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  ,      
       

  IEA.        
 5        

         -
  (+2 °C,      

  2050 . 2DS) [1].    ,    , -
    ,     -

   .     -
   ,     -

,           
         

      .     -
       

     . 
    ё ,  

      ,  -
 ,  ,     -

    .   
         

   ( ).       
          

        -
 .     -

      .  ,  
2024      28  ,   -

    . 
      «C  -

    2033 » [2]. 
   2020-2033 .        

        675,56 /  (  
  56,2 /   ).  

           
 ,        -

   .      -
  -2,        -

       -
  100 / ,          -

           
  .     -2  2028  -
       

18,828 . 
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 -2      , 
,       -

      ( , « », 
« »,  ,   « »).  

     -2  2033   
   230 / ,     -1,     -

         
   -2   330,6 / ,    2033 

     -2   100,6 / .  
         

  :       
      ,     

  ,      , -
        -

     . .  
  ,      -

  -2. 
    : 

    ( )   
( )  ; 

    ; 
      2 (carbon capture 

and storage — CCS)  ; 
        
.  

    :  
   
    CCS 
 -  

       -
 «       2035 »,  -

        
   ,        -

 .   
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1      

1.1    

    (P = 22,1 , T = 374,1 °C) -
     -

       -
.   [1],       

17 , 540/540 °C     ( )  -
  24 , 540/540 °C     4 %.  , ,  

         
  26–27       545–570 °C.  

       -
  . 

 1960‑  .        
  -    -
     30   .   -
  ( )        

  27,5 , 600/620 °C     
      6–7 %,   -

   30    0,8 %. 
        30 , 

600 °C        1949 .  60‑  .    
         ‑100   

 30 , 650 °C.      
    . 

    (  1)    
 30 , 600/600 °C,  K    44–47 %,  -

       
. 

       -
  , , ,    .  -

       .  1360  -
    69,1 %   .  -

        .   
2010–2015 .  170     600–660  1000 

 (    145 ).      
  ,      Waigaoqiao -

 44,9 %.        
   ,  92  83 %  — -

   [1]. 
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1 — ; 2 —  ; 3, 4, 5 — , ,   

; 6 — ; 7 —  ; 8 —   
  ; 9 —  ; 10 — ; 

11 — ; 12 —   2; 13 —  ; 
14 — ; 15 —    

 1 –      
 

 , ,      , -
           
  ,     -

  ,    ,   
      . 

       
 30   600 °C ,        -
        -

    10 ;      
     26,1   575/585 °C. 

 ,       
  30        -

       .    -
      -

       -
   700–720 °C   . 

        
        -

  .      
     ,    -



 

8 

         -
       

       (CCS),   
          

         -
 .           -

  CO2,     -
  ,      

   . 
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1.2      CCS  

    ,    
 2 (76 %    ), CH4 (16 %), N2O (2 %),  

       .  
       -
 25 %  2. 

          
     : 

   ; 
        (Carbon 

capture and storage — CCS); 
     —  

, ,     -
   ( ). 

       -
    —       -

  CCS.     -
 (   2030 .  50 %)      -

  CO2        -
.    CCS      -
 ,       -
    (     20–50 %),  

 (  70 %) ,  ,      
 (  10–12 %  100 %  2) [1].  

         -
 ,     .   

2016   2       400 
ppm   .     CO2  
600 .        . 

 

 
 —      ;  —     

 . 
 2 –     CO2 

 

https://ru.wikipedia.org/wiki/%D0%93%D0%BB%D0%BE%D0%B1%D0%B0%D0%BB%D1%8C%D0%BD%D0%BE%D0%B5_%D0%BF%D0%BE%D1%82%D0%B5%D0%BF%D0%BB%D0%B5%D0%BD%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%93%D0%BB%D0%BE%D0%B1%D0%B0%D0%BB%D1%8C%D0%BD%D0%BE%D0%B5_%D0%BF%D0%BE%D1%82%D0%B5%D0%BF%D0%BB%D0%B5%D0%BD%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%92%D1%83%D0%BB%D0%BA%D0%B0%D0%BD
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 CCS     :  
     (pre-combustion capture)   (post-

combustion capture). 
  (  2, , ) ,  ,  -

 .       -
       ( - ). 

 2    (  2, )   -
 2   .      -
      .  

     (     -
   Chilled Ammonia process)    

       -
    10  25 %.    , -

  2,    ,   , 
        

   99,95 %.   2  -
  85 – 95 % [1].  

       -
   ( ,   .)     
  CCS.    (Chilled ammonia process) -

  ,  ,  Alstom.   , 
   ,  5      

 Pleasant Prairie ( ,  )  We Energies  2008 . 
(  3).  

 
1 — ; 2 —   (  90 % NOx); 3 — ; 4 —  -

 (  95 % SO2); 5 —   CO2  (5  —  -
   , 5  —   CO2); 6 —  

 3 –       CO2 -
   Pleasant Prairie ( ) 

 
      (  1.2, ) (Oxyfuel 

combustion)     ,  -
    .     ( -

 4):    ,      -
        ,  

 ,     ,  2. 
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          -
  ,      -

. 

 
1 — ; 2 —  ; 3 — ; 4 —  ; 5 — 

 ; 6 —  CO2; 7 —  
 4 –      CO2   

    Oxyfuel capture 
 

    : 
     20–35 %    -

   ,     -
 ; 
  CO2     80–90 %,   

         ,  
 2    ; 

   NOx  . 
    : 
   ,    -

       ; 
    —  , ,  -

   3  ; 
         [1]. 

          
  95 %  2.      

    ,    
      10 – 30 %  -

,     ,       
.  
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1.3 -   

       
         –  

     ( ).  
   2005         

18  (     39 %).    2010—2013   
      100—150 ,       
   30-50 .   1       

          .  
2006       31 %. -

        -
           -

. 
- ,  IGCC — Integrated Gasification Combined Cycle,  

  .       
Kellerman  170 .  

