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 1.1.

 
1980 1985 1990 1994 1995 

, ,  2922 2652 3022 3264 - 

547 542 518 317,8 306,7 

, 3,  1620 1981 2413 2250 - 

252 462 641 607,3 595,4 

, ,  3249 3808 3935 4163 - 

391 395 395 270,9 262,2 

Э/ , ,  10712 11900 16498 18221 - 

596,7 886,5 942,7 890,7 862 

, *,  9451 10231 11692 12277 - 

1430 1690 1430 1391 - 
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 / ,         -

   ,      , 
 ,     . .

    ,    -
 ,    . ,    ,   -

. /      ,    
    . μ /    ,     

,     , , ,  .
  - /       .

 ( )      , -
    ( )   .

   ,         -
 .

         ,  
    ( , , ).

   ,      ( )  -
  ,       

 (   ,   ).
   ( )       

  , .
1.3.  .

,       -
  .     , -

 ,  ,  , , , 
,   . .      ( -

,   .)      
  3-    .  (υ),  ( ),  

( ). 
   ,       .

υ = V / Ц , Д 3/ Ж , (1.1)
   ,      .

ρ = Ц / V , Д / 3] , (1.2)
υ = 1 / ρ ν ρ = 1 / υ ν υ • ρ = 1 . (1.3)

     -      -
  ,     ,   ,  

  .
 = F / S ν Д Ж = Д / 2] (1.4)

  μ
1 / 2 = λ,κ1  = 1 . . .
1 . ( . ) = 1 / 2 = λκ,1 .
1 . (  ) = 101,325  = 760 . . .
1 . = 0,λ6κ .
1 . . . = 133,32 .
1  = 0,1  = 100  = 105 .

    .
  ( )         
 .

  ( )         
 . Э    /   .
  μ

1).     μ
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 =  +  ; (1.5)
2).     μ

 =  +  ; (1.6)
    ν

   .
     ,     
     .    -

 ,    .
 /        ( ), . . 

 .   ,     
( =0)          -

 . 
1.4.     .

 /    , υ,         -
      ,  -

  :
П ( , υ, ) = 0 . (1.7)

    ,       -
 , υ        .

   /         -
  /  . /      .  

    ,    .  -
     .

   /          -
,      ,    -
  .     , , 
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          ( , -
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 ( )   ,    

  ( , ,   . .).

 2.   .
2.1.   .

,    /    .  -
        .

1-       ,   -
,         

        /  .   
       .

 ,  1-       ,  -
   Q Д Ж,        .

2-          .   -
         ,    

    ,       -
        .    -
     δ Д Ж,       .

 ,         
 ,       .

 ,  ( )   ,  ( ) 
 ,          , . . -

   /  .
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2.2.  .
         , -

     . Э        
 μ    (    -

 )ν      ν  ν 
 ν       ν 
  .

      ,   -
      .   -

      .   -
           

    ,      -
   .

  (U)       , . . 
U = П (P,T), U = П (υ ,T) U= П (P,υ). Κ     ( ) -

     ,     
    ,     -
 U.   U    .      
 -             -

     .
2.3.   .

         
      . Э  

      μ
"Э       ,    

        ".
       , -

     /  μ
" ,   ,       -

 ".
      μ 

Q = (U2  U1) + L , (2.1) 
 Q -    ( )  ν

L - ,   (  )ν
(U2  U1) -      .

μ 
Q > 0     ν
Q < 0     ν
δ > 0   ν
δ < 0     .

         μ
q = Q /m = (u2  u1) + l . (2.2)  
В             

.

1-   /  ,      (δ)   -
     ( )  (Q).

" ,         -
   I ."

      1-   μ 
"     ".
2.4.  .
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( )       /      -

  .
 = НQ / НT , Д  / Ж ν (2.3)

       ,   -
    .

   μ
   =  / Ц , Д / Ж ν (2.4)
 -  =  /  , Д / Ж , (2.5)

  -   Д Ж ν
 - / =  / V = ·ρ , Д / 3] , (2.6)

 - ρ = Ц / V -  .
   μ

 = / · υ =  /  ,
 - υ = V/Ц -   , Д 3/ Жν

 = Ц /    ( ) , Д / Ж.
        ,    

    .     -
 ( )     ( ).

     μ
 , v      ν

p  , v       ν
/
p , /

v      .
       μ

 - v = R -  ν (2.7)
p  - v  = R  . (2.8)

   ,        
        0  t .   
      t1  t2    
μ

еt2t1 = ( еt20 t2 - еt10 t1) / (t2 - t1) . (2.9)
2.5.     .

    ,      -
        .   
           -

 .
    ,        

   (1.7).
       -  -

      -   - .
Э      1κ34 .      1  -

   μ
·υ = R·  , (2.10)

μ R -      1       
      1 .

 (2.7)       
.

     Ц   μ
·V = Ц·R·  . (2.11)
 1κ74 . . .      ("     

 ,      ,  
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  ")      1  
,    - :

·υ = R · /  , (2.12)
μ  -  ( )  , ( / )ν

R  = κ314,20 /  (κ,3142 / ) -     -
  1           -

   1 .
 R      R = R / .

     -    μ
·V = Ц·R · /  . (2.13)

2.6.   .
     ,       

 .   ( )       -
        ,        -

 .
    ,     ,    

,          ,        
 ,    .

    :
         , -
 .

 = 1 + 2 + 3 + . . . n = ∑ i , (2.14)
 1 , 2 , 3 . . . n   .

   ,    ,  -
    μ

r1 = V1 / V  ; r2 = V2 / V  ; … rn = Vn / V  , (2.15) 
g1 = m1 / m  ; g2 = m2 / m  ; … gn = mn / m  , (2.16) 
r1

′ = 1 /  ; r2
′ = 2 /  ; … rn

′ = n /  , (2.17)
 V1 ; V2 ; … Vn ; V     ν Ц1 ; m2 ; … mn ; m    -

  ν 1 ν 2 ν … n ν     ( )   .
     μ

r1 = r1
′ ; r2 = r2

′ ; … rn = rn
′ . (2.18)

  V1 +V2 + … + Vn = V   Ц1 + m2 + … + mn = m  ,
 r1 + r2 + … + rn = 1 , (2.19)

g1 + g2 + … + gn = 1. (2.20) 
      μ

g1 = r1∙ 1/  ; g2 = r2∙ 2 /  ; … gn = rn∙ n /  , (2.21)
μ 1 , 2 , … n ,       .

  :
 = 1 r1 + r2 2+ … + rn n . (2.22)

  :
R  = g1 R1 + g2 R2 + … + gn Rn =  
= R  (g1/ 1 + g2/ 2+ … + gn/ n ) =
= 1 / (r1/R1 + r2/R2+ … + rn/Rn) . (2.23) 

   :
 . = g1  1 + g2  2 + … + gn  n . (2.24)

v . = g1  1 + g2 v 2 + … + gn v n . (2.25)
  ( )  :

 . = r1  1 + r2  2 + … + rn  n . (2.26)
v  . = r1 v  1 + r2 v  2 + … + rn v  n . (2.27)

 3.   .
3.1.     .
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   ,      ,  
      ,     . 

        .  
       ё    

     .        
   .           

.      .
           -

     . Э    
  .  ,       
,     ,    

        .
   . 

     2      
  (  ).       -

       2-  .
1  ( )μ "   2-   ".

  1-     ,   δ>Q1,  Q1 - -
 .    " "    

     Q1   δ, . . δ = Q1. -
       ,     

   (δ<Q1)      Q2, . . δ = Q1 - Q2.
  2-    ,   Q2    

  .         -
   ,  .   2-   ( )μ

"            
".

     2     . 3-  -
 ( )μ

"     ,   
".

   ,      .
3.2. Э .

       . Э  
   μ

НS = НQ / T. Д / Ж (3.1)
   μ

Нs = Нq / T. Д /( · )Ж (3.2)
Э      ,    -

   .    (    -
)         -

            .
Э        μ
S = f1(P,V) ; S = f2(P,T) ; S = f3(V,T) ; (3.3) 

   :
s = f1(P,υ) ; s = f2(P,T) ; S = f3(υ,T) ; (3.4)

             
  ,        ,  

    μ∆s = cv·ln(T2/T1) + R·lЧ(υ 2/υ 1) ; (3.5)∆s = cp·ln(T2/T1) - R·ln(P2/P1) ; (3.6)∆s = cv·lЧ( 2/ 1) + c ·lЧ(υ 2/υ 1) . (3.7)

10



    (∆s > 0),    .
    (∆s < 0),    .
     (∆s = 0, s = ШЧst),       

  (  ).
3.3.    .

    ,   2-     2-  
 .     p,υ-  T,s-    

.3.1.

. 3.1.     ,υ ( )  ,s ( ) 

1-2      s1= ШЧst.    1  
2.

2-3   ,   q2      .
3-4      s2= ШЧst.    3  4.
4-1   ,   q1      -

.
       
 ( . . . .).ηt = L  / Q  , (3.8)

ηt = (Q1  Q2) / Q1 .
    . . . .   μηt  = ( 1  2) / 1 . (3.9)

  1-   :
"  . . .       

