition
8000 rpm and 75% throttle position. However, the best
results of exergy analysis are second law efficiency of
51.93% corresponding to 4000 rpm and 25% throttle,
maximum exergy transfer for useful work as 33.7%
concerning 6000 rpm and 50% throttle, minimum exergy
transfer for exhaust gas as 15.7% for 6000 rpm and 25%
throttle, minimum exergy transfer associated with coolant
of 4.6% at 4000 rpm and 25% throttle, and minimum
exergy destruction of 39.4% corresponding to 8000 rpm
and 50% throttle, respectively.

A study by Odibi et al. [18] uses the first and second
laws of thermodynamics to investigate the effect of
oxygenated fuels on the quality and quantity of energy in
a turbocharged, common-rail six-cylinder diesel engine.
This work was performed using a range of fuel oxygen
content based on diesel, waste cooking biodiesel, and
triacetin. The experimental engine performance and emission
data were collected at 12 engine operating modes. Energy
and exergy parameters were calculated, and results showed
that the use of oxygenated fuels could improve thermal
efficiency leading to lower exhaust energy loss. Waste
cooking biodiesel (B100) exhibited the lowest exhaust loss
fraction and highest thermal efficiency (6% higher than
diesel). Considering the exergy analysis, lower exhaust
temperatures obtained with oxygenated fuels resulted in lower
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exhaust exergy loss (down to 80%) and higher exergetic
efficiency (up to 10%). Since the investigated fuels were
oxygenated, this study used the Oxygen Ratio (OR)
instead of the equivalence ratio to better understand the
concept. The OR has increased with decreasing engine
load and increasing engine speed. Increasing the OR
decreased the fuel exergy, exhaust exergy, and destruction
efficiency. With the use of B100, there was very high
exergy destruction (up to 55%), which was seen to
decrease with the addition of triacetin (down to 29%).

A study by Menzel et al. [19] aims to apply multi-
objective optimization to find conditions for opening and
closing valves of maximum volumetric and thermal
efficiency, evaluating through performance metrics two
optimization methods. The inlet and exhaust valve timing
were chosen as design variables. The multi-objective
optimization methods used are Non-dominated Sorting
Genetic Algorithm — 11 and Multi-Objective Differential
Evolution. Simulations are performed for four different
engine speeds. The compressible duct flow is numerically
solved by the two-step Lax-Wendroff method with Total
Variation Diminishing flow control. The performance
metrics used in this study are maximum values, number of
non-dominated solutions, spacing, hyper-volume, and time
simulation. The results showed a Pareto front maximizing
the volumetric efficiency and decreasing thermal
efficiency and vice versa. The Multi-Objective
Differential Evolution presented greater values than Non-
dominated Sorting Genetic Algorithm — I, more non-
dominated solutions, higher hyper-volume values, with the
advantage of spending less computational time. Both
approaches were able to optimize internal combustion
engine efficiencies by finding the optimal valve timing
sets. Moreover, it allows finding conditions for opening
and closing valves that favor both efficiencies.

Exergy is a quantity of the work potential of energy
from a given thermodynamic condition. Unlike energy,
exergy can be destroyed, and for gasoline engines, the
major source of this destruction is combustion. Therefore,
to assess the quality of gasoline engines, Kiani et al. [20]
examined the effect of inlet temperature and sparked
timing on chemical, thermo-mechanical and total exergy
of fuel using EO, E20, E40, E60, and E85 fuels. Results
showed that by advancing the spark timing (20° bTDC),
thermo-mechanical exergy has increased, but chemical
exergy and total exergy have decreased. In addition,

Research Article

Energy and Exergy Analysis of Internal Combustion ...

Vol. 40, No. 6, 2021

advance or delay in spark timing did not affect the fuel
chemical exergy for the compression and expansion
strokes. The effect of temperature on exergy parameters
indicated that exergy parameters increased by reducing
inlet temperature (320K). In other words, the fuel
chemical exergy at 320 K for E0, E20, E40, E60 and E85
fuels, increased by 7%, 7.1%, 7.2%, 7.2%, 7.3%,
respectively, than 350 K and increased by 14%, 14.3%,
14.4%, 14.4% and 14.5% than 380 K.

