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Abstract


Spark-ignited natural gas engines have received increasing attention in the heavy-duty market due to their low cost and reliability advantages. However, there are still some issues with natural gas engines retrofitted from 10 to 15 L diesel engines, which is a valuable medium-term goal for the automotive industry. In this work, the effect of intake port structure on the performance of a spark-ignited heavy-duty natural gas engine was investigated by multidimensional numerical simulations. A newly designed intake port was proposed, with strengthened in-cylinder turbulent kinetic energy and homogeneous air-fuel mixtures. Bench tests show that the proposed intake port has impressive thermal efficiency, cycle variation, and acceptable emissions performance. The effective thermal efficiency improves from 41.0% to 41.4%, and the cycle variation is 36% lower than traditional schemes. However, with the accelerated flame propagation, the in-cylinder temperature and NOx emission of the mixed-flow port increase while the CO emission decreases. In summary, a proper balance of in-cylinder swirl and tumble flow can significantly affect the economy and stability of natural gas engines. The proposed structure solves the inherent problems of slow natural gas flame propagation and harmful cyclic variations.
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1. Introduction


The signing of the Paris Agreement has reminded people about the widespread concerns about climate risks and the negative impacts of fossil fuels. The agreement sets a long-term global goal to limit the temperature increase to 1.5 °C by phasing out inefficient fossil fuels [1]. In this context, clean fuels such as methanol [2], syngas [3], hydrogen [4], and biofuels [5,6] are receiving increasing attention. However, most alternative fuel vehicles have not yet been widely accepted by the market, constrained by fuel technology, fueling station availability, purchase price, operational cost, fuel efficiency, mileage, and maintenance cost [7].



Compared with traditional gasoline and diesel, alternative fuels commonly have lower hydrogen-carbon ratios and combustion temperatures, resulting in CO2, NOx, and PM emissions advantages. However, the slow promotion of alternative fuels implies inherent defects, which increase the application cost in most cases. For example, methanol’s high calorific value, fast flame speed, and high knock resistance significantly improve engine efficiency. Still, its condensation at low temperatures and corrosiveness at high temperatures make it difficult to use as an engine fuel alone. Complex schemes such as conventional Spark Ignition (SI) engines with methanol as octane boosters or gasoline-methanol flex-fuel engines are more promising for light-duty applications. For heavy-duty applications, diesel-methanol dual-fuel Compression Ignition (CI) engines are widespread on large ships [8], but at the expense of higher manufacturing costs and reliability risks. Similarly, hydrogen suffers from the challenges of storage safety and hydrogen embrittlement, limiting its application as an independent engine fuel [9]. In contrast, Natural Gas (NG) [10] stands out as the most promising alternative fuel for engines because of its availability, safety, and other superiority, such as low corrosiveness.



To further investigate the emission reduction capacity of NG, mechanical scientists and engineers keep developing progressive engine techniques. Premixed Charge Compression Ignition (PCCI) [11,12], Reactivity Controlled Compression Ignition (RCCI) [13], and Homogeneous Charge Compression Ignition (HCCI) [14,15] not only significantly improve thermal efficiency and reduce CO2 emissions [16,17] but also provide excellent fuel adaptability and flexibility. However, the uncontrollable combustion of HCCI, the limited load area of PPCI, and the high HC and CO emissions of RCCI need additional attention. Lean burn [18] and Exhaust Gas Recirculation (EGR) [19] technologies offer distinct advantages in suppressing pollutants and knocking. But the low-temperature methane catalysis challenge of lean burn mode and the exhaust pulse issue of EGR should be addressed appropriately. In addition, hydrogenated NG [20] and NG-diesel dual-fuel [21] technologies improve ignition stability by increasing the initial number of combustion nuclei, solving the inherent problem of slow NG flame propagation [22].



Nevertheless, in the quest for advanced combustion technologies, contradictions among customers, manufacturers, and regulators are often overlooked [23]. For customers, low prices and performance are the most substantial attributes. But the two attributes usually mean uncertainty of emissions controls, which regulators care about the most [24]. Manufacturers must compromise between customer needs and society’s goals and carefully consider the most valuable technologies for mature production lines. For heavy vehicles, SI NG engines retrofitted from the traditional diesel scheme [25] are the first to complete commercial promotion and receive extensive attention from the industry [26].