       
".

B          2-   
:

"           
" 

. . . . . .     . . . .  μηt  > ηt . (3.10)

 4.  .
4.1.   /  .

     /      -
,    .  ,       

      .
  /   μ , ,   -

.
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       ,  -
  μ

•     Pυ  TS  ν
•      -

      ν
•      , -

     μ∆u = v |0t2· t2 - v |0t1· t1. (4.1)
    ∆U = Ц· v· (t2 - t1); (4.2)

 μ δ = P·(V2  V1); (4.3)
  ,   μ

q = cx· (t2- t1); (4.4) 
    ,     -

 μ ∆i = (i2  i1) = p |0t2· t2  p |0t1· t1, (4.5)
   μ ∆Т = p·(t2  t1); (4.6)

  μ∆s = cv·ln(T2/T1) + R·lЧ(υ 2/υ 1) ; (4.7)∆s = cp·ln(T2/T1) - R·ln(P2/P1) ; (4.8)∆s = cv·ln(T2/T1) + cp·lЧ(υ 2/υ 1) . (4.9)
    . 

4.2.   .
1).   ( .4.1).υ = ШЧst , υ 2 = υ 1. (4.10)

  μ
P2 / P1 = T2 / T1. (4.11) 

  υ 2 = υ 1,  l = 0   1-   /   μ
q = ∆u = = v· (t2 - t1); (4.12)

. 4.1.    
2).   ( .4.2).
P = ШЧst , P2 = P1

  μυ 2 /υ 1 = T2 / T1 , (4.13)
  μ

l = P·(υ 2 - υ 1). (4.14)
 1-   /   μ

q = ∆u + l = ·(t2 - t1); (4.15)
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. 4.2.    
3).   ( .4.3).

 = onst , 2 = 1

 μ
P1 / P2 = υ 2 / υ 1 , (4.16)

  2 = 1,  ∆u = 0   1-   /    μ
q = l = R·T·ln(υ 2/υ 1), (4.17)

 q = l = R·T·ln(P1/P2), (4.18)
 R = Rη/ η    Д /( · )Ж.

. 4.3.    
4).   ( .4.4).

        , . . q =0.
 μ

P· υ λ = ШЧst, (4.1λ)
 λ = cp / cv   .

 1-   /    μ
l = -∆u = = - v·(t2  t1) = v·(t1  t2), (4.20)

l = R·(T1  T2) / (λ -1); (4.21)
l = R·T1·[1  (υ 1/ υ 2) λ -1] /(λ  1); (4.22)
l = R·T2·[1  (P2/P1) (λ -1)/ λ] /(λ  1). (4.23)

. 4.4.         υ 
4.3.  .

   ,     
μ

P· υn = onst, (4.24)
 Ч   ,    .

, ,       -
   ( .4.5)μ

 Ч = ± ∞ υ = ШЧst, ( ),
Ч = 0 P = ШЧst, ( ),
Ч = 1 T = ШЧst, ( ),
n = λ P· υ = ШЧst, ( ).

        μ
l = R·(T1  T2) / (n  1); (4.25) 
l = R·T1·[1  (υ 1/ υ 2) n-1] /(n  1); (4.26)
l = R·T2·[1  (P2/P1) (n-1)/ n] /(n  1). (4.27) 
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 μ
q = cn ·(T2  T1), (4.28) 

 Мn = cv ·(n - λ)/(Ч  1)    (4.2λ)
 .

. 4.5.    μ
1  ν 2  ν 3  ν 4  

 5.  .
5.1.     .

      ,   , -
       ( ,   -

).
 1-         μ

•       ν
•   ,   , ν
•          ν
•          -

 ,
 μ

q = ∆u + ∆e + l . + l . , (1)
 ∆e = (c2

2  c2
1)/2 + g·(z2 z1)    , 

      ν
c1 ,c2         ν
z1 , z2       . 
l . = P2·υ2  P1·υ1  ,    ν
l .   ( )  ( , , ,   . .).
q = (u2  u1) + (c2

2  c2
1)/2 + g·(z2 z1) + P2·υ 2  P1·υ1 + l . (2)

  ,    μ
h = u + Pυ , (5.3)
h2 = u2 + P2·υ2; h1 = u1 + P1·υ1. (4)

  1-         μ
q = h2  h1 + (c2

2  c2
1)/2 + g·(z2 z1) + l . (5) 

5.2.    .  .
            

 ,     .
            -
 ,     .

            -
   .        -

      ,     
  .

  (   )   μ
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( ) 2
2 1 2 12ñ ñ h h c= = − + . (6)

 
( )1

2
2 1 1

1

2
1

1

k

kk p
c p

k p
υ

−   = −   −    
. (7) 

   , Д / Жμ
m = F·c2/υ2 , (8)

μ F      .
    , μ

( )12

2 2
1 1

1 1

2

1

k

k kk p p
m F p

k p p
υ

+     = −    −      
. (9) 

         , 
      .

        ,  -
        μ

P  = P2 = β ·P1 , (10)
μ β  = (2/(k + 1))k/(k-1) .
  μ k =1,66, β  = 0,49;
  μ k =1,41, β  = 0,528;
  μ k =1,29, β  = 0,546.

        ,  -
      P .

êð 1 1

2

1

k
c p

k
υ= + . (11) 

          -
,        ( )   .

êð êð êðc kp υ= . (12)

        
     ,     

.          -
  ( .1).  ,      

   α = 8-12 .         -
.
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. 1.   p, , υ     

          (7)  
(9). 

       μ
l = (D  d)/2tg(ϕ/2), (13)

μ ϕ -   ν
D -   ν
d -     .
5.3. .

  ,         -
            .  

   ,       ( . 
2).   ,  ,     - 2, -

      1.

. 2.     
 , , ,     ,  

  ,     , -
   .        .  

       (   -
,   ,        . .).

    ,         
 ,      .

,   ,    .    
         .  , 

    ,     ( ). 
    ,       

(   ).
    .        -

,     ,   ,    -
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   ν         
     .

   ,     
     .

     μ
h1 = h2. (14) 
Э   ,         

   ,    .
        . -

 ,          ( 1 =
2).

       ,   
 ,  ,    ( , -
   ).

         
 - .     -   . 

  ,    (dT/dp)h       
   (dT/dp)h>0,    )  -

(dT/dp)h<0,  )    .
 ,   (dT/dp)h = 0,      -

,  ,     ,-  .

 6.  .  .  .
6.1.   .

      ,      -
      ,     

  .       
       P·υ/(R·T)=c,  -
  .

        P·υ = R·T,      = 1.  
         

 .           -
            -
       .    -

   .
              

 ,     P, υ, T     
      .   -

      ,       -
    .    ,  -

       μ
P·υ = R·[1 - Συ /(υ + 1)·Bυ / υυ]. (6.1)
Bυ   ,     -

      .
            

  .        
    . -      

     .   -
  μ

P·υ = R·(1  /υ - B/ υ2), (6.2)
    -     ,    

. 
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.

6.2.    .
        , -

  - - μ
(P + a/υ2)·(υ  b) = R·T . (6.3)
, Л   ,    ,   

 .
a/υ2    ,       

       .    
     ( ,    200   1050 

),    -        .   
,    ,     ё ,  
  .       К/υ2   

   .
 - -        -

 ,     .
 PV   ( .6.1)      - -

.   ,       -
 .   ,     . Э   
           
 .     ,    -

  .

. 6.1.
          -

   .        
     . Э      

      .
         

 AQ  DB.         -
,      .

     - -     -
  (  ). Э    .   

 1, 2, 3 …  1, 2, 3 ...     .   
         . 

          
 .

 ,    PV      3 μ
1 -   ,     ν
2 -    (  ),      
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 )ν
3    ,        

 .         -
 .

  . .     ,
        , . .  

       (  ).
       - - μ

 = κ· /(27·R·Л)ν P  = a/(27·b2); (6.4)
 = (27·R2· 2 )/(64P ); b = (27·R· )/(8·P ). (6.5)

 - -        . 
    ,   , Л   -

  ,     .
. .   . .   1λ3λ .     -

         ,   
 μ

(P + a/υ2)·(υ  b) = R·T(1  /(υ· (3+2m)/2), (6.6)
 К, Л    - - ν

, Ц  ,     .
6.3.    .

       ,  ,  
 ,       

.
 -    ,    .

         .
  ,        

.
   ,      , 
   ,      . Э  

  .
    .     

 .
        . -

        .
      (   )  

     .     -
  ,    .      

     .
         ,   

  .       -
        .   -
        ,   

     .     
 .

          -
       .    

   - .
          

.
           .

 = m  / m  , (6.7)
m  -     ν
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m  -   .
          .

 = 1  . (6.8)
       = 0,      = 1.

6.4.   .
 ,     , ,  , -

     .
        .

           
 .          ,   
   .        

       .  -
  ,     .  -

           .
           -
,     .        

      ,     -
 .          

  .
          -
     ,    μ

 =  +  , (6.9)
μ      ν

 -    .
        t  -

     - .
         -

.       , . .  (tp),  -
      ,    .  

