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 ».          
   53457–2009.  2012 .      

31759–2012«  .  » [8] (  3.1).
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, %    
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    .    0,5  
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    = + 20 0      :  = 918 / 3. 
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3.2.3.  .  -
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     .   -
         

     2  8.       -
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 BAURDTL.
   90 0      IEC 

60247:2004.      -
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        -
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 .

         -
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        -
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 ,    .     -
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. 

      -
    -90      -
 3.3.

 3.3.     (U .), 

   
 

kV, %
1 2 3 4 5 6 U

1- 83 76 86 69 67 82 77,2 4,1
2- 68 71 75 71 62 77 70,6 3,1

       
        

    ,     -
   .   

 ,      -
   , ,   -

  .   kV  
    .

3.3.2.    .   
       -
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      , -
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        -
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         -
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   BAURDTL    247.  
 = 90 0      1,74×109 ×  (  

1-   ),  = 2,24×109 ×  (  2-  ).
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 ,       ,  

 ,        
.    ,      . 
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 3.5.     
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,     .    -

    ,    
        -

.        . 
    .   -

         
(      )    -

     .    
       (< 0,005 

 /  ),   0,002  /  .
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   , % .
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 1
-

 2
-

 3
-

 4

2 0,00142 0 0 0,00009 0,00005
0,00123 0,00010 0,00031 0,00049 0,00012

2 0,01158 0,00441 0,00544 0,00720 0,00347

4 0,00011 0 0 0,00001 0

2 4 0,00027 0,00001 0,00001 0,00001 0,00001

2 6 0,00146 0,00005 0,00011 0,00030 0,00016

2 2 0,00000 0 0 0 0
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N2 14,74366 0,14073 1,80944 2,47859 0,27707

          -
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          -
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 3.9.      +20 0  
    

 
 , .

10 20 30 40

2 0,00991 0,00927 0,00918 0,00953 0,00945
0,04677 0,04167 0,04117 0,04247 0,04193

4 0,01083 0,00815 0,00800 0,00820 0,00809

2 4 0,00879 0,00344 0,00334 0,00346 0,0034

2 6 0,0047 0,00177 0,00159 0,00168 0,00158

2 2 0,00094 0,00023 0,00026 0,00025 0,00023

2 0,40094 0,17129 0,16735 0,1712 0,16987

2 0,99648 1,18373 1,33159 0,8912 0,8584
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 ,      -
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 (3.4)



89

 3.    
   

     
    (   +20 0 )    

3.10   .      
 ,     .

 3.10.       
  +20 0

  
 -

 
 1

-
 

2

-
 

 3

-
 

 4
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2 2 3,086957 2,615385 3,086957 2,76 2,89
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 +20 0
  

 +40 0
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,  ,   ,  
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OH

S
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 OH
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-

C12H25S

OH

OH
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2- -
-

OH
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  13 - 14
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 , /  0,08 - 0,09

 0,0019 - 0,0015
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   6581–75   247;    .
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 4.  
  

 4.   
  

 -   -
      ( ),  PVT-

    ,    -
    ,     
.

4.1    
 

 

      -  -
 [1, 2]     ,  
      -

 ( ),  PVT-       -
     100 0 .      

      ( )    -
,     . 

        -
   .    0   300 

0      ,     
   ( ).      

   ,    -
   [3–5].   -

     ,     
  .  ,       

 ,     , -
         

.   ,      
     ,  

 PVT-      [6–10].   -
   ,  ,     

,        
.        

     .   -
    ,      

[11, 12]. 
       , -

       
         

.      -
  ,       

      . 
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 ( ,   ),   -

        
 (TCC). 

       -
   ,    -

  1000    .    ,   
       -

   ( )   .  -
  (2÷3)×103    ,   

  -   ,  
  : H2, CH4, C2H2, C2H4   -

 .     104   
 ,      H  C,    -

. -        
 ( pV = RT ),           

   
i i

i

RTp
x

                                            (4.1)

      

 , i i
i

T p x                                      (4.2)

      .   
       
,    (4.1)     ,  -

       
.    ,   -

,       
   . 

        
,   1000  2000 .     -

  ,     , 
   (4.1).      

 -        -
  .     , 

         
( )    , , - ,  

    . 
         -

   ,   20 000 ,   
   .  , ,  -
         , 

20 000   100 . ,       
     5 %. 
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 4.  
  

          
  PVT-  (  ),    

   ,       
( )  .      

:  ,   ,  -
  ,     . 

       4.1.   
4.2         -

 ,     .   
 ,    4.2     , 

      ,   
 2.   4.3       -
         -
      .   4.4. 

       .

4.1.    .
4.1.1.    ( ).   

      
    .   

     (  ) -
,          ,  

       -
.    ,       

Z = Z ( Tr , Vr , a)                                            (4.3)

 Z = pV / RT  , p, V, T – ,    
;    (4.3)    -

 Tr = T / Tc, Vr = Vpc / RT.       
     (  Tc  

 pc),      a,  -
     ,   -

  .    (4.3)   
   [13–16].

    (4.3)     

, ,r r
RTp Z T V a                                         (4.4)

      / 3.    -
      Z(Tr, Vr, a) 1,   

 RTp                                                  (4.5)
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 ,      ,    
,    ,  -

  . 
    ,      
,  . .  [15].      [13, 

14, 16],       , 
 ,  ,    , 
     : (1)   
    ,  -

  ; (2)      
  .

        
 , ,  ,    

   .  ,    -
          -

 . ,   [15],  -
      , -

  2–3 ,       . 
         

  4 :         
 .        

  [15]  

* * * *

lg 3.9726lg 1 0.3252 0.40529P T T T
P T T T

          (4.6)

       5–6 ,   
       -

,    ,   ,  
 700–800 .       

,     T *, P *,    
     .

    [15]     -
      

 
1/2 2

1 0.885 1.256 1
x x x x

T
T

                    (4.7)

      (    
)     Tx, x,  -

    ,  . 
         

4  :  ,    -
 ,   ,     .   

    T *, P *    
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 4.  
  

(4.6)  Tx, x   (4.7).     
 Tc     ,    

   pc  c. 
  ,          

 - -  (  4.1.2),    -
     Zc = pcVc / RTc = 1/3 

[13–16].    Tc     -
  : pc1,    (4.6),  pc2 

= cRTcZc,  c    (4.7)  . 
         

     ,   
     - , -

   . 

4.1.2.    .    ,  
    ,    -
  .  ,  -
  ,   PVT- ,  

    ,  -
        , -

  .        
    

RT ap
V b V V b

                                    (4.8)

   Redlich-Kwong-Soave,     -
 - - . 
        -

,    - - ,        
[13, 16].        

2

0.42748 , 0.08664c c

c c

RT RTa b
p p

                       (4.9)

        

*

* *
r

r
r r r

T ap
V b V V b

                                (4.10)

 * *, 0.42748, 0.08664c
r

c

VpV a b
RT

.   (4.4),   
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*

* *

1
1 1

r

r r r

RT ap
b T b

                  (4.11)

         
R = 83.14,     / 3,   , -

  ,    / ;     
   . 

        
 ,    V > b  b* r < 1.  -

,  ,  ,    -
   ,    b* r << 1.   
     ,   -

*
*1 r

r

aZ b
T

                                 (4.12)

 *
*r

r
r r

T aV b
p T

                                 (4.13)

      .

  .     -
       . -

        4.1.4  4.1.5.   
,    ,    .  

      :  , 
 ,       (H2 

 CH4)     C32H14.   -
,     4.1.4,     

     1500 .   ,   
 am, bm   

,m i i m i i
i i

a x a b x b                           (4.14) 

   4 :   (1), CH4 (2), H2 
(3), C32H14 (4).        
(4.9),   

, ,1
1 1

2 ,1 ,

, ,1
1 1

2 ,1 ,

,c i c
m i

i c c i

c i c
m i

i c c i

T p
a x a x

T p

T p
b x b x

T p

                         (4.15)
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 4.  
  

      ,  .  -
    800 ,    14 .  CH4  H2 

   ,     
,        

  2  3 (CH4  H2).    , 
       , , 

     .  ,  -
     

2
1 1 1 1,m ma x a b x b                                    (4.16)

 ,       
 .    1500÷1600    

    «   ».     
      ,   -

          -
-  ,   (4.1),  ,   

  .
   ,    

    ,  (4.11)   
(4.16)  

2 *
1

* *
1 1

1
1 1

r

r r r

RT x ap
x b T x b

,

                (4.17)

    , i i
i

T p x .
 
4.1.3.    .    

[2],         

, 1 lns
s

B T p
T p T A

B T p
,
                   (4.18)

         p 
 ,   s T     . -

 :       , -
     - ,  -

    ,  -
.  ,     100 Bar     

   0.3–0.6 % [11, 12]. 
   (4.18)     , 

  (4.6), (4.7)     ,  
       [11, 12],   -

     (  20  80 0 ),     
5000 .      
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51 4 6 10
Tp
�  Bar-1,                             (4.19)

         

, 1 s
s

s

p pT p T A
B T p ,

                  (4.20)

 ,   

s

A
B T p

                                      (4.21)

     ,   , 
  100 Bar.       -

  ,      
 (4.18). 

   A    B (T),  -
       .   

    t1 = 20 0C  t2 = 80 0C   
 ,    A / B (T1)  A / B (T2).  -

         -
  p = 100 Bar.        

   ,   « »    . 

  (4.11)    c
r

c

VpV
RT

, 

   Tr = 1  pr=100/pc.   
  

, , c r
r

s c c c c

T p T p RT VV
T p V Z .                (4.22)

         -
   Zc = 1/3,     

.    ,      
 ,    

max1 ln 3 gasc
r

c s

B T p
A V

B T p
.                   (4.23)

         
  ,   B(T)    
   .     -

  

 3
0 1exp rB T b T b .                              (4.24)
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 4.  
  

        
   .    -

        (  
14 )     100 .   -

     .   
,   (4.18): A=1.067, b0=5.87 × 105,  = 13.738  

  bl=100.0.        4.3.
4.1.4.   .   . 
 ,   ,   1000÷1200 , 

        ;  
 ,  , H2, CH4    -

 C32H14,    .  ,    -
  - -  ,  

           
  (  «   »   4.1.2).   

       .   
   ,   ,    

 ,     [1].  -
, ,      ,   

     [17].     
    ,    -

  ,      ., 
       . 

      , -
       

.       ,   
, C23.69H44.65 ,          

  

23.69 44.65 2 4 32 1415.415 0.97 0.71C H H CH C H                  (4.25)

   ,   -
  ;        -

 ni = vi ,  vi –  .   = 1 
    ,   = 0 –  -

 . 
        

   1 2 3 41 , 0.97 , 15.415 , 0.71n n n n               (4.26)

   1  4    , CH4, H2, C32H14 . -
    

1 2 3 4
1 0.97 15.415 0.71, , ,

1 16.095 1 16.095 1 16.095 1 16.095
x x x x    (4.27)
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 (t).    ,     

,        
  ,       

T0. ,   T = T0   (  ) -
 0.5,      T = T0 + T ,  T -

 ,        
.    T = T0 – T   -

   ,    = 0 .  ,   
  (T),      

 T0  T.     -
  

0.5 1 thT x                                     (4.28)

 x =  (T – T0).       T0 
= 1600 ,     = 0.02    

 T = 100 .      1500    
 1700 .       -
     ,    

  .  T0 = 1600       
,      , 

     .   -
      -

    .   -
       -
    .    -

          
 . - ,       

   ( T ). 
    ,    

 (4.27),       ,  -
   ,  (4.28).   -

     

, i i
i

T p x                                  (4.29)

   (4.16).      
2

* *1 10.42748, 0.08664
1 16.095 1 16.095m ma b      (4.30)

       (4.17).    
     4.3.4.
4.1.5.   .   .  

   ,  ,  1700 , 
    .   
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 4.  
  

,  (4.16) ,     -
-  ,  x1  0.     

