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Intermolecular interactions represented by refractive index-density and dielectric 
constant-density functions are examined for their applicability in the prediction of 
PVT behaviour of gases. Mofar polarization at the critical temperature arrived 
through such considerations is shown to be a property characterizing the behaviour 
of all classes of srrbstances. 
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states; Compressibility factors; PVT behaviour of  fiuids. 

~nvestigation such as those of Ashton and Guggenheim [l] and Orcutt 
and Cole [2] have shown that the foilowing relationships are valid for real 
gases within the accuracy of experimental measurements: 

Comparison of Equations (1) and (2) with the virial Equation of state: 

shows that the coefficients of any of them can be calculated from the other 
using equations of the following type obtained by slight rearrangement of 
Equations (1) to (3). 

* To whom all correspondeime should be addressed. 
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Ucfore attcntpting itti cquation of btatc cniploying the set of' rei:~rions 
giver1 hy tiquiltions (4) to ( ( I ) ,  making use nl' all accurak data (of all the prw 
pertich S O I I ~ ~ I ~ I I ~ C I ) .  i t  wi~s thought tit to  ons sides whether thc information 
can he med 10 iwrivc i ~ t  il simpler method o f  engineering :rpplic;ihilily. With 
this in vic~:,  Ihc possibility of proposing an inlprovccl for111 ofthe theorcni 
ol' ctmespondi~~p stiitc b i r d  oil Fquntionh ( I )  lo ( - 3 )  i invcstigatecl. 

Several [3-61 critical reviews, including some by the authon of the presetti 
work [S, 61, are availtblc on the theorem of corresponding states and i ts 
applicability. These laviews show the inadequacy of the two parameter 
charts in representing the PVT behaviour of real gdses and indicate that 
more parameters are necessary to characterize all classes of a~ibstances. A 
three parameter theorem of corresponding states i s  a co~~iproniise bctwceri 
simplification and practical utility. Among the third parameters the 
extensively used ones are : acentric factor w proposed by Pjtzer 171, Kiedel's 181 
parameter Y,, and critical compressibility factor Z, of Lydersen [9j. These 
parameters are described in detail in Reid and Sherwood [lo]. Of these 
three third parameters defined to account for the non-ideality of substances. 
two involve pressure and tempeyature but not volume. Lydersen's paw- 
meter rakes into account pressure, volume and temperature at the criticill 
point. However, none of these parameters accounts for the other properties 
of~molecules such as polarity, smucture, etc. It was therefore thought th;tt a 
better representation of PVT can be obtained by choosing a pnramcter which 
not only involves P and Tin  some form but also accounts for volumc, polarity 
and structure. 

The analogy of Equations (1) and (2) with Equation (3) prompts one to 
investigate whether the LHS of Equations (1) and (2) can be used as a third 
parameter. By definition the LHS of (a) Equation ( I )  is molar refraction 
and (b) Equation (2) is molar polarization. For non-polar substances moltr 
refraction and molar polarization are identical. Therefore Equations (I) 
and (2) can be considered lo be representing molar polarization for non- 
polar and polar subslances respeciively. The value of molar polarization 



can be obtained from the measurementlts of refractive index or dielectric 
constant as indicated by Equations ( I )  and (2). Values of this property 
are not available at the critical tempcraturc for many substttnccs. However, 
this is not a disadvantage in our case as we can readily make use of' the 
relation ,giving its temperature dependence: 

The little davit available in literature shows that neither R, nor p is a strong 
function of temperature. Therefore, P, can be calculatted from R, 
and values available in liierature without regard ro their temperature 
dependence. The fact that all the third parameters proposed earlier are 
connected by simple relations makes one believe that there is no additional 
advantage in choosing any temperature other than critical temperature in 
defining the thrrd parameter. So the third parameter. chosen in the present 
work is molar polarization at the critical teinperature defined as: 

The paramelers iu Equation (8) for different s~~bstances are of such magni- 
tude that they can be employed in tho correlation without making any 
eaort to reduce their numerical valucs. The values of these parameters 
can be obtained from data tabulated in stcndard references. This para- 
meter satisfies the critieria of what one might call a good third parameter 
because : 

(i) It involves the properties, molar refraction (R,) and dipole moment 
Q which are determined easily experimentally. In the absence of data 
molar refraction can be calculated to good accuracy from atomic refrac- 
tions. 

