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ABSTRACT 

The need to produce liquid fuel and chemical fuel stocks from 

heavy and highly aromatic petroleum fractions, residues, and coal 

poses he questions whether the existing thermodynamic data correla­

tions are applicable and what new data should be measured. 

Evaluations of existlng correlations as to their applicability 

to the conditions of processing coal fluids and heavy oil are pre­

sented in a series of four articles . Such evaluations are considered 

important in planning the measurement of new data and further re­

search. 

In this second article of the series, the equation of state 

approach to predicting vapor-l iquid equilibrium is discussed. 
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RESUMEN 

La necesidad de producir combustibles líquidos y productos quí­
micos a partir de fracciones y residuos pesados y altamente aromáti­

cos del petróleo y de carbón, plantea la pregunta de si los datos y 

correlaciones tennodinámicos existentes son aplicables y qué nuevos 

datos deben ser medidos. 

La evaluación de las correlaciones existentes en cuanto a su a­

plicabilidad a las condiciones de procesamiento de fluidos del car ­

bón y aceite pesado se presenta en una serie de cuatro artículos. 

Tales evaluaciones son consideradas importantes en la planificación 

de la medición de nuevos datos e invest igación. 
En este segundo artículo de la serie, los métodos basados en el 

uso de la ecuación de estado para predecir equilibrio entre vapor­
líquido son discutidos. 
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GENERAL DISCUSSION 


The cl ass i cal , tlStandard Stat e tl method f or alculating VLE at 

high pressure , has di f fi ul t i s in attempting to meet the primary 

requirement t hat all the fugacity ratios and Kvalues must converge 

to tmity at the true cr itical point of the mixture . Thus, an equa ­

t ion of state appli cable for a11 fluid phases has several advan­

tages . It is based on a r i gorous analytic thermodynamic approach 

with empiricisrn reduced t o a minimum . Hypothetical standard states 

are elirninated and there is no need to develop relat ionships between 

activity coefficients. However, t he method places great demands on 

the equation of state because it must be capable of representj ng 

both the vapor and liquid states, their pressures , and t hei r 

fugacit i es. 

The rnain objective in usage of equations of state in VLE calcu­

lations is to obtain the paramet ers and relationships for inte­

grat ing the basic equation for the fugacity of a component in a mix­

ture. In any phase and for every component i 

(18) 


and 

ap Vbl f. 
1 fID [( ) - V RT l1dV - .inRT ano n. RTv 1 T.V,n 1j 

(19) 

whcre ni = moles of i; V =mixture molar volume . 

For an equation to be acceptable for phase equilibrium calcula­

tions, it mus t meet the fo l lowing criteria . 
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(1 ) The equation must have a reasonable number of parameters. 

(2) The model should overcome the limitations of the "standard 

state" method at high pressures , especially in the vicinity of the 

critical point, and in liquid density ealeulations . 

(3) The constants in the equat i on should be expressable in terms of 

known thennodynamic properties, vapor pressure Pe' Te ' and either Zc 

or w. Hence , it requires reliable correlations far predicting the 

equations' parameters from other measureable properties such as pe­
troleum inspection data. 

(4) The predicted fugaeities for a eompaund should result in K. = 1 
1 

at any of the boundary conditions: pure compound under its own vapor 

pressure, an azeotrope, and the true critical point of a mixture. 

(5) The mixing rules for evaluating mixture constants should not 

contain more than one fitted binary interaction parameter, and, ir 

possible, this parameter should be independent of temperature, pres­

sure, and composition. 

(6) The equation should be sufficiently general in its applicabili­

ty so that a single equation can be used to handle all fluid proper­

ty calculations. 

Mest of the many equations of state in the literature (about 

75 of them) represent modifications of van der Waals theories of the 

behavior of fluids. ConsequenUy, any equatíon of general usefulness 

represents either a modified form of the van der Waals equation . or 

either the virial equation of state or the theorem of the corre­

sponding states. The latter two are concepts that were also advanced 

by van der Waals. Any graphical presentation oí variations of ther­

modynamic variables as functions of reduced properties is , in the 

author' s opinion, also an equation of state without explicitly de­

termined form or coefficients. 

Two equations of state are widely used in the natural gas and 

petrolet.un processing industry. These are the BWR [1 -9) 1- 1O) JI - 3 ] 

and sorne of i ts modifications [n -11 , II -13, II -15, 1 -72 , JI ":20 ] 

and that of Redlich and Kwong [1 -62J . The proponents of the latter 

http:petrolet.un
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did not propose their equation (R-K equation) for liquids . However, 

in 1964 Wilson [I1- 2Sj showed that t he K-K equation wi t h and without 

modifications can be used for predictíng fugac i ties in both phases , 

hence Kvalues. Since that time the R-K equation in var'ous modified 

fonns [1 -25 , I-71 , II-l, II-2 , II-4, II-5, II-6, TI-8, Il -l0, II -1 2, 

II -17 , 11-26 , 11-28J has become a main tool of the fuel and chemical 

process designers. 
Recently an equation proposed by Peng and Robinson [rr - 16J has 

gained sorne consideration [1-25, II -19]. 

THE BWR EQUATION 

The BWR equation was originally developed for use in VLE calcu­

lations and was applied to systems containing light paraffin and 

olefin hydrocarbons . The equation-of-state constants for mixtures 

are established, as recornmended by Benedict, Webb, and Rubin , ac­

cording to cornbining rules analogous to those first proposed by van 

der Waals. 

The original BWR equation uses eight parameters for each compo­

nent in a mixture plus a tabular temperature dependence for one of 

the parameters to improve the fit of vapor -pressure data. Originally 

the BWR equation was applied to twelve light paTaffinic and olefinic 

hydrocarbons and their mixtures . This equation is reasonably accu­

rate for light paraffin mixtures at reduced temperature of 0.6 and 

aboye [1-11J. 1t is less satisfactory with low temperatures, non-hy­

drocarbons, non -paraffins and heavy paraffins. 

