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ABSTRACT

	Aims: This paper selects the free-piston hydrogen engine as its research subject, concentrating on investigating the coupled impacts of intake pressure on in-cylinder combustion, airflow dynamics, heat transfer, and emissions, with the aim of identifying the optimal operating conditions.
Study design: A simulation model was developed by employing a coupled dynamics and thermodynamics methodology, and iterative computations were utilized to dynamically update the piston motion trajectory and combustion model. Subsequently, a three-dimensional model was constructed, incorporating the ECFM 3Z combustion model and the Han Reitz heat transfer model, while the extended Zeldovich mechanism was adopted to delineate NO formation. Ultimately, the reliability of the simulation model was validated through a comparative analysis of in-cylinder pressure and heat release rate, thereby laying a groundwork for subsequent parametric investigations.
Methodology: This article conducts research on parameters such as combustion, heat transfer, and emissions under different intake pressures, aiming to obtain the optimal operating conditions. 
Results: When the intake pressure increased from 0.10 MPa to 0.18 MPa, the total heat transfer increased from 35.72 J to 38.83 J. The multi-objective evaluation results in terms of power performance, fuel economy, and emissions indicate that both the indicated mean effective pressure (IMEP) and indicated thermal efficiency exhibited increasing trends. Specifically, the IMEP increased from 0.5866 MPa to 0.6446 MPa, while the indicated thermal efficiency increased from 41.999% to 45.329%. In addition, with increasing intake pressure, the NO mass fraction increased significantly, whereas the soot mass fraction continuously decreased.
Conclusion: This article employs the linear weighted sum method to conduct multi-objective optimization analysis for various operating conditions. The optimization results indicate that within the studied operating range, the comprehensive evaluation result is optimal when the intake pressure is 0.16 MPa. However, due to certain limitations in both the research scope and computational workload of this article, further detailed analysis of the aforementioned range was not conducted.
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1. INTRODUCTION

The internal combustion engine has long served as a critical power source in the transportation and distributed power sectors. However, under the continuing pressures of low-carbon transition and increasingly stringent emission regulations, its dependence on fossil fuels and associated emissions issues have become increasingly prominent[1]. Previous studies have shown that early research primarily focused on scavenging flow mechanisms and the influence of structural parameters. Mao[2] and colleagues investigated the scavenging process of a free-piston linear generator based on multidimensional numerical simulations, demonstrating that scavenging organization significantly affects the in-cylinder flow field distribution and gas exchange performance. Haag[3] and co-workers combined experiments with numerical simulations to examine the in-cylinder flow characteristics of a loop-scavenged two-stroke free-piston engine. Wu[4] and colleagues analyzed the scavenging process of a two-stroke free-piston engine using a three-dimensional CFD approach. In addition, Hung[5], Sofianopoulos[6], Yuan[7], and Jia conducted studies from the perspectives of scavenging process characteristics, gas exchange in small-scale HCCI free-piston engines, differences in gas exchange between free-piston and conventional engines, and the selection of port/valve configurations, respectively[8]. Overall, research during this stage was mainly centered on the gas exchange process itself, with particular emphasis on elucidating the flow characteristics under different scavenging configurations and moving boundary conditions, as well as their influence on scavenging quality. Representative studies and review articles have also indicated that, owing to the elimination of the crank–connecting rod mechanism, the piston trajectory and compression end position in free-piston engines are not fixed. Consequently, the scavenging process exhibits stronger dynamic coupling characteristics than that in conventional two-stroke engines.

