
 
 
 

. . , . .  
 
 
 
 

     
     

 
 
 
  
 
 
 
 

 
 

 
 
 

 
2015 

 



      
 

   -   
 
 
 

 
 
 
 

. . , . .  
 
 
 
 
 
 

     
      

 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

  2015 
 
 
 



 2 

 
 

 66.047 
, . .      

    / . . , .  
; . . . . .- , 2015.  162 . 

ISBN    
 
      , 

,          
       . 
   ,  ,   

  ,     .  
      ,  

,  , ,    
 . 

   -    - , 
   «    », 

«  », « -     
 ,   »   

    .  ,    
   ,   

  ,        
     . 

 
. 51             . 49                 .: 26 . 

 
   -     

  -  . 
 

: 
 « ,    »  (  

  );   , 
 . .  (    

). 
 
                            

                                . .,  . , 2015 
 

                                                     «   
                                     -   », 2015 

 
 
 
 



 3 

 

 
 4 

 1.     5 
1.1.    5 
1.2.   6 
1.2.1.   6 
1.2.2. ,    6 
1.2.3.       7 
1.2.4.      29 

 2.     46 
2.1.    46 
2.2.    46 

 3.     47 
3.1.        47 
3.2.    -     64 
3.3.         79 
3.4.       89 
3.5.                

  
104 

3.6          
     

113 

3.7   -      125 
  139 

                                                                                                             141 
 

 
 

 
 



 4 

 
 

       
     . 

               , , 
 ,  , ,    

. .        , , 
      , 

     ,    -
 . 

      ,   , 
 , , ,    . .,  

     : , 
, ,    ,    

   ,      
     . 

 ,       - 
 ,         
 ,    -  , 

     -   
  . ,    

      . 
      

   :    ,  
,  –    ,  

   ( , , , ,  
 , ,   . .). 

      
    ,   

        
 . 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 5 

 1.     
 

1.1.    
 

        
    , . .       

         
   .  

        
        
    . 
        :  

-        ; 
-    ;  
- ;  
-          
  . 

   : 
-    ,    

  ; 
-   ,      

. 
       

. 
        

    ,     ( ), 
  ,    . 
 . 

      
 – ,    ,   , 

       .  
       ,   
       ,    
 . 

          
 . 
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1.2.   
 

1.2.1.   
 

       
 ,      [1-

3]: 
1.    : 
) ; 
) . 

2.       : 
) ; 
) ; 
)  . 

3.    : 
) ; 
)  . 

4.  ,   : 
) ; 
) . 

5.    : 
)      :  ,  
        
       
    ;  

)     :    
 ,      

   ,       
.         

. 
1.2.2. ,    

 
    ,   

    [1-3]. 
1.        

     , . .   
   ,    
 . 

2.         
        

 ,      .  
3.        

. 
4.      1     
   . 
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5.     /  3   
    ,     

 . 
6.        

      
 . 

7.       
    , ,   

. .        
   . 

8.        
        

. 
9.       1   
   . 
10.     . 

       
 ,      

. 
 

1.2.3.       
 
  

 
      . 

   ,     
,         

  , , , , ,    
. 

 . 1.1         
 [4].  

  4     (3-50)   
 .     8  9,    

     10  11.    
        . 

         
 ,    12     

.    4 – 6 / .     
  ,      
   . 

       1   
 .      .  
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. 1.1.   

 
   ,     7   
 .        , 

    .       . 
     2    3,   

      .  
  ,   ,   

 .        
  6,    5    

.     ,      
   .       

 ,        
   .  

       ,  
 ( . 1.2)    (   ), 

        
,        
 .  ,      
  . 

         
  .        , 

 .  ,     
 ,    ,  

     . 
     ,   

 ( , ). 
        

   ,    . 
 



 9 

 
 

. 1.2.     
 

    :  
 D = 1,0 ÷ 2,8 ;    L = 5 ÷ 14 ,    S = 8 ÷ 14 .  

      L/D = 5 ÷ 9.   
     6 ÷ 25 . 

     
   , . .  ,   1 3 

    — qw, / 3· .  
         

 W  =  7  ÷  15  %   W  = 0,3 ÷ 3,0 % (  ,   
, t1 = 800 ÷ 900 °C   t2 = 100 ÷ 150 °C)  
    qw = 100 ÷ 120 / 3 .     

90 ° . 
          (  20 – 30 ) 

 W  =  20  –  30  %   W  =  3  –  5  %  (t1 =  700  –  800  °C,  t2 =  60  –  100  °C)   
     qw= 50 – 65 / 3· .   

  100 ° . 
   1         
 ,   .    
     .   

    1      q = 3560—4600 
/  . 

        
 1       ,   

      .    
       

  .      
 ( ). 
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        [5]. 

     ( ,  , 
)       

-   .   
    . 

        . 
     ,    

    . ,     
   ,   ,  

   . 
    ( . 1.3, 1.4)  

  1  30 – 36 ,  1,4 – 1,7 ,  1,15 – 1,40 .  
     2   
  - .     -  

  5.     , 
 . 

       
       , 

    ;   ,   
,  ,      

   . 
     ,   

     - ,      
      . 

 . 1.3, 1.4       
  .      

  3     4    
     6    7, 

   .    
    ,   

 ,    . 
     10 – 20 .    

    .     
         

.      . 
         

         
        
 . 
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. 1.3.   .  : 
1 – , 2 –  , 3 –  , 4, 6 – , 5 – 

, 7 –   
 

. 1.4.  .  : 
1 – , 2 –   -  

 
 . 1.5        

           
.     ,    

,       
.     ,    

,        . 
          

, . .  ,     
  2

1
3

1   . 
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. 1.5.        
  : 

1 –  , 2 – , 3 –   , 
4-  , 5 –  , 6 –   , 7 – 

   , 8 –   
  

 
        
   85–90 %,       — 70 – 75 %  

    30 – 45 ° . 
         

          
110 – 140° .          

 ,    ,    
 . 

       
   -     

       -   
  . 
    .     

  ,  ;   
    –  -  

       .   
 -        

-          
 ,    .  

   -     
    , ,   

 ,      
   . 

    -    12 – 50   
  50 – 80 °   ,   
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 25–40 °        3000 –10 000 
3/ . 

        
    : 

-      ,   
- , — ,   ; 

-        —  
  ,   —  . 

     -  
,         

. 
   ( ) -   ,   
 . - ,     (  

  ),  ,  ,  
   .      

-     ,  - ,  
 . 

         
     ,    .   
         

.   
  

 
        

      ,  
      , 

      [6].  
     , , 
       

    .  ,     
        

   ,    
.  

  ( )       
 : 1)        

  ; 2)     ; 3) 
          
     .   
       ,  

    (  )   
  .     ,  
   .      
 . 1.6,a    ,    

    .      
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 .       
            

        .  
           

     ,   
     ,    

 .        
          

  .       
          

  ,     .  
         

   . 
      .  

       
   ,      

 .   ( . 1.6, )   
 1,2 – 2 .    2 – 5 .  

 ( )        
,      ,    

       .   
     ( . 1.7, )  

         
 ,    . 
         ,  

     4,     
 ,           
 .       

     3,    
 11,     7,     

    ,    
  .      , 

    ,    . 
        

    130 — 150 ° ,     –  600 — 800° . 
      200 – 250 , 
   2500 — 8000 / .     

( . 1.7, )     15 — 18 . , 
  ,        

   ,    . 
         
   .    

         
(  ). 

  . 1.8     
(     .16),   



 15 

  .     
  15,    ,  16 

         
   1,6 ,    17.    

  ,     18   
 19.  

        .   
    —  8,    

    6,      
  5     2,1 . 

      5430     
  600  (  )   320  

(  ).        
     20  -
 14 – 16 3/ .     .  

  .     
    560 °   ,   – 350 – 400  

 –  160 ° .  
      1,2  (12 ) 

       8   5.  
       

 6     .  
  – 1 – 1,2  (10 – 12 ).    14 

     ,   8    -
.       40 – 50 %, 
 ,      ,     
          

,      7%.   
 76 °        9,  

,    4,      3. 
     2,    1,  
  ,      .  
    7%    , 

   . 
        -

  10,     8   7. 
       9     

  -  12.  13   
 ,        

 .          
,  ,      11   

.
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          . 1.6.     : 
 – ;  –  ; 1 –  ; 2 – ; 3 – 

  ; 4 –   ; 5 – 
 ; 6 –  ; 7 –  

 ; 8 –   ; 9 – ; 10 – 
; 11 – - ; 12 –  ; 13 – 

  ; 14 –  ; 15 – ; 16 
–  ; 17 – ; 18 –    
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. 1.7.      : 

 – ;  –  ; 1 –    ; 2 –  
 ; 3 –   ; 4 –  ; 5 – 

 ; 6 – ; 7 –  ; 8 – 
- ; 9 –    ; 10 – 
 ; 11 –  ; 12 –  ; 13 – 
 ; 14 –   ; 15 –    

; 16 –    



 18 

 
. 1.8.     

 
        13,  

      14.    -
     ,   

.         
 . 

     
  . ( .4.14)   [20] . 

 
 

      
   

 
   [7] :  

  (    );   
    ;    

 . 
 . 1.9       
.        

 ( , ,  ,  
  ), ,   ( , 

, ).  
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 1.9.       : 1 – 

;  2 – ;   3 –  ; 4 –  ;  5 –   
 ; 6 – ; 7 –  ; 8 –  

 
    1  2    

  3   « » .    
 4           

      . 
      5, 
   ,  , -

 .      
 6   7,       
 ;       

 8. 
 ,  ,   

   (300—400 
),    (  

2000    1 2   )   
    

.     
 ,   . 

 . 1.10    
,    . 

    
    ,  

  ,       
   , 

  .  
   ,  

  ,   
    

 ,   . 
1.11.     

.1.10.  
  

      
: 

1 – ; 2 – ;  3 
– ; 4 – ;  5 – 

; 6 – ; 
7 –  ; 8 – 

  ; 9 – 
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   ,   
  (      

 ).  

 
 

. 1.11.      : 
1 – ; 2 – ; 3 – ; 4 – ; 5 –  

 
  ,      

     ,    
 ,   . 1.12 – 1.15.  

 
 

. 1.12.      : 
1 – ; 2 –  ; 3 –  ; 4 –   

; 5 –    ;  6  –  ;  7 – ; 8 – 
 ; 9 –  ; 10 –   ( -15); 11 

–  ; 12 –  ; 13 –  ; 14 
–   
 

         
       110.   

     2 2;     
   20     6    -
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  8%.       
 ,    . 
        

.1.13.  

 
. 1.13.          

   
 

          
8  2.   ,     

 30     5 ,  5%. 
          .  

     (3 × 1,2 )   . 
1.14. 

 
  
 
 
 
 
 
 
 
 
 
 
 

 
 

 
. 1.14.      :1 – ; 2 – 

 ; 3 –  ; 4 – ;5 –    
 ; 6 – ; 7 –  
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   1    2    3 
    4.     . -
    5   ,   -
    .   -

   .      300 . 
   1,5 . 

       
    15 / .  

  6 2 (2 × 3 ),  ,   . 
       

       
  .     

 .1.15.        
  ( ,    .). 

 
 

. 1.15.         
 :1 –  ; 2 –  ; 3 

– ; 4 – ;    5 – ; 6 –  ; 7 – 
; 8 –  ; 9 –   

 
  

 
      , 

       ( -  
 ).  ,   ( .1.16 )   
       .  

         
  .    

    .1.16 . 
       

  . 
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. 1.16 .    

  : 
1 – ; 2 – ; 3 –  

;  4 – ; 5 –  
; 6 – -  

. 1.16 .   
  

 

 
   

 
        
     , 
,  ,   . 

        
,    –  .    

      : - , 
,    , ;   

        
     . 

       
 .1.17.     :  

    ,      
      .  
 ,       
.     ,   
  , — - ,  

 ,     .  
     ,  , -  
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   ,    
  , . .      

 .     
    :   
        

 ;      
 ,      

   ;     ; 
      ; -

        
  . 
       

   .1.18,   1.18, .  
     –     

,          
 –  ( . 1.18, )   ( . 1.18, ) . 

 

                            
 

. 1.17.       : 
1 –   ; 2 – ; 3 –    

; 4 –  ;  5 –  ; 6 –  
 ; 7 – ; 8 –  
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. 1.18, .   
  
 :  

1 –    
; 2 – ; 3 – 

; 4 –   ; 5 – 
; 6 –  ; 7 

–  ; 8 – 
; 9 – ; 10 – 

   
 

. 1.18, .   
     

: 
1 –  ; 2 – 

 ; 3 – ; 4 
–  ;  5 –  ;  6  –  

 ;  7 –  
; 8 – ; 9 –  

 
 

 
  

 
         

    .     
         

 .   ,      
    .      – 
    ,   10 , 
     500 0 ,  100 0 ,  

0,5 – 1,5    1      10 – 40 / .   , 
   - ,     

,  ,     . 
     , 

        . 
  .1.19      
   . 

       1 ( . 
.1.20)    6  10 – 20 ,    3 
  ,    2.   

      -  8.  
 5          
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.1.19.   : 
1 – , 2 –  , 3 – 

, 4 –  , 5 
– , 6 –  , 7 – 

 , 8 – -
 

.1.20.   
: 

 : 1 – , 2 – 
, 3 –  , 4 –  

, 5 – , 6 –  
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  4 ( . .1.21).    7  
  .      
   . 

 
.1.21.  – : 

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

  : 
-       

 , . .  ; 
-        

    ; 
-    . 

: 
-   ; 
-       ; 
-   . 
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   -    
.1.22. 

 

 
 

.1.22.  - : 
1 –  – ; 2 –   ; 3 – ; 4 – 

   ; 5 – ; 6 –   ; 7 – ; 8 – 
   ; 9 – ; 10 – 
 ; 11 – ; 12 –   
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1.2.4.     
 

 
,       
   ,  .    

    [8]. 
       , 

         
   ,    

 . 
     : 

          1)         
; 

          2)         ; 
          3)    . 

          
  .      

 .        
      ,   

       
   . 

   
     ,   

.  .1.23  1.24   .   
    .     

     ,    
    .     
   . 

  .1.25      
 .       . 
          

 4,           
  .                    

1400 / 3 (1,2 106 a  /( 3 )).       
    ,     

  . 
 .1.26   . -     3  

       ( .1.26).  
   ,    , 
    .     

        
       .  
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.1.23.  :  
1 – ; 2 – ; 3 –    ; 4 – ; 

  5 –    ; 6 –  ; 7 –    
        ; 8 – ; 9 –   

 
. 1.24.  :  

1 – ; 2 – ; 3 –    ; 4 –   
 ; 5   ; 6  ; 7   ;  8 – 

; 9 –   
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. 1.25.  : 
1 –  ; 2 – ; 3 – ; 4 –   

 
     700 800°    

    « ». 
   ,   ,    

       . 
        1400 / 3  (1,2 

 106 /( 3 )).  
 

 
.1.26.  : 

1 –    ; 2 – ; 3 – ; 4 –  
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     ,   

  .    
      : 

                                                
T

p
H

T V
BQ

V
Qq   ,                                                 (1.1) 

     , /  ( 3/ ); p
HQ     

, /  ( / 3); V    , 3. 
       

       (350 1400 / 3, [(0,3 1,2) 106 
/( 3 )]).       

      . 
     200 700 °   
       
  (    =1,05 1,2)     

 . 
       580 / 3 

[0,5 106 /( 3 )].     1400 / 3 [1,2 106 
/( 3 )]. 

      , 
         , 

     , . .    
  ,       

 . 
    

  ,     
   ,     , 
  .      

     : )    
; )    . [8] 

  

    ,       
     ,   
  ,    ,  

   . 
          

 : 
1) ;2)    ; 

3) ,      
;4)  , , . 
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    5 / 2, [500  . .],   
  5  300 / 2      300 / 2. 

 
 
 

.1.27.      –1 – 6  
 :  – ;  – ; 1 – ; 2 –  ; 3 – 
  [8] 

) 

) 



 34 

     :  
 ,     

.      3  4500 3/ . 
 

    
        

    ,    
          1.  

      . 1.27. 
  1      .  
    .     

      Q  =  35,6  / 3 (8500 
/ 3)      = 1,05    

  10 / 2 [1  . .]    0,73 / 3.  
   100 / 2  (    –1   –

9)      4 140 3/ .   –7 –9  
 –1 –6  ,     . 

 ,       
  [19]. 

 
    

         
.  

     ,      
     ,  

    .  
   ( )   .1.28.    

  ,       
 (  3)    .   
    5  .   

       . 
  –1 – 9 ( .1.28)   [19]. 
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.1.28.      –7 –9  
  (    .25  ( .)): 

 – ;  –  

) 

) 
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.1.29.   1 9: 
1 – ; 2 –  ; 3 –  ; 4 –  ;  
5 –    

 

  ,   ,  
: , , ,    

   [9]. 
  ( , )   

   150 ° ,  ( , ,   
 200 300 °     –  200 350 

° . 
 ,     , 

    ,    
: 

                                        F=Q/(K t ).                                                                (1.2) 
          

 : 
                                          Q = Lc (t1 t0),                                                             (1.3) 

 t1, t0 —      , ° . 
     ,  
,      .  

       
    [23]: 

                                        = 1,162(2 + 7 ),                                               (1.4) 
 —     . 

     = L(1+x2)/fk  = 5 15 /( 2 ):  
    :  = 10( )0,42,  
   :                   = 10( )0,68 . 
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     7 12 /( 2 )  

  3 5 /( 2 )   . 
       

 ( .1.1, 1.2),      N = F/f     (f  
    , 2).    
         

 .    (   
     )   

 f       =  

g. ( )m.         
  .1.3.      

