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- .
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.
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1.      

1.1 

 – , , -

.    

, , 
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.

 – , .

0 – . 

 P  (  –

) - 

>P .  , , 

.

.  – ,

 1 , 
2.

    : 1  = 1 2  = 735,6 . .;

1 . = 760 . .; 1 =750 . . = 105 .

 1.1 .

,      =  - ;   =  - ;  =  - .

 – ,  1      ( 3 ), =V/m.

  ,      ,   (  =1/  = m/v).

. 

.
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1.2

      

 ( ), 

. 

, . .

  : 

, , 

 1968 . ( -68). 

:  ( )    (0 ). 

. .

 (   ) ,

 (  t) – ,  273,15

. , = t + 273,15. 

   ( ,

, ,

).

       

, .

1. 3  

      

. 

, , 

.

                                                         PVµ= RT

       1     PV = RT,

  Rµ –   , 

,   R  =8314 .

R  1 ,   

  1 .
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–  1  ( , , , µ 2 =

32 ).

    , : 

; 

;            0.

1.4  .

.   .

  .  

; ,

,  - .

U = U   +  U   + U   + U   +…

     U      U   

, 

  ,   U = U   +   U .  

     U   

, . 

 U = U2 +  U1

 –  1 

u  = ,
m
U   [ ] ,   U . =f( ),    U    = f (p,v)

  

U . = U  = f ( ),     U  =0,

( ) 0=
∂
∂

p
U , ( ) 0=

∂
∂

v
U .

  , 

.

 U =  U1m2 +    U2n1,     U1m2 = U2 - U1
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 U2n1 = U1 - U2,      U=0, ∫ = 0du

,   u = f(v,t)

du = dv
V
udT

T
u

Tv )()(
∂
∂

+
∂
∂

,  V
u )(
Τ∂

∂
-    V = const.

 1.2  P-V .

  -   , 

, .   H = U + pV. ,

   ( .1.3)

                    F= pf , H= U + MgZ = U  + PfZ = U +PV

   ,     h = H/m = u + PV.

       PV   

, ,  V  

   P.  u, p  v, 

.

 1.3  .
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( . Extensivus -  ,   - .

  ,     , ).

h = u(t) + RT = h(t)

   

h = h = f (p,T)

dh = dp
P
hdT

T
h

TP )()(
∂
∂+

∂
∂

,     - CP=
Τ∂

∂h   -  p =const.

 – , 

    :

dS = ∂ q/ T.

     1  ( ∂ q), 

ds = jq/T,  [ ] q = Q/m,

jq –  ( )  .

    – , 

.  ( S = sm) -

  ( , , ., 

).

1.4 

     

. 

, .

. 

  .

      

, . 

 V 

.  1 :
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∫=
2

1

v

v

pdvl
l -   = F x = pf x = p V

   d =pdv,  = L/m –  1 .   

  , . .

, , 

 P-V ( .1.4)

 1.4.  .

    

, .

     dv > 0, l >0, . ;   dv <0, l<0,  

.

.     

.        

  . 

Q.

        

 – Q = Tds,   

, .
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   ( ) –   Q 

  .   – 

,    

 ( 1 , 1 3)        1 .

          

      t1  t2.

CXm
12

2

1 tt
qX

t

t −
= ,

 m – ;

        - , .

  

dt
dq

t
qC XX

t
X =

∆
=

→∆ 0

lim

    : v,  1 3

, ( 3 );   ,  1 ,

).  , =  =  = /22,4. ( 1 ,

 22,4 3).

     :

 – v; - 

 –    CP.

    

.

                      - v = R,   ·CP – ·Cv = R  ,                                                           (1.1)

 R –   .
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       v

 = V ,                                                                                                  (1.2)

– .

      

, , . 

.

 = 1,67 –  ( );

 = 1,4  - ;

 = 1,3  - .

     (1)  (2) , 

;R
1K

1CV ⋅
−

= R
1K

KCP ⋅
−

=

     = 0  + ,

  0 – ;

        – ,   .

       t1  t2

10
12

0

12

||
t

X

t

XX tCtCq
mm
⋅−⋅=

    

 (0- t0C) 

.

1.      ?

2.  ?

3. 

 ?

4. 

 ?
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 2.

2.1 

      ,

, , 

.   

.   , 

.

    , , 

,

.

   , 

.

, 

, , 

. , 

, 

  .

    .

    –

:

.  , -

  , 

,  - 

.

  , , , . 

,  ( . ) -

  . 

, , -
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. 

.

2.2 

      – 

,

. :

, 

.

      

E = U +  + ,

   +   - ,   .

  ,    = 0, , .  0.

:     E = U

      , 

. 

E = cons,    E = 0,  U = 0, . U2 = U1

, 

i

n

i
E∑

=

∆+=
1

12 ,  ∑
=

∆
n

i
iE

1
- 

.

                                       Q

                                                             E = Q – L

                                      L               E2 = E1 +Q – L                                                        (2.1).

                U2  = U1 + Q – L                 Q = U2 – U1 +L                                                   (2.2).

dQ = dU + dL = dU + pdV

                                           dq = du + dl = du  + pdv                                                    ( 2.3).
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.

∫ ∫
∫ ∫ ∫

=

+=

dqdl

lddudq

               q = l;     q l.

       , 

, .    >1.

 1-

.

        2.1.  P-V .

                                                h = u + pv                                                                        (2.4).

                         dh = du + d(pv) = du +pdv + vdp = dq + vdp

                                     dq = dh – vdp

       1-      

   p =const :  dqP = dh = CP dT;

                         h = h2 –h1 = CP( T2 – T1 )                                                                     (2.5).

  v =const:  dqV = du = CV (T2 – T1)

              U = U2 – U1 = CV (T2 – T1)                                                                     (2.6).
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 3

3.  

