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Abstract: In this paper, biodiesel was used as an alternative fuel to investigate the combustion and
emission characteristics of a four-stroke diesel engine, in terms of cylinder pressure, heat release
rate, cylinder temperature, brake thermal efficiency, brake specific fuel consumption, nitrogen oxide,
soot, carbon monoxide, and hydrocarbon. Firstly, a diesel engine cylinder model was developed
by AVL-Fire software coupled with CHEMKIN code to simulate the injection and combustion of
biodiesel with a kinetic mechanism with 106 species and 263 reactions. Then, the simulation model
was validated by experimental results under 100% and 50% load conditions and used to simulate
the combustion process of a diesel engine fueled with pure diesel, biodiesel, and biodiesel–diesel
blends with 10%, 20%, 30% biodiesel by volume, respectively. The results showed that the brake
specific fuel consumption increased with the increase of mixed biodiesel ratio. The brake specific
fuel consumptions of B10, B20 and B30 increased by 1.1%, 2.3% and 3.3%, respectively, compared
with that of D100. The combustion and emission characteristics of the diesel engine are improved.
Therefore, biodiesel can be used as an alternative fuel for the diesel engine. The diesel–biodiesel fuel
can improve the combustion and emission characteristics of the diesel engine.

Keywords: biodiesel; diesel engine; AVL-Fire; biodiesel-diesel blends

1. Introduction

Due to the economy and reliability of diesel engines, they have become the primary
power source for ships, construction machinery, and heavy trucks [1]. According to the
International Energy Agency, the energy consumption rate will reach approximately 53%
in 2030 [2]. As a result, the depletion of fossil fuels will further increase in the short term [3].
However, with the development of society, the energy crisis has become a matter of concern.
Thus, the energy crises [4] and environmental problems [5] have driven the development
of renewable energy in the world. In addition, the cylinder combustion of diesel engines
also emits many pollutants, such as particulate matter, nitrogen oxide, and sulfides. To
overcome this problem, almost every country in the world has made stringent emission
regulations to reduce pollutant emissions [6].

In order to solve the above problem, many researchers are also looking for clean energy
sources such as solar, wind, and biomass to meet future economic development [7]. Because
wind energy and solar energy are greatly affected by the natural environment, it is difficult
to widely replace petrochemical fuels in a short time [8]. However, the biodiesel produced
by animal and vegetable oil in ester exchange reactions, not only has the equivalent
petroleum diesel combustion, but also has environmentally-friendly, renewable [9], and
other positive features, making it one of the ideal diesel fuels to substitute petroleum [10].
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Biodiesel is a clean energy source and is considered as the most viable replacement of
fossil fuels due to its biodegradable nature [11], low emissions, carbon neutrality, and non-
toxicity [12]. Thus, it was defined as an “environmentally friendly fuel” [13]. In general,
the specific preparation process is based on a transesterification reaction with animal fats
or vegetable oils and with ethanol or methanol as reactants under catalyst conditions, such
as potassium hydroxide or sodium hydroxide, where triglycerides are transferred to ethyl
esters and fatty acid methyl esters.

Many researchers have carried out experimental and modeling research on the
combustion and emission characteristics of diesel engines fueled with various types of
biodiesels [14]. It was observed that the use of biodiesel could significantly improve
combustion efficiency by releasing oxygen atoms from its chemical structure to replenish
oxygen in the fuel-poor zone, thereby reducing particulate matter (PM), carbon monoxide
(CO), and hydrocarbon (HC) emissions. Moreover, biodiesel can be miscible with diesel in
any ratio. However, biodiesel fuel still has many limitations, such as high viscosity, low
calorific value, low volatility, and poor cold flow properties. In addition, biodiesel fuel will
increase the nitrogen oxide emission reported by many researchers [15]. Therefore, many
researchers have focused on the combustion and emission characteristics of diesel engines
fueled with biodiesel–diesel fuel to improve the properties of biodiesel [16].

