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Abstract: It is necessary to analyze the intake/exhaust gas flow of a diesel engine when turbocharger
matching and when installing emission control devices such as exhaust gas recirculation (EGR),
selective catalytic reduction (SCR), and scrubbers. Analyzing the intake/exhaust gas flow using a 3D
approach can use various analytical models, but it requires a significant amount of time to perform
the computation. An approach that combines 1D and 3D is a fast numerical analysis method that
can utilize the analysis models of the 3D approach and obtain accurate calculation results. In this
study, the flow characteristics of the exhaust gas were analyzed using a 1D–3D coupling algorithm to
analyze the unsteady gas flow of a diesel engine, and whether the 1D–3D approach was suitable for
analyzing exhaust systems was evaluated. The accuracy of the numerical analysis results was verified
by comparison with the experimental results, and the flow characteristics of various shapes of the
exhaust system of a diesel engine could be analyzed. Numerical analysis using the 1D–3D approach
was able to be computed about 300 times faster than the 3D approach, and it was a method that could
be used for research focused on the exhaust system. In addition, since it could quickly and accurately
calculate intake/exhaust gas flow, it was expected to be used as a numerical analysis method suitable
for analyzing the interaction of diesel engines with emission control devices and turbochargers.

Keywords: one-dimensional–three-dimensional approach; fast numerical analysis; exhaust gas; flow
characteristics; diesel engine

1. Introduction

Tier III has been in effect since 2016, and ships built after 2016 must reduce their
NOx emissions by at least 80% compared to ships built before 2010. Methods of reducing
NOx include installing an exhaust gas recirculation (EGR), a selective catalytic reduction
(SCR) [1], or using a dual-fuel engine [2]. In an SCR, the design of the mixer affects the
performance, and Mehdi et al. studied the optimal design to reduce NOx using a numerical
investigation [3]. Zeng et al. used CFD simulation to study the optimal design of a tower-
type SCR [4], and the method of analyzing the gas flow of the SCR using numerical analysis
is being used with its accuracy verified.

In order to meet the SOx emission regulations, low-sulfur oil with a sulfur content of
0.5% or less must be used [5], and the method of installing a scrubber or using liquefied
natural gas (LNG) as fuel is applied. In the case of a dual-fuel engine using diesel and
liquefied natural gas, research results have shown that it can reduce NOx emissions by 65%
as well as SO2 by 91% [6], and it is attracting attention as a next-generation engine that can
reduce environmental pollution.

In a dual-fuel engine or an engine using LNG as fuel, an explosion relief valve must
be installed in the manifold as a countermeasure against an explosion accident occurring
in the intake/exhaust system. Since the explosion relief valve of the intake/exhaust system
has different characteristics from the explosion relief valve installed in the crankcase of the
diesel engine, it is necessary to analyze the gas flow for the intake/exhaust system of the
engine to predict the performance [7].

A diesel engine is equipped with a turbocharger to improve output, and turbocharger
matching is performed according to engine specifications and operating conditions [8].
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Kozak et al. used a numerical simulation method to analyze the results according to the
shape of a two-stage turbine system, investigated the flow field and confirmed that the
variable technology improves the efficiency of the two-stage turbine system [9]. As such,
the numerical analysis method for gas flow analysis in turbochargers, SCRs, dual-fuel
engines, and explosion relief valves has been verified for accuracy and used, and it is
a useful method not only to predict performance but also to shorten the development
process. However, in order to analyze the interaction of the emission control device or the
turbocharger with the engine, it is necessary to perform a numerical analysis including the
intake/exhaust gas flow.

Computational fluid dynamics (CFD) is used in various fields, such as predicting the
performance of gas turbines. Meloni used CFD to analyze emissions from heavy-duty gas
turbine burners and validated the analysis results by comparing them to experimental
results [10]. Cruz-Manzo et al. predicted inter-stage dynamic compressor performance
for a twin-shaft industrial gas turbine by combining a 1D compressor model and a 0D
component model [11]. Numerical analysis conducted by combining different dimensions
is usefully used as a method to obtain high-accuracy analysis results.

