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Abstract. This study presents a comprehensive computational investigation of the sputtering and combustion
dynamics of biodiesel and fossil diesel fuel droplets in turbulent gas flows. Advanced computational modeling and
the CHEMKIN chemical kinetics framework were employed to analyze the thermophysical and chemical processes
of fuel atomization, ignition, and flame propagation under varying oxidizer temperatures. The results indicate that
biodiesel droplets exhibit higher mobility, enhanced mixing with the oxidizer, and more uniform heating, resulting
in near-complete combustion and higher local temperatures compared to fossil diesel fuel. Soot formation during
biodiesel combustion was notably lower, while carbon monoxide emissions were significantly reduced,
demonstrating more efficient and cleaner combustion. Analysis of the Sauter mean diameter (SMD) highlighted
improved droplet dispersion and atomization quality for biodiesel, facilitating optimized injector design and fuel-
air mixing. Heat flux visualization revealed stronger convective energy transfer in biodiesel flames, and flame front
dynamics confirmed that biodiesel can be used in conventional internal combustion engines without modification.
Overall, these findings highlight biodiesel as a sustainable, low-emission alternative to fossil diesel fuel, supporting
the development of energy-efficient technologies and the transition toward cleaner, renewable fuels.
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1. Introduction

Energy problems are growing every year and require both non-renewable natural energy resources and
non-carbon forms of energy. Rising prices for traditional fuels and increasing environmental regulations
necessitate a transition to alternative energy sources and the pursuit of biofuels derived from renewable
resources. Alternative energy sources, in particular biofuels, have gained the status of a competitive energy
source in both developed and developing countries. This was primarily due to the growing price
competitiveness of technologies using renewable energy sources and biofuels, as well as political initiatives,
the need to address energy and environmental security issues, the increasing demand for energy from
developing and emerging economies worldwide, and the desire to make modern energy more accessible.

Global changes in the structure of energy production have led to the fact that today, the share of various
types of biofuels in the total energy consumption, according to the World Bioenergy Association, is
approximately 14% (. 1) [1]. The International Energy Agency (IEA) has set a target to use up to 80% of
renewable energy sources by 2050 and halve CO, emissions as an indicator of the emission of harmful
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substances [2-4]. As for Kazakhstan, several state laws and regulations on environmental protection have been
developed that provide for the reduction of air pollution. In densely populated Kazakh cities with large traffic
flows, the problem of gas pollution from the exhaust gases of internal combustion engines of vehicles is acute.
According to the energy agency, more than 40% of pollutant emissions in Central Asia are generated by
Kazakhstan [5, 6]. Biodiesel fuel is an alternative to fossil diesel fuel and can be used in diesel internal
combustion engines (ICE), both in pure form and as a blend component. It has a slightly higher cetane number
and better lubricity, which, when blended with traditional diesel fuel, ensures more stable engine operation.
Biofuels contain virtually no sulfur and aromatic compounds, which significantly reduces the formation of
harmful sulfur oxides and soot during their combustion.
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Fig.1. World energy consumption structure today

Most of the CO; generated during the combustion of biofuels is absorbed during the growth of plants used
as raw materials, which ultimately reduces carbon dioxide emissions into the atmosphere by up to 80%
compared to the use of fossil fuels [7, 8]. The technology for producing biodiesel fuel is theoretically simpler
and less energy-consuming than the technology for producing traditional diesel fuel.

Problems related to global energy and environmental security require not only obtaining alternative energy
sources but also the rational organization of their combustion. It is necessary to develop energy conversion
systems that have higher efficiency and lower emissions of harmful substances. The efficiency of fuel
consumption, productivity, and environmental friendliness of a power plant depend on the optimization of fuel
combustion processes, which is associated with its preparation, method of supply, and proper combustion [9].

The above indicates the relevance of the identified problem and the need for a comprehensive study of heat
and mass transfer processes during fuel combustion in energy devices. In this regard, this article is devoted to
the use of the latest information technologies to study the combustion processes of liquid fuels (traditional
fossil diesel fuel and biodiesel) in internal combustion engines.

