
����%&�$%&�� �%��&� � ��'�� '�$���� 

��&�����,��� '����$%�&�&  

«���&��%,�� ����&�%���� ����� .$�/ ����$�&.��» 
 

 

 

�>744= �GF=<=, �?5>E4=4D4 '5D54=V>>64 

 

 

 

 

&�$����������, &������%������ � 

&������$���'� 

 

=46G4?L=<= ?>EV5=<> 4?O EFG45=FV6 E?5FV4?L=>EF5= 

101 «�>>?>7VO», 144 «&5??>5=5D75F<>4» 6EVE D>D< =46G4==O 
 

 

 
 

�>?F464 2022 



 �!�%&�$%&�" "%��&� � !�'�� '�$��!� 

!�*�"!��Ь!�� '!���$%�&�& 

«#"�&��%Ь�� #"��&�)!��� � �!� .$�/ �"!�$�&.��» 
 

 

 

 

�>340= �CB=89, �;5:A0=4@0 '5@54=V:>20 
 

 

 

 

 

 

"� �������І��, "������!����І� І 
"������ ���'� 

 

 

 

 

 

=02G0;ь=89 ?>AV1=8: 4;O ABC45=BV2 A?5FV0;ь=>AB59 
 

101 «�:>;>3VO», 144 «&5?;>5=5@35B8:0» 2AVE D>@< =02G0==O 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

#>;B020 2022 



2 

 

'�� 536.24:66.021.3(07) 

��� 31.311’312O7 

�95  

$ 5 F 5 = 7 5 = B 8:  

�.#. #8A0@5=:>, 4>:B>@ =0C: 7 45@602=>3> C?@02;V==O, ?@>D5A>@ 

:0D54@8 C?@02;V==O >E>@>=>N 74>@>29O B0 ?C1;VG=>3> 04<V=VAB@C20==O 

!0FV>=0;ь=>3> C=V25@A8B5BC >E>@>=8 74>@>29O ':@0W=8 V<5=V #.�. ,C?8:0; 

".�. %5<:>, 4>:B>@ B5E=VG=8E =0C:, ?@>D5A>@ :0D54@8 1C4V2=8FB20 B0 

F82V;ь=>W V=65=5@VW. 

$5:><5=4>20=> 4> 4@C:C =0C:>2>-<5B>48G=>N @04>N !0FV>=0;ь=>3> 

C=V25@A8B5BC «#>;B02Aь:0 ?>;VB5E=V:0 V<5=V .@VO �>=4@0BN:0» 

#@>B>:>; №3 2V4 15.12.2022 @. 

 

 

�.�. �CB=89, ".�. +5@54=V:>20 

&5@<>48=0<V:0, B5?;><0A>>1<V= V B5?;>?5@540G0: =02G0;ь=89 
?>AV1=8: 4;O ABC45=BV2 A?5FV0;ь=>AB59 101 «�:>;>3VO», 
144 «&5?;>5=5@35B8:0» 2AVE D>@< =02G0==O 3 #>;B020: !0FV>=0;ь=89 
C=V25@A8B5B V<5=V .@VO �>=4@0BN:0, 2022. 3 152 A. 

 

 

!02G0;ь=89 ?>AV1=8: V7 48AF8?;V=8 «&5@<>48=0<V:0, B5?;><0A>>1<V= 
V B5?;>?5@540G0” ?@87=0G5=89 4;O ABC45=BV2 B0 28:;040GV2 �!�, =0C:>2FV2, 
V=65=5@V2 B0 ?@0:B8:V2, O:V 709<0NBьAO ?8B0==O<8 C AD5@V 
B5?;>5=5@35B8:8, >E>@>=8 =02:>;8H=ь>3> A5@54>28I0, 5=5@3>715@565==O< 
V @0FV>=0;ь=8< 28:>@8AB0==O< ?@8@>4=8E @5AC@AV2. 
 

 

© �.�. �CB=89, 2022 

© ".�. +5@54=V:>20, 2022 
© !0FV>=0;ь=89 C=V25@A8B5B 

«#>;B02Aь:0 ?>;VB5E=V:0 V<5=V .@VO 
�>=4@0BN:0», 2022 @V: 



3 

 

��І!" 

� �%& ............................................................................................................. 3 

�ABC? ....................................................................................................... 5 

$>74V; 1. "A=>28 B5@<>48=0<V:8 ................................................................. 6 

1.1. �>;>2=V ?>=OBBO B0 287=0G5==O ......................................................... 6 

1.2. $V2=O==O AB0=C V450;ь=>3> 307C ......................................................... 9 

$>74V; 2. $50;ь=V 3078 9 AC<VHV 307V2 ......................................................... 12 

2.1. �V4<V==>ABV @50;ь=8E B0 V450;ь=8E 307V2 ....................................... 12 

2.2. $V2=O==O �0=-45@-�00;ьA0 ............................................................... 13 

2.3. �07>2V AC<VHV ..................................................................................... 14 

2.4. &5?;>B0. #>=OBBO ?@> B5?;>є<=VABь ............................................... 15 

$>74V; 3. "A=>2=V ?>=OBBO B0 70:>=8 B5@<>48=0<V:8 .............................. 26 

3.1. �=CB@VH=O 5=5@3VO B5@<>48=0<VG=>W A8AB5<8 ............................... 26 

3.2. #>=OBBO @>1>B8 2 B5@<>48=0<VFV .................................................... 27 

3.3. #5@H89 B0 4@C389 70:>=8 B5@<>48=0<V:8 ..................................... 28 

3.4. �=B0;ь?VO, 5=B@>?VO, 04V010B=89 V ?>;VB@>?=89 ?@>F5A8 ............. 29 

3.5. &5@<VG=89 ��� ................................................................................. 32 

3.6. #@>F5A8 7<V=8 ?0@0<5B@V2 V450;ь=>3> 307C ................................... 34 

$>74V; 4. #5@H89 70:>= B5@<>48=0<V:8 4;O @50;ь=8E 307V2 ................... 37 

$>74V; 5. I-d-4V03@0<0 2>;>3>3> ?>2VB@O .................................................... 53 

5.1. �>;>35 ?>2VB@O .................................................................................. 53 

5.2. �>;>2=V E0@0:B5@8AB8:8 2>;>3>3> ?>2VB@O. ................................... 54 

5.3. I-d-4V03@0<0 2>;>3>3> ?>2VB@O ......................................................... 55 

5.4. �>1@065==O ?@>F5AV2 >1@>1:8 ?>2VB@O =0 I-d-4V03@0<V ................ 56 

$>74V; 6. &5?;>>1<V=. �030;ь=V ?>=OBBO .................................................... 67 

6.1. %?>A>18 ?5@5=5A5==O B5?;>B8 ........................................................ 67 

6.2. &5<?5@0BC@=5 ?>;5, V7>B5@<VG=0 ?>25@E=O, B5?;>289 ?>BV: ........ 69 

6.3. �0:>= (C@9є. &5?;>?@>2V4=VABь A5@54>28I0 ................................. 71 

$>74V; 7. &5>@VO B5?;>?@>2V4=>ABV ............................................................. 75 

7.1. %B0FV>=0@=0 B5?;>?@>2V4=VABь ?;>A:>W ABV=:8 .............................. 75 

7.2. &5?;>?@>2V4=VABь 1030B>H0@>2>W ABV=:8 ........................................ 76 

7.3. %B0FV>=0@=0 B5?;>?@>2V4=VABь G5@57 F8;V=4@8G=C ABV=:C ........... 78 

7.4. �8D5@5=FV0;ь=5 @V2=O==O B5?;>?@>2V4=>ABV ................................. 79 

$>74V; 8. &5?;>>1<V= 28?@><V=5==O< ....................................................... 85 

8.1. #>=OBBO ?@> B5?;>25 28?@><V=N20==O .......................................... 85 

8.2. &5?;>>1<V= 28?@><V=N20==O< <V6 ?>25@E=O<8 .......................... 86 

8.3. �;0AB82>ABV ?@><5=528E B5?;>28E ?>B>:V2 ................................... 87 

8.3*.  �>5DVFVє=B  28?@><V=N20==O ?>25@E>=ь B0 <5B>48  9>3> 
>1G8A;5==O ............................................................................................... 88 

8.4.  5B>48 287=0G5==O :>5DVFVє=B0 ?@><5=52>3> B5?;>>1<V=C ....... 90 

$>74V; 9. �>=25:B82=89 B5?;>>1<V= .......................................................... 93 

9.1. �030;ь=V ?>=OBBO ............................................................................... 93 

9.2. &5>@VO ?>4V1=>ABV 2 :>=25:B82=><C B5?;>>1<V=V .......................... 95 



4 

 

9.3. �;0A8DV:0FVO 284V2 :>=25:B82=>3> B5?;>>1<V=C .......................... 97 

$>74V; 10.&5?;>>1<V==V 0?0@0B8 .............................................................. 103 

10.1. &5?;>?5@54020==O ........................................................................ 103 

10.2. �;0A8DV:0FVO B5?;>>1<V==8E 0?0@0BV2 ....................................... 106 

10.3. �>=AB@C:B82=89 V ?5@52V@=89 @>7@0EC=:8 B5?;>>1<V==8:0 .... 107 

$>74V; 11. "A=>28 <0A>>1<V=C ................................................................. 113 

11.1. �>;>2=V ?>=OBBO V 287=0G5==O. .................................................... 113 

11.2. "A=>2=V 70:>=8 <0A>?5@54020==O ............................................... 115 

11.3. ,284:VABь <0A>?5@54020==O ....................................................... 118 

11.4. �@8B5@V0;ь=V @V2=O==O <0A>>1<V=C ............................................ 119 

$>74V; 12.  0A>>1<V= :>=25:B82=89 B0 C :0?V;O@=>-IV;OAB8E BV;0E ... 121 

12.1. �1A>@1FV9=V <5B>48 >G8I5==O ................................................... 121 

12.2. �>=AB@C:FVO B0 @>7@0EC=>: 01A>@15@V2 ...................................... 124 

12.3. #@8:;04 @>7@0EC=:C 01A>@15@V2 ................................................. 125 

12.4.  0A>>1<V= C :0?V;O@=>-IV;OAB8E BV;0E. �030;ь=V 40=V ............. 127 

12.5. (07>20 @V2=>2030 ?@8 04A>@1FVW .................................................. 128 

12.6. ,284:VABь 04A>@1FVW .................................................................... 130 

12.7. �4A>@15@8 ..................................................................................... 132 

12.8. $>7@0EC=>: 04A>@15@V2 ................................................................. 133 

�"��&�� .............................................................................................. 136 

�>40B>: � ............................................................................................... 137 

�>40B>: �. %5@54=O <>;ь=0 B5?;>є<=VABь @V7=8E 307V2 ..................... 147 

�>40B>: �. I-d-4V03@0<0 2>;>3>3> ?>2VB@O ?@8 745 <<.@B.AB. ........... 148 

�>40B>: �. �V03@0<8 4;O 287=0G5==O :>5DVFVє=BV2 >?@><V=5==O ..... 149 

�>40B>: �. &5?;>DV78G=V ?0@0<5B@8 ?>2VB@O ?@8 @V7=8E 7=0G5==OE 9>3> 
B5<?5@0BC@8 ........................................................................................... 149 

�>40B>: �. &5?;>B5E=VG=V E0@0:B5@8AB8:8 :>6CE>B@C1=8E 
B5?;>>1<V==8:V2 .................................................................................... 150 

#5@5;V: ;VB5@0BC@=8E 465@5; ................................................................... 151 

 



5 

 

 

�ABC? 

�>;>2=8<8 701@C4=N20G0<8 =02:>;8H=ь>3> A5@54>28I0 є B5E=>35==V, 

B0:V O: ?>1CB>2V 2V4E>48, 2V4E>48 ?@><8A;>28E ?V4?@8є<AB2, &�*, 

B@0=A?>@BC V @57C;ьB0B8 2V9Aь:>28E @>7@>1;5=ь. �V4><>, I> 2 ':@0W=V 

I>@VG=> 28:840єBьAO 6,5 <;= B>== H:V4;828E @5G>28= (?@><8A;>2VABь B0 

B@0=A?>@B). ' �8є2V 80% 701@C4=5=ь AB2>@Nє B@0=A?>@B. �@V< B>3>, 

7=0G=89 2?;82 =0 5:>A8AB5<C <0NBь @V7=><0=VB=V ?@8@>4=V D0:B>@8, B0:V 

O:: ?>25=V, 2825@65==O 2C;:0=V2, FC=0<V, ?>656V 9 B5E=>35==V :0B0AB@>D8. 

&5@<>48=0<V:0, B5?;><0A>>1<V= V B5?;>?5@540G0 є >A=>2>N 4;O 

@>7@0EC=:C 1V;ьH>ABV ?@8@>4=8E V B5E=>;>3VG=8E ?@>F5AV2. �E 7=0==O 40є 

7<>3C ?@>3=>7C20B8 ?5@51V3 1030Bь>E ?@8@>4=8E B0 B5E=>;>3VG=8E 

?@>F5AV2, ?V428IC20B8 ��� 4283C=V2 G8 7<V=N20B8 B5E=>;>3VG=89 ?@>F5A 

=0 1V;ьH @0FV>=0;ь=89, 7<5=HCNG8 ?@8 Fь><C :V;ь:VABь H:V4;828E 

28:84V2. �@V< B>3>, FO 48AF8?;V=0 - >A=>20 4;O @>7@0EC=:C >G8A=8E V 

2V4=>2;N20=8E ?@>F5AV2, O:V 70AB>A>2CNBь 2 0?0@0B0E 4;O >G8I5==O 

?>2VB@O 9 2>48.  

�82G5==O B5@<>48=0<V:8 V B5?;><0A>?5@540GV є >A=>2>N 4;O 74>1CBBO 

7=0=ь 7 B0:8E 48AF8?;V=: « 5B5>@>;>3VO V :;V<0B>;>3VO», «�V4@02;V:0 B0 

05@>48=0<V:0», «"G8I5==O 307>28E 28:84V2», «&5E=>5:>;>3VO», 

«'B8;V70FVO V @5:C?5@0FVO 2V4E>4V2», «�5=B8;OFV9=V 28:848 B0 ?@><8A;>20 

25=B8;OFVO», «#@>F5A8 9 0?0@0B8 70E8ABC 0B<>AD5@8», «&5?;>35=5@CNGV 

CAB0=>2:8 V 7=5H:>465==O ?@>4C:BV2 73>@0==O». 



6 

 

 

 >74V; 1. �A=>28 B5@<>48=0<V:8 

1.1. �>;>2=V ?>=OBBO B0 287=0G5==O 

1.2. $V2=O==O AB0=C V450;ь=>3> 307C 
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1.1. �>;>2=V ?>=OBBO B0 287=0G5==O 
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V
v
G
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G

V
 = .       (1.3) 

!B0= B5@<>48=0<VG=>W @V2=>2038 (AB0FV>=0@=89 AB0=) 3 B0:89 AB0= 

A8AB5<8, O:89 =5 7<V=NєBьAO 7 ?;8=>< G0AC. 

#@8 7<V=V 7>2=VH=VE ?0@0<5B@V2 A8AB5<8 1C45 7<V=N20B8AO V AB0= 

A8AB5<8 3 2>=0 74V9A=N20B8<5 B5@<>48=0<VG=89 ?@>F5A. 
&5@<>48=0<VG=89 ?@>F5A =07820NBь @V2=>206=8<, O:I> 2 =ь><C 
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45 
n nCý −<>;ь=V B5?;>є<=>ABV >:@5<8E 307V2 C A:;04V AC<VHV. 

%5@54=O <0A>20 B5?;>є<=VABь AC<VHV 307V2 287=0G0єBьAO 70 D> 

@<C;>N 

1 1 2 2 ...CM n nc g c g c g c= + + + ,    (2.8) 

45 nc −<0A>2V B5?;>є<=>ABV >:@5<8E 307V2 C A:;04V AC<VHV. 

%5@54=O >19є<=0 B5?;>є<=VABь AC<VHV 307V2 287=0G0єBьAO 70 D>@<C;>N 

' ' ' '

1 1 2 2 ...CM n nC rC r C r C= + + + ,    (2.9) 

45 '

nC −>19є<=V B5?;>є<=>ABV >:@5<8E 307V2 C A:;04V AC<VHV. 
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�040GV 4> @>74V;C 2 

"5@<>48=0<VG=V E0@0:B5@8AB8:8 V450;ь=8E 307>28E AC<VH59 

�040G0 2.1 

�07>20 AC<VH 7040=0 A:;04>< 

�V4A>B:>25 7040==O AC<VHV (ri), % $% , 

 #0 

V% , 

<3 

t% , 

"% 

Δt% , 

"% %"2 !2 %" N2 !2" "2 

40 − − 30 30 − 0,1 1 300 +100 

�87=0G8B8: 1) <0A>2V G0AB:8 :><?>=5=BV2 AC<VHV; 2) 307>2V AB0;V 

:><?>=5=BV2 9 307>2C AB0;C AC<VHV; 3) A5@54=N <>;O@=C <0AC AC<VHV; 4) 

<0AC AC<VHV B0 WW >:@5<8E :><?>=5=BV2; 5) ?0@FV0;ь=89 B8A: :><?>=5=BV2 

307>2>W AC<VHV. 

 >72’O70==O 

1.  >;5:C;O@=0 <0A0 A:;04>28E 307>2>W AC<VHV, :3/<>;ь, B01;.A.4 [2] 

2
0,044COý = ; 

2
0,028Ný = ; 

2
0,018H Oý = . 

2. �07>2V AB0;V :><?>=5=BV2 307>2>W AC<VHV, �6/:3·�, 

8,314
i

i

R
ý

= ; 

2

8,314
189

0,044
COR = = ; 

2
297NR = ; 

2
260H OR = . 

3. �07>20 AB0;0 AC<VHV, �6/:3·�, 

1 1
265

0,4 0,3 0,3

189 297 260

CM
i

i

R
r

R

= = =
+ +õ

. 

4. %5@54=O <>;O@=0 <0A0 AC<VHV, :3/<>;ь, 

8,314
0,0314CM

CMR
ý = = . 

5. #0@FV0;ь=89 B8A: :><?>=5=BV2 307>2>W AC<VHV, #0, 

2 2

5 40,4 10 4 10CO CO CMp r P=  =  =  ;  

2

43 10Np =  ; 
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2

43 10H Op =  . 

6.  0A>2V G0AB:8 :><?>=5=BV2 AC<VHV 

i i
i

CM CM

P
g

P

ý
ý


=


; 

2

4

5

4 10 0,044
0,56

10 0,0314
COg

 
= =


; 

2
0,27Ng = ; 

2
0,17H Og = . 

#5@52V@:0 1ig =õ . 

7. �030;ь=0 <0A0 AC<VHV, :3, 

( )
510 1 0.0314

0,659
8,314 273 300

CM
CM

PV
M

R Tý

ý  
= = =

  +
. 

8.  0A0 >:@5<8E :><?>=5=BV2 AC<VHV, :3, 

2 2
0,4 0,659 0,37CO CO CMm g M=  =  = ; 

2
0,18Nm = ; 

2
0,11H Om = . 

�040G0 2.2 

�0 C<>2>N ;484KV 2.1 7=09B8: 1) 3CAB8=C AC<VHV B0 WW >:@5<8E 

:><?>=5=BV2 ?@8 7040=8E $%  V V% ; 2) <>;O@=C, >19є<=C 9 <0A>2C 

B5?;>є<=>ABV AC<VHV ?@8 $=const B0 V=const; 3) :V;ь:VABь B5?;>B8 =0 

=03@V20==O AC<VHV ?@8 7040=V9 @V7=8FV B5<?5@0BC@. 

 >72’O7>: 

1. "19є< :><?>=5=BV2 307>2>W AC<VHV, <3, 

i i CMV r V=  ; 

2
0,4 1 0,4COV =  = ; 

2
0,3NV = ; 

2
0,3H OV = . 

2. �CAB8=0 AC<VHV B0 WW :><?>=5=BV2, :3/<3, 
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i
i

i

m

V
 = ; 

0,659
0,659

1
CM = = ; 

2

0,37
0,924

0,4
CO = = ; 

2
0,588N = ; 

2
0,378H O = . 

3. �=0E>48<> B01;8G=V 7=0G5==O A5@54=VE <>;ь=8E B5?;>є<=>AB59 
:><?>=5=BV2 307>2>W AC<VHV ?@8 300t = �! V P=const (

Pcý ), :�6/:<>;ь 
�! (4>40B>: �) 

2
41,76COcý = ; 

2
29,29Ncý = ; 

2
34,58H Ocý = . 

4. !5@54=O <>;ь=0 B5?;>є<=VABь AC<VHV ?@8 P=const, :�6/:<>;ь �!, 

0,4 41,76 0,3 29,29 0,3 34,58 35,86CM i ic r cý ý=  =  +  +  =õ . 

5. !5@54=O <>;ь=0 B5?;>є<=VABь ?@8 ?>ABV9=><C >1’є<V, :�6/:<>;ь �!, 

8,314 35,86 8,314 27,55V Pc cý ý= − = − = . 

