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Abstract: In this work, an effective numerical simulation method was developed and used to analyze
the effects of natural gas mixing ratio and pilot-main injection, main-post injection, and pilot-main-
post injection strategies on the combustion and emission characteristics of diesel engine fueled with
dual fuel. Firstly, the one-dimensional calculation model and three-dimensional CFD model of the
engine were established by AVL-BOOST and AVL-Fire, respectively. In addition, the simplified
chemical kinetics mechanism was adopted, which could accurately calculate the combustion and
emission characteristics of the engine. The results show that the cylinder pressure and heat release
rate decrease with the increase of the natural gas mixing ratio and the NOx emission is reduced. When
the NG mixing ratio is 50%, the NOx and CO emission are reduced by 47% and 45%, respectively.
When the SODI3 is 24 ◦CA ATDC, the NOx emission is reduced by 29.6%. In addition, with suitable
pilot-main injection and pilot-main-post injection strategies, the combustion in the cylinder can be
improved and the trade-off relationship between NOx and soot can be relaxed. Thus, the proper
main-post injection strategy can improve the combustion and emission characteristics, especially the
reduction in the NOx and CO emissions.

Keywords: diesel-natural gas; dual-fuel engine; diesel injection strategy; combustion; emission

1. Introduction

Since the first reciprocating internal combustion engine came out, there have been
more than 100 years of its history of development up to now. Nowadays, the internal
combustion engine is everywhere. Because of its high thermal efficiency, high power per
unit weight and volume, and strong mobility, it is widely used in automobiles, engineering
equipment, agricultural machinery, ship transportation, and other fields. The international
automobile and internal combustion engine industry generally believes that in the fore-
seeable future, the internal combustion engine will still be the main motive among these
power sources [1]. However, the internal combustion engine and automobile industry not
only promotes the rapid development of the global economy and the continuous progress
of human society, but also worsens the global problem of energy crisis and environmental
pollution [2,3]. With the trend of global warming and the serious contradiction between
energy supply and demand, solving the environmental pollution and energy consumption
caused by traditional internal combustion engines has become a global urgent mission [4].
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The harmful emission from diesel engine mainly includes carbon monoxide (CO),
nitrogen oxides (NOx), carbon hydrides (HC), sulfides (SO2, SO3), and particles [5]. These
pollution air will cause serious air pollution [6], and endanger human health [7]. For
example, CO2 emission from automobiles is the main cause of global warming, sulfide
dissolved in rain will form acid rain; nitrogen oxides, and carbon hydride under certain
conditions will generate secondary pollutants, namely photochemical smog [8]. In view
of these harmful emissions, the countries all over the world have been enacting more
and more strict regulations [9], and researchers have also done a lot of researches on the
reduction in emissions [10]. The main methods can be divided into three categories: internal
purification technology, the external purification technology, and a quest for alternative
fuels [11]. Among them, engine internal purification is to start from the source of the
engine, fully consider the generation mechanism and influencing factors of emissions [12].
External purification technology mainly refers to the use of particulate filter, oxidation
catalytic converter, and selective catalytic reduction technology to make the emissions
be treated outside the cylinder [13]. Questing for alternative fuels refers to the use of
alcohol fuels, biodiesel, natural gas, ether fuels, and other internationally recognized clean
alternative fuels.

Considering the short-term non-renewable nature of petroleum, the world faced with
the challenge of depletion of oil resources, and the search for alternative fuels should be
one of the main development directions [14]. Among many alternative clean fuels, nature
gas (NG) has eye-popping reserves. By the end of 2019, the proven recoverable reserves
of NG in the world were 198.8 trillion cubic meters. Therefore, NG has been recognized
as the most ideal alternative fuel for internal combustion engines due to its advantages
of clean combustion, large storage capacity, low price, and wide source [15]. NG engine
technology is receiving more and more attention and has become the key research object
of the automobile and internal combustion engine industry [16]. With more and more
in-depth research, researchers have found that there are many problems to solve when
using NG as engine fuel directly, among which the most prominent ones are: Firstly, NG is
a gaseous fuel, and the intake efficiency will be reduced if using out of cylinder premixed
method [17]. Secondly, the high ignition temperature of natural gas requires high ignition
energy [18]. Thirdly, when the mixture ratio of NG and air is not uniform, it will cause a
series of engine problems [18]. For example, a thicker mixture will affect the detonation
phenomenon, and if the mixture ratio is too thin, it will lead to an increase of CO and THC
emission [19].

