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Abstract: The intake port structure optimization is very important for the uniflow scavenging
opposed-piston two-stroke engine, as the intake port structure affects the scavenging efficiency and
turbulence kinetic energy and thus further impacts the engine indicated efficiency. This paper aims at
improving the indicated efficiency, presenting a comprehensive study on the intake port optimization
concerning both scavenging efficiency and turbulence kinetic energy. First, a three-dimensional
model based on computational fluids dynamics is established and validated. Subsequently, different
numbers of intake ports are compared and analyzed from the perspectives of the scavenging efficiency
and turbulence kinetic energy. Furthermore, the double-ports intake structure is selected with the
consideration of the compact structure and high scavenging efficiency. Then, the radial angle and
width of the double-ports structure are optimized based on the response surface method. The
results show that the optimized structure increases the turbulence kinetic energy in relative high
scavenging efficiency. The indicated efficiency exhibits a significant increase within the speed range
of 1000–4000 rpm and reaches the maximum value of 39.5% around 2000 rpm.

Keywords: opposed-piston engine; two-stroke engine; uniflow scavenging; CFD; in-cylinder airflow

1. Introduction

The opposed piston two-stroke (OP2S) engine has two opposed reciprocated pis-
tons in one cylinder. Because of the compact structure, it has the advantages of high
power density, low heat loss, and good performance on noise, vibration, and harshness
(NVH) [1,2]. Thus, the OP2S engine aroused intensive studies in the applications such as
range-extended vehicles [3–6], military vehicles [7–9], and small aircraft [10]. Previously,
owing to the strict regulation of emission, the application of the OP2S engine was restricted.
Fortunately, recent studies have shown that advanced combustion technology including
blend alternative fuels [11,12], Partially Premixed Combustion [13], gasoline direct injec-
tion (GDI), and dual fuel [14] can drastically improve engine performance. Among those
advanced combustion technologies, GDI is an ideal technical scheme in a short period.
Compared to the single-cylinder two-stroke engines with port fuel injection, the GDI OP2S
engine reduces the fuel short circuit loss in the scavenging process and improves the engine
performance [15]. In terms of high engine performance, high scavenging efficiency and
intensive turbulence [16,17] are two key factors. Those parameters can make the injected
fuel mix homogeneously and increase the velocity of flame propagation as well.
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However, it is hard to obtain high scavenging efficiency and intensive turbulence
simultaneously in a uniflow scavenging OP2S engine whose tumble flow is hard to establish
in the cylinder. To obtain high engine performance, intake port structure analysis and
optimization of the OP2S engine are necessary as they determine the organization of the
intake airflow pattern.

In the previous literature, the analysis of the intake port structure mainly focused on
its size, radial/axial angle, height, and width. The Achates Power researchers designed
different port sizes for various applications [18]. They indicated that a small size intake
port is suitable for low speed range engines, and the big one is suitable for high power
density applications. In Changming He’s research [19], different axle angles of the intake
port are studied to improve the scavenging efficiency. It is reported that an improvement
of up to 12% was realized with the proper combination of axle angle and port timing.
Zhenyu Zhang [20] and Yining Wu [21] studied the effects of the radial angle and width on
scavenging efficiency. Both of their studies indicated that the radial angle helps to form the
swirl flow. It makes the residual gas spread around the cylinder axis, which helps realize the
stratified charge of the fresh air. With the optimized radial angle and width, the maximum
scavenging efficiency of their prototype could reach 90.7% and 93% respectively. Those
structural parameters can effectively improve high scavenging performance. However,
high engine performance is not only determined by high scavenging efficiency but also by
the turbulence kinetic energy (TKE). Previous studies have shown that TKE has positive
effects on flame propagation and thus could improve the indicated efficiency [22,23]. For the
OP2S engine, Fukang Ma designed different shapes of the piston crown [24]. With this
method, the intake airflow is squeezed to form intensive turbulence during the ignition
process. Nevertheless, adjusting the structural parameters of the OP2S engine easily
affected the distribution of residual gas and thus reduced scavenging efficiency. Therefore,
analyzing the structure of the intake port, which concerns uniflow scavenging and the TKE
performance simultaneously, is necessary for improving the engine performance.