 . 
 1.1 

     

 1.2 
      

  F  
, 2 

 
 

 
 f , 2 

    
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

0,115 
0,154 
0,195 
0,244 
0,295 
0,354 
0,416 
0,486 
0,558 
0,638 

9,9 
13,2 
16,7 
20,9 
25,3 
30,4 
35,7 
41,6 
47,8 
54,6 

12,7 
16,9 
21,4 
26,8 
32,4 
38,9 
45,7 
53,3 
61,2 
69,9 

  
  

 
 

 
 

 
 

f , 2 

 
  

F  , 2 

 
 

f , 2 

 
  

F  , 2 
2 
4 
5 
6 
7 
8 
9 
10 
11 

0,0913 
0,153 
0,187 
0,227 
0,271 
0,318 
0,378 
0,431 
0,496 

9,77 
17,06 
21,71 
26,29 
30,05 
35,28 
41,89 
48,22 
55,84 

0,0913 
0,143 
0,182 
0,222 
0,271 
0,318 
0,375 
0,431 
0,475 

13,02 
20,78 
26,88 
32,65 
40,06 
47,04 
55,86 
64,29 
71,06 
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   F.    5%    

. 
 1.3 

       
     

  
b n e m M S 1m

1
 

 
 
 
 
 

12,1 
15,3 
10,0 
16 

14,2 

0,366 
0,351 
0,42 
0,439 
0,456 

0,122 
0,153 
0,175 
0,335 
0,43 

1,76 
1,69 
1,72 
2,01 
1,94 

1,25 
0,98 
1,04 
0,51 
0,426 

85 
85 
110 
112 
148 

0,362 
0,372 
0,368 
0,332 
0,34 

 

 
      : 

      Vp 3/ ;    
  , / 3;      
  t, . ;   ,   

: dm,   g ;     / 3; 
   / 3;     . 

       
 . 

1.   ,  .1.4    
   . 

2.      
                                             F=Vp/  .                                                              (1.5) 

3.   ,    N: 
                                             )N785,0/(FD .                                                  (1.6) 

      .  
    : 200: 300; 400; 500; 600; 700; 800; 

900; 1000; 1200; 1400; 1600; 1800; 2000; 2400  3000 . 
4.       
                                               = Vp/(0,785ND2) .                                                   (1.7) 

          15%. 
5.   .3.4   , 

   .  
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 1.4 
,     

 -24 -15  -15 -11 - -33 - -34 - -34  
T
50d  8,50 6,00 4,50 3,65 2,31 1,95 1,13 

Tg  

, /  

0,308 

4,5 

0,283 
3,5 

0,352 
3,5 

0,352 
3,5 

0,364 

2,0 

0,308 

1,7 

0,340 

2,0 

500  75 165 155 245 520 1050 — 

500  80 170 163 250 600 1150 2800 

: 1.  T
50d ,   ,  

    :       
/ ;   D = 0,6 ;    = 1930 / 3;  

   =22,2.10-6 . .  
2.    500 , 500    

   500     (  
« » ,      ,  « »—  , . . 

  ). 
 

   (   )    
  : 
                                              3

,
50021 ,                                         (1.8) 

 ,
500  —   ,   

. 3.4; 1 —       ( . 1.5); 
2 —      (  . 3.6); 3 — 

,    ,   
    ( . 1.7).    3 =0. 

 
 1.5 

  1     
  

D,  -11 11 -15. -15 , -24 - -33, ( - -34, 
- -34  

150 
200 
300 
450 
500 

0,94 
0,95 
0,96 
0,99 
1,0 

0,85 
0,90 
0,93 
1,0 
1,0 

1,0 
1,0 
1,0 
1,0 
1.0 
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 1.6  
 

  2    (D=500 ) 

, 103 / 3   
0 10 20 40 60 120 150 

-11 1 0,96 0,04 0,92 0,90 0,87 0,85 
-15 1 0,93 0,92 0,91 0,90 0,87 0,86 
-15y 1 0,93 0,92 0,91 0,89 088 0,87 
-24 I 0,95 0,93 0,92 0,90 0,87 0,80 
- -33 1 0,81 0,785 0,78 0,77 0,76 0,745 

- -34 1 0,98 0,947 0,93 0,915 0,91 0,90 
- -34  1 0,99 0,97 095 — — — 

 
 

 1.7  
  3    

   3 
 ,    

 ,     
 .       

 ,        
 .      

 

60 
35 
 

28 
60 

 
6.    : 

                                             
2

2
  ,                                                              (1.9) 

     ,     
    . 

7.   . 1.4   ( T
50d  Tg ),   

 d50    (  ,  ,  
,   )   

                          /)/(/)D/D(dd T.T
T
5050 .                             (1.10) 

8.      

                               22
50m gg/d/dgx  ,                                       (1.11) 

  dm  g    . 1.3[11]  
9.   . [24]  ( ),    

  ,   .    
     .    , 
,         

  .    
   . 1.8. 



 41 

. 1.30.    
 

 1.8 
  (    )  

   ( . 1.30) 
   

-15 -15  -24 -11 
    d 
   

 d1  
     
 (  ) b  
    

  (  ) b1 
    
    Dcp 
   h   

     
    

       
(  )   

   h   
    
 H  
   H   
    

  h   
   H 

0,59 
 

0,3-0,4 
 

0,2 
 

0,26 
0,6 
0,8 
0,1 

 
15  

 
0,66 
1,74 

 
2,26 
2,0 
0,3 

 
4,56 

0,59 
 

0,3-0,4 
 

0,2 
 

0,26 
0,6 
0,8 
0,1 

 
15  

 
0,66 
1,5 

 
2,26 
1,56 
0,3 

 
3,31 

0,59 
 

0,3-0,4 
 

0,2 
 

0,26 
0,6 
0,8 
0,1 

 
24  

 
1,11 
2,11 

 
2,26 
1,75 
0,4 

 
4,26 

0,59 
 

0,3-0,4 
 

0,2 
 

0,26 
0,6 
0,8 
0,1 

 
11  

 
0,48 
1,56 

 
2,26 
2,0 
0,3 

 
4,38 

 

 



 42 

 
   ,   

         
15000 .        .  

    –  1000 ,  – 1000 3000 , 
 – 3000 15000 .     

      ;  –   
     .  

,  ,   : 

                                       
g

P
H ,                                                         (1.12) 

 P  –      (  ), 
; -  , / 3; g = 9,81 / 2 –   . 

   P    (  ) 
  : 

          P = P + P . + P + P + P + P  ,                                  (1.13) 
 P  –        ; 

P .  –       ; P  
–     ; P  –    

   ( P =100 200 ); P  –  
      ; P  –  

     . 
        

      [9]. 
,  ,   : 

                          
L

N
1000

,                                                         (1.14) 

  L =L(1+x2)   –    ,  / ; 
           –     (0,5–0,6). 

   : 
                     N = N   ,                                                                   (1.15) 

  =1,1-1,25 –      . 
     [9]. 

 
  

        
   .      
       : , 

 ( ) .1.31 , .     -
     (  , 

,    .),      
. 
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. 1.31. : 
 -   ( );  –  ( ) 

 

  ( .1.31, ) 

 : 

                   G=15  n D L     / ,                                              (1.16) 

  n –  , / ;  D  –  , ; L  –  , 
;  - ,       

  , =0,85;  -    
, =0,8-0,9. 

 

 

L  

D  

a) 

SS D

L
)
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 1.9 

  
   I  

 I -100  I -150  I -250  I -450 

, 3/  
 ,  

 , 3 
  ,   

                                    /  
 ,  

0,14–1,34 
100 

0,0012 
 

2–19 
0,8 

0,4–3,7 
150 

0,0033 
 

2–19 
0,8 

1,46–14,2 
250 

0,0126 
 

2–19 
1,1 

5,9–55,8 
450 
0,05 

 
2,1–20 

2,2 
 

  ( .1.31, ) 

: ,      
 .  

:   ,  
,        

. 
       ,  

   .      
       

  .  ,  ,   
 ,        

  20 . 
     ( / ): 6; 7,5; 9,5; 11,8; 15; 19; 23,6; 

30; 37; 47,5; 60; 75; 95,5; 118; 150; 236; 300. 
 . 1.10     
 1    .  

 1.10  
    1 

 
 

D ,  

 
100 

 
125 

 
160 

 
200 

 
250 

 
320 

 
400 

 
500 

 
650 

 
800 

 
 

S,  

 
100 

 
125 

 
160 

 
200 

 
250 

 
320 

 
400 

 
500 

 
650 

 
800 

 
   : 

                            /KnS
4

D60G
2

,                                   (1.17) 

 G –  , / ; D  –  , ;       – 
  , / 3;  S  –   ,  ;   –  
 , =0,25 0,4; n –   , / . 

         : 
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                               D (10 12)d    ,                                                   (1.18) 
 d  –    . 

                               D (4-6)dmax   ,                                                     (1.19) 
 dmax –    . 

  

                          
1000367

)sinW(GL
N o    ,                                   (1.20) 

 W  –    ,   . 1.11; 
 -      ("+"  –    ,   " " – -

  );    0 ; 5
 
;10

 
; 15

 
; 20

 
.  

 
 1.11  

  W  

     W  
   

 
   

 
   

 
   

 

 , , 
  

, , ,  
 
,  , 
  

, , ,  
,   

 
1,2 

 
1,6 

 
2,5 

 
4,0 
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 2.     
 

    :  
    ,   

 ,     .  
       

,  ,   . .    , 
      . 

 
2.1.    

 
   , / : 

                                          k
k 100

100
GG  .                                              (2.1) 

   , / : 

                                           
100
100

GG  .                                              (2.2) 

 ,    , / : 

                       k

100
GW        k

k 100
GW  .                      (2.3) 

  : 
                                                W = G   Gk .                                                       (2.4) 

        , 
       : 

                                            
100

GW ,                                               (2.5) 

  G  –      , / ;    
,  –      , %;   

aa , -      , %. 
 

2.2.    
 

   ,   ,   
  ( ,    

  . .),       
     I–d , 

    . 
        , 

        .  
  ,        

      ,   . 
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     : 
                   Q  = Q  + Q  + Q  + Q  + Q  ± Q  + Q  / ,                        (2.6) 

 Q    Q  –         
; 

         Q   Q  –         
 ; 

          Q  –        ; 
          Q  –    (     ); 
          Q  –        ( , 

   . .)   . 
 -     I – d  

      1   .    
 (2.6)   : 

                       q  = q  + q  + q  + q  + q  ± q  + q  / .                        (2.7) 
       

       . 
 

 
 3.     

 
3.1.        

 
 

 
       

 9000 /    . 
    

  G2 = 9000 /  
   1 = 7 % 

    2 = 0,5 % 
   t = 16 0  
   t = 90 0  
      

  
t = 800 0  

       
 

t  = 98 0  

     0 = 0,8 / .0  
 –     ,  

. 
       

 t0 = 20 0C 
   0 = 70 % 

 d0 = 10 /  
. . 
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    .    
    .   
        . 

   – . 
 

     
 

  ,    
G1 = G2  + W, 

 W –   , G2 –    
 . 
W = G2 ·( 1 –  2)/(100 – 1) = 9000·(7 –  0,5)/(100 – 7) = 629,03 / , 

   G1 = 9000 + 629,03 = 9629,03 / . 
  ,      , 

W . .= 1·G1/100 =7·9629,03/100 = 674,03  / . 
 ,    ,  

W . .= 2 ·G2/100 =0,5·9000/100 = 45  / . 
  ,      

 ,      , . . 
 ,   1 3    . 

      mo =  88  / 3· · [15]   
. ( . 4.13). 
    

V  = W/mo = 629,03/88 = 7,15 3. 
      -

, . . ,     . 
         L/D = 
3,5÷9.        6,5    

. 
V  = S·L  = L · ·D2/4 = 6,5 D ·3,14·D2/4 = 5,1 D3 , 

D  = (V  /5,1)1/3 = (7,15 /5,1)1/3 = 1,12  
 D  = 1,2 . 

    
V  = 5,1·D3  = 5,1·1,23 = 8,8 3. 

       
S = ·D2 /4 = 0,785·1,22 = 1,13 2. 
L  = V / S  = 8,8/1,13 =7,79  

    L = 8 ,   L / D  = 8/1,2 
= 6,6,   .      

  1,2×8 ,  9,04 3.  
        
   

G2 = W· (100 – 1)/( 1 – 2), 
 W = mo·V  . 
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G2 = 88·9,04·(100 – 7)/( 7 – 0,5) =11382 / . 
       

mo = 9,04·(100 – 7)/(( 7 – 0,5)(11382)) = 88 ( / 3· ) 
 

   
 
        

:  ,   ( .3.1). 
 

  3.1 
  , . % 

CH4 C2H6 C3H8 C4H10 C5H12 CO N2  
85,73 3,77 1,1 0,1 0,05 0,05 0,2 100 

 
        =1,2.  
      1,0 % .    

    . 
CH4  = CH4 ·(100 – Wp)/100 = 85,73·0,99 = 84,87 
C2H6  = C2H6 ·(100 – Wp)/100 = 3,77·0,99 = 3,73 

C3H8  = C3H8 ·(100 – Wp)/100 = 1,1·0,99 = 1,09 
C4H10  = C4H10 ·(100 – Wp)/100 = 0,1·0,99 = 0,099 

C5H12  = C5H12 ·(100 – Wp)/100 = 0,05·0,99 = 0,0495 
CO2  = CO2 ·(100 – Wp)/100 = 0,05·0,99 = 0,0495 

N2  = N2 ·(100 – Wp)/100 = 0,2·0,99 = 9,112 
    . 3.2. 

 
 3.2 

  ( ) , . % 
CH4 C2H6 C3H8 C4H10 C5H12 CO2 N2 W  

84,87 3,73 1,09 0,099 0,0495 0,0495 9,1 1 100 
 

      . . . 
Q  = 358,2CH4 + 637,5C2H6 + 912,5C3H8 + 1186,5C4H10 + 1460,8C5H12  / 3, 
Q  = 358,2·84,87+637,5·3,73+912,5·1,09+1186,5·0,099+ 1460,8·0,0495 / 3, 
Q  = 33963 / 3. 

       
L0 = 0,0476(2 H4+3,5C2H6+5 C3H8+6,5 C4H10+8 C5H12) 3/ 3, 

 L0 = 0,0476(2·84,87+3,5·3,73+5·1,09+6,5·0,099+8·0,0495) = 9,01 3/ 3. 
    d = 10 /  . ., 

        
  

L'0 = (1+0,0016·d)· 0  
3/ 3,  

L'0 = (1+0,0016·10)·9,01 = 9,15  
3/ 3. 



 50 

        
  =1,2. 

   L = L0 = 1,2·9,01 = 10,812 3/ 3, 
   L' = L'0 =1,2·9,15=10,98 3/ 3. 

         
   =1,2. 

 V(CO2)= 0,01(CO2 + CH4 + 2C2H6 + 3C3H8 + 4C4H10 + 5C5H12), 3/ 3, 
 V(CO2)=0,01(0,0495+84,87+2·3,73+3·1,09+4·0,099+5·0,0495) = 0,96, 3/ 3, 
 V(H2O)=0,01(2CH4 +3C2H6 +4C3H8 +5C4H10 +6C5H12 +H2O+ 0,16d·L ), 3/ 3, 

V(H2O)=0,01(2·84,87+3·3,73+4·1,09+5·0,099+6·0,0495+1+0,16·10·10,812) 
= 2,04 3/ 3. 
 V(N2)=0,79·L +0,01· N2  

3/ 3, 
 V(N2)=0,79·10,812+0,01·0,112 = 8,63 

3/ 3, 
 V(O2)=0,21·(  – 1) ·L0 3/ 3, 
 V(O2)=0,21·(1,2 – 1) ·9,01 = 0,378 3/ 3. 
      
 V = V(CO2) +V(H2O) +V(N2) +V(O2),  
 V = 0,96 +2,04 +8,63 +0,378 = 12,01 3/ 3. 
      
 O2 = V(CO2) ·100/ V  = 0,96·100/12,0 1= 7,99 %, 
 H2O = V(H2O) ·100/ V  = 2,04·100/12,01 = 16,98 %, 
 N2 = V(N2) ·100/ V  = 8,63·100/12,01 = 71,86 %, 
 O2 = V(O2) ·100/ V  = 0,378·100/12,01 = 3,17 % 
  3         

  ( / 3)   ( . ., . 4.15).  
     100 3    =1,2. 

               49,1487
053,0100 = %0035,0  

        
  : 

i  = V
Q

= 01,12
33963

= 2828 / 3. 

        = 
0,75. 
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'i = i = 75,02828 = 2121 / 3. 

 3.3 
    

  %   % 
        

CH4 = 84,87·0,717 60,85 4,09 O2 =100·0,96·1,977 189,792 12,76 
C2H6 = 3,73·1,356 5,06 0,34 H2O = 100·2,04·0,804 164,016 11,03 
C3H8 = 1,09·2,02 2,2 0,15 N2 = 100·8,63·1,251 1079,613 72,58 

C4H10 = 0,099·2,84 0,281 0,02 N2 = 100·0,378·1,429 54,016 3,63 
C5H12 = 0,0495·3,218 0,16 0,01  +0,053 +0,00356 
CO2 = 0,0495·1,977 0,098 0,01    

N2 = 9,112·1,251 11,399 0,77    
H2O = 1,0·0,804 0,804 0,05    

      
O2 = 189,21·1,2·1,429 324,46 21,81    
N2 = 711,79·1,2·1,251 1068,54 71,84    

H2O=0,16·10·1,2·9,01·0,804 13,91 0,94    
 1487,49 100,00  1487,49 100,00 

 
 I – t  ( . 3.1)      

 = 1,2,   t  = 1360 º . 
   .  

         
t = 800 º .    ,   , 

   ,   . 
     ,   

     ( 3/  1  )   20 º , 
   = 0,9. 

âîç
20îáù i9,0i V

x'L
= âîçä

800
äûì
800 ii V

x , 

 20i = tc = 2030,1  = 26 / 3 

800i  = 1110 / 3 ( . . 4), 800i = 1185,3 / 3 ( . . 4) 

 

26
01,12

õ98,109,02828 = 1110
01,12

õ3,1185  

38,15x  3/  . 
  ,        

''L = x'L = 10,98 + 15,38 = 26,36 3/ . 
    

=
0'L
''L

 = 15,9
36,26

 = 88,2 . 
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.3.1.  I – t –     

 
 

         
       . 

d = 
2OV429,1

2NV251,1
2COV977,1

O2HV804
 /  . ,  

 V(H2O), V(N2), V( 2) –     
   = 2,88.  V( 2)      
. 

2COV = 96,0  3/ 3, 

O2HV = )L0d16,0OH12H5C610H4C58H3C46H2C34CH2
2

(01,0  3/ 3, 

 L = îáù0L = 88,201,9  = 36,26  3/ 3. 

