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Abstract: As a new type of power device, the X-type rotary engine (XRE) is regarded as a major
revolution of the internal combustion engine with its special structure and high-efficiency hybrid
cycle (HEHC). A 3D CFD model of an XRE with hydrogen-gasoline fuel is firstly built in this paper.
The gasoline is premixed with air in the intake of the XRE. The hydrogen is directly injected (DI) into
the cylinder with four different injection positions. The effects of the hydrogen injection position on
the combustion process, engine thermodynamic performance, and unburned carbon emissions and
NOx emissions are investigated. The results show that, due to the interaction between the in-cylinder
main flow field and the injected hydrogen gas flow, different hydrogen concentration zones are
formed at different injection positions. Furthermore, a larger hydrogen distribution area and being
closer to the ignition position led to a faster in-cylinder combustion rate and a higher in-cylinder
temperature and pressure. When the injection position is from the front to the back of the combustion
chamber such as in position 2, the hydrogen has the widest distribution area and is closest to the
ignition position, resulting in its fastest combustion speed. Meanwhile, the peak in-cylinder pressure
is 3.73 MPa and the peak temperature is a maximum of 1835.16 K. Especially, the highest indicated
thermal efficiency of 26.56% is found in position 2, which is 10.08% higher than that of position 4
(from right to left of the combustion chamber), which was 24.13%. At the same time, due to the
best overall combustion effect, position 2 presents the lowest final unburned carbon emission of
0.36 mg, while it produces the highest NOx emission of 9.15 pg. Thus, this study provides important
theoretical guidelines for the hydrogen injection strategy of the XRE using hydrogen-gasoline fuel.

Keywords: X-type rotary engine; hydrogen—gasoline fuel; in-cylinder direct injection; injection
position; combustion performance; carbon emission

1. Introduction

Compared with the traditional reciprocating-piston engine, the rotary engine is a rotary
internal combustion engine with unique advantages of fewer parts, compact structure,
small size, and high power-to-weight ratio [1-3]. It has obvious advantages in the fields
of oil-electric hybrid cars, range extenders, generators, and small UAVs. The typical
rotary engine is the Wankel rotary engine (WRE). However, it suffers from incomplete
combustion, high fuel consumption, sealing and lubrication difficulties due to its narrow
combustion chamber, mutual air escape between the combustion chambers, and other
structural defects [4,5]. In recent years, in order to overcome the shortcomings of WRE,
a new X-type rotary engine with an anti-triangular structure has been proposed [6,7]. In
the structure, it inverts the rotor profile and cylinder profile of the WRE. It uses the outer
rotation line as the rotor profile and the outer envelope line as the cylinder profile. In the
thermal cycle, a high efficiency hybrid cycle (HEHC) with a high compression ratio and
over-expansion (expansion ratio is greater than compression ratio) is adopted. Therefore,
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the XRE has the characteristics of high thermal efficiency, high power-to-weight ratio, and
high reliability [8,9]. There is no doubt that it can solve many problems of the WRE such as
high fuel consumption, easy wear and tear, and easy leakage.

At present, the research on the XRE is still in the initial stage. The American Liquid
piston company has developed three XREs: X1 type, XMv3 type, and X4 type [10-13].
They found that the X1 engine can reach 60% thermal efficiency in theory, but the thermal
efficiency obtained experimentally is only 33%. At the same time, the company increased
the indicated thermal efficiency from 22% to 34%, and the work-weight ratio reached
2.0 kW /kg of the XMv3 engine by optimizing the sealing method, combustion chamber
shape, and spark plug. For the X4 engine, after performance predictions, the company
noted that the thermal efficiency is expected to reach 45% and power of 30 kW /7000 r-min !
by using pre-combustion chamber diesel and aviation kerosene fuels. However, only single
fuel research has been conducted for the XRE at this stage. The inherent disadvantages
of gasoline, diesel, and other traditional fuels have caused low combustion efficiency and
restricted the performance of the XRE.

As a clean and efficient new energy, hydrogen has the advantages of high flame speed,
short quenching distance, fast diffusion rate, wide combustion limit, and low calorific
value [14-16]. Therefore, the method of HB in carbon-based fuels is an effective solution to
develop the hydrogen economy. On the one hand, the flame propagation and combustion
process in the cylinder are affected by the boundary conditions such as in-cylinder space,
time and temperature [17,18], and thus the HB has beneficial effect on improving the
overall combustion stability [19,20]. On the other hand, the use of hydrogen-enriched fuels
can alleviate the safety issues of pure hydrogen fuel [21-23]. Therefore, it can effectively
improve the combustion efficiency of conventional single fuel in rotary engines by HB.

