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Abstract:



The thermodynamic behavior of the simple binary mixtures in the vicinity of critical line has a universal character and can be mapped from pure components using the isomorphism hypothesis. Consequently, based upon the principle of isomorphism, critical phenomena and similarity between  and  relationships, the viscosity model has been developed adopting two cubic, Soave-Redlich-Kwong (SRK) and Peng-Robinson (PR), equations of state (EsoS) for predicting the viscosity of the binary mixtures. This procedure has been applied to the methane-butane mixture and predicted its viscosity data. Reasonable agreement with the experimental data has been observed. In conclusion, we have shown that the isomorphism principle in conjunction with the mapped viscosity EoS suggests a reliable model for calculating the viscosity of mixture of hydrocarbons over a wide pressure range up to 35 MPa within the stated experimental errors.
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1. Introduction            
Accurate prediction of the critical properties and evaluation of the phase behavior of pure substances and mixtures are the basis for developing and improving EsoS. The primary and simplest extension on the construction of EsoS is done starting from van der Waals (vdW), Berthelot, and Dieterici EsoS.1 Nevertheless, the classical EsoS do not predict universality of the critical point, so subsequent studies attempted to achieve this universality.2, 3 
Due to the presence of large fluctuations near the critical point, some singular phenomena including the critical opalescence can occur.4 The first non-classical model with effective critical exponents for describing the phase behavior of the binary mixtures was developed by Leung and Griffiths5 and subsequently modified by Moldover, Rainwater and their co-workers6-8 to obtain a satisfactory prediction of the thermo-physical properties for many binary mixtures. Thereafter, for fluid mixtures a scaled EoS was proposed for analyzing the asymmetric fluid-phase behavior asymptotically close to the critical point using the principle of isomorphism.9, 10 When two structures are the same but have different labels (for example liquid- solid and vapor- liquid phase diagram), we say that the structures are isomorphism. There are some elements in thermodynamics which are isomorphic to elements in the calculus. For example, Definitions of H, A, and G of thermodynamics are isomorphic to Legendre transforms in the calculus. Our important role in thermodynamic is to find the specific isomorphic elements in the calculus in order to account for all asymmetric features of critical phase transitions in fluids. If one want to extend a model to describe a new phase transition, a more general scaling field and convenient elements in the calculus is required. This approach was developed through relating the two relevant scaling fields to the linear combinations of three physical field variables - the temperature, pressure and chemical potentials of the two components. 11-16
Moreover, based on an asymmetric EoS, the crossover equation of state was considered to extend its range of applicability to a wider region around the critical point for the single and two-component fluids.17-21


In the vicinity of critical point, the viscosity of fluid is one of the thermo-physical properties which exhibits an increasing anomaly.22 Such critical abnormal behaviors were considered theoretically and experimentally.23 Recognizing the similarity between  and  relationships,24 many researches attempted to develop EoS-based viscosity models using cubic EsoS including vdW, Patel-Teja and PR.25, 26 Developing a viscosity model based on an EoS has some advantages such as describing the viscosity of both gas and liquid phases by a single model, correlating both high and low pressure data and evaluating the fluid viscosity without including the density. As a result, the P-V-T, V-L-E and fluid viscosity can be calculated using a single EoS25 via the isomorphism principle. 


In this work, using the critical isomorphism principle, the thermodynamical free energy of two SRK and PR EsoS was derived for binary fluid mixtures. The reason for choosing classical SRK and PR EsoS was the capability the former for fitting the experimental data and predicting the phase behavior of mixtures in the critical regions and that of the latter for accurately predicting the vapor-liquid equilibrium of the pure substances and equilibrium ratios of the components in the mixtures. Thus, based on the similarity between  and  relationships, the viscosity model for binary mixture has been derived.
We proceed as follows. In Sec. 2 by using the classical SRK and PR EsoS, the viscosity model has been derived based on one-component fluids EoS. In Sec.3 we describe the specific procedure adopted for mapping the thermodynamic surface of the mixtures to that of one-component fluids following the ideas of Griffiths and Wheeler27 and Leung and Griffiths5 and then formulate a corresponding isomorphic Helmholtz free energy for prediction the viscosity of fluid mixtures. In Sec.4 comparison is made with the experimental viscosity data for mixtures of methane-butane. Concluding remarks are presented in Sec. 5.

2. Viscosity model based on cubic EsoS
The pressure form of SRK EoS is:

[bookmark: ZEqnNum805356]                                                                                                                  

where P, , T and R are pressure, molar density, temperature and gas constant, respectively.
The coefficients a and b are given by:

                                                                                       

                                                                                                                        
 with 

                                                                                                       




in which   is  reduced temperature,  is the acentric factor and  and  are the critical temperature and pressure, respectively.