With the deepening of research, studies on scavenging in free-piston engines have gradually shifted in recent years from purely flow organization analysis toward scavenging stability and multi-physics coupled control issues. Yuan[9] and co-workers demonstrated that combustion fluctuations can significantly affect the gas exchange stability of free-piston linear engines. Cheng[10] and colleagues proposed a variable scavenging timing strategy and pointed out that this method could improve the performance of free-piston generators under transient operating conditions. Li[11] and co-workers further established a multi-process coupled gas exchange model for scavenging control. Subsequently, related studies systematically investigated the influencing factors of gas exchange stability from the perspectives of injection duration, scavenging pressure, single-/dual-channel uniflow scavenging configurations, electromagnetic load fluctuations, fuel injection quantity fluctuations, and variations in injection location[12,17]. Accordingly, This article focuses on the free-piston engine where diesel ignites hydrogen. This paper will investigate the impact of quantified intake pressure (0.10-0.18 MPa) on the thermodynamic processes of a free-piston hydrogen engine, specifically cylinder pressure, temperature, heat release rate, and energy conversion efficiency. It will reveal the coupled mechanism of its effects on heat transfer loss and pollutant emissions. Based on multi-objective evaluation, optimal operating conditions will be determined.


2. Configuration and Model Development

2.1 Engine Structure and Operating Principle 

Figure 1 depicts the experimental platform utilized in this paper, with detailed parameters presented in tabular format. In the present research, hydrogen is adopted as the primary fuel, with an auto-ignition temperature of approximately 560℃. In comparison, the auto-ignition temperature of conventional diesel is roughly 235℃, which is significantly lower than that of hydrogen. Taking advantage of this difference in ignition characteristics, a staged injection strategy is applied: hydrogen is first introduced into the cylinder, followed by a specific amount of diesel injection. In this working mode, compression ignition of the mixture is achieved by utilizing diesel as the ignition source to trigger hydrogen combustion.For the free-piston engine investigated in this work, the piston movement covers a crank angle range from 256.5 °ECA to 468.6 °ECA, and the operating speed of the engine is maintained at 2222 r/min.

Figure 2 presents the schematic structure of the free-piston hydrogen engine employed in this study. The engine is developed based on a conventional reciprocating engine and mainly consists of a two-stroke internal combustion engine and a linear electric generator. Its major components include the left and right cylinders, connecting rod, fuel injector, permanent magnets, coils, pistons, and intake/exhaust ports.

Compared with conventional engines, the opposed-piston free-piston hydrogen engine eliminates the crank–connecting rod mechanism, while the pistons and connecting rod are rigidly connected. The piston motion is primarily driven by the alternating combustion forces generated in the left and right cylinders. Due to the absence of kinematic constraints imposed by the crank–connecting rod mechanism, the lateral force acting on the pistons is relatively small. Moreover, the piston motion no longer follows the approximately sinusoidal and fixed trajectory characteristic of conventional engines, but instead exhibits variable nonlinear motion characteristics.

Therefore, the opposed-piston free-piston hydrogen engine differs fundamentally from conventional engines in both structural configuration and operating mechanism. These differences further influence the in-cylinder flow, combustion, and heat transfer processes. The main cylinder parameters are listed in Table 1.
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Fig 1 Experimental Platform




Fig 2 Schematic Diagram of the Free Piston Hydrogen Engine Structure

Table 1 Specifications of Engine.

	Engine specifications
	value

	Cylinder bore
	80mm

	Maximum stroke
	90mm

	Nominal Stroke
	87mm

	Compression ratio
	Variable

	Coil inductance
	10.2mH

	Coil resistance
	
[bookmark: MTBlankEqn]5.4 

	Ignition method
	Pilot ignition



2.2 Simulation Modeling and Initial Conditions 

The free-piston hydrogen engine model was first established using three-dimensional modeling software and then imported into the simulation software for static and dynamic mesh generation. Since this study mainly focuses on the compression and expansion processes, only key components, including the cylinder, piston, and combustion chamber, were modeled.
To ensure computational accuracy and efficiency, the model was appropriately refined, while minor geometric features were simplified. The piston motion profile obtained through coupled iteration was imported for dynamic mesh generation. Considering both computational accuracy and cost, hexahedral meshes were adopted. As shown in Figure 3, the mesh size was 1 mm × 1 mm × 1 mm, with a total of 82,318 cells.
[image: ]

Fig 3 Three-dimensional cylinder grid model

In this study, hydrogen and diesel were used as the primary fuels. Hydrogen was first injected into the cylinder, followed by diesel injection. The diesel fuel was compression-ignited to initiate hydrogen combustion. The piston motion ranged from 256.5°ECA to 486.6°ECA. The engine speed was maintained at a constant value of 2222 r/min, while the diesel injection timing and injection quantity were kept unchanged. The influence of intake pressure on engine performance was then investigated by varying the intake pressure. The detailed parameters are listed in Table 2.