        -
  ( )        

 (  5).        - -
    ,     -

   ,    . 
         

         
  ,      , 

 ,  . 
     -    -

          -
 ,      (24 –30 ) -

       
(  700 –750 °C)      . -

          
  (  70 %) [1]. 
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 -       :  -  ;  - 
  : 1-   ; 2- ; 3- -

 ; 4-  ; 5-  ; 6- ; 7- ; 8- 
 ; 9- ; 10-   ; 11-   

; 12- 2;13- N2;14- ; 15-      

 5 –      

   GE,  -   -
          -

  ,  :   NOx — 33 %; S 2 
— 75 %;   — 40 %;      90 %;  30 % 

  .    -   -
     6 [1]. 
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 6 –    -    

 
 -       

   —     , 
        ,    

       2,4   
    . 

        -
        

     (   43–44 %,  50–
55 %)         -

: 
1.         , 

   ; 
2.     (  -

    ,   ),    -
  O  

 
      , 

  ,     -2 -
        ( )  
.      ,    

 ,         
  . 

    ,  -
 .     100 / ,   

  . 
 -       -

   : 
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      -  (CO  ; 
   ,  - ; 
         ; 
    - . 

       ,  
      ,   -

       .  
   , ,   .    

   10…100 .      
  ,    .   -

    . ,  -
      ,    -

,        . 
        

   (  7),     . 
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 7 –      
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2 -   

2.1    я 

     ,  -
   : 

1.  -    -25/34-3,4/0,12,  -
 -75-4,0-440      LM6000 PD Sprint. 
  115 ,  100 / . 

2.  -      
SST-400  Siemens,    SGT-800   

-  -83.   115 ,  95 
/ . 

3.   -64  -40-130, -  -4. 
  116 ,  90 / . 

  1     ё   
  . 

 
 1 –     

    
     

    
  , / : 

)   
)    

 
0 

100 
     

, / : 
)   
)    

 
 

0 
6000 

  ,  115 
    -

 , /  
7200 

    -
  , /  

7200 

  , /  150 
   , % 91 

   , /  7200 
   , / . .  1300 
   . , / *  1,85 
    1,18 

     -
, ./  

525206 

  1,2 
 , % 30,4 
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2.2  я 

        
, ,    .    

   : 
    , . : К′ = ,  (1) 

      , . 
: К = (К′ + К ∙ − ) ∙ 𝑖 ∙  (2) 

 К  –    , . .: 
 =  –  , ; 
 𝑖– ,   ;   , ; 
  –       ( .  1). К = ( , + , ∙ − ) ∙ , ∙ , = ,  

2.3   , я    

    -  ё-
,   ё   , . ./ : 

э = + + + +  (3) 

   –   ; 
  –    ; 
  –    ; 
  –     ; 
  –  . 
 

  , . ./ : = ∙ ∙ −  (4) 

  –  , ./ . . . ( .  1). 
  –     ,  . ./ . 

    ,  . ./ : = э +  (5) 

  э –       , . 
. . .; 

  –       , . . . . 
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     , . . . ./ : 

э = э ∙  (6) 

  э = ,  . . / ∙ = ,  . . / ∙   –   
    ,    -

   -   ; 
  –     , .  .: = ∙ ∙ − = ∙ ∙ − =  (7) 

 =  –   , ; 
 =  –     , . 

э = , ∙ = ,   

      , . . . ./ : = ∙ э (8) 

  = , = ,  –      -
  ,    ;  

 э –        , . .: 

э = ∙ э ∙ − =  ∙ ∙ − =  (9) 

  =  –   , / ; 
 э –      , / . = , ∙ = ,   = , + , = ,   = ∙ , ∙ − =  

 ё  ё       -
 , . ./ : = ∙ ∙ ∙ −  (10) 

  –  , ./  ( .  1); 
  –       ( .  1). = ∙ , ∙ ∙ − = ,  

  , . ./ : = К ∙  (11) 
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 = , % –      ; 
 К –       , . 

./ . = , ∙ , =  

  , . ./ : = К ∙  (12) 

 = % –       -
 . = , ∙ , = ,  

   : 
–    ; 
–       ; 
–   ; 
–   ; 
–  . 
   20–30%     , 

  ,  ё   , . ./ : = , ∙ ( + + ) +  (13) 

  –     , . ./  = ∙ = , ∙ , = ,  (14) 

 = ,  % –   , ; = , ∙ + , + , + , = ,   

э = + , + , + , + = ,  

  

2.4   

 2 –     

-   -25/34-3,4/0,12 SST-400 -40-130 

  max,  115 115 116 

 , /  110 95 90 

.     . 
  /( ּ ) 0,1796 0,1812 0,182 
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  2 

 
   -25/34-3,4/0,12  – 3509,69  , 

SST-400 – 5556,31  , -40-130 – 5314,293  .     
   ,    -25/34-3,4/0,12. -

    .    
,  1805   ,   -40-130.    

   -  115  ( -25/34-3,4/0,12). 
 
      : 
     LM6000 PD Sprint  

«General Electric»; 
    -25/34-3,4/0,12   « -

  »; 
  -  -75-4,0-440 ,   « – -
». 

 
 3 –   

   

LM6000 PD Sprint 
=    

ы =  ,  °  

 

 

.     
, /  

138,6 155,61 145,70 

 , .  ,  19895,9 17564,19 

-  ,  
./  
 

,  3599,78 
3133,85 

 

  ,  ./  
 

301 503,99 
432,74 

 

 , . 
∙  

 
828 818 

822 
 

 , .  
 

