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 ( . 4.1, ) ,

 ( . ) ,
 ( . ).  t ,

°C  (2.19) 



,
 (

).  ( . 4.1, 
) I � d- I =const

90 95% .
.

 0,5 � 1,5 0 .

ty

t

t ( )

d

I

d

I

H

t
t

t
t
t

) )

. 4.1. 
:

 � ;
 � .

 4.1. ,
, .

: Q  = 25500 / ; Q  = 130200 / ; W=42 / .
: t =24 ; I =48 / .

 [5], . .  3 t =24 + 3=27 ;
 70 %. 

. I�d- ( ),
 (t , I )  , 

,
-  ( .4.2)

 (4.3)  = 
Q  / W = 130200/42=3100 / . ( )

.  (2.19) t = t
+ gradt(H  - 1,5)= 27+1.1(3-1,5)=27,3 .

, . I-d
I d

( ), , : ( ) t =24 ; I =48 / ; d =9,5 / ,  t =27 ; I =68
/ ; d =16 / ,  t =28,7 ; I =72 / ; d =17,2 /



. 4.2. 
I�d-

 ( ), ,
,

 (4.5); (4.6); (4.7): G = Q /(I -I ) = 130200/(72-48) = 
5425 / ;  G =W/ (d -d ) . 10-3 = 42000/(17,2-9,5) = 5454 / ;

 G = Q /[c (t -t )] = 25500/[1·(28,7-24)] = 5425 / . ,
, ,  I - d 

.

4.7.2.

.
( ) .

,
.

 I � d-
. 4.3. 

. 4.3. 
.



,
, ,

. ,
,

. ,

,
,

.

, ,
.

.  3 
 2 � 3 

0 ,  3  � 
 4 � 6 0 .  t ,

,
 [I]. 

I�d-
, ,

 ( .4.3).

:

LL G = L .

=353/(273+ t ); 3t = t  � 2÷3

, 3t

2÷3 t G ,

Gc
Qtt ,         (4.8) 

t � ,
;

Q � , / ;
 � ,  1,005 /( / );

G �
, / .



grad t = 
hH

tt
,   (4.9) 

t � , ;
                 t  � , ;

H � , ;
h � ,  2,0 ,

,
, 1,5 .

,
 ( . . .

 I . 2.9), 
.

d =const. d =const
t .

( ) t t .
,

 ( . 2.9), 3t
.

,
,

.
,

.

 4.2.
.

: Q  = 34929 / ; Q  = 46,6 /( 3· ); L  = 8030 3/ ;
 = 3 ;  h = 1,5 .

 [8] t =20 .
. 3t  2 t , . .

3t = t � 2 = 20 � 2 = 18 ;  = 353/(273+18) = 1,213 / 3. -

. . L = L = 8030 3/ , G = L = 8030·1,213 = 9749 / .
 (4.8) 

t = 3t + Q / G = 18 + 34928/9749 = 21, 6 .
 (4.9) 

grad t = (t - t )/( � h) = (21,6 � 20)/(3 � 1,5) = 1,1 / .
,

. 2.8, Q  = 46,6 /( 3· ),
.



4.8.

,
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1)
,

;
2)

 (
),

.
, ,

,
. ,

,
 ( , ).

.

. ,
.

.

.
, ,

:
G G ,

,
:

G G G ,
 G  � ,

.
, :

. .2( )G V V ,
 V . , V  � 
.

 ( . 4.2). 

,  ( ),



.  � 
« » -  ( )
( )  (

,
).

 ( . 4.3). 

 4.2. 
.

, /  ( 3/ ) , /  ( 3/ )
. ..

.
. . . . . . . . .

1 2 3 4 5 6 7 8 9 10 11 12 13 

 4.3. 
.

. 3/ / 3/ / .

1 2 3 4 5 6 7 8 

4.9.
1. L, ./ ,

,  6300 
. , . N. 

2. L, ./
 155 653 ,  n .

 � .
3. , / .

100  200 ,
 60%. 

L, ./ ,  760 . .
4.  10000 3

 3 �1. L,
./ .

5.
: 1, / ,  � 

2, / ,  � 3, / ,  � 
4, / .

1 = 20 / 3, 2 = 3 = 4 = 200 / 3.



1 = 2,4 / 3, 2 = 0,35 / 3, 3 = 4 = 0,1 / 3.
L, ./ .

6.  ( )
 (SO2) 1, / 2, / .

 20 / 3  10 / 3;
 6 / 3 0,5 / 3.

L, ./ .
7.  30 

 ( 2) .
 1 / 3,  � 

0,5 / 3. L, ./ .
8.

 N ( . . 1, 
 ). 













6. -
- -

.

6.1.
-

.  - , -
, q 

[ / 2].
 - -

, -
 F , [ ].

q=Q/F, / 2         (6.1) 
  F - , -

. , -
 d  l, -

.
F d l .

