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 1.    
 

 
1.1.   . 
1.2.   . 
1.3.      . 
1.4.    . 
1.5.   . 

 
1.1.    
 

  —      
,     

        
,       . 

       , 
          

.        
      
.         

        
      . 

     , 
 ’    .    

,  , , , 
    .   

 ( ,   .)    
. 

  –     
       

.    ,     
.       

  .  
  —    

    .      
  ,     ,  

  . 
 —      

    . 
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 —     
    ,    

  .      
           

   .      
      .

  —     
 ( , )   ( , 

) ,       
 ( , , )   . 
     ,    

 ,  ,  ,  
’ . 

  —     
    .     
 ,  ,    

 . 
       
   .     ’ . 

,         
 ,    ,     – 

 .   ,    
   ,    

 ,     . 
      

   . 
 —     

 . ,   
    .  

     .   
     . 

 —  ,    , 
  .      

     .   
     

    . ,   
      

,         
 . 
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1.2.    
 

        .  
     ,     . 

     ,    
.          

   . 
       ,   

    . 
      

 ,     N   
         . 

    - , 
    ,    
   (  )    

 ( ).   ,      
    ,   ,  

  ,    .  
    .  .1,   

      
  . 
  min  ,     

   .      
,   ,    

  Nmax  Mmax    
 ,   N   M. 

 
. 1.1.  : 

 —   ;  —   



 

 9 

      N  
      ,  

,     max   
  N    10–20%.  ,  

   ,   N. 
       ,  

     ,     
   .     

,    ,  10...20%   
  ,   . 

     
 ,    (     N 

 Nmax)    .  : 
 

                            Ne=Nmax[aN e/ N+bN( e/ N)2-cN( e/ N)3],                   (1) 
 

 N, bN, N –  ,      
(     aN=bN=cN=1;  

:  aN=0,87; bN=1,13; cN=1;  aN=0,53; 
bN=1,56; cN=1,09).                                                                                

      
 (  ) 

 
Me=Ne/ e ,                                                 (2) 

 
 N    ,   e  / . 

   —    
   N        e. 

     
,     N      

   .   (  .1,   1) 
    .  

      
         

  (  2). 
   (  ),    

,     200–400 /    
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 =Vh(aM e-bM),                                         (3) 
 

 Vh —  ’  , ;   b  —   
(     = 0,007-0,01  b  = 0,12-0,17;  

  = 0,01- 0,012  b  = 0,08-0,12).  
        

         
( ,    ).     

  , ,    
    (  ). 

 
1.3.       
 

  ,          
,   .      

 :  Rz    ( . 
1.2, ),  R ,        ,  

 R ,          
.   R   R      
 Rz. 

 

 
. 1.2.  ,     

 
     ,    

      ( .1.2,6),  
     .     

        —  
  R 2.        

,        , 
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   ,     .  
 ,  ,   ,   

      ,    . 
      Rx2,     

 ,       :    
 ,         2,  

   : 
 

Rx2=P -P 2. 
 

  –        
      ( = / ). , 
 ”  ”        

,  ,     ,  
.    . 

      ( =0)    
             
   (R 1= - 1).     ,     

  ,   . 
  1  2      . 

  1     ,   2 -  
. 
         

   .      
  ,       

.     . 
    —      

  ,     z. 
      . 

    —      
 ,  .     

  z      . 
        

    ,     
. 

    —  ,    
    ,      

     .    
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r =S/(2 n ), 

 
 S — ,  ; n  —     

 S. 
         

      .  
  (  ),        

 .          S=0  =0.  
   ,    ( ), 

    ,   n =0  r   . 
          

  .     ,    
     r. 

 
1.4.    ( )  
 

        
.        

         
  ,    ,   

,           
.    ,     

,        
  N     N ,   

     (N =Ne-N ). 
        

  (  ),     : 
 

=N / , 
 

  —    ,  / . 
   N     :  

  ,        
  . 

     
        . 

       ,  
     , ’    
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,   .     , 
       , 
     (  ). 

       
  4x2    

 
=(2+0,09v)Gar10-3,                                    (4) 

 
 v –  , / ; G  –     

, . 
         

  ,   .   
    .    

