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 1.   ,   

 

 

1.1   

 

      

  [Benard, 1900, 1901],   

 -     

    (  ).   , 

      Varley  .  

   [Rayleigh, 1916]     

    ,    

 ,  .    

      .  

  [Block, 1956]     

[Pearson, 1958]  ,       

  ,   .   

,      ,   

  . 

     

   .  

    

 𝑟𝑎 𝜎 = 𝜕𝜎𝜕𝑇 𝑟𝑎                                                                                       (1) 

 

      

 (𝜕𝜎/𝜕 ) <0     .   

  ,    ,  [  

1959] 
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𝜏 = 𝑟𝑎 𝜎                                                                                                               (2) 

 

 𝜏      gradT   

          

      , . .  

      ,   

. 

  -      

     .   

        

  ,    .  

     ,   

    .   

       ,   

-    .  

       

   [Sternling and Scriven, 1959]. 

        

      

,   .   

,        

 .    

         

 (𝜕𝜎/𝜕  <0), . .   ,  

,   .   

     (∂σ/∂C>0),   

  -  .  

        . 
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1.2      
 

1.2.1      , 
   

   ,      

 ,       

 [Leontiev and Kirdyashkin 1968,  1977,  

1982].          

 .       

         

   ,    70 .   

       [  

 . 1987, 1991].        

     .  

      

, ,  ,      

    . 

       

 ,       

 .    ,   

       

  ,  4-5 .    

    h     (  

> )        [  1959]. 

  .    (у=0) 
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( )bh
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                                                                                                   (11) 

 

 bh h      .  

  =25°  bh =27,2 .      

       

   270 . 

  [  1982]    
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     07 / 90x h     

       

     . 

 

1.2.2     -  

 

       

       

[Ostrach and Pradhan 197S, Shevtsova 1990,   . 1991, Shevtsova 

and Indeikina 1993, Kamotani et at. 1995, 1996].    

   ,  ,     

 .     

    0,08     

   0,5     

      3,5 /  [ -

   1986].   [    1987] 

  -     

       

. 

   ,   

      [Ostrach and Kamotani 

1996, Kamotani ef al. 1995, 1996]. 

       

.       і ,  

    [Hershey 1939,   

 1983, Van Hook et . 1996]. 

[Pearson 1958]     

 ,  ,    . 

   .   

            ,     
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  ( 2 /k h  )    ( / WBi ah  ) 

 

3 3

8 ( )( )
cr

k k chk Bi shk shk chk k
Mn

sh k k chk

    



    (  .   wT const ) 

 

2 2 3

8 ( )( )

2cr

k k chk Bi shk shk chk k
Mn

sh k chk k shk k chk k shk

    


    
 (  .   wq const ) 

 

 surT
( )crMn k     mh k .   Bi 

    ,   

    .    

    ,  ,    

   . 

[Nield 1964]       

   .      

crRa , crMn   k   . ,   wT const   

і=0 crRa =669  crMn =79,6   ,  

      

 .     

    2crk  . ,   

    ,   

    .  hlh h    

  .   [Scriven and Sterling 1964, Smith 

1966] ,       

  . 

[   . 1984]    

    , 
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,    -   

 .                -      

   .   

      , 

    ,  

  ,   

        

   .    

    .  

        

 [Hinkebein and Berg 1978,   . 1983].   

     [Hinkebein and Berg 1978, Boek and 

Thess 1997, Bragard and Velarde 1998] 

  [    1983]  

     

     0,1-1,5 .  

      (102x40x20 ), 

   (  90 ).    

    6 .    

       

.       

  10-30 .     

0,7 .      1,4 .  h=0,4-0,5  

 T =20-30      . 

      

     .  

   ,   . 

   U     ( )x
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2 3

2 3

U d d

dY dX dX
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 / , / , / ( / ), ,h l Y y l U u x y      ~    

   .     U 

 : 

 

( 0) 0U Y   , 
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dU d

dY dX
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3
3

T d
Cr

dT
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 2( ) ( ) /x T T T    -    , 

1 2( ) / 2T T T    -     . 

,          

 ,      

 

2 2 2 ( )x C                                                                               (14) 

 

          

є  ,      (х=± ),  

        .  >0,5 

       

.       