O2HV = )36,261016,010495,06099,0509,1473,338,842(01,0 = 2926,2 3/ 3, 

2NV = 201,079,0 NL  3/ 3, 

2NV = 112,901,036,2679,0  = 915,20  3/ 3, 

2OV = 0L)1(21,0  3/ 3, 
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2OV = 01,9)188,2(21,0  = 5557,3  3/ 3, 

d = 5557,3429,1915,20251,196,0977,1
2926,2804 =56 / . . 

 
    
   I – d  

 
       I – d 

   .3.2.     
      : t = 800 0   d  

= 56 /  . .,     B –   . 
         

 ( . .15) t0 = 20 ºC, d0 = d = 10 /  . .,   
    .      , 

  B,       
 .    .    

  (I = const)    . ,   
         : t = 

98 º , I  = 1085 /  . . 
  I – d       d2 =  364  /  

. .       : 

G = d2d
W1000 = 56364

03,6291000 = 3,2042   . ./ . 

         
 ,       

            
  . 
    : 

Q = QQ  / . 
      : 

Q = )tt(cG ì
í

ì
êì2 , 

  –      . 

= 100
2,4

100
100

0
êWêW

ñ  / ·º , 
 0 –    ; 0 = 0,8 / ·º , 

= 100
5,02,4

100
5,01008,0 = 817,0  / ·º . 

 
Q = )1690(817,09000 =544122 / . 
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. 3.2.        
 I – d  

 
        ,  

1=100 / 2·º  (        
    ). 

Q = 

2
2S

1
1S

2

1

1

1

)tct(S6,3
, 

 )tt( -        
 ; 

S1 –   . 
        5 ÷ 20   

   . 
  S1= 6   D  = 1200 . 
S2 –   ,      30 

 50 ,    . 
  S2 = 40 . 

1, 2 –      , 
 1 = 58,2 /( ·º ); 
 2 = 0,20 /( ·º ). 
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 2 –        
 ,       

 12÷15 /( 2·º ). 
  2 = 12 /( 2·º ). 

      S : 
S = ÁÀÐ

ÑÐ
ÁÀÐ LD , 2, 

 D  -   ,  
        L  –  . 

      :  
D = 21 S2S2D = )SS(2D 21 = )04,0006,0(22,1 = 1,1 , 

D  = 2/)108,12,1(  = 1,2 . 
      : 

S  = 8154,114,3  = 29 2. 
      : 

t = t

tt

tt
lg3,2

)tt()tt(
. 

 t  –     . 
t = )(3

2 ìì
ê

ì
íttt , 

t = )1698(16 3
2 = 66,70  º . 

 
t = 66,70

9098
16800lg3,2

)9098()16800(  = 1,240  º . 

        
      

Q =
12
1

2,0
04,0

2,58
006,0

100
1

)201,240(988,246,3
= 66,78275  /  

 ,        
Q  = QQ = 66,78275544122 = 66,622397  / . 

  Q,        

I =
G

Q
= 3,2042

66,622397
= 3,304  /  .  

      I – d  
  .  I – d    

I  (304,3 /  . .)   0      D, 
     . 

  BD    .   
   ,   ,   
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 .   t  = 98 º     
  . 

        dK  I – d 
.  DK = 278 /  . .  

      I – d    
   : 

G = dd
W1000

 = 56278
03,6291000

= 5,2833   . /  

     
CQ = Ì

Í0ÍÃÀÇ Wt2,4)I'I(G , 
 I’  –  ,   , I’

   
I – d    ’’  t  = 800 º   d0 = 10 /  . . I’

 = 907 
/  . ; I0 =  I  –   , I0 = 44 
/  .  

   
CQ = 1603,8292,4)44907(5,2833  = 7,2403039  / . 

           = 0,9 

TQ =
cQ

= 9,0
7,2403039 = 1,2670044  /  

   

=
Q

Q
= 33963

1,2679944 = 6,78  / . 

 
    

 
      ,   

      ,    
 ,     ,    

. 
       

 ,      
      G . .      

 ,    G . . 

CG = WG)d001,01( H = 03,6295,2833)56001,01(  = 2,3621  / , 

G = OH
îáù
OH 22

VB = 804,029,26,78  = 7,144 / . 
          

. 3.4.  
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 3.4 
    

   
/  % 

 
/  % 

  
 

9629,03 76,38 1.  
 

9000 71,39 

   
 

2833,5 22,47 2.   3621,2 28,72 

    
 

144,7 1,15 3.  -13,97 - 0,11 

 12607,23 100  12607,23 100 
 

    
 

       
    . 

  : 
-    : 

Q = Ð
ÍQB  = 339636,78 = 8,2669491  / . 

- ,  ,       
 : 

Q = BI''L Â = 6,7826162,26 = 7,53464  / , 
 I = Âtñ = 203,1 =26  ( / ) 

  : 
-       . 

Q = W)t2,4t97,12493( Ì
Í

ÃÀÇ
Ê , 

 2493 /  –     0 º ; 
       1,97 / ·º  –   ; 
       4,2 / ·º  –   ; 

Q = 03,629)162,49897,12493( = 5,1647341  / . 
-     ,   , 

  . 
Q = ÓÕ0ÎÁÙ IB)V'L( , 

 I  –      .    I 
– t   t  = 98 º    I  =108 / 3. 

V -        , 
   

V = 0'LV = 15,92,101,12 = 03,1  3/ 3. 
  

Q = 1086,78)03,115,988,2(  = 3,232440  / . 
    

Q = )1( Ò
Ð
ÍQB = )9,01(339636,78 = 2,266949  /  
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 ( .3.5). 

 3.5 
    
     

 /  /  
. 

% 
 

 /  /
 . 

% 

1.   
, Q  

2669491,8 4243,8 98,04 1.   
, QM 

544122,0 865,02 19,9 

2.  - 
  

53464,7 84,99 1,96 2.   
 ,Q  

78275,66 124,44 2,8 

    3.   
   
  

, Q  

164734,15 2618,86 60,5 

    4.   
  

, Q  

232440,3 369,52 8,51 

    5.   
, Q  

266949,2 424,38 9,9 

    6.  
 

-46172,1 -73,4 -1,69 

 2722956,5 4328,7 100  2722956,5 4328,79 100 
 

    1    

W
Q

q = 03,629
8,2669491

= 8,4243  . 

  q = 3700 – 5000   t = 400 ÷ 800 º . 
    1    

b =
W

= 03,629
6,78

= 124,0  3. 

     

= q
Q

= 8,4243
86,2618 = 62,0 . 

       0,6 ÷ 0,8. 
 

        
 

     : 

=
)(200m

120
21

21

0

, 

  –   ,   = 0,1÷0,3.  
=0,2; 
 –      ,     
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=
2

5,07
2

21 = 3,75 %. 

 

=
75,3100

1001200
100

100 = 1246,7 / 3; 

C –    ,  C =1200 / 3 [13]. 
= )5,07(200

5,07
88

7,12462,0120 =12   = 720  

        

n = tgáàðD
áàðLA

, 

  – ,        
;       = 0,4÷0,65,  –   , 

 = 0,5 – 6º,   = 4º.  
   

n = 42,112
86,0
tg = 8,4  / . 

     1 ÷ 9 / . 
,    ,     

 . . . 
N = nLD0013,0 Á

3
Á , 

  –  ,       
  .   = 0,2    (  

)  = 0,038. 
  

N =  7,1246038,08,482,10013,0 3 = 08,4  . 
  ,    ,   

  0,75   40 .     1,2   
  6  10        4  

 8 . 
 

     
 

 
 
        , 

     .   
        

 q,        
    .     
        .  

      1400 / 3.  
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Ò
V

ð
íQB

q  / 3. 

     q = 900 / 3,  
   . 

TV = q
ð
íQB

= 900000
339636,78 = 97,2  3 

           
,       (    

2      1 );        
 [8]. 

    
 
         

       . 
       

     [8].      
        
   « » ( .3.3)   

1,4  365 3/    . 
 

 
. 3.3.     « »: 

1 – ; 2 –  ; 3 –  ; 4 –  ;  
5 –    

 
       

      0,7  1,4       25  50 / 3 . 
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      = 78,6 3/     -
6   . 3.4  . 3.6.  

 
. 3.4.           

 
   : 

 –  16,1  182 3/ ; 
   = 1620 ; 
     = 2950 ; 
   D  = 50 ; 

  Q = 38 . 
                                                                                            3.6 

    –1   – 9   
 « »,  

          

-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9  

340 
340 
340 
340 
450 
450 
560 
560 
680  

410 
410 
410 
410 
580 
580 
650 
650 
760  

310 
310 
310 
310 
460 
460 
540 
540 
620  

370 
370 
370 
370 
520 
520 
600 
600 
700  

430 
430 
430 
430 
600 
600 
680 
680 
790  

210 
210 
210 
210 
310 
310 
215 
215 
265  

105 
220 
260 
290 
330 
365 
410 
460 
500 

160 
170 
105 
215 
240 
260 
290 
325 
355  

204 
204 
204 
204 
356 
356 
438 
438 
523  

 

      
      : 

'V = B'L = 6,7898,10  = 863 3/ . 
      

(  tC = 20 ) 
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t'V = 273

)273ct(âîçä'V
= 273

)27320(863  = 2,926  3/  
       

 [9,15],     
,     .  ,   

         
 .      = 1620  ( . 

 )       
   9-57 3,           

 = 0,5,    = 240 / . 
       

.       
  ,        

. 
    : 

N =
ÏÂ

10003600
tPt'V

= 98,05,010003600
16202,926

= 85,0  , 

  = 0,98 –    (     
 ). 

       =1,15,            
     

N = 85,015,1  = 98,0  . 
     ,   1-2,  1 

,  = 240 / .  

       
 

       ,   
 ,          

  . 
   ,    

      
B'V = âîçä0îáù VB'L  = 2,9266,7815,988,2  = 1145  3/ . 

       : 

t''V = 273

â
ñìt273

B'V = 273
202731145 = 9,1228  3/ . 

        
    = 1000 .  t = 900 . 

   [9]    9-57 3   = 0,6, 
=180 / . 
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N =
ÏÂ

10003600
tPt'V

= 98,06,010003600
9009,1228

= 52,0  . 

        k = 1,15  
     

N  = ÄÂNk  = 52,015,1  = 6,0  . 
        31-2,  

0,6 ,  = 299 / . 

 
         

 : -11; -15; -15   -24 [6]. 
   -15       = 15º. 

        
     . 

  ,    ,     
         

. 

CMV =
ñì
cìG

, 

    -    . 
  I – d   t = 98 º   d  = 278 /  . .  

        =33325 . 
 

98273
333250013,0353

t273
P0013,0353

ãàç
ê

ï
ñì

= 834,0  / 3 

    

CMV = 834,0
2,3621

= 6,4331  3/ . 
       
         , 

  . .   
         

 gcì
P  = 60     400     

   = 1600 3/ . 
           

 V  = 4331,6 3/       

N =
1600

6,4331V
= 71,2 . 

 3  -15,   400 .  
      

 = ÑÌ650  = 834,0650  = 540 . 
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 .  

     50 %    , 
  : 

V = 5,1Vñì = 5,16,4331  = 4,6497  3/ . 
       

 ,    .  
   ,     

    :  
        – 100 ; 
  – 200 ; 

          – 
50 ; 

  – 540 ; 
       

  .. = 890 . 
        

 40%      . 
  

.. = 4,1890  = 1246 . 
   V  = 4,6497  3/ , .. = 1246 , t = 98 º  

      -6  =145 / ,  = 0,67 [9]. 
     : 

N =
ÏÂ

ÑÓÄÛÌ

10003600
ÐV

= 98,067,010003600
12466497 = 43,3  , 

  –     0,98. 
        k = 1,15, 

     
N  = ÄÂNk = 43,315,1  = 95,3  . 

     2  2-41-4, 
 4 , =150 / .  

 
3.2 .   -     

 

  -     
(NH4H2PO4)  15000 /    .  

    
    15000 /  

    d  = 1,5  
      = 18 % 
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   n=4 /  
   2 = 1,5 % 
   1 = 18 0  
       2 = 65 0  
  NH3 : H3PO4 1 : 1 

      t2 = 110 0  
      –   

 
        

    :  ,  
     ,  ,   
  ,      

,   . 
                   

10–15o     ,     
       .   
   20–40o     . 

 
     

    
 

      
     [10].    

  (  ),    , , 
 . 

        
   .     

   ,        
      . 

      : 
         ; 
 -    ; 
  ; 
  ; 
    ; 
     . 

   ,   , 
       

  [10]: 

                             
n

ocp bmexpdd  ,                                                (3.1) 
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 dcp     , ; do     
, ;     , / ; b    
, /  ; m, n,    . 

 
       

 
   1    . 

                   
 pH 4,5 5,0    .  

   NH3:H3PO4=1    
   : 
                            NH3 + H3PO4 = NH4H2PO4 
        

 ,       10 %  
(       ): 

                            NH4H2PO4 + NH3 = (NH4)2HPO4 
      -

     : 
 H2SO4 + 2NH3 = NH4HSO4 
 H2SO4 + 2NH3 = (NH4)2SO4 
 H2SO4 + NH3 + NH4H2PO4 = NH4HSO4  NH4H2PO4 
 H2SiF6 + 2NH3 = (NH4)2SiF6 

        . 
C          

     ,      
P2O5. 

   
 

1. ,    ,  AlPO4  2H2O: 
                               2AlPO4  2H2O  Al2O3 + P2O5 
                                     2  158             102     142 
                                         y1                8       x1  , 

   158; 102; 142 –   AlPO4  2H2O; Al2O3; P2O5; 
 8 –  Al2O3  1   , . 

 P2O5       : 
                    x1 = 8 142  = 11,3  P2O5                                                   

  :       
                   y1 = 8 2 158 102 = 25  AlPO4  2H2O                                           

2. ,    ,  FePO4  2H2O: 
                                FePO4  2H2O  Fe2O3 + P2O5 
                               2 187                160      142 
                                       y2                    12        x2  , 

 187, 160 –   FePO4  2H2O, Fe2O3;  
12 –  Fe2O3  1  , . 

 P2O5       : 
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                                 x2 = 12 145/160 = 10,6  P2O5                                                
  :     

                                 y2 = 12 2 187/160 = 28  FePO4  2H2O                             
3.    (NH4)2SO4: 

                                      (NH4)2SO4  2NH3 + SO3  
                                             132          2 17      80 
                                               y3            x3        20  , 

  132, 17 80 –   (NH4)2SO4 , NH3, SO3;  
20,0 –  SO3  1   , . 

 NH3    : 
                                 x3 = 20 2 17/80 = 8,5  NH3                                             

   : 
                                 y3 = 20 132/80 = 33  (NH4)2SO4                                     
4.  (NH4)2SiF6 

                                   (NH4)2SiF6  2NH3 + 6F 
                                         176            2 17    6 19  
                                           y4              x4     16,5  , 

  176; 19 –   (NH4)2SiF6, F;  
16,5 –    1   , . 

 NH3     (NH4)2SiF6: 
                                 x4 = 16,5 2 17/6 19 = 5  NH3                                          

  : 
                                 y4 = 16,5 178/6 19 = 25,8  (NH4)2SiF6                                   
5.        

: 
                                 11,3 + 10,6 = 21,9  P2O5                                                 
6.     (   

) : 
                                468,2 – 21,9 = 446,3  P2O5 .                                              
7.   NH4H2PO4: 

                               2NH4H2PO4  2NH3 + P2O5 
                                 2 115               2 17       71 
                                   y5                    x5     1 418,2  , 

  115   NH4H2PO4. 
 NH3   : 

                               x5 = 1 418,2 2 17/142 = 100,13  NH3 .                           
  : 

                              y5 = 1 418,2 2 115/142 = 677,4  NH4H2PO4                   
8.   (NH4)2HPO4: 

                            (NH4)2HPO4  2NH3 + 1/2P2O5 
                                  132              2 17         71 

                                    y6                 x6       0,1 418,2  , 
   132   (NH4)2HPO4. 

   : 
                               x6=0,1 418,2 2 17/71=20,03  NH3                                    
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  : 
                               x6=0,1 418,2 2 132/71=77,75  (NH4)2HPO4 .                    
9.        pH 4,5 5,0: 
                            8,5+5,0+100,13+20,03=133,66  NH3                                  

 NH3:P2O5= 133,66/468,2 = 0,285      
 . 3.7               

. %.  
         : 

               [(1000+133,66) 866,95] 100/1133,6=23,5 % , 
  1000 –   , ; 133,66 –  , ;   

 866,95 –    , ;  1133.6 –  , . 
 

 3.7 
   

 
  . % 

NH4H2PO4 
(NH4)2HPO4 
FePO4 2H2O 
AlPO4 2H2O 
(NH4)2SO4 
(NH4)2SiF6 
H2O 

677,4 
77,75 
28 
25 
33 
25,8 
133,05 

78,1 
9 

3,2 
2,9 
3,8 
3 

0,0 
   866,95 100 

 
   ,    P2O5  
      ( -  

).   P2O5   
, ,     . 

       , 
       
     3:1. 

C    :  P=
bc

)ca(100  ,  

   –    100   , ; 
a -  , %; b –  , %; c –  , 

%. 
       =300: 

                    1 = %7
100300

5,13005,23100
100P

Pba100 .                          
 

     

    : 
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                    G1 = G2 7100
5,1100167,4

100
100

=4,413  /  ,                         

  G2 –    , / ;  
   –      , %. 

 ,    : 

                             W = G1100 = 4,413
5,1100

5,17 = 0,2464  /  . 
 

    (dcp) 

  (3.1)  ,  

    012,3015,0
52,0
07,023exp5,1d

15,1

cp ,   

   do=1,5     ,  ; 
        =7%    , . . 0,07 /  ; 
        b=1,5%    , . . 0,015 /  ; 
        m=23, n=1,15, =0,52          

    70 90 . 
 

    

        
  (  . %): 92,0 CH4; 0,5 C2H6; 5 H2; 1 CO; 1,5 N2. 