Among the methods of analyzing gas flow, numerical analysis using a 3D approach can
use various analysis models, and it is possible to model the same as actual phenomena [12].
However, since a lot of time is required to perform the computation, it is not suitable
to numerically analyze the entire intake/exhaust gas flow of a diesel engine equipped
with emission control devices and a turbocharger using a 3D approach. A 1D approach
is a fast computational method and provides accurate results for simple shapes such as
straight pipes [13]. However, various analysis models cannot be applied, and the accuracy
of analysis results for complex shapes is low. In the author’s previous study, a method of
applying a discharge coefficient was used to increase the accuracy of the results of a 1D gas
flow analysis. The method of applying the discharge coefficient can improve the pressure
error, but there was a limit, and the phase difference caused by the complex shape cannot
be improved [14]. In addition, 1D gas flow analysis is not suitable for analyzing gas flow
according to shape changes, since analysis results such as pressure and velocity cannot be
expressed in contours.

In order to improve for the shortcomings of the 3D and 1D approaches described
above, an approach that combines 1D and 3D is being used. He et al. conducted a numerical
study by combining 1D simulation and 3D CFD simulation for combustion and emission
characteristics in a medium-speed diesel engine using in-cylinder cleaning technology.
The 1D CFD model used AVL Boost software to simulate the engine working cycle, and
the 3D CFD model used AVL Fire software. The method of combining 1D and 3D used a
function built into the software [15]. Millo et al. analyzed the gas flow in the cylinder of
the diesel engine by combining the 1D commercial code GT-SUITE and the 3D commercial
code CONVERGE CFD. To combine 1D and 3D, the function built into the commercial
code is used, and a method for predicting the performance of a diesel engine is proposed
using the results of gas flow analysis [16].

Since the intake/exhaust system of a marine engine is designed in consideration of
the effect of the reflected wave, it is necessary to analyze the gas flow considering the
effect of the pressure wave. The author developed a 1D–3D coupling algorithm suitable
for analyzing the gas flow of a diesel engine in a previous study. The 1D and 3D zones are
coupled by using the method of characteristics (MOC), and the gas flow of the cylinder as
well as the entire intake/exhaust system can be analyzed. In addition, it has been developed
to model 1D and 3D zones according to user needs [17]. A 1D–3D coupling algorithm of
the pipe system applicable to the intake/exhaust pipe was developed, numerical analysis
was performed using this algorithm for reservoir–pipe–valve system, and the results were
verified. The result of analyzing the gas flow by dividing it into 1D or 3D zones based
on the central point of the pipe showed an error of less than 2.20%, and was able to be
calculated 11.46 times faster than the 3D approach [18].
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In the author’s previous research, the development of the 1D–3D approach and the
accuracy of numerical analysis were studied as the subject; the subject of this study was the
utilization method of the 1D–3D approach and the speed of computing numerical analysis.
The difference between the 1D–3D approach developed by the author and other studies
was that 1D and 3D were coupled using the MOC and user-defined functions (UDFs), and
only Ansys Fluent R15.0 was used as a commercial CFD code. Therefore, the equations
used for numerical analysis of gas flow could be freely modified. The purpose of this
study was to evaluate whether numerical analysis using the 1D–3D approach developed
by the author could be used to analyze emission control devices, and to verify whether
it was suitable for analyzing the characteristics of exhaust gases according to the shape
changes in the exhaust system of a diesel engine. By using the characteristics results of the
exhaust gas, it was possible to analyze the effect of the emission control device installed
in the exhaust system of a diesel engine and the turbocharger interacting with the diesel
engine. In addition, numerical analysis using the 1D–3D approach could be utilized for
exhaust-system-focused research because it did not require many resources to calculate
the intake/exhaust gas flow of a diesel engine. In the following content, modeling for
numerical analysis using the 1D–3D approach and the shape changes into four types of
exhaust system are explained. Then, the contents of comparison with the experimental
results for validation and the results of numerical analysis were described.

2. Numerical Analysis
2.1. Modeling

Figure 1 shows the modeling for numerical analysis using the 1D–3D approach for
the gas flow in a diesel engine. The gas flow of intake/exhaust pipes, ports, valves, and a
cylinder were modeled, and numerical analysis was performed using Ansys Fluent R15.0.
In order to analyze the flow characteristics of the devices applied to the exhaust system,
the exhaust pipe was modeled into the four shapes described in the following section as
the subject of the analysis.
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Figure 1. Modeling for numerical analysis of the gas flow in a diesel engine using the 1D–3D approach.

