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1.   ё   

1.1.     

 –  ,      

    [1]. 

  –    , . . 

    ,     

[1]. 

      :   

.     , , , , 

,   . 

       ,    

        –  

 [1]. 

  : 

    (  ); 

       

(        

); 

   ; 

    –    

   . 

  –     ( , , 

  .) [1]. 

    « »    

  [1]. 

  :      [1]. 
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  –  ,    [1]. 

  –  , , 

   ,   

  [1]. 

        [1]. 

1.2.    ,  
 

1.2.1.   

     :  

( ),  ( )   ( ) [1]. 

  1       . 

 1 –       
 

 
   

    
    2 /  
    

 / 3 / 3  2 / 4 
  ( )  ( )  

  / 3 / 3 / 3 
,   ( )    

  ( ) /  ⋅ /  
  = / 2 

( ) 
/ 2 / 2 

 
 

 

⋅ / 2 = ⋅ / 2 
( ) 

⋅ / 2 

 
 

 

2/  = 2/  ( ) 2/  
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1.2.2.     

    : , 

 , , .   ,   

,    , , , 

  [1]. 

       

  [1]. 

  ρ –       

  [1]: 

                                                           = V  ,                                               (1) 

 m –  ; V–  . 

       

[1]. 

   ρ0   

     ρ  ,   t = 3,98° , . . [1]: 

                                                          = ρρ                                                 (2) 

  –  . 

   –     G    

[1]: 

                                                          = V                                                   (3) 

       : 

. .         G = mg,  

g –   ,  [1]: 

                                                  = V = V = g                                        (4) 
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    0   

       [1]: 

                                                      = t ,                                                  (5) 

 t –   ,    ;       

 –   ,   t = 3,98° . 

,  ,    ,     

.        

    .     0 

 3,98°   :  t = 3,98°    

  ρ   [1]. 

 :  . 

  –  ,   [1]: 

                                                v = ρ = V
                                                      (6) 

 

1.2.3.   

  –       

( )      [2]. 

 ,   ,  

   V ( p) [2]. 

      

 ,      [2]: 

                                                          v = − ∆VV ∙ ∆p ,                                              (7) 

 V0 –    (    p0);  
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               ∆V = Vp − V0 –       

  ∆p = p – p0. 

 «–»    ,    

    ( )  [2].  

  V:  – 2/ ,  – 2/ ,  – 2/ . 

,   ,   , 

 V (  t = 20 °C) : V = 60,4 ⋅ 10-11 2/   7 , V = 

44⋅10-11 2/   70 .  V   [4].   

   ( )    

.     ,  

 [2].  

 ,  ,  

   [2].  

    –     

   [2]: 

                                                  E = v                                                         (8) 

  :    – / 2,  – / 2,  – 

/ 2.  

 V       , . . V = f (p, t),  = 

f(p,t).       ,    

    [2].  

      

 .       

      –  

( ) , . .    -  

    [3].   
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    ,   

         

 :  ≅ 1,5  [4]. 

   ,   , 

   1350…1750 ,   ∼ 2000  [4].  

 ,  ,  

  .   

     , 

     [4]: 

                                           = ∆VV ∙ ∆  ,                                                       (9) 

 ∆V = Vt − V0 –   ,   

   ∆t = t – t0. 

      t   

 [4]: 

                          V = V + ∆ = V [ + t − t ]                         (10) 

  ,   , t ≈ 

0,00006…0,00085 1/ °  [4]. 

     

     ,   ,  

  .       

    [6]. 

1.2.4.   

 –       

  ( )     



14 
 

    .     

  [5]. 

       

 ,     

 (  ) [5].  

   –       

,     [5].  

 ,  .   1686   

  . . .   1883 ,  

  (     τ)   

        [5].  

 , τ    (    

) [5]: 

                                                   = ∆V∆  ,                                                  (11) 

 µ –   ; ∆V / ∆y –  

 .     , 

         y. 

        

  [6]. 