         

    [Pimputkar and Ostrach 1980, Van Hook et al. 

1996]. 

 

1.2.3      
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 [Ludviksson, Lightfoot, 1968]    

      

        

.        

.   -     

,       

     .   

[ , , 1989]    

    .     

   ,      

.      tMa , 

    

,  ,   (0, )Ma Ma     

  ,  а > tMa ,    . 

  [Miladinova et al. 2002]     

      .  

       

,        

   (      

)      .  

    , , , 

. ,     , 

      ,   

 . 

[Tto el al. 1995]       

    .    

 wq const .      : 1) 

 ( 0iq  )  2) i wq q const  .     



19 
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1/32 ( / )

( )
15 3Cr

Cr

i w
V

V

g k d dT q g  
   

                                                       (15) 

 

  =10-30 , ,     

 .  " "     

.  " "    

   .   

          

  1,5  (D=24 ). 

 [Joo et al. 1996]      

      .  

   -    

       

    ( . 1).   

  . ,   

   .    

      Bi = 1,   

  .    

 100  і-\     6040.  

      

       ,                  

  [ , 1999, , 2000].    

 ,   .  

,    ,    

,        і. 
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 1 -         

     [Joo et al. 1996] 

 

 

1.2.4  ,     
  . 

 

 1994 .      . .-. .  . .  

     

       

         

.         

   ,    

         

,     ,     

 ( . 2, 3).        

       

    [  1999].  [Kabov et al. 1996]  

    ,    

 ,     ,  

0/h h =l,32.       
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1998]      .  

       

,       
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 . 

 

 

 

 

 

 

 2 -  , 10 %     
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 3 -      

    , 25 %     

 

     ,   

       .  

[Marchuk&Kabov, 1998,  2000,   . 2001]  

  ,      

,     ,    : 

 

00 cos sin ( ( , ) )xxx x y yh g h g x y u                                                        (16) 

 

0x yu                                                                                                                      (17) 

 

x y yyuT T aT                                                                                                           (18) 

 

( ,0) ( ,0) 0u x x                                                                                                     (19) 

 

( , ( )) ( )y Y Su x h x T x                                                                                             (20) 

( )

0

( , )
h x

u x y dy                                                                                                       (21) 
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0( , )T y T                                                                                                                (22) 

 

( , ( )) 0yT x h x                                                                                                              (23) 

 

( ,0) ( )( ( ) ( ))yT x q x x x L                                                                            (24) 

 

         

    ,     

        

         .  

    ,   

,       

 . ,      

     3 %  . 

       

       Re ,   

 1,32±0,07. 

       

  ,     

  [Frank &Kabov, 2006]. 

 [Sharypov and Medvedko, 2000]    

       

    , Re 1   

   surT . 

 [Kuznetsov, 2000]      

   .     

      [Skotheim et al., 

2003],       . 



24 
 

[Kalliadasis et al, 2003]      

     ,   

      

,   «   », 

 ,   ,   

[ , , 1989]. [Frank, 2003]     

       ,  

  ,     

    ..     

         

. [Chinnov et al. 2004,   , 2004]. 

 

    

 

  ,     

   ,    

         

   (Re=10-104),    

[Wilke 1962,  1988,   . 1993,   ., 1992, 

, 1990]. ,      Re<10 

 .  ,   

   , ,   

      .  

          

   5      ,   

    .  

 .    

  [Marchuk and Kabov 1998] ,    

        

 -   . 
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    = ℎ.  х   

,  z —     ,   —   

 .   у,   xz,  

 . 

        

 : 

 

T Az   x h                                                                                    (25) 

 

 Т — ,    , А -  

     . 

       : 

 

0, 0, ( )x y zu u u u x                                                                                  (26) 

 

     (25)  : 

 

1
g T

x

 



 


, 
2

2

1

z x

 


 
  
 

                                                                 (27) 

 

2 2

2 2
( )

T T T

z x z
   
   
  

                                                                             (28) 

 

 𝑝 — , 𝜌 —   ,  — 

 ,   𝜒 —     

 ,  —   . 

   .  

