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ARTICLE INFO ABSTRACT
Keywords: Stoichiometric operation natural gas engine can achieve low emissions and high-power output by combining
Knocking EGR and three-way catalytic converter. However, under high load conditions, engine performance will be
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deteriorated due to the knocking limits. The main methods to solve the knocking problems of spark ignition
engines are shortening the flame propagation time and reducing the temperature and pressure rise of the end
mixture. This paper firstly established a 3D model based on a natural gas engine, and then conducted the nu-
merical simulations to investigate the effects of chamber geometry, hydrogen ratio and EGR ratio on engine
knocking and combustion. The validation indicates a satisfied numerical results of chamber pressure and heat
release rate. The turbine chamber exhibits relatively better swirl and tumble, thus achieving the highest tur-
bulence intensity. HCNG fuel will increase the knocking tendency of the engine. In the meantime, the addition of
hydrogen will also reduce the IMEP of the engine due to the low volume heat value of hydrogen. However, the
addition of hydrogen may accelerate the combustion rate at the end of combustion to a certain extent. EGR can
significantly reduce the knocking tendency of HCNG engine by reducing the combustion temperature in the
cylinder. Compared with the case of 14% EGR rate, the ignition angle of 30% EGR case is advanced by 19 °CA,
and the indicated thermal efficiency is increased by 2.06%.

improving the knocking boundary becomes the key topic of stoichio-
metric operation natural gas engine. At present, this is solved by
shortening the flame propagation time and reducing the temperature
and pressure of the end mixture in spark ignition engines.

Increasing turbulence intensity in combustion chamber is an effec-
tive way to accelerate flame propagation and improve combustion
performance. The mean velocity and turbulence intensity of the flow
field determine the development of the initial flame core. The subse-
quent flame propagation has been considered to be mainly affected by
the heat and mass transfer of large-scale and small-scale turbulence. In
addition, the flow field in the chamber is largely decided by the chamber
geometry. Therefore, combustion chamber geometry can significantly
affect the knocking and combustion characteristics of CNG engines. The
investigations conducted by Lund University of Technology [3,4] stud-
ied 10 different piston geometries and found that the combustion
characteristics were significantly different, among which the cylindrical

Introduction

Compressed natural gas (CNG) has great application potential in the
automotive industry, especially in the field of heavy commercial vehi-
cles, due to its low cost, high H/C ratio and high-octane number [1]. To
meet the increasingly stringent emission regulations, the lean burn limit
of natural gas engines still needs to be expanded. However, combustion
deterioration and thermal efficiency reduction will occur near the en-
gine operation limits. Stoichiometric operation natural gas engine can
achieve low emissions and high-power output by applying exhausted gas
recirculation (EGR) combined with three-way catalytic converter [2].
Natural gas has the characteristics of relatively slow flame speed and
long combustion duration. For heavy commercial vehicles, the engine is
usually operated at full load during the acceleration process, resulting in
severe knocking which limits the engine performance. Therefore,
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Nomenclature CA90 crank angle for 90% of the heat release
CEQ chemical equilibrium
K mean flame front curvature CNG compressed natural gas
Pu unburned gas density EGR exhausted gas recirculation
o angular speed HCNG  hydrogen enriched compressed natural gas
a4, b;, b3 model constants IMEP indicated mean effective pressure
D, the Damkohler number ITE indicated thermal efficiency
Dy, turbulent diffusion term KI knocking intensity
S laminar flame speed PPmax maximum peak value of pressure oscillation
St turbulent flame speed TKE turbulent kinetic energy
u turbulence speed fluctuation TR tumble ratio
3-D three-dimensional RANS Reynolds-averaged Navier-Stokes
AMR adaptive mesh refinement RNG renormalization group
ATDC after top dead center RON research octane number
CA crank ang]e SR swirl ratio
CA10 crank angle for 10% of the heat release TLF tabulated laminar flame-speed
CA50 crank angle for 50% of the heat release

and square piston top shapes provided the highest turbulence. In the
main part of combustion, there was a high correlation between
in-cylinder turbulence and heat release rate, and the combustion dura-
tion was more affected by the average speed and turbulence. Li et al. [5]
studied the effect of six different combustion chamber structures on
turbulence intensity for natural gas engines. They found that hexagonal
geometry had the best enhancement effect on turbulence intensity. The
following literature [6] has also done relevant research. However, piston
with hexagon and square shapes are relatively special, which are sel-
domly used in the practical engines due to its sharp angles. At present,
the top surface of combustion chamber piston used in natural gas en-
gines is mostly based on cylindrical structure. Yan et al. [7] studied the
effect of the reentrant size of the combustion chamber on knocking and
combustion in a stoichiometric operation natural gas engine. The results
showed that with the reduction of the diameter ratio, the combustion
duration could be continuously shortened, which was beneficial to
improve the engine thermal efficiency. However, engine was tended to
increase knocking tendency and heat loss in the meantime. Zhao et al.
[8] studied the effects of different combustion chamber structures on
knocking and combustion based on LNG engines. The results showed
that improving the turbulent kinetic energy (TKE) in the combustion
chamber could effectively promote flame propagation. Proper turbulent
kinetic energy distribution was beneficial to shorten the combustion
duration and obtain good anti-knocking performance. Zhu et al. [9]
studied the impact of intake manifold coupling with different piston top
surfaces on knocking and combustion of natural gas engines and found
that the combination of spiral intake manifold and turbine chamber
showed better anti-knocking performance.