For some of the above problems, the researchers also put forward some solutions, the
diesel NG dual-fuel technology of reaction-controlled compression ignition combustion
(RCCI) is one of the most popular technologies [20]. As a low activity fuel, NG is injected
into the cylinder through the outside intake manifold during the intake stroke, and mixed
with the air in the cylinder in advance to form a combustible mixture [21]. Diesel, as a high
activity fuel, enters the cylinder by direct injection at the end of the compression stroke,
and, finally, the diesel burns to ignite the mixture [22]. In this mode, NG and air are mixed
in advance to form a uniform mixture, diesel atomization forms many ignition sources in
the cylinder, and the compression ratio in the cylinder is high. The clean combustion of the
mixture is improved due to the advantages. Moreover, this technology does not need to
make major changes to the engine [23]. Based on the original diesel engine and function, it
can be equipped with gas supply, injection, and control devices [24]. The improved engine
can freely switch the fuel to pure diesel or diesel NG dual fuel, and can independently
control the mixing ratio of NG. Many institutions and scholars have done a lot of researches
on its combustion and emission characteristics, combustion system development, and fuel
injection device. Kim et al. [25] thought that the ignition performance of the main fuel
plays an important role in the engine performance and emission during the combustion
of dual fuel. The experiment on a heavy single-cylinder engine showed that the fuel
with high cetane number and aromatics has higher combustion efficiency, lower methane
leakage, and THC and CO emission, but it will be at the cost of higher NOx emission.
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Lee et al. [26] studied the emission characteristics of non-methane hydrocarbons (NMHC)
and methane under low load conditions on a 6 L heavy engine. The results showed
that methane accounted for the largest proportion of the emissions (52–87%) under the
general dual-fuel combustion condition due to the low combustion efficiency. The problem
was solved by advanced injection time. Millo et al. [27] studied the ignition process of
dual-fuel engines through detailed experimental analysis. Based on the detailed chemical
reaction mechanism of 0-D, a high precision ignition delay model was developed. Muhssen
et al. [28] used FLUENT software to analyze and optimize the mixer of CNG-diesel dual-
fuel engine, and the mixture fuel showed good uniformity. Shen et al. [29] had carried out
numerical researches on four different piston clearances and piston geometry, pointing
out that the main source of carbon hydride emission of NG-diesel dual-fuel engine was
similar to spark-ignition engine mainly caused by piston gap. Yang et al. [30] studied the
mass, quantity, and particle size distribution characteristics of diesel NG dual-fuel engines
under different NG air mixing conditions. The results showed that the mixing state of the
mixture has a significant effect on the combustion process. The dual-fuel can effectively
reduce particulate emissions, but 60% of them are ultrafine particles.

Based on the previous literature and recent research, it can be seen that there are still
some bottlenecks to be overcome for this spark ignition diesel NG engine. Compared with
pure diesel engines, the dual-fuel can improve the thermal efficiency at low load and reduce
the HC and CO emission. In addition, the NG and air enter the cylinder through the intake
pipe, so it will occupy part of the gas volume, resulting in a loss of volumetric efficiency.
For spark ignition diesel NG dual-fuel engine, the combustion process can be divided into
three stages: Firstly, the premixed combustion of premixed diesel NG air mixture [31].
Secondly, diffusion combustion of pilot injected diesel and ignition and flame propagation
of natural gas. Finally, the diffusion combustion of residual diesel and the afterburning
of natural gas. It is not difficult to see from the combustion process that the first injection
time and times of diesel will have an important impact on the combustion results, and
it is feasible to reduce these problems by optimizing the injection strategy (such as the
number of fuel injections, time, and pressure) At present, some researchers have carried out
researches on these issues. For example, Yousefi et al. [32–34] have carried out important
research from the aspect of fuel injection strategy to explore the effects of post-injection
strategy on greenhouse gas emission of dual-fuel engine under high load. They found the
split injection and injection timing are important. Huang et al. [35] and Wang et al. [36]
also studied the effects of multiple injections on the combustion and emission of diesel NG
dual-fuel engine. They had found the same conclusion.

However, most of the previous studies focused on the effects of pilot-main injection on
engine combustion and emission characteristics. There is less comprehensive comparative
analysis on the four injection strategies of main, pilot-main, main-post, and pilot-main-post.
In this work, firstly, the 1D and 3D computing models were established by using AVL-
BOOST and AVL-Fire software. Then, some boundary conditions of 3D CFD calculation
were obtained based on the 1D model in the previous work. Finally, the corresponding
cases of different NG mixing ratios and different injection strategies were simulated by a
3D model. This work helps to solve some of the difficulties currently faced by diesel NG
dual-fuel engine.

2. Numerical Methods
2.1. 1-D Numerical Calculation

Due to the limitation of the experiment, it is not easy to get some boundary-condition.
Therefore, the boundary condition can be obtained by the 1D simulation model. The 1D
simulation model of the six-cylinder diesel engine is established by using the AVL-BOOST
software. The diagram of the 1D model is shown in Figure 1, the control interface of the
software can accurately control the proportion of NG involved in the reaction, which makes
the combustion control of some multi-component gas or liquid fuels simple.
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2.1.1. Combustion Model

In the quasi-dimensional combustion model “mixed control combustion” (MCC)
provided by the software is selected as the combustion model. In this model, the effective
flow area and turbulent kinetic energy of the injection holes can be calculated by inputting
the number of injection holes, the diameter of the orifice, the flow coefficient of the orifice,
and the pressure of the injection track. The total combustion heat release rate is [37]:

dQtotal
dϕ

=
dQPMC

dϕ
+

dQMCC
dϕ

(1)

where Qtotal is the heat release rate of combustion, J/deg; QPMC is the total heat release rate
of premixed combustion, J/deg; QMCC is the total heat release rate of diffusion combustion,
J/deg; ϕ is the crankshaft angle, ◦CA.

The premixed combustion was described by vibe function [37]:(
dQPMC
QPMC

)
dϕ

=
a

∆ϕc
·(m + 1)yme−a·y(m+1)

(2)

y =
ϕ− ϕid

∆ϕc
, m = 2, a = 6.908 (3)

where ϕid is the ignition delay, ◦; ∆ϕc is the combustion duration, ◦.
For the diffusion combustion part, the heat release rate is as follows [38]:

dQMCC
dϕ

= Ccomb· f1(mF, QMCC) f2(k, V) (4)

f1(mF, Q) =

(
mF −

QMCC
LCV

)(
woxygen,available

)CEGR
(5)

f2(k, V) = CRate

√
k

3
√

V
(6)

where mF is the mass of fuel injected, kg; Ccomb is the combustion constant; LCV is the
low calorific value of combustion, kJ/kg; CRate is the mixing rate constant; CEGR is the
influence factor of EGR; k is the local turbulent kinetic energy density, m2/x2; woxygen,available
is the mass fraction of oxygen in the mixture at the time of injection, %; V is the cylinder
volume, m3.



