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Abstract 
The paper describes extensions of the work of the IWAC Project Centres 
fo r  Thermodynamic Tables and Transport Properties a t  Imperial College, 
London, t o  mixtures of f lu ids .  The extension has been conducted i n  such a 
way as t o  make maximum use of the accurate representations of the 
properties of pure components developed over twenty-f ive years. A number 
of resu l t s  are provided as i l lus t ra t ions  of the benefit of t h i s  approach 
fo r  a range of systems for  which high accuracy i n  the prediction of 
mixture properties i s  important. 

INTRODUCTION 

The IWAC Project fo r  Thermodynamic Tables was in i t ia ted  i n  1965 under the auspices of IUPAC 
Commission 1 . 2 .  Its purpose was t o  evaluate c r i t i ca l ly  the available experimental 
information on the properties of pure f lu ids  and t o  produce internationally-acceptable 
tables of these properties fo r  use i n  science and i n d u s t r y .  The in i t ia t ion  of the project 
and, subsequently, of the Project Centre a t  Imperial College in London provided a focus for  
the ac t iv i t i e s  of a number of groups around the world and, more importantly, a platform f o r  
the conduct of the argument about importance of such work on an international scale. 
Professor D . M .  Newitt, was the foremost proponent of the cause since he foresaw the need for 
accurate values of the properties of f lu ids  t o  secure optimal designs of process plant and, 
owing t o  the increasing internationalisation of industry, the need fo r  agreement among 
countries as t o  the values of properties used i n  design. Since the staff  of the Project 
Centre and others were working i n  advance of the realisation by i n d u s t r y  tha t  these 
properties were required, these early days were d i f f i cu l t  and have o n l y  been slightly 
ameliorated over the intervenin twenty-five years. However, today, the Project Centre for 
Thermodynamic Tables a t  Imperia! College continues i n  existence largely as a result  of the 
unwavering support of Commission 1 . 2  and the UK government through various agencies. The 
arguments fo r  the cause have, however, been strengthened over the years by the advent of 
computer-aided design, the need for  more accurate and 'quality-assured' thermophysical 
property data fo r  design (for which the IWAC Centre has achieved renown), the increasin 
extent of custody transfer of materials across national boundaries and the scale o f  
international licensing and sa le  of process-plant designs. 

The o u t p u t  of the Centre comprises twelve volumes i n  the ser ies  International Thermodvnamic 
Tables of the F l u i d  S ta te '  (e.g. r e f .  1 & 2 ) ,  which are widely-used in i n d u s t r y  and science 
as the definit ive statement of knowledge w i t h  respect t o  the properties of twelve pure 
f lu ids .  Over the vears the Centre's work has been supplemented by the friendly and valuable 
contribution of ;any workers from a l l  over the woGld. Furthermore, the "scope of i t s  
ac t iv i t i e s  was broadened in 19S3 by the creation of an IWAC Subcommittee on Transport 
Properties of F l u i d s  and a corresponding Project Centre. Nevertheless , throughout the 
duration of these p ro  'ects , they have concentrated almost exclusively upon pure f lu ids ,  

otherwise high-purity materials. This approach was often defended by Dr. Selby Angus on the 
grounds that there were many other groups concerned w i t h  the therniophysical properties of 
mixtures who required as i n p u t  the properties of the pure components. However. time has 
revealed that whereas the f i r s t  part of Angus' statement remains t rue .  it has no t  been the 
case that these same groups have made use of the best possible representations of the 
properties of the pure components. Thus,  the IWAC-approved equations fo r  the dwcript ion 
of the properties of pure fluids have found rather greater application in industry than i n  
science and have most certainly not fu l f i l l ed  the i r  potential w i t h  respect t o  the properties 
of mixtures. 

Guided by t h i s  background, the Proj,ect Centres a t  Imperial College have formed the view that 
they must depart from the i r  'pure ideal and enter the f i e ld  of mixtures w i t h  a mission 
consistent wi th  the overriding aim of IWAC ' t o  standardise and codify i n  the f i e ld  of 

delving i n t o  the mine I ield of mixtures only to  encompass the ef fec ts  of impurities upon 
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thermodynamics'. Interpreted in the present context t h i s  means t h a t ,  i n  addition t o  t he i r  
t rad i t iona l  ac t iv i t i y ,  the Project Centres now seek t o  u t i l i z e  the i r  accurate 
representations of the properties of pure f lu ids  t o  describe the properties of a se t  of 
f l u id  mixtures where accuracy or quality-assurance is a primary requirement. I t  is 
naturally consistent w i t h  t h i s  ob'ective tha t  the treatment of such mixtures should make 
f u l l  use of the representations 02 the properties of pure components developed already and 
be based securely on as  much statistical-mechanical theory as possible. This paper 
summarizes the methodology whereby t h i s  aim has been accomplished over the l a s t  few years 
and implemented i n  a fur ther  computer program that will shortly be available.  

