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O2;O5BAO B5<?5@0BC@0 2 7>=5 0:B82=>3> 3>@5=8O. � F5?=>9 @50:F88 >:8A;5=8O 

07>B0 8 2>74CE0, @07@01>B0==>9 A>25BA:8<8 CG5=K<8 �5;L4>28G5< /. �., 

%04>2=8:>2K< #. !., @5H0NI0O @>;L >B2545=0 A2>1>4=K< 0B><0< :8A;>@>40 8 

07>B0, <5E0=87< A>AB>8B 87 A;54CNI8E M=4>B5@<8G5A:8E 8 M:7>B5@<8G5A:8E 

2708<>459AB289: O2 + M ⇄ 2O + M 2 494 КДж/@B?ь,                            (1.2) N2 + O ⇄ NO + N 2 314 КДж/@B?ь,                            (1.3) O2 + N ⇄ NO + O + 134 КДж/@B?ь.                            (1.4) 

%C<<0@=0O M=5@38O 0:B820F88 Е 2708<>459AB28O A:;04K205BAO 87 M=5@388, 

=5>1E>48<>9 4;O >1@07>20=8O 0B><0 :8A;>@>40 ?> @50:F88 (1.1)  

Е1 = 247 ��6/<>;L 8 M=5@388 0:B820F88 ?> @50:F88 (1.3) Е2 = 314 ��6/<>;L. 

&0: :0: >G5=L 2KA>:0 M=5@38O 0:B820F88 (Е2) ?> @50:F88 (1.3), B> MB> 

A2845B5;LAB2C5B > 7028A8<>AB8 40==>9 @50:F88 >B B5<?5@0BC@K A:>@>AB8 

@50:F88 >1@07>20=8O NOx. � 1>;LH8=AB25 B>?>G=KE :0<5@ 2@5<O A3>@0=8O 

B>?;82>2>74CH=>9 A<5A8 =0E>48BAO 2 480?07>=5 >B 1 4> 5 A, 8 4> 24 A 

70B@0G8205BAO 4;O D>@<8@>20=8O @02=>25A=>9 :>=F5=B@0F88 (T = 1600 °%). 

%;54>20B5;L=> NOx <>6=> C<5=LH8BL, ?>=8782 B5<?5@0BC@C  

2 @50:F8>==>9 7>=5 8 >3@0=8G82 ?>AB02:C :8A;>@>40 70 AG5B ?>445@60=8O 

=87:>3> :>MDD8F85=B0 871KB:0 2>74CE0 [18]. '<5=LH5=8O NOx <>6=> 4>18BLAO 

70 AG5B 2?@KA:0 2;038 2 7>=C 3>@5=8O, A5:F8>=8@>20=8O B>?:8 42CEA25B=K<8 

M:@0=0<8, A=865=8O B5<?5@0BC@K 3>@OG53> 2>74CE0, 42CE- 8 B@5EABC?5=G0B>3> 

A6830=8O, @5F8@:C;OF88 4K<>2KE 307>2 8 B.?. 

�7<5=5=85 :>=F5=B@0F88 NOx 2> 2@5<5=8 ?> @50:F88 (1.1) <>65B 1KBL 

>?8A0=> 2708<>459AB285< [19]: ĂÿNOĂ�  = þ1 ∙ ÿN2 ∙ ÿO2 2 þ2 ∙ (ÿNO)2, 
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345 ÿN2, ÿO2– :>=F5=B@0F88 07>B0 8 :8A;>@>40 2 2>74CE5, 3/<3; ÿNO 2 @02=>25A=0O 

:>=F5=B@0F8O NO, 3/<3; þ1 = 6∙106 ∙[exp – E1/RT] 8 þ2 = 3∙106 ∙ [exp – E2/RT] – 

:>=AB0=B0 A:>@>AB8 ?@O<KE 8 >1@0B=KE @50:F89. 

� CA;>28OE @02=>25A8O @50:F88 (1.1) 
ĂÿNOĂ� = 0 8 ?@8 8725AB=KE 7=0G5=8OE 

:>=AB0=B @02=>25A8O :>=F5=B@0F8O NO >?@545;O5BAO 2K@065=85< [19]:  ÿNO = 4,6 ∙ √ÿO2 ∙ ÿN2 ∙ ÿþ� (2 90 ∙ 103āă ). 
 

 

1.2. "A>15==>AB8, ?@58<CI5AB20 8 =54>AB0B:8 ACI5AB2CNI8E B5E=>;>389  
?> A=865=8N M<8AA88 >:A84>2 07>B0 

 

 5@>?@8OB8O ?> A=865=8N 2K1@>A>2 NOx ?> A2>59 B8?>;>388 
?>4@0745;ONBAO =0 425 >A=>2=K5 3@C??K: @568<=K5 8 B5E=>;>38G5A:85 
<5@>?@8OB8O. �A5 B5E=>;>38G5A:85 <5@>?@8OB8O =0?@02;5=K =0 A=865=85 
B5<?5@0BC@K 2 7>=5 0:B82=>3> 3>@5=8O 8 C<5=LH5=85 :>=F5=B@0F88 :8A;>@>40  
2 MB>9 7>=5.  

�;O A=865=8O 25;8G8=K <0AA>2>9 :>=F5=B@0F88 NOx 2 ?@>4C:B0E 
A3>@0=8O ?@8 A6830=88 2 ?0@>2KE :>B;0E &-% 8 :>B5;L=KE ?@8@>4=>3> 3070 8 
B>?>G=>3> <07CB0 70 B5E=>;>38G5A:85 A?>A>1K ?>402;5=8O NOx ?@8=8<0NBAO:  

− B5E=>;>388 ?> ?>=865=8N B5<?5@0BC@K 2 @50:F8>==>9 7>=5 – 
2?@KA: 2;038 2 @50:F8>==CN 7>=C B>?>G=>3> ?@>AB@0=AB20, @5F8@:C;OF8O 
?@>4C:B>2 A3>@0=8O, A=865=85 B5<?5@0BC@K 3>@OG53> 2>74CE0 
B>?;82>2>74CH=>9 A<5A8, @0745;5=85 B>?>G=>9 :0<5@K 42CEA25B=K<8 M:@0=0<8, 
@0AA@54>B>G5=85 D0:5;0 3>@5;>G=>3> CAB@>9AB20 ?> 2KA>B5 B>?>G=>3> 
?@>AB@0=AB20, 8 :><18=0F88 40==KE B5E=>;>389; 

− B5E=>;>388 ?> >3@0=8G5=8N ?>AB02:8 :8A;>@>40 2 @50:F8>==>9 7>=5 – 

@568< =5AB5E8><5B@8G5A:>3> 8 42CE- 8 B@5EABC?5=G0B>3> A6830=8O, 3>@5;>G=K5 

CAB@>9AB20 A 7045@6820NI8< A<5A5>1@07>20=85< 8;8 @53C;8@C5<K< 

:>MDD8F85=B>< α 2 ?5@28G=>< 2>74CE5 8 :><18=0F88 40==KE B5E=>;>389; 
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− A>2<5AB=>5 A6830=85 @07=KE B8?>2 B>?;82, A?5F80;L=K5 

:>=AB@C:F88 3>@5;>G=KE CAB@>9AB2 8 D>@<K 8E 0<1@07C@ 8 :><18=0F88 40==KE 

B5E=>;>389. 

!0 =0AB>OI89 <><5=B 2 $>AA88 70B@0BK =0 2=54@5=85 B5E=>;>389 4;O 
C<5=LH5=8O M<8AA88 NOx 70G0ABCN 7=0G8B5;L=> 2KH5 ?;0BK 70 2K1@>AK, 2 MB>9 
A2O78 =081>;55 2>AB@51>20=K 8<5==> <0;>70B@0B=K5 8 1KAB@>@50;87C5<K5 
<5@>?@8OB8O [20]. &0:, 87 0=0;870 [13] A;54C5B, GB> 87 =081>;55 MDD5:B82=KE 8 
?@8=OBKE : @0AA<>B@5=8N B5E=>;>389 A CG5B>< ?>B5=F80;L=>3> A>:@0I5=8O 
2K1@>A>2 ?> M:A?;C0B0F8>==><C >?KBC, 2@5<5=8 8 M:>=><8G5A:8E 70B@0B =0 
@50;870F8N B5E=>;>388 >B=>AOB: @5F8@:C;OF8N 4K<>2KE 307>2, 
42CEABC?5=G0B>5 A6830=85, <0;>B>:A8G=K5 3>@5;:8 (@8AC=>: 1.4).  

 

 

$8AC=>: 1.4 – %@02=5=85 B5E=>;>389, =0?@02;5==KE =0 ?>402;5=85 NOx,  

?@8 A6830=88 ?@8@>4=>3> 3070: 1 – @5F8@:C;OF8O 4K<>2KE 307>2,  
2 – 42CEABC?5=G0B>5 A6830=85; 3 – <0;>B>:A8G=K5 3>@5;:8 [13] 

1 2 3

СDед=е4D8ф<ет8чеEк89 поте=ц84л 
E=86е=8я вO5DоEов 60 32,5 45

СDед=е4D8ф<ет8чеEк8е уделP=Oе 
к4п8т4лP=Oе 74тD4тO 45 105 175
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#><8<> 40==KE <5B>4>2, 2 AE5<0E &-% ?@8<5=O5BAO >G8AB:0 4K<>2KE 

307>2. � @01>B5 [47] ?@54;>65=> ?@8<5=5=85 2 B5E=>;>38G5A:>9 AE5<5 >G8AB:8 

?@>4C:B>2 A3>@0=8O A5;5:B82=> :0B0;8B8G5A:>5 8;8 =5:0B0;8B8G5A:>5 

2>AAB0=>2;5=85 NOx 0<<80:>< 8;8 4@C38<8 0<8=>A>45@60I8<8 

2>AAB0=>28B5;O<8. !0BC@=K5 8A?KB0=8O ?@>2>48;8AL =0 M=5@35B8G5A:>< :>B;5, 

@01>B0NI5< =0 ?@8@>4=>< 3075 �-%-1 «�C::0C» AC<<0@=>9 

?@>872>48B5;L=>ABLN 100 B/G ?@8 402;5=88 ?0@0 90 :3A/A<2 8 B5<?5@0BC@5  

490 °%. $57C;LB0BK ?>:070;8, GB> A>45@60=85 =5?@>@5038@>202H53> 0<<80:0  

2 >G8I5==KE 3070E A>AB02;O;> 5–15 ppm A> AB5?5=LN 2>AAB0=>2;5=8O NOE 4>  

48 %. "48= 87 >A=>2=KE @57C;LB0B>2 ?@82545==>3> 8AA;54>20=8O – ?@54AB02;5=0 

2>7<>6=>ABL A=865=8O M<8AA88 NOE >B M=5@35B8G5A:8E :>B;>2 =0 80 % 8 1>;55  

A >4=>2@5<5==>9 <8=8<870F859 2K1@>A>2 2B>@8G=>3> 703@O7=8B5;O – 0<<80:0.  

� @01>B5 [49] ?@54AB02;5=> >?8A0=85 @O40 :0B0;8B8G5A:8E B5E=>;>389 C40;5=8O 

>:A84>2 07>B0 ?@8 B5<?5@0BC@5 CE>4OI8E 307>2 >B 02B>B@0=A?>@B0 8 

?@><KH;5==KE ?@54?@8OB89 =865 300 °%. � ?>A;54=55 2@5<O 0:B82=> 254CBAO 

@01>BK ?> A>740=8N :0B0;8B8G5A:8E A8AB5<, >15A?5G820NI8E 2KA>:CN 

MDD5:B82=>ABL C40;5=8O NOx, A @01>G8< 8=B5@20;>< B5<?5@0BC@ CE>4OI8E 307>2 

140–350 °%. � :0G5AB25 2>AAB0=>28B5;O 2 @01>B5 [50] ?@54;>65=> ?@8<5=8BL 

0:B828@>20==K5 C3;8, ?@>872545==K5 87 @07;8G=KE 18><0AA (87-70 8E 

@0A?@>AB@0=5==>AB8, =87:>9 AB>8<>AB8), 0 I5;>G=K5 8 ?5@5E>4=K5 <5B0;;K 

8A?>;L7>20;8AL 2 :0G5AB25 :0B0;8B8G5A:8 0:B82=KE D07 4;O ?>;CG5=8O @O40 

<5B0;;>2, =0=5A5==KE =0 0:B828@>20==K9 C3>;L, 4;O :0B0;8B8G5A:>3> 

2>AAB0=>2;5=8O NOx. &0:65 2 B5E=>;>38G5A:>9 AE5<5 >G8AB:8 ?@>4C:B>2 

A3>@0=8O ?@8<5=O5BAO A5;5:B82=> =5:0B0;8B8G5A:>5 2>AAB0=>2;5=85 NOx 2 

?@>4C:B0E A3>@0=8O >@30=8G5A:8E B>?;82 [48]. 

#@8 4>AB0B>G=> 2KA>:>9 AB5?5=8 ?>402;5=8O M<8AA88 NOX A515AB>8<>ABL 

@50;870F88 40==KE B5E=>;>389 =0 459AB2CNI8E M=5@3>CAB0=>2:0E B@51C5B 

:0?8B0;L=KE 70B@0B (900–1500 @C1./:�B) [13] – 1>;55 G5< 2 20 @07 2KH5, G5< 4;O 

@50;870F88 @5F8@:C;OF88 4K<>2KE 307>2, 2 10 @07 2KH5, G5< 4;O 
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42CEABC?5=G0B>3> A6830=8O, 2 6 @07 2KH5, G5< 4;O CAB0=>2>: <0;>B>:A8G=KE 

3>@5;>:. 

!5AB5E8><5B@8G5A:>5 8 ABC?5=G0B>5 A6830=85. #@8 >3@0=8G5=88 
?>AB02:8 :8A;>@>40 2 @50:F8>==>9 7>=5 5AB5AB25==K< ?CB5< A=8605BAO 

>1@07>20=85 >:A84>2 07>B0. '<5=LH5=85 :>MDD8F85=B0 α 2>7<>6=> ;8HL 4> B5E 

?>@, ?>:0 MB> =5 ?@82>48B : @57:><C @>ABC ?>B5@L A E8<8G5A:8< =54>6>3><. 

!0?@8<5@, 2 >?KB0E =0 307>2>< :>B;5 &� -94 A=865=85 :>MDD8F85=B0 2>74CE0 

A 1,07 4> 1,025 ?@825;> : C<5=LH5=8N 2K1@>A>2 >:8A;>2 07>B0 1>;55 G5<  

=0 40 %, ?>B5@8 B5?;0 A E8<8G5A:8< =54>6>3>< C25;8G8;8AL 4> 0,2 %. #@8 MB>< 

A=8605BAO @0AE>4 M;5:B@>M=5@388 =0 A>1AB25==K5 =C64K. #>A;54>20B5;L=>5 

A6830=85 B>?;820 A ?>=865==K< A>45@60=85< :8A;>@>40 2> 2B>@>9 7>=5 

3>@5=8O, ?><8<> ?0@>2KE :>B;>2 &-%, @50;87>20=> 8 =0 =5:>B>@KE 

M=5@35B8G5A:8E 307>BC@18==KE CAB0=>2:0E [21].  

#@8 <=>3>O@CA=>< @0A?>;>65=88 3>@5;>: MDD5:B82=K< A@54AB2>< 

A>:@0I5=8O 25;8G8=K <0AA>2>9 :>=F5=B@0F88 NOx 2 ?@>4C:B0E A3>@0=8O <>65B 

>:070BLAO =5AB5E8><5B@8G5A:>5 A6830=85 c >@30=870F859 2 B>?>G=>< 

?@>AB@0=AB25 >B45;L=KE 2>AAB0=>28B5;L=KE (?5@20O 7>=0) 8 >:8A;8B5;L=KE 7>=  

(2B>@0O 7>=0). �06=>9 >A>15==>ABLN 40==>3> <5B>40 O2;O5BAO A>E@0=5=85 >1I59 

25;8G8=K :>MDD8F85=B0 α. � ?5@2>9 7>=5 3>@5=8O A>:@0I5=85 25;8G8=K 

<0AA>2>9 :>=F5=B@0F88 NOx >ACI5AB2;O5BAO 70 AG5B =54>AB0B:0 O2, 0 2> 2B>@>9 

7>=5 – 87-70 C<5=LH5=8O B5<?5@0BC@K 3>@5=8O. !0 ?@0:B8:5 MB> ?@>8AE>48B  

70 AG5B @0710;0=A0 :>MDD8F85=B0 871KB:0 2>74CE0.  

�=54@5=85 =5AB5E8><5B@8G5A:>3> A6830=8O ?>72>;O5B A=878BL M<8AA8N 

NOx 4> 35–50 % 157 CEC4H5=8O 53> >A=>2=KE B5E=8:>-M:>=><8G5A:8E 

?>:070B5;59. 

%?5F80;8AB0<8 D8@<K Mitsui Babcock Energy Limited (�5;8:>1@8B0=8O) 

?@54;>65= A?>A>1 CA8;5==>3> 42CEABC?5=G0B>3> A6830=8O, >A=>2=K< >B;8G85< 

:>B>@>3> O2;O5BAO =0;8G85 4>?>;=8B5;L=>3> 4CBL52>3> 25=B8;OB>@0 4;O 

A>740=8O 2KA>:>=0?>@=KE AB@C9 B@5B8G=>3> 2>74CE0. $50;870F8O 40==>3> 

<5B>40 =0 ?K;5C3>;L=>< :>B;5 2 #>@BC30;88 ?>72>;8;0 4>AB83=CBL A=865=8O 
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:>=F5=B@0F88 NOx A 780 <3/<3 ?@8 C<5@5==>9 ?>40G5 B@5B8G=>3> 2>74CE0 4> 

:>=F5=B@0F88 4> 640 <3/<3, ?@8 <0:A8<0;L=>-2>7<>6=>9 ?>40G5 B@5B8G=>3> 

2>74CE0 – 4> 480 <3/<3 [22].  

�2CEABC?5=G0B>5 A6830=85 B0:65 O2;O5BAO >4=8< 87 MDD5:B82=KE 8 

C=825@A0;L=KE A?>A>1>2 ?>402;5=8O >1@07>20=8O NOx. �2CEABC?5=G0B>5 

A6830=85 >ACI5AB2;O5BAO A;54CNI8< >1@07><: G5@57 >A=>2=K5 3>@5;>G=K5 

CAB@>9AB20 2 B>?>G=>5 ?@>AB@0=AB2> ?>405BAO B>?;82>2>74CH=0O A<5AL ?@8 

:>MDD8F85=B5 α < 1, 0 =5>1E>48<0O 4;O ?>;=>3> A3>@0=8O B>?;820 G0ABL 2>74CE0 

?>ABC?05B 2 B>?>G=>5 ?@>AB@0=AB2> G5@57 3>@5;>G=K5 CAB@>9AB20 25@E=8E O@CA>2 

(157 ?>40G8 B>?;820) 8;8 A?5F80;L=K5 A>?;0/H;8FK =04 25@E=8< C@>2=5< 

3>@5;>G=KE CAB@>9AB2 ?> C3;0</704=59 AB5=5 B>?>G=>3> ?@>AB@0=AB20. � MB>< 

A;CG05 A=865=85 2KE>40 B5@<8G5A:8E 8 B>?;82=KE NO =0 =0G0;L=>< CG0AB:5 

D0:5;0 >15A?5G8205BAO 70 AG5B =54>AB0B:0 :8A;>@>40, 0 2> 2B>@>9 ABC?5=8 

1;03>40@O C<5=LH5=8N B5<?5@0BC@K 3>@5=8O. #@8 @01>B5 =0 ?@8@>4=>< 3075 

8/8;8 <07CB=>< B>?;825 2 ?0@>2KE :>B;0E &-% A=865=85 25;8G8=K <0AA>2>9 

:>=F5=B@0F88 NOx 2 ?@>4C:B0E A3>@0=8O ?0@>2KE :>B;>2 <>65B 4>E>48BL 4> 

60–75 %, A>>B25BAB2CO 25;8G8=0< 2 459AB2CNI8E =>@<0B820E. !0 B0:8E :>B;0E 

2>7<>6=> 8A?>;L7>20=85 B@5EABC?5=G0B>3> A6830=8O. #@8 53> @50;870F88  

75–90 % B>?;820 A68305BAO 2 ?5@2>9 7>=5 A ?>=865==K< 871KB:>< 2>74CE0;  

10–25 % B>?;820 ?>405BAO 2> 2B>@CN 7>=C A ?>=865==K< 871KB:>< 2>74CE0.  

� ?5@2>9 8 2B>@>9 7>=5 >1I89 AC<<0@=K9 :>MDD8F85=B 871KB:0 2>74CE0  

α = 0,9–0,95. !0 B@5B59 ABC?5=8 ?>405BAO 2>74CE 4;O ?>;=>3> A3>@0=8O B>?;820. 

$01>BK ?> C<5=LH5=8N 25;8G8=K <0AA>2>9 :>=F5=B@0F88 NOx =0 ?0@>2>< 

03@530B5 &� �-464 A 8A?>;L7>20=85< <0;>B>:A8G=>9 3>@5;:8 8 

=5AB5E8><5B@8G5A:>3> A6830=8O ?@8@>4=>3> 3070 ?@>2545=K 2 @01>B5 [23]. 

 5B>4>< :><?LNB5@=>3> <>45;8@>20=8O ?@>F5AA>2 3>@5=8O 2 B>?:5 8 

>1@07>20=8O NOx A ?><>ILN ?@>3@0<<=KE ?@>4C:B>2 Ansys 8AA;54>20;8AL 

CA;>28O @01>BK <0;>B>:A8G=>9 3>@5;:8, 0 70B5< =0BC@=K5 8AA;54>20=8O ?> 

=0;04:5 <0;>B>:A8G=KE @568<>2 A6830=8O 8 A>AB02;5=8N @568<=>9 :0@BK. 

#>:070=>, GB> =0 <0:A8<0;L=KE =03@C7:0E A>45@60=85 >:A84>2 07>B0 2 4K<>2KE 
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3070E A>AB02;O5B 200–210 <3/<3, 0 =0 <8=8<0;L=>9 =03@C7:5 (D = 240 B/G) –  

115 <3/<3. 'AB0=>2;5=>, GB> =0 :>B;5 &� �-464 B@C4=> >ACI5AB28BL 

=5AB5E8><5B@8G5A:>5 A6830=85 87-70 A;>6=>AB8 >@30=870F88 >:8A;8B5;L=>-

2>AAB0=>28B5;L=KE 7>= 3>@5=8O 2 B5?;>=0?@O65==>9 B>?>G=>9 :0<5@5 8 

=5@02=><5@=>AB8 B5<?5@0BC@K 3>@OG53> 2>74CE0 (?> H8@8=5 B>?>G=>3> 

?@>AB@0=AB20) ?>40205<>3> ?5@54 @535=5@0B82=K< 2>74CE>?>4>3@520B5;5<. 