In order to improve biodiesel characteristic, it is necessary to study the characteristics
of biodiesel [17]. For example, Gokalp et al. [18] investigated the effects of diesel–biodiesel
fuels with different mixing ratios (5%, 20% and 50% biodiesel by volume) on the combustion
and performance characteristics of marine diesel engine. The results indicated that the
maximum reduction in soot emission reached 74% compared with that of diesel. However,
the brake specific fuel consumption (BSFC) increased due to the lower calorific value of
biodiesel. In addition, Karavalakis et al. [19] investigated the effects of diesel–biodiesel
fuels on the combustion and performance characteristics of a heavy-duty diesel engine.
They found that the diesel–biodiesel fuels could greatly reduce PM, HC, and CO emissions.
Mehmet et al. [20] investigated the combustion and emission characteristics of a diesel
engine fueled with diesel–biodiesel fuels (5% and 20% biodiesel by volume). The results
showed that the brake thermal efficiency had no obvious change when the engine was
fueled with diesel–biodiesel fuel (20% soybean biodiesel by volume) and diesel. Therefore,
biodiesel can be considered as an alternative fuel in the diesel engine with changes only in
the engine fuel system.

In recent years, with the rapid development of computational fluid dynamics (CFD)
technology, numerical simulation has been widely used in engineering design and de-
velopment [21]. CFD technology can not only save cost, but also better simulate the
combustion process in the diesel engine cylinder [22]. For example, Yang et al. [23] used
AVL-Fire coupled with the CHEMKIN code to investigate biodiesel–ethanol blended fuel
with different proportions of ethanol on the combustion and emission characteristics of
the diesel engine at different engine loads. The results showed that the maximum cylinder
pressure and indicated thermal efficiency decreased as the ethanol proportion increased.
In addition, An et al. [24] investigated the combustion and emission characteristics of a
four-stroke, water-cooled, high-pressure common rail turbocharged diesel engine fueled
with diesel–biodiesel fuel. The results showed that the fuel blends had a significant effect
on BSFC and brake thermal efficiency. Lukas et al. [25] used AVL-Boost coupled with
AVL-Fire to investigate the effect of diesel–biodiesel on engine characteristic. The results
showed that diesel–biodiesel blends could improve the emission characteristics. Based
on previous studies, the results obtained showed that biodiesel fuel could decrease PM,
CO, HC and NOx emissions [26,27], although, on the other hand some experiments on
biodiesel also showed that NOx emission concentration increased [28,29]. Therefore, it
is very important to further study the impact of biodiesel on diesel engine emission and
combustion characteristics. It is beneficial to further reducing emissions and improving
brake thermal efficiency of the diesel engine.
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As mentioned above, the paper was conducted on the effects of the biodiesel propor-
tion on the combustion and emission characteristics of a biodiesel fueled diesel engine.
Firstly, an improved diesel engine model was developed and verified by the experimental
results in the AVL-Fire environment. Secondly, the AVL-Fire combined with CHEMKIN
code was employed to evaluate the practicality of biodiesel–diesel fuel. Finally, the effects
of biodiesel–diesel blend fuels on the combustion and emission characteristics of diesel
engine were also investigated and compared. The findings are of interest in terms of both
the prevention of performance losses and emission reduction.

2. Models and Methods
2.1. Mathematical Models

In the paper, mathematical models are used to solve the mass, momentum, energy, and
component number conservation equations and describe the combustion of non-constant
three-dimensional flow fields for chemical reactions [30–32].

2.1.1. Cylinder Flow Simulation

The effects of turbulent fluid flow on fluid should be considered in the AVL-Fire
environment. The AVL-Fire solves the momentum, energy, three-dimensional transient
conservation equations of mass, turbulent fluid flow and species using the temporal-
differencing scheme and a finite volume. The mass conservation is described as follows:

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (1)

where ρ is the density, g/cm3; t is the time, s; u = (u, v, w) is the vector of the velocity, m/s;
The momentum of the fluid in the cylinder is divided into three different directions,

and the momentum conservations in the x, y and z directions are as follows:

ρ
du
dt

=
∂(−pa + τxx)

∂x
+

∂τyz

∂y
+

∂τzx

∂z
+ SMx (2)

ρ
dv
dt

=
∂τxy

∂x
+

∂
(
−pa + τyy

)
∂y

+
∂τzy

∂z
+ SMy (3)

ρ
dw
dt

=
∂τxz

∂x
+

∂τyz

∂y
+

∂(−pa + τzz)

∂z
+ SMz (4)

where pa is the normal stress, Pa; τ is viscous stress, Pa; SM is the source momentum from
each direction.