For the combustion performance study of hydrogen—gasoline dual-fuel rotary engine,
Amrouche et al. [24,25] conducted an experimental study at 3000 RPM and an ignition
angle of 15 °CA BTDC (crankshaft angle before top dead center). They found that HB
could accelerate the combustion process, promote the complete combustion of the in-
cylinder mixture, and improve effective thermal efficiency. Furthermore, they [26,27]
investigated HB to extend the dilute combustion limit of the rotary engine. They found
that HB could broaden the dilute combustion limit, improve the economy and reduce
pollutant emissions. At 6% energy fraction of HB, the thermal efficiency was increased
by 28% and NOx emissions were reduced by 61%. Fedyanov et al. [28,29] investigated
the effect of 30% HB on flame propagation and obtained the variation of flame front
position with crankshaft angle and hydrogen content. At the same time, they found that
the unburned HC compound emissions are reduced by two times and CO emissions are
reduced to 40% by using a staged HB approach. To investigate the effect of HB under
different intake methods, Yang et al. [30,31] firstly compared the combustion performance
of PI and DI mixed with hydrogen under the condition of circumferential intake. They
found that the combustion effect of DI was better than that of PI. To be specific, the peak
in-cylinder pressure was increased by 90.6% under 6% volume fraction of DI compared
with 6% volume fraction of PI. However, the NOx and CO emissions were significantly
higher. They [32,33] also optimized the injection strategy for DI and showed that the best
combustion and emission characteristics were obtained for the rotary engine with a 110 °CA
BTDC injection moment and 40 °CA injection pulse width. Based on this optimization
strategy, they [34,35] also found that the rotary engine can achieve better power, economy,
and emission characteristics by using a compound intake way. For the injection strategy,
Shi et al. [36-38] conducted a deeper optimization study. The results show that the best
engine performance was achieved with a high charge concentration, a 45° injection angle, a
0.4 MPa injection pressure, and a 1 mm nozzle diameter at the HB volume fraction of 3%.
In addition, they [39,40] found that the split DI strategy could make the combustion more
efficient and rapid compared to the single injection method and the engine performance is
greatly improved with the increase in the secondary injection pulse width.
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To sum up, a large number of scholars have conducted in-depth research on the
hydrogen—gasoline fuel combustion of the WRE and found that direct injection (DI) HB
can improve the engine combustion performance significantly. However, to the authors’
knowledge, few works focus on the effect of hydrogen—gasoline fuel on the combustion
and thermodynamic performance of the XRE. Although the WRE and XRE are both rotary
piston engines, they present different rotor structure and combustion chamber structure,
leading to different laws of kinematics and thermodynamic cycles. Thus, this paper trys to
improve the combustion performance of the XRE using a HB method with a DI strategy.
More importantly, this study could find out the best hydrogen injection position of the
XRE to maximize the performance of the XRE by comparing the engine performances at
different hydrogen injection positions.

2. Models Establishment and Verification
2.1. Establishment of Geometric Model

The comparison diagram of the WRE and XRE is shown in Figure 1. Their main
difference is that the shape of the XRE rotor is similar to that of the WRE cylinder block,
which is oval and the shape of the WRE rotor is similar to a triangle. At the same time,
their combustion chamber volume change rules, intake and exhaust positions, and sealing
methods are also very different.
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Figure 1. Schematic comparison of XRE: (a) WRE, (b) XRE.

As shown in Figure 1b, the combustion chamber of the XRE in the combustion stage
consists of two parts, a fixed 1/4 spherical area and a slit area that varies with the rotor
rotation. The spark plug is located at the top of the combustion chamber. The engine is
cycled at every 720 °CA. The volume of the chamber reaches a minimum at the top dead
center of 360 °CA. The CFD model developed is based on the XMv3 engine and the specific
geometric parameters are shown in Table 1.

2.2. Mathematical Model and Boundary Conditions

This paper is based on CONVERGE software for simulation. When building the CFD
model, the first step is to divide the grid in the software. Furthermore, the surface grid of
each region is divided into five regions: intake port, exhaust port, and three combustion
chambers. The base grid size is set to 3 mm, while the setting of adaptive mesh refinement
is turned on. In the meantime, the grid encryption with a refinement level of three is set in
CONVERGE software, which is used for the velocity, temperature, and components of the
calculation area, and the specific grid division results are shown in Figure 2.
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Table 1. Main structural parameters of XMv3 rotary engine [13].

