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1.3      
 

       
      -575-13,8-560    

-140/165-12,8-555.      
     200-500  (   700).  
    2 : 

 №1 ( . ):  
:  ;     

.  
:    (  );  

  ;    (   
      320 ,   

 – 600 ). 
 №2 (   ):  

:     ;     ; 
        ( , 

; /   ).  
:        

;      ;   
 . 

       
  -2     

   .    :  
  ,   ,  

  ,   ,  
    (  15-     30  

).         
. 

   ,      
. 

   -2    
 200  .        

 -65,     -
        -63/76-8,8.  

    : 
1.       
-     .  

  : 
-  SGT5-4000F  Siemens  280 ; 
-   SST5-5000  Siemens  140 ; 
-    -   

     « ». 
    420 . 
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2.   STAG 107 FA  General Electric, 
       

410 . 
  : 

-   MS9001FA  General Electric  
280 ; 

-     General Electric  130 ; 
-    -   

    CMI Energy. 
SWOT-        

1.1. 
 

 1.1 – SWOT-  
 

  
 

1 2 

1 2 3 4 

(S)  
 

 
   

,   
; 

-  
  

 ; 
 -   

 ; 
 -   

 
; 

-   
; 

-   
  

  

 
   

,   
; 

-  
  

 ; 
 -   

 
; 

-   
; 

-   (58%) 

 
   

,   
; 

-  
  

 ; 
 -   

 
; 

-   
; 

-   (52%) 

(W)  
 

-    
(47%); 
-  

 
 

-    
  

; 
-    

  
  

   
,   

 
 

; 
-  

 
 

-    
  

; 
-    

  
  

   
,   

 
 

; 
-  

 
 

(O)  -    
   

-    
   

-    
   

(T)  -     
-   

; 
-     

-   
; 

-     
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:  SWOT-      
 -2,   ,     
  . 

 
1.4   
 

       
   ,   , 

  - ,    
,  -  .   

     .   
    ,    

 1.2. 
 

 1.2 –    
  

   э,  65 

      tc , °C 1350 

    ta ,°C 10 

    = pb/pa 30 

  𝜂Э. . 0,983 

  𝜂  0,88 

  𝛼  0,005 

   𝜂К 0,86 

        𝜂К  0,995 

   𝜂М 0,99 

      𝑡𝜔, º  850 

    ,  8,8 

    ,  0,8 

     P ,  3,75 

 
      -2   

  .     –  
  3 (  305–82).      1.3.  

  
 1.3 –    

 

 , % ,   𝑸  
/ 3 

𝝆 
/ 3 CH4 C2H6 C3H8 C4H10 C5H12 CO2 CO N2 

95,5 2,7 0,4 0,2 0,1 0,2 0 1 36680 0,756 
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2   
 
2.1   
 

        
  ,      
    .     

,   ё   ,   
 .    –  – 

        
      . , 

  ,    .  , 
   ,    ,  

  . 
   -65    

  ,    2.1. 
 

ТП

СН

ПВК

ТП

СН

ПВК

 
 

 2.1 –   
 



16 
 
 

ЭN

Э

К

К

Q

a

b c

d
ы

Pd, 
td

Pa, 
ta

Pb, 
tb

Pc, 
tc

 
 

К – ; К  –  ;  –  ; Э  –   

 2.2 –     
 

a

b

c

d

q2

T

S

1q

Tb

Td

Ta

Tc

b'
d'

 
Р  2.3 – Ц   Г  

 

2.2    
 

2.2.1       
 

 
   ,       

   [5],      
 . 

        
 m =0,28. 
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(  b,  2.2), K: 

 

1
1

m

b aT T



 
   

 
, (2.1) 

 

 aT  –      (  ), ; 
   –    ; 
 m  –   ; 
   –  . 
 = , ∙ + , −, = ,  К. 

 𝑡 = − , , (2.2) 
 𝑡 = , − , = , ℃. 
 

   , / 3
: 

 
' ( ) (25)h h t h  , (2.3) 

 
 ' ( ) ( ) (1,2866 0,0001201 )h t c t t t t      , (2.4) 

 ℎʹ 𝑡 = , + , ∙ ∙ = ,  / 3, 
 

(25) (25) 25 (1,2866 0,0001201 25) 25h c      , (2.5) 

 
(25) (1,2866 0,0001201 25) 25 32,24h       / 3, 

 ℎ = , − , = − ,  / 3. 
 

    (  b),   (2.4), 
/ 3

: 
 ℎ′ = , + , ∙ , ∙ , = ,  / 3, 
 ℎ = , − , = ,  / 3. 
 

          
 [2], /( 3∙℃): 
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' b

b

h h

t t





, (2.6) 

 ′ = , − − ,, − = , , 

 
'

v 
 , (2.7) 

 
  1,293  / 3 –     . 

 𝜈 = ,, = , . 

 
    m : 

 

v

R
m  , (2.8) 

 
  0,287R   /(  ) –    . 

 = ,, = , . 

 
     (  ): 

 = , ∙ + , −, = ,  К, 

 𝑡 = , − , = , ℃. 
 

     hb,   
(2.4), / 3

: 
 ℎ′ = , + , ∙ , ∙ , = ,  / , 
 ℎ = , − , = ,  / . 
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2.2.2       
 

    (  α=1), / 3,  
    (  )    

 [6]: 
  ,     1 3 

 (  α=1), 3/ 3 ( 3   3  ) : 
 

0 2 20,0476 0,5 0,5 ( / 4) 1,5m nV CO H m n C H H S           , (2.9) 

 
 CO, H2, CmHn, H2S –   , %. 