Processes 2021, 9, 1300 5 of 28

The dissipation rate is proportional to the turbulent kinetic energy:

dEkin
dt

= 0.5 · Cturb ·mF · v2
F − CDiss · E1.5

kin (7)

k =
Ekin

vF(1 + λDi f f mstoich)
(8)

vF =
mF

ρF · µA
(9)

where the Cturb is the turbulence generation constant; CDiss is the dissipation rate constant;
n is the engine speed, r/min; mstoich is the stoichiometric fresh charge mass, kg; λDiff is the
excess air coefficient of diffusion combustion; vF is the fuel injection rate, mg/cycle; Ekin
represents the kinetic jet energy, J; ρF is the fuel density, g/cm3; A is the sectional area of
injection hole, mm2; µ is the flow coefficient of injection hole.

According to the Andree and Pacherneg model [37], the ignition delay time was calculated:

dIid
dϕ

=
TUB − Tre f

ϕid ·Qre f
(10)

where Iid is the ignition delay integral, ◦CA; Tref is the reference temperature = 505 K; TUB
is the temperature of potential area, K; Qref is the reference reaction energy, kJ.

When the integral value of Iid is equal to 1.0 (=ϕid), The value of ignition delay is equal to
τid = ϕid − ϕSOI, among, ϕSOI is the injection start time, ◦CA; ϕid is the ignition delay, ◦CA.

The fuel evaporation rate and droplet diameter can be calculated by Equations (11) and (12):

ve = 0.70353 · Td

pc ·e
4159
Td (11)

dd =
√

dd,02 − ve · t (12)

where Td is the equilibrium temperature of isothermal droplet evaporation, K; pc is the
cylinder pressure, Pa; dd,0 is the initial droplet diameter, mm; dd is the actual droplet
diameter, mm; ve is the fuel evaporation rate, g/(cm2·s); t is the fuel evaporation time, s.

2.1.2. Heat Transfer Model

The heat transfer from the combustion chamber of the cylinder to the wall surface
(cylinder head, piston, and cylinder liner) was calculated according to the following
equation [38]:

Qwi = f · Ai · αw · (Tc − Twi) (13)

where Qwi is the wall heat transfer coefficient (cylinder head, piston and cylinder liner),
W/(m2·K); Ai is the wall heat transfer area (cylinder head, piston, and cylinder liner), m2;
αw is the convective heat transfer coefficient, W/(m2·K); Tc is the gas temperature in the
cylinder, K; Twi is the wall temperature (cylinder head, piston, and cylinder liner), K; f is
the heat transfer adjustment factor, which is 1 by default.

The Woschni 1978 is employed to calculate the convective heat transfer coefficient
in the high-pressure circulation cylinder of the engine at full load [36]. These calculation
equations are as follows:

αw = 130 · D−0.2 · p0.8
c · T−0.53

c

[
C1 · cm + C2 ·

VD · Tc,1

pc,1 ·Vc,1
· (pc − pc,0)

]0.8
(14)

C1 = 2.28 + 0.308 · cu

cm
(15)

cm =
2 · L · n

60
(16)
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where C2 = 0.00324; D is the cylinder diameter, m; cm is the average speed of piston, m/s;
cu is the rotation speed of circumferential air flow, m/s; VD is the displacement of single
cylinder, m3; pc is the gas pressure in the cylinder, Pa; Pc,0 is the initial cylinder pressure,
Pa; Pc,1 is the pressure at the inlet valve closing (IVC), Pa; Vc,1 is the volume of the cylinder
at IVC, m3; Tc,1 is the cylinder temperature at IVC, K; L is the stroke of the engine, m.

2.2. 3D-CFD Calculations

The 3D computing model (as shown in Figure 2) is generated by the ESE-Diesel
module in AVL-Fire. In order to shorten the calculation time, the one eighth of the overall
model was used for calculation due to the principle of axial symmetry of eight nozzles.
The grid model at the bottom dead center is shown as follows:
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2.2.1. Fluid Flow and Combustion Model

The fluid flow simulation was carried out in the AVL-Fire environment, and the
improved turbulence and spray/wall interaction models was used in the process of simula-
tion. The three-dimensional CFD model considers the effect of turbulent fluid flow on fluid.
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. In addition, the Arbitrary Lagrangian–Eulerian method is employed
to calculate the diffusion and convection terms from chemical source terms. Nevertheless,
the default codes are not suitable for the simulation due to the two reasons. The default
codes in AVL-Fire environment do not contain the accurate thermos-physical properties of
different fuels. Secondly, the combustion in cylinder should require breaking C-H bonds
and lots of intermediate chemical species are dissociation/formation. The phenomenon of
dual fuel is more obvious due to the variety of hydrocarbons with different thermochemical
properties and molecular structure.

The combustion of the diesel engine includes premixed combustion and diffusion
combustion, and diffusion combustion was the main combustion. Therefore, the diesel
ignited gas engine model was selected as the ignition model, which was combined with the
ECFM-3Z model. In the ECFM-3Z model [39], the transport equations are solved for the
averaged quantities of chemical species O2, N2, CO2, CO, H2, H2O, O, H, N, OH, and NO.
Here, the averaged means these quantities are the global quantities for the three mixing
zones (that is in the whole cell). This equation is classically modeled as:

∂ρỹx

∂t
+

∂ρũi ỹx

∂xi
− ∂

∂xi

((
κ

Sc
+

κt

Sct

)
∂ỹx

∂xi

)
= ωx (17)
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where ωx is the combustion source term, kg/(m3·s); ỹx is the averaged mass fraction of
species, %; ρ is the average density, g/cm3; Sc is the Schmidt number; κ is the dynamic
viscosity, N·s/m2; ũi is the unburned mass fraction of species, %.

The fuel is divided in two parts: the fuel present in the fresh gases, ỹu
Fu and the fuel

present in the burnt gases, ỹb
Fu.