� @01>B5 [24], =0?@>B82, ?>:070=0 2>7<>6=>ABL >@30=870F88 
=5AB5E8><5B@8G5A:>3> A6830=8O A?5F80;8AB0<8 �A5@>AA89A:>3> 
B5?;>B5E=8G5A:>3> 8=AB8BCB0 =0 :>B;0E &� �-464 70 AG5B ?5@5@0A?@545;5=8O 
B>?;820 8;8 2>74CE0 <564C O@CA0<8 3>@5;>:. �?5@2K5 MB>B <5B>4 1K; 
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"15A?5G5=85 @02=><5@=>9 @0740G8 307>2 @5F8@:C;OF88 ?> 3>@5;:0< =5 

O2;O5BAO ?@>AB>9 7040G59; B0:, 8725AB=K A8BC0F88 =0@CH5=8O =>@<0;L=>9 

@01>BK :>B;0, :>B>@K5 254CB : M:A?;C0B0F88 2>4>3@59=KE :>B;>2 2 1990-E 33. 157 

@5F8@:C;OF88 4K<>2KE 307>2; =5@02=><5@=>ABL @0A?@>AB@0=5=8O 307>2 

@5F8@:C;OF88 =0 <0;>B>:A8G=KE 3>@5;:0E :>B;0 &� -96� AB. № 3 ?@825;0  

: 2K2>4C 87 M:A?;C0B0F88 >4=>3> 87 3>@5;>G=KE CAB@>9AB2. � B0:8E A;CG0OE 

?><>305B D878G5A:>5 <>45;8@>20=85 [30]. 

%?5F80;L=K5 :>=AB@C:F88 3>@5;>:. �07>20O 3>@5;:0 2 ?5@2CN >G5@54L 

4>;6=0 >15A?5G8BL A=865=85 B5<?5@0BC@K 8 70<54;5==>5 A<5H5=85 2>74CE0 

A B>?;82><, =5 4>?CA:0O, 2 A2>N >G5@54L, E8<8G5A:>9 =5?>;=>BK A3>@0=8O 

B>?;820 (q3). $5:>=AB@C:F8O 8 B5E=8G5A:>5 ?5@52>>@C65=85 3>@5;>G=KE 

CAB@>9AB2, =0E>4OI8EAO 2 M:A?;C0B0F88 ?0@>2KE :>B;>2 &-%, ?>72>;ONB  

=5 B>;L:> 4>AB83=CBL A=865=8O M<8AA88 NOx, => 8 >4=>2@5<5==> C;CGH8BL 

B5E=8:>-M:>=><8G5A:85 ?>:070B5;8 ?0@>2>3> :>B;0, 0 B0:65 ?>2KA8BL 

157>?0A=>ABL 53> @01>BK [39]. &0:65 =5<0;>206=K< CA;>285< O2;O5BAO 

>15A?5G5=85 2KA>:>9 BC@1C;870F88 ?@>F5AA>2 A6830=8O [40]. 

!0 &-*-23 #�" « >AM=5@3>» [41] ?@>2>48;0AL 70<5=0 F8:;>==KE 

?@54B>?>2 =0 <0;>B>:A8G=K5 3>@5;:8 � ��3(III)-50. �>@5;:0 >B=>A8BAO  

: :><18=8@>20==><C B8?C 2284C =5A:>;L:8E ?>4E>4>2 : A=865=8N 

:>=F5=B@0F88 NOx, 0 8<5==>: A>740=85 >:8A;8B5;L=KE 8 2>AAB0=>28B5;L=KE 7>=, 

ABC?5=G0B>5 A6830=85, @5F8@:C;OF8O 4K<>2KE 307>2. !0 :>B;0E B8?0 &� #-

314* A =0AB5==>9 8 ?>4>2>9 :><?>=>2:>9 3>@5;>G=KE CAB@>9AB2 B>;L:> 70 AG5B 
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2=54@5=8O CA>25@H5=AB2>20==KE 3>@5;>: C40;>AL A=878BL NOx 4> 307 <3/<3 ?@8 

A6830=88 ?@8@>4=>3> 3070 8 4> 407 <3/<3 ?@8 A6830=88 <07CB0. � A>G5B0=88  

A @5F8@:C;OF859 4K<>2KE 307>2 25;8G8=0 <0AA>2>9 :>=F5=B@0F88 NOx  

2 ?@>4C:B0E A3>@0=8O 2 ?0@>2>< :>B;5 >AB0=>28;0AL =0 C@>2=5 90 <3/<3, GB> 

7=0G8B5;L=> =865 =>@<8@C5<>9 25;8G8=K.  -<8AA8N NOx <>6=> 7=0G8B5;L=> 

C<5=LH8BL 70 AG5B 8A?>;L7>20=8O :>0:A80;L=>9 3>@5;:8 [42].  

�;O 4>AB865=8O ?@545;L=> =87:8E 2K1@>A>2 =0 :>B;5 &� #-314 22545=K 

2 M:A?;C0B0F8N 3>@5;:8 B8?0 � #�1 ��" «-:>B>?». �K?>;=5==0O 

@5:>=AB@C:F8O A CG5B>< ?>40G8 307>2 @5F8@:C;OF88 ?>72>;8;0 A=878BL M<8AA8N 

NOx 1>;55 G5< 2 3 @070 A 220 4> 75 <3/<3. #><8<> MB>3> 206=K< @57C;LB0B>< 

?@>2545==>9 @5:>=AB@C:F88 O28;>AL >15A?5G5=85 =0456=>9 @01>BK M:@0==KE 

B@C1 :>B;0 &� #-314 [43].  

� @01>B5 [44] ?@82545=> A@02=5=85 B5E=8G5A:8E 8 M:>;>38G5A:8E 

?0@0<5B@>2 :><18=8@>20==>9 8 ?5@8D5@89=>9 B@C1G0B>9 8 F5=B@0;L=>9 ?>40G8 

3070 2 3>@5;:0E :>B;0 &� -84�. 'AB0=>2;5=>, GB> ?@8<5=5=85 =0 40==>< B8?5 

:>B;>2 3>@5;>: A :><18=8@>20==>9 ?5@8D5@89=>9 B@C1G0B>9 8 F5=B@0;L=>9 

307>@0740G59 ?>72>;O5B ?>;CG8BL 1>;55 2KA>:85 7=0G5=8O �#� M=5@35B8G5A:>3> 

:>B;0, => A CEC4H5=85< M:>;>38G5A:8E ?>:070B5;59 M<8AA88 NOx c 130 4>  

179 <3/<3 87-70 C25;8G5=8O 8=B5=A82=>AB8 87;CG5=8O D0:5;0 A B5?;>2K< 

?>B>:>< 4> 200 :�B/<2.  

�0G0ABCN ?@8 B5E=8G5A:>< ?5@52>>@C65=88 =0E>4OI8EAO 2 M:A?;C0B0F88 

3>@5;>G=KE CAB@>9AB2 ?0@>2KE :>B;>2 &-% ?5@5E>4 =0 <0;>M<8AA8>==>5 

CAB@>9AB2> >ACI5AB2;ONB A>2<5AB=> A 4@C38<8 <5B>40<8. %>3;0A=> @01>B5 [45] 

CAB0=>2;5=>, GB> 4;O 4>AB865=8O B@51C5<>3> C@>2=O M<8AA88 =0 :>B;5 &� �-

464 AB. № 2 M;5:B@>AB0=F88 IRU (3. &0;;8==, -AB>=8O) =5>1E>48<> A>G5B0=85 

@07;8G=KE <5@>?@8OB89 :>=AB@C:B82=>3> 8 @568<=>3> E0@0:B5@0. !0 ?5@2>< 

MB0?5 @5:>=AB@C:F88 M=5@35B8G5A:>3> :>B;0 &� �-464 AB. № 2 ?@>2545=> 

<>45;8@>20=85 @0AG5B=>9 :0<5@K A3>@0=8O A 3>@5;>G=K< CAB@>9AB2><  

(70 :>B>@CN 1K; ?@8=OB F8;8=4@ 480<5B@>< 5 < 8 4;8=>9 7 <) A ?><>ILN 

?@>3@0<<=>3> :><?;5:A0 Ansys. $57C;LB0BK :><?LNB5@=>3> <>45;8@>20=8O 
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?>:070;8 2>7<>6=>ABL >15A?5G5=8O 2K1@>A>2 NOx =0 C@>2=5 180 <3/<3, >4=0:> 

?@8 =0BC@=KE 8A?KB0=8OE C@>25=L A>AB028; 200 <3/<3. $07;8G85 

2KG8A;8B5;L=>3> 8 =0BC@=>3> M:A?5@8<5=B>2 >1JOA=O5BAO =0;8G85< 

2708<>459AB28O D0:5;0 @07=KE O@CA>2 40==>3> B8?0 M=5@35B8G5A:>3> :>B;0.  

� MB>9 A2O78 =0 2B>@>< MB0?5 1K;> ?@>2545=> =0BC@=>5 8AA;54>20=85 =0 :>B;5 

&� �-464 A >@30=870F859 @568<0 3>@5=8O. &0:8< >1@07><, CAB0=>2;5==K5  

=0 :>B;5 =87:>M<8AA8>==K5 3>@5;:8 8 >@30=87>20==K9 =0 2B>@>< MB0?5 @568< 

A6830=8O >15A?5G8; A>45@60=85 NOx =0 M=5@35B8G5A:>< :>B;5 &� �-464  

2 480?07>=5 200–210 <3/<3 ?@8 ?0@>2>9 =03@C7:5 480 B/G. � @01>B5 [46] 

?@54AB02;5=K @57C;LB0BK A=865=8O M<8AA88 NOx =0 M=5@35B8G5A:>< :>B;5  

�-500-13.8-560 ��& (&#�-430). �> @50;870F88 <5@>?@8OB89, ?@8 @01>B5 =0 3075, 

2K1@>AK NOx 1K;8 =0 C@>2=5 650 <3/<3 ?@8 6 % "2. !0 ?5@2>< MB0?5 

@5:>=AB@C:F88 =04 3>@5;:0<8 1K;8 CAB0=>2;5=K A>?;0 B@5B8G=>3> 4CBLO 87 

@0AG5B0 ?>40G8 30 % 2>74CE0, ?>72>;82H85 A=878BL 2K1@>AK NOx 4> 157 <3/<3. 

!0 2B>@>< MB0?5 ?@>872545=0 CAB0=>2:0 <0;>M<8AA8>==KE 3>@5;>: Zeeco Free 

Jet, ?>72>;82H0O >15A?5G8BL A=865=85 25;8G8=K <0AA>2>9 :>=F5=B@0F88 NOx  

2 ?@>4C:B0E A3>@0=8O 4> 92 <3/<3 ?@8 6 % "2 157 ?@8<5=5=8O @5F8@:C;OF88 

4K<>2KE 307>2. 

� @01>B5 [68] ?@>2545=> 8AA;54>20=85 2;8O=8O >@30=870F88 A6830=8O 

B25@4>3> B>?;820 =0 B>?>G=K5 ?@>F5AAK ?@8 <8=8<0;L=>9 2>7<>6=>9 

<>45@=870F88 459AB2CNI53> ?K;5C3>;L=>3> ?0@>2>3> :>B;0 &->1@07=>9 

:><?>=>2:8 A 8A?>;L7>20=85< =87:>M<8AA8>==KE 3>@5;>G=KE CAB@>9AB2. 

 0B5<0B8G5A:>5 <>45;8@>20=85 2 @01>B5 ?@>2>48;>AL 2 ?0:5B5 ?@>3@0<< Ansys 

(Fluent) c ?@8<5=5=85< <>45;8 BC@1C;5=B=>AB8 k–ε. � @01>B5 ?@54AB02;5=K: 

@0A?@545;5=85 ?>;59 A:>@>AB59 8 B5<?5@0BC@K, <0AA>2K5 :>=F5=B@0F88 NOx 8 

O2, A@02=5=85 @57C;LB0B>2 G8A;5==>3> <>45;8@>20=8O 8 =0BC@=KE 87<5@5=89 

B5<?5@0BC@K ?> 2KA>B5 B>?>G=>9 :0<5@K. � F5;>< 70<5=0 3>@5;>G=KE CAB@>9AB2 

=0 =87:>M<8AA8>==K5 ?>72>;O5B 4>18BLAO A>:@0I5=8O M<8AA88 NOx, 

A>AB02;ONI85 2 40==>< 8AA;54>20=88 14 %.  
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1.3. %>2@5<5==K5 <5B>4K <0B5<0B8G5A:>3> <>45;8@>20=8O,  
8E A@54AB20 8 2>7<>6=>AB8 ?> 8AA;54>20=8N ?@>F5AA>2 3>@5=8O  
8 M<8AA88 2@54=KE 25I5AB2 A CE>4OI8<8 3070<8 8 2 B>?:5  

?0@>2KE :>B;>2 ?@8 ?@>872>4AB25 M=5@388 

 

!0G8=0O A 90-E 33. XX 2. [51] <5B>4K <0B5<0B8G5A:>3> <>45;8@>20=8O 

(2KG8A;8B5;L=K9 M:A?5@8<5=B) CA?5H=> ?@8<5=ONBAO :0: 4;O 8AA;54>20=8O 

?@>F5AA>2 3>@5=8O ?@8@>4=>3> 3070 [32, 45], C3;59 [34, 70], 684:>3> B>?;820 [28], 

:5@>A8=0 [33], B0: 8 4;O ?@8<5=5=8O 3070 2 1KB>2KE =C640E [52], 4;O 

8AA;54>20=8O ?@>F5AA>2 307>2KE BC@18= [53, 78], <>45;8@>20=8O ?@>F5AA>2  

2 A8AB5<0E F5=B@0;L=>3> B5?;>A=0165=8O [54]. "4=> 87 =0?@02;5=89 ?@8<5=5=8O 

<0B5<0B8G5A:>3> <>45;8@>20=8O – <>45;8@>20=85 A>2<5AB=>3> A6830=8O 

18><0AAK 8 C3;O [55], <5B0=>-2>4>@>4=KE A<5A59 [56], 4@525A=KE 3@0=C; [57, 58]. 

�=0G8B5;L=K9 >1J5< @01>B ?> G8A;5==><C <>45;8@>20=8N O2;O5BAO 

CA@54=5==K< ?> $59=>;L4AC <>45;8@>20=85<. #@8 B0:>< <>45;8@>20=88 

A;>6=> 4>18BLAO 45B0;L=KE AB@C:BC@ ?>B>:0 8 ?;0<5=8. % <><5=B0 ?@>2545=8O 

?5@2>3> 2KG8A;8B5;L=>3> M:A?5@8<5=B0 ?>O28;AO H8@>:89 2K1>@ ?@8:;04=KE 

?@>3@0<< 4;O <>45;8@>20=8O B5G5=8O 684:>AB59 8 307>2, <56D07=KE 

2708<>459AB289, B5G5=89 A E8<8G5A:8<8 @50:F8O<8 8 B5?;>>1<5=>< <5B>40<8 

CFD: Ansys (Fluid/CFX) [60–62, 65, 71, 72, 74, 76, 86], STAR-CCM+ [63], Flow 

Vision [30], EBSILON [59], SigmaFlame [69, 85], CEDRE [78, 80], Fire 3D [73]. 

�KG8A;8B5;L=K9 M:A?5@8<5=B 8<55B @O4 ?@87=0==KE ?@58<CI5AB2 =04 

=0BC@=K< M:A?5@8<5=B><:  

1. �>7<>6=>ABL 8AA;54>20=8O >1J5:B0 157 53> <>48D8:0F88 8;8 

4>@01>B:8. �0G0ABCN ?@54;>65==K9 20@80=B B5E=8G5A:>3> ?5@52>>@C65=8O 

:>B5;L=>9 CAB0=>2:8 4>@>3>AB>OI 8 B@51C5B CB>G=5=8O 4> <><5=B0 53> 22>40  

2 M:A?;C0B0F8N, >A>15==> 4;O >1J5:B>2, A=0160NI8E B5?;>< 8 M;5:B@>M=5@3859 

?@><KH;5==K5 ?@54?@8OB8O 8 3>@>40.  

� @01>B5 [59] ?@54AB02;5=> 87<5=5=85 ?>:070B5;59 >4=>B>?>G=>3> 

10H5==>3> :>B;0 <>I=>ABLN 1000  �B ?@8 87<5=5=88 @5F8@:C;OF88 4K<>2KE 
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307>2 =0 1075 :><?;5:A0 ?@>3@0<< EBSILON. �KG8A;8B5;L=K9 M:A?5@8<5=B 1K; 

?@>2545= A ?><>ILN ?@>3@0<<=>3> :><?;5:A0 Flow Vision, ?>72>;82H53> 

8A:;NG8BL >?8A0==K5 2 ?@54K4CI59 3;025 ?@>1;5<K A =5@02=><5@=>ABLN 

@0A?@545;5=8O 307>2 @5F8@:C;OF88 8 ?>;CG8BL =>2K5 MDD5:B82=K5 @5H5=8O  

A =08<5=LH8<8 70B@0B0<8 [30].  

+8A;5==>5 8AA;54>20=85 ?@>F5AA0 A6830=8O 307>>1@07=>3> B>?;820 [64]  

2 2>4>B@C1=>< :>B;5 B8?0 ��-10/14 ?>72>;8;> 2K@01>B0BL B5E=8G5A:85 @5H5=8O, 

=0?@02;5==K5 =0 <8=8<870F8N >1@07>20=8O >:A84>2 07>B0. � :0G5AB25 

>?B8<0;L=>3> @5H5=8O ?@54;>65=0 @5F8@:C;OF8O B>?>G=KE 307>2 ?CB5< 

@07<5I5=8O BC?8:>2>3> B@C1G0B>3> 2B>@8G=>3> 87;CG0B5;O, 480<5B@ :>B>@>3> 

@025= 42C< 480<5B@0< 2KE>4=>3> ?0B@C1:0 CAB0=>2;5==>3> 3>@5;>G=>3> 

CAB@>9AB20. 

� @01>B5 [67] 4;O 2>4>3@59=>3> 307><07CB=>3> :>B;0 ��-� -100 �>;6A:>9 

&-* ?@>2545=> G8A;5==>5 8AA;54>20=85 7028A8<>AB8 157@07<5@=>9 

B5<?5@0BC@K 2 7>=5 0:B82=>3> 3>@5=8O 40==>3> B8?0 :>B;>2 A ?>A;54CNI8< 

CAB0=>2;5=85< 7028A8<>AB59 A>45@60=8O 15=7(0)?8@5=0 8 >:A84>2 07>B0  

>B B5?;>?@>872>48B5;L=>AB8 40==KE :>B;>2. 'AB0=>2;5==K5 2 @01>B5 

7028A8<>AB8 1K;8 2 ?>A;54CNI5< ?@8<5=5=K 4;O ?@>2545=8O ?CA:>-

=0;04>G=KE <5@>?@8OB89 8 >?B8<870F88 =87:>M<8AA8>==KE @568<>2. % F5;LN 

>?@545;5=8O 2>7<>6=>AB8 =87:>M<8AA8>==>3> 28E@52>3> A6830=8O =0 

M=5@35B8G5A:>< ?K;5C3>;L=>< :>B;5 �-220/100 (#�-10) %525@>428=A:>9 &-*-1 

?@>2545=> <>45;8@>20=85 B>?>G=>3> ?@>F5AA0 2 ?@>3@0<<=>< ?0:5B5 Ansys 

(Fluent). �AA;54>20=85 40;> 2>7<>6=>ABL ?>;CG8BL @0A?@545;5=85 ?>;59 

B5<?5@0BC@, :>=F5=B@0F89 O2, CO2, H2 8 B@05:B>@88 42865=8O G0AB8F 2 >1J5<5 

B>?>G=>9 :0<5@K. #@8 A@02=5=88 @57C;LB0B>2 =0BC@=>3> 8 2KG8A;8B5;L=>3> 

M:A?5@8<5=B>2 >B:;>=5=8O A>AB028;8 =5 1>;55 10 % [71].  

� @01>B5 [72] ?@>2545=> 8AA;54>20=85 B5E=8G5A:8E 8 >@30=870F8>==KE 

<5@>?@8OB89, A=860NI8E M<8AA8N NOx, A ?@8<5=5=85< ?0:5B0 ?@>3@0<< Ansys 

(CFX). $0AA<>B@5=K 20@80=BK ABC?5=G0B>3> A6830=8O 3070 ?5@5@0A?@545;5=85< 

2>74CE0 8 B>?;820 <564C :0=0;0<8 3>@5;:8, 2=CB@5==59 8 2=5H=59 
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@5F8@:C;OF88 4K<>2KE 307>2, :>=D83C@0F88 0<1@07C@, ?@8<5=5=8O 

=87:>M<8AA8>==KE 3>@5;>G=KE CAB@>9AB2. "B<5G5=>, GB> ?@8<5=5=85 A@54AB2 

<0B5<0B8G5A:>3> <>45;8@>20=8O >A>15==> 0:BC0;L=> 2 B5E A;CG0OE, :>340 

>BACBAB2C5B 2>7<>6=>ABL ?@>2545=8O =0BC@=KE 8A?KB0=89 @O40 B5E=8G5A:8E 8 

>@30=870F8>==KE ?@54;>65=89 =0 =0E>4OI8EAO 2 M:A?;C0B0F88 ?0@>2KE :>B;0E 

&-*.  

� @01>B5 [73] ?@82545=K @57C;LB0BK G8A;5==KE 8AA;54>20=89 2 ?0:5B5 

?@8:;04=KE ?@>3@0<< FIRE3D :>B;0 ���-320-140#&, 0 2 [74] – =0 1075 

<C;LB848AF8?;8=0@=>9 A8AB5<K Ansys (CFX) A ?@8<5=5=85< <>45;8 

BC@1C;5=B=>AB8 k–ε. �AA;54>20=85 ?@>2>48;>AL A F5;LN A>25@H5=AB2>20=8O 

E0@0:B5@8AB8: B>?>G=>3> ?@>F5AA0 ?@8 ?5@52>45 40==>3> B8?0 :>B;>2 A A6830=8O 

C3;O =0 ?@8@>4=K9 307. #@8 8A?>;L7>20=88 @07=>3> B8?0 3>@5;>G=KE CAB@>9AB2 

8AA;54>20=85 ?>72>;8;> ?>;CG8BL: 402;5=85 A:>@>AB8, ?>;5 @0A?@545;5=8O 

B5<?5@0BC@, :>=F5=B@0F88 :><?>=5=B>2 8 @0A?@545;5=85 2>A?@8=8<05<KE 

M:@0=0<8 B>?>: B5?;>2KE ?>B>:>2. 'AB0=>2;5=>, GB> 87<5=5=85 8=B5=A82=>AB8 

?5@5<5H820=8O 8 ?0@0<5B@0 :@CB:8 2 28E@52>9 8 ?@O<>B>G=>-28E@52>9 3>@5;:5 

?@82>48B : C25;8G5=8N <0:A8<0;L=>9 B5<?5@0BC@K 8 A>>B25BAB2CNI59 

:>=F5=B@0F88 >:A84>2 07>B0. 