Limited by the manufacturing cost and product universality requirements, heavy-duty NG engines prefer to follow the swirl intake design of diesel engines. But during compression, the swirl flow’s Turbulent Kinetic Energy (TKE) becomes insufficient, exacerbating NG’s inherent slow combustion problem. To continuously improve engine performance, developing intake, exhaust, and combustion systems that match the NG premixed combustion mode is a valuable mid-term goal. Among them, the improvement of the intake port should be completed first to enhance the scavenging, ignition, and combustion performance. The objective can be achieved in several ways, depending on design parameters and numerical models. As the basis of modern numerical simulation, the 1D method is still one of the most potent tools for intake system research. Kesgin [27] established a 1D model of a stationary NG engine, optimizing the valve timing, valve diameter, valve lift profile, exhaust manifold diameter, inlet/exhaust pipe length, and pipe junction geometry. The improved intake system increased the thermal efficiency of the engine. In contrast, multi-objective optimization combining 1D fluid dynamics models [28], machine learning [29], and search algorithms [30,31] is more advanced. It should be noted, however, that the more empirical approach is not conducive to revealing the nature of physical phenomena.



On the other hand, with the improvement of computational efficiency, 3D simulation has gradually become popular. Basha et al. [32] reviewed Computational Fluid Dynamics (CFD) simulations of in-cylinder flow, turbulence, and spray characteristics, comparing the accuracy, efficiency, and availability of different models and codes. Jemni et al. [33] performed geometric optimization on the intake system of a heavy-duty liquefied petroleum gas engine based on 3D CFD code, significantly improving brake power, brake torque, and brake thermal efficiency. Wahono et al. [34] compared the effects of four intake port schemes on the flow organization, including various combinations of helical and tangential structures. They found that the flow coefficient and TKE of the tangential intake port were better, contributing to the formation of a homogeneous air-fuel mixture. The reviewed investigations supply essential understandings of intake systems for NG engines. However, comprehensive work about flow, combustion, and emissions in the cylinder is relatively insufficient, particularly for heavy SI NG engines.



Therefore, the present research strives to improve engine performance and emissions by modifying the intake port structure. Based on a commercial SI NG engine, this study proposes a Mixed-Flow Intake Port (MFIP) structure to explore performance boundaries by improving the large-scale flow and TKE. The flow, combustion, and emission characteristics of MFIP and Swirl Intake Port (SIP) were compared through multidimensional numerical simulation. A novel optimized chemical kinetic model [35] is applied in the 3D simulation with the calculation time cost saved by 30% while high accuracy is maintained. The simulation results are in good agreement with the bench test. In conclusion, this study revealed the intake characteristics and effects of 10~15 L heavy-duty SI NG engines, laying a theoretical foundation for the future application of strong tumble flow intake schemes.




2. Methods


2.1. Experimental Setup


The schematic diagram of the experimental setup is shown in Figure 1. The experimental engine adopts a mass-produced heavy-duty SI NG engine, with the specifications shown in Table 1. The bench test uses high purity Liquefied Natural Gas (LNG) with methane concentration as high as 97%, significantly reducing the impact of impurities on combustion simulation, as shown in Table 2. The LNG is stored in a 20 MPa steel tank. After heating, it passes through a gas filter, a pressure regulator, and a mass flow meter, respectively, and then is injected into a mixer at a pressure of 0.8 MPa. After mixing homogenously with air, the NG enters the cylinders at the intake stroke. The instruments for the bench test are shown in Table 3. Operation parameter control and temperature/pressure sampling are realized by PC software INCA and AVL-PUMA, respectively. A 700-kW electronic dynamometer maintains the speed and load of the engine. The Horiba MEXA-7100 DEGR at the outlet is used to detect raw engine emissions.




2.2. Numerical Models and Calibration


The CFD solver CONVERGE is used to simulate the in-cylinder combustion process, in which the physical and chemical models are shown in Table 4. The 3D simulation calculates the flow, combustion, and emission distributions between the intake and exhaust ports. The mesh is refined automatically by adaptive technology according to speed and temperature gradients. The boundary conditions are determined according to the 1D software GT-Power, of which the calibration is based on the bench test data to ensure convergence stability. Then, three meshing strategies are used for independence verification, where the simulation results of 1.4 million and 2.8 million grids are similar, while the deviation of 0.7 million grids is apparent.