After the structural analysis, modeling and optimization of the intake port structure
parameters are vital. By establishing a mono-dimensional (1D) model, Heyang Ma came
up with a multi-objective optimization method to evaluate and optimize the scavenging
process [25]. However, such a model cannot reflect the transient airflow characteristic
and thus could not optimize the scavenging efficiency and turbulence kinetic energy
simultaneously. Based on CFD, Fukang Ma presented a global optimization for the intake
port structure concerning the indicated mean effective pressure by using an orthogonal
experimental method [26,27]. However, the orthogonal experimental method relies on
the subjectively selected weight and boundaries. In recent works, the response surface
model developed by a backpropagation neural network (BPNN) model is suitable for such
a non-linear problem [28–30] and is widely used in engine structure optimization [31–33].

Therefore, to obtain high scavenging efficiency and high TKE simultaneously in a
uniflow scavenging OP2S engine whose tumble flow is hard to establish, this paper studied
the influence of the intake port structure on the in-cylinder airflow and proposed a double-
ports intake structure. Whereafter, the intake radial angle and width are optimized globally.
The optimized structure has improved the TKE under high scavenging efficiency and
thus has improved the indicated efficiency drastically. The paper is organized as follows:
first, the prototype configuration and its working principle are introduced. Subsequently,
the CFD model of the prototype is established and validated. Then, using the CFD model,
the airflow motions in four intake structure configurations with different intake port
numbers are analyzed. From this, the double-ports intake structure is proposed with the
consideration of high scavenging efficiency and compact structure. Next, the intake port
radial angle (IPRA) and intake port width (IPW) of the proposed structure are optimized
using a response surface model. Finally, the working characteristic of the optimized
structure is analyzed in detail under different engine speeds.



Energies 2022, 15, 2148 3 of 15

2. OP2S Configuration and Working Principle

As shown in Figure 1, the proposed OP2S engine consists of a GDI injector, a spark
plug, two opposed pistons, and a cylinder. The GDI injector and the spark plug are mounted
vertically alongside the center plane of the cylinder. The opposed two pistons are arranged
horizontally and linearly in the same cylinder, and their momentum can be eliminated
dynamically during the reciprocating motion. In the cylinder wall, the intake and outtake
ports are opened based on the designed port timing. The main parameters of this engine
are listed in Table 1.

Intake ports

Outtake ports

Injector

Spark plug

Piston

Piston

Cylinder

Intake flow

Outtake flow

Figure 1. Schematic diagram of the prototype structure.

Table 1. The structural parameters of the OP2S engine.

Description Parameter

Bore (mm) 50
Displacement (cc) 80

Nominal compression ratio (-) 20
Effective compression ratio (-) 12

Crankshaft radius (mm) 19
Connect rod length (mm) 65

During the working conditions, the spark plug ignites the compressed combustible
mixture when the opposed pistons of the OP2S engine are close to their top dead centers
(TDC). Compared with the single-cylinder engine, OP2S offers a faster expansion character-
istic and thus reduces the heat loss in the top dead center. Afterward, the piston opens the
intake and exhaust ports during the expansion stroke to complete the scavenging process.
Driven by crankshaft mechanisms, the opposed pistons move up to the top dead centers
again. In this stroke, the inlet and exhaust valves are closed and the combustible mixture is
compressed and ignited again. Such a period would be carried out cycle by cycle.

As is shown in Figure 1, the port-to-port uniflow scavenging is applied in the proposed
engine. For high scavenging efficiency and TKE, different intake port structure parameters
need to be analyzed and optimized comprehensively. A CFD model is established first to
have a detailed study for such a transient, three-dimensional in-cylinder airflow.

3. CFD Modeling and Validation

In this paper, AVL/FIRE is used to establish the CFD numerical model of OP2S for
the in-cylinder air-flow and combustion process. In this model, meshing, initial conditions,
and solving models are developed sequentially.

Based on the structural characteristics of the OP2S engine in Figure 2, the meshings
of three calculation domains are considered: the cylinder, the intake port, and the outtake
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port. In the cylinder, a meshing method including square and transition area is adopted for
an accurate result: A square area is firstly defined and then gradually transits to the circle,
as shown in Figure 2. In addition, the shapes of intake ports and outtake ports are both
nearly rectangular, thus it is easy to make a hexahedral mesh in AVL fire pre-processing
code. As for the mesh size, the main parameters that need to be determined are the length
of the sizes of the square and the number of layers needed for the transition. The expression
is defined as “a-b ”, where a refers to the length of the sides of the square (dm), and b refers
to the layers of the transition. Three different types of combinations, 1–8, 2–8, and 2–6, will
be analyzed in the following.

