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"Thermodynamics is a funny subject. The first time you go through it, you 

don't understand it at all. The second time you go through it, you think you 

understand it, except for one or two small points. The third time you go 

through it, you know you don't understand it, but by that time you are so 

used to it, it doesn't bother you anymore". "Arnold Sommerfield" 
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2. Haghtalab-Kamali-Mazloumi 



 3         67  

)3-73(  c
b

c

RT
b

P
  

  

)3-74(  c
c

c

RTc
P

  

  

)3-75(  
.

c c
c

c

P vZ
RT

n m 0 5

  

  

  a b  c      :  

  

)3-76(  c c bZ2 6 3  
  

)3-77(  ( . ) ( . ( ))b c b c c b cZ Z Z Z3 2 2 31 25 3 3 0 5 1 3 0  

  

)3-78(  . . ( )( )a c b c b c bZ 23 0 25 0 5 1  

  

  HKM                

             :  

  

)3-79(  . . .cZ 20 3181 0 0375 0 0300  

  

)3-80   (   
ln, exp ( . . )( ( . . . ) )rT

r rT T 24 5298 2 8698 1 1 0529 0 2065 0 04787  

  



68        

     HKM    cZ    )  3-77   (

 b          )3-76)  (3-78(       c  

a       . )3-72)  (3-74(    

a b  c )      3-71  (        

              .HKM   

   -          

                     

 PR       .  

           )  repZ   (

     .           

 PVT   .     1   1972        
2          3       

          CS vdW       

 :  

  

)3-81(  ;v b v b v bRT aP b b
v vv b

3 2 2 3
0 0 0

03 2
0

1

4
  

  

      -       -    .  

  

3-4-1-6     4  

                 

         .          

                                                                                                              
1. Vera & Prausnitz 
2. Hard sphere theory 
3. Carnahan & Starling 
4. Volume Shift 



 3         69  

                 .      

   c                      

   .  

  

)3-82(  Corv v c  

  
1         SRK       .

 Corv         c              

.rT 0 7                .  

:    

  

)3-83(  ,Corv f T P  

  

  v    SRK   PR     .    

    .    

  

)3-84(  . . C
RA

C

RT
c Z

P
0 40768 0 29441  

  

RAZ           2        

 .  

  

)3-85(  
/( )

/ rTS
C C RAv RT P Z

2 71 1
  

  

                                                                                                              
1. Peneloux 
2. Spencer and Danner 



70        

 Sv .      

       .     

  

)3-86(  
N

i i
i

c x c
1

  

  

 ix    i            .

      .  

  

)3-87(  
( )

RT aP
v t v c 2

  

  

                    

:    

  

)3-88(  , , , ; . .nC C
C r r

CC

v R Tt f Z c t a T n
PZ

2 227
0 5 1 0

648
  

  

 CZ        .  

 
3-4-2      

                     

   .                   

   :     

  

)3-89   (     Pv B CZ B C
RT v v

2
2

1 1  



 3         71  

            .  

  

)3-90(  lim
T

ZB

0

  

  

)3-91(  lim
!

T

ZC
2

2

1
2

0

  

  

        :  

  

)3-92(  PvZ B P C P D P
RT

2 31  

  

)3-93   (  ; ;B C B D BC BB C D
RT RT RT

2 3

2 3

3 2  

  

 B C     .  

  

)3-94(  lim
T

ZB
P

P 0

  

  

)3-95(  lim
!

T

ZC
P

P

2

2

1
2

0

  

  

  



72        

           :  

  

)3-96   (  RT RT RTP B C RT B C
v v v

2 3
2 3  

  

                   

             .      

     :  

  

)3-97(  
( )r

kTB N e r dr2
0

0
2 1  

  

 N 0  1 k  2 ( )r  3 r        

 . 

              PVT   

  .  .r
c

PP
P

0 5           

 .  

  

)3-98(  ;Pv BP RTZ P
RT RT v B

1  

  

          .4   1987 

     :  

  

)3-99  (  ( ) ( )c

c

RT
B B B

P
0 1  

                                                                                                              
1. Avogadro’s number 
2. Boltzman’s constant 
3. Potential function 
4. Abbott 



 3         73  

)3-100(               ( ) ( )
. .

. .. & .
r r

B B
T T

0 1
1 6 4 2

0 422 0 172
0 083 0 139  

  

               

.       

  

3-4-2-1   - - ) BWR(1  

       1940             

BWR      .    

  

)3-101  (   
exp

bRT aCRT aP B RT A
v T v v v

C v
v T v

0
0 0 2 2 3 6

2
3 2 2

1

1

  

  

 BWR  8                 

  .     2   1972  BWRS      .  

  

)3-102    (   

exp

C D ERT dP B RT A bRT a
v TT T T v v

d Ca v
T v v T v

0 0 0
0 0 2 3 4 2 3

2
6 3 2 2

1 1

1
1

  

  

                 

BWR   .   BWRS       PVT    

          .  

                                                                                                              
1. Benedict-Webb-Rubin 
2. Starling & Han 



74        

3-4-3   1  

                        

                  

       .         . 

  

)3-103(  , ,c r rZ Z Z P T  

 
 r cP P P  r cT T T           .cZ   

      ,r rZ f P T   .  f        

     .                

)rP    ()rT(  )    rv    (  

)r c .    (  

         ) Z (    

  rP  rT             

 .     )    3-103    (  .

                 

     .               
2             )    3-103  (

     .  

                      

   PVT      .     

    a  b              

  . 

  

                                                                                                              
1. Corresponding state theory 
2. Characteristic equation 



 3         75  

)3-104(  c

c

R Ta
P

2 227

64
  

 

)3-105(  c

c

RT
b

P8
  

 
            rP rT  rv    

         : 

  

)3-106(  r
r

r r

T
P

v v 2

8 3

3 1
  

 
 )3-106(         PVT       .

  )     3-103 (                

      .               

.cZ 0 375        )      3-106     (

                rP  rT   

rv    . )  3-106     (        

 cZ         . .cZ 0 27 0 04     .  

        Z           

      : 

  

)3-107(  ar

r b r r

vZ
v T v

  

  

   b cb v a c va RT v b 1 3  a 9 8  )  .3-107  (

      .     a
a

cZ
  b

b
cZ

  

)  3-107  ( :   



76        

)3-108(  a cr

r rr b c

ZvZ
T vv Z

  

  

) 3-108     (      .cZ     

        .          

:  

  

)3-109(  . .cZ 0 291 0 080  

 
       .  

                1   

                     

)Z:   ( 

  

)3-110(  ( ) ( ), ,r r r rZ Z T P Z T P0 1  

 
                     

        .Z  rP    ( )Z 0  ( )Z 1   

           .       

    -           PVT    - 

.    

  

3-5   

      -         -     

     , ,G G T P N                

                                                                                                              
1. Pitzer 



 3         77  

dG SdT V dP dN   .            

             

PV T                  

        .PVT       

      HA G       .

 PVT           .       

 PVT                .    

      : 1-     2-   

   3-    4- .    

            .     

               .  

     , ,c r rZ Z Z P T       .    

  )        rP     (rT   

)   rv)    (r c.    (  

 
 

1- )     :3-9)  (3-14   (  ),P vC C   (

 P vC C        PVT .     

               :   P vC C R 

.  

     :         , ,P vC C f P V T   

      P vC C            PVT  

   .         

2-      K300   bar1    

vC J mol K30      .       : 



78        

;PV aT a J mol K2 3 25 10  
  

 )   :vC           (K300     bar5  

bar50 .    

  :
,T V

P
N

           K800    bar9 

.    

       :            

  .               H S 

   )    -    (    

:  

  

&H S
H S

T T
P P

  

  

 H S    K600   bar3 .    

3-         -        

    . , . , . , . , .rT 2 0 1 1 1 0 0 9 0 8       .  

        : 

  

. , . , . , .c c cT K P bar v cm mol3304 2 73 8 93 9 0 225  
  

4-                   

   : 

 :aB b
RT

  

 :C b2 



 3         79  

5-   .    

 :BB
RT

  

 :
( )
C BC

RT

2

2
  

 :
( )

D BC BD
RT

3

3

3 2  

6-                    

     .     . m 30 1    .    

400     K294             .

             .      

     )     K294 (.      .  

 :                 .

.a Jm mol3 20 1362  .b m mol5 33 215 10        .  

.vC J mol K12 56       .  

7-                    

               .         

          .
V

s
P

        .  

       PC             

    .  

       .365 8T K .16 5P bar    

. m3 31 51 10   .PC J mol K94 9        

 -   .a J m K mol3 220 839  .b m mol36 725    

.        

  

  



80        

   

[1] Abbott, M. M. and J. M. Prausnitz; Fluid Phase Equilib; 37, 29, 1987. 

[2] Benedict, M., G. R. Webb, and L. C. Rubin, J. Chem. Phys., 8, 334. 

1940. 

[3] Callen, H. B.; Thermodynamics; John Wiley & Sons, 1960. 

[4] Camahan, N. F. and K. E.; Starling, AIChE J.; 18, 1184; 1972. 

[5] Danesh, A.; “PVT and Phase Behavior of Petroleum Reservoir Fluids”; 

Elsevier science, 1998. 

[6] Haghtalab, A., M. J. Kamali, S. H. Mazloumi and P. Mahmoodi; Fluid 

Phase Equilib.; 293, 209, 2010. 

[7] Martin, J. J.; Ind. Eng. Chem.; 59 (E), 34, 1967. 

[8] Mathias, P. M. and T. W. Copeman; Fluid Phase Equilib.; 13, 91, 1983. 

[9] Nasrifar, Kh. and M. Moshfeghian, Fluid Phase Equilib.; 190, 73, 2001. 

[10] Patel N. C. and A. S. Teja; Chem. Eng. Sci.; 37, 463, 1982. 

[11] Peng, D. Y. and D. B. Robinson; Ind. Eng. Chem. Fundam; 15, 59, 

1976. 

[12] Prausnitz, J. N., R.N. Lichtenhaler, and E. G. Agevedo; Molecular 

Thermodynamics of Fluid Phase Equilibria; 3th edition, Prentice-Hall, 

Englewood Cliffs, NJ, 1999. 

[13] Redlich, O. and J.N.S. Kwong; Chem. Res.; 44, 233, 1949. 

[14] Smith, J. M., H. C. Van ness and M. M. Abbott; Introduction to 

Chemical Engineering Thermodynamics; 7th edition, McGraw-hill, 

2005. 



 3         81  

[15] Soave, G.; Chem. Eng. Sci.; 27, 1197, 1972. 

[16] Tester, J. W. and M. Modell; Thermodynamics and Its Applications; 

3th edition, Prentice-Hall, PTR, 1997. 

[17] Twu C. H., W. D. Sim and V. Tassone; Fluid Phase Equilib; 65–74, 

183, 2001. 

[18] Twu C. H., W.D. Sim and V. Tassone, Fluid Phase Equilib; 194–197, 

385, 2002. 

[19] Vera J. H. and J. M. Prausnitz; Chem. Eng. J., 3, 1, 1972. 

  



 



 
 
 
 

4 
  

    
  

  

4-1   
                   .

             

     .              

    .             

                

  .  

       1             

              .  

 
4-2        

       M      m   

    :  

  

                                                                                                              
1. Partial molar properties 



84         

)4-1(   , , , , , nM M T P N N N1 2  
  

)4-2(  , , , , , nm m T P x x x1 2  

  

   M m         .    

      :  
  

         : : , , , , ,M V S U H A G  

                 : : , , , , ,m v s u h a g  

      : , , , , ,i i i i i i im v s u h a g  

  

    m M N  N           im 

    .  G      g G N     

              .

 .  

              1      

)(2               .   

      .3      .       
4       .  

                  

   :  
  

)4-3(  
, , , , ,

, , , , ,
n

n

T P N N N

T P x x x
1 2

1 2

  

                                                                                                              
1. Fugacity coefficient  
2. Activity coefficient 
3. Model mixture 
4. Ideal solution 



 4     85 

)4-4(  i i
i n

i
i

N N
x

N
N

1

  

  

 iN  ix        i  . N     

     nN N N N1 2   .  

            nx       

            :  

  

)4-5(  ;
n n

i n i
i i

x x x
1

1 1

1 1  

  

             )g(      

       ,P T             

               U    

        .       

           )   .4-1    (

    .    :  

  

)4-6(  . , , , , , nN m M T P N N N1 2  

  

            :  

  

)4-7(  
, , , ,

( . )

j i j i

i
i iT P N T P N

M N mm
N N

  



86         

im     M   i              

               .    

           .      

)       4-6 (:    

  

)4-8( 
, , , ,

( . ) ( . ) ( . )( . )
j i

i
iP N T N T P N

N m N m N md N m dT dP dN
T P N

  

 
 N   )       4-8 (  :  

  

)4-9(  
, , , ,

( . )( . )
j i

i
iP N T N T P N

m m N md N m N dT N dP dN
T P N

  

  

        )4-7:   (  

  

)4-10(  
, ,

( . ) i i
P N T N

m md N m N dT N dP m dN
T P

 

  

)  4 -10  (      -       .  

               :    

  

)4-11(  , , , , , , , ,n C nM T P N N M T P N N1 1  

  

    ( )        .-      

      - :    

)4-12(  
, ,

( )
( )

j i

C i

i T P N

M NM
N

  



 4     87 

    )  4-12    (     1   

   ) 4-12 (     :  

  

)4-13(  
, , j i

i
i T P N

M
M N

N
  

  

)      4-7)  (4-13 (    :  

  

)4-14(  i iM N m  

  

       i ix N N   ) 4-14(       

     :  

  

)4-15(  i im x m  

  

    m M N .  

    G   M             

   :     

  

)4-16(  , , , , ;nG G T P N N g G N1  

  

)4-17(  
, , , ,

( )

j i j i

i
i iT P N T P N

Ng Gg
N N

  
 
)4-18(  ;i i i iG N g g x g  

  



88         

   i ig               

      :  

  

)4-19(  i ig x  

  

    G         :  

  

)4-20(  i idG SdT VdP dN  
  

)4-21(  i idg sdT vdP dx  

  

4-3         
       :  

  

)4-22(  , , , , , ,i nm m T P x x x1 1  

  

     i              

:  

  

)4-23(  
n

i j
j i

x x1  

  

          :  
  

)4-24(  
n

k n
k

N N N N N1 2
1

  

 
 



 4     89 

         )   4 -7( :    

  

)4-25(  
, , j i

i
i T P N

mm m N
N

  

  

       :    

  

)4-26(  
, ,, , ,

r
j i

k

T P xi k ik iT P N k ir k r i

xm m
N x N

  

  

   

  

)4-27(  k
k

Nx
N

  

  

 )  4-27 (     :  

  

)4-28(  k
k

i k i

x x
N N

1  

  

    )4-25) (4-26)  (4-28:   (  

  

)4-29(  
, ,

,
r

i k
T P xkk i
r i r k

mm m x
x

  

  



90         

) 4-29       (        

                

)   4-29 (    :  

  

)4-30(  
,T P

mm m x
x1 2

2

  

  

)4-31(  
,T P

mm m x
x2 1

1

  

  

             :  

  

)4-32(  
, , , ,T P x T P x

m mm m x x
x x

3 2

1 2 3
2 3

  

  

)4-33(  
, , , ,T P x T P x

m mm m x x
x x

3 1

2 1 3
1 3

  

  

)4-34(  
, , , ,T P x T P x

m mm m x x
x x

2 1

3 1 2
1 2

  

  

4-3-1           

               .  

           m   x 1     

     4-1             

  .  



 4     91 

  
 4-1   m  x1    m1  m 2 

  

     4-1     m  x1 0  x 2 1   

    m 0
1  m 0

2    .m 0
1  m 0

2         

 1  2  .       m1  m2       

   ,A x m1         A     

     :  
  

)4-35(  
( ) ( )

,

tan
T P

m m m mm
x x x

1 1
2 1

1 1 11
  

  

     ) 4-35  (:  
  

)4-36(  ( )

,T P

mm m x
x

1
21

1  
  

)4-37(  ( )

,T P

mm m x
x

1
12

1

  

  

  dx dx1 2  .  

)1(
1m  
0
1m  

m  m  

)1(
2m  
0
2m  

0 1x  

0 1 
1 

2x  

A 

T, P =  

 

 



92         

   )4-36)  (4-37  ( )4-30)  (4-31:   (  
  

)4-38(  ( )m m 1
1 1  

  

)4-39(  ( )m m 1
2 2  

  

    m                

          m1  m2   .  
  

4-3-2      1    

          :  
  

)4-40(  lim , limm m m m
x x

1 1 2 2

1 20 0
  

  

                  

x1 0  x 2 1  4-2   .  
  

  
 4-2            

                                                                                                              
1. Infinite dilution 

0 1 1x  

0
1m  

1m  

0
2m  

m  

2m  



 4     93 

4-4    - 1  

                  

   :  

  

)4-41(  i iM Nm N m  

  

)4-42(  ( ) i i i id Nm m dN N d m  

  

    ) 4-42)  (4-10(         :  

  

)4-43(  
, ,

i i
P N T N

m mN dT N dP N dm
T P

0  

  

   )   4-43  (N   :    

  

)4-44(  
, ,

i i
P x T x

m mdT dP x dm
T P

0  

  

    i ix N N    i        )   .4-44 (

  -                  .

-      :  

  

)4-45(  i ix dm 0  

  

    , , , , nm g T P x x1 :          

                                                                                                              
1. Gibbs - Duhem 



94         

)4-46(  ,i ix d T P0  

  

    i ig . 

  

4-5  - 1  
           :  

  

)4-47(  i idG SdT VdP dN  

  

    -     :  

  

)4-48(  i isdT vdP x d 0  

 
    s S N v V N  i ix N N .  

     , , iT P N         )    4-47 (

     :  

  

)4-49(  
, , , j

i
i

iP N T P N

S s
T N

  

  

)4-50(  
, , , j

i
i

iT N T P N

V v
P N

  

  

    ) 4 -19  (  :           

                                                                                                              
1. Gibbs - Helmholtz Eq. 



 4     95 

)4-51(  i
i

g x
RT RT

  

  

            :  

  

)4-52(  g h s
RT RT R

  

  

 )   4-52:   (  

  

)4-53(  
, ,

,
i i

i

P x T x
P x

g
RT h h s
T RT T R TRT 2

1 1
  

  

)    3-9)  (3-13  ()  4-53:   (  

  

)4-54(  

, iP x

g
RT h
T RT 2  

  

        T ) 4-54 (     :  

  

)4-55(  

, iP x

g
T

h
T

1
  

  

    h    .  



96         

 )4-54)  (4-55  ( -   .       

              .   :  

  

)4-56(  

, iT x

g
RT v
P RT

  

  

    )4-55)  (4-56)  (4-21 (    :  

  

)4-57(  i
i

g h vd dT dP dx
RT RT RTRT 2

  

  

    -  )4-48 (   :     

  

)4-58(  i
i

h vx d dT dP
RT RTRT 2

0  

  

                  

  :  

  

)4-59(  g h vd dT dP
RT RTRT 2

  

  

4-6       1  
           i      .  

  

)4-60(    i i if y P  

                                                                                                              
1. Fugacity & fugacity coefficient 



 4     97 

               :  

  

)4-61(  ln ;i id RT d f T cte  

  

if i  i          .   

  i ig     .) 4-61   (# ,P T0  ,P T 

   :    

  

)4-62(  #ln lnig i
i i

i

f Pg g RT RT
y P P

  

  

    #ig
iif y P   i        ig     

   i     ig
ig      i    

  )  .4-62       (iy      i i if y P 

    :  

  

)4-63(  #ln lnig
i i

Pg g RT y RT
P

  

  

 i ig y g  ig ig
i ig y g .          

                

 :  

  

)4-64(  lndg RTd f T  

  

f             .            

)4-64   (# ,P T0  ,P T :    



98         

)4-65(  # #ln ln lnig f f Pg g RT RT RT
PP P

  

  

  f P           :  

  

)4-66(  #ln lnig Pg g RT RT
P

  

  

)   4-63)  (4-66:   (  

  

)4-67(  ln lni iy  

  

 )    4-67(             

        :  

)4-68(  n i

n
y y y y

n i
i

1 2
1 2

1

  

  

)     4-66  (N   )     (      iN 

:    

  

)4-69(  #
, ,

( ln ) ln
j i

ig
i i

i T P N

N Pg g RT RT
N P

  

  

   
i

N
N 1   .     )4-62)  (4-69  (  

     :  

  



 4     99 

)4-70(  
, ,

( ln )ln
j i

i
i T P N

N
N

  

  

   ln i    ln .  

)      4-67 (:    

  

)4-71(  ln ln i
i

i

ff y
y

  

  

  )   4-70 ( :  

  

)4-72(  
, ,

( ln )ln
j i

i

i i T P N

f N f
y N

  

  

 )4 -67) (4 -70) (4 -71)  (4 -72 (     4 -1   .  

  

 4-1          

    i )im(  )   m(     

ln i  ln  )4-67( )4-70(  

ln( )i if y  ln f  )4-71( )4-72(  

  

   )    4 -29   (4 -1      :  

  

)4-73(  
, ,

,

(ln )ln ln
r

i k
T P ykk i r i r k

y
y

  

  



100         

                 

) 4-73 (    :         

  

)4-74(  
,

(ln )ln ln
T P

y
y1 2

2

  

  

)4-75(  
,

(ln )ln ln ( )
T P

y
y2 2

2

1  

  

 1 2dy dy    .            

       : 

  

)4-76(  ln
P Z dP

P0

1 

  

4-7  -       
  - )   4-44 (    :  

  

)4-77(  
, ,i i

i i
P y T y

m my d m dT dP
T P

  

  

 iy  i  .        4-1  )  4-77( 

:    

  

)4-78(  
, ,

ln lnln
i i

i
i

i P y T y

f f fy d dT dP
y T P

  



 4     101 

)    4-78   (      lni iy d f   

    .  :  

  

)4-79(  
,

ln

iT y

f v
P RT

  

  

v    . )   4-65  (    :  

  

)4-80(  #ln ln
igg gf P

RT RT
  

  

 )   4-80:      ( 

  

)4-81(  
,

ln

iP y

f h
T RT 2

  

  

)   4-81 ( 

  

)4-82(  igh h h  

  

       – :      

  

)4-83(  

, i

ig

ig

P y

g
RTh

TRT 2
  

  



102         

)4-84(  

, iP y

g
RTh
TRT 2  

  

)   4-79)  (4-81)   (4-78  (-     

      :  

  

)4-85(  lni i
h vy d f dT dP

RTRT 2
  

  

     i ih y h ig ig ig
i ii ih y h y h  i iv y v 

 )   4-85  (   :    

  

)4-86(  ln
ig

ii i
i i

h h vy d f dT dP
RTRT 2

0  

 
ig
ih  i           .   iy 0   

   :       

  

)4-87(  ln
ig

ii i
i

h h vd f dT dP
RTRT 2  

  

     , ,i i if f T P y                   

)4-87 (    :  

  

)4-88(  
,

ln

i

ig
ii i

P y

h hf
T RT 2

  



 4     103 

)4-89(  
,

ln

i

i i

T y

f v
P RT

 

  

4-8  -        

 )   4-60 ( :  

  

)4-90(  ln ln ln lni i id f d y d d P  

  

)     4-90  (iy      :  

  

)4-91(    ln ln ln lni i i i i i iy d f y d y y d d P y  

  

         )     .4-85   (

)  4-91   (    : 

  

)4-92(  lni i
h vy d dT dP

RT PRT 2

1  

  

        ig
i iih y h h  i iv y v   

       )4-92 (    :    

  

)4-93(  ln
ig

ii i
i

h h vd dT dP
RT PRT 2

1 

  

 , ,i i iT P y    )     4-93 (     

       :  

  



104         

)4-94(  
,

ln

i

ig
ii i

P y

h h
T RT 2

  

  

)4-95(  
,

ln

i

i i

T y

v
P RT P

1  

  

       :    

  

)4-96(  
,

ln

iP y

h
T RT 2

  

  

)4-97(  
,

ln

iT y

Z
P P

1  

  

Z Pv RT .  

  

4-9      
       .          

             .      

            .-      

                      

            .     

            .       

              

          .         

   1  .  

                                                                                                              
1. Mixing rules 



 4     105 

4-9-1       

         .  

  

)4-98(  
,a TRTP

v b v k bv k b2 2
1 2

  

  

 a  b          .  v     

  .         a  b   ib , 

ia        .         1       

              .     

         a  b .   

  

)4-99(    ( )i ia x a
2

1 2  

  

)4-100(  
n

i i
i

b x b
1

  

  

     :         

  

)4-101(  b x b x b1 1 2 2  

  

)4-102(  a x a x a x a x x a a x a
21 2 1 2 2 2

1 2 1 1 1 2 1 2 2 21 2 2  

  

                                                                                                              
1. Single fluid theory 



106         

                        

   a   .                

      a   .  

  

)4-103(  
n n

i j ij
i j

a x x a  

  

 ija   1    :  

  

)4-104(  &
ij i j ij

ii i jj j

ii jj

a a a k i j

a a a a

k k

1

0

  

 
    . .ijk 0 1 0 2   .ijk      
2   .ijk               

) ix ( .            ijk     

                 

     -     .     

  

)4-105(  RT a
P

v b T v v b1 2
  

  

 V Nv     V            

:    

  

)4-106(  NRT N aP
V Nb T V V Nb

2

1 2
  

                                                                                                              
1. Combining rule 
2. Binary interaction parameter 



 4     107 

   ) 4-99)  (4-100 (     :  

  

)4-107(  
n

i i
i

N a N a
2

1 22

1

  

  

)4-108(  
n

i i
i

Nb N b
1

  

  

            : 

  

)4-109(  
, , k j

j
j T P N

Vv
N

  

  

              , , iV V T P x   

  .                      

    P        , , iP P T V x   

   .      )   4-109            (

   .    

  

)4-110(  , ,

,

k j
j T V N

j
T N

P N
v

P V
  

  

)   4-110)      (4-106 (     :  

  

)4-111(  
,T N

N a V NbP NRT
V V Nb T V V Nb

2

2 21 2 2

2
  



108         

    )  4-110    (  .          

 a  b     :    

  

)4-112(  

, , , ,k j
k j

n

i i
j j iT V N T V N

n

i i j
i

j

N a N a
N N

N a a

N a a

2

1 22

1

1 2 1 2

1

1 2 1 2

2

2

  

 
)4-113(  

, , , ,k j k j

n

i i j
j j iT V N T V N

N b N b b
N N

1

  

  

  )   4-106   (jN :    

  

)4-114(  
, , k j

j

j T V N

j k

NbP RT
N V Nb V Nb

N a a N ab
V NbT V V Nb

2

1 2 1 2 2

1 2 2

1

21
  

  

)     4-111)  (4-114  (               

)4-110 ( .    

   EEOS G          

      .  

  

  



 4     109 

4-9-2          

  1   1979           

    .               

       .  

  

)4-115(  ln ln ln
n nE

i i i i
i i

g x x
RT 1 1

  

  

         i      i   .i 

   "i " .                

                  .

              -             

 )vdW1 ( -       .        

                    

            .        

        .              

       .          

    .                   

                        

          .  

  

4-9-2-1   -   

         EEOS G        

    .                  

 .    b        .    

                                                                                                              
1. Huran & Vidal 



110         

)4-116(  i ib x b  

  

       )          (

)  (    )    /    EEOS G   (

  .                  

         .   :  

  

)4-117(  
iEOSE E

P P

g g
RT RT

  

 
)   P  (        -     

 - 1   .Eg   )         4-

115 (           .SRK          

   EEOS g      .      v b 

    .              

   .-        NRTL  UNIQUAC   

       .  

                     

 ( )                      

       .          Eg   

             .      

                   .

    -        -     – 

       .           

 DECHEMA     UNIQUAC  UNIFAC     .    

                                                                                                              
1. Wong – Sandler  



 4     111 

           -   .    

      UNIQUAC  UNIFAC       

 . 4 -2  EEOS G       vdWSRK  PR   

  .        4 -2        a        ,Eg   

 . 

  

 4-2  EEOS G  ( )mixa P    vdWSRK  PR  

( )a P
mixing rule

 Eg RT  EOS
  

,Ei
i

i

aa x g
b b

  i i i
i i i i

i

v b aP ax v x v x
v b RT RT v v

1  vdW
  

  
ln

ln ln

i i
i i i

i i i
i

i i

v b Px v x v
v b RT

a v b a v bx
RT b v b v
1

  
SRK

  

,E
i

i
i

a ga x
b b

  

ln
1 2 2

2 2 2 2

  

ln

( ) ( )ln ln
( ) ( )

i i
i i i

i i i
i

i i i

v b Px v x v
v b RT

a v b v bax
b bRT v b v b

1 2 1 21

2 2 1 2 1 2

  
PR  

  

4-9-2-2       1 
      MHV 22 PSRK3   .         

       - 4   .        

              .        

                                                                                                              
1. Michelsen approach 
2. Modified Huron & Vidal second order 
3. Predictive Soave – Redlich –Kwong 
4. Muller-up 

2ln

,E

i

i
i

g
b
a

x
b
a



112         

 UNIQUAC  UNIFAC-             -

     .             

          .         

                      

), ,vdW SRK PR)     (P 0  (        .

        .  

  

)4-118(  
,

( ) ( ) ln( )
E

e e
i i i i

iP

g bq x q x
RT b

0

  

  

)4-119(  , i
i

i

aa
bRT b RT

  

  

)    4-115)  (4-117       (  

    .  

  

)4-120(   
, ,

( )ln ln
j i

E
i

i
ii T P n

Ng RTRT
n0

  

  

 i  i
0      i            .

)    4-115  (       a      

          .        ( )eq   

              lim  .

  lim    SRK  PR )  4-3  ( .  u 0 

                         

   .    u0        )  4-3  (     



 4     113 

 ( )q  )     4-118(          

  NRTL         a bRT        .

   a      i ib x b      ia  ib     

  .     

  

 4-3   ( )q  limq     )u v b0 (     

lim  ( ),e aq
bRT

  
EOS  

223  
0

0
0

1
ln)1ln(1)(

u
uuq  

SRK  

224  )21(
)21(ln

22
)1ln(1)(

0

0
0 u

uuq  
PR  

  

       ) MHV 2        (-   

     .  

  

)4-121(  ln
E

i i i i i
i

g bq x q x x
RT b

2 2
1 2

0

  

  

     SRK 4783/0-q1  0047/0-q2 )1310      (

PR 4347/01q  003654/0-q2         .1993   

      MHV 2     EG     (  )

                  .

               MHV 2   

       . MHV 2         

          . -       

       .  



114         

4-9-2-3   -   

     1992          -       

            -           – 

                 .

     -  Eg           

                Ev 0    .  

    -  i ib x b .     

           P   EA    )

  (     EA   EG    EA     

            . -          - 

                    EA 

    .  EA   EG           

 EG       .    

  

)4-122(   

( , , ) ( , , ) ( , , ) ( , )E E E E
i i i ig T P bar x a T P bar x a T P x a T a1 1  

  

   Ea         a  b 

          Ea       

          .            

-      .        -  

                   

   .  

  

)4-123(  aB T b
RT

  



 4     115 

) 4-123  (            

 .   a  b           

  .  

  

)4-124(  i j i j ij
i j

a x x a a k1  

  

)4-125(  i j
i j

i j

b b
b x x

2
  

  

                

       b        .  

  

)4-126(  i j ijB x x B T  

  

)4-127(  i j
ij

a ab x x b
RT RT

  

  :  

  

)4-128(  
i j

ij

ax x b
RT

b a
b RT

1
  

  

  
ij

ab
RT

               

   .  

  



116         

)4-129(  ii jj
ij ij

B B
B k1

2
 

  

)4-130(  i j
ij

ij

a ab b
RT RTab k

RT
1

2
  

  

ijk            .      

-   Eg             .
Eg  5/0x 1   ijk          .-   

        .  

  

)4-131(  , .E i
i

i

a aa x C C
b b

0 6232  

  

  )  4-131  (  )4-128   (a b       

   .  

  

)4-132(  

.

i j
iji j

E
i

i
i

ax x b
RT

b
a ax

b RT RT
1

0 6232

  

  

)4-133(  
.

E
i

i
i

a aa b x
b 0 6232

  

  

         a      .  

  



 4     117 

)4-134(      
E

i
i

i

a aa b x
b C

  

  

C     .    

    -    (  )       

      PR     .  

  

)4-135(       

( )ln ln

( )( ) ( )ln
( )

t
i

i

t

t i i

P v b n b Pv
RT b n RT

n ba n a v b
bRT an n b n v b

2

1
1

1 1 1 1 2

2 2 1 2

  

  

      

  

)4-136(    
,

( ) ( ) ( )

j

t t t

i t i iT n

n b n Q n DQ
n D n n nD

2

2

1 1
1

1 1
  

  

)4-137(  
, j i

t t t

t i i iT n

n a n b n DRTD RTb
n n n n

21  

  

)4-138(  i j
iji j

aQ x x b
RT

  

  

)4-139(  
E

i
i

ii

agD x
C RT RTb

1

1  

  



118         

)4-140(  t
j

t i j ij

n Q ax b
n n RT

2

1

1
2  

  

)4-141(  
, ,j i j i

E
t ti

i i iT n T n

n D n ga
n RTb CRT n

1  

  

:      -     PRSV      

-     2-) 1)   (2   (C80 .    