        [6]: 

                                              T = S = S ∆V∆  ,                                           (12) 

 S –   .  

  µ:  – ⋅ / 2,  –  = ⋅ / 2,  – ⋅ / 2.        
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 ,      , 

    [6].  

    –   

      [6]: 

                                                       v = ρ                                                    (13) 

     :  – 
2/ ,  – 2/  = 1  ( ) [6].  

 –  .      – 

: 1  = 10-2  [6].  

       

  (   + 50 ° ).    

   ,   .    

   :     

 [7].  

        

   :    

  [7].  

       

  .    ,    

     .  

         

  [7].  

  ( ) ,    = (t) 

    (t) 1 = 1 , (t) 2 = 2     

  100  t = 100°  .      

     = = 100,     

     = 0.     
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 = 70…100,    = 120…180.    

  [7]. 

       

.     , 

    ∅ 106     ∅ 

2,8 ,    [7]. 

          

   [7]: 

                                       v = , °E − , °                                 (14) 

1.3.     

1.3.1.      

 ,         

  ,        

  [8].  

  ,     

   ,      

   , . . [8]: 

                                                 
VV = k pp  ,                                                  (15) 

 V  –   ,    

 p0, T0; V  –  ; p – ; k –  

.  

     k = 0,016,   

k = 0,127,    k = 0,07…0,11 [8].  

        

  ,  ,   
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  ,   , 

     . [8] 
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2  

2.1     

 –   ,     

      (   

    ,    

     ) [9]. 

    , . .   ,   

 ,      

 [9]. 

  ,     

  ,     [9]. 

2.2 ,   ,     

   (   ),    

   ,      

     ( )    [9].  

,   ,     

 :     .   

   (       

).       [9].  

  –  ,    

 .      

          

,    . ,   

      [10].  

 ,         

 .      ,   – 

   [10].  
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        ,  

       [9]. 

,    G = mg,     

[10]: 

                                         m = = = g                                              (16) 

 ,     ,   

 .  

    ,   

  .        

     I .    II 

      R,      

  S     .  R  

   F   T  . 

 

 1 -     

  –  F –   . 

       p   

  ,  , . . [10]. 

                                                     =                                                    (17) 

       ∆𝐹∆𝑆  ∆S→0  

 p , . . [10]. 
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                                                    p = lim ∆∆                                                (18) 

   , . .    

 τ     [10]: 

                                                     =                                                    (19) 

                                                  = lim ∆∆                                                  (20) 

    ,    

      ,  

   [10]. 

2.3     

 1.      

   ,    .    

  ,    

  [11].  

 2.        

  ,      ,  

  [11].  

        

        dx , dy, dz ( . 

2).       ,    

 .   px  , 

  ,    ,    

py, pz.  ,    , 

 pn ,      Sn [11].  

        

 .     ( . . )   

  gx, gy, gz. 



21 
 

 

 2 - ,    

 

2.4      

   –  ,    

  , . .  p = c nst ,  dp = 0 [11].  

      [11]: 

                                     g dx + g dy + g dz =                                       (21) 

       – 

      [11]. 

2.5     

   ,   

   ,   

 ,        

 [12].  

        

  ( .3).      

 p0.  -   z     

 ,  .    
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    ,     ,  p 

[12]. 

 

 3 -       

         

.       [12]:  g = ; g = ; g =  

 gx, gy, gz –     ; g –  

 .      

 ,  [12]: 

                                              dp = − gdz                                                  (22) 

  ,  [12]: 

                                              p = − gz + c ,                                             (23) 

  –  .  

    ,   

 , . .  z0 = z; p0 = p: 

                                                        p = − gz + c                                            (24) 

 



23 
 

                                               c = p + gz                                               (25) 

  

                                         p = − gz + p + gz                                        (26) 

   

                                       z + pρ = z + pρ = c nst                                    (27) 

 z + p
   . 

 z –   (  ). 

 pρ = p
 –   (  ).  

   ,     

     .   