 ,           -
  ( ),    tp.

   ρ    ,  
 1 3  .        -

      t  .
     ρ     
  ρs        

   ϕ.ϕ = ρ /ρs. (6.10)
   ϕ = 0,   ϕ < 1,   ϕ = 1(100%).
      ,    -   

    . μϕ = / s,  (6.11)
         ν ps   -

       .
     ,   1 3    

 μρ = ρ  + ρ  = PB/(RB·T) + ϕ/υ'' . (6.12)
      μµ = 28,95  10,934ϕ P /P (6.13)

   υ''    t     , ϕ   -
 , P -  .

          μ

20



Н =  /  , (6.14)
μ ,           .

     μ
d = 0,622 ϕ· s·/(  - ϕ· s). (6.15)

        
  (ϕ=1)

d  = 0,622 s·/(  - s). (6.16)
  ,   1   μ

V .  = R·T/P. (6.17) 
   :υ = V . /(1 + d). (6.18)
    μ 

 =  + Н·  . (6.18)
Э        ,   1 

    d   . . .
h = h +dh . (6.19) 

 7.  .
7.1.    ( ).

        -
.        -   (  

).        .
     .7.1      

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

    ,       -
 (4).      (5),     

.    (6)     (7),  -
  (κ)   ,   ,    -

 (10)    (1).

. 1.   
     .     -

  ,       .   -
    .  .7.2,      TS-

.
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. 2.     
μ 

3-1        q1,    μ 3-3/ -  -
  ν

3/-1        ν
1-2      ν
2-2/ -      q2  ν
2/-3    .

 . . .     μηt = (q1  q2)/q1. (1)
 μ q1 = h1  h3; q2 = h2  h2

/,  ηt = [(h1  h2) - (h3  h2
/)] /( h1  h3) = l/q1. (2)

        μ
l = l   l  ,  

μ l  = h1  h2 , l  = h3  h2
/.

  l  >> l  ,   С3 = h2
/ ,  μ ηt = (h1  h2)/(h1  h3). (3)

     μ
N  = (h1  h2)·D/3600 , Д Ж (4)

μ D = 3600·Ц   , Д / Ж
Ц   , Д / Ж
Ц          . . .  

.       2 ( . 1),   
   .        

 .     . 3   l, ηt, N    -
.

. 3.     

7.2.     ( ).
        μ

•       (  )ν
•       (  -

)ν
•        ( -

 )ν
        -

   μ
  (          ) ε = υ1/υ2 , (5)
   (         -

  )λ = 3/ 2, (6)
       (  

          )
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ρ = υ3/υ2. (7)
1).            -

 . 
     .4.

. 3.          
-1 (1 )            -

 (  )ν
1-2 (2 )    (  )ν
2-3    ,       (  

 q1);
3-4 (3 )    (  ,   )ν
4-1           -

  (   q2).
1-  (4 )      .

  .
    (  ,    -

 ,   ,       
. .).

         
.         

.5.

. 5.       
       . . .    -
   ,    μηt = 1  1/εk , (8)
μ ε   (    ,   ,   -

 )ν
Ф   . 
2).           ( -

 ).     .6.
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. 6.        
1-2 -     1    2,   

  .         -
  .

2-3           q1
/,  

  3.
3-4    ,       

     q1
//.

4-5        ,   
(  )ν
5-1     q2    (    -

  ).
 . . .    μηt = 1  (λ·ρk  1) / εk-1·[(λ - 1) + k·λ·(ρ  1)] . (9)

           
,         .

7.3.    ( ).
       -

          -
 ,     .   -

       .
 . 7.          -

 .   5   4     -
 6  7     1.       

  2,   ,      -
 3.

. 7.
 .κ  . λ      Pυ  TS .

. κ.        . λ.
1-2 -     2;
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2-3    q1    2 (  )ν
3-4       1;
4-1        1 (   q2);

  μ 
   - λ = 2/ 1 ;
   - ρ = υ3/υ2 .

 μ
l  = h3  h4 . (7.10) 

 μ
l  = h2  h1 . (7.11) 

        μ
L  = l   l  . (7.12) 

 . . .    μηt = 1  1/ λ (k-1)/k . (7.13)
   ,    ( )μ

N  = l ·D/3600 = (h3  h4)·D/3600 , (7.14) 
N  = l ·D/3600 = (h2  h1)·D/3600 , (7.15) 
N  = l ·D/3600 = [(h3  h4) (h2  h1) ]·D/3600 . (7.16) 

           
    . Э    -

   μ  ,  -
      .

 II.   .
 8.    .
       ,   -

 .      μ
• ν
• ν
•  ( ).

       -
           -

   .   ,    -
       ,    -

,      .
           -

    .  ,      -
     . Э     -
  .      -

   .
         

      . Э    -
      .

          -
  ( ). Э      μ   

        ,  
/    ,     .  -

     -  -
.

       .
      μ    -
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 ,           . .  
          -

.
       ( ).

,    ,       
. . . . . .    ,     -

    .

 9. .
9.1.  .  .

      , . .  ,  -
      .   -

   ,           -
.           -

    :
t = f(x, y, z, τ) , (λ.1)

μ t  ν
x, y, z -  ν
τ - .

     ∂t/∂τ ≠ 0, . .  -
   

           ,  
   :

t = П(б,в,г) , ∂t/∂τ = 0 (9.2)
   μ

  μ
t = П(б,в,τ) ν ∂t/∂г = 0 (λ.3)

  μ
t = П(б,в) , ∂t/∂г = 0ν ∂t/∂τ = 0 (λ.4)

   μ
  μ

t = П(б,τ) ν ∂t/∂в = ∂t/∂г = 0ν ∂t/∂τ ≠ 0 (9.5)
  μ

t = П(б)ν ∂t/∂в = ∂t/∂г = 0ν ∂t/∂τ = 0 (λ.6)
       -

.
    ( .λ.1)   t  t + ∆t. -

       ∆t  -
    ,  ∆Ч   μ

gradt = |gradt| = lТЦД∆t/∆ЧЖ∆Ч→0 = ∂t/∂Ч (λ.7)

 -  ,      -
         -

 t   n:
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gradt = ∂t/∂n no, (9.7)
μno   .

 ,     F   -
     Q, Д = / Ж.

 ,        
  q = Q / F, Д / 2]

       :
 ,  ,   -
   ,    .

Q = - ∙F ∂t/∂Ч, (λ.κ)
 

q = -  ∂t/∂n no = - ∙gradt, (9.9)
μ q     ν

   , Д /( ∙ )Ж.
      μ

q = -  ∂t/∂Ч = - ∙еgradt| , (9.10)
μ РrКНtе-    .

     , -
    .     ,   

.   ё    .   -
         

    .
      -

    μ( )2 2 2 2 2 2
t a t x t y t zτ∂ ∂ = ∂ ∂ + ∂ ∂ + ∂ ∂ , (9.11)

μ  = λ/( ·ρ)   Д 2/ Ж,   
 .

  ,    μ( )2 2 2 2 2 2 0a t x t y t z∂ ∂ + ∂ ∂ + ∂ ∂ = . (9.12)

9.2.     .
1).    ( .λ.2.).

. λ.2.   
   t 1  t 2.

  μ
q = -  ∂t/∂Ч = -  ∂t/∂б = -  (tМ 2 - tМ 1)/(xМ 2 - xМ 1)

 
q =  /(бМ 2 - xМ 1)∙ (λ.13)
(tМ 2 - tМ 1) = ∆t -  ν
(xМ 2 - xМ 1) =  -  .
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q = / ∙(t 1  t 2) = / ∙Δt, (λ.14)
 R = /  -     Д( 2∙ )/ Ж,  -
  μ

q = (t 1  t 2)/R. (9.15) 
  ,     F   τ -

μ 
Q = q∙F∙τ = (t 1  t 2) F∙τ /R. (λ.16)

         μ
tx = t 1  (t 1  t 2)∙x/  . (λ.17)
2).   .

 3-    ( .λ.3).     
t 1  t 2,    1, 2, 3,   1, 2, 3.

. λ.3.   
      μ

q = (t 1  t 1)· 1/ 1, (9.18)
q = (t 1  t 2)· 2/ 2, (9.19)
q = (t 2  t 2)· 3/ 3, (9.20)

  ,     , μ
q = (t1  t4)/( 1/ 1 + 2/ 2 + 3/ 3) = (t 1  t 4)/Ro , (9.21)

μ Ro = ( 1/ 1 + 2/ 2 + 3/ 3)      -
 .

     μ
t 1 = t 1  q∙( 1/ 1). (9.22)
t 2 = t 1  q· 2/ 2). (9.23)
9.3.     .
1).   .

     l,   Н1  
  Н2 ( .λ.4).
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. λ.4.   
    t 1  t 2.