In this work, for the first time, the processes of sputtering and combustion of biofuel droplets (biodiesel)
were studied using information technologies and new 3D modeling software packages, to identify their
advantages over fossil diesel fuel, with a subsequent assessment of the harmful emissions and greenhouse
gases released during their combustion. The results of such research will contribute to the introduction of
resource-saving energy technologies that meet modern environmental requirements.

2. Computational and spatial models of the problem
The mathematical model of the problem of atomization, combustion, and evaporation of liquid fuel

droplets consists of equations of continuity, momentum, internal energy, and concentration of the reacting
components of a two-phase flow [10-13]. The continuity equation of the fuel-air mixture is written as follows:
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where u is the fluid velocity, Smass is the local change in gas density due to evaporation or condensation.
The mixture momentum equation has the form:
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where Smom is the local rate of change in momentum of the gas phase due to the movement of droplets.
The conservation equation for internal energy has the following form:
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where q is the specific heat flux expressed by Fourier's law, and Senergy denotes the contribution to the change
in internal energy due to the presence of the atomized liquid phase.
The conservation equation for the concentration of component m has the form:
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where pmis the mass density of component m, p is the total mass density.

For the numerical calculation of complex turbulent flows, we used the RANS method, which is widely used
due to its simplicity, saving of computational resources, and a sufficient degree of accuracy in predicting the
properties of reacting flows with chemical transformations. This method works well at high Reynolds numbers
and high degrees of flow turbulence [14]. In our simulation, we used a prototype direct injection engine, where
a jet of liquid fuel is sprayed at high pressure from multiple holes. In such internal combustion engines, fuel at
a pressure of 200 bar is injected in the form of combinations of liquid ligaments and fragments of various sizes,
which form near the injector nozzle and break into droplets, moving downstream due to interaction with air,
which contributes to the growth of instability at the surface of the liquid. Figure 2 shows a schematic model of
a multi-hole injector used in DI engines. The Li/D; ratio is a crucial parameter for this type of injector, as it
influences the internal flow formation at the nozzle exit and the development of the spray structure [15, 16].

In an internal combustion engine with multi-hole injection, an individual injector is installed in the inlet
pipe of each cylinder, supplying fuel directly to the intake valve, where the fuel mixture is prepared
immediately before entering the combustion chamber. Therefore, the fuel-air mixture in multi-hole injection
is uniform in composition and quality of flow for each of the cylinders, which has a beneficial effect on the
power and efficiency of the engine, as well as on the toxicity of exhaust gases.

Figure 3 presents a perspective view of an unstructured computational grid composed of control volumes.
This grid was generated using a set of specialized subroutines, allowing for the incorporation of various
predefined initial parameters to accurately represent the computational domain.

Fig.2. Schematic model of a direct injection: Fig.3. Perspective view of the used
Li —nozzle opening length; B — injection angle directed from the computational grid.
central axis of the injector; D; — nozzle hole diameter.

The highlighted region at the bottom of the grid, which contains several distinct subdomains, is filled with
liquid fuel, providing the initial conditions necessary for simulating fuel injection, sputtering, and subsequent
combustion processes. This visualization emphasizes the spatial distribution and connectivity of control
volumes, which play a crucial role in capturing the detailed physical phenomena within the computational
domain.
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3. Computational modeling results and analysis

In this study, pure rapeseed biodiesel, specifically Biofuel RME B100, was employed as the biofuel. This
fuel consists of a mixture of fatty acid methyl esters (FAME) derived from rapeseed oil. The predominant
component is methyl oleate (C19H3602), a monounsaturated ester, which constitutes approximately 90% of the
total composition, accompanied by smaller amounts of saturated and polyunsaturated esters. The application
of RME is particularly suitable under Kazakhstani conditions due to its enhanced cold-flow properties, which
are crucial for the northern regions of the country. Furthermore, Kazakhstan’s agroclimatic conditions are well-
suited for rapeseed cultivation, rendering the production of RME both sustainable and economically viable on
a national scale.