600 583 
592 

 

 ,   
 

3509,69 5556,31 
5314,293 
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  3 

-25/34-3,4/0,12 
=    =  ⁄  

-75-4,0-440  

= ⁄  =   =  °  

 
        110 

/ ,    115 ,     
 100 / . 
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3.  я   
3.1    я  

      2,  
    4 

 4 –      

   
   

 
  2 ,   

 
   , % (Wp)  33 
   , % (Ap)  7,4 
   , % (Sp)  0,2 
   , % (Cp)  42,6 
   , % (Hp)  3 
   , % (Np)  0,6 
   , % (Op)  13,2 
 , V , %  47 

 , Qp , /   15280 
 , k   1,15 

  , ° , t1  1180 
  , ° , t2  1210 
  , ° , t3  1230 

 

   ,   -
 -     ,   -

,  - ,   ,   
     ,        -

. 
     8 
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 8 –   

3.1.1      

    , / : 

′ =  ∙ −
 (15)   

      –    , %;  –    60-70%. 

′ =  , ∙ − = ,  

   .     
       -
.      , / : =  ,       (16) 

        –      . 

     ,    -
  -    .   

  . 
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   = , . 
 

         , 
/ : 

          =  − ∙ ∙ − −  (17)            =  − ∙ , ∙ − , − = ,  

      , %:          =  ∙ ∙ −
 (18) 

     –   , / ; 
 –      -

   92%; 
 –    ,  15280 / .            =  , ∙ ∙ − = ,  

 ,      1  -
 , %:          ∆ ′ =  ∙ ∙ ∙ −∙ − − ∙ −  (19) 

     –        96%; 
 –       33076 / ; 

 –     47%; 
 –      3-5% 

 ∆ ′ =  ∙ ∙ ∙ − ,∙ − , − ∙ − = ,  

3.1.2    я 

       . 
        : 

1.        -
  ,   : 𝑣′′ ≥ .  (20) 

    𝑣′′  –         (  ), 
˚C; .  –    , ˚C. 
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2.       -

         
    ,     

          
 ,       : 

 𝑣 ≥ +  (21)  

      –    ,  1230 ˚C. 
3.         -

        -
  . 

   ( = %, = %, =%, = % . 
    , %: 

 = ( ) ∙ + ∙  (22) 

      –   , / ; 
–    , / ; 

 –      , %; 
 –    , / ; 

 –      , %. 
   = ∙ , +  ∙ , = ,  

 
3.2    -  

 -   CO, , , , , ,   
  . 

    - , 3/ : 

      –     65%. 
    : 

 
      –    160, / 3; 

                 = − ∙ ∙ ,, = − ∙ , ∙ ,, = ,  (23) 

                        = − −− ∙ ∙ = − , − ∙ , ∙ ,= , ∙ −  

(24) 
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–        0,05, / ; 
 –     0,2. 

 
    ,    , -

  , %: 
           ∆ = , ∙ − − ∙ ∙  

 
(25) 

 ∆ = , ∙ − − ∙ ∙  
 

(26) 

 ∆ = , ∙ − , − ∙ , ∙ , = ,  
 

 

 ∆ = , ∙ − , − ∙ , ∙ , = ,  
 

 

    ,    0,041       -
       . 

 
      -

           
 - .      -

: 
 = + +  

(27) 

 
    , ,  –     -
, %. 

        
       ,  

    - , %: = % = % = % + + = − ∙ ∙ ∆ ′ ∙ ∆ ∙ ,,  
(28) 

 + + = − , ∙ , ∙ , ∙ , ∙ ,, = ,  

    - , 3/ : 
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  , 3/ : 
 = ∙ ( + + ) = , ∙ , = ,  (29) 

    –     - , %. 

ё   , 3/ : = ∙ ( + + ) = , ∙ , = ,  (30) 

     –     - , %. 

ё  , 3/ : = ∙ ( + + ) = , ∙ , = ,  (31) 

    –    - , %. 

ё   , 3/ : 

= ∙ , ∙ = , ∙ , ∙ ,, = ,  (32) 

          -
     , 3/ : = ∙ [ ∙ ∙ ,∙ , + + − ∆

− ( ∙ + + ∙ ) ∙ ∙ , ] ∙ ,∙ ,  
(33) 

 

     –      90%; 

 –    ,      -
  , 0,142 / ; 

 –      , 2%. = ∙ − + ∙ ,∙ , +  (34) 

    = , ∙ [ , ∙ ∙ ,∙ , + + − ,
− ( ∙ , + , + ∙ , ) ∙ ∙ , ]∙ ,∙ , = ,  
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= , ∙ − ,, + ∙ ,∙ , + = ,   

     , ³/ : = [ + ∙ + + + ∙ + ∙ ] ∙ , −− + ∙ ∙ , + ∙ ,∙ ∙ − ∙ + ∙ ,∙ ,  (35) = [ , + ∙ , + , + + ∙ , + , ∙ , ] ∙  ∙ , − , − + , ∙ ∙ , + ∙ ,∙ ∙ − ∙ , + , ∙ ,∙ , =  = ,   

 –       1   
, ³/ : 

− = + + + + + + +  (36) 

− = , + , + , + , + , + , + , ++ , ∙ − = ,   

    - , %: = − ∙ % (37) 

     5. 

 5 –    –  

    
   

 , % 

CO 28,19 
CO2 2,653 
CH4 2,321 
H2 22,85 

H2O 16,195 
N2 27,763 

H2S 0,0255 
 0,0017 

 : 100 
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 , / 3,    , / ∙°C, -
  : 

. − = , ∙ + ∙ + ∙ + ∙ + , ∙  (38) 

. − = , ∙ , + ∙ , + ∙ , + ∙ , + , ∙ , =,   

− = ∙ + ∙ + ∙ + ∙ + ∙ + ∙+ ∙ + ∙  (39) 

− = ,  ∙ , + , ∙ , + ,  ∙ , + , ∙ , + ,  ∙, + , ∙ , + , ∙ , + , ∙ , = ,   

  –     1,3 /( 3 °C); 
  –     1,66 /( 3 °C); 
  –    1,548 /( 3 °C); 
  –    1,278 /( 3 °C); 
  –     1,276 /( 3 °C); 
  –    1,257 /( 3 °C); 
  –    1,508 /( 3 °C). 
  –    271,3 /( 3 °C). 