-
. -

. :
 t=f(x,y,z, ), (6.2) 

 t - ;
x,y,z - ;

- .
, , -

. .
,

,
 t=f(x,y,z,), (6.3) 

-
, -

- :
 t=f(x, ), (6.4) 

 (1.2)  (1.3) .
, , -

. ,
. -

, . -
-

.



 (grad

t) - ,

-

-

-

:

grad t n t
n

. 0 ,(6.5)

n0  - ,
.

6.2. .
. -

.  - 
 - , -

, :

q grad t n t
n

. .
.0 , (6.6) 

 - , /( ).
, ,

.
 «-» -

. -
 q .

:

q t
n

, (6.7) 

, -
 1 / .

-

 ( -

, , , ).

t3=Cons

t2=Con

t1=Con

d

q

grad
t1>t2>t 6.1 - 

-
 t2=Const  -



.

, -
 t 1  t 2,  t 1>t 2

( .2.2).
 - , -

const . -
, -

, :

q dt
dx

t tc c( )1 2 ,(6.8)

q t t
R

, (6.9) 

t t tc c1 2 ,  t 1>t 2;
R /  - -

, ( 2 )/ .
 - .

,

. -
t t tcp c c0 5 1 2, ( ) .

 ( ) -
:

Q q F t t Fc c( )1 2 , (6.10) 

-

1, 2,�, n -

1, 2,�, n ( -

 6.4). -

.

t

t
1

q=Const

q=Const

 tc1

 tc1

tc2

x

x

 6.2 -
-

 6.3 - -
-

tc2

tc3

tc1

2 3

1 2 3



:

q
t t t

R

c c n

i

ii

n

i
i

n
1 1

1 1

( )     , (6.11) 

 n - ;
tc1  tc(n+1) - -

;

R i
i

n

1
-

.
, , -

. -
,  - -

.
,

. - :

t t q Rc k c i
i

k

( )1 1
1

, (6.12) 

6. 3. 
-
.

.

.
. -

:
1)  t 1 -

, -
. -

1.
2) -

-

, -

( 1,�, n).

1 2 n

t 1

t 2

tC1
tC2

tC3

tcn

tC(n+1)

1 2 n
t

 6.4 - -
-



3) , , -

 t 2. -

2.

:
1.  - 

q t t
R

t tc c1 1 1
1

1 1
1( ) ( ) , (6.13) 

2.

q
t t t t

R

c c n

i

ii

n
c c n

i
i

n
1 1

1

1 1

1

( ) ( ) , (6.14) 

3.  - 

q t t
R

t tc n c n2 1 2
2

1 2
1( ) ( )( ) ( ) ,     (6.15) 

R 1
1

1 R 2
2

1   - -

.
:

t t q R

t t q R

t t q R

c

c c n i
i

n

c n

1 1 1

1 1
1

1 2 2

( )

( )

, (6.16) 

, -
:

t t q R R R
i

n

1 2 1 1
1

2( )   (6.17) 

q
t t

R R R

t
R

i
i

n
k

1 2

1
1

2
,   (6.18) 

t t t( )1 2  - , -
;

Rk - -
.

,  Rk, :



                        W 

K
Rk i

ii

n
1 1

1 1
1 1 2

,  (6.19) 

.
:

q K t t t t
Rk

( )1 2
1 2 Q K t t F( )1 2  (6.20) 

:
t t q R

t t q R R t q R
c

c n i
i

n
1 1 1

1 1 1 2 1
1

( ) ( ) ,    (6.21) 

, ,

R Ri
i

n

1
, i

ii

n

1
 , tc(n+1)=tc2.    (6.22) 

 1

 = 5,5 ,
l = 1,45  h = 0,95 

 = 50 /( ) ( . 1). -
 ( )  w = 0,525 /  t 1 = 80 º  ( -

),  � -
       t 2 =10 º .

c

t 1             t 2

q h

    l

:

1.  q. .
- 1t 2t .  

2.
.



2.1. :
)  5, 10, 15 1, 2 -

 F  (
111111 F15pF10pF5p15105 K,K,K,K,K,K ),

 (
222222 F15pF10pF5p15105 K,K,K,K,K,K ) . 

)  ( K ) ,  ( K ) -
 ( K )

)/(102 , )/(202 , )/(393 .
.

2.2. -
i : KK ii ,  K, Ki � -

.
.

2.3.  z, 
 ( ) : )z(f11 , )z(f2F1 , )z(f32 ,

)z(f4F2 , )z(f5 .
2.4. -

.

:
1. -

.

:
25,0

1c

1nn
ll Pr

Pr
PrRecNu 2

1
1
11 ;

 80º :
26 /10365,0 ; 21,2Pr 1 ; )/(104,67 2

1 ;

5
6l 1085,20

10365,0
45,1525,0lwRe 1 ;

5
l 105Re 1 =>  = 0,037; n1 = 0,8; n2 = 0,43; 

1ct -

2ct .  ( -

ccc ttt 21 ;
, ; -

, ),   C75ttt ccc 21 .
 75º  38,2Pr 1c .

