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This study investigates the performance of Reactivity-Controlled
Compression Ignition (RCCI) engines under varying engine speeds using
a 4E approach (Evaporation, Energy, Emissions, Exergy) and introduces
innovative multidimensional efficiency indices. A 1.9-liter TDI
Volkswagen engine was modeled in CONVERGE CFD software to
analyze spray dynamics, combustion processes, and emissions across
different engine speeds. New indices, including Evaporation-Energy
Performance Index (EVEPI), Emission-Energy Synergy Index (EmESI),
and Exergy-Emission Balance Index (EXEmBI), were developed to
evaluate engine performance comprehensively. Results reveal that
optimal performance occurs within 1600-2200 RPM, where fuel
evaporation, combustion efficiency, and exergy utilization are
maximized while emissions are minimized. For instance, at 3100 RPM,
EVEPI increases sharply to 9857.17 mg/ms, reflecting enhanced
evaporation but also highlighting risks of non-uniform fuel-air mixing at
high speeds. Conversely, EmMESI for HC rises from 33.04 gr/kW.h at
1000 RPM to 284.90 gr/kW.h at 3100 RPM, indicating increased
unburned hydrocarbons due to incomplete combustion. NOx emissions
decrease from 11.51 gr/kW.h at 1600 RPM to 2.28 gr/kW.h at 3100
RPM, aligning with reduced combustion temperatures. Higher speeds
lead to elevated HC and CO emissions due to shorter mixing times, while
lower speeds increase NOx due to prolonged combustion durations.
Exergy analysis shows total and second-law efficiencies peak at lower
speeds, emphasizing the importance of optimizing operational
parameters. These findings provide valuable insights for designing
efficient, low-emission RCCI engines.

1.Introduction

an increasing emphasis on improving the

Internal combustion engines (ICEs) have long
been a cornerstone of modern transportation and
industrial applications. However, with the
growing concerns over environmental pollution,
climate change, and public health, there has been
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efficiency and reducing the emissions of these
engines. In recent vyears, researchers and
engineers have focused on addressing the
challenges associated with compression ignition
(CI) engines, particularly in terms of enhancing
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combustion efficiency and mitigating harmful
emissions such as particulate matter and
nitrogen oxides (NOXx) [1].

To optimize environmental and economic
costs, research efforts have been directed toward
simultaneously  reducing emissions  while
maintaining high engine efficiency. This has led
to the development of advanced combustion
strategies based on low-temperature combustion
(LTC) that do not require catalytic
aftertreatment  systems.  These  advanced
strategies typically focus on controlling the start
of combustion to improve fuel-air mixing, which
results in a reduction in local equivalence ratio,
temperature, or both [2], thereby categorizing
them as LTC strategies. One such strategy is
Reactivity Controlled Compression Ignition
(RCCI), which offers high thermal efficiency
while significantly reducing NOx and soot
emissions. In RCCI engines, a low-reactivity
fuel is premixed with air and introduced into the
combustion chamber through the intake port,
while a high-reactivity fuel is directly injected
into the combustion chamber. This fuel delivery
approach enables better control over the
combustion phase, pressure rise rate, and heat
release rate (HRR) [3].

A wide range of studies has been conducted
on RCCI engines with various research
objectives. One of the primary challenges
identified in RCCI combustion is the relatively
higher levels of unburned hydrocarbons (HC)
and carbon monoxide (CO) emissions compared
to conventional spark-ignition (SI) and CI
engines. A key research focus within RCCI
engine development is optimizing combustion
chamber geometry. Studies have demonstrated
that piston bowl depth has a significant impact
on gross indicated efficiency (GIE) and heat
transfer characteristics [4-7].

Fuel injection parameters also play a critical
role in the performance and emissions of RCCI
engines. For example, selecting an appropriate
spray angle along with reducing injection
pressure has been shown to lower HC and CO
emissions while enhancing GIE [8, 9]. Other
studies have examined early diesel injection
timing, which resulted in reduced CO and
unburned hydrocarbons (UHC) but an increase
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in NOx emissions [10-12]. This phenomenon
occurs due to the transition from mixture-
controlled to reaction-controlled combustion
[13].

Another parameter that has been investigated
by researchers on RCCI engines is the nozzle
hole diameter (NHD). Nazemian et al. [14]
examined the effect of nozzle hole diameter
(NHD) in an RCCI engine using CFD
simulations. Reducing the NHD to 130 pm
decreased the Sauter Mean Diameter (SMD) to
15.49 pm and increased the number of droplets
by 24%, leading to improved evaporation, fuel-
air mixing, and faster combustion. However,
excessively reducing the NHD resulted in
increased NOx emissions, while using a larger
NHD (175 pm) led to the formation of larger
droplets and reduced combustion efficiency. The
optimal NHD range (150-160 um) provided
maximum combustion efficiency (92.04%) and
net indicated efficiency (38.58%). These results
highlight the critical role of optimized NHD in
enhancing engine performance and reducing
emissions.

Another crucial parameter affecting RCCI
engine performance and emissions is exhaust
gas recirculation (EGR). Several studies have
highlighted the necessity of EGR, particularly at
higher engine speeds, to optimize RCCI engine
operation [3]. Research has shown that
increasing the EGR rate reduces peak pressure
rise rate, NOx emissions, and soot formation
[15-18]. This reduction is primarily attributed to
the thermal and dilution effects of EGR, which
lower the in-cylinder temperature. However,
some studies have reported that increasing EGR
levels leads to higher UHC and CO emissions
due to the formation of locally fuel-rich regions
[15, 18].

Despite extensive research on RCCI engine
performance and emissions, most studies have
focused on fuel injection parameters, while the
influence of operational parameters, such as
engine speed, has received comparatively less
attention.

Several studies have investigated the effect of
engine speed on RCCI engine performance and
emissions. Asad et al. [19] conducted an
experimental study analyzing the impact of
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engine speed under LTC conditions on
emissions such as NOx and soot. Their results
indicated that prolonged mixing time and
oxygen availability in the fuel contribute to
reduced NOx and soot emissions. Paykani et al.
[20] examined the effect of increasing engine
speed and found that reduced residence time for
chemical reactions led to more incomplete
combustion, lower peak pressure and
temperature, and delayed combustion phasing.
Additionally, CO and UHC emissions increased
to unacceptable levels. Benajes et al. [21]
concluded that high CO and UHC emissions
persisted across all engine speeds due to crevice
volume effects. Dahodwala et al. [22]
demonstrated that the injection timing at which
combustion behavior changes occurs earlier with
increasing engine speed. Their findings also
showed that NOx emissions were higher at
lower engine speeds, while THC and CO
emissions were lower. Hanson et al. [23]
reported that increasing engine speed led to
reduced NOx emissions but higher soot and CO
emissions. Wang et al. [24]observed that NOx
emissions increased at lower engine speeds.
Finally, Splitter et al. [4] found that higher
engine speeds resulted in reduced NOx
emissions.

On the other hand, in recent years, engine
designers have concluded that the efficiency
derived from the first law alone often does not
provide a clear understanding of the operational
mechanisms of an internal combustion engine.
Rakopoulos et al. [25] were the first to
investigate exergy variations in internal
combustion engines. In their study, a diesel
engine was simulated using a single-zone
thermodynamic model, and the changes in
different exergy terms were analyzed during the
compression, combustion, and expansion
processes. Subsequent studies expanded on this
approach by conducting exergy analyses in
gasoline and diesel engines. These studies
examined exergy Vvariations during various
engine processes and assessed the influence of
different parameters on exergy flow in internal
combustion engines [26, 27]. Uckan et al. [28]
investigated the second-law analysis of a dual-
fuel engine operating with methanol and diesel.
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Their study demonstrated that exergy efficiency
is significantly influenced by fuel composition
and injection strategies. The authors emphasized
the importance of optimizing fuel reactivity to
minimize exergy destruction during combustion.
Proniewicz et al. [29] evaluated the energy and
exergy performance of a diesel engine operating
with diesel, biodiesel, and ammonia. Their
findings indicated that ammonia could serve as a
viable alternative fuel, achieving comparable
thermal and exergy efficiency while reducing
greenhouse gas emissions. Singh et al. [30]
conducted a comprehensive performance
analysis of a diesel engine fueled with blends of
waste cooking oil and pyrolyzed polyethylene
oil. Their study highlighted the significance of
exergy stability indices and demonstrated that
these blends could substantially enhance engine
performance while mitigating environmental
impacts.

Exergy  analysis  of  low-temperature
combustion was investigated by Amjad et al.
[31], who analyzed exergy variations within the
combustion chamber of an HCCI engine fueled
with a natural gas and n-heptane blend. Several
other studies also examined exergy analysis for
low-temperature combustion, evaluating the
effects of various operating parameters on
different exergy terms during the combustion
process [32, 33]. Khaliq et al. [34-36]conducted
an exergy analysis of an HCCI engine operating
with ethanol and hydrogen. The thermodynamic
model used in their study incorporated a global
chemical kinetic mechanism. However, given
that low-temperature combustion is highly
dependent on fuel chemistry, the results of their
study provided limited insights into chemical
exergy.

