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Abstract

Background: As global environmental issues and the energy crisis continue to intensify,
diesel-natural gas dual-fuel engines have been extensively studied due to their stable
combustion, low emissions, abundant natural gas reserves, and relatively low cost. Meth-
ods: Based on a modified YCK15 six-cylinder heavy-duty diesel engine, the experiments
and GT-Power software simulation were used to study the effects of NG substitution rate
(NGSR) and diesel injection timing (DIT) on the combustion characteristics, power and
emission performance of a diesel-NG dual-fuel engine running at 1800rpm, with NGSR
ranging from 0 to 50% and DIT ranging from 5 °CA BTDC to 17 °CA BTDC under four
engine load conditions: 100%, 75%, 50% and 25%. Significant Findings: The results
showed that the NGSR and DIT have considerable impact on performance enhancement
and emission reduction. As NGSR increased, cylinder pressure decreased under high load
and increased under low load. Under four loads, the temperature inside the cylinder re-
vealed a downward trend, and the power and indicated thermal efficiency (ITE) de-
creased slightly, with power and ITE declining by less than 5% and 2%, but the fuel econ-
omy and emissions were well improved. Compared to 50% NGSR and pure diesel condi-
tion, brake-specific fuel consumption (BSFC) decreased by 5.63%, 4.60%, 2.98%, and 1.83%,
respectively, and NOx emissions decreased by 32.68%, 36.41%, 37.90%, and 38.99%, re-
spectively. As DIT increased, cylinder pressure and temperature both increased under all
four load conditions, and the power and ITE improved significantly, but this caused an
increase in NOx emissions. Compared to DIT of 17 °CA BTDC with 5 °CA BTDC, power
increased by 8.29%, 9.76%, 13.38%, and 16.51%, respectively, and ITE increased by 7.69%,
8.77%, 11.46%, and 12.77%, respectively. The response surface was established and per-
formance optimized using the design of experiments (DOE) module in GT-Power. At an
NGSR of 50% and 100% loads, the optimized power was 0.431% higher than the pure
diesel mode, ITE was 0.396% higher, brake-specific fuel consumption was reduced by
7.397%, and NOx emissions were reduced by 27.027%.

Keywords: dual-fuel engine; NG substitution rate; diesel injection timing; performance
enhancement; emission reduction
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1. Introduction

With the development of the economy and the continuous advancement of science
and technology, automobiles have become a part of everyday life for millions of house-
holds. However, the large number of internal combustion engine vehicles in use also ex-
acerbates environmental problems [1,2]. For a considerable period of time in the future,
internal combustion engines will continue to play a significant role in the field of trans-
portation [3,4]. To address environmental pollution and energy crises, and driven by
emissions regulations, the automotive industry has been undergoing continuous reform,
with global energy use shifting toward more efficient and cleaner sources [5,6]. Natural
gas, as a relatively ideal clean energy source, offers advantages such as large reserves, a
high hydrocarbon (HC) ratio, high octane number, low emissions of pollutants after com-
bustion, and relatively low cost. As an alternative fuel for engines, it possesses considera-
ble potential [7]. However, the direct compression ignition of NG is challenging owing to
its high auto-ignition temperature, so when traditional engines use NG as an alternative
fuel for combustion, the ignition source becomes a very important factor [8]. Professor
Philip proposed a method of using diesel to ignite NG. By modifying the injector, he ena-
bled NG and diesel to be injected into a cylinder simultaneously at the end of the com-
pression stroke, when temperature and pressure inside the cylinder are very high. The
diesel can then be ignited directly by compression, and the burning diesel can ignite the
surrounding NG, thereby solving the problem of NG being difficult to ignite by compres-
sion. This theory is known as high-pressure direct injection (HPDI) [9]. However, owing
to extremely high structural design requirements for injectors and the complexity and
high cost of the injection system associated with HPDI technology, engineers proposed
diesel pilot ignition (DPI) technology for NG. Unlike HPDI, this technology does not di-
rectly inject NG into the cylinder and does not require a high-pressure common rail sys-
tem. Instead, it directly injects NG into intake port, where it mixes with air and is then
ignited by diesel injected into the cylinder [10]. This substantially reduces the cost of the
injection system and requires minimal modification to the original diesel engine, necessi-
tating only the addition of an NG injection system. The resulting diesel-NG dual-fuel en-
gine can achieve both DPI combustion and pure diesel combustion, improving the relia-
bility and adaptability of the engine [11].

It is precisely these advantages that have greatly stimulated interest in research into
diesel-NG dual-fuel engines. Comparative studies have established that NG is a cleaner
alternative to diesel due to the lower CO:z emissions in dual-fuel mode, while diesel com-
bustion produces several orders of magnitude higher NOx and particulate emissions [12-
14]. Zhang et al. [15] found that increasing the co-combustion ratio raised HC and CO
emissions but greatly reduced smoke emissions. Wei et al. [16] confirmed that dual-fuel
mode significantly lowers NOx, COz, and PM emissions, though HC and CO may increase
by several times. Mirostaw et al. [17] demonstrated that dual-fuel operation significantly
reduced fuel consumption and CO: but increased CO, HC, and NOx concentrations.

A substantial body of literature has established that NGSR has great impact on dual-
fuel engines [18,19]. In terms of combustion characteristics, Wang et al. [20] showed that
at 50% load, increasing NGSR gradually decreased thermal efficiency and cylinder pres-
sure, and the heat release rate (HRR) was fastest at 70-90% substitution and most unstable
at 30-60%, with the dominance of premixed and diffusion combustion varying with
NGSR. Yousefi et al. [21] reported that at 60% NGSR under low load, peak combustion
temperature and NOx declined, but unburned HC rose due to fuel overflow. Papagianna-
kis et al. [22] and Ahmad et al. [23] consistently found that higher NGSR lengthened igni-
tion delay, reduced HRR, and decreased peak cylinder pressure, brake power, and ex-
haust temperature. Lee et al. [24] observed extended ignition delay and reduced high-
temperature region volume at NGSR of 30-85%, indicating cleaner combustion trends at
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high substitution rates. Shu et al. [25] coupled a simplified chemical kinetics mechanism
and reported that combustion duration first increased then decreased with rising NG en-
ergy fraction, while NOx slightly increased and CO first increased and then decreased.
Zhou et al. [26] found that higher NGSR shortened combustion duration and increased
peak pressure, while sharply reducing soot emissions due to a more uniform air—fuel mix-
ture and a reduction in local fuel enrichment area. Regarding overall performance and
emissions, Cheenkachorn et al. [27] and Lounici et al. [28] reported that dual-fuel mode
reduced ITE, volumetric efficiency, BSFC, NOx, CO:, and soot but elevated HC and CO.
Chen et al. [29] observed that in an NG-diesel rotary engine there is higher NGSR accel-
erated flame propagation and improved combustion efficiency, reducing CO and soot but
increasing NOx and COz. Abdelaal et al. [30] found that dual-fuel engines showed signifi-
cant improvements in NOx and PM emissions, but they resulted in lower ITE and higher
CO and HC emissions. Implementing EGR can address these issues and further reduce
NOx emissions. Neeraj et al. [31] found improved BSFC and BTE with reduced NOx at 40—
80% NGSR across engine speeds, but HC and CO increased. Pankaj et al. [32] showed that
a 20% substitution rate decreased NOx by 14.24% and CO:z by 30%.

A number of studies have demonstrated that DIT also has a considerable impact on
the combustion and emissions of dual-fuel engines [33-36]. Shu et al. [37] and Roussos et
al. [38] demonstrated that advancing DIT advances the start of combustion and 50% burn
point, leading to higher peak cylinder pressure and HRR but also significantly elevated
NOx emissions. Yang et al. [39] modified a common rail diesel engine to operate in dual-
fuel mode. Research indicated that advancing DIT from 8 °CA BTDC to 17 °CA BTDC
significantly improved combustion, resulting in lower HC and CO emissions. However,
this led to an increase in NOx emissions due to faster flame propagation and improved
combustion phase. Therefore, appropriate DIT timing can optimize combustion and emis-
sions in dual-fuel engines. Yang et al. [40] found that advanced DIT under low load wors-
ened combustion noise but reduced particulate matter by up to 75%. Yousefi et al. [41,42]
showed that advancing DIT increased peak pressure, ITE, and NOx at low-to-medium
loads, but NOx began to decrease when DIT advanced beyond 30 °CA BTDC, with a max-
imum ITE at 46 °CA BTDC. Liu et al. [8] found that with the advance of DIT, the diesel
and NG mixed more thoroughly in the cylinder, combustion duration shortened, and
emissions of HC, soot and CO also reduced. Bambang et al. [43] found that the optimum
DIT shifted from 17° to 15 °CA BTDC as load increased, improving thermal efficiency by
25.27% and reducing HC/CO by over 23%. Liu et al. [44] combined genetic algorithms
with CFD to optimize injection strategies, indicating that optimal DIT should be delayed
as diesel injection quantity increases.