THERMODYNAMIC PROPERTIES 

Theory 

The most effective manner in which the accurate, bu t  complex, equations of s t a t e  developed 
by the IWAC Centre fo r  pure f lu ids  can be applied t o  mixtures is through some form of 
corresponding s t a t e s  principle ( r e f .  3 ) .  The p a r t i c u h r  form of this principle most often 
adopted i n  ou r  work is a 'two-fluid' model f i r s t  proposed by Watson and Rowlinson ( r e f .  4). 
I n  t h i s  approach the basic working equation represents the configurational Helmholtz f ree  
energy of a mixture as 

Amix(V, T ,  X)  = NAkT N C xi en xi + C N h  xi A i ( V ,  T) 
i i 

where the f i r s t  term on the right-hand side represents the ideal f r ee  energy change upon 
mixing and A i ( V ,  T) i s  the configurational f r ee  energy of a hypothetical pure substance 

which represents component i i n  the mixture of N components. A!(V, T) i s  called the 
hypothetical or 'pseudo' pure substance property because it must represent not only the 
behaviour of pure substance i b u t  also account for  the interaction of i w i t h  a l l  unlike 
species i n  the mixture. 

In the corresponding s t a t e s  approach, A t ( V ,  T) i s  obtained from some reference equation of 
s t a t e  evaluated a t  scaled conditions 

h 

Ai(V, h T) = f i  A i  ref ( V / h i ,  T/fi) 

where A r e f  denotes the f r ee  energy of particular reference substance fo r  hypothetical 
component i and f i  and hi  are the scaling parameters for  temperature and volume. The 
hypothetical substance and i t s  reference substance are assumed t o  obey a principle of 
corresponding s t a t e s .  

It is important t o  note, i n  the context of the work of the IWAC Project Centres, that  each 
pseudo-substance can be referred t o  a d i f fe ren t ,  a rb i t r a r i l y  complex, reference equation of 
s t a t e .  Thus, t h i s  procedure fo r  the evaluation of the free-energy of a mixture seeks t o  
f ind the properties of an appropriate number of pseudo-substances fo r  the mixture whose 
properties may be combined accordin t o  equation (1) t o  determine the properties of the 
mixture. Thus ,  it d i f f e r s  from t i e  approach based upon simpler (predominantly-cubic) 
equations of s t a t e  ( r e f .  5 ) .  It i s  a natural expectation that the properties of pseudo-i 
i n  a mixture w i l l  most nearly be conformal w i t h  the properties of the rea l  component i .  
Thus,  by using the equation of s t a t e  for  the real  component i as the reference substance for 
pseudo-i it i s  reasonable t o  expect that  any errors arising from a lack of conformality 
should  be minimized. 

The remaining bar r ie r  t o  the implementation of these principles concerns the identification 
of the charac te r i s t ics  of the pseudo-components i .  A number of means of identification have 
been proposed ( r e f .  6 & 7 ) .  The one tha t  we have adopted i s  tha t  consistent w i t h  
Rowlinson's original formulation of the problem and is known as the van der Waals' two-fluid 
model ( r e f .  8 ) .  Within this framework, the pseudo-component i s  characterised by just two 
scaling parameters hi and f i  which, by the nature of the model adopted, must be related t o  
scaling parameters h i j  and f i j  fo r  each pairwise interaction i n  the f lu id .  The particular 
form of relationship must be established through statistical-mechanical arguments. The most 
common form i s  tha t  given originally by Rowlinson ( r e f .  3 & 4) 

hi  = C x .  h 
J i j  j 

and f i  = C xj  h i j  f i j /h i  
j 

(3) 
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Because these relationships l i e  a t  the heart of the evaluation procedure, current work on 
mixtures in the Project Centre has been concentrated i n  t h i s  area ( r e f .  9 ) .  

The various cross-parameters h. and f i j  can be determined from an appropriate set  of 
combining ru les ,  such as those of Lorentz and Berthelot, 

l j  

and 
= (. . [ffi f s j j  1 

f i j  1J  

(4) 

( 5 )  

Here the superscript r re fers  t o  the reference substance used t o  describe the hypothetical 
component i so tha t  it may indeed indicate any rea l  substances including real  i .  The 
parameters q and t i j  are adjustable and may be used t o  compensate fo r  deviations from the 
simple combining ru les .  

