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Abstract

:

The goal of this paper is to highlight the advantage fulfilled by a novel engine mechanism, the concept of which is based on an oscillating arm relative to the classical engine mechanism. Further, the results of this paper demonstrate the benefits of a novel type of mechanism and the major advantages in terms of functioning parameters of an engine. Their performances highly depend on the joint positions of the oscillating arm. The increases in the functional performances rate of success (i.e., piston stroke, volume of the combustion chamber or compression ratio) enable a superior engine power parameter (higher power, torque) and bring some additional improvement on the eco parameters of the engine related to consumption, emission, etc.
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1. Introduction


1.1. Background


The fleet of vehicles has expanded from year to year and has led to an undesired overall increasing of the exhaust emission and consumption. For this reason, engineers are pushed to improve and optimize the existing constructive solutions of current engines. Furthermore, the increased pressure on the engine manufacturers has imposed implementation in the production stream of some new constructive solutions for the current engine that must accomplish current standard requests imposed by the marketplace. This means an improvement of some parameters or engine characteristics, such as: increased power and torque and lower consumption and emissions, which allow to increase durability and reliability [1,2,3,4,5].



Generally, the efficiency of an engine with internal combustion is evaluated by means of characteristic processes on a cycle or based on some constructive parameters, such as: engine displacement, stroke–bore ratio and compression ratio. Furthermore, the efficiency can be evaluated based on the operational parameters (engine management, forming and controlling mixture air/combustible and ignition timing).



One of the most representative concepts developed after year 2000 in order to meet these requirements is an engine constructive solution with satisfactory outcomes based on an oscillatory arm and variable compression ratio (VCR). The promoter of this solution was Dr. Joe Ehrlich who after 11 years of research, implemented it on the Mayflower e3 engine for the first time [6,7]. In this configuration, the compression ratio is a controllable parameter. Therefore, for this engine with internal combustion, the VCR technology [8] could be considered one of the keys that led to better performances both for partial loads and for the full loads of engines. This technology is based on a multi-link mechanism that allows to change the top and bottom dead center positions, which enable the compression ratio to be continuously changed [9]. It can provide higher compression ratio, variable valve timing, low friction, reduced throttling losses, boosting and down-sizing [10]. However, most benefits are related to minimal fuel consumption, minimal nitric oxides and particulate matter emissions [11]. To obtain superior performances, a cumulative method is required for improving the design process and final geometry, combustion process parameters [12,13,14,15] type of fuel [16] and other environmental parameters.



Other researchers have focused on VCR development and they have developed various technological solutions. In this sense, the SAAB has developed two concepts for the gasoline engine with natural aspiration: the engine with variable compression ratio SVC (Saab Variable Compression) and the system to control the combustion process SCC (Saab Combustion Control). Both solutions led to a reduction of consumption by 30%. The SVC system from SAAB allows continuous variation of the compression between 8:1 and 14:1 [17]. Another VCR solution developed by Peugeot is for the MCE-5 VCRi engine [18]; it has added an intermediary element in the form of a special gear. The system can change the compression ratio from 7:1 to 18:1, and the system can even control each cylinder separately, allowing all four cylinders to operate at different compression ratios. Gomecsys offered another VCR solution based on the possibility to rotate the crank axis, changing the position of the eccentric on the big end of the connecting rod. In this type of engine, an eccentric mounted carrier carries the crankshaft bearings that can rotate to raise or lower the pistons to the top dead center (TDC) in the cylinder. The compression ratio can be adjusted by just altering the rotation of the eccentric carrier. This technology saves fuel and overall CO2 emission by 18% [19,20,21,22,23]. Nissan has achieved considerable success in the development of VCR engines over time [24,25]. The VC-Turbo engine from Nissan uses a multi-link system in place of a traditional connecting rod to rotate the crankshaft, and an actuator motor changes the multi-link system endpoint in order to vary the piston reach to transform the compression ratio. This makes it possible to vary the compression ratio continuously as needed within the range of 8:1 (for high load) to 14:1 (for low load). FEV developed a two-stage VCR engine system that has been proven to be a good concept, considering its low cost to manufacture and the benefit if integration into common engine architectures. The system uses a length-adjustable connecting rod with an eccentric piston pin in the small eye; the compression ratio adjustment is performed through a combination of gas and mass forces [26,27]. A potential improvement of fuel consumption is 5–7% depending upon drive cycle and vehicle/powertrain combinations [28]. Furthermore, Ford has extensively worked on the development of VCR engines in the last 20 years and a VCR Engine with varying length of piston and connecting rod was developed in 2003 [29].