In summary, extensive studies have shown that, compared to pure diesel engines,
the addition of NG provides significant improvements in combustion and emission per-
formance. Against the global backdrop of increasingly stringent emission regulations and
escalating energy crises, a comprehensive investigation of the combustion and emission
characteristics of diesel-NG dual-fuel engines, together with systematic optimization of
their power, fuel economy, and emission performance, is of considerable practical signif-
icance.

Therefore, most existing studies have focused their analyses on a single rated oper-
ating condition, which presents significant limitations. Furthermore, systematic multi-ob-
jective optimization based on design of experiments (DOE) and response surface method-
ology (RSM) has rarely been applied to diesel-NG dual-fuel engines. This study focuses
on the 25%, 50%, 75%, and 100% load operating ranges of diesel-natural gas dual-fuel
engines. A one-dimensional thermodynamic simulation model of a diesel-natural gas
dual-fuel engine was developed using GT-Power software and validated with bench test
data. This study investigated the effects of NGSR and DIT on the combustion, perfor-
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mance, and emissions of a diesel-natural gas dual-fuel engines. Concurrently, a multi-
objective optimization method for dual-fuel engine injection parameters was developed
based on DOE. With power performance, fuel economy, and emission characteristics as
coordinated optimization objectives, a global optimization of injection timing and dura-
tion was completed, resulting in a comprehensive one-dimensional simulation modeling
method for dual-fuel engines. By establishing and validating simulation models, explor-
ing patterns of parameter variation, and finally performing optimization, this develop-
ment process for dual-fuel engine control parameters significantly reduces the trial-and-
error costs and development cycle associated with traditional bench testing, providing a
standardized technical pathway for the rapid development of dual-fuel engines.

2. Models and Methods

2.1. Experimental Engine

The diesel-NG dual-fuel engine used in this experimental study was modified based
on the YCK15 series six-cylinder diesel engine produced by Guangxi Yuchai Machinery
Group Co., Ltd. (Yulin, China). This type of engine is commonly used in heavy-duty
trucks. The main parameters of the engine are listed in Table 1.

Table 1. Main parameters of YCK15 six-cylinder diesel engine.

Parameters Values
Engine type Four-stroke, in-line, turbocharging
Number of cylinders 6
Displacement (L) 14.8
Bore x stroke (mm) 138 x 165
Connecting rod length (mm) 258.5
Compression ratio 22.69
Firing order 1-5-3-6-2-4
Maximum power (kW) 485
Maximum torque (N-m) 3200
Fuel injection system High-pressure common rail

The diesel used in this study was 0# diesel, which is extensively utilized in the auto-
motive industry. It has a high energy density, with sulfur content not exceeding 10 mg/kg,
and a cetane number typically ranging from 45 to 60. The natural gas used was com-
pressed natural gas, primarily composed of hydrocarbons, with methane accounting for
over 90% of the total volume fraction of NG. The remaining portion consists of small
amounts of ethane, propane, and butane, as well as hydrogen sulfide, nitrogen oxides,
carbon dioxide, and trace amounts of carbon monoxide and noble gases. The physical and
chemical properties of the diesel and NG are listed in Table 2.

Engine fuel injectors are classified into carburetor type, direct injection type, and in-
take manifold injection type based on their fuel injection methods. The engine used in this
work adopted the intake manifold injection type, in which NG was injected through NG
nozzles in the intake manifold. After thorough mixing with air, NG enters the cylinder.
As the compression stroke nears completion, diesel is injected into the cylinder via the
injector, and the NG is ignited. The parameters of the diesel injector are shown in Table 3.

Table 2. The physical and chemical properties of the diesel fuel and NG.

Parameters Diesel NG
Molecular formula C10-C21 CHa
Relative molecular mass 200-250 16
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Density (g/cmd) 0.82-0.84 0.7196
Dynamic viscosity (Pa-s) 0.003-0.008 1.1 x105-1.2 x 10-°
Low heating value (M]/kg) 42.5 50
Latent heat of vaporization 250270 510
(KJ/kg)
Cetane number 40-60 -
Boiling point (°C) 180-370 -161.5
Flash point (°C) 55-85 =190
Ignition point (°C) 220 650-750
Octane number - 130
Flame speed (m/s) 0.42 0.67
Air—fuel ratio 14.3 17.2
Auto-ignition temperature (°C) 350 537

Table 3. Parameters of the diesel injector used in the test engine.

Parameters Values
Flow rate (ml/min) 2900
Nozzle number 10
Nozzle diameter (mm) 0.213
Nozzle cone angle (deg) 144
Distance from the center of the spray 1
hole outlet to the tip of the nozzle (mm)
Distance from the center of the spray
hole outlet to the axis of the fuel injector 1.3
(mm)
Convex height (mm) 1.7
Injection pressure (bar) 1670
Back pressure (bar) 170

2.2. Mathematical Model

GT-SUITE v2016 uses various modules to simulate and calculate engine performance.
Different modules include heat transfer models, fuel injection models, combustion models,
etc. By adjusting the parameters in the models, the established simulation models can be
made consistent with the actual engine performance. GT-Power software employs a one-
dimensional (1D) flow model for intake and exhaust manifolds and a zero-dimensional
(0D) thermodynamic model for the in-cylinder process. This 0D/1D coupled approach is
the standard formulation for system-level engine performance simulation, where fluid
dynamics in the ducts are described by 1D conservation equations and the cylinder is
treated as a spatially uniform (0D) open thermodynamic system.

2.2.1. 1D Flow Equations

In GT-Power, the fluid dynamics of the engine model are generally described by one-
dimensional fluid dynamics equations.
The continuity equation is as follows:
dm, .
- = m.
ds b;d ' M
where m¢ is the mass of fluid area, kg; ;i the mass flow through the boundary, kg/s.

The energy equation is as follows:
dE _ pdV

dt d¢ i bozur:xd (myg - hy) — a, A (Tgas L) @)
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where E is fluid total energy, J; pt is fluid pressure, Pa; dV is volume change, m?; F« is the
specific enthalpy, J/kg; as is the heat transfer coefficient between the fluid and wall,
W/(m2K); Tgas and Twan are the gas temperature and wall temperature, K; Atis the effective

flow area, m2.

The momentum equation is as follows:
: 2 2
e _fadp+ X 0 0 -4G 2L AS gy
de bound 2 D 2

e

where u is the boundary velocity, m/s; p is the fluid density, kg/m?; v is the central velocity,
m/s; Ctis the surface friction coefficient, Cp is the pressure loss coefficient, D. is the equiv-
alent diameter, m.

2.2.2. In-Cylinder Thermodynamic Model

During the working cycle of the cylinder, the mixture inside the cylinder is treated
as an ideal gas, and the working process follows the law of conservation of mass and law
of conservation of energy.