In recent years, clean alternative energy has been increasingly con-
cerned worldwide. Among all these potential fuels, hydrogen is
considered to be the most desirable alternative fuel. Hydrogen can be
obtained from electrolysis of water and the electricity used can be
generated by solar energy, which indicates that hydrogen is a kind of
future promising renewable energy. At the same time, the physical and
chemical properties of hydrogen are different from those of traditional
fossil fuels. Firstly, as a carbon free fuel, hydrogen does not produce
carbon dioxide during the combustion process. Secondly, compared
with natural gas, hydrogen has faster flame propagation speed and
higher-octane number, which is more conducive to improving thermal
efficiency. Therefore, hydrogen enriched compressed natural gas
(HCNG) fuel can significantly improve the problems of long combustion
duration and high emissions of CNG. Ma et al. of Tsinghua University
[10,11] studied the combustion and emission characteristics of HCNG
engine under different hydrogen ratios, loads, ignition angles and
equivalence ratios. Bartosz et al. [12] have done similar work. Sagar

et al. [13] studied the knocking and emission characteristics under
different hydrogen ratios and found that HCNG significantly reduced
carbon emissions, but increased nitrogen oxide emissions. At the same
time, the knocking intensity of 30% HCNG fuel was the lowest.

The addition of hydrogen increases the combustion temperature in
the cylinder, which will aggravate the occurrence of knocking to a
certain extent. EGR can significantly reduce the temperature in the
cylinder, thus reducing the tendency of knocking and improving the
thermal efficiency of the engine. Yu et al. [14] used EGR to expand the
output limit of kerosene engine under the knocking limit. The results
showed that when the EGR rate increased from 0% to 10%, the indicated
mean effective pressure (IMEP) at the knocking limit increased by 7%
due to the increase of the intake volume. At the same time, because of
the high specific heat ratio and reduced heat loss, the specific fuel
consumption was reduced by 8.1%, and the indicated thermal efficiency
(ITE) was increased from 23.5% to 25.6%. Zhen and Wang et al. of
Tianjin University [15,16] studied the effect of EGR rate on engine
knocking suppression for methanol fuel. The results showed that EGR
could reduce the knocking intensity and delay the knocking start time.
Meanwhile, with the increase of EGR rate, the thermal efficiency was
greatly reduced. Wei et al. [17] studied the knocking characteristics of
n-butanol and RON 92 gasoline, and compared the knocking initiation
time, intensity and frequency at different EGR rates. The results showed
that EGR could reduce the knocking intensity and delay the knocking
start time due to its cooling and dilution effects. It was observed that at a
low EGR rate of 3%, the knocking intensity of n-butanol decreased
significantly. Similar studies have been carried out in literature [18,19].

Overall, the reasonable combustion chamber geometry will increase
the turbulence intensity of the engine and accelerate the flame propa-
gation speed. The addition of hydrogen increases the flame propagation
speed and combustion chamber temperature, which increases the
knocking tendency. However, increasing EGR can suppress knocking by
reducing the combustion chamber temperature, but it also reduces fuel
suplement and worsens IMEP. The combination of HCNG and EGR has a
complicated effect on the knocking. Although numerous studies have
been conducted on the combustion characteristics of the HCNG engine,
the comparative laws of knocking and combustion are still not clear. In
addition, most of the studies are only aimed at the combustion and
emission characteristics of the HCNG engine, and the simulation of
knocking and combustion is relatively lacking. A great deal of research
has been devoted to the effect of EGR on the knocking and combustion of
methanol and gasoline engines, while there is still a lack of research on
the stoichiometric operation HCNG engines. Therefore, the influence of
different combustion chamber structures on knocking and combustion
of natural gas engine was studied by numerical simulation method. Then
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the effects of different hydrogen ratios and EGR ratios on knocking and
combustion of stoichiometric operation natural gas engine were studied
with the best combustion chamber structure.

