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ABSTRACT

Increasing interest and economic investment in pro
cessing natural gas at cryogenic conditions demand a 
critical study in development of an equation of state to 
correlate the pure component and mixture behavior of the nor
mal hydrocarbons and certain nonhydrocarbons. To this end, 
a new equation of. state containing seventeen parameters was 
developed from accurate isochoric PVT data of methane.
This seventeen-parameter equation, also has been successfully 
applied to propane. The adequacy of the temperature depend
ence of the new equation was attested by its ability to 
accurately predict enthalpy departures for methane and pro
pane to reduced temperatures as low as 0.3.

To ensure thermodynamic consistency among properties 
predicted by the equation of state, a general multicompo
nent, multiproperty nonlinear regression program was developed, 
This program allows.simultaneous use of density, enthalpy 
departure and phase equilibrium data for pure components 
and/or mixtures to determine equation of state parameters.

A modification of the. BWR equation, selected from careful 
study of methane and, propane enthalpy data, has been, proven 
capable of .predicting the thermodynamic properties of methane
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and propane with accuracy comparable to the new equation of 
state. Because of its simplicity and the existence of mix
ing rules for the parameters in the original BWR equation, 
the eleven-parameter modified BWR equation was chosen for 
further study. In this study, application of the modified 
BWR equation was extended to ethane, n-butane, n-pentane, 
n-hexane, n-heptane, ethylene, nitrogen, carbon dioxide 
and hydrogen sulfide.

A set of generalized parameters which are functions 
of acentric factor has been developed for the modified BWR 
equation. The resultant generalized parameters of the 
modified BWR equation may be used to predict the thermo
dynamic properties of natural gas at cryogenic conditions 
with an accuracy suitable for engineering design purposes. 
An "effective" acentric factor was also developed for 
isopentane.

To investigate the feasibility of using the general 
regression analysis to correlate mixture behavior, simul
taneous regression on mixture and pure-component thermo
dynamic properties of the methane-propane system also has 
been carried out. This general regression analysis method 
yielded sets of methane and propane parameters which can 
predict the behavior of this system from -250®F to 250®F 
with high accuracy. Of more significance, this high accu
racy was achieved using simple mixing rules in the modified 
BWR equation of state without introducing additional unlike 
interaction parameters.
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Finally, a generalized corresponding states chart has 
been developed to predict liquid enthalpy departures of 
normal fluids and their mixtures (0.3 ^ ^ 0.85), In
developing this chart, methane, propane, n-pentane and 
n-heptane were used as reference fluids. This chart can 
be used to supplement Yarborough's extension of Curl and 
Pitzer's correlations.
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USE OF MULTICOMPONENT MULTI PROPERTY REGRESSION ANALYSIS
IN CORRELATING THERMODYNAMIC PROPERTIES OF FLUIDS
AT CRYOGENIC CONDITIONS THROUGH EQUATIONS OF STATE

CHAPTER I 

INTRODUCTION

To correlate the thermodynamic properties of fluids at 
cryogenic conditions using empirical equations of state, two 
vitally important developments must be effected.

1. The f o m  of an equation of state must be developed 
such that it is capable of describing fluid behavior in 
both the vapor and liquid regions. This may be accomplished 
by proposing a new equation of state or by modifying an 
existing equation of state,

2. A unified approach must be developed to enable the 
determination of a set of self consistent parameters capable 
of accurately predicting all thermodynamic properties. 
Traditional use of PVT data in determining equation-of-state 
parameters may lead to erroneous prediction of enthalpy and 
phase equilibrium properties.

In the research reported in this dissertation, work has 
been carried out to develop a new equation.of state form
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from an empirical study of accurate isochoric PVT data for 
methane. Efforts also have been devoted to improving the 
temperature dependence of the original BWR equation. The 
modification utilized was selected from a careful study of 
enthalpy data for methane and propane. A general regression 
program to determine equation-of-state parameters using 
simultaneously PVT, enthalpy and phase data of mixtures 
and/or their constituents has been developed.

As a prelude to the presentation of this research, a 
general discussion of previous equations of state is pre
sented in this chapter.

General Form of an Equation of State 
An equation of state may be considered to be an analytic 

expression describing the compressibility behavior of fluids 
and has the functional form

f (P,V,T) = 0 (1)

Such an equation of state can be explicit in either volume 
or pressure. Because of mathematical limitations,*^ any 
equation of state capable of describing coexisting vapor 
and liquid phases must be explicit in pressure, i.e.

P = f (V,T) (2)

Utility of a Corresponding States Equation, of State 
The well known perfect gas law, though exceedingly 

simple in form, fails to predict the volumetric behavior



of real gases even at atmospheric pressure and room tem
peratures.^^ Van der Waals'^^^ modification of the perfect 
gas law in 1873 succeeded, at least qualitatively, in describ
ing the volumetric behavior of fluids in both vapor and liquid 
phases„ Of more importance, van der Waals proposed the corre
sponding states principle, which postulated that all fluids 
behave identically at the same reduced conditions.

The corresponding states principle opened a new frontier 
of research in correlation of equilibrium thermodynamic prop
erties. According to this principle, if an equation of state, 
free of empiricism, can indeed be formulated for one fluid, 
then all thermodynamic properties of corresponding states 
fluids can be derived with confidence. Using reduced variables, 
such an equation of state can be generalized to encompass all 
fluids (which obey the corresponding states principle) with 
a minimum amount of experimental data.

The formidable challenge of storing all thermodynamic 
and compressibility information of all fluids using a single 
generalized equation of state has stimulated countless 
efforts by numerous investigators for the past hundred years. 
Unfortunately, the goal has proven to be too broad and 
ambitious. At the present, time, no equation, of. state based 
on theory alone has been found., capable of practical predic
tions of both vapor and liquid phases* In fact, only a few 
empirical eqiia.t.i ons-oJL state -are capable of predicting be
havior in both the vapor and-liquid. regions, with accuracy 
approaching experimental uncertainty.
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Brief History of Equation of State Development
Abundant literature on equation of state development

88 98 113has appeared in various journals. ' ' Space permits
only a brief outline of the general trend in equation of 
state development.

van der Waals Equation of State
The first significant s±ep in modifying the perfect 

gas law was taken by van der Waals in 1873.^^^ By consid
ering "internal pressure" and "actual volume" of real gases, 
van der Waals proposed his well known equation of state

^ (3 )

where a and b are empirical constants. The beauty of this
equation lies in its simplicity and ability to predict
qualitatively the volumetric behavior of fluids in both
the vapor and liquid regions.

Between 1873 and 1917, several attempts were made to
24modify the van der Waals equation, notably by Clausius ,

1 38 1 3Q 70Berthelot , Dieterici , Wohl and Keyes . However,
these efforts met with litble s.uccess because invariably
these equations of state assumed a linear dependence of
pressure on temperature for isochores.

Redlich-Kwonq Equation of State
In 1948 , Red-lich and. Kwong^^^ proposed a two-constant 

equation of state



r. - RT a ...
(V-b) ' V(V+b)T% ‘ ’

based on vapor-liquid equilibrium data. Although this 
equation differs from the van der Waals equation only in 
the "attractive term" (the term containing the empirical 
constant a), it has been shown to be superior to other two 
or three constant e q u a t i o n s . B e c a u s e  of its simplicity, 
the Redlich-Kwong equation has recently been modified and 
extended to the cryogenic region.

Beattie-Bridqeman Equation of State
In 1928, Beattie and Bridgeman removed the restriction 

of isochoric linearity and proposed a five-constant equation 
of state.^ The isometric variation between pressure and 
temperature was represented by

P = A + BT + ^  (5)

The coefficients A, B, C were then expressed as functions
of density. The resulting equation is

P = RTp + (b^RT - - Pj/O^ - (bB^RT - aA^ +

CbB R
+ - r r  (6 )

where a, A^, b, B^ and C are parameters. This equation of 
state is accurate for predicting volumetric behavior of
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gases for densities up to one-half the critical density but
18becomes unreliable near the two-phase region.

Benedict-Webb-Rubin Equation of State
In 1940, Benedict, Webb and Rubin^ modified the Beattie- 

Bridgeman equation of state, and extended the number of 
parameters to eight.

P = RTp + (b^RT - + (bRT -a)p^ + aap^

+ f(i + yp^) exp(-yp^)l (7)

This equation was developed specifically for light hydro
carbons and their mixtures for densities up to twice the 
c r i t i c a l . T h i s  complex equation of state marked the 
first analytical formulation capable of predicting consistent 
thermodynamic properties of coexisting vapor and liquid 
phases. Recently the BWR equation has been successfully 
extended to nonhydrocarbons^^'^^'^^^ and has been modified 
to include the cryogenic region.

Martin-Hou Equation of State
85in 1954, Martin and Hou proposed a ten-constant equa

tion of state. Curvatures observed at the low temperature 
end of the isochores were accounted for by an exponential 
term

P = A + BT + (8 )
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where k is treated as a constant. Instead of expanding the 
coefficients A, B and C as functions of density, Martin and 
Hou used Equation (8 ) as the temperature dependence of the 
virial coefficients in a modified truncated virial equation 
of state

V  4P = )  ^  (9)
è i  (V-b)

where + B^T + C^e it is of interest to note
that Kamerlingh Onnes^^ in 1910 proposed the following 
general empirical equation of state form

PV = (1 0)

where the virial coefficients B through F assumed the same 
temperature dependence form

^2 ^3 ^4 ^5
= ' 1=1 1 7  " 7  (11)

The accuracy and range of the Martin-Hou equation of. state
109are comparable to the BWR equation. However, no mixing 

rules have yet been proposed for the Martin-Hou equation, 
and it has not received wide application.

Pings and Sage Equation of State
use of- closed- form equations of- state with multiparame

ters suffers the disadvantage of high correlation among their
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parameters. Solution for the parameters by least squares
analysis may lead to an ill-conditioned regression matrix,,

97 98To avoid these pitfalls. Pings and Sage ' employed orthog
onal polynomials to fit the compressibility data of propane 
as functions of molal density and temperature. The equation 
was an infinite series subject to truncation to any degree of 
accuracy. Pings and Sage used a series with 34 terms to 
represent propane data virtually within experimental accuracy 
in the vapor region. Such a procedure has mathematical 
elegance. However, the necessity of using an excessive 
number of terms to achieve acceptable accuracy prohibits its 
general use in engineering calculations.

Strobridqe Equation of State
To achieve high accuracy in predicting volumetric

125behavior of cryogenic nitrogen, Strobridge proposed a 
sixteen-constant modification of the BWR equation. A root- 
mean-square error in compressibility factor of 0.87% was 
reported for densities up to three times the critical density,

Vennix-Kobayashi Equation of State
133Recently Vennix. .and Kobayashi.. modified Martin-Hou's

isometric expression to include an additional, exponential 
term to correct for the observed curvatures.of isochores at 
high temperatures^ .. Accordingly. the Vennix-Kobayashi isometric 
expression takes -the form

P = A + BT + Ce^T + De^/^ (11)
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Coefficients A through F were expanded as functions of 
molal density. The resulting twenty-five-constant equation 
of state was applied to methane with an average absolute 
error of 0.047% in density (to temperatures as low as -220°F) 

The equation has the following form

P = p* |a  + A p + A p3 + A p3 + A p*L i a  a 4 G

+ AT^R + B P + B p9 + B p ®  + B p ‘* + B p  
I a 3 4

exp |g - (13)

+ P^ +DgP +D^p ® +D^P ® + D ^ P e x p  ĵ K- (f ̂ +F^pj /T

Summary
The foregoing discussion clearly shows the trend towards 

complexity in equation of state development. Among the equa
tions of state discussed in this, chapter, only the Vennix 
equation extends- reliably in cryogenic region to a reduced 
temperature of 0.7. This equation has been successfully 
applied to methane only. Application to other fluids is. 
greatly hampered by its highly nonlinear functionality be
sides its large number of adjustable constants.

It is well known that empirical equations of state cannot 
be extrapolated reliably (as can be easily realized by pre
dicting the thermodynamic behavior of propane at a reduced



10

temperature as low as 0.3). In view of these facts, it has 
become evident that existing equations of state are inadequate 
for design purposes in the cryogenic region, since they must 
be extrapolated to this region. To overcome this difficulty, 
attention has been turned to the development of new equations 
of state or modification of existing equations.

Also of significance is the fact that all the equations 
of state discussed so far, with the notable exceptions of 
the BWR and Redlich-Kwong equations, were developed specifi
cally for PVT prediction without due regard to other thermo
dynamic properties. This practice is highly undesirable, 
for the high correlation among the parameters robs thermo
dynamic consistency from an empirical equation of state 
developed for only one property.



CHAPTER II

DEVELOPMENT OF THE NEW EQUATION OF STATE

For the development of the new equation of state form, 
extensive thermodynamic data for methane were utilized. 
Comprehensive methane PVT data can be found in Din's com
pilation^^ and the Wilson-Clark-Hyman report^^®. Major
data contributions include measurements by Kvalnes and

74 94 2 7Gaddy , Michels and Nederbragt , Douslin, et ,
132 131Vennix and van Itterbeek . Methane enthalpy data have

been reported by Jones, £t while the vapor pressure
91of methane has been tabulated by Matthews and Hurd

The extensive and accurate isochoric data from Douslin 
and Vennix can be used directly and conveniently to discern 
the temperature dependence of methane isochores. Data from
these two sources cover a PVT spectrum from -190°F to 347°F,

3 31.401 lb mole/ft to 0.047 lb mole/ft and pressures up to
10,000 psia.

Graphical Study of Isochores
To study the temperature dependence of the equation of

state, a large scale plot of pressure versus temperature was
132prepared using the isochoric data of Vennix . Isochoric

11
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data from Douslin, ^  were added to extend seven of
Vennix's isochores (from 0.16 lb mole/ft^ to 0.736 lb mole/ft^) 
well into the high temperature and pressure region. It is 
observed that the isochores may be classified into three 
families of curves as depicted schematically in Figure 1,

1. The critical isochore and the 1.1558 lb mole/ft^ 
isochore show no noticeable deviation from linearity.

2. Isochores with densities less than the critical and 
greater than 1.1558 lb mole/ft^ show downward curvature at 
both ends.

3. Isochores with densities greater than the critical
3but less than 1.1558 lb mole/ft show linearity from the

upper ends (high temperature, high pressure region) to about
-80°F, whereupon they show upward curvature as they approach
the saturation curve.

Fourteen isotherms of liquid methane density data
131reported by van Itterbeek, ejt ranging from -257°F

to -121°F for pressures up to 4500 psxa were crossplotted 
to obtain isochoric data. For densities less than 
1.4 lb mole/ft^ these isochores show rather erratic curva
ture, indicating inconsistency in the isothermal data.
These data therefore were not used in the present study 
except for conditions outside the region of the Vennix data.

Analytical Relations.for Isochores 
Deviations from linearity of isochores have long been 

observed and various isochoric pressure-temperature (P-T)
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Figure 1. Variation of Pressure with Temperature of Methane Isochores
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relationships have been proposed. It is obvious from 
Figure 1, that curvature does occur at both ends of most 
isochores. Of more significance, these curvatures are by 
no means unidirectional. These facts suggest that to 
adequately describe the temperature dependence of each 
isochore, it is necessary to introduce at least two 
different terms to correct for deviations from linearity.
As to the analytic form of these correction terms, the
isochoric plot fails to provide meaningful information.

132Vennix used two exponential terms to develop his highly 
accurate but complex equation of state for methane. Appli
cation of the Vennix equation of state to other hydrocarbons 
is hampered by the lack of extensive PVT data to allow a 
graphical estimation of some of the nonlinear parameters, 
in particular in Equation (13). in principle, a least 
squares regression scheme can be used to determine all 
twenty-five parameters by fitting a PVT surface. However, 
the presence of eight nonlinear parameters renders such an 
approach highly difficult in practice.

A primary objective of the present study, then, was 
to examine the feasibility of using a relatively simple 
isochoric P-T relationship as the building block in the 
development of an equation of state. The usefulness of this 
new equation of state lies in its ability to accurately pre
dict all thermodynamic properties in both vapor and liquid 
phases as well as in the coexisting vapor and liquid phases.
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From statistical mechanical considerations, Zwanzig^^^ 

has shown by perturbation theory, that the Helmholtz free 
energy can be expressed as an infinite power series in 
reciprocal temperature. Since pressure can be derived 
from the residual Helmholcz Z'ce energy by

P = RTp + ÔA
ôp (14)

T
it is obvious that at constant density, pressure can also 
be taken to assume the same temperature dependent form.
(The distinction between the Helmholtz free energy and the 
residual Helmholtz free energy is elucidated in Appendix C.) 
Based on these considerations, the pressure-temperature 
variation of isochores was approximated by the following 
polynomial

VP = A + BRT + } (15)
n=l "

V  n̂where are the correction terms needed to compensate
n=l n

for deviations from linearity. A general linear least
53squares program, ORNOR, developed by Hall and Canfield , 

was used to curve fit the individual isochores of Douslin, 
Vennix and van Itterbeek. The use of ORNOR to discern the 
temperature dependence of isochores using a polynomial as 
in Equation (15) offers the following advantages:

1. The coefficients are not functions of the degree 
of the polynomial. Addition of a new term to the approxi
mating polynomial does not alter any previous calculations.



16
Thus, the optimum degree of a polynomial can be determined 
in one computer run.

2. Coefficients in the polynomial are determined with
out having to solve a set of simultaneous equations, thus 
avoiding the pitfall of an ill-conditioned regression 
matrix.

Minimization of the objective function in the ORNOR 
program is performed with respect to the residuals

Q = E (Y^ - y ^)2 (16)

where is the weighting function taken to be

W. = ~  (17)y2

and and y^ are the observed and calculated responses. 
It was observed that the use of pressure or a residual 
quantity such as (P-RTp)//0 as the objective function was 
immaterial. However, use of the latter renders the 
weighting function meaningless while the former offers 
more freedom in smoothing the parameters as functions of 
density.

The isochoric P-T relation which yields the best fit 
was found to be

P = A + BRT + (18)
T T T



17
The results of using vhis relation are shown in Table 1

132together with results reported by Vennix. It can be
seen that a fifth degree polynomial can fit the Vennix 
data with an accuracy which is generally better than 
Equation (12) except for the 1.40 lb mole/ft isochore.
This is not too disturb^ ng because an absolute deviation 
of 0.69 per cent was detected at -179.97°F and 845.7 psia. 
This is about five times the absolute average deviation 
for the whole isochore. Removal of the above data point 
improved the absolute average root-mean deviation from 
0.142% to 0.011%.

Final Choice for the Temperature 
Dependence of Isochores

To ensure the continuity of density dependence of the 
parameters in Equation (18) up to 2.5 times the critical, 
five of van Itterbeek's interpolated isochores (from 
1.511 lb mole/ft^ to 1,639 lb mole/ft^) were included to 
obtain plots of parameters versus density. It was observed 
that parameters obtained from van ILLerbeek’a data showed 
large scattering. Also because of the large standard devia
tion of parameter E in Equation (18), its density dependence 
was not well defined. Also at this stage, the density de
pendent relation for each parameter in Equation (18) would 
generate three to five coefficients in the final equation 
of state. With these considerations as guide lines, it was 
decided to approximate the P-T relation of isochores by



TABLE 1
COMPARISON OF ISOCHORIC EQUATIONS FOR PREDICTING METHANE PVT DATA OF VENNIX

P = A + BRT +
T T T

P = A + BT 4- ceET 4- DeF/T

DENSITY ^ NO. OF MAX. AES. AVG. ABS. MAX. ABS. AVG. ABS.
(lb. mole/ft ) DATA PT. DEV. % DEVIATION % DEV. % DEVIATION %

0.16 14 0.0072 0.00343 0.03 0.02
0.405 10 0.0065 0.0027 0.03 0.01
0.4514 19 0.0333 0.0107 0.04 0.02
0.6150 13 0.0363 0.0075 0.04 0.01
0.6382 18 0.0378 0.0126 0.04 0.02
0.6966 19 0.0326 0.0109 0.03 0.01
0.7355 20 0.0179 0.00685 0.02 0.01
0.8017 14 0,0374 0.0216 0.03 0.02
0.8601 27 0.052 0.0221 0.03 0.02
0.934 16 0.0289 0.0160 0.01 0.01
1.0313 15 0.084 0.0299 0.05 0.02
1.0974 15 0.076 0.0190 0.08 0.03
1.1558 20 0.032 0.00816 0.03 0.01
1.2492 16 0.0589 0.0199 0.08 0.03
1.3271 12 0.0425 0.0159 0;05 0.02
1.4010 13 0.689 0.142 0.07 0.03
1.4010 12 0.0338 0.0112

!

00
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P = A + BRT + -% + -2- (19)
T T

Table 2 shows the result of fitting Equation (19) to the 
previously described methane data set. Results using the 
Beattie-Bridgeman isochoric expression are also presented 
for comparison. It can be seen that Equation (18) offers 
significant improvement in describing the temperature 
dependence of the Douslin-Vennix isochores. The accuracy 
of interpolation of van Itterbeek's isochores does not 
justify a meaningful comparison between Equations (19) and 
(5). While Equation (19) may not express exactly the tem- 
perature-dependence of isochores, it does represent their 
general shape adequately.

It is worthwhile to note that the isochoric expression 
in Equation (19) bears remarkable resemblance to the tempera
ture dependence of the second virial coefficient

B, = A BT ^  (20)
T T

2 3proposed by Claitor and Crawford , and later used by
Bloomer and Rao^^. However, these investigators treated
the coefficients, in. Equation. (19) as constants rather

89than as functions__of denai-ty. Martin. has remarked, that 
the two algebraic correction- terms such, as the ones appear
ing in Equation.(19) could be combined to form a single

-kTexponential term such as ce with k as a constant.



TABLE 2
COMPARISON OF ISOCHORIC EQUATIONS FOR PREDICTING PVT DATA 

OF DOUSLIN, VENNIX and VAN ITTERBEEK

P = A + BRT + ^  
T T

P = A + BRT +
T

DENSITY ^ NO. OF MAX. ABS. ABS. AVG. MAX. ABS. ABS. AVG.(lb. mole/ft ) DATA PT. DEV. % DEVIATION % DEV. % DEVIATION %

0.1596 29 0.043 0.029 0.075 0.0300.4047 25 0.088 0.051 0.150 0.0670.4514 31 0.174 0.074 0.147 0.0770.6149 20 0.044 0.0114 0.324 0.1480.6382 24 0.063 0.019 0.445 0.1880.6966 24 0.104 0.043 0.560 0.2340.7355 25 0.110 0.033 0.598 0.2030.8017 14 0.110 0.042 0.272 0.1660.8601 27 0.13 0.056 0.413 0.2170.934 16 0.85 0.042 0.390 0.2161.0313 15 0.112 0.043 0.390 0.2141.0974 15 0.025 0.026 0.395 0.2391.1558 20 0.053 0.018 0.521 0.2211,2492 16 0,06 0.019 0.456 0.2601.3271 12 0.058 0.022 0.340 0.1801.401 12 0.058 0.036 0.395 0.1981.511 14 8.23 1.59 3.59 1.701.540 14 1.00 0.313 1,30 0.4551.563 14 1.93 0.402 1. 94 0.4121.589 13 1.22 0.525 1.28 0.5301,639 11 1.87 0.887 1.89 0.911

t oO
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This is a valid proposition provided a lesser degree of 
accuracy can be accepted in describing the pressure-tempera
ture variations of isochores. To obtain comparable accuracy 
among isochores, it is necessary to treat k as a function 
of density. In this case, mathematical simplicity suggests 
the preference of using Equation (19) as the temperature 
dependence of the equation of state.

Use of Enthalpy Data to Verify the Temperature 
Dependence of Isochores

Recent accurate enthalpy data from the University of 
M i c h i g a n ^ ^ ' f o r m  a valuable source of information con
cerning the temperature dependence of an equation of state. 
The enthalpy departure expression can be derived from the 
residual Helmholtz free energy A by the following thermo
dynamic relationship;

H-H° = -T^ + ^  - RT (21)

It is obvious that the enthalpy departure assumes the same 
temperature dependence as pressure, i.e.

H-H° = A' + B'T + ^  (22)
T T

where A', B', C ', and D ' are empirical constants. To show 
this is indeed the case, two isochoric enthalpy-temperature 
plots were constructed. Jones' liquid methane enthalpy 
values as corrected by Yesavage^^^ were interpolated at
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teniperature-pressure values corresponding to Vennix's 
0.934 lb mole/ft^ and van Itterbeek's 1.64 lb mole/ft^ 
isochores. The results are shown in Figures 2 and 3 
respectively.

Comparing Figures 1, 2, and 3, it can be seen that 
enthalpy and pressure do show the same temperature- 
dependence. Unfortunately, corresponding density values 
at the temperature-pressure conditions of the enthalpy 
data are not reported in the literature and the enthalpy 
data cannot be used directly to derive an equation of state 
implicit in density and temperature. However, once an 
equation of state form is developed from PVT data, enthalpy 
data can be used to check the adequacy of the assumed 
temperature dependence. Inadequacy of the temperature 
dependence emerges when the proposed equation of state 
fails to predict enthalpy behavior with accuracy comparable 
to the accuracy of predicted volumetric behavior. Detailed 
discussions of the use of enthalpy data to modify the 
temperature dependence of an existing equation of state 
are available in references 28 and 75.

Density Dependence of the Equation of State 
The density dependence of parameters A, B, C and D of 

Equation (19) are shown in Figures 4, 5, 6 and 7. Among 
the five van Itterbeek interpolated isochores, only the 
1.64 lb mole/ft^ (2.6p^) isochore was amenable to correlation.
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It is of interest to note the opposing effect of the density 
dependence of parameters C and D in Figures 6 and 7„ Since 
the curvatures at both ends of the isochores are not uni
directional, it is logical to consider accounting for the 
curvatures by a combination of two terms.

The density dependence of parameters A, B, C and D 
can be adequately described by the following analytic 
functions.

A = A^p2 + + A^p^ (2 3)

I  -  i j  = B^p + BgP^ + B jp ]  + B^p^ (24)

%  = C5 + (ĉ p + C gp] + C jpS) e x p ^ -  C^pZ) (25)

(26)^  = 0 3 + (d ^P + DgP^ + DgP^j exp^- D^pj

The choice of the above functions reduces the equation 
of state to the perfect gas law as density approaches 
zero. The resulting equation of state can be readily 
differentiated and integrated with respect to density 
and temperature.

Thermodynamic Relations for the New Equation
of State

The new equation of state, explicit in pressure has 
the following form
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P = RTf> + Ia ^P^ + + AgpGj +

I  2 3 4 5\+ B^p + B3P + B^p j RT +

~ ^ 2 ~ + ^2  ( "  C^p^ll C,p + C^p” + C ,p -  j +

Dcp2 2

(- C4p2)|cip + C^p] + CjpS)

^  ^  exp D^pj^D^p + DgP^ + Dgp^j (27)

Derivations of thermodynamic property functions from the 
pressure equation are presented in Appendix C. Hence 
only the final equations for enthalpy departure, fugacity 
and entropy departure will be presented here.
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Enthalpy Departure Equation

H-H° = (2A^p + I  + 5 AgP^j+^B^p+BgP^+BgP^+B^p^jRT +

3C, 3C- 3Co 4Crp
+  +2 2 2 3 2 22C^T^ 2C^T^

^ e x p  (.

C 3P
^2 - P  (- =4P") (1 - ,,^^2 - ,2^4 - ,3^6

4D, 8D 24DU 5Drp
2 3 3 3 '' 4 3 ■*■ 3~ (28)

d |t D^T T

^  exp (- D,o)(l - +

^  - P  (- °4P)(l - D^ô - ^  "

^  (■ (" ■ °4« ■ D y ■ Dp '  D y
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Fugacity Equation

RTinf = RT4n(RTp) + + |  + f

2BiP + 2 Bgo'
4B]p^ 5 B ^ '

RT +

1 ^2 ^3 2Cgp+  =-ir + ^  +2 2 ? 3 2

2C4T
exp ^ 4 P  j [ 2 * 2 4 P  1  ) +  0 0

2 04?:
-C4p^H2c^p4-c^p2_l

3 _f „ 2
c3?2 4^ - C4P - 1 1 +

2D^ 6D. 2D
+ 5P + (29)

- D4P - 1 +

2D2
— — - exp
D^T" - V m  . -  1

6D3
D4P - D4P - 1
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Entropy Departure Equation

S-S° = - R/nRTp - B^p + BgP + R

3 2 3 3 3C^T T'

2C.
3_3 exp

C4T C4P 2)1 + C4P + 1 | (30)

3D, 6D- 18D^ 3Drp
+ + -rAr + -^r-4- +-----

DjT* T

3D
D!.

^  exp (- D^p'I^D^p + 1] -

6D2
- D4P + D4P + 1 I -

I8D 3
- D4P _ _  + _ _  + D4P + 1



CHAPTER III

PRINCIPLES OF MULTICOMPONENT MULTIPROPERTY NONLINEAR 
REGRESSION ANALYSIS IN EQUATION OF STATE DEVELOPMENT

Once the equation-of-state form is formulated, the 
remaining task is to determine its parameters. If an 
equation of state is purely theoretical, the parameters 
are non-adjustable and the set is unique, satisfying the 
condition of thermodynamic consistency. However, for an
empirical equation of state such is not the case.. The work.

98of Opfell, Pings and Sage on determination of BWR equation- 
of-state parameters clearly shows that there may, in fact, 
be several sets of parameters capable of correlating thermo
dynamic behavior of a given fluid to varying degrees of 
accuracy.

The objective here is to determine a set of parameters 
which describe accurately PVT, enthalpy departure and phase 
equilibrium behavior of pure components and/or their mixtures. 
If the above three thermodynamic properties are described 
within experimental accuracy, other related properties such 
as entropy, fugacity, heat capacity, enthalpy and entropy of 
vaporization and enthalpy and entropy of mixing can be pre
dicted with confidence.

30
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Mathematical Framework 
The general mathematical framework using the least 

squares formalism as the basis for multiproperty multi- 
component regression analysis has been presented in 
reference 119. For completeness, the main ideas are re
capitulated.

Let the functional relationship of an equation of 
state for a mixture of n-components be

f(R,T,p,[x],[A]) = 0 (31)

where R is a thermodynamic property (e.g., density, en
thalpy, fugacity) , T is the absolute temperature, p is. 
the molal density, [x] is the set ojE. mole fractions and 
[a]is a set of true-valued mixture parameters. A set 
of true-valued parameters is defined as the.set. which, 
when substituted into Equation (31) yields the. experi
mental value of R provided the functionality of Equa
tion (31) represents the true model of R. This set, of 
course, is not known.

Denote the least squares estimate of [A] by [Â] 
Equation (31) becomes

f(R,T,p,[x],[A]) + € = 0 (32)

The use of [A] in Equation (31) represents the regression
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surface of R and Ç is the least squares error of R from the 
regression surface.

The model chosen for the regression analysis assumes 
that the independent variables can be measured exactly, and 
the errors in a thermodynamic property occur randomly.
These random errors are assumed to be uncorrelated (g^ / fj), 
and follow a normal distribution with zero mean and vari
ance O'® (unknown, but assumed to be the same for each data 
p o i n t ) . L e t  //(R) , o® (R) be the expected value and vari
ance of R respectively. The probability distribution

7nfunction (PDF) of R is

P (R) = — r-  exp
A>j27ra^ (R)

_ fR-u(R)1® 
2o® (R)

(33)

In a multiproperty regression analysis, it is neces
sary to distinguish different properties at different 
states. Let R^^ be the property at the state or
data point. Assuming the PDF of each individual property 
is independent, the PDF of a set of thermodynamic proper
ties becomes

NP
= n n p(R^.)
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where NP is the number of data points for each individual 
property.

To apply the concept of least squares regression 
analysis, it is necessary to assume that the equation of 
state, with a set of true-valued parameters, yields the 
true value of the property in question. Let the calculated 
true value of the property in question be i.e.

rĵ j = f^j (T,p, [x], [A]) (35)

Using the true-valued parameters in Equation (30), the 
expected values of thermodynamic properties are

(36)

Furthermore, if the experimental data are accurate and 
their random errors are small, it is not unreasonable to 
assume the standard deviation of the data to be proportion
al to their means, i.e.

where is the proportionality constant for the
property. The quantity /3̂  is a measure of the relative 
accuracy among different thermodynamic properties. Sub
stitution of Equations (36) and (37) into Equation (34) 
involves which must be calculated by an equation of 
state using a set of true-valued parameters. Since the
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set of true-valued parameters are not known, it is necessary 
to make a further simplifying assumption, and treat the 
standard deviation of the data as proportional to the experi
mental values, i.e..

P A - 138)

Use of estimated parameters [A] in Equation (35) yields 
estimated values of the property in question. Equations (35), 
(36), (38) become

= ^kj

(39)

(40)

(41)

Substituting Equations (39), (40), (41) into Equation (34)
gives

NP
n n *  1 .  X  ?" '  -  M

a“

A  4  j r

(42)

Maximimizing the probability distribution function to ob
tain the maximum likelihood estimation of parameters 
corresponds to minimizing the negative of the argument of 
the exponential expression in Equation (42). The function 
to be minimized is
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)* = 1 - M
kjj

(43)

Since the 0^ are measures of the relative accuracy among 
different thermodynamic properties, they have the meaning 
of a weighting function. Defining the weighting function

*k'

and

(44)

Q* == J2_ (45)

Equation (43) becomes

NP
° = Z  ”k Z 1 - (46)

which is the familiar sum of the weighted squares of the 
residuals of R^j.

In the absence of constraints such as critical con
ditions of pure components, a necessary condition for a 
minimum function Q is given by

1 - jsi
'kj

hri
=  0

kj ÔA
(47)

mn
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where is the least squares estimate of the parameter
for the component. Equation (47) forms the set of normal
equations to be solved in the least squares regression 
analysis. If the normal equations are linear with respect 
to the parameters, the solution is straightforward. How
ever, most existing equations of state are nonlinear. In 
such cases, iterative schemes must be used to effect a solu
tion. The present work employs the Gauss-Newton lineariza
tion procedure because of its simplicity.

55Gauss-Newton Linearization
Let A _ be the guessed values for A . Expanding ran mn_  o

in a Taylor series to the first approximation results
in

(48)
o/

where r = 1,2...NC and s = 1,2,...M. NC is the number of 
components and M is the number of regression parameters.
The subscript zero denotes, that the quantity is to be 
evaluated at the guessed value A ^ .

Substituting Equation (48) in Equation (47) results in 
a set of normal equations linear in the correction terms

( \ s  " ^rs^)-
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j "kj K . - X )o r  s rs

1 -

*kj
*%ki (49)

The correction terms can be solved for by
matrix inversion. The resultant new values of A can bers
used as improved estimates in a subsequent iteration. This 
procedure is repeated until ^A^^ - A^^ j becomes arbitrarily 
small.

In matrix notation Equation (49) reads

A B = C (50)

The elements of the square coefficient matrix A are

gh
j *k]

'*%kj 'a%kj'

o
(51)

and the elements of the column matrices B and C are

=h = (Afs - " r a j (52)

p \ 1 l
"kj_ o -^^mn.

(53)
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where g = M(m-l) + n (54)

h = M(r-l) + s (55)

and M is the number of regression parameters in the pure 
component equation of state.

The solution of Equation (50) by matrix inversion is

B = A“ ^ C (56)

-1where A is the inverse of A.
Estimates of the generalized covariances and variances^ 

can be obtained from the elements of the inverse square 
matrix by

(%n-^rs) = (” )cov

var

respectively. the estimated standard deviation or
uncertainty of the first property in the multiproperty 
regression analysis may be obtained by

^1 (N-U) X
%ki (59)

where N is the total number of data points and U is the 
total number of parameters to be determined.
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This general mathematical framework provides a uniform 

approach for determining a set of thermodynamically consis
tent parameters for any proposed equation of state using 
simultaneously pure components and/or mixtures data of any 
systems of interest.



CHAPTER IV

DEVELOPMENT OF PVT-ENTHALPY DEPARTURE-PHASE 
EQUILIBRIUM REGRESSION PROGRAM

A general nonlinear regression program for treating
17 27PVT and enthalpy departure data ' has been extended in 

this work to include phase equilibrium data.. The program 
can handle pure component and/or mixture data, in the 
case of a binary mixture, the program permits regression 
on parameters of component 1 and/or component 2. Also, 
any additional thermodynamic property data such as Joule- 
Thomson coefficients can be incorporated into the general 
program in a straightforward manner. The program is 
written in Fortran IV for the IBM 360 computer. Because 
of limitations of the University of Oklahoma IBM 360/40 
computer on computer core storage and running time, the 
program is written for a binary mixture. Generalization 
to more components can be effected very simply.

The general nonlinear regression program has three 
components.

(1) Main program or "driver"
(2) Thermodynamic property subprograms
(3) Subroutines

40
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Main Program
The main program serves as the driver for all thermo

dynamic property subprograms which in turn have common 
access to the subroutines. Figure 8 shows the block 
diagram for this general multicomponent multiproperty non
linear regression program. Its main functions are:

1. Read input information pertinent to nonlinear 
regression analysis such as convergence criterion, 
number of regression parameters, parameter values 
and the maximum number of iterations,

2. Initialize the size of a matrix W(K,L) where K 
denotes the number of regression parameters in 
question, and L denotes the size of the aug
mented matrix.

3. Check for the presence of data for each thermo
dynamic property and provide all linkages among 
the thermodynamic property subprograms and sub
routines to form the set of composite linearized 
normal equations involving the thermodynamic 
properties of interest.

4. Solve for the correction terms (A - A ) and
\ ^ o/

check for convergence.
5. Request output summary in case of convergence.
The logic of the main program are displayed in a flow

sheet (Figure 9) and the computational steps are given in



SUBPROGRAMS

TPVT I OTHERS 1

SUBROUTINES

ENTHAL

SIGMAS )PKWA

BWRC

DENNR

DENTE

NEQSP

PDEVI

FLASH

iWDEVI MATINV

EHASE

STASUM

TENTHA

MAIN PROGRAM

K>

Figure 8= Block Diagram for the General Multicomponent Multiproperty 
Regression Program=
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r̂TN=Q I

WRITE "DID NOT 
CONVERGE" AND REQUEST 
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CALCULATE NEW 
I-IBWB PARAMETERS

IT N = IT N * 1 MEED-

•  RESERVED FOR A DDITIONAL  
TNERMODYNAMI:  SUBPROGRAMS
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I  1C C =IC C  I

SET UP MATRIX 
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SUBPROGRAM
SET UP MATRIX FOR 

PHASE SUBPROGRAM
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0 \L L  P \T  SUDPROGR/OI CALL ENTHALPY SUBPROGRAM C ,\LL PHASE SUBPROGRAM 4̂U)
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MATRIX FOR ALL PROPERTIES

MATRIX IN \T 1R SI0N  |

NO CHECK FOR
CONNTRGENCE

I C C -0 2

CALCULATE S T A T IS T IC S

Figure 9. Flow Sheet for Main Program'
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Appendix A. Nomenclature appearing in the flow sheets 
are presented in Appendix B,.

Subprograms
Each subprogram handles regression analysis on one 

thermodynamic property. Its main functions are:
1. Read input data which include temperatures, 

pressures, experimental values of the thermo
dynamic property, mole fractions and density 
keys indicating a gas or liquid phase,,

2. Convert data into proper units, e.g. tempera
tures from degrees Fahrenheit to degrees Rankine.

3. Calculate thermodynamic property by an equation 
of state,

4. Form the set of "linearized normal equations",
5. Calculate average absolute deviation for the 

data set.
6. Write output summary when convergence in the 

correction terms (A - A | occurs or the last
\ rso/

iteration specified has been reached.
Since all subprograms have identical functions, the follow
ing sections will be devoted to discussion of the choice 
of dependent variable and the formation of the normal 
equations individually,
PVT Subprogram (TPVT)

When PVT data are used in regression analysis, the 
obvious and most convenient choise of dependent variable
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is either compressibility factor, Z, or pressure. In the 
case of Z, the functional form of an equation of state 
becomes

(60)

and the set of normal equations is

I Z . \ , Ô Z .

where Z^ and Z^ are the experimental and calculated com
pressibility factors respectively»

However, for most PVT data, volumetric measurements
suffer the most uncertainty relative to temperature and

17pressure.. Based on statistical implication, Bono has 
aptly demonstrated the superiority in using density as the 
dependent variable» From practical consideration, in most 
engineering calculations, density is the unknown and has 
to be solved for by the equation of state,. In the low 
temperature and pressure liquid region, an equation of 
state, explicit in pressure, may calculate a negative 
pressure for a known density whereas it will yield a rea
sonably accurate density when the temperature and pressure 
are specified. In such cases, the use of pressure as the 
dependent variable in the regression analysis is not 
appropriate., With density as the response. Equation (60) 
becomes
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(62)

and the set of normal equation is

i \
(63)

mn)

where is arbitrarily chosen to be unity and is the 
experimental density at the state. The differentiation
in Equation (63) can be carried out implicitly, in terms of 
compressibility factor or pressure

ÔAmn

T,p,[x^]

!i ÔZ . 
àp T, [ x _ ] , [ A ]

ÔP
BAmn T,p, [x_]

ÔP
ÔÔ T, [x\],[A]

(64)

(65)

A flow sheet for subprogram TPVT is presented in 
Figure (10), while the computational steps are presented 
in Appendix A.
Enthalpy Departure Subprogram (TENTHA)

The choice of the observed response in enthalpy de
parture regression program is unambiguous, in terms of
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FROM

PROGRAM

RETURN

RETURN

FORM NORMAL 
EQUATIONS
callpvtd

CONVERT TEMPERATURE 
FROM *F TO *R

CALCULATE DENSITIES 
CALL DENNR

READ INPUT T(J),PE(J), 
DE(J),MD(J), XL(IJ)

CALCULATE MIXTURE 
EQUATION PARAMETERS 
CALL BWRC

CALCULATE AVG.ABS.DEV. 
ON DENSITIES AND 
COMPRESSIBILITY FACTORS

OUTPUT SUMMARY: 
WRITE J,T(J),DE(J) 
ZE(J),ZC(J),DE(i), 
DC(J),DEV(J)

Figure 10. Flow Sheet for PVT Subprogram.
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enthalpy departure. Equation (60) becomes

CK j “ (66)

In enthalpy departure measurements, seldom are correspond
ing densities reported. To preserve internal consistency, 
only calculated densities are used in the enthalpy depar
ture regression program.

The set of normal equations is

(67)

where is arbitrarily chosen to be unity and is 
the experimental enthalpy departure of the state..

A flowsheet for the enthalpy subprogram is presented 
in Figure 11, while the computational steps are presented 
in Appendix A,
Phase Equilibrium Subprogram (PHASE)

An equation of state may be used to describe the 
equilibrium behavior of coexisting vapor and liquid phases. 
The vapor-liquid equilibrium ratio, or K-value, of the î *̂  

component is

Ki = (68)
4 / V i

where , _f? are liquid and gas fugacity of i^^ component
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FROM
PROGRAM,

RETURN

RETURN

CALCULATE DENSITIES 
CALL DENNR

WRITE INPUT DATA

CALCULATE MIXTURE 
EQUATION PARAMETERS 
CALI BWRC

CALCULATE AVG.ABS, DEV, 
OF ENTHALPY DEPARTURES

CALCULATE ENTHALPY 
DEPARTURE AND FORM 
NORMAL EQUATIONS 

CALL ENTHAL

CONVERT DATA TO PROPER 
UNITS:

T0)=T0)t459.69
BTU/LB-"BTU/LBMOLE

Figure 11. Flow Sheet for Enthalphy Subprogram.
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in a mixture. is a function of temperature, pressure,
pure component as well as mixture parameters,

Kij = f^ ,/Oj, [x^], [a ^], [a ] j (69)

where subscript i is the component index and j is the
state index. The set of normal equations is

NC

1

here and are arbitrarily taken to be unity., Because 
of the dual functionalities of K-values with respect to 
pure-component and mixture parameters, the differentiation 
in Equation (70) takes the following form

0A__ \0A__ \ ÔA /[ÂjiaAmn

where 6. is the Kronecker delta, im
It is obvious from Equation (68) that to preserve in

ternal consistency, the mole fractions and densities in 
both the liquid and vapor phases should be predicted values. 
Hence an internal flash calculation is incorporated into 
the phase equilibrium subprogram to calculate vapor and 
liquid mole fractions and densities.

For pure components, the experimental K-values assume 
the value of unity. However, an equation of state would
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not be expected to be exact in predicting equal fugacities 
in both phases along the vapor pressure curve. Hence the 
ratio of and may be used as the dependent variable 
in the nonlinear regression analysis.

A flow sheet of the phase equilibrium subprogram is 
presented in Figure 12, while the computational steps are 
listed in Appendix A.

Subroutines
The subroutines perform repetitious calculations re

quired by the subprograms. These are simple computational 
procedures and hence only their names and a brief descrip
tion of their functions will be given.
PVTD

This subroutine calculates compressibility factors 
and forms the set of linearized normal equations using 
density as the dependent variable.
ENTHAL

This subroutine calculates enthalpy departures and 
forms the set of linearized normal equations using enthalpy 
departures as the dependent variable.
PKWA

This subroutine forms the set of linearized normal 
equations using the liquid-vapor equilibrium ratio, or 
K-value, as the dependent variable.
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jwRITK
L  “f a i l k d  t o  coNvi-:RnK

FORM SFT O F NORMAL j 
EQUATIONS I

CALCULATK A V C . A IlS . DHV. 
OF COMPONENT K VALUES

R!:TURf]

W:AO INPUT LATA 
T ( .J ) ,  P i:{ .T ), X K ( I ,L ) ,  

Y E ( I ,  L ) ,  NCK(L)

WRITE IN Pirr DATA

IN IT I A L I Z E  AK( I ■).
R E K I I ,  L ) ,  r u n ,  L ) ,  EUL I , ).

FIX- .U ,  L ) ,  X I I ,  L) ,  Y t l .  L) , 7( ,  L)

T ( J )  T ( J )

CALCUIATE EXPERtMILfrAL K VALLAIS 
AKi: v i ; ( i ,  L ) A i ; ( r ,  i.)

CAR'ULATi: FEED COMPOSITION 
7.11, L )= V » Y i; ( f ,  L) ♦ ( 1 - V ) * X E { I ,  L)

Y IN , L) 
X (N , L) -

YE:(N, L) 
X E IN , L)

IN C -1 )» 0 ?

“ 4  CALL EIV\SII (L )  1

j MD(J )  — 1 f»

1 X L (N ,  J ) ^ X( N ,  I.) [

LIQUID PHASE 
CALCUIATF. ( 1 )  HWRC

( 2 )  DENSITY
( 3 )  FUOACITY 
D '^ F U lN , L)

1 X L IN , .D ^ Y IN , J )  1

( m o i l - o |

GAS PHASE
CALCULATE 11)

( 2 ) DENSITY
H ) FUGACITY

FUGIN L) =E U (N , L)

COMPUTE NEW K VALUI:S

f Ï g In ; L)

IT N = IT N + 1

u
OUTPUT SU>VVARY

WHITE ,  .1, T I . I ) ,  PE( . ) ,
AKIN,  I ,  AK E(N ,  I.) HFK( N ,  L)

RETURN

Figure 12. Flow Sheet for Phase Equilibrium Subprogram.
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AVDEVI

This subroutine calculates the percent relative 
deviation for each data point and the average absolute 
deviation for all data points for each thermodynamic 
property.
BWRC

This subroutine calculates mixture equation-of-state 
parameters.
DENNR

This subroutine calculates densities using the Newton-
Raphson method. A detailed discussion on this subroutine

17is given by Bono 
DENTE

In cases where the Newton-Raphson method does not 
converge, the DENNR subroutine calls on DENTE which solves 
for the density root by trial and error^^.
PDEVI

This subroutine calculates the difference between 
calculated and experimental pressures.
FLASH

This subroutine performs an internal Newtonian flash 
calculation in the two-phase region for a mixture. If the 
equation of state fails to indicate a two-phase region, 
the flash subroutine assumes predicted K-values to be equal 
to experimental K-values for that particular state.
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NEQSP

This subroutine forms the new regression parameter
values by adding the correction terms ( J to the

of
parameter values of the preceding iteration.
MATINV

This subroutine inverts a matrix in situ using a 
modification of the Gauss-Jordan reduction method. A

28detailed discussion of this subroutine is given by Cox 
STASUM

This subroutine calculates the variances, covariances 
and correlation coefficients of the regression parameters. 
SIGMAS

This subroutine calculates the standard deviation of 
the data and the point of maximum deviation.



CHAPTER V

APPLICATION OF MULTIPROPERTY REGRESSION 
ANALYSIS TO THE NEW EQUATION OF STATE

As discussed in previous chapters, multiproperty 
regression analysis can be applied to determine parame
ters in the new equation of state. To enhance the success 
of any nonlinear regression scheme, it is important that 
a "reasonable" set of initial guessed values be available.

Use of Linear Least Squares Regression 
to Obtain Initial Estimates of 
Equation of State Parameters

Since extensive methane PVT data covering the temperature 
range of -250°F to 600°F are available, and reasonable 
estimates of parameters and in Equation (27) can be
obtained from Figures 6 and 7, it was decided to apply 
the linear least squares method to determine the remaining 
parameters. A total of 560 data points were taken from 
the data of Douslin,^^ Vennix^^^ and van Itterbeek.
The average absolute deviation for pressure was 0.47%, 
with a maximum deviation of 6.6%. This set of parameters 
was then used to calculate densities and enthalpy depar
tures at twenty-two points as a test of the validity of
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the new equation of state. Average absolute deviations 
for densities and enthalpy departures were 19.0% and 
130.0% respectively.

These large deviations in predicted densities and 
enthalpy departures illustrate overwhelmingly the inade
quacy of using pressure as the dependent variable in a 
least squares approach to determine the parameters of 
an equation of state. The reason for the results obtained 
is that in the low temperature and pressure region, an 
equation of state may calculate an erroneous or even nega
tive pressure with an experimental liquid density. Yet 
for the same condition, an accurate liquid density can be 
calculated, since pressure changes very rapidly with 
density in the low temperature liquid region.

Equation of State for Methane 
Despite the large deviations in calculated densities 

and enthalpy departures obtained with the set of parameters 
determined from linear least squares method, these parame
ters provide the only logical starting values for the 
application of multiproperty nonlinear regression analysis. 
Using this method, a final set of parameters was obtained 
which yielded an average absolute deviation of 0.304% for 
density at 40 points, 0,513% for enthalpy departure at 
58 points and 0,443% for the fugacities of coexisting vapor 
and liquid phases at 18 vapor pressure points. The average
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absolute deviation of a thermodynamic property R is defined 
as follows :

—  yNP
j

100% (72)

where is the experimental thermodynamic property in the 
t hj state, Rj is the least squares estimate of R^ and NP 

is the number of data points for property R.
Comparison of predicted and experimental values of 

these properties are presented in Tables 3, 4 and 5..