      

  , 

,  

, , 

, .

     , , 

 (u, h,s)  ( 

 q ), .

, , 

,   

.

  :  (V = const);

 (  = const);  (  = const);  , 

 (dq=const;  S =const),

,  .

, 

.

3. 1 

  .

- : 

, .   T =const  PV = const.

: 

  , .  p = const,

                              V1/V2 = T1 /T2.

   , 

                           P1V1/T1 = P2V2/T2,   PV /T = const.                                            (3.1).
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   (3.1)

. 

 R:

                                 PV = RT                                                                                       (3.2).

  P ,V, T ( . 3.1) 

 ( ).

: , ,

  .

 3.1.  

.

     1 

 NA

=6,022169· 1026 -1 .  1  22,42 3.

    (3.2) , 

 – .

P·V·M =MRT,  PVµ = RµT   PVm =RTm,                                          (3.3).

— R -  Rµ =PVµ/T

, , , 

Rµ = 8314,3 /( );    -  –   .
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3.2 

P = f1(V=const; T).   (3.2) 

 1  2 , v1=v2 =const,

:

1.      P2 /P1 =T2 /T1.                                            ( 3.4).

2.   , . dV =0, 

                                           (l1-2= ∫ =
2

1

0pdv ).

  lTEX =  V(P1 – 2) ( .1-2, P1/P2

3.2 ).    ( . 2)  

, , 

, .   dv = 0 q = du    qV1-2 =u2 (v2T2 ) – u1( v1T1)

U2 (V2T2 ) – U1( V1T1) =
dTV∫

2

1

                                               (3.5).

      dq = Cvd T,  qV1-2 = CV (T2 – T1).

3.  dS = dq/T = CV dT;

, 

                           S2 – S1= CVln (T2/T1 )                                                                           (3.6).

 T-S  V = const 

( . 3.2).

                                                                           2

2          1                         1   qV1-2

l

1 2

      0 V      0       S1               S2              S
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 3.2.

 3.1.  15  0,4 

 300 . 

16  ?   Cvm = 717 /( ); 

 R = 287,1 /( ).

   . 1.  m  (3.3)

       m = P1 V/ (RT1 ) = 0,4*106 *0,015/(287,1*303)=0,069 .

2.   t2  (3.5)

  Q1,2 = mCvm (t2 – t1 )  

t2 = t1 + C
mc
Q

vm

0
3

2,1 354
717*069,0

10*16
30 =+=

3.4  

 v = f(T, p =const).

1.  P1 ·V1 = RT1   P2·V2 = RT2  

2

1

2

1

T
T

V
V

= ,  v   

.

2.  (   P – V . 1,2V2 V1)

    l1-2 = P(V2  -  V1) =  R( T2 – T1),                                                                                 (3.9).

   lTEX = - ∫
2

1

vdp  = 0

p

          1      lP1-2         2           dl = PdV;   l= dvp∫
2

1
=p( v2 – v1)

  0 V1       V2       V
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q = dh.

 qp2-1 = h2 –h1 (  T-S . 12S2S1).

     T

                        V =const        1

     2                                            2

     1                                                      P = const

                                                              S

0               S1                        S2

3.

u = CV ( T2 – T1) ; CV  f (T)

4. h = CP (T2 – T1); CP  f (T)

5. 

S2(P;T2)  - S1(P; T1) = ,)/(
2

1

dTdTds
T

T
P∫

      = s/ T)

                                     S2(P;T2)  - S1(P; T1) = dTTC
T

T
P )/(

2

1

∫                                          (3.8).

     1…… 2 , 

S2 – S1  = C · ln( T2 / T1)

     -S . P>CV ,

  SP>S V , , -S

, .

 3.2.  0,5 

 0,3 ,  100  3000 .

, .

 R = 296,8 /( ).

  . 1.   (3.5):
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V1 = mRT1/p1 =0,5*296,8*373/(0,3*106) = 0,184 3

2. :

    V2 = V1*T1/T2 =0,184*573/373 = 0,284 3.

3.  (   3.7)

L1,2=p (V2 – V1) = 0,3*106 (0.287- 0.184)= 30*103

4. l  = 0.

5. , 

 Q1,2 = mcpm(t2 – t1), 2 1  t2 -t1

   tm (t1 + t2)/2 = 200

    

Cpm = Cpm/M=29, 38*103/28,02 = 1047 /( )

,         Q1,2=0,5*1047(300-100)=104,7*103 .

3.5 

      T = const.

   p  v.

 P = f(V;T=c nst).

 PV = const.

 P – V         1 – 2

   , 

 (dV/dP)T , 

.

              V1

               1

                                        V2

                       l1-2               2

0 V         
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                         q1-2

 0               S1                 S2         S

1. 

dv
V
RTpdv

V

V

V

V
∫ ∫==−

2

1

2

1

21l

, 

:

            l 1-2 = RT ln (P1/P2) = P1V1 ln(V2/V1) = P1V1ln(P1/P2).                                  (3.9).

      )./ln( 211

2

1
1 ppvpvdp∫ =−=l

     , 

dq = Tds.    T =const, 

                         q1-2 = T(S2  - S1),                                                                                  (3.10).

.

   

du=CvdT=0,   dh=CPdT=0.

  T-S , 

.  1,2S2S1.  

                    S2(p2 T ) – S1(p1T) =
1

2
2

1
21

2

1

ln//1/
V
VRTqqTq === ∫∫ −δδ                       (3.11).

