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G. Slynko, R. Sukhonos 
REDUCTION OF EXHAUST GAS TOXICITY IN TWO-STROKE 

INTERNAL COMBUSTION ENGINES 

Two-stroke internal combustion engines (ICE) remain practically important 

in applications where high specific power, low weight, compactness, and structural 

simplicity are critical. They are widely used in motorcycles, small watercraft, 

handheld power tools, portable power units, unmanned systems, and special-

purpose equipment. At the same time, two-stroke ICEs are characterized by 

increased exhaust gas toxicity due to the specific features of gas exchange, mixture 

formation, and lubrication. 

The main causes of high exhaust toxicity are the loss of part of the fresh 

charge during scavenging, incomplete combustion of the air-fuel mixture, and the 

entry of fuel and oil combustion products into the exhaust gases. The overlap of 

exhaust and charging processes leads to the escape of unburned fuel into the 

exhaust system, which increases hydrocarbon emissions. The use of a fuel-oil 

mixture in conventional designs increases carbon monoxide emissions, smoke, and 

particulate formation. An additional negative factor is the limited capability for 

precise combustion control in carbureted systems. 

One of the most effective ways to reduce toxicity is the use of direct fuel 

injection. This makes it possible to inject fuel after the main scavenging phase, 

thereby reducing fresh charge losses and unburned hydrocarbon emissions, while 

also improving fuel economy. However, this solution has several drawbacks, 

including increased design complexity, higher cost, and stricter requirements for 

fuel quality and maintenance. For small-scale equipment, such systems are often 

economically unjustified. 

An important direction is the optimization of cylinder scavenging through 

improved shape and arrangement of scavenging and exhaust ports, tuning of wave 

processes in the exhaust system, and the use of resonant exhaust pipes. This 

improves cylinder clearing from residual gases and reduces fresh charge short-

circuiting. However, such solutions are usually effective only within a narrow 

range of engine speeds and loads, and they also complicate engine manufacturing. 

A reduction in toxicity can also be achieved by switching to a separate 

lubrication system. Metered oil supply reduces lubricant consumption, decreases 

the amount of lubricant combustion products in the exhaust gases, lowers deposit 

formation, and increases component life. At the same time, separate lubrication 
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complicates the engine design and requires accurate oil metering, which is not 

always appropriate for equipment operating under severe or remote conditions. 

Another promising measure is the use of catalytic converters, which reduce 

carbon monoxide and unburned hydrocarbon emissions. However, their efficiency 

in two-stroke engines is limited by the unstable composition of exhaust gases, the 

presence of fuel and oil residues that accelerate catalyst degradation, and the 

undesirable increase in the weight, size, and cost of the exhaust system. 

A separate group of measures includes improvements in ignition systems, 

electronic fuel delivery control, and digital engine management algorithms. These 

systems enable more precise adaptation of engine parameters to changes in load 

and external operating conditions, thereby reducing toxicity and improving fuel 

efficiency. Their drawbacks include higher cost, more complicated diagnostics, 

dependence on electrical power supply, and greater sensitivity to moisture, 

vibration, and electromagnetic interference. 

Additional reduction of exhaust toxicity may be achieved through the use of 

alternative fuels and modern synthetic lubricants. These can reduce smoke, carbon 

monoxide emissions, and deposit formation; however, they do not eliminate the 

fundamental disadvantage of the two-stroke cycle, namely fresh charge losses 

during scavenging. 

Conclusion. Reducing exhaust gas toxicity in two-stroke internal combustion 

engines requires an integrated approach combining improved gas exchange, direct 

fuel injection, separate lubrication, catalytic aftertreatment, electronic control, and 

advanced fuels and lubricants. At the same time, each of these solutions has 

technical, economic, and operational limitations. Therefore, the most reasonable 

approach is a differentiated one, in which the level of engine modernization is 

determined by its application, operating modes, and economic feasibility. 
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>A>1;82>AB59 270T<>4VW @CHVW2 :>;VA=8E B@0=A?>@B=8E 70A>1V2 7 >?>@=8<8 

?>25@E=O<8, O:V 45D>@<CNBLAO ?V4 WE 4VTN 2 C<>20E :@8B8G=8E =020=B065=L. 
�@0E>2CNG8, I> ?@8 @V7=8E @568<0E :>G5==O :>;VA=8E @CHVW2 7 5;0AB8G=8<8 
H8=0<8 45D>@<0FVW >?>@=8E ?>25@E>=L 7<V==V 70 =0?@O<:0<8, 0 >?V@ F8< 
45D>@<0FVO< 70;568BL 2V4 =0?@O<:C 45D>@<0FVW, >A>1;82C C203C 2 4>A;V465=V 
?@84V;O;>AL 2?;82C 0=V7>B@>?=8E 2;0AB82>AB59 >?>@=8E ?>25@E>=L. 

#@89<0NG8 70 3V?>B57C, I> 45D>@<0FVO >?>@=>W ?>25@E=V 2 4>2V;L=><C 
=0?@O<:C T @57C;LB0B>< 5;5<5=B0@=8E =>@<0;L=8E V B0=35=FV0;L=8E 
45D>@<0FV9, B0 >?8@0NG8AL =0 =0:>?8G5=V 40=V I>4> E0@0:B5@8AB8: >?>@C 
B0:8< 45D>@<0FVO< >?>@=8E ?>25@E>=L @V7=8E B8?V2 V AB0=V2, ?@>?>=CTBLAO 
@>7@0E>2C20B8 >?V@ 45D>@<0FVW 2 70;56=>ABV 2V4 :CB0 =0?@O<:C 45D>@<0FVW 4> 
3>@87>=B0;V, ?@89<0NG8 70 =C;L>25 7=0G5==O =0?@O<:C, I> A?V2?040T 7 
=0?@O<:>< @CEC. 

#8B><89 >?V@ 45D>@<0FVW 70 =0?@O<:>< 4VW 01A>;NB=>W H284:>ABV =0 
5;5<5=B0@=V9 4V;O=FV 7=0E>48<> 70 70;56=VABN þ =  ý2 + ÿ2,                                                (1)  

45 p V Ä 3 ?8B><89 >?V@ =>@<0;L=V9 V 3>@87>=B0;L=V9 45D>@<0FVW. 
 

' FL><C @V2=O==V 25;8G8=8 p V Ä <>6=0 @>7@0EC20B8 70 70;56=>ABO<8 ý = ÿ7/�  V ÿ = ý(tan ýý) + ÿ0,  2V4?>2V4=>, 70 O:8<8 4;O E0@0:B5@8AB8: >?>@=8E 
?>25@E>=L C <5E0=V:V �@C=BV2 =0:>?8G5=> 4>AB0B=L> 40=8E. 

� 7030;L=><C 28?04:C ?8B><89 >?V@ 45D>@<0FVW >?>@=>W ?>25@E=V 70 
=0?@O<:>< 7=0E>48BLAO 70 70;56=VABN þ =   ÿ7/�  2 +  ÿ7/�  2 tan2 ýý + 2ÿ0ÿ7/� tan ýý + ÿ0

2 ,                (2)  

B4 6V8?>6V84T =4?@O<:C 89D>@<4FVW >?>@=>W ?>69@E=V 6V8=>A=> 
7>@87>=B4;L=>7> ?@8 ý =

ÿ
2
2 ýý . � B>9 G4A O: ?@8 ý = 0, þ = ÿ(ý = 0) =ÿ0 B4 þ = ÿ(ý b 0) = ý(tan ýý) + ÿ0, 4 ?@8 ý = ÿ

2  þ = ý(ÿ = 0) = ÿ7/� . 
 

�;O 1V;LH>ABV >?>@=8E ?>25@E>=L, O:V 45D>@<CNBLAO, ?@8 :@8B8G=8E 
7=0G5==OE ?>74>26=VE A8;, D@8:FV9=0 A:;04>20 B0=35=FV0;L=>W 45D>@<0FVW =0 
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?>@O4>: 1V;LH5 A:;04>2>W <V6<>;5:C;O@=>3> 7G5?;5==O, B>1B> 2 @V2=O==V (2) 
 ÿ7/� tan ýý k  ÿ0(2ÿ7/� tan ýý + ÿ0) 1/2.  

!5EBCNG8 A:;04>28<8 70;56=8<8 2V4 <V6<>;5:C;O@=>3> 7G5?;5==O 
?5@H>3> B0 4@C3>3> ?>@O4:C <0;>ABV 2 FL><C @V2=O==V <0T<> þ = ÿ7/�   1 + tan2 ýý ,                                        (3)  

45 tan Çx= p/Ä 3 2V4=>A=0 ?8B><0 A8;0 >?>@C 3>@87>=B0;L=V9 45D>@<0FVW. 
 

!0 @8AC=:C 1 ?>:070=0 ?@89=OB0 @>7@0EC=:>20 AE5<0 270T<>4VW :>;5A0 V7 
5;0AB8G=>N H8=>N 7 >?>@=>N ?>25@E=5N, O:0 45D>@<CTBLAO. 
 

 
$8AC=>: 1 3 %E5<0 270T<>4VW :>;5A0 7 5;0AB8G=>N H8=>N 7 >?>@=>N 

?>25@E=5N, O:0 45D>@<CTBLAO 
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!0?@O<>: 45D>@<0FVW >?>@=>W ?>25@E=V ?> 2V4=>H5==N 4> 3>@87>=B0;V 
A?V2?040NG>W 7 =0?@O<:>< @CEC 7<V=NTBLAO 2 V=B5@20;V ý * [ÿ 2 2 ýý , ÿ 2 + ýý].  

#@89=O2H8 0?@>:A8<CNGC 70;56=VABL ?8B><>3> >?>@C 45D>@<0FVW 
>?>@=>W ?>25@E=V 70 =0?@O<:>< C 283;O4V 5;V?B8G=>W 70;56=>ABV 7 4>268=>N 
?V2>A59 Ä V p, <0T<> ý2ÿ2

+
ÿ2ý2

= 1. 
 

#V4AB0282H8 2 >AB0==N 70;56=VABL x = q cos ³ V z = q sin ³ B0 70;56=>ABV 
?8B><8E >?>@V2 =>@<0;L=V9 V 3>@87>=B0;L=V9 45D>@<0FVW G5@57 
E0@0:B5@8AB8:8 >?>@=>W ?>25@E=V, >B@8<0T<> 70;56=VABL 4;O 7=0E>465==O 
?8B><>3> >?>@C 45D>@<0FVW 0=V7>B@>?=>W ?>25@E=V 70 =0?@O<>< þ(?) = ÿ7/� tan 2 ýý

cos 2 ý+tan 2 ýý sin 2 ý, 
 

45 h 3 703;81;5==O 5;5<5=B0@=>W 4V;O=:8 45D>@<0FVW >?>@=>W ?>25@E=V. 
 

