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Abstract

The engine is one of the most important and complex parts of the car. Most of the breakdowns occur in the
piston group of the internal combustion engine, especially in the compression rings. This article presents a new
design for an innovative repair kit for transport equipment units. Article considers new principles and effects
for reducing friction in vehicle units. The main difference of the new solution is the use of spring rings instead
of simple installation of compression piston rings. The main goal of functional tuning is to increase the strength
and technical indicators of friction between piston rings and cylinder liner. New technology decreases the
natural wear of piston rings and the integrity of piston grooves in which the rings are installed. Moreover, new
kit improves seals and increases shock absorption when the combustible mixture ignites. Suggested spring kit
is tested in virtual environment with all with external factors and processes that can affect the operation of the
spring. Based on the results of the experiments and mathematical calculations, suggested kit can work under
the real working conditions without any deformation and losing functionalities.

Keywords: innovative repair kit, spring inserts, transport, tribo-coupling technology, new principles and effects, friction
reduction, reliability.

List of Symbols/Acronyms

65G — mark of the steel;

AISI 1066 - mark of the steel;

CPG - Cylinder Piston Group;

FFE — Full — Factorial Experiment.

D1 - Wire diameter

D2 - The diameter of the inner circle

n - Number of turns

L3 - The height of the spring in the compressed state
Y - The “response” of the function

Xn — Factors

1. INTRODUCTION

The engine is the most important and complex
part of the car, responsible for the efficiency,
reliability and environmental friendliness of the car.
A considerable part of all car breakdowns is related
to the engine. It is known that the car engine has a
low efficiency, and the main losses occur from the
connection of the piston and cylinder, which can
reach about 40-50% [1, 2, 3, 16, 19]. These results
are caused by friction losses and engine oil
consumption [7, 17]. According to research, about
15% of the fuel is consumed by the engine to
overcome friction between the piston rings and the
cylinder liner [5, 6, 15]. As a result of natural wear
of connections and violations of the adjustments of
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the main engine systems, unevenness of cylinder
operation increases to 25-30%, and energy
efficiency decreases to 35%. In addition, there is an
increase in fuel consumption, which can reach about
25%, excluding the deterioration of other indicators
[4].

Piston rings have a vital role in the operation of
the piston-cylinder joint [18]. It is important to
maintain free movement of their grooves inside the
piston to remain in contact with the cylinder [5].
Sticking of the rings in the piston is usually caused
by the accumulation of combustion products or
lubricating oil, which can lead to engine failure and
increase of the friction loss [17, 18, 20].

Radial movement of the rings leads to wear of the
ring and the lower surface of the ring recess. This can
lead to gas breakthrough and coking of the engine
oil. Then the piston rings will completely lose their
sealing properties [6, 27, 30]. See Fig. 1.
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Fig. 1. Wear of the bottom surface of the ring recess
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According to the research, the average age of cars
in operation in Kazakhstan is 22 years. This means
that most parts, especially engine parts such as piston
rings, are expected to deteriorate or wear out [7, 28,
29, 31].

This situation is the main reason for providing a
solution for repair and extension of service life of
piston design. The increasing of the working life of
the engine parts is one of the most wanted purposes
for organizations [8]. The solution is based on using
the spring liners that will press piston rings to the
piston ends to increase service life and avoid
destruction of the lower part of the piston edge where
the rings are installed. In this case, a "ratchet effect"
occurs - forced rotations only in one direction
depending on the direction of spring winding [9].
Moreover, during operation, the contact line on the
working surfaces is constantly changing, which
leads to a decrease in their wear.

2. METHOD

First, a 2D model was drawn on the AutoCad
platform, where basic positions of the spring and
piston rings in the piston were determined. There
was drawn general view of the piston with and
without a repair kit. At this stage, the exact
dimensions and material for the spring were not
approved. This allows to think over all the nuances
and questions that would arise during the creation of
a 3D model in the simulator. See figures 2 and 3.

