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Abstract: In this paper, the simulation model was established based on GT-Power software, and a
scheme using the Miller cycle based on biodiesel was proposed. Taking diesel engine 16V265H as
the research object, the accuracy of the simulation model was verified by experiments. Combined
with the comparison of physical and chemical characteristics of biodiesel and the experimental
analysis of biodiesel under three different combinations, it was concluded that low ratio biodiesel
was the best choice to meet the power, economy, and emission performance of diesel. Through the
simulation scheme of the two Miller cycles for pure diesel (B0) and biodiesel (B10) under different
load conditions at 1000 rpm, the NOx emission performance of pure diesel in a Miller cycle was
significantly improved. On this basis, the comprehensive performance of the two Miller cycles
was compared with biodiesel. The results showed that both the Miller cycles could reduce NOx

emission. Combined with other key performances of a diesel engine, the best scheme to improve the
performance of the diesel engine was to burn B10 biodiesel and overlap angle the Miller cycle of the
variable valve at 30 ◦CA. The scheme has guiding significance for the application of the 16V265H
diesel engine.

Keywords: NOX; dynamic performance; locomotive diesel engine; Miller cycle

1. Introduction

Since the beginning of the 21st century, the global transportation industry has de-
veloped rapidly, especially rail transportation. Rail transportation is the core link in the
current market demand [1]. While pursuing economy and power, environmental protection
performance is also very important [2]. In this paper, the 16V265H diesel engine will be
taken as the research object [3,4], and the research will be carried out from three aspects of
diesel power, economy, and emission performance, especially the optimization of soot and
nitrogen oxide (NOx) emissions [5].

In recent years, many researchers have done a lot of research on the application
and development of locomotive diesel engine technology as an alternative fuel to pure
diesel [6,7]. As renewable energy [8], biodiesel is significantly better than pure diesel in
reducing carbon monoxide (CO), hydrocarbon (HC), and particulate matter (PM) [9,10].
However, at present, there is no research on the use of biodiesel for large diesel locomotives
of 16V265H [11]. This paper takes this opportunity to reduce fossil energy consumption
by burning biodiesel [12], to achieve the effect of environmental protection and energy-
saving [13]. However, when pure biodiesel is added to an ordinary diesel engine without
any process optimization, it will have a certain negative impact on engine performance and
NOx emission [14], which is about 13% higher than that of pure diesel [15]. The ultimate
purpose of the Miller cycle in this study is to reduce NOx emission of diesel engines [16].
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At present, the most effective method to reduce NOx emission in this direction is
the Miller cycle [17]. The Miller cycle is to close the intake valve at a certain angle before
the bottom dead center, and the gas entering the cylinder during the intake stroke will
obtain an additional expansion during the downward movement of the piston. In this
process, the additional expanded gas will reduce the temperature in the cylinder, reduce
the average temperature in the cylinder before combustion, and effectively reduce NOx
emission. As the temperature decreases in the combustion process, the working process
of the diesel engine also becomes smooth, which effectively reduces the working noise of
the diesel engine. Increasing the geometric compression ratio while reducing the effective
compression ratio can improve the combustion efficiency, to increase the output power
and torque. The NOx emission will not increase sharply, and the engine components do
not have to bear the excessive load, which effectively prolongs the service life of engine
components. Compared with conventional diesel engines, the intake pressure of the Miller
cycle is higher [18], but the maximum pressure in the cylinder remains unchanged [19].
During the intake stroke, an additional expansion period [20] will be obtained. However,
most of the research in this direction is based on the impact of one Miller cycle [21] on
engine performance [22]. Wang et al. [23] researched the Miller cycle of marine diesel engine
and realized the experimental research on the influence of the Miller cycle combined with
EGR on the performance, energy, and exergy of four-stroke marine regulated two-stage
turbocharged diesel engine by redesigning camshaft and EGR system. The research shows
that under 75% load, the combination of medium Miller timing and medium EGR rate
can not only meet the three-level NOx emission requirements, but also far better than only
high EGR rate in fuel economy, opacity, and COVIMEP. Guan et al. [24] conducted a study
on Miller cycle operation by delayed inlet valve closing (LIVC) with and without EGR in
a single-cylinder heavy-duty diesel engine equipped with a variable valve drive (VVA)
system. The research shows that due to the relatively low engine output nitric oxide (NO)
emission, the introduction of EGR allows the engine to operate with higher corrected net
indicated efficiency (NIE) or lower specific total fluid consumption than the benchmark
without EGR. Wei et al. [25] analyzed the influence of early inlet valve closing (EIVC) Miller
cycle on low and medium load combustion and emission of marine diesel engines. The
research showed that appropriate EIVC would reduce the pressure, temperature, and NO
emission in the cylinder. When the load was 50%, the nitric oxide emission was reduced by
17.8%, and when the load was 25%, the NO emission was reduced by 14.9%. Li et al. [26]
verified the diesel engine method of using the Miller cycle, turbocharger, and ethanol
to reduce NOx and particulate emissions based on a numerical method and model. The
results showed that the Miller cycle did reduce NOx emission to a certain extent. Compared
with the traditional diesel cycle, the NOx emission value of the Miller cycle was reduced
by 8.5–12.9%. The Miller cycle, as an effective means to reduce NOx emission of diesel
engine, is gradually being widely used. At present, the main research work at home and
abroad focuses on some large natural gas engines and heavy diesel engines for power
generation. After consulting relevant literature, researchers at home and abroad mainly
focus on the impact of using one Miller cycle mode on engine performance, while there is
less research on the impact of multiple the Miller cycle modes on engine performance. This
paper studies the influence of biodiesel on the performance of locomotive diesel engines
through two different Miller cycle modes of variable cam profile and variable valve overlap
angle, compares the effects of the two Miller cycle modes and selects the better Miller cycle
implementation mode. Its research results will fill the gap in the use of biodiesel for large
diesel locomotives [27], effectively reduce the use of petrochemical energy [28] and improve
the ecological environment [29].