Finally, the pure component reduct ion  parameters are themselves given by the expressions 

i j  

The factors 4; and 0; are molecular shape factors which account fo r  deviations from 
conformality between the pseudo-substance i and the reference substance r ( r e f .  10) .  
Working equations fo r  a l l  of the thermodynamic properties for  a mixture can be derived from 
these r e su l t s ,  including the evaluation of the composition and densit ies of various phases 
i n  equilibrium a t  prescribed conditions of pressure and temperature, subject o n l y  t o  the 
construction of a well-designed algorithm ( r e f .  11). Because the phase envelope has proved 
the most sensit ive t e s t  of the worth of a predictive scheme, it is t h i s  behaviour that has 
been selected t o  i l l u s t r a t e  the resu l t s  of the work. 

THERMODYNAMIC RESULTS 

Figures 1 t o  4 show comparisons of the predicted phase envelope w i t h  that  determined 
experimentally fo r  a number of systems for  which equations of s t a t e  promulgated or 
established by the IUPAC Centre are available. 

0.00 0.20 0.40 0.60 0.00 1.00 

Mole Fraction N, 

Fig. 1. 
Experiment: A 270 I(; I 240 K .  
Prediction: - - SRK; - - Present work. 

Phase equi l ibr ia  of N2 + C02 .  

50 70 90 1 1 0  130 150 

Temperature, T / K 

Fig. 2 .  

A predictions. 

Bubble p o i n t  of a i r .  
experimental correlation. 
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Fig. 3 .  Phase equilibrium of CH4 t C3Hs F i  . 4 .  Phase equilibrium of CH4 + C2H 
mixtures. + t 3 ~ 8  mixtures 
Experiment: A 227.6 K ;  rn 283 K .  
Prediction: - Prediction: - 

A Experiment at' 227.6 K and 27.58 kPa. 

Figure 1 contains the phase envelope fo r  the system nitrogen-carbon dioxide a t  two different 
temperatures. For both nitrogen ( r e f .  12) and carbon dioxide ( re f .  13) IWAC equations of 
s t a t e  are available.  The experimental data ( r e f .  14-16) are represented by the symbols and 
the resu l t s  of calculations w i t h  the Soave-Redlich-Kwong (SRK) model a re  also shown for  the 
purposes of comparison. It can be seen that the multiple-reference f lu id  corresponding 
s ta tes  approach yields significantly better agreement w i t h  experiment over the entire 
diagram than does the SRK model. Figure 2 contains a similar comparison fo r  the bubble 
p o i n t  l i ne  of d ry  a i r .  The comparison with the SRK method i s  omitted fo r  c l a r i t y .  The 
agreement of the predictions of the present procedure w i t h  the experimental data ( r e f .  17) 
i s  again good over most of the phase diagram. Figure 3 provides a comparison between the 
predictions fo r  a binar mxiture of methane and propane and the available experimental data 
a t  two temperatures ( r e f .  18). The good agreement displayed is typical of tha t  over a wider 
range of conditions fo r  a number of binary mixtures of components whose s ize  r a t i o  is not 
too different from unity. Finally, Fig. 4 i l l u s t r a t e s  the behaviour of a ternary system 
consisting of methane, ethane and propane which might be considered typical of a natural 
gas. The triangular diagram i l l u s t r a t e s  that  the predictive procedure represents t h e  
experimental data ( r e f .  19) w i t h o u t  a great loss of accuracy compared w i t h  that  achieved for 
a binary mixture. 

TRANSPORT PROPERTIES 

The rigorous theory of the transport properties of d i lu t e  gases i s  formally well developed. 
However, a t  elevated dens i t ies ,  the theory i s  limited by d i f f i cu l t i e s  of a fundamental 
nature. As a consequence, the development of representations of the properties of even pure 
f lu ids  over a wide range of thermodynamic s t a t e s  has t o  be performed empirically w i t h  
guidance from theories w i t h  simple models of the dense f lu id  s t a t e .  The s ta r t ing  p o i n t  i s  
always the separation of contributions from different density regimes. Thus ,  a transport 
p rope r ty  X i s  written 

X(P, T) = X(0, T)  + A X ( P ,  T) + A,X(P, T) (7) 