         S2 – S1=R·ln(V2- V1).                                                       (3.12).

     

, . 
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.  ,  du =0  dq =

dl = PdV.

 3.3.  2 

 2000  p1 = 0,1 2=2,5 .   m ,

, 

 150 ,  500 ,    = 4,19 /( 0 );

R .=287,1 /( )

 . 1.  L1,2:

L1,2 = 2,3m*R lg (p1/p2)= 2,3*2*287,1*473*lg(0,1/2,5) = -2,3*2*287,1*473*1,398=

=- 866*103 .

2.   Q1,2= L1,2,  Q1,2= - 866 

 Q1,2= m (t  - t ), 

            m =
ttC

Q

D

91,5
)1550(*19,4

10*866
)'"(

3
2,1 =

−
=

−

3.6 

     q = 0 , . 

.

, 

.   

,  

. , ,

.   

.

P                                                       T                    1

                 1         s = const

                            q = const =0

                              T = const

                                2                                                 2

   0
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              V1              V2          V           0                                      S
       

1. 

                                        q = 0;  PVK = const ,                                                        (3.13).

      –    , υC
CK P=

2.   

( ) ;
2

1

1

2 K

V
V

P
P

=
1

2

1

1

2

−









=

K

V
V

T
T

;
K

K

P
P

T
T

1

1

2

1

2

−









=                     (3.14).

   3.    

                     U = CV (T2 – T1) = Vm 1020
12 || tCt t

vm
t − (3.15).

   4. 

                     h = CP(T2 – T1) = Pm 1020
12 || tCt t

Pm
t −                                            ( 3.16).

        5. 

























−

−
=

−
−

=
−

−
==

−

∫
k

k

P
P

k
RT

k
TTR

k
VPVP

pdvl

1

1

2121
2

1

2211 1
11

)(
1

























−

−
=

−
K

K

P
P

K
RTl

1

1

21 1
1                                                     (3.17).

6. 00
===

TT
dq

a                               (3.18).

7. .

S = q/T = 0 ;        S2 – S1  = 0

.

       3.4.  2 1=  1

t1 = 3000 ,  5 .

  , , , 

.  R = 286,7 /( ).

. 1.  V1
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V1 = mRT1 1= 2*286,7*573/(1*106) = 0,33 3.

   V2=5 V1, 

V2=5 · 0,33 = 1,65 3.

  2. 2

1 2 = (V2/V1)k

k = 1,4, , 1 2 = 51,4 = 9,96.

  2 = 1/9,96=1·106/9,96  0,1 .    (3.3) 

2=p2V2/ mR =0,1·106·1,65/(2·287,1) = =288 

t2 = 288-273=150 .

     L1,2  (3.17) 

L1,2 =m·R(t1 -  t2)/( k—1) = 2·287,7(300-15)/(1,4 –1) = 419·103 =419 .

   

,   U2 — U1 = - L1,2= - 419 .

3.7  

.   

  , 

.  . ,  

.

1. 

                n = const            PVn = const                                                           (3.19).

 n –    -  < n < +

    .

       pvn = const

1) n = 0;  pvn = p =const ;

2)  n = 1; v1 = v = const ;

3) n=± ; v ∞
1

 v= 0v   v= const ;

4) n = k; vk = const .
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2. -V 

                                                     n=±

                                                          n =0

            1<n<k

n=                                               n=1

                                                V

3.

                                      U = V 2 – 1) = vm −2
2 *
0

tt
vm

0
1t · t1 (3.20).

4. ,  .

5. .

                             =
( )

























−

−
=

−
−

=
−
−

=

−

∫
n

n

P
P

n
RT

n
TTR

n
vpvppdv

1

1

2121
2

1

2211 1
111

(3.21).

6.   .

                                                 qn = Cn(T2 – T1)                                                       (3.22).

7. .

                                  =
1−

−
=

n
knC

dT
dq

V (3.23).

8. .

1

2
12

2

1

2

1
T
T

nC
T
dTC

T
dq

SSS
T

T

T

T

l∫ ∫ ===−=∆                                            (3.24).

1

2

T
TnCS l=∆                                                                              (3.25).

9.   
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;
2

1

1

2
n

V
V

P
P









= ;

1

2

1

1

2
−









=

n

V
V

T
T                                                       (3.27).

n
n

P
P

T
T

1

1

2

1

2

−









=                                                                            (3.28).

10.  T-S .

               T                     n=±                       n=0

                                                                              n=1

                                                             n=k

                                                                              S

     

     1  n  k. , 

                                              n p2 - n p1 = n ( n v1 - n v2);                                  (3.29).

21

12

gvgv
gpgp

n
ll

ll

−
−

= (3.30).

   3.5.  8 3   t1 =

200  n= 1,2 1 =

0,09 2 = 0,81 . , 

.

. 1.  (3.28):

T2 = T1(p2/p1)(n—1)/n =293(0,81/0,09)(1,2—1)/1,2 = 293·90,167  423 K,  t2 = 1500 .

2.   V2 :   1v1 1 = 2v2 2,    

                  V2 = (V1 1 2)/( 2 1) =(8·0,09/0,81)(423/293)=1,28 3.

3.   :

L1,2=( 1V1- 2V2)/(n -1)=(0,09·106·8 -0,81·106·1,28)/(1,2-1)=1,58·106  1,58 .
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  .

1.  ?

2.  ?

3.    ?

4.     

 ?

5. 

 ?
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 4

4. 

                                            4.1 

      

, .

    , 

, 

, 

.

   , 

,  

.

.

   4.2  ( ) 

    

. 

