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ANALYSIS OF HEAT STRESSES OF THE PARTS OF THE
CYLINDER-PISTON GROUP WITH HEAT-PROTECTIVE
COATINGS IN AN INTERNAL-COMBUSTION ENGINE

N. M. Chigrinova, O. O. Kuznechik, and UDC 691.9.048.4
V. V. Chigrinov

The process of heat exchange in the cylinder of an internal-combustion engine has been investigated and the
heat stresses of the working surfaces of the piston and the cylinder head have been analyzed. A method for
calculating the heat resistance, the strength, and the thickness of heat-protective coatings has been developed.
Results of thermal-cycle testing of a piston with heat-resistant coatings, the properties of which were calcu-
lated by the method proposed, are presented.

Introduction. To increase the operating longevity and improve the failure-free performance of an internal-
combustion piston engine, it is necessary to provide reliable operation of its most important parts subjected to high
heat and mechanical loads. Among these parts is the combustion chamber comprising a cylinder head and a piston. It
is known [1-5] that, in a number of cases, it is precisely the heat loads on the combustion-chamber parts that limit
the possibilities of further boosting of an internal-combustion engine and improvement of its reliability. This is ex-
plained by the fact that an increase in the specific density of the heat flows through the working surfaces of the piston
and the cylinder head leads to their heating and premature mechanica failure under the action of high temperatures.
The heat resistance of the cylinder head and the piston of an internal-combustion engine can be increased if new, more
powerful coolant loops [6-8] or various inserts and coatings, made from materials with a low heat conduction [9], for
example, by the method of powder metallurgy [10, 11], are used in its design.

Analysis of works [12-16] shows that the formation of ceramic layers, resistant to heat loads, on the working
surfaces of the combustion-chamber parts is a promising method of their heat protection. However, in this case, heat
and mechanical stresses arise under temperature changes at the interface between the heat-protective coating and the
piston-top surface since their materials have different coefficients of linear and volumetric expansion [17-22]. The val-
ues of these stresses determine the optimum thickness of the heat-protective coating. Unfortunately, in [23, 24], de-
voted to investigating the processes of formation of heat-protective and heat-resistant coatings on the working surfaces
of the piston and the cylinder head of an internal-combustion engine, methods that would make it possible to calculate
the heat and mechanical stresses of the surfaces of the combustion-chamber parts with account for their heat-stress
state and calculate the heat resistance and the strength of the heat-protective coatings obtained are not presented. A
method of calculating the optimum thickness of heat-protective coatings is presented in [25]; however, it gives no way
of determining, for concrete operating conditions of an internal combustion engine, the value of the heat flow through
an area of a heat-absorbing surface and estimating the effect of the thermocycling on its strength, which limits its suit-
ability for determining the optimum thickness of heat-protective and heat-resistant coatings. Therefore, the above-de-
scribed problem remains pressing, and its solution would make it possible to select heat-protective materias for the
combustion chamber of an internal-combustion engine even at the stage of its designing and, therefore, to determine
the optimum technological parameters of the process of formation of heat barriers.

The am of the present work is analysis of the processes of heat exchange in the cylinder of an internal-com-
bustion engine, investigation of the heat stresses of the combustion-chamber parts, and development of a method for
calculating the optimum thickness of the heat-protective coating on the heat-absorbing surface of the piston and the
cylinder head.
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Fig. 1. Phases of the operation process: 1) suction; Il) compression; IlI) com-
bustion; V) expansion; V) release; 1V) gection. TDC is a top dead center,
BDC is a bottom dead center.

Analysis of the Heat Exchange in the Combustion Chamber of an Internal-Combustion Engine. The tem-
perature state of the combustion-chamber parts depends on the operation process of an internal-combustion engine de-
termined by the source of heat supplied to the working medium that initially represents a mixture of air with the fuel
and then the combustion products. The process of operation of an engine of this type can be divided into six charac-
teristic periods (phases) differing in their heat-exchange conditions (Fig. 1).

