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ABSTRACT: The current work includes a numerical investigation of the effect of biodiesel blends with different
aluminum oxide nanoparticle concentrations on the combustion process in the cylinder of a diesel engine. IC Engine
Fluent, a specialist computational tool in the ANSYS software, was used to simulate internal combustion engine
dynamics and combustion processes. Numerical analysis was carried out using biodiesel blends with three Al,Os
nanoparticles in 50, 100, and 150 ppm concentrations. The tested samples are called D100, B20, B20A50, B20A100, and
B20A150 accordingly. The modeling runs were carried out at various engine loads of 0, 100, and 200 Nm at a rated
speed of 1800 rpm. The combustion characteristics are improved due to the catalytic effect and higher surface area of
nano additives. The results showed the improvements in the combustion process as the result of nanoparticle addition,
which led to the higher peak cylinder pressure. The increases in the peak cylinder pressures for B20A50, B20A100,
and B20A150 about B20 were 3%, 5%, and 8%, respectively, at load 200 Nm. The simulation found that the maximum
temperature for biodiesel blends diesel was higher than pure diesel; this was due to higher hydrocarbon values of B20.
Also, nano-additives caused a decrease in temperatures in the combustion of biofuels.

KEYWORDS: Aluminum oxide; alsternative fuel; biodiesel blend; combustion engine; combustion simulation; diesel
engine; nanoadditives

1 Introduction

One of the potential approaches to improving diesel engine performance is the addition of nanoma-
terials, which has been recently studied. This approach aims to increase the combustion characteristics of
diesel fuel through these additives, which results in improved engine efficiency. Many studies have addressed
the effect of nanoparticles on diesel engine performance, which will be presented in this section [1]. The
uses of diesel engines have varied, including freight vehicles, public transportation buses, and electricity
generators that provide emergency power, in addition to those used in agricultural operations to provide
food [2,3]. Moreover, diesel fuel is considered the most widely used energy source in industrial processes.
On the other hand, it is one of the causes of harmful effects through gases emitted from engines on the
human environment and crops [4]. Environmentally, exhaust gases are the pollutants that pose a major
threat to human health. Statistics show that these pollutants contain more than 40 toxic and air-polluting
substances. The materials and products included in diesel engine emissions were classified to include carbon
dioxide (CO,), hydrocarbon (HC), nitrogen oxide (NOy), particulate matter (PM), and other gases, and
the effects and identification of 600 million important factors caused by exhaust gases were recorded. This
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also coincides with the impact of these emissions on climate change directly, especially on patients suffering
from chronic diseases: such as asthma, chronic bronchitis, and other lung diseases. These effects also extend
beyond human health through their impact on the outer ozone layer within the atmosphere [5]. Many
solutions have been addressed by scientists and researchers to reduce the effects of these emissions on the
environment [6,7]. These solutions included direct methods, through improving the combustion of diesel

fuel, or indirect methods, through adopting systems to address these emissions after combustion [8,9].

Detailed combustion mechanism was studied as a new process to develop diesel engines [10,11] operating
with biodiesel blends with nanomaterials. The interaction between soot particles and NOy was described,
and reported that the influence of soot on NOy depends not only on radiation from the thermal process but
also on reaction due to the chemical process [12]. The bio-diesel blends with nanomaterials were tested on the
diesel engine, and experimental results were compared with simulated results. Numerical analysis showed a
significant increase in peak pressure and exhaust temperature due to the increase in ignition delay and the
heat release rate in the combustion phase with nanoparticles. Also, a study suggested the advanced injection
timing for diesel engine operation with biofuels [13]. The enhancement by iron oxide and Fe; O4 nanoparticles
in diesel and biodiesel-diesel blends has been experimentally investigated to study the performance and
emissions of a single-cylinder diesel engine [14]. Enhancement in engine performance is detected with the
addition of 10 PPM Fe; O, nanoparticles, and the Fe;O4 nanoparticles in the fuel blend results demonstrated
a reduction of HC, CO, and NOy emissions.