1mproved fi ts t o mixture data have been obtained by cor ­

relating the parameter variations with temperature [1-11, 1-72J , by 

including temperature dependence of additional parameters, and by 

use of an empirical correction factor in parameter-combination rules 

[Il-1S, II - 20]. 

Parameters have been developed for a wide variety of compounds 

extending to C22H~6 and including several non-hydrocarbons, such as 

sulphur dioxide, nitrogen, hydrogen, argon, and carbon monoxide and 
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díoxide [Il-3J. Ranges of appl ícabil i ty f or sorne compounds are given 

in TabIe 4. (The latter compotmds play an important role in coal 

convers ion). Also, generalized forms of the parameters have been de­

veloped. 

The BWR equation expresses t he pressure P as a function of the 

molal density, d of each phase. 

(20) 

where: A , B , e , a , b , c , a , and y are empírical coefficients , 
o o o 


R is the gas constant, 


T is the absolute temperature, and 


d is density in moles/tmit vollune 


In the past, correlations have been proposed to relate the co­

efficients to t hose for the virial expansion 

P = B !TJd + B {T )d2 + B !Tld3 + • •• (21)
1 2 3 

However, one should bear in mind that Equation 20 is empirical 

and that its complicated last term cannot be regarded as a substi ­

tute for the missing powers in the virial expansion . Hence , it 

should only be used at conditions for which it was designed. 

The proponent s of the method also reconunended the rules for 

calculating the coefficients for a mixture from those of the indi­

vidual components. Since the compositions of the vapor phase and the 

liquid phase are different , two sets of coefficients, one for each 

phasc, are needed for every computation of equilibrium condition. 

The fugaci ty of a component in a phase, related to a standard 
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state of zero pressure , is calculated from Equation 22 , below . It 

should be noted that since fugacity is not additive (the f ree energy 

Gis ), partí al molal metal fugacities f. and f . can not be calcu­
li IV 

lated; their equivalents, by the Lewis and Randall defini t ion , are 
the 

ratios (f::) and (f:;) calculated instead . 

... 
f. 
li 

RT in. - = RT ind + 
x·1 

+ - [y1 , - ( t + y~' ) exp (-y d' J ] 
d

(22) 

In predicting the VLE Ki for each component i, Equation 22 must 
" be used twice, for calculating I xi in the Iiquid phase and forf i i 

calculating f~ / yi in the vapor phase, respectively . Then 

(23) 
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" " 

where the ratios ( :: ) and ( f:;) are calculated from Equation 22 

each as an inseparable single value. 

Trial values of all x. and y. must be assumed in arder ta cal­
·11 

culate the eight parameters Bo ' Ao ' et c. of the BWR equation, six­

teen for both phases, for use with Equations 20 and 22. 

Of course , the mixtures' caefficients must be established first 

and the phase density, d in Equat ian 20 , must be arrived at by trial 

and error befare Equat ion 22 is used . 
Equation 23 is more clearly understood if the basic concept it 

implies is derived fram 

" (24)f· = <lí1.' X. P 
1..e. l l 

which is the equivalent of Equation 2 for the components in the liq­

uid phase. 

Subst i tut ion of Equation 2 and 24 into Equation 23 , with the 
" " fugaci t y coef ficients <lí . and <lí . caIculated at system' s pressure,

1.¿ 1.v 
yields , 

(25)K·1. 

As can be seen in TabIe 4 lII -3J , the number of compOlmds for 

which coefficients are avaiIable is limited. Applicahility of the 
equation is t herefore correspondingly limited. Moreover , prograrnming 

the BWR procedure for flash and VLE calculations requires skill and 
experience with the method and i t s intricacies to account [or uncon­

verged cases. Modified versions of the BWR method are widely used in 

process calculations for natural gas systems [11-22J . 

Experience has sho\~ that the arbitrarily proposed mixing rules, 
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fallowing van der Waals, do not always work and at least ane adjust­

able binary constant is needed. This adjustable parameter is ob­

tained by fitting experimental data . As was shown by Orye [n -15J , 

the adjustable parameter, using Orye 1 s nomenclature, Pij , has a 

strong effect ~ especially on the liquid fugacity . Small variations 

ID l1i' cause large deviatians in bubble point pressure calculations. 

§tarling [1-72J has proposed an eleven caefficient BWR equation 
for better fitting the volumetric and thermal properties, as well as 

the vapor pressure of the pure components . In a11 cases where the 

Starling form of the BWR equation is used, an adjustment parameter 

ki . is required in addition to the original mixing values. 
J 

Although the BWR equation provides a tool for computing VLE and 

other thermodynamlc data, it is clear that more than a few pleces of 

information are required for establishing coefficients . There is 

little expectation that the BWR equatian could be utilized for mix­

tures of petroleum ar coal liquid fractions. However, far synthetic 

gases that cantain campm.mds for which BWR constants and mixing 

parameters are available, this method can be used successfully, pro­

vided that the flash program contains a11 the necessary tests and 

flexibility required for converging on the correct ans\.<Jer, espe­

cially near the critical point and withín the retrograde regíon . 

A1though not intended for exclusive utilization as an accurate 

prediction of liquid volumetric properties the S arling Han version 

of the B\VR equation [n -n] does quite well. This is illustrated in 

Table 5 . 

