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Abstract: The relationship between engine mechanics and thermo-dynamics has been investigated by means of numerical simulation. The inherent mismatching between the mechanical behaviors and the thermodynamic process in internal combustion engine is identified, which is believed to be one of the important limiting factors of energy efficiency for conventional engines available in the current market. An approach for engine efficiency improvement through Optimal Matching Between Mechanics and Thermodynamics (OMBMT) is proposed. An ideal matching model is defined and the conflicts due to the constraints among the mapping strokes in a 4-stroke engine are analyzed. A novel mechanical model is built for approaching optimal matching among all 4 individual strokes in a 4-stroke spark-ignition engine, which is composed of Non-Circular Gears (NCG) and integrated with conventional slider crank engine mechanism. By means of digital mechanical model and numerical simulation, the matching gains among all 4 strokes are defined and calculated for quantifying the NCG engine efficiency improvement by comparing with a baseline engine. The potentials with the OMBMT implemented and the enhancements made by NCG mechanism for engines in terms of engine overall thermal efficiency are reported. Based on the results achieved, it is recommended that the feasibility studies and the experimental validations be conducted to verify the engine matching concept and effectiveness of the NCG mechanism engine model proposed, and the engine performance and NCG design parameters be further optimized.All accepted papers will be published at the 2024 WICE ( report or poster ).
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1.0 Introduction
In the internal combustion engine (ICE) development history, there had been various engine configurations being invented, such as reciprocating, Wankel rotary engine, gas turbine, jet engines and rocket engines. The reciprocating engine configuration with connecting rod and crankshaft has been dominating the engine market particularly in mobile applications for over a century due to its simple construction, high efficiency, reliability and durability. The reciprocating mechanism enables air fuel combustion being processed intermittently in an engine, achieves higher working temperature through pre-compression, by using inexpensive materials and cooling arrangements. That is believed as the main reason for the reciprocating ICEs having the highest efficiency among the various types of heat engines. 
Many studies have been conducted for ICE energy efficiency improvements. The majority efforts have been focused on engine combustion and thermodynamics with more sophisticated combustion process models within the existing frame of engine mechanism, such as the Advanced Combustion Engine Program with over 60 engine research projects [1], led and funded by the U.S. Department of Energy and a combustion process improvement proposal [2]. On the other hand, many engine mechanics studies have been concentrated on vibration characteristics aiming to improve engine lifespan, noise and vibration reduction, etc. [3, 4, 5, 6]. 
It is well known that ICE performance depends on the interaction of engine mechanics and thermodynamic processes. A study was conducted by Opaliniski, M. et al. [7] on relationship between engine efficiency and various engine configurations. However, engine mechanical features in this study have been neutralized by math-averaging, and their “eigenvalue” contributions to engine efficiency could not be identified. Discussions on the trade-off between mechanics and thermodynamics are often in association with designs of specific engines, for instance, the ultra-short connecting-rod along with differential crank mechanism [8], the eccentric planetary gear mechanism [9], H-Level engine [10], reversely-pulled contra-rotary dual-crank engine [11], epicycloidal or hypocycloidal engine [12]. However, no successful engine with convincing results has been accepted in the market yet.   
Pursuing further improvement of ICE efficiency, the relation-ship between engine mechanics and thermodynamics is investigated [13], in which, a microscopic expression of engine work output is established in terms of the coincidence between the cylinder gas pressure and the piston speed during the working cycle. A matching concept is introduced as a  guiding tool for analyzing engine efficiency improvement design and the matching gain is defined as a measurement to quantify the matching degree by comparing engine brake work output with brake work output of a baseline engine.   
Implementing the engine matching concept, a mechanical model of Non-Circular Gear (NCG) train mechanism is built and developed for a 4-stroke spark-ignition engine, which is presented in this paper.
2.0 Mechanical Model of Conventional Engine
The conventional reciprocating or slider crank ICE can be illustrated in Figure-1. Its mechanical model can be represented in the following mathematical formulas [3, 4, 5]: 
xp() =  ·    	(1)
sp() =  · sin () · [ 1 +   ]	(2)
where piston pin center position xp(), piston speed sp(), can be presented as a function of crank angle .  is crank radius,  is connecting rod length, piston top center position is xt = r + l – xp(). 
For a 4-stroke engine, the work done within one engine cycle Wps can be expressed as follows: 
Wps =  g(
     = g(pp+ g(pp 	(3)
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Figure-1. Conventional reciprocating crank engine mechanical model
The normalized work done within compression and power strokes in one engine cycle, Wcps,n can be expressed as:
Wcps,n = g sp,n() + g sp,n() 
            =cps,n()cps,n() 	(4)
In a conventional engine, the normalized piston speed sp,n() is determined by the crank mechanism characteristic parameter (L =  / ) per Eq.(2), has symmetrical mechanical behavior in the power stroke and the compression stroke, as well as in the intake and exhaust strokes for a 4-stroke engine. 
Figure-2 shows the work wcps,n(), the cylinder pressure pg() and piston speed sp,n() curves in power stroke for a typical engine with L = 3.40. Since wcps,n() is the product of pg() and sp,n() per Eq.(4), modulating engine mechanism to increase coincidence level of pg() and sp,n() curves will yield higher and wider curve area, result in larger Wcps,n integral value within the same power stroke [13]. 