On the other hand, recent research confirms that the air-fuel mixing ratio can be distributed appro-
priately with the special piston cavity driving the airflow [15]. Several studies have discussed the geometric
arrangement of a new natural gas engine and the effect of mixing air and fuel inside the cylinder with the
geometry of the combustion chamber, injection conditions, type of injector, and shape of the cylinder head.
Generally, swirl and turbulence control the mixing and combustion of air/fuel within the cylinder of diesel
engines. The inlet port design plays a major role in swirl motion; thus, well-optimized combustion can be
achieved [16]. Mitchell et al. [17] studied engine blow-by and its effect on brake power, friction power, and
different parameters. Results appeared that neat diesel produces higher blow-by than the oxygenated fuels,
while it was proved that oxygenated fuels perform better between hot and cold start when compared to diesel.
microalgae HTL surrogate fuels were used to enhance engine performance and reduce exhaust emissions.
The compared study was implemented on a series of turbo-charged diesel engines, multi-cylinders, and
common-rail [18].

In the last few years, numerical analysis using different programs was used to study diesel engines by
researching alternative fuels and their effect on performance characteristics and analyzing the components of
polluting exhaust gases. On the other hand, a few studies have been conducted on diesel engine simulations
operating with biodiesel blends and nanomaterials. This work focused on CFD simulation of diesel engines
using diesel and waste cooking oil blended biodiesel with Al,O; nanoparticles. The cylinder pressure,
temperature distribution, and velocity are found. This article presents the methodology for constructing the
numerical field, describing it, and applying the boundary conditions.

2 Materials and Methods

Internal combustion engine fluid dynamics and combustion processes have been simulated using IC
Engine Fluent, a specialist computational tool in the ANSYS software. It gives engineers and scientists a
thorough platform to evaluate and improve the performance, emissions, and efficacy of numerous internal
combustion engine types utilized in industrial, automotive, and aerospace applications. Complex systems
known as internal combustion engines use fuel burning in a small area to generate mechanical work. The fluid
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dynamics inside them largely determine these engines’ pressure, velocity, and temperature. Fig. I presents
numerical analysis processes.

[ Modeler of IC engine ]—» Geometry Creation —» Mesh Generation
Post-processing le—] Solving Governing Eqn. | «— Pre-processing

\4

Results Interpretation and Analysis

Figure 1: Numerical analysis flowchart

2.1 Compression Ignition Engine

The study was performed using experimental data of a four-cylinder IC engine to build the computa-
tional model is shown in Fig. 2. Four cylinders and four stroke types were used (8041 i40, direct injection);
the detailed specifications of the base engine selected for the simulation are given in Table 1.

Engine speed meas-

urement system

BSFC measure-

Dynamometer ment system

Air inlet meas-

urement system

Four cylinder, Diesel

engine

Figure 2: Experimental setup visualization

Table 1: Features of the four-cylinder engine used in the experiment

Engine model 8041i40
Type DI, 4 stroke, 4 cylinders, Diesel natural aspirated
Combustion type’s Direct injection
Bore value 104 mm
Stroke value 115 mm
Compression ratio 171
Maximum speed 2940 rpm

(Continued)
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Table 1 (continued)

Engine model 8041i40
Maximum torque 266 Nm/2300 rpm
Stand-by (Maximum) rating 64 kW (87HP)/2940 rpm 64 kW
Flywheel & Has SAE/11.5
Dry weights 415 kg
Fuel consumption 296 g/kW.h (198 g/HP.h)/2940 rpm
Displacement 3.9it

Biodiesel data from waste cooking oil were chosen for blending with test samples. This simulation
focused on four samples: B20 (extracted from 20% waste cooking oil biodiesel with 80% neat diesel based on
volume), B20A50, B20A100, and B20A150 (the AL O; nanoparticles were blended with B20 samples at the
dosages of 50, 100, and 150 ppm of the mass fraction). The physic-chemical properties of all the considered
fuel samples are measured as per ASTM standards, and the results are offered in Table 2.

Table 2: Properties of test samples used in experiments

Fuel type B20 B20A50 B20A100 B20A150
Density, kg/m’ 832.5 832.1 8315 831.8
Viscosity, cSt 3.12 3.14 3.17 3.19
Cetane No. 49.1 494 49.8 49.9

Calorific value, kcal/kg 10,267 10,266.2 10,265.5 10,264.7
Cloud point, °C =21 =21 =21 -21

The experiments were conducted by the Department of Power Mechanics Technology, Al-Furat
Al-Awsat Technical University/Al-Musayyab Technical Institute, on a four-cylinder engine, four-stroke,
water-cooled, direct injection diesel, and naturally air intake, while a speed sensor was used to gauge the
engine speed; it operates depend on pulse counting principle. A calibrated vessel as well as a stopwatch
were used to measure the fuel consumption rate. The inlet airflow was determined using an orifice meter.
A pressure manometer was installed between the intake manifold and the orifice meter. The engine was
connected to a water dynamometer to measure the torque.