Project Value

Generating radius/mm 41
Eccentricity/mm 6

Cylinder thick/mm 18.5
Offset/mm 0.7

Geometry compression ratio 11:1
One chamber displacement/cc 23

Cooling method Water cooled
Ignition source Spark plug

Top dead center angle/°CA 360

Intake value closing/°CA 585

Exhaust value opening/°CA 161

Chamber 1

s Spherical

Left slit chamber Right slit

Intake port

Chamber 2
Chamber 3

Figure 2. Grid division of XRE.

For the choice of computational models, the RNG x-¢ model is used for the turbulence
model [41,42]. Moreover, the Han—Reitz model is used for the wall heat transfer model [12,13]
and the SAGE model is used for the combustion model [43]. The chemical reaction mechanism
uses the isooctane PRF skeleton mechanism proposed by Liu et al. [44]. This mechanism also
contains a detailed hydrogen oxidation mechanism, which can be used for the numerical
study of hydrogen-gasoline fuel combustion characteristics. The ignition model uses
added ignition energy. Expressly, three 0.5 mm spherical cores are set at the central ignition
positions of the three combustion chambers and the ignition energy of the three cores is
20 m]. The specific parameters of the standard operating conditions of the XRE are shown
in Table 2. The simulation was conducted at 9000 RPM, 1.03 bar intake pressure, 30 °CA
ignition advance angle, and 0.85 Lambda.

Table 2. Calculated initial conditions [13].

Calculated Parameters Value
Engine speed /RPM 9000, 10,000
Intake pressure/bar 1.03
Spark advance angle/°CA 30
Cooling gas flow to housing/kg-s~! 165
Fuel Gasoline, hydrogen—gasoline
Lambda 0.85

2.3. HB Method and Nozzle Positions

When blending hydrogen, the method to controlling the hydrogen energy fraction is
chosen. In detail, the hydrogen energy fraction is changed while keeping the total gasoline
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to hydrogen-gasoline fuel equivalent ratio constant [45]. In the hydrogen—gasoline fuel,
the hydrogen energy fraction per unit mass of fuel is set to eHp. The specific formula is
as follows:

MH, " qH,
micsH18 - J1csH18 + MH, * H,

eHp = -100% 1)
where gy, and q;c,p,, Tepresent the low calorific values (M]/kg) of hydrogen and gasoline,
respectively, and the values qp,= 120 MJ /kg and ;¢ 1= 44 MJ /kg.

The hydrogen is injected into the combustion chamber using DI. Namely, the hydrogen
nozzle is perforated at a specific location in the engine block and the hydrogen is injected
directly into the combustion chamber through the nozzle. The injection pressure is set to
0.5 MPa, the injection timing is 70 °CA BTDC, the injection pulse width is 3.5 °CA, and
the hydrogen energy fraction is controlled to 3%. The specific parameters are shown in
Table 3. Moreover, three nozzles are installed in three combustion chambers, respectively,
and the nozzle diameter is 1 mm. In order to investigate the effect of different injection
positions on the engine’s combustion performance, four nozzle positions are set up for
comparison. Figure 3 shows these four positions at the top, bottom, left, and right of the
1/4 spherical combustion chamber. The injection direction is as shown by the red arrow,
which is sprayed to the central ignition position of the spherical combustion chamber.

Table 3. Specific parameters of hydrogen DI in engine.

Specification Parameters Value
Hydrogen energy fraction 3%
Injection pressure 0.5 MPa
Injection moment 70 °CA BTDC
Injection pulse width 3.5°CA
Number of nozzles 3
Nozzle diameter 1 mm

Injection
position 1

¢
Injection

———» Hydrogen i
injection direction !
[

Injection
position 3

Injection
position 4

Figure 3. Schematic diagram of nozzle position and injection direction.

2.4. Model Validation

In order to ensure the accuracy of the calculation results and high computational
efficiency, the model was verified for grid independence. Four basic combustion chamber
grid sizes of 2, 3, 4, and 5 mm were set. The combustion simulation of pure gasoline
was carried out with the parameters given in Table 2. Figure 4 shows the variation of the
in-cylinder mean pressure versus crankshaft angle for different chamber grid sizes. As
the grid accuracy increases, the difference between the calculated results for grids within
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5 mm becomes smaller and smaller. This indicates that the grid independence is verified.
To balance computational cost and high computational accuracy, a basic grid size of 3 mm
with adaptive encryption is used for the numerical simulations in this paper.

3.5
—— 2 mm 3.4
3.0t 32
——3 mm £30
<28
£25'—‘—4mm %2.6
224
ZZ,O-*Smm £22
) 0
=
355 365 375 385 395 405
215}
$ Crank Angle/°CA
=~
~ 1.0t
05}

0. . . , :
980 280 380 480 580 680
Crank Angle/°CA

Figure 4. In-cylinder mean pressure under different grid sizes.