ỹu
Fu =

mu
Fu

m
=

mu
Fu/V

m/V
=

ρu
Fu
ρ

(18)

ỹb
Fu =

mb
Fu

m
=

mb
Fu/V

m/V
=

ρb
Fu
ρ

(19)

With ỹFu = ỹu
Fu + ỹb

Fu as the mean fuel mass fraction in the computational cell,%; ρu
Fu

(respectively, ρb
Fu) is the fuel density in the fresh gases(respectively, burnt gases), g/cm3;

mu
Fu (respectively, mb

Fu) is the mass of the fuel contained in fresh gases (respectively, burnt
gases), mg. A transport equation is used to compute ỹu

Fu:

∂ρỹu
Fu

∂t
+

∂ρũi ỹu
Fu

∂xi
− ∂

∂xi

((
κ

Sc
+

κt

Sct

)
∂ỹu

Fu
∂xi

)
= ρS̃u

Fu + ωu
Fu (20)

where S̃u
Fu is the source term quantifying the fuel evaporation in fresh gases, kg/(m3·s);

ωu
Fu is a source term taking auto-ignition, premixed flame and mixing between mixed

unburned and mixed burnt areas into account, kg/(m3·s).

2.2.2. Turbulence Model and Turbulence Diffusion Model

In the process of 3D simulation, the scale of turbulence in the cylinder of the inter-
nal combustion engine changes greatly, but the CFD software can not directly solve the
minimum vortices through the grid, so the turbulence model is introduced in the simula-
tion process. Turbulence models can be divided into Reynolds averaged viscosity model,
Reynolds stress model, large eddy model, and separated eddy model. The k-zeta-f four
equation turbulence model is used in AVL-Fire due to its good accuracy and stability [40].

There are random and irregular turbulent vortices in the flow process of fuel droplets
injected into the cylinder of the diesel engine. The interaction of turbulent vortices interferes
with the trajectory of fuel droplets. Therefore, the selection of an appropriate droplet
turbulent diffusion model is the premise to ensure the accuracy of the simulation. In this
paper, the Fire software’s own enable model was as follows [41]:

Y′i = (
2
3

k)
1
2
· sign(2Rni − 1) · er f−1(2Rni − 1) (21)

tturb = min

[
Cτ

k
ε

, Cl
k

2
3

ε

1
ug + u′ − ud

]
(22)

where Yi
′ is the gas phase pulse velocity, m3/h; k is turbulent kinetic energy, m2s−2; erf−1

is the inverse of Gaussian function; Rni is the random number of each vector component,
which is determined by the minimum time of turbulence breakup tturb; Cl, Cτ is the model
constant, Cl = 0.1644, Cτ = 1.1.

2.2.3. Spray, Collision, Evaporation, and Emission Models

Kelvin–Helmholtz/Rayleigh–Taylor (KH-RT) was used to simulate the atomization
process of spray [42]. The atomization process of the model can be divided into primary
atomization and secondary atomization. In the KH model, due to the unstable growth of
the disturbance wave along the flow direction, a breakup will be formed. In the RT model,
when the droplet velocity decreases rapidly in the direction of windward, the disturbance
wave will be formed at its stagnation point. The fragmentation formed by the unstable
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growth can be applied to the case of relatively high relative velocity and high air resistance
at the initial time of spray. The continuous competition between these two phenomena will
lead to the breakup of droplets. Wave model equation can be used to simulate KH splitting:

Ra = M1Λ (23)

τa =
3.7M2Ra

ΛΩ
(24)

Λ = f (Wec, Ohd) (25)

Ω = f (Wec, Ohd) (26)

where Wec is the Weber number of gas; Ohd is the number of Onseg; Ra is the radius of
new oil drop, mm; M1 is the model constant; M2 is the braking rime cnstant; Ω is the wave
growth rate, mm/s; Λ is the length of wave, mm. τa is the breaking time, s.

The RT disturbance is described by the fastest growing frequency Ω and the corre-
sponding wave number K:

Ωt =

√
2

3
√

3σ
· gt | (ρd − ρc) |1.5

ρd + ρc
(27)

τt = M5
1

Ωt
(28)

Kt =

√
gt | (ρd − ρc) |

3σ
(29)

Λt = M4
π

Kt
(30)

where gt is the deceleration in the direction of travel, -m/s2. If the wavelength Λ is small
enough to be growing on the droplet’s surface and the characteristic RT break-up time τt
has passed, the droplets atomize and their new sizes are assumed to be proportional to
the 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; M4 and M5 are the
model adjustable parameters.

Furthermore, droplet wall interaction has greatly influenced the direct injection en-
gine, especially for some diesel engines with small cylinder diameter, which will cause
most of the fuel atomization evaporation and wall collision at the same time, making the
combustion and emission in the simulation results and the test error larger, for instance,
incomplete combustion of fuel will worsen the emission of carbon hydride and soot parti-
cles. The interaction between the droplet and the wall depends on the velocity, diameter,
properties, surface roughness, and temperature of the droplet. In this paper, the Walljet1
model was used to simulate the interaction between droplet and wall [42]. In the simulation
process, the mass exchange between the droplet and the oil film on the cylinder wall is
not considered, and the model in this paper is satisfied. The model is based on Weber
number and Reynolds number spray and wall impingement model. The springback or
reflection of droplets is dual by Weber number. Dukowicz model is used for droplet heating
and evaporation [43], which can fully consider the evaporation process of the droplet in a
non-condensing state. For the simulation of emission, the extended Zeldovich model with
mature theory is used for NOx emission [44], and Hiroyasu Nagle Strickland-Constable
model is used for soot model [45].