 ,        
RTp                                              (4.31) 

 R=83.14,    ,   / 3.  -
     (4.29),      

       -
        

.       [1]. 
,   ,    -

,        -
      . ,  -

     ,  
       23  3   

.         
,     

4913.99 , 0.72109T                             (4.32)

4.1.6.       .   -
        -
 ,    ,     

    .     
,       

 .  [18],      

3 3/22

3B i i
B

ep nk T n z
k T

                             (4.33)

 kB  , n      , ni 
     zi, e  . 

     (1÷2)×104 , ,   -
  ,        -

  .   (4.33)     

1Bp nk T                                           (4.34)

3/22 1/3

3 B

e n
k T

                                    (4.35)

 ,       
 ,      
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   n–1/3 (    )  -
 . 

       , 
 , 20 000   100 .      

2 1/310 192 1/3

16 4

4.8 10 3.7 10
0.27

1.38 10 2 10B

e n
k T

�                   (4.36)

  3/20.27 0.083
3

� ,     8 %. , 
     100   0.4,  -
    5 %.   ,   1 ,   
  ,       
 ,    1.7 %.  ,   

2×104         2÷5 %. 
   104      0.1  1  

 0.01  100 .     (4.35),   -
         -

 .       
 ,         

  5 %,          
 ,    2×104    100 .  

4.2.  .
        -

    .  ,   -
 -   [19],    

    ( )   
.         

     CnHm,   n  23,   H : C 
  .       -

     (  , ,   ), 
      [1].

      ,     
        
         -

.         
    ,      
   . 

4.2.1.   .     , 
   ,    ( )  
   220÷340 [3, 4, 19].    -

   4.1.
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 4.  
  

 4.1.    [4]
  , %

10÷15
60÷70

 15÷20
-  1÷2

 <1
 <0.8

 <0.02
 0.2÷0.5

      
,   ,     , -

  : ,    .   
,      -

   [6–10].   , C23.69H44.65 , 
          [20]. -

       328.93. 
     

C23.69H44.65 => 15.415H2 + 0.97CH4 + 0.71C32H14              (4.37)

4.2.2. , ,  .    
        

[11, 12],    4.2.

 4.2.    / 3   [11, 12]
, Bar

t, 0 1 500 1000 1500 2000 3000 4000 5000
20 0.874 0.891 0.905 0.916 0.926
40 0.862 0.882 0.898 0.910 0.920 0.940 0.958 0.973
60 0.848 0.872 0.890 0.904 0.915 0.936 0.954 0.970
80 0.832 0.860 0.881 0.807 0.909 0.930 0.949 0.966

    , ,    ,  -
   .    4.2  

,      100    /  
 0.38 %   20 0   0.66 %   80 0 .

      : 1 = 0.874  
2 = 0.832 / 3   20  80 0  .    

    3.8×10–5  6.6×10–5 

-1.        , -
    [21].    

0.133 10
BA

C t
sp                                     (4.38)
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    ,    . -
  A=7.75932, B=2524.17, C=174.01 ,   

164÷343 0 .      -
.      , -

   (4.38): T1 = 473.150 K, p1 = 1.362E-02   T2 = 616.150 
K, p2 = 1.0021 .   ,    

        .
4.2.3.   .  , -

   4.1.1÷4.1.3,     
 (4.6)    (T* = 1404.975 K, P* = 1053.271 ), 

    (4.7),   -
    (Tx = 476.9698 K, px = 0.7413454 / 3). 

       : 
Tc = 777.0 K, pc = 13.976 , c = 0.2157 / 3. 

4.3.     
 

4.3.1.   .    -
      ,   -

    .  4 .  
1  2   ,  ,   

  777.0 .  1     , 
   ps ( T ).  2   -

     p > ps.    2 -
 pmax = 100 .       T,  

  1  2    .  , -
      ( .  4.1.2)  

p = p ( , T)    (4.6).  p ( , T ) < ps (T)  
  1.   p ( , T ) > ps (T),  -

           
liq,    (4.7).   > liq   -

  2,   < liq –  ,   
   ,    p ( , T ) = ps (T). 

 3  4  ,  -
.  3   777 ÷ 1700 ,  4 – -

 1700 ÷ 20 000 .       -
 pmax = 100 .

4.3.2.      1.     -
  T,      :

1.       c
r

c

pV
RT

; 

  = 328.93,    ,   / 3 ,  
 R = 83.14;

2.   (4.11),  r = Vr
–1, Tr = T / Tc,    ;
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 4.  
  

3.    p > ps   < liq,    ps  
 liq    (4.6), (4.7), ,  -

      p = ps
4.3.3.     2.   (4.18)   

  (4.6)  (4.7) .     T    
   / 3,     :

1.      liq ( T ),  
(4.7); 

2.   , sx T p T ,  
1 1

liq, , sT p T ;     , 
   4.3.1, ,   x < 1; 

3.   B = B (T )   (4.24)   -
 ps –   (4.6);  

4.       (4.18)    
    x: 

 1exps
xp B p B

A
4.3.4.      3.  ,  -

    777.0 ÷ 1700     
  ,      . 

     3    (4.1.4)  
(4.1.2,  «   »).    -

 :
1.       (4.28);
2.       (4.27); 
3.         

1 16.095
,   = 328.93    ; 

4.    a*
m, b*

m   (4.16)    
  (4.17).     1500      

  a*, b* ; 
5.    (4.17)     

  c
r

c

pV
RT

; 

6.   (4.17),  r = Vr
–1, Tr = T / Tc,    ;

 RT    ,  R = 83.14,  
  / 3,  ,   ,     

/ ;  

4.3.5.      4.    
 (4.31),     ,   / 3,  

 R = 83.14.      -
  (4.32).
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4.4.   
   ,   -

    ,    : 
    ,   

      , ,  -
,  ,      -

     .   -
    ,   

.      p = p ( , T )    
        

2
0

, , 0, d pE T E T E T T p
T

          (4.39)

 E (  = 0,T)       , 
     E0 (T ).    

         -
,       -

 .     4.3.1  ,   
       - .

4.4.1.      .   
         -

 , C23H46.  -    -
      .  

  . 4.1    ,  
     –   .

. 4.1.    C23H46

     -
       , -

    [22]: f H
0 (C23H46, g, 298.15) = 477.1±5 /

.    « » 

0 3
0

0

10
1486.6f H R T

E
M

/        (4.40)

(    M = 322.6).    -
    ,       
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 4.  
  

      E0 (T ) = E (T ) – E0 (T ). 
  ,    T = 298.15 K   

 . 
        -
   , H 0 (T) – H0

298.  , -
   . .  [23],    4.3.

 4.3.    
T 298.15 300 400 500 600 700 800 900 1000
H 0 (T) – H0

298 0 0.917 57.652 127.395 208.519 299.451 398.751 505.135 617.484

:   ,    / .

    (4.40),     
    

0 0
2980

0

298.15H T H R T
E T E E

M
            (4.41)

 4.4.    (4.41).
T 298.15 300 400 500 600 700 800 900 1000
E0 (T ) 0 2.795 176.086 389.699 638.591 917.886 1223.12 1550.314 1895.998

:   ,   /

     
  /    x = T – 298.15, . . 4.2.

Низкотемпературная частьНизкотемпературная часть

y = 0.0014756x2 + 1.67856x

0

500

1000

1500

2000

0 100 200 300 400 500 600 700 800

T-298.15, K

E
-E

0,
 k

J/
kg

E
-E

0,
 k

J/
kg

. 4.2.     (  ). 
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    2000÷20000     
       [1]  

  : 

0
0  23.584 298.15   33584E T E T E T           (4.42)

 4.5. 
       (4.42)

T 2000 3000 5000 7000 10000 15000 20000
E 0(T ) 6553.4 13553.6 85033.3 100602.3 122378.4 281342.3 431074.1

:   ,   /

    1000÷2000 K:

0
0  4.0324 298.15   1128.3E T E T E T             (4.43)

4.4.2.  1 –     T < Tc.  
       (4.8)  (4.11).  (4.39) -
         -

 

*, ln 4.9 ln 1c r
a VE T RT b
b V b

                   (4.44)

        4.1.2, 
4.3.2.  ,      ,   

.    ,     
    

E ( , T) = E0 (T) – 96.23ln (1 + b* r)                      (4.45)

    / ,  b* = 0.08664,  
 r = RTc / (pc ),     / 3 ,  

 pc  ,  R = 83.14,  = 328.93,  -
    4.2.3.     

   p  ps – .  4.3.1. 
4.4.3.  .    -

  vap    liq,  vap, liq       -
.  vap    

*
vap

* *

1
1 1

r
s

r r r

RT ap T
b T b                     (4.46)

     ps (T ),  -
 (4.6),     r = vapRTc / (pc ),   
   ,   .  liq   -
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 4.  
  

  (4.7).       ,  
    

liq vap vap, ,E T E T E                           (4.47)

       (4.45), Evap  – 
   ,       

    .   , -
    

vap vap, , 1E T E T x E                          (4.48)

 x,  ,  ,    . 
      vap liq 1x x , 

     
vap liq

liq vap

x                                        (4.49)

      ,  vap    liq. 
 .     (4.47),  -

 

vap vap vap liq,sE H p V V V V                          (4.50)

       - -
,    .    -
    (4.6) 

vap
sdpH T V

dT
                                       (4.51)

        
(4.51)  . ,      

  ,   [13]
0.354 0.4567.08 1 10.95 1r r

c

H T T
RT

                    (4.52)

  –  ,      Tr = 0.7 
  (4.6),     ,  

  = 0.933. 

    :
1.        

(4.52);     /     
   RTc /  = 19.6;

2.        -
 vap, liq,  (4.46)  (4.7); 
3.      /  
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vap vap
vap liq

10 s sp pE H

     Bar’ ,   / 3 ;
4.       (4.49)  -
  (4.48);     

   (4.45). 

4.4.4.  2 –  .     -
    : p > ps,  > liq.   

     ps   p > ps  -
  

s, ,
s

p

s
p

dE T dp p p p p T p T T
dT

    (4.53)

  ,        
     ,T p , 1

s liqT  ( .  
4.1.3).        

       -
   

lns
s

B pE Ap p
B p

                            (4.54)

 p = p – ps,  A   B = B (T)    4.1.3. 
        -

       .   
 ,    E     

  100 Bar.  E ( , T)  /     
      

vap vap, , 0.1 lns
s

B pE T E T E Ap p
B p

     (4.55)

          / 3 

    4.3.3 (  4).   -
,   E(T, vap), Evap, s   ,  4.4.2 

 4.4.3.
4.4.5.  3 –    Tc < T < 2000 K .  -

   4.1.4,  ,  1500 ,   
  ,     1.   1500÷1700   

          -
  (4.16).  ,   T  1500 K  E ( , T ) -
    (4.44) –    

     . 
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 4.  
  

  1500÷1700     ,  
  am = ax1

2, bmx1 ,  x1   .  -
   (4.39),     x1 (T), 
   4.1.4,     , 

     .  ,  
  ,    

,   1500  1700 
1500

, , 1500 , 1700
200

T
E T E T E T         (4.56)

  E ( , T = 1500) = –96.23ln (1 + b*pr) / ,  (4.45). 
 E ( , T ),     , 

 1700 ,    .
4.4.6.  4 –    2000 < T < 20 000 K.  

      -    -
    (4.32).      -

  (  )     -
,  .      

(4.39),      ,   
,    «  »

 
0

0, , , d dE T E T E T RT
dT

               (4.57)

        -
 0,    1 ,      

> 0.     (4.1.5),    1÷100  
    ,    

   ,  ,T p T

  
0

ln, ln
ln

RT dE T
d T                                (4.58)

   (4.32)   ,  
 

ln , 0.72109
ln

d
d T

                                  (4.59)

   

0 0

, ln ln 10RT RT RTE T
p

              (4.60)

  E ( , T )   / ,     
  R = 8.314 /( )      / 3, 

 p0 = 1 Bar,  –     / . ,  
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     - -  (4.8)   
(4.39)   E       
V  (  ,  = 0),       (4.57)   

  ,     1 Bar.  
  ,      -

,          -
  .    ,     -

      1 Bar  .   
     4  ,  

00

0

,
,

0
E T

E T E T                      (4.61)

   (4.60)   0 p RT . 
   (4.56)    E ( , T) 

 T = 1700K.    ,  

0 0

, ln 442.4 lnRT p pE T
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   : 

  (6.1)

  (6.2)

 ,      -
    : 

  (6.3)

 T – , 1– 4 – ,  . 
    (6.2)     

,    [3],    –
– .   (  – -

– )    [4]    .
    [5]   -

  ,     ,  
        -

 ,  ,     -
     .

