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SIMULATION OF THE EFFECTIVE DISTRIBUTION OF BIOFUEL DROPLETS
IN A REACTING FLOW

This work is devoted to developing a universal model of atomization and combustion of biofuel droplets using a
statistical approach and a particle trajectory tracking model. The model applies to all types of biodiesel used in
internal combustion engines with direct injections and is designed to optimize combustion processes, reduce
emissions, and improve engine efficiency. Based on mathematical equations of conservation of mass, momentum,
and energy, as well as numerical methods for calculating complex turbulent flows and the droplet atomization
process, complex computational experiments were carried out using modern technologies. Research has shown
that biodiesel has higher combustion temperatures and better evaporation characteristics compared to diesel fuel,
which helps to reduce carbon oxides and soot emissions. The results of modelling the effect of pressure in the
combustion chamber on the combustion process showed that its increase reduces soot emissions and promotes
more complete fuel combustion. Visualization of aerodynamic and temperature profiles confirms the high
efficiency of biodiesel combustion, especially under high temperature and pressure conditions.

1. INTRODUCTION

The global biofuel market is rapidly developing due to environmental issues and the
rising prices of oil and gas. According to the International Energy Agency (IEA), global
biofuel production has increased by 25% by 2024, reaching 76.3 million tons, which is 7%
more compared to the previous year. The United States, Brazil, and Indonesia significantly
expanded biodiesel production, accounting for nearly 60% of the global volume. In the United
States, biodiesel production nearly doubled, reaching around 21 million tons (Fig. 1) [1, 2].

Kazakhstan has a state policy on bioenergy, which promotes biotechnology integration
into the economy. The biodiesel combustion in Kazakhstan offers both environmental and
economic advantages. The country’s raw materials have significant potential, enabling it to
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become one of the world’s largest biofuel producers, following Brazil, the USA, and China.
Kazakhstan is home to two biodiesel and bioethanol production plants that use advanced
wheat processing technologies with minimal waste and the production of bio-additives. The
products are exported to Russia, Uzbekistan, Europe, and China.

Biodiesel is an important alternative to hydrocarbon fuels, contributing to the reduction
of CO2 emissions and improving air quality. However, its combustion may release nitrogen
oxides and carbon monoxide [3-5]. To fully harness the potential of biodiesel, it is crucial to
apply modern simulation techniques that optimize combustion, reduce emissions, and
enhance engine efficiency, thereby lowering fuel consumption and pollution.
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Fig. 1. Leading countries based on biofuel production worldwide in 2024

The combustion characteristics, performance, and emissions when using different
biodiesels in compression ignition engines were investigated in [6]. The works [7, 8] present
predictive models of biodiesel properties aimed at improving their accuracy, as well as an
evaluation of these properties to optimize engine performance. A multi-stage combustion
model for biodiesel engines, which allows for more accurate prediction of combustion
processes and helps optimize engine performance, was proposed by the authors in [9]. In [10],
a simplified soot model for the combustion of diesel and biodiesel was suggested, which
contributes to a more accurate prediction of soot particle formation and reduction of emissions.
The combustion characteristics, emissions, and engine performance when using blends of
rapeseed biodiesel with diesel fuel were investigated in [11].

In [12] the use of biodiesel produced from non-edible rapeseed oil via transesterification
as an alternative fuel for diesel engines was investigated. Experiments were conducted on a
5.95 kW single-cylinder direct injection diesel engine, using diesel, biodiesel, and diesel-
biodiesel blends at 200 bar injection pressure. Key parameters such as thermal efficiency,
specific energy consumption, exhaust gas temperature, in-cylinder pressure, heat release,
ignition delay, and emissions (HC, CO, NOx, and soot) were analyzed. The results showed
that the B25 blend (25% biodiesel, 75% diesel) can be used without engine modifications,
offering good thermal efficiency and reduced emissions.
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Research shows that rapeseed biodiesel (both pure and blended with diesel) has lower
thermal efficiency and higher specific fuel consumption. However, CO and particulate
emissions are reduced by 60%, while CO2 and NOx emissions increase. This is due to the
reduced ignition delay and advanced fuel injection when using rapeseed biodiesel [13].

However, the main drawbacks of all these studies are the simplification of the models,
their limited applicability to other types of liquid fuels, and the lack of thorough validation of
the results.