       μ 
Q = - ∙2∙π∙r ·l· ∂t / ∂r (λ.24)

Q = 2·π· ·l·Δt/ln(d2/d1), (9.25)
μ Δt = t 1  t 2   ν

    .
         -

  (    ),   -
  μ

ql = Q/l =2·π· ·Δt /ln(d2/d1), Д / Ж. (λ.26)
      Н :

tx = t 1  (t 1  t 2) ·ln(dx/d1) / ln(d2/d1). (9.27) 
2).   .

         ( .λ.5). 

. λ.5.   
     t 1,    

  t 2,    - 1, 2, 3,   Н1, d2, d3,
d4. 

    μ
1-  
Q = 2·π· 1·l·(t 1  t 1)/ln(d2/d1), (9.28)
2-  
Q = 2·π· 2·l·(t 1  t 2)/ ln(d3/d2), (9.29)
3-  
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Q = 2·π· 3·l·(t 2  t 2)/ln(d4/d3), (9.30)
  ,       -

μ
Q = 2·π·l·(t 1  t 2)/[ln(d2/d1)/ 1 + ln(d3/d2)/ 2 + ln(d4/d3)/ 3]. (9.31)

     μ
ql = Q/l = 2·π· (t1  t2) / [ln(d2/d1)/ 1 + ln(d3/d2)/ 2 + ln(d4/d3)/ 3]. (9.32)

      μ
t 1 = t 1  ql·ln(d2/d1) / 2·π· 1 . (9.33)
t 2 = t 1  ql·ln(d3/d2) / 2·π· 2 . (9.34)
9.4.     .

    ( .λ.6)    Н1,  Н2, -
    t 1,      t 2,

   -  .
       μ 

Q = - ·4·π·r2·∂t / ∂r (λ.35)

Q =4·π· ·Δt/(1/r2 - 1/r1) =2·π· ·Δt/(1/Н1 - 1/d2) =
= 2·π· ·d1·d2·Δt /(d2 - d1) = π· ·d1·d2·Δt /  (λ.36)

μ Δt = t 1  t 2   ν
  .

. λ.6.   

 10.  .
10.1. ,    .

        
.

         
      . Э    -

      .
 ,      μ

1).       . 
   ( )   ,   

 ё    ,    (  
).
,    ,   , -
   ,   (  ).

2).   .
, , ,     .
, ,    .

3).     .
        -
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μ   (λ),   ( ),  (ρ), -
  (  = /М ·ρ),    ( ) 

   (  = /ρ),    -
 (β = 1/ ).

4).  ( , ),     ( , 
).

10.2.  - .
         -
,  ,   ,   -

       (t' )   
 (t' ):

Q = α·(t'  - t' )·F , (10.1)

q = α·(t'  - t' ) , (10.2)
μ   Д /( 2 )Ж,    

     .
,      ,    -

 .       -
         μ

α = П1( ν ν lo; xc; yc; zc; coν θν ν ν ν ρν ν β) , (10.3)
μ      ( , )ν

   ;
lo     ( , ,   . .)ν
xc; yc; zc  ν
co    ( , )ν
θ = (t'  - t' )   ν
    ν
    ν
    ν 

ρ  ν
     ν

β      .
 (10.3) ,        ё 

    .     
    .

   μ   -
ν       ,  

  .
    ,      

  ,    ,    -
  .  ,      -

  ,       -
. ,       

     . 
10.3.     .

        -
  ,  μ 

1).   (   )μ
2 2 2

2 2 2 x y z

t t t t t t t
a w w w

x y z x y zτ
 ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + = + + + ∂ ∂ ∂ ∂ ∂ ∂ ∂  , (10.4) 

2).   ( )μ
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( )
( )
( )

æ

æ

æ

x
x x

y

y y

z
z z

Dw p
g t t w

d x

Dw p
g t t w

d y

Dw p
g t t w

d z

ρ ρ β µτ
ρ ρ β µτ
ρ ρ β µτ

∂ = − − + ∆ ∂ ∂ = − − + ∆ ∂ ∂= − − + ∆ ∂ 

, (10.5) 

3).   (   )μ

0yx z
ww w

x y z

∂∂ ∂+ + =∂ ∂ ∂ . (10.6) 

4).   (        )μ
α = - /Δt·∂t/∂r n=0. (10.7)

      (ρ = ШЧst).
       ,   -

    .     -
    .
       .     

 ,        , . . 
   ,       -
        .

        -
 ,    .        
 ,     ,   .
       ,  -

  .
       3-   .

1 μ      .
2 μ    ,  -  -

,   ,      , -
   ,     .

3 :   ,        
    .

  μ
•    ν
•    ν
•       -
 ν
•       -

.

10.4.    .
       10.4, 10.λ, 10.10  

10.11     (10.3)     
        :

Nu = f2( ; ; X0; Y0; Z0; Re; Gr; Pr) , (10.12)
μ Б0; Y0; Z0   ν

Nu = α ·l0/  -   (   ), -
       ( )ν

Re = c·l0/  -  ,        
    ( )ν
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Gr = (β·Р·l0
3·Δt)/ 2 -  ,   ,   

 ( )   ν
Pr = /  = ( ·cp)/  -  ,     ( -

)ν
l0    ( , , ).
10.5.    .

       ( -
 . . ),         

 . 
1.     .

).    Н  103<(Gr·Pr) Н <108.

Nu Н . = 0,5·(Gr Н Pr )0,25 (Pr /Pr )0,25. (10.13) 
).    :

1).   - 103<(Gr Pr)  <109:

Nu Н . = 0,75· (Gr Н ·Pr )0,25·(Pr /Pr )0,25. (10.14) 
2).   - (Gr Pr)  > 109:

Nu Н . = 0,15·(Gr Н Pr )0,33 (Pr /Pr )0,25. (10.15) 
  Gr Н  Pr      ( ),  Pr   -

  .
  Pr /Pr  = 1   (10.13-10.15) .

2. В  .
     RО.

).       .
1).    RО < 2100
Nu Н . = 0,15·Re Н

0,33·Pr 0,33·(Gr Н·Pr )0,1·(Pr /Pr )0,25· l , (10.16)
 l - ,       

           (l/Н).   
    10.1.

 10.1.
 l   .

l/d 1 2 5 10 15 20 30 40 50 

l 1,9 1,7 1,44 1,28 1,18 1,13 1,05 1,02 1,0

2).    2100 < Re < 104

Nu Н . = 0·Pr 0,43·(Pr /Pr )0,25· l . (10.17)
 0     RО     10.2.

 10.2.
 0 .

Re·104 2,1 2,2 2,3 2,4 2,5 3 4 5 6 8 10 

0 1,9 2,2 3,3 3,8 4,4 6,0 10,3 15,5 19,5 27,0 33,3 

3).    Re = 104

Nu Н . = 0,021·Re Н
0,8·Pr 0,43·(Pr /Pr )0,25· l. (10.18)

 10.3.
 l   .

l/d 

Re = 2·103 Re = 2·104 Re = 2·105 

1 1,9 1,51 1,28 

2 1,70 1,40 1,22 
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5 1,44 1,27 1,15 

10 1,28 1,18 1,10 

15 1,18 1,13 1,08 

20 1,13 1,11 1,06 

30 1,05 1,05 1,03 

40 1,02 1,02 1,02 

50 1,00 1,00 1,00 

).   .
1).    RО < 4·104

Nu Н . = 0,66·Re Н
0,5·Pr 0,33 ·(Pr /Pr )0,25. (10.19) 

2).    Re > 4·104

Nu Н . = 0,037·Re Н
0,5·Pr 0,33 ·(Pr /Pr )0,25

 . (10.20) 
).     (   ϕ = 900).

1).  RО Н = 5·103

Nu Н . = 0,57·Re 0,5·Pr 0,38 ·(Pr /Pr )0,25
 . (10.21) 

2).  RО Н = 103 - 2·105

Nu Н . = 0,25 Re 0,6·Pr 0,38 ·(Pr /Pr )0,25. (10.22) 

 11.  .
11.1.     .

           -
   .    .   

     .  -
      .   -

          . Э -
       

     λ    .  
     λ = (0,1  10)  (   – ,  

, 1  = 10-10 ). - ,   ,  -
   10  ν    λ = (10-200) ν    = (200  - 0,4
 (  – , 1  – 0,001 ),   λ = (0,4-0,8) ,   -

   λ = (0,8  400) ,     - λ > 400 .   -
         λ = (0,8  40)

.
   ,         

,      0° .     -
  ,     ,  -

  .
          

   .      
  . Э           .
     .       

.     ( ).    
 .

         -
           -

  (Q).
  ,      , 
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 = НQ / НF , Д / 2] (11.1)
 НQ -   ,  

 НF.
     ,   ,     

     .      -
,   ,  Q,   ,  ,  , , -
 R, ,  ,  D,   . 

Q = QA + QR + QD , (11.2) 

A + R + D = 1. (11.3) 
    .     

      ,   .  R 
  . R      

  .  D   . D  -
         ,   

.    ,       
,  + R = 1.

       , . .  = 1, R = 0  D = 0,   
   .      -

   ,      .   R = 1,  
= , D = 0.       ,  D = 1, R = 0  A = 0. 

   ,      ,    -
          .