Use of Simple Corresponding States Principle 
to Determine Initial Estimates of Equation 

of State Parameters for Propane
Successful application of Equation (27) to methane 

does not ensure its usefulness for other fluids. To 
determine if this equation can be used for other fluids, 
propane was chosen for study because of industrial inter
est and because of its extensive enthalpy^^^

21and vapor pressure data.
To obtain an initial set of parameter values to be 

used in the multiproperty regression analysis, a linear 
least squares calculation was attempted. Estimated values 
for the two nonlinear parameters, and in Equation (27) 
were obtained from the corresponding methane parameters 
using the simple corresponding states principle. A set of

Q A n 119500 PVT points from Beattie , Dittmas , Sage and Lacey 
were used. The average absolute deviation for pressure
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TABLE 3

COMPARISON OF PREDICTED DENSITIES WITH EXPERIMENTAL 
VALUES FOR METHANE USING THE NEW EQUATION OF STATE

T PE DE DC CEV *08 V
IF) (PSIA) (IBMOLE/CF)

- 2 5 3 . 5 1 2 9 . 7 1 . 62  16 1 . 6 4 0 0 -C. CC84 - 0 . 5 1 4
- 2 5 3 . 5 1 0 9 3 . 7 1 . 6 5 4 8 1 . 6 5 8 2 -C. CC34 - 0 . 2 0 4
- 2 5 3 . 5 7 9 3 2 . 2 1 . 6731 1 . 6 7 2 6 C-CCC5 0 . 0 2 7
- 2 3 4 . 8 1 4 2 .  1 1 . 5121 1 . 5  7 00 C-CC31 C. 196
- 2 3 4 . 8 6* 2 . 0 1 . 5 8 8 1 1 . 5 8 3 0 C.CC51 0 . 3  18
- 2 3 4 . 6 1 8 1 5 . 5 1.6 192 1 . 6 0 9 5 C.CC97 0 . 5 9 6
- 1 ( 1 . 7 1E6. 4 1 . 4 3 4 7 1 . 4 2 8 5 C.CC62 0 . 4  34
- 1 * 1 . 7 5 11 . 5 1.452C 1 . 4 4 4 0 C.CC80 0 . 5 4 8
- 1 * 1 . 1 8 1 5 . 4 1 . 4691 1 . 4 5 9 * C.CC92 0 . 6 2 9
- 1 * 1 . 1 1 6 9 9 . 2 1 . 5 0 3 2 1.49C8 C.C125 0 . 8 3 4
- 1 5 1 . 9 5 1 4 . 5 1 . 2322 1 . 2 3 6 0 -C. CC27 - 0 . 2 2 2
- 1 5  1 . 9 8 9 1 . 0 1. 27 18 1 . 2 7 3 5 - ( . 0 0 1 7 - 0 .  132
- 1 5 1 . 9 1 5 4 1 . 3 1 . 2 2 8 0 1 . 3 2 7 5 C.CCC5 0 . 0 3 6
-  1 Î ] .  9 1 1 9 9 . 3 1 . 246  1 1 . 3 4 4 8 C.Q013 0 .  ICO
- 1 5 1 . 9 2 0 7 1 . 6 1 . 2639 1 . 2 6 1 2 C.CC27 0.201
- 1 2 0 . 9 1 5 6 5 . 3 1 . 1 8 6 1 1 . 1 9 3 5 -C. CC74 - 0 . 6 2 4
- 1 2 0 . 9 2 1 0 3 . 4 1 . 2446 1 . 2 5 1 4 - 0 . CC68 - 0 . 5 4 5
- 1 4  4 . 7 2 6 8 . 0 0 . 1 5 9 8 0 . 1 5 7 3 O.CC25 1 . 568
-  1 * 4 . 7 4 1 2 . 9 1 . 3 5 5 1 1 . 1 5 5 2 -O.CCCl - 0 . 0 0 9
- 3 4 4 . 7 1 8 6 1 . 5 1 . 3247 1 . 3 2 4 2 0.CCC5 0 . 0 3 6

- 9 9 . 7 5 0 3 . 5 0 . 1 7 6 6 0 . 1 7 7 3 - 0 . 0 0 0 7 - 0 . 4 0 5
- 9 9 . 1 1012.2 0 . 8 5 8 4 C. 8566 0 . 0 0 1 8 0 . 2 0 7
- 5 4 . 7 5 6 2 . 7 0 . 1 5 9 4 C.16CC - 0 . 0 0 0 6 - 0 . 3 8 8
- 5 4 . 7 1 5 2 1 . 4 0 .6 9 5 6 C. 6966 -O.CCIC - 0 . 1 3 9
- 5 4 , 7 19 3 5 . 8 0 . ( 5 7 3 C.E588 - 0 . 0 0 1 5 - 0 . 1 7 2

2 6 . 2 1 2 8 . 1 0 . 1 5 9 1 C. 1598 - 0 . 0 0 0 7 - 0 . 4 6 4
2 6 . 2 1 1 4 9 . 2 Û.45CC C. 4518 - o . c c i e - 0 . 4 0 3
7 7 . 0 2 4 4 . 9 0 . 0 6 2 4 C.C626 -0. CCC2 - 0 . 2 6 8
1 l - C 962^9 0=1872 C= 1882 - o ^ c o i c - 0 . 5  15
122.0 2 7 1 . 1 0 . 0 6 2 4 C.C626 -0. CCC2 - 0 . 2 8 5
122.0 1 1 2 4 . 3 0 . 3 1 2 0 C. 3122 - 0 . 0 0 1 3 - 0 . 4 3 3
1 6 1 . 0 4 0 9 . 2 0 . 0 6 2 4 C.C626 -0. CCC2 - 0 . 2 9 6
1 6 7 . 0 1 9 2 5 . 2 0 . 3 1 2 0 C-3131 - O. CCII - 0 . 3 6 5
2 1 2 . 0 4 4 1 . 4 0 . 0 6 2 4 C.C626 -C.CCC2 - 0 . 2 4 5
2 1 2 . 0 2 126 .  1 0 . 3 1 2 0 0 . 3 1 3 1 - O . C C l l - 0 . 3 5 7
2 5 7 . 0 4 7 3 . 2 0 . 0 6 2 4 C.C626 - 0 . 0 0 0 2 - 0 . 3 1 2
2 5 7 . 0 2 3 2 4 . 7 0 . 3 1 2 0 0 . 3 1 2 9 - 0 . 0 ( 0 9 - 0 . 2 9 1
202.0 4 0 5 . 0 0 . 0 4 9 9 0 . 05C 1 - 0 = 0 0 0 2 - 0 . 3 5 3
2 4 7 . 0 4 0 2 . 4 0 .0 4 6 8 C.C469 - 0 . 0 0 0 1 - 0 . 3 0 1
3 4 7 . 0 4 2 0 . 2 0 . 0 4 9 9 0 . 0 5 0 1 -C.CCC2 - 0 . 3 6 2
6(3.0 6 0 6 . 5 0 . 0 4 9 9 0 . 0 5 0 1 -0.CCC2 - 0 . 2 6 0

AVERAGE AESOLUTE DEVIATION = 0 - 3 606%
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TABLE 4

COMPARISON OF PREDICTED ENTHALPY DEPARTURES WITH 
EXPERIMENTAL VALUES FOR METHANE USING THE NEW

T PE HE HC DEV %CEV
IF) (FSIAI CETU/IEMOIE) BTU/LB

- 2 5 0 . 0 < * € . { - 3 4 8 E . C7 -35C 1-75 0 . 8 5 - C . 3 9
- 2 0 0 . 0 45C.C - 3  * 6 9 . ( 1 - 2 1 ( 9 . 9 4 - 1 . 2 3 C. 62
- J 5 0 . 0 45C.C - 2 1 ( 9 . 3 4 - 2 7 5 8 . 1 0 - C. 7C C.4 1
- JCO.O 4 5 ( . ( - 5 1 3 . 1 C - 5 1 3 . 9 3 C.Ol -C .C5

-  * 0 . 0 45C.C - 3 1 0 . 9 1 - 3 1 2 . 5 9 C.IC - C . 45
5 0 . 0 45C.C - 2 3 7 . 1 6 - 2 2 5 . 8 1 - C . 1 2 C. 82

- 2 * 0 . 0 ( ( C. C - 3 4 8 4 . 2 2 - 3 4 9 2 . 1 4 0 . 5 3 - 0 . 2 4
- 2 0 0 .  C (CC.C - 3 1 9 3 . 8 4 - 3 1 ( 3 . 7 9 - 1 . 8 1 ( . 9 4
-  15C. 0 (CC.C - 2 1 9 7 . 5€ - 2 7 1 4 . 2 1 - 1 . 4 6 C . 84
- I CO.  0 (CC.C - 1 6 9 . 7 4 - 7 5 e . e e — 0 . 6 8 1-42

- * 0 . 0 (CC.C - 5 1 3 . C 5 - 5 1 6 . 4 2 C.21 - C . ( 6
0.0 (CC.C - 3 9 2 . 7 3 - 3 9 4 . 6 9 0.12 - C. 5C

- 2  5 0 . 0 ICCC.C - 3 4 5 7 . 5 9 - 3 4 6 8 . 3C 0 . 6 7 - C . 3 1
- 2 0 0 . 0 KCC. C - 3 1 8 0 . C4 - 3 1 4 5 . 5 1 - 2 . 1 5 1.C9
-  150.C ICCC.C - 2 8 2 8 . 7C - 2 7 9 5 . 3 1 - 2 . 0 8 1 . 1 8
- K C . C iCCC.C - 2 1 2 7 . ( 2 - 2 C9 6 . C3 - 1 . 9 7 1 . 4 8

- 5C. C KCC. C - 9 9 6 . 5 9 - 9 8 1 . 1 1 - C . 9 6 1. 5  5
( . ( KCC. C - 6 9 4 , 9 8 - 6 9 2 . 5 5 - C . 1 5 C. 35

5C.C KCC. C - 5 4 0 . 9 7 - 5 3 9 . 8 5 —0 . 0 7 C.2 1
- i  SC.C KCC. C - 3 4 3 C . 6 3 - 3 4 5 5 . 8 4 1 . 57 - C . 7 3
-2CC. C KCC. C - 3 1 5 6 . 3C - 3 1 3 5 . 5C - 1 . 3 0 0.66
- ] ‘ C.C KCC. C - 2 8 1 7 . 1 9 - 2 1 9 8 . 8 4 - 1 . 1 8 C. 61
- K C . C 12CC.C - 2 2 6 9 . 1 2 - 2 2 5 7 . 9 8 - 0 . 6 9 C. 49

( .  C 12CC.C - 8 4 7 . 1 1 - 8 5 C . 1 7 0 . 1 5 - C . 2 9
5C.C KCC. C - 6 5 1 . 9 9 - 6 5 2 . 4 9 0 . 0 3 - C. C8

- 2 5 C. C 15CC.C - 3 3 9 7 . 1 C - 3 4 3 6 . 9 0 2 . 4 8 - 1 . 1 7
-2CC. C KCC. C - 3 1 2 1 . 5 8 - 3 1  19 . 5 6 - C. 5 C C. 26
-  15C.C 15CC.C - 2 8 0 5 . 1 2 - 2 1 9 8 . 5 9 - 0 . 4 1 0 . 2 3
-3CC. C J5CC.C - 2 3 5 5 . 9 1 - 2 3 ( 7 . 4 4 0 . 7 2 - 0 , 4 9

- 5C. C KCC.C - 1 5 9 1 . C8 - 1 ( 1 4 . 3 6 1 . 0 8 - 1 . C 8
C.C KCC. C -1C 75 . 6  8 - 1 0 8 4 . 9 4 0 . 5 8 - C . 8 6

5C.C ] * ( ( . ( - 8 2 2 . 2C - 8 1 8 . 8 9 - 0 . 2 1 C.4C
- 2  5C.C 2CCC.C - 3 3 5 8 . 4 4 - 3 4 C 4 . 1 4 2 . 8 9 - 1 . 3 8
-2CC. C 2CCC.C - 3 C 9 6 . 9 4 - 3 C9 1 . C3 - 0 . 3 7 0 . 1 9
- I 5 C . C 2CCC.C - 2 1 9 6 . 9 4 - 2 7 8 8 . 3 9 - 0 . 5 3 0 . 3 1
- ] CC. C 2CCC.C - 2 4 2 7 . 9 5 - 2 4 4 3 . 1 4 0 . 9 8 - C . 6 5

- 5 C . C 2CCC.C - 1 9 3 3 . 8 2 - 1 9 3 3 . 1 5 - 0 . 0 4 0 . 0 4
C.C KCC. C - 1 4 1 7 . 2 4 - 1 4 1 4 . € 2 - C. 2 C 0 . 2 3

5C.C 2CCC.C - 1 C 7 7 . 1 3 - 1 C 7 2 . 6 3 - 0 . 2 8 C. 42

4VFBAGE AfiSOlUTE DEVIATION = 0.6183%

AVCRAOt A B S O L U T E DEVIATION IN ETÜ/LB = C. 8 2
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TABLE 5
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR METHANE USING THE NEw EQUATION OF STATE

T f 8 FUL FUG %DFV
(FI IPS 14 1 (PSÎA) IPSÎA)

- 5  5 1 . 6 8 14 . 656 1 4 . 3 0 0 4 1 4 . 1 3 1 2 - 1 . 2 0
- 2 5 * . CC 11 . 40  0 1 6 . 8 0 5 4 1 6 . 6 5 2 7 - 0 . 9 ?
-55C. CC 5 1 . n c 2 0 . 7 1 1 2 2 0 . 6 3 2 7 - 0 . 3 8
- 2 4 5 . CO 26.6CC 2 5 . 2 3 5 4 2 5 . 0 9 0 2 - 0 . 5 6
-24C. CC 32 . 4C0 3 0 . 4 3 6 1 3 0 . 3 2 9 8 - C . 3 5
- 2  35.CC 3 5 . 0 0 0 3 6 . 3 5 1 1 3 6 . 2 0 6 2 - 0 . 4 0
-23C. CC 46 . 4 0 0 4 3 . 0 2 0 7 4 2 . 7 1 0 1 - C . 7 3
- 5 2 5 . CC 5 4 . 8 0 0 5 0 . 4 8 4 2 4 9 . 9 8 9 8 - 0 . 9 9
- 5 1 8 . «8 6 6 . 0 3 0 6C. 5741 5 9 . 5 1 9 3 - 1 . 6 7
- 5  1 4 . 1 5 7 6 . 6 8 0 6 9 . 5 6 7 9 6 8 . 5 0 4 4 - 1 . 5 5

5 ( 5 . < 8 8 6 . 1 6 0 7 8 . 0 0 9 7 7 6 . 8 3 0 4 — 0 .68
- 5C5. CC ICl.OCC 8 8 . 9 5 5 1 8 8 . 3 5 0 3 - 1 . 5 3
- 1 5 5 . 1 4 1 1 5 . 5 0 0 1 0 1 . 4 8 5 1 1 0 0 . 2 6 8 6 - 1 . 2 1
-  155.CC 13 5 . 0 0 0 1 1 3 . 7 0 5 5 1 1 2 . 8 3 4 3 - 0 . 7 7
- 1 8 5 . 0 0 1 6 5 . 7 0 0 1 4 2 . 3 2 4 8 1 4 1 . 4 6 7 7 —C . 6 1
- 1 8 1 . 5 3 1 8 5 . 1 5 0 1 5 1 . 8 6 3 0 1 5 0 . 7 2 0 9 - C . 7 6
- 1 1 5 . OC 5 1 4 . SCO 1 7 4 . 8 9 7 9 1 7 4 . 3 6 9 0 - 0 . 3 0
- 1 6 8 . 3 4 2 4 8 . 4 0 0 1 9 8 . 7 4 7 0 1 9 7 . 9 7 4 0 - 0 . 3 9
- 1 6  5.CC 2 6 1 . 3 0 0 2 1 1 . 4 0 6 3 2 1 0 . 9 2 4 6 - 0 . 2 3
- 1 6 ( . ( 6 29C. 450 227 . 6 2 C8 2 2 6 . 6 7 8 8 - C . 4 2
- 1 5 5 . CC 3 2 9 . COO 2 5 1 . 8 9 1 1 2 5 1 . 9 1 3 2 C.Ol
- 1 4 5 . 8 5 3 9 2 . 7 1 0 2 9 2 . 0 7 5 2 2 9 2 . 3 2 6 7 0.09
- 1 3 5 . 3 8 < 4 4 . 9 7 0 3 2 2 . 8 5 5 4 3 2 3 . 8 8 7 7 C-32
- 1 3 5 . 0 0 4 8 2 . COO 3 4 4 . 3 4 1 1 3 4 5 , 6 2 7 7 0 . 3 7
- 1 : 1 . 1 1 51C.23C 3 6 0 . 5 9 4 0 3 6 1 . 9 0 0 9 0 . 3 6
- 1 2 5 . 0 0 5 1 5 . COC 3 9 5 . 9 1 8 9 3 9 7 . 7 2 3 4 C. 45
- 1 2 3 . 5 5 5 8 1 . 1 0 0 4 0 1 . 7 2 9 5 4 0 3 . 9 3 9 5 0 . 5 5
-  15C.22 6 5 6 . 8 0 0 4 2 2 . 1 0 5 0 4 2 4 . 5 4 3 0 0 . 5 7
- 1 1 6 . 5  1 6 6 8 . 7 2 0 4 4 3 . 0 0 9 6 4 4 3 . 0 0 8 8 C.C

4VEP4GE /ESOIUTE DEVIATION = 0.6334%
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was 3.2% with several parameters assuming opposite signs 
from their corresponding parameters for methane. To pre
serve the opportunity of proposing mixing rules for 
describing mixture behavior, a new set of propane parame
ters was estimated from the methane parameters using 
simple corresponding states principle.

dP 127,128
Defining P = P^tT; T = T^0 ; p =

c
Equation (27) becomes

n = 66 + A|d^ + + A^d^ +

^  exp [- c%d-||c;a + c;d- + +(- + c-a^ + c^a=)

exp D^dj/o^d + D^d^ + Djd^j
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A,Pc A p5

®l''c B  p2  B  p 3
«i = R t 7   ̂ B- = ^  : B 3 = - 3^

4 2 4B4 PC c c p;
‘ ; V  ' ^  ̂ = ;Vc c c

c. _ f f l . c. _ V ç  . c  -
B R 7 ? 9  ■ ''4  -  r 2 t 2  ■ =5 -  ^ 2 , 4c c c

c c c

B4 = ^
c

While the simple corresponding states principle provides 
an easy means of obtaining initial estimates of parame
ters for a new material, the results of using these 
initial estimates are poor. For reduced temperatures 
less than 0.6, the average absolute deviation in pres
sures and enthalpy departures was 2,4% for 9 propane 
PVT points and 646.4% for 10 enthalpy points. For re
duced temperature greater than 0,6, the average absolute 
deviation was 37.9% for 21 PVT points and 71,5% for 20 
enthalpy points.



63

Equation of State for Propane 
Application of multiproperty nonlinear regression 

analysis resulted in a set of parameters which yielded 
an average absolute deviation of 0.80% in density for 
29 PVT points, 0.69% in enthalpy departure for 40 points 
and 0.34% in fugacity of coexisting phases for 19 vapor 
pressure points. Comparisons of predicted and experimen
tal values of these properties are presented in Tables 6,
7, 8. As can be seen in Table 6, the calculation of 
density is not as accurate as the result for methane.
To determine what improvement would result, it was de
cided to fit Equation (27) to propane PVT data only.
The average absolute deviation in density was reduced 
to 0.35% for 46 points. Tables 9 and 10 show compari
sons for densities and enthalpy departures using the set 
of parameters obtained from regression on PVT only.
Until a unified set of parameters (which can predict 
densities, enthalpies and vapor pressures with less than 
1% error) is developed in future study, one might con
sider the use of separate sets of parameters for correlat
ing different therraodyneumic properties of propane. A 
summary of parameters in Equation (27) for methane and 
propane is shown in Table 11.

Summary
A new equation of state has been developed for methane 

and propane. This equation is capable of predicting all
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TABLE 6

COMPARISON OF PREDICTED DENSITIES WITH EXPERIMENTAL
VALUES FOR PROPANE: USING THE NEW EQUATION OF STATE

T PF O F CC O F V 9TFV
(F ) IF? K  I (LCNOLF/CFI

14.1 C .=933 1 .0 6,0 9 -0.067% -6.7=1
-Î2C.C 14.1 C.4 K 7 I .0010 -0.03^3 -7,110
-isc.c 14.1 C.=4«C 0.9574 -0.0094 -0.c=3
- ] 6 c. c 14.1 C.9253 0.9223 0.0030 0.7?1
- l^r.c 14.1 C.P9F1 0.8921 0.0060 0.67^

K C C . C 0.4219 0.9 136 0.0082 0.880
- 1 12.C 2f(C.C 0.4004 0. «84 8 0.0158 1 .758
-if.n KCC.C C.FflC 0.849 8 0.=112 1.2=7
-4C.C 2CCC.C C.84 11 0.8280 0.0131 1.558
-4.0 KCC.C C.lOPf 0.7927 0.no%9 0 . 7 7 7

-4.0 2CCC.C C.PII4 C.FC13 0.0101 1.244
3;.o /CCC.f C.7902 0.7744 0.0058 0 . 7 7 9

ICC. r fCC.C C.f7=3 0.6 922 -0.0120 -1.8=7
ICC .c ICCC.C C.fOAG C.7030 -0.0090 -1.703
K C . C KCC.C C.7067 0.7124 -0.0057 -0.80?
ICC .C 2CCC.C C.7174 C.7207 -0.0033 -0,464
K C . C SCC.C O.f3f5 0.6=54 -0.0180 -2.=6?
IK . C I2‘C.C f.666 2 0.6 776 -0.0114 -I.710
13C.C 15CC.C 0.6 74 3 0.6837 -0.00=4 -1.7C0
1 3 C . C IT5C.C r.6«12 0.689? -0.0080 -1.177
16C.C FCC.C C . f 0 3 1 0.6234 -0.0208 -3.^6 I
16C .0 K C C  .C 0.6146 0.6326 -C.Cl88 -2.=27
If C.C KCC.C C.6382 0.6510 -0.0128 -2.=C5
Iff .0 2CCC.C 0.6 5 66 0.6654 -0.0088 - 1 . 3 7 5

??C .0 fCC.C 0. 1036 0.104 3 -o.ooo* -0.T75
2 7C.C K C C . C C.5546 0.562 1 -0.0075 -I.3 4 5

??C.C 2CCC.C C.596P 0.5942 -0.0084 -1.431
zyc.c 5CC.C C.C90I 0.0906 -0.0005 -0.5=5
25CcC ICCC.f C= 0,3508 0,0785 9,001
25C.O K C C  .C C.5061 0.4947 0.0114 2.744
ZbC.C 2CCC.C 0.5470 0.5485 -0.0015 -0 . 7 7 4

?o;.c 4??.l C. Cf24 0.0625 -0.0001 -0.219
341.0 llflc. 1 0.2185 0.2235 -C.r050 -2.271
:41.C 14Cf .6 C.2809 0.2792 0.^017 0.5 = 4
431.C ‘35.1 C.C624 0.0626 -0.0002 -0.323
4 31 . r ;iC4.f 0.312 1 0.3G41 0.0080 2. =58
462.0 3C10.C 0.4370 0.4239 0.0132 3.020
‘21.C f C' .4 C. C6 24 C.C625 - O . O O O l -0.220
f ? 1 . C 1 132.6 0.1240 0.1259 -0.0010 -0.8?7
Î ? 1. C 1812 .C C.2185 C.218R -0.0O03 -0.130
!21.C 2404 . c C.2809 0.2769 0.0040 1.436

A V f F f C f  / E S O I U T F .  H E V U T T C N  = 1 . 6  =  3 0 %
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TABLE 7
COMPARISON OF PREDICTED ENTHALPY DEPARTURES WITH 

EXPERIMENTAL VALUES FOR PROPANE USING THE 
NEW EQUATION OF STATE

7 PF H F F C n p v ? O r v

( F ) (F Î I M ( PTIJ/LPMCI F I PTU/1 P

- ; = r . n 5 C C . C -irn?i.c7 - 10C6 1.6 3 - c .21 C . r r

. c I C C C . C - ç q a 1 , 7 P -icci6.cn 0 . 9 9 -0.74
- ?  e f . c l!CC.C -cqi6.74 -9 970.44 I .22 -0 4

. 0 2 C C C . C -FPPC.2P - 9 9 2 4 . 2 5 0.77 -C .34
- z c r . r 5 C C . C - S S O q . Z f -9561.41 —n. p 6 r . 1 0

- P f C . C I C C C . C - f S l S . p c - 9 5 C 1 . 1 5 - 0.49 n .
l=CC.C - r 4 4 S . 1 4 -9440,66 - 0 . 20 O.CC

- C.C PCCC.C -S414.C? - 9 3 7 0 . 9 1 -0.77 r .36
-  1 5 C . C 5CC.C -ÇI3 1.PC -9 156.P4 0 . 5 7 -0.77
-  l * = C . f ICCC.C -cnsz.sr -9090.25 0.P6 -r .42
-I5C.C 15CC.C -pqpi.c5 -9C23.35 0 . 9 4 -0 ,46
-  1 5 C  . C 2 C C C . C -pq?7.pc -P956.C9 0.41 -C.->0
-ICf.C 5CC.C -FF42.4? -9659.67 0. 70 -0.20
- ICC.C ICCC.C - E t c ? . 7 ? -P5C1.02 - 0 . 2 7 0.14
' 1C C , Ü 15CC.C - F 5 2  3 . T 7 -5521.FO -0.04 0.0 2
-5C.C 5CC.C -0227.94 - 8 1 6 4 . 0 0 -1.45 C .78
-5C.C ICCC.C -F152.ÇE -80^6.63 -1.2P C.49
- 5 C . f I'CC .C -POP2.43 -PC28.25 -1.2T C . 6  7

-5C.C PCCC.C -PC3R.33 -7950.04 - 1  .  9 0 C . f ' O

C.C I C C C . C - 7 7 1 2 . C 4 -76 3 5 .Cl -1.7f 1 .f'O
C.C Hcr.c -769C.3C -7571.05 -1. 80 1 .04
c. c 2CCC.C -7610.62 -7505.37 - 2 . 3 0 1.78

5C.C 5CC.C -7324.Cl -7246.25 -1.76 1 , 0 6

5C.C iSCC.C -7 1^6 ,14 -7142.78 - 1 . 2 1 C .74
5C.C 2CCC.C -716C.6C -7CF5.33 -1.91 1 . 1 9
1C C . 0 5CC .C -6 794.PC -67 73.05 -0. 50 0.32
ICC.C l^CC .c -6733.15 -6719.10 -0.32 0.21
1( C . 0 PCCC.C -6710.92 -6678.19 - 0 . 9 5 0 . 6 2
15C .0 5CC.C -6 1 24.65 -6177.95 1.21 -0.C7
I t C . O ICCf .c -6204.C2 -6242.16 0.36 -0.61
i5C.n 1ÇCC.C - 6 1 P 1 .  9 P -6260.07 1 . 7 7 - 1 . 7 6

/CC.C 5CC.C -184 3. 13 -1792.49 -1.15 2 . 7 5

zcc.c ICCC.C -5404 . 1 1 -5491.38 — 0.05 0.04
;cc .c 1ÇCC.C -5670.4P -56P8.e9 0.42 -0.32
? c c .  c 2CCC.C -5745.45 -5765.71 0.46 -0.75
2<C.C 'CC.C -13 14. CO -1292.65 -0.48 1 .62

. 0 1 C C C ,C -4246.25 -3P53.42 - 9 . 9 1 9.25
? K C . C 15CC .C -4964.9P -4 0 7 5 .64 - 2 . 9  1 2.58
?  c .  0 2CCC.C -5 172.3? -5147.31 -0.55 0.47

fVEP/Cf /B501U1F DEVIATION = C.P922?

AVFP/>C F /BSniU1F CFVIATfOA IN PTU/LB - 1.17
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TABLE 8
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES

FOR PROPANE USING THE NEW EQUATION OF STATE

T Ft FUL FUG TOEV
(FI (F SIfl I (PSIA) (PSIA)

-19C.0C C.6C5 0.5968 0.6127 7.59
~13C.CC C.932 0.9210 0.9271 0.66
- 12C.CC 1.294 1.3794 1.3041 0.34
- lie.CO 2.030 2.0101 2.0112 0.06
- ICC.CC 2.EE7 2.8571 2.8528 -0.15
~9C.CC 4.017 3.967C 3.9570 -0.33
-8C.CC 5 .481 5.4027 5.3795 -0.43
-6C.CC (.6 8C 9.462C 9.4162 -0.49
-4 2.13 14.696 14.2268 14.1669 -0.47
-3C.CC 2C .338 19.4935 19.4318 -C.37
-2C.0C 2 5 .395 24.1514 24.0888 -0.26
-IC.CC 2 1,276 29.5725 29.5280 -C.15

C.C 38.371 35.0267 35.8039 — 0 .06
IC.CC <6.470 42.9688 42.9655 -0.01
2C.CC 55.8C7 51.0599 51.0932 C.C7
3C.CC 66 .460 60.1506 60.7132 0.10
4C.CC 78.57 7 70.2946 70.4C29 C.15
5C.CC 92.231 81.5370 81.6709 0.16
6C.CC 101.59C 93.9159 94.0931 0.19
IC.CC 124.730 107.4672 1C7.6659 0.18
8C.CC 143.820 122.2242 122.4460 c.im
9C.CC 16 4.990 138.2073 138.4500 0.18

ICC.OC 188.2 20 155.4387 155.6522 C. 14
1 IC.CC 2 14.020 173.9308 174.1021 0.10
12C.CC 242.190 193.6938 193.7642 0.C4
13^ CC 273.080 214.7276 214.67C2 -0.02
Î4C.CC 306.760 237.0206 236.7647 -0.1 i
14!.CC 225.370 248.6730 248.5790 -0.04
15C.CC 343.520 260.5574 260.0398 -0.20
155.CC 363.lie 272.7825 272.1028 -0.25
16C.CC 383.450 285.3003 284.3943 -C.32
165.CC 404.730 298.1116 296.9810 -0.38
nc.cc 426.890 311.2021 309,8057 -0.45
115.00 450.0 10 324.5569 322.8726 -0.52
18C.CC 414.060 338.1514 336.1377 — C .60
185.CC 499.C2C 351.9419 349.5591 —0.68
19C.CC 525.100 365.8516 363.1653 -C.74
19*.CC 552.2 30 376.8860 376.8831 0.0
iC<.3< 611.470 408.3892 408.3833 O.C

fVCRfSt /ESCIUIE CEVIATICN = 0.1095%
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TABLE 9
COMPARISON OF DENSITIES PREDICTED USING PARAMETERS OF THE 

NEW EQUATION DETERMINED FROM PVT DATA WITH
EXPERIMENTAL VALUES FOR PROPANE___________

T PE OE 0 ( DEV «0EV
I f  1 I P S I A ) I LB P O L E / Cf 1

- i î o . c 1 4 . 1 C . 5 9 3 3 0 . 5 5 3 1 G.CQ02 0 . 0 2 1
- i i o . c 1 4 . 1 C . 5 7 0 7 0 . 5 1 5 5 - 0 . 0 0 5 2 - 0 . 5 3 2
- 3 S 0 . C 1 4 . 1 C.54ÉC C . 5 5 I C - 0 . ( 0 3 0 - 0 . 2 2 2
- JÉC.C 1 4 . 1 C . 5 2 5 3 C . 5 2 5 C C . 0 0 0 3 0 . C 3 2
-  I 3 0 . C 1 4 . 1 ( . £ 5 6 1 0 . 8 5 6 1 - 0 . 0 0 0 6 —0 . 0 6 7

ICCC.C C . 5 2  16 0 . 5 2 1 4 0 . 0 0 0 4 C . C 3 5
- a i j . c 2CCC.C 0 . 5 G 0 6 0 . 6 5 6 1 0 . 0 0 2 4 0 . 2 7 0

- K . C a c c c . c C.ECIC ( . 6 6 0 0 0 . 0 0 1 0 0 . 1 1 4
< 4 ( . C 2CCC.C C . 6 4 1 1 C . E 3 5 1 0 . ( 0 2 0 0 . 2 3 7

- 4 . ( ICCC.C C . 1 5 8 6 0 . 7 5 7 2 0 . 0 0 1 4 0 . 1 6 5
- 4 . ( 2CCC.C ( . £ 1 1 4 C. EC54 0 . 0 0 2 0 0 . 2 4 6
2 2 . C 2CCC.C C . 1 8 0 2 0 . 7 7 6 5 0 . 0 0 1 3 0 . 1 6 5

! ( € • € «CC.C ( . 6 7 9 3 0 . 6 7 5 4 - 0 . 0 0 0 1 - 0 . 0 1 9
ICC.C ICCC.C C . 6 5 4 C 0 . 6 5 4 3 - 0 . 0 0 0 3 - C . C 4 5
ICC.C 15CC.C C . 7 0 6 7 C . 1 0 6 E - O. OOOl - 0 . 0 1 6
] ( ( . c 2 CCC.C C . 1 1 7 4 0 . 1 1 7 6 - 0 . 0 0 0 4 - 0 . 0 5 7
a a c . c 5CC.C C . 6 3 6 5 0 . 6 3 7 2 - C . CC C 8 - 0 . 1 3 0
13C. C 1 2 5 C . C ( . 6 6 6 2 0 . 6 6 7 0 - 0 . 0 0 0 8 - 0 . 1 1 3
13C. C 1Î CC. C ( . 6 7 4 3 0 . 6 7 4 7 —0 . 0 0 0 4 —0 . C 6 6
] 3 C . C J 1 S C . C G . 6 6 1 2 0 . 6 6 1 5 - 0 . 0 0 0 7 - C . C 5 8
a c c . c fCC.C C. 6 C 3 1 0 . 6 0 5 2 - 0 . 0 0 2 1 —0 . 3 4 4
ICC.C ICCC.C ( . 6 1 4 6 0 . 6 1 6 7 - 0 . 0 0 2 1 - 0 . 3 3 4
ICC.C I 5CC. C ( . 6 3 8 2 0 . 6 3 5 4 - 0 . 0 0 1 2 - 0 . 1 6 8
ICC.C 21CC. C (.6566 0 . 6 5 7 1 - 0 . 0 0 0 5 - 0 . 0 6 9
« 2 C. C «CC.C ( . 1 ( 3 5 0 . 1 ( 2 7 0 . 0 0 0 8 0 . 7 5 6
2 2 C . C ISGC.C 0.5546 0 . 5 5 3 1 C.OOIS 0 . 2 7 5
<2C. C ICCC.C C . Î E 5 8 0 - 5 6 5 7 0 . 0 0 0 2 0 . 0 2 9
2 S C . 0 5CC.C 0 . ( 5 0 1 0 . ( 6 5 7 0 . 0 0 0 4 0 - 4 0 0
« 5C . C i C CC.C (.3653 Û.365C 0 . 0 0 4 3 1 . 1 1 5
2 5 C . C 13CC.C ( . 5 ( 6 1 0 . 4 5 6 2 0 . 0 0 7 9 1 . 5 7 0
iSC.C 2CCC.C ( . 5 4 7 0 0 . 5 4 4 6 0 . 0 0 2 4 0 . 4 4 8
2c;.c 2 ! . 1 : . ( 6 2 4 0 . 0 6 2 3 0 , 0 0 0 1 0 . 1 3 9
34 i.C a i a c . i C . 2 1 8 5 ( . 2 1 5 0 - 0 . 0 0 0 5 - 0 . 2 0 9
3 4 1 . ( 14CC.E C . 2 E 0 5 0 . 2 6 0 7 ( . 0 0 0 2 C . C 2 3
4 3 1 . C • 2 5 . 1 ( . ( 6 2 4 0 . 0 6 2 2 0 . 0 0 0 2 0 . 2 8 5
' 3 1 . C 2 1 ( 4 . 6 ( . 2 1 2 1 0 . 3 ( 6 5 ( . 0 ( 3 2 1 . 0 1 2
4 E 2 . C 2SiC.C 0 . 4 3 7 0 0 . 4 3 6 1 0 . 0 0 0 9 0 . 2 1 4
* 2 1 . C ( ( ! . $ ( • ( 6 2 4 0 . ( 6 2 2 0 . 0 0 0 2 0 . 4 0 0
• 2 1 . C 1 1 2 2 . E ( . 1 2 4 5 0 . 1 2 4 4 (.0005 0.428
• 2 1 . C I E 1 2 . C C . 2 1 8 5 0 . 2 1 6 1 0 . C O 0 4 0 . 1 6 5
• 2 1 . C 2 4 C 4 - 4 C . 2 E 0 5 ( . 2 6 0 4 0 . 0 0 0 5 0 . 1 8 7

àVlÜAbt AfSClUTE DEVIATION » G.21E6I
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TABLE .10

COMPARISON OF ENTHALPY DEPARTURES PREDICTED USING PARAMETERS 
OF THE NEW EQUATION DETERMINED FROM PVT DATA WITH

r Ff HE HC Df  V tOEV
1 r ) 4 FÏ m I M L / I 6PLL6) P1U/LR

! ( ( . ( - 1 C C 3 1 . C 7 2 2 C 7 C . 3  1 - 4 5 5  . 7 2 4 1 6 . 4 4

~ i î ( . C I CCC. C - S S S 1 . 7 C 22 1 5 6 . 6  6 - 4 5 5 . 8 6 4 2  1 . F 4
I Î C C - C - 4 9  1 6 . 7 4 22 24  1 . CO - 4 5 6  . 0 4 4 2 5 . 1 2

- i î ( - c j C ( C . C - « E s c . a e 3 2 2 2 3 . 3 6 - 4 5 7 . 3 6 4 2 6 . 8 2
5 CC- C -4594.26 6 2 6 6 . 1 6 - 3 5 4 . 6 1 16 5 . 2 6

K C C . C -45 14.64 6 3 4 0 . 2 2 -  3 5 9 . 6 9 16 6 . 6 0
K C C . C -4444.24 6 4  1 4 . 0  1 - 3 5 4 . 7 6 1 6 7 . 6 6

- i c t - c a c c c . c - 4 4  1 4 . C 7 6 4 6  7 . 6  1 - 2 6 0 . 6 3 16 6 . 4 1
Ï C C . C - 4 1  3 1 . 6 6 - 2 6 2 2 . 3 4 - 1 4 3 . 0 4 (9.C4

- J 5( . 0 I CCC. C - 4 C 5 2 . Î C - 2 7 5 1 . 0 3 - 1 4 2 . 4 1 6 4 . 6 1
K C C . C - 6 4 6 1 . 4 5 - 2 6 7 4 . 5 6 -  1 4 2 . 4 2 7 C . 1 7

- ) ! ( . [ a c c c . c - 6 4 3  7 .  65 - 2 6 0 7 . 4 4 - 1 4 3 . 5 5 7 0 . 8 2

- K C . C ÇCC. C - 6 6 4 2 . 4 2 - 6  1 6 4 . 0 5 - 5 5 . 7 5 2 8 . 4 5

-  3 C ( . C I CCC. C - 6 6 0 2 . 7 3 - 6  1 1 5 . 7 9 - 5 6 . 4 0 2 6 . 4  1
K C C . C - 6 5 2 3 . 3 7 - 6 0 4 7 . 0 2 —5 6 . 1 6 2 4 . 0 5

- f ( . C 5 CC. C - 6 2 2 7 . 4 4 - 7 2 2 4 . 6 8 - 2 0 . 3 7 1 0 . 4  2

-!(.C I CCC. C - 6 1 5 2 , 4 6 - 7 2 6 6 . 5 4 - 2 0 . 1 0 1C . 6 7
K C C . C - e c e a - 4 3 - 7 2 0 2 . 1 6 - 1 4 . 4 6 I t  . 6 4

- 5 C  . C a c c c . c - 6 0 2 8 . 3 2 - 7  1 3 6 . 7 1 - 2 0 . 4 5 1 1 . 2 2

( - C I CCC. C - 7  7 1 2 . C 4 - 7 4 6 6 . 8 8 - 5 . 0 6 2 . 8  4

( « C K C C . C - 7 6 5 0 . 2C - 7 4 2 2 . 0 6 - 4 . 9 5 2 . 8 5
(.C a c c c . c - 7 6  1 0 . 6 2 - 7 3 7 3 . 0 1 - 5 . 3 4 3 . 1 2

5 C- C Î c c .  c - 7 3 2 4 . 0  1 - 7 3 3 2 . 7 1 0 . 2 0 - 0 . 1 2
5 C . C K C C . C - 7  7 4 6 . 1 4 - 7 2 5  1 . 6 4 1 . 2 6 - 0 . 7  7

! ( . [ a c c c . c - 7 1 6 4 . 6 6 - 7 2 0 3 . 4 4 0 . 7 7 - 0 . 4 7

H C - C K C . C - 6  7 4 4 .  66 - 6 6 4 5 . 4 8 2 . 2 9 - 1 , 4 4
1 C ( . C J Î C C . C - 6 7 2 2 . 1 5 - 6 6 7 4 . 3 6 3 . 2 0 - 2 . 1 0
I CC. C a c c c . c - 6 7 1 9 . 4 2 - 6 6 4 5 . 0 4 2 . 8 4 - 1 . 6 6
1 ‘ C. C K C . C - 6  7 2 4 . 6 5 - 6 2 5 6 . 6 1 2 . 4 4 - 2 . 1 5
I 5 C . C K C C . C - 6 2 0 4 . 0 2 - 6 3 4 6 . 4 6 3 . 2 4 - 2 . 3 0
] ! ( . ( J S C C . C - 6 1 6 1 . 4 6 - 6 2 8 1 . 0 3 4 . 5 1 - 3  . 2 2
i C C . C • C C . C -  1 6 4 2 .  12 - 1 6 5 3 . 7 1 0 . 2 4 - 0 . 5 7
< ( ( . ( I CCC. C - 5 4 4 4 . 7 1 - 5 6 0 4 . 2 1 2 . 5 0 - 2 . C C

K C C . C - 5 6 7 0 . 4 6 - 5 7 8 0 . 0 7 2 . 4 4 - 1 . 4 3
i C C . C a c c c . c - 5 7 4 5 . 4 5 - 5 6 5 5 . 6 3 2 . 5 0 - 1 . 4 2

5 CC. C - 1 2 1 4 . CC - 1 3 6 1 . 3 5 1 . 0 7 - 3 . 6 0
i b C . C I CCC. C - 4 2 4 6 . 2 5 - 4 2 8 5 . 7 2 0 . 9 0 - 0 . 9 3
i ! C . ( K C C . C - 4 4 6 4 . 4 6 - 5 0 2 5 . 1 7 1 . 3 6 - 1 . 2 1
i î C . C a c c c . c - 5 1 7 2 . 2 2 “ 5 2 5 0 , 3 9 1 . 7 7 - 1 . 5 1

A V E H f C E A f i S O l U K C 6 V 1 A 7 I C N  = 7 1 . 4 4 7 6 %

AVER A t t A E S O I U U DE VI AT I ON IN B T U / I B  = 1 5 7 . 3 4



TABLE 11

PARAMETERS OF '.ÜHE NEW EQUATION OF STATE FOR METHANE AND PROPANE

PARAMETER* MECfHANE
PROPANE 

(FOR £R and VP)
PROPANE 

(FOR PVT ONLY)

^1 -0.7608515625E 04 -0.3086141797E 05 -0.3539348047E 05
-0.1228ÎS17890E 00 -0.1674793549E 03 -0.2573193750E 05

-3 0.1556ÎS39795E 04 0.5716621094E 05 0.1154304375E 06
®1 0.7377123833E 00 0.1982285500E 01 0.2106225937E 01
^2 0.6177854538E 00 0.1141969681E 01 0.3235265732E 01
«3 0.11362&4471E 00 0.2697813988E 01 0.5705714226E 01
«4 -0.3268250227E 00 -0.3638399243E 00 -0.6527409554E 01

-0.1076610080E 09 -0.3591914496E 10 -0.2798654400E 08
^2 0.5894108160E 09 0.1938610176E 11 0.7068994765E 11

-0.2869C)66240E 09 -0.1941427323E 12 -0.3649344635E 12
C4 0.1157861710E 01 0.4817086220E 01 0.4884107590E 01
C5 -0c2519371520E 09 -0.4160454144E 10 -0.1163040768E 10
^1 0.2228189266E 12 0.1517777794E 14 0.3096398791E 13
-2 0.9920610304E 11 0.2449961753E 14 0.5155554591E 14
-3 -0.9990576538E 11 -0.6295446733E 11 -0.2820659374E 14
°4 0.2152213097E 01 0.3173298836E 01 0.3250006676E 01
°5 -0.2658&51200E 08 -0.8517675254E 12 -0.1161565307E 13

o>

*These parameters are consistent with the following 
volume in ft®/lb mole, temperature in =R, The gas

unitsÏ pressure in psia, 
constant is 10.7 319
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thermodynamic properties of methane and propane with an 
uncertainty in the neighborhood of 1.0% for vapor, liquid 
and coexisting phases. Its development arises from a 
careful study of isochoric PVT data for methane. A poly
nomial power series in reciprocal temperature proves to 
be mathematically simpler than proposed exponential func
tions for describing the temperature dependence of iso
choric PVT data. The temperature dependence of this new 
equation of state, though developed from PVT data for 
methane, is shewn to be adequate when applied to enthalpy 
data for methane and propane. This is significant, be
cause the enthalpy data for propane extend to reduced 
temperatures as low as 0.3, which is far below the region 
of application of most equations of state.

The use of multiproperty nonlinear regression analy
sis in equation of state development guarantees thermo
dynamic consistency. That is, the resultant equation 
will accurately predict the behavior of all properties, 
not just one property, such as pressure, to which the 
equation was fit in the traditional method of equation 
of state development. Multiproperty analysis, as used 
here, also ensures consistency of equation of state 
parameters among different materials with regard to their 
signs. None of the above vitally necessary features in 
equation of state development can be achieved using the 
traditional linear least squares approach with pressure 
or compressibility factor as the dependent variable.



CHAPTER VI 

THE MODIFIED BWR EQUATION OF STATE

The new equation of state developed in the preceed- 
ing chapters has been shown to successfully correlate all 
thermodynamic properties for methane and propane over 
wide ranges of conditions. Nevertheless, there are a 
number of disadvantages to a continued pursuit of this 
new equation of state.

The major disadvantage of pursuing the new equation 
of state is the fact that an excessive amount of computer 
time is presently required to determine the equation 
parameters for a new material. This situation occurs 
because the initial estimates of parameters used in the 
nonlinear regression program must be reasonably close to 
optimal values in order for the Gauss-Newton iteration 
scheme to converge in a finite number of interations.
This problem is exaggerated by the fact that the new 
equation contains seventeen parameters. Although this 
problem may be solved in the future, it remains a serious 
limitation at the present time. It should be noted that 
this problem is also encountered for the Vennix equa
tion of state, which contains twenty-five parameters=

71



72
An additional disadvantage of pursuing the new equa

tion of state is the fact that considerable effort would 
be required for its extension to predict behavior of 
mixture, aside from applications in corresponding states 
calculations. To apply an equation of state directly to 
describe mixture behavior, appropriate mixture parameters 
must be used. Mixture parameters are usually expressed 
as functions of mole fractions and pure component parame
ters of the mixture constituents, and, in some cases, 
unlike interaction parameters. These expressions for 
mixture parameters, which are referred to as mixing rules, 
must be developed for any equation of state before it can 
be applied to mixtures. To date, mixing rules have been 
developed for very few of the many equations of state 
which have been developed for pure compounds. It is 
probable that a very formidable effort would be required 
to define appropriate mixing rules for the new equation 
of state developed in this dissertation. Obviously, 
this constitutes a disadvantage to the continued pursuit 
of this equation, especially in light of the fact that an 
eleven parameter modified BWR equation, which is of 
comparable accuracy has been developed concurrent with 
the development of the seventeen parameter equation. For 
these reasons, emphasis in this research was shifted from 
the new seventeen parameter equation of state to the 
eleven parameter modified BWR equation.
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Considerable effort has been expended in investigating

17 27the potential of modifying the original BWR equation '

The modification selected results in an eleven-parameter 
equation which can predict the thermodynamic properties of 
methane and propane with accuracy comparable to Equation (27) 
Because of its simplicity and the existence of mixing rules 
for the original BWR parameters, the modified BWR equation 
was chosen to explore the potential of using an analytic 
expression to correlate the low temperature behavior of 
fluids.

Modification of the BWR Equation of State 
Literature Review

Benedict and c o w o r k e r s i n  correlating low tempera
ture vapor pressure, suggested treating the parameter

P = RTp + I BtRT - ----' o o T®
+ (bRT-a)p'

+ aap^ + (1+yp®) exp(-yp^) (75)

of the above equation as a function of temperature. Follow
ing this advice. Earner and Schreiner reported improvement 
in correlating the low temperature behavior of hydrocar
bons^. Zudkevitch and Kaufmann^^^ applied a similar method 
to argon with success. Other modifications of the original
BWR equation include treating B^, y, and c as tempera- 

4 49 54ture dependent ' ' . Among the parameters treated as
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temperature dependent, seems to be most promising in 
improving the prediction of thermodynamic properties in 
the cryogenic region. Unfortunately, the above investiga
tors did not formulate an analytic expression for the 
temperature dependent form of but rather chose to use 
discrete values derived from low temperature vapor pressure 
data ,
T h e  P r e s e n t  M o d i f i c a t i o n  o f  t h e  B W R  E q u a t i o n

Research initiated at the University of Oklahoma has
concentrated on deriving the temperature dependence of

27from enthalpy data . The use of enthalpy data to discern 
the temperature dependence of an equation of state in 
general has been elucidated in Chapter II. Detailed dis
cussion on the use of methane and propane enthalpy data 
to improve the temperature dependence of the original BWR 
equation of state can be found in references 22 and 64.
For completeness, only the final results will be discussed.

To improve predictions of the enthalpy behavior of 
methane and propane in both the low temperature and criti
cal regions, it was found beneficial to treat and a in
Equation (6) as temperature dependent. Based on theoreti-

146cal considerations of Zwanzig's perturbation theory and 
supported by empirical results using regression analysis 
on isothermal enthalpy data of methane and propane, the 
temperature dependent forms of and a may be described 
by



75

a* = a + I  (77)

where C* and a* are values of and a obtained from enthalpy 
regression analysis of isotherms, D^, and d are the addi
tional parameters.

Thermodynamic Relations Derived from the Modified 
BWR Equation of State

Replacing and a of the original BWR equation (Equa
tion (75)) by Equations (76) and (77), the pressure expres
sion of the modified BWR equation has the following form

C D E \
P = CRT + IB RT - A „ ----   + — ----\ (1

° ° T‘ /

+ (bRT - a - + a (a + I) (78)

(1 + yp^) exp(- yp®) .
t 2

Residual Helmholtz Free Energy Equation
From Equation (c-14), the residual Helmholtz free 

energy is

À = I B_RT -    +   -ip + IbRT - a - ^o \ TJ 2

(■•I) ^ cp^ J 1-exp (-yp ) _ exp (-yp”)

(79)
I yp̂
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Thermodynamic relationships expressing enthalpy departure, 
fugacity and entropy departure in terms of the residual 
Helmholtz free energy have been presented in Appendix C. 
Hence only the final forms of the above thermodynamic 
property expressions using the modified BWR equation will 
be presented.
Enthalpy Departure Equation

H-H'
4C 5D 6E

B RT - 2 A ^ ----   +-— ------   IP
®  ®  i j |2  ij i3  ij i4

Y  (sbRT - 3a - a^6a + p“ (80)

+
yT‘ - (3 + 2

2 2 4yp - y P j  e x p ^ - y p z j

Fugacity Equation

C D E
RT 4n f = RT Xn (pRT) + 2 ( B R T - A    + — ---  I p

' o o T® T® T**

+ 4  (hRT - a - i) p^ + 4^ (a + i] 
 ̂ \ ^ \  ̂/ (81)

yT'
-  (1  - 1 2 2 4y p  - y  p J exp^-ypZj
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Entropy Departure Equation

2C
(S-S°) = - R in (PRT) - (b R + — -o ^3

- -jfbRT + — )2\ T^/ 5T= (82)

2c
yT^



CHAPTER VII

APPLICATION OF MULTIPROPERTY REGRESSION ANALYSIS 
TO HYDROCARBONS USING MODIFIED BWR EQUATION

The modified BWR equation was applied to seven normal 
paraffins, methane through n-heptane, and ethylene. PVT, 
enthalpy departure and vapor pressure data were used simul
taneously to determine the equation-of-state parameters for 
these hydrocarbons with the exception of n-hexane, for which 
no experimental nor meaningful derived enthalpy values are 
available.

Sets of parameters in British engineering units of the 
modified and original BWR equations are presented in Ta
bles 12 and 13, In calculating low temperature saturated 
vapor and liquid fugacities, discrete values of C^ as 
reported by Benedict and coworkers are not used. This 
policy is adopted to emphasize the successful development 
of an analytic expression for the temperature dependent 
form of Cq to correlate low temperature densities, enthalpy 
departures and vapor pressures.

Predictions of thermodynamic properties of the above 
hydrocarbons are discussed individually in the following 
sections,
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METHANE

TABLE 12
MODIFIED BWR EQUATION-OF-STATE PARAMETERS* FOR INDIVIDUAL HYDROCARBONS 

ETHANE______ IRQ PANE________N-BUTANE____ N-PENTANE______N-HEXANE N-HEPTANE ETHYLENE
B

o
)  .  ?  •■ i  ’  •  I  : M ■ ,  1 7 1 * ’  h 10 1 . 4 ‘ )  i  i ; ,  >4 0 J 0 . 2111122 F 01 3.2  7 7 , ,  3 -)4 C l 0.2  I  7 3 a  7 C 01 0 . 1 7 4 4 7 3 c 0  1 1.=375747 0  0

^ o
),T> ? ■ ) . '  ;  : C  4 : l . 12:3  741- ■ j 4 • 1 .  1  7 - i j  77 " 0 3 I. . 4 2 4 4 3 4 4 05 0 . 5 3 0 7 0 7 ; 0  5 0.3411057 05 0.54  1  705 ' - 05 3 . 12 O 02  4 F 05

C o
?  7 t  ' 1 . 301  1  1'.4 M |1 .  7 72 1'3 3r 1 3 0 . 1 7 7 3 1 3 4 1  1 , 1.  2047  i h f 1  1 ( ) . 4 G " 5 ? 0 F 1 1 0 . 4 7 3 1 1 0 . 14 4 3 5 0 E 1 0

y 1 ' é  r - ,  V V . r i 1 . 7 .  I 2 r . ' 1 1 . 3111 J 4 C 0 1 0 .  7 4  3.;'4 1  r 0 1 0.11714  74 07 0 . 1  7 " 0 -10 ! : C  ? 0 .25204  7 c 0 2 0.2  3 545  7 F 0 1

b :  . 1,71174 0 1 ■ 1 .  4 2 < ) ( , 3 S " U (.7  133  331- 0 1 , 1.  1 3 3743 ' : 0  2 0 . 254035 F f  7 1. 4 6 2 5 1 7 7 0 2 0.251 55 17 0 1

a ' .  2  ' 1  '  ! ■- '  - C ' . ' 1  . 24 1' ,  1 1 r ‘ j 3 .  34 :13 3 '7i ; 04 ( ■ . 4 4 1 C S 3 F O S 0 .  l i M O  7 1  r 0  3 0 . 4 2 1 0 0 i ; (14 0 . 6 0 " 4 1 0 E 05 3 .  14  3513 E 05

o r 1 .  4 '  - I ' . W ,  71 r ' 1.  1 7 3 3.4 1 = )  1 ;  ■ .  „  4 2 4 7 3 3 1 1 .  7 74  ’3 14 " 1 0 . 1C P 7 70 ' : 0  7 0.1624057 0 2 0 .  ( . 3  371  5 7 0 0

c 1.4  1 1: . V 1 ' : 0 , 7 1 17 -11 ' 1 0 0 . 2 4 4 3 3 4 4 1  1 0 . M 425  4 ' ‘ 1 1 0 .  1 . 7 4  > 0  17 17 ,7 .  7 74.0 7 7 - 1 2 0.4  3  2,26 77 1 2 0 .47054  I E 1 0

° o
J  .  I  )  7 7 !  ?  F 1 1 0 , ,  3 14 n 1  / 1 . 4 2 1 3 4 7 4 1  ’ n .  3 4 74  04  F - 1 2 0 .  "344537 1 2 1 . 5 4 7 " 4 2 F 1  3 0 .  5005-1  I F 13 0 . 5 4 0 1 6 0 E 1 1

d 1.4  7 ' ,  1 , . r s ■ 1 . (  • •  14 M ' (It ) 0 .  14 .1'3 7 7 4 0  1 t3 . 2 3 f . 70 3 r 0  ' 3.4  5 3  1 5  3 7 0  - 1 334171  7 05 0 . 3 1 4 1 1 5 7 0 7 3.5357647 06

E 1. 3 ' 1 1 1  i 1 . 1 311' H h l 14 1 .  2  5 0 712 ' : 14 <3 .  7 9 P 5 0 4 ( : 1  3 0 .  H  7 4 7 j ; 14 0.5  1431  17 15 0.41534 77 1 3 0.16 17 047 1  1

V O

*These parameters are consistent with the following units: pressure in psia, volume in ft^/lb mole,
temperature in °R. The gas constant used is 10.7335.



TABLE 13
ORIGINAL BWR EQUATION-OF-STATE PARAMETERS* FOR INDIVIDUAL HYDROCARBONS11

M E T H A N E E T H A N E P ROPANE N - B U T A N E N - P E N T A N E N - H E X A N E N - H E P T A N E ETH3TLENE

®o O.I' -VA u t ''■1 >. r 1 ) 1J s [ I 0 . I 4 4 44 - 0 1 C . I'.'II' lie 3'1 0. ZSinu .L FI (' . 7l34 33SF ri 0 . 3 1 0 7 '3 ’ - '31 3. 4 710 4 JC ” 3

^ o n.< .’SC C /, 7 \}^ f'S )i r,4= 0 7 (3. ̂ OS 0.4 1 0  4 4 .-IK 0Ÿ 0.S4-.34 3F OF '3.h(.'.3 70 4F OS 0 . 1 2S014F 05

Co 0 7‘)7r.3F 'lY 1'3 i = 1 0 0. 17 13>3‘,|- 11 13. 7SS1 7?r I I 0.40 4S(.?r 1 1 0 . 4 7 0 3 4  )F 1 1 3.1437740 13

y 1. 1 ( I M F ri 1. 3 7 > ‘ (1 1 S . 4 , 4 3 7 7 ;3 1 ( .F 77447 3 ('1 3 . 1 7 1 3 3 S F 37 ■ 1 7 11 1S1 C7 '3.230 I47F 07 3.?76J44F G I

b (1, 7-' 1 I Cl 3. 7 7 7 01 ( . 1 I7r- isr 0 7 3.171441F c > ■0,7 ' 3 3 37 Ç 0 7 3 . 3  33) 3'7 3.770673F 01

a C4 '3.7 1 1 -, 17 f -s ■’ . 4 77 4 n c ;3 ■> I'. 1 L 37;)SF i - ■» 0 . 7 4 -JI 4 It 3 4 ■;.47-3'7U1F 04 3.6?M0f.F OS •3. 1 SS4SSF 05

a ),S1 I7.?0c FFl . 11 -n 1 4/, F .1 '3.7444 771 ni (3 . 4 7 ■. M  !. 01 '3. 74 1' 0 7 F 01 0.11 14 44r 0 7 3. 170 OS -,F ,17 3.7 31461= 0,3

C O.A'JMIO.SE )■; 1 .74 I 11'.f 1 3 (3.7 474 731 11 C.M'/.-'S'-F 11 "3. I hi 3 0-,F 1 7 4 . 3> -,A 3 7 n 1 7 0.433427F 12 3.41134 IF 13

00o

*These parameters are consistent with the following units: pressure in psia, volume in ft /lb mole,
temperature in °R. The gas constant used is 10.7 335.



81

Methane
Source of Data

Review of sources of experimental data for methane 
has been given in Chapter II.
Results from Regression Analysis

Densities. A total of 40 points were taken from 
van Itterbeek's^^^ data (-253.5°F to -153.7°F), Vennix's^^^ 
data (-144,7°F to 26.3°F) and Douslin's^^ data (77°F to 
257°F). The average absolute deviation was 0.315%. Original 
BWR equation predictions were compared with the same data 
set, and the average absolute deviation was 1.14%. Compari
sons of predicted and experimental densities using the 
modified and original BWR equations are presented in 
Tables 14 and 15. Topographical plots of deviations are 
presented in Figures 14 and 15. Legends for these topo
graphical plots are given in Figure 13.