�2B>@K @01>BK [83] ?@54AB028;8 A8AB5<C B@5E<5@=>3> <>=8B>@8=30 

3>@5=8O M=5@35B8G5A:>3> :>B;0 8 <>45;8@>20=85 4;O 87CG5=8O 48=0<8:8 

B8?8G=KE 87<5@O5<KE ?0@0<5B@>2 8 E0@0:B5@8AB8: @0A?@545;5=8O =5:>B>@KE 

B5@<>48=0<8G5A:8E ?0@0<5B@>2 8A?0@8B5;L=>9 A8AB5<K ?0@>2>3> :>B;0 &-% 

<>I=>ABLN 300  �B. $57C;LB0BK <>45;8@>20=8O ?>:07K20NB, GB> ?5@5E>4=K5 
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!0 @8AC=:5 2.2 87>1@065=0 AB@C:BC@=0O AE5<0 3>@5;>G=>3> CAB@>9AB20 A> 

A;54CNI8<8 35><5B@8G5A:8<8 E0@0:B5@8AB8:0<8: ∅1 = 1,43 <; ∅2 = 0,95 <; 
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 ∅3 = 0,64 <; ∅4 = 0,325 <. �0<5@0 A3>@0=8O 8<55B A;54CNI85 35><5B@8G5A:85 

E0@0:B5@8AB8:8: 4;8=0 L = 10 <; 2KA>B0 8 H8@8=0 :0<5@K A3>@0=8O A = 8 <. 

#>B>:8 2>74CE0 @0745;5=K =0 2=CB@5==89 8 ?5@8D5@89=K9 ?>B>:8  

A 70:@CG820NI8<8 0??0@0B0<8. �07 ?>ABC?05B 2 >1;0ABL, >1@07>20==CN 

F5=B@0;L=>9 B@C1>9 ∅ = 219 << 8 B@C1>9 480<5B@>< ∅4. %> AB>@>=K B>?>G=>3> 
?@>AB@0=AB20 (7>=0 0<1@07C@K) 307>2K9 :>;;5:B>@ ?@54AB02;O5B A>1>9 

C:>@>G5==K9 :>=CA, 2 :>B>@>< 8<5NBAO 420 @O40 >B25@AB89. 

 

$8AC=>: 2.2 – %B@C:BC@=0O AE5<0 3>@5;>G=>3> CAB@>9AB20 
 

�;O =0E>645=8O 548=AB25==>3> 25@=>3> @5H5=8O A8AB5<K 

48DD5@5=F80;L=KE C@02=5=89 7040NBAO =0G0;L=K5 8 3@0=8G=K5 CA;>28O, 

>?8AK20NI85 42865=8O A@54K. �@0=8G=K5 CA;>28O 8<5NB A2>N 

:;0AA8D8:0F8N: 4;O 2E>4=KE 3@0=8F, >3@0=8G820NI8E >1;0ABL @0AG5B0 

(A:>@>ABL, 402;5=85, <0AA>2K9 @0AE>4, C3;K 70:@CB:8, =0?@02;5=85 ?>B>:0  

8 B.?.), 2KE>4=KE 3@0=8F (AB0B8G5A:>5 402;5=85 8 B.?.), 4;O AB5=:8 8 2=CB@5==8E 

3@0=8F (A:>@>ABL, B5<?5@0BC@0 8 B.?.) [99]. "?KB ?@>2545=8O 2KG8A;8B5;L=>3> 
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M:A?5@8<5=B0 3>2>@8B > =54>?CAB8<>AB8 ?@>B82>@5G8O 7040=8O 3@0=8G=KE 

CA;>289 D878G5A:8< ?@>F5AA0< 8 10;0=A>2K< C@02=5=8O<. 

 

 

2.1.  >45;8@>20=85 2 :0<5@5 A3>@0=8O B>?>G=>3> CAB@>9AB20 
307>48=0<8G5A:8E 8 B5?;>2KE ?@>F5AA>2 ?@5420@8B5;L=>  
?5@5<5H0==>9 BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8 

 

�;O <>45;8@>20=8O 2 :0<5@5 A3>@0=8O B>?>G=>3> CAB@>9AB20 

307>48=0<8G5A:8E 8 B5?;>2KE ?@>F5AA>2 ?@5420@8B5;L=> ?5@5<5H0==>9 

BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8 8A?>;L7CNBAO A;54CNI85 C@02=5=8O. 

'@02=5=8O 87<5=5=8O :>;8G5AB20 42865=8O: ĀĀā (ÿĂÿ) + ĀĀþĀ (ÿĂÿĂĀ) = 2 ĀÿĀþÿ + ĀĀþĀ [Ā (ĀĂÿĀþĀ + ĀĂĀĀþÿ 2 23 ÿÿĀ ĀĂĂĀþĂ )] + 

+ ĀĀþĀ (2ÿĂ′ÿĂ′Ā̅̅ ̅̅ ̅̅ ̅), (2.1) 

345 (2ÿĂ′ÿĂ′Ā̅̅ ̅̅ ̅̅ ̅)  2 =0?@O65=8O $59=>;L4A0; Ā – 48=0<8G5A:89 :>MDD8F85=B 
2O7:>AB8, #0A; Ăÿ , ĂĀ 2 :><?>=5=BK A:>@>AB8, @/E; ÿÿĀ 2  �5;LB0 �@>=5:5@0  
(ÿÿĀ = 1, 5A;8 ÿ = Ā, 8 ÿÿĀ = 0, 5A;8 ÿ b Ā); þÿ , þĀ 2 :>>@48=0BK, <; ā 2 2@5<O, A; ÿ 2 402;5=85 ?>B>:0, #0;  ÿ 2 ?;>B=>ABL =5ACI59 A@54K, :3/<3. 

� 48DD5@5=F80;L=>9 D>@<5 C@02=5=85 =5@07@K2=>AB8 8;8 A>E@0=5=8O 

<0AAK 70?8AK205BAO 2 2845 ĀÿĀā + ĀĀþÿ (ÿĂÿ) = 0, (2.2) 

345 ?5@2K9 G;5= >?8AK205B =5AB0F8>=0@=>ABL ?>B>:0, 0 2B>@>9 – :>=25:B82=K9 

?5@5=>A. 

'@02=5=85 M=5@388: 

ÿý� (ĀăĀā + Ăÿ ĀăĀþÿ) = ĀĀþÿ [(ÿ + ý�ĀFÿÿF ) ĀăĀþĀ 2 ∑ /�ý�� ], (2.3) 
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345 ă 2 B5@<>48=0<8G5A:0O B5<?5@0BC@0, þ; / 2 M=B0;L?8O :><?>=5=B0 A<5A8, 

:�6/:3; ÿ 2 :>MDD8F85=B B5?;>?@>2>4=>AB8, ВF (@ ∙ þ)⁄ ; ĀF 2 :>MDD8F85=B 

BC@1C;5=B=>3> ?5@5=>A0 :>;8G5AB20 42865=8O, П4 ∙ E; ý� 2 C45;L=0O 87>10@=0O 

B5?;>5<:>ABL, Дж/(>7 ∙ þ); PrF 2 BC@1C;5=B=>5 G8A;> #@0=4B;O; ý� – <0AA>20O 

48DDC78O 2840 :><?>=5=B0 A<5A8; / = ∑ ��/� + ÿÿ  ,�  
(2.4) 

/� = ∫ ý�,�þă�
��ÿĀ  , 

(2.5) 

745AL �� 2 <0AA>20O 4>;O 2840 :><?>=5=B0 A<5A8; ý�,� 2 C45;L=0O B5?;>5<:>ABL 

:><?>=5=B0 A<5A8, Дж/(>7 ∙ þ); ă�ăĄ = 583К 4;O 2>74CE0; ÿ 2 ?;>B=>ABL 
=5ACI59 A@54K, :3/<3; ý� = 2 (ÿĀ�,ă + ĀFĂcF) Ā��Āþÿ , (2.6) 

745AL ĂcF = 0,7 2 BC@1C;5=B=>5 G8A;> ,<84B0; Ā�,ă 2 <0AA>2K9 :>MDD8F85=B 

48DDC788 :><?>=5=B0 A<5A8, <²/A. 

"A=>2=>9 >A>15==>ABLN 2;8O=8O @5F8@:C;OF88 4K<>2KE 307>2 =0 3>@5=85 

?@5420@8B5;L=> ?5@5<5H0==>9 BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8 O2;O5BAO 

87<5=5=85 B5@<>E8<8G5A:8E A2>9AB2 >:8A;8B5;O <5B0=>-2>74CH=>9 A<5A8,  

2 3>@5=88 CG0AB2C5B 3 >A=>2=KE ?>B>:0: B>?;82>, 2>74CE, 4K<>2K5 307K.  

 >48D8F8@>20==K9 <5B>4 <0B5<0B8G5A:>3> <>45;8@>20=8O ?>72>;O5B 

?>;CG0BL 1>;55 B>G=>5 8 4>AB>25@=>5 @5H5=85 70 AG5B CB>G=5=8O 7=0G5=8O 

<0AA>2>9 48DDC788 :><?>=5=B>2 <5B0=>-2>74CH=>9 A<5A8 1;03>40@O CG5BC 

:8=5B8:8 307>2 @5F8@:C;OF88 ?> 2A59 4;8=5 <>45;8@C5<>3> CG0AB:0 

(?@54AB02;5==>3> 2 1;>:5 2 @8AC=:0 2.3). 
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$8AC=>: 2.3 – %B@C:BC@=0O AE5<0 <5B>40 <0B5<0B8G5A:>3> <>45;8@>20=8O  
2 A>?@O65==>9 ?>AB0=>2:5 B5?;>2KE 8 307>48=0<8G5A:8E ?@>F5AA>2  

2 :0<5@5 A3>@0=8O B>?>G=>3> CAB@>9AB20 
 

�0==K9 2K2>4 405B <>48D8F8@>20==>5 C@02=5=85 (2.7) A CA@54=5==K< 

<0AA>2K< :>MDD8F85=B>< 48DDC788 :><?>=5=B>2 A<5A8: 

ý� = 2 (ÿ ∙ ( 1 2 Ć�∑ (ĀÿĀÿ)�ÿ≠� ) + ĀFĂýF) Ā��Āþÿ , (2.7) 

345 Ć� 2 <0AA>20O 4>;O :><?>=5=B0 A<5A8; Āÿ 2 <>;L=0O 4>;O :><?>=5=B0 A<5A8; Ā�,ă 2 :>MDD8F85=B 48DDC788 A<5A8, <²/A. 

$0A?@545;5=85 ?;0<5=8 B>?;82>2>74CH=>9 A<5A8 <>45;8@C5BAO 

2K@065=85< ĀĀā (ÿý) + ĀĀþĀ (ÿĂÿý) = ĀĀþĀ  ( ĀFScF  ĀýĀþÿ) + ÿĂā , (2.8) 

345 ý 2 ?5@5<5==0O ?@>3@5AA0; Ăā 2 @50:F8O 8AB>G=8:0 ?@>3@5AA0, c–1; Ăÿ 2 :><?>=5=B A:>@>AB8 @/E.  

%@54=OO A:>@>ABL @50:F88 2 C@02=5=88 <>45;8@C5BAO 2K@065=85< ÿĂā = ÿ�ĄF | ĀýĀþÿ|, (2.9) 

345 ÿ� 2 ?;>B=>ABL =5A3>@52H59 A<5A8, >7/@3. ý = ∑ ��Ą�=1∑ ��,eqĄ�=1 , (2.10) 

745AL Ā 2 :>;8G5AB2> ?@>4C:B>2; ��,eq 2 @02=>25A=0O <0AA>20O 4>;O ?@>4C:B0 �; ý =  0: =5 A3>@52H0O A<5AL; ý =  1: A3>@52H0O A<5AL. 
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�;O 2KG8A;5=8O :8=5B8G5A:>9 M=5@388 BC@1C;5=B=>AB8 8 A:>@>ABL 55 

48AA8?0F88 ?@8=8<05BAO <>45;L BC@1C;5=B=>AB8 k–ε:  ĀĀā (ÿā) + ĀĀþĀ (ÿāĂÿ) = ĀĀþÿ [(Ā + ĀFÿā) ĀāĀþĀ] + ÿā + ÿĀ 2 ÿā 2 �ý , ĀĀā (ÿā) + ĀĀþĀ (ÿāĂÿ) = ĀĀþÿ [(Ā + ĀFÿ�) ĀāĀþĀ  ] + ÿÿ1Ă� 2 ÿÿ2 ā2ā + √āā + 

+ÿ1� āā ÿ3�ÿĀ , 
(2.11) 

345 ÿā , ÿ�  2 BC@1C;5=B=K5 G8A;0 #@0=4B;O; M;5<5=B ÿĀ  B?8AK205B 
D>@<8@>20=85 BC@1C;5=B=>9 :8=5B8G5A:>9 M=5@388 70 AG5B ?;02CG5AB8; M;5<5=B �ý  >?8AK205B 2:;04 48;0B0F8>==>9 A>AB02;ONI59 2 >1ICN A:>@>ABL 
48AA8?0F88 M=5@388 BC@1C;5=B=>AB8; ā 2 :8=5<0B8G5A:0O 2O7:>ABL, @2 E⁄ ; 

M;5<5=B ÿā  >?8AK205B ?>@>645=85 BC@1C;5=B=>9 :8=5B8G5A:>9 M=5@388 ?> 
A@54=8< 3@0485=B0< A:>@>AB8; ÿ1, ÿ2, ÿ1�, ÿ3� 2 :>=AB0=BK <>45;8 

BC@1C;5=B=>AB8; ĀF 2 BC@1C;5=B=0O 2O7:>ABL, #0∙A. 
�;O 4>AB865=8O AB@>3>9 B>G=>AB8 ?@8 G8A;5==>< @5H5=88 

48DD5@5=F80;L=KE C@02=5=89 ?@8<5=ONBAO G8A;5==K5 <5B>4K. � @01>B5 [136] 

?@54;>65=0 =>20O ?0@0 $C=35 – �CBBK 2>AL<>3> 8 A54L<>3> ?>@O4:>2 4;O 

@5H5=8O =565AB:8E ;8=59=KE =5>4=>@>4=KE 7040G. 

&5G5=8O 2 :0<5@0E A3>@0=8O M=5@35B8G5A:8E <0H8= A>?@>2>640NBAO 

E8<8G5A:8<8 @50:F8O<8 (3>@5=85<). "4=>9 87 >A=>2=KE ?@>1;5< 

?@54AB02;O5BAO B0:65 >?8A0=85 2708<>A2O78 BC@1C;5=B=KE 8 E8<8G5A:8E 

?@>F5AA>2. �>@5=85 – 1KAB@>?@>B5:0NI0O E8<8G5A:0O @50:F8O A>548=5=8O 

3>@NG8E :><?>=5=B>2 A :8A;>@>4><, A>?@>2>640NI0OAO 8=B5=A82=K< 

2K45;5=85< B5?;0 8 @57:8< ?>2KH5=85< B5<?5@0BC@K ?@>4C:B>2 A3>@0=8O. 

'@02=5=85 A:>@>AB8 E8<8G5A:>9 @50:F88 ?>:07K205B, GB> A:>@>ABL 

E8<8G5A:8E @50:F89 A C25;8G5=85< B5<?5@0BC@K 2>7@0AB05B A CA:>@5=85<, 8 B0: 

:0: C ?@0:B8G5A:8 ;N1KE B>?;82>A6830NI8E CAB@>9AB2 ăăÿ� < 2500 �, MB> 

A2845B5;LAB2C5B > A>3;0A>20=88 40==>3> CA;>28O.  
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$50:F8O 3>@5=8O C3;52>4>@>4>2 2 >1I5< 2845 ?@54AB02;5=0 C@02=5=85<: CÿHĀ + (ÿ + Ā 4⁄ )O2 → ÿCO2 + (Ā 4⁄ )H2O, (2.12) 

345 ÿ, Ā 2 G8A;> 0B><>2 M;5<5=B>2 C 8 H 2 C3;52>4>@>45. 

� F5?=>9 @50:F88 >:8A;5=8O 07>B0 8 2>74CE0, @07@01>B0==>9 A>25BA:8<8 

CG5=K<8 �5;L4>28G5< /. �., %04>2=8:>2K< #. !. @5H0NI0O @>;L >B2545=0 

A2>1>4=K< 0B><0< :8A;>@>40 8 07>B0, <5E0=87< A>AB>8B 87 A;54CNI8E 

M=4>B5@<8G5A:8E 8 M:7>B5@<8G5A:8E 2708<>459AB289: O2 + M ⇄ 2O + M 2 494 КДж/@B?ь,                            (2.13) N2 + O ⇄ NO + N 2 314 КДж/@B?ь,                            (2.14) O2 + N ⇄ NO + O + 134 КДж/@B?ь.                            (2.15) 

%C<<0@=0O M=5@38O 0:B820F88 Е 2708<>459AB28O A:;04K205BAO 87 M=5@388, 

=5>1E>48<>9 =0 >1@07>20=85 0B><0 :8A;>@>40 ?> @50:F88 (2.13)  

Е1 = 247 ��6/<>;L 8 M=5@388 0:B820F88 ?> @50:F88 (2.14) Е2 = 314 ��6/<>;L. 

&0: :0: >G5=L 2KA>:0 M=5@38O 0:B820F88 (Е3) ?> @50:F88 (2.15), B> MB> 

A2845B5;LAB2C5B > 7028A8<>AB8 40==>9 @50:F88 >B B5<?5@0BC@K A:>@>AB8 

@50:F88 >1@07>20=8O NOx. � 1>;LH8=AB25 B>?>G=KE :0<5@ 2@5<O A3>@0=8O 

B>?;82>2>74CH=>9 A<5A8 =0E>48BAO 2 480?07>=5 >B 1 4> 5 A, 8 4> 24 A 

70B@0G8205BAO 4;O D>@<8@>20=8O @02=>25A=>9 :>=F5=B@0F88 (T = 1600 °%). 

�>=AB0=B0 A:>@>AB8 @50:F88 (?> C@02=5=8N �@@5=8CA0):  � = ý∗ exp (2 āÿāă), (2.16) 

345 ă 2 B5@<>48=0<8G5A:0O B5<?5@0BC@0, К; ā = 8,31446262 2 C=825@A0;L=0O 

307>20O ?>AB>O==0O, Дж/(@B?ь ∙ К); āÿ 2 M=5@38O 0:B820F88, >Дж/>@B?ь;  ý∗ j 1 2 ?@54M:A?>=5=F80;L=K9 <=>68B5;L, ?@8=8<05<K9 4;O 18><5B@8G5A:8E 

3><>35==KE A<5A59. 

 >45;8@>20=85 BC@1C;5=B=>-:8=5B8G5A:>3> 3>@5=8O ?@54AB02;O5BAO 1>;55 

A;>6=>9 7040G59, G5< <>45;8@>20=85 A6830=8N 157 ?@5420@8B5;L=>3> 

A<5H820=8O 8 48DDC78>==>3> 3>@5=8O.  
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%:0;O@=>5 C@02=5=85 4;O ?5@5<5==>9, ;>:0;87CNI59 D@>=B ?;0<5=8: ĀĀā (ÿ̅E�) + ĀĀþĀ (ÿ̅Ăÿ� E�) = ĀĀþÿ (2 ÿ̅EĀĀĂĀĀĀ̅̅ ̅̅ ̅̅ ̅) + ÿā̅̅̅̅ ,                        (2.17) 

345 ωc̅̅̅̅  – A:>@>ABL @50:F88, B@51CNI59 <>45;8@>20=85; EĀĀĂĀĀĀ̅̅ ̅̅ ̅̅ ̅ 2 :>@@5;OF8O 
A:>@>AB8 [98]. #@>3@5AA82=0O ?5@5<5==>9 A:>@>AB8 @50:F88 >?@545;O5BAO 

2K@065=85< 

c = � 2�þ�ý2�þ ,                                                              (2.18) 

345 ăý, ăþ – B5<?5@0BC@0 A3>@52H59 8 =5A3>@52H59 G0AB8 A<5A8, �. 

 

 

2.2. �=0;8B8G5A:>5 2KG8A;5=85 @0480F8>==KE E0@0:B5@8AB8: 
?@5420@8B5;L=> ?5@5<5H0==>9 BC@1C;5=B=>9 A<5A8  

?@8 A6830=88 ?@8@>4=>3> 3070  

 

#@8 >?@545;5=88 :>MDD8F85=B0 <>=>E@><0B8G5A:>9 87;CG0B5;L=>9 

A?>A>1=>AB8 2>A?>;L7C5<AO A;54CNI59 <5B>48:>9 [100].  

#@82545==0O AB5?5=L G5@=>BK, >?@545;O5BAO 87 2K@065=8O  ĀCD = 1 ( 1�7 + 1�EF 2 1)⁄ ,                                                      (2.19)                    

345 ĀEF = 0,8  – MDD5:B82=0O AB5?5=L G5@=>BK AB5=:8; Ā7 = ℱ(þĂ) – AB5?5=L 
G5@=>BK >1J5<0 ?@>4C:B>2 A3>@0=8O.  

"1J5< 4K<>2KE 307>2:  ą7 = ąÿÿ2 + ąþ20 + ąÿ2ÿ + (� 2 1) ∙ ą60,                          (2.20) 

345 ąСÿ2 , ąþ20 , ąÿ2ÿ, ą60, B5>@5B8G5A:89 >1J5< 2>74CE0, 07>B0, 2>4O=KE ?0@>2 8 
42C>:8A8 C3;5@>40, @3 @3⁄ ; � 2 871KB>: 2>74CE0 2 B>?:5 :>B5;L=>3> 03@530B0; ąСÿ2 = 0,01 ∙ (ÿþ2 + ∑ ÿÿă ĀĄ),                                  (2.21) ą60 = 0,0476 ∙ (0,5 ∙ Ā2 + ∑ (ÿ + Ā4) ∙ (ÿă ĀĄ) 2 þ2),               (2.22) 

ąþ20 = 0,79 ∙ ą60 + ý2100 ,                                                (2.23) 
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 ąÿ2ÿ = 0,01 ∙ (Ā2 + ∑ Ā2 ∙ ÿăĀĄ + 0,124þ) + 0,016 ∙ ą60.                   (2.24) 

�>;8G5AB25==K5 ?0@0<5B@K ÿăĀĄ >?@545;ONBAO ?> 40==K< 87 ?0A?>@B0 3070. 

"1J5<=K5 4>;8 B@5E0B><=KE 307>2:  ÿÿÿ2 = ąÿÿ2 ą7⁄ ,                                                  (2.25) ÿÿ2ÿ = ąÿ2ÿ ą7⁄ .                                                 (2.26) 

%C<<0 >1J5<=KE 4>;59 B@5E0B><=KE 307>2:   ÿC = ÿÿÿ2 + ÿÿ2ÿ.                                                (2.27) 

$0480F8>==>9 E0@0:B5@8AB8:>9 ?@>4C:B>2 A3>@0=8O O2;O5BAO :@8B5@89 

�C35@0:  þĂ = ā ∙ � ∙ Ā,                                                       (2.28) 

345 ā 2 :>MDD8F85=B ?>3;>I5=8O B>?>G=>9 A@54K, @0AAG8BK205<K9 ?> 
B5<?5@0BC@5 8 A>AB02C 4K<>2KE 307>2 4> 2E>40 2 @535=5@0B82=K9 

2>74CE>?>4>3@520B5;L, 1/(<∙ #0); D = 0,01  #0 – 402;5=85 2 B>?>G=>9 :0<5@5; Ā 2 MDD5:B82=0O B>;I8=0 87;CG0NI53> A;>O, <; ā = ā70 ∙ ÿĄ,                                                          (2.29) 

745AL ā70 2 :>MDD8F85=B 87;CG5=8O ;CG59 307>2>9 D07>9, 1/(<∙ #0). 