Figure-2. Curves of pg(θ), sp,n(θ), both at L = 3.40, and wcps,n(θ)
2.1 Ideal 4-Stroke Matching Model 
As revealed in Eq.(3) and Eq.(4), piston speed behavior sp,n() in correlation with cylinder pressure pg() plays an important role for engine work. An ideal model for an engine could be defined to have an optimized matching between thermo-dynamics represented by pg(θ) and mechanical characteristics governed by sp,n() for each individual stroke to achieve the maximum work generated and the minimum work spent in the working cycle as follows:
Power Stroke: Increasing piston speed and shifting sp,n(θ) curve to achieve: (1) increasing isobaric portion while reducing isometric portion of heat addition in combustion process; (2) increasing coincidence level between pg(θ) and sp,n(θ) for enlarging integration of product of pg(θ) and sp,n(θ) over friction work (assumed evenly distributed); (3) reducing stroke duration for reducing heat transfer loss.   
Compression Stroke: Keeping low piston speed during early portion of stroke for maintaining a relative lower temperature level, as to reduce heat transfer loss and the power consumed for compression, and then, increasing piston speed rapidly at later portion of stroke to reach the required compression pressure and temperature.
Intake Stroke: Lowering piston speed sp,n(θ) curve to reduce pumping loss and to get more fresh charge intake.
Exhaust Stroke: Keeping low piston speed at gas blowdown stage and maintaining piston speed sp,n(θ) at a moderate level at gas displacement stage. The goal is to reduce pumping loss and to let exhaust gas be discharged more smoothly.
3.1 Mechanical Model of Elliptic Gears
As shown in Figure-3, two identical elliptic gears are chosen to build a mechanical model for an NCG engine. The transfer ratio K(φ) of the NCG gear train varies between maximum transfer ratio Kmax and minimum transfer ratio Kmin, where  
Kmax = 1 / Kmin 	(5)
The ellipse eccentricity e and the gear contour can be determined by:
e = (Kmax - 1) / (Kmax + 1) 	(6)
r(α) = a (1 – e2) / [1 – e · cos (α)] 	(7)
where r is the radius in a polar coordinate; α is the angle of polar coordinate, which rotates from -π to +π. 
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Figure-3a. NCG engine structure side view
[image: ]
Figure-3b. NCG engine structure top view

Taking φ as the input phase angle, the angular velocity transfer ratio of an NCG gear train composed by two identical elliptic gears K(φ) will be [15]:
K(φ) = (1 – e2) / [1 + e2 – 2 · e · cos(φ)] 	(8)
Furthermore taking Ω as the output phase angle, the angular transfer function of an NCG gear train composed by two elliptic gears, Ω(), is the bi-directional angular integration of , starting at φ = 0 for correct phase alignment:
Ω() =   +   	(9)
where φ varies from 0 to +π, and from 0 to -π.
For design of ellipse gear contour, the parameters a and A are defined for presenting semi-major and major axis of the ellipse respectively, b and B presenting semi-minor and minor axis of the ellipse, c presenting focus points of the ellipse from the center. They can be determined by the geometric relationships. 
In this design example, the transfer ratio Kmax = 2.00 is chosen, then Kmin = 0.50; e = 1 / 3 = 0.3333. Setting a = 50.00 mm; the focus points at (+/- 16.667 mm, 0) from the center, then the elliptic gear will have A = 100.00 mm and B = 94.28 mm overall major and minor sizes at its prime contour. A pair of such identical elliptic gears is used to build the NCG engine model being studied. Since the primary parameter Kmax = 2.00, the related engine is named as NCG-2 engine for short. 
5.0 Conclusion
Implementing the approach of the Optimal Matching Between Mechanics and Thermodynamics (OMBMT), a novel model of NCG engine is proposed and presented in this paper. As an example, NCG-2 gear train with a maximum transfer ratio of 2.00 is adapted to modulate the conventional crank engine mechanism. An NCG-2 engine model has been established; its integration with a conventional crank engine is made; its contribution to engine thermodynamics is simulated and analyzed; optimizations are systematically conducted for improving overall performance of a 4-stroke spark-ignition engine.
Based on the computational results obtained from the proposed NCG-2 engine mechanism, the following unique features of an NCG-2 engine can be identified: 
Overall matching gain of NCG-2 engine over baseline engine could reach 20% under whole open throttle, or even approaching 69% under partial open throttle.
NCG-2 engine has lower peak cylinder pressure but higher torque profile comparing with baseline engine.
[bookmark: _GoBack]The NCG-2 spark-ignition engine presents more “Diesel” cycle characteristics or contains more constant-pressure composition than constant-volume composition comparing with the baseline engine. This will yield lower peak pressure, lower combustion temperature, less thermal losses, lower emissions of nitrogen oxides, larger torque output, higher knock limit and more feasible to higher compression ratio.      
The modular structure of the NCG mechanism proposed has a high compatibility to conventional engine. Minimized structural modifications are needed for its integration with conventional crank engine.      
It should be realized that the above promising features are analytical and based on some simplified assumptions in the simulation processed. It is recommended that the feasibility studies and the experimental validations be conducted, as to verify or to prove the correctness and effectiveness of the matching concept and the NCG mechanism engine model proposed, and the engine performance and NCG design parameters be further optimized.
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