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[bookmark: _GoBack]Summary: Internal combustion engine, as a cyclical energy machine, produces a variable effective torque as well as crankshaft speed consequently. Various factors have a major role on instantaneous value of effective engine torque, such as speed and load regime, number of cylinders and the cylinder arrangement (in-line engine, V‑engine etc.). Given these facts, as well as variable external engine loads, the crankshaft speed is variable even in the case of steady state operation regime. A higher coefficient of crankshaft speed non-uniformity causes, as a side effect, instability in the engine control system and increase vibrations transmitted to the vehicle and the passengers themselves. Therefore, in order to avoid these side effects, flywheel is used, leading to reduction of speed non-uniformity to reasonable and acceptable level.
In this paper, an analysis of non-uniformity of engine speed without flywheel being attached on crankshaft is carried out. On the basis of the obtained results and recommendations for coefficient of speed non-uniformity, selection of appropriate characteristics of flywheel is carried out.
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INTRODUCTION
Internal combustion engine is a cyclical machine, in which, due to the nature of operation, the engine effective torque during one cycle is variable, in size and direction. At approximately constant external resistance, variable effective torque leads to the excess or the deficiency of the necessary torque (work of tangential forces). As a consequence, non-uniformity in angular velocity (ω) of the engine crankshaft occurs. Non-uniformity in angular velocity is expressed by the coefficient of speed non-uniformity ( of the crankshaft, as:
	
	(1)


To retain the crankshaft speed uniformity within desired range, acceptable for internal combustion engine, an additional mass is introduced. Moment of inertia of this additional mass would absorb aforementioned fluctuation of work and thus equalize angular velocity of the crankshaft. The rotating element whose moment of inertia provides the desired crankshaft speed uniformity is called flywheel. In addition to its basic function, flywheel serves as the connection between engine and transmission (it is a functional part of clutch), and in modern diesel engines is a part of a torsional vibrations damping system (dual-mass flywheel).
The coefficient of crankshaft speed non-uniformity should be kept to a minimum. In literature, the recommended coefficient of speed non-uniformity can be found, which according to [1] and [2], for vehicle engines is in the range:

However, during exploitation, vehicle engines are exposed to extremely variable working condition, frequently changing engine load as well as engine speed. For a constant value of the flywheel moment of inertia, the coefficient of non-uniformity varies with change of the engine speed. In other words, the flywheel will provide the designed value of the coefficient of non-uniformity for only one operating point (or narrow area), while in all other operating points the coefficient of non-uniformity will more or less deviate from the projected value.
Therefore, in designing a flywheel, the question arises which value of the flywheel moment of inertia will ensure the optimum crankshaft speed uniformity in the entire operational area of the engine? To partly answer that question, below will be determined necessary value of flywheel moment of inertia which provides the same uniformity of crankshaft speed (constant value of coefficient of non-uniformity) for three different engine speed regimes of a specific four-cylinder turbocharged diesel engine. 
MODEL FOR CALCULATION OF THE FLYWHEEL CHARACTERISTICS
The most complex mathematical model used for calculation of the system of mass oscillating around the equilibrium position, can be shown as the equation system in the form [1, 3]:
	

	(2)


From this system, by using one of the numerical calculation methods, the angular speed (ωi) is determined as the first derivative of the rotation angle of the crankshaft (αi) by time (t), so that for the n-th mass (flywheel) the value ωn = f (t) can be determined, whereby the coefficient of non-uniformity can be defined according to the equation (1). However, this model includes many variables that are not easy to determine, such as internal (εi) and external damping (ki), stiffness (ci), torques as result of gas forces (Mg,i), inertial forces (Min,i) and friction forces (Mtr), and is mainly applied in the study of torsional oscillations of the crankshaft.
The most used model in literature for calculations of flywheel characteristics is based on the definition of the so-called instantaneous value of the engine effective torque (Me) and excess of work (U) in the conjunction of engine - working machine. The model assumes that the crankshaft is rigid. Unlike the system of equations (2), here the movement of all the masses is represented as one mass, and the equation of motion is: 
	
	(3)


V is the moment of inertia of all rotating masses of the engine, and MRM is external resistance torque (load of the working machine). It is assumed MRM=const. in one speed regime and the value of the instantaneous effective torque Me is defined as:
	
	(4)


K is gas force at the head of the piston, Ek and Ep are kinetic and potential energy of moving parts of crank mechanism, Ptr is friction force of engine moving parts. The expressions for Ek, Ep, Ptr, as well as the detailed calculation of Me are given in literature [1]. As the external load MRM, the averaged value of the effective torque is taken. Error made for this estimate is negligible.
The required flywheel moment of inertia can be determined by following equation: 
	