$57C;LB0B>< @0AG5B0 O2;ONBAO: 

− ?@82545==0O AB5?5=L G5@=>BK, =5>1E>48<0O 4;O >?@545;5=8O 

@0AG5B=>9 459AB28B5;L=>9 B5<?5@0BC@K 3>@5=8O; 

− B01;8F0 >1J5<>2 2>74CE0 8 307>2, =5>1E>48<0O 4;O ?@>AG5B0 A>AB020 

>:8A;8B5;O, ?>40205<>3> 2 3>@5;>G=>5 CAB@>9AB2> (B01;8F0 2.1). 

 

&01;8F0 2.1 – "1J5< 2>74CE0 8 4K<>2KE 307>2 [104]  

�><?>=5=B 4;O @0AG5B0 ?@82545==>9 
AB5?5=8 G5@=>BK 

�Сþ� �ý��  ���þ �6� �7 

�5;8G8=0 ?>:070B5;O, <3/<3 1,03 2,17 2,17 9,69 11,16 

 

�48010B8G5A:0O (:0;>@8<5B@8G5A:0O) B5<?5@0BC@0 3>@5=8O A>>B25BAB2C5B 

CA;>28N, :>340 2A5 ?>;57=>5 B5?;>2K45;5=85 2 B>?:5 2>A?@8=8<05BAO 

?@>4C:B0<8 A3>@0=8O 8 A>>B25BAB2C5B <0:A8<0;L=>9 @0AG5B=>9 B5<?5@0BC@5 
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(=54>AB868<>9 2 @50;L=KE CA;>28OE). #@8 @5F8@:C;OF88 4K<>2KE 307>2 87 

:>=25:B82=>9 H0EBK 8 22>45 8E G5@57 3>@5;:8 048010B8G5A:0O B5<?5@0BC@0 

1C45B =865 87-70 C25;8G5=8O >1J5<0 307>2 2 7>=5 3>@5=8O [101]: 

ăăÿ� = ĀF∑ ąÿÿÿ = ĀAD + Ā6 + ÿ ∙ Ā7.BF5∑ ąÿÿÿ ,                           (2.30)  
345 Ā6 2 B5?;>B0 3>@OG53> 2>74CE0, ?>ABC?0NI53> 2 B>?:C, :�6/:3; Ā7.BF5 2 

B5?;>B0 @5F8@:C;8@CNI8E 307>2, :�6/:3; ∑ ąÿÿÿ 2 ?@>872545=85 >1J5<0 =0 

B5?;>5<:>ABL i-3> :><?>=5=B0 ?@>4C:B>2 A3>@0=8O ?@8 B5<?5@0BC@5 ăăÿ�, ÿ 2 

4>;O 307>2, 8A?>;L7C5<KE 4;O @5F8@:C;OF88. 

#@>872545=85 >1J5<0 =0 B5?;>5<:>ABL i-3> :><?>=5=B0 ?@>4C:B>2 

A3>@0=8O: ∑ ąÿÿÿ = Сþ2 ∙ ąþ20 + Сÿÿ2 ∙ ąÿÿ20 + Сÿ2ÿ ∙ ąÿ2ÿ0 ,                 (2.31) 

345 Сþ2 , Сÿÿ2 , Сÿ2ÿ 2 C45;L=K5 B5?;>5<:>AB8 ?@>4C:B>2 A3>@0=8O ?@8 

B5<?5@0BC@5 307>2 2 7>=5 3>@5=8O, :�6/:3. 

&5?;>B0 3>@OG53> 2>74CE0, ?>ABC?0NI53> 2 B>?:C, :�6/:3:  Ā6 = ą80 ∙ С6 ∙ ă6,                                                        (2.32) 

345 ą80, С6,  ă6  2 >1J5<, C45;L=0O B5?;>5<:>ABL 8 B5<?5@0BC@0 3>@OG53> 2>74CE0 

?>A;5 2>74CE>?>4>3@520B5;O (?@8 =0;8G88). 

&5?;>B0 @5F8@:C;8@CNI8E 307>2 =0 2A5< CG0AB:5 @5F8@:C;OF88, :�6/:3: Ā7.BF5 = (1 + ÿ) ∙ Ā7.                                            (2.33) 

�;O >?@545;5=8O B5?;>BK ?@>4C:B>2 A3>@0=8O, 8A?>;L7C5<KE 4;O 

@5F8@:C;OF88, =5>1E>48<>9 4;O ?>A;54CNI53> ?>;CG5=8O @57C;LB8@CNI59 

B5<?5@0BC@K 42CE >A=>2=KE ?>B>:>2: 2>74CE, 4K<>2K5 307K, 8 CB>G=5=8O 

@0480F8>==KE E0@0:B5@8AB8: ?@5420@8B5;L=> ?5@5<5H0==>9 BC@1C;5=B=>9 

<5B0=>-2>74CH=>9 A<5A8 ?@8<5=O5BAO 2K@065=85 Ā7 = (Сþ2 ∙ ąþ20 + Сÿÿ2 ∙ ąÿÿ20 + Сÿ2ÿ ∙ ąÿ2ÿ0 ) ∙ ă7 + (� 2 1) ∙ ą80 ∙ С6 ∙ ă6,     (2.34) 

345 Ā7 2  M=B0;L?8O 307>2 157 CG5B0 @5F8@:C;OF88, :�6/:3. 
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�;O CB>G=5=8O @0480F8>==KE E0@0:B5@8AB8: ?@5420@8B5;L=> 

?5@5<5H0==>9 BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8 ?>A;5 ?@5420@8B5;L=KE 

@0AG5B>2 ?> C@02=5=8O< (2.19)–(2.33) 4;O CG5B0 E8<8G5A:>9 :8=5B8:8, 0 B0:65 

2;8O=8O 8=8F88@C5<KE 2>7459AB289, B0:8E :0: @5F8@:C;OF8O 4K<>2KE 307>2, 

?>;CG5=> 2K@065=85  ăя = ĀAD + Ā6 + (þ/100) ∙ ÿ ∙ Ā7.BF5Сþ2 ∙ ąþ20 + Сÿÿ2 ∙ ąÿÿ20 + Сÿ2ÿ ∙ ąÿ2ÿ0 + (þ/100) ∙ ÿ ∙ С7ą7 ∙ �,        (2.35) 

345 ăя 2 B5<?5@0BC@0 C O@CA>2 3>@5;>: ?@8 <=>3>O@CA=>9 :><?>=>2:5 2 :0<5@5 

A3>@0=8O B>?>G=>3> CAB@>9AB20, °%; þ 2 4>;O ?5@5@0A?@545;5=8O @5F8@:C;OF88 

4K<>2KE 307>2 4;O CG5B0 2708<=>3> 2;8O=8O AB@C9 A<5A8 ?@8 <=>3>O@CA=>9 

:><?>=>2:5 2 B>?>G=>< CAB@>9AB25; � 2 ?8@><5B@8G5A:89 :>MDD8F85=B. 
�;O >?@545;5=8O @57C;LB8@CNI59 B5<?5@0BC@K @5038@CNI8E A<5A59 

?>;CG5=> 2K@065=85, °%: ă = (1 2 ÿ) ∙ ą60 ∙ ă6 +  ÿ ∙  ą7 ∙  ă7ą60 .                                           (2.36) 

$57C;LB0B>< CB>G=5=8O E0@0:B5@8AB8: AB@C9 A<5A8 ?@8 <=>3>O@CA=>9 
:><?>=>2:5 2 :0<5@5 A3>@0=8O B>?>G=>3> CAB@>9AB20 O2;ONBAO: 

− B01;8F0 >1J5<>2 2>74CE0 8 307>2 A @57C;LB8@CNI59 B5<?5@0BC@>9 
@5038@CNI8E A<5A59, =5>1E>48<0O 4;O CG5B0 E8<8G5A:>9 :8=5B8:8 A CG5B>< 
2;8O=8O 8=8F88@C5<KE 2>7459AB289, B0:8E :0: @5F8@:C;OF8O 4K<>2KE 307>2;  

– «:@8B8G5A:>5 7=0G5=85» 4>;8 ?5@5@0A?@545;5=8O @5F8@:C;OF88 

4K<>2KE 307>2, :>B>@>5 A>>B25BAB2C5B CA;>28N >BACBAB28O A<5I5=8O 

<0:A8<0;L=>9 B5<?5@0BC@K 2 >1@0B=>< =0?@02;5=88 ?@8 <=>3>O@CA=>9 

:><?>=>2:5 2 :0<5@5 A3>@0=8O B>?>G=>3> CAB@>9AB20 (@8AC=>: 2.4). 

�>?>;=8B5;L=> =0 :064>< MB0?5 2KG8A;O5BAO <0:A8<0;L=> 2>7<>6=0O 

AB5?5=L ?>40G8 307>2 @5F8@:C;OF88 2 480?07>=5 ?0@>2KE =03@C7>: 4;O 40==>3> 

B8?0 :>B;>2, 2K@065==>9 M:A?>=5=F80;L=>9 7028A8<>ABLN 8 ?@54AB02;5==>9 =0 

(@8AC=:5 2.5). 
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$8AC=>: 2.4 – #@8<5@ 0=0;8B8G5A:>3> CB>G=5=8O B5<?5@0BC@K AB@C9 A<5A8  
?@8 <=>3>O@CA=>9 :><?>=>2:5. "AL 01AF8AA – 4>;O ?5@5@0A?@545;5=8O  

@5F8@:C;OF88 4K<>2KE 307>2 ?@8 <=>3>O@CA=>9 :><?>=>2:5 2 :0<5@5 A3>@0=8O 
B>?>G=>3> CAB@>9AB20; >AL >@48=0B – B5<?5@0BC@0, °%; %8=OO ?@O<0O ?@8 ÿ = 30 %; 

>@0=6520O ?@O<0O ?@8 ÿ = 25 %; 75;5=0O ?@O<0O ?@8 ÿ = 15 % [118, 119] 

 

 

$8AC=>: 2.5 – �028A8<>ABL AB5?5=8 ?>40G8 307>2 @5F8@:C;OF88  

4;O ?0@>2>3> :>B;0 &� �-464. "AL 01AF8AA – ?0@>?@>872>48B5;L=>ABL, B/G;  
>AL >@48=0B – AB5?5=L @5F8@:C;OF88, %  
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2.3. '8A;5==K9 <5B>4 <>45;8@>20=8O B5?;>2KE 8 307>48=0<8G5A:8E 
?@>F5AA>2 ?@8 3>@5=88 4;O ?@>3=>78@>20=8O M<8AA88 >:A84>2 07>B0 

 

$5H5=85 ?@54AB02;5==>9 A8AB5<K 48DD5@5=F80;L=KE C@02=5=89 (2.1)–

(2.3) 0=0;8B8G5A:8 =5 ?@54AB02;O5BAO 2>7<>6=K<. $5H5=85 >ACI5AB2;O5BAO 

G8A;5==K< <5B>4><, =0?@8<5@ <5B>4>< :>=5G=KE >1J5<>2, >A=>20==K< =0 

8=B53@8@>20=88 C@02=5=89 ?> :>=5G=><C >1J5<C, 8 O2;ONI8<AO >A=>2>9 

@5H5=8O ?@>3@0<<=KE ?0:5B>2 Ansys (Fluid/CFX) 8 STAR-CCM+. �0==K9 <5B>4 

8<55B @O4 206=KE 4;O @5H5=8O 7040G ?@58<CI5AB2: ?@>872>;L=0O D>@<0 

@0AG5B=>9 >1;0AB8; 2>7<>6=>ABL C25;8G5=8O @07<5@0 A5B:8 2 B5E <5AB0E, 345 =5B 

@57:>3> 87<5=5=8O ?0@0<5B@>2 8 =5 B@51C5BAO 2KA>:0O B>G=>ABL [102]. 

�>;LH8=AB2> ?@>3@0<<=KE ?0:5B>2, 8<5NI8E H8@>:85 2>7<>6=>AB8 ?> 

<>45;8@>20=8N B5?;>2KE 8 307>48=0<8G5A:8E ?@>F5AA>2 2 :0<5@5 A3>@0=8O, 

8<5NB 70:@KBK9 8AE>4=K9 :>4.  

�;O <>45;8@>20=8O B5?;>2KE 8 307>48=0<8G5A:8E ?@>F5AA>2 ?@8 

A6830=88 B>?;820 2 M=5@3>CAB0=>2:0E B@51C5BAO >15A?5G8BL @5H5=85 A8AB5<K 

48DD5@5=F80;L=KE C@02=5=89, CG8BK20O ?@8 MB>< E8<8G5A:CN :8=5B8:C. 

$5H5=85 7040G8 <>45;8@>20=8O A6830=8O <5B0=>-2>74CH=>9 A<5A8 B@51C5B 

@01>BK A 1>;LH8<8 40==K<8, 7=0G8B5;L=KE 2KG8A;8B5;L=KE @5AC@A>2 ?@8 

>15A?5G5=88 B@51C5<>9 B>G=>AB8 8 CAB>9G82>AB8 @5H5=8O.  

%CBL ?@54;>65==>9 <5B>48:8 (@8AC=>: 2.6) G8A;5==>3> @5H5=8O A8AB5<K 

48DD5@5=F80;L=KE C@02=5=89 42865=8O, M=5@388, =5@07@K2=>AB8, 70:;NG05BAO: 

− 2 ?@8<5=5=88 CB>G=5=8O @0480F8>==KE E0@0:B5@8AB8: 

?@5420@8B5;L=> ?5@5<5H0==>9 BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8 A CG5B>< 

2;8O=8O 8=8F88@C5<KE 2>7459AB289, B0:8E :0: @5F8@:C;OF8O 4K<>2KE 307>2 

(@8AC=>: 2.7). #>;CG5==>5 @5H5=85 ?@8<5=O5BAO 2 :><?;5:A5 ?@>3@0<< =0 MB0?5 

7040=8O =0G0;L=KE 8 3@0=8G=KE CA;>289; 

− 2 ?@8<5=5=88 02B><0B8G5A:>3> 7040=8O 3CAB>BK @0AG5B=>9 A5B:8  

2 8AA;54C5<KE >1;0ABOE (@8AC=>: 2.8). #@8 7040=88 ?0@0<5B@>2 @0AG5B0 



63 

 

C:07K205BAO @5:><5=4>20==K9 @07<5@ :>=5G=>3> M;5<5=B0 8 107>2K9 @07<5@ 

A5B:8 4;O ?>;CG5=8O B@51C5<>9 B>G=>AB8, 4>AB>25@=>AB8 8 A:>@>AB8 @0AG5B0.  

 

 

 

$8AC=>: 2.6 – �87C0;870F8O <5B>48:8 G8A;5==>3> @5H5=8O A8AB5<K 
48DD5@5=F80;L=KE C@02=5=89 42865=8O, M=5@388, =5@07@K2=>AB8: 1;>:8  
A 70;82:>9 2K?>;=ONBAO G5;>25:><; 1;>:8 157 70;82:8 2K?>;=ONBAO -�  
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$8AC=>: 2.7 – �;3>@8B< CB>G=5=8O @0480F8>==KE E0@0:B5@8AB8: 
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$8AC=>: 2.8 – �;3>@8B< 7040=8O 3CAB>BK @0AG5B=>9 A5B:8 
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$0745;5=85 @0AG5B=>9 >1;0AB8 =0 ?@8<5@5 3>@5;>G=>3> CAB@>9AB20 

?@82545=> =0 @8AC=:5 2.9: 

− =081>;55 3CAB0O A5B:0 ?@8<5=O5BAO 4;O 3>@5;>G=>3> CAB@>9AB20 2 <5AB5 

2KE>40 8 A<5H5=8O ?>B>:>2; 

− A@54=OO ?> 3CAB>B5 A5B:0 – 2 >A5A8<<5B@8G=>< =0?@02;5=88 2 7>=5 

@0728B8O ?;0<5=8 A <0:A8<0;L=K<8 B5<?5@0BC@0<8; 

− =08<5=55 3CAB0O A5B:0 – >AB02H55AO ?@>AB@0=AB2> B>?>G=>3> 

CAB@>9AB20/:0<5@K A3>@0=8O. 

�>?>;=8B5;L=> =5>1E>48<> >1@0B8BL 2=8<0=85 =0 70B@0G5==K9 

<0H8=>@5AC@A ?@8 @0AG5B5 =0 -� . &0:, 4;O «107>2>3>» @07<5@0 0,5 < 1K;> 

70B@0G5=> 1620 <8= =0 1000 8B5@0F89 4;O @0AG5B0 :0<5@K A3>@0=8O B>;L:> A 

>4=8< :><18=8@>20==K< 3>@5;>G=K< CAB@>9AB2>< A ?@8<5=5=85< 

02B><0B8G5A:>3> 7040=8O 3CAB>BK A5B:8 (4> 5 % >B 107>2>3> @07<5@0) 2 @07;8G=KE 

@0AG5B=KE >1;0ABOE. �57 ?@8<5=5=8O @0745;5=8O @0AG5B=>9 >1;0AB8 ?@8 @0AG5B5 

=0 -� , 4;O «107>2>3>» @07<5@0 0,05 < (10 % >B 107>2>3> @07<5@0 0,5 <) 1K;> 

70B@0G5=> 2153 <8= =0 1000 8B5@0F89. 

 

   

$8AC=>: 2.9 – !0;>65=85 A5B:8 :>=5G=KE M;5<5=B>2 
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"B;8G85 ?>OA=O5BAO @07=K< :>;8G5AB2>< M;5<5=B>2 70 AG5B 

02B><0B8G5A:>3> 7040=8O 3CAB>BK A5B:8 2 @07;8G=KE @0AG5B=KE >1;0ABOE, 

?>72>;ONI55 ?@>25AB8 >?B8<870F8N 4;O ?>;CG5=8O B@51C5<>9 B>G=>AB8 8 

A:>@>AB8 @0AG5B0. #@8 B5AB>2KE @0AG5B0E A6830=8O <5B0=>-2>74CH=>9 A<5A8 2 

2KG8A;8B5;L=>< M:A?5@8<5=B5 № 1 ?@8 «107>2><» @07<5@5 M;5<5=B0 @0AG5B=>9 

A5B:8 0,5 < 8 ?>7>==>9 3CAB>B>9 A5B:8 (4> 5 % >B 107>2>3> @07<5@0) :>;8G5AB2> 

M;5<5=B>2 @0AG5B=>9 A5B:8 A>AB02;O;> 2 787 464 54.; 2 2KG8A;8B5;L=>< 

M:A?5@8<5=B5 № 2 ?@8 «107>2><» @07<5@5 M;5<5=B0 @0AG5B=>9 A5B:8 0,05 <  

(10 % >B 107>2>3> @07<5@0 0,5 < 4;O 4>AB0B>G=>9 B>G=>AB8 2 7>=5 2KE>40 <5B0=0 

87 3>@5;>G=>3> CAB@>9AB20) :>;8G5AB2> M;5<5=B>2 @0AG5B=>9 A5B:8 A>AB028;>  

4 964 825 54. (@8AC=>: 2.10). &0:8< >1@07><, @50;870F8O 0;3>@8B<0 ?> 

02B><0B8G5A:><C 7040=8N 3CAB>BK @0AG5B=>9 A5B:8 2 8AA;54C5<KE >1;0ABOE 

?>72>;8;0 A>:@0B8BL  4;8B5;L=>ABL ?@>F5AA0 4;O ?@>AG5B0 =0 30 % 8 ?>2KA8BL 

B>G=>ABL @0AG5B0 70 AG5B C25;8G5=8O 3CAB>BK A5B:8 2 <5AB5 2KE>40 8 A<5H5=8O 

?>B>:>2 7>=5 @0728B8O 8 2>A?;0<5=5=8O ?;0<5=8. 

 

 

$8AC=>: 2.10 – %@02=5=85 4;8B5;L=>AB8 ?@>F5AA0 4;O ?@>AG5B0  
>4=>3> 8B5@0F8>==>3> MB0?0 
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"A=>2=K5 @57C;LB0BK 8 2K2>4K  
?> 3;025 2 

 

1. #@54;>65=0 <>48D8:0F8O <5B>40 <0B5<0B8G5A:>3> <>45;8@>20=8O  

2 A>?@O65==>9 ?>AB0=>2:5 B5?;>2KE 8 307>48=0<8G5A:8E ?@>F5AA>2 2 :0<5@5 

A3>@0=8O B>?>G=>3> CAB@>9AB20, >B;8G0NI0OAO CB>G=5=85< 7=0G5=8O <0AA>2>9 

48DDC788 :><?>=5=B>2 <5B0=>-2>74CH=>9 A<5A8, ?>72>;ONI0O CG8BK20BL 

2;8O=85 @5F8@:C;OF88 4K<>2KE 307>2, GB> 405B 2>7<>6=>ABL A ?>2KH5==>9 

B>G=>ABLN 8 4>AB>25@=>ABLN ?@>3=>78@>20BL M<8AA8N >:A84>2 07>B0 ?@8 

?@>872>4AB25 M=5@388.  

2. #@54;>65=0 <5B>48:0 4;O G8A;5==>3> @5H5=8O A8AB5<K 

48DD5@5=F80;L=KE C@02=5=89 42865=8O, M=5@388, =5@07@K2=>AB8 

(?@8<5=O5<KE 4;O <>45;8@>20=8O 2 :0<5@5 A3>@0=8O B>?>G=>3> CAB@>9AB20 

307>48=0<8G5A:8E 8 B5?;>2KE ?@>F5AA>2 ?@5420@8B5;L=> ?5@5<5H0==>9 

BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8), @50;87>20==0O 2 2845 :><?;5:A0 

0;3>@8B<>2, >B;8G0NI0OAO ?@8<5=5=85< CB>G=5=8O @0480F8>==KE 

E0@0:B5@8AB8: ?@5420@8B5;L=> ?5@5<5H0==>9 BC@1C;5=B=>9 <5B0=>-2>74CH=>9 

A<5A8 8 02B><0B8G5A:8< 7040=85< 3CAB>BK @0AG5B=>9 A5B:8 2 8AA;54C5<KE 

>1;0ABOE, GB> ?>72>;O5B A>:@0B8BL 2KG8A;8B5;L=K5 70B@0BK =0 ?@>F5AA @0AG5B0 

3>@5=8O BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8 8 >15A?5G8BL B@51C5<CN 

B>G=>ABL 8 4>AB>25@=>ABL ?@>3=>78@>20=8O M<8AA88 >:A84>2 07>B0. 
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�;020 3  

#$"�$�  !Ы� �" #���% #" #�$� �&$�'�%�" ' 
 "����$"��!�. ���" ��'&!"� �"$���� ��/ %!���!�/ 
- �%%�� "�%��"� ��"&� #$� %����!�� "$��!�'�%�"�" 

&"#���� #$� #$"���"�%&�� -!�$��� 

 

 

3.1. "?8A0=85 >1J548=5==>3> A>AB020,  
>@30=870F8>==>9 AE5<K 8 0;3>@8B<0  

 

#@>3@0<<=K9 :><?;5:A ?> ?0@0<5B@8G5A:><C <>45;8@>20=8N 

307><07CB=>9 3>@5;:8 4;O >B@01>B:8 MDD5:B82=KE B5E=>;>389 A6830=8O B>?;820 

[138] – =01>@ ?@>3@0<<=KE <>4C;59, :064K9 87 :>B>@KE 8<55B A2>8 DC=:F88  

A D09;>2>9 AB@C:BC@>9 =0 O7K:0E ?@>3@0<<8@>20=8O Java, Python (@8AC=>: 3.1).  