For the method of coupling 1D and 3D, an algorithm developed in the author’s
previous research was used. Using the 1D–3D coupling algorithm applied to the air intake
system, the intake/exhaust gas flow of the compression ignition engine could be calculated
in about 20 min. The result of numerical analysis of the gas flow was not only able to obtain
accurate results with an error of about 0.58%, but also visualized the flow by expressing
the pressure and velocity results analyzed in the 3D zone as contours [17].

If the cylinder and intake/exhaust valves are numerically analyzed in a 3D approach,
the dynamic mesh could be used to simulate the movement of the piston and valves,
which is a computationally time-consuming technique [19]. Therefore, in order to save
computation time, the 1D approach was used for the cylinder and intake/exhaust valves
and the 3D approach was used for the complex shape of intake/exhaust ports, because
a large error occurs when using the 1D approach. One-dimensional–three-dimensional
coupling was performed at the intake pipe, intake valve, and exhaust valve, and the
position where the exhaust port and the exhaust pipe meet was the pressure measurement
point of the exhaust pipe in the experiment.
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To perform numerical analysis of the 3D zones, standard k-epsilon was used for the
viscous model, and PISO (pressure-implicit with splitting of operators) was used for the so-
lution scheme. For the boundary condition of the 1D–3D coupling face, a pressure far-field
condition was applied, and the boundary condition of the valve system 1D–3D coupling
face was changed to the wall while the intake/exhaust valve was closed. The initial con-
dition of the intake/exhaust gas was the same atmospheric pressure as the experimental
conditions (naturally aspirated exhaust gas was released into the atmosphere), and the
pressure results were obtained by applying the discharge coefficient obtained from the
average mass flow rate.

Figure 2 shows the pressure results of the entire intake/exhaust system modeled for
numerical analysis using the 1D–3D approach. The 1D zone represents the intake pipe
pressure as a line-plot, and the 3D zone represents the pressure contour. The number of
meshes of the 1D zone in the intake pipe was 35, and the pressure results were shown for
each mesh position (distance, X). Additionally, the cylinder pressure was able to obtain
the pressure result according to the crank angle (CA◦). Figure 2 showed the pressure
results at 254 CA◦ (a) when the exhaust valve was fully opened and 461 CA◦ (b) when
the intake valve was fully opened in the entire intake/exhaust system of the diesel engine.
In addition, numerical analysis using the 1D–3D approach could obtain intake/exhaust
system results at all crank angles.
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The exhaust system of a diesel engine consists of the manifold, the exhaust duct,
etc., and has a complex shape composed of bent pipes and tapered pipes. In order to
investigate whether the flow characteristics of various shapes of exhaust systems could
be analyzed using the 1D–3D approach, modeling was performed of a curved pipe, SCR
shapes composed of tapered pipes, and a pipe with an orifice.

Figure 3 shows the four shapes of the exhaust system to be analyzed. Shape (a) was a
straight pipe; it was the same size as used in the experiment, and it was modeled to verify
the accuracy by comparing the numerical analysis results with the experimental results.
Shape (b) was a bent pipe, and it was modeled to analyze the characteristics of the gas flow
passing through the wall. Shape (c) was a pipe composed of tapered pipes and was the
shape of the expansion duct of SCR [20]. Shape (d) was a model of an orifice installed in
the center of the pipe. A method of analyzing the gas flow of a turbocharger installed in
a diesel engine using an orifice is being studied [21]. The orifice was modeled so that it
could be used to study the gas flow of the turbocharger.
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Figure 3. Four shapes of the subject of analysis: (a) straight pipe, same shape as the experiment; (b) bent pipe; (c) tapered
pipe, shape of the expansion duct of SCR; and (d) an orifice installed in the center of the pipe.

The 1D–3D coupling algorithm used in this study could also be used for coupling 1D
and 2D. However, the reason for modeling in 3D was to increase the accuracy in calculating
the gas flow through the intake/exhaust valve. Since the gas flow passing through the
seat of the intake/exhaust valve passed circularly around the valve, the F_CENTROID
functions of the UDFs were applied to realize this.