	(5)


nk is the number of crank mechanisms,  moment of inertia of rotating masses of one crank mechanism. The values Fmax and Fmin represent the maximum and minimum excess of work resulting from the analysis explained in [1]. 
CALCULATION OF THE  FLYWHEEL MOMENT OF INERTIA
Bellow, calculation of the required flywheel moment of inertia will be conducted for fixed value of the coefficient of non-uniformity, for specific four-cylinder, four-stroke turbocharged diesel engine. The calculation is conducted for three different engine speed regimes, on full engine load. Basic engine data are given in Table 1.
Table 1 Engine data [4]
	Maximal engine power / engine speed
	150 kW / 2100 rpm

	Maximal engine torque / engine speed
	787 Nm / 1500 rpm

	Engine volume
	7120 cm3

	Number of cylinders
	4

	Piston diameter / stroke
	125 / 145 mm


Three characteristic engine speed regimes are analysed: 
· n1 = 1000 rpm – minimal engine speed,
· n2 = 1500 rpm –  engine speed for maximal engine torque,
· n3 = 2100 rpm – engine speed for maximal engine power.
It should be noted that in all three cases the analysis was conducted for the regime of maximum fuel supply – full engine load.
Using experimentally obtained diagrams of indicated pressure (pi) in the engine cylinder for three different engine speed regimes, and knowing the design characteristics of the engine, corresponding diagrams of instantaneous values of engine effective torque (Figures 1-3) are determined, according to the model explained in the previous chapter.
[image: ][image: ]
Fig. 1 Diagram of indicated pressure, and diagram of instantaneous values of engine effective torque and external resistance load,  n = 1100 rpm
[image: ][image: ]
Fig. 2 Diagram of indicated pressure, and diagram of instantaneous values of engine effective torque and external resistance load, n = 1500 rpm
[image: ][image: ]
Fig. 3 Diagram of indicated pressure, and diagram of instantaneous values of engine effective torque and external resistance load, n = 2100 rpm
Based on the diagrams of the instantaneous values of engine effective torque (Figure 1-3) and the equation (5) the values of the flywheel moment of inertia are determined (Table 2). In doing so, the values nk = 4,  = 0.01,   = 0.1144 kgm2 are adopted for the calculation.
       Table 2 Calculated values of flywheel moment of inertia
	Engine speed, rpm
	Flywheel moment of inertia, kgm2

	1100
	15.741

	1500
	6.911

	2100
	2.057


In Table 2, considerable influence of the engine speed regime on crankshaft speed non-uniformity or the required flywheel moment of inertia for its balance can be observed. The results indicate that the required flywheel moment of inertia at the minimal engine speed n =1100 rpm is significantly higher (more than seven times) than required flywheel moment of inertia at maximal engine speed n = 2100 rpm. Therefore, the question is what value of the flywheel moment of inertia to choose.
The additional analysis that included constructive possibilities of flywheel design established that only the flywheel moment of inertia of 2.057 kgm2 could satisfy required condition, as calculated flywheel dimensions and flywheel mass of 67 kg provide smooth operation of the engine. The higher flywheel moments of inertia are not acceptable both in terms of compromising engine response time and in terms of mass, which may threaten functional operation of the crankshaft. In accordance with this, the flywheel selection would in this case be based on the values of the moment of inertia obtained for higher engine speed regimes, which would correspond to the value of 2.057 kgm2. 
[image: ]
Fig. 4 Coefficient of the crankshaft speed non-uniformity for different engine speed, at full engine load, and flywheel moment of inertia of 2.057 kgm2
In Figure 4 coefficient of the crankshaft speed non-uniformity as function of the speed regime for adopted flywheel moment of inertia is shown. It can be noted that at lower speed regimes value of coefficient of non-uniformity gets out of the recommended range. However, it can be tolerated because of the contributions of following factors: easier design of the flywheel, additional contribution to the moment of inertia of the parts of the transmission that are attached to flywheel and very rare situation when the engine runs simultaneously at full load and low speed (n). 
CONCLUSION
By selecting minimum value of the flywheel moment of inertia, the increase of the coefficient of non-uniformity in the low engine speed regimes appears. Consequently, it is not possible to achieve the required coefficient of non-uniformity in the entire engine operational area. The optimal selection of the flywheel moment of inertia should provide desired coefficient of non-uniformity of the crankshaft rotation in the engine operational area that is mostly used in exploitation. It would be therefore advisable to conduct an additional analysis for the corresponding number of regimes at engine partial loads. Basing the selection of flywheel only on the engine full load regimes should be considered in relation to the maximum engine speed. Basing the selection of flywheel on low speed regime would achieve a more favorable coefficient of speed non-uniformity while on the other hand crankshaft would be overloaded due to increased mass of the flywheel. 
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