IPW

Cylinder

Outtake 

ports

Intake 

ports

IPRA

Square area
Transit 

layers

Figure 2. Mesh model of the OP2S engine.

To obtain the initial boundary condition, a test platform of the OP2S engine is designed
and implemented. As shown in Figure 3, this platform includes four main parts: OP2S
engine, gearbox, driving motor, and signal acquisition system. A gearbox consisting of
four meshing gears helps to realize the opposite motion of the opposed pistons of the OP2S
engine synchronously. An induction motor, controlling the engine speed, is used as the
driving motor. The signal acquisition system consists of sensors, dSPACE, and an industrial
personal computer. From the test platform and experimental results, some initial boundary
conditions such as the initial in-cylinder pressure, the intake pressure, and temperature,
as well as the outtake pressure, are obtained. Those physical signals are used to build and
verify the 1D model in AVL-boost. The in-cylinder pressure curve is shown in Figure 4
Then, based on the verified 1D model, initial boundary conditions of the CFD model of the
OP2S engine are given as listed in Table 2.

Rotary encoder

OP2S engine

Crankshaft

&

Connect rod

Gear box

Pressure sensor

DAQ

dSPACE

Computer

Induction motor

Coupling

Intake port

Coupling

Intake pipe

Data connection

Mechanical connection

Figure 3. Schematic diagram of the test platform of OP2S engine.
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Table 2. Initial boundary conditions and mesh size of the CFD model.

Item Description

Initial intake port pressure (bar) 1.1
Initial outtake port pressure (bar) 1.0

Initial cylinder pressure (bar) 2.4
Cylinder wall temperature (K) 450

Piston wall temperature (K) 450
Cylinder gas temperature (K) 293.15

Intake gas temperature (K) 293.15
Mesh size (-) 2–8

0 30 60 90 120 150 180 210 240 270 300 330 360

Crank angle (deg)

0

2

4

6

8

10

12 experiment

simulation

Figure 4. In-cylinder pressure of the experiment and simulation.

In the CFD model, the k-zeta-f modeln [34] is selected to simulate the turbulence
motion. Previous literature has proved that it is effective in different flow fields such as
combustion, two-phase flow, and heat transfer [35]. For the fuel injection process, the Taylor
Analogy Breakup (TAB) model is chosen for the simulation of liquid plumes break-up
phenomena, which is in good agreement with the injector used in the experiment [36].
Besides, the walljet1 model is used to simulate the impingement of sprays on walls because
it is suitable for the heated walls [37]. The extended coherent flame model (ECFM) is
selected to simulate the combustion process of the GDI engine because it can be used
in the homogeneous and inhomogeneous charges [38,39]. Finally, as listed in Table 3,
the established CFD model includes the k-zeta-f model, TAB model, and ECFM model.

Table 3. Calculation model of an opposed-piston engine in AVL/FIRE.

Item Description

Turbulence model k-zeta-f
Wall treatment Hybrid Wall Treatment

Heat transfer wall model Standard Wall Function
Fuel break-up model TAB
Evaporation model Dukowicz

Wall interaction model Walljet1
Combustion model ECFM

After completing the basic flow of modeling, the different combinations of mesh sizes
are calculated and compared with the 1D simulation results, as shown in Figure 4. All
those combinations show good convergence. For the consideration of calculation time
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and accuracy, the mesh size with the combination of 2–8 is selected. Besides, Figure 5 also
demonstrates that the 1D simulation results have good agreement with the CFD model.

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180

Crank angle (deg)

0

0.5

1

1.5

2

2.5

10
6

1-8

2-8

2-6

1D-simulation

Figure 5. Comparison of In-cylinder pressure with different mesh sizes and 1D model.

The established and validated CFD model ensures the accuracy in the following
simulations and optimization. Using this model, the influence of intake port number and
shapes on the scavenging efficiency and TKE will be presented as follows.

4. Simulation and Optimization Results and Discussion
4.1. Study on the Influence of Intake Port Number

In this paper, the intake section area is 312 mm2. In order not to change the port
opening time, when comparing the effects of the intake port numbers, the intake port width
is set to the same value. The pistons open the outtake port first at 87 crank angle degrees
(CAD) and close it in 273 CAD. The intake port is opened at 95 CAD and closed at 265 CAD.
The port opening time diagram is shown in Figure 6.