The energy conservation equation is as follows:

∂(ρT)
∂t + ∂(ρuT)

∂x + ∂(ρvT)
∂y + ∂(ρwT)

∂z

= ∂
∂x

(
k
cp

∂T
∂x

)
− ∂

∂y

(
k
cp

∂T
∂y

)
+ ∂

∂z

(
k
cp

∂T
∂z

)
+ ST

(5)

where cp is specific heat capacity, J; T is the temperature, ◦C; k is the heat transfer coefficient
of fluid; ST is the viscous dissipation, J.

2.1.2. Combustion Model

The 3-zones Extended Coherent Flame Model is one of the coherent flame models
and has a decoupled treatment of chemistry and turbulence, which makes it an attractive
solution for combustion modeling [33]. Thus, it is suitable for the calculation of combustion
in the cylinder and can be expressed as:

∂ρỸx

∂t
+

∂ρũiỸx

∂xi
=

∂

∂xi

((
µL
SCL

+
µT
SCT

)
∂Ỹx

∂xi

)
+ ωx (6)
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where µL and µT is the laminar and eddy viscosity respectively, m2/s; SCL and SCT is the
Schmidt number of laminar and turbulent, ωx is the corresponding combustion source
item, kg/(m3·s); Yx is the average mass fraction of species x, %.

Furthermore, three transport equations for the mass fraction, mixture fraction, and
residual gas mass can be expressed as [34]:

∂

∂t

(
ρy f uel

)
+

∂

∂xi

(
ρuiy f uel

)
=

∂

∂xi

(
Γ f u

∂y f uel

∂xi

)
+ S f u (7)

∂

∂t
(ρ f ) +

∂

∂xi
(ρui f ) =

∂

∂xi

(
Γ f

∂ f
∂xi

)
(8)

∂

∂t
(ρg) +

∂

∂xi
(ρui f ) =

∂

∂xi

(
Γ f

∂ f
∂xi

)
(9)

where yfuel is the fuel mass fraction, %; f is the mixture fraction, %; g is the residual gas
mass, g; Sfu is the source term quantifying the fuel evaporation in fresh gases, kg/m3·s;
and ρ is the mean density of the mixture, g/cm3.

In addition, the fuel mass fraction in the fresh gases was calculated from the transport
equation:

∂ρy f u. f

∂t
+

∂ρuiy f u. f

∂xi
=

∂

∂xi

[(
µL
SCL

+
µL

SCT

)
∂y f u. f

∂xi

]
+ ρS f u. f + ω f u. f (10)

where yfu.f is the fuel mass fraction in the fresh gases, %; ωfu.f is a source term taking
auto-ignition, premixed flame and mixing between mixed unburned and mixed burnt
areas into account, kg/(m3·s).

Additionally, the mixing of evaporated fuel with fresh air is modeled with the trans-
port equations for the unmixed fuel and unmixed oxygen [35,36]. It can be calculated by:

∂ρy f

∂t
+

∂ρuiy f

∂xi
− ∂

∂xi

(
µL
SCL

∂ρy f

∂xi

)
∂y f

∂xi
= ρS f −

1
τm

y f

(
1− y f

ρMmix
ρu M f

)
(11)

∂ρya.o2
∂t +

∂ρuiya.o2
∂xi

− ∂
∂xi

(
µL

SCL

∂ρya.o2
∂xi

)
∂ya.o2

∂xi

= ρS f − 1
τm

ya.o2

(
1− ya.o2

y∞.o2

ρMmix
ρu M f

) (12)

where yf is the unmixed fuel, g; ya.o2 is the unmixed oxygen, cm3; Mmix is the mean molar
mass of the gases in the mixed area, g; Mf is the molar mass of fuel, g; ρu is the density of
the unburnt fuel, g/cm3; τm is the mixing time which considers turbulence quantities, s;
and is defined as:

1
τm

= β
ε

k
(13)

where β is a model factor (β = 1); ε is the dissipation rate, %; k is the isentropic exponent, pa.

2.1.3. Breakup Model

In the paper, the Kelvin–Helmholtz wave model [37] is employed to simulate the
breakup of fuel droplets and can be expressed as:

Ra = C1λ (14)

τa =
3.7C2Ra

λV
(15)

λ = f (Wec, Ohd) (16)

V = f (Wec, Ohd) (17)
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where Ra is the radius of a new oil drop, mm; λ is the length of wave, mm; V is the wave
growth rate, mm/s; τa is the breaking time, s; C1 is the model constant; C2 is the braking
rime constant; Wec is indicating continuous phase; Ohd is indicating droplet properties.