Methodologies
Experimental setup

Figure 1 shows the engine test platform used in this study. HCNG
internal combustion engine is connected with the eddy current dyna-
mometer through the adapter shaft. By controlling the throttle opening
and engine speed, the engine can be operated within full loads. The
working performance could be monitored by the German HBM high-
precision torque sensor (sensitivity: +0.05%). The HORIBA-MEXA-
7100DEGR emission monitoring system was used to measure NOX,
THC, CO, and CH4. The UK-DMS500 particle emission meter was
selected to measure PM particle size distribution and PM emission
quality. The high-speed YOKOGAWA ScopeCorde was used to record the
cylinder pressure from the Kistler 6117B piezoelectric high-pressure
transducer (range: 0-20 MPa & sensitivity: —16.8 pc/bar). Corre-
sponding crankshaft positions were measured by a Kistler 2613B crank
angle encoder (sensitivity: 0.1-6°) with a resolution of 1 °CA. KSM-400
vertical static mixer was selected as the natural gas and hydrogen mixing
device. The flow rates of CNG and Hy were measured by a micro-motion
flow meter (range: 0-40 kg/h (H2), 0-150 kg/h (CNG), sensitivity:
+0.2%) which used the principle of Coriolis force to directly measure
mass flow. The target hydrogen fraction was obtained by adjusting the
flow of CNG according to the flow of hydrogen through ALICAT flow
control valve (sensitivity: +0.4%). The main control software of the
system was run based on Windows7 operating system and was devel-
oped using the virtual instrument development platform LabVIEW of NI.
The engine specifications are shown in Table 1.

Numerical modeling and validation

The simulation in this work was conducted by the CONVERGE
(Version 2.4) software. The premixed combustion mode is adopted in
this simulation with the assumption of fully mixing in the spark ignition
engine. G equation model was selected based on the flamelet theory of
premixed turbulent combustion. In this method, turbulent flame front
can be tracked by solving the Favre-averaged mean value of non-

Y

'. 2 engine

Fig. 1. Engine test platform in the current study.
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Table 1

Engine specifications.
Engine parameters Value
Bore/stroke (mm) 123/154
Connecting rod length (mm) 242.2
Combustion chamber structure K11N
Compression ratio 11.51
Intake valve opening timing (°CA) 348.5
Exhaust valve opening timing (°CA) 129.5

reacting passive scalar G in corrugated flamelet or thin reaction zone
regime [20].The transport equation of scalar G is shown by Eq. (1).

oG PG oG oG
I Pt ] P @

In above equation,s; is the turbulent flame speed, p, is the unburned
gas density, D, is the turbulent diffusion term, and « is the mean flame
front curvature. G is a passive scalar with G = 0 representing the flame
surface where the chemical reaction happens. G > 0 (G < 0) represents
the burned zone (unburned zone). The turbulent flame speed s; is
calculated by Eq. (2) .
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where, u is the turbulence speed fluctuation, s; is the laminar flame
speed, D, is the Damkohler number, anda4, b;, bsare the model con-
stants. In general, the laminar flame speed in Eq. (2) is usually input by
the empirical formulas proposed by Giilder, Metghalchi et al. [21,22].
However, they are only applicable to a few fuels, such as isooctane,
ethanol, methanol and their mixtures within limited operating condi-
tions. The engine studied in this paper is a large-bore, low-speed,
high-torque turbocharged natural gas engine. The thermodynamic
conditions in the cylinder are beyond the consideration of these
empirical formulas. Moreover, the influence of hydrogen addition on
combustion and knocking is also considered in this paper. Therefore,
based on the theory of Tabulated Laminar Flame-speed (TLF) [23], this
paper uses a more general way to input laminar flame speed which was
obtained by CONVERGE 1-D laminar flame solver [24] with the chem-
ical mechanism of GRI3.0 [25], which is composed of 53 species and 325
reactions. Since the laminar flame speed depends on pressure, temper-
ature, equivalence ratio and EGR, these parameters have to be consid-
ered when building the s; table. The range and step length of each
parameter are shown in Table 2. In the simulation, we used CHy4 instead
of CNG. And the volume fraction of CH4 accounts for 98% of CNG in the
experiment.

To verify the accuracy of the laminar flame speed from the TLF table,
we compared the laminar flame speed calculated by Chemkin and
Converge under 0% H2 and 20% H2 conditions. Figure 2 provides the
laminar flame speed calculated by two methods. The laminar flame
speed calculated by the two methods is basically consistent. Therefore,
the results calculated by Converge can be used as subsequent simulation
calculations.

The visualization process of combustion in the cylinder shows that
the occurrence of knocking is the spontaneous combustion of a part of
the end mixture before the flame front of normal propagation reaches. In

Table 2

Parameter range of TLF.
Parameter Range Step
Pressure (bar) 10-150 2
Temperature (K) 400-1200 50
Equivalence ratio 1.0 -
EGR 13.2218% -
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Fig. 2. The laminar flame speed calculated by Chemkin and Converge.

order to achieve knocking in the simulation, it is necessary to ensure that
the mixture spontaneous combustion phenomenon can be captured in
the unburned zone. The detailed chemical kinetic model is used outside
the flame front [26]. Figure 3 depicts a schematic of the current com-
bustion model. CEQ chemical balance solver was used to track the flame
front and burned zone, and SAGE detailed chemical solver was used
outside the flame (unburned zone). In addition, the multi-zone method
is applied to further improve the computational efficiency. For details of
this modeling method, the readers can refer reference [27].