       -      .  

  

)4-142(  v l
i i i iy x  

  

   ) 4-122 ( )4-134  (a  :    

 

)4-143(  
Ev

v v a aga b y y
C b b

11 22
1 2

1 2

  

  

)4-144(  
El

l l a ag
a b x x

C b b
11 22

1 2
1 2

  

  
Evg  Elg              Eg    

    NRTL           .    

   .      

  

)4-145(  
E G Gg x x

RT x G x x G x
21 21 12 12

1 2
1 21 2 2 12 1

  

  



 4     119 

expij ijG       .      12 21   

    2/0        ..12 0 1759 

 .21 2 1028    .   PRSV       

.  

  

)4-146(  /ab b b a a k
RT RT

1 2
1 2 11 22 12

12

1 1
1

2
  

  

     k 12     -       

     .  

  

)4-147(  
E El
EOS

data

a g
RT RT

  

  

             C30     .E
EOSa 

           P    .  

  

)4-148(  
l

E
EOS l

a aaa x x
b bb
11 22

1 2
1 2

  

  

      .k12 0 3644   .  

  

4-9-3        

          :  

  

  



120         

)4-149(  Pv B CZ B C
RT v v

2
2

1 1  

  

         .  ,C B         

             :  

  

)4-150(  
n n

i j ij
i j

B y y B
1 1

  

  

     ) 4-150(     :  

  

)4-151(  B y B y y B y B2 2
1 11 1 2 12 2 222  

  

)4-152(  ;B B B B11 1 22 2  

  

B1  B2                  

PVT              :  

  

)4-153(  Pv Cv B
RT v

1  

  

   4-3        v1       

                    

.  

  



 4     121 

  
 4-3             PVT   

  

                )3-68  (

)3-69       (     .B12       

             cP 12 rT 12  12   

       .  

  

)4-154(  ( ) ( )c

c

RTB B B
P

0 112
12 12

12

  

  

    

  

)4-155(  c c c ijT T T k1 2
12 1 2 1  

  

)4-156(  1 2
12 2

  

  

)4-157(  
/c c c

c

c c

RT Z Z
P

v v

12 1 2
12 3

1 3 1 3
1 2

2

2
  

Slope = C 

B 

  

)( litmol

1
RT
Pvv  



122         

ijk                 .

                  

.          :  

  

)4-158(  
n n n

i j k ijk
i j k

C y y y C
1 1 1

  

  

         :  

  

)4-159(  C y C y y C y y C y C3 2 2 3
1 111 1 2 112 1 2 122 2 2223 3  

;C C C C111 1 222 2  
  

          )     4 -159 (C111 C 222   

         .          

                    .  

   .    

  

4-10   
                .

          .       

                   

  .            .  

     .           

                  .

    -   -    .-  



 4     123 

       .     -        

  .    ln i    ln  ln( )i if y  

 ln f    .         

         .            

        .a  b     ,C B   

    ,a b  ,C B        .

                      

  .     / EEOS G .     

  

  
1-   -    M H  )H    (   .

           PVT . 

2-      :   
 

( )Em x x A B x x1 2 1 2  

  

    A  B       .  

 :     Em1 Em2   .  

    : Em1 Em2   -   .  

  :Em1 Em2     .    

3-       )1( ) 2  (C025   atm1   

    . 
 

h x x x x x x1 2 1 2 1 2100 150 10 5  
  



124         

   h  cal gr mol .  

   :h1  h2  x 1   .  

 :)  h     (1  2   .  

        :   1  2    .  

4-  )      1)   (2    (K110    

  .              

         .     i i
i

b x b 

 i j ij
i j

a x x a  ( ) ( )ij i j ija a a k1 2 1       .

i i
i

v n v         mix mixU H  .   

 : 

( )

b

cm mol3 1
  

( )

a

bar cm mol6 2
  

( )

v at K

cm mol3 1

110    

0.25  61004.1 2.32  Argon 

3.49  61017.4  5.48  Ethane 

 
              

( ) .ijk i j 0 1 . 

5-       wN        

    . 
 

  

.( ) ( , )
.

w
w

w

NQ kJ C N
N

074 78
18 20

1 7983
  

  



 4     125 

               40    

      

6-  C025    bar1          :   

  .C Hx
2 6

40 33 10     .C025      

bar35      C025          

  : 
 

  . .Z P P3 5 21 7 63 10 7 22 10  
  

P bar    .C025       . bar42 07       

. bar0 0316 .  

7-     50  A  50   B      .

                    

        bar1    .    

 )     (       -        

K200        .K300          

      

          :  

  

  

RTv
P T

510
50  

  

    v      cm mol3    .     

  :  

  

 



126         

( )PC J mol K1 1    

29.3  A  
37.7  B  

 
8-      )      1)   (2   (

 F0340   psia2000      -        .

     . ft lb mol33 190 . 
 

( )ija psia ft K lb mol3 1 2 2  ( )ib ft lb mol3  ij  
322990 0.4761 11  
913430  1.0038  22  
555210  -  12  

 
9-     70   CH 4 )1 ( 30   CO2 )2 ( 

   -       .bar70    C040   

     bar1      .CO2      .

        . 

 
. . .B T T3 1 5 2

11 42 5 16 75 10 25 05 10  
  

. . .B T T3 1 5 2
12 40 4 25 39 10 68 7 10  

  

. . .B T T3 1 5 2
22 41 4 19 50 10 37 3 10  

  

B T   Cm mol3 1 K  .    CO2  

 PC        :  

  

.ln ( ) . ( )sP bar K T K
T

1980 24
10 807 234 303

  



 4     127 

,

,

.

.
P

P

C J mol K

C J mol K

1 1
1

1 1
2

35 8

37 2
 

  

   

[1] Callen, H. B.; Thermodynamics; John Wiley & Sons, 1960. 

[2] Dahl S. and M.L. Michelsen, AIChE J., 1990, 36(12), 1829. 

[3] Huang H. and S.I. Sandler, Ind. Eng. Chem. Res., 1993, 32, 1498. 

[4] Huron M.J. and J. Vidal, Fluid Phase Equilib.; 1979, 3, 255. 

[5] Kontogeorgis G. M. and G. K. Folas; Thermodynamic Models for 

Iindustrial Applications: from Classical and Advanced Mixing Rules to 

Association Theories; John Wiley & Sons Ltd, 2010. 

[6] Michelsen M.L.; Fluid Phase Equilib.; 1990, 60, 47. 

[7] Michelsen M.L.; Fluid Phase Equilib; 1990, 60, 213. 

[8] Prausnitz, J. N., R.N. Lichtenhaler, and E.G. Agevedo; Molecular 

Thermodynamics of Fluid Phase Equilibria; 3th edition., Prentice-Hall, 

Englewood Cliffs, NJ, 1999. 

[9] Pedersen K.S., M.L. Michelsen and A.O. Fredheim; Fluid Phase 

Equilib.; 1996, 126, 13.  

[10] Smith, J. M., H. C. Van ness and M. M. Abbott; Introduction to 

Chemical Engineering Thermodynamics; 7th edition, McGraw-hill, 

2005. 

[11] Tester, J. W. and M. Modell; Thermodynamics and Its Applications; 3th 

edition, Prentice-Hall, PTR, 1997. 



128         

[12] Van Ness H. C. and M. M. Abbott; Classical Thermodynamics of Non-

electrolyte Solutions; 2th edition, McGraw-Hill, 1981. 

[13] Vidal J.; Chem. Eng. Sci.; 1978, 33, 787. 

[14] Wong D.S.H. and S.I. Sandler; AIChE J.; 1992, 38(5), 671. 

[15] Wong D.S.H. and S.I. Sandler; Chem. Eng. Sci.; 1992, 33, 787. 



 
 
 
 

5 
  

 

      
) (  

  

  

5-1  
             -      -    

   .        ( )S   

( )U ( )H  ( )A   ( )G        

                      

     1     2       .       

   ( , )P VC C               

  PVT              .  

                        

  3    4   .  

                                                                                                              
1. Thermal properties 
2. Volumetric properties 
3. Fusion 
4. Vaporization 



130         

                 

                   

    1 )       (      . 

  2 -          -      3   

 4                   

                  

  .  

                

       .             

              . 

       .            

               .      

            .          

                . 

                 .      

             .    

 ( )A             .    

          , , , ,G A H S U           

    .             ,G A    

                       

         .  

     5   .        

                   

                                                                                                              
1. Composition 
2. Relative function 
3. Residual function 
4. Departure function 
5. Phase rule 



 5       ...  131 

         .     

                  

.  

 
5-2         

                      

           .         

                     

.              5 -1   . 

  

  
  

 5-1           

  

                  

                      

 

P 

cxxx ,,, 21  

 
cxxx ,,, 21

cxxx ,,, 21

cxxx ,,, 21 T 



132         

.      , , iT P    1       

.              .  

 
)5-1(  T T T T T 

  

)5-2(  P P P P P  

  

  i                  

 .              " "C    

  " " .             

:    

 

)5-3(  

 

1 1 1 1

2 2 2 2

c c c c

 

  

   5-1     2         

       " " :    

  

)5-4(  
1 2 3

1

, , , ,

1 ; 1

c
c c

j i j
j i

x x x x

x x x
  

  

          1C .    

                                                                                                              
1. Intensive variables 
2. Composition 



 5       ...  133 

                1C   

    .                    

                  

  .       .        

                     

   .          :  

  

)5-5(            2+    -   =     (  )  

  

   -  )5-5( -     :  

  

)5-6(  2F C  

  

      )5-6  (         

       )5-6   (.        

                  

       .              1 

   :    

  

)5-7(  V RF N N  

  

VN      RN           

                  2 

                                                                                                              
1. Number Degree of freedom 
2. Fix 



134         

             .     

  )5-3( :    
  

)5-8(  1RN C  
  

 RN                  

    1         .      

       :  
  

)5-9(  1 2VN C  
  

     )5-4(          1C 

.    2   ,T P      ) 5-8(  )5-9 (

  )5-7( .    
  

)5-10(  1 2 1F C C  
  

      )5-10 ()  5-6 ( .  ) 5-6(  

» « .               

.                 »r« 

                 

      :    
  

)5-11(  aA bB cC dD  
  

)5-12(  
c d
C D
a b
A B

a aK
a a

  



 5       ...  135 

)5-13(  
0

exp GK
RT

  

  

    ia  i K   1  0G     

 2 ) 5 -11  ( .                

     .r         :  

  

)5-14(  2F C r 

  

              .  

                 

        3       

   .                    

   .        R      

    .  

  

)5-15(  2F C r R 

  

             .     

 
5-3        

         (  )  C )    T(     

)P   ()V (  .           

        . :         

                                                                                                              
1. Chemical equilibrium constant 
2. Change of gibbs energy formation 
3. Azeotrope 



136         

)5-16(  2 2 1 1F C C C 

  :1 2 1 1, , , , , , , ,i i cx x x x x T P 

  

          :  

  

)5-17(  2VN C 

  

     2C   1C     .        

   1C               

  2 1 2F C C           

, ,T V P                   . 

         .    ,T P       

   ,T V   .              

            .  

  

5-4      T  P 
                   

      :    

  

)5-18(  i idH TdS VdP dN 
  

   0idN     )   5-18        (

:      

  

)5-19(  
, ,T N T N

H ST V
P P

  



 5       ...  137 

        
, ,T N P N

S V
P T

 :    

  

)5-20(  
, ,T N P N

H VT V
P T

  

  

        )5-20    (     

     .  

  

)5-21(    
,

T
P N

VdH V T dP
T

 

  

)5-22(  
,

T
P N

VdS dP
T

 

  

N           »T «            

 .               .  

  

)5-23(  
,

T P
P N

VdH V T dP C dT
T

  

  

        )  5-21        (     

       .       

       )5-21)  (5-22 (      

      .     TH  TS      

       .  

  

)5-24(  U H PV  



138         

  

)5-25(  A H PV TS  

  

)5-26(  G H TS  

  

)5-27(  
, , j i

i
i T P N

G
N

  

  

)5-28(  0
0ln i

i i
i

fRT
f

  

  

         :  

    i       T     1bar0
is  

    i       T     1bar0
ih  

  

)5-29(        0 0 0 0 0, 1i i i ih Ts f P bar  

      i iy N N i  

  

       )5-21)  (5-22 (  H  S 

      .  

  

5 -4 -1            T )TH(  

        1     2      

 5-2        1 2  3     . 

                                                                                                              
1. State function 
2. Path 



 5       ...  139 

-         )0
ih (        

T   1bar   .  

-   1 ) (1             # 0P 

               0 #, 0ih T P   

.     0
ih .  

-   2 ) (            T   

        2      T      
# 0

i iH N h .    

  

  
 5-2             

  

-    )  (3          T    

              .  

      )   5-21 (     :  

  

)5-30(  
# # 0

,

H P
TH P

P N

VdH V T dP
T

  

                                                                                                              
1. Isothermal Expansion 
2. Ideal gas mixture 
3. Isothermal Compression 

  H(T,P)    
hi

0(T,1bar)    
i=1,…,C 

   
 

   
 1 3 

2 

    
H# (T,P#      0) 

    
Mixing 

     i 
hi

0(T,P#      0) 



140         

        :   

  

)5-31(                   0
0

,

P
T i i

P N

VH V T dP N h
T

  

  

          :  

  

)5-32(  0
0

,

P
T i i

P N

VU V T dP PV N h
T

  

  

5-4-2          

                     

    T   1bar  .      1 2  3   

     .  

1-  :       T    1bar     
0 0

T i iS N s .           1         
# 0P             .     

           .  

  

)5-33(  ig
T P

dT dPds C R
T P

 

  

        :     

  

)5-34(  
#

#ln ln
1

ig
T

Ps R R P 



 5       ...  141 

         :  

  

)5-35(  # 0 #lni is s R P  

  

2-    :        . 

                   

 #P    #
i i iP y P            .

        #
is        .

        :  

  

)5-36(  
#

#
#ln lni

T i
y ps R R y

p
  

  

         :  

  

)5-37(  # # lni i is s R y  

  

)   5-35(   )5-37:   (  

  

)5-38(  # 0 #ln lni i is s R P R y  

  

         :  

  

)5-39(  # # 0 #ln lnT i i i i i i iS N s N s R N P R N y 

  



142         

        #ln P              

 :  

  

)5-40(  #
#

0
ln ln

P

P

NRdP NR P NR p
P

  

  

:     

 
)5-41(  #

#
0

ln ln
P

P

NRNR P NR P dP
P

  

  

)   5-41( ) 5-39 (:    

  

)5-42(  # 0
0

ln ln
P

T i i i
NRS N s NR y NR P dP
P

  

  

3-   :          T        

                 

  :  

  

)5-43(  
#

,

T

T

S P
TS P N

VdS dP
T0

  
  

)5-44(  #
0 ,

P
T T

P N

VS S dP
T

  

  

   ) 5-42)  (5-44:   (  

  



 5       ...  143 

)5-45(    ln
P

T i i ii
P

NR VS dP R N y P N s
P T

0

0
  

  

5-4-3        

                     

           :  

 
)5-46(  T T TG H TS  

  

   )5-31)  (5-45  ( )5-46(          

 :  

  

)5-47(          0 0
0

ln
P

T i i i i i
NRTG V dP RT N y P N h Ts

P
  

  

          :  

  

)5-48(     0 0
0

ln
P

T i i i i i
NRTA V dP RT N y P PV N h Ts

P
 

  

         
, , j i

i
i T P N

G
N

 :    

  

)5-49(         0 0
0

, ,

ln
j i

P
i i i i

i T P N

V RT dP RT y P h Ts
N P

  



144         

       )   5-47(  
, ,

ln

j i

i
j

i T P N

y PN
N

 

  .            ,0 0 0ig
i ii h Ts  ) 5-49 (

    :  

  

)5-50(  ,0
0

ln
Pig

i i ii
RTv dP RT y P
P

  

  

5-4-4       

     :    

  

)5-51(  ,0
0lnig i

i i
fRT
P

  

  

       )0P (       ) 5-51  (

)5-50:   (  
  

)5-52(          
0

ln ln
Pi

i i
i

f RTRT RT v dP
y P P

  

  

 iv     i    »i« .  

  

5-4-5      

           i iv v  1iy .   

   ) 5-52  (      :  

  



 5       ...  145 

)5-53(  
0,

ln
P

i
i Pure

f RTRT v dP
P P

   

  

  i
ZRTv

P
 )  5-53   (      :  

  

)5-54(  , 0

1ln
P

i pure
ZRT dP

P
  

  

Z   ,i pure f P        T  

P .  )    5-52    (        

    iv   .iv             

   .       iv        

           , , iv v T P x   

.                     

, , iP P T V x   .         iv      

  -    . 

  

5-5   1  

                        

 .         2    .       

                       

           :  

  

                                                                                                              
1. Lewis fugacity rule 
2. Amagat’s law 



146         

)5-55(  i iV N v 

  

 iv     i          .      

                   

         .     iv  

    iv .       :    

  

)5-56(  
, , j i

i i
i T P N

Vv v
N

  

  

)  5-52 (    :  

  

)5-57(  
0

ln
Pi

i
i

f RTRT v dP
y P P

  

  

   )5-53)  (5-57:   (  

  

)5-58(  ,i i i puref y f  

  

) 5-58  (» « .    

             

   .               

.                     

        C171     690   

        .          



 5       ...  147 

         .      

            .  

  

5-6        
) 5-53     (            

       .          

               .   

         T   P  )  5-53 (

          :  

  

)5-59(              
0

ln
sat

i

sat
i

c P Pv ci
i iP

f RT RTRT v dP v dP
P P P

 

  

  »v«  »c«       1    .   »sat« 

  2 . )  5 -59 (       c
if     

    . )   5 -59  (    i    T 

              sat
iP    

         sat
iP             

 P                 

 .         )5 -53   (         

 . )  5 -59   (     :    

  

)5-60(  ln ln lnsat
i

c Psat ci
i i satP

i

f PRT RT v dP RT
P P

  

                                                                                                              
1. Condensed 
2. Saturated 



148         

sat sat sat
i i if P  . )  5-60:   (  

  

)5-61(  exp sat
i

cPc sat sat i
i i i P

v dPf P
RT

  

  

)     5 -61 (     ( )        

 .    sat
i   1 ) 5 -61  (  .  

    i     .  

  

)5-62(  
0

1exp
sat

iPsat v
i i

RTv dP
RT P

  

  

    Pv  i    5-3         

v
i

RTv
P

0 .        i        

   1sat
i.  

  

  
 5-3    Pv    i       

                                                                                                              
1. Exponential 

T T 

sat
iP

v
iv ig

i
RTv
P

   
P

v  



 5       ...  149 

    )   5-61 (    :  

  

) 5 -6 3 (                             . exp sat
i

cP i
P

v dPP C
RT

  

  

)  5-63 (      » «1      

       . 1P C         .   

 )    c
iv     (          

.      )  5-63 (     :  

  

) 5 -6 4 (            
RT

PPvCP
sat

i
c
i )(exp.  

  

      T   P     :  

  

)5-65(  ( )exp
c sat

c sat sat i i
i i i

v P Pf P
RT

  

  

          )      ( 

 ( . ) 1sat
i P c               

    .     

  

)5-66(                 (   )c sat
i if P 

  

  

                                                                                                              
1. Poynting correction 



150         

5-7      T  V  

                   

       , , iU S V N :    

  

)5-67(                                   i idU TdS PdV dN  

  

     )   iN(   :  

  

)5-68(  
, , ,T N T N V N

U S PT P T P
V V T

  

  

             :  

  

)5-69(                
,

T
V N

PdU T P dV
T

  

  

               

    :  

  

)5-70(  
,

T
V N

PdS dV
T

  

  

       )5-69)  (5-70  (TU  TS    . 

                  

 :  

  



 5       ...  151 

)5-71(                                               H U PV 

  

)5-72(                                                A U TS 

  

)5-73(  G U PV TS 

  

)5-74(                              
, , j i

i
i T V N

A
N

  

  

)5-75(                                                 0
0ln i

i i
i

fRT
f

  

  

5-7-1 , , ,G A H U     T      

      ,U T V         .  

 1- :       T        . 

             # 0P     .

                 

.         0 0
i iU N u .    

 2- :               

 .                     

     0ig
i iU N u .    

 3-  :               T    

 # 0P      P            

   )5-69 (     :  

  



152         

)5-76(             
,

T

ig ig

U V

U V
V N

PdU T P dV
T

  

  

      ) 5-76:   (  

  

)5-77(                               0

,
T i iV

V N

PU P T dV N u
T

  

  

    )5-71 ( )5-77 (    :  

  

)5-78(            0

,
T i iV

V N

PH P T dV PV N u
T

  

  

       )5 -70)  (5 -73 (     :  

  

)5-79(    0

,
lnT i i iV

V N i

NR P VS dV R N N s
V T N RT

  

  

)5-80(    0 0ln ( )T i i i iV
i

NRT VA P dV RT N N u Ts
V N RT

  

  

)5-81(    0 0ln ( )T i i i iV
i

NRT VG P dV RT N PV N u Ts
V N RT

  

  

5-7-2      i    

       i     T      

            .  



 5       ...  153 

)5-82(                   
, , j i

i
i T V N

A
N

  

  

  )   5-80:   (  

  

)5-83(       0 0

, ,

ln ( )
j i

i i iV
i iT V N

P RT VdV RT RT Ts
N V N RT

  

  

     
, ,

1
j i

i T V N

N
N

 .  

:      

  

)5-84(  ,0 0 0 0 0 0 0 0 0( )ig
i i i i i i i ig h Ts u Pv Ts u RT Ts  

  

 ) 5-83(       :  

  

)5-85(                               1ln ln ln ln i
i i

V PV Z y P
N RT NRT y P

  

  

     )5 -84(  )5 -85( ) 5 -83  (    : 

  

)5-86(    ,0

, ,

ln ln
j i

ig
i i iV

i T V N

P RT dV RT Z RT y P
N V

  



154         

             1Z   

, , j i
i T V N

P RT
N V

 . )  5-86 (       

 .  

  

)5-87(     )   (  ,0 lnig ig
ii i RT y P  

  

    i         .    

  

)5-88(  ,0
0ln lnig i

i ii
fRT RT f
P

  

  

    )  5-88 )   (5-86(       i  

    .     

  

)5-89(      
, ,

ln ln ln
j i

i
i

Vi i T V N

f P RTRT RT dV RT Z
y P N V

  

  

5-7-3         

    i          .  

  

)5-90(                               ,
T

i i pure
i

Gg
N

  

  

)      5-81:   (  

  



 5       ...  155 

)5-91(      0 0lni
T i i i iV i

N RT VG P dV RTN PV N u Ts
V N RT

  

  

)     5-90)  (5-91 (    :  

  

)5-92(               0 0
, lni pure i iV i i i

P RT V PVdV RT u Ts
N V N RT N

  

  

       i :    

  

)5-93(           ,0
, ,

,
ln lnig

i pure i i pure
i pure

fRT RT
P

 

  

   
i

PVZ
N RT

         ln ln ln
i

V Z P
N RT 

 

.              )5-93)  (5-92  (

:  

  

)5-94(  ,
,

ln ln ln 1i pure V ii pure

f P RTRT RT dV RT Z RT Z
P N V

  

  

)  5-94  (     i    .  

  

5 -8             
         )         5-94   (

 .             , , iP P T V x   



156         

   , , iP P T V y                   

    .    

  

)5-95(  Z AZ
Z B Z

  

  

    ) 5-95  (       .  

  

)5-96(    3 21 0Z B Z AZ AB  

  

        vZ  lZ             

 .             

   ) 5-94    (  :  

  

)5-97(            )vdW  EOS (  ln 1 ln
v

v v
v

pure

f AZ Z B
P Z

  

  

)5-98(            )vdW  EOS(  ln 1 ln
l

l l
l

pure

f AZ Z B
P Z

  

  

        Z     :  

  

)5-99(   ) PR    (3 2 2 2 31 3 2 0Z B Z A B B Z AB B B  

  



 5       ...  157 

     -    -  )  5-94      (  

 )  5-99  (vZ  lZ             

      .  

  

)5-100(   

(1 2)ln 1 ln ln
2 2 (1 2)

(1 2)1 ln ln
2 2 (1 2)

v v
v v

v
pure

v
v v

v

f bP a Z bP RTZ Z
P RT bRT Z bP RT

A Z BZ Z B
B Z B

  

  )PR EOS (  

  

)5-101   (  (1 2)ln 1 ln ln
2 2 (1 2)

l l
l l

l
pure

f A Z BZ Z B
P B Z B

  

   )PR EOS(  

  

5-9           
                 

) 5-89 (  .           )vdW(   

 )PR( - ) RK ( - - ) SRK(  . 

  

5-9-1        )vdW(  

                 .  

  

)5-102(                                  2
RT aP

v b v
  

  



158         

 v V N   .   v )  5-102  (:  

  

)5-103(                                      
2

2
NRT N aP

V Nb V
  

  

               

       :  

  

)5-104(       
2

2 2
, ,

1j i

j i
j i

i N

i iT V N
N

Nb
NRT

N N aP RT
N V Nb NVV Nb

  

  

             ) 5-89        (  

)5-104(   :     

  

)5-105(  
2

1ln ln

1 ln

i
iV V

i
V

NbV NbRT RT NRT
V N V Nb

N a
RT Z

N V

  

  

)      5-105  (            

V      .  

  

   
lim ln ; lim

V Nb V
V V

1 1
0 0

    
lim ln ln ;V Nb

V
V

1 0
  



 5       ...  159 

)  5-105    (    :  

  

)5-106 ( 
2

1 1ln ln lni
i i

N aNbVRT RT NRT RT Z
V Nb N V Nb N V

  

      )      5-106   (

.        ba,    .     

  

)5-107(       ;i i i ib y b Nb N b  

  

)5-108(     2;
c c c c

i j i j i j i j
i j i j

a y y a a N a N N a a  

  

     )5-107:   (  

  

)5-109(                  
, ,

, ,
j i

j i

i i iT V Ni iT V N

Nb
N b b

N N
  

  

     4      2N a     .  

  

)5-110(                                     
2

1 2 1 2

, ,

2

j i

j j i
i j

T V N

N a
N a a

N
  

  

)    5-109( ) 5-110)   (5-106:   (  



160         

)5-111(    ln ln ln
j j i

ji
i

N a a
NRTbVRT RT RT Z

V Nb V Nb V

1 2 1 22

  

  

)      5 -111 ( RT   V Nv :    

  

) 5 -11  2 (       1
2

ln ln ln ln

c

i j j
ji i

i
i

a y a
f bv Z

y P v b v b RTv
  

  

                v

(   ) .            v 

 ,a b        .   Z  )  

         (    .      

v Z  ia ib  )   5-112 (        

.      

          ). , . , .C H CH Hx x x
2 6 4 2

0 3 0 5 0 2(  

 C50   303     )       5-112 (

.     5/114           8/60    

   3/72                  

        .    

 
5-9-2         (PR)   

         :  

  

)5-113(                           
( (1 2) )( (1 2) )

RT aP
v b v b v b

  



 5       ...  161 

)5-114(                                     i ib y b  

  

)5-115(                                                      ( )
c c

i j ij
i j

a y y a  

  

)5-116(                      ( ) (1 ) ( ) ( )ij ij i ja k a a  

  

)5-117(                                       2 2
a PA
R T

  

  

)5-118(                                                 ; i
i

b Pb PB B
RT RT

  

  

       PR  )  5-89       (i 

     :  

  

) 5 -119   (     1
2

1 2
ln 1 ln ln

2 2 1 2

c

j ij
ji i

i

y a
Z Bb bAZ Z B

b a bB Z B
  

  

5-9-3       -   (RK)  

 RK         .  

  

)5-120(                    
( )

RT aP
v b T v v b

   

  



162         

)5-121(         2( )
c c

i j ij i i
i j

a y y a y a  

  

)5-122(                i ib y b  

  

)5-123(                     
1 2

2 2 2 5 2
aT P a PA
R T R T

  

  

)5-124(                              b PB
R T

  

  

    RK     .  

  

)5-125(                     RT a bRT abv v b
P PT P T P

3 2 2 0  

  

)5-126(                           Z Z A B B Z AB3 2 2 0   

  

)5-127(                    ( ) ; i
i i i

a PA y A A
R T

2
2 5 2

  

  

)5-128         (     ; i
i i i

b PB y B B
R T

  

  

 )   5-120  ( )  5-89   (i 

   .      

  

  



 5       ...  163 

) 5 -12  9 (     ln ln lni i
i i

b ab v bZ Z B aa
b b vbRT 3 2

1
1 2  

  

5 -9 -3        -   -  (SRK)  

    –  -      :  

  

)5-130(  
( )

RT aP
v b v v b

  

  

)5-131(  . ci
i

ci

R Ta
P

2 20 42748  

  

)5-132(                                                    . ci
i

ci

R Tb
P

0 0866  

  

)5-133(                                 ( )
c c

i j ij
i j

a y y a  

  

)5-134(  i ib y b  

  

)5-135(  .( ( . . . )( ))i i i riT2 0 5 21 0 48508 1 55171 0 15613 1  

   

    SRK     :  

  

)5-136   (             Z Z A B B Z AB3 2 2 0  

  



164         

)5-137(                    ( ) ; i
i i i

a PA y A A
R T

2
2 2

  

  

)5-138        (           ; i
i i i

b PB y B B
R T

  

  

 )   5-130  ()   5-89(   i 

   .      

  

) 5 -138   (     
( )

ln ln ln
i ik

i k i
i

y a
B BA Z BZ Z B
B B a B Z

2

1  

  

              

         , , , , ,i G A H U S  i   .  

              

 -    -  -        . 

  

5-10   

           -      - 

      .            

         .     

       .           

                 

  .                

         .    



 5       ...  165 

, ,T V P                 

          .     

,T P  .      ,T V        

.  

                        

                           

               .       

                  

                   .

  )            -   

  –  -             (      

                  

       .           

                         

    ,i i i puref y f  .  

  

  

1-     )5-4(           .  

       A B  C     .      

                    

.        



166         

  
 5-4    1 

  

2-               n 2   

 )  n r2   (  .           

 .                

. 

- ( ) ( ) ( )A g B g C s  ),B A  C  (  

- ( ) ( ) ( ) ( )A g B g C g D g  

3 -      m            

     .f          : 

  

,
1

i
m

y
i pure

i
f f  

  

    iy   i pure if    i        

 .  

4-      0  50         

       :  

A, B, C 

A, B, C 

A, B, C 

    

     
  B  



 5       ...  167 

ln f cP dP
P

2  

  

 P     c  d                

 60  100         :  

  

..

..

c
T

d
T

30 7
0 067

0 416
0 0012

  

  

T       .80      30       

           .  

5-                i  

       ) .    .(    

6-       i            

                      )

 .(   

  

ln
m

i j ij
j

Py B B
RT

1

2

  
  

7-      )1)  (2       .     (

     :    

  

ln ln lna v v vy y
RT v b y RT y RT1 2

1 2

  



168         

 v     b             

a           )    

    1     (v      .b     

b y b y b1 1 2 2 .          1   

  .  

8-  )5-79  ()5-83.       ( 

9- )    5-89(            

  )  5-119.     ( 

10-  )    5-89     (-  -       

   )  5-138.     ( 

  

  

[1] Peng, D.Y. and D.B. Robinson; Ind. Eng. Chem. Fundam; 1976, 15, 59. 

[2] Prausnitz, J. N., R.N. Lichtenhaler, and E.G. Agevedo; Molecular 

Thermodynamics of Fluid Phase Equilibria; 3th edition, Prentice-Hall, 

Englewood Cliffs, NJ, 1999. 

[3] Raa, J.D. and A. L. Mühlbauer; Phase Equilibria (Measurement and 

Computation); Taylor and Francis, 1998. 

[4] Redlich, O. and J.N.S. Kwong, Chem. Res., 1949, 44, 233. 

[5] Sandler, S. I.; Chemical and Engineering Thermodynamics; 3th edition, 

John Wiley & Sons, Inc., 1999. 



 5       ...  169 

[6] Smith, J. M., H. C. Van ness and M. M. Abbott; Introduction to 

Chemical Engineering Thermodynamics; 7th edition, McGraw-hill, 

2005. 

[7] Soave, G., Chem. Eng. Sci., 1972, 27, 1197. 

[8] Tester, J. W. and M. Modell; Thermodynamics and Its Applications; 3th 

edition, Prentice-Hall, PTR, 1997. 

[9] Van Ness H. C. and M. M. Abbott; Classical Thermodynamics of Non-

electrolyte Solutions; 2th edition, McGraw-Hill, 1981. 

[10] Walas, S. M.; Phase Equilibria in Chemical Engineering; Butterworth, 

Boston, 1985. 



