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Abstract. The purpose of this research work is to identify the laws of
thermodynamic operation in the theoretical cycles of four-stroke inline
piston gasoline internal combustion engines (ICE). The main results:
dependence of the thermodynamic operation of the working body of ICE in
theoretical cycles of four-stroke inline piston gasoline engines as a function
of the angle of rotation of the crankshaft; regularities of uneven generation
of positive thermodynamic operation in the theoretical cycle of four-stroke
inline one-, two-, three -, five-cylinder piston gasoline ICE; regularities of
the alternating character of thermodynamic operation in the theoretical
cycles of inline four-stroke one -, two -, three -, four - and five-cylinder
gasoline piston ICE; regularities of positive thermodynamic operation
during the entire theoretical cycle of four-stroke inline six-and eight-
cylinder piston gasoline ICE; conditions for uniform pulsation of
thermodynamic operation during the entire theoretical cycle of four-stroke
inline piston gasoline ICE - the product of the crankshaft angle by the
number of cylinders must be 720° (four-cylinder inline with
a crankshaft angle of 180°, six-cylinder inline with a crankshaft angle of
120°, eight-cylinder inline with a crankshaft angle of 90°).

1 Introduction

Piston internal combustion engines are one of the most common classes of rotational action
engines. The tasks of improving the efficiency, reliability and durability of internal
combustion engines and drives based they are crucial when creating competitive power
plants based on them.

As shown by the analysis of open sources of information currently, work in the field of
piston engine modeling is underway in the field of: modeling of fuel combustion processes
[1,9, 19], modeling of gas dynamic processes both inside the cylinder and in the intake and
exhaust systems [2-6, 8, 11-13, 15, 16, 30-32], modeling of heat transfer processes inside
the cylinder [7, 14, 18, 20, 26], modeling of fuel properties [10], modeling of friction
processes in cylinder-piston group parts [17], modeling work of fuel systems [21],
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modeling for optimization purposes the design [22-25], modeling of shock interaction of
the piston [27], modeling of engine cycles [28], modeling of the engine management
system [29].

The review of scientific and technical sources, developed by leading Russian scientific
centers energy engineering it is revealed that the theoretical justification of parameters of
inline four-stroke piston gasoline internal combustion engines is based on some average per
cycle of the thermodynamic parameters of the working body of ICE. This approach is quite
acceptable in the design of wheeled and tracked vehicles, in which a constant consumption
of mechanical work generated by a driven inline piston gasoline internal combustion engine
is carried out. However, when designing process equipment driven by inline piston gasoline
internal combustion engines, in which the mechanical work created by the engine is
consumed not constantly, but in accordance with some law, in purpose to improve the
efficiency of the "internal combustion engine - process machine" system, it is necessary to
synchronize the maximum output of mechanical work by the engine with the maximum
consumption of mechanical work by technological equipment (reciprocating compressors,
electric generators, hydraulic pumps, etc.).

To date, open sources [33] have published approximate dependences of the change in
the torque developed by a four-stroke inline piston gasoline internal combustion engine as a
function of the angle of rotation of the crankshaft.

The purpose of the study is to identify the balance of thermodynamic operation in
theoretical cycles of four-stroke inline piston gasoline internal combustion engines during
the working cycle, that is, during two turns of the crankshaft as a function of the angle of
rotation of the crankshaft.

To achieve this purpose, it is necessary to solve a number of the following tasks:

e development of mathematical models of thermodynamic operation in the working
processes of four-stroke inline piston gasoline internal combustion engines;

e modeling the dependence of thermodynamic operation of four-stroke inline-piston
gasoline internal combustion engines (ice): one -, two -, three -, four -, five -, six -, eight-
cylinder engines on the angle of rotation of the crankshaft during the last two speed rotation
in Microsoft Excel.

2 Mathematical modeling

Consider the theoretical duty cycle of a four-stroke in-line gasoline piston internal
combustion engine (figure 1).
In the first approximation, assume that the pressure in the over-piston space during the

intake and exhaust process is equal to the atmosphericp = p, = p,.