The simulation calculation starts before the inlet valve opens and
ends when the exhaust valve closes. A complete engine cycle is calcu-
lated. The corresponding 3D CAE model is obtained by extracting the
physical model, as shown in Fig. 4. In this study, the basic grid size is 4
mm, and the cylinder grid is densified to 1 mm. Considering the accu-
racy of the intake manifold calculation, the grid is densified at the cone
angle of intake valve. Two spherical densified areas with a radius of 2
mm and a radius of 4 mm are respectively set near the spark plug to
accurately capture the spark core and the initial flame development. Due
to the rapid changes in temperature and velocity during the combustion
process, adaptive mesh refinement (AMR) is adopted to ensure the ac-
curacy of combustion simulation. The maximum number of grids in the
calculation process is about 2.4 million. The relevant grid parameters
are shown in Table 3. The main models used in the simulation are shown
in Table 4. The renormalization group RNG k—e model based on RANS
with wall function is used to model the in-cylinder turbulence. RNG k—¢
model is widely used in engine modeling, which explains the key
physical effects of flame propagation under engine conditions, such as
compressibility effect. The second order central difference scheme is
used for space discretization, and the first order implicit scheme is used
for time discretization.

CEQ
G<0

P
SAGE G

Fig. 3. Combustion model used in the burned zone and unburned zone.
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Fig. 4. Three-dimensional computational geometry model.

Table 3
Mesh parameter setting.
Mesh parameters Value
Basic mesh 4 mm
Mesh at spark-plug 0.125-0.25 mm
Mesh at the cone angle of intake valve 0.5 mm

Mesh of cylinder 1 mm
Maximum number of meshes 2,400,000

Table 4
The models used in this study.

Turbulence model RNG k—e model

Combustion model
Heat transfer model

G-equation coupled with GRI3.0 methane mechanism
O’Rourke and Amsden

The numerical simulation is based on a turbocharged four-stroke
stoichiometric natural gas engine. The verification was carried out at
1000 rpm and 1963.4 N m. A grid dependency verification was firstly
carried out for the established numerical models, and the test results are

In-cylinder pressure(Mpa)

0 1 1 1 1 1
-60 -40 -20 0 20 40 60
Crank Angle (°CA ATDC)

Fig. 5. Grid dependency verification: in-cylinder pressure predicted with
different grid sizes (2 mm, 4 mm, and 7 mm).
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shown in Fig. 5. It is clearly seen that a coarser grid size of 7 mm predicts
a lower in-cylinder pressure, while the grid sizes of 4 mm and 2 mm
predict the similar results. These variations may be due to the truncation
error in solving second-order differential equations. Based on the
simulation results, the grid size of 4 mm was selected for all the subse-
quent numerical simulations.

The specific simulation boundary conditions are shown in Table 5.
The accuracy of the numerical simulation is verified by comparing the
experimental and simulation results of the cylinder pressure and heat
release rate curves. The validation method similar to the literatures [28,
29] is used here. The detailed verification results are shown in Fig. 6. It
can be observed that the simulated curve is in the cyclic variation en-
velope of the experiment. However, there are some deviations between
the experimental and simulation results. Firstly, there is uncertainty in
the experiment, resulting in significant deviation in the pressure curves
corresponding to different cylinders. At the same time, the model sim-
plifies the combustion chamber structures, resulting in certain differ-
ences between the simulated and experimental structures. Therefore, the
simulation cannot be completely consistent with the experimental re-
sults, but the current results satisfy the requirements of engine simula-
tion and can be used for subsequent optimization work.

Knocking evaluation criteria

In this study, the cylinder pressure oscillation is used to identify the
occurrence of knocking [29]. With the increase of knocking intensity
(KI), the pressure oscillation amplitude should also increase [30].
Therefore, we use the maximum amplitude of pressure oscillation to
evaluate knocking [28]. In the simulation, several numerical sensors are
set at different positions of the combustion chamber to capture the
pressure oscillation, as shown in Fig. 7. The collected pressure signal is
filtered by band-pass filter (5-20 kHz) to obtain the maximum peak
value of pressure oscillation which is designated as PPmax. The
knocking intensity index KI is defined as the arithmetic mean value of
PPmax at these different positions, which is shown in Eq. (3).

1 N

KI = N n:]PPmax,n 3

Results and discussions
Experimental knocking

In order to obtain experimental data on knocking, we conducted
HCNG engine tests based on the above experimental platform. The ef-
fects of different hydrogen ratios (20%, 40%) and different EGR rates on
combustion characteristics were studied at 1100 rpm and medium to
high loads (50%, 70%). During the experiment, we monitored the en-
gine’s knocking through the Kpeak value. The higher the Kpeak value,
the greater the likelihood of knocking occurring. We generally believe
that when the Kpeak value exceeds 1.5 in most cycles, the engine is in
knocking operation. Considering the engine and related safety issues,
the experiment only approached the knocking boundary and did not
detect complete knocking.

Figure 8(a) shows the mean Kpeak values for different hydrogen
ratios at different spark timings. The Kpeak value here is defined as the
mean Kpeak value of the engine over 250 cycles. From the graph, we can

Table 5

Boundary conditions of simulation.
Boundary condition Value
Speed/(r/min) 1000
EGR 13.2218%
Spark timing/ (°CA ATDC) —13 °CA ATDC
Intake pressure/MPa 2.487
Intake temperature/K 327

Applications in Energy and Combustion Science 15 (2023) 100189

Experiment
Simulation
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Fig. 6. Model validation of in-cylinder pressure and heat release rate.