 = , ∙ , ∙ + , ∙ + ∙ ,  + , ∙ , + ∙ , + , ∙ , ++  ∙ , = ,  3/ 3. 
  

      , 3/ 3
: 

 

2 2 20,01RO m nV CO O H S mC H       , (2.10) 

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

  , 3/ 3
: 

 

2 0 20,79 0,01NV V N    , (2.11) 

 = , ∙ , + , ∙ = ,  3/ 3. 
 

       , 3/ 3
: 

 

2 2 2 00,01 ( / 2) 0,0161H O m nV H S H n C H V        , (2.12) 

 = , ∙ + ∙ , + ∙ , + ∙ , + ∙ , + ∙ , + , ∙  ∙ , = ,  3/ 3. 
 

     , α: 
 

. 0 0

0

(1 )

( )
1

b

Q V h h V h

V h h

       


 
, (2.13) 

 
    h = 0 –  ,    . 
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𝛼 = ∙ , + , ∙ , + − + , ∙ ,, ∙ , − , = , . 

 
       𝛼 > , 3/ 3

: 
 ′ = + , ∙ 𝛼 − ∙ , (2.14) 
 ′ = , + , ∙ , − ∙ , = ,  3/ 3. 
 

     , 3/ 3: 
 

2 2 2 0( ' ( 1)RO NV V V V V       , (2.15) 

 = ( , + , + , + , ∙ , − ) = ,  3/ 3.
 

 
  : 

 

2

2

RO
RO

V
r

V
 , (2.16) 

 = , , = , ,
 

 
2

2

'V
r

V
 , (2.17) 

 = , , = , , 

 
2

2
N

N

V
r

V
 , (2.18) 

 = , , = , , 

 
( 1) 0

0v

V
r

V

  
 , (2.19) 

 = , − ∙ ,, = , . 

 
      𝑡    

 ,    , / 3: 
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2 2 2 2 2 2

'
. . 0 0RO RO H O H O N N v v ch r c r c r c r c t         , (2.20) 

 
 RO2, H2O, N2 –     : 

 = , + , ∙ 𝑡 , (2.21) 
 = , + , ∙ = , , 
 = , + , ∙ 𝑡 , (2.22) 
 = , + , ∙ = , , 
 = , + , ∙ 𝑡 , (2.23) 
 = , + , ∙ = , , 
 = , + , ∙ 𝑡 , (2.24) 
 = , + , ∙ = , , 
 ℎ . .′ = ∙ , ∙ , + , ∙ , + , ∙ , + , ∙           ∙  , = ,  / 3. 

 
       

25oC: 
 ℎ . .′ = ∙ , ∙ , + , ∙ , + , ∙ , + , ∙            ∙  , = ,  / 3. 
 

      , / 3: 
 

. . . . . .( ) (25)h h t h   , (2.25) 
 ℎ . . = , − , = ,  / 3. 
 

     tc   , 
/ 3: 

 
'
c( ) (25) ( ) (25) 25c c c ch h t h c t t c      , (2.26) 

 ℎ′ 𝑡 = , + , ∙ ∙ = ,  / 3, 
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ℎ = , − , = ,  / 3. 
 
2.2.3        
 

         = , .        , : 
 

 1 (1 ) ,m
d cT T       (2.27) 

 
273,d dt T   

 
    = ·λ= 30·0,95=28,5 –     ; 

 λ= 0,95 –        
. 

 = , ∙ − − , − , ∙ , = ,  , 
 𝑡 = , − , = , ℃. 
 

   , / 3: 
 

( ) (25)d d dh h t h  , (2.28) 
 ℎ′ 𝑡𝑑 = , ∙ , ∙ , + , ∙ , + , ∙ , + , ∙     ∙ , = ,  / 3, 
 ℎ = , − , = ,  / 3. 
 

      , 
/( 3∙ ): 

 

' c d
p

c d

h h

t t





, (2.29) 

 ′ = , − ,− , = ,  /( 3∙ ). 
 

      , /( ∙ ): 
 

'p
p 
 , (2.30) 
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     = ,  / 3 –  . 
 = ,, = ,  /( ∙ ). 

 
      : 

 

'
p

R
m  , (2.31) 

 ′ = ,, = , . 

 
    , : 

 = , ∙ − − , − , ∙ , = ,  , 
 𝑡 = , − , = , ℃. 
 

        d  
     , / 3: 

 

 2 2 2 2 2 2 0 0' ,d RO RO H O H O N N v v dh r c r c r c r c t          (2.32) 

 
 td  –    , oC; 

RO2, H2O, N2 –     : 
 = , + , ∙ 𝑡 , (2.33) 
 = , + , ∙ , = , , 
 = , + , ∙ 𝑡 , (2.34) 
 = , + , ∙ , = , , 
 = , + , ∙ 𝑡 , (2.35) 
 = , + , ∙ , = , , 
 = , + , ∙ 𝑡 , (2.36) 
 = , + , ∙ , = , , 
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ℎ′ 𝑡𝑑 = , ∙ , ∙ , + , ∙ , + , ∙ , + , ∙   ∙ , = ,  / 3. 
 

   , / 3: 
 

. .( ) (25)d d dh h t h   , (2.37) 
 ℎ = , − , = ,  / 3. 
 

     (   
), / 3: 

 
c dh h

H



 , (2.38) 

 𝑇 = , − ,, = ,  / 3. 

 
,      , / 3: 

 = ℎ − ℎ , (2.39) 
 = , — − , = ,  / 3. 
 