In conclusion, the numerical simulation analysis of diesel engines has outstanding
economic advantages through an accurate mathematical model framework [30], which can
make a great contribution to the cost-saving of the experimental team. In this paper, the
power, economy, and emission performance of the simulated diesel engine are optimized
by burning biodiesel under the conditions of the two Miller cycles [31].
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This paper mainly studies the biodiesel combustion of the 16V265H diesel engine
based on two different Miller cycle B10 concentrations at 1000 rpm and 100% load. The
parameters of diesel engine power, torque, fuel consumption, and NOx emission are taken
as the result variables of the model. The Miller degree of diesel engine (including the
advanced closing angle of inlet valve in the variable cam profile Miller cycle scheme, the
overlap angle of the variable valve, and the translation angle of inlet valve lift curve in
the Miller cycle scheme) is taken as the independent variable of the optimization model to
determine the optimal Miller degree (◦CA) of the 16V265H diesel engine under 1000 rpm
and 100% load conditions. This study will provide a method reference for the follow-
up research work of the Miller cycle, and its research results have certain engineering
application value.

2. Numerical Approaches

The working process in the cylinder of a large railway locomotive diesel engine is
very complex, which is generally divided into heat transfer, flow, physical and chemical
processes. Its basic differential equation is one of the basic equations that must be followed
in simulation calculation. At the same time, the establishment of a biodiesel fuel depot is
also very important. The key is to improve its fuel depot according to the thermodynamic
parameters and attributes of biodiesel with different ratios. The fuel depot is built mainly
by improving the “FluidLiqIncompress” module through GT suite software. It mainly
involves the relationship between the physical and chemical parameters of biodiesel fuel
and its constant pressure-specific heat and heat transfer coefficient temperature obtained
through semi-empirical formula [32].

2.1. Theory of Diesel Engine Working Process

The diesel engine simulation software in this paper is based on the GT-Power module.
The core equation in the simulation process is the basic differential equation of the diesel
engine in the cylinder. This equation can be extended to other models such as combustion
and exhaust. The working medium state in the cylinder of the diesel engine is described
by cylinder pressure: P, temperature: T, and mass: M. To correlate the cylinder working
process into one, it is necessary to meet the energy conservation equation, mass conservation
equation, and ideal gas state formula [33].

(1) Energy conservation equation:

The following equation can be obtained from the first law of thermodynamics [33]:

dU
dϕ

=
dQB
dϕ

+
dms

dϕ
hs −

dme

dϕ
he −

dQw

dϕ
− p

dV
dϕ

(1)

where U is the internal energy of the overall system, kJ; QB is the heat energy released
by the combustion of fuel in the cylinder, kJ; QW is the heat energy exchanged through
each interface of the cylinder system, kJ; Hs and He are the specific enthalpies of working
medium at inlet valve and outlet valve, respectively.

(2) Mass conservation equation:

According to the mass conservation theorem [34], the mass change of working medium
in the thermodynamic system is equivalent to the total mass exchanged at the model
boundary of the thermodynamic system ∑

j
dmj, that is:

dm = ∑
j

dmj (2)

Considering that the working medium does not have leakage and other factors, and the
working medium mass exchanged through the simulation boundary of the thermodynamic
system is: the mass of the working medium entering the cylinder in mS, the mass of the
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exhaust gas flowing out of the cylinder in me, and the mass of the burned fuel in the
cylinder in mB, the mass conservation equation is determined through the above:

dm
dϕ

=
dms

dϕ
+

dme

dϕ
+

dmB
dϕ

(3)

(3) Equation of state of an ideal gas:

pV = mRT (4)

where m is the mass of working medium in the cylinder, kg; V is the working volume of
the cylinder, m3; p is the working medium pressure in the cylinder, Pa; T is the temperature
of working medium in the cylinder, K; and R is the gas constant.

2.2. Establishment of Biodiesel Fuel Bank
2.2.1. Biodiesel Density Coefficient

The shape or spatial location of matter will not change due to the change of density,
and the factor of density change is the state of different temperatures and pressure. The
GTI computational model was chosen for the biodiesel fuel pool in the GT-Suite modeling
process based on the characteristics of this diesel engine, and the corresponding density of
states equation was:

ρ(P, T) =a0 +
[P + a1 · T + a2]

(a3+1)

a3 + 1
+ P[a4 · Ta5 + a6] + a7

√
T (5)

The coefficient values a1, a2, a3, a4, a5, a6, and a7 are set in the software as constant
pressure-specific heat values.

2.2.2. Fitting Coefficient of Steam Enthalpy of Biodiesel

An important state parameter characterizing the energy of the material system in
thermodynamics is enthalpy. Fuel enthalpy includes specific enthalpy, apparent enthalpy,
and formation enthalpy. The specific enthalpy at a specific temperature is equal to the
formation enthalpy plus enthalpy change at the reference temperature (298 K).

According to the calculation formula of enthalpy and the calculation formula of specific
constant pressure heat capacity cp0 = dh

dT [35], the approximate value of the enthalpy fitting
coefficient of biodiesel can be deduced.