In order to estimate the disintegration of the blobs into secondary droplets, RT-
instabilities can develop if the fluid acceleration has an opposite direction to the density
gradient [38]. RT-instabilities can be calculated by the following equations:

Ωt =

√
2

3
√

3σ

gt|(ρd − ρc)|1.5

ρd + ρc
(18)

τt = C5
1

Ωt
(19)

Kt =

√
gt|ρd − ρc|

3σ
(20)

λt = C4
π

Kt
(21)

where gt is the deceleration in the direction of travel, m/s2; if the wave length λ is small
enough to be growing on the droplet’s surface and the characteristic RT breakup time τt
has passed, the droplets atomize and their new sizes are assumed to be proportional to
RT wavelength; σ is the surface tension coefficient; Kt is the number of waves; ρd is the
density of liquid phase, g/cm3; ρc is the density of gas phase, g/cm3; C4 and C5 are the
adjust parameters.

2.1.4. Turbulence Model

The standard k-ε model can be calculated by the following equations:

∂(ρk)
∂t

+ div(ρkU) = div
[

µt

σk
gradk

]
+ 2µtSij · Sij − ρε (22)

∂(ρε)

∂t
+ div(ρεU) = div

[
µt

σε
gradε

]
+ C1ε

ε

k
2µtSij · Sij − C2ερ

ε2

k
(23)

where Cµ, σk, σε, C1ε, and C2ε.are the adjustable constants. In this paper, Cµ, σk, σε, C1ε, and
C2ε are 0.09, 1.00,1.30, 1.44 and 1.92, respectively.

2.1.5. Heat Transfer Model

Heat transfer in the cylinder is a very complex process [39,40]. The important factor
in the calculation of heat transfer is to determine the instantaneous average heat transfer
coefficient, which can reduce the error. In this paper, the instantaneous average heat
transfer coefficient was calculated by the following equation:

αe = 820p0.8 · T−0.53 · d−0.2
[

Ca · Cv + Cb
T1 ·Vs

p1V1
(p− p0)

]0.8
(24)

where p is the cylinder pressure, MPa; T is the cylinder temperature, K; Ca is the air velocity
coefficient; Cv is the velocity of the cylinder, m/s; Cb is the chamber shape coefficient; P1,
T1 and V1 is the cylinder pressure, temperature and volume when the piston move to the
beginning of the compression stroke, respectively, Vs is the cylinder work capacity, m3; p0
is the cylinder pressure measured by dynamic test branch, MPa.

2.2. Fuel Preparation

According to our team’s previous research [12,41], the typical biodiesels are mainly
composed by five components, methyl palmitate (C17H34O2, C16:0) and methyl stearate
(C19H38O2, C18:0) as saturated methyl esters, as well as methyl oleate (C19H36O2, C18:1),
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methyl linoleate (C19H34O2, C18:2) and methyl linolenate (C19H32O2, C18:3) as unsaturated
methyl esters. Where Cm:n is the shorthand of fatty acid methyl ester, m is the number
of carbon atoms in fatty acid group, n is the number of double bonds. It is generally
believed that the major components of typical biodiesels are also the above five components,
and other components such as C12:0, C14:0 and C20:0 can be ignored. The soybean oil
methyl ester (SME) was obtained by transesterification of soybean oil with methanol. The
transesterification of soybean oil was conduct out by alkali catalysis in a reactor about 1 h.
The transesterification was carried out with 6:1 methanol to oil molar ratio and 1% wt KOH
as an alkaline catalyst. Based on the fatty acid profile, the SME properties were analyzed
by “Biodiesel Analyzer”. In the paper, an Agilent 7890 N GC-MS analyzer was used for
measuring the composition of fatty acid of biodiesel. Table 1 shows the fatty acid profile of
biodiesel. In addition, the kinematic viscosity of biodiesel is measured according to ASTM
D445. Similarly, the lower calorific value of biodiesel is measured according to ASTM D240.

Table 1. Physical properties of FAMES present [12].