    : 
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x dx
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x z
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  (28)  z     х. 
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1 2( )
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c x c
z g





  


                                                                                    (31) 

 

 (31)  (30)    х, : 

 

4 3 2

1 2 3 4 54! 3! 2!

x x x
c c c c x c                                                                   (32) 
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1 2( ) ( )T c x c z f x
g
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      (28): 
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2

2

d f T

x z
  
  
 

                                                                                          (34) 

   .   𝑖   (32)  (33)   

     (29). 

   (25)   (33) : 

 

1 0c  , 2

Ag
c




  , ( ) 0f h                                                                     (35) 

 

 ,     (25)   

,    𝜕 /𝜕  ( . (31)    х. 

 

2.2    

 

          2.2.1    ,     
  

 

    ,   

   .     

  : 

 

1 0c  , 2

Ag
c




  , ( ) 0f h                                                                     (36) 

 

  (29), (35)  (36)     

.       

: 

 

3( )
6

G
u

h

         
4

2

Ag h
G




    ( )
x

h
                                               (37) 
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5 3(3 10 7 )
360

GP z
T Ah

h
          

 ( )P
x


                                           (38) 

 G —  , Р —  . 

      .   

Q (      у)    

   : ,   

,    : 

 

2( )
2 1

4725

h h

h h

T GP
Q dx c Tdx Ah

z    
 

 
          

                                 (39) 

 

 𝜘  𝜌 —    . 

   ,    

 ,   .    

        .  

    х = h : 

 

45x h

T AGP
Q

x





   


                                                                            (40) 

 

        

 х = — h.   

  №4,  ,    

     ( ,  ,  

),      . 
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 №4 –      , 

    (   –  

 /c;   –   ) 

 

  ,  ,   ,   

   .    37,  

,       ,    

        ,  

    .     

      . 

 

2.2.2   ,     
 

 

     ,   

  .       , 

    ,    

.   ,    ,  
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    ,  

   .  

      : 

 

( )x h

T

x T z

  
  

 
  

                                                                                 (41) 

 

 𝜎 —   ,   

    . 

     -    

 , . : 

 

0    x h                                                                                          (42) 

 

           (41), (42)   (29),  (32)  (33) : 

 

3 2 2( 4 3 6 1) (3 2 1)
24 24

G G

h
                  

                    (43) 

 

5 4 3 2 4 3 2(4 5 20 10 16 5) ( 3 4 6 4 3) (
480 288

GP G P z
T Ah

h
                          

 

   𝐺𝜎   

  . 
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2

3
( )

G

G g h T
 

 


  


                                                                                 (45) 

 

,     —      

—    . 
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  №5,  ,    

     ( ,  ,  

),      . 
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      (   –   

/c;   –   ) 

 

  ,  ,   ,   
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 . 

 

 

 6 –     
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 7 –     

 

3.2     

 

    ℎ.     , 

  -     ,     

  .   ,    

  . 

      

  ⃗ = , , = , : 

 

x yyP u                                                                                                   (46) 

yP g T                                                                                                   (47) 

 x xx yyuT T T                                                                                         (48) 

 

 𝑝 - , 𝜌 -   ,  -  

,   𝜒 -     

 ,  -   . 

  ,   ,   

      . 
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0

0
h
u y dy                                                                                                (49) 

 

 : 

 

0:    ;    0;y T Ax u                                                                                (50) 

 :    0;    |y env y h

u T
y h kT T T

y T x

  
  

    
  

                                   (51) 

 

 𝜎 -   ,   

    ,  -    

 .       

[  . ., , №3, 1966].   (46) - (47)   

.  

 

3

3

u g T

y x




 


 
                                                                                              (52) 

 

       ,  ,  

    .   𝜕 /𝜕  

  (48)       . 

 

 x xx yyuT T T                                                                                         (53) 

   x xx yyuT T T
x x

 
 

 
                                                                           (54) 

 x x xx xxx yyxu T uT T T                                                                             (55) 
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=  . .     , = =  . .   

  ( .  52).   = .  