 



 
 
 
 

6 
 
 

    
  

 
6-1   

                 

      .              

                

    - 1       - 2    

    .           -  3    
4      .           

            .  

                   

        .        

        .           

    .  

                                                                                                              
1. Vapor liquid equilibria 
2. Liquid-liquid equilibria 
3. Solid-liquid equilibria 
4. Crystallization 



172         

                 

                  

       .        

                  

  .  

  

6-2  1      
                     

       .                

     .         

     )   (  .  

              PVT ,,     

           6-1 .      

  

  
 6-1   PT      

                                                                                                              
1. Phase diagram 

O T 

P 

( ) 

   

( ) 

( ) 

(   ) 

  



 6     173  

                

       :    

         22112CF 

                    1221F 

                      0231F  

                  

        .          

               

         .          

 - ) VLE ( - ) SLE (       . 

      6-1  -   1 2   -   

   3    -   4      .        

        6-1 .         

   )T ()   satP(           .

      - -           

.       5            

                   

        .         

    -  )    (  :  
  

)6-1(  
lv

satlv

lv

PPP

TTT

  

                                                                                                              
1. Vaporization 
2. Condensation 
3. Freezing 
4. Sublimation 
5. Triple point 



174         

                                            

                  :  

  

)6-2(  v

v
vv

f
fRT ln

  
  

)6-3(  ln
l

l l fRT
f

  

  

 v  l       T   1      .   

  vf  lf    T   1  .     

 lv  barff lv 1 .        lv 

           :  

 
)6-4(  lv ff  

  

     ) 4-6 (   :    

 
)6-5(                                  lv fdfd lnln  

  

          PT ,      

 )6-5( :    

  

)6-6(             dP
P

fdT
T

fdP
P
fdT

T
f

T

l

P

l

T

v

P

v lnlnlnln  

  

                .  



 6     175  

)6-7(  
RT
v

P
f

RT
hh

T
f

T

ig

P

ln;ln
2

  

  

     )6-7( ) 6-6     (     

:  

  

)6-8(  dT
RT

hhdP
RT

vv lvlv

2  

  

    )  6-8:   (  

  

)6-9(  
vapv l

vapv l
l v

hdP h h
dT T vT v v

  

  

 lvvap hhh     lvvap vvv     -   

.   )6-9(  - 1  .  

        :  

  

)6-10(  vaplvlvvap Z
P

RTZZ
P

RTvvv  

  

)  6-10       (           

  .    )6-9( ) 6-10:   (  

  

)6-11(  vap

vap

LV ZRT
hP

dT
dP

2  

                                                                                                              
1. Clausius-clapeyron 



176         

) 6-11 (        -     PT , 

 .             Z     

       Z     )0Z(.       

 0h .    

    ) 6-11  (     :  

  

)6-12(  vap

vap

LV

sat

ZR
h

Td
Pd

1
ln  

  

     vaph  vapZ            

           .  

  

)6-13(    B
ZR

h
vap

vap
  

  

 B                  .

)  6-13)   (6-12  (:     

  

)6-14(  
T
BAP satln  

  

A   .  ) 6-14       (        

                

.   1               

.    

                                                                                                              
1. Antoine 



 6     177  

)6-15(  
TC

BAP satln  

  

)  6-15 (T      )C  ( .          

)6-13     ( :    

  

)6-16(    2ETTDB
ZR
h

vap

vap
  

  

   )6-16)   (6-12:   (  

  

)6-17(  E
T
D

T
B

dT
Pd

vl

sat

2
ln 

  

 )   6 -17  (            

   .              .  

  

)6-18(  TCTCTC
TC

CCP sat lnln 6
2

54
3

2
1  

  

 T    .          - 

)   6-11)  (6-12  ( .  

  

6-3  1    -   
                 

      .           

                                                                                                              
1. Differential approach 



178         

                    

        .        

    - ) VLE(    6-2     .  

  
 6-2    -      

  

      :  

  

)6-19(  
ci

PPP

TTT

l
i

v
i

lv

lv

,,2,1

  

  

:           

  

)6-20(  v
i

v
iv

i
v
i f

fRT ln
  

  

)6-21(  l
i

l
il

i
l
i f

fRT ln  

  

V 

L 

P 

T 
v
c

vv yyy ,,, 21

l
c

ll xxx ,,, 21



 6     179  

  l
i

v
i  li

v
i    ) 6 -19( )6 -20(  )6 -21( 

                   :  

  

)6-22(  l
i

v
i ff  

  

     -             

) 6-22 (.        :    

 
)6-23(  l

i
v

i ff lnln  

  

                  

    :  

  

)6-24(  i
PTi

v
i

v
i

v
i

ig
iv

i dy
y

fdP
RT
vdT

RT
hhfd

,
2

lnln  

  

)6-25(  i
bTi

l
i

l
i

l
i

ig
il

i dx
x

fdP
RT
vdT

RT
hhfd

,
2

lnln  

  

     ii
v

i yPTff ,, ii
l

i xPTff ,, .  

       )6-23)  (6-25:   (  

  

)6-26(     0lnln
2 i

i

l
i

i
i

v
i

l
i

v
i

l
i

v
i dx

x
fdy

y
fdP

RT
vvdT

RT
hh  



180         

) 6-26     (   -       ix 

  i     iy    i         

             .      

  

6-4  - -      +   

     
            .      

                    . 

         .              

            .  

  

)6-27(  
ln ln
ln ln

v l
w w

s l
s s

d f d f
d f d f

 

  

) 6-26    (   -     :  

  

)6-28(      0lnln

,,
2 w

PTw

l
w

w
PTw

v
w

l
w

v
w

l
w

v
w dx

x
fdy

y
fdP

RT
vvdT

RT
hh  

  

          0wdy .      v
w

v
w hh 

 v
w

v
w vv  )  6-28 (    :  

  

)6-29(  w
PTw

l
w

l
w

v
w

l
w

v
w dx

x
fdP

RT
vvdT

RT
hh

,
2

ln  

  

)  6-29   ( -  :  



 6     181  

)6-30(  2
,

lns l s l l
s s s s s

s
s T P

h h v v fdT dP dx
RT xRT

  

  

   ""s   . s
sh  s

sv          

  .          P  T     

 )6-29(  )6-30 (  .    )    6-29(   wx   

)  6-30(   sx             .   

           .     

  

)6-31(  0lnln

,
s

s

l
s

sw
PTw

l
w

w dx
x

fxdx
x

fx  

  

             :    

  

)6-32(  
v l s l

w w w s s s

v l s lSLV E w w w s s s

x h h x h hP
T T x v v x v v

  

  

      l
w

v
w vv 

P
RTvv

w      l
ss vv  

)  6-32 (    .  

  

)6-33(  
w

l
s

s
ss

l
w

v
ww

SLVE Rx
hhxhhx

T
P

1
ln  

  

   )     6-33(         

 wx           sx        



182         

   .       sx            

  .  

  

)6-34(  s
s

l
ss

l
w

l
ww

mix hhxhhxh  

  

 l
wh     TP, .  

        l
ww hx      )6-34(  

:  

  

)6-35(    
vap
ww

mix

l
ww

v
ww

mixl
ww

l
ww

l
s

s
ss

l
w

v
ww

hxh

hxhxhhxhxhhxhhx 

  

 ) 6-35)   (6-33:   (  

  

)6-36(  
R
h

Rx
h

T
P vap

w

w

mix

SLVE1
ln  

  

                 

                     

) 6-36(   .  

  

6-5   –       +    

                .      

.        0ww dxdy . )  6-29 (  

  :  



 6     183  

)6-37(  02 dP
RT

vvdT
RT

hh l
w

v
w

l
w

v
w  

  

 )  6-37:   (  

  

)6-38(  l
w

v
w

l
w

v
w

vvT
hh

T
P  

  

   v
wh       T        

    . )   P)    (satP        (

.             l
wh      

)6-38 ( :  

  

)6-39(  
l
w

vap
w h

l
w

l
w

h

l
w

v
w

l
w

v
w hhhhhh  

  

   l
w

v
w vv  

P
RTvv

w    )6 -38( ) 6 -39:   (    

  

)6-40(  
R

hh
T
P l

w
vap
w

xLV s,1
ln  

  

)       6 -40 (   TP     

                 

                 

  .  

  

  



184         

6-6       -     

               

  .                

    .  

  

)6-41(  l
i

v
i ff  

  

         -        

.        

1- )   Approach(  

2-       ) Approach(  

  

6-6-1     

               .  

  

)6-42(                               ) (            Pyf v
ii

v
i  

  

)6-43(                               ) (            Pxf l
ii

l
i  

  

 ix  iy    i                  .

)  6-42(  )6-43( ) 6-41:   (  

  

)6-44(  v
i

l
i

i

i
i x

yK  

  



 6     185  

      iK )   valueK(  i . 

               .  

  

)6-45(  
, ,

1ln lnv

j i

v v
i v i T V N

P RT dV Z
RT N V

  

  

)6-46(          
, ,

1ln lnl

j i

l l
i v i T V N

P RT dV Z
RT N V

   

  

    )6-45)  (6-46  (       

     .          

vdW PRRK  SRK    .    

                  

                     

.          -       

      .          

        .        

        .      

  

6 -6 -2           1  

              

        .          

       .             

                                                                                                              
1. Super critical fluids 



186         

              i         

    i          .  

  

  i      ( )  :if  

   i    )(     :if  

  

    - :     

  

)6-47(  ii ff  

  

)6-48(  iiii xPxTPf ,,  
  

  i        
ix  

   i       
i  

  

)6-49(  ( , ) exp
vap
i

Pvapsolid sat i
i i ii i P

v
f f P T P dP

RT
 

  

                    

. )  6-49 (             

 .       vap
iP       .    

     ( , ) 1vap
i iT P    .           

 )6-47)  (6-49       (    .  



 6     187  

)6-50(                               1 exp
vap

vapi i
i i

i

P vx P P
P RT

  

  

                

  .            /vap
i ix P P   

.        i               
1   .        i    

    .      i   -   

           .  

  

6-6-3   2  

    i               

      .    

  

)6-51(    )i (            dP
P

RTv
Px

fRT
P

i
i

c
i

0
ln 

  

)6-52(         ) i (           
P

i
purei dP

P
RTv

P
f

RT
0

,ln 

  

                 .  

  

)6-53(                                               
P

ii
pureii

c
i dPvv

fx
fRT

0,
ln  

                                                                                                              
1. Poynting correction 
2. Activity coefficient 



188         

 if  pureif ,    i             

    .      )  6 -53.   (  

  

)6-54(  purei
P

iii
c

i fdPvv
RT

xf ,
0

1exp  

  

)   6-54  (    :  

  

)6-55(  pureiii
c

i fxf ,,  

  

 ,i     )    6-54)  (6-55 (   

      .  

  

)6-56(  
p

iii dPvv
RT 0

,
1exp  

  

  )    6-55(        .  

  

)6-57(                        
pureii

c
i

i fx
f

,
,  

  

      »«     i            

-   .             

      - 1            .

          i           

 .  

                                                                                                              
1. Lewis-Randall 



 6     189  

)6-58(                         pureii
id

i fxf ,  

  

        »   « »   

 «           1  2       

       1    9/0    1     

  .  

  

)6-59(                        pure
id fxf ,111  

  

       -              

   2     .     

  

)6-60(                                           idfd
x
xfd 1

2

1
2 lnln  

  

)   6-59  ( )6-60    (:     

  

)6-61(                          1222 Hxf id  

  

)  6-61   (1   21H    2   1   

        .     -      

      90  -      -      

                      

 .                 

    .  

                                                                                                              
1. Henry’s law 



190         

)6-62(                                          purefxf ,1,111  

  

)6-63(                              purefxf ,2,222  

    2:,2         1:,1  

              

.          .       

                  

  .   

1-       :  

   :       

  

)6-64(                                                    pureipureipurei fRTddgd ,,, ln  

  

 )   6-64   (),( TP  ),( TP :    

  

)6-65(                                          , ,lni

i

g P
i pure i pureg P

dg RT d f  

  

)6-66(           
P

f
RT
gg pureipure ,ln        ,ln i pure

i i pure

f
g g RT

P
  

  

       :     

  

)6-67(                             i i i i i ipure
g g h h T s s  

  

    )6-66)  (6-67(      :  



 6     191  

)6-68(                         P
R

ss
RT

hhf purei lnexp,  

  

    1P )1,( barTs  )1,( barTh   s h   

         pureif ,   .  

2-    :  

                

         :  

  

)6-69(                            
RT

PPvPf
sat

iisat
i

sat
ipurei exp,  

  

  sat
i      T           

           .  

  

6-6-4   -            

)(  

    -              

  )   6-41    .    (     

                      

               

                

   .     -            

   .                

   .                 

    .  



192         

)6-70(   (  )               Pyf ii
v

i  

  

)6-71(                     ) (        pureiii
l

i fxf ,,  

  

  

  

)6-72(  iii xPT ,,,  

  

)6-73(  PTff ipurei ,,  

  

  )   6-70)  (6-71 )   (6-41 (  )    6-69 (

:    

  

)6-74(  
RT

pPvpxPy
sat
i

c
isat

i
sat
iiiii exp, 

  

  TpppT sat
i

sat
i

sat
ii

sat
i ,,  

  

  iK      :  

  

)6-75(                             
RT

PPv
P

P
x
yK

sat
i

c
i

i

sat
i

i

sat
i

i

i
i exp,  

  

             :    

  

)6-76(                              sat
iiiii PxPy ,  

  

) 6-76(        -    .  



 6     193  

                 )1i(.  

)  6-76(       .     

 
)6-77(                                         sat

iiii PxPy ,  

  

) 6-77  (                

   .    -         

 .     

                 

             :  

  

)6-78(                                         sat
iiii PxPyP  

  

 ) 6-78    (   iP   .   

  

6-7   
              

          .         

                

  .                 

                   

.        

                

     -              

) l
i

v
i ff             .(  .  



194         

                

 .       -          

     :  

1- )   Approach(  

2-       ) Approach(.   

                

                 .   

                

      .        vap
i ix P P 

 .             i        

        .          

     .             

  .                

 .           1-       

    2-     .  

 
  

1- )    A)  (B( -             - 

   
AxT

P  
TAx

P  
PAx

T   .  

2-          1             

          . 

3 -         -           

  :   



 6     195  

T
BAP sat

10log  

  

 1      -        :  

  

1log
17

3
10 cP  

  

   cb TT     bT    .  

4-     -          

  .                    

            .          

       1          .T   

      1     satP1             .  

 1 lv1   .  

              :  

  

RT
PBZ mix1  

  

     ijB   .  

5 -   K300              

 1  2           .barH 22,1  barH 6.11,2 

                      .K300 

   .       K300      

   . 

                                                                                                              
1. Edmister 



196         

( )      

07/1    1  

33/1    2  

 

6-         F400   psia150    

.      

7-          )1)  (2    )    .   ( 

   (  1     ax10          .

    2     1)1( 1xa      . 

8-  C18    atm1        41049.0px 

       .atm967.7     atm02.0    .C18 

       :    
 

241085.20177.00.1 PPZ  
  

                  .  

  

P
L

P Hxf  
  

    H                 

     .   C18           

 atm5      

  :C18        )  .1py.(  

9-   -     K6/477          SRK 

  .            . 



 6     197  

   

[1] Callen, H. B.; Thermodynamics; John Wiley & Sons, 1960. 

[2] Danesh, A.; PVT and Phase Behavior of Petroleum Reservoir Fluids; 

Elsevier science, 1998. 

[3] Daubert, T. E.; Chemical Engineering Thermodynamics; McGraw-hill, 

1985. 

[4] Prausnitz, J. N., R. N. Lichtenhaler, and E. G. Agevedo; Molecular 

Thermodynamics of Fluid Phase Equilibria; 3th edition, Prentice-Hall, 

Englewood Cliffs, NJ, 1999. 

[5] Sandler, S. I.; Chemical and Engineering Thermodynamics; 3th edition, 

John Wiley & Sons, Inc., 1999. 

[6] Smith, J. M., H. C. Van ness and M. M. Abbott; Introduction to 

Chemical Engineering Thermodynamics; 7th edition, McGraw-hill, 

2005. 

[7] Tester, J. W. and M. Modell; Thermodynamics and Its Applications; 3th 

edition, Prentice-Hall, PTR, 1997. 

[8] Van Ness, H. C. and M. M. Abbott; Classical Thermodynamics of Non-

electrolyte Solutions; 2th edition, McGraw-Hill, 1w-Hill, 1981. 



 



 
 
 
 

7 
 
 

      
   

 
  

7-1   

               

 .               

                   

  .                   

        1          

                 

     .  

                

      .(         )     

                  

                   

                                                                                                                        
1. Intermolecular Force 



200         

  1             
2              .    

                       

          .            

                        .

                 

     . 

                 

   .           

    3   . 

  

7-2     
  1873                 

 4                 .

          5       

      .    

  

)7-1(  RTbv
v
aP 2  

  

         a           

  b              

 .              

                                                                                                                        
1. Statistical mechanics 
2. Statistical thermodynamics 
3. Virial coefficient 
4. Repulsive forces 
5. Hard sphere 



 7     ...  201  

                1 

  .              

     .            2 

       .   -        
3     4 -      5     

         .           
6        . 

                   

          .          

 .                  

       7       .8  

                

            9      

                  

       .  

          

1-  10  

2-  11 

3-  ) ( 12 

                                                                                                                        
1. Short range 
2. Bulk 
3. Pairwise 
4. Dimer 
5. Light scattering 
6. Condensed 
7. Compression 
8. Configurational properties 
9. Isolated 
10. Gravitational field  
11. Electromagnetic field 
12. Strong Nuclear forces 



202         

4-  )(  1 

                  .

               

  nm410     .       

                 .  

  :  

1-     

2-   

3-   

                  .

            .  ...  

           ...       .

         )(    

    .   .        

            2     3   

 . 4        5      .      

                .

      .              

    .  

1-  6 :    )    (7   

    8     .  

                                                                                                                        
1. Weak Nuclear Forces 
2. Short Range 
3. Long Range 
4. Repulsive Forces 
5. Attractive Forces 
6. Electrostatic 
7. Dipole 
8. Quadra Pole 



 7     ...  203  

2-   :               

  .              

  1           .  

3-  2 :   (  )  3     

        .  

4- ( )  4 :      

     .  

                  

  .        

  

7-3   5  
                   

      .            

                    .

         7-1 .     

  
 7-1     i j  

                                                                                                                        
1. Polarize 
2. London force 
3. Dispersion force 
4. Chemical or specific forces 
5. Potential energy function 

 

  

 



204         

                  

    :  

  

)7-2(  jiTot EEE )(  

  

 iE  jE         i j         .

  r                   

       ij    .      r   

:    

  

)7-3(  ijjiTot EErE )(  

  

 )     7-3)  (7-2:     (  

  

)7-4(  )()()( TotTotij ErEr  

  

                  

     r      .     

  (     )           .  

  

)7-5(  
r ijij drrFr )()(  

 )   7-5:   (  

  

)7-6(  
dr

rd
rF ij

ij
)(

)(  

  



 7     ...  205  

 )(rFij       i j       .

:     

)7-7(  ( )( ) d rF r
dr

  

  

              r     

                  .   

                   .

 7-2                   

  .              

 .                 

                

   .        .  

                

     .              

             .    

         .  

  

)7-8(  ( , , ) ( , , )F r r  

  

    , ,r       .  

   7-2   mr             

             .      

  r           r     

   .  

  

  



206         

  
 7-2            

  

                 .

     )        (1    

 2  .              

      3    4  .  

  

7-4  5 
              6        

       . i j        

   iq  jq      r              .  

   7            .  

                                                                                                                        
1. Vacuum 
2. Free space 
3. Dielectric constant 
4. Relative permittivity 
5. Electrostatic force 
6. Point charge 
7. Coulomb 

  

 

 

  

  



 7     ...  207  

)7-9(  2
04

i j
ij

q q
F

r
  

  

 )     7-9    (1        .

)7-9(F  2 q   r      0       

           11212
0 1085419.8 mJC      .

 )   7-9      (7-5 :    

  

)7-10(  
r
eZZ ji

ij
0

2

4
  

  

 eZq ii eZq jj iZ jZ   3  e          
191.60218 10e C    .cgs4        .  

  

)7-11(  2
i j

ij
q q

F
r

  

  

F   5r    q  21)( cmerg    
2110 )(108024.4 cmerge               

      .     )       (

     :  

  

)7-12(  
r
eZZ ji

ij 4

2

  

                                                                                                                        
1. Inverse-square law 
2. Newton 
3. Ionic valance 
4. Centimeter-Gram-Second 
5. Dyne 



208         

     1      D0    .

  D            .D  

               .C25    

 41.78WaterD            

Cl  Na   A76.2  nmr 276.0           

  J191036.8        kT200     k 

 2   .          

         .             

               .   

               

     .            

   .           

           

       .  

  

7-4-1        

          .       

                 

) (               .  

        q       q    

         .       d     

        :  

  

)7-13(  qd  

                                                                                                                        
1. Absolute permittivity 
2. Boltzman constant 



 7     ...  209  

          cgs 1        

CO  64.1    2SO  07.9        .  

       .    CO  HCl     
2  .             .

      3      .  

  

7-5   ( )        

  

   CO 2CO 2SO 6 5C H Cl              .

                  

          1q  2q    7 -3   .  

 

  
 7-3   1q  2q      

  

                                                                                                                        
1. Debye 
2. Permanent dipole 
3. Orientation 

O   

 

 

  

P 

 



210         

               P  

          r        

  :  

)7-14(  
2

2

1

1

04
1

r
q

r
q  

  

         :  

  

)7-15(       1 2
2 2 1 2 2 2 1 2

0 1 1 2 2

1
4 ( 2 cos ) ( 2 cos )

q q
r d d r r d d r

  

  ) 7-15:   (  

  

)7-16(            3

2

2
0

)1cos3(
2

cos
4

1
r

Q
rr

q  

  
  

:      
21 qqq  

:    
1122 dqdq  

:    2
22

2
11 dqdqQ  

         CO      

 2CO   .              

    . 

   i  j -    r    -     7-4 

    .   eq1  eq2          

 .       i  j     id  jd      .

          r            



 7     ...  211  

id  jd  .            .

)    7-16    (r     id  jd     

          .  

  
7-4             

  

)7-17(  )cos(sinsincoscos2
4 3

0
jijiji

ji
ij r

  

  

  )   7-17  (           

                   

   .            

          .       

         1    .       

     :  

  

)7-18(  
exp( )

exp( )

kT d

kT d
  

  

 1 2 1 2sin sind d d d  1 2 .  

                                                                                                                        
1. Average 

 

 

 

 
  

 

 

 

 

 



212         

)    7-17  () 7-18(         

   i  j       .  

  

)7-19(  
2 2

2 6
0

2 1
3 (4 )

i j
ij kT r

  

)   7-19   (           

)    .  7-19           (i j 

  :    

  

)7-20(  
4

2 6
0

2 1
3 (4 ) kT r

  

  

                 

      .           

             .2CO    .    

 7-5        .  

  

  
 7-5            

  

          e           

d        :  

 

 

(  )  )( 



 7     ...  213  

  

)7-21(       (   )  
i

iideQ 2  

  

               

     2O 21.3( )cm   2N O        210( )cm 

 .                  

         .  

  

)7 -22(           )i -  j (
2 2

2 8
0

1
(4 )

i j
ij

Q
kT r

  

  

 i     i  jQ     j      .

          i  j     

:  

  

)7-23  )  (i-  j (
2 2

2 10
0

7 1
40 (4 )

i j
ij

Q Q
kT r

  

  

   )7-19) (7-22)  (7-23 (:      

  

         6 8 10

1 1 1; ;Q QQr r r
  

  

             Q            

    .              

               



214         

               

           .  

 
7-6   1  

           .        

                

          .   7-6      

          .  

                  

           E          

        :  

  

)7-24(  ind E  
  

  
 7-6       

  

    2         .    .

              .

                                                                                                                        
1. Induction 
2. Polarization factor 

   

      

+ 
+ + 

+ 
- 

+ 

+ -
+ + 

+ 
+ 

-
+ + 

- 

- 

- 

- 
- 

- 

- 

+
- 

- 

+
- 

+ 

- 

- 
- 
- 
- 
- 

- 
- 
- 

- 
- 

- 
- 
- 
- 
- 

- 

+
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ + 

+ 



 7     ...  215  

           ( )   .

                  

 )          .  (  

   :  

  

)7-25(  
0

E

ind ind dE  

  

 ind          .         

) 7-24)   (7-25:   (  

  

)7-26(  21
2ind E  

  

                

     .      i         

  j    .               

           .           

   P     :  

  

)7-27(  E  

  

   P    7-7     :  

  

)7-28(  2
0

1 cos
4 r

  



216         

  
 7-7          

  

 0:        

  

)7-29(  jE E
r 3

02
  

  

    )7-26)  (7-29  (:     

  

)7-30(  
( )

j i
ind r

2

2 6
0

1
4

  

  

)  7-30    (          

 .  

  

7-6-1         

                  

          .       

               

                 

  (   )   (   ) 

 
 

  

 



 7     ...  217  

   )      .7-30        (   

  i  j     :  

  

)7-31(  ,

( )
( )

i j j i
i j r

2 2

2 6
0

1

4
  

  

   i  j               

i j                .

             .  

  i j         :  

  

)7-32(  ,

( )
( )

i j j i
i j

Q Q
r

2 2

2 8
0

3 1
2 4

  

  

7-7     (  ) 1  

  1930   .           

       .           

            .    2    

1930                  

.                   

                     

                     

      .             

               .  

                                                                                                                        
1. Dispersion force 
2. London 



218         

         .        

      i j  r       .  

  

)7-33(  , ( )
i j i j

i j
i j

h h
r h h2 6

0

3 1
2 4

  

  

    h  1           

    .     n          

:    

  

)7-34(  Cn
2 2

1  

  

 C   . ) 7-34  (         

   )               (

         .     i    ih 

        iI     )   .7-33  (        

:    

  

)7-35(  
( )

i j i j
ij

i j

I I
I I r2 6

0

3 1
2 4

  

  

     i     i  j  

:     

                                                                                                                        
1. Planck’s constant 



 7     ...  219  

)7-36(  
( )

i i
ii

I
r

2

2 6
0

3 1
4 4

  

  

                  ( ) 

   )  .   7 -36  (        

           .     

     »«    »I«  .     

                       

    .            

          .I         

  )   .   7 -35     (i  j       

 :  

  

)7-37(  6
i j

ij k
r

  

  

    i  j )  7 -37 (       :  

  

)7-38(  
22

6 6; ji
ii jjk k

r r
  

  

k     .   )   7-37)  (7-38   (

:  

  

)7-39(  
1 2

ij ii jj  

  



220         

)  7-39  (           

           )    .8-39 (

                     

                

C C CT T T
12 1 2

1 2
    .  

  

7-8       
             

)       (            .

      .  

  

)7-40(  elec ind disp
ii ii ii ii  

  

    )7-40(        »« »« 

 »«   .     )   7-20) (7-30  (  

)7-36  ()    7-40:   (  

  

)7-41(  
2 24

2 6
0

2 31 2 1
(4 ) 3 1 4

ind i
ii

I
kT r

  

  

) 7-41  (     :  

  

)7-42(  6ii
B
r

  

  



 7     ...  221  

B             )    7-41(    

r6     .B            

       .       

     .        

    7-2               

         .             

       .           

                .     

                 

:      

  

)7-43(  ii n

A
r

  

  

 A        8 16n     .   

               

  :  

  

)7-44(  total repulsive attractive n m

A B
r r

  

  

ABn m        n m       .  

 »«1   1903.             -     

)  .   7 -44          (

                

.      

                                                                                                                        
1. Mie 



222         

7-9     1  

                  

                       .

               

     .        :  

1-  2 :             

        .  

2-  3 :          4  

  5    6         .

 7              

  : 

  

)7-45(  tot ij ijk
i j i j k

  

  

 ij      i  j  .ijk       

          .     8     

       .               

 .     

  

                                                                                                                        
1. Intermolecular Potential Energy Function 
2. Quantum Method 
3. Measurement Method 
4. Diffusivity 
5. Spectroscopy 
6. Molecular Beam Scattering 
7. Configurational 
8. Pairwise 



 7     ...  223  

)7-46(  
1 1

1
2

N N

ij ij ij
pairs i j i j

  

  

        ij ji        

  i   2 ij  .  

              

        .      

  

7-9-1        

 )  7-44 (»«        :    

  

)7-47(  
1 n mn m n mn m

n m r r
  

  

          / r    .   minr 

            min        .

   0  r  .  

          6m  .   n  

            12n          .

)     7-47:   (  

  

)7-48(  
12 6

4
r r

  

  



224         

)  7-48   (-             .

             .     

) 7-48  (              1   

      .       minr         

      .     

  

)7-49(  
1 6

min
6 n

r
n

  

  

 n minr             1    

   .-              

                

      .           

        Z         

  .  N         :  

  

)7-50(  1
2tot N Z  

  

         .1 2     

   .   )    7-44:   (  

  

)7-51(  
1
2tot n m

A BNZ
r r

  

  

                                                                                                                        
1. Spectroscopic methods 



 7     ...  225  

) 7-51               (

   .          :  

  

)7-52(  1
2

n m
tot n m

S A S BNZ
r r

  

  

)  7-52  (      nS  mS     

                .nS  mS   

               

.        

  

7-10     
               .      

                   

                .

       : 

1-   1:              

  0  .    )    r(   

   .7-8-     .      

2-   2:              

                  

         .        7-8- 

                                                                                                                        
1. Ideal gas potential 
2. Hard-sphere potential 



226         

                  

   .                 

  .    ( )r     :  

  

)7-53(  
;

( )
0 ;

r
r

r
  

  

3-  1 :             

     .           

        .     

  

)7-54(  
6

;
( )

;

r
r k r

r
  

  

  7-8-  .        

  

4 -   2 :                

  .    -            

           .        

 .                    

      .   :     
  

)7-55(  
;

( ) ;
0 ;

r
r r R

r R
  

                                                                                                                        
1. Sutherland potential 
2. Square-well potential 



 7     ...  227  

          R     .7-8-      

.      

5-  - :   )    7-48         (- 

                  .

           .       

 1    .-               7-8-  

.      

6-  2 :             

 .               -       

                    

          .            

      :  

  

)7-56            (      12 6

; 2

( ) 2 24 ;
2 2

r

r a a r
r a r a

  

  

 a             3       

  0       . a  r .  

7-   4 :         .    

           .     

                                                                                                                        
1. Soft sphere potential 
2. Kihara potential 
3. Collision diameter 
4. Exp-6 potential 



228         

)7-57(  
6

min

min

6( ) exp 1
1 6

rrr
r r

  

  

        minr        minr 

     .            .  

 7-8-   .       

8-   1   :        

           .     

                

  -       .         

  .                

    .                 

    :  

  

)7-58(  
12 6 2

1 2 33( ) 4 ( , , )r F
r r r

  

  

i  2     .F   1 2 3, ,        

       .           

     .( )       .  

  

                                                                                                                        
1. Stock Mayer Potential  
2. Orientation 



 7     ...  229  

   
 -      -     

   
-      -     

   
 -  -     -    

   
-     -   -     

  

 7-8     

0  

 

 
 

 

 

  

 

 

 

  

 

 

 

 

  

 

 

 



230         

7-11    1  

                

             .         

   .             

             .  

  

)7-59(  
2

2
, . , .

0
C C

T C P T C P

P P
v v

  

  

                  

 2         .  

  

)7-60(  , , 0r r rF T P v  

  

     r CT T T r CP P P  r Cv v v )  .7-

60   (     .      

             .           

                

        .           

) ( )r .   (   7-9            

     :  

  

)7-61(  ii

i i

rF  

                                                                                                                        
1. Molecular theory of corresponding state 
2. Universal function 



 7     ...  231  

) 7-61             (

     r         .      

                     

   ( )           .

           .  

                 

              .  

  

  
  

 -   i   -     i  
  

 7-9   )    (    

  

7-11-1        

                 .   

                  

               

                 .

     1         .  

                                                                                                                        
1. Correlation 

 

 

  

 
 

 



232         

                 

                  

   .             

     .          

       1    1986         

        .  

  

)7-62(  ( ) 2

0
2 1 r kT

AB N e r dr  

  

)7-63(  12 13

12 13

2 2

12 13 23 12 13 23 12 13 230 0

8
3

r rA
r r

NC f f f r r r dr dr dr  

  

 exp 1ij
ijf

kT
  k    AN      .

  )7-62)  (7-63   (            

 .          :    

  

)7-64(  
rF  

  

           .  F   

    .    )   7-64      (

)7-62  (  :    

  

)7-65(  2
3 0

1 exp
2 A

F rB r d r
N kt

  

                                                                                                                        
1. Hill 



 7     ...  233  

 )     7-62  (3  AN      .   

   3     Cv   k         

CT )   .7-65 (     .  

 

)7-66(  B
C C

B TF
v T

 

  

 BF              .

) 7-66  (                

)   7-65 (      .         