Further research has focused on assessing the
impact of various parameters on the exergy
performance of RCCI engines. Li et al. [37]
analyzed the first- and second-law efficiencies
for three combustion regimes: conventional
diesel combustion, homogeneous charge
compression ignition (HCCI), and reactivity-
controlled compression ignition (RCCI). Their
study revealed that in-cylinder temperature,
equivalence ratio during combustion,
combustion temperature, chemical reactivity
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rate, and combustion duration significantly
influence exergy destruction. Among the three
combustion  regimes, conventional diesel
combustion exhibited the highest exergy
destruction. In another study, Li et al. [38]
investigated the effect of methanol and gasoline
on exergy destruction in RCCI combustion using
a multi-dimensional model and a reduced
chemical kinetic mechanism. Their findings
indicated that diesel-methanol fuel resulted in
higher combustion temperatures, leading to
increased exergy destruction due to chemical
reactions. Mohebbi et al. [39] examined the
impact of exhaust gas recirculation (EGR) and
the addition of n-heptane to a low-reactivity fuel
in an RCCI engine. Their study demonstrated
that increasing EGR led to greater overall exergy
destruction while reducing thermomechanical
exergy due to the high heat-absorbing property
of EGR, which lowered combustion
temperatures. However, adding n-heptane to
isooctane (used as the low-reactivity fuel)
significantly increased heat transfer exergy due
to the enhanced reactivity of the fuel mixture.
Nazemian et al. [40] analyzed the effect of start
of injection (SOI) timing on waste heat recovery
potential in RCCI engines. Their study revealed
that advancing SOI timing increased engine
efficiency while reducing carbon monoxide and
unburned hydrocarbon emissions. The results
demonstrated that optimizing the start of
injection (SOI) timing improves heat transfer
exergy as a result of higher in-cylinder
temperatures. However, this also leads to
increased irreversibility due to more intense
chemical reactions. Kousheshi et al. [41]
investigated combustion characteristics and
emissions in an RCCI engine fueled with syngas
and diesel. Their study showed that due to the
complex combustion characteristics of syngas,
exergy destruction was higher when using this
fuel. Tiwari et al. [42] performed energy and
exergy analyses of a diesel engine fueled with
microalgae  biodiesel-diesel  blends.  Their
findings revealed significant exergy destruction
rates, with biodiesel blends demonstrating
varying efficiencies under different load
conditions. The results suggested that increasing
the biodiesel ratio generally improves thermal
and exergy efficiency. Hamdi et al. [43] studied
the effect of spray cone angle on the
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performance of an RCCI engine operating with
methane and diesel. Using computational fluid
dynamics (CFD), their study illustrated how
different spray angles influence combustion
efficiency and exergy performance. The results
indicated that an optimal spray cone angle
enhances combustion stability while reducing
pollutant emissions. Alipour et al. [44] examined
the effects of ozone addition on the energy and
exergy efficiency of an RCCI engine. Their
study revealed that ozone addition improved
thermal and exergy efficiency; however, it also
increased NOx emissions. The findings
suggested that ozone could enhance combustion
quality while reducing exergy losses. Nazemian
et al. [7] investigated the impact of piston
geometry and injection strategies on waste heat
recovery in RCCI engines. Utilizing a design of
experiments (DOE) approach, they assessed the
influence of various geometric parameters on
exergy destruction and recovery potential. Their
findings demonstrated that specific piston
designs could significantly enhance waste heat
recovery. Zhang et al. [45] explored the
relationship between fuel reactivity and exergy
characteristics during combustion processes.
Their study emphasized the importance of
controlling fuel reactivity to optimize exergy
performance in RCCI engines. The authors
suggested that a deeper understanding of exergy
loss mechanisms could lead to improved thermal
efficiency. Dogan and Erol [46] conducted a
comprehensive review of energy and exergy
analyses in compression ignition engines using
biodiesel fuels. Their review underscored the
importance of exergy analysis in understanding
the performance and emissions characteristics of
biodiesel blends, highlighting that exergy
efficiency is generally lower than thermal
efficiency due to inherent irreversibilities in
combustion. Halis et al. [47] examined the effect
of intake air temperature on the energy and
exergy performance of an RCCI engine. Their
results demonstrated that increasing intake air
temperature enhances thermal and exergy
efficiency, significantly improving stability
indices at higher temperatures. This study
emphasized the importance of optimizing intake
conditions to maximize engine performance
while minimizing emissions. Deb et al. [48]
investigated the use of acetylene as a low-
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reactivity fuel in an RCCI engine. Their findings
showed that optimizing the premixed ratio of
acetylene and diesel significantly improved
combustion and exergy efficiency while
reducing emissions. This study highlighted the
potential of acetylene as an alternative fuel for
enhancing RCCI engine performance. Baodong
Ma et al. [49] conducted an exergy analysis of a
dual-fuel diesel-methanol engine. Their study
demonstrated that adjusting the methanol energy
fraction and utilizing high-pressure EGR could
substantially reduce exergy losses, improve
combustion efficiency, and ensure compliance
with stringent emissions regulations. Kumar et
al. [50] evaluated the performance and emissions
of a hydrogen-biodiesel dual-fuel engine under
Reactivity Controlled Compression Ignition
(RCCI) conditions. The results of this study
indicate that the introduction of hydrogen
enhances combustion efficiency and reduces
exergy destruction, consequently leading to a
reduction in  emissions of  unburned
hydrocarbons and particulate matter. Feng et al.
[51] investigated the combustion characteristics
of methanol-diesel blends with co-solvents.
Exergy analysis revealed that blending methanol
with diesel improves combustion efficiency and
reduces exergy losses, although it may result in
increased NOx emissions. Taghavifar et al. [52]
assessed the performance of an RCCI engine
fueled with diesel and hydrogen. The results of
this research indicated that increasing the
compressor pressure ratio and optimizing
combustion duration can improve exergy
efficiency and reduce irreversibility.

Recent studies have focused on integrating
advanced thermodynamic, economic, and
environmental assessments to improve the
sustainability of RCCI engines. Dogan et al. [53]
conducted a comprehensive exergoeconomic
and exergoenvironmental analysis of an RCCI
engine fueled by n-heptane and isopropanol
blends, incorporating Life Cycle Assessment
(LCA). Their findings highlight that increasing
intake air temperature (IAT) reduces exergy
destruction and improves exergy efficiency.
Additionally, the study linked thermodynamic
performance to economic viability, showing that
higher IAT leads to lower power generation
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costs. The exergoenvironmental analysis, based
on ISO 14040 standards, revealed that increasing
fuel amounts amplified the environmental
impact of exergy losses. Their holistic approach
to sustainability sets this study apart from
conventional research focusing solely on
performance or emissions. Similarly, Asgari et
al. [54] explored co-generation in an RCCI
engine using solar steam reforming of methanol
to produce syngas as the low-reactivity fuel.
Their multi-objective optimization approach
combined exergy, thermoeconomic, and
exergoenvironmental analyses. Key findings
include an exergy efficiency of 38.14%, with
SCO; turbine inlet temperature as a crucial
parameter. The High-Temperature Recuperator
(HTR) and RCCI engine were identified as
major sources of exergy destruction. The study
also evaluated economic feasibility,
incorporating unit product cost (UPC), net
present value (NPV), and payback period (PP)
under different pricing scenarios. Their
MOPSO-based optimization ensured an optimal
trade-off between exergy and economic
performance.

Although several studies have explored 3E,
4E, and 5E analyses, comprehensive research
that integrates multiple E factors
simultaneously in internal combustion engines
(ICEs) remains relatively scarce. For instance,
Bayramoglu et al. [55] conducted an analysis
of energy, exergy, and emissions (3E) in a dual-
fuel compression ignition (CI) engine fueled
with hydrogen-enriched B20 biodiesel-diesel
blends. Their findings indicated that B20
increased CO; emissions, while hydrogen
addition reduced them, owing to its carbon-free
nature. Moreover, they observed that fuel
consumption and exhaust energy increased with
load, whereas exergy destruction decreased.
Notably, B20 exhibited the lowest energy and
exergy efficiencies due to its lower calorific
value and higher viscosity, which hindered
overall system performance.

In a similar vein, Saravanan et al. [56]
performed an investigation on energy, exergy,
entropy, emission factors, and sustainability
index (4E) in a single-cylinder diesel
engine using thermally cracked waste paraffin
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oil and di-ethyl ether-diesel blends. Among the
tested blends, BSS60 demonstrated the highest
energy  (28.50%) and exergy (30.35%)
efficiencies, the lowest entropy generation, and
the highest sustainability index.
Additionally, BSS60 reduced CO emissions,
though it led to a3.37% increase in NOX
emissions compared to pure diesel. These results
underscore the potential trade-offs in fuel blend
optimization, where a reduction in one emission
may inadvertently lead to an increase in another.

Building on these findings, Manickam et al.
[57] expanded the analysis to encompass the 5E
attributes, including combustion, performance,
emissions, exergy, and economic aspects, in a Cl
engine fueled with a 25% papaya seed oil-diesel
blend (P25), along with hydrogen and diethyl
ether (DEE) additions. The study revealed

that hydrogen premixing (6-10
LPM) enhanced brake thermal efficiency (BTE),
reduced brake-specific fuel consumption

(BSFC), and improved both exergy
efficiency and  the sustainability index. In
contrast, DEE addition (10-20%) resulted in
decreased BTE, exergy efficiency, and
the sustainability index. Furthermore,
hydrogen increased in-cylinder pressure and heat
release rate, while significantly reducing CO;
emissions. However, DEE exhibited mixed
effects on emissions, as it lowered combustion
intensity and showed less favorable outcomes
for NOx and CO emissions. These observations
further highlight the complex interplay between
fuel additives and engine performance in multi-
fuel CI engine configurations.

This study aims to comprehensively assess the
impact of engine speed variation on
thermodynamic performance, exergy, emissions,
and the evaporation process in an RCCI engine.
In this context, new indices have been developed
to evaluate engine performance under varying
operational conditions, and the relationships
between these indices have been analyzed. The
necessity of this study arises from the absence of
a comprehensive framework for evaluating
RCCI engine performance under the influence of
engine speed changes. While previous studies
have primarily focused on the effects of
injection parameters and fuel composition, the
broader impact of engine speed (RPM) on
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overall RCCI engine performance has been less
thoroughly explored. Moreover, this research
represents the first attempt to simultaneously
investigate fuel evaporation, energy, exergy, and
emissions across a wide range of engine speeds.

A key motivation for this study is to identify a
representative operational point of the engine.
Selecting the appropriate engine speed can
directly influence energy efficiency, emissions
reduction, and exergy performance. Thus, this
study aims to identify an engine speed range that
strikes a suitable balance among these
parameters. Additionally, this research addresses
challenges related to RCCI combustion at both
low and high engine speeds. At low speeds,
incomplete  combustion and  prolonged
combustion duration can result in lower
efficiency, while at high speeds, although fuel
evaporation improves, shorter fuel and air
residence times in the cylinder may lead to
reduced energy efficiency and increased
pollutants such as HC and CO. Therefore, this
study aims to provide solutions to mitigate these
challenges and optimize engine performance
across various operational conditions.

The primary impetus for this study is the need
to develop new indices for more accurate engine
performance analysis. Traditional indices, such
as thermodynamic efficiency, are insufficient to
fully characterize engine performance. To
address this, new indices, including EVEPI,
EmESI, ExEmBI, and EVEmIl, have been
introduced to facilitate a more detailed analysis
of evaporation, energy, exergy, and emissions
parameters. These indices contribute to a deeper
understanding of the complex interactions
between variables influencing engine
performance and provide a foundation for the
design and optimization of RCCI engines.

1. Problem description and methodology

The engine modeled in this study was a 1.9-
liter TDI Volkswagen light-duty engine, which
was purchased from the Advanced Power
Systems Research Center at the University of
Michigan. The VW TDI engine is a 4-cylinder
diesel engine equipped with a variable-geometry
turbocharger, and its specifications are provided

Automotive Science and Engineering (ASE) 4709
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in Table 1. For n-heptane fuel injection into each
cylinder, CRDI injectors (described in Table 2)
were employed.

Table 1: Features of the engine available at the
Advanced Power Systems Research Center at the
University of Michigan used in this study.