  [12]: 

                                                p = p + gh                                              (28) 

 ,        

  ρ,      h  

 p0,      [12]. 
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3     

3.1    

       

.         

 ,        ;  

    ,     

[13].  

    ,   

,     ,    . 

 ,      

     , . .    [13].  

      , . 

.   ,    ,  

     .    , 

       ,     

 —   , . .  

,    [13].  

        

,     , . .    

     ,      

 —     [14].  

     ( )  

 ( ) [14].  

   ,   

,         

,     .      

        ,   
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     , . . [14] p = f x, y, z    v̅ = f x, y, z  dp/dt =  dv /dt =  dv /dt =  dv /dt = , 

         , 

   .  

       , 

         ,  

      [14].  

   ,   

 (    )      

  [14].  

        

   ,     [14]: p = F x, y, z, t    
                                           v̅ = F x, y, z, t  

      

          

     ,   

 -  .   

      ,   

  ,     

,       

  [14].  

    ,  

.    ,  , 
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,  [15].  

       

   [15].  

     , 

    ,    . 

    ,     

 ,     [15].  

   ,      

        ( .4) [10].  

,        

           

 [10].  

        

        ,    

,   .  ,   

 ,    ( .5).   

           

 [14]. 

    , . .   , 

    ,     

   , ,  

          

         .  

,  ,     ,  

      

 [14].  
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  , . .    

. -         

 ,        [15]. 

 

 4 –   

 

 5 -  

 ,    ,    

    ,     

.       ,    

   , ,   —  

[13].  

     .  

       ,  

 —    .   

     ,   — 

 (   )    . 

         

 (  ) ,     



28 
 

.     ,   

 .       [15]. 

3.2 .   

   ,    

  ( )   .    

   ,       ,  

     Q,  QG   Qm .  

 ,     ,  

   V      . 

,     ( 3/ ),  ( / )   

( / )  [1, 24]: dQ = vdS; dQ = gdQ; dQ = dQ = vdS 

 dS  —   . 

         

     ,    

      [16]: 

                                                   Q = ∫ v dS                                               (29) 

        [16]: 

                                                    v = Q/S                                                (30)  

    ,    

 ( )        

,    « »,    

   ,      

   ( .5)     [1,24]: 

                         dQ = v dS = v dS = c nst (  )              (31) 



29 
 

       

 .       

  ,   , 

       .  

 [2, 24]: 

                     dQ = v dS = v dS = c nst (  )              (32) 

   ,      

      [16]: 

                                             v /v = S /S                                          (33) 

       

   ,      

( )  [16]. 

3.3       
 

    , 

       —  ,  

     ,    

       [14]. 

    ,  ,  

  1  2      ( .6). 

     dS1    v1,  1,  

    ,    

  , z1.     

dS1, v2, p2  z2 [14]. 

     dt    

   1' —2'.  
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  ,   ,   ,   

   .       

 ,      

 ,   .    ,  

         dt [14].  

      ,   

     ,    

  p1dS   vldt [14]. 

 

 6 –      

        ,   

      [14].  

 ,      

,   ,       ,  

,     [14].  

,     : 

                                               p1dS1vldt - p2dS2v2dt                                    (34) 

       

  ,        

 1 — 2       1' — 2'.  
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     1' — 2 ,  

     1 — 1', 2 — 2'.   

 ,   ,  ,  ,  

    1 — 1'  2 — 2'    

[2,24]: 

                                    dG = gv dS dt = gv dS dt                              (35) 

         

   dG: 

                                                z − z dG                                                (36) 

        

         .   

  , ,      

          [18]: 

                           z + pρ + v = H = c nst                    (37) 

,        

( ): ,      

   [17]. 

    ( .7),   

     .   

    ,   

      , 

   [17].  

        

  ,       

, . .  ,     
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,   ,  ,   

,   ,    [17]. 

 

 7 –      

    

 .7     ,   

    1 — 1   2 — 2   4 ,  

       16 ,   3 — 3  

  ,    1 — 1.    

