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0

1
1

L
 

 
 

   
 

,  (2.31) 

 ,  –     . 

       ,   

   . 

      

 
1

0

1 1
1

k

k

к k
k

H
k R Т


 

  
 

 , (2.32) 

 k , R  –       , 

Т0 –   . 

,   ,    

[48]: 

 

1 1

k

1
1 1

k

k k

k

 


   
             

, (2.33) 

 1

1

k Rk

k k R
 



 – ,    

   , 

         
0 0

1
1к

T

L Т
 

 
 

   
 

  – ,    . 

 Т 1      

 

1

1 0
1

1

k

k

T T



 
   

 
 

  (2.34) 
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1

1 0
1

kp

R T
    ,  (2.35) 

 ρ0 –    . 

  (2.23)  ,    -

       , . .: 

  p p, , ,u f p T p T , (2.36) 

          

 [49]:
 
 

 
2

0
2

w
p p

  ,  (2.37) 

 ξ  –    , 

       p0 –  , 

 ρ   –   , 

       w  –   . 

         , 

 ,   ,   , . .  

  1, ,
в w в w

G uG
w f u T

F F


 
   ,  (2.38) 

, ,  = f(α, u, Tk1).   (2.36)  (2.38), 

       

  p p k1, , ,u f p T T .  (2.39) 

 ,        

         ,  

  π ,    (2.34) ,  

  ,u f   .  (2.40) 
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       ( ,  (2.28),  

).  

     

 
 

1

k k1R T R T Т
 

 


, (2.41) 

 1 0p p   –    , 

Δ  –    , 

 –    , 

Tk –    . 

      [49]: 

  p p 0G c T G c Т Т     (2.42)            

 G  –  , 

pc
, pc

 –       . 

  ,  G  ≈ G   p pc c       -

 

  0T u Т Т   .  (2.43) 

 Т  – ,     G   G   

 Т 1,   ΔТ = f(α, u, Tk1).   (2.34)  (2.40)   

,  ΔТ = f(α, π )    u = f(α, π ) –  ,   -

 ,     ,    

        π  -

    ( ,    (2.28), π ,    

  u  ΔТ).     ΔТ 

  [49, 50].  
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  ,      

 (     – u, ΔТ, π , πk,  .),  -

         .  

2.3.2   ,    

 (2.32)        -

   (2.30), . .      G  = G  = G  + G . 
 ,     ,  G   -

   ,    , ,  -

   , . .  =  (  2.5). 

 

 2.5 –      :  
1 – , 2 – , 3 –  , 4 – , 5 – , 6 –  

, 7 –   , 8 – ; G  –  , G  – -

  , G  –    , G  –   ; « 1» – -

   , « » –    , « » –     

 , « » –    , « » –    , « » – 

      . 
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 2.6 

 

 2.6 –  «  h-  s»    

  « - -   »:  

« » –    , «1» –     , « » – -

   ,  « 2» –      , «0» – 

   , « » –    , « 2» –    -

  ,  « » –       ;  2, , 

0, p, 1,  – ; H  –     , H  –     

, H  –      , H  –     

 , H  –       , Δh  –  -

,     , H , H  –        -

   . 
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           -

     . 

  G     ,    

 
0

1
1G G G G G

L 
 

      
 

,  (2.44) 

 G  –    . 

    , ,   = const   = const.    

  (π  = / )     ,    

       ,       

   (2.24).  

,   (2.44)     ,    -

      ,  -

,         . 

  π   (2.13–2.19)     

    (2.44).   (2.33)     -

 : 

 

1 1

0

1
1 1

k

k k

k

к к
G Т
G T

   


   
                  

  (2.45) 

         π ,  

,  -      , -

       .  

(2.45)         -

  π     π .      -

      : 
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1

1

0

1

1
1 1

к
к

к
к

к

к
G Т
G T




  





 
 
 
 

  
             

  (2.46) 

         (  -

, )     π : 

    (2.47) 

       

 G uG   (2.48) 

          -

   (2.23)   (2.33–2.35)   -

 (          )    

  ,        -

 ( )   [51]: 

 
 

11

21
2

p p p
1 2

1
1 1

kk k
G f

k k RТ
 

   
          

, (2.49) 

         ,   

  ,        

  (2.21–2.22).      (2.41).  

    –      -

,    π     , , , 

 (   )    

 ( )        – -

  – (2.45)  (2.46).       

         -

 . 



56  
2.4      -

     

  ,      π  

(  G )      :  

1)     , . .   -

:  

 0
x

Т
y

 
  

  
2

2
0

x

Т
y

  
  

   (2.50) 

2)       

 0
x

y

 
  

  
2

2
0

x
y

 
  

 (2.51) 

3)       

 e 0
x

N

y

 
  

  
2

e

2
0

x

N

y

 
  

.  (2.52) 

4)       

 e 0
x

y

 
  

  
2

e

2
0

x
y

 
  

.  (2.53) 

   y – ,     

   ,   .   

    (2.28)    π    π ,   

–    (2.44) –   G   G . 

        

   ,      

. ,       

  . 



57  
1.       -

 ΔТmax    ,   ,   -

 (2.50),        -

   :  

–   (  )    .   

    , . . u = 0,  -

         ΔТ -

  ;  

–   (  )     

,   , ,   .   

        ,   

    ,    ΔТ   

 .  

         

.   , ,        -

   ,  ,   ,   

    . 

2.     (2.51)     

  (2.41),  (2.33)   :  

 

 

 

k k1
k1 k

2

k1

0k

dp dT d T
T T p

d d dd

d R T T

  


 
   

  


  (2.54) 

   Tk1 = ΔТ   , . .  (2.19) 

   ,      .  

    ,     

(2.54).      : 

 k k1

k k

1 1dp dT

p d T d 
 .  (2.55) 
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 k k

k k

1
T dp

p dT
 .  (2.56) 

 

,  Т  = Т 1 – ΔТ, 

 
 

k k1

k k1

1 1dp dT d T

p d T T d d  
 

    
. (2.57) 

 ,       -

       Т .   -

        .   -

 π     1 , , .   