In order to verify the accuracy of the CFD model, the calculations were set up at two
operating conditions of 10,000 RPM and 9000 RPM, respectively. At 10,000 RPM, only
the three strokes of intake, compression, and exhaust are calculated. At 9000 RPM, the
gasoline combustion is entirely calculated, which is the full load. This paper is based on
the experiments carried out by the Liquid Piston company [12,13]. The initial conditions
of the experiments are consistent with the simulation boundary conditions, as shown in
Table 2. The experiments were carried out in the dynamometer test facility, and the engine
was controlled by a National Instrument system. In addition, the dynamic pressure signals
were measured by the Kistler 6052C piezoelectric sensor (Winterthur, Switzerland). The
fuel was commercial ethanol-free gasoline.

Comparing the simulation with the Liquid Piston company experimental results [12,13],
the comparison results of the in-cylinder mean pressure are shown in Figure 5. It was found
that the pressure trend obtained from the simulation is consistent with the experimental
results. At 10,000 RPM, the peak pressure is almost equal. At 9000 RPM, the maximum
error of pressure is less than 8% and the error of peak pressure is less than 2%. To sum up,
the numerical and experimental results are in good agreement so that the calculation of HB
can be carried out.

1.8 3.0
/,
)
1.5¢ 250 J
£ 12| g - E X B
2 2 /
% O 9 % 1 5 g 2 60 365 370 375 380 385
% % , Crank Angle/°CA
8 0.6} $ 1.0},
A~ P~ ’,
03 05~ - Experimental result
' = — Simulation result -
0.0 - - - - - 0.0 - - - -
-180 -120 -60 0 60 120 180 315 35 400 450 500 540

Crank Angle/°CA Crank Angle/°CA
(a) (b)
Figure 5. Pressure verification of experimental and simulation results: (a) pressure comparison

between intake and compression processes at 10,000 RPM, (b) pressure comparison in combustion
process at 9000 RPM.
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3. Results and Discussion
3.1. Flow Field Distribution and Mixture Formation

The distribution of the hydrogen-gasoline mixture in the combustion chamber deter-
mines the engine’s combustion performance and the injection of hydrogen under different
injection positions has significant differences in the formation of the mixture. It is impor-
tant to study the in-cylinder flow field motion and the formation of the mixture for the
subsequent combustion process. Since there is no significant difference in the flow field
before hydrogen injection, it is divided into two parts for flow-field analysis before and
after injection. Figure 6 shows the vorticity and flow distribution from the beginning of the
intake stage to before the hydrogen injection at position 1.

380 °CA BTDC (Intake stage start) 165 °CA BTDC (Intake stage end)

Vorticity= Vortex |

3145.07 s~

Vorticity=
8875.62s '

125 °CA BTDC (Compression stroke) 70 °CA BTDC (Before injection stage)

P - Vortex |
Vorticity= | T Vorticity=

651479 5" 434906 s

‘u‘
Vortex |

Rotor rotation direction
Figure 6. Flow field and vorticity changes at various stages before injection.

At the initial moment of intake (380 °CA BTDC), the intake airflow flows through
the intake port into the combustion chamber through a narrow slit on the left side of the
combustion chamber. Since the intake and exhaust processes exist simultaneously at this
moment, most of the airflow still flows from the spherical combustion chamber to both
sides and the airflow in the spherical combustion chamber is more turbulent, forming
vortex I. At the end of the intake moment (165 °CA BTDC), the airflow flows into the whole
combustion chamber along the intake port, forming three large vortexes I, II, and III. They
are located at the top of the spherical combustion chamber and on the left and right sides of
the combustion chamber. Vortex III on the right side is close to the intake port and occupies
the largest area. At this moment, the in-cylinder vorticity rises significantly and the mean
vorticity reaches 8875.62 s~!. In the middle of the compression stroke (125 °CA BTDC),
as the volume of the chamber continues to compress, the above-mentioned vortexes II
and III are continuously squeezed to the right side of the chamber and integrated into a
single vortex IL. It has high vorticity in the area where vortex Il is located. Meanwhile,
the mean in-cylinder vorticity is reduced to 6514.79 s~!. At the moment of hydrogen
injection (70 °CA BTDC), vortex Il was dissipated; only vortex I was located in the spherical
combustion chamber and the mean vorticity is further reduced to 4349.06 s~!. Furthermore,
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these in-cylinder flow fields and vortex I will affect the hydrogen injection. The distribution
of in-cylinder flow lines and the morphology of vortexes will differ greatly under different
nozzle positions and injection directions, which will change the direction of hydrogen
movement and affect the mixture formation process.