6. !5@54=O <0A>20 B5?;>є<=VABь ?@8 P=const, �6/:3 �!, 

P
P

c
c

ý
ý

= ; 

2

41,76
949

0,044
COc = = ; 

2
1046Nc = ; 

2
1921H Oc = ; 

A5@54=O B5?;>є<=VABь AC<VHV 35,86
1142

0,0314
CPc = = . 

7. !5@54=O <0A>20 B5?;>є<=VABь ?@8 V=const, �6/:3 �!, 

V Pc c R= − ; 
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( )2
949 189 760

V CO
c = − = ; 

( )2
1046 297 749

V N
c = − = ; 

( )2
1921 260 1459

V H O
c = − = ; 

AC<VHV ( ) 1142 265 877
V CM
c = − = . 

8. �1’є<=0 B5?;>є<=VABь ?@8 P=const, �6/(<3·�!), 

P PC c =  ; 

2( ) 949 0,924 877P COC =  = ; 

2( ) 615P NC = ; 

2( ) 726P H OC = ; 

A5@54=O B5?;>є<=VABь ( ) 753P CPC = . 

9. �1’є<=0 B5?;>є<=VABь ?@8 V=const, �6/<3 �!, 

V VC c =  ; 

2( ) 760 0,924 702V COC =  = ; 

2( ) 440V NC = ; 

2( ) 551V H OC = ; 

A5@54=O B5?;>є<=VABь ( ) 578V CPC = . 

10. �=0E>48<> :V;ь:VABь <>;59 307C 

0,659
21

0,0314

CMM
N

ý
= = = . 

11. �87=0G0є<> :V;ь:VABь B5?;>B8 =0 =03@V20==O AC<VHV ?@8 P=const, 
�6, 

1142 0,659 100 75300P CMQ c M t=   =   = ; 

35,86 21 100 75300PQ c N tý=   =   = ; 

753 1 100 75300PQ C V t=   =   = . 

12. �1G8A;Nє<> :V;ь:VABь B5?;>B8 =0 =03@V20==O AC<VHV ?@8 V=const, 
�6, 
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877 0,659 100 57800V CMQ c M t=   =   = ; 

27,55 21 100 57800VQ c N tý=   =   = ; 

578 1 100 57800VQ C V t=   =   = . 

 

�040G0 2.3 

�0<V@O=V 70 4>?><>3>N ;VG8;ь=8:0 28B@0B8  ?@8@>4=>3> 307C 

A:;040;8 V70<=1000 <³/3>4, =04;8H:>289 B8A: 307C 2 ;VG8;ь=8:C AB0=>282 

 70<=10,1 0B, 0 B5<?5@0BC@0 t70<=+5 °%. 

 

%:;04 307C: %!4 3 77% >1., %2!6 3 5% >1., %3!8 3 1% >1., N2 3 

14% >1., %"2 3 3% >1. #@825AB8 ?>:070==O ;VG8;ь=8:0 4> AB0=40@B=8E 

C<>2 (tAC=20°%, $AC=101325 #0); 287=0G8B8 3CAB8=C 307C ?@8 B8A:>2V 9 

B5<?5@0BC@V 2 ;VG8;ь=8:C, >1G8A;8B8 <0A>2V 28B@0B8 307C, :3/3>4. /: 

7<V=OBьAO ?>:070==O ;VG8;ь=8:0 ?@8 71V;ьH5==V B5<?5@0BC@8 307C =0 5°% V 

7<5=H5==V B8A:C =0 0,3 0B? �87=0G8B8 307>2C AB0;C 4;O 7040=>3> A:;04C 

307C B0 ?0@FV0;ь=89 B8A: :>6=>3> :><?>=5=B0 307>2>W AC<VHV. 

�0 B@ь><0, G>B8@<0 B>G:0<8 ?>1C4C20B8 3@0DV:8 70;56=>ABV 

?@82545=8E 4> AB0=40@B=8E C<>2 >19є<=8E 28B@0B 307C 2V4 B0:8E 

?0@0<5B@V2:  

- B5<?5@0BC@8 307C 2 ;VG8;ь=8:C t70<; 
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- B8A:C 307C 2 ;VG8;ь=8:C $70<, 

70 C<>28 =57<V==8E 70<V@O=8E 28B@0B 307C V70<, 73V4=> V7 70240==O<. 

�0=>: 
%!4 377% >1., %2!6 3 5% >1., %3!8 3 1% >1., N2 = 14% >1., %"2 3 3%; 

V70<=1000 <³/3>4; 

$70< =10,10B=10,1*105#0=1,01 #0; 

$70<01A =11,10B=11,1*105#0=1,11 #0; 

t70<=5 °%=278,15°�. 

 >72’O7>: 

�87=0G5==O 3CAB8=8 AC<VHV 307V2 70 =>@<0;ь=8E C<>2 2V4?>2V4=> 4> 

70;56=>ABV (1) [1, B01;.4]: 

1

n

i i

i

r 
=

= õ , 

45 4

4

(12 4)
0,71

22,4 22,4

%!AG
%!

ý
 +

= = =  :3/=<3; 

2 6

2 6

(12 2 6)
1,33

22,4 22,4

% !AG
% !

ý
  +

= = =  :3/=<3; 

2 6

3 8

(12 3 8)
1,96

22,4 22,4

% !AG
% !

ý
  +

= = =  :3/=<3; 

2

2

(14 2)
1,25

22,4 22,4

NAG
N

ý
 

= = =  :3/=<3; 

 2

2

(12 16 2)
1,96

22,4 22,4

%"AG
%"

ý
 + 

= = =  :3/=<3. 

1

3

0,77 0,71 0,05 1,33 0,01 1,96 0,14 1,25

0,03 1,96 0,93 .

n

AG i i
i

r

>7
A@

 
=

=  =  +  +  +  +

+  =

õ
 

 �87=0G5==O 28B@0B ?@8@>4=>3> 307C, ?@82545=8E 4> AB0=40@B=8E 

C<>2 (tAC=20°%=293°�, $AC=101325 #0 3 AB0=40@B=V C<>28): 



23 

 

4

273 20 1,01 0,1 293
1000 11699

273 0,1 273 5
%!

;4@ 54DEG
;4@

54D ;4@

$ $
V V

$ t
+ + +

=  =  =
+ +

<3/3>4 (2 A.C.) 

#@8 B5<?5@0BC@V t70<, º%, V  =04;8H:>2><C B8A:C $70<,  #0, 3CAB8=0 

307C 287=0G0єBьAO 70 D>@<C;>N: 

273 1,01 0,1 273
0,93 10,14

273 0,1 273 5

;4@ ��$
!'

��$ ;4@

$ $
$ t

  + +
=  =   =

+ +
 :3/<3. 

"1G8A;Nє<> <0A>2C 28B@0BC ?@8@>4=>3> 307C: 

10,14 1000 10140;4@ ;4@ AG AGM V V =  =  =  =  :3/3>4. 

�87=0G5==O 28B@0B8 ?@8@>4=>3> 307C ?@82545=8E ?@8 

t70<2=5+5°%=10°%, $70<2=10,1−0,3=9,8 0B 3 ?0@0<5B@8 307C ?@8 4@C3><C 

70<V@N20==V. 

4
11699%!

EGV =  <3/3>4 (2 A.C.) 

2

2

273 0,1 273 10
11699 1046

273 0,98 0,1 273 20

EG 54D ;4@
;4@ EG

;4@ 54D EG

$ $ t
V V

$ $ t
+ + +

=  =  =
+ + + +

 <3/3>4. 

�07>20 AB0;0 :><?>=5=BV2 AC<VHV 287=0G0єBьAO 70 70;56=>ABO<8: 

4

4

8314
519,6%!

%!

R
ý

= = ;   
2 6

2 6

8314
277,1% !

% !

R
ý

= = ;   
2

2

8314
188,9%"

%"

R
ý

= = . 

�07>20 AB0;0 4;O AC<VHV 307V2 73V4=> V7 70:>=>< 048B82=>ABV 

1

8314 8314

0.77 16 0.05 30 0.01 44 0.

�6/ :3×3@ .

14 28 0.03 44

394 ( )

n

i i

i

R

r ý
=

= = =
 +  +  +  + 

=

õ   

�87=0G0є<> ?0@FV0;ь=89 B8A: :>6=>3> :><?>=5=B0 AC<VHV: 

1

n

V
i

$ $
=

=õ ; 

$%H4 = r %H4 $=0,7711,1 0B0=8,55 0B0; 

$%2H6 = r %2H6  $=0,0511,1 0B0=0,56 0B0; 

$C3H8 = r C3H8 $=0,0111,1 0B0=0,11 0B0; 
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$N2 = rN2  $=0,1411,1 0B0=1,55 0B0; 

$CO2 = r CO2 $=0,0311,1 0B0=0,33 0B0. 

 �87=0G5==O 28B@0B8 ?@8@>4=>3> 307C, ?@82545=8E 4> AB0=40@B=8E 

C<>2 (tAC=20°%=293°�, $AC=101325 #0 3 AB0=40@B=V C<>28): 

( )

4

3< /3>4 2 A

273 20 1,01 0,1 293
1000

273 0,1 273

325230

3
. ;

0 C
2

.
7

%!

;4@ 54DEG
;4@

54D ;4@ ;4@

;4@

$ $
V V

$ t t

t

+ + +
=  =   =

+ +

=
+

 

?@8 t70<=−40°% 
4

3252300 3252300
13958

273 273 40
%!

EG

;4@

V
t

= = =
+ −

 <3/3>4 (2 A.C.); 

?@8 t70<=0°% 
4

3252300 3252300
11913

273 273 0
%!

EG

;4@

V
t

= = =
+ +

 <3/3>4 (2 A.C.); 

?@8 t70<=+40°% 
4

3252300 3252300
10391

273 273 40
%!

EG

;4@

V
t

= = =
+ +

 <3/3>4 (2 A.C.). 

Vсу-tзам

10391

13958

11913 11492

0

2000

4000

6000

8000

10000

12000

14000

16000

-50 -40 -30 -20 -10 0 10 20 30 40 50

Те<пеD4туD4 t74<, oC

О5
'є<

=4
 6

8т
D4

т4
 V

Eу
, <

3/
7о

д
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4

273 20

273

0,1 293
1000 10539,6 ( 0,1)

0,1 273 5

%!

;4@ 54DEG
;4@

54D ;4@

;4@
;4@

$ $
V V

$ t
$ $

+ +
=  =

+

+
=   =  +

+
 <3/3>4 (2 A.C.); 

?@8 0,3;4@D =   #0 
4

10539,6 (0,3 0,1) 4215,84%!
EGV =  + =  <3/3>4 (2 A.C.); 

?@8 0,6;4@D =   #0 
4

10539,6 (0,6 0,1) 7377,7%!
EGV =  + =  <3/3>4 (2 A.C.); 

?@8 1,2;4@D =   #0 
4

10539,6 (1,2 0,1) 13701,48%!
EGV =  + =  <3/3>4 (2 A.C.). 

Vсу-tзам

4216

11594

13701

7378

0

5000

10000

15000

0 0,2 0,4 0,6 0,8 1 1,2 1,4

Т8Eк D74<, П4

О5
'є<

=4
 6

8т
D4

т4
 V

Eу
, <

3/
7о

д
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 >74V; 3. �A=>2=V ?>=OBBO B0 70:>=8 B5@<>48=0<V:8 

 

3.1. �=CB@VH=O 5=5@3VO B5@<>48=0<VG=>W A8AB5<8. 

3.2. #>=OBBO @>1>B8 2 B5@<>48=0<VFV. 

3.3. #5@H89 B0 4@C389 70:>=8 B5@<>48=0<V:8. 

3.4. �=B0;ь?VO, 5=B@>?VO, 04V010B=89 V ?>;VB@>?=89 ?@>F5A8. 

3.5. &5@<VG=89 ���. 

3.1. �=CB@VH=O 5=5@3VO B5@<>48=0<VG=>W A8AB5<8 

�>6=0 B5@<>48=0<VG=0 A8AB5<0 2 1C4ь-O:><C AB0=V <0є 45O:C 5=5@3VN 

W, :>B@C =07820NBь ?>2=>N 5=5@3VєN A8AB5<8. #>2=0 5=5@3VO A:;040єBьAO 

7: :V=5B8G=>W 5=5@3VW <5E0=VG=>3> @CEC FV;>W A8AB5<8 01> WW <0:@>G0AB8=, 

?>B5=FV0;ь=>W 5=5@3VW, O:0 70;568Bь 2V4 ?>;>65==O A8AB5<8 2 7>2=VH=ь><C 

A8;>2><C ?>;V (3@02VB0FV9=><C, <03=VB=><C B>I>), B0 2=CB@VH=ь>W 5=5@3VW 

U, I> 70;568Bь ;8H5 2V4 2=CB@VH=ь>3> AB0=C A8AB5<8. &0:8< G8=><, 

<>6=0 70?8A0B8 
30MEX B

KW W W U= + + .     (3.1) 

' B5@<>48=0<VFV 70728G09 @>73;O40NBь =5@CE><V <0:@>A:>?VG=V 

A8AB5<8, =0 O:V =5 4VNBь 7>2=VH=V ?>;O. �;O B0:8E A8AB5< 7=0G5==O ?>2=>W 

B0 2=CB@VH=ь>W 5=5@3VW 71V30NBьAO. �> A:;04C 2=CB@VH=ь>W 5=5@3VW 2E>4OBь: 

3 :V=5B8G=0 5=5@3VO 1@>C=V2Aь:>3> @CEC <>;5:C;; 

3 :V=5B8G=0 V ?>B5=FV0;ь=0 5=5@3VO :>;820==O 0B><V2 C <>;5:C;0E; 

3 ?>B5=FV0;ь=0 5=5@3VO, 7C<>2;5=0 A8;0<8 <V6<>;5:C;O@=>W 270є<>4VW; 

3 5=5@3VO 5;5:B@>==8E >1>;>=>: 0B><V2 B0 V>=V2; 

3 5=5@3VO @CEC 9 270є<>4VW G0AB8=>: C O4@0E 0B><V2 (?@>B>=V2 B0 

=59B@>=V2). 

' B5@<>48=0<VFV @>73;O40NBь =5 01A>;NB=5 7=0G5==O 2=CB@VH=ь>W 

5=5@3VW, 0 WW 7<V=C ( U ). #@8G><C 2@0E>2CNBь ;8H5 BV A:;04>2V 2=CB@VH=ь>W 

5=5@3VW, :>B@V 7<V=NNBьAO ?V4 G0A B5@<>48=0<VG=8E ?@>F5AV2. &><C =040;V 
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v 

p 

0 

b 

$8A. 3.1. $>1>B0 2 ?@>F5AV 
V7>10@=>3> =03@V20==O 

v1 v2 

d` 

c a 

v 

p 

0 

b 

$8A. 3.2. $>1>B0 70 C<>2 
V7>B5@<VG=>3> @>7H8@5==O 

v1 v2 

d` 

c a 

8

 

=5 1C45<> 2@0E>2C20B8 ?@>F5A8, ?>29O70=V 7V 7<V=0<8 5=5@3VW 5;5:B@>==8E 

>1>;>=>: 0B><V2 B0 2=CB@VH=ь>O45@=>W 5=5@3VW.  

' B0:><C @07V 2=CB@VH=O 5=5@3VO A8AB5<8 є >4=>7=0G=>N DC=:FVєN WW 

B5@<>48=0<VG=>3> AB0=C (P, V, T) V =5 70;568Bь 2V4 B>3>, O:8< G8=>< 

B5@<>48=0<VG=0 A8AB5<0 >?8=8;0Aь 2 Fь><C AB0=V. #V4 2=CB@VH=ь>N 

5=5@3VєN @50;ь=>3> 307C @>7C<VNBь 5=5@3VN B5?;>2>3> @CEC <>;5:C; B0 

?>B5=FV0;ь=C 5=5@3VN WE 270є<>4VW. #V4 2=CB@VH=ь>N 5=5@3VєN V450;ь=>3> 

307C @>7C<VNBь ;8H5 5=5@3VN B5?;>2>3> @CEC <>;5:C;. 

/:I> 2 @57C;ьB0BV O:>3>Aь ?@>F5AC B5@<>48=0<VG=0 A8AB5<0, 

?@>9H>2H8 G5@57 @O4 ?@><V6=8E AB0=V2, ?>25@=C;0AO C 28EV4=89 AB0=, B> 

?>2=0 7<V=0 WW 2=CB@VH=ь>W 5=5@3VW 4>@V2=Nє =C;N. 

3.2. �>=OBBO @>1>B8 2 B5@<>48=0<VFV 
�>A2V4 ?>:07Cє, I> AB8A=5=89 307 C ?@>F5AV A2>3> @>7H8@5==O <>65 

28:>=C20B8 @>1>BC. !5E09 307 ?>2V;ь=> =03@V20єBьAO 2 F8;V=4@V (V7>10@=>), 

@8AC=>: 3.1. #@8 Fь><C ?>@H5=ь ?5@5<VICєBьAO 7 ?>;>65==O a-b C 

?>;>65==O c-d V ?@>E>48Bь H;OE l . �0 B0:8E C<>2 307 28:>=Cє @>1>BC 

?@>B8 7>2=VH=VE A8;. %8;0 F , I> 28:>=Cє 

FN @>1>BC, 1C45 4>@V2=N20B8  

F p S=  ,  (3.2) 

45 S 3 ?;>I0 ?5@5@V7C F8;V=4@0, <2. � 

<5E0=V:8 2V4><>, I> @>1>B0 28@060єBьAO 

D>@<C;>N 

l F x=  .  (3.3) 

"B65, l p S x=    . "A:V;ь:8 ?@8@VAB 

>19є<C 307C V S x =  , >45@68<> 

( )2 1l p V p V V=  = − . (3.4) 

' B5@<>48=0<VFV @>1>B0 22060єBьAO 

?>78B82=>N, O:I> 307 @>7H8@OєBьAO, V 
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2V49є<=>N, O:I> 307 AB8A:CєBьAO. � V7>E>@=><C ?@>F5AV >19є< 307C =5 

7<V=NєBьAO, B><C 0l = . 

#V4 G0A 28:>=0==O @>1>B8 2 V7>B5@<VG=><C ?@>F5AV B8A: 7<5=HCєBьAO 

(@8A. 3.2.), 0 @>1>B0 287=0G0єBьAO 70 D>@<C;>N 

1
1 1

2

ln
p

l pV
p

= .     (3.5) 

3.3. �5@H89 B0 4@C389 70:>=8 B5@<>48=0<V:8 

#5@H89 70:>= B5@<>48=0<V:8 є >:@5<8< 28?04:>< 7030;ь=>3> 70:>=C 

715@565==O V ?5@5B2>@5==O 5=5@3VW. �V= 70AB>A>2CєBьAO 4;O 

B5@<>48=0<VG=>W A8AB5<8, I> <>65 >1<V=N20B8AO 5=5@3VєN 7 =02:>;8H=V< 

A5@54>28I5<. ' B0:><C 28?04:>2V >1<V= 5=5@3VєN 74V9A=NєBьAO C D>@<V 

B5?;>B8 9 @>1>B8. 

�;O 1 :3 @>1>G>3> BV;0 ?5@H89 70:>= B5@<>48=0<V:8 70?8ACє<> C 

283;O4V 

du dq dl= − .     (3.6) 

$V;A<JO @V: >V?ь>VEFN F9C?BF<, CV86989ABW 8B DB5BKB7B FV?4, V 

6<>BA4ABW A<@ DB5BF< 6<;A4K4є ;@VAG 6AGFDVLAьBW 9A9D7VW FV?4. 

#V42545=0 :V;ь:VABь B5?;>B8 22060єBьAO ?>78B82=>N, 0 2V42545=0 3 

=530B82=>N. $>1>B0 @>7H8@5==O, I> 28:>=CєBьAO A8AB5<>N, 22060єBьAO 

4>40B=>N, @>1>B0 7>2=VH=VE A8;, ?V42545=0 4> A8AB5<8 (AB8A=5==O), 

22060єBьAO 2V49є<=>N. 

�=CB@VH=O 5=5@3VO V450;ь=>3> 307C 70;568Bь ;8H5 2V4 9>3> 

B5<?5@0BC@8 V 287=0G0єBьAO 70 D>@<C;>N ( ?@8 V=const V, >B65, 0dl = ) 

Vdu dq c dT= =  01>  ( )2 1vu c T T = − ,  (3.7) 

45 vc  V vc −  2V4?>2V4=> VAB8==0 V A5@54=O V7>E>@=0 <0A>20 B5?;>є<=VABь, 

:�6/(:3·�). 

�V;ь:VABь ?V42545=>W B5?;>B8 >1G8A;NєBьAO 70 D>@<C;>N 

dq c dT=   G8 ( )2 1q c T T= − ,   (3.8) 
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S 

T 

0 

3 

$8A. 3.3. #@>F5A8 2 T-S :>>@48=0B0E 

2 v2 

2 

T=const 

3 2 

2 

3 

3 

1 p=const 

v=const q=0 

4 5 S1 S 

S2 

 

45 c −A5@54=O <0A>20 B5?;>є<=VABь C 74V9A=N20=><C ?@>F5AV, 

:�6/(:3·�). 