The equations for the complete combustion of fossil diesel fuel and biodiesel under internal combustion
engine conditions with the participation of air are presented as follows:

C12Ha6+ 18.50,+69.56N»,=12C0O,+13H,0+69.56 N>,
C19H3602+270,+101,52N,=19C0O,+18H,0+101,52N>.

In the engine, biodiesel undergoes combustion, producing carbon dioxide (CO2) and water (H20), and
releasing enough thermal energy to sustain engine operation. However, its energy content is slightly lower
than that of conventional petroleum diesel fuel.

The chemical kinetics of biodiesel combustion, as well as its comparison with fossil diesel fuel, were
simulated using the CHEMKIN code. This tool enables the development of detailed reaction mechanisms that
comprehensively describe the thermodynamic and Kkinetic characteristics of fuel oxidation, including
interactions between the fuel and the oxidizer [17]. The modeling framework incorporates critical parameters
such as temperature, pressure, and flow velocity, providing a robust platform for accurately predicting the
dynamics of combustion for both biodiesel and conventional diesel fuels. Importantly, this approach allows
for the evaluation of pollutant formation while also assessing overall combustion efficiency. By integrating
these factors, CHEMKIN facilitates a thorough understanding of the complex chemical and physical processes
occurring during the combustion of different fuel types, offering valuable insights for optimizing engine
performance and reducing harmful emissions.

In this study, computational experiments were conducted to investigate the sputtering and combustion
dynamics of biofuel (biodiesel) droplets, as well as fossil petroleum diesel, in a turbulent gas flow. The effects
of the initial oxidizer temperature on the sputtering, distribution, and combustion of both biodiesel and diesel
fuel droplets within a model combustion chamber were systematically examined. This approach allowed for a
detailed analysis of how temperature variations influence droplet dynamics, flame development, and the
overall efficiency of the combustion process.

The dependence of the maximum fuel combustion temperature on the initial temperature of the oxidizer in
the combustion chamber was determined for two types of liquid fuels. It has been established that combustion
is not observed at an oxidizer temperature of less than 900 K. If the gas in the combustion chamber is heated
to temperatures above 900 K, then in this case, there is combustion of liquid fuel with high heat release and
heating of the chamber to 3000 K (Fig.4).

Figure 4 shows the dependence of the maximum fuel combustion temperature on the initial gas temperature.
The maximum temperature during biodiesel combustion reaches about 3100 K, which is an indicator of
combustion efficiency and the high heat capacity of biofuel. The initial gas temperature has the greatest
influence on biodiesel combustion, as a 100 K increase in initial temperature results in a 1600 K increase in
the maximum temperature in the combustion chamber.

Since modern diesel engines are designed to reduce harmful emissions and be gentle on the environment,
they have higher injection pressures than previous-generation diesel engines [18]. This means that the internal
surfaces of engines are more likely to be subject to abrasion from soot and other contaminants.

Figure 5 shows the results of a comparative analysis of soot formation obtained using the global Shell model
of chemical reactions [19]. The highest concentration of soot is formed during the combustion of petroleum
diesel (9.8 g/m3). When biodiesel burns, significantly less soot is released (7.5 g/m®), which is a favorable
reason for increasing engine efficiency and reducing fuel consumption and carbon dioxide emissions in the
exhaust gases. The use of biodiesel as a fuel leads to a substantial reduction in carbon monoxide (CO)
emissions compared to conventional petroleum diesel. While CO is inevitably formed during the combustion
process, the amount released is considerably lower due to the higher oxygen content and more complete
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combustion of biodiesel droplets. This improved combustion behavior limits the formation of incomplete
combustion products, making biodiesel a cleaner alternative in terms of CO output. The reduction in CO
emissions not only mitigates local air pollution but also contributes to lower health risks associated with carbon
monoxide exposure.
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Fig.5. Soot formation during combustion of fossil diesel fuel and biodiesel depending
on the initial gas temperature

The computational results indicate that, under the same operating conditions, engines fueled with
biodiesel release significantly less CO than those running on traditional diesel, highlighting the environmental
advantages of biodiesel in urban and industrial settings (Fig.6). Based on the analysis of the influence of gas
temperature on the combustion processes and distribution of biodiesel and petroleum diesel droplets, a 3D
visualization of the thermophysical characteristics of the reacting flow was obtained.