�;O ?>2KH5=8O DC=:F8>=0;0 :><?;5:A0 ?@>3@0<< =0 O7K:0E 

?@>3@0<<8@>20=8O Python, Java @50;87>20=K M;5<5=BK :><?LNB5@=>3> :>40, 

:>B>@K5 ?@54AB02;ONBAO 548=>9 A8AB5<>9 A D>@<8@>20=85< >B45;L=KE 

M;5<5=B>2 A@54K ?@>3@0<<=>3> :><?;5:A0. %B@C:BC@=0O AE5<0 

?>A;54>20B5;L=>3> 2708<>459AB28O M;5<5=B>2 ?@>3@0<<=>3> :><?;5:A0 

?@54AB02;5=0 =0 @8AC=:5 3.2. 

"A=>2>9 A>740==>3> ?@>3@0<<=>3> :><;5:A0 O2;O5BAO B01;8F0 8AE>4=KE 

40==KE (@8AC=>: 3.3), A :>B>@>9 2708<>459AB2C5B :064K9 02B>=><=K9 <>4C;L. 

�;O DC=:F8>=8@>20=8O 02B>=><=KE <>4C;59 ?@8<5=ONBAO 2AB@>5==K5 

?@>3@0<<=K5 181;8>B5:8 2 A@545 �><?0A-3D, STAR-CCM+. "?8@0OAL =0 

B01;8FC 8AE>4=KE 40==KE, 2 7028A8<>AB8 >B 2=5A5==KE 2 =55 7=0G5=89, <>4C;L 

70?CA:0 ?>A;54>20B5;L=> 70?CA:05B 02B>=><=K5 <>4C;8 4;O D>@<8@>20=8O 

2=CB@8 ?@>3@0<<=>3> :><?;5:A0 STAR-CCM+ 8 �><?0A-3D @5H05<>9 7040G8 8 

8B>3>2>3> >BG5B=>3> D09;0. 
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$8AC=>: 3.1 – %B@C:BC@=>5 A>45@60=85 8 ?@>F5AAK M;5<5=B>2 :><?;5:A0  
 

 

$8AC=>: 3.2 – %B@C:BC@=0O AE5<0 ?>A;54>20B5;L=>3> 2708<>459AB28O M;5<5=B>2 
?@>3@0<<=>3> :><?;5:A0 
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$8AC=>: 3.3 – &01;8F0 8AE>4=KE 40==KE 2KG8A;8B5;L=>3> M:A?5@8<5=B0  
4;O :><?;5:A0 ?@>3@0<< 

 

% 8A?>;L7>20=85< ?5@2>3> <>4C;O – <>4C;O 70?CA:0 – >ACI5AB2;O5BAO 

>1@01>B:0 (2>7<>6=> 4>?>;=5=85) 2E>4=KE ?0@0<5B@>2 87 B01;8FK 8AE>4=KE 

40==KE M:A?5@8<5=B0 (@8AC=>: 3.3), D>@<8@>20=85 :>B>@>9 ?>72>;O5B 2KO28BL 

=><5@ 
M:A?5@8<
5=B0

�>;8G5AB2
> ;>?0B>: 
2 A@54=5< 
:>=BC@5 
(=><8=. 
7=0G5=85)

,8@8=0 
;>?0B>: 2 
A@54=5< 
:>=BC@5 
(=><8=. 
7=0G5=85)

�>;8G5AB2> 
;>?0B>: 2 
=0@C6=>< 
:>=BC@5 
(=><8=. 
7=0G5=85)

�;8=0 
;>?0B>: 2 
=0@C6=>< 
:>=BC@5 
(=><8=. 
7=0G5=85)

'3>; 
=0:;>=0 
;>?0B>: 2 
=0@C6=>< 
:>=BC@5 
(=><8=. 
7=0G5=85)

�>;8G5AB2> 
;>?0B>: 2> 
2=CB@5==5< 
:>=BC@5 
?>40G8 
2>4>@>40 
(=><8=. 
7=0G5=85)

,8@8=0 
;>?0B>: 2> 
2=CB@5==5< 
:>=BC@5 
?>40G8 
2>4>@>40 
(=><8=. 
7=0G5=85)

B8? 
0<1@07C@K

480<5B@ 
2E>40 
2>74CE0

480<5B@ 
2KE>40 
3070

!0720=85
?> 

�><?0A 
3D

N1 (18) L1 (105) N2 (24) L2 (70) a2 (60) N3 (9) L3 (29,6) &.. &.. &..

1,1 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
1,2 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
1&. &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
1.n &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
2,1 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
2,2 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
2&. &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
2.n &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
&.. &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
i.1 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
i.2 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
i&. &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
i.n &.. &.. &.. &.. &.. &.. &.. &.. &.. &..

=><5@ 
M:A?5@8<
5=B0

A:>@>ABL 
2E>40 
2>74CE0 1

A:>@>ABL 
2E>40 
2>74CE0 2

A:>@>ABL 
2E>40 3070

B5<?5@0BC@
0 3>@. 
2>74CE0

8AE>4=0O 
:>=F5=B@0F
8O S2

8AE>4=0O 
:>=F5=B@0F
8O !2

8AE>4=0O 
:>=F5=B@0F
8O O2

8AE>4=0O 
:>=F5=B@0F
8O N2

8AE>4=0O 
:>=F5=B@0
F8O CO2

8AE>4=0O 
:>=F5=B@0
F8O H20

!0720=85
?> Star 
CCM+

Air blades

Velocity 

Magnitude

Air inlet

Velocity 

Magnitude

%H4
Mass Flow 

Rate

FGM table 

generation / 

Fluid 

streams / 

Oxidizer / 

Temperature

FGM table 

generation / 

Fluid 

streams / 

Oxidizer / 

Fluid Stream 

Components

FGM table 

generation / 

Fluid 

streams / 

Oxidizer / 

Fluid Stream 

Components

FGM table 

generation / 

Fluid 

streams / 

Oxidizer / 

Fluid Stream 

Components

FGM table 

generation / 

Fluid 

streams / 

Oxidizer / 

Fluid Stream 

Components

FGM table 

generation 

/ Fluid 

streams / 

Oxidizer / 

Fluid 

Stream 

Componen

ts

FGM table 

generation 

/ Fluid 

streams / 

Oxidizer / 

Fluid 

Stream 

Componen

ts

1,1 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
1,2 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
1&. &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
1.n &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
2,1 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
2,2 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
2&. &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
2.n &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
&.. &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
i.1 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
i.2 &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
i&. &.. &.. &.. &.. &.. &.. &.. &.. &.. &..
i.n &.. &.. &.. &.. &.. &.. &.. &.. &.. &..

/4@> 70?CA:0 7040G8

/4@> A>740=8O 35><5B@88 (2 �><?0A 3 D)
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A2O7L <564C ?>AB0=>2:>9 7040G8 8 :>=5G=K< @57C;LB0B>< @5H5=8O ?> 

>1@01>B0==K< 40==K< 87 8B>3>2>3> >BG5B0. #5@2K9 <>4C;L ?@54AB02;O5BAO 

=5>1E>48<K< A>AB02;ONI8< :><?;5:A0 ?@>3@0<<, =5ACI8< >B25BAB25==>ABL 70 

2>7=8:>=>25=85 ?>B>:>2 40==KE, ?>ABC?0NI8E >B >?@0H8205<KE >:>= 8 

C?@02;ONI8E <>4C;59, 8 70?CA:05B >1@01>B:C ?>AB0=>2;5==>9 7040G8.  

&01;8F0 8AE>4=KE 40==KE 2KG8A;8B5;L=>3> M:A?5@8<5=B0 4;O :><?;5:A0 

?@>3@0<< O2;O5BAO @540:B8@C5<K< D09;>< 2 D>@<0B5 *.xlsx A ?0@0<5B@0<8 4;O 

7040=8O ?0@0<5B@>2 @0AG5B>2 <>45;8@C5<>3> 8745;8O, :>B>@K5 2=54@ONBAO =0 

MB0?5 ?5@540G8 H03>2 2 @0AG5B=K9 <>4C;L ?@>3@0<<=>3> ?0:5B0 STAR-CCM+. 

 >4C;L 70?CA:0 >A=>2K205BAO =0 >1@01>B:5 2E>4=KE 40==KE 8 2 8E 

?>A;54CNI59 ?5@540G5 2 AD>@<8@>20==K5 4;O @01>BK 2 :><;5:A5 ?@>3@0<< 

0;3>@8B<K. �;O 70?8A8 8 E@0=5=8O 40==KE @01>B0 <>4C;O 70?CA:0 

>ACI5AB2;O5BAO 2 >B45;L=>9 >1;0AB8 2 ?0<OB8, 0 70?CA: A35=5@8@>20==KE D09;>2 

>ACI5AB2;O5BAO 2  70I8I5==>< >B45;L=>< :>=A>;L=>< >:=5, MB> ?>72>;O5B  

=5 2;8OBL =0 @01>BC A0<>3> :><?;5:A0 ?@>3@0<< 8 70?CA:05<K5 ?@>F5AAK  

2 8A?>;L7C5<KE ?@>3@0<<=KE ?0:5B0E STAR-CCM+ 8 �><?0A-3D. 

�>?>;=8B5;L=> <>4C;L 70?CA:0 >ACI5AB2;O5B =0 >?@545;5==KE MB0?0E ?@>25@:C 

2E>4=KE ?0@0<5B@>2, <5B>4>2 8 AB@C:BC@K :>=5G=KE D09;>2.  

 >4C;8 ?@54AB02;ONBAO 02B>=><=K<8 AB@C:BC@0<8, A> A2>8<8 

0;3>@8B<0<8, 40NI8<8 2>7<>6=>ABL C?@02;OBL @07=>@>4=K<8 A>AB02=K<8 

G0ABO<8 :><?;5:A0 ?@>3@0<<. !57028A8<>ABL 30@0=B8@C5BAO >1@01>B:>9 40==KE 

A2>1>4=> >B 4@C38E A>AB02=KE G0AB59 :><?;5:A0 ?@>3@0<<. ":>==K9 8=B5@D59A 

?5@540G8 8 ?>;CG5=8O 40==KE <564C A>AB02=K<8 G0ABO<8 :><?;5:A0 ?@>3@0<< 

2KAB@08205BAO <>4C;5<, >B25G0NI8< 70 ?@54AB02;5=85 8=B5@D59A0. 

":>==K9 8=B5@D59A, ?5@540G0 40==KE 8 ?>;CG5=85 40==KE <564C 

:><?;5:A>< ?@>3@0<< D>@<8@CNBAO 1;>:>< B5E=8G5A:>9 =04AB@>9:8, 70 AG5B 

@50;870F88 :>B>@>9 8<55BAO 2>7<>6=>ABL >F5=:8 MB0?=>AB8 2K?>;=5=8O 3@C??K 

M:A?5@8<5=B>2 8 ?@>2545=8O ?5@28G=>9 A25@:8. 

 >4C;L D>@<8@>20=8O 35><5B@88 >?8@05BAO =0 70;>65==K9 0;3>@8B<  

A 02B>@A:8<8 181;8>B5:0<8 ?> 2K@01>B0==K< <5B>40< A>740=8O 35><5B@88  
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A 2>7<>6=>ABLN 2K?>;=5=8O >?5@0F89 =0 O7K:5 ?@>3@0<<8@>20=8O Python ?> 

?0@0<5B@870F88 35><5B@8G5A:>9 <>45;8 87 B01;8FK 8AE>4=KE 40==KE 

2KG8A;8B5;L=>3> M:A?5@8<5=B0 4;O :><?;5:A0 ?@>3@0<<. $01>B0 40==>3> <>4C;O 

A>2<5AB=> A B01;8F59 8AE>4=KE 40==KE 2KG8A;8B5;L=>3> M:A?5@8<5=B0 4;O 

:><?;5:A0 ?@>3@0<< 405B 2>7<>6=>ABL @50;87>20BL @O4 87<5=5=89 8 

CA>25@H5=AB2>20=89 A 8A?KBK205<K< >1J5:B><, =5 ?@81530O : 70?CA:C 

8=B5@D59A0 �><?0A-3D 8 STAR-CCM+. #><8<> 2KH587;>65==>3>, 40==K9 

<>4C;L 8 0;3>@8B< ?>72>;ONB =5 >1;040BL 7=0=8O<8 @01>BK A 8=B5@D59A>< 8 

8=AB@C<5=B0<8 2KG8A;8B5;L=>3> <>4C;O ?0:5B0 B@5E<5@=>3> ?@>5:B8@>20=8O.  

� 40==>< <>4C;5 @50;87>20=K 2A5 <5B>4K A>740=8O 35><5B@88, =5>1E>48<K5 4;O 

@5H5=8O ?>AB02;5==>9 ?5@54 8AA;54>20B5;5< 7040G8.  

%>740==K9 :><?;5:A ?@>3@0<< ?@54AB02;O5B A>1>9 =01>@ 

2708<>459AB2CNI8E <564C A>1>9 2KG8A;8B5;L=KE <>4C;59 (2KG8A;8B5;L=K9 

<>4C;L 4;O @01>BK A 35><5B@859, 2KG8A;8B5;L=K9 <>4C;L 4;O >1@01>B:8 

@57C;LB0B>2 M:A?5@8<5=B0, 2KG8A;8B5;L=K9 <>4C;L 4;O @01>BK A A5B:>9, 

2KG8A;8B5;L=K9 <>4C;L 4;O @5H5=8O 7040G8). 

�0 E@0=5=85 40==KE 4;O ?>A;54CNI59 @01>BK 8;8 2>7<>6=>AB8 2>72@0B0 

@5H5=8O =0 ?@54K4CI89 MB0? @01>BK >B25G05B <>4C;L ?0<OB8.  

#@8=F8? @01>BK :><?;5:A0 ?@>3@0<< 70:;NG05BAO 2 AG8BK20=88 =0 

:064>< MB0?5 8AE>4=KE 40==KE A B01;8FK 8AE>4=KE 40==KE 2KG8A;8B5;L=>3> 

M:A?5@8<5=B0 =0 :064>< MB0?5 @01>BK: B5E=8G5A:0O =0AB@>9:0, ?>AB@>5=85 

35><5B@88 8 =0;>65=85 A5B:8 :>=5G=KE M;5<5=B>2, @0AG5B 8 0=0;87 

2KG8A;8B5;L=KE @57C;LB0B>2.  

&0:65 >4=>9 87 >A>15==>AB59 @01>BK A B01;8F59 8AE>4=KE 40==KE 

O2;O5BAO ?@5420@8B5;L=0O ?@>@01>B:0 @O40 8AE>4=KE 40==KE A D>@<C;0<8 4;O 

0=0;8B8G5A:>3> @5H5=8O 7040G, :>B>@K5 E@0=OBAO 2 >B45;L=>< @540:B8@C5<>< 

D09;5, GB> ?>72>;O5B 2 @50;L=>< 2@5<5=8 @01>BK :><?;5:A0 ?@>3@0<< 8 =0 

8B5@0F8>==KE H030E @0AG5B0 7040G8 4>102;OBL =>2K5 D>@<C;K 2 @0AG5B, 

@540:B8@>20BL ACI5AB2CNI85, ?>2KH0O B>G=>ABL 8 A:>@>ABL @5H5=8O 
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?>AB02;5==>9 ?5@54 8AA;54>20B5;5< 7040G8 2 ?@>3@0<<=>< ?0:5B5 STAR-CCM+ 

(@8AC=>: 3.4).  

 

 

$8AC=>: 3.4 – #@8<5@ ?@5420@8B5;L=>9 ?@>@01>B:8 8AE>4=KE 40==KE 
 

%>AB02=>9 M;5<5=B «#@>25@:0» @50;87>20= 2 <>4C;OE A 02B>=><=K<8 

AB@C:BC@0<8 2 0;3>@8B<5 70?CA:0 @0AG5B0, 0;3>@8B<5 B5E=8G5A:>9 =0AB@>9:8, 

0;3>@8B<5 D>@<8@>20=8O 35><5B@88 8 =0;>65=8O A5B:8 :>=5G=KE M;5<5=B>2, 

0;3>@8B<5 0=0;870 2KG8A;8B5;L=KE @57C;LB0B>2. 

�0 D>@<8@>20=85 AB@C:BC@K 40==KE, ?>;CG05<KE >B C?@02;ONI8E 1;>:>2, 

>B25G05B <>4C;L, 2 A>>B25BAB288 A 0;3>@8B<>< 2K?>;=ONI89 

?>A;54>20B5;L=>ABL 459AB289, >1@010BK20O @5H05<CN 7040GC. 

!0 @8AC=:0E 3.5, 3.6 ?@54AB02;5=K 0;3>@8B<K MB0?>2 >B ?>AB@>5=8O 

35><5B@88 <>45;8@C5<>3> >1J5:B0 4> MB0?0 ?>AB@>5=8O @0AG5B=>9 A5B:8 8 

?@>25@:8 55 M;5<5=B>2 =0 >H81:8. !0 @8AC=:5 3.7 ?>:070= 0;3>@8B< MB0?0 =0G0;0 

2KG8A;8B5;L=>3> M:A?5@8<5=B0 8 ?>A;54CNI53> 0=0;870 :>=5G=>3> @57C;LB0B0. 

0,77

0,70

3474,7 :�6/:3
0 0,05 0,1 0,12 0,15 0,2 0,25 0,3  1 / @

16,8874 17,6527 18,42 18,724 19,18 19,95 20,71 21,48 <3/<3
0 247,3 494,6 593,52 741,9 989,2 1236,5 1483,8 :�6/:3

2223 2127 2041 2008 1962 1892 1827 1768 %
1715 1641 1574 1550 1514 1459 1410 1364 %

�>;O ?>40G8 
@5F8@:C;OF88 
4K<>2KE 307>2

25@E=89 
O@CA

=86=89 
O@CA #@8<5G.

25@E=89 0 100 1715 1547 1547 1547 1547 1547 1547 1547 1547,06381

=86=89 1641 1574 1550 1514 1459 1410 1364 1617,12482

A@54=OO 1594 1561 1548 1531 1503 1478 1456 1582,09431

25@E=89 10 90 1540 1533 1531 1527 1520 1514 1508 1537,6762

=86=89 1648 1587 1565 1532 1481 1435 1392 1626,2988

A@54=OO 1594 1560 1548 1529 1501 1474 1450 1581,9875

25@E=89 20 80 1533 1520 1515 1507 1495 1482 1471 1522,98049

=86=89 1655 1601 1580 1550 1504 1461 1422 1635,59852

A@54=OO 1594 1560 1547 1529 1499 1472 1446 1579,2895

25@E=89 30 70 1526 1507 1499 1488 1470 1452 1435 1519,30067

=86=89 1663 1614 1596 1569 1527 1489 1453 1645,02658

A@54=OO 1594 1560 1547 1528 1498 1470 1444 1582,16363

25@E=89 40 60 1520 1494 1484 1469 1446 1423 1402 1510,30713

=86=89 1670 1628 1612 1588 1552 1517 1485 1654,58566

A@54=OO 1595 1561 1548 1529 1499 1470 1443 1582,44639

25@E=89 50 50 1513 1481 1469 1451 1422 1395 1370 1501,43943

=86=89 1677 1642 1628 1608 1576 1547 1519 1664,2785

A@54=OO 1595 1561 1548 1529 1499 1471 1444 1582,85897

$0AG5B=0O 459AB28B5;L=0O B5<?5@0BC@0, C

�59AB28B5;L=0O B5<?5@0BC@0
 0:A8<0;L=0O B5<?5@0BC@0

&5?;>B0 2=>A8<0O 2 B>?:C @5F8@:
"1J5< ?@>4C:B>2 A3>@0=8O + @5F8@:

%B5?5=L @8F8@:C;OF88
&5?;>B0 2=>A8<0O 2 B>?:C 2>74CE><
#8@><5B@8G5A:89 :>MD 25@E=53> O@CA0
#8@><5B@8G5A:89 :>MD. =86=53> O@CA0
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$8AC=>: 3.5 – �;3>@8B< MB0?0 =0G0;L=>9 =0AB@>9:8 
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3.2. #@54AB02;5=85 DC=:F8>=0;L=>AB8  

@50;87>20==>3> ?@>3@0<<=>3> :><?;5:A0  

 

#@>F5AA @01>BK A :><?;5:A>< ?@>3@0<< A>AB>8B 87 =5A:>;L:8E MB0?>2.  

!0 ?5@2>< MB0?5 8AA;54>20B5;L 70?>;=O5B B01;8FC 8AE>4=KE 40==KE 

2KG8A;8B5;L=>3> M:A?5@8<5=B0 ?> 0:BC0;L=K< @568<=K< :0@B0< 

M=5@35B8G5A:>3> >1>@C4>20=8O 8 ?@5420@8B5;L=> @0AAG8B0==K< 40==K<, B0:65 

>ACI5AB2;O5BAO B5E=8G5A:0O =0AB@>9:0 (@8AC=>: 3.8), 70 AG5B @50;870F88 

:>B>@>9 8<55BAO 2>7<>6=>ABL >F5=:8 MB0?=>AB8 2K?>;=5=8O 3@C??K 

M:A?5@8<5=B>2 A ?@>2545=85< 8E ?5@28G=>9 A25@:8. #@8 B5E=8G5A:>9 =0AB@>9:5 

>ACI5AB2;O5BAO ?>41>@ H01;>==KE 8A?>;=ONI8E D09;>2 ?0:5B=KE 

?@>3@0<<=KE ?@>4C:B>2 STAR-CCM+, �><?0A-3D 2 :><?;5:A ?@>3@0<< 

(ComplexCore.java).  