The calibration comparison, i.e., experiment vs. simulation in terms of in-cylinder pressure and Heat Release Rate (HRR), is shown in Figure 2. The ignition delay, combustion center, and combustion duration are all in good agreement under the low-speed torque point of 1000 rpm and 2150 N·m. Thus, it is evident that the 3D combustion model adopted in this paper presents high prediction accuracy for the in-cylinder process and is suitable for intake port research.





3. Results and Discussion


3.1. Influence of Intake Port on In-Cylinder Flow


The intake port structure determines the large-scale in-cylinder flow and turbulent kinetic energy, further affecting the engine performance and emissions. The large-scale in-cylinder flow is characterized by swirl and tumble flow, parallel and perpendicular to the cylinder axis, as shown in Figure 3c. Reasonable flow organization can increase in-cylinder TKE, strengthen heat and mass transfer, and improve the inherent defects of NG engines, including slow flame speed and harmful cycle variation. In this paper, the intake port of the SI NG engine is modified, and the intake tumble flow is enhanced by changing the helical port to a tangential port, as shown in Figure 3.



The CFD simulation was conducted to reveal the difference in the in-cylinder flow of the two intake ports as the basis for the subsequent engine performance analysis. Figure 4 compares the SIP and MFIP in Swirl Ratio (SR), Tumble Ratio (TR), and average TKE under the low-speed torque point of 1000 rpm, 2150 N·m. The term SR is defined by Equation (1), where    L d    represents the engine shape factor,    C f    represents the flow coefficient,    N R    represents the dimensionless swirl,    α 1    and    α 2    represent the crank angle when the intake valve opens and closes. Moreover, the definition of TR is similar.


  S R =  L d  ·     ∫    α 1     α 2     C f   N R  d α         ∫    α 1     α 2     C f  d α    2     



(1)







In the early stage of compression before 50° CA bTDC, the SR values of both intake ports remain almost constant. As the compression stroke progresses, the cylinder head and the piston top land are squeezed, the peripheral swirl flow moves inward, and the in-cylinder SR rises rapidly. At the end of the compression, the swirl is broken by the vertical impact of the squish flow, decreasing the SR. Overall, the SR of MFIP is 32% lower than SIP, and the maximum SR is reduced from 1.57 to 1.07.



During the compression process, both the TR of MFIP and SIP presented a rising-falling trend. The reason is that as the piston moves upward, the in-cylinder volume decreases, and the airflow passively tumbles. When the in-cylinder volume declines to the critical point, the tumble flow begins to break up gradually under the action of extrusion and shearing to form small-scale turbulence, resulting in a decrease in the TR. Compared with SIP, the maximum in-cylinder TR of MFIP is increased from 0.20 to 0.94, an increase of 470%. In summary, the large-scale in-cylinder flow of the two intake ports differs obviously. The in-cylinder SR of MFIP decreases while the TR increases significantly.



By definition, TKE is determined by macroscopic kinetic energy and its variance. During the compression process, the tumble flow hits the piston straight, then breaks into smaller eddies, increasing the turbulence intensity. Therefore, the average TKE of MFIP keeps more heightened than SIP. At TDC, the TKE of MFIP is 25% more elevated. On the other hand, as the compression progresses, the turbulence dissipation increases with the flow complexity, resulting in a decrease in the average velocity, and the average TKE of both intake ports shows a downward trend.




3.2. Influence of Intake Port on Engine Performance


The large-scale flow of MFIP presents better organization, resulting in higher TKE, which helps improve the NG engine’s performance. In a combined bench test and CFD simulation, this paper quantitatively researches the influence of intake ports on engine performance. Table 5 shows the typical operating points for intake port research, including the maximum power point, maximum torque point, typical operating point, and low-speed torque point of the engine. The results indicate that MFIP improves engine economy and stability, presenting more advantages than SIP.