I. The suction phase is characterized by relatively small changes in the composition of the working medium
and in its temperature and pressure; however, the quantity of the working medium and the rate of its motion relative
to the cylinder walls change sharply in the process of suction. In this period, a heat flow q is formed due to the con-
vection and is defined by the Newton formula [26]

q=0q; = E&T (1)
or
d2
= @

[1. In the compression phase, the amount and composition of the working medium remain about the same, the
pressure and temperature increase, and the heat flow itself and its direction change. In this case, as in the previous
case, q = (1.

I1l. The phase of intensive fuel combustion is characterized by a varying composition of the working medium,
whose amount changes rapidly with temperature and pressure, and the existence of convective and radiative heat ex-
change. The intensity of heat exchange, which changes with the angle of rotation of the crankshaft, is determined by
the character of the fuel-combustion process, in particular by the dynamics of heat release. In this case, the heat flow
is due to convective heat exchange (q,), radiative heat exchange in gases (gp), and heat of the flame (qgs):

q=0;+0,+03, (3

where
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TABLE 1. External Heat Balance

Type of engine ©, O, O3 Oy Os Os
Low-speed two-stroke 3842 9-12 14 3941 2-8 1-3
Moderately forced, moderate-speed four-stroke 3740 10-17 1-3 3642 2-5 3-6
Highly forced, moderate-speed four-stroke 3942 10-13 34 33-38 6-8 1-3
Forced high-speed 37-40 11-23 2-6 3541 4-8 14
Forced very-high-speed 35-39 14-30 36 3041 37 14
Carburetor 23-32 20-35 - 30-55 - 2-3

TABLE 2. Distribution of the Heat Transfer over the Phases of the Working Process, %
Type of engine Working stroke Release Compression

Carburetor 65-70 25-30 1-2
Diesel 80-90 5-15 58

in this case, Y = 5.700°8 W/(M?EK™.

IV. At the final stage of the expansion phase, the following constants are established: the amount, composi-
tion, and volume of the working medium. Therefore, the total heat flow in this period is aso defined by (3).

V. The phase of release of the combustion products is characterized by a varying amount of the constant-com-
position working heat at a sharply varying pressure and temperature

q=0,+d,. (6)

V1. The gection phase is characterized by a varying amount of the constant-composition working medium and
relatively small changes in the temperature and pressure. In this period, convective heat exchange becomes dominant
and so0 q = Q.

There are publications [2-4] in which semiempirical analytical dependences for determining ), &;, &, and
g, for different types of engines are presented. With them, one can calculate the numerical values of the heat flow in
Egs. (1), (3)«5) with a certain accuracy.

Analysis of [2-5] shows that the externa balance of the heat obtained as a result of the combustion of the
fuel delivered to the cylinder of an engine is determined by the features of its operation process, the geometric dimen-
sions of the cylinder, and the design of the engine parts and of the cooling system. With the parameter of relative heat

0 = &EILOO% ,
Qs

the heat baance will have the form shown in Table 1, where the external heat balance for different types of internal-
combustion engines is presented. The distribution of the heat transfer over the phases of the operation process is
shown in Table 2.

It follows from Tables 1 and 2 that

1) 1-6% of the heat released as a result of the fuel combustion is expended in heating the piston and 10-35%
is expended in heating the cylinder head;

2) a mgjor portion of heat is removed from the working medium through the combustion chamber during a
working stroke of the piston.

In this case, 1-2.5% of the heat released as a result of the fuel combustion is removed through an uncooled
piston and 2.5-6% of the released heat is removed through a cooled piston. The value of the heat flow formed at a
definite instant of time at the piston top can be estimated by the semiempirical formula [5]

Gp = Bp¥ [meg To o

0 (7)
O tPien
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TABLE 3. Characteristics of the Final Operation Stage of an Internal-Combustion Engine (ICE)

Final stage of process p, MPa ‘ T, °C
Diesel ICE
Suction 0.08-0.09 30-50
Compression 3540 600-700
Combustion 6.0-9.0 2000-2200
Expansion 0.4-0.5 700-900
Carburetor ICE
Suction 0.07-0.09 50-80
Compression 0.5-0.9 250-300
Combustion 3.0-35 2200-2500
Expansion 0.5-0.6 900-1400
T
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Fig. 2. Change in the temperature of the gas (Tg) and the flame (Ty) versus
the load: a) moderate-speed diesel (360 RPM), b) high-speed diesel (1700
RPM); 1) p, = 100; 2) 80; 3) 60; 4) 40; 5) 84; 6) 56%.