    Lo,     
1  : 

Lo=138[0,0179CO + 0,248H2 + 
nm12

HC4
nm nm

]=                                           

=138 [0,0179 0,01 + 0,248 0,05+ 92,0
4112
4/41 + 005,0

6212
4/62 ]=17,68  /  ,    

       .  
      

   ,   . 3.8 
  Qv,    1 3 : 

Qv=0,92 35741+0,005 63797+0,05 10810+0,01 12680 = 33868  / 3 .       

  :      =
o

o

o

inm
tT

TMHC
,                 

   i –   , / ; 
   t  –  ,  20 ; 

 o –  ,  22,4 3/ . 
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=
20273

273
4,22

)28015,02801,0205,030005,01692,0( = 0,652  / 3 . 

 3.8  
   

    
, / 3 

 
  
 

 
 

 
 

 
 

H2 + 0,5O2 = H2O 
CO + 0,5O2 = CO2 
CH4 + 2O2 = CO2 + 2H2O 
C2H2 + 2,5O2 = 2CO2 + H2O 
C2H4 + 3O2 = 2CO2 + 2H2O 
C2H6 + 3,5O2 = 2CO2 + 3H2O 
C3H8 + 5O2 = 3CO2 + 4H2O 
C4H10 + 6,5O2 = 4CO2 + 5H2O 
H2S + 1,5O2 = SO2 + H2O 

10810 
12680 
35741 
58052 
59108 
63797 
91321 
118736 
23401 

 
 ,    1  : 

                          Q = vQ
=

652,0
33868 =51944,8 /  .                                                        

  ,    (    1   
)      ,  

          
t =350 .         

. 
  : 

                               1+Lo=L + HCnm12
n9

nm  ,                                             

 L  –   ,    1  . 
  : 

         Q +c t + LoIo=[L +Lo( 1)]i + HC
nm12

n9
xL nmoo i    ,                 

    ,         
 ,   0,95; 

c -      t =20 ,            
1,34 /( );  Io –   , / ;  i  –   

, / ; i =c t ;     t  –     
 : =1,05 /    t =350 ;   xo-       

,  /   ,   to=1    
 =72 %;  i  –   , / : i =ro+c t ;  ro-  
    0 ,  2500 / ; c -  

  ,  1,97 /( );   t -   
: t = t =t =350 . 

      , : 
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        Q + c t   i (1 HCnm12
n9

nm ) =
)Ixii(L

HCnm12
n9i

ooo

nm

  .   

   ,    
 ,     : 

CH4= )20273(652,04,22
2731692,0 =0,939; 

C2H6= )20273(652,04,22
27330005,0 =0,0096; 

H2= )20273(652,04,22
273205,0 =0,0064 . 

 ,    1  : 

 HCnm12
n9

nm = 939,0
4112

49
+ 0096,0

6212
69

+ 0064,0
2012

29
=2,19  / . 

     : 

    =
]9,410092,0)35097,12500(35005,1[68,17

19,2)35097,12500()19,21(35005,12034,195,051945 =6,82 .    

    ,    1    
       350 : 

       L =1+ Lo  9
12

n
m n m nC H =1+6,82 17,68  2,19=119,4  /  .        

         1  : 

       L = 9
12

n
m n m nC H + Lox =2,19+6,82 0,0092 17,68=3,3   /  .             

      ( 1=  ): 
      x1=L / L =3,5/119,4=0,0293   /  .                                                            

     :     

 I1=
L

ILtcQ
=

4,119
9,4168,1782,62034,195,08,51944 =455,8  / .                                      

     ,   
 ,     ,   

    .      
     I d. 

     : 

                               =c 1+q (q +q +q ) ,                                                 

             
  ; c  –       

 1, /( . );  q  –      
, /  ,       
 q =0; q  –        



 72 

, /  , (    q =0); q  –   
     , /  ;   c    

 ,  0,8, /( . ); 2 –  
     , . 

 
    2    

    t     
 .       

,  2  I d     
 : 2=65 C; 

q  -      , /  . 
  , : 

 = 4,19 18
2464,0

)1865(8,0167,4 22,6 = 537,8  /   . 

    : 

                    =
1

1

dd
II

                        I=I1+ (d d1) .                                                  

       I d   
 (d  I)   .     : 

d1=0,0293  /   ,      I1=455,8 /   . 
         

 d     I.  
 d=0,06 / ,    I=455,8 537,8(0,06 0,0293) = 439,3 / . 
     I    d1,  I1  d, I  

        t2=110 
o
C.  

      t2    
 :   d2=0,11 / ,   I2=420 / . 

 

    :  L =
12 dd

W =
0293,011,0

2464,0  = 3,0533  /   .                     

      : 

     q = )(
W

cG
12

2 = )1865(
2464,0

8,0167,4 =635,9  /  .                    

    I d   ( . . 3.5). 
 .       t    

  .      t  
       .   

      : Io  d . 
 .F ( .3.5)    I   t   

        . 
 .          

    ,   AF   
 t1=t1       : I1   d1 .  
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J  

F 

t1=t1  

J 

J1=J1  

t  

t1 

J2 *
2J

B 

K 

D1 
t 2 

Jo 

to 

C1 

A 

D 

x 

do 

d1=d1  

d  d2 d2  d1  

t2 

P  

*
2d  d 

C 

t 1 

t2 

 
.3.5.       J-d  

  
      : I1=I1   1.  

 . 1    I1  t2   
        .  
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      I    
  ,      

 .  
      1   : 

                  =
12 dd

1 =
0293,011,0

1 =12,4  /  .                                       

    1   : 
                   q= (I1 I2)=12,4(455,8 41,9)=5132,36  /  .                         

 I x –         . 
     : 

                  L= W=12,4 0,2464=3,055    /  .                                                       
                  Q=q W=5132,36 0,2464=1264,6135   .                                                       

 ,   , : 

                  B=
Q
qW

=
95,08,51944

2464,036,5132 =0,02563  /  .                                           

 
    

         .  
  

1.   : 
                   Q = t =0,02563 1,34 20=0,6868  ,                                           

     , / ; t     
, . 

2. ,     : 
                Q =BQ =0,02563 51944,8=1331,35   .                                          

3. ,   ,    
:           Q = LoBc to=6,82 17,68 0,02563 1,05 18=58,4  ,                 

        to, /(  ). 
4. ,   ,     

 :  Qñì

â
=IoL B=41,9 119,4 0,02563=128,22   .                                     

5. ,   : 
               Q =Wc 1=0,2464 4,19 18=18,5835  ,                                          

           1, / . 
6. ,   : 

Q 1=G2c 1=4,167 0,8 18=60,005    . 
  

1.    : 
Q2 = L I2B=119,4 420 0,02563=1285,293   . 

2.    : 
Q 2=G2c 2= 4,167 0,8 65=216,68  . 
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3.    : 
Q = Q (1 )=0,02563 51944,8(1-0,95)=66,44,  . 

4.    :  Q =q W=22,4 0,2464=5,52  . 
    . 3.9 

 
      

    : 

dcp=
2

dd 21 =
2

11,00293,0 =0,06965 / =69,65  / . 

     : 

tc =

65110
18350n

)65110()18350(

t
tlg3,2

)t()t(

22

11

2211 =143,5 . 

    :  tc =
2

21 + tc =185 . 

 3.9  
       

    
1.      

 
2. ,  

    
3. ,  

 , 
   

 
4. ,  

 , 
    

  
5. ,   

 
6. ,   

 

0,69 
 

1331,35 
 
58,4 
 
 
 
128,22 
 
 
 

18,5835 
 
60,005 

1.    
 

2.    
 

3.     
4.    

 

1285,29 
 
216,68 
 
66,44 
 
5,52 
 

 1597,24  1573,933 
.     1,5 %. 

 
      

    : 

dcp=
2
dd 21 =

2
11,00293,0

=0,06965 / =69,65  / . 

     : 
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tc =

65110
18350n

)65110()18350(

t
tlg3,2

)t()t(

22

11

2211 =143,5  

    : tc =
2

21 + tc =185 . 

    ,      1    
=4,64 10-6 (622+xc )(273+t )=4,64 10-6(622+69,65)(273+185)=1,47 3/ . 

   : 1541,1
47,1

65,6901,0101,01
/ 3. 

   ,   : 
V = L =0,02563 119,4 1,47=4,481 3/ =16131,5 3/ . 

  ,        1 :                

L =
47,1

5,16131V

o
=10973,8 / . 

   ,   1      
:   

=4,64 10 6(622+x2)(273+t2)=4,64 10 6(622+0,11 103)(273+110)=1,301 3/ . 
  ,   : 

V  = 301,18,10973L 14275,3 3/ . 
   . 

: -       =2,4 / ; 
-    =18 %; 

                                   015,2
36004,218,01

3,14275
1

VF 2.   

  :      6,1
14,3
015,24F4D . 

     
:                 -    D =1,6 ; 

-   L =8 ; 
-   – - ; 
-   = L 1,0=8 1=7 . 

  :         =(0,007 0,01)D =0,015 . 
  :   D =D 2 =1,6-2 0,015=1,57 . 

         :                       
h =0,438D =0,438 1,57=0,688 . 

     : 
=2,22 ch =2,22 688,0 =1,841 / . 

     : 
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c = 2D785,0)1(

V
=

360057,1785,0)18,01(
5,16131

2 =2,824 / . 

    : 
= 22

c = 22 841,1824,2 =3,371 / . 

    :  =
g
h2 c =

81,9
688,02 =0,375 . 

 ,    : 

                              F =
.d

6000
3600 F n 360 60= 

                                    =0,375 012,3
6000

1100
700 0,05152 7 4

140
360

60=29,39 3, 

 F =0,0209 2D =0,0209 1,572=0,05152 2/ 3      
,       . 

    : 

h=
D

S
D 1L sin  =1,49 4 8 0,7071=0,2067 . 

      : 

=4,43 h)
tg

1( =4,43 191,0)25,01( =1,7442 / , 

 =45 -   ;    
       =0,25tg  =0,25 tg45 =0,25 –    . 

   :  e
c

360n
60

Fb =
7442,1

360
140

4
60

05152,0 =0,005064 . 

 : 
V = hcp[ b +h tg(13,75+0,316( )2)]= 

=7 0,688[0,005064+0,688tg(13,75+0,316(1,1541 2,824)2)]=1,0442 . 
,        

   : 

B/= 2D
F

Z
D
h

=0,0209 18
57,1
688,0 =0,249. 

  ,   ,   1 3 
: 

/F =57,5
.

/5,0

d
nBD

=57,5
012,3

249,0457,1
1100
700 2

=15,16 2/ 3 . 

       : 
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/ =0,62
5,0

.
5,0 d

= 0,62
5,0

35,06

2

10012,3
371,3

1034

1012,3
= 111 /( 2 ).                   

 : 

1 =1,95
545,0

V
F

=1,95
545,0

0442,1
39,29 =0,2955. 

    : 
I
v =(1 ) // F =0,3163 111 15,16 = 532,3 /( 3 ). 

   :    =2
Z
Sn =2

18
D49,1

=0,26 . 

 :          Re= o = 61034
26,0371,3 =25770,5.                                        

       , 
     : 

o

66,0
II Re347,0 =

26,0
1012,35,25770347,0 266,0

=32,8, /( 2 ). 

  ,      : 

//F =1,27
1

D
DS

=1,27
57,1

57,157,149,1 1
=1,2053 2/ 3. 

    : 
                            v

II = //IIF =32,8 1,2053=39,53  /( 3 ) .                              
   ,   : 

F =1,27
1

D
DS

=1,27
57,1

57,157,167,6 1
=5,4 2/ 3 .               

        
 : 

. =4,4+3( )=4,4+3(1,1541 2,824)=14,18 /( 2 ).                
    : 

v
III =

21
..

t

)
2

t(F
=

5,143

)
2

6518185(18,144,5
=76,56 /( 3 ).                             

   : 
v= I

v + II
v + III

v = 532,3+39,53+76,56=648,4 /( 3 )=0,7547 D /( 3 ). 
  

     : 

5,1437547,0
3,8112,1

t
Q2,1

V
v

9 3 , 

         : 
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          Q =W(q +q +q )=0,2464(2634,28+635,9+22,4)=811,3 . 
      : 

q =ro+c t2 c 1=2493+1,97 110 4,19 18=2634,28 D / , 
   ro=2493 D /  –       0 ; 

        =1,97 D /( ) –    . 

   :    L = 22 57,114,3
94

D
V4

 4,65 . 

          
    : 

D =1,6 ; D =1,57 ;    L =8 ; V =15,5 3 . 
 

3.3.    
 

 
 

            
 2455 /     (6 . ./ ). 

    .     
         . 

 
    

     = 2455 /  
    =  20 % 
      = 6 % 
     t = 17 0  

    t = 65 0   
           t  -  80  0  
         t  -  35  0  
     0 = 0,921 / .0  

  :  
 t0 = 17 0C 
   0 = 70 % 

 d0 = 10 /  . . 
      - 36 ; 

     (   
) 

m – 3 %; 

   (   
) 

 – 10 %; 

      z – 350; 
 

    
 

      : 
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Pc = (1+ /100) = 2455  (1+10/100) = 2701 / . 
     

3376
20100

1002701
100

100Pc  / . 

     

 2873
6100

1002701
100

100PP c  / . 

       

503
6100
6203376

100
PW   / . 

    [11,14]:  l = 1300 ,  
b = 1200 .        G  =  
900 ,    .   

 ,   : 

.115
900

362873
G

Pn   

        
   z = 23 .,     : 

.5
23

115
z
nÒ  

   
L = n  l = 27 1300 = 35100 . 

     0,9     
, . . L = 36000 . 

    
B = b + 2  b1 = 1200 + 2  50 = 1300 , 

 b1 = 50  –      .  
    H = 1600  [11,14]. 
        

 a1 = 380 .       a2 
= 70        a3 = 
 150   [14]. 

  ,    , : 
Bc = 5   + 6  a1 = 5  1300 + 6  380  =  8780 . 

 
      

 I – d  
 

    (t , )  I – d    
  ( . 3.6).      d   

 I .  d  = 9,0 /  . ., I  = 40 /  . .  
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,      
  ,    d ,    , 

    t .       , 
   (t , d , , I ).    I  

=  104  /  .  .,   d  =  d . ,      
    , . .       

         
. 

    , . .  I  =  I2 = 
const.  I – d    ,   

 ( . 3.6),   d2 = 27 /  . .    
  I  =  const    t  = const.  t    

 . 
 

 
 
. 3.6.       

 I – d  
 

         
:  

 

./..27944
927

1000503
dd

1000WG
2

c
 

          
  .     
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        , 
       . 

       :                       
Q  =    ( t   t )  /  , 

  = 2873  /  –     ;  

–       .  
   t    150    

  . 
     : 

                .Êêã/êÄæ11,1
100

62,4
100

6100921,0
100
2,4

100
100ññ êê

ñì   

          
Q  = 2873  1,11 (65 – 17) = 153073 / . 

        
:       

Q = G    ( t   t )  / . 
   .    G  = 300 . 

   = 0,5 / .    

   t  = 17 0   t = 80 0  .  
    

n  = 2,3
36

115n / . 

    
Q = G   n   ( t t ) =  300  3,2 0,5 (80 – 17)  = 30240 / . 
      , ,     

Q  = 3,6  (t  – t )  F  / , 
  –     

21

1

1

1s1
1   / 2 . 

    

.58
2

3580
2

ttt êí'
ñð  

         
v = 2 /          :     

           = 5,6 + 4 v  = 5,6 + 4 2 = 13,6  / 2 , 
 v –    20 0 . 

    1 = 0,75 /   [13].  
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t  = 15 0     .   
      2 = 10,2 / 2 . 
   

./47,1

2,10
1

75,0
38,0

6,13
1

1 2  

    
F = 2 L H = 2  36  1,6 = 115 2 . 

    
q  = 3,6  (t  – t )  F  = 3,6  1,47 (58 – 17)  115 = 24952 / . 

  ,    , 
    

F  = L  Bc = 36  8,78 = 316 2 . 
    = 1,55 /   [14];   
      = 0,16 /   [13] . 

      t  
  15 0     .   

( . . . 4.6)       
   2 = 11,3 / 2 . 
  

./87,0

3,11
1

16,0
15,0

55,1
07,0

6,13
1

1 2  

    
Q  =  3,6  (t  – t )  F  = 3,6  0,87 (58 – 17) 316 = 40578 / . 
      

Q   = 3,6 q   Bc  L. 
       Q  = 10 / 2.  

 
Q   =  3,6  10  8,78  36 = 11379 / . 

        . 
    3.     

    ,  4 = 50 .   
Q'

 = 3,6  (t - t )  F  . 
     

F  = H  B  T =  1,6  1,3  5 = 10,4 2. 
   

./06,2

2,10
1

16,0
05,0

6,13
1

1 2

 
  

Q'  = 3,6  2,06  (80 – 17) 10,4 = 4859 / .  
       :                      
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 Q  = 3,6  2,06  (35 – 17) 10,4 = 1388 / . 
     : 

Q  = Q  + Q  + Q  + Q'  + Q»  =  
= 24952 + 40578 + 11379 + 4859 + 1388 = 83156 / . 
    : 

Q  = Q  + Q  + Q  = 153073 + 19898 + 83156 = 256127 / . 
       

../2,9
27944

256127
G

QI
c  

        I – d  
.  

1.         , 
 I   I2. ,     

        I , 
  1   .      
 .  BD    
      .     

  BD   t .    
  .     t  = 35 0 ,  

= 80 %; d  = 23 /  . . (      = 3470 
/ 2   .).     

  .3.6.  
     : 

  . ./35929
9-23

1000503
dd

1000WG . .  

           

./4,71
503

35929
W

G
g ..

w  

 ,     t  = 17 0 ,   = 70 %  
    V = 0,85 3/  . . ( . .): 

./305403592985,0GVV 3
..

'  
     80 0   

273
tt

1VV ' ./37588
273

1780130540 3  

  ,     t  = 35 0 , 

,/)t1(
8,0

nGV 3

0
 

 G  =   G . . = 1,009  35929 =  36252 / ; 

2,1
273

34700013,0353
273
0013,0353

0
  

/ 3  –  
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./34792
273
351

8,0
503

2,1
36252V 3  

     
Q = Gc . . (I  – I .) – 4,2 W  t  = 

35929 (104 – 40) – 4,2 503 17 = 2263542 / . 
    : 

4500
503

2263542
W
Qq w  /  . 

       [6,15],           
-         4020  6280 

/  .         
.  