The research goal is focused to increase engine performance, in which the research-development process has to search for solutions to minimize the expensive costs, by developing and optimizing the end product. This can be achieved by using modern software through computers that can simulate the real process based on experimental data. The use of computer capabilities helps to reduce the experimental tests which means reducing cost for the test itself besides maintenance [30,31,32].



There are many domains related to a mechanical system which are analyzed with commercial software in order to reduce the time consuming, providing better/reliable and competitive products on the market. Here, we can name some of these types of domains: MBS (multibody simulation) used for kinematic and dynamic analysis of bodies in motion and FEA (Finite Element Analysis) used for analysis of deformable bodies. There are also other types of analyses developed in the FEA domain: static analysis, vibration analysis, fatigue analysis and CFD (Computed Fluid Dynamics) used for analysis of fluid flows prediction based on some mathematical and numerical methods [33,34,35]. Recently, these were extended to some novel challenging domains of interest which start to embed/develop numerical simulations accordingly: electromagnetic field or electrical field [36,37,38,39,40,41].



Numerous commercial software programs have been developed in the last two decades with the goal to cover requests coming from customers or market needs [42,43,44,45]. They permit reducing the time to obtain a product to its smaller time limits [22,23,46,47,48,49,50]. Another important goal of using these software programs developed as tools consists the possibility to make a very quick decision on the choice of a viable design solution from a multitude of proposed solutions, based on different virtual analyses processes.



In this paper, we discuss the benefits achieved through using the mechanism with an oscillating arm in comparison with a classical mechanism of a conventional engine. To validate the success of the proposed mechanism, we evaluated the kinematic and dynamic parameters such as: piston stroke, compression ratio, torque and power per cycle. To do so, the analyses were performed using analytical calculus and multibody simulation techniques. The results gathered in this survey confirm the achievement of superior engine power parameters (power, torque) and an improvement of eco-parameters of the studied engine (consumption, emission).




1.2. Objective


In general, the processes and phenomena developed in the real mechanical systems are quite complex and are difficult to be represented as close as possible in the virtual models. In fact, they represent an approximation of the real systems. A proposal to evaluate the mechanism behavior is done according to the general bloc diagram shown in Figure 1.



As can be viewed from Figure 1, in a first stage of the analysis mechanism, some input data have been used to define the kinematic model such as: joint position and constrained motion imposed to generate a complete cycle of motion. In the 2nd stage, the input data used for dynamic MBS analysis were the mass and inertia moments of the element, inertia loading resulting from motion and external loading coming from in-line cylinder and in-cylinder pressures.



The objective of this paper was achieved by performing numerous MBS simulations. The results were used to describes the role of parameters from two different engine mechanism solutions: conventional and VCR. All virtual simulations were carried out with a rigid multibody technique using MSC ADAMS software. In the first step, some kinematic simulations were made to check the functionality of the mechanism and, after that, dynamic analyses were carried out taking into account external forces coming from cylinder pressures and inertial loading from kinematic motion. Analysis processes were performed as per the general methodology described in Figure 1.





2. Simulation Method


The principle of functionality of a classical mechanism is known and, for this reason, it will not be detailed. This kind of mechanism converts rotating motion of crank into a translation motion of a piston. The overall principle is shown in Figure 2a.



In Figure 2b, we show the kinematic scheme for the case of a mechanism with an oscillating arm. The difference between these two types of mechanism concepts consists in how the con-rod is assembled in the mechanism: for a conventional engine, the con-rod is directly connected to the crankshaft, and for the engine with oscillating arm, the con-rod is connected to crankshaft through arm 2. This oscillating arm slides into an axial bearing (5) that is oscillated about D point, and it may also change the length of vector OB and the piston stroke. When the engine mechanism is running, the pivot point (D) can be moved in the vertical and horizontal direction and thus, the position of the oscillating arm is changed. In this way, we can obtain different values of the compression ratio and piston stroke. Finally, we can obtain an optimization of the engine working regimes depending also on the mechanical loading and crank speed.