      
         -

 .     [5]   
  ,    -

    -  ,  
     « »  

.      -
 ,      – -

 ,    ,   
      .  [6]  -

       , 
    , , -



159

 6.     
    

,   , ,     
     .   -

       (    -
 )   40–60 o ,     ,  

      
( ).       

,        -
   .    

   ,  ,  -
.  ,      -

      
.       
      . 

       -
 .

      ,  -
,  , ,  .  

,        -
,         

    .   [7] -
        -

   = 350–1000 .       
    = 428 ,      = 432–469 

   4 .      -
  , ,      

   .    
          

   .
       423  -

    - .

 
. 6.1.         

 [7]
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  [8]       -
  : 

  . (6.4)

  [9]      -
        -
 ,     :

   (6.5)

 a1 > 0    a1 < 0  .
  [10]     ,   

        
(0–325 oC)   (0.1–40) : 

  (6.6)

 , T0 = 293.15,  = p – p0, p0 –    
, ci, di –  ,  .

 [11]      -
       -

    ,  b, T0 – -
 .

  [12]     -

     – , 

  ,     -

   [T – T0] = 12 K    
[T – Tg/ln( (T) / (T0))] = 250 K.  , ln( (T)/ (Tg))  21.

    ,  
 . ,      (Seeton) [13],  , 

      -
.

 [14]    -
         -

,        
 = 0T0/T

m.      
  -      

     .     
  .    -

        
 ,        

   .   -
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 6.     
    

          
 .

      10–90 oC  
       [7.15].   -

       -
          

 .

 6.1.       
T, oC  1000  1100  1200  1300 
,   21652  5012  1778  661 

  [16]     -
 Cu100-xAlx, x = 0–100 %       

1100–1450 0C.        
 ,    

 .   [17]    -
     ,  Fe–Si 

[18].

  
        

 .   , -
     -    

 [19].     (±10 %)   -
 T = 800–1450oC     400    

  (K2O · 4SiO2; K2O · 4SiO2 + Ar + H20; Na2O · Al2O3 · 
6SiO2; Na2O · Al2O3 · 6SiO2 + H20; Na2O · Al2O3 · 6SiO2 + Ar),   -

   (  + H2O;  + H2O + HCl;  + H2O + HF; 
 + H2O + NaCl).   ,   -
 ,    ,    

       
(    (6.1)).   6.1   

        -
, ,       

T = 300 K    32.8 .    -
 ,       
  [20],      (   

  ,   )    
   ,   . -

       ,   
       ( )  -

 5–7 .       7.2  
    [20].
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6.1.2.   

    , -
  (  , ,  ),  

        -
 (T = 900–1500 K),      

  .      -
  ,   «  » (  

  )     -
 (T = 243–393 ),    -

  , –     
.

      
(  , -750 , -1500 , , , )   -

 – 50 0 , -30 0         – 1600–8 .
      -
      . 

    -50    
       -
   40 oC – 90–110 .   -5  

-6         
 20 oC – 70   220  .   

      (   –12 
oC).       

    -15 (  = 
157 ,  = 2105 )  -10 (  = 109 ).  

    ,   -
       , –   
    ,  , 

  [21] .
,    ,    -

      ,  
,       

.
  -6     -

,      1.0–3.0×10–1 ,  -
       

       1–2   -
  [22].  ,     (T < 

2 oC)  -6        
  ,     –2–0 oC   

 « ».  . 6.5      
   ,    -6,  -

    .
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 6.     
    

. 6.2.        
       -6,    

    , -
  (  , ,  ),   

        
(900...1500 ),       -

 .       
 ,   «  » (    

)      (243...393 ), -
     , 

–     .
      

(  , -750 , -1500 , , , )   -
 – 50 oC, -30 oC      – 8...1600 ,  

   -45...-55 oC.   
     .  

   -50      
       -

 40 oC – 90...110 .   -5  -6   
       20 oC – 70   220  

.      -
   (   -12 oC).    

     -
  -15 (  = 157 ,  = 2105 )  -10 (

 = 109 ).     
 ,         
 , –       

,  ,  .
        -

  , . .    
« »     ,    -

 (    )   -
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       -
 .

         -
    ,    -

   .    ,    
     ,  -

       -
 -5...70 oC.      

BROOKFIELD DV-II+Pro.

. 6.4.    BROOKFIELD DV-II+Pro.  : 1 – 
 , 2 –   , 3 –   

, 4 –  , 5, 7 –  , 6 –  , 8 – 

       -
 :

1.      T = –15 oC; 
2.    0,  , -
  (     – DIN-85 )     

(SI  CGS); 
3.       0...200 / . 

    ,    
      10...100 %   -

  ; 
4.      ; 
5.     ; 
6.         -

      –    -
 LPT-1 (      
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 6.     
    

     ).     
  : RPM –   , M –  -

, S –  ,     , -
   ( ·c), SS –   ( / 2), SR 

–   (c–1),  (circC).    -
 DIN-85  0.7...5000  ( ·c).   

  = 0.015,     dT = 
1 . 

          
 T = 0.1 K.

. 6.5.        
   ( )    -6 ( ).    

 ,   –  

       -
  , , , 

A = 3,81136×108, A = 2,27209 × 107, T1 = 17,23621, dT1 = 0,06325. -
      1087 .

  -6     -
,      1,3 · 10–1 ,  -
        

      1–2    -
 shkolnikovs.       

 ,          
  LV – 2 LV – 2.

      -

 , , , A = 3,99758×1013, A = 
4,67991 x 1012, T1 = 11,19117, T1 = 0,05372.   

    1117 .  ,   
  (T < 2circC)  -6     -

     ,    -
-2...0 0      .
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6.2.    
 

         -
     . .  [23]   

.  ,   [24]    
       -

        
  (6.7)

  vmax  vmin –       
  [T0, Tw].      

         -
 (  )   .

,          
     ,  -

    ,   ,  , 
    «  » – « »   -
,      .  

         
         

  .      
    [25].

  [26]      
       -

  .    
    

  (6.8)

     , -
    .    

         
 ,   , ,    

 –  .     -
 ,         -

 . ,       -
          

 ,     . -
      : 

,     -
.     , -

    ,   -
        
.
          

    [27]   -
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 6.     
    

       
    .      , 

         
, ,    .    

  ,      
  ,    ,      

       ,   
,    .     -

,     ,  , -
   ,       

 ,      
    (   Nu)   

:   (1),       (Nu 
< 0.15)    , «  » -

        ,     -
    ,   ;  

 (2) – 0.15 < Nu < 0.3  «  » -
,       .  0.3 < Nu < 

5.0    (3)      
.       -

    (4),     
 .

  [28]    -
         

        -
    ,  ,  -

  .   , 
   «  »,    -

.    ,    
     .  ,  , 

  «  »   ,  -
     ,    -

 .
       

     [29, 30]    
   .    

 ,     -
         

,        -
  ,        

    – .  
        -

       
        
     .  ,  , 

       -
      .
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  ,     -
,  ,       -
         -

,         
       « » .

  ,   [29, 30]  , ,  
 ,        
   , –     -

 [31, 32, 33, 34]. 

6.2.1.     
   [35, 36],    

      -
.          -

,         -
    ,    -

   .   ,   -
 [37]    41    

       
        -

      :  
 ,   v    l (   

1),        
  –     (   2).   -

   ,   ,   -
      , ,   
      .  

       -
      .
   ,    [38]     

      -
,        -

    – .  [38]  
    ,  -

       
   ,    

 ,        -
  (   ).
 (Grea)  . [39]     -
   ,   , 

     ,    -
    ,   

- .
       -
     [40]  ,  -
       .
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 6.     
    

       -
  ,     -

 .  , ,   -
         

 .
 , ,       

        -
  ,        

  « » ,  -
   .

        
,    « »  -

,   ,     ,  -
 .      , -
    Re,      

  ,       -
 .  ,      

    ,   . -
 ,       

       .    
 « »       -

 ( )  ,    , 
    .

       
 ,        , 

         -
 .  ,      

 « »,    («lumpy»).
  [20]         

,         
.       Rv = 1–400 

     :  -
    ,    

    ,    -
     ,    

  Rv = 400,  -   -
    .     , 

         
  (host  uid),      -

         -
  ,  .    

 (Campbell)   (Turner)    LIF  PIV 
   [41] (     -
   )      
   Re = 2000     Rv = 1–55. 

 ,    [20],    
  (  )     -
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  Rv  20. ,   Rv = 45    -
  ,   . 

,    ,   « »  
,       -

    ,      
    ,    .

  [42]     -
       ,   

  ( )   Rv = vlow/vhigh   -
  ,  .    

      Rv = 1  Rv = 9,  -
  .       

,         
  vref, . . , vref = vlow + vhigh,  -

        . -
,          
    ,    -

 ,     -
      .   -

        -
     . 
 ,   ,    

       –  -
   .       

     .   
      , -

  ,     -
 (rollers).

6.2.3.     
  ,     

   ,   -
,      ,   

 .      [32, 33, 
34, 23],       .

 ,       
     ,   -

     ,   -
        (  

   )    ,  
        -

.        
   (inviscid instabilities),   -

   ,    -
 .     
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 6.     
    

        
,          

      , -
    .

      -
  [39, 42]       -

         
« »     , – -

        .
    , -

    ,  -
  ,   ,   (  . . -

  )     
     .

6.2.3.1.       
       -

  ,        
 .   -

  ( )   [1],    -
       [2, 3].  

    -  , -
  [4]   [5].    

      [6]    [7], 
,     ,  ,   
       , 
  ,      -
     ,   

     .   -
         -

,         , 
  –         -

  ,        
     –     
         

?          
        -

 « »       
    .  -

       
 ,      -

   .

 
        -
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(6.7)

(6.8)

(6.9)

(6.10)

       T 

  (6.11)

0  T0 –      ,
 –  ,  –   -

, u(u, v) –  .
       -
   LY    LX .    -

,        
     

  (6.12)

  T1 –   (  ), T –  . 
        

    [12] 

 
 (6.13)

  –  ,

  
(6.14)

      -
  p/LY   .    

a  ,       ,  -
        -

 . 
    ,  

           
       

  (6.15)
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 6.     
    

 v –  , t – ,  –  , Umax – 
      .  

        
       (forcing) [12]. -

       
   ,     v – -

 ,    k     .
       -

    [7],     
:     ,   [22],  

      -
    .

. 6.2.       [7],   
       

    ,   
  ,    

 ,   . 6.1.

. 6.3.      

      ,    
 ,  a 0,   ,  

    a,    
.        -

  .        
   (7),     .
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 . .   . .  [8, 9].  « » -
        -

    .    -
      [10]    -

     (4),  p –  
, c –  ,  –     , 

0 –  ( )  ,    
         
   .     -

     (    -
 [11]),          -

 .      
,     T   « » , 

        
.    LES-  [1]    

 « » -    . -
       

  c,    

 c  10 max (U, V), (6.16)

 U  V –   ,     

  (6.17)

 « »   (    
  ),         

(       ). 
       ,  
     . 
       -
  , ,  ,    -

: 512 × 128 (1), 2048 × 184 (2), 1024 × 256 (3), 2048 × 512 (4).  
  « »      ,   

       -
   ,      LY. 

      
    .  ,  -

      . -
  ,   , -

   6.1. 
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 6.     
    

 6.1.    
 
 c 0.03
 0 0.01
 T0 127.0

 –2.3
 LX 8

 LY 0.4
 p 5.0 × 10–4

 0 1000.0
0.3

cp 2000.0
 nX x nY 512 × 128, 520 × 200, 

2048 × 184, 1024 × 256, 
2048 × 512
200

 CFL 0.15
  0.075

       -
 ,       . 