In a study by Boodaghi et al. [21], the initial efforts
concentrated on combining relationships of input and
output parameters of hydrogen compressed natural gas
spark-ignition engine. The quadratic regression models
were conducted for all six responses: torque, carbon
monoxide, brake-specific fuel consumption, methane,
nitrogen oxides, and total hydrocarbon through response
surface methodology and tested for adequacy by analysis
of variance. The multi-objective desirability approach
is employed for the optimization of input variables,
namely, the hydrogen compressed natural gas ratio, excess
air ratio (A), and ignition timing (61). Also, two factors, that
is, manifold absolute pressure and engine speed, were
fixed at 105 kPa and 1600 r/min, respectively. Results
indicate that the optimal independent input factors are
equal to A of 1.178, hydrogen compressed natural gas ratio
0f25.98%, and 0i of 18 °CA before top dead center. Also,
the optimal combination of responses is as follows: brake-
specific fuel consumption of 219.334 g/kWh, the torque of
395 Nm, 30.189 g/kWh for nitrogen oxides, carbon
monoxide equal to 5.093 g/kWh, total hydrocarbon of
0.633 g/kWh, and 0.572 g/kWh for methane. This study
provided the significance of response surface methodology
as an attractive technique for investigators for modeling.
In this regard, the response surface methodology modeling
and multi-objective desirability approach can be utilized to
predict the emission and performance characteristics of the
hydrogen compressed natural gas engines minutely.

The literature review shows that several researchers
studied the internal combustion chamber’s fuel
performance in terms of energy, irreversibility, second
law, and other mechanical parameters. However, Exergy
analysis in a comparative view was implemented on the
internal combustion engine in recent years. This method
can determine several valuable exergy rates, irreversibility,
exergy destruction, and efficiency. As it was mentioned,
the importance of this method is due to the fact that
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the energy performance alone is not a very good index to
compare two engine performances when there are several
fuel options. Furthermore, the fuel composition and
performance of an engine are important factors in both
in technical and policymaking scales. According to this fact,
a similar study like those mentioned in the literature review
seems necessary to be done in the lranian car industry
to have a better insight into the fuel policies and technologies.
The mentioned gap in the literature suggested that the authors
of this paper implement the exergy analysis in a
comparative view for different conventional Iran-based
fuels and analyze them in terms of second law
performance. Also, the amount and source of exergy
destruction or degradability of the workability can be
determined by the exergy balance derived from the second
law for thermal systems. In this research, a thermodynamic
method for estimating the performance of a spark-ignition
engine is proposed. Then the necessary definitions for the
exergy analysis of the system are stated, and exergic
comparisons are performed for different fuels. The use of
quasi-dimensional modeling allows a more accurate
analysis of the details of exergy transfer by effective
factors than the conventional zero-dimensional method.

THEORETICAL SECTION
Thermodynamic modeling

The purpose of this section is to model the power
generation  process, including the compression,
combustion, and expansion, in a four-stroke internal
combustion engine by the quasi-dimensional method.
Thus, using the equations of mass survival, the first law of
thermodynamics, equilibrium reaction relations, quasi-
complete gas governing relations and applied to each
engine process, the macroscopic properties of the mixture
inside the cylinder, such as pressure and temperature, And
other quantities are calculated in different degrees of
lameness, assuming the occurrence of thermodynamic
processes in a quasi-equilibrium manner[21-30]. It is
worth mentioning that the thermodynamic properties of
the mixture inside the cylinder are determined at any given
moment according to the composition of the ideal gases
and based on the prevailing combustion reaction. In this research,
the necessary thermodynamic relationships for each
process have been developed molecularly. How to obtain
mass equations is given in reference [9]. In modeling the
engine power generation cycle processes, each crank angle
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is used as a computational step to discretize the developed
equations. Thus, the thermodynamic properties in each step
can be calculated by the iterative solution method provided
by the relations and having the properties of the previous
step. The description of the solution method is mentioned
in references [31-42]. To simplify first law calculations,
the following assumptions are made 1) The engine
operates at a steady-state; 2) The entire engine, including
the dynamometer, is selected as a control volume; 3) The
combustion air and exhaust gas each form an ideal gas
mixture; 4) Potential and kinetic energy effects of the
combustion air, fuel stream, and exhaust gas are not
considered.

Also, Table 1 below shows the composition of the
studied fuels according to the ASTM standard tests.

Principles of modeling

The basic relationship used in the modeling process
is the energy conservation relationship (1). In this
regard, kinetic energy and operating fluid potential are
neglected [11].

dU=5Q-8W+Y h.dn, (1)

In equation (1), the first expressions on the right
indicate the heat transfer of the fluid inside the cylinder
with the walls, and if the heat is absorbed from the wall,
its value is positive[12]. The amount of heat transfer can
be calculated by considering the effect of heat transfer,
displacement from the Woschni equation, and radiation
from the Annand equation according to Eq.n (2) [13-15].
The experimental coefficient concerning heat transfer
is used to estimate better the engine’s performance,
determined for each fuel according to the experimental
results [7, 16, 17]. The second expression refers
to the exchange of the system with the environment and
is calculated from the PV relationship. A positive value
for this expression is obtained from the transfer of work
from the fluid to the piston. The last expression is
related to the transfer of energy in the system by the
flow of the incoming or outgoing fluid, and for this
expression, the fluid inflow is considered with a
positive sign[43-56].