#@8 270T<>4VW :>;5A0 7 5;0AB8G=>N H8=>N 7 >?>@=>N ?>25@E=5N, O:0 
45D>@<CTBLAO, <>6=0 284V;8B8 4V;O=:C ;>1>2>3> >?>@C (0-1) V 4V;O=:C >?>@=C 
(1-2), ?>:070=V =0 @8AC=:C 1. �;5<5=B0@=V A8;8 >?>@C 45D>@<0FVW =0 F8E 
4V;O=:0E =0?@02;5=V ?> ;V=VW 4VW 01A>;NB=8E H284:>AB59 2 72>@>B=><C 
=0?@O<:C. �7 @V2=O==O AC<8 @>1>B8 @57C;LBCNG8E 5;5<5=B0@=8E A8; 4V;O=>: 
:>=B0:BC H8=8 7 >?>@=>N ?>25@E=5N ?@8 5;5<5=B0@=><C ?5@5<VI5==V :>;5A0 
<>6=0 7=09B8 A8;C >?>@C :>G5==N, <><5=B >?>@C :>G5==O B0 :>5DVFVT=B 
>?>@C :>G5==O :>;5A0. 
 

 

'�� 669.295:621.74.043 
�2ATT20 !.". 
:0=4. B5E=. =0C:, 4>F. !' «�0?>@V7L:0 ?>;VB5E=V:0» 

!.". �2ATT20 
 "���.��!!/ #$"*�%�� $'�!'��!!/ $�&"$& 
 ��!��&�$ �+!"�" ��$"�!�*&�� &�&�!' 

%CG0A=89 ?@><8A;>289 A?>AV1 <03=V9B5@<VG=>3> >B@8<0==O B8B0=C 2 
@50:B>@0E ?5@V>48G=>W 4VW 70157?5GCT 28@>1=8FB2> <5B0;C C 283;O4V B0: 720=>W 
«B8B0=>2>W 3C1:8». "B@8<0=V 7;82:8 B8B0=C ?>28==V 2V4?>2V40B8 28A>:8< 
28<>30< <V6=0@>4=8E AB0=40@BV2 I>4> G8AB>B8, <5E0=VG=8E 2;0AB82>AB59 V 
AB@C:BC@=>W >4=>@V4=>ABV. 
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�>4=>G0A <03=V9B5@<VG=89 <5B>4 <0T =87:C ACBBT28E =54>;V:V2: 
?5@V>48G=VABL ?@>F5AC, 701@C4=5==O B8B0=>2>W 3C1:8, 7=0G=V 5=5@35B8G=V 
28B@0B8 =0 @>7V3@V2 @50:B>@0 ?5@54 :>6=8< F8:;>< 2V4=>2;5==O, 45D>@<0FVN 
(:>@>1;5==O) @50:B>@V2 V, O: =0A;V4>:, A:>@>G5==O AB@>:C WE 5:A?;C0B0FVW. 'A5 
F5 7C<>2;NT =5>1EV4=VABL 4>A;V465==O ?@>F5AV2 @C9=C20==O @5B>@B V 
@>7@>1:8 ?V4E>4V2 4> ?V428I5==O WE 4>23>2VG=>ABV. 

#@>F5A <03=V9B5@<VG=>3> 2V4=>2;5==O B8B0=C 107CTBLAO =0 @50:FVW 
2V4=>2;5==O B5B@0E;>@84C B8B0=C <03=VT< ?@8 ?V428I5=8E B5<?5@0BC@0E C 
35@<5B8G=8E @5B>@B0E (@50:B>@0E) (@8A. 1). #@>F5A 2:;NG0T =0ABC?=V AB04VW: 
?V43>B>2:0 B0 7020=B065==O @5035=BV2; 2V4=>2;5==O TiCl4 <03=VT< 7 
CB2>@5==O< B8B0=>2>W 3C1:8 B0 MgCl2; 20:CC<=0 A5?0@0FVO 4;O 2840;5==O 
70;8H:V2 <03=VN V E;>@84C <03=VN; >E>;>465==O B0 2820=B065==O ?@>4C:BC. 

+5@57 F8:;VG=89 E0@0:B5@ @>1>B8 @50:B>@8 ?V440NBLAO 1030B>@07>28< 
B5?;>28< =020=B065==O<, I> ?@872>48BL 4> =0:>?8G5==O ?>H:>465=L 
<0B5@V0;C :>@?CAC @5B>@B8. ' B0:8E C<>20E <0NBL <VAF5 =0ABC?=V <5E0=V7<8 
@C9=C20==O. �030B>@07>2V F8:;8 =03@V2C 3 >E>;>465==O A?@8G8=ONBL 
28=8:=5==O B5@<VG=8E =0?@C65=L, I> ?@872>48BL 4> CB2>@5==O <V:@>B@VI8= 
V WE ?>ABC?>2>3> @>728B:C. �0 B@820;>W 4VW 28A>:8E B5<?5@0BC@ 2V41C20TBLAO 
?>27CG0 45D>@<0FVO, O:0 28:;8:0T :>@>1;5==O B0 7<V=C 35><5B@VW @5B>@B8. 
�>=B0:B V7 <03=VT< B0 9>3> A?>;C:0<8 A?@8G8=OT EV<VG=C 270T<>4VN 7 
<0B5@V0;>< :>@?CAC, I> 7=86CT 9>3> <VF=VABL V A?@8OT @>728B:C 45D5:BV2. 
"AB0==V<8 @>:0<8 7=0G=> 7@VA V=B5@5A 4> AB2>@5==O =>28E ?@>3@5A82=8E 
<0B5@V0;V2 4;O 283>B>2;5==O :>@?CAV2 0?0@0BV2 2V4=>2;5==O B0 A5?0@0FVW. 
#V428I5==O AB@>:C A;C618 @5B>@B 7=0G=>N <V@>N 70;568BL 2V4 60@><VF=>ABV 
<0B5@V0;C; ABV9:>ABV 4> ?>27CG>ABV; :>@>7V9=>W ABV9:>ABV 2 A5@54>28IV <03=VN 
B0 9>3> A>;59; :>5DVFVT=B0 B5?;>2>3> @>7H8@5==O; B5@<>ABV9:>ABV B0 >?>@C 
B5@<VG=V9 2B><V. 

"A=>2=8<8 ?@8G8=0<8 @C9=C20==O @5B>@B T: 28A>:V B5<?5@0BC@8 
?@>F5AC (800&1000°C V 28I5); 7=0G=V B5<?5@0BC@=V 3@04VT=B8; 03@5A82=5 
EV<VG=5 A5@54>28I5 (Mg, MgCl2, TiCl4); <5E0=VG=V =020=B065==O ?V4 G0A 
=03@V2C 9 >E>;>465==O. 

#5@A?5:B82=8<8 T 60@><VF=V A?;028 =0 >A=>2V =V:5;N, <>;V145=C, 0 
B0:>6 A?5FV0;L=V AB0;V 7 ?V428I5=8< 2<VAB>< ;53C20;L=8E 5;5<5=BV2. 
�>40B:>2> 70AB>A>2CNBLAO 70E8A=V ?>:@8BBO, I> 7<5=HCNBL EV<VG=C 
270T<>4VN 7 03@5A82=8< A5@54>28I5<. 

 >45;N20==O T 5D5:B82=8< V=AB@C<5=B>< ?@>3=>7C20==O @5AC@AC 
@5B>@B B0 >?B8<V70FVW WE :>=AB@C:FVW. 
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$8AC=>: 1 3 $5B>@B8 (@50:B>@8) <03=V9B5@<VG=>3> 28@>1=8FB20 B8B0=C 

 

"A=>2=V =0?@O<:8 <>45;N20==O 2:;NG0NBL: 
3 @>7@0EC=>: B5<?5@0BC@=8E ?>;V2 C :>@?CAV @5B>@B8 4>72>;OT 

287=0G8B8 7>=8 <0:A8<0;L=8E B5<?5@0BC@=8E 3@04VT=BV2 V ?>B5=FV9=>3> 
70@>465==O B@VI8=; 
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3 <5B>4 A:V=G5==8E 5;5<5=BV2 28:>@8AB>2CTBLAO 4;O 0=0;V7C =0?@C65=>-

45D>@<>20=>3> AB0=C :>=AB@C:FVW 7 C@0EC20==O< B5<?5@0BC@=8E 
=020=B065=L; 

3 @>7@>1:0 <>45;59 4>23>B@820;>W 45D>@<0FVW 40T 7<>3C >FV=8B8 
=0:>?8G5==O 70;8H:>28E 45D>@<0FV9 ?@>BO3>< F8:;V2 5:A?;C0B0FVW; 

3 ?>T4=0==O <5E0=VG=8E V EV<VG=8E D0:B>@V2 C :><?;5:A=8E <>45;OE 
4>72>;OT ?@>3=>7C20B8 H284:VABL 453@040FVW <0B5@V0;C. 

�><?;5:A=5 28:>@8AB0==O F8E ?V4E>4V2 40T <>6;82VABL =5 ;8H5 >FV=8B8 
AB@>: A;C618 @5B>@B8, 0;5 9 >?B8<V7C20B8 WW 35><5B@VN, 281V@ <0B5@V0;C B0 
@568< 5:A?;C0B0FVW.  03=V9B5@<VG=5 28@>1=8FB2> B8B0=C T >A=>2=8< 
?@><8A;>28< <5B>4>< >B@8<0==O B8B0=>2>W 3C1:8, ?@>B5 2>=> 
AC?@>2>46CTBLAO 7=0G=8<8 5:A?;C0B0FV9=8<8 =020=B065==O<8 =0 @5B>@B8. 
$C9=C20==O @50:B>@V2 >1C<>2;5=5 ?>T4=0==O< B5@<VG=>W 2B><8, ?>27CG>ABV, 
:>@>7V9=8E ?@>F5AV2 B0 AB@C:BC@=>W 453@040FVW <0B5@V0;C. 

#V428I5==O 4>23>2VG=>ABV @5B>@B <>6;825 70 @0EC=>: 70AB>AC20==O 
=>28E 60@><VF=8E <0B5@V0;V2, 70E8A=8E ?>:@8BBV2 B0 2?@>20465==O ACG0A=8E 
<5B>4V2 <0B5<0B8G=>3> <>45;N20==O ?@>F5AV2 @C9=C20==O. *5 4>72>;OT 
7<5=H8B8 28B@0B8 =0 5:A?;C0B0FVN, ?V428I8B8 5=5@3>5D5:B82=VABL 
28@>1=8FB20 B0 70157?5G8B8 AB01V;L=C O:VABL B8B0=>2>W ?@>4C:FVW. 
 