    ,       -
.          -

 .      ,     -
  .   ( , )    -
 ,      ,   .  , 

            -
,     .

       ,      ,  
   .      -

   ,    ,    
  (   ).

         
,         . -

   ,   ,   -
  - Isλ.    n  ( -

) ,          
 λ  λ+dλ,       Нλ;

Isλ = dEsλ / dλ , (11.4)
 Isλ -      .

11.2.    
 .      Isλ    

 Iλ      .
           λ = 0  λ = ∞.  -             

   ,  ,      
.

       ,     
 ,  .  ,         

      ,   
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( .11.1).

. 11.1.
        -

        μ
Isλ = 1 λ-5 / ( /(λ )  1) , (11.5)

  -   ν 1 = 3,74*10-16 / 2ν 2 = 1,44*10-2 * ν λ -
 , ν  -   , .

 .11.1 ,       Isλ   
 (  λ=0)    ,      (  λ=∞).  

        .
  .  ,  .11.1 ,     -

       .   λms, -
   Isλ,    :λms = 2,9 / T. (11.6)

   λms ,     .
   ,       -

, ,  ,    .
 - .  ,      

  ,     -
.  ,         
  λ  λ + dλ,     

dEs = Isλ*dλ . (11.7)
Э    .11.1,    = МШЧst,  Нλ λ -

 λ  λ + dλ (Isλ)     НEs   -
        Н .   -

     = МШЧst       -
     λ = 0  λ = ∞   .

   (11.7)       λ = 0  λ = ∞, , 
   (  )     -

      (  - ).
Es = s ( /100)4 , (11.8)

 s = 5,67 /( 2* 4) -     
  .11.1  ,     (0,4–0,8 ),
 ,           -

  .     з 6000    
   50%     .

  ,   ,        
      ,    .  

        .    
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       ,       
 .     ,    

    ,        Iλ
         -

  Isλ, . .  μ
Iλ / Isλ = ε = const. (11.9)

 ε   .      . -
      .

          
 ,    –  . Э    

  μ
 = ε*Es = * ( /100)4 . (11.10)

     ,    -
   .

  = ε*Es     .   -
           ,     

    ,       .  
        .

 11.1
    

  
 t ,° ε 

  50–500 0,04–0,06 

 50 0,1 

  ,  30 0,23 

 ,  20 0,28 

 200 - 600 0,02–0,03 

  20-350 0,22 

  50–100 0,02 

 200–400 0,07–0,09 

  20–50 0,04–0,06 

  200–600 0,02–0,03 

   50 0,56 

  200–600 0,8 

   500 0,98 

  50 0,81 

  20 0,96 

  20 0,8–0,9 

  500–1000 0,8–0,9 

  1000 0,75 

 ,  20 0,88–0,93 

 ,  40–100 0,96–0,98 

  40–100 0:8–0,95 

    . . . 100 0,92–0,96 

  20–400 0,95 

20–100 0,91–0,94 
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Э   20 0,9 

 .         
    .        . -

     :
 = s*    /  = s = s/ s = s*( /100)4 . (11.11)

    ( )   -  -
 ( )     ,      -

         .
   ,       -

,         ( -
 ).   ,    

,     .
       . -

           
            ,     
 ,       -

        , . .     -
  μ

λ / λ = Iλ / λ = sλ = Isλ = f (λ ,T). (11.12)
 ,     -   ,  -
      .       -   
,         .

    ,            
     μ ε = Iλ / Isλ =  / sλ =  / sλ =  . (11.13)

 .        
     . ,  -

    ,   .
  ,    ,   

 НF1    НF2,    
,    НQn,     Н   МШs , -

     ( .11.2)μ
d2Qn = dQn* dω*cosϕ. (11.14)

,       -
    , . .  (ϕ = 0).   ϕ  

     ϕ = λ0°  .    
       ,    

 ϕ = 0 - 60°.
     .    
  ϕ  ,   ,   .
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 12. .
12.1.    .

         
  ,   .

  μ       
 (  )   ν     

         ν    -
     ( )     -

 ν         -
  . .       ,   

  ,         
.       .

           -
 ,     .

1).    .
     δ   λ ( 12.1).

   ( ) t' ,   ( ) t'' .
 ,     ( )     -

-   μ
Q = α1 ·  (t'   t1) ·  F, (12.1)

 α1         t'    -
•   t1;

F     .
 ,      μ

Q = λ/δ ·  (t1  t2) ·  F. (12.2)
           -

μ
Q = 2 ·  (t2 - t'' ) ·  F, (12.3)

 α2            -
 t'' .

    μ
Q = (t'   t'' ) • F • , (12.4)

  = 1 / (1/α1 + / λ + 1/α2)   , (12.5)
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R0 = 1/  = (1/α1 + δ/λ + 1/α2)       

  . (12.6)
1/α1, 1/α2      νδ/λ -   .

        -
   μ

R0 = (1/α1 + δ1/λ1 + δ2/λ2 + … + δn/λn +1/α2), (12.7)
  μ
 = 1 / (1/α1 + δ1/λ1 + δ2/λ2 + … + δn/λn +1/α2), (12.8)

12.2.    .
           

 .    ( .12.2)   λ, -
  Н1,   Н2,  l.      

  t' ,       t'' .

 ,           
-   μ

Q = π·d1·α1·l· (t'   t1) , (12.9)
 α1         t'    -

   t1;
 ,       μ

Q = 2·π·λ·l·(t1  t2) / ln (d2/d1). (12.10)
            

μ
Q = π·d2·α2·l· (t1 - t'' ) , (12.11)

 α2            -
 t'' .

    μ
Q = π l·(t'   t'' ) • , (12.12)

 l = 1/[1/(α1d1) + 1/(2λln(d2/d1) + 1/(α2d2)]  (12.13)
-   ,

 Rl = 1/ l = [1/(α1d1) + 1/(2λln(d2/d1) + 1/(α2d2)]  (12.14)
•    
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    . 
1/(α1d1), 1/(α2d2)      ν
1/(2λln(d2/d1) -   .

  (Ч )      -
     μ

Rl = 1/ l = [1/(α1d1) + 1/(2λ1ln(d2/d1) + 1/(2λ3ln(d3/d2) + …
+ 1/(2λnln(dn+1/dn) + 1/(α2dn)]  (12.15)
12.3.   .

    ,     – -
 ,     -  .   -
           

     .      
 ,   .

        -
 ,          

-  , . .         , 
  .

           
    ,   -

.
         -

,            
.       .

       –  , 
, ,     . . -

        -      
  ,        .    

  ,       
 .

         -
.
       ,   

   ( .12.3, ).

       -
 ,      ( .12.3, ).   

      , 
      ( .12.3, ).    

  ,        
,     .

12.4.   .
      ,   -

 ,         -
.        -
      .  -

μ
Q = k·F·(t1  t2 ) , 
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 Q –  , ,
k -   , /( 2 ), F –    -

, 2, t1  t2 -      .
          -

μ
Q = = m1 ·∆t1 = m2·∆t2 ,

 
Q = V1 ρ1·c 1·(t/

1 - t//
1) = V2 ρ2·c 2 ·(t//

2 - t/
2), (12.16)

 V1 ρ1, V2 ρ2 -   , / , 
c 1  М 2 -         tґ  t//,
t/

1  t//1      ν 
t/

2  t//2 -      . 

 
V·ρ·c  = C, /

 ,  , .
          -

 μ
(t/

1 - t//
1) / (t//

2 - tґ2) = C2 / C1 , (12.17 )
C2 , C1 -      .

        -
    .      -
       .  .12.4 -

      ,   .12.5   
 .

   .12.4 ,       
     .   ( .12.5) 

         -
  . ,       
 ,    ,    , 

    .  ,    ,    
        ,  

  ∆t.

 ∆t  Ф        -
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  НF.       -
 НF     μ

dQ==k·dF·∆t . (12.18)
 ,     F    -

  Ф,    (12. ):
Q = ∫ k·dF·∆t= k·F·∆t  , (12.19)

 ∆t  -        .
 ,        -

  ,  μ
k  = (F1·k1 + F2·k2 + … + Fn·kn) / (F1 + F2 + … + Fn). 

  Ф  = МШЧst  (12.λ )   
Q = ∫k  ∆t ·dF = k  ·∆t  ·F. (12.20)

        ( .12.6, -
 ),         -

 μ∆t  = (t/
1 + t//

1)/2 - (t//
2 + t/

2)/2 . (12.21) 

       .  
 (12.21)         -

   .     
 ∆t       -

  μ
   ∆t  = [(t/1 - t/2) - (t//

1 - t//2)] / ln[(t/
1 - t/

2)/(t//
1 - t//

2)] . (12.22) 
   ∆t  = [(t/1 - t//2) - (t//

1 - t/
2)] / ln[(t/

1 - t//
2)/(t//

1 - t/
2)] . (12.23) 

  ∆t          
 ∆t     ,      -

 .

 13. Э  .
13.1.  .

   ,      
  ,    . 

    ,       , -
    .

       2030 .     
  ( )   .

 13.1.
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   1λλ3 .
 