Table 2 Initial Condition Settings

	Initial Conditions
	Value

	Intake Temperature
	294K

	Ambient Temperature
	294K

	Fuel
	Hydrogen/Diesel

	Hydrogen Purity
	99.9%

	Exhaust Port Opening
	256.5°ECA

	Exhaust Port Closing
	468.6°ECA

	Injection Timing
	376°ECA

	Ambient Pressure
	0.1MPa



2.3 Research Methodology

Compared with conventional engines, free-piston hydrogen engines exhibit significant differences in both piston motion characteristics and operating mechanisms. In conventional engines, piston motion is constrained by the crank–connecting rod mechanism, and the displacement generally follows a fixed trigonometric relationship, making it less sensitive to variations in in-cylinder gas forces. In contrast, the stable operation of a free-piston hydrogen engine relies on the coupled interaction of multiple physical fields, including combustion, electromagnetics, fluid flow, and heat transfer. Owing to the elimination of the crank mechanism, piston motion no longer follows a fixed trajectory, but is jointly influenced by various linear and nonlinear forces, resulting in more complex dynamic response characteristics.

During reciprocating motion, factors such as in-cylinder pressure fluctuations, electromagnetic load variations, and friction resistance can alter piston motion, which subsequently affects the scavenging, fuel atomization, and combustion processes, thereby forming a complex coupling relationship with the linear generator system. Therefore, the free-piston hydrogen engine is essentially a multi-physics coupled system rather than a system dominated by a single physical process. Moreover, in-cylinder flow and heat transfer not only influence piston motion, but are also affected by changes in piston dynamics, indicating strong interactions among the different physical processes.

Based on these characteristics, a coupled dynamic–thermodynamic model was established instead of the conventional single-process modeling approach, in order to more accurately describe the actual operating characteristics of the free-piston hydrogen engine. To ensure the reliability and validity of the simulation results, the coupled model was iteratively solved until convergence was achieved. The detailed calculation procedure is shown in Figure 4.




Fig 4 Coupled Iteration Process

3. MODELS

3.1 Dynamic Model





As shown in Figure 2, during the linear reciprocating motion of the free-piston hydrogen engine, the piston is not constrained by a conventional mechanical mechanism. Therefore, its instantaneous motion state is not predetermined, but is jointly determined by the various forces acting on the piston assembly. In this process, the piston motion is mainly influenced by friction force(),electromagnetic resistance force(),gas driving force(),and scavenging resistance force().Consequently, the piston motion of the free-piston hydrogen engine is essentially a dynamic response process under the coupling effects of multiple forces. Based on Newton’s second law, the dynamic equation of the piston assembly can be expressed as follows:


	 	

	 	








where  is the mass of the piston assembly;  is time;  is the piston displacement; and  are the combustion pressures in the left and right cylinders, respectively;  and  are the gas pressures in the left and right scavenging chambers, respectively; and  is the piston area of the combustion chamber.

	 	

where  is the friction coefficient.

3.2 Thermodynamic Model

To facilitate subsequent model development, the following assumptions were made in this study: the in-cylinder gas was assumed to completely fill the cylinder and be uniformly distributed; the working medium inside the cylinder was treated as an ideal gas, and its state variation was assumed to satisfy the ideal gas equation of state; the cylinder was considered to be fully sealed, and the influence of gas leakage on the calculation results was neglected; furthermore, inertial effects were ignored, and the effects of gas potential energy and velocity were not taken into account. The fundamental differential equations governing the thermodynamic process were derived based on the conservation of mass, conservation of energy, and the ideal gas equation of state.