(ii) Dipole moment of the substance (present in the definition of the 
parameter) accounts for the electrical characteristics of the molecules while 
the contribution from the constituent atoms of the molecules is taken into 
account by molar refraction. Some consideration to the structure of the 
molecules also is given as for example the same value is not taken for atomic 
refraction for oxygen in carbonyl group, ether group and hydroxyl group. 
Thus, consideration is given to electrical nature, constitution and structure 
of the molecules. 



(iii) The paratncter varies considwably from huhhtancc tu sl~hil:incc. 

(iv) Critical volurnc ha\ n u  iliscct bcnring on ~ h c  v;iiuc (11' the p:ir;inwtcs. 

(v) N o  extrapolation othcr than thc btraight use of I i jutitio~~ (7) i \ in\ 0 1 -  
ved in determining thc ixmtnetcr. 

(vi) No PVI' data oi' the substance are involved in thc piii.;mlctes w x p t  
for T,. ST, is either knolcn or can be estirnatcd with good accu~xcy. 

To test the validity of thc third parameter proposed. generalized charts 
and tables have been constructed using cxperimcntal data of' six substances 
-ammonia, ethylene, hydrogen. tl-hepianc. nicthamc :md s ~ ~ l p h u r  tli<~xidc. 
Some preliminary ses~tlts 01' tlli:, work II;LVLL hcen j>r~icntcd wrlier [ O ] .  
Details are given in this paper. Compressibility fixlor:, <)1' dilti.renl hub- 
stances under the same conditions of Tn and Y,, when plotted ayainbt f5,,, 
gave linear relations so that compressibility factors could be expressed as 

The functions ZiO) and Z") ,  obtained in the range T,= 0.5-4.0 and P.', upto 
9.0, are plotted as a function of P, and T,, in Figs. 1 and 2, and Tables I tind 
111 represent them. Polynomial expressions for Z(") and Z u l  are given in 
Tables I1 and IV. The values of Z(OJ and Z ( ' )  arc used to caiculate the com- 
pressibility factors of 25 substances. The results of comparison of the eaJ- 
culated values with experimental data are sum~narized in Tables V and V1. 

The first method of ascertaining which parameter is superior. is by 
comparison of the results obtained in using each parameter for conformity 
with the principle of theorem of corresponding states. This can he carried 
out by applying the various methods to substances which have nearly the 
same value of the parameter in each case. Ideally this comparison should 
show zero deviation from experimental data. Among those compared the 
parameter that gives minimum per cent average absolute dcviation affords 
a better agreement with the principle of the theorem of corresponding states. 

Nitrous oxide and carbon monoxide (with P,, = 7.65 and 7.18 res- 
pectively) can be considered as substances with the same Pm The per cent 
average absolute deviation in using the present method for all the points of 
these substances is 1.0. Hydrogen sulphide and ethane (with w of 0.100 
and 0.105 respectively) can be considered to be substances with nearly the 
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same w .  The per cent average absolute deviation in using Pitzer's method 
for all the points of these substances is 2.0. Methane and nitrogen. (with 
2, of 0.290 and 0,291 respectively) can be considered as substances with the 

I I I I I I I 1 I 

0 1.0 2.0 3.0 4.0 5,O 6 . 0  7.0 8.0 9.0 

REDUCED PRESSURE,PR - 
Fro. 1. Z@' as atfunction of PR ned Te. 



Tables I-VI are represeritativc tahlos. Detailed tables can hc k~btnnic.! Iron: ttrr rnelhndv 
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sanlc Z,. The per cent average absolute deviation in using Lydersen's 
method for all the points of these substances is 1.6. Thus the present third 
parameter affords a better agreement with the principle of the theorem of 
corresponding states. 

The validity of t h e  proposed third parameter can be established by 
applying the correlation developed in the present work to classes of sub- 
stances for which superiority is claimed in using the other parameters. 
Pitzer's method has been designed for normal fluids, so it is expected to give 
good results for normal fluids. Likewise, the critical compressibility factor 
method of Lydersen and coworkers should give good results for substances 
with Zc nearly equal to 0.27 by virtue of its development on the basis of 
averaged data of substances, with 2, =0.27. Viswanath's charts (11) 
are superior because of the better results he finds for substances such as 
hydrogen and ammonia. 