   = f(π )     (2.33),   

  .       

.  

      , .   

 (2.41),    (2.45): 

 

 

 

k k1
k1 k

2

k1

0k

dp dT d T
T T p

dG dG dGd

dG R T T


 

   
  


  (2.58) 

 ,  (2.55)  (2.57): 

 
 

k k k1

k k k1

1 1 1dp dT dT d T

p dG T dG T T dG dG

 
     

  (2.59) 

3.   (2.52)   –  ,   

  –      , -

       –   

π  /  ΔТ (   u)     π , . . 

      ,     -

      , ,   

 .       -

    . 
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   ,   

        ,   

  ,  ,    . 

  ΔN       

[52, 53, 54]: 

 
e 6

8,45
10

p V n
N


  ,  (2.60) 

 Δ  –    , , 

       V  –  , , 

       n –    , / . 

    (2.45-2.47)  .  -

       -

,   ,       , 

  ( )   

 – . .   π  (  G ) ,  N  (ΔT  ρ )  

 ( )      π  (  

G ).  

         

ΔN /ΔT – . .   ( ),     

 ΔT .         

  ρk (    Ne)      

 ΔN /Δρ  (  ΔN /N ).     

     ,   

   ( . .          

   )         

 (     ).  

           ( -

          ) [55]:  



60  
 

G
N p


  ,  (2.61) 

  ρ  –  , 

       Δ  –   ,  . 

   ,     G   

    Δ ,     , -

 .       -

 , ,      

,  N .   N        

 .   ,        -

        ΔT.  

, ,       

      (   ):  

 N G H .  (2.62) 

      (2.61).  N /N   

 . 

     ,   -

     .   ,   -

, . .      (ΔT, G )   -

     .  

 ,  ,   (2.62),   

          

 – ,       (  -

  (2.60)),     ,    -

 .       -

 (2.60).  

,    ,   

 ве ве
G

N p N 


   ,  (2.63) 



61  
  –  . 

 ,       ,  -

     ,   -

,  ,    (  ΔNe = N )  

 e

6 6

1 1

8,45 10 8,45 10

N N
p

V n V n
 


  

 
.  (2.64) 

    , . .     -

          -

 , ,        -

    .      -

  .  

         -

     (   ), -

  (2.60)  (2.27) 

 
1

e 6
8,45 1 1

10

k

kV n N
N p

G Т


 

        
  

 

.  (2.65) 

 ,        -

     . 

2.5       

       

        

 ΔТ (   ρ ).   ,   π  (  -

,  Т ),     ,   , -

    ΔТ. 
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      π ,  , Т   π  

   ,     

    . 

    (2.42)    .  

 G , G      α     

.  

1)   : 

 

0

1
1

G G
u

G G
G

L 

 
  

 
 

  (2.66) 

  (2.23)   pp  ,  

    ,    π   

   : 

 p p


 .  (2.67) 

   :  

 
1

1
1 1

k

k

Т T 




  
      

    

, (2.68) 

  –  . 

2)   : 

 
G

u
G

 . (2.69) 

   (2.69)  (2.46)   -

     .   Т  = Т . 

     -

      π   ΔТ     

. 
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2.6.     

       

  .  

         

       [56]:  

 
 

1 1

2 1 2

p
2

1

k

k k
G f

k RТ


   

       
  (2.70) 

 ,           – 

   –   .     

     .  ,  

        .  

          

    1       -

 . .  [57]:  

 
 

 

2

1 1

3

1 1

,   

0,15 ,   

  


  

    
  

  (2.71) 

 β1 , β1 –     , . 

   ΔL   « »,    -

          [58] 

 

2
2

11k

1

1
2

p
tgu

L
tg




 
   

 
  (2.72) 

 u1k –  , 

      β1 ,  β1 –        .  

       : 
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p1

1 1 2 1 2 4
p 3p* pc

3 2p* p*2 c

p 2 3 p 3

0,5

1
0,5 1

fp r s
p ff pp p

p f p f fvv
u s u

v f v f

    



  
            

         

,  (2.73) 

 r = kp *, 

       s = kp *εp*. 

       -

        

 [46]:  

 1 p10,7 0,2 f   ,  (2.74) 

 p1f  –   . 

   – p1f  1  0,2.  ,  -

        φ4  

0,925  0,9      [46]. 

   ,      -

  , . .   ,   -

        .  

 (2.58–2.51)    . 2.4   

 ,        

.  
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3 -       

«  К - -   » 

        

           

   . 2 . 

       -

   ,   -

 ,   ,   ,  -

   ,     .  

   4 371.04.04 –   -

   ,   130    150 .  

        3.1.  

 3.1 –       4 371.04.04 

    

1 2 3 4 

   p0 101325  

   0 293  

  ε 16  

  v 0,9  

   Δ  10  

     86 % 

     13 % 

     1 % 

    28,97 /  

    

   
 0,289    
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  3.1 

1 2 3 4 

   n1 1,38  

   

 
Hu 42,5 /  

   m 0,25  

  -

 
z 110 .  

   n2 1,36  

  -

 
ξ 0,85  

    10 .  

  -  

   l  0,6  

    216  

   d  10  

     s1 18  

    s2 16  

  

 

3.1      

    

 4 371.04.04     Ne = 210    π  = 

2,46,        *
 = 208 

   923        π  = 1,96. 

        ΔТ = 70 . -



67  
      .  -

 N  = 1,42 .  

,         

   –   π  = 2,46 –   

      (2.52).   -

       84 . (  

3.1). 

 

 3.1 –      . 

   ,        0,79 / . 

     215,4 .  -

    6,48 .    ,  

,    ,  -    

,        , -

    .    



68  
        , -

 .    ,   (2.32), -

    , , , 

    (   )   -

 (     ).     -

     , . .   -

 , ,   ,    -

 . ,       

      .  