      , / 3: 
 
H H b H      , (2.40) 
 

 b – ,       
 : 

 

0

0

(1 )

1

V
b

V

 


 


 
, (2.41) 

 = , ∙ , ∙ + ,+ , ∙ , = , , 

 = , ∙ , ∙ , − , ∙ , = ,  / 3. 
 

   , 3/ : 
 

.

э

e э

N
G

H 



, (2.42) 
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𝑇 = , ∙ , = ,  3/ . 
 

 ,  , 3/ : 
 

' (1 )G G b G     , (2.43) 

 ′ = , ∙ , = ,  3/ . 
 

 , 3/ : 
 

0(1 )

G
B

V


 
, (2.44) 

 = ,+ , ∙ , = ,  3/ . 
 

  , : 
 = ∙ , (2.45) 
 𝑇 = , ∙ , = ,  . 
 

,  , : 
 

'N G H  , (2.46) 
 𝐾 = , ∙ , = ,  . 
 

,   , : 
 

( )э К эN N N    , (2.47) 
 э = , − , ∙ , = ,  . 
 

   :
 

 
( )N N

N
 
 , (2.48) 

 𝜑 = , − ,, = , . 
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    (   ): 
 𝜂э = ∙ , (2.49)

 
 𝜂э = , ∙ = , . 

 
     , 3/ 3: 

 
30,02 0,32 10 ( )wg t t     , (2.50) 

 
 tw –     ,  

  , tw= 800-850° . 
 𝘨 = , + , ∙ − ∙ − = ,  3/ 3. 

 
     , , (  

     z=4      
): 

 ′ = − ∙  , (2.51) 

 ′ = , − ,∙ , = ,  . 
 

    : 
 = 𝜑 ∙ − 𝜑 − − ∙ 𝑇𝑇′ + ,∙𝜑, (2.52) 

 = , ∙ − , − − ∙ , . + ,∙ , = , . 

 
  , / 3: 

 
,T KH H b H     (2.53) 

 = , ∙ , − , ∙ , = ,  / 3. 
 

     , / 3: 
 

(1 ),H g     (2.54) 
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= , ∙ − , ∙ , = ,  / 3. 
 

     , 3/ : 
 

'T

N
G

 


 
, (2.55) 

 𝑇 = , ∙ , ∙ , = ,  3/ . 
 

      , 3/ : 
 

01
TG

B
V


 

, (2.56) 

 = ,+ , ∙ , = ,  3/ . 
 

      , 3/ : 
 

0

0

,
1

V
G G

V





 
 

 (2.57) 

 𝐾 = , ∙ ,+ , ∙ , ∙ , = ,  3/ . 
 

       
  , 3/ : 

 
' ( )G b g G   , (2.58) 

 ′ = , + , ∙ , = ,  3/ . 
 

        ,   
    , 3/ : 

 

T

' (1 )G g G   , (2.59) 

 𝑇′ = + , ∙ , = ,  3/ . 
 

    : 
 

 (1 )g      , (2.60) 
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𝜂э = , ∙ − , ∙ , = , . 
 
2.3       
 

        2.4. 

ПВК

П

Н

Н

В сt

сt

всt

сt

'
всP

'
сP

всt

сt

 
 –  ;  –  ; 

 –   ;  –    
 

 2.4 –     
 

  , : 
 

maxQ Q α  , (2.61) 
 

 α –  , α=0,6. 

 = ∙ , =  . 
 

  , / : 
 

maxQ
G

· t


 , (2.62) 
 = , ∙ − = ,  / . 
 

      ,  : 
 

Q
t t

G C
 

 , (2.63) 
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𝑡 = + , ∙ , =   . 
 

      ,  : 
 

t t
t t

2


 

, (2.64) 
 𝑡 = + − =   . 
 

        5
 ,       

 ,  : 
 
t t  , (2.65) 
 𝑡 = + =   . 
 

      
, / : 

 𝑡̅ = ,  / . 
 

       [8], : 
 ′ = ,  . 
 

          
 5%, : 

 
'P

P
0,95

 , (2.66) 

 = , , = ,  . 
 

    , / : 
 ℎ =  / . 
 

        5
 ,       

: 
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𝑡 = 𝑡 + 𝜗, (2.67) 
 𝑡 = + =   . 
 

      
 [8], / : 

 𝑡̅ = ,  / . 
 

      , : 
 ′ = ,  . 
 

          
 5%, : 

 
'P

P
0,95

 , (2.68) 

 = , , = ,  . 
 

    , / : 
 ℎ =  / . 
 

          
, /c: 

 = ∙ 𝑡 −𝑡 ∙ℎ −�̅� ∙ , , (2.69) 

 = , ∙ − ∙ ,− , ∙ , = ,  / . 
 

          
, /c: 

 = ∙ 𝑡 −𝑡 ∙ − ∙ �̅� −�̅� ∙ ,ℎ −�̅� ∙ , ,
 

(2.70) 

 = , ∙ − ∙ , − , ∙ , − , ∙ ,− , ∙ , = ,  / . 
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2.4     
 
2.4.1   
 

  (  2.1)     ,     
  ( ),       

 .     ,  
      .  

    .   ,   
       .   

        , 
  . 

     [7]. 
   : 

-   Nэ =65 ; 
-    G  = 198,765 / ; 
-     td =575,846 º ; 
-    𝜂э = , %; 

         
  . 

   t . . =10º ,  . . =105 . 
   . . =3,75 ;   y  =15%. 
   : 0  = 8,8 ; 0  =0,8 . 
    =0,6 . 