Type Kinetic Viscosity
(mm2/s) (at 40 ◦C)

Density
(g/cm3) (at 20 ◦C)

Molecular Weight
(g/mol)

Higher Calorific Value
(MJ/kg)

SME
(%)

C18:3 3.11 0.899 292 39.43 6.19
C18:2 3.79 0.887 294 39.68 55.19
C18:1 4.60 0.875 296 39.93 23.43
C18:0 5.59 0.863 298 40.18 3.22
C16:0 4.37 0.864 270 39.56 11.98

In addition, Table 2 gives some physical and chemical properties of diesel and soybean
biodiesel. In order to investigate the effect of different proportions of biodiesel on engine
combustion and performance, three different biodiesel–diesel fuels (10%, 20%, and 30%,
biodiesel by volume) were investigated, where 10% biodiesel addition mixtures with
90% diesel by volume, 20% biodiesel addition mixtures with 80% diesel by volume, 30%
biodiesel addition mixtures with 70% diesel by volume, and pure biodiesel (B100), pure
diesel (D100), were defined as B10, B20, and B30, respectively.

Table 2. Properties of different injection fuels.

Name Diesel SME B10 B20 B30

Cetane number 50 53.65 50.37 50.73 51.10
Lower calorific value (MJ/kg) 42.7 39.72 42.40 42.10 41.81

Density at 15 ◦C 837 886 841.9 846.8 851.7
Oxygen content (%) 0.3 10.5 1.32 2.34 3.36

Viscosity (cPs/40 ◦C) 2.75 4.31 2.91 3.06 3.22

2.3. Computational Mesh

To investigate the effect of biodiesel–diesel on the combustion and emission character-
istics of the diesel engine, a turbocharged, compression-ignition, air-cooled, four-stroke
diesel engine cylinder model was established in the AVL-Fire environment. The main
parameters of the diesel engine are set out in Table 3. Based on the bowl geometry of
a diesel engine by taking advantage of the symmetric distribution of eight nozzle holes,
the grid is produced. As shown in Figure 1, the 45◦ sector dynamic meshes have been
considered for one injector nozzle hole.
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Table 3. Engine specifications.

Type Value

Number of cylinder 4
Bore × stroke (mm) 93 × 102
Engine speed (rpm) 1800

Effective power (kW) 75
Torque (N·m) 240

Connecting rod (mm) 158.5
Compression ratio 18
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Figure 1. The detailed simulation model of the cylinder.

In this work, the grid-independence validation was verified by using AVL-Fire. Three
different kinds of grids were divided, named as coarse mesh, medium mesh, and fine mesh.
When the piston is at the top dead center, the numbers of the three grids are shown in
Figure 2a–c, and the gird units are 76,072, 312,864, and 654,376, respectively.
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Figure 2. The cylinder gird at top dead center. (a) Coarse mesh; (b) Medium mesh; (c) Fine mesh.

Figure 3a,b shows the cylinder pressure and in-cylinder temperature data at different
grid densities. It can be found that there is no clear difference in cylinder pressure and
temperature between the fine mesh and medium mesh. This means the calculation result is
not affected by the mesh. Since the medium grid can ensure accuracy and save calculation
time, the medium grid is selected for the research in this paper.
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Figure 3. The comparison of cylinder pressure and temperature for grid independence test. (a) Cylinder temperature
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2.4. Feasibility Test

In this paper, the diesel engine model was employed to investigate the effects of
different diesel–biodiesel fuels on engine performance and emission characteristics of the
diesel engine. Figure 4 shows the schematic diagram of diesel engine test equipment.
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The intake and exhaust gases with the engine temperature were measured by the
exhaust gas analyzer TCHK-400U. The BILSA MOD210 infrared gas analyzer measured the
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emissions of carbon monoxide, carbon dioxide, and hydrocarbons. The electrochemical gas
analyzer Kane-May Qintox KM9106 measured the nitrogen oxides using the AVL-Smoke
meter measuring the smoke. The FCMM-2 was used to measure BSFC. The DEWE-2010CA
was used to monitor the combustion of the diesel engine. The EFS-IFR600 was used to
measure fuel injection rate with a measurement error of 0.5%. A hydraulic dynamometer
was used to measure diesel engine load. In addition, an Electronic Control Unit control
system was employed for controlling the electronically-controlled diesel engine.

2.5. Uncertainty Analysis

In general, the experimental measurements obtained have some uncertainties and
errors. The uncertainty in the experimental results is due to many reasons such as sensor
selection, observation and calibration. The measurements are used to calculate the desired
experimental results. The percentage of uncertainty of various parameters such as NOx,
BSFC and BTE can be obtained by the following equations:

ER = {[(∂R/∂Y1)e1]
2 + [(∂R/∂Y2)e2]

2 + · · ·+ [(∂R/∂n)en]
2
}1/2

(25)

R = {Y1, Y2, Y3, · · ·, Yn} (26)

where R in Equation (26) is a function of independent variable Y1, Y2, . . . , Yn. Let e1, e2,
. . . , and en be the uncertainties in the independent variables and ER be the uncertainty in
the results.