In case of the engine mechanism with oscillating arm, the trajectory of the con-rod big end obtained on a complete crankshaft rotation is an ellipse, unlike the circular trajectory obtained on a conventional engine mechanism (Figure 3). This elliptical trajectory will determine an increase of piston motion time between top dead center and bottom dead center comparison by a conventional engine.



Maintaining the piston closer to the TDC (top dead center) as long as possible will create better conditions for ignition process at constant volume and an improvement of efficiency.



In order to demonstrate the advantages that the oscillating arm mechanism can bring, some scenario analysis has been made. As a particular case, we started the survey from a classical engine with the following characteristics: bore: 82 mm, stroke: 76 mm, crank speed range: 1000–6000 rpm. For a relevant comparative analysis, the same components were used for the two solutions analyzed. Basically, the element that makes the difference between the two solutions is the oscillating arm, together with the bearing in which it slides. The input data used for kinematic simulation is shown in the Table 1.



As can be viewed in the Figure 4, the pivot point was modified on the vertical direction to indicate how the stroke parameter is influenced and also chamber volume and compression ratio.



In Figure 4 and Figure 5, the nominal position of the bearing joints that connected the bearing to the engine block was noted with the letter D as was used on the kinematic scheme. As can be viewed in Figure 2b, the mechanism is related to the global coordinate system placed in the axis of the crankshaft. With respect to this GCS (Global coordinate system), the notations that define a new position of the bearing joint D were used as follows:




	
Ff the bearing joint is moved in the opposite direction with respect to GCS axes, the number “1” is used as a secondary subscript of the letter D; the first subscript indicates the axis direction of the movement takes place;



	
In a similar manner, a subscript number “2” will be used if the bearing joint is moved in the positive direction of the GCS axes. In the kinematic analysis, the movable range of pivot point has been considered as +/−40 mm on the horizontal direction and +/−25 mm on the vertical direction.








Table 2 contains an overview of results for all extreme positions of the pivot point (D) indicated in Figure 4 and for the initial position of this point. According to these results, it can be seen that moving point D on the right extreme position will lead to an increasing of stroke and a decrease of compression ratio relative to the initial position. Furthermore, the lowering of point D from initial position to the extreme down position will lead to an increase of stroke and compression ratio.



According to Figure 4, moving the pivot point in the upward direction will reduce the piston stroke and will increase the chamber volume when the piston is close to the TDC. Furthermore, moving the pivot point in a horizontal direction, the piston stroke is also reduced (Figure 5).



The stroke evolution on a complete crank angle rotation for different positions of the pivot point can be viewed on the both graphs from Figure 6.



In Figure 6a, we see the increase of the piston stroke moving the pivot point to the right side. Furthermore, the increase of the piston stroke can be obtained based on moving the pivot point in the upward direction (Figure 6b). It can be seen that the moving point to the vertical direction has a greater influence compared to that against moving in the horizontal direction.



To have better comparative information regarding the two solutions, a graph with the stroke obtained for the classic solution was overlaid on Figure 6. It can be viewed that the stroke for the VCR solution (with point D in a nominal position) is increased by 25%.



An improvement from the kinematic viewpoint will have an influence on the ratio compression and chamber volume and could also lead to improving the burning process on a complete cycle and consumption.



Other kinematic parameters analyzed as a comparison can be viewed in Figure 7. This is about velocity and acceleration of the piston.



Regarding the mechanism configurations analyzed, it can be viewed from the graphs that higher values are obtained using the VCR solution in comparison to the classic solution. More exactly, using the VCR solution, absolute maximum values obtained for velocity and acceleration piston are higher by 25% with respect to the conventional solution, considering a crankshaft speed rotation with a constant value of 6000 rpm.



In these conditions, from a dynamical viewpoint, the inertia loading that is proportional with acceleration could induce a slightly increasing effect that will influence the loading evolution in all joints of the mechanism. For this reason, some dynamic analyses were made to have a know-how about some important parameters such as load reactions, torque or power.



As it is known, to have a durability for a mechanism, it is desirable to have the internal forces that are as small as possible in the system. Furthermore, to have the best mechanical performance, it is desirable to obtain from these internal forces values of torque and power that are as large as possible, too. Basically, it has to be somewhere between ideal durability and ideal mechanical performance. For this reason, the loads from the joints and bearings must be studied based on dynamic simulations or analytical calculus.