Based on bench test data, Figure 5 compares SIP and MFIP in cycle variation and the effective thermal efficiency under different operating conditions. The term cycle variation, i.e., Coefficient of Variation, is defined by Equation (2), where  μ  and  σ  represent the mean and standard deviation of  n  cycle measurements, respectively.


  C o V =  σ μ  × 100 %  



(2)







As the speed of operating points 1, 2, and 4 gradually decreases, the cycle variation advantage of MFIP increases. Compared with SIP, the cycle variation of MFIP at operating point 4 decreased by 23.5%, while the decrease in operating point 1 was only 11.7%. The intake volume decreases with engine speed reduction, and MFIP becomes more critical to improving turbulence intensity. Therefore, the combustion duration of MFIP at low speeds is shorter, and the engine stability becomes stronger. Similarly, among operating points 2 and 3 at the same speed, point 3 with lower torque has a 35.8% cycle variation advantage. In addition, the economy of MFIP is 0.9~1.2% better than SIP, and the highest thermal efficiency reaches 41.4%.



This paper applies an optimized hybrid kinetic model based on stochastic gradient descent [35]. Compared with the detailed reaction mechanism of natural gas, the computational cost for the optimized model is significantly reduced. The previous study has found that the accuracy of the optimized model has obvious advantages over the general simplified mechanism [23]. Based on the CFD simulation, Figure 6 compares the HRR and accumulated Heat Release (HR) of the two intake ports. The characteristic combustion parameters are shown in Table 6. The results show that the ignition delay period (Pre-CA10) of MFIP is shortened, the combustion center (CA50) is advanced, whereas the combustion duration (CA10~CA90) is longer.



The ignition delay is usually detrimental and can be suppressed by enhancing spark energy and turbulence intensity. Because of the higher TKE of MFIP, the combustion nucleus develops faster, resulting in a decrease in ignition delay by 9%. In the early combustion stage (CA10~CA50), due to the high in-cylinder TKE, the flame front is extended by turbulence, which increases the flame propagation speed. Therefore, the early combustion stage of MFIP is shortened by approximately 11%. Meanwhile, the combustion center of MFIP is closer to TDC, improving thermal efficiency. However, in the late combustion stage (CA50~CA90), the breaking process of the tumble flows almost ends. In contrast, the swirl flow is disturbed by the squish impact, which eventually leads to a decrease in the combustion speed of MFIP and a 37% extension of the late combustion stage.




3.3. Influence of Intake Port on Engine Emissions


The pollutants emitted by NG engines mainly fall into three categories: NOx, CO, and HC (unburned and partially burned hydrocarbons). Pollutant emission levels depend on the interaction between the in-cylinder physical and chemical processes, commonly dominated by chemical kinetics and deviating from chemical equilibriums. The MFIP has more homogeneous air-fuel mixing and faster flame propagation than SIP, so the CO emissions are significantly reduced, the NOx emissions are increased, and the HC emissions are roughly the same.



The comparison of NOx, CO, and HC of MFIP and SIP under the two operating conditions is shown in Figure 7. Under the two operating conditions, the NOx emissions of MFIP are 0.62 and 0.58 g/kWh higher than SIP, respectively, with a relative increase of 11.8% and 8.4%. In general, thermal NOx is the primary source of nitrogen oxides in NG engines. Its generation follows the Zeldovich mechanisms [36], which are sensitive to temperature and oxidizing atmosphere. On the one hand, MFIP has fast flame propagation and high temperature in the cylinder, promoting thermal NOx generation. On the other hand, the engine adopts the stoichiometric combustion mode, so the influence of O2 concentration seems relatively negligible.



Under the two operating conditions, the CO emissions of MFIP are 1.03 and 1.15 g/kWh lower than SIP, with a relative reduction of 10.9% and 9.9%. Previous studies have suggested that CO emissions are affected by both chemical equilibrium and reaction kinetics [37]. MFIP promotes the formation of a homogeneous air-fuel mixture, increases the concentration of OH, H, and O radicals, and suppresses the generation of CO. At the same time, MFIP also increases the exhaust temperature and promotes the chemical kinetics of CO oxidation, further reducing CO emissions.