0,03

CO, g/

1100

1300

Hbiodiesel ™ diesel

Fig.6. Carbon monoxide formation during combustion of biodiesel and diesel at different gas temperatures
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Figure 7 shows graphs of droplet temperature distribution at 3 ms. The turbulent motion of the gas flow
imparts additional kinetic energy to the droplets of both biodiesel and conventional diesel, accelerating them
toward the exit of the combustion chamber. As a result of this rapid movement, the droplet temperature rises
to over 600 K, promoting active chemical reactions.
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Fig.7. Temperature distribution of diesel and biodiesel droplets along the height of the combustion chamber at t=3 ms

Biodiesel droplets, in particular, exhibit higher mobility and respond more readily to the turbulent eddies
within the chamber, leading to enhanced mixing with the surrounding oxidizer. This intensified interaction
improves the local combustion environment, facilitates more uniform heating, and promotes near-complete
combustion of the fuel droplets. Consequently, the dynamic behavior of biodiesel under turbulent conditions
contributes to more efficient energy release and a reduction in unburned fuel residues, highlighting its
advantages over conventional diesel in terms of combustion performance. In the case of combustion of a fuel-
oxidizer premixed system, the temporal evolution of the biodiesel flame front is illustrated in Figure 8. The
figure clearly demonstrates that both the shape and the size of the flame are strongly influenced by the degree
of mixing between the fuel and the oxidizer. At 3 ms after ignition, the flame core extends from approximately
0.6 cm to 1.25 cm along the vertical axis of the combustion chamber. This elongation is attributed to elevated
temperatures, which cause the boundary between the flame core and the ignition zone to expand, enhancing
the propagation of the combustion front.
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The flame morphology is inherently dependent on the properties of the flammable mixture and the
characteristics of the injection system employed. Importantly, the combustion behavior of biodiesel indicates
that it can be utilized in conventional internal combustion engine units without requiring modifications to the
fuel delivery or injection system.

Beyond combustion performance, biodiesel exhibits a significant tribological benefit: its inherent
lubricating properties reduce engine wear by approximately 60%, thereby extending the operational lifespan
of critical engine components, including the fuel injection system, combustion chamber, and exhaust assembly.
This combination of favorable flame dynamics and mechanical advantages underscores biodiesel’s potential
as a sustainable and efficient alternative to conventional petroleum diesel in automotive applications.

Figure 9 illustrates the distribution of heat flux in both biodiesel and diesel fuel mixtures reacting with an
oxidizer. The visualization corresponds to the early stages of the ignition process, at a moment when the fuel
has not yet fully reacted with the oxidizer. At this initial stage, the Nusselt number ranges between 1 and 2,
reflecting the early development of convective heat transfer. Higher Nusselt numbers, in contrast, indicate
regions of intense convective heat flux, which are characteristic of turbulent flow conditions.
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Fig.9. Visualization of heat flow intensity in a reacting mixture of biodiesel and oxidizer

As shown in Figure 9, the axis of the combustion chamber exhibits pronounced mixing of the fuel and
oxidizer, driven by the temperature gradients within the flame core. For both biodiesel and diesel, this mixing
plays a critical role in determining flame structure and combustion efficiency. However, due to differences in
droplet mobility and fuel properties, biodiesel demonstrates more rapid and uniform mixing compared to
conventional diesel, promoting earlier and more complete combustion. Additionally, the curvature of the flame
front, previously observed in Figure 8, disrupts the formation of a flat, laminar combustion zone, leading to
the development of a fully turbulent flame. This effect is more pronounced for biodiesel, where enhanced
droplet dispersion and higher reactivity accelerate the transition from laminar to turbulent combustion,
improving heat release rates and overall energy conversion.