       
.         

    -  ( ),   
         . 

 
2.4.2   -  
 

        
     . 

      
     : 

 

0( ) ( ),d э эG I I G h h      (2.71) 
 

 G  –    , / ; 
Id  –      , / ; 
h0

 –         
  0 , / ; 
hэ

 –         (  
    0 ), / . 
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   tэ  = 70º ,    
   , ° : 
 𝜗э = 𝑡 + 𝑡э = , + = ,  ° , (2.72) 

 
 t  –         

 ( )  0 , ° . 
  э        

, / : 
 
Iэ  = 378,906 / . 
 

  (2.71)     , 
 , /c: 

 = ∙ 𝑑− эℎ −ℎэ  , (2.73) 

 = , ∙ , − ,, − , = ,  /c. 
 

       
 : 

 
( ) ( ),э эG I I G h h      

(2.74) 

 
 h   –   ,   , / ; 

 I  –  ,    , / . 
 ,    , / : 

 = э − ∙(ℎэ −ℎ )
 ,
 (2.75) 

 = , − , ∙ , − ,, = ,  / .
 

 
     𝜗 = ,  º . 

       
  : 

 ∙ ( − ) = ∙ (ℎ − ℎ ),
 

(2.76) 
 

         I К   
, ° : 



33 
 
 

0 0 ,t t    (2.77) 
 

 t =20 º  –   . 
 𝜗 = , + = ,  ° . 

 

 0      , / : 
 
I  =177,645 / . 
 

          
   0 ,       , º : 

 
t0  =  𝜗  -  t , (2.78) 
 

 t  = 5 º  –   . 
 𝑡 = , − = ,  º . 
 

 h0  = 2843,871 / .  
       (    

    p0 ): 
 
h  =721,018 / . 
 

  (2.76)       
 , /c: 

 

0

,КI I
G G

h h


 

  (2.79) 

 = , ∙ , − ,, − , = ,  /c. 

 
 ,         

 .      h К = 620 / ,  
  t К = 147,16 º . 

     : 
 + − ∙ ℎ + ∙ ℎ = + ∙ ℎ  , (2.80) 

 
      , /c: 
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= ( + )∙(ℎ −ℎ )ℎ −ℎ  , (2.81) 

 = ∙ , + ∙ , ∙ , −, − = ,  /c. 
 

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

 
(2.82) 

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

 
   t  = 61,619 º . 

     : 
 ∙ ( − ) = + − ∙ ℎ − ℎ  ,

 (2.83) 
 

    , / : 
 = − + − ∙ ℎ −ℎ

 ,
 (2.84) 

 = , − , + , − , ∙ − ,, = , .
  

   : 
 𝜗 =73,151 º . 
 

       , / : 
 = − ∙(ℎ −ℎ𝑠 )

 , (2.85) 

 = , − , ∙ , − ,, = , .
 

 
        𝜗 = ,  º . 

       , / : 
 = + ∙(ℎ𝑠 −ℎ )

 , (2.86) 
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= , + , ∙ , − ,, = , . 

 
        𝜗 = ,  º . 

  : 
 𝜂 = −−  ,

 (2.87) 

 𝜂 = , − ,, − , = , . 

 
,       , : 

 = ∙ ∙ ( − ) , (2.88) 
 = ∙ , ∙ , − , = ,  . 
 

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

 
(2.89) 

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

 
 

. .    - , : 
 = = , . 

 
,    ( )    : 

 , : 
 = + − ∙ ℎ − ℎ  , (2.90) 

 = , + , − , ∙ − , = ,  . 
 

   , : 
 

,Q G r   (2.91) 
 

 r  =2047,285 /  –  ,    p0 .  
 = , ∙ , = ,  . 
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   , : 
 

0( '' ),sQ G h h    (2.92) 
 = , ∙ , − , = ,  . 
 

   , : 
 э = ∙ (ℎэ − ℎ ), (2.93) 
 э = , ∙ , − , = ,  . 
 

   , : 
 

,Q G r   (2.94) 
 

 r =1495,48 /  –  ,    0 . 
 = , ∙ , = ,  . 

 
   , : 

 

0( '' ),sQ G h h    (2.95) 
 = , ∙ , − , = ,  . 
 

  : 
 ̅ = = ,  , = , , (2.96) 

 ̅ = = , , = , , 

 ̅ = = , , = , , 

 ̅э = э = , , = , , 

 ̅ = = , , = , , 
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̅ = = , , = , . 

 

 
2.5   -  
 

      
      , 

      ,     
  . 

       
 (  20,   ,    

 12 1 ).    : 
-   32 4d   ; 
-   5b  ; 
-   9h  ; 
-   1  ; 

-    1 72s  ; 
-    2 85s  . 

  ( . 2.5),     , 
        , 

   168 ,  15 .  
  2500b    (   ),   =   (   

).          2m  . 
   [3]: 

-   𝜔 =  / ; 
-   𝜔 =   / ; 
-   𝜔 = ,  / ; 

       
    - . 
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 2.5 –      
 -  

 
2.5.1    -  
 

          
   7-9 /c,      
 , 2: 

 𝑓 = ∙ ∙ 𝑇 +𝜔 ∙  , (2.97) 

 
 V =1/ρ , 3/ ; 

 ρ      –     ,  / 3;  
 G    –   , / ;  
 T  =

𝜗 +𝜗
 –     , . 

 𝑓 = , ∙ , +∙ = ,  2. 

 
     m =2    b =2,5 , 

  , : 
 
b = b ·m , (2.98) 
 
b = 2,5·2=5 . 
 