   ,    , -
       . 

       , -
    .   -

    ,    
        

 0   .    (6.8) -
      ,  

,  . 
    ,   -

   (  )    .  
       -

   ,    
    .     -
         
   Re,    

.       
 ,   ,       

    :

 
,  U* –  , LY –  , 0 – -

 , * = (y)  –   , -
   ;

 
,  U –  , LY –  , 

0 –  , * = (y)   –    , 
   ;
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 ,  U*–  , * = (y)  –  -

 , y*–   ,    -
   |y*|  0.15 U |LY – y*|  0.15. 

       , -
     , 

      . 
        -

 ,    ,     
      -

 [13].     Re2    
   Re2 ~ 105.  ,    -

       , 
    . 

   
         
    .    

   , . .    
 ,      -

  ( , v ~ 20      ) 
     = 0.01.

        -
    v0,    

 v2     .   
  520 × 200. 

      -
 .       -

    v     k  
,     , -

   p.      
    kj = jk0,  k0 = 2 /LY –   

, j –  .     , 
      

  .  ,   -
   (       ), 

        -
   .
    p = –5 × 10–4    

      
v0 = 0.06;         

     LX/LY  5  .  -
  ,    ,     

   ,     
    . -

        
      ,   
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 6.     
    

      k20 = 20k0 
(     ), k60 = 60k0 (   -

).         
,    v1 = v0k20/k60.    

    k25 (  )   
,          k14.  
,     v2 = v1k14/k25 = 3.733 × 10–3.  

       -
,      . 

        
 p = –1.0 × 10–3,      v0 = 1.87 

× 10–2 (          
 ),      k26 ( -

 )  k13 (     ).  , 
    v1 = v0k13/k26,      
  (    ): k3 (5.77 × 10–3), k7(1.34 × 

10–2), k9 (2.73 × 10–2), k11 (2.01 × 10–2), k14 (2.09 × 10–2), k18 (3.46 × 10–2),  
k18   ,  k9 – ,   -

 ,  v2 = v1k9/k18.
     p = –8.0 ×10–3  -

  ,      
.         -

  ,     v2 = v2 ( p)  -
. ,  ,      

   .   ,   -
   v0     

 v2     .   
,       -

,       -
         

. 
  « » [10]    , 

 ,   v,   p ( . . 6.3), 
    ( . 6.3)    .

        -
   U~3×103 /c ( p = –5 × 10–4 ),  

          
 .      

         
    .

       -
    , , ,   -

  v2 = 9.785 × 10–3  ( p = – 8.0 × 10–3 ),   
       , 

  ,     -
 ,  .
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 6.2.        
        
   

 
 

1/5 v2   10     
  ,  

  
2/5 v2        

  ,   
   (    

    ).    
    , 

    
3/5 v2     ,  

   
4/5 v2    , 

     
    

v2      
,        

      

. 6.4.        

6.4.   
     (c .  -

   . 6.3)    .  
    ,     



179

 6.     
    

       , -
       -
 . 

  ,   . 6.4, , 
       ,  

       184  256  -
 .        (3)   (4)  

  .      2048 × 184 , -
 ,   ,  , 

,        -
.   ,     -

   , ,  « » 
         -

. 

. 6.5.   ,   (a),    ( ) 
   

   Re > 2000   [14] -
      ,   , -
  (mixing transition)       

 Re = 104     ReT = 150–200 [15]. 
  , ,     -

 ,     -
. 

       
   10     , 

      .   , 
 « » (     )  

 ,      -
.          

  ,   1/3  -
 « ». 
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. 6.7.         t 
= 134.375.         T = –1, 

   T = 1,   : 512 × 128 (a), 2048 × 184 (b), 1024 × 256 (c), 2048 
× 512 (d) 

      -
 T   ,     t = 134.375. -

       -
    ,     

( . . 6.7).
    

  

 (6.18)
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 6.     
    

 [T]  ne  [T]coarse –        -
  .    -
,           -

    . 

. 6.7.        t = 134.375 
         :  (1) 

  (2) (a),  (1)   (3) (b),  (2)  
 (3) (c),  (3)   (4) (d)

       
      : , -

         -
    , ,    

   ,     -
     (25 %),    -
       .

   (3)  (4) ,    -
    « » (billows)    -
,      (layer of entrainment) 

 .  ,     , 
  256   .    -

      23    .
    

        -
       2000 ,  -

,     ,  , 
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  – .     
  \* MERGEFORMAT (1).   5  -

  = 0.009375, 0.01875, 0.0375, 0.05, 0.075.   -
        

     .  -
   ,     

         : 
y/LY = 0.098, 0.298, 0.498, 0.898,       

  (     i*). 
       = 0.09375  -
       ,   

  LX/LY  2–6,      LX/LY  16. -
       -

      .    
    ,    -

      ymed = 0.04.    
     y = 0.63 (  
   . 7.8 ),      y 

= 0.63, y = 0.698, y = 0.898   .   -
      ,  

   . 

. 6.8.        = 0.09375 (a)    = 
0.01875 (c),         = 0.09375 (b)   = 

0.01875 (d)    ,    
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 6.     
    

      ,  c -
    (absolute instability)  -
  (convective) [4],     

      , 
 U       ,  – 

  .      -
          

    . ,    
       , 

       [16].
,    ,   -

     ,     
,      R 

< 1.1315.     = 0.01875   
            

,     .    (LX/LY  
8–16)      y  0.3  y  0.9 , -

     . 6.8b.
     = 0.0375    -

 « »  :  LX/LY  2   -
     ,    

(ribbon)        -
   LX/LY  3–8;    (LX/LY  9–20) -
 ,       . 

  = 0.0375    t = 244.0  ( . . 6.7c  6.7d)  
     y  0.3       

,    14–20    t = 272.548  
 « » .     -

            
LX/LY  3–8,   ,    i*    

.       
  :   (   ) -

  ,          
   ymed  –0.04,  –   ,    ymed 
 –0.04,   i*    –  

     ,     -
.      d = 0.05   6  

        . 
         -

.         
  ,   LX/LY  12–15    -

   .     -
 « »,          

  .    ( . . 6.10)  
,    , ,  lmix  -

          LX /LY > 12 . 
  10      ,  -
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   .     
   ,    . 
       -

    ( )    
( . . 6.9   . 6.9d):   LX/LY  1–2   -

   .     
   ,      

   .   LX/LY  3   
,      ,  -

  ,       -
   .   LX/LY  4   

      , 
     .    -
     ,     -
      , ,  

 -    (LX/LY  8–10).   9–11  
    ,    ,  -

 « »  ,     -
  .       

     ,   
  .      -

 1/3            , 
    ,      

 .
        -

       
( . . 6.9e  . 6.9f)   LX/LY  0.5 ,     -

  (y = 0.298)     . 
      , 

        , , -
  . ,      

    .    y = 0.498 
 y = 0.063   ,   -

    lmix  0.15.   lmix    -
     ,  

  ,      
 ( ,  x  10 ).

    ( . . 6.8) 
    t = 276.818   , -

,   ,     -
      1/2 ((U 

– Uprof)
2 + V2)    , -

    .  , 
     2    -
 k–2.
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 6.     
    

. 6.9.         = 0.0375 (a),  = 0.05 (c) 
  = 0.075 (e),         = 0.0375 (b),  = 

0.05 (d),   = 0.075 (f)     (  
),   

  ,     
 ,        [22],   

     (  ),  , 
      (  -

).      (   -
) ,        

   (c . ,  -
     ).

   c    «  
»: c  ,   ,  -
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    ,   – -
  ,      

.   ,      t~100u/l, 
   .   ,  -

       -
 .  ,    -

           
 .      -
  . 6.8a      k –2, 

     [17].  
 k –1,   ,   -

    . ,   
       -

  –       -
  .  « »    -

     ,     
,      . , -

            
  .

6.2.3.      
         -

    ,     Re1  Re2  
        -

.   ,    
          Pr 

= 66.67, 1.334, 6.67 × 10–2, 3.34 × 10–3,     -
,      .

. 6.10.     2    (a), 
         

(  T) (b),      k –1  k –3.  k > 
1.05      -

     Pr = 66.67   2  
       ,   (LX/

LY  6)   « ».   6   
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 6.     
    

   ,     ( -
)  .   i*    -

     ,    . 

. 6.11.         t = 
134.375   :  = 0,009375 (a),  = 0,01875 (b),  = 0,0375 (c),  = 

0,05 (d),  = 0,075 (e).         
T = –1,    T = 1,    1024 × 256 

  10       
 ,      

 .          
,    (y = 0.63, y = 0.49)  0.25–0.4  -

,       .  
lmix          ,   

  ,      lmix  -
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.      Pr     
     . 

 Pr = 1.334    2–4      
 ;  LX/LY  4     , 

   LX/LY  6     -
.        (  

   Pr = 66.67 – .   ),    -
         

  .

. 6.12.  :     Pr = 66.67 (a)  Pr = 
1.334 (c),        

  Pr = 66.67 (b)   Pr = 1.334 (d)

  LX/LY  10–20    -
     .    

     .    -
  Pr = 6.67 × 10–2      , 

        
  (y = 0.898),    (y = 0.898),   -

 i* – y = 0.693, 0.498, 0.298.
        i*, 

    (LX/LY  15)     (lmix = 
0.15)   .
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 6.     
    

. 6.13.      Pr = 6.67 × 10–2  (a),  
Pr = 3.34 × 10–3(c)       Pr = 6.67 × 10–2 (b), 

Pr = 3.34 × 10–3 (d)

       
 ,        -

;  ,       -
     . 

        
,      .  -

 Pr  3.34 × 10–3      
      Pr  6.67 × 10–2  0.015–0.03  -

 1–15      4    .  
       .
     = 0.075   = 0.05  -

      ( . . 6.12):
•   ( ),     -
     ;
•   (  ),    , 

   ;
•     i*,     

  « »    -
   ,     

 . 
•        ,   

  . ,    -
   .
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,   -    -
   ,  « »   

      ,     -
  , ,     -

 « ».       -
      , 

 -   ,   .  
       n = 1...2 x 106   

600–2000        
. ,   ,   nX x nY = 

1024 x 1024 . 

. 6.14.  (  )   (  ) 
       :  = 0.075 (a),  = 

0.05 (b),  = 0.0375 (c),  = 0.01875 (d),  = 0.009375 (e).    
   «–1», a  –  «1»
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 6.     
    

       -
      ( . . 7.15).   

         -
   Re1, Re2    = 0.075.  -

       ,     
   Pr.      

        [0.04,0.07], 
       -

     i*.     
  i*   , ,   
  :     0.05    0.075   

   ,   , 
,   ,       
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    . 
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      -

         -
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201

 6.     
    

     
       

   [5].   -
    : 

1)      –   -
  . 

2)      –   -
    . 

3)     ,   -
        .

         
  .  : 4,9     26,04  

 .        
. 

       
 .     30,94    

    239,74 .     -
   .    58,7  -

   . 
       -

   [5].  ,     
      -

    [8, 9],    
   .   

( ) ,  ,   ( ) FlowVision  
      . 

,       
 .

. 6.20.   
     

    
 

. 6.27.   
      

 

       -
 ( . . 6.21) ,     -

    78,5 0 ,  58,5   -
  (        



202

    
 

20 0 ).        -
.         

72,6 0 .         -
    ,   -

        FlowVision. 
       

   ,  ,    
      .

   ,     -
  ,      78  80 0 .    

        -
     .  -

    72,7 0 ,       
      .

       -
        -

    .

. 6.22.          
        

   ( . . 6.23) ,    
       89  91 0 .  , 

        -
  (      ), -

      10 0 .   
      83,3 0 ,     10,5 0   

   .     -
      . 



203

 6.     
    

    ,    , 
  ( . . 6.17).      
 ,     -

       -
  ( . . 6.24). 