 

'�� 621.793:669.14:620.193 
�>@=VT=:> �.�.1, �2ATT20 !.".2, �T;V:>2 %.�.3 

1 0A?. :0D. �&� B0  � !' «�0?>@V7L:0 ?>;VB5E=V:0» 
2 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7L:0 ?>;VB5E=V:0» 
3 4-@. B5E=. =0C:, ?@>D. !' «�0?>@V7L:0 ?>;VB5E=V:0» 

�.�. �>@=VT=:>, !.". �2ATT20, %.�. �T;V:>2 
 "��(���*�/ )$" �%&�) �"$"���!"%&����) %&���� ��/ 

#���'.+"�" ,�$' �� �&���� 

�V4><>, I> 206;828< D0:B>@><, O:89 287=0G0T 5D5:B82=VABL 
<>48DV:0B>@0, T 9>3> @>7G8==VABL C <>48DV:>20=><C A?;02V. �V4?>2V4=> 4> 
C<>2 30@=>W 270T<=>W @>7G8==>ABV :><?>=5=BV2 >48= 2 >4=><C T: =0O2=VABL 2 
>1>E :><?>=5=B0E >4=0:>2>W :@8AB0;VG=>W 3@0B:8, <0;0 @V7=8FO 0B><=8E 
@04VCAV2 V 1;87L:VABL @>7B0HC20==O 2 B01;8FV  5=45;TT20. &><C >A>1;82> 
5D5:B82=8< 28O28;>AL <>48DV:C20==O E@><8AB8E :>@>7V9=>ABV9:8E AB0;59 C 
283;O4V ;V30BC@ B8?C (' 5, O:V <VABOBL @V4:>75<5;L=V ($� ) B0 
;C6=>75<5;L=V (�� ) <5B0;8. 

#>:070=>, I> 71030GCNG8 <56V 75@5= 42>D07=>W D5@8B>-<0@B5=A8B=>W 
AB0;V 04)18G $�  CA:;04=NT 48DC7VN 2C3;5FN B0 A?@8ONBL 71V;LH5==N 
D5@8B=>W A:;04>2>W 2 =V9 7 82% 4> 90%. 
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�AB0=>2;5=> ?>78B82=89 2?;82 @V4:>75<5;L=8E <5B0;V2 =0 
B5@<>B@82:VABL :0@1V4V2 B8?C (Fe, Cr)23C6, I> =040;> <>6;82VABL ?@>2>48B8 
@5:@8AB0;V70FV9=5 >1@>1;5==O AB0;59 06)18G, 08)18G B0 04)18G 2 ?@>EV4=V9 
28A>:>?@>4C:B82=V9 ?5GV ?@8 B5<?5@0BC@V 900&920º%. #VA;O B0:>3> 
B5@<VG=>3> >1@>1;5==O AB@C:BC@0 AB0;V 04)18G 715@V30;0 @V2=>206=89 AB0= 
D5@8B V :0@1V48. #V428I5==O B5<?5@0BC@8 @5:@8AB0;V70FVW 01> 71V;LH5==O 
B5@<V=C 28B@8<:8 A?@8O;> 48A>FV0FVW G0AB:8 :0@1V4V2 V CB2>@5==N 
<0@B5=A8B=>W A:;04>2>W, I> ?@872>48BL 4> @V7:>3> 7=865==O ?;0AB8G=>ABV 7 
·5=40% 4> ·5=29%. 

%B0;V <0@B5=A8B=>-D5@8B=>3> :;0AC 04)18G, 06)18G B0 08)18G ?VA;O 
@5:@8AB0;V70FV9=>3> >1@>1;5==O 7 ?V428I5=>W 4> 950º% B5<?5@0BC@8 <0;8 
=87L:C ?;0AB8G=VABL B0 1C;8 AE8;L=V 4> <V6:@8AB0;VB=>W :>@>7VW. 

�8A=>2>:: <>48DV:0FVO 28I5=0720=8E AB0;59 $�  =040T <>6;82>ABV 
?@>2>48B8 >?5@0FVN @5:@8AB0;V70FVN C 28A>:>?@>4C:B82=V9 ?@>EV4=V9 ?5GV B0 
>B@8<C20B8 @V2=>206=C AB@C:BC@C D5@8B B0 A?5FV0;L=V :0@1V48 B8?C (Fe, 
Cr)23C6, I> 70157?5GCT WW 28A>:C ?;0AB8G=VABL 4> <V6:@8AB0;VB=>W :>@>7VW. 
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<>6CBL 28:>@8AB>2C20B8AL O: 2EV4=V ?0@0<5B@8 4;O ?>40;LH>W :;0A8DV:0FVW. 
#5@5203>N B0:>3> ?V4E>4C T 7<5=H5==O @>7<V@=>ABV 40=8E B0 <>6;82VABL 
H284:>W >1@>1:8 A83=0;V2. �>4=>G0A, 03@53C20==O V=D>@<0FVW ?@872>48BL 4> 
2B@0B8 G0AB8=8 :>@8A=8E E0@0:B5@8AB8: A83=0;C, I> <>65 =530B82=> 
2?;820B8 =0 B>G=VABL 4V03=>AB8:8, >A>1;82> C A:;04=8E @568<0E @>1>B8 
4283C=0. 

!091V;LH ?5@A?5:B82=8< =0?@O<:>< @>728B:C 0:CAB8G=>W 4V03=>AB8:8 T 
<5B>48 <0H8==>3> =02G0==O B0 =59@><5@5652V ?V4E>48. ' FL><C 28?04:C 
0:CAB8G=89 A83=0; 01> 9>3> ?@54AB02;5==O (=0?@8:;04, A?5:B@>3@0<0) 
?>40TBLAO =0 2EV4 <>45;V, O:0 =02G0TBLAO @>7?V7=020B8 70:>=><V@=>ABV <V6 
>7=0:0<8 A83=0;C B0 2V4?>2V4=8<8 @568<0<8 @>1>B8 4283C=0. !59@>==V 
<5@56V, 7>:@5<0 73>@B:>2V (CNN), T 5D5:B82=8<8 4;O >1@>1:8 A?5:B@>3@0<, 
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>A:V;L:8 740B=V 02B><0B8G=> 284V;OB8 V=D>@<0B82=V >7=0:8 157 =5>1EV4=>ABV 
WE @CG=>3> 7040==O [4]. 

#5@5203>N =59@><5@56528E ?V4E>4V2 T 740B=VABL ?@0FN20B8 7 25;8:8<8 
>1AO30<8 40=8E B0 2@0E>2C20B8 A:;04=V =5;V=V9=V 70;56=>ABV <V6 
?0@0<5B@0<8 A83=0;C. *5 4>72>;OT 28:>=C20B8 :;0A8DV:0FVN =02VBL C 
28?04:0E, :>;8 2V4<V==>ABV <V6 A83=0;0<8 T =57=0G=8<8, =0?@8:;04, ?@8 
>4=0:>28E >15@B0E 4283C=0, 0;5 @V7=8E C<>20E =020=B065==O. ' B0:8E C<>20E 
7<V=8 ?@>O2;ONBLAO ?5@5206=> C 20@V0FVOE 0<?;VBC48, HC<>28E A:;04>28E B0 
@>7?>4V;C 5=5@3VW A83=0;C, I> A:;04=> 28O28B8 B@048FV9=8<8 <5B>40<8. 

$07>< 7 B8<, 70AB>AC20==O =59@><5@56 ?>B@51CT D>@<C20==O O:VA=>W 
=02G0;L=>W 281V@:8, =0;0HBC20==O 0@EVB5:BC@8 <>45;V B0 7=0G=8E 
>1G8A;N20;L=8E @5AC@AV2. !572060NG8 =0 F5, A0<5 40=89 ?V4EV4 =0 AL>3>4=V T 
=091V;LH ?5@A?5:B82=8< 4;O 7040G 02B><0B87>20=>W 4V03=>AB8:8 ���. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Li Zengfang, He Yong, Xu Gaohuan. Engine Fault Diagnosis Model Based 

on Sound Intensity Analysis and Neural Network Integration // Journal of 

Agricultural Machinery. 2008. Vol. 39. 7 12. P. 170-173. 

2. Randall R. B. Vibration-based Condition Monitoring: Industrial, 

Aerospace and Automotive Applications. Wiley, 2011. 448 p. DOI: 

10.1002/9780470977668. 

3. Boashash B. Time-Frequency Signal Analysis and Processing. Elsevier, 

2016. 81 p. 

4. Khan S., Yairi T. A review on the application of deep learning in system 

health management // Mechanical Systems and Signal Processing. 2018. Vol. 107. 

P. 2413265. DOI: 10.1016/j.ymssp.2017.11.024. 

 

 

'�� 621.43.068 

%;8=L:> �.�.1, �09F52  .#.2, %CE>=>A $.(.3, %;8=L:> �.�.3 
1 4-@ B5E=. =0C:, ?@>D. !' «�0?>@V7L:0 ?>;VB5E=V:0» 
2 ABC4. 3@. &-415< !' «�0?>@V7L:0 ?>;VB5E=V:0» 
3 AB0@H. 28:;. !' «�0?>@V7L:0 ?>;VB5E=V:0» 

�.�. %;8=L:>,  .#. �09F52, $.(. %CE>=>A, �.�. %;8=L:> 
%�%&� � $�*�$�'�/*�� ���#$�*,"��!�) ����� ' 

����'!�) �!'&$�,!,"�" ��"$/!!/ 

%CG0A=89 @>728B>: 02B><>1V;L=>W B5E=V:8 BVA=> ?>29O70=89 V7 
=5>1EV4=VABN 7=865==O H:V4;828E 28:84V2 C =02:>;8H=T A5@54>28I5. 
"4=VTN 7 3>;>2=8E ?@>1;5< 4283C=V2 2=CB@VH=L>3> 73>@O==O T CB2>@5==O 
>:A84V2 07>BC (NOx), O:V 28=8:0NBL ?@8 28A>:8E B5<?5@0BC@0E 73>@O==O 
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?0;82>?>2VB@O=>W AC<VHV. �;O 7<5=H5==O WE :V;L:>ABV H8@>:> 70AB>A>2CTBLAO 
A8AB5<0 @5F8@:C;OFVW 2V4?@0FL>20=8E 307V2 (EGR), O:0 4>72>;OT 5D5:B82=> 
7=86C20B8 B5<?5@0BC@C 73>@O==O B0, 2V4?>2V4=>, @V25=L B>:A8G=8E 28:84V2. 