∆h = h2 − h1 = cp0(T2 − T1) (6)

The enthalpy of fuel at standard atmospheric pressure and different temperatures is
calculated by the following equation:

h = hre f .lip + a1(T − Tre f ) + a2(T − Tre f )
2 + a3(T − Tre f )

3 (7)

Tref = 298 K. For biodiesel, the liquid reference enthalpy values are:

hre f .lip = hre f .vap − ∆hvaporization (8)

href,vap shows the reference enthalpy of biodiesel, and ∆hvaportzation shows the evapora-
tion heat of biodiesel at standard atmospheric pressure and 298 K temperature. If the reference
enthalpy of biodiesel liquid is known, the gas reference enthalpy can be calculated [36].

The constant pressure-specific heat values a1, a2 and a3 can be set in the software. Only
the first-order coefficient value needs to be set to establish the fuel depot, so a2 = a3 = 0.
The a1 values of biodiesel with different proportioning concentrations are shown in Table 1.
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Table 1. Coefficient (a1) of different ratios biodiesel.

Biodiesel Ratio The First-Order Fuel Coefficient a1 (kJ/((k·kg))

B100 2762
B50 2406
B20 2193
B10 2121
B0 2020

As the fuel enters the cylinder under high-pressure injection and gradually atomizes
from aerosol to droplet state. The evaporation of droplet fuel in the cylinder leads to the
evaporation of fuel into the gaseous state. The change of fuel properties leads to the change
of enthalpy value. The literature showed that the latent heat of vaporization of biodiesel at
298 K is 420 kJ/kg. Due to the exothermic process during the formation of gasification, the
enthalpy of liquid and gaseous fuel is closely related [37]. Table 1 shows the a1 coefficient
values of different biodiesel ratios. According to the above formula, the a1 coefficient values
of biodiesel steam can be obtained, as shown in Table 2.

Table 2. Evaporation coefficient (a1) of different ratios biodiesel.

Biodiesel Ratio The First-Order Coefficient Value of Steam a1 (kJ/((k·kg))

B100 2342
B50 2034
B20 1909
B10 1855
B0 1770

2.2.3. Thermal Conductivity of Biodiesel

At present, the components of biodiesel on the market are different, and there are
some differences, but the main components are saturated or unsaturated fatty acid methyl
esters, including methyl stearate, methyl linoleate, methyl linolenate, methyl palmitate, etc.
In this paper, biodiesel is made of soybean oil, and its sufficiency and properties are shown
in the Table 3. The thermal conductivity of the pure material liquid is constant at a certain
temperature, so the thermal conductivity of biodiesel liquid is estimated by the power-law
method [38], and the relationship is as follows:

λ = (∑
i

wiλ
−2
i )−1/2 (9)

where λi is the thermal conductivity of the pure substance, and wi is the mass fraction of
the pure substance in biodiesel [39].

Table 3. The main composition and the properties of biodiesel.

Project Methyl Stearate Methyl Linoleate Methyl Linolenate Methyl Palmitate Methyl Oleate

Chemical formula C19H38O2 C19H34O2 C19H32O2 C17H34O2 C19H36O2
Molecular weight (g/mol) 298 294 292 270 296

Double bond number 0 2 3 0 1
Content (%) 4.9 54.4 6.9 10.6 24.8

According to the relevant knowledge of thermodynamics, the thermal conductivity
of biodiesel vapor is approximately linear with the temperature when the temperature
changes little [40,41], so the thermal conductivity of biodiesel vapor can be expressed as:

k1 = k0[1 + β(T − 273)] (10)
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where k0 is the thermal conductivity at (273 K), W·m−1·K−1; β is the intercept of linear
equation, λ is the thermal conductivity of the material at temperature T (K); and T is the
in-cylinder temperature, K.

From the above formula, if you want to find β, as long as the thermal conductiv-
ity of the substance at two different temperatures is known, the thermal conductivity
of biodiesel at standard temperature (273 K) is 0.0101 W·m−1·K−1 and that at 373 K is
0.0162 W·m−1·K−1. Furthermore, according to the semi-empirical formula of temperature
and thermal conductivity, the thermal conductivity of biodiesel at 298 K–486 K can be
calculated. As shown in Table 4, the thermal conductivity of biodiesel increases with the
increase of temperature [42].

Table 4. The relationship between temperature and thermal conductivity of biodiesel.

Temperature (K) Thermal Conductivity (W/(m·K))

298 0.0116
329 0.0135
397 0.0177
416 0.0188
486 0.0237

2.2.4. Viscosity of Biodiesel

The viscosity of biodiesel changes with the change of its physical state. Under low pres-
sure, the viscosity of aerosol biodiesel can be calculated according to the following formula [43]:

µ0 =
5
√

πMRT
16πσ2Ωv

(11)

where M is the molecular weight of biodiesel vapor; R is the gas constant; T is the tempera-
ture of aerosol biodiesel; σ2 is the collision diameter of biodiesel vapor molecules; ΩV is
the collision integral of biodiesel vapor molecules [44].

Where ΩV can be calculated by the following formula:

Ωv =
A

(T∗)B +
C

exp(DT∗)
+

E
exp(FT∗)

+
µ4

p

20κ2σ6T∗
(12)

σ1/3 = 2.36545− 0.08778w (13)

T∗ =
kBT

κ
(14)

In the formula, the values of A, B, C, D, E, and F are 1.16145, 0.14874, 0.52487,
0.77320, 2.16178, and 2.43787, respectively, µP is the dipole moment of biodiesel vapor
molecules [45,46], D. According to the data [47], it can be obtained: 1.85. σ is determined
by the eccentricity factor and critical parameters. PC is the critical pressure, bar; its value is
11.5 bar. TC is the critical temperature, K; its value is 792.8 K, and w = 0.7; T* is dimension-
less temperature, K; kB is the Boltzmann constant. κ is the characteristic energy of biodiesel
vapor (the value is equal to the critical temperature), and the data are obtained: Boltzmann
constant and κ 1.2593 and 792.8, respectively [48].