. 6.23.          
        ) 

  )  

       -
      72,9 0   73 0 .  

          
   . 

,       -
        0,1 0 ,   -

          
      10 0 .  ,  

 ,        
      . 

,       -
     10 %  .    

      10 %.

. 6.24.          
  10 %: )  , )  



204

    
 

       ( . 6.24.) 
      77,8 0   78 0  

.  ,      -
  5,1 0 .

       -
     IV 

        6.4. 

 6.4.        
         

 
-

-
 -

 ( -
 

)

-
 -

 ( -
 

) 

 -
  

-
 

  
 

 

52,6 0 - - 63,5 0

 52,7 0 52,9 0 52,8 0 63,3 0

  
 10 %

57,8 0 58 0 - -

  ,      
     0,2 0 ,     -

         
 10 0 .  ,  ,   ,   -

  ,     . 
    ,   -

      ,   -
      , ,  

.
 ,  ,     -

       -
     ,     

       -
.

CAD    
    CAD   (  -

)    IV 
     .   6.25.  -

        
  .



205

 6.     
    

 . 6.25.    -
 

. 6.26.    
  -

 . 6.27.     -
     .    -

  ,     45   . 
CAD      -
 
    CAD    

  IV    . 
        
  CAD   .    

    . 6.27.

. 6.27.     
   

. 6.28.    
  -

    



206

    
 

CAD       
. 6.28.  .      -
 ,    45   .

        
 .       -

       
    (    -

  )

CAD      -
 

    CAD    
  IV    . 

     -
       CAD .  

  CAD    . 6.29.

. 6.29.    
   

 

. 6.30.    
   -

 

  ,      -
,      .  

        .  
       -

   . 6.30. 
    ,    -

    .   -
        

       
.        
        .

 . 6.30.     -
    .      

     , -



207

 6.     
    

    ,   
 45   .

. 6.31.    
  -

    

 . 6.32.  

     
      ( . . 6.32):

) « »,
) « »,
) « » ( ),
) «  1» (   ),
) «  2» (   ).

       -
   .

  « », «  1», «  2»   -
 (    ).

       -
     . 6.33.

. 6.33.   



208

    
 

         
 ,         

  .

. 6.34.   

 . 6.35–6.36      -
.

 . 6.35.    
  1   

. 6.3 7.    
  2   

. 6.37.      7 . 6.38.    
  1   



209

 6.     
    

     ,  
       -

    –   -
  40.

1.      ( ) 
FlowVision       

,   .
2.   CAD     IV 

:     , c  ,  
 .

3.         -
 IV :     , c 

 .
4.       

       . 
5.      -

 IV        -
    .   -

      . 
6.        -

    . ,  -
        -

,       -
    . 

7.      -
       -

      .

  
 –  

 –  
 – -  

CAD  –    , 
    .

  –   -
.

Cp-      
CD –   
d –   
e –   
F –  
g –   
H = h + V 2 / 2 –  
h –  
I –  ( ) 
k –  



210

    
 

n –     
P –  
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7.2.1. -  
 :

p –   , 
p0 –  , (105 )

 – , 
0 –  ,  (300 K)
 –  , / 3

0 –    , / 3 (860.0–895.0 / 3)
–

 = / 0

cr= 230 –    , / 3

E –   , /
e –   , /
p*= 98068.0 –     (8.1), (8.2) 

    (8.1), (8.2):
T = 300 K; k = 9.0,  = 375.0



222

    
 

  ,    

 
        

      -
    .    -

 2 104 .
        -

      :

 0  

,  
 

(7.1)

  < 0

 

.
 

(7.2)

  (7.1), (7.2):

                                   

  0 <  < 0.8,

   0.8 <  < 8.0.

    (7.1):

  0 < p  2 104 .
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   .    i (  x, z)  

j (  y, r)   .
    ( )   , -

    ,     -
.     ,  , 

  ,     
.       ,  

  ,  = const     

  
(7.10)

  
(7.11)

   -  -
. ,       

         -
  ,   : 
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Sj–1/2 x 2 r (j – 1) z

Sj+1/2 x 2 rj z 

Si+1/2
Si–1/2 

y 2 r (j – 1/2) r

Vi,j y x 2 r (j – 1 / 2) z r

       -
  :

  

(7.12)

(7.13)

(7.14)

        ,  

  

(7.15)

(7.16)

     

  

(7.17)

    (7.1)  -   
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(7.19)

(7.20)

   , ,  –    
   tn + t,    « » 

      .
         7.6.8.1 
 p  p + q,  q –    

( ) 

  
(7.21)

  –  . 
    ( )   -

,          
 .        -

    .     
  t   Mn    .   

,          
   .

       -
  

      

(7.22)

  Mn      -
,     ,     -

   .     Mn -
         

    ,     -
 . 
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(7.23)

 ,       -
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  t n+1 + t.       -
  M,  P   E,      

 :

  

(7.24)

(7.25)

(7.26)

 Mn   –  ,     t    
 ;      

.      .
 (7.24–7.26) ,  ,     

     M, P, E,      t  
        .  

 ,       Mn ( -
   )       

   (    ).  Mn  
   .

  ,    , f = (u, v, E)  -
   tn+1 = tn + t   

  (7.27) 

  (7.28) 

 (7.25–7.26) ,      
  .       

 Dn
i,j (k),    k,  :
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      -
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       ,  
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      (    – 
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    .   
      -

      (  ).   
        -

.       
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   ,     -
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  .
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n –    ),   [10], -

    [11],    [12]. 
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  ,     -
   ,      

  .
  ,     -

         
,    .     

      -
       . 

     ,  
      ,   -

        
  .      

      ,   -
,       .

7.2.3.    GDT
  

       GDT.    
,     ,  -

 ,     ,  -
   .     -

 ,   ,    .   
     ,   , 

  ,     -
 .        , -

      . 
         

.        , 
   ,    .

    ,  -
.  –     ,   

 .      -
: 
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1)      ,  -
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 ;

2)        ( -
,    ); 

3)   . 
   : ( ), ,  

,  ,  .
       

 .      -
       ,   -

.          
 ( ).      -

 .       
      .   -

         
 ,         

 .     , -
   . 

  
     3D   2D -

 –  (2D), , , , . 
  –   ,   2D -

.         -
  .      

 : 
1) edge – ,      . 

   : Left, Right, Top  Bottom; 
2) min  max –     (   -

) . 
      ,  -

     .
7.2.4.     

        -
 .        -
       , -

    .     
    .     

    .     -
   ,     ,  -

,     .    
     ,   

   . 
1.   

      -
         -

 .      -
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      Scienti  cVR 
(SVR). 

SVR     ,  -
       
    (plug-in).   
 ,           -

        . 
  SVR     . 

     ,  ,  
       Scienti  cVR. 

  Scienti  cVR
       : 

  ,     -
  .      

         . 
,   ,  ,   -

. ,     , -
          -

.     ? 
•      , -

   ,     . 
         -

,        -
.   ,    ,  

  ,    -
  ,      . 

•        -
   .  ,  -

        , 
      -
   . 
•         

,    .     
     ,  -

    ,    ,   
        , 

    . 
  Scienti  cVR   ,  

  .     -
  ,     . -
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      -
     : 
•  ; 
•  ; 
•  ; 
•  ; 
•  . 

   ,     
   ,    -

   . ,   
       , 

  -   .  ,   -
  ,    ,  

   ,     -
     ( ,  -

      
  ).    , -

  ,         
,       ( -

,  ),     ,  
    . 

   Scienti  cVR  . -
 ,        -
. 

     -
: 

1) curve visualizer (   ); 
2) color plane visualizer (   ); 
3) isoline visualizer (   ); 
4) voxel visualizer (    ); 
5) isisurface visualizer (   ). 
C         

      .    Curve 
visualizer. 

      -
        -

       .     
       ,     -
    .    Color 

plane visualizer. 
       -

    .    
Scienti  cVR    Isoline visualizer. 

       
   . 
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 Voxel visualizer. 

      
Vectors Visualizer  Stream Lines Visualizer.

      
    . 

Stream Lines Visualizer –     . 
 

SVR     , -
  ,      -

 ,   .
  

      
 ,      -

   . 

       
   .    

   ,    -
    . 

   
      -

    .        
     .

        
      . 

      .
      -

        -
       .     

       ,     
   . 

      
   .      -

     . 
 

      -
  .     

       -
  . 

    SVR   
  .
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SVR    : 
- c   ,    

 ;
-   ,   -

 ,       ;
-    . 

 SVR        
: 

•   ; 
•      : PNG, BMP, 

TIFF, JPEG, EPS; 
•     ,  -

 ; 
•        

. 
      Scienti  cVR  

    . 
        

   ,  -
       ( , -

 ASUS 7100 Deluxe).      
   –  , , 
  ,    .  

     AVI-    -
  .

       -
  :

• BMP – (Bitmap)  ,  Windows  -
 .      BMP    -

       1  64.  -
  24-  BMP ; 

• PNG – (Portable Network Graphics)     
 ,   GIF.   GIF 

     .    
,  8, 24, 48     -   1, 2, 4, 8, 

 16    .  PNG    -
     ,    

        (background color); 
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• TIFF – (Tag Image File Format)   ,  
    .  -

     ,     -
   .     -
     TIFF .  

 (tag)      , 
,  ,        -

; 
• JPEG – (Joint Photographic Experts Group)     

     ,   -
 .     ,   
    .    24  

 ,        
  16 . JPEG   . 

• EPS – (Encapsulated PostSctript)     -
         -

 . 
   Scienti  cVR  -

    .
       

        -
 (  «on-the-  y»),     

      .
1.  .

  ,   . 
   ,   

     ,   . 
     : , 

, , search,  .
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. 7.3.   ,      
  ,     ( . . )
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 7.2
  

 
 

  

Intel Pentium
(x86 family)

Linux (Red Hat 
8.3, 8, 9; Debian 
3.0; 

 
).

Visual C++ 6 Ethernet MPICH 1.2.x

Windows 98, NT, 
2000, XP

Visual C++ .NET Myrinet MPICH-GM 
1.2.5..12 >

Solaris 8 GCC 2.95 SCI LAM 6.x
GCC 2.96 LAM 8.0
PGI C++ 5 SCALI SSP 2.x, 3.x
Intel C++ 5 (Win) MP-MPICH 1.2.0
Intel C++ 6 (Win)
Intel C++ 8.1
Intel C++ 8.1

AMD 
Opteron 
(AMD-64)

SuSE Linux 
Enterprise 
Server 8.1

GCC 3.2, 3.3 Myrinet 2000 MPICH 1.2.x
PGI C++ 5 Ethernet MPICH-GM 

1.2.5..12 >
LAM 6.x
LAM 8.0

Sun 
UltraSPARC
32-bit

Solaris 2.6 Sun Workshop 
C++ 5

Ethernet MPICH 1.2.x

GCC 2.95 LAM 6.x
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Linux Red Hat 
8.3

Intel C++ 7 Ethernet MPICH-GM 
1.2.5..12 >Intel C++ 8 Myrinet 2000

PowerPC G5 Linux GCC
MacOS X 10

      -
   (     ). 

 ,   « »    , 
   (   )    , 
       –  -

 .     , -
  ,    ,        
  .   ,    -
,          -

 . « »      
   ,      “  ”. 

     20  -
      .

   ,    -
  ,  1,92   . 

   128-     Dual Xeon 
EM64T 3.2 GHz.      17 .

       
 ( . 7.6).       

128-     Dual Xeon EM64T 3.2 GHz.

. 7.6.      

7.3.   Siemens FS   GDT

    GDT     
    . 
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    .
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   1  2  

  Siemens.

         -
,      .  . 
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 -40/6
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      ANSYS,  -
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  ANSYS    -
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.

 -     ( . 
7.18)     ANSYS. 

        
     ,   

  .       -
-    ANSYS   -

.
7.5.2.   