�8:>=0=0 307>< @>1>B0 AB0=>28Bь dl p dv=  . 

#5@H89 70:>= B5@<>48=0<V:8 287=0G0є :V;ь:VA=5 A?V22V4=>H5==O 2 

?@>F5AV 270є<>?5@5B2>@5==O B5?;>2>W B0 <5E0=VG=>W 5=5@3VW, 0;5 =5 287=0G0є 

C<>2, 70 O:8E B0:V ?5@5B2>@5==O AB0NBь <>6;828<8. %0<5 4@C389 70:>= 

287=0G0є FV C<>28. 

�A=Cє 45:V;ь:0 D>@<C;N20=ь B0:>3> 70:>=C. !091V;ьH E0@0:B5@=8< є 

D>@<C;N20==O �;0C7VCA0: F9C?BF4 E4@BEFV=AB @B:9 C9D9IB8<F< ?<L9 

6V8 FV?4 ; 6<MBN F9@C9D4FGDBN 8B FV?4 ; A<:KBN F9@C9D4FGDBN. 

�2V4A8 206;8289 28A=>2>:: 4;O ?5@54020==O B5?;>B8 2V4 E>;>4=VH>3> BV;0 

4> BV;0 7 28I>N B5<?5@0BC@>N =5>1EV4=> 70B@0B8B8 5=5@3VN 01> 28:>=0B8 

@>1>BC. %0<5 F59 ?@8=F8? H8@>:> 70AB>A>2CєBьAO 2 E>;>48;ь=V9 B5E=VFV. 

�A=Cє B0:>6 V=H5, 0;5 =5 <5=H 206;825 287=0G5==O 4@C3>3> 70:>=0 

B5@<>48=0<V:8 (&><A>=0): A9@B:?<6B EF6BD<F< F9C?B6<= 86<7GA, G 

O>B@G F9C?BF4 CB6AVEFN C9D9F6BD<FьEO 6 DB5BFG. +8 :06CBь: 

«!5<>6;82> AB2>@8B8 2VG=89 4283C= 2-3> @>4C». �VG=8< 4283C=>< 1-3> 

@>4C 22060NBь ACB> <5E0=VG=89 2VG=89 4283C=. 

3.4. �=B0;ь?VO, 5=B@>?VO, 04V010B=89 V ?>;VB@>?=89 ?@>F5A8 

�5;8G8=0 u pv+  є ?0@0<5B@>< 

AB0=C, :>B@89 =07820єBьAO 

5=B0;ь?VєN B0 ?>7=0G0єBьAO O: V 

(�6/:3). �W B0:>6 =07820NBь 5=5@3VєN 

A8AB5<8. "B65, Pi u pv c T= + = . &>4V 

?5@H89 70:>= B5@<>48=0<V:8 <>6=0 

70?8A0B8 C 283;O4V 

di dq Vdp= + . (3.9) 

&0:8< G8=><, 5=B0;ь?VO 307C 
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?@8 B5<?5@0BC@V & 4>@V2=Nє :V;ь:>ABV B5?;>B8, :>B@C =5>1EV4=> ?V425AB8 

4> 307C 4;O 9>3> =03@V20==O 2V4 0� 4> B5<?5@0BC@8 & ?@8 ?>ABV9=><C B8A:C. 

' B5@<>48=0<VG=8E @>7@0EC=:0E 70728G09 28:>@8AB>2CNBь 2V4=>A=5 

7=0G5==O 5=B0;ь?VW 01> WW 7<V=C.  

%?V22V4=>H5==O /dq T  =07820NBь ?@82545=>N B5?;>B>N V ?>7=0G0NBь 

ds , �6/�, 

dq
ds

T
= .     (3.10) 

�<V=0 ?@82545=>W B5?;>B8 2 E>4V ?@>F5AC 1-2 287=0G0єBьAO V=B53@0;>< 

2

2 1

1

dq
s s s

T
 = − =  ,    (3.11) 

45 S 3 5=B@>?VO. #VA;O V=B53@C20==O Fь>3> 28@07C <>6=0 >B@8<0B8 

7<V=C 5=B@>?VW 

2 2

1 1

ln lnV

T v
s c R

T v
 = + .    (3.12) 

�=B@>?VO <0є 206;825 7=0G5==O 4;O 287=0G5==O :V;ь:>ABV B5?;>B8, I> 

28B@0G0єBьAO =0 74V9A=5==O 1C4ь-O:>3> B5@<>48=0<VG=>3> ?@>F5AC. �;O 

Fь>3> >AB0==V9 7>1@060NBь C :>>@48=0B0E T-S, @8AC=>: 3.3. 

"@5BV9 70:>= B5@<>48=0<V:8: 9AFDBCVO F9D@B8<A4@VKAB 

DV6AB64:ABW E<EF9@< CDO@Gє 8B AG?O CD< &→0. 

 �@V< @>73;O=CB8E @0=VH5 V7>?@>F5AV2 4;O 307V2, 25;8:5 7=0G5==O <0є 

04V010B=89, 01> V7>5=B0;ь?V9=89, ?@>F5A. �>3> H8@>:> 28:>@8AB>2CNBь C 

4283C=0E 2=CB@VH=ь>3> 73>@0==O, E>;>48;ь=><C >1;04=0==V, ?@8 

4@>A5;N20==V 307V2. �4V010B=8< =07820NBь ?@>F5A, C O:><C 2V4ACB=V9 

>1<V= B5?;>2>N 5=5@3VєN 7 =02:>;8H=V< A5@54>28I5<. #@0:B8G=> ?@>F5A 

<>6=0 22060B8 04V010B=8< ?@8 H284:><C @>7H8@5==V G8 AB8A:0==V 307C. 

'@0E>2CNG8, I> 0dq =  7 ?5@H>3> 70:>=C B5@<>48=0<V:8, >45@68<> 

du dl= − .     (3.13) 



31 

 

  

v 

p 

0 

3 

$8A. 3.4. �4V010B=89 ?@>F5A 
v3 v2 

2 

v1 

1 

ôQ=0 

T=const 

 

&>1B> @>1>B0, :>B@C 28:>=Cє 307, 74V9A=NєBьAO 70 @0EC=>: 7<5=H5==O 

9>3> 2=CB@VH=ь>W 5=5@3VW. �<V=C AB0=C V450;ь=>3> 307C 2 04V010B=><C 

?@>F5AV 70?8ACNBь C 283;O4V 
kpV const= ,  (3.14) 

 

45 k 3 ?>:07=8: 04V010B8, ?>ABV9=89 

4;O Fь>3> 307C. #>:07=8: 04V010B8 

287=0G0NBь 70 D>@<C;>N P

V

c
k

c
= . �;O 

1C4ь-O:>3> V450;ь=>3> 307C 1k þ ,B><C 2 

p-v-4V03@0<V 04V010B0 702648 945 

:@CBVH5, =V6 V7>B5@<0, @8AC=>: 3.4. *5 ?>OA=NєBьAO B8<, I> ?@8 

04V010B=><C cB8A=5==V 307C 2V41C20єBьAO ?V428I5==O B5<?5@0BC@8, 0 ?@8 

@>7H8@5==V 3 WW 7=865==O. �;O 1- 0B><=8E 307V2 1,67k = , 4;O 2-0B><=8E 

1,4k = , 4;O 3-0B><=8E 307V2 1,29k = , 4;O @50;ь=8E 307V2 ?>:07=8: 04V010B8 

7 ?V428I5==O< B5<?5@0BC@8 7<5=HCєBьAO. �4V010B=89 ?@>F5A 

E0@0:B5@87CNBь A?V22V4=>H5==O: 

1

k

kp T const− =  B0  1kT V const− = .   (3.15) 

�;O C7030;ь=5==O @>73;O=CB8E G>B8@ь>E 307>28E ?@>F5AV2 

28:>@8AB>2CNBь ?>;VB@>?=89 ?@>F5A. �>;VB@>?=8< =07820NBь 

B5@<>48=0<VG=89 ?@>F5A 2 V450;ь=><C 307V, O:89 >?8ACNBь @V2=O==O< 

npV const= ,     (3.16) 

45 n 3 ?>:07=8: ?>;VB@>?8. �;O ?>;VB@>?=>3> ?@>F5AC E0@0:B5@=V 

A?V22V4=>H5==O: 

1

n

np T const− =  B0  1nT V const− = . 

$V7=8< 7=0G5==O< ?>:07=8:0 ?>;VB@>?8 2V4?>2V40NBь @V7=V 2848 

?>;VB@>?=>3> ?@>F5AC, =0?@8:;04, ?@8: 
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0n =  3 V7>10@=89 ?@>F5A; 

1n =  3 V7>B5@<VG=89 ?@>F5A; 

n k=  3 04V010B=89 ?@>F5A; 

n = ñ  3 V7>E>@=89 ?@>F5A. 

3.5. "5@<VG=89 ��� 

"5@<VG=89 ��� 3 2V4=>H5==O :>@8A=> 28:>@8AB0=>W B5?;>B8 q0 01> 

>45@60=>W @>1>B8 l0  4> 2AVєW B5?;>B8 q1, 70B@0G5=>W 4;O 74V9A=5==O F8:;C 

[1]. 

��� 287=0G0є B5@<>48=0<VG=C 5D5:B82=VABь F8:;C B0 @>7@0E>2CєBьAO 

1 20 0

1 1 1

,t

q qq l

q q q
ø

−
= = =    G0AB. >4.,      (3.17) 

 

45 q1 3 B5?;>B0, ?V42545=0 2 F8:;V 4> @>1>G>3> BV;0 2V4 30@OG>3> 

465@5;0 B5?;>B8, :�6/:3; 

q2 3 B5?;>B0, 2V42545=0 2V4 $& 4> E>;>4=>3> 465@5;0 B5?;>B8, :�6/:3. 

&8:; �0@=> 3 V450;ь=89 F8:; B5?;>2>3> 4283C=0, O:89 <0є 

=091V;ьH89 ���, 70 @0EC=>: =091V;ьH ?>2=>3> ?5@5B2>@5==O B5?;>B8 2 

@>1>BC. �V= A:;040єBьAO V7 42>E V7>B5@< ("1 = Aonst V7>B5@<VG=89 ?@>F5A 1–
2, "2 = Aonst V7>B5@<VG=89 ?@>F5A 3–4) V 42>E 04V010B (dq=0 04V010B=V 

?@>F5A8 2–3 B0 4–1). �>1@065==O F8E G>B8@ь>E ?@>F5AV2 ?>:070=> 2 

:>>@48=0B0E $3 υ V &3 S =0 @8A. 3.5 C A:;04V F8:;C �0@=> [1]. 

#;>I0 ?V4 :@82>N ?@>F5AC 2 $3 υ 4V03@0<V 2V4>1@060є B0 4>@V2=Nє 

@>1>BV 2 ?@>F5AV, ?;>I0 ?V4 ?@O<>N ?@>F5AC 2 :>>@48=0B0E &3 S 4>@V2=Nє 

:V;ь:>ABV B5?;>B8, I> ?V42>48BьAO, O:I> dS > 0 (5=B@>?VO 71V;ьHCєBьAO), 

01> 2V42>48BьAO, O:I> dS < 0 (5=B@>?VO 7<5=HCєBьAO) C ?@>F5AV. 

�;O V450;ь=>3> V7>;ь>20=>3> 72>@>B=>3> F8:;C AC<0 25;8G8= 7<V=8 

5=B@>?VW 4;O 2AVE ?@>F5AV2 F8:;C 4>@V2=Nє =C;N 
1

0
n

i

S
=

=õ . 
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�;O 2AVE F8:;V2 @50;ь=8E B5?;>28E 4283C=V2 AC<0 25;8G8= 7<V=8 

5=B@>?VW 2AVE ?@>F5AV2 7@>AB0є, B>1B>
1

n

i

S
=
õ  > 0  (3.18). 

*5 ?>OA=NєBьAO =572>@>B=VABN 4>2V;ь=8E ?@8@>4=8E ?@>F5AV2 

?5@5E>4C B5?;>B8 2V4 1V;ьH>W B5<?5@0BC@8 4> <5=H>W ?@8 =03@V20==V $& V 

?V42545==V 4> =ь>3> B5?;>B8. !5@V2=VABь (3.18) =07820NBь 70:>=>< 
71V;ьH5==O 5=B@>?VW. 

#5@540G0 5=5@3VW 2V4 BV; 7 <5=H>N B5<?5@0BC@>N 4> BV; 7 1V;ьH>N 

B5<?5@0BC@>N 2V41C20єBьAO 2 V450;ь=8E ?@8<CA>28E ?@>F5A0E CAC?5@5G WE 

?@8@>4=><C E0@0:B5@C, 2 Fь><C 28?04:C 5=B@>?VO 7<5=HCєBьAO. 

"B65, 25;8G8=0 7<V=8 5=B@>?VW Sõ  C F8:;V E0@0:B5@87Cє 

2;0AB82VABь 2V4=>2;N20;ь=>W @>1>B>740B=>ABV @>1>G>3> BV;0 V 
B5@<>48=0<VG=>W A8AB5<8 2 FV;><C [1]. 

 

 

#8B><89 >19є< v, <3/:3 

�
1A
>;
N
B=
89
 B8
A:
 @
, #
0 

2 

v3 v2 

3 

v1 

dq=0 

T1=const 

v4 

4 

D1 1 

D2 

D4 

D3 

T2=const 

lo 

q1 

q2 

dq=0 

 

 

&5
<?
5@
0B
C@
0 T
, ˚
� 

4 

1 

�=B@>?VO S, :�6/(:33@) 

qo 
dq=0 dq=0 

T2=const 

T1=const 

q1 

q2 

2 

3 

S1=S4 S2=S3 

 

$8A. 3.5. !09?@>ABVH89 F8:; �0@=> 2  $3 υ V &3 S 3 :>>@48=0B0E [1] 

�C4ь-O:0 A8AB5<0 C 4>2V;ь=8E ?@8@>4=8E ?@>F5A0E =01;860єBьAO 4> 

AB0=C @V2=>2038, 2B@0G0єBьAO WW <>6;82VABь 74V9A=N20B8 @>1>BC, B5?;>B0 

?5@5E>48Bь 4> BV; 7 <5=H8< ?>B5=FV0;><, 2B@0G0єBьAO C =02:>;8H=є 

A5@54>28I5. �V41C20єBьAO 453@040FVO A8AB5<8. 

�3V4=> 7 ?5@H8< 70:>=>< B5@<>48=0<V:8 

1 2 1 2 1 2  q U l− − −=  + ;  3 4 3 4 3 4  q U l− − −=  + ; :�6/:3; 

2 3 2 3 2 3 0   q U l− − −= =  + ;  4 1 4 1 4 1 0   q U l− − −= =  + , :�6/:3. 
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�030;ь=0 B5?;>B0, I> 1C45 28:>@8AB0=0 4;O 74V9A=5==O @>1>B8, 
 

0 1 2 3 4 0 –  q q q l− −= = ,  :�6/:3. 

/: 284=> V7 &-S-4V03@0<8 (@8A. 3.5): 
 

( )1 2 1 2 1 –  q & S S− = ; 
2 3  0q − = ; ( )3 4 2 3 4 –  q & S S− = ; 

4 1  0q − = . 

 
2 1 3 4–   –  S S S S= , :�6/:3. 

 

&5@<VG=89 ��� 287=0G0NBь 70 D>@<C;>N [1] 
 

0 1 2 1 2 3 4 1 2 2

1 1 2 1 1 1

( ) ( )
1

( )

q T S S T S S & & &
q T S S & &

ø  − −  − −
= = = = −

 −
.  (3.19) 

 

�3V4=> 7 B5>@5<>N �0@=>: F8:; �0@=> <0є <0:A8<0;ь=> 
<>6;8289 ��� ?@8 7040=8E "1 B0 "2 i =5 70;568Bь 2V4 DV78G=8E 
E0@0:B5@8AB8: @>1>G>3> BV;0 [1]. 

&5<?5@0BC@0 E>;>4=>3> 465@5;0 B5?;>B8 &2 287=0G0єBьAO 2 1V;ьH>ABV 

28?04:V2 B5<?5@0BC@>N =02:>;8H=ь>3> A5@54>28I0, 0 B5<?5@0BC@0 &1 1C45 

>1<565=0 B5@<><5E0=VG=8<8 2;0AB82>ABO<8 <0B5@V0;C 4283C=0. 

 

3.6. �@>F5A8 7<V=8 ?0@0<5B@V2 V450;ь=>3> 307C 

 

"A=>2=V B5@<>48=0<VG=V ?@>F5A8 (B01;8FO 3.1): 

− V7>10@=89 ?@>E>48Bь ?@8 ?>ABV9=><C B8A:C 307C,   $ Eonst= ; 

− V7>E>@=89 3 ?@8 ?>ABV9=><C >19є<V 307C,   Eonstõ = ; 

− V7>B5@<VG=89 3 ?@8 ?>ABV9=V9 B5<?5@0BC@V 307C,   & Eonst= ; 

− 04V010B=89 3 70 2V4ACB=>ABV 2 ?@>F5AV ?V42545==O V 2V42545==O B5?;>B8 

  0dq = , ·  k$ Eonstõ = ; 

− ?>;VB@>?=89 3 F5 @50;ь=89 ?@>F5A, I> ?@>E>48Bь ?@8 7<V=V 2AVE 

<>6;828E ?0@0<5B@V2 73V4=> 7 @V2=O==O< ·  n$ Eonstõ = , 

45 n 3 ?>:07=8: ?>;VB@>?8, O:89 є ?>ABV9=>N 25;8G8=>N 4;O 

7040=>3> ?@>F5AC. 
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"01;8FO 3.1 [1] 

$>@<C;8 >1G8A;5==O >A=>2=8E E0@0:B5@8AB8: B5@<>48=0<VG=8E 
?@>F5AV2 

№ 

7/ 
? 

�0720 
?@>F5AC 

 V2=O==O 
?@>F5AC 

�V;ь:VABь 

 B5?;>B8 

q, 
�:
>7

 

 >1>B0 l, 
�:
>7

 �@8<VB:8 

1 2 3 4 5 6 

1 

�7>10@=89 
$= EBnst 

n=0 

$=Eonst 
C C

> >

&
&

õ
õ

=  

( )–  mD � #% & &  ( )–   � #$ õ õ  %mD, �:
>7 7D

ö ö
÷ ÷ø ø

 

& (º�) i� 2 iC ( )–   � #R & &  

2 

�7>E>@=89 
υ= Eonst 
n=∞ 

υ= Eonst 
C C

> >

$ &
$ &

=  
( )–  m � #% & &õ  0 

%mυ, 
�:
>7 7D

ö ö
÷ ÷ø ø

 

&#, &�, (º�) 

3 

�7>B5@<VG-
=89 

&= Eonst 
n=1 

&= Eonst 
C >

> C

$
$

õ
õ

=  

q=l ΔU=0 ( )· / � #R & ln õ õ  R 
�:
>7 7D

ö ö
÷ ÷ø ø

 

υ ( )3 /@ >7  

$ (#4) 
( )–  � #& S S  ( )· /# # # �$ ln $ $õ  

4 

�4V010B-
=89 
dq=0 

dS=0 

n=k 

pC
k

Cõ

=  

Pυk=const 

k

C >

> C

$
$

õ
õ
ö ö

= ÷ ÷
ø ø

 

1k

C >

> C

T

T

õ
õ

−
ö ö

= ÷ ÷
ø ø

1k

k
C C

> >

T $
& $

−

ö ö
= ÷ ÷
ø ø

 

0 

–� #V V  

S# = S� 

$ (#4) 
& (º�) 

υ ( )3 /@ >7  

R 
�:
>7 7D

ö ö
÷ ÷ø ø

 

 

1

1
1

k

C C C

>

P

k

õ õ
õ

−ù ùö ö
ú ú− ÷ ÷− ú úø øû û

 

( )
1

C >
R & &
k

−
−

 

1

1
1

k

k
C C >

C

P $
k $
õ

−ù ù
ö öú ú− ÷ ÷ú ú− ø øú úû û

 

5 

#>;VB@>?-

=89 
%υ =Eonst 

Pυn=const 

-∞<n<∞ 

n

C >

> C

$
$

õ
õ
ö ö

= ÷ ÷
ø ø

 

1n

C >

> C

T

T

õ
õ

−
ö ö

= ÷ ÷
ø ø

 

1n

n
C C

> >

T $
& $

−

ö ö
= ÷ ÷
ø ø

 

%mυ 
1

n k

n

−
−
× 

×(&� – &#) 

( )
1

C >
R & &
n

−
−

 

1

1
1

n

C C C

>

P

n

õ õ
õ

−ù ùö ö
ú ú− ÷ ÷− ú úø øû û

 

 
1

1
1

n

n
C >

C

R& $
n $

−ù ù
ö öú ú− ÷ ÷ú ú− ø øú úû û

 

$ (#4) 
& (º�) 

υ ( )3 /@ >7  

R 
�:
>7 7D

ö ö
÷ ÷ø ø

 

' :>>@48=0B0E $ 3 υ V &3 S 3@0DV:8 2AVE ?@>F5AV2 2V4>1@060NBьAO 

;V=VO<8, O: ?>:070=> =0 @8A. 3.6 [1]. 