The measuring range and accuracy of the measurement equipment used in this paper
are shown in Table 4. The overall experimental uncertainly has been calculated by the
following equation.

Overall experimental uncertainty = Square root of [(uncertainty of
Pressure sensor)2 + (uncertainty of CO emission)2

+ (uncertainty of CO2 emission)2

+ (uncertainty of HC emission)2

+ (uncertainty of Soot emission)2

+ (uncertainty of NOx emission)2

+ (uncertainty of BSFC)2

+ (uncertainty of Crank angle encoder)2]
= Square root of [(0.5)2 + (1)2 + (1)2 + (1)2 + (0.5)2 + (1)2 + (1.5)2 + (0.3)2] = 2.615%

Table 4. List of measurements, measuring accuracy, and measuring range.

Measurements Measuring Range Accuracy % Uncertainty

Pressure sensor 0–25 MPa ±10 kPa ±0.5
Exhaust gas temperature 0–1000 ◦C ±1 ◦C ±0.25

Engine speed 1–4000 rpm ±0.2% ±0.24
Fuel flow measurement 0.5–100 L/h ±0.04 L/h ±0.5

CO emission 0–16%vol ±0.01% ±1
CO2 emission 0–16%vol ±0.01% ±1
HC emission 0–20000 ppm ±0.5% ±1
Soot emission 0–5000 ppm ±0.1% ±0.5
NOx emission 0–6000 ppm ±0.1% ±1

BSFC - ±5 g/kW-h ±1.5
Crank angle encoder 0–720 ◦CA ±0.125◦ ±0.3

2.6. Model Validation

In order to validate the model, the engine experiments were carried out with a four-
cylinder diesel engine fueled with D100 and B10 at different loads. The heat release rate
(HRR) and in-cylinder pressure of pure diesel and B10 were shown in Figure 5a–d at 100%
and 50% loads. The predicted in-cylinder pressure and ignition process were satisfactory
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with the experimental data at 100% and 50% loads. The predicted in-cylinder pressure
and ignition process agrees well with the experimental results. The difference between
experiments and simulations can be explained by the chemical reactions and the sub-grid
being considered as a perfect stirred reactor in the CHEMKIN code environment. In
addition, Figure 6a,b showed the NOx emissions of the simulation and experiment at 100%,
50% and 25% loads, respectively. It can be found that the skeletal chemical mechanism
(SCM) agrees well with the experiment. In general, the SCM and computational modeling
can accurately predict the combustion process of biodiesel–diesel fuel.
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3. Results and Discussion

In this section, the combustion and emission characteristics of the diesel engine fueled
with biodiesel and biodiesel–diesel fuels are investigated at different engine loads.

3.1. Combustion Characteristics
3.1.1. Cylinder Pressure and Heat Release Rate

Cylinder pressure is an important parameter for evaluating the engine combustion
process and combustion efficiency [42]. Figure 7a–c shows cylinder pressures and heat
release rates of diesel–biodiesels with different biodiesel mixing ratios at different loads. It
can be seen that the cylinder pressure of D100 is the highest. More specifically, the cylinder
pressures of B100, B30, B20 and B10 are decreased by 4.69%, 3.62%, 3.52%, and 3.25%,
respectively, compared with that of D100 at low load. In addition, the cylinder pressures of
B100, B30, B20 and B10 are decreased by 4.22%, 3.37%, 3.25% and 3.12%, respectively at
full load compared with that of D100. This result is due to the lower calorific value and
higher viscosity of biodiesel [43]. When the engine load increases, the spray character is
improved by the increase of cylinder temperature. Thus, the difference in cylinder pressure
is reduced.