 

 
$8AC=>: 1 3 %E5<0 @>1>B8 A8AB5<8 @5F8@:C;OFVW 2V4?@0FL>20=8E 307V2 

4283C=0 02B><>1V;O [1] 
 

%8AB5<0 EGR (Exhaust Gas Recirculation) ?>;O30T C G0AB:>2><C 
?>25@=5==V 2V4?@0FL>20=8E 307V2 V7 28?CA:=>3> :>;5:B>@C =0704 C 2?CA:=89 
B@0:B 4283C=0. *V 3078, I> ?@0:B8G=> =5 <VABOBL :8A5=L, 7<VHCNBLAO 7V 
A2V68< ?>2VB@O<, I> ?@872>48BL 4> 7=865==O :>=F5=B@0FVW :8A=N C F8;V=4@V. 
�=0A;V4>: FL>3> ?@>F5A 73>@O==O 2V41C20TBLAO ?>2V;L=VH5, 0 ?V:>20 
B5<?5@0BC@0 C :0<5@V 73>@O==O 7<5=HCTBLAO. %0<5 F5 T >A=>2=8< D0:B>@>< 
7=865==O CB2>@5==O >:A84V2 07>BC. $53C;N20==O :V;L:>ABV @5F8@:C;L>20=8E 
307V2 74V9A=NTBLAO 70 4>?><>3>N :;0?0=0 EGR, O:89 <>65 <0B8 20:CC<=5 01> 
5;5:B@>==5 :5@C20==O 70;56=> 2V4 :>=AB@C:FVW 4283C=0. 

%8AB5<0 EGR H8@>:> 70AB>A>2CTBLAO O: C 15=78=>28E, B0: V 2 4875;L=8E 
4283C=0E ACG0A=8E 02B><>1V;V2. �>:@5<0, 2>=0 28:>@8AB>2CTBLAO C 4875;L=8E 
4283C=0E Volkswagen TDI, 15=78=>28E 4283C=0E Renault K, 0 B0:>6 C 
4283C=0E Opel Ecotec. ' 45O:8E 28?04:0E VA=CNBL @V7=V <>48DV:0FVW >4=>3> 9 
B>3> 6 4283C=0, O:V 2V4@V7=ONBLAO =0O2=VABN 01> 2V4ACB=VABN A8AB5<8 EGR. 
/: ?@028;>, 25@AVW 4283C=V2 V7 A8AB5<>N EGR 2V4?>2V40NBL 1V;LH 6>@AB:8< 
5:>;>3VG=8< =>@<0<, 0;5 <0NBL 45I> =86GV ?>:07=8:8 ?>BC6=>ABV, B>4V O: 
4283C=8 157 FVTW A8AB5<8 E0@0:B5@87CNBLAO :@0I8<8 48=0<VG=8<8 
E0@0:B5@8AB8:0<8, ?@>B5 28I8< @V2=5< H:V4;828E 28:84V2. 

 



51 

 

 
$8AC=>: 2 3 �;0?0= A8AB5<8 @5F8@:C;OFVW 2V4?@0FL>20=8E 307V2 4283C=0 

02B><>1V;O Renault Clio [2] 
 

� <5B>N ?V428I5==O 5D5:B82=>ABV @>1>B8 A8AB5<8 EGR 70AB>A>2CNBLAO 
@V7=V <5B>48 WW >?B8<V70FVW. "4=8< V7 >A=>2=8E =0?@O<:V2 T 24>A:>=0;5==O 
:>=AB@C:FVW A8AB5<8, 7>:@5<0 28:>@8AB0==O >E>;>46C20GV2 2V4?@0FL>20=8E 
307V2 (EGR cooler), I> 4>72>;OT 4>40B:>2> 7=86C20B8 WE B5<?5@0BC@C ?5@54 
?>40G5N C 2?CA:=89 B@0:B. *5 ?V428ICT 5D5:B82=VABL 7=865==O NOx B0 
7<5=HCT =530B82=89 2?;82 =0 ?@>F5A 73>@O==O. �06;82C @>;L 2V4V3@0T B0:>6 
2?@>20465==O 5;5:B@>==8E A8AB5< :5@C20==O, O:V 70157?5GCNBL B>G=5 
4>7C20==O :V;L:>ABV @5F8@:C;L>20=8E 307V2 70;56=> 2V4 @568<C @>1>B8 
4283C=0. !0?@8:;04, ?@8 28A>:8E =020=B065==OE 01> >15@B0E A8AB5<0 EGR 
<>65 G0AB:>2> 01> ?>2=VABN 2V4:;NG0B8AO 4;O 715@565==O ?>BC6=>ABV 
4283C=0. 

&0:8< G8=><, A8AB5<0 @5F8@:C;OFVW 2V4?@0FL>20=8E 307V2 T 206;828< 
5;5<5=B>< ACG0A=8E 4283C=V2 2=CB@VH=L>3> 73>@O==O, O:89 4>72>;OT 7=0G=> 
7=878B8 @V25=L H:V4;828E 28:84V2. !572060NG8 =0 ?52=V =54>;V:8, ?>29O70=V 
7V 7=865==O< ?>BC6=>ABV B0 CB2>@5==O< =030@C, WW 28:>@8AB0==O T 
28?@0240=8< 7 B>G:8 7>@C 5:>;>3VW. #>40;LH89 @>728B>: B5E=>;>3V9 
:5@C20==O B0 :>=AB@C:B82=8E @VH5=L 4>72>;OT <V=V<V7C20B8 FV =54>;V:8 B0 
70157?5G8B8 5D5:B82=C @>1>BC 4283C=0 7 C@0EC20==O< ACG0A=8E 5:>;>3VG=8E 
28<>3. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Heywood J. B. Internal Combustion Engine Fundamentals. McGraw-Hill, 

Inc. 2018. 930 p. 

2. BOSCH Automotive Handbook. 11th Edition. 2022. 2044 p. 

3. Stone R. Introduction To Internal Combustion Engines. Palgrave 

Macmillan, 1992. 574 p. 
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'�� 621.43.013 
�2ATT20 !.".1, �09F52  .#.2 
1 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7L:0 ?>;VB5E=V:0» 
2 ABC4. 3@. &-415< !' «�0?>@V7L:0 ?>;VB5E=V:0» 

!.". �2ATT20,  .#. �09F52 
�'�"�� &� #$�!*�# $"�"&� %�%&� � �#'%�' ����'!� 

RENAULT K7J 

�?CA:=0 A8AB5<0 4283C=0 Renault K7J 02B><>1V;O Renault Symbol T 
?@>AB>N B0 =04V9=>N, ?>1C4>20=0 =0 >A=>2V <5E0=VG=>W 4@>A5;L=>W 70A;V=:8 
B0 A8AB5<8 MPI 7 MAP-A5=A>@><, I> 70157?5GCT AB01V;L=C @>1>BC 4283C=0 2 
CAVE @568<0E. #>A;V4>2=VABL ?@>F5AV2 ?V4 G0A B0:BC 2?CA:C: 2 F8;V=4@0E 
AB2>@NTBLAO @>7@V465==O, 0B<>AD5@=5 ?>2VB@O G5@57 ?>2VB@>701V@=8: ?>G8=0T 
2A<>:BC20B8AL C 2?CA:=C A8AB5<C 4283C=0, 40;V ?>2VB@O ?@>E>48BL G5@57 
?>2VB@O=89 DV;LB@ 7 ?0?5@>28< DV;LB@C20;L=8< 5;5<5=B><. (V;LB@ 70B@8<CT 
?8;, ?VA>: B0 V=HV <5E0=VG=V 4><VH:8, 70?>1V30NG8 7=>AC F8;V=4@>?>@H=52>W 
3@C?8. #>2VB@O=89 DV;LB@ 7 ?0?5@>28< 5;5<5=B>< (@8A. 1) 3 F5 >A=>2=89 
:><?>=5=B A8AB5<8 >G8I5==O ?>2VB@O, I> 70157?5GCT 28A>:C 5D5:B82=VABL 
(4> 99%) 70B@8<0==O ?8;C B0 01@0782=8E G0AB8=>:. �V= <0T =87L:89 >?V@ 
?>B>:C, I> ?V428ICT ?>BC6=VABL 4283C=0 B0 7<5=HCT 28B@0BC ?0;820. 

 

 
$8AC=>: 1 3 (V;LB@ 7 ?0?5@>28< 5;5<5=B>< Renault K7J 

 

#VA;O >G8I5==O ?>2VB@O =04E>48BL C 2?CA:=89 B@0:B, 45 9>3> ?0@0<5B@8 
28<V@NNBLAO: 

3 MAP-A5=A>@>< (manifold absolute pressure) 287=0G0TBLAO 01A>;NB=89 
B8A: (@>7@V465==O) C 2?CA:=><C :>;5:B>@V; 

3 MAF-A5=A>@>< (mass air flow) 287=0G0TBLAO ?>B>G=0 28B@0B0 ?>2VB@O 
G5@57 A8AB5<C 2?CA:C; 

3 40BG8: B5<?5@0BC@8 ?>2VB@O (IAT) (intake air temperature) ?@87=0G5=89 
4;O 28<V@N20==O B5<?5@0BC@8 ?>2VB@O, I> =04E>48BL C 4283C=. 
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"B@8<0=V 40=V ?5@540NBLAO 4> 5;5:B@>==>3> 1;>:C :5@C20==O (��'), 
O:89 =0 WE >A=>2V 287=0G0T <0AC ?>2VB@O C 2?CA:=V9 A8AB5<V B0 :>@83CT @>1>BC 
4283C=0. �0BG8: B5<?5@0BC@8 >E>;>46CNG>W @V48=8 (�&"$) :>=B@>;NT 
B5<?5@0BC@C 0=B8D@87C 2 A8AB5<V >E>;>465==O. �0728G09 9>3> 2AB0=>2;NNBL 
157?>A5@54=L> =0 4283C=V 3 C =091V;LH =03@VB8E 4V;O=:0E A8AB5<8, I>1 
70157?5G8B8 <0:A8<0;L=> B>G=89 :>=B@>;L B5<?5@0BC@8. !0 4283C=V Renault 
K7J 40BG8: @>7B0H>20=89 =0 :>@?CAV B5@<>AB0B0 (@8A. 2). 

 

 
$8AC=>: 2 3 $>7B0HC20==O 40BG8:0 B5<?5@0BC@8 >E>;>46CNG>W @V48=8 =0 

4283C=V Renault K7J 
 

�V;L:VABL ?>2VB@O, O:5 ?>B@0?;OT 2 4283C=, @53C;NTBLAO 4@>A5;L=>N 
70A;V=:>N (@8A. 3). #@87=0G5==O: 2V4:@8BBO 70A;V=:8 71V;LHCT :V;L:VABL 
?>2VB@O, ?V428ICNG8 >15@B8; 70:@8BBO - 7<5=HCT, 70157?5GCNG8 E>;>AB89 EV4. 