36 

 

�    =    B    @    >    ?    і    я    S    ,    >    �    6    /    >    г    ·    г    @    

Р    =    с    o    n    s    t    

1    

1    

2    2    

2    

2    T    =    с    o    n    s    t    

d 
   q 

   =
   

 
0 

   

v 
   =
  
  o 
   n 
   s 
   t  
  

1    

1    

1    

2    

d    q    >    0    d    q    <    0    

Р    v    
n    =    с    o    n    s    t    

n    =    1    

n 
   =   

 
0 

   n 
   =
   

 
k 

   k    
>    
n    
>    
1    

Т 
   5  
  < 
   ? 
   5  
  @  
  4  
  B  
  C  
  @  
  4  
  Т 
   ,   

 °  
  К 
   

v 
   = 
  

 
o 

   n 
   s 
   t  

  

�    <    B    >    <    <    =    >    5    '    є    <    v    ,    м    3    
/    к    г    

T
  

  < 
   A  
  >  
    
   ,   

 � 
   4  
  

Р    =    с    o    n    s    t    

1    

1    

2    

2    

T    =    с    o    n    s    t    

d    
q    
=

    
0    

v    1    v    2    

1    

1    

2    

2    

1    

2    

Р    v    
n    =    с    o    n    s    

t    

n    =    0    

n    =    1    

k    >    n    >    1    

n    
=

    
k    

n    <    0    

n    <    0    

d    l    <    0    d    l    >    0    

n 
   =
   

 
+

   
 

 

$8A. 3.6. �@0DV:8 ?@>F5AV2 V450;ь=>3> 307C 2 :>>@48=0B0E $3 υ B0 &3 S [1] 
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 >74V; 4. �5@H89 70:>= B5@<>48=0<V:8 4;O @50;ь=8E 307V2 

 

 �040G0 4.1 

�;O 307>2>3> F8:;C, =02545=>3> =0 @8AC=:C 4.12, 287=0G8B8 73V4=> V7 

7040=8< 20@V0=B>< 4;O :>6=>3> ?@>F5AC F8:;C =52V4><V ?0@0<5B@8 AB0=C 

>A=>2=8E B>G>:. 

�=09B8 4;O :>6=>3> ?@>F5AC F8:;C 25;8G8=C @>1>B8, 7<V=C 

5=B0;ь?VW, 5=B@>?VW, :V;ь:VABь B5?;>B8,  @57C;ьBCNGC @>1>BC V ���  F8:;C 2 

FV;><C. 

�87=0G8B8 3>48==V 28B@0B8 B5?;>B8 9 ?0;820 4;O 74V9A=5==O  F8:;C. 

#>1C4C20B8 F8:; C <0AHB01V C :>>@48=0B0E  T - S V P - V.  

�8B@0B8 @>1>G>3> BV;0 (?>2VB@O) ?@89=OB8 7064 :3/3>4. &5?;>BC 

73>@0==O ?0;820 ?@89=OB8 Q=@ = 37000 :�6/:3.  

#>1C4>2C :>6=>3> ?@>F5AC 74V9A=8B8 ?> 42>E 3 B@ь>E B>G:0E: 

132 3 ?>;VB@>?=89,  Pυn=const; (n = 1,2); 

233 3  V7>E>@=89,   υ =  const; 

334 3  ?>;VB@>?=89,  Pυn=const; (n = 1,2); 

4 3 1 3 V7>10@=89,  P = const. 
 

v 

p 

0 

3 

v3 v2 

4 

v1 

1 

pvn=const 
2 

25 

1,6 

P145E=1,6 4F4 
P345E=25 4F4 
t2=150oC 

v1=0,5 @3/>7 
n=1,2 

 

 8A. 4.12 &8:; 2 p-v :>>@48=0B0E 

�040=V 45O:V ?0@0<5B@8 AB0=C ?>2VB@O: 

$1 = 1,6 0B0=1,6105#0, v1 = 0,5 <3/:3, 
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t2 = 150 0C=4230�, 

$3 = 25 0B0=25105#0. 

#>:07=8: ?>;VB@>?8 n = 1,2.  

 

 >72’O70==O 

1. �87=0G5==O =52V4><8E ?0@0<5B@V2 AB0=C @>1>G>3> BV;0 (?>2VB@O) 

�;O B>G:8 1 2V4><V 420 ?0@0<5B@8: B8A: $1 = 1,6 0B0 V ?8B><89 >19є< 

v1 = =0,5 <3/:3. 

�3V4=> 7 @V2=O==O< AB0=C 4;O B.1 287=0G8<> =52V4><C B5<?5@0BC@C T1, 

$1υ1=RT1, 72V4:8 >B@8<0є<> 
5

1 1
1

0,5 1,6 10
278,7

287

  
= = =
v P

T
R

 0�, 

45 R 3 307>20 AB0;0 4;O ?>2VB@O 8314 8314
287 ;

29

�:
R

>7 7Dý
= = =


  

     $1 3 B8A: 307C  2 B>GFV 1,  $1 = 1,60B0 = 1,6·105 #0 ; 

     μ 3 <>;5:C;O@=0 <0A0 ?>2VB@O, :3. 

�87=0G0є<> ?8B><89 >19є< 2 B>GFV 2 

1

1 2

2 1

n

T

T

õ
õ

−
ö ö

= ÷ ÷
ø ø

; 

1 1
5

1 1,2 1
1

2 1

2

278,7 278,7
0,5 0,5 0,06

423 423

− −ö ö ö ö ö ö=  =  =  =÷ ÷ ÷ ÷ ÷ ÷
ø ø ø øø ø

nT

T
õ õ  <3/:3. 

�;O >1G8A;5==O B@5Bь>3> ?0@0<5B@0 AB0=C $2 70 42><0 2V4><8<8 &2 V 

υ2 70?8H5<> 4;O B>G:8 2 @V2=O==O AB0=C $2υ2 = RT2; 

2
2

2

287 423
2023350

0,06

 
= = =
R T

P
õ

 #0 = 2023,2 :#0=20,2105 #0. 

�3V4=> 7 @V2=O==O< AB0=C 4;O B.3 287=0G8<> =52V4><C B5<?5@0BC@C T3 

$3υ3=RT3; 

T3=
5

3 3 0,06 25 10
522,6

287

  
= =

v P

R
 0�. 
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"1G8A;Nє<> ?8B><89 >19є< C B>GFV 4 70 @V2=O==O< ?>;VB@>?=>3> 

?@>F5AC 3-4 

3 4

4 3

n

$
$

õ
õ
ö ö

= ÷ ÷
ø ø

  

1 1
5 1,2

3
4 3 5

4

25 10
0.06 0,59

1,6 10

ö ö ö ö
=  =  =÷ ÷ ÷ ÷ø øø ø

n$
$

õ õ  <3/:3 

�3V4=> 7 @V2=O==O< AB0=C 4;O B.4 287=0G8<> =52V4><C B5<?5@0BC@C T4 

$4υ4=RT4; 

5

4 4
4

0,59 1,6 10
328,9

287

v P
T

R

  
= = =  0�. 

�5;8G8=8 5=B0;ь?VW V B0 2=CB@VH=ь>W 5=5@3VW U 4;O B0:>3> F8:;C 

@>7@0E>2CNBь 2V4?>2V4=> 4> B0:8E 70;56=>AB59: U = Cmυ·t; i = Cmp·t, 

45 %mυ V %mp 3 2V4?>2V4=> V7>E>@=0 9 V7>10@=0 <0A>2V A5@54=V 

B5?;>є<=>ABV ?>2VB@O, >1G8A;NNBьAO 70 2V4><8<8 7=0G5==O<8 <>;ь=8E 

B5?;>є<=>AB59 70 4>?><>3>N B01;8FV 2 [1], 

20,9
0,71

29

%
m% õ
õ

ý
ý

= = = :�6/:3 3@.; 29,3

29

%D
mD%

ý
ý

= = =  1,005 :�6/:3·3@. 

!0?@8:;04: 

U1= %mυ·t1 =0,71·5,8=4,1 :�6/:3; U2 = %mυ·t2 = 0,71·150 = 106,5 :�6/:3; 

i1= %mp·t1 = 1,005·5,8=5,8 :�6/:3; i2 = %mυ·t2 = 1,005·150 = 150,8 :�6/:3 

U3= %mυ·t3 =0,71·249,6=177,2 :�6/:3; U4 = %mυ·t4 = 0,71·55,9 = 39,7 :�6/:3; 

I3= %mp·t3 = 1,005·249,6=250,8 :�6/:3; i4=%mυ·t4=1,005·55,9=56,2 :�6/:3. 

"45@60=V @57C;ьB0B8 @>7<VICNBь C B01;8FV 4.2. 

�;O 287=0G5==O 4>?><V6=8E B>G>: ?@8 ?>1C4>2V F8:;V2 C 

:>>@48=0B0E $ 3 υ B0 & 3 S 28:>@8AB>2CNBь @V2=O==O, =02545=V C B01;8FV 

3.1 2V4?>2V4=> 4> ?@>F5AV2, C:070=8E C 70240==V. 

!0?@8:;04, 4;O >45@60==O ?@><V6=>W B>G:8 0 =0 ?>;VB@>?=><C 

?@>F5AV 3 3 4 A:;040є<> @V2=O==O ?>;VB@>?=>3> ?@>F5AC 4;O B>G>: 3 V B>G:8 

0. �040є<>Aь 4>2V;ь=8< 7=0G5==O< ?8B><>3> >19є<C υ0 2 V=B5@20;V 2V4 

υ3=0,06 4> υ4=0,59 <3/:3 V 287=0G0є<> 2V4?>2V4=5 7=0G5==O B8A:C 2 B>GFV 0 



40 

 

3

3

n

4

4

$
$

õ
õ
ö ö

= ÷ ÷
ø ø

;   

1,2

53
3

0,06
25 10

0,3

n

a

a

P P
õ
õ
ö ö ö ö=  =  ÷ ÷ ÷ ÷

ø øø ø
= 3,6105 #0. 

&01;8FO  4.2 

#0@0<5B@8 AB0=C B>G>: F8:;C 

&>G:8 
#0@0<5B@8 

$, #0 υ,  <3/:3 &, 0� U, :�6/:3 V, :�6/:3 

1 1,6105 0.5 278,7 4,1 5,8 

d 3,7105 0.25    

2 20105 0.06 423 106,5 150,8 

3 25105 0.06 522,6 177,2 250,8 

a 3,6105 0.3    

4 1,6105 0.59 328,9 39,7 56,2 

 

1

2

3

4

0

500000

1000000

1500000

2000000

2500000

3000000

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

&�
!К

  
, �

�

��&О��� О�'Є� V, �3/�О�

ПDоцеE 1-2-3-4-1

 

#0@0<5B@8 ?@><V6=>W B>G:8 d >B@8<CNBь 70 @V2=O==O< ?>;VB@>?=>3> 

?@>F5AC 4;O B>G>: 1 V d  

1

1

n

d

d

$
$

õ
õ

ö ö
= ÷ ÷
ø ø

;   

1,2

51
1

0,5
1,6 10

0,25

ö ö ö ö=  =  ÷ ÷ ÷ ÷
ø øø ø

n

d

d

P P
õ
õ

= 3,7105 :#0. 
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1

d

2

3

a
4

0

500000

1000000

1500000

2000000

2500000

3000000

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

&�
!К

  
, �

�

��&О��� О�'Є� V, �3/�О�

ПDоцеE 1-d-2-3-a-4-1

 

2. �87=0G5==O E0@0:B5@8AB8: ?@>F5AV2 F8:;C. 

#@8 >1G8A;5==V 25;8G8=  ∆U, ∆V, ∆S, q, l, l0 281V@ @>7@0EC=:>28E 

70;56=>AB59 74V9A=NєBьAO 73V4=> 7 B01;8F5N 3.1. 

�;O ?>;VB@>?=>3> ?@>F5AC 1 – 2: 

12  –   106,5 –  4,1  102,4U U U = = = :�6/:3; 

12  –   150,8 –  5,8 145 i i i = = = :�6/:3;  

∆S = S2 – S1=
2 1

@
1 2

T
C ln ln

T

$
R

$
 +  =1,005ln

423

278,7

ö ö
÷ ÷
ø ø

+0,287ln
1,6

20

ö ö
÷ ÷
ø ø

=0,42- 

-0,72=-0,3 :�6/:3 3@; 

1 2

0,287
( ) (278,7 423) 207,1

1 1,2 1
− = − =

−
= −

−
R & &
n

l  :�6/:3 
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1 1,2 1

1,2
5 52

1 1

1

1,2 1

1,2

1 1 20
1 1,6 10 0,5 1 4 10

1 1,2 1 1,6

20
1 209 ;

1,6

− −

−

ù ù ù ùö ö ö öú ú ú ú=    − =     − =  ÷ ÷ ÷ ÷ú ú ú ú− − ø øø øú ú û ûû û
ù ù

ö öú ú − = −÷ ÷ú úø ø
û û

n

nP
l P
n P

>�:
>7

õ

 

( ) ( )2 1–   0,71 423 –  278,7 107,6= =  = −q C T Tõ  :�6/:3. 

#5@52V@:0 73V4=> V7 ?5@H8<  70:>=>< B5@<>48=0<V:8: l = q − Δu = -

107,6- 

-102,4=-209 :�6/:3. 

$>7@0EC=:>20 @>1>B0 

l0 = -107,6 3 145 =  -252,6 :�6/:3. 

�;O V7>E>@=>3> ?@>F5AC 2-3: 

&U = U3 3 U2 = 177,2-106,5 = 70,7 :�6/:3;    &i = i3 3 i2 = 250,83 150,8 = 

=100 :�6/:3; 

q = Cmυ(T3 3 T2) = 0,71(522,6 − 423) = 70,7 :�6/:3; 

3 2
3 3 3

2 2 2

T 522,6
C ln ln C ln 0,71ln

T
–  

423
  +  == == =

T
R

T
S S S õ õ

õ
õ

 

=0,15:�6/(:33@). 

l = 0. 

#5@52V@:0 73V4=> V7 ?5@H8<  70:>=>< B5@<>48=0<V:8: q = ΔU = U3 3 U2 = 

=70,7 :�6/:3. 

$>7@0EC=:>20 @>1>B0 

l0 = q – ΔV = 70,7 3 100 = -29,3 :�6/:3. 

�;O ?>;VB@>?=>3> ?@>F5AC 3 – 4: 

∆U = U4 − U3= 39,7−177,2=3137,5; &V = i4 − i3 =56,2−250,8=-194,6 :�6/:3; 

q = Cυ 
1

n k

n

−
−

(T4 – T3) = 0,71 
1,2 1,41

1,2 1,0

−
−

(328,9 3 522,6) = 144,4 :�6/:3; 
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∆S=S4–S3=
4 3

3 4

ln lnD
T $

C R
T $

 +  =1,005ln
328,9

522,6
+0,287ln

25

1,6
=0,32 :�6/(:33@); 

1 1,2 1

1,2
24

3 3

3

1 1 1,6
1 25 10 0,06 1 275,7

1 1,2 1 25

− −ù ù ù ùö ö ö öú ú ú ú− =    − =÷ ÷ ÷ ÷ú ú ú ú− − ø øø øú ú ûû û

=
û

n

nP

P
l P
n

õ  :�6/:3. 

$>7@0EC=:>2C @>1>BC ?@>F5AC 3 3 4 287=0G0є<> 7 ?5@H>3> 70:>=C 

B5@<>48=0<V:8 

l0 = q − Δi = 144,4 − ( −194,6) = 339 :�6/:3. 

#5@52V@:0 73V4=>  7  ?5@H8<  70:>=><  B5@<>48=0<V:8 

l = q − Δu = 144,4 − ( −137,5) = 281,9 :�6/:3. 

�;O V7>10@=>3> ?@>F5AC 4-1: 

∆U = U1 – U4 = 4,1 3 39,7= -35,6 :�6/:3;       &V = i1 − i4 = 5,8 − 56,2= 

=−50,4 :�6/:3; 

1 4
1

4

T 278,7
C ln 1,  005 ln 0,166

T 328
–

,
 

9
DS S S = = −=  =   :�6/(:33@); 

1 4    1,005( ) (278,7 328,9  0,5) 5= − =  − = −Dq C T T  :�6/:3; 

1 4   160 0,5 0,59  1( ) ( ) 4,4=  − =  − = −l p õ õ  :�6/:3. 

1
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$>7@0EC=:>20 @>1>B0 2 V7>10@=><C ?@>F5AV 4-1 4>@V2=Nє =C;N l0=0. 

#5@52V@:0: 73V4=> 7 ?5@H8< 70:>=>< B5@<>48=0<V:8 

( )   50,5  35,6  14,9l q u= −  = − − − = −  :�6/:3. 

#5@52V@:0: 3%l l= ñõ õ , I> <5=H5 70 5%.  

"45@60=V @57C;ьB0B8 @>7<VI0NBь C B01;8FV 4.3. 

&01;8FO 4.3 

�87=0G5==O E0@0:B5@8AB8: ?@>F5AV2 

#@>F5A ∆U, 

:�6/:3 
∆i, 

:�6/:3 
∆S, 

:�6/(:3∙3@04) 
q, 

:�6/:3 
l, 

:�6/:3 
l0, 

:�6/:3 

1-2 102,4 145 -0,3 -107,6 -209 -252,6 

2-3 70,7 100 0,15 70,7 0 -29,3 

3-4 -137,5 -194,6 0,32 144,4 281,9 339 

4-1 -35,6 -50,4 -0,17 -50,5 -14,9 0 

#5@5- 
2V@:0 1 

0U =õ  0i =õ  0,00S =õ  57q =õ  58
>BD

l l= =õ  - 

 

�030;ь=0 :V;ь:VABь ?V42545=>W B5?;>B8 (28B@0B8 B5?;>B8) C F8:;V O: 

AC<0 25;8G8= q 4;O ?@>F5AV2, C O:8E q > 0, 

70,7 144,4 215,1CV86q = + =  :�6/:3. 

�>48==0 :V;ь:VABь ?V42545=>W B5?;>B8 ?@8 28B@0B0E @>1>G>3> BV;0 2 

F8:;V  = 7064 :3/3>4 (1,96 :3/A) 

215,1·1,96 421,6Q q M = ==   :�B. 

#8B><V 28B@0B8 B5?;>B8 =0 28@>1=8FB2> 1 :�6/:3 :>@8A=>W @>1>B8 2 

F8:;V 

215,1

l 58

CV86
C<F

>BD

q
q = = = 3,7 :�6/:3. 

�>48==V 28B@0B8 ?0;820 7 B5?;>B>N 73>@0==O D
AQ =37000 :�6/:3 4;O 

74V9A=5==O F8:;C 
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3600 421,6 3600

37000D
A

Q
B

Q

 
= = = 41 :3/3>4. 

�040G0 4.4 

�;O AB8A:C20==O ?@>?0=C C3H8 7 28B@0B0<8 m=25 :3/A  2V4 B8A:C 

 1=0,12  #0 4>  2=3,0  #0 28:>@8AB>2CєBьAO :><?@5A>@. #>G0B:>20 

B5<?5@0BC@0 307C t1= +10°%, AB8A:C20==O 74V9A=NєBьAO 70 B5@<>48=0<VG=8< 

?@>F5A>< V7 ?>:07=8:>< ?>;VB@>?8 n=1,15. 

' 7040GV 287=0G8B8 B5<?5@0BC@C 307C 2 :V=FV AB8A:C20==O, ?>BC6=VABь 

=0 ?@82V4 :><?@5A>@0 V @>1>BC, :V;ь:VABь B5?;>B8, O:C =5>1EV4=> 2V42>48B8 

2V4 AB8A:C20=>3> 307C 4;O 74V9A=5==O ?@>F5AC V7 7040=8< ?>:07=8:>< 

?>;VB@>?8. &0:>6 >1G8A;8B8 28B@0B8 ?@8@>4=>3> 307C 7 B5?;>B>N 73>@0==O 

38500 :�6/<³ C :0<5@V 73>@0==O 4283C=0 :><?@5A>@0. ��� 4283C=0 

?@89=OB8 B0:8<, I> 4>@V2=Nє 40%. 

�040GC @>729O70B8 4;O >4=>- V 1030B>ABC?5=52>3> AB8A:C20==O. 

�0=>: 
M=25 :3/A; 

C3H8; 

¼=12*3+8=44 :3/:<>;ь; 

 1=0,12  #0 (C 25 @07V2 3 #0/0,12  #0); 

 2=3,0  #0; 

t1= +10°%=283°�; 

n=1,15; 

Q!
$=38500 :�6/<³; 

ø=40%. 

 

$1, &1, v1 $2, &2, v2 

"4=>ABC?5=5289 :><?@5A>@ 
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"4=>ABC?5=525 AB8A:C20==O 

 

 

 >72’O70==O 

 "4=>ABC?5=525 AB8A:C20==O. 