576,5803
38,2
21,221,2)1086,20(037,0Nu

25,0
43,08,05

l1 ;

 ( )
:



2

2
222

c
m

hh Pr
Pr

)PrGr(cNu ; 

 10º :
705,0Pr;/1016,14 2

26 ; )/(1051,2 2
2 ;

 75º  693,0Pr 2c .

T
1,thgGr 2

3
h2 ;

;10635,965
1016,14

283195,081,9
Gr 9

26

3

h2

99
h 10792,610635,9705,0PrGr

22
;

33,0m;15,0c10PrGr 9
h 22

;

554,264
693,0
705,0)10792,6(15,0Nu

25,0
33,09

h2
;

:

662,2697
45,1
104,67576,5803

l
Nu

2

2
l1

1
1 ;

990,6
95,0
1051,2554,264

h
Nu 2

2

h2
2

2
;

 K :

9666,6

990,6
1

50
0055,0

662,2697
1

1
11

1K
2

2c1

;

:

22 662,487)1080(9666,6)tt(Kq
1

;

1ct 2ct :

C819,79
662,2697

662,48780qtt
1

c 11
;

C766,79
990,6

662,48710qtt
2

c 22
;

:

%10%04,6%100
819,79

75819,79
t

tt

1

11

c

cc
1 => ;

%10%97,5%100
766,79

75766,79
t

tt

2

22

c

cc
2 => ;



 1 

1,
/( 2 )

2, 
/( 2 )

1/ 1,
2 /

1/ 2,
2 /

/ ,
2 /

R,
2 /

K,
/( 2 )

q,
/( 2 )

2697,662 6,990 0,0004 0,1431 0,0001 0,1436 6,9666 487,662 

2.1. :

9810,6

990,6
1

50
0055,0

662,26975
1

1
1

5
1

1K

2c1

5 1
;

;9828,6

990,6
1

50
0055,0

662,269710
1

1
1

10
1

1K

2c1

10 1

9834,6

990,6
1

50
0055,0

662,269715
1

1
1

15
1

1K

2c1

15 1
;

;3725,34

990,65
1
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0055,0

662,2697
1

1

5
11

1K

2c1

5 2

6277,67

990,610
1
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0055,0
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1

1
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11

1K

2c1

10 2
;

;8191,99

990,615
1
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0055,0

662,2697
1

1
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11

1K

2c1

15 2
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1
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0055,0

662,26975
1

1
1

5
1

1K

2c1

F5p
1
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1

50
0055,0
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1

1
1
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1

1K

2c1

F10p
1

9834,6
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1

50
0055,0

662,269715
1

1
1
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1

1K

2c1
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1
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990,65
1

50
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662,2697
1

1

5
11

1K

2c1

F5p
2



;6277,67

990,610
1

50
0055,0

662,2697
1

1

10
11

1K

2c1

F10p
2

;8191,99

990,615
1

50
0055,0

662,2697
1

1

15
11

1K

2c1

F15p
2

;9693,6

990,6
1
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0055,0

662,2697
1

1
11

1K

21

;9706,6

990,6
1

202
0055,0

662,2697
1

1
11

1K

21

;9713,6

990,6
1

393
0055,0

662,2697
1

1
11

1K

21

 2 

15K 110K 115K
1F5pK

1F10pK
1F15pK

25K 210K

6,9810 6,9828 6,9834 6,9810 6,9828 6,9834 34,3725 67,6277
/( 2 )

215K
2F5pK

2F10pK
2F15pK K K K

99,8191 34,3725 67,6277 99,8191 6,9693 6,9706 6,9713 
/( 2 )

2.2. :
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K

K
1

1

5
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K
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1

1
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0024,1
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K

K
1

1
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K
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2

5
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K

K
2

2
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2
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K
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1
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1

F10p

F10 ;

0024,1
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1
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K
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2
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0004,1
9666,6
9693,6

K

K
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9666,6
9706,6

K

K
;

;0007,1
9666,6
9713,6

K
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 3 

15 110 115 1F5 1F10 1F15 25 210

1,0021 1,0023 1,0024 1,0021 1,0023 1,0024 4,9339 9,7074 

215 2F5 2F10 2F15

14,3282 4,9339 9,7074 14,3282 1,0004 1,0006 1,0007 

2.3. : )z(f11 , )z(f2F1 , )z(f32 , )z(f4F2 , )z(f5 .
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-
, ,
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    l,  h, -
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 ( )  w, /
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       t 2 , º .

c

t 1             t 2

q h
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1.  q. 
- 1t 2t .

2. -
-
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2.1. :
)  5, 10, 15 1, 2
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.
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2.3.  z, 
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)z(f2F1 , )z(f32 , )z(f4F2 , )z(f5 .
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