2.3. Engine Specifications

According to the emission and power requirements, the 16V265H diesel engine is
tested at the speed of 8 handle positions. Each handle position has the corresponding
speed and power value. The determined power is fed back to the diesel electro-mechanical
injection system to provide the response and realize a circulating fuel supply. At the same
time, the diesel engine drives the motor to rotate and the motor generates corresponding
power. When the diesel engine speed reaches 1000 rpm, if the diesel engine power cannot
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meet the motor power at this time, the motor will reverse inhibit the increase of diesel
engine speed and maintain the speed of 1000 rpm. Therefore, the motor is divided into
different power gears, which can ensure that the diesel engine has an accurate circulating
oil supply at different handle positions (handle positions 5~8) at 1000 rpm. At the same
time, this paper uses the engine simulation software GT-Power to simulate the 16V265H
diesel engine. The modeling is shown in Figure 1, and the main performance parameters of
the diesel engine are shown in Table 5.
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Table 5. The main technical parameters of diesel engine.

Model 16V265H

Type 4-stroke, 16-cylinder, V-shape, 45◦

Cylinder bore × trip 265 × 300 mm
Total displacement 264.74 L
Compression ratio 15.4
Calibration power 4660 kW
Calibration speed 1000 rpm

3. Results and Discussion
3.1. Model Reliability Analysis

To further verify the accuracy of the established simulation model, the simulation
calculation of the 16V265H diesel engine burning pure diesel under the working condition
of corresponding speed at each handle position is carried out, the variation curve of power
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and maximum burst pressure in the cylinder with speed is obtained, and the simulation
values are compared with the test values, as shown in Figures 2 and 3.
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Figure 3. Comparison of maximum burst pressure.

It can be seen from Figures 2 and 3 that the power simulation value reaches the
maximum at the handle position of 8 and 1000 rpm, and the maximum burst pressure
simulation value in the cylinder reaches the maximum at the handle position of 8 and
1000 rpm. According to the simulation principle, the corresponding one-dimensional
simplified treatment is carried out for the diesel engine in the calculation process, and
the inlet and exhaust pipe length of the diesel engine is empirically discretized based
on the empirical value. At the same time, the relevant models used in the simulation
calculation, such as spray model and combustion model, are all empirical models. There is
a certain error in the working process of the actual diesel engine. Due to the superposition
of the errors, there is a certain error between the power value and the maximum explosion
pressure value, and the error is within 6%. Therefore, the model has certain accuracy and
can be used to simulate and analyze the performance of 16V265H diesel engines, and the
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simulation software has many application examples in engine performance simulation,
which is feasible [49].

3.2. Selection of Biodiesel Concentration
3.2.1. Comparison of Physicochemical Properties of Biodiesel with Different Ratios

Biodiesel is a kind of green and renewable energy, which can be used for the inter-
nal combustion engine [50–52]. Compared with ordinary diesel, biodiesel has obvious
advantages. At home and abroad, biodiesel is very optimistic about the application and
development of diesel technology as an alternative fuel to diesel, and a lot of research has
been done. To compare the improvement of the diesel engine performance by biodiesel
and pure diesel with a different ratio, first analyze its physical and chemical characteristic
values, including density, cetane number, and kinematic viscosity, which will affect its
diesel power, economy, and emission performance. The experiment shows the optimal
ratio concentration of biodiesel with a different ratio in a 16V265H diesel engine.

(1) Density

Density is the quality of substance contained in unit volume. Density is one of the
most important indexes in the physical and chemical characteristics of fuel. According to
the national standard, if the density of vehicle diesel is in the range of 820~860 kg/m3, it is
regarded as a qualified product. It can be seen from Table 6 that the density of petrochemical
diesel is less than that of biodiesel. The density of biodiesel with different ratios formed by
mixing the two fuels increases with the increase of ratio. When the ratio of biodiesel exceeds
80%, it exceeds the relevant national standards for the use of vehicle diesel. Therefore, the
current market uses low ratio biodiesel.

Table 6. Comparison of physical and chemical characteristics of diesel and biodiesel.

Project Quality Index
B0 B10 B20 B50 B100

Density (20 ◦C)/(kg/m3) 821.8 827.4 832.7 849.6 946.6
Sulfur content (mass fraction)/% 0.0234 0.0187 0.0143 0.0105 0.0013

Kinematic viscosity (40 ◦C)/(mm2/s) 3.67 4.51 4.71 5.31 6.01
Cetane number 53.6 54.2 55.3 57.6 60.4

(2) Cetane number

Cetane number is an important index of ignition performance of the fuel in a compres-
sion ignition engine. A too high cetane number will lead to insufficient fuel combustion,
resulting in black smoke and reduced fuel economy. If the cetane number is too low, it will
make it difficult to start the engine and reduce the power. It can be seen from Table 6 that
the cetane number of pure diesel is the lowest. With the increase of biodiesel concentration
ratio, the cetane number also increases, and the larger the concentration ratio is, the greater
the increase range is. Therefore, low ratio biodiesel is the best.