TDC 0deg

BDC 180deg (-180deg)

EVO 87deg EVC 273deg 

IVO 95deg 

IVC 

265deg 

Figure 6. Diagram of the port opening time.

There are four different types of intake port numbers compared in this paper. They
are 2, 4, 6, and 8 respectively. To make a detailed study, two types of sections are created to
illustrate the in-cylinder airflow motion and residual gas fraction.
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Figure 7 demonstrates the section place. In the figure, Sections I to IV represent the area
through the entire cylinder from its center. Those sections pass through two adjacent intake
ports to reflect the interaction between two intake airflows. The yoz section stands for the
area that crosses all the intake ports in the middle. This section shows the interaction among
all intake airflows. The velocity of each section is demonstrated in Figure 8. It should be
noted that the crank angle of 240 deg is selected to compare the airflow velocity because the
intake port is about to close under this crank angle. Furthermore, the in-cylinder airflow
shows representative characteristics.

Section : 

Section : yoz

Section :

Section : yoz

Section : 

Section : yozSection : 

yoz

Section : 

Figure 7. Different section places of each structure.

Section : IV Section : yozSection : II Section : yoz

Section : I Section : yoz Section : yozSection : III

5 3511 17 23 29

Crank angle: 240 deg
Velocity (m/s)

Four-ports

Six-portsDouble-ports

Eight-ports

Figure 8. Velocity distribution of each section.

In Figure 8, Section I indicates that the double-ports intake structure shows ideal
uniflow scavenging characteristics. All the intake airflow directly flows to the outtake
ports without any vortex or reverse flow. This means that the fresh air charges the cylinder
sufficiently and totally. While, as the number of intake ports increases, the vortex appears
partly in the cylinder. In Section II, two large circular vortexes with round edges appear in
the top and bottom of the section near the outtake port. Section III and IV demonstrate that
two spindly vortexes form in the top and bottom part of the section between the intake and
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outtake ports. The vortex leads to the residual gas “trapped” in such areas, so the cylinder
cannot be charged totally.

Besides, the yoz section also indicates that with the increase of intake port number,
flow interference becomes more intensive. Such an interference also causes the reduction
of the intake energy, resulting in a low speed of scavenging movement direction in the
center of the cylinder (as is shown in Sections I to IV, the velocity magnitudes drop with
the increase of intake port number). The low scavenging speed influences the scavenging
efficiency as well. As a result of the vortexes and interferences, the distribution of the
residual gas is shown in Figure 9. In the figure, the red part stands for high EGR, which
means quantities of residual gas gathering in such an area, and that leads to the decline of
the scavenging efficiency.

Uniflow

Section : 

Vortex

Section : 

Vortex

Section : 

Vortex

Section : 

Crank angle:240deg  

EGR  

0 0.20.04 0.08 0.12 0.16

Figure 9. Distribution of the residual gas.

Figure 10 shows the change of scavenging efficiency and TKE in the structures with
different intake port numbers. From Figure 10a, the double ports structure has the highest
scavenging efficiency (96.8%), while that with four ports presents the lowest. The six
ports structure and eight ports structure have a similar scavenging efficiency (95% and
94.9% respectively). In a word, the scavenging efficiency declines first when the intake
port number increases from 2 to 4. Then it presents a slight increase and finally stabilizes
around 95%. Figure 10b shows that in the potential ignition period (340–360 CAD), TKE
presents the same value. This means under the same intake port section area, the intake
port number has little effect on the TKE during the ignition period but a relatively high
impact on the scavenging efficiency. Considering the final scavenging efficiency and TKE,
the double-ports intake structure is selected.

a. Scavenging efficiency in different structure

330 340 350 360

Crank angle(deg)

10

12

14

16

18

20

port number=2

port number=4

port number=6

port number=8

b. TKE in different structures

Figure 10. Engine performance in different intake port structures.
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4.2. Optimization for the IPRA and IPW

From the description given above, the final CFD simulation results under different
IPRA and IPW are given in Figure 11. The section shown in the figure is horizontally
alongside the intake port through the cylinder center. Because of the same reason described
above, the crank angle degree is chosen as 240 deg.

IPW

8 

mm

IPW

10 

mm

IPW

12 

mm

IPRA

0 deg

IPRA

10 deg

IPRA

20 deg
IPRA

30 deg

IPRA

40 deg

-
- - -

31 17-21 -12 -2.2 7.4
Crank angle: 240deg 

Velocity: U (m/s)

Figure 11. Velocity distribution under different IPRA and IPW.