  , : 
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= , (2.99) 

 = , = ,  . 
 
2.5.2      
 

  , : 
 

2 ,d d     (2.100) 
 

0,032 2 0,004 0,04d      . 
 

   , 2: 
 . = ∙ ∙ , (2.101) 
 . = , ∙ , ∙ , = ,  2.

 
 

   , 2: 
 

 2 22 ,
2

F d h d
        

 (2.102) 

 

 2 23,14
0,04 2 0,009 0,04 0,002771

2
F          2.

 
 

    , 2: 
 

.F d    , (2.103) 

 

. 3,14 0,04 0,001 0,0001257F      2.
 

 
    , 2: 

 

 . 2 ,F d h       (2.104) 

 
 . 3,14 0,04 2 0,009 0,001 0,000182F        2. 

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

(2.105) 

 = , + , + , − , ∙ ,, = ,  2.
  

       , : 
 

1

1
b

m
s

  , (2.106) 

 
2,5

1 34
0,072

m     .
 

 
     , 2: 

 

F  = f –2·m ·m ·(d ·l + 2·ℎ ·H · ), (2.107) 

 

F  = 68,285 –2·34·2·(0,04·13,657+ 2· ,, ·0,009·0,001)=27,795 2. 

 
   , /c: 

 𝜔 = ∙ ∙ 𝑇 +∙ , (2.108) 

 𝜔 = , ∙ , +, ∙ = ,  /c. 

 
     , /c: 

 𝜔 = ∙ ∙ʋ∙ ∙ ∙ ∙  ,
 (2.109) 

 𝜔 = ∙ , ∙ ,∙ , ∙ , ∙ ∙ = ,  /c.

  
    , 2: 

 
2,F F m  

 (2.110) 
 = , ∙ ∙ = ,  2. 
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2.5.3      
 

   , ˚ : 
 

ln

t t
t

t

t


 

 
 
 

, (2.111) 

 

 t  –     ,   

dt t  ; 

t  –     ,   
t t   . 

 ∆𝑡 = , − ,ln ,, = , . 

 
      , /( · ): 

 
0,65

0,33
1 Pr z s

d
C C

d

 


 
    

 
, (2.112) 

 𝛼 = ,, ∙ , ∙ ,, ∙ − , ∙ , , ∙ , ∙ , = , . 

 

 , ,Pr   – , /( · ),  , 2/ , 
      [10]; 

zC  –          ; 

2z  –      ; 

sC  –     . 
      , /( · ): 

 
0,8

0,4
2 0,023 Pr

d

d

 


 
   

 
, (2.113) 

 𝛼 = , ∙ ,, ∙ , ∙ ,, ∙ − , ∙ , , = , . 
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 , ,Pr   – , /( · ),  , 2/ , 
    [10]. 

  , /( 2· ): 
 

1

1

2

1
k

 







, (2.114) 

 
   –   ,   0,85  . 

 = , ∙ ,− , , = , . 

 
   , 2: 

 = ∙∙∆𝑡 , (2.115) 

 = , ∙, ∙ , = , . 

 
      , : 

 = ∙ ∙ , (2.116) 

 = ,, ∙ ∙ = . 

 
2.5.4      
 

   , ˚ , 
   (2.111),   И Иt t     t t   . 

      , /( · ),  
    (2.114). 

       
   , . .     

 ,      ,   

2

1


  .   , /( 2· ): 
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1

1
1Иk 
 




, (2.117) 

   –  ,   20: 
 

 50,6 0,0263 100t     , (2.118) 

 
   , ˚ : 

 

2 2
2

И Иt t

t

     


 , (2.119) 

 
   , 2,     

   , ,   (2.115  2.116). 
 
2.5.5      
 

   , ˚ , 
   (2.111),   И Иt t     ЭК ЭКt t   . 

        
, /( · ): 

 
0,6

0,33
1 Pr z s

d
C C

d

 


 
    

 
, (2.120) 

 

 , ,Pr   – , /( · ),  , 2/ , 
   ,   [10]; 

  , /( 2· ): 
 

1

11эk

 


 

, (2.121) 

 
      –    ,   
0,003  ; 

   , 2,    
    , ,   (2.115  2.116). 
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2.5.6      
  

 
       

    ,  : 
-      ,  (2.111 – 

2.116),  ЭКt t    t t   ; 

-       ,  
(2.118 – 2.119),  И Иt t     t t   ; 

-      ,  
(2.120 – 2.121),  И Кt t    t t  ; 

      2.1. 
 

 2.1 –     
    

  , ˚  t  141,122 

  , /( 2· ) k  81,604 

  , 2 F  1931,022 

      ,  z  2 

   , /c 
 

17,197 

    , /c 
 

5,958 

  , ˚  Иt  136,62 

  , /( 2· ) Иk  134,049 

  , 2 ИF  2821,596 

      ,  Иz  3 

   , /c 
 

15,082 

  , ˚  эt  
64,998 

  , /( 2· ) эk  82,358 

  , 2 эF  4415,39 

      ,  эz  4 

   , /c 
 

11,779 

  , ˚  t  18,702 

  , /( 2· ) k  43,833 

  , 2 F  960,246 
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  2.1   

    

      ,  z  1 

   , /c 
 

10,179 

    , /c 
 

9,642 

  , ˚  Иt  31,54 

  , /( 2· ) Иk  81,81 

  , 2 ИF  6038,365 

      ,  Иz  5 

   , /c 
 

9,882 

  , ˚  Кt  23,996 

  , /( 2· ) Кk  74,85 

  , 2 КF  8118,093 

      ,  Кz  7 

   , /c 
 

8,389 

 
2.6     
 

        
    .      

