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This study presents a comprehensive numerical investigation comparing the com-
bustion characteristics and emission behavior of conventional diesel and biodiesel
fuel (methyl oleate, C19H350:) in a single-cylinder Antor 6LD400 Diesel engine us-
ing CONVERGE CFD software. The simulations were carried out under identical
operating conditions to evaluate temperature and pressure evolution, heat release
profiles, and pollutant formation, including CO, CO, NO, soot, and unburned
hydrocarbons. Results indicate that biodiesel ignites earlier due to its higher ce-
tane number and oxygenated structure, leading to faster combustion, lower peak
in-cylinder pressure and temperature, and reduced emissions of CO, hydrocarbon,
and soot. Although biodiesel emits slightly more CO:, indicative of more complete
combustion, it consistently demonstrates lower NOx levels due to shorter residence
time at high temperatures. These findings confirm that biodiesel offers cleaner
combustion with significant emission benefits, making it a promising alternative
fuel for reducing the environmental impact of compression ignition engines.
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Introduction

Increasing environmental pressures and the finite nature of fossil fuel resources have
intensified efforts to identify cleaner, renewable alternatives for compression ignition (CI) en-
gines. Biodiesel, derived from sustainable feedstocks, has emerged as a promising candidate
due to its ability to lower emissions of CO, HC, and PM, while also offering improved lubricity
and compatibility with existing Diesel engines, as highlighted by Yilmaz and Vigil [1] and
Hoekman et al. [2]. Extensive reviews and experiments have explored biodiesel’s combus-
tion, performance, and emission behavior across a variety of feedstocks and enhancement tech-
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niques, [3-10]. Nevertheless, biodiesel use presents challenges such as increased viscosity, re-
duced volatility, and elevated NO, emissions. To overcome these drawbacks, several strategies
have been proposed. Hydrogen enrichment has demonstrated benefits in improving combustion
efficiency and reducing pollutant output, [3, 5, 8, 10, 11], while the application of nanoand ter-
nary additives has enhanced atomization, reduced ignition delay, and accelerated combustion
kinetics, [12-17]. Intake and exhaust modifications, such as exhaust gas re-circulation, water
injection, and boost pressure control, have also contributed to emission reduction and improved
thermal management, [11, 18, 19]. Furthermore, optimizing injection parameters and adopting
non-circular orifices have improved spray characteristics, leading to better fuel-air mixing and
combustion efficiency, [4, 13, 20]. In this context, computational tools such as CFD have be-
come essential for analyzing in-cylinder combustion phenomena, providing insights into heat
release, pollutant formation, and engine optimization strategies, [9, 14, 21].

This study is motivated by the need to better understand and improve the combustion
behavior of biodiesel as a cleaner alternative to diesel fuel. The aim is to numerically compare
the in-cylinder combustion characteristics of diesel and methyl oleate biodiesel using CON-
VERGE CFD (Version 3), with a focus on pressure-temperature evolution, combustion effi-
ciency, and emission formation (CO, CO2, NOy, and soot), to support the development of more
sustainable engine technologies.

Engine specifications and simulation set-up

This study numerically investigates the combustion performance of conventional die-
sel and biodiesel, specifically methyl oleate (CisH3:0Oz2), in the Antor 6L.D400 single-cylinder
diesel engine [20]. The simulation evaluates pressure and temperature evolution, heat release,
and emissions (CO, CO2, NOy, HC, and soot) under identical operating conditions. This engine
model features an 86 mm bore, a 68 mm stroke, a compression ratio of 18:1, and a displace-
ment of 395 cm?. It is equipped with a direct injection system operating at 24° bTDC, using a
0.24 mm x 4 hole % 160° nozzle. The rated power output is 5.4 kW at 3000 rpm.

The physical and chemical properties of the fuels are adopted from the literature. Con-
ventional diesel, as characterized by Bousbaa et al. [22], has a density of 852 kg/m?® at 15 °C,
a viscosity of 1.57 mPa-s at 40 °C, a lower heating value (LHV) of 42.80 MJ/kg, and a cetane
number of 55. It contains 86 wt.% carbon and 14 wt.% hydrogen. In contrast, methyl oleate,
based on Hasnain et al. [23], exhibits a density of 859.02 kg/m?, a viscosity of 4.34 mm?/s,
and a lower LHV of 37.05 MJ/kg. It has a higher cetane number of 58.11 and is composed of
77.32 wt.% carbon, 11.38 wt.% hydrogen, and 11.30 wt.% oxygen, providing inherent oxygen-
ation that can promote cleaner combustion.

The simulations are performed using a compressible, unsteady RANS framework,
assuming an ideal gas behavior. The governing equations include [24]:

— Continuity equation for species m
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— Total mass continuity equation (summing over all species)
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— Momentum equation
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— Internal energy conservation equation

a(apT[)+V(pu1):—qu—VJ+(l—AO)O':Vu+AOpg+Q'c+Q's @

where p is the fluid density, p,, — the mass density of species m, u — the velocity vector, p — the
pressure, D — the diffusion coefficient, ¢ — the stress tensor, / — the internal energy, J — the
heat flux, g — the gravitational acceleration, 4, — the turbulence interaction constant, k& — the
turbulent kinetic energy, ¢ — the dissipation rate, Q¢ and Q* — the heat sources from combustion
and spray, while p¢ and p° — the corresponding mass sources. The J,,, ensures species-specific
source terms.