Knowing the value of g, determined from (7), one can estimate the temperature on the piston surface (Ty)

[5]:
T, =Ty +103ag, . (8)

At the center of the top of the uncooled cast-iron piston of a diesel engine a = 1.0, and a = 0.25-0.35 for
an uncooled piston made from an aloy having a high therma diffusivity and for cooled pistons.

Forty—sixty percent of the heat dissipated in the cooling system is removed through the cylinder head. In this
case, the removed heat flow can be estimated by the formula [5]

0.6
_ vV PaTie
%h =P 55

_. 9
D%° @ 9™’

Using Egs. (7), (8), and (9), one can estimate the heat stresses of the surfaces of the piston and the cylinder head with
coatings and without them even at the stage of designing the combustion chamber of a new or a boosted internal-com-
bustion engine.

In calculating the heat flows dp and q, it is necessary to take into account the fact that the gas pressure and the
temperature of the operation process of the majority of four-stroke engines lie within the ranges presented in Table 3.
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It is evident that the heat exchange in the cylinder of an internal-combustion engine is pulsating in character.
This explains the variations in the temperature of the flame and the gases (Fig. 2) affecting the heat-absorbing surfaces
of the combustion-chamber parts.

The amplitude of the temperature variations in different sites of the surface of the combustion-chamber parts
depends on the operating conditions of an internal-combustion engine and therefore can change from cycle to cycle be-
cause of their nonidentity. The temperature gradient on the surface of the combustion chamber of low-speed engines
can account for 20% of the difference AT between the temperatures of the gas and the wall. Its value reaches 50°C.

The temperature difference AT decreases markedly with increase in the speed of an engine. As a rule, it does
not exceed 10-15°C at a speed of 700-750 cycles/min.

The temperature variations on the surface of the parts, especially, of high-speed internal-combustion engines,
are small, as compared to the difference between the temperatures of the gas and the wall, and comprise 1-2.5% of
AT. Their ultimate values for the combustion-chamber parts made from different materials [6-8] are as follows. 250-
350°C for aluminum alloys, 400-450°C for cast iron, 450-500°C for structural steels, and 600-650°C for high-tem-
perature steels. Heating the materia of the engine parts to temperatures exceeding the indicated ultimate temperatures
leads to changes in the structure of the material and in its physicomechanical properties, with the result that the reli-
ability of the parts sharply decreases. Therefore, the maximum temperature of pistons with a sted head rarely reaches
the ultimate values of 350-400°C and the temperature of pistons of aluminum alloys is usually lower than 300-350°C.

The temperature of the surface of the engine parts that are in contact with the oil must not exceed the values
at which a varnish and a carbon deposit begin to form rapidly. The investigations have shown that the amount of de-
posits on the surfaces of the parts of the cylinder—piston group depends insignificantly on the quality of the fuel and
oil used. The varnish formation was detected at 180-200°C for oils free of additions and at 240-260°C for oils with
additions. Under rea conditions, the varnish formation begins, as a result of the action of aggressive hot gases and the
formation of a high-temperature oil film on the cylinder mirror, at a lower temperature that markedly decreases as the
oil ages.

The foregoing and the experience in using engines of different types suggest that the ultimate temperature of
the piston top positioned above the first packing ring is 180—200°C; for high-speed engines, on the service life of
which very strict requirements are not imposed, this temperature is equal to 220-240°C in the case where oils with
additions are used. For modern, forced marine engines having an increased service life, the indicated temperature does
not exceed 150°C. For modern, reliable engines, the temperature on the piston-top side cooled by the oil is 200—
220°C.