 

 
$8AC=>: 3 3 �@>A5;L=0 70A;V=:0 
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�<VHC20==O ?>2VB@O 7 ?0;82><. ' 2?CA:=><C :>;5:B>@V 2V41C20TBLAO 
CB2>@5==O ?0;82>-?>2VB@O=>W AC<VHV. (>@AC=:8 MPI (Multi-Point Injection) 3 
F5 :><?>=5=B8 A8AB5<8 @>7?>4V;5=>3> C?>@A:C20==O ?0;820, 45 :>65= 
F8;V=4@ 4283C=0 <0T 2;0A=C D>@AC=:C. �>=8 2?>@A:CNBL 15=78= C 2?CA:=89 
:>;5:B>@ ?5@54 2?CA:=8< :;0?0=><, 45 2V= 7<VHCTBLAO 7 ?>2VB@O<. *O 
B5E=>;>3VO 2V4@V7=OTBLAO =04V9=VABN, ?@>AB>B>N :>=AB@C:FVW B0 <5=H>N 
28<>3;82VABN 4> O:>ABV ?0;820 ?>@V2=O=> 7 157?>A5@54=V< C?>@A:C20==O<. 

�?CA:=0 A8AB5<0 4283C=0 Renault K7J 70157?5GCT >G8I5==O, B>G=5 
28<V@N20==O B0 4>7C20==O ?>2VB@O, 0 B0:>6 5D5:B82=5 CB2>@5==O ?0;82>-

?>2VB@O=>W AC<VHV, I> T =5>1EV4=>N C<>2>N AB01V;L=>W B0 5:>=><VG=>W @>1>B8 
4283C=0. 
 

 

'�� 629.3.01 
�>9G5=:> �.%.1, �C4V= ".#.2, �C40@5=:> ".�.3 
1 ABC4. 3@. &-214, !' «�0?>@V7L:0 ?>;VB5E=V:0» 
2 0A?. !' «�0?>@V7L:0 ?>;VB5E=V:0» 
3 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7L:0 ?>;VB5E=V:0» 

�.%. �>9G5=:>, ".#. �C4V=, ".�. �C40@5=:> 
"%"����"%&� ��/���!!/ !�%#$��!"%&� %�%&� � 

��#'%�' ��&" "���/ 

�0728G09 A8AB5<0 C?@02;V==O 4283C=>< 2=CB@VH=L>3> 73>@O==O 
ACG0A=>3> 02B><>1V;O <0T @>7H8@5=89 0?0@0B A0<>4V03=>AB8:8 (OBD 3 On-

Board Diagnostic) V ?@8 28O2;5=V 2V4E8;5=L 2V4 707=0G5=8E 28@>1=8:>< 
4V0?07>=V2 7=0G5=L ?0@0<5B@V2 V=D>@<CT ?@> =0O2=VABL =5A?@02=>ABV H;OE>< 
70?0;N20==O V=D>@<0FV9=>3> V=48:0B>@0 check engine [1]. �;O =5A?@02=>AB59 
28?CA:=>W A8AB5<8 7030;>< V A8AB5<8 :0B0;VB8G=>W =59B@0;V70FVW 
2V4?@0FL>20=8E 307V2 E0@0:B5@=V =0ABC?=V :>48 =5A?@02=>AB59 (B01;. 1). 

&8< =5 <5=H, 7CAB@VG0NBLAO A8BC0FVW, :>;8 1>@B>20 A8AB5<0 =5 
4V03=>ABCT ?><8;>: V ;0<?0 V=48:0FVW =5A?@02=>ABV =5 703>@OTBLAO. � O:>ABV 
?@8:;04C @>73;O=CB> 02B><>1V;L Hyundai Grandeur V7 @>7?>4V;L=8< 
2?>@A:C20==O< ?0;820 7 2AB0=>2;5=8< 307>28< >1;04=0==O< 28@>1=8:0 AG 
Zenit. �;0A=8: 02B><>1V;O A:0@682AO =0 2B@0BC ?>BC6=>ABV 4283C=0, ?>30=C 
48=0<V:C @>73>=C. 

�V03=>AB8G=89 A:0=5@ 2V4E8;5=L C ?0;82=8E :>@5:FVOE =5 DV:AC202, 
?0;82=V :>@5:FVW 1C;8 2 =>@<V (SFT: -3% LFT: -2%). �;O ?>40;LH>3> 
4V03=>ABC20==O 1C;> ?@89=OB> @VH5==O ?@>25AB8 B5AB Px @>1>B8 4283C=0 70 
4>?><>3>N <>B>@B5AB5@0 (>AF8;>3@0D0 #>AB>;>2AL:>3> 25@AVW IV). 
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&01;8FO 1 3 �>48 OBD2, I> AB>ACNBLAO =5A?@02=>AB59 A8AB5<8 =59B@0;V70FVW 
2V4?@0FL>20=8E 307V2 

�>4 "?8A  >6;820 ?@8G8=0 
P0420, 

$0430 
�D5:B82=VABL :0B0;V70B>@0 =86G5 
=>@<8 (10=: 1, 10=: 2) 

�=>H5=89 :0B0;V70B>@, 
=5A?@02=89 ;O<140-7>=4 

P0421, 

$0431 
!87L:0 5D5:B82=VABL ?@>3@V2C 
:0B0;V70B>@0 (10=: 1, 10=: 2) 

#>2V;L=89 ?@>3@V2, AB0@V==O 
:0B0;V70B>@0 

P0422, 

$0433 
"A=>2=89 :0B0;V70B>@ 
=55D5:B82=89 (10=: 1, 10=: 2) 

$C9=C20==O 01> 701@C4=5==O 

P0423, 

$0433 
!87L:0 5D5:B82=VABL ?V4V3@V20T<>3> 
:0B0;V70B>@0 (10=: 1, 10=: 2) 

#@>1;5<8 7 ?V4V3@V2>< 

P0424, 

$0434 
&5<?5@0BC@0 :0B0;V70B>@0 70=87L:0 
(10=: 1, 10=: 2) 

!5A?@02=VABL 40BG8:0 01> 
=03@V20G0 

P0425, 

$0435 
!5A?@02=VABL 40BG8:0 B5<?5@0BC@8 
:0B0;V70B>@0 (10=: 1, 10=: 2) 

"1@82 01> :>@>B:5 70<8:0==O 

P0426, 

$0436 
!5:>@5:B=0 @>1>B0 40BG8:0 
B5<?5@0BC@8 (10=: 1) 
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?>B@51CNBL 7=0G=8E DV=0=A>28E @5AC@AV2 4;O WE D>@<C20==O B0 715@V30==O. 
!04;8H:>2V 70?0A8 ?@872>4OBL 4> 70<>@>6C20==O >1>@>B=>3> :0?VB0;C, 
7@>AB0==O A:;04AL:8E 28B@0B V @878:C <>@0;L=>3> AB0@V==O ?@>4C:FVW, B>4V O: 
=54>AB0B=V 70?0A8 <>6CBL A?@8G8=8B8 7C?8=:C 28@>1=8FB20, 7@82 B5@<V=V2 
28:>=0==O 70<>2;5=L B0 2B@0BC 4V;>2>W @5?CB0FVW. ' 729O7:C 7 F8< 
?V4?@8T<AB20 4540;V G0ABVH5 2?@>2046CNBL ACG0A=V ;>3VAB8G=V A8AB5<8, 
>@VT=B>20=V =0 <V=V<V70FVN 70?0AV2 V ?V428I5==O 3=CG:>ABV C?@02;V==O, A5@54 
O:8E 206;825 <VAF5 ?>AV40T A8AB5<0 ��!��!. 

%8AB5<0 ��!��! 28=8:;0 2 /?>=VW C 1950-E @>:0E =0 ?V4?@8T<AB20E 
:><?0=VW Toyota Motor Corporation O: 2V4?>2V4L =0 =5>1EV4=VABL ?V428I5==O 
5D5:B82=>ABV 28@>1=8FB20 2 C<>20E >1<565=8E @5AC@AV2. �W AB2>@5==O 1C;> 
BVA=> ?>29O70=5 7 D>@<C20==O< 28@>1=8G>W DV;>A>DVW Toyota Production 

System, I> �@C=BCTBLAO =0 CAC=5==V 2AVE 284V2 2B@0B B0 157?5@5@2=><C 
24>A:>=0;5==V ?@>F5AV2. "A=>2=>N V45TN ��!��! AB0;> ?5@5=5A5==O ;>3V:8 
@>1>B8 AC?5@<0@:5BV2 C 28@>1=8FB2>: :>6=0 =0ABC?=0 >?5@0FVO «70<>2;OT» 
@V2=> BC :V;L:VABL ?@>4C:FVW, O:0 W9 =5>1EV4=0 2 :>=:@5B=89 <><5=B G0AC. 
�3>4>< FO A8AB5<0 AB0;0 >4=8< V7 107>28E V=AB@C<5=BV2 :>=F5?FVW «B>G=> 
2G0A=>» (Just-in-Time) B0 >B@8<0;0 H8@>:5 ?>H8@5==O C A2VB>2V9 ?@0:B8FV [3]. 

� ?>78FV9 ;>3VAB8:8 A8AB5<0 ��!��! T <V:@>;>3VAB8G=>N A8AB5<>N 
C?@02;V==O 70?0A0<8, I> DC=:FV>=CT 70 ?@8=F8?>< «28BO3C20==O» (pull-
system). !0 2V4<V=C 2V4 B@048FV9=8E «HB>2E0NG8E» A8AB5<, 45 >1AO38 
28@>1=8FB20 D>@<CNBLAO =0 >A=>2V ?@>3=>7V2, ��!��! >@VT=BCTBLAO =0 
@50;L=89 ?>?8B 7 1>:C =0ABC?=>W ;0=:8 ;>3VAB8G=>3> ;0=FN30. *5=B@0;L=8< 
5;5<5=B>< A8AB5<8 T :0=10=-:0@B:0, O:0 28:>=CT @>;L V=D>@<0FV9=>3> =>AVO 
B0 A83=0;V7CT ?@> =5>1EV4=VABL 283>B>2;5==O 01> ?5@5<VI5==O ?52=>W 
:V;L:>ABV ?@>4C:FVW. ' ACG0A=8E C<>20E 4540;V G0ABVH5 28:>@8AB>2CNBLAO 
5;5:B@>==V :0=10=-A8AB5<8, V=B53@>20=V 7 ERP- B0 WMS-A8AB5<0<8 
?V4?@8T<AB2 [1]. 
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#@0:B8G=5 2?@>20465==O ��!��! ?5@5410G0T 45B0;L=89 0=0;V7 
<0B5@V0;L=8E ?>B>:V2, 287=0G5==O >?B8<0;L=8E @>7<V@V2 ?0@BV9, 2AB0=>2;5==O 
<V=V<0;L=8E V <0:A8<0;L=8E @V2=V2 70?0AV2, 0 B0:>6 AB0=40@B870FVN >?5@0FV9. 
"A>1;82C C203C ?@84V;ONBL >@30=V70FVW 72>@>B=>3> V=D>@<0FV9=>3> 729O7:C 
<V6 28@>1=8G8<8 ?V4@>74V;0<8, A:;04>< V ?>AB0G0;L=8:0<8. �D5:B82=VABL 
A8AB5<8 7=0G=>N <V@>N 70;568BL 2V4 AB01V;L=>ABV ?@>F5AV2, =04V9=>ABV 
?>AB0G0;L=8:V2 V 48AF8?;V=8 ?5@A>=0;C, >A:V;L:8 1C4L-O:5 ?>@CH5==O <>65 
?@8725AB8 4> 45DVF8BC <0B5@V0;V2 [1]. 