7 1

3 9
Fig. 7. Location of the numerical sensor in the combustion chamber.

observe that under the same spark timing conditions, with the increase
of hydrogen ratio, the Kpeak value increases, which indicates an
increasing trend of knocking. At the same time, as the spark timing
advances, the Kpeak value also increases. The 40% hydrogen ratio shows
a stronger upward trend. Figure 8(b) shows the effect of different
hydrogen ratios and EGR rates on Kpeak value at 70% load operation.
The effect of hydrogen addition is the same as the previous one, and as
the load increases, the Kpeak value significantly increases. Under high
load conditions, the spark timing is also delayed due to knocking limi-
tation. Compared to pure natural gas, the maximum spark timing of the
20% hydrogen ratio condition is delayed by 9 °CA at 70% load opera-
tion. Figure 8(b) also shows the effect of EGR on knocking. As the EGR
rate increases, the Kpeak value decreases. Therefore, knocking is sup-
pressed, and the spark timing is also advanced.

To further demonstrate the experimental knocking phenomenon, we
extracted the maximum Kpeak value cycle from 250 cycles for com-
parison. Under 50% load conditions, we selected the maximum spark
timing of 40% hydrogen ratio as the benchmark, and the maximum
Kpeak values corresponding to the three hydrogen ratios are 0.279 (0%
H2), 0.604 (20% H2), and 2.918 (40% H2), respectively. Figure 9 shows
the cylinder pressure curves corresponding to the maximum Kpeak
value under different hydrogen ratios. It can be clearly observed from
the figure that under the condition of 40% hydrogen ratio, the cylinder
pressure has obvious sawtooth waves near TDC, and the peak value of
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Fig. 8. The mean Kpeak values for different hydrogen mixing ratios and EGR ratios at different spark timings. (a) 50%Load; (b) 70%Load.
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Fig. 9. The cylinder pressure corresponding to the maximum Kpeak value under different hydrogen mixing ratios.

cylinder pressure also increased significantly. Figure 9(b) shows the
effects of different hydrogen ratios and EGR ratios on cylinder pressure
under 70% load conditions. Similar to the previous results, the tendency
to knocking increases with the increase of hydrogen. As the EGR rate
increases, knocking is suppressed. At 70% load operation, the maximum
Kpeak value corresponding to the 20% hydrogen ratio reaches 4.095.

Effect of combustion chamber geometry

The structure of the combustion chamber significantly affects the
turbulence intensity of the engine. Higher turbulence intensity can
achieve faster flame propagation, thus significantly suppressing knock-
ing. Therefore, the optimization of combustion chamber has a great
impact on engine performance. The chamber geometry of original en-
gine is the reentrant shape, which is conducive to the formation of a
squeeze flow to promote the mixing of fuel and air at the top dead
center, but it is not easy to form a tumble flow, resulting in a low tur-
bulence intensity in the combustion chamber.

The tumble ratio (TR) in x direction is defined as the ratio of the

angular speed of the flow about the center of mass in the x direction to
the angular speed of the crankshaft, as shown in Eq. (4),

[}

TR, = @

W crankshaft

where, w; is the ratio of the angular speed of the flow about the center of
mass in the x direction, @crankshas: is the angular speed of the crankshaft.

The swirl ratio (SR) is defined as the ratio of the angular speed of the
flow about the center of mass in the z direction to the angular speed of
the crankshaft, as shown in Eq. (5),

()

SR = %)

wcmnkshaf!

where, w3 is the angular speed of the flow about the center of mass in the
z direction, @crankshase is the angular speed of the crankshaft.

Based on the above theory, under the condition of keeping a constant
compression ratio, two piston geometries are designed for investigating
the effect of combustion chambers on engine knocking and combustion.
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Chambers chamber geometry

Casel: Reentrant

Case2: Turbine

Case3: Cylindrical

Fig. 10. Three combustion chamber structures.

Figure 10 shows the comparison of the three chamber geometries used in
this study.

Among the three cases, Casel is the original combustion chamber
structure of the engine. According to the experiment results, knocking
occurs at the spark timing of —16 °CA ATDC. In the simulation, five
spark timings of —13, —15, —16, —19, —22 °CA ATDC are calculated
respectively. The pressure fluctuation at the monitoring point and the
pressure oscillation curve after band-pass filtering are shown in Fig. 11

Applications in Energy and Combustion Science 15 (2023) 100189

(a). As can be seen from the figure, with the advance of spark timing, the
pressure at monitoring point 1 rises and the pressure oscillation in-
creases. Figure 12(a) shows the KI value of Casel at different spark
timings. Based on the experimental results, knocking occurs at —16 °CA
ATDC. It can be observed that the KI value of Casel is maintained at
about 0.06 MPa before the spark timing of —16 °CA ATDC. However,
The KI value suddenly increases to 0.243 MPa at the spark timing of
—16 °CA ATDC. Therefore, we believe that this model can accurately
predict the experimental knocking conditions and 0.243 MPa can be
used as the knocking threshold under this condition. It can also be seen
from the diagram that further improvement of the spark timing can
significantly increase the KI value. Figure 11(b) and (c) show the pres-
sure fluctuations of Case2 and Case3 at monitoring point 1 and the
pressure oscillation curves after band-pass filtering. It can be seen that
the variation rules of Case2 and Case3 are basically the same as Casel.