 ,  
 

= u (1- ),                                          (5) 
 

 u  –   ;  = 0,98k0,97l0,99m (k  l – 
,       
 ; m — ,     

,   ). 
,   ,    , 

 
= + = + u (1- ). 

 
       

  . ,     
      (  ),   

        ,  
        

  : 
 

=(Ne-N )/Ne=( u - )/( u ).                           (6) 
 

     , : 
 

=  – /( u ).                                         (7) 
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     (7)   .  
      0,4-0,5.     

      ·u ,   
      = const  . 

       
     ,      

  : 
 

=N /(N +N )= u /( u + ), 
 

 N  — ,       (  
), . 

    ,      
  ” ”     . 

    ,     
  =0,  (6)       
     ,   

   N . 
   (      

)   (    ) 
   . 
 

 1.1 
   

    
: 

        
      
        
      

 
0,90-0,95 
0,90-0,92 
0,82-0,85 
0,80-0,85 

 
0,80-0,85 
0,80-0,82 
0,75-0,78 
0,73-0,76 

 
       

  .       
        

     .     
  ,     
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.   

 
1.5.    
 

           
     . 
         
  ’     : 

 
= u = u u0 ,                                                            (8) 

 
    u       u0  —       

 . 
   v= r= er/u . 

        
     .  (  

),        , 
 

 = u  - . 

 
. 1.3.    

 
  (6),      

 : 
 

 = u , 
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    : 
 

 = /r = u /r.                                      (9) 
 

   ,   (   )   v    , 
,   (9),      

          
      .  

         
 ( . 1.3). 

   v    , 
      .  

 ,     vmax   
     .    

        .  
        

       
 (        ): 

 
vI/vII=u /u ; vII/vI =u /u . 

 
       , 

,   ,     u     
     . 
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 2.    
 

 
2.1.  . 
2.2.  . 
2.3.   . 
2.4.        . 
2.5.   . 

 
2.1.   
 

      
,      :    

          
  . 

 
. 2.1.    

 
  .      

,    ,  .   
        ,   

      ( .2.1). 
  G  (  )   :    

Gsin ,   ,    Gcos ,   . 
 Gsin        P .  

         
  4-5°.     ,    

   35'   .    =tg   sin  . 
: 
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P =Gsin G . 
 

,      
   , 

 
N =P v=Gsin v G v. 

 
             

  .          
      ’      . 

  .        
,       .     

         , 
 , ,     . 

       
  z,       Okl ( .2.2, ).  

       
  (  1m ).   klm     
, ’       ( ). 

        , 
   — .         ’  

         P’z,   
   —   P”z. ,     

   ,    ( .5, ),   
 Rz –   —    

      a . 
        
 Rza .        

 ,     ,    
  —    x,     
    . 

       ( . 2.2,  )  
 

Px=Rza /r. 
 

  /r      
   f  (f = /r = x/Rz ). 

      ,  
   ,    .      
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.2.2.  : 

 –    ;  –     
 

    
 

                                                      = x=fRz.                                           (10) 
 

   
 

 = r= fRzr. 
 

     ,   
Rz    G ,     ,     

  P =fG . 
  ,       

“   “  .      
          

    .      
          

,    ,        
  . ,  ,    

        .  
  ,      

. 
  f     , 

    : 
 

                                                       P =fG.                                               (11) 
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   10–15 /      
 .        f 

,         
,      ,   

 .  ,     
    ,     

 f. 
       
   , : 

 
                                              f=f0(1+v2/1500),                                         (12) 
 

 f0 –          
 (   ); v  —  , 

/ . 
      -  

      
 f=(32 + v)/2800. 

     (  2.1). 
         
       .  
  ,    ,  

         
,    .    ,  

   ,       
  . 

      .  
        

 ,   .      
      .  ,  

,       f, 
  v2. 

   ,    
  f,      
. 

,        (  ), 
 

N =fGv. 
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 2.1 
   

   f0 
(  v<15 / ) 

f 
(  

) 
  

 : 
          
        

 
    

 : 
        
         

  
   

 
 

0,014 
0,018 
0,025 
0,02 

 
 

 
 

0,014-0,018 
0,018-0,020 
0,023-0,030 
0,020-0,025 

 
0,025-0,035 
0,050-0,15 
0,10-0,30 
0,07-0,10 

 
 

  .         
  ,   ,   Gcos   

( . . 5).           
    Gfcos  ,    ,  

   .     cos 1, 
       (10)    

  . 
   f      

  .       
 ,       : 

 
                                P = + =(fcos  + sin )G  (f+i)G. 