 
    

 
      ,   
      ,    
 ,     ,  ,  

  . 
        

( .3.10),     ,    
,   ,  : 

./323
1000

935929
1000

dG
G .   

 3.10 
    

 
  

 
 /  %  

 /  % 

  
 

  
Gc .  

   
 G   

 

 
3376 

 
35929 

 
323 

  
8,5 

  
90,7 

 
0,8 

 
  

 
 G  

 
 W 

  

 
2873 

 
36252 

 
503 
0 

 
7,2 

 
91,5 

 
1,3 

 39628 100  39628 100 
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    ,  

 ,     ,   , 

          

. 

        Q, 

    , ,    

  80 0 .       2263542 / .  

 ,        

  ,       : 

-   , Q ; 

-    , Q .; 

-      , Q .; 

-    Q .; 

-    Q . 

,           

,/)tcr(WQ  

 r = 2493 /  –           0 0 ;  = 

1,97 /( . ) –     . 

  

Q  = 503 [2493 + 1,97(35 – 17)] = 1288661 / . 

,     

Q  = Gc . . [(  . (t  – t ) +  . d  . (t  – t )] /  , 

  = 1,05 /(  . ) –     . 

  

Q  = 35929[(1,05 . (35 – 17) + 1,97. 0,009 . (35 – 17)] = 690524 / . 

        

,    . 3.11  
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 3.11 

    
    

 
  .

 % 
 

  .
 % 

      
1 2 3  4 5 6 7 

1.   
, 

 
  Q 

2263542 4500 100 

 
 Q  153073 304 6,8 

 

   

 

   
Q  

30240 60 1,3 

      
 

 Q  
83156 165 3,7 

       
   

Q   
1288661 2562 55,6 

     , 
  

 
, Q   

690524 1373 30,5 

      + 17888 +36 +0,8 
: 2263542 4500 100 : 2263542 4500 100 

 
     

%.66100
2173719

1288661153073100
Q

QQ  

 
      

 
         

 .       
 ( . . .4.6  [20].),    

  V ,   h,     
    ,   20 0 , 

   = 1,2 / 3. 
       V  = 

37588 3/      h20 = 900 / 2. 
,         

 : 
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t

âîçä
20ð hh  / 2 ,  

 h  –       ;  h20 – , 
      = 1,2 / 3 , t – 

  , / 3. 
    

./928,0

273
801

2,1

273
t

1

3
t  

  ,   

./1164
928,0
2,1900h 2  

 h        , 
  [20]  . .4.6.    4,   
   1200 / 2      

 40000 3/      = 0,62     . n = 1600. 
       

: 

,
10003600

hV
N  

  –  ,        
 :  

 = 0,98  –       ; 
 = 0,95  –    ; 
 = 0,90  –    . 

        
.   

.22
98,062,010003600

120040000N  

       
 k = 1,1 : 

.2,24221,1NkN  
  N   n  ,  

. 
        

     . 
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3.4.       
 

 
 

     
   3500 /        

( ).        .  
 

    
     

 
G . . = 3500 / ;  
 

     = 4 % 
    = 48 % 
     = 6 %; 

       = 37 0  
      = 87 0  

  :  
      t  = 20 0  
   = 85 % 

  =1,03 /( . 0 ) 
          t  = 150  0  

      d = 0,25  
       = 0,921 /( . 0 ) 
 –    

 
 

  ,   
 

t .= 20 0  

   . – 1,3 /( . 0 ) 
 
   
 

    

3646
4100

1003500
100

100GG ..
.

..   
/ . 

    
14635003646GG ..

.
....  / . 

     

4,3723
6100

1003500
100

100GG .c.W  / . 

      
 5,3878

4100
1004,3723

100
100GG W

.
W  / . 
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1,1554,37235,3878GGÏ W
.îáù

WW / . 
    ( . . . 4.16)  

  : 

47,1
5,6248

5,162
5,62

5,162 / 3. 

    

./5,7011
48100

1003646
100

100GG .
..  

     

./7,4
100047,1

5,7011
1000

G
V 3  

 ,    

5,3365
100
485,7011

100
GG ..   / . 

    

/8,3132
6100
6485,7011

W100
GG .. . 

     
G . = G .   - G . . = 3365,5 – 3132,8 = 232,7 / . 

      , 
   .3.12. 

 3.12 
     

 
  

  /  %   /  % 
 G  

 
 

7011,5 100 1.   GW 
2.   W 
3.   G . . 

  

3723,4 
155,1 
3132,8 

0,2 

53,10 
2,21 

44,68 
0,02 

 7011,5 100  7011,5 100 
 

       
 

       
.       . 3.13. 

 3.13 
        

  , % 

4 2 6 3 8 4 10 5 12 2 N2  
 

Q , / 3 

 
  

, / 3 
94,0 1,2 0,7 0,4 0,2 0,2 3,3 100 35720 0,765 
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     1 %.    
    

0,93
100

11000,94
100

OH100ÑHCH 2ñóõ
4

âë
4  %. 

     .    
  .3.14.  

 3.14 
   , % . 

4 
 

2 6 
 

3 8 
 

4 10 
 

5 12 
 

2 
 

N2 
 

2   
93,0 

 
1,2 

 
0,7 

 
0,4 

 
0,4 

 
0,2 

 
3,3 

 
1,0 

 
100 

  
    

Q  = 358,2 4 + 637,5 2 6 + 912,5 3 8 + 1186,5 4H10 + 1460,8 5H12 = 
358,2 93,0 + 637,5 1,2 + 912,5 0,7 + 1186,5 0,4 + 1460,8  0,2 =  35486 / 3. 

      
L0 = 0,0476 (2 4 + 3,5 2 6 + 5 3 8 + 6,5 4H10 + 8C5H12) = 

              = 0,0476 (2 93,0 + 3,5 1,2 + 5 0,7 + 6,5 0,4 + 8 0,2) = 9,42 3/ 3. 
       = 1,0 [15] 

 , . . L  = L0 = 9,42 3/ 3. 
 I – d      (t  

= 20 0 ,  =  85  %)  –  d0=13 /  . ..     
     
'
0L =  (1 + 0,0016  d0)  L0 = (1 + 0,0016 13) 9,42 = 9,616 3/ 3 . 

           
= 1,0:  

2COV  = 0,01 ( 2 + 4 + 2 2 6 + 3 3 8 + 4 4 10 + 5 5 12) = 
                    = 0,01 (0,2 + 93,0 + 2 1,2 + 3 0,7 + 4 0,4 + 5 0,2) = 1,003 3/ 3; 

OH 2
V = 0,01 (2 4 + 3 2 6 + 4 3 8 + 5 4 10 + 6 5H12 + H2O + 
+ 0,16d0L  ) = 0,01  ( 2 93,0  + 3 1,2  + 4 0,7 + 5 0,4 + 6 0,2 + 1,0 + 

               + 0,16 13 9,42) =  2,162 3/ 3; 

2NV  = 0,79L  + 0,01N2 = 0,79 9,42 + 0,01 3,3 = 7,475 3/ 3; 

2OV = 0,21(  – 1)L0 =  0,0 3/ 3. 
    : 

V  = 2COV + OH2
V + 2NV + 2OV = 1,003 + 2,162 + 7,475 = 10,640 3/ 3. 
    : 

%;43,9
64,10
100003,1CO2 %;32,20

64,10
100162,2OH2  %.25,70

64,10
100475,7N2

 

      100 3    =  1  
( .3.15).  
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 3.15 
    

  %   % 
        

CH4 = 93,0 0,717 66,58 5,10 CO2 = 1,003 100 1,977 198,50 15,20 
C2H6= 1,2 1,356 1,63 0,12 H2O = 2,162 100 0,804 173,82 13,31 
C3H8= 0,7 2,020 1,41 0,10 N2 = 7,475 100 1,251 935,12 71,61 
C4H10= 0,4 2,840 1,13 0,09  -1,56 - 0,12 
C5H12= 0,2 3,218 0,64 0,05    
CO2= 0,2 1,977 0,39 0,03    
N2= 3,3 1,251 4,13 0,32    

H2O= 1,0 0,804 0,80 0,06    
      

2= 197,9 1,429 282,80 21,66    
N2= 197,9 3,762 1,251 930,62 71,26    

H2O = 0,16 13 9,42 0,804 15,75 1,21    
 1305,88 100,00  1305,88 100,00 

 

  : %.12,0
88,1305
56,1100  

     

./3361
64,10
203,1

64,10
616,9203,1

64,10
35486

V
t

V
Lt

V
Qi 3

00

'
0

0

 

        
   

0 tcVtcLtQ , 
 

73,1
203,142,915003,164,10

203,135486
tcLtcV

tQ

0
 

 
 

        
 

      : 

,
d
d

25,5p 86,263,1

37,1
c

33,1
 

  -    (     . 
3.16); dc –   , ; d –    , 

;  –   . 
     dc = 2,7    = 0,625, 

 

.05,1
25,048

7,2625,0
25,5p 86,263,1

37,133,1
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 3.16 
     
     

 
 d ,  

1,5 1,8 2,1 2,7 3,7 4,7 6 

 
  

0,555 0,555 0,575 0,625 0,7 0,7 0,7 

 

      , 
   [16]. 

   

./489,0
47,1
05,17,2625,0127,0pd127,0V 322

c  

     

.6,9
489,0
7,4

V
V

N  

 N = 10. 
     [18],  

          12 
.,          

.      12,   
      . 

  ,      1 %  
( ) , 

.015,5
47,1

625,025,005,15,48dp5,48H
17,1

3,023,157,0

17,1

3,023,157,0

99  

  ,    99 %   
( ) , 

.144,2
625,0

47,125,005,115,5dp15,5R 1,1

78,023,1234,0

1,1

78,023,1234,0

99  

     

D  = 2R99 + D , 

 D –   ,   : 

ì
14,3

ND  , 
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  –      ;  =  
0,1–0,2  [16]. 

  = 0,16 ,   

.51,0
14,3

16,010D  

  
D  = 2 . 2,144 + 0,51 = 4,8 . 

        
.    d  = D = 0,51 . 
   h ,      
   ,   0,5     

h  = H99 + 0,5 = 5,015 + 0,5 = 5,6 . 
    [18]      

     h  = 1,7 . 
         
 (0,5 – 0,8) H99. 

h  = 0,6 H99 = 0,7577 . 5,015 = 3,8 . 
     , 

    . 
    

Q  = Q  + 2520 g . . .. 
 g . .  –       , / 3. 

 g . .   ,    «   » 
( . . 3.15) 

32
... /738,1

100
82,173

100
OH

g  

  
Q  = 35486 + 2520 . 1,738 = 39866 / 3. 
    

êã
êÄæ

g
tcgQ

I
.ã.ï.c

âîçäâîçäâîçäòâ
ìàêñ , 

  – . . . ; g  –     , / 3; g . . . 
–     , / 3. 

      . 
      = 1.  

  g  
g  = L0

.  = 9,42 .  1,3 = 12,25 / 3. 
 g . . . ,    «   

» ( . . 3.15) 
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3/34,11
100

12,93550,198
100

NO
g 22

... . 

 

.3544
34,11

203,125,12139866I  

      

.3,167
34,11

1000
1325,12738,1

1000

g
1000

dgg
1000d

...c

0
...

..
 

   

.5320
1000

1397,111349,2

t
1000

d
97,11d49,2I 0

00
 

   

,
x1
xIII 0

1  

  x –       
      , x = 0,3  6. 
      x  
    0,3,       

 –    6. 
 x = 0,35.  

.2639
35,01

5335,03544I1  

   

.127
35,01

1335,03,167
x1

xId
d 0..

1  

   I1 = 2639 /  = const   d1 = 127 /  = const  I – d 
     t ,   

1500 0  ( .3.7). 
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. 3.7.      I – d  

 
    .   

           
  I1 = const (  )c   = 100 %  I – d . 

   = 87 0 .   
   : 

,qG19,4G19,4G
G

1
.....

..
 

 q  -      . 
       210 – 250 

/    [15]. 
 q  = 236 /   .   

.150236877,23219,43752,336519,48737921,03646
8,3132

1  

      I – d .  
        . 

,        
      = - 150 /  . .   

    .  BD  
        . 

     t  = 150 0 .    
   BD   t  = const.  

    .     t  = const 
c      d  = 855 /  . . 

,     t  = 150 0 ;  d  = 855 
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/  . .,  = 87 0 .   I – d     
  p  = 90 / 2.     
  .3.7.  

    

.4305
3,127855

10008,3132
dd

1000G
G

1

.
..  

    

1000
d97,11G

)()G19,4G92,0(tt
1

..

....
1  

.1338

1000
3,12797,114305

)3787()5,336519,4364692,0(1500 0Ñ  

   

.398

87150
871338ln

1501338

t
t

ln

tt
t 0

1

1
 

  h        
         

.17,2083,0
p)h35,65,105(

r
t

t
21,075,0

1

 

 r –   
r = r0 + c  t  – . , /  

 r0 = 2493 /  –       0 
0 ;  c  = 1,97 /( . ) –    ;  = 4,19 

/( . ) –   . 
:             

r = 2493 + 1,97.150 – 4,19 .87 = 2428,32 / ; 

21,075,0 48
617,2083,0

05,1)35,65,105(
32,2428

1500
398

h
, 

 h = 1,2362 . : h = 1,24 . 
  h   [26, .182],   

   h      0,82  1,34 . 
    

H = h  + h  + h = 5,6 + 1,7 + 1,24 = 8,54 . 
 H =8,6 . 
         

 :  

7,055,0
H

H
i . 
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 i  = 0,65,       
H  = i  

. H = 0,65 .8,54 = 5,6 . 
      

H  = H – H  = 8,6 –5,6 = 3 . 
       

  X13  X25   4 – 5 . 
   ,    

  ,      
1 .  

     , 
   ,   .3.8. 

 

H  = 8,54  
H  = 3,42  
H  = 5,12  

h  = 5,8  
h = 1,04  
h  = 3,2  
h  = 1,7  

D  = 4,5  
d  = 0,3  

.3.8.    
 

 
      

 
         

   .    
           

    . 
        

Q  = .
..G   ( ) = 3646. 0,921. (87 – 37) = 167898,3 / . 

        
Q  = G    ( ) = 232,7. 4,19. (87 – 37) =  48750,7 / . 
      
Q . . = Q   + Q . = 167898,3 + 48750,65 = 216648,95 = 216649 / . 
            

./8250135)3719,415097,12493(8,3132)tcr(GQ .0..
,    , 

÷
êÄæ8,807691

1000
12797,111504305

1000
d97,11tGQ 1

ê.ã.ïóõ . 
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Q  = Q . . +Q  + Q   + Q  =  
= 216649 + 48750,7 + 8250135 + 807691,8 = 9323226,5 . 

    ,   1   , 

.2976
8,3132

9323226,45
G
Qq

..
 

       [10,17,18],          
         2900  4000 

/  .         
.  
     : 

.
âëêã

êã3743,1
8,3132

4305
.è.Gâ

Gg .Ã.Ï
W

 
         
 – ,     . 

   . ,    
     1 = 5      

   2 = 120      
   3 = 1 .  

      t  = 400 0 . 
  : 

.1,18
4

8,414,3
4
D

F 2
22

 

  

,
11

1

23

3

2

2

1

1

1

1  

 1 –        
 , 1 =  23,2  /( 2 . ); 2 –    

     , 2 = 17,4 /( 2 . ); 1, 
2, 3 –   ,    

 , 1 = 58 /(  . ),   
2= 0,08 /(  . ), 1 = 200 /(  . ). 

: 

.62,0

4,17
1

200
001,0

08,0
12,0

58
005,0

2,23
1

1
21  

     
Q1 = K1

. F  . (t  – t ) = 0,62 . 18,1 . (400 – 20) = 4264,4 . 
     . ,  
        1 = 5 
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        2 = 120   
      3 = 1 .  

      
   t . .= 300 0 . 

    : 
.4,846,58,414,3HDF 2  

  

,
11

1

23

3

2

2

1

1

1

2  

 1 –        
 , 1 = 25,5 /( 2 . ); 2 –    

     , 2 = 15,7 /( 2 . ).  
 

.62,0

7,15
1

200
001,0

08,0
12,0

58
005,0

5,25
1

1
22  

       
Q2 = K2

 F  . (t . . – t ) = 0,62 . 84,4 . (300 – 20) = 14651,84 . 
     . ,  

        1 = 5    
     2 = 60    

     3= 1 .  
       

  t . .= 200 0 . 
    : 

.ì95,28
4
8,43

2
8,414,3

4
DÍ

2
DF 2

2
2

2
ê2

ê
ê

ê  

  

,
11

1

23

3

2

2

1

1

1

3  

 1 –        
 , 1 = 23,2 /( 2 . ); 2 –    

     , 2 = 15,7 /( 2 . ). 
 

.17,1

7,15
1

200
001,0

08,0
06,0

58
005,0

2,23
1

1
23  

       
Q3 = K3F . (t .  – t ) = 1,17 . 28,95 . (200 – 20) = 6097,4 . 



 101 

      
Q* = Q1 + Q2 + Q3 = 4264,4  + 14651,84  + 6097,4 = 25013,64   

   

.1,90049
1000

360025013,64
1000

3600QQ
*

*  

    ,   1   , 

.74,28
8,3132
1,90049

G
Qq

..

*
*

.  

    

.2768,7474,282362976qqqq **  

   

.
÷

ì4,244
35486

8,313276,2768
Q
GqB

3

ð
í

.è.â
*
ò   

 
    

 
       
,    . 3.17 

 
  3.17 

    
    

 
  

.
 % 

 
  

.
 % 

      
1 2 3   4 5 6 7 

1.  
, 
 

  Q  

9323226,45 2976 

 
 
 Q . . 

216649 69,15 2,32 

   
 

 *Q  
90049,1 28,74 0,97 

 
   

  Q   
8250135 2633,5 88,49 

, 
  

 
, Q   

807691,8 257,82 8,66 

   

 
100 

 
 - 41298,45 -13,2 -0,44 

: 9323226,45 2976 100 : 9323226,45 2976 100 
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    (4, 6, 8  12).     