THE REDLICH A1'ID IüvONG (R - K) EQUATION 

The simplest successful variation of the van der Waals equation 

¡,'as proposed by Redlich and Kwong !1 -62J. Before 196 , the 

Redlich- Kwong equation had been used conveniently for calculating 

the fugacitjes of compolmds in the v~lI)or phase [1 -151 . However, 

since 1964, when Wilson prúposcd that a modified version be used for 

both phases in predicting K ratios lII -251 , almost a hundred modifi­
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cations [1-59J have been proposed. 
Important advantages of the two -parameter Redlich-Kwong equa ­

tion of state are the ease of predicting i ts coefficients from t he 

critical properties of pure compounds and t he simple way in which 

binary interaction constants enter inta the expressians far the mix­

tures, as first demonstrated by van der Waals fer the van der Waals 

equatian. The two-constant R-K equation is adrnittedly less accurate 

than the BWR equation. The R-K equation i s: 

RT ap = (26) 
V-b 

The standard values of the constants are given by the equatiens 
(D-14) : 

a == O 4278 R2 T 2.5 / P (27). e c 

and 

b = 0.0867 RT / Pe (28)c 

For a one component sys tem , t he fugac · ty c oefficient of the 

mixture, <P, in either phase is calculated from: 

in <P • in [RT!P [V-bJ ] + IPV!RT ) - 1 - (a!Rib1in [IV+bJ IV] (29) 

Wilson I. II - 2s~1 propos d that const ant a be made temperature de­

pendent and its value adjusted f or each pure component so as to make 
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the liquid -phase fugac i ty coefficient equal to the vapor -phase 

fugacity coefficient at the component vapor pressure. Subs equenU y , 

he proposed establishing the temperature dependence of constant a 

from the slope of the vapor-pressure curve at the cri tical point. 

The latest ferm of the temperature function proposed by Wilson is : 

In ~il~onls treatment 01 the R-Kequation a single set of para-
meter s is used for the gas and liquid phases, the parameter b is 

taken as a constant calculated frorn Equation 28 and the parameter a 

is a generalized function of temperature and acentric factor, w. 

Without detracting from the origínality and usefulness of 

W~lso~ts rnethod, which is widely used as the MARI< V program [II-26] 
dlstrlbuted by the GPA, the use of Equation 27 leads te erroneous 

l iquid and vapor densities [U-l] . Chueh and Prausnitz [n 1, 1-16J 

proposed two sets of constants for the R-K equation , one for the 

vapor phase , the other for the 1iquid phase. They replace Equations 

27 and 28 with: 

(31) 

and 

(32) 

The dirnensionless constants for the gaseous phase, ~ and Q,g a g- -b 
are detennined for each pure component by fitting Equation 30 to 

P-V-T data . The saturated vapor data yields vapor --phase values of 
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the constants. Similarly the liquid-phase values of l¿a and l~ are 

obtained by fitting Equation 26 to P-V-T data for the saturated liq­

uid. 
Zudkevitch and Joffe [11-28J indicated that if tbe proposals of 

Chueh and Prausnitz are followed four temperature-dependent para­

meters are required for every compound in the mixture . They al so 

discovered that when these four constant sets are used thc uen­
sities are calculated with sorne degree of reliability ~ but the 

fugacity equality requirement is not meto (See Figure 8). At none of 

the three points where K must equal uníty is this requirement sat­

ísfíed. Zudkevitch and Joffe [Ir -28J and Hamam [n -8] also indi ­

cated that the temperature dependent parameters a and b must, at any 

point along the vapor pressure curve of the compound, satisfy only 

bJO of the four requirements below. 

(1) Fit the liquid density (POlTIt A in Figure 8) 

(2) Fit the vapor density (Point B in Figure 8) 
(3) Satisfy the fugacity equality requirement 

MÚ.l 

J V dP = O 

lla.t.. v 

where Si and Sv are saturated liquid and vapor respectively 

(4 ) Predict the exact fugacity. 

Originally, Zudkevítch and Joffe [n - 28J selected the first and 

fourth requirements. Later [II -10J , recognizing that the fugacity 

cqualization cannot be sacrificed , they chose to satisfy require­

ments 1 and :5. In the last ten years there have been qui te a few 

suggestions wer made on which of the fOUT requírements can be sac­

rificed. Sorne of such suggestions were reviewed by Medani and Hasan 

jII-1Z]. 
Due to the nced to calculatc the values of Ila and Qb for each 

COmpOLUld at cach temperature while meeting requirements 1 and 3, 



-253­

this rnethod, t hough the rnost accurate among the rnodifications of the 
Redlich-Kwong procedure, did not achieve wide utilization. However, 

recently, Hamam and Lu [II -8J proposed generalized analytical fonnu­

las for Q a and Qb which simplify use of the method. 

Peters and Wenzel [n -17 , II -18J proposed tha t the agreement 

between experimental and calculated VLE K data could be improved by 

modifying the pure component data which are used in establishing the 

R-K parameter of the supercritical component. Per Deiters and 

Schneider [n -4] only a small « 1% 1 adjustment of the V of methane 
is needed. 

multicomponent mixtures , Equation 33 below is used. As mentioned 

earlier [11 -31J , in sorne versions of the classical approach such as 

that of Chao and Seader [1 -15J the fugaci ty coefficients <I>iv are 

calculated only far the components in the vapor mixture only . When 

an equatlon oí state method is use<! for calculating the fugacity 
coefficients in both phases Equation 26 and Equation 33, below, are 
used 	twice, as in the case when the BWR method is used. 

The Redlich-Kwong equation in the form 

ap = 	~ ­ (Equation 26)
.!...V-b 2

T V(V+b) 

is integrated to provide the fugacity coefficient ~k of component k 

in the mixture . 
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where V , a and b in the equation are those calculated for the spe­

cific mixture, either that of the liquid or that of the vapor. 

For a binary system equation (A2 -1) reduces to : 

1\

in 4l 
1 

(34) 

The reader may reca11 that in the original presentation by 

Redlich and Kwong [1 -63J Equations 32, 33 and 34 were presented in 

tenns of the compressibility factor Z and the coefficients A and B. 