 ( .), 

 - 

.

     .

 4.1.  P-V    
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           4.2. 

  : 

 ( 4 ),  (2,2), 

 (3)  (5).

, , 

.  . 

.

   4-    ( ).

 –  1,2 ( .4.1) – .

 1 ( .42) 

 ( ) 

 ( ). 

.

 –  2,3 – 

. -

. 

 (500-600 0 ).

-   3,4 – . 

. 

 2  

.

  

.

.
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    , , . 

 ( ) 

, .     , 

.

.

   

. :

1.   .

2. , . 

.

3. .

   : 

 ( ), ; -

 ( );   

;   ( ), 

.

  :

1.
2

1

V
V

=ε , 

2. 3 2, 

.

 3.  ( 

   = V4/V3,  ( . 4.1).

.
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 4.3.  P-V  T – S  ( ).

    1-2 –  ( 

). :  = V1/V2 = 6÷10. 

   2-3 – , ( -

). :   = 3 2  2.

   3-4 –  ( 

).

   4-1 .

.

 4.4 . (  P-V  T-S).

   1- 2 – , ( 

).    = V1/V2 = 13÷18.

   2-3 –  ( 

.
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   3-4-  ( 

).

   4-1 – , (

).

     .
1. .
2. .
3. .
4. , ,  .

, 
.

4.3 .
 (4.5)   (

).

 4.5.        .
1. ; 2. ; 3. ; 4. ; 5. ; 6.

; 7. ; 8. ; 9.
; 10. ; 11. ; 12. ; 13.

; 14.  ; 15. ; 16. ; 17. . 18.

  1

2  ( ) 
1 (  - ).

 - b 
2  V0. 

. 
, 3   b - c.

,
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. 2 , , 
4 .

  
ε:

2

1
ϑ

ϑ
ε = ;

:  l0 = q1-q2;
, .  ε.

4. 4. .
, 

, 
,   

. 
.

. 4.6. ; - 
 7 ( ); b - 

);  -  3; d - 
.

.
 4  1, 

 3  7, 

 5,  6 . (

 - ).

      .
     , 

 (
, ).  

 ( ).
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,   II-II 
 7  8 

.  I-I  3, 
 2. 

(1,2-1,5 ).  3 ,
. , 

 3   (I-I). , 
.

   7 .   
b   .   ( )

, . 
   (  4.7).

       a- c- z- b- a,
,  (

4.5. 

 4.7. .
) , 

b, d, a, b — .

:
ml

fPi *
= , ,

  f — , 2;
l— , ;

m —  ( , ).
:

 Li=Pi*F*S=Pi*Vh, ,
i— , 2;

F- , 2;
S- , ;
Vh= F*S- , 3.

 n/2 , 
 - n.
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   τ. 
:

τ
n*2 ;

, :

τ*410*3

*** znnViP
iN = ,  ;

  z— .

4.6. 

.
, 

 (V )   z , 
.

, 
.

 4.8. .
     . 

.

4.7. 
      1 

 1 3 . .

... QQQQQ +++= , 3,

Q  — .
Q - , . ;

... QQQ ++   — ;
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Q .  — ;
Q   — ;
Q .  — : .

,%%100* eq
Q

eQ
= ,%.%100* q

Q
Q

= . . .

 q = η , % ≈ 32- 40% ;
≈ 18- 25% ;

q , %       25-35      15-20  ;
q ., %       25-40      25-50  ;
q ., %        5-  8       8-12  .

4.8. 
        

, :
1.  (  ) . ,

: 
, , , , .

2. . , 
: , 

, , .
3. . , 

.
4. . , ,

, , .
5. . , 

, , .
6. . , , ,

, , .
7. . , 

, , .
, , , 

, , , , .
  .

 4.1

:  = 0,1 ; t = 270 ; Cvm= 0,72 /( · ); q1

+q1  = 1340 ;

PZ = 5,5  = 15.  — , .

 1 .  . 

:

)  — 

Va = RTa/Pa
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 R = 287,1 /( );  = 273 +t2= 273 + 27 K = 300 K, 

Va = /861,0
101,0
3001,287 3

6 =
⋅
⋅

)  -  - 

 = V /V  = 15:  

VC = Va  = 0,861/15 = 0, 0573 3 .

 4.9. .

 -  – 

 = (Va /VC )k PC =Pa (Va/VC )k = Pa
k  = 0,1·151,4 = 4,43 ;

TC =PC·VC /R = 4,43·106·0,0573/287,1 = 883  6100 ;

  )  Z’ –  – 

 = PZ/Pc = 5,5/4,43  1,242:

TZ ‘ = TC·  =883· 1,242 = 1097 K  tZ ‘ = 824 0C;

VZ   =VC = 0,0573 3 ;

)  –  – 

 q1”;  q1’ + q1” =1340 ,  q1’:

|q1 | = CVm ( TZ’ – TC) = 0,72· 103 (1097 -883) = 154 ,

             |q1”| = 1340 -154 =1186 .

   TZ   

|q1”| = CPm · ( T  – TC ),   T  = q1”/ m + TZ’,

    CPm:

CPm = · CVm  = 1,4· 0,72 · 103 =1,01 / ( · ),

  CPm
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T  = 1186/ 1,01 + 1097 = 2274  tZ = 20010C.

VZ .  :

 =  T /  TZ’ = 2274/1097 = 2,07. VZ :

VZ  = · VC  = 2,07· 0,0573  0,118 3 ;

)  b -    

Vb = Va = 0,861 3/ ;

   Tb   Tb= Ta· k ·  = 300 · 2,071,4 * *1,242 = 1034 

 tb = 1034 - 273 = 7610 ;  Pb   b :

Pb = R· Tb/ Vb = 287,1 · 1034/ 0,861 = 0,345 .