    , ³/ : 

. = ∙ − + ∙ − ∙ ,∙ , ∙  (40) 

. = , ∙ , + ∙ , − ∙ ,∙ , ∙ = ,   

  , / : 

. = − , ∙ . ∙ + ∙ ,,  (41) 

. = , − , ∙ , ∙ + ∙ ,, = ,   

3.3      

 –   ,    -
   , °C: 𝜗′′ = ∙( − , ∙ )+ℎ +ℎ − − ∙ . − − −ℎ +− ∙ − + ∙ ′ + ∙ ∙  (42) 

  ℎ  –     , /  ; 



 

31 

 ℎ  –  , /  ; 
  –        , 

/  ; 
 ℎ  –  , /  ; 
  –     0,93. 

     , / : ℎ = ∙ = , ∙ =  (43) 

   –  , /( 3 °C); 
  –     ,° . 

  , / : ℎ = . ∙ . ∙ . + . ∙ ℎ .  (44) 

  .  –     1,3 /( 3 °C); 
 .  –         -

        ; 

. = ( ∙ 𝑘−𝑘 ) − = ( ∙ , −, ) − = ,  (45) 

   –         
15, °C; 
  –      9; 
  –      1,4. 
 .  –     , / ; 
 ℎ .  –   , 3438,32 / . ℎ = , ∙ , ∙ , + , ∙ , = ,   

        -
, / : = , ∙ ∙ + ∙ ∙ + ∙ + ∙ +∙ ∙ +  (46) = , ∙ , ∙ , + , ∙ , ∙ , + , ∙ , + , ∙ +, ∙ ∙ + = ,   

    , / : ℎ = ∙ ∙ 𝜗  (47) 
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  ∙ 𝜗  -     +   1986,35 
/ ; 

  -      1230, ° . ℎ = , ∙ ,  = ,   

  , /( 3 °C): = ∙𝜗+ = ,+ = ,  (48) 

  -   , °C: 𝜗′′ = ∙ − , ∙ , + + , − , ∙ , − , − , +, ∙ , + , ∙ , + , ∙ , ∙ , =   

  -      
       𝜗 =, ℃. 

  𝜗 > + = + = ℃  -
          -

. 
   – , / 3: = , ∙ , ∙ = , ∙ , ∙ , = ,  (49) = , ∙ , ∙ = , ∙ , ∙ , = ,  (50) = , ∙ , ∙ = , ∙ , ∙ , = ,  (51) = , ∙ , ∙ = , ∙ , ∙ , = ,  (52) = , ∙ , ∙ = , ∙ , ∙ , = ,  (53) = , ∙ , ∙ = , ∙ , ∙ , = ,  (54) = , ∙ , ∙ = , ∙ , ∙ , = ,  (55) 

 – , / 3: 

. = + + + + + +  (56) 

. = , + , + , + , + , + , + ,   = ,   

 



 

33 

      1  , : = ∙−  (57) 

         
          6. 

 6 –     –  
   

-  
 -

,  

 , / 3 𝜗′′ =  ℃ 𝜗′′ =  ℃ 

CO 0,3099 1226,46 599,63 
CO2 0,0461 1121,17 477,38 
CH4 0,0146 1047,13 266,7 
H2 0,0181 16251,88 8177,56 

H2O 0,3058 2271,42 1078,33 
N2 0,3052 1216,02 597,96 

H2S 0,0003448 729,8 195,8 
 

 –    , / : ℎ − = ∙ ℎ + ∙ ℎ + ∙ ℎ + ∙ ℎ + ∙ ℎ +∙ ℎ + ∙ ℎ  (58) ℎ − = , ∙ , + , ∙ , + , ∙ , + , ∙, + , ∙ , + , ∙ , + , ∙ , =,   

 –    , / : ℎ −ы = ∙ ℎ ы + ∙ ℎ ы + ∙ ℎ ы + ∙ ℎ ы + ∙ℎ ы + ∙ ℎ ы + ∙ ℎ ы  (59) ℎ −ы = , ∙ , + , ∙ , + , ∙ , + , ∙, + , ∙ , + , ∙ , + , ∙ , = ,   

     , / : = . .− ∙ − = ,, ∙ , = ,  (60) 

 . . = ,  –   -    , / . 
     , / : 

. = ∙ . = , ∙ , = ,  (61) 
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     , / : 

. = . ∙ . = ,, ∙ , = ,  (62) 

3.4     

     (  9)    (  10) 
 ,     , : 

–    LM6000 PD Sprint  э =  ; 
–       = ℃; 
–       = ℃; 
–        -

,    = ℃ ; 
–     = , ; 
–     = ; 
–    = , ; 
–        =, ; 
–    = , ; 
–   Э = , ; 
–    = , ; 
–    = , ; 
–   = , ; 

    –  = ,  % ,  =,  %,  = ,  %, = ,  %, = ,  %,  = ,  %, = ,  %   : 
–   = ,  / ; 
–  –  . = ,  / . 

 
 – ,  –  ,  –  ,  

 –   
 9 –     
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3.4.1     я   -
 

 
 10 –    

       (  
,  ).   –      -

        ; ′ –   ; 
  –         -

  ;  –         -
     ; ′-  ;  –  -

 . 
    (  ) , К: = + = + =  (63) 

      , / 3: = , + , ∙ = , + , ∙ = ,  (64) 

    25º   , / 3: = , + , ∙  (65) = , + , ∙ = ,   

  ,       
    25° . 