Simulations are performed at 1600 rpm to represent moderate load conditions. Initial
conditions inside the combustion chamber are set at a pressure of 1.036 bar and a temperature
of 355 K. Wall boundary conditions are defined by setting the cylinder head, cylinder wall, and
piston temperatures to 523 K, 433 K, and 553 K, respectively [24].

A structured mesh ranging from 32460-920540 cells was generated to match the com-
bustion chamber geometry, as illustrated in fig. 1. Refinement was applied near the injector,
piston bowl, and flame front using adaptive mesh refinement (AMR) based on gradients of
velocity, temperature, and species concentration. This meshing strategy enhances resolution in
regions with steep gradients while maintaining overall computational efficiency.

Figure 1. (a) Mesh of the domain and (b) an AMR in the combustion chamber

The simulation employed the finite vol- 7 ‘ ‘
ume approach with second-order accuracy to & ¢ fﬂ T ek e
solve the governing equations. Turbulence ef- % { % |
fects were captured using the RNG k-& model % > b %
[25], while the KH-RT model [26] was usedto & 4 / \\
describe the fuel spray breakup process. Com- 3
bustion was simulated using the CTC model , / \\
[27] coupled with the Shell ignition model [28], / %\
while emissions were predicted using the ex- ! d .
tended Zeldovich model for NO, [26] and the o === . A o o
Hiroyasu model for soot [29]. Crank []

The numerical model was validated by Figure 2. Simulated vs. experimental cylinder

comparing the simulated in-cylinder pressure  pressure in the Antor 6LD400 engine [20]
profile with experimental data for the Antor
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6LD400 Diesel engine, as reported by Bayramoglu and Nuran [20]. As shown in fig. 2, the
simulation was performed using conventional diesel under the same operating conditions as
the experiment. The predicted pressure curve closely matches the experimental data in terms
of ignition timing, peak pressure magnitude, and pressure evolution, thereby confirming the
reliability and accuracy of the simulation set-up and combustion modelling approach used in
this study.

Results and analysis

Figure 3 presents a comparative analysis of in-cylinder temperature and pressure pro-
files for diesel and methyl oleate biodiesel during the engine cycle. In fig. 3(a), the biodiesel
curve shows an earlier rise in temperature compared to the diesel curve, indicating a shorter
ignition delay. This behavior is attributed to biodiesel’s higher cetane number (58.11 vs. 55 for
diesel), which promotes faster autoignition. Despite earlier combustion, diesel reaches a slight-
ly higher peak temperature due to its greater LHV (42.80 MJ/kg vs. 37.05 MJ/kg for biodiesel),
which results in more thermal energy release. The oxygen content in biodiesel (11.30 wt.%)
contributes to more complete and cleaner combustion but also leads to lower flame tempera-
tures. In contrast, diesel combustion occurs later but sustains a longer heat release, as evidenced
by its broader temperature profile.
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Figure 3. Combustion comparison of diesel and biodiesel;
(a) temperature vs. crank angle and (b) cylinder pressure variation

In fig. 3(b), the pressure evolution confirms the observed combustion trends: biodies-
el exhibits an earlier pressure rise due to its shorter ignition delay. In contrast, diesel reaches a
slightly higher peak pressure, which aligns with its higher energy density. The combustion of
biodiesel is more abrupt, as evidenced by a steeper pressure increase, while diesel combustion
proceeds more gradually with a slower pressure buildup. These results clearly demonstrate that
biodiesel combusts earlier and more rapidly, with slightly lower peak pressure and temperature,
consistent with its physical and chemical properties, including higher viscosity, LHV, and oxy-
genated molecular structure.

Figure 4 compares the heat release characteristics of diesel and biodiesel (methyl
oleate) by analyzing both instantaneous and cumulative heat release as functions of crank
angle. As observed in fig. 4(a), biodiesel initiates heat release earlier than diesel, signify-
ing a reduced ignition delay. This behavior is primarily linked to biodiesel’s higher cetane
number and its oxygenated molecular structure, which enhance autoignition tendencies and
facilitate more complete fuel oxidation. The peak heat release rate for biodiesel occurs ear-
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lier and is sharper, reflecting a more concentrated combustion event over a narrower crank
angle range. In contrast, diesel shows a slightly higher peak, owing to its greater LHV
(42.80 MJ/kg vs. 37.05 MJ/kg for biodiesel), resulting in more thermal energy released per unit
mass. The broader profile of the diesel HRR indicates a longer combustion duration.
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Figure 4. Heat release analysis of diesel and biodiesel,
(a) instantaneous heat release rate and (b) cumulative heat release

In fig. 4(b), the cumulative heat release curve for biodiesel rises earlier and more
steeply than that of diesel, confirming faster combustion and earlier energy delivery. Howev-
er, diesel ultimately achieves a higher total cumulative heat release, consistent with its higher
energy density. These results illustrate that biodiesel combusts earlier and faster, while diesel
combustion is more gradual but delivers more energy overall. This difference in heat release
behavior highlights biodiesel’s potential for cleaner and more efficient combustion, with impli-
cations for combustion phasing, thermal efficiency, and emission formation.