(3) Kinematic viscosity

Another important parameter for evaluating combustion is kinematic viscosity, which
is mainly reflected in the ability of fluid to resist shear. Viscosity has an important influence
on fuel injection quantity, atomization quality, penetration distance, and lubrication of
precision coupling. The larger the viscosity, the easier it is to atomize the fuel into the
cylinder, resulting in engine wear and spray particle size. If the viscosity is too small, the
wear of related components such as fuel injection nozzle and oil pump will be intensified,
affecting the service life of parts. It can be seen from Table 6 that with the increase of
biodiesel volume ratio, the kinematic viscosity of mixed fuel gradually increases. Therefore,
the low ratio biodiesel is the best [53].
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3.2.2. Analysis of Biodiesel with Different Proportioning Concentrations

According to the test of the 16V265H diesel engine burning pure diesel, the test is
carried out by burning B10, B20, and B50 biodiesel under eight different handle positions
without changing any structural parameters and in the best fuel consumption mode, and
the data of fuel consumption, torque, NOx and smoke emission under three ratios of
biodiesel was obtained. Considering the physical and chemical characteristics of B100 pure
biodiesel, complex maintenance problems such as shutdown maintenance of the 16V265H
diesel engine due to nozzle blockage can easily occur, as well as practical problems such as
difficult cleaning of the fuel passage. Therefore, the highest proportion of biodiesel with
different proportions is limited to B50.

(1) Fuel consumption

As shown in Figure 4, the fuel consumption curve of biodiesel with various ratios
under different rotating speeds is shown. It can be seen from the figure that the fuel
consumption of pure diesel and biodiesel with various ratios has an obvious downward
trend when the rotating speed increases. The fuel consumption rate under different rotating
speeds is B50 > B20 > B10 > pure diesel (B0). It is intuitively felt that the difference
between B50 fuel consumption and B0 fuel consumption reaches the peak at 400 rpm.
The fuel consumption of B50 is about 13% higher than that of B20, and that of B20 is
about 1.8% higher than that of B10 under the condition of 1000 rpm. The reason for the
fuel consumption trend is that when the diesel engine works at low speed, the optimum
temperature in the cylinder has not been reached, and combined with the physical and
chemical characteristics of biodiesel, the low calorific value is lower than that of pure
diesel. It will further produce an endothermic phenomenon, reduce the temperature in the
cylinder again, resulting in insufficient combustion and increased fuel consumption. This
is roughly the same as the experimental results of Geng et al. [54].
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(2) Torque

As shown in Figure 5, the torque curve of biodiesel with various ratios under different
speed conditions is shown. It can be seen from the figure that the torque values of pure
diesel and biodiesel with various ratios are roughly the same at each speed. The torque
values of pure diesel (B0) > B10 > B20 > B50 at different speeds are about 1.6%, 3.2%
and 8.0%, respectively. The main reason for the decline in the physical and chemical
characteristics of biodiesel with high density and low calorific value. When the fuel
injection quantity remains unchanged, the torque of biodiesel with a high ratio such as B50
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will be reduced by about 8%, which has a great impact on the power performance of diesel
engines. To ensure the power of diesel, it is best to use low ratio biodiesel.
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(3) NOx and soot emissions

As shown in Figures 6 and 7, the NOx and soot emissions trends of biodiesel fu-
eled with different ratios under different speed conditions are shown. It can be seen
from the figure that the NOx emission of pure diesel decreases gradually at handle po-
sitions 1–7, and there is an obvious decline period at handle positions 7–8, while the
NOx emission of biodiesel with different ratios decreases gradually at less than 1000 rpm
(handle positions 1–5), and there is also an obvious decline period at 1000 rpm (handle
positions 5–8), with a large decline range. The reason is that with the increase of rotating
speed, biodiesel is fully mixed, diesel engine emits large power, and NOx has an obvious
downward trend. The trend of soot emission of pure diesel B0 and biodiesel at different
speeds is the same, both of which decrease slowly when the speed is less than 1000 rpm,
and the decrease range is obvious when the handle is at 5–7. According to the comparison,
the average NOx emission of biodiesel B10 < B20 < B50 is increased by 13.5% compared with
B10, B50 is increased by 7% compared with B20, especially at 1000 rpm (handle position 5),
B50 is increased by 58.6% compared with pure diesel B0. The average soot emission of
biodiesel B10 > B20 > B50 decreased by 12.9% compared with B10 and 8.9% compared with
B20. Especially at 1000 rpm (handle position 5), biodiesel B50 decreased by 35.1% com-
pared with pure diesel B0. Since the key of this paper is to reduce NOx emission, it is best
to use low ratio biodiesel. This is consistent with the experiment results of Fan et al. [55].

To sum up, combined with the comparison of physical and chemical characteristics of
biodiesel and the test analysis of biodiesel with three different combinations, B10 biodiesel
can achieve the best effect in terms of diesel power, economy, and emission performance,
followed by B20 biodiesel. In the following, B10 biodiesel will be selected as the basis
to analyze the power, economy, and emission performance of diesel engines using two
Miller cycles.
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3.3. Application of Two Miller Cycle Analysis

This paper will study two Miller cycles: variable cam profile Miller cycle and variable
valve overlap angle Miller cycle.

Using the above simulation model, it will be calculated that under 1000 rpm and 25%,
50%, 75%, and 100% load conditions, the two Miller cycles are applied to pure diesel to
compare and analyze the NOx emission reduction performance. On this basis, B10 biodiesel
is used to simulate and analyze the economic, power, and emission performance of diesel
engines, and then the optimal Miller cycle scheme is obtained. Of course, when seeking
to increase the intake valve advance angle, it is also necessary to appropriately increase
the boost pressure. This approach is to prevent the insufficient combustion of biodiesel
caused by the lack of intake air in the cylinder, which will worsen the combustion, reduce
the power and increase the soot emission.