 )   BF   (  1          

 rT      . 2  3        

        rT          

  .  

  

)7-67(  1 20.430 0.886 0.694r r
C

B T T
v

  

  

) 7-67  (            

         .      

 -        -   .  

  

)7-68(  mix i j ij
i j

B y y B  

                                                                                                                        
1. Data reduction 
2. McGlashan 
3. Potter 



234         

         iiB  jjB  )  7-67   (

      ijB            

   ijB      :  

  

)7-69(  ij
B

C ij C ij

B TF
v T

  

  

    )  7-69   (  :  

  

)7-70(  1
2ij i j  

  

)7-71(  
1 2

ij i j  

  

   31
iCi v  CiT :    

  

)7-72(  
31 3 1 31

8ijC C i C jv v v
  

  

)7-73(                                          
1 2

ijC C i C jT T T  

  

) 7-73  (               

     :  

  

)7-74(  
12

1 2 1 2
1 2 1 2 1 2

1 2 31 3 1 3
1 21 2

8 2
q

C C
C C C

C C

v v I I
T T T

I Iv v
  



 7     ...  235  

 1I  2I     q        . 

              /     
3 116.5( )mixB cm mol           

 3 116.3( )mixB cm mol .  

               1   - 

 2          :  

  

)7-75(  1 2 4.50.430 0.886 0.694 0.0375( 1)r r r
C

B T T n T
v

  

  

n              .1n  

    .Cv  -   4n       

:  

  

)7-76(  3 1 2( ) 25.07 50.38 0.479Cv cm mol n n  

  

  12Cv  12 1 2
1
2

n n n   .  

 
7-11-2   - 3  

                   

          .         

    4 )   (     .   

   CT CP         .   

       :  

                                                                                                                        
1. Alkanes 
2. -Olefins 
3. The Pitzer-Tsonopoulos correlation 
4. Acentric factor 



236         

)7-77(  3
A

B kTF
N

  

  

    3
Cv    C

C
C

RTv
P

  CT
k

 :    

  

)7-78(  C

C C

BP TF
RT T

  

  
1      )   7-78  (:   

  

)7-79(  1 2 6
1 2 3 4

C
r r r

C C

BP C C T C T C T
RT Z

  

  

)7-80(  ,0 ,1 ; 1, 2,3, 4i i iC C C i  

  

  ,iC 0,iC 1                 

      .              

   .           1974 1975  1978.   

         :  

  

)7-81(  (0) (1)C
r r

C

BP F T F T
RT

  

  

  (0)F  (1)F        :  

  

)7-82(  (0)
2 3 8

0.330 0.1385 0.0121 0.0006070.1445r
r r r r

F T
T T T T

  

                                                                                                                        
1. Schreiber 



 7     ...  237  

)7-83(  (1)
2 3 8

0.331 0.423 0.0080.0637r
r r r

F T
T T T

  

  

      1           

       .         

      .              

                   

         .    

   

7-11-3            

                  

         :  

  

)7-84(  (0) (1) (2)C
r r r

C

BP F T F T F T
RT

  

  

  (2)
rF T     .     

  

)7-85(  (2)
6 8r

r r

a bF T
T T

  

  

  a  b                  .

        0b .     a   

             

    .     

                                                                                                                        
1. Normal fluids 



238         

)7-86(  4 21 82.14 10 4.308 10 ( )R Ra  

  

            :  

  

)7-87(  11 4 21 82.188 10 ( ) 7.831 10 ( )R Ra  

  

 R           :  

  

)7-88(  
2

5
20.9869 10 C

R
C

P
T

  

  

     CP    CT          .

0.0109a .  

  

7-11-4     

                 

      .           

                  

      .             

  .              

 .                  

 .    

  

)7-89(  
2

(0) (1)
2

C
r r r

C

CPC F T F T
RT

  

  



 7     ...  239  

  (0)
rF T  (1)

rF T            

   .1  2        :   

  

)7-90(  (0) (1) (1)x
r r r R rC F T F T F T  

  

 R     x           .
(0)

rF T  (1)
rF T     3      :  

  

)7-91(  (0)
2.8 1.5

0.02432 0.003130.01407r
r r

F T
T T

  

  

)7-92(         (1)
2.8 3.0 6.0 10.5

0.01770 0.040 0.003 0.002280.02676r
r r r r

F T
T T T T

  

  

    4              

       :   

  

)7-93(  
1 3

ijk ij jk ikC C C C  

  

  

  

)7-94(                                               2 ,ij C ij C ij
C ij

TC v F
T

  

                                                                                                                        
1. Besher 
2. Lielmezc 
3. Orbey & Vera 
4. Cross 



240         

 CF                 .    

2ij i j   .  

  

7-11-5         

       .            

               :   

1-    :    0   0B  .  

2-      

  

)   7-53)   (7-62(         

:  

  

)7-95(  32
3 AB N  

  

   ijB       :  

  

)7-96(  
3

2
3 2

i j
ij AB N  

  

               

 .                

       .                   

  



 7     ...  241  

                   

        .        

      .  

3-    :   ) 7-55 )   (7-62(    

     : 

  

)7-97(  
3

3
0 3

11 expRB b R
R kT

  

  

      R            

          .  

4-    - :            

                    

 .                         

                .

   .                 

  ).(  

     -          .

                      

             

        3     T     

 .  

  

  

  



242         

7-12        

                  

            .     

.        

)7-98(  
, ,

1ln ln
j i

i V
i T V N

P RT dV Z
RT N V

  

  

              :  

  

)7-99(  21 1Pv B CZ B P C P
RT v v

  

  

   

  

)7-100(  
1 1

m m

i j ij
i j

B y y B
  

  

)7-101(  
1 1 1

m m m

i j k ijk
i j k

C y y y C  

  

      tN RTZP
V

       :  

  

)7-102(  
, , , ,j i j i

t

i iT V N T V N

N ZP RT
N V N

  

  



 7     ...  243  

)   7-102)   (7-98)      (7-100  (  

)7-101(        .  

  

)7-103(  2
1 1 1

2 3ln ln
2

m m m

i j ij j k ijk
j j k

y B y y C Z
v v

  

  

     )    7-103 (    

.  

  

)7-104(   2 2
1 1 11 2 12 1 111 1 2 112 2 1222

2 3 1ln 2 ln
2

y B y B y C y y C y C Z
v v

  

  

)7-105 (2 2
2 2 22 1 12 2 222 1 2 122 1 1122

2 3 1ln 2 ln
2

y B y B y C y y C y C Z
v v

  

  

) 7-103            (  

                .      

            .

                  ) 7-103 (

      .  

  

)7-106(  
1

2ln ln
m

i j ij
j

y B Z
v

  

  

)7-107(                                               1 BZ
v

  

  

          :  



244         

)7-108(  
0

1ln
P Z dP

P  
  

   

  

)7-109(  1 BZ P
RT

  

  

             :  

  

)7-110(  ,ln
sat

sat i i
i pure

B P
RT

  

  

)    7-109)   (7-108:   (  

  

)7-111(  ln B P
RT

  

  

               .

      :    

  

)7-112(  
, ,

,

lnln ln
r

i k
T P yk i k
r k r i

y
y

  

  

   )     7-100)    (7-111   (

)7-112  (  :    

  



 7     ...  245  

)7-113(  
1

ln 2
m

i k ik
k

P y B B
RT  

  

  :      

  

)7-114(  2
1 11 2 12ln P B y

RT  
  

)7-115(  2
2 22 1 12ln P B y

RT
  

  

)7-116(  12 12 11 222B B B  

  

)    7-113    (   )7-106   (

                     .

                   

            .  

  

7-13   
                                    

                 

        .          

     .               

                   

  .                     

     .         

          . 



246         

                   

   .             

      .          

   .              

  .:        

1-      

2-      

3-    

4-     

5-  -   

6-     

7-      

8- .     

             

 .                

              .    

                 

                  

               

     .            

           .  

  

  

1-             1nm    

      82 10 dyne .         



 7     ...  247  

        B              .

   B                .  

  :     
 

  3 1
Cv cm mol  CT K  

  99  191  

 B 125  300  

  

                

 B        2nm  .    

2-           3 A            

2debye      .            

3.5     .               

 .    

3-  (       

  (           

  (         (    )  

    (        PC      )

   (     .     

4-         100 C   21 %mol CO  299 %mol H 

  .      60bar        .2CO   

         

  :100 C    2CO    0.1392bar     

2CO  327.6cm mol  .  



248         

5-                   

        .    

6-          :     

-    0 C.  

-        80        20     

   261K    ) .3 1172cm mol .(  

-  )  200 K 100bar      (     

.  

7-                    

   :  

  

21Z B C  
  

                  

     :  

  

21Z B P C P  
  

-      B C      a  b       

 - .    

-            
2 4

0.2C Hy      .  

             50 C    

50bar     .           .  

    -    »«    -    -  

.        



 7     ...  249  

  :                    

8.87bar .  

8-              :    

;

;n

r
A r

r
  

  

 A  n .     

-             .  

-   n       dB dT         

.    

9-                  

)     1.5R (         .  ( )B T 

     )    1000T K (  

  

   
[1] Hill, T. L.; An Introduction to Statistical Thermodynamics; Reading: Addison-

Wesley, 1986. 

[2] Kihara, T.; Rev. Mod. Phys.; 1936, 25, 831. 

[3] Kihara, T.; Adv. Chem. Phys.; 1958, 1, 276. 

[4] Kihara, T.; Adv. Chem. Phys.; 1936, 5, 147. 

[5] McGlashan, D. R. and D. J.B. Potter; Proc. R. Soc. (Lond.); 1962, A267, 478. 

[6] McGlashan, D. R. and C. J. Wormald; Trans. Faraday Soc.; 1964, 60, 648. 

[7] Prausnitz,  J.  N.,  R.  N.  Lichtenhaler,  and  E.  G.  Agevedo;  Molecular  

Thermodynamics of Fluid Phase Equilibria; 3th edition, Prentice-Hall, 

Englewood Cliffs, NJ, 1999. 



250         

[8] Sandler, S. I.; Chemical and Engineering Thermodynamics; 3th Edition, John 

Wiley & Sons, Inc., 1999. 

[9] Smith, J. M., H. C. Van ness and M. M. Abbott; Introduction to Chemical 

Engineering Thermodynamics; 7th Edition, McGraw-Hill, 2005. 

[10] Schreiber, D. R. and K. S. Pitzer; Fluid Phase Equilibria; 1989, 46, 113. 

[11] Tester, J. W. and M. Modell; Thermodynamics and Its Applications; 3th 

edition, Prentice-Hall, PTR, 1997. 

[12] Tsonopoulos, C. and J. M. Prausnitz; Chem. Eng. J.; 1970, 1, 273. 

[13] Tsonopoulos, C.; AIChE J.; 1974, 20, 263. 

[14] Tsonopoulos, C.; AIChE J.; 1975, 21, 827. 

[15] Tsonopoulos, C., AIChE J., 1978, 24, 1112. 

[16] Tsonopoulos, C. and J. L. Heidman; Fluid Phase Equilibria; 1990, 57, 261. 

[17] Van Ness, H. C. and M. M. Abbott; Classical Thermodynamics of Non-

electrolyte Solutions; 2th edition, McGraw-Hill, 1w-Hill, 1981. 



 
 
 
 

8 
  

  

       
  

  

8-1   

            .   

                  

      .        

             .  .  

        .        

    .  

  

)8-1(  0
iii

l
i fxf  

  

                    .

                     .

                  

  .   



252         

             

          -     

 .                

                

  -         .  

   

8-1-1    1  

                    

                   .

 2                

    .    :  

  

)8-2(  iini aRTPTgxxPTg ln,,,,, 11  

  

 ig      i     ig        

 i     .ia    i     .T  P    

      .          

 .    

  

)8-3(  ln i
i i i i

i

fg g RT
f

  

  

    )8-2)  (8-3(   i       

  :  

                                                                                                              
1. Activity and activity coefficient 
2. Reference state 



 8        253  

)8-4(  
i

i
i f

fa  

  

 if  i    if           

PTff ii ,     .    ii xa       

:  

  

)8-5(  ii
id
i xRTgg ln  

  

ig       i   .     

             .  

  

)8-6(  
i

i
i x

a  

  

    )8-4)  (8-6:   (  

  

)8-7(  
ii

i
i fx

f  

  

   if       T  P      

)    .     8-7   (  -   

      .1i    .        

                    .

.      

   

  



254         

8-1-2     1  

                   .

              

  .                    

           .       

                   

          .           i  

      :  

 
)8-8(  ii

id
i xRf  

  

iR                    ix 

   .        .   

       -           

    .     i        

 :  

  

)8-9(   )- (         PTffRxff iiiii
LR

i ,;  

  

)8-10(   (  )                 PTHRxHf iiii
H

i ,;  

  

 if    i  ( )     iH       

                            

                                                                                                              
1. Ideal solution or standard state 



 8        255  

PTff ii ,  PTHH ii ,  .         if        

     .  

  

)8-11(  2
ln ln

;i i i i i

P T

f h h f v
T P RTRT

  

 
8-2        

               

    i          :  

  

)8-12(  iiiii xRTRTPTxPT lnln,,, ,  

  

)8-13(    
PTfx
xPTf

f
xPTf

ii

ii
LR

i

ii
i ,

,,,,
,  

  

  8-1   i            

  .       8-1:   

  

)8-14(  
1

lim

i

i

i
i

x
x
ff

  

  

    1ix  1,i   .,i         

-   (  )  .  )    1  (

)2 (       

  



256         

)8-15(  
22

2
,2

11

1
,1 ;

fx
f

fx
f

  
  

  
 8-1   i        

  

     8-2   1  2       1x  2x 

 .        :    

  

)8-16(  
1,1

1,1

22

11

x
x

  

,T P  

if  

i ix f  

, 1i
i

i i

f
x f ,i i puref f

0  1  ix

if  



 8        257  

  
 8-2    1  2        

  

  -              

            1       .

)   1i   ( -            

8-1  8-2    .      .       

 8-3         -                 

1i .  

       -      .  

                   

    T  P            

                                                                                                              
1. Miscible 

,T P  

2f  

1f -  

-  

1f

2f  

2f  

1f  

0
1

 
1
0

 
1

2

x

x
 



258         

  .           -       

   .                

.       

  

  
 8-3      -    i     

  

               

   -            

    .             

     .        i    

 :  

  

)8-17(  
PTHx

xPTf

iji

ii
i ,

,,  

,T P  

if  

i ix f  

, 1i
i

i i

f
x f

 

,i i puref f

0  1  ix

if  



 8        259  

      8-4 :   
  

)8-18(  
0

lim

i

i

i
ij

x
x
fH

  

 
i       ijH           .   

:   
  

)8-19(  0;1 ii x  

 
  )     1)     (2  (  

         : 
  

)8-20(  1;1; 1,1
11

1
,1 x

fx
f  

 

)8-21(  0;1; 22
212

2
2 x

Hx
f  

 
 21H    2   1 .  

 8 -4        i    .     

   1     .  8 -5    -  ) ,1  (

) 2   (     .           

    2    2x   2f .       

  ,i             i      

 1     .             

          ii, .  

                                                                                                              
1. Infinite dilution 



260         

  
 8-4        1  2  

  

  
 8-5    -         

,T P  

2f

1f  

  

 -  

1f  

:1   
: 2    

2f  

1f

0
1

 
1
0

 

21H  

2x1

2

x

x
 

,T P  

1f  

1 12x H  

1
1

1 12

f
x H

1 1,puref f  

0 1
1x  

  

 -  

12H  

1f  



 8        261  

8-2-1      

     ,i  i             

    .  -      ( )        

    .                

        :  
  

)8-22(  2,11;1 ixii  
  

)    8-22  (1           

    1  2 :    
  

)8-23(  
1;1

1;1

22

11

x
x

  

  

)   8-23 ( »  «2        .

 1  2      :      
  

)8-24(  
0;1

1;1

22

11

x

x
  

  

)   8-24 ( »  «3    .  

      1  2    2   2  2     

2       -    ( ) 2        

      NaCl          .      

  ) 1,1
22 OHOH x (                 

)0,1 NaClNaCl x .(              

              (   )  

                                                                                                              
1. Normalization 
2. Symmetric normalization convention 
3. Unsymmetric normalization convention 



262         

    NaCl    NaCl  1NaClx       

    -              

  .                

         .1   .    8-6 

  2   .             2  2   

                .8-6   

  2           :  

  

)8-25(  2222
22

2
2 ; fxf

fx
f  

  

)8-26(  21222
212

2
2 ; Hxf

Hx
f

  
  

  
 8-6         2    1  2  

                                                                                                              
1. Normalization of activity coefficients 

,T P  

2f

2 21x H

2
2

2 21

f
x H

 

2 2,puref f  

0  1  2x  

  

 -  

21H  

2 2x f

2f  

2
2

2 2

f
x f



 8        263  

    )   2  (  2x T  P         

     ) 8-25)  (8-26 ( :  

  

)8-27(  
*
2 2

2 2 2 21
212

; ff H
H

  

  

 )8-27  (    :  

  

)8-28(  
2

21
22 lnlnln

f
H  

  

  

  

)8-29(  
0;1

1;1

22

22

x

x
  

  

        .  

 :       2               

) 8-28:   (  

  

)8-30(  
000

lnlimlnlimlnlim

222

2

21
22

xxx
f

H
  

  

)  8-30 (     21H  2f         

                  .       

          :  



264         

)8-31(  
0

lnlnlimln

2

2

21
22

x
f

H
  

  

)    8 -29        (  )    8 -31 (

  :  

  

)8-32(  2
2

21 lnln
f

H  

  

)   8-32)   (8-28:   (  

  

)8-33(  222 lnlnln  

  

)  8-33  (     :  

  

)8-34(                                   
2

2
2       222 lnlnln  

  

) 8-34   ( .        2  

  2     .  

 :       2           .

)8-28:   (  

  

)8-35(  
111

lnlimlnlimlnlim

222

2

21
22

xxx
f

H
  



 8        265  

)         8-29:   (   

  

)8-36(             

1
lim

2

2

2
2

x

          
1

lnlimlnln

2

222

x
  

  

) 8-36   .          (  

  ) 8-34  (       .      

.    

  

 
8-3      

            .          

           » «   » «1   

        2    3         

»«  »«4   .        

                   

  .            

                   

       .            

    :   

  

)8-37(  , , 1m
i i i i if m f T P m 

                                                                                                              
1. Rational 
2. Molality 
3. Molarity 
4. Practical 



266         

im      m
i   .        

      :   

  

)8-38(  , , 1id
i i i if m f T P m  

  

 if                      

   T  P    )    1im.(         

    :  

  

)8-39(  0;1 i
ii

im
i m

fm
f  

  

          *
i if f        

  8-7   .  

  

  
 8-7            

,T P  

if

0  1  
im  

i if f  



 8        267  

8-4  1  

               .

                     

                  

       .          

   .  

              .  

          .        

         )         

         (         

       .        

     .            2     3 

   .  

  

8-4-1       

  4      T   P     :  

  

)8-40(  ugshvmmxxxPTmm
c

i
iic ,,,,:,,,,,

1
1  

  

im       m        

      :  

                                                                                                              
1. Mixing properties 
2. Ideal mixing 
3. Non ideal mixing 
4. Mixing change properties 



268         

)8-41(  
c

i
iimxm

1

  

  

:     

  

)8-42(  
c

i
iii mmxm

1

  

  

 vm :    

  

)8-43(  
c

i
iii vvxv

1

  

    ii vv    :  

  

)8-44(                             PTvid ,0  

  

          :  

  

)8-45(  
c

i
iii hhxh

1

  

  

    ii hh  :     

  

)8-46(           PThid ,0  

  

          :  



 8        269  

)8-47(  
1

c

i i i
i

g x g g  

  

) 8-47    (    :  

  

)8-48(     
1

c

i i i
i

g x  

  

       :  

  

)8-49(  
c

i i

i
i f

fxRTg
1

ln  

  

    .     

  

)8-50(  
1 1

ln ln
idc c

id i i i
i i

i ii i

f x fg RT x RT x
f f

  

  

        ii
id

i fxf     if  

  if    .              

  

  

)8-51(   
1

ln
c

id
i i

i
g RT x x  

  

    xPTgs ,           

  .  



270         

)8-52(  
c

i
ii

id xxRs
1

ln
  

  

8-4-2        

               .

       .  

  

)8-53(  iiiiiii ggxgxgxggg  

  

        :  

  

)8-54(  
i

iii
i

i

i
iiii f

fx
xRT

f
f

xRTxg ,lnln  

  

    .     

  

)8-55(  ,ln lni i i ig RT x x RT x  

  

  »«      .        - 

    .          )  8-55       (

    .  

  

)8-56(     ,
,

,

ln
ln ln

i

i
i i i i i

P x

s R x x R x RT x
T

  

  

   h  v :    



 8        271  

)8-57(  sTgh  

  

)8-58(  
xP

i
i T

xRTh
,

,2 ln
  

  

)8-59(  
,T x

gv
P

  

  

)8-60(  
xT

i
i P

xRTv
,

,ln
  

  

         1,i   

0idid vh  .             

 :  

  

)8-61(  0;0 vh  

  

)8-62(  ,lnln iiii xRxxRs  

  

)8-63(  ,lnln iiii xRTxxRTg  

  

    » «  . 

  

8-5  1 
          .          

         .    

                                                                                                              
1. Excess functions 



272         

                  

         .      

        .    :  

  

)8-64(       GAHUSVMxxPTMxxPTMM c
id

c
E ,,,,,;,,,,,,,, 1

,
1  

  

       :  

  

)8-65(  gahusvmxxPTmxxPTmm c
id

c
E ,,,,,;,,,,,,,, 1

,
1  

  

 NMm EE   N     .         

  :  

  

)8-66(  
ijij NPTi

E

NPTi

E
E
i N

Nm
N

Mm
,,,,

  

  

   )   8-64  (:  

  

)8-67(  ,id
ii

E
i mmm  

  

)     8-67  (ix :       

  

)8-68(  ,, idid
iiii

E mmmxmxm  

  

  
  

)8-69(  ,,;; id
ii

id
ii

E
ii

E mxmmxmmxm  



 8        273  

                      

    :  

  

)8-70(  idEidE gggGGG ;  

  

)8-71(  idEidE hhhHHH ;   

  

)8-72(  idEidE vvvVVV ;  

  

)8-73(  idEidE sssSSS ;  

  

              

   :  

  

)8-74(  EEE PVUH  

  

)8-75(  EEE TSHG  

  

)8-76(  EEE TSUA  

  

               :  

  

)8-77(  E
E

S
T

G

  
  



274         

)8-78(  E
E

H
T

TG
1

  

  

)8-79(    E
E

V
P

G  

  

        ) 8-67 (     :  

  

)8-80(  i
id
iii

id
ii

E
i mmmmmmm ,,  

  

im    i   )      8-80  (ix  

   :  

  

)8-81(  
idm

i
id
ii

m

iii
E
ii

E mmxmmxmxm ,  

  

.     

  

)8-82(  idE mmm  

  

    ) 8-81    (:  

  

)8-83(  vvvvv EidE ;
0

  

  

       :  

  

)8-84(  hhhhh EidE ;
0

  
  



 8        275  

 v h         .         

 .  

  

)8-85(  idE sss  

  

)    8-52  (ids :    

  

)8-86(  ii
E xxRss ln  

  

 :         

  

)8-87(  idE ggg  

  

)8-88(  ii
E xxRTgg ln  

  

               :  

  

)8-89(  2211 lnln xxxxRTgg E  

  

                

:  

  

)8-90(  2211 lnln xxxxRTgg E  

  

            . 
  

)8-91(  22112211 lnln xxxxRTgxgxgg E  



276         

 g       11g  22g    .  

  

8-5-1        

)    8-67 (:         

  

)8-92(  , ,E id id
i i i i ig g g  

  

          )       8-92 (

    :  

  

)8-93(  
ii

iii
id

i

iE
i fx

fx
RT

f
f

RTg ,
, lnln  

  

 if       :     

  

)8-94(  ,ln i
E
i RTg  

  

    ) 8-66:   (  

  

)8-95(  
ijij NPTi

E

NPTi

E
E
i N

Ng
N
Gg

,,,,

  

  

   )8-94)  (8-95  (         

    :  

 



 8        277  

)8-96(  
ijij NPTi

E

NPTi

E

i N
RTNg

N
RTG

,,,,
,ln 

  

  )  8-69)  (8-94 ( :  

  

)8-97(  ,ln ii

E
x

RT
g  

  

)8-98(  ,ln ii

E
N

RT
G  

  

       )         (     

    :  

  

)8-99(  
jrir

xPTj

E

j
EE

i
r

x
mxmm

,
,,

 

  

)8-100(  
jrir

xPTj

E

j

E

i
r

x
RTgx

RT
g

,
,,

,ln  

  

             .     -   

 :  

  

)8-101(  
ixP

EE

T
RTg

RT
h

,
2 

  

:     



278         

)8-102(  E
ii

E hxh  

  
E

ih     i  )    8-97)  (8-102  (

) 8-101:         (  

  

)8-103(  pureii
E

i

E

xP

i hhh
RT
h

T
i

,2
,

, ;
ln 

  

    ) 8-78:   (  

  

)8-104(  
ixP

E
iE

i T
gs

,

  

  

)    8-94)  (8-104 ( :  

  

)8-105(  ,ln i
E
i RT

T
s  

  

         :  

  

)8-106(  ,
,

;
i

E
E Ei

i i i i pure
T x

gv v v v
P

  

  

    )8-94 (  :  

  

)8-107(  PP
RT
v

P i

E
i

xT

i

i

;
ln

,

,  



 8        279  

) 8-107     .          (

     iP        sat
iP        

       :  

  

)8-108(     i
i

xT

i P
RT
v

P
i

;
ln

,

,  

  

) 8-107)  (8-108    (    .  

  

8-6  -      

    -       :  

  

)8-109(  dP
P
mdT

T
mmdx

NTNP
ii

,,
  

  

 Egm  i
E
ii RTgm ln     :     

  

)8-110(  dP
P

RTgdT
T

RTgdx
NT

E

NP

E

ii
,,

,ln  

  

)    8-103(:   

  

)8-111(  dP
P

g
RT

dT
RT
hdx

NT

EE

ii
,

2,
1ln  

  



280         

      .           

      :  

  

)8-112(  ,, id
ii

idE gxgggg  

  

 )   8-112:   (  

  

)8-113(  
NT

id
i

i
NTNT

E

P
gx

P
g

P
g

,

,

,,

  

  

    )  8-113 (    :  

  

)8-114(  
dP

dP
P

gxv
P

g i

NTi

id
i

i
T

E

,

,
  

  

  

  

)8-115(  i
NTi

id
i v
P

g

,

,
  

  

)  8-114 (    :  

  

)8-116(  
dP

dPvxv
P

g i
ii

xT

E

,

  

  

   iP           :  



 8        281  

1-  :   =iP         0dPdPi  . 

2-  :  sat
ii PP              

 0dPdPsat
i . 

3-  :  PPi         1dPdPi . 

  :        

  

)8-117(  v
P

g

NT

E

,

  

  

:      

  

)8-118(  E
ii

NT

E
vvxv

P
g

,

  

  

)    8-117)  (8-118)   (8-111  (:  

  

)8 -119(    )»  - «  1 2 (dP
RT
vdT

RT
hdx

E

ii 2,ln
  

  

)8-120(      ) »- «  3(  dP
RT
vdT

RT
hdx

EE

ii 2,ln  

  

) 8-119)  (8-120  (-        .

   -      vvE  hhE    .  

  ) 8-120 (    : 

  



282         

)8-121(  dP
RT

vdT
RT

hdx ii 2,ln  

  

       ) T (            

   0v :        

  

)8-122(  0ln ,iidx  

  

) 8-122      (       .    

    :  

  

)8-123(  iii hhxh  

  

      ) 8-123 )   (8-121  (   -     

    :  

  

)8-124(  0ln 2, dP
RT

dPdPvvdT
RT

hhdx iiiii
ii  

  

)  8-124       (          

  :  

  

)8-125(  dP
RT

dPdPvvdT
RT

hhd iiiii
i 2,ln  

  

    )  8-125:   (  



 8        283  

)8-126(  22
,

,ln

RT
h

RT
hh

T

E
iii

NP

i  

  

)8-127(  
RT

dPdPvv
P

iii

NT

i

,

,ln
  

  

     1  2 ) 8-108    (3  ) 8-107 (

            .        

          :   

  

)8-128(  jij
id
j Hxf ,  

  

 jiH    j   i :    .  

  

)8-129(         jji
id
j xHdfd ;lnln ,  

  

 )   8-129 (  :  

  

)8-130(  
NP

id
j

NP

ji

T
f

T
H

,

,

,

lnln
 

  

          :  

  

)8-131(  2
,

,ln

RT

hh
T
f j

ig
j

NP

id
j  

  



284         

          :  

  

)8-132(  2
,

ln

RT

hh
T
H j

ig
j

NP

ji  

  

              :  

  

)8-133(  
RT
v

P
f j

NT

id
j

,

,ln
  

  

)8-134(  
RT
v

P
H j

NT

ji

,

ln
  

  

)  8-134       (     :  

  

)8-135(  
P

jiji dP
RT
vbarTHPTH

1
2exp1,,  

  

8-7           

   Eg                  

                       .

      .         

              .   

         .           

 :  



 8        285  

)8-136(  
0,1;0

1,0;0

21

21

xxg

xxg
E

E

  

  

  Eg         :  

  

)8-137(  
1

ln
c

E
i i

i
g RT x  

  

)8-138(  i
i sat

i i

y P
x P

  

  

P     iy  ix           .

)     8-138       ( . 

                    

 .                  

     .                

          .       

  .               

          :  

  

)8-139(  ][ 3
21

2
212121 xxDxxCxxBAxxg E  

  

) 8-139    ( - 1  .         

             .     

         :  

                                                                                                              
1. Redlich-kister expansion 



286         

1-    1 

2-      -  

               .   

)   8-139   (0DCB .    

  

)8-140(  21xAxgE  

  

   )    8-96        (   

    .  

  

)8-141(  2
21ln x

RT

A 

  

)8-142(  2
12ln x

RT
A  

  

 TAA         .  )8-141)  (8-142 (

     :  

  

)8-143(  
1,0

explim

21

11

xx
RT
A

  

  

)8-144(  
1,0

explim

12

22

xx
RT
A

  

                                                                                                              
1. Two-suffix margoles 



 8        287  

      )8-141)  (8-142       (    

:  

  

)8-145(  1
2

1 21ln x
RT
A  

  

              .

                

    1           )1( 

/  )2   (013/1     8-8 .     

  

  
 8-8  )       1/( )2   (013/1   

  

0  

1x  
0.2  0.4  0.6  0.8  

) 1)  / (2(  

1

1

2
ln

0.2

0.1  

0  

0.1  

0.2  



288         

               

                  

   .  

            (  )      

                     

        .        

    -     :  

  

)8-146(  0;2121 DCxxBAxxg E  

  

      )    8-136   (            

  .  

  

)8-147(  3
2

2
21 43ln xBxBA  

  

)8-148(  3
1

2
12 43ln xBxBA  

  

  Eg       2x     )8 -140)  (8 -146    (8 - 9 

 .  



 8        289  

  

 8-9  Eg         -   

  

              

)1( / )2     (981/0  013/1      8-10   

 .                 

           0.433A
RT  104.0RT

B  

     .           / 

           /   .  

0 
2x  0.4 0.6 0.8 0.2 1 

Eg

0.1 

0.15 

0.2 

0.25 

0.3 

0.05 

0 

-0.05 

-0.10 

 )   A (  

   
 ) 'A  B' (  



290         

           .           

               .

                

   .       -       

  .               

      )1( /    )2  (     .     

8-11                C 35-30   

   .       /         

                Eg    .

           Eh  ETs  .     

  

  
 8-10           )1/( )2   (

013/1-981/0    25    

  

0 
1x  0.4 0.6 0.8 0.2 1 

2

1ln

0.1 

0.2 

0 

-0.1 

-0.2 

-0.3 

) 1)  / (2 (  



 8        291  

  
 8-11          )1/(    )2  (

 C 35-30  

  

8-8        

      .         

        .      

  -                 

                   .  

  -                 

 .     -             .

    1   .          

              .       

                                                                                                              
1. Azeotrope 

0 
1x  0.4 0.6 0.8 0.2 1 

2

1ln

1.0 

1.5 

0.5 

0 

-0.5 

-1.0 

) 1)    / (2 (  



292         

         1        .      

    -     »     -  ) VLE( 

   «  »       -  ) VLE (    «   

   .  

                  

 -      .            

    .         -        

     :  

1-    2 

2-      3 

3-      4 

4-   )  (5 

                

   .               

 -          .            

   :  

1-   -  ) yxP(6 

2-    -  ) yP  xP( 

3-   - )  yxT(7 

4- )      yT  xT( 

                                                                                                              
1. Retrograde condensation 
2. Static vle method 
3. Infinite dilute activity coefficient 
4. Dew point / or bubble point method 
5. Dynamic method / recirculation of flow 
6. Isothermal vle 
7. Isobaric vle 



 8        293  

               1  

  2         .             