 (          ) 0i ,  
        ;   

         0i  
   (     ).  

     h-s     2.6.  
   .  
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 2.6 –        

 

  0i        
    : 

 𝜂 𝑖 = ( , − ,∙𝑣 ) ∙ + − ∙∙ ∙  ,
 

(2.122) 

 
 = ,  /  –    ; 

k =1. 
 h-s ,         𝑣 = ,  3/          𝑣𝑧 = ,  3/ . 

 𝑣 = (𝑣 ∙ 𝑣𝑧 ) , = , ∙ , , = ,  3/ , (2.123) 
 

   : 
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𝜂 𝑖 = , − ,, ∙ , ∙ + , − ∙∙ ∙ = , . 

 
 , / : 

 𝑖 = ∙ 𝜂 𝑖 = , ∙ , = ,  / , (2.124) 
 

     , / : 
 ℎ ы = ℎ − 𝑖 = , − , = ,  / , (2.125) 
 

   , / : 
 

0( )ыG h G G h
h

G G G

   


 
, (2.126) 

 ℎ = , ∙ , + , − , ∙ ,, + , − , = ,  / . 
 

      : 
 𝜂 𝑖 = , ∙ + − ∙ − ∆

 , (2.127) 

 
 = ,  /  –   ; ∆ –     / . 

      ,zl    
      . 

     , / : 
 

( ) ,G G G G G G       
(2.128) 

 𝛴 = , + , − , − , − , = ,  / . 
 

     p  =3,75     
         h-s               𝑣 = ,  3/ . 

      𝑧 = ,    
  1,52 ,       
 14H   / . 

,   : 
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= − , ∙ − ∙ + 𝑧 ∙  , (2.129) 

 
 = ,  /  –   ; = ,  /  –      

 (  h-s ); 
y0=0 –   ; 
yz=0,202 –     ; 
 = yz. 
 = − , ∙ − , ∙ + , ∙ ,, = , . 

 
    (2.126): 

 𝜂 𝑖 = , ∙ + , − ∙ , − , = , . 

 
  , / : 

 𝑖 = ∙ 𝜂 𝑖  , (2.130) 
 𝑖 = , ∙ , = ,  / . 
 

     , / : 
 ℎ ы = ℎ ы − 𝑖  , (2.131) 
 ℎ ы = , − , = ,  / . 
 

   , : 
 𝑖 = ∙ ∙ 𝜂 𝑖 + ( + − − − ) ∙ ∙ 𝜂 𝑖  , (2.132) 
 𝑖 = , ∙ , ∙ , + , + , − , − , − − , ∙ , ∙ , = ,  . 
 

   , : 
 = ∙ + ( + − − − ) ∙ ,

 

(2.133) 
 = , ∙ , + , + , − , − , − , ∙     ∙ , = ,  . 
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     : 
 𝜂 𝑖 = 𝑖  , (2.134) 

 𝜂 𝑖 = ,, = , .
 

 
2.7  -     
 

    , 3/ : 
 = э + = ∙ = ∙ , = ,  ⁄ , (2.135) 
 э = ээ +𝜂 , (2.136) 

 
 э  –   , ; 

 –   , / ; 
η –  ,  0,6; 

 ,    , 3/ : 
 э = ∙ ээ +𝜂 , (2.137) 

 э = ,  ∙   + , ∙ = ,  ⁄ . 

 
 ,     , 

3/ : 
 = , − , = ,  ⁄ . 
 

  : 
 𝜂э = ээ , (2.138) 

 𝜂э =  , ∙ ∙ , = , . 

 
      , 

/(  ): 
 э = ,𝜂э = , , = , ∙⁄ , (2.139) 
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   : 
 𝜂 = 𝜂э𝜂 , (2.140) 

 𝜂 = , , = , . 

 
      , / : 

 = ,𝜂 , (2.141) 

 = ,, = ,  ⁄ . 

 
   : 

 𝜂𝑖 = 𝑖 = , , = , , (2.142) 

 
   : 

 𝜂э = 𝜂𝑖 ∙ 𝜂 ∙ 𝜂 ∙ 𝜂э = , ∙ , ∙ , ∙ , = , , (2.143) 
 

  : 
 э = ∙ э + 𝑖 ∙ 𝜂 ∙ 𝜂э  ,  (2.144) 
 э = ∙ + , ∙ , ∙ , = ,  .  
 

,     : 
 . = ∙ э𝜂э = ∙. = ,  , (2.145)  

 
   : 

 𝜂э = э . = ,, = , . (2.146) 
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2.8       
 
2.8.1    
 

       , 
            . 

    G  = 1111,323 /  = 4000 / .  
    : -2300-3-

8-II  : 
•    2300 2. 
•      3 . 
•       9 . 
 
2.8.2    
 

     . 
   =  3/ .   

 -5000-70-5   [2]: 
•  – 5000 3/  
•  – 70  . . 
•   1500 / . 
•   – 1250 . 
 
2.8.3    
 

      
       6-8%, / : 

 = ∙ , , (2.147) 
 

     30-50% ,  
    ,  . .: 

 = ∙ , , (2.148) 
 

    : 
 = , ∙ , = ,  / , 
 = , ∙ , = ,   . . 
 

    : 
 = , ∙ , = ,  / , 
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= , ∙ , = ,   . . 
 

       -160-140 
  4 ,   [2]: 

•  – 160 3/ . 
•   – 1400  . . 
•   2979 / . 
•   – 1000 . 

