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The generalized dependences of parameters of an
indicator process. For the optimization of an indicator
process of a diesel engine on the parameters of fuel
economy as a basis the known method of search of
optimum of an indicator efficiency factor ηi is accepted.
For this purpose generalized interrelations ηi are used
with parameters of an indicator process: factor of surplus
of air (α); degree of increase of pressure in the cylinder
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(λ); pressure and temperature of air at the beginning of
compression in diesel cylinder (Pa, Ta) or after
turbocompressor (Pk , Tk); degree of compression (ε). The
basic advantages of the method consist of the following.
The limited number of the independent factors provides
the generality of the method which is necessary for the
stage of design work. The used graphic form of
generalization provides a presentational and clear
physical sense of the received results. The analysis is not
limited to narrow frameworks of a researched diesel
engine complete set (design and adjusting parameters of
units). The opportunities of using the experimental data
of diesel engines - prototypes are raised by the reliability
of the results.

The efficiency of the used method is confirmed by
the data of basic researches of Research Institute of Engines
(Russia) [3]. Calculated by its authors – professor D.
Portnov and S. Pogodin optimum means of α, λ, Pk and ε
for achievement ηimax were successfully used in the work
of perfection high revolution transport diesel engines.

Within the framework of the present researches the
preference is given to the similar approach of professor
N. Ivanchenko and O. Krasovskiy [4]. Rather low
dynamics of an indicator process on diesel engines
CHN15/15 (λ ≈ 1,25÷1,35 against  λ ≈ 1,8÷2,2 in the
works of professor D. Portnov and S. Pogodin is taken
into account.  Besides the method [4] is more universal.
The interrelation of parameters of a cycle is���������	��
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���������������������Pmax / (Pmi) (350/Ta) and ηi in the
function of Pmax/Pa (see Fig 1).

The ratio Pmax/Pa, in turn, is a product of two
determining parameters of an indicator process. As a

result the functional interrelations ��ηi = f(Pmax/Pa,α)
allow to carry out the multi parametrical analysis of an
indicator process depending on: the level of power  (Pmi),
restrictions of allowable mechanical loadings on details
(Pmax) and parameters of air cooling system (Ta). As a
result, the optimum ηi is reached by the choice of rational
quantity ε at accepted α, Pmax, λ and Pk.

Parameters of thermal loading on the piston. At the
stage of research work and outline designing of diesel
engines of unified type, as a rule, it is required to execute
a significant number of various estimations of diesel
engines parameters. Therefore technically difficult and
expensive is the application of experimental and modern
settlement methods of research, multi-zone mathematical
models and also intensively developing modern inte-
grated systems of computer designing CAD/CAM/CAE/
EPD (Unigraphics, Euclid Quantum etc.) [5].
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 b) serial complete set
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Interrelation between parameters of thermal load-
ing on the piston and parameters of  an indicator  pro-
cess.  The calculation of parameters of heart flow in the
combustion chamber component with αG − formula of
heart transfer coefficient is based on the use of instant
mean mass meanings of temperature TG and pressure PG
of a working body in the cylinder, and also its physical
characteristics (λG − factor of heart conductivity of gas,
µG - factor of viscosity of gas). The meanings of λG and
µG depend on TG, PG and the structure of a working body
– on a factor of air surplus (α). Therefore the decision of
the task is connected with the development of a thermo-
dynamic model of a cycle, which would allow to expect
a current of meanings TG in the function of integrated
parameters of an indicator process (α, λ, ε, Tà, Pa).

In this case the combination of parameters of an
indicator process is considered as the factor of the form
of the cycle indicator diagram or its form-factor.
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The analysis of a thermodynamic model of a diesel
engine cycle [10] (further in the text of “cycle”) is an

expedient to present function TG=f(ϕ), where ϕ − a de-
gree of crank angle (°CA). It is explained by the deter-
mining role of the temperature characteristics at the for-
mation of parameters of thermodynamic perfection of a
work cycle and thermal loading on the detail of a cylin-
der - piston group. The substantiation of a cycle model
on the combustion - expansion process is executed bas-
ing on the data of the references and the results of ex-
perimental research of diesel engines (see Fig 2).