    , / 3: ℎ′ = ∙ = , ∙ = ,  (66) ℎ′ = ∙ = , ∙ = ,  (67) 
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ℎ = ℎ′ − ℎ′ = , − , = − ,  (68) 

        -
    = , .     -

    (  b  10)  ,° . = ∙ + 𝜀𝑚 = ∙ + 𝜀𝑚 = ,  (69) = − = , − = ,  (70) 

      , 
/ 3∙ : = , + , ∙  (71) = , + , ∙ , = ,   

    , / 3: ℎ′ = ∙ = , ∙ , = ,  (72) ℎ = ℎ′ − ℎ′ = , − , = ,  (73) 

         ′, / 3∙ : ′ = ℎ −ℎ− = , − − ,, − = ,  (74) 

         
, / 3∙ : = ′ = ,, = ,  (75) 

 = ,  /  –     . 
    : = ′ = , ′ = ,  (76) 

  –  , / · , , = , ; 
         

 = ,  (  ).  : =, ° , ℎ = ,  / 3. 
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3.4.2       я 

       , 
/( 3∙ ): = , + , ∙  (77) = , + , ∙ = ,   = , + , ∙  (78) = , + , ∙ = ,   = , + , ∙

 
(79) = , + , ∙ = ,  

 = , + , ∙
 

(80) = , + , ∙ = ,  
 

      
25oC : = , + , ∙ = ,   = , + , ∙ = ,   = , + , ∙ = ,  

 = , + , ∙ = ,  
 

       -
     α=1, 3/ 3: = , · [ , ∙ + + , · + + · ] (81) = , · [ , ∙ , + , + , · , + + · , ] =,   = , · + = , · , + , = ,  (82) = , · + + +  (83) = , · , + , + , + , = ,   
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= , ∙ + + , ·  (84) = , ∙ , + , + , · , = ,   

    , 3/ 3: = + + = , + , + , = ,  (85) 

      : = = ,, = ,  (86) = = ,, = ,  (87) = 𝐻 = ,, = ,  (88) 

         
   , / 3: ℎ′ = ( ∙ + ∙ + ∙ ) ∙  (89) ℎ′ = , ∙ , + , ∙ , + , ∙ , ∙ = ,   

    h     25oC: ℎ′ = ∙ + ∙ + ∙ ∙  (90) ℎ′ = , ∙ , + , ∙ , + , ∙ , ∙ = ,   

       , / 3: ℎ = ℎ′ − ℎ = , − , = ,  (91) 

        , 
/ 3: ℎ = ∙ − ℎ′ = , ∙ − , = ,  (92) 

       : = ∙ + ∙ℎ − − ∙ℎ∙ ℎ −ℎ  (93) = , ∙ , + , ∙ , − − , ∙ ,, ∙ , − , = ,   
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       -
   α > 1. 

   , 3/ 3: = + , · − ∙  (94) = , + , · , − ∙ , = ,   

    , 3/ 3: = + + + − ∙  (95) = , + , + , + , − ∙ , = ,   

      : = = ,, = ,  (96) = = ,, = ,  (97) = 𝐻 = ,, = ,  (98) = − ∙ = , − ∙ ,, = ,  (99) 

         
   , / 3: ℎ′ = ( ∙ + ∙ + ∙ + ∙ ) ∙  (100) ℎ′ = , ∙ , + , ∙ , + , ∙ , + , ∙ , ∙= ,   

    ℎ′    25oC: ℎ′ = ∙ + ∙ + ∙ + ∙ ∙  (101) ℎ′ = , ∙ , + , ∙ , + , ∙ , + , ∙ , ∙ =,   

       , / 3: ℎ = ℎ′ − ℎ′ = , − , = ,  (102) 

   , /( 3∙ ): 
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′ = ℎ = , = ,  (103) 

     , / : = , ∙ + , ∙ + , ∙ + , ∙  (104) = , ∙ , + , ∙ , + , ∙ , + , ∙ , = ,   

 1        (  1 , 
 0 )  22,41 3/ . 

       , / 3:  = , = , , = ,  (105) 

    , /( ∙ ): = ′ = ,, = ,  (106) 

 , /( · ): = , = , , = ,  (107) 

     : = = ,, = ,  (108) 

 

3.4.3     я    

      (  d   -
)         

     : = ∙ ( − − − ) (109) 

 = ε · λ  –     ;  = ε · λ =  , · , = ,  (110) 

 λ = 0,95 –        . = ∙ ( − − , − , ) = ,   = − = , − = ,  (111) 
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/( 3∙ ): = , + , ∙ , = ,   = , + , ∙ , = ,   = , + , ∙ , = ,  

 = , + , ∙ , = ,  
 

         
, / 3: ℎ′ = ( ∙ + ∙ + ∙ + ∙ ) ∙  (112) ℎ′ = , ∙ , + , ∙ , + , ∙ , + , ∙ , ∙, = ,   

   , / 3: ℎ = ℎ′ − ℎ′ = , − , = ,  (113) 

    , / : = ℎ = ,, = ,  (114) 

     (  - ), 
/( 3∙ ): ′ = ℎ = ,, = ,  (115) 

     (  - ), 
/( ∙ ): = ′ = ,, = ,  (116) 

     , 
/( 3∙ ): ′ = ℎ −ℎd− = , − ,− , = ,  (117) 

     , 
/( ∙ ): 
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= ′ = ,, = ,  (118) 

     : = = ,, = ,  (119) 

         
 = ,  (  ).     

(3.82): = , ° , ℎ = ,  / 3, = ,  / .  
  = , , = ,  ° , ℎ = ,  / 3, = ,  / . 
     (   -

), / : 

𝑖 = ℎ −ℎ = , − ,, = ,  (120) 

  , / : 

𝑖 = 𝑖 = ,, = ,  (121) 

,      , / 3: = ℎ − ℎ = , − − , = ,  (122) 

,   :  = ∙ ∙( + )+ ∙ = , ∙ , ∙ + ,+ , ∙ , = ,  (123) 

  –  . 
     , / 3: = 𝑖 ∙ ∙ − ∙  (124) = , ∙ , ∙ , − , ∙ , = ,   

    , 3/ : ′ = э∙ Э = , ∙ , = ,  (125) 

    , / :  = ′ ∙ = , ∙ , = ,  (126) 

 ,  ,   , 3/ : 
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= ∙ ′ = , ∙ , = ,  (127) 

     , 3/ : = ′+ ∙ = ,+ , ∙ , = ,  (128) 

,   , : 

𝑖 = ∙ 𝑖 = , ∙ , = ,  (129) 

,  , : = ∙ = , ∙ , = ,  (130) 

   : = 𝑖 −𝑖 = , − ,, = ,  (130) 

    (   )  
: 

э = 𝑖 − ∙ Э∙ = , − , ∙ ,, ∙ = ,  (131) 

3.4.4   я   

  ,     -
 , 3/ 3: = , + , ∙ − ∙ −  (132) = , + , ∙ − ∙ − = ,   

   –     ,  
  ,  = 850° . 