&5<?5@0BC@C 2 :V=FV AB8A:C20==O 287=0G0NBь V7 @V2=O==O 04V010B=>3> 

?@>F5AC 73V4=> 7 B01;. 3.1 01> B01;. 5 [1]: 

( )
1 0,15

0,151,15
2 1,15

2 1

1

3
283 283 25

0,12

−

ö ö ö ö=  =  = ÷ ÷ ÷ ÷
ø øø ø

n

nP
T T

P
= 283∙1,52 = 430 0� = 1570%. 

�07>20 AB0;0 4;O ?@>?0=C C3H8 

R=R¼/ ¼=8314/44=189 �6/(:33@04)=0,189 :�6/(:33@04). 

&5>@5B8G=0 @>1>B0 :><?@5A>@0 70 70;56=VABN (62) [1] 

1

2
1

1

1,15 1
1 0,189 283(1,52 1)

1 0,15

n

k

>
n h P

l RT
n P

−ù ù
ö ö ú ú= −  − = −   −÷ ÷ú ú− ø øú úû û

 = 3 213 :�6/:3. 

 �V9A=0 ?>BC6=VABь ?@82>40 :><?@5A>@0 

25 213

0,8 0,87

>
>

@ F

m l
N

ø ø
 

= =
 

 = 8320 :�B = 8,3  �B. 

 �8B@0B8 307C 2 :0<5@V 73>@0==O 4283C=0 :><?@5A>@0 

8320

38500 0,4

>
7 D

A 8

N�
Q ø

= =
 

 = 0,54 <3/A. 
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�2>ABC?5=525 AB8A:C20==O 

 

�2>ABC?5=525 AB8A:C20==O. #>:07=8: AB8A:C20==O 2 :>6=><C ABC?5=V 

287=0G0єBьAO 2V4?>2V4=> 4> 70;56=>ABV  (65) [1] 

3
5

0,12

>
h

C

$
y

$
= = = . 

 &5<?5@0BC@0 2 :V=FV AB8A:C20==O C :>6=><C ABC?5=V 
1

0,15

1,152
2 1

1

0,6
283 ( )

0,12

−

ö ö
=  = ÷ ÷

ø ø

n

nP
T T

P
= 283∙1,23 = 3490� = 760%. 

 &5>@5B8G=0 @>1>B0 C 42>E ABC?5=OE 
1

2
1

1

1,15 2
1 0,189 283 (1,23 1)

1 0,15

n

n

>
n h P

l RT
n P

−ù ù
ö ö ú ú= −  − = −    −÷ ÷ú ú− ø øú úû û

 = - 189 :�6/:3. 

 �V9A=0 ?>BC6=VABь ?@82>40 :><?@5A>@0 

25 189

0,8 0,87

>
>

@ F

m l
N

ø ø
 

= =
 

= 6789 :�6/:3. 

 

=$?, &?, v? 

$2, &2, v2 

�2>ABC?5=5289 :><?@5A>@ 

 $:, &:, v: $1, &1, v1= 

 

$2, &1, v2 

Q=mcpC3H8 (&2-&1) 
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 �8B@0B8 307C 2 :0<5@V 73>@0==O 42>ABC?5=52>3> :><?@5A>@0 

6789

38500 0,4

>
7 D

A 8

N�
Q ø

= =
 

= 0,44 <3/A. 

 �8B@0B8 ?0;820 V ?>BC6=VABь 4283C=0 ?@8 42>ABC?5=52><C 

AB8A:C20==V <5=HV 70 @0EC=>: =01;865==O ?@>F5AC 4> V7>B5@<VG=>3>. 

 �V;ь:VABь B5?;0, O:C B@510 2V425AB8 2V4 307C <V6 ABC?5=O<8 

:><?@5A>@0, 

Q=mcpC3H8(&2-&1)=25 :3/A0,86 :�6/(:33@04)(349-

283)0%=1419:�6/A=1419�B. 

�040G0 4.3 

' @575@2C0@V, 70?>2=5=><C 307>< %"2, ?V4B@8<CєBьAO ?>G0B:>289 

B8A:  1=9,65 0B0 V B5<?5@0BC@0 t1=12 °%. 

�87=0G8B8 H284:VABь 28BV:0==O, >19є<=V 9 <0A>2V 28B@0B8 307C G5@57 

>B2V@ ?;>I5N  F=70 <<² C @575@2C0@V ?@8 7=0G5==OE B8A:C 2 7>2=VH=ь><C 

A5@54>28IV  2  = 9,  2  = 7,  2  = 5,  2  = 3 0B0 V ?@8  2  =  :@. 
#>1C4C20B8 =0 >A=>2V @>7@0EC=:V2  3@0DV:8 7<V=8 H284:>ABV 

28BV:0==O, >19є<=8E B0 <0A>28E 28B@0B 70;56=> 2V4 B8A:C 2 7>2=VH=ь><C 

A5@54>28IV. �>5DVFVє=B Ç ?@89=OB8 0,9. 

�07 CO2 28BV:0є V7 @575@2C0@0. &8A: C @575@2C0@V AB0=>28Bь P1 = 

=9,65 0B0=0,977  #0, B5<?5@0BC@0 307C 2 @575@2C0@V t1 =+120%=2850�. 

#>:07=8:8 04V010B8 4;O A:;04>28E 307C ?@89<0B8 73V4=> 7 B01;8F5N A.4, 

k=1,31 [2]. 

#;>I0 ?5@5B8=C >B2>@C F=70 <<²=0,710-4<2. 

 >72’O70==O 
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 �8BV:0==O G5@57 F8;V=4@8G=5 A>?;>. 

1)  2 = 9, 2)  2 = 7, 3)  2 = 5, 4)  2= 3 0B0, 5) ?@8  2 =  :@. 
�87=0G0NBь 2V4=>H5==O B8A:C 2 A5@54>28IV, :C48 28BV:0є AB@C<V=ь 

$2, 4> B8A:C 2 B@C1V $1 

1) 2

1

9
0,93

9,65
= = =
$
$

ò ; 

2) 2

1

7
0,72

9,65
= = =
$
$

ò ; 

3) 2

1

5
0,51

9,65
= = =
$
$

ò ; 

4) 2

1

3
0,31

9,65
= = =
$
$

ò ; 

5)
2

1

5,21
0,54.

9,65

>D
>D

$
$

ò = = =  

 'AB0=>2;NNBь :@8B8G=5 2V4=>H5==O B8A:V2 
1,31

0,311
2

1

2 2
0,54.

1 1,31 1

k

k>D
>D

$
$ k

ò
− ö öö ö= = = =÷ ÷ ÷ ÷+ +ø ø ø ø

 

 ' 729O7:C 7 B8<, I> β < β:@, H284:VABь 28BV:0==O 1C45 :@8B8G=>N, 

28B@0B8 1C4CBь <0:A8<0;ь=8<8. 

 �87=0G0NBь 25;8G8=C :@8B8G=>3> B8A:C =0 28E>4V V7 A>?;0, 2>=0 1C45 

1V;ьH>N 70 25;8G8=C B8A:C C A5@54>28IV, :C48 28BV:0є AB@C<V=ь, $2:@ = 

$1β:@ = 9,65 0,54 = 5,21 0B0. 
 

 ,284:VABь 28BV:0==O >1G8A;NєBьAO 70 D>@<C;>N 

1)

1

2
1 1

1

1,31 1

1,31
6

2 1
1

1,31 9
0,9 2 0,977 10 0,05 1 74 / ;

0,31 9,65

−

−

ù ù
ö öú ú=    − =÷ ÷ú ú− ø øú úû û

ù ù
ö öú ú=       − =÷ ÷ú úø ø

û û

k

kk P
W P

k P

@ E

 õ
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2) 

 

1

2
1 1

1

1,31 1

1,31
6

2 1
1

1,31 7
0,9 2 0,977 10 0,05 1 156 / ;

0,31 9,65

−

−

ù ù
ö öú ú=    − =÷ ÷ú ú− ø øú úû û

ù ù
ö öú ú=      − =÷ ÷ú úø ø

û û

k

kk P
W P

k P

@ E

 õ

 

3) 4) 5) 

 6

1 1

1,31
2 0,9 2 0,977 10 0,05 578,2 / ,

1 0,31
=   =      =

−>
k

W P @ E
k

 õ  

45 υ1 3 ?8B><89 >19є< 307C ?@8 ?0@0<5B@0E $1,&1 C @575@2C0@V, 

287=0G0єBьAO V7 @V2=O==O AB0=C @50;ь=>3> 307C 

1 1

1 6

1

0,99 8314 (273 12)

0,977
 0,054

10 44

    +
= =

  
=

z R T

P

ýõ
ý

  <3/:3, 

 45 ¼ 3 <>;5:C;O@=0 <0A0 307C %"2. 

 "19є<=V 28B@0B8 307C ?@8 28BV:0==V 9>3> 7 @575@2C0@0: 

1) V = W F 3600 = 740,710-43600 = 18,6 <3/3>4; 

2) V = W F 3600 = 1560,710-43600 = 39 <3/3>4; 

3) 4) 5) V = W F 3600 = 578,20,710-43600 = 140 <3/3>4. 

  0A>2V 28B@0B8 307C >1G8A;NNBьAO 70 70;56=VABN 

M = V/υ2, 

45 υ2 3 ?8B><89 >19є< 307C ?@8 :@8B8G=8E ?0@0<5B@0E =0 28E>4V 7 

@575@2C0@0, 287=0G0єBьAO 7 @V2=O==O 04V010B=>3> ?@>F5AC, 

1) 

1 1

1,31
1

2 1

2

9,65
0,054

9

k$
$

õ õ
ö ö ö ö=  = ÷ ÷ ÷ ÷

ø øø ø
= 0,057 <3/:3, 

M = V/υ2=18,6/0,057= 326 :3/3>4; 

2) 

1 1

1,31
1

2 1

2

9,65
0,054

7

k$
$

õ õ
ö ö ö ö=  = ÷ ÷ ÷ ÷

ø øø ø
= 0,068 <3/:3, 
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M =V/υ2= 39/0,068= 574 :3/3>4; 

3) 

1 1

1,31
1

2 1

2

9,65
0,054

5

k$
$

õ õ
ö ö ö ö=  = ÷ ÷ ÷ ÷

ø øø ø
= 0,089 <3/:3, 

M =V/υ2= 140/0,089= 1573 :3/3>4; 

4) 

1 1

1,31
1

2 1

2

9,65
0,054

3

k$
$

õ õ
ö ö ö ö=  = ÷ ÷ ÷ ÷

ø øø ø
= 0,132 <3/:3, 

M =V/υ2= 140/0,132= 1061 :3/3>4; 

5) 

1 1

1,31
1

2 1

2

9,65
0,054

5,21

k$
$

õ õ
ö ö ö ö=  = ÷ ÷ ÷ ÷

ø øø ø
= 0,086 <3/:3, 

M =V/υ2= 140/0,086= 1628 :3/3>4. 
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�@0DV: 70;56=>ABV >19є<=8E 28B@0B 2V4 B8A:C 2 7>2=VH=ь><C A5@54>28IV 
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 >74V; 5. I-d-4V03@0<0 2>;>3>3> ?>2VB@O 

 

5.1. �>;>35 ?>2VB@O. 

5.2. �>;>2=V E0@0:B5@8AB8:8 2>;>3>3> ?>2VB@O. 

5.3. I-d-4V03@0<0 2>;>3>3> ?>2VB@O. 

5.4. �>1@065==O ?@>F5AV2 >1@>1:8 ?>2VB@O =0 I-d-4V03@0<V. 

 

5.1. �>;>35 ?>2VB@O 

 

�>;>38< ?>2VB@O< =07820єBьAO ?0@>307>20 AC<VH, I> A:;040єBьAO V7 

ACE>3> ?>2VB@O V 2>4O=>W ?0@8. �=0==O 2;0AB82>AB59 FVєW AC<VHV =5>1EV4=5 2 

<5B5>@>;>3VW, 5:>;>3VW 4;O @>7C<V==O ?@>F5AV2 :>=45=A0FVW 2>4O=>W ?0@8 9 

28?0@>2C20==O 2>;>38, @>1>B8 ACH0@>: B0 V=H8E ?@8AB@>W2.  

�>;>35 ?>2VB@O, I> <VAB8Bь <0:A8<0;ь=C :V;ь:VABь 2>4O=>W ?0@8 ?@8 

?52=V9 B5<?5@0BC@V, =07820єBьAO =0A8G5=8<. #>2VB@O 7 <5=H>N :V;ь:VABN 
2>4O=>W ?0@8 =07820єBьAO =5=0A8G5=8<. �>4O=0 ?0@0 C ?>2VB@V 728G09=> 
=0O2=0 2 =525;8:V9 :V;ь:>ABV B0 2 ?5@53@VB><C AB0=V. &><C 7 4>AB0B=ь>N 4;O 

?@0:B8G=8E @>7@0EC=:V2 B>G=VABN 4> =ь>3> <>6=0 70AB>A>2C20B8 70:>=8 

V450;ь=8E 307V2. 

�>;>2=V E0@0:B5@8AB8:8 2>;>3>3> ?>2VB@O 287=0G0NBь 70 4>?><>3>N 

?@8;04C, O:89 =07820NBь ?A8E@><5B@><. �V= A:;040єBьAO 7 42>E 

>4=0:>28E B5@<><5B@V2: ACE>3> V 7<>G5=>3>. �0;>= 7<>G5=>3> B5@<><5B@0 

>13>@=CB> 10B8AB><, 7<>G5=8< 48AB8;ь>20=>N 2>4>N. � ?>25@E=V 

<0B5@V0;C 2V41C20єBьAO 28?0@>2C20==O 2>;>38, ?@8G><C V=B5=A82=VABь 

28?0@>2C20==O 70;568Bь 2V4 2>;>3>ABV =02:>;8H=ь>3> ?>2VB@O. +8< =86G0 

2>;>3VABь Fь>3> ?>2VB@O, B8< V=B5=A82=VH5 2V41C20єBьAO 28?0@>2C20==O 

2>;>38 V B8< =86G>N 1C45 B5<?5@0BC@0 7<>G5=>3> B5@<><5B@0.  

#VA;O 7=OBBO 2V4;V:C 70 F8<8 B5@<><5B@0<8 <>6=0 287=0G8B8 2AV V=HV 

?0@0<5B@8 ?>2VB@O 70 ?A8E@><5B@8G=8<8 B01;8FO<8, 4V03@0<0<8 B0 

3@0DV:0<8. 
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�=H8< ?@8;04>< 4;O 28<V@N20==O 2>;>3>ABV ?>2VB@O є 3V3@><5B@. ' 

?@0:B8FV B5E=VG=8E 28<V@N20=ь 70AB>A>2CNBь: 2>;>AO=V, 5;5:B@8G=V 9 

V=D@0G5@2>=V 3V3@><5B@8. �>=8 40NBь 7<>3C 157?>A5@54=ь> 28<V@N20B8 

2V4=>A=C 2>;>3VABь ?>2VB@O. 

5.2. �>;>2=V E0@0:B5@8AB8:8 2>;>3>3> ?>2VB@O. 
�> >A=>2=8E E0@0:B5@8AB8: 2>;>3>3> ?>2VB@O 2V4=>AOBь B0:V: 2V4=>A=C 

9 01A>;NB=C 2>;>3VABь, 2>;>3>2<VAB, B5<?5@0BC@C B>G:8 @>A8, ?0@FV0;ь=89 

B8A: 2>4O=>W ?0@8 2 ?>2VB@V B0 5=B0;ь?VN 2>;>3>3> ?>2VB@O. 

">G:0 @>A8 – B5<?5@0BC@0, 4> O:>W =5>1EV4=> >E>;>48B8 =5=0A8G5=5 

?>2VB@O, I>1 2>=> AB0;> =0A8G5=8<. 

�3V4=> V7 70:>=>< �0;ьB>=0, B8A: 2>;>3>3> ?>2VB@O 

� C BP P P = + .      (5.1) 

#0@FV0;ь=89 B8A: 2>4O=>W ?0@8 287=0G0NBь 70 B01;8FO<8 ?@8 

B5<?5@0BC@V B>G:8 @>A8.  

�V4=>A=0 2>;>3VABь 3 287=0G0є @V25=ь =0A8G5==O ?>2VB@O 2>4O=>N 

?0@>N 

100%



= B

HB

P

P
 .     (5.2) 

/:I> 2>;>35 ?>2VB@O =0A8G5=5, B> 100%= , C 2AVE V=H8E 28?04:0E 

100%ü , V 22060NBь, I> ?>2VB@O =5=0A8G5=5.  

�1A>;NB=0 2>;>3VABь D 3F5 <0A0 2>;>38, I> <VAB8BьAO 2 1 <3 

2>;>3>3> ?>2VB@O. 

�>;>3>2<VAB d, 3/:3 ACE>3> ?>2VB@O 3 F5 <0A0 2>4O=>W ?0@8, 2V4=5A5=0 

4> >48=8FV <0A8 ACE>3> ?>2VB@O, I> 7=0E>48BьAO C 2>;>3><C ?>2VB@V, 

1000= �#

%#

M
d

M
.     (5.3) 
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/:I> A:>@8AB0B8AO @V2=O==O<  5=45;єє20 3 �;0?59@>=0 

(  =
M

p V R Týý
), B> <>6=0 70?8A0B8 1000


= 


B# B#

%# %#

P
d

P

ý
ý

. #V4AB0282H8 

2V4?>2V4=V <>;5:C;O@=V <0A8 2>48 9 ?>2VB@O, >45@68<> 

18,016
1000 622 622

28,95

 
= = =

 − − 
�# �# HB#

%# � �# � HB#

P P P
d

P P P P P




.  (5.4) 

�7 FVєW D>@<C;8 28E>48Bь, I> <V6 2>;>3>2<VAB>< V ?0@FV0;ь=8< B8A:>< 

2>4O=>W ?0@8 VA=Cє >4=>7=0G=0 70;56=VABь. 

�=B0;ь?VO V 2>;>3>3> ?>2VB@O є >4=8< 7 3>;>2=8E 9>3> ?0@0<5B@V2 V 
H8@>:> 28:>@8AB>2CєBьAO ?@8 @>7@0EC=:0E ACH0@>:, A8AB5< 25=B8;OFVW B0 

:>=48FVN20==O <V:@>:;V<0BC. �=B0;ь?VN 70728G09 2V4=>AOBь 4> >48=8FV 

<0A8 ACE>3> ?>2VB@O. �W 287=0G0NBь O: AC<C B@ь>E A:;04>28E: B5?;>B8, I> 

0:C<C;NєBьAO ACE8< ?>2VB@O<, 2>4O=>N ?0@>N 9 B5?;>B8 28?0@>2C20==O 

2>;>38. (>@<C;0 <0є 283;O4 
3 31,005 1,8068 10 2500 10− −= +   + i t t d d  :�6/:3 ACE>3> ?>2VB@O. (5.5) 

5.3. I-d-4V03@0<0 2>;>3>3> ?>2VB@O 

 

#8B0==O, I> AB>ACNBьAO 2>;>3>3> ?>2VB@O, 7@CG=> V ;53:> 

28@VHCNBьAO 70 4>?><>3>N I-d-4V03@0<8, 70?@>?>=>20=>W C 1918 @. ?@>D. 

�.�. $0<7V=8<. ' FV9 4V03@0<V 3@0DVG=> ?>29O70=V <V6 A>1>N 3>;>2=V 

?0@0<5B@8, I> 287=0G0NBь B5?;>2>;>3VA=89 AB0= ?>2VB@O. *5 3 B5<?5@0BC@0 

t, 2V4=>A=0 2>;>3VABь Ç, 2>;>3>2<VAB d, 5=B0;ь?VO V, ?0@FV0;ь=89 B8A: 

2>4O=>W ?0@8 2 ?>2VB@V $?. �=0NG8 1C4ь-O:V 420 ?0@0<5B@8, <>6=0 7=09B8 

B>G:C =0 I-d 4V03@0<V B0 287=0G8B8 2AV V=HV ?0@0<5B@8. 

I-d 4V03@0<0 ?>1C4>20=0 2 :>A>:CB=V9 A8AB5<V :>>@48=0B, @8AC=>: 5.1. 

#> >AV >@48=0B 2V4:;045=> 7=0G5==O 5=B0;ь?VW V, :�6/:3, ?> >AV 01AF8A, O:0 

?@>E>48Bь ?V4 :CB>< 135◦ 4> >AV V , 3 7=0G5==O 2>;>3>2<VABC d, 3/:3 ACE>3> 

?>2VB@O. &0:8< G8=><, =0 4V03@0<V =0=>AOBьAO ;V=VW ?>ABV9=8E 5=B0;ь?V9 V 

2>;>3>2<VABC. �@V< =8E, =0 4V03@0<C B0:>6 =0=5A5=> V7>B5@<8 C 283;O4V 



56 

 

?@O<8E ;V=V9 B0 :@82V ?>ABV9=>W 2>;>3>ABV Ç. ' =86=V9 G0AB8=V 4V03@0<8 

@>7<VI5=0 :@820 (01> 2VAь) ?0@FV0;ь=>3> B8A:C ?>2VB@O. 

'A5 ?>;5 4V03@0<8 ?>4V;5=5 =0 42V G0AB8=8 ;V=VєN 2>;>3>ABV φ=100%. 