Functions TG = f(ϕ) in zone of Tmax are characte-
rized by the presence of platform of  provisional Tmax
constancy (isothermal expansion). Its extent changes de-
pend on work regime, adjusting and external parameters
of a diesel engine. In particular its extent is increasing at
the increase of the injected fuel portion qcikl (increase
Pmi) (see Fig 2a), at the reduction the fuel injection de-
gree in a cylinder ϕki  (see Fig 2b).

According to the generalized experimental data the
part of fuel which is burning down at the end of isother-
mal expansion, is equal to size 0,7÷0,8. The part of heat
transmitted to walls of details of the combustion cham-
ber does not exceed 3÷4 %. Therefore it is not allocated
in the separate component of heat balance.

The accepted thermodynamics of a diesel engine
cycle scheme on the site of compression, combustion and
expansion are shown in Fig 3.

The thermodynamic cycle TG = f(ϕ) has the number
of control points conterminous to actual meanings of the
temperature of a working body of a real cycle of a diesel
engine. Here Ta, TH, TZ, TY = TT, Tb − accordingly is the
temperature of the working body at the moment of clos-
ing of inlet valves, at the beginning of burning, at the
moment of the achievement of its maximal pressure of
combustion and maximal temperature of cycle (Tmax),
when opening exhaust valves.

Fig 2.  The change of temperature of a working body in the cylinder of a diesel engine:
a) CHN15/15; n=43,3 s-1; P

�
=0,175 MPa;  b) CHN15/18; n=33,3 s-1; β=0,26÷0,63
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The sites TH -TY and TY -TT are described by a linear
function TG=f(ϕ). Structure and specific heat of a working
body on sites TH-TZ and TZ -TY are defined on average
for these sites by the meanings of temperature and a factor
of air using β  (factor by opposite to factor of surplus of
air −1/α). The mean sizes of parameters of politropes n1
and n2 for processes of compression from Ta to TH and
expansion from TT to Tb are accepted constant.

The further calculation of a cycle is connected with
the establishment of functional dependence between TG
and characteristic parameters of cycle, parameters of its
dynamics and parts of heat allocated on separate sites of
the cycle: ϕH -ϕY; ϕY -ϕT; ϕT -ϕB.
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=ε  accordingly degree of compression for

current ϕ and ϕà; VC – combustion chamber volume; VS
− working volume of the cylinder; Vϕ  and  Va  − volume
of the cylinder appropriate ϕ and ϕà. Then at the mo-
ment of beginning of seen fuel combustion

1
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1−







ε
ε=

n

a

’
a�� (here  

’C

SC
’ VV

VV

+
+

=ε ).

Sites of combustion ϕ
��

-ϕY and ϕY -ϕT.
It is expedient to enter the concept of temperature

analogue of mean rigidity of cycle Ψ1=(TZ-TH)/(ϕZ-ϕH).
In result TG=TH+Ψ1(ϕ-ϕH). After representation VH in
the function of relative moving of the piston HS  size
VH=VS S , where HS =SH/S=0,5(1+λs/4-cosϕH - λs/
4⋅cos2ϕH). The trigonometric function Sϕ=f(ϕ) is expe-
dient for presenting Sϕ=aϕ2, where a=0,228+0,313 λs,
to within ±3 % for ranges ϕ  = 0÷40 ° CA and λ s
=0,23÷0,32 (constant of crankshaft).

Fig 3. The thermodynamic scheme of a high revolution
diesel engine cycle in coordinates TG - ϕ

Then in the general form

( ) 211 ϕ−ε+
ε=

+
+

=εϕ
aSVV

VV

SC

SC ,  and for the begin-

ning combustions ϕH meaning

( ) 211 �

H
aϕ−ε+

ε=ε ) �+ 

With use of the simplified expression for Vϕ and
entered Ψ1  the calculation pressure

( )[ ]

( ) ( )
( ) 2

1GG

2
1GG

11

1

ϕ−ε+
ϕ−ϕΨ+

⋅
−ε

=
ϕ+

ϕ−ϕΨ+
=

a

�

V

RG

aVV

�RG
P

��

S

SC

��
G

� �� 

where GG − mass of a working body; RG − universal gas
constant. Here it is expedient from parameter Ψ1 to stan-
dard parameter of work process − degree of increase of
pressure

( )[ ]1n
aHZCZ PPPP εε==λ .