3.2       «  К - » 

      

   , , ,   -

,          , 

  . 

 π  = 2,46     Т 1 = 405 .   -

 π   π  = 1,96  Т  = 923 .     

         -

   (  )    ΔТ ( -

 3.2).   



69  

 

 3.2 –           -

 . 

  ,        -

  , ,  . ,  -

    (70 .)    

       7  –  208  215 .  

    π  = 1,96     u = 1,45, -

    , G  = 0,47 / .    -

    π  = 1,08 (  3.3).   



70  

 

 3.3 –        

. 

  π  = const , , Т  = const     

        . 

       -

. . . Т  = const       

     ,       -

       (  3.4).  

 

 3.4 –       

   . 



71  
 -         -

 .        -

 (  3.5).  

 

 3.5 –      , -

       .   

  N /ΔT  N /ΔT      

          -

.      70 .     18 

/     10 /   . 

     π         

, ,         

(2.29).   ,  ,   

,    .  

       

       . ,   ,  -

   π ,      -

   . 

 



72  
3.3      

3.3.1    ,    

    ,   ,  x -

     ,      

. 2       –     – 

  ,      , 

  .   

    = 215      

,   ,    -

     .   -

    (2.50)    . -

       π  = 2,46    = 

215       ,  -

   (  3.6).   
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 3.6 –        π . 

    3.5     -

 ΔT = 71,5 .        

 .   , ,  ,   ,  

       

ΔT = 70 . , ,   π ,   -

 π  = 2,46.  

      -

  К      

    Δt . .   (2.50) ( -

 3.7).  
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 3.7 –     : ' 1 d t
t

t d


 


 – 

      -

, ' 1 dK
K

K d
  –     -

.    

  К    -

    . ,   ,  -

   ( . .   , ,   

   ),   π , . .   -

 (  3.8). 
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 3.8 –  ,    -

  ,      . 

 π   π ,     π  , ,  

 Т 1, ,   ,      -

   (  3.9). 

 

 3.9 –      

      

  ,         π ,   -

       (  3.7-3.8).  



76  
   π          

      –    , 

       ,   -

  ,      -

   .         

ΔТ = f(π )  .     -

 (2.51)   π max = 1,91 ,  π  = 1,12. 

           

   (2.51).         

 –   .     

    .  

 ,     3.6,       

  .     

 ρ = 2,6 / 3,       (2.51). 

   π max = 2,03.      

   ,       . -

       -

  (  3.11). 

 

 3.11 –         : 

k
k

k

1
'

d

d


 

  –        



77  
, k

k

k

1
'

dТТ
Т d

  –      

 . 

     –   

      ,   

     , ,  .  

   ,        -

       .  

       -

  .      : 1) -

   ,   -

  ,     ,  

(  3.7); 2)   Т 1   -   π , 

  π .  

   ,    ,  

  ,   -

  .  ,       

 , . .  ΔТ    π ,    

       

  . 

 ,      , 

         

, ,     –   -

         . 

  (2.53)   ,    

(2.52) –    N  = 211,5     

π max = 2,03. 

 



78  
3.3.2    ,    

          (2.50-

2.52).     ,   –     – 

     .     -

,   ,   -

   ( , , )  251 .  -

          3.12. 

 

 3.12 –        -
. 

  ,        , -

      ,    

π ,     ,       

.      -



79  
     .    

-        π  = const (   -

     ). 

   (2.51)      -

 ,    .   

  ΔТ = 71,5 .   G  = 0,06 / . -

 ΔТ      ,      

, . .    Δt  ,   

 . (  3.13). 

 

 3.13 –      :  

' 1 d t
t

t dG


 


 –      -

 ,  ' 1 dK
K

K dG
  –    -

 . 

,       ΔТ = f(G ), 

 ,       π . -

   К    -

 α    ,     (  3.12). 



80  
 ,    α      

   G            

  (  3.14).  

 

 3.14 –         

  . 

      

 π  , , Т  (  3.15). 

 

 3.15 –  π    Т   G . 



81  
          -

  (2.51).     ,    

     (  3.16).  

 

 3.16 –         

   . 

 ,    (2.46)   , 

     ΔТ    

1   (     Т 1).  ,  -

-          

    .    (2.51)  

  ,     

G  = 0,024 /  (  3.17). 



82  

 

 3.17 –     :  ' 1 k
k

k

dp
p

p dG
  – -

     ,  ' k
k

k

1 dT
T

T dG
  – -

      . 

   G  c 0,005  0,025 /   1   267,2 

  252,6  , , Т 1  417   409 .    

    2,25   2,16 / 3.   , 

,    –  2,25 / 3
 –    

    ,   15 .  ,    , -

  . ΔТ  64,8 . –       

2,54 / 3.        (   

)     . 

  Ge c 0,025  0,045 /   1   252,6  

 238,5    Т 1  409   400 .    -

     2,16  2,08 / 3.   -

    – 2,16 / 3
 –      

   15 ,     2,25 / 3
 –  28 .,  

       2,55 / 3
 –  72 . 

 ,  ,   – ΔТ   69 .  



83  
      ,  

  ΔТ = 72 .   

  Ge       . 

      1    -

 ΔТ.  ,  Ge = 0,06 /    ,   -

 ,   ΔТ = 71,5 .,       

 ,      2,55 / 3.  -

       84 .    -

 ΔТ = 71,5 .  ρ  = 2,47 / 3.    Т  

  :  

1)    .    -

       ,     

        (  3.18).  

2)  π     Т 1, ,   , -

      Δt , -

,       . 

 

 3.18 –         

. 

 

 



84  
3.3.3   

    (2.49)   -

    .    ,    

      , -

,   ,   .    

      (  3.19-3.20). 

 

 3.19 –  ,       

     1-  . 

 

 3.20 –  ,       

     2-  . 
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   , ,    -

 .        -

    3.2. 