    3  .  

         4        

                    .    

       .       

    .               .

                 .  

                  

          .  

      -          .

       RT
v E

         .   

1972               .  

          .        

    .    3cm100   .       

8-12             .   

         (  ) 5    .

   .                      

            .     

    .     xP        .

      . 

                                                                                                              
1. David real 
2. Muhlbaurer 
3. Van nes 
4. Degasing 
5. Pressure transducer 



294         

  
 8-12       -    

 
8-9        

                xP  

yxP xT  yT              .

     -        .       

                -   

                    

     .       -      

                  .   

      yxP      :  

  

)8-149(  
ii

v
i

i fx
f  

 

 
   

  
 

 



 8        295  

v
if      i  if     ix      

  .             

)    8-149 (    :  

  

)8-150(  sat
ii

i
i

Px
Py  

  

      )        .     8 -2 (

            -         

:   

  

)8-151(  Tvdxdx E ,0;0lnln 2211  

  

    )  8-151  (  :  

  

)8-152(  
2

2
2

1

1
1

lnln
dx

dx
dx

dx  

  

       1   211 x        

          .  

  

)8-153(  
2

1

22

21 ln1ln
dx

d
xdx

d  

  

      1ln  2x   :  

  

  



296         

)8-154(  3
23

2
221ln xx  

  

 )   8-154)     (8-153:   (  

  

)8-155(  2
2322

22

21 321ln xx
xdx

d  

  

   )   8-155          (12x  12 

:    

  

)8-156(  4
14

3
13

2
1322 2

3ln xxx  

  

      2      1    

      1   .  

                  

      .  

  

8-9-1       -   1  

            1P x       

    .                

    .                

               

        .2        1 

      :  

                                                                                                              
1. Isothermal total-pressure 
2. Data reduction 



 8        297  

8-9-1-1    

          1
exp xPi      .

       :  

 
)8-157(  sscal

i PxPxP 222111 

  

      1sP1 

      2sP2  
sP1  sP2             :  

  

)8-158(  
2

1 11 1 12 2
1 1 exp

l sat
s sat

v B P P P y
P P

RT
  

  

)8-159(  
2

2 22 2 12 1
2 1 exp

l sat
s sat

v B P P P y
P P

RT
  

 22111212 2 BBB  
  

 )8-157)  (8-159               (

           .   lv B satP 

 12        .           

              .  

  

)8-160(  
P

Pxy
P
Pxy

ss
222

2
111

1 ;  

                                                                                                              
1. Barker 



298         

                    

      .      1     

    .  

  

)8-161(  3
2

2
21ln xx  

  

     - :     

  

)8-162(  3
1

2
12 2

3ln xx  

  

                    1xP 

               .   1y  2y  

) 8 -158)  (8 -159 (         sats PP 11 

 sats PP 22         .    

    )   8 -160  (.  

                  )8-157   (  

)8-162 (        .     1x  P      

                    1xP   

                  .

     1       .8-13     

   .  

  

                                                                                                              
1. Substitution approximation 



 8        299  

  

 8-13          

 :lv B satP       

 1P x 

1 2 0y y 

     

 1
sP  1

sP  
 )8-158)  (8-159( 

 1  2  
)8-161)  (8-162( 

s
i i iP x P  

 
s

i i i
i

x Py
P

  

i
i

j

y
y

y
  

  

exp

exp
1

1
100

calN
i i

i i

P P
P

  

 

   1y  2y  

  

  

  

  
    

  



300         

     8 -13                

  .sP1  sP2               sats PP 11  
sats PP 22 .      

            1  2     

)     8-157 (   .  1y  2y     

         sP1  sP2    1y 2y  

P                     .

        .            

   .            - 
1      :  

                   

 .  

  

)8-163(  
211 1 11 2 12

1
1 1`

ln ln
l sat

sat

B v P Py P Py
RT RTx P

  

  

)8-164(  
222 2 22 1 12

2
2 2

ln ln
l sat

sat

B v P Py P Py
RT RTx P

  

  

 )8-163)  (8-164  (   .  
2  (        )       

        -    )  1/( 

)2   ( 1xP        .   

8 -1 .     

                                                                                                              
1. Nelder-mead 
2. Hermsen 



 8        301  

 8-1 )        1/( )2(  

C45  C 35  C 25    

40085/0  42463/0  45598/0  A  
02186/0  01627/0  01815/0-  B  

  

8-9-2       -  1  

          1xP       xy 

                   .      

  1xT     yx    .        

                    

      -   :  

  

)8-165  (           )  1P x   (dP
RT

vdx ii ln  

  

)8-166   (         ) 1T x(        
2lni i

hx d dT
RT

  

  

      1xP    v       

      1xT    h     

 . v             h     

        . 1xP      

      1xT   .         

   v  h     .       1xT   xy  

      1xT       .      

            :  

                                                                                                              
1. Isobaric boiling point data 



302         

)8-167(  
2
12

2
21

ln

ln

x
RT
A

x
RT
A

  

  

    .      xy   1xT    

    A         :  

  

)8-168(  2
122

2
211 expexp x

RT
APxx

RT
APxP satsat  

  

   1xT         A )  8 -168   (  .

           A      .       

  A      1xT           .

                   T   

)8 -168  (                .     

   1xT  yx            .  

  

8-10      1  

          -     .   

                        

-       .             

   .                  

       -                .  

-                   

                     -   

                                                                                                              
1. Thermodynamic consistency 

TAA



 8        303  

       .       1  2     

  1  2       .           

   :  

1-  1 

2-      2 

       11, yx              

   1ln  2ln             

     .  

  

)8-169(  
2

2
2

1

1
1

lnln
dx

dx
dx

dx  

  

  8- 14    A A  )  8-169.   (  
  

  
 8-14     1  2 ) (     

                                                                                                              
1. Differential method 
2. Integral method or area test 

2

ln  

A  

ln  

0  1  1x  
  

  

A  

1  



304         

                    

       -             .

        :   

  

)8-170(  2211 lnln xx
RT
g E

  

  

 )   8-170:   (  

  

)8-171(  
1

2
2

1

2
21

1

1
1

1
lnlnlnln

dx
dx

dx
dx

dx
dx

dx
RT
gd

E

  

  

    -              

)8-171 (      21 dxdx :     

  

)8-172(  
2

1

1
ln

dx
RTgd E

  

  

) 8-171    (             v  h 

       :    

  

)8-173(          )- (       dT
RT

hdP
RT

vdxdx 22211 lnln  

  

)  8-171)     (8-173 (    .  

  



 8        305  

)8-174(  
1

2
112

1ln
dx
dT

RT
h

dx
dP

RT
v

dx
RTgd E

  

  

) 8-174  (    .       

)8-174   (.  

  

)8-175(  Td
RT

hdP
RT

v
RT
gddx

sat

sat

sat

sat

T

T

P

P

x

x

E
1

2

1

2

1

1
2

1

0

1

0
1

2

1ln  

  

           :  

  

)8-176(  0
11 21 x

E

x

E

RT
g

RT
g  

  

)  8-175 (      :  

  

)8-177(  Td
RT

hdP
RT

vdx
sat

sat

sat

sat

T

T

P

P

1

2

1

2
2

1

0
1

2

1ln  

  

)  8-177       (     .

    v 0             

     :  

  

)8-178(  0ln
1

0
1

2

1 dx  

  

) 8-178   (         .

 8-15         1  2  .  



306         

  
 8-15          1 2  

  

            01x  02x      

 :  
  

)8-179(  
0

ln)1ln(lnlnlim

1

11
2

1

x

  

  

)8-180(  
0

lnln)1ln(lnlim

2

22
2

1

x

  

  

     8-15   )  8-178     (

      1x            

1   =2 .  

                      

                      

0 
1x  0.4 0.6 0.8 0.2 1 

2

1ln

 

1ln  

0 

 1  

2ln  

 2  



 8        307  

)8-177   (           

      .  

  

)8-181(  sat

sat

Px
Px

y
y

11

22

22

11

1

1  

  

  )   8-181  (          

 .         1  2        

     .     ix iy  sat
iP     21  

  .21ln  x 1     xy     

            .          

          .   
  

8-11      - 1  
      2           .  

                    .  

                  
3                 .

     .            

  .                  

           .       

        1  2    .    8 -16   

                   

 .       .            

                                                                                                              
1. Liquid-liquid equilibrium 
2. Miscible 
3. Partial miscible 



308         

           8 -17       .

                1x    

a             :    

  
 8-16                

  

)8-182(  ( ) 1 1, 2 2,a a pure pureg g x g x g  

  

                1         

  1x  2x               .    

mixg

0 1x 1 

2g  

1g

1g  

2g

g  

,T P  

,T P  

0 1 1x  

mixg  



 8        309  

   b        g   g               

              b     :  

  

)8-183(  ( ) 1 1, 2 2,b b pure pureg g x g x g  

  

  
 8 -17                

mixg  

0 1x 1 

2g

1g

1g  

2g
a 

b 

1x 1x  

mixg  

b 

0 1 1x
a 

1T  

2T

  

  

1x  1x 1x  1 0 

2

2
1 ,

0mix

T P

g
x

 



310         

     8-17           

)      g (        

:              .    

  

)8-184(  
2

2
1 ,

0
T P

g
x

  

  

    

  

)8-185(  1 1 2 2g g x g x g  

  

  )  8-184  ()  8-185 (    :  

  

)8-186(  
2

2
1 ,

0
T P

g
x

  

  

      g     :  

  

)8-187(  E idg g g  

  

)8-188(  1 1 2 2ln lnEg g RT x x x x  

  

)    8-188)  (8-186 (:    

  

)8-189(  
2

2
1 21 ,

1 1 0
E

T P

g RT
x xx

  



 8        311  

)  8 -189 (        0Eg    

:    
  

)8-190(               (  )0
21xx

RT  

  

) 8-190 (              

     )   .8-189         (

         .  

  

8-11-1  -   

              :  

1- )         xPT ,,  (    

 (  )    (  )  

2- )        (       

    1    

3-   -                

                

     )  8-189  (           

               Eg 

)  8-189 (      .  

                    

       .          
  

)8-191(  
2 2

2 2
1 1, ,

0
T P T P

g g
x x

  

                                                                                                              
1. Incipient instability 



312         

)8-192(  
3 3

3 3
1 1, ,

0
T P T P

g g
x x

 

  

)8-193(  
4 4

4 4
1 1, ,

0
T P T P

g g
x x

  

  

            :    

  

)8-194(  21xAxgE  

  

 )   8-194:   (  

 

)8-195(  A
x
g

PT

E
2

,
2
1

2
  

  

 A A T .        )   8-195 )   (8-189 (

:    

  

)8-196(  
21

112
xx

RTA  

  

  ) 8-196  (1-     :  

  

)8-197(  
2121

112
xx

RT
xx

RTA  

  

    A      .  



 8        313  

)8-198(  RTA 2min  

  

        .    

  

)8-199(  2
RT
A  

  

               

 .      8-17         

                    

               )8-191)  (8-192   (

)      .8-188    (    :  

  

)8-200(  
3 3

3 3 2 2
1 1 2 1, ,

1 1E

T P T P

g g RT
x x x x

  

  

)    8-194( ) 8-200 (    .  

  

)8-201(  5.011
212

1
2
2

xx
xx

RT  

  

      )         8-194   (   

RTA 2    5.01x          .

   :  

  

)8-202(  
R
ATc 2

  



314         

                

     .      :  

  

)8-203(  1 1 2 2 1 1, 2 2,ln ln pure pureg RT x a x a x g x g  

  

  :      

  

)8-204(  
2

1
2
1 1, ,

0
T P T P

lnag
x x

  
  

)8-205(  
23

1
3 2
1 1, ,

0
T P T P

lnag
x x

  

  

 )    8-194   (   :  

  

)8-206(  1
2
2111 lnlnlnln xx

RT
Axa  

  

 8-18    1      1x       .

2RT
A     1      1x  1x        8-18 

    .  2RT
A              

2RT
A        .  



 8        315  

  
 8-18     1    x            

RTA   

  

8-11-2       1  

 xT   8-19 .    cT       

   .cTT          

0,
22

PTxg    .cTT        

         0,
22

PTxg  .    

 8-19      2    1         

    .         :  

                                                                                                              
1. Upper and lower consulate temperature 
2. Spinodal 

0 
1x  0.4 0.6 0.8 0.2 1 

1a  

0.8 

1.0 

1.2 

1.4 

0.6 

0.4 

0.2 

0 

   

)1(  

)2(  

)3(  

)4(  

1x 1x  

2
211 lnln x

RT

Axa  

)1(  0/ RTA  
)2(  1/ RTA  
)3(  2/ RTA  
)4(  3/ RTA  



316         

)8-207(                               
1 ,

0
T P

g
x

 

  

)8-208(                          
2

2
1 ,

0
T P

g
x

  
  

  
 8-19            

  

                      .

                  

   .             

      .            

      ) 8-202       (RTAT c 

    .cT    »  «  .  

              

  .8 -20            :  

                                                                                                              
1. Binodal 

  
(  ) 

    
)Metastable( 

   

    
cT  

 1T

1x  1x  1x  0 1 



 8        317  

 (cT    .  

 (cT    .  

 (cT              .  

         (            

 cT .     

  

  
 8-20         

  

           ( )cT    »         

)UCST(1«    ( )   cT  »  )    LCST(2«   

   .Eg        cT            

5.021 xx        1xT  .         

                                                                                                              
1. Upper consulate solution temperature 
2. Lower consulate solution temperature 

  

x  0 1 

  

  

  
Lower cT  

Upper cT  

  
Upper cT  

Lower cT  

( )  

( )  
T 

  

x  0 1 

  

  
Lower cT  

  
Upper cT  

( )  

( )  
T 



318         

                     cT    

5.01x  .      1     :  

  

)8-209(  
21

21

xx
B
A

xAxg E  

  

 cT  cx1 )    8-208 (     :   

  

)8-210(  3

21

2

212

xx
B
AR

B
Axx

T c 

  

)8-211(  

B
A

B
A

B
A

B
A

xc

1

1
212

1  

 
8-11-3    -   

                   

     .          :  

  

)8-212(  2211 ; ffff  

  

                    

:       

                                                                                                              
1. Van laar 



 8        319  

)8-213(     1111 xx 

  

)8-214(  2222 xx  

  

      1x  1x  2x  2x      .  

       :         

  

)8-215(  1;1 2121 xxxx  

  

      1  2   )8-213 () 8-215   (

                    

  1  2 :    

  

)8-216(  
RT

xA
RT

xA 2
1

1

2
1

1
1exp;1exp  

  

)8-217(  
RT
xA

RT
xA 2

1
2

2
1

2 exp;exp  

  

   2RT
A       .  

  

8-12   

                    

               .  

   -                  

         .         



320         

       .-      

                     .

       -       .    

                 

   T  P       .         

                  .

        ,i  i            

      .  -           ( ) 

                    .

                       

  .              

           . 

                 

         .  

                

 -    .   -     

                

         (   )     .

           .      

    -      -   -

  -                 .

                 

     -           

 .              

 -     .     



 8        321  

                    

      .                

           .   

                       

             .     

       .              

   .  

  

  

1-     -        .    

      :             

         .            

     1          .  .

  1   satP1      1   lv1        .  

    -         :  

  

RT
PBZ mix1  

  

   ijB .       

2-           xy     )     1 / (

) 2   (C45  .               .

    .    

              

))1938(1275,60.,... SocChemAmJ(.  



322         

P kPa    1x    P kPa    2x  

57.795    0   23.038   0 

58.462    0.01    26.664   0.05  

58.928    0.02    31.064   0.10  

59.315    0.03    35.463   0.15  

59.648    0.04    39.730   0.20  

59.902    0.05    43.463   0.25  

60.115    0.06    46.796   0.30  

60.302    0.07    49.596   0.35  

60.462    0.08    52.129   0.40  

60.595    0.09    53.796   0.45  

60.688    0.10    55.462   0.50  

        56.862   0.55  

  

3-       C25         1  2   .

         3.91  7.42      .

  1  2    C25                   

 .     

4-       K300   1 2  3      .

      31    .        

K300    3/53satP1  40satP2  3/53satP3     .

         .    

   .     

 2-1   :K320     1          

311.  

 3-1      :K300 3131 xx   kPaP 60 

    .  



 8        323  

 3-2         :K270  2132 xx     

  .  

         .     

5- )  8-211)  (8-212    (           

    .    

6-                     

       .              

 :  

  

21xAxgE  
  

    A             .        

         649/1      .

      .             

    .        A          

    .    

7-     .           

 -       -      :  

  

jiij
E
ij xxAg  

  

 ijA   i  j  .  

     1   4     .      



324         

8 -     -            A  B  

  20  100        .       

    (  )       :   
  

tBA
1015.0lnln  

t                   .

      A  B   60   .     

9-           mixh     

mixs   (   )T  P           

    RThmix  Rsmix   1x            

                  

.   .  

10-             A  B )   

 -     (     :  

  

BA

E
xx

RT
gCAt 500.0:30  

  

BA

E
xx

RT
gCAt 415.0:50

  
  

BA

E
xx

RT
gCAt 330.0:70  

  

         :     
  

T
P

T
P sat

B
sat
A

405012.12ln405092.11ln  
  



 8        325  

satP    T     .         

   

         :          

.      

     :mmHg760            .

.    

         :C50    :     
  

1.020 0.112mix
A A B

h
x x x

RT
  

  

        
RT
g E

         .    

.          

  

  

[1] Barker, J. A., Aust. J. Chem., 1953, 6, 207. 

[2] Prausnitz, J. N., R.N. Lichtenhaler, and E.G. Agevedo; Molecular 

Thermodynamics of Fluid Phase Equilibria; 3th edition, Prentice-Hall, 

Englewood Cliffs, NJ, 1999. 

[3] Raal, J.D. and A.L. Mühlbauer; Phase Equilibria (Measurement and 

Computation); Taylor and Francis, 1998. 

[4] Sandler, S. I.; Chemical and Engineering Thermodynamics; 3th edition, 

John Wiley & Sons, Inc., 1999. 

[5] Scatchard, G. and C.L. Raymond, J. Am. Chem. Soc., 1938, 60, 1275. 



326         

[6] Smith, J. M., H. C. Van ness and M. M. Abbott; Introduction to 

Chemical Engineering Thermodynamics; 7th edition, McGraw-hill, 

2005. 

 

[7] Tester, J. W. and M. Modell; Thermodynamics and Its Applications; 3th 

edition, Prentice-Hall, PTR, 1997. 

[8] Van Ness H. C. and M. M. Abbott; Classical Thermodynamics of Non-

electrolyte Solutions; 2th edition, McGraw-Hill, 1981. 

  



  

 
 
 

9 
  

  

     
   

  

  

9-1   

                   

 -  ) (                

  .                

               .EG      

             : 
 

)9-1(  
ijij NPTi

E

NPTi

E

i N
RTNg

N
RTG

,,,,

ln  

 

)9-2(  
ij xPTj

E

j

E

i

jik
x

RTgx
RT
g

,,,

ln  

  



328         

  EG  .               

 yxTP            

 .                 

1 2ln  1 2
EG RT x x  1x      .       

                  .   

              .

                :  

1-   1  

2-  2 

3-  3 

                 Eg     

     :  

  

)9-3(  ii

E
x

RT
g ln  

  

)9-4(  EEE Tshg  

  

)9-5(  EEE Pvuh  

  

     )9-3)  (9-5 ( Eg  Eh   (  ) 
Es   (  )              

             .  

  

                                                                                                              
1. Athermal solution 
2. Nonathermal solution 
3. Perfect solution 



 9    ...  329 

1- )  0Eh(:            

          :    

  

)9-6(  0; EEE hTsh  

  

)   9-6)  (9-4 (    :  

  

)9-7(       EE Tsg  

  

                   

)0h(              .    

 .                

                  

 .                 

 .                :   

  

)9-8(  0;0 E
i

E
ii

E hhxh  

  

                  

) 9-8 (    :   

  

)9-9(  0ln i
E

i T
h  

  

)   9-9  (  i    .  



330         

2-    )0Es(:             

               :  

  

)9-10(    EE Tsh  

  

)     9-4:   (  

  

)9-11(  0, EEE shg  
  

   :  

  

)9-12(  0E
ii

E sxs
  

  

:     

  

)9-13(  0ln i
E
i RT

T
s  

  

    :  

  

)9-14(  CRT iln  

  

              :  

  

)9-15(  1ln ; lni i
dc

T T
  



 9    ...  331 

 c  d         .             

             .   0c     

       0d           

 .    

   -                   

              .    

  -             

 .       -         

                    

-   .  

3-  :              

                Eh  

 Es     .       .     

  

9-2    1  

  Eg   .                  

  2           3   

   . Eg                

  .                

     :  

 ( 4:               

            .      

                                                                                                              
1. Excess Gibbs modelds 
2. Van Laar 
3. Local composition models 
4. Nonathermal models 



332         

                 .

               .  

    

   1 

  2 

      3 

   4 

 (  5:               

        .        

        .       

     .                

    :  

       

   - 6  

    7 

             .  

 
9-3  8  

             

       .           

                      .

                                                                                                              
1. Regular solution theory 
2. Lattice theory 
3. Local composition & two-liquid theory 
4. Association solution 
5. Athermal models 
6. Flory-Huggins lattice theory 
7. Guggenheim Quasichemical theory 
8. Van laar theory 



 9    ...  333 

      .        1x  2x   .   

                    

   :  

1-        : 0Ev )0v(  

2-       : 0Es )ii
id xxRs ln( 

           :  

  

)9-16(  
00

EEEE TsPvug  

  

         :  

  

)9-17(  E Eg u u  

  

     Eg         T  P 

       .     »u            

 .«             9-1 

 :  

 1  :     T   P      

 2 :                

   

 3     :          

               .  

  

)9-18(  uuuuu E  



334         

  1                   

           .       

     1.  

  

)9-19(  P
T
PT

v
u

vT  
  

  
2 9-1             T  P3  

  

         .    

  

)9-20(  dv
v
advP

T
PTdu

v
T 2

  

  

 )   9-20)   (9-19         (

:    

                                                                                                              
1. Gas ideal mixing 
2. Isothermal Compression 
3. Isothermal Expansion 

       (T,P)     (T,P) 

   2    1  
 

   1  

1 3 

2 

    
 (T,P#      0) 

    
 (T,P#      0) 



 9    ...  335 

)9-21(     
2v

a
v
u

T
  

  

)     9-21  (u              

 :  

  

)9-22(  
1

1 1 1 1
21

1
l

id
lv

a x a xu u dv
v v

 

  

)9-23(  
2

2 2 2 2
22

2
l

id
lv

a x a xu u dv
v v

  

  

    idu      v          .

        :  

  

)9-24(  
2

22

1

11

b
xa

b
xau  

  

 11 bv l  22 bv l    .            

       b        

    .         

                   

:           

  

)9-25(  )T(                    0u  

  

                

   .  



336         

                  ( )

                   

 :    

  

)9-26(  2

lv

l
a a au dv

bv v
  

  
lv b  .        )9 -24 ()9 -25(  )9 -26)  (9 -18 (

:    

  

)9-27(  1 1 2 2

1 2

E a x a x ag u
b b b

  

  

           a  b :  

  

)9-28(  2 2
1 1 2 2 1 2 1 22a x a x a x x a a  

  

)9-29(            1 1 2 2b x b x b  

  

    )9-28(  )9-29( )  9-27 (Eg     

  .  

  

)9-30(  
2

1 21 2 1 2

1 1 2 2 1 2

E a ax x b b
g

x b x b b b
  

 
1b 2b                

 :  



 9    ...  337 

  

)9-31(  1 1
1

1 1 2 2

l

l l
x v

x v x v
  

  

)9-32(        2 11  

  

)9-33(           1 1 2 2 1 1 2 2
l lv x v x v x b x b  

  

    )9-30)  (9-33:   (  

  

)9-34(  
2

1 2
1 1 2 2 1 2

1 2

E a a
g x b x b

b b
  

  

   )   9-34    (         0Eg 

  .       ) 9-30    (  

  :  

  

)9-35(  1 2
1

2

ln

1

A

xA
B x

  

  

)9-36(  2 2
2

1

ln

1

B

xB
A x

  

  

     A  B     :  

  



338         

)9-37(  
2

1 21

1 2

a ab
A

RT b b
  

  

)9-38(  
2

2

2

1

12

b
a

b
a

RT
b

B  

  

 )9 -35)  (9 -36(      )     .9 -37)  (9 -38 (

   Ti 1ln   .       A  B   )11,ba(    

)22 ,ba(         .        
Eg   0Es        .       

 )   1i  ( .              

           )      .9 -27  (  

     :    

  

)9-39(  1 1 2 2a x a x a  

  

         1  2       

       .0Eg    1i    .

  1 1 2 2a x a x a   121 .    

               

        .        

1i        ba         .        

          ba         .

       )cc PT ,(         

.  



 9    ...  339 

    A  B           

           1        

             .   

  A  B      :  

  

)9-40(  1

2

11

22 ln
ln
ln

1
x
x

A  

  

)9-41(  2

2

22

11 ln
ln
ln

1
x
x

B  

  

9-4   2  
        0Es  0Ev     .-

3                    

             .     

             4   

                   

                  .

     5     )   MIT(     

               

           .    

     :    
  

                                                                                                              
1. Correlation 
2. Regular solution theory 
3. Hildebrand 
4. Regular solution 
5. Scatchart 



340         

)9-42(       
l

vap

v
uC  

 
 vapu                   ) 

  ( . »C «   1    .   

     )9-21 (:   
  

)9-43(       

 
)    9-43)     (9-42:   ( 

  

)9-44(       2l
i ia C v  

  

  )  9-44)   (9-27:   ( 
  

)9-45(  
2211

2
2

2
222212112

2
1

2
111 2

vxvx
xvCxxvvCxvCu  

 
 lvv 11  lvv 22  111 CC  222 CC  .       

    :   
  

)9-46(  221112 CCC  
 

    11C 22C  12C          . 

  :           

)9-47(  
2211

22
2

2211

11
1 ;

vxvx
vx

vxvx
vx 

 

                                                                                                              
1. Cohesive energy density 

vap
i

l
ii uva



 9    ...  341 

)9-48(  2
2222112

2
1112211 2 CCCvxvxu  

 
   u  : 

  

)9-49(  222211112211 vCxvCxuxuxu vapvap
 

  

   ) 9-48)  (9-49)   (9-18:   ( 
  

0

Eu u u u u  

 

)9-50(  
2211

2
2

2
222212112

2
1

2
111

22221111
2

vxvx
xvCxxvvCxvCvCxvCxu E  

 
 )  9-50 (   : 
  

)9-51(  11 22 12 1 2 1 1 2 22Eu C C C x v x v  
 

         : 
 

)9-52(  
21

21
l
i

vap
i

ii v
u

C  

 
 i  1          )    9-52 )  (9-51 (

    : 
  

)9-53(  2
1 1 2 2 1 2 1 2

Eu x v x v  
 

:    

                                                                                                              
1. Solubility parameter 



342         

)9-54(  
21

1

121
111 l

vap

v
u

C 

 

)9-55(  
21

2

221
222 l

vap

v
u

C  

 
                 

    0Ev  0Es :   

  

)9-56(          EE ug  

 
)  9-56       (      

   : 

  

)9-57(  2
21

21
2211 RT

vxvx
RT
g E

  

 
 )    9-57(       

    : 

  

)9-58(          2
21

2
2

1
1ln

RT
v  

 
)9-59(  2

21
2

1
2

2ln
RT
v  

 
  )9-58)  (9-59  (         A  

B :   

  



 9    ...  343 

)9-60(  2
21

22
21

1 ;
RT
vB

RT
vA  

 
     )9-58)  (9-59 (         

 1i            

       .    .    

     1  2              

 )21(       0Es        

:   

  

)9-61(  2
21

2
21v  

 
)9-62(   2

21
2

12v  

 
)     9-58)  (9-59  ( Ti 1ln      .

) 9-61( ) 9-62(       .      

   )21(              

   .    

  

     
1 23

2 1 2: 27.5 14.9 5.6CS n hexane Jcm  

 

   
 

     2( )CS n hexane            

 4( )CCl Cyclohexane           .

              21
221112 CCC   

    0Es  0Ev        .

213
214 2.08.160.17: JcmeCyclohexanCCl



344         

           .Eh   

             .     

 : 

  

)9-63(  21
22111212 1 CClC  

 
 12l                     

                        .

  .               

112l  .         )   9 -63(         

       . 
  

)9-64(  2112
2

21

2
21

1 2ln l
RT

v  

 

)9-65(  2112
2

21

2
12

2 2ln l
RT

v  

 
      1 2 0    )9-64)  (9-65 (  

          .     

          .    

         : 
  

 221112 CCC :  

 
)9-66(  2ln jji vRT  

  

)9-67(      
m

i
ii  



 9    ...  345 

)9-68(     m

i
ii

jj
j

vx

vx

1

  

 
       . 

  12 12 11 221C l C C:  

  

)9-69(  ijik

m

i

m

j
jikk DDvRT 21ln  

 
)9-70(  jiijjiij lD 22  

 
)9-71  (              0iiii Dl  

 
   0ijl  ) 9-69)   (9-66  ( .  

                

                  

      .       

              .  

  

9-5  1  

                 

               .    

                 .   

       .            

                                                                                                              
1. Lattice theory 



346         

          .    

               

          .     

                  

 1       .        

      .            

        .     )        

   (    2   .     

                  

 .3   1966  4   1963       

      .        .  

              .  

           )  NaCl(    

 5   6              Na 

Na Cl                 .

                 .

                   

            .  

              .    

                     

            .

           .     

                                                                                                              
1. Quasi crystallise 
2. Lattice 
3. Guggenheim 
4. Barker 
5. Site 
6. Cage 



 9    ...  347 

     .          

      .    : 

  

)9-72(  
T
EQkS Latticeln  

 
 LatticeQ    1        E     

 2         .      

     : 

  

)9-73(  
,iE V N

kT
Lattice

i
Q e  

 
iE          k    .  V  

N                      .

                    

           .  ) 9-72 (

    :  

  

)9-74(        lnS k  

 
    3    .       

                   

1                

    .  0S           .

                                                                                                              
1. Canonical partition function  
2. Lattice ensemble 
3. Thermodynamic probability 



348         

                     

                   

.                       

    .  1N     2N     

  .             1  2  

    0H                . 

     1-1 2-1  2-2        

      .     1  2      

       21 vv           

21 vvv )     v    ( .     

     21 NN           .1   2 

    .  1          : 

  

)9-75(  1 2

1 2

!
! !

N N
N N

  

 
                        

      .              

 1   2         : 

  

)9-76(     1 2
1 2

1 2

! !
1.0 ; 1.0

! !
pure pureN N

N N
  

  

              

      .           

      : 

                                                                                                              
1. Combinatorial analysis 



 9    ...  349 

)9-77(  1 2ln ln lnpure pureidS k k k  

 
) 9-77)   (9-74    (   .       

   )9-75(  )9-76(   )9-77(  : 

  

)9-78(  1 2

1 2

!
ln

! !
id N N

S k
N N

  

 
  1N  2N       )1023       (1 

    : 

  

)9-79(  ln ! lni i i iN N N N  

 
)    9-79 ( )9-78 (    : 

  

)9-80(  1 2 1 2 1 1 2 2ln ln lnidS k N N N N N N N N  

 
   )  9-80:   ( 

  

)9-81(  1 2
1 2

1 2 1 2
ln lnid N N

S k N N
N N N N

  

  

     1 2 An N N N  AN      

    1  2      :  

  

                                                                                                              
1. Stirling approximation 



350         

)9-82(  
n
n

NNN
NNx

n
n

NNN
NNx

A

A

A

A 2

21

2
2

1

21

1
1 ;  

  

      1   R kN A    .

)9-81 (    :  

  

)9-83(  lnid
i iS R n x  

  

          :  

  

)9-84(  ii
id xxRs ln  

  

) 9-84    (              .  

                  

                    .

       .           

        .  

  

9-5-1     2  

       1  2    1N  2N     .  -

             .Z       

                   

             3 Z   . 

                                                                                                              
1. Boltzmann 
2. Nonathermal mixture 
3. Cordination number 



 9    ...  351 

          )0Ev(     .        

       .  

          1        

                   

                

                     

        .          

                 

      .   9 -2      

1  2  .         9 -2       

        Z   8         8 

      1   2        ( )  ( ) 

 .    6  12           10 

     .                    

  2   1 22Z N N .        

 1 -1  2 -1  2 -2   11N 12N  22N   .    

»   «           

    .  

  

)9-85(  
12222

12111

2
2

NNZN
NNZN

  

  

    »  «           

       :   

                                                                                                              
1. Pairwise addition 
2. Nearest neighbors 



352         

)9-86(  121222221111 NNNUt  

  

 11 22  12             

  )  9-86  (     1  2   

 :  

  

)9-87(  12
1 11 2 222 2 2t

NZ ZU N N w  

  

)  9-87)    (9-85)  (9-86 (    .      

w  :  

  

)9-88(  221112 2
1Zw  

  

w    1   )  .9-87         (

     .1 02N  012N         

   1      2         1112 NZ  2222 NZ 

    2   12 2N w   .  