2.2.4. Boundary Condition

To obtain the boundary conditions of 3D calculation, the 1D calculation model is built
by AVL-BOOST software. After verifying the results of 1D model calculation with the
experiment results and 3D model simulation results, some boundary conditions which
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are inconvenient to measure are obtained by 1D calculation. For example, the volume,
temperature, and pressure of IVC are 249.30 mL, 420 K, and 197.37 kPa, respectively. In
addition, some boundary conditions were calculated by the following equations [4]:

(1) Initial turbulent kinetic energy (TKE) of cylinder:

ETKE =
3
2
×U2

0 =
3
2
×
(

Cm

2

)2
(31)

Cm = 2 · L ·
( n

60

)
(32)

where U0 is the turbulent fluctuation velocity, m/s.
(2) Initial cylinder turbulence scale length:

LTSL =
LV
2

(33)

where Lv is the max. lift of the valve.
(3) Fuel injection mass per cycle:

Vb =
be peτn

120n f ρF
× 103 (34)

where Vb is the fuel injection mass per cycle, g/cycle; be is the brake specific fuel
consumption, g/(kw·h); pe is the power, kW; τn is the number of strokes; nf is the
diesel engine speed, r/min; i is the number of cylinders.

3. Engine Setup and Experimental Cases
3.1. Engine Setup

The experiment was carried out on a six-cylinder turbocharged intercooled four-stroke
diesel engine refitted into a diesel engine. The specific parameters of the engine are shown
in Table 1, and the layout of the engine is shown in Figure 3. Among them, the intake system
is installed on the intake manifold, and the natural gas enters the cylinder together with
the air to form a homogeneous mixture, which can accurately control the injection quantity
of NG. The common rail injection system was powered by a high-pressure fuel pump. The
improved diesel engine was directly connected with the hydraulic dynamometer. NOx, CO,
and HC emissions were measured by Horiba exhaust gas analyzer, the AVL DEWE-2010CA
diesel engine combustion monitoring system was adopted, and the electronic unit pump
control system was used to accurately control the fuel injection quantity of the engine.
In the experiment, the injection pressure of the injector remains constant at 150 MPa. In
addition, the diesel and natural gas properties parameters were shown in Table 2.

Table 1. Engine specification.

Parameter Unit Value

Number of cylinders - 6
Compression ratio - 17

Bore × Stroke mm 126 × 155
Displacement L 11.5

Connecting rod mm 235
Cooling system - water-cooling
Fuel injection - Common rail system

Inlet valve closing deg 564
Exhaust valve opening deg 848

Number of holes - 8
Hole diameter µm 0.121

Included spray angle deg 145
Injection pressure MPa 150
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Table 2. Diesel and natural gas properties parameters.

Related Parameters Natural Gas Diesel

Ignition temperature (◦C) 650 260
Octane number RON 130 20–30

Theoretical air fuel ratio 17.25 14.6
Low calorific value (MJ·kg−1) 50.05 44.4
High calorific value (MJ·kg−1) 55.54 47.1

Calorific value of mixture
(kJ/m3) 3230 3790

Boiling point (◦C) −161 280
Density (kg/m3) 0.716 814

CH4 (%) 97.6 -

3.2. Experimental Cases

Numerical simulation technology can be used to analyze the combustion process in
the cylinder and provide information of intermediate products and related free radicals. In
the paper, the process of numerical simulation, which starts from IVC (564 ◦CA) to EVO
(848 ◦CA) is studied. In the initial stage of the simulation, it was assumed that NG and
air were uniformly mixed, and the pressure and temperature of the mixture were also
homogeneous. During the experimental process, the engine speed was at the constant
speed of 1800 rpm. Then, the cycle simulation under different injection strategies was
shown in Figure 4. Among them, Case 1 calculated the results of four injection strategies
of pure diesel, while Case 2 calculated the results of single main injection when burning
dual fuel with different NG mixing ratios, which were used as the basis of comparative
analysis. According to Equation (33), the energy fraction of natural gas is calculated by the
low calorific value and mass flow rate of fuel. Similarly, according to Equation (34), the
proportion of the mass flow rate of pre injection, main injection, or post injection to the
total mass of diesel is calculated.

%NG =
MNGLHVNG

MNGLHVNG + MDLHVD
(35)
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%FR =
MD-pilot,main,post

MD-total
(36)

where %NG is the energy fraction of natural gas, %; MNG (respectively, MD) is the mass
of NG (respectively, diesel), mg; LHVNG (respectively, LHVD) is the low heat value of NG
(respectively, diesel), MJ·kg−1; %FR is the percentage of injection volume consumed by
each injection strategy to total cycle injection volume, %; MD-pilot,main,post is the mass of
diesel injected for each injection strategy, mg; MD-total is the total mass of diesel injected in
cycle, mg.
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3.3. Model Validation

In AVL-BOOST and AVL-Fire environment, the default codes do not have accurate
thermophysical properties, which cannot accurately describe the formation/dissociation
of intermediate chemical species, especially for multi component fuels. Therefore, a
simplified chemical kinetic mechanism of diesel NG dual fuel is used to calculate the
combustion process of cylinder, and the HRR of the 3D CFD simulation is obtained from
the reaction heat source term, which is proved by Reference [36]. In addition, the HRR for
1D simulations and experiments can be obtained by the following equation:

dQT
dθ

=
γ

γ− 1
pcy

dpcy

dθ
+

1
γ− 1

Vcy
dpcy

dθ
(37)

where dQT/dθ is the HHR, J/deg; θ is the crankshaft angle, ◦; pcy is cylinder pressure, MPa;
V is cylinder volume, m3; γ is the specific heat capacity, J/(kg·K).