     , К, (  -
     z =7      -

): = − 𝑧 ∙ 𝑖 = − ∙ ,, = ,  (133) 

    :  = ∙ − − 𝑧−𝑧 ∙ + ,∙  (134) 

= , ∙ − , − − ∙ ,, + ,∙ , = ,   



 

44 

    , / 3: = 𝑖 ∙ − ∙  (135) = , ∙ , − , ∙ , = ,   

    , / 3: = ∙ − ∙ = , ∙ − , ∙ , = ,  (136) 

  , % : = − − = − − ,, = ,  (137) 

      , 3/ : ′ = э∙ ∙ Э = , ∙ , ∙ , = ,  (138) 

      , / : = ′ ∙ = , ∙ , = ,  (139) 

     , 3/ : = + ∙ = ,+ , ∙ , = ,  (140) 

         , 3/ : 

К = ∙+ ∙ ∙ ′ = , ∙ ,+ , ∙ , ∙ , = ,  (141) 

       
 , 3/ : 

К ′ = + ∙ ′ = , + , ∙ , = ,  (142) 

         , -
       (    - -

), 3/ : 

К′ = + ∙ ′ = + , ∙ , = ,  (143) 

         , -
       (    - -

), / : 

К = К′ ∙ = , ∙ , = ,  (144) 
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    : 

э = э ∙ − ∙ = , ∙ − , ∙ , = ,  (145) 

 

3.5      

 
 11 –     

    -   , 
      , : =  ;  =  ° ;  =  ; 

–        К = ,  / ; 
–      = , ° ; 
–    = ° ; 
–        =  ; 
–     ∆ = ,  ; 
–      = + ∆ = ,  ;  
–     = ,  ;  
–     ′′ = , = ,  ; 
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–      ′′ЭК = , = ,  ; 
–      ′′ЭК = ′ ′′ЭК − = , ℃;  
–       ЭК′ = ,  ℃; 
–         ′′ =  ˚ . 
 
–         ′′ =  ˚ . 

3.5.1    –   
      ( , 

  , )      -
:  · − =  · ℎ  − ℎs′′  (146)  · − =  · ℎs′′   − ℎs′   (147)  · − =  · ℎs′  − ℎ′′  (148)  · ( − ) =  · ℎ′′  − ℎ′  (149) 

    –     , , / ; 
  ,    I   -

 ,        -
 , . .    .    

         -
. 

  –       , , / ; 
 –      , / ; 
 –      , / ; 

 –        , / ; 
 –      , / ; 

 ℎ  –          , 3307,868 
/ ; 

 ℎ′   –       (   -
    , 1105,111 / ; ℎ′′   –       (    
   , 2799,566 / ; 

   , º : 

ЭК = ′ ′′ЭК + ′′ЭК (150) 

 ′ ′′ЭК = ,  º  –       
  ; 
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 ′′ЭК =  º  –  . 

ЭК = ,  + = ,   

      ЭК , / , -
,    . = ЭК = ,  (151) 

 ,   , / :  =  · −ℎ  −ℎ′ = , · , − ,, − , = ,  (152) 

    (    ), / : = −  ∙ ℎ  −ℎ′′  (153) 

= , − , ∙ ,  − ,, = ,   

    (    ), ˚ : 

  =  = ∙ + ∙ + 𝐻 ∙ 𝐻 + 𝑉 ∙ 𝑉  (154) 

    –    = , ° . 

    (    ), / : = −  ∙ ℎ′  −ℎ′′  (155) 

 ℎ′′ -      , ℎ′′ = ℎ′ ( ) = , . = , − , ∙ ,  − ,, = ,   

    (    ) , ° : = . = ,  (156) 

        ′ = ° . 
    ℎ′ = ,  / .  
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       ′′ = ° .  -
  ℎ′′ = ,  / . = ,  / , = ° . 

       , / : 

 =  ·( − )( ℎ′′  −ℎ′ ) (157) 

 = , · , − ,  ,  − , = ,  

   , / : ℎ = ℎ ( ) = ,   

   , / : =  ∙(ℎ −ℎ′′ )ℎ −ℎ′′ = , ∙ , − ,,  − , = ,  (158) 

 – :  К = −− = , − ,, − − , = ,     (159) 

,      , : 

А = ∙ ( − ) = ,  (160) 

,      , : 

А = ∙  ∙ ℎ − ( ∙  − ) ∙ ℎ  (161) 

А = ,   

  , %: = | А − АА | ∙ % = | , − ,, | ∙ % = ,  (162) 

   1%,     -
. 

  ,    ( )    
 . 

,   , :  = ∙  ∙ ℎ′ = ∙ , ∙ , = ,  (163) 

,   , :   = ∙  ∙ ℎ   − ℎ′′  (164) 
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 = ∙ , ∙ ,  − , = ,   

,   , : 

ЭК = ∙  ∙ (ℎ′ − ℎ ) (165) 

ЭК = ∙ , ∙ ,  − , = ,  

,   - , : 

К =   +  + ЭК + = ,123 (166) 

       (  
12) 
 

 
 12 –   –  
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3.6    –  

    –  -
       

,       ,     
  .     -

    (  20,   ,  
   12 1 ).  