  , .  . . 3,21 4,29 2,66 

, .  . . 226 232 503 

μ . .    
          

     ,         
    ( ,   . .).
 13.2.

     .
 

, ,   
 , -

,   

 , 
, , 
   

, , -
,  -

, ,  

 , , 
, , 

   

       (  - ,  - ,   -
S  == S  + S )   (  - N   - )    (  - , 

 - C).
Э            1  -

.    , ,     .
       ,       -

 . 
 , ,       -

 " ", " ", " "  " "    μ 
 +  + S  + N  + O  + A  + C  = 100 % ; (13.1)
 +  + S  + N  + O  + A  = 100 % . (13.2)
 +  + S  + N  + O  = 100 % ; (13.3)
 +  + S  + N  + O  = 100 % . (13.4)

           
    μ

S  = S  - S  . (13.5)
           . 

13.3.  
       13.3

     

 1 100/[100 - (A  + C )] 100/(100 - C )
 [100 - (A  + C )]/100 1 (100 - A )/100

 (100 - C ) / 100 100 / (100 - A ) 1 
   ( , , S , N , O , A , C )   

      μ
 = 100 / Д100 - A  - C  - ( 2) ] , (13.6)

 A  -    , %·, C  -   , %, ( 2)
-   , %.     -
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A  = A  - [2,5(S  - S  ) +0,375S ] [(100 - C ) / 100], (13.7)
 S  -          ν S  - -

    , %. 
 Д2,5(S  - S ) +0,375S Ж        

  2,0,   - 4,1.
  (%)         
μ

2 = 1(100 - C 2) / (100 - C 1)
H 2 = H 1(100 - C 2) / (100 - C 1), (13.8)

 C 1 -   , %, C 2 -   , %.
  (%)      ,   , 

-  ( 2, H 2 ....)   ( 1, H  ...) -   μ 
 = b1 1 + (1 - b1) 2 , 

H  = b1 H 1 + (1 - b1) H 2 ,  , (13.9)
......................................... . 

   Л1        μ
b1 = 1 /( 1 + 2) . (13.10)

 1  2 -  ,   , . 
        .  

    (? nH2n+2)   (? nH2n) ,  
2,   ,    ( 2S).     -

  ( N2) ,   ( O2)   ( 2).    -
   .     -
  ( H4),      μ  ( 2H6),

 ( 3H8),  ( 4H10),  ( 2H4),   ( 3H6).   -
    (    )  25-45%,  

      55-75%.
             

 μΣ nH2n+2 + Σ nH2n + 2 +  + 2S + 2 + N2 + 2 = 100% , (13.11)
 Σ nH2n+2   νΣ nH2n   ν 

2S   .
   ν

2 -  .
13.2.  .

 .         %μ  
 50ν  13-17ν   5-14   5-κ.     

    3 μ  1   40% ν  2  30-40%;
 3   30%.

 .         -
 ,  , ,    .  

,    ,      ( ), 
   ( ).     ,   

.         ,  
     ,    -

         ,  
      ,   , 
  .
      . ,  %μ  1ν 

 10ν   10-20ν    30ν  60.  -
 ( )  0,2-1%  .
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 .      κ70-1100    -
,   ,   .  -
     ,    
 .     μ  N2,  2,  2,  

 ,   H4, 2H4  . ,    .
.  ,      (   -

)    .        .  
           ( , 

H, S , N).     .    -
    ,   .

           -
  10 μ  - ,  - ,    ,   , 

  = ,  - ,    2,   
,   ,   .

 .         -
 , . .   ,       -

     .    ,  -
    ,   S   .  

       1 ,     1 3   
.

     .      -
 ,        , -
    .

           
( / )    ,  . . μ
Qp  = 340  + 1035   10λ(  - S )  25C  . (13.12)
Qp  = 340  + 1260   10λ(  - S ) ; (13.13)

    ( / 3)    ,%,   
  μ

Qp  = 35κ 4 + 640 2 6 + λ15 3 8 + 11λ0 4 10 +
+ 1465 5 12 + 126,5  + 107,5 2 + 234 2S; (13.14)
Qp  = 3λκ 4 + 700 2 6 + λλ5 3 8 + 12κ5 4 10 +
+ 1575 5 12 + 126,5  + 127,5 2 + 257 2S; (13.15)

        (  ,  -
  ),        

 2 4      ,   
(13.14)  (13.15).

           -
 ,      2λ300 / .

 Qp     Q . .     -
  Э.          . . , -

      Э, . .μ
. . = . •Э = . .•(Qp  / Q . .) (13.16)

13.3.     .
       ,  

  .        ;
 ,   , ,  ν 

; .
     ,   -

  35…205?     μ   20κ4-77 -
76, -λ3 ( -λ2), -λ5,    -λ1ν   -κ0, -
λ2, -λ6,       -κ0,  -92,
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 -λ5.        ( ),  -
   .

         -
 .       μ 

" " ( )      0?   ν 
" " ( ) -     -20?   ν
" " ( ) -     -50?   .

        -
 ( )   ( ).        

(λ5%  4).         
        -

 ,       .
      ,     

 ,   .

 14.  .
14.1.     .

  , ,       
 ,     .    -

     
         -

    μ   (0,κ-1,6 ),  (2,4-4
),  (10-14 )    (25-31 ).   

  (  361λ-76)     (   
)  .

   0,01-5,5 /      -
,   30 /        30 /  (  500-

1000 / )     .
       μ 4, 6,5, 

10, 20, 30, 50, 100  1κ0 / .    30 /  -
       ( ).  -

 30 /         ,     
, . .        -

  .
    30 /      -

 432 ,         1,6 .   -
 30 /          

450-470 ,       2,5 .
            -
.         -

            
   ,      .  . 

14.1        .
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     .    -
 ,   ,      , 

     .    -
- ,          25 ,   -

- ,       .     
            -

 ,     ,       
      .

          
,    .     
         -

 .         -
      μ

1.    (  14.2, );
2.    (  14.2, );
3. .
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       14.3.   -
    6,       ,  -

    2,      , -
    .        

 .     70-75%   -
   .       

  4,        -
 .         2,  

       3    -
.       (   )   -
 5  7 .
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      ,  
 .

     , -
   ,      . 

   ,    .  
    .    -

    ,       
   .

         
     .      

        .
          -

,        ,       
   .

.        -
.           

    ,        
(   ).  ,    ,    

,          
,    ,  ,    

  .         
20-25      1%.
14.2.    .

 .   ,    -
    ,       , -
    .       

         -
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   ,    .
,   ,   ,   -

,        .    -
     ,       

    .      -
 ,        -

    .
         -

.         
           -

      .
  14.4     .

 .       -
          -

.

          
.           -

          . -
            -

,       ,     .  -
         -

  .         3-5 .  
  ν  .    -

  ,         
 .

          
.           ,  

      ,     -
    .     

   ,     , 
   .        

  -  .
 ,  ,      -

    ( , , -
   . .)       10%  

(β2 = 1,1)       .
 .        
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     ,    -
      ,     

    . ,   -
 ,      ν   -

     ,   -
 . 

            -
 . Э         -

   . ,   , -
 ,        ,  
,     , .

        . -
     μ , -

  ,  , , , , 
,    ( 2  2).

       -
,          

 .
.        -

,      .     
   μ 1)        , -

  ν 2)        -
.

       .     -
  .        -

  (60-70%)        -
  .      (75-κ5%)    -

   .
        μ 1) -

 ν 2) ν 3) ν 4) .
 ( )       

       .
       .  .14.5 -

    ( )     -
 .
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     ,     
  ,     (  -

)  ,     (  ).   
         , -
          . 

       . 
Э          70000 3/ , -

   .
    ,     

    .     
    (  )   (  ). 
       μ  -

            -
 . 

14.3.    .
         -

     .      
      ,   

 .
          -

      . Э     
      .     -

       ( ,   . .) -
   .    ,    

     (  )  -
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   .
        -

   μ
Qp

p=Q1+ Q  

Q =Q1+Q2+Q3+Q4+Q5+Q6 (14.1)
 Qp

p  ,  ν Q1   ν Q  -  ν Q2

    ν Q3      ν Q4

     ν Q5      
ν Q6       .
      (14.1)    

μ
Q =Q +Q . +Q +Q . . (14.2)

 Q .   ,       1  ν   -
 ,       ( ,    

 ,   )ν   
   , ,   ,    -

   ν Q  - ,      ( ) -
  1  ν Q . . -   1   1 3 .

,   ,   μ
Q .  = β/V0 /(T .   . ), . (14.3)

 β/ -          
ν /= 1,33 /( 3· ),     600 ν .  , .   -

    ,  .  = 300 .
,       (  ),   -

μ
Q  = C  (i   r) , . (14.4) 

 C     ,  0,3-0,4 / ν Т     , 
/ ν r   , / .

  1  μ
Q . . =  (   273) , . (14.5)

    , /( · )ν    .
           

  ,  Q =Q .

 15.  .
15.1.  .

       .     -
,          -
 ,     ,   .

        .
           

.           -
    ,   ,    ,  -

.       .
 .15.1   ,      -
.            