The experiment was carried out on a six-cylinder diesel engine under different load
conditions. The cylinder pressure and heat release rate (HRR) from the simulation results
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were compared with the experimental results and shown in Figure 5. The results show that
the cylinder pressure, HRR, NOx, and CO emissions obtained by numerical simulation are
in agreement with the experimental results. The maximum error is less than 5%. Therefore,
the accuracy of the model is reliable (see Figure 5a–c).
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4. Results and Discussion

In the paper, D100 is the pure diesel, D75 is the 25% NG addition blends with 75%
diesel by mass; D60 is the 40% NG addition blends with 60% diesel by mass; D50 is the 50%
NG addition blends with 50% diesel by mass; D40 is the 60% NG addition blends with 40%
diesel by mass; D25 is the 75% NG addition blends with 25% diesel by mass. The results
of Case 1 and Case 2 are used as the basis for comparative analysis with Cases 3–5. The
effects of different NG mixing ratio, injection strategies (main injection, pilot-main injection,
main-post injection, and pilot-main-post injection), pilot injection start time (SODI1), and
post injection start time (SODI3) on the combustion and emission characteristics of the
diesel NG dual-fuel engine are analyzed. In the pure diesel case, the single-hole cycle fuel
injection is 19.60 mg, the start of diesel injection (SODI2) at −8 ◦CA in the main injection
phase, and the injection duration in the main injection phase is constant. In the cases of
the subsequent addition of NG, the fuel mass of the pre-injection, main injection, and
post-injection is controlled by adjusting the injection duration.

In the process of simulation calculation, the deflagration will easily occur when the
main injection time is set too early in the dual fuel mixed combustion case [34]. It is due
to the fact that the chemical reaction sensitivity of the mixture in the cylinder increases
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when NG is added into the homogeneous mixture. If the injection advance angle is earlier,
the combustion in the cylinder will release heat prematurely. Due to the effects of heat
conduction and heat radiation, the combustible mixture in some areas of the cylinder will
reach the ignition point before the flame spreads. It leads to a sudden increase in regional
pressure and temperature. Thus, based on the previous research experiences [36], the main
injection time was set at −8 ◦CA ATDC.

4.1. Combustion Characteristics

Figure 6a–c shows the cylinder pressure and HRR of the pure diesel case and the
dual-fuel case with different NG mixing ratios. It can be seen that pure diesel (D100) has
the highest peak cylinder pressure, followed by D75, D60, D50, D40, and D25. Based on the
analysis of the HRR, the diesel injection time in the pure diesel case is earlier than that in
the dual-fuel case. In Figure 6a, the cylinder pressure will be higher in the condition of the
ahead-of-time heat release and the combustion phase, and more sufficient combustion in
the compression stroke. In addition, as the proportion of NG mixing increases, the cylinder
peak pressure generally shows a decreasing trend. It is due to the fact that NG and air are
introduced into the cylinder in the form of a homogeneous mixture. As the proportion of
NG increases, the excess air coefficient and the intake air volume decrease. Moreover, as
the mixing ratio of NG increases, the amount of diesel injected into the cylinder will also
decrease, and the spread speed of the flame will be slowed down, resulting in a low initial
HRR. The pressure and temperature decrease accordingly in the initial combustion stage.
Similarly, other studies had the same results [46,47].
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Figure 6. In-cylinder pressure and HRR under different natural gas mixing ratios.

In Figure 6b, it can be seen that as the NG mixing rate increases, the spontaneous
combustion of diesel is suppressed, although the amount of NG involved in the premixed
combustion stage increases. This leads to a significant trend of decreasing the peak HRR
in the diffusion combustion phase, and as the NG mixing rate continues to increase, the
combustion delay also gradually increases, D100 has the smallest ignition delay angle,
followed by D75, D60, D50, D40, and D25. It is due to the fact that the increase of the NG
mixing ratio, resulting in a decrease in the overall fuel activity, the combustion start angle
is delay and combustion end angle is advance, more fuel burning after the TDC. When the
NG mixture ratio is 75%, a significant increase in ignition delay angle is observed.

Figures 7 and 8 show the in-cylinder temperature distribution and diesel distribution
at different NG mixing ratios. It can be seen that the diesel injection time in the pure diesel
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case is earlier than that of the dual fuel, and a better-atomized fuel is formed at −6 ◦CA
ATDC. As the NG fraction in dual-fuel increases, the lag time of diesel injection increases.
Thus, the fuel atomization time was also delayed correspondingly. It can be seen that the
premixed combustion in the cylinder is over, and the diffusion combustion phase has been
entered at the time of TDC when the diesel fraction is high. Similarly, the start of premixed
combustion is relatively late in dual fuel with a high NG fraction. In addition, it can be
found that it is basically at the stage where the average temperature of combustion in the
cylinder is the highest at the 15.7 ◦CA ATDC. With the increase of NG mixing proportion
in dual fuel, the high-temperature area in the cylinder distributes more widely, resulting in
a higher average temperature in the cylinder.
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Figure 8. In-cylinder evaporated fuel mass distribution field with different NG mixing ratios.

Figure 9 shows the cylinder pressure and HRR in the cylinder with a single main
injection and pilot-main injections at different SODI1. When the SODI1 at −30 ◦CA ATDC,
the peak pressure increases from 16.8 MPa to 18.6 MPa compared with the single main
injection. There is an increase of about 10.7% (See Figure 9a). However, when SODI1
further advances from −30 ◦CA ATDC to −38 ◦CA ATDC and −40 ◦CA ATDC, the peak
pressure in cylinder decreases and the ignition delay angle is further reduced. Based on the
analysis of the HRR, it is obvious that compared with a single main injection, the pilot-main
injection strategy improves the combustion and increases the peak pressure in the cylinder
(See Figure 9b). With the advancement of the SODI1, the cylinder pressure and the peak
HRR both show a trend of first increase and then decrease. It is due to the fact that the
in-cylinder mixture is mixed more fully with the advance of the SODI1, increasing the
chemical sensitivity of the fuel. Therefore, the heat release advance and accompany by low
temperature heat release (LTHR), the combustion delay angle of the diffusion combustion
phase is reduced, as the SODI1 continuously advance, the combustion delay angle further
decreases, keeps the main combustion close to the TDC.
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Figure 9. In-cylinder pressure and HRR under pilot-main injection strategy.