       -
    ( . 7.2),     

  ,    -
,    .    , 

  ,    -
,     ,    

 ,     ( . 7.3).  
,        

.
       ,  

  ,     -
 .  . 7.4   -  , 

         
.
-       

Np = 183 455   Ne = 170 874   .  
  Neq = 1 100 730.    Np = 81 351, 

Ne = 72 792  Neq = 488 106.
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0,002  = 57 .   Vd < Vg (57 < 70).     

   Vd = Vg ,   
    2 ,   2 · 70/57  2,5 , . .    
    12,5 %.

      -
   :
-         -
  ,      « »  4 

,   « » – ;
-        -
 ,      ,    -

 ,      
        -
 .

      
,     ,   -

      .  
       -

.        -
 ,  , ,  

 , .    
 30  80 ,   3  45 .   ,   

 ,     -
 .       -

      « -
»     .   « »  
         

   ,     
    ,     

   .    . 
9.29–9.31.    ,  -

    ,    
     , 

  (     )  
       -

     5 ,    
   « » .
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. 9.29.       1  « »  
 .    

 . 9.29        -
 1.    -   -
          

  ,       1.
      (   

)         -
 :   35   9 ;  

 50    9 .     
     4    300 .  

  35    9     -
   2 .        

 70  ( . 10.29).    ,     
(50 )      (  1 .),   

       (70 ) ( . 9.29). 
 ,    35   

  ,    50  – .  
    (  2  3)    

.    .   -
     ,   , 

       ,     
         -

    ,        
.    x-t    

,    1 ( . 9.32).  -
          -
     .
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 9.  
  

. 9.30.    
   1.   

  Ø 50 , 
 9 

. 9.31.    
   1.   

  (  1, 2, 3, 4, 
5, 6 –   1÷ 6  . 

2.2)

. 9.32. x-t       1. S1–S3, W1, W2 –  
, W3–W5 –   

    ,   , -
    -     

      ,    
        . -
  ,        

.         
          

.       -
      (  )  

,      . -
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 ,        
    « » .  -

       2   
 « »  15 .    . 

,         30 
.

      50 , -
 9          

 20 .      -
 p        pd (  -

 )  ,     (   
« » )  M = p/ pd = 30/20 = 1,5 ,   « » 

    1,7 .,   = 4.   50 
,  18   M = p/ pd = 30/12 = 2,5.   50 
,  27   M = p/ pd = 30/10 = 3,0.   -

      
    .     

  9.4.

 9.4.       
  

-
 

  
 

 

p , , - Ø, h, , p , 
.

p , 
.

1 1,7 0,7 - - - - ~ 4 - , 1,8 
1,9 0,8 5 2 > 10 ~ 0 1
2 ~ 0,7 5 0,9 > 10 ~ 0 0,5
20…40 ~ 5 - - - - 60…70 - , 1,8  + 

, 20…30 40 ~ 5 5 0,9 ~ 2,7 ~ 2 10

1 1,8 ~ 5 - - - - - ~ 4  P = 25 
.1,7 ~ 5 3,5 0,9 ~ 2,5 ~ 0,5 2

1,9 ~ 5 5 0,9 ~ 7 ~ 0,2 1
2 15 ~ 3 - - - - ~ 30 - , 1,8  + 

, 25 12 ~ 3 5 0,9 ~ 2,4 ~ 1 10
15 ~ 3 5 1,8 ~ 4,2 ~ 1 10
14 ~ 3 5 2,7 ~ 5,6 ~ 1 8

p  –   ;  –   -
; h –  ;  –   ; p  – -
    ; p  –  -

   .

         -
         -

  .    , 



309

 9.  
  

   ,     -
   ,     :  

–   76 ,  8 ,   –   
76 ,  8 ,     -

  –   76       . 
   ,  « »   40 

.         
  15…20 ,   -
 ,    1…2 . (   

).       -
      . 

       
 .      -

        -
 .

9.4.4.      -
 

     -
   .   –    

,          -
    . ,   -

    ,   
,    .

      .
        

  ~1 .       
    0.06    5 . -

      ,  
     ~6000 ,   -

 ,    .   -
    ,   -

 ,      
. 

    5–15    -
 .     -

   1 – 6 . 
       , -
    L, ,  R    -
,      .   

      . -
  ,    t = L/R ,  R  –   

   (  ),   -
      .    

      .  
   1 ,      

        .  -
  ,      -
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    .     
 .        

    .    5  -
    4–8 . 

         4 . 
        
,        , 

     ,     
    .      
 6–8 .

. 9.35.    
   

: 1 –  -1, 2 – 
  54  15 

, 3 –    
-3

. 9.36.    
. 1 –   PCB 

109C11,    , 
2 –   , 

    PCB 
109C11,   – 

    
  

       ,  -
       -
 (        5000 .). 

     ,   
  ,     -
        . 

          
       -

 .
 . 9.36      , -

  110 ,  120 ,   10 , -
   .      . 
      .   
        GDS 

2104,     ( . 9.37).



311

 9.  
  

. 9.37. 1 – , 2 –    Motion Pro X-3 (Red Lake 
US), 3 – , 4 –   PCB, 5–4-    

GDS-2104, 6 –    5–54, 7 –  

     -
   ( . 9.37).    

        
      , -

 ,          
.      : , 

  .     -
 ,       

         
  .  . 9.38  -

   ,    
      . 

      -
           -
  .     

 60     .    
        – -

  –   1    –  
 2.         0,5 
.      ( -

,  35 / 3,   95 %; ,  
     0,035 ,  44 / 3,  

0,95.     ,  -
        .
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. 9.38.    
 1 / ,   
  ,  – 

 .    1

. 9.39.    
  ,  

   , 
  – ,  1 (1 

/ )

 
         -

        
 .      

       -
.   ,     

      .    -
      -

         
          

   . ,   -
           

.      
         -

     . 

9.5.    
   

    
    

,       
   .     -

      
         

    ( ,   -
      [41].

      -
     -
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 9.  
  

     .  , -   
      , 

   .       
 –        

.
       -

 ,     -
    ,     

        
   

  [41]     -
     0.1–0.375 /c 3,   -

      -  -
        0.1 /c 3.  
       

    «    
».       

0,37–0,62 /c 3.        
 20 ,       -

 .
9.5.1.        

 
      -  -

      . -
,    [43]       

  : 

U
k

Bb
k
b

k
AkUD aa *11, 11 ,

   a = 2.992, b = 1.858, A1 = 5.333 / , B1 = 1.356 / .  
D –   , U –      

 , k –   (k=V00/V0,  V00  V0 –  
     ). 

 ,       
  ,    1  k  2.5.   

      « »  -
 ,        -
       . , 

        -
 0,37–0,6 /c 3,     k = 4.5–10.3; 

  [41]     0.1, 0.21  0.37 /c 3, 
    k = 210.1, 12.9  10.3.   

     ,    
  « »   ,    
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       -
    .      

,     ,    
     [42].

  « »     
      
   -    -

    .    -
     -   

  . .  [42].     
   ,      

    .    
        -

    . 9.40.   -
        (http://ihed.ras.ru/

rusbank).

 . 9.40.     
 0.1 (1), 0.21 (2), 0.37 (3), 0.54 

(4)  2.71 / 3 (5). V –   
    

 . 9.41.   
« »

       -
    ,     

      . -
        , -
       –  
   .        

       [44–48]),    
       -

,       -
. 
 ,      -

        -
  -  .
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 9.  
  

9.5.2.   -    
  « »

        -
  « »,   ( )   , -
  ,     

          
 (    )      -

   30  [49].      . 9.41. -
   – 1000 .     – 10.5 , 

   – 3 .      
,         

    .    ,  -
  ,     -

       150 . 
       -

  LeCrow 64 Xi (600  –  ).  
        0.3 % [49].

        , 
      ,   

    150 ,       
         2 %.

  -  
      

 ,    [41].    -
     80    20 

,   0.54 / 3.     
    ,       

.
       

     10 .     -
   –      . -
         

,       , 
          . 

         ,  
    , , -

      .  -
          

   ,    -
   ,     

        .   
  ,    ,  , 

  ,    .  -
     ,     

    .
       

   ,     . -
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    ,  ,  
   ,     
  (       900 ), 
         

, ,       [42, 49].
  

      « » -
,         

  ,     ,  -
        

(   ),     -
     ( ,   

).  . 9.42     -
   0,54 /c 3,    

    ,      
 ( ).        -

,      , -
 15, 62  92 . -    

(  )      .  . 
9.42 ,        -

          
  . ,     

       – -
,      . -
 ,    [41]    ,  -

         -
,   ,   .    

      ,   
       -

     2 .

. 9.42.      

    ,  
   .    

,        
.    ,   

 .     -
      -
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 9.  
  

.      ,  
.   ,      

,   ,  , -
,    ,  .   

   ,  ,   ,  -
   .     ,   – 

.     ,  -
 ,       . 

        9.5.

 9.5.    .
 . 

  (  .) . -15   +60
    ( / . .) 50–59

    % 10

   . 86
  / . .( / . .) 150 (15)

 1,13–2,14
 0,15–0,16

   , 
 

 % 5

  (  20  ) / 15
  50 4,1

  ,     -
       

    .
  -  

       
~100 ,        

 2 .     -
         . 

. 9.43.       0,38 /c 3, 
   .     

  120 .       
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. 9.44.   -2

       ~30 . 
       . 9.43.  
         

         -
   .

         
9.6.     ,    -

 h,        P1, -
    P       , 
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 9.  
  

        
 h,   h/ h.

 9.6     
-  

, /c 3 h, h, h/ h P1 , T, K P , 
Sr2 0,47 21,2 4,9 0,23 9 640 94,3
Sq3 0,38 22,1 10,3 0,47 7 770 120,3
Sq4 0,37 19,5 9,0 0,46 5 880 116,2
R2 0,59 21,8 0 0 7 770 118.5

9.5.3.       
-2

      -
   -2,     

    20    .  
    . 9.44.

 ,     -
    2 ,     

    25   
  .     

       
 (0,75–1,0 )      d 

~ 24, 30  36     500 .    1,0–1,3 /
3.     2,6–5,8 / .  

    .     -
      15–30 .  

        100–250 
.        0,5 /

c 3,      , -
    « »,  .  

      
    «Cordin 222–16», 

  16     5 . 
   D     -

,     U     
 16    , -

   30–50  ( . 9.45).    
        

 LeCroy WP 7100A     ±1 .
 . 9.45     -

    .   -
          

        
. 
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. 9.45.    -     
.       .  

     40 ,   40, 50, 70  80   
  

 

. 9.46.    
  ,  

  10 .   
 3.1 / .     

  36°

  9.45  9.46      
    .    -
        -
     100–250 .

    
    -2   -
 ~80 ,         

~100×100×20 ,      -
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 9.  
  

   2 .      -
  ~50 .

 . 9.47.      : R2 ( ), R3 
( ), R12 ( )  Sq1 ( )

      -
.       . 9.47. -

      .   
        9.7.  

   ,     h, 
        

 h,   h/h,    
 d,   ,    El, -

       R,   
   2R/d,  ,    P.

 9.7.      
- , /c 3 h, h,  h/ h d, , 

/ 3
El, 

/
R, 2R/d P, 

.
Sq1 0,62 27,53 11,5 0,42 0,0355 1000 5,840 0,255 14,37 221
R3 0,53 22,8 11,6 0,49 0,0245 1153 3,207 0.165 13,47 290
R2 0,59 24,0 4,7 0,19 0,024 1283 3,424 0,230 19,17 160
R12 0,57 21,7 3,8 0,17 0,030 1000 4,170 0,305 20,33 112
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     , -
    « »  -2,  

 . 9.42     [41].  , -
   -2,       

      . -
 ,    « »    -

 ,       
     ,   -

.   ,  ,   :  
  – -  ,   , 

       -
   0.1–0.6 / 3      

,   ,   . 9.48  -
 (0.6 / 3)    [41] (0.1 / 3).

 . 9.48.      , 
    « » (1)  -2 (2).    

   .    – -  
,   .      

 .     [41],   
        0.1 / 3 (3)

    . 9.48   -
 :

1.         -
 ,    ,    

    ,    -
   ( ,  ). , -
      ,     -

     ,     
 ,   .    
       