  15 – 25 %-  . 
 

B .  = 1,2 .  = 1,2 . 244 = 293,28 3/ . 
     -60-  [16] 

 Q  = 34 3/ .   :  

.6
34

28,293
Q

B
N ..  

 6 .  
 

     
 

   V     , 
    ,    

       ,   
 . 

./8,8261
8,0

101373,142,94,244)173,1(42,964,102,244
8,0

8,3132

8,0
10dLB

)1(LVB
8,0

G
V

3
3

3
00

00
..'

 

   ,    
   150 0 , 

./12196
273

2015018,8261
273

tt
1VV 3'

 
       

  .     
 [20],     

 V ,   h,     
        
.       . = 1,2 

/ 3, . .   t  = 20 0 . 
       V  = 

12196 3/        h20 = 900 / 2. 
,           
     

t
20hh   / 2, 
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 h  –      ;  h20 – , 
      = 1,2 / 3, t –  

 , / 3. 
   

./774,0

273
1501

2,1

273
t

1

3
t  

        

./1400
774,0
2,1900h 2  

 h        , 
   .    5,   
   1400 / 2      

 12500 3/      = 0,62     . n = 1440. 
       

: 

,
10003600

hV
N  

  –  ,        
 :  

 = 0,98  –       ; 
 = 0,95  –    ; 
 = 0,90  –    . 

        
.   

.8
98,062,010003600

140012500N  

       
 k = 1,15 : 

.2,9815,1NkN  
  N   n    

. 
 

        
     ,  V  = 

12196 3/ . 
  ( . .4.5 )     

G  = 13000 3/      /( .g) = 60    – 
24  D = 900 . 

      -24  900 
.  

 
 



 104 

3.5.          
 

 
        

   7000 / .     
. 

 
    

 
  –   – (NH4)2SO4 

   , G2 = 7000 /  
 :  , 1 = 6 .% 

    ,  2 = 0,3 .% 
  (NH4)2SO4: d  = 1,0  

  :  t = 10 0C, 
                                                               t = 85 0C 

  ,        = 1,75 /  0C 
 :  , 1770 / 3 

    ,   800  / 3 

  – . 
 :     t = 150 0C, 

                                        t = 90 0C 
  :  

                                         ,                        t0 = 10 0C; 
                                , %800 ; 
                               ,                d0 = 6,5 /  . . 

    2,5 %     . 

  . ,     
 

  : ,   
 .       
   ,      . 

      
 .  

 
      

       
    ,       
      (t = 518 )   

t =110 .         



 105 

 90 ,        
.  
 

   
  ,   : 

.062,27424
6100
4,01007000

100
100GG

1

2
21  

 
  : 

/118,0/42470007424GGW 21 .   
 

   
   : 

),qqq(qt
2

 
  –         

 ; 

2
-        t , 

/  0C; 
q -      , /  ., q = 

0; 
q -        , 
/  ., q = 0; 
q -        , 
/  .; 
q -      , /  . 

        
   I – d. ( .3.9)      

,        
   (t0 = 10 0C; %800 ;  d0 =  6,5  /  .  .).   B  

      ( t =150 0C, I1 = 
171 / , d0 =  d1 = 6,5 /  . .).     

  .  
        
    (   )   

(  )  .    (  
   = 0)       

       t =90 0C. 
         

 (I1 = 167 / , t = 90 0C, d2  = 30 /  . .). 
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.3.9.      I – d  

 
     : 

.
5946

0065,003,0
27167

dd
IIq

0
'
2

01 . 

    q    5 %  q  

q  = 0,05. 5946 = 297
.
. 

       

.
2164

424
)1085(75,17000W/)tt(cGq 2 . 

6,5 

t0 = 100  

t  =900  

I0 = 27 

I, /  

 

t  = 1500C 

 
I1 = 167 

 

 

30 

C 

 

18 15 

I = 146 

I2 = 137 
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   : 

.
24201019,42972164tqq OH2

 

        
        

 d0  d2 .  d = 0,02 /  . .  
       : 

..
146)0065,0015,0(2420167)dd(II 01 . 

    I  d     . 
  B        .  

         
( t = 90 0 , I2 = 137 /  . ., d2 = 0,018 /  . .). 

    :  

842,9
0065,0018,0

118,0
dd

WL
02

. 

      9,842 /    35430 / . 
 

  : 

.
..472,83

118,0
842,9

W
Ll . 

    : 

120
2

90150
2

ttt 0  

     

..
.012,0

2
018,00065,0

2
ddd 20  

       ..  

3
00

..c 889,0
120273

273
4,22

29
tV

M . 

3
00

..
.. 558,0

120273
273

4,22
18

tV
M . 

    : 

.40190164,11
558,0
842,9012,0

899,0
842,9LdLV

33

..
c

c
 

 
   

  : 
-   : 
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                              221827472,83Jlq 00 ; 

-   : 

                              421019,4tCq d ; 

-  : 

                             2891075,1
424

7000tC
W
Gq 2 ; 

-     : 

11690)27167(472,83)JJ(lq 01 . 

   14239 / . 
  : 

-   : 

                             11450137472,83Ilq 22 ; 

-   : 

24538575,1
424

7000tC
W
Gq 2

2 ; 

-    : 
          297q  / . 

   14200 / . 
         .3.18 

 3.18 
    

     
/  . % 

    
 ,   

, q0  
2218 15,57 

 ,   
, q  

42 0,29 

 ,   q  289 2,06 
 ,   

  q  

11690 82,07 

 14239 100 
    

   , q2  11450 80,39 
   , q2  2497 17,53 
    , 
q  

297 2,09 

   + 39 + 0,27 
 14239 100 
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 ,        ,  
      
    . 

 
      

   
      120 0 : 

  = 0,023  = 0,023 . 10-3  . / 2 =  0,023 . 10-3  . . 
 : = 0,9 / 3. 
 : 

29541
10023,0

81,99,01077,1101gdAr 62

393

2

3

. 

  (Re ) 

86,12
2954122,51400

29541
Ar22,51400

ArRe . 

  : 

/329,0
1019,0

10023,086,12
d

Re
W 3

3

. 

  (Re ): 

5,240
2954161,018

29541
Ar61,018

ArRe . 

  ( ):  

/15,6
1019,0

10023,05,240
d

ReW 3

3

. 

 
     Kw = 1,45. 

      
/477,0329,045,1WKW w . 

 W  = 0,5 / . 
     (Re ): 

20
10023,0

9,01015,0dW
Re 3

3

. 

   : 

38,0
29541

86,1236,086,1218
Ar

Re36,0Re18 21,02
21,02

0 . 

  : 

43,0
29541

2036,02018
Ar

Re36,0Re18 21,02
21,02

. 
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  :  

6
477,0785,0

8,13
W785,0

VD . 

    : 
229

477,0
8,13

W
VS . 

   ,       (  
    )  = 1 .  

      
700017000GG 2 . 

  : 
3c 75,8

800
7000GV . 

  : 

3,0
29
75,8

S
VH0 . 

  : 

43,01
38,013,0

1
1HH 0

0 0,33 . 

        6    
 . 

98,1633,0H  2 . 
   ,         

30 2,         
     ,  
    1.2.3. 

   ,  
       .  

 : 
. 

   
32303,081,9)38,01(1770Hg)1( 00 . 

         = 0,05: 

/10
05,0
5,0W

. 

   ,     

4   (d  = 0,004 ),    10  (  = 0,01 ).  4,0d  

 ( . .1.4)   = 0,63. 
  



 111 

114
63,0

)05,01(109,0503,0)1(503,0P 2

22

2

22

. 

 : 
33441143230 . 

 
     

 . 
 

       
 .        

        , 
: 2,0; 2,2; 2,5; 2,8; 3,2; 3,6; 4,0; 4,5; 5,0; 5,6. 

       
        

 ,    
 ( .3.10).  
        

,  : 
,d4)1b(tD , 

 t(b – 1) –    . 
     b : 

,1
t

d4D
b  

 t –   , . 

17
05,073,1

457,1
f73,1
d57,1t

2

.

2

, 

 f . –    ,     
  3  10 %,  f . = 0,05. 

.3531
17

446000b  

     
b = 2a – 1, 

 177
2

1353
2

1ba . 

   

176
2

1353
2

1bC . 

        
 (    ),   . 
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.3.10.        

     . 
 

,      
     

2C3C31C
2

C161)C...321(61n ; 

93457176317631n 2 . 
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3.6 .          
     

 
 

     9000 /    
        

    : 
  –  . 

   , G  = 9000 / . 
 :    = 14 .%; 

       = 0,6 .%. 
  : d  = 1,0 . 

  :  t = 15 0C; 
                                                               t = 90 0C. 

          = 0,8 /  0C. 
 :   1500  / 3; 

     1200 / 3. 
  –     . 
 :     t = 400 0C; 

                                        t = 95 0C. 
  :  

                                                                t0 = 20 0C; 
                                 %720 ; 
                               ,                d0 =9,3 /  . . 
 

   
 

    : 
ñêãGG

í

ê
êí /89,2

)14100(
)6,0100(5,2

)100(
)100( , 

  G  –    , G  =9000 /  = 2,5 / . 
 ,    : 

./389,0
)14100(
)6,014(5,2

)100(
)(GW

 
  : 

W = G  – G  = 2,89 – 2,5 = 0,39 / . 
 

      
 

        
   (  . %). 

CH4 = 98 , C2H6 = 0,3, C3H8 = 0,1, C4H10 = 0,1, CO2 = 0,3 , N2 = 1,2 . 
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   ,    1  
: 

L0 = 138 × (0,0179 CO + 0,248 H2 + 0,44 H2S + nm HC
nm12

4
nm

; 

L0 = 138 · (0,0179 · 0 + 0,248 · 0 + 0,44 · 0 + 98,0
4112

4
41

+ 003,0
6212

4
62

+ 

001,0
8312

4
83

 + ;êã/êã98,16)001,0
10412

4
104

 

  Q  ,    1 3  : 

vQ  = 0,98 · 35741 + 0,003 · 63797 + 0,001 · 91321 + 0,001 · 118736 = 35427,6 
3/ , 

 35741, 63797, 91321, 118736 –    3  

 (CH4),  (C2H6),  (C3H8),  (C4H10) . 
  : 

 = ;
tT

T
V

MHÑ

T0

0

0

inm  

 Mi –    , / ;  
tT –   – 20   ; 
V0 –  ,  22,4 ;

3
  

T= ;
ì
êã68,0

20273
273

4,22
)44003,028012,044001,058001,030003,01698,0(

3  

 ,    1  ; 

êã/êÄæ41,52122
68,0

6,35427QQ
T

ð
ívð

í . 

  ,    (    1   
),       ., 

         
  400 .  .     

   . 
  : 

1 + L0 = L  + ;HC
nm12

n9
nm  

L  –   ,    1   . 
   . 
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Q + ·tT+ .·L0·I0 = (L +L0( .–1))·i + ïnm00.îáù iHC
nm12

n9xL  

  –  ,       
   ,   0,95; 

 –   ,   tT = 20  C,  = 
1,34 ;Êêã

êÄæ   

I0 –   , ,êã
êÄæ I0 = 41,9    20 

 ; 

i  –   , / ; i  = ×t  = 1,05 × 400 = 420 ;  

 –   ,  =1,05 ;Êêã
êÄæ  

t  –   , t  =400  ; 
d0 –   , d 0 = 0,0093  /  . . 

  t = 20  C,     = 72 %; 
i  –    , / : i  = r0 +  · t ; 
r0 –      0 ,   
2500 / ;  

 –      = 1,97 Êêã/êÄæ ; 
t  –   ; 
t  = t  = t  = 400  ; 
i  = 2500 + 1,97 × 400 = 3288 ;/   

      , : 

Q ·  + T·tT - i  (1- )HC
nm12

n9
nm - ;

)Ixii(L

HC
nm12

n9i

00ïñã0

nmï

.îáù  

   ,    
 ,     :  

CH4 = ;9596,0
)20273(6797,04,22

2731698,0  

C2H6 = ;0055,0
)20273(6797,04,22

2733003,0  

C3H8 = ;0027,0
)20273(6797,04,22

27344001,0   

C4H10 = ;0035,0
)20273(6797,04,22

27358001,0   

 ,    1  : 

17,20035,0
10412

1090027,0
8312

890055,0
6212

699596,0
412

49HC
nm12

n9
nm
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   .:  

. = ;
)Ixii(L

)HC
nm12

n9(i)HC
m12
n91(itCQ

00ïñã0

nmïnmñãTT

 

 = ;18,6
)9,410093,03288420(98,16

179,23288)179,21(4202034,195,041,52122  

    ,    1  
         400  : 

nm0.îáù
ñì
ñã HC

nm12
n9L1L ./75,103179,298,1618,61 êãêã  

         1  : 

00.12
9 dLHC

nm
nL îáùnmï  2,179 + 6,18·16,98·0,0093 = 3,15 . 

       (d1 = d  ); 

ñì
ñã

ï
1 L

Ld ;0304,0
75,103

15,3  

      : 

;
L

ILtCQ
I ñì

ñã

00.îáùTTò
1  

êãêÄæ9,519
75,103

9,4198,1618,62034,195,041,52122I1 . 

    ,    1   
       = 1,15. 

L  = 1 +  ·Lo + ;HC
nm12

09,0
nm   

L  = 1+ 1,15·16,98 + (
412

09,0 ·95,96 + 

.êãêã07,2135,0
10412

09,027,0
8312

09,055,0
6212

09,0  

     : 

L  =  ·Lo · do + ;HC
nm12

09,0
nm  

L  = 1,15 · 16,98 · 0,0093 + (
412

09,0 · 95,96 + 

;êã
êã7256,035,0

10412
09,027,0

8312
09,055,0

6212
09.0  

  :  

d  
L
L .0344,0

07,21
7256,0  

  :  
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I  = 
ñã

00TTò
ð
í

L
ILtñQ , 

  –  ,   = 0,95; 
 –   , ;Êêã

êÄæ   
tT –   ,  ; 
Io –   , ;êã

êÄæ   

I  = ;êã
êÄæ2,2390

07,21
9,4198,1615,12034,195,041,52122  

 I – t     .   
 t  = 1430 C; 

    d    t   
  I– d  ( . 3.5)   . F ,   
      . 

 
     I - d    

 
    : 

 = q  +  · t  – (q  + q . . + q ); 
 q  –   ,   

 ,   .  q  = 0; 
 –         

  t , ;Êêã
Äæ  

q  –    ,     , 

Êêã
êÄæ  

q  = ;
W

)tt(ñG í
ì

ê
ììê  

  –   ,    , Êêã
êÄæ ;  

= 0,8 ;Êêã
Äæ  

q  = âëàãèêã
êÄæ11,385

389,0
)1590(8.05,2 , 

  q . .  –       , (  
   q . . = 0); 

q  –     .  q  = 120 ÷ 240. 
 q  =180 âëàãèêã

êÄæ . 

  , : 
 = 0 + 4,19·15 – 385,11 – 180 = - 502,26 ;  
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    : 

 =
1

1

dd
II             I = I1 +  ·(d – d1). 

      I – d    
   .      

d1 = 0,0304 ,
.âîçä.ñóõêã

âëàãèêã  I1 = 519,9 ..âîçä.ñóõêã
êÄæ   

        

 d2
*.  d2

* = 0,05 ,    

I2
* = 519,9 – 502,26 ·(0,05 – 0,0304) = 510,06 / . 

       I – d  c  d1,  I1  d2
*,  I2

* 
         

 t2 = 95 0C.        t2 
     d2 = 0,108 / , I2 = 462 

/ . 
   : 

L  = 
12 dd

W .ñ
êã019,5

0304,0108,0
3895,0  

      . 

q  = )( í
ì

ê
ì

ìê tt
W

ñG
âëàãèêã

êÄæ11,385)1590(
3895,0

8,05,2 . 

    I – d . 
      1    : 

 = 
12 dd

1 âëàãèêãêã886,12
0304,0108,0

1 . 

    1    : 
q = · (I1- I0) = 12,886 ·(519,9 – 41,9) = 6159,8 .âëàãèêã

êã  

    : 
L = · W = 12,886 · 0,3895 = 5,019 . 

   : 
Q = q· W = 6159,8 ·0,3895 = 2399,24  . 

 ,   , : 

B = 
T

P
íQ

Wq .ñ
êã048,0

95,041,52122
3895,08,6159   
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. 

 
  

1.   : 
QT = B ·cT ·tT = 0,048 · 1,34 · 20 = 1,2 . 

2. ,     : 
P
í

ñæ
Ò QÂQ .êÂò8,25014,52122048,0   

3. ,   ,    : 

BQ .·L0·B·cB ·t0 = 6,18 ·16,9 ·0,048·1,05·20 = 105,3 . 
4. ,   ,     

  : 
ÂLIQ ñì

ñã0
ñì
âë .êÂò5,208048,07,1039,41  

5. ,   : 
Q  = W·c · t  = 0,3895 ·4,19 ·15 = 24,4  ; 

6. ,   : 
QM1 = G2 · · t  = 2,5 ·0,8 ·15 = 30 . 
 

  
1.    : 

Q2  = BIL 2
ñì
ñã 103,75 · 462 · 0,0485 = 2402,4 . 

2.    : 
QM2 = G2 · CM · t = 2,5 · 0,8 · 90 = 180  . 

3.    : 
Q  = B )1(Q T

P
í 0,0485 · 52122,41 · (1 – 0,95) = 127 . 

4.    : 
.Q = q ·W = 180 · 0,3895 = 70,3 . 
    . 3.19 
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 3.19 
     

 
  %   % 

 
  

1,2 0,04     
  

2402,4 83,67 

,  
   
  

2501,8 87,13   
  

 

180 6,27 

,  
 

, 
  

  

105,3 3,67    
 

127 4,42 

,  
 

, 
  
  

  

208,5 7,26    
  

70,3 2,46 

 , 
  
 

24,4 0,85  +91,2 3,18 

 , 
 

 

30 1,05    

: 2871,2 100 : 2871,2 100 
 
      : 

%18,3100
2,2871
27802,2871 . 

 
  ,    

 
     : 

d  =
2

dd 21

êã
êã0692,0

2
108,00304,0 . 