The two Miller cycles are shown in Tables 7 and 8 below. The Miller degree is 0 ◦CA,
and the crankshaft angle is the initial valve distribution phase, that is, the inlet valve early
closing angle, and the fuel injection quantity without the Miller cycle and the Miller cycle
shall be the same.
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Table 7. Miller cycle scheme of the variable cam line.

Miller Degree (◦CA) Advanced Closing Angle of
the Intake Valve (◦CA)

Intake Valve Closing Angle
(◦CA)

0 0 540
10 10 530
20 20 520
30 30 510
40 40 500
50 50 490
60 60 480
70 70 470

Table 8. Overlapping angle Miller cycle scheme of the variable gas valve.

Miller Degree (◦CA) Translation Angle of Intake
Valve Lift Curve (◦CA)

Intake Valve Closing Angle
(◦CA)

0 0 540
10 10 530
20 20 520
30 30 510
40 40 500
50 50 490
60 60 480
70 70 470

3.4. Performance Comparison of Two Miller Cycle Modes for Pure Diesel

Firstly, the simulation model is used to calculate the impact of the two Miller cycles
on the NOx emission performance of the 16V265H diesel engines under different working
conditions. In the overview, it is mentioned that the Miller cycle is one of the main ways to
reduce NOx emission on the market. Therefore, this section only studies the NOx emission
performance, to lay a foundation for the application of the biodiesel Miller cycle in the
next section.

(1) Emission analysis of the Miller cycle with variable cam profile in a pure diesel application

It can be seen from Figure 8 that the application of variable cam profile Miller cycle can
significantly reduce NOx emission with the increase of the Miller degree, and the emission
reduction performance is the most obvious under 100% load condition.
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(2) Emission analysis of the Miller cycle with the overlapping angle of the variable valve
in pure diesel

It can be seen from Figure 9 that the effect of variable cam line Miller cycle is similar.
The variable valve overlap angle Miller cycle can also significantly reduce NOx emission
with the increase of the Miller degree, and its performance is the most obvious under 100%
load. This is consistent with the experiment results of Oxenham et al. [56].
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(3) Performance comparison of the two Miller cycle modes in pure diesel

It can be seen from Figure 10 that the effect of variable valve overlap angle Miller cycle
is better than that of variable cam line Miller cycle in reducing NOx emission. With the
increase of the Miller degree, the variable overlap angle decreases gradually, which reduces
the oxygen content in the cylinder. The variable cam line Miller cycle intake gradually
increases, the combustion is sufficient, the temperature increases, and the NOx emission is
large. Therefore, under the same working conditions, the NOx emission of variable valve
overlap angle Miller cycle is lower than that of variable cam line Miller cycle.
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3.5. Performance Comparison of Two Miller Cycle Modes for Biodiesel B10

(1) Variable valve overlap angle Miller cycle

Figures 11–13 shows the analysis of the effects of variable valve overlap angle Miller
cycle on the diesel engine from three aspects of power, fuel consumption, and torque under
four different load conditions. Since the NOx emission performance of pure diesel has been
significantly improved after the Miller cycle is applied, NOx and soot emissions will not
be analyzed separately, and the emission results of the two cycles will be compared in the
follow-up. There are seven angle changes in the Miller cycle mode in this mode, as shown
in Table 8.
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The above Figure 11 shows the analysis of the influence of the Miller degree as positive,
that is, the advanced closing angle of the inlet valve on the power of this diesel engine. It
can be seen from the figure that the power is 100% > 75% > 50% under working conditions.
Under four different working conditions of diesel engine, with the gradual increase of
intake valve closing angle, the power first increases and then decreases, and there is an
inflection point when the Miller degree is 30 ◦CA. The reason is that when the intake valve
closing angle increases in advance, the boost pressure will also increase, and the amount of
gas entering the piston-cylinder will increase, its internal combustion is more complete, and
then the power increases. However, as the advance angle increases to a certain value, the air
volume in the cylinder is excessive, which exceeds the specified amount for the complete
combustion of biodiesel, so the power shows a downward trend. This is consistent with
the experiment results of Zhang et al. [57].

The above Figure 12 shows that the Miller degree is positive, that is, the inlet valve
early closing angle. The torque performance analysis of this diesel engine shows that as
the torque change trend is similar to the power trend, it can be obtained from the figure
that with the increase of the inlet valve early closing angle, the overall torque first increases
slightly and then decreases, and the corner appears when the Miller degree is 30 ◦CA. The
advantages and disadvantages of torque under different working conditions are also similar
to power, with the maximum torque under 100% working conditions and the minimum
torque under 25% working conditions. The reason is also similar to the power, which will
not be repeated here.

The above Figure 13 shows the analysis of the influence of the Miller degree as positive,
that is, the advanced closing angle of the inlet valve on the fuel consumption of this diesel
engine. It can be seen from the figure that under different working conditions, the fuel
consumption of the diesel engine first decreases and then increases with the increase of
the advanced closing angle of the intake valve. When the Miller degree is 20 ◦CA, the fuel
consumption performance under the four working conditions can be intuitively identified,
which are 100% optimal, 75% secondary, 50% secondary, and 25% worst, respectively.
The reason is that the power of the diesel engine is inversely proportional to the fuel
consumption curve when the circulating fuel injection quantity is unchanged, that is, the
power is large and the fuel consumption is low. When the Miller degree is 20 ◦CA, the fuel
consumption under the four working conditions shows a downward trend. The reasons
are as follows: the increase of the Miller degree affects the rise of boost pressure, the air
volume in the cylinder increases, the oil–gas mixed combustion is more sufficient and
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the combustion is more complete, resulting in the increase of heat released, the increase
of external output power of diesel engine and the decrease of fuel consumption. When
the Miller degree is greater than 20 ◦CA, the fuel consumption under various working
conditions increases, which is similar to the above power reasons. This is consistent with
the experiment results of Guan et al. [58].