      √  ,   

    2 ,      

    [17]. 

    .  

    ,    

. 

 ,       

    ,  : qz — 

  ,      ∆m,  

  z,   ,  ∆mgz,     

  g∆mz/∆m = gz; p/ —    

 ,      ∆m    
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     /pg    

 ∆mgp/ g (    ∆m  p/ ); gz + /  — 

   ; v / —   

 ,       ∆𝑚  , 

   , Hg = zg + p/ + v / —   

    [17]. 

 ,      

        

   f  . ,  

        

.        

;  ,    .   

           

      [17].   

    .    

        , 

     ,     

,    [14]. 

      . 

 ,      

,     ( .8). 

 

 8 –      
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3.4      ( )  

         

 ( ) ,      

,       

,     ( ).      

  [17].  

      , ,  

,      ,   

-         . 

        

,           

.   ,  ,   

 .9 [17].   

 

 9 –      

     ( ) 

      ,    

  (  ).  ,   

    ,   

 [17].     ,   

      ,    

 ,      

 , ,    [16].  
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-        

     v ,     

      [16]. 

     .   

       

  ,     

,  ,    

.  , ,    ,  

   [19]. 

                            z + pρ + v = z + pρ + v + ∑ h                   (38) 

       

,      ,     . 

   ,     

 ( .10) [19].  

 

 10 –      

  

     .  

     ,    

         



36 
 

. ,      , 

,   ,       — 

.         

    ,    ,   

  ,     

 .     

    , . . ,   

 (     ) . 

        

,     ,   

.     ,  

  ,   . ,   

       

   [19]. 
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4        
 

4.1    

       

 ,         

   .     —   

,      .  

   ,  ,    ,    

    [18].  

   —    

      . 

     : ,   

   ,  .    

           

   [18].  

 , ,      

,      ,  

,       

  .      

  [18].  

       

 , . .    .  

     : 

 ,    [18].  

 ,    ,  

      

 .      
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   ,   , . . 

  (  ) [14]. 

       

     kL.    (idem) 

   I  II, . . 

                                         kL = LI/LII, = idem                                           (39) 

     

      ,  

  : 

                                 
vIvII = v Iv II = v Iv II = v Iv II = kv = idem,                         (40) 

 kv -  ,    . 

       

. ,       

 .  

  —   ,  

         

,     [19].  

      :  , 

 ( ),   .    

   .    

     , 

      ( ) ,  

    ,   [17].  

     , . .    ,  

   ,  ,   , 

  ,    .    



39 
 

  ,         

, . .      . 

,      = + 𝜌𝑔𝑧, 

     [17]. 

4.2      

 ,         

    :    [20].  

      , 

  .11.       ,   

        ,   D   

    ,       

    .       

        ,    

       ,  ,    

       .   

      ,    

       . 

   ,   ,  

     ,   

( ).     ( )  [20]. 

         

       ,    

      .  

      ,    

   ,    

    .    

         



40 
 

.  ,    ,  ( . . 

11, ) [20]. 

   ,    

. 

 

 11 –       

,       

       .    

      ,    

.         

       , . . 

;    . 

        

    (        

).     ,     

    ,      

       

        

 [20]. 

  ,   

      .  

    ,  

  .      



41 
 

   ,       , 

        

    ( )  

    .    

    [20]. 

         

       v ,  

 .   ,    

       

  d , . . [20]: 

                                                 v = k /d                                                 (41) 

      

 k      ,    

  .  ,     

     ,   

  [20]: 

                                                     k = v /                                                (42) 

      

   [20]: 

                                                   Re = v d/                                          (43) 

       

 ,   ,    

  ,      [20]. 

  ,     Re  ≈2300.  

,         

  .  𝑅e < Re   ,  𝑅e <



42 
 

Re  .  ,      

    Re ≈ ,   Re =  ÷   

 ,   [17]. 

   ,     ,  

    Re ,    Re ,   

 .  

     ,    , 

       ,    

   ,   ,  

   ,    ,   

 , , ,      

[10]. 