The HC emissions of the two intake ports were approximately similar. While the emission concentration of MFIP is slightly taller, 3.4% and 2.4%, than SIP. The combustion chamber crevice contributes the most to HC emissions, and its sensitivity is strongly affected by the small-scale flow and flame boundary [38]. The combustion center of MFIP is closer to TDC, which increases the in-cylinder pressure, thereby increasing the unburned mixture in the combustion chamber crevice.



Figure 8 compares the intake ports in NOx mass fractions and in-cylinder temperatures. The NOx concentration is highly dependent on the in-cylinder temperature with an inevitable delay. In the range of 5~30° CA aTDC, affected by the flame propagation process, the exhaust side temperature is higher, resulting in the local enrichment of NOx. The in-cylinder temperature peaked at 10° CA aTDC, while NOx generation was kinetically controlled by the reaction of N2 with O radicals [39]. Hence the maximum NOx concentration appeared later at 20° CA aTDC. Due to the high TKE and combustion temperature of MFIP and the longer late combustion stage, its NOx mass fraction is more increased than SIP.





4. Conclusions


A mixed-flow intake port was designed in this work based on a heavy-duty natural gas engine. The influence of the structure on the in-cylinder large-scale flow and turbulent kinetic energy was analyzed via the CFD method, and the bench test confirmed the superior performance of the mixed-flow intake port. Further temperature distribution and NOx mass fraction were analyzed to demonstrate the influence on in-cylinder combustion and emission processes.



During compression, the tumble ratio of the mixed-flow intake port is significantly higher than the swirl intake port. The tumble ratio peak was increased from 0.2 to 0.94, an increase of 470%. At the same time, the swirl ratio decreased from 1.57 to 1.07, a decrease of 32%. Since the tumble flow is more easily broken near the top dead center, the turbulent kinetic energy of the mixed-flow intake port is higher than the swirl intake port.



Bench tests have demonstrated that the thermal efficiency of the mixed-flow intake port reaches 41.4%, which is 0.9~1.2% higher than the swirl intake port. The operational stability of the engine is improved, and the cycle variation is reduced by 0.6, or 36%. Mixed-flow intake port presents higher performance advantages than the swirl intake port.



The simulation results show that the initial combustion nuclei of the mixed-flow intake port develop faster, and the ignition delay period is 9% shorter than the swirl intake port. The early combustion stage is shortened by 11%, and 3.5° CA advances the combustion center. As the in-cylinder tumble-crushing process gradually ends, the late combustion stage of the mixed-flow intake port is prolonged by 37%.



The test results show that the NOx emission of the mixed-flow intake port is more elevated, the CO emission is reduced, and the HC emission is close to the swirl intake port. Comparing the temperature distribution and NOx mass fraction, the combustion temperature of the mixed-flow intake port is higher, resulting in additional NOx concentrated in the exhaust side of the cylinder.



It should be noted that the present research primarily concentrates on the performance of flow, combustion, and emissions at the macro level. The interaction of the microscopic flow and combustion still needs further exploration. At the same time, future work should also address the effect of the in-cylinder flow on flame propagation and knocking phenomena.
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Abbreviations




	CA
	Crank Angle



	CA10/CA50/CA90
	the Crank Angle with 10%/50%/90% cumulative heat release



	CFD
	Computational Fluid Dynamics



	CI
	Compression Ignition



	EGR
	Exhaust Gas Recirculation



	HR
	accumulated Heat Release



	HRR
	Heat Release Rate



	LNG
	Liquefied Natural Gas



	MFIP
	Mixed-Flow Intake Port



	NG
	Natural Gas



	SI
	Spark Ignition



	SIP
	Swirl Intake Port



	SR
	Swirl Ratio



	TDC
	Top Dead Center



	TKE
	Turbulent Kinetic Energy



	TR
	Tumble Ratio
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Figure 1. The schematic diagram of the experimental setup. 
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Figure 2. Comparisons of in-cylinder pressure and heat release rate between experiments and simulations. 
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Figure 3. Comparison of the (a) SIP, (b) MFIP structures, and (c) large-scale in-cylinder flow. 
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Figure 4. The comparisons of the SIP and MFIP in (a) SR, TR, and (b) TKE. 
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Figure 5. The comparison of SIP and MFIP in (a) cycle variation and (b) effective thermal efficiency under different operating conditions. 
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Figure 6. The comparison of the SIP and MFIP in heat release rate (bule lines) and accumulated heat release (orange lines). 
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Figure 7. The comparison of NOx, CO, and HC of the two intake ports under (a) operating point 1 and (b) operating point 2. 
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Figure 8. Comparison of SIP and MFIP in (a) NOx mass fraction and (b) temperature. 
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Table 1. The engine specifications.