     : 

t  = 

2

1

21

tt
ttlg3,2

)tt()tt( .C58,87

9095
15400lg3,2

909515400   

     

t
2

ttt C08,14058,87
2

9015 . 
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    ,   1   
: 

ñðñð
6ñð

0 t273x6221064,4v ; 

0v 4,64 · 10-6 · (622 + 69,2) · (273 + 140,08) = 1,32 êã
ì 3

. 
   : 

 = 3ñð
0

ñð

ì
êã28,1

32,1
2,6901,01

v
x01,01

 . 

  ,   : 
V  = B ;vL ñð

0
ñì
ñã   

V  = 0,048 · 103,75 · 1,32 = 6,6
3

 = ÷
ì96,23664

3
. 

  ,      1 : 

L  =
0v

V
 = .17928

32,1
96,23664  

   ,   1  ,   

 : 22
6

0 t273x6221064,4v

êã
ì25,19527310108,06221064,4v

336
0 . 
 ,   : 

V  = L  ·v0 = 17928 · 1,25 = 22347,1
3

. 
 

         
 

   
   

c
2
c

3 gdAr ;18728
68,01034

81,91500101
26

33

 

 d –  , d = 1 ; 
 –  ,  = 1500 ;3  

-   , = 34 · 10-6  2 ;  
 –  ,  = 0,68 3 .  

    (Re ) 

Re  =
Ar22,51400

Ar 86,8
1872822,51400

18728 . 

      : 
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W  =
d

Re cêð .ñ
ì3,0

101
103486,8
3

6

 

       Re   
  ( ) W : 

Re  =
Ar61,018

Ar ;55,184
1872861,018

18728  

W  =
d

Re c2 .ñ/ì275,6
101

103455,184
3

6

 

    ,    
,    1,5 – 2 .    KW 

= 1,5. 
       

Wp . = KW · W  = 1,5 · 0,3 = 0,45  . 
  ,   , : 

Vc = 
3600ñ

ñðL
,33,7

360068,0
17928 3

÷
ì  

 L  –   ,      1 ; 
 –  . 

    : 

D =
.785,0 ðàá

c

W
V  

45,0785,0
33,7  = 4,7  ; 

   
     (Re .) 

c

÷ðàá
ðàá

dW .
.Re 14

1034
10145,0

6

3

. 

   : 

 = 
21,02

.. Re36,0Re18
Ar

ðàáðàá .43,0
18728

1436,01418
21,02

 

  : 
 =  +  , 

  –  ; 
 –  . 

 
   

 = 2

2
ã

2
îòâ

Ñ
1503,0 , 

   –   ,  = 0,03; 
 –         = 0,03 

;ñ/ì15
03,0
45,0Wpàá

îòâ  
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 – ,        
0d .  

    d0 = 3 ,     = 
5 . 

  0d   .6,0
5
3d0   

 6,0d0    [13]    = 0,73. 

 = Ïà3,144
73,0

03,0168,015503,0
2

22

. 

     ,   
   Q: 

,
t

Qf
ñð

 

 Q –  , Q = 2871200 ; 
 –       , 

/( 2 0 ).    = 3,26 /( 2 0 ). 

.ì10008
58,8726,3

2871200f 2  

     : 

fd
6
1G ÷ç êã2502100089,0101

6
1 3 . 

    1 2 : 

,
F
Gg  

 Fp –  , Fp = 4
D2

3,17
4

7,414,3 2

 ;ì 2   

36,144
3,17

2502g  

    

.121,0
1200

6,144gH0  

  : 

 = 0 
p

0

1
1  ,ì127,0

43,01
4,01121,0  

0  –   , 0  = 0,4. 
   . 

 = ìèí16÷26,0
)900010404(5,0

2502
)GG(5,0

G
êí

ç . 
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 G  –    , / ; 
G  -    , /  

  : 

.6,144
3,17

2502
F
G  

  : 
 = 144,3 + 144,6 = 288,9 . 

         
     20 %. 

. = 1,2·  = 1,2·289 = 346,8 . 
 

       
 

 
      . 
     : 

V  = 
q
QB P

H , 

    –  , / ;                                                          
P
HQ     ; 

 q –  .     q = 1400  

3 . 

    : 

V  = .ì8,1
1400

41,52122048,0 3  

 
 

        -7. 
 

 
          

 – 24 ( .  4.7  .)     
   .    = 4,5 ñ

ì . 
    : 

F = V ,ì38,1
5,4
2,6 2  

 V  –      , V  = 22347,1 

.2,6
33

 
  ,     N: 

 N = 6,  
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D = 
N785,0

F .ì54,0
6785,0

38,1  

    D = 600 . 
 

 
 

 ,  ,  : 

 = 
g

p
 52

81,968,0
8,346  . 

 
 ,  ,  : 

N  = 
îáùã

îáùâë

1000
pL

êÂò3,5
6,068,01000

8,3462,6 , 

 L  –   , ;  

L  = V  = 22347,1 .2,6
33

 

-     (0,5 – 0,6).  =0,6 
    

N  = k · N  = 1,1 · 5,3 = 5,8 , 
  k –      , k = 1,1 – 

1,25. 
 [9]         14  

 :   – 25000 3/ ,   
50 / 2,  = 0,58. 

 [9]     – 63  – 8   
N  = 7  ,    735 / ,  = 0,9; 
 

 
    :  

G = 15 ·  · n ·D · L · ·  · , 
  n –   , ;   

D  –  , .  D  = 250 ; 
L  –  , .  L  = 1200 ; 

 – ,     ,  
   ,  = 0,85; 

 –    ,  = 0,85; 
G = 15·3,14·0,85·0,85·250·1200·10-3·3,5·0,26 = 9290,12 ;  

  ( )    1 – 250. 
 

3.7.    –      
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   –   9000 /  
   . 

  
 

    
  –   

    , G2 = 9000 /  
 :  ,  = 7 .% 

    ,   = 0,5 .% 
  : t = 16 0C 
  ,  = 1,15 /  0C 

   : 1450 / 3 
      t  = 800 0  
      t  = 98 0  
      t = 90 0  

   – 1,2 . 
   ,  .   

     ,  . 
  : 

,  t0 = 20 0C 
   0 = 70 % 

  d0 = 10 /  . . 
 

1.   ,    G1: 
G1= G2 + W , 

  W  –   , G2 –  
   , 1 –  ; 2 –  

. 

÷
êã03,629

7100
5,079000

100
GW

í

êí2
âë  

   ,   : 

G1= G2 + W  = 9000 + 629,03 = 9629,03  

 ,    : 

45
100

90005,0
100

GV 2
..  

2.         
  .       

=1450 3 . 

      = 7%: 
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 = 1559
7100

1001450  3 . 

 
     = 0,5%: 
 

= 1457
5,0100

1001450  3 . 

3.    . 
         

 ( .3.20). 
 

 3.20 
  , .%  

4 2 6 3 8 4 10
 

5 12  N2  
85,73 3,77 1,1 0,1 0,05 0,05 0,2 100 

 
       = 1,2. 

     1,0%.      
  ,  W  = 1. 

 
4 = 4 (100-Wp)/100=85,73 0,99=84,87 

 
    .3.21. 

 
 3.21 

  ( ) , .%  
4 2 6 3 8 4 10 5 12 2 N2  

84,87 3,73 1,09 0,099 0,0495 0,0495 9,1 100 
 
     Q    . . : 

Q  = 358,2 4+637,5 2 6+912,5 3 8+1186,5 4 10+1460,8 5 12 / 3, 
Q  = 358,2 84,87+637,5 3,73+912,5 1,09+1186,5 0,099+1460,8 0,0495 

Q  = 33963 / 3. 
4.      ,   

: 
L0 = 0,0476(2 4+3,5 2 6+5 3 8+6,5 4 10+8 5 12) 3/ 3; 

L0 = 0,0476(2 84,87+3,5 3,73+5 1,09+6,5 0,099+8 0,0495) = 9,01 3/ 3 
    d0 =  10  /  .  .,  

        
 : 

L0  = (1+0,016 d0) L0; 
L0  = (1+0,016 10) 9,01 = 10,45 3/ 3. 
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  = 1,2: 

L = L0=1,2 9,01=10,812 3/ 3. 
5.      = 1,2 : 

V( 2) = 0,01( 2+ 4+2 2 6+3 3 8+4 4 10+5 5 12) 3/ 3; 
V( 2) = 0,01(0,0495+84,87+2 3,73+3 1,09+4 0,099+5 0,0495) = 0,96 3/ 3. 
V( 2 ) = 0,01(2 4+3 2 6+4 3 8+5 4 10+6 5 12+ 2 +0,16 d0 L ), 

V( 2 ) = 0,01(2 84,87+3 3,73+4 1,09+5 0,099+6 0,0495+1+0,16 10 10,812), 
V( 2 ) = 2,04 3/ 3. 

V(N2) = 0,79 L +0,01 N2; 
V(N2) = 0,79 10,812+0,01 0,112 = 8,63 3/ 3. 

V( 2) = 0,21 ( -1) L0; 
V( 2) = 0,21 (1,2 – 1) 9,01= 0,378 3/ 3. 

     : 
V0 = V(CO2)+V(H2O)+V(N2)+V(O2) 

V0 = 0,96+2,04+8,63+0,378=12,01 3/ 3. 
6.      : 

00

0

0 V
tc

V
Ltc

V
Qi  3 , 

 
 = 1,30 / 3 ; t  = 200 ;   = 1,5 / 3 ; t  = 980 . 

 

76,2862
01,12
985,1

01,12
45,10203,1

01,12
33963i   3  

7.         
    t  = 8000 .     
  1 3  ,       

0,95. 
800

0

800

0

i
V
dt

V
t

95,0i , 

 
   i 800= 1100 / 3;  i 800 = 1185,3 / 3. 

 

1110
01,12

d3,1185
01,12

203,195,076,2862  

d = 17,16 3

3

 -      . 

  ,         
 : 

L  = L0 + d = 9,01 + 17,16 = 26,17 3

3

. 

    : 
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5,2
45,10
17,26 . 

 
8.        

     . = 2,5. 

V(CO2) = 0,96 3

3

 

V(H2O) = 0,01  (2 CH4+3 C2H6+4 C3H8+5 C4H10+6 C5H12+H2O+0,16 d0 L ), 

L  = L0   = 9,01  2,5 = 22,56 3

3

. 

V(H2O) = 0,01  ( 2 84,8+3 3,73+4 1,09+5 0,099+6 0,0495+1+0,16 10  22,56), 

V(H2O) = 2,230 3

3

. 

V(N2) = 0,79 L  + 0,01 N2 = 0,79 22,56 + 0,01 9,112 = 17,91 3

3

  

V(O2) = 0,21 (  - 1) L0 = 0,21 (2,5 – 1) 9,01 = 2,845 3

3

. 

     : 
V  = V(CO2) + V(H2O) + V(N2) + V(O2) 

V  = 0,96 + 2,230 + 17,91 + 2,845 = 23,945  3

3

. 

        
       : 

 

)O(V429,1)N(V251,1)CO(V977,1
OH804

d
222

2
H   /  . . 

 

20,63
845,2429,191,17251,196,0977,1

230,2804dH  /  . . 

 
 3.22 

    
  %   % 

4 =84,87 0,717 60,85 4,09 2= 
100 0,96 1,977 

189,792 12,76 

2 6 = 3,73 1,356 5,06 0,34 2 = 
100 2,04 0,804 

164,016 11,03 

3 8 = 1,09 2,02 2,2 0,15 N2 = 100 8,63 1,251 1079,613 72,58 
4 10 = 0,099 2,84 0,281 0,02 N2 = 

100 0,378 1,429 
54,016 3,63 

5 12 = 0,0495 3,218 0,16 0,01  +0,053 +0.00356 
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2 = 0,0495 1,977 0,098 0,01    
N2 = 9,112 1,251 11,399 0,77    
H2O = 1,0 0,804 0,804 0,05    

      
2  = 189,21 1,2 1,429 324,46 21,81    

N2 = 711,79 1,2 1,251 1068,54 71,84    
H2O=0,16 10 1,2 9,01 0,
804 

13,91 0,94    

 1487,49 100,00  1487,49 100,00 
 

 
. 3.11.       I – d   

  
 

10 

t0 =200  

t  =980  

I0 = 44 

/  

 

t  = 8000C 

I  = 907 

63 

 

I  = 1085 

364 

 

D 

320 

E 



 131 

9.        
 I – d  . 3.11.  

        
   t  = 800 0   d  =  63,20  /   .  .,   

   ,    .   
    : t0 =  200C,  d0 = 

d  = 10  /   . .,      . ,  
    ,   ,   

    .    (t  = 980 ,  IH = 
1085 /  . ., d2 = 364 /  . .)   

  .  
        : 

 

19,2091
20,63364
03,6291000

dd
W1000G

H2

âëÒÅÎÐ
ÃÀÇ.Ñ   . ./  

10.     I – d     
         

  : 

Q  = Q  + Q  +Q      , 

 Q  –     ; 
Q  –     ; 
Q  –    ,    . 

  : t  = 16 0C; t  = 90 0C. 
       : 

 = 150,1
100

72,4
100

7100921,0
100
2,4

100
100921,0 íí   / 0C; 

 
 = 9374,0

100
5,02,4

100
5,0100921,0

100
2,4

100
100921,0 êê  / 0C. 

 
       

Q  = G2 cK t  - G1 cH t  = 9000 0,9374 90 – 9629,03 1,150 16 = 

582119,8 . 

         
 10 – 15%      : 

Q  = 0,12 582119,8 = 69854,4  . 

,     ,  
    (     

  20%     ) 
: 
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Q  = 0,2 G . 1,3 (t – t .) = 0,2 2091,19 1,3 (98 –20)=42409,3 . 

    : 

Q  = 582119,8 + 69854,4 + 42409,3 = 694383,5    . 

   : 
 

332
19,2091

5,694383
G

QI
.

  /  . . 

11.       I – d   
     I  = 332 /  . .   

  .      
  I – d .      tK = 980    

,      .   
   d =282 /  . . 

     : 
 

9,2874
20,63282
03,6291000

dd
W1000G

ÍÊ

âë
ÃÀÇ.Ñ    . / . 

       : 
Q = GC.   (IH  – I0) – 4,2 W  t , 

 I  -  ,   ,   
 I-d   .   t  = 8000   d0 =  10   /   .  .   

 'I  = 907 /  . .     
     I0 = 44 /  . . 

Q = 2874,9 (907 – 44) – 4,2 629,03 16 = 2438775,3  

   : 
 

9,2567131
95,0

3,2438775QQ   . 

       Q  = 33963 3 : 

59,75
33963

9,2567131
Q

QB
H

 
3

. 

     : 

1,4081
03,629

9,2567131
W

Qq   /  . 

12.    ,     
  10 %. 
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           t  = 800 
0C,  : 

32,0
93,3
26,1

8001
26,1

t1 í

ãàç0âõîä
ãàçt   3 , 

 1 + t  –    ( . . .4.9); 
0  -     00  (     )     

  : 

.26,1
945,23

230,2804,0845,2429,191,17251,196,0977,1
V

VVVV

3

OHOHOONNCOCO
0

22222222

    

         
: 

78,13
32,0

15590012,07,5d7,5W âõîä
ãàçt

Ìí
ãàç   . 

 
           

.   ,   1 3  , 
 : 

35,10
804,059,75

03,629
B

WW
OH2

  3

3

. 

          
 : 

''
OH2

V = 2,230 + 10,35 = 12,58  3

3

. 

       : 

44,356
845,2429,191,17251,196,0977,1

58,12804d  /  . . 

     d  = 356,44 /  . .  
    I – d   d  = 282 /  . .,  
   : 

G .  = 1,2145
20,6344,356

03,6291000    . /  

    : 

Q = 2145,1 (907 – 44) – 4,2 629,03 16 = 1808950,48 . 

    : 

Q  = 4,1904158
95,0

48,1808950    . 
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   : 

 = 07,56
33963

4,1904158   
3

. 

      : 
 

q = 13,3027
03,629

4,1904158    /  . 

        : 

43,8
80,0

14570012,07,5d7,5W
t

  

    : 

95,13
804,007,56

03,629W  3

3

. 

      : 

OH
"

2V  = 2,23 + 13,95 = 16,18 3

3

. 

       00  : 

09,1
95,13945,23

18,16804,0845,2429,191,17251,196,0977,1
0  3 . 

         980  : 

80,0
37,1
09,1

981
09,1

t   3 . 

 
13.     ( .3.23)  . 

 3.23 
    

  
  /  /  

. 
% 

     
1. ,     ( ) 

Q1 = B QH = 56,07 33963 1904158,4 3027,1 95,2 

2. ,      = 2,504  
Q2 = B L i  = 2,504 56,07 26,17 1,3 20 95530,5 151,9 4,8 

 1999688,9 3179,0 100 
     

1.    (   ,  
 ): 

Q1  = V   B i  = 23,945 56,07 1,3 98 
171046,7 271,9 8,6 

2.     
Q2  = W (r + t ) = 629,03 (2285 +1,97 90) 1550558,9 2465,0 77,5 

3.    : 
   Q3  = B QP

H (1- ) = 56,07 33963 0,08 152344,4 242,2 7,6 
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4.     
      Q4  = 0,12 582119,8  69854,4   111,1 3,5 

5.   ,     
Q5  = 0,2 G . 1,3 (t  – t ) = 
0,2 2091,19 1,3 (98 – 20) 

42409,3 67,4 2,1 

  + 13475,2 21,4 0,7 
 1999688,9 3179,0 100 

 
14.     . 
  ,   , : 

G  = (1 + 0,001 dH) GC. ; 

G  = (1+0,001 63,20) 2145,1 = 2280,67 . 

          
tH=8000C : 

98,1
360032,0
67,2280Vt  

3

. 

     : 
 

í
ãàç

t
1 W

V13,1D   , 

 Vt –    ,   -
   , 3/c; 

W  –         – 
, / . 

43,0
78,13

98,113,1D1 . 

          : 

2

'
t'

D785,0
VW    , 

 Vt
’ –      , 3/c. 

01,1
36008,0

03,62967,2280
3600

WGV
t

'
t   

3

. 

 

96,6
43,0785,0

01,1
D785,0

VW 22

'
t'ê

ãàç  . 