Figures 5(a) and 5(b) present a comparison of the CO and CO. emission profiles for
diesel and biodiesel (methyl oleate), respectively, during the combustion process. Diesel pro-
duces significantly higher CO emissions, primarily due to its lack of intrinsic oxygen, which
limits oxidation in locally rich zones and results in incomplete combustion. In contrast, biodies-
el, with approximately 11.30 wt.% oxygen in its molecular structure, promotes more complete
oxidation of intermediate species such as CO into CO.. This effect is further supported by
biodiesel’s higher cetane number and earlier combustion phasing, as observed in figs. 3 and 4,
which allow more time for oxidation within the cylinder and lead to reduced CO accumulation.
Complementary to this, biodiesel exhibits slightly higher CO. emissions, reflecting a more
complete carbon oxidation process. Although diesel contains a higher carbon content (86 wt.%)
compared to biodiesel (77.32 wt.%), its lower CO: output suggests less efficient combustion.
These results, taken together, confirm that biodiesel achieves cleaner and more complete com-
bustion than diesel under identical engine conditions, reinforcing its suitability as a sustainable
and environmentally favorable alternative to conventional fossil diesel.

Figure 5(c) presents the NO, emission profiles for diesel and biodiesel (methyl oleate),
revealing that diesel produces noticeably higher NO, levels throughout the combustion cycle.
This trend is primarily attributed to diesel’s higher peak in-cylinder temperatures, as shown in
fig. 3(a), which promote thermal NO, formation through the extended Zeldovich mechanism.
Additionally, diesel’s slower combustion and longer residence time at elevated temperatures
further contribute to increased NO, generation. In contrast, biodiesel exhibits lower NO, emis-
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sions despite its higher oxygen content. This reduction is due to its lower calorific value, which
leads to reduced peak temperatures, and its faster combustion process, which limits the duration
of high temperature exposure necessary for NO, formation. The earlier ignition and shorter
combustion duration of biodiesel further restrict NO, production.

Figures 5(d) and 5(e) present the soot and unburned HC emission profiles for diesel
and biodiesel (methyl oleate) throughout the combustion cycle. Diesel produces significantly
higher soot emissions, primarily due to its higher carbon content (86 wt.%) and lack of inherent
oxygen, which lead to locally fuel-rich zones and incomplete combustion, conditions favorable
for soot precursor formation. In contrast, biodiesel contains 11.30 wt.% oxygen in its molecu-
lar structure, promoting in-cylinder oxidation even in areas with limited air-fuel mixing. This
facilitates the early oxidation of soot precursors, limiting their growth into larger particles.
Additionally, biodiesel’s faster combustion and shorter residence time at high temperatures
further reduce nucleation, surface growth, and agglomeration of soot. Although diesel reaches
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slightly higher peak combustion temperatures, these are insufficient to offset the extended soot
formation window during its longer combustion phase. Biodiesel interrupts this process more
effectively through its oxygen-rich and cleaner-burning characteristics. Similarly, diesel exhib-
its noticeably higher HC emissions due to longer ignition delay, suboptimal fuel-air mixing, and
lack of fuel-bound oxygen, leading to partial combustion, particularly in crevices and quench
zones. Biodiesel, by contrast, ignites earlier and burns more completely due to its higher cetane
number and oxygenated structure, which reduce the occurrence of unburned hydrocarbons. Im-
proved atomization and enhanced mixing associated with its higher viscosity also contribute to
lower HC emissions. These results are consistent with earlier observations in figs. 3 and 4 and
further demonstrate biodiesel’s advantage in minimizing soot and HC formation.

Conclusions

This study performed a comprehensive numerical analysis using CONVERGE CFD
to compare the combustion and emission behavior of conventional diesel and biodiesel, with
methyl oleate as the representative oxygenated fuel, in a single-cylinder compression ignition
engine. The conclusions are as fpllows.
® Methyl oleate biodiesel exhibited earlier ignition and more rapid combustion, attributed to

its higher cetane number and oxygenated molecular structure, which resulted in reduced
ignition delay and a more concentrated heat release.

e While diesel exhibited marginally higher peak in-cylinder pressure and temperature as a re-
sult of its higher LHV, biodiesel demonstrated superior combustion completeness, indicated
by higher CO: emissions and lower concentrations of CO and unburned hydrocarbons.

® The NO, emissions were lower for biodiesel, primarily due to its lower flame temperatures
and shorter residence time in high temperature zones, despite its oxygenated nature.

® Soot formation was significantly reduced during biodiesel combustion, owing to enhanced
oxidation pathways facilitated by the fuel-bound oxygen and improved fuel-air mixing.

Methyl oleate biodiesel showed cleaner combustion and lower emissions, confirming
its viability as a sustainable diesel alternative. Further research should explore its performance
under varied engine loads, fuel blends, and injection strategies.
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