Enthalpy Departures. Fifty-eight points were taken 
from J o n e s d a t a  as corrected by Yesavage.^^^
The average absolute deviation was 0.453%. original BWR 
equation predictions were compared with the same data set, 
and the average absolute deviation was 9.28%, Comparisons 
of predicted and experimental enthalpy departures using 
the modified and original BWR equations are presented in 
Tables 16 and 17. Topographical plots of deviations are 
presented in Figures 16 and 17.
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TABI.E 14

COMPARISON OF PREDICTED DENSITIES USING THE MBWR EQUATION 
WITH EXPERIMENTAL VALUES FOR METHANE_____________

7 PE DE DC DEV %DEV
( F) (PSIA) (LBMOLF/CF )

-25 3. 5 129.7 1.6316 1.6370 -0.0062 -0.378
-25 2.5 1093.7 1.6548 1.6584 -0,0036 -0.215
-253. 5 1932.2 1.6731 1.6745 -0.00 14 -0.C86
-234.8 142.1 1.573) 1.5720 0.0011 0. 070
-234.8 652.0 1.58R1 1.5862 0.0019 0. 121
-234.8 IR15.3 1.6192 1.6148 0.004 4 0. 274
-IS 7. 7 188.4 1. 4347 1.4326 0.0021 0. 144
-1S7.7 511.5 1.4520 I .4405 0.0035 0. 242
-15 7.7 875 .4 1.469) 1.4646 0.004 5 0. 308
-15 7.1 1699.3 1.5033 1.4960 0. 0073 0. 485
-151.9 574 .5 1.2333 1.2383 -0.0050 — 0 » 40 6
-151.9 897.C 1.2718 1.2739 -0.002) -0.169
-151.9 1541.3 1.3280 1.3260 0.0020 0. 147
-151.9 1799.3 1.3461 1.3428 0.0033 0. 245
-15 1.9 2C71.6 1. 3639 1.3588 0.0051 0. 375
-120.9 1565.3 1.1861 1.1075 -0.0014 -0.121
-12C.9 2 103.4 1.2446 1.2425 0.0021 0. 169
-14 4.7 368 .0 0.1598 0.1589 0-0009 0. 579
-144.7 413.9 1.1551 1.1606 -0.0055 — 0. 4 76
-144.7 1881.5 1.3247 1.3207 0.0040 0. 304
-99.7 503.5 0.1766 0.1783 -0.0017 -0. 946
-99.7 1013.2 0.8584 0.8571 0.0013 0. 154
-54.7 562.7 0.1594 0.1604 -0.0010 —0.609
-54.7 1521.4 0.6956 0.6929 0.0027 0. 387
-54.7 1915 .8 0.8573 0.8523 0,0050 0.58 1
26.3 728.1 0.1591 0.1600 -0.0009 — 0.564
26.3 1749.3 0.4500 0.4515 -0. 0015 -0. 341
7 7.0 344 .9 0.06 24 0.0626 -0.0002 -0.267
77.0 962.9 0.18 72 0.1883 -0.001 1 -0.592

122.0 377 .1 0.06 24 0.0626 -0.0002 -0,285
122.0 1724.1 C.3120 0.3132 -0.0012 -0.398
167.0 409.2 0.0624 0.0626 -0.0002 -0.297
167.0 1925.2 0.3120 0.3128 -0.0008 -0.252
212.0 441.4 0.06 24 0.0626 -0.0002 -0.346
212.0 2 126. 1 0.3120 0.3125 -0. 0005 -0, 170
257.0 4 73 .2 0. 0624 0-0626 -0.0002 -0,312
257.0 2324.7 C.3120 0.3121 -0.0001 -0.036
302,0 405.0 0.C499 0.0501 -0. 0002 -0.352
341.0 403.4 0.0468 0.0469 -0.0001 -0.300
341,0 430.2 0. 0499 0.0501 -0.0002 -0.360
662 .0 606.5 0.0499 0.0501 -0.0002 -0.356

/VER/5GE / E S C L L I E  D E V I A T I O N  = 0 . 3 2 2 3 %
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TABLE 15
COMPARISON OF PREDICTED DENSITIES USING THE OBWR EQUATION 

_________WITH EXPERIMENTAL VALUES FOR METHANE____________
T FF OF DC DFV %OFV

IF) (PSIA) (LBMOLF/CF)

-253.5 129.7 1.6316 1.6296 0.0020 0.124
-253.5 1C 93.7 1.6548 1.6477 0.0071 0.4^0
-253.5 1932.2 1.6731 1.6621 0.0110 0.657
-234.8 142. 1 1.5731 1.5560 0.0171 1.088
-234.e 652.0 1.5881 1.5689 0.0192 1.212
-234.8 1815.3 1.6192 1.5950 0.0242 1.493
-151.7 188 .4 1.4347 1.4081 0.0266 1.853
-157. 7 511.5 1.4520 1.4232 0.0288 1.981
-157.7 e 75.4 1.4691 1,4386 0.0305 2.077
-157.7 1699.3 1.5033 1.4686 0.0347 2.306
-151.9 574.5 1.2333 1.2121 0.0212 1.719
-15 1.9 897.0 1.2718 1.2476 0.0242 1.901
-151.9 1541.3 1.3280 1.2989 0.0291 2. 190
-151.9 1799.3 1.3461 1.3153 0.0308 2.288
-151.9 2071.6 1.3639 1.3309 0.0330 2.419
-12C.9 1565.3 1. 1861 1.1658 0.0203 1.714
-120.9 2103.4 1.2446 1.2196 0.0250 2.009
-144.7 368.C , 0.1598 0.1584 0.0014 0.846
-144.7 413.9 1.1551 1.1336 0.0215 1 .858
-144.7 1881.5 1.3247 1.2939 0.0308 2.325
-55.7 503.5 0.1766 0.1767 -0.0001 -0.060
-55.7 1C13.2 0.8584 0.8275 0.0309 3.594
-54.7 562.7 0.15*4 0.1592 0.0002 0.137
-54.7 1521.4 0.6956 0,6830 0.0126 1.810
-54,7 1915.8 0.8573 0.8477 0.0096 1.125
26.3 728,1 0.1591 0.1591 0.0000 0.003
26.3 1749.3 0.4500 0.4489 0.0011 0.234
77.0 344.9 0.0624 0.0624 -0.0000 -0.058
77.0 562.9 0.1872 0,1874 -0,0002 -0=009
125.C 377.1 0.0624 0.0625 -0.0001 -0.103
122.0 1724. 1 0,3120 0.3124 -0.0004 -0.132
167.0 409.2 0.0624 0.0625 -0.0001- -0.140
167.0 1925.2 0.3120 0.3125 -0.0005 -0.154
212.0 441.4 0,0624 0.0625 -0.0001 -0.213
212.0 2126.1 0,3120 0.3126 -0.0006 -0.205
257.0 473.2 0.0624 0.0625 -0.0001 -0.202
257.0 2324.7 0.3120 0.3126 — 0.0006 -0. 178
302,0 405.0 0.0499 0.0500 -0.0001 -0^275
347.0 403.4 0.0468 0.0469 -0.0001 -0.240
347.0 430.2 0.0499 0.0500 -0.0001 -0.298
66 2.0 606.5 0.0499 0.0501 -0.0002 -0.368

/VERAGE ABSOLUTE DEVIATION = 1.0272%
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TABLE 16

COMPARISON OP PREDICTED ENTHALPY DEPARTURES USING 
THE MBWR EQUATION WITH EXPERIMENTAL

VALUES FOR METHANE__________________
1 Pt Hf HC PFV *OFV

IF) (PST4) lR7t)/l RVni F) PTII/I 8

-?sc.n 450.0 -34P7.R5 -3471.84 -1 .00 0.46
-?o(.n 45C.C -31A9.47 -1165.81 -1 .47 0.74
-1*56.0 450.0 -2760.17 -2766.19 -n. 1 8 0.10
- IOC. 0 450.0 -5 11.65 -515.11 0.09 -n.?n
-5C.C 450.C -170.B9 -171.11 0.01 -O.ll
bc.n 450.C -237.74 -214.87 - 0 . I 8 1.21

-Z5C.0 60C.C -14B4.no -1462.26 -1.16 0.62
-?rc. n 5 0 0.0 -1191.64 -1159.74 -2. 1 1 ) .06
-150.0 500.0 -2797.40 -2781.72 -0. 98 0. 56
- ICC.0 5CC.G -769.69 -769.95 9.0? -0.01
-5C.0 5CC.C -513.0? -517.67 0.29 -0.90

0.0 6CC.C -392.71 -194.47 0.11 -0,45
-25C.0 1000.C -1457.37 -1416.11 -1 . 11 0.6 1
-POC.C 1000.C -1179.84 -1141.79 -2. 17 1.20
-15C.0 1000.0 -2B2B.5? -2801.22 -1.58 0.89
- lOC.O ICCC.C -2127.49 -2094.81 -2 . 04 1 .54
-50.0 1000.0 -996.51 -988. 88 -0.48 0,77

c.o ICOC.O -694.94 -696.42 0.09 -0.21
50.0 ICCO.C -540.94 -541.92 0.06 -0.18

-250.0 1200.C -1430.4? -1421.15 -0.45 0.21
-20C.0 12CC.C -1156.10 -1112.01 -1.50 0. 76
- 15C.0 12CC.C -2B17.67 -2807.47 —0 .61 0.16
-loc.n 1200.0 -2268.98 -2260.72 -0. 51 0.16

c.o 1200.0 — 847.66 -855.25 0.47 -0.90
50.0 12CC.C -651.95 -655. 80 0.24 -0.59

-25C.C 1500.C -3196.89 -3401.18 0. 19 -0. I"
-2CC.C 15C0.C -3127.39 -1116.51 -0.68 0.15
- 15C.Q 1500.C -2804.94 -2808.76 0. 24 -0.14
-lOC.O 15C0.C -2155.77 -2168.41 0U79 -0.54
-5C.C 1500.C -1596.98 -1608.74 0. 71 -0.74

C.O 1500.0 -1075.6? -1089.04 0. 84 -1.25
5C.C 15CC.C -822.15 -823.34 0.07 -0.14

-25C.0 2CCC.C -1358.21 -3369.31 0.69 -0.31
-20C.0 2000.0 -1096.75 -1088.78 -0.50 0.26
-15C.C 2CCC.C -2796.76 -2801.73 0.11 -0.18
- ICC.O 2CCC.C -2427.79 -2449.87 1.11 -0.74
-50.C 2000.0 -1913.70 -1927.40 -0.19 0.11

C.O 2C0C.C -1417.15 -1411.18 -0.25 0.28
5C.0 2000.C -1077.06 -1076.14 -0.05 0.07

4VER4GE ABSOLUTE DEVIATION = 0.5291*

AVERAGE ABSOLUTE DEVIATION IN BTU/LR = 0.68



87
TABLE 17

COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE 
OBWR EQUATION WITH EXPERIMENTAL VALUES FOR METHANE

T pr HF HC nr V "f. FV
(F ) IPS I A I (HTU/I BMfll F 1 HTU/I.P

-fen.c 450.0 -%4R7.55 -4TT5.05 52.81 -2 . 2'i
-?rc.n 450.0 -;1R9.47 -T412.no 1 3.88 - .OH
-isc.r 450.0 -2749.17 -2754,49 1 . 70 - . on
- I (5 r. r 450.0 -51T.44 -5^0.41 n.4i - . 13
-50.C 450.0 -T70.R9 -145.15 -0. I 1 . 47
■3 c. c 450.0 -217.74 -225.45 -0.5^ .81

-;'5c.c 500.0 -1404.00 -4124.40 52.52 -2 . 1 8
-70C.0 500.0 -1101.64 -1404.40 13.27 - .67
-I5C.0 400.0 -2757.40 -2012.91 0.57 — * .55
- loc.n 400.0 -749.45 - 770.90 0.00 - .16
-5C.0 400.0 -513.02 -512.99 -0.00 .̂ 1

C. r 400.0 -352.71 -1A4.92 -0.36 .4 7
-250,0 1000.0 -3457. 17 -4 103. 1 9 52. 73 -2 . 46
-200.0 1000.0 -1175.84 -3350.10 13.1 1 - .6 1
-150.0 1000.0 -2828.52 -2835.25 0.42 -t . 74
- lOC.O 1000.0 -2127.45 -2045.33 - 5 . 1 2 . 86
-5C.0 lOCO.f -954.53 -948.42 -1.74 .80

C.O lOCC.O -454.54 -480.30 -0.91 . 1 1
50.0 1000.C -540.54 -524.45 -0.90 .68

-250.0 12CC.C -3430.42 -4251.32 53.67 -2 .10
-200.0 1 200.0 -1154.10 -3380.58 14.02 - . 1 3
-15C.0 1200.0 -28 17.42 -2839.50 1 . 36 - .78
-100.0 1200.C -2248.58 -2231.43 -2.34 .65

C.O 1200.0 -847.44 -834.38 -0.83 .57
50.0 1200.0 -451.95 -634.99 -0.93 .25

-250.0 1500.0 -3354. 85 -4273.24 54.63 -2 .80
-20C.0 1500.0 -1127.35 -3366.41 14.90 - . 64
-15C.0 1500.0 -2804.94 -2840.57 2.22 — .27
- ÎCîC.vO 1 c r> -2355.77 -2335.76 — I m • 0^
-5C.0 1500.C -1596.58 -1574.76 - 1 . 3 0 .35

C.O 1500.C -1075.62 -1042.57 -0.81 .21
50.0 1500.0 -822.15 -800.31 -1.36 . 66

-250.0 2000.0 -3358.23 -4242.55 55.13 -2 .13
-2CC.C 200C.C -3096. 75 -3340.12 15.17 — .86
-150.0 2C00.C -2796. 74 -2832.86 2.25 — .25
-lOC.O 2000.C -2427.79 -2412.06 -0.98 .65
-50,0 2000.0 -1933.70 -1855.94 -2.35 .95

0.0 2000.0 -1417.15 -1384.66 -2.03 .29
50.C 2000 .0 -1077.06 -1049.85 -1 .70 .53

fVtPACE ABSOLUTE DEVIATION = 4.0443%
4VEPAGF ABSOLUTE DEVIATION IN OTU/LP = 11.30
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Vapor Pressures. A total of 17 points were taken

91from Matthews and Hurd (-250,0°F to -230.0°F) and
137Vennix (-218„98°F to -116.51°F). The average absolute 

deviation was 0.26%. Original BWR equation predictions 
were compared with the same data set, and the average ab
solute deviation was 5,61%. Prediction of fugacities along 
the vapor pressure curve using the modified and original 
BWR equations are presented in Tables 18 and 19 respective
ly. It may be noted that at conditions other than the 
critical point, zero percent deviation in fugacity predic
tion means the failure of the equation of state to indicate 
a two-phase region.

Ethane
Source of Data

Comprehensive compilation of the thermodynamic proper
ties of ethane have been presented by Michels, Straaten and

95 41 112Dawson , Din, et , Sage and Lacey and Can jar and
21Mann ing

Results from Regression Analysis
Densities. A total of 28 points were taken from 

API Project 44^^^ (-280°F to -130°F), Canjar and Manning 
(-100°F to 50°F) and Sage and Lacey (100°F to 310°F). The 
average absolute deviation was 1,29%. Original BWR equation 
predictions were compared with the same data set, and the 
average absolute deviation was 1.73%, Comparisons of pre
dicted and experimental densities using the modified and
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TABLE 18
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 
_________FOR METHANE USING THE MBWR EOUATION_________

T PE FUL run %DFV
(El (FS lA ) (PSIA) (PSIA)

-;5f.6P 14 .6 5 6 14.4255 14.1703 -1.90
-25?.CC 1* .400 16.9259 16.7020 — 1.36
-2 5C.rC 2 1.710 20.9295 20.6999 —0 .63
-245.CC 26.600 25.3422 25.195? -0.6?
-24C.CC 3 2 .4 0 0 30.5196 30.4402 -0.26
-225.rr 35.CCC 36.4 04 I 36.3444 -0.16
-22C.CC 46.400 43.0375 42.9701 -0. ?7
- 2 2 5 .CC 54.gfC 50.4603 50.1932 -0.53
-2 If .56 6f,C30 60.4960 59.8260 -1.12
-2 14.15 76.650 69.4374 69.7912 -0.94
-2((.5E 66 .760 77.9371 77.1525 -0.99
-2C5.CC 1C 1 .CCC 86.7297 86.720? -0.01
-155.14 115.5CC 101.2009 100.6795 -0.52
- 155 .CC 132.CCC 113.3727 113.2931 — 0 .09
-lfi5.ee 169.700 141.9997 141.9742 0.05
-19 1.53 182.150 151.4151 151.2361 -0.12
- 175.CC 2 14.5CC 174.3955 174.9974 0.29
-Iff.34 246.400 199.2152 19P.46I2 0.12
-i65.ee 267.300 210.8619 211.3904 0.25
- If(.6 6 25C.45C 227.0612 227.0933 O . O l
-155.CC 325 .000 251.3244 252.1998 0.35
-145.85 352.71C 291.5203 292.3445 0.29
-135.36 444.570 322.3335 323.6216 0.40
-135.ce 492 .COO 343.9469 345.1377 0 . ? 7

-13 i . n * C .2 3C 360.1260 361.2341 0.31
-125.CC 575.ore 395.5371 396.6375 0.29
-123.55 567,100 401.3564 402.7656 0.35
- 12C.22 6 2 6 . 6 CC 421.764? 423.1497 0.33
-Ilf.51 666.720 442.6533 442.6543 0.00

/ V E P A L [  / E S O l U i e  D E V I A T I O N  = 0 . 4 4 1 0 %
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TABLE 19
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR METHANE USING THE OBWR EQUATION

1 FF nil. FUG 9HFV
( F ) (F M A ) (PSIA) (PSIA)

- 2 *5 F . 6 f 14 .CF6 10.022 1 14.1246 29.C5
-PÇf.CC 1 7.ACC 1 2. •’009 16.6447 26.04
-2 5C.CC 2 1.7 10 19.^7M3 20.6224 22.52
-ZA'.rc ?6 .ACO 20.4439 25.0864 18.90
- / AC .CC 22.ACC 25.4620 ’C.31A2 16.01
-23E.CC 29.000 ’1.4E02 36.1876 13.28
-23C.CC AC .ACC 35.1402 42.68*6 10.65
-22Î .CC 5 4.ECO 4S.7H13 49.9654 8.37

le.çp C C .020 56.1966 59.5522 5.63
H .  15 7C.6EC 65.5257 68.4746 4.31

CC.7C0 7A.3156 76.79P6 3.23
-2CE.CC 1C I.000 P5.7333 88.3142 2.r?

115.ACC 99.PI 94 100.2330 1 .4 1
-ist.cc 12? .CCC 1ll.^P89 112.7962 1.07
-lEE.rC 169.701 14 1 .4 728 141.4313 -0.C3
- le i.'3 IE?-150 151.4223 150.6882 -0.49
-17E.CC ? 14.900 175.3994 174.3403 -C.61
- J6E.2A 2AE-ACC 200.1652 197.9626 -1.11
- IfE.CC 2C7.2CC 2 19.2P?3 210.9722 -1.1?
-16C.E6 2‘'C .450 230.0555 226.790P -1.48
-155.rc 229 .COG 255.1CP2 251.9662 -1.25
-145.e< 292.71C 296.4517 292.4905 -1.?5
-13S.3E AAA.970 320.0217 324.1870 -1.18
- 1 3Î.CC 452.CCC 349.9080 346.0718 -1.13
-12 1.77 51C.22C 366.0923 362.4927 -1.13
- I25.CC 575.CCC 40 2.54 76 398.7957 -0.8 4
-1Z2.S5 567.ICC 408.44 26 405.1274 -0.P2
- 12 C.22 6?f.ecc 426.2732 426.273? C.O
- I K . 51 656.720 447.9ft09 447."612 O.CO

AVERAGE /eSOLUIE TFVIATICN = <S,C7C-R*
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original BWR equations are presented in Tables 20 and 
21 .

Enthalpy Departures. Forty points were taken from 
Sage and Lacey's compilation (100°F to 310°F), These 
enthalpy departures were derived from PVT data through 
rigorous thermodynamic relationships. In the absence of 
experimental data, these derived enthalpy departures 
were used to insure the internal consistency of equation- 
of-state parameters. The average absolute deviation was 
1.53%. Original BWR equation predictions were compared 
with the same data set, and the average absolute deviation 
was 1.04%. Comparisons of predicted and derived enthalpy 
departures using the modified and original BWR equations 
are presented in Tables 22 and 23.

Vapor pressures. A total of 28 points were taken 
n  1from API Project 44 (-220°F to -130°F) and Canjar and

Manning (-127.85°F to 90.0“F). The average absolute de
viation was 0.19%. Original BWR equation predictions 
were compared with the same data set, and the average 
absolute deviation was 15.59%. Predictions of fugacities 
along the vapor pressure curve using the modified and 
original BWR equations are presented in Tables 24 and 25 
respectively.
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TABLE 20
COMPARISON OF PREDICTED DENSITIES USING THE MBWR
EQUATION WITH EXPERIMENTAL VALUES FOR ETHANE
1 PF HE DC DFV 70EV

IF) (PSIA) (LRMOLF/CF)

-22C.O 14.7 1.2644 1.3049 -0,0405 -3.201
-190.0 14.7 1.2249 1.2494 -0.0245 -1.998
- 16C.C 14.T I.1836 I.1980 -0.0144 -1.214
-130.0 14.7 1.1390 1.1489 -0.0099 -0.865
-100.0 31.6 1.0988 1.1006 -0.0018 -0.167
-70.0 63.0 1.0560 1.0517 0.0043 0.404
-40.0 113.4 1.0077 1.0003 0.0073 0.729
-10.0 189.0 0.9526 0.9440 0.0086 0.908
50. 0 44 1,3 0.803] 0.7903 0.0128 1. 590

100.0 400.0 0.0840 0.0853 -0.0013 -1.589
ICC. 0 2500.0 0.8163 0.8231 -0.0068 -0.828
ICC.C 3000.0 0.8410 0.8474 -0.0064 -0.755
100.0 4000.0 0.8803 0.8841 -0.0038 -0.429
100.0 6000.0 0.9320 0.9347 -0.0027 -0.289
130.0 ICCO.C 0.3775 0.3784 -0.0009 -0.241
130.0 2CC0.C 0.7123 0.7144 -0.0021 -0.292
13C.C 3000.0 0.7880 0.7945 -0.0065 -0.829
160.0 2500.0 0.6930 0.6938 -0.0008 -0.109
I6f .0 4000.0 0.7949 0.7964 -0.0015 -0.183
160.0 6000.0 0.8658 0.8670 -0.0012 -0.14%
160.0 8000.0 0.9158 0.9133 0.0025 0.275
190,0 2000.0 0.5476 0.5390 0.0078 1.428
190.0 6000.0 0.8326 0.8327 -0.0001 -0.01 2
190.0 10000.0 0.9268 0.9228 0.0040 0. 430
220.0 2500.0 0.5634 0.5571 0.0063 1.124
220.0 5000.0 0.7593 0.7584 0.0009 0.114
220.0 7000.0 0.8313 0.8298 0.0015 0.185
250.0 1000.0 0.1675 0.1707 -0.0032 -1.925
250 = 0 2000=0 0=4068 0.4078 -0,0010 -0.238
250.C 4000.0 0.6636 0.6591 0.0045 0.677
250.0 6000.0 0.7657 0.7641 0.0016 0.205
280.0 ICCO.C 0.1536 0.1565 -0.0029 -1.980
280.0 2000.0 0.3595 0.3628 -0.0033 -0.926
280.0 3000.C 0-5236 0.5187 0.0049 0.934
280.0 4000.0 0.6211 0.6164 0.0047 0.756
280.0 7000.0 0.7710 0.7684 0.0026 0.337
310.0 ICOO.C 0.1429 0.1452 -0.0023 -1.626
310.0 250C.C 0.4092 0.4096 -0.0004 -0,093
310.0 3500-0 0.5373 0.5318 0.0055 1.014
3 10.0 500C.C 0.6515 0.6466 0.0049 0.758
310.0 9000.C 0.8026 0.7996 0.0030 0.370

AVERAGE ABSOLUTE DEVIATION = 0.7822%
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TABLE 21
COMPARISON OF PREDICTED DENSITIES USING THE OBWR

EQUATION WITH EXPERIMENTAL VALUES FOR ETHANE
T PE DE n c OFV ?OEV

( F) (PSI4 1 (LBMOLF/CF)

-2?0.0 14.7 1.2644 1.3139 -0.0495 -3.910
- 19C.0 14.7 1.224P 1.2488 -0.0239 -1.954
- 16C.0 14.7 1.1836 1.1906 -0.0070 -0.594
-13C,n 14.7 1.1390 1.1368 0,0022 0.194
- lOC.O 31.6 1.0988 1.0854 0.0134 1.218
-7C.0 63.0 1.0560 1.0346 0.0214 2.022
-4C.0 113.4 1.0077 0.9825 0.0252 2.408
-10.0 1P9.0 0.9526 0.9266 0.0260 2.733
50.0 441.3 0.8031 0.7816 0.0215 2.680
ICC.O 400.0 0.0840 0.0848 -0.0008 -0.940
lOC.O 2500.0 0.8163 0.8193 -0.0030 -0.368
ICC.C 3000.0 0.8410 0,8428 -0.0018 -0.217
ICC.O 40 00.0 0.8803 0.8788 0.0015 0.175
10 0.0 6000.0 0.9320 0.9288 0.0032 0.344
130.0 ICCC.C 0.3775 0.3806 -0.0031 -0.817
130.C 2000.0 0.7123 0.7190 -0.0067 -0.945
130,0 3000.C 0.7880 0.7944 -0.0064 -0.808
16C.C 2500.0 0.6930 0.7005 -0.0075 -1.082
160.0 4000.0 n . 7949 0.7980 -0.0031 -0.388
160.0 6OCC.0 0.8658 0.8664 -0,0006 — 0.066
160.C e o c c . o 0.9158 0.9116 0.0042 0.458
190.0 2000.0 0.5476 0.5498 -0.0022 -0.394
190.0 6000.0 0.8326 0.8346 -0.0020 -0.246
190.0 10000.0 0.9268 0.9226 0.0042 0.455
220.0 2500.0 0.5634 0.5664 -0.0030 -0.525
220.0 5CCC.Q 0.7593 0.7641 -0.0048 — 0.636
220.0 7000.0 0.8313 0.8332 -0.0019 -0.226
250.0 1000.0 0.1675 0.1690 -0.0015 - 0 . 8 7 8

250^0 2000=0 0=4068 0=4099 -0=0031 -0,759
250.0 4000.0 0.6636 0.6681 -0.0045 -0.675
250.0 6000.0 0.7657 0.7706 -0.0049 — 0.636
28C.C ICCO.C 0.1536 0.1550 -0.0014 -0.894
280.0 2000.0 0.3595 0.3628 -0.0033 -0.909
280.0 3000.0 0.5236 0.5259 -0.0023 -0.433
280.0 4000.C 0.6211 0.6257 — 0.0046 -0.734
280.0 7000.0 0.7710 0.7755 -0.0045 -0.589
310.0 ICCC.C 0.1429 0.1439 -0.0010 -0.681
3 10. 0 2500.r 0.4092 0.4115 -0.0023 -0.557
310.0 3500.0 0.5373 0.5392 -0.0019 -0.349
310.0 5CGC.C 0.6515 0.6559 -0.0044 -0.677
310.0 8000.C 0.8026 0.8068 -0.0042 -0.524

fVFRACE ABSOLUTE DEV lATION = 0.8828?
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TABLE 22
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING
THE MBWR EOUATION WITH DERIVED VALUES FOR ETHANE.

T PE HE HC OFV %ncv
(F) (PSIfll (BTU/LBMOLF) BTU/LR

inc.o 1750.0 -4203.26 -4282.73 2.65 -l.Rn
ICC. 0 2000.0 -4249.20 -4329.80 2.68 -1.90
ICC.O 2250.0 -4280.78 -4361.89 2.70 -1.89
loc.n ICCO.C -4331.54 -4407.05 2.51 -1.74
ICC. 0 3500.0 -4341.83 -4412.13 2.34 -1.62
110.0 1250.0 -3426.86 -3376.72 -1.67 1. 46
I3C.0 2000.0 -3893.19 -3967.73 2.48 -1.91
13 C . 0 ?OOC.C -4090.30 -4146.27 1.86 -1.37
1 3C.0 6000.0 -4039.17 -4126.84 2.02 -2.17
nc.c 10000.0 -3726.72 -3820.57 3.12 -2.<2
16C,0 2000.0 -3514.69 -3550.77 1.20 -1.03
16C.C 3000.0 -3784.48 -3865.50 2.70 -2.14
16C.0 4000.0 -3863.81 -3956.35 3.08 -2,39
16C.0 5000.0 -3871.61 -3969.25 3.25 -2.52
19C.0 1250.C -2024.78 -2104.88 2.67 -3.96
19C.C 2000.0 -3196.84 -3121.91 -2.49 2.34
190.0 3500.0 -36 74.27 -3663.89 -0.35 0.28
19C.G 5000.0 -3756.60 -3763.84 0.24 -0. 19
Î9C.0 6000.0 -3743.61 -3757.63 0.47 -0.37
19C.C 8000.0 -3648.38 -3667.35 0.63 -0.52
22C.0 ICOC.O -1329.44 -1342.92 0.45 -1.01
22C.0 1500.C -2160.27 -2152.29 -0.27 0.37
220.0 3000.0 -3365.91 -3271.62 -3. 14 2.80
220.0 4000.0 -3544.37 -3477.88 -2.21 1.88
25C-0 2000.0 -2427.96 -2394.15 -1.13 1 ,39
25C.0 ICOO.C -3038.67 -2984.51 -1.80 1.78
25C.0 4500.0 -3323.54 -3304.24 -0.64 0.58
25C.O 5000.0 -3357.22 -3346.67 -0.35 0. 31
250.0 6000.0 -3379.70 -3383.00 O.ll -0.10
20C.O 20CC.C -2131.70 -2114.13 -0.58 0.82
280.0 3000.0 -2786.67 -2718.04 -2.28 2.46
20C.O 4CC0.0 -3053,76 -3004.47 -1.64 1.61
280.0 5000.0 -3169.77 -3140.48 -0.97 0.92
310.0 2000.0 -1904.48 -1882.72 -0.72 1. 14
310.0 3000.0 -2562.45 -2476.35 -2.87 3.36
310.0 5000.0 -3029.98 -2940.08 -2.99 2,97
340.0 1000.0 -362.01 -945.35 -0.55 1.93
340.0 2000.0 -1732.11 -1690.65 -1.38 2.39
340.0 ICOO.C -2353.42 -2260.02 -3.11 3.97

fVERAC f ARSCLUTE DEVIATION = 1.6936%

AVERAGE ABSOLUTE DEVIATION IN BTU/LB = 1.77
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TABLE 2 3
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING
THE OBWR EOUATION WITH DERIVED VALUES FOR ETHANE
T PF HF HC OFV TDEV

( F ) (PSIA) (RTII/LB(«OLE) PTU/LP

ICC.O 1760.C -4203.26 -4279.35 2.53 -1.81
ICC.O 2CCC.C -4249.20 -4316.83 2.25 - 1.59
ICC.O 2260.C -42P0. 78 -4341.36 2. 02 -1 .42
ICC.O 3CC0 .0 -4331.54 -4369.90 1.2P -0.89
ICC.O 35CC.C -4341.83 —4 366.58 0.82 -0.57
1 3C.C 12 50.C -3426.86 -3466.64 1.32 -1.16
130.0 2OC0.0 -3893.19 -3988.09 3.16 -2.44
13C.C 3CC0.C -4090.30 -4129.06 1.29 -0.95
130.0 6crc.c -4039.17 -4060.24 0. 70 -0.52
130.0 lOCOO.C -3726.72 -3717.37 -0.31 0. 25
16C.C 2CCC-C -3514.69 -3604.28 2.98 -2.55
16C.0 3000.C -3784.48 -3875.65 3.03 -2. 41
160.0 4CCC.C -3863.81 -3940.07 2.54 -1.97
16C.C 5CCC.C -3871.61 -3934.19 2.08 -1.6?
19C.0 1260.0 -2024.78 -2101.24 2.54 -3. 78
19C.0 2CC0.C -3196.84 -3182.76 -0.47 0.64
19C.0 3500.C -3674. 27 -3686.05 0.39 -0.32
19C.0 5C0G.0 -3756.60 -3752.21 -0. 15 0.12
19C. C 6CC0. C -3743.61 -3729.34 -0.47 0.38
19C.0 8000.0 -3648.38 -3613.12 -1. 17 0.97
220.0 1000.0 -1329.44 -1334.64 0, 17 -0.39
22C. C 15fC.C -2160.27 -2160.55 0.01 -0.01
220.0 3000.0 -3365.91 -3327.45 -1.28 1. 14
220.0 4000.0 -3544.37 -3511.70 -1.09 0.92
25C.O 2000.C -2427. 96 -2428.09 0.00 -0.01
25C.O ICOC.O -3038.67 -3048.59 0.33 -0.33
25C.C 4500.C -3323.54 -3349.35 0.86 -0.78
25C.0 5CCC.C -3357.22 -3382.96 0. 86 -0.77
25C.O 6COO.O -3379=70 -3402=62 0= 76 — 0,68
28C.O 2000.0 . -2131,. 70 -2138.90 0.24 -0.34
280.0 3000.0 -2786.67 -2782.46 -0. 14 0.15
28C.O 4000.0 -3053.76 -3071.84 0,60 -0.59
28C. 0 5CC0.C -3169.77 -3196.51 0.89 -0.84
310.0 2000.0 -1904.48 ' -1902.55 — 0. 06 0. 10
310.0 30,00.C -2562.45 -2537.21 -0.84 0.99
310.0 5000.C -3029.98 -3011.35 -0.62 0.61
340.C ICOO.C -862.01 -846.93 —0. 50 1.75
34C.C 2000.0 -1732.11 -1708.10 -0.80 1.39
340,0 3000.C -2353.42 -2316.23 -1.24 1.58

/»VE«/»GF AESOLUTF OEVIATION = 1.0129%

fVERAGF A8 Sf.LI.TE DEVIATION IN BTU/LB = 1.10
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TABLE 24
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR ETHANE USING THE MBWR EQUATION

T PE FUL FUG *DFV
(F) (PSIA) (PSIA) (PSIA)

-220.00 0.269 0.2673 0.2685 0.44
-210.00 0.4 89 0.4846 0.4374 0.S9
-20C.00 0.842 0.8345 0.8380 0.42
-19C.00 1.385 I.3729 1.3754 0.18
-18C.C0 2.189 2.1688 2.1677 -0.05
- 1 7C.OO 3.339 3.3037 3,2949 -0.27
-16C.CC 4.938 4.8705 4.8519 -0.38
-15C.0C 7.099 6.9737 6.9395 -0.49
-140.00 9.952 9.7249 9.6700 -0.57
-13C.00 13.640 13.2418 13.1617 -0.61
-127.F5 14.696 14.1104 14.1526 0.30
-120.CC 18.480 17.6460 17.6846 0.22
-lie.00 24.350 23.0597 23.0952 0.15
- ICC.00 31.550 29,6011 29.6303 0.10
-9C.CC 40.270 37.3885 37.4124 0.06
-80.00 50.660 46.5303 46.5172 -0.03
-7C.00 62.970 57.1307 57.0923 -0.07
-60.00 77.370 69.2787 69.2030 -O.ll
-50.00 94.130 83.0623 82.9793 -0.10
-40.00 1 13.400 98.5466 98.4411 -O.ll
-3C.CC 135.500 115.7993 115.7188 -0.07
-20.CC 160.600 134.8643 134.8133 -0.04
-10.GO 189.000 155.7805 155.7985 0.01

C.O 220.800 178.5668 178.5983 0.02
10.00 256.300 203.2368 203.2516 0.01
20.00 295.900 229.7954 229.8263 0.01
30.00 339.700 258.2197 258.1919 -0.01
40.00 388.100 288.4839 288.3623 -0.04
45.CC 414.100 304.2878 304.0925 — 0 . 06
50.CC 441.300 320.5273 320.2156 -0.10
55.00 469.800 337.1904 336.7446 -0.13
60.00 499.600 354.2610 353.6497 -0.17
65.00 530.800 371.7180 370.9341 -0.21
7C.00 563.300 389.5203 388.5242 -0.26
75.00 597.200 407.6116 406.4238 -0.29
8C.0C 632.700 425.8721 424.6558 -0.29
65.CC 670.300 443.3145 443.3145 0.0
9C.C1 709.800 462.3704 462,3689 -0.00

AVERAGE ABSOLUTE DEVIATION = 0,1832*
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TABLE 25
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES

FOR ETHANE USING THE OBWR EQUATION

1 PF FUL FUG %OEV
IF) ( P S I A ) (PSIA) (PSIA)

-2PC.cn 0 . 2 6 9 0 . 0 4 1 1 0 . 2 6 8 4 8 4 . 7 1
- 2 i c . r o 0 .489 0 . 1 1 2 0 0 . 4 8 7 4 7 7 . 0 3
-2CC.CC 0 . 8 4 2 0 . 2 6 5 0 0 . 8 3 7 9 6 8 . 7 7
-19C.OO 1.365 0 . 5 5 8 9 1 . 3 7 5 2 5 0 . 3 6
- i 8 C.no 2 . 1 8 9 1 . 0 7 2 3 2 . 1 6 7 4 5 0 . 5 0
- 1 7 C . 0 C 3 . 3 3 9 1 . 9 0 4 5 3 . 2 9 4 4 4 2 . 1 9
- i 6 C.no 4 . 9 3 8 3 . 1 6 8 1 4 . 8 5 1 2 3 4 . 6 9
- 1 5 0 . 0 0 7 . 0 9 9 4 . 9 3 9 4 6 . 9 3 8 7 2 8 . 0 9
- 14 C. C0 9 . 9 5 2 7 . 5 0 1 2 9 . 6 6 9 2 2 2 . 4 2
- 1 3 0 . 0 0 1 3 . 6 4 0 1 0 . 8 3 9 2 1 3 . 1 6 1 3 1 7 . 6 4
- 1 2 7 . 6 5 1 4 . 6 9 6 1 1 . 6 7 8 0 1 4 . 1 5 2 4 1 7 . 4 8
- i 2 C.no 1 6 . 4 8 0 1 5 . 1 3 7 8 1 7 . 6 8 5 6 14 .41
- 1 1 0 . 00 2 4 . 3 5 0 2 0 . 5 2 4 4 2 3 . 0 9 9 0 1 1 . 1 5
- I C C . 00 3 1 . 5 5 0 2 7 . 1 2 2 6 2 9 . 6 3 9 0 8 . 4 9

- 9 0 . 0 0 4 0 . 2 7 0 3 5 . 0 4 3 9 3 7 . 4 2 9 1 6 . 3 7
- a c . o o 5 0 . 6 6 0 4 4 . 3 8 7 7 4 6 . 5 4 6 2 4 . 6 4
- 7 C . 0 C 6 2 . 9 7 0 5 5 . 2 4 6 8 5 7 . 1 3 9 6 3 . 3 1
- 6 C.OO 7 7 . 3 7 0 6 7 . 6 9 5 7 6 9 . 2 7 6 3 2 . 2 8
- 5 C . 0 0 9 4 . 1 3 0 8 1 . 8 0 5 9 8 3 . 0 8 8 7 1 . 5 4
- 4 C . 0 C 1 1 3 . 4 0 0 9 7 . 6 2 9 1 9 8 . 5 9 9 0 0 . 9 8
- 3 0 . 0 0 1 3 5 . 5 0 0 1 1 5 . 2 1 2 9 1 1 5 . 9 4 1 5 0 . 6 3
- 2 0 . 0 0 1 6 0 . 6 0 0 1 3 4 . 5 9 2 6 1 3 5 . 1 2 0 5 0 . 3 9
- 1 C . GO 1 8 9 . 0 0 0 1 5 5 . 7 9 3 3 1 5 6 . 2 1 4 8 0 . 7 7

0 . 0 2 2 0 . 8 0 0 1 7 8 . 8 3 1 4 1 7 9 . 1 5 2 8 0 . 1 8
1 0 . 0 0 2 5 6 . 3 0 0 2 0 3 . 7 1 3 2 2 0 3 . 9 8 0 6 0 . 1 3
2 0 . 0 0 2 9 5 . 9 0 0 2 3 0 - 4 4 9 1 7 3 0 . 7 7 3 4 0 -  14
3 0 . 0 0 3 3 9 . 7 0 0 2 5 9 . 0 2 2 9 2 5 9 . 4 1 0 4 0 . 1 5
4C.0C 3 8 8 . 1 0 0 2 8 9 . 4 2 8 7 2 8 9 . 9 1 7 0 0 . 1 7
4 5 . 0 0 4 1 4 . 1 0 0 3 0 5 . 3 1 0 1 3 0 5 . 8 4 3 8 0 . 1 7
5 0 . 0 0 4 4 1 . 3 0 0 3 2 1 . 6 3 4 5 3 2 2 . 1 8 4 6 0 . 1 7
5 5 . 0 0 4 6 9 . 8 0 0 3 3 8 . 4 0 1 6 3 3 8 . 9 5 6 3 0 . 1 6
6 0 , 0 0 4 9 9 . 6 0 0 3 5 5 . 5 9 7 9 3 5 6 . 1 2 8 9 0 . 1 5
6 5 . 0 0 5 3 0 . 8 0 0 3 7 3 . 2 2 2 9 3 7 3 . 7 1 1 4 0 . 1 3
7 0 . 0 0 5 6 3 . 3 0 0 3 9 1 . 2 4 9 5 3 9 1 . 6 3 1 8 0 . 1 0
7 5 . 0 0 59 7 , 2 00 4 0 9 . 6 6 2 1 4 0 9 . 8 9 4 3 0 . 0 6
8 0 . 0 0 6 3 2 . 7 0 0 4 2 8 . 4 4 8 5 4 2 8 . 5 2 7 6 0 . 0 2
6 5 . 0 0 6 7 0 . 3 0 0 4 4 7 , 6 2  06 4 4 7 . 6 1 8 9 - 0 . 0 0
9 0 . 0 1 7 0 9 . 8 0 0 4 6 7 . 0 2 9 5 4 6 7 . 0 3 0 5 0 . 0 0

fVERfCE />eSOLlTE DEVIATION = 14.70??%
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Propane
Source of Data

Comprehensive compilations of the thermodynamic prop-
40erties of propane have been presented by Din , Sage and 

Lacey^^^, Canjar and Manning^^. Recent contributions in
clude PVT measurements by Dawson and McKetta^^, Dittmar

42 57and coworkers and Huang . Accurate enthalpy data
141were reported by Yesavage 

Results from Regression Analysis
Densities. A total of 30 points were taken from 

API Project 4 4 III (-250°F to -130°F), Huang (-148°F to 
32®F) and Sage and Lacey (100°F to 460°F). The average 
absolute deviation was 1.16%. Original BWR equation 
predictions were compared with the same data set, and the 
average absolute deviation was 1.6%. Comparisons of pre
dicted and experimental densities using the modified and 
original BWR equations are presented in Tables 26 and 27. 
Topographical plots of deviations are presented in Fig
ures 18 and 19.

Enthalpy Departures. Forty points were taken from 
Yesavage (-250°F to 250“F ) . The average absolute devia
tion was 0.40%. Original BWR equation predictions were 
compared with the same data set, and the average absolute 
deviation was 51.34%. Comparisons of predicted and ex
perimental enthalpy departures using the modified and 
original BWR equations are presented in Tables 28 and 29,
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TABLE 26
COMPARISON OF PREDICTED DENSITIES USING THE MBWR
EQUATION WITH EXPERIMENTAL VAXUES FOR PROPANE
T

IP)
PP 

(PSfA)
OF DC
(IBMOLF/CF)

DFV %DFV

-25C.0 14.7 0.99 3 3 1,0168 -0.0235 -2. 369
- 2 2 C . 0 14.7 C.9707 0,9800 -0.0093 -0.961
- lOC.O 14.7 0.9480 0.9476 0.0004 0.C38
— 16 0.0 14.7 0.9253 0.5182 0.0071 0.762
-13C.0 14.7 0.8981 0.8908 0.0073 0.810
-14P.0 1000.0 0.9218 0.9127 0.0091 0.986
-112.0 2000.0 0.9006 0.8890 0.0116 1.284
-7f . 0 ICCC.C 0.8610 0.8531 0.0079 0.915
-4C.0 2000.C 0.84 11 0.8349 0.0063 0. 744
-4.0 ICCC.C 0.7986 0.7948 0.0038 0.475
-4.0 2CC0.C 0.8114 0.8080 0.0034 0.413
3 2.0 2000.0 0.7802 0.7804 -0.0002 -0.022
ICC. 0 500.0 0.6793 0.6767 0.0026 0.383
ICC.C ICCO.C 0.6940 0.6959 -0.0019 -0.277
lOC.O 1500.0 0.7067 0.7110 -0.0043 -0.608
IOC. c 2CCC.0 0.7174 0.7236 -0.0062 -0.870
130.0 500.0 0.6365 0.6307 0.0058 0.907
130.0 1250.0 0.6662 0.6701 -0.0039 -0.584
130.0 1500.C 0.6743 0.6795 -0.0052 -0.776
130,0 1750.C 0.6812 0.6879 -0.0067 -0.989
1 6 C . 0 3CC.C 0.6031 0.5997 0.0034 0.5S9
i 6C. 0 1000.0 0.6146 0.6154 -0.0007 -0.119
160.0 1500.C 0.6382 0.6440 -0.0058 -0. 908
16C.0 2000,0 0.6566 0.6648 -0.0082 -1.250
22C.0 500.0 0.1035 0.1025 0.0010 0.966
220.0 1500.0 0.5546 0.5546 0.0000 0.002
22C.C 2CC0.0 0.5858 0.5929 -0.0070 -1.201
25C.C 500.0 0.0901 0.0895 0. 0006 0.689
250.0 ICCC.C 0 « 3893 0.3 784 0.0109 2 .790
250.C 1500.0 0.5061 0.4979 0.0082 1.615
250.0 2000,0 0.5470 0.5507 -0.0037 -0.678
302.0 425.7 0.0624 0.0622 0.0002 0.302
347.0 1180.1 0.2185 0.2196 -0.0011 -0.489
347.0 1406.8 0.2809 0.2817 -0.0008 -0.274
437.0 535.1 0.0624 0.0624 -0.0000 -0.044
437.0 2104.6 0.3121 0.3107 0.0014 0.446
482.0 3R10.0 0,4370 0.4422 -0.0052 -1.201
527.0 605.5 0.0624 0.0625 -0.0001 -0.226
527-0 1132.8 0,1249 0.1255 — 0.0006 -0.471
527.0 1872.0 0.2185 0.2198 -0.0013 -0.593
527.0 2404.5 0.2809 0.2823 -0.0014 -0.48 3

AVERAGE ABSOLUTE DEVIA TION = 0.7434%
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TABLE 28
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE 

MBWR EQUATION WITH EXPERIMENTAL VALUES FOR PROPANE.

T PF HE HC OFV %OFV
(F) (PSIA) (RTU/LRMOLF) RTll/l B

-25C.0 500 .0 -10071.07 -10123.38 I. 19 -0.52
-?5C.0 ICCO.C -9991.70 -10056.64 1.47 -O.f 5
-P5C.0 1500.C -9916. 74 -9990.02 1.66 -0.74
-25C.n 2000.0 -9R90.2R -9923.13 0. 74 -0.37
-?oc.c 500.C -9599.26 -9571.20 -0.63 0.29
-200.0 irrn.c -9519.09 -9501.89 -0.4 1 0. I®
-200.0 1500.C -9449.34 -9432.15 -0. 39 0. 18
-200.0 2000.0 -9414.07 -9362.13 -1.18 0.55
-150.0 500.C -9131.06 -9120.67 -0. 25 0. 1 2
-150.C ICCO.C -9052.50 -9049.95 —0 .06 0.03
-150. 0 15C0.C -8981.95 -8978.62 -0.00 0.04
-150.0 2000.0 -8937.05 -8906.81 -0. 70 0.35
-100.0 500.0 -8642.42 -8656.49 0.32 -0.16
-ICC.C 1000.0 -0602.73 -8506.40 -0.37 0.10
-100.0 1500.0 -8523.37 -8515.39 -0. 10 0.00
-50.0 500.0 -0227.94 -8194.06 -0.77 0.41
-50.0 1000.0 -8152.90 -8127.70 -0.57 0.31
-50.0 1500.C -8082.43 -8059.57 -0.52 0.20
-50.0 2000.0 -8038.33 -7989.97 -1. 10 0.60

0.0 ICCC.C -7712.04 -7670.99 -0. 75 0.43
C. 0 1500.C -7650.30 -7617.64 -0. 74 0.43
0.0 2000.0 -7610.62 -7553.54 -1.29 0.75

50.0 500.C -7324.01 -7270.05 -1.22 0.74
50.0 1500.0 -7196.14 -7102.26 -0.31 0.19
50.0 2CC0.C -7169. 60 -7120.71 — 0.93 0.57

ICC.O 500.0 -6794.00 -6755.67 -0.89 0.50
ICC.O 1500.C -6733.15 -6,35.56 0.05 -0.04
lOC.O 2000.0 -6719.92 -6701.56 -0.42 0.27
i 5 C . 0 500. 0 -6124.65 -6ÛH6.12 -0.87 0.6?
15G.0 ICCC.O -6204. 02 -6209.27 0.12 -0.08
150.0 1500.C -6101.90 -6240.44 1.51 -1.08
200.0 5C0.C -1843.13 -1835.50 -0.17 0.41
200.0 ICCC.O -5494.11 -5472.55 -0.49 0.39
200.0 1500.0 -5670.48 -5673.45 0.07 -0.05
2CC.0 2CC0.0 -5745.45 -5752.43 0. 16 -0.12
25C.0 5C0.C -1314.00 -1311.97 -0.05 0.15
250.0 1000.0 -4246.25 -4221.77 -0.56 0.58
25C.Q 1500.0 -4964.98 -4941.89 -0.52 0.46
250.0 2000.0 -5172.22 -5173.67 0.03 -0.03

/VER/»GE fPSCLUIF DEVIATION = 0.3597%

AVERAGE /eSCLUTE DEVIATION IN BTU/LB = 0.61
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TABLE 29
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE

OBWR EQUATION WITH EXPERIMENTAL VALUES FOR PROPANE
T . PF ME HC DFV ?OEV
(Fi (PStA) ( 5TU/LBMfJLF) BTU/I R

-25C.C 500.0 -10071.07 -33234.57 525.32 -230.00
-250.0 1000.0 -onoi.70 -33104.56 525.99 -232.12
-25C.C 1500.0 -0916.74 -33134.59 526.55 -234.13
-250.0 2000.0 -5890.2fl -33004.51 526.02 -234.52
-200.0 500.0 -9509.26 -20094.82 238.03 - 109.34
-20C.0 1000.0 -5519.89 -20040.68 238.60 -1 10.51
-200.0 1500.0 -9449.54 -19906.28 230.97 -111.51
-20C.0 2000.0 -9414.07 -19931 .74 230.53 -111.72
- 15C.0 500.0 -9131.86 -14101. 30 112.70 -54.42
-150.0 1000.0 -9052.50 - 14044.34 113.21 -55.14
- 15C.C 1500.0 -8981.95 -13986.95 113.51 -55.72
- 15C.0 2000.0 -0937. 85 -13929.09 113.20 -55.84
-100.0 500.0 -0642.42 -10999.59 53.46 -27.27
-ICC.C 1000.0 -8602.73 -10941.42 53.04 -27.19
-100.n 1500.0 -0523.37 -10082.43 53.50 -27.68
-50.0 500.0 -0227.94 -9223.18 22.57 -12.10
-5C. 0 1000.0 -0152.98 -9166.14 22.98 -12.43
-50.0 1500.0 -8082.43 -9107.60 23.25 -12.60
-50.0 2000.0 -8038.33 -9047.74 22.89 -12.56

0.0 1000.c -7712.04 -0051.92 7.71 -4.41
0.0 1500.0 -7650.30 -7996.09 7. 86 -4. 53
0.0 2000.0 -7610.62 -7939.49 7.46 -4.32

50.0 500.0 -7324.01 -7320.00 -0.09 0.05
50.0 1500,0 -7196.14 -7233.62 0.85 -0.52
50. 0 2000.0 -7169.68 -7182.79 0.30 -0. IP
100.0 500.0 -6794.88 -6608.92 -2.40 1.56
100.0 1500.0 -6733.15 -6649.69 -1.89 1 .24
ICC.O 2000.0 -6719.92 -6612.55 -2.44 I .60
150.0 500.0 6124.65 —6055.33 -1.57 1.13
150.0 1000.0 -6204.02 -6124.73 -1.80 1. 28
150.0 1500.0 -6181.98 -6141.12 -0.93 0.66
20C.0 500.0 - 1843.13 -1091.93 1.11 -2.65
200. 0 1000.0 -5494.11 -5479.57 -0.33 0.26
2CC.0 1500.C -5670.48 -5621.94 -I. 10 0.86
200.0 2000.0 -5745.45 -5671.59 -1.67 1.29
250. C 500.C -1314.00 -1365.86 1.18 -3.95
250.0 1000.0 -4246.25 -4216.59 -0.67 0.70
250.0 1500.0 -4964.90 -4980.36 0. 35 -0.31
250. G 2000.0 -5172.22 -5172.30 0.00 -O.oo

/VfR/»C Î APSCLUTE OFVTATinN = 45.0864%
fVFRfCC APSOLUTE OEVIATinM IN RTU/LR = 97.54
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Topographical plots of deviations are presented in Fig
ures 20 and 21.

Vapor Pressures. A total of 19 points were taken from 
API Project 44^^^ (-140°F to -50°F) and Canjar and Manning 
(-43.73°F to 206.26°F). The average absolute deviation 
was 0.48%. Original BWR equation predictions were compared 
with the same data set and the average absolute deviation 
was 10.47%. Predictions of fugacities along the vapor 
pressure curve using the modified and original BWR equations 
are presented in Tables 30 and 31.

n-Butane
Source of Data

Comprehensive compilations of the thermodynamic prop
erties of n-butane have been presented by Prengle and 
coworkers^^^, Sage^^^ and Canjar and Manning^^.
Results from Regression Analysis

Densities. A total of 32 data points were taken from 
API Project 44^^^ (-220.0°F to 20°F) and Sage and Lacey 
(100®F to 310°F). The average absolute deviation was 1.35%. 
Original BWR equation predictions were compared with the 
same data set, and the average absolute deviation was 
1.93%, Comparisons of predicted experimental densities 
using the modified and original BWR equations are presented 
in Tables 32 and 33.