Further thermodynamic parameters of the working medium (pressure p and the volume
V of the working body of ICE in space above the piston) in the characteristic points of the
workflow, we will indicate the corresponding indexes and thermodynamic operation of A
working body of ICE within the working process the start and end index. Using n; denote
the polytropic exponent is the compression of the working body of ICE through the n,
polytrope expansion of the working body of ICE. The degree of pressure increase in the
process of 3-4 is denoted by A. The compression ratio is equal to .

We will write down the dependencies for determining the current parameters of the
working body of ICE at the characteristic points and thermodynamic operation in each of
the working processes of a four-stroke gasoline piston engine according to [34].

Process 1-2: the work suction of the working body of ICE A4, = _pl(V: -1
Process 2-3: the work of compression of the working body of ICE
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1
Ayg = — (p3 Vg — p, V5 ), the pressure of the working body of ICE at point 3 is equal

|3 . . W .
to p3 = P, [V—z:]”‘—, compression ratio £ = V—E Process 3-4: the pressure of the working
] Iz

body of ICE at point 4 is equal to s = Apg. Process 4-5: the work expansion of the
1

working body of ICE 4,. = — (paV, — ps V%), the pressure of the working body of
Iz

. . v, .
ICE at point 5 is equal to Pg = P, [v—“:]”ﬂ. Process 5-2: the process of reducing the
5

pressure of the working body of ICE to atmospheric. Process 2-1: the work of Emission of
fuel combustion products 45y = 7, (1, —17).

Pa

» V(p)

Fig, 1. The theoretical cycle of a four-stroke gasoline engine: 1 - Cylinder; 2 - Piston; 3 - Inlet and
exhaust valves; Process 1-2 - Intake; Process 2-3 - Compression; Process 3-4 - fuel Combustion
(pressure Increase); Process 4-5 - expansion of the working body of ICE; 5-2 - pressure drop When
opening the exhaust valve; Process 2-1 - Emission of fuel combustion products.

From the point of view of the balance of operation piston machine work suction and
work expansion of the working body of ICE have a positive value, as they are committed at
the expense of the atmosphere and at the expense of internal energy of the working body of
ICE accordingly. The compression work and the work of Emission of fuel combustion
products are negative, so they require work on the working body of ICE.

The balance of operation in the theoretical cycle of a four-stroke piston gasoline engine
is defined as:

A=dyp—dyp tdyg —4dy (1
3 Processing the results obtained

To identify the dependence of thermodynamic of the work in the theoretical cycle of a four
stroke inline piston gasoline single cylinder engine on the angle of rotation of the
crankshaft we perform mathematical modeling for a four stroke inline piston single cylinder
engine based on the above dependencies, with the parameters: compression ratio e=10,
compression polytropy index n;=1.36, expansion polytropy index n,=1.27, the degree of
pressure increase in the process of 3-4 A=4 we take the recommendation [36], the total

volume of the cylinder V; = 0,417 - 1073 ma, working volume of the cylinder
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V, —V; = 0,375- 1072 m?. According to the recommendation [33], the piston stroke

=

5, = 0,079 m. and the cylinder diameter D=0.079 m. are assumed to be equal to each
other. The values 5 p and D are calculated based on the value of the working volume of the

cylinder. Based on the value of § p» We get the value of the crank radius r=0.0395 m.

The simulation results are shown in figure 2.

In the future, to simplify the presentation of the results obtained in inline piston multi-
cylinder gasoline engines, we will assume that the thermodynamic processes of the first
cylinder of a multi-cylinder engine coincide with the thermodynamic processes of a piston
single-cylinder gasoline engine, and the thermodynamic processes in each subsequent
cylinder are shifted relative to the thermodynamic processes of the first cylinder by the
value of the angle between the cranks.
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Fig. 2. Dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline piston
gasoline single-cylinder engine on the angle of rotation of the crankshaft.
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Fig. 3. Dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline piston
gasoline two-cylinder engine on the angle of rotation of the crankshatft.

Based on the data presented above, we perform a mathematical modeling of the
dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline
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piston gasoline two-cylinder engine on the angle of rotation of the crankshaft. The angle
between the cranks is assumed to be 180 degrees according to the recommendation [37].
The modeling results are shown in figure 3.