. :

t= )107,2(242,14,11242,1
104,2242,1

15
1

1
1(1

11
1

4,1

4,01 −⋅+−
−⋅

•−=
−+−

−
− − ρλλ

λρ
ε

κ

κ k
=

606,0
07,1242,1242,0

178,2242,1
954,2
1

1 =
⋅+
−⋅

⋅−=   (60,6%).

       .

: 0 = | Z  —Z| + | Z — b | — | a—C |;

| Z  —Z| = R(T  — TZ’) = 287,1(2274—1097) =337,9 ;

| Z — b | = R(T  — Tb)/(k -1) = 287,1·(2274 -1034)/0,4 = 890 ;

| a—C | =  [ R(TC — Ta)]/ (k- 1) =[287,1(883 -300)]/(1,4-1) = 418 .

0| = 337,9 + 890 – 418 = 809 .

. t=| 0 |/|q1| = 604,0101340/()10809( 33
'"

1

0

1

=⋅⋅=
+ qq

l

    60,4%, t  (60,6%)  0,2%.

t , . 

 ( ), 

t = 11

11
1
111 −− −=

−
−

⋅− kk ελ
λ

ε
.

4.9. 

 ( ) 
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, 

.

   .

   .

   .  - , 

. .

   

  , 

. , 

, 

.

. 4. 10 .

 4.10.  .

:

1 – ; 2 - ; 3 - ; 4 – ; 5 -

; 6 – ; 7 – .

    P=const  V=const.

     

.

   . 4.11   P-V  T-S    P= const, 

 1-2 –  1

. 4.11).

 2-3 - .
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    2 

 4.  P = const.

 3,4 – . 

 4  5, 

. 

, 

, 

 4.11. .

 6,       7,

 3  2. 

 (  4-1) 

  .

     

.

4

3

1

2

P
P

P
P

==β ;

   

1,2,3,4  P-V . 

 ( - 1, 2, 3,4)  (  –

 2,1, 2 1).

   . 

,1
1

2
, q

q
cjnstPt −==η    q2 – ;



43

q1 – .

q2 = CP(T4 – T1);            q1 = CP (T3 – T2).

;1
1

1
11

)(
)(11

2

1

2

3

1

4

2

1

23

14

23

14

1

2
, T

T

T
T
T
T

T
T

TT
TT

TTC
TTC

q
q

P

P
constPt −=

−

−
⋅−=

−
−

−=
−
−

−=−==η

 1,2  3,4 

,
2

3

1

4 = ;
2

1

3

4 = k
kk

k

P
P

T
T 1

1

1

2

1

2
−

−

=







= β

k
kconsttP 1

11 −= −=
β

η

   , . 

.

  .    .

   . :

.11
)(
)(11 1

23

14

23

14

1

2

k
k

V

P
consttV

k
TT
TTk

TTC
TTC

q
q

−= −=
−
−

−=
−⋅
−⋅

−=−=
β

η

 2  T-S .

    T-S ,   

   V=const.

  ,  t0   

, 

.  t0 , 

, . 

, 

.
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 4.12.   T-S   V=const.

  4.2  p =

const ( .  4. 11.) , ,

., , 

1 =100 ; t1 = 270 C; t3 = 7000C;

 = 10
1

2 = ;   k  = 1,4

    – .   .

 1.

861,0
10100
300287

3
1

1
1 =

⋅
⋅

==
p

RTv 3 .

 2.

k
k

P
P

T
T

1

1

2

1

2

−









= ; T 2 = 1

r
r

p
p

1

1

2

−








 = T1 r
r 1−

;

T2 = 300 ·100,4/1,4 = 300· 1,93 = 597 K;

                   =
1

2  ; p2=p1  =100·10 = 1000  = 1 .

p
RTV

3

6
2

2 166,0
101

579287
=

⋅
⋅

== .

 3.

3 = 700 +273 = 973 ; 3 = 2 = 1 ;

V3 = V2·( 3/T2 ) = 0,166·(973/579) = 0,279 3 .

   4.
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4

2

2

3 = ;
300
579973

4

= ; 504
579

300973
4 =

⋅
= ;

t4 = 229 0C;      p4 = p1 = 0,1 ;
1

4

1

4

T
T

v
v

=

45,1
300
504861,0

1

4
14 =⋅⋅⋅=

T
Tvv 3 .

q1 =q2-3 = cP(T3 – T2) = 29,31/28,96 · ( 973 – 579) = 399 ;

q2 = q4-1=CP (T4 – T1)= 29,31/28,96 · ( 500 – 300) = 202 .

0 = q1- q2 = 399 – 202 = 197  / .

. 

t  = 1 – q2/q1 = 1 – 202/399 = 0,494.

.

1.  ?

2. , 

 ?

3.  TZ

 ?

4. .  ?

5. 

.  ?

5.   

.?
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                                                                5

5. 

5.1 

:

 (NH3),  ( 2), , 

.

  : . 

  , , 

, 

.

   , ,

, , ,

, .

, , .

 ( ) .  

. 

.

  .

  , =0,85, 

,  1  0,85  0,15 . 

=1, =0. -

" . ,   

.  , . ".

,  1 . 200 .

.

   , 

.    t,  –t

 t -ts . .
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, . . 

r.

.

    ,  1 . 

 P-V ( . 5.1).

  , p1  00

 V0  ( a1 ). 

, 

a1 . , , 

 ts, b1;  

´. 

, , 

  ( 1 ).   