Figure 10 illustrates the results of computational simulations tracking the temporal evolution of the Sauter
mean diameter (SMD) of biodiesel droplets as a function of distance from the injector. These results are further
compared with experimental data for conventional diesel fuel reported by [20], allowing for a direct evaluation
of differences in atomization behavior between the two fuels. The Sauter mean diameter represents a key
volumetric-surface parameter that characterizes the size distribution and atomization quality of liquid fuel
droplets. Consequently, analysis of SMD provides critical information for the selection of injector design,
optimization of fuel injection pressure, and determination of effective fuel flow rates necessary to achieve
uniform droplet sizes throughout the combustion chamber. Such detailed characterization ensures improved
fuel-air mixing and more efficient combustion, which is particularly important for enhancing engine
performance and minimizing pollutant formation.

Analysis of Figure 10 indicates that the computational simulation results are generally in good agreement
with the experimental data, with the exception of the region located approximately 10 mm from the injector
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nozzle at 0.5 ms. In this zone, the calculated Sauter mean diameter (SMD) of biodiesel droplets reaches a peak
value of 136 um, whereas the experimental measurements report a maximum SMD of 110 pm.
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Fig.10. Comparison of time distributions of the Sauter mean diameter of droplets of diesel
and biodiesel fuels at a distance of 10 mm from the injector nozzle

The observed discrepancies can be attributed to the proximity of the droplets to the injector, where end
effects and localized flow disturbances are most pronounced. These phenomena inherently lead to deviations
between the idealized conditions of numerical simulations and the complex dynamics captured in experimental
observations, particularly in the near-nozzle region.

4. Conclusions

From the results of the computational experiments of biodiesel and fossil diesel fuel droplets sputtering
and combustion, the key findings regarding combustion efficiency, emissions, and droplet dynamics can be
summarized as follows:

1. Biodiesel, specifically rapeseed methyl ester (RME B100), demonstrates significant potential as an
alternative to conventional petroleum diesel. Its higher oxygen content, lower sulfur and aromatic compounds,
and better lubricity contribute to more complete combustion, reduced emissions of soot and carbon monoxide
(CO), and decreased engine wear. Computational results confirm that CO emissions from biodiesel are
substantially lower than from fossil diesel fuel under identical operating conditions, highlighting its
environmental and health advantages;

2. The combustion of biodiesel droplets in a turbulent gas flow shows enhanced mobility, improved
mixing with the oxidizer, and more uniform heating compared to diesel droplets. This leads to near-complete
combustion, higher local temperatures (up to ~3100 K), and accelerated transition from laminar to turbulent
flames. The shape and size of the flame front depend on fuel-oxidizer mixing and injection system
characteristics, yet biodiesel can be utilized in standard diesel engines without modifications;

3. Visualization of heat flux indicates that biodiesel achieves more efficient convective heat transfer in
the combustion chamber due to enhanced droplet dispersion and higher reactivity. Turbulent mixing promotes
rapid flame propagation and effective energy release, contributing to higher combustion efficiency compared
to fossil diesel fuel;

4. Analysis of the Sauter mean diameter (SMD) of fuel droplets shows that biodiesel exhibits slightly
larger droplets near the injector due to end effects, but overall droplet dispersion and atomization are favorable.
SMD analysis provides critical guidance for injector design, fuel injection pressure optimization, and uniform
droplet formation, ensuring better fuel-air mixing and efficient combustion for both biodiesel and diesel;

5. The combined results of computational simulations and experimental comparisons indicate that
biodiesel offers both environmental and operational advantages. Its use can reduce harmful emissions, improve
engine lifespan due to natural lubrication, and provide a sustainable alternative in regions suitable for rapeseed
cultivation, such as Kazakhstan. These findings support the broader adoption of biodiesel in internal
combustion engines as part of a strategy to transition toward cleaner and renewable energy sources.
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