Figure 12 shows the KI, IMEP and ITE of three Cases with different
spark timings. We can observe that the KI values of Case2 and Case3 are
lower than that of Casel, which indicates that the combustion chambers
with cylindrical and turbine structure can significantly suppress
knocking. According to the knocking threshold criterion set by Casel,
knocking occurs at the spark timings of —19 °CA ATDC and —21 °CA
ATDC for Case2 and Case3 with KI values of 0.27 MPa and 0.331 MPa
respectively, which widens the knocking boundary. With the advance of
spark timing, IMEP values of three cases show an increasing trend within
the knocking boundary, especially for Case3. However, after the spark
timing exceeds the knocking boundary, the IMEP of Case3 basically
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Fig. 11. Local pressure fluctuation and pressure oscillation after band pass filter for different chambers. (a) Casel; (b) Case2; (c) Case3.
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Fig. 12. (a) KI, (b) IMEP and (c) ITE of three cases at different spark timings.

reaches its peak value, which is mainly due to the increase of negative
compression power. Considering the stability and reliability of the en-
gine operation, the optimum spark timing is determined as the crank-
shaft rotation angle corresponding to 3 °CA ahead of the knocking
occurrence time. Table 6 gives the IMEP values corresponding to opti-
mum spark timings. It can be found in the table that the optimum IMEP
values for Case2 and Case3 are higher than those for Casel due to the
extension of the knocking boundary. We can observe that as the spark
timing advances, the indicated thermal efficiency first increases and
then decreases. However, due to knocking limit, the spark timings of
Casel and Case2 cannot be located at the maximum ITE. Table 6 shows
the optimum spark timing and corresponding IMEP and ITE of engine
without knocking at different cases. Although Case2 is still subject to

Table 6
Optimum spark timings and corresponding IMEP and ITE of engine without
knocking at different cases.

Chambers Ignition time /°CA ATDC IMEP/(MPa) ITE (%)
Casel -13 2.433 43.94
Case2 -16 2.453 44.72
Case3 -18 2.457 44.86

knocking limit and cannot reach its maximum ITE, its optimal ITE under
knocking limit is still higher than Casel. Meanwhile, the optimal spark
timing for Case3 is located at the maximum ITE. The optimal ITE of
Case2 and Case3 under knocking limit is higher than Casel, indicating
that adjusting the combustion chamber structure can suppress engine
knocking and improve the ITE.

To further analyze the impact of different chamber structures on
knocking and combustion, Fig. 13 shows the curves of tumble, swirl and
turbulent kinetic energy (TKE) with crankshaft angle. Both tumble and
swirl flow will affect the turbulent intensity of the combustion chamber.
From Fig. 13(a) and (b), it can be found that compared with the reen-
trant combustion chamber, the turbine and cylindrical shapes can in-
crease the tumble flow to a certain extent. In addition, the swirl flow also
increases. It is worth noting that although the cylindrical structure has a
greater tumble ratio than the turbine structure, its tumble fragmentation
during compression is worse than that of the turbine structure. In
addition, the turbine structure has a relatively higher swirl ratio.
Therefore, in Fig. 13(c), at the end of the compression stroke, the tur-
bulence intensity of the turbine structure is significantly higher than the
other two structures. Figure 14 shows the distribution of TKE of three
cases at different crank angles. It can be seen that the overall TKE dis-
tribution of Case 2 is significantly higher than that of the other two
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Fig. 13. In-cylinder (a) tumble, (b) swirl and (c) TKE of three cases at optimum spark timing.

Cases, which also verifies the TKE rule in Fig. 13(c). In addition, the TKE
distribution of Case2 is closer to the inlet side, which is mainly caused by
the air flow in the intake process. Figure 15 shows the G scalar distri-
bution of three cases under different crankshaft angles. The G equation
model tracks the flame surface propagation by solving the G scalar and
G = 0 means it is on the flame surface. From the figure, we can see that at
the initial stage of combustion, under the same spark timing, the flame
propagation ranges of Case2 and Case3 are faster than that of Casel,
which is mainly due to the wider knocking boundary leading to earlier
spark timing. From the distribution of the flame surface, the flame
propagation of the three cases is relatively uniform, but the flame
propagation of the cylindrical structure is difficult near the lower wall of
the combustion chamber due to the poor squish motion. Although the
turbine structure also has the same problem, it is better than the cylin-
drical structure. Figure 16 shows the cylinder pressure, heat release rate
and combustion phase of three cases under the optimal spark timing.
Compared with Casel and Case3, Case2 has the shortest combustion

duration in both CA10-50 and CA50-90, indicating that Case2 has
better flame propagation. Besides, Case2 and Case3 achieve higher peak
pressure and Case2 also has higher heat release rate. Therefore, based on
the overall consideration consideration, Case2 is used as the subsequent
knocking calculation.