This work aims to develop a universal model for the atomization and combustion of
biodiesel droplets using a statistical approach and a particle tracking model, followed by the
validation of the numerical results. The model applies to all types of biodiesel used in direct
injection (DI) internal combustion engines.

In Europe, the most popular feedstock for biofuel production is rapeseed oil, which
accounted for more than 50% of the total in 2024, according to the International Institute for
Sustainable Development. In Kazakhstan, where enterprises producing key components for
biodiesel such as soybeans and rapeseed oil are actively developing, the biofuel used in this
study was biodiesel RME B100. This is a pure biodiesel consisting of 100% rapeseed methyl
ester, without the addition of traditional diesel fuel.

2. ACOMPREHENSIVE MODEL OF THE PROBLEM

The mathematical model of atomization and combustion of liquid fuel droplets is based
on the conservation equations of mass, momentum, internal energy, and reactant
concentration in a two-phase flow.

2.1. THE GOVERNING EQUATIONS OF SPRAY DYNAMICS IN TWO-PHASE REACTING FLOW

The mass conservation equation for a two-phase flow is as follows [14]:
d .
a—’; + div(pu) = S,,45s Q)

where u is the velocity of the liquid fuel flow, and Smass iS the source term arising due to
changes in the gas density during evaporation.
The momentum conservation equation for a two-phase flow is as follows [14]:

2 .
pa—? + p(gradw)u = divé + pg + Spmom (2)

where Smom IS the source term representing the local rate of momentum change in the gas phase
due to the motion of the droplets.
The equation for the conservation of internal energy is as follows [14]:

OF . .
pPL=T D — pdivu — divq + Sepnergy, 3)

where q is the heat flux, expressed by Fourier's law, and Senergy IS the source term due to the
contribution of the internal energy change caused by the fuel droplet motion.
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The equation for the conservation of the concentration of component m is as follows
[15]:

d(pcm) d(pcmuy) d dcm
= - + a_xl (pD _) + Smass; (4)

at dx; ‘m gx;
where pm is the mass density of component m, and p is the total mass density.
The turbulent characteristics of the reacting flow are calculated using a two-parameter
empirical k-¢ turbulence model, which includes the equations for turbulent kinetic energy k
and its dissipation rate € [16, 17]:
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The constant values ¢, c_, c, , o,, 6., which are parameters of the computational
model, are typically determmed experimentally.

2.2. STATISTICAL MODEL OF ATOMIZATION AND DROPLET DISTRIBUTION IN A REACTING FLOW

This paper is the first to jointly apply a statistical approach and a particle tracking model
to study biofuel droplets, which is a novel approach that is usually used separately to model
the atomization of traditional liquid fuels.

The distribution and breakup of fuel particles are described using a statistical approach
with the Rosin-Rammler distribution [18], which effectively models a wide range of particle
sizes, where smaller droplets dominate, but larger ones are also present, as is typical in
atomization processes [19]:

dpo + dp (_ ln(l - nrandkR))_ql (7)

q

d -d

where kg is defines as kr = 1 — exp <( pm‘”(‘d ) ro) ) Nrad is the random number, d,, is the
p

minimum diameter, d,, _is the maximum diameter, and (d,,) is the mean diameter of the
droplets. The spread factor of the distribution is controlled by g.

During droplet injection, the main factors contributing to breakup are the densities of
the liquid and gas, their relative velocity, the liquid’s viscosity, and surface tension [19]. The
Weber number, which represents the ratio of liquid inertia to surface tension, is a key
dimensionless number for droplet breakup [21]:

lug —u ‘Zr
. — pg g p p ’ (8)

Gp

We

where pgq IS gas density, op is the surface tension of the droplet.

Droplets can break up through various modes, depending on velocity, surrounding
pressure, and surface tension [22]. These modes include vibrational breakup, bag breakup,
streamer breakup, stripping breakup, and catastrophic breakup.
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In the present work, the maximum Weber number does not exceed 85. So, the bag
breakup model was chosen to describe the secondary breakup of a droplet when it is subjected
to shear forces or aerodynamic forces. The droplet forms a “bag” structure, where the droplet
deforms and stretches, leading to the formation of a thin film around the edges. Eventually,
this film can rupture, causing the droplet to break up into smaller fragments. This is
particularly observed when a droplet is in a high-speed environment or subjected to high shear
stress.