It is well known that for a classic mechanism, in order to obtain the mechanical torque and internal loading from all joints, it will be necessary to write the equilibrium equations on all bodies from assembly based on the kineto–static methodology used in the Multi Body Dynamic calculus.



General equations that can be written for any individual body from an assembly are as follows:




	
for translational motion:   ∑  F →  = m ·  a →   ;



	
for rotational motion:   ∑  M →  = j ·  ε →   .








In the free body diagrams, the following notations have been used: r- arm length, R—magnitude force, G—weight element, Fi—inertia forces, J—inertia mass moment, Fp—piston force, N—normal force coming from a contact, ω—angular speed, ε—angular acceleration, T—engine torque).



As per example for the classic mechanism from Figure 8, the equations can be written as follow:


      Body   1 :    {      R ¯  o  +   R ¯  A  +   G ¯  1  =   F ¯   i 1        (    r ¯  o  x     R ¯  o   )   k ¯  +  (    r ¯  1  x     R ¯  A   )   k ¯  +   T ¯  1   k ¯  =  J 1   ε 1            Body   2 :    {    −   R ¯  A  +   R ¯  B  +   G ¯  2  =   F ¯   i 2       −  (    r ¯  2  x     R ¯  A   )   k ¯  +  (    r ¯  3  x     R ¯  B   )   k ¯  =  J 2   ε 2            Body   3 : −   R ¯  B  +   N ¯  B  +   F ¯  p  +   G ¯  2  =   F ¯   i 3        



(1)




where by “x” we have noted the cross product and with    k ¯    the unit vector of the Oz axis.



As can be viewed from the system of Equation (1), the torque T1 can be obtained. Based on it, and knowing the speed of crank, it is possible to evaluate the power of an engine.



The torque T1 obtained from the system of Equation (1) is called the total torque of engine and is in fact a cumulative effect that comes from two sources: pressure inside cylinders and inertia.



If it is desired to find out the motor torque given only by the inertia effect, in the equations of system (1) the term Fp is considered equal to zero. Furthermore, if we want to find out the contribution of the pressure in a cylinder on the total torque T1, all terms from right side of equations from system (1) will be equal to zero.



Furthermore, in a similar manner, for the mechanism engine with oscillating arm (VCR solution) we will write the equations on all bodies from system and the torque will be determined.



For the mechanism with an oscillating arm from Figure 9, the equilibrium equations written on each body are shown in the system of Equation (2).


     Body   1 :    {      R ¯  o  +   R ¯  A  +   G ¯  1  =   F ¯   i 1        (    r ¯  o  x     R ¯  o   )   k ¯  +  (    r ¯  1  x     R ¯  A   )   k ¯  +   T ¯  1   k ¯  =  J 1   ε 1            Body   2 :     {    −   R ¯  A  +   R ¯  B  +   G ¯  2  +   N ¯  D  =   F ¯   i 2       −  (    r ¯  2  x     R ¯  A   )   k ¯  +  (    r ¯  3  x     R ¯  B   )   k ¯  +  (    r ¯  4  x     N ¯  D   )   k ¯  =  J 2   ε 2             Body   3 :     {    −   R ¯  B  +   R ¯  C  +   G ¯  3  =   F ¯   i 3       −  (    r ¯  5  x     R ¯  B   )   k ¯  +  (    r ¯  6  x     R ¯  C   )   k ¯  =  J 3   ε 3             Body   4 : −   R ¯  C  +   N ¯  C  +   F ¯  p  +   G ¯  4  =   F ¯   i 4         Body   5 : −   N ¯  D  +   R ¯  E  = 0     



(2)







The input used to solve the system of Equations (1) and (2) was: the geometrical system with joint position, crankshaft speed and pressure from cylinders, as can be viewed in Figure 10 for three important crank speeds: idle speed, nominal speed and a speed close to the maximum torque. Figure 10a shows the in-cylinder pressure evolution in terms of crank speed. Furthermore, in Figure 10b, we show the evolution of in-cylinder pressure on a complete cycle only for the three crank speeds mentioned. The in-cylinder pressure was converted into the force pressure taking into account the area of the piston head (force gas pressure is obtained from multiplying pressure with the area of piston head). Details of input data are presented in Table 3.