	 	











where  denotes the in-cylinder gas pressure,  represents the specific heat ratio, and  is the heat released during the cycle.  refers to the heat transfer loss, while  and  denote the specific enthalpies of the intake and exhaust gases, respectively.  and  represent the mass flow rates of the gas entering and leaving the cylinder,  is the in-cylinder gas mass,  is the specific internal energy of the gas, and  denotes the instantaneous cylinder volume.

The cyclic heat release rate, denoted by   in Equation(4), is determined by the Wiebe formula.

	 	





The definitions of each parameter are as follows: is the cycle-integrated heat release of the fuel, is the combustion characteristic index, corresponds to the fuel temperature,  is the time coordinate referenced to the start of combustion, and  is the total combustion duration.

	 	

	 	









The variables defined in Equation (6) are as follows:  is the heat transfer loss rate,  is the instantaneous convective heat transfer coefficient, and  is the ambient temperature. The parameters ,,, and  refer to the effective heat transfer areas of the piston, cylinder liner, and cylinder head, respectively. In Equation (7),  denotes the mean velocity of the piston assembly, and  represents the pressure of the ideal gas.

3.3 Combustion Model 

In numerical simulation of internal combustion engine combustion, commonly adopted models include CFM, CFM-ITNFS, MCFM, ECFM and ECFM-3Z. Compared with other models, ECFM and ECFM-3Z are more applicable to combustion analysis of direct-injection internal combustion engines, and can characterize premixed combustion and pollutant formation processes. For direct-injection free-piston hydrogen engines, NO in NOx emissions is mainly generated via the thermal NO mechanism. Accordingly, the extended Zeldovich model is employed in this study to predict NOx emissions.
The control equations for the ECFM-3Z model are given below:

	 	

	 	

3.4 Model Validation

Figures 5(a) and 5(b) present the comparison of in-cylinder pressure and heat release rate between numerical simulation and experimental measurements. The simulated data agrees well with experimental results in overall variation tendency, numerical values and peak positions. Local discrepancies can be noticed, yet errors around peak values remain slight and exert limited impact on overall analysis, which is within a reasonable tolerance range.

It demonstrates that the established dynamic-thermodynamic coupled model can accurately characterize the formation, evolution and combustion of in-cylinder mixture, and properly capture the variation characteristics of in-cylinder pressure and heat release rate. The model possesses favorable reliability and can support subsequent simulation research.
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	(a) Pressure
	(b) Heat release rate

	Fig 5 Cylinder internal pressure and heat release rate under experimental and simulation conditions



4. results and discussion

Different intake pressure conditions of 0.1 MPa, 0.12 MPa, 0.14 MPa, 0.16 MPa and 0.18 MPa are selected in this study. The in-cylinder thermodynamic state, flow field characteristics, energy variation and emission performance of free-piston hydrogen engine are investigated, so as to provide references for subsequent combustion optimization and parameter matching.

4.1 Combustion Characteristics

Figure 6(a) presents the in-cylinder pressure variations with crank angle under different intake pressures. All pressure curves follow a consistent trend, rising sharply in the late compression stage, peaking near 380° ECA, and decreasing rapidly afterward. As the intake pressure increases from 0.10 MPa to 0.18 MPa, the overall pressure curve shifts upward with a continuously rising peak pressure, indicating that higher intake pressure improves the in-cylinder pressure level. The differences among various conditions mainly occur in the peak region, while the pressure characteristics in early compression and late expansion stages are nearly consistent. The peak angle barely changes under different pressures and only slightly advances at higher intake pressures. Overall, increasing intake pressure effectively raises the peak in-cylinder pressure but has little influence on the overall pressure evolution and post-peak attenuation.Figure 6(b) displays the in-cylinder temperature evolution of the two-stroke diesel-piloted free-piston hydrogen engine under varying intake pressures. All temperature profiles exhibit the same variation rule: slow growth during compression, rapid rise near the top dead center, peak achievement, and gradual decline in the expansion stage. The temperature increases gently within 258–360° ECA, rises rapidly after 370° ECA, reaches the peak at 382–384° ECA, and then decreases steadily during expansion.