 3.2 –      

 
-

 

-
, -

-
 

-
, -

  

-
 

1 2 3 4 5 

    
, π  

2,46 2,46 2,68  

   -
, 1 

241900 241900 270600  

   -
, Т 1 

405 405 420  

   -
, ρ 1 

2,06 2,06 2,06 / 3 

 ,  0,757 0,757 0,757  

    
, ΔТ 

70 70 65,2  

   , 
Δ  

1802 1802 1127  

   , 
Т  

335 335 351  

   , ρ  2,58 2,584 2,67 / 3
 

   ,  208000 215000 263000  

   , 
Т  

923 923 923   

   , G  0,317 0,317 0,296 /  

    
, π  

1,97 1,97 2,48  

    
   , 

π * 

1,78 1,78 2,32  

    -
, * 

106000 106000   107000    

   , Т  813 813 780  

 ,  0,709 0,706 0,707  

 ,   0,537 0,535 0,536    



86  
  2  

1 2 3 4 5 

    -
, * 

– 106000 263000  

   , 
Т  

– 829 923  

   ,   – 99520 100200  

   , 
Т  

– 335 351  

   -
 ,  

– 102000 102000  

 , u – 1,44 14,91  

   , G  – 0,317 0,023 /  

   , G  0,47 0,477 0,343 /  

 ,  – 0,435 0,08  

 , G  0,305 0,305 0,307 /  

  ,  0,021 0,021 0,025  

   , 
la-y 

-0,4556 -0,4556 -0,4611 /  

   -
, ly-z 

1,062 1,062 1,045 /  

   -
, lz-b 

0,1285 0,1285 0,1255 /  

  , li 0,7352 0,7352 0,7105 /  

  , pi 1,708 1,708 1,662  

 , i 0,473 0,473 0,458  

   
, gi 

179 178 185 / /  

  ,  0,202 0,202 0,202  

  , e 0,429 0,43 0,412  

   
, ge 

198,2 197,6 203,5 / /  

   , 
ΔNe 

1,42 0,91 7,72  

 , Ne 210 210 210  

 

 

 



87  
3.4       

  

       -

     .   

  Flow Simulation   Solidworks.  

      

 .       ,   

      .  -

       , . .  ΔТ = 70 . 

 π  = 2,46.  

     : 

1,341
1,34 1

1 1,6 1

1,6

0 0

1 2,46 1
1 1 2,106

1 9231 1,129 0,57 11
1,8 14,324 1 293

k

k

n

n

Т
L Т




 




 
                                     

, (3.1) 

 π  –     , 

      n  –     ,  

      
1

1

k k R

k k R
 



 – ,   -

   , 

       –  , 

      α –   ,  

      ϕ  –  , 

      L0 –  ,    1  . 

       [59]   

 

1,34 1

1,341,34 1
287 923 1 151551

1,34 1 2,03
H

 
          

 

 / . (3.2) 
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         -

    [60]: 

 2 2 151551 550,47c H     / .  (3.3) 

     : 

 1 1 0,96 550,47 1 0,51 366,13 /c         (3.4) 

 φ –     , 

      ρ –  .          

     

 1
1

60 60 363,361
0,113

3,142 61287

u
D

n


  


 ,  (3.5) 

 n –  , -1
.  

       -

.  

    :  

 2 1 0,113 0,515 0,058D D     , (3.6) 

  –  .  

      : 

 1

1 1 1 1 1

0,316
0,012

sin 366,13 0,773 0,113 sin(16)

G
l

D   
  

  
 , (3.7) 

 ρ1 –      , / 3
,  

      α1 –   , .  

      : 

 2

2 2 2 2 2

0,316
0,022

sin 366,13 0,56 0,058 sin(40)

G
l

w D   
  

  
 ,  (3.8) 

 w2 –       , / , 

      ρ1 –         , 

/ 3
,  



89  
      β2 –        , .  

       30  [61]. -

  15.       145 ,   114 

.   19.      -

 [62]. 

          

[46]: 

 

   2 3 2c
p 2 4

3 33
3

p 1 2

1
2 0,5 1 0,5

1

p

p

p

fv v
u u

v v ff
f

f

  




  
          , (3.9) 

 ε  –     , 

      φ1, φ2, φ3, φ4 –   , ,    

. 

       vp, v , v  –     ,    

     . 

   2 3 2

3

3

1
2 0,95 0,5 0,739 1 1,72 0,975 0,925 0,5 0,563 1,72

0,9 1

0,95 0,975

p

p

p

f

f
f

              


 (3.10) 

   f3p = 5,16. 

          

: 

  
*

p p

*

p

0,316 458,484
0,001898

1,34 0,538 219000 0,508
p

G a
f

k q 


  
  

2
,  (3.11) 

 а  –        , / , 

       –   , 

      q( p) –  –   . 

 , , 

 3 p 3 0,001898 5,16 0,0193pf f f     
2
. (3.12) 
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    : dp = 61 ,  d3 = 159 .   

    l  = 9d3 ≈ 1500 . 

     8 .     -

   20 / ,      284 . 

      [63].  -

     ,       

  (  3.21). 

 

 

 3.21 –     

     :  

1)         0,316 / ,  

2)   800 ;  

3)   101325      293 ;  

4)       101325    331 ;  

5)     61000 
-1

. 

6)   k-ε. 

       , , -

   .        3.22. 
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 3.22 –    . 

        740 .  

      687 ,  

  – 694 . 

     3.23. 

 

 3.23 –    . 
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     156,6 .  -

   109,6 .       -

 113,7 . 

     3.24. 

 

 3.24 –    . 

            

 368 / ,    385 / ,   -

      0,96.  -

       125 / .  

       -

  Ansys CFX (   SST) c  

  Turbogrid [64, 65, 66].     -

  = 5,5 .      : 

 
5,5 61287

35,666
9550 9550

M n
N


    . (3.13) 
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151551 0,316
47,89

1000
N G 

    . (3.14) 

    

 
35,666

0,731
47,89

N

N
      (3.15) 

  ,      -

  .   (0,731–

0,706)/0,731∙100 = 3,54%,    . 