 

 

$8AC=>: 3.8 – ":=0 B5E=8G5A:>9 =0AB@>9:8 :><?;5:A0 ?@>3@0<< 

 

�;O ?@>AB>BK =0AB@>9:8 8 ?@>2545=8O 2KG8A;8B5;L=>3> M:A?5@8<5=B0 

:><?;5:A 8<55B B01;8FC 8AE>4=KE 40==KE, 87 :>B>@>9 8AE>4=K5 40==K5 

?>ABC?0NB 2 8A?>;=8B5;L=K9 D09; ?@>3@0<<=KE ?@>4C:B>2. #>A;5 2K1>@0 

8A?>;=ONI8E D09;>2 ?0:5B=KE ?@>3@0<<=KE ?@>4C:B>2 2 :0B0;>35 -�  
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?>;L7>20B5;O 2K18@05BAO @0A?>;>65=85 ?@>5:B0, 2K?>;=O5BAO 22>4 =0720=8O 

?@>5:B0 ?> @5H5=8N 7040G8. 

"4=8 87 >A=>2=KE :><0=4 AF5=0@8O @50;87>20==>3> :>40 :><?;5:A0 

?@>3@0<<: 

− <StarDir> – A8AB5<=K9 ?CBL : 8A?>;=O5<><C D09;C STAR-CCM+; 

− <CompasDir> – A8AB5<=K9 ?CBL : 8A?>;=O5<><C D09;C �><?0A-3D; 

− <GeometryDir> – A8AB5<=K9 ?CBL : :0B0;>3C A 8AE>4=>9 35><5B@859; 

− <GeometryPy> – =0720=85 D09;0 A:@8?B0 Python 4;O 87<5=5=8O 
35><5B@88; 

− <CoreStar> – =0720=85 8A?>;=O5<>3> D09;0 ?@>3@0<<=>3> :><?;5:A0 
=0 O7K:5 Java; 

− <OutDir> – A8AB5<=K9 ?CBL :0B0;>30 4;O A>E@0=5=8O @57C;LB0B>2 
<>45;8@>20=8O. 

"A=>2=K< 0;3>@8B<>< @01>BK :><?;5:A0 ?@>3@0<< O2;O5BAO ?@>F54C@0, 
:>B>@0O ?@8 ?5@540G5 40==KE 2 H01;>==K5 8A?>;=ONI85 D09;K ?0:5B=KE 
?@>3@0<<=KE ?@>4C:B>2 STAR-CCM+, �><?0A-3D B0:65 >B;02;8205B >H81:8 =0 
@07;8G=KE MB0?0E 2KG8A;8B5;L=>3> M:A?5@8<5=B0, B0:85 :0:: =5A>3;0A>20==>ABL 
M;5<5=B>2 B@5E<5@=>3> 87>1@065=8O >1J5:B0 M:A?5@8<5=B0, =5A>3;0A>20==>ABL 
M;5<5=B>2 @0AG5B=>9 A5B:8, =5A>3;0A>20==>ABL 8AE>4=KE 40==KE A:>@>AB59 
?>B>:>2 2 >1J5:B5 M:A?5@8<5=B0 8 B.?.  

#>A;5 D>@<8@>20=8O G0AB59 >:>==>3> 8=B5@D59A0 A;54C5B MB0? 
?>AB@>5=8O 35><5B@88 <>45;8@C5<>3> >1J5:B0. !0 40==>< MB0?5 ?@>F54C@>9 87 
B01;8FK 8AE>4=KE 40==KE 7040NBAO 35><5B@8G5A:85 ?0@0<5B@K: C3>; =0:;>=0 
;>?0B>: 70:@CG820NI53> 0??0@0B0 ?5@28G=>3> 8 2B>@8G=>3> 2>74CE0, :>;8G5AB2> 
;>?0B>: 70:@CG820NI53> 0??0@0B0, 480<5B@K 2E>40/2KE>40 8 B.?.  

%>740==>5 35><5B@8G5A:>5 B5;> 2 2KG8A;8B5;L=>< <>4C;5 �><?0A-3D 

M:A?>@B8@C5BAO, 2 2KG8A;8B5;L=K9 <>4C;L 3D-CAD Models ?@>3@0<<=>3> 
?0:5B0 STAR-CCM+ A ?>A;54CNI59 >1@01>B:>9 8 A>740=85< F8;8=4@8G5A:8E 
7>= (@8AC=>: 3.9). �KH5C:070==K5 459AB28O O2;ONBAO :;NG52K<8 4;O 
?>AB@>5=8O @0AG5B=>9 A5B:8 2 <>4C;5 «Automated Mesh» 8 7040=8O 3@0=8G=KE 
CA;>289 <>4C;O 70?CA:0 7040G8 (@8AC=>: 3.10).  
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$8AC=>: 3.9 – �=B5@D59A A>740=8O F8;8=4@8G5A:8E 7>=  
2 <>4C;5 3D-CAD Models (Cylinder; Cylinder 2) 

 

  

0) 1) 

 

$8AC=>: 3.10 – �=B5@D59A 7040=8O 35><5B@8G5A:8E ?0@0<5B@>2 3D-<>45;8  
<>4C;O A>740=8O 35><5B@88 (0) 8 55 M:A?>@B0 8 =04AB@>9:8  
2 <>4C;5 3D-CAD Models <>4C;O 70?CA:0 7040G8 (1) 

 

#>A;5 D>@<8@>20=8O M;5<5=B>2 3D-<>45;8 3>@5;>G=>3> CAB@>9AB20 8 

:0<5@K A3>@0=8O A F8;8=4@8G5A:8<8 7>=0<8 845B 02B><0B8G5A:>5 =0;>65=85 

@0AG5B=>9 A5B:8, >B;8G0NI55AO ?>7>==K< 87<5;LG5=85< A0<>9 A5B:8 ?> 

F8;8=4@8G5A:8< 7>=0< (@8AC=:8 3.11, 3.12) >B=>A8B5;L=> 107>2>3> @07<5@0: 

− =081>;55 3CAB0O A5B:0 ?@8<5=O5BAO 4;O 3>@5;>G=>3> CAB@>9AB20 2 <5AB5 

2KE>40 8 A<5I5=8O ?>B>:>2; 



81 

 

− A@54=OO ?> 3CAB>B5 A5B:0 – 2 >A5A8<<5B@8G=>< =0?@02;5=88 2 7>=5 

@0728B8O ?;0<5=8 A <0:A8<0;L=K<8 B5<?5@0BC@0<8; 

− =08<5=55 3CAB0O A5B:0 – >AB02H55AO ?@>AB@0=AB2> B>?>G=>3> 

CAB@>9AB20/:0<5@K A3>@0=8O. 

 

 

$8AC=>: 3.11 – �=B5@D59A =0AB@>9:8 ?@>F5AA0 =0;>65=8O A5B:8  
=0 ?@>5:B8@C5<K9 M;5<5=B 2 ?@>3@0<<=>< :><?;5:A5 

 

 

 

$8AC=>: 3.12 – �=B5@D59A =0AB@>9:8 @0AG5B=>9 A5B:8  
F8;8=4@8G5A:8E 7>= (Cylinder; Cylinder 2) 
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� ?@>3@0<<=>< :><?;5:A5 STAR-CCM+ 2 <>4C;5 ?>AB@>5=8O 35><5B@88 

«Automated Mesh» ?>AB@>5=85 @0AG5B=>9 A5B:8 ?@>872>48BAO A ?><>ILN O7K:0 

?@>3@0<<8@>20=8O Java. 

%;54CNI8< MB0?>< ?>A;5 A>740=8O @0AG5B=>9 A5B:8 845B MB0? 

D>@<8@>20=8O =0G0;L=KE 8 3@0=8G=KE CA;>289, 2K1>@0 <>45;59 3>@5=8O 8 

?@8<5=O5<KE 2 2KG8A;8B5;L=>< M:A?5@8<5=B5 C@02=5=89, 2 B>< G8A;5 

E8<8G5A:8E @50:F89 8 B.?. (@8AC=>: 3.13).  

 

 

$8AC=>: 3.13 – �=B5@D59A =0AB@>9:8 M;5<5=B>2 @0AG5B=>9 <>45;8  
2 ?@>3@0<<=>< :><?;5:A5 

 

' 8AA;54>20B5;O =5B =5>1E>48<>AB8 ?>2B>@=>3> 2=5A5=8O G8A;5==KE 

7=0G5=89 3@0=8G=KE CA;>289 (@8AC=>: 3.14), ?>A:>;L:C >=8 15@CBAO ?> 40==K< 

B01;8FK 8AE>4=KE 40==KE 2KG8A;8B5;L=>3> M:A?5@8<5=B0. �KG8A;8B5;L=K9 

1;>: D>@<8@C5BAO 3>B>2K< :>4>< 2 STAR-CCM+, 8 =5 B@51C5BAO 70E>48BL  

2 ?@>3@0<<=K9 ?0:5B, GB> A8;L=> C?@>I05B @01>BC.  
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' 8AA;54>20B5;O 5ABL 2>7<>6=>ABL 4>?>;=8B5;L=>9 =0AB@>9:8 ?@>5:B0  

2@CG=CN A ?>A;54CNI8< A>E@0=5=85< 2=5A5==KE 87<5=5=89. #@>3@0<<=0O 

A@540 ?@>AG8BK205B MB0?K <>4C;O @5H5=8O 7040G8 C65 8AE>4O 87 ?>A;54=59 

@540:F88 ?0@0<5B@>2. 

 

 

$8AC=>: 3.14 – �=B5@D59A 4;O =0AB@>9:8 3@0=8G=KE CA;>289  
2 ?@>3@0<<=>< :><?;5:A5 

 

 >4C;L >1@01>B:8 @57C;LB0B>2 @5H5=89, ?>;CG82 C254><;5==85 >1 
8A?>;=5=88 ?@>F5AA0 <>4C;5< 70?CA:0 7040G8, C65 A>E@0=5==K< <>4C;5< 
«#0<OBL», ?@8ABC?05B : A;54CNI5<C MB0?C 2KG8A;8B5;L=>3> :A?5@8<5=B0 
(@8AC=>: 3.15).  

!0 40==>< MB0?5 845B D>@<8@>20=85 4>?>;=8B5;L=KE 35><5B@8G5A:8E 
>1J5:B>2, B0:8E :0: ;8=88, ?;0=K 4;O >B>1@065=8O @57C;LB0B>2 2K?>;=5==>3> 
@5H5=8O 7040G8 =0 ?@54K4CI5< MB0?5 @01>BK ?@>3@0<<=>3> :><?;5:A0. 
�0?CA:05BAO ?@>F5AA D>@<8@>20=8O 3@0D8G5A:>3> >B>1@065=8O A:0;O@=KE 
25;8G8= (B5<?5@0BC@0, <0AA>2>5 A>45@60=85 NOx, <0AA>2>5 A>45@60=85 CO 8 
CO2 8 B.?.) A ?>A;54CNI59 B01C;OF859 40==KE ?> AD>@<8@>20==K< 
4>?>;=8B5;L=K< =0 40==>< MB0?5 35><5B@8G5A:8< >1J5:B0< 2 D>@<0B *.Asv. �A5 
A:0;O@=K5 25;8G8=K 8<5NB AB@>3CN ?@82O7:C : :>>@48=0B0<, GB> ?>72>;O5B 
?@>2>48BL 8E A@02=8B5;L=K9 0=0;87 8 AD>@<8@>20BL 8B>3>2CN B01;8FC 
@57C;LB0B>2.  
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#>;CG5==K5 2 E>45 ?@>2545=8O 2KG8;8B5;L=>3> M:A?5@5<5=B0 (?@8 

?><>I8 @07@01>B0==>3> ?@>3@0<=>3> :><?;5:A0) 40==K5 A ?@82O7:>9 =5 B>;L:> 

: >?@545;;5==K< :>>@48=0B0<, => 8 =0G0;L=K< 8 3@0=8G=K< CA;>28O<, 

D>@<8@CNBAO 2 8B>3>2CN B01;8FC M:A?5@8<5=B0. �0==0O B01;8F0 M:A?5@8<5=B0 

(8 55 3@0D8G5A:>5 >B>1@065=85 ?0@0<5B@>2) ?>72>;O5B ?@>25AB8 8AA;54>20=85 ?> 

2KO2;5=8N 70:>=><5@=>AB59 =87:>M<8AA8>==>3> 3>@5=8O <5B0=>-2>74CH=>9 

A<5A8 :0: A CG5B>< 8=8F88@C5<KE 2>7459AB289, B0: 8 157 =8E.  

 

 

$8AC=>: 3.15 – �=B5@D59A <>4C;O >1@01>B:8 @57C;LB0B>2 @5H5=89 A B01C;OF859 
@57C;LB0B>2 2KG8A;8B5;L=>3> M:A?5@8<5=B0 4;O ?>A;54CNI59 35=5@0F88 8B>3>2>3> 
>BG5B0 @57C;LB0B>2 2KG8A;8B5;L=>3> M:A?5@8<5=B0 2 ?@>3@0<<=>< :><?;5:A5 

 

� 40;L=59H5< B01;8F0 M:A?5@8<5=B>2 <>65B 1KBL ?@54AB02;5=0 2 :0G5AB25 

2K1>@:8 M:A?5@8<5=B0 4;O ?>A;54CNI53> ?@>3=>78@>20=8O @01>B>A?>A>1=>AB8 

3>@5;>G=>3> CAB@>9AB20 [135, 139, 140] 2 B5E=>;>388 <0H8==>3> >1CG5=8O.  

� 40==>< A;CG05 ?>4 @01>B>A?>1=>ABLN ?>4@07C<5205BAO 3>@5=85 <5B0=>-

2>74CH=>9 A<5A8 A >15A?5G5=85< M:>;>38G5A:8 =87:>M<8AA8>==>3> A6830=8O 

B>?;820 A 4>AB83=CB>9 =082KAH59 MDD5:B82=>ABLN 8A?>;L7>20=8O B>?;820. 

%8AB5<0 8A:CAAB25==>3> 8=B5;5:B0 B0:65 8<55B 2>7<>6=>ABL >1CG5=8O ?@8 
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>?@545;5=88 @01>B>A?>A>1=>AB8 3>@5;>G=>3> CAB@>9AB20 =0 ?@8<5@0E 87 

8B>3>2>9 B01;8FK M:A?5@8<5=B0. � E>45 M:A?5@8<5=B>2 8<5NBAO 40==K5 A5@88  

A =08EC4H8<8 M:>;>38G5A:8<8 ?>:070B5;O<8 8 =08<5=LH59 MDD5:B82=>ABLN 

8A?>;L7>20=8O B>?;820 [127, 140]. 

 

 

"A=>2=K5 @57C;LB0BK 8 2K2>4K  
?> 3;025 3 

 

1. $07@01>B0= 0;3>@8B< G8A;5==>3> 8AA;54>20=8O 70:>=><5@=>AB59 

=87:>M<8AA8>==>3> 3>@5=8O <5B0=>-2>74CH=>9 A<5A8, O2;ONI89AO >A=>2>9 

2708<>459AB28O 02B>=><=KE <>4C;59 :><?;5:A0 ?@>3@0<<, >B;8G0NI89AO 

02B><0B8G5A:8< ?0@0<5B@8G5A:8< <>45;8@>20=85< 307><07CB=>9 3>@5;:8, GB> 

?>72>;O5B C?@>AB8BL @01>BC A 8=B5@D59A>< ?@8:;04=KE ?@>3@0<< B@5E<5@=>3> 

?@>5:B8@>20=8O 8 ?@8:;04=KE ?@>3@0<< 4;O <>45;8@>20=8O.  

2. !0 >A=>25 @07@01>B0==KE 0;3>@8B<>2 @07@01>B0= :><?;5:A ?@>3@0<< 

4;O ?@>2545=8O :><?;5:A=KE 8AA;54>20=89, 2KG8A;8B5;L=>3> M:A?5@8<5=B0, 

>B@01>B:8 B5E=8G5A:8E @5H5=89 4;O CAB>9G82>3> =87:>M<8AA8>==>3> 3>@5=8O 

?5@5<5H0==>9 BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8 A CG5B>< 8=8F88@C5<KE 

2>7459AB289 (%2845B5;LAB2> > 3>AC40@AB25==>9 @538AB@0F88 ?@>3@0<<K 4;O 

-� , $>AA89A:0O (545@0F8O, № 2023614041).  
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�;020 4 
'�%��!!"� �%%���"��!�� #$"&�%%� "�$��"��!�/ 
- �%%�� "�%��"� ��"&� � �� �$� %�"$�!�/  
&"#"'!"�" '%&$"�%&�� % #$� �!�!��   
$��$��"&�!!"�" �" #���%� #$"�$�   

 

'G8BK20O ;8B5@0BC@=K9 >17>@ 8 7040G8, ?>AB02;5==K5 2 48AA5@B0F8>==>< 

8AA;54>20=88, ?@82545==K5 2 3;025 1, @07@01>B:0 =>2KE B5E=>;>389 A=865=8O 

M<8AA88 >:A84>2 07>B0 ?@8 ?@>872>4AB25 M=5@388 <>65B 1KBL >A=>20=0 =0 =>2KE 

@57C;LB0B0E 2 >1;0AB8 <0B5<0B8G5A:>3> <>45;8@>20=8O 3>@5=8O ?@5420@8B5;L=> 

?5@5<5H0==>9 BC@1C;5=B=>9 <5B0=>-2>74CH=>9 A<5A8 A ?@8<5=5=85< 

@07@01>B0==>3> :><?;5:A0 ?@>3@0<< [138].  

$50;870F8O ?@8@>4>>E@0==KE <5@>?@8OB89 =0 ?0@>2KE :>B;0E, 22545==KE 

2 M:A?;C0B0F8N 4> 30 ;5B =0704, 2 :>B>@KE @50;870F8O 40==KE <5@>?@8OB89 =5 

?@54CA<>B@5=0, B@51C5B 2K?>;=5=8O B5?;>2KE @0AG5B>2 :>B;0 :0:  

2 ACI5AB2CNI8E CA;>28O M:A?;C0B0F88, B0: 8 2 ?@54;0305<KE @568<0E. &0:,  

2 @01>B5 [103] 4;O :>B;0 �-320-13.8-560�  CAB0=>2;5=>, GB> @50;870F8O 42CE-

ABC?5=G0B>3> A6830=8O 8 >@30=870F8O @5F8@:C;OF88 4K<>2KE 307>2 >:07K205B 

2;8O=85: =0 @01>BC :>B;0 =0 =><8=0;L=>9 =03@C7:5; =0 B5<?5@0BC@C ?0@0 

?@>5:B=>3> @568<0; =0 87<5=5=85 B5<?5@0BC@=KE =0?>@>2 2 :>=25:B82=KE 

ABC?5=OE =03@520 8 H8@<0E ?0@>?5@53@520B5;O; =0 87<5=5=85 A:>@>AB8 

?@>4C:B>2 A3>@0=8O; =0 25;8G8=C ?>445@68205<>3> C@>2=O 871KB:0 2>74CE0  

2 B>?:5. 

 

 

4.1. 'A;>28O ?@>2545=8O 2KG8A;8B5;L=>3> M:A?5@8<5=B0 

 

!0 @>AA89A:8E B5?;>2KE M;5:B@>AB0=F8OE >4=>9 87 H8@>:> 

@0A?@>AB@0=5==KE O2;O5BAO <>45;L ?0@>2>3> :>B;0 &� �-464, :>=AB@C:F8O 

:>B>@>3> @07@01>B0=0 2 60-5 3>4K XX 2., ?@>872>4AB2> &030=@>3A:>3> :>B5;L=>3> 
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702>40 «�@0A=K9 :>B5;LI8:», 8 22545=0 2 M:A?;C0B0F8N ?> #@82>;6A:><C 

D545@0;L=><C >:@C3C $( =0 !>2>G51>:A0@A:>9 &-*-3, +51>:A0@A:>9 &-*-2, 

';LO=>2A:>9 &-*-1, #5=75=A:>9 &-*-1, %0@0=A:>9 &-*-2, %0@0B>2A:>9  

&-*-5, %0:<0@A:>9 &-*, %K7@0=A:>9 &-* 8 %0<0@A:>9 &-*. �0==0O <>45;L 

?0@>2>3> :>B;0 ?@8=OB0 2 :0G5AB25 @5?@575=B0B82=>3> ?@>B>B8?0 4;O 

<>45;8@>20=8O ?@>F5AA0 3>@5=8O A ?@8<5=5=85< @07@01>B0==>3> :><?;5:A0 

?@>3@0<<. � :0G5AB25 >A=>2=>3> B>?;820 40==>3> B8?0 ?0@>2KE :>B;>2 

?@8<5=O5BAO ?@8@>4=K9 307, 0 @575@2=K< B>?;82>< O2;O5BAO <07CB  

 -100. %>AB02 A68305<>3> 3070 ?@82545= 2 B01;8F5 4.1. 

 

&01;8F0 4.1 – %>AB02 A68305<>3> 3070  

�><?>=5=B 
%68305<>3> 3070 CH4 C2H6 C3H8 C4H10 %"2 N #@>G85 

#>:070B5;L, % 94,82 2,53 0,7 0,093 0,146 1,52 0,191 

 

!5>1E>48<> >B<5B8BL, GB> @5F8@:C;OF8O 4K<>2KE 307>2 2 :>B;0E, 

@01>B0NI8E ?>4 =044C2><, =5 >:07K205B 2;8O=8O =0 871KB>: 2>74CE0, B0: :0: 

:>;8G5AB2> 2>74CE0, ?>40205<>3> =0 1 :3 B>?;820, =5 87<5=O5BAO, 2 >B;8G85 >B 

?0@>2KE :>B;>2 A C@02=>25H5==>9 BO3>9 [116].  

#0@>2>9 307>?;>B=K9 :>B5; &� �-464 A?@>5:B8@>20= 4;O A6830=8O 

?@8@>4=>3> 3070 8 <07CB=>3> B>?;820, 8<55B >48= 10@010= 8 #->1@07=CN 

:><?>=>2:C. #0@>?5@53@520B5;L 2K?>;=5= 42CE?>B>G=K< 2 H8@<>2K9 

?0@>?5@53@520B5;L; G5BK@5 ABC?5=8 ?0@>?5@53@520B5;O. � 25@E=59 G0AB8 B>?:8 

?>425H5=K 2 >48= @O4 25@B8:0;L=K5 H8@<K 87 U->1@07=KE 7<5528:>2. 

#>B>;>G=K9 ?0@>?5@53@520B5;L @0A?>;>65= =04 B>?>G=>9 :0<5@>9, ?5@5E>4=K< 

307>E>4>< 8 :>=25:B82=>9 H0EB>9. � B@0:B ?0@>?5@53@520B5;O 2:;NG5=K ?0=5;8 

>3@0645=89 ?5@5E>4=>3> 307>E>40 8 :>=25:B82=>9 H0EBK. �;O @53C;8@>20=8O 

B5<?5@0BC@K ?0@0 8 70I8BK ?>25@E=>AB59 =03@520 =0 :>B;>03@530B5 CAB0=>2;5=K 

B@8 ABC?5=8 2?@KA:0 A>1AB25==>3> :>=45=A0B0, A>AB>OI8E 87 H5AB8 

:>=45=A0B=KE CAB0=>2>:. "A=>2=K5 B5E=8G5A:85 E0@0:B5@8AB8:8 03@530B0 

?@82545=K 2 B01;8F5 4.2.  