2.2 Computational Procedure

The methodology adopted for the present study was as follows.

2.2.1 Geometry Creation

Users of IC Engine Fluent may design intricate 3D geometries of various engine parts, including
cylinders, pistons, valves, and combustion chambers. Users of Solid Work may design intricate 3D geometries
of various IC engine parts. The accuracy of the simulation results is guaranteed by geometry modeling
accuracy. As shown in Fig. 3, the dimensions of the combustion chamber were created considering earlier
studies about piston diameter, crankshaft length, and other factors, as shown in Table 3. The IC Engine Fluent
feature in the ANSYS software was utilized to perform the simulation.



Energy Eng. 2025;122(5)

_40.00

2063

21.00
_15.00

Figure 3: Cylinder geometry of internal combustion engine

Table 3: Technical specifications and simulated settings of the engine

Slice

InputManager2

Decomposition position
Decomposition angle
Sector decomposition type
Cylinder liner faces
Sector angle
Validate compression ratio
Compression ratio
Crevice H/T ratio
Spark points (Optional)
IC Valves Data 1 (RMB)
Valve bodies
Valve seat faces
IC injection 1 (RMB)
Spray location option
Spray location, height
Spray location, radius
Spray direction option
Spray angle

IC Advanced Options (RMB)

IvVC
570°
Complete geometry
1 face
60°
Yes
21
3
Not selected

4 bodies
4 faces

Height and radius
0.02 mm
0.02 mm

Spray angle
70°

After entering the required information as shown in Fig. 3, the input manager converts the model of the
internal combustion chamber into a geometry that can be simulated to extract the results as in Fig. 4. Where
the data such as crankshaft length 115 mm and minimum lift 0.2 mm and the input option for inlet valve
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closed (IVC) and the exhaust valve open (EVO) is entering direct values, the inlet valve closed 570 degrees
and the exhaust valve open 833 degrees.

piston inner
piston inflation

piston outer

Figure 4: IC engine domain

2.2.2 Mesh Generation

In general, structured meshes are the best choice for modeling complex geometric designs, which is why
the hexagonal structured mesh is adopted in the current modeling. ANSYS software is qualified to create
solid geometric meshes and 3D models and drive IC fluently. The number of cells taken is shown in Fig. 5.

For accurate and reliable results, the combustion domain is meshed with adopting tetrahedral,
structure-based, and path-conforming meshing because of generally provides higher accuracy and efficiency
for certain simulations, has a regular grid structure with well-defined layers, is suitable for complex
geometries with multiple faces and regions and maintains the integrity of original geometry, the size of the
element used was 0.001 m, as shown in Table 4.

Table 4: Mesh independence check results

Case Node Element Max. Temperature (K) Absolute % of change[(New-Old)/New] x 100

1 1,711,567 1,405,636 961 1.26%
2 1,967,825 1,612,356 949 0.3%
3 2,056,732 1,805,436 946 0.1%
4 2,256,711 2,062,218 945 0.046%

2.3 Combustion Governing
The CFD model was controlled by several assumptions;
The working fluid used is considered an ideal gas.

o  The piston was considered flat during modeling.

o Only one valve was used for the inlet and exhaust process within the simulation.
o The adiabatic process was adopted, and its equality was adopted during compression and expansion.
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Figure 5: Mesh generated

o Assume that the inlet valve at the suction stroke opens at 0° to 180°, while the exhaust valve opens at
710° to 890° during the exhaust stroke.

The spark is often under-resolved on the CFD mesh because the initial spark size is typically modest
compared to the cell size. Modeling the spark by burning a few cells close to the spark position reveals
considerable grid and time-step sensitivity, and flame speed and flame brush diffusion may be inaccurate
owing to poor space and time resolution. Additionally, ignitions happen too soon when the initial spark is
lower than the size of the cell. The ANSYS IC engine fluently calculates a sub-grid equation for the spark
evolution to lessen this sensitivity. The main assumptions of the governing equations are incompressible,
unsteady, and 3D dimensions. The flame front of the spark is infinitely thin and completely spherical. Spark
radius, 1, increases with time, t [19],