(2) Variable cam profile Miller cycle

In the previous section, the influence of variable valve overlap angle Miller cycle on
the performance of B10 Biodiesel Engine in terms of power, fuel consumption, and torque
under four conforming working conditions is analyzed. In this section, the performance of
the variable cam profile Miller cycle is analyzed based on the conditions in the previous
section. In this mode, there are seven angle changes in the Miller cycle mode, as shown
in Table 7.

It can be seen from the three figures in Figures 14–16 above that under the four working
conditions of 100%, 75%, 50% and 25%, the power, fuel consumption and torque of this
diesel engine using the variable cam profile Miller cycle method are the same as those
using the variable valve overlap angle Miller cycle. The three key factors are that the effect
under 100% load condition is > 75% load condition > 50%, which is consistent with each
working condition.
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Based on the analysis of the above two sections, both variable cam profile Miller
cycle and variable valve overlap angle Miller cycle can improve its power and reduce
fuel consumption, and the Miller degree corner of power and torque appears at 30 ◦CA.
Considering the economy, power, and exhaust emission performance of diesel engines, the
optimization effect is the best when the Miller degree is set to 30 ◦CA under 100% load
condition and B10 biodiesel. This is consistent with the experiment results [59].

(3) Comparison of two Miller modes under 100% load condition

Based on the data analysis of various performance indexes of diesel engines by the
two Miller methods in the previous two sections, the two Miller methods in this section
will compare the five aspects of power, torque, fuel consumption, soot, and NOx emission
under the three conditions of 1000 rpm, B10 concentration biodiesel and 100% load.

It can be seen from Figure 17 that when the Miller degree range is 0–30 ◦CA, the Miller
cycle power of variable cam profile Miller cycle and variable valve overlap angle Miller
cycle increase by different degrees. In terms of power value, the Miller cycle of variable
valve overlap angle is higher than that of variable cam profile Miller cycle. The reason for
the power increase is that when the Miller degree is less than 30 ◦CA. The intake air of
variable cam profile Miller cycle is slightly less than that of variable valve overlap angle
Miller cycle because the intake valve lift of the former is shorter and the duration of air
entering the cylinder is shorter, while the intake lift of the latter is unchanged, the intake
valve overlap angle is smaller, there is less air flowing out of the exhaust passage, the
oil–gas mixing of variable valve overlap angle Miller cycle is more sufficient, then the
combustion is more complete, and the power is greater. When the Miller degree increases
to 40–70 ◦CA, the power values of both are opposite and tend to decline. The reason for
this phenomenon is that the intake volume of the Miller cycle with variable cam profile can
increase continuously in the later stage, while the intake volume of the Miller cycle with
variable valve overlap angle is insufficient compared with the former in the later stage,
resulting in incomplete combustion and black smoke in the diesel engine. The ecological
environment is polluted, and the power value also decreases. It is not difficult to see that
the overlapping angle Miller cycle power of the variable valve decreases more and more.
Therefore, when the Miller degree is 30 ◦CA, it is the inflection point of power change.
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It can be seen from Figure 18 that when the Miller degree range is 0–30 ◦CA, the Miller
cycle torque value of the overlap angle between the variable cam profile Miller cycle and
the variable valve increases by different amplitudes, and the reason for the simultaneous
rise is similar to the reason for the rise of the above power value, because there is a certain
similar relationship between power and torque The air intake of the Miller cycle with the
overlapping angle of variable valve is sufficient during the increase of the Miller degree
from 0 to 30 ◦CA, the oil–gas mixing is more sufficient, the combustion effect is more
excellent and the torque value is greater. When the Miller degree increases to 40–70 ◦CA,
the torque values of the two are opposite and tend to decline. The Miller cycle torque value
of the variable cam profile is greater than the Miller cycle torque value of the overlap angle
of the variable valve. The reduction of the Miller cycle air intake of the overlap angle of
the variable valve causes insufficient combustion, and the torque also decreases with the
decrease of power, and the reduction range is greater. Therefore, the Miller degree 30 ◦CA
is also the inflection point of torque change of this diesel engine.
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It can be seen from Figure 19 that when the Miller degree range is 0–20 ◦CA, the
fuel consumption value of Miller cycle with variable cam profile Miller cycle and variable
valve overlap angle Miller cycle decreases in different degrees and the fuel consumption
performance has been improved in different degrees. The reason is that the air intake of
the two Miller cycles increases in different degrees, the oil–gas mixture is sufficient, and
the fuel combustion is complete. As the Miller degree increases to 20–70 ◦CA, the Miller
cycle fuel consumption of variable valve overlap angle begins to gradually exceed the
Miller cycle fuel consumption of variable cam profile. The main reason for the increase of
Miller cycle fuel consumption of variable cam profile is that the cylinder is filled with fresh
air with certain heat absorption and cooling effect, resulting in a decrease in temperature,
making the increase of fuel consumption small and overlapping with the variable valve.
When the Miller degree of valve overlap angle Miller cycle is greater than 30 ◦CA, the
intake air decreases and the oil–gas mixing is insufficient. At this time, to ensure the power
performance of diesel engines, vehicle enterprises can only increase the fuel injection during
this cycle, which leads to an obvious increase in fuel consumption. Therefore, when the
Miller degree is 20 ◦CA, it is the inflection point of the fuel consumption change of this
diesel engine.
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It can be seen from Figure 20 that when the Miller degree range is 0–30 ◦CA, the
soot value of the variable cam line Miller cycle and variable valve overlap angle Miller
cycle decreases by different ranges. The soot emission of variable cam profile Miller cycle
is slightly higher than that of variable valve overlap angle Miller cycle, which tends to
decrease because the fuel combustion is more sufficient and the soot emission decreases.
As the Miller degree increases to 30–70 ◦CA, the soot emission of variable valve overlap
angle Miller cycle begins to rise significantly, while the soot emission of variable cam line
Miller cycle continues to decline, and the soot emission is far less than that of variable valve
overlap angle Miller cycle. The reason for this is that with the increase of the overlap angle
of the variable valve, the pressurized incremental air is excluded from the exhaust passage,
resulting in the decrease of the intake air volume. On the contrary, the intake of variable
cam Miller cycle continues to increase, the combustion of gas and biodiesel in the cylinder
is more complete and sufficient, and the soot emission continues to decrease. Therefore,
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the Miller degree of 30 ◦CA is also the turning point of soot emission of the diesel engine
after power and torque.
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Figure 20. Comparison of soot emission of two Miller cycles.