The temperature distribution over the surface of the cylinder-cover flame bottom, especially of four-stroke en-
gines is very nonuniform and varies within the following limits: 105-245°C at the seat of the discharge valve and
170-380°C at its injector, 205-230°C at the periphery, and 265-390°C at the discharge-valve strap.

The foregoing alows the following conclusions:

1. In deciding on the material of heat-resistant and heat-protective coatings, it is necessary to take into ac-
count the fact that the temperature at different sites of the surface of the combustion-chamber parts subjected to heat
stresses may differ from the mean temperature by no more than £100°C.

2. Depending on the operating conditions of an internal-combustion engine, which are primarily determined by
the load and the speed, the temperature of the working surfaces of the combustion-chamber parts can change by 10—
15°C during a cycle,

3. In deciding on the material of the coating, it is necessary to estimate the heat flows through the cylinder
head and the piston top with account for the external heat balance and the distribution of the heat transfer over the
phases of the process.

4. The thickness of heat-resistant and heat-protective coatings should be determined with account for the tem-
perature state of the surface of the combustion-chamber parts. The temperature of this surface under the coating should
not exceed the following values: 250-350°C for aluminum alloys, 400-450°C for cast iron, 450-500° for stedls, and
600-650°C for high-temperature steels.

Method for Calculating the Heat Resistance and the Strength of Heat-Protective Coatings. Heat transfer
occurring in the material of a coating due to its heat conduction is defined by the Fourier law [19]
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Fig. 3. Change in the heat conduction of metals and their alloys versus the
temperature.
Ohas=—Agrad (T). (10)

In this case, the heat conduction of coatings having a polycrystalline structure is due to the kinetic energy transfer
caused by thermal motion of free electrons and interactions between the vibrating lattice sites. If it is assumed that the
transfer of kinetic energy by the electron gas (characteristic of current-conducting coatings) plays a dominant role in
the heat exchange, A may be estimated as

1t Kny

)\—?H (12)

It follows from dependence (11) that the heat conduction of the materials of such coatings may vary in a wide range.
For metals and aloys, A can change from 2 to 450 W/(m[K) in the temperature range 73-1273 K (Fig. 3). This
change is predominantly determined by the concentration of impurities. For example, in the temperature range 300-700
K, A changes by £(5-13)% for stedls and by £(10-15)% for light aloys having a high heat conduction; therefore, the
temperature dependence of the heat conductivity coefficient of the materia of a coating can be ignored in preliminary
estimation of its heat properties.

For coatings obtained by the powder-metallurgy method, it is necessary to take into account that [27]

A=A (1-15M). (12)

If it is assumed that a heat-protective coating represents a heat barrier at which the temperature drops depend-
ing on the difference between the temperatures of the heat-absorbing (Tq1) and the heat-releasing surfaces (Tq2),

Tp-Ty
Ohas=G (To— Ty = R ) (13)
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where, for a plane surface,

R= )\% ! (14)
and, for a cylindrical surface,
ue
It follows from (13) that the temperature change is related to R and g 45 by the relation
AT =R 55 (16)

It is evident from (16) that the larger the heat flow through the heat-protective coating, the larger the difference be-
tween the temperatures of the heat-absorbing and the heat-releasing surfaces.

In caculating the heat resistance for a heat-protective coating with the use of (13)—(16), it is necessary to take
into account that T1o» must not exceed the ultimate temperature of the material of the piston and the cylinder head. In
this case, the heat flow in (13) can be determined with the use of (7) and (9) or (3)—(6). The durability of such a heat
barrier is determined by its strength properties.

The above analysis of the heat exchange in the combustion-chamber parts shows that in the material of the
heat-protective coatings of the piston and the cylinder head there arises a complex stress that is due to the action of
both the mechanical and the heat loads causing a three-dimensional or a uniaxial compression of the material or its
extension.