Enthalpy Departures. Thirty-nine derived enthalpy 
departure points were taken from Sage and Lacey (lOOT to
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TABLE 30
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR PROPANE USING THE MBWR EQUATION

T PF Fill Flin roFv
(FI (PSlA1 (PSIAl (P9IA)

- 14C.0C 0.605 0.5900 0.6025 2.00
- nc.oc C.932 0.9091 0.926 7 1.00
- i;?o.oo 1 .194 1.1605 1 .1814 1 .65
- u f . r c 2.010 1.9015 2.0096 1 .40
- ioc.ro 2.PP7 2.0159 2.0497 1.19
-9c.ro 4.0 17 1.9124 1.9515 0.99
-ac.cc 5.401 5.3257 5.1700 0.02
-6C.no 9.6 00 9.1102 9. 3907 0.56
-43.73 14 .696 14.0505 14.1160 0.4 1
-1C, on 20.110 19.2061 19.1459 0.31
-?o.on 25.395 23.9150 21.9670 0.21
-ic.ro 11 .376 29.1122 29.3590 0.16

c.c 10.371 15.5100 35.5767 0. 1 1
10.00 46.470 42.6575 42.6654 0.02
PC.CO 55.0C7 50.7211 50.7047 -0.04
10.00 66.460 59.7092 59. 7202 -0.12
40.00 70.577 69.9017 69.7081 -0. 1 7
5C.0C 92.231 01.1072 80.9107 -0.23
60.00 107.590 93.4392 93.1076 -0.27
70.00 124.710 106.9264 106.5944 -0,11
ac.no 141.020 121.5954 121.1990 -0.11
90.00 164.990 137.4636 137.0235 -0.3?
lOC.OC 108.120 154.5397 154.0500 -0.32
lie.00 214.020 172.0101 172.3165 -0.29
120.00 242.190 192.3301 191.0605 -0.24
130.00 271.000 213.0351 21 2.6776 -0.17
14C.CC 306.760 234,9201 234.7252 -0.00
145.00 325.370 246.3418 246.5473 0.08
15C.0C 341.520 257.9700 250.04 74 0.01
155.00 361.110 269.9216 270. 1748 0.09
16C.00 383.450 282.1445 202.5652 0.15
165.00 404.710 294,6460 295.2088 0.22
170.00 426.090 307.4105 300.2976 0.29
175.00 450.010 320.4500 321.6028 0.36
Î8C.00 474.060 333.7585 335.1650 0.42
105.00 499.020 347.3115 340.9514 0.47
19C.CC 525.100 361.1375 363.0022 0.51
195.00 552.230 375.2344 377.2341 0.51
206.26 61 7.470 400.0886 400.0004 0.0

AVERAGE fmSCLUIE DEVIATION = 0.4 5 6 7 %
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TABLE 31
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES

FOR PROPANE USING THE OBWR EQUATION

T PF riJL FUG tOFV
(F) IPSlA) IPSIA) (PSIA)

-  i40.ro 0 . 6 0 5 0 . 2 2 5 9 0 . 6 0 2 5 6 7 - 9 1
- n o . r o r , 93 2 0.4210 0 . 9 2 6 6 5 4 - 5 7
-ÎP0.00 1 . 39 4 0 . 7 3 4 6 1 . 38 3 2 4 6 . 8 9
-1  i c . r c 2 , 0 3 0 1 . 2 1 2 0 2 . 0 0 9  3 3 9 . 6 8
- 1 0 0 . 0 0 2 . 8P 7 1 . 90 5 3 2 . 8491 3 3 .  1 3

- 9 0 . 0 0 4 . 0 1 7 2 . 8 7 2 9 3 . 9 5 0 3 2 7 . 2 7
- 8 0 . 0 0 5.401 4 . 1 7 7 9 5 . 3 6 7 9 2 7 . 1 7
-60.00 9 . 6 8 0 8 . 0 6 5 3 9 . 3 8 4 9 1 4 . 0 6
- 4 3 . 7 1 1 4 . 6 9 6 1 2 . 7 9 3 3 1 4 . 1 0 3 5 9 . 2 9
- 3 0 .  00 2 0 . 3 3 8 1 8 . 1 0 4 8 1 9 . 3 2 3 7 6-31
- 2 0 . 0 0 2 5 - 3 9 5 2 2 . 8 3 4 5 2 3 . 93 4 1 4 . 5 9
- 1 0 . 0 0 3 1 - 3 7 6 2 8 . 3 5 7 8 2 9 - 3 1 1 9 3 - 2 6

0.0 38 - 1 71 3 4 . 7 2 7 9 3 5 . 5 0 8 6 2-20
10.00 4 6 - 4  70 4 1 . 9 9 7 8 4 2 . 5 7 0 4 1 . 3 4
20.00 5 5 . 8 0 7 5 0 . 2 1 2 4 5 0 . 5 7 4 3 0 - 7 2
3 0 . 0 0 6 6 - 4 6 0 5 9 . 4 1 5 1 5 9 . 5 4 4 4 0.22
4 0 . 0 0 7 0 . 5 7 7 6 9 . 6 4 0 5 6 0 . 5 5 4 9 - 0 . 1 2
5 0 . 0 0 9 2 . 2 3 1 8 0 . 9 2 4 6 8 0 . 6 1 3 4 - 0 . 3 9
6 0 . 0 0 1 0 7 . 5 9 0 9 3 . 2 9 6 2 9 2 . 7 9 3 9 - 0 - 5 4
7 0 . 0 0 1 2 4 . 7 3 0 1 0 6 . 7 7 8 4 1 0 6 . 0 9 3 3 — 0 - 6 5
8 0 . 0 0 1 4 3 . 8 2 0 1 2 1 . 3 9 2 6 1 2 0 . 5 6 8 8 —0 . 6 8
9 0 . CO 1 6 4 . 9 9 0 1 3 7 . 1 5 5 6 136 . 2401 —0 .  67

ICC.00 1 8 8 . 3 2 0 1 5 4 . 0 8 1 7 1 5 3 . 0 8 7 2 - 0 . 6 5
110.00 2 1 4 . 0 2 0 1 7 2 . 1 8 1 5 1 7 1 . 1 6 5 3 - 0 . 5 9
120.00 2 4 2 . 1 9 0 1 9 1- 4 6 1 9 1 9 0 . 4 5 0 4 - 0 . 5 3
1 3 0 . 0 0 2 7 3 . 0 8 0 2 1 1 - 9 3 1 0 2 1 0 . 9 9 5 9 - 0 . 4 4
140- 00 3 0 6 - 7 6 0 2 3 3 . 5 8 5 9 2 3 2 . 7 3  85 — 0 .  36
1 4 5 . 0 0 3 2 5 . 3 7 0 2 44 - 8 9 9 9 2 4 4 . 3 8 8 6 - 0 - 2 1
1 5 0 . 0 0 7 4 3 . 5 2 0 2 5 6 . 4 3 2 9 2 5 5 . 7 2 3 1 - 0 . 2 8
1 5 5- 00 3 6 3 . 1 1 0 2 6 8 .  3030 2 6 7 . 6 6 9 7 - 0 . 2 4
1 6 0 . 0 0 3 8 3 . 4 5 0 2 8 0 . 4 6 1 4 2 7 9 . 8 7 3 8 - 0 . 2 1
1 6 5 . 0 0 4 0 4 . 7 3 0 2 9 2 . 9 1 8 5 2 9 2 . 4 0 3 8 - 0 . 1 8
1 70 . 00 4 2 6 . 8 9 0 3 0 5 . 6 6 6 0 3 0 5 . 2 1 4 6 - 0 .  15
1 1 5- 00 4 5 0 . 0 1 0 3 1 8 . 7 0 7 8 3 1 8 . 3 1 8 6 - 0 .  12
180 - 0 0 4 7 4 . 0 6 0 3 3 2 . 0 3 3 2 3 3 1 - 6 8 3 3 - 0 . 1 1
1 8 5 . 0 0 4 9 9 . 0 2 0 34 5- 6 3 1 1 3 4 5 - 7 8 0 5 - 0 . 1 0
1 9 0 . 0 0 5 2 5 . 1 0 0 3 5 9 . 5 0 8 1 3 5 9 . 1 6 2 6 — 0 - 1 0
1 9 5 . 0 0 5 5 2 . 2 3 0 3 7 3 . 6 4 1 4 3 7 3 - 2 7 3 7 - 0 . 1 0
2 0 6 . 2 6 6 1 7 . 4 7 0 4 0 5 , 8 4 6 4 4 0 5 - 8 4 6 2 0-0

^VERAGf ABSOLUTE DEVIATION = 8.6053%
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TABLE 32
COMPARISON OF PREDICTED DENSITIES USING THE MBWR EQUATION

WITH EXPERIMENTAL VALUES FOR n-BUTANE____________
1 PF DE DC OFV %DFV

(Ft (PSI/t ) (LBMOLF/CF)

- 2 2 C .O 1 4 . 7 0 . 7 9 3 2 0 . 8 0 5 6 - 0 . 0 1 2 4 - 1 . 5 6 8
- 2 0 C . C 14 .7 C.7846 0 . 7 9 0 4 - 0 . 0 0 5 8 - 0 . 7 4 2
- IBC. O 1 4 . 7 0 . 7 7 2 5 0 . 7 7 6 2 - 0 . 0 0 3 7 - 0 . 4 8 2
- 1 6 C . 0 1 4 . 7 C.7607 0 . 7 6 2 9 - 0 . 0 0 2 2 - 0 . 2 8 6
- I 4 C . 0 1 4 . 7 C . 7476 0 . 7 5 0 2 - 0 . 0 0 2 6 - 0 . 3 4 7
- 1 2 0 . 0 14.  7 0 . 7 3 5 2 0 . 7 3 8 0 - 0 . 0 0 2 8 - 0 . 3 8 7
- l O C. O 1 4 . 7 0 . 7 2 3 5 0 . 7 2 6 3 - 0 . 0 0 2 8 - 0 . 3 8 8

- 8 0 . 0 1 4 . 7 0 . 7 1 1 8 0 . 7 1 4 9 - 0 . 0 0 3 1 - 0 . 4 3 1
—6 0 . 0 1 4 . 7 0 . 7 0 0 6 0 . 7 0 3 6 - 0 . 0 0 3 0 - 0 . 4 3 1
- 4 C . 0 14 . 7 C.6891 0 . 6 9 2 5 - 0 . 0 0 3 4 - 0 . 4 8 8
- 2 0 . 0 1 4 . 7 0 . 6 7 7 4 0 . 6 8 1 3 - 0 . 0 0 3 9 - 0 . 5 7 7

C.O 1 4 . 7 0 . 6 6 5 3 0 . 6 7 0 1 - 0 . 0 0 4 8 - 0 . 7 1 5
20.0 1 4 .7 0 . 6 5 3 1 0 . 6 5 8 6 - 0 . 0 0 5 5 - 0 . 8 4 2

100.0 2CC.0 0 . 6 0 1 0 0 . 6 1 1 0 - 0 . 0 1 0 0 — 1 . 6 6 6
ICC.O ICCC.C 0 . 6 1 2 7 0 . 6 2 1 6 - 0 . 0 0 8 9 - 1 . 4 5 5
ICC.O 2CCC.C 0 . 6 2 4 6 0 . 6 3 2 7 - 0 . 0 0 8 1 - 1 . 2 9 1
lOC.O 5 C00 . 0 0 . 6 4 9 4 0 . 6 5 7 7 - 0 . 0 0 8 3 - 1 . 2 8 4
1 6 0 . 0 8 0 . 0 0 . 0 1 3 5 0 . 0 1 3 6 - 0 . 0 0 0 1 - 1 . 0 2 7
1 6 0 . 0 4 0 0 . 0 0 . 5 5 8 3 0 . 5 6 9 6 - 0 . 0 1 1 3 - 2 . 0 3 1
16C. 0 12 50.C 0 . 5 7 5 4 0 . 5 8 7 2 - 0 . 0 1 1 8 - 2 . 0 4 5
16C. C 17 5C.C C . 5838 0 . 5 9 5 4 - 0 . 0 1 1 6 - 1 . 9 8 8
1 6 0 . 0 350C.C 0 . 6 0 6 1 0 . 6 1 7 9 - 0 . 0 1 1 8 - 1 . 9 3 9
1 6 0 . 0 7CC0.C 0 . 6 3 6 9 0 . 6 4 8 4 - 0 . 0 1 1 5 - 1 . 8 1 2
220.0 ICO.C 0 . 0 1 5 2 0 . 0 1 5 4 - 0 . 0 0 0 2 - 1 . 0 4 9
220.0 200 . C 0 . 0 3 5 3 0 . 0 3 6 2 - 0 . 0 0 0 9 - 2 . 5 2 7
220.0 4CC.C 0 , 5 0 0 3 0 . 5 0 4 8 - 0 . 0 0 4 5 - 0 . 8 9 5
220.0 ICCC.C 0 . 5 6 5 6 0 . 5 7 9 4 - 0 . 0 1 3 8 - 2 . 4 3 2
220.0 5 0 0 0 . C 0 . 5 9 0 7 0 . 6 0 6 1 - 0 . 0 1 5 4 - 2 . 6 0 8
25C.C 100.0 0 , 0 1 4 4 0=0145 - 0 . 0 0 0 1 - 0 . 4 0 0
2 5 0 . 0 ICCC.C 0 . 4 9 4 8 0 . 5 0 0 3 - 0 . 0 0 5 5 - 1 . 1 1 5
2 5 C . 0 2000 . C 0 . 5 2 6 6 0 . 5 3 8 4 - 0 . 0 1 1 8 - 2 . 2 3 5
28C.C ICO.C 0 . 0 1 3 6 0 . 0 1 3 7 - 0 . 0 0 0 1 - 0 . 5 9 3
2 8 C . 0 200.0 0 . 0 2 9 9 0 . 0 3 0 4 - 0 . 0 0 0 5 - 1 . 5 1 7
2 8 0 . 0 1250.C 0 . 4 7 5 7 0 . 4 7 7 5 - 0 . 0 0 1 8 - 0 . 3 8 7
2 8 0 . 0 2 7 5 0 . C 0 . 5 2 3 8 0 . 5 3 6 2 - 0 . 0 1 2 4 - 2 . 3 6 8
2 8 0 . 0 7CC0.C 0 . 5 8 4 8 0 . 6 0 2 1 - 0 . 0 1 7 3 - 2 . 9 6 1
3 1 0 . 0 2C0C.G 0 . 4 8 0 3 0 . 4 8 5 9 —0 . 0 0 5 6 - 1 . 1 5 7
3 1 0 . 0 3CCC.C 0 . 5 0 9 4 0 . 5 2 1 8 - 0 . 0 1 2 4 - 2 . 4 3 1
4 0 0 . 0 200.0 0 . 0 2 3 8 0 . 0 2 4 0 - 0 . 0 0 0 2 - 0 . 7 4 0
43C.C 3 0 0 . C 0 . 0 3 5 6 0 . 0 3 6 1 - 0 . 0 0 0 5 - 1 . 3 8 1
4 3 0 . 0 40C.C 0 . 0 5 0 0 0 . 0 5 0 9 - 0 . 0 0 0 9 - 1 . 7 3 6

/VFR/Cf /eSOLUTE DEVIATION = 1.2867%
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TABLE 33
COMPARISON OF PREDICTED DENSITIES USING THE OBWR
EQUATION WITH EXPERIMENTAL VALUES FOR n-BUTANE
T PF OF DC OFV %DFV

(F) (PSIA) (LBMOLF/CF)

-220.0 14.1 0.7932 0.8806 -0.0874 -11.018
-200.0 14.7 0.7846 0.8522 — 0.0676 -8.611
-18C.0 14.1 0.7725 0.8266 -0.0541 -7.001
-160.0 14.1 0.7607 0.8033 -0.0426 -5.601
-14C.0 14.7 0.7476 0.7819 -0.0343 -4.591
-120.0 14.1 0.7352 0.7621 -0.0269 -3.659
-100.0 14.7 0.7235 0.7436 -0.0201 -2.776
-fiC.O 14.7 0.7118 0.7261 -0.0143 -2.014
-6C . C 14.1 0.7006 0.7096 -0.0090 -1.282
— 40. 0 14.7 0.6891 0.6938 -0.0047 -0,675
-20.0 14.1 0.6774 0.6785 -0.0011 -0.163

C.O 14.1 0.6653 0.6637 0.0016 0.241
20.0 14.7 0.6531 0.649? 0.0039 0.597
ICC.C 200.C 0.6010 0.5941 0.0069 1.145
lOC.O ICCO.C 0.6127 0.6032 0.0095 1.545
100.0 2CCO.O 0.6246 0.6130 0.0116 1.862
100.0 5CCC.C 0.6494 0.6357 0.0137 2 . 1  n
160.C 80.0 0.0135 0.0135 -0.0000 -0.276
16C.0 400. 0 0.5583 0.5526 0.0057 1.014
16C.0 1250.C 0.5754 0.5672 0.0082 1.431
160.0 1750.C 0.5838 0.5742 0.0096 1.639
16C.C 35CC.C 0.6061 0.5940 0.0121 1.988
160.0 7000.0 0.6369 0.6219 0.0150 2.350
220.0 100.0 0.0152 0.015? -0,0000 -0.304
220.0 200. C 0.0353 0.0354 -0.0001 -0.191
220.0 400.0 0.5003 0,4993 0.0010 0.197
220.0 3000.0 0.5656 0.5567 0.0089 1.572
220.0 5000.C 0.5907 0.5802 0.0105 1.781
250,0 100 = 0 0,01A4 0,0144 0,0000 0, 240
250.0 ICCC.C 0.4948 0.4931 0.0017 0.335
250.0 2CC0.0 0.5266 0.5214 0.0052 0.992
280.0 ICC.O 0.0136 0.0136 -0.0000 -0.031
280.0 200.0 0.0299 0.0299 -0.0000 -0.077
280.0 1250.0 0.4757 0.4752 0.0005 0.106
280.0 2750.0 0.5238 0.5185 0.0053 1.018
280.0 7000.0 0.5848 0.5746 0.0102 1.739
310.0 2000.0 0.4803 0.4787 0.0016 0.329
310.0 3000.0 0.5094 0.5060 0.0034 0.665
400.0 200.0 0.0238 0.0238 0.0000 0.034
430.0 300.0 0.0356 0.035 7 -0.0001 -0.278
430.0 400.0 0.0500 0.0501 -0.0001 -0.161

AVFRAGE ABSOLUTE DEVIATION = 1.7962*
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250®F). The average absolute deviation was 1.65%. Original 
BWR equation predictions were compared with the same data 
set, and the average absolute deviation was 2,0%. Seven 
points from the 130°F isotherm showed a relative deviation 
exceeding -5.0% using both the modified and original BWR 
equations. This tends to indicate inconsistency in the de
rived enthalpy departures at 130°F. Comparisons of pre
dicted and derived enthalpy departures using the modified 
and original BWR equations are presented in Tables 34 and 
35,

Vapor Pressures. A total of 25 points were taken from 
API Project 44^^^ (-110°F to 25®F) and Canjar and Manning 
(31.1°F to 305.62°F). The average absolute deviation was 
0.38%. Original BWR equation predictions were compared 
with the same data set, and the average absolute deviation 
was 13,7%. Predictions of fugacities along the vapor 
pressure curve using the modified and original BWR equations 
are presented in Tables 36 and 37.

n-Pentane
Source of Data

Comprehensive compilations of the thermodynamic
properties of n-pentane have been presented by Sage and

112 21 Lacey and canjar and Manning , Limited experimental
enthalpy data were reported by Gilliland^
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TABLE 34
COMPARISON OF PREDICTED ENTHALPY DEPARTURE USING THE
MBWR EQUATION WITH EXPERIMENTAL VALUES FOR n-BUTANE

T PF HE HC OFV ? 9 F V

( F ) ( P S Ï A ) ( B T U/ L B HO L F ) BTU/ LB

1 0 0 . 0 2 0 0 . C - 8 9 5 8 . 2 0 - 8 9 9 8 . 5 6 0 . 6 9 - 0 . 4 8
I C C . C 6 0 0 . 0 - 8 9 1 5 . 1 9 7 8 9 5 0 . 1 6 0 . 6 0 - 0 . 3 0

l O C . O I C C O. C - 8 8 6 8 . 4 9 - 8 8 9 7 . 1 4 0 . 4 9 - 0 . 3 2

1 0 0 . 0 1 5 0 0 . C - 8 7 9 9 . 8 8 - 8 8 2 5 . 8 9 0 . 4 5 - 0 . 3 0

I C C . O 3 C 0 C . C - 8 5 9 3 . 5 9 - 8 5 8 8 . 3 0 - 0 . 0 9 0 . 0 6
1 0 0 . 0 4 0 0 0 . 0 - 8 4 3 8 . 5 0 - 8 4 1 6 . 3 4 - 0 . 3 8 0 . 2 6

1 6 0 . 0 2 0 0 . C - 8 3 3 1 . 0 9 - 8 3 8 5 . 2 6 0 . 9 3 — 0 .  6 5
1 6 C . 0 4 0 C . 0 - 8 3 2 9 . 9 0 - 8 3 8 2 . 5 1 0 . 9 1 - 0 . 6 3
1 6 0 . 0 8 C 0 . C - 8 3 1 4 . 1 9 - 8 3 6 4 . 4 6 0 . 8 6 - 0 . 6 0
1 6 C .  0 1 5 C 0 . 0 - 8 2 6 3 . 0 9 - 8 3 0 6 . 1 8 0 . 7 4 - 0 . 5 2
1 6 0 . C 3 C C C . 0 - 8 0 9 6 .  30 - 8 1 1 8 . 6 4 0 . 3 8 - 0 . 2 8
1 6 C . 0 5 C 0 0 . C - 7 8 1 5 . 0 0 - 7 8 0 2 . 3 2 - 0 . 2 2 0 . 1 6

1 9 C . 0 6 0 0 . 0 - 7 9 7 2 . 4 9 - 8 0 5 1 . 3 9 1 . 3 6 - 0 . < ^ 9

1 9 0 . 0 1 2 5 0 . C - 7 9 6 3 . 7 0 - 8 0 4 8 . 0 9 1 . 4 5 - 1  . 0 6
1 9 C - 0 2 0 0 0 . 0 - 7 9 1 4 . 8 9 - 7 9 9 6 . 9 2 1 . 4 1 - 1 . 0 4
1 9 C . 0 3 0 0 0 . C - 7 8 1 6 . 1 0 - 7 8 8 7 . 3 6 1 . 2 3 - O . Q l
1 9 0 . 0 5 0 0 0 . 0 - 7 5 5 5 . 7 9 - 7 5 9 6 . 1 1 0 . 6 9 - 0 . 5 3
2 2 0 . 0 6 0 0 . 0 - 7 6 0 4 . 0 0 - 7 6 6 9 . 5 4 1 . 1 3 — 0 .  8 6
2 2 0 . 0 1 0 0 0 . 0 - 7 6 3 8 . 8 0 - 7 7 2 7 . 0 6 1 . 5 ? - 1 . 1 6
2 2 0 . 0 3 0 0 0 . 0 - 7 5 5 2 . 2 0 - 7 6 5 2 . 9 3 1 . 7 3 - 1 . 3 3
2 2 0 . 0 5 0 0 0 . 0 - 7 3 1 9 . 2 0 - 7 3 9 3 . 1 9 1 . 2 7 - I . 01
2 5 0 . C 8 0 0 . 0 - 7 2 5 1 .  79 - 7 2 7 2 . 5 1 0 . 3 6 - 0 . 2 9

2 5 0 . 0 1 5 0 0 . 0 - 7 3 3 7 . 2 0 - 7 4 2 5 . 4 6 1 . 5 2 - 1 . 2 0
2 5 C . 0 3 0 0 0 . 0 - 7 2 9 7 . 0 9 - 7 4 1 1 . 5 3 1 . 9 7 - 1  . 5 7
2 5 0 . 0 4 0 0 0 . C - 7 2 0 9 . 3 9 - 7 3 1 6 . 9 3 1 . 8 5 - 1 . 4 9

2 5 0 . 0 5 0 0 0 . 0 - 7 0 9 4 . 3 0 - 7 1 9 1 . 1 1 1 . 6 7 - 1 . 3 6

? I C . 0 2 0 0 0 . C - 6 7 8 0 . 4 0 - 6 8 0 0 . 0 0 0 . 3 4 - 0 . 3 Q
3 1 0 . 0 3 0 0 0 . 0 - 6 8 1 7 . 0 9 - 6 8 9 4 . 3 5 1 . 3 3 - 1 . 1 3
3 1 0 . 0 4 0  0 0 . 0 —6 7 7 7 . 0 0 —6 3 6 6 . 0 1 1 .  5 3 — 1 . 3 1
3 4 0 . 0 3 0 0 0 . 0 - 6 5 6 0 . 7 0 - 6 6 1 3 . 7 9 0 . 9 1 - 0 . 8 1
3 4 0 . 0 4 0 0 0 . 0 - 6 5 5 4 . 3 0 - 6 6 2 9 . 3 9 1 . 2 0 - 1 . 1 5
3 7 C . C 2 0 0 0 . 0 - 6 1 1 4 . 3 0 - 6 0 1 8 . 3 4 - 1 . 6 5 1 . 5 7
3 7 C . 0 I C C C . C - 6 3 0 4 . 4 0 - 6 3 1 8 . 2 0 0 .  24 - 0 . 2 2
3 7 0 . 0 4 0 0 0 . 0 - 6 3 3 3 . 3 9 - 6 3 8 4 . 4 0 0 . 8 8 - 0 . 8 1
4 C C . 0 I C O O . O - 4 0 0 7 . 4 0 - 4 0 3 3 . 2 0 0 . 4 4 —0 * 6 4

4 0 C . 0 3 0 0 0 . 0 - 6 0 6 5 . 2 0 - 6 0 1 0 . 6 0 - 0 . 9 4 0 . 9 0
4 0 C . 0 4 0 0 0 . 0 - 6 1 0 9 . 0 9 - 6 1 3 1 . 6 0 0 . 3 9 - 0 . 3 7

4 3 C . C 2 0 0 0 . 0 - 5 3 5 5 . 7 9 - 5 1 9 4 . 3 2 - 2 . 7 8 3 . 0 1
4 3 0 . 0 3 0 0 0 . 0 - 5 7 2 6 . 5 9 - 5 6 9 6 . 7 7 - 0 . 5 1 0 . 5 2

AVERAGE / e S O L U T F DEVI ATI ON = 0 . 8 2 4 9 7

AVERAGE A8S0LUTF OF VI AT I ON IN BT U/ L B = 1 . 0 0
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TABLE 35
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE

OBWR EQUATION WITH DERIVED VALUES FQR n-BUTANE
T PF HF HC OFV %DFV

(F) (PSIA) (BTU/LBMOLEl BTU/IB

lOf ,C 200.0 -R958.20 -9196.38 4. 10 -2.66
lOC.O 600.0 -R915.19 -9153.68 4.10 — 2 .68
lOC.O 1000.0 -8868.49 -9106.94 4. 10 -2.69
100.0 1500.0 -8799.88 -9043.79 4.20 -2.77
lOC.O 3000.0 -P593.59 -8831.55 4.09 -7.77
100.c 4000.0 -8438.50 -8676.48 4.09 -2.82
16C.0 200.0 -8331.09 -8320.68 —0. 18 0.12
160.C 400.0 -8329.90 -8314.06 -0,27 0.10
1 AC.O aro.o -8314. 19 -8291.75 -0.39 0.27
16C.0 1500.0 -8263.09 -8231.92 -0.54 0.3P
160.0 3000.0 -8096.30 -8050.68 -0.78 0.56
160.0 5000.0 -7815.00 -7749.12 -1.13 0.84
190.0 600.0 -7972.49 -7924.77 -0.82 0.60
190.0 1250.0 -7963.70 -7903.46 -1.04 0.76
190.0 2000.0 -7914.89 -7843.91 -1.22 C.90
190.0 1000.0 -7816.10 -7731.17 -1.46 1.09
190.0 5000.0 -7555.79 — 7443.40 -1.93 1.49
220.0 600.0 -7604.00 -7544.63 -1.02 0.78
220.0 1000.0 -7638.80 -7566.67 -1.24 0.94
220.0 3000.0 -7552.20 -7441.38 -1.91 1.47
220.0 5000.0 -7319.20 -7171.95 -2.53 2.01
250.0 flOO.O -7251.79 -7178.99 -1.25 1 .00
250.0 1500.0 -7337.20 -7242.89 -1.62 1.29
250.0 ^000.0 -7297.09 -7171.72 -2.16 1.72
250.0 4000.C -7209.39 -7061.41 -2.55 2.05
250.0 5000.0 -7094.30 -6925.97 -2.90 2.37
210.0 2000.0 -6780.40 -6648.45 -2.27 1.95
210.0 3000.0 -6817.09 -6663.55 -2.64 2.25
2 10.0 4000-0 -6777.00 -6594,90 -3.13 2-69
240.0 3000.C -6560.70 -6413.75 -2.53 2.24
340.0 4000.0 -6554.30 -6373.53 -3. 11 2.76
270.0 2000.C -6114.30 -6003.35 -1.91 1.81
370.0 3000.0 -6304.40 -6161.10 -2.47 2.27
370.0 4000.0 -6333.39 -6155.21 -3.07 2.81
400.0 ICCO.C -4007.40 -3972.11 —0 .61 0.88
400.0 3000.0 -6065.20 -5902.86 -2.79 2.68
400.0 4000.0 -6109.09 -5937.40 -2.95 2.81
430.0 2000.0 -5355.79 -5265.45 -1.55 1.69
430.0 3000.C -5726.59 -5637.73 -1.53 1.55

/SVFR^GF ABSCIUTE DEVIATION = 1.6822*

AVERAGE A8S0LUTF DEVIATION IN BTU/I.B = 2.11
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TABLE 36
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES

FOR n-BUTANE USING THE MBWR EQUATION

T PF FUL FUG tOFV
(F) (PSIA) (PSIA) (PSIA)

-110.00 0.176 0.1738 0. 1757 1.11
-95.00 0.342 0.3401 0.3411 0.28
-85.00 0.515 0.5129 0.5131 0.04
-75.00 0.755 0.7532 0.7512 -0.27
-65.00 1.082 1.0799 1.0749 -0.46
-5C.CC 1.787 1.7800 1.7700 -0.57
-40.00 2.439 2.4237 2.4099 -0.58
-3C.00 3.273 3.2425 3.2246 -0.56
-15.00 4.950 4.8683 4.8514 -0.35

C.O 7.250 7.0754 7.0609 -0.21
15.CC 10.330 9.9890 9.9855 -0.04
25.00 12.900 12.3897 12.3991 0.08
31.10 14.656 14.0549 14.0726 0.13
4C.00 17.620 16.7784 16.7763 -0.01
50.00 21.550 20.2896 20.3691 0.39
6C.C0 26.020 24.3154 24.4068 0.37
7C.CC 3 1.2C0 28.8969 29.0238 0.44
80.00 37.140 34.0721 34.2431 0.50
9C.00 43.910 39.8803 40.1014 0.55
100.00 51.370 46.3523 46.4615 0.23
110.00 60.270 53.5313 53.9007 0.69
120.00 69.980 61.4407 61 .8766 0.70
130.00 80.830 70.1117 70.6172 0.72
140.00 92.870 79.56 79 80.1213 0.69
150.00 106.200 89.8335 90.4203 0.65
160.00 120.900 100.9270 101.5249 0.59
17C.OO 137.000 112.8578 113.4077 0.48
18C.0C 154.680 125.6405 126.1355 0.39
190.00 173.800 139,2703 139.5663 0.21
2CC.0C 194.700 153.7557 153.8533 0.06
21C.CC 217.400 169.0780 168.9405 -0.08
220.00 241.600 185.1991 184.6048 -0.32
23C.CC 268.200 202. 1209 201.2547 -0.43
240.00 297.200 219.7818 218.7764 — 0. 46
25C.0C 328.300 238.0542 236.9267 -0.48
26C.CC 361.900 256.7546 255.7754 -0.38
270.00 398.200 275.6321 275.2507 -0. 14
280.00 437.300 294.8416 295.1619 0.11
305.62 550.700 348.1853 348.1853 0.0

ABSOLUTE DEVIATION = 0. 3774%
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TABLE 37
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES

T PE FUL FUG %OFV
(F) OPSIAI (PSIA) (PSIA)

-110.00 0. 176 0.0478 0.1757 72.79
-55.00 0.342 0.1288 0.3411 62.23
-65.00 0.515 0.2302 0.5131 55.13
-75.CC 0.755 0.3897 0.7513 40.13
-65.00 1.082 0.6292 1.0750 41.47
-50.00 1.767 1.1965 1.7702 32.41
-40.00 2.439 1.7582 2.4103 27.06
-3C.00 3.273 2.5070 3.2254 22.27
-15.00 4.950 4.0636 4.0535 16.27

0.0 7.250 6.2603 7.0655 11.40
15.00 10.330 9.2372 9.9949 7.58
25.00 12.900 11.7246 12.4138 5.55
31.10 14.696 13.4604 14.0916 4.48
40.00 17.620 16.3127 16.8035 2.92
50.00 21.550 20.0018 20.4091 2.00
60.CO 26.020 24.2392 24.4642 0.92
70.00 31.200 29.0608 29.1049 0.15
PO.OO 37.140 34.5019 34.3557 -0.43
90.00 43.910 40.5920 40.2554 -0.04

100.00 51.370 47.3603 46.6674 -1.40
110.00 60.270 54.8427 54.1771 -1.23
120.00 69.980 63.0538 62.2399 -1.31
130.00 60.830 72.0200 71.0894 -1.31
140.00 92.070 81.7596 80.7200 -1.28
150.CC 106.200 92.2892 91.1922 -1.20
160.00 120.900 103.6291 102.4979 -1.10
170,00 137,000 115,7836 114,6226 -1 =01
180.OC 154.680 128.7728 127.6413 -0.09
190.00 173.800 142.5896 141.4147 -0.83
200.00 194.700 157,2556 156.1092 -0.73
210.00 217.400 172.7657 171.6768 -0.63
220.00 241.600 189.1027 187.8934 — 0. 64
230.CC 260.200 206.3048 205.2023 -0.54
240.00 297.200 224.3662 223.5058 -0.38
250.00 328.300 243.2586 242.5661 -0.29
260.00 361.900 262.9841 262.4915 -0.19
270.CC 390.200 283.5381 283.2634 -0.10
280.CO 437.300 304.8879 304.7971 -0.03
305.62 550.700 362.5295 362.5295 0.0

ABSOLUTE OEVIATION = 11.0050%
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Results from Regression Analysis

Densities. A total of 40 points were taken from API 
Project 44^^^ (-200°F to 80°F) and Sage and Lacey (100=F 
to 460°F) o The average absolute deviation was 0.59%,. 
Original BWR equation predictions were compared with the 
same data set, and the average absolute deviation was 
2.33%. Comparisons of predicted and experimental densities 
using the modified and original BWR equations are presented 
in Tables 38 and 39.

Enthalpy Departures. A total of 30 derived enthalpy 
departure points were taken from Sage and Lacey (100°F to 
460°f ) and Canjar and Manning (540°F to 800°F). The average 
absolute deviation was 0.88%. Original BWR equation pre
dictions were compared with the same data set, and the 
average absolute deviation was 3.0%. Comparisons of pre
dicted and derived enthalpy departures using the modified 
and original BWR equations are presented in Tables 40 and 
41.

Vapor Pressures. A total of 34 points were taken 
from API Project 44^^^ (-50.0®F to 30°F) and Canjar and 
Manning (50°F to 385.9°F). The average absolute deviation 
was 0.35%. Original BWR equation predictions were compared 
with the same data set, and the average absolute deviation 
was 10.2%, Predictions of fugacities along the vapor pres
sure curve using the modified and original BWR equations 
are presented in Tables 42 and 43,
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TABLE 38
COMPARISON OF PREDICTED DENSITIES USING THE MBWR EQUATION

WITH EXPERIMENTAL VALUES FOR n-PENTANE
I PE DE DC DEV %DFV

(F) (PSIA) (IBMOLF/CF)

-200.0 14.1 0.6584 0.6669 -0.0085 -1.293
- 16C.0 14.7 0.6412 0.6437 -0.0025 -0.389
-120.0 14.7 0.6239 0.6231 0.0008 0. 123
— 6 C.O 14.7 0.5986 0.5955 0.0031 0.520
-10.0 14.7 0.5772 0.5741 0.0031 0.538
80.0 14.7 0.5359 0.5363 -0.0004 -0.070

ICC.O 150.0 0.5266 0.5286 -0.0020 -0.381
lOC.O 2000.C 0.5373 0.5409 -0.0036 -0.669
100.0 4000.0 0.5479 0.5517 -0.0038 -0.690
I3C. C 7000.0 0.5531 0.5566 -0.0035 -0.625
160.0 30.0 0.0048 0.0048 -0.0000 -0.327
160.0 400.0 0.4968 0.5039 -0.0071 -1.433
160. 0 4CC0.C 0.5274 0.5321 -0.0047 -0.898
190.0 60.0 0.0097 0.0097 -0. 0000 -0.012
190.0 ICCC.C 0.4883 0.4965 -0.008? -1.687
190.0 ICCOC.C 0.5525 0.5540 -0.0015 -0.265
220.0 40.C 0.0058 0.0058 -0.0000 -0.781
220.0 3000.0 0.4978 0.5040 —0 « 006 ? -1.237
250.0 6C.C 0.0086 0.0086 0.0000 0.252
250.0 8000.0 0-5236 0.5293 -0. 0057 -1.086
280.0 ICC.C 0.0143 0.0144 -0.0001 -0.393
280.0 6CCC.0 0.5015 0.5081 — 0.0066 -1.324
310.0 50.0 0.0064 0.0064 0.0000 0.393
210.0 200.C 0.0317 0.0317 -0.0000 -0.077
310.0 ICCCO.C 0-5200 0.5253 -0.0053 -1.026
340.0 50.C 0.0061 0.0061 0.0000 0.082
340.0 300.0 0.0534 0.0534 0.0000 0.065
340.0 2500.0 0.4386 0.4472 -0. 0086 -1.963
340.0 4500.0 0-4666 0=4751 -0=0085 -1=828
370.0 2C0.C 0.0270 0.0271 -0.0001 -0.432
370.0 400.C 0.C811 0.0811 0.0000 0.001
37C.C ICCO.C 0.4808 0.4894 -0.0086 - 1 . 7 9 7

400.0 200.0 0.0253 0.0255 -0.0002 -0.649
400.0 500.C 0.1111 0.1124 -0.0013 -1.19?
ACC.C ICCCO.C 0-4941 0.5036 -0.0095 -1.931
430.0 600.0 0.1314 0.1325 -O.OOll -0.042
430.0 3000.C 0.4039 0.4124 -0.0085 -2.101
430.0 8000.C 0.4706 0.4809 -0.0103 -2.186
460.0 200.C 0.0227 0.0229 -0.0002 -0.755
460.0 4CC.0 0.0531 0.0539 -0.0008 -1.535
460.0 2750.0 0.3808 0.3887 -0.0079 -2.075

/VEP^Gt ABSCLUTF DEVIATION = 0.8763%
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TABLE 39
COMPARISON OF PREDICTED DENSITIES USING THE OBWR
EQUATION WITH EXPERIMENTAL VALUES FOR n-PENTANE
T FF OF DC DFV %OFV

(F) (PSIA ) (LBMOLF/CF J

-?C0. 0 14.7 0.6584 0.7400 -0.0816 -12.392
-16C.0 14.7 0.6412 0.6968 -0.0556 -8.664
-120.0 14.7 0.6 2 39 0.6605 -0.0366 -5.869
— 60. G 14.7 0.5986 0.6150 -0.0164 -2.733
— 10.0 14.7 0.5772 0.5824 -0.0052 -0.901
80.0 14.7 0.5359 0.5308 0.0051 0.943
100,0 150.0 0.5266 0.5210 0.0056 1.070
100.0 2000.0 0.5373 0.5322 0.0051 0.955
100. 0 4000.0 0.5479 0.5421 0.0058 1.065
130. 0 7000.0 0.5531 0.5434 0.0097 1.746
160.0 30.C 0.0048 0.0048 -0.0000 -0.979
16C.C 400.0 0.4968 0.4916 0.0052 I .046
160.0 4000.0 0.5274 0.5181 0.0093 1. 762
190.0 60.0 0.0097 0.0098 -0.0001 -1.121
190. C ICCO.C 0.4883 0.4826 0.0057 1 .165
190.0 ICCCO.C 0.5525 0.5366 0.0159 2.879
220.0 40.0 0.0058 0.0059 -0.0001 -1.245
220.0 3000.0 0.4978 0.4882 0.0096 1.932
250.0 60.0 0.0086 0.0086 -0. 0000 -0.272
250.0 8CCC.0 0.5236 0.5107 0.0129 2.46*»
280.0 100.0 0.0143 0.0145 -0.0002 -1.091
280.0 6000.C 0.5015 0.4902 0.0113 2.261
310.0 50.0 0.0064 0.0064 0.0000 0. 198
310.0 200.0 0.0317 0.0322 -0.0005 -1.468
310.0 10000.0 0.5200 0.5053 0.0147 2.830
340.0 50.0 0.0061 0.0061 -0.0000 -0.044
340.0 300.C 0.0534 0.0546 -0.0012 -2. 163
340.0 2500.0 0.4386 0.4342 0.0044 1.005
340-0 4500.0 0.4666 0.4591 0.0075 1.614
370.0 200.C 0.0270 0.0272 -0.0002 -0.881
370.0 400.0 0.081 I 0.0842 -0.0031 -3.766
370.0 7000.0 0.4808 0.4717 0.0091 1.900
400.0 200.0 0.0253 0.0255 -0. 0002 -0.875
400.0 500.0 0.1 111 0.1200 -0.0089 -7.998
400.0 i c o o i o . c 0.4941 0.4841 0.0100 2.019
430.0 600.0 0. 1314 0. 1415 -0.0101 -7.673
430.0 3000.0 0.4039 0.4050 -O.OOll -0.266
430.0 8000.0 0.4706 0.4637 0,0069 1.476
460.0 200.0 0.0227 0.0229 -0.0002 -0.727
460.0 400.0 0.0531 0.0540 -0.0009 -1.692
460.0 2750.0 0.3808 0.3859 -0.0051 -1.343

AVERAGE fBSClUTE DFVIATinN = 2.3047%
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TABLE 40
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE

MBWR EQUATION WITH DERIVED VALUES FOR n-PENTANE
T PF HF HC nrv %npv

IF» (PSIA ) (RTU/LBMOLF) RTU/LR

lOC.O 200.0 -11177.50 -11142.00 -0.49 0.32
lOC.O 2000.0 -10868.7? -10778.98 -1.24 0.83
lOC.O 4000.0 -10453.95 -10341.90 -1 .55 1.07
100.0 10000.0 -9037.73 -8928.62 -1.51 1.21
13 0.0 5000.0 -9905.36 -9831.44 -1.02 0.7*=;
130.0 6000.0 -9675.96 -9602.64 -1.02 0.76
130.0 9000.0 -8965.22 -8894.18 -0.98 0.79
16C.0 400.0 -10433.8? -10479.29 0.63 -0.44
160.0 3000.0 -10000.95 -9997.40 -0.05 0.04
160.0 5000.0 -9584.66 -9568.00 -0.23 0. 17
16C. C 7000.0 -9130.87 -9112.48 -0.25 0.20
160.0 ICOOC.O -8426. 7? -8400.18 -0.37 0. 32
190.0 800-0 -10026.92 -10117.17 1.25 -0.90
190.0 1500.0 -9936.07 -10003.42 1.00 -0.73
190.0 3000.0 -9687.16 -9734.77 0.66 -0.40
190.0 5000.0 -9284.57 -9319.88 0.49 -0. 38
190.0 7000.0 -8843.78 -8872.54 0.40 -o.3:>
220.0 2750.0 -9451.13 -9525.09 1.03 -0.78
250.0 3000.0 -9129.77 -9228.88 1 .37 -1 .09
250.0 5000.0 -8774.03 -8854.84 1.12 -0.9?
250.0 8000.0 -8155.0? -3206.57 0.71 — 0,6?
280.0 2500.0 -8909.30 -9047.13 1.91 -1.55
280.0 5CC0.C -8520.48 -8631.98 1.55 -1.31
280.0 7000.0 -8121.49 -8222.38 1.40 -1.24
310.0 200.0 -1219.99 -1238.32 0.25 -1 .50
310.0 4000.0 -8392.16 -8582.68 2.64 -2.27
310.0 9000.0 -7473.24 -7587.37 1.58 -1.5?
340.0 5000.0 -8091 .03 -8193.64 1.42 -1.27
340=0 8000=0 -7557=39 -7616.29 0.82 -0.78
340. 0 ICCCO.C -7156.09 -7179.86 0.33 -0.33
400.0 2000.C -7818.59 -7836.68 0.25 -0.23
400.0 4000.0 -7859.59 -7865.77 0.09 -n.op
400. 0 8000.0 -7316.54 -7242.59 -1.02 1 .01
430.0 1500.0 -7188.77 -7182.31 -0.09 0.09
430.0 4500.0 -7531.75 -7579.46 0.66 -0.63
430.0 6CCC.0 -7384.39 -7397.39 0.18 -0. 18
430.0 9000.C -6911.15 -6864.13 — 0. 65 0.68
460.C 5000.0 -7222.89 -7300.85 1.08 -T.C8
460.0 9000.0 -6710.88 -6688.21 -0.31 0.34

AVERAGE AESCLUTE OFVIATION = 0.7493%

iSVERAGF AESOIL TE DEVIATION IN BTU7I.B = 0.86
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TABLE 41
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE

OBWR EQUATION WITH DERIVED VALUES FOR n-PENTANE
T PE HE HC OFV *DEV

(F) (PSIA) (BTU/LBMOLE) RTU/LB
,

100-0 200.0 -11177.50 -11811.30 8.78 -5.67
ICC.O 2000.0 -10868.72 -11511.70 8.91 -5.9?
100.0 4000.0 -10453.95 -11 139,26 9.*^0 -6.56
100.0 10000.0 -9037.73 -9896.38 11.90 -9.50
13C.0 5000.0 -9905.36 -10307.60 5.58 — 4 .06
130.0 6000.0 -9675.96 -10103.67 5.93 -4.42
130.0 9000.0 -8965.22 -9465.27 6.93 -5.58
16C.0 400.0 -10433.82 -10590.85 2.18 -1.50
160.0 3000.C -10000.95 -10171.39 2.36 -1. 70
16C.0 5000.0 -9584.66 -9784.38 2.77 -2.08
16C. C 7000.0 -9130.87 -9368.23 3.29 -2.60
160.0 10000.0 -8426.72 -8710.97 3.94 -3.37
19C.0 800.0 -10026.92 -10073.06 0.64 — 0 .46
19C.0 1500.0 -9936.0? -9976.99 0.57 -0.41
190.0 3000.0 -9687. 16 -9728.76 0.58 -0.43
19C.0 5000.0 -9284.57 -9345.43 0.84 — 0 . 66
190.0 7000.0 -8843.78 -8927.89 1.17 -0.95
220.0 2750.0 -9451.13 -9389.95 -0.85 0.65
250.0 3000.0 -9129.77 -9011.20 -1.64 1 .30
250.0 5000.0 -8774.03 -8644,54 -1.79 1.48
25C.0 8000.0 -8155.02 -8011.55 -1.99 1.76
280.0 2500.0 -8909.30 -8781.31 -1.77 1.44
280.0 5000.0 -8520.48 -8355,83 -2.28 1.93
280.0 7000.0 -8121.49 -7945.69 -2.44 2.16
310.0 200.0 -1219.99 -1378.15 2.19 -12.96
310.0 4000.0 -8392.16 -8275.21 -1.62 1 .39
310.0 9000.0 -7473.24 -7252.99 -3.05 2.95
340.0 5000.0 -8091.03 -7856.82 -3.25 2.89
340. 0 6CCG.Q — 7557•39 —7248.39 —4 « 28 4.09
340.0 lOCCC.O -7156.09 -6799.51 -4.94 4.98
400.0 2000.0 -7818.59 -7682.02 -1.89 1.75
400.0 4000.0 -7859.59 -7571.00 -4.00 3.67
400.0 8000.0 -7316.54 -6847.05 —6 .51 6.42
430.0 1500.0 -7188.77 -7241.68 0.73 -0.74
4 3 0.0 4500.0 -7531.75 -7292.10 -3.32 3.18
430.0 6000.0 -7384.39 -7054.85 -4.57 4.46
430.0 9000.0 -6911.15 -6452.45 -6.36 6.64
460.0 5000.0 -7222.89 -7023.43 -2.76 2.76
460-0 9000.0 -6710.88 -6284.10 -5.92 6.36

/VER^Gf ABSOLUTE DEVIATION = 3.3804*

/AVERAGE AES0LL7E DEVIATION IN BTU/LB - 3.69
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TABLE 42
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES

FOR n-PENTANE USING THE MBWR EQUATION

7 PE FUL FUG %DEV
(F) (PSIA) (PSIA) (PSIA)

-50.00 €.268 0.2654 0.2674 0.76
-AC.00 0.392 0.3897 0.3909 0.31
-30.CC 0.562 0.5594 0.5598 0.08
-20.00 0,789 0.7866 0.7850 -0.20
-IC.CO 1.088 1.0851 1.081 0 -0.38

0.0 1.475 1.4708 1.4631 -0.53
1C.00 1.970 1.9616 1.9503 -0.58
20.00 2.594 2.5772 2.5622 -0.59
30.00 3.370 3.3398 3.3199 -0.57
5C.CC 5.487 5.3953 5.3711 -0.45
70.00 8.559 8.3351 8.3114 -0.29
96.53 14.696 14.0836 14.0784 -0.04
ICC.00 15.570 14.8924 14.8895 -0.0?
110.00 18.690 17.7690 17. 7663 -0.02
120.00 22.300 21.0413 21.0598 0.09
130.CC 26.420 24.7392 24.7765 0.15
140.00 31.110 28.8926 28.9566 0.22
15C.CC 36.400 33.5294 33,6115 0.24
16C.OO 42.370 38.6791 38.7931 0.29
17G.CC 49.050 44.3679 44.5076 0.31
18C.CC 56.490 50.6217 50.7761 0.30
19C.00 64.770 57.4658 57.6404 0.30
2GC.C0 73.890 64,9217 65.0761 0.24
210.00 83.940 73.0094 73.1271 0.16
220.00 94.990 81.7505 81.8169 0.08
230.00 IC7.L00 91.1605 91.1577 -0.00
240.00 120.300 101.2542 101.1378 —0. 12
25C.00 134.700 112.0423 111.7974 -0.22
26C.CC 150.300 123.5337 123.0987 -0.35
27C.CC 167.300 135.7400 135.1291 -0.45
28C.00 185.600 148.6555 147.7823 -0.59
29C-00 205.400 162.2850 161.1332 -0.71
310.00 249.700 191.6504 189.8351 -0.96
330.00 300.700 223.6875 221.0711 -1.18
35C-0C 359.4C0 258.0273 254.8188 -1.26
370.00 426.0CO 290.8762 290.8762 0.0
385.92 489.500 321.5981 321.5977 -0.00

fVERAGE fBSClLTE DEVIATION = 0.3525%
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TABLE 43
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR n-PENTANE USING THE OBWR EQUATION

T PE FUL FUG %OEV
IF) (PSIA) (PSIA) (PSIA)

-5C.CC 0.268 0.1051 0.2673 60.69
-4C.00 0.392 0.1795 0.3906 54.04
-30.00 0.562 0.2929 0.5594 47.64
-2C.CC 0.789 0.4588 0.7843 41.50
-IC.CO 1.088 0.6934 1.0798 35.79

C.O 1-475 1.0150 1.4611 30.53
IC.CO 1.970 1.4443 1.9470 25.82
20.00 2.594 2.0040 2.5571 21.63
30.00 3.370 2.7180 3.3122 17.94
50.00 5.4P7 4.7133 5.3545 11.97
70.00 e.559 7.6457 0.2786 7.64
56.93 14.696 13.4668 14.0051 3.84
100.00 15.570 14.2881 14.8098 3.52
110.00 18.690 17.2107 17.6626 2.56
120.00 22.300 20.5317 20.9265 1.89
13C.CC 26.420 24.2773 24.6076 1.34
140.00 31.110 28.4711 28.7451 0.95
15C.0C 36.400 33.1369 33.3501 0.64
16C.CC 42.370 38.29^7 38.4734 0.46
17C.00 49.050 43.9727 44.1211 0.34
18C.0C 56.490 50.1828 50.3139 0.26
190.00 6 4.770 56.9458 57.0927 0.26
200.00 73.090 64.2796 64.4343 0.24
210.00 83.940 72.1971 72.3818 0.26
220.00 94.990 80.7185 80.9590 0.30
230,00 1C7.100 89.8524 90.1786 0.36
240.00 120.300 99.6122 100.0302 0.42
250.00 134.700 110.0089 110.5543 0.49
26C.C0 150.300 121.0502 121.7155 0.55
27C.C0 167.300 132.7514 133.6003 0.64
280.00 185.600 145.1039 146.1070 0.68
290.00 205.400 158.1391 159.3104 0.74
310.00 249.700 186.2181 187.7235 0.80
330.00 300.700 217.0006 218.6906 0.77
350.00 359.400 250.4826 252.1774 0.67
370.00 426.800 286.5825 287.8687 0.45
305.92 489.500 317.1841 317.1838 0.0

^VERACE ABSOLUTE DEVIATION = 10.2326%
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n-Hexane
Source of Data

Literature sources for the thermodynamic properties
of n-hexane are not extensive,, PVT Data have been reported
by Kelso and Felsing^^, Stewart and c o w o r k e r s ^ „ Save for

59a few measurements on liquid heat capacity and latent heat 
of vaporization^*^, calorimetric data are virtually nonexist
ent „ Relying on PVT data and the BWR equation of state,

135Weber derived enthalpy departures in the vapor phase (up
21to 520°F, 600 psia), Canjar and Manning’s compilation is 

based exclusively on the work by Weber., Because of the un
certainty and scarcity of the derived enthalpy departure 
data, this data type was not included in the n-hexane 
multiproperty regression calculations.
Results from Regression Analysis

Densities. A total of 38 points were taken from API 
Project 44^^^ (-140°F to 140°F) and Stewart and coworkers 
(110°F to 340‘̂F) . The average absolute deviation was 
1.05%. Original BWR equation predictions were compared 
with data set, and the average absolute deviation was 2,7%. 
Comparisons of predicted and experimental densities using 
the modified and original BWR equations are presented in 
Tables 44 and 45.

Vapor Pressures. A total of 30 points were taken from 
API Project 44^^^ (-lO'^F to 30^F) and Can jar and Manning 
(32°F to 454.5°F). The average absolute deviation was 0.25%.
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TABLE 44
COMPARISON OF PREDICTED DENSITIES USING THE MBWR
EOUATION WITH EXPERIMENTAL VALUES FOR n-HEXANE
T PE OF DC OFV %OEV

(F) (PSIA) (LRMOLF/OF)

— 140.0 14.7 0.5492 0.5618 -0.0126 -2,287
-13C.0 14.7 0.5458 0.5563 -0.0105 -1.921
-120.0 14.7 0.5424 0.5510 -0.0086 -1.585
-110.0 14.7 0.5392 0.5459 -0.0067 -1 .239
- lOC.O 14.7 0.5358 0.5409 -0.0051 -0.958
-90.0 14.7 0.5324 0.5361 -0.0037 -0.700
-80.0 14.7 0.5291 0.5315 -0.0024 -0.447
-7C. 0 14.7 0.5257 0.5269 -0.0012 -0.233
-6C.0 14.7 0.5223 0.5225 -0.000? -0.0 39
-5C.0 14.7 0.5190 0.5182 0.0008 0.155
-AO.G 14.7 0.5156 0.5140 0.0016 0.313
-20.0 14.7 0.5087 0.5058 0.0029 0.562

C.O 14.7 0.5018 0.4980 0.0038 0.754
2C.C 14.7 0.4947 0.4905 0.0042 0.854
40.0 14.7 0.4875 0.4832 0.0043 0.889
6C.C 14.7 0.4806 0.4761 0.0045 0.947
RC.O 14. 7 0.4732 0.4691 0.0041 0.867
100.0 14.7 0.4659 0.4623 0.0036 0.779
120.0 14. 7 0.4583 0.4555 0.0028 0.60?
140.0 14.7 0.4502 0.4489 0.0013 0. 2«4
280.0 14.7 0.0019 0.0019 0.0000 0.387
100.0 lOf-4 0.4662 0.4626 0.0036 0.766
100.0 554.5 0-4688 0.4643 0.0045 0.961
ICO.O 848.3 0.4662 0.4654 0.0008 0.181
ICC.O 1813.0 0.4757 0.4687 0.0070 1.475
100.0 2909.0 0.4808 0.4722 0.0086 1.7Q0
160. C 99. 3 0.4439 0.4427 0.0012 0.276
160.0 438.6 0.4463 0.4444 0.0019 0.434
160.0 866.5 0.4498 0.4464 0.0034 0.753
160- C 2887.0 0.4625 0.4549 0.0076 1 .636
160.0 3977.0 0.4682 0.4590 0.0002 1.974
270.0 96.2 0.4186 0.4223 -0.0042 -0.908
220.0 442. 8 0.4225 0.4251 -0.0026 -0.615
220.0 844.6 0.4263 0.4276 -0.0013 -0.312
220.0 1961.0 0.4365 0.4340 0.0025 0.582
220.0 2956.0 0.4439 0.4389 0.0050 1.122
280.0 037.9 0.4023 0.4086 -0.0063 -1.556
280.0 1816.0 0.4137 0.4159 -0.0022 -0.525
280.0 2930.0 0.4244 0.4229 0.0015 0.354
340.0 1841 .0 0.3912 0.3933 -0.0071 -1.824
240.0 2980.0 0.4054 0.4074 -0.0020 -0.485

AVFBACt ABSOLUTE DEVIATION = 0.8641%
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TABLE 45
COMPARISON OF PREDICTED DENSITIES USING THE OBWR
EQUATION WITH EXPERIMENTAL VALUES FOR n-HEXANE
7 FF HE DC DEV 70EV

(F) (PSfA) (LRMHLF/CF)

-140.0 14.7 0.5492 0.5900 -0.0403 -7.429
-130.0 14.7 0.5453 0.5824 -0.0366 -6.711
-120.0 14.7 0.5424 0.5 75 2 -0.0328 -6.039
-IIO.O 14.7 0.5392 0.5632 -0.0290 -5.369
-ICC.O 14.7 0.5358 0.5614 -0.0256 -4.777
-00.0 14.7 0.5324 0.5549 -0.0225 -4.221
-8C.0 14.7 0.529] 0.5486 -0.0195 -3.678
-7C.0 14.7 0.5257 0.5424 -0.0167 -3.186
-60.0 14.7 0.5223 0.5365 -0.0142 -2.722
-5C.0 14 . 7 0.5190 0.5303 -0.0113 -2.266
-4C. 0 14.7 0.5156 0.5252 -0.0096 -1.854
-20.0 14.7 0.5087 0.5144 -0.0057 -1.119

C.O 14.7 0.5018 0.5041 -0.0023 —0.464
2C.0 14.7 0.4947 0.494 3 0.0004 0.030
40.0 14.7 0.4375 0.4349 0.0026 0.543
6C. C 14. 7 0.4306 0.4757 0.0049 1.01 7
80.0 14.7 0.4732 0.4668 0.0064 1.346

lOC.O 14.7 0.4659 0.4582 0.0077 1.661
120.0 14.7 0.4583 0.4496 0.0087 1.888
140.0 14.7 0.4502 0.4412 0.0090 1.990
28C.0 14.7 0.0019 0.0019 0.0000 0.06 1
lOC.O 1CP.4 0.4662 0.4536 0.0076 1.635
100.C 854.5 0.4688 0,4605 0.0083 1.770
ICC.O 848,3 0.4662 0.4617 0.0045 0.960
lOC.O 1813.C 0.4757 0.4655 0.0102 2.140
100.0 2909.C 0.4308 0,4695 0.0113 2.353
16C.C 99.3 0.4439 0.4334 0.0105 2.357
160,0 4 38 .6 0.4463 0.4356 0.010? 2.408
160.0 868.5 0.4498 0.4381 0.0117 2.605
160.0 2887.0 0.4625 0.4483 0.0142 3.074
160.0 3977.0 0.4682 0.4530 0.0152 3.254
220.0 96.3 0.4186 0.4084 0.0102 2.437
220. 0 442, 8 0.4225 0.4116 0.0109 2.588
220.0 844.6 0.4263 0.4149 0.0114 2.666
220.0 1961.0 0.4365 0.4230 0.0135 3.086
220.0 2956.C 0,4439 0.4291 0.0143 3.328
280.0 837.9 0.4023 0.3915 0.0108 2.692
28C.0 1816.C 0.4137 0.4014 0,0123 2.972
280.0 2930.0 0.4244 0.4104 0.0140 3.305
340.0 1841.0 0.3912 0.3807 0.0105 2.677
34C.0 29 80. C 0.4054 0.3926 0.0128 3.164

AVFS4GE AeSCLUTE DEVIATION = ?.6RD3%
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Original BWR equation predictions were compared with the 
same data set, and the average absolute deviation was 
14,. 7%„ Predictions of fugacities along the vapor pressure 
curve using the modified and original BWR equations are 
presented in Tables 46 and 47,,

n-Heptane
Source of Data

Thermodynamic properties of n-heptane have been com
piled by Stuart and c o - w o r k e r s „ Additional PVT data

96were measured by Nichols, Reamer and Sage .Limited
experimental enthalpy data on n-heptane were reported by 
Gilliland^^. Vapor pressure data were reported by 
Young^^^ and Kay^'.
Results from Regression Analysis

Densities„ A total of 32 points were taken from API 
Project 44^^^ (-130*F to -10°F) and Stuart and co-workers 
(40°F to 460°F), The average absolute deviation was 1,0%. 
Original BWR equation predictions were compared with the 
same data set, and the average absolute deviation was 2.8%, 
Comparisons of predicted and experimental densities using 
the modified and original BWR equations are presented in 
Tables 48 and 49.