    

 

 1 2 1 2x

T
T D y D C y C

x g





    


                                                          (56) 

 

 (56)  (52)       

 

3

1 23
;

u
C y C

y


 


                                                                                           (57) 

4 3 2

1 2 3 4 54! 3! 2!

y y y
u C C C C y C                                                               (58) 

 

 (56)      

 

   1 2T C y C x f y
g




                                                                          (59) 

  

       (48).  (59)  (48) 

 

 

x yyuT f                                                                                                    (60) 

 

  ,    ,  . 

  𝑖  (58)  (59)     (49)  

  (50)-(51). 

   (50)  (49)  
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 2 0Ax C x f
g




                                                                                   (61) 

 

  ,     

      .   

 

 0 0f                                                                                                       (62) 

2 /C Ag                                                                                               (63) 

 

 (59)       (6)  

 

   1 1 2|y h env

f
k C x C h C x f h T

g y g

 
 

   
          

                           (64) 

 

        

  

 

 1 1 2

k
C C h C

g g

 
 

                                                                                 (65) 

 

  |y h env

f
k f h T

y



 


                                                                            (66) 

 

  (65)  ,     (63): 

 

1 1 2kC C h C                                                                                            

(67) 

 1 2C k h C                                                                                           (68) 
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2

1 2

C Ag Ag Ag
C C

k h k h h k

     
     

           
                         (69) 

 

 (62)  (66)      

 , ,     

  (60). 

  ,   .    (50)  

 (58)  

 

5 0C                                                                                                           (70) 

   (51)   (48)  

  (58)      

 (50),   

 

3 2

1 2 3 43! 2!y

y y
u C C C y C                                                                         (71) 

3 2

1 2 3 4

1

3! 2!

T h h
C C C h C

T x




 
   

 
                                                        (72) 

3 2

4 1 2 3

1
|

3! 2!y h

T h h
C C C C h

T x


 

 
   

 
                                                   (73) 

 

   (49)        =
: 

 

 
0

0
h
u y dy   

4 3 2

1 2 3 40
0

4! 3! 2!

h y y y
C C C C y dy
 

    
 

                                                       

(74) 
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h
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                                                      (75) 

5 4 3 2

1 2 3 4 0
5! 4! 3! 2!

h h h h
C C C C                                                                    (76) 
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5 4 3 3 2 2

1 2 3 1 2 3

1
| 0

5! 4! 3! 3! 2! 2!y h

h h h T h h h
C C C C C C h

T x
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5 5 4 4 3 3 2

1 2 3

1
| 0

5! 3!2! 4! 2!2! 3! 2! 2!y h

h h h h h h T h
C C C

T x
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3 3 5 5 4 4 2

3 1 2

1
|

3! 2! 5! 3!2! 4! 2!2! 2!y h

h h h h h h T h
C C C

T x
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3 2
3 1 2

1 1 1 1 1 1
1 |

3 60 6 12 2 y h

T
C h C h C h

T x


 

                        
                 (80) 

3 2
3 1 2

2 3 5 1
|

3 20 12 y h

T
C h C h C h

T x
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2
3 1 2

9 15 3 1
|

40 24 2 y h

T
C C h C h

h T x


 

 
   

 
                                               (82) 

 

 𝜕𝑇𝜕 | =ℎ = 𝑔 ℎ +  (  56)  

 

 2
3 1 2 1 2

9 15 3 1

40 24 2
C C h C h C h C

h g T


 


    


                                      (83) 

2
3 1 2

9 3 1 15 3 1

40 2 24 2
C C h C h

g T h g T

 
   

    
            

                      (84) 

 

 = 𝐴𝑔ℎ−  (  69), = − 𝐴𝑔
 (  63) 
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3
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   ∗ = æ ℎ/ 𝜌 ,  æ = 𝜕𝜎𝜕𝑇,  
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    : = /ℎ, = / ∗, ∗ =æ ℎ/ 𝜌  –  , = 𝜌𝐿|⃗⃗ |𝜎 = 𝜎 ℎ𝜒𝜌 –  , 𝑃𝑟 = 𝜒 

–  , 𝑀𝑎 = æ𝐴ℎ𝜌𝜒  –  , 𝑅𝑎 = 𝑔 𝐴ℎ4𝜒  –  , 𝑖 = ℎ
 –  . 
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U
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  : 𝜌 =  /  , = . 𝐸 −   /c, =  

/  , æ = 𝜕𝜎𝜕𝑇 = − 𝐸 −  / , 𝜒 = . 𝐸 −   /c, =  / , =. 𝐸 −  K − , ℎ = .  , = .  / .     