       -65-28  
 4 ,   [2]: 

•  – 65 3/ . 
•   – 290  . . 
•   2940 / . 
•   – 110 . 
 
2.8.4    
 

        
, = ,  / .       50-

150  . . 
    160–30 – 4 .   [2]: 

•  – 160 3/ . 
•   – 150  . . 
•   1500 / . 
•   275 . 
 
2.8.5    
 

   -63/76-8,8   -6000 
  6000 2     13000 3/ . 

   ,    , 
3/ : 

 = , ∙ = , ∙ = . (2.149) 
 

         
, 3/ : 

 = , ∙ = , ∙ = . (2.150) 
 

     , 3/ : 
 = , ∙ = , ∙ = . (2.151) 
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, 3/ : 
 = , ∙ = , ∙ = . (2.152) 
 

   , 3/ : 
 = + + + + , (2.153) 
 = + + + + = . 
 

      ,     
: = =  3/ . 

    12500-10      
 [2]: 

•  – 12500 3/ . 
•  – 10  . . 
•   – 372 / . 
•   - 426 . 
 
3   
 
3.1   
 

      
  ( )    

( ).     .   
        

.     .      
  .     8÷10 ,     

         
    1,6÷2 . 

       
  ,   90 / .       

   .       
         

.       3.1. 
     ,   , 

    ,      
 .        

       
«  ». 

        
     ,      



54 
 
 

     .    
,         5÷15% 

  .       , 
      ,      

  -   .   
   .  

 

1 2 3 4 5 1

67

1 1 1 1

2

7

8

9 9 9

 
 

1 –  ; 2 – ; 3 – ; 4 –  ;  
5 –  ; 6 –  ; 7 –   ;  

8 –    ; 9 –  .  
 

 3.1 –    
 

3.2    
 

      
.         

   .      
       

   . 
      .   

   ,  ,     
 .     
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     .   
       

1460 2. 
  -63/76-8,8     

13000 3/ .        
 .       

13728 3/  ( .  2.8.5),     27456 3/ .  
        -2600-

72  72    20000 3/ . 
      3.2. 

 
 
 
 
 
 
 
 

6 

 

 

 

 

 

 

 

 

 

 

 
9 

11 12 

 
1 –  ; 2 –  ; 3 –  ; 

4 – ; 5 –           
; 6 –   ; 7 –  ; 8 –  

   ; 9 –     
; 10 –  ё     ; 

11 –    ; 13 –    
 

 3.2 –      
 
3.3       
 

       
 .   : - 

,    .   
 ,  "  ". 

   ,   
       ,    

1 2 

4 

3 

13 5 

8 

10 

7 
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 .       
 ,       

. 
      : 

-     (    
      ,  

110   220 ,   ,  
); 

-  ; 
-     ; 
-  . 

 –       
 ,     .  

  ,       . 
,       

     . 
     ,  

    ,     –  
.   ,  ,   

   . 
    .  

,     ( )    
 . 

         
.       

 №2  . 
 
3.4       
 

       
 ,    . 

    , , 
    ,   , 

 ,   ,  - 
   ,  , 

  . 
       

.       , 
  ,    .   

 - 12 .        : 
,       ,   

     -  , 
   ,     . 
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    50      

 10 .      
     . 

   -      
  .  ,     

    .  
    ,   
      .  

      . 
       

   .    , 
     .   

   .    
  . 

        
      .  

      . 
        

№3  . 
 
4    
 

        
  –  ,    ,  

      ,  
   –  ,   , 

   . 
        

   ,      
        

 . 
       ,  

         , 
 - . ,    

  ,   ,    . 
 
4.1     
 

    (NO  NO2)     
,        

 ( 𝑥), /    : 
 𝑥 = 𝑥 ∙ ∙ 𝜑,   (4.1) 
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 = ,  /  –     ; 𝜑 – ,      
   (    (0,9-0,5)); 𝑥 –   NOx, /  ,   : 
 𝑥 = 𝑥 ∙ ,                 (4.2) 
 

 𝑥 = ,  / 3 –        
  NO    ; 

 –      , 3/  ,  
  : 

 = + , ∙ 𝛼 − ∙ − ,             (4.3) 
 

  –   , 3 / ; 
 –    , 3 / ; 𝛼 = ,  –        
; 
 –    , 3 / . 

         
   : 

 = ,  3/ 3; = = ,, = ,  3/ , 
 = ,  3/ 3; = = ,, = ,  3/ , 
 = ,  3/ 3; = 𝑂 = ,, = ,  3/ , 
 = , + , ∙ , − ∙ , − , = ,  3/ . 
 

  NOx, / : 
 𝑥 = , ∙ , = , . 

 
    (NO  NO2)     :  

 𝑥 = , ∙ , ∙ , = ,  / . 
 

        
    10÷20      
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.       ,  
 ,      

 . 
 
4.2        
 

        
     , / ,     

   ,   : 
 = ∙ ,                 (4.4) 
 = ∙ ,                 (4.5) 
 

  –      , / ; ,  –     CH4,    : 
 = 𝛼 ∙ ,                (4.6) 
 = 𝛼 ∙ ,                 (4.7) 
 

 = , % –       ; 𝛼 , 𝛼 – ,    . 
 

  : 
 𝛼 = , ; 𝛼 = , . 
 

  : 
 = , ∙ , = ,  /  , 
 = , ∙ , = ,  /  . 
 

      : 
 = , ∙ , = ,  /c, 
 = , ∙ , = ,  / . 
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4.3      
 

        
         . 