,  b1- c1

.

 5.1. , 

  P-V.

   ,  b1 , 1  - ,   b1

x =0, 1 x =1. 

. 

,  d1.
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 ts 2 b c

.   3 a3 ,  b3,  c3. 

, AB 

 00 , NK , .

, , NK -

, . 

, NK : 

, AB , ,

NK, 

, NK.

, NK- .

p , t ,v ,

,  – . 

  : p = 22,129 , 

t =374, 150  v  = 0,00326 3 .

5.2   i-s

  P-V  T-S    , 

. 

, . 

,   

i,  S.

  i- s  (  5.2).

 (  K-C-N ) 

i’  S’, 

                            S’ = 2,3 lg ( TS/273) + r/TS

   (b-d, d’-d’ )  - P=const, - 

 ( V=const);  (C-e, C’-e’ .) – - 

;  ( 1 2,, 3 ) – .

 K-N 

. 
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               iX = i’+xr    SX = 2,3 lg ( TS/273) + xr/TS

, 

.

 5.1.   is- , 

 1,5 .

 . , -

 1,5   

, ;  2000

. 5.3.  ( )

   -

 ( , .),  – . 

 6.1.

    ( .).

    

     ( .).

     .

 5.2. i-s .

      3. 

 5  1, .

    

.   

  (  4-5 ; 5-6) 
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 6    2, 

  q2  (  5-3)

( . 5.3 – 5.4).

    ,  ( , ) 

 3,  ( ) 

, 

 6 (  1-2).

 5.3. .

 5.4.   P-V 
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 5.5.   T-S .

    4 ( .5.1).

    4 , 

.   

 q3  ( 2-3), 

. 

.

    . 

q
qq

q
q1

−
=−=η

      4,5,6,1  P=const, 

q  =i1-i2

      2-3

q = i2 –i3,

31

21
t ii

ii
−

−
=η

,

i1 – , ;

i2 – , ;

i3 – , .

    . . 

, . 

. .

1. .

2. .

. , 

  , 
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.  

, .

     .   

, .

     

.  20-300  ( -

),    2 = 0,002 ÷ 0,004 , .

.

   . 

, 

.
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 6

6. 

     

.

   

. , 

,  , , 

, . 

.

     

.   d.

, 

:

d = m /m ,

 m  – , ; m  – , .  

, 

 =  + ,

 – , ;  -   

, . 

, .

(  – 

).

      P-V.

.

 ( ) 

.

     

 ( ) 
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. 

. 

  

.    ( 

).

 6.1  P – V .

    ( ) 

.

   

 ( 

 = const). . , 

  ,

,    tP.

    

.

  

 – ( ).

 = 3,
.

,
V
m

V
m

=

    ,  V . = V , 

.

       

 ( )

  ( ).
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.
max P

P
=

ρ
ρ

=φ

    0  100 %. 

; 100% - . 

.

    

  , . 

, 

.

       

 1  – (d).

..m
md =

    :

P . ·V = m . ·R .· T ;

P  ·V = m  ·R · T ..

                         V  = V .;

 = .,

 R  = 287,1 /( )  R =461,50 /( )

. 

.....

... 622,0
P5,461
P1,287

PR
PRd =

⋅
⋅

=
⋅

⋅
= ,

  .  = 0,622·(m  /m ).  = ,

         .=  –  =  -  , 

H.

H

PP
P622,0d

⋅φ−
⋅φ

⋅=  .

  

=  +   =  .·(1+d).
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 1  (1+d)

.

I . = i . + i  ·d = CP··t  + d·i .

     =1 /( ),

 i  = 2499 +1,974·t ,

   t = t  = t , 

I = t + 0.001·(2500 + 1,974·t)·d, ,

 t- .

    

.

     , ,

, . 

, 

, 

, 

.

     

   – , . 

, 

. , 

, 

, . 

  ,

. 

, 

.

 t

,C,
1000

)tt(xtt 0
'
MC'

MM
−⋅

−=

'
Mt  - ;

        t  - ;
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'
MC tt −  - ;

       –  %,

    .

    id

.

6.1   h – d 

i-d    . .   1918 .

    . 

.

   i-d – i d   1350. id

:   t = const ( ),

  i = const, = const. 

= 100% t  t .    = 100% 

   = f (d) – . .6.2.

, id  . 

 t  t , 

  i-d  .

      d = const. 

.

,  = 100%.   ´

 d, 

.

       ,   ,  

.  .    

i=const CD .
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 6.2.  id  .

       (i2;  d2)

 (i1;d!)  

i2 =i1 + d ·i ·10-3;

d2 =d1 +d ,

i d  – , , 

.

   . 6.3 

.

     

m1  m2   , 

id – -F (  6.2), 

m1( ) m2(F).

     

;
mm

mEFEK
21

2

+
⋅=

.
mm

mEFKF
.21

1

+
⋅=

,
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 6.3.  i-d .

  t , 

.

    ( .6.3.), ,

t ,  d =const  tM = const, i-d

 3 :

I – , , 

;

II – , ;

III – .

 6.1. ,

, 

 21 . . t = 350

 = 745 . .

                                .

t = 350   . = 5.6 =42 .

.; .=0.0396 3.  

 =  / .= 21/42 = 0,5 = 50%.

   

 = · .  =0.5·0.0396 = 0.0198  3.
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18
21745

21622
PP

P622d =
−

⋅=
−

⋅=  = 0,01 .

i =i + d·(2500 + 1,93·t) = 35 + 0.018·(2500 + 1.93·35) = 81,2 .
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 7

7.  

7.1. 

     .

         .  1744

  

 1822 .