Enthalpy Departures. Seventeen points were taken 
from Gilliland (512.3°F to 706.7°F). The average absolute 
deviation was 3.5%. Original BWR equation predictions
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TABLE 46
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES

FOR n-HEXANE USING THE MBWR EQUATION

1 PF FIJL FUG %OFV
(F) (PSIA) (PSIA) (PSIA)

- IC.CQ 0.217 0.2158 0.2166 0.36
-Ç.OO 0.261 0.2593 0.2604 0.43
0.0 0.311 0.3100 0.3102 0.05

IC.CO 0.438 0.4368 0.4365 -0.07
I'.OO 0.517 0.5150 0.5150 0.01
2 c . c n 0.606 0.6045 0.6033 -0.19
2 * . C C 0.709 0.7066 0.7055 -0.16
30.00 0.825 0.8227 0.8204 -0.27
3P.CC C.876 0.8733 0.8709 -0.27
4C.CC I.107 I.1023 1.09 94 -0.27
50.OC 1,464 1.4561 1.4516 -0.31
70.00 2.464 2.4419 2.4334 -0.35
80.00 3.143 3.1058 3.0966 -0.30
90.00 3.966 3.9072 3.8969 -0.26

IIC.OC 6.136 5,9989 5.9909 -0.13
120.00 7.531 7. 3303 7.3261 — 0 . 06
130.OC 9.168 8.8810 8.8828 0.02
150.00 13.283 12.7311 12.7538 0.18
160.CO 15.823 15.0775 15.1159 0.25
I 70.00 18.730 17.7362 17.7964 0.34
190.00 25.800 24.0864 24.2230 0.56
200.OC 30.0 10 27.8251 27.9944 0.60
PIC.00 34.650 31.9713 32.1097 0.43
P3C.0C 45.600 41.5764 41.6594 0.20
240.00 52.100 47.0833 47.2266 0.30
25C.CC 59.240 53.0860 53.2670 0.34
270.00 75.350 66.6581 66.6484 -0.01
28C.Q0 84,930 74,2780 74.4304 0,20
290.OC 95.050 82.4666 82.5520 0.10
310.00 118.200 100.6424 100. 7146 0.07
220.00 131.300 110.6667 110.7611 0.09
330.00 145.100 121.3164 121.2097 -0.09
350.00 176.200 144.6092 144.1945 -0. 29
360.00 193.6CQ 157.2758 156.7445 -0.34
3 7C.CC 212.200 170.6354 169.9467 -0.41
390.00 253.800 199.5144 198.6824 -0.42
4CC.CC 277.500 215.0997 214.5377 -0.26
4 10.00 301.300 231.3376 230.3485 -0.43
430.00 356.500 266.3108 265.6284 —0.26
454.50 439.700 314.0786 315.4614 0.44

fVERAGf ABSOLUTE DEVIATION = 0.2S3I?
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TABLE 47
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES

pnR n-HRXANE U S I N G  THE OBWR EQUATION

1 PF EUL FUG %DFV
I F ) ( P S I A ) ( P S I A ) (PSIA)

- 1 c . r c 0 . 2 1 7 0 . 0 8 5 3 0 . 2 1 6 5 6 0 . 6 1
- 5 . 0 0 0 . 2 6 1 0 . 1 1 0 2 0 . 2 6 0 3 5 7 . 6 6

0 . 0 0 . 3 1 1 0 . 1 4 1 0 0 . 3 1 0 1 5 4 . 5 4
IC.CO 0 . 4 3 8 0 . 2 2 4 0 0 . 4 3 6 3 48 , 6 6
1 5 . 0 0 0 . 5 1 7 0 . 2 7 8 6 0 . 5 1 4 7 4 5 . 8 7
2 0 . 0 0 0 . 6 0 6 0 . 3 4 3 7 0 . 6 0 3 0 4 3 . 0 0
2 5 . 0 0 C.7C9 0 . 4 2 0 7 0 . 7 0 5 1 4 0 . 3 4
3 0 . 0 0 0 . 8 2 5 0 . 5 1 1 0 0 . 8 1 9 9 3 7 . 6 7
3 2.CC 0 . 8 7 6 0 . 5 5 1 3 0 . 8 7 0 3 3 6 . 6 5
4 0 .  CO 1.1C7 0 . 7 3 8  8 1 . 0 9 8 4 3 2 . 7 4
5 0 . 0 0 1 . 46 4 1 . 0 4 1 3 1 . 4 5 0 0 2 8 .  19
7C.OO 2 . 4 6 4 1 . 9 3 6 3 2 . 4 2 9 7 2 0 . 3 1
a c . c c 3 . 1 4 3 2 . 5 6 4 8 3 . 0 9 0 9 1 7 . 0 2
9C.0C 3 . 9 6 6 3 . 3 4 0 2 3 . 8 8 8 4 1 4 . 1 0

1 1 0 . 0 0 6 . 1 3 6 5 . 4 1 4 2 5 . 9 7 3 2 9 . 3 6
1 2 0 . 0 0 7 . 5 3 1 6 . 7 5 6 3 7 . 3 0 0 9 7 . 4 6
1 3 0 . 0 0 9 . 1 6 8 8 . 3 3 0 9 8 . 8 4 7 7 5 . 8 4
15C.CC 1 3 . 2 8 3 1 2 . 2 6 7 4 1 2 . 6 8 8 0 3 . 3 2
1 6 0 . 0 0 1 5 . 8 2 3 1 4 . 6 7 3 1 1 5 . 0 2 7 5 2 . 3 6
1 7 0 . 0 0 1 8 . 7 3 0 1 7 . 3 9 9 2 1 7 . 6 7 8 8 1 . 5 8
i 9 c . n o 2 5 . 8 0 0 2 3 . 8 9 7 5 24 . 0 2 1 1 0 . * )
2OC.O0 3 0 . 0 1 0 2 7 . 7 0 8 1 2 7 . 7 3 4 0 0 . 0 9
2 1 0 . 0 0 3 4 . 6 5 0 31 . 9 1 8 4 3 1 . 7 7 8 3 - 0 . 4 4
2 3 0 . 0 0 4 5 . 6 0 0 4 1 . 6 1 1 6 4 1 . 1 3 4 3 - 1 . 1 6
2 4 0 . 0 0 5 2 . 1 0 0 4 7 . 1 2 8 8 4 6 . 5 6 9 6 - 1 . 2 0
25C.CC 5 9 . 2 4 0 5 3 . 1 1 0 5 5 2 . 4 5 2 0 - 1 . 2 6
2 7C. no 7 5 . 3 5 0 6 6 . 5 2 0 9 6 5 . 4 3 0 5 — 1 . 6 7
28C.OO 8 4 . 9 3 0 7 3 . 9 8 6 4 7 2 . 9 4 0 9 - 1 . 4 3
29C.CC 9 5 . 0 5 0 8 1 , 9 5 8 1 0 0 . 7 5 4 3 - 1 . 4 9
3 1 0 . 0 0 1 1 8 . 2 0 0 9 9 . 4 9 1 0 9 8 . 1 2 5 7 - 1 . 3 9
3 2 0 . 0 0 1 3 1 . 3 0 0 1 0 9 . 0 6 8 6 1 0 7 . 6 7 4 0 - 1 . 3 0
33C.no 1 4 5 . 1 0 0 1 1 9 . 1 7 9 2 1 1 7 . 5 6 3 5 - I  . 3 7

3 5 0 . 0 0 1 7 6 . 2 0 0 1 4 1 . 0 6 3 0 1 3 9 . 15 1 1 - 1 . 3 7
3 6 0 . 0 0 1 9 3 . 6 0 0 1 5 2 . 8 4 2 9 1 5 0 . 8 3 9 8 - 1 . 3 3
37C.CC 2 1 2 . 2 0 0 1 6 5 . 1 7 8 3 1 6 3 . 0 6 1 1 - 1 . 3 0
3 9 0 . 0 0 2 5 3 . 8 0 0 1 9 1 . 5 4 1 1 1 8 9 . 3 7 4 9 - 1 . 1 4
4CC.CC 2 7 7 . 5 0 0 2 0 5 . 6 0 3 7 2 0 3 . 6 9 8 5 - 0 . 9 4
4 1C.CC a c t . 3 0 0 2 2 0 . 1 0 5 5 2 1 7 . 9 0 2 0 - 1 . 0 1

4 3 0 . 0 0 3 5 6 . 5 0 0 2 5 0 . 8 7 4 1 2 4 8 . 9 9 5 5 - 0 . 7 5
4 5 4 . 5C 4 3 9 . 7 0 0 2 9 1 . 0 5 9 3 2 9 1 . 0 5 9 3 0 . 0

4VERACF ABSOLUTE DEVIATION » 14. 7108%
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TABLE 48
COMPARISON OF PREDICTED DENSITIES USING THE MBWR EQUATION

T p p OF OC OFV %OFV
(FI ( P S I A ) (LBMOLF/CFI

- q c . c 14.1 0.4712 0.485? -0.0140 -2.979
-7C.0 14.7 0.465 7 0.4771 -0.0114 -2.45?
- 5 C . C 14.7 0.4601 0.4693 -0.009? -1.9*3
-3C.0 14.7 0.4544 0.461 7 -0.0073 -1.601
-10.0 14.7 0.4487 0.4543 “ 0.0056 -1.250
40.C 7Ç.2 0.4343 0.4367 -0.0024 -0.563
40.0 Î6.5 0.4344 0.4368 -0.0024 -0.545
40.C 913.8 0.437? 0.4387 -0.0015 — 0.34 4
40. 0 1011.* 0,4388 0.4408 -0.0020 -0.4S7
100.0 2 1.9 0.4169 0.4168 0.0001 0.035
ICC.O 36.7 0.4169 0,4168 0.0001 0.024
lOC.O 103.2 0.4174 0.4170 0.0004 0.0*6
lOC.O 868.8 0,4207 0.419? 0.0015 0.34*
ICC.O 1964.5 0.4251 0.422? 0.0029 0.673
160.0 24. I 0.3987 0.3974 0.0013 0.332
160.0 34.4 0.3988 0.3974 0.0014 0.346
160.C 947. 8 0.4035 0.4010 0.0025 0.628
160.0 2014.7 0.4089 0.404 8 0.0041 1.014
220.0 25.9 0.3782 0.3779 0.0003 0.084
220.0 34. 1 0.3784 0.3779 0.0005 0.124
220.0 978.9 0.3861 0.3829 0.003? 0.8?0
220.0 2012.3 0.3924 0.3877 0.0047 1.204
260.0 61.2 0.3572 0.3576 -0.0004 -0.124
280.0 122.9 0.3585 0.3581 0.0004 0.100
280.0 931.9 0,3679 0.3641 0.0038 1.039
280.0 3081.9 0.3849 0. 3763 0.0086 2.224
340.0 132.0 0.3343 0.3356 -0.0013 -0.401
340.0 340.2 0.3384 0.3382 0.000? 0.069
340.0 884.5 0.3461 0.3439 0.002? 0.623
340.0 1962.7 0,3583 0.3531 0.0052 1.452
400.0 400.0 0.3115 0.3135 -0.0020 -0.637
400.0 1000.0 0.3247 0.3235 0.0012 0. 368
400.0 1500.0 0.3333 0.3299 0.0034 1.012
400.0 2000.0 0.3396 0.3353 0.0043 1.260
400.0 2500.0 0.3454 0.3400 0.0054 1.561
400. 0 3000.0 0.3501 0.3442 0.0059 1,6*3
460.0 600.0 0.2857 0.2862 -0.0005 -0.179
460.0 1000.0 0.29*4 0.2981 0.0013 0.448
460. 0 1500.0 0.3115 0.3082 0.0033 1.047
460.0 2000.0 0.3205 0.3160 0.0045 1.412
460.0 3000.0 0.3340 0.3277 0,0063 1.882

AVERAGE ABSOLUTE DEVIATION = 0.8647%
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TABLE 49
COMPARISON OF PREDICTED DENSITIES USING THE OBWR EQUATION

T PF ne DC OEV tnev
(F) (PSIA) (LRMOLF/CF )

-90.0 14.7 0.4712 0.4925 -0.0213 -4.511
-7C.0 14,7 0.4657 0.4816 -0.0150 -3.407
-50.0 14.7 0.4601 0.4713 -0.0112 -2.444
-3C.0 14.7 0.4544 0.4617 -0.0073 -I .607
-10.C 14.7 0.4487 0.4526 -0.0039 -0.862
4C.0 25.2 0.4343 0.4315 0.0028 0.635
40.0 36.5 0.4 344 0.4316 0.0028 0.652
40.C 913.8 0.4372 0.4335 0.0037 0. 836
40.0 19 11.5 0.4388 0.4357 0.0031 0.709
ICC.C 21.9 0.4169 0.4088 0.008) 1.952
lOC.O 36.7 0.4169 0.4088 0. 0081 1.940
100.0 103.2 0.4174 0.4090 0.0084 2.006
lOC.O 868.5 0.4207 0.4114 0.0093 2.200
ICC.O 1964.5 0.4251 0.4147 0.0104 2.453
lAC.O 24.1 0.3987 0.3877 0.01 10 2.768
160.0 34.4 0.3988 0.3877 O.Olll 2.781
16C.0 947.8 0.4035 0.3917 0.0118 2.921
lAC.O 2014.7 0.4089 0.3959 0.0130 3.176
220.C 25.9 0.3782 0.3672 0.0110 2. 896
220.0 34.1 0.3784 0.3673 0.0111 2.933
220.C 979.9 0.^861 0.3731 0.0130 3.379
220.0 2012.3 0.3924 0.3784 0.0140 3.558
2RC.0 61.2 0.3572 0.3468 0.0104 2.920
28C.O 122.9 0.3585 0.3474 0.0111 3.105
280.0 931.9 0.36 79 0.3543 0. 01 36 3.692
280.0 3081.5 0.3849 0.3680 0.0169 4.394
340.0 132.0 0.3343 0.3253 0.0090 2.707
340.0 340.2 0.3384 0.3283 0.0101 2.996
340. 0 884.5 0.3461 0.3349 0.0112 3.224
340.0 1962.7 0.3583 0.3451 0.0132 3.677
400.0 400.0 0.3115 0.3052 0.0063 2.031
4CC. 0 ICCC.C 0.3247 0.3163 0.0084 2.586
400.0 1500.0 0.3333 0.3232 0.0101 3.020
400.0 2000.0 0.3396 0.3290 0.0106 3.131
4CC.0 2500.0 0.3454 0.3339 0.0115 3.330
400.0 3000.C 0.3501 0.3383 0.0118 3.384
460.0 600.0 0.2857 0.2819 0.0038 1.341
460.0 1000.0 0.2994 0.2938 0.0056 1.870
460.0 1500.C 0.3115 0,3041 0.0074 2. 381
460. 0 2000.0 0.3205 0.3119 0.0086 2.687
4CC. 0 3000.C 0.3340 0.3237 0.0103 3.080

AVFR4Cf fESriUTF DEVIATION = 2.5898%
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were compared with the same data set, and the average abso
lute deviation was 2„03%„ The absolute overall experimental 
error was estimated by Gilliland to be approximately 3%. 
Comparisons of predicted and experimental enthalpy departures 
using the modified and original BWR equations are presented 
in Tables 50 and 51.

Vapor Pressures. A total of 18 points were taken from 
API Project 44^11 (70°F to 255°F) and Kay (296,0°F to 497.2*F) 
The average absolute deviation was 0.67%,, Original BWR 
equation predictions were compared with the same data set, 
and the average absolute deviation was 5,11%,. Predictions 
of fugacities along the vapor pressure curve using the modi
fied and original BWR equations are presented in Tables 52 
and 53o

Ethylene
Source of Data

Thermodynamic properties of ethylene have been compiled 
by Din^^ and Can jar and Manning^^,,
Results from Regression Analysis

Densities. A total of 44 points were taken from API 
Project 44^^^ (-250°F to -160°F) and Canjar and Manning 
(~140“F to 260°F) <. The average absolute deviation was 
0.58%. Original BWR equation predictions were compared 
with the same data set, and the average absolute deviation 
was 0.62%. Comparisons of predicted and experimental densi
ties using the modified and original BWR equations are 
presented in Tables 54 and 55..
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TABLE 50
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE MBWR 

EQUATION WITH EXPERIMENTAL VALUES FOR n-HEPTANE

T PE HE HC OEV %ncv
IF ) (PSIA) (RTII/LRVÜLE) BTU/I R

Ç1/.3 3 15. 1 -2719.61 -2833.31 1 . 14 -4.18
5 12.3 5<5C.P -P741.62 -8491.06 -2. 50 2.87
5 I?.3 7E7.7 -9227.26 -8944.52 -2.82 3,06
6CS.5 7P . P -373.95 -395.04 0.21 -5.64
6C5.5 236.3 -1303.47 -1312.46 0.09 — 0.69
6CF.5 3 15.1 -1901.78 -1865.68 -0.36 1 .90
6GÇ.5 39?.< -2564.20 -2516.80 -0.47 1.85
6CS.5 7P7.7 -6410.51 -6040.20 -3.70 5.78
6CS.5 llRl.6 -7478, 93 -7325.79 -1.53 2.05
6GS. 5 1575.4 -P013.14 -78 8 8.54 -1.24 1.85
6CÇ.5 2 36 3. I -8440.52 -8334.92 -1.05 1.25
1C6.7 315. 1 -139R. 66 -1412.08 0. 14 -1.02
706. 7 393.9 -1748.32 -1833.34 0. «5 — 4 » 8 6
7C6. 7 59C.9 -2913.87 -3007.94 0.94 -3.21
7C6.7 7E7.7 -4195.98 -4164.23 -0. 32 0.76
7C6.7 1575.4 -6760.18 — 6348.66 -4.11 6.09
7C6. 7 2363.1 -7459. 51 -7037.14 -3.72 4.CO

AVER AC E ABSOLUTE OEVIATION = 3.0453%

AVERAGE ABSOLUTE DEVIATION IN RTU/LB = I .48
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TABLE 51
COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE OBWR

EQUATION WITH EXPERIMENTAL VALUES FOR n-HEPTANE

T PE HE HC OEV TOEV
(F) (PSIA) (BTU/LRMOLF) BTU/LB

512.3 3 15.1 -2715.61 -2724.48 0.05 -0.18
512.3 55C.A -8741.6? -8843.59 1.02 -1.17
512.3 7F7.7 -5227. 26 -9125.93 -I.01 I. 10
605.5 7R.R -373.55 -393.31 0.19 -5. 18
6C5.5 236.3 -1303.47 -1288.39 -0.15 1.16
605.5 3 15.1 -1501.78 -1813.15 -0. 85 4.66
6C5.5 353.5 -2564.20 -2415.39 -1.45 5.80
6C5.5 7F7.7 -6410.51 -6421.76 0. 11 -0.18
605.5 1181.6 -7478.53 -7756.77 2.77 -3.71
6C5.5 1575.4 -8013.14 -8182.34 1.65 -2.11
605.5 2363.1 -8440.5? -8464.34 0.24 —0. 28
706.7 315.1 -1398.66 -1363.87 -0.35 2.49
706. 7 393.5 -1748.3? -1758.80 O.IO —0 . 60
706.7 550.e -2513.87 -2862.26 -0.52 1.77
706.7 787 .7 -4195.98 -4069.20 -1.27 3.0?
706.7 1575.4 -6760.18 -6730,70 -0.29 0.44
706.7 2363.1 -7459.51 -7405.14 -0.54 0.73

AVERAGE ABSOLUTE OEVIATION = 2.0338%

AVERAGE ABSOLUTE DEVIATION IN 8TU/L8 = 0.75
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TABLE 52
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR n-HEPTANE USING THE MBWR EQUATION
T PE FUL FUG %OEV

(F) (PSIA) (PSIA) (PSIA)

7C.0C 0.726 0.7426 0.7222 -2.82
90.00 1.254 1.2619 1.2440 -1.44
lie.00 2.069 2.0555 2.0449 -0.52
120.00 2.616 2.5849 2.5797 —0 *20
130.00 3.276 3.2206 3.2223 0.05
14C.C0 4.065 3.9773 3.9869 0.24
150.00 5.002 4.8700 4.8902 0.41
160.00 6.106 5.9157 5.9483 0.55
170.00 7.398 7.1303 7.1788 0.68
180.00 8.899 8.5319 8.5984 0.77
190.00 10.633 10.1379 10.2259 0.86
200.00 12.623 11.9661 12.0783 0.93
210.00 14.897 14.0351 14.1763 1.00
220.00 17.480 16.3627 16.5367 1.05
230.00 20.400 18.9665 19.1775 1. 10
240.00 23.680 21.8637 22.1116 1.12
250.00 27.360 25.0720 25.3651 1.16
255.00 29.350 26.7980 27.1086 1.15
280.00 40.960 36.7235 37.0771 0.95
296.00 50.000 44.2824 44.6208 0.76
340.00 83.200 70.3898 70.9157 0.74
358.GO 100.GOG 53.4307 53.5465 0. 14
399.50 150.000 118.9935 118.7000 -0.25
400.00 151.400 119.4983 119.5745 0.06
430.50 200.000 150.6062 150.6093 0.00
456.50 250.000 180.2038 179.8697 -0.19
460.00 •257.800 184.4142 184.1484 -0.14
416.20 300.000 206.8715 206.3785 -0.24
491.20 350.000 230.0318 230.0317 0.0

AVERAGE ABSOLUTE OEVIATION 0.6732%
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TABLE 53
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR n-HEPTANE USING THE OBWR EQUATION

T PE FUL FUG %0EV
(F) (PSIA) (PSIA) (PSIA)

7C.CC C.726 0.4937 0.7218 31.61
9C.OO 1.254 0.9628 1.2432 22.55

110.CC 2.069 1.7326 2.0432 15.21
12C.CC 2.616 2.2649 2.5774 12.12
130.00 3.276 2.9157 3.2191 9.42
14C.CC 4.065 3.7014 3.9826 7.06
150.OC 5.002 4.6387 4.8846 5.04
16C.OO 6.106 5.7445 5.9413 3.31
17C.CC 7.398 7.0365 7.1699 1 .86
18C.OO 8.899 8.5322 8.5875 0.64
19C.CC 10.633 10.2487 10.2129 -0.35
20C.C0 12.623 12.2044 12.0632 -1.17
210.00 14.897 14.4150 14.1591 -1.81
220.CC 17.400 16.8985 16.5177 -2.30
230.CC 20.400 19.6712 19.1577 -2.68
240.00 23.680 22.7482 22.0920 ' -2.97
25C.CC 27.360 26.1447 25.3474 -3.15
255.00 29.350 27.9674 27.0927 -3.23
280.00 40.960 38.3950 37.0837 -3.54
296.OC 50.000 46.2808 44.6593 -3.63
340.00 83.2C0 73.2596 71.1819 -2.92
356.00 IOC.000 86.6378 83.9986 -3.14
399.50 150.000 122.9760 119.9732 -2.50
40C.00 151.400 123.4932 120.8743 -2.17
430.50 200.000 155.3032 153.1128 -1.43
456.5C 250.000 185.7807 184.0427 -0.94
46C.OO 257.800 190.1450 188.6245 -0.81
47f.2C 3C0.0C0 213.6444 212.7261 -0.43
497.20 350.000 239.7234 239.3898 -0.14

4VERACE / B S CLUTE DEVIATION = 9.1079%
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TABLE 54

COMPARISON OF PREDICTED DENSITIES USING THE MBWR
EQUATION WITH EXPERIMENTAL VALUES FOR ETHYLENE
T PE DF DC DEV %DEV

(F) (PSIA) (LBMOLF/CF)
'

-25C.0 14.7 1.4261 1.4292 -0.0031 -0.217
-24C.0 14.7 1.4091 1,4090 0.0001 0.008
-230.0 14.7 1.3927 1.3895 0.003? 0.227
-220.0 14.7 1.3756 1.3707 0.0049 0.353
-21C.C 14.7 1.3588 1.3525 0.0063 0.46?
-200.0 14.7 1.3421 1.3348 0.0073 0.546
-190.0 14.7 1.3253 1.3175 0.0078 0.592
-IPC.O 14.7 1.3096 1.3005 0.0091 0.698
-170.0 14.7 1.2918 1.2837 0.0081 0.623
-160.0 14.7 1.2747 1.2672 0.0075 0.585
-140.0 50.C 0.0165 0.0164 0.0001 0.388
-100.0 50.0 0.0140 0.0140 0.0000 0.001
-ICC.O 150.0 0.0540 0.053? 0.0008 1.496
-60.C 100.0 0.0262 0.0262 0.0000 0.037
—60 .0 200.0 0.0625 0.0621 0.0004 0.650
-20.0 ICC.C 0.0730 0.0230 -0.0000 -0.050
-20.0 300.0 0.C890 0.0886 0.0004 0.486
20.0 50.0 0.0100 0.0100 -0.0000 -0.01?
20.0 300.0 0.0724 0.0725 -0.0001 -0.173
60.0 50.0 0.009? 0.0092 0.0000 0.333
60,0 600.C 0.1619 0. 1617 0.000? 0.128

100.0 500.0 0.1029 0.1034 -0.0005 -0.533
140.0 100.0 0.0160 0.0160 0.0000 0.054
140.0 500.0 0.0909 0.0914 —0.0005 -0.578
140.0 1(00.0 0.2273 0.2278 -0.0005 -0.231
140.0 2000.0 0.6042 0.6064 -0.002? -0.362
18C.C 100.0 0.0149 0.0149 -0.0000 -0.05?
180.0 500.0 0.082? 0.0826 -0.0004 -0.4*0
180.0 1000.0 0. 1906 0.1910 -O.OOl? -0.627
180.0 1500.0 0.3338 0.3312 0.0026 0.780
180.0 2000.0 0.4812 0.4735 0.0077 1.600
220.0 ICC.O 0.0139 0.0140 -0.0001 -0.505
220.0 500.0 0.0753 0.0757 -0.0004 -0.565
220.0 1000.0 0.1675 0. 1687 -0.001? -0.731
220.0 1500.0 0.2787 0.2790 -0.0003 -0.125
220.0 2000.0 0.3976 0.3937 0.0039 0.971
260.0 100.0 0.0131 0.0131 -0.0000 -0.377
260.0 500.0 0.0698 0.0701 -0.0003 -0.466
260.0 1000.0 0. 1510 0.1521 -0.0011 -0.738
260.0 1500.0 0.2438 0.2440 -0.0010 -0,409
260.0 2000.0 0.3421 0.3408 0.0013 0.377

AVERAGE ABSOLUTE OEVIATION = 0.4548%
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TABLE 55

COMPARISON OF PREDICTED DENSITIES USING THE OBWR EQUATION
WITH EXPERIMENTAL VALUES FOR ETHYLENE____________

T PE OF OC OFV %DEV
<F) (PSIA) (LBMOLF/CF)

-P5C.0 14.7 1.4261 1.4939 -0.0678 — 4.751
-240.0 14.7 1.4091 1.4643 -0.0552 -3.916
-230. 0 14.7 1.3927 1.436 2 -0.0435 -3.126
-220.C 14.7 1.3756 1.4095 -0.0339 -2.468
-210.0 14.7 1.3588 1.3840 -0.0252 -1.856
-2CC.0 14.7 1. 3421 1.3595 -0.0174 -1.297
-190.0 14.7 1.3253 1.3359 -0.0106 -0.798
-lac.o 14.7 1.3096 1.3130 -0.0034 -0.258
-170.0 14.7 I.2918 1.2907 0.0011 0.085
-160.0 14.7 1.2747 1.2689 0.0058 0.451
-140.0 50.0 0.0165 0.0165 -0.0000 -0.231
-ICC. 0 50.0 0.0140 0.0140 -0.0000 -0.224
- 100.0 150.0 0.0540 0.054? -0. 0002 -0.429
-60.0 ICC.O 0.0262 0.0262 -0.0000 -0.170
-60.0 20C.0 0.0625 0.0627 -0.0002 -0.359
-20.0 100.0 0.0230 0.0230 -0.0000 -0.C84
-20. 0 300.0 0.0890 0.0893 -0.0003 -0.337
20.0 50.0 0.0100 0.0100 0.0000 0.010
20.0 300.0 0.0724 0.0725 -0.0001 -0.207
60.0 50.0 0.0092 0.009? 0.0000 0.369
60.0 600.0 0. 1619 0. 1625 -0. 0006 -0.350
100.0 500.0 0. 1029 0.1031 -0.000? -0.209
140.0 100.0 0.0160 0.0160 0.0000 0.138
140.0 500.0 0.0909 0.0911 -0.0002 -0.184
140.0 1000.0 0.2273 0.2281 -0.0008 -0.370
140.0 2000.0 0.6042 0.6063 -0.0021 -0.356
180.0 100.0 0.0149 0.0149 0.0000 0.032
180.0 500.0 0.0822 0.0823 -0.0001 -0.099
Ï8C: 0 1000=0 0=1906 0= 1910 -0-0004 -0=233
180.0 1500.0 0.3338 0.3347 -0.0009 -0.281
180.0 2CCC.C 0.4812 0.4829 -0.0017 -0.355
220.0 ICC.O 0.0139 0.0140 -0.0001 -0.423
220.0 500.0 0.0753 0.0754 -0.0001 -0.179
220. C ICCC.C 0.1675 0.1679 -0.0004 -0.211
220.0 1500.0 0.2787 0.2794 -0.0007 -0.249
220.0 2000.0 0.3976 0.3986 -0.0010 -0.259
260.0 100.0 0.0131 0.0131 -0.0000 -0.299
260.0 500.0 0.0698 0.0699 -0.0001 -0.103
260.0 ICCC.C 0.1510 0.1513 -0.0003 -0.201
260.0 1500.C 0.2438 0.2442 -0.0004 -0.179
260.0 2000.0 0.3421 0.3427 — 0.0006 -0.176

/SVFRAGF ABSCILTE HEVIATION = 0.6417%
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Enthalpy Departures. Twenty-two points were taken 

from Canjar and Manning (~120°F to 260°F). The average 
absolute deviation was 1.59%. Original BWR equation pre
dictions were compared with the same data set, and the 
average absolute deviation was 2.2%. Comparisons of pre
dicted and experimental enthalpy departures using the 
modified and original BWR equations are presented in 
Tables 56 and 57,

Vapor Pressures, A total of 28 points were taken 
from API Project 44^^^ (-220°F to -170&F) and Canjar and 
Manning (-154,66°F to 49,82°F), The average absolute 
deviation was 0,66%. Original BWR equation predictions 
were compared with the same data set, and the average 
absolute deviation was 15,9%, Predictions of fugacities 
along the vapor pressure curve using the modified and 
original BWR equations are presented in Tables 58 and 59„
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TABLE 56

COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE
MBWR EQUATION WITH DERIVED VALUES FOR ETHYLENE

T PF HE HC OFV %OEV
(F) (PSIA) (BTU/LBMOLE) BTU/LR

-120.0 ICC.C -437.64 -442.35 0. 17 -1.08
-100.0 ICC.O -418.00 -371.19 -1.67 11.20
-4C.0 2C0.0 -524.61 -542.44 0.64 -3.40

C.C 400.0 -1021.16 -1023.66 0.09 -0.24
40.0 5CC.C -1009.94 -1024.68 0.53 -1.46
8C.C 500.0 -774.29 -793.39 0.68 -2.47
80.0 800.C -1537.36 -1516.82 -0.73 1.34

lOC.O ICOO.O -1854.37 -1798.13 -2.00 3.03
lOC.O 1500.0 -3080.33 -3122.94 1.52 -1.38
120.0 500.C -634.0? -649.92 0.57 -2.51
120.0 1000.0 -1548.58 -1539.81 -0.31 0.57
120.0 2000.0 -3156.07 3227.33 2.54 -2.26
140.C 500.0 -580.72 -595.51 0.53 -2. 55
140.0 lOCC.C -1352.20 -1357.39 0.18 -0.3P
140.0 2000.0 -2883.95 -2855.07 -1 .03 1.00
160.0 500.0 -538.64 -543.96 0.37 -1.92
160.0 1000.0 -1192.29 -1217.92 0.91 -2.15
160.0 1500.0 -2000.25 -1951.42 -1.74 2.44
160.0 2000.0 -2606.22 -2542.38 -2.28 2.45
180.0 500.0 -502.17 -508.60 0.23 -1.28
IPC.O ICCO.C -1096.91 -1106.01 0.32 -0.83
180.0 1500.0 -1775.8? -1748.78 — 0. 96 1.5?
180.0 2CC0.C -2350.9? -2291.13 -2.13 2.54
200.0 500.0 -468.50 -473.2? 0. 17 -1.01
200.C ICOO.O -1007.14 -1013.27 0.22 — 0.61
ZOC.O 1500.0 -1601.88 -1584.60 —0. 62 1 .08
200.0 2000.0 -2137.71 -2083.29 -1.94 2.55
220.0 500.0 -440.45 -441.93 o.os -0.74
220.0 10GC . G — 93 1. 39 — 9 34. 68 0. 12 -0.35
220.0 1500.0 -1458.91 -1448.38 -0. 37 0.71
220.0 2000=0 -1949.75 -1907.39 -1.51 2.17
240.0 500.0 -409.59 -414.04 0. 16 -l.O*
240.0 ICOO.O -861.26 -866.94 0.20 — 0 . 66
240.0 1500.0 -1338.17 -1333,20 -0. 18 0.37
240.0 2000,0 -1787.04 -1756.36 -1.09 1.72
260.0 500.0 -378.73 -389.02 0.37 -2.72
260.0 ICOO.O -796. 73 -807.77 0.39 -1.39
260.0 1500.0 -1228.76 -1234.24 0.20 -0.45
260.0 2000.0 -1641.16 -1625.27 -0.57 0.97

4VERACE ABSOLUTE DEVIATION = 1.7478%

AVERAGE ABSOLUTE DEVIATION IN BTU/LR = 0.78
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TABLE 57

COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE
OBWR EQUATION WITH DERIVED VALUES FOR ETHYLENE

T PF HE HC OEV %DEV
IF) (PSIA) 1BTU/LBMOLE) RTU/LB

-120.0 ICC.C -437.64 -482.70 1.61 -10.30
- 100.0 100.0 -418.00 -398.69 — 0. 6° 4.62
-AC. 0 200.0 -524.61 -570.39 1.63 -8.73

C.O 4CC.0 -1021.16 -1081.05 2. 13 -5.86
40.0 500.0 -1004.94 -1062.82 1.88 -5.24
ec.o 500.0 -774.29 -808,26 1.21 -4.30
8C.0 800.0 -1537.36 -1592.20 1.9*̂ -3.57

100.0 1000.0 -1854.37 -1910.78 2.01 -3.04
ICC. 0 1500.0 -3080.33 -3141.13 2.17 -1.97
120.0 500 .0 -634.0? -655.38 n. 76 -3,37
120.0 1000.0 -1548.58 -1592.63 1.57 -2.84
120.0 2000.0 -3156.07 -3201.00 1.60 -1 .42
140.0 500.0 -580.72 -598.16 0.62 -3.00
14C.0 lOOC.O -1352 .20 -1385.44 1.18 -2.46
140.0 2000.C -2883.95 -2915.89 1.14 - 1. 11
160.0 500.0 -538.64 -549.50 0. 39 -2.02
16C.0 1000.0 -1192.29 -1232.86 1.45 -3.40
16C.0 1500.0 -2000.25 -2032.12 1. 14 -1 .59
160.0 2000.0 -2606.22 -2634.94 1.0? -1.10
10C.O 500.0 -502.17 -507.52 0.19 -1.07
18C.0 ICOO.O -1096.91 -1112.99 0.57 -1.47
180.0 1500.0 -1775.82 -1798.61 0.81 -1.28
18C.C 2000.0 -2350.92 -2377.36 0.94 -1.12
200.0 500.0 -468.50 -470.90 0.09 -0.51
200.0 1000.0 -1007.14 -1015.01 0.28 -0.78
20C.O 1500.0 -1601.88 -1614.36 0.44 -0.78
200.0 2C00.C -2137.71 -2151.33 0.49 — 0. 64
220.0 500.0 -440.45 -438.63 -0.06 0.41
220.C ICCC.C -931.39 -932.77 0,05 -0,15
220.0 1500.0 -1458,81 -1465.06 0.22 -0.43
220.0 2000.0 -1949. 75 -1957.02 0,26 -0.37
240.0 500.0 -409,59 -409.98 0.01 -0,09
240.0 ICOO.O -861.26 -862.42 0,04 -0.14
24C.0 1500.0 -1338.17 -1341.00 0.10 -0,21
240.0 2000.0 -1787.04 -1790.62 0. 13 -0.20
260.0 500.0 -378.73 -384.35 0.20 -1.48
260.0 1000.0 -796.73 -801.32 0,16 —0.58
260.0 1500.0 -1228.76 -1235.89 0,25 -0,58
260.0 2000.0 -1641, 16 -1647.55 0.23 -0,39

fVERACf flfiSOLlTF DEVIATION = 2.1209%

AVERAGE ABSOLUTE DEVIATION IN BTU/LB = 0.81
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TABLE 58
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR ETHYLENE USING THE MBWR EQUATION

T PE FUL FUG tOFV
(F> (PSIA) (PSIA) (PSIA)

-220.00 0.895 0.8764 0.8808 0.50
-215.00 1.167 1.1574 1.160? 0.24
-210.00 1.519 1.5082 1.5083 0.01
-205.00 1.953 1.9408 1.9365 -0.22
-2CC.00 2.484 2.4683 2.4589 -0.38
-195.00 3.127 3.1049 3.0897 -0.49
-19C.CC 3.899 3.8654 3.8444 -0.55
-155.00 4.816 4.7662 4.7377 — 0.60
-IBC.OO 5.899 5.8235 5.7883 — 0 .61
-175,00 7.168 7.0546 7.0138 -0.58
-170.00 8.640 8.4776 8.4284 -0.58
- 160.00 12.310 11.9719 11.9257 -0.39
-165.00 10.350 10.1106 10.0629 -0.47
-154.66 14.696 14.2341 14.1791 -0.39
-15C.CC 17.150 16.4576 16.4801 0. 14
-I4C.CC 23.180 22.0852 22.0768 -0.04
-130.00 30.600 29.0059 28.8611 -0.50
-12C.0C 40.230 37.3707 37.5028 0.35
-IIC.CC 52.150 47.3232 47.9795 1.37
-100.00 66.550 58.9969 60.3519 2.25
-90.00 83.210 72.5069 74.3435 2.47
-80.00 101.200 87.9480 89.1681 1.37
-70.00 122.600 105.4440 106.3623 0.86
-60.00 146.500 125.057? 125.1321 0.06
-50.00 173.300 146.8555 145.6855 -0.80
-40.00 206.200 170.9988 170.0269 -0.57
— 30.00 244.500 197.5335 197.3541 -0.09
-20.00 285.OCC 226.3597 225.5102 — 0. 38
-10.00 332.500 257.710? 257.1763 -0.21

0.0 384.600 291.4839 290.7034 -0.27
10.00 442.700 327.7576 326.6150 -0.35
20.00 507.700 366.5845 365.0449 -0.42
IC.CO 578.500 407.8484 405.2502 —0.64
40.00 654.600 451.4050 446.9739 -0.99
49.82 742.100 497.0461 491.9553 -1.03

4VERACF ABSOLUTE DEVIATION = 0.6052*
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TABLE 59
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR ETHYLENE USING THE OBWR EQUATION

T PF FUL FUG fOFV
IF) (PSIA) (PSIA) (PSIA)

-220.00 0.885 0.3091 0.8805 64.90
-215.00 1.167 0.4663 1.1597 59.80
-210.00 1.519 0.6826 1.5075 54.72
-205.00 1.953 0.9727 1.9352 49.74
-200.00 2.464 1.3529 2.4571 44.94
-195.00 3.127 1.8409 3.0871 40.37
-19C.0C 3.899 2.4556 3.8409 36.07
-185.00 4.816 3.2172 4.7329 32.02
-180.00 5.899 4.1464 5.7818 28.29
-175.00 7.168 5.2642 7.0052 24.85
-170.00 8.640 6.5933 8,4172 21.67
-160.00 12.310 9.9699 11.9073 16.27
-165.00 10.350 8.1545 10.0484 18.85
-154.66 14.696 12.2140 14.1556 13.72
-150.00 17.150 14.4495 16.4511 12.17
-140.00 23.180 20.1972 22.0338 8.34
-130.00 30.600 27.3676 28.8002 4.97
-120.00 40.230 36.1074 37.4174 3.50
-lie.CO 52.150 46.5435 47.8631 2.76
-100.00 66.550 58.7894 60.1986 2.34
-90.00 83.210 72.9350 74.1503 1.64
-80.00 101.200 89.0333 88.9394 -0.11
-70.00 122.600 107.1744 106.0955 -1.02
-60.00 146.500 127.3799 124.8323 -2.04
-50.00 173.300 149.6779 145.3599 -2.97
-40.00 206.200 174.1910 169.6724 -2.66
-30.00 244.500 200.9235 196.9750 -2.00
-20.00 285.000 229.7262 225.1296 -2.04
-10.00 332.500 260.8027 256.7964 -1.56

0.0 384.600 294.0049 290.3350 -1.26
10.00 442.700 329.3669 326.2512 -0.95
20.00 507.700 366.9016 364.6387 -0.62
30.00 578.500 406.4158 404.6987 -0.42
40.00 654.600 447.6082 446.0579 -0.35
49.62 742.100 489.8892 489.8889 0.0

4VERACE fBSCLUTE DEVIATION = 15.9977%



CHAPTER VIII

APPLICATION OF MULTIPROPERTY REGRESSION ANALYSIS 
TO NONHYDROCARBONS USING THE MODIFIED 

BWR EQUATION

To correlate the behavior of natural gas systems, 
the modified BWR equation of state is extended to some non
hydrocarbons. In most natural gas reservoirs, the most 
common nonhydrocarbons present are nitrogen, carbon dioxide 
and hydrogen sulfide. PVT, enthalpy departure and vapor 
pressure data were used simultaneously to determine the 
equation-of-state parameters for these nonhydrocarbons with 
the exception of hydrogen sulfide for which no experimental 
nor meaningful derived enthalpy values are available,. Sets 
of parameters in British engineering units of the modified 
BWR equations are presented in Tables 60 and 61„ Predictions 
of thermodynamic properties of the above nonhydrocarbons are 
discussed individually in the following sections.

Nitrogen
Nitrogen has been one of the most extensively studied 

materials because of its theoretical significance of being 
a simple molecule. Its extensive PVT, calorimetric and

143
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TABLE 60
MODIFIED BWR EQUATION OF STATE PARAMETERS* FOR 

INDIVIDUAL NONHYDROCARBONS

NITROGEN CARBON DIOXIDE HYDROGEN SULFIDE

Bo 0.575091E 00 0.394117E 00 0.297508E 00
% 0.374860E 04 0.659203E 04 0.105863E 05
Co 0,165621e 09 0.295902E 10 0.211496E 10
y 0.994303E 00 0.164916E 01 0.120447E 01
b 0.947657E 00 0.971443e 00 0.253315E 01
a 0.132506E 04 0.563285E 04 0.205110E 05
a 0.236954E 00 0.395525E 00 0.16596IE 00
c 0.107004E 09 0.2 74668E 10 0.436132E 10
Do 0.252022E 11 0.409151E 12 0.486518E 11
d 0.197227E 06 0.599297E 05 0.199731E 05
Go 0.166844e 13 0.102898E 11 0.393226E 11

*These parameters are consistent with the following 
units: pressure in psia, volume in ft^/lb mole
temperature in °R. The gas constant used is 10.7335.



TABLE 61
ORIGINAL BWR EQUATI0N-0F-5TATE

INDIVIDUAL NONHYDROCARBONS
FOR

NITROGEN 123 NITROGEN 30 CARBON DIOXIDE 31 HYDROGEN SULFIDE49

Bo 0.733549E 00 0.449796E 00 0.799496E 00 0.104473E 01
Ao 0.449557E 04 0.328183E 04 0.103228E 05 0.168733E 05
Co 0.719313E 08 0.952712E 08 0.169301E 10 0.208416E 10
y 0.192393E 01 0.115200E 01 0.138400E 01 0.149687E 01
b 0.508311E 00 0.828186E 00 0.105920E 01 0.720381E 00
a 0.110191E 03 0.188051E 04 0.826446E 04 0.474201E 04
a 0.119783E 01 0.290501E 00 0.348000E 00 0.587307E 00
c 0.107217E 09 0.106782E 09 0.291971E 10 0.413235E 10

♦These parameters are consistent with the following units: pressure in psia,
volume in ft^/lb mole, temperature in °R. The gas constant used is 10.7335.
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vapor pressure data allow a meaningful test for the 
validity of applying corresponding states principle to 
fluids composed of nonpolar molecules. Besides theoreti
cal considerations, this wealth of experimental data have 
tempted the proposal of at least four empirical equations 
of state in the past thirty years.

Success of the original BWR equation on hydrocarbons
12 3prompted Stotler and Benedict to extend its applica

tion to nitrogen. In 1953, a set of parameters for nitro
gen was published by these investigators. The region 
extended from -267°F to 390°F with a reported average 
absolute deviation in pressure of 0.31%. Prior to this 
publication. Bloomer and Rao^^ modified the original BWR 
equation to predict PVT and vapor-liquid equilibrium
behavior of nitrogen. The reported average absolute devi-

19ation in pressure was 0.36%. In 1961, Bubeck and Peck 
proposed a thirteen-constant equation of state for nitro
gen with special emphasis on vapor pressure prediction.
The rcct-mcan-squars error in density was reported to be
0.7% to three times its critical density. To obtain more

125accurate predictions of PVT behavior, Strobridge pro
posed a sixteen-constant equation of state for nitrogen.
A root-mean-square error in compressibility factor of 
0.87% was reported for densities up to three times the 
critical density. Recently, Crain and Sonntag^^ redeter
mined the original BWR equation of state parameters using
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a non linear loast squares method, and extended the range
of density prediction to twice the critical density.
Source of Data

Comprehensive thermodynamic properties of nitrogen
1 12have been compiled by Sago and Lacey , Bloomer and

Rao^^, Din^^ and Strobridgo^^^. Recent contributions
2 9include PVT measurements by Crain and Sonntag and

124Stroott and Stavoloy . Accurate enthalpy data wore
8 2reported by Mage and co-workers . A critical review 

of vapor pressures of liquid nitrogen was given by 
Edejer and Thodos^^.
Results from Regression Analysis

Densities. A total of 31 points were taken from 
Streett and Staveley !(-320.5®F to -243.27®F) and Canjar 
and Manning (-220°F to 160°F). The average absolute 
deviation was 0.72%. Predictions using the original BWR 
equation with parameters determined by Stotler and Bene
dict as well as Crain and Sonntag were compared with the 
aàiii« data set, and the average absolute deviations were 
7.7 3% and 1.04% respectively. Comparisons of predicted 
and experimental densities using the modified BWR equa
tion and the original BWR equation with parameters deter
mined by Stotler and Benedict, Crain and Sonntag are 
presented in Tables 62, .63 and 64. Topographical plots 
of deviations using the modified BWR equation and the 
original BWR equation with Crain and Sonntag's parameters 
are presented in Figures 22 and 23.
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TABLE 62

COMPARISON OF PREDICTED DENSITIES USING THE MBWR
EQUATION WITH EXPERIMENTAL VALUES FOR NITROGEN

T PF DF DC OFV VOEV
(F) (PSIA) (LBMniF/CF)

-22C.5 196.0 1.7567 1.7631 0o0336 1.870
-30C.0 14.7 0.0088 0.0088 -0.0000 -0.286

150.S 1.5333 1.5143 0.0190 1.238
-27S.5 3028.P 1.7063 1.689? 0.0171 1.00?
-?7<.5 6027.6 1.8076 1.7863 0.0213 I. 170
-27S.5 8031.8 1.8576 1.8346 0.0230 1 . 236
-261.7 1599.2 1.5660 1.5561 0.0099 0,634
-26 1.7 4598.0 1.7077 1.698? 0.0095 0,558
-26 1. 7 8536.4 1.8203 1.8090 0.01 13 0.620
-24 2.3 7458.5 1.5001 1.4950 0.0051 0. 338
-24 2.3 4018.3 1.551 1 1.5884 0.0027 0.17?
-24 2.3 8(16.8 1.7387 1.7361 0.0026 0. 149
-220.0 ICO.C 0.0410 0.0414 -0.0004 -0.864
-IPC.O 150.0 0. 0528 0.0525 -0. 0001 -0.183
- 18C.0 350.0 0. 1340 0.1345 -0. 0005 -0.336
-14C.C 200.0 0.0610 0.061? -0.0002 -0.268
- 140.0 400.0 0.1281 0.1285 -0.0004 -0.32?
-loc.n 500.0 0.1394 0.1396 -0.000? -0.755
- lOC.O 500.0 0.2652 0.2632 0.0020 0.748
— 60.0 700.0 n . 1734 0.1736 -0.0002 -0.10?
-20.0 800.0 0. 1760 0.1765 -0.0005 -0.310
— 20. 0 1300.0 0.2504 0.2878 0.0026 0.909

0.0 560.0 0. 1161 0.1164 -0.0003 -0.299
40.0 100.0 0.0187 0.0187 -0.0000 -0.0P3
40.0 500.0 0.094? 0.0945 -0.0003 -0.368
40.0 ICOO.O 0.1895 0.1893 0.0002 0.080
12C.C 400.0 0.0642 0.0645 -0.0003 -0.401
120.0 800.0 0.1280 0.1285 -0.0005 -0.374
120.0 1300.C C.2063 0.2063 0.0000 0,018
16C.0 500.0 0.0748 0.0751 -0.0003 -0.372
160.0 1000.0 0. 1482 0. 1488 -0.0006 -0.380
160.0 1200.0 0.177? 0.1775 -0.0003 -0.164
IflC.C 500.0 0.0723 0.0726 -0.0003 -0,451
IflC.O ICOO.O 0. 1432 0-1430 -0.0006 -0.40?
20C. 0 500.0 0.0701 0.0703 -0.0002 -0.327
200.0 1000.0 0.1389 0. 1391 -0.0002 -0.172
220.0 500.0 0.0680 0.0682 -0.0002 -0.284
220.0 1000.0 0.1346 0.1348 -0.000? -0.159
240-0 500.0 0.0660 0.066? -0.0002 -0.275
240.0 750.0 0.0985 0.0987 -0.0002 -0.247
240.0 ICCC.O 0.1306 0.1308 -0.000? -0.128

AVERAGE ABSOLUTE DEVIATION = 0.4506%
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TABLE 63

COMPARISON OF PREDICTED DENSITIES USING THE OBWR
EQUATION (STOTLER'S PARAMETERS) WITH

T pe ■" eg - ■ bt OEV %OFV
(F> (PSIAl (LRMOLE/CF)

-320.5 156.C 1.7567 2.4722 -0.6755 -37.597
-30C.0 14.7 0.0088 0.0088 -0.0000 -0.511
-27C.5 150.5 1.5333 2.0983 -0.5650 -36.851
-275.5 3020.f 1.7063 2.2029 -0.4966 -29.104
-275.5 6 027.6 1.8076 2.2854 -0.4778 -26.434
-275.5 0031.8 1. 8576 2.3317 -0.4741 -25.523
-261.7 1955 .2 1.5660 2.0263 -0.4603 -29. 396
-26 1.7 4550.0 1.7077 2.1425 -0.4348 -25.463
-26 1. 7 0536.4 1.8203 2.2528 -0.4325 -23.759
-24 2.3 2498.5 1.5001 1.9021 -0.4020 -26.798
-243.3 4010.3 1.591 1 1.9819 -0.3908 -24.561
-243.3 0C16.0 1.7387 2.1299 -0.3912 -22.498
-220.0 100.C 0.0410 0.0414 -0.0004 -0.856
- IBC.C 150.0 0.0528 0.0528 -0.0000 -0.027
- IBC.O 350.C 0.1340 0.1334 0.0006 0.419
-14C.C 200.C 0.0610 0.0610 -0.0000 -0.030
-140.C 400.C 0.1281 0.1277 0.0004 0.322
-100.0 500.0 0.1394 0.1387 0.0007 0.489
-ICC.O 500.0 0.2652 0.2598 0.0054 2.054
-6C.0 700.C C.1734 0.1724 0.0010 0.605
-20.0 000.0 0.1760 0.1754 0.0006 0.326
-20.C 1300.0 0.2904 0.2857 0.0047 1.606

C.O 560.C 0.1161 0.1159 0.0002 0.179
40.0 100.0 0.0187 0.0187 0.0000 0.019
4C.C 500.C C.C942 0.0942 0.0000 0.049
40.0 ICOO.O 0.1895 0.1883 0.0012 0.648

120.0 400.0 0.0642 0.0642 -0.0000 -0.062
120.0 800.0 0. 1280 0.1278 0.0002 0.137
120.0 1300.0 0.2063 0.2052 0.0011 0.517
16C« C 5 0 C • C 0.0748 0.0740 O.OOOO 0.02?
16C.0 ICCC.C 0.1482 0.1480 0.0002 0.156
160.0 1200.0 0.1772 0.1766 0.0006 0.364
18C.Q 500.C 0.0723 0.0723 -0.0000 -0.058
100.0 1000.0 0.1432 0.1430 0.0002 0.137
200.0 500.0 0.0701 0.0701 0.0000 0.053
2CC.C ICOO.C Û.Î389 0.1384 0.0005 0.369
220.0 500.0 0.0680 0.0679 0.0001 0.105
220.0 ICOO.O 0.1346 0.1341 0.0005 0.386
24C.0 500.0 0.0660 0.0659 0.0001 0.113
240.0 750.0 0.C985 0.0983 0.0002 0.248
240.0 ICCC.O 0.1306 o;i30i 0.0005 0.419

7VERAC f ABSOLL'TE DEVIATION = 7.7870%
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TABLE 64
COMPARISON OF PREDICTED DENSITIES USING THE

OBWR EQUATION (CRAIN'S PARAMETER) WITH
EXPERIMENTAL VALUES FOR NITROGEN

T PE DE DC DEV 7DEV
(F) (PSIA) (LRMOLF/CF)

-22C.5 196.0 1.7967 1.9044 -0.1077 - 5 . 9 0 4

-30C.0 14.7 0.0088 0.0089 -0.0001 -0.621
-27Ç.5 150.9 1.5333 1.5953 -0.0620 -4.041
-27Ç. 5 3028.f 1.7063 1.7325 -0.0262 -1.534
-27S.5 6027.6 1.8076 1.8185 -0.0109 -0.605
-274.5 8031.8 1.8576 1.8629 -0.0053 -0,285
-261.7 1<99.2 1.5660 1.5885 -0.0225 - 1 . 4 3 5
-261.7 4998.0 1.7077 1.7155 -0.0078 -0.454
-261.7 8936.4 1. 8203 1.8190 0.0013 0.072
-243.3 2498.9 1.5001 1.5133 -0.0132 -0.877
-243.3 4018.3 1.5911 1.5982 -0.0071 -0.449
-243. 3 8016.8 1.7387 1.7366 0.0021 0.123
-220.0 100.0 0.0410 0.0413 -0.0003 -0.787
-18C.0 150.0 0.0528 0.0528 0.0000 0.012
-18C.0 350.0 0.1340 0.1338 0.0002 0.153
-14C.0 200.0 0.0610 0.0611 -0.0001 -0.088
-140. 0 400.0 0.1281 0. 1281 -0.0000 -0.013
-lOC.C 500.0 0.1394 0.1395 -0.0001 -0.076
-100.0 900.0 0.2652 0.2641 0.0011 0.421
-6C. C 700.0 0.1734 0.1740 -0.0006 -0.375
-20.0 800.0 0.1760 0.1775 -0.0015 -0.841
-20.0 1300.0 0.2904 0.2916 -0.0012 -0.418

C.O 560.0 0.1161 0.1168 -0.0007 -0.609
40.0 100.0 0.0187 0.0187 — 0.0000 -0.123
40.0 500.0 0.0942 0.0948 -0.0006 —0.688
40. 0 ICGC.C 0.1895 0.1911 -0.0016 -0.831
120.0 400.0 0.0642 0.0646 -0.0004 -0.695
120.0 800.0 0.1280 0.1294 -0.0014 -1.084
120.0 1300,0 0,2063 0=2090 -0=0027 -1.330
160.0 500.0 0.0748 0.0754 -0.0006 -0.776
160.0 1000.0 0.1482 0.1502 -0.0020 -1.336
160.0 1200.0 0.1772 0.1796 -0.0024 -1.365
180.0 500.0 0.0723 0.0729 -0.0006 — 0.861
180.0 1000.0 0.1432 0.1451 -0.0019 -1.355
200.0 500.0 0.0701 0.0706 -0.0005 -0.751
200.0 1000.0 0.1389 0.1405 -0.0016 -1.119
220.0 500.0 0.0680 0.0685 -0.0005 -0.700
220.0 1000.0 0.1346 0.1361 -0.0015 -1.100
240.0 500.0 0.0660 0.0665 -0.0005 -0.692
240.0 7 50.0 0.0985 0.0994 -0.0009 -0.913
240.0 1000.0 0,1306 0.1320 -0.0014 -1.063

AVERAGE ABSCIOTF DEVIATION = 0.9040%
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Figure 22. Comparison of Densities Calculated by the 
Modified BWR Equation with Experimental 
Values for Nitrogen.
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Figure 23. Comparison of Densities Calculated by the
Original BWR Equation Using Crain and Sonntag's 
Parameters with Experimental Values for Nitrogen
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Enthalpy Departures. Twenty-eight points were taken 

from Mage and co-workers (-330.0°F to -120°F). The 
average absolute deviation was 0.93%. Predictions using 
the original BWR equation with parameters determined by 
Stot1er and Benedict, and Crain and Sonntag were compared 
with the same data set, and the average absolute deviations 
were 36.38% and 13.52% respectively. Comparisons of pre
dicted and experimental enthalpy departures using the 
modified BWR equation and the original BWR equation with 
parameters determined by Stotler and Benedict, Crain and 
Sonntag are presented in Tables 65, 66 and 67. Topographi
cal plots of deviations using the modified BWR equation 
and the original EWR equation with Crain and Sonntag's 
parameters are presented in Figures 24 and 25.