With the intake pressure increasing from 0.10 MPa to 0.18 MPa, the in-cylinder temperature curve moves upward, with peak temperatures of 1563.71 K, 1585.04 K, 1614.85 K, 1645.26 K and 1673.04 K, respectively. Higher intake pressure significantly elevates the overall in-cylinder thermal level, especially the peak temperature. Increased intake pressure enlarges the in-cylinder charge mass and improves the thermodynamic conditions at the end of compression. Meanwhile, diesel pilot ignition facilitates concentrated heat release of hydrogen mixture in a narrow crank angle range, further boosting temperature rise during main combustion. The temperature discrepancies under different conditions are mainly distributed around the peak, while the temperature trends in early compression and late expansion are basically identical. The peak temperature phase slightly advances from 384° ECA (0.10 MPa) to 382° ECA (0.18 MPa). In general, increasing intake pressure enhances in-cylinder combustion intensity and peak temperature, with limited effects on the basic temperature variation characteristics and peak timing.
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	(a)Pressure
	(b)Temperature

	Fig 6 In-cylinder pressure and temperature under different intake pressures



Figures 7(a) and 7(b) show the variations of heat release rate and cumulative heat release with crank angle under different intake pressures.

The heat release rate curves share similar trends. It stays low during early and mid compression, rises sharply near top dead center, peaks at 378–379° ECA and then drops rapidly. As intake pressure increases from 0.10 MPa to 0.18 MPa, peak heat release rate reaches 112.34, 114.26, 115.33, 116.26 and 117.15 J/deg respectively. Higher intake pressure enhances instantaneous heat release in main combustion and exerts slight influence on combustion starting phase.

Cumulative heat release changes mildly before combustion, rises rapidly after 372° ECA and levels off after 390° ECA. The overall curve shifts upward with growing intake pressure, and the final values are 642.32, 646.18, 649.82, 652.43 and 654.02 J. Raising intake pressure intensifies in-cylinder combustion with more concentrated heat release and higher total heat output, which conforms to the rising trend of in-cylinder pressure and temperature.

The growth of heat release parameters coincides with the increase of peak pressure and temperature. It proves that elevated intake pressure strengthens combustion reaction and energy release, improving overall combustion performance.
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	(a) Heat release rate
	(b) Accumulated heat release

	Fig 7 Heat release rate and cumulative heat release under different intake pressures


4.2 Heat transfer Characteristics

Figure 8(a) presents the in-cylinder heat transfer coefficient variations with crank angle under different intake pressures. All cases share the same variation trend. The coefficient remains low and stable in the early compression stage, rises sharply after 350° ECA, peaks at 378–379° ECA, and then decays steadily in the late expansion stage. The low-pressure difference among conditions is slight before 340° ECA. The rapid growth of in-cylinder pressure, temperature and flow intensity near the top dead center enlarges the wall temperature gradient and enhances convective heat transfer, resulting in a sharp rise in the heat transfer coefficient.

As intake pressure increases from 0.10 MPa to 0.18 MPa, the heat transfer coefficient curve shifts upward, with peak values of 2744.96, 2832.66, 2901.83, 2965.84 and 3061.01, respectively. The differences among various conditions mainly occur in the peak region, while the variation characteristics in early compression and late expansion stages are nearly consistent. Increased intake pressure effectively improves the peak heat transfer coefficient and overall heat transfer capacity, with negligible influence on the peak occurrence angle.