Fig. 2 shows the piston design with the place for
installing the piston rings and spring liners. The
location of the piston rings has remained unchanged,
while the spring will be installed between the two
rings, and the location of the spring has been
machined.
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Fig. 2. the design of the modified piston for the spring
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Fig . 3. Piston design with repair kit

The next step is to select the material and size for
the spring. The 65G steel was chosen as the material.
It has international analogues (65Mn, 1066, 566,
080A67) [8, 9, 10, 14]. This type of steel is common
in the manufacture of springs and parts for internal

combustion engines. In the experiment, it was used
some characteristics of the analogue, AISI 1066
steel, due to the lack of complete data on 65G steel.
All metal characteristics were entered manually
because 65G steel and its analogues do not exist in
the SolidWorks database. In the following table it is
possible to see the detailed characteristics used for
the experiment in the SolidWorks environment.

Table 1. Properties of metal

Quantity Value Unit
Thermal 10-10 e %/K
expansion
Thermal 25-25 W/m-K
conductivity
Specific heat 460 - 460 J/kg-K
Melting 1450 - 1510 °C
temperature
Density 7850 kg/m?
Resistivity 0.55-055 Ohm-mm?/m

Poissons Ratio 0.27-0.30 (Typical For Steel)
Elastic Modulus 190-210 (GPa)
Tensile Strength 1158 (MPa)

Yield Strength 1034 (MPa)
Elastic Modulus 190-210 (GPa)

The main dimensions for the spring were selected
in accordance with the dimensions of the piston
group of the Hyundai Accent G4FG-5 internal
combustion engine. Some sizes were measured
manually due to the lack of information in open
sources. The piston group of this car was chosen
because the car has been one of the most common
cars in Kazakhstan since 2010 [11, 21, 22, 26]. And
a possible repair kit may be relevant for repairing the
piston group of these cars after the expiration of the
service life of some parts.

Fig. 4. Piston of Hyundai Accent 1.61 made by Mobis
company (original picture was made by the author)

After defining the drawings, a 3D model was
created in SolidWorks.

Fig. 5. Spring model
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This table represents the main dimensions of the

spring.
Table 2. Spring dimensions

D1 1.4mm Wire diameter

D2  72mm The diameter of the inner circle

n 1 Number of turns

L3 3.5mm The height of the spring in the
compressed state

The wire diameter and the number of turns were
chosen experimentally to determine the most durable
spring design. With many turns, the spring would not
fit the gap between the rings, similarly with the
thickness of the wire itself. The minimum height of
the spring when the turns touch each other is 3.5 mm,
which is less than the distance between the grooves
of the piston rings. It is important because spring
increases in size during the heating and needs space
for expansion. The diameter of the spring itself also
does not exceed the diameter of the piston to avoid
contact of the spring with the cylinder mirror.

The main external factors, envisaged in the
experiment, affecting the spring will be the
temperature during fuel combustion and the
compression force of steam gases. During the
experiment, 105N of compression force was
applied to the spring. This compression is the
working pressure for the piston group of the Hyundai
Accent car with the G4FG-5 1.6 liters. Without
changing the compression force of 10.5 N, the spring
temperature was changed in the range from 0 to 350
degrees Celsius to simulate the real operating
environment of the piston and spring inside the
internal combustion engine [12, 13, 21, 22, 23, 24].
Thus, it was possible to determine the output stress
and spring movements under different temperature
conditions with constant compression pressure.

After creating the model, the polygonal mesh of
the spring was created using a data processing
method. The following image shows the main
parameters for creating the mesh.

Fig . 6. Spring representation with mesh parameters

Stage of making the experiment.
The main factors were:
- temperature, °C;
- thermal conductivity coefficient, m-°C;
- specific heat capacity, J/kg-°C.
- stress (N/m?) or output data ().

During the experiment, the spring was subjected
to a compression force of 10.5 N to simulate
compression in the engine cylinder [23, 24, 25].
Then there were applied the experimental

temperature values from 0 to 300 °C with the
corresponding values of the thermal conductivity
coefficient and specific heat capacity taken from the
tabular data.

3. RESULTS

This section presents the results of the
experiment conducted in SolidWorks.

The following table shows the results of the
stress and displacement of the spring along the
vertical axis under the influence of factors
(temperature, thermal conductivity coefficient,
specific heat capacity, J/kg-°C) affecting the results
of the study.

Table 3. Experiment results

Temperature  Stress Displacement
108 (N/ according to vertical

m?) axis (mm)
1 24 1.079 0
2 100 2.246 -0.013 -0.027
3 150 4.064 -0.014 - 0.046
4 200 5.883 -0.015-0.064
5 250 7.701 -0.016 - 0.078
6 300 9.520 -0.018 - 0.086

It can be seen that the stress and displacement
increase proportionally to the increase in
temperature. You can also see the expansion of the
metal under the influence of temperature.