Here X(0, T) represents the property in the limit of zero-density; AX(p, T) the 
fexcess-propertyf and AcX(p, T) the enhancement of the property i n  the region around t h e  
c r i t i c a l  p o i n t  induced by long-range correlations. For X(0, T)  and AcX(p, T)  there i s  a 
considerable amount of useful theory which can be used t o  correlate and extend available 
experimental information ( r e f .  20) .  For AX(p, T) there is less  sa t i s fac tory  theory but  a 
large body of empirical evidence which suggests t ha t  a t  l eas t  f o r  a supercr i t ica l  f l u id ,  

AX(P, T) c AX(P) (8) 
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on ly ,  so that it is s t i l l  possible t o  make use of information over a limited range of 
temperature t o  make predictions of the property over a wider range of conditions ( r e f .  20) .  

I n  the case of mixtures the theory i s  even less  well developed fo r  the dense f lu id  because 
the enhancement of properties i n  the c r i t i c a l  region has not yet been sa t i s fac tor i ly  
treated.  However, provided tha t  this region is excluded, a viable method of evaluation for  
the transport properties of mixtures i s  available tha t  has points of similari ty with the 
treatment of thermodynamic properties outlined above. This i s  because the procedure can 
make use of accurate representations of the pure component properties and provide an 
interpolation between them. The difference is tha t  i n  the case of the transport properties 
the interpolation equation is derived fo r  a simple molecular model and is exp l i c i t .  It i s  
therefore natural t o  make use of the accurate representation of the transport properties of 
pure components developed a t  the Project Centre i n  London and elsewhere ( r e f .  20-24) for  the 
prediction of the properties of mixtures. I n  what follows attention i s  confined t o  the 
viscosity of f lu ids  because it i s  somewhat simpler algebraically and because the argument 
fo r  thermal conductivity is essentially the same ( r e f .  2 5 ) .  

Theory 
For a rigid-sphere model of N molecular species i n  a mixture the viscosity a t  a molar 
density p may be written ( r e f .  26) 

Yi = xi L' + 

Hij(j # 1) = 

* 
I n  these equations xi is the mole fraction of species i ,  mi  i ts  molecular mass and A i j  i s  a 
weak functional of the intermolecular pa i r  potential  fo r  the i-j interaction readily 
evaluated from a corresponding s t a t e s  principle ( r e f .  2 7 ) .  The symbol v! represents the 
viscosity of pure component i in the low-density limit and 110 the corresponding quantity 
fo r  the unlike interaction, both  of which may be deduced from appropriate experiments on 
low-density systems o r  fo r  the corresponding s t a t e s  principle.  

The two remaining quantit ies i n  equations (13) t o  (17) ,  related t o  the e f fec ts  of density on 
the transport properties, are o i j  which accounts fo r  the shortening of the mean-free path of 

the gas molecules fo r  an i-j coll ision a t  high density and Tij  which i s  termed the pseudo- 
rad ia l  distribution function fo r  molecules i and j i n  the mixture. I n  the case of a mixture 
of r ig id  spherical molecules, Ti j  coincides w i t h  the radial  distribution of the hard spheres 
a t  contact. However, fo r  a rea l  gas such an interpretation i s  not possible. Thus, the 
connection between rea l  systems and the rigid-sphere model i s  established by allowing 
0 . .  and X.. t o  be interpreted more loosely - the former t o  be derived from a mixing rule for 

1J  1J  
hard spheres 

l j  

o i j  = ; [oii l / 3  + o j j ]  l / 3  
('4) 

where oii i s  t o  be determined from the properties of the pure gas i .  The pseudo-radial 
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functions X i j  in the mixture are also t o  be derived from those of the pure gases using a 
mixing ru le  based on the Percus-Yevick equation fo r  the rad ia l  d i s t r ibu t ion  of hard spheres 
( r e f .  28) 

in which again the Xi are t o  be deduced from the properties of the pure components 

D i  Pippo et al. ( r e f .  29) and Vesovic and Wakeham ( re f .  26) have shown tha t  it i s  possible t o  
derive both crii  and Xi f o r  the viscosity of a pure component i n  a t o t a l l y  consistent manner 
by making use of equation (9) written fo r  a 

where 

p = 0.8299 

pure component and in the form 

- 

According t o  the procedure of Sandler and Fiszdon ( r e f .  26 & 30) the negative roo t  i n  
equation (16) should be applied a t  low density and the posit ive root a t  high density w i t h  a 
changeover a t  a density, p * ,  chosen such that 

* 
_-  * 

(18) 
Il i(P 9 T) 2 - + *  
111 @ii P Jp 
7 = - + 1 = 3.1954 and so that  xi(p , T) = x i ( p  , T)  

This se t  of conditions determines Xi(p,  T) and crii uniquely for  each isotherm. 