!091V;LH 2V4><8< ?@8:;04>< ?@0:B8G=>3> 70AB>AC20==O ��!��! T 
4VO;L=VABL :><?0=VW Toyota, 45 A8AB5<0 28:>@8AB>2CTBLAO 4;O C?@02;V==O 
?>B>:0<8 45B0;59 <V6 >:@5<8<8 28@>1=8G8<8 4V;O=:0<8. !0?@8:;04, C 
?@>F5AV A:;040==O 02B><>1V;V2 :>6=0 4V;O=:0 >B@8<CT :><?;5:BCNGV ;8H5 
?VA;O =04E>465==O 2V4?>2V4=>3> A83=0;C 2V4 =0ABC?=>W >?5@0FVW. *5 
4>72>;8;> 7=0G=> A:>@>B8B8 >1AO3 =57025@H5=>3> 28@>1=8FB20, 7<5=H8B8 
?>B@51C C A:;04AL:8E ?;>I0E B0 ?V428I8B8 ?@>7>@VABL <0B5@V0;L=8E ?>B>:V2, 
I>, C A2>N G5@3C, ?>78B82=> 2?;8=C;> =0 ?@>4C:B82=VABL ?@0FV B0 O:VABL 
?@>4C:FVW [3]. 

�>A2V4 70AB>AC20==O ��!��! B0:>6 H8@>:> ?@54AB02;5=89 C 
4VO;L=>ABV V=H8E ?@>2V4=8E ?@><8A;>28E :><?0=V9. !0 ?V4?@8T<AB20E Bosch 
A8AB5<0 28:>@8AB>2CTBLAO 4;O :>>@48=0FVW ?>AB0G0==O :><?;5:BCNG8E <V6 
F5=B@0;L=8<8 A:;040<8 B0 28@>1=8G8<8 ;V=VO<8. �024O:8 FL><C 240;>AO 
A:>@>B8B8 AB@0E>2V 70?0A8, 7<5=H8B8 G0A ?@>AB>N >1;04=0==O B0 ?V428I8B8 
B>G=VABL ?;0=C20==O <0B5@V0;L=8E @5AC@AV2. ' :><?0=VW Siemens ��!��! 
V=B53@>20=89 C F8D@>2V A8AB5<8 C?@02;V==O 28@>1=8FB2><, I> 70157?5GCT 
>?5@0B82=89 >1<V= V=D>@<0FVTN <V6 ?V4@>74V;0<8 B0 4>72>;OT H284:> 
@503C20B8 =0 7<V=8 ?>?8BC [2]. 

"A>1;8289 V=B5@5A AB0=>28BL 28:>@8AB0==O ��!��! C 
28A>:>B5E=>;>3VG=8E 30;C7OE. &0:, C :><?0=VW Intel A8AB5<0 1C;0 040?B>20=0 
4;O C?@02;V==O ?>B>:0<8 5;5:B@>==8E :><?>=5=BV2, 45 :@8B8G=> 206;828<8 
T =5 ;8H5 >1AO38 70?0AV2, 0 9 4>B@8<0==O 6>@AB:8E B5@<V=V2 ?>AB0G0==O. 
�8:>@8AB0==O ��!��! 40;> 7<>3C 7<5=H8B8 @878:8 45DVF8BC <0B5@V0;V2, 
?V428I8B8 3=CG:VABL 28@>1=8G8E ?@>F5AV2 V 70157?5G8B8 AB01V;L=C @>1>BC 
?V4?@8T<AB20 =02VBL 70 28A>:>W A:;04=>ABV ?@>4C:FVW [2]. 

� C:@0W=AL:V9 ?@0:B8FV A8AB5<0 ��!��! ?>ABC?>2> 2?@>2046CTBLAO =0 
?V4?@8T<AB20E <0H8=>1C4C20==O, E0@G>2>W ?@><8A;>2>ABV, ;>3VAB8G=8E 
F5=B@0E V A:;04AL:8E :><?;5:A0E. !09G0ABVH5 ��!��! 28:>@8AB>2CTBLAO O: 
?5@H89 5B0? ?5@5E>4C 4> :>=F5?FVW >I04;82>3> 28@>1=8FB20 (Lean 
Production). #@0:B8G=89 4>A2V4 A2V4G8BL, I> =02VBL G0AB:>25 2?@>20465==O 
5;5<5=BV2 ��!��! 4>72>;OT 7=878B8 @V25=L 70?0AV2 =0 20340 %, A:>@>B8B8 
B@820;VABL 28@>1=8G>3> F8:;C B0 ?V428I8B8 :5@>20=VABL <0B5@V0;L=8E 
?>B>:V2. &0:, =0 >:@5<8E 28@>1=8G8E ?V4@>74V;0E #�& « >B>@ %VG» A8AB5<0 
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��!��! 28:>@8AB>2CTBLAO 4;O >@30=V70FVW 2=CB@VH=L>3> ?>AB0G0==O 
:><?;5:BCNG8E <V6 A:;04>< V 28@>1=8G8<8 4V;L=8FO<8, I> 4>72>;OT 
7<5=H8B8 >1AO38 =57025@H5=>3> 28@>1=8FB20 B0 ?V428I8B8 @8B<VG=VABL 
28?CA:C ?@>4C:FVW. ' E0@G>2V9 ?@><8A;>2>ABV 5;5<5=B8 ��!��! 
70AB>A>2CNBLAO =0 ?V4?@8T<AB20E 3@C?8 :><?0=V9 «"1>;>=L», 45 A8AB5<0 
28:>@8AB>2CTBLAO 4;O A2>TG0A=>3> ?>?>2=5==O 70?0AV2 A8@>28=8 9 
?0:C20;L=8E <0B5@V0;V2 157 AB2>@5==O =04;8H:>28E A:;04AL:8E 70;8H:V2. 
�@V< B>3>, ?@8=F8?8 ��!��! 0:B82=> 2?@>2046CNBLAO 2 4VO;L=>ABV 
C:@0W=AL:8E ;>3VAB8G=8E >?5@0B>@V2 V @>7?>4V;LG8E F5=B@V2, 7>:@5<0 C 
A:;04AL:8E :><?;5:A0E <5@56 «�&�» B0 «%V;L?>», 45 A8AB5<0 
28:>@8AB>2CTBLAO 4;O C?@02;V==O ?>B>:0<8 B>20@V2 <V6 A:;04>< V 
B>@3>25;L=8<8 70;0<8. *5 4>72>;OT ?V428I8B8 H284:VABL >1@>1:8 B>20@V2, 
7=878B8 @V25=L 70?0AV2 V ?>:@0I8B8 @V25=L >1A;C3>2C20==O A?>6820GV2 [1]. 

&0:8< G8=><, A8AB5<0 C?@02;V==O 70?0A0<8 ��!��! T 5D5:B82=8< 
V=AB@C<5=B>< <V:@>;>3VAB8G=>3> C?@02;V==O, I> ?>T4=CT ?@>AB>BC @50;V70FVW 
7 28A>:>N ?@0:B8G=>N @57C;LB0B82=VABN. �W 70AB>AC20==O A?@8OT >?B8<V70FVW 
28B@0B, ?V428I5==N ?@>7>@>ABV ;>3VAB8G=8E ?@>F5AV2 V 7@>AB0==N 
:>=:C@5=B>A?@><>6=>ABV ?V4?@8T<AB2. #@0:B8:0 ?@>2V4=8E A2VB>28E 
:><?0=V9 V ?>ABC?>25 2?@>20465==O ��!��! 2 ':@0W=V ?V4B25@46CNBL 
4>FV;L=VABL WW 28:>@8AB0==O O: C 28@>1=8GV9, B0: V 2 ;>3VAB8G=V9 4VO;L=>ABV 
?V4?@8T<AB2 [133]. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. %8AB5<0 C?@02;V==O 70?0A0<8 ��!��! C 28@>1=8FB2V: BPI Group.  

URL: https://bpi-group.com.ua/classes/sistema-upravlinnya-zapasami-

kanban-u-virobnicztvi 

2.  5=546<5=B.  V:@>;>3VAB8G=0 A8AB5<0 KANBAN: "A2VB0.UA. 
URL: https://osvita.ua/vnz/reports/management/14542 

3. �0=10=: �V:V?54VO.URL: https://uk.wikipedia.org/wiki/%D0%9A %D0% 

B0%D0%BD%D0 %B1%D0%B0%D0%BD 
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'�� 656.01 
�0?;C=>2AL:0 �. .1, �02845=:> �.#.2 
1 AB. 28:;. :0D., && !' «�0?>@V7L:0 ?>;VB5E=V:0» 
2 ABC4. 3@. &-812 !' «�0?>@V7L:0 ?>;VB5E=V:0» 

�. . �0?;C=>2AL:0, �.#. �02845=:> 
�#$"�����!!/ �'&%"$%�!�' �"��%&�+!�) #"%�'� � 

'�$��!� 

� C<>20E 28A>:>:>=:C@5=B=>3> @8=:C :@8B8G=> 206;82>N 
:><?5B5=FVTN 4;O AC19T:BV2 ?V4?@8T<=8FB20 AB0T 740B=VABL 3=CG:> @503C20B8 
=0 7<V=8 2 1V7=5A-A5@54>28IV ?@8 <V=V<0;L=8E V=25AB8FVOE. �D5:B82=8< 
V=AB@C<5=B>< 4>AO3=5==O FVTW <5B8 28ABC?0T 0CBA>@A8=3, O:89 ?5@5410G0T 
?5@540GC ?52=8E 1V7=5A-?@>F5AV2 A?5FV0;V7>20=8< :><?5B5=B=8< AB>@>=0<. 