Methane. ethane, mtrogen, hydrogen, hydrogen sulphide and carbon 
monoxide can be considered as normal fluids (p4PCvTc 6 0 . 5  x lo4). It 
can be seen from Table V that the present method gives a per cent average 
absolute deviation of the same order as Pitzer's method for nitrogen and 
carbon monoxide and better results for all the other substances. On an 
ovcrall basis for this group, the per cent average absolute deviation in using 
the present method is I .O against 1.2 for Pitzer's method. Ethylene, nitrous 
oxide, sulphur dioxide and hydrogen sulphide are substances with 2, 
approximately equal to 0.27. It can be seen from Table V that the present 
method girres better rcsults compared to Lydersen's method for these sub- 
stances individually. Collectively, the present method gives, for this group 
a per cent average absolute deviation of 1 . 5  as against 2.2 for Lydersen's 
method. For hydrogen and ammonia the present method gives results 
better than Viswanath's method. Collectively for all the points of these 
substances, the present method gives a per cent average absolute deviation 
of 4 .4  compared to 6.0 in using Viswanath's method. 

It can be seen from Table VI that the present method gives better results 
for all the isotherms compared except for T, =2 .0  isotherm. 

On an overall basis the present method gives a per cent average absolute 
deviation of 1 .8  compared to 2.2 for Pitzer's method, 2.6 for Lydersen's 
method and 2.4 for Viswanath's method (two parameter charts constructed 
based on the use of Su's ideal critical volume). 
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*' Numberr in the parenthepi.i of  these columns refer to rlte nuniber ui pomtb conqwcd 

* The charts do nor extend to there T. valun. 

Innrnarianal Critical Tublc~, 1928, 3. 42. (Bridgmnn, P. W.). 
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3134. 

Johnston, H. L. and White, D., Traruactions of the American Socicry dMrchanirai E w i ~ r r ~  
1950, 72, 785-787. 

Reamer, H. H., Sage, B. H. and L ~ c ~ Y ,  W. N., Indusrrial and Ewi?ieerb@ Ch~ntistry, $950. 
42, 140-143. 

Rossini, F. D., Selected Values of Prowties of Hydrocarbvns and Rrluted Conr,wun&, A P ~  
Project No. 44, Camegie Press, Pittsburg, 1957 and its supplements, 

Beattic, 3. A., Dowlinson, D. R. and Levine, S. W., Jomnal of Chemieol ~ l r ) : ~ i ~ , ~ ,  1952, 20, 
1619-1620. 
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TABLE V1 

Tsotherm No. Per cent average absolute deviation -. 
(reduced of 
tempera- point5 Present Pltzer's Lydersen'h Viswauath's 

tu re) tested method method method method 

0.50 49 3.06 * 4.14 * 
0.60 88 12.02 * 13.08 * 
0.70 48 12.98 * 17.79 * 

0.80 53 5.31 7.15 7.91 * 

0.90 37 5.85 6.01 5.79 ~r 

I .00 104 2.46 3-51 3.12 3.07 

1.10 116 1.38 2.20 1.93 1.80 

1.20 110 1.21 1.51 7.12 1.51 

1.30 96 1.58 1.78 2 .  50 2.21 

1.40 52 1.78 1-97 4.04 2.94 

1.60 55 1.36 1-41 1.96 1.62 

1-80 42 1.42 1.32 1.59 1.81 

2.00 37 4-69 4.50 4.20 4.72 

2.50 11 1.93 2.96 2.01 2.60 

3.00 11 1.74 1.98 2.74 2.08 

4.00 6 0.27 0.88 4.40 1.50 - 
* The chart, do not extend to thew T ,  valua. 
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B', c', . . 

Virial coefficients of the equation of state, functions of tem- 
perature (Equation 3). 
Virial coefficients of the refraclive index equation (Equation 
1). 

. Virial coefficients of dielectric constant equation (Equation 2). 
Temperature independent constmt of Equation 2. 
Boltzinann constant. 
Refractive index. 
Avagadro's number. 
Pressure. 
Temperature independent constant of Equation 1. 
Crilical pressure. 
Reduced pressure. 
Molar polarizalion. 
Molar polarization at the critical temperature. 

Universal gas constant. 
Molar refraction. 

Temperature. 
Critical temperature. 
Reduced temperature. 
Molar volume. 
Riedel's parameter. 
Compressibility factor. 
Critical compressibility factor, Lydersen's third pammeter. 
Main part of the compressibility factor correlation, Equation 9. 
Correction term of the compressibility factor correlation, 

Equation 9. 
Dielectric constant. 
Acentric factor, Pitzer's third parameter. 
Constant = 2217. 
Dipole moment. 