2.2. Time Step

In order to numerically analyze the interaction of intake/exhaust gas flow with the
exhaust system of a diesel engine, it was necessary to calculate the entire crank angle, not
just a few moments. Calculating the entire crank angle requires many time steps, and the
number of time steps greatly affects the computation time [22].

The mesh size was determined by the mesh independence, and the time step size was
determined by the ratio of the minimum mesh size to the gas velocity. The time step size
for numerical analysis was also different in the 1D and 3D zones because the mesh size was
different. In order to use the 1D–3D approach, it was necessary to synchronize the time
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steps, and because the synchronization of the time steps uses linear interpolation, more
than two 3D calculations must be performed in a 1D time step to obtain stable results [18].

Table 1 presents the size of the time step of the 3D zone according to the gas velocity,
and the number of time steps in the 3D zone calculated for one time step in the 1D
zone. The average gas velocity was 50 m/s, and since four times the steps in 3D were
calculated per one time step in 1D, it was shown that stable results could be obtained in
the synchronization of time steps using linear interpolation.

Table 1. Time step size and the number of time steps according to the gas velocity.

Gas Velocity Time Step Size of the 3D Zone Number of Time Steps in the
3D/One Time Step in the 1D

|u|average = 50 m/s 0.0060554 msec 4
|u|maximum = 242 m/s 0.0012512 msec 16
|u| = 70 m/s 0.0043253 msec 5

3. Results
3.1. Validation

To validate the results of analyzing the gas flow of the diesel engine using the 1D–3D
approach, the numerical results were compared with the cylinder and exhaust pipe pres-
sures measured in the experiment. Figure 4 shows a photograph of the experimental device,
and the interference effect between cylinders was excluded by configuring the four-stroke
diesel engine as a single cylinder. The intake air method was naturally aspirated, the
gas in a cold flow state where it was measured that no combustion reactions occurred.
The exhaust pipe was a straight pipe, gas was discharged into the atmosphere from the
end, and the results of the 1D–3D approach numerical analysis in the straight pipe were
compared to the experimental results. The pressure was measured at 200 RPM intervals
from engine speed 700 to 1500 RPM.
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Figure 5 showed the cylinder pressure results of the experiment and the 1D–3D
approach numerical analysis for validation. The timing of the increase and decrease in the
cylinder pressure were the same in the experiment and the 1D–3D approach numerical
analysis, and the maximum cylinder pressure was shown at the TDC (0 CA◦) of the
compression stroke. Table 2 presents the maximum cylinder pressure results of the 1D–3D
approach numerical analysis based on the experimental results. The pressure error was less
than 1.8%, and accurate results were obtained even when the engine speed was changed.
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Figure 5. Cylinder pressure results of the experiment and the 1D–3D approach numerical analysis
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Table 2. Maximum cylinder pressure results of the experiment and the 1D–3D approach numerical analysis.

Engine Speed (RPM)
Maximum Cylinder Pressure (Bar)

Error (%)
Experimental 1D–3D Approach

700 36.39 36.74 1.0
900 38.00 38.63 1.7
1100 38.35 39.04 1.8
1300 38.87 39.42 1.4
1500 39.16 39.78 1.6

Figure 6 shows the experiment and the 1D–3D approach numerical analysis results for
the exhaust pipe pressure in the shape of a straight pipe. From the timing of the exhaust
valve opening (EVO) to the timing of the exhaust valve closing (EVC), the cycle of pressure
increase and decrease was found to be longer as the engine speed increased. After EVC, the
pressure of the gas flow through the exhaust pipe appeared in the form of periodic pulses.
This showed that the overlap of the pressure wave of the gas flow passing through the
pipe and the reflected wave generated at the open-end appears in the form of a pulsating
flow [23]. The pressure error of the exhaust pipe was 2.8% on average, and the error was
the smallest at 1100 RPM. In the following section, the flow characteristics according to
the shape change are described as the results of numerical analysis at an engine speed
of 1100 RPM.
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3.2. Flow Characteristics According to the Shape Change of the Exhaust System

The pressure, streamline, and velocity results were analyzed, which can be used to
study the flow characteristics of turbocharger matching and the emission control device
applied to the exhaust system. The results were compared when the exhaust valve was
fully opened, and the pressure results were expressed as contours so that they could be
used to analyze the pressure waves. In the exhaust system of a diesel engine it is necessary
to analyze the pressure wave, because the pressure wave caused by the outflow from the
cylinder at the start of the exhaust process affects the system until the end of the exhaust
process due to the inertia effect [24]. The shock wave can be analyzed using the streamline
result, and it is also used in the study of supersonic flow [25].