  ,    ( W = 8,43 / ),   
     .  
 ,       (    

20 %)   .       
 d  = 0,0012 . 
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  .  

t
2

3dgAr , 

  –       , 2/  . 

41580
8,0)10725,2(

14570012,081,9Ar 25

3

. 

  Re = f(Ar)    Re    
  : 

/75,6
0012,0

10725,2300
d

ReW
5

. 

     25 %    
    - ,     

  .  
     ,    

   ,    ,  1,5 - 2 . 
 ,      

./125,1075,65,1W5,1W  
           

    

36,0
125,10
01,113,1D2   360 . 

 D2 = 360 . 
   :  
-      

22,4
67,2280
03,9629

G
G1

H   ; 

-     

093,3
03,62967,2280

9000     . 

        m0 = 300 / 3   
   D  = (0,43+0,36)/2 = 0,4    
: 

1769,16
4,0785,0300

03,629
D785,0m

WL 22
ñð0

ÈÑÏ   . 

          
LLL , 

   ,      
L   W . d  = 10,125 . 1,2 = 12,15  (  d   ). 

 L  = 12 . 
 .291217LLL  
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15.     
321ñ ðððð . 

  321,     
  . 

 Re    

5
5 1049,1

10725,2
4,0125,10DW

Re . 

      
  =  0,2     = 0,017 ( .1.8).   

   = 0,1.     W  = 
0,95( W  – W ) = 0,95 (10,125 – 6,75) = 3,21 /  )  4 = 0 : 

.Ïà52,681
4,0785,0

21,33600/9000
125,1014574,0785,0

81,93600/900029)8,01457(
2

125,108,0
1,02

4,0
29017,0p

2

2

2

 

 
      682 . 

16.  . 
          .  

   : 

2
gð

2ö
ãàçâûõîä

ãàçtö . 

 75
gt

,  = 105.  

     

.ñ/ì38,0
81,9105

752
g

ð2
âûõîä
ãàçt

ö
ãàç  

  

55,0
38,0785,0

01,1
785,0

VD
'
t . 

     -15  D  = 600   
  589 . 

      
= 682 + 589 = 1271 . 

17.     

,
1000

pV
N

'
t  

  =    –   . 
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.67,2
48,01000

127101,1N  

 
   

,NN  

 -  ,      
.3.24. 

 
 3.24 

      
  

N ,  0,5 0,51 - 1 1,01 - 2 2,01 - 5 > 5 
 1,5 1,3 1,2 1,15 1,1 
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1. , . .       / 
. . .- .: ,1971.-784 . 

2. , . .     / . . .- .: , 
1970. -432 . 
3.  . .,  . .,  . .,  . .   

  /[ .    .].- .: . -  . 
 . , 1949.- 484 . 

4. , . .     / 
.  , . . .- .: , 1970. -408 . 

5. , . .        
   / . . , . . .-  .: , 1983.- 416 

.  
6. , . .      / 
.  .- .: , 1975. -288 .  

7. , . .     / . . , . . 
.- .: « », 1968. -360 .  

8. , . .    / . . .- .: 
. ., 1967. -259 . 

9. , . .     / .  
. . - .: , 1964.- 704 . 

10.  , . .      / [ . . 
  . ].- : , 1977. -88 . 

11. , .       
   /[ .    . ].   2.  

 .- .: -  .  - , 1966.- 500 . 
12. , . .    / . . , . . 

 ..   .    - . - .: . ., 1983. -
223 . 
13. , . .          

 / [ . .   . ]. – .: , 1987 – 576 . 
14. , . .       / . . 

 .  . – : -  , 1987. – 63 . 
15.  , . .       / .  

.- .: . ., 1968. -366 . 
16.     / . . . . .  .: 

, 1977. 228 . 
17.  :  /  . . . . .: 

, 1976. -493 . 



 140 

18. , . .        
   / .   .- .: . ., 1979. -344 . 

19. , . .  -  ( ): .  / 
[ .    . ]. . . .- . - . ,2002.-112 . 
20. , . .    : .  / 
.  , . . . . . .- . - . ,2002.-

104 . 
21 , . .    : .  / .  

, . . . . . .- . - . ,2006. 
-104 . 
22. , . .      : .  /[ .  

  . ]    . . .- . - . ,2009.-106 . 
23. , . .     / 
. . , . . . - : , 1969. - 272 . 

24.   -   / . . , . . , 
. .   .- .: ,1983.-312 .  
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4.  
 4.1 

  t        
 

   
 t , 0  , % t , 0  , % 
 13,3 88 15,3 79 

  7,1 91 25,2 58 
  24,2 78 21,2 72 

  8,8 88 18,2 74 
 13,7 74 20,6 77 

  9,9 85 24,7 50 
 12,0 85 17,5 70 
  9,8 90 20,6 62 

  7,0 84 22,2 59 
 

 
12,2 89 19,4 68 

  20,9 85 17,2 72 
 13,6 86 19,9 63 

  2,1 90 23,7 67 
 19,2 81 19,3 72 

  9,3 88 19,4 67 
  7,7 87 17,5 69 

  6,8 88 17,5 78 
 10,8 88 18,0 70 

  4,0 88 23,1 63 
  8,4 88 17,6 78 

 19,3 83 18,7 59 
  2,0 75 23,6 68 

  3,1 88 22,6 61 
 19,6 85 19,1 70 
  9,5 92 19,6 77 

 16,0 84 18,0 72 
- -   6,1 89 23,7 59 

 11,3 84 23,1 53 
 16,2 84 17,2 70 

  8,4 88 17,6 78 
 19,4 82 17,8 76 

 16,2 84 18,6 72 
  27,4 82 18,7 65 
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 4.2 
       

, / 2  
 

, %  t, 0C 
100 90 80 70 60 50 40 

15 165,3 148 8 132,2 115,8 99,2 82,7 66,1 
10 259,9 23  9 208,0 181,9 155,9 129,9 104,0 
 5 401,3 361 2 321,1 280,9 240,8 200,7 160,5 
0 610,8 549 7 488,6 427,6 366,5 305,4 244,3 
5 872,7 785 5 698,2 611,0 523,7 436,4 349,1 
10 1228,2 1105 4 982,7 859,9 737,1 614,3 491,5 
15 1705,5 1535 1 1364,7 1194,2 1023,6 853,1 682,5 
20 2338,7 2105 0 1771,3 1637,6 1403,8 1169,9 936,0 
25 3168,4 2851 9 2535,3 2218,7 1902,0 1585,1 1268,3 
30 4244,4 3820 6 3396,6 2972,5 2548,3 2123,9 1699,4 
35 5225,0 5063 5 4501,8 3939,7 3377,7 2815,2 2252,6 
40 7378,8 6642 5 5905,9 5168,9 4431,6 3693,8 2955,8 
45 9587,3 8631 0 7673,4 6716,9 5759,0 4800,5 3841,5 
50 12338,0 11108 0 9877,3 8645,6 7413,1 6179,7 4945,5 
55 15743,1 14174 6 12604,9 11033,8 9461,6 7887,9 6312,9 
60 19923,1 17939 6 15954,2 13966,8 11977,4 9986,1 7992,8 
65 25013,5 22525 1 20033,8 17539,8 15042,9 12542,9 10040,1 
70 31167,4 28069 5 24967,0 21860,9 18750,4 15635,9 12517,1 
75 38559,0 34729 9 30894,4 27053,8 23206,7 19353,6 15494,9 
80 47362,0 42665 2 37958,2 33243,3 28520,3 23788,4 19047,7 
85 57830,0 52099 0 46357,4 40604,4 34839,5 29062,3 23273,5 
90 70122,0 63184 4 56229,6 49258,6 42271,1 35267,3 28246,9 
95 84560,0 76208 3 67832,2 59433,9 51010,5 42566,7 34099,7 

99,4 99356,0 89549 7 79718,0 69857,1 59966,7 50045,8 40095,5 
100 99356,0 89560 2 79729,4 69872,1 59984,5 50065,4 40114,5 
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 4.3 
     1  . . 

(v 3/  ) 
 

, % 
 T, 0  

100 90 80 70 60 50 40 30 
-15 0,747 0,747 0,747 0,747 0,747 0,746 0,746 0,746 
-10 0,762 0,762 0,762 0,762 0,762 0,761 0,761 0,761 
- 5 0,778 0,778 0,777 0,777 0,777 0,776 0,776 0,776 
0 0,794 0,794 0,793 0,793 0,792 0,792 0,791 0,791 
5 0,811 0,810 0,809 0,809 0,808 0,807 0,806 0,806 
10 0,828 0,827 0,826 0,825 0,824 0,823 0,822 0,821 
15 0,847 0,846 0,844 0,843 0,841 0,840 0,838 0,837 
20 0,867 0,865 0,863 0,861 0,859 0,857 0,855 0,853 
30 0,915 0,911 0,907 0,903 0 899 0,895 0,891 0,887 
40 0,977 0,970 0,962 0,954 0,947 0,940 0,933 0,925 
50 1,07 1,05 1,04 1,02 1,01 0,996 0,983 0,970 
60 1,20 1,17 1,15 1,12 1,09 1,07 1,05 1,02 
70 1,44 1,38 1,32 1,27 1,22 1,17 1,13 1,09 
80 1,95 1,79 1,65 1,53 1,43 1,34 1,26 1,19 
90 3,57 2,88 2,42 2,08 1,83 1,63 1,47 1,33 

100 — 10,9 5,45 3,63 2,72 2,17 1,81 1,55 
120  

 
11,5 5,73 3,82 2,86 2,28 1,90 1,63 

140 — 12,0 6,01 4,01 3,00 2,40 2,00 1,71 
160  

 
12,6 6,30 4,19 3,14 2,51 2,09 1,79 

180  
 

13,2 6,58 4,38 3,29 2,63 2,19 1,87 
200 — 13,7 6,86 4,57 3,43 2,74 2,28 1,96 
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 4.4 
     = 1 am  

t, 
°  

, 
 / 3 

 

, 

 

102, 

 

102, 
2/  
 

 106, 

2  

  106, 
2/  

 

Pr 
 
 
 180 3,685 0,250 0,65 0,705 0,66 1,76 0,900 

150 2,817 0,248 1,00 1,45 0,89 3,10 0,770 
100 1,984 0,244 1,39 2,88 1,20 5,94 0,742 
50 1,534 0,242 1,75  4,73 1,49 9,54 0,726 
20 1,365 0,241 1,94 5,94 1,66 11,93 0,724 
0 1.252 0,241 2,04 6,75 1,75 13,70 0,723 

10 1,206 0,241 2,11 7,24 1,81 14,70 0,722 
20 1,164 0,242 2,17 7,66 1,86 15,70 0,722 
30 1,127 0,242 2,22 8,14 1,91 16,61 0,722 
40 1,092 0,242 2,28 8,65 1,96 17,60 0,722 
50 1,056 0,243 2,34 9,14 2,00 18,60 0,722 
60 1,025 0,243 2,41 9,65 2,05 19,60 0,722 
70 0,996 0,243 2,46 10,18 2,08 20,45 0,722 
80 0,968 0,244 2,52 10,65 2,14 21,70 0.722 
90 0,942 0,244 2,58 11,25 2.20 22,90 0,722 

100 0,916 0,244 2,64 11,80 2,22 23,78 0,722 
120 0,870 0,245 2,75 12,90 2,32 26,20 0,722 
140 0.827 0,245 2,86 14,10 2,40 28,45 0,722 
160 0,789 0,246 2,96 15,25 2,46 30,60 0,722 
180 0,755 0,247 3,07 16,50 2,55 33,17 0,722 
200 0,723 0,247 3,18 17,8 2,64 35,82 0,722 
250 0,653 0,249 3,42 21,2 2,85 42,8 0,722 
300 0,596 0,250 3,69 24,8 3,03 49,9 0,722 
350 0,549 0,252 3,93 28,4 3,21 57,5 0,722 
400 0.508 0,253 4,17 32,4 3,36 64,9 0,722 
500 0,450 0,256 4,64 40,1 3,69 80,4 0,722 
600 0,400 0,260 5,00 49,1 4,00 98,1 0,723 
800 0,325 0,266 5,75 68,0 4,54 137,0 0,725 
1000 0,268 0,272 6,55 89,9 5,05 185,0 0,727 
1200 0,238 0,278 7,27 113,0 5,50 232,5 0,730 
1400 0,204 0,284 8,00 138,0 5,89 282,5 0,736 
1600 0,182 0,291 8,70 165,0 6,28 138,0 0,740 
1800 0,165 0,297 9,40 192,0 6,68 397,0 0,744 
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           ( / 3),   : 

760)t00367,01(
293,1

, 

  — ,  . .; ( t –   , ° ). 
 

,  . . 
, 

,  . . 
. 

- 
, 

0C 720 740 760 770 
- 
, 

°  720 740 760 770 

0 1,225 1,259 1,293 1,310 18 1,149 1,181 1,213 1,229 
2 1,216 1,250 1,284 1,301 20 1,141 1,173 1,205 1,221 
4 1,208 1,241 1,275 1,291 22 1,134 1,165 1,197 2,212 
6 1,199 1,232 1,266 1,282 24 1,126 1,157 1,189 1,204 
8 1.190 1,223 1,257 1,273 26 1,118 1,149 1,181 1,196 

10 1,182 1,215 1,247 1,264 28 1,111 1,142 1,173 1,188 
12 1,173 1,206 1,239 1,255 30 1,104 1,134 1,165 1,180 
14 1,165 1,198 1,230 1,246 32 1,096 1,127 1,157 1,173 
16 1,157 1,189 1,221 1,238 35 1,086 1,116 1,146 1,161 
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 , .10-3, 
/ 3   , .10-3, 

/ 3 

 1,3—1,8   2,66 — 2,67 
 2,1-2,8  1,8—2,7 
  1,1—1,44  2,3—2,5 

  2,17—2,31     0,37—0,9 
  1,25—1,52   1,4-1,65 

 2,1—2,95    1,95—2,05 
  2,3—3,0   0,1 — 1,0 
  1,2-1,5   2,5—3,0 
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.4.1.     : 

1 – O2; 2 – NO; 3 – CO2; 4 – HCl; 5 – ; 6 – N2; 7 – SO2; 8 – CH4; 9 – H2O; 10 – NH3; 11 – 
C2H6; 12 – H2; 13 – C6H6; 14 – 9H2 + N2; 15 - 3H2 + N2; 16 – CO; 17 – Cl2 
 

  : 1  = 1.10-3 . / 2 
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 4.9 
   (1+ t)    t 

 

t 0  1 + t t / 3 t 0  1 + t t / 3 
0 1,00 1,293 800 3,93 0,328 
50 1,18 1,095 850 4,11 0,314 

100 1,37 0,946 900 4,30 0,300 
150 1,55 0,840 950 4,48 0,288 
200 1,73 0,746 1000 4,66 0,276 
250 1,92 0,671 1050 4,85 0,266 
300 2,10 0,615 — — — 
350 2,28 0,566 — — — 
400 2,46 0,524 1100 5,03 0,256 
450 2,65 0,486 1150 5,21 0,247 
500 2,83 0,456 1200 5,40 0,239 
550 3,01 0,428 1250 5,58 0,231 
600 3,20 0,403 1300 5,76 0,224 
650 3,38 0,382 1350 5,95 0,217 
700 3,56 0,363 1400 6,13 0,210 
750 3,75 0,344 1450 6,31 0,204 
1500 6,50 0,199 1800 7,59 0,170 
1550 6,68 0,193 1850 7,78 0,166 
1600 6,86 0,188 1900 7,96 0,162 
1650 7,04 0,183 1950 8,14 0,158 
1700 7,22 0,178 2000 8,33 0,154 
1750 7,41 0,174 2050 8,51 0,151 
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.4.2.  I – d    (  200 0 ) 
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.4.3.  I – d    (  550 0 ) 
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.4.4. I – d    (  1600 0 ) 
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 0,38   0,88  1,01 
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  / 3 
 

 
,  

 /  .  

  >1900 1350 — 1500 1,04 + 0,00015 t 
       »  1900 1350 — 1500 0,70 + 0,00064 t 
       »  1300 1300 0,61 + 0,00018 t 
       »  1200 1300 0,35 + 0,00035 t 
       »  1000 1250 0,28 + 0,00023 t 
       » 800 1200 0,21 + 0,00,043 t 

  1900 1650 — 1700 1,07 + 0,00093 t 
       »  1900 1650 — 1700 0,81 + 0,00076 t 
       »  1100 1500 0,58 + 0,00043 t 

   1800 1250 — 1400 0,85 + 0,00040 t 
   1800 700 0,47 + 0,00051 t 

  2500 1900 2,1 – 0,00062 t 
               » 2200 1600 1,52 – 0,00018 t 
               »  1330 1450 0,66 + 0,00008 t 

  2600 — 2900 1600 — 1700 2,1 + 0,00215 t 
  2200 — 2600 1650 1,66 – 0,00018 t 

  2200 — 2900 1750 2,96 – 0,00110 t 
  2600 — 2700 1650 — 1750 6,2 – 0,00270 t 

          » 2600 — 2700 1650 — 1750 4,6 – 0,00120 t 
  2700— 2900 1750 4,0 – 0,00082 t 

  2900 1750 2,0 – 0,00035 t 
  3000 1800 3,3 – 0,00110 t 

 3000 1750 2,5 – 0,00058 t 
  2000 — 2500 1400 — 1500 5,2 – 0,00130 t 

  1350 — 1600 2000 23,2 + 0,00035 t 
  1100 900 0,27 + 0,00023 t 

           » 750 900 0,17 + 0,00035 t 
  500 700 0,10 + 0,00028 t 

   1000 1000 0,23 + 0,00049 t 
   300 700 0,065 + 0,00035 t 
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» 1800 20—25 0,5—1 750—850 100—110 40  

  — 8—10 0,5—1 800—1000 70—80  
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  — 40 15 600 120 50—60  

 1500 20—30 0,5—2 800—1000 60—100 30—45 » 

  1500 5—10 0,1—0,3 800—1000 80—100 80—100  

 — 25—30 5—10 500—600 80—100 40—65  

  300 40—50 15—20 400—450 80—100 70—80 » 

  — 30 10—15 400—500 60—150 60—100 » 

 -
  — 20 0,3 500—600  80—100 25—50  
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