The mechanica stress arising in dense and isotropic materials of coatings is defined as

E, AV
O=—————
3(1-2p) V (7
in the case of three-dimensional compression (extension) and
o= 4" 19

in the case of uniaxial compression (extension).
It should be noted that o comprises mechanical stresses caused by an externa action on the material og 5, the tempera
ture difference inside the material oy 4, and the interaction between the media at the coating—base interface oy, ¢

0=0¢a*0tg*Opc: (19)
which are calculated as
Oca= Ecm (Bhe /D), (20)
Ot g = O0¢cmEc AT, (22)
Obe = (@pmEpm = AcmEom AT, (22)
Eom=Eo(1-Kgd) . (23)
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TABLE 4. Dependences for Caculating the Ultimate Strength of Porous Materials [27]

Dependence Values of constants Author
Out = Ogm(L =My j =36 M. Yu. Bd’shin
Oult = Odm €Xp (= KsdlT) Kss = 47 E. Ryshkevich
Out = Tgm(1 = M%) exp (- Ksd) N. I. Shcherban'
Out = Ogm(1-15M)/(1-1.5Ksd1) Kgs = 2-2.25 V. AT_ : J&Oifgg\'f&i?ﬁd
Oult = Odm(1 —M)/(=Ksd) R. Kheines

It follows from (19)—(23) that the value of o depends not only on the physicomechanical properties of the
coating material but also on S h, and T. These quantities should be selected such that o is aways smaller than the
ultimate stress of the coating material (o) a which it does not yet experience a plastic deformation. To correct for
the above-indicated quantities, we will introduce a comparative evaluation of the stress state of a surface, comprising
three criteria:

1) the relative temperature of the heat-absorbing surface in characteristic sites (zones)

Qr = Th.as/TuIt ; (24)

2) the relative mechanical stress of the coating materia

Ar.m.s: 0/O-ult ; (29)
3) the relative strength of adhesion of the coating with the base.
If there is an adhesion bond between the base and the coating
_ OpmEbm ~ AcmEem (26)

ras— E SAT,
where F is determined by the ratio between the specific adhesion work A and the range of action of interatomic at-
tracting forces

F=A/r. (27)
In this case, A is calculated by the Young equation [27]:
A=U[1+cos()]. (28)

For high-melting metallic coatings applied by the method of powder metalurgy, it is necessary to take into
account their porosity due to which their ultimate strength differs from the strength of dense materials. However, there
are a number of dependences (Table 4) with which oy can be calculated with a certain accuracy for powder materials
too.

The ultimate strength of the material of protective ceramic coatings can be determined in the following way
[28]:

Oyt = Ogm (1= M) (29)

For a round pore @ = 1.5, for a pore in the form of a cube with an arbitrary orientation @ = 1-3, and for a cylin-
drical pore ® = 1-1.27.

It is evident that in deciding on the material of protective coatings on the basis of analysis of their stress state
determined by dependences (17)—(23), it is necessary to select Ogg Otg, and Opc such that Qp, Arms and Arcgis a-
ways smaller than unity. In this case, it is necessary to take into account the fact that the mechanical stresses arising
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Fig. 4. Experimental curve of cyclic loads of coatings.

in the material of a coating are varying in character. Their cyclicity depends on the rate of rotation of the crankshaft
of an engine. However, this parameter was not taken into account in earlier works despite the fact that it undoubtedly
influences the vaues of the parameters caculated. Because of this, we attempted to estimate Qr, Arms and Ay g more
exactly.

It is known from [29-31] that in a symmetric cycle of varying loads the safety factor is determined by the
value of the endurance strength of an engine part and is defined as

/\sm = Xoe.lim/cmax ' (30)
where
X= XSfXSI'/XSC . (31)
The value of 0gjim is determined by the curve (Fig. 4) constructed based on the experimental data.
In an asymmetric cycle of varying loads, the safety factor is determined by the analytical ratio
Oelim (32)
Ngm = O o
elim o+ 2
Oult X
where
01=0.5 (Oppex *+ Oi) ; (33)
02 =0.5 (Opax ~ Omin) - (34)

In deciding on the endurance limit of a heat-protective coating, it is necessary to take into account the fact
that Agm should be equa to the safety factor of the piston or the cylinder head of an internal-combustion engine.