Figure 7 shows the pressure contour (a) and velocity vector (b) results obtained by
the 1D–3D approach numerical analysis for the exhaust pipe with the same straight pipe
shape as that of the experimental device. It was a state in which the gas was discharging
through the end of the exhaust pipe and the reflected wave generated at the open end
was overlapping the pressure wave passing through the pipe. Additionally, the gas flow
through the near wall was slower than that of the center of the straight pipe in the velocity
vector results. It could be predicted that the timing and position of the overlapping of the
pressure wave and the reflected wave would be different depending on the length of the
exhaust pipe, and it is expected that the results of the 1D–3D approach numerical analysis
can be used to analyze the pulsation flow.
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Figure 8 shows the pressure contour (a), streamline (b), velocity vector (c), and velocity
u gradient (d) results of the 1D–3D approach numerical analysis for the exhaust system
with a bent pipe shape. In the straight part, the pressure contour at the top and bottom
of the pipe appeared even, but in the bent part a difference appeared in that the outer
side was high. As the gas passed through the bent pipe, the streamline result showed
a section where the flow was stagnant, and the velocity vector was different in the top
and bottom walls of the bent part of the pipe. The velocity gradient results are used to
analyze the velocity distribution in the pressurized pipe [26], and in this study the result
of the gradient for the velocity u, which was the direction of the gas flow exiting the
exhaust port, was used to analyze the reflected wave continuously generated through
the near wall. The reflected wave generated from the near wall at the beginning of the
bent part increased in frequency of occurrence toward the open-end boundary of the bent
pipe. Figure 9 shows the pressure contour (a), streamline (b), velocity vector (c), and
velocity u gradient (d) results of the 1D–3D approach numerical analysis in the structure
consisting of tapered pipes modeling the expansion duct of SCR applied to the exhaust
system. If the back pressure was formed due to the SCR installed in the diesel engine and
the exhaust gas cannot escape smoothly, the engine performance was adversely affected.
The pressure contour showed that the pressure inside the expansion duct was higher than
the pressure of the exhaust pipe. In this case, back pressure is formed in the exhaust gas of
the diesel engine. The capacity of the SCR installed in a diesel engine is determined by the
engine specifications, and it is advantageous to have a low differential pressure between
the expansion duct of the SCR and the exhaust pipe [27]. The velocity vector inside the
expansion duct was lower than that of the exhaust pipe, and as a result of the velocity u
gradient, the reflected wave generated from the near wall of the narrowing part of the
tapered pipe continued to affect the exhaust pipe after the expansion duct to the open-end
boundary. One-dimensional–three-dimensional approach numerical analysis was expected
to be used to predict performance for SCR selection.
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Figure 10 showed the pressure contour (a), streamline (b), velocity vector (c), and veloc-
ity u gradient (d) results of the 1D–3D approach numerical analysis of the gas flow passing
through the orifice installed in the center of the exhaust pipe. In order to turbocharger
match for a diesel engine, it is necessary to calculate the kinetic energy of the exhaust gas
acting on the turbine [28], and a method of mimicking the gas flow of a turbocharger using
an orifice is currently being used [21]. A low pressure appeared on the upper side of the
exhaust pipe after the orifice, and the direction of the streamline was directed upward.
The velocity vector increased rapidly as the gas flow passed through the orifice, and as
a result of the velocity u gradient, the most reflected wave was generated at the orifice.
The cylinder was located below the exhaust pipe, and it was judged that the pressure wave
generated from the cylinder has a large effect as it passed through an orifice with a shape
that was suddenly narrowed.
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3.3. Computation Time

The advantage of the 1D–3D approach used in this study was that the computation
time could be shortened because it did not use many resources for the calculation of the
intake/exhaust gas flow of the diesel engine. Table 3 compares the computation time
required for numerical analysis of one cycle of the diesel engine for each model to compare
the computation speed of the 1D–3D approach. Although the orifice model had a smaller
volume than the straight pipe model, the number of meshes was large because the mesh
was densely generated in the orifice area. Appendix A presents the mesh modeling for
numerical analyses using the 3D and 1D–3D approaches.