  : 
–   = ×  ; 
–   =  ; 
–   ℎ =  ; 
–    =  ; 
–    =  ; 
–    =  ; 

  (  13),      
,         , 

   168 ,  15 .  -
  = ,   (    ).     

 -         
 . 

        = . 
       

    - . 
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 13 –      
  
 

3.6.1       

3.6.1.1      

           
(  ) =  /c,     

 , 2: = ∙ ∙ +𝜔 ∙ = , ∙ , ∙ , +∙ = ,  (167) 
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   –  , 3/ ; = = , = ,  (168) 

  -     , / 3; 
  -   , / ,     ; 
  –    , ° . 

 ,    , : = ∙ = , ∙ = ,  (169) = = ,, = ,  (170) 

      , : = − = ,, − =  (171) 

     , : = ∙ = ∙ =  (172) 

         ,  
         

  , 2: = − ∙ ∙ ( ∙ + ∙  ∙ ℎ ∙ ) (173) 

= , − ∙ ∙ , ∙ , + ∙ , , ∙ , ∙ , = ,   

     , / : = ∙ ∙( . + )∙ = , ∙ , ∙ , +, ∙ = ,  (174) 

    .  –     , ° : 

. = + = , + , = ,  (175) 

    , / : = ∙ ∙∙ ∙ ∙ ∙  (176) 
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 𝑣   –     ,    ,    
   . 

  –   , : = − ∙ = , − ∙ , = ,  (177) 

   , ° : = + = + , = ,  (178) 

    , 3/ : 𝑣 = ( , ) = ,  (179) = ∙ , ∙ ,∙ , ∙ , ∙ ∙ = ,   

 

3.6.1.2       

   , 2: 

. = · · = , · , · , = ,    (180) 

   , 2: = ∙ · ( − ∙ ℎ ) +  (181) = ∙ , · , − ∙ , + , = ,   

    , 2: 

. = · · = , · , · , = ,   (182) 

    , 2: 

. = · ( − ∙ ℎ ) ∙  (183) 

. = , · , − ∙ , ∙ , = ,   

     , 2: = . + ( + . + . ) ∙   (184) 

= ,     + , + , + , ∙ , , = ,   
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     (   ), 2: = ∙ = , ∙ = ,  (185) 

3.6.1.3       
  ,° : ∆ = ∆ −∆∆∆  (186) 

  ∆  –     ; 
 ∆  –     ; 

 ,° : ∆ = − = , − = , . (187) ∆ = − = , − , = ,  (188) ∆ = ,  − ,  ln ,  ,  = , ℃.  

         -
      , ∙ К⁄ : = , 𝜔 ∙ ∙  . ∙ 𝑧 ∙  (189) 

  = , , 𝑣 = , ∙ − ,  = ,  – , /( ∙ ), -
 , 2/      ;  

 𝑧 –         ; 
  –    ,     -

  𝜎   𝜎 : 𝜎 = = ,, = ,  (190) 

𝜎 = = ,, = ,  (191) 

𝜎 = 𝜎 −√ , ∙𝜎 +𝜎 − = , −√ , ∙ , + , − = ,  (192) 

  𝜎    0,1 < 𝜎 ≤1,7,     
 : = , ∙ 𝜎, = , ∙ , , = ,  (193) 
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          = .  
       : 

𝑧 = , ∙ , − , = , ∙ , − , = ,  (194) = , ,, , ∙ ,, ∙ − ∙ , . ∙ , ∙ , = ,   

      , ∙ К⁄ : = , ∙ 𝜔 ∙ ∙ .  (195) 

  = ,  , 𝑣 = , ∙ −  , = ,  – , /( ∙ ), 
 , 2/      . = , ,, , ∙ ,, ∙ − ∙ , . = ,   

 , ∙ К⁄ : = −𝛼𝛼 = ,− ,, = ,  (196) 

   , : = ∙∙∆ = , ∙, ∙ , = ,  (197) 

   –     ,    
, / . 

   , .: = = ,, ≈  (198) 

      , .: = ∙ = ,, ∙ ≈  (199) 

      , .: = ∙ = ∙ =  (200) 

3.6.1.4        
   , ° ,  

 ∆ = − ′′ , 
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 ∆ = − ′ . 
 ∆ = .  − .  ln .  .  = , ℃. 

        
, ∙ К⁄ .   , 𝑣 ,     -

    . .       
   (174). 

       -
    , . .      
,          -

    .  

  , ∙ К⁄   = 𝛼 −𝛿𝜆  (201) 

  –   , ;  
  -   , /( · ),   20: = , − , ∙ ( − ) (202) 

   –   , ° : = . + ′′ЭК (203) 

   , 2,      -
      . 

3.6.1.5      

   , ° , -
   (186),   ∆ = − ′′ЭК, ∆ = ЭК − ЭК′ . 

         
, ∙ К⁄ ,    (189).   , 𝑣 ,  

       ЭК. .  -
        (174). 

  , ∙ К⁄ : 

ЭК =  (204) 

   , 2,     
       . 
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3.6.1.6       

   , ° ,  
  (186),   ∆ = − ′ , ∆ = ЭК − ′′ . 

         -
   , ∙ К⁄    (189). -

  , 𝑣 ,         . .         -
 (174). 

  , ∙ К⁄  =  (205) 

   , 2,      
     , . 
 

   -    -
 7 

 7 –     
    

 (  ) 
  , ˚  ∆  ,  

   , ˚   ,  
   , ˚   ,  

    , /c  ,  

    , /c  ,  

      
  , /( 2∙ ) 

 ,  

      
 , /( 2∙ ) 

 ,  

  , /( 2∙ )  ,  
   , 2:  ,  

   , .   
      , .   
      , .   