Parameter Value
Cylinder arrangement Inline 4
Cylinder bore/stroke (mm) 79.5/95.5
Geometric Compression ratio 17:1
IVC (aTDC) -169
EVO (aTDC) 162
Piston bowl Mexican hat
Max. Power (kW) 66 @ 3750
RPM
Max. Torque (Nm) 210 @ 1900
RPM

Table 2: Specifications of the Bosch direct-
injection injector for the used engine.

Injector Type CRDI
Number of holes 6
Nozzle diameter (mm) 0.165
Included spray angle (°) 144
Injection pressure (bar) 400

In this study, the three-dimensional
computational fluid dynamics (CFD) simulation
software CONVERGE was employed to model
all processes within the RCCI engine from the
IVC moment as the intake valve was closed in
the chamber teemed with premixed air-methane
gas to the EVO moment when the exhaust valve
opened to release pollutants. Hence, the n-
heptane fuel injection process, including

4710 Automotive Science and Engineering (ASE)

atomization, breakups, and coalescence, was
modeled to predict the quality and quantity of
fuel droplets in interaction with the air-methane
gas. The evaporated and combusted droplets
were modeled through a Kkinetic mechanism
comprising 76 species and 464 reactions [58].
The thermodynamic characteristics of the
formed species were simulated by solving the
continuity, Navier-Stokes, energy, turbulence,
and chemical Kinetics equations for each
computational cell in the temporal domain. The
Droplet distinct Model (DDM) [59] was used to
simulate the injection process. For spray
breakup, the Modified KH-RT models [60, 61]
were used. The first breakup occurs when the
high-pressure fuel jet initially disintegrates into
larger droplets as it exits the injector nozzle,
driven by instabilities and interactions with the
surrounding premixed air-methane. The second
breakup occurs as larger droplets are further
fragmented into finer droplets due to
aerodynamic forces during their travel through
the combustion chamber. Both stages are crucial
for achieving a fine fuel mist, which enhances
mixing with air, leading to more efficient
combustion, better fuel efficiency, and reduced
emissions. The applied turbulence model is the
RNG k-¢ model [62], while the heat transfer
process is simulated using the Wall function
model of Han and Reitz [62]. The NTC model
[60] was used to simulate collisions, with post-
collision outcomes [63] further analyzed using
the collision outcome model. The interaction
between droplets and walls was modeled using
the Wall film model [64], and to speed up the
runtime, a Multi-zone chemistry solver [65] is
implemented. To enhance the geometric
accuracy inside the cylinder, a three-dimensional
scan is used to model the cylinder chamber,
considering the injector locations. The meshing
process in the Converge CFD software is
performed automatically using the Adaptive
Mesh Refinement (AMR) method to enhance the
computational accuracy during code execution.
A 360° meshing was employed due to the off-
center nature of the piston bowl, as shown in
Figure 1. The default size of the computational
cells was set to 5 mm, resulting in a mesh
network of 150,000 cells.
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Figure 1: Mesh configuration of combustion
chamber.

In this study, the engine speed was varied to
assess its effects on spray characteristics,
including droplet size and distribution within the
combustion chamber, as well as performance
parameters such as heat transfer, combustion
efficiency, and gross indicated efficiency (GIE).
Additionally, pollutant emissions, including HC,
CO, and NOx, and various exergy components
were analyzed.

The analytical sequence of Evaporation,
Energy, Emission, and Exergy was
systematically and comprehensively designed to
provide an in-depth understanding of the
dynamic processes within the RCCI engine. This
sequence was deliberately structured to reflect
the natural progression of operational processes,
from fuel spray dynamics to energy utilization
and efficiency evaluation. The rationale behind
this order is as follows:

I. Evaporation Analysis: Evaporation s
positioned at the beginning of the study due to
its critical role in the early stages of fuel
injection and spray formation. Understanding
the evaporation process is crucial as it directly
influences combustion quality and heat transfer
within the cylinder. Spray dynamics, including
injection pressure, injection velocity, droplet
size  distribution, and fuel atomization,
significantly impact subsequent combustion
processes. Therefore, evaluating evaporation
first allows for a more effective and
comprehensive examination of how fuel
behavior influences energy production and
pollutant  formation, ensuring a logical
progression in the analysis.

Mehran Nazemian et al.

Il. Energy Analysis: Following evaporation,
the focus shifts to energy analysis, which
includes key parameters such as ignition delay,
combustion duration, in-cylinder pressure,
temperature, and heat release rate (HRR).
Energy production and its efficiency are central
to assessing engine performance. This analysis is
crucial for evaluating fundamental performance
criteria, such as thermal efficiency and
combustion efficiency. Since energy generation
directly influences pollutant formation, it is
essential to examine energy parameters first to
better understand their relationship  with
emissions.

I11.  Emission Analysis: Emission analysis
follows energy evaluation, serving as a critical
step in understanding the environmental impact
of the engine. The formation of pollutants,
including HC, CO, and NOx, is heavily
influenced by combustion efficiency and energy
production within the engine. Given the direct
correlation between pollutant formation and
combustion  processes, placing emissions
analysis after energy assessment ensures a
logical approach. This sequence facilitates a
detailed examination of how operational and
injection parameters affect emissions and
provide a comprehensive evaluation of the
engine’s  environmental and  operational
performance.

1V. Exergy Analysis: Finally, exergy analysis is
conducted to assess the thermodynamic
efficiency of the engine and quantify system
inefficiencies. Exergy analysis provides deeper
insights into energy losses and inefficiencies,
which are essential for optimization. Positioning
exergy analysis at the end of the study aligns
with its role in evaluating overall system
efficiency, following the assessment of energy
production and emissions. This analysis offers
valuable insights into fuel utilization and waste
heat recovery, concluding the study with an
evaluation of the engine’s thermodynamic
performance and overall sustainability.

This  structured  analytical  approach,
progressing from Evaporation to Energy, then
to Emissions, and finally to Exergy, ensures
a systematic and comprehensive understanding
of the complex processes
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governing RCCI engine  performance. Each
analysis builds upon the previous one, creating
alogical and coherent flow from the fuel
injection stage to the final evaluation of energy
efficiency and environmental impact. This
methodology not only facilitates a holistic
evaluation but also emphasizes the interactions
between fuel dynamics, combustion
performance, emissions, and energy efficiency,
which are crucial for optimizing engine
performance and minimizing environmental
impact in RCCI engines.

Finally, based on the computed results and
output data
from CONVERGE software, innovative
indices have been developed to establish
a comprehensive  analytical ~ framework for
evaluating the impact of engine speed variations
on evaporation  (spray dynamics), energy,
emissions, and exergy. These indices precisely
characterize the interrelationships between fuel
evaporation,  energy  efficiency, exergy,
emissions, and other relevant variables,
providing a novel perspective for a deeper
understanding of RCCI engine behavior under
varying operating conditions.

2. Governing equations

3.1.  Conservation relationships

To predict the behavior of fuels and products
in fluid and gaseous phases, the required
continuity, momentum, energy, and chemical
kinetics equations are written as follows [66]:

dp . Opy; 1)
—+——=5
Ot axi
dpu; Jdpu;u; oP 00;; 2
pz_l_plj:___l_pgi ij 2
Ot axj axi axj
+5;
ope | Oujpe _ _p0uj . Oui 3)
at axj Paxj+alfaxj+
d aT d Yy
i K)oy 0P Enhn 52 45
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ac T ox;  dx; (pDaxj)"'
Sm

where the symbols represent the following
physical quantities: u denotes velocity, p stands
for density, S represents the source term for
thermal energy, P is pressure, Y, indicates the
mass fraction of species m, D is the diffusivity
coefficient, e is the specific internal energy, K
denotes thermal conductivity, h,, is the specific
enthalpy, o;; is the stress tensor, and T
represents temperature.

3.2. The relationship between spray dynamics

In this investigation, a Lagrangian drop
Eulerian fluid approach was adopted to model
the spray dynamics, where the liquid phase was
treated as a dispersed phase with physical
attributes corresponding to diesel fuel derived
from the CONVERGE fluid property library
(Tetradecane) [6-8, 67-69]. These attributes,
such as vapor pressure, density, specific heat
capacity, and surface tension, can be
parameterized as functions of temperature. The
modeling of fine droplets in the spray employs a
statistical framework using Lagrangian particles
termed parcels, which represent ensembles of
droplets with similar size characteristics. The
Blob injection strategy is implemented in which
parcels are stochastically initialized within the
nozzle hole with an initial radius equivalent to
the nozzle radius, delineating the primary core
of the liquid spray. The initialized parcels serve
as parent entities constituting the entirety of the
liquid spray core. To represent droplet breakup
phenomena, a modified Kelvin-Helmholtz-
Rayleigh-Taylor (KH-RT) model is employed,
comprising distinct stages of primary and
secondary breakup [61]. The KH instability
model was applied to predict the primary
breakup of the injected fuel parcels, while the
secondary breakup mechanism, which was
attributable to aerodynamic instabilities, was
captured through the RT instability model. A
schematic depiction of the KH-RT model
breakup time is provided in equation 5:
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+180 (7)
Wross cycle] f 180
Ppross [KW] = Wy, 055 X Engine Speed[rpm]/120 (8)
GIE (%)
_ Vl/gross (9)
mn—heptane X LHVn—heptane + mmethane X LHVmethane
x 100

3.726B4R
TgkHg = L (5)

QxuNkH

Where B; is an adjustable parameter, and Qgp
and Agy represent the frequency and
wavelength calculated for the mode with the
fastest growth. As evident from Eq. (5), smaller
values of B, lead to faster breakup, resulting in a
higher degree of mixing in the spray process.

The radius of the resulting daughter droplet is

calculated as follows:
TTCRT

e = (6)

Where Kz is the calculated wave number and
Cgrr is an adjustable parameter, typically set to a
value of 0.1. This parameter significantly
influences the distribution of fuel vapor in the
cylinder. The smaller values of Cgr result in the
production of smaller droplets, leading to their
rapid evaporation and consequently contributing
to the generation of a higher premixed content.

3.3. Energy relationships

The gross indicated efficiency is calculated
from the produced work (W g..os5) and power

(P gross) as follows [68, 69].

where the lower heating value of heptane fuel
is 42.3 MJ/kg, whereas that of methane fuel is
50 MJ/kg [70, 71].

The combustion efficiency is also assessed as
follows [72]:

Mehran Nazemian et al.

e (10)
>»HRR

mn—heptane X LHVn—heptane + mmethane X
X 100

Where, Y. HRR is the cumulative heat release
rate.

The following relationship represents the
emission [73]:

.. gr memlsszon (11)
E
misston (kWh) Powery, s

The combustion start and duration are
respectively measured as follows [74, 75]:

Combustion duration = CA90 - CA50
Starting point of combustion = CA10

Where CA10, CA50, and CA90 represent the
crank angles at which 10%, 50%, and 90% of
the fuel is combusted.