The computation time required for numerical analysis using the 3D approach and the
1D–3D approach for the exhaust system in the shape of a straight pipe was compared. In the
3D approach, the motions of the piston and intake/exhaust valves were modeled with the
dynamic mesh. It took 30 min to perform the numerical analysis using the 1D–3D approach
on a straight-pipe-shaped exhaust system. However, the 3D approach took about 300 times
longer, taking 6 days and 8 h. It was judged that the 3D approach was not suitable for use
in analyzing the gas flow of the exhaust system, including the intake/exhaust gas flow.
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Table 3. Comparison of the number of meshes and computation time according to the approach and
the shape of the exhaust system.

Approach Shape of the
Exhaust System

Number of Meshes
Computation Time

1D 3D

3D Straight pipe 0 1,144,077 6 days 8 h
1D–3D Straight pipe 38 95,437 30 min
1D–3D Bent pipe 38 103,465 33 min
1D–3D Tapered (SCR) 38 162,181 55 min
1D–3D Orifice 38 122,046 45 min

The computation time required for the 1D–3D approach numerical analysis was
proportional to the number of meshes in the 3D zone, and all results of the 1D–3D approach
could be calculated within an hour. The 1D–3D approach to analyzing the effect of the
gas flow in the SCR and the turbocharger on the diesel engine could be computed at high
speed, so it could be used to shorten the development process.

4. Conclusions

The gas flow in the diesel engine was numerically analyzed using the 1D–3D approach
developed in the author’s previous research. The flow characteristics according to the
shape change of the exhaust system were analyzed, and the results of comparing the
computation time were summarized as follows.

(1) To validate the results of the numerical analysis using the 1D–3D approach, the pres-
sures of the cylinder and exhaust pipe measured in the experiment were compared.
The error of the cylinder pressure was less than 1.8% and the average error of the
exhaust pipe pressure was 2.8%, and accurate results were obtained.

(2) The shape for analyzing the gas flow of the exhaust system to which an SCR and
turbocharger were applied was modeled and numerically analyzed, and the flow
characteristics could be confirmed through the pressure contour, streamline, and
velocity results.

(3) The 1D–3D approach was able to be computed about 300 times faster than the 3D
approach. In addition, numerical analysis according to the shape change of the
exhaust system could be quickly computed within 1 h using the 1D–3D approach.

The 1D–3D approach was suitable for analyzing the unsteady gas flow of the diesel
engine, and it was expected that it could be used for research on devices installed in the
exhaust system. In addition, it was considered to be a fast numerical analysis method that
could be used to analyze the effects of the SCR and the turbocharger on the diesel engine.
Numerical analysis using the 1D–3D approach for the diesel engine and its components
was expected to be utilized to shorten the development processes.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

Appendix A

In the following, the mesh modeling for numerical analyses using the 3D and 1D–3D
approaches are presented. Figure A1 shows the mesh modeling, and the size of the mesh
was determined by the mesh independence study performed as the result of numerical
analysis in the steady state. In the 3D approach mesh modeling (a), since the intake/exhaust
pipes were long (0.5 m and 1.0 m, respectively), the number of meshes was reduced by
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increasing the size of the mesh in these parts, and about 1.1 million meshes were generated
in which case the position of the piston was at TDC. In the 1D–3D approach, the mesh of
the intake/exhaust port (b), which was the 3D zone, was generated in a hexahedral shape
to increase the quality, and the interior face was created for using the 1D–3D coupling
algorithm. In addition, the mesh of the straight pipe (c), bent pipe (d), tapered pipe (e),
and orifice installed in the center of the pipe (f) after the exhaust port were generated in a
hexahedral shape.
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