Effect of hydrogen blending ratio

The combustion rate of hydrogen is fast. Mixing a small amount of
hydrogen into natural gas can improve the combustion rate of natural
gas and effectively reduce carbon emissions. Although hydrogen has a
high-octane number, HCNG fuel is still subject to knocking due to the
high combustion chamber temperature. Based on the above consider-
ations, the effects of 10%, 20% and 30% hydrogen volume ratios on
knocking and combustion are studied using the turbine structure
determined in the previous article with constant intake pressure. It is
worth mentioning that due to the change of combustion composition,
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each fuel mixture needs to redefine its TLF.

Figure 17 shows the KI, IMEP and ITE at different hydrogen ratios. It
can be clearly observed from the figure that with the advance of the
spark timing, the KI value of all mixed fuels will increase. The higher the
mixing ratio of hydrogen, the more obvious the growth trend of its KI
value. The KI value of 20% hydrogen volume ratio is basically the same
as that of 10% hydrogen mixing near the knocking boundary, resulting
in the same maximum spark timing of 10% and 20% hydrogen mixing.
Table 7 shows the maximum spark timings and corresponding IMEP of
the engine without knocking under different hydrogen ratios. The
maximum spark timing is defined as the crankshaft rotation angle cor-
responding to 1 °CA ahead of the knocking occurrence time. Compared
with pure natural gas, the maximum spark timings of all mixed fuels
have been delayed, but with the increase of hydrogen ratio, the corre-
sponding maximum spark timing has little change. In addition, since the
inlet pressure remains unchanged and the volumetric heat value of
hydrogen is lower than that of natural gas, the IMEP values of all mixed
fuels will decrease under the addition of hydrogen. From the Fig. 17(c),
it can be seen that with the advance of spark timing, when the spark
timing is higher than —16 °CA ATDC, the ITE values of all mixed fuels
are higher than that of pure natural gas. However, the maximum ITE of
hydrogen mixing under knocking limit is lower than that of pure natural
gas.

To clearly show the flame propagation process of the combustion
chamber with different hydrogen ratios, the G scalar of different
hydrogen ratios at different crankshaft angles is shown in Fig. 18. At the
initial stage of combustion, with the increase of the hydrogen ratio, the
flame propagation process gradually slows down under the same
crankshaft angle condition. The 30% hydrogen mixing at —3 °CA ATDC
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shows the slowest flame propagation. However, in the later stage of
combustion, due to the faster combustion speed of hydrogen, the flame
propagation of the four cases is basically similar. It is noteworthy that
due to the defects of the turbine itself, the flame propagation on the
lower wall of the combustion chamber is difficult. However, at the angle
of the 17 °CA ATDC, the combustion condition of the lower wall of the
combustion chamber has been improved with the increase of the
hydrogen ratio and the flame covers the entire lower wall area of the
combustion chamber.

Figure 19 shows the cylinder pressure, heat release rate and com-
bustion phase at the maximum spark timing under different hydrogen
ratios. It is basically the same as the previous conclusions that the spark
timing is delayed due to the knocking limit, and the cylinder pressure
after hydrogen addition is reduced greatly. Due to the faster combustion
of hydrogen, the peak heat release rates of mixed fuels are higher than
that of pure natural gas fuel, but the overall curves are relatively more
right due to the late ignition. From the perspective of combustion phase,
the conclusion also corresponds to the flame propagation image in the
previous article. With the increase of hydrogen ratio, the duration of
CA50-CA90 will be shortened, because the addition of hydrogen ac-
celerates the combustion speed in the later stage of combustion. In
general, simply increasing the mixing ratio of hydrogen will inhibit the
knocking boundary of the engine. Although hydrogen mixing will
improve the carbon emissions to a certain extent, delayed spark timing
will inhibit the flame propagation and ultimately lead to the reduction of
the engine’s IMEP. Therefore, only changing the proportion of hydrogen
cannot meet the operating requirements of the engine. EGR, as a tech-
nical measure, can effectively reduce the temperature of the combustion
chamber, thus suppressing knocking. In order to study the effect of EGR
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rate on knocking and combustion of HCNG engine, it is finally decided to
use 30% HCNG fuel as the basis for subsequent research.