The aforesaid alows the conclusion that the heat resistance of the heat-protective coating of the piston and the
cylinder head of an internal-combustion engine can be caculated based on dependences (10)—<16); in this case, it is
necessary to take into account the stress state of their surfaces which is determined on the basis of analysis of the heat
exchange in the cylinder of the engine with the use of dependences (17)—(34).

Determination of the Thickness of Heat-Protective and Heat-Resistant Coatings of a Piston. With the use
of the above-described method of calculating the thickness of a heat-resistant coating we have determined the optimum
thickness of such a coating for a 245-1004021 piston (Fig. 5) of a high-speed MMZ internal-combustion engine No.
01171.01938 developing a maximum power a v = 30 m/sec and pje = 10 MPa. The materia of the piston and the
cylinder heat was an AL9 silumin. The dimensions of the combustion chamber corresponded to the engine of an MTZ-
80 tractor.
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Fig. 5. Piston with a heat-protective and a heat-resistant AMDO coating on its
combustion-chamber walls (1) and on the top (2).

As the material of the coating (heat-protective barrier) we used a ceramics based on alumina oxide with ad-
ditions of silicon oxide for which acm = 7500 ° K™ and Aem = 60 W/(mK). In this case, the ultimate mean tem-
perature of the material under the coating was not higher than 250°C.

The calculation done with (8), (9), (12)H17), (21)—(23), and (26)—«34) has shown that a piston on the heat-
absorbing surface of which an oxide-ceramics coating of thickness 40 um is applied should stand not less than 5000
thermad cycles at a temperature varied from 700 to 300 K, a piston with the same coating of thickness 60 um should
stand not less than 3800 therma cycles under the same conditions, and a piston without a coating should stand 1800
thermal cycles at the same temperature variations.

Pistons with protective oxide-ceramics coatings formed by microarc anodizing were tested. The tests were car-
ried out at the Minsk Engine Works. To determine the heat resistance of the heat-resistant coatings obtained by mi-
croarc anodizing, we heated the heat-absorbing surface of a piston by a high-frequency current to 700 K and then
cooled it by a water shower to 300 K. The results of the tests correspond to the calculation data.

It follows from the foregoing that the calculation method proposed makes it possible to calculate the optimum
thickness of heat-protective coatings on the combustion-chamber parts on the basis of analysis of their heat stress.

CONCLUSION

On the basis of anaysis of the heat-exchange in the cylinder of an internal-combustion engine and investiga-
tion of the heat stress of the combustion-chamber parts, we have developed a new method for calculating the optimum
thickness of a heat-protective coating on the heat-absorbing surface of the piston and the cylinder with account for the
varying stresses arising in the combustion chamber in the process of operation of the engine.