Figure 10 shows the cylinder pressure and HRR with single main injection and main-
post injection strategy at different SODI3. It can be seen that compared with single main
injection, the peak pressure in the cylinder and the peak HRR are reduced. With the delay of
the SODI3, there is no effect on the peak cylinder pressure in the diffusion combustion stage,
but the peak HRR decreases, the post-injection diesel slightly increases the heat release in
the later combustion stage. With the SODI3 from +10 ◦CA ATDC delay to +30 ◦CA ATDC,
the peak pressure in cylinder changes little, because SODI3 has no effect on the combustion
start stage (i.e., premixed combustion process), but the peak HRR is significantly lower. It
is due to the fact that only 75% of the original fuel injection in the main injection phase
and 25% of diesel in post injection is injected to cylinder, not conducive to the premixed
combustion and diffusion combustion.
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Figure 11 shows the cylinder pressure and HRR with single main injection and pilot-
main-post injection strategy with different SODI1 and SODI3. It can be seen that the peak
pressure in the cylinder and the peak HRR is slightly higher than that of single main
injection. With the advance of the SODI1 and the delay of the SODI3, the peak cylinder
pressure and the peak HRR both show a trend of first increase and then decrease, the
post-injection diesel slightly increases the heat release in the later combustion stage. It is
due to the fact that the pilot injection makes the mixture mix better, promotes the heat
release in advance, reduces the combustion delay angle, and facilitates the premixed and
diffusion combustion, main combustion close to the TDC. At the same time, the increase in
peak pressure and peak HRR can be seen that pilot injection has a greater effect on engine
combustion compared to post injection.
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Figure 11. In-cylinder pressure and HRR under pilot-main-post injection strategy.

Figure 12a shows the cylinder pressure and HRR of pure diesel and dual fuel (75%
diesel25% NG) with four different injection strategies, respectively. The results show that
the effects of different injection strategies on the combustion characteristics of pure diesel
and dual fuel are the same. Figure 12b further confirms the previous simulation results.
In-cylinder temperature distribution field with different fuel injection strategies is shown
as Figure 13. Adding a pilot injection at −30 ◦CA ATDC before the single main injection
can significantly increase the cylinder peak pressure and peak HRR, advance the heat
release and reduce the ignition delay angle. Adding a post-injection at +30 ◦CA ATDC
after the single main injection will result in a decrease in the peak pressure and peak HRR.
In addition, the pilot-main-post injection strategy can slightly increase the peak pressure in
the cylinder and peak HRR, which also advance the heat release and reduce the ignition
delay angle.
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Figure 12. In‐cylinder pressure and HRR of pure diesel and dual fuel with different injection strategies. Figure 12. In-cylinder pressure and HRR of pure diesel and dual fuel with different injection strategies.
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4.2. Emission Characteristics
4.2.1. NOx Emission

Figure 14 shows the NOx emissions with different NG mixing ratios and different
diesel injection strategies. It can be seen that the NOx formation increases rapidly between
0 and 30 ◦CA ATDC. Compared with the pure diesel case, the combustion of dual fuel can
significantly reduce NOx emission. Moreover, NOx emission firstly decreases and then
increases with the increase of the mixing ratio of NG. For example, compared with pure
diesel case, NOx emission of D50 is reduced by 47%. In addition, when the proportion of
NG in dual-fuel increases from 50% to 60%, NOx emission increase by 24%. It is due to the
high temperature caused by the improved combustion. With the increase of the NG mixing
ratio, the mixture fuel in the cylinder is fully mixed and the combustion process a is more
complete and rapid.
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Figure 14b shows the NOx emission with the pilot-main strategy. It can be seen that
the pilot-main injection strategy can greatly increase NOx emission. In addition, NOx
emissions show an increasing trend with the increase of the SODI1. Compared with main
injection, the NOx emission of pilot injection increase by 65.3% when the advance angle is
−40 ◦CA ATDC. It is due to the high temperature caused by the increased advance angle.
The high temperature is beneficial to the formation of NOx.
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Figure 14c shows the NOx emission with the main-post injection strategy. It can be
seen that the main-post injection strategy can reduce NOx emission compared with main
injection strategy. With the increase of SODI3, the NOx emission firstly decreases and then
increases. Compared with main injection, the NOx emission of main-post injection strategy
increases by 29.6%when the advance angle is +24 ◦CA ATDC. In addition, NOx emission
decreases by 7.6% when the SODI3 delay is from +24 ◦CA ATDC to +30 ◦CA ATDC. It is
due to the fact that only 75% of the original fuel injection in the main injection phase and
25% of diesel in post-injection phase is injected to cylinder. Thus, it significantly reduces
the temperature in the cylinder during the main fuel injection phase, thereby inhibiting the
generation of NOx.

Figure 14d shows the NOx emission with pilot-main-post injection strategy. It can be
seen that the NOx emission firstly decreases and then increases with increase of advance
angle. It is due to the fact that the increase of pilot injection and post injection. Only 50%
original diesel is injected to cylinder in the main injection phase. However, when the
advance angle of the SODI1 and the delay time of the SODI3 further increase, the sufficient
pre-mixing allows the mixture to be widely distributed in the cylinder. After being ignited
by diesel, the cylinder was filled with high-temperature gas, which greatly result in the
increase of NOx emission.