Regardless of the form of the equation used , the calculated proper­

ties should be the same if the same data and combination rules are 

used in estab1ishing the parameters. 
Another formula derived from the Redlich-Kwong provides for the 

partial molal volumes of the component of a mixture 

2¿ x. a - -
ab

k­
i 1 V+ bRT- - (1'~) - ik 

V-b V -b .!. 
V(V + b) T 2 

(35)Y = k 
RT a 2V.b ) 

1... 
(V - b)2 T2 V2 (V + b)2 

When the R-K equation is applied to mixtures the constants are 
given by: 

a = LLX. x. a. . (aH =~) (36)
i j 1 J 1J 
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and 

b = ¿L x. x. b .. lb .. =b.) (37)
i j 1 J 1) 11 1 

Wilson [IT -25] and Chueh and Prausnit z [I -16J have proposed 

that Equation 37 be replaced with the simpler relat ionship: 

b I x . b. (38) 
. 1 1 
1 

Equatian 35 is equivalent t o assuming the combining rule: 

1b .. (b. + b.) (39)
1J 2 1 J 

This combining rule appears ta represent a reasonably good ap­

proximation i n ma s t systems. 

lVilsan proposed t hat the interaction constants, a , of Equa­
i j 

tion 32 be obtained from exper iment ally determined binary vapor -liq­

uid equilib i um data. Chueh and Pr3usn i tz [1 I -1J , on the other hand, 

ha e used binary mixture volumetric dat a (second virial coefficients 

of gases and saturated l i qui d volumes ) to calculate the a .. for ei­
1J 

t her phase. Z dke' it h and Joffe [rr - 28 , II- 29] proposcd the use of 

experimental VLE data t o obtai n the interact ' on parameter c . . for
1J 

every binary mixture . This i s done by c ithe r \.¡orking bachwards from 

the exper:Í111cnt al data through Equations 35 and 36 t a obt ain a .. and
1J 

C . . from:
1J 

a .. (1 - C . . ) l a. a. j ( 40) 
1J , 1J 1 J 
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For practical reasons the value of C.. is established by trial
lJ 

and error procedure for minimizing the discrepancies between calcu­

lated and experimental VLE K values [n -28J • An equivalent of Equa­

tion 40 was derived and used by Lu and his students [n -2, II -8J . 

From the early utilization of the R-K equation for correlating 

VLE [II-28J it was assumed that a single binary interaction constant 

is sufficient to describe the interaction of two components and that 

only binary interaction constants suffice to describe all interac ­

tions in multicomponent mixtures . Tt was further assurned that each 

binary interaction parameter is independent of temperature and pres­

~urv, thou~hl it wa~ al~O r~co~iLM tnat ~etter results could k 

obtained if interaction parameter were applied to the calculation of 

the parameter b of the equation [n -28, II -30J . The val idity of the 

aboye simplyfying assumption has been proven for many systems in 

many publications. An exarnple of the accuracy leve! achieved is 

shown in TabIe 6. 

Deíters and Schneider [II-4] suggested a general equation for 

the (second) interaction parameter for the parameter b. 

b .. (1 - ~ .. ) 1/2 (b .. +b .. ) (41 ) 
lJ 1J 11 JJ 

Deiters also showed that for better prediction b cannot be a 

l inear function of the concentration . Gray [II-7] suggested that 

since the equation is simple and limited, the users and correlators 

must be careful in selecting the objectives , e.g. , predicting the 

critical point of mixture, and the variables that must be adjusted 

to meet these objectives. In Gary's opinion, this is especially im­

portant in correlating the behavior of hydrogen containing systems, 

which constitute a majar part of the subject of this wri ting. He 

also suggested that in predi cting K values in the vicinity of the 

mixture critical, the sensitivity of the predictions' validity to 

C.. variations in the interaction parameter increases with the in­
lJ 


crease in the differenc.e between the molar volumes of compO\mds 


and j. 

i 
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Soave [1 -711 expanded the utilization of the concept of 
"fugaeity equaliti' when using the R-K equation for establishing the 

coefficient a and predicting K values. He expressed the R-K a by an 

empírical flIDction of the reduced temperature and the acentric fac­

tor w. The empirical factor eI.. introduced by Soave, illustrated in 
1 

Figure 9, enters all calculations of properties of mixtures. 

Soave used the rigorous R-K expression for the fugacity coeffi­

cient calculations 

'" 
A fi!

.in q,. = in ­
II Px·

1 

0.5 

A a.bi= - (Z-1) - in (Z - B) - - 2 1 

b B [ a0.5 
(42) 

The following expressions are used to obtain the ratios. 

0.5 / 0.50.5 al- Te. Pe.a­ l 1 
-

l 
- = - - ------- ( 43) 

a o.s n 0.5 / 0.5 ¿ x. a. Te · Pe 
j=l J J J J 

b . 
1 

b 
= (44) 


2 

Soave's formulas for A and B 
A = 0.42747 P 

T2 
(45) 
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0.08664 (46)B = 
T 

are different frorn thos of t he st andard R-K, though similar to 
those used in recent modified f orms. 