The mixing Time is calculated using the
following equation [21]:

Mixing Time = CA10 (12)

— End of injection

3.4. Exergy relationships

The exergy refers to the maximum producible
work of a system, provided that during a
reversible process, the system reaches thermal
and mechanical equilibrium  with  the
surroundings while only exchanging heat with
the environment [7, 33, 76, 77]. In general, the
exergy balance of a closed system is performed
using Equation (13). The exergy loss due to heat
transfer is calculated using Equation (14). In this
equation, T represents the average temperature
of the mixture inside the combustion chamber,
while T, denotes the ambient temperature. The
amount of heat loss is obtained by solving the
governing equations.

dA dA, dAq dl  dAg (13)

a0~ do  de d9+ deo
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Equation (15) is used to calculate work
exergy, Wwhere P is the pressure inside the
combustion chamber, and P,is the ambient
pressure. Work exergy equals the net work
performed, which is determined by the
difference between the work done on the system
and the work done on the surroundings [7, 33,
76, 77].
dAy, dav (15)

T

Equation (16) is applied to calculate the
changes in the chemical exergy of the mixture
inside the combustion chamber. The variation in
the chemical exergy of the mixture consists of
the sum of the changes in the chemical exergy of
methane fuel and the changes in the exergy of
diesel fuel. The chemical exergy changes of
other species are neglected due to their
negligible values [7, 33, 76, 77]. agcys and
afgiesel represent the chemical exergy of
methane and diesel fuels, respectively. The
chemical exergy of a fuel corresponds to the
maximum work generated from the fuel’s
combustion and its complete conversion into
combustion products, including carbon dioxide
and water. The employed equations are
presented in detail in the following [7, 33, 76,
77]:
dA dm
dgh = ( d;m X Qfy,cHa) 10)

dmc H
71116
( de X afV,C7H16)

Afy = Afythermomechanical + Afy,chemical (17)

— 0
Afy thermomechanical = hfv - Tosfv — Itv (18)
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Aty chemical

= ggv - ag((Z)OZ
B B v
- (3) ko (a+5-3)
B
2

a® (g) g€ (19)

(a + % - )7/) (20)

ET 021

{=07%+a +§ 1)

The total exergy of a system consists of
thermomechanical and chemical components.
The thermomechanical exergy represents the
maximum useful work obtainable as the system
transitions to the ambient conditions (T, = 298 K
and P, = 1 atm), a state known as the restricted
dead state. This component is calculated using
the following expression:

Am = (U—=U"D+P,(V -V —=To(S (22)
—SO)

The dead state is the condition where the system
is in equilibrium with its environment. If only
thermal and mechanical equilibrium is present
while chemical equilibrium is not the system is
considered to be in a restricted dead state, where
its chemical composition remains unchanged.
This assumption simplifies chemical exergy
analysis in engineering applications [7, 33].

The second law of thermodynamics, for a
closed cycle, is stated as below [7, 33, 76, 77]:

_ w (23)
(Ach + Atm)ive + Achcnie

Ms
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3.5. Combined Relationships relationships

In this study, a novel set of composite indices
is introduced for the first time, aiming to
establish a comprehensive framework for
analyzing the effects of engine speed variations
on the performance of RCCI engines. These
indices characterize the relationships between
fuel evaporation, energy efficiency, exergy,
emissions, and the interactions among these
variables.

Traditional methods for evaluating engine
performance primarily focus on thermal
efficiency and emissions. However, these
composite indices go beyond these conventional
metrics by enabling a multidimensional analysis
of the combustion process, energy conversion,
and pollutant formation. This analytical
framework holds significant potential for
optimizing next-generation internal combustion
engines. In the following sections, the
definitions of the indices and their
corresponding mathematical relationships are
presented.

3.5.1. Evaporation-Energy  Performance
Index (EVEPI)

Since the fuel evaporation process directly
influences combustion quality, energy release
rate, and energy efficiency, the Evaporation-
Energy Performance Index (EVEPI) has been
developed to evaluate the relationship between
fuel evaporation quality and the energy
efficiency of RCCI engines. In previous studies,
the relationship between evaporation and energy
efficiency has been examined only qualitatively.
However, this index enables a quantitative
analysis of this relationship. The EVEPI is
calculated using the following equation:

mgy _ Effective Evaporation
msl GIE (24)

EVEPI

. . [mg
Effective Evaporation [E]

_ (spray mass [kg]
B ( SMD [m] (25)

m
X Vinjection [?] % 1000
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Where spray ~ mass, SMD (Sauter Mean
Diameter), and Vi, jection (injection  velocity)
represent the mass of the spray, the average
droplet diameter, and the injection velocity,
respectively. These three parameters are derived
from CONVERGE CFD simulations and are
used to determine the trend of this index under
various engine operating conditions.
Additionally, the EVEPIindex is applied to
investigate the effects of variations in SMD and
Vinjection ON energy efficiency and to identify
optimal  conditions for enhancing fuel
evaporation and reducing energy consumption.

3.5.2.  Emission-Energy  Synergy Index
(EmESI)

This index illustrates how the level of
pollutants produced by the engine is influenced
by energy efficiency. Higher values of this index
indicate an increase in pollutant emissions
relative to energy efficiency, and it is calculated
as follows:

EmESI, [%]

_ Emission Level ; € HC.CO NO
B GIE S S RN

(26)

Furthermore, the Emissions-Energy Synergy
Index (EmESI) is used to analyze the impact of
the synergy ratio between emissions and energy
efficiency at different engine speeds, as well as
to evaluate the increase or decrease in pollutant
emissions during energy optimization.

3.56.3. Exergy-Emission Balance Index
(EXEmBI)

This index represents the relationship between
the engine's output exergy and the level of
pollutants produced. A higher value of this index
indicates greater exergy efficiency and reduced
pollutant emissions. Consequently, this index is
used to evaluate the ratio of output exergy to
pollutant emissions and to determine optimal
operating conditions. The Exergy-Emissions
Balance Index (ExXEmBI)is calculated as
follows:
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kW.h
ExEmBI; [—
ar
Exergy Output . 27
[

~ Emission Level i
€ HC,CO,NOx

3.5.4. Evaporation-Emission  Interaction
Index (EVEmII)

This index represents the extent to which the
effective evaporation process contributes to the
reduction of pollutant emissions. A higher value
of this index indicates a greater role of fuel
evaporation in reducing emissions. The index is
calculated as follows:

EVEmII [kW]
Effective Evaporation .
= — , i (28)
Emission Level ;
€ HC,CO,NOx

The primary application of this index is to
determine the role of the evaporation process in
reducing HC, CO, and NOx emissions.
Additionally, it is used to evaluate injection and
mixing conditions that enhance the evaporation
rate and reduce pollutant emissions.

3.56.,5. Exergy-Energy Utilization Index
(EXEUI)

This index evaluates the ratio of output exergy
to energy efficiency and quantifies the exergy
utilization rate. A higher value of this index
indicates more optimal utilization of exergy in
the process of generating mechanical and
thermal energy. The index is calculated as
follows:

Exergy Output
GIE

The primary application of this index is to
analyze the contribution of exergy to improving
the overall efficiency of the engine and to
investigate the effects of operational parameter
variations on the optimal utilization of exergy in
the engine.

EXEUI [kW.h] = (29)
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3.5.6. Emission-Exergy  Synergy Index
(EmEXSI)

This index represents the impact of exergy
efficiency on pollutant emissions. A lower value
of this index indicates that reducing exergy
losses leads to lower emissions. The EmEXSI is
calculated using the following equation:

gr
EmExSI; [—kW. h]

Emission Level ; . (30)
- I

- s
€ HC,CO,NOx
The primary application of this index is to
analyze the effect of exergy variations on

emissions and to compare different pollutants
under various exergy efficiency conditions.

)

3.5.7.  Evaporation-Exergy = Performance
Index ( EVEXPI)

This index examines the relationship between
effective fuel evaporation and exergy efficiency.
A higher value of this index signifies the
positive impact of fuel evaporation on optimal
exergy utilization and combustion improvement.
The EVEXPI is determined using the following
equation:

g] _ Effective Evaporation
S s

The EVEXPI index is particularly useful for
analyzing the correlation between evaporation
quality and exergy, as well as for identifying
optimal fuel injection conditions to enhance
exergy efficiency.

m
EVEXPI [m—

(31)

3. Results and discussion

41, Validation

To validate the proposed CFD model,
experimental results obtained from the
laboratory  of  Michigan  Technological
University’s engine facility were used. For the
validation of the simulation results, two different
operating conditions of the engine were
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considered, as outlined in Table 3. The engine
speed, BMEP (brake mean effective pressure),
fuel injection strategy, and EGR level employed
in these two operational modes are distinct from
each other [8].

Figure 2 illustrates the prediction of the
cylinder pressure and heat release rate by the
simulation compared with the experimental
values for the operational conditions presented
in Table 3, showing good agreement with the
measured cylinder pressure values. Additionally,
Table 4 presents the predicted pollutants and
their comparisons with the experimental values.
Note that all simulations conducted in this study
were based on case (a).

Table 3: Two operating conditions under which

the light duty RCCI engine was simulated to validate

the employed model.

Parameters Case a Caseb
Speed (RPM) 1300 1500
BMEP (Bar) 4 5
Diesel flow rate (gr/s) 0.071 0.107
NG flow rate (gr/s) 0.5 0.56
Air flow rate (Kg/h) 60.736 55.95
SOI1/SOI12 (bTDC) Singles - 20 55/20
Split type (%/%) Single 70/30
T_IVC (K) 380 378
Common Rail Pressure (bar) 400 400
BR % 89 85
EGR% 0% 20%

Mehran Nazemian et al.

Table 4: Validation of the employed model by
comparing the simulation results of emissions for the
two examined cases with those of the experiment.

Emission Case a Caseb
Exp Sim Exp Sim

NOX (ppm) 860 723 670 1728
HC (ppm) 7800 4165 5300 3314
CO (ppm) 1380 673 1100 563
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Figure 2: Validation of the in-cylinder pressure

and HRR in cases (a) and (b)

4.2. Results

4.2.1. Evaporation Analysis

The effect of engine speed variation on fuel

injection velocity and pressure is illustrated in
Figure 3. Engine speed significantly impacts fuel
injection characteristics. As the engine speed
increases, the duration of each combustion cycle
decreases, necessitating a higher fuel supply
within a shorter timeframe. Consequently, both
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Figure 3: Effect of engine speed on injection
pressure and velocity.

injection pressure and velocity must increase
to ensure adequate fuel supply and promote
efficient atomization and combustion within the
chamber.