     Re   ,   

  ,   — .  Re < Re  

    :   

      (  , 

      .)    

   .     

.  Re > Re , ,   ,  

 —  [20]. 

     Re ,     

  ,    ,  Re   

 .       

 ,   ,  

    Re,   Re . 

        

,     ( ),   

  .     , 



43 
 

 , —  ,   

,  ( )   ,   

      ,  

,  [20]. 

4.3  

         

 ,      

, . .     ,       

   . ,      

      .   

    ,     

    ,  ,   

     ,      

   ( )   .  

    ,   , 

     ;   

,      [21].  

         

  ( ),      

,   [21].  

       

 ( .12).         

     ( )    

    ,     

,            

 [21].  



44 
 

 

 12 –      

     , , 

           

  ,   ,   

.       

        [21]. 

    ,    

    ( = . ),     

    ,   

       . 

        , . 

.      1—1, , ,  . 

,       ,     2—2 

   ,    

  [21].  

   ,     

     . 

  ,     (   

 )    ,  , 

   ,    

      (  ) 

  , . .     

 .      ,  

 ,  ,    [10].  
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  , ,    

,       , 

     [21].  

      ,   

        .  

      ,   

     ,   

, , , ,   .   

         

   ,         

     [10].  

      (   

),        . 

        

        

 ,    [21].  

        

 —   .      

       

    .       

,       [21]. 

          

 ,      

  ( .13, ).    

  ,    

         

( .13, ) [21]. 
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 13 –    

,        

    .   

 (   )      ,  

  ,    ,   

         [21].  

,    ,  

-    ( )   ( ) 

.    ,  

 ,     , 

   ,    ,   

 .       

   .     , 

 ,       ,  

 .        — 

   ,  — .    

   ,    

  ,     [21]. 

      

    ,  

  [21]: 

                                                  χ = p  −p .ρv / ,                                               (45) 
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 p   v —         

  . 

,         

 Eu,        . 

 χ,       , 

    χ  [21]. 

 χ       , 

          .  

  ,     ,  𝜒     .   

   1—1  2—2 ,  = =   =  (  

  ) [21]: 

                                   p / + v / = p / + v /                                   (46) 

    

       

  ,      

 = f x .  χ < χ      χ  ,   χ <χ  —  .  .14     1  2 

 >   χ > χ .       

  Re      Re,    Re   [21]. 

 

 14 –       
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   ,      

.       . ,  

    . ,  

   1—1 (p =p )   (   

  ),     3—3 (p =p )  

,     .     

 ,   2    2—2  [21].  

     ,   p    

  p . ,     2—2  . 

          

    ,   p    

 p . .       , 

    3 [21].  

       

  ,   3    

,   ,  .   

    ,   

     ( .15) [22]. 

 

 

 15 –      
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 ,   .15,    . -

,      

     :    

.15 ( )     .15 ( ). - ,  p /p = p /p   ,   χ,     [22].  

 

4.4   

4.4.1        

    ,  

   .    

     .     

        

  .       

       d = r .  

        , , 

   .      ё,  

    ( ),   

 l   1—1  2—2 ( .16) [20]. 

 

 16 –       

   1—1   1 ,    2—2 — 2.  

  ,    ,  
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,        

 [20]: 

                                       p / g = p / g + h ,                                  (47) 

 h  —      ,    

,    . 

       , 

        .  

       , . 

.    ,   :    

.       

  ,  [20]: 

                                       p − p r − rl =                                   (48) 

: 

                                                  = pτpr/ l                                            (49) 

  (49) ,      

        .  

    .16  (      

 ). 

,       

    2   

     ,     

 [20].  

    ,     

         

      ,    
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 ,     

 ,     4/8 [20].  

        

  ,      

   -  ,     

[20]:  

1)      ,   

    ; 

2)    ;  

3)        ;  

4)       

4.4.2     

   -       

       ,  

        

 , ,      

( .17).        

   :  ,   

, ,     ( ),    
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