Q:(ChC(TW—T)+§(T4W—T4))A )
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Table 1: Fuel Composition of the studied fuels in this paper.

/ Parameter Standard ID Methane Gasoline Hydrogen \
CO; content ASTM D1945 53.12kg/1000ft3 8.89kg/gallon 0
Net calorific value ASTM D3588 53,000 kJ/kg 43,600 kJ/kg 120,000 kJ/kg
Gross calorific value ASTM D3588 55,000 kJ/kg 47,000 kJ/kg 140,000 kJ/kg
Density ASTM D3588 0.716kg/m® 754 kg/m?® 0.090kg/m®
Specific gravity ASTM D3588 0.870 0.770 0.070
Molecular mass ASTM D3588 16.04 g/mol 100.5 g/mol 2.02 g/mol
\ Flame Temperature ASTM D3588 2210K 1299K 2400K /

In Equation (2), T is the mixture temperature, Ty is the
wall temperature, A is the heat transfer surface, hc is the
mixture’s heat transfer coefficient, and C is the

experimental coefficient[20].

Expansion and density

To calculate the macroscopic properties of the fluid
during the compaction and expansion process, the first law
of thermodynamics is applied to each crank angle,
assuming there is no inlet and outlet fluid flow and
exposure to the closed system[57-67]. Thus, to calculate
the temperature and pressure at each crank angle,
Equations (3) and (4) are obtained, respectively.

aT_ 1[50 pdv_gon) -
do nc,(d6 do do
aP_1f 4T, rgdn_pdV (4)
de Vv de de  de

In these relations, P is the mixture pressure, V is
the volume, @ is the crank angle, n is the number of mol of
the mixture, R is the universal constant of gases, and c, is
the specific heat capacity a constant volume. In Eq. (4), the
expression for the compression process can be neglected,
and dn / d @ the expansion, of the process, can be calculated

by considering equilibrium reactions.[68]

Combustion

The system consists of two burned and unburned areas
at the end of each computational step for the combustion
process. These two areas have different temperatures and
the same pressure [69]. By extending the first rule for this
stage, the temperature of the unburned area, the
temperature of the burned area, and the pressure of the
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chamber can be calculated from Equations (5), (6), and (7),
respectively.

i, 1 (v dP+PdQ“] 5)

40 nc | "do  do

up,u

4T, P[4V V,0n, Vydn, o
do n,R

R d
R v dp+&)+xdj}
de

PT,, " do P do

do | ¢ 46 de

p,u

_ _ _ -1
c,, —C c c
dp—[—( v ”’)vu+—!" v] -[1+—V’ ]P—dv+—dQ+ (7)
R

dn dn dn

Cub [Tu d_9u+Tb d_et)]+(ﬁu _Ub)d_eb

In these relationships, the subtitle u means unburned
mixture and b means burnt mixture. It is important to note
that some unburned mixture ignites and enters the burned
area at each computational step[9]. Therefore, there is
a fluid flow between the burned and scorched areas. The
manifestation of this is the existence of (dn,/ d6 , dny/ d6)
equations (6) and (7). According to the law of conservation
of mass, these two expressions are related according to the
equation dnp = -My / Mpdn, in which M is the molar mass.
To calculate dn, / d© equation (8) is used based on the
existence of turbulent flame velocity [70].

dn, _ dt
YN 8
do Dt f(dej ®

In Equation (8), p is the molar density, u; is the
turbulent velocity of the flame, As is the frontal surface of
the flame, and t is the time.
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The equation of turbulent flame velocity is often
modeled based on the existing experimental relationships
for slow flame velocity and considering the fold of the
flame surface as the only effect of turbulence [9, 10]. The
effect of turbulence is such that by increasing its amount,
the combustion length remains constant in terms of
the crankshaft [11,12, 17]. Some researchers have hypothesized
that the velocity of a turbulent flame is proportional to its
slow flame velocity and that its proportionality constant is
a function of the intensity of the turbulence. Hiroyasu and
Kadota considered the turbulence intensity proportional
to the engine speed and presented Eq. (9) [71-80].

u, =(1+bN)u, (9)

In Equation (9), N is the engine speed of rounds
per minute, and u is the slow flame speed. Also, b is the
coefficient of proportionality of turbulence intensity with
distance and is determined based on experimental results [10].

Slow flame velocity

The slow flame velocity is the physical and chemical
property of the ready-to-ignite mixture and is the velocity
by which the smooth, flat flame forehead advances
in the ready-to-ignite mixture in a direction perpendicular
to the plane [12, 16]. This study calculates the slow flame
velocities for gasoline, methane, and hydrogen by the equations
described below.