Figure 4 presents the droplet size distribution
and variations in the Sauter Mean Diameter
(SMD) of fuel droplets across different engine
speeds. The droplet size distribution clearly
indicates that at higher engine speeds, due to
elevated injection pressure and velocity, the fuel
droplet size decreases. This occurs because
higher pressure enhances fuel atomization,
leading to finer droplets. Conversely, at lower
engine speeds, the required fuel delivery per
cycle decreases, leading to reduced injection
pressure and velocity. These changes result in
larger fuel droplets, as the lower injection force
produces coarser atomization.

4718 Automotive Science and Engineering (ASE)

Additionally, the SMD profile shows that at
the start of injection (20° before top dead center,
BTDC), the fuel droplet size is equivalent to the
injector nozzle diameter, i.e., 165 um. As the
crank angle advances to 19° and 18° BTDC, the
fuel droplet size decreases due to the dominance
of aerodynamic forces over surface tension.
However, between 18° and 6° BTDC, the
ongoing  compression  process  increases
momentum forces and turbulence within the
combustion chamber, leading to droplet
collisions and the formation of larger droplets.

Figure 5 illustrates the effect of engine speed
on flow velocity and turbulent kinetic energy
(TKE). The wvelocity distribution curve
demonstrates that as the engine speed increases
from 1000 RPM to 3100 RPM, the piston
velocity, air flow velocity, and the velocity of
the air-fuel mixture within the cylinder rise
accordingly. These changes intensify turbulence
inside the combustion chamber, leading to
stronger vortex structures. The increase in
airflow velocity and turbulence intensity directly
contributes to higher TKE, as depicted in the
figure [78].

-20-18-16-14-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14
CAD
1000 RPM === 1300 RPM emmm [ 600 RPM === 1900 RPM
2200 RPM s===2500 RPM w2800 RPM ====3100 RPM
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Engine Speed = 1000 RPM  Engine Speed = 2200 RPM Engine Speed = 3100 RPM

1 1
DP_radius (fm) : 20406080 100 120 140 160

Figure 4: Effect of engine speed on SMD and fuel
droplet diameter.
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This  increase  in TKE applies  greater
momentum forces on fuel droplets. If these
forces surpass the surface tension of the
droplets, droplet breakup accelerates, resulting
in a decrease in fuel droplet size. Conversely, at
lower engine speeds, reduced airflow velocity
and weaker turbulence decrease TKE. Under
such conditions, the lower momentum forces fail
to overcome surface tension, leading to
incomplete droplet breakup and larger fuel
droplets. These larger droplets hinder fuel-air
mixing quality, contributing to incomplete
combustion, which may negatively impact
engine performance and increase pollutant
formation.

TKE (m?/s")
L Y Y
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Figure 5: Effect of engine speed on TKE and Flow
Velocity Magnitude.

Figure 6 presents the temperature distribution,
droplet distribution, and fuel droplet size at 1000
RPM, 2200 RPM, and 3100 RPM. In general,
smaller fuel droplets are advantageous in
combustion, as their higher surface-area-to-
volume ratio increases contact with surrounding
air, enhancing fuel evaporation and chemical
reaction rates. However, this advantage is
contingent on adequate time and temperature for
complete chemical reactions.

Mehran Nazemian et al.

Engine Speed 1000 RPM Engine Speed 2200 RPM
= =y
-10aTDC || Ne€ S
= ™~
-5aTDC || €. 5
=
1aT0C || ) | L9
) - LA
5aTDC || { yN\ -
) e . 5
10at0c| | & \ o | vt’,::“"b) i | }.k‘ S K v-r‘“?r S
7:" - ) |\ T No& Pa
1samoc| ( Sl L& || € > ) K&
Nz \ Rl ?;
Engine Speed 3100 RPM
e, = dius (um)
7 DP_radius (um
-10aTDC || : HET. > 0| L
] 23 3 162
145
127
¢ 5 110
92
' L) | .. 7
-5aTDC ! 57
= a0
2
|
- N : )
1aTDC ?K\( Q2
! = Temp (K)
2700
/‘»‘ 2500
{ (T | 2300
5aTDC ’%‘ ' l{?‘-\ 2
> 1700
- 1500
{ 1300
< R 1o
10aTDC '% LR ) e
o ‘4/,\ = =,
15atoC | | %‘ AT

Figure 6: Droplet size distribution and
Combustion temperature contours for different
engine speed 1000 RPM, 2200 RPM and 3100
RPM

The results in this figure indicate that at 3100
RPM, despite smaller fuel droplet sizes,
temperature distribution within the combustion
chamber is non-uniform. This non-uniformity
prevents complete fuel combustion throughout
the chamber. In contrast, at 1000 RPM, fuel
droplets maintain an optimal size, and
temperature distribution is more uniform,
facilitating complete combustion.

4.2.2. Energy Analysis

To further analyze the impact of engine speed
on combustion efficiency and Gross Indicated
Efficiency (GIE), Figure 7is presented. The
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findings indicate that engine speed variation
significantly affects these parameters.

At lower engine speeds, combustion efficiency
and GIE improve considerably due to the longer
combustion cycle duration. The extended
duration allows sufficient time for complete
fuel-air mixing and evaporation, enabling
thorough chemical reactions such as fuel
decomposition and oxidation [20, 79]. As a
result, combustion becomes more uniform and
complete, leading to a gradual increase in
cylinder pressure and temperature, ultimately
enhancing combustion efficiency and GIE.

Conversely, at higher engine speeds, the
combustion cycle duration shortens, reducing
the time available for complete fuel evaporation
and mixing. This limitation results in incomplete
combustion, leading to a decline in GIE. The
reduced cycle duration also causes a drop in
cylinder pressure and temperature, decreasing
the heat transfer duration between hot gases and
cylinder walls. This further contributes
to GIE reduction.

Additionally, at higher engine speeds,
increased injection pressure and velocity
improve fuel atomization, reducing droplet size.
However, due to the limited combustion time,
this improvement in atomization cannot fully
compensate for the decreased combustion
quality and GIE.

75
70 =fi=Combustion Efficiency
=@-GIE

65

T T T T T T T T 10
700 1000 1300 1600 1900 2200 2500 2800 3100 3400

Engine Speed (RPM)

100 45

2

T 95 L 40

g

e 9 35

= =
< E o~
E 85 30
= g0 | 25 2
= &)
£

o

-

=

=

=)

o}

Figure 7: GIE and combustion efficiency at
various engine speeds.
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4.2.3. Emission Analysis

Figure 8 illustrates the impact of engine speed
variation on HC, CO, and NOx emissions. The
results indicate that engine speed significantly
influences HC and CO formation.
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Figure 8: Pollutant HC, CO, and NOx produced
for different engine speed.

At lower engine speeds, longer combustion
cycles facilitate more complete combustion and
improved fuel-air mixing, reducing HC and
CO emissions [20, 22, 80]. The extended
duration allows for complete fuel evaporation
and complete chemical reactions. In contrast,
at higher engine speeds, the shorter combustion
duration leads to incomplete combustion,
increasing HC and CO emissions. The reduction
in cylinder pressure and temperature, along with
limited fuel evaporation and mixing time, further
contributes to increased pollutant formation,
even though improved fuel atomization at higher
injection pressures aids in better mixing. These
findings highlight the necessity of optimizing
engine speed to balance performance and
emissions, emphasizing the critical role
of combustion timing and mixing quality in
minimizing HC and CO emissions.

In this section, the influence of engine speed
on NOx emissions is examined. Previous studies
suggest that variations in operational, geometric,
and injection system parameters in internal
combustion engines can lead
to nonlinear behavior in  performance and
emissions [81]. Similarly, Figure 8 shows that
engine speed variation induces a nonlinear trend
in NOx emissions.
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At lower engine speeds, the extended
combustion duration allows for thorough fuel-air
mixing and complete evaporation. This
additional time leads to a gradual increase
in cylinder pressure and temperature, promoting
complete  combustion [21]. The elevated
temperatures in this condition
enhance NOx formation, as NOx production
intensifies at temperatures exceeding 1500°C.
Additionally, at lower speeds, higher
combustion  pressures  further  contribute
to NOx formation by increasing in-cylinder
temperatures.

Conversely, at higher engine speeds, shorter
combustion durations—due to the faster piston
motion—result in significant drops in cylinder
pressure and temperature [23]. Under these
conditions, the time available for complete
mixing and fuel evaporation is insufficient,
leading to incomplete combustion. The
subsequent decrease in cylinder temperature and
pressure suppresses NOx formation. Despite the
increased airflow velocity and TKE at higher
speeds, which improve fuel atomization and
reduce droplet size, these effects cannot fully
counteract the NOXx reduction caused by lower
combustion temperatures. The limited time for
chemical reactions and lower peak temperatures
prevent the formation of
high NOx concentrations.

4.2.4. Exergy Analysis

Figure 9 illustrates the variation of different
exergy components as a function of crank angle
(CA) for an engine speed of 1300 RPM. These
components  include  chemical  exergy,
thermomechanical exergy, work exergy, heat
transfer exergy, and irreversibility. During the
compression phase, the chemical composition of
the in-cylinder mixture remains unchanged,
leading to a constant chemical exergy. With the
injection of diesel fuel, chemical exergy
increases prior to the onset of combustion. In the
subsequent stages, unburned fuel species and
air-fuel mixtures are converted into combustion
products. During compression, work exergy is
transferred to the in-cylinder mixture, resulting
in an increase in thermomechanical exergy.

Mehran Nazemian et al.
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Figure 9: Local chemical, thermomechanical, heat
transfer, work, and irreversible exergies for the
base engine speed (1300 RPM).

However, heat transfer exergy and
irreversibility remain negligible in this phase.

Figure 10 presents the influence of engine
speed on in-cylinder temperature and
thermomechanical exergy. As observed, the
maximum combustion chamber temperature
occurs at lower engine speeds, while it reaches a
minimum at higher engine speeds. The reason
behind this trend is the prolonged combustion
cycle at lower engine speeds, allowing for more
fuel-air mixing time, leading to more complete
combustion and, consequently, and higher in-
cylinder temperatures.
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Figure 10: Temperature and thermomechanical
exergy variation with respect to CAD and EVO
for different engine speeds.

Since internal energy and entropy are
temperature-dependent, thermomechanical
exergy also follows a temperature-dependent
pattern. As a result, the  highest
thermomechanical exergy occurs at lower engine
speeds, whereas the lowest thermomechanical
exergy is observed at higher engine speeds.

Figure 11 depicts the effect of varying engine
speed on the cumulative heat release (CHR) and
chemical exergy. At lower engine speeds, the
slower piston movement results in a longer
combustion cycle, allowing for extended fuel-air
mixing and fuel evaporation. Additionally, more
time is available for combustion reactions,
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Figure 11: CHR and chemical exergy variation
with respect to CAD and EVO for different engine
speed.

including fuel decomposition and oxidation. As
a result, CHR reaches its maximum at lower
engine speeds and its minimum at higher engine
speeds, confirming that incomplete combustion
is more pronounced at higher speeds.