According to the similarity between  and  relationships, in the SRK EoS,  and  are interchanged and and gas constant  are replaced by and , respectively. Then Eq.  is changed to the following SRK viscosity equation:

[bookmark: ZEqnNum905898]                                                                                                                 



Similar to  and, on the critical isobar at the critical point of the  diagram, we have:

[bookmark: ZEqnNum426696]                                                                                                                            
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The structure of the critical viscosity equation can be estimated with the following equation:28

[bookmark: ZEqnNum294482]                                                                                                              

in which  is molecular weight. 
By applying the constraints of Eqs.  and  to the Eq. , we can write:

                                                                                                                       

                                                                                                                       




Parameters  and  in Eq.  are both functions of  and  as:25
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and the functional form of  and  were adopted as follow:25
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in which  were generalized in terms of acentric factor  and molecular weight  in the following forms:25

                   

 

  
Thermodynamic properties were made dimensionless using the critical parameters:





                                                             
In addition, defining:


,                                                                                                               
the SRK viscosity equation can be re-expressed in terms of dimensionless variables:

[bookmark: ZEqnNum831109]                                                                                                
where

                                                                                                                           

                                                                                                                             


Analogous to , we have . Thus, Eq.  can be integrated to yield:

                                                                                                               
Using the thermodynamic relation:

                                                                                                                                 
the corresponding equation for the dimensionless Helmholtz free energy of the viscosity can be obtained as:
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where  is a pressure-dependent integration constant.
Similarly, viscosity equation based on PR EoS can be formulated as:

                                                                                                

                                                                                                                     

                                                                                                                        

      

                                                                                                                             

                                                                                                                             




where definitions of , ,  and  are analogous to Eqs. -.

3. The isomorphism principle of critical phenomena
The principle of critical isomorphism can project the critical behavior of fluids and fluid mixtures onto that of the Ising model such that one can use the appropriate isomorphic thermodynamic quantities.16, 27, 29, 30 The thermodynamic properties for binary mixtures can be defined as:






                                                             


where  and  are the chemical potentials of the two components, respectively.
According to the viscosity model, thermodynamic properties can be given as: 






                                                       

Also, the modified isomorphic Helmholtz free energy density of viscosity can be written as:31

                                                                                                                  

here, h (the ordering field) and  (the isomorphic field variable which is often called the hidden field) are related to the activities satisfying the following differential equation:

                                                                                                     










where  is the density variable which is conjugated to the . The critical parameters,  and  will diverge along this line of critical points as functions of the mole fraction  or of a hidden field . The mole fraction  of the component 2 with larger molecular volume is interrelated to  by using Eq. 36 and the definition of   through:31

                                                                                                             

Implementing the isomorphism principle, the deviation variables can be considered as a function of :


                                                                                                    





The isomorphism principle states that for a mixture at constant , the  will be the same singular function of  and  as the Helmholtz free-energy of a one-component fluid,19 while all system-dependent constants will depend on the hidden field, parametrically.20 Subsequently, in the one-component limit and we can write:
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where  is given by the chosen classical EoS. By replacing Eq.  in Eq.  and using the relation:

[bookmark: ZEqnNum842860]                                                                                                                
the isomorphic viscosity EoS becomes:

[bookmark: ZEqnNum122147]                                                                                                    













Since the critical parameters ,  and  are functions of the field variable  while the experimental data for these parameters are available only as functions of the mole fraction , in order to apply the isomorphic viscosity EoS to the mixtures, the variable  have to be converted into the variable  by using Eq. . Nevertheless, for this determination we need , which depends on ,  and . This procedure can be simplified if the field variable  is selected at the critical line condition (CLC). In this way, it numerically becomes equal to the mole fraction 

In principle, there are a number of different methods in which one can implement the CLC as an expressed function of the critical parameters.20, 31, 32 In this paper, we adopt the following relationship between the mole fraction x and the field variable as:



4. Applications
In this work, we are attempting to apply SRK and PR viscosity equation such that the isomorphic Helmholtz free-energy can represent the experimental viscosity data for methane + butane mixture. For this purpose, the system-dependent parameters for the pure fluids were represented in Table 1 to determine the EoS.









The critical temperature , critical density , and critical pressure  should be specified as functions of the hidden field  to determine the isomorphic equation  for the mixture. Since along the critical line , the quantities , and  can be defined as:



                                                                               
Table 1. System-dependent critical parameters for methane and butane pure fluids.33-35
	System-dependent parameters
	Methane
	Butane

	
                       
	190.564
	425.20

	
                       
	162.66
	 227.85

	
                       
	4.5992
	3.796

	
                       
	16.0428
	58.125

	
                       
	0.008
	0.193



In practice, the critical temperature and pressure are characterized by a polynomial form as:20

[bookmark: ZEqnNum754407]                                                    
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where  is the mole fraction of the component 2 and  and  (with ) are the critical parameters of the corresponding components. 
[image: I:\47.emf]


Fig. 1 and for methane + butane mixture as a function of butane 

Mole   fraction, .  The curves  represent the  values  calculated  using
     Eqs. -, the symbols indicate experimental data obtained by Sage et al..36




Thus, the values of the coefficients  and () are determined from fitting to the experimental data using Eqs.-. The results for the fitting parameters were given in   Table 2. Comparison of the calculated values from Eqs. - with the experimental data reported by Sage et al.36 were shown in Fig.1.
                                               Table 2. Critical-Line Parameters (CLP) of the methane + butane mixture. 
	