       3.25.  

 

 

 3.25 –     . 

      637 .   

     478 ,     – 467 . 

     3.26-3.27. 

  3.26 –     . 
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 3.27 –      . 

     99,8 .    -

  100,4         101,1        

101,5     .      106,9 

     101,4    .  

     3.28 

 

 3.28 –     . 

       125 / ,    

 156 / .       50 / .   

     28 / ,     –  24 / ,    

    43 / .       

 25 / ,  ,     . -

         84%,   

 3.29.  
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 3.29 –        -

. 

   0,51 / ,     1,6. 

    .  -

 (1,6 – 1,47)/1,47*100 = 10,2%.  

     :  

 

1

0,286

1 0,254

1
1 1

1
335 1,014

1 1,301 1 0,499
1 1649

1 1
1,055

к
к

к
к

T
u

T










                

,  (3.16) 

                  π  = 101,4/100 = 1,014 –    ,   

                       π  = 106,9/101,4 = 1,055 –    . 

     ,   . -

    (0,499 – 0,435)/0,435 = 14,7%. 

     .    ΔТ 

= 70 .  π  = 2,46   (3.1-3.12)    

    :     G  = 0,282 / , -

      π  = 2,39,     D = 110 

,    = 0,515,      = 



96  
176277 / ,    = 593 / .      -

 l1 = 10 ,    = 0,8. 

     D  = 7,2 ,   D3 = 104, -

  D  = 230,    l  = 1230  (  3.30). 

 

 3.30 –   . 

 ,       3.31-3.34. -

   5,68 .    36,7 . 

 

 3.31 –     . 

     100216       

 101444 .       . -

      100000 . 
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 3.32 –     . 

       101585 ,    

 112 354 . 

 

 3.33 –    . 

      16,1 / .   

   602 / .        103 

/ . 

 

 3.34 –    .  

      388 ,     – 

656 . 
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 3.5      

   

  (2.9), (2.13)  (2.15)     

 ,     ,  -

           -

: 

    
 

*

3p*

1
1

qp
u f

p q


 

  ,  (3.17) 

  –        .         

         -

       -

.       -

        . 

 ,        -

  , ,     u√     -

 ,   .    

        -

       .  ,  -

       -

    .  

   ,         

,         [67].  -

,         ,  -

          -

    f3p. 

 ,     . 

 ,   ,    -
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2
d

d
G

G

 ,  (3.18) 

 G  –     .          

     

 2

3 3 3 pd d f .  (3.19) 

 ,       -

     ,   

.     ,  , 

 .      

  ,   u√ ,    -

    u.  

     -

    [68]: 

1)    

  
 

2
3p

a

1
n

qm
n f

m q


 

  

 
  
 
 

, (3.20) 

  n –        

; 

       

1

12

1

k

kk
m

R k


    

 – ,     -

; 

       π  = /  –     ; 

       2 –       ; 

        –        -

; 

2)     

-   



100  
 

c
1

R uR
R

u





  (3.21) 

-   

 

p

p

c

p

1 1

1 1

1 1

k k R
u

k k R
k

R
u

k k R


 




 

  (3.22) 

3)       

 

 

*
pc

*
cp

1

1

p

p p

p

p

c Q
u

c c GT

cT
u

c

 



, (3.23) 

 , ,  –     , 

    , / / ; 

       Q  – ,    , ;       

       G  –  , / . 

4)         ( -

    3) 

-         

 

 

p

p 1
2

2

p p1

p p

2
2

3

2
0,5

1

1

k

k v
k u q

k vp

f





 
    


, 

 v , v  –      , 3/  

-   

   p

1 p

p

1 1

2 2

k k a
A z u z

k k а
 

 
  , 

 c
2 1

a
A u

a
  , 

c
1

c

1

2

k
K

k


  , 
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2 3

1

2

l
K

d
  , 

 2 2 2

1 c
4

kp
P D d d

а


   ,  

  а , а , ac –           -

, / ; 

      z( ) –  –   ; 

      q( ) –  –   ; 

      ξ  –    ; 

      3 –      ;   

      D  –   , ; 

      d  –    , ; 

      d  –  , . 

      -        

  
1 1

2

2
3

1

A P
K

A
z

K





   (3.24) 

5)         

   3.        

 
   

 
pp c

3p p 3

1 qm u T

m f T q


 



 ,  (3.25) 

  –      .  

6)     

  

1

3 c

1

p p

1
1

1

k

k
p

k

p k

c T
u

c T
p

p







 
 
 

  
 

  
    
  

  (3.26)  



102  
7)       , 

      ,   

   ,     

           

    ,  

 
 

3p

4

p

0,1
10

f
a


  ,  (3.27) 

 а –     (a = 0,08) [69, 70].  

8)          

   (2.73). 

  (3.27)  (2.73)       

     ,    .  
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4   ,  -

    

       , -

   ,   .3.  

   4-    4 8,2×7,1 

(  21114)       . 

       . 

    -  -

,       . -

        -

. 

4.1       -

  

      . -

     «   » 

-   ,     

 ,   : 4-   

4  8,2×7,1,    ,   -

 ,  ,     

  – , -  ,   -

   . 

       «   

 »,    -

, ,      

 ,      .   
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,    .  

     , -

  2-  . 

     : 

–       -

  ; 

–        

   ; 

    4  8,2×7,1 (  21114) -

, , ,  (  4.1). 

 4.1 –     4  8,2×7,1 

, 3
  1596 

  ,  ( ∙ )  
-1

 
125 (12) / 3000 

   -95 

 ,  ( . .)  -1
 60 (81) / 5200 

 ,  82 

 ,  71 

  9,6 

    8 (     -

) 

       

  

 

     . -

  –  ,   ,  

400 , -    303.4.112.03.06,  -



105  
          , 

      . 