It can be seen from Figure 21 that under 100% load condition with B10 biodiesel, the
NOx emission of variable valve overlapping angle Miller cycle is lower than that of variable
cam profile Miller cycle in the range of the Miller degree 0–70 ◦CA, which can reflect that
the variable valve overlapping angle Miller cycle is significantly better than variable cam
profile Miller cycle in reducing NOx emission performance, and the reasons for reducing
NOx emission are different. With the gradual increase of the Miller degree, the pressure
of variable valve overlap angle Miller cycle intake will rise, and the low-pressure gas in
the cylinder is difficult to discharge during the exhaust stroke, that is, the high-pressure
intake will squeeze the existing waste into the cylinder. With the increase of the Miller
degree, the waste content in the cylinder will be greater, and the variable valve overlap
Miller cycle intake will gradually decrease, the filling of exhaust gas in the cylinder leads to
the reduction of oxygen content, and the final result is the reduction of NOx emission. With
the increase of the Miller degree, there will be an additional expansion period in the intake
stroke when the fresh air in the variable cam profile Miller cycle enters the cylinder block
and continues until the end of the whole combustion process so that the intake volume of
the variable cam profile Miller cycle can continue to increase, the temperature of the fresh
gas is low, and it will have a certain cooling effect when entering the cylinder, to reduce
NOx emission. This is similar to the experimental results of Xing et al. [60].
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4. Conclusions

With the continuous deterioration of energy crisis [61–65] and environmental
problems [66–69], how to effectively reduce engine emissions is the main area of inter-
est for researchers today. Firstly, through the physical and chemical characteristics and tests
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of biodiesel, it is concluded that the application of low ratio biodiesel in a diesel engine
is the best scheme. Secondly, under different load conditions, the application of the two
Miller cycles in a 16V265H diesel engine at 1000 rpm speed is compared, and it is concluded
that both can effectively reduce NOx emission. On this basis, the 16V265H diesel engine at
1000 rpm speed is compared. The main conclusions are as follows:

(1) Through research and analysis, it is found that the change trends of power, fuel
consumption and NOx emission of the 16V265H diesel engine using the two Miller
cycles to burn biodiesel under different working conditions are the same, and the
smoke emission trend of the Miller cycle with variable valve overlap angle appears
an inflection point at 30 ◦CA under 100% working condition load.

(2) The two Miller cycles can significantly reduce NOx emission on a 16V265H diesel
engine fueled with biodiesel and at 100% load, and the variable valve overlap angle
Miller cycle is significantly better than the variable cam profile Miller cycle in reducing
NOx emission.

(3) It can be seen from the above research that under the condition of burning B10
biodiesel and 100% load when the Miller degree increases from 0 ◦CA to 30 ◦CA, the
variable valve overlap angle Miller cycle is higher in power than the variable cam line
Miller cycle, and lower in fuel consumption and soot emission than the variable cam
profile Miller cycle.

According to the data analysis, the best scheme is to have the variable valve overlap-
ping angle Miller cycle. When the Miller degree is 30 ◦CA, the power is the largest and the
fuel consumption, soot, and NOx emissions are the smallest.

Through the above research work, taking the 16V265H diesel engine as an example,
the research results of using the Miller cycle technology to burn biodiesel show that for
high-power diesel engines (marine, diesel locomotive, heavy truck, etc.), the Miller cycle
technology with variable valve overlap angle can effectively improve the comprehensive
performance of diesel engines, and it is a cutting-edge technology used to improve its
operating performance, which perfectly meets the realization of the vision goal of “carbon
neutrality” and has far-reaching significance.
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Nomenclature

P Pressure
T Temperature
M Mass
CA Crankshaft angle
CO Carbon monoxide
HC Hydrocarbon
PM Particulate matter
NOx Nitrogen oxides
CO2 Carbon dioxide
PM Particulate matter
EGR Exhaust Gas Re-circulation
IMEP Indicated mean effective pressure
LIVC Late intake valve closing
NIE Net indicated efficiency
EIVC Early inlet valve closing
RCCI Reactivity controlled compression ignition
ECU Electronic control unit
IVO Intake valve opening
IVC Intake valve closing
EVO Exhaust valve opening
B0 100% diesel + 0% biodiesel
B10 90% diesel + 10% biodiesel
B20 80% diesel + 20% biodiesel
B50 50% diesel + 50% biodiesel
B100 0% diesel + 100% biodiesel
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