   .
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      ( )   .   -

       (1,5-2 ).
        

.    .    
     ,     -

.          -
 ,    .     -

        (    200 
)    (    5 ).

 .      (  , -
 ,    )      ( -

),   .     
 .      .

        
       .15.2.

           
   μ

1)         ( .15.2, , );
2)          ( .15.2
, , );

3)           
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( .15.2 ).
   .15.2,         -

   . -         
      (  0,5 / ).

 .15.2,        
( ) ( .15.3)     ( ). 

        , -
            

     .  ,   . 15.2, ,  -
     .     (  

 40-50,       ) -
        . -

    -   ( . 15.2, )
      ,    -

   ,        
        .

    ( . 15.2, )     -
    .      -
      .      -
   35,    15.    (    ) 

         .
          

 (10-42 / )   ( 42 / ) .
      μ

1)       ,    
,     ν

2)     ,      -
  ( =1,2-1,25);

3)      μ
4)      , , 

   .
15.2.  .

    .       
   .     -

   ,   ,  -
         -
   .

     .  ,   ,  
    ,   . 

56



      ,    -
 ,     .

       .  
   , ,  ,   -

       .
          -
μ , ,  ( )  .  .15.4 

    .

      ,   
.    ( .15.4, )     -

         (1-2 ) 
   .

   ( .15.4, , )     -
 ,     . 

   ( .15.4, )      
 ,       , -

  .        -
  .

            -
 .    ( .15.4, )      

    0,4-1,6 .,     ( .15.4, ) -
   (0,002-0,00κ )   (0,2-1   ) .

  μ
 -    (      -

  )ν
-     ν

   .
          ( -
  ).

 .15.5      . 
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15.3.    .
    ,   -

        , -  
   .    Q/V   -

   ,     -
         1 .    -

, . .μ
qυ = Q/V  = Qp  B/V . (15.1) 

  q   / 3.
  q     ,  

,          .  -
   ,     ,  -

      qυ    . 
,           qυ =

2λ0  350 / 3,     q  =2λ0  465 / 3,   
     qυ = 145  230 / 3,        
 q  = 230  460 / 3.

  ,       ,      -
,        , 

       μ
qR=Q/R=Qp /R. (15.2) 

   qR  / 2ν   / ν Q   /    - R 3.
Э      ,    

         1 2  
  . ,    qR,    -

         ,   
  .     ,   

 . .        350  1100 / 2. ,    
 qu  qR           ,  -

 ( )   , . .      
    .       

 ,          -
     .

 16.  .
16.1.    .

          -
   ,    . 

     .
    2 μ

1).       (   
" + ")ν
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2).         (   
"  + "  " + ").

           . 
          . 
    .    -

     ,     -
, . .         .   -

       .  -
   (  ,  )     

    .
      , . .      

    .       -
     μ  , 

     .
        (ι )  -

  (ι ):ι  = ι  + ι  . (16.1)
      ,   -

    (ι )  ,       
     (t ):ι  = ι  + ι  . (16.2)
  (ι )     .

  .      -
 ,   .    

          , 
   ,  ,      -

   . .
        .      

     .       
    .       

  .      -
.           -

 ι  = ι .
         .  

      .     
     ι  = ι .

    ( - ) .    
     ,    

   ,      .
          -

  .
  .      μ 1)  
        ν 2)  
    ν 3)    ν 4)  -

   . Э        . 
         μ  

  550-660 ,     6λ0-710 ,       1050-
1070 .

  .   ,    
    .      

     .
       . Э   
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.
        μ 1)  

  ν 2)   ν 3)     
  ( ,    . .)ν 4)   -

.
16.2.         

.
         -

 .       -
     ,   

 1    .
        -

  μ
  + 2 = 2:

12   + 32  2 = 44  2 ;
1   + (32/12)  2 = (44/12)  2 ; (16.3)

 2 2 + 2 = 2 2  μ 
4  2 + 32  2 = 36  2  ν
1  2 + κ  2 = λ  2  . (16.4)

 S + O2 = SO2 :
32  S + 32  O2 = 64  SO2 ;
1  S + 1  O2 = 2  SO2 ; (16.5)

  1  ,      κ/3, κ  1  -
.    /100  , /100  , S /100   

  /100  .    1      
 μ

2 = (κ/3  + κ  + S  -  ) / 100 . (16.6)
        0,232,     

  μ
 = (κ/3  + κ  + S  -  ) / 100 · 100/23,2 .
 = 0,115  + 0,345  + 0,043(S  -  ) . (16.7)

     ρ = 1,2λ3 / 3.    
,    1       -

μ
V  =  / =  / 1,2λ3 3 / .
V  = 0,0κκλ (  + 0,3755S  ) + 0,265   0,033  . (16.8)

      V     -
       μ

2 + 0,5 2 = 2  ν
 + 0,5 2 = 2 ;
4 + 2 2 = 2 + 2 2  ν

2S+ 1,5 2 = S 2 + 2  .
   ( 3/ 3),    ,  

 μ
V  = 0,0476 Д0,5  + 0,5 2 + 2 4 +
+ 1,5 2S + Σ(Ц + Ч/4) mHn - O2] . (16.9)

  V ,    (16.κ)  (16.λ),  -
 .   V      , 

     1  (1 3)   ,   
           -
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.
   -        

  ( ),      .  
           

V .     (V ),   ,  -
      :α = V  / V  . (16.10)

16.3.    .
       μ 2, S2O, N2, 2   
 2 , . . 

2 + S2O + N2 + 2 + 2  = 100 %. 
    V  ( 3/ )      

 V . .    V 2  :
V  = V . . + V 2  , (16.11)  

  V . . = VRO2 + VN2 + VO2 ,
 VR2O = V O2 + VSO2 -   , 3/  ν

VN2 + VO2 -   , 3/ .
1.  α  = 1
1.   (  )      ( 3/ ) 

    μ 
).    μ

Vo
N2 = 0,79Vo + 0,8No/100 ; (16.12) 

).    μ
VRO2 = 0,01κ7(  + 0,375 S ) ; (16.13)
).    μ

Vo
. . = VRO2 + Vo

N2 =  
= 0,01κ7 (  + 0,3753 S ) + 0,79Vo + 0,8No/100; (16.14)
).    μ

Vo
2  = 0,0124(λ  + C ) + 0,0161Vo ; (16.15)

).     μ
Vo  = Vo

. . + Vo
2  = 0,01κ7 (  + 0,3753 S ) + 0,79Vo + 0,8No/100 +0,0124(λ  + C ) +

0,0161Vo ; (16.16)  
2.         μ
VRO2  = VRO2 + Д0,50λ( 2)  / 100Ж  = 0,01κ7(  + 0,375 S ) [0,509( 2)  / 100Ж  , (16.17) 

  -   μ
   = 0,7 ν 
 - 1,0 .

3.        ( 3/ 3) -
  μ 

).    
Vo

N2 = 0,79 Vo + N2 / 100 ; (16.18) 
).    

VRO2 = 0,01Д O2 +  + 2S + ΣЦ mHn] ; (16.19)
).    μ

Vo
. . = VRO2 + Vo

N2 ; (16.20) 
).    

Vo
H2O = 0,01Д 2S + 2 + Σ(Ч/2) mHn + 0,124d  + 0,0161Vo , (16.21)  Н  -  

 ,   1 3  , / 3;
).     

Vo  = Vo
. . + Vo

2  . (16.22)  
.  α  1

1.   (  ),       -
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  ( / )   μ 
).    μ

V . . = Vo
. . + (α  - 1)Vo

 = VRO2 + Vo
N2 + (α  - 1)Vo

 ; (16.23)
).    μ

VH2O = Vo
H2O + 0,0161(α  - 1)Vo ; (16.24)

).       (3.31).
2.       ( 3/ ) μ
V . . = VRO2  + Vo

N2 + VH2O = VRO2  + Vo
N2 + 0,0124(λ  + C ) + 0,0161α Vo

 . (16.25)
 2, S2O  RO2          

μ
2 = (V O2 / V . .) ; (16.26)

S2O = (VSO2 / V . .) ; (16.27) 
RO2 = (VRO2 / V . .) . (16.28) 

  (%)   RO2
max      -

 μ
RO2

max = 21 / (1 + β), (16.29)β -  ν
    μβ = 2,35 (  - 0,126  + 0,04N ) / (  + 0,375S ) ; (16.30)
  μβ = 0,21 (0,01N2 + 0,79Vo) / VRO2 - 0,79 . (16.31)

 (%)  N2,  ,       μ
N2 = 100 - RO2 - O2 ; (16.32) 
O2 = 21 - βRO2 - RO2 . (16.33)
М   .
).   (  )    ( / ) μ

 = 1 - 0,01  + 1,306α Vo ; (16.34)
).    ( / 3) :

 = ρ . . + 0,001d . . + 1.306α Vo , (16.35)ρ . . -   , / 3 ; d . . -    , / 3 ;
).   ( / )μ

. . = 1- 0,01  + 1,306α Vo + 0,01( 2)  , (16.36) 
  -         , %, 

 -   μ     == 0,7,   -
1,0.  