With the account before the accepted condition of
constancy of structure and specific heat of a working body
on site ϕH  -ϕY is received:

( )[ ]2
2

11 Z
C

ZSC

CC

ZZ

C

Z a
V

aVV

VP

VP

T

T ϕ−ε+λ=
ϕ+

λ== .

The ratio ( ) ZZ
C

ZSC a
V

aVV
ρ=ϕ−ε+=

ϕ+ 2
2

11

will be named as a degree of initial expansion at com-
bustion. After that TZ/TC = λρZ. After substitution Ψ1 in
formula (2) and its transformations the ratio of tempera-
tures TZ/TH occurs. For its definition we will address the
appropriate pressure at characteristic points of cycle

( ) 1n
aHZH PP εελ==λ .

With the account (1)

( )[ ] 11211 n
H

n
HH a λρ=ϕ−ε+λ=λ �

where ρH − degree of the change of volume of a working
body at the initial phase of burning. Then TZ/TH will be
expressed by dependence:

( )
( )

,

11

11

1

2

2

1−ρλρ=
ρ
ρλ

=
ϕ−ε+
ϕ−ε+λ

===λ

n
HZ

H

Z
H

H

Z
H

HH

ZZ

H

Z
HZ

a

a

VP

VP

T

T
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then (2) will be transformed to form:

( )
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ϕ−ϕ
ϕ−ϕ

⋅
−ε

=
aV

TRG
P HZ

H
HZ

HZ

Z

S

H
G

)�5 

At the given inclination of straight line TG=f(ϕ) on
the first site of heat intake (Ψ1) angular coordinate of
point Y is defined by ratio λZY =TY/TZ:
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−
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The similar result turns out after transformation
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λ
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ZZYZY TTT

1
1

11 .

The heat moved to a working body on I and II sites
of the combustion of a cycle is defined as the sum of
work and change of internal energy QY=QHY+
QYT=LHY+∆UHY+LYT+∆UYT . Here QHY and QYT  −
absolute mean size of heat moved to working body; LHY
and LYT  − work accomplished by  work body; ∆UYT and
∆UHY  − change of internal energy of work body.

On the site I of combustion

( )

( ),1
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−n
HZZYHV
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ZYZVYYVHY

TcGTcG
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where cV  – specific heat of working body under con-
stant volume on site I of combustion. The formula (3) is
resulted in kind, more convenient for integration:

( )
( )

( )
.

11

1

11

11

2

2
GG

G







ϕ−ε+
ϕ⋅

ϕ−ϕ
−λ

+






ϕ−ε+
⋅

ϕ−ϕ
ϕλ−ϕ−ε

=

a

aV

TRG
P

HZ

HZ

HZ

HHZZ

S

H

�� 
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we shall receive:
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Work on site I of combustion

,
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V

V
YHHY dVPdVPLLL

where LH0 − work of compression from ϕÍ to piston posi-
tion at the top point; L0Y − work of expansion from pis-
ton position at the top dead center (TDC) to ϕY.

After transition to integration on ϕ with the account
dV=2aVSϕdϕ, we receive:
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As a result:
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According to the executed calculations, for ψ =0÷1,0
within accuracy ±2,5 % we have arctgψ ≈ ψ -0,19ψ2,

where ( )1−εϕ=ψ a . After the above-stated replace-

ment

( )( ).1
1

38,0

ln
1

22
HY

S

YH
S

HY

a
V

AD

V
ABL

ϕ−ϕ−ε
−ε

+ρρ
−ε

=

In the formulas of definition of work LHY =LI, LYT

=LII and change of internal energy ∆UI and ∆UII identi-
cal common parameter GGRGTH. Therefore it’s expedi-
ent to enter concept of specific quantity of heat on sites I

and II − 
IQ  and IIQ :

�

YT
YTII

�

HY
HYI TRG

Q
QQ

TRG

Q
QQ

GGGG
, ==== )

Then, on the site I of combustion

( )( ) ( )1138,0

ln

G

22 −λλ+ϕ−ϕ−ε

+ρρ=
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.