Table 1. The engine specifications.





	Item
	Content





	Type
	In-line six-cylinder, four-stroke



	Ignition
	Spark Ignition



	Intake
	Turbocharged, intercooler



	EGR
	High-pressure loop, cooled EGR



	Fuel
	Liquefied natural gas



	Displacement (L)
	12.54



	Bore (mm)
	127



	Stroke (mm)
	165



	Connecting rod length (mm)
	253



	Idle speed (rpm)
	650



	Compression ratio
	12.5



	Maximum torque (N·m)/Speed (rpm)
	2300/1100~1300



	Rated Power (kW)/Speed (rpm)
	338/1900



	Intake valve open
	20° CA bTDC



	Intake valve close
	34° CA aBDC



	Exhaust valve open
	50° CA bBDC



	Exhaust valve open
	23° CA aTDC










 





Table 2. The components and properties of the test fuel.
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	Component
	Volumetric Concentration (%)
	Fuel Properties
	Data





	Methane
	97
	Low heat value (MJ/kg)
	47.8



	Ethane
	0.4
	Octane number
	130



	Propane
	0.1
	Autoignition temperature (°C)
	650



	Butane
	0.04
	Stoichiometric ratio
	16.6



	Nitrogen
	1.92
	Carbon content (%)
	72



	Oxygen
	0.54
	
	










 





Table 3. The instruments for the bench test.
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Instruments

	
Type

	
Range

	
Accuracy






	
Dynamometer

	
AVL electronic dynamometer

	
0~700 kW

	
±0.2% FS




	
0~4500 rpm

	
±2 rpm




	
Combustion analyzer

	
AVL-INDISET ADVANCED PLUS

	
-

	
-




	
Pressure transducer

	
Kistler 6118 CF

	
0~150 bar

	
±0.6% FS




	
NG flow meter

	
TOCIL CMF025

	
0~125 kg/h

	
±0.35%




	
Air flow meter

	
ABB Sensyflow FMT700-P

	
0~2400 kg/h

	
±0.1% FS




	
λ meter

	
ETAS Lambda Meter

	
-

	
±0.001




	
Gas analyzer

	
Horiba MEXA 7100 DEGR

	
THC: 0~5000 ppm

	
THC: ±1% FS




	
NOx: 0~10,000 ppm

	
NOx: ±1% FS




	
CO2: 0~20 vol%

	
CO2: ±1% FS




	
CO: 0~5000 ppm

	
CO: ±1% FS




	
O2: 0~25 vol%

	
O2: ±1% FS











 





Table 4. The models in the simulation.
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Phenomenon

	
Model






	
Turbulence model

	
RNG k-ε model




	
Hybrid wall treatment




	
Wall heat transfer model

	
O’Rourke and Amsden




	
Multiphase flow model

	
Eulerian model




	
Ignition model

	
Source sink model




	
Combustion model

	
Methane mechanism




	
Emission model

	
Zeldovich mechanism











 





Table 5. Typical operating points selected for intake port research.
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	Operating Point
	Speed (rpm)
	Torque (N·m)





	1
	1900
	1700



	2
	1300
	2300



	3
	1300
	1600



	4
	1000
	2150










 





Table 6. The characteristic combustion parameters of SIP and MFIP.
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	Key Parameters
	SIP
	MFIP





	Specific fuel consumption (g/kW·h)
	167.7
	166.6



	Indicated thermal efficiency (%)
	44.9
	45.2



	Pre-CA10 (° CA)
	24.2
	22



	CA10~CA50 (° CA)
	12.7
	11.2



	CA50~CA90 (° CA)
	15.6
	21.5



	CA50 (° CA)
	16.7
	13.2
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
Operating point 1 (g/kwh)





media/file4.png
140

120

100

N oo
=) =]

-
S

In-cylinder pressure (bar)

20

-

Experiment
- = =3D Simulation

-«

Crank angle (° CA)