Hydrogen

Liu and McFarlane measured the slow flame velocity
of a mixture of hydrogen, air, and water vapor using a laser
doppler anemometer and photographing a conical flame
using the Schellin imaging method. Their measurements
led to the extraction of Eq. (10) for the slow flame ignition
speed of the mentioned mixture [81-93].

Uy =a,+a,(0.42-X, )+ (10)
a3(0'42_XHz)7‘;"Xp(""tsxwzo)Tua“as(O'Mixm)

In Eqg. (10), Ty is the temperature of the unburned
mixture in Kelvin, Xu2 molar ratio of hydrogen in the
unburned mixture, and Xu2o molar ratio of water vapor.
Also, coefficients al to a6 are presented in Table 2.

Methane
The calculation of the slow flame velocity of the
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the methane-air mixture is based on the relationship
proposed by Ref. [13]. The relationship presented by him
is inspired by the results of the work of the pioneers in this
field. He obtained Eqg. (11) by collecting the effective
parameters mentioned by other researchers. He validated
his relationship by experimental results with less than 10%
relative error under various combustion conditions.

o p
T, P
vl (7] .

2
a=o,+o,p+a,e o, (—”J ¢’
T

P. T
B:BO+B1@+B2¢4+53(T—)<T—“>2<p2
0 0

2
Uy, =C,0" exp(c2 ((p+C3) )

In Equation (11), ¢ is the equivalence ratio, and i, ai,
and ci are the coefficients of the equation, and their values
are presented in Table 3. Also, for this relationship,
the values related to reference temperature and pressure are
To = 300K and Py = 1 bar, respectively [11, 12].

Gasoline

The slow flame velocity of the gasoline-air mixture
can be calculated from the interaction ratio of coke [1],
Equation (12).

o p
T, P
el (7] @

a=2.18-0.8(¢p-1)
B=—0.16+0.22(¢-1)

Uo=Bn +B¢(<P—<Pm)2

In Equation (12), the reference temperature and
pressure TO = 298 K and PO = 1 atm. Also, the values of
Bm, om, and By are 0.305 m/s, 1.21, and 0.459 m/s,
respectively.

Exergy analysis

The exergy content of a substance indicates the extent
to which it can do useful work. This exergy content increases
as the system distance itself from the environment.
The efficiency (exergy) of the system, in a certain state,
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Table 2: Coefficients of equation uiin equation (10) in meters
per second [21].

Energy and Exergy Analysis of Internal Combustion ...

/ Coefficient 0.42< X 12 0.42> X 2 \
al 4.644x10* 4.644x10*
a2 -2.119x10%® 9.898x10*
a3 2.344x10°% -1.264x10°3
a4 1.57 1.57
ab 0.384 -0.248
k a6 -2.21 -2.24 /

Table 3: The coefficients of the equation u; in equation (11)
in meters per second [13]

/CO 1.508168 | Bo -0.5406 o 3.2466 )
cl 4.5386 B1 0.1347 o1 -1.0709
c2 -2.4481 B2 -0.0125 o 0.1517
c3 -0.2248 Bs | 2.2891x10* | o -1.0359

-

as the most work that can be produced through the
interaction of the system with its surroundings, while only
the heat transfer of the system with the environment,
to achieve thermal equilibrium, mechanical equilibrium,
and chemical equilibrium Defined. The state in which the
system reaches equilibrium with the environment is called
the dead state [9, 10]. The existence of a mechanical and
thermal balance between the system and the environment is
called thermomechanical balance. If there is only a
thermomechanical balance between the system and its
surroundings, it is said to be in a dead state. The dead state
is usually limited to one in which the chemical composition
of the system is the same as the chemical composition
of the system in the first case. The terms heat exergy
and mechanical exergy are collectively called
thermomechanical exergy[11]. Chemical exergy is defined
as the ability to operate the system due to the occurrence of
a reversible chemical reaction between system components
and environmental components or due to the reversible
passage of system components to ambient conditions and
mixing with the environment until it reaches the dead state.
It is studied thermomechanically [8, 12, 14]. Thermal
equilibrium is achieved when the system’s temperature
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equals its surroundings and mechanical equilibrium
is achieved when there is no pressure difference between
the system and its surroundings [5]. Chemical equilibrium
is achieved only when the system does not contain any
components that can produce work by interacting with its
environment. The only system components that cannot react
chemically with the atmosphere and form dead components
are the environment components [15, 18]. The choice of
reference environmental conditions greatly affects the
system’s efficiency because this reference determines
the balance between the system and the environment. For
temperature and pressure, environmental conditions
are usually considered To = 298.15 K and P = 101325Pa,
which can be changed depending on the system’s operating
conditions. The chemical composition of the environment
is considered a mixture of oxygen, nitrogen, carbon dioxide,
and water vapor with a mixture of ideal gases. The volume
percentage of each component in the air mixture is decided
based on the relative humidity of the air due to the presence
of water vapor. In this research, the study is based on the
relative humidity of 60%. In this case, the molar
composition of the environment is 20.55% oxygen, 76.62%
nitrogen, 0.03% carbon dioxide, 1.88% water vapor, and
0.92% other components. The molar ratio values of each
component in different relative humidity can be obtained
from the reference [15, 16-30].