         
    –  .    

         
,   ,   

      . 
         

         . 
     : 

 = ∙ √ ∙ ∙ ∙К− ∙ √ ∙𝛿𝑡,              (4.8) 

 
  –      , 

      n,    = ; 
m – ,       
 ,  Wo=25 / , m = 0,9; 
A – ,     

,    A =160; 
 –   ; 

F –  ,    
   , F=1; 
 –   ,   = 0,1; 
К –      
 ,  К = 0,25 / 3; 

Z –  ,  Z=1; = ,  3/  –    ; 
t –      𝑡 = ℃  

   𝑡  (     
      20 ° ). 
  , : 

 = ∙ √ , ∙ ∙ , ∙, − , ∙ √ , ∙ = , ,   (4.9) 

 
       : =  .      , : 
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= , ∙ √ = , ∙ √ , = , ,   (4.10) 

 
    , : 

 э = + ∆ = + , ∙ ∙ʋ∙𝜑 ,  (4.11) 

 
  –   , ; 

 –     , / ; ʋ =  /  –     10    ; 𝜑 = ,  – ,      
 . 

 э = + , ∙ , ∙∙ , = , . 

 
        

 : 
 = ∙ ∙ ∙ ∙э ∙ √ ∙𝛿𝑡, (4.12) 

 = ∙ , ∙ ∙ , ∙, ∙ √ , ∙ = , . 

 
    К = , , / 3. < К. 

 ,       ,  
   =  .        

 10      ,   
 : =  . 

  
5   
 
5.1 ё   -   

   
 

   -200  
    : 

    -65 ; 
  - ; 
    -63/76 . 

 -     
   5.1. 
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 5.1 –  -    

    
 

 ,  400 

   
-65 

-63/76 
    , /  5500 

 , /  144 
   , · /  2200000000 
   , /  691200 

   , 3/  19,836 
  , / 3

 0,756 
   , /  36680 

     , 3/  20,01 
    , 3/ ·  0,12 

    2% 
 ,  . 14000 

    , / ·  3,3 
    , /  2570 
 
5.1.1   ,    
 

    -  
ё ,     , . ./ : 

 э = + + + + , (5.1) 
 

  –   , . ./ ; 
 –    , . ./ ; 

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

 = ∙ э ∙ э + ∙ ∙ ∙ − , (5.2) 
 

  –   [15], ./ 3; 
b  –      , 3/ ;  
W  –   , / ; 
b  –      , 3/ · ; 
W  –   , · / ; 
k – ,      

 (2%). 
 = , ∙ ( , ∙   + , ∙ ) ∙ , ∙ − =  = ,   .  
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= ∙ ∙ ∙ − , (5.3) 
 

   –   [16]; 
N  –   , ; 

 –       [17], ./ . 
 = , ∙ ∙ = ,   ./ . 
 = 𝐾 ∙ , (5.4) 
 

  –       [18]; 𝐾  –     [16],  . 
 = ∙ , =  ./ , 
 = 𝐾 ∙ , (5.5) 
 

  –        
   [18]. 

 = ∙ , =   ./ . 
 

   : 
–    ; 
–       ; 
–   ; 
–   ; 
–  . 

   20 – 30 %     
,   ,  ё    , . 

./ : 
 = , ∙ ( + + ) + , (5.6) 
 

  –        30%  
   . 

 = , ∙ + + , + , ∙ , = ,   / . 
 

  ,  / : 
 э = ,  + , + + + , = ,   / . 
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5.1.2       
 
1.           

 , . .   ,  : 
 Зэ/э = З ∙ э∙ ээ∙ э+ ∙ , (5.7) 

 З /э = З − Зэ/э , (5.8) 
 
2.        

     ,  : 
 З щэ/э = З щ ∙ Зэ/э +Зээ/эЗ +Зэ , (5.9) 

 З щ/э = З щ − З щэ/э , (5.10) 
 
3.      , 

/ · : 
 ыэ = ЗΣэ/э

э , (5.11) 

 
4.        

 , / · : 
 э = ЗΣэ/э

, (5.12) 

 
   –      , · : 

 = э ∙ − 𝛼 , (5.13) 
 

 𝛼 = ,   –       
 . 

 
5.     , / : 
 ы = ЗΣ/э

, (5.14) 

 
     5.2 
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 5.2 –        

 
 

 , . .  
, 

. . 

  , 
. . 𝑼  𝑼  𝑼  𝑼  𝑼  /  /  

 1166,64 462,00 26,10 266,00 - 1920,74 1152,44 768,29 

 - 415,80 26,10 239,40 - 681,30 681,30 - 

 
 - 46,20 22,37 26,60 328,49 423,66 298,57 125,09 

   1166,64 924,00 74,58 532,00 328,49 3025,70 2132,31 893,39 

   , ./ ∙  1,73 

   , ./  1290 

 
5.2 ё        

    -  
 

  -   (   ,   
),        

.  ,   ,    
 ё    ё     

    . 
        

     ( ).   
 ,       , . .   

     .  
  , . : 

 = {[ э − э ∙ + − ∙ + ] ∙ + , 𝑛} − 𝐾, (5.15) 

 
  𝐾 –   ,  .; э  –   , / · .; 

 –    , / .; 
 –    ; 

 –      , ; 
 –    , ; 

  –   ; э –    ·   ё   , 
  , / ·  ; 

 –      ё   , 
  , / . 

     ,  : 
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э = э − э ∙ , (5.16) 
 

      ,  : 
 = − ∙ , (5.17) 
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