In order to investigate the variability of the in-cylinder flow field at different injection
positions, Figure 7 shows the variability of the in-cylinder flow field and vorticity during
the injection process (68 °CA BTDC), at the end of the injection (65 °CA BTDC), and during
the hydrogen diffusion process (55 °CA BTDC).

B [ 7T [ [T

Vorticity/s™ 5,000 6,000 7,000 8,000 9,000 10,000 11,000 12,000 13,000 14,000 15,000 16,000 17,000 18,000 19,000 20,000

68 °CA BTDC (Injection process) 65 °CA BTDC (Injectionend) 55 °CA BTDC (diffusion process)

Vortex |

Vortex | Vortex I

position 1

Vortex [T

/ \
Vortex | f‘ Vortex Il

/ \
Vortex [11 Vortex 1

position 3

/ /
Vortex | Vortex | Vortex 1

position 4
Figure 7. Comparison of flow field and vorticity changes in injection stage at different positions.

At position 1, the hydrogen injection causes the flow to converge first at the injection
position, forming vortex I, where the vorticity is high. Then, vortex I starts to spread to the
left side of the combustion chamber. Meanwhile, the radius of the vortex increases but the
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vorticity decreases. With the continuous compression of the combustion chamber on the
airflow, vortex I gradually dissipates and the degree of convergence decreases.

At position 2, the hydrogen is injected from the front to the rear of the combustion
chamber, which causes the airflow to form vortex I near the nozzle first. The hydrogen
injection makes the vorticity at the nozzle and the rear of the combustion chamber very
high. Subsequently, vortex I diffuses into two vortexes. Furthermore, the main vortex I still
diffuses in the direction of the nozzle and the split secondary vortex II converges at the
right side of the top of the combustion chamber. At the moment of 55 °CA BTDC, vortex I
has broken up and the radius and vorticity of vortex cluster II are significantly reduced.

At position 3, the hydrogen is injected from the left side of the combustion chamber,
and the direction of injection is the same as the rotation direction of the engine. The hydro-
gen injection rapidly changes the distribution of the in-cylinder flow field and impacts the
original vortexes. This makes a flow field distribution in the cylinder, which is dominated
by the left vortex I and the right vortex II, supplemented by the small vortex III at the lower
of the combustion chamber. Then, the small vortex III is crushed and broken and vortex I is
moved to the right. At the moment of 55 °CA BTDC, vortex I and vortex II start to contact
and gradually merge into a whole. Finally, they form a large new vortex I.

At position 4, the direction of injection is opposite to the rotation direction of the engine.
Hydrogen injection from the right side makes the in-cylinder flow line very turbulent and
forms vortex I at the nozzle. Next, vortex I continues to spread to the left side, showing
a long strip. Under the continuous compression of the combustion chamber, vortex I
gradually dissipates and its radius decreases rapidly, which only exists on the right side of
the top of the combustion chamber.

The flow of these mixtures and the change of vortexes will in turn affect the subsequent
hydrogen flow, which causes the difference in in-cylinder hydrogen distribution before
ignition. Figure 8 shows the hydrogen distribution in four stages of the hydrogen injection
process (68 °CA BTDC), end of injection stage (65 °CA BTDC), hydrogen diffusion process
(55 °CA BTDC), and ignition moment (30 °CA BTDC) for different injection positions, and
also gives a section drawing of the combustion chamber interior.

Combined with Figure 8, at position 1, the hydrogen is continuously diffused down-
ward from the upper nozzle. Meanwhile, the area occupied by hydrogen is constantly
expanded and the injection is completed at the moment of 65 °CA BTDC. Subsequently,
hydrogen is continuously mixed with air and gas under the effect of streamlines and
vortexes. Before ignition, the hydrogen distribution thick area is mainly located in the
middle of the spherical combustion chamber and it is most distributed at the bottom of
the chamber contacting with the rotor. In position 2, hydrogen is injected from the front
of the combustion chamber to the back, showing a side section drawing of the chamber
inside. It is found that the hydrogen spreads quickly to the back of the combustion chamber
and spreads rapidly at the back of the chamber. That is because the front-to-back width
of the combustion chamber is smaller than the top-to-bottom length. Before ignition, the
hydrogen is distributed in the area where the combustion chamber is in contact with the
end cap. In positions 3 and 4, hydrogen is injected from the left and right sides to the middle
of the combustion chamber, respectively. Due to the vortexes’ influence, the hydrogen of
position 4 has a thin strip shape. Since the injection direction is opposite to the engine
running direction, it tends to turn back to the right after the hydrogen is injected to the
left of the chamber. Before ignition, the distribution area of hydrogen in position 3 is not
much different from that of position 1. The thick distribution area of position 4 is also
located at the bottom of the combustion chamber, but it is more inclined to the left side. It
is found that the distribution of hydrogen before ignition is basically located at the bottom
of the combustion chamber at positions 1, 3 and 4. However, it is located at the back of
the combustion chamber in position 2, and the distribution area is larger than the rest of
the positions. This indicates that the hydrogen is best mixed with the rest of the gases in
position 2. Furthermore, it is mostly distributed in the ignition area, which is beneficial to
the next combustion process.
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Figure 8. Comparison of hydrogen distribution in injection stage at different positions.