    

. 

, , 

:

( ), .

    , 

   .  

) , 

 ( ), 

.

  .

8.2. 

      

. 

: , ,

.    . 

  ( )  

.

     ,   

. ,

  , 

.

       ( ) 

, .



62

     .

,
x
tq

∂
∂

⋅−=

 q – , 2;   ,

, ; t  - , .;

 – 

      

, 

, .  t = f (x,y,z)?;  

0
x
t

=
∂
∂

, 

, , 

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

∂
∂  0;

x
t

∂
∂  >0- ;  

x
t

∂
∂ < 0 

.

  

, 

)  ( )

:

                                                 Q = ·F ( t’CT – t”CT) / ,                                                 (7.1).

 Q – , ; F – , 2;  – , ;  t'

 t" –  (   ), 0

 ( . 7.1. ); ; /( 2 · ), /( 2 ).

       ( ) 

, , , 

. , 

, ,  (  20-25 

, ).
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    (7.1)  F, 

, 

:

            q = Q/F = ·(t'  - t" )/     q = (t'  - t" )/R,                                          (7.2).

 q – 2;

 R – , 

 ( R = ), 2 ·0 .

    (7.2) .

    .

, , 

: , .

   ,   . 7.1.

, 1,   2, 3   

.  

t'CT>t" >t'" >tIV .

 7.1. 

 ( )  ( ) .

    1,  2 3,  

 R1, R2,  R3 , (R1 = 1/ 1, R2 = 2/ 2,  R3 =  3/ 3).

   

 q, , :

   -          q = (t'  - t" )/R1;

    -       q = (t"  - t'" )/R2;
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 -       q = (t'"  – tIV
CT )/R3.

     , :

(t'  - t" ) = q·R1;                      ( )

(t"  - t'" ) = q·R2;                    ( )

(t'"  – tIV
CT ) = q·R3.                  ( )

     ( ), ( )  ( ) 

(t'  – tIV
CT ) = q·( R1 + R2 + R3).          ( )

.

                          q = (t'  – tIV
CT )/R =  (t'  – tIV

CT )/( R1 + R2 + R3).                              (7.3).

, , 

,

.

 7.2 

.

, 

, 

.  

.   

:

d  = 0,5· (d  + d ),

  d  d  – .
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   , 

F  = ·d  ·  = 0,5· ·(d  + d )· .

 0,5· (d  + d ), ,  F   (7.1)

Q = ·[ ·(d  + d ) / (d  - d )]· (t'  - t" )  (8.4)

 ( , ) 

                              Q = ·Fm ( t’CT – t”CT) / ,                                                             (7.5).

    Fm – :

)     Fm = 0,5· (F' + F" ) = F,      F' = F"  = F – 

;

)   -

    F'  F", 

'F'F
)F/F(lg3,2

"F'FF
21

m ⋅⋅φ=
⋅
−

= ,

 – , 

 F'  F".

   . 7.1  F'/F".

           7.1.

F'/F" 1,0 1,2 1,4 1,6 1,8

 1,0 1,0014 1,0047 1,009 1,014

F'/F" 2,0 3,0 4,0 5,0 6,0

 1,020 1,051 1,082 1,111 1,139

  ) 

:

".F'FFm ⋅=

.

1.  ?
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2.  ?

3. ?

4.  ?

5.  ?

6. , 

,  ?
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 8

8. .

.

    Q 

. 

 – :

Q = ·F·(t1 – t2),

 F – , , 2;  t1 –

, 0 ;

t2 – , 0 ; t1 –  t2 – , 0 ;  –

, ,

/( 2·0 ).

   : 

, , , 

 ( , , ) 

.

       (1884 .),

:

, .

     

. 

, 

 ( ) , 

  

.

      :

, ,

. 
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  , . 

. , 

.

8.1 .

      

, 

, .

    

, 

.

    

, , 

 ( ) .  

  , 

.

1.  ( )  ( Nu).

    

 – . , 

 Nu , 

Nu =  · 0 ,

 – , /( 2 · );  – , /

);  0  - , . 

, .

          

, ,  

  Nu.

2. (Re).

             Re = w0 · 0  ,

w0 –   

:
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w0 = Vt/ f,

 (   Vt – , 3 ; f – , 2);

 – , 2 , 

,  ( ) 

. 

, / 2

                     = ,  – , 3.

  , 

 = 42 10)t000221,0t0337,01(
0178,0

⋅++

     

– .

    , 

 2320 (Re < 2320).  Re > 10000 -

.          2320< Re<10000 – , 

, . .

3.  (Pr).

:

                                         Pr =  /a ,

a , 2 .

      Pr .

                               Pr

…………………..0,67

                                      ………………….0,72

                                      ………………….0,80

.

 00  1300 , 

1300   Pr =1.  Pr  1.

4. (Gr) ,

, 
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, . Gr 

:

Gr = ·g· 3
0 t/ 2,

 – , -1; ( 

 =1/273 15 · -1); g – , 2; t – -

 – 

, 0 .

5.   Re  Pr.

 = Re ·Pr = w0 · 0 / .

     

Nu = C ·Rem·Prn·GrP·(Pr /Pr )0,25.

    m, n 

 ( 

, 

,  

.).

 8.1. ,      t = 200
0 ;   P1=1 w =12 . 

 ( 1), ,  1 

,  d1 = 50 ;     = 3 

   = 20 /( ).   .

    , 

     t = 700 0 , 2 =  60 / 2* .