According to the definitions made and the elimination
of system heat transfer to the environment between
the relations of the first law and the second law of
thermodynamics, the exergy balance relation can be defined
for a system according to Eq. (13). When encountering
a closed system, the expressions related to the input
and output of mass flow are removed from
the equation[31-35].
dAg

dt

:—EXQ+EXW+Exf,out—EXf,in—i:0 (13)

In Eqg. (13), the first expression refers to the rate of
exergy change within the system. The second expression
refers to the rate of exergy transmitted by heat transfer,
calculated from Eg. (14). In this regard, Q;j is the heat
transfer from the system to the environment, and Tj is the
temperature of the heat transfer boundary. In the exergy
analysis of internal combustion engines, the instantaneous
temperature inside the chamber is usually used as the

system boundary temperature [8, 19].
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. T, |-
ExQ:j 1—? Q; (14)
J J

The third expression in Equation (13) is the rate of
transfer of exergy associated with work, calculated from
Eqg. (15). In this regard, the second expression to the right
of the equation represents the work done by the
environment on the system and is not accessible to the
system and must be deducted from the total work to
achieve the exergy transmitted by the work [36-42].

dVSys
dt

Ex, =W,  —P,

s (15)

The fourth and fifth expressions in Equation (13) are
the exergy rate of the current entering and leaving
the system, respectively, obtained from Equation (16).

Ex; =Y, fb, (16)

In Eq. (16), b is the molar exergy of mass flow and
consists of thermomechanical and chemical exergy
according to Eqg. (17).

b=y, (Bitm+5i°h) 17)

The current thermomechanical exergy of component i
is obtained from the difference between the present
conditions and the environmental conditions according to
Eqg. (18).

Bitm :Ei_ﬁi,O_TO(gi_gi,O) (18)

The chemical exergy of component i is calculated
in terms of presence or absence in the environment
according to Egs (19) and (20), respectively. Each
the non-existent component in the environment is
considered a potential fuel.

Yi
Yi00

b*" =RT,In (19)

In Eq. (19), y is the molar ratio in the mixture, and yoo
is the molar ratio in the environmental conditions.

Eq. (20) is obtained concerning the combustion
reaction of a non-existent component in the environment,
the products of which are components of the environment,

and the values of v are related to the stoichiometric
coefficients of this reaction[43-50].
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(yOZ,OO)VOZ

b . =—ATS +RT,In
’ H(yi,oo)vi
p

fuel,pure —

(20)

—o —o —o —o
AQy :ZP:Vigi,TO ~Vo29027, ~YtuerT,
gi=hi-Ts,

In Equation (20), h is the molar enthalpy, s is molar
entropy, and g is the molar standard Gibbs free energy.
The last expression in Eq. (13) indicates the rate of
irreversibility and exergy destruction within the system
during the process.

Determining the boundary of the system has a
significant effect on the value obtained for this expression.
Another way to calculate this expression is to use the
entropy equilibrium relation within the system to calculate
the entropy generation rate by which the irreversibility can
be obtained from the relation | = ToSgen. A detailed
description of how to obtain equations (13) to (20) is given
in references [5,8, 14, 51-54].

RESULTS AND DISCUSSION

In this part, the validation of the engine model code
performed by this paper results is performed using the
experimental results provided by Pourkhasalian and his
colleagues [26] on the Mazda B2000i engine. Assumptions
and data are listed in Table 4, and Mathlab 2016a is used
to validate the pressure curve inside the cylinder in terms
of crank angle. The validation results for hydrogen,
gasoline, and methane fuels are given in Figs. 1, 2, and 3,
respectively. As can be seen from these figures, the code
can provide a good estimate of system performance.
Of course, this result is due to the correct selection of
the experimental coefficients in the engine simulation
process, heat transfer coefficient, and turbulent velocity
coefficient. These experimental coefficients are determined by
comparing the code results with the experimental engine
results. The reason for these experimental coefficients is
the existing simplification assumptions, such as the
assumption of spherical flame progression and not observing
the effects of turbulence in this form of modeling.