Chemical exergy is closely linked to CHR, as
it represents the available energy in the fuel that
can be converted into useful work.
Consequently, chemical exergy is minimized at
lower engine speeds and maximized at higher
speeds.

Figure 12 illustrates work exergy at various
engine speeds. The highest work exergy is
observed at exhaust valve opening (EVO) for
engine speeds ranging from 1000 to 1600 RPM,
while the lowest work exergy is recorded at
3100 RPM. According to the CHR trend, more
cumulative energy is released at lower engine
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speeds, leading to higher work output.
Therefore, operating at lower engine speeds
results in increased work exergy.

Figure 13 displays the heat transfer and heat
transfer exergy at different engine speeds. As
shown, at lower engine speeds, the combustion
cycle duration increases, allowing for more heat
transfer from the combustion gases to the
cylinder walls. This extended contact time
between the hot gases and the cylinder walls
enhances heat transfer, leading to an increase in
heat transfer exergy at lower engine speeds. It
can be concluded that heat transfer is a function
of engine speed, with maximum heat transfer
exergy occurring at the lowest engine speed and
minimum heat transfer exergy recorded at 3100
RPM.
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Figure 12: Work exergy variation with respect to
CAD and EVO for different engine speed.

Mehran Nazemian et al.

225
1000 RPM
200 f ==1300 RPM
e 1600 RPM
? 175 ’:—19‘00 RPM
2200 RPM
£ 150 F <0 rent
EJ 125 f ===2800 RPM
= | —=3100 RPM
; 100 ¢
« 75 1
S 50 f
= S0 ¢
25 A
0 + * y t t t t
-200-150-100 -50 0 50 100 150 200
CAD
250 1000 RPM
o ( f\
= 1300 RPM
= | =—1600 RPM
2,3200 =—1900 RPM
) 2200 RPM
73500 RPM
B 150 | 2800 REM
5 3100 RPM
o
£ 100
=
p
= 50
s S
=
-200 -150 -100 -50 0 S0 100 150 200
CAD
180
=
=160 415129 147 4
g [ 13945 a0
Z, 140 = )
=120
% 100

1000 1300 1600 1900 2200 2500 2800 3100
Engine Speed (RPM)

Figure 13: Heat transfer and Heat transfer exergy
variation with respect to CAD and EVO for
different engine speed.

Figure 14 presents the variation of
irreversibility at different crank angles and
at EVO under various engine speeds. As
observed, during combustion, significant
chemical reactions increase entropy production,
causing a considerable rise in irreversibility.

Although it was expected that lower in-
cylinder temperatures and reduced heat transfer
at higher engine speeds would result in lower
irreversibility at EVO, this phenomenon was not
observed. The primary reason for increased
irreversibility at high engine speeds can be
inferred from Figure 8, which depicts the
influence of engine speed on pollutant emissions
(HC, CO, and NOXx).
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Figure 14: Irreversibility variation with respect to
CAD and EVO for different engine speed.

At higher engine speeds, the in-cylinder
temperature is lower compared to lower speeds.
Lower combustion temperatures lead to
incomplete combustion, resulting in higher
emissions of CO and HC. These unburned fuel
species  possess  lower energy  content
than CO2 and H20, thereby reducing the
efficiency of chemical energy conversion and
increasing entropy production. The presence of
these emissions not only leads to higher energy
losses but also enhances system irreversibility.

Overall, Figure 8 indicates that engine speed
significantly affects the production
of HC and CO. At lower speeds, longer
combustion cycles promote more complete
combustion and improved fuel-air mixing,
leading to lower HC and CO emissions. The
extended combustion duration allows for
complete fuel evaporation and proper chemical
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reactions. Conversely, at higher speeds, reduced
combustion time results in incomplete
combustion, increasing HC and CO emissions.
The lower cylinder pressure and temperature
further contribute to higher pollutant formation
due to insufficient mixing and evaporation time.

Regarding NOx emissions at lower engine
speeds, the prolonged combustion cycle allows
for extended fuel-air mixing and fuel
evaporation, resulting in a gradual increase in in-
cylinder temperature and pressure.
Since NOx formation is highly temperature-
dependent and occurs predominantly above
1500°C, its production is maximized at lower
speeds due to higher combustion temperatures
and pressures.

In the analysis of internal combustion engine
performance, two key metrics for evaluating
energy efficiency and system irreversibility are
the total exergy efficiency and the second law
efficiency. These metrics provide insights into
how effectively the fuel's energy is utilized
while accounting for thermodynamic constraints.

Factors influencing total exergy efficiency
include heat losses, incomplete combustion, and
heat transfer. Similarly, second law efficiency is
affected by incomplete combustion, which leads
to the production of COand HC, increasing
system irreversibility, as well as heat losses.

Figure 15 presents the variations in total
exergy efficiency and second law efficiency
across different engine speeds. These plots
indicate that both efficiencies decrease with
increasing engine speed and improve at lower
speeds. This trend highlights that more complete
combustion at lower speeds enhances overall
efficiency and performance, emphasizing its
significance in engine design and optimization.
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Figure 15: Total exergy efficiency and second law
efficiency at various engine speeds.

4.2.5. Index Combined Analysis

The Evaporation-Energy Performance Index
(EVEPI) represents the ratio of effective fuel
evaporation to gross indicated efficiency (GIE)
and serves as a crucial metric for assessing the
impact of fuel injection and evaporation
processes on the engine’s energy efficiency. A
higher EVEPI indicates enhanced fuel
evaporation and its more effective contribution
to the combustion process.

As shown inFigure 16, EVEPI increases
sharply with rising engine speed, escalating
from 517.98 mg/ms at 1000 RPM to 9857.17
mg/ms at 3100 RPM. This substantial rise is
attributed to the reduction in Sauter Mean
Diameter (SMD) and the increased injection
velocity at higher engine speeds (see Figure 4).

At low engine speeds (1000-1300 RPM), the
index remains low due to the lower injection
velocity and pressure, which result in larger fuel
droplets and reduced evaporation. Under these
conditions, combustion duration is longer, and
mixing quality improves, but the overall
evaporation rate remains limited.

At medium engine speeds  (1600-2200
RPM), EVEPI experiences a significant increase,
indicating improved fuel evaporation and
enhanced air-fuel mixing rates. This trend is
primarily due to the reduction in SMD caused by
the higher injection pressure and velocity (see
Figure 4).

At high engine speeds (2500-3100
RPM), EVEPI rises steeply, reaching its peak
value of 9857.17 mg/ms. This trend is mainly

Mehran Nazemian et al.

driven by the further reduction in droplet
diameter and the acceleration of evaporation due
to increased turbulent kinetic energy (TKE) and
in-cylinder fluid motion.

However, an excessive increase in this index
at high speeds is not necessarily desirable, as an
overly high evaporation rate may lead to non-
uniform fuel-air mixture distribution, negatively
impacting combustion quality.
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Figure 16: EVEPI at various engine speeds.

In this section, the Emission-Energy Synergy
Index (EmESI) is analyzed, as shown in Figure
17. This index evaluates the emissions of
pollutants such as HC, CO, and NOX relative to
the Gross Indicated Efficiency (GIE). A higher
value of this index indicates an increase in
pollutants per unit of energy produced,
signifying a decrease in combustion quality and
an increase in engine inefficiency. The index is
calculated separately for each of the three
pollutants (HC, CO, and NOX) to determine their
individual impact on energy efficiency.
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Figure 17: EmESI HC, CO and NOx at various
engine speeds.

Automotive Science and Engineering (ASE) 4725


http://dx.doi.org/10.22068/ase.2025.700
https://railway.iust.ac.ir/ijae/article-1-700-fa.html

[ Downloaded from railway.iust.ac.ir on 2026-02-22 ]

[ DOI: 10.22068/ase.2025.700 ]

A Holistic Approach to Reactivity-Controlled Compression Ignition Engine Performance: 4E Analysis
(Evaporation, Energy, Emissions, Exergy) and Multidimensional Efficiency Metrics under Varying Engine

Speed

As shown in the figure, at low engine speeds
(1000-1600 RPM), the EmESIyc value ranges
from 33.04 to 43.20 gr/kW.h, indicating more
complete combustion and a reduction in
unburned hydrocarbons (HC). In this range,
combustion time is longer, and the fuel-air
mixture is more optimized.

At medium engine speeds (1900-2200 RPM),
the index value increases and reaches 60.46
gr’/kW.h at 2200 RPM, due to a relative
reduction in combustion time and an increase in
combustion chamber temperature.

At high engine  speeds (2500-3100
RPM), EmESIyc increases sharply,
reaching 284.90 gr/kW.h at 3100 RPM. This
increase is primarily due to reduced mixing time
and incomplete combustion in this range. Under
these conditions, the fuel does not have enough
time to mix and evaporate properly, leading to
an increase in HC. This trend aligns with the
increase in HC shown in Figure 8.

The changes in the EmESI index
for CO emissions shown in this figure indicate
that atlow engine speeds (1000-1600
RPM), EmESI;o ranges from9.57 to 11.61
gr/kW.h, indicating more complete combustion
and lower concentrations of carbon monoxide
(CO). At medium engine speeds (1900-2200
RPM), the value of the index increases but
remains at a relatively controlled level.

At high engine speeds (2500-3100
RPM), EmESIq increases sharply from 27.61
gr/kW.h at 2500 RPM to 80.14 gr/kW.h at 3100
RPM. This increase is due to reduced
temperature and pressure in the cylinder,
resulting in incomplete combustion and higher
CO formation. This trend corresponds to the
decline in combustion efficiency (shown
in Figure 7) and the increase in CO (shown
in Figure 8).

Additionally, the trend for the EmESI index
for NOx emissions occurs non-linearly. As
observed in the figure, the EmESIyox Value
initially increases and then decreases, indicating
a nonlinear dependence of NOx on temperature
and combustion time. This trend is consistent

4726 Automotive Science and Engineering (ASE)

with the decrease in NOx shown in Figure 8 and
the drop in temperature shown in Figure 10.

At low engine speeds (1000-1600 RPM), the
value of this index increases from 5.55 to 11.51
gr/lkW.h. This increase is due to higher
temperature and pressure inside the combustion
chamber and more complete combustion in this
range.

At medium engine speeds (1900-2200 RPM),
the index reaches its peak value of 11.51
gr/kW.h at 1600 RPM, which corresponds to the
peak value of NOxin this range (as shown
in Figure 8).

At high engine speeds (2500-3100 RPM),
the EmESIyox Value decreases, reaching 2.28
gr/kW.h at 3100 RPM. This decrease is due to
the lower temperature and pressure in the
cylinder at high speeds, leading to
fewer NOx formation reactions.