Taking into account the system of Equations (1) and (2), and using multibody dynamic analyses, the total torque and inertia torque variation on a cylinder have been obtained for a complete cycle (two rotation of a crankshaft) with respect to three different crank speeds: idle, maximum torque, nominal. The graph evolutions of these can be viewed in Figure 11 and Figure 12. According to the graphs from Figure 11 and Figure 12, it can be seen that the maximum total torque value obtained for the VCR solution is higher against a classical engine mechanism. Furthermore, the power calculated for the input speed used will have a similar increasing percent.



From dynamic viewpoint analyses, to have an image about joint loading magnitude that influences the pin wear in time, Figure 11a show the evolution of the joint reaction for a complete cycle on the crank and con-rod pin when a crankshaft has nominal speed (6000 rpm). As can be viewed, in comparison with classic mechanism, the con-rod big end on the analyzed VCR solution has comparable values with the ones from the classic mechanism.



Furthermore, in the Figure 11a–d, we see the contribution of the inertia torque on the total torque engine. As can be viewed, contribution of the inertia torque from total engine torque is significantly at higher speeds. For lower speeds, the contribution of inertia is: at idle speed—8%, maximum torque speed—50%.



Based on the performed multibody dynamic analyses, Figure 12 shows the characteristic of power and torque for the two solutions studied. Both maximum power values and maximum torque values obtained have a percentage increasing close to 40% for the VCR solution.



Another important parameter to appreciate the performance of an engine is the lithic power that means the power divided at engine displacement. To evaluate this parameter for both configurations, it was taken into account that the engine displacement obtained for both solutions has different values caused by different strokes. For the classic solution, the stroke is lower by 25% compared to VCR and the engine displacement, too. Based on it, the lithic power obtained from the calculus for VCR is higher by 20% compared to the classic solution.




3. Conclusions


This review paper aimed to provide a comprehensive overview and a summary of results obtained for a novel solution of a mechanism used for an engine with variable compression ratio compared to a classical mechanism. The overall results were obtained from Multi-Body Simulation technique (MBS) and based on them; it was intended to evaluate kinematic and dynamic parameters from both mechanisms using the considered scenarios. The analytical approaches that are commonly used in the multi-body systems, such as equilibrium equations written only on one body from overall assembly, are reviewed thoroughly. In particular, the paper elaborated on the efficient modifications that can be applied or adopted to a classical engine mechanism. These modifications were applied through synthesizing a novel mechanism using a new configuration of the bodies in assembly thru implementation an oscillation arm between crankshaft and con-rod. Furthermore, possibility to change some kinematic and dynamic parameters from mechanisms through change in the position of the pivot point of oscillation arm was another important novelty.



The most important conclusions reached from the literature review are:




	○

	
From a kinematic point of view, an increase of 25% was obtained for piston stroke on the novelty design mechanism compared to the classical one. This increase is due to the oscillating arm included in the configuration of the mechanism between the crankshaft and con-rod.




	○

	
Furthermore, the velocity and acceleration of the piston for the novelty mechanism have a similar percent of increase with respect to the piston stroke obtained with a classic mechanism.




	○

	
The percentage increase of the kinematic parameters also led to the increase of the internal dynamic loads in the mechanism. For example, in the novel mechanism, on the big end of a con-rod, a maximum value of the resulting dynamic load greater than 8% compared to the classical mechanism was obtained.




	○

	
The dynamic loading reduced to the lever of crankshaft will induce an increase of the torque and also an increase of power. According to the simulations, a major percent of 40% is obtained for the novel mechanism compared to the classic one.




	○

	
Finally, the lithic power calculated in terms of kinematic and dynamic parameters has a 20% increasing obtain for the novel mechanism comparison to the classic one.









Beside the advantageous highlights based on kinematic and dynamic analysis, it can be concluded that from constructive and functional viewpoints, considering the parameters determined from virtual simulation, the engine design with an oscillating arm provides a great advantage in comparison with conventional engine, considering that most parameters obtained from the analyses are accomplished.



The mechanism design solution with an oscillating arm can be adopted for most internal combustion engines with two or four-cycle engines, and for any type of engine dimensions.