  

                                                                                                              
1. Interchange energy 
2. Mixing energy 



 9    ...  353 

  
 9-2         1  2  

  

  w   9-2  .      Z    

  1  Z     2      Z2    1  2 

                     w2 

( ) 

1  1  1  1  1  

1  1  1  1  1  

1  1  1  1  1  

1  

1  

1  

1  

1  1  1  

1  1  1  

( ) 

1  1  1  1  1  

1  1  1  1  

1  

1  

1  

1  

1  

1  

2  

1  

1  

1  

1  

1  

1  

1  

1  

1  

( ) 

2  2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

1  

2  

2  

2  2  

2  2  

2  2  

2  

2  

2  

2  

( ) 

2  2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  2  

2  2  

2  2  

2  

2  

2  

2  

   :  

   ( )2  ( ) 1  
:      

  ( )1  ( ) 2  



354         

        1-1  2-2         .

  1  2         1  2  1 

           1  2     

          .      

       .      1212 NN     

 »«         .1952       

   .     

  

)9-89(  1 2
12

1 2

ZN N
N

N N
  

  

             

         :  

  

)9-90(  LatticeLattice QkTA ln  

  

 Q               .     

      .  

  

)9-91(  
12

exp,, 1221
N

t
Lattice kT

UNNNgQ  

  

  g      2  3        .

g    .g           

                                                                                                              
1. Completely random 
2. Combination factor 
3. Degeneracy 



 9    ...  355 

  1N   1  2N   2      21 NN   

      .1   2  1g         .

    :  

  

)9-92(  1, 2,pure pureA A A A  

  

     :  

  

)9-93(  

kT
ZNkTA

kT
ZNkTA

pure

pure

2
expln

2
expln

2222
,2

1111
,1

 

  

)    9-93)   (9-92)     (9-90   (

:  

  

)9-94(  

11 11 22 22ln ln exp ln exp
2 2Lattice

ZN ZNA kT Q
kT kT

  

  

  LatticeQ   » «1      .      

12N   1N  2N           

212 NorNZ    .     )   1212 NN(    

:  

        111,11221 2
,0,0.1: NZUNNNg pure  1  

                                                                                                              
1. Maximum term approach 



356         

)9-95(      222,21212 2
,0,0.1: NZUNNNg pure   2  

  

Z
wNNZNZUNNNgNNNg T 1222211112211221 22

,,,,,:  

  

)    9-95 ( ) 9-91 ( ) 9-94  (:  

  

)9-96(  12
1 2 12ln ( , , ) exp wNA kT g N N N

ZkT
  

  

 12N   ) 9-89  .    (g         

  :  

  

)9-97(  
!!

!,,
21

21
1221 NN

NNNNNg  

  

)    9-89)  (9-97)   (9-96:   (  

  

)9-98(  1 2 1 2

1 2 1 2

!
ln exp

! !
N N wN NA kT
N N kT N N

  

  

     ) 9-98 (    :  

  

)9-99(  1 1 2 2 1 2ln lnA
wa kTN x x x x x x
kT

  

  



 9    ...  357 

 AkNR    .          0v   

0Ev  0Es :    .  

  

)9-100(        ids s  

  

             :  

  

)9-101(  E Eg a       
0

E E E E E Eg h Ts a Pv a 

  

)9-102(     
0

E E E E E id idg a h u Ts a a a T s  

  

)    9-99)   (9-102:   (  

  

)9-103(  
kT

xwx
RT
u

RT
a

RT
g EEE

21  

  

 ANRk   .)    9-103(       

      .  

  

)9-104(  
2 2
2 1

1 2ln ; lnwx wx
kT kT

  

  

   )9 -103)  (9 -104(           

       .1212 NN         

         »  «1  .  

                                                                                                              
1. Zero Guggenheim approximation 



358         

9-5-2    1  

            .       

                  

                  

      .          

   2    -     

    -            .

                11 

22  12       .       

         .  

  ) w   T            (   

                    

               

   1 -1 2 -1  2 -2  .              

) Es (      ( )  ) 0Es .(  

   1952                

               .
3    .            .    

                

  :  

  

)9-105(  
21.2

21122211  

                                                                                                              
1. Guggenheim Quasi Chemical theory 
2. Nonrandomness 
3. Rigorous 



 9    ...  359 

   ) 9-105  (            

   1-1  2-2           )

 (  2-1  1-2         .2-1  

          12N  12N   .    

0w   1212 NN         0w  

  1212 NN     .         

 T  V   )  9-105 (       :  

  

)9-106(  
2211

2
12
NN

NKeq  

  

    -      )      9-105   (

:  

  

)9-107(  2;exp
RT
H

dT
RTGd

RT
GK RxnRxnRxn

eq  

  

 :    

  

)9-108(  
R

U
R

H
T
K RxnRxn

V

eq

1
ln

  

  

    :  

  

)9-109(  
kZ

w
R

U Rxn 2 



360         

 RxnU  )  9-105(     .    )   9-

108  (  :  

  

)9-110(  
kZT

wCKeq
2exp  

  

 C      .         

:  

  

)9-111(  KKNNNNNNW ,,,;0 222211111212  

  

)9-112(  
2

12

11 22

NK C
N N

  

  

        )9-85:   (  

  

)9-113(  
2

;
2

122
22

121
11

NZNNNZNN  

  

     212112 NNNZNN  )    9-112  (

)9-113(   4C     )   .9-110 (        

 :   

  

)9-114(  2
2211

2
12 42exp4

ZkT
w

NN
NKeq  

  

   



 9    ...  361 

)9-115(  
ZkT

wexp  

  

               12N   12N 

   :  

  

)9-116(  
1

2
1

2

21

21
1212 NN

NZNNN  

  

 )     9-85(  )  9-114(       

:   

  

)9-117(  
2122

21 141 xx  

  

   1 1   0w         

   .w  2     012N       

        .w  02  0  1212 2NN   

)5.021 xx (.         .  

   ) 9-116)  (9-95:   (  

  

)9-118(  
1

2EE uu  

  

 Eu         )  9-103     (.   

   - :     

  



362         

)9-119(  
1

2
1 21

,

xwxNu
T
Ta

A
E

xv

E
  

  
Ea     .    )   9 -117 )   (9 -119( 

  ) 9 -119 (     T;1 :    

  

)9-120(  
1

21ln
1
21ln

2 2

2
2

1

1
1 x

xx
x

xxZ
RT
aE

  

  

       w                 

  Tw ,0              

     1     .12 ZkTw       

ZkTw2exp        2 :    

  

)9-121(  2121
2

2
11 xx

ZkT
wNxwxag A

EE  

  

    0w      EE hg  0Es   .

                  

  .  

  

9-5-3   - 1        

              

                         

     .          

                                                                                                              
1. Flory- Huggins 



 9    ...  363 

        .        

             . 

        0Eh        .   

                    

         . 0H   

  .     1           

         2           

    3       4        

   .  

      1  2     .   1  5 

       .    2             

    .     6     .

             .    

   1N    2N  7  )      (

)   .        (r  .   

                

        ( )          

    .         .    

     -             .  

   9 -3   r              .

           )21 rNN(     .   

     1  2     : 

                                                                                                              
1. Configurational 
2. Polystyrene 
3. Polydimethyle siloxane 
4. Hexamethyle disiloxane 
5. Solvent 
6. Segment 
7. Solute 



364         

)9-122(  
21

2
2

21

1
1 ;

rNN
rN

rNN
N 

  

 1  2               

 .      

  

  
 9-3 )           (  

  

   -       :  

1-          

2-         

3-   .             

     

4-          . 



 9    ...  365 

5-               .   

               

6 -                 : 
 

)9-123(  
1

2

v
vr  

  

    )1  ( )2( )  9 -122 (       :  

  

)9-124(  
2211

22
2

2211

11
1 ;

vxvx
vx

vxvx
vx  

  

              :  

  

)9-125(  
2211

22*
2 ww

w  

  

1w  2w         .  1  2     

    .  

        1    :  

  

)9-126(  lnS k  

  

 k         .  

                    

             .     

    :  

                                                                                                              
1. Boltzmann entropy 



366         

)9-127(  1 1 2 2S S N S N S  

  

1S  2S        1       

               .2   

1984        -    .       

            r       

  .              

        3          

 .                    

               .      

    i           ri   

 i      .        

 1i      :  

  

)9-128(  
2

1 1
r

i
N ir N irw N ir Z Z

N N
  

  

 1iw        )1i(      

-       i     -   .Z  4 

    .              

          .  1N     2N     

    :   

                                                                                                              
1. Amorphous 
2. Hiemenz 
3. Random 
4. Coordination number 



 9    ...  367 

)9-129(  
2

21 2 3

2 2 1

1
! !

N
N

i
i

w w w w
w

N N
  

  

   1w  
2Nw )     9-128:   (  

  

)9-130(  
22 2

2

2

1
12

1
1

!

N rN rN

N r
i

Z Z N i
rN N

  

  

:             

  

)9-131(  
22

2

2

1
22

1 !
!!

rN rN

N r

Z Z N r
N r NN N

  

  

             ln ! lnN N N N         

)9-131)  (9-126:   (  

  

)9-132(  
2 1

2 1

2

ln

ln 2 ln 1 1 ln

rN N
S k N N

N N

kN Z r Z r r

  

  

) 9 -132     (02N  1NN        

 :  

  

)9-133(  
1,

1

2

lim 0

0

pureS S

N N
N

  

  

  



368         

   01N  2rNN :    

  

)9-134(  
2, 2

2

1

lim ln 2 ln 1 1 ln

0

pureS S kN Z r Z r r

N rN
N

  

  

)   9-133)  (9-134 )   (9-127       (

      :  

  

)9-135(  1 2
1 2ln lnN rNS k N N

N N
  

  

       Z          .      

) 9-122:   (  

  

)9-136(  1 1 2 2ln lns R x x  

  

 RkN A )  .9 -136          (    

 -  .      1r  ii x       S   

      .        -   

:    

  

)9-137(  
E idg g g

RT RT RT
  

  

)9-138(  
1 1 2 2ln lng sT x x

RT RT
  



 9    ...  369 

    )9-138)   (9-137      ( 

g :    

  

)9-139(  
2

2
2

1

1
1 lnln

x
x

x
x

RT
g

C

FH

E
  

  

  »C«    1  Eg  .    FH   

 -     .   )    9-139(     

          :  

  

)9-140(  
i

i

i

iC
FHi xx

ln1ln  

  

)   9-140   (      )1(         

 :  

  

)9-141(  
1

1

1

1
1 ln1ln

xx
C
FH  

  

       :    

  

)9-142(  22
2

12

1

1

1

11 111ln
rv

vv
x

x  

  

       :  

                                                                                                              
1. Conbinatorial 



370         

)9-143(  221
111lnln
r

a  

  

   ) 9 -143(           :  

  

)9-144(  221
11111lnln
rr

  

  

          r      .

100r  1ln           .      

  -         :    

  

)9-145(  1 1 1 1 1 1
sat saty P x P a P  

  

            )     .9-143   (

:  

  

)9-146(  21
1

1 11exp
rP

P
sat  

  

 PyP 11      .           

  :       

  

)9-147(  
RT
G

RT
G

RT
G RC

  



 9    ...  371 

 R   1  .-           

    :  

  

)9-148(  2121 rNN
RT
GR

  

  

  »«  » «       -     .  

   -           :  

  

)9-149(  
21

2121

2

2
2

1

1
1 lnln

NN
rNN

x
x

x
x

RT
g

FH

E
  

  

 )   9-149    (    .  

  

)9-150(  2221
111lnln
r

a  

  

:         

  

)9-151(  2221
11111lnln
rr

  

  

                  

  .                

        .  

                                                                                                              
1. Residual 



372         

)9-152(    )(          
2

21
212211 RT

vxvx
RT
g

RE
  

  

)   9-152)     (9-148:   (  

  

)9-153(  0
2

211
RT

v  

  

               

      .              

     .    

  

)9-154(  
RT
w  

  

 w      )  9 -88  (   11  22 

 12       -   -    -  

    .0        -        

      -    -   

12 11 221 2    .             

  21           1r   
2

1 2 1 1 r               .

   1 2       .          

     .      9 -1     

     .  

  

  



 9    ...  373 

 9-1         c25 )1980Grulke(  

23Jcm  Polymer 

12.7  Teflon  

14.9  Poly(dimethyle siloxane)  

16.2  Polyethylene  

16.4  Polyisobutylene  

17.4  Polybutadiene  

18.6  Polystyrene  

19.4  Poly(methyl methacrylate)  

19.8  Poly(vinyl chloride)  

22.3  Cellulose diacetate  

25  Poly(vinylidene chloride)  

25.3  Polyacrylonitrile  

  

9-6    

               .   

                      

                 

         .                 

                    

               

             .        

                

  .             



374         

    .              

                      

         .                

               - 

      .          

                    .

                   

                 

                       

           .     

                  

 .     -          

         .  

  

  

1-  A    kPa 3/13sat
AP  C10     .

 C25  3gcm80/0     160        .

A     .    A      C10 

  A  kPa8     .       

C10      A .        
  

        

   C25 
1 23Jcm  5/20  2/18

    C25 13 molcm  61  107  

   C10 kPa  73/1  5/25  

 



 9    ...  375 

2-        K )  iii xyK     .(

  C50  %mol30    %mol70  .     K 

           .        

  .C50              

bar    533/0  380/0.    C25       

    : 
 

  3 1 2Jcm  3 1lv cm mol  

   9/14  132 

  8/18  89  
 

3 -       ) 1)  (2  .  (      

       .         

  .   K300      :     kPa3/53sP1  kPa80
sP2 .       13molcm160    :      

3 1 2Jcm3/141  3 1 2Jcm4/172   K300      .

           .    

4-               

              . 

        .     

5-             111 a   

  a       1  .        

    11        : 

  

r
11ln 1 



376         

      1r          

   .             .     

 4
1 10      .         C125 

 .              /1 0 44      

   bar49/4             .

                    .  

    .      .  

6-  C125      50           50 

       .  C125    : 

 
      

 3gcm  783/0  11/1 

  torr  3340   -  

  

   104  34/8   .   C125  

            (   /   ) bar3/18 

   .       .    

  

  

[1] Barker, J. A; Lattice Theories of the liquid state; Pergamon press, 

Oxford, 1963. 

[2] Guggenheim, E. A.; Mixtures; Oxford university press, Oxford, 1952. 

[3] Guggenheim, E. A.; Applications of Statistical Mechanics; Oxford 

university press, Oxford, 1966. 



 9    ...  377 

[4] Hiemenz, P. C.; Polymer Chemistry-The Basic Concept; Marcel Dekker, 

New York, 1984. 

[5] Hildebrand, J.  H., J. Am. Chem. Soc., 1929, 51, 66. 

[6] Hildebrand, J.  H., J. Chem. Phys., 1947, 15, 225. 

[7] Prausnitz, J. N., R.N. Lichtenhaler, and E.G. Agevedo; Molecular 

Thermodynamics of Fluid Phase Equilibria; 3th edition, Prentice-Hall, 

Englewood Cliffs, NJ, 1999. 

[8] Sandler, S. I.; Chemical and Engineering Thermodynamics; 3th edition, 

John Wiley & Sons, Inc., 1999. 

[9] Scatchard, G., Chem. Rev., 1949, 44, 7. 

[10] Smith, J. M., H. C. Van ness and M. M. Abbott; Introduction to 

Chemical Engineering Thermodynamics” 7th edition, McGraw-hill, 

2005. 

[11] Tester, J. W. and M. Modell; Thermodynamics and its Applications; 3th 

edition, Prentice-Hall, PTR, 1997. 

[12] Van Ness H. C. and M. M. Abbott; Classical Thermodynamics of Non-

electrolyte Solutions; 2th edition, McGraw-Hill, 1981. 

  

  

 



 



  

 
 
 

10 
  

  

       
  

  

  

10-1   

                      .

                     

     .                    

           .      

                     

                      .

              .     

         1964  .        

 -        -        

         .          - 



380           

  - 1      .            NRTL

UNIQUAC            .     NRFNRTL 

NRFWilsonN  NRFUNIQUAC    . 
 
10-2    2   

              -      

   .              

 .              .  

      1  2          .  

        11  22  12           

1-1 2-2  2-1             .    

    .             

                      

 1  2    10-1      1     1  2   

  1      2      1  2     2  

   .  
  

  
 10-1      1  2          

                                                                                                              
1. Two liquid 
2. Wilson local composition model 

2 
2212

  2  

1 
21 11

  1  



 10           381 

                     

tii NNx                  : 

  

)10-1(  
Z

N
NN

N
x

Z
N

NN
N

x ji

iiji

ji
ji

ij

ijjj

ij
ij ;  

 
jiN     j    i     .      ijx  jix     

    i    j     j    ( ) i 

  . Z  1                

       .   10 -1     1           2 

   1           11  21    .    

        2       : 

  

)10-2(      exp ij
ij ix x

RT
  

 
            i   j     .  

   )  10-2     (1  2       

1 :   
  

)10-3(  
RTx

x
x
x 1121

1

2

11

21 exp                            
RTxx
RTxx

11111

21221

exp
exp

  

 
     2    : 

  

)10-4(   
RTx

x
x
x 2212

2

1

22

12 exp                            12 1 12

22 2 22

exp

exp

x x RT

x x RT
  

                                                                                                              
1. Coordination number 
2. Boltzmann factor 



382           

         4    12x 22x 21x  11x   

        1  2       : 

  

)10-5(       1;1 12222111 xxxx  

 
   )10-3)  (10-5 (            .

        :  

  

)10-6(  
121222

222
2

212111

111
1 ,

xvxv
xv

xvxv
xv  

 
       )    10-6:   ( 

  

)10-7(          
1212

2
2

2121

1
1 ,

xx
x

xx
x  

 
           : 

  

)10-8(  2 12
12 12 21 11

1
exp ;v a a

v RT
  

 
)10-9(  1 21

21 21 12 22
2

exp ;v a a
v RT

  

 
    -              : 

  

)10-10(  
2

2
2

1

1
1 lnln

x
x

x
x

RT
g E

  

 
)   10-7)   (10-10:   ( 



 10           383 

)10-11(    1212221211 lnln xxxxxx
RT
g E

  

 
) 10-11  (            .    

                  

  : 

  

)10-12(          12 21
1 1 12 2 2

1 12 2 2 21 1

ln ln x x x
x x x x

  

 

)10-13(          
1212

21

2121

12
112122 lnln

xxxx
xxx  

 
 ) 10-11  .         (     

1x  2x        0Eg .    

 12  21                  

        .          

  : 

  

)10-14(     2.02; ZRTH vap
iij  

 
 vap

iH     .                 

          .  

                   1 

                     -     

      .                    

                      

                                                                                                              
1. Associated 



384           

      .100             

                   

      +        .     

       xP  .                

) 1957 (C45     .           

  1156.012  2879.021   %004.0       

      230.2A  959.1B    %011.0   

.                  .   

               x      

                  .  

         .         

                       

      .                 

-               .      

 21  12                    

                  .  

   

10-3   1        
                    

.              2     

     .     3              

                      .   

 )      (              

       4        . 

                                                                                                              
1. Two liquid theory 
2. Corresponding state theory 
3. Hypothetical pure fluid 
4. Pseudo critical 



 10           385 

)10-15(  ( )

Cm j C j
j

j cj cm
j

Cm
j cj

j

T y T

R y z T
P

y v

  

 
        0.5 / 2C i C jT T  0.5 / 2C i C jP P . 

        »  «1         

     .                    

         -  )m(           .  

         -         .  

        2    3    1956     

  .               .   

      +  +                  

      .  

                           

        .             

              NRTLUNIQUAC    

       .  

                     .  

  1  2     .             

                      

                 )   (4 

    .   10-2          

   .  

                                                                                                              
1. One-fluid theory 
2. Two-fluid theory 
3. Scott 
4. Nonrandomness 



386           

  
 10-2             

  

               1       

    1  2        .      2   

     1  2       .    1  2      

1x  2x       .      1M    

  1       1    .   2M     

   2        2            .

       M    m        . 

  

)10-16(  
1 2

1 2
(1) (2)

1 2

mix

mix

M N M N M

m x m x m
  

 
) 10-16       (      :  

  

)10-17(      2
2

1
1 hxhxhmix  

 

1 

  1  

 1  

2 

  2  

 2  



 10           387 

               NRTL  UNIQUAC         

)10 - 16    .    (         -     

                -       .  

  

10-3-1         -   

            1  2     

  : 

  

)10-18(  
RT

hh
x
x

x
x 1121

2121
1

2

11

21 exp;  

 

)10-19(  
RT

hh
x
x

x
x 2212

1212
2

1

22

12 exp;  

  

     ij  ijh   .           

                 .    

                 1  2 

         1  2          

    :  

  

)10-20(   )1(           21211111
1 hxhxh  

  

)10-21(   )2(         2
22 22 12 12h x h x h  

  

)    10-20)  (10-21)   (10-17(       

      :  



388           

)10-22(  1 11 11 21 21 2 22 22 12 12mixh x x h x h x x h x h  

  

        12111 xx  11222 xx       

)10-22    (       :   

  

)10-23(  22121221121211 hhxxhhxxhE  

  

              2212 hh  1121 hh 

      .       -       

)10-23  (           :  

  

)10-24(  
xP

E
E

T
Tgh

,
1

  

  

)10-25(      
T

T

E
Tdhhxxhhxx

T
g 1

01 22121221121211 1  

  

         T  01 T      1ji  jji xx 

 .             )10 -25:   (  

  

)10-26(  
2

12
2

1

21
1

1ln1ln
x

xx
x
xx

RT
g E

  

  

  )     10-18)  (10-19(          

    :  

  



 10           389 

)10-27(  
1212

121
12

2121

212
21 ,

xx
xx

xx
xx  

  

)   10-27)   (10-26:   (  

  

)10-28(  
1 1 2 21 2 2 1 12ln ln

Eg x x x x x x
RT

  

  

 1212  2121        .    

   ) 10-28 (           -  

.     

  

10-3-3    -  )NRTL(1  

  1968 2  3  NRTL           

     .  NRTL           - 

  -     .             

   1  2 .    
  

)10-29(  
RT

ggGG
x
x

x
x 112121

2121
1

2

11

21 exp;  

  

)10-30(  
RT

gg
GG

x
x

x
x 221212

1212
2

1

22

12 exp;  

  

                   NRTL 

   .  NRTL                  4   

                                                                                                              
1. Non Random Two Liquid 
2. Renon 
3. Prausnitz 
4. Nonrandomness 



390           

)1221   (             

        .               Z 

   )Z1(          .NRTL       

  ijg                    

                    .

jiij gg    .      11121 xx  12212 xx      

        .  

  

)10-31(  
1212

121
12

2121

212
21 ;

Gxx
Gx

x
Gxx

Gx
x  

  

)            10-16 (     

        :  

  

)10-32(        2
2

1
1 gxgxg  

  

:     

  

)10-33(  21211111
1 gxgxg  

  

)10-34(    12122222
2 gxgxg  

  

)   10-33)  (10-34)   (10-32         (

:     

  

)10-35(  22121221121211 ggxxggxxg E  



 10           391 

   )    10-31 )   (10-35(         

      :  

  

)10-36(  
1212

1212

2121

2121
21 Gxx

G
Gxx

G
xx

RT
g E

  

  

     

  

)10-37(  12 22 12 21 11 21
12 21;g g g g g g

RT RT RT RT
  

  

   NRTL      12 21  12  .  

        ) 10-191          ( 1  2 

     .  

  

)10-38(  
2

1212

1212
2

2121

21
21

2
21ln

Gxx

G
Gxx

G
x  

  

)10-39(  
2

2121

2121
2

1212

12
12

2
12ln

Gxx

G
Gxx

G
x  

  

           NRTL               

 .                  

                   NRTL     

                    - 

) VLE(   -  )LLE(    .NRTL  2212 gg  

1121 gg                    



392           

  +         .        

 -     C30  -   C25  C45     .

     NRTL                  

4/0-2/0             .  

  

10-3-4   ( )UNIQUAC1  

     NRTL      VLE  LLE    

               .     NRTL 

                 .  -  

            -     2 

    1975  .  .               

              .    

                     

      .            

»«3       »«4       .   

                     

     .  

                   

   .   -      -        

     :  

  

)10-40(  
0,,0

,
ln

12

21

NQNQ
NNQkTA

LatticeLattice

Lattice  

                                                                                                              
1. Universal Quasi Chemical Theory 
2. Abrams 
3. Combinatorial 
4. Residual 



 10           393 

)10-41(  expLattice ij

EQ
kT

  

  

 Q        A          .E     

                          

                .      

ij                  .       

  1     -        - 

                     

     ij i ji jx x x x      .2        

-         .          

               .  

     1  2                   

        .    1  1r       .   

       1        1q       

    1r  1q   .    2       

2r  2q        .           1qr 

  .        1rq       .   

       32rq   .          0Ev 

     EEE Tsug      .  

         –         )U(     

      :  

  

)10-42(  2
22

1
11 2

1
2
1 UNZqUNZqU  

                                                                                                              
1. Vera 
2. Maurer 



394           

  iZq21            i        

    .1U  2U            1  2        

       :  

  

)10-43(  21211111
1 UUU  

  

)10-44(  12122222
2 UUU  

  

ijU      i  j    .ij           

     i    j             .

                      

.         1  2         :  

  

)10-45(      12111  

  

)10-46(     11222  

  

)   10-43)  (10-46)   (10-42(      

      :  

  

)10-47(  22121222112121112
1 UUxqUUxqZNu A

E  

  

    AN      .            

         :  

  



 10           395 

)10-48(          
kT

UUZ 2212
1212

2

1

22

12 21exp;  

  

)10-49(          
kT

UUZ 1121
2121

1

2

11

21 21exp;  

  

ANRk         .  )10-45 )  (10-49(     

  ij        :  

  

)10-50(  
RTu

RTu

2121

212
21 exp

exp  

  

)10-51(  
RTu

RTu

1212

121
12 exp

exp  

  

 21u  12u           :  

  

)10-52(         ANUUZu 112121 2
1  

  

)10-53(         ANUUZu 221212 2
1  

  

)   10-52)  (10-53)   (10-47:   (  

  

)10-54(           121222212111 uqxuqxu E  

  

          )10 -52)  (10 -53  )   (10 -48)  (10 -49   (

:  



396           

)10-55(           
RT
u

RT
u 21

21
12

12 exp;exp  

  

       21u  12u            .

 -    :    

  

)10-56(             E
E

u
Td
Tad

1
  

  

 Ea         .   )   10-56  (T1   

T1 :    

  

)10-57(           CTdu
T
a T

T

E
E 1

1
1  

  

    C        .   )   10-54  (

) 10-57  (    :  

  

)10-58(         CTduqxuqx
T
a T

T

E 1

1 121222212111 1  

  

    TT ,01       .      1 

 2            ( )     

     .T              

      . )   10-213:   (  

  

)10-59(        
R

E

C

E

PT

E

VT

E

RT
g

RT
g

RT
g

RT
a

,,

  



 10           397 

   

  

)10-60(       
C

E

C

E

R
s

RT
g  

  

  )10-59)  (10-60(    »C«  »R«        

       )  10-60        ( 

  :    

  

)10-61(    
2

2
22

1

1
11

2

2
2

1

1
1 lnln

2
1lnln xqxqZ

x
x

x
x

RT
g

C

E
  

  

  
R

E

RT
g    )  10-58    (    :  

  

)10-62(     
2

12
22

1

21
11

1ln1ln qxqx
RT
g

R

E
  

  

   ) 10-50)  (10-51)   (10-62:   (  

  

)10-63(       121222212111 lnln qxqx
RT
g

R

E
  

  

  

  

)10-64(    
T

a
T

a 21
21

12
12 exp;exp  



398           

)10-65(  
R
ua

R
ua 21

21
12

12 ;  

  

 12u  21u         . UNIQUAC 12a  21a 

          -         .  )10-61  (

)10-63( i  i       :  

  

)10-66(       
2211

22
2

2211

11
1 ,

rxrx
rx

rxrx
rx  

  

)10-67(    
2211

22
2

2211

11
1 ,

qxqx
qx

qxqx
qx  

  

   )10-61)  (10-63)   (10-59  (      

        1  2       :  

  

)10-68(    

1 1 1
1 1 2 1 2

1 21

21 12
1 1 2 21 2 1

1 2 21 2 1 12

ln ln ln
2

ln

rZ q l l
x r

q q
  

  

)10-69(  

2 2 2
2 2 1 2 1

2 12

12 21
2 2 1 12 1 2

2 1 12 1 2 21

ln ln ln
2

ln

rZ q l l
x r

q q
  

  

)10-70(         1
2

,1
2 22221111 rqrZlrqrZl  



 10           399 

 ir  iq                      .

              :  

  

)10-71(       
sw

iw
i

sw

iw
i A

A
q

V
V

r ;  

  

wsV  swA        2CH          

       . 334 swsw RV 24 swsw RA 

molcmR sw
151095.10      .10-1          

  r  q .     
1     1978.        .     

                 +  

              r          

      :    

  

)10-72(         
2211

22
2

2211

11
1 ;

qxqx
qx

qxqx
qx  

  

) 10-68)  (10-69 (        .        

   qq  ii  .              

     12u 21u  10Z   .   

12a  21a             .10-2 

 q               .         

10-3   12a  21a         .  

             :  

                                                                                                              
1. Anderson 

qqr



400           

-        .          

       .    

-         12  21 . 

-                  . 

-                     +  

     . 

-     1     . 

-                 . 

-         -  ) VLE    (-  ) LLE  (    

 . 
 
 

 10-1         

q  r Component   q  r Component  

2.88  3.25  Methyl ethyl ketone   2.82  3.33  Carbon tetrachloride 

3.17  3.68  Diethylamine   2.34  2.70  Chloroform  

2.40  3.19  Benzene   1.48  1.54  Formic acid  

3.01  3.97  Methylcyclopentane   1.43  1.43  Methanol  

4.03  4.60  Methyl isobutyl ketone   1.72  1.87  Acetonitrile  

3.86  4.50  n-Hexane   1.80  1.90  Acetic acid  

2.97  3.92  Toluene   2.41  2.68  Nitroethane  

4.40  5.17  n-Heptane   1.97  2.11  Ethanol  

4.94  5.85  n-Octane   2.34  2.57  Acetone  

1.40  0.92  Water   3.12  3.48  Ethyl acetate  
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q    q    
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1.15  alcoholsC5  0.96  OHCH3  

1.78  alcoholsC6  0.92  OHHC 52  

2.71  alcoholsC7  0.89  alcoholsC3  
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  )  K(    ) K(  
) 2)/(1(  

  
21a  12a      

  229.79  -40.70    318 Acetonitril/benzen  
  -5.86  230.64    318  n-Hexane/nitroethane  
  93.96  -171.71    323  Acetone/chloroform  
  1354.92  -123.57    348  Ethane/n-octane  
  241.64  -144.58    374-387  Formic acid/acetic acid  
  136.46  -78.49    390-411  Propioxic acid/methyl isobutyl ketone  
  -100.71  530.99    331-368  Acetone/water  
  61.92  294.10    350-364  Acetonitrile/water  
  -299.90  530.94    373-389  Acetic acid/ water  
  -525.85  924.01    374-380  Formic acid/water  
  -118.27  1383.93    333-349  Methylcyclopentane/ethanol  
  -6.47  56.47    344-352  Methylcyclopentane/benzene  
  947.20  -138.90    340-351  Ethanol/carbon tetrachloride  
  242.53  -75.13    350-369  Ethanol/benzene  
  1127.95  -29.64    328  Methyl ethyl ketone/n-heptane  
  972.09  -56.35    528  Methanol/benzene  
  -208.50  934.23    323  Chloform/ethanol  
  88.40  -19.26    323  Chloform/n-heptane 
  1380.30  -105.23    323  Ethanol/n-heptan 
  -108.42 379.31   323  Acetone/methanol 
  579.61  -107.54    335-347  Methanol/ethyl acetat  
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P(kPa)  21  12  ) K(    

0.0068  -2.1740  2.0416  298.15 Water-methanol  

0.034  -3.3054  3.0563  298.15  Water-ethanol  

0.05  -0.3943  0.7686  298.15 Ethanol-methanol  

0.03  0.0000  0.6722  298.15  Propanol-methanol  
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    .E NRTL    Aspen Plus  .   

                   

,, ,, scacas                   

        .    14.9     

           0.2        .   12-6 

               C25 

  .E NRTL    6      

.  

