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di = dq - dl0.

i = u + pv,

di = du + p dv + v dp,



17

du + p dv = dq,

dl0 = -vdp.

, .

 v = f(p).

 v  ( . 3.6)
, ,

 1-2
1  2 .

.
di = dq - dl0              di = Tds + vdp.

.

. 3.6 – vp



18

 4.

, , 
. 

, .

. , 
. 

.
, , , 

.
, , 

, ,
.

, 

, :
n

i
ipp

1
,           ( )

 – .
, 

, .
ii

P
P

V
V .

gi, ri, 
.

gi = mi/m ,                ri = Vi/V ,               ri = i .
.

, .
, 

, 

p V =m T R ,

)/()(
11

ii

n

i

n

i
ii gRgR 8314 .

,  287,1 /( ).
, 

,  ( )
.

, 
.



19

1 = m1 1; n = mn n;  = m ,
 – .

n

i
i

1
,

n

i
iimm

1
)/(/ ;

n

i
iin

i
ii

r
g 1

1

)(
)/(

1 .

 = 28,964 .
,

R /8314 .

 = m /V
, 

.

i

n

i
ii

n

i
i

n

i
i rV

V
m

V
Vm

111

11/ .

Vi = mi i, 
1

1

1

11

1//
n

i i

i
n

i i

i
n

i
i

gm
m

VmVm .

, 
.  i-

.
ii Vm / ;
n

i
i

1
.

,
, , 

, .
m  1 

 1 .  i-
mi, , imi. 

n

i
iimcmc

1
,

i  –  i- .
, , 



20

n

i
ii gcc

1
.

n

i
iircc

1

.
, 

, . 
, 

. ,
n

i
i TUTU

1
)()( .

,
:

n

i
iii

n

i

n

i
i

n

i
i IVpUVpUVpUI

1111
)( .

Ui = miui/m Ii = miii/m , 

n

i
ii TugmTUTu

1
)(/)()( ;

n

i
ii TigmTITi

1
)(/)()( .

, 
, 

si = cp i ln(T/T0) – Ri ln(p/p0) + si0.
 «0»  ( 0

0), .
,

.

s  =
n

i
ig

1
[cp i ln(T/T0) – Ri ln(p/p0) + si0].

-
, ,

: =const. 
,

n

i
is

1
 =

n

i
ig

1
[cp i ln(T/T0) – Ri ln(p/p0) + si0].

:

s  = s  -
n

i
is

1
 = )/ln( iii ppRg ,

p – ;



21

i –  i-ro .

, 
, p = pi,  s  = 0. 

,  =   = const, pi <  p, a  s > 0. 
gi = iri/ R = 8314/ i,

s  = - R
n

i
ii rr

1
ln .

. ri <  1   lnri <  0,
. 

. s , 
. 

, s
. s . ,

, s  = 162,6 /( ).



22

 5.

:
1. , 

;
2.

.

 ( . 5.1) dv=0  v=const. 
,  = R/v=const, . . 
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.
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 1824 .
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.
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 – 
 – 
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.
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),  – 
).
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ds(i) > dq(i)/T(e),

ds(e) > dq(e)/T(e).
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ds . > 0.

, :
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.
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.
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 1 , , 
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d = d .
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.
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.
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, .

 ( t tc1 t 2 r
r1 r2) 

:

1

2

21

ln
2

1
d
d

l

tt
Q cc .

, 
, r2/r1 d2/d1.

d2/d1  1 , 
, d2/d1, 

. ,
 1 %  10 %.

, , 
.

.
. , 

 ( , .), 

tC1

tC2

r1

r2

r dr

t

. 9.3



48

. 
, , , 

.

.
 1884 . 

, ,   –
. 

, . , 
 ( . 9.4, ). 

. 
 ( )

.

. 9.4 – :
 – ;  – 

, 
, , , 

, 
. , 

, . 
, 

» . 

,  ( . 9.4, ),
.

, 
. 



49

, ,
.

, 
, , 

, 
t t .

/

. 
t t .

, , 
, 

F, t  ( )
t , , , 

, . 
, 

:
dFdttdQ ,

(t  - t ) – ;
 – , ,

/( 2 ).

ttqdFdttdQ // ,
. ,  (

) 
 1 .

,
. 

, t  =  t  -  t
:

constpT
v

v
1 ,

 v=1/  – .
, 

, ,
:

 = 1 / .

, .  (
, ), 

 (  « ») 
 ( ) :

tttt
-v-v

v
1 .



50

 -  =  (t  –  t ) , 
F , 

 = - g
G = g:

F  =  - G = - g (  - )= -  g (t – t ).
F

 ( ). 

, 
, , .

.  ( ) 
, 

.

 =  /  ,  – 
 (  = 3·108 ).

, 

. , 
,  = 0,8 -  80 .  

 ( ). 
,  –  ( : 0,4 - 0,8 )  

.
, 

, 
, 2. 

. .
,  ( . 9.5),  ( ),

 (ER)  (ED).
,

 + ER + ED = .

:
 + R + D = 1.

 = /
, R = ER/  –

, D = ED/  –
.

, 
, 

. =1. , 
<1 ,

. R=1, D=1.

. 9.5  
, 

–

ER

ED



51

, , 
. , 

, , =0,98.

 0 , . .  (
 0,8  80 ). 