For site II of combustion
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TRG
V

V
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ρ
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ρ
ρ==
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where 
C

YSC
Y V

aVV 2ϕ+
=ρ  − degree of expansion of a

working body on site I of combustion at point Y;

C

TSC
T V

aVV 2ϕ+
=ρ − degree of expansion of working

body on site II of combustion at point �.

If to use ρY=1+a(ε-1)ϕY
2  and ρT=1+a(ε-1)ϕT

2, we

receive 
( )1

22

−ε
ρ−ρ

=ϕ−ϕ
a

HY
HY .

After transformation

( )
( )1

1
38,0

ln

−λλ+
ρ
ρλλ+

−ε
ρ−ρ

+ρρ=+=−

ZYHZ
�

V

Y

T
ZYHZ

HY

HYIIIIII

R

c

a
D

BQQQ

)�, 

The left part of the expression (5) in view of the

accepted condition QI-II = (0,7...0,8)GfQH, and also β =
14,3Gf/Gaiã will be transformed to:

( )
( ) G3,141

8,0...7,0

RT

Q
Q

H

H
III β+

=− ) �- 

Site of combustion ϕ
��

- ϕb
For the definition of n2 we shall take advantage of

the known equation of balance of heat moved to a work-
ing body during politropic expansion

( ) G
2

2

1
GTcTc

n

nk
Q bVbTVTTb −

−
−

= (k − parameter of

adiabate; cVT and cVb − specific heat of a working body
under constant volume at point T and point b). In this

case QTb corresponds to active allocation of heat (ξ) on

the site ϕT - ϕb and calculate on the equation

( ) TbfHTbfHTb GQGQQ ξ∆=ξ−ξ= )

Then

( ) G
2

2

1
GTcTc

n

nk
GQ bvBTVTTbfH −

−
−=ξ∆

or

( )bVbTVTTBH TcTc
n

nk
Q −

−
−

=ξ∆
β+

β
13,14 2

2 ) �* 

Having designated the left part of equality (7) by

factor a  and parameter in brackets of the right part − b,

we shall receive 
1

2
+

+
=

b
a

b
ak

n .                          (8)

The mean size n2 is defined on the equation (8) by
the method of iterations.

The developed algorithm allows to simulate TG and
PG in function ϕ on site of compression - combustion -
expansion of cycle of high revolution diesel engine de-
pending on β, λ, λZY, Ta, Tb, ε, ϕH, ϕZ . The subsequent
analysis has allowed to establish rather small influence
of  λZY, ϕH and ϕZ on TG and to reduce number of inde-
pendent arguments to β (α), λ, ε, Ta.

As an example in Fig 4 the dependences TG = f(ϕ),
designed are given on the basis of the real indicator dia-
grams and developed algorithm.
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Definition and research of interrelation mean for a
cycle (mean of heart transfer process) quantity of αG.m,
�G.m (αDET

G.m.H��%DET
G.m.H) with parameters of an indi-

cator process is based on the research [10]. Its basis is
the mathematical model of cycle high revolutions diesel
engine which is intended for the calculation of the pa-
rameters of a working body and the characteristics of
heart formation �G���G, X = f(α, ε, λ, �

�
���

�
). The coeffi-

cient of heart transfer from a working body in to the bot-
tom of a piston [6] is defined by the equation:

5,05,0

5,0

6,5875,2
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λG − factor of heart conductivity of gas, W/(m⋅&#'�µG −
factor of viscosity of gas, kg/(m⋅s); �G and �G − accord-
ingly, pressure and temperature of gas, N/m2 and K; Cm

− mean speed of the piston, m/s; D − diameter of the

cylinder, m; RG − gas constant, J/(kg⋅&#(

For structurally similar diesel engines factor

5,0

6,5875,2 
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m
 is entered in the category of

constants (N). After that (9) will be transformed to
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µ
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G
G TR

P
N . The transition to the combi-

ned parametrical analysis is reflected by a system of the
equations (10)–(12):

,
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G
G TR
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( ),,,, GGG TXf α=µλ �++ 

( ).,,,,,, aaGG TPfXPT λεα= �+� 

At the joint decision (10)–(12) the conditions of
similarity for parameters of heart transfer from a working
body into the bottom of a piston are expressed by
dependence αG��G = f(ε, α , λ ,� �k�� �k) (without an
appreciable error for calculations it is accepted Pk ≈ Pa,
Tk ≈ Ta). The block-scheme of a model of the combined
parametrical analysis is given in Fig 5.