Several results are presented below in graphical
form fig. 7-9.
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Fig . 7. Results of stress at operating values of
compression and temperature of 200 °C.
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Fig . 8. Results of stress at operating values of
compression and temperature of 200 °C
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Fig. 9. Results of stress at operating values of
compression and temperature
of 100 °C

The results show that the stress is not distributed
evenly, but it increases from the top of the spring to
the bottom. The peak stress values appear at the
corners of the bottom of the spring.

£ —

Fig. 10. Results of displacement at operating values of
compression and temperature of 200 °C
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Fig . 11. Results of displacement at operating values of
compression and temperature of 100 °C

Based on the results of the movement, it can be
said that the main movement occurs in the central
coil of the spring, namely from the end of the coils.
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Fig . 12. Applied reaction force to the spring
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Fig . 13. Changes of stress results depending on applied
temperature

From this picture you can see that the graph of
voltage depending on the applied temperature is
linear.

The data obtained from the experiment were used
for mathematical calculation of adequacy.

To create a mathematical model of the object
under study there were wused methods of
experimental planning theory.

In general, the mathematical description of the
experiment can be represented in the following form.
The property of the object (Y) depends on several (xi,
X2, .. Xn) and this will allow to clarify the nature of this
dependence.

Y = Fj (X1, X2, . Xn) , 1)
where the value Y is called the “response” of the
function, and the dependence is
Y = Fj (X1, X2, .. Xn) — "response function”;

X1, X2, ..Xn - Variables are factors of the
experiment.

It is considered that the equation which is
connecting the response function with the factors as
a mathematical model of the experiment — the
regression equation.

The regression equation of interest with the three
variables can be written in the form of the following
polynomial

Y = bo + biX1+ DaXz + DaXz + D12X1X2 + D13Xaxs +

b2sXoX3 + D123X1X2Xs, 2

Where
bo— is the free coefficient of the regression equation;
bi — linear coefficients of the equation;
bi—paired coefficients or effects of paired
interaction;
bi2s— is the effect of the interaction of three factors.

The absolute value of the coefficients indicates
the degree of influence of a given factor on the
response function, and the sign in front of the
coefficient indicates the direction of the factor's
action.

Let's proceed to the mathematical formalization
and coding of variables (factors).

The main factors of the experiment:

- temperature, °C;
- thermal conductivity coefficient, m-°C;
- specific heat capacity, J/kg-°C;
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- stress (N/m?)) or output data (Y).
List of factors included in the experiment.

Table 4.
Ne  Factor name  Marking Unit Range
1 Temperature X1 °C 50 -
300
2 Coefficient X2 m-°C 34 -
of thermal 37
conductivity
3 Specific X3 Jkg-°C; 440 -
heat 525
capacity

Let's test a three-dimensional experiment where
each factor has two levels.

Table 5. Coding of factors

Factors Xi X1 X2 X3
Upper level  Xiw 300 37 525
Lower level Xi 50 34 440

low
Base level Xio 175 35.5 482.5
Step AXi 125 15 42.5
(interval) of
variation

The main advantage of a factorial experiment is
that all factors are varied simultaneously in the
experiment. This results in the dispersion in the
estimate of the regression coefficients being N times
smaller than the experimental error.

Below we present (table 6) the matrix of the full-

bj = % Z;V:lxji:)’i J=Lk. (3)

Take: bo=4.209, b; = 0,673, b,=0,9831, b3 =
2,5834, b12 = 0,9424, b13 = 0,2369, b23 = 0,8354, b123
=-0,0156.

The representation of regression equation in
coded form:

Y =(4,21+0,673x1 + 0,98x2 + 2,5834X3 +
0,9424X1X2 + 0,2369X1X3 + 0,8354X2X3 - 0,02X1X2X3
)*10° (4)

The obtained coefficients of equation (4) are
tested for significance using Student’s t-test. To do
this, we additionally made three more experiments,
for example, with values

y: y? =3.166; y; = 4.9735; y3 = 4.5.
From these data: y0 = § 12.64 = 4.21

An experiment is considered reproducible if the
variance of the output parameter Y; is homogeneous
at each point in the factor space.