 
	


	
=337.4213
	
=96.2223

	
=-438.701
	
=-298.7019

	
=1175.242
	
=532.9796

	
=-1505.42
	
=-539.1141

	
=530.8798
	
=227.8896




Using Eq.  for , we have:

                                                                                          
with

                                                                                                           


where  and  are molecular weights of the corresponding components.

By adopting SRK and PR EsoS one at a time,  becomes:

                                                                                                                    
and 

                                                                                                                               




respectively. The isomorphic EoS also contains the system-dependent Constants, (), as a function of the variable . Therefore, a quadratic interpolation formula (Eq. (50)) has been adopted to determine  as:

                                                                                 



where  and  are the system-dependent coefficients of methane and ethane, respectively and  are mixing coefficients which are determined by fitting the available viscosity data for the mixtures. All these system-dependent coefficients were reported in Table 3.

                             Table 3. System-dependent constants of methane + butane mixture for
                              the two viscosity EsoS. 
	
	SRK EoS
	PR EoS

	

	-7.55
	-8.19

	

	2.25
	2.55

	

	-3.00
	-1.75




A comparison between the calculated  from the isomorphic SRK and PR viscosity equation with those of the experimental data reported by Carmichael et al.37 were shown in Fig. 2-3. 

Also, predicting the two viscosity EsoS, the average absolute deviation of the viscosity at for the three isothermal mixture of methane + butane in the considered pressure range were given in Table 4. Clearly, the isomorphic viscosity equations yield an acceptable representation for the viscosity data. On the other hand, one can optimize and determine the coefficients in eq. (16)-(18) for each EoS to establish a better fitting of the data to obtain the posted accuracy at low temperature and pressure. Here, we wanted to use the principle of the corresponding states for calculating these EsoS parameters. Furthermore, Harstad et al. 38 indicated that the Peng-Robinson EoS could be used to obtain a relatively accurate and computationally efficient correlation of fluid mixtures at high-pressure.
[image: C:\Users\jamali\Desktop\45.emf]

 Fig. 2 Comparison between the calculated and experimental isothermal 
                                           curves  for a  methane +  butane  mixture in  x=0.394  mole fraction of  butane.
                                           The curves represent the values calculated using the isomorphic SRK viscosity  
                                           equation, symbols indicate values obtained by Carmichael et al..37

[image: I:\46.emf]
   Fig. 3  Comparison between the  calculated  and  experimental  isothermal

    curves  for a methane + butane mixture in  x=0.394  mole fraction of
    butane. The curves represent the    values calculated using isomorphic PR 
     viscosity equation, symbols indicate values obtained by Carmichael et al..37

                    Table 4. Average absolute deviation of viscosity prediction obtained by the two viscosity EsoS for the 
                    three isothermal mixture of methane + butane at x =0.394 in the considered pressure range. 
	
Temperature
	AAD (%)
SRK EoS 
	AAD (%)
PR EoS
	Pressure range (MPa)

	

	1.41
	3.98
	20.95~35.78

	

	2.98
	2.78
	20.83~34.73

	

	3.83
	3.50
	20.83~34.97




5.  Conclusions




The thermodynamic behavior of the simple binary mixtures including the critical region has a universal character and can be described by a single one-component fluid model using the isomorphism hypothesis. In this paper, we have shown that in terms of SRK and PR EsoS, how this principle can be applied using the similarity between  and  relationships and as a result, the viscosity model may be developed for predicting the viscosity of binary mixtures. Moreover, the EoS-based viscosity models have been successfully extended to the binary mixtures and accordingly, an extended relationship between the concentration  and the hidden field  has been introduced. Therefore, the isomorphic SRK and PR viscosity equations yield a satisfactory representation for the hydrocarbon mixtures by applying conventional mixing rules for the mixing parameters. The close agreement between the predicted values and the experimental results of the viscosity in a wide pressure range (about 20.8-35.8 MPa) demonstrate the utility of the isomorphism principle. 

Acknowledgement:
Authors are very indebted to Research Committee of the University of Tehran due to its authority’s for financial support during the tenure of which work was completed. HB is indebted to Prof. Jan V. Sengers for his helpful suggestions.