The ideal gas state equation is as follows:

pch :mcRch (4)

where pc is the gas pressure, Pa; V< is the gas volume, m3; . is the gas mass, kg; R; is the
gas constant, J/(kg-k); T.is the gas temperature, K.
The mass conservation equation is as follows:

dm, dm; dm, dm,

=—s4 —S 4 —5

dp dp dp do ©)

where mw is the total mass of working fluid in the cylinder, kg; ms and me are the mass of

gas flowing into and out of the cylinder, kg; mx is the mass of fuel injection, kg; ¢ is the
crank angle.
The energy conservation equation is as follows:
dU d dm dm do; dv
=~ _ Qk i & _ [ Qt -p.— (6)
dp de¢ d¢ ~ dp = dp ~dg

where U is the system internal energy, J; O« is the heat released by combustion of fuel in

h +

(S

S

the cylinder, J; Qr is the heat transferred into or out of each wall surface of the cylinder, J;
hs and he are the specific enthalpy of intake working fluid and exhaust working fluid, J/kg.
During engine operation, the energy conservation equation includes a heat transfer
quantity Qw between the engine working fluid and cylinder wall. According to Newton’s
heat transfer formula in heat transfer theory, Qw can be calculated based on the instanta-
neous average heat transfer coefficient between the working fluid and inner wall surface
av and the average temperature of the cylinder wall surface Twi. The formula is shown
below:
3 3
%=;%=%;ab-4(ﬂ—%) (7)
where @ is the crank angle, and w is the crank speed, rad/s; Aiis the heat transfer area, m?
Tt is the instantaneous temperature of the working fluid, K;i=1, 2, 3 are the cylinder head,
piston and cylinder liner, respectively.

Since the pressure and temperature of the working fluid inside the cylinder vary in-
stantaneously during the working process, and due to the piston movement, the heat ex-
change area between the working fluid and inner wall also changes, and the amount of
heat transferred through the cylinder wall at different times is also variable. Therefore, to
accurately calculate the instantaneous heat transfer quantity at different times, it is neces-
sary to correctly select av. In the Woschni heat transfer model, the formula for calculating
av is as follows:
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0.8
TV,

o, :82010,,0'8 'Tb70.53 'DC—O.Z 1c-c +c, PVS (pb —po) (8)

a a

where py» and Tb are the pressure and temperature of the working fluid in the cylinder, Pa,
K; D. is the diameter of the cylinder, m; Cm is the average velocity of the piston, m/s; pa, Ta
and Va are the pressure, temperature and volume of the working fluid at the starting point
of compression, Pa, K, m3; vs. is the cylinder working volume, m3; po is the cylinder pres-
sure when the engine is motoring, Pa; C1 is the gas flow velocity coefficient, and C: is
determined by the specific configuration of the combustion chamber.

The formula for intake and exhaust phase Ci is as follows:

CL\
G =6.18+0417 )

The formula for compression and expansion stage Ci is as follows:

Cll
C,=228+0308 (10)

m

where Cu is the airflow velocity, m/s; Cm is the average velocity of the piston, m/s.

2.2.3. Chemical Reaction Mechanisms of NOx Formation

During the combustion process, the formation of NOx is a significant issue in pollu-
tant formation. The primary pathways for NOx formation include thermal NOx, prompt
NOx, and fuel NOx. Among these, thermal NOx is the primary source of NOx formation
under high-temperature combustion conditions. Its formation mechanism was first pro-
posed in 1946 by Soviet scientist Yakov B. Zeldovich and was later expanded to form the
extended Zeldovich mechanism, which is used to quantitatively describe the chemical ki-
netics of N2 oxidation to form NO in the atmosphere at high temperatures.

Initially, it consisted of only the following two elementary reactions:

N,+0 = NO+N(R1) 11)
N+0, = NO+O(R2) (111)

Reaction 1 is the rate-limiting step of the entire process; it requires the cleavage of an
N=N triple bond and therefore has an extremely high activation energy, which causes the
reaction rate to increase significantly at high temperatures. Subsequent studies found that
under fuel-rich conditions, the concentration of OH radicals rises sharply, leading to the
extended Zeldovich mechanism that is widely used today:

N+OH = NO+H(R3) (12)

Applying the steady-state approximation to N atoms (d [N]/dt = 0), we can derive the
net rate equation for NO formation:
- k_k,[NOT
k[N, 1k,[0,]
k_,[NO]
k,[0,]+ k[OH]
where ki1 is the forward rate constant for reaction 1, k-1 is the reverse rate constant for re-
action 1, and [NO] is the NO concentration.
During the initial stage of combustion or when the NO concentration is extremely

=24 [O]IN, ]

d[NO]
- (13)

low, this equation can be simplified to the following;:

d[NO]
= 2K [O]IN;] (14)

As can be seen from the above equation, the formation rate of thermodynamic NOx

is primarily governed by temperature, oxygen concentration, and nitrogen concentration.
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This provides a direct theoretical basis for engineering-based low-NOx combustion tech-
nologies, such as reducing peak flame temperature and controlling the excess air ratio.

2.3. Simulation Model Validation

According to the structural parameters and experimental parameters of the engine, a
one-dimensional engine model can be established in the GT-Power software. The com-
plete engine model primarily included components such as the intake manifold, inter-
cooler, NG injector, diesel injector, cylinder, intake and exhaust valves, crankcase, exhaust
manifold, turbocharger, and controller. In the software, the parameters of each module
were set, and then the modules were connected to form a complete diesel-NG dual-fuel
engine. The engine model is displayed in Figure 1.

Fresh air is compressed by the compressor and sent to an intercooler for cooling. The
cooled air flows into the intake duct, where it is diverted into the intake manifold. In the
intake manifold, air is thoroughly mixed with the injected NG to form a combustible mix-
ture, which flows through intake valve into the cylinder and is combusted together with
the injected diesel fuel. The combustion exhaust gas discharged from the cylinder is dis-
charged through the exhaust pipe and enters the turbine to expand and do work. The
turbine is connected to the compressor through a coupling, which drives the compressor
to compress fresh air. This is a complete engine working cycle.

After establishing the model, it is necessary to verify and validate it. The operating
conditions were specified, the simulation was executed, and the output data were com-
pared with experimental measurements obtained from bench tests. If there is a significant
discrepancy between bench test data and output results, it is imperative to re-calibrate the
parameters of the modules in the engine simulation model, such as the combustion model,
heat transfer model, the coefficients in the turbocharger module, etc. After making the
adjustments, the simulation continues to run until the error between output results and
experimental data meets the accuracy requirements needed for modeling. At that point,
the simulation model is considered to be reasonably constructed and capable of meeting
the requirements for subsequent simulation research.

Pressure regulator Output
Compressed natural gas common rail signals

Input
signals

Compressed natural gas inketiL

mpressed natural gas injector Engine control system

b W

& Compressor
Dynamometer
—
Turbine e
Turbo shaft  Diesel fuel tank<_ R »A
A
NN
N[N
haust gas > NN 1
AYAY
Diesel fuel filter —
Emission analyzer Boundary environment Data acquisition system

(a) Engine physical model
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NG injector

Intake manifold
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Turbo shaft

Intake valve

Waste controller — Engine crank train

Enter environment — Cylinder

Out environment
Orifice connection
Pipe round

Turbine

Exhaust valve

(b) Engine simulation model

Figure 1. Engine physical model and simulation model.

The performance of engine model was verified and validated in terms of power,
economy, and emission characteristics at a speed of 1800 rpm, 100% load, and pure diesel
conditions. The cylinder pressure curve is a pivotal parameter that reflects engine opera-
tional process and evaluates its performance. The comparison with the test results is
demonstrated in Figure 2, and the comparison of the results of other operating parameters

is displayed in Table 4.
250
(a) , ,
Simulated Cylinder Pressure
----- Experimental Cylinder Pressure
200
240 F (b) 16 Q
— -_ 200 4
(. — i
< 8160 2 9
S 150 = 5
N 0120 0
o = >
S % 80 2.5
=] 8 <
2 & 40 43
[<P] 100 B 0 R T T T N | -()Q{‘
E 0 20 40 60 80 100 120 140 160 180 200
Crank Angle (deg)
50
0 1 1 g
Compression 0 Power 180 Exhaust 360 Intake 540

Crank Angle(deg)

Figure 2. Comparison of in-cylinder pressure between simulation and experiment and the corre-
sponding relative error. (a) In-cylinder pressure curves from simulation and experiment. (b) Rela-
tive error between simulated and experimental cylinder pressures, with the right vertical axis rep-

resenting error percentage.
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Table 4. Comparison of simulation results and experimental values for main performance parameters.