In Figure 18, the Exergy-Emission Balance
Index (EXEmBI) is shown, which evaluates the
output exergy relative to the emissions of HC,
CO, and NOx. A higher value of this index
indicates more optimal use of exergy and a
reduction in emissions relative to useful energy
produced. Conversely, a lower value indicates
increased exergy waste and greater emissions
relative to the exergy produced. This index is
broken down into three  components:
ExEmBIlyc, EXEmBIcq, and ExEmBIyoy, €ach
showing different trends with respect to changes
in engine speed.
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Figure 18: EXEmBI HC, CO and NOx at various
engine speeds.
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As the engine speed increases from 1000 to
3100 RPM, the value of ExEmBIyc decreases
from 0.189 kW.h/gr to 0.043 kW.h/gr. This
decreasing trend reflects the increased HC
emissions at higher speeds, which is due to the
reduced combustion time and poorer fuel-air
mixing. At lower speeds (1000-1600 RPM), the
index is relatively high, as the longer
combustion cycle allows enough time for
evaporation, mixing, and more complete
combustion. However, with the increase in
engine speed, the combustion time decreases,
leading to incomplete combustion and increased
HC emissions (as shown in Figure 8). As a
result, the useful output exergy relative to HC
emissions decreases, and the ExEmBIyc index
drops.

The ExEmBI¢q follows a similar trend to HC,
decreasing from 0.655 kW.h/gr at 1000 RPM to
0.155 kW.h/gr at 3100 RPM. This significant
decrease indicates that incomplete combustion
worsens at higher speeds, leading to higher CO
emissions. At lower speeds, the CO emissions
are low compared to output exergy, as the
temperature and pressure in the cylinder provide
better conditions for complete combustion.
However, at higher speeds, the reduced
combustion time and increased piston speed lead
to a shorter opportunity for the oxidation of CO
into CO,, causing CO levels to rise. This
increase in CO leads to a further decrease in the
ExEmBI¢q index, suggesting that exergy waste
in the form of unburned pollutants increases at
higher engine speeds.

In contrast to HC and CO, the ExEmBIyox
index behaves differently. Initially, it decreases
from 1.130 kW.h/gr at 1000 RPM to 1.005
kKW.h/gr at 2200 RPM, but then increases
sharply to 5.457 kW.h/gr at 3100 RPM. This
nonlinear behavior is attributed to the effect of
temperature on NOx formation. In the range
from 1000 to 2200 RPM, increasing engine
speed raises the cylinder temperature and
pressure, creating conditions more favorable for
NOx formation. Therefore, NOX emissions
increase, and the ratio of NOXx to output exergy
increases, leading to a decrease in ExEmBIyox.
However, at high speeds (2500-3100 RPM), the
combustion time shortens and combustion
temperature drops (as shown in Figure 10),
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resulting in a decrease in NOx formation. On the
other hand, the output exergy remains high,
which causes the ExEmBIyox index to rise. This
increase indicates a reduction in NOXx emissions
at higher speeds, in contrast to the trends of HC
and CO emissions.

Figure 19 presents the EVEmII index for three
pollutants (HC, CO, and NOx). This index
demonstrates how the rate of evaporation
correlates with the reduction or increase in
various emissions. A higher value indicates that
an increase in evaporation rate is accompanied
by a reduction in emissions, while a lower value
suggests that an increase in evaporation has not
reduced emissions and may have even led to
higher emissions.
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Figure 19: EVEmII HC, CO and NOx at various
engine speeds.
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For HC emissions, the EVEmII index increases
from 15.67 kW at 1000 RPM to 29.23 kW at
1300 RPM. This increase indicates that the
higher evaporation rate leads to a reduction in
HC emissions, as more time is available for
complete combustion in this range. In the
intermediate RPM range (1600-2200 RPM), the
index continues to rise and reaches 62.29 kW at
2200 RPM, reflecting an optimal balance
between evaporation and HC reduction.
However, at higher RPMs (2500-3100 RPM),
the EvEmlIlyc value decreases, reaching 34.59
kW at 3100 RPM. This decrease is due to the
increased HC production from incomplete
combustion, as the shorter combustion cycle
limits the complete burning of hydrocarbons (as
shown in Figure 8).

The trend of the EVEmII index for CO follows
a similar pattern to HC. At lower and
intermediate  RPMs (1000-2200 RPM), the
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Speed

index increases because the higher evaporation
improves combustion, resulting in lower CO
emissions. However, at higher RPMs (2500-
3100 RPM), the index decreases due to
incomplete combustion, which increases CO
levels caused by the relatively rich fuel-air
mixture in some regions (as shown in Figure 8).

In contrast to HC and CO, the trend of the
EVEmII index for NOx behaves differently. At
lower speeds, the EvEmIIyoy Value is not high,
as although evaporation is high, the combustion
temperature is still not sufficient to produce
significant NOx emissions. In the intermediate
range (1600-2200 RPM), the index reaches its
peak value, as the increased evaporation and
optimized combustion lead to  higher
temperatures and enhanced NOx formation.
Finally, at higher speeds (2500-3100 RPM), the
index decreases, as reduced combustion time
and lower temperatures result in lower NOX
production.

Figure 20 displays the trend of the Exergy-
Energy Utilization Index (ExEUI) at different
engine speeds. This index represents the ratio of
output exergy to energy efficiency, serving as a
measure of how effectively the produced exergy
is utilized in comparison to the input energy to
the engine. The trend in Figure 20 shows that at
lower speeds, the index remains almost constant,
while at higher speeds, it increases.

From 1000 to 1900 RPM, the EXEUI is stable,
ranging from 0.000436 to 0.000442 kW.h. This
stability indicates an optimal balance between
useful exergy and energy efficiency within this
range. At these speeds, combustion is more
efficient due to the longer cycle time, which
allows more time for fuel evaporation and
mixing. As a result, a larger portion of the
chemical energy of the fuel is converted into
useful work. This is confirmed by comparing the
trend with Figure 11 (chemical exergy) and
Figure 12 (work exergy), as in this range,
chemical exergy is at its lowest, and most of it is
converted into work exergy.
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Figure 20: EXEUI at various engine speeds.

As the engine speed increases to the range of
2200 to 3100 RPM, the EXEUI shows an
increasing trend, reaching 0.000618 kW.h at
3100 RPM. At first glance, this increase might
suggest improved performance; however, further
analysis of supplementary data reveals that this
increase is mainly due to a rise in residual
exergy in the cylinder and exhaust gases, rather
than an increase in useful work. According to
Figure 11, at higher speeds, the chemical exergy
increases, indicating incomplete combustion and
the presence of more unreacted fuel in the
combustion chamber. Additionally, Figure 12
shows a decrease in work exergy at these speeds,
which indicates a reduction in the engine's
effective output power.

Furthermore, the changes in EXEUI should be
examined in conjunction with the heat transfer
trend (Figure 13) and irreversibility (Figure 14).
At lower speeds, more exergy is transferred as
heat to the cylinder walls, while at higher
speeds, this amount decreases. This reduction in
heat transfer could indicate increased energy
retention within the combustion chamber,
leading to higher localized temperature and
pressure in certain areas, but it may also suggest
uneven temperature distribution and reduced
fuel-air mixing quality, which can negatively
affect the overall engine performance. On the
other hand, Figure 14 (irreversibility) shows an
increase in irreversibility at higher speeds,
meaning that a significant portion of the exergy
is lost through thermodynamic inefficiencies
rather than being converted into useful work.
Therefore, the rise in EXEUI at higher engine
speeds is more due to increased exergy loss and
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incomplete combustion than to improved
performance.

The results of this analysis indicate that the
range of 1600 to 2200 RPM is the optimal
performance range in terms of the balance
between useful exergy and energy efficiency.
Within this range, the maximum amount of
useful work is extracted from the fuel, and the
least exergy is wasted. In contrast, at higher
speeds, the increase in EXEUI suggests increased
fuel consumption without a corresponding
increase in power production, which implies a
reduction in the overall system efficiency. These
findings emphasize the need for strategies to
improve  combustion  conditions,  reduce
irreversibility, and increase the amount of
extractable work exergy at higher engine speeds
to prevent the undesirable increase in EXEUI.

The Emission-Exergy Synergy Index
(EmEXSI) is shown in Figure 21. This index
represents the ratio of pollutant emissions (HC,
CO, NOXx) to exergy efficiency, indicating how
much pollution is produced for each unit of
useful exergy generated. A higher value of this
index implies that, despite energy and exergy
consumption, the engine continues to produce
high levels of pollutants, reflecting a decrease in
exergy efficiency and an increase in losses.

As shown in the figure, at low engine speeds
(1000-1600 RPM), the value
of EmExSIy¢ increases from 36.91
gr/kW.h at 1000 RPM to 48.27 gr/kW.h at 1600
RPM. Similarly, EmExSI;o rises from 10.69
gr/kW.h at 1000 RPM to 12.98 gr/kW.h at 1600
RPM, and EmExSIyoyx increases  from 6.20
gr/kW.h at 1000 RPM to 12.86 gr/kW.h at 1600
RPM. The reason for these results at lower
engine speeds is the high amount of useful
exergy  produced, but  the increase
in NOx emissions is due to the elevated
combustion  chamber  temperature.  The
combustion quality is good, but
some HC and CO emissions remain due to
incomplete combustion.
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Figure 21: EmEXSI HC, CO and NOx at various
engine speeds.

At medium engine speeds (1900-2200 RPM),
the EmExSIyc  value  increases to55.11
gr/lkW.h at 1900 RPMand then to67.55
gr/kW.h at 2200 RPM.
Additionally, EmExSI.q increases to 15.40
gr/lkW.h at 1900 RPMand then to21.08
gr/kW.h at 2200 RPM.
However, EmExSIyoy initially decreases to 9.77
gr/lkW.h at 1900 RPMand further reduces
to 7.42 gr/kW.hat 2200 RPM. The trend
in EmEXSI for all three pollutants at medium
speeds is due to the optimal combination of fuel
evaporation and mixing, which reduces NOX.
However, the increase in pressure and
temperature leads to faster combustion,
gradually increasing HC and CO emissions.