  ,     ,    

       . -

  (  ,    ) -

         .   

       

4.1. 

 

 4.1 –   :  
1 – , 2 –         , 3 – 

   , 4 –      , 5 – 

 , 6 –      , 7 – , 8 – 

, 9 –  ,  , 11 –  , 12 –  -

,   , 13 –     

, 14 –   , 15 –      -

, 16 –    , 17 –  , 18 – -

 , 19 –  , 20 –    , 

21 –  , 22 –  , 23 –      

  , 24 –      , 25 –  

   , 26 –     , 27 –   -

    , 28 – . 
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  :  

–     – n, –1
  

–   – K, · ; 

–    GТ, / ;   

–  , , ,    , ° ; 

–      – Gв, / ; 

–    – , ;     

    : 

–    , :  

 
0,00314 Д K

e

h

M
p

iV


 ,  (4.1)                 

 τ  –  ,   

i –  ,  

Vh –    . 

–  , : 

 
9550

K
e

M n
N  .  (4.2)                 

–     , /( · ): 

  

 
1000 T

e

e

G
g

N
 .  (4.3)                 

        -

         . 

       -

    52517-2005    . 

  : 

–   – 100 ; 

–   – 298 ° ; 

–    – 30%; 

  Nе0                                              
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 0

e
e

N
N


 ,  (4.4)         

 α  –   , 

      Ne – ,    . 

      

 

m n s

х х sx srr

r r sr x sx

p TT
k

p T T



     
           

, (4.5) 

    p , Т  –  ( )   ( )    

; 

             pr, Тr –  ( )   ( )   -

 ; 

            psx, psr –       -

     , ; 

           , r –       

   , %, 

           Тs , Тsr –              

        , , 

           m, n, s –  ,     4.2. 

 4.2 –      

  
 

 
 m n s 

  
 

  

, 
 

 
, -

 -
 

 
  

 
 

0,86 0,55 0 
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m

1
0,7 1 1k


 

   
 

,  (4.6) 

 m –  . 

       -

                           

 0e eg g
k


 ,  (4.7) 

 ge –       .       

      -

    : 

 
14,7

B

T

G

G
    (4.8)                 

  : 

–  p      , ; 

–  Т      , ; 

–  p      , ; 

–  Т      , ; 

–  G    , / ; 

–  p      , ; 

–  Т      , ; 

      : 

 в

в

G
u

G G



. (4.9) 

     

 
T

u u
T

   (4.10) 

    [71]: ,   -

 .         

      .     

        ,  -
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        ,  

  ,  2%.      -

,            

,   3%,    –  ,   2%. 

       

 ,    –  .      -

      . 

    

        -

,      .  -

     2800 –1
  3500 –1.  

   –  11  66    11 . 

1.      ,   -

     ,    -

.     .  -

       (11 ). 

       -

       . 

2.       -

   ,       

   .    -

       . 

         -

   .  

 ,         

    (66 )   6    

.  
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  25%      (100%)    

78%.          

    .   -

  ,       200 -1
 

 . 

1.   ,      

25%,    ,  .  

   .  

2.        . 

       -

   . 

3.           , 

       100±20 -1
. 

4.         ,  -

     200±20 -1
. 

 ,   6     

    1700-2800 -1
. 

         80%. 

    

        Δ  ( -

 4.3).        

 2800 –1
   : 11, 22, 33, 44, 55, 67 ∙  -

.      Δ     

10       . 

1.   ,     2800  
-1

    11 .     

.        .  
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2.       10 ,    

 .      

 .      -

     . 

3.    .     

 ,       .     

 39,5%     .    

        

 . 

4.2       

      4.2.  

 

 4.2 –     

1 –  , 2 –   , 3 –  , 4 – -

 , 5 –  , 6 –   , 7 – , 8 – 

   . 

  ,     4  8,2×7,1    -

,          170   

, . .     ,  -

  ( . 3). ,      -
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      4 371   

 4  8,2×7,1.    4  8,2×7,1    

 G  = 0,03 / .     (3.18-3.19, . 3), -

        -

,       –  

   

 
258

18,04
0,31

0,03

d   .   (4.11) 

         

     ,          

           (3.17)   

  ,     .  ,   -

   

 
2

3 18 10,25 57,8d    .  (4.12) 

   (  )   ,  

,     (6-12 ),   ,  -

   τs –        

     [72] –       

 , . . 

 

 
2

3 3

3 2

3 3

1s

w df
f

w df

  


.  (4.13) 

       

     12  (≈ 695 ).   4.3 

    . 

      . 

    18     30 .  -

  69 ,  – 695 .       

  48 .  
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         8 , 

  14 ,   ,    

  .       60%  -

 .    6 1  24705-81.   -

          . -

     .   -

 1      (  4.3). 

 

 

 

 4.3 –    . 

,   ,    4.4. 
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 4.4 –    

       57 ,   

     ,    

.      133 .  -

         69 .  

      . 

        -

   .          

       . 

        , 

   10 ,    600  650    -

  .       -

   ,  .   -

      .   -

  , , ,     -

.  
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  (   ,    . .), 

        (  -

). 

   Δ     

 

 
2

2

w
p

  ,  (4.14) 

 ξ  = 8,623 –    ; 

      ρ  –     , / 3
; 

      w  –       , / . 

   Δ     

 

 20,0156 0,2725p G G    , (4.15) 

 G  –  , / .  

     (    )  

       [73].  

     

 
2

cg d
Gr




 ,  (4.16) 

            g –   , / 2
, 

                  –    , 

                 ϑ  –      , , 

                 υ –  , 2/ , 

                 d  –    , . 

   

  
0,25

0,25

o 0,5
Pr

Nu Gr Pr
Pr

 
  

 
, (4.17) 
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            Pr , Pr  –       . 

    α     

    d   .  , -

        

  0Q f T T  .  (4.18) 

            f  –    , 2
; 

                T  –     , . 

         

      Т     . 

       AVL 

Boost.       4.3 [74]. 