The procedure evidently implies that  t o  evaluate the viscosity of a mixture a t  a particular 
pressure and temperature, the density of the mixture is required as  well as the properties 
of the pure components and the same molar density and temperature. The methodology outlined 
in the section on thermodynamic properties makes t h i s  possible. Some components may n o t  
exist  a t  the molar density of in te res t  a t  the prescribed temperature b u t  Vesovic and k'alteham 
( re f .  26) have provided a means of dealing with such cases. 

Transport property results 

Figures 5-8 contain the r e su l t s  of the implementation of the calculation procedure described 
above applied t o  a number of representative systems. Figure 5 shows a p l o t  of the 
deviations of the 'experimental' values of the viscosity of d r y  a i r ,  correlated by  Kadaya et 
al. ( r e f .  31) from the present predictions. I n  t h i s  calculation a i r  has been t rea t rd  as a 
three-component system of N z ,  0 2  and Ar. Pure component v i scos i t ies  have been taken from 
the work of Hanley and collaborators ( r e f .  21 k 22). The conditions depicted i n  the figure 
cover the temperature ran e 100 t o  500 K a t  pressures up t o  100 MPa. It can be seen that 
the agreement is generalfy w i t h i n  * 2%, which is the estimated accuracy of much of the 
experimental data.  

Figure 6 shows the resu l t s  of the calculation fo r  a ternary mixture of CH4-Hz-Nz a t  two 
temperatures fo r  pressures up t o  80 \[Pa, together w i t h  the available experimental data ( re f .  
32). The viscosity of pure hydrogen 
has been taken from the work of Assael et al. ( r e f .  33) and llcCarty et a l .  ( r e f .  34),  while 
tha t  f o r  methane has been taken from the work of llaiiley et  al. ( r e f .  23). Figure 7 
i l l u s t r a t e s  the resu l t s  fo r  the methane-propane system a t  311 K f o r  three isopleths over a 
range of conditions which encompass both the gaseous and liquid s t a t e s .  Here the viscosity 
of pure propane has been taken from the work of Ilolland et a l .  ( r e f .  24).  In the gas phase 
the a reement between prediction and experiment is typically w i t h i n  * 11, whereas i n  the 
liquih: phase the discrepancy r i s e s  t o  * 6%. Finally,  Fig. 8 shows the resu l t s  of the 
corresponding calculation fo r  the thermal conductivity of a i r  i n  the temperature ran e 
200-500 K a t  pressures up t o  100 hlPa. the de t a i l s  are given i n  f u l l  elsewhere ( r e f .  25f. 
The agreement of the calculations w i t h  the 'experimental' data ( r e f .  31) i s  w i t h i n  * 2% even 
though no data on the behaviour of the thermal conductivity a t  elevated densit ies have been 
included. 

Once again the discrepancies are of the order of 2%. 
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the viscosity of air from the predictions. 

Deviations of experimental data fo r  

- 60 
In 
a" 
4 - 
; 40 

H 
i .- 
v) 

20 

0 4000 8000 12000 

Density, p I ( moles m-a ) 

Fig. 7 .  
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Viscosity of cII4 + C3H8 mixtures 

A :  xCH4 = 0 . 2 2 ;  B:  xcI14 = 0.39; C: x = 0.79. 
CH4 

SOFTWARE 
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tensity. p / ( moles ) 

Fig. 6 .  
(xCH4 = 0.17, xH2 = 0.625) .  
A: T = 298 K ;  I: T = 373 K ;  - calculation 

Viscosity of a CH4-Hz-Nz mixture 

- 1  I 
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Fig. 8. Deviations of experimental 
data for  the thermal conductivity 
of a i r  from the predictions. 

The two predictive methods described above make use of accurate representations of the 
thermophysical properties of the pure components and a separate pa i r  of parameters 
charac te r i s t ic  of each binary interaction for  the thermodynamic and transport properties. 
A l l  of the calculations presented here were performed w i t h  a computer package which w i l l  
form a part of the revised computer database issued by the Physical Properties Data Service 
with the W National Engineering Laboratory. It should be c lear  from the methodolo y 
described tha t  as  accurate representations of the pure components a re  developed a t  t i e  
Project Centres i n  London and elsewhere, so it becomes possible t o  expand the number of 
mixtures treated i n  a f ac to r i a l  fashion. 
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