 
 12-6      E NRTL     

C25  14.9  0.2  

,ca s  ,s ca  Electrolyte  Electrolyte type 

-5.212  10.089 HCl  

1:1 
 

-5.154  10.031 LiCl  

-4.549  8.885 NaCl  

-4.107  8.064 KCl  

-3.526  7.359 NH4NO3  

-4.539  8.389 Na2SO4  
1:2  

-4.964  9.247 K2SO4  

-5.377  9.118 FeCl2  

2:1  -6.013  10.751 NiCl2  

-6.218 11.396 CaCl2 

-6.862  11.346  MgSO4  
2:2  

-6.837  11.378  NiSO4  

-6.255  10.399  AlCl3  3:1 

-7.116  10.646  Al2(SO4)3  3:2 
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12-3-2    NRTL NRF  
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3. Nonrandom factor 
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 12-7    NRTL NRF      C25  

W  E  Max (m) Electrolyte  Electrolyte type 

16.151  -9.822 16 HCl  

1:1 

16.262  -10.072 20 LiCl  

10.209  -8.318 6.144 NaCl  

3.995  -3.806 5 KCl  

5.670  -7.509 25 NH4NO3  

11.278  -8.191 5 Na2SO4  
1:2  

11.127  -9.415 7.0 K2SO4  

19.608  -10.565 2 FeCl2  

2:1  17.326  -9.649 5 NiCl2  

19.052 -10.474 6 CaCl2 

17.529  -9.870  3 MgSO4  
2:2  

18.320  -10.404  2.5 NiSO4  

19.604  -6.825  1.8 AlCl3  3:1 

14.159  6.369  1 Al2(SO4)3  3:2 

 
12-3-3   E UNIQUAC NRF  

     2009  .              
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)12-141(  ln 1 ln ,i i i EW EWR
q z i A C  

  

        C25    12-8     

 .  r  q      12-9   12-9    

.    

 
 12- 8   E UNIQUAC NRF      C25  

Wa T  Ea T  Max (m) Electrolyte  Electrolyte type 

30.725  2.247 16 HCl  

1:1 
 

28.137  -2.832 19.219 LiCl  

11.891  -2.299 6.144 NaCl  

5.635  -1.888 5 KCl  

1.054  -1.878 25 NH4NO3  

2.394  -2.090 1.957 Na2SO4  

1:2  

7.524  -3.253 0.692 K2SO4  

17.145  -0.632 2.050 FeCl2  

2:1  20.182  -0.681 5.060 NiCl2  

-1.683 -1.089 5.750 CaCl2 

5.975  -2.841  3.6 MgSO4  
2:2  

5.045  -2.858  2.5 NiSO4  

30.593  -0.680  1.8 AlCl3  3:1 

-1.412  0.227  1 Al2(SO4)3  3:2 
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 12-9     q r     

Anion r q  Anion r q 

Cl-1 1.020 1.025  Te-2 1.856 1.529 

Br -1 1.295 1.202  SeO4
-2 2.467 1.848 

I-1 1.831 1.515  MoO4
-2 2.818 2.019 

F-1 0.405 0.554  N2O2
-2 0.845 0.905 

OH-1 0.405 0.554  SO4
-2 2.092 1.656 

NO3
-1 0.986 1.003  SO3

-2 1.376 1.252 

ClO2
-1 2.687 1.956  CO3

-2 0.970 0.992 

CLO3
-1 1.376 1.252  S2O3

-2 2.687 1.956 

ClO4
-1 2.377 1.803  S2O4

-2 3.022 2.116 

H2PO4
-1 1.376 1.252  CrO4

-2 2.377 1.803 

CNS-1 1.662 1.420  HPO4
-2 1.376 1.252 

BrO3
-1 1.198 1.142  S2O6

-2 3.774 2.454 

BrO4
-1 2.687 1.956  S2O8

-2 4.193 2.632 

PF6
-1 2.529 1.879  HCO2

-2 1.460 1.303 

NO2
-1 1.217 1.154  HasO4

-2 1.592 1.380 

MnO4
-1 2.377 1.803  WO4

-2 3.384 2.282 

HSO4
-1 1.179 1.130  Cr2O7

-2 5.634 3.205 

HSO3
-1 0.845 0.905  C2O4

-2 1.592 1.380 

HseO4
-1 1.592 1.380  SiO3

-2 1.685 1.433 

CH3CO3
-1 2.147 1.685  SeO3

-2 2.347 1.788 

AlO2
-1 3.022 2.116  TeO3

-2 2.687 1.956 

BO2
-1 2.377 1.803  N-3 0.860 0.915 

CN-1 1.198 1.142  PO4
-3 2.318 1.773 

SCN-1 1.662 1.420  VO4
-3 3.022 2.116 

SeCN-1 1.958 1.585  S-2 1.071 1.060 

O-2 0.472 0.613  Se-2 1.335 1.227 
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 12-9     q r     

Cation r q  Cation r q 

H+1 0.005 0.028  Pb+2 0.282 0.436 

Na+1 0.182 0.326  Fe+2 0.082 0.190 

K+1 0.452 0.596  EU+2 0.275 0.428 

Li+1 0.056 0.149  Yb+2 0.248 0.400 

SC+1 0.845 0.905  Pt+2 0.088 0.200 

Ag+1 0.261 0.414  Hg+2(I) 10.199 4.761 

Tl+1 0.580 0.704  Hg+2(II) 0.182 0.326 

Rb+1 0.569 0.695  VO2
+2 1.831 1.515 

PH4
+1 1.003 1.014  Tl+3 0.117 0.242 

NH4
+1 0.557 0.686  PU+3 0.177 0.319 

Cs+1 0.845 0.905  Co+3 0.039 0.116 

Ni+2 0.056 0.149  N2H6
+2 1.179 1.130 

Pd+2 0.109 0.231  Ti+3 0.052 0.141 

Sr+2 0.248 0.400  V+3 0.045 0.128 

CO+2 0.073 0.176  Mn+3 0.047 0.132 

Mg+2 0.064 0.162  Fe+3 0.047 0.132 

Ca+2 0.167 0.307  Sb+3 0.078 0.186 

Ba+2 0.433 0.579  In+3 0.085 0.195 

Mn+2 0.099 0.217  AL+3 0.026 0.088 

Zn+2 0.073 0.176  Cr+3 0.041 0.120 

Cd+2 0.147 0.282  Y+3 0.125 0.254 

UO+2 3.774 2.454  Sm+3 0.152 0.288 

Cu+2 0.067 0.167  SC+3 0.073 0.176 

Ni+2 0.056 0.149  Pr+3 0.172 0.313 

Be+2 0.007 0.038  Nd+3 0.167 0.307 

UO2
+2 3.774 2.454  La+3 0.199 0.345 
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)12-146(  ln i
CA CA

i

m K m
m

  

  

CAm        .im  im       

       .CAK         

          12-12        .   

             )  12-146   (

      CAK     .      

 CAK              .   

         -   .         

                  

       -   .    

  

 12-12            C25 1  

KCA (molkg-1)  Gas  Salt 

0.220  H2  

NaCl  
0.309  N2  

0.319  CH4  

0.399  C2H6  

0.298  O2  
kCl  

-0.051  SO2  

-0.039  CH4  

(CH3)4NBr  -0.092  C2H6  

-0.170  C4H10  

  

             

    .         .   

                                                                                                              
1. Krishnon and Friedman (1974) 
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 12-12   NaCl    NaCl+HCl  C25  

NaClC
mol lit

  HClC
mol lit

  3

( )Solution
g cm

  

5.43  0  1.198 
4.88  0.5  1.187  
4.48  0.89  1.178  
3.15  2.27  1.151  
2.08  3.49  1.132  
1.33  4.5  1.120  
0.907  5.25  1.116  
0.544  6.10  1.176  
0.293  7.07  1.213  
0.158  7.98  1.130  
0.091  9.24  1.146  
0.017  13.41  1.197  

  

    HCl   NaCl      .      

    2NaCl HCl H O  C25 )    1   

  12-12   (  .          12-12   

    )  mol l (            

       . 3g cm   .         

 12-12   NaCl      5.43 /NaClC mol l     

 31.198 g cm          58.5iM g mol 
 .       / ( 0.001 )Sat

i i s i im C C M    :     

  

2
5.43 6.168

(1.198 .001 5.43 58.5)
Sat
NaClm mol kg H O  

  

   E NRTL  NaCl   6.168m 0.99   

 .  2    NaCl     :   

                                                                                                              
1. Linke and Seidell  
2. Alternative 



546         

2 2
, (6.168) (0.99) 37.2871SP NaClK  

  

           NaCl  .    

   HCl   NaCl             

         :   

  

)12-157(  
2

, 0m
SP NaCl Na Cl cl

K m m m  

  

Cl
m  

cl
m   Cl     NaCl  HCl   

   NaCl  HCl          1m  2m   .

) 12-157 (    :   

  

)12-158(                   2
1 1 237.2871 0NaClm m m  

  

   NaCl  1m    HCl   2m      

        :  

1-      1m       .   

1 6.168m mol kg    NaCl         .  

2 -            HCl   4.5HClC mol l   .

   ) 12 -12(  NaCl   1.33NaClC mol l     .

  1.12s         .   . 
 

)12-159(  
0.001

i
i Sat

s i i

Cm
C M

 

  



 12     ...  547  

iM             HCl    

 NaCl HCl     :   

  

4.5 1.12 0.001 4.5 36.5 1.33 58.5 5.126HClm mol kg  

  

3-      1 6.168m  2 5.126m        

     NaCl   NaCl HCl  .  

4-     NaCl )    12-158   (2 5.126m   

1m        . 

5-    1 1m m     .       

        1m              

                  .     

Electrolyte UNIQUAC NRF   82/1NaClm        

  4/1        .12- 5       NaCl   

 HCl    Cº 25  . 
 

  
 12-5      2NaCl Hcl H O   Cº 25)  (  

    1965 )---  (   E NRTL )   (  

E UNIQUAC NRF  

0

1

2

3

4

5

6

7

0 2 4 6 8 10 12 14 16

m (HCl)/ mol.kg-1

m
 (N

aC
l)/

 m
ol

.k
g

-1
 



548         

12-5           
             

                    

      .               

                   .      

               .

            )2H S (

)    2CO .      (        

         .       

                

       )   MDEA(1  ) DEA(2   

            .  

      SO2              

 .                 .   

  -              

               .  
  

  
 12-6    -         

                                                                                                              
1. Methyldiethanolamine 
2. Diethanolamine 

Vapor phase 

Liquid phase 

eElectrolyt
Molecular

eElectrolyt
ionsMolecular

T 

P 



 12     ...  549  

 12-6                   .

                  

  ( )            .      

                  

               

  . 

          ( )        

   :   

  

)12-160(                V L
i if f i  

  

)12-161(  V L
w wf f w  

  

if               .-     )

 - )  (  12-161 (    :   

  

)12-162(  exp
wa s

w wv s s
w w w w w w

v P P
y P x P

RT
  

  

w w wa x    .s
wP             s

w 

       .wy  wx           

     )  .12-162  (      2CO 

    :  

  

)12-163(  , , , , , exp
s

CA wv
CA i CA i CA i CA i CA i

v P P
y P x H

RT
  



550         

 ) 12-163 (iy P        v
i   

       ix         .i     

  iH        .1      

)   12-163  (   :   

  

)12-164(  ( )
, , , , ,

v m
CA i CA i CA i CA i CA iy P m H  

  

im       ( )
,

m
CA i         

        .) (        

  .  

  

)12-165(  3 2 4NH H O NH OH  

  

      z zCA C C     .   

       :   

  

)12-166(  
( )

( )
, ,

m

m
CA i CA i

m mK
m

  

  

 ( )m       .        

        . ( )K   ( )H  

      .  

                 .

              

                                                                                                              
1. Edwards 



 12     ...  551  

CAm                 

 3NH    :  

  

)12-167(  
3 3 4

,NH NH M NH
m m m  

  

 
3 ,NH Mm   .                  

             .  

     :  

  

)12-168(       
1

0i i
i

z m  

  

 iz      .  

                 

            .    ,CA iH v
CA  

( )
,

m
CA i   .                 .

  ) 12-166   (               ( )m 

     ( )
,

m
CA i    .    )    12-166 (

                v
CA  

      .    

                  .     

                      .

        :   

  

   2 2 3SO H O HSO H  
  



552         

)12-169(  2
3 3HSO SO H  

 2H O H OH  
  

            ) 12-166   (

.                 

      :   

  

)12-170(  ( ) 2
ln m

mxz z f m B  

  

)12-171(       ( )2mx mxB  

  

  ) 12-169    (H  3HSO  :  

  

)12-172(  
2 2 23 3

( ) ( ) ( )
, ( , ) ,

ln ln 2m m m
SO H O SOHSO H HSO H

m  

  

2SOm   2SO              

 .                :   

  

)12-173(  
2 23

( ) 2
( , )

ln
1000

w
w SO SOHSO H

M
a m m  

  

   )12-163)  (12-172     (     

  :   

  

  



 12     ...  553  

)12-174(  22 2

2 2 23
2

( ) ( )
, ( , )

ln ln 2
s

w

s
SO wSO SO P

SO H O SOHSO H
SO

v P Py P
H m

m RT
  

  

)  12-174 (
2 2

( )
,

s
wP

SO H OH     2SO        

                s
wP    

       .
2SOv            .

    :   

  

)12-175(  exp
s

w wv s s
w w w w w

v P P
y P a P

RT
  

  

wa )  12-173  (        .2SO   

         1 )1967 ( .  

  
2 2,SO H OH  

3

( )
( , )HSO H )     12-174  (   

2SOm                   

      .             

       2SO            12-7 

     2SO   2SO     )  1978(2 

  .           
2

1SO      

                  

 .                

 .         
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1. Kent-Eisenberg 
2. Deshmukh and Mather 
3. Austgen 
4. Li and Mather 
5. Clegg-Pitzer 
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1. Hamer and Wu 



 12     ...  565  

±  m   
±  m   

±  m 

6 3.39181   1.4 0.837439   0.1 0.786369 

7 4.611564   1.6 0.878214   0.2 0.750416 

8 6.192379   1.8 0.924003   0.3 0.735092 

9 8.199012   2 0.974781   0.4 0.729224 

10 10.69662   2.5 1.124106   0.5 0.729001 

11 13.74833   3 1.307578   0.6 0.732663 

12 17.4126   3.5 1.528994   0.7 0.739248 

13 21.74111   4 1.793052   0.8 0.748194 

14 26.77667   4.5 2.105143   0.9 0.759134 

15 32.55193   5 2.47124   1 0.771824 

16 39.08812   5.5 2.897825   1.2 0.801845 
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 -1      

  

 -1  )  R(  

    

8.3144621 J K-1 mol-1 84.78402×10-6  m3 kgf/cm2 K-1 mol-1 

5.189×1019  eV K-1 mol-1 8.3144621×10-2  L bar K-1 mol-1 

0.08205746 L atm K-1 mol-1 62.36367 L mmHg K-1   mol-1 

1.9858775 cal K-1 mol-1 62.36367 L Torr K-1   mol-1 

8.3144621×107  erg K-1 mol-1 6.13244 ft lbf K-1 g-mol-1 

8.3144621 L kPa K-1 mol-1 1,545.35 ft lbf °R-1 lb-mol-1 

8.3144621 m3 Pa K-1 mol-1 10.73159 ft3 psi °R-1 lb-mol-1 

8.3144621 cm3 MPa K-1 mol-1 0.730241 ft3 atm °R-1 lb-mol-1 

8.3144621×10-5  m3 bar K-1 mol-1 1.31443 ft3 atm K-1 lb-mol-1 

8.205746×10-5  m3 atm K-1 mol-1 998.9701 ft3 mmHg K-1 lb-mol-1 

82.05746 cm3 atm K-1 mol-1 1.986 Btu lb-mol-1 °R-1 

  



570        

 -2     )R(     

 g mol lb mol g mol lb mol 
 Kelvin Kelvin Rankine Rankine 
Btu 0.007881 3.57458 0.004378 1.98588 

cal 1.98588 900.779 1.10327 500.433 

Chu 0.004378 1.98588 0.002432 1.10327 

erg 8.31E+07 3.77E+10 4.62E+07 2.10E+10 

ft.lbf 6.13244 2781.63 3.40691 1545.35 
hp.h 3.10E-06 0.001405 1.72E-06 0.00078 
J 8.31447 3771.38 4.61915 2095.21 
kcal 0.001986 0.900779 0.001103 0.500433 
kgf.m 0.84784 384.574 0.471022 213.652 
kJ 0.008314 3.77138 0.004619 2.09521 
kW.h 2.31E-06 0.001048 1.28E-06 0.000582 
N.m 8.31447 3771.38 4.61915 2095.21 

  

 -2    
  

 -3      

Acceleration of gravity, g  
   m s-2 9.80665 
  

Atomic Mass Unit, amu  
   kg 1.66054*10-27 
  

Avogadro's constant, NA  
   mol-1 6.02214*1023 
  

Boltzmann's constant, k  
   J K-1 1.38066*10-23 
   erg K-1 1.38066*10-16 
   eV K-1 8.61739*10-5 
  

Electron charge, e  
   C 1.60218*10-19 
  

Permittivity of vacuum, 0  
   C2 N-1 m-2 8.85419*10-12 
  

Planck's constant, h  
   J s 6.62608*10-34 
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 -3   1  

–3-1   
1 ft = 0.4048 m = 12 in = mile/5280 = nautical mile/6076 = km/3281 

1 m = 3.281 ft = 39.37 in = 100 cm = 1000 mm = 106 micron = 1010 A0 = 

km/1000 
 

–3-2   
1 lbm = 0.45359 kg =short ton/2000 = long ton/2240 = 16 oz (av.) =14.58 oz 

(troy) = metric ton (tone)/2204.63 = 7000 grains = slug/32.2 

1 kg = 2.2046 lbm = 1000 g = (metric ton or tone or Mg)/1000 

  

–3-3   
1lbf  = 4.4482 N = 32.2 lbm.ft/s2 = 32.2 poundal = 0.4536 kgf 

1N = kg.m/s2 = 105 dyne = kgf/9.81 = 0.2248 lbf 

  

–3-4   
1ft3 = 0.02831 m3= 28.31 liter = 7.48 US gallons =6.23 Imperical gallons 

       = acre-ft/43560 

1 Us gallon = 231 in3 = barrel (petroleum)/42 = barrel (beer, USA)/31  

                  = 4 US quarts = 8 US pints = 3.785 liter = 0.003785 m3 

1 m3 = 1000 liter =35.29 ft3 

 
–3-5   

1 BTU = 1055 J = 1.055 kw.s = 2.93*10-4 kwh = 252 cal = 778.17 ft lbf  

            = 3.93*10-4 hp . h 
                                                                                                              
1. Nevers, N. de, "Physical and Chemical Equilibrium for Chemical Engineers", John Wiley, 2002.  
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1 J = 1 N.m = 1 W.s=1 volt.coulomb = 9.48*10-4 BTU = 0.239 cal = 107 erg 

           = 6.24*1018 electron volt 
 

–3-6   
1 hp = 550 ft.lbf/s = 33000 ft.lbf/min= 2545 BTU/hr  = 0.746 kw 

1 W = J/s = N.m/s = volt.ampere = 0.239 cal/s = 9.48*10-4 BTU/s = 1.34*10-3 hp 

 

–3-7   
1 atm = 101.3kPa = 1.013 bar = 14.696 lbf/in2 = 33.89 ft of water = 29.92 

inches of mercury = 1.033 kgf/cm2 = 10.33 m of water = 760 mm of mercury 

= 760 torr 

1 psi = atm/14.696 = 6.89 kPa = 27.7 in H2O = 51.7 torr 

1 Pa = N/m2 = kg/m s2 = 10-5 bar = 1.450*10-4 lbf/in2 = 0.0075 torr = 0.0040 

in H2O 

 

–3-8   

1cp =0.01 poise = 0.01 g/cm.s = 0.001 kg/m.s = 0.001 Pa.s 

       = 6.72*10-4 lbm/ft.s = 2.42 lbm/ft.hr = 2.09*10-5 lbf.s/ft2  

       = 0.01 dyne.s/cm2 

  

–3-9    
1cp = 0.01 stoke = 0.01 cm2/s = 10-6 m2/s = 1cp/(g.cm3) 

       =1.08*10-5 ft2/s = cp/(62.4 lbm/ft3) 

–3-10   
 K = 0C + 273.15 = 0R/1.8  0C + 273.15:      0C = (0F – 32)/1.8 
0R = 0F + 459.67  0F + 460  1.8 K:               0F = 1.8 0C + 32 



 

 

 
 
 
 
 
 
 
 

   
  

  

-1      
  

 -1                 

       1  

 Molar mass  TC/K  PC/bar  ZC VC/cm3 mol-1 Tn/K 
Methane  16.043 0.012 190.6 45.99 0.286 98.6 111.4 
Ethane  30.07 0.1 305.3 48.72 0.279 145.5 184.6 
Propane  44.097 0.152 369.8 42.48 0.276 200 231.1 
n-Butane  58.123 0.2 425.1 37.96 0.274 255 272.7 
n-Pentane  72.15 0.252 469.7 33.7 0.27 313 309.2 
n-Hexane  86.177 0.301 507.6 30.25 0.266 371 341.9 
n-Heptane  100.204 0.35 540.2 27.4 0.261 428 371.6 
n-Octane  114.231 0.4 568.7 24.9 0.256 486 398.8 
n-Nonane  128.258 0.444 594.6 22.9 0.252 544 424 
n-Decane  142.285 0.492 617.7 21.1 0.247 600 447.3 
Isobutane  58.123 0.181 408.1 36.48 0.282 262.7 261.4 
Isooctane  114.231 0.302 544 25.68 0.266 468 372.4 
Cyclopentane  70.134 0.196 511.8 45.02 0.273 258 322.4 
Cyclohexane  84.161 0.21 553.6 40.73 0.273 308 353.9 
Methylcyclopentane  84.161 0.23 532.8 37.85 0.272 319 345 
Methylcyclohexane  98.188 0.235 572.2 34.71 0.269 368 374.1 

                                                                                                              
1. Smith, J. M., H. C., Van Ness, and M. M., Abbott, Chemical Engineering Thermodynamics, Sixth 

Edition., McGraw Hill. 2001. pp. 654-655 
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 Molar mass  TC/K PC/bar ZC VC/cm3 mol-1 Tn/K 
Ethylene  28.054 0.087 282.3 50.4 0.281 131 169.4 
Propylene  42.081 0.14 365.6 46.65 0.289 188.4 225.5 
l-Butene  56.108 0.191 420 40.43 0.277 239.3 266.9 
cis-2-Butene  56.108 0.205 435.6 42.43 0.273 233.8 276.9 
trans- 2- Butene  56.108 0.218 428.6 41 0.275 237.7 274 
1-Hexene  84.161 0.28 504 31.4 0.265 354 336.3 
Isobutylene  56.108 0.194 417.9 40 0.275 238.9 266.3 
1,3- Butadiene  54.092 0.19 425.2 42.77 0.267 220.4 268.7 
Cyclohexene  82.145 0.212 560.4 43.5 0.272 291 356.1 
Acetylene  26.038 0.187 308.3 61.39 0.271 113 189.4 
Benzene  78.114 0.21 562.2 48.98 0.271 259 353.2 
Toluene  92.141 0.262 591.8 41.06 0.264 316 383.8 
Ethy lbenzene  106.167 0.303 617.2 36.06 0.263 374 409.4 
Curnene  120.194 0.326 631.1 32.09 0.261 427 425.6 
a-Xylene  106.167 0.31 630.3 37.34 0.263 369 417.6 
m-Xylene  106.167 0.326 617.1 35.36 0.259 376 412.3 
p-Xylene  106.167 0.322 616.2 35.11 0.26 379 411.5 
Styrene  104.152 0.297 636 38.4 0.256 352 418.3 
Naphthalene  128.174 0.302 748.4 40.51 0.269 413 - 
Biphenyl  154.211 0.365 789.3 38.5 0.295 502 528.2 
Formaldehyde  30.026 0.282 408 65.9 0.223 115 254.1 
Acetaldehyde  44.053 0.291 466 55.5 0.221 154 294 
Methy I acetate  74.079 0.331 506.6 47.5 0.257 228 330.1 
Ethyl acetate  88.106 0.366 523.3 38.8 0.255 286 350.2 
Acetone  58.08 0.307 508.2 47.01 0.233 209 329.4 
Methyl ethyl ketone 72.107 0.323 535.5 41.5 0.249 267 352.8 
Diethy 1 ether  74.123 0.281 466.7 36.4 0.263 280 307.6 
Methyl t-butyl ether 88.15 0.266 497.1 34.3 0.273 329 328.4 
Methanol  32.042 0.564 512.6 80.97 0.224 118 337.9 
Ethanol  46.069 0.645 513.9 61.48 0.24 167 351.4 
'l-Propanol  60.096 0.622 536.8 51.75 0.254 219 370.4 
'l-Butanol  74.123 0.594 563.1 44.23 0.26 275 390.8 
l-Hexanol  102.177 0.579 611,4 35.1 0.263 381 430.6 
2-Propanol  60.096 0.668 508.3 47.62 0.248 220 355.4 
Phenol  94.113 0.444 694.3 61.3 0.243 229 455 
Ethylene glycol  62.068 0.487 719.7 77 0.246 191 470.5 
Acetic acid  60.053 0.467 592 57.86 0.211 179.7 391.1 
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 Molar mass  TC/K PC/bar  ZC VC/cm3 mol-1 Tn/K 

n-Butyric acid  88.106 0.681 615.7 40.64 0.232 291.7 436.4 
Benzoic acid  122.123 0.603 751 44.7 0.246 344 522.4 
Acetonitrile  41.053 0.338 545.5 48.3 0.184 173 354.8 
Methy larnine  31.057 0.281 430.1 74.6 0.321 154 266.8 
Ethylamine  45.084 0.285 456.2 56.2 0.307 207 289.7 
Nitromethane  61.04 0.348 588.2 63.1 0.223 173 374.4 
Carbon tetrachloride  153.822 0.193 556.4 45.6 0.272 276 349.8 
Chloroform  119.377 0.222 536.4 54.72 0.293 239 334.3 
Dichloromethane  84.932 0.199 510 60.8 0.265 185 312.9 
Methyl chloride  50.488 0.153 416.3 66.8 0.276 143 249.1 
Ethyl chloride  64.514 0.19 460.4 52.7 0.275 200 285.4 
Chlorobenzene  112.558 0.25 632.4 45.2 0.265 308 404.9 
Tetrafluoroethane  102.03 0.327 374.2 40.6 0.258 198 247.1 
Argon  39.948 0 150.9 48.98 0.291 74.6 87.3 
Krypton  83.8 0 209.4 55.02 0.288 91.2 119.8 
Xenon  131.3 0 289.7 58.4 0.286 118 165 
Helium 4  4.003 -0.39 5.2 2.28 0.302 57.3 4.2 
Hydrogen  2.016 -0.216 33.19 13.13 0.305 64.1 20.4 
Oxygen  31.999 0.022 154.6 50.43 0.288 73.4 90.2 
Nitrogen  28.014 0.038 126.2 34 0.289 89.2 77.3 
Air  28.851 0.035 132.2 37.45 0.289 84.8 - 
Chlorine  70.905 0.069 417.2 77.1 0.265 124 239.1 
Carbon monoxide  28.01 0.048 132.9 34.99 0.299 93.4 81.7 
Carbon dioxide  44.01 0.224 304.2 73.83 0.274 94 - 
Carbon disulfide  76.143 0.111 552 79 0.275 160 319.4 
Hydrogen sulfide  34.082 0.094 373.5 89.63 0.284 98.5 212.8 
Sulfur dioxide  64.065 0.245 430.8 78.84 0.269 122 263.1 
Sulfur trioxide  80.064 0.424 490.9 82.1 0.255 127 317.9 
Nitric oxide (NO)  30.006 0.583 180.2 64.8 0.251 58 121.4 
Nitrous oxide (N2O) 44.013 0.141 309.6 72.45 0.274 97.4 184.7 
Hydrogen chloride  36.461 0.132 324.7 83.1 0.249 81 188.2 
Hydrogen cyanide  27.026 0.41 456.7 53.9 0.197 139 298.9 
Water  18.015 0.345 647.1 220.55 0.229 55.9 373.2 
Ammonia  17.031 0.253 405.7 112.8 0.242 72.5 239.7 
Nitric acid  63.013 0.714 520 68.9 0.231 145 356.2 
Sulfuric acid  98.08 - 924 64 0.147 177. 610 
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sat BP kPa A
t C C

  

  

      :                           nH  
  

                                      :                            nt  
   

  -1          1  

         
nH   nt  

  A  B  C   min

( )

T

C
 max

( )

T

C
  /kJ mol   C  

Acetone C3H6O 14.3145 2756.22 228.06  -26 77  29.1  56.2 
Acetic acid  C2H4O2 15.0717 3580.8 224.65  24 142  23.7  117.9 
Acetonitrile C2H3N 14.895 3413.1 250.523  -27 81  30.19  81.6 
Benzene C6H6 13.7819 2726.81 217.572  6 104  30.72  80 
iso-Butane C4H10 13.8254 2181.79 248.87  -83 7  21.3  -11.9 
n-Butane C4H10 13.6608 2154.7 238.789  -73 19  22.44  -0.5 
1-Butanol C4H10O 15.3144 3212.43 182.739  37 138  43.29  117.6 
2-Butanol C4H10O 15.1989 3026.03 186.5  25 120  40.75  99.5 

                                                                                                              
1. Smith, J. M., H. C., Van Ness, and M. M., Abbott, Chemical Engineering Thermodynamics, Sixth 

Edition., McGraw Hill. 2001. pp. 654-655. 
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nH   nt  

  A  B  C   min

( )

T

C
 max

( )

T

C
  /kJ mol   C  

iso-Butanol C4H10O 14.6047 2740.95 166.67  30 128  41.82  107.8 
tert-Butanol C4H10O 14.8445 2658.29 177.65  10 101  39.07  82.3 
Carbon 
tetrachloride CCl4 14.0572 2914.23 232.148 

 
-14 101 

 
29.82  76.6 

Chlorobenzene C6H5Cl 13.8635 3174.78 211.7  29 159  35.19  131.7 
1-Chlorobutane C4H9Cl 13.7965 2723.73 218.265  -17 79  30.39  78.5 
Chloroform CHCl3 13.7324 2548.74 218.552  -23 84  29.24  61.1 
Cyclohexane C6H12 13.6568 2723.44 220.618  9 105  29.97  80.7 
Cyclopentane C5H10 13.9727 2653.9 234.51  -35 71  27.3  49.2 
n-Decane C10H22 13.9748 3442.76 193.858  65 203  38.75  174.1 
Dichloromethane CH2Cl2 13.9891 2463.93 223.24  -38 60  28.06  39.7 
Diethyl ether C4H10O 14.0735 2511.29 231.2  -43 55  26.52  34.4 
1,4-Dioxane C4H8O2 15.0967 3579.78 240.337  20 105  34.16  101.3 
n-Eicosane C20H42 14.4575 4680.46 132.1  208 379  57.49  343.6 
Ethanol C2H6O 16.8958 3795.17 230.918  3 96  38.56  78.2 
Ethylbenzene C8H10 13.9726 3259.93 212.3  33 163  35.57  136.2 
Ethylene glycol C2H6O2 15.7567 4187.46 178.65  100 222  50.73  197.3 
n-Heptane C7H16 13.8622 2910.26 216.432  4 123  31.77  98.4 
n-Hexane C6H14 13.8193 2696.04 224.317  -19 92  28.85  68.7 
Methanol CH4O 16.5785 3638.27 239.5  -11 83  35.21  64.7 
Methyl acetate C3H6O2 14.2456 2662.78 219.69  -23 78  30.32  56.9 
Methyl ethyl ketone C4H8O 14.1334 2838.24 218.69  -8 103  31.3  79.6 
Nitromethane CH3NO2 14.7513 3331.7 227.6  56 146  33.99  101.2 
n-Nonane C9H20 13.9854 3311.19 202.694  46 178  36.91  150.8 
iso-Octane C8H18 13.6703 2896.31 220.767  2 125  30.79  99.2 
n-Octane C8H18 13.9346 3123.13 209.635  26 152  34.41  125.6 
n-Pentane C5H12 13.7667 2451.88 232.014  -45 58  25.79  36 
Phenol C6H6O 14.4387 3507.8 175.4  80 208  46.18  181.8 
1-Propanol C3H8O 16.1154 3483.67 205.807  20 116  41.44  97.2 
2-Propanol C3H8O 16.6796 3640.2 219.61  8 100  39.85  82.2 
Toluene C7H8 13.932 3056.96 217.625  13 136  33.18  110.6 
Water H2O 16.3872 3885.7 230.17  0 200  40.66  100 
o-Xylene C8H10 14.0415 3358.79 212.041  40 172  36.24  144.4 
m-Xylene C8H10 14.1387 3381.81 216.12  35 166  35.66  139.1 
p-Xylene C8H10 14.0579 3331.45 214.627  35 166  35.67  138.3 

 



 

 

 
 
 
 
 
 
 
 

   
  

  

-1    )spK(  
  

  -1    )         C 25 (.  