 4.3 –       AVL Boost 

    

     

    m 1,6 

    -23 . 

   z 45 . 

   ε 9,6 

 ,   

 1   
L0 14,7 /  

  -95- 5 

    α  0,97  1,13 

   -

   
Woschhi (1978 ) 

   -

  

p = 3,4∙10-4
n + 0,26, 

 n –   , -1
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    ,    AVL Boost   -

. 4.5. 

 

 4.5 –   ,   AVL Boost. 

   AVL Boost ,  , -

         -

  . 

   .       

  .       AVL 

Boost.          

  (3.20-3.23). 
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4.3  -    

    

         

    . 

       

 ,         -

,  .  

      : 

-    ; 

-         

; 

-     ; 

-   . 

       -

         

     -

. 

         -

     ;     

    .     -

        -

   

 
 

1,2
0,6

0

2 2

0 0 0

273,15100
5,35

293,150,0065 0,135 2,4
к

t
M p

p t t

            
,  (4.19) 

  –   , , 

      t0 –   , .         

        

 ,   . 
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  ±4 .   .    -

        0,5 .  

   ,   ,  -

        

( ) Bosh 0 280 218 116 [75]. 

    ,  ,  

 -   ( ) ( -

 )  MT-102-  [76]. 

  ,  ,     -

        MT-102- .  

    ,  ,  

   MT-102- . 

       -

   9312. 

      MPX5050DP 

[77],      – PX5010DP.  MPX  

  ,    

   .    ,  

  –    –  -

    2  4,  (  4.6). 

 

 4.6    MPX  D : 
 )  , )  . 



120  
          

,   .    1,2 / . 

 DP ,       -

  . 

       -

    4.4. 

 4.4 –     

 

 

 

 
 

 
 

 
 

  

1 2 3 4 5 6 

 
  

Т  

 

 

-

 
 

( ) 

±2,5  
−40 °C 

 
333 °C; 

±0,0075
×T  
333 °C 

 
1200 °C 

 

  
  

Т  

  
   

Т  

   
  

 

Т  

   
  -

 

Т  

 
  

 

 

 
 

MPX5050D

P 

 ±2,5% 

  
   

 
 

MPX5010D

P 

 ±5%     
  

  
 

G  

/  

 Bosh 

0 280 

218 116 

 ±3%  
 

  
G    
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  4.4 

1 2 3 4 5 6 

  G   
 -

6.2- 21 
±4 

 

   n 
-1

   
VSCS0112 

 

±10% 

 

4.4     

  ,      

    .     ,   

      , . .  

       

  .    ,  -

   ,     -

  . 

   ,    -

 ,    [78, 79].     -

      x0   , -

    ,   ,    -

  x0     P.   -

  ,    –  . 

         -

   ,    ,  -

          -

,           

. 

 x x x          (4.20) 
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  ,      , 

     .  

 ,  ,    -

 ( )       

 M    .    ,   -

    ,    

  :      -

   .   -

  f (x)     fn(x) (  -

      N)    g( )  

  [80] 

      cf x g f x d  




  .  (4.21) 

       : 

1.     . 

2.     . 

1

N

i

i

x

x
N




, 

3.   .    

 2

1

1

N

i

i

x x

D
N









, 

4.        

x

D
S

N
 , 

5.    

P x
x t S  , 

 t  –  .        -

  = 0,95.   
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 5. Э    

     

     -

          

,        ( -

 )   .   -

       

 –      .  -

     .  -

     .  

     ,  -

   ,  . 

    ,   -

  4-  ,    . 

      . -

         

      .  

     .  , 

  ,   ,     -

 (  4.3 . 4).  

     ,  -

   .      -

   ,  2800 -1,   

  .  

 

 

 



124  
  5.1     

         

     (201 2)  ,  

61% (140 2)    .       

      . 

5.1.1      

    .  -

  ( . .      )  -

      ,  . .   

   ,   

   ,       -

  ,       -

 .        -

    1,5%   .   

        -

        55 .   

  –      –   

 2800 -1,    1,04,  16,5 .  

        -

        5.1.  



125  

 

 5.1 –       -

      . 

     95  60%    1,16  1,52. 

      (3.20-3.27)  -

 2%.  

          

      , ,   

   .      ,   

,      ,   -

   .  

          

 5.2 

 

 5.2 –         

     . 



126  
     95  60%     115 

 150 .     76,9  80,6 / .  -

     2%. 

          

   5.3 

 

 5.3 –        -

 . 

           

         -

 117  (13%).       13  (1,45%). 

       -

 .        -

   5 ,       -

    110 .   

       -

 .      130 ,   

20%.  ,     .   

   0,8-0,9.        – 

       (    



127  
 ,        )   

   .    

    , ,  

    (       -

,        )   . 

      5.4 

 

 5.4 –        -

 . 

        95  60%    

  0,13 /  –  5,02  5,14 /  –    0,24 / . 

     18,7 / /  –  304,3  321,4 

/ /  –    16 / / .  ,    

 2%   ,       -

.           -

    5.5. 
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 5.5 –         

       

       -

 ,       –  

          

   ,      -

  . 

        

    5.6.  

 

 5.6 –        -

       



129  
    113   151     

  0,27 /  –  4,87  4,6 / ,    0,13 / . 

     29,7 / /  –  304,6  334,3 

/ / .    4%    2% –   -

  . 

5.1.2       -

 

    , . .   -

  ,      -

    , ,   -

   , ,   ,    -

.       -

  (2.54).       -

     2800 -1,    55   -

   ,  1,04,    5.7. 

 

 5.7 –       -

      



130  
    113   151     

ΔNe = 2,13  –  16,5  14,37 ,     (2.54) ΔNe = 2,45 

.     76,9  73,5 / .     -

   3%     2%   .  

  ,        

 ,       , 

    (4.3).    -

     5.8. 

 

 5.8 –        -

   . 

    113   151     

  0,27 /  –  4,87  4,6 / ,    0,13 / . 