References:
[bookmark: _ENREF_1]1. J. J. Martin, Y. C. Hou, AIChE J. 1955, 1(2), 142-151.
[bookmark: _ENREF_2][bookmark: _ENREF_3]2. M. E.Fisher, Rev. Mo. Phys. 1974, 46(4), 597-616.
[bookmark: _ENREF_4]3. K. G. Wilson, Phys.  Rev. B 1971, 4(9), 3174-3183.
4. J. M. H. Levelt Sengers, Effects of critical fluctuations on the thennodynamic and transport properties of supercritical fluids , in: E. Kiran and J. M. H. Levelt Sengers (Eds.), Supercritical Fluids, Fundamentals for Application, NATO ASI Ser. E, 273, Kluwer, Dordrecht, 1994, PP. 231-272.
[bookmark: _ENREF_5]5. S. S. Leung, R. B. Griffiths, Phys. Rev. A 1973, 8(5), 2670-2683.
[bookmark: _ENREF_6]6. M. R. Moldover, J. S. Gallagher, AIChE J. 1978, 24(2), 267-278.
[bookmark: _ENREF_7]7. M. R. Moldover, J. C. Rainwater, J. Chem. Phys. 1988, 88(12), 7772-7780.
[bookmark: _ENREF_8]8. J. C. Rainwater, in: Ely, J.F., Bruno, T.J. (Eds.), Supercritical Fluid Technology, CRC, Boca Raton, FL, p. 57.
[bookmark: _ENREF_9]9. M. A. Anisimov, S. B. Kiselev, S. E. Khalidov, Int. J. Thermophys. 1988, 9(3), 453-464.
[bookmark: _ENREF_10]10. M. A. Anisimov, S. B. Kiselev, I. G. Kostukova, J. Heat Transfer 1988, 110(4a), 986-991.
[bookmark: _ENREF_11]11. A. Jamali, H. Behnejad, Phys. Chem. Liquids 2013, 52(4), 519-532.
[bookmark: _ENREF_12]12. A. Jamali, H. Behnejad, K. Hosseini, J. Mol. Liquids 2014, 197, 93-99.
[bookmark: _ENREF_13]13. Y. C. Kim, M. E. Fisher, G. Orkoulas, Phys. Rev. E 2003, 67(6), 061506.
[bookmark: _ENREF_14]14. P. Losada-Pérez, C. Glorieux, J. Thoen, J. Chem. Phys. 2012, 136, 144502.
[bookmark: _ENREF_15]15. G. Pérez-Sánchez, P. Losada-Pérez, C. A. Cerdeiriña, J. V. Sengers, M. A. Anisimov, J. Chem. Phys. 2010, 132, 154502.
[bookmark: _ENREF_16]16. J. Wang, C. A. Cerdeiriña, M. A. Anisimov, J. V. Sengers, Phys. Rev. E 2008, 77(3), 031127.
[bookmark: _ENREF_17]17. A. Bakhshandeh, H. Behnejad, Chem. Phys. 2012, 409, 32-36.
[bookmark: _ENREF_18]18. A. Bakhshandeh, H. Behnejad, J. Iran. Chem. Soc. 2013, 10(2), 367-377.
[bookmark: _ENREF_19]19. Z. Y. Chen, A. Abbaci, S. Tang, J. V. Sengers, Phys. Rev. A 1990, 42(8), 4470-4484.
[bookmark: _ENREF_20]20. G. X. Jin, S. Tang, J. V. Sengers, Phys. Rev. E 1993, 47(1), 388-402.
[bookmark: _ENREF_21]21. S. B. Kiselev, I. G. Kostyukova, A. A. Povodyrev, Int. J. Thermophys 1991, 12(5), 877-895.
[bookmark: _ENREF_22]22. J. T. R. Watson, R. S. Basu, J. V. Sengers, J. Phys. Chem. Ref. Data 1980, 9(4), 1255-1290.
[bookmark: _ENREF_23]23. Y. Arai, T. Sako, Y. Takebayashi, Supercritical Fluids: Molecular Interactions, Physical Properties, and New Applications. Editor, Springer Berlin Heidelberg, 2002.
[bookmark: _ENREF_24]24. P. Phillips, Proc. R. Soc. London. Series A 1912, 87(592), 48-61.
[bookmark: _ENREF_25]25. X. Q. Guo, L. S. Wang, S. X. Rong, T. M. Guo, Fluid Phase Equilib. 1997, 139(1–2), 405-421.
[bookmark: _ENREF_26]26. J. E. Little, H. T. Kennedy, Soc. Pet. Eng.  1968, 6, 157-162.
[bookmark: _ENREF_27]27. R. B. Griffiths, J. C. Wheeler, Phys. Rev. A 1970, 2, 1047-1064.
[bookmark: _ENREF_28]28. O. A. Uyehara, K. M. Watson, Natl. Petroleum News 1944, 36, R-714.
[bookmark: _ENREF_29]29. H. Behnejad, J.V. Sengers, M.A. Anisimov, Thermodynamic Behaviour of Fluids near Critical Points, in: A.R.H. Goodwin, J.V. Sengers, C.J. Peters (Eds.), Applied Thermodynamics of Fluids. The Royal Society of Chemistry, Cambridge, 2010, PP. 321-367..
[bookmark: _ENREF_30]30. W. F. Saam, Phys. Rev. A 1970, 2(4), 1461-1466.
[bookmark: _ENREF_31]31. K. S. Abdulkadirova, C. J. Peters, J. V. Sengers, M. A. Anisimov, J. Supercritical Fluids 2010, 55(2), 594-602.
[bookmark: _ENREF_32]32. S. B. Kiselev, A. A. Povodyrev, Fluid Phase Equilib. 1992, 79, 33-47.
[bookmark: _ENREF_33]33. R. H. Sage, B. L. Hicks, W. N. Lacey, Ind. Eng. Chem. 1940, 32(8), 1085-1092.
[bookmark: _ENREF_34][bookmark: _ENREF_35]34. U. Setzmann, W. Wagner, J. Phys. Chem. Ref. Data 1991, 20(6), 1061-1155.
35. B. A. Younglove, J. F. Ely, J. Phys. Chem. Ref. Data 1987, 16(4), 577-798.
[bookmark: _ENREF_36]36 . R. H. Sage, B. L. Hicks, W. N. Lacey, Ind. Eng. Chem. 1940, 32(8), 1085-1092.
[bookmark: _ENREF_37]37. L. T. Carmichael, V. M. Berry, B. H. Sage, J. Chem. Eng. Data 1967, 12(1), 44-47.
[bookmark: _ENREF_38]38. K. G. Harstad, R. S. Miller, J. Bellan, AIChE J. 1997, 43, 1605-1610.
---------------------------------------------------------------------------------------------------------------------
* Author for correspondence, email: behnejad@khayam.ut.ac.ir , h.behnejad@ut.ac.ir, Fax: +98-21-66405141, Tel : +98-21-6113639