3.2. Combustion Process Analysis
3.2.1. In-Cylinder Flame Propagation

In order to compare the differences produced by the hydrogen injection under different
positions in the combustion phase, Figure 9 presents the comparison of the in-cylinder
temperature clouds at three moments of the combustion phase. According to the tempera-
ture field distribution, the larger temperature gradient can be regarded as the flame front
surface. The in-cylinder combustion can be more clearly understood by observing the
propagation process of the flame front surface.

At 0 °CA TDC, this is the beginning moment of the obvious combustion period. The
flame front surface at four positions propagates inside the combustion chamber, thus
showing a normal section drawing of the in-cylinder temperature. At positions 1 and 3, the
flame has propagated to the outer wall of the combustion chamber’s right; at position 2, the
flame propagates to the lower part of the combustion chamber’s rear; at position 4, the flame
is all inside the combustion chamber. Combined with the section drawing temperature, the
high-temperature distribution area under position 4 is the smallest at this moment and its
combustion rate is slower. The combustion area is larger under position 2, which is located
in the middle and bottom parts of the combustion chamber, respectively.
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Figure 9. Comparison of temperature cloud atlas in combustion stage at different positions.

At 10 °CA ATDC, this is the middle moment of the obvious combustion period. The
difference in the flame front surface under the four positions is large. At position 1, the
flame front surface propagates to the right of the combustion chamber’s curved wall and
the bottom of the combustion chamber. This indicates that the combustion is mainly in the
lower and middle parts of the combustion chamber’s right. At position 2, the flame spreads
widely. The flame front surface is distributed on the top and right, the bottom and rear of
the combustion chamber. Meanwhile, a part of the flame has begun to spread to the right
slit. Although the area shown by the flame front surface on the wall of the combustion
chamber is not very large, it can be seen that the inside combustion is very intense. At
position 3, the flame front surface has propagated to the curved wall, the bottom, and the
rear of the combustion chamber. It shows that the flame area is more concentrated, mainly
located in the middle of the combustion chamber and the combustion range is larger. At
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position 4, the combustion area is mainly concentrated in the lower of the combustion
chamber. Furthermore, the flame front surface spread to the curved wall surface and the
bottom of the combustion chamber. However, the distribution is less, indicating that the
combustion at position 4 is relatively less intense. Therefore, the combustion areas at this
moment are all located in the spherical combustion chamber and are the largest at position
2 and the smallest at position 4.

At 20 °CA ATDC, this is the end moment of the obvious combustion period. The
temperature cloud distribution tends to be the same at four positions. Specifically, the flame
is mainly distributed in the spherical combustion chamber and the slit on both sides. At this
time, the combustion rate has slowed and the main difference is shown in the combustion
on both sides of the slit. It was found that the slit burning area at positions 1 and 2 is larger
than that at positions 3 and 4. At position 3, the burning area on the left side of the slit is
smaller than the right side; at position 4, the burning area on the right side of the slit is
smaller than the left side. Since hydrogen is injected from different positions, the hydrogen
distribution between the left and right sides is not uniform.

On the whole, after hydrogen injection into the cylinder, the basic development course
of the flame is as follows. Firstly, XRE ignites in the center of the combustion chamber
to form a stable flame kernel. Then, the combustion area and combustion speed are
different in the cylinder according to the distribution of hydrogen. At different positions,
the combustion area is the larger and the combustion speed is the fastest at position 2,
followed by that at position 3. Meanwhile, the combustion area is significantly smaller
and has the slowest burning speed at position 4. It was also found that the flame does not
completely propagate the slits on both sides of the combustion chamber. However, the
problem of incomplete combustion of the slit on both sides can be improved by changing
the injection strategy of hydrogen.