&5@<V= «0CBA>@A8=3» («outsourcing») ?>E>48BL 2V4 0=3;V9AL:>3> «outside 
resource using» 3 28:>@8AB0==O 7>2=VH=VE @5AC@AV2. ' ACG0A=V9 =0C:>2V9 
;VB5@0BC@V 45DV=VFVO 0CBA>@A8=3C V=B5@?@5BCTBLAO 4>A8BL H8@>:>: 2V4 
?@>AB>3> ?5@5:;040==O 2;0A=8E 70240=L =0 AB>@>==VE 28:>=02FV2 4> 
:>=B@0:B=>3> 45;53C20==O A:;04=8E 1V7=5A-?@>F5AV2.  -5 <>6=0 7CAB@VB8 
?>=OBBO <:>=B@0:B=0 ;>3VAB8:0= 01> <3PL-;>3VAB8:0=, I> B0:>6 >7=0G0T 
70;CG5==O B@5BL>W AB>@>=8 4;O 28:>=0==O ;>3VAB8G=8E DC=:FV9 [1].  

%2VB>20 ?@0:B8:0 :;0A8DV:CT @V2=V B0:>W A?V2?@0FV 2V4 1PL 4> 5PL (Party 
Logistics), 45 7@>AB0==O @V2=O >7=0G0T 3;81HC V=B53@0FVN ?@>20945@0 C 1V7=5A-
?@>F5A8 70<>2=8:0.: "A>1;82>W C2038 70A;C3>2CNBL: 3PL (Third Party 
Logistics): �><?;5:A=89 0CBA>@A8=3. �>23>AB@>:>20 A?V2?@0FO, I> 2:;NG0T 
?5@520=B065==O, >1@>1:C 20=B06V2, 28:>@8AB0==O AC1?V4@O4=8:V2, 
?5@52575==O, A:;04C20==O, ?5@520;:C B0 =040==O V=D>@<0FV9=8E ?>A;C3; 4PL 
(Fourth Party Logistics): �=B53@>20=89 0CBA>@A8=3. #@>20945@ C?@02;OT 2AV< 
;0=FN3>< ?>AB0G0==O, 709<0TBLAO ?@>T:BC20==O< 1V7=5A-?@>F5AV2 B0 
2?@>20465==O< IT-B5E=>;>3V9.  

#@>F5A AB0=>2;5==O @8=:C ;>3VAB8G=>3> 0CBA>@A8=3C 2 ':@0W=V 15@5 A2V9 
?>G0B>: C 1990-E @>:0E, 52>;NFV>=CNG8 2V4 D@03<5=B0@=8E ?>A;C3 
?5@52575==O 4> :><?;5:A=8E @VH5=L. �57C<>2=8<8 ;V45@0<8 =0 C:@0W=AL:><C 
@8=:C ?>A;C3 70 ?>?C;O@=VABN T B@0=A?>@B=V ?5@52575==O, O:V 3>B>2V 
45;53C20B8 7>2=VH=V< 28:>=02FO< 94% C:@0W=AL:8E ?V4?@8T<AB2. &0:>6 
=04728G09=> 28A>:8< T ?>?8B =0 �&-B5E=>;>3VW 2 ;>3VAB8FV, I> AB0=>28BL 86%, 
B0 >@5=4C A:;04AL:8E ?@8<VI5=L, O:>N :>@8ABCNBLAO 65% :><?0=V9. 

)0@0:B5@=>N @8A>N 2VBG87=O=>3> @8=:C T 4><V=C20==O <V6=0@>4=8E 
3@02FV2. %5@54 ;V45@V2 30;C7V ?@>2V4=V ?>78FVW 709<0NBL B@0=A=0FV>=0;L=V 
:>@?>@0FVW, B0:V O: Kuehne + Nagel, DSV Logistics, FM Logistics, Raben B0 DB 
Schenker. �>4=>G0A =0FV>=0;L=89 A53<5=B ?@54AB02;5=89 <5=H>N :V;L:VABN 
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?>BC6=8E >?5@0B>@V2, A5@54 O:8E 20@B> 284V;8B8 :><?0=VW Zammler, Pakline 
Logistics, UVK, B0 «�>3VAB8:-#;NA». 

/:I> C A2VBV 7 2012 @>:C =0 0CBA>@A8=3 ?5@540TBLAO 1V;LH5 ?>;>28=8 
>1AO3C ;>3VAB8G=8E ?>A;C3 C 20@BVA=><C 28@065==V, 0 ?@>20945@8 
B@0=AD>@<CNBLAO C 2V@BC0;L=8E ;>3VAB8G=8E V=B53@0B>@V2, B> =0 
2VBG87=O=><C @8=:C 4><V=CNBL 2PL->?5@0B>@8, 75% 28@>1=8:V2 ?@0FNNBL 
A0<5 70 FVTN AE5<>N. 

� C<>20E 2>T==>3> AB0=C B0 7030;L=>W 5:>=><VG=>W =5AB01V;L=>ABV, I> 
?@872>48BL 4> 7<5=H5==O 4>E>4V2 B0 ?;0B>A?@><>6=>ABV, C:@0W=AL:89 1V7=5A 
7<CH5=89 D>:CAC20B8AO =0 5D5:B82=><C 28:>@8AB0==V =0O2=8E @5AC@AV2 
704;O 715@565==O :>=:C@5=B>A?@><>6=>ABV. "4=8< V7 :;NG>28E V=AB@C<5=BV2 
286820==O B0 040?B0FVW AB0;> 2?@>20465==O 0CBA>@A8=3C ;>3VAB8G=8E ?>A;C3 
4 ?5@540G0 DC=:FV9 ?5@52575==O, 715@V30==O B0 <8B=>3> >D>@<;5==O 
7>2=VH=V< ?@>20945@0< (3PL B0 4PL >?5@0B>@0<). 

#>-?5@H5, :@8B8G=8< D0:B>@>< AB0;> @V7:5 7@>AB0==O 20@B>ABV 
5=5@3>@5AC@AV2. �8<CH5=0 ?5@5>@VT=B0FVO =0 V<?>@B ?0;L=>3> 7 :@0W= 
�2@>?59AL:>3> %>N7C (�%) ?@8725;0 4> 7=0G=>3> 74>@>6G0==O B@0=A?>@B=>W 
A:;04>2>W C A>1V20@B>ABV ?@>4C:FVW.  

#>-4@C35, ;>3VAB8G=0 30;C7L ?5@56820T 3>AB@C :@87C ;N4AL:>3> 
:0?VB0;C. �5DVF8B :20;VDV:>20=8E :04@V2 7C<>2;5=89 :><?;5:A>< 
45<>3@0DVG=8E B0 <V3@0FV9=8E D0:B>@V2: <>1V;V70FVO G>;>2VG>3> =0A5;5==O, 
28W74 6V=>: 7 4VBL<8 70 :>@4>= B0 2=CB@VH=O <V3@0FVO. ' AC:C?=>ABV FV 
D0:B>@8 @>1;OBL CB@8<0==O 2;0A=>W ;>3VAB8:8 (V=A>@A8=3) =04<V@=> 
28B@0B=8<. 

!091V;LH 4@0<0B8G=8E 7<V= 707=02 <>@AL:89 B@0=A?>@B, O:89 4> 2022 
@>:C 1C2 >A=>2=8< :0=0;>< 5:A?>@BC. �;>:C20==O G>@=><>@AL:8E ?>@BV2 B0 
7C?8=:0 B@048FV9=8E :>=B59=5@=8E ;V=V9 ?@8725;8 4> :>;0?AC =0;03>465=8E 
;0=FN3V2 ?>AB0G0==O. 

' A5:B>@V 70;V7=8G=8E ?5@52575=L 0CBA>@A8=3 =01C2 :@8B8G=>3> 
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exponential (double min, double max, double shift, double stretch), B> 
2V41C20TBLAO 2V4:840==O :>6=>3> 7@07:0 ?>70 V=B5@20;>< 2V4 <V=V<C<C 4> 
<0:A8<C<C B0 28:>=0==O =0ABC?=>W A?@>18 35=5@0FVW 28?04:>28E G8A5;. 
&>1B> C @07V 70AB>AC20==O DC=:FVW 7 22545==O< 2 O:>ABV A5@54=L>3> 7=0G5==O 
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�0 B0:8E C<>2 >B@8<CT<> 4>AB0B=L> 045:20B=V @57C;LB0B8 35=5@0FVW, I> 
FV;:>< 2V4?>2V40NBL ?0@0<5B@0< 28EV4=>3> 5<?V@8G=>3> @>7?>4V;C. 

&>1B> 2 =0H><C 28?04:C, DC=:FVO ?@89<0T 284: exponential(2.0, 6.0, 2.0, 
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G0AB8=>: B0 ?>40;LHC @5:@8AB0;V70FVN. "4=0: =0O2=VABL 70;8H:V2 4V>:A84C 
:@5<=VN =0 ?>25@E=V G0AB8=>: AB2>@NT 10@'T@=89 ?@>H0@>:, O:89 
?5@5H:>460T 157?>A5@54=L><C :>=B0:BC <V6 N25=V;L=8<8 ?>25@E=O<8 
<5B0;C. �V4?>2V4=>, 71V;LH5==O :>=F5=B@0FVW SiO2 30;L<CT ?@>F5A8 
<0A>?5@5=>AC B0 =530B82=> 2?;820T =0 25;8G8=C CA04:8. !0@O4C 7 F8<, >FV=:0 
48A?5@AVW CA04:8 4V0<5B@C ?>:070;0, I> 2>=0 71V;LHCTBLAO 2V4 0,01 % (?@8 
0,05 % SiO2) 4> 0,17 % (?@8 0,15 % SiO2), 0 ?>BV< 7=86CTBLAO 4> 0,04 % (?@8 
0,20 % SiO2). �<V=0 48A?5@AVW CA04:8 28A>B8 2V41C20;0AL 70 AE>6>N 
B5=45=FVTN: 71V;LHC20;0AL 2V4 0,4 % (?@8 0,05 % SiO2) 4> 1,7 % (?@8 0,15 % 

SiO2), 0 ?>BV< 7=86C20;0AL 4> 0,5 % (?@8 0,20 % SiO2). 

$57C;LB0B8 4>A;V465=L CA04:8 B0 WW 48A?5@AVW 4>72>;ONBL @5:><5=4C20B8 
4;O ?>;V?H5==O ?@>F5AV2 ?@5AC20==O B0 A?V:0==V ?>@>H:C B8B0=C #&5 Aerosil 
C :>=F5=B@0FVW 4> 0,05 %. 
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>A>1;82> :@8B8G=8< 4;O 28@>1=8FB20 45B0;59 V7 B8B0=C B0 9>3> A?;02V2. 