Continuity equation:

v-V=0 (1)

Momentum equation:

<

)

L 1 .
+V.yV= 5 (=VP +uv?V + pgB (T - Trer) ) + S (2)

Q)

t
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Energy equation:

ahsens ahlat nd k
. Vhsens = N hsens 3
YR TRl ( )=V (pcpv ) (3)
dr  py
Mg 4
dt Pb ! (4)

where S, is the turbulent flame speed, p, is the density of the burned fluid behind the flame, and p,, is
the density of the unburned fluid in front of the flame front. The sub-grid spark model is translated to the
CFD grid through a representative volume of CED cells. The local turbulent length scale at the spark site is
estimated as the fixed diameter of this spherical container. However, the radius of the representative sphere,
r¢, is determined as follows to make sure that it is neither too big (about the size of the combustor) nor too
tiny (about the size of the cell),

1
r; = max (ro + 34, 3ry, min (Elt’ ro + IOA)) (5)

where A is the cell length scale, I, is the turbulent length scale, and 7y is the initial spark radius that the user
specifies [17].
An alternative is to use the spark-model text interface to provide r; as a fixed value.

Since the flame speed is influenced by all of the turbulent scales present after the spark diameter reaches
this size, [, is used to define the representative volume. Even if the simulation period is longer than the user-
specified time limit, the spark radius will rise until the length scale is achieved. It should be noted that the
period supplied is solely utilized to determine the rate of spark energy input and the moment at which this
input stops. ANSYS Fluent turns off the spark flame speed model at this point, modeling the flame speed
across the domain using the flame speed model you chose in the Species dialog box. The typical spherical
volume’s temperature and species composition, indicated by, are determined as follows [19]:

¢ =co’+(1-c)g" (6)

where ¢ the unburned composition is represented by, and the equilibrium burnt composition by ¢.

These musical arrangements are constant in time and consistent in space. Spark energy is unnecessary
to ignite the mixture because the thermo-chemical condition behind the spark flame front is instantly
equilibrated as the spark propagates. All combustion models start with the spark energy set to zero and
the burned temperature as the equilibrium temperature. However, the temperature behind the spark may
be changed via the user interface to a positive number, in which case the equilibrium temperature will be
greater [19,20]. The turbulent flame speed is determined using the Turbulent Curvature model as follows:

2D 2D, ) @)

S; = max (Sl -—,8(r) - —
r r

where 7 is the current spark radius, D is the laminar diftusivity, and D, is the turbulent diffusivity. S; is the
laminar flame speed. S;(r) is the turbulent flame speed assessed at the turbulent length scale of the spark
radius? D and D, are evaluated at the spark location. Only turbulent length scales up to the spark radius may
impact the turbulent flame speed of the spark because scales bigger than the spark radius convert the spark
but do not enhance its area and flame speed. The flame speed model used for primary combustion is the
same flame speed model used for premixed and partly premixed combustion. By default, the Zimont flame
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speed model is used for Species Transport instances. S; and D are included in the interface for the species
transport models as extra inputs to the model [19].

Remember that the flame curvature reduces the speed of both laminar and turbulent flames. Since the
user inputs the initial spark radius ry, reducing r( slows the spark propagation and lengthens the burning
period. The turbulent flame speed is determined using the Turbulent Length model as follows:

S; = max (§;S:(r)) (8)

This means that the Turbulent Length model disregards how flame curvature affects flame speed. The
Herweg and Maly model is used to compute the turbulent flame velocity [20,21].

sc=mas{sns (10 (25 ) e ()] e (500 (5) ) g

where I is a function of the influence of strain on the laminar burning velocity [18].

Iy = max 0,1—(1)2(£)2— ép_u (10)
15lt Sl pr

The chemical balance within combustion processes can be analyzed to determine the types of products.
This is done by determining the fuel and air mixing ratios within a range known as the equivalent ratio.
After the combustion of the mixed charge, the combustion products reach equilibrium at a certain pressure
and temperature. The thermodynamic properties of the resulting mixture were determined through the
combustion equation.