Vapor Pressures. Seventeen points were taken from 
48Friedman and White . The average absolute deviation was 

0.8%. Prediction using the original BWR equation with 
parameters determined by Stotler and Benedict, and Crain 
and Sonntag were compared v;ith the same data set with 
average absolute deviations of 25.66% and 13.64% respec
tively. Predictions of fugacities along the vapor pressure 
curve using the modified BWR equation and the original BWR 
equation with parameters determined by Stotler and Benedict 
and Crain and Sonntag are presented in Tables 68, 69 and 70.
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TABLE 65

COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING THE
MBWR EQUATION WITH EXPERIMENTAL VALUES FOR NITROGEN
T PF HE HC DEV %OEV

(F) (PSIA ) IBTU/LBMOLE) PTU/IP

-300.C 500.0 -2278.29 -2306.12 0.99 -1.22
-30C.0 1000.0 -2258.68 -2277.87 0.69 -0.85
-30C.C 1500.0 -2247.47 -2247.51 0.00 -0.00
-300.C 2000.0 -2227.86 -2215.58 -0.44 0.55
-300.0 2500.0 -2160.62 -2182.45 0.78 -1.01
-250. 0 500.0 -1858.08 -1865.15 0.25 -0.38
-250.0 1000.0 -1897.30 -1904.72 0.26 -0.39
-250.0 1500.0 -1905.70 -1910.96 0. 19 -0.28
-250.0 2000.0 -1897.30 -1903.22 0.21 -0,31
-250.0 2500.0 -1874.89 -1887.67 0.46 — 0.68
-200.0 500.0 -455.51 — 448.57 -0.25 1.52
-200.0 1000.0 -1155.91 -1141.34 -0.52 1.26
-200.0 1500.0 -1430.47 -1422.61 -0.28 n.fs
-200.0 2000.0 -1525.72 -1523.30 -0.09 0.16
-200.0 2500.C -1539.73 -1563.62 1.03 -1.88
-lao.o 500.0 -350.59 — 363.80 0.47 -3.?7
-18C.0 1000.0 -843.67 -838.01 -0.20 0.67
-180.0 1500.0 -1182.67 -1170.62 -0.43 1.02
-180.0 2000.0 -1353.56 -1324.26 -1.05 2.17
- 180.0 2500.0 -1398.39 -1402.14 0.13 -0.?7
-150.0 1000.0 -601.22 -602. 27 0.04 -0. 17
-150.0 1500.0 -898.19 -874.50 -0.05 2.64
-150.0 2000.0 -1077.49 -1049.29 -1.01 2.62
-150.0 2500.0 -1172.75 -1154.99 —0. 63 1 .51
-100.0 ICCC.C -417.33 -409.63 -0.27 1.84
-100.0 1500.0 -610.64 -590.57 -0.72 3.29
-100.0 2000.0 -761.9? -730.90 -1.11 4.07
-100.0 2500.0 -854.38 -832.36 -0.79 2.58

0.0 1500.0 -347.93 -332.01 -0.57 4.58
-220.0 500. C -608.31 -606.57 —0. 06 0.29
-220. 0 1000.0 -1563.66 -1539.11 -0.88 1.57
-220.0 1500.0 - 1647.70 -1660.31 0.45 -0.76
-220.0 2000.0 -1689.73 -1702.40 0.45 -0.75
-220. C 2500.0 -1686.93 -1716.46 1.05 -1.75
-160.0 500.0 -296.30 -306.56 0.37 -3.46
-160.0 ICCO.C —660.50 — 663.75 0.12 -0.49
-160. 0 1500.0 -979.89 -959.74 -0.72 2.06
-160.0 2000.0 -1161.99 -1134.42 -0.98 2.37
-160.0 2500.0 -1243.24 -1234.36 -0.32 0.71

fVERACE ABSGLUTF DEVIATION = 1.4474%

AVERAGE ABSOLUTE DEVIATION IN BTU/LB = 0.52
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TABLE 66

COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING
THE OBWR EQUATION (STOTLER'S PARAMETERS) WITH

EXPERIMENTAL VALUES FOR NITROGEN_________
T PE HE HC DEV *0EV

IF) (PSIA) (BTU/LBMOLE) BTU/LB

-300.0 500.0 -2279.29 -4308.35 72.46 -89.10
-TOC.O 1000.0 -2258.68 -4292.33 72.59 "0.04
-300.0 1500.0 -2247.47 -4275.64 72.39 -90.24
-300.0 2CCC.0 -2227.86 -4253.32 72.48 -91.14
-300.0 2500.0 -2160.62 -4240.45 74.24 -96.26
-250.0 500.0 -1858.08 -2774.35 32.71 -49.31
-25C.0 1000.0 -1897.90 -2785.22 31.69 -46.80
-250.0 1500.0 -1905.70 -2788.88 31.52 -46.34
-250.0 2000.0 -1897.30 -2787.52 31. 78 -46.92
-250.0 2500.0 -1874.89 -2782.42 32.39 -48.40
-200.0 500.0 -455.51 -436.06 -0. 69 4.27
-200.0 1000.0 -1155.91 -933.33 -7.94 19.26
-200.0 1500.0 -1430.47 -1514.71 3.01 -5.89
-200.0 2000.0 -1525.72 -1785.18 9.26 -17.01
-200.0 2500.0 -1539.73 -1875.84 12.00 -21.83
-180.0 500.0 -350.59 -356.51 0.21 -1.69
-180.0 ICCO.C -843.67 -731.95 -3.99 13.24
-180.0 1500.0 -1182.67 -1029.59 — 5.46 12.94
-180.0 20^0.0 -1353.56 -1306.48 — 1.68 3.48
-180.0 2500.0 -1398.39 -1504.48 3.79 -7.59
-150.0 1000.0 -601.22 -555.44 -1.63 7.61
- 150.0 1500.0 -898.19 -775.16 -4,39 13.70
-150.0 2000.0 -1077.49 -943.60 -4.78 12.43
-150.0 2500.0 -1172.75 -1085.91 -3.10 7.40
-100.0 1000.0 -417.33 -390.48 -0.96 6.43
-100.0 1500.0 —610.64 -547.48 -2.25 10.34
-100.0 2000.0 -761.92 -668.38 -3.34 12.28
-100.0 2500.0 -854.38 -762.32 -3.29 10.77

c • c 1 K/'(3 g -347.93 -322.33 -0.91 7.36
-220.0 500.0 -608.31 -566.49 -1.49 6.88
-220.0 1000.0 — 1563.66 -2045.69 17.21 -30.93
-220.0 1500.0 -1647.70 -2153.48 18.05 -30.70
-220.0 2000.0 -1689. 73 -2201.29 18.26 -30.27
-220.0 2500.0 -1686.93 -2226.70 19.27 -32.00
— 160.0 500.0 -296.30 -301.10 0.17 -1.62
— 160.0 1000.0 — 660.50 -604.37 -2.00 8.50
-160.0 1500.0 -979.89 -842.79 -4.89 13.99
-160.0 2000.0 -1161.99 -1031.20 -4.67 11.26
-160.0 2500.0 -1243.24 -1194.69 -1.73 3.90

AVERAGE /eSCLlTE DEVIATION = 27.1800*

AVERAGE ABSOLLIE DEVIATION IN BTU/LB = 17.56
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TABLE 67

COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING
THE OBWR EQUATION (CRAIN'S PARAMETERS) WITH

EXPERIMENTAL VALUES FOR NITROGEN_________
T PE HE HC D E V ? O E V

(F) (PSIA) (RTU/LBMOLE) BTU/LB

-300.0 500.0 -2278.29 -3333.44 37.66 -46.31
-3CC.0 icon.o -2258.68 -3313.37 37.65 -46.70
-300.0 1500.0 -2247.47 -3291.55 37.27 -46.46
-300.0 2000 .0 -2227.86 -3268.31 37.14 -46.70
-300.0 2500.0 -2160.62 -3243.89 38.67 -50.14
-250.0 500.C -1858.08 -2144.72 10.23 -15.43
-250.0 1000.0 -1897.30 -2177.29 9.99 -14.76
-250.0 1500.C -1905.70 -2184.40 9.95 -14.62
-250.0 2000.0 -1897,30 -2179.45 10.07 -14.87
-25C.0 2500.0 -1874.89 -2167.34 10.44 -15.60
-200.0 500.0 -455.51 -451.63 -0.14 0.85
-200.0 1000.0 -1155.91 -1159.74 0. 14 - 0 . 3 3

-200.0 1500.0 -1430.47 -1452.80 0 . 8 0 -1.56
-200.0 2000.0 -1525.72 -1543.74 0.64 -1.18
-200.0 2500.0 -1539.73 -1579.97 1 .44 - 2 . 6 1

-180.0 500.0 -350.59 -358.58 0.29 - 2 . 2 8

-180.0 I C C O . C -843.67 -825.63 —0. 64 2. 14
- 180.0 1500.0 -1182.67 -1169.52 -0.47 1.11
-180.0 2CCC.C -1353.56 -1318.60 -1.25 2.58
-180.0 2500.0 -1398.39 -1385.83 -0.45 0.90
-15C.0 1000.0 - 6 0 1 . 2 2 -580.45 -0.74 3.46
-150.0 1500.0 -898.19 -852.57 — 1. 63 5.08
-150.0 2000.0 -1077.49 -1027.39 -1.79 4.65
-150.0 2500.0 -1172.75 -1126.78 -I .64 3.92
— l O C . O 1000.0 -417.33 -386.55 -I. 10 7.38
-100.0 1500.C -610.64 -563.37 -1.69 7.74
- l O C . C 2000.0 -761.92 -703.51 -2.09 7.67
- l O C . O 2500.0 -854.38 -804.01 -1.80 5.89

0 , 0 1500,0 -347=99 -313=55 -1 = 23 9.88
-220.0 500.C -608.31 -626.72 0. 66 -3.03
-220.0 1000.0 — 1563.66 -1635.40 2.56 -4.59
-220.0 1500.C -1647.70 -1745.03 3.47 -5.91
-220.0 2000.0 -1689.73 -1780.79 3.25 -5.39
-220.0 2500.0 -1686.93 -1791.13 3.72 -6.18
-160.C 500.0 -296.30 -297.05 0.03 -0.25
-160.0 1000.0 — 660.50 -643.65 —0. 60 2.55
-160.0 1500.0 -979.89 -942.15 -1.35 3.85
-160.0 2000.0 -1161.99 -1116.21 — 1.63 3.94
-160.0 2500.0 -1243.24 -1208.13 -1.25 2.82

fVERfCE /esciuiE DEVIATION = 10.8025%

4VERACE A B S C I L T F DEVIATION IN BTU/LB = 7.12
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Figure 24. Comparison of Enthalpy Departures Calculated by 
the Modified BWR Equation with Experimental 
Values for Nitrogen
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Figure 25, Comparison of Enthalpy Departures Calculated 
by the Original BWR Equation Using Crain and 
Sonntag's Parameters with Experimental Values 
for Nitrogen.
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TABLE 68
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR NITROGEN USING THE MBWR EQUATION

T Pc FUL FUG %OFV
( F) (PSIA* (PSIA) (PSIA)

-3CÇ.1C 29,063 26.4377 27.1354 2.57
— 30 3» 36 39,322 35,7191 36.1761 1,26
-296.C7 56,282 50.1817 50.6686 0.96
-2P8.6C 78,653 68.3812 69.0645 0,99
-281.56 104,894 88.8907 89.7697 0.98
-276.C5 129,547 107.3388 108.4694 1.04
- 2 7 1 . SC 152,777 124.2245 125.5103 1.0?
-267.61 175.051 139.8394 141.3497 1.07
-263.33 201 .862 158.3021 159.8661 0,98
-26C. 16 223.511 172.8102 174.3922 0,91
-254.20 268,794 202,0422 203.6364 0,78
-25C.4C 300,808 221,9575 223.4700 0.68
-247.38 328.539 238,5321 240.0716 0.64
-243.44 367.140 260.9980 262.4324 0.55
-24C.E6 394.291 276.2031 277.5981 0.50
-23E.C4 425.578 293.3181 294.5757 0.43
-235.59 454.4C6 308.5366 309,6563 0.36
-233.74 475.511 320,0386 320,0386 0.0
-232.96 492.2C0 326.0747 326,0752 0.00

4VFRACE /eSCLUTE DEVIAT ION = 0.8275%
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TABLE 69
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR NITROGEN USING THE OBWR EQUATION 
WITH STOTLER'S PARAMETERS

T PE FUL FUG %OEV
(F) (PSIA) (PSIA) (PSIA)

-3CÇ.10 29.063 5.6492 26.9803 79.06
-3C3.36 30.322 9.9827 35.9392 72.22
-2«3é,f 7 56.282 18.619? 50.2893 62.98
-2F8.6C 76.653 32.1022 68.5008 53.14
-28 1.66 104.894 49.9769 89.0140 43.86
-276.C5 129.547 67.9131 107.5689 36.87
-27 1.5C 152.777 85.5489 124.5149 31.29
-261.61 175.051 102.6988 140.3057 26.80
-263.33 201.662 123.8600 158.8310 22.02
-26C.I6 223.511 141.0524 173.4227 18.67
- 2 54.2C 26 8.794 176.9393 202.9992 12.84
-25C.4C 300.808 202.1989 223.2545 9.43
-247.38 . 328.539 223.6276 240.3667 6.96
-243.44 361.140 253.2314 263.7021 3.97
-240.(6 394.291 273,5706 279.7671 2.21
-238.C4 425.578 296.7610 298.0349 0.43
-235.54 454.4C6 317.5754 314.6001 -0.95
-233.74 415.511 333.6152 326.9070 -2.05
-232.(6 492.200 341.0999 335.1052 -1.79

/VERACf /PSCLLTF DEVIAT ION = 25.6594%
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TABLE 70
PREDICTION OF SATURATED VAPOR AND LIQUID 
FUGACITIES FOR NITROGEN USING THE OBWR 

EQUATION WITH CRAIN'S PARAMETERS

T PE FUL FUG %DFV
IF) (PSIA) (PSIA) (PSIA)

-2CS.10 29.063 12.8135 26.8871 52.34
-303.36 39.322 19.9479 35.8096 44.29
-2S6.C7 56.282 32.4118 50.1029 35.31
-288.60 70.653 49.5927 68.2475 27.33
-201.56 104.894 70.1479 88.6912 20.91
-276.C5 129.547 89.2752 107. 182 0 16.71
-271.50 152.777 107.1063 124.0654 13.67
-267.61 175.051 123.7662 139.7847 11 .46
-263.33 201.862 143.6035 158.2055 9.23
-26C.16 223.511 159.2558 172.689? 7.78
-254.20 268.794 190.8783 201.9435 5.48
-25C.4C 300.8C8 212.4515 221.8655 4. 24
-247.38 328.539 230.4032 238.5904 3.43
-24 3.44 367.140 254.7395 261.2073 2.48
-240.86 394.291 271.1992 276.6055 1.95
-238.C4 425.578 289.7251 293.9150 1.43
-235.59 454.4C6 306.1750 309.3606 1.03
-233.74 475.511 318.6370 318.6367 0.0
-232.56 492.200 324.9048 324.9043 -0.00

AVERAGE ABSOLUTE DEVIATION = 13.6354%
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Carbon Dioxide
The original BWR equation has been successfully applied

31to carbon dioxide by Cullen and Kobe. To describe the 
thermodynamic properties of carbon dioxide adequately, these 
authors proposed two sets of parameters. in this study, 
only the set which is capable of predicting fugacities 
along the vapor-pressure curve and pressures in the gaseous 
region is used for comparison.
Source of Data

Comprehensive compilations of the thermodynamic proper
ties of carbon dioxide have been presented by Din^^, Canjar 
and Manning^^, Liley®^, Price^^^, Koppel and Smith^^. 
Recently, PVT measurements have been presented by Kennedy^ 
Results from Regression Study

Densities. Forty points were taken from Din's compila
tion (-22°F to 284°F). The average absolute deviation was 
1.12%. Original BWR equation predictions were compared 
with the same data set, and the average absolute deviation 
was 2.83%. Comparisons of predicted and experimental 
densities using the modified and the original BWR equations 
are presented in Tables 71 and 72.

Enthalpy Departures. Thirty-nine derived enthalpy 
departure points were taken from Din's compilation (-22°F 
to 283.7°F). The average absolute deviation was 1.46%. 
Original BWR equation predictions were compared with the 
same data set, and the average absolute deviation was 2.9%.
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TABLE 71
COMPARISON OF PREDICTED DENSITIES USING THE MBWR EQUATION

WITH EXPERIMENTAL VALUES FOR CARBON DIOXIDE________
T PE DE OC OFV %OFV

(F) (PSIA) (LBMOLF/CF)

-22.0 220.5 1.5246 1.5026 0.0220 1.444
-22.0 441.0 1.5312 1.5074 0.0238 1.553
-22.0 735.0 1.5390 1.5136 0.0254 1.647
-4. 0 294.0 1.4616 1.4544 0.0072 0.490
-4.0 441.0 1.4678 1.4585 0.0093 0.635
-4,0 735.0 1.4789 1.4663 0.0126 0.855
-4. 0 882.0 1.4840 1.4700 0,0140 0.944
14.0 441.0 1.3965 1.4039 -0. 0074 -0.530
14.0 735.0 1.4132 1.4141 -0.0009 -0.061
l<.0 882.0 1.420? 1.4189 0.0013 0.004
32.0 588 .0 1.3272 1.3473 -0.0201 -I. 512
32.0 1176.0 1.3708 1.3731 -0.0023 -0. 168
32.0 2208.0 1.4259 1.4089 0.0170 1-191
3 2.0 44 10.0 1.5046 1.4652 0.0394 2.619
68.0 4410.0 1.4062 1.3840 0.0222 1.581
f(.( 22C5.G 1.2065 1.2292 -0.0227 - I . 983
86.0 5580.0 1.4076 1.3770 0.0306 2.174

ÎC4.C 294.0 0.0534 0.0537 -0.0003 -0.614
104.0 882.C 0.2170 0.2205 -0.0035 -1.622
104.0 2940.0 1.1923 1.2119 -0.0196 -1.642
104.C 4410.0 1.2993 1.2934 0.0059 0.457
140.0 294.0 0.0492 0.0495 -0.0003 -0.551
140.0 882.0 0.1806 0.1835 -0.0029 -1.632
140.0 1470.0 0.4194 0.4209 -0.0015 -0.348
140.0 2940.0 1.0274 1.0412 -0.0138 -1.346
14C. 0 4410.0 1.1833 1.1892 -0.0059 -0.501
176.C 294.0 0.0458 0.0460 -0.0002 -0.352
176.0 882.0 0.1591 0.1612 -0.0021 -1.343
i /6. 0 4410.0 1.0628 1.0694 -0.0066 -0.626
212.0 294.0 0.0428 0.0430 -0.0002 -0.456
212.0 882.0 0.1437 0.1455 -0.0018 -1.24 8
212.0 2940.0 0.6951 0.6751 0.0200 2.973
212.0 4410.0 0.9459 0.9439 0.0020 0.214
249.0 294.0 0.0403 0.0404 -0.0001 -0.350
248. 0 882.C 0.1318 0.1335 -0.0017 -1.262
248.0 2940.0 C.5781 0.5755 0.0026 0.453
248.0 4410.0 0.0395 0.8327 0.0068 0.813
204. 0 294.0 0.0381 0.0382 -0.0001 -0.286
284.0 082.0 0.1223 0. 1238 -0.0015 -1.233
284.0 1470.0 0.2189 0.2230 -0.0041 -1.880
284.0 4410.0 0.7467 0.7434 0.0033 0.444

AVERAGE APSCLUTE DEVIATION = 1.0226%
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TABLE 12
COMPARISON OF PREDICTED DENSITIES USING THE OBWR EQUATION
________WITH EXPERIMENTAL VALUES FOR CARBON DIOXIDE

T FE CE OC OFV %OFV
If) (PfIA) (IPMCLE/Cr)

- 2 2 . C 220.« 1.5246 1.4287 0.0959 6.2«1
-22.0 44 1.0 1.5312 1.4348 0.0964 6. ?«3
-22.0 736 .0 1.5300 1.4427 0.0963 6.260
-4.C 2S4.C 1.4616 1.3761 0.0855 5.P47
-4.C 44 1.0 1.4678 1.3815 0.0863 5.080
-4.0 7?6.0 1.4789 1.3516 0.0873 5.505
-4.0 682.0 1.4840 1.3963 0.0877 5.507
14.C 44 1.0 1.3965 1.3216 0.0749 5.364
14.0 735 .0 1.4132 1.3354 0.0778 5.508
14.0 682 .0 1.4202 1.3417 0.0785 5.528
32.0 566 .0 1.3272 1.2604 0.0668 5.035
32.0 1176.0 1.3708 1.2557 0.0751 5.478
3 2.0 2205.C 1.4259 1 .3405 0.0854 5.588
3 2.0 44 10.0 1.5046 1.4056 0.0990 6.579
6E.0 44 10.0 1.4062 I.3280 0.0782 5.559
6 6.0 2205.0 1.2065 1.1650 0.0415 3.437
66.0 5500.0 1.4076 1.3263 0.0813 5.773

104.0 254.0 0.0534 0.0535 -0.0001 -0.239
104.0 682.0 0.2170 0.2184 -0.0014 -0.628
104.0 2540.0 I- 1923 1.1585 0.0334 2.799
104.0 44 10.0 1.2993 1.2442 0.0551 4.240
140.0 254.0 0.0402 0.0493 -0.0001 -0.164
140.0 682.C 0.1806 0.1813 -0.0007 —0.404
140.0 14 70 .0 0.4 194 0.4254 -C.OlOO -2.386
140.0 2540.0 1.0274 1.0163 O.Ol11 1.084
140.0 4410.C 1.1833 1.1515 0.0318 2.600
176.0 254.0 0.0458 0.0456 0.0000 0.035
176.0 682 .C C. 1591 0.1593 -0.0002 -0.107
176.0 4410.C 1.0628 1.0486 0.0142 1.332
212.0 254.0 0.0428 0.0428 -0.0000 -0.C71
2 12.0 602.0 C . 1437 0.1437 -0.0000 -0.074
2 12.0 2540.0 0.6551 0.6884 0.0067 0.558
212.0 4410.0 0.5459 0.9397 0.0062 0.657
246.0 254.0 0.0403 0.0403 0.0000 0.032
246.0 882.0 0.1318 0.1315 -0.0001 -O.C70
246.0 2540.0 0.5781 0.5773 0.0008 0.133
246.0 44 10.0 0.6395 0.8349 0.0046 0.549
264.0 254 .0 0.0381 0.0381 0.0000 0.094
264 .0 662 .0 0.1223 0.1224 -O.OOOl -0.C60
264 .0 1470.0 0.2189 0.2190 -0.0001 -0.C49
284.0 44 10.0 0.7467 0.7435 0.0032 0.433

fVERACE /ESCLLTE OEVIATION = 2.8?63%
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Comparisons of predicted and derived enthalpy departures 
using the modified and the original BWR equations are 
presented in Tables 73 and 74.

Vapor Pressures. Thirty-three points were taken 
from Canjar and Manning (-69.90®F to 87.87“F ) . The 
average absolute deviation was 0.63%. Original BWR 
equation predictions were compared with the same data 
set, and the average absolute deviation was 0.53%. The 
modified BWR equation is more accurate below -50°F, while 
the original BWR equation excels above -50°F. Predictions 
of fugacities along the vapor pressure durve using the 
modified and original BWR equations are presented in 
Tables 75 and 76.

Hydrogen Sulfide 
Application of the original BWR equation to hydrogen 

sulfide was first attempted by Simon and Briggs^^^. The 
set of parameters was obtained using mixture data for the 
hydrogen sulfide-methane system. It was not advised to 
be used to predict pure component hydrogen sulfide thermo
dynamic properties. Recent determination of BWR constants
for hydrogen sulfide have been reported by Kate^^, Masuda 

89 49and Yorizane and Furr . In this study, only Furr's 
constants are used for comparison.
Source of Data

Thermodynamic properties of hydrogen sulfide have been 
compiled by West^^^. However, at the time of West's
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TABLE 7 3
COMPARISON OF PREDICTED ENTHALPY DEPARTURES

USING THE MBWR EQUATION WITH DERIVED
VALUES FOR CARBON DIOXIDE___________

T PF HF HC OFV %OFV
(F) (PSIA) ( RTU/LP^ClF 1 BTU/LB

-22.0 4 4 1 . 0 - 6 2 9 4 . 6 9 - 6 2 0 5 . 4 3 - 2 . 0 3 1 . 42
- 4 . 0 735 . C - 6 0 * 3 . 1 8 - 5 9 9 9 . 4 1 - 1 . 9 0 I . 38
1 4 . 0 882 .0 - 5 8 5 3 . 4 5 - 5 7 7 8 . 2 2 - 1 . 7 1 1 . 2 9
3 2 . 0 6 82 .0 - 5 5 9 5 . 2 0 - 5 5 3 3 . 4 8 - 1 . 4 0 I .  10
3 2 . 0 2 2 0 5 . 0 - 5 6 6 0 . 1 5 - 5 5 4 8 . 9 7 - 2 . 5 3 1 . 9 6
5C.0 6 8 2 . 0 - 5 2 7 5 . 9 4 - 5 2 4 9 . 2 5 - 0 . 6 1 0 . 5  1
5C.0 1 47 0 . 0 - 5 3 6 6 . 2 5 - 5 2 9 4 . 8 2 - 1 . 6 2 1 . 3 3
5C.0 2S40.C - 5 4 3 2 . 0 0 - 5 3 2 6 . 4 6 - 2 . 4 0 1 .9 4
6 8 . 0 1470 . 0 - 5 0 5 4 . 1 3 - 5 0 0 2 . 9 4 - I .  16 1 .01
6 F.C 2 9 4 0 . 0 - 5 1 7 2 . 1 7 - 5 1 0 1 . 1 4 - 1 . 6 1 1 . 37
tf.C 44 10 .0 - 5 2 2 1 . 2 8 - 5 1 0 5 . 3 4 - 2 . 6 3 2 . 22
66 . 0 2 2 0 5 . 0 - 4 7 9 3 . 5 0 - 4 7 9 1 . 5 9 - 0 .  04 0 . 0 4
f £ . 0 4 4 1 0 . C - 4 9 6 6 . 2 0 - 4 9 0 0 . 6 1 - 1 . 4 9 1 . ’ 2
6  < . 0 5 6 6 0 . 0 - 4 9 9 1 . 5 5 - 4 8 8 4 . 4 1 - 2 . 4 3 2 . 1 5

1 0 4 . 0 735 .0 - 1 0 0 6 . 8 7 - 1 0 2 9 . 3 5 0 . 5 1 - 2 . 2 3
1 0 4 . 0 2 9 4 0 . 0 - 4 5 2 7 . 3 3 - 4 5 9 7 . 0 7 1 . 58 - 1 . 6 4

1 0 4 . 0 4 4 1 0 . 0 - 4 6 9 0 . 5 2 - 4 6 9 0 . 1 9 - 0 . 01 0.01
1 0 4 . 0 5 6 8 0 . 0 - 4 7 4 9 .  14 —4 6 9 6 . 3 0 - 1 . 20 1.1 1
1 0 4 . C 7 3 5 0 . 0 - 4 7 5 5 . 4 8 - 4 6 6 4 . 3 0 - 2 . 0 7 1 . 9?
1 4C.C 4 4 10.0 — 4 1 6 2 .  13 - 4 2 4 7 . 7 1 1 . 9 4 - 2 . 0 6
14C.0 5 6 8 0 . 0 - 4 2 9 3 . 6 3 - 4 3 1 7 . 2 5 0 . 5 4 - 0 . 5 5
1 4C.C 7 3 5 0 . 0 - 4 3 4 3 . 5 4 - 4 3 1 7 . 4 5 - 0 . 5 9 0 . 6 0
1 7 6 . 0 1 47 0 . 0 - 1 6 6 5 . 1 7 - 1 6 3 0 . 3 7 - 0 .  79 7 . 0 0
1 7 6 . 0 294C.0 - 3 2 2 4 . 9 8 - 3 2 0 8 . 8 4 - 0 . 3 7 0 . 5 0
1 1 6 . C 44 10 . 0 - 3 7 2 6 . 4 3 - 3 7 7 3 . 8 7 1 . 08 - 1 . 2 7
1 7 6 . 0 5 6 8 0 . 0 - 3 9 2 3 . 6 8 - 3 9 3 4 . 8 5 0 . 2 5 - 0 . 2 8
1 7 6 . 0 7 3 5 0 . 0 —4 0 0 7 •66 - 3 9 7 7 . 4 1 - 0 . 6 9 0 . 7 5
2 12 .0 1 470 . 0 -  1334 .  83 - 1 3 3 9 . 8 9 0 . 1 2 - 0 . 3 8
2 12*0 4 4 1 0 . 0 — 3 2 3 6 . 6 8 - 3 2 9 8 . 3 9 - n . H f I .  15
2 1 2 . 0 58 8 0 . 0 - 3 5 8 8 . 5 9 - 3 5 5 4 . 5 2 - 0 . 7 7 0 . 9 5
2 1 2 . 0 7 3 5 0 . 0 - 3 7 0 9 . 8 0 - 3 6 4 5 . 9 6 - 1 . 4 5 1 . 7 2
2 4 6 . C 1 4 7 0 . 0 - 1 1 0 9 . 0 5 - 1 1 3 7 . 6 4 0 . 6 5 - 2 . 5 8
2 4 6 . 0 2 9 4 0 . 0 - 2 2 9 9 .  71 - 2 2 4 5 . 6 8 - 1 . 2 3 2 . 3 5
2 4 6 . 0 5 6 8 0 . 0 - 3 2 6 1 . 4 2 - 3 1 9 0 . 8 0 - 1 . 6 0 2 . 1 7
2 4 8 . 0 7 3 5 0 . 0 - 3 4 1 9 . 0 6 - 3 3 2 7 . 3 2 - 2 . 0 8 2 . 6 8
2 8 4 . 0 2 9 4 0 . 0 - 1 9 0 7 . 5 8 - 1 9 3 6 . 1 6 0 . 6 5 - 1  . 5 0
2 8 4 . 0 4 4 1 0 . 0 - 2 5 9 2 . 0 2 - 2 5 3 0 . 3 4 - 1 . 4 0 2 . 3 8
2 8 4 . 0 5 6 8 0 . 0 - 2 9 2 6 . 3 3 - 2 8 6 0 . 0 8 - 1 . 5 1 2 . 2 6
2 8 4 . 0 7 3 5 0 . 0 - 3 1 1 6 . 4 5 - 3 0 2 7 . 8 0 - 2 . 01 2 . 8 4

rvEP AC 6 teSClLlE OfVlATION = 1.4595%

fVERACE 6esfLLTE CEVIATION IN BTU/LB = 1 .27
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TABLE 74

COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING THE OBWR EQUATION WITH DERIVED

  VALUES FOR CARBON DIOXIDE
T EE nr FC OFV %OFV

( f  ) (PSIA) (RTU/LBMOI.F) PTll/l 8

- ? 2 . C 44 1 . 0 -6?<74.60 - 6 2 6 4 , 6 7 — 0 , 6 8 0 . 4  8
- < . C 7 3 5 . 0 - 6 0 8 3 . 1 8 - 5 9 5 4 . 5 1 - 2 . 9 2 7 . 1 2
| 4 . C £ £ 2 . 0 - 5 8 5 3 . 4 5 - 5 6 6 7 . 1 1 - 4 . 2 3 3 . 1 8
3 2 . 0 £P2.C - 5 5 5 5 . 2 0 - 5 3 8 1 . 6 6 - 4 . 8 5 3 . 8 2
3 2 . 0 2 2 0 5 . 0 - 5 6 6 0 . 1 5 - 5 4 1 7 . 4 3 - 5 . 5 2 4 . 2 9
5 0 . 0 £ 8 2 , 0 - 5 2 7 5 . 5 4 - 5 0 7 3 . 5 7 — 4 . 6 0 3 . 8 4
5 0 . 0 1 4 7 0 . 0 -5 3 6 6 . 2 5 - 5 1 4 1.00 - 5 . 1 2 4 . 2 0
5 0 . 0 2 5 4 0 . 0 - 5 4 3 2 . 0 0 - 5  1 86 .6 2 - 5 ,  58 4 . 5 ?
6 F. 0 1 4 7 0 . 0 - 5 0 5 4 . 1 3 - 4 8 5 2 . 0 4 - 4.59 4 . 0 0
6 6 . 0 2 5 4 0 . 0 - 5 1 7 2 . 1 7 - 4 9 6 7 . 2 5 —4 . 66 3 . 5 6
6 f . 0 44 10 .0 - 5 2 2 1 . 2 8 - 4 9 6 9 . 4 5 - 5 .  72 4 .  *2
£6 . 0 2 2 0 5 . 0 - 4 7 9 3 . 5 0 — 4 6 7 8 . 4 5 - 2 . 6 1 2 . 4 0
£ 6 . 0 44 10 .0 —4 5 6 6 . 2 0 - 4  7 8 1 . 3 4 - 4 . 2 0 3 . 7 2
£ 6 . 0 58 8 0 . 0 - 4 9 0 1 . 5 5 - 4 7 5 7 . 1 4 - 5 .  33 4 . ? n

1 0 4 . C 7 3 5 . 0 - 1 0 0 6 . 8 7 - 1 0 4 4 . 3 4 0 . 8 5 - 1 . 7 2
1 0 4 . 0 2 5 4 0 . 0 - 4 5 2 7 . 3 3 - 4 5 1 9 . 2 1 - 0 . 1 8 0 . 1 8
1 0 4 . 0 44 10 .0 - 4 6 9 0 . 5 2 - 4 5 9 7 . 4 4 - 2 . 11 1 . 98
1 04 .0 56 8 0 . C - 4 7 4 9 . 1 4 - 4 5 5 1 . 9 5 - 3 . 5 7 3.31
1 0 4 , 0 7->50.C - 4 7 5 5 . 4 8 - 4 5 4 9 . 7 4 - 4 . 6 7 4 . 3 3
1 40 .0 44 10 .0 - 4 1 6 2 . 1 3 - 4 2 2 9 . 5 8 1 . 5 4 - 1 . 8 3
14C.C 5P8C.C - 4 2 9 3 . 6 3 - 4 2 7 5 . 8 8 - 0 . 4 0 0 . 4 1
1 4 0 . 0 7 3 5 0 . 0 - 4 3 4 3 . 5 4 - 4 2 6 0 . 5 7 - 1 . 8 9 1 .91
1 7 6 . 0 1 4 7 0 . 0 -  1665.  17 - 1 6 6 2 . 9 1 — 0 .  05 0 . 1 4
17 6 . 0 2 5 4 0 . 0 - 2 2 2 4 . 5 8 - 3 4 0 7 . 6 2 4 .  15 -  5 . 66
1 7 6 . 0 44 1 0 . 0 - 3 7 2 6 . 4 3 - 3 8 4 8 . 4 6 2 . 7 7 - 3 . ? 7
1 7 6 . 0 5 8 8 0 . 0 - 3 9 2 3 . 6 8 - 3 9 6 7 . 1 9 0 . 9 0 - 1.11
1 7 6 . 0 7 3 5 0 . 0 - 4 0 0 7 . 6 6 - 3 9 8 7 . 6 9 —0 . 4 5 0 . 5 0
2 1 2 . 0 1 4 7 0 . 0 - 1 3 3 4 . 8 3 - 1 3 5 4 . 3 3 0 . 4 4 - 1 . 4 6
2 12.0 44 10 .0 - 3  3 3 6 . 6 8 - 3 4 5 1 . 6 5 2 . 6 7 - 3 . 4 5
2 1 2 . 0 5 8 8 0 . 0 - 3 5 8 8 . 5 5 - 3 6 5 8 . 0 6 1 . 5 8 - l . < 4
2 12 . 0 7 3 5 0 . 0 - 3 7 0 9 . 8 0 - 3 7 2 2 . 5 0 0 . 2 9 - C .  34
2 4 8 . 0 1 4 7 0 . C - 1  1 09 . 05 - 1 1 4 6 . 0 9 0 . 8 4 - 3  . 34
24P.C 2 5 4 0 . 0 - 2 2 9 9 . 7 1 - 2 3 7 3 .  59 1.68 - 3 . 2 1
2 4 8 . 0 58 8 0 . 0 - 3 2 6 1 . 4 2 - 3 3 4 8 . 9 1 1 . 9 9 - 2 . 6 8
2 4 6 . 0 7 3 5 0 . 0 - 3 4 1 9 . 0 6 - 3 4 6 0 . 9 7 0 . 9 5 - 1 . 2 3
2 8 4 . 0 2 5 4 0 . 0 -  1907 . 5* - 2 0 2 3 . 7 3 2 . 6 4 —6 .  09
2 8 4 . 0 44 1 0 . 0 - 2 5 9 2 . 0 2 - 2 7 0 6 . 4 1 2 . 6 0 - 4 . 4  1
284 . 0 5 8 8 0 . 0 - 2 9 2 6 . 3 3 - 3 0 4 7 . 3 1 2 . 7 5 - 4 . 1 3
2R4.0 7 3 5 0 . 0 - 3 1 1 6 . 4 5 - 3 2 0 3 . 3 9 1 . 9 8 - 2 .  79

fVEPfCE /E5CLL1E DEVIATION = 2.9042%

fVER fC E /ESGLllF CEVIATION IN BTU/LB ^ 2 . 6 8
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TABLE 75
p r e d i c t i o n  o f s a t u r a t e d  v a p o r  AND LIQUID FUGACITIES 

FOR CARBON DIOXIDE USING THE MBWR EQUATION

I PF FUL FUG %f)FV
(FI (PSIA) (PSIA) (PSIA)

- 6 9 . 9 0 7 5 . 1 4 6 6 9 . 6 5 2 1 6 9 . 5 3 6 5 - 0 . 1  7
-6C. 0C 9 4 . 5 0 0 8 6 . 7 0 5 6 8 6 . 3 1 0 7 0 . 1?
- 6 5 . 0 0 8 4 . 0 0 0 7 7 . 5 1 5 1 7 7 . 7 6 4 0 - 0 . 3 3
- 5 5 . 0 0 1 0 5 . 7 0 0 9 5 . 5 8 1 1 9 5 . 8 5 4 2 0 . 7 8
-5C.CC 1 1 8 . 0 0 0 1 0 5 , 6 7 2 8 1 0 6 . 7 0 3 6 0 . 5 0
- 4 5 . 0 0 11 1 . 5 0 0 1 1 6 . 5 0 5 8 1 1 7 . 4 1 0 8 0 . 7 7
- 4 0 . 0 0 1 4 5 . 9 0 0 1 7 8 . 0 9 7 4 1 2 9 . 2 1 3 6 C.P7
- 3 5 .  CO 1 6 1 . 0 0 0 1 4 0 . 4 4 8 9 1 4 1 . 4 4 3 4 0 . 7 0
- 3 0 . 0 0 1 7 7 . 3 0 0 1 5 3 . 60 0 1 1 5 4 . 4 6 4 6 0 . 5 6
- 7 5 . 0 0 1 9 5 . 0 0 0 1 6 7 . 5 6 3 4 1 6 8 . 3 9 5 0 0 . 4 9
- 7 0 . 0 0 2 1 4 . 5 0 0 1 8 2 . 3 6 5 9 1 8 3 . 4 8 3 0 0 . 6 !
- 1 5 . 0 0 2 3 5 . 0 0 0 1 9 8 . 0 0 0 0 1 9 9 . 1 1 6 5 0 . 5 6
- 1 0 . 00 2 5 7 . 3 0 0 2 1 4 . 4 9 4 3 2 1 5 . 8 2 4 2 0 . 6 7

- 5 . 0 0 2 8 1 . 0 0 0 7 3 1 . 8 4 6 9 7 3 3 . 2 8 7 2 0 . 6 7
0 . 0 3 0 6 . 0 0 0 2 5 0 . 0 6 2 1 2 5 1 . 4 0 8 4 0 . 5 4
5 . 0 0 1 3 2 . 0 0 0 2 6 9 . 1 2 7 4 7 6 9 . 9 7 5 3 0 . 3 1

10 .00 3 6 0 . 0 0 0 2 8 9 . 0 8 3 0 2 8 9 . 5 8 9 4 0 . 1 7
1 5 . 0 0 3 9 0 . 0 0 0 3 0 9 . 9 3 3 1 3 1 0 . 1 9 1 7 0 . 0 8
2C.CC 4 2 1 . 3 0 0 3 3 1 . 6 4 3 1 3 3 1 . 3 2 5 0 - 0 . 1 0
2 5 . 0 0 4 5 4 . 0 0 0 3 5 4 . 7 1 3 1 3 5 3 . 0 2 7 8 - 0 . 3 4
3 0 . 0 0 4 9 0 . 0 0 0 3 7 7 . 7 3 1 0 3 7 6 . 2 9 8 1 - 0 . 3 8
3 5 . 0 0 5 2 7 . 3 0 0 4 0 2 . 0 9 7 9 3 9 9 . 9 7 7 8 - 0 . 5 3
4 0 , 0 0 566=000 427=2952 4 24=1 11 6 - 0 = 7 5
4 5 . 0 0 6 C 8 . 0 0 0 4 5 3 . 4 3 7 4 4 4 9 . 5 9 0 8 - 0 . 8 5
5 0 . OC 6 5 3 . 0 0 0 4 8 0 . 4 8 7 1 4 7 6 . 1 5 9 2 - 0 . 9 1
5 5 . 0 0 7 0 3 . 0 0 0 5 0 8 . 6 0 4 2 5 0 4 . 5 7 7 0 - 0 . 8 0
6 0 . 0 0 7 5 2 . 0 0 0 5 3 7 . 3 3 2 5 5 3 2 . 1 5 8 4 - 0 . 9 7
6 5 . 0 0 8 0 1 . 0 0 0 5 6 6 . 6 7 5 8 5 5 9 . 4 8 2 9 - 1 . 7 0
7 0 . 0 0 8 5 1 . 0 0 0 5 9 6 . 6 5 2 6 5 8 7 . 0 3 0 5 - 1 . 6 4
1 5 . 0 0 9 0 5 . 0 0 0 6 2 7 . 4 6 0 9 6 1 5 . 9 0 4 8 - 1 .88
8 0 . 0 0 9 6 5 . 0 0 0 6 5 9 . 2 4 1 2 6 4 6 . 6 7 5 3 - 1 . 9 4
8 5 . 0 0 1 0 3 2 . 0 0 0 6 7 9 . 4 6 8 0 6 7 9 . 4 6 8 0 0 . 0
8 7 . 8 7 1 0 7 0 . 0 0 0 6 9 8 . 0 8 9 4 6 9 8 . 0 8 9 4 0 . 0

fVFRfCE ABSOLUTE DEVIATI ON = 0.6265%
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TABLE 76
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR CARBON DIOXIDE USING THE OBWR EQUATION

I FF FUL FUG %OFV
(F ) (ES I f ) (PSIA) (PSIA)

- f c . q c 7 ‘ . 1 4 6 6 7 . 0 6 5 7 6 9 . 3 3 5 2 3 . 2 7
- 6C.C0 9 4 . 5 0 0 8 4 . 5 3 6 6 8 6 . 0 7 2 4 1 . 7 8
- f  Î.CC 6 4 . COO 7 5 . 3 7 0 1 7 7 . 0 4 5 5 2 . 1 6
- 5 5 . CO 1 0 5 . 7 0 0 9 4 . 3 8 7 7 9 5 . 5 9 8 8 1 . 2 7
-5C.CC 1 1 8 . 0 0 0 1 0 4 . 9 5 1 5 1 0 5 . 9 3 3 0 0 . 9 3
- 4 5 . CO 13 1 . 5 0 0 1 1 6 . 2 4 4 0 1 1 7 . 1 2 7 7 0 . 7 5
-4C.CC 1 4 5 . 5 0 0 1 2 8 . 2 7 1 7 1 2 8 . 9 2 3 3 0 . 5 1
- 3 5 . CO 16 1 . 0 00 1 4 1 . 0 4 0 6 1 4 1 . 1 5 3 5 0 . 0 8
- 3 0 . OC 1 7 7 . 3 0 0 1 5 4 . 5 6 8 7 1 5 4 . 1 8 2 0 - 0 . 2 5
- 2 5 . OC 1C5.000 1 6 8 . 8 6 7 9 1 6 8 . 1 2 7 5 - 0 . 4 4
- 2 0 . CO 2 1 4 . 5 0 0 1 8 3 . 9 5 6 6 1 8 3 . 2 3 9 3 - 0 . 3 9
-  I5.CC 23 5 .COO 1 9 9 . 8 2 1 5 1 9 8 . 9 1 0 1 - 0 . 4 6
- 10. 00 2 5 7 . 3 0 0 2 1 6 . 4 8 7 0 2 1 5 . 6 6 8 0 - 0 . 3 8

- 5 . 0 0 28 1.000 2 3 3 . 9 4 5 6 2 3 3 . 1 9 8 1 - 0 . 3 ?
0 . 0 3G6.CC0 2 5 2 . 1 9 5 0 2 5 1 . 4 0 5 5 - 0 . 3 1
‘ . 0 0 3 3 2 . 0 0 0 2 7 1 . 2 2 1 9 2 7 0 . 0 7 9 1 - 0 . 4 2

10.00 3 6 0 . 0 0 0 2 9 1 . 0 6 2 5 2 8 9 . 8 2 1 8 - 0 . 4 3
I 5.0C 3 5 0 . 0 0 0 3 1 1 . 7 2 2 2 3 1 0 . 5 7 8 9 - 0 .  37
2 0 . CO 42 1 . 300 3 3 3 . 1 6 3 8 3 3 1 . 8 9 3 6 - 0 . T 8
2 5 . 0 0 4 5 4 . 0 0 0 3 5 5 . 3 8 3 5 3 5 3 . 8 0 6 6 - 0 . 4 5
3 0 . 0 0 49C.CCC 3 7 8 . 4 8 1 4 3 7 7 . 3 2 0 8 - 0 . 3 1
3 5 . 0 0 5 2 7 . 3 0 0 4 0 2 . 3 4 5 9 401 . 2 76 6 - 0 . 2 7
4 0 . OC 5 6 6 . COO 4 2 6 . 9 6 6 3 425=71*0 - 0 . 2 9
4 5 . 0 0 6 0 8 . 0 0 0 4 5 2 . 4 6 1 9 4 5 1 . 5 4 5 2 - 0 .  20
5 0 . 0 0 653.CCC 4 7 8 . 8 1 4 7 4 7 8 . 4 9 5 1 - 0 . 0 7
5 5 . 0 0 7C3.CCO 5 0 6 . 1 8 4 1 5 0 7 . 3 2 0 6 0 . 2 2
6 0 . 0 0 7 5 2 . 0 0 0 5 3 4 . 0 9 2 5 5 3 5 . 3 2 7 6 0 . 2 3
6 5 . 0 0 EC 1 . 0 0 0 5 6 2 . 5 5 9 3 5 6 3 . 0 7 3 0 0 . 0 9
7 0 . CC 6 5 1 . con 5 9 1 . 6 0  7 7 5 9 1 . 0 2 6 9 - 0 . 1 0
1 5 . 0 0 5 0 5 . 0 0 0 6 2 1 . 4 7 2 4 6 2 0 . 2 6 0 3 - 0 . 2 0
8 0 . 0 0 5 6 5 . 0 0 0 6 5 2 . 3 5 4 5 6 5 1 . 2 3 9 0 - 0 . 1 7
6 5 . 0 0 1 0 3 2 . 0 0 0 6 8 4 . 3 7 4 0 6 8 3 . 8 6 3 0 - 0 . 0 7
6 7 . 6 7 1 0 7 0 , 0 0 0 7 0 2 . 2 4 1 9 7 0 2 . 2 4 1 ? - 0 . 0 0

/VER/Gf /eSCLLTF D E V IATI ON  = 0.5327%
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compilation, only a limited amount of saturated liquid 
PVT data were available. The Beattie-Bridgeman equation 
was used to generate most of the thermodynamic properties 
including volumetric behavior of the superheated region. 
Recent contributions include PVT measurements by Reamer,
Sage and Lacey^^^ and Lewis and Fredericks®^. Vapor 
pressure measurements have also been reported by Reamer,
Sage and Lacey^®^ and Kay and Rambosek®®.

Densities. Thirty-three points were taken from Reamer,
Sage and Lacey (40.0°F to 340°F). The average absolute
deviation was 0.86%. Original BWR equation predictions
were compared with the same data set, and the average
absolute deviation was 1.29%. Comparisons of predicted
experimental densities using the modified and original
BWR equations are presented in Tables 77 and 78.

♦Enthalpy Departures. No experimental nor meaningful 
derived enthalpy departures are available in literature. 
Hence no attempt was made to include enthalpy data in the 
regression analysis.

Vapor Pressures. A total of 24 points were taken 
from Weber (-76.4®F to 10°F) and Kay and Rambosek (30°F 
to 212.70°F). The average absolute deviation was 0.63%, 
Original BWR equation of state predictions were compared 
with the same data set, and the average absolute deviation 
was 1.49%. Predictions of fugacities along the vapor 
pressure curve using the modified and original BWR equations 
are presented in Tables 79 and 80.
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TABLE 77

COMPARISON OF PREDICTED DENSITIES USING THE MBWR EQUATION
WITH EXPERIMENTAL VALUES FOR HYDROGEN SULFIDE

7 PE DE DC OFV %DFV
IF) (PSIA) ILBMOLE/CF)

4C.0 1 0 0 . 0 0 . 0 2 0 2 0 . 0 1 9 9 0 . 0 0 0 3 1 . 5 4 2
4 0 . 0 3 0 0 . 0 1 . 5 1 5 1 1 . 5 1 3 6 0 . 0 0 1 5 0 . 102
4 0 . 0 500 . 0 1 . 5 2 0 6 1 . 5 1 6 9 0 . 0 0 3 7 0.  240
4 0 . 0 8 0 0 . 0 1 . 5 2 8 6 1 . 5 2 1 9 0 . 0 0 6 7 0 . 4 3 9
4 0 . 0 100 0 . 0 1 . 5 3 3 5 1 . 5 2 5 1 0 . 0 0 8 4 0 . 5 4 8
4 0 . 0 1 2 5 0 . 0 1 . 5 3 8 9 1 . 5 2 9 0 0 . 0 0 9 9 0 . 6 4 2
4 0 . 0 1 5 0 0 . 0 1 . 5 4 4 6 1 . 5 3 2 9 0 . 0 1 1 7 0 . 7 6 1
4 0 . 0 2 0 0 0 . 0 1 . 5 5 5 2 1 . 5 4 0 2 0 , 0 1 5 0 0 . 9 6 ?