In the figure, different color stands for the velocity along the cylinder axis. The blue
part stands for the velocity in the same direction as the scavenging. While the red one
means the velocity against the scavenging direction. In Figure 11, the increase of IPW
strengthens the scavenging airflow motion near the intake port. While in most cases, that
on the central part of the cylinder is weakened. As for the IPRA, the velocity distribution
varies from different IPW. When the IPW is 8 mm, the airflow motion in the central part of
the cylinder presents a trend of anti-scavenging as the IPRA increases. When the IPW is
10 mm and 12 mm, such a trend shows a decline in the high IPRA condition.

Because of the high pressure in the intake port, the residual gas in the cylinder cannot
flow into the inlet pipe. Therefore, the reverse airflow in the cylinder prevents the exhaust
gas from being discharged. Thus, the exhaust gas ratio in that place is higher than in other
parts. This also corresponds to the distribution of residual gas fraction in EGR. Take three
cases as an example; when the IPRA is 0 deg, the residual gas distribution in the cylinder is
shown in Figure 12. As is described before, the increase of IPW strengthens the scavenging
flow on edge of the cylinder. Therefore, in Figure 11, when the crank angle reaches 240 deg,
less exhaust gas can be seen on the edge of the cylinder.

Figure 12 also demonstrates a typical distribution of the residual gas fraction in the
cylinder in one cycle. At 87 crank angle degrees (CAD), the outtake ports open. The residual
gas in the cylinder is pushed into the outtake ports, resulting in the decline of the in-cylinder
pressure. However, because no fresh air is charged into the cylinder, the EGR remains to
be 1 (as is shown in the figure, the cylinder is totally red). Later, at 95 CAD, the intake
ports opened. Driven by the pressure difference between the intake ports and the cylinder,
the fresh gas is charged into the cylinder, resulting in the decline of the residual gas fraction
of the cylinder.
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Crank angle 

87 deg

Crank angle 

95 deg

Crank angle 

120 deg

Crank angle 

150 deg

Crank angle 

180 deg

Crank angle 

240 deg

IPW

 8 mm

IPW

 10 mm

IPW

 12 mm

0.

IPRA=0 deg

EGR

0 10.2 4 0.6 0.8

Figure 12. Residual gas distribution under different IPW.

Using the backpropagation neural network (BPNN), the response surface of the IPRA
and IPW is obtained and shown in Figure 13. The BPNN is trained and tested by the CFD
simulation results. Then, using the response surface, the optimization function of IPRA
and IPW is shown as follows:

Max(TKE) = f (IPRA, IPW)

s.t.


Scave.E f f i ≥ 0.96
8 ≤ IPRA ≤ 14
0 ≤ IPRA ≤ 45

(1)

The optimized IPRA and IPW are 3 deg and 10 mm respectively. Then the results are
brought back to the established CFD model for verification. The calculation errors of the
maximum TKE and scavenging efficiency are less than 8.8% and 0.1% respectively, which
indicates that the optimization results are reliable.

TKE(m
2
/s

2
) Scavenging efficiency (%)

Figure 13. Response surface of the IPRA and IPW.
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4.3. Working Characteristics Analysis of the Optimized Structure

In this section, the working characteristics of the optimized structure are analyzed
under different operating speeds. Considering the speed range of the range extender is
usually under 4000 rpm, the working characteristics within the range of 1000–4000 rpm are
presented in Figure 14.

a. Scavenging efficiency under 

different engine speed

b. TKE under different engine 

speed

c. Indicated efficiency under 

different engine speed

Figure 14. Scavenging efficiency and TKE under different engine speeds.

Figure 14a,b show that even though the scavenging efficiency shows little decline (less
than 1%), a significant increase (over 15%) of TKE is presented as well. Besides, most of
the scavenging efficiency is over 90% in the optimized structure when the engine speed is
under 4000 rpm. As a result of improving the TKE with little decrease of the scavenging
efficiency, significant increase of the indicated efficiency is demonstrated in Figure 14c.
To give a detailed study of the working characteristics, the combustion equivalence ratio is
shown in Figure 15.

0 20.4 0.8 1.2 1.6Combustion equivalence 

ratio

Original structure Optimized structure

0 20.4 0.8 1.2 1.6Combustion equivalence 

ratio

Original structure Optimized structure

Figure 15. ROHR before and after the optimization.