�87=0G0;L=8<8 B5E=>;>3VG=8<8 5B0?0<8, O:V D>@<CNBL AB@C:BC@C B0 
2;0AB82>ABV <091CB=L>3> 28@>1C, T ?@5AC20==O B0 28A>:>B5<?5@0BC@=5 
A?V:0==O. #@>B5 =5704>2V;L=5 :><?0:BC20==O =0 5B0?V D>@<C20==O 
?@872>48BL 4> 28=8:=5==O 28A>:>W 70;8H:>2>W ?>@8AB>ABV B0 3@04VT=B0 
IV;L=>ABV ?> >1'T<C 703>B>2:8, I> >1<56CT 70AB>AC20==O B0:8E <0B5@V0;V2 C 
28A>:>=020=B065=8E 2V4?>2V40;L=8E 2C7;0E. !87L:89 ABC?V=L ?>G0B:>2>3> 
CIV;L=5==O =09G0ABVH5 7C<>2;5=89 =5704>2V;L=>N B5:CGVABN ?>@>H:C, 
<>@D>;>3VG=8<8 45D5:B0<8 9>3> G0AB8=>:, 0 B0:>6 =54>B@8<0==O< 6>@AB:8E 
@53;0<5=BV2 I>4> ?0:C20==O B0 715@V30==O (7>:@5<0, G5@57 04A>@1FVN 
0B<>AD5@=>W 2>;>38). �D5:B82=8< H;OE>< 7=865==O GCB;82>ABV B8B0=>28E 
?>@>H:V2 4> C<>2 7>2=VH=L>3> A5@54>28I0 B0 ?>:@0I5==O WE=L>W 
?@5A>20=>ABV T 28:>@8AB0==O A?5FV0;L=8E DC=:FV>=0;L=8E 4>102>: B0:8E, O: 
SIPERNAT® 28@>1=8FB20 Evonik Industries AG. 

->1 4>A;V48B8 2?;82 ;53CNG>W 4>102:8 =0 :V=F52V 2;0AB82>ABV B0 
AB@C:BC@C 7@07:V2, 1C;> 283>B>2;5=> AC<VHV ?>@>H:C #&5 V7 4V>:A84>< 
:@5<=VN. �<VAB SiO2 20@VN202AO 2V4 0,05 % 4> 0,2 % V7 :@>:>< 0,05 %. �@07:8 
D>@<C20;8 <5B>4>< ?>@>H:>2>W <5B0;C@3VW, O:89 2:;NG02 ?@5AC20==O V7 
7CA8;;O< 18 B/A<³ B0 ?>40;LH5 20:CC<=5 A?V:0==O ?@8 1200 °C. +0A 
V7>B5@<VG=>W 28B@8<:8 AB0=>282 240 E28;8=. 

�1V;LH5==O 2<VABC SIPERNAT 2 ?>@>H:>2V9 AC<VHV B0:>6 <0;> 2?;820T 
=0 7<V=8 4V0<5B@C B0 28A>B8 ?VA;O ?@5AC20==O B0 A?V:0==O. "4=0:, >FV=:0 
CA04:8 ?>:070;0 1V;LH A:;04=VH89 2?;82 4><VH:8. !09<5=H89 (0,05 % SiO2) 

B0 =091V;LH89 (0,20 % SiO2) 2<VAB 70157?5GCT =091V;LHC CA04:C 4V0<5B@C 
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(2,0 % B0 2,2 % 2V4?>2V4=>) B0 28A>B8 (2,4 % B0 2,5 % 2V4?>2V4=>). #@><V6=V 
7=0G5==O :V;L:>ABV 4><VH:8 SiO2 ?>3V@HCNBL CA04:8. !0@O4C 7 F8<, >FV=:0 
48A?5@AVW CA04:8 4V0<5B@C ?>:070;0, I> 2>=0 AB@V<:> 71V;LHCTBLAO 2V4 0,01 % 

(?@8 0,05 % SiO2) 4> 0,14 % (?@8 0,15 % SiO2), 0 ?>BV< 7=86CTBLAO 4> 0,07 % 

(?@8 0,20 % SiO2). �8A?5@AVO CA04:8 28A>B8 =5;V=V9=> 7<5=HC20;0AL 2V4 1,9 % 

(?@8 0,05 % SiO2) 4> 1,0 % (?@8 0,20 % SiO2). 

$57C;LB0B8 4>A;V465=L CA04:8 B0 WW 48A?5@AVW 4>72>;ONBL @5:><5=4C20B8 
4;O ?>;V?H5==O ?@>F5AV2 ?@5AC20==O B0 A?V:0==V ?>@>H:C B8B0=C #&5 
28:>@8AB0==O SIPERNAT C :V;L:>ABV 0,05 % B0 0,20 %. 
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S. Ryagin, R. Onyshchenko, Chernenko D. 
COMPARISON OF APPROACHES TO THE OPTIMIZATION OF SPRING 

ELEMENTS IN MACHINES 

Springs are widely used in mechanical engineering as elements for storing 

and transmitting mechanical energy and for load compensation in mechanical 

systems. Since such components usually operate under cyclic loading and high 

stress levels, the rational selection of their geometric parameters significantly 

affects the reliability, durability, and dimensions of engineering structures. 

Traditional spring design relies mainly on standard design solutions and 

empirical relationships, which do not always provide an optimal combination of 

mass, stiffness, and strength characteristics. Therefore, the application of 

optimization methods is an important task in the design of spring elements. 

Various optimization approaches are used in engineering practice. Parametric 

optimization is based on varying geometric parameters while preserving the 

structural topology and is widely applied due to its relatively low computational 

cost. Shape optimization focuses on improving stress distribution by modifying the 

geometry of elements. Topology optimization determines the rational distribution 

of material within a given design space and is mainly applied at the conceptual 

design stage. In addition, heuristic global search methods, including genetic and 

evolutionary algorithms, can be used for complex optimization problems. 

The analysis shows that the design of spring elements generally represents a 

multi-criteria optimization problem, since several performance indicators must be 

considered simultaneously, including mass, overall dimensions, stiffness, and 

stress state. 
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Therefore, the authors propose the application of multi-criteria parametric 

optimization for the design of spring elements. The proposed approach includes 

several stages: development of a parametric model and selection of design 

variables; definition of objective functions and constraints; analysis of the stress3
strain state using analytical or numerical methods; and determination of rational 

parameter values providing a compromise between multiple performance criteria. 

The proposed method allows simultaneous consideration of structural and 

operational requirements and can be applied to the optimal design of various spring 

systems in mechanical engineering. 
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V. Shevchenko, S. Shumykin, S. Ryagin, R. Onyshchenko 
MECHANICAL PROPERTIES OF METAL OF CAST PARTS OF 

COMPLEX SHAPE FOR GAS TURBINE UNITS 

Heat-resistant, complex-alloyed nickel-based casting alloys are widely used 

to manufacture hot-gas tract components for gas turbine units. However, cast 

components face the challenge of structural inhomogeneity due to the development 

of liquation during alloy crystallization, leading to instability in the metal 

properties of different sections of the components. Achieving uniform structures is 

particularly challenging when casting turbine blades, which have complex airfoil 

profiles of varying thicknesses and voids due to the different crystallization 

conditions of the airfoil metal and the massive locking section. Therefore, studying 

the structure and properties of the metal in different sections of the airfoil and 

locking section of cast components is of interest. 

This study investigated the microstructure and metal properties of cast rotor 

blades for gas turbines at compressor stations. The parts were manufactured from a 

heat-resistant, complex-alloyed nickel alloy, type X16H70, using investment 

casting in a vacuum. After casting, they underwent standard heat treatment, 

including high-temperature homogenization and process aging. 

Metallographic studies of the microstructure of the airfoil metal compared to 

the blade key metal revealed significant differences. The airfoil metal exhibits a 

fine-grained structure with grain sizes of 133 mm, while the key metal has grains 

measuring 538 mm. Furthermore, the airfoil grains have a columnar structure and 

are oriented perpendicular to the airfoil walls. In the thinner upper sections of the 

airfoil, these columnar grains intersect. In the thicker lower sections, a small 

number of small equiaxed grains are present between them. The blade key metal 

exhibits only large equiaxed grains. 

To determine the mechanical properties, small-sized flat specimens with a 

working cross-section of 1.5x4.0 mm2 were manufactured, based on the possibility 

of fabricating them from blade airfoils. Mechanical tests for long-term strength at 

850 °C and a load of 320 MPa showed that the airfoil metal has a significantly 

shorter time to failure (60...85 h) compared to the metal of the locking section 

(80... 40 h), which is likely due to the columnar grain structure of the airfoil metal 

with unfavorable grain orientation. Short-term strength tests at 850 °C showed that 
the yield strength and tensile strength of the airfoil and locking section metal are 
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identical; at the same time, the plastic properties of the airfoil metal are somewhat 

higher, but have a significantly greater spread of values. 

Thus, the blade airfoil metal has inferior properties compared to the locking 

section metal due to its unfavorable grain structure. Clearly, by controlling the 

solidification of the part during casting, it is possible to improve the properties of 

the most heavily loaded working section. 
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S. Ryagin, R. Onyshchenko 
COMPARATIVE ANALYSIS OF DESIGNS OF SPECIAL 

TECHNOLOGICAL CONTAINERS FOR CHEMICAL HEAT 

TREATMENT 

Special technological containers for chemical heat treatment (STC for CHT) 

operate under severe service conditions including high temperatures (up to 9503
1050 °C), cyclic thermal loads, mechanical stresses and aggressive process 
atmospheres. During heating and subsequent quenching of workpieces, significant 

temperature gradients arise in the container structure, leading to thermomechanical 

stresses and thermal fatigue. At temperatures close to 1000 °C the creep resistance 
of the material also becomes an important factor determining the service life of the 

container. 
Cast containers allow the implementation of geometries close to optimal from 

the standpoint of thermal stress distribution. Smooth section transitions and the 

absence of welded joints reduce stress concentrations during thermal cycling. Cast 

Fe3Cr3Ni heat-resistant alloys also demonstrate good creep resistance at high 

temperatures. However, cast structures are typically heavier and may contain 

casting defects. 

Welded containers manufactured from rolled heat-resistant steels can be 

designed as thin-walled structures, which significantly reduces their mass and 

improves the mass utilization factor. At the same time, welded joints and heat-

affected zones represent structural heterogeneities that may reduce high-

temperature strength and increase crack susceptibility under thermal cycling. 

Modern developments include modular and hybrid STC for CHT designs. In 

hybrid systems, a cast load-bearing frame may be combined with lightweight 

welded or mesh modules. Such an approach allows the integration of high 

structural strength with reduced mass and improved openness of the container 

structure, which enhances heat and mass transfer. 

The analysis shows that the most promising direction is the development of 

open-type hybrid STC for CHT, combining cast supporting elements with 

replaceable lightweight modules and enabling the future use of ceramic or 

composite components with high resistance to high-temperature chemical 

environments. 
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