        
  .    : 

 
                                                       = G,                                              (13) 
 
    (  ): 

 
                                                               N =P v= Gv.                                                   (14) 
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2.2.   
 

       
            

    , 
      .     

.       
.       

      .  
 ,     (  ) 

 
=k F v2, 

 
 k  -    (  ),   
      , 2/ 4; F  —  

 , 2. 
        

,    .  
     ,    

       
 .     F    

 :       
F =BH ,   – , ;  —   , ;  

  F =0,78B H ,    –   
, . 
     k   F . 

 
 2.2 

   
  k , 2/ 4 F , 2 

   : 
                                      
                                      

                 
     

  

 
0,2-0,35 
0,4-0,5 
0,6-0,7 
0,24-0,4 
0,13-0,15 

 
1,6-2,8 
1,5-2 
3-5 

4,5-6,5 
1,0-1,3 

 
 (  ),     , 
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                                             N = v=k F v3.  
 

        
.     ,  ,   

  .    ( , 
)         

     .    100–120 
/           

. 
 

2.3.    
 

   ’   ,    
,         -

  .     , 
         

   .  ,  , 
,     ,  

.  ’        
 .      

,     . 

 
. 2.3.   ,    : 

 –    ;  –  
 

 ,         
 ( .2.3, ).       
 G=mg,      ’ (  )   , 

  .  : 
 

’=ma,                                                              (15) 
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 m —  , ; a —  , / 2.  

     1  2.    
      Rz1  Rz2    Rx1   Rx2. 

        h .  ,  
           

 . 
     : 

 
Rx2 – Rx1 – P ’ – P  –  –  = 0. 

 
     

 
                                   Rx2 – Rx1 – P ’ – P  –  = 0.                                       (16) 

 
      

 J   (  J –   ,   –   
).         

  . 
     

 
Rx2 = (M  – J )u /r -  J 2 /r – Rz2f ,                                 (17) 

 
 Rx1 = J 1 /r  + Rz1f,                                                    (18) 

 
  J       –     (  2)   

  (  / 2);  J 1, J 2,   –   
     (  2)     (  

/ 2). 
       : 

 
 = a/r;              = u  = au /r. 

 
    Rx1, Rx2,        (16), : 

 
u /r – J u2 a/r2 – (J 1 + J 2)a/r2 – (Rz1 + Rz2)f – ma –  –  = 0. 

 
’         ,    ,  

   (9), : 
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                    – m(1 + (J u2  + J )/(r2m))a –  – (Rz1 + Rz2)f –  = 0,        (19) 
 

  J  = J 1 + J 2 –         , 2. 
   (19)  ,   

  ,     .   
 ,    ,     
 ,   ,    

,      . ,  
   ,  ,    

   : 
 

 = 1 + (J u2  + J )/(r2m).                                          (20) 
 

   (19)     
 : 

 
 = ’  = ma(1 + (J u2  + J )/(r2m)) = (G/g) a,                 (21) 

 
 g = 9,81 / 2. 

,      ,   
  2–3 ,      8–10    

,     . 
      J   J   ,  
      

 
 = 1 + ( 1 + 2u2 )Ga/G,                                             (22) 

 
 1 2  0,03 – 0,05; Ga –     , ;  

G  —   , . 
     ’    
 

  = 1 + J /(r2m)  1 + 0,05 Ga/G.                                (23)  
 

     (19)    ,  
        : 

 –  –  –  = 0.                                            (24) 
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2.4.        

     ,    
     ( , u , , r).    

, , , ,  , 
      ,  

        .
      

   Rmax,   
  ,

= Rmax = Rz ,                                                    (25)

 —  ,    ,  
   ,    .

       
 x    y .

        
  

2
y

2
xz RRRP RR .                                            (26)

   

= xRz  Rx.                                                    (27)

     

Rx = – Rzf;               ( x + f)Rz .                                (28)
 x,  ,      f,  

       
  

 = xRz .                                                (29)

 ,        ,  
   .    