                                            

   ( 0,01 – 1 )   , 

   t = 200 0 ; 

 (  4 )  = 34,85*10-6 2 ;    = 3,94

*10 -2 /( ),     ,    Pr  = 0,680 , 

 Pr  = 1,0     

Re  = (w*d1 )/  = ( 12* 0,05)/ 34,85*10-6 = 17216,6
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 ( )  ( Re> 2000), 

Nu = 0,021· Re 0,8·Pr0,43 ·( Pr /PrC)0,25

Nu= 0,021·17216,60,8·0,6800,43·(0,680/1)0,25 = 39,54

  

1 = Nu· /d 2=  (39,54·3.94 ·10 -2)/0,053=29,39 2

 1 

Q = l · (t  - t  ) · l,

   l  

l = 1/[ 1/ ( 1· d1) + 1/ (2 )·(Ln(d2/ d1)) +  1(/ 2· d2)]

l =1/[1/(29,39·0,05) + (1/ (2·20))·Ln(0.053/0.05) + 1/(60·0,053)]= 1,004 2

 q = (d1 )·l 1 · (t  - t  ) = 3.14·0.053·1 ·1,004·( 750 – 200)= 91,92 

   ,  1 , 

    Q =  ·C0 ·F · [ ( TC / 100)4  - ( T  /100)4 ],

0 = 5,670 2 4  - :

   - ,   = 0.9.

,  1 , 

Q  =0.9·5.67·3,14·0,053·1· [ ( (750+273)/100)4 – ((200+273)/100)4] = 8880,49 2 .

Q  = q + Q  =91,92  + 8880,49  =8972,417 

:  1 =29,39   2  ,q =91,92  ,   Q  =8972,417   

.

1. ?

2.  ?

3. 

?

4. ?

5. ?

6. ?

7.  ?



72

 9
9. 

9.1. 

     , 

. :

, ,   00 . 

.   

, , , 

 = , (  – ).

 3· 108 .
, ,  = 076 ÷ 400 .

    , .

 Q.

      QR ; QA – 

; Q  – , .

    Q =Q  +QR +Q

 Q.

Q /Q+QR/Q +Q /Q = 1

    9.1 , 

.



73

Q /Q =  –

.  QR/Q =R – 

- . Q /Q =  – 

 - .

                                   + R +  = 1

    .  

   ( ). 

, 

.

    , , 

; (R = 1;  = 0 = ).

     , , 

.

    , , 

.

      , , 

.  = 1;  = 0 = R. 

    2- . 

, =1, - 

.  ( , , 

: 2
, , 2 ) , 

.

     , . R = 0;

 +  = 1.

    . 

 98 % ,  97-98%

.
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. , , 

.

    , , 

.  

 J  ,

 q 

.

.

1. .   JS,

 J .

 10.1 ,  = 0 

JS, 0 = 0;  , 

.

2. .  , 

, 

                          S , max = 2,9/ ( 103 ),                                                                          (9.1)

 – , ;

 S , max – , , .

    . 10.1 , 

. 

.

3.  (1879 .) –  (1884 .).

  , 

                      QS = S·F·T4 ,                                                                                           (9.2)

 QS , ;
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S – ,  5,67·10-8, /( 2 4); F – 

, 2.

 9.2. 

.

 (10.2) 

         QS = S·F·(T/100 )4 ,                                                                                        (9.3)

S – ,   S = 5,67  /( 2 4).

, 

, .  

  J

 J S ,  :

                             J S ,  = · J ,

, 

                      = J / J S ,  = const ,                                                                             ( 9.4)

   –  ( ) , 

 (  < 1).
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Q  = QS = · S·F ·(T/100)4

   = 1,    = 0 . 

 = 0,98÷ 0,99.

4. .  , 

,

, 

. , 

, 

.

5. . 

, , 

.

.

, 

,  cos ,  – 

.

9.2. 

. ; 1 2,

1 >  2 .   F1 =  F2 =  F

.10.2 )

Q1 ,2 = ·F·[ ( 1/100)4 – ( 2 /100)4],                                                                      (9.5)

 – ,    = · S ,

  , 

(10.6). 1 2 – .
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 9.3.   

;
111

1

21

−
ε

+
ε

=ε
                                                    (9.6)

;
/1/1/1

1

S21 −−
=

                                                   (9.7)

1 2 – . / ( 2 · 4).

 9.1.           q ( 

)  ,

    t1 =500 0C   t2 =50 0C   ( )  

1 =0,7    2 = 0,58.   q        

=0.032  ( ).

    F = 1 2

  

Q =  *C0 *F *[ ( T1 / 100)4  - ( T2 /100)4 ],

0 = 5,670 2 4  - : F -  

    ,  2 .

 = 1/[ (1/ 1) + (1/ 2)  -1] = 1/[ (1/ 0,7) + (1/ 0.58) – 1] =  0.4645
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1 = 500+273 = 773 ,    2 = 50 + 273 = 323 

Q1 = 0.4645 *5, 67*1* [ (773/100)4 – (323/100)4 ] = 9116.77 

  

 = 1/[ (1/ 1) +  (1/ 2)    + 2* (1/ )  -1] = 1/[ (1/ 0,7) + (1/ 0.58) +2*(1/0,032  -1] =

0.01547

Q2 = 0.01547 *5, 67*1* [ (773/100)4 – (323/100)4 ] = 303.63 

: Q1 = 9116.77 ,   Q2 = 230.12 ,    Q1/ Q2 = 30 

.

1.  ?

2.  ?

3.     -  ?

4.  ?
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1. ., , . . – .: . 1972 .

2. : / ., .,

    ., . – .: , 1992. 240 .

3. . . - .: « -

   ».  1969.

4.   ., . 

.- .: « ». 1979. 240 .
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