CoHgO, +nano+5((x+/3 y)(02+376N2)

- %COZ + %Hzo + (oc + [Z; - %) %Nz + (oc + é - %) (1- é)CaHl;Oy + other 1)

Fuel is injected directly into the cylinder using a fuel injector, and this unit is responsible for homoge-
neous fuel injection. The simulation system regulates fuel injection modeling by determining the injection
time and the duration of the injector opening to control the amount of fuel charge supplied accurately. Fuel
injection includes two methods: stratified injection and homogeneous injection. When the engine is running
at a low load, early injection (stratified charge) is applied. This method injects fuel into the cylinder during
the compression stroke. During high engine load, a homogeneous charge is applied in which the fuel charge
is injected during the intake stroke to obtain a homogeneous mixture early [7].

2.4 Boundary Conditions

Boundary conditions are crucial for setting up a realistic and accurate simulation of an internal
combustion engine using ANSYS Fluent. They define the interaction of the engine with its surroundings and
play a pivotal role in capturing the engine’s behavior. Further boundary conditions are applied based on valve
position as follows.

1. Inlet BC (subsonic, Mach number less than 1)
2. Outlet BC (supersonic, Mach number greater than 1)
3. 'Wall BC (adiabatic)

And boundary condition applied initially for the I.C engine is shown in Table 5.
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Table 5: The applied boundary conditions

Parametser Value

Cylinder head, manifold  Stationary
Cylinder wall, valve rod  Unspecified

Piston, valve bottom Specified
Cartesian velocity 0.001 m/s
Static pressure 0.081 MPa
Air inlet temperature 300 K
K-¢ value model 0.001 m*/s

3 Results and Discussion

Fig. 6 shows the profiles of the combustion chamber pressure change range with a crank angle for all fuel
samples prepared at a load of 200 Nm. It can be observed that the burning rate increases due to the addition
of nanomaterials resulting from the high Cetane number and short ignition delay, and this is due to the
higher surface area of the nano additives and their catalytic effect. Developments in the combustion pattern
after adding the nanomaterial were represented by an increase in peak cylinder pressure. Fig. 7 displays the
most important changes in cylinder pressure (Pcy) during the combustion process with the crank angle for
all fuel samples tested at a load of 200 Nm, where we notice an increase in Pcy for the nano fuel mixture
compared to diesel fuel due to the increase in fuel consumption in the combustion process, while the Pcy
with increasing proportion of nanoparticles in the biodiesel blend for fuel tested samples B20A50, B20A100,
and B20A150.

8.55+06 B20 B20A50 B204100 B20A150
8.42e+06
8.33e+06
8.22e+06
8.00e+06
7.88e+06
7.66e+06
7.41e+06

7.22e+06

7.00e+06
6880406 AT cAT20 CAT20
| 6.4der08

6.22e+06

6.00e+06

5.88e+06
CA 740 CA 740 CA 740 CA 740

Figure 6: Contours of cylinder pressure variation with crank angle of all tested fuels at load 200 Nm
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Figure 7: Variation of cylinder pressure with a crank angle of all tested fuels at load 200 Nm
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Fig. 8 displays the peak cylinder pressure under the influence of nano-particles at different load
conditions. Peak cylinder pressure of B20A50 at 50 ppm appeared the higher value from the Biodiesel blend
at different loads. Also, this behavior repeated for B20A100 and B20A150 at 100 and 150 ppm. The increases
in the peak cylinder pressures for B20A50, B20A100, and B20A150 about D80B20 were 3%, 5%, and 8%,
respectively, at load 200 Nm. These results are consistent with the results of several researchers in [9,22,23].

Figure 8: Peak cylinder pressure of diesel and biodiesel blend with nano-additives at different loads

Peak cylinder pressure, bar
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Engine load, N.m

Fig. 9 displays the contours of temperature distribution for Diesel and Biodiesel blends with nano-
material (AL, O3) at 150 ppm B20A150 with crank angle from combustion modes in numerical procedures. At
state engine load 200 Nm and crank angle 720°, the combustion temperature reached up to 1164 K inside the
cylinder. While uniform distributions of combustion temperature were recorded inside the cylinder for all