*O ;V=VO 2V4?>2V40є AB0=C =0A8G5==O ?>2VB@O 2>4O=>N ?0@>N. �8I5 2V4 =5W 

?5@51C20є =5=0A8G5=5 2>;>35 ?>2VB@O, =86G5 3 >1;0ABь :>=45=A0FVW 2>4O=>W 

?0@8. 

� ?@0:B8G=>W B>G:8 7>@C 4C65 206;828< є 287=0G5==O ?0@0<5B@V2 

AB0=C ?>2VB@O 70 ACE8< V <>:@8< B5@<><5B@><. �;O Fь>3> 70 V7>B5@<>N 

<>:@>3> B5@<><5B@0 2AB0=>2;Nє<> B>G:C =0 ;V=VW φ=100%. +5@57 =5W 

?@>2>48<> ;V=VN i const=  4> ?5@5B8=C 7 V7>B5@<>N ACE>3> B5@<><5B@0. 

"B@8<0=0 =0 ?5@5B8=V B>G:0 2V4>1@060є AB0= Fь>3> 2>;>3>3> ?>2VB@O. 

�87=0G5==O B5<?5@0BC@8 B>G:8 @>A8. �;O Fь>3> =5>1EV4=> 7 B>G:8, I> 

E0@0:B5@87Cє AB0= ?>2VB@O ?> ;V=VW d const= , >?CAB8B8AO 4> ?@5B8=C 7 

;V=VєN φ=100%. �7>B5@<0, O:0 ?@>E>48Bь G5@57 FN B>G:C, 287=0G0є HC:0=C 

B5<?5@0BC@C B>G:8 @>A8. 

�-d-4V03@0<0 7@CG=0 =5 ;8H5 4;O 287=0G5==O ?0@0<5B@V2 AB0=C ?>2VB@O, 

0;5 9 4;O ?>1C4>28 ;V=V9 7<V=8 9>3> AB0=C, =0?@8:;04 ?@8 >E>;>465==V, 

=03@V20==V, 72>;>65==V G8 >ACH5==V. 

5.4. �>1@065==O ?@>F5AV2 >1@>1:8 ?>2VB@O =0 I-d-4V03@0<V 
!0 I-d-4V03@0<V <>6=0 ?>:070B8 3>;>2=V ?@>F5A8 7<V=8 

B5?;>2>;>3VA=>3> AB0=C ?>2VB@O, @8AC=>: 5.2. �C4ь-O:89 ?@>F5A 7<V=8 AB0=C 

?>2VB@O =0 I-d-4V03@0<V E0@0:B5@87CєBьAO :CB>28< :>5DVFVє=B>< ?@><5=O 

?@>F5AC 

2 1

2 1

i i i

d d d
õ  −
= =
 −

.     (5.6) 

�@>F5A =03@V20==O ?>2VB@O 2V41C20єBьAO 70 C<>28 ?>ABV9=>3> 

2>;>3>2<VABC (d=const). #>2VB@O ?>3;8=0є ;8H5 B5?;>, ?@8 Fь><C õ = + . 

&>G:8 1 V 2 1C4CBь @>7<VIC20B8AO =0 25@B8:0;ь=V9 ;V=VW.  
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$8A. 5.1. I-d-4V03@0<0 2>;>3>3> ?>2VB@O 
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d 

I 2(I2,d2) 

$8A. 5.2. #@>F5A8 =0 I-d-4V03@0<V 

(I1,d1)1 =100% 

d
=

co
n
st

 

3(I3,d3) 

4(I4,d4) 

5(I5,d5) I1=const 

õ1-2=+ 

õ1-5=- 

õ1-3>0 

õ1-4=0 

 

*59 ?@>F5A 70AB>A>2CєBьAO 2 :0;>@8D5@0E (5;5:B@>:0;>@8D5@0E), 

?>2VB@>=03@V20G0E, >?0;N20;ь=8E ?@8;040E B0 V=. 

�>;VB@>?=5 72>;>65==O 7 =03@V20==O< 3 ?@>F5A 2V41C20єBьAO, :>;8 

?>2VB@O ?>3;8=0є B5?;>2C 5=5@3VN 9 2>;>3C (B>G:0 3). 

0
i

d
õ 
= þ


.  (5.7) 

#@8:;04>< B0:8E ?@>F5AV2 є 

@V7=><0=VB=V ACH0@:8 2 ?5@V>4 

28E>4C =0 @>1>G89 @568<, 

72>;>6C20;ь=V :0<5@8, 3@048@=V. 

"4=8< 7 @V7=>284V2 Fь>3> 

?@>F5AC є V7>B5@<VG=89 ?@>F5A, 
O:89 V45 ?> ;V=VW t=const. 

�0AB>A>2CєBьAO O: @>1>G89 @568< 

C ACH0@:0E. 

�4V010B=89 ?@>F5A 3 

72>;>65==O ?>2VB@O 2V41C20єBьAO 70 2V4ACB=>ABV B5?;>>1<V=C 7 

=02:>;8H=V< A5@54>28I5<. #@>F5A V45 ?> ;V=VW V=const (B>G:0 4). #@8 

Fь><C 0õ = . *59 ?@>F5A H8@>:> 28:>@8AB>2CNBь C :>=48FV>=5@0E, 

?A8E@><5B@0E B0 V=H5. 

�>;VB@>?=5 72>;>65==O 7 >E>;>465==O< 3 ?@>F5A 2V41C20єBьAO, 

:>;8 ?>2VB@O ?>3;8=0є 2>;>3C V 2V440є B5?;>BC. #@8 Fь><C 0õ ü  (A5:B>@ 5-

1-4). #@>F5A 70AB>A>2CNBь C F5=B@0;ь=8E :>=48FV>=5@0E. 

�@>F5A >E>;>465==O ?>2VB@O 2V41C20єBьAO 70 C<>28 ?>ABV9=>3> 

2>;>3>2<VABC (d=const). #@8 Fь><C õ = − . &>G:8 1 B0 5 1C4CBь 

7=0E>48B8AO =0 25@B8:0;ь=V9 ;V=VW. #@>F5A 70AB>AC2CNBь C 

?>2VB@>>E>;>46C20G0E :>=48FV>=5@V2. 

�@>F5A ?>;VB@>?=>3> >E>;>465==O 7 >ACH5==O<– 2V41C20єBьAO, 

:>;8 ?>2VB@O 2V440є B5?;>BC V 2>;>3C. #@8 Fь><C 0õ þ  (;V2VH5 B>G:8 5). 
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�8:>@8AB>2CNBь C F5=B@0;ь=8E :>=48FV>=5@0E C B5?;89 ?5@V>4 @>:C 4;O 

>E>;>465==O 9 >ACH5==O ?>2VB@O. 

�@>F5A >E>;>465==O 7 :>=45=A0FVєN3 945 ?> ;V=VW φ=100%. !0 i-d 

4V03@0<V 7>1@060єBьAO :@82>N ;V=VєN, 2 :>6=V9 B>GFV O:>W 0õ ü . #@>F5A 

70AB>A>2CNBь 2 >ACHC20G0E ?>2VB@O, B0:>6 2V= 2V41C20єBьAO =0 2AVE 

4>AB0B=ь> E>;>4=8E ?>25@E=OE, O:V ><820NBьAO 2>;>38< ?>2VB@O<. 

�040GV 4> @>74V;C 5 

�>1C4>20 ?@>F5AV2 =0 I-d-4V03@0<V 
�040G0 5.1 !0 I-d-4V03@0<V 2>;>3>3> ?>2VB@O ?>1C4C20B8 ?@>F5A V 

AE0@0:B5@87C20B8 9>3>. �87=0G8B8 B5@<>48=0<VG=V E0@0:B5@8AB8:8 ?>2VB@O 

(d, φ, i, D, tp) 2 ?>G0B:>2V9 tC1=24"%, tМ1=12"% B0 :V=F52V9 tC2=20"%, tМ2=16"% 

B>G:0E ?@>F5AC. �=09B8 =0?@O<>: ?@><5=O ?@>F5AC ¸. 

 >72’O70==O 

('AV ?>1C4>28 28:>=CNBьAO =0 I-d-4V03@0<V 2>;>3>3> ?>2VB@O, O:0 

@>74@C:>2CєBьAO 7 4>40B:0 �). 

1. !0 I-d-4V03@0<V 2>;>3>3> ?>2VB@O (@8A. 5.3) 287=0G0є<> ?>;>65==O 

?>G0B:>2>W (1) B0 :V=F52>W (2) B>G>: ?@>F5AC. 

�;O Fь>3> 70 V7>B5@<>N <>:@>3> B5@<><5B@0 (tМ) 7=0E>48<> B>G:C =0 

;V=VW φ=100%. +5@57 =5W ?@>2>48<> ;V=VN i=const 4> ?5@5B8=C 7 V7>B5@<>N 

ACE>3> B5@<><5B@0 (tC). "B@8<0=0 =0 ?5@5B8=V B>G:0 (1, 2) 2V4>1@060є AB0= 

Fь>3> 2>;>3>3> ?>2VB@O, @8A. 1. 

2. �0 4>?><>3>N I-d-4V03@0<8 7=0E>48<> B5@<>48=0<VG=V 

E0@0:B5@8AB8:8 :>6=>W B>G:8: 2>;>3>2<VAB, 2V4=>A=C 2>;>3VABь, 5=B0;ь?VN, 

?0@FV0;ь=89 B8A: 2>4O=>W ?0@8, B5<?5@0BC@C B>G:8 @>A8. 

�;O 287=0G5==O 2>;>3>2<VABC ?>2VB@O 2 B>GFV 1 >?CA:0є<> 25@B8:0;ь=C 

;V=VN 7 FVєW B>G:8 4> ?5@5B8=C 7V H:0;>N 2>;>3>2<VABC. �V4=>A=C 2>;>3VABь 

?>2VB@O (%) 2 B>GFV 1 2AB0=>2;Nє<> V=B5@?>;OFVєN <V6 42><0 ACAV4=V<8 

;V=VO<8 ?>ABV9=>W 2>;>3>ABV ( = const ). �=B0;ь?VN :>6=>W B>G:8 (:�6/:3) 

287=0G0є<> ?> ;V=VW I=const =0 2V4?>2V4=V9 H:0;V. #0@FV0;ь=89 B8A: 2>4O=>W 
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?0@8 (:#0) 4;O B>G:8 1 7=0E>48<> =0 H:0;V, @>7B0H>20=V9 C =86=V9 G0AB8=V 

4V03@0<8. &5<?5@0BC@C B>G:8 @>A8 4;O B>G:8 1 287=0G0є<> 70 V7>B5@<>N, 

?@>2545=>N 7 B>G:8 ?5@5B8=C 25@B8:0;ь=>W ;V=VW, >?CI5=>W 7 B>G:8 1, B0 

;V=VW 100%= . �=0;>3VG=> 7=0E>48<> B>G:C @>A8 4;O B>G:8 2. 

3. �9є4=Cє<> B>G:8 1 V 2 ?@O<>N ;V=VєN B0 287=0G0є<> =0?@O<>: 

?@><5=O ?@>F5AC (õ ). 

 5B>4>< ?0@0;5;ь=>3> ?5@5=5A5==O AC<VI0є<> ;V=VN, ?0@0;5;ь=C 

1−2, 7 B>G:>N, O:0 <0є B5<?5@0BC@C 0 "% B0 2>;>3VABь 0 %. #@>4>26Cє<> 

FN ;V=VN 4> <56V 4V03@0<8 V 287=0G0є<> ¸. 

�8A=>2>: 4> FVєW 7040GV ?8H5<> =0 >A=>2V 0=0;V7C =0?@O<:C ?@><5=O 

?@>F5AC. ' Fь><C 28?04:C ?@>F5A 1−2 є ?@>F5A>< ?>;VB@>?=>3> 

>E>;>465==O 7V 72>;>65==O<. 
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$8A. 5.3. #>1C4>20 B>G>: =0 I-d-4V03@0<V 
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�040G0 5.2 

#>G0B:>289 AB0= ?>2VB@O E0@0:B5@87CєBьAO B0:8<8 ?0@0<5B@0<8: 

B8A:  1=745 <<. @B. AB., B5<?5@0BC@0 t1=+6°%, 2V4=>A=0 2>;>3VABь φ1=80 %. 

#@8 ?>ABV9=><C B8A:C ?>2VB@O =03@V20єBьAO C :0;>@8D5@V 4> 

B5<?5@0BC@8 t2=+40°%, 0 ?>BV< 04V010B=> >E>;>46CєBьAO 4> B5<?5@0BC@8 

t3=+14°%. 

�87=0G8B8: 
   −  B5<?5@0BC@C B>G:8 @>A8 V B5<?5@0BC@C <>:@>3> B5@<><5B@0 4;O 

?>G0B:>2>3> AB0=C ?>2VB@O; 

   −   :V;ь:VABь  B5?;>B8  4;O  =03@V20==O 1 :3 B0  ? =4000 :3/3>4 ?>2VB@O C 

:0;>@8D5@V; 

   −  28B@0B8 ACE>W =0A8G5=>W 2>4O=>W ?0@8 7 B8A:>< 0,3  #0, O:C  =5>1EV4=> 

?>40B8 2 :0;>@8D5@ 4;O =03@V20==O ?>2VB@O; 

   −  :V;ь:VABь 2>;>38, :>B@0 284V;OєBьAO ?@8 >E>;>465==V 1 :3, V �?, :3/3>4, 

?>2VB@O; 

   −  :V;ь:VABь B5?;>B8, O:C ?>B@V1=> 2V425AB8 2V4 1 :3, B0 �?, :3/3>4, ?>2VB@O 

?@8 9>3> >E>;>465==V. 

/: 7<V=OBьAO 28B@0B8 ACE>W =0A8G5=>W 2>4O=>W ?0@8 4;O =03@V20==O 

?>2VB@O C :0;>@8D5@V, O:I> B8A: 2>4O=>W ?0@8  71V;ьH8B8  4>  1,0  #0? 

�040GC @>729O70B8 70 4>?><>3>N �-d-4V03@0<8 AB0=C ?>2VB@O (@8A. 5.1). 

 >72’O70==O: 

�0=>:  
 1=745 <<. @B.AB.; 

t1=+6°%; 

φ1=80 %; 

t2=+40°%; 

t3=+14°%; 

 ? =4000 :3/3>4. 
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�C4Cє<> 70 ?0@0<5B@0<8 t1=+6°%, φ1=80 % =0 4V03@0<V (@8A. 5.3) 

B>G:C 1. 

#VA;O ?>1C4>28 B>G:8 1 287=0G0є<> B0:V ?0@0<5B@8: 

2>;>3>2<VAB d1=4,7 3/:3 B0 5=B0;ь?VN i1=18 :�6/:3. 

�@>F5A 1-2 3 ?V4V3@V2 ?>2VB@O 2 :0;>@8D5@V d=const 

#VA;O ?>1C4>28 B>G:8 2 70 ?0@0<5B@0<8 t2=+40°% 287=0G0є<> 

?0@0<5B@8: 

2>;>3>2<VAB d2=4,7 3/:3 9 5=B0;ь?VN i2= 52 :�6/:3, 2V4=>A=C 2>;>3VABь 

?>2VB@O φ2=9 %. 

�@>F5A 2-3 3 04V010B=>3> >E>;>465==O i=const, ?>BV< ?@>F5A 

:>=45=A0FVW φ=100 % 

#VA;O ?>1C4>28 B>G:8 3 70 ?0@0<5B@0<8 t3=+14°% 287=0G0є<> 

?0@0<5B@8: 

2>;>3>2<VAB d3=11 3/:3 B0 5=B0;ь?VN i3= 43 :�6/:3, 2V4=>A=C 2>;>3VABь 

?>2VB@O φ3=100 %. 



64 

 

 

 8A. 5.4. I-d-4V03@0<0 2>;>3>3> ?>2VB@O 
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�@>F5A 1-2 

�V;ь:VABь ?V42545=>W B5?;>B8 2 ?@>F5AV 1-2 287=0G0єBьAO @V2=O==O<8 

=0 1 :3 ?>2VB@O: 

q1-2 = V2 – V1 = 52 :�6/:3 - 18 :�6/:3 =34 :�6/:3. 

�V;ь:VABь ?V42545=>W B5?;>B8 2 ?@>F5AV 1-2 >1G8A;NєBьAO @V2=O==O<8 

=0  ? =4000 :3/3>4 ?>2VB@O 

Q1-2= q1-2· �?=(34 :�6/:3·4000 :3/3>4) /3600c/3>4=37,8 :�6/A=37,8 
:�B. 

�8B@0B8 ACE>W =0A8G5=>W 2>4O=>W ?0@8 7 B8A:>< 0,3  #0, O:C  

=5>1EV4=> ?>40B8 2 :0;>@8D5@ 4;O =03@V20==O ?>2VB@O, 

r0,3=2163,8 :�6/:3 [14]. 

M?0@8= Q1-2/ r0,3=37,8 (:�6/A)/2163,8 (:�6/:3)=0,0174 :3/A= 62,9 :3/3>4. 

�V;ь:VABь 2>;>38, I> 284V;OєBьAO ?@8 >E>;>465==V 1 :3: 

d3=11 3/:3, d3*=13,3 3/:3; 

Δd=d3*- d3=13,3-11=2,3 3/:3. 

�V;ь:VABь 2>;>38, :>B@0 284V;OєBьAO ?@8 >E>;>465==V 4000 :3/3>4, 

W= Δd· �?=2,3 3/:3·4000 :3/3>4=92003/3>4=9,2 :3/3>4. 
�V;ь:VABь B5?;>B8, O:C ?>B@V1=> 2V425AB8 2V4 1 :3 ?>2VB@O ?@8 9>3> 

>E>;>465==V 2-3, 

q2-3 = V2 –V3 = 52 :�6/:3 –43 :�6/:3=9 :�6/:3. 
�V;ь:VABь B5?;>B8, :>B@C =5>1EV4=> 2V425AB8 2V4 4000 :3/3>4 ?>2VB@O 

?@8 9>3> >E>;>465==V 2-3, 

Q2-3= q2-3· �?=(9 :�6/:3·4000 :3/3>4) /3600c/3>4=10 :�6/A=10 :�B. 
/: 7<V=OBьAO 28B@0B8 ACE>W =0A8G5=>W 2>4O=>W ?0@8 4;O 

=03@V20==O ?>2VB@O C :0;>@8D5@V, O:I> B8A: 2>4O=>W ?0@8  71V;ьH8B8  
4> 1,0 ��0? 

�8B@0B8 ACE>W =0A8G5=>W 2>4O=>W ?0@8 7 B8A:>< 1,0  #0, O:C 

=5>1EV4=> ?>40B8 2 :0;>@8D5@ 4;O =03@V20==O ?>2VB@O: 
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r1.0=2015,3 :�6/:3 (?@89<0є<> 7 B01;8Fь 2;0AB82>AB59 2>4O=>W ?0@8 

[14]); 

M?0@8= Q1-2/ r0,3=37,8 :�6/A/2015,3 :�6/:3=0.01876 :3/A= 67,5 :3/3>4; 

ΔM?0@8=67,5 :3/3>4 − 62,9 :3/3>4=4,6 :3/3>4. 
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 >74V; 6. "5?;>>1<V=. �030;ь=V ?>=OBBO 

6.1. %?>A>18 ?5@5=5A5==O B5?;>B8. 

6.2. &5<?5@0BC@=5 ?>;5, V7>B5@<VG=0 ?>25@E=O, B5?;>289 ?>BV:. 

6.3. �0:>= (C@9є. &5?;>?@>2V4=VABь A5@54>28I0. 

6.1. !?>A>18 ?5@5=5A5==O B5?;>B8 

"5>@VO B5?;>>1<V=C 3 F5 =0C:0 ?@> ?@>F5A8 ?5@54020==O B5?;>B8. � 

B5?;>>1<V=>< ?>29O70=> 1030B> B5E=>;>3VG=8E ?@>F5AV2 B0 ?@8@>4=8E 

O28I. 

�5@5=5A5==O B5?;>B8 2V4 >4=>3> BV;0 4> V=H>3>, 0 B0:>6 <V6 
G0AB8=:0<8 Fь>3> BV;0 2V41C20єBьAO ;8H5 70 =0O2=>ABV @V7=8FV B5<?5@0BC@ V 

A?@O<>20=5 702648 2 =0?@O<V 1V;ьH =87ь:>W B5<?5@0BC@8. 

"5?;>>1<V= 3 F5 A:;04=89 ?@>F5A, O:89 ?>4V;ONBь =0 =87:C 

A:;04>28E. $>7@V7=ONBь B@8 ?@8=F8?>2> 2V4<V==8E ?@>F5A8 B5?;>>1<V=C: 

B5?;>?@>2V4=VABь, :>=25:FVO B0 B5?;>25 28?@><V=N20==O. 

"5?;>?@>2V4=VABь 3 2V41C20єBьAO ?@8 157?>A5@54=ь><C :>=B0:BV 
G0AB8=>: @5G>28=8 (<>;5:C;, 0B><V2 V 2V;ь=8E 5;5:B@>=V2) B0 

AC?@>2>46CєBьAO >1<V=>< 5=5@3VW. &0:89 ?@>F5A B5?;>>1<V=C 2V41C20єBьAO 

C B25@48E BV;0E V 2 B>=:8E H0@0E @V48= B0 307V2.  5E0=V7< ?5@5=5A5==O 

B5?;>B8 70;568Bь 2V4 03@530B=>3> AB0=C BV;0. 