Figure 8(b) shows the in-cylinder heat flux evolution under different intake pressures. The heat flux stays at low positive values during early compression, drops rapidly to negative values near the top dead center, and gradually recovers after reaching the negative peak. Heat flux remains stable at a low level within 258–345° ECA, declines sharply after 345° ECA, and reaches the negative peak at 380–382° ECA. Intense combustion strengthens the heat exchange between high-temperature gas and chamber wall, substantially increasing the near-top-dead-center wall heat loss.

With the intake pressure rising from 0.10 MPa to 0.18 MPa, the absolute values of heat flux negative peak increase continuously, which are −24805.50 W, −25297.06 W, −25806.72 W, −26226.28 W and −27152.04 W. Higher intake pressure enhances instantaneous wall heat transfer during main combustion and aggravates cylinder heat loss. The discrepancies of heat flux under different pressures are concentrated around the negative peak, while its variation timing and recovery characteristics are barely affected by intake pressure.
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	(a) Heat transfer coefficient
	(b) Heat flux

	Fig 8 Heat transfer coefficient and heat flux under different intake pressures



Figure 9(a) shows identical variation trends of total heat transfer under various conditions. The value declines to negative range in early and mid compression, rises sharply near top dead center and turns positive at 374–375°ECA. It keeps growing at a slower rate and finally levels off in expansion stage. Weak heat transfer occurs before combustion, while concentrated heat release elevates in-cylinder thermodynamic parameters and flow turbulence, greatly boosting heat exchange between gas and chamber wall.

The final stable total heat transfer reaches 35.72 J, 36.93 J, 37.65 J, 38.29 J and 38.83 J at intake pressures of 0.10 MPa, 0.12 MPa, 0.14 MPa, 0.16 MPa and 0.18 MPa respectively. The minimum value also rises with increased intake pressure. The overall curve shifts upward and the gap between different conditions widens after 380°ECA, proving higher intake pressure raises both instantaneous and cumulative heat transfer capacity.

Figure 9(b) intuitively presents the final total heat transfer values, which increase mildly and monotonously with growing intake pressure. Elevated mixture density, temperature and pressure strengthen convective heat transfer, leading to higher heat loss. The dynamic evolution and final quantitative results mutually verify that intake pressure exerts obvious effects on total heat transfer. Higher intake pressure improves combustion performance yet aggravates wall heat loss, which agrees well with the previous variation rules of heat transfer coefficient and heat flux.
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	(a) Total heat transfer curve
	(b) Bar graph of total heat transfer

	Fig 9 Total heat transfer under different inlet pressures



4.3 Energy Change

Figure 10(a) displays P-V indicator diagrams under different intake pressures. All curves follow similar trends. In the compression stroke, cylinder volume shrinks while pressure rises to the peak near the minimum volume, then drops during expansion. Differences mainly exist in the high-pressure small-volume zone, and curves tend to overlap in late expansion.

As intake pressure rises from 0.10 MPa to 0.18 MPa, the P-V diagram shifts upward with enlarged enclosed area, which means increased single-cycle indicated work and mean indicated pressure. Higher intake pressure boosts power output, yet raises peak pressure and brings larger mechanical load and heat loss.

Indicated thermal efficiency reflects fuel energy conversion efficiency, and mean indicated pressure evaluates cylinder working capacity. Figure 10(b) shows both parameters rise with growing intake pressure. The mean indicated pressure reaches 0.5866 MPa, 0.6186 MPa, 0.6313 MPa, 0.6423 MPa and 0.6446 MPa correspondingly. The indicated thermal efficiency is 41.999%, 44.031%, 44.683%, 45.274% and 45.329%. Raised intake pressure optimizes combustion and energy utilization.