The transition to the average for cycle αG.m, �G.m
(αDET

G.m.H, �DET
G.m.H) is based on the statistical analysis

of results of multi-alternative accounts. The definition
of the most important factors of regress in polynomial
dependences αG.m and �G.m is executed by the analysis
of the saved sum of squares at the expense of regress Qp
and criterion of Fisher Fα,n1,n2. It is known that the
increase of a number of the factors (parameters of a cycle)
worsens the degree of conditionality of  matrix of normal
levels and results in the deterioration of stability of a
regress  model. The introduction of the most important
factor results in sharp change of Qp and Fα,n1,n2. The
process of input can be stopped, if the next factor brings
Qp share smaller than established beforehand. In the
present researches 2,5 % was accepted.
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As a result it is determined that the most important
factors located on the degree of influence on αG.m���G.m,
are: for αG.m (αDET

G.m.H) – α, ε, λ, �k; for �G.m (�DET
G.m.H)

– α, �k, λ, ε. For the convenience of practical use the
dependences αG.m (αDET

G.m.H) and �G.m (�DET
G.m.H) are

submitted in function of the interconnected parameters
of a diesel engine �max/�k, α, ε, λ, �k. The influence of
parameters of air after turbocompressor (�k and �k) is
reflected in the form of additional factor - accordingly
αDET

G.m.H /Pk
0.5 = �	�max/�k,α) and �DET

G.m.H (Tk/350)0.5

= �	�max
�k, α, ε). Thus, the necessary conditions for the
performance of the combined parametrical analysis of
the characteristics of an indicator process and heart -
mechanical intensity of a piston in function �max/�k, and
ε or ε, α, λ, �k and �k, taking into account �max
�k = εnλ
are executed.
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The feature realization of the above-stated method

consists of simultaneous scope by the analysis of all
researched range of power of diesel engines type on Pmi
[11]. Such approach answers the basic condition of
unification of diesel engines of a unified standard type.
It creates the preconditions to the development of uniform
principles of a realized indicator process and allows in
full to estimate the efficiency of the accepted design
decisions on the acquisition of models of a type (first of
all by units of fuel and maintenance by air systems). There
are investigated levels of perspective power up Pmi = 1,2;
1,4; 1,6 MPa in the executed work. Using the generalized
interrelations of parameters of an indicator process ηi,
Pmax/(PmiTk) = f(ε, α, Pmax/Pk,) the possible variants of
organization of an indicator process are determined. The
variants are considered as combinations of parameters
α, �

�
, λ, ε (4 combinations a number of the fixed levels

α = const). The restrictions Pmax and a chosen variant of
air cooling system (ACS) on condition Ta = const are
taken into account. The task of extreme allowable
meaning Pmax took into account real safety factors of
details of diesel engines. At the choice of the combi-
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nations of parameters of an indicator process, the con-
dition of approximate constancy of the specific effective
fuel consumption be ≈ const was realized.

For each of the considered combinations of the para-
meters of a diesel engine the meanings αDET

G.m.H and
�DET

G.m.H were calculated. Then their combinations as
points are put in a nomogram field αDET

G.m.H - �DET
G.m.H

(see Fig 6). To each of the analysed levels of power Pmi
in a nomogram field there are equivalens as the local
area is limited to the appropriate combinations αDET

G.m.H
and �DET

G.m.H.
For the parameters of fuel economy all combinations

α, �k, λ, ε are invariant: for fixed Pmi its realized condition
bi = const, and in all range Pmi =1,2÷��)�*+"�– condition
be ≈ const. In a nomogram field  the parameters of thermal
intensity are reflected, which are  limited to the reliable
work of the researched design of a piston (maximal
temperature of piston bottom, temperature of cha-
racteristic zones of design TDET, stress σDET). The limited
parameters of thermal intensity are reflected in the form
of lines of constant levels. The introduction in the analysis
of several criteria allows to allocate the limiting and to
concentrate attention on them. In the considered case in
Fig 6 reliability of work of a piston is connected with the
level of characteristic temperature in a zone first ring
tPr1 = 220 °,(

The developed approach is not limited to the analysis
of stationary loading on the piston. The analysis of design
of the piston is possible using the criterion of fatiqued
durability. Arising stress from the stationary temperature
field is taken into account and also variable mechanical
loadings (from influence Pmax.). Here it is true to use the

results fatiqued of tests of the piston and to generalize
them in the form of the diagram of Gudman - Serensen.