Performance Parameters Experimental Values  Simulation Values Error
Speed (r/min) 1800 1800 0%
Power (kW) 463.28 465.4 0.46%
Torque (N'm) 2457.7 2469.03 0.46%
BSFC (g/kWh) 204.63 203.98 0.32%
Maximum cylinder pressure (bar) 219.48 220.72 0.57%
Intercooler inlet pressure (kpa) 307.1 308.33 0.4%
Inlet duct pressure (kpa) 302.5 302.31 0.06%
Left turbine inlet pressure (kpa) 412.82 411.02 0.44%
Right turbine inlet pressure (kpa) 461.7 456.98 1.02%
Intake temperature (K) 297.82 297.88 0.02%
Compressor outlet temperature (K) 473.31 475.66 0.5%
Intercooler outlet temperature (K) 322.12 322.76 0.2%
Intake duct temperature (K) 322.6 323.28 0.21%
Left turbine inlet temperature (K) 952.36 936.49 1.67%
Right turbine inlet temperature (K) 953.8 948.93 0.51%
Turbine exhaust temperature (K) 791.62 803.61 1.51%
NOx emissions (ppm) 890.324 885.68 0.52%

From Table 4, simulation calculation results and experimental results have an error
of less than 5%, which is acceptable in engineering terms, indicating that the simulation
results are reliable and the model is reasonable. Further research can be conducted on
diesel-NG dual-fuel engines.

After model verification, the NGSR was studied under operating conditions of 1800
rpm and 25%, 50%, 75%, and 100% engine loads. The engine speed of 1800 rpm was se-
lected because this is the speed at which the engine typically operates in real-world heavy-
duty truck applications; it is a highly representative operating speed for evaluating the
performance and emissions of the dual-fuel system under actual operating conditions.
The NGSR refers to the ratio of the output energy of NG to the total output energy of
diesel and NG, as shown in the following formula:

Re— M o0n (156
m xH + m X H . )

where my is the NG injection quantity, kg; ma is the diesel injection quantity, kg; Hg and
Hu are the lower heating value of NG and diesel, J/kg.

RO denotes an NGSR of 0%, corresponding to a pure diesel mode; R20 denotes an
NGSR of 20%, at which the engine uses 20% NG energy and 80% diesel energy. The sim-
ulation study covered an NGSR range from 0 to 50%, with intervals of 10%. The NGSR
range of 0-50% was selected based on the practical operating limits of the DPI dual-fuel
system. Below 50% NGSR, the diesel pilot injection provides reliable ignition without re-
quiring hardware modifications to the injection system. Above 50% NGSR, the reduced
diesel quantity may compromise ignition stability and increase cyclic variability. Therefore,
0-50% represents the range within which stable dual-fuel operation can be maintained with-
out additional engine modifications. The operating parameters are shown in Table 5.

Table 5. Engine operating parameters for the natural gas substitution rate sweep simulation study.

Speed (r/min) 1800
Load (%) 25 50 75 100
Rn (%) 0, 10, 20, 30, 40, 50
RO/Diesel (mg/hub) 95.23 161.73 227.16 292.87
RO/NG (g/min) 0 0 0 0
R20/Diesel (mg/hub) 76.19 129.38 181.72 234.30
R20/NG (g/min) 14.74 25.04 35.16 45.60
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R50/Diesel (mg/hub) 47.62 80.86 113.58 146.44
R50/NG (g/min) 36.86 62.59 87.91 114

To further evaluate the applicability of the proposed dual-fuel combustion model,
the simulated heat release rate at NGSRs of 50 and 100% loads was compared with pub-
lished experimental results [45] obtained from a six-cylinder diesel-natural gas dual-fuel
engine employing the same combustion strategy, namely natural gas port injection com-
bined with pilot diesel direct injection. Since the present engine operated under a low in-
cylinder pressure condition, the simulated results were compared with the low-pressure
(n mode) case reported in the literature. As shown in Figure 3, the predicted heat release
profile agrees well with the experimental trend. Both results exhibit a dominant premixed
combustion stage characterized by a single major heat release peak followed by a rela-
tively long heat release tail. Although differences remain in the absolute values of ignition
delay, combustion duration and combustion phasing because of differences in engine
specifications, operating conditions, boundary conditions and combustion model defini-
tions, the overall heat release characteristics are well reproduced. This comparison pro-
vides indirect support for the applicability of the adopted dual-fuel combustion model,
indicating that the model is capable of reproducing the main combustion characteristics
of diesel-natural gas dual-fuel engines and is therefore suitable for investigating the ef-
fects of the natural gas substitution ratio on combustion and emission characteristics.

é 290 R

240
190
140

A~ O
o O

Heat release rate(J/° CA)

-10
340 350 360 370 380 390 400 410
\_ Crank angle(degree) Y,
(a)
500
—-— Heat release rate 14,000
——Cumulative heat release
400 | 12,000
& o
& 10,0003
= <
= 300 =
T 2
= 8000 =
= >
L =
§ 200 6000 E
2 k=
= 4000 =
é 100 g
Q
2000
0 L /Combustion delay:3.5 S 0
1 1 1 1 1 1
—40 -20 0 20 40 60 80 100

Crank angle(deg)
(b)

https://doi.org/10.3390/fire9070297



Fire 2026, 9, 297

12 of 36

Pressure(bar)

Pressure(bar)

Figure 3. Comparison of heat release between published experimental results and simulation results.
(a) Heat release rate of published experimental results [45]. (b) Heat release rate and cumulative
heat release of simulation model.

3. Results and Discussion
3.1. Effect of NGSR on Engine
3.1.1. Combustion

As illustrated in Figure 4, the impact of different NGSRs on cylinder pressure is
demonstrated. As the NGSR increased, the peak cylinder pressure decreased at both 100%
load and 75% load. This reduction may be attributed to the increased injection quantity of
NG displacing a portion of the intake fresh air, thereby leading to incomplete combustion.
This causes a reduction in cylinder pressure and temperature at the end of the compres-
sion phase.
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Figure 4. Effect of natural gas substitution rate on in-cylinder pressure at (a) 100%, (b) 75%, (c)
50%, and (d) 25% engine load.

As NGSR increases, injection quantity of ignited diesel also decreases, and the pene-
tration distance of oil jet shortens, reducing the amount of NG directly ignited by diesel,
decreasing ignition area, and increasing the proportion of diffusion combustion, which
reduces peak cylinder pressure. At 50% load and 25% load, as NGSR increased, the peak
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cylinder pressure increased slightly. This is because at lower loads, a minimal quantity of
NG can mix thoroughly with air in the intake manifold to engender a more uniform mix-
ture. A larger amount of ignited diesel allows the NG entering the cylinder to burn thor-
oughly. At the same time, compared to diesel, NG has a higher calorific value, releasing

more heat and causing the peak cylinder pressure to rise.

As demonstrated in Figure 5, an increase in the NGSR was observed to be accompa-

nied by a tendency for cylinder temperature to decrease.
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Figure 5. Effect of natural gas substitution rate on in-cylinder temperature at (a) 100%, (b) 75%, (c)

50%, and (d) 25% engine load.

This is because NG occupies part of the intake manifold space, reducing the intake of
fresh air. This results in a decrease in volumetric efficiency, consequently leading to a re-
duction in the excess air ratio and an escalation in the degree of incomplete combustion

of fuel, causing the temperature inside the cylinder to decrease.

3.1.2. Power Performance and Fuel Economy

The impact of NGSR on engine power is illustrated in Figure 6.
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Figure 6. Effect of the natural gas substitution rate on engine power under four engine load conditions.

It was observed that the increase in the NGSR resulted in a slight decrease in engine
power. Compared to CNG50 (a natural gas substitution rate of 50%) and CNGO (a natural
gas substitution rate of 0%), the reductions were 1.45%, 2.49%, 4.00%, and 5.03% at 100%,
75%, 50%, and 25% loads, respectively. This is because NG occupies part of the intake gas
volume, reducing the pressure during the compression stage and exacerbating incomplete
combustion of NG. Meanwhile, the cylinder temperature decreases. According to the Ar-
rhenius equation, the reaction rate constant during fuel combustion decreases, resulting
in an incomplete fuel reaction, less heat released, and less energy converted into mechan-
ical energy, which results in reduced engine power.