) ,  .  .
.

, . . . 
. 

, , 
. 

 (« ») , . 
.

:
 =  + R E .

, , 
.

 ( , )
:

= 2,898 10 -3 .
, 

. ,  ( 5800 )
 ( 0,5 ), 

 ( 5800 ) =3 , 
 ( ) 

).

:
0 = 0

 4,
0 = 5,67·10 -8 /( 2 4) – .

:
0 = 0 ( /100) 4,

0 = 0·108 = 5,67 /( 2 4) 
.

, , 
, .

0
:

 = 0 = 0 ( /100) 4 =  ( /100) 4.
 – , /( 2 4).



52

, . . = . , 
 ( ) 

0 . 
, 

. , . 
, .

 ( ,  1 2)
,  ( . 9.6), 

1 2. 1 – ,
2 – . 

.  (D = 0  R = 1 - ):
 =  + E  (1 - ).

 ( ) ,
, 1 2. 

2 ,

1 = 1 + 2 (1 - 1).

2 = 2 + 1 (1 – 2).

q1,2 = 1 - 2 =

2121

4
2021

4
1012

2121

2112 100/100/
AAAA

TCATCA
AAAA

EAEA

, 

1 2. , 1 1 2 2. 
1, 2, 0, 

q1,2 =
4

2
4

1
0

21

100100111
1 TTC .

111
1

21

. ,
, 1 2.

, 
4

2
4

1
02,1 100100

TTFCQ ,

F – , .

. 9.6 – 



53

, 
, 

,
,

. 

 ( . 9.7). 

F2 F1.

F2. 

111
1

22

1

1 F
F

.

, ; 
. 

, 
1,2

, .
, 

4
2

4
1

102,12,1 100100
TTFCQ .

. , ,
. 

1,2 2,1.
1,2 F1 =  2,1 F2. 

. , 
, 

. 
, 1,2 = 1.  ( . 9.7) 1,2 = 1, 2,1 = F1 / F2.

 = 1 2. 
1 2.

,
, . 

 ( . 9.8).  1 2, 
.

. 9.7 – 



54

d .
  dx ,

,
dE.

dE
 ( ) 

dx. , 

d2/4 n.
n1

 ( 3) 
:

n1 =  6/( d3).

dx (  1 2):
n = n1 dx.

dx
d

c
Edx

d
cdEdE

5.16
4 3

2

.

dx
d

c
E

dE 5.1 .

 (  = 0) 
, 

x
d

c
EE

5.1
exp .

 (1,5c )/(d )  ( ), l, 
leEE .

: 
.
 = l

A =(  - ) /  = 1 - l.
,  ( , , 

) , , 
.

, 
, 

, . ,  
l, l  (

), 
.

. 9. – 8



55

 10.

, 
.

 ( ). 
, 

, , 
. 

:
 =  + .

, .
,

q :
 = q  / (tc-t ).

, 
. 

. , 
, 

, , t  > 1000° ,
 = , , 

, .  = .

. 
. 

. t 1
, 

. 
1.

. R
. , , 

, 2, 
.

Q
, 

:
1) . R  = 1 F,

t 1 – tc1 = Q/(a1F)=Q R 1;
2) :

tc1 - tc2 = Q R .



56

3) , 
 F1 ( , ), :

tc2 – t 2 = Q/(a2F2) = Q R 2.
, 

t 1 – t 2 =
2211

11
F

R
F

Q ,

R
tt

RRR
tt

F
R

F

ttQ 21

21

21

2211

21

11
.

 ( , , .). 
R .

R  = 1 F ,
Rh –

.

,  ( ).

 « » 
: R 1, R R 2.

 ( . 10.1), 
R  = /( F), 

 (F1=F2=F), 
q. 

21

21

21

11
ttktt

F
Qq ;

21

11
1k ,

k – . 

. 

 1 2

 1 . , 
.

, k. 
.

Q

x

tc1

tc2

t

. 10.1  –

t 1

t 2



57

 – , 

. , 
1,  2 . 

, .

 ( ), d /d <1,5:
Q  = qF  =k (t 1 – t 2) F .

F , 
. 

, 1 2, . 

. 
.



58

:

...............................................................................1
 1................................................................................................................................ 1

. .................................................... 1
 2................................................................................................................................ 3

. ............................3
................................................................................7

.......................................................................... 8
 3.............................................................................................................................. 10

....................................................................................... 10
. .................................. 11

. .............................. 12
.................................................................................................... 13

................ 15
 4.............................................................................................................................. 18

.................................................................................................. 18
 5.............................................................................................................................. 22

............................................. 22
.......................................................................................... 22
.......................................................................................... 22

................................................................................. 23
........................................................................................ 23

...................................................................................... 24
 6.............................................................................................................................. 27

.................................................................... 27
...................................................................................... 28

 ( ) .................................................. 30
...................................................................................... 31

 7.............................................................................................................................. 32
........................................................... 32

................................................................. 32
...................................................................... 32

 8.............................................................................................................................. 35
........................................................................... 35

...................................................................................................... 36
............................................................................................... 40

 9.............................................................................................................................. 43
......................................................................................... 43

............................................................................................ 44
.................................................................... 45

.............................................................................. 47
...................................................................................... 50

............................ 52
......................................... 53

 10............................................................................................................................ 55
........................................................................ 55