Obvious growth occurs within 0.10–0.16 MPa, while the improvement slows down at 0.18 MPa. Proper intake pressure enhancement increases charge mass and strengthens combustion. Nevertheless, performance improvement becomes limited under high intake pressure. Generally, increasing intake pressure improves engine power and fuel economy with gradually reduced promotion effect at high pressure levels.
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	(a) P-V indicator diagram
	(b) Average indicated pressure and indicated thermal efficiency

	Fig 10 P-V diagram, average indicated pressure, and indicated thermal efficiency under different intake pressures



4.4 Emission Characteristics

Figure 11(a) illustrates NO mass fraction variations against crank angle under different intake pressures. NO fraction remains zero in early compression and initial combustion due to low in-cylinder temperature incapable of NO formation. It rises sharply around 380° ECA and then stays stable, revealing NO is mainly produced in high-temperature zones after heat release. Intake pressure barely changes the initial formation timing.

The stable NO mass fraction rises steadily as intake pressure increases from 0.10 MPa to 0.18 MPa, with values of 2.664×10-4, 2.811×10-4, 2.899×10-4, 2.973×10-4 and 3.043×10-4 respectively. Higher intake pressure expands high-temperature regions and intensifies combustion, leading to increased NO emissions.

Figure 11(b) depicts soot mass fraction evolution under varied intake pressures. Soot content keeps zero before combustion, surges to the peak near 380° ECA, then declines and levels off. Soot generation and oxidation mainly occur during main combustion, and peak occurrence angle is insensitive to intake pressure change.

Peak soot mass fraction drops continuously with rising intake pressure, recorded as 1.857×10-12, 1.552×10-12, 1.330×10-12, 1.141×10-12 and 9.556×10-13. Residual soot also presents a downward trend. Elevated air charge provides sufficient oxygen, optimizes mixture formation and oxidation environment, restrains soot generation and accelerates soot oxidation, thus reducing soot emissions.
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	(a) NO quality score
	(b) Soot quality score

	Fig 11 NO quality score and soot quality score under different intake pressures



4.4 Optimization Plan

This paper assesses linear engines from three dimensions, namely power performance, fuel economy and emission characteristics. Mean indicated pressure is adopted to reflect power performance, indicated thermal efficiency stands for fuel economy, and NO mass fraction is taken as the emission evaluation indicator. In practical engine operation, it is expected to improve power and economic efficiency while cutting pollutant emissions.

Accordingly, the research object is a multi-objective optimization problem rather than a single-objective one. Distinct differences exist in solution acquisition due to diversified evaluation indices. A satisfactory solution for one index may not achieve favorable performance for others, and conflicting results even frequently occur. Consequently, it is hardly possible to acquire an optimal solution that simultaneously maximizes the power, economy and emission performance of free-piston hydrogen engines. For this reason, the linear weighting method is employed to integrate the three sub-objective functions, and the combined formula is given as follows:

	 	





In Formula (10),  represents the multi-objective optimization function;  denotes the weight coefficient;  stands for the average indicated pressure function;  signifies the indicated thermal efficiency function; and  is the mass fraction function of NO.




Power performance and fuel economy are critical criteria for assessing engine quality, and higher values of both indicators stand for better performance. Conversely, NO emission is an unfavorable factor, which needs to be minimized. Based on the above principles, the objectives are defined as ,  and  respectively.

Experiments on the free-piston hydrogen engine are carried out under medium load conditions. The optimization aims to enhance power output, improve fuel economy and reduce pollutant emissions simultaneously. Accordingly, weight coefficients are set as 0.4 for power performance and fuel economy, and 0.2 for emission performance. This allocation balances multiple objectives effectively.

The integrated objective function is obtained by weighted summation of sub-objective functions. However, these functions differ in physical significance and dimension. Direct summation of data with inconsistent dimensions and magnitudes cannot produce valid results or reflect actual index contributions. Hence, dimensionless processing is indispensable before weighting calculation.

Such processing standardizes raw data via mathematical transformation, eliminating interference caused by dimensional and numerical differences to facilitate unified comparison and comprehensive evaluation. Common methods include standardization, extremum treatment, linear scaling, normalization, vector normalization and efficacy coefficient method.