 ( ) 
  , ˚  ∆  68,986 

   , ˚   344,965 
    , /c  5,6  

   , °   298,983 
   , 

/( 2∙ ) 
 45,85 
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  7 
      

  , /( 2∙ ) 
 37,52 

 , /( 2∙ )  37,4 
   , 2:  13352 

   , .  2056 
      , .  4 
      , .  8 

  

 ( ) 
  , ˚  ∆ ЭК 35,892 

   , ˚  ЭК 241,485 
    , /c  7 

      
   , /( 2∙ ) 

 34,35 

  , /( 2∙ ) ЭК 34,35 
   , 2: ЭК 4266,9 

   , .  657 
      , .  2 
      , .  4 

 я   ( ) 
  , ˚  ∆  23,426 

     , ˚   285,024 
      , /c  6,9 

      
   , /( 2∙ ) 

 35,59 

    , /( 2∙ )  35,59 
    , 2:  5009,1 

    , .  771 
       , .  3 
       , .  8 
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3.7      

  -25/34-3,4/0,12 ,   -
  ,     -32-

2 3,      .  
 – ;     18  -

.        14 . 
        -

  ( )     ( ).    14 -
,  –  4 . 

  – 25 .   – 34   
 .     – 50  (3000 

/ ).      – 
30…100 %  .  

     -25/34-3,4/0,12 -
   14.  

 

 14 –     -25/34-3,4/0,12 
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3.7.1        

 

 
 15 -     

        
15.     –1,   –2.  

  , / : 

. . = 𝑚 𝑥∙△ ∙ , = ,. ∙ − ∙ , = ,  (206) 

   –   , ; 
    , / ∙ ; 
 △          . 

    , / : ̅ = ∙ = ∙ , = ,  (207) 

       ( -2), 
/ : ̅̅̅̅ = + 𝑚 𝑥. . = ,  (208) 

        
( -2), º : = ̅̅ ̅̅ = ,, =  (209) 

        𝑣 =  
º ,       -

  136º .  
       , 

: 



 

61 

′ = ,   

          -
 5% , : = , ∙ ′ = , ∙ , = ,  (210) 

      , º : = + − = + − =  (211) 

         𝑣 =  
º ,       -

  108º .  
       , 

: ′ = ,   

          -
 5%, : = , ∙ ′ = , ∙ , = ,  (212) 

3.7.2    я   h-s  

  ,     . 
    К = 4 . 𝑖=0,85 

   A     , / : ℎ =  , = ,  (213) 

 ё       ,  
     , ,   : = ∙ , = ∙ , = ,  (214) 

   (  A’),  =, ℃ , 𝑣 = ,  /  
          

     -2   : ℎ − = , − , − ∗ , =  (215) 

      -2  𝑣 − = ,  3/ . 
      , / : 
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ℎ − = − − ∗ , = ,   
 ℎ = , − − ∗ , = ,   

   :  

𝑖 = ( , − ,∙ ) ∙ + − ∙  (216) 

  –    , / ; 
  –   , / ; 
  –    , = . 

       -
    , 3/ : = + − = , + , = ,  (217) 

  , / : = ℎ − ℎ − = , − = ,  (218) 

𝑖 = , − ,∙ , ∙ , ∙ + , − ∙ = ,   

   , / : 

𝑖 = ∙ 𝑖 = , ∙ , = ,  (219) 

  , : 

𝑖 = ∙ 𝑖 = ∙ , ∙ , = ,  (220) 

     -2, / : ℎ − 𝑖 = ℎ − 𝑖 = , − , = ,  (221) 

       -2  𝑖 = , ℃ , 𝑣𝑖 − = ,  / . 
         

.  
        , /c: = . .∙ − ∙ℎ − 𝑖− ̅ ∙ = , ∙ − ∙ ,, − , ∙ , = ,  (222) 

  ℎ − 𝑖 –     –2, / . 
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        , /c: = . .∙ − ∙ − ∙ ̅̅ ̅̅ −̅̅ ̅̅ ∙ℎ − − ̅ ∙  (223) 

  ℎ −  –     –1, / . 
 = , ∙ − ∙ , − , ∙ , − , ∙ ,, − , ∙ , = ,  

 = − − = , − , − , = ,  
 

   : 

𝑖 = ( , − ,∙ ) ∙ ( + − ) ∙ − 𝜉  (224) 

  –    , / ; = − − = , − , − , = ,                   (225) 

  –   , / ; 
  –    . 
 𝜉  –      , / . 
 

    ,   
  , 3/ : = − + = , + , = ,  (226) 

  , / : = ℎ − − ℎ′ = − , = ,  (227) 

   : = − , ∙ − ∙ + ∙ , (228) 

  –       , = , ; 
  –       , = , ; 
  – ,      -

  ; 
  –    ,    

 , / : = = , : = − , ∙ − , ∙ , + , ∙ ,, = ,   
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     : 𝜉 = Δ
 (229) 

 Δ  –        16–20 / , 
    : Δ = ; 𝜉 = , = ,   

𝑖 = ( , − ,∙ , ∙ , ) ∙ ( + , − ) ∙ , − , = ,  

 
   , / : 

𝑖 = ∙ 𝑖 = , ∙ , = ,  (230) 

  , : 

𝑖 = ∙ 𝑖 = ∙ , ∙ , = ,  (231) 

  ,   , / : ℎ𝑖. = ℎ − − 𝑖 = − , = ,  (232) 

       𝑖. = ,  ℃ , 𝑣𝑖. = ,  / . 
 

      = , .  -
    = ,       𝑖 = ,  

     𝑖 = ,  / , -
      ℎ𝑖 = ,  / ,   𝑖 = ,  . 

   , : = 𝑖 + 𝑖  (233) = , + , = ,   

  , : 

э = ∙ ∙ э = , ∙ , ∙ , = ,  (234) 

   T : 

э = э∙ К = ,∙ , = ,  (235) 
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   : 

э = э ∙ К = , ∙ , = ,  (236) 

 

 
 16 –      
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3.8       я  

       . 
  , : 

.э = ∙ + = ∙ , + , =  (237) 

  , : 

.э = ∙ − э
 (238) 
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