Soave showed a direct relationship between the proportionality 

a· lTc' ) 
1 1 0,5 

0.. = --- and T
1 R a· (T ) 

1 

l ith t he compmmd pararneter mi directly related to its acentric fac­

tor w., see Figure 9. 
1 

0. 5 

a . i s calculat ed from 
1 

0.5 0.5)
a,. 1 + m. (1 - T (4 7) 

1 1 r · 
1 

2 

m· 0 . 480 + 1.574 w. - O.1 76 w. (48)
1 1 1 

Thi s met hod leads to a very general procedure which requires 

only the crit i cal temperat ure and pressure and t he acentric factor 

for each component to cal ulatc t he K va l ues. 
A A 

Equation 42 to 46 ar al so used for calcul ating <fl. and f·
IV 1 

substi tut i ng the properties of th vapor mixt ure Ca , b ,A , B , and Z) 

for those of t he l iqui d above . The VLE K ratios are calculated by 
" A

substitut i ng $ i.e. and $i from Equation 42 in Equation 25. v 
An early r eview by West and Erbar [1 -77J i llustrat ed its sim­

pli c i ty and applicabil ity t o natural gas syst ems . However, Soave r S 
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original rnethod, though very widely used , did not reIy on interac­

tion pararneters, and thus did not give good predictions for mixtures 

containing H CO and H S. It does not provide good predictions of 
2 ' 2 2 

l iquid densities. 

In adapting the Soave procedure for the API Data Book, Graboski 
and Daubert [I -25, I -26J developed and incorporated binary interac­

t i on coefficients into t he Soave equat ion . Their final formula , 

based on the Londondispersion coefficient s, is 

1 

laal · X.' laal. dx, X, 1001 . laai IH..I tx~ rllal j (~9lo 
mu 1 1 1 J 1 1] ] 

The tenn (1-k·.1 can not be generalized ; i t must be detennined 
1J 

f rom binary mixture data. In their report they also discussed the 

invalidity of the Soave equation when applied to H at temperatures
2 


aboye OoC. 


These investigators suggested a new relatianship far Saave I s . 
They also proposed varying the criticals of H with the temperature

2 

of the system. They offered a special equation for H . 
2 

aH 1 .202 exp [ -O . 30228J T (50)
2 R 

The reader is referred to the API Data Book Report VII [1 -26J 

and t he re i sion of Chapter 8 for fur ther infonnation on the modifi­

cat ion and for tables of int eraction coefficients. 

EQUILIBRIUM IN THE CRITlCAL REGIONS & Tl-IE REDLICH - KWONG EQUA­

TIONS 

The equation of st ate approach in general, and due to i t s sim­
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plicity the Redlich-Kwong equation, has been proposed for cor­

relating high pressure equilibria in following the assumption that 

critical convergence could be achieved if the interaction parameters 

are lmown from low pressure data [IT-1 , II-l0, II-29 , Ir-30] . This 

is illustrated in Figure 6 and Figure 7 in Part l. However, enough 

evidence exists to verify that this is not always true. 

Deiters and Schneider [II-9] showed, see Figure 10, that even 

by using interaction parameters Ci , and ~" for Equation 40 and 41 
J 1J 

respectively, established from moderate pressure data did 'nQt pro· 
vide far predicted convergence that is in agreement in with the ex· 

perimentally observed critical point . As shown in Figure 10 agree­

ment was achieved when the coefficients a and b of the supercritical 

COmpOlllld methane, were "adj usted" . Gray [n -7J on the other hand, 
suggested that interaction pararneters must change with temperature 

and pressure. 

THE PENG-ROBINSON EQUATION (PR) 

Peng and Robinson [n -16, TI - 19J introduced an equation some­
what different from that of Redlich and Kwong , 

The equation has the form: 

P = RT _ a(T) (51)
V-b V(V+b) + b (V-b) 

In this equation: 

(52) 


(53) 
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RT 
b :: 0.07780 ~ ( 54) 

Pc 

The aboye implies that Z = 0.307 for all compounds . 
c 

The function a (T ' wl is calculated fromR 

(SS) 

where the factor k, nat the same as that in Equation 49, is de ­

fined as: 

k == 0.37464 + 1.S4226w - O.26992w2 (56) 

Wi t h the constant Z = 0.307 applied universally , one should c 
expect significant deviations in predictions of K ratios and other 

properties within the critical region. 

In a comparíson for Iight hydrocarbon systems, Peng andRobinson 

showed t hat the use of the PR equatíon has improved the RMS relative 

error by about 40 percent over the Soave - R - K (SRK) predictions of 

vapor pressures of pure compounds (11 - 19 TabIe 1). They further con­

tended that t he SRK predictions are biased high in every case but 

one, and that the PR predictions are evenly split between positive 

and negative departures, with a resulting overall positive bias that 

is only 16 percent oí the value obtained using the SRK equatian. 
In addition , the proponents pointed out that the PR equatíon 

gives a universal critical compressibil ity factor of 0.307 compared 

to 0.333 for the SRK equation. 

In a manner similar to those oí BWR, Wilson, Joffe and 

Zudkevitch, and Soave, the vapor/1 iquid equil ibritun ratio , K. , is 
1 
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calculated from the fugac~ty coefficients via Equation 25. The 

Peng-Robinson equivalent of Equation 42 is: 

" f. 	 b ZI . x.aJ J I . . b)." li i 	 A ] _ ..2 in ~. = in - = - (Z - 1) - in (Z - B) - --== 
li x.P b 	 z{2B ( 

a b 
1 

x in 	I Z + 2. 414 B \ (57) 
\ Z - 0.414 BI 

The mixture parameters are: 

a = I I x. x. a . . 	 (58)
i j 1 J 1J 

and 

b = I 	x. b. (59)
1 1 

The cross coefficient ai ' is derived from experimental data and 
J

the equation is equivalent to Equation 40 with 0i. replacing ei . 
J 	 J 

(1 - o1 · · J 'la.a.' 	 (60) 
J 	 1 J 

As in other procedures that use equat ions of stat e, Equation 57 
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A 

is used twice, once for the vapor to establish ~iv and once to es-
A 

tablish 4'li,t o The VLE K is calculated from the latter values and 

Equation 25. 