88 

 

 

&01;8F0 4.2 – &5E=8G5A:85 E0@0:B5@8AB8:8 :>B;0 &� �-464 

!08<5=>20=85 �4. 87<. �=0G5=85 

!><8=0;L=0O ?@>872>48B5;L=>ABL B/G (�:0;/G) 500 (300) 

$01>G55 402;5=85 2 10@010=5 0B8 162 

$01>G55 402;5=85 =0 2KE>45 87 :>B;0 0B8 140 

&5<?5@0BC@0 ?5@53@5B>3> ?0@0 °% 560 

&5<?5@0BC@0 ?8B0B5;L=>9 2>4K °% 230 

$07<5@K B>?>G=>9 :0<5@K << 7680∙13520 

�>4O=>9 >1J5< :>B;0 <3 86 

#0@>2>9 >1J5< :>B;0 <3 95 

"1J5< B>?>G=>9 :0<5@K <3 1610 

 

�0==K9 B8? ?0@>2>3> :>B;0 >A=0I5= 2>A5<LN 3>@5;:0<8 B8?0 � '-45, 

A?>A>1=K<8 : @0745;L=><C 8 A>2<5AB=><C A6830=8N ?@8@>4=>3> 3070 8 

<07CB=>3> B>?;820. �>@5;>G=K5 CAB@>9AB20 =><8=0;L=>9 ?@>872>48B5;L=>ABLN 

4500 =<3/G (45  �B) CAB0=>2;5=K 2 420 O@CA0 =0 >B<5B:0E 6,15 8 8,75 <. 

�;O 1>;55 :0G5AB25==>3> A<5H5=8O B>?;82>-2>74CH=>9 A<5A8 3>@5;>G=>5 

CAB@>9AB2> � '-45 8<55B 420 :0=0;0 4;O ?>40G8 2>74CE0 2 7>=C 3>@5=8O, 

:>B>@K5 >A=0I5=K 70:@CG820NI8<8 0??0@0B0<8 (@8AC=>: 4.1): >A52K< 8 

B0=35=F80;L=K<.  

�;O 1>;55 :0G5AB25==>3> @0A?K;0 B>?;820 2 CAB@>9AB25 ?@54CA<>B@5=0 

F5=B@0;L=0O ?>40G0 B>?;820. %> AB>@>=K B>?>G=>3> ?@>AB@0=AB20 (7>=0 

0<1@07C@K) 307>2K9 :>;;5:B>@ ?@54AB02;O5B A>1>9 C:>@>G5==K9 :>=CA,  

2 :>B>@>< 8<5NBAO 420 @O40 >B25@AB89. 

�>B;>03@530B &� �-464 >1>@C4>20= 4CBL52K< 25=B8;OB>@>< B8?0 ��!-

25E2-1, ?@54=07=0G5==K< 4;O ?>40G8 2>74CE0 2 B>?:C. �01>@ 2>74CE0 
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25=B8;OB>@>< >ACI5AB2;O5BAO 87 25@E=59 G0AB8 :>B5;L=>3> >B45;5=8O 8;8  

A C;8FK.  

�;O @53C;8@>20=8O B5<?5@0BC@K ?5@53@5B>3> ?0@0 8 A F5;LN C<5=LH5=8O 

2@54=KE 2K1@>A>2 2 0B<>AD5@C =0 :>B;5 ?@54CA<>B@5=0 @5F8@:C;OF8O 4K<>2KE 

307>2. $5F8@:C;OF8O 4K<>2KE 307>2 >ACI5AB2;O5BAO 4K<>A>A>< ��–20/500'. 

�K<>2K5 307K >B18@0NBAO ?>A;5 M:>=><0975@0 8 ?>40NBAO 2 2>74CE>2>4 

3>@OG53> 2>74CE0 ?>A;5 @535=5@0B82=>3> 2>74CE>?>4>3@520B5;O.  0:A8<0;L=> 

4>?CAB8<0O B5<?5@0BC@0 307>2 ?5@54 4K<>A>A>< 400 °% ?@8 @01>G59 B5<?5@0BC@5 

307>2 300 °%. 

 

           

$8AC=>: 4.1 – -:A?;C0B8@C5<>5 3>@5;>G=>5 CAB@>9AB2>: 
 0 – >B25@AB8O 4;O 2KE>40 3070;  

1 – 2=CB@5==89 :0=0; 2KE>40 2>74CH=>9 A<5A8; 
2 – ?5@8D5@89=K9 :0=0; 2KE>40 2>74CH=>9 A<5A8; 

 3 – :0=0; 4;O 2KE>40 B>?>G=>3> <07CB0;  
4 – ;>?0B:8 >A52>3> 70:@CG820NI53> 0??0@0B0 
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"3@0=8G5==>ABL ?@8<5=5=8O @5F8@:C;OF88 4K<>2KE 307>2 A2O70=0  

A> A=865=85< M:>=><8G5A:8E ?>:070B5;59 :>B;0. �#� :>B;0 A=8605BAO =0  

0,01–0,03 % =0 :064K9 1 % AB5?5=8 @5F8@:C;OF88. %=865=85 �#� :>B;0 

?>OA=O5BAO @>AB>< ?>B5@L B5?;0 A ?@>4C:B0<8 A3>@0=8O B>?;820 87-70 

?>2KH5=8O B5<?5@0BC@K CE>4OI8E 307>2, ?><8<> @>AB0 ?>B5@L B5?;0 

C25;8G820NBAO 70B@0BK =0 ?5@5:0G:C ?@>4C:B>2 A3>@0=8O B>?;820. !0 @8AC=:5 

4.2 ?@54AB02;5=> A@02=5=85 �#� ?0@>2>3> :>B;0 >B 53> =03@C7:8 ?@8 @50;870F88 

@5F8@:C;OF88 4K<>2KE 307>2 8 157 =55. 

 

  
0 1 

$8AC=>: 4.2 – �028A8<>ABL AB5?5=8 ?>40G8 307>2 @5F8@:C;OF88 4;O ?0@>2>3> :>B;0 
&� �-464 (0). "AL 01AF8AA – ?0@>?@>872>48B5;L=>ABL, B/G; >AL >@48=0B – AB5?5=L 

@5F8@:C;OF88, %; 7028A8<>ABL �#� ?0@>2>3> :>B;0 >B 53> =03@C7:8 (1):  
:@0A=0O ?@O<0O – A >@30=870F859 @5F8@:C;OF88 4K<>2KE 307>2,  
G5@=0O ?@O<0O – 157 @5F8@:C;OF88 4K<>2KE 07>2. "AL 01AF8AA – 

?0@>?@>872>48B5;L=>ABL, B/G; >AL >@48=0B – �#�, % 

 

#> 40==K< @568<=KE :0@B (@8AC=>: 4.3), AD>@<8@>20==KE ?> @57C;LB0B0< 

?@>2545==KE 8A?KB0=89 :>B;0 =0 @07;8G=KE =03@C7:0E, ?@8ACBAB2C5B 

?5@8>48G5A:>5 ?@52KH5=85 :>=F5=B@0F88 NOx [9, 10].  
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$8AC=>: 4.3 – �028A8<>ABL 2K1@>A>2 NOx =0 ?0@>2>< :>B;5 &� �-464  

?> 40==K< @568<=KE :0@B 459AB2CNI8E :>B;>2 [124] 

 

�0==K9 B8? ?0@>2>3> :>B;0 8<55B @O4 E0@0:B5@=KE >B;8G8B5;L=KE 

>A>15==>AB59, :>B>@K5 >:07K20NB >A>1>5 2;8O=85 =0 ?@52KH5=85 :>=F5=B@0F88 

NOx =04 =>@<0B82>< C45;L=KE 2K1@>A>2 2 0B<>AD5@C: 

− 'AB0=>2;5==K9 B5?;>87>;8@>20==K9 ?>4, 2E>4OI89 2 @0AG5B=CN 7>=C 
0:B82=>3> 3>@5=8O, 25@E=OO 8 =86=OO 3@0=8FK :>B>@>9 4;O M=5@38G5A:8E :>B;>2 
A D@>=B0;L=K< @0A?>;>65=85< 3>@5;>:, >?@545;O5BAO 2K@065=85< 1,5 + /яD 

[106]. � @01>B5 [107] ?@>0=0;878@>20=K CA;>28O @01>BK B@C1 A;01>=0:;>==>3> 
?>4>2>3> M:@0=0 :>B;>2 B8?0 &� �-464 =0 %525@>428=A:>9 &-*-2. 'AB0=>2;5=0 
F5;5A>>1@07=>ABL =0;8G8O ?>4>2>3> M:@0=0 87 >3=5C?>@=>3> :8@?8G0 4;O 
8A:;NG5=8O 2>7<>6=>AB8 @0AA;>5=8O ?>B>:0, O2;ONI53>AO A;54AB285< @07@K20 
704=53> 8 1>:>2KE M:@0=>2 B@C1 40==>3> B8?0 :>B;>2.  

150

200

250

300

190 240 290 340 390 440 490

N
O

x
, 
<3
/=
<3

B/G

�K1@>A NOx

�K1@>A N"x, ?> @568<=>9 :0@B5
�8=59=0O (�K1@>A NOx)
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− $0A?@545;5=85 <0:A8<C<>2 B5?;>2KE ?>B>:>2. �. �. )>;I52K< 
?@54AB02;5=K @57C;LB0BK, ?>;CG5==K5 87<5@8B5;L=K< F8@:C;OF8>==K< 
:>=BC@>< 4;O =081>;55 ?>;=>9 :0@B8=K 25;8G8=K B5?;>2>3> ?>B>:0 ?> 704=5<C, 
D@>=B>2><C 8 1>:>2K< M:@0=0< :>B;0 &� �-464 =0 <0:A8<0;L=>9 =03@C7:5  
2 500 B/G. #@8 ?@>2545=88 M:A?5@8<5=B0 CAB0=>2;5=> =0E>645=85 <0:A8<C<0 
B5?;>2>3> ?>B>:0 4;O 40==>3> B8?0 :>B;0 =865 ?5@2>3> O@CA0 3>@5;>:, GB> 
>1JOA=O5BAO @0728B85< =86=53> D0:5;0 2 >3@0=8G5==>< >1J5<5 [108]. � @01>B0E 
[109, 110] ?@54AB02;5=K @57C;LB0BK =0BC@=KE 70<5@>2 =0 M=5@35B8G5A:8E :>B;0E 
&� -96 8 &� �-464 !86=5:0<A:>9 &-*-1. �0<5@K ?@>2>48;8AL ?> O@CA0< 
3>@5;>: =0 @07=KE 480?07>=0E ?0@>2KE =03@C7>: ?@8 A6830=88 ?@8@>4=>3> 3070 
G5@57 A<>B@>2K5 ;NG:8, =5>1E>48<K5 4;O M:A?;C0B8@CNI53> :>B;K ?5@A>=0;0. 
#@8 70<5@0E =0 :>B;5 &� �-464 CAB0=>2;5=>, GB> <0:A8<0;L=K9 B5?;>2>9 ?>B>: 
1;87 2B>@>3> O@CA0 ?@8 ?0@>2>9 =03@C7:5 2 450 B/G 4>AB8305B 25;8G8=K  
358,6 :�B/<2. 

'G8BK20O >?8A0==K5 >A>15==>AB8, >:07K20NI85 2;8O=85 =0 C25;8G5=85 
:>=F5=B@0F88 NOx, >A>1>5 2=8<0=85 =5>1E>48<> >1@0B8BL =0 2K?>;=5==CN  
2 1998 3. @5:>=AB@C:F8N 40==>3> B8?0 :>B;0 =0 &-*-5 2 3. %0@0B>25 [111]. #@8 
@5:>=AB@C:F88 40==>3> B8?0 :>B;0, 270<5= B5?;>87>;OF8>==>3> ?>40, 1K; 
A<>=B8@>20= ?>4>2K9 M:@0= 87 B@C1 A 28=B>2K< >@51@5=85< =0 2=CB@5==59 
AB>@>=5 B@C1. #@8 >F5=:5 2;8O=8O 2K?>;=5==>9 @5:>=AB@C:F88 =0 M<8AA8N NOx 

CAB0=>2;5=> A=865=85 2K1@>A>2 >:A84>2 07>B0 2 A@54=5< =0 23,7 %. 

 

 

4.2. �=0;87 3>@5=8O ?@5420@8B5;L=> ?5@5<5H0==>9 BC@1C;5=B=>9  
<5B0=>-2>74CH=>9 A<5A8 2 3>@5;>G=>< CAB@>9AB25 � '-45  

A 8A?>;L7>20=85< DC=:F8>=0;L=>AB8 @50;87>20==>3>  
?@>3@0<<=>3> :><?;5:A0 

 

� >1I59 A;>6=>AB8 ?@>2545=> 1>;55 100 @0AG5B>2 A @07=K< :>;8G5AB2>< 
A5B>G=KE M;5<5=B>2, <>45;59 3>@5=8O, :>;8G5AB2>< 8B5@0F89, :>;8G5AB2>< 
3>@5;>G=KE CAB@>9AB2, <>45;8@C5<>9 =03@C7:>9 8 @5F8@:C;OF859 4K<>2KE 
307>2. #;0= M:A?5@8<5=B>2 ?@54AB02;5= 2 B01;8F5 4.3. 
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&01;8F0 4.3 – #;0= A5@88 M:A?5@8<5=B>2  

!08<5=>20=85 �4. 87<.  �=0G5=85 
 >45;8@>20=85 60 % ?0@>2>9 =03@C7:8  

$0AE>4 <5B0=0 G5@57 >4=> 3>@5;>G=>5 CAB@>9AB2> :3/A 0,5556 

�>MDD8F85=B 871KB:0 2>74CE0 2 B>?:5  – 1,06 

&5<?5@0BC@0 3070 =0 2E>45 2 3>@5;>G=>5 CAB@>9AB2>  � 293 

&5<?5@0BC@0 2>74CE0 =0 2E>45 2 3>@5;>G=>5 CAB@>9AB2>  � 471-478 

�>;O ?>40G8 307>2 @5F8@:C;OF88  % 0,10,15,20 

%>45@60=85 :><?>=5=B0 CO2 2 2>74CH=>9 A<5A8 % 1–2 

%>45@60=85 :><?>=5=B0 H2O 2 2>74CH=>9 A<5A8 % 2,1–4,2 

 >45;8@>20=85 80 % ?0@>2>9 =03@C7:8 

$0AE>4 <5B0=0 G5@57 >4=> 3>@5;>G=>5 CAB@>9AB2> :3/A 0,7334 

�>MDD8F85=B 871KB:0 2>74CE0 2 B>?:5  – 1,02 

&5<?5@0BC@0 3070 =0 2E>45 2 3>@5;>G=>5 CAB@>9AB2>  � 293 

&5<?5@0BC@0 2>74CE0 =0 2E>45 2 3>@5;>G=>5 CAB@>9AB2>  � 477–488 

�>;O ?>40G8 307>2 @5F8@:C;OF88 % 0,5,8,10,15 

%>45@60=85 :><?>=5=B0 CO2 2 2>74CH=>9 A<5A8 % 0,5–1,5 

%>45@60=85 :><?>=5=B0 H2O 2 2>74CH=>9 A<5A8 % 1,1–3,3 

 >45;8@>20=85 95 % ?0@>2>9 =03@C7:8 

$0AE>4 <5B0=0 G5@57 >4=> 3>@5;>G=>5 CAB@>9AB2> :3/A 0,8477 

�>MDD8F85=B 871KB:0 2>74CE0 2 B>?:5  – 1,02 

&5<?5@0BC@0 3070 =0 2E>45 2 3>@5;>G=>5 CAB@>9AB2>  � 293 

&5<?5@0BC@0 2>74CE0 =0 2E>45 2 3>@5;>G=>5 CAB@>9AB2>  � 483-493 

�>;O ?>40G8 307>2 @5F8@:C;OF88 
% 

0,5,8,10 

 

!08<5=>20=85 �4. 87<.  �=0G5=85 
%>45@60=85 :><?>=5=B0 CO2 2 2>74CH=>9 A<5A8 % 0,5–1 

%>45@60=85 :><?>=5=B0 H2O 2 2>74CH=>9 A<5A8 % 1,1–2,1 
 

 

!0 ?5@2>< MB0?5 2 A@545 STAR-CCM+ 4;O ?@>2545=8O 8AA;54>20=8O 

?@>F5AA>2 3>@5=8O ?@8@>4=>3> 3070 3>@5;>G=>3> CAB@>9AB20 � '-45 2 <>4C;5 

«3D-CAD Models» (@8AC=>: 4.4) AD>@<8@>20=0 B>?>G=0O :0<5@0 A >4=>9 

3>@5;:>9 (@8AC=>: 4.5) 8 @0745;5=85< =0 F8;8=4@8G5A:85 @0AG5B=K5 7>=K 

(@8AC=>: 4.6) 4;O ?>A;54CNI53> ?>AB@>5=8O @0AG5B=>9 A5B:8 2 <>4C;5 

«Automated Mesh». �87C0;870F8O @0AG5B=>9 A5B:8 ?@54AB02;5=0 =0 @8AC=:5 4.7. 

�;O ?>;CG5=8O 045:20B=>3> @5H5=8O >A=>2>9 4;O 3D-CAD-<>45;8 3>@5;:8 

O2;O;8AL @50;L=K5 @07<5@K 8 D>@<K :>=AB@C:B82=KE M;5<5=B>2, 0 B0:65 8E 

:>;8G5AB2>. 
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$8AC=>: 4.4 – &@5E<5@=0O <>45;L 3>@5;:8 2 A@545 STAR-CCM+:  

0 – >B25@AB8O 4;O 2KE>40 3070; 1 – 2=CB@5==89 :0=0; 2KE>40 2>74CH=>9 A<5A8;  
2 – ?5@8D5@89=K9 :0=0; 2KE>40 2>74CH=>9 A<5A8;  
3 – ;>?0B:8 >A52>3> 70:@CG820NI53> 0??0@0B0 

 

 

 

$8AC=>: 4.5 – &@5E<5@=0O <>45;L B>?>G=>9 :0<5@K A >4=8< 3>@5;>G=K< 
CAB@>9AB2><: 4;8=0 10 <, H8@8=0 8 <, 2KA>B0 8 <, 2 ?>;=>9 <5@5  

>E20BK20NI59 @0AG5B=CN 7>=C 0:B82=>3> 3>@5=8O [106] 
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$8AC=>: 4.6 – $0A?@545;5=85 F8;8=4@8G5A:8E @0AG5B=KE 7>=  
2 A<>45;8@>20==>9 :0<5@5 A3>@0=8O: Cylinder 1 – 7>=0 3>@5;>G=>3> CAB@>9AB20,  

Cylinder 2 – 7>=0 =081>;55 2KA>:8E A:>@>AB59 8 B5<?5@0BC@  
 

!0 2B>@>< MB0?5 ?@>2>48;>AL 8AA;54>20=85 ?> 2K1>@C =5>1E>48<>3> 
:>;8G5AB20 M;5<5=B>2 A5B:8 =0 >A=>25 B5AB>2KE @0AG5B>2 <5B0=>-2>74CH=>9 
A<5A8. !0 @8AC=:0E 4.8, 4.9 ?>:070=K @57C;LB0BK G8A;5==>3> @0AG5B0 
?@54AB02;5==KE 2KH5 B>?>G=>9 :0<5@K 8 3>@5;>G=>3> CAB@>9AB20 (T = 477 K,  

α = 1,02, Q = 3936 3070 2 G0A), 4;O ?@>2545=8O 8AA;54>20=8O ?> 2K1>@C 
=5>1E>48<>3> :>;8G5AB20 M;5<5=B>2 A5B:8 =0 >A=>25 B5AB>2KE @0AG5B>2 <5B0=>-
2>74CH=>9 A<5A8. 

  

$8AC=>: 4.7 – �87C0;870F8O @0AG5B=>9 A5B:8 2 <>4C;5 «Automated Mesh» 
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!0 @8AC=:0E 4.8, 4.9 ?@8 «107>2><» @07<5@5 0,4 < :>;8G5AB2> M;5<5=B>2 

@0AG5B=>9 A5B:8 A>AB028;> 5 192 600 54.; ?@8 «107>2><» @07<5@5 0,5 < – 2 787 464 

54.; ?@8 «107>2><» @07<5@5 0,75 < – 951 840 54.; ?@8 «107>2><» @07<5@5 1,0 < – 

456 125 54.  

�0: 284=> 87 @8AC=:>2 4.8, 4.9, A C25;8G5=85< 107>2>3> @07<5@0 A5B:8 

2>7@0AB05B ?>3@5H=>ABL 2KG8A;5=89. &0:, ?@>D8;L B5<?5@0BC@K ?@8 «107>2KE» 

@07<5@0E 1,0 8 0,75 8<5NB 1>;LHCN ?>3@5H=>ABL A5B:8, :>B>@0O >:07K205B 

2;8O=85 =0 ?@>D8;L B5<?5@0BC@K. #@8 <5=LH5< 107>2>< @07<5@5 845B 

CB>G=5=85 AB@C:BC@K ?>B>:0 2 >1;0AB8 70 3>@5;>G=K< CAB@>9AB2><. 

�>?>;=8B5;L=> =5>1E>48<> >1@0B8BL 2=8<0=85 =0 70B@0G5==K9 <0H8=>@5AC@A 

?@8 @0AG5B5 =0 -� . &0:, 4;O «107>2>3>» @07<5@0 0,5 < 1K;> 70B@0G5=> 28 G 

2@5<5=8 =0 10 BKA. 8B5@0F89 4;O @0AG5B0 :0<5@K A3>@0=8O B>;L:> A >4=8< 

:><18=8@>20==K< 3>@5;>G=K< CAB@>9AB2><. � MB>9 A2O78 4;O 40;L=59H8E 

@0AG5B>2 <K 8A?>;L7C5< A5B:C «107>2>3>» @07<5@0 0,5 < A :>;8G5AB2>< 

M;5<5=B>2 2 787 464.  

 

 

$8AC=>: 4.8 – #@>D8;L B5<?5@0BC@K ?@8 B5AB>2KE @0AG5B0E A6830=8O <5B0=>-
2>74CH=>9 A<5A8 ?@8 «107>2><» @07<5@5 M;5<5=B0 @0AG5B=>9 A5B:8 0,4–1,0 <.  
"AL 01AF8AA – 4;8=0 B>?>G=>9 :0<5@K, <; >AL >@48=0B – B5<?5@0BC@0, � 
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$8AC=>: 4.9 – #@>D8;L NOx ?@8 B5AB>2KE @0AG5B0E A6830=8O <5B0=>-2>74CH=>9 
A<5A8 ?@8 «107>2><» @07<5@5 M;5<5=B0 @0AG5B=>9 A5B:8 0,4–1,0 <. 