Error analysis of the results obtained in Figs. 1, 2, and 3
show that the code developed by adjusting the
experimental constants can trace the maximum pressure
relative to the spark time with a relative error of 21%, 22%,
and 10%. The order is for hydrogen, gasoline, and
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Table 4: Engine specifications under test [16].

/ Parameter \

Energy and Exergy Analysis of Internal Combustion ...

Engine type Four-stroke ignition
Number of cylinders 4
Suction type natural
Piston stroke 86(mm)
Cylinder diameter 86(mm)
length of the connecting rod 153(mm)
Density ratio 8.6
Spark plugs per cylinder 1
Inlet valve opening time 10 ° btdc
Inlet valve closing time 49 ° abdc
Exhaust valve opening time 55 © bbdc

K Exhaust valve closing time 12 ° atdc /
methane. Also, the highest deviation of the pressure
estimate from the experimental results for hydrogen and
gasoline is 28% and 17% at the maximum pressure of the
experimental results, and for methane is 25% at 450 °C.
However, the average error values for this parameter are
less than 5%, 6%, and 4%, respectively. Compared to the
ignition rate of gasoline, the high error of hydrogen at one
point is its high ignition rate, and the reason for the high
error of methane at one point of its low ignition rate. These
cases lead to non-compliance with the degree of ignition
delay from Benson’s assumption, which exacerbates

the error at one point. Benson’s assumption is based on
considering the ignition delay as the amount of time
required for combustion to be one-thousandth of the total
volume of the combustion chamber [10].

A comparison of the simulation and the code results
the brake power characteristic and the specific brake
consumption of the engine are presented in Table 5.
These results indicated a relative error of 0.8%, 4%, and
5% for hydrogen, gasoline, and methane, respectively, for
brake power. And also a relative error of 12%, 10%,
and 14% for hydrogen, and methane, respectively, for
specific brake consumption of the engine. In this research,
the relation presented by Hood is used to calculate the
frictional force [93-110].

Next, the engine exergy is analyzed with the mentioned
geometric characteristics and operating conditions listed
in Table 6. According to Eq. (13), the methods of transferring
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Fig. 1: Pressure change curve in terms of crank angle for
hydrogen fuel.
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Fig. 3: Pressure change curve in terms of crank angle for
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Table 5: Comparison of simulation results and experimental
results for BSFC and BMEP performance characteristics.

Nourozi N. et al.

4 BMEP (bar) BSFC (g/kWh) )
Fuel
Test Simu. Test Simu.
Hydrogen 7.92 7.85 107 120
Gasoline 8.40 8.59 292 322
\_ Methane 5.89 5.60 275 314/

Table 6: Engine exergy analysis conditions.

f Parameter value \

Balance ratio 1

Engine speed 3000(rpm)

Advance hydrogen spark 4° before the high point of death

Gasoline spark advance 18° before high death point

Methane spark advance 36° before high death point

Suction temperature 335(K)

Suction pressure 1(bar)

k Wall temperature 435(K) /

12

Hydrogen

Gasoline

6 = = == Methane

Work exergy (J)

0 N\Y
180 270 360 450 540

Cranking degree

Fig. 4: Exergy changes transmitted by work according to the
crank angle.

of transferring the input exergy to the heat transfer motor
are work transfer and irreversibility in the face of a closed
system. The effect of each factor is examined below [21, 22].
The amount of exergy transmitted by the work in terms
of crankshaft for different fuels is shown in Fig. 4. As
can be seen from this figure, the exergy transmitted
by work to the point of high death is negative. The reason
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for this is the work done by the cylinder on the system.
Another result of this figure is the higher maximum point
of the gasoline curve, while gasoline has the lowest
maximum pressure. The reason for this is the occurrence
of maximum gasoline pressure at points far from the point
of high death, which is accompanied by more volume
change. Therefore, the change in pressure and volume
determine the amount and location of maximum work
exergy[111-119].

The amount of exergy transmitted by heat transfer
in terms of crankshaft for different fuels is shown in Fig. 5.
As shown from this figure, heat-transferred exergy is
negative, except for the initial degrees of compaction. This
indicates heat transfer out of the system due to the higher
temperature of the system. Also, the maximum rate of
thermal exergy transfer is related to the combustion
process which the temperature and the amount of
turbulence of the mixture inside the cylinder are higher.
Other results of this figure can be:

Pointed to the higher maximum point of the hydrogen
curve. This is due to the high flammability of hydrogen
and its higher combustion temperature. This paves the way
for more heat transfer to the end of the hydrogen cycle.
This higher heat transfer causes a higher rate of
temperature decrease in the hydrogen engine, and its heat
transfer rate in the last stages of the cycle is closer to
gasoline and methane. The amount of irreversibility
produced in the closed cycle of the engine in terms of
crankshaft for different fuels is shown in Fig. 6. In analyzing
this figure, it should be noted that the start and end time
the combustion process for each fuel varies according to
the ignition timing and the flame propagation speed.
As can be seen from this figure, the irreversibility rate in
the stages of compaction and expansion is very small,
almost zero, and only in the combustion stage is
the existence of irreversibility evident. The reason for this
is the type of heat transfer boundary temperature selected.
Here, the instantaneous temperature of the operating fluid
inside the cylinder is used for this purpose, and in the
combustion stage, the temperature of the same area
is considered the temperature of the heat transfer boundary.
This choice, because it prevents the irreversibility of
the heat transfer process between heat sources with a large
temperature difference makes it possible to observe only
the effect of the nature of the process and leads to a better
analysis of irreversibility. If the combustion chamber wall
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temperature is selected as the system boundary
temperature, the irreversibility value will change between
the operating fluid temperature and the combustion
chamber wall. The existence of irreversibility in the
combustion process is completely consistent with the
existing physical understanding of this process, even
assuming the equilibrium occurs as an irreversible process.
A noteworthy point is the location of the maximum
irreversibility. This point is exactly where the most
combustible fuel is in the combustion process, and the
highest temperature is created during the combustion
(causing the highest exergy destruction due to the highest
temperature difference). This indicates the effect of
combustion rate on the rate of production irreversibility.
In Fig. 6, the reason for the sudden increase in irreversibility
at the beginning of the combustion phase is the use of
the Benson hypothesis [12] in predicting ignition delay.
In this assumption, some fuel is ignited during the
compaction process, and the effect of the ignited fuel
is seen in the first step of the combustion process
calculations. Another noteworthy point is the higher
maximum point of the gasoline curve due to the higher
ignition rate of hydrogen. This indicates that the process of
burning gasoline is more irreversible than hydrogen.

Changes in the amount of exergy of the mixture inside
the cylinder, the total thermomechanical and chemical
exergy, in the closed cycle of the engine in terms of
crankshaft for different fuels are shown in Fig. 7. As
shown from this figure, the input exergy to the system is
maximal for the gasoline engine. Due to the same
temperature and pressure of the inlet mixture for all fuels,
more chemical exergy of the gasoline engine can be
exalted. One of the reasons for this is the mass of more
incoming gasoline than hydrogen pointed. The chemical
exergy of methane is certainly minimal, according to
Fig. 7, and the mass of methane input, close to gasoline.
Other results of this figure include increased system
exergy to TDC due to work and piston and decreased later
stages.

A comparison of the integral values of different exergy
transfer methods in terms of the percentage of input exergy
for different fuels is presented in Fig. 8. This figure
shows that the share of exergy transferred by work from
the input exergy for all three fuels is approximately equal.
Other results in Fig. 8 include a higher share of heat
transfer for hydrogen, a lower share of irreversibility for
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Fig. 8: Comparison of exergy transfer methods in terms of inlet
exergy for different fuels at the end of the closed engine cycle.

hydrogen, and an almost equal share of irreversibility
for gasoline and methane. This indicates the least amount
of input exergy degradation due to the irreversibility of
hydrogen. Also, the highest percentage of exergy in the
mixture at the end of the closed engine cycle is related to
gasoline.

In the next step, the comparison of the indicator
efficiency values of the first law and the second law of
thermodynamics for different fuels is presented in Fig. 9.
The basis for calculating the first law is the ratio of
productive work to the calorific value of the input fuel [1]
and the basis for calculating the second law is the ratio of
productive work to the exergy of the input mixture to the

engine (W/Ex ) [15]. From the results of Fig. 9, it is

f,in
clear that the efficiency values of the first and second laws
are close to each other. This result, considering the
predominant contribution of the chemical exergy of the
fuel to the exergy of the inlet mixture to the engine,
is consistent with the experimental relation presented
by Brzustowski and Brena [15] for the chemical exergy of
the fuel, the amount of which is estimated.

At this stage, comparing the values of different types
of exergy transmission at the end of the power cycle for
different engine speeds has been studied. For this purpose,
Figs. 10, 11, and 12 are presented for hydrogen, gasoline,
and methane fuels.