ITE refers to the ratio of actual indicated cycle power of an engine to the heat of the
fuel consumed and is an important indicator of engine performance. As displayed in Fig-
ure 7, with the growth of NGSR, ITE diminished slightly. Compared to CNG50 and CNGO,
the ITE decreased by 0.595%, 0.998%, 1.547%, and 1.69% under the four load conditions,
respectively. This may be attributed to the fact that NG burns more slowly than diesel. As
NG injection quantity increases, combustion process is prolonged, which may cause part
of the combustion to occur during the expansion stroke, thereby reducing the conversion
efficiency of the effective work.
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Figure 7. Effect of natural gas substitution rate on indicated thermal efficiency under four engine

load conditions.
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The evaluation of engine economic indicators generally focuses on BSFC. BSFC de-
notes the quantity of fuel utilized by an engine for each 1 kW-h of effective power output,
which is defined as the amount of fuel consumed by the engine for every 1 kW-h of effec-
tive power output. The smaller the BSFC value, the less fuel the engine consumes to pro-
duce the same power and the better the fuel economy. The variation in BSFC with NGSR
is shown in Figure 8.
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Figure 8. Effect of natural gas substitution rate on brake-specific fuel consumption under four en-

gine load conditions.

Figure 8 shows that the BSFC of the engine exhibited a consistent downward trend
in conjunction with the increase in NGSR. Compared with CNG50 and CNGO, BSFC de-
creased by 11.49, 9.73, 6.74 and 4.88g/kWHh, respectively, under the four load conditions.
When diesel fuel is atomized, it is prone to uneven atomization, leading to incomplete
combustion losses. NG, on the other hand, is premixed with air in a gaseous form, result-
ing in more complete combustion, thereby reducing fuel consumption.

3.1.3. Emissions

The NOx emissions at varying NGSRs are demonstrated in Figure 9. As the NGSR
increased, NOx emissions showed a downward trend. Under four load conditions, NOx
emissions decreased by 32.68%, 36.41%, 37.90%, and 38.99%, respectively. The primary
factors influencing NOx generation are cylinder temperature, oxygen concentration in the
cylinder, and sufficient reaction time. When injection quantity of NG increased, the cylin-
der temperature gradually decreased, which affected NOx generation. Meanwhile, be-
cause NG accounts for a portion of the intake volume, an increased NG injection volume
and reduced air flow result in a richer mixture in the cylinder and lower oxygen content,
which suppresses NOx formation and reduces NOx emissions.
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Figure 9. Effect of natural gas substitution rate on NOx emissions under four engine load conditions.

The CO emissions resulting from varying NGSRs are illustrated in Figure 10. The CO
emissions exhibited a downward trend as NGSR continued to increase.
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Figure 10. Effect of natural gas substitution rate on CO emissions under four engine load conditions.

This is because CO is a product of incomplete combustion. In pure diesel mode, fuel
is directly injected into the cylinder, where it mixes unevenly with the air, leading to lo-
calized oxygen deficiency and incomplete combustion. As a result, pure diesel mode pro-
duces relatively high CO emissions. As the substitution rate increases, diesel injection
quantity decreases, and NG and air form a uniform mixture. The overall combustion uni-
formity of the mixed fuel in the cylinder is improved, resulting in more complete combus-
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tion, which reduces CO generation caused by incomplete combustion and lowers CO
emissions.

CO: is a common greenhouse gas that has also attracted global attention. CO:z emis-
sions are demonstrated in Figure 11. As NGSR increased, CO2 emissions decreased. Under
four load conditions, CO:z emissions decreased by 12.32%, 12.48%, 14.39%, and 14.34%,
respectively. Compared with diesel, NG molecules contain less carbon and have a lower
C/H ratio, meaning that less carbon participates in combustion.
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Figure 11. Effect of natural gas substitution rate on COz emissions under four engine load conditions.

According to the law of conservation of mass in chemical reactions, this results in less
CO2 being produced during combustion. Research has also shown that in dual-fuel com-
bustion mode, fewer OH radicals are produced, which is unfavorable for oxidation of CO
to COy; therefore, CO2 emissions are reduced.

3.2. Effect of DIT on Engines

DIT exerts a profound influence on engine combustion, performance, and emissions.
DIT determines the precise moment at which fuel enters the cylinder, affecting physical
and chemical reactions such as fuel evaporation, atomization, and oxidation, thereby in-
fluencing the mixed combustion process of diesel and NG. Therefore, appropriate IT plays
a crucial role in improving combustion, performance, and emissions. This section exam-
ines the effect of IT from 5 °CA BTDC to 17 °CA BTDC on engines under conditions of an
NGSR of 50%, an engine speed of 1800 rpm, and engine loads of 25%, 50%, 75%, and 100%.

3.2.1. Effect of DIT on Combustion Performance of Engines

Figure 12 shows the changes in cylinder pressure inside the engine under different
IT. As IT advanced, cylinder pressure showed an increasing trend. This is because when
IT advances, the piston is far from the top dead center at this point, and pressure and
temperature are lower. Meanwhile, there is sufficient time for the diesel to atomize, evap-
orate and mix with air and NG, thereby facilitating the formation of a more uniform com-
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bustible mixture. During combustion, the diesel atomizes and evaporates well, resulting
in high combustion efficiency and faster combustion speed. There is sufficient ignition
energy to ignite the NG, resulting in more complete combustion and increased pressure
inside the cylinder. As IT was advanced, the increase in maximum cylinder pressure was
relatively small under low-load conditions. This is because under low-load conditions, the
quantity of fuel and air entering the cylinder is diminished, resulting in a leaner fuel-air
mixture. While advancing the IT can improve ignition, the flame propagation of diesel
ignition is limited, resulting in a slower overall combustion rate and a more gradual pres-
sure rise. Additionally, due to the dilution effect, there is a higher residual exhaust gas
content at low loads, which absorbs heat and lowers flame temperature, thereby slowing
the combustion reaction. At high loads, the dilution effect is weaker, and combustion is
more significantly influenced by IT.
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Figure 12. Effect of diesel injection timing on in-cylinder pressure at (a) 100%, (b) 75%, (c) 50%, and
(d) 25% engine load.

Figure 13 displays the changes in engine temperature under different IT. When IT
advanced, maximum cylinder temperature increased. The underlying cause of this alter-
ation is analogous to variations in cylinder pressure. The advanced IT prolongs the igni-

tion delay period, allowing injected diesel more time to mix with air and NG, forming a
uniform mixture.
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Figure 13. Effect of diesel injection timing on in-cylinder temperature at (a) 100%, (b) 75%, (c) 50%,
and (d) 25% engine load.

During the extended ignition delay period, a substantial quantity of combustible
mixture accumulates, thereby enhancing combustion efficiency and elevating in-cylinder
temperature.

When IT was 5 °CA BTDC, the exhaust temperature also increased with the load in-
crease. As the load increased, the total energy of the fuel entering the cylinder also in-
creased, and HRR also increased significantly, resulting in an increase in exhaust gas en-
ergy and temperature. The exhaust gas temperature of different engines is limited by ma-
terial constraints. To prevent overheating and damage to components such as exhaust
valves, exhaust manifolds and turbochargers, the exhaust gas temperature must be regu-
lated within an appropriate safety range.

3.2.2. Effect of DIT on Power Performance and Fuel Econom Performance of Engines y

Figure 14 shows the change in power under different IT. As DIT advanced, there was
a continuous increase in engine power. Under four loads, comparing IT 17 °CA BTDC and
5 °CA BTDC, power increased by 8.29%, 9.76%, 13.38%, and 16.51%. Advanced injection
allows the diesel to mix thoroughly with NG, resulting in more complete combustion and
the release of more energy, which is then converted into greater power output. At the
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same time, advanced diesel injection also creates better conditions for NG combustion,
enabling the NG to be fully ignited by the diesel, thereby increasing the power output.

Figure 15 shows the change in ITE under different IT. As IT advanced, the ITE of the
engine increased. Under four loads, ITE increased by 7.69%, 8.77%, 11.46%, and 12.77%,
respectively. This is because advancing the IT prolongs the ignition delay period of diesel,
which is more conducive to fuel mixing and allows for the formation of a more uniform
diesel-NG-air mixture. This enables the ignition of more NG, promoting complete fuel
combustion and thereby increasing the ITE.
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Figure 14. Effect of diesel injection timing on brake power under four engine load conditions.
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Figure 15. Effect of diesel injection timing on indicated thermal efficiency under four engine load
conditions.