3.2.2. Overall Combustion Performance of Engine

OH, H and O radicals are essential intermediates in the combustion process and play
an important role and they can characterize the intensity of chemical reactions. In particular,
the blending of hydrogen will improve the reaction rate of the OH + H <>H,O + H branched
chain and accelerate the gasoline combustion [46]. The sum of the peak mass of OH, O
and H radicals at different positions is shown in Figure 10a. The peak mass is the largest
at 1.91 x 10~2 mg at position 2 and the smallest at 1.78 x 10~2 mg at position 4. It can be
found that the different positions produce differences in the generation rate of OH radicals
due to the distribution of hydrogen during the combustion process. In return, the change of
radicals will directly affect the in-cylinder combustion rate. Figure 10b shows the variation
curve of the in-cylinder HRR with the crank angle. It can be seen that the HRR shows a
trend of increasing and then decreasing with the increase in crank angle. In the obvious
combustion period of 5 °CA BTDC-20 °CA ATDC, the HRR reaches the highest value at
different positions. The highest HRR of 1.88 ] /°CA is found in position 2. At the same time,
the time when the HRR maintains a high value is the longest at position 2, which indicates
that the combustion duration is longer. In short, the variability of hydrogen injection leads
to a difference in the reaction rate of the branched chains during the combustion process,
which affects the HRR. Furthermore, the fastest chemical reaction and combustion rate are
observed at position 2.
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Figure 10. Comparison of parameters at different positions: (a) sum of peak mass of OH, O and H
radicals, (b) heat release rate (HRR).

Figure 11 shows the change curves of in-cylinder mean pressure and temperature
at different positions, respectively. It can be seen that the mean in-cylinder pressure and
temperature show a trend of increasing first and then decreasing with the increase in
crank angle. Furthermore, the pressure reaches the maximum value in the 10-20 °CA
ATDC moment, and the temperature reaches the maximum value in the 20-30 °CA ATDC
moment. At different positions, the pressure peak at position 3 is the largest at 3.74 MPa,
followed by the pressure peak at position 2 is 3.73 MPa. At position 2, the temperature
peak is the largest at 1835.16 K. At the same time, the angle corresponding to the pressure
peak at positions 2 and 3 is also advanced. Compared with position 4, they are advanced
by 2.8 °CA and 1.9 °CA, respectively, and the difference between the above pressure and
temperature changes began to appear after 10 °CA BTDC, which is the beginning of the
obvious combustion period. This indicates that the speed and intensity of combustion will
directly affect the in-cylinder pressure and temperature changes in the combustion process,
which will lead to the overall engine performance changes.
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Figure 11. Comparison of in-cylinder mean pressure and temperature at different positions: (a) pres-
sure, (b) temperature.

Indicated thermal efficiency is an important parameter for evaluating the economy
and performance of the whole engine [47]. The P-V diagram and the indicated thermal
efficiency of the XRE at different positions are shown in Figure 12. The area under the line
of the P-V diagram can represent the effective work carried out by the engine per cycle.
It is found that the higher the peak pressure, the larger the area under the line in the top
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region. Meanwhile, the faster the pressure drops in the post-combustion period, the smaller
the area under the line. Combined with the indicated thermal efficiency, the engine does
the most indicated work per cycle at position 2. So it has the highest thermal efficiency
of 26.56%, which is 10.08% higher than that of position 4. As shown in the P-V diagram,
the area under the line included in position 2 is the largest, and the area in position 4 is
the smallest.
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Figure 12. Comparison of overall engine performance at different positions: (a) P-V diagram,
(b) indicated thermal efficiency.

The main reason is as follows. The peak pressure and pressure rise rate are two impor-
tant combustion characteristic parameters that affect the engine performance. According to
Figure 11a, it can be found that the peak pressure and the pressure rise rate are very high in
positions 2 and 3, so their thermal efficiency will be correspondingly high. However, due
to the poor combustion effect and incomplete combustion in the post-combustion period,
the pressure drops faster after reaching the peak at position 3, which will cause the area
of the P-V diagram to be reduced. Furthermore, the indicated work is reduced, and the
thermal efficiency decreases.

To sum up, it is found through simulation research that when position 2 is selected,
the in-cylinder combustion speed is the fastest, the combustion is the most intense, and
the indicated thermal efficiency of the engine is the highest. Therefore, according to
the simulation results, we can choose to drill nozzles at position 2 to inject hydrogen in
the practical work process of the XRE, optimize the engine structure, and improve the
performance of the engine.