Generally, the ignition delay includes chemical ignition delay and physical ignition
delay. The physical ignition delay has the greater impact on ignition character. The D100
shows the earliest ignition delay in all cases, followed by B10, B20 and B10. The ignition
delay will increase with the higher viscosity of biodiesel. However, the longer ignition
delay is beneficial to the physical evaporation and mixing process of air and fuel. In
addition, the pressure, temperature and fuel–air ratio are increased significantly, which are
favorable for fuel evaporation and combustion with the increase of engine load, although
the ignition delay is still longer for biodiesel. More combustible mixture is prepared during
the ignition time. Thus, B100 has the highest HRR.
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Figure 7. Cylinder pressure and heat release rate at different loads: (a) Cylinder pressure at 100% load and heat release rate
at 100% load; (b) Cylinder pressure at 50% load and heat release rate at 50% load; (c) Cylinder pressure at 25% load and
heat release rate at 25% load.
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3.1.2. Cylinder Temperature

Cylinder temperature is an important parameter for evaluating the combustion and
emission characteristics [44]. Figure 8a–c shows cylinder temperatures of diesel–biodiesels
with different biodiesel mixing ratios at different loads. It can be found that the maximum
cylinder temperature increases with the increases in engine load and the biodiesel mixing
ratio. For example, the cylinder temperatures of D100, B10, B20 and B30 are 1312.05 K,
1230.65 K, 1220.23 K, 1210.03 K and 1200.31 K, respectively, at full load. This result is
due to the low calorific value of biodiesel. In addition, it can be found that cylinder
temperature difference between diesel and diesel–biodiesel fuels is reduced with increase
in the engine load. This is due to the fact that the oxygen content in biodiesel is beneficial
to the combustion, especially at high load. This indicates that the biodiesel mixing ratio
has a great effect on the HRR in the cylinder [45].
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Figure 9 shows the in-cylinder temperature distribution fields at different loads. It
can be seen that more local high-temperature zone is produced by biodiesel compare
with diesel, especially at low load. This result is due to the fact that the high viscosity
of biodiesel is not beneficial to the fuel spray. Moreover, it was observed that the spray
penetration of biodiesel decreased due to the high viscosity of biodiesel, but the spray
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angle increased. Thus, more local high-temperature areas will be produced by the biodiesel.
In addition, it was observed that with the increase of biodiesel mixing ratio, the spray
impingement improved. Therefore, due to the poor spray penetration of biodiesel [46],
the local high-temperature zone will increase at low load, leading to the formation of
nitrogen oxides.
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3.1.3. Brake Specific Fuel Consumption

The BSFC is an important parameter in the evaluation of the diesel engine. Figure 10
shows the BSFCs at different loads. It can be found that the BSFC increases with the
increase in the biodiesel mixing ratio. For example, the BSFC of B100 is 365.77 g/(kW·h)
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at the low load. Compared with D100, the BSFC of B100 increases by 13% at low load.
However, the BSFCs of B10, B20 and B30 increases by 1.1%, 2.3% and 3.3%, respectively,
compared with that of D100. This result is due to the low calorific value of biodiesel [47].
At low load, the high viscosity is not beneficial to the fuel spray. While the engine load
increases, the oxygen content in biodiesel improves the combustion in the cylinder [48],
thus reducing the negative effects of the low calorific value.
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3.1.4. Brake Thermal Efficiency

The brake thermal efficiency (BTE) is the rate energy [47]. It can be calculated by the
following equation:

ηit =
3600
BHu

(27)

where Hu is low calorific value, MJ·kg−1; B is brake specific fuel consumption, g/(kW·h).
Figure 11 shows the BTEs of diesel–biodiesels with different biodiesel mixing ratios at

different loads. It can be found that the BTEs of B100, B10, B20, and B30 were decreased
by 5.9%, 2.95%, 3.5 and 3.65%, respectively, compared with that of pure diesel at low load.
However, the BTEs of B100, B10, B20, and B30 were decreased by 2.53%, 0.32%, 0.87%, and
1.19%, respectively, compared with that of pure diesel at high load. This result is due to the
lower calorific value and higher viscosity of biodiesel [49]. When the engine load increases,
the spray character is improved by the increase of cylinder temperature, then the cylinder
combustion is improved [50]. Thus, the BTEs of B100, B10, B20, and B30 are improved.
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3.2. Emission Characteristics
3.2.1. Carbon Monoxide Emission