Figure 11 illustrates the performance of the two equations for 

predicting the molal volume of saturated liquids and vapor s for pure 

n-pentane o At reduced temperatures above about 0.8 , the average 

error in liquid density has been reduced by a factor of about 4 by 

using the PR equation. At lower reduced temperatures, the predic­

tions by the new equation are better by a factor of about 2. Both 

equations give acceptable predictions of thé VarO! ~envitJ' 

The ability of the PR equation to predict the ViL ratios (per­
cent liquid by volume) in flash calculations of multicomponent 

systems is illustrated in Figure 12 which shows comparisons for a 

9-component system containing N ,CO and H S in addition to the 6 
2 2 2 

hydrocarbons [n -27 • 

1t should be noted, however, that neither method is as applica­

ble to liquid density predictions as are the methods of Joffe and 

Zudkevitch [n-lO] and of Chang and Lu (per Hamam, reference Il-S) 

which utilize the properties of each component hence the proper Zc 

in establishing the parameterso 

EQUATIONS OF STATE POR WATER-CONTAINING GASES 

On many occasions, especially when water is a major component, 

the use of the classical method with activity coefficients, etc. for 

defining fugaci ties of the components in the liquid phase is most 

promisingo However, at high pressures, equations of state are recom­

mended for the vapor phase. Unlike the "equation-of-state" approach, 

in this case, the equation is used only for the vapor phase o Such 

conditions usually prevail when steam is used in liquefaction and 

gasification of coal and heavy residues. 

A modification to the Redlich and K\\Iong equation ,.....as developed 

by de Santis and Breedveld [n -5J o The Redlich-Kwong coefficients 

for water are given as 
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= 14 .6 cm3 / mole 

loand the coefficient a is composed of a non-polar component a ) and 
a polar component a

(1 ). The value a(T) at T is: 

a(T) :: atO) + aP) (T) (61) 

~ \11' rWl~rQ ~ lS atunct~on ot temperature (T). 
Por water a ( o1 and a (1 ) were developed by de Santis and 

Breedveld from dat a in the Steam TabIes. 

Por binary mixtures containing a non-polar gas with water , the 

following equations were proposed. 

b=yb +yb (62)
1 1 2 2 

2 2 
a = y a + y a + 2y Y a (63) 

1 1 2 2 1 2 12 

a = {a!O l a)t (64)
12 1 2 

To find a (0 1, data for mixtures of water with a non-polar com­

pound eN ,Ar, 
1 

rn ,etc.) have been used [n -9J . 
2 lt 

The "cross coefficient" a in Equation 56 is found from the 
12 

"geometric mean" assl..DTlption of Equat ion 57 applied on1y to the non-

polar part of coefficient a. 

The equation of de Santis and Breedveld has bee~ used by 

Heidemann et al [n -9J to calculate water fugacity coefficients in 

wet air oxidation . The vapor/liquid K vaIues , calculated from the 

c1assical Equation 6, was used to "Qredic.t water c.ontent in N'2, and in 
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combustion gas, i.e. ,N ,H 0 and CO • The computation results ,
2 2 2 

shown in Figure 13 for two compositions of the dry gas, 20/80 mole % 
CO/N and 13/87 , indicated that the CO 2 substantial1y raises the 

2 

saturated water content o It should be mentloned here, that these are 

computation results only, not experimental. 

Fuller [n -6J added parameters to the Soave equation (SRK). The 

R-K equation then becomes: 

p = RT _ a(T) (65) 
V-b V(V+cbl 

Using the constraints of the derivatives at the critical point, 

Fuller derived new fonns far na'1,a (T) and ID of the Soave fonn of 

the R-K equation. These parameters were rnade functions of a new 

parameter s, which in turn is a function of temperature and the com­

pounds parachor. Fuller' s predictions of volumetric properties of 

water shown in Figure 14 are quite encouraging, though the claimed 

averabe error of JIÓJ~ leaYe~ space far ~rovement. 
Chung and Lu [n-2J proposed to relate na and ~ of the R-K 

equation as polynomial fmctions· of (l-TR). The coefficients for 

thejr polynornials were obtained from fitting experimental data on 

pure compolUlds in the liquid phase . Results from comparisons given 

in dllUlg and Lu's paper suggest a high level of accuracy. For liquid 

water the average error reported in 0.23% vS. 3 . 19% obtained by 

Fuller '5 method and 24.63% by the Peng Robinson equation. 

Neither Fuller nor Chang and Lu applied their correlations to 

mixtures containing water and steam. Wenzel and Rupp [n -24J applied 

t heir idea of establishing the desired na and ~ values not from the 

experiment al liquid volumes but from "adjusted" values for water. 

Using the adjusted values of a and b and strong interaction para­

meters , Wenzel and Rupp showed quite impressive agreements between 

predict ed and experimental VLE data on systems containing water and 

CO , , H S , rnethane and butane. 
2 2 2 
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Nakamura et al [Il -14] utilized the concept of polar /nonpolar 

interaction with a perturbed hard sphere equation and obtained good 
results in predicting VLE and thennal properties on rnany binar mix­

tures of compounds encountered in processing coa!. 

The applicability of the various equations of state to predic­

t ion of phase behavior in different parts of the schemes for pro· 

cessing heavy petroleum fractions and coal to produce fluid fuels is 

discussed in a later part of this series. 
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TABLE 4 

COMPOUNDS FOR WUICH COEFFICIENTS FOR THE BWR EQUATION ARE AVAILABLE 
[Ir -'3J 

\'ArOR I'II.\SE: LJQUIU 1'11 \sr. 
-------.----l 

Den1lly T~nlr"r:llur(! PrC'uuro TClllrcr:uur.. 