Effect of EGR rates

Based on the turbine structure and 30% hydrogen mixing, the effects
of 14% (default), 20%, 25% and 30% EGR rates on engine knocking and
combustion are studied. As before, since the adjustment of EGR rate will
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affect the laminar flame speed, we recalculated the TLF. Figure 20 shows
the KI, IMEP and ITE at different EGR rates. From the figure, we can see
that with the increase of EGR rate, the knocking tendency of the engine
decreases gradually. In addition, no knocking was observed when the
30% EGR rate reached the peak of IMEP. Table 8 shows the maximum
spark timings and corresponding IMEP and ITE of the engine without
knocking at different EGR rates. Compared with the spark timing of 14%
EGR rate, on this basis, 20% EGR rate is advanced by 5 °CA, 25% EGR
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Fig. 17. (a) K1, (b) IMEP and (c) ITE at different hydrogen ratios.
the maximum spark timings corresponding to different EGR rates are
Table 7

Maximum spark timings and corresponding IMEP and ITE of engine without
knocking under different hydrogen ratios.

Hydrogen ratio Ignition time /°CA ATDC IMEP/(MPa) ITE (%)
H2.0 -18 2.465 44.43
H2_10% -13 2.257 44.05
H2_20% -13 2.286 43.67
H2_30% —12 2.27 43.79

rate is advanced by 11 °CA and 30% EGR rate is advanced by 19 °CA.
This shows that increasing EGR rate has a good ability to suppress
knocking. Because of the high EGR rate, the temperature of the com-
bustion chamber is reduced and the knocking suppression is realized.
From the perspective of IMEP, with the increase of EGR rate, the en-
gine’s IMEP will decrease. This is mainly because under the condition
that the inlet pressure remains constant, increasing the EGR rate will
reduce the fuel and ultimately lead to the reduction of IMEP. With the
continuous advance of the spark timing, the corresponding IMEP values
increase under the four EGR rates and the improvement of IMEP is more
obvious under the 20% EGR rate. As for the ITE, at the same spark
timing, the ITE gradually decreases with the increase of EGR rate.
However, due to the higher anti-knocking performance of high EGR rate,
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shown in Table 8. Under the condition of maximum spark timing, the
ITE increases with the increase of EGR rate. The ITE of 30% EGR rate
reached 46.26%, which was 2.06% higher than that of 14% EGR rate.

Figure 21 shows the G scalar of different EGR rates at different
crankshaft angles. It can be observed from the figure that at the initial
stage of combustion, the flame propagation range increases with the
increase of EGR rate. This is mainly due to the reduction of knocking
tendency, thus achieving a more advanced spark timing. Fig. 22 shows
the cylinder pressure, heat release rate and combustion phase of
different EGR rates at the maximum spark timing. It can be seen from the
figure that with the increase of EGR rate, the peak value of cylinder
pressure decreases firstly and then increases and the cylinder pressure
curve moves to the left as a whole. In addition, the peak heat release rate
gradually decreases with the increase of EGR rate and the curve moves
to the left as a whole. The increase of cylinder pressure is mainly due to
the realization of a more advanced spark timing, while the decrease of
the peak heat release rate is mainly due to the fact that the inlet pressure
remains constant, which leads to the reduction of fuel. From the
perspective of combustion phase, with the increase of EGR rate, the
ignition delay and combustion duration will increase. This also shows
the dilution effect of EGR rate.
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Conclusions knocking and combustion was firstly investigated in this paper. In

addition, the knocking and combustion characteristics under different

In this work, the knocking and combustion characteristics of stoi- hydrogen ratios and EGR ratios were also studied. The main conclusions
chiometric operation natural gas engine were studied by numerical are summarized as follows:

simulation. The influence of different piston geometries on engine

13
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Fig. 20. (a) KI, (b) IMEP and (c) ITE at different EGR rates.
turbine structure is advanced by 3 °CA, and the IMEP is increased by
Table 8

Maximum spark timings and corresponding IMEP and ITE
knocking at different EGR rates.

of engine without

EGR Ignition time /°CA ATDC IMEP/(MPa) ITE (%)
14% -12 2.29 44.2
20% -17 2.130 44.77
25% -23 2.050 45.79
30% -31 1.936 46.26

1 In the combustion model, the TLF method is used to input the

0.2 bar.

3 The addition of hydrogen will increase the knocking tendency of the

engine. Compared with pure natural gas, the maximum spark timing
of 30% hydrogen mixing is delayed by 6 °CA. Due to the low volume
heat value of hydrogen, the addition of hydrogen will also reduce the
IMEP. However, the addition of hydrogen may accelerate the com-
bustion rate at the end of combustion to a certain extent.

4 EGR can significantly reduce the knocking tendency of HCNG engine

by reducing the combustion temperature in the cylinder. Compared
with the case of 14% EGR rate, the spark timing of 30% EGR case is

laminar flame speed, which solves the calculation error of laminar
flame speed caused by the empirical formula and achieves a higher
thermodynamic and component range of laminar flame speed.

2 The effects of three different combustion chambers on knocking and
combustion are studied. The turbulence intensity of the combustion
chamber has a particularly critical impact on the knocking. Among
the three combustion chamber structures, the turbine structure ex-
hibits a higher swirl ratio and tumble crushing, resulting the highest
turbulence intensity and the best anti-knocking performance.
Compared with the reentrant structure, the spark timing of the

14

advanced by 19 °CA, and the indicated thermal efficiency is
increased by 2.06%.
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