&9C?BCDB6V8AVEFь 74;V6. �;O 1V;ьH>ABV 307V2, I> ?5@51C20NBь 2 

C<>20E, 1;87ь:8E 4> =>@<0;ь=8E, <>6=0 70AB>AC20B8 <>45;ь V450;ь=>3> 

307C. #5@54020==O B5?;>B8 70 4>?><>3>N B5?;>?@>2V4=>ABV є >4=8< 7 O28I 

?5@5=5A5==O :V=5B8G=>W 5=5@3VW <>;5:C; 70 4>?><>3>N WE E0>B8G=>3> @CEC 

B0 A?V2C40@O==O <V6 A>1>N. &0:8< G8=><, C @57C;ьB0BV <>;5:C;O@=>3> @CEC 

2V41C20єBьAO ?>ABC?>25 28@V2=N20==O B5<?5@0BC@8 2 =5@V2=><V@=> 

=03@VB><C 307V. � ?V428I5==O< B5<?5@0BC@8 B5?;>?@>2V4=VABь 307V2 7@>AB0є. 

�V4 B8A:C B5?;>?@>2V4=VABь 307V2 ?@0:B8G=> =5 70;568Bь. ,284:VABь @CEC 

<>;5:C; 2>4O=>W ?0@8 3 ?@81;87=> 650 </A. 
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&9C?BCDB6V8AVEFь DV8<A. !0 2V4<V=C 2V4 307V2, =0 E0>B8G=89 @CE 

<>;5:C;8 @V48=8 =0:;040NBьAO 5?V7>48G=V :>;820==O <>;5:C;8 =02:>;> 

B8<G0A>2>3> ?>;>65==O @V2=>2038. &><C 2 @V48=0E A?>AV1 ?5@54020==O 

B5?;>B8 ?>42V9=89: 70 @0EC=>: A?V2C40@O==O <>;5:C; B0 70 @0EC=>: 

H8@>:>0<?;VBC4=8E :>;820=ь <>;5:C; C B8<G0A>2><C :0@:0AV :;0AB5@0. 

,284:VABь @CEC <>;5:C; 2>48 3 ?@81;87=> 30 </A. � ?V428I5==O< 

B5<?5@0BC@8 B5?;>?@>2V4=VABь 1V;ьH>ABV @V48= 7=86CєBьAO. �8=OB:>< V7 

Fь>3> ?@028;0 є ;8H5 2>40 V 3;VF5@8=. 

&9C?BCDB6V8AVEFь F69D8<х FV?. ' B25@48E BV;0E є 420 A?>A>18 

?5@54020==O B5?;>B8: 70 @0EC=>: :>;820=ь 0B><V2 C :@8AB0;VG=V9 @5HVBFV B0 

70 @0EC=>: @CEC 2V;ь=8E 5;5:B@>=V2. �V;ь:VABь ?5@540=>W B5?;>B8 70 

@0EC=>: ?@C6=8E :>;820=ь 0B><V2 =57=0G=0 ?>@V2=O=> 7 ?5@5=5A5==O< 

B5?;>B8 2V;ь=8<8 5;5:B@>=0<8. �0;56=> 2V4 2?;82C B>3> G8 V=H>3> 

D0:B>@0 B25@4V BV;0 <0NBь @V7=C B5?;>?@>2V4=VABь. !091V;ьH 

B5?;>?@>2V4=8<8 BV;0<8 є <5B0;8 (A@V1;>, <V4ь, 0;N<V=V9). �>;>2=C @>;ь C 

?5@5=5A5==V B5?;>B8 2 <5B0;0E 2V4V3@0NBь 2V;ь=V 5;5:B@>=8. ,284:VABь 

5;5:B@>=V2 C <5B0;0E 3 ?@81;87=> 110 :</A. &><C G8< :@0I>N є 

5;5:B@>?@>2V4=VABь <5B0;C, B8< :@0I5 2V= ?@>2>48Bь B5?;>. 

' =5<5B0;0E :V;ь:VABь 2V;ь=8E 5;5:B@>=V2 <0;0, B><C B5?;>?@>2V4=VABь 

WE >1C<>2;NєBьAO <0965 28:;NG=> :>;820==O<8 0B><V2 C :@8AB0;VG=8E 

@5HVB:0E. &V;0 7 <0;>N B5?;>?@>2V4=VABN =07820NBь B5?;>V7>;OB>@0<8. /: 

?@028;>, F5 IV;OABV BV;0, 283>B>2;5=V 7 28A>:><>;5:C;O@=8E >@30=VG=8E 

A?>;C: (?V=>?;0AB, <V=5@0;ь=0 20B0). "A>1;82VABN IV;OAB8E BV; є 

70;56=VABь WE B5?;>?@>2V4=>ABV 2V4 2>;>3>ABV. !0?@8:;04, B5?;>?@>2V4=VABь 

2>;>3>W F53;8 2B@8GV 1V;ьH0, =V6 ACE>W. 

�>=25:FVO 3 2V41C20єBьAO ;8H5 2 @V48=0E V 3070E B0 є ?5@5=5A5==O< 

B5?;>B8 C @57C;ьB0BV ?5@5<VI5==O 9 ?5@5<VHC20==O <0:@>A:>?VG=8E 

>19є<V2 @V48=8 G8 307C. �>=25:FVO 702648 AC?@>2>46CєBьAO 

B5?;>?@>2V4=VABN. 
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/:I> ?5@5<VHC20==O G0AB8=>: @V48=8 01> 307C 7C<>2;NєBьAO 

@V7=8F5N WE 3CAB8=, B> B0:5 ?5@5<VHC20==O =07820NBь 2V;ь=>N 
:>=25:FVєN. #@8 2V;ь=V9 :>=25:FVW =03@VBV >19є<8 B5?;>=>AVO ?V4V9<0NBьAO 
23>@C, >E>;>465=V >?CA:0NBьAO 2=87. !0?@8:;04, 1V;O =03@VB>W ?>25@E=V 

>?0;N20;ь=>3> ?@8;04C ?>2VB@O =03@V20єBьAO, @>7H8@OєBьAO, 9>3> 3CAB8=0 

AB0є <5=H>N V 2>=> ?V4V9<0єBьAO 23>@C. !0 9>3> <VAF5 =04E>48Bь 

?@>E>;>4=5 ?>2VB@O 7 ?@8<VI5==O, 9 ?@>F5A ?>2B>@NєBьAO. 

/:I> @V48=0 G8 307 ?5@5<VICєBьAO 70 4>?><>3>N 25=B8;OB>@0 01> 

=0A>A0, B> B0:5 ?5@5<VI5==O =07820NBь 28<CH5=>N :>=25:FVєN. ' Fь><C 

28?04:C B5?;>>1<V= 2V41C20єBьAO 7=0G=> V=B5=A82=VH5, =V6 ?@8 2V;ь=V9 

:>=25:FVW. 

"5?;>25 28?@><V=N20==O 3 F5 ?@>F5A ?5@5=5A5==O B5?;>B8 2V4 
>4=>3> BV;0 4> V=H>3> 5;5:B@><03=VB=8<8 E28;O<8, I> 28=8:0NBь C 

@57C;ьB0BV A:;04=8E ?@>F5AV2 CA5@548=V 0B><V2 B0 <>;5:C;. �>;>2=8< 

465@5;>< B5?;>2>3> 28?@><V=N20==O є B5?;>20 5=5@3VO. �;5:B@><03=VB=V 

E28;V @>7?>2AN46CNBьAO 2V4 ?>25@E=V BV;0 2 CAV AB>@>=8. /:I> =0 WE H;OEC 

7CAB@VG0єBьAO V=H5 BV;>, B> ?@><5=520 5=5@3VO <>65 =8< G0AB:>2> 

?>3;8=0B8AO V 7=>2C ?5@5B2>@N20B8AO 2 B5?;>BC. �@V< B>3>, G0AB8=0 

5;5:B@><03=VB=8E E28;ь <>65 2V41820B8AO 2V4 BV;0, 0 G0AB8=0 ?@>E>48B8 

:@V7ь =ь>3>. 

6.2. "5<?5@0BC@=5 ?>;5, V7>B5@<VG=0 ?>25@E=O, B5?;>289 ?>BV: 

&5<?5@0BC@=89 AB0= BV;0 <>6=0 E0@0:B5@87C20B8 70 4>?><>3>N 

B5<?5@0BC@=>3> ?>;O O: AC:C?=>ABV <8BBє28E 7=0G5=ь B5<?5@0BC@ C 2AVE 

B>G:0E ?@>AB>@C. &>4V B5<?5@0BC@0 @V7=8E B>G>: BV;0 287=0G0єBьAO 

:>>@48=0B0<8 x, y, z V G0A>< Ç. &><C 2 7030;ь=><C 28?04:>2V 

( ), , ,t f x y z ô= .     (6.1) 

&5<?5@0BC@=5 ?>;5, O:5 7<V=NєBьAO 7 G0A><, =07820єBьAO 

=5AB0FV>=0@=8<. #@8 Fь><C B5?;>289 @568< B0 B5?;>289 ?>BV: B0:>6 
1C4CBь =5AB0FV>=0@=8<8. ' ?@8@>4V 2AV B5<?5@0BC@=V ?>;O є 
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=5AB0FV>=0@=8<8. !0?@8:;04, >15@B0==O �5<;V =02:>;> %>=FO A?@8G8=Oє 

=03@V20==O 75<;V, 2>48, 1C4V25;ь. 

/:I> B5<?5@0BC@0 C 1C4ь-O:V9 B>GFV BV;0 7 G0A>< =5 7<V=NєBьAO, B> 

B0:5 ?>;5 =07820NBь AB0FV>=0@=8<. ' Fь><C 28?04:>2V B5<?5@0BC@=5 ?>;5 
E0@0:B5@87CєBьAO 70;56=VABN 

( ), ,t f x y z= .     (6.2) 

&5?;>289 @568< V B5?;>289 ?>BV: C B0:><C 28?04:>2V B0:>6 1C4CBь 

AB0FV>=0@=8<8. 

#@8:;04>< =09?@>ABVH>3> B5<?5@0BC@=>3> ?>;O є >4=>28<V@=5 
B5<?5@0BC@=5 ?>;5, O:5 E0@0:B5@87CєBьAO 7<V=>N B5<?5@0BC@8 2 >4=><C 
=0?@O<:C. &0:5 B5<?5@0BC@=5 ?>;5 <>6=0 28@078B8 @V2=O==O<  

( )t f x= .     (6.3) 

#@8:;04>< >4=>28<V@=>3> B5<?5@0BC@=>3> ?>;O <>65 1CB8 @>7?>4V; 

B5<?5@0BC@ C ABV=0E 1C4V25;ь, B>2I8=0 O:8E =525;8:0 ?>@V2=O=> 7 WE 

@>7<V@0<8. !09?@>ABVHV >4=>28<V@=V AB0FV>=0@=V B5<?5@0BC@=V ?>;O 

=09G0ABVH5 70AB>A>2CNBь C B5E=VG=8E @>7@0EC=:0E. 

%B0FV>=0@=5 42>28<V@=5 B5<?5@0BC@=5 ?>;5 ( ),t f x y= . 

%B0FV>=0@=5 B@828<V@=5 B5<?5@0BC@=5 ?>;5 ( ), ,t f x y z= . 

І7>B5@<VG=>N ?>25@E=5N =07820NBь 35><5B@8G=5 <VAF5 B>G>: 7 

>4=0:>2>N B5<?5@0BC@>N. *V ?>25@E=V <>6CBь 1CB8 ?;>I8=0<8, <>6CBь 

70<8:0B8AO V 28E>48B8 70 <56V BV;0, 0;5 =V:>;8 =5 ?5@5B8=0NBьAO. �0 

4>?><>3>N V7>B5@<VG=8E ?>25@E>=ь 7@CG=> E0@0:B5@87C20B8 B5<?5@0BC@=V 

?>;O.  

/:I> V7>B5@<VG=V ?>25@E=V ?5@5B=CB8 ?;>I8=>N, >B@8<0є<> V7>B5@<8. 

�70є<=5 @>7B0HC20==O V7>B5@< E0@0:B5@87Cє @>7?>4V; B5<?5@0BC@8 2 BV;V B0 

V=B5=A82=VABь 7<V=8 B5<?5@0BC@ C @V7=8E =0?@O<:0E. +8< G0ABVH5 

@>7B0H>20=V V7>B5@<8, B8< V=B5=A82=VH5 7<V=NєBьAO B5<?5@0BC@0.  
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$8A. 6.1. �0= �0B8AB �>75D (C@9є 

!091V;ьH V=B5=A82=>N є 7<V=0 B5<?5@0BC@8 2 =0?@O<:C, 

?5@?5=48:C;O@=><C 4> V7>B5@<VG=8E ?>25@E>=ь. #5@H0 ?>EV4=0 

B5<?5@0BC@8 ?> ?5@?5=48:C;O@C 4> V7>B5@<VG=>W ?>25@E=V =07820єBьAO 

B5<?5@0BC@=8< 3@04Vє=B><, 3@04CA/<. ' =09?@>ABVH><C 28?04:>2V 4;O 
>4=>28<V@=>3> B5<?5@0BC@=>3> ?>;O 

t t
grad t t

x x

 
= = 

 
.    (6.4) 

6.3. �0:>= $C@’є. "5?;>?@>2V4=VABь A5@54>28I0 

!0 >A=>2V 4>A;V4=>3> 282G5==O 

?@>F5AC @>7?>2AN465==O B5?;0 C 

B25@48E BV;0E C 1822 @. �0=>< 

�0B8AB>< �>75D>< (C@9є (@8A. 6.1) 

282545=> >A=>2=89 70:>= 

B5?;>?@>2V4=>ABV. �V= B25@48Bь, I> 

:V;ь:VABь B5?;>B8 dQ , ?5@540=>W 

B5?;>?@>2V4=VABN, ?@>?>@FV9=0 

3@04Vє=BC B5<?5@0BC@8 t
x



, G0AC ô  

B0 ?;>IV ?5@5@V7C dF  ?5@?5=48:C;O@=> =0?@O<:C B5?;>2>3> ?>B>:C, B>1B> 

t
dQ dFd

n
ü ô

= −


.     (6.5) 

�V;ь:VABь B5?;>B8, I> ?5@5=>A8BьAO 70 >48=8FN G0AC, =07820єBьAO 

B5?;>28< ?>B>:>< Q, �B. �V4=>H5==O Q 4> >48=8FV ?;>IV F, <2, 

=07820єBьAO ?8B><8< B5?;>28< ?>B>:>< q, �B/<2, 

Q
q

F
= .      (6.6) 

*5 є 3>;>2=8< 70:>=>< B5?;>?@>2V4=>ABV. �V= CAB0=>2;Nє ?@O<C 

?@>?>@FV9=VABь <V6 ?8B><8< B5?;>28< ?>B>:>< V B5<?5@0BC@=8< 

3@04Vє=B>< 
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t
q grad t

x
ü ü

= − = −


.   (6.7) 

�=0: «<V=CA» C:07Cє =0 7=865==O B5<?5@0BC@8 C =0?@O<:C B5?;>2>3> 

?>B>:0. ' D>@<C;0E (6.5) B0 (6.7) ü −  :>5DVFVє=B B5?;>?@>2V4=>ABV, 

�B/(<∙�). �V= ?>:07Cє, O:0 :V;ь:VABь B5?;>B8 ?@>E>48Bь C=0A;V4>: 

B5?;>?@>2V4=>ABV G5@57 1 <2 BV;0 70 >48=8FN G0AC (1 A) ?@8 @V7=8FV 

B5<?5@0BC@ 2 1 ˚%, I> ?@8?040є =0 1 < 4>268=8 =>@<0;V 4>  V7>B5@<VG=>W 

?>25@E=V. 

�>5DVFVє=B B5?;>?@>2V4=>ABV є 206;82>N E0@0:B5@8AB8:>N @5G>28=8, 

:>B@0 ?>:07Cє 740B=VABь ?@>2>48B8 B5?;>2C 5=5@3VN. +8< 1V;ьH5 7=0G5==O 

», B8< 1V;ьHC :V;ь:VABь B5?;>B8 <>65 ?5@540B8 BV;> 70 >48=8FN G0AC ?@8 

>48=8G=><C ?5@5?04V B5<?5@0BC@. �>5DVFVє=B B5?;>?@>2V4=>ABV є 

V=B53@0;ь=>N 25;8G8=>N, :>B@0 70;568Bь 2V4 2?;82C FV;>W =87:8 D0:B>@V2: 

<0B5@V0;C @5G>28=8, AB@C:BC@8, 2>;>3>ABV, =0O2=>ABV 4><VH>:, B5<?5@0BC@8 

B0 V=. 

�;O 307V2 :>5DVFVє=B B5?;>?@>2V4=>ABV 7@>AB0є 7 ?V428I5==O< 

B5<?5@0BC@8 0,005 0,5= ü �B/(<·◦%). �;O @V48= 2V= 7<5=HCєBьAO 7 

?V428I5==O< B5<?5@0BC@8 0,08 0,7= ü  �B/(<·◦%) (70 28=OB:>< 2>48 V 

3;VF5@8=C). &5?;>?@>2V4=VABь B25@48E BV; C 1V;ьH>ABV 28?04:V2 

71V;ьHCєBьAO V7 ?V428I5==O< B5<?5@0BC@8. �;O =5<5B0;V2 

0,02 3= ü �B/(<·◦%). �;O <5B0;V2 2,3 458= ü  �B//(<·◦%) (G02C= 63, <V4ь 

384, A@V1;> 458). 

�V;ьHVABь BV; C ?@8@>4V <>6=0 2V4=5AB8 4> :0?V;O@=>-IV;OAB8E, 

IV;8=8 O:8E <>6CBь 1CB8 70?>2=5=V 2>;>38< ?>2VB@O<, @V48=>N B0 ;ь>4><. 

�5;8:0 @V7=8FO 2 AB@C:BC@V <0B5@V0;V2 7C<>2;Nє 25;8:V 2V4<V==>ABV WE 

B5?;>DV78G=8E E0@0:B5@8AB8:. +5@57 B25@489 A:5;5B <0B5@V0;C, ?;V2:C 

@V4:>W 2>;>38 9 ;V4 B5?;> ?5@540єBьAO H;OE>< B5?;>?@>2V4=>ABV. ' 

IV;8=0E, 70?>2=5=8E 2>;>38< ?>2VB@O<, :@V< B5?;>?@>2V4=>ABV, B5?;>>1<V= 
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8.2. &5?;>>1<V= 28?@><V=N20==O< <V6 ?>25@E=O<8. 

8.3. �;0AB82>ABV ?@><5=528E B5?;>28E ?>B>:V2. 
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*V 2;0AB82>ABV 70;560Bь 2V4 284C <0B5@V0;C, 
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45 CO 3 :>5DVFVє=B 28?@><V=N20==O 01A>;NB=> G>@=>3> BV;0, 

5,77OC = [�B/<2�4]; T1 3 01A>;NB=0 B5<?5@0BC@0 BV;0, �. 

 

8.2. "5?;>>1<V= 28?@><V=N20==O< <V6 ?>25@E=O<8 

�>6=0 ?>25@E=O 2V440є B5?;>BC H;OE>< 28?@><V=N20==O, 0 B0:>6 

?>3;8=0є WW. !03@VBV ?>25@E=V 2B@0G0NBь 1V;ьH5 B5?;>B8, 0=V6 ?>3;8=0NBь. 

$57C;ьBCNG89 B5?;>289 ?>BV: 7 ?>25@E=V 1 =0 ?>25@E=N 2 (@8A. 8.2) 
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45 õ1 2− 3 ?@82545=89 2V4=>A=89 :>5DVFVє=B 28?@><V=N20==O ?@8 

B5?;>>1<V=V <V6 42><0 «AV@8<8» ?>25@E=O<8. 
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G0AB:C B5?;>2>3> ?>B>:C, O:0 =04E>48Bь 7 

?>25@E=V 1 =0 ?>25@E=N 2. �;O B>G=8E 
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$8A. 8.3. �;0AB82VABь 
@>7?>4V;5=>ABV 

 

8.3. �;0AB82>ABV ?@><5=528E B5?;>28E ?>B>:V2 

#@8 >1G8A;5==V :>5DVFVє=BV2 >?@><V=5==O :>@8ABCNBьAO B@ь><0 

3>;>2=8<8 2;0AB82>ABO<8 ?@><5=528E B5?;>28E ?>B>:V2. 
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�>=0 28@060єBьAO D>@<C;>N 

1
2

1−
=

=õ j
j

n

,     (8.5) 
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28:>=CєBьAO C 28?04:C, O:I> ?>25@E=O 1 C2V3=CB0, >A:V;ь:8 G0AB8=0 
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D>@<C;>N 
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>1C<>2;5=5& 

15. #8B><89 B5?;>289 ?>BV: − F5 B5?;>289 ?>BV:& 

16. �8<CH5=>N :>=25:FVєN =07820NBь ?5@5<VHC20==O @V48=8 G8 307C, 

>1C<>2;5=5& 

17. #5@5;VGVBь 2848 :>=25:B82=>3> B5?;>>1<V=C. 