Considering limited data samples and definite maximum and minimum values within the research range, the extremum method is adopted for dimensionless treatment. This method features simple calculation and satisfactory applicability. The specific calculation formula is shown below:

	 	



In Formula (11),  represents the non-dimensionalized data;  represents the maximum value in the data; and  represents the minimum value in the data.

For calculation convenience, the indicated thermal efficiency of all operating conditions is multiplied by 100, and NO mass fraction values are multiplied by106. The sub-objective data under different intake pressures are normalized via Formula (11), and the results are listed in Table 3.

Table 3 Dimensionless evaluation indicators under different intake pressures

	Intake pressure/MPa
	Evaluation metric

	
	Average indicated pressure
	Indicated thermal efficiency
	NO quality score

	0.1
	0
	0
	0

	0.12
	0.553
	0.610
	0.610

	0.14
	0.771
	0.806
	0.620

	0.16
	0.959
	0.983
	0.817

	0.18
	1
	1
	1



Substitute the data into Formula (10). The optimization results under various intake pressures at medium load are presented as follows:




It can be observed from the final optimization results that the maximum value corresponds to 0.16 MPa intake pressure, representing the optimal comprehensive performance. Under this operating condition, indicated power and thermal efficiency maintain relatively high levels, while NO mass fraction remains low, which well satisfies the comprehensive requirements on power, economy and emission performance.

Among the five selected intake pressures, 0.16 MPa delivers the best overall performance and is regarded as the optimal pressure within the research scope. The actual optimal value may lie in the interval of 0.14–0.16 MPa or 0.16–0.18 MPa rather than the discrete sampling points. More precise results can be acquired by reducing pressure interval and calculating denser working points.

Restricted by research scope and computational workload, further refined analysis is not conducted. Consequently, 0.16 MPa is determined as the representative optimal intake pressure.

5. CONCLUSION

1.With the rise of intake pressure, in-cylinder pressure, temperature, heat release rate and cumulative heat release all increase, while the peak phase barely changes. Higher intake pressure increases cylinder charge and mixture density, intensifies combustion and concentrates heat release during main combustion stage. Meanwhile, the P-V diagram shifts upward with larger enclosed area, proving improved cyclic work capacity.

2.In terms of heat transfer, the heat transfer coefficient, absolute heat flux and total heat transfer rise with increasing intake pressure. Enhanced combustion leads to greater wall heat loss. The total heat transfer increases from 35.72 J at 0.10 MPa to 38.83 J at 0.18 MPa, which indicates higher intake pressure aggravates cyclic heat loss.

3.In terms of power performance and fuel economy, both mean indicated pressure and indicated thermal efficiency rise as intake pressure increases from 0.10 MPa to 0.18 MPa. The mean indicated pressure grows from 0.5866 MPa to 0.6446 MPa, verifying higher intake pressure enhances the work capacity per unit cylinder volume. The indicated thermal efficiency rises from 41.999% to 45.329%, which facilitates in-cylinder energy release and conversion into effective indicated work. Overall performance improves with elevated intake pressure, yet the growth rate gradually declines at high pressure levels.

4.In terms of emissions, NO mass fraction rises obviously while soot mass fraction decreases continuously with growing intake pressure. Higher intake pressure elevates in-cylinder temperature and expands high-temperature zones, accelerating NO formation. Meanwhile, improved air supply, uniform mixture formation and enhanced oxidation restrain soot generation. Intake pressure exerts dual effects on emission characteristics. Increasing intake pressure reduces soot emission yet raises NO emission simultaneously.

6. Limitations and Future Work

When selecting the intake pressure parameters in this paper, the value intervals are still relatively large, and the parameter division is not detailed enough. This, to some extent, affects the accuracy of the optimal intake pressure determination results. Therefore, the optimal parameter values determined in this paper are closer to the relatively optimal results under the current discrete operating conditions, while their true optimal values may lie before, after, or between adjacent parameter points. It is still necessary to further reduce the parameter step size in subsequent research to improve the accuracy of the optimal parameter selection results.
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