Carbon monoxide (CO) is a poisonous gas that is colorless and odorless [51]. Incom-
plete hydrocarbon fuel combustion will lead to the formation of carbon monoxide [52].
Figure 12a–c shows the CO emissions with different biodiesel mixing ratios at different
loads. It can be found that with more fuel, more CO will be generated with the increase in
load. However, the greater the load, the faster the oxidation rate of CO. In addition, the CO
formation can be restrained, hence the CO emission can be decreased with the increased
biodiesel mixing ratio and cylinder temperature. This is due to the oxygen content of
biodiesel. More specifically, the CO emission of B100 is reduced by 68.8% compared with
that of D100 at 100% load. In addition, the CO emission of B100 is reduced by 24.6%
compared with that of D100 at 25% load. This is due to the fact that the high viscosity of
biodiesel is not beneficial to the oxidation of carbon monoxide.
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3.2.2. Nitrogen Oxide Emission

Figure 13 shows the NOx emissions with different biodiesel mixing ratios at different
loads. It can be found that the NOx emission will increase with the increase in biodiesel
mixing ratios at different loads. Specifically, the NOx emission of B100 is about 45.21%
higher than pure diesel at low load. In addition, compared with D100 at low load, the
NOx emissions of B10, B20, and B30 increased by 8.62%, 17.63%, and 26.64%, respectively.
With the increase in load, NOx emission differences between D100 and B100 gradually
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decreased. The same results could also be found in Reference [53]. Thus, the biodiesel will
result in more NOx emission, due to the higher oxygen content in the biodiesel.
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3.2.3. Soot Emission

Figure 14 shows the soot emission with different biodiesel mixing ratios at different
loads. It can be found that the emission of soot decreases continuously with the increase in
mixing ratio. In addition, the greater the load, the greater the effect of the biodiesel mixing
ratio. Specifically, the soot emission of B100 is reduced by 41.62% compared with that of
D100 at 100% load. Similarly, compared with D100, the soot emissions of B10, B20, and
B30 are reduced by 4.86%, 8.20%, and 14.59%, respectively at 100% load. This is due to
the higher oxygen content in the biodiesel. Thus, the biodiesel–diesel fuel improves the
combustion in the cylinder. In addition, Figure 15 shows the soot emission distribution
fields at different loads. It can be found that the formation of soot emissions is mainly
concentrated in the area with high fuel concentration. Therefore, it is easier to produce soot
in poor oxygen combustion.
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3.2.4. Hydrocarbon Emission

Figure 16 shows the hydrocarbon (HC) emission with different biodiesel mixing ratios
at different loads. It can be found that the HC emission decreases with the increase in
biodiesel mixing ratio. More specifically, the HC emission of B100 is reduced by 21.62%
compared with that of D100 at 100% load. Similarly, compared with D100, the soot
emissions of B10, B20, and B30 are reduced by 5.18%, 8.01%, and 9.18%, respectively, at
100% load. This result is due to the higher oxygen content in the biodiesel. Thus, the
biodiesel-diesel fuel improves the combustion in the cylinder.
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4. Conclusions

To overcome the energy crisis [54–62] and and environmental problems [63–69], it is
necessary to study biodiesel [70–72]. In this paper, a diesel engine model was developed
by AVL-Fire. Then, the model verified by experimental results is employed to investigate
the combustion and emission of diesel engine fuel with diesel–biodiesel fuel at different
loads. Based on the above analysis, the main conclusions are as follows:

(1) The maximum cylinder pressure is reduced with the increase in biodiesel mixing
ratios. The cylinder pressures of B100, B30, B20 and B10 are decreased by 4.69%,
3.62%, 3.52%, and 3.25%, respectively, compared with that of D100 at low load. When
the engine load increases, the spray character is improved by the increase of cylinder
temperature. Thus, the difference of cylinder pressure is reduced.

(2) The longer ignition delay is beneficial to the physical evaporation and mixing process
of air and fuel. The physical ignition delay has the greatest impact on ignition
character. The D100 shows the earliest ignition delay in all cases, followed by B10,
B20 and B10. In addition, the BSFC increases with the increase in biodiesel mixing
ratio. The BSFCs of B10, B20 and B30 increases by 1.1%, 2.3% and 3.3%, respectively,
compared with that of D100.

(3) The NOx emission will increase with the increase in biodiesel mixing ratios at different
loads. Compared with D100 at low load, the NOx emissions of B10, B20, and B30
increased by 8.62%, 17.63%, and 26.64%, respectively. With the increase in load, NOx
emission differences between D100 and B100 gradually decreased.

(4) Compared with diesel fuel, biodiesel can significantly reduce the emissions of CO,
HC and soot and no significant change has been found in engine performance.
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