     29,7 / /  –  304,6  334,3 

/ / .    5%    2% –   -

  . 

     -

         5.9. 

 



131  

 

 5.9 –     

   : 
 )  , ) . 1 –    , 2 – 

 . 

          -

     ,  

  ,      

.     0,13 / ,    -

    18,8 / /  (6,2%),      -

,       0,27 / ,   

   29,6 / /  (9,7%). ,  ,  

         

  ,    -

 136 ,  – 140 .     -

      ,   -

. 

5.1.3     

   

       -

. ,            -
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   .        (  

5.10).    

 

 5.10 –  ,         

       :    

  . 

      (u = 1,91)    

    –  11 .      

       – Δu = 0,67.   

            



133  
 – ,  u = 1,91 u = 1,45  fro = 0,6.   

   Δu = 0,67    Δu = 0,33.     : -

,         ; -

,      – -

     (  (3.17)). 

           

( . .     ). ,     

  118     = 66  u = 1,13,     = 44  u = 1,33,  

   = 22  u = 1,66.  

        -

     –      -

 – G /N   (  5.11). 

 

 5.11 –   G /N     : 

   . 

         

    , ,    

.  (2.64)  N        

  .  
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5.1.4        -

  

    . 2      

          . 

 ,          

  ,      

   . ,      

,            -

          .   

,        ,   

 –   –      -

.  

 ,         

  , ,    -

.         -

    ,       

. . .   ,     

  (2.12),        

     (  5.11).  

   . 3,    u = 1,6     

 = 99800        = 101325 . -

        -

  (     )  ,   -

      .  

   u = 1,6     -

    – . .     . -

         -

 (  5.12   5.1).  
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 5.12 –       

    :      . 

 5.1 –   u = 1,6     

   

Ne,  r,   Gr, /  – ,  

3,3 112 40,7 2,1 

6,6 118,2 52,3 2,4 

9,9 130,8 63,6 2,25 

13,2 145,6 74,5 2,8 



136  
,  u = 1,6,     , -

   = 22  (Ne =  6,6 )    Gp ≈ 50 / ,  -

   = 111,1 .       69,1%  , 

. . 140,5 2.      f3  = 22,25 (  5.2). 

 5.2 –      

  u = 1,44 

   , % 

 ,  111 117,3 5,68 

 Т ,  814 843 3,56 

 ,  99,2 99,4 0,20 

 Т ,  339 338 0,29 

 ,  101,325 102 0,67 

/  1,021 1,024 0,39 

, % 11,9 9,54 19,80 

u 1,44 1,42 1,39 
 

      . 

 , ,     .     

      f3p    ( -

,    )    ,    -

.  

 ,         

 –        

 . 

, . .  , ( . .     

),        , . . ,  , -

   ,  . 
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         -

      . ,   , 

    .  , ,   -

     ,       (  -

 ).     ,   ,  

          

(  5.13). 

 

 5.13 –      

          

 ,  (  ,   )    

  .        

         

,         (  (2.73)) 

   (  5.14).  
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 5.14 –       

     . 

         -

, , - ,     , -

,     ,    

    .  

 ,    -

.        .  

  ,        -

,       .    -

,       –  

    . , -

 ,     (u = 1,51…1,58, G  = 119…130 / ) 

   (u = 1,6).  

,   ,      -

     (  5.2).  
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5.2          

  

    .    

      5.15. 

 

 5.15 –        

          – -

  .  ,    ,  

   -      -

 .     5%,   -

 ,     10%.     -

 , ,        –  -

    (  5.16). 
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 5.16 –   ,    -

,               

      2%.   

            11  

66    1  2,75 ,  –  0,21  1,55 .    

         5.17. 

 

 5.17 –       

   

    ,   -

    10%     25%      

. 
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 ,      

     5.18. 

 

 5.18 –    n = 2800 
-1

 

    3%    4%   

 (   ,  11 ,    

 15%   ,      ).  

         

        5.19.  

 

 5.19 –           

  . 
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   ,        -

       ,    ,  -

   . ,     (   

     )    . 

       -

  –       – G /N  (  5.20).   

 

 5.20 –   G /N   . 

    ,   -

    1 / .  ,       

    –  1,5  9    2800 -1
 

  3  15    3500 -1.        

      ,      

   , . .    -

. 

5.3         

    

          

      (  5.21). 
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 5.21 –    
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  ,     , -

 ,   ,       

5%,       -

   (6%)    (6,5%).   -

         -

     (20%).    

        ,  

   ( ,  ,   ) 

         -

.           -

 –      ,   -

  (  n = 3500 
-1).   ,    

    –    (   

 )     ( . .    -

).   
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    ,   -

,     .  

            

       

,    ,   

      . 

       

   -      -

,        -

  . 

    ,   

  ,      

   ,      

.          

     –      -

  –        .  -

   ,  , . 

          -

      ,    , 

,     . 

  ,  ,  , 

. .     , ,   , 

  ,       -

    ,     -
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,        .  , -

      . 

     ,  

  ,     -

  ,     

,    . 

   4 13/15      

:        . -

        -

        ,   

         -

           -

 .     ,   

        -

 .   

      -

  : 

1.          -

        -

       .  

2.        

    ,     

 ,   , ,  -

           -

 . 

3.        

    4 13/15:    

   – π  = 2,46     



147  
  – Δ  = 70 ,       – π  = 

1,96        – u = 1,44. 

4.      -

      ,    

     88%/12%.  

5.    ,  -

 ,   ,    -

    : 

        -    (π  = 2,37, Δ  = 72 , π  = 1,91, u 

= 1,71, π  = 1,15, Ne = 203 )   

        -       (π  = 

2,55, Δ  = 67 , π  = 2,03, u = 1,2, π  = 1,06, Ne = 211,5 ).  

6.    36%     -

    4 13/15     

         -

  ,    . 

7.      -

         4 13/15. 

8.          -

         -

 . 
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