     . 
2.        0,54 /c 3 

  ,    ,   -
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 9.  
  

     ,    , 
    (  120 .)   

  .      
     -   ( -
,   ).     -

      0.38 /c 3  .  
      -

  . ,   0.2–0.3 
/c 3.     ,  ,  -

         
     . 

9.6.       
      

       
     .  ,  
,        -
   ,    . 

        -
     (inhouse) , 

  .      , 
       

.          -
          
  .       -

  ,      ,  -
  .     -

       
         

  .       1300 
   1000 ,     50 .

. 9.49.     
   (  

,  )

. 9.50.    
 (  1  × 1 )
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 . 9.62. ,     = 7800 / 3,  -

 E = 200 ,   v = 0.3,   T = 
300 ,    = 10 .     

     -
   .

       -
     ,   

      ( )
 ,   . 9.63     

 = 300 / 3, ,     E = 72 , -
  v = 0.33,   T = 145 ;  -

   Vf = 0.15.
  ,      -

( ),
( ),

ii iiu iiu

ij iju iju

E E E E
G G G G

 i –  ,    xi,  u 
–        -

 Eiju    Giju. 2(1 )
EG –   ; 

1max min ,1 ,0 ,
1 f

V
V

V –  ,     .

. 9.51.       

        
ps.    ,    -

    ,   ,   
,    p0   ts.  , -
   –  ,  ,    – -

 .       ps -
   :   a,    

      t0, 
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 9.  
  

0
0 0

0 0

(1 ) , 0 , (1 ) , .
t
t

s s
t tp t p t t p t p e t t
t t

(9.7)

      LS-DYNA   -
   BLAST_LOAD.  BLAST_LOAD -
   Randers-Pehrson  Bannister (1997).   
       .  
     Kingery 

(1984).       ,   
Pref    Pin.

2 2cos 1 cos 2cos ,ref inp t p p (9.8)

   Pref     -
 a     Pr0.   Pin -
     b     

Ps0.      t0 -
  :

0 0
0 0

0 0

(1 ) , (1 ) .
t ta b
t t

ref r in s
t tp p e p p e
t t

(9.9)

 BLAST_LOAD    :
1) -    (m);
2)   ;
3)         ( ).

     ,    
 ,    = 00   (2)   :

.ref inp t p p (9.10)

  ,     
      (  ),  

 ,       1    
     = 0.0001c.   -

   :
1)     ;
2)    .

 
  9.8     -

     m,     -
,  . 9.53–9.54     -
.
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 9.8.   ,  
        

M, 
p, % (   ) p, % (   )

0.3 0.8 2.3
0.5 2 4
0.7 3 7
1.0 5.5 15
1.3 8.5 22
1.5 10.5 27
1.7 12.5 37
2.0 15 46

. 9.52.    

        -
   = 20 %,     

,      m  1.2     -
,     ,     
   ,     

 2.5 .       . 9.52. 
 . 9.53  ,    -

      .    . 
9.53–9.54, ,   ,   

   m  2.7 ,   2.25     -
 .        

    . 9.55.
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 9.  
  

. 9.53.   
    

  : 1 –   , 
2 –   

. 9.54.   
   

      
 ,   

. 9.55. ,  
     

. 9.56.   
   

       
    . 9.56.   -

  . 9.60,       avi– .

. 9.57.   . 9.58.   
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. 9.59.        (    
      )

. 9.60.        (    
  )

. 9.61.    :  ,   
;   

  ,     
    (  ),   ,  

     1       
 0.0001c .      :

1)     ;
2)    .
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 9.  
  

. 9.62.   . 9.63.   
 

9.7.   
  

9.7.1.     
   1   -

  220/110  IV     
        «  
 ».  ,     

     – -4000/10. -
      20 , -
 0,2–0,3 / 3.      -

        . 
  – .   -

         (  
, ).        

       .  -
      ,  -

     .

. 9.64.  -4000/10- 1
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       -
.      ,   ,  
  :   -

           , -
      ,   -
 ,      ,   

 ,    .
      -

      -
,          -

     ,     
   ,     . 

   0,01…1000 ,   -
,  20 .      -

     .  . 10.64 -
     .   

  16 .
 .   -

      .   
     -

,   ,  , -
 ,   ,  

  .     -
     .  -

      -
        

       -
      

  .
 .     -

 ,   ,    
  ,     -

 .      41 -7  
100  .      ,   -

     92 .    
1104 .   C = 0,0276 ,    -

 C  = 0,11 .      
U = 5 ,      1,38 .   

   4,5  ,   , 
 1 .

 . 10.65    , -
    .  

    .      -
    ,       

23 ,    .   
         

 ,       , -
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 9.  
  

 ,      , 
   .      

  5 .       
   ,   -
 -75–4-12   .     -  

  

. 9.65.   

 ,   ,    
   ,  .     -

,     (R5)   
 .  ,  ,   -

   ,      -
    .    

    « »  ,  
   ,     -

        3 . 
         

      -
        . 

 .     U=0÷5  
  ,     -

  380 /220 ,    
220 /6000   ,    .   

    R1   -
 R2,    .   

   -100.    
  .
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  .     
  .       , 

       1÷ 4  
 ,  R  –  ,  L  –  

.   « » :  -
 – 20 ;    – 100 ;  
   –   200 ;    -
 – 300 ;    – 10 ;  

  –   10 / .
       -

       L .  -
         -

        -
,      -     , 

. .     .  -
         

  .  ,   -
      -

         -
       . 

     ,  
      -1200/2,5.    

   ,    
   .     -

        . 
        25 

,    –     60 .  -
       

     .
 .     -

  :    ,  
,         , -

     ,  
.        -

,   3    :   
  «LTR-EU-8–1»,    16  ( 41 ), 

10  (UFLA-5–11), 2   (PCB109C11)  -
  (      -

,      -
  ,     -

    ,    
 ,     -

    );   AS,  
  2   PS-02–01 (     

  ).      
   .
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 9.  
  

9.7.2.      -
     

      -
   ( . 9.64).   -
 :  400 ,   2 .

. 9.66. STL        

. 9.67.      t = 0,5 , 0,75 , 1,5 , 2 .; 
t = 2,5 , 3 , 3,5 , 4 

 . 9.67       
     .  , 

    ,     
 ,      y  z.  

 ,       
(   )       

 .
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    .    
   ( . . 9.66): ) « », ) « », ) « » 

( ), ) «  1» (   ), ) «  2» 
  ), ) « ».    -

       .  
 « », «  1», «  2»   -

 (    ),    . -
   : T = 273 0K, P = 101000 .  -
   20 0 .

 9.68.      , t=1, 2, 3, 4, 5, 6, 7, 8 

       
        -

.       
     -

         . 

. 9.69.        
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 9.  
  

  .     3 -
  –  (1384322 ),  (2820112)   

(5698470).    ,    -
 (2820112 )       

.       1,  2,  3 (  . 9.70) 
   .

. 9.70.   )    1, )    3

         -
     .      

    .

. 9.71.        ) , ) 
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.        

 .      -
 : 

1)   ,    ,   
   ;

2)   ,     
       ;

3)      ( ,  
    ,      

       ).
          -

,           
      .   

  ,   ,     
  ,       -

        -
 .  ,       -
     .   -
  ,    ,  -
    ,     

  .       
,      -

     .      
       .  

       ,  -
   ,       

      .
  .     

       
30,939  (    239,74 ),     

 58,7     . -
     .

. 9.72.          
    : )   1, )   3
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 9.  
  

   ,      
     78,5 0 .    -

      .  -
       72,6 0 .     

     ,  
         
. 
 .     -

     , -
    (4,9      -

),           
  .

. 9.73.          
 : )   1, )   3

   ,       
      78  80 0 .     

     -  -
  .      72,7 0 ,  

         
  .

        
    ,     

 ,      .

. 9.74.           
: )   1, )   3
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          89  
91 0 .  ,       

 10 0         -
.      83,3 0 ,    10,5 0  -

,      .     
       -

. ,        
   .  ,    

 ,     , 
   .      

         
    ,   -

 ,        -
.    .

. 9.75.          
  : )   1, )   3.

. 9.76.          
  : )   1, )   3

  ,   ,    
    ,  . 

     72,9 0   73 0     -
    .  ,  
,        
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 9.  
  

    ,    , 
  . ,    -

      0,1 0 ,     -
         

     10 0 . ,   
        

  . 
   10 %  . ,   

        
    ,   -

    10 %    .

. 9.77.        10 % : )  
 1, )   3

. 9.78.           
 10 % : )   1, )   3

           
,  78 0   77,8 0 . ,     

    .
 

       -
,     . -

        -
    58,7 0 ,    58,5 
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0 .         
    9.9.

 9.9.        -
          

 -
 

  
 ( -

 
)

  
 ( -

 
) 

 -
 

  
 

 

52,6 0 63,5 0

 52,7 0 52,9 0 52,8 0 63,3 0

  
 10 %

57,8 0 58 0

,       -
    0,2 0 .      -

        
    10 0 .  ,    -

         
  .    ,   , 

      .  
       -

     ,     
  .  ,    -

       -
       ,   

        -
 .

9.8.   
   

    
  (ANSYS-LS DYNA)

9.8.1.   

       -
 ANSYS    ( . 9.79),    
   ,     . 

         -
 .     .   -

       .
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 9.  
  

. 9.79.   : ) ; )   

       - -
   ( . 9.79).     

   ,   -
.  ( . 9.79 )   -  ,  

        -
.        ( . 

9.79 ).     101513  ,   
–  198397   433935  .

. 9.80. -   : ) ; )   

        
Spotweld.        -

 ,  ,    « »   -
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.      ,  
        -
,    .  ( . 9.80)    

 .

. 9.81 )     :
) ; )   .

. 9.81 )  
   

     ,  
   ( . 9.81).     -

  ,    , -
      ( . 9.81 ).   -

          
        

( . 9.81 ).
9.8.2.   

     ,   
 ,    , -

   Y ,  Y –   -
 ,      [45] 

 
ˆ ,pY R  (9.11)

 ˆR  –  , ˆ –  .
    ,      
 ,       -

      .  ,     
,      . 

 ,     ,    

  1
3ij ij kk ijs ,    1

3m kk . -

    ˆ ,     
   [3].
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 9.  
  

) )

. 9.82.   

  ,       -
  ( . 9.82 ).      

x, y, z.   ,     
 ,   ,     

.
        :

1 1 1
2 2 2

1 ,
2

x x y y z z

x x y y z z

dU dydz dx dxdz dy dydx dz

dV

 dV = dxdydz.
   

1 ,
2 x x y y z z

V

U dV

    :

1
1 .
2 x x y y z zU

       -
 .  ( . 9.82 )   ,  -

    xy.      
x  y     :

 1 2 .xy xy xy  (9.12)
   ,   
   ,     :

1 2
1 1 .
2 2xy xy yx xydU dydz dx dxdz dy
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 1/2,   ,     -
        .

    : ,xy yx
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, ,  

  (10.15)

 (10.14)  (10.8),  .  
,     , . . p2/p2 = RT,  R – 

     , 

 
  

,
 (10.16)

 c*    (10.15).   
,   p2 = p, 

  (10.17)

   .
10.1.3.      

       -
   [2]      : 

  
(10.18)

(10.19)

 

 
  u, , p, h –  , ,    

.
       

  (10.18)–(10.19)     -
  

  

(10.20)

(10.21)

 

       
       , , 

   ,     
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   .  , -
          -

     ,    
.        -

     ,   -  -
  a = a(p) ( . . 10.2     p).

10.1.4.     
        -

,          
  ,      [18]. 

       -
  .        

  ( . 10.3),   « » 

  (10.22)

  «1»       -
, «2» –  .     -
,  p1V1 = p2V2. ,  ,  

  (10.23)

       ,  

  (10.24)

,   ,  

  (10.25)

   ,  . 
  (10.25)  ,  ,  

.     
  (10.24),  

  (10.26)

 p2 –     .  ,  -
     ,  (10.26) -

       .
 (10.26),      -

 ,   -     -
        .
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. 10.3.     
   