100 . 0 100 . 0 0 . 0 1 7 5 0 . 0 1 7 4 0 .0 00 1 0 . 5 2 0
100.0 5 0 0 . 0 1 . 3 7 1 5 1 . 3 6 7 0 0 . 0 0 4 5 0 . 3 2 9
100.0 8 0 0 . 0 1 . 38 31 1 . 3 7 6 3 0 . 0 0 6 8 0 . 4 8 9
100 . 0 ICCO.C 1 . 3 9 0 6 1 . 3 8 2 2 0 . 0 0 8 4 0 . 6 0 2
100.0 1 2 5 0 . 0 1 . 3 9 9 6 1 . 3 8 9 3 0 . 0 1 0 3 0 . 7 3 8
100.0 1 5 0 0 . 0 1 , 4 0 8 6 1 . 3 9 6 0 0 . 0 1 2 6 0 .  896
1 00 . 0 2G00.C 1 . 4 2 4 9 1 . 4 0 8 5 0 . 0 1 6 4 1 . 1 4 8
1 6 0 . 0 ICO.C 0 . 0 1 5 5 0 . 0 1 5 5 - 0 .0000 - 0 . 2 2 4
1 6 0 . 0 3 0 0 . 0 0 . 0 5 0 6 0 . 0 5 0 2 0 . 0 0 0 4 0 . 7 2 2
1 6 0 . 0 8 0 0 . 0 I . 1677 1 . 1 6 6  0 0 . 0 0 1 7 0 . 1 4 8
1 6 0 . 0 1 000 .0 1 . 1 8 7 0 1.  1830 0 . 0 0 4 0 0 . 3 3 8
1 6 0 . 0 1 2 5 0 . C 1 . 2 0 9 8 1 . 2 0 1 3 0 . 0 0 8 5 0 . 7 0 2
1 6 0 . 0 1 5 0 0 . 0 1 . 2 2 8 6 1 . 2 1 7 3 0 . 0 1 1 3 . 0 . 9 2 2
1 6 0 . 0 2 0 0 0 . 0 1 . 2 6 4 3 1 . 2 4 4 3 0 .0200 1 . 5 7 9
2 2 0 . 0 1 0 0 . 0 0 . 0 1 4 0 0 . 0 1 4 1 - 0 . 0001 - 0 . 3 7 0
2 2 0 , 0 5 0 0 . 0 0 . 0 7 9 3 0 . 0 7 9 0 0 . 0 0 0 3 0 . 3 4 5
2 2 0 . 0 8 0 0 . 0 0 . 1 4 3 7 0 . 1 4 2 4 0 . 0 0 1 3 0 . 8 8 4
2 2 0 , 0 ICCC.C 0 . 2 0 2 0 0 . 1 9 8 4 0 . 0 0 3 6 1 . 7 6 3
2 8 0 . 0 100 . 0 0 . 0 1 2 8 0 . 0 1 2 8 - 0 . 00 00 - 0 . 3 2 8
2 8 0 . 0 5 0 0 . 0 0 . 0 6 9 9 0 . 0 7 0 0 - 0 .0 001 - 0 . 2 1 0
2 8 0 , 0 800 = 0 0=1209 0=1212 - 0 = 0 0 0 3 - 0 . 2 6 4
2 8 0 . 0 ICCC.C C . 1607 0 . 1 6 1 1 - 0 . 0 0 0 4 - 0 . 2 4 6
2 8 0 . 0 1 2 5 0 . C 0 . 2 2 0 8 0 . 2 2 0 5 0 . 0 0 0 3 0 . 1 2 8
2 8 0 . 0 1 5 0 0 . 0 0 . 2 9 6 7 0 . 2 9 6 5 0 . 0002 0 . 0 5 8
2 8 0 . 0 2 0 0 0 , 0 0 . 5 4 2 0 0 . 5 3 4 7 0 . 0 0 7 3 1 .348
3 4 0 . 0 ICC.C 0 . 0 1 1 8 0 . 0 1 1 8 - 0 . 00 00 - 0 . 2 7 2
3 4 0 . 0 3 0 0 . 0 0 . 0 3 6 5 0 . 0 3 6 7 - 0 . 0 0 02 - 0 . 4 5 5
3 4 0 , 0 5 0 0 . 0 0 . 0 6 2 9 0 . 0 6 3 3 - 0 . 0 0 0 4 - 0 . 5 6 7
3 4 0 . 0 8 0 0 . 0 0 . 1 0 6 2 0 . 1 0 7 1 - 0 . 0 0 0 9 - 0 . 8 2 1
3 4 0 . 0 ICCC.C 0 . 1 3 7 9 0 . 1 3 9 4 - 0 . 0 0 1 5 - 1.111
3 4 0 . 0 1 2 5 0 . 0 0 . 1 8 1 8 0 . 1 8 4 2 - 0 . 0 0 2 4 - 1 . 3 3 4
3 4 0 . 0 1 5 0 0 . 0 0 . 2 3 1 4 0 . 2 3 4 8 - 0 . 0 0 3 4 - 1 . 4 8 0
3 4 0 . 0 2 0 0 0 . 0 0 . 3 5 4 7 0 . 3 5 6 8 - 0 .0021 - 0 . 6 0 2

AVERAGE ABSOLUTE DE VIAT IO N = 0.6629%
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TABLE 78

COMPARISON OF PREDICTED DENSITIES USING THE OBWR EQUATION
WITH EXPERIMENTAL VALUES FOR HYDROGEN SULFIDE

I PC OF UL OfcV %OFV
(F) (PSIA) (LbMULE/CF)
40.0 100.0 0.0202 0.0201 O.OOOl 0. 502
40,0 300. C 1.5151 I .485 3 0.0298 1.966
4 0.0 600.0 1.5206 1.4892 0.0314 2. 062
40,0 800.0 1.5286 1.4950 0.0336 2.200
40.0 1000.0 I.5335 1.4987 0.0348 2.271
40.0 1250.0 I.5368 1.5032 0.0357 2.322
40. 0 1500.0 1.5446 1.5075 0.0371 2.399
40.0 2C00.0 1.5552 1.5160 0.0392 2.523

100.0 100 .0 0.0175 0.0175 -0.0000 -0.089
100.0 500.0 1.3715 1.3531 0.0184 1.341
100.0 800 .0 1.3831 1.3o38 0.0193 1.396
100.0 1000.0 I. 3006 1.3705 0.0201 1.447
100.0 12 50.0 1.3996 1.3784 0.0212 1.514
100.0 1500.C I.408o 1.3859 0.0227 1.611
100.0 2000.0 1.4249 1.3998 0.0251 1. 760
160.0 100.0 0.0155 0.0156 -O.OOOl -0.575
160. 0 300.0 0.0506 0.0509 -0.0003 -0.513
160.0 800.C I. 1677 1.1741 -0.0064 -0.551
160.0 1000.0 I. 18 70 1.1936 —0.0066 -0.554
160.0 1250.0 1.2098 I .^139 -0.0041 -0.336
loO. 0 1500.0 1.22H6 1.2311 -0.0025 -0.207
160. 0 2C0Ü.0 1.2643 1.2599 0.0044 0. 351
220.0 100.0 0.0140 0.0141 -O.OOOl -0.553
220.0 500.C 0.0793 0.0799 -0.0006 -0.788
220.0 800.0 0.1437 0.1457 -0.0020 -1.334
220.0 1000.0 0.2020 0.2054 -0.0034 -1.706
280.0 100.0 0.0128 0.0129 -0.0001 -0.396
280.0 500.0 0.0699 0.0703 -0.0004 -0.593
280.0 8C0.0 0,1209 0:1221 -0;0012 -0.953
280.0 1000.0 0.1607 0 * 1626 -0.0019 -I. 165
280.0 1250.0 0.2208 0.2232 -0.0024 -1.097
280,0 1500.C 0.2967 0.3009 -0.0042 -1.405
280.0 2000.Ü 0.5420 0.5 388 0.0032 0.585
340. 0 100.0 0.0118 0.0118 -0.0000 -0.261
340.0 300.0 0.0365 0.0367 -0.0002 -0.420
340. 0 500.0 0.0629 0.0632 -0.0003 -0.505
340.0 800.0 0.1062 0,1070 -0.0008 -0. 711
340.0 1000.0 0. 1379 0.1392 -0.0013 -0.966
340.0 1250.0 0 . 1818 0.1839 -0.0021 -1.143
340.0 1500.0 0.2314 0.234 3 -0. 0029 -1.249
340.0 2000.0 0.354 7 0 .3565 -0.0018 -0.496
AVERAGE AriSOLUTfc ÜÊV1ATIIIN = 1.0944%
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TABLE 79
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR HYDROGEN SULFIDE USING THE MBWR EQUATION

T PF FUL FUG %OEV
(FI (PSIA) (PSIA) (PSIA)

-76.40 14.700 14.2573 14.4081 1.05
-3C.00 45.570 44.1164 43.6181 -1.14
-10.00 65.090 65.8888 65.1978 — 1 • 06
1C.00 99.960 94.4543 92.8396 -1.74
30.00 145.500 130.7859 132.2285 1.09
AG.00 170.100 152.0522 153.0461 0.65
5C.0C 198.800 175.5358 176.8667 0.75
60.00 230.100 201.2646 202.3937 0.56
70,00 265.200 229.3253 230.4503 0.49
80.00 304.200 259.7471 260.9727 0.47
90.00 347.300 292.5681 293.9622 0.47
100.00 394.600 327.7957 329.3386 0.47
lie.00 446.500 365.4397 367.2114 0.48
120.00 503.000 405.4736 407.4067 0.47
130.00 564.600 447.8811 450.0540 0.48
140.00 631.600 492.6223 495.1221 0.50
150.00 703.500 539.5842 542.1260 0.47
16C.00 781.600 588.7568 591.5522 0.47
170.00 E65.600 639.9966 642.9802 0.46
180.00 956.400 693.2473 696.5601 0.49
19C.0C 1054.600 748.4133 752.1885 0.50
2CC.CC 1160.500 805.3801 809.5300 0.51
212.00 1297.100 875.8325 879.4648 0.41
212. i C 1306.000 880.0986 880.0977 -0.00
4VEPACE ABSOLUTE DEVIATION = 0.6330%
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TABLE 80
PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES 

FOR HYDROGEN SULFIDE USING THE OBWR EQUATION

Î PE )-UL FUG <OEV
( E > (PSIA) (PSIA) (PSIA)

- /6.40 14.700 11.8108 14.1369 17.73
-30.00 43.370 41.33 12 4 3.2997 4.50
-10.00 6J.090 6 3. 18) fc> 64.5772 2. 15
10.00 90.9C.0 91.7 3 84 91.7362 -U. 00
30.00 143 .300 12 7. 7 769 130.2426 1.89
40.00 I 70.LOO 148.7315 130 .3445 1.20
30.00 198 .800 171.7624 173.7186 1.13
60.00 230.100 196 . 3900 198.5094 0.82
70. 00 263.200 224.1763 225. 7013 0.68
80.00 304.200 253.6597 233.2266 0.61
OC.ÜO 347 .300 285.3684 237.0868 0.60
100.00 394.600 319.323 7 321 . 1860 0.58
110.00 446 .500 355.554/ 357.6440 0.5 6
120.00 503.000 394.0379 396.2959 0.56
130.00 56 4 .60 O 434.8301 437.2o73 0.53
140.00 6 3 1 .oOO 47 7.9^02 480.3 381 0.54
130.00 703.300 32 3.2 70b 323,6 755 0.46
160.00 78 I .oOO 570.8870 573.1433 0.3 9
I 70.00 86 3 .600 620.7160 622.5906 0. 30
180.00 956.400 672.7539 6 74. 1777 0.21
190.00 I 0 54 .6 00 726,96 1/ 727.8582 0.12
200.00 1160.500 78 3. 174 3 783.4124 0.03
212.00 1297,100 632.0144 852.0139 0.0
212. 70 1306 .000 856.2297 856.2305 0. 00
AVE<AGt ABSOLUTE OEVIATION = 1.4BB9%
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SUMMARY
For each of the eight hydrocarbons and three non

hydrocarbons studied, the modified BWR equation predicts 
thermodynamic properties with an average absolute deviation 
in the neighborhood of 1.0%. Improvements over the original 
BWR equation are most striking in predicting the low tempera
ture enthalpy behavior of methane, propane, and nitrogen. 
Predictions of sub-atmospheric saturated vapor and liquid 
fugacities have also met with comparable success.

In the high temperature region, the modified BWR 
equation is slightly less accurate than the original BWR 
equation. This result originates principally from the 
use of density rather than compressibility factor or pres
sure as the dependent variable. Minimization of the 
relative deviation between experimental and calculated 
densities tends to weight high density points more heavily. 
Also, more liquid than gas phase data points were utilized.

These problems can be overcome by physically prepar
ing a larger data deck with more high temperature points. 
However, it has not been economical to do so using the 
IBM 360/40. However, the accuracy with which the modified 
BWR equation predicts thermodynamic properties in high 
temperature region is adequate for engineering needs.

In formulating the mathematical framework for multi
property regression analysis, no attempt was made to in
clude critical property constraints. Hence application
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of the modified BWR equation in the critical region may be 
expected to be less accurate than elsewhere.

This investigation shows that a comparatively simple 
modification of the BWR equation can be formulated to pre
dict accurately all thermodynamic properties of light 
hydrocarbons and certain nonhydrocarbons in the vapor, 
liquid and coexisting phases. The simplicity of this 
modification of the BWR equation of state should facili
tate its extension to other fluids.



CHAPTER IX

APPLICATION OF MULTIPROPERTY REGRESSION 
ANALYSIS TO GENERALIZE THE MODIFIED BWR 

EQUATION OF STATE

Methods for Generalization Using an Equation of State
To extend the usefulness of an equation of state, it

is desirable to have available a practical means for
generating parameters for other fluids of interest. One
simple way is to rewrite the equation of state in reduced
form based on the two-parameter corresponding states

128principle. Su and Viswanath have defined a pseudo- 
critical volume in terms of critical temperature and 
pressure and applied this method to real gases using the 
reduced BWR equation. To improve the accuracy of predic
tions, some investigators have expressed reduced parameters 
as functions of acentric factor or critical compressibility 
factor. These generalizations based on the corresponding 
states principle have been applied with satisfactory results 
to predict the volumetric behavior of the vapor phase but 
become unreliable near the two phase region^^.

175
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Another way to generalize is to correlate equation- 

of-state parameters as functions of some physical con
stants such as carbon number, acentric factor, and the

20critical constants. For example. Canjar and coworkers 
have correlated the BWR constants for the hydrocarbon 
series in terms of critical temperature and carbon number.

Application of the Corresponding States 
Principle to the Modified BWR Equation

The eleven sets of modified BWR constants were used 
as the basis for generalization. To test the validity of 
using the three-parameter corresponding states principle, 
the reduced equation of state constants were plotted 
versus acentric factor after the manner of Edmister^^.
Two of the better "behaved" reduced parameters viz., a ' 
and C^, (reduced parameters are indicated by primes)

aP*
R®T*

(83)

c- = ^  (84)

are shown in Figures 26 and 27. It can be seen that the 
wide scattering of the data points ruins any hope of 
proposing meaningful functionality between the reduced 
parameters and the acentric factor. The reason becomes 
obvious when the variances of the parameters are examined. 
In a multiparameter equation of state, it is inherent that
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Figure 26. Variation of the Reduced Parameter a ' with 
Acentric Factor
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Figure 2 7. Variation of the Reduced Parameter C ' with 
Acentric Factor. °
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some of the parameters will have large variances, which 
are measures of uncertainties. By transforming the parame
ters in reduced form, these uncertainties tend to be magni
fied when plotted, as in Figures 26 and 27, This finding 
does not repudiate the validity of the corresponding states 
principle. Rather it points out the inappropriateness of 
applying the corresponding states principle directly to the 
equation-of-state parameters.

Correlation of the Modified BWR Constants 
as Functions of Acentric Factor

For normal paraffins, it has been observed by Star- 
117ling that save for C^, the roots of the original BWR 

parameters as indicated by their presence in the mixing 
rules assume a linear relationship with carbon number, 
e.g.

yj = a + bN^ (85)

where a and b are constants and is the carbon number 
for the i^^ component. In this study, the same approach 
was applied to the modified BWR parameters. The acentric 
factor was preferred over carbon number because it. offered 
a smoother correlation. Figure 28 depicts the relatively 
well behaved quadratic functionality between the roots of 
the modified BWR constants and acentric factors, for example,

= a + boû  + cou? (86)
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Equation Parameters with Acentric Factor.
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This is not surprising because of the fact that taking 
the roots of the parameters has the effect of minimizing 
their apparent uncertainties when plotted, as in Figure 28.

The high interdependence among the parameters of a 
given fluid suggests the feasibility of determining an 
aggregate set of parameters for several fluids such that 
they do conform to the proposed quadratic functionality 
with acentric factor. Of more importance, it is hoped that 
the set of generalized parameters may be used to predict 
several thermodynamic properties instead of just volumetric 
behavior as is traditionally the case.

To this end, multiproperty regression analysis was 
used to determine the generalized parameters in Equa
tion (86). Because of limitations in available computer 
core storage and execution time, only the first five 
normal paraffins (methane through n-pentane) were used 
to generate the coefficients in the expressions for the 
parametric relations as indicated in Equation (86).

Results Using the Generalized Parameters of the Modified 
BWR Equation of State for Methane through n-Pentane
PVT, enthalpy and vapor pressure data for methane, 

ethane, propane, n-butane and n-pentane were used simul
taneously to determine the following set of generalized 
parameters s
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Et 1/2 = 0,933417 - 5.48353*üü + 31.6704*^2o

A^l/2 =, 90.3538 - 94.4834*uu + 2295.11*^2

C 1/2 = 10325.5 + 455601*üü + 279126.0**2o

yl/2 = 1.24601 + 0.420928** + 27.9750**2

bl/3 = 0.957541 + 5.47550** + 1.78745**2 (87)

al/2 ^ 12.6896 + 157.121** - 18.2303**2

«1/2 = 0.756805 - 0.213250** + 18.5870**2

cl/2 ^ 636.089 + 10663.0** + 21817.5**2

Dgl/2 = 36948.9 + 50533,l*lo2** - 13678.5*lo2**2

dl/2 = 4.80701 + 1045.53** + 1868.43**2

1/7 3 4 2E = 6547.80 + 25062.0*10 ** + 11090.6*10 **o

Table 81 summarizes the results of using the gen
eralized parameters in predicting the thermodynamic 
behavior of methane through n-pentane.

Use of the Generalized Parameters to Predict 
Behavior of n-Hexane

As a check for its validity, generalized parameters 
of the modified BWR equation was applied to n-hexane. An 
acentric factor of 0.3007 for n-hexane was selected from 
literaturel. Comparisons were made on the same PVT and



TABLE 81

PREDICTION OF THE THERMODYNAMIC BEHAVIOR OF METHANE THROUGH N-PENTANE 

USING THE GENERALIZED PARAMETERS OF THE MODIFIED BWR EQUATION

COMPONENT ACENTRC
FACTOR*

PVT ENTHALPY DEPARTURE SATURATED FUGACITY

NO. OF TEMPERATURE AVG. ABS. NO. OF TEMPERATURE AVG. ABS. NO. OF TEMPERATURE AVG. ABS.
POINTS RANGE (°F) DEV. % POINTS RANGE (°F) DEV. % POINTS RANGE (°F) DEV. % 00

w

METHANE 0.0104 30 -253 to 257 0.471 28 -250 to 50 1.806 IS -259 to -116 0.414

ETHANE 0.0986 27 -250 to 310 3.279 30 100 to 310 2.99 23 -190 to 90 1.085

PROPANE 0.1524 30 -250 to 527 2.956 30 -250 to 250 1.07 19 -140 to 206 0. 347

N-BUTANE 0.2010 29 -220 to 280 2.269 26 100 to 250 0.415 15 31.1 to 305 3.819

N-PENTANE 0.2539 30 -200 to 430 3.803 26 100 to 460 1.464 24 30 to 385.9 0.25

* Values of acentric factors are taken from reference 1,
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vapor pressure data sets previously described in Chapter VI 
Using this method, the average absolute deviation was 9.4% 
for density at 41 points and 10.2% for fugacities of the 
coexisting vapor and liquid phases at 40 vapor pressure 
points.

To compare with the two-parameter corresponding states 
principle, a set of n-hexane p a r a m e t e r s  of the modified 
BWR equation was generated from the set of n-pentane parame
ters in the same manner previously described in Chapter V. 
The values of the resulting n-hexane parameters are:

= 0.358221E+01, A = 0.755694E+05, C = 0.313707E+11, o o o
y = 0.169689E+02, b = 0.193062E+02, a = 0.169175E+06, 
a = 0.135000E+02, = 0.124900E+12, d = 0.806872E+08,
E^ = 0.575413E+14. Comparisons using the above parameter 
values were made on the same PVT and vapor pressure data 
sets. The average absolute deviation was 1.7% for density 
at 41 points and 75.1% for fugacities of the coexisting 
vapor and liquid phases at 40 vapor pressure points.

Comparisons of predicted and experimental densities 
using the simple corresponding states parameters of the 
modified BWR equation are presented in Table 82. Predic
tions of fugacities along the vapor pressure curve using 
the simple corresponding states parameters are presented 
in Table 83.

The most interesting observation from Tables 82 
and 83 is the contrasting accuracies in predicting
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TABLE 82

COMPARISON OF PREDICTED DENSITIES USING
THE MBWR EQUATION-OF-STATE PARAMETERS
OBTAINED FROM SIMPLE CSP FOR n-HEXANE

r I’ l. Of DC DI-. V 4ULV

(( ) (PS I A) ( LPVDI.t. /i.r )

- 1 4 0 . 0 I 4 . f 0 .  ‘>4 92 0 . S 4  26 0 . 006 ' , 1 . 2 0 4

-  1 JO.O 1 4 . f 0 .  S 4 ‘)H O.S «89 0 . 0 0 6 9 1 . 2 7 3

-  I ? 0 .  0 1 4 . 7 0 .  S 4 2 0 .'■) 3 ) 2 0 . 0 0  72 1 . 3 2 1

- 1 1 0 . 0 1 4 . 7 0 .  s . r>2 0 .  S 11 7 0 . 0 0 7 5 1 . 392

- 1 0 0 . 0 1 4 . 7 0 .  5 3SH 0 . S 2  8 3 0 . 0 0  75 1 . 40 0

- 0 0 ,  0 1 4 . 7 O. S  32 4 0 . ' . 2 4  9 0 . 0 0  75 I . 41  I

"■ G 0 • Ü 1 4 . 7 0 . 6 2 9 1 0 . S 2 1 6 0 . 0 0  75 1 . 4 1 7

- 7 0 . 0 1 4 . 7 O . S 267 O . S 184 0 . 0 0  73 1 . 3 9  1

— O 0 . 0 1 4 . 7 O . S 22 3 0 . , 1S2 0 . 0 0 7 1 I . I S  3

- s o  .0 1 4 . 7 0 . SI 90 0 .  . 1 2 1 0 . 0 0 6 9 1 . 12 3

- 4 0  . 0 1 4 . 7 0 . S I S 6 0 . >091 0 . 0 0 6 5 1 . 2 6  3

-  ? 0 . 0 1 4 .  7 0 .  SO! 7 0 . S03 1 0 . 0 0 5 6 1 . 0 9 3

0 . 0 1 4 . 7 0 . SO 1 M 0 . 4 9 7  .3 0 . 0 0 4 5 0 .  88'<

2 0 . 0 1 4 . 7 0 . 4  74 7 0 . 4 9 1 7 0 . 0 0  30 0 . 6  13

4 0 . 0 1 4 . 7 0 ,  4H 7S 0 . '4 86 1 0 , 0 0 1 4 0 . 2 8  4

60 . 0 1 4 . 7 0 .  480.1 0 . 4  806 0 . 0 0 0 0 0 .  002

HO. 0 1 4 . 7 0 . 4 7,3 0 . 4 7S1 - 0  .0.0 19 - 0 . 4 0 8

1 0 0 .  0 1 4 . 7 0 . 4 6 S 9 0 . 4 ' )  9 7 - 0 . 0 0  38 - 0 . 8 1 S

1 2 0 . 0 1 4 . 7 0 . 4 S H 3 0 .  4 64  :i - 0 . 0 0 6 0 - 1 . 3 0 3

14 0 . 0 1 4 . 7 0 . 4 S 0 0 . 4 ) 8 8 - 0 . 0  0 !'■> - I . 9 1 6

2 HO . 0 1 4 . 7 0 . 0 0 1 9 0 . 0 0 1 9 0 . 0 0  00 0 .  1 6 3

10 0 . 0 I 0 H . 4 0 . 4 6 6 2 0 . 4 7 0 0 - 0 . 0 0  38 - 0 . 8 2 0

10 0 . 0 S S 4 . S 0 . 4 6 8 8 0 . 4  71 S - 0 . 0 0 2 7 - 0  . ' 384

100 . 0 H4H. 3 0 .  467.2 0 . 4  72S - 0 . 0 0 6 3 -  I . 354

1 0 0 . 0 I H l 1.0 0 . 4  7‘-: 7 0 . 4  7S6 0 . 0 0 0 1 0 . 0 2 1

1 0 0 . 0 20 0  >. 0 0 . 4H08 0 . 4  7 19 0 . 0 0 1 7 0 .  37 1

1 6 0 . 0 79 . 3 0 . 4 4 3 9 0 . 4 5 3 7 - 0 . 0 0 9 8 - 2 . 2  12

1 6 0 . 0 4.5 H . 6 0 . 4  4!) .3 0 . 4 5 5 2 - 0  . 0  08 7 - 1 . 9 9 0

1 6 0 . 0 .16 l . S 0 . 4 4 9 1 0 .  4 S 70 — 0 .0 0 7 2 —  1 . 5 9  6

1 6 0 , 0 2RH7 . 0 0 . 4 6 2 S 0 . 4 6 4  7 - 0 . 0 0 2 2 - 0 . 4  78

1 6 0 , 0 3 9 7 7 . 0 0 . 4 6 H 2 0 . 4 6 8 5 - 0 . 0 0 0  3 - 0  . 0 6 2

22 0 . 0 7 6 . 3 0 . 4 1 0 . 4  369 - 0 . 0 1  8.3 - 4 . 3 8 3

220 . 0 4 4 2  .H 0 . 4 2 2 6 0 . 4 3 H 8 - 0 . 0  I 63 -  3 . 8 6 9

2 2 0 . 0 R 4 4 . 6 0 . 4 2 6 3 0 . 4 4 1 0 - 0 . 0 1 4  7 - 3 . 4 4 1

2 20 . 0 1 9 6 1 . 0 0 . 4  3 6 5 0 . 4  4 6 5 - 0 . 0 1 0 0 - 2 . 2 8 0
2 2 0 . 0 2 9 S 6 . 0 0 . 4 4  39 0 . 4 5 0 9 - 0 . 0 0 7 0 - 1 . 5 8 1
2 P 0 . 0 83 7 . 9 0 . 4 0 2 3 0 . 4 2 4 3 - 0 . 0 2 2 0 - 5 . 4 5 9

PRO , 0 1 H1 6 . 0 0 . 4 1 3 7 0 . 4  30 3 - 0 . 0 1 6 6 - 4 . 0 2 1

2 H 0 . 0 2 9 3 0 . 0 0 . 4 ? 4  4 0 . 4 3 6 5 - 0 . 0 1 2 1 - 2 . 8 5 0

3 4 0 . 0 1841 . 0 0 . 3 7 1 2 0 . 4  142 - 0 . 0 2 3 0 - 5 . 8 9 0

3 4 0 . 0 2 9 8 0 . 0 0 . 4 0 5 4 0 . 4  220 —0 . 0 1 6 6 - 4 . 0 9 1

AVflRAGF A B S O L U T E  D E V I A T I O N  - I .6 )3 2%
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TABLE 83

PREDICTION OF SATURATED VAPOR AND LIQUID FUGACITIES
FOR n-HEXANE USING THE MBWR EQUATION-OF-STATE

T PI- 7 91. r UG
( H  ) ( '»r.i A ) ( P 5 I A ) ( P 5 I A )

- 1 0 . 1 0 0 . 2 1 7 0 .  )00 7 0 . 2 1 6 6 9 9 .  69

-  •>.  10 0 . 2 5  1 0 , ' )n  1 1 0 . 2  60 4 9 9 .  S' /

0 . 0 1.1. # 1 1 o  .  0 .) 1 ‘ > 0 . 3 10 2 9 9 . ? > l
1 0 . 0 0 0 . 4 3 M f.' . (’ 0 .{ 0 0 . 4  3 66 9 9 ,  3 0

1 5 . 0 0 0 . 5 1 7 0 . 0 0 4 2 0 . 5 1 5 1 9 9 .  1 8
?  0 , 0 0 0.  6 0 5 0 . 0 0 5 0 0 ,  6 0.35 9 9 . 0 4

il 5 . 0 0 0 .  70 0 0 . 0 0  78 0 . 7 0 S  7 9 8 ,  n  9

JO. 0 0 0.  82 5 0 . 0  105 0 . 5 2 0  6 9 ' ( .  7  2
:ij>. 0 0 0 .  M 7», 0 . 0 1 1  7 0 . 8 7 1 2 9  8 .  9 S
4 0 . 0 0 1 . 1 0  7 0 . 0 1 8 3 1 . 0 9 9  7 9 8 .  1 4
s o ,  0 0 1 . 4 6 4 0 . 0 3 0  3 1 . 4 5 2 0 9 7 . 8 8

7 0 .  0  0 2.  4 64 0 . ') 798 2 .  4.342 9 6 .  72

80 .  00 3 . 1 4 3 0 . 1 2 3 1 3 . 0  975 9 6 . 0  2

< » 0 .  0 0 3. 06  7) 0 . 1 8  5 1 , 1 . 8 9 0 0 9 S . 2 S

1 1 0 . 0 0 5 .  1 37) 0 . 3 9 2 0 5 . 9 9 1 6 93 .  46

1 2  0 . 0 0 7 .  S3 1 0 . 5 5  31 7 . 3 2  59 9 2 . 4 5

1 ,00. 00 » .  1 7 ) M 0 . 7 6 6 3 6 . 8 0 1 0 9 1 . 3 7

1 5 0 . 0 0 1 1. 2 8  3 1 . (9Q6 1 2 . 7 4 4 2 8 9 . 0 2

15 0 . 0 0 1 ' ) .  82 3 1 . 8  409 1 5 . 0 9 8 9 8 7 . 7 5

17 0 . n o 1 8. 7 (0 2 . 4 1 1 4 1 7 . 7 6 8 2 8 6  .  4  3
1 9 0 . 0  0 ? S . B O O 3.9474 2 4 .  I 556 8 3 . 6 6
2 0 0 . 0 0 3 0 . 0  1O 4 .  0 f, 5 1 2 7 . 8 9 5 3 8 2 . 2 0

2 1 0 . 0 0 3 4 . 6 5 0 6 . 1 8 0 2 31 . 9 6 8 2 8 0 . 6 7

2 3 0 . 0 0 4 5 . 6 0 0 9 . 3 0 4 9 4 1 . 3 8 6 7 7 7 .  52

2 4 0 . 0 0 5 2 . 1 0 0 1 1 . 2 6 8 4 4 6 . 8 5 5 3 7 5 . 9 5
2 5 0 . 0 0 s  9 .  ;i 4 0 13 . 5 3  62 5 2 . 7 6 9 1 7 4 .  35

2 7 0 . 0 0 7 5 . 3 5 0 1 9 . 0 9 9 9 6 5 . 7 9 4 8 7 0 . 9 7

2 8 0 . 0 0 8 4 .  9 30 2 2 . 4 5 7 2 7 3 . 3 1 9 0 6 9 . 3  7

2 9 0 . 0 0 9 6 . 0 5 0 2 6 . 2 3 4 8 8 1 . 1 3 0 2 6 7 . 6 6
3 1 0 . 0 0 ! i  5  .  2  0  Ü 5 5 . i  7 0 6 9 8 . 4 3 4 1 6 4 . 2 6

3 2 0 . 0 0 13 1 . 3 0 0 4 0 . 4 0 4 5 1 0 7 . 9 0 1 1 6 2 . 5 5

3 3 0 . 0 0 1 4 5 . 1 0 0 * 6 .  16 77) 1 1 7 . 6 6 5  7 6 0 .  76
3 5 0 . 0 0 1 7 6 . 2 0 0 S 9 . 4 3  33 1 3 8 . 8  150 5 7 . 1 9

3 6 0 . 0 0 1 9 3 . 6 0 0 6 6 . 9 9 3 8 1 5 0 . 1 4 9 1 5 5 . 3 8

3 7 0 . 0  0 2 1 2 . 2 0 0 7 5 . 2 0 7 8 1 6 1 . 8 8 7 6 5 3 . 5 4

3 9 0 . 0 0 2 5 3 . 8 0 0 9 3.  71 fl4 I 86.5939 4 9 . 7 7

4 0 0 . 0 0 2 7 7 . 5 0 0 1 0 4 . 0 8  78 1 0 4 .  0 8 7 8 0 .  0
4 1 0 . 0 0 3 0 1 . 3 0 0 1 I S .  178 7 1 1 5 . 1 784 - 0 . 0 0
4 3 0 . 0 0 3 5 6 . 5 0 0 1 3 9 . 8 5 5 0 1 3 9 . 8 5 5 0 0,0
4 5 4 . 1 ) 0 4 3 9 . 7 0 0 1 7 5 . 0 4 0 0 1 7 5 . 0 4 0 0 0 .  0

A V E W A G F  A B S O L U T E  O E V I A T I O N  = f S . 0 7 5 9 %
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density and fugacity along the vapor pressure curve 
using the simple corresponding states parameters. 
Comparatively accurate predictions in densities may still 
yield large deviations in describing phase equilibrium 
behavior. Extension of the generalized parameters in 
n-hexane results in an error of about 10% in both densi
ty and fugacity predictions., The results undoubtedly 
disqualify the use of the generalized parameters with 
acentric factors reported in literature as a direct 
means to correlate thermodynamic behavior of fluids 
other than the first five hydrocarbons of the normal 
paraffins. However, one is at liberty to adjust the 
value used for the acentric factor in the generalized 
expressions for parameters. In view of this fact, the 
generalized parameters of the modified BWR equation 
providq yet another method of correlating fluid behavior 
through an "effective" acentric factor.

Use of an "Effective" Acentric Factor to Correlate 
the Thermodynamic Behavior of iso-Pentans

In applying the generalized parameters of the 
modified BWR equation to n-hexane, a value of acentric 
factor was obtained from literature. The acentric 
factor, as first introduced by Pitzer^^^, is evaluated 
empirically according to the following relationship

(88)u) = - 1  - l o g ^ o  (Pf) Tj.=0.7
wpere is tne reduced vapor pressure.
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However, if one is willing to make the bold assump

tion that the coefficient in Equation (87) are universal 
constants, then it seems probable that there exists a 
value of U) such that when substituted in Equation (87), 
it will yield the predicted properties of a fluid within 
a reasonable degree of uncertainty. This value of ou, 
for lack of a better name, is termed the "effective " 
acentric factor.

To prove the above concept, i-pentane was chosen 
for study, A total of 41 PVT points (-60°F to 392°F)
were chosen from API Project 44^^^ and Silberberg and 

114coworkers . Using a value of 0.2223 for the acentric
]_ ■: ' factor , the generalized parameters yielded an average

absolute deviation of 9.8% for densities. By a trial 
and error procedure, an "effective" acentric factor of
0.2420 was found which improved the average absolute 
deviation to 3.9%, A total of 17 vapor pressure points 
were taken from API Project 44^^^ and Canjar and Man
ning's^^ compilation (0°F to 346.9S°F), Prediction of 
saturated vapor and liquid fugacities using the acentric
factor defined by Equation (88) yielded an average 
absolute deviation of 55%. Use of the "effective" 
acentric factor reduced the average absolute deviation 
to 2 o 1%.

The above results clearly show that appreciable 
improvement in the predictive ability of the generalized
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parameters can be effected simply by adjusting just one 
variable, viz,, the acentric factor. The relatively 
large deviation in the predicted properties of isopen- 
tane using the "effective" acentric factor indicate the 
inadequacy of treating the coefficients of the generalized 
parameters as universal constants. This inadequacy may 
be greatly overcome when a much larger sample of repre
sentative fluids can be used in the above correlation 
scheme. Unfortunately, the present limited resources in 
computer core storage and running time do not permit such 
an undertaking.

Prediction of Natural Gas Behavior at Cryogenic 
Conditions Using the Generalized Parameters

Usually, over 90% of natural gas is methane, with the 
remaining fraction composed of heavier normal paraffins 
and isomers and some nonhydrocarbons, notably nitrogen, 
carbon dioxide and hydrogen sulfide. With increasing 
interest in processing natural gas at cryogenic conditions, 
it is desirable to develop a simple means to correlate 
natural gas behavior. Use of the generalized parameters 
of the modified BWR equation to predict thermodynamic 
properties of natural gas offers the following advantages;

1. The generalized parameters were developed from 
the light normal paraffins (methane through n-pentane) 
which represent the bulk of the constituents present in 
natural gas.
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2. For constituents other than the above five hydro

carbons, parameters can be generated very simply by the 
use of acentric factors as reported in literature. Since 
these constituents usually occur only in small amounts, 
their presence should not impair the overall accuracy of 
prediction to any appreciable extent.

3. The high accuracy with which the generalized 
parameters predict methane behavior ensures the applica
bility in correlating the behavior of natural gas be
cause of its predominant methane content.

4. The generalized parameters were developed from 
considering PVT, enthalpy and phase equilibrium behavior 
of methane through n-pentane. The temperature range of 
the above properties lies between -250°F to 250°F. Thus, 
the generalized parameters should be applicable to pre
dict behavior of natural gas over the same temperature 
range.

Recently, cryogenic PVT, and enthalpy measurements
of several "synthesized" natural gas samples have been

129reported by Subramaniam and coworkers . While the 
accuracy of the above measurements has not been estab
lished, this work represents one of the few sources of 
data on natural gas at cryogenic conditions. Hence, 
they are used in this study only for comparison purposes.

Mixture No. 4 from Subramaniam and coworkers' PVT 
measurements was selected to test the ability of the
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generalized parameters of the modified BWR equation in 
predicting volumetric behavior of natural gas. The com
position of this mixture is 1.24 mole %  nitrogen, 94.75% 
methane, 2.83% ethane, 0.45% propane, 0.45% n-butane,
0.11% n-pentane and 0.17% n-hexane. The average absolute 
deviation in density was 3.58% for 36 points (-240°F to 
100°F).

Mixture No. 4 from Subramaniam and coworkers' 
enthalpy measurements was selected to test the ability 
of the generalized parameters of the modified BWR equa
tion in predicting enthalpy behavior of natural gas.
The composition of this mixture is 0.9 mole % nitrogen, 
95.02% methane, 3.00% ethane, 0.35% propane, 0.48% 
n-butane, 0.07% n-pentane and 0.18% n-hexane. The 
average absolute deviation in enthalpy departure was 
16% (4.25 Btu/lb) for 41 points (-200°F to 200°F).

In view of the fact that (1) the average absolute 
deviation in density of pure methane is 0.5% for 30 
points (-253°F to 257°F), (2) the average absolute
deviation in enthalpy departure of pure methane is 1.8% 
for 28 points (-250°F to 50°F), (3) the methane content
of the two natural gas mixtures is near 95%, it is 
possible that the large deviations in the predicted 
properties of natural gas are due to inaccurate experi
mental values rather than to the inadequacy of using the 
generalized parameters to correlate natural gas behavior.
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Summary

There are three basic factors which hinder applica
tion of the corresponding states principle or the general
ized correlating scheme described in this chapter to the 
parameters of the modified BWR equation of state as a 
direct means to predict thermodynamic properties.

1. The additional parameters d, and E^, are de
signed for low temperature correlation (to reduced tem
peratures as low as 0.3 for propane). Experimental data 
for the eleven fluids thus far determined do not extend 
to the same low reduced temperature. Hence it can be 
expected that the parameters d, and E^ cannot be 
equally well defined for all fluids.

2. The eleven sets of modified BWR constants were 
determined from multiproperty regression analysis. How
ever, only methane, propane, and nitrogen have extensive 
low temperature enthalpy data. Hence, the sets of con
stants for these three fluids are much better defined 
than the remaining eight fluids.

3. Multiproperty regression analysis can be used 
to partially offset the handicaps listed in (1) and (2) 
by capitalizing on the high interdependence among 
parameters of a given fluid. But, the accuracy of pre
diction using an empirical equation of state is highly 
sensitive to the numerical values of its parameters. 
Experience has shown that a slight change in the numeri
cal value of any one of the parameters may cause errors
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of several orders of magnitude in predicted properties, 
especially enthalpy departures and fugacities along the 
vapor pressure curve.

Despite these difficulties, there remains the urgent 
need to provide a way whereby equation of state parame
ters for other fluids can be readily determined. Success
ful use of multiproperty regression analysis with the 
Gauss-Newton linearization scheme requires the availa
bility of initial estimates of parameters that are
reasonably close to the optimum values. Of course, more

84sophisticated schemes such as Marquardt's compromise 
may be used to minimize the number of iterations required 
for convergence. However, the need for "reasonable" 
initial estimates remains for any nonlinear regression 
scheme.

The proposed generalized parameters serve the pur
pose of generating reasonable initial estimates for 
parameters of normal fluids (with acentric factors, not 
exceeding 0.35) in the following way. To determine the 
parameters of a fluid of interest, the coefficients in 
Equation (87) are assumed to be universal constants.
By regression analysis or a trial and error procedure, 
an "effective" acentric factor is determined such that 
the average absolute deviation in predicted properties 
of the fluid of interest is a minimum. This minimum 
may or may not fall within tolerable uncertainty for
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engineering design purposes (say I or 2%). In the 
latter case, the parameters generated from Equation (87) 
using the "effective" acentric factor may then be used 
as input values in the multiproperty regression analysis.

The original BWR equation has been applied to well 
over thirty materials including aromatic and polar fluids. 
Use of "effective" acentric factor in conjunction with the 
generalized parameters of the modified BWR equation can 
be rapidly applied to generate parameters for both aroma
tic and polar fluids. When a representative sample or 
materials with different characteristics have been corre
lated with their "effective" acentric factors, the co
efficients appearing in the generalized parameters may 
then be redetermined using multiproperty regression 
analysis. The resulting coefficients then should approxi
mate to a much better degree, universal constants.

Completion of the above scheme lies beyond the scope 
of this research and therefore was not attempted.

use of the generalized parameters of the modified 
BWR equation of state to predict natural gas behavior 
has been successfully demonstrated, although its true 
merit cannot be assessed until undisputably accurate 
experimental values are available.



CHAPTER X

APPLICATION OF THE MODIFIED BWR EQUATION OF 
STATE TO THE METHANE-PROPANE SYSTEM

Mixing Rules for the Modified BWR Equation
For a chemically noninteracting system, it is well

known that the thermodynamic behavior of a mixture may
be predicted using the same equation of state applicable
to its pure components provided an "appropriate" set of
mixing rules can be formulated for the equation's parame-

92ters. From statistical mechanics, Mayer derived a 
general form for the composition dependence of coeffici
ents in the virial equation of state.

92Specifically, Mayer has shown that the residual 
work content of a mixture may be expressed as a power 
series in molal density

A = p E L x . x . q : . + S S S x.x.x, oy (89)
i  j  1 D 11  ^  j  1 D k  1 3 k

where Q! . and Q : ' a r e  functions of temperature. Since 1] i]K
the pressure of a mixture is related to the residual work 
content by the thermodynamic relationship
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P = + p" (laj T,x (90)

it can be seen that the parameters associated with the 
second virial coefficient B may be expressed, in general,
as

B = S S x.x.B. . (91)
i j 1

where is the second virial coefficient for i*"*̂
component parameter and B^^ (iMj) is the so-called 
unlike interaction parameter. Similarly, mixture parame
ters associated with the third virial coefficient C, may 
be expressed, in general, as

C = S  S  S x.XjX^C. (92)
1 3 K

where is the third virial coefficient for the î *̂
component and C. (with two or three differing sub-13K
scripts) is an unlike interaction parameter.

The unlike interaction parameters (B^j and C\j^), 
may be determined empirically from experimental data. 
However, when the number of parameters of an equation 
of state is large, the determination of many two-body 
and three-body unlike interaction parameters becomes 
difficult because of the need for such a large amount of 
accurate binary, ternary, etc. data to determine the 
large number of parameters. it becomes desirable then.



197
to be able to predict the thermodynamic behavior of a 
mixture from knowledge of the pure component behavior 
of its constituents.

To this end, Benedict and coworkers^^, using the 
results by Mayer, chose to define unlike interaction 
parameters to be arithmetic and geometric averages of 
the corresponding pure component parameters. For 
example, defining the unlike interaction parameter 
to be the arithmetic average of B^ and Bj, i.e.,

Bij = j  (B. + Bj) (93)

leads to
B = L x.B. (94)

i 1 1

Similarly, using geometric averages such as

= 4 i (95)

and
Cijk = cl/3 ^ V 3  cl/3 (96)

reduces Equations (91) and (92) to

B^ = E x.B^ (97)
i ^ ^

C^/3 = E x . c K ^  (98)i l l
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Benedict, Webb and Rubin^^ used the linear mixing 

rule for and geometric mixing rules for the remainder 
of the parameters in the BWR equation. These simple 
mixing rules are retained in this work. Geometric mix
ing rules are chosen for the new parameters d, D^, 
in the modified BWR equation. Accordingly, the mixture 
parameters for the modified BWR equation are as follows;

B = 2 X. B b^^^ = L X. b M ^o i ^ °i 1 1

^ = S X. a 1/3 = 2 X. af/30 ^ X 0 ^   ̂ 1 X

= 2 X. «1/3 = L X. «1/30 ^ X 0 ^  ^ X X
(99)

=  2 x. y ^  c l / 3  ^  s x .  c f / 3j X 3- ^ X X

= 2 X. dl/3 = L X. df/3O ^ X O^ ^ X X

= 2  X . E^o i 1

Thermodynamic-Property Equations for Mixtures 
Using the Modified BWR Equation

Pressure Equation for a Mixture
The pressure equation of a mixture is the same as

that of a pure component, viz.
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C D E
P = pRT + ( B RT

° T T

+

(bRT - a - I) + a + I  j 

^1 + yp^j exp yp^) .

(100)

Detailed derivation of the Helmholtz free energy 
after the manner of Wolfe^^^ is presented in Appendix C. 
Hence, only the final form of the Helmholtz free energy 
using the modified BWR equation and its related thermo
dynamic functions are presented here.
Helmholtz Free Energy Equation of a Mixture

A = S x .  |RT4n(RTpx.) + E? - TS?| i 1 L ^ i' 1 ij

Cl D E
P +

bRT - a

1 - exp(-yp^) _ exp(-yp2) 
yp2

(101)

where E? and S| are the internal energy and entropy of 
the i^^ component at unit pressure.
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Enthalpy Equation of a Mixture

4C 5D 6E

+ Y  (zbRT - 3a - ^ 1 o^6a + - ^ ) p ^  (102)

yT
-  (3 2 2 4yp - y p I expM

where H? is the enthalpy of 1^^ component at unit 
pressure.

Entropy Equation of Mixture

S == S  Xi [s? - RXn (RTpx i>]

2C 3D_ 4E_
(103)

5T

2c
yT'

1 - 11 + -j yp^ 1 exp (- yp^)
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Fuqacity Equation of the Component in a Mixture

RTjênf. — 1 RTin(pRTx^) +

q 12 3(b\)l/3 . 3(aV)l/3 .

+ ̂  (a + f ) (ofa.)
1/3

(104)

t 2
1-exp (-yp )

yp^
exp(-yp ) 

2 ]
/y.- r „ r . . .ll

- jl-exp(-yp^) jjL+yp"̂  +

Prediction of Methane-Propane Behavior Using 
the Modified BWR Equation with Parameters 

Determined from Pure-Component Data
To test the validity of the proposed mixing rules,

the modified BWR equation was applied to the methane-
propane system.
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Sources of Data

The methane-propane system was chosen for study be
cause of the availability of extensive data for both the 
mixture and its pure components, including the vapor,
liquid and coexisting phases. Sources of calorimetric

90data have been tabulated by Mather . Cryogenic PVT
behavior of three methane-propane mixtures were measured
by Huang^®. Extensive enthalpy data for the methane-
propane mixtures were reported by Manker®^, M a t h e r a n d  

141Yesavage . Phase equilibrium data of the methane-
104propane system have been smoothed by Powers, ^t a l . 

using existing literature data. Pure component data for 
methane and propane have been reviewed in Chapters II 
and VI respectively.
Predictions of Methane-Propane System Behavior

The methane and propane parameters determined from
pure-component data (herein known as set II) and the
proposed mixing rules were used to calculate densities,
enthalpy departures and phase equilibria. (Note; Methane-
propane parameters designated as set I have appeared 

120elsewhere . Since the set is valid for predicting 
enthalpy of mixtures only, it is not included in the 
following discussions.) The results are presented below.

Densities. Seventy-six mixture PVT points in the 
temperature range from -238°F to 32“F were chosen for 
study from Huang's data. The average absolute deviation
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was 0.88%, with a maximum deviation of 4% at two data 
points viz., 32“F, 2000 psia (24.7 mole percent propane 
mixture) and -40®F, 1000 psia (50 mole percent propane 
mixture). The deviations of predicted densities from 
experimental values are surprisingly close to the experi
mental uncertainty of 0.8% reported by Huang^^.

Enthalpy Departures. A total of 115 mixture en
thalpy departure points were chosen from data of 
Manker, Mather and Yesavage with temperatures for each 
mixture ranging from -250°F to 250°F. The average abso
lute deviation was 5.6% with a maximum deviation of 35% 
at -250°F, 2000 psia (50.6 mole percent propane mixture).

Phase Equilibrium Behavior. Twenty-eight phase 
equilibrium points for the methane-propane system were 
chosen from Powers' compilation. These data cover the 
temperature range from -160®F to 160°F. The average 
absolute deviation for propane K values was 7.3% with a 
maximum deviation of 57.9% at -160°F, 250 psia. The 
average absolute deviation for methane K values was 
4.5% with a maximum deviation of 13% at 160°F, 800 psia. 
Comparisons of predicted and experimental K-values for 
the methane-propane system at -120°F using the modified 
and original BWR equations are presented in Table 84.

Summary
The accuracy with which the modified BWR equation 

can predict densities of the methane-propane system



TABIiE 84
COMPARISON OF PREDICTED AND EXPERIMENTAL K-VAUJES

FOR THE METHANE-PROPANE SYSTEM AT -120“F

METEIANE K-VALUES PROPANE K-VALUES
PRESSURE

PSIA EXPTL. MBWR BWR EXPTL. MBWR BWR

50 8.571 9.185 13.531 0.368 0.031 0.017
100 6.355 5.035 6.823 0.018 0.018 0.010
150 4.151 3.614 4.580 0.016 0.014 0.008
200 3.194 2.880 3.453 0.014 0.012 0.007
250 2.537 2.421 2.769 0.013 0.011 0.007
300 2.088 2.099 2.306 0.015 0.011 0.007
400 1.524 1.655 1.700 0.014 0.013 0.009
500 1.183 1.293 1.285 0.037 0.021 0.016
600 1.030 1.011 1.032 0.033 0.172 0.076
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approaches the experimental uncertainty. However, 
below -150°F, predicted enthalpy departures show con
sistently large negative deviations from experimental 
values. For the -150°F isotherm, the absolute devia
tions range from 5 Btu/lb to 20Btu/lb for the five 
mixtures of Manker®^, Mather^^ and Y e s a v a g e c o m 
pared to 10 Btu/lb to 98 Btu/lb using the original 
BWR equation. Methane K-values are predicted reliably.
So are the propane K-values except at temperatures be
low -150°F.

These results tend to indicate that while the densi
ty and temperature dependence of the modified BWR equation 
may be adequate (attested by its ability to predict pure 
component behavior), its composition dependence may not 
be properly expressed by the mixing rules used in the 
above calculations. Before delving further into solution 
nonideality, it may be remarked that the modified BWR 
equation with parameters determined from pure component 
data and the proposed mixing rules offers appreciable 
improvement over the original BWR equation, especially 
down to -150°F. Since most cryogenic processes seldom 
operate at temperatures below -150°F, the modified BWR 
equation provides an accurate means of correlating the 
thermodynamic behavior of the methane-propane system 
and offers the possibility of correlating multicomponent 
systems of industrial interest.



CHAPTER XI

EXTENSION OF 'tULT I PROPERTY REGRESSION ANALYSIS 
TO INCLUDE MIXTURE DATA IN DETERMINING 

EQUATION OF STATE PARAMETERS

Use of Empirical Unlike Interaction Parameters 
in Correlating Mixture Behavior

Unlike interaction parameters appearing in Equa
tions (91), (92) arise from consideration of intermolecu- 
lar forces. If the intermolecular forces are the same 
for both like and unlike molecular interactions, the 
solution is said to be i d e a l . A n y  dissimilarity in 
intermolecular forces gives rise to solution nonideality. 
Also, the effects of intermolecular forces increase with 
increasing density. Thus, nonideal solution behavior 
may owe its origin to

(1) unlike molecules in both type and size
(2) low temperature and high pressure effects 

or both.
To correlate mixture behavior then, molecular 

dissimilarities must be fully understood and accounted 
for. Unfortunately, the present knowledge of the liquid 
state does not permit a theoretical evaluation of unlike

206
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interaction parameters. Resort has been made to defin
ing unlike interaction parameters in terms of mixture 
constituent pure-component parameters using arithmetic 
and geometric averages. It is obvious that such defini
tions are at best empirical approximations.

123Stotler and Benedict found that it is not possi
ble to apply geometric mixing rules to the original BWR 
equation for predicting phase equilibrium behavior of 
the methane-nitrogen system. To account for the dis
similarity in molecular type, these investigators 
introduced an empirical unlike interaction parameter,
U^j, in the mixing rule for of Equation (94), viz.,

A. = Z x?A_ + L L U. .x .x .a JJ A^ (105)
i i i j  ̂ i

99 49More recently, Orye and Furr have made more exten
sive studies of the use of Equation (105) in the original 
BWR equation for predicting phase equilibrium behavior of 
eleven binary systems.

Disadvantages of Using Unlike Interaction Parameters
Although the introduction of an empirical parameter, 

U^j, improves appreciably the correlation of phase equi
libria of binary mixtures, its use can hardly be popu
larized, by virtue of the following reasons.

(1) The number of distinct two-body unlike inter
action parameters is ^(N-1) where N is the number of
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components in the mixture. It is obvious that even for 
a ternary system, the determination of three unlike 
interaction parameters is not a trivial problem.

(2) There is no _a priori knowledge as to which 
mixture parameter requires empirical unlike interaction 
parameters to achieve optimum representation of experi
mental data. Nor indeed is there a priori knowledge as 
to the number of mixture parameters requiring empirical 
interaction parameters. It can be seen that for an 
equation of state with eleven parameters, the use of 
unlike interaction parameters in correlating mixture 
behavior can require a tremendous amount of effort for 
its development.

(3) Unlike interaction parameters traditionally 
have been determined from phase equilibrium data only. 
Application to other thermodynamic properties may de
crease their accuracy. Therefore, multiproperty analysis 
would be required, creating a larger computational prob
lem.

Use of Mixture Data to Determine 
Equation of State Parameters

The mathematical framework of multicomponent, multi
property regression analysis discussed in Chapter III 
provides a unified approach for correlating thermodynamic 
behavior of any particular system. By this method, 
parameters are determined such that the equation of state
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approaches, to the best degree possible, the condition 
of thermodynamic consistency, namely that the sets of 
parameters determined will be capable of adequately 
representing all thermodynamic properties of the pure 
components and the mixture.

It has been established that the application of multi
property regression analysis successfully removes some 
degree of interdependence among the parameters by forc
ing the equation of state to simultaneously fit several 
properties of a fluid. It becomes logical that there is 
a possibility of removing further degrees of interdepend
ence among the parameters by demanding satisfactory 
representation of both pure-component and mixture be
haviors .

To this end, multiproperty regression analysis was 
extended to include mixture density, enthalpy departure 
and phase equilibrium data. This general regression 
analysis method was then applied to determine methane 
and propane modified BWR parameters simultaneously using 
pure-component and mixture PVT, enthalpy departure and 
phase equilibrium data. This aggregate data set is the 
same as the set previously used in Chapter X. Their 
type, distribution and temperature range are summarized 
in Table 85.



TABLE 85
DISTRIBUTION AND TEMPERATURE RANGE OF A SET QF REGRESSION DATA 

FOR THE METHANE-PROPANE SYSTEM
COMPOSITION NO. OF DATA POINTS TEMPERATURE RANGE (op)

METHANE PROPANE PVT PHASE PVT 4H PHASE
1 0 40 55 18 -253. 5, 257 -2 50, 50 -258 .7, -116.5
0 1 45 53 19 -250 , 527 -250, 250 -140 , 206.3
0.753 0.247 24 -238 , 32
0.5 0.5 27 -184 , 32
0.221 0.779 25 -184 r 32
0.948 0.052 25 -250, 250
0.883 0.117 22 -250, 250
0.720 0.28 21 -250, 250
0.494 0.506 25 -250, 250
0.234 0.766 22 -250, 250

BINARY MIXTURE 26 -160 , 160

TOTAL 161 223 63

tsj

O
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Prediction of Methane-Propane System Behavior Usiner the 
Modified BWR Equation with Parameters Determined from 

Multicomponent, Multiproperty Analysis
The general regression analysis program successfully 

produced sets of methane and propane parameters (herein 
known as set III) capable of predicting pure-component 
and mixture thermodynamic properties with an accuracy 
acceptable for engineering design. These parameters (in 
British engineering units), which differ appreciably from 
set II are presented in Table 86.

TABLE 86
PARAMETERS OF METHANE AND PROPANE (SET III)

METHANE PROPANE

Bo 0.560516E + 00 0.101258E + 01
0.609816E + 04 0.202061E + 05

Co 0.375547E + 09 0.732631E + 10
y 0.110810E + 01 0.398893E + 01
b 0.798362E + 00 0.550211E + 01
a 0.245005E + 04 0.348873E + 05
Ü 0.418932E -f- 00 0.173835E + 01
c 0.437222E + 09 0.244356E + 11
°o 0.185578E + 11 0.391972E + 12
d 0.805271E + 05 0.148511E + 08
Bo 0.210409E + 10 0.257321E + 14

The results using set III parameters to predict mixture 
and pure-component behaviors of the methane-propane 
system are discussed individually. The average absolute
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deviation of a thermodynamic property was calculated with 
reference to the data set described in Table 85. 
Methane-Propane Mixture

Densities. The average absolute deviation was 1.13%. 
The maximum deviation was 2.3% at -40°F, 1000 psia (50 
mole percent propane mixture), Original BWR equation 
predictions were compared with the same data set with an 
average absolute deviation of 1.4%. Comparisons of pre
dicted and experimental densities using the modified BWR 
equation with the parameter set III, and the original 
BWR equation are presented in Tables 87 through 92 for 
three mixtures. Topographical plots of deviations for 
the 50 mole percent propane mixture^® are presented in 
Figures 29 and 30.

Enthalpy Departures. The average absolute deviation 
was 1.8%. The maximum deviation was 5.6% at -250°F,
2000 psia (50.6 mole per cent propane mixture). Original 
BWR equation predictions were compared with an average 
absolute deviation of 19.8%. comparisons of predicted 
and experimental enthalpy departures using the modified 
BWR equation with parameter set III and the original BWR 
equation are presented in Tables 93 through 102 for five 
mixtures. Topographical plots of deviations for the 
50 mole per cent propane m i x t u r e a r e  presented in 
Figures 31 and 32.