3.3. Emission Process Analysis

As an intermediate product of gasoline combustion, the distribution and content of
in-cylinder CO can reflect the intensity and completeness of fuel combustion [48]. Figure 13
shows the distribution of in-cylinder CO at different positions, which is the most intense
stage of in-cylinder combustion at 15 °CA ATDC. The rich distribution area of CO is
not only the area where the flame front surface is located but also the place where the
instantaneous oxygen amount is small and the combustion is most intense. It was found
that the CO distribution in the right of the combustion chamber does not differ much at the
four positions. However, the main difference is on the left of the slit. Furthermore, the CO
distribution area on the left of the slit at positions 2 and 4 is larger than that at positions 1
and 3 and the CO distribution on the left is more at position 4. Figure 14 shows the curve of
in-cylinder CO mass with the crank angle at different positions. The mass of CO emission
shows a rapid increase and then a slow decrease with the increase in crank angle. The CO
generation at positions 2 and 4 is faster than that at positions 1 and 3, which coincides with
the distribution of CO as shown in Figure 13.

Specifically, the formation of the CO emission is due to incomplete combustion caused
by low in-cylinder temperature and low oxygen concentration, which slow the local ox-
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idation reactions. Because the combustion is most intense at position 2, more oxygen is
consumed instantaneously resulting in insufficient oxygen. Therefore, its CO generation
rate is the fastest and the mass peak generated is the largest. At position 4, due to slow
combustion and low in-cylinder temperature, part of the CO is not converted into CO; in
time. Therefore, its CO content is also high and the distribution is especially obvious on the
left side of the slit.

15 °CA ATDC

position 1 position 2
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Figure 13. Comparison of CO distribution cloud atlas in combustion stage at different positions.
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Figure 14. CO emission changes at different positions.

After analyzing the distribution of in-cylinder CO, the final emission mass of CO;,
CO, HC compounds, NOx, and carbon soot are shown in Figure 15. The HC emissions are
mainly attributed to several reasons as follows. First, the unburned mixture escapes into the
exhaust port during the valve overlap period. Second, the unburned mixture is compressed
into the in-cylinder crevices and released during the exhaust valve opening, which plays a
dominant role in the formation of HC emissions. Third, the unburned mixture is absorbed
into the lubricating oil and then released during the expansion stroke.

At position 4, the highest CO, emission of 3.18 mg was found and the highest CO
emission of 0.32 mg was also found, but the lowest unburned HC emission of 0.04 mg
was found. After adding up the incompletely burned CO and HC, the highest unburned
carbons of 0.42 mg were found at position 3 and the lowest unburned carbons of 0.36 mg
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were found at position 2. It was also found that most NOx is discharged at position 2,
which is 9.15 ug. In addition, the carbon soot emission masses at different positions do not
differ significantly and are all in the range of 0.9-1.0 ug.
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Figure 15. Comparison of final pollutants discharged into the atmosphere at different positions:
(a) compound of carbon, (b) nitrides and soot.

The level of carbon emission can show the complete degree of combustion in the
cylinder. To be specific, the combustion degree is the most complete, and the gasoline is
converted into the most CO; at positions 2 and 4. The combustion degree is the lowest and
the unburned intermediate carbides are the highest at position 3. The main reason is that the
overall combustion rate of position 2 is very fast. The obvious combustion period of position
4 is slow, but the combustion is fast, intense and complete in the post-combustion period.
Although the obvious combustion period of the position 3 burned quickly, the combustion
effect of the post-combustion period is not good. Meanwhile, some intermediate products
do not burn completely at position 3, therefore indicating their thermal efficiency is not
high. For NOx generation, it is mainly related to the mean in-cylinder temperature, oxygen
concentration and combustion reaction time. In the CFD model, the NOx generation model
is a thermal model, therefore temperature plays a decisive role in NOx generation [49]. At
position 2, the in-cylinder temperature rises the fastest, and the peak temperature is the
highest. Thus, its NOx content is also the highest, which matches the temperature results
in Figure 11b.

In summary, the fastest rate of CO and NOx generation and the highest NOx emissions
were found in position 2. Still, the lowest unburned carbon emissions were also found at
this position.

4. Conclusions

In this paper, a 3D CFD model of the X-type rotary engine (XRE) with hydrogen—
gasoline fuel is constructed to investigate the effect of direct injection (DI) position on
combustion, thermodynamic performances, and pollution emission. Meanwhile, the com-
parative analysis of four different DI positions is conducted to obtain the best hydrogen DI
nozzle position. The conclusions are as follows:

(1) The interaction between the in-cylinder flow of the mainstream flow field and the
hydrogen injection affects the distribution of hydrogen gas before ignition. On the one
hand, due to the influence of the hydrogen injection, a large vortex is formed in the
injection direction. On the other hand, the vortex makes the hydrogen mix faster with
the gas. When the injection position is from the front to the back of the combustion
chamber, namely position 2, the hydrogen thick distribution area in the cylinder is the
largest and closest to the ignition position.
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CA crankshaft angle

BTDC  before top dead center
ATDC  after top dead center

HRR

Heat Release Rate
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