BSFC is an important indicator of engine fuel economy, directly reflecting the effi-

ciency of fuel consumption by the engine. A lower BSFC value indicates a higher energy
conversion efficiency in the engine.
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As Figure 16 displays, BSFC decreased as IT advanced. Comparing IT 17 °CA BTDC
and 5 °CA BTDC, BSFC decreased by 16.00, 18.04, 26.06, and 38.27 g/kWh under four loads.
Advancing the IT allows sufficient time for diesel to atomize and evaporate, while also
ensuring thorough mixing with fuel and air. This improves the completeness of fuel com-
bustion, ignites more NG, reduces energy loss caused by incomplete combustion, and
consequently lowers the BSFC and improves the ITE of the engine.
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Figure 16. Effect of diesel injection timing on brake-specific fuel consumption under four engine
load conditions.

3.2.3. Effect of DIT on Emissions Performance of Engines

From Figure 17, NOx emissions increased with the advance of IT. Comparing IT
17 °CA BTDC and 5 °CA BTDC, NOx emissions increased by 130.60%, 148.81%, 183.24%,
and 186.00% under four loads, respectively. NOx emissions are primarily related to tem-
perature and oxygen concentration. The advancement of IT results in a longer mixing time
between diesel and air-NG, leading to more complete combustion.
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Figure 17. Effect of diesel injection timing on NOx emissions under four engine load conditions.
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This causes an increase in cylinder temperature. The Zeldovich mechanism posits
that the concentration of oxygen, combustion temperature, and residence time are key
factors influencing NOx formation. An increase in cylinder temperature and uniform mix-
ing of oxygen within the cylinder promote NO formation, resulting in increased NOx
emissions.

As displayed in Figure 18, as IT advanced, CO:z emissions increased slightly. Under
four loads, CO: emissions increased by 198.64, 82.06, 1318.83, 1192.66 ppm, respectively.
This may be because advancing IT allows the diesel fuel to mix more thoroughly with NG
and air in the cylinder, resulting in more complete combustion. Meanwhile, the higher
cylinder temperature facilitates the complete oxidation of more carbon elements in the
fuel into CO, thereby increasing CO:2 emissions.
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Figure 18. Effect of diesel injection timing on CO2 emissions under four engine load conditions.

3.3. Design of Experiments

Design of experiments (DOE) is a systematic statistical methodology that enables the
simultaneous investigation of multiple input factors and their interactions on one or more
response variables, while minimizing the number of experimental runs required [46]. In
engine calibration and optimization, DOE has largely replaced the traditional one-factor-
at-a-time (OFAT) approach because it captures factor interactions and provides a global
model of the system’s behavior with higher efficiency. The core principle of DOE is to
select a set of design points within a multi-dimensional parameter space so that the result-
ing data can be used to construct a reliable, typically polynomial response surface model.
GT-Power software includes a built-in DOE module. By setting and running parameters
within the GT-Power software, it can be used to study the effects of multiple input param-
eters on multiple output results. After multiple experiments were completed in the DOE
module, response surface methodology (RSM) and optimization design can be performed
on the experimental results in the post-processor.

3.3.1. DOE Setup

In the DOE module of GT-Power, there are many sampling methods, including full
factorial, D-Optimum, Latin Hypercube, D-Optimum Latin Hypercube, etc. In this study,
the Latin hypercube sampling (LHS) method was adopted for the generation of design
points. LHS is a stratified random sampling technique that divides the range of each input
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variable into n non-overlapping intervals of equal marginal probability, where n is the
number of design runs. From each interval, a single value is randomly sampled without
replacement. This ensures that every variable’s entire range is uniformly represented,
even with a relatively small number of experiments. Compared to full factorial designs,
which require k» runs for k factors each at n levels and quickly become prohibitive, LHS
provides excellent space-filling properties with far fewer design points. Compared to sim-
ple random Monte Carlo sampling, LHS avoids the clustering of points in certain regions
and guarantees more even coverage of the parameter space. The Latin Hypercube method
satisfies the uniformity and orthogonality requirements of DOE while enabling precise
fitting of the response surface with a relatively small number of experiments.

In the DOE module of GT-Power, the DIT and diesel injection duration (DID) were
selected as independent variables. The upper and lower limit values of the two factors are
shown in Table 6. Changes in DID affect the time distribution of fuel injection, atomization
quality and air mixing efficiency. A reasonable DID can optimize combustion and emis-
sions, so DID was selected as a parameter for collaborative optimization with DIT. DOE
was performed under operating conditions of a 50% NSGA. DOE optimization was con-
ducted at a 50% NGSR. With a significant level of diesel substitution, the project offers
high economic value. Furthermore, during normal engine operation, the system runs sta-
bly at a 50% substitution rate. Combustion consists of a combination of diesel diffusion
combustion and natural gas premixed combustion, demonstrating good optimization po-
tential. At substitution rates above 50%, issues such as insufficient ignition energy, unsta-
ble ignition, and deteriorated combustion are likely to occur. Within the safe operating
range, 50% is the substitution ratio that ensures stable operation without significant power
loss, making it a representative and typical operating condition for DOE optimization.
The DIT range for the DOE was restricted to 5-8 °CA BTDC. As demonstrated in Section
3.2, advancing DIT beyond 8 °CA BTDC at full load yields diminishing improvements in
power and ITE while drastically increasing NOx emissions. Therefore, the DIT was re-
stricted to 5-8 °CA BTDC because this interval provides a favorable compromise between
power improvement and NOx control. This also improves the accuracy of DOE optimiza-
tion. The number of experiments was 35, and Latin Hypercube sampling was performed.
The resulting Latin Hypercube array is shown in Table 7. Simulation experiments were
conducted at NGSRs of 50% and 100% loads, and power, ITE, BSFC, and NOx emissions
were selected as responses. The DOE experimental results are also shown in Table 7.

Table 6. Upper and lower limits of factors.

Factor Lower Limit Upper Limit
Injection timing -8 -5
Injection duration 6 20

Table 7. Latin Hypercube sampling array and the corresponding simulation responses at 50% NGSR,
100% load.

Injection Timing Injection Duration = Power (kW) ITE (%) BSFC (g/kW-h) NOx (ppm)
1 -5.75493 12.3628 458.792 43.7429 192.451 604.113
2 -7.56571 14.2899 467.716 44.5303 188.777 703.305
3 -5.23379 18.0949 456.382 43.529 193.473 577.681
4 -6.27329 8.57325 461.362 43.9719 191.369 630.781
5 -7.01707 19.8444 465.447 44.3322 189.689 674.807
6 —6.63309 15.0121 463.313 44.144 190.563 651.917
7 -5.4117 6.02635 456.832 43.5588 193.322 585.323
8 -7.99167 8.24191 469.608 44.7012 188.001 725.545
9 -5.08561 16.6683 455.502 43.4409 193.89 569.634
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10 -5.83443 17.5422 459.465 43.8038 192.162 609.211
11 —7.85428 16.3007 469.213 44.6661 188.16 720.54
12 -5.45001 12.9046 457.207 43.5922 193.163 588.092
13 -6.19194 14.5563 461.087 43.9459 191.49 627.597
14 -7.35972 10.1741 466.718 44.4435 189.176 690.951
15 —7.63388 7.02841 467.94 44.5529 188.675 704.887
16 —6.36219 19.2626 462.214 44.047 191.016 638.197
17 —6.38987 15.6857 462.17 44.0421 191.039 638.798
18 -7.18076 8.90125 465.814 44.3669 189.53 680.52
19 -7.12625 7.2617 465.543 44.3405 189.651 676.96
20 —7.65774 10.7915 468.151 44.5723 188.587 707.731
21 —6.53342 18.5399 463.018 44.1149 190.697 647.39
22 —6.88474 13.6588 464.505 44.2472 190.082 665.287
23 -5.6624 7.69491 458.229 43.6923 192.691 598.825
24 -6.0518 16.9048 460.527 43.8954 191.728 620.739
25 —6.55528 18.9934 463.161 44.1285 190.634 648.726
26 -7.23112 9.87364 466.072 44.3861 189.439 683.325
27 ~7.46849 17.9243 467.432 44.5068 188.885 698.968
28 -5.93787 9.35389 459.676 43.8235 192.07 613.299
29 -6.01876 10.9427 460.157 43.862 191.885 617.906
30 —6.7875 12.4805 463.993 44.2039 190.284 659.834
31 -5.13016 11.9619 455.496 43.4402 193.893 571.456
32 —6.91472 13.2935 464.643 44.2642 190.006 666.854
33 -5.33619 15.4007 456.756 43.5573 193.333 582.604
34 =7.77015 11.3675 468.664 44.6162 188.386 714.23
35 -5.56969 6.63071 457.743 43.6484 192.9 593.756
3.3.2. RSM Model and Optimization

RSM is an experimental design method that combines statistics and mathematical
modeling. It can describe the relationship between input variables and output responses
using response surface equations. The basic principle of RSM is to use a low-order poly-
nomial function to approximate a true, unknown continuous surface function within a
finite experimental range. By fitting an explicit mathematical model using a small number
of carefully designed experimental points, RSM is used to analyze the effects of factors,
predict responses, and identify optimal operating conditions. After conducting DOE, re-
gression analysis can be used to fit the experimental data, thereby constructing a response
surface and then using analysis of variance (ANOVA) to evaluate the applicability and
statistical significance of the model [46].