 ,       
    ,  xRx.   
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      ,  
   ,  ,    

,    ,   
.        
          

 .  
     .  

 ’            
  , ,  ,  

  .      
     , 

       
          

  . 
        
       .   
        

     ,       
.     ,   
   .       , 

      ,   
 . 

       . 
      ,  
     .    
        
.     ,   

.        
    .   

  ,      
.         
.           

 -  .    
        0,4. 

         
   .     

  ,          
 .       ,  
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 .       
,   ,       

. ,      ,  
        

    ,    
” ”.        

,  ,    ”  
” .      , 

          
    ”   ”.  
   ,  ,  

     ” ” .   , 
       .  

,    ,   
    .  

 (  ) ,   , 
      .  

      
   ,  ,  
, .       

         10-25% 
  .     

     . 
             x 

(  2.3).  
      ,  

, :   40-50 /      
      10-15 / . 

   x    , 
   , ,  ,   

    , 
 . 

   y     
        x. 

   .    (27) 
        

: 
 

                                                      >  + .                                         (30) 
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  ’      
 .   ,    

  ,      
   .   (29), 

     : 
 

xRz2   >  +  .                                             (31) 
 

        ,  
 .       ,  

  . 
        (31) 

  Rz2   Rz1,      
  —   G. 

 
 2.3 

      

       

, : 
      
      

’ : 
      
      

 : 
      
      

,    
,   

 
0,7 – 0,8 
0,4 – 0,3 

 
0,6 – 0,7 
0,3 – 0,5 

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

 
 

2.5.    
 

  ,    ,  
   .     

  ,     l1    
    l2    ( . . 2.3, ).  

,       ,   



30

G1  G2 ,      .   
 

Rz1L – Gl2 = 0;  Rz1 + Rz2 = G,                               (32)

 L –     (  ).
,    

Rz1 = G1 = Gl2/L;    Rz2 = G2 = Gl1/L.

      
 ,       , 
   , ,   

  ,    ,  
   ,     

.
  ,     

      ( . . 2.3, ).   
         
    .   , 

  h     h ,  =0.  

-Rz1l1  –  Rx2h   +  Rx1h   +  Rz2l2  –  M   =  0,                                       (33)

Rz1 + Rz2 = Gcos ,

 —     ,   
 1  2.

    Rz1  Rz2   .
   , ,    (33)  Rx1  

Rx2     (17)  (18), :

ah
r

JuJ
hPrhflcosG

L
1R 2

2

T21z ;

ah
r

JuJ
hPrhflcosG

L
1R 2

2

T12z .
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   ( =0)   
       f 0, cos  = 1,  

 
Rz1=(Gl2 – P h )/L;   Rz2 = (Gl1 + P h )/L. 

 
        

.    (33)   
 

RX2 = RX1 +  +  + P ’, 
 

 
Rz1 = [Gcos (l2 – fr) – (  +  + P ’) h  ]/L; 

 
Rz2 = [Gcos (l1 + fr) + (  +  + P ’) h  ]/L. 

 
       

     : 
 

                                     Rz1 = [Gl2 – (  + ) h  ]/L;                             (34) 
 

Rz2 = [Gl1 + (  + ) h  ]/L. 
 

      
  .    (33)  Rx2    

        xRz2,  
 

Rz1 = 1/L[l2 + ( x + f)h ][Gcos (l2 - x h  – fr) + a(J 1/r2)h ] ;                 (35)  
 

Rz2 = 1/L[l1 - ( x + f)h ]{Gcos [l1 – f(h  – r)] - a(J 2/r2)h ] .                 (36) 
 

       
   (35)  (36)   : 

 
Rz1=G(l2 - x h )/(L - x h );       Rz2 = Gl1/(L - x h ). 

 
  ,      

   ,      
  ,   ,  
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      ,     ,  
  . 

     m    
 ,       ,  

,      ,    
 : 

 
                                    m 1=Rz1/G1;          m 2=Rz2/G2.                           (37) 
 

       
 m 1=0,55-0,7; m 2=1,2-1,35.  

     ,    
      ,   

 —       
 .     

 .      
,     ,     

(” ”)   .  
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 3.    
 

 
 3.1.      . 
  3.1.1.  . 
  3.1.2.  . 
 3.2.   . 
 3.3.  . 
 