The curves used in these figures provide a cumulative
representation of the desired values; In this way, the
value of each expression is obtained from the difference
between its characteristic line and the previous line, and
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Fig. 9: Comparison of the efficiency values of the first and
second laws for different fuels.

in each round, the highest point indicates the amount of
exergy of the mixture entering the engine. As can be seen
from these figures, the input mixture’s exergy is equal
for all cycles. The reason for this is to consider the same
input conditions for different cycles in the simulation.
Other results of these figures include a decrease in heat
exergy with increasing distance due to reduced heat
transfer time. Also, we can point to the almost irreversible
rate for different periods. The reason for this is the same
amount of inlet fuel, and the length of combustion in terms
of crank angle is almost the same for different cycles, and
as a result, the rate of fuel combustion is almost the same
at the corresponding crank angles, taking into account the
advance of different sparks. It is important to note that the
combustion rate is higher at higher speeds, but due to the
equilibrium reactions used in the combustion simulation,
the amount of fuel burned at each crank angle affects
irreversible production. Other results include an increase
in the exergy transferred by the work and an increase
in the mixture inside the cylinder due to the increase in speed.

At this stage, comparing the values of different types
of exergy transmission at the end of the power cycle for
different equivalence ratios has been studied. For this
purpose, Figs. 13, 14, and 15 are presented for hydrogen,
gasoline, and methane fuels. The curves used in these
figures also provide a cumulative representation of
the desired values. As can be seen from these figures,
the amount of exergy in the inlet mixture increases with
the increasing equivalence ratio, and the reason for this is
the increase in the amount of fuel in the inlet mixture. Also,
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we can mention the increase in the share of exergy
of the outlet fluid by increasing the equivalence ratio,
especially for the ratio of concentrated equilibria. The
reason for this should be sought in the occurrence of
incomplete combustion and the combination of exhaust
gases for the ratio of equilibria greater than stoichiometric
conditions. Under these conditions, the molar fraction of
gases that do not exist under standard environmental
conditions, carbon monoxide and hydrogen, increases
between the exhaust gases. As mentioned in the
explanations for the exergy analysis, these gases have
chemical exergy. The concentrated equivalence ratio
is associated with a large increase in the exergy of the exhaust
gases so that they occupy a large share of the inlet exergy.
Other results of these shapes include increasing the
transferred exergy with work and heat to a certain equivalence
ratio and then decreasing them. This equivalence ratio is 1.1
for gasoline and 1 for hydrogen and methane. This result
follows the experimental observations [1] of the maximum
engine output in the balance ratio close to 1. Other results
include a decrease in the irreversible share of input exergy by
increasing the equivalence ratio.

CONCLUSIONS

In this research, a mathematical model based on
thermodynamic principles to predict the performance of
spark-ignition internal combustion engines is presented.
Also, the necessary conceptual bases for performing
exergy analysis of the system have been established
by defining the term exergy and creating the corresponding
exergy balance equations and applying them to closed
systems and control volumes. The results of the proposed
model for hydrogen, gasoline, and methane fuels in
comparison with the experimental results according to
the mean error of 5, 6, and 7% for the in-cylinder pressure
parameter, the relative error of 0.8, 4, and 5% for braking
power, and relative error of 12, 10, and 14% are approved
for brake consumption. The results of engine exergy
analysis show that the combustion process is the dominant
factor in entropy production in the closed cycle of the
engine. The results of this study for the ratio of air to fuel
stoichiometry can be given to the percentage of exergy
transferred by working approximately equal to all three
fuels, a higher percentage of exergy heat transfer for
hydrogen, lower percentage of irreversibility for hydrogen,
higher percentage of irreversibility for gasoline and
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a higher percentage of exergy for gasoline at the end
of the closed cycle of the engine pointed. Also, the exergy
analysis results in different operating conditions show that
increasing the engine speed increases the exergy transfer
with work, decreases the exergy transfer with heat, and has
almost no effect on irreversibility. On the other hand,
increasing the balance ratio increases the inlet exergy to
the engine, increases the share of the exergy mixture
in the cylinder at the end of the power cycle, and decreases
the irreversible share of inlet exergy.
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Nomenclature

A Area, m?
Asys System Performance, J
b Mol current exergy, J / mol

cp  Specific heat capacity at constant pressure, J/ mol.K
cv Specific heat capacity is constant volume, J / mol.K
Ex Exergy, J
Gibbs Molly standard free energy, J / mol
Enthalpy molar, J / mol

Transfer heat transfer coefficient, W/ m2.K
Irreversibility, J

Molar mass, kg/mol

Number of moles, mol

Pressure, Pa

Heat transfer, J

Universal gas constant, J/ mol.K

Molly entropy, J / mol.K

Entropy Generation, J/ K

Spark advance, °

Temperature, K

Time, s

Internal Energy, J

Internal Molly Energy, J / mol

Ingitation velocity, m /s

Volume, 3m

Work, J

Molar ratio
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Greek signs
S} Crank angle
0] Balance ratio
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Burnt mixture
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Turbulent
Unburned mixture
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