Using Design Expert software, the results of the 35 sets of experiments in the DOE
were analyzed to obtain mathematical regression models for pressure, power, BSFC, ITE,
and NOx. The regression equations obtained based on the coded factors are shown below:

Power =424.08009 — 6.79919x + 0.013383y + 0.005758xy — 0.135849x" + 0.002223 > (16)

ITE =40.51670 — 0.645089x + 0.002136y + 0.000717xy — 0.014965x> + 0.000211y° 17)
BSFC =208.40135+3.28431x—0.010866y — 0.003479xy + 0.090427x” — 0.000985° (18)
NO, =339.27683-40.87984x —0.451726y —0.087682xy + 0.943688x” + 0.004293 > (19)

where x is DIT (°CA BTDC), and y is DID (°CA).
To verify the adequacy and statistical significance of the fitted models, analysis of
variance (ANOVA) was performed. The fitting quality of the response surface is mainly
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composed of three evaluation indicators, namely the coefficient of determination (R?), the
adjusted coefficient (Adj-R?), and the predicted coefficient (Pre-R?). R? measures the pro-
portion of total variability explained by the model. Adj-R? corrects R? for the number of
predictors. Pre-R? assesses the model’s predictive capability. The closer these three coeffi-
cients are to 1, the better the quality of the fitted response surface. As shown in Tables 8
and 9, the R?, Adj-R? and Pre-R? are higher than 0.99, which indicates that the quality of
response surface is satisfactory.

ANOVA was then performed to test the model, where the F-value and p-value can
be used to assess the validity of the model. The F-value reflects the significance of the
model, while the p-value is typically compared to a given significance level (commonly
0.05 or 0.01). Generally, a p-value < 0.05 denotes a significant influence between the factor
and target, while a p-value <0.01 indicates a more strongly significant influence. Based on
the results in Tables 8 and 9, it can be seen that the p-values for power, BSFC, ITE, and
NOx are all less than 0.05, indicating that the linear terms (x and y), interaction term (xy),
and quadratic terms (x? and y?) all exhibited significant effects on power, ITE, BSFC, and
NOx emissions. Furthermore, according to Equations (17)—(20), the absolute values of the
coefficients follow the order of x > x2 >y > xy > y2. This indicates that the independent
variable x is the dominant factor affecting engine performance and emissions, with both
its linear and quadratic terms exerting substantially greater influences on the response
variables than those of y. The statistically significant interaction term (xy) suggests the
existence of a coupling effect between the two control parameters, whereas the quadratic
nonlinearity associated with y is relatively weak. Variable x exhibits a clear trade-off be-
tween performance and emissions: advancing DIT can significantly suppress NOx for-
mation but simultaneously reduces power output and thermal efficiency while increasing
fuel consumption. In contrast, increasing y can provide modest but concurrent improve-
ments in power performance, fuel economy, and emission characteristics. For NOx emis-
sions, the significant xy term in Equation (20) indicates that the effect of DIT is dependent
on the selected DID, demonstrating a coupled influence of the two injection parameters
on NOx formation. Advancing DIT generally promotes earlier combustion phasing and
increases the in-cylinder temperature, which tends to increase NOx emissions. However,
extending DID distributes the heat release process over a longer crank angle duration and
alleviates local temperature peaks, thereby mitigating the NOx increase induced by ad-
vanced DIT. The relatively small coefficient of the y? term suggests that the nonlinear in-
fluence of DID on NOx is limited within the investigated range.

Table 8. Analysis of variance results for the response surface models of power and ITE.

S Power ITE
ouree F-Value p-Value F-Value p-Value
Model 208,827.18 <0.0001 58,282.43 <0.0001
X 991,905.27 <0.0001 276,404.12 <0.0001
y 983.51 <0.0001 264.58 <0.0001
Xy 19.53 0.0001 10.68 0.0028
x2 424.46 <0.0001 181.45 <0.0001
y2 59.99 <0.0001 19.05 0.0001
R2 0.99997 0.9999
Adj-R? 0.99997 0.9999
Pred-R? 0.99995 0.9998
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Table 9. Analysis of variance results for the response surface models of BSFC and NOx.
S BSFC NOx
ouree F-Value p-Value F-Value p-Value
Model 65,029.35 <0.0001 699,114.85 <0.0001
X 307,889.43 <0.0001 3,342,405.33 <0.0001
y 295.72 <0.0001 1345.19 <0.0001
Xy 12.81 0.0012 126.46 <0.0001
x2 337.88 <0.0001 571.98 <0.0001
y2 21.16 <0.0001 6.25 0.0184
R? 0.9999 0.99999
AdjR? 0.9999 0.99999
Pred-R? 0.9998 0.99999

Figure 19 shows the response surfaces of DIT and DID on power, ITE, BSFC, and NOx.
As DIT advanced and DID extended, power and ITE showed an upward trend, while
BSFC showed a downward trend. However, NOx emissions increased. Therefore, it is nec-
essary to use optimization algorithms to optimize power, economy and emissions.

PAEPUL

[UARS S

(a) Response surface of power

(b) Response surface of ITE

(c) Response surface of BSFC

(d) Response surface of NOx emissions

Figure 19. Response surfaces of diesel injection timing and diesel injection duration on (a) power, (b)
indicated efficiency, (c) brake-specific fuel consumption, and (d) NOx emissions at 100% engine load.

The Design Optimization module in DOE-POST can be used to optimize power, ITE,
BSFC, and NOx. The optimization algorithms include GA Standard optimization and
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Multi-Objective Pareto optimization. GA Standard was used for optimization. The maxi-
mum number of generations was set to 1000. Convergence was defined as occurring when
the metrics remain unchanged after 200 generations. The sample size and mutation rate
were set to 20 and 10%. The optimization objectives were maximum power, maximum
ITE, minimum BSFC, and minimum NOx emissions. Figure 19 demonstrates that the im-
provement of power output and fuel economy is inherently accompanied by a trade-off
with NOx emissions. Therefore, the ideal optimization objectives cannot be achieved sim-
ultaneously within the operating range investigated. Consequently, the optimization per-
formed in this study should be regarded as a decision-support process rather than a search
for a unique global optimum. To accommodate different engineering priorities, two rec-
ommended optimization schemes were proposed based on the response surface model.
The maximum cylinder pressure when the NGSR is 0 was set as the constraint for opti-
mizing the diesel-NG dual-fuel engine.

The optimization results are shown below:

When engine performance and fuel economy were prioritized, NOx emissions were
treated as a secondary consideration, automatic optimization was performed based on the
above settings, and the final scheme was as follows: DIT = -7.521994 °CA and DID =
10.545455 °CA. The results of the response surface prediction are shown in Table 10. The
prediction results have a certain degree of error, so the final scheme needs to be substi-
tuted back into the simulation model for calculation to obtain accurate results. The ap-
proximate values for the final scheme are as follows: DIT =-7.52 °CA and DID =10.55 °CA.
The results obtained from the simulation model calculation were compared with the re-
sponse surface prediction results in Table 10. The recommended value of DIT =-7.52 °CA
was obtained directly from the GA optimization process rather than being manually se-
lected. During the optimization, the maximum cylinder pressure under pure diesel oper-
ation was imposed as a constraint. Further advancing the injection timing tended to in-
crease the peak cylinder pressure and could violate the prescribed pressure limit. Conse-
quently, the optimization converged to DIT = -7.52 °CA as the preferred operating condi-
tion rather than a more advanced injection timing. Under the adopted optimization strat-
egy, this operating condition provided the most favorable overall performance in terms
of power output, ITE, BSFC, and NOx emissions.