The analysis of a mutual rule of lines of constant
levels �DET, σDET = const and fields of researched levels
of power up Pmi allows to make the multi alternative
estimations of rational organization of an indicator
process. As a result the application of not cooled piston
or the necessity of use of the cooled piston is proved.

For example, for CHN15/15 at equal thermal loading
of the piston the reserve of power on Pmi in comparison
with a base complete set of a diesel engine makes about
20 %: 1,4 MPa against 1,15 MPa. The mutual rule of
fields and levels perspective (�), and realized (�) of
power up in Fig 6 testifies it. The prevailing influence
on the temperature of a piston is rendered by α mean.
Theoretically, the increase of α from 1,75 to 2,25 keeps
constant thermal loading on the piston (modes I and II-
III). Therefore, it is possible to use not cooled piston. In
real conditions the maintenance of the reliable starting
characteristics of diesel engines limits the borders of
possible decrease ε to 13÷14. The range of possible
change α is accordingly narrowed also. Otherwise in view
of low dynamics of an indicator process the condition on
restriction Pmax is not satisfied. As a result, the transition
to cooled by oil piston becomes compelled already from
Pmi ≥���-�*+".

Similarly there are decisions of tasks for other
variants of a complete set of diesel engines. On the basis
of the offered combined parametrical analysis method
the complex of the computer programs was created and
successfully applied in practice. In particular, using the
electronic - beam welding and hardening in vacuum
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the welded cooled by oil piston is created for diesels
CHN15/15. It is supplied with the optimum temperature
of zone of the first ring and the mechanical stress in basic
elements of a piston are reduced by 30 %. The modern
computer software is applied for settlement research: 3-
D designing of details and units “SolidWorks” and
mathematical modelling of temperature fields, stress and
deformations of details “CosmosWorks”. The creation
of a volumetric certainly - element model of the piston
allowed to combine the research of the temperature and
intense condition of the piston. The volumetric certainly
- element model of the piston and the received results
are reflected in Table and Fig 7.

.�
	�$�)%���$�

The complex of theoretical, calculation, design and
experimental research which allowed to develop and re-
alize in practice the complex approach to the creation of
pistons for high revolutions diesel engines is executed.
The methodical basis of the development is based on the
use of the combined parametrical analysis of an indica-

�
�/
����
������
�@
��
��/�����������
�
��
�(��
���DH+,V+,��0
��

�]�+�-�!& 

��������������	�
��
���������������������
��

�
��

�
� ��
 �

��
�
�� � �

�� �

��������	������ ��� ��� ��� ��� ���

������	��������������	��� ��� ���  �� ��� �!�

�"��#������������	��� � � $ � ��� �$� ���

���
1����
������
������
���������
�
�
������
�������
�/�����I� �����
�/
����
���
����" �������
�@
��
������
��/������������
�
�

�(��
���DH,V+,��
K/
���
�������/
�
��
���0

��
�]�+�-�!&����]��-���������+ 

tor process and thermal loading on the piston.  Thermo-
dynamic model of a diesel engine cycle is developed,
which would allow to expect a current of meanings TG in
function of integrated parameters of an indicator process
(α, λ, ε, Ta, Pa).

The practical realization of the method is successfully
executed for diesel engines of perspective type CHN15/
15: their power was on 60÷70 % to level Pmi = 1,6 MPa.

The developed method is realized on the basis of the
principle of influence on thermal loading of a piston (details
of a cylinder - piston group). It allows to expand the
potential use of various constructive complete sets of piston
expanding their power ranges of application on Pmi.

 For perspective standard type of diesel engines
CHN15/15 the range of use of the not cooled piston is
extended to 30÷40 %. The positive results of the
approbation of the method for high revolution diesel
engines of perspective standard type CHN15/15,
CHN15/18, CHN16,5/18,5 testify its profitability. The
method is expedient for use during research design work
and outline design − at a stage when the shape of a
product and its basic design data are formed.
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