Based on the data presented above, we perform a mathematical modeling of the
dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline-
piston gasoline three-cylinder engine on the angle of rotation of the crankshaft. The angle
between the cranks is assumed to be 120 degrees according to the recommendation [37].
The modeling results are shown in figure 4.
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Fig. 4. Dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline-piston
gasoline three-cylinder engine on the angle of rotation of the crankshatft.

Based on the data presented above, we perform a mathematical modeling of the
dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline-
piston gasoline four-cylinder engine on the angle of rotation of the crankshaft. The angle
between the cranks is assumed to be 180 degrees according to the recommendation [37].
The modeling results are shown in figure 5.
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Fig. 5. Dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline piston
gasoline four-cylinder engine (the angle between the cranks 180°) on the angle of rotation of the
crankshaft.

Based on the data presented above, we perform a mathematical modeling of the
dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline-
piston gasoline five-cylinder engine on the angle of rotation of the crankshaft. The angle
between the cranks is assumed to be 72 degrees according to the recommendation [37]. The
modeling results are shown in figure 6.
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Fig. 6. Dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline-piston
gasoline five-cylinder engine (the angle between the cranks 72°) on the angle of rotation of the
crankshaft.
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Based on the data presented above, we perform a mathematical modeling of the
dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline
piston gasoline six-cylinder engine on the angle of rotation of the crankshaft. The angle
between the cranks is assumed to be 120 degrees according to the recommendation [37].
The modeling results are shown in figure 7.
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Fig. 7. Dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline piston

gasoline six-cylinder engine (the angle between the cranks 120°) on the angle of rotation of the

crankshaft.

Based on the data presented above, we perform a mathematical modeling of the
dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline-
piston gasoline eight-cylinder engine on the angle of rotation of the crankshaft. The angle
between the cranks is assumed to be 90 degrees according to the recommendation [37]. The

modeling results are shown in figure 8.
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Fig. 8. Dependence of thermodynamic operation in the theoretical cycle of a four-stroke inline-piston

gasoline eight-cylinder engine (the angle between the cranks 90°) on the angle of rotation of the

crankshaft.
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The obtained results of mathematical modeling are partially correlated with the data
presented in [33], in the form of changes in the torque developed by in-line multi-cylinder
machines, mainly in the part of work developed by four, six and eight-cylinder in-line
piston engines.

If the resulting mathematical modeling dependence of thermodynamic operation divided
by the length of the business cycle and the angular velocity of the engine crankshaft during
the implementation cycle, taking into account the indicated and mechanical efficiency of
the engine you can get the torque dependences on the angle of rotation of the crankshaft.

4 Conclusions

Based on the results obtained, the following conclusions are made:

o the dependence of the thermodynamic operation of the working body of ICE in the
working cycles of four-stroke piston inline gasoline engines as a function of the angle of
rotation of the crankshaft is revealed;

e the results of mathematical modeling show the uneven development of positive
thermodynamic operation in the working cycle of four-stroke inline one-, two-, three -,
five-cylinder piston gasoline engines;

o the results of mathematical modeling show that positive thermodynamic operation is
performed at a limited angle of rotation of the crankshaft in four-stroke inline one-, two-,
three -, five-cylinder piston gasoline engines;

e the results of mathematical modeling show that the thermodynamic operation of
inline four-stroke one -, two -, three -, four-and five-cylinder gasoline piston engines during
the working cycle is alternating;

e the results of mathematical modeling show that positive thermodynamic
performance during the entire operating cycle is observed only in four-stroke inline six-and
eight-cylinder piston gasoline engines;

e the results of mathematical modeling show that for a uniform pulsation of
thermodynamic operation during the entire working cycle of four-stroke inline piston
gasoline engines, it is necessary that the product of the crank rotation angle by the number
of cylinders is 720° (four-cylinder inline with a crank rotation angle of 180°, six-cylinder
inline with a crank rotation angle of 120°, eight-cylinder inline with a crank rotation angle
of 90°).
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