Variable Compression Ratio (VCR) technology offers the largest potential improvement in part-throttle fuel efficiency and CO2 emissions when compared to other competing technologies. Furthermore, VCR technology can offer torque enhancement at low rpm when any boost or auxiliary systems are least effective.



A possible obstacle to adoption a VCR solution could be the incompatibility with major components from current production and difficulties of combining VCR and non-VCR manufacturing within existing plants. As environmental pressure on the automobile increases and investment plans for new products are put in place, the justification for VCR will become more evident.



Taking into account that large numbers of combustion engines are made every year, the VCR engine with an oscillating arm can represent a very good solution for novel engine design.
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Figure 1. General Bloc diagram to evaluate a mechanism based on a multibody simulation. 
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Figure 2. Kinematic schema for two concept of engine mechanism: (a) classic; (b) with oscillating arm. 
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Figure 3. Trajectory of the con rod big end for a complete rotation of crank shaft: (a) classic; (b) VCR. 
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Figure 4. Piston stroke influence with modifying the pivot point on vertical direction. 
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Figure 5. Piston stroke influence with modifying the pivot point on horizontal direction. 
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Figure 6. Piston stroke evolution during complete rotation of crankshaft when the pivot point is moved in: (a) horizontal direction (b) vertical direction. 
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Figure 7. Kinematic parameters evolution on a complete cycle rotation crankshaft: (a) piston velocity; (b) piston acceleration. 
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Figure 8. Free body diagram for the classical mechanism. 
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Figure 9. Free body diagram for the mechanism with oscillating arm—VCR. 
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Figure 10. Pressure evolution on a cylinder used as input data in analyses (a) depending on crank speed; (b) depending on crank angle for a complete cycle (c) sketch of the engine [13]. 
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Figure 11. (a). Con-rod big end force [N], (b). Torque engine evolution on a complete cycle for a total torque of 1000 rpm, (c). Torque engine evolution on a complete cycle for a total torque of 3500 rpm, (d). Torque engine evolution on a complete cycle for a total torque of 6000 rpm. 






Figure 11. (a). Con-rod big end force [N], (b). Torque engine evolution on a complete cycle for a total torque of 1000 rpm, (c). Torque engine evolution on a complete cycle for a total torque of 3500 rpm, (d). Torque engine evolution on a complete cycle for a total torque of 6000 rpm.



[image: Applsci 10 02733 g011a][image: Applsci 10 02733 g011b]







[image: Applsci 10 02733 g012 550] 





Figure 12. Engine performance: classic versus VCR. 
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Table 1. Kinematic input data.
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Initial Position of Joints Considering in Mechanism [mm]






	
Joint

	
Classic

	
VCR




	
x

	
y

	
x

	
y




	
O

	
0

	
0

	
0

	
0




	
A

	
0

	
38

	
0

	
38




	
B

	
0

	
165

	
43.15

	
63.5




	
C

	

	

	
0

	
207.2




	
D

	
−

	
−

	
−120

	
80
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Table 2. Output kinematic parameters for extreme position of pivot point D.
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	D Point ExtremePosition
	Clearance [mm]
	Stroke [mm]
	Bore Diameter [mm]
	Total Volume [L]
	Clearance Volume [L]
	Compression Ratio (CR)





	initial
	13.78
	98.21
	82
	0.59
	0.07
	8.13



	Left
	9.80
	94.88 ↘
	82
	0.55
	0.05
	10.68 ↗



	Right
	21.35
	99.42 ↗
	82
	0.64
	0.11
	5.66 ↘



	Down
	6.18
	105.7 ↗
	82
	0.59
	0.03
	18.1 ↗



	Up
	21.20
	89.1 ↘
	82
	0.58
	0.11
	5.2 ↘







↗: Increase; ↘: Decrese.
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Table 3. Dynamic input data.






Table 3. Dynamic input data.





	
Element

	
Classic

	
VCR




	
Mass [kg]

	
Inertia Moment [kg∙mm2]

	
Mass [kg]

	
Inertia Moment [kg∙mm2]






	
1—crank

	
16.5

	
24,560

	
16.5

	
24,560




	
2—con-rod

	
0.3

	
1185

	
0.3

	
1185




	
3—piston

	
0.354

	
387.5

	
0.354

	
387.5




	
4—oscillation arm

	
−

	
−

	
1.55

	
13,400




	
5—pivot

	
−

	
−

	
0.275

	
100
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