  (%)       μ 
 =  +(1 - ) ( 2)  . (16.37)
          μη  =   / (100 ) , (16.38)

  -   ,   . 
К     .      

      μα  = 21 / (21 - 79 O2 / N2) , (16.39)
 O2  N2 -      , (%).

 17.  .
17.1.  .

       .  -
           

   , , ,    -
   ,       
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.
             -

.       ,  -
      ( ).     

      .
      ,     
  ,   . 

  .  .17.1,    -
   .     
         . 

             -
        . -

         ,   -
.           , -

  ,    .   -
   ,        (   

)   .    ,    -
       ,      .

    V -     -
 (    ,        ,   

     (        
     )   , . .  .17.1,   

     ). μ Vh -  ( )  -
ν P1 –   ν P2 -    ν μ D - 1 -

ν 1-2 - ν 2-  - .
        ,   -

   2  1  , . .   -D,   -
 , ,  ,     . -

,     .  -
   D-1-2- ,     , 

 ,       .    -
     ( ) ,     

    ,     
  .        p -

,       .   
 D-1-2-    1-2 -  ,     -
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  . ,         P2 -
  2          1-2,

 ,    ,    .
   . 17.1 ,         
      1-2'.    -

         ( , -
   .).        

,           
       Ч = 1,2–1,25.    

    (   ,    ), 
     1-2    1-2"    

1-2'.     Ч .  ,   -
 Ч       P2/P1     2

   μ
Tn

1P1-n
1 = Tn

2P1-n
2  

 T2 = T1(P2/P1)(n-1)/n . (17.1)
,  P1 = 0,1 , t1 = 16°     t2 = 160°    

      4 ,    (Ч = 1,2)  10 . 
     2     .  

    . 
  ,    1     -

  ( 0)    μ
0 =  +  -  = ∫ Нv + 2 v2 - 1 v1 . (17.2)
   0, ,   ,     

 - ,         (  -
),   ,       -

,  ,          
    . 

      ∫ Нv  μ
  μ

 = 1 v1lЧ( 1/ 2);
  μ
 = 1/(β  1)(P1 v1  2 v2);
  μ
 = 1/(Ч  1)( 1 v1  2 v2).

          ,  
  -1. Э  μ

 = 1 v1lЧ( 2/ 1)ν  = 1/(β  1)(P2 v2  1 v1);
 = 1/(Ч  1)( 2 v2  1v1).

       1  ,  -
    μ

0 = 1 v1lЧ( 2/ 1); (17.3)
   μ

0 = β/(β  1)P1 v1Д( 2/ 1) (β - 1)/β  1]; (17.4)
   μ
0 = Ч/(Ч  1) 1 v1Д( 2/ 1) (n - 1)/n  1]; (17.5)
        -
       -    2 -

         -
.         

   0,κ–1 .        
   .

64



  .     
      (  )  -

       .   
          -

 ,    .   -
        ,  -

     .
       ,  

   .17.2,     p -  s-  (  -
 ) –  .17.3.

      (  D-1  .17.3),   -
 1-2   P2      б1,   -

  P2     ,  . 
         P2   -

 .    V3 < V2ν   P2 = ШЧst,  T3 < T2.   
       P4 (  3-4),    

     2      , 
       P6 (  5-6)    -

.
     ,  -

   μ
1)      , . .    

  1,         ( 1 = 3 = 5);
2)        ,  

     ( 2 = 4 = 6);
3)       , . .
nI = nII = nIII = n. 

      (     
)    , . . 2/ 1 = 4 / 3 = 6/ 5.
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   ,     -
,   ,       -

.  ,       I
0, II

0, III
0 -

 . 
    (17.5) μ
I
0 = Ч/(Ч  1) 1 v1Д( 2/ 1) (n - 1)/n  1] =

= n/(n  1)RT1Д( 2/ 1) (n - 1)/n  1]; (17.6)

II
0 = Ч/(Ч  1) 3 v3Д( 4/ 3) (n - 1)/n  1] =

= n/(n  1)RT3Д( 4/ 3) (n - 1)/n  1]; (17.7)

III
0 = Ч/(Ч  1) 5v5Д( 6/ 5) (n - 1)/n  1]=

= n/(n  1)RT5Д( 6/ 5) (n - 1)/n  1]; (17.8)
     ,  I

0 = II
0 = III

0.    m
 ,    1  ,   -

 m• 0.
  N0 ( ),    ,   

  μ
N0 = M·m• 0 , (17.9)

μ ε   , / ν 0      1  
   , / ν m    .
   ( )  N ,    

,          -
       ,   

 μ
N  = N0 /  = M·m• 0 /  . (17.10)

    = 0,8–0,9.
17.2.  .

      -    . 
   μ    ( ).

   ( )     
  0,κ - 1 .    ( . 17.4) .   1  
      2     -

   3.   ,     ,  
         4,   

  .       -
 ( )   .       5 

   .      -
 ,      -

  12 .
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   М1    М2  .     , -

   1      , . .  ,  
     (      -

),      (17.4).
     ,    . -

        ,    , 
      ,    .

   Ч = 1,5–1,55      . 
   η  = 0,7–0,8.

  ( .17.5, )        0,4–0,5
.   ,    ,    κ5–λ0%.   

      ,  -
   . Э       
    , ,  ,  -  

.

     1,     2.   
     3.       
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   -     5.

           -
     .      

15–20.       ,    
          

    ,       -
  ,     . Э   

   . 17.5, .
  ( )       ,     

    .
      ,  

        -
 .

 18.     .
18.1.    .

 ,     /  16.3  16,  -
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          ,  
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   , ,      

 .
            

  .
  ,      -
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     . NO2   -
     
  ( )          
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   ,     -
 ,  200.   ,      , 

,      ,    -
   , ,   ,    -
 ,     .

,         N , -
   ,      -

       .
    , ,   

 ( )      ( 20 12). Э   -
            

 600...700 .       -
     .      ,  

    .       
,      ,      , 

   .
    ,     .  

    1..3 % (  ) .
     1500      -
  ( )    .   -

  μ
n m ↔ Ч  + 1/2 Ц 2 . (18.1)

      ?  0,3... 0,7      
 ,     .       

        -
 μ , , .

         .
       .  -
          -

     .
 -    ,   .    

      ,        
 .  ,       -

   ,    - .
      ( ,   )    

-   ,   ,       
 ,        

.
  .  50... 70% ,   ,     

     , . .      1 . Э  
          .  

       ,   .   
    ,     -

.
,    ,       -
        SO2,     -
    “ ” .

          -
 ,     .

    ,        -
 ,   . ,    

  (   ),       -
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        -

 .
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  ,    “ ” (    SЦШФО -
  ПШР - ).      ,  -
    ,    .

       , 
,    .      

       -
    .
           , 

       , -
  .

18.2.   .
         -

    (  ,   
).

       
,          -
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   (     2...42 .)    -

,  ,        ,  -
.            -
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  , ,  ,  ,   

      50%  3...4 .
           

   -   . -  
       3 / 3,   - 10 / 3  κ  

.
          -

,   N   N 2. N    ,   -
  0,5...3  100  (     )   N 2. -

 N 2  7    N .
   N 2       15 / 3

       200...300 / 3.    
,     ,   , -

   . .
         -

  . -      -
   - 0,0κ5 / 3.

       
 ,   ,    . -
        ,   -

        .  
-   5 / 3.

  ,    , 
 ,       

( 20 12),     .   0,1 /100 3

.
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70



 .       . -
       130 / 3.

   0,1λ...0,54         
    ,   .

     (0,001%)    
,   0,01%      . -

       ,  
    .   S 2    0,λ 

/ 3     ν  5... 10   -
,      . ,   S 2   
       .  

    10 / 3.
      , ,  

,     .   -
 0,0003 / 3.         -
    .

         -
 ,   .        

 .
18.3.   .

         -
 ( 2),      .   2  

130...1100 . / .   2   , 
   1...3 %      (  

).   1...3%         
   “ ” .

       ,   60... λ0 %  
 . Э          -

,      33°  (  -1κ°   +15° ).   -
       “ ” ,  

         .  
          -

   2, 4,  ,     
(N 2).      “ ”     0,5... 
15%.      100     -

  0,45° ,      .   -
  “ ”      

,      .
   “ ”      “ ” 

  2.     2 μ 
    - 27%,  - 20%,   -
    - 20%,  - 17%.
   2    .    

 ,    2     , 
  .       
2  μ

-     , . .  -
      ν

-       (    ,  
 )ν -  ν-      
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71



3 

 

 
 

Сергей Николаевич Петряков 

Антон Алексеевич Хохлов 

Ильмас Рифкатович Салахутдинов 

 

 

 

 

 

 

ТЕПЛОТЕХНИКА: 

краткий курс лекций 

для подготовки бакалавров очной, очно - ускоренной и заочной форм обучения по 

направлению подготовки 19.03.03 «Продукты питания животного 

происхождения» - Димитровград: Технологический институт – филиал УлГАУ, 

2019.- 69 с. 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Пустая страница