This work used a particle trajectory tracking model [23], designed to predict the
movement of droplets, their behaviour, and interactions with the surrounding environment.
The model is implemented using a Lagrangian approach, where each particle is tracked
individually and describes its motion over time.

2.3. SPATIAL MODEL OF THE FUEL COMBUSTION

This study used a diesel engine prototype with equal cylinder diameter and piston stroke,
ensuring a 1:1 ratio. Figure 2a shows a schematic of the internal combustion engine with
design parameters: cylinder bore (D) of 200 mm, piston stroke (S) of 221 mm, nominal speed
of 1700 rpm, and a minimum compression ratio of 14 [24]. The engine operates on a four-
stroke cycle with a direct injection mechanism, an in-line design, and a liquid cooling system.
The injection temperature in the combustion chamber ranged from 800 to 1500 K, while the
pressure varied between 20 and 60 bar. Usually four-stroke diesels have one injector only
[25].

A cylindrical combustion chamber model was developed, based on the spray mechanism
and geometric characteristics of a DI engine. The chamber has a height (Z or H) of 15 cm and
a diameter of 4 cm. A general view of the combustion chamber is presented in Fig. 2b. Liquid
fuel is injected directly into the chamber through a nozzle located at its lower part.

This study utilizes a multi-reaction chemical kinetics framework, coupled with the
CHEMKIN code, to model chemically reactive fuel spray flows in internal combustion
engines. This methodology enables a detailed analysis of combustion dynamics and provides
the capability to predict the influence of these processes on pollutant emissions, thereby
contributing to the development of more efficient and environmentally sustainable engine
designs [26].

The modelling was based on experimental data and a predictive correlation that
estimates ignition delay time under various engine operating conditions. This approach can
be used to analyse and optimize the performance of diesel engines running on biodiesel [27].

The system of equations describes the material balance of chemical reactions are
resolved:

dc,
-3 w, 9
T Z i ©)

where Cjis a mole fraction of species j, 7 is a time, and Wj; is the reaction rate for i reaction
and j species.
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The global Shell model of soot formation [28] was utilized to predict soot formation
during the combustion of hydrocarbon fuels. The model incorporates the processes of
nucleation, particle growth, and agglomeration, alongside the pyrolysis of hydrocarbons and
the formation of polycyclic aromatic hydrocarbons, which are pivotal in soot formation [29].
This model facilitates the prediction of soot emissions and the optimization of combustion
processes, thereby enhancing engine efficiency and mitigating environmental emissions.

???ﬂ’f Jet orifice
a)

Fig. 2. a) Schematic diagram of a DI internal combustion engine: D is cylinder bore, S is piston stroke, and V. is
nominal engine speed; b) General view of the combustion chamber

3. RESULTS OF COMPUTATIONAL EXPERIMENTS
3.1. COMPARATIVE ANALYSIS

This paper presents the results of computational modelling of biodiesel and diesel fuel's
atomization, combustion, and evaporation processes, which optimizes parameters to reduce
carbon oxides and soot emissions from internal combustion engines.

Figure 4 shows a comparative analysis of the combustion temperatures of the reacting
mixtures of biodiesel and petroleum diesel, obtained through computational experiments
using the developed computer model. The reacting mixture consists of biodiesel or diesel fuel
mixed with an oxidizer. Biodiesel is composed entirely of rapeseed methyl ester, while
conventional diesel fuel predominantly consists of tetradecane, which is commonly found in
the heavier fractions derived from petroleum.

The computer simulations revealed that at a distance of 30 mm from the injector nozzle,
the temperature of the biodiesel fuel-air mixture increases from 1900 K to 2700 K, whereas
for diesel fuel, the maximum temperature reaches 1800 K (Fig. 4).

During the study of biodiesel's atomization and combustion processes, the Sauter mean
diameters of its droplets were measured as a function of the injection temperature (Fig. 5). A
comparative analysis was also conducted with the combustion of ethanol, which, like
biodiesel, contributes to reducing harmful emissions, improving fuel economy, and reducing
dependence on fossil resources.
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As the injection temperature increases from 1300 K to 1500 K, the minimum droplet
size of biodiesel is 40 to 35 um, while ethanol droplets range in size from 23 to 20 pm (Fig. 5).
Despite the smaller droplet size of ethanol during atomization, its widespread use must take
into account its low calorific value, corrosive activity, and the need for modifications to
certain engine components.
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Fig. 3. The combustion temperatures of biodiesel and diesel fuel at a distance of x = 30 mm from the injector
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Fig. 4. Sauter mean diameters (SMD) of biodiesel and ethanol droplets as a function of injection temperature