The variance of reproducibility is calculated by
the formula

3

1 —2 10

Slepro = mZ(}’g -y°) =

u=1
= 0.8785

Srepro = 0.94 - 10°
Let us determine the accuracy of the coefficients
of equation (4):

1

Sb

16

-1.757

1

;= \/—N-Srepro =ﬁ'0'94'108 =0,3-108
Now we evaluate the significance of the

coefficients of equation (4) using the Student's

criterion:

factorial experiment (FFE) design 2% with the Ab; = tyr - Sy, F=N(k-1), |b| = Ab;
included dummy variable Xo. ty = 1bol _ 221 _ 44 03: t, = Ibal _
Regression equation is found in the form (2). wgpg o % ool Sbo
Below, the values of the coefficients for the o3 2243 ;= ﬁ = 3.27;
regression equation are calculated using the formula 0
(see the manual):
Table 6.
Impact Plan Results of Theoretical
No . results based
iment X0 experiment on the
Experimen X1 X2 X3 X1X2 X1X3 X2X3 X1X2X3 .
equation
1 + - - - + + + - 1.079 1.65
2 + + - - + - + + 1.876 3.0
3 + - + - - + - + 13 0.2
4 + + + - + - - - 2.246 3.45
5 - o - - + 4.064 3.37
6 + + - + + + - - 5.883 6.65
7 + -+ - - + - 7.701 6.97
8 + + + + + + + + 9.520 10.25
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t3 = @ = 8.6, t12 = [b1z] = 3.14; t13 =
Sho Sho
bl _ 0,79,
Sbo
tys =zl = 278, ¢,,, =22l = 007,
Sho Shg

The tabular value of the Student's criterion for the
confidence probability p = 0.95 and the number of
degrees of freedom f=16 is equal to:

to.9s5;16 = 2.13
Therefore, the regression equation (4) will have
the form
Y =(4,21+ 0,67x1 + X2 + 2,583 + 0,94x1X2
+0,83%2x3) -108 (5)
According to Fisher's criterion
Fcalc = Slz/sczre
where

1
St O =),

U7 N—r+1) &=t

k — number of parallel determinations,
y}’ — calculated values according to equation (5),

y; —experimental data (output, experimental

results).
Then,
SZ = Ve 6.57=1.64,
1,64
Feqic = O,ﬁ = 1,86,

fe=N(k—-1)=8-2=16,f,y =N —
(k+1)=8-4=4
Table value of Fisher's criterion for
p=0,05; f; =4;f, =16 equal
Fy_,(f,f,) = 3.0.
Thus, F.q1c < Fiapers, therefore, the regression
equation (5) is considered adequate.
Based on the calculation results, the following
conclusions are:

1. In the obtained regression equation, all factors
included in the experiment have positive
(coefficients with the "+" sign) influence. That is,
with an increase in their value, the value of Y
increases.

2. Factor x; has a greater influence on the
experiment than factors x, and x; (3.7 times or
30% and 2.6 times or 38.5%, respectively).

3. Factors x, and x; separately have a weaker
effect than when they act simultaneously, since
the term x, - x; has a positive value. Similar
reasoning applies to factors x, and x;.

4. The coefficients of the terms x5 - x; and x; * x, -
x5 are insignificant. Therefore, the simultaneous
effects of these combinations of factors are not
significant in the experiment.

4. DISCUSSION

Based on the obtained results it can be said that
the proposed model is adequate and applicable in
real life. The viability of the model was calculated
using a mathematical model and tested in the
simulator. The model withstands the effects of the

applied factors and remains stable. The next step
may be the manufacture of a full-size physical
prototype for testing on a real stand or an internal
combustion engine.

During the tests on the SolidWorks simulator,
some difficulties arose. The program database did
not contain characteristic data on the metal we
selected. This could affect the accuracy of our
experiment, since the data was entered manually.

5. CONCLUSION

Based on the results of the test conducted in the
SolidWorks simulator and the mathematical model
for the adequacy of the model, it can be said that the
proposed solution is a working solution for
improving the operation of the CPG.

The results showed that an increase in the value
of the influencing factors proportionally increases
the voltage value. Specific heat has a greater effect
on the experiment than others. The factors
individually affect less than when exposed
simultaneously, with the exception of x; -x; and
X1 * X5 * X3 combinations.

The next goal is to conduct testing on a real stand
or an internal combustion engine with the
installation of a spring liner.
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