Table 10. Comparison of response surface prediction and simulation calculation in case 1.

Response Surface Prediction = Simulation Model Calculation Relative Error
Power (kW) 467.441255 467.40616 0.008%
ITE (%) 44.511002 44.505768 0.012%
BSFC (g/kW-h) 188.86205 188.89099 0.015%
NOx (ppm) 699.272435 699.4441 0.025%

As can be seen from the table, the results of the response surface prediction show
very little error compared to the simulation calculation results, indicating that the re-
sponse surface model has excellent fitting performance and high reliability, enabling pre-
cise prediction of the engine model results.

The optimal scheme was compared with the results when the NGSR was 0, and the
comparison results are displayed in Figure 20.
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Figure 20. Comparison between pure diesel mode and optimized dual-fuel case 1 in terms of (a)
power and indicated thermal efficiency and (b) brake-specific fuel consumption and NOx emissions.

By optimizing the DIT and DID, compared to pure diesel mode, power increased by
0.431%, ITE increased by 0.396%, BSFC decreased by 7.397%, and NOx emissions de-
creased by 27.027%. Therefore, while maintaining power performance, the diesel-NG
dual-fuel engine can reduce fuel consumption and significantly reduce NOx emissions,
demonstrating the advantages of dual fuel.

For applications where stricter emission control is required, an alternative optimization
scheme was developed with greater emphasis on NOx reduction. When the optimization ob-
jective focused on emissions as the priority, automatic optimization was performed based on
the above settings, and the final scheme was as follows: DIT = -5.002933 °CA and DID =
6.013685 °CA. Similarly, the final scheme was approximated, with DIT = -5 °CA and DID =
6.01 °CA substituted into the simulation model. The results are shown in Table 11.
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Table 11. Comparison of response surface prediction and simulation calculation in case 2.

Response Surface Prediction Simulation Model Calculation Relative Error
Power (kW) 454.683414 454.6254 0.013%
ITE (%) 43.368354 43.3694 0.002%
BSFC (g/kW-h) 194.237216 194.23958 0.001%
NOx (ppm) 564.492524 564.15247 0.06%

From the table, the results of response surface prediction show very little error com-
pared to the simulation calculations, further proving the high predictive accuracy of the
response surface model.

Similarly, comparing the optimized results with the pure diesel mode, the compari-
son results are displayed in Figure 21. Power decreased by 2.315%, ITE decreased by
2.167%, and power performance decreased significantly, but BSFC decreased by 4.775%
and NOx emissions decreased by 36.303%, indicating that NOx emissions were optimized
to a considerable extent. Compared with the performance-oriented scheme, this strategy
achieved a substantially lower NOx emission level at the expense of a slight reduction in
power output and fuel economy. Such a scheme may be more suitable for future operating
scenarios with increasingly stringent emission regulations.
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Figure 21. Comparison between pure diesel mode and emission-optimized dual-fuel case 2 in terms
of (a) power and indicated thermal efficiency and (b) brake-specific fuel consumption and NOx

emissions.

One limitation of the present study is that the RSM models were constructed based
on simulation results obtained at NGSRs of 50% and 100% loads, with DIT ranging from
8 to 5 °CA BTDC and DID ranging from 6 to 20 °CA. Within this investigated range, the
response surface models demonstrated good predictive capability and accurately repre-
sented the simulation results generated by the validated GT-Power model. However, the
predictive accuracy of these models outside the investigated operating and parameter
range has not been verified and may require further calibration and validation before
practical application. In addition, it should be noted that the proposed dual-fuel combus-
tion model was indirectly validated by comparison with published experimental heat re-
lease characteristics because dedicated dual-fuel experimental data for the investigated
engine were unavailable. Although the predicted heat release profile agrees well with the
published combustion behavior under similar combustion strategies and operating con-
ditions, a direct quantitative validation against experimental measurements for the same
engine could not be performed. Therefore, the optimized DIT and DID values obtained in
this study should be regarded as engineering guidance for future diesel-natural gas dual-
fuel experimental investigations rather than universally applicable optimal solutions. Fu-
ture work will focus on conducting dual-fuel engine experiments to validate the simula-
tion predictions and further assess the applicability of the proposed optimization strategy
under practical operating conditions.

4. Conclusions

This study conducted a numerical simulation study on the combustion and emission
characteristics of diesel-NG dual-fuel engines, mainly investigating the effects of different
NGSR and diesel injection strategies on the power, economy and emissions of engines
under different loads. The primary conclusions are summarized as follows:

1.  The dual-fuel combustion mode effectively improves both engine combustion char-
acteristics and emission performance, while maintaining power output and substan-
tially enhancing fuel economy.

2. With the increase in the NGSR, the cylinder pressure decreased at 100% and 75%
loads and increased at 50% and 25% loads. At 100%, 75%, 50% and 25% loads, the
temperature inside the cylinder showed a tendency to decrease, and the power and
ITE decreased slightly, but the economy and emissions were well improved. Com-
pared to CNG50 and CNGO0, BSFC decreased by 5.63%, 4.60%, 2.98%, and 1.83%, re-
spectively, NOx emissions decreased by 32.68%, 36.41%, 37.90%, and 38.99%, respec-
tively, and CO2 emissions decreased by 12.32%, 12.48%, 14.39%, and 14.34%, respec-
tively.

3. As the DIT was advanced, both cylinder pressure and temperature increased, and
power and ITE had a large improvement. Under four loads, comparing IT 17 °CA
BTDC and 5 °CA BTDC, power increased by 8.29%, 9.76%, 13.38%, and 16.51%, and
ITE increased by 7.69%, 8.77%, 11.46%, and 12.77%, respectively. BSFC decreased,
but this also led to an increase in NOx emissions.

4.  Using the DOE module in GT-Power to establish response surfaces and optimize per-
formance at an NGSR of 50% and 100% loads, the established response surfaces ex-
hibited high predictive accuracy, enabling reliable and precise predictions of engine
performance. After automatic optimization via genetic algorithms, the optimized
power output was 0.431% higher than the pure diesel mode, ITE was 0.396% higher,
BSFC was reduced by 7.397%, and NOx emissions were reduced by 27.027%. Through
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DOE and response surface methodology, engine performance can be predicted,
thereby finding the optimal parameters under different operating conditions.

5. This study has established a comprehensive one-dimensional simulation modeling
method for dual-fuel engines, providing a modeling framework for future research.
It investigated the effects of NSGR and DIT on engine performance, offering data
support for a deeper understanding of the dual-fuel combustion process. By combin-
ing GT-Power simulation with DOE for multi-objective optimization of injection pa-
rameters, this study achieved a balance between engine performance and NOx emis-
sions, thereby providing an efficient technical approach for multi-objective optimiza-
tion of similar engines. In future research, studies could be conducted under dynamic
operating conditions involving a wider range of engine loads and speeds. Addition-
ally, engine bench tests could be performed to validate the findings, thereby further
enhancing the comprehensiveness of the research conclusions.
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Nomenclature

NG Natural gas

NGSR Natural gas substitution rate
DIT Diesel injection timing

1T Injection timing

BTDC Before top dead center

CA Crank angle

NOx Nitrogen oxide

CcO Carbon monoxide

CcO2 Carbon dioxide

HC Hydrocarbon

PM Particulate matter

PPM Parts per million

CNGO Natural gas substitution rate is 0%
BSEFC Brake-specific fuel consumption
ITE Indicated thermal efficiency
HRR Heat release rate

CFD Computational fluid dynamic
HPDI High-pressure direct injection
DPI Diesel pilot ignition

EGR Exhaust gas re-circulation
DOE Design of experiments
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ANOVA Analysis of variance

SOC Start of combustion
DID Diesel injection duration
RSM Response surface methodology
CNG50 Natural gas substitution rate is 50%
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