As the injection temperature increases, the droplet diameters of both fuels decrease, as
high temperatures promote more intense evaporation of the liquid on the droplet surface and
Improve its atomization. As a result, the droplets become smaller, which increases their
surface area, accelerates the evaporation process, and enhances combustion efficiency.
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In this paper, we focused on carbon oxides due to their significantly stronger impact on
the greenhouse effect compared to nitrogen oxides (NOXx). Although carbon oxides (CO) have
a lower ability to directly absorb infrared radiation, their indirect effect through interactions
with ozone and methane further intensifies the greenhouse effect. While nitrogen oxides do
influence atmospheric processes, their contribution to climate change is comparatively less
significant. Thus, the emphasis on carbon oxides is based on their more pronounced role in
global warming.

A comparative analysis of the carbon monoxide (CO) concentration distribution during
the combustion of biodiesel and diesel fuel as a function of injection temperature is presented
in Fig. 6. At temperatures of 800-900 K, the CO emission peak is 2—4 g/g for diesel fuel and
1-2 g/g for biodiesel. As the injection temperature increases, CO emissions decrease, reaching
a minimum level of 0.14 g/g during the biodiesel combustion.

At temperatures above 2000 K, the role of plasma processes such as hydrocarbon
dissociation and chemical reactions involving ions, as well as excitation of different degrees
of freedom of atoms and molecules, increases. However, in this work, it is assumed that
combustion processes occur in temperature ranges where CO: dissociation does not
significantly affect the results. Therefore, a standard model of carbon monoxide concentration
distribution was used without taking this effect into account. The focus was on traditional
chemical reactions such as carbon and hydrocarbon oxidation. Including thermal dissociation
of CO2 would require more complex chemical kinetics and calculations, which is beyond the
scope of the current study. In addition, experimental studies have shown that at high
temperatures in the combustion chamber, the degree of carbon oxidation increases, which
helps reduce the formation of carbon monoxide. Biodiesel, due to the high oxygen content in
the molecules, helps to more effectively oxidize carbon into carbon dioxide (CO:), which
leads to a decrease in the formation of CO [30].

Pressure has a significant impact on soot emissions during the combustion of biodiesel
(Fig. 7). Generally, as the pressure in the engine cylinder increases, the combustion process
improves, leading to a reduction in soot emissions. This is because higher pressure increases
the temperature and compressibility of the mixture, which promotes more complete fuel
combustion.

The study found that biodiesel has higher combustion temperatures than diesel fuel,
which is attributed to its higher calorific value. As the injection temperature increases, the
droplet diameter decreases, improving evaporation and combustion efficiency for both fuels.
Regarding emissions, biodiesel combustion results in lower carbon monoxide (CO) levels
compared to diesel fuel, especially with increased injection temperature. The pressure in the
cylinder also plays a crucial role in reducing soot emissions by enhancing the combustion
process and ensuring more complete fuel combustion.

The study found that biodiesel has higher combustion temperatures than diesel fuel,
which is attributed to its higher calorific value. As the injection temperature increases, the
droplet diameter decreases, improving evaporation and combustion efficiency for both fuels.
Regarding emissions, biodiesel combustion results in lower carbon monoxide (CO) levels
compared to diesel fuel, especially with increased injection temperature. The pressure in the
cylinder also plays a crucial role in reducing soot emissions by enhancing the combustion
process and ensuring more complete fuel combustion.
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Fig. 5. Distribution of carbon monoxide (CO) concentration during the combustion of biodiesel and diesel fuel

In the future, we plan to conduct simulations of pressure changes over time during the
combustion process for both biodiesel and conventional diesel fuel. It is expected that the use
of biodiesel will lead to a faster pressure increase due to its higher flammability and more
complete combustion. This, in turn, may cause the peak pressure to be reached at an earlier
stage. We intend to further study and optimize this process to improve the efficiency and
reliability of diesel engines.
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Fig. 6. Soot emissions as a function of injection pressure during the combustion of biodiesel