In Figure 15, the section is located in the center of the cylinder across the spark plug.
According to the figure, the injected fuel distributes more homogeneously in the optimized
structure. This is because the optimized structure makes the turbulence more intensive in
the cylinder. The intensive turbulence spreads the fuel over a wider area of the cylinder,
which benefits the flame propagation. To be more specific, the rate of heat release (ROHR)
is shown in Figure 16.
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a.1000rpm

340 360 380 400 420 440

Crank angle (deg)

0

5

10

15

20

25

30
original structure

optimized structure

b.2000rpm

c.3000rpm d.4000rpm

Figure 16. In-cylinder pressure before and after optimization.

Within the operating speed range, the heat release ratio increases more drastically,
especially in 1000 rpm and 2000 rpm. The ROHR in the optimized structure also obtains a
higher peak value than the original structure, which indicates that the flame propagation
appears faster. The fast flame propagation in the optimized structure helps the gas in the
cylinder rise to a higher temperature in a shorter time and thus causes a drastic increase in
the cylinder pressure (as is shown in Figure 17).

85 145 205 265 325 385 440

Crank angle(deg)

0

2

4

6

8
original structure

optimized structure

a. 1000rpm b. 2000rpm

c. 3000rpm d. 4000rpm

Figure 17. In-cylinder pressure before and after optimization.
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Above all, owing to the high TKE and high scavenging efficiency in the optimized
structure, the injected fuel is mixed homogeneously. Besides, intensive turbulence also
helps in flame propagation. As a result, the ROHR in the optimized structures raises more
dramatically than in the original ones and presents a higher peak value as well. Therefore,
the in-cylinder pressure in the optimized structures increases drastically compared to the
original ones, which means more indicated work appears in the optimized structures. So,
as is shown in Figure 13c, the indicated efficiency of the optimized structure is higher than
the original ones and reaches 39.5% at 2000 rpm.

5. Conclusions

In this paper, to increase the indicated efficiency of the OP2S engine, this paper presents
a detailed study on intake port structure optimization. Different intake port structures
are compared and optimized by the number, radial angle, and width. When optimizing
the intake port structure, the scavenging process and compression process are considered
comprehensively. The scavenging efficiency is chosen as the main parameter to evaluate
the scavenging process and the TKE is chosen to evaluate the compression process. To be
more specific, the CFD model is established to analyze the airflow field characteristics of
different structures. Whereafter, the CFD results are used to obtain the response surface
of IPRA and IPW. Finally, based on the response surface, the intake port is optimized
globally. The engine performance comparison before and after the optimization shows
that the optimized structure organizes ideal in-cylinder airflow and increases the indicated
efficiency. Detailed conclusions are summarized as follows:

(1) The double-ports intake structure is a compact configuration and exhibits high scav-
enging efficiency. This is because it has better uniflow scavenging characteristics.
While as the intake port number increases, the airflow interference becomes more
intensive and forms some vortexes in certain parts of the cylinder. Such vortexes trap
the residual gas in the cylinder, reducing the scavenging efficiency.

(2) The overall results of the scavenging efficiency and TKE under different IPRA and IPW
present a strong non-linearity. In order to have a global optimization, the response
surface of the IPRA and IPW is used in this paper. The optimized result shows that
when IPRA reaches 3deg and IPW reaches 10mm, the TKE obtains its highest value at
an acceptable scavenging efficiency.

(3) Compared with the original structure, the optimized one obtains high TKE and scav-
enging efficiency simultaneously, especially in the range of 1000–4000 rpm. The results
show the injected fuel in the optimized structure contributes more homogeneously.
Thus, the ROHR in the optimized structure is higher than the original one, which
leads to the dramatic increase of the in-cylinder pressure. As a result, the indicated
efficiency of the optimized structure is higher than the original one. The highest
indicated efficiency of the optimized structure reaches 39.5% at 2000 rpm.
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The following abbreviations are used in this manuscript:

OP2S opposed-piston two-stroke
GDI gasoline direct injection
TKE turbulence kinetic energy
1D mono-dimensional
BPNN backpropagation neural network
CFD computational fluid dynamics
IPRA intake port radial angle
IPW intake port width
TDC top dead center
TAB taylor analogy breakup
ECFM extended coherent flame model
CAD crank angle degree
EGR exhaust gas ratio
ROHR rate of heat release
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