~'------~----------------------- I--------------------------------'---
SuLstJnCf From To rrom To t'rolll To ~'roll\ To 

Mellunt .•• • • . . '• . ' ... ....... .. 
 u .'1 .& -HO -SS2.0 IS.O - jO 
"I<1I,~..c ......... ... .. .. ... . .. . 
 ..~ 1:.'.5 O Nol Stulli~tl ~o( Stullicd 
.. '''lne ......... . .......... . .. . . 
 ..s 10.0 ~5 So ·11.4 - SO !!5 
l'I"l'ln( ••••. . ..• •••.•• :-.•••••. 1.0 9.0 %.S 2.0 ?S.O - :?5 j5 
n·Uul~lIe ..... .. . . .............. . 
 ..s 7.0 150 1.2 :?'.J.5 ".0 I:! I 
1·lIul:."........ .. .............. . 
 .S 7.0 I~.( 1.0 '27.2 - \:.! 11? 
n·J""cnt:.Ilc. . .• •. • •••• . •.•••••••.•• .~'i U HQ 2.1 ~5.5 tíO 150
I·Pcnllnc ••..... , •.•.• . " ••.• , •• .5 S,O 130 .J4 2U O lro
I.Vrnbn~ .... . . .. . ' ........ .. 
 U 5.S 2fX) ~ot r~(OI"m(,luJc (or ¡'Quid r("::~l)n ­
2.:1 Ili," rlh) / re"!,>,,. , . . . •..... . 1.0 6.0 \(jO NOl Stulhl'\l :"01 ~tuúlcd 
n·l1u)ne ....... ... .. .. .. ... .. 
 z.,s S.O ~2') 1.0 :!J.8 ¡O :!'.'O
n·llronr ... . ..... . . , . ........ .. 
 NO! Icco:nmcndcd (or ~J' Dh31c: O 6;0 3;;!!38 
1·IlC\ln~ ..... . . .... .. . . . . ...... . U 5.5 ;!:.J :;'5 SOl r((ommcndcd r" 1It¡1I: 1 rC:IOtI 
3-r:1rrh.,nr IX'ntlnr . . . ....... . ... . 
 3.2 6.0 :!50 27'; Nol rccommcnJctl iot 1: 1:1:.1 r('~I":\
2.2 di,oClh)l bullne . . . • , . ... . . .. 1.8 5.0 ~5 175 ,'01 rcco~lrncIIJe.1 for 1it¡1::rl r~~'\l:\ 
2. J dimel")! lIu"n••..... . . ... .. 1.5 .s.o 250 775 NOI rccommelll.J.d (or 1i,:~:J ' C;:OI> 
ll ·hr1'1Jnc . . •. . . ... ..•.•••..•••• 1.0 ".0 2.5 350 1.0 13.6 \()J
".her·r~ne .•. . ......•....•.•.. .. , :0\01 rccorr.:ncndt'd or c), (>hue O' '27 -117
3 n,ClIo)'! ""une..... . .. . ....... . 
 1.5 .s.o :!w 275 No! IKommrnl.lcrl lor ti'lu:rI rc;:on
2, ~ d'OIelh)'! ~CIltJn•••• •. .•• .. •• 1..'1 .s.o :?:!s 2;5 Nol 'ccommcndcJ lor li~u,J re:::)o 
p·nonln~ .•• • •••.••.•••.•.•. " .•• 1'01 ltcommerdcd (o: ;;:u ¡¡hase O 6.S :.~ ns
IH!ruM, .•.•.. .. .........•..•.• 
 Xot IC\:·)nlllltnl.ltl.llor ;~s pha10e O 503 :loS 2"...:1 
, .. <tI, )'/ cI,I." i:i. , . .. . . .•... . ..• .Clsn 4.0 35 ~5 S.013 IO'2.il 3l 140
J'e,/I",,, <x:)'c!, 'b,,, ~ n • ... .. . ..•••.• .7'; ;.0 30 3SO 1.0 '27.112 - 6 115 
Tr:tr.at\uof"n~lll, ..n~ . . .• ..... . '.. . • .75 12.5 O 3SO XOI Studird :-';ot SludinJ 
Jfcnt:ln Uv ror ·, or.oc!.llJr~th.lIlt::. _..•• .C~ 10.5 - GS Ji-4 .03 :n. - 76 Gi
El") ltM .............. .......... . 
 1.0 \2.8 O 19,u 2.1 31.9 - 90 -10
Flh)I.M.. ... ................. .. 
 .loS 18.9 50 I:?S Not IccomraSllded rOl Ii~u::l rc;io:\
¡'ro(l)·lcnc... ..... . . ............ . 
 .5 &.0 25 300 2.1 2U - 30 60 
J"Ol')'!.nc..... '.' . . ..... . . . . . '.' • ..s 9.5 100 ~SO !\ot Sludltd :"ot Stu~;cd
1·llul)"lcnc . .................... . 
 1.0 7.0 1.5U ~i5 1.0 '27.2 - 7 1'23
"Bu!) len . ... .................. . 
 1.0 8.0 ISO :!50 Nol th-cn :"01 JI;"co
r,o"rllc . . .. ................... . 
 ..3 ll.. 50 200 1\'01 t"·.n :-':01 Ji\'cn 
Btntcnt .•..• •••••• . , •• o .. o ......... . 
 .6 8.1 2~O 33' Nnt s:i'"cn ~oc ~Í\.e.Q
An~mon¡a ............. o ..
o ............. 
 O 2.6 27 301 1\'01 rrcomnlcnd.d (or IiC¡I!:d rO;loo 
I mmon~ . . ....... ................ . 
 ~ol ,ecommcndcd lor t:u p!la!e 800 3. 121 
A,~on ..... . . .. ........ .. .. .. . . . 
 .02 29.S -1\1 327 NOI ,«:ommcnUN io, lir¡,,'.i ,cti.>n
e"hon r>i".id-. .. . ............. . 
 O U.S l"p 10 13~ e 66 - :!J 31
C.,l>on Diox:oJe ....... . ......... . 
 O 14.5 lJS 23S N'ot rKommenue.J I.>t /i'lu;.j ,. ;f'ln
eorbon Uio..<!~ , . .. . ... . ... .. ... . 
 .JS IS.9 50 )25 Noto , -econ.mcndcd lQ: 11":,:1:.1 rc.:l~n
C;a/bau ~Iol\"\ld.......... .. . ... . 
 .\5 9.0 -I~O.:! - :.'5 3.13_ :U . .>l - 1:.v - 25e•• oon ~lollo,j<l......... . .. , ••.• 
 .09 1.8 - 2S ~ Not Iccouuncndt'J io: r¡,,:¡~.Hd rc:;~on
Oiool;'n.................. ... . . .. 
 .01 15.7 - 93 27 J 39.S - 93 9))it.o••n . . ......... ............. .. 
 .(}i 8.35 - 03 27 N"ot rCCOtnnlt"fIIJ ~tJ 'C'r li,tlJ Id rC::;:f\n