15

oleObject1.bin

oleObject47.bin

image46.wmf
22

1

0.798752.574040.0062320.06552613.1650580

.00007

,

9

QMMM

www

=+++--


oleObject48.bin

image47.wmf
22

2

1.13860531.7836840.0882740.24239776.5414

890.001617

,

QMMM

www

=-+++-


oleObject49.bin

image48.wmf
22

3

0.3504333.0177450.0062690.20799831.62095

.

30.00037

QMMM

www

=+-+--


oleObject50.bin

image49.wmf
c

,

P

P

P

=-

%


oleObject51.bin

image50.wmf
c

,

h

h

h

=

%


image2.wmf
(cos)

--

TvisityP

h


oleObject52.bin

image51.wmf
c

c

,

P

T

T

PT

=

%


oleObject53.bin

image52.wmf
cc

c

,

=

%

P

PT

h

m

m


oleObject54.bin

image53.wmf
c

c

.

=

%

P

A

A

PT

h


oleObject55.bin

image54.wmf
1

PP

D=+

%%


oleObject56.bin

image55.wmf
1.

hh

D=

-

%%


oleObject2.bin

oleObject57.bin

image56.wmf
2

2

c11

1

,

(1)(1)

Z

r

T

ZZZ

P

h

h

h

j

h

éù

=+

êú

-+

ëû

%

%

%

%

%

%


oleObject58.bin

image57.wmf
c

1

0.08664

,

Z

Z

=


oleObject59.bin

image58.wmf
c

2

0.4274

.

Z

Z

=


oleObject60.bin

image59.wmf
(

)

(

)

1

T

T

P

mrrr

-

¶¶=¶¶

%

%%%

%


oleObject61.bin

image60.wmf
(

)

(

)

1

T

P

T

mhhh

-

¶¶=¶¶

%

%%%

%


image3.wmf
PT

r

--


oleObject62.bin

image61.wmf
1

(/),

P

T

d

m

hhh

-

=¶¶

ò

%%%

%

%


oleObject63.bin

image62.wmf
,

AT

h

m

=-

%

%

%

%


oleObject64.bin

image63.wmf
1rr

ccc

4.9331ln[1]6.9875ln[[,]][,]

4.9331

rr

PZTPTP

P

A

ZZZ

h

t

hhh

h

f

+

=++

%

%

%

%

%%%

%


oleObject65.bin

image64.wmf
0

rr1rrrr

c1rrc

[,]ln[1[,]][,]

1

1[],

1[,]