3.2. 3D VISUALIZATION OF A REACTING FLOW

The following figures (8-12) show the results of 3D visualization of biodiesel fuel's
temperature, concentration, and velocity profiles 2.5 ms and 3 ms after the injection, obtained
using the developed comprehensive computer model.
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Figure 8 shows the temperature profiles of biodiesel at 2.5 ms and 3 ms. At time 2.5 ms
after the injection starts, the temperature plume extends from 0.8 cm to 2.4 cm in height and
0.5 cm in width, with temperatures in the plume zone reaching 2490-2700 K (Fig. 8a). 3 ms
after the start of injection, the lower part of the temperature plume narrows and moves to the
upper part of the combustion chamber, reaching 3 cm (Fig. 8b). This is due to the high heat
value, chemical composition, and good oxidizability of biodiesel, which contribute to its more
complete and intense combustion compared to diesel fuel.

In previous studies [31] using diesel and gasoline, the maximum combustion
temperature in the plume core for both fuels ranged from 1496 to 1802 K depending on the
initial injection temperature. These results once again confirm the high efficiency of biodiesel
due to its enhanced combustion characteristics.
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Fig. 7. Temperature profiles during biodiesel combustion at a) t = 2.5 ms and b) t = 3 ms after the start of injection: Z
(cm) — chamber’s height projection; X (cm) — chamber’s longitudinal projection

Figure 9 shows the concentration fields of carbon dioxide during the combustion of
biodiesel. The high CO: concentration (0.06 g/g) along the axis of the combustion chamber
is due to more complete combustion and higher oxygen consumption, indicating a greater
oxidizability of biodiesel compared to diesel fuel.

When gasoline and traditional diesel fuel are burned, CO emissions range from 0.08 to
0.12 g/g. Increasing the diesel fuel injection rate slightly reduces CO2 emissions due to
incomplete combustion, as the fuel droplets do not fully oxidize within the combustion
chamber [14]. Studies [15] of the injection angle effect have shown that with an increase in
the injection angle from 4 to 10 degrees, the concentration of CO2 formed during combustion
of diesel fuel increases from 0.180 g/g to 0.182 g/g. At the same time, during combustion of
gasoline, the opposite trend is observed: with an increase in the injection angle, the amount
of CO: released decreases, reaching a value of 0.176 g/g at angles of 6-8 degrees.

Figure 10 shows the dispersion of biodiesel droplets by size at 2.5 ms and 3 ms. The
droplet distribution follows the Rosin-Rammler function, which we applied in the statistical
approach. In the lower part of the combustion chamber, where droplets with sizes ranging
from 40 to 65 um dominate, the distribution exhibits a characteristic high value of the
parameter g, indicating the predominance of larger droplets.
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Fig. 8. CO: concentration fields during biodiesel combustion at a) t = 2.5 ms and b) t = 3 ms after the start of injection;
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These larger droplets, having a greater size, are less prone to evaporation and
fragmentation. Smaller droplets (5-15 um), moving toward the chamber exit, evaporate more
quickly and interact more actively with the airflow. This is also consistent with the Rosin-
Rammler distribution, where such particles make up a larger proportion, enhancing the
combustion process.
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Fig. 9. Dispersion of biodiesel droplets by size at a) t = 2.5 ms and b) t = 3 ms after the start of injection: Z (cm) —
chamber’s height projection; X (cm) — chamber’s longitudinal projection

Similarly, the evolution of the droplet sizes of heptane, a component of gasoline, shows
a decrease in their maximum size from 10 pum to the range of 3—5 pum at the exit of the
combustion chamber. This indicates more efficient droplet evaporation and their active
interaction with the air flow, which likely contributes to improved combustion efficiency [32].
The highest oxygen consumption occurs at the center of the temperature flame, leading to the
maximum fuel vapor concentration (0.28-0.32 g/g) along the axis of the combustion chamber
at heights from 0.9 cm to 3.4 cm, as shown in Fig. 11.
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This indicates more efficient combustion in this region. The fuel vapor concentration
remains significantly lower in the rest of the chamber, ranging from 0.02 to 0.08 g/g. In other
parts of the combustion chamber, the combustion process is less intense, which may lead to
incomplete combustion and fuel wastage.

In the study of the aerodynamic characteristics of the reacting flow, a visualization of
the longitudinal and transverse velocity components of biodiesel droplets was obtained at
2.5 ms and 3 ms after the start of injection (Fig. 12). A particle trajectory model was used to
track the droplets, which allowed the measurement of droplet velocities of different sizes in
various directions within the combustion chamber.