. 10.4.    
     p

       -
 ,     : 

 
 

      

  (10.27)

        
         [2].

10.2   
    

 
10.2.1.   

  ,        -
     ,      ( . 10.1), 

         
 ,          

 35 / .        
     [14].     

   DISA single normal (SN)   : 
- ,    25 / ; - ,   -

  ,     
  ,  ; - ,   

        ; 
- ,          

.        -
  ,    (   

  )  single normal. -
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       -
   ,        -

   ,   .
  ,     , -
   ,   .    -

       
: VBAE 2 ,  E – ,    -
, A  B –  ,  –  , V –  
.       1,08.   

       
      .

      -
.       

    = 0,4 ( . 10.5 ( ))   
  = 0,5–0,85.      -

  Re = DU /  = 500–2000,  21 )1(  – -
  (1 –  , 2 – ), D –  , U –  

,  –  ,    ; 
   t ~ d2 / v  = 5 · (10–8 ÷ 10–6) ,  d –  

 (30–300 ), v  –   ;  
 k = cp / cv = 1,002; M = U / a = 1–2 –   , a –  

  .       We = 2d 2
0U2 / ,  

 –   . 

   , 
     We* = 3 . ,    

   , – t ~ [1 ÷ 2] · 10–4 c. 

. 10.5. )        . R0 
= 90 , )        R0 = 30 
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 . 10.6.       
     .

 
. 10.6.   , 1) – ; 2) T1, T2–200-   

; 3) P1 –   (Grundfos CRT 2 c  MG100LC4-D1); 
4) P2 –   (Grundfos MQ 3–45); 5)   (ABB ACS550 

ACS550–01–06A9–4); 6) AIR –       (  1 
  12 ); 7) DISA –  DISA 55M10; 8) UVP –   

; 9) :  Honeywell MLH300PSB01A, ,  , 
  Honeywell AWM720P1; 10)      ; 11) 

         

      ,   -
.           , 

      ,   
       –  – .  
    ,   

    (  ).    
     ,       

         
,        .  -

    ,       
    ,     -

      .     
 (   )  ,   -
     .     

.  ,      
       .   

          
     .

 .    -
 1.08     DISA 55M10   Dantec 

Dynamics Multichanel CTA 54N82 constant temperature anemometer (CTA) 
system.    1 ,    
     NI USB-9215A (BNC) 16-bit A/D converter. 

      60 .  -
      (±0.3 ° ) ( -
   )    (±0.1 ° ), -
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     0,5 ° .    
   Honywell MLH300PSB01A,   

   .
       -

    .    
  Redlake MotionPro X3*, FOTRON Fastcam SA-4  -

  DaVis (PIV La Vision)   .
  . 

1)     –   ( . 
10.3. ( )),     -

 3 %)   .  . 10.7 ( )    50 % -
    (  1 )  5 %   (  

12 ).       , 
    2 (   10.6 ( )   Q). 

) ) )
. 10.7. )         

(  2–3 %); )     (   )  
  (  10–15 %). )      

  10.1      -
.      -

   -     . 

 10.1.      

 [ ] 7,6 8,9 7
    10 38,3 31,7 40,5

   25,8 25 25,1
  26 24 26

2)        
.     -

   .  –     -
        , 

 10  –  ,   –    
   .       

       .   -
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    ,       -

.     . 10.8.

0,0 500,0 1,0m 1,5m 2,0m 2,5m 3,0m
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7,3

7,4

7,5

7,6

7,7

7,8

7,9
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lta

ge
 (v

)

Time (s)

. 10.8     
      

   70%

. 10.9.    
  

        -
    .      

    ,   > 60 % 
 ,      (    1M ) c 

  .     -
    ,    
     ( . 10.9).

   40 %       
,        -

  ,      ,   -
 .       20 % 

(      )     -
  U-    (U-shaped transient signal), 

      .

. 10.10. ,  -
 (  1,5 %),  

   

. 10.11.   , 
  Granular PIV 

(  5–10 %)
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 . 10.10      34 % , -
     (up)   (down)   

   1,5 %.        
   Granular PIV (  10.11).

      -
  PIV        

 (Overlap – 50 %, windows size – 32*32  16*16 pixel, no weighting 
function, correlation mode – cross-correlation. Image preprocessing – Subtract 
sliding background   10)      -

 .       
  ,    5–10 %.

3)         
  (Fotron FASTCAM sa-4)     -

    PIV (La Vision).  -
    ,    

  .       -
   ,    

   .     -
     .    ,  

      ,   
     High pass  lter-10, -

       . -
  ,      

    (10–20 ),   , 
     ,    

 .   High pass  lter  -
   ,    -

.      , 
     ,     -

  .       
    100 .    

      5 .  
    5 .   

    5  .
     , . ., - , 

        
    ,     -

,        -
    DDPIV,    -

  , . .        
   ; - ,     -

    , ,   ,  
        ,   

    PTV   3D  -
; - ,       
. -       

 ,     ,     -
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   .  . 10.12 ,    
 –  4     – 2 .

. 10.12.      ,   PIV 
(  12   6 )

  ,     , -
 .       -

 PIV    .  -
       : 0,5 
, 2 , 4 , 8 .    ,    -

       , 
. .          

.
        4°   -

     .    , 
       .    

  4  – , . .     
0,33  (  )    ,   

     ,    -
  8 .       

        -
 .    UVP   (Tektronix 

TDS 3014B),    -    -
 .       

 ,  -     -
 .      -

     .     
      –  -

      ,  
       

     .
4)           

     ,      -
      ( ),   

   ,  .     .  
          -

     Fluid-structure interaction.  
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         -
 G. Rudniger.     ,     

          
 ; ,      «  »,  

    .      
        -

 . . «      ».  -
       ,   

          
 .       

 Dantec,  National Instruments    
LabView.       -   

       .  
 ,       .   

      LabView,  -
  ,        . 

     -
        -

   . 
     -

,   ,  , 
 ,  .      -

       -
         

   ,   -
  ( . 10.13.).

. 10.13.       
   a)    [10.31]; )  ,  

. .  [10.30].

 4     : 1)  -
   ,        

 ; 2)         
,        ; 3)  

  , ,     -
 ; 4)   ,   .   
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     . Van den Berg ,  U- -
       .  . 10.13  

       
  ,    .  -

,    ( . 10.13 ),   U- -
 ,      .  

   ,     –  
 ,      . 
        

     ,   
  ,       

    ,    -
        .  

,       , 
     ,   ,  -

     15 %.   F. Magauda  -
,        

.          
,         

   .     ,    -
      , ,    

   ,    , 
   .    PIV   -

         
    .    PIV   -

    ,   -
 2000-         -

    .       
         

 (  ;   +  ; -
  +  ; ,     

  ).      -
      , . .  ,  

,        , 
 .    ,  PIV,  -

 ,  : conductive prove, optical probe, LDA, , 
   .   

         , 
        PIV. -

 PIV           
 ,          

;   ,  -
  ,      . 
       . 10.14  

     [10.32]    
 (  30 % )  ,    

 ( . 10.14 – ).
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 ,       -
      ,   

   cross-correlation.    -
    :  , 

  ;     ; 
 ,   ; -

    ,    -
    .

a)

b)

c)

  32*32  32*32 
 16*16

 32*32 
 4*16*16

. 10.14.    PIV     -
       : )   

   [32], - )   [30]     . 
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  70 %     . 10.2.   

      .  
  (width) ,    -

 (Mixture rate),   1,5 %,     
        -

 .       10 %.

. 10.15     . 
      .

 10.2.        
  [m/s]  [mm]
29.9 3.395
28.7 3.24
26.8 2.82
26.7 3.1

,   PIV  UVP,   15–30 %, 
   ( . 10.16).     -

 UVP  ,    -
   .

. 10.16.      PIV  . 
« » –     , « » –   
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5)         
  ( . 10.17).     . -

     .
  ,         

 ,    50 %   
 -     .    -

      50 %. 

 ) 

)
. 10.17. a)  26 %  , b) 40 %.      

 ,     :   ,   
 ,  ,  
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1)  .  . 10.18    

          -
 ,     ,    -

.    ( . 10.19.)     
 ,     ,   

. 

. 10.18.  , -
  -

     
   

. 10.19.    
  

   ,    
      -

:      ,   
   ,     2 %,    -

      .   
  . 10.19   85 %  67 %,   

  .   –    [20 mm; 
11 V],   –   [22 mm; 4.5 V],     -

     5 %.   
    ,    

   1,5–2 .      
    .   -

        . 
         -

     ,    -
 .      

 – 8–12 .       
    ,        

1,5–2 .  . 10.20        -
     ,      , 
       .  

        -
 ,    .
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. 10.20. )       ; )  

     ( )   
 :      -

 ( . 10.17 );       
;      

,  –  ;    
( ),     -

     ;    
         .  

       -
        

[0,6–1,1].       -
     6 ,    -
     2   –   -
.      10.3.   -

      , 
    1 · 2 > 0,4. 

 10.3.     
   

U( )
[m/s]

U
[m/s]

1 · 2

86 68 21 1,1
80 52 19 1,1
70 37 19 1,0
60 26 19,5 0,8
55 29 21 1,0
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2)       -
     ,    -

  , ,       
  3  4  ( . 10.21).     
  – PIV   – ,   

         -
        ( . 10.21).   UVP 

  20 ,    1024  
.     40 .   

     – 5–15 % ( .10.21).

. 10.21.          

« » –        -
   ,   « » –     

 .     -
        .

3)        
      , -
   – 10 %, . .   [-2;2] ,  

0 –    .    
,         

    .      0,1 
 ( . 10.22 ).    ,   1 ,  

  ( . 10.22 ).
   ,       

     3 .    
   1.130.260.050.0460.072)( 234 xxxxxf .

       ( . 10.22 –
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 ,        8 %.

   
. 10.22. )        –   

 0,1 ,    30 ; )  1 

) 

)
. 10.23. )   ,  0,1 ; )  1 
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 d ~ 30  = V*tsr,  V –  , tsr –   -

  (sample)  .    
     ~30  ( . 10.23 ).   -

     .   
         -

  ,      :   
    ,       

    ,       
. 96 %      90  ( . 10.23 ).  

   ,     
   – 30 ,      -

    0  . 10.23     -
    ( . 10.23 ).     8 %  

 ,        4 . 

     :
1)   PIV      

         
   .    

     1,5 %.   -
    10 %. 
2)        -

   .      
    ~1,     

  . 
3)       ( )  -

   3 .

10.3.   
    

  
       

(SF6),    .   
        

       
   .    CAD 
   .

 .
     [24, 25]:

– ,     -
   ; 

–    2–4  ,   .  
      -
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     ,    -
     ;

–          -
      50,8 ° ;

–     (1  SF6  200  )   
;

–   , . .       ,  
  ,   , -

   ;
–    1000 0     ,  -

  500 0          
 ,      

; 
–        -

,      . -
 ,    ,  -

    ; 
–       

,       
     -

     ; 
–   T = 273 K   

 = 0,1   6,56 / ³;
–   

 = 1,0021;
–   = 5,33 Å;
–  = 0.7 -

 ;
–   = 0.59 -
  ;

–   = 318,7 0 ;
–   = 3,71 ;
–   M= 14.606 / ;
–    -

  -1 K-1

Cp = 914.29 + 0.1204T – 25.831 · 10–6T-2;
. 10.24.      SF6

–       -
 ,    .  -

    ,       
(SF2, SF4),      -

   ; 
–        -

          -
  .      

,  , ,      -
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  ,     
 .

         
 .

 . 10.25    ,  
       -
   .

. 10.25.     

.   : Pamb = 101325
  : Tamb = 20 oC
 : kheat = 10  -2 K-1

  : Tw = 80 oC
   : GSF6, vol / S =1.667  -1

      1  
       .   

   . 10.25.
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 . 10.26–10.27      
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. 10.26.     

. 10.27.     : 
    0,0001   

 . 10.28       
       ( -

       0.1 ).  . 10.29 
      .
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  9     10.  
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