TPZTPTP

P

ZZTPZ

hh

tft

m

h

h

h

f

æö

-

-+-+D

ç÷

-

èø

%%

%

%

%

%


oleObject66.bin

image65.wmf
0

[]

P

m

D

%

%


oleObject3.bin

oleObject67.bin

image66.wmf
2

'

,

11(1)

rPa

T

bbbb

hh

hhhh

=-

-++-


oleObject68.bin

image67.wmf
c

c

2

c

2

0.45724

,

=

r

P

T

a


oleObject69.bin

image68.wmf
c

c

c

0.07780

,

=

rP

b

T


oleObject70.bin

image69.wmf
(

)

0

1

r

c

1r

c

[,]

12.4673

lnarctanh0.70711(1)[],

1[,]

æö

=-++D

ç÷

-

èø

%

%%

%%

%

%

%

%

rr

TP

P

AZP

ZZTPZ

h

hh

hh

h

t

m

f


oleObject71.bin

image70.wmf
c

1

0.07780

,

=

Z

Z


image4.wmf
TP

h

--


oleObject72.bin

image71.wmf
c

2

0.45724

,

Z

Z

=


oleObject73.bin

image72.wmf
r


oleObject74.bin

image73.wmf
¢

b


oleObject75.bin

image74.wmf
rr

(,)

TP

t


oleObject76.bin

image75.wmf
rr

(,)

TP

j


oleObject4.bin

oleObject77.bin

image76.wmf
1

ˆ

,

T

RT

=


oleObject78.bin

image77.wmf
ˆ

,

P

P

RT

=


oleObject79.bin

image78.wmf
1

1

ˆ

,

RT

m

m

=


oleObject80.bin

image79.wmf
2

2

ˆ

,

RT

m

m

=


oleObject81.bin

image80.wmf
ˆ

,

A

A

RT

r

=


oleObject5.bin

oleObject82.bin

image81.wmf
ˆ

.

UU

r

=


oleObject83.bin

image82.wmf
1

ˆ

m


oleObject84.bin

image83.wmf
2

ˆ

m


oleObject85.bin

image84.wmf
c

ˆ

,

T

T

rP

=


oleObject86.bin

image85.wmf
c

1

ˆ

,

P

rP

=


image5.wmf
TP

h

--


oleObject87.bin

image86.wmf
1

1

c

ˆ

,

rP

m

m

=


oleObject88.bin

image87.wmf
2

2

c

ˆ

,

rP

m

m

=


oleObject89.bin

image88.wmf
c

ˆ

,

A

A

rP

h

=


oleObject90.bin

image89.wmf
ˆ

.

UU

h

=


oleObject91.bin

image90.wmf
ˆ

A


oleObject6.bin

oleObject92.bin

image91.wmf
iso

ˆ

ˆˆ

(,,),

APhT

hzh

=-


oleObject93.bin

image92.wmf
z


oleObject94.bin

image93.wmf
iso

ˆ

ˆˆ

,

=+-

dAUdPhdwd

hz


oleObject95.bin

image94.wmf
(

)

()

1

x

w

hz

zz

-

=

-


oleObject96.bin

image95.wmf
z


image6.wmf
2

()

,

11

RTaT

P

bb

rr

rr

=-

-+


oleObject97.bin

image96.wmf
c

T


oleObject98.bin

image97.wmf
c

P


oleObject99.bin

image98.wmf
c

h


oleObject100.bin

image99.wmf
x


oleObject101.bin

image100.wmf
z


oleObject7.bin

oleObject102.bin

image101.wmf
x


oleObject103.bin

image102.wmf
z


oleObject104.bin

image103.wmf
w


oleObject105.bin

image104.wmf
ˆ

,

ˆ

(1)

.

æö

¶

-

=-

ç÷

ç÷

¶

èø

P

iso

A

x

h

zz

z

hz


oleObject106.bin

oleObject107.bin

image7.wmf
r


image105.wmf
c

()

,

PP

P

P

z

-

D=

%


oleObject108.bin

image106.wmf
c

c

()

.

()

-

D=

%

hhz

h

hz


oleObject109.bin

oleObject110.bin

image107.wmf
ˆ

ˆ

(,,)

iso

AP

hz


oleObject111.bin

image108.wmf
P

D

%


oleObject112.bin

image109.wmf
D

%

h


oleObject8.bin

oleObject113.bin

image110.wmf
ccc

iso

ˆˆ

(/)

®=

%

AATrPA


oleObject114.bin

image111.wmf
c

cc

iso

()

ˆ

ˆ

(,,)(,,),

()()

=DD

%

%

%

T

APAP

rP

z

hzhz

zz


oleObject115.bin

image112.wmf
(,,)

DD

%

%

%

AP

hz


oleObject116.bin

image113.wmf
iso

iso

,

ˆ

ˆ

ˆ

.