 8: 
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 8 –    

 

3.3     

 

 : 
  

 

 1
x y x xx yyuu vu P u u


                                                                       (87) 

   0

1
x y y xx yyuv vv P v v g T T 


                                                    (88) 

 

  

 

0x yu v                                                                                                     (89) 
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 x y xx yyuT vT T T                                                                                 (90) 

 

   

   = ± / : 

 

, 0,    , 0,    , 0
2 2 2x

l l l
u y v y T y               
     

                                         (91) 

 

   =  

 

     ,0 0,    ,0 0,    ,0u x v x T x Ax                                                       (92) 

 

     = ℎ 

 

 y envkT T T                                                                                         (93) 

 

      

    . ,    

    𝜎    

  

 

     0 0æy envkT T T T T T                                                          (94) 

 

   = 𝜎 ℎ𝜒𝜌 >>  (   ). 

   = ℎ   : 

  æy x xu v T                                                                                        (95) 
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3.4       

 

    : = / , = /ℎ, =/ ∗, = / ∗, 𝒫 = 𝑃ℎ𝜌 ∗ , Θ = 𝑇−𝑇𝐴 , = ℎ/ -   

(aspect ratio), ∗ = æ ℎ/ 𝜌  -  , = 𝜌𝐿|⃗⃗ |𝜎 = 𝜎 ℎ𝜒𝜌 - 

 , 𝑃𝑟 = 𝜒 -  , 𝑀𝑎 = æ𝐴ℎ𝜌𝜒  -  , 𝑅𝑎 =
𝑔 𝐴ℎ4𝜒  -  , 𝑖 = ℎ

 -  . 

        : 

 

   2Pr Pr
UU VU U U

Ma Ma                                                      (96) 

   
2

3 2
2

Pr Pr PrRa
UV VV V V T

Ma Ma Ma    
                                  (97) 

0U V                                                                                                    (98) 

   21
UT VT T T

Ma                                                                      (99) 

 

   

   = ± / , ≤ ≤ : 

 

 1 1
, 0,    , 0,    Θ 0

2 2
U V             
   

                                            (100) 

 

   − / < < / , = : 

 

   ,0 0,    ,0 0U V                                                                             (101) Θ = − 𝜕Θ𝜕 − 𝑇𝐴                                                                                         (102) 
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     − / < < / , = : 

 

 Θ Θ ΘenvBi



  


                                                                                 (103) 

2 ΘU V
  

   
     

                                                                                (104) 

 

 Θ𝑒𝑛 = 𝑇 −𝑇𝑒𝑛𝑣𝐴  

 

3.5    

 

   ,    

   ,      

 ,    .  

          

       . 

      

      𝜎 =√∑𝑛𝑖= −𝑛        𝜎 =| − |,   -      

,  - ,     , 𝑛 - 

   ,    . 

       𝜎 ,𝑀𝑎 , 𝜎 ,𝑀𝑎  

      

 . 
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 9 –      

 (    ,     

) 

 

   

 

   ,    

      " "  . 

     =  /  K, 

   𝑒𝑛 = ,     

 0,1 / . 

   = . 𝐸 −   /c,  𝜌 =  

/  ,    = . 𝐸 −  K − , 

  = .  / ,   

  𝜅 = 𝐸 −  /( K),  

 𝜒 = . 𝐸 −   /c. 

        

 /  ( . 6). 
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 10 -       

      

 

      

  𝜎 = √∑6𝑖= − .   -     

 ,  - ,    . 

 

 1 –   

Aspect ratio 𝜎 ⋅ −  

0.5 6.425 

0.1 0.0126 

0.05 0.006 

0.01 0.001 

 

C     
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 11 -    = 𝐸 −  

 

 

 12 -    ( / )  = 𝐸 −  
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 13 -    ( / )  = 𝐸 − , 

/  
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