At high engine speeds (2500-3100 RPM),
the EmExSIyc value sharply increases to 90.18
gr’/kW.h at 2500 RPMand then to 318.30
gr/kW.h at 3100 RPM. EmExSI.q also shows a
significant rise, from 30.84 gr/kW.h at 2500
RPM to 89.54 gr/kW.h at 3100 RPM.
However, EmExSIyox decreases from 4.39
gr/kW.h at 2500 RPM to 2.54 gr/kW.h at 3100
RPM. The reason for these results at high engine
speeds is the significant degradation in
combustion quality, resulting in the production
of large amounts of HCand COdue to
incomplete  combustion (see Figure 8).
Furthermore, as engine speed increases, the
combustion cycle time shortens, and fuel does
not have enough time for complete combustion.
Finally, the reduction in combustion chamber
temperature at high speeds causes a significant
decrease in NOx production, as NOx is formed
at temperatures above 1500K (see Figure 8).
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Figure 22 illustrates the Evaporation-Exergy
Performance Index (EVExPI), which represents
the ratio of effective fuel evaporation to exergy
efficiency. This index indicates how the rate of
fuel evaporation changes relative to the engine's
output exergy. Output exergy represents the
amount of energy that can be converted into
useful work, and an increase or decrease in this
index provides valuable insights into the overall
efficiency of the engine.
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Figure 22: EVEXPI at various engine speeds.

At low engine speeds (1000-1600 RPM),
the EVEXPI increases from 578.71
mg/ms at 1000 RPM to 2081.88 mg/ms at 1600
RPM. This rise is due to improved evaporation
processes driven by longer combustion duration
and better fuel-air mixing quality. In this range,
the reduction in SMD (see Figure 4) and the
increase in turbulent kinetic energy (TKE) (see
Figure 5) contribute to better evaporation, while
exergy efficiency remains at an acceptable level.

At medium engine speeds (1900-2200 RPM),
the index continues to rise and reaches 4208.64
mg/ms at 2200 RPM. The increased injection
pressure and velocity result in further reduction
of SMD and an enhanced evaporation rate. The
turbulence inside the cylinder facilitates better
mixing and faster evaporation, keeping exergy
efficiency high (see Figure 15). This range could
be considered the optimal operational point for
the engine from the perspective of this index, as
it exhibits high evaporation rates while
maintaining a good exergy efficiency.
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At high engine speeds (2500-3100
RPM), EVExPI shows a sharp  increase,
reaching 11012.85 mg/ms at 3100 RPM. This
significant increase is due to the rapid rise in
evaporation rate compared to exergy efficiency.
With the increased injection pressure and
velocity, fuel droplets become smaller, and
evaporation reaches its peak. However, at the
same time, the engine's output exergy decreases.
This decrease is caused by higher heat losses
(see Figure 13) and increased irreversibility (see
Figure 14), which reduce exergy efficiency. As a
result, while evaporation increases, the overall
engine performance does not improve, and there
is a notable increase in exergy losses. Hence, an
excessive increase in this index at higher speeds
signals increased fuel consumption and
decreased engine efficiency.

The trend of EVEXPI closely resembles that
of EVEPI (see Figure 16), as both indices
emphasize evaporation rates. However, the key
difference in EVEXPlis that evaporation is
measured relative to exergy, so at high speeds,
the decrease in exergy efficiency leads to a sharp
increase in the index. Additionally, this index
has a close connection with the EXEUI index
(see Figure 20), as the reduction in exergy
efficiency at high speeds directly impacts the
disproportionate growth of EVEXPI. In this
range, the reduced pressure and temperature
inside the cylinder (see Figure 10) result in
incomplete  combustion, which leads to
increased HC and CO emissions (see Figure 8),
further affecting exergy efficiency.

The results of this analysis indicate that
the 1600-2200 RPM range exhibits the best
performance in terms of this index, as both
evaporation rates are high and exergy efficiency
remains at an optimal level. In contrast, at
speeds above 2500 RPM, the sharp increase
in EVEXPI indicates high fuel consumption and
reduced exergy efficiency, which can lead to
decreased overall engine efficiency and
increased energy losses.
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4. Conclusion

This study provides a comprehensive analysis
of the performance of Reactivity-Controlled
Compression Ignition (RCCI) engines under
varying engine speeds using a novel 4E
approach (Evaporation, Energy, Emissions,
Exergy) and introduces multidimensional
efficiency indices to evaluate engine behavior. A
1.9-liter TDI Volkswagen engine was modeled
in CONVERGE computational fluid dynamics
(CFD) software to simulate spray dynamics,
combustion processes, and emissions across a
wide range of operating conditions. The research
addresses critical challenges associated with
RCCI combustion at both low and high engine
speeds, offering valuable insights into
optimizing operational parameters for improved
energy efficiency, reduced emissions, and
enhanced exergy performance.

Key findings from this study are summarized
as follows:

Evaporation Analysis:

Engine speed significantly impacts fuel
injection characteristics, including droplet size
distribution and Sauter Mean Diameter (SMD).
Higher engine speeds enhance fuel atomization,
leading to smaller droplets and improved
evaporation rates. However, excessively high
speeds may result in non-uniform fuel-air
mixing, negatively affecting combustion quality.

The Evaporation-Energy Performance Index
(EVEPI) increases sharply with engine speed,
reaching 9857.17 mg/ms at 3100 RPM,
indicating enhanced fuel evaporation but
highlighting the risks of incomplete combustion
at high speeds.

Energy Analysis:

Combustion efficiency and gross indicated
efficiency (GIE) improve at lower engine speeds
due to longer combustion durations, allowing for
better fuel-air mixing and more complete
chemical reactions. Conversely, higher speeds
reduce GIE due to shorter mixing times and
incomplete combustion.

The optimal balance between energy efficiency
and combustion quality occurs within the 1600—
2200 RPM range, where fuel evaporation,
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combustion efficiency, and exergy utilization are
maximized.

Emission Analysis:

NOx emissions exhibit a nonlinear trend,
increasing at lower speeds due to elevated
combustion temperatures and decreasing at
higher speeds due to reduced temperatures and
shorter combustion durations.

HC and CO emissions rise significantly at higher
speeds due to incomplete combustion, with
EmESI values for HC increasing from 33.04
gr/lkW.h at 1000 RPM to 284.90 gr/kW.h at
3100 RPM.

The Exergy-Emission Balance Index (EXEmBI)
highlights the trade-offs between output exergy
and emissions, emphasizing the need for
optimized operational conditions to minimize
pollutant formation.

Exergy Analysis:

Total exergy efficiency and second-law
efficiency decrease with increasing engine
speed, underscoring the importance of
optimizing combustion conditions to reduce
irreversibility and improve thermodynamic
performance.

Heat transfer exergy and irreversibility trends
reveal that higher speeds lead to increased
exergy losses, primarily due to incomplete
combustion and elevated HC and CO emissions.

Multidimensional Efficiency Indices:

The introduced indices, including EVEPI,
EmESI, EXEmBI, EVEmIl, ExEUI, EmEXSI,
and EVEXPI, provide a novel framework for
evaluating the complex interactions between fuel
evaporation, energy conversion, emissions, and
exergy utilization. These indices facilitate a
deeper understanding of RCCI engine behavior
and offer practical guidance for optimizing
engine performance.

The results of this study emphasize the
importance of selecting an appropriate engine
speed range to achieve optimal performance.
The 1600-2200 RPM range emerges as the most
favorable operational zone, balancing energy
efficiency, emissions reduction, and exergy
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performance. At higher speeds, while fuel
evaporation improves, the shortened fuel and air
residence times in the cylinder may lead to
reduced energy efficiency and increased
pollutants such as HC and CO. Conversely, at
lower speeds, prolonged combustion durations
and elevated in-cylinder temperatures result in
higher NOx emissions. Therefore, this study
provides solutions to mitigate these challenges
and optimize engine performance across various
operational conditions.

This research contributes to the development
of advanced thermodynamic analyses and
composite indices for internal combustion
engines, providing a foundation for designing
efficient, low-emission RCCI engines. Future
studies should focus on integrating these
findings with real-time control strategies and
exploring the potential of alternative fuels to
further enhance RCCI engine sustainability.
Additionally, investigating the impact of
external factors such as ambient temperature and
altitude on engine performance could provide
further insights. By addressing the challenges
identified in this study, significant progress can
be made toward achieving cleaner, more
efficient combustion technologies for the
transportation sector.

List of symbols
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Time (s)
Velocity (m/s)
Thermal energy source (W/Kg)

Mass fraction
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Diffusivity coefficient

Specific internal energy (J/Kg)
Thermal conductivity (W/m. K)
Specific enthalpy (J/Kg)
Pressure (Pa)

Volume (m3)
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Temperature (K)
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Abbreviations
GIE
HRR
CHR
CA
CAD
CA10
CA50
CA90
LTC
Sl

Cl
HCCI

RCCI

Cco

NOXx
HC
EGR
PM

Heat (J)

Mass (Kg)

Internal energy (J)

Entropy (J/K)

Enthalpy (J/Kg)

Gibbs energy (J/Kg)

Ideal gas constant (J/mol K)
Work (J)

Availability (J)

Work availability (J)

Heat transfer availability (J)
Chemical availability (J)
Thermomechanical availability (J)

Irreversibility (J)

Gross Indicated Efficiency (%)
Heat Release Rate (J/deg)
Cumulative Heat Release (J)
Crank Angle

Crank Angle Degree

Crank angle of 10% heat released
Crank angle of 50% heat released
Crank angle of 90% heat released
Low-temperature combustion
Spark Ignition

Compression Ignition

Homogeneous Charge-Compression
Ignition

Reactivity-Controlled Compression
Ignition

Carbon monoxide

Carbon dioxide

Nitrogen oxide
Hydrocarbons

Exhaust Gas Recirculation

Particulate matter
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IMEP
BMEP
SOl
SOC
ICE
IvVC
EVO
BDC
aTDC
bTDC
CFD
DDM
KH-RT
RNG
NTC
AMR
SMD
TKE
LHV
RPM
NG
BR
NHD
NOD
ID
EVEPI

EmESI

EXEmBI

EVEmII

ExXEUI

EmEXSI

EVEXPI

Indicated Mean Effective Pressure
Brake Mean Effective Pressure
Start Of Injection

Start of combustion

Internal combustion engine
Inlet valve closing

Exhaust valve opening

Bottom dead center

After the top dead center
Before the top dead center
Computational Fluid Dynamics
Droplet distinct Model
Kelvin-Helmholtz-Rayleigh-Taylor
Re-Normalization Group
Nutation Time Constant
Adaptive Mesh Refinement
Sauter Mean Diameter
Turbulence Kinetic energy
Lower heating value (MJ/kg)
Revolutions per minute

Natural gas

Brake Thermal Efficiency (%)
Nozzle Hole Diameter (um)
Number Of Droplets

Ignition Delay (deg)

Evaporation-Energy Performance
Index (mg/ms)

Emission-Energy Synergy Index
(gr/kW.h)

Exergy-Emission Balance Index
(KW.h/gr)

Evaporation-Emission Interaction
Index (kW)

Exergy-Energy Utilization Index
(kW.h)

Emission-Exergy Synergy Index
(gr/kW.h)

Evaporation-Exergy Performance
Index (mg/ms)
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