2.0 50.0 -~;O -~5J o \00 -:!.O:.U~:~~~:: : : : :: : : :: : : : ::: :: :: ::: .02 2~ .3", -\.0 93 1'01 ,ecommcnllcC: ror Iic¡ui: ,~~i~"
Nitro't" . .....•.... oo. o ........... . 
 O :!~.? -173 100 ~o, ¡:h·rn X.Jl ¡i\OcQ
l'illic O,íd. . . .. . ... .... ........ . 
 .0"' 1.6 S 105 1\'01 t;"cn ~Ot eh'co
l' lItíe 0",1................... .. . 
 O 10.0 27 10.5 NOI ~i\'en :-':01 (;\'en
1'i"o~. O..Je . ................. . 
 O ~5.0 - 30 \50 • '01 rccor:'lmendcú lor lic¡uiJ ,~;;í.>"
O.Hen •.. . . . . . . . .. .•.....•.•... O 2." :;7 7:!7 1'01 .i\'en ~Ol eh'en
Su/h.. Oio.idc.................. . 
 O 2~ 10 250 :\o( r«ommended lor l!~t!¡~ re:;:tD, 

http:r�,,:�~.Hd
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Table 5 

PREDICTIONS OF VLE K RATIOS BY THE ZUDKEVITCH-JOFFE 
VERSION OF THE REDLICH-KWONG EQUATION 

Surnmary of Results from Sample Cases in the Crit'cal Region [1-SIJ 

Error In K ('X) 
.......... 


; 

'" Number Other Method 
......... 
 ..... .....,.; ....*** ...of 

Systcm Reference Com!)Oncnt Average MaximumK-V31ucs MaximumAvertl~e ±** 
42C1-C, 36 3'02 

1·7SMethane 2·9818 
Heptane 3·06 8·9318 

C,-C] 39 20 2·63-
Ethane 10 1·44 3·30 
Propane 10 3-82 11'77 

B-W-RI9. '6 
............
, ....C¡-Ca-C] 38 6·8339-

S'S 23·04·62 11·54Methane JJ 
Ethane 5-91 23'48 JO'2 28·813 
Propane 9·95 20'2 42'213 38'36 

SI 16 2-81H~-C, -
lIydrogen 6·048 H8 
Hcptane 4'058 2'74 

S2 86 2-48Cl -C01 - -
Propane 43 29·93-39 

43 6·951'57COl 
C I-H1S 4848 4'30- -

Methane 24 6·04 19·75 
H,S 24 5'582'56 

Cha~Scadc~ 
,. J- ..... ...Nl-C1-C,-Cl 

-C,-C,-C¡Q 55 63 -J1'135'78- -
Nitrogen 9 4·84 9·43 21 ' 39 47-17 

2-89Mcthane 9 l· 18 1·04 11 ·62 
Ethane 6 ·05 1-899 20:28 33 '45 
Propane 2·599 5·52 6'49 15-85 

9·09Pcntane 9 12-49 7'26 21 ·81 
Hcplane l-S9 2·979 11'99 56·52 
Dccanc 9 15·11 3·09 37-45 7222 

• Sc\'cn 'ahlcs u~cd fur :Kh componen!: 49 \'alut's total for the syslcm. 

** Note For Reference see [1 - Bl] 

*** Zudkevitch,":¡offe 
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SUHN1\RY OF LIQUID DENSITY EVALUA'fION 
FOR , LOW MW SYSTEMS 

PER ERDAR ~ - 7~ 
urce of 780 Dllta Points: Provence ,.l'lciner and Ivalton,NGPA TP-2, 1972) 

R\lnr,e of ld1501utc 

Avcr.1'0e 1:reor % 


0.0 to 0.5 

0.5 to 10 

1,0 tv 2,0 

210 to 5,0 

~I~ lo 

Oycriül tibs. 

-

Approximate 
Reunten Tc¡¡¡p. R:lOgc 

<T < O.ÜS 
r 

<r < 0. 85 
r 

O,8~ <1' <O. fO 

r 

O,BS(f ( o,~o 

r 
Oj)<1 

r 

., ....... -

Nllmber of Polnts 

OSU/CPA 511 LI\.fR SRK 

578 66 O 

139 234 O 

~~ Jel 1 

1 i5 2 

11 j 10b 

O,UBh ¡,1'17P ~.lV;~ 

Rang~ of D~ta: 32° to 140 0P and 200 psia to 2000 psia 

Symbol :;: OS l/GPA =-= is él co:nputcrized version of the Hackett l~tethoc1 [I- ~J 
SllBl·m::: Stilrling , Han m'iR ~-22] 

SED:::; Soave , Redlich-}\\,/ong ~-71J 