crank angles within the combustion cycle; it is clear from the figure that the best combustion was achieved
by adding 150 ppm nanomaterials to the fuel sample B20A150. The maximum temperature recorded from
this combustion was about 1188 K. After comparing both pure diesel and the rest of the fuel samples, no high
difference appeared in temperature. Fig. 10 presents the maximum temperature of all fuel samples at different
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loads. Through the simulation was found that the maximum temperature for B20 was higher than D100; this
was due to higher hydrocarbon values of B20. While nano additives caused a decrease in temperatures in the
combustion of biofuels.
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Figure 9: Contours of cylinder temperature variation with crank angle of B20A150 at load 200 Nm
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Figure 10: Max. The temperature of diesel and biodiesel blends with nano-additives at different loads
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Fig. 11 shows the contours of burn charge velocity distribution during the combustion cycle using
B20A150. The profiles describe that low values of charge velocities were recorded in the center portion of
the cylinder compared to the near piston edge region. The main cause of this behavior was lower swirl
value during compression stroke and combustion. Generally, the data of recorded swirl value is higher
through the intake stroke due to suction operation, while it’s reduced during compression and combustion
strokes. However, the swirl enhancement occurs after fuel charge injection by fuel diffusion. Generally, a
swirl is defined as an organized charge rotation around the cylinder’s axis. The swirl grows based on initial
angular momentum through the intake flow into the cylinder. The air motion inside the cylinder affects the
combustion process. Increasing the swirl density causes acceleration of the mixing process due to increased
air velocity and provides conditions for a flammable mixture at the ignition point.

8.64e+00
8.21e+00 CA 640 CA 680 CA 700 CA 720

} ] CA 833
!

7.35e+00

6.92e+00
Figure 11: Contours of velocity distribution at different crank angles of B20A150 at load 200 Nm
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Fig. 12 compares numerical and experimental results of peak pressure with engine load for B20 and
B20A150 blends for the base engine. The peak pressure depends on the fuel taking part in the combustion
phase, which is based on the delay period and the spray envelopes of the injected fuel. The difference
percentages of peak pressure for the noOload engine with B20 and B20A150 were 7.3% and 4.2%, respectively,
whereas for the full load were 9.1% and 6.7% for B20 and B20A150. Table 6 illustrates the validation of peak
cylinder pressure values of the B20 and nano fuels utilized in this study at various engine loads with results
obtained by Mohd Noor et al. [24].
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Figure 12: The comparison of numerical and experimental results of peak pressure with engine load for B20 and

B20A150 blends

Table 6: Validation of current results fssor the peak pressure of the cylinder with published data

Fuel type Current work Mohd Noor et al. [24]
No Load (Kpa) 50% Load (Kpa) No Load (Kpa) 50% Load (Kpa)

B20 58.2 76.1 45 57

B20A50 59.8 77.2 46 59

B20A100 61.3 78.1 47 62

B20A150 62.4 79.8 48 64

4 Conclusions

The present numerical analysis aims to verify the use of diesel and biodiesel mixture as a diesel engine
fuel as an alternative fuel, especially with its enhancement by adding nanoparticles. Several models of
mixtures of AL O3 nanoparticles were examined numerically to clarify combustion behavior and indicate
engine performance to evaluate the effect of mixing AL, O nanoparticles with biofuel on engine performance
characteristics. An axisymmetric CFD analysis was carried out for neat diesel, and Biodiesel blends with
AL O; nanoparticles for diesel engines. The simulation analysis included five samples of diesel and additives.

The following are the major conclusions that can be drawn from the study’s findings:

o The increases in the peak cylinder pressures for B20A50, B20A100 and B20A150 are 3%, 5% and 8%,
respectively, compared to B20 at load 200 Nm.
o Through the simulation, it was found that the maximum temperature for biodiesel blends diesel was
higher than pure diesel; this was due to higher hydrocarbon values of B20. While nano-additives caused

a decrease in temperatures in the combustion of biofuels.
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 Finally, it indicates that lower velocity was found at the center portion of the working volume than near
the walls. Swirl value is higher during intake stroke due to sucking operation, and then it gets reduced
during compression and combustion processes.

Further investigations using different biofuel types with nano additives and amounts of surfactant
added to the diesel fuel blends, effect analysis of fuel injection pressure, and effect heat of vaporization
are recommended.
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Nomenclature

CA Crank angle, deg ss

St Turbulent flame speed, cm/s
D The spark location

1t Length scale of cell

L Length scale for Turbulence
To The initial radius of the spark, mm
Pcy Cylinder Pressure, bar

Tf Flame temperaturess, °C
Greek Symbols

Pu Burned fluid density, kg/m’
Abbreviations

IC Internal comsbustion

IVC Inlet valve closed

EVO Exhaust valve open

CFD Computational fluid dynamics
BSEC Brake-specific fuel consumption
BC Boundary conditions

RMB Review Medical Board
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