D

æö

¶

=-

ç÷

ç÷

¶

èø

%

P

A

TA

v

z

h


oleObject117.bin

image114.wmf
c

c

,

()

.

()

D

éù

æö

¶

=-

êú

ç÷

¶

êú

èø

ëû

%

%

%

%

P

TP

A

TA

P

z

z

h

zh


image8.wmf
0.5222

rc

c

0.4274[1(1]

(),

)

kTRT

aT

P

+-

=


oleObject118.bin

image115.wmf
(

)

c

T

z


oleObject119.bin

image116.wmf
(

)

c

hz


oleObject120.bin

image117.wmf
(

)

c

P

z


oleObject121.bin

image118.wmf
z


oleObject122.bin

image119.wmf
x


oleObject9.bin

oleObject123.bin

oleObject124.bin

oleObject125.bin

image120.wmf
iso

ˆ

A


oleObject126.bin

oleObject127.bin

image121.wmf
(

)

c

v

z


oleObject128.bin

oleObject129.bin

oleObject130.bin

image9.wmf
c

c

0.08664

,

RT

b

P

=


image122.wmf
.

x


oleObject131.bin

image123.wmf
z


oleObject132.bin

image124.wmf
ccccccc

ccccccccc

2

()(/)()()

(1)1

7.7.

()()()()()()()()

1

()

P

Pdd

dPTxdTPdvTxTx

v

x

vrxPxrxvrxPxrxPx

d

z

z

z

z

zzzz

-

é

=--

ù

D-+

ê

+

ú

ëû

%


oleObject133.bin

image125.wmf
(

)

c

z

T


oleObject134.bin

image126.wmf

oleObject135.bin

oleObject10.bin

image127.wmf
c

()

rz


oleObject136.bin

image128.wmf
c

()

P

z


oleObject137.bin

image129.wmf
,

z


oleObject138.bin

image130.wmf
iso

ˆ

A


oleObject139.bin

image131.wmf
x

z

=


oleObject140.bin

image10.wmf
2

0.481.5710.176,

k

ww

=+-


image132.wmf
cc

(),()

T

zrz


oleObject141.bin

oleObject142.bin

image133.wmf
cc

()(),

TTx

z

=


oleObject143.bin

image134.wmf
cc

()(),

x

rzr

=


oleObject144.bin

image135.wmf
cc

()().

PPx

z

=


oleObject145.bin

image136.wmf
(K)

c

T


oleObject11.bin

oleObject146.bin

image137.wmf
3

(kg/m)

c

r


oleObject147.bin

image138.wmf
(MPa)

c

P


oleObject148.bin

image139.wmf
(g/mol)

M


oleObject149.bin

image140.wmf
w


oleObject150.bin

image141.wmf
(1)(2)234

ccc12345

()(1)()(1),

TxTxTxTTxTxTxTxxx

=-++++++-


image11.wmf
rc

/

=

TTT


oleObject151.bin

image142.wmf
(1)(2)234

ccc12345

()(1)()(1),

PxPxPxPPxPxPxPxxx

=-++++++-


oleObject152.bin

image143.wmf
x


oleObject153.bin

image144.wmf
()

c

i

T


oleObject154.bin

image145.wmf
()

c

i

P


oleObject155.bin

image146.wmf
1,2

i

=


oleObject12.bin

oleObject156.bin

image147.emf
0.0 0.2 0.4 0.6 0.8 1.0

4

6

8

10

12

14

0.0 0.2 0.4 0.6 0.8 1.0

100

200

300

400

P

c

,MPa

T

c

, K

x

butane


image148.wmf
()

c

Tx


oleObject157.bin

image149.wmf
()

c

Px


oleObject158.bin

image150.wmf
tan

bue

x


oleObject159.bin

image151.wmf
i

T


oleObject160.bin

image12.wmf
w


image152.wmf
i

P


oleObject161.bin

image153.wmf
15

i

=-


oleObject162.bin

image154.wmf
(K)

i

T


oleObject163.bin

image155.wmf
(MPa)

i

P


oleObject164.bin

image156.wmf
1

T


oleObject165.bin

oleObject13.bin

image157.wmf
1

P


oleObject166.bin

image158.wmf
2

T


oleObject167.bin

image159.wmf
2

P


oleObject168.bin

image160.wmf
3

T


oleObject169.bin

image161.wmf
3

P


oleObject170.bin

image13.wmf
c

T


image162.wmf
4

T


oleObject171.bin

image163.wmf
4

P


oleObject172.bin

image164.wmf
5

T


oleObject173.bin

image165.wmf
5

P


oleObject174.bin

image166.wmf
c

()

hz


oleObject175.bin

oleObject14.bin

image167.wmf
1/61/22/3

ccc

()7.7()()(),

-

=

TMP

hzzzz


oleObject176.bin

image168.wmf
12

()(1),

MMM

zzz

=-+


oleObject177.bin

image169.wmf
1

M


oleObject178.bin

image170.wmf
2

M


oleObject179.bin

image171.wmf
()