"AL 01AF8AA – 4;8=0 B>?>G=>9 :0<5@K, <; >AL >@48=0B – <0AA>2>5 A>45@60=85 NOx  

 

!0 B@5BL5< MB0?5 ?@>2>48;>AL B5AB>2>5 8AA;54>20=85 ?> 2K1>@C <>45;8 
4;O ?@>2545=8O G8A;5==>3> M:A?5@8<5=B0. � <C;LB848AF8?;8=0@=>9 ?;0BD>@<5 
STAR-CCM+ 8<55BAO H8@>:89 A?5:B@ B0:8E 8=AB@C<5=B>2 4;O <>45;8@>20=8O 
?@5420@8B5;L=> ?5@5<5H0==>9 <5B0=>-2>74CH=>9 A<5A8. % 87<5=5=85< <>45;8 
3>@5=8O ?@8 107>2K< @07<5@5 A5B:8, >?@545;5==>9 =0 ?@54K4CI5< MB0?5, 
<0:A8<0;L=K9 C@>25=L B5<?5@0BC@K >AB05BAO =0 ?@56=5< C@>2=5, ?@8 MB><  
2 7028A8<>AB8 >B ?@8<5=O5<>9 2 @0AG5B5 <>45;8 3>@5=8O, ?@>8AE>48B A<5I5=85 
7>=K 0:B82=>3> 3>@5=8O ?> D@>=BC ?;0<5=8 A<>45;8@>20==>9 :0<5@K A3>@0=8O. 
!> 2 MB>< A;CG05 2 :064>9 87 <>45;59 A>1;N405BAO CA;>285 =0E>645=8O 
<0:A8<0;L=>3> A>45@60=8O NOx 2 7>=5 <0:A8<0;L=KE B5<?5@0BC@. #> 
@57C;LB0B0< @0AG5B>2 8 8AE>4O 87 ;8B5@0BC@=>3> >17>@0 4;O ?>A;54CNI8E 
@0AG5B>2 ?@8<5=5=0 <>45;L 3>@5=8O Flamelet Generated Manifold (40;55 – FGM), 

?@58<CI5AB2>< :>B>@>9 O2;O5BAO A=865=85 2KG8A;8B5;L=KE 70B@0B -�  157 
?>B5@8 B>G=>AB8 2KG8A;5=8O [66].  

!0 @8AC=:5 4.10 ?@54AB02;5=K @57C;LB0BK 2KG8A;8B5;L=KE M:A?5@8<5=B>2 

?@8 :>MDD8F85=B5 871KB:0 2>74CE0 α = 1,06–1,03 8 @0AE>45 3070 G5@57 >4=> 
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3>@5;>G=>5 CAB@>9AB2> 2985–4550 <3/G. � :0G5AB25 8AE>4=KE 40==KE 4;O 

=0G0;L=KE 8 3@0=8G=KE CA;>289 8A?>;L7>20;0AL @568<=0O :0@B0 459AB2CNI53> 

M=5@35B8G5A:>3> :>B;0 &� �-464. 

 

 
 

$8AC=>: 4.10 – �AA;54>20=85 M<8AA88 2@54=KE 25I5AB2 =0 @07=KE ?0@>2KE =03@C7:0E 
:>B;>03@530B0 B8?0 &� �-464. "AL 01AF8AA – 4;8=0 B>?>G=>9 :0<5@K, <; >AL >@48=0B 
(>A=>2=0O) – B5<?5@0BC@0, �; >AL >@48=0B (2A?><>30B5;L=0O) – <0AA>2>5 A>45@60=85 

NOx. +5@=0O ?@O<0O – ?@>D8;L B5<?5@0BC@K, 75;5=0O ?@O<0O – ?@>D8;L NOx 

 

�7 @8AC=:0 4.10 284=>, GB> ?> <5@5 C25;8G5=8O =03@C7:8 845B @>AB 

B5<?5@0BC@K 2 O4@5 ?;0<5=8 8 <0AA>2>9 :>=F5=B@0F88 NOx 2 ?@>4C:B0E A3>@0=8O. 

 0:A8<0;L=0O B5<?5@0BC@0 8 :>=F5=B@0F88 NOx ?> @0AG5BC CAB0=>28;8AL ?@8 

1>;LH5< :>MDD8F85=B5 α =0 A<>45;8@>20==>9 =03@C7:5 ?0@0 2 315 B/G.  

!5>1E>48<> >B<5B8BL, GB> :>MDD8F85=B 871KB:0 2>74CE0 2 40==>< A;CG05 

>?@545;O;AO ?@8 ?@>2545=88 @568<=>-=0;04>G=KE 8A?KB0=89 40==>3> B8?0 :>B;>2 

8AE>4O 87 CA;>28O >BACBAB28O ?>B5@L B5?;0 A E8<8G5A:>9 =5?>;=>B>9 A3>@0=8O 

B>?;820 A ?><>ILN 8=48:0B>@=KE B@C1>: =0 >:A84 C3;5@>40 [116]. #@8 87<5=5=88 

AB5?5=8 @5F8@:C;OF88 r ?@>8AE>48B 87<5=5=85 B5<?5@0BC@K ?;0<5=8, GB> 

>1JOA=O5BAO C25;8G5=85< >1J5<0 3-0B><=KE 307>2 2 7>=5 3>@5=8O ?@8@>4=>3> 3070. 

�AA;54>20=85 M<8AA88 2@54=KE 25I5AB2 =0 @07=KE ?0@>2KE =03@C7:0E 

?@54AB02;5=> =0 @8AC=:5 4.11  
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0) 

 

1) 

 

2) 

$8AC=>: 4.11 – �AA;54>20=85 M<8AA88 2@54=KE 25I5AB2 =0 @07=KE ?0@>2KE =03@C7:0E 
:>B;>03@530B0 B8?0 &� �-464: 0 – ?@8 =03@C7:5 315 B/G; 1 – ?@8 =03@C7:5 400 B/G;  
2 – ?@8 =03@C7:5 470 B/G.  "AL 01AF8AA – 4;8=0 B>?>G=>9 :0<5@K, <; >AL >@48=0B 
(>A=>2=0O) – B5<?5@0BC@0, �; >AL >@48=0B (2A?><>30B5;L=0O) – <0AA>2>5 A>45@60=85 

NOx. +5@=0O ?@O<0O – ?@>D8;L B5<?5@0BC@K, 75;5=0O ?@O<0O – ?@>D8;L NOx 
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�7 @0AA<>B@5=8O @8AC=:0 4.11 A;54C5B, GB> 70 ?@8@>AB>< 4>;8 ?>40G8 

@5F8@:C;OF88 4K<>2KE 307>2 4> 15 % A;54C5B C<5=LH5=85 (?> D@>=BC D0:5;0) 

25;8G8=K <0AA>2>9 :>=F5=B@0F88 NOx 2 ?@>4C:B0E A3>@0=8O. '<5=LH5=85 

25;8G8=K <0AA>2>9 :>=F5=B@0F88 NOx ?>OA=O5BAO C<5=LH5=85< B5<?5@0BC@K. 

&0:, 8AE>4O 87 ?@>2545==>3> 2KG8A;8B5;L=>3> M:A?5@8<5=B0, ?@8 ?>40G5 4>;8 

@5F8@:C;OF88 4K<>2KE 307>2 r = 15 % C40;>AL 4>AB83=CBL A=865=8O 

<0:A8<0;L=>9 B5<?5@0BC@K 4> 200 °% [130].  

 

 

4.3. �AA;54>20=85 ?@>F5AA>2 3>@5=8O ?0@>2>3> :>B;0 &� �-464  

A >F5=:>9 2708<=>3> 2;8O=8O AB@C9 A<5A8  
?@8 <=>3>O@CA=>9 :><?>=>2:5 2 :0<5@5 A3>@0=8O  

 

� 40==>< @0745;5 ?@54AB02;5=K @57C;LB0BK 3>@5=8O 2 E>45 2KG8A;8B5;L=KE 
M:A?5@8<5=B>2 ?> 8AA;54>20=8N M<8AA88 2@54=KE 25I5AB2 ?0@>2KE =03@C7>: 
400 B/G (80 %) M=5@35B8G5A:>3> :>B;0 &� �-464 A @5F8@:C;OF859 4K<>2KE 307>2 
8 157 =55 (@8AC=>: 4.12).  

$57C;LB0BK, ?@54AB02;5==K5 =0 @8AC=:0E 4.13, 4.14 ?>:07K20NB, GB> 
<0:A8<0;L=0O B5<?5@0BC@0 ?> 2KA>B5 :0<5@K A3>@0=8O B>?>G=>3> CAB@>9AB20 
?@8 r = 5% A=8605BAO 2 A@54=5< =0 46 �; ?@8 r = 10% A=8605BAO 2 A@54=5<  
=0 76 �. $5F8@:C;OF8O 4K<>2KE 307>2 ?>72>;O5B 4>AB83=CBL 1,5-:@0B=>3> 
A=865=8O :>=F5=B@0F88 NOx ?@8 r = 5% 8 1>;55 G5< 2-:@0B=>3> A=865=8O 
:>=F5=B@0F88 NOx ?@8 r = 10%. %=865=85 :>=F5=B@0F88 NOx >1CA;>2;5=> 
A=865=85< C@>2=O <0:A8<0;L=KE B5<?5@0BC@ =0 2–4 % 87-70 C25;8G5=8O >1J5<0 
3-0B><=KE 307>2 2 2>74CH=>9 A<5A8, ?>40205<>9 2 3>@5;>G=>5 CAB@>9AB2>  
A 1,61 4> 3,24 % >1I59 4>;8 2>74CH=>9 A<5A8. 

$57C;LB0BK, ?@54AB02;5==K5 =0 @8AC=:5 4.15, ?>:07K20NB, GB> >B=>H5=85 
7=0G5=89 :>=F5=B@0F88 NOx ?@8 r = 5–10 % : :>=F5=B@0F88 NOx ?@8 r = 0 %, 

?>;CG5==KE 4> :>=25:B82=KE ?>25@E=>AB59 =03@520 ?@8 A<>45;8@>20==>9 
=03@C7:5 ?0@>2>3> :>B;0 &� �-464 A @5F8@:C;OF88 4K<>2KE 307>2 8 157 =55 
=0E>48BAO 2 480?07>=5 >B 0,66 4> 0,45 ?@8 >B=>H5=88 0,61–0,47 ?> 40==K< 
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=0BC@=KE @568<=>-=0;04>G=KE 8A?KB0=89 4;O 40==>3> B8?0 :>B;>2. 
"B:;>=5=85 =0E>48BAO 2 480?07>=5 4–8 %, GB> C:07K205B =0 A>>B25BAB285 <>45;8 
<>45;8@C5<><C ?@>F5AAC.  

 

 

  
 

$8AC=>: 4.12 – $0A?@545;5=85 B5<?5@0BC@K 2 A<>45;8@>20==><  
M=5@35B8G5A:>< :>B;5 &� �-464 ?@8 <=>3>O@CA=>9 :><?>=>2:5  

2 :0<5@5 A3>@0=8O B>?>G=>3> CAB@>9AB20 
 



102 

 

 

$8AC=>: 4.13 – #@>D8;L B5<?5@0BC@ 2 :0<5@5 A3>@0=8O A 2708<=K< 2;8O=85< AB@C9 
A<5A8 ?@8 <=>3>O@CA=>9 :><?>=>2:5 ?> 2KA>B5 =0 @0AAB>O=88 1 < >B 0<1@07C@K 

?0@>2>3> :>B;0. "AL >@48=0B – 2KA>B0 B>?>G=>9 :0<5@K, <;  
>AL 01AF8AA – B5<?5@0BC@0, � 

 

 
 

$8AC=>: 4.14 – #@>D8;L NOx 2 :0<5@5 A3>@0=8O A 2708<=K< 2;8O=85< AB@C9 A<5A8 
?@8 <=>3>O@CA=>9 :><?>=>2:5 ?> 2KA>B5 =0 @0AAB>O=88 1 < >B 0<1@07C@K  

?0@>2>3> :>B;0. "AL >@48=0B – 2KA>B0 B>?>G=>9 :0<5@K, <;  
>AL 01AF8AA – <0AA>2>5 A>45@60=85 NOx 
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$8AC=>: 4.15 – %>?>AB02;5=85 >B=>H5=89 25;8G8=K <0AA>2>9 :>=F5=B@0F88 NOx 2 
?@>4C:B0E A3>@0=8O. "AL >@48=0B – >B=>H5=85 25;8G8=K <0AA>2>9 :>=F5=B@0F88 NOx 

2 ?@>4C:B0E A3>@0=8O ?@8 r = 5, 8, 10 % : 25;8G8=5  
?@8 r = 0 %, ?@54AB02;5==K5 C@02=5=85< H5AB>9 AB5?5=8 [113, 125];  

>AL 01AF8AA – 4>;8 @5F8@:C;OF88 4K<>2KE 307>2, % 

 

 

 

4.4. #@0:B8G5A:>5 ?@8<5=5=85 @57C;LB0B>2 G8A;5==>3> 8AA;54>20=8O 
>1@07>20=8O M<8AA88 >:A84>2 07>B0 A @07@01>B:>9 8 >1>A=>20=85< 

MDD5:B82=KE B5E=8G5A:8E @5H5=89 

 

!0 >A=>25 ?@>2545==KE 8AA;54>20=89, AD>@<C;8@>20==KE 2K2>4>2 8 

2KO2;5==KE 70:>=><5@=>AB59 =87:>M<8AA8>==>3> 3>@5=8O <5B0=>-2>74CH=>9 

A<5A8 2 @0745;0E 4.1–4.3 @07@01>B0=> B5E=8G5A:>5 @5H5=85, 0 8<5==> 

307><07CB=0O 3>@5;:0 A 87<5=O5<K< C3;>< D0:5;0 (#0B5=B 215191 $>AA89A:0O 

(545@0F8O,  #� F 23 D 17/00 (2006.01) № 2022126426) [131]. 

&5E=8G5A:>9 =>287=>9 307><07CB=>9 3>@5;:8 O2;O5BAO B>, GB> C >A=>20=8O 

0<1@07C@K CAB0=>2;5=> ?>2>@>B=>5 A>?;> 4;O 87<5=5=8O C3;0 =0:;>=0 D0:5;0. 

$07@01>B0==>5 3>@5;>G=>5 CAB@>9AB2> ?>72>;8B >ACI5AB28BL C?@02;5=85 

D>@<>9 D0:5;0, ?@>F5AA>< A<5H5=8O B>?;820 A 2>74CE><, ?>;O<8 @0A?@545;5=8O 
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A:>@>AB59 M<8AA859 NOx. $07@01>B0==>5 3>@5;>G=>5 CAB@>9AB2> ?@54AB02;5=> =0 

@8AC=:5 4.16.  

 

$8AC=>: 4.16 – �07><07CB=0O 3>@5;:0 A 87<5=O5<K< C3;>< D0:5;0:  
1 – :>@?CA 3>@5;>G=>3> CAB@>9AB20; 2 – ?0B@C1>: ?>40G8 2>74CE0  

2 3>@5;>G=>5 CAB@>9AB2>; 3 – 87<5=O5<0O 0<1@07C@0 3>@5;>G=>3> CAB@>9AB20;  
4 – A<5A8B5;L=0O :0<5@0; 5 – B@C10 4;O ?>40G8 2>74CE0 2 3>@5;>G=>5 CAB@>9AB2>  
?@8 A6830=88 <07CB=>3> B>?;820; 6 – 2AB02:0; 7 – ?5@8D5@89=K9 :>;LF52>9 

:>;;5:B>@; 8 – ?0B@C1>: ?>40G8 2>74CE0 2 :>;LF52>9 :>;;5:B>@; 9 – >B25@AB8O 4;O 
2KE>40 ?@8@>4=>3> 3070; 10 – D>@AC=:0 <07CB=>3> B>?;820; 11 – 28=B-309:0 
@53C;8@>2>G=>3> <5E0=87<0; 12 – :0=0; @53C;8@>2>G=>3> <5E0=87<0;  

13 – 70A;>=:0 :0=0;0 @53C;8@>2>G=>3> <5E0=87<0; 14 – >B25@AB85 ?>40G8 2 7>=C 
3>@5=8O 307>2 @5F8@:C;OF88; 15 – F8;8=4@8G5A:89 :0=0;; 16 – A<5A8B5;L=0O :0<5@0; 

17 – HB>: 4;O 87<5=5=8O ?>;>65=8O F8;8=4@8G5A:>3> :0=0;0;  
18 – HBC@20; HB>:0 4;O 87<5=5=8O ?>;>65=8O F8;8=4@8G5A:>3> :0=0;0;  

19 – ?>2>@>B=>5 A>?;> 

 

#@8 A6830=88 B>;L:> ?@8@>4=>3> 3070 307><07CB=0O 3>@5;:0 A 87<5=O5<K< 

C3;>< D0:5;0 @01>B05B A;54CNI8< >1@07><: ?@5420@8B5;L=> 70:@CG5==0O 

2>74CH=0O A<5AL A C25;8G5==>9 A:>@>ABLN ?>B>:0 (70 AG5B CAB0=>2;5==>9 

2AB02:8 6) 2AB@5G05BAO 2 A<5A8B5;L=>9 :0<5@5 A ?>B>:>< ?@8@>4=>3> 3070, 

?>ABC?0NI53> 87 >B25@AB89 4;O 2KE>40 ?@8@>4=>3> 3070 =0 ?5@8D5@89=>< 

:>;LF52>< :>;;5:B>@5. "1@07>20==0O 70:@CG5==0O ?@5420@8B5;L=> 

?5@5<5H0==0O 307>2>74CH=0O A<5AL 2>A?;0<5=O5BAO 2 7>=5 0<1@07C@K 

3>@5;>G=>3> CAB@>9AB20. "4=>2@5<5==> A 307>2>74CH=>9 A<5ALN 2 7>=C 
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0<1@07C@K 3>@5;>G=>3> CAB@>9AB20 G5@57 >B25@AB85 ?> F8;8=4@8G5A:><C :0=0;C 

?>ABC?0NB 307K @5F8@:C;OF88 4;O A=865=8O C@>2=O <0:A8<0;L=>9 B5<?5@0BC@K 

2 7>=5 0:B82=>3> 3>@5=8O. (>@<0 D0:5;0, <0AA>>1<5= ?@8@>4=>3> 3070 8 

2>74CH=>9 A<5A8, A:>@>ABL 2KE>40 B>?;82>2>74CH=>9 A<5A8 @53C;8@CNBAO  

70 AG5B ?5@5<5I5=8O HB>:>< A HBC@20;>< F8;8=4@8G5A:>3> :0=0;0 24>;L >A8 

3>@5;>G=>3> CAB@>9AB20. 

#@8 A>2<5AB=>9 @01>B5 =0 ?@8@>4=>< 3075 8 <07CB=>< B>?;825 

307><07CB=0O 3>@5;:0 A 87<5=O5<K< C3;>< D0:5;0 @01>B05B A;54CNI8< >1@07><: 

?@5420@8B5;L=> 70:@CG5==0O 2>74CH=0O A<5AL A C25;8G5==>9 A:>@>ABLN ?>B>:0 

(70 AG5B CAB0=>2;5==>9 2AB02:8 6) 2AB@5G05BAO 2 A<5A8B5;L=>9 :0<5@5 A ?>B>:>< 

?@8@>4=>3> 3070, ?>ABC?0NI53> 87 >B25@AB89 4;O 2KE>40 ?@8@>4=>3> 3070 =0 

?5@8D5@89=>< :>;LF52>< :>;;5:B>@5. "1@07>20==0O 70:@CG5==0O 

?@5420@8B5;L=> ?5@5<5H0==0O 307>2>74CH=0O A<5AL ?>ABC?05B 4;O 

2>A?;0<5=5=8O 2 7>=C 0<1@07C@K 3>@5;>G=>3> CAB@>9AB20. � B> 65 2@5<O 

<07CB=>5 B>?;82>, @0A?K;5==>5 ?>B>:>< 2>74CE0 87 B@C1K 4;O ?>40G8 2>74CE0, 

?>ABC?05B G5@57 D>@AC=:C 4;O 2>A?;0<5=5=8O 2 7>=C 0<1@07C@K 3>@5;>G=>3> 

CAB@>9AB20. "4=>2@5<5==> A B>?;82>2>74CH=>9 A<5ALN 2 7>=C 0<1@07C@K 

3>@5;>G=>3> CAB@>9AB20 G5@57 >B25@AB85 ?> F8;8=4@8G5A:><C :0=0;C ?>ABC?0NB 

307K @5F8@:C;OF88 4;O A=865=8O C@>2=O <0:A8<0;L=>9 B5<?5@0BC@K 2 7>=5 

0:B82=>3> 3>@5=8O. (>@<0 D0:5;0, <0AA>>1<5= ?@8@>4=>3> 3070, <07CB=>3> 

B>?;820 8 2>74CH=>9 A<5A8, A:>@>ABL 2KE>40 B>?;82>2>74CH=>9 A<5A8 

@53C;8@CNBAO 70 AG5B ?5@5<5I5=8O HB>:>< A HBC@20;>< F8;8=4@8G5A:>3> 

:0=0;0 24>;L >A8 3>@5;>G=>3> CAB@>9AB20. 

�;O A@02=8B5;L=>3> 0=0;870 ?@0:B8G5A:>9 7=0G8<>AB8 ?@>2545=> 

<>45;8@>20=85 ?@54;>65==>9 0<1@07C@K (@8AC=:8 4.17–4.20). 
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0) 1) 

$8AC=>: 4.17 – �84 A<>45;8@>20==>3> 3>@5;>G=>3> CAB@>9AB20:  
0 – :>=DC7>@=>9 0<1@07C@K; 1 – 48DDC7>@=>9 0<1@07C@K 

 

0) 

 

1) 

 

2) 

$8AC=>: 4.18 – #@>D8;8 B5<?5@0BC@ 2 :0<5@5 A3>@0=8O:  
0 – :>=DC7>@=>9 0<1@07C@K; 1 – 48DDC7>@=>9 0<1@07C@K; 2 – 157 0<1@07C@K 
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$8AC=>: 4.19 – #@>D8;L B5<?5@0BC@K 2 :0<5@5 A3>@0=8O B>?>G=>3> CAB@>9AB20  
A 3>@5;:>9 � '-45 A ?@8<5=5=85< 48DDC7>@=>9 0<1@07C@K. "AL 01AF8AA – 4;8=0 
B>?>G=>9 :0<5@K, <; >AL >@48=0B (>A=>2=0O) – B5<?5@0BC@0, �; >AL 01AF8AA 
(2A?><>30B5;L=0O) – <0AA>2>5 A>45@60=85 NOx. +5@=0O ?@O<0O – ?@>D8;L 

B5<?5@0BC@K, 75;5=0O ?@O<0O – ?@>D8;L NOx 

 

$57C;LB0BK, ?@54AB02;5==K5 =0 @8AC=:0E 4.17–4.20, ?>:07K20NB, GB> 70 

AG5B 87<5=5=8O B8?0 0<1@07C@K <5=ONBAO =5 B>;L:> 3@0=8FK 8 4;8=0 D0:5;0, => 

8 53> @0480F8>==K5 E0@0:B5@8AB8:8. &0:, ?@8 ?@8<5=5=88 :>=DC7>@=>3> B8?0 
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