1200

1000

800

600

400

200

HRR (J/° CA)





nav.xhtml


  energies-15-08545


  
    		
      energies-15-08545
    


  




  





media/file16.png
SIP MFIP

L . Ba B

L Al 2

NOx mass fraction (-)

20 °CcA

30 °CA

0.00%0 1.25%0 2.50%0 3.75%0 5.00%0

(a)

LLL

SIP

MFIP

800

Temperature (K)
1200 1600 2000 2400
(b)

2800





media/file2.png
Pressure
regulatorJ < EGR cooler +

E j Gas mass ‘g-!, @ 0 Fﬁ l |

flow meter 5 h——

O (4%7 Spark olye CYIRAST pressure sensor

LNG tankj as airjmixer P P g Battery

Gas filter I} ‘] I
- ™ X\' A

Air mass

? o ﬂow meter Turbocharger Thronle ]
> p4 b . -
o = Il e
EM 2o%? Y po— ‘ polant temperature
B ; e =1, Camshaft
xR Exhaust temperature sition senso ,
‘:ﬂ’ ! Crankshaft AVL combustion
sensor
I % position sensor analyzer
ae—
-/ Universal '

D [ /6xygen Sensor Crankshaﬁ encoder |

- Ejﬂ :L_5 AVL electronic
[:] (E] dynanometer
—— (] |
Horiba MEXA-7100 DEGR B






media/file5.jpg





media/file3.jpg
(VD ./1) diH

s o
g€ 8 ¢ ¢ 2 =
S 8 8 8 8 8
2 2 8 8 § & o
mm
Fl
£E
§a
=0
e
|
'
'
s s 2 2 2 2 = o
g 8 88 8 8 8]

(auq)2anssoad sapuyio>-u

100

-50

Crank angle (° CA)





media/file1.jpg
.Of s

fowmeer 5
&
Gas s

Airmass
fow et

Airier Exhaun

Horba MEXA7100 DEGR.






media/file7.jpg





media/file10.png
Operating Point 4

Operating Point 3

Operating Point 2

Operating Point 1

Cycle variation (%)

B Mixed-flow port m Swirl port

(a)

1.89

Operating Point 4

Operating Point 3

Operating Point 2

Operating Point 1

Effective thermal efficiency (%)
41.0
40.2
40.6

38.7
38.3

u Mixed-flow port ® Swirl port

(b)

4





media/file12.png
HRR (J/°CA)

900 ¢ - 12000
f\ _ |= = = Swirl port =
800 S s Mixed-flow port
‘| ‘ 110000
700 | 7
,4
600 | I ) 18000
l \
I
500 r N/ / |
.[‘ ] \ 16000
]
400 | A
1/, \
300 | N[y \ 14000
/ / \
/ \
200 - ! 7 \
d / \ 12000
/ /
100 | 2 /s
\
” 7 N ~ — p—
0 1 1 1 1 ' 0
20 10 0 10 20 30 40

Crank angle (°CA)

HR (J)





media/file9.jpg





media/file17.png





media/file14.png
Operating point 1 (g/kWh)

4.01
3.88

10.42

NOx

m Mixed-flow port m Swirl port

(a)

Operating point 2 (g/kWh)
- [ -
2.97
11.52
NOx
6.88

m Mixed-flow port m Swirl port

(b)





media/file8.png
P

Swirl port K Swirl port
~14F Mixed-flow port 100 Mixed-flow port
.9 /
1.2t ]
=
; /\

n o1 ;
1 1 NA
0.8 N&
E
Ll
0.8 E

f

Tumble ratio (=)
{ e
F-N

0 ' ' 10 : : -
-150 -100 -50 0 -150 -100 -50 0

Crank angle (°CA) Crank angle (°CA)

(a) (b)





media/file11.jpg
900 1200
800
10000
700
600 8000
<
9 500
5 6000
x
£ 400
]
300 4000
200
2000
100
NN
0 = 0
20 10 0 10 20 30 40

Crank angle (°CA)

HR (J)





media/file6.png





media/file15.jpg
NOX mass fraction ()
000N 125 250w 375N 500N

(@)

Temperature (K)
80 120 180 200 20 200

(b)