c

Z

z


oleObject180.bin

image14.wmf
c

P


image172.wmf
cl

cc

()0.333,

ZZ

z

==


oleObject181.bin

image173.wmf
cl

cc

()0.307

,

z

==

ZZ


oleObject182.bin

image174.wmf
()

i

Q

z


oleObject183.bin

image175.wmf
13

i

=-


oleObject184.bin

image176.wmf
z


oleObject185.bin

oleObject15.bin

image177.wmf
()

i

Q

z


oleObject186.bin

image178.wmf
(1)(2)(12)

()(1(

),

1

)

iiii

QQQQ

zzzzz

-

+

=-

+


oleObject187.bin

image179.wmf
(1)

i

Q


oleObject188.bin

image180.wmf
(2)

i

Q


oleObject189.bin

image181.wmf
(12)

i

Q


oleObject190.bin

oleObject16.bin

image182.wmf
(12)

1

Q


oleObject191.bin

image183.wmf
(12)

2

Q


oleObject192.bin

image184.wmf
(12)

3

Q


oleObject193.bin

image185.wmf
h


oleObject194.bin

image186.wmf
0.394

x

=


oleObject195.bin

image15.wmf
TP

h

--


image187.emf
20 22 24 26 28 30 32 34 36

150

300

450

600

14 16 18 20 22 24 26 28 30 32 34 36

150

300

450

600

14 16 18 20 22 24 26 28 30 32 34 36

200

400

600

800

T=477.59K

T=377.59K

P,MPa

T=444.26K



, Micropoise


image188.wmf
h

-

P


oleObject196.bin

image189.emf
14 16 18 20 22 24 26 28 30 32 34 36

200

400

600

800

14 16 18 20 22 24 26 28 30 32 34 36

150

300

450

600

20 22 24 26 28 30 32 34 36

150

300

450

600



, Micropoise

T=377.59 K

T=444.26 K

P,Mpa

T=477.59 K


oleObject197.bin

image190.wmf
377.59

=

TK


oleObject198.bin

image191.wmf
444.26

=

TK


oleObject199.bin

image192.wmf
477.59

=

TK


oleObject17.bin

oleObject200.bin

oleObject201.bin

image193.wmf
TP

h

--


oleObject202.bin

image194.wmf
x


oleObject203.bin

image195.wmf
z


oleObject204.bin

image16.wmf
r


oleObject18.bin

image17.wmf
h


oleObject19.bin

image18.wmf
T


oleObject20.bin

image19.wmf
R


oleObject21.bin

image20.wmf
P


oleObject22.bin

image21.wmf
r


oleObject23.bin

image22.wmf
2

.

11

=-

¢

-+

rPa

T

bb

hh

hh


oleObject24.bin

image23.wmf
(

)

/

0

T

P

r

¶¶

=


oleObject25.bin

image24.wmf
(

)

22

0

/

T

P

r

¶

=

¶


oleObject26.bin

image25.wmf
TP

h

--


oleObject27.bin

image26.wmf
(

,

/)

0

P

T

h

=

¶¶


oleObject28.bin

image27.wmf
22

(/

0,

)

P

T

h

=

¶¶


oleObject29.bin

image28.wmf
c

c

ccc

.

=

T

Z

Pr

h


oleObject30.bin

image29.wmf
1/61/22/3

ccc

7.7,

TMP

h

-

=


oleObject31.bin

image30.wmf
M


oleObject32.bin

image31.wmf
2

2

cc

c

0.4274

,

r

P

T

a

=


oleObject33.bin

image32.wmf
cc

c

0.08664

.

rP

b

T

=


oleObject34.bin

image33.wmf
r


oleObject35.bin

image34.wmf
¢

b


oleObject36.bin

image35.wmf
r

P


oleObject37.bin

image36.wmf
r

T


oleObject38.bin

image37.wmf
crr

(,),

rrTP

t

=


oleObject39.bin

image38.wmf
rr

(,),

¢

=

bbTP

j


oleObject40.bin

image39.wmf
rr

(,)

TP

t


oleObject41.bin

image40.wmf
rr

(,)

TP

j


image1.wmf
PT

r

--


oleObject42.bin

image41.wmf
0

rr

.52

1rr

1[()1]

(

}

,){,

TP

QPT

t

-

-

=

+


oleObject43.bin

image42.wmf
r

3r

r

2r

(

(,)e

1

xp

)(1),

P

QTQ

T

P

j

éù

-+-

ëû

=


oleObject44.bin

image43.wmf
i

Q


oleObject45.bin

image44.wmf
w


oleObject46.bin

image45.wmf
M