4.2.2. Soot Emission

The multiple injection technology not only improves the combustion process, but
also reduces the pollutant emissions, and optimizes the trade-off relationship between
soot and NOx [32]. Figure 15 shows the soot emission with different NG mixing ratios
and different fuel injection strategies. It can be found that the soot mass fraction in the
cylinder firstly increases and then decreases with the increase of NG mixing ratio. The soot
emission reaches the highest and lowest when the ratio of NG is 60% and 75%, respectively.
The soot emission is mainly distributed in the high temperature and oxygen-poor area,
and then gradually reduced by oxidation. With the addition of pilot injection and post
injection, the emission of soot changes from a single peak of the main injection to a double
peak. When there is no pilot injection, soot emission is mainly distributed in the front of
the combustion chamber. However, in the pilot injection and post injection stage, soot is
mainly generated at the bottom and rear of the combustion chamber. The use of pilot-main
injection will slightly increase the emission of soot. It is due to the fact that the amount of
fuel injected in the pilot injection stage is less, and the local high temperature generated by
combustion and the oxygen-deficient environment in the middle of the fuel beam create
conditions for soot generation. When the pilot-main-post injection strategy was adopted,
the emission curve of soot shows three peaks, and the three peaks show a trend of first
decreases and then increases with the advance of the SODI1 and the delay of the SODI3.
From the changing trend, it can be seen that the SODI3 has a greater impact on this strategy.
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4.2.3. HC Emission

Figure 16 shows the HC emission and methane distribution with different NG mixing
ratios and injection strategies. Figure 16a shows that the HC emission firstly increases
in the initial stage and then decreases with the increase of NG mixing ratio. Compared
with pure diesel, the NG mixing generated more HC in the early stage. However, a large
amount of HC was oxidized at −8 ◦CA ATDC. As seen in Figure 16b, the NG combustion
can be clearly promoted by using the pilot-main injection strategy. Some previous studies
have found that the main source of HC emission is the incomplete combustion of dual fuel.
The combustion phase was also advanced with the increase of SODI1. Thus, more HC will
be oxidized. As seen in Figure 16c, it can be seen that the NG combustion rate decreases
with the main-post injection strategy. As the post injection diesel enters the cylinder, the
HC emission will appear a second small peak at the back. It is due to the fact that the
reduction in injection mass leads to the decrease of in cylinder temperature in the main
combustion stage and the increase of incompletely burned NG. Figure 16d shows that the
pilot-main-post injection strategy improves the combustion and accelerates the combustion
rate of NG, but the post injection diesel also forms a second HC emission peak. In addition,
Figure 17 shows the combustion rate of CH4 under different injection strategies. It can be
seen that the pilot-main injection and pilot-main-post injection strategies can advance the
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combustion of CH4 and make it burn more fully at TDC. On the contrary, the main-post
injection is not conducive to the combustion of CH4 in cylinder.
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4.2.4. CO Emission

CO is a kind of intermediate product, which is mainly caused by the incomplete
combustion due to the low temperature and lack of oxygen in some areas during in-
cylinder combustion. Figure 18 shows the CO emission under different NG mixing ratios
and injection strategies. It can be seen that the CO emission is significantly reduced with
the increase of NG mixing ratio in the early stage. It is due to the fact that the higher
concentration of NG is helpful to combustion, the higher temperature in the cylinder,
and the more abundant positive gas are conducive to the conversion of CO into CO2.
Figure 18b–d show that the pilot-main injection, main-post injection, and pilot-main-post
injection strategies of can further reduce the CO emission in the early stage. It is due to the
improved combustion caused by the NG in dual fuel. At TDC, CO mainly distributed in
the outer region of diesel injection trajectory, where the fuel concentration was high and
the oxygen was poor. In addition, when the injection advance angle decreases, the CO
emission increases. It is due to the fact that the fuel injected later does not have enough
time to oxidize.
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5. Conclusions

With the continuous deterioration of energy crisis [48–55] and environmental prob-
lems [56–62], finding effective methods to optimize the combustion of internal combustion
engine and reduce emission has become the research focus. However, the fuel injection
strategies play an important role in improving performance and reducing emission. There-
fore, this paper studied the mixing ratio and the different injection strategies (i.e., main
injection, pilot-main injection, main-post injection, and pilot-main-post injection) on the
combustion and emission characteristics of diesel NG dual-fuel engine. The main conclu-
sions are as follows:

(1) With the increase of NG mixing ratio, the max. cylinder pressure is reduced, but the
cylinder temperature is increased. In addition, the NOx and CO emission are reduced.
When the NG mixing ratio is 50%, the NOx and CO emission are reduced by 47% and
45%, respectively. However, the HC emission increases.

(2) Compared with the single main injection, the pilot-main injection strategy can signifi-
cantly improve the cylinder pressure and HRR. When the SODI1 is −30 ◦CA ATDC,
the cylinder pressure increases by 19.6% and the cylinder temperature also increases
by 4.6%. In terms of emission, the pilot-main injection can significantly reduce HC
and CO in the cylinder. The soot emission firstly decreases and then increases, but
NOx emission increases, when SODI1 is −38 ◦CA ATDC.

(3) Compared with the single main injection, the main-post injection strategy can reduce
the cylinder pressure and HRR. However, the cylinder temperature is reduced in the
main injection stage. The NOx and CO emissions is reduced. When the SODI3 is
24 ◦CA ATDC, the NOx emission is reduced by 29.6%.

(4) Compared with the single main injection, the pilot-main-post injection strategy
slightly increase the cylinder pressure, HRR, and cylinder temperature. In terms
of emission, it can effectively reduce the HC and CO emission. Due to the effects of
pilot injection and post injection of diesel, the soot emission in cylinder increases, but
the NOx emission in cylinder firstly decreases and then increases.
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