18. �=B5=A82=VABь B5?;>>1<V=C 1V;ьH0 ?@8 (2V;ь=V9/ 28<CH5=V9) :>=25:FVW. 

19. ,284:VABь 7<V=8 B5<?5@0BC@8 BV;0 70 ?@><V6>: G0AC ?@>?>@FV9=0 & 

20. &5<?5@0BC@=5 ?>;5 − F5 AC:C?=VABь &. 
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21. �7>B5@<VG=>N ?>25@E=5N =07820NBь 35><5B@8G=5 <VAF5 B>G>: 7 &. 

22. &5<?5@0BC@=5 ?>;5, O:5 7<V=NєBьAO V7 G0A><, =07820NBь& 

23. ' G><C ?>;O30є 2V4<V==VABь <V6 :>5DVFVє=B>< B5?;>>1<V=C V 

:>5DVFVє=B>< B5?;>?5@540GV? 

24. #5@5;VGVBь D0:B>@8, I> 2?;820NBь =0 :>5DVFVє=B B5?;>?@>2V4=>ABV. 

25. "48=8FO 28<V@C :>5DVFVє=B0 B5?;>?@>2V4=>ABV& 

26. #@8 70<5@70==V 2>;>38 B5?;>?@>2V4=VABь IV;OAB8E <0B5@V0;V2& 

27. %B0FV>=0@=89 B5?;>289 ?>BV: G5@57 >4=>H0@>2C ?;>A:C ABV=:C ?@O<> 

?@>?>@FV9=89& 

28. "?V@ B5?;>?5@540GV 1030B>H0@>2>W ABV=:8 287=0G0NBь O: &. 

29. &5<?5@0BC@=5 ?>;5 F8;V=4@8G=>W ABV=:8 2 AB0FV>=0@=8E C<>20E <0є 

(;V=V9=89, =5;V=V9=89) E0@0:B5@. 

30. &5<?5@0BC@>?@>2V4=VABь <0B5@V0;C − F5 A?V22V4=>H5==O& 

31. �V;ь:VABь B5?;>B8, I> ?5@5=>A8BьAO 70 >48=8FN G0AC, =07820NBь & 

32. �0?8HVBь >?5@0B>@ �0?;0A0. 

33. $V2=O==O !ьNB>=0: :V;ь:VABь B5?;>B8, I> ?5@540єBьAO 2V4 

B5?;>>1<V==>W ?>25@E=V 4> =02:>;8H=ь>3> A5@54>28I0, ?@O<> 

?@>?>@FV9=0& 

34. +0A>2V C<>28 1C20NBь 42>E 284V2:& 

35. �@0=8G=V C<>28 287=0G0NBь & 

36. �@0=8G=0 C<>20 1-3> @>4C & 

37. �@0=8G=0 C<>20 2-3> @>4C & 

38. �@0=8G=0 C<>20 3-3> @>4C & 

39. �@0=8G=0 C<>20 4-3> @>4C &. 

40. /:I> 3@0=8G=V C<>28 1V;O ?>25@E>=ь @V7=V, B> :06CBь, I> 2>=8 & 

41. %?V22V4=>H5==O ô ü  =07820NBь& 

42. �65@5;0<8 B5?;>2>3> 28?@><V=5==O є & 

43. -> O2;Oє A>1>N V=D@0G5@2>=5 28?@><V=5==O? 
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44. �0:>= �V=0 70AB>A>2CєBьAO 4;O 287=0G5==O & 

45. �3V4=> V7 70:>=>< %B5D0=0 − �>;ьF<0=0 V=B53@0;ь=0 V=B5=A82=VABь 

28?@><V=5==O ?@>?>@FV9=0& 

46. �>5DVFVє=B >?@><V=5==O 2:07Cє& 

47. ':06VBь B@8 3>;>2=V 2;0AB82>ABV ?@><5=528E B5?;>28E ?>B>:V2:& 

48. �8?@><V=5==O, I> ?>B@0?;Oє =0 ?>25@E=N, @>7?>4V;OєBьAO =0 B@8 

G0AB8=8:& 

49. �;0AB82VABь 70<:=5=>ABV ?>:07Cє& 

50. �;0AB82VABь 270є<=>ABV & 

51. �;0AB82VABь @>7?>4V;5=>ABV& 

52. -> O2;Oє A>1>N :>5DVFVє=B 28?@><V=5==O? 

53. !072VBь B@8 28?04:8 287=0G5==O ?@82545=>3> :>5DVFVє=B0 

28?@><V=5==O. 

54. -> O2;ONBь A>1>N AV@V ?>25@E=V? 

55. (>@<C;0 4;O B>G=>3> 287=0G5==O A5@54=ь>@04V0FV9=>W B5<?5@0BC@8. 

56. (>@<C;0 4;O =01;865=>3> 287=0G5==O A5@54=ь>@04V0FV9=>W 

B5<?5@0BC@8. 

57. �>=25:B82=8< =07820NBь B5?;>>1<V=& 

58. %B@C:BC@0 ?@8<56>2>3> H0@C @V48=8 1V;O ?>25@E=V. 

59. /:89 @CE @V48=8 =07820NBь ;0<V=0@=8<? 

60. �20 H;OE8 ?5@540GV B5?;>B8 2 C<>20E :>=25:FVW:& 

61. /:89 @CE @V48=8 =07820NBь BC@1C;5=B=8<? 

62. (0:B>@8 2?;82C =0 :>5DVFVє=B B5?;>>1<V=C:& 

63. �>5DVFVє=B B5?;>>1<V=C ?>:07Cє& 

64. #5@5;VGVBь :@8B5@VW ?>4V1=>ABV:& 

65. �@8B5@V9 �@0A3>D0 2V4>1@060є A?V22V4=>H5==O <V6& 

66. �@8B5@V9 !CAA5;ьB0 E0@0:B5@87Cє & 

67. �@8B5@V9 $59=>;ь4A0 2V4>1@060є A?V22V4=>H5==O <V6& 

68. #5@H0 B5>@5<0 ?>4V1=>ABV: ?>4V1=V O28I0 <0NBь& 
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69. �@C30 B5>@5<0 ?>4V1=>ABV: 70;56=VABь <V6 DV78G=8<8 25;8G8=0<8, I> 

E0@0:B5@87CNBь O28I0, <>6=0 ?>40B8 C 283;O4V&. 

70. /: ?>29O70=V <V6 A>1>N :>5DVFVє=B B5?;>?5@540GV 9 >?V@ 

B5?;>?5@540GV? 

71. /:V ?@>F5A8 2E>4OBь 4> A:;04C B5?;>?5@540GV? 

72. �>5DVFVє=B B5?;>?@>2V4=>ABV ?>:07Cє& 

73. ' B5?;>>1<V==8E 0?0@0B0E 2V41C20єBьAO &. 

74. �0 A?>A>1>< ?5@540GV B5?;>B8 0?0@0B8 ?>4V;ONBь =0 &. 

75. �0 @568<>< @>1>B8 B5?;>>1<V==V 0?0@0B8 ?>4V;ONBь =0 & 

76. /:I> ?@>F5A B5?;>>1<V=C =5 AC?@>2>46CєBьAO D07>28<8 ?5@5E>40<8 2 

B5?;>>1<V==8E A5@54>28I0E, B> B0:V 0?0@0B8 =07820NBь& 

77. /:I> ?@>F5A B5?;>>1<V=C AC?@>2>46CєBьAO D07>28<8 ?5@5E>40<8 2 

B5?;>>1<V==8E A5@54>28I0E, B> B0:V 0?0@0B8 =07820NBь& 

78. /:I> >A=>2=0 G0AB8=0 B5?;0 28B@0G0єBьAO =0 74V9A=5==O D07>28E 

?5@5E>4V2, B0:V B5?;>>1<V==8:8 =07820NBь & 

79. �0 270є<=8< =0?@O<:>< B5?;>=>AVW2 B5?;>>1<V==8:8 ?>4V;ONBь =0 & 

80. !091V;ьH 5D5:B82=> 28:>@8AB>2CєBьAO ?;>I0 ?>25@E=V B5?;>>1<V=C 2 

& B5?;>>1<V==8:0E. 

81. #@O<>B5GVN 70AB>A>2CNBь, :>;8& 

82. #5@5E@5A=C B5GVN 70AB>A>2CNBь ?@8& 

83. �>=AB@C:B82=89 @>7@0EC=>: 0?0@0BV2 28:>=CNBь 4;O 287=0G5==O& 

84. #5@52V@=89 @>7@0EC=>: 0?0@0BV2 28:>=CNBь 4;O 287=0G5==O& 

 

"5<0. �0A>>1<V= 

1.  0A>>1<V= − F5 &. 

2. $>7@V7=ONBь 420 20@V0=B8 <0A>>1<V=C:& 

3. �1A>@1FVO − F5 ?@>F5A& 

4. �5A>@1FVO − F5 ?@>F5A& 

5. �:AB@0:FVO − F5& 
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6. $5:B8DV:0FVO − F5& 

7. �4A>@1FVO − F5 ?@>F5A& 

8. �@8AB0;V70FVO − F5& 

9.  0A>?5@54020==O =07820NBь ?5@5EV4 @5G>28=8 & 

10. %B0= 48=0<VG=>W @V2=>2038 − F5 B5@<>48=0<VG=89 AB0= A8AB5<8, ?@8 

O:><C& 

11. $CHV9=>N A8;>N ?@>F5AC <0A>>1<V=C є& 

12.  0A>?5@54020==O− F5 A:;04=89 ?@>F5A, O:89 A:;040єBьAO 7 &. 

13.  0A>2V440G5N =07820єBьAO ?@>F5A& 

14. �A=Cє 420 2848 <56V ?>4V;C AB0B8G=8E D07: &. 

15.  >;5:C;O@=0 48DC7VO 2 3070E V @>7G8=0E @V48= 2V41C20єBьAO 2 

@57C;ьB0BV& 

16. �>5DVFVє=B <>;5:C;O@=>W 48DC7VW ?>:07Cє& 

17. � ?V428I5==O< B8A:C :>5DVFVє=B 48DC7VW 307V2 

(71V;ьHCєBьAO/7<5=HCєBьAO/=5 7<V=NєBьAO). 

18. �V 7@>AB0==O< B5<?5@0BC@8 :>5DVFVє=B 48DC7VW 

(71V;ьHCєBьAO/7<5=HCєBьAO/=5 7<V=NєBьAO). 

19. �>=25:B82=0 48DC7VO 3 F5 48DC7VO @5G>28=8 2 & 

20. �V;ь:VABь @5G>28=8, I> ?5@5=>A8BьAO 2 <560E D078 2=0A;V4>: 

BC@1C;5=B=>W 48DC7VW, ?@>?>@FV9=0& 

21. #5@H89 70:>= (V:0: :V;ь:VABь @5G>28=8, O:0 ?5@5<VAB8;0AO, 

?@>?>@FV9=0&. 

22. ,284:VABь :>=25:B82=>W 48DC7VW (1V;ьH0/ <5=H0/ 4>@V2=Nє) H284:>ABV 

<>;5:C;O@=>W 48DC7VW. 

23. � C<>20E 2V;ь=>W :>=25:FVW :@8B5@V0;ь=5 @V2=O==O <0A>>1<V=C <0є 

283;O4& 

24. $>7@V7=ONBь 420 2848 <0A>>1<V=C&. 

25. �V4><> 420 2848 01A>@1FVW:&. 

26. �0 AB2>@5==O< ?>25@E=V <0A>>1<V=C 01A>@15@8 ?>4V;ONBь =0 & 
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27. )V<VG=0 04A>@1FVO ґ@C=BCєBьAO =0 & 

28. (V78G=0 04A>@1FVO ґ@C=BCєBьAO =0 & 

29. �0:>= �5=@V: ?0@FV0;ь=89 B8A: 307C =04 @>7G8=>< ?@>?>@FV9=89 & 

30. �V;ь:VABь 04A>@1>20=>3> 307C 70;568Bь 2V4& 

31. "48=8FO 28<V@N20==O ?8B><>W ?>25@E=V :>=B0:BC D07& 

32. /: 04A>@15=B8 28:>@8AB>2CNBь <0B5@V0;8, I> <0NBь & 

33. (>@<C;C (@59=4;VE0 70AB>A>2CNBь 4;O 287=0G5==O&. 

34. $V2=O==O �5=3<N@0 70AB>A>2CNBь 4;O 287=0G5==O & 

35. #@>F5A 04A>@1FVW AC?@>2>46CєBьAO (7=865==O</?V428I5==O<) 

?0@FV0;ь=>3> B8A:C ?0@V2 ?>3;8=CB>W @5G>28=8. 

36. �0;56=> 2V4 E0@0:B5@C ?@>F5AC 04A>@15@8 ?>4V;ONBь =0:& 

37. ' ?@>F5AV 04A>@1FVW (?>3;8=0єBьAO B5?;>B0/ 284V;OєBьAO B5?;>B0/ 

:V;ь:VABь B5?;>B8 =5 7<V=NєBьAO). 

38. �>5DVFVє=B <0A>2V440GV =0 ?>25@E=V 75@5= 04A>@15=BC >1G8A;NNBь 70 

4>?><>3>N& 

39. �20  3>;>2=V <5B>48 45A>@1FVW:& 
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�>40B>: �. !5@54=O <>;ь=0 B5?;>є<=VABь @V7=8E 307V2 

&01;8FO �.1 

�=0G5==O A5@54=ь>W <>;ь=>W B5?;>є<=>ABV @V7=8E 307V2 
0

P

t
cý  

(:�6/(<>;ь∙3@04)) ?@8 p=const (70 40=8<8  .#. �C:0;>28G0, �.". �8@8;V=0, 
�. . &8<>Dєє20) 

t, °% "2 
N2, 

0B<>AD. !2 %" %"2 SO2 !2" #>2VB@O 

0 29,2783 29,0228 28,6208 29,1275 35,8650 38,8590 33,5033 29,0773 

100 29,5421 29,0521 28,9391 29,1819 38,1179 40,6596 33,7462 29,1568 

200 29,9357 29,1359 29,0773 29,3076 40,0650 42,3346 34,1231 29,3034 

300 30,4047 29,2908 29,1275 29,5211 41,7609 43,8839 34,5795 29,5253 

400 30,8820 29,5044 29,1903 29,7933 43,2558 45,2239 35,0945 29,7933 

500 31,3385 29,7682 29,2531 30,1032 44,5790 46,3963 35,6347 30,0990 

600 31,7656 30,0487 29,3201 30,4298 45,7599 47,3594 36,2000 30,4088 

700 32,1550 30,3460 29,4122 30,7564 46,8193 48,2388 36,7946 30,7271 

800 32,5067 30,6392 29,5211 31,0746 47,7698 48,9507 37,3976 31,0328 

900 32,8292 30,9281 29,6509 31,3803 48,6240 49,6206 38,0132 31,3259 

1000 33,1223 31,2003 29,7933 31,6693 49,3987 50,1650 38,6245 31,6023 

1100 33,3903 31,4599 29,9482 31,9414 50,1064 50,6675 39,2317 31,8661 

1200 33,6373 31,7111 30,1115 32,1969 50,7471 51,0862 39,8305 32,1131 

1300 33,8676 31,9456 30,2916 32,4314 51,3291 4 40,4125 32,3476 

1400 34,0812 32,1676 30,4717 32,6575 51,8651 4 40,4820 32,5695 

1500 34,2864 32,3769 30,6517 32,8627 52,3550 4 41,5306 32,7789 

1600 34,4790 32,5695 30,8360 33,0553 52,8073 4 42,0624 32,9715 

1700 34,6632 32,7538 31,0160 33,2357 53,2260 4 42,5816 33,1558 

1800 34,8391 32,9213 31,1961 33,4070 53,6112 4 43,0757 33,3233 

1900 35,0108 33,0846 31,3761 33,5661 53,9672 4 43,5447 33,4866 

2000 35,1741 33,2353 31,5520 33,7127 54,2980 4 44,0011 33,6457 

2100 35,3332 33,3819 31,7279 33,8551 54,6036 4 44,3990 33,7923 

2200 35,4882 33,5201 31,8954 33,9849 54,8884 4 44,8596 33,9305 

2300 35,6389 33,6457 32,0629 34,1105 55,1522 4 45,2616 34,0644 

2400 35,7897 33,6834 32,2262 34,2278 55,3993 4 45,6510 34,1901 

2500 35,9320 33,8802 32,3895 34,3408 55,6254 4 46,0237 34,3115 

2600 36,0744 4 32,5444 4 4 4 46,3880 4 

2700 36,2126 4 32,6952 4 4 4 46,7355 4 

2800 4 4 4 4 4 4 47,0663 4 

2900   4 4 4 4 47,3846 4 
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�>40B>: �. I-d-4V03@0<0 2>;>3>3> ?>2VB@O ?@8 745 <<.@B.AB. 
 

 
$8A. �.1. I-d-4V03@0<0 2>;>3>3> ?>2VB@O ?@8 745 <<.@B.AB. 



149 

 

�>40B>: �. �V03@0<8 4;O 287=0G5==O :>5DVFVє=BV2 >?@><V=5==O  
 1-2 

0 
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0,50 
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0,1 0,2 0,3 0,5 1 2 
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5 8 b/h 
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4/h= 
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h 
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1.5 

  

 

c 

1-2 

0 

0,2 

0,3 

0,4 

0,1 0,2 0,3 0,5 1 2 

0.2 

5 8 b/c 

0.3 

0.5 

0.8 

4/c=1 
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0,1 
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0.1 

F2 

F1 

4/c= 
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$8A. �.1. �V03@0<0 4;O 287=0G5==O 
:>5DVFVє=B0 >?@><V=5==O 4;O 
?0@0;5;ь=> @>7B0H>20=8E 

?>25@E>=ь 

$8A. �.1. �V03@0<0 4;O 287=0G5==O 
:>5DVFVє=B0 >?@><V=5==O 4;O 
?5@?5=48:C;O@=> @>7B0H>20=8E 

?>25@E>=ь 
�>40B>: �. "5?;>DV78G=V ?0@0<5B@8 ?>2VB@O ?@8 @V7=8E 7=0G5==OE 

9>3> B5<?5@0BC@8 
 

0,040 

ü, �F/(@�) 

0,035 

0,030 

0,025 

0,020 

0,015 

0,000 
t, ˚C 150 100 50 20 0 -50 

30 
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Pr ÷10
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0,0251
 

 
$8A. �.1. �@0DV: 70;56=>ABV ü, ÷ ?>2VB@O 2V4 7=0G5==O 9>3> B5<?5@0BC@8 
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�>40B>: �. "5?;>B5E=VG=V E0@0:B5@8AB8:8 :>6CE>B@C1=8E 
B5?;>>1<V==8:V2 

&01;8FO �.1 

&5?;>>1<V==8:8 2>4>-2>4O=V :>6CE>B@C1=V "%& 34-602-68 

№ 

$>7<V@8 �V;-Bь 
B@C1>:, 
HB 

#>25@E=O  
=03@V2C, 
<2 

�8289 ?5@5@V7, <2 �:2V20;5=B=89 
<V6B@C1=89 
4V0<5B@, << 

D7, 
<< L, < B@C1>: 

<V6- 

B@C1=89 
1 57 2 4 0,37 0,00116 0,00062 13 

2 57 4 4 0,75 0,00116 0,00062 13 

3 76 2 7 0,65 0,00233 0,00108 16,4 

4 76 4 7 1,31 0,00233 0,00108 16,4 

5 89 2 12 1,11 0,00287 0,00185 13,3 

6 89 4 12 2,24 0,00287 0,00185 13,3 

7 114 2 19 1,76 0,005 0,00293 15,5 

8 114 4 19 3,54 0,005 0,00293 15,5 

9 168 2 37 3,4 0,0122 0,0057 20,7 

10 168 4 37 6,9 0,0122 0,0057 20,7 

11 219 2 64 5,59 0,02079 0,00985 21,5 

12 219 4 64 12 0,02079 0,00985 21,5 

13 273 2 109 10 0,03077 0,01679 19,6 

14 273 4 109 20,3 0,03077 0,01679 19,6 

 

1 

3 

2 

4 5 

6 

8 

7 

 
$8A. �.1. �>=AB@C:FVO 2>4>-2>4O=>3> :>6CE>B@C1=>3> B5?;>>1<V==8:0 ( 70 
AE5<>N ?@>B8B5GVW): 
1 3 2EV4 =03@V20;ь=>W 2>48; 2 3 3V;ь70 4;O 2AB0=>2;5==O B5@<>40BG8:0; 3 3 
28EV4 ?V4V3@VB>W 2>48; 4 3 :>@?CA A5:FVW ?V4V3@V20G0; 5 3 ;0BC==V B@C1:8; 6 3 
:0;0G; 7 3 28EV4 =03@V20;ь=>W 2>48; 8 3 2EV4 =03@V2=>W 2>48 
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