NOTATION

A, work, J; a, dimensionless coefficient characterizing the material and design of the piston; by, dimensionless
coefficient characterizing the heat flow through the head (b, = 147 for a four-stroke internal-combustion engine (ICE)
and by = 262 for a two-stroke ICE); by, dimensionless coefficient characterizing a heated gas flow; by, dimensionless
coefficient characterizing the heat flow through the piston (b, = 1.0 for a four-stroke ICE and by = 1.78 for a two-
stroke ICE); D, diameter of the piston, 1072 m; dq and dy, outside and inside diameters of the cylinder, m; Eg, modu-
lus of elasticity of the material (Young's modulus), Pa; E. ., modulus of easticity of the coating material, Pa; E,p,
modulus of elasticity of the base material, Pa; F, adherence of a coating with the surface of the base, H; G, heat con-
duction of the piston, W/(mK); g, specific flow rate of the fud, m3/sec; h, thickness of a heat-protective layer, m;
Kss dimensionless coefficient characterizing the structural state of a porous body; k, Boltzmann constant (k =
1.381107%3 JK); L, height of the cylinder, m; |, mean-free path, m; m, electron mass (9.1EI10_31 kg); N, number of
loading cycles; ng, electron concentration, m_3; p, pressure of gases, Pa; pje, pressure of the gas mixture upstream of
the inlet elements of the engine, Pa; py, relative pressure, %; py,, mean effective pressure of the gas mixture, Pa; Q,
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heat, J dQ, change in the heat, J; Q;, amount of heat given to a thermodynamic-system element as a result of the fuel
combustion, J; Q, amount of heat released as a result of the fuel combustion, J; g, heat flow, W; ¢, convective heat
flow, W; g, radiative heat transfer at temperatures lower than the flame temperature, W; gz, heat given by the flame,
W; ¢, heat transfer by the cylinder head, W; dp, heat flow through the heat-absorbing surface of the piston, W;
Ohas heat flow through a heat-absorbing surface, W; R, heat resistance of a coating, W/K; r, range of action of in-
teratomic forces, m; S area of a surface, mz; T, temperature, K; Tp, temperature under normal conditions (Tg = 293
K); T, temperature of the piston surface after the fuel combustion, K; Tyq, temperature of a heat-absorbing surface, K;
Tqo, temperature of a heat-releasing surface, K; T, temperature of the gas mixture upstream of the inlet elements of
the engine, K; Ty, temperature of the cylinder head, K; Tg, temperature of the gas mixture in the combustion chamber,
K; Tut ultimate temperature of a heat-protective coating, K; Ty, flame temperature, K; T,,, temperature of the com-
bustion-chamber walls, K; Thas temperature in a given site of the heat-absorbing surface, K; t, time, sec; U, free en-
ergy, J; V, volume, m3; v, mean velocity of the piston, m/sec; Oy, coefficient of linear expansion of the coating
material, K_l; Op.m, Ccoefficient of linear expansion of the base material, K_l' Ah, linear deformation, m; AT, tempera
ture change, K; AV, volume change, m3 &y, effective blackneﬁs of the wall; &g, blackness of the gas; €, blackness
of the flame; {, space factor; &, heat-transfer coefficient, W/(m K ) ©;, relative heat released in the thermodynamic
system; Agm, safety margin; /\rms relative mechanica stress of the coating material; /\, 55 relative adhesion strength;
A, heat-conductivity coefficient of a material, W/(mIK); Ag, heat-conductivity coefficient of a dense materid, W/(m(K);
Aem. heat-conductivity coefficient of the coating materia, W/(mK); |, Poisson ratio; M, porosity; 0, mechanica stress,
Pa; Omax, Maximum mechanical stress, Pa; O, minimum mechanical stress, Pa; Og, mechanica stress caused by an
external action, Pa; gy, ultimate mechanical stress, Pa; 04, ultimate mechanical stress of a dense material, Pa; Oy,
mechanical stress arising at the base-coating interface, Pa; 0g, endurance-limit mechanical stress, Pa; o;q4, mechanical
stress caused by a temperature difference, Pa; ®, coefficient dependent on the pore shape; ¢, wetting angle, rad; ¢,
angle of rotation of the connecting rod, deg; X, surface-state coefficient; Xsf, roughness scale factor; Xs, surface-
roughness factor; Xsc, effective strength reduction factor; Y, blackbody-radiation constant; Q,, relative temperature.
Subscripts: O, initia state; 1-6, order of enumeration; 11, heat-absorbing surface; 12, heat-releasing surface; e, eectron;
i, summation index; j, exponent; max, maximum value; min, minimum value; e.a, external action; i.e, inlet elements;
h, cylinder head; g, gas; ult, ultimate value; s.m, safety margin; d.m, dense material; s.c, stress concentration; s.f, scale
factor; b.m, material of the base; c.m, material of the coating; r.m.s, relative mechanica strength; b.c., base-coating;
r.as, relative adhesion strength; r, relative; p, piston; elim, endurance limit; fl, flame; t.d, temperature difference; m,
mean; s.s, structural state; w, wall; h.as, heat-absorbing surface; c.r., connecting rod; s.r, surface roughness.
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