Fuel

!D

0.32

(€]

0.28
0.26
0.24
0.22
0.2

0.18
0.16
0.14
0.12
0.1

| 0.08
0.06
0.04
0.02

a) 2.5 ms ’ b) 3ms

Fig. 10. Fuel vapor concentration fields during biodiesel combustion at a) t = 2.5 ms and b) t = 3 ms after the start of
injection: Z (cm) — chamber’s height projection; X (cm) — chamber’s longitudinal projection

When burning traditional diesel fuel, a similar distribution of vapor concentration is
observed. The maximum concentration of diesel vapor is recorded at a height of 3.8 cm of the
combustion chamber, and in the rest of the combustion zone it is minimal, which indicates
complete combustion of diesel fuel. For 4 ms, the minimum concentration of dodecane vapor
is 0.01 g/g [33].

The maximum longitudinal velocity of the droplets at the outlet of the injector nozzle in
the lower part of the chamber reached 24-36 m/s, and in the rest of the chamber and at the
outlet it decreased to 4-10 m/s (Fig. 12a). In the cross-sectional plane of the chamber, the
droplet velocity ranged from 3 to 5 m/s, as shown in Fig. 12b.

During gasoline’s combustion, the following picture is observed. Droplets of gasoline
are injected into a chamber with stationary gas, after which they are carried away by it and
acquire a certain speed. During combustion, the highest speed of the drops is observed in the
middle of the chamber, at about 1 cm from the center, where the optimal speed is from 1 to 3
m/s, which is significantly less than that of biofuel droplets [34].

This indicates that in the lower part of the combustion chamber, droplets move at higher
speeds, improving their atomization and interaction with the air, which contributes to
complete combustion. In the upper part of the chamber, droplets interact with the air less
effectively due to their lower speed, which may reduce combustion efficiency. In the
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chamber's cross-sectional plane, the droplet velocities distribution contributes to more
uniform combustion.
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Fig. 11. Aerodynamic characteristics of biodiesel droplets at 3 ms after the start of injection: Z (cm) — chamber’s height
projection; X (cm) — chamber’s longitudinal projection, a) longitudinal velocity profile, b) cross-velocity profile

4. CONCLUSION

This paper provides a comprehensive analysis of biodiesel droplet atomization,
combustion, and evaporation in an internal combustion engine using advanced computer
models. It explores key factors affecting combustion efficiency and emissions, along with a
comparative evaluation against traditional diesel fuel.

1. Modeling has shown that biodiesel achieves higher combustion temperatures than
conventional diesel fuel. The maximum combustion temperature of biodiesel reaches 2700 K,
while for diesel fuel the maximum temperature is 1800 K. This is due to the high calorific
value and chemical composition of biodiesel, which promotes more complete combustion and
lower emissions of carbon dioxide (CO:) and carbon monoxide (CO);

2. Carbon monoxide (CO) emissions decrease for both biodiesel and diesel fuel as
Injection temperatures increase. Biodiesel exhibits lower CO levels than conventional diesel
fuel, especially at high injection temperatures without considering hydrocarbon dissociation
and ion-based chemical reactions. This is due to the better oxidizability of biodiesel due to
the high oxygen content in its molecules;

2. Modelling of biodiesel atomization has shown that droplet diameters decrease with
increasing injection temperature, which improves evaporation and more complete
combustion. Small droplets evaporate faster and their interaction with air is enhanced, which
Improves combustion efficiency and reduces emissions of pollutants such as carbon monoxide
and soot;

3. The pressure in the combustion chamber significantly affects soot emissions. Soot
emissions are significantly reduced when the pressure increases to 40 bar due to the improved
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combustion process. Increasing the pressure increases the temperature and turbulence, which
leads to more complete combustion of the fuel;

4. Visualization of the aerodynamic characteristics of droplets showed that biodiesel
droplets in the lower part of the combustion chamber move at high speed (20—24 m/s), which
contributes to their better atomization and mixing with air. This improves the combustion
process and increases the efficiency of biofuel use;

5. Ultimately, the study demonstrates that biodiesel is an effective alternative to
traditional hydrocarbon fuels, offering reduced carbon oxides and soot emissions while
enhancing combustion efficiency through smaller droplet sizes and more complete
evaporation.
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