 
 ( ) 

 
 

 ( ) 

 
 

 ( ) 

 

ALPO4 9.83*10-21 Fe(OH)2 4.87*10-17 Ni3(PO4)2 4.73*10-32 
BaCO3 2.58*10-9 FeS 1.59*10-19 NiS 1.07*10-21 

BaCrO4 1.17*10-9 Fe(OH)3 2.64*10-39 PdS 2.03*10-58 

BaF2 1.84*10-7 FePO4.2H2O 9.92*10-29 Pd(SCN)2 4.38*10-23 

Ba(OH)2.8H2O 2.55*10-4 PbBr2 6.60*10-6 PtS 9.91*10-74 

Ba(IO3)2 4.01*10-9 PbCO3 1.46*10-13 K2[PtCl6] 7.48*10-6 

Ba(IO3)2.H2O 1.67*10-9 PbCl2 1.17*10-5 KClO4 1.05*10-2 

BaSO4 1.07*10-10 PbF2 7.12*10-7 AgC2H3O2 1.94*10-3 

BiAsO4 4.43*10-10 Pb(OH)2 1.42*10-20 Ag3AsO4 1.03*10-22 

Bi2S3 1.82*10-99 Pb(IO3)2 3.68*10-13 AgBrO3 5.34*10-5 

Cd3(AsO4)2 2.17*10-33 PbI2 8.49*10-9 AgBr 5.35*10-13 

CdCO3 6.18*10-12 PbC2O4 8.51*10-10 Ag2CO3 8.45*10-12 

CdF2 6.44*10-3 PbSO4 1.82*10-8 AgCl 1.77*10-10 

Cd(OH)2 5.27*10-15 PbS 9.04*10-29 Ag2CrO4 1.12*10-12 

Cd(IO3)2 2.49*10-8 Pb(SCN)2 2.11*10-5 AgCN 5.97*10-17 

CdC2O4.3H2O 1.42*10-8 Li2CO3 8.15*10-4 AgIO3 3.17*10-8 

Cd3(PO4)2 2.53*10-33 MgCO3 6.82*10-6 AgI 8.51*10-17 
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 ( ) 

 
 

 ( ) 

 

Cds 1.40*1-29 MgCO3.3H2O 2.38*10-6 Ag2C2O4 5.40*10-12 

CaCO3 4.96*10-9 MgCO3.5H2O 3.79*10-6 Ag3PO4 8.88*10-17 

CaF2 1.46*10-10 MgF2 7.42*10-11 Ag2SO4 1.20*10-5 

Ca(OH)2 4.68*10-6 Mg(OH)2 5.61*10-12 Ag2S ( -form) 6.69*10-50 

Ca(IO3)2 6.47*10-6 MgC2O4.2H2O 4.83*10-6 Ag2S ( -form) 1.09*10-49 

Ca(IO3)2.6H2O 7.54*10-7 Mg3(PO4)2 9.86*10-25 Ag2SO3 1.49*10-14 

CaC2O4.H2O 2.34*10-9 MnCO3 2.24*10-11 AgSCN 1.03*10-12 

Ca3(PO4)2 2.07*10-33 Mn(OH)2 2.06*10-13 Sr3(AsO4)2 4.29*10-19 

CaSO4 7.10*10-5 Mn(IO3)2 4.37*10-7 SrCO3 5.60*10-10 

Co3(AsO4)2 6.79*10-29 MnC2O4.2H2O 1.70*10-7 SrF2 4.33*10-9 

Co(OH)2 (Pink) 1.09*10-15 MnS 4.65*10-14 Sr(IO3)2 1.14*10-7 

Co(OH)2 (Blue) 5.92*10-15 Hg2Br2 6.41*10-23 Sr(IO3)2.H2O 3.58*10-7 

Co(IO3)2.2H2O 1.21*10-2 Hg2CO3 3.67*10-17 Sr(IO3)2.6H2O 4.65*10-7 

Co3(PO4)2 2.05*10-35 Hg2Cl2 1.45*10-18 SrSO4 3.44*10-7 

CuBr 6.27*10-9 Hg2F2 3.10*10-6 Sn(OH)2 5.45*10-27 

CuCl 1.72*10-7 Hg2I2 5.33*10-29 SnS 3.25*10-28 

CuI 1.27*10-12 Hg2C2O4 1.75*10-13 Zn3(AsO4)2 3.12*10-28 

Cu2S 2.26*10-48 Hg2SO4 7.99*10-7 ZnCO3 1.19*10-10 

CuSCN 1.77*10-13 Hg2(SCN)2 3.12*10-20 ZNnCO3.H2O 5.41*10-11 

Cu3(AsO4)2 7.93*10-36 Hg(OH)2 3.13*10-26 ZnF2 3.04*10-2 

Cu(IO3)2.H2O 6.94*10-8 HgI2 2.82*10-29 Zn(OH)2 ( -form) 6.86*10-17 

CuC2O4 4.43*10-10 HgS (black) 6.44*10-53 Zn(OH)2 ( -form) 7.71*10-17 

Cu3(PO4)2 1.39*10-37 HgS (red) 2.00*10-53 Zn(OH)2 ( -form) 4.12*10-17 

CuS 1.27*10-36 NiCO3 1.42*10-7 Zn(IO3)2 4.29*10-6 

FeCO3 3.07*10-11 Ni(OH)2 5.47*10-16 ZnC2O4.2H2O 1.37*10-9 

FeF2 2.36*10-6 Ni(IO3)2 4.71*10-5 ZnS 2.93*10-25 

 
  

  



 

 

 
 
 
 
 
 
 
 

   
  

  

-1    UNIFAC   

  
  

 -1    UNIFAC    1  

    
 

 
 

    R Q   = (    )(   ) 

1 

1 CH3 0.9011 0.848 Hexane = (2)(1) + (4)(2) 
2 CH2 0.6744 0.54 2-Methylpropane = (3)(1) + (1)(3) 
3 CH 0.4469 0.228 Neopentane = (4)(1)+ (1)(4) 
4 C 0.2195 0 2,2,4-Trimethylpentane = (5)(1)+ (1)(2) + (1)(3)+ (1)(4) 

      
 5 CH2=CH 1.3454 1.176 3-Methyl-1-hexene = (2)(1) + (2)(2) + (1)(3)+ (1)(5) 
 6 CH=CH 1.1167 0.867 Hexene-2 = (2)(1) + (2)(2) + (1)(6) 

2 7 CH2=C 1.1173 0.988 2-Methyl-1-butene = (2)(1)+ (1)(2) + (1)(7) 
 8 CH=C 0.8886 0.676 2-Methyl-2-butene = (3)(1) + (1)(8) 
 70 C=C 0.6605 0.485 2,3-Dimethylbutene = (4)(1) + (1)(70) 
      

3 
9 ACH 0.5313 0.4 Benzene = (6)(9) 
10 AC 0.3652 0.12 Styrene = (1)(5) + (5)(9) + (1)(10) 

      
 11 ACCH3 1.2663 0.968 Toluene = (5)(9) + (1)(11) 

4 12 ACCH2 1.0396 0.66 Ethylbenzene = (1)(1) + (5)(9) + (1)(12) 
 13 ACCH 0.8121 0.348 Cumene = (2)(1) + (5)(9) + (1)(13) 

                                                                                                              
1. Poling, B. E., J. M. Prausnitz, J. P., The Properties of Gases and Liquids, Fifth Edition., McGraw Hill. 

2004. pp. 8.78-8.80. 



582        

 

  - 1 

    
 

 
 

    R Q (   )   = (    )  

5 14 OH 1 1.2 Ethanol = (1)(1) + (1)(2)+ (1)(14) 
      
      

6 15 CH3OH 1.4311 1.432 Methanol = (1)(15) 
      

7 16 H2O 0.92 1.4 Water  (1)(16) 
      

8 17 ACOH 0.8952 0.68 Phenol= (5)(9) + (1)(17) 
      

9 
18 CH3CO 1.6724 1.488 Methylethylketone = (1)(1)+ (1)(2) +(1)(18) 

19 CH2CO 1.4457 1.18 
Ethylphenylketone = (1)(1) + (1)(19) + (5)(9) + 
(1)(10) 

      
10 20 CHO 0.998 0.948 Hexanal = (1)(1)+ (4)(2) + (1)(20) 

      

11 21 CH3COO 1.9031 1.728 Butyl acetate = (1)(1) + (3)(2) + (1)(21) 
22 CH2COO 1.6764 1.42 Methyl propionate = (2)(1)+ (1)(22) 

      
12 23 HCOO 1.242 1.188 Ethyl formate = (1)(1) + (1)(2) + (1)(23) 

      

13 

24 CH3O 1.145 1.088 Dimethyl ether = (1)(1) + (1)(24) 
25 CH2O 0.9183 0.78 Diethyl ether = (2)(1) + (1)(2) + (1)(25) 
26 CHO 0.6908 0.468 Diisopropyl ether = (4)(1)+ (1)(3) + (1)(26) 
27 THF 0.9183 1.1 Tetrahydrofuran = (3)(2) + (1)(27) 

      
 28 CH3NH2 1.5959 1.544 Methylamine = (1)(28) 

14 29 CH2NH2 1.3692 1.236 Ethylamine = (1)(1) + (1)(29) 
 30 CHNH2 1.1417 0.924 Isopropylamine = (2)(1)+ (1)(30) 
      
 31 CH3NH 1.4337 1.244 Dimethyl amine = (1)(1)+ (1)(31) 

15 32 CH2NH 1.207 0.936 Diethylamine = (2)(1) + (1)(2) + (1)(32) 
 33 CHNH 0.9795 0.624 Diisopropylamine = (4)(1) + (1)(3) + (1)(33) 
      

16 34 CH3N 1.1865 0.94 Trimethylamine= (2)(1) + (1)(34) 
35 CH2N 0.9597 0.632 Triethylamine = (3)(1) + (2)(2)+ (1)(35) 

      
17 36 ACNH2 1.06 0.816 Aniline = (5)(9) + (1)(36) 

      
 37 C5H5N 2.9993 2.113 Pyridine = (1)(37) 

18 38 C5H4N 2.8332 1.833 2-Methylpyridine = (1)(1) + (1)(38) 
 39 C5H3N 2.667 1.553 2,3-Dimethylpyridine = (2)(1)+ (1)(39) 
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    R Q (   )   = (    )

19 
40 CH3CN 1.8701 1.724 Acetonitrile = (1)(40) 
41 CH2CN 1.6434 1.416 Proprionitrile = (1)(1) + (1)(41) 

      

20 
42 COOH 1.3013 1.224 Acetic Acid  (1)(1)  (1)(42) 
43 HCOOH 1.528 1.532 Formic Acid = (1)(43) 

      
 44 CH2Cl 1.4654 1.264 1-Chlorobutane= (1)(1) + (2)(2) + (1)(44) 

21 45 CHCl 1.238 0.952 2-Chloropropane = (2)(1) + (1)(45) 
 46 CCl 1.0106 0.724 2-Chloro-2-methylpropane = (3)(1) + (1)(46) 
      
 47 CH2Cl2 2.2564 1.988 Dichloromethane = (1)(47) 

22 48 CHCl2 2.0606 1.684 1,1-Dichloroethane = (1)(1) + (1)(48) 
 49 CCl2 1.8016 1.448 2,2-Dichloropropane = (2)(1) + (1)(49) 
      

23 
50 CHCl3 2.87 2.41 Chloroform = (1)(50) 
51 CCl3 2.6401 2.184 1,1,1-Trichloroethane = (1)(1) + (1)(51) 

      
24 52 CCl4 3.39 2.91 Tetrachloromethane= (1)(52) 
25 53 ACCl 1.1562 0.844 Chlorobenzene= (5)(9) + (1)(53) 

      
 54 CH3NO2 2.0086 1.868 Nitromethane = (1)(54) 

26 55 CH2NO2 1.7818 1.56 Nitroethane = (1)(1) + (1)(55) 
 56 CHNO2 1.5544 1.248 2-Nitropropane = (2)(1)+ (1)(56) 
      

27 57 ACNO2 1.4199 1.104 Nitrobenzene = (5)(9) + (1)(57) 
      

28 58 CS2 2.507 1.65 Carbon disulfide = (1)(58) 
      

29 
59 CH3SH 1.877 1.676 Methanethiol = (1)(59) 
60 CH2SH 1.651 1.368 Ethanethiol = (1)(1) + (1)(60) 

      
30 61 Furfural 3.168 2.484 Furfural = (1)(61) 

      
31 62 DOH 2.4088 2.248 1,2-Ethanediol = (1)(62) 

      
32 63 I 1.264 0.992 Iodoethane = (1)(1) + (1)(2) + (1)(63) 

      
33 64 Br 0.9492 0.832 Bromoethane = (1)(1) + (1)(2) + (1)(64) 

      

34 
65 CH C 1.2929 1.088 1-Hexyne = (1)(1) + (3)(2) + (1)(65) 
66 C C 1.0613 0.784 2-Hexyne = (2)(1) + (2)(2) + (1)(66) 
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    R Q (   )  )   = (   

35 67 DMSO 2.8266 2.472 Dimethylsulfoxide = (1)(67) 
      

36 68 Acrylonitrile 2.3144 2.052 Acrylonitrile = (1)(68) 
      

37 69 Cl-(C=C) 0.791 0.724 Trichloroethylene = (1)(8) + (3)(69) 
      

38 71 ACF 0.6948 0.524 Fluorobenzene = (5)(9)+ (1)(71) 
      

39 
72 DMF 3.0856 2.736 N,N-Dimethylformamide = (1)(72) 
73 HCON(CH2)2 2.6322 2.12 N,N-Diethylformamide = (2)(1) + (1)(73) 

      
 74 CF3 1.406 1.38 Perfluoroethane = (2)(74) 

40 75 CF2 1.0105 0.92  

 76 CF 0.615 0.46 Perfluoromethylcyclohexane = (1)(74) + (5)(75) 
+ (1)(76) 

      
41 77 COO 1.38 1.2 Butylacetate = (2)(1) + (3)(2) + (1)(77) 

42 

78 SiH3 1.6035 1.263 Methylsilane = (1)(1) + (1)(78) 
79 SiH2 1.4443 1.006 Diethylsilane = (2)(1) + (2)(2) + (1)(79) 
80 SiH 1.2853 0.749 Trimethylsilane = (3)(1) + (1)(80) 
81 Si 1.047 0.41 Tetramethylsilane = (4)(1) + (1)(81) 

      
 82 SiH2O 1.4838 1.062  

43 83 SiHO 1.303 0.764  
 84 SiO 1.1044 0.466 Hexamethyldisiloxane = (6)(1)+ (1)(81) + (1)(84) 
      

44 85 NMP 3.981 3.2 N-Methylpyrrolidone = (1)(85) 
      

45 

86 CCl3F 3.0356 2.644 Trichlorofluoromethane = (1)(86) 
87 CCl2F 2.2287 1.916 Tetrachloro-1,2-difluoroethane = (2)(87) 
88 HCCl2F 2.406 2.116 Dichlorofluoromethane = (1)(88) 
89 HCClF 1.6493 1.416 2-Chloro-2-fluoroethane = (1)(1) + (1)(89) 
90 CClF2 1.8174 1.648 2-Chloro-2,2-difluoroethane = (1)(1) + (1)(90) 
91 HCClF2 1.967 1.828 Chlorodifluoromethane = (1)(91) 
92 CClF3 2.1721 2.1 Chlorotrifluoromethane = (1)(92) 
93 CCl2F2 2.6243 2.376 Dichlorodifluoromethane = (1)(93) 

      

46 

94 CONH2 1.4515 1.248 Acetamide = (1)(1) + (1)(94) 
95 CONHCH3 2.1905 1.796 N-Methylacetamide = (1)(1) + (1)(95) 
96 CONHCH2 1.9637 1.488 N-Ethylacetamide = (2)(1) + (1)(96) 
97 CON(CH3)2 2.8589 2.428 N,N-Dimethylacetamide = (1)(1) + (1)(97) 
98 CONCH3CH2 2.6322 2.12 N,N-Methylethylacetamide = (2)(1) + (1)(98) 
99 CON(CH2)2 2.4054 1.812 N,N-Diethylacetamide = (3)(1) + (1)(99) 
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    R Q (   )   = (    )  

47 100 C2H5O2 2.1226 1.904 2-Ethoxyethanol = (1)(1) + (1)(2) + (1)(100) 
101 C2H4O2 1.8952 1.592 2-Ethoxy-1-propanol = (2)(1) + (1)(2) + (1)(101) 

      
 102 CH3S 1.613 1.368 Dimethylsulfide = (1)(1) + (1)(102) 
48 103 CH2S 1.3863 1.06 Diethylsulfide = (2)(1) + (1)(2) + (1)(103) 
 104 CHS 1.1589 0.748 Diisopropylsulfide = (4)(1) + (1)(3) + (1)(104) 
      
49 105 MORPH 3.474 2.796 Morpholine = (1)(105) 
      
 106 C4H4S 2.8569 2.14 Thiophene = (1)(106) 
50 107 C4H3S 2.6908 1.86 2-Methylthiophene = (1)(1) + (1)(107) 
 108 C4H2S 2.5247 1.58 2,3-Dimethylthiophene = (2)(1) + (1)(108) 

 





 

 

 
 
 
 
 
 
 
 

      
  

  

 
Isopiestic                    

                           
Streically hindered amine  

                                Combinatorial analysis 
Boltzmann entropy                  
Anion       

                     
Thermodynamic probability  

Ideal mixing                 
Saturated       
Extremum              
                 
Poynting correction  

Activity   ( )                   
Induction        
Strong  electrolyte                   

                   
Complex  electrolyte 

Weak  electrolyte                 
Miscible                
Partial miscible                   
Volume shift               
Freezing        
Mixing energy              
Geothermal  energy                     
Interchange energy                   
Orientation forces               

                                                    Rigorous 

 
Point charge             
Correlation       
Extrapolation          
Crystallization ( )                     
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Amorphous       

 
                           

Binary interaction parameter 

Solubility parameter                
Ideal gas potential                        
                   
Hard-sphere potential 

                  
Sutherland potential 

Square-Well potential    

                                 Soft sphere potential 
Kihara potential                 
Exp-6 potential                    
                      
Stock Mayer potential  

                       
Electrochemical  potential (emf) 
Light scattering              
                    
Molecular beam scattering 

Residual        
Polystyrene            

                       
Polydimethyle siloxane  

 
                           Gibbs energy function 

                                      
Intermolecular potential energy function 

Departure function              
Enthalpy function               

                                  
Residual function or departure function 

Potential function               
                        
Canonical partition function 

Exact function            
State function            
Universal function             
Excess  function               
Relative function            
Helmholz function              
               
Legendre transformation 

Data reduction               
Vaporization       

                    
Isothermal compressibility 

Composition       
Local  composition              
Combinatorial        
                    
Statistical thermodynamic 

Analytically        
Sublimation       
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Sterling approximation                 
                 
Substitution approximation 

                     
Zero Guggenheim approximation 

            -       
Vapor liquid equilibria 

            -                
Isothermal VLE   

            -                   
Isobaric VLE   

            -       
Liquid-liquid equilibria 

            -       
Solid-liquid equilibria 

                            
Change of Gibbs energy formation 

                     
Mixing change properties 

Individual      
Bulk      
             -          
Poisson - boltzmann 

Brönsted theory                

                       
Corresponding  state theory 

Two-liquid theory               

                              
Two-fluid  theory   

                    -         
Flory-Huggins lattice theory 

                                
Guggenheim quasi chemical theory 

                      (  )                         
Universal quasi chemical theory 

Lattice theory               
Hard sphere theory                 

                           
Regular solution theory 

One-fluid  theory                 

 
Boltzman’s constant               
                     
Dissociation equilibrium constant 

                     
Chemical Equilibrium Constant 

Dielectric constant                 

 
Pairwise      
Pairwise addition               

 
Condensed      
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Retrograde condensation 
Quadra pole            

 
Random state              
Reference  state            
Excluded-volume                 

                          
Hard-sphere excluded volume 

Solubility       
Solute         

 
Vacuum    
Electroneutrality                

                                 
Local electroneutrality 

Mixing  properties               

                  
Partial molar properties 
Thermal Properties              
            
Volumetric properties 

( )                      
Configurational properties 

 
                                    -                

Isothermal total-pressure 

                                     -                 
Isobaric boiling point data 

Like-ion repulsion                      

                        
Cohesive energy density 

Degree of freedom             
Deshmukh and Mather                
Consulate temperature             
Phase diagram               
Dipole      
Degeneracy          
Molecular dynamic                 
Permanent dipole               

 
Fusion     

 
Correlation                         
Infinite dilution              

                                   
Integral method or area test 

                 
Measurement method 

                 
Differential method 

(   )                                 
Dynamic method / recirculation of flow 

Static VLE method                         
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Maximum term approach 

                               

Dew point / or Bubble point Method 

Quantum method               

 
Biochemical               

 
Configurational         

                      

Thermodynamic consistency 

System                     
Site      
Reversible cell            
Pressure transducer             
Super critical fluids                    
Normal fluids              
Electroneutrality             
Composite system             

 
Pseudo  critical             
Quasi crystallise           
Hard  core radius                
Physical chemistry             

 
Solubility  product            

                   

Practical osmotic coefficient  

                      
Mean  activity coefficient 

                     
Coefficient of thermal expansion 

Acentric factor               
                    
Compressibility factor 

Permittivity       ( )                

( )                         
Activity coefficient   

Fugacity coefficient                

                ( )                  
Absolute permittivity 

               Nonrandomness  

Virial coefficient              

 
Spectroscopy         
Debye length           

 
Ionic valance                  
                     
Special heat capacity  
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Boltzmann  factor               
Combination factor              

Nonrandom  factor                   
Polarization factor             
               
Maximum term approach 

Avogadro's number               
Faraday             
Cordination number            
Practical                   

 
                   

Semi  permeable membrane 

Nonrandomness             

 
Food  Processing             

Postulate         
Osmotic  Pressure             
Compression       
Free space            
Fugacity           
Lewis fugacity                 

 
Amagat’s law               

Combining rule               
Phase rule            

                          
Inverse-square law 

Henry’s law             

                                
Symmetric  normalization convention   

                                  
Unsymmetric  normalization convention   

Ionic  Strength            
Collision diameter             
Segment                 
Cage     
Mixing rules               

 
Cation        
Completely random              
                    
Freezing  point depression 

Carbomate         
Hard sphere             
Charged  hard sphere                     
                 
Effective mole fraction 

                       
Effective local mole fraction 

Clausius-clapeyron       -          
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Kent-Eisenberg    -          

 
Degasing          
Polluted  Gases                
Drilling  mud           
True  Species                
Apparent  Species                

 
                  

Hypothetical  pure fluid 

Intensive variable               
Extensive variable               
Associated       
Lattice ensemble              
Surrounding      
Ideal  solution                   
Perfect solution             
Nonathermal solution               
Athermal solution                    
Association solution              
Ideal  mixing                       
Ideal gas mixture                      
Model mixture            

                          
Pitzer ion- interaction model 

Primitive model              

                          
Wilson  local composition model 

                           

Non  Random Two Liquid (NRTL)  

Hard sphere model               
Meissner model             
Primitive  models                 

                                         

Specific ionic interaction of Guggenheim   

                     
Local composition models 

                                     
Electrolyte local composition models 

Chemical models                 
Physical models                

                    
Born approximation contribution 

Euler equation               
                      
Gibbs fundamental equation 

Equation of State              

                           
Non cubic Equation of State 

( )                              
Statistical Equation of State 

                            
Two-suffix  Marguls equation     
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             -       
Gibbs-Duhem equation 

            -         
Gibbs-Helmholtz equation. 

               
Characteristic equation 

Nernst equation               
Rational                  
Statistical mechanics               
Permanent dipole                     
Spinodal                    
Binodal                

                                           
Upper and lower consulate temperature 

Molarity           
Molality         
Monte Carlo             
Condensation       

 
  )                                       (  

Incipient instability   

Nearest neighbors                    

            -      -       

Pitzer   –  Debye - Hückel 

Single fluid theory                  

                       
Corresponding state theory  

                -       
Debye   –  Hückel limiting law 

           -       

Debye    -  Hückel theory 

                               
Molecular theory of corresponding state 

Van Laar theory              
Diffusivity      
Critical point              
Bubble point             (  )           
Triple point              
Azeotrope Point                
Mineral  salt               
Induction force               

                       
Electrostatic forces   

                         
Intermolecular force   

Short range forces                     
Long range forces                    
Dispersion force                 
Attractive forces                
Repulsive forces                
Coulombic Forces                 
London force               

                      
Weak nuclear forces   

                       



595        

 

Strong nuclear forces 

( )                          

Chemical or specific forces 

 
     -            

Salting-in ,  salting-out 

  

  

  

  

  

  

  

  

  

  

  

  

  

 
                          

Hexamethyle disiloxane 

 
Common ion            
Counter ions               





 

 

 
 
 
 
 
 
 
 

       
  

  

A 
Absolute permittivity 

   ( )  

Acentric factor               
Activity   ( )                   
Activity coefficient 

( )   

Amagat’s law               
Amorphous       
Analytically        
Anion       
Apparent  Species                

Associated       
Association solution              
Athermal solution                    
Attractive forces                
Avogadro's number               

Azeotrope Point                

B 

Binary interaction parameter 

                           
Binodal                
Biochemical               
Boltzman’s constant               
Boltzmann entropy                  
Boltzmann  factor               
Born approximation contribution 

                    
Brönsted theory                
Bubble point  )                  (     
Bulk      

C 
Cage     
Canonical partition function 
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Carbomate         
Cation        
Change of Gibbs energy formation 

                            
Characteristic equation               
Charged  hard sphere                     
Chemical Equilibrium Constant 

                     
Chemical models                 
Chemical or specific forces 

( )                          
Clausius-clapeyron        -          
Coefficient of thermal expansion 
                      
Cohesive energy density 

                        
Collision diameter             
Combination factor              

Combinatorial        
Combinatorial analysis                
Combining rule               
Common ion            
Completely random              
Complex  electrolyte                   
Composite system             
Composition       
Compressibility factor 

                    

Compression       
Condensation       
Condensed      
Configurational         
Configurational properties 

( )                      
Consulate temperature             
Cordination number            
Correlation       
Correlation                         
Corresponding  state theory 

                       
Corresponding state theory 

                       
Coulombic forces                 
Counter ions               

Critical point              
Crystallization ( )                     

D 
Data reduction               
Debye   –  Hückel limiting law 

                 -       

Debye    -  hückel theory 

             -       
Debye length           
Degasing          
Degeneracy          
Degree of freedom             
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Departure function              
Deshmukh and Mather                
Dew point / or Bubble point Method 

                               
Dielectric constant                 
Differential method                 
Diffusivity      
Dipole      
Dispersion force                 
Dissociation equilibrium constant 
                     

Drilling  mud           
Dynamic method / recirculation of flow 

(   )                                 

E 
Effective local mole fraction  

                       
Effective mole fraction 

                 
Electrochemical  potential (emf) 

                       
Electrolyte local composition models 

                                       
Electroneutrality                
Electroneutrality             
Electrostatic forces                        
Enthalpy function               

Equation of State              

Euler equation               
Exact function            

Excess  function               
Excluded-volume                 
Exp-6 potential                    
Extensive variable               
Extrapolation          

Extremum              

F 

Faraday             
Flory - Huggins lattice theory 

                     -         

Food  Processing             
Free space            
Freezing        
Freezing  point depression 

                   

Fugacity           
Fugacity coefficient                
Fusion     

G 

Geothermal  energy                     

Gibbs energy function                   
Gibbs fundamental equation 
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Gibbs-Duhem equation 

              -       
Gibbs-helmholtz equation 

             -         
Guggenheim quasi chemical theory 

                              

H 

Hard  core radius                
Hard sphere             
Hard sphere model               
Hard sphere theory                 
Hard-sphere excluded volume 

                          

Hard-sphere potential                   
Helmholz function              
Henry’s law             

Hexamethyle disiloxane 

                          
Hypothetical  pure fluid 
                  

I 
Ideal gas mixture                      
Ideal gas potential                        
Ideal mixing                 
Ideal  mixing                       
Ideal  solution                   
Incipient Instability   

  )                                       (  
Individual      
Induction        
Induction force               
Infinite dilution              
Integral method or area test 

                                   
Intensive variable               
Interchange energy                   
Intermolecular force   

                         

Intermolecular Potential Energy Function 

                                      
Inverse-square law   

                          

Ionic  Strength            
Ionic valance                  
Isobaric boiling point data 

                                     -               
Isobaric VLE              -                     
Isopiestic                      
Isothermal compressibility 

                     
Isothermal Total - Pressure 

                                    -                

Isothermal VLE                      -                

K 

Kent-Eisenberg     -         
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Kihara potential                 

L 
Lattice ensemble              
Lattice theory               
Legendre transformation               
Lewis fugacity                 
Light scattering              
Like-ion repulsion                      
Liquid-liquid equilibria             -      
Local  composition              
Local composition models 

                     

Local electroneutrality 
                                 

London force               
Long range forces                    

M 

Maximum term approach 
                   

Maximum term approach               

Mean  activity coefficient 
                      

Measurement method 
                 

Meissner model             
Mineral  salt               
Miscible                

Mixing change properties 

                     
Mixing energy              
Mixing  properties               

Mixing rules               
Model mixture            
Molality         
Molarity           
Molecular beam scattering 

                    
Molecular dynamic                 
Molecular theory of corresponding state 

                               

Monte Carlo             

N 
Nearest neighbors                    
Nernst equation               
Non cubic Equation of State 

                           

Non  Random Two Liquid (NRTL)  

                           

Nonathermal solution               
Nonrandom  factor                   
Nonrandomness               

Nonrandomness             
Normal fluids              
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O 

One-fluid  theory                 

Orientation forces               
Osmotic  Pressure             

P 
Pairwise      
Pairwise addition               
Partial miscible                   

Partial molar properties                       

Perfect solution             
Permanent dipole               
Permanent dipole                     
Permittivity ( )                      
Phase diagram               
Phase rule            
Physical chemistry             
Physical models                
Pitzer   –  debye - hückel 

             -       -       

Pitzer ion- interaction model 

                          

Point charge             
Poisson - boltzmann              -          
Polarization factor             
Polluted  Gases                
Polydimethyle siloxane 

                       

Polystyrene            
Postulate         
Potential function               
Poynting correction                 
Practical                   
Practical osmotic coefficient  

                  
Pressure transducer             
Primitive model                
Primitive  models                 

Pseudo  critical             

Q 

Quadra pole            
Quantum method               
Quasi crystallise           

R 

Random state              
Rational                  
Reference  state            
Regular solution theory 

                           
Relative function            
Repulsive forces                
Residual        
Residual function or departure function 

                                  

Retrograde condensation                
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Reversible cell            
Rigorous                           

S 

Salting-in ,  salting-out      -            
Saturated       
Segment                 
Semi  permeable membrane 

                  
Short range forces                     
Single fluid theory                  
Site      
Soft Sphere potential                   
Solid-liquid equilibria             -       
Solubility       
Solubility parameter                
Solubility  product            

Solute         
Special heat capacity                     
Specific ionic interaction of Guggenheim  

                                         

Spectroscopy         
Spinodal                    
State function            
Static VLE method                         
Statistical Equation of State 

( )                              

Statistical mechanics               

 

Statistical thermodynamic 
                   

Sterling approximation                 
Stock Mayer potential                       
Streically hindered amine 

                           

Strong  electrolyte                   
Strong nuclear forces                      
Sublimation       
Substitution approximation 

                
Super critical fluids                    
Surrounding      
Sutherland potential                  
Symmetric  normalization convention   

                                

System                       

T 
Thermal Properties              
Thermodynamic consistency 

                      
Thermodynamic probability 

                     
Triple point              
True  Species                
Two-fluid  theory                               
Two-liquid theory               
Two-suffix  Marguls equation     
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U 

Universal function             
Universal Quasi Chemical theory 

  (  )                                             
Unsymmetric  normalization convention   

                                  
Upper and lower consulate temperature 

                                           

V 

Vacuum     
Van Laar theory              
Vapor liquid equilibria             -       
Vaporization       

Virial coefficient              
Volume shift               
Volumetric properties            

W 

Weak  electrolyte                 
Weak nuclear forces   

                      
Wilson  local composition model 

                          

Z 

Zero Guggenheim approximation 
                     

  

  



 
 
 
 

 
  

 
  

  347  

   267 268 269 271 369  

 104 105 106 108 109 110 

111 112 113 114 115 120 123 

124 159 160 182 183 244 248 

267 268 269 270 271 274 275 

307 308 333 335 336 339 346 

348 353 355 358 359 368 369 

371 374  

 73 349 356  

 43 53 54 61 67 70 125 147 

148 149 173 180 182 183 191 

194 195 196 244 247 279 321 

340 374 449 464 465 494 525 

536 537 542 544 546 549 564  

  10 14 30  

        477 516 

518 562  

  149 194  

 84 109 110 112 113 135 

147 184 185 187 188 189 190 

191 194 195 251 252 253 255 

256 257 258 259 260 261 262 

264 265 266 271 276 277 278 

279 281 284 285 286 287 288 
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