 3.1.       

 
 ’       

 ,     
,  ’     ( ,   )  
 .   ,  , ’  
,   .  

   ,     
. 

 
3.1.1.   
 

  (24)  
 

                                           =  +  + ,                                          (38) 
 

   ,   ’  , 
   . 3.1. 

    .   
    ,     

 .         
   .    +   

 ,       . 
      + ,   ,    
 ,    (” ”)  ,  

         
 . 
       
      . 

, ,   vmax    
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     + ,    ,    
  .       

+ ,      . 

 
. 3.1.    

 
    ,   
    , ,   

v1,       ,    
     v1.         
       .  
     , , 

     x   
G2 ,   ,    . 3.1.  
,    ,   < ,   
,   ,    .   

     ,    
        

 .        
        

,     v2.     
  ,    v2,   

 ,    . 
  (38)       .  

        ,   . 
    ,        
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   (38)     ,    
      –   . 

 
3.1.2.   
 

      
      

N   ,     .  
       

     : 
 

N =Ne – N  = N  + N  + N  + N ,                           (39) 
 

 N  = v – ,       
. 

   (39)      
.    N-v   

( . 3.2, ).    N     N , 
      ,   N . 

   N  ,   N  
   N =Ne .     

N ,      (14).   
 f ,    N   ,  
   .  ,   10-

15 / ,     f    
 , ,   (12). 

   N      
 N  ( .  N +N ).      N +N   

    ,     
   .   N    N   

N +N    ,    
        

. 
     N   

      .    
 ,    vmax  , 

  N     N   N  (  ).  
       , 

 vmax,     . 
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,     v1    , 
  N    ,   . 3.2,  

 . 
        , 

     N   N     
    . 

 

 
. 3.2.      : 

 –   ;  –    
 

      
 ,    ,  
,       . 

,    
 

 = (N  + N  + N )/N  ,                                 (40) 
 

  (N  + N )/(N  + N  + N ) = . 
 

, 
N  + N  + N  = (N  + N )/  .                            (41) 

 
  (40)  (41) : 

 
 = (N  + N )/ (Ne ) = (N  + N )/N . 
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  u ,     

,   .  
 

3.2.    
 

       
 ,        

        N   N +N .  
,       ,  

  ,           
,     , .  

   ’      
,   . . . 

  D    
         : 

 
D = (P  – P )/G = (Meu /r – k F v2)/G.                       (42) 

 
 D      

         . 
         

,     ,      
  . 

 ’       , 
   (38)         

    G.    D = (P  – P )/G 
= (  + )/G .                                        

     ,    (13)  
(21),  

 
D =  + /g.                                         (43) 

 
        

     . , , 
  D      

 v       . 
   Dmax   

 ,    max   



 

 38 

       . 
 vmax, Dmax  Dv,     
   . 
   (43)     

    
 

D .                                              (44) 
 

       
,      (  )   

: 
 

 =  + 2 = m 2G2( x + f). 
 

      (42)   f, 
        

 
D  = (  – )/G = (m 2G2 x – )/G.                       (45) 

 
       , 

  ,   0,   m 2=1. : 
 

D  = G2 x/G. 
 

       
    

 
D D. 

 
   (44),    

  : 
 

D D . 
 

     
   D     

      .  
      . 3.3. 

 ’       
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,        ,  
   .       

         , 
    ,   ,   
 . 

 
. 3.3.   : 

–  ;  –    
 

    (  1 - 1  . 3.3, )   
 ,     v1,  

     D = .   
       (  2-2),  
       

  ,        
        ,  

  .    , 
    . 

 3 - 3  ,  D < .    
     ,    

  .         
 (  4 - 4),       

       v2,    
 v3.    ,    v2  
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   v3,    , 
  . 

      
         
.       

 D    ,  ,    . ,  
 v1 ( . 3.3, )      1,   
 v2   2. 
     f, ,  

 ,     ,   
 . ,     

    f,       v1 
  ,     1-f1. 

       
  D.    max   

,          
   . ,      

 ,   Dm ,    max. 
      

,      
.      ’  

       
(   .),    (    x)  

  . 
 

3.3.   
 

       
     . ,    

     15–25% ,  30  
45%       30–40% —     

. 
     

   ,       
  .     

   . 
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