Phase Equilibria. The average absolute deviation for 
methane K values was 6.34% with a maximum deviation of
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TABLE 87

COMPARISON OF PREDICTED DENSITIES USING SET III PARAMETERS
IN THE MBWR EQUATION WITH EXPERIMENTAL VALUES FOR THE

77.9 MOLE % PROPANE MIXTURE
T F F cr rc OF V »OCV

( F ) (PSIA) (1. ppri <-/^r ) '

. C i r r c  .r r. . 1^14 r . P 0 0 4 - 0 . 006A - 0 . c?7
?2.C ? ( r c . ( f . P7T-, n . P 2"6 -O.OOA] - 0 . 7 ? »
3 2.C T c r r . c 0 . 6 4 ? ? r . p = l 4 - 0. 0002 -P. C72
3 2 . C 4 ( r c . c C .  F 6 M n . F6 9 I - 9 . 0 1 1 0 -  1 . 2 p ?
3 2.  C c f f f . r C.F779 0 . F fi 4 I - ^ . " 11? - 1 . 2 P P
- 4 . C g r r . f 0 . 6 2 ? 4 p.  6 744 -  r .  01 n F> -  1 . ? ? F

. r K c r . r C . P4 3C 0 . F 4 7 5 - 0 . 9 0 7 9 -O.pf'S
- < . c 2f r f  . f 0 . 6 6 4 7 r . p f P 7 - 0. 0040 - n . 4 6 5

. c i r r c . r C.6P11 p .  P P 9 F - 0 . 0 0 4 7 - 0 . F?2
- < . c 4f f f . r 0 . F9?7 0. 0002 - 0 .907% - 0  . F 4 7
-  ^, c ç r r r . f 0 . 9 0 4 2 0 . 9 1 2 6 - n . 00P6 - 0 ,QF 7

- 4C. C 5rr . r C . F 4 P 0 0. 0001 - 0 . 9 1 7 1 - 1 . 3 " ?
- 4 ( . C 1 c r. Ç. r o . p p i i 0 , p p O 4 - 0 . OOP? - 0 . 9 ? P
-  4 C . C 2r c c  .r C.Ç02S 0 . 9 0  9? -0.OO7P -o.?l?
- 4C. C 3 f r r  . r C.CISP C . 9 1 P C 0030 - 0 . ? ? ?
- 4 f . C 4CCC . c 0 . 9 2 7 3 0 . 9 ? 0 6 - 0 . 0 0 3 ? -  0 , ? 6 0
-4C. C s r r c . r 0 . 9 3 7 ] 0 . 9 4  12 - c . 0041 - 0 . 4 ? 9
- I f . C 5cr . f 0 . 9 1 2 4 0 . 9 2  15 - 0 . 0 0 9 1 - 0 . 9 " 6
-U..C i r r c  , c 0 . 9 2 2 ? 0. 92H3 - 0 . 0 0 6 0 -0.6%5
-1 f.,C ?rrc,r 0 . 9 4 0 6 C. 9406 - C . 0001 - 0 . 0 0 ?
- u , c ^ccc . r 0.C9O3 0 . 9 ^ 1 5 - 0 . 0 0 1 0 -O.lOP
-u.c 4 f c r . c C . c f r g 0 . 9 6  10 -C.  opon - 0 . 0 0 0
- 7 6 . C $ r c c . r C. 96P4 0 . 9 6 0 7 - 0 . 0 0 1 3 - 0 .  139

- 1 1 2 . C s r r . c 0 . 9 9 4 ? 0 . 9 6  10 - 0 . 0 0 9 7 - P . 590
- 1 I 2 . C i r c r . r 0 . 9 6 ? c 0 . C661 - 0 . 0 0 2 6 - 0 . 2 7 9
- 1 1 2 . C 2 f c c  . r 0 . r 7 f 7 0 . 9 7 5 6 0 . 0011 0,11%
- I 1 2 . C 3 f c c  . f 0 . 9 P4 9 0 . 0 9 4  1 O.OOOP 0 . 0 7 9
- 1 1 2 . C 4 c r r . c C.C96 4 0 . 9 9  19 " . 0 04% 0 . 447
- ] j 2 . C 51 c c . c 1 . 0 0 3 0 0 . 9 9 0 2 0 . 003P 0 . ?«1
-  14F.C 5 r r . ( C. f 94F 1.000% -O.OO57 - 0 . 574
-  14F. 0 K c r  .r 1.00 14 1 . 0 0 4 4 - O . " 0 3 0 - 0 .  20 5
- 1 4 6 . C 2r c c  . r 1 . 0 1 4 9 I . G 116 . 0 . 0 0 2 0 0. 2PP
-  146 . 0 ’ r r r . c 1.021 1 I . 0 1 P3 O.OC2P 0 . 2 7 7

-  146 . 0 4 f c r  . c l . CPr ? 1 . 0 2 4 5 0 . 004P 0 . 46  4
- 1 4 6 . C 5 c c r . c 1. C350 1 . 0 3 0 4 0 . 0 0 5 5 0 . 5 ? 2

- I f ' . C 5CC . ( 1 . 0 3 4 3 1 . 04  1 P - 0 . 0 0 7 % - 0 .721
- 1 6 4 . C K c c  . r 1 . 0  3 " ? 1 , 0 4 4 6 - 0 . 0 0 5 ? - n . 5 0 "

- 1 94 . 0 ? f c c  .f l . C 4 " l I . 0 5 0 0 -Q.nOQa - O . 0 P 7

- 164.C 3 0 rc .r 1 . 0 5 5 7 1 . 0551 0 . 0 0 0 6 0 . r c 4
- 1 6 4 . 0 40CC.C 1 . 0 4 0 7 I . 0 6 0 0 0 . 0 0 0 7 0 . 0 6  7
- 1 F4 . C 5C0C.C 1. 06P9 1 . 0 6 4 6 0 . 0 0 4 ? 0 . 4 0 0

/ V f R AGE / esoLUi F OCVIATION = 0 . 5 3  7 0?
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TABLE 88

COMPARISON OF PREDICTED DENSITIES USING THE OBWR
EQUATION w

77
TH EXPERIMENTAL VALUES FOR THE 
9 MOLE % PROPANE MIXTURE

1 F OF or riFv ropv
(F) IFS /! (LPVriF/CF 1
?;.c 1 (C 0.743% 9.735 1 c.00«7 1 ,497
?2.C 20 0 C.F235 O.P056 0.0174 7.174
;2.C 300 C.P432 9.P221 0.0211 2.507
3 ; .C 400 0.FS9 1 0.8360 0.0221 2.579
3 2 .n For C.F 729 0.P4O1 0.0248 2. o t n

-f.c FO 0.F9TS 0.8208 0.0027 n.?93
-4.F U 0 0.6400 n.9?9 5 0.014% 1.246
-'.C 20f C.F447 0 . F446 0.0201 2.7?9
-/.c 300 C.PRIl C.P574 0.02?^ 2.A9?
-'.C 0̂ 0 0.F927 0.P6P6 0.0241 2.696

. r f CO C.C042 9.P7R7 0.02=9 2. «19
-4f.r «=0 C.F4«0 0 .5662 0.001P n. 205
-4C.C ICO O.PPll O.F 724 C.0087 4. 98?
-4(.C 200 0.9025 0.FC37 O.ClPO 2.085
-4(.C 300 C.919 8 C.P9 3 7 0.0221 2.414
- r. n 40 0 0.9273 0.9027 0.0246 2.64«
-4C.0 SCO 0.9371 0.4 110 0.0261 2.781
- 1 (  . 0 = ( 0.9124 0.9112 0.0012 n. no
-If .C 10 0 0.9223 0.915P 0.406= ■4, 709
-If.C 200 C.<405 0.9242 0.0 163 1 . 7?0
- If. C 300 0.9503 0.9320 0.01%? 1.925
-If.C 40 0 0.9602 0.9392 0.0210 2. 1 F5
-If.C 500 0.96P4 0.9460 0.0224 2.3 17
112.0 SO 0.955? 0.9579 -0.0026 -0.270
112. r 100 0.9635 0.4612 0.002? 0.237
1 1 2.C 200 C.C767 0.9676 0.0041 o.c?/.
112.0 300 0.9P49 0.4736 0.01 13 1.1=2
112.0 400 0.9464 0,9 702 0,0 172 1=725
11 2.C 'CO 1.0C3C 0.9«46 0.0194 1.836
14F.0 SO 0.C94P 1.0082 -0.0134 -1.3=0
14F.0 ICC I .0014 1.0107 -0.009? -0.925
16(.0 200 1.0145 1.01*̂ 4 -C.0009 -0.086
lAf.O I C C 1.0211 1.0199 0.0012 0.119
I4F.0 400 1.024? 1.024? 0.0051 0.494
]4f.C SOC 1.0359 1.0284 0.0075 0.725
1 F: 4 . C 50 1,0343 1.0646 -0.0303 -2.928
IF'.C 100 i.r?9? 1.066? -0.0270 -2.600
IP^.C 20 0 1.0491 1.0697 -0.0206 -1.967
ie<.c 30C 1.0557 1.0730 -0.017? -1.643
le^.c 400 1.0607 1.0763 -0.0156 -1.468
1E4.C SO 0 1,0689 1.0794 -0.010% -0.984
/ V F P / G f  / E S r i U l F  H E V l A T i r N  =
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TABLE 89
COMPARISON OF PREDICTED DENSITIES USING SET III

PARAMETER WITH EXPERIMENTAL VALUES FOR THE
% PROPANE MIXTURE

F c r F rr. or V *OFV
( ) irEIM (LP^T LF/fF 1
n ,C cr. c.Firr 0.8427 -0.0057 -0.6 87
T . C 3crc. C.F8C4 0.9553 -0.008^ -1.005
: .c 4 r r r . C.FPTP r.FiiF -0.0081 -0.978

.[ srrr. C.CEOf C.F6D2 -o.orr/, -0.rc7
— . c IfCC. C.GTD4 0.851? -0.020* -2.50*

.[ ;rrr. r.FC?l 0.0 I?r -0.00*0 -0.ro?
— . c 3f f C . C.F4 0C 0.5502 -O.oro? -1.0^6
_ . f 4 r c c . G.ffSE 0.0785 -0.0056 -0.569
— .c EC f r . C.fF?4 I.C021 -0.0057 -O.c73

.c ICCC . C.F134 0.5343 -C.02OC -2.250

. c ?r cc. C.cf13 0.5732 -0.0050 -1.025

.0 3f rr. C.FF24 1.CC14 -0.OCFO -0.50*

. c 4crc. I.C17? 1.C235 -0.0067 -0.66 1

. r 5rrc. 1.C3EC 1.0428 -0.006^ -0.670

.0 irrc. r.ssni 1.0027 -C.Olpr -1.207

. c peer . l,r?1 3 1.0285 -0.0076 -0,760

. c 3crc. 1.C46? 1.C5CC -0.0057 -O.S47

. c 4crr. 1.C4?F 1.0678 -0.004O -0.4=7

. r Eccr. l.C7 0f 1.0*32 -0.0036 -o.’on
- 11 .c Ecr. 1.C38C 1.05 14 -0.0134 -1.?f3
- 11 .c irrc. 1.C52E 1.C625 -o.oion -0.546
- 11 . c 2f rr. 1.C754 1.C814 -0.0060 -0.5=6
- 11 . c ?f cr. 1.CF4 1 1.C574 -0.0033 -0.301
-11 ,n 4crr : !.1104 1.1114 -O.̂ 'OCP -C.r70
-11 . c 5CCC . 1.1?^1 1.1238 -C.FO07 -0.066
- 14 .r ECC . 1. 1F>45 1.111? -C. 0.072 -0.6=2
- 14 .r ICCC . 1.1148 1.1153 -0.0045 -0.404
- 14 .0 2CCC. 1. m  E 1.1730 -O.roi5 -0.131
- 14 .0 irrc. 1.1418 I.1451 -0.003? -0.2*9
- 14 .c 4f cr, 1. 15C 3 1.156C 0.0002 O.C 26
- 14 .0 !CCC. l.lff7 1.1660 0.0007 0.06?
- IE .c 5CC . 1. 1625 1.170? -0.008? -0.7CO
-18 .0 icrc. 1.1667 1.1760 -0,0052 -0.900
- le .c 2CCC . 1.1701 1.1855 -C.O06P -o.=76
- IE .0 3CCC . 1.19"5 1.154f -0.0054 -0.455
- IE .c 4CCC. 1 . 199C 1.2033 -0.0024 -0.2*0
-18 .r EC rc. 1. 2082 1.21 10 -0.0029 -o.236

/ E S O L U U  D E V I A T I O N  =
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TABLE 90
COMPARISON OF PREDICTED DENSITIES USING THE

OBWR EQUATION WITH EXPERIMENTAL VALUES

1 f ̂ CF rr OFV 'vorv
( F ) r c < M  ) (1 Piv-nr/rr )

i;.r 7 f r f , r .FT/f C. OA A ? -0 -".cr7
r ;. f J ( ( r .r . F M /. 4 n 004" O.CT-f
? ? . f /, r( r .r . c 7 T H c.crri r. 0 1 47 1.5*7
TZ.r fcrr.c .qsro c.9?12 r 01 96 2.0 = "
-;.r 1 err. r . F?04 r.P7or - C- 0TO6 -4.7^5

.r ? f r r . ( .f:n-J 1 r.cfôF _ r' ■» 7 -0.406
TC r , c . SACK r.q33T ri 007? 0.7fO

-<.c <( rr . c .Ffrs r.C564 r\ '’151 l. = = 4
- f .c FCff .( .C9?4 C . 9 7 ? ? c 070? 7.07)

-4C.C ircr .r .Cl 34 0.9401 -0 0260 -7.969
- A T . r ;rrr.( .Cf TT C .C f 4 2 _ n pope -0.OC7
-4c.r Tfcr.r .C074 n . 9 F i 5 r> OOpci O.F" 4
-4C.C 4rrr.r .ri7? 0.CS9Ç n 01 7T 1.70?
- 4 c . C s rr r . r 1.C142 n 0717 7.0C4
-If.C K f  ( .( .cnn? i.rni -0 0110 -1.^11
-If.C ? f fr .( .C?1? I. n  c F n 00)5 0.1 4P
-If.C i r r c  . r .C44T 1 .ri4C r 9)07 O.c p?
-If.C 4 C r r. r .CA?9 1 .0467 0 01 67 1 . 5 7 5

- / f . c F c r r . c .C7̂ f- 1.06*1 1 n?15 l.coi
5 r r , r .r?nc 1 .c = *c _ r 0200 -1.G77

-112.C ICCC.C I.9644 -0 0119 -1.176
ZCfC.C .r7=4 I.C76C -0 0006 -0.0 •=*

-I12.C 3ffr .c .f 941 1 .0*66 0 0O7K 0.FP6
4 c r c . r . 1 inf 1. .006? 1 "147 1.7P1

-ii/.C :(((.( . i ; ' 1 i . 1(6 1 0 (’ I ?P 1.5*7
- 1 4 f . O erc.r . IflAF I.172? - 0 01*2 -1.6*1
- 1 4 f . C UfC.C .114% 1.1271 -0 01?i - 1 . 1 0 6
-1 4 F . C prrr ,c . 11U 1.1154 _ r 00491 - 0 . 7 4 q
- 1 4 f . 0 ,?cf c. r .14J« 1.1432 -0 9014 -0 . 1 2 5
- 14f ,C 4 f f c . r . Uf ■» 1.1505 c Opso 0.407
- ) 4 f . C fCCC.r . lf)67 1.1575 n C0C7 0.7C)
-IFi.C 5f f. ( 1 .1S 2C -0 0 795 -7.«79
- 1 F. < . C UfC.C . Iff? 1.1050 -0 02 «1 - 2 . 4 2 0
-1F4.C 2 c c r . f . l ?n) 1.2C0S -0 021* -1 . 6 4 0
-IF'.C 3CCC .f . I A 9 5 1.206 5 -0 01 70 -1.431
- If f . C <ccf.( . l<ir 1.2 IIS _ 0 0 1 20 - l . f O l
- 1 4 < . C F r c r . c . ; c F ? 1.2171 -0 nope - 0 , 7 7 6

ACF fESftllF C VIATICN = 1.3 171?
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TABLE 91

COMPARISON OF PREDICTED DENSITIES USING SET III
PARAMETERS WITH EXPERIMENTAL VALUES FOR

1 FF nc or V «r>r
( r ) (P« t M n  prri / C D

ifCf.C r 74^r r r 1 n 1 "1 p c
'>([ ( . r r . P n 4 " 1 C J T 0 '' 1 .90 1 4^1
4 f f f . r 0 '■ 4 1 f n 0 0 0 0 n F 7 9

-4.C Zrcr.f n , r a  n 0 f 7 n n 0 1 .9? 1 9 7P
-4.r Trrr.c f ̂ t n (? T 0 4 7? 2 0 r^71 1 -r-i 7

-'.C 4 f f f . c 1 . r 4 1 r 1 C?4E rr/r / ?P
- r . r rr.c l.r^r; fP7t '■' 0)31 1  ̂1 9
- ' i f  , C r r . f I. r ■ 1 ■ I 0^70 0 0111 1 P 4 P
-AT. c 4 f ( f . ( 1 . KF<- 1 1 0 40 .0 PP4 9 0 ? on
-If.C 1 f r r . f l.r^jq 1 r o.c 0 0 ''717 ? 9 4 s
-If.C ?rr r ,f 1 .rc p 1 1 0^71 0 0 1 10 1 0 04
-If.C TC((.f 1. 14 4 ̂ 1 r' r p ij r 0 77n
-It .c Accr .r i . n 1 17 10 0 "OF ' p 4 F 0

-If.C Eccr.f 1 . 1 y '■'07 0 no/, 9 0 F 1 1
- n  ; .r * f r ,f 1 0 0 9 ; r\ p 1 r 1 1 7] 9
-llf.C 1 rrr .r 1.147] I I ?"i r 1 1 f  qp
-]i;.c ?. ( CC . c 1 . 19 7" 1 1 7 4 J 1 01 ?r 1 0 CA

’C(r .r i.;i^7 1 rrcr fy "Op7 p 7 1 F
- 1 I? .0 4fcr .f 1 . ? 4 4 Q 1 / 10 4 n 0 /' P t- 0 Arp
- 11 ; .c crrr.r 1. ;r <̂ 4 1 000 0 pfioo 0 7 7A
-lAf.C 5rr .r 1 , /;r4 1. 7 0 0  I r P ] 4 9 1 1 7 1
-16F.C if rr .c l.fTf? 1 9 7 4 0 0 01 10 n Of F
- 1 A ( . C prrr.r 1 . ?f-«'4 1 0 014 9 1 1 7 3

■’fcr.r l.:FfT 1 /TÇ7 •> 0 0 0 A n f f A
- 1 A f . C 4 f r ( . f 1.T10I 1 ■’0 0 0 r 0 f c n 7 7 7
-|4f.C Efrr.r I . ' ̂  1 7 1 0 "1 9 0 CAP

crr.r l.'l^l I 9004 C 0 0  O'' 0 9 40
- 1  ̂. C irrr.r 1 7 171 0 01 1 F n 3f n
- ] n  . r zrrr.r 1.74"4 7 9 7 0 p 1 70 0 CAO

3 CC C . c l.Tsri 1 9401 n pp p p 0 A / r.
-]p'.C 4 r f c . f 1 . ■’74-' ! If. or p POO 9 p 079
-If 4.0 srrr.c 1 ,?F/.-> 1 9"rz C 0141 I FI 1
-/2C.C src.r 1 .?9f7 1 ]nca -0 on 1 0 -0 9 C c
-:?c.r K c c . r 1.TS70 I 14 7 4 -0 0004 - 0 09F
-;?r.c 2CCC ,r 1.4 1^4 1 4)13 0071 n 1 4P
-;2 c.c ?rrr.[ 1.4 9/0 1 4 ; so 0 0090 n 7 10
- ? c. 0 Acrr.r 1.4404 1 4 90«- •1 0040 p 9 4 0

-2?C.C srrr.r 1.444] I 4 4f 9 0 009P p = 44
- 2:1 C '.C = rr.( 1.4?fA I 4 34 - 0 0 0 F 9 - 0 9 AO
- 2 i E . C K C f  .c 1 .4'*7F I 4 4 I r -0 0099 - 0 '•71

;crc,r 1.44 0,0 ! 4074 -0 po 90 -p 7 A 9

/ VI K /( F / E H  I I 1 f- r r V 1 A 1 f IA r. Cl 77'
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TABLE 92

COMPARISON OF PREDICTED DENSITIES USING THE
OBWR EQUATION WITH EXPERIMENTAL VALUES
f o r  t h e 24.7 MOLE % PROPANE MIXTURE______

1 c rr rr rf V
( r ) (F S 5 » (I ' yri c / r r )

2 2.C 2( r .r r . 7 3  ? <■: r . 7 r r c c . r r p r p. 7 40
' ;. r '«f C .f C . rOA ;> 0 , ‘’75 7 1 . 6 7 5

2 ; . c 4f C .c r . c f v f C . 5 4  77 0 . ^ 1 0 0 2 . 0 :  P
-4. r 2cr .r r . c p r . PP4 7 - C . C P 3 4 - 0 . ?P9
- 4. f ?f r .f r . f o q  1 (’.46 7? 0 . 0 7 7 1 ? . ? ? 3
-4, r 4 r r .r 1. c: 4 10 1 .r 165 ^.('24 7 2 . 3 7 %

- 4 C . r 2 f r .r i . c c r ? r . ,747 0 . 3 0. ’4 5
- 4  c.r ?f r .f 1 . f Ç P 1 1 . 6 4 7 1 0 . 0 7 1 c 1 . 00 3
- 4 r . r 4 rr .c 1 . 1 r f <1 1 . C P ? 2 C . P 7 5 4 7.3 11
- 7 6 . c icr .r 1 . C T P O 1.54 17 - O . O P P G _ P . C C 0

- 1 ( . C 2 cr .f T . C ^ P I l . r c p ? o . c r q n 0 . O C 4
- I f . C ?rr .r 1 . 1 4  4 7 1 . 1 7 1 6 0 . 9  7 7 7 1.0 PI
- I f . C 4C f .f. 1 .1 'f^ 1 . 1 4 0 ? 0 . 0 7 6  7 3 . 4 4 ?
- I f . C see .c 1 , 2 T f r 1 . 1 7C4 P. 7 .^21

- 1 1 Î .r .f 1 . 1 1 4 ? 1 . 1?5;4 - 0 . 0 1 1 1 _ n . c. r c
- T 1 2 . C 1 f c .c 1 . 1 4 7 ! 1 . 1 4 7 6 0 . 0 0 4 5 n . i c c
- T 1 2 . C 2f f .c 1 . 1 P 7 P 1.1 1C 7 0. 0  171 1 . 4 3 0

- 1 1 2 . C 7f f .r 1.2 1 ?^ 1 . 1 ' 5  7 ^ . 0 7 4 0 1.0 7?
- T I 2 . C 4 f  f .c 1 .  24 40 1 .71 33 r . 0 ? 1 (, 7 . C 3 3
- 1 1 2 . C see .c 1 . 2 A C 4 1 . 2 ’CO 0 . P -3 PC 3 . 0 0  1
- 1 4 f  . C FC .c 1 . ? ? n 4 1 . 2 ? IP - 0 . 0 0 1 4 - 0 . 1 1 3
- 1 4 f , C 1 f r .c 1 . 7 7 4 7 1 . 2 7 2 1 C . 0 0 4 6 0. 371
- 14f ,C 2 cr .c 1 . 2 f T 4 1 . 2 5 6 5 0 . 0 1 PO 1 . 4 0 1
-  I 4 C . C ?(.( .c 1 . 2Pr 7 1 . 2 6 6 6 0 . " 7 | 7 1 . 6 P 3
- T ^ P . C 4C f .c !. ’ I r 1 1 . 7 0 1 1 O . o ? o n 2 . 7 1 4
- ) 4 ( . r F c r .0 I.73 1? 1 . 7 - 4 ? 0 . 0 7 7 4 2 . 5 1 1
- If 4.C f .c 1.2 ICI 1 . 1 1 3 P - 0 . 0 0 7 7 - 0 . 7 F 6
- T F 4 . C ICC • C 1 .  : 2 ? 4 1 . 7 2 0 4 " . 0 0 7 2 0 . 7 3 c

- j * 4 . C 2 f  r . f 1 . 3 4 4 4 1 , 5 3 7 7 0 . 0 1 ? 7 0 .  0 4 1
- i C ' . r ?cc .c 1 .  7 59 1 1 . 7 4 4  1 0 . 0 1 5 0 1 . 1 0 5
-  I f  4 . C 4 c r . 4 1.2757 1 . 7 5 4 6 C . 0 2 O 7 1 . 5 0 4
- 1 f  4 .  f ^cc .r 1 . 3 9 4  7 1 . 7 6 4 5 O . 0 7 9 P 2 . 1 2 0
- 2  2 C . C f  c . c 1. I .  4 1 C 3 - C . 0 7 4 1 - 1 . 7 4 1
- 2 2 C . C I f f . c 1 .  7 5 7 0 1 . 4 1 4 6 - " . 0 1 7 6 - 1 . 7 6 1
- 2 ? C . C 2f r . f 1 , 4  1 '<4 I . 4 7 7 P - 0 . 0 O O 4 - 0 . 6 6 0
- 2  2 C . C 7C f .c 1 . 4 .? f q 1 . 4 3 0 7 — 0 . 0 P 7 Q - 0 . 7 6  4
- 2 ? c . r 4 c  r . c 1 . 4 4 0  = 1 . 4 7 P I 0 . 0 0  24 0.16 5
- 2 2 C . C Ff c .c 1 . 4 5 4 1 1 . 4 4 5 3 O . C O p n 0 . 6 0 0
-2 : F.C c r . c T .4?<^f- 1 . 4 6 7 P - 0 . 0 7 7 7 - 7 . 3 7 0

- 2 3 F . C irr .r 1 . 4 7 7 5 1 . 4 6 6 7 - 0 . C 7 P 4 - 1 . 0  26
- 2 ? e , f ? c c . c 1 . 4 4 P ( 1 . 4 7 7 0 - 0 . 0 7 4 1 - 1 . 6 7 5

f E S C  II TE C f V l A T i C N  =  1 . 4 ^ 1 7 ?
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Figure 29. Comparison of Densities Calculated by the 
Modified BWR Equation Using Set III 
Parameters "with Experimental Values for the 
50 Mole %  Propane Mixture
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Figure 30. Comparison of Densities Calculated by the 
Original BWR Equation with Experimental 
Values for the 50 Mole %  Propane Mixture
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TABLE 93

COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING SET III PARAMETERS WITH EXPERIMENTAL
VALUES FOR THE 76.6 MOLE % PROPANE MIXTURE

1 FE hF HC OFV ? O F V

(F ) (FSIA ) < PTU/LBMCLF) PTU/I B

-2CC.C 5CC.C -EC73.24 -e IC2.54 0.78 -0.36
-2CC .C IfCC.C -7998.17 -PC42.16 1. 17 -0.=5
-2CC .C ISCC.C -7930.61 -7981.’6 1.35 -0,6 4
-2CC .0 2CCC.C -7863.C6 -7920.16 1.S2 -0.7?
-I5C.C 5CC.C -7645.37 -7629.75 -0.42 0.20
- 15( ,C K C C  .C -7577.81 -7569.51 -0.22 0.11
- 1 '5 C . C I25C.C - 7547. 79 -7539.C5 -0.23 C .12
-15C.C 15CC.C -7517.76 -75CB.47 -0.25 0.12
- 15(.C 2CCC.C -7457.71 -7446.79 -0.29 0.15
- ICC.0 SCC.C -7232.51 -7 194.77 -1.01 0. = 2
- 1CC,C 1 5C.C -7191.23 -7 166.41 — 0.66 n.Tc
-1CC.C ICCC.C -7164.95 -7137.61 -0.73 O . T P

- ICC.O 15CC.C -7082.38 -7078.96 -0.09 0.05
- ICC.O 2CCC.C -7063.61 -7C19.07 -1.19 0.6 ’
-5C.C «CC.C -68C4.64 -6772.18 -0.86 0.4P
-5C.0 ICCC.C -6759.6C -6723.41 — 0.96 0.*=4
-5C.C 15CC .C -6703.30 -6671,38 -0.85 C.4P
-5C.C 2CCC.C -6673.28 -6616.76 -1.51 0.85

C-C 5CC.C -6353.CC -6334.E9 -0.62
C.C ICCC.C -6354.25 -6305.98 -1.29 0.76
C.C 15CC.C -6286.69 -6268.57 — 0. 4P 0.2C
C.C 2CCC.C -6256.66 -6225.21 -0.84 0.50

5C.0 IfC.C -5896. 36 -5841.38 -1.46 O . O T

5C-C ICCC.C -5877.59 -5E48.86 -0.77 C. 49
5C.0 1ÎCC.C -5840.05 -5844.64 0.12 -C.CP
5C-C 2CCC.C -5832.=5 -5824.24 -0.22 0.14

ICC.O ICCC.c -5322.11 -5273.61 -1.29 C.91
ICC.C 125C.C -5344,63 -5325.70 -0.50 0.35
ICC.O IfCC.C -5359^64 -5357.44 -0.06 0.04
ICC.O 2CCC ,C -5389.66 -5386.C7 -0. 10 0.C7
Î5C.C ICCC.C -4485.n -4382.64 -2.73 2.?9
15C.0 15CC.C -4755.37 -474C.21 -C.40 0.32
15C.C 2CCC.C -4882.98 -4875.94 -0.19 0. 14
2CC.0 5CC.C -1C47.16 -1063.67 0.44 -1.58
2CC.0 ICCC.C -2803.76 -2964.98 1.90 -2.46
2CC. C IfCC.C -4000.96 -3948.98 -1.39 1 . ?C
2CC.C 2CCC.C -4304.98 -4272.52 —0. 86 C.75
25C.C ICCC.C -1974.21 -20C2.70 0.76 -1.44
25C. C 2CCC.C -3633. 15 -3615.11 -0.48 0.50
/VIP/C ! /eSCLLlF OeV lATlCN = C.5884%

/VfP AC f fESCLlIE DEVIATION IN ETL/IP = 0.79
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TABLE 94
COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING THE OBWR EQUATION WITH EXPERIMENTAL
VALUES FOR THE 76.6 MOLE % PROPANE MIXTURE

1 PF HF HC OFV <*rFv
f f ) (FS i n (MTU/I HNGLF 1 PTijyiB

-;c(.c 5CC.C -«071.24 -15834.47 206.79 -96.14
-2C(.C ICCC.C -7908. 1 7 -15766.18 207.50 -97,37
-2CC.C 1500,C -7930.61 -15737.57 208.01 -9 8.4 4

2CCC.C -7863.C6 -15680.66 208.50 -99,t 7
-l^C.C 500.C -7645.37 - 1 1 324.74 98.03 -48.1?
-I5C.C ICCC.C -7577.8 1 -11274.81 98.50 -48,yr
- 15C.C 125C.C -7547.?c -11249.41 98.63 -49.0=
-15f .C 15CC.C -7517.76 -11224.30 98.76 -49,in
-I5C.C 2CCC.C -7457.71 -11173.23 98.99 -49.8?
- ICC.C 5CC.C -7272.51 -8960.C6 46.03 -23.09
-ICC.C <5C.C -7191.23 -8935.57 46.48 -24.26
-ICC.C ICCC.C -7164.95 -8910.80 46,52 -24.37
-ICC.C 15CC.C -7082. 3P -8860.39 47.37 -25.10
-ICC.C 2CCC.C -7063.61 -8808.95 46.50 -24.7 1
-5C.C 5CC.C -6804.64 -7573.25 20.48 -11.30
-5C.0 ICCC.C -6759.60 -7528.55 20.49 -11.38
-5C.C 15CC.C -6703.30 -7481.45 20.73 -11.61
- 5C.C 2CCC.C -66 73 . 28 -7432.30 20.22 -11.37

C.O 5CC.C -6358.00 -6657.7C 7.08 -4.7 1
C.C ICCC.C -6354.25 -6625.47 7.2 3 -4 .27
C.C 15CC.C -6286.69 -6587.53 8.02 - 4 . 7 C

C.C 2CCC.C -6256.66 -6545.20 7.60 -4.61
5C.C 15C.C -5896.36 -5951.36 1 .47 -C.Q3
5C.C ICCC.C -5877.59 -5949.20 l.fl -1,22
5C.0 15CC.C -5840.05 -5933.27 2-48 -1.60
5C.C 5CCC.C -5832.5= -5906.36 1 .97 -l.?7
ICC.C ICCC.C -5322.11 -5329.84 0.21 -C.15
ICC.O 1250.C -5344.63 -5357.93 0,35 -0.25
ICC.C I5CC.C — 5 359.64 -5373.49 0. 37 -0 . 26
ICC.C 2CCC.C -5 389.66 -5381.36 -0.22 0.15
I5C.C ICCC.C -4485.13 -4475.20 —0 . 26 0.22
I5C.C 15CC.C -4755.37 -4781.00 0.’-68 -0.54
15C.C 2CCC.C -4882.98 -4877.06 -0.16 C. 12
ÎCC.C 5CC.C -1047.16 -1086.69 1.05 -3,78
2CC.C ICCC.C -2893.76 -2888.44 -C.14 0.18
2CC.C 15CC.C -4000.96 -3986.C7 -0.40 0 .?7
2CC.C 2CCC.C -4304.98 -4311.91 0. 18 -0.16
25C.C IfCC.C -1974,21 -2C17.52 1. 15 -2.19
25C.C 2CCC.C -3633,15 -3661.47 0.75 -0.78
/VfP/>C f ffSClLlE DEVIflTICN = 21.4634?
jVEPACf fESCLlTE DEVIATION IN BTU/LR = 43.16
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TABLE 95

COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING SET III PARAMETERS WITH EXPERIMENTAL
VALUES FOR THE 50.6 MOLE % PROPANE MIXTURE

1 FE F-E EC DEV * r F
(F) (F5 m (P Tl / I p M:IE ) 0TU/LP

rc.c 'CC .r -6 4^4 . 7 ’ -6(25.29 6. TO -7.'6
- 15C.C 'CC.C -60A5.P? -6 n o  .?■» 2.13 -l.rp
-ICC.C 0CC.C -E6P7.P4 -5665.4? -0.71 n,Ap
15C.C 'CC .c -771.CP -7'C.F4 -n.6 7 2.'2
i C ( . C EC C.C -tPP.SP -6C2.95 -0.76 3 . 7
;t(.r 'CC.C - 5 2 0 . IC - 4 0 5 . f P - 0 . 6' P 3 .

- 2 f C . f ICCC.C -C 3 P 3 . 32 -65 7'.77 6. 36 - ■- . 0 1
ICCC.C -6017.44 -6CP7.PI 2. 19 -1.10
ICCC.C - ' 7 0 ? . 6 P -5 fC7. P 1 0.4 7 -r.?4

-ICC.C ICCC .c - ' 6 4 5 . 'I -5625.57 - 0 . ' 7 p . T 0
-FC.C ICCC.C - E 4 P 0 . 27 - 5 4 ' 7 . 4 1 -1.15 0.64
-tc.r ICCC.C -'246.76 -5106.45 -1.9P 1.14

C.C ICCC .c - 4 7 9 5 . ei -460 7.79 -3.37 2.1'
ICCC.c -4C15. 6 6 -4006.90 -0.29 n .2 3

ICC.C ICCC.f - IF05.2 ’ -1700.94 -0.47 0 . ’<-
2CC.C ICCC.C -|767,TC -1324.25 -1.11 2 , 4
:c(.c ICCC.C -1 1C0.6E -1054-56 - 1 . '7 4.14

-2CC.C lECC.C -677 1.02 -6'25.'s 6.40 -3.0
- 1 ‘f . C lECC.C - ' 0 6 0 . C6 -607'.90 2.21 -1.12
- 1 ? C , C 1'CC.C - E 7 4 F . 7? -'75 7.40 O.'O -0 . ?f-

-ICC.C I'CC.C -56C7. I? -55FP.P7 -0.47 0.26
-CC.C lECC.C - 5 4 5 5 . rr - ' 4 ) p. n. -1.22 0 .60
-f(.0 I5CC.C -5272.17 -5164.13 - 1.92 1.11

C.C I5CC.C -4P0I.F6 -4721.47 -2.66 1 .67
CC.C IÎCC.C -/29Q.9r -4 196.29 -3.43 7.41

I5C.0 I'CC.C -2772.06 -2729.75 -1.43 1.5'
2CC.C I5CC.C -2004.52 -7C5P.P4 - 1.21 1 .7'
;?c.c I'CC.C - 1666, ]4 -16 14.17 -1.7? 3 . ! 2

-/CC.C ?rcr .r - 6 ? 7 7 . * t; -6474.P1 6_ 53 -3.14
- 1‘̂ c.r ? (CC.c -59 17.66 -5906.72 2. 2« -1.17
- I2C.C 2CCC.C -5655.94 -5 7 16.92 0.56 -0.30
-ICC.C 2CCC.C -5554.79 - ' ' 4 5 . 3C -0.31 0.17
- 0 ( . C 2CCC.C -'406.6? -5370.5P -0.93 C.'2
- r- (. c; 2CCC .0 - 5 IP2.F6 -5133.03 -1.62 0.55

C.C PC f C.C -4792.70 -4 72 1.02 -2.35 1 .4P
5C.C 2CCC.C -/35I.3C -4269.21 -2.71 1 .09

1 5C.C 2CCC ,C -:-2P9.54 -3 142,17 -4. 09 4. 49
2CC.C 2CCC.C -2627.72 -2557.43 -2.32 7.67
; 5 c. c 2CCC.C -2 i 4 9 .Ç' -20 71.72 -2.59 3,64

fVfSfCI <CSC LITE OEVIATICN = 1.74977

fVFMfCE /EEClllF nEviATir\ IN PTL/LP = 2 . OP
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TABLE 96

COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING THE OBWR EQUATION WITH EXPERIMENTAL
VALUES FOR THE 50.6 MOLE %  PROPANE MIXTURE

1 F HF '-C OFV

(f ) fF< / ) ( PTIJ/ I. p * n  F ) 8 T t J / I 8

- ( , C !C . C - f 4^4.71 - 1  1 225 .44 158.4 3 -74.4'-
- 1 5 C . C ^c . c - 6 C 6 S . P ? -8283.53 73.34 -36. 5f

C-C . ( - S 6 P 7 . 94 -66^5.41 3 3 . 3 2 -17.71
1 5C.C = c . c - 1 7 1 . CC - 764 . 9 7 -0.21 C .80
/CC.C s c . c - f 2S.Ç? -A 16.56 -0.31 1 . <0
/5(.C s c . c - S 2 0 . 1C - 5  1 2 . 5 2 - 0  . 2 8 1 .46

- i c r . c ICC . c -11187.94 158.76 - 7 c . ?r
- I5f .0 ICC . c -60 17.44 -8242.44 7 3 . KP - 3 6 . C 9
-I2C.C ICC . c - C 7 9 3 . e e -7191.64 4 6' .  28 -34.13
- I C C . C ICC • c - S 6 4 S . S 1 - 6 6 < 9 . 29 33.53 -  1 7.06

- f C . C ICC .r - S 4 P P . 7 7 -6 213.78 24.10 -13.33
- t c . c ICC . c - S ? 4 6.3 6 -5681.18 14.38 - P. 30

C.C ICC . c - 470 s . F I -4SS8.<S 5. 38 — 3.30
<C.r ICC . c -40 IS .66 -4210.58 6.45 -4 . 8  =

J5C.C ICC . c -IP0S.21 -1781.3 1 - 0.70 1.3?
2CC.C ICC . c -13 = 7.7C - 1 339 . 24 — 0 «64 1.43

C.C ICC . c -1100.62 -10 7 3.57 - O . Q O 2.46
- ; c c . c r c . c - 6 3 3  1.C2 -1114 1.84 I 59,0 7 -75.86
-I5C.C ISC . c -<96,9.C6 -8 200.44 7 3 . 7 0 - 3 7 . 3 0
- 12C.C ISC . c - S74P.77 -7151.23 46.40 -24.4 1
-ICC.C ISC . c -S603. n -662C.94 33.66 -19.16

- e c . c ISC . c -S4<S.CC — 6 184.6 6 24.12 -1 3 . 3 9

-fC.C ISC . c -S2 22.I7 - 56<4.C9 14.28 - 9 . 7 7
C.C ISC . c -4801 .86 - 4 9 6 3 . 6  1 5. 35 - 3.37

5C.C ISC . c -4299.90 - 4 3 4 9 . 2 1 1 .60 - 1.12
15C.0 ISC .  c - 2772.96 -2 704.97 - 2 , 2 8 2.45
2CC.C ISC . c -20^S .S? -2057.44 -1.26 1.9?
2'(.C ISC - 1666 ,14 -16 31.31 - 1 . r ?.C9

- ? c c = c 2CC - 6 2 f7.49 110^9.47 1 5 9 . 4 ’ — 76.8]
- 15C.C 2(C . c -59] 7 . 6 S -9 1<7.57 74.09 - 3 7.85
- 12( . C 2CC . c -5699.94 -71C9.45 46.61 -24.73
-ICC.C 2CC . c -5554.79 -6580.71 33.83 - 1 8 . 4 7

-PC.C 2CC . c -5406.63 -6 146.83 24.48 - 1 3 . 6 9
-5C.C 2CC . c -51*2.86 -5622.2? 14.5? - 8 . 4 9

C.C 2CC . c - 4 7 9 2 . 7 9 -49S2.98 5.30 -3.34
5C.C 2CC . c -435 1 . 30 -4396.46 1 . 4 0 -1.C4

15C.C 2fC . c -5289.94 -3173.19 -3.86 3 . 5 5

2CC-C 2CC . c - 2627.72 -2567.50 -1.99 2.
2 5C.C 2CC . c -2 149.95 -2091.06 -1.95 2.74

/Vf B K  f /PSC I IF CFVJATICN = 18.0317%

/VfP n  f /ESC IIF O E V U T i r s  IN PTU/LE = 34.91
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TABLE 97

COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING SET III PARAMETERS WITH EXPERIMENTAL
VALUES FOR THE 28 MOLE PROPANE MIXTURE

1 F HT F r l ' 9 \ / 7 0  F V

( F 1 ( F F /* ) ( t ' U  /  I F w f 1 r ) f* Tl  / I  F

-  ;  ( ( .  c '  C -  '1 1 '  9 . 4  7 / , .  M n - 3 . 3 0

-  a  c . c I t  f - 6 C 4 / . 1 4 - ' ■ ■ 1 2 0 . 9 6 7 . ^ A - 2 . 6 2

-  ;  c  f .  c I F f ~ / | 0 0  1 . c e -  F C F ] . 2 4 2 . 9 , 2 - 3 . 8 7

? (  C -  4 p 4 1 .  7 7 - ' , 0 4 0  . 4 9 8 . 3 1 - 4 . 1 0

- I F f . C F f -  4 P 4 f  .  " -  4 4 F ? .  0 7 ' . 6  7 - 2 . 8 0

-  1 F f  . r 1 f  f -  4 0 p •> .  4 1 -  4 c ^ ,  1 4 e, .  C 7 - 3 . 9 7

- i K . r 1 «a - 4 S .  ;  C, - 4 7 0 0 . 3 0 6 . ' 5 0 - 3 . ^ 0

- 1 r c  . c a f - 4 7 2 4 . f f -  4 F f 9 . f  9 6 .  0 4 - 2 . 0 6

- i F c . r 5 f -  4 f  2 1 .  '  r - 4 7 1 1 . 1 0 3 .  7 4 - 1 . 9 3

1 ( ( -  4 c q  ç .  M - 4 6  F 2 . 2 4 3 . 6 2 - 1 . 8 8

-  ) '■ r .  c 1 - 4 ' 6  2 . 1 f - 4 6 4 9 . 4 1 3 . 6  6 - 1 . 9 2

-  1 a  .  c ;  ( c - 4 F / l . f ^ - 4 6  1 4 . 2 2 T . 4 8 - 1 . 8 3

- i (  ( . f ; - 4 2 2 2 . " f - 4 2 3 7 . 8 7 0 . 2 1 -  0  .  t F

-  I f C  , f H C - 4  2 2 S . c  7 - 4 ? 3  0 . 9 2 0 . 3 7 - C  . 2 1

-  1 r  ( . ( , ] F f -  4, 2 ] P .  r  2 - 4 2  2 6 . 8 4 0 . 3 7 - 0 . 2  1

-  ; f  ( .  r ; c  C - 4  2 1 C . F f - 4  7 0 6 . 8 0 - 0 . 2 1 0 . 1 2

- f ( . f I f f - P 7 f P .  7 4 - 3  7 / 4 . 4 4 - 1  . 8 6 1 . 1 8

- ‘ .  f 1 2 ' - 7 P 1 1 . 7 4 -  2 7 <=9 i 2 1 - 2 .  1 o 1 . 3 8

-  *• ( . 1 Ff - ? P 2 P . 4 ' - 3 7 7 9 . 7 8 - 2 . 0 4 1 . 3 7
- 5 ( . r 2 f  f - 3 ? < 6 . 1 9 - 1 . 6 6 1 . 0 3

c .  f 1 ' f - - 2 P 7 . 4  1 -  32  2 4  .  2 2 - 2 . 4 8 1 . 8  1

1 - f 1 1 F -  ? ? 5 ? .  F l - 2 2  9 2 . 8 4 - ? . ' l 1 . 7 9

• * c 2 f  C - 3 2 9  1 . 1 F -  1 3 3 7 .  8 0 - 2 . 2 3 1 . 5 7

Ft  , r ! Ff - 2 ' C 4 . ' 3 - 2 4 9 8 . c q - 0 . 2 2 0 . 2  2

F l . C l H - 2 6 7 4 . 2C - 2 6  7 9 .  8 4 0 . 2 4 - r . ? l

C ( . f 2 f  ( - 2 0 4 1 . 4 9 - 2 7 9 7 . ' 2 - 1 . 8 4 1 . 5 '

1 f < . c ' f ? P .  1 ' - ' 1 8 . 8 8 -0 . 3C 1 . 7  =

I f  C . C K f ~ 1 1 6 2 . F 4 -1 1 4 9 . 6 6 - O . ' c 1 . 2  2

U f a 1 ' f -  1 P 1 1  ̂4 P - 1 8 0  1 , 3 1 - 0 , 4 ? 0 , 6  6

I f  r  . C 2 f  r - 2 2 ' 2 . 6 r - 22 2 7 . 9 8 - 1  . 0 2 l  .  14

1 5 ' . G F f - 4 3 0 . 1 7 - 4  1 8 . 1 9 - n . =0 2 . 7 8

] f ( . C I c c - 9C F . 7 4 -8 82.94 - O . o q 2.'2
i 5 f  . n J F f -  1 3 6 4 . FF -  1 3 = 6 . I f - 0 ,  2 6 0.6 2
I f f  . f 2 f  C - 1 7 8 0 . 4  1 -  1 7 4 8  . 4 9 - 1 . 3 4 1.79
, f C . G H - i s p . 4 2 - 3 4 6 . 7 6 - 0  .  491 2.27
; r r . f H  f - 7  2 P . 4 ' - 7  1 2 . 4 0 - 1 . 0 ' 3 .  39

;  c ( .  c 1 FC - 1 0 * 9 . 7 6 - I C 7 7 . 7 2 - 0 . 6 0 1.10
; f c . c ? f  f -  1 4 ?  I . C 4 - 1 4  0 1 . 4 1 -0. 8 6 1 .44
;  F r ,  c 2 f  f - 1 1 6 6 . 2 2 - 1 1 = 3 . 7 1 - 0 . 6 2 1 . 0 7

/  V f 7 /!( F / F F l i f r F v i 6 T i r r  = 1 . 7 8 6 6 7

/ V  1R / (  f /  r  Ff 1 F D F V I A T f O  H P T l / L P  = 2 . 4  7
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'PAULK OH
COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING THE 0I3WR EQUATION WITH EXPERIMENTAL
VALUES FOR THE 28 MOLE % PROPANE MIXTURE

f

i.
C

I(
1(
!C
]C
1 c

i i 
It 
I t  
, ( 
/ C
f (

f f C L E V 7 1  r-v
If Î i ) 1 1 ' T L / I : - M  1 E ) F I L / I H
‘ f . ( -  7 4 3 6 . 1 1 1 C 2 . 2 4 - 4 . 4  2

I f f . C -  i 4 C ‘ C '■ 1 6  2 . 4 6 - 4 . P C
1 ' ( . c - 4 f L  I . ‘ ‘ ■ 7 3 6 7 . 3 t 1 C 3  . 5  P -  t . 6  r

; ( ( . c —  4  E 4 1 , / 1 - / 3 '' r . s ! 1 C 4 . 1 6 -  S . <  1

t i . ( - 4  E 4 ( . t - ( 6 2  1 . 6 6 7 4 . 2 8 _ 1 . 6  T
1 1 c . I - 4 P C J . t ? - 6  t f  7 . 7 1 7 4 . 6 6 -  3 . 1 4
1 t t . f - 4 i 6  t . 2 ' - 6:1 1  2 . 7 2 7 4 . 7 4 - 3 . t  I
iiC . c - < 7 2 4 . 6 6 - 6  t 1 6 . 7 4 7 4 . 4 4 _  1
t ( . ( - 4 6 2 1 . 4 1 4 7 2 4 . 1 0 4 6 . 2  3 - 2 . f f

1 ( c . ( -  4 5 t . 6 1 - t f t E . e t 46:. 1 6 - 2 . f  !
i t f . c - 4 G f 2 . 1 ( - 4 6 6 6 . 6 ; 4 6 . 2 2 - 2 . 2  1
2 (  C . c - 4 4  n . C 4 -  t 6 3 2 . 7 C 4 6  . I C - 2 1

i t . ( - < 2  2 2 . 3 6 -  4 i 2 t . t Î 2 C . 6 4 - 1 . 6  5
I f f . c - < 2 2 4 . 4 7 - 4 7 1 6 . 4 1 2 C . 4 4 -  1 f f
I t f . ( -  < 2 1 f . C 2 - 4 6 4 4 , C t 2 0 . 1 3 - 1 . 4 5
2 ( I . c - < 2 i r . E f -  4 6 1 4 , t / 1 4 . 4 C - 1 . C l
I f f . c -  3 i 6 f . Î 4 -  3 4 4 t . C  4 4 . 4  7 - . f  C
I 2 t . c - I f  I 1 . i t -  4 C 1 2 . 4  .3 R . 4 0 - . 2 6
i t c . c - 3 f 2 f  . 4 4 - 4 C 2  1 . E f 8 . C 4 — . C  t
2 ( ( . c - 3 E 2 t . 6 f - 4 C 2 t  . 5 3 7 . 4 5 - . ' 5
I t f . c - 3 2 8 3 . 6 1 - 3  3 6 C . 6 C 3 . 2 2 - . ’ 4
l i t . f -  3 3 t 2 . 4 1 -  3 4 2 t . 1 3 3 . C 2 - . I t
2 ( f . c - 3 3 9 1 . 1  G - 3  4 6 4 . 4 6 3 . C 4 - . 1 F
I t c . c - 2 t C 4 . t 3 - 2  4 6  2 . 4 4 - C . 4 2 . 8 8
Î i t . c - 2 6  7 4  . 2 C - 2  7 C 1  . 2 2 1 . 1 3 — . C l
2 f ( . c - 2 6 4 1 . 4 4 - 2  6 4  2 . 7 5 C . C 5 - . C 4
t c . c - t 2 e . i t - 5 2  7 . 7 1 - C . C 2 . C P

I f f . t - 1 1 6 3 . 6 4 - 1  15 4 . 4  2 - C  . 3 7 . 1 i
1 ‘ f -  1 S 1 I .  4 ^ -  i 7 6  6 . 3 5 -  1 .  C  5 . 3 4
2 (  C . c - 2 < t 2 . 6 C - 2  2 2 4 . 1 6 - 1 . 2 3 . 3  1

t l , c - 4 3 C . 1 7 -  4  2 6  . 6  C - C . 1 5 . 6  3
I C C . c - 4 C t . 7 4 - 6 4 4 . 1 3 - C . 4 4 . 2 6
I t c .c -  1 3 6 4 . t f - 1 2 6  1 . 7 7 - C ,  1 2 . 2  1
2 i i . c -  1 7 f c C , 4  1 - 1  i t c . 8 7 - 1 . 2 4 . 6 6

t c . c -  3 t f . 4 i - 3 5  4 . 6 2 - r .  16 . C 7
I C C .c - 7 3 8 , 4 t - 1 2  5 . 6 6 - C . 5 3 . 7 C
I t c . c -  1 C 6 4 . 7 6 - 1 C 4 C . 7 2 C . C 4 - .04
2 C C .c -  1 4 2  1 . 4 < -  1 <  1 2 .  6 4 - C . 2 5 . 5 8

2 ( C . c - 1  1 6 6 . 2 ' - 1 1 7 C . 5 4 C .  1 8 . ’ 7
e t c I u [ E t l A T l L t  = 1 3 . 6  7 2 4  3
E S C I I E C E V I A T I C h  ! N t I L / L E  = 2 6 . 3 7
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TABLE 99

COMPARISON OF PREDICTED ENTHALPY DEPARTURES USING
USING SET III PARAMETERS WITH EXPERIMENTAL
VALUES FOR THE 11.7 MOLE % PROPANE MIXTURE

1 tf »-F PC np \' Kprv
) (P5 I M (BTL/I HPCI F 1 8 1(1/1 M

r •=rr .f - 4 2  7r.9C 4 ;■ «• 1 .4 p -1.00 r .45
■ ? c . r i(rr.f -4 2 1 5.45 0.00 -0.84

C ISCC.C -4 1(0.74 -4 1 P C . 5 7 1.01 - r . 4 8
- i .(1 2 c r c . r -4 10P.S6 -4 144.2 7 1 . 8 5 - r . 8
-/rf. r «^(.C - iq?'. . 1 c f/, . 79 1.12 - 0 . » 4
- ; r i r r r .( - 1 9 2 4 . q 7 15 58 . 2 2 2.24 -1.1"
- 2 r (. r I S C C .( -Ip 74 . 71 -3 9 1 7 . 1 2 1.24 -1.72
- ; f 1. c ;cre .f -ip;(., 4 2 -19C4.5I 4.05 - 2.04
- 1 *5 C . 0 c .c - • 5 r c . p 1 -1.0 7 r . 57
- I5C .C u  rr .c - i ‘>pc, fq - 1595 ,52 0.40 -0 . 25
- )=(c.r -i fP f . C C - 1 5 0 0 . iq 1.47 -r.pr
- I , r ;rcc .f - 1 5 2 1 . CP - ? 5 5 5 . p « 1 . 56 - I . (■ 7
- IC(,C ICCC.C - 1 1 6 5 . 4 9 - 1 1 17.P0 - 1.41 0.8 7
- 1 C ( .t IP'O.f -1 I P O . 95 -3 164.44 - 0 . 0 5 r.«2
- ICC .r ISCC.C - l l P P . f P - 1179.75 — 0.46 0 . 28
- irc.c ;cff .f -1 196.41 - 1 ) 9 0 . 7 1 - 0 . 2 0 0.18
- 5C,r I ? I c . c - 2 5 7 ? . ?r - ? c i 4 . 84 - 1 . 9 1 1 . 4 5

- = (.r iscc.c - 2 6 6 1 . 1 0 - 2 6 5 1 . 6 7 - 0 . 4 0 r.3c
- = c.c n * c ,  f - 2 7 1 9 . 0 7 -2 720.00 0.05 -0. 04
- 4C . 0 2cr.c .c - 2 7 7 5 . 1 2 -2 76 3.04 - G . 5 p 0.41

( ,r I ?*c.r - 15 19,46 - 1 5 9 4 . 4 5 -1. 20 1 .'4
{ .c 1ÎCC. f - 1 P P 4 . 2 2 - 19C 5. 01 1.17 -1 .20
f .r n = c . c - 2 0 7 1 . 6P -2 1C5.46 1.75 -1 . 6 1
c.c 2f CC,C - 2 2 2 6 . 2 P - 2 2  3 1.17 0 .17 - 0.17

ec.c ÇCC .( - I P O . 7.1 - 2 F 7 . 5 1 0. 1 = -1 . 70
sc.r ICCC.C - 8 1 4 . 8 5 - p i p . O P 0. 17 - r. ? o
5C.C I5CC.C - 1 1 I 6 . C 5 - 1 3 1 6 . 1 1 0.00 -0 .01
?c.c 2CCC ,C - 16^2.90 - 1 6 9 1 .  76 0.04 - 0.05

îcc.r sfc.r - 7 2 0 . PO 3 1 1.50 — 0. 4 0 ;. or
If c.c u c c . c - 6 6 0 . 9 1 - 6 4 0 . 0 5 - 0 . 6 7 1 .9 '5
i c c . c 15CC.C - 1006.85 - 9 C C . 5 4 - 0 . 0 4 1 .62
K C . C 2C CC.C - 1 1 1 0 . 2 6 - 1 2 9 6 . 8 8 - 0 . 6 9 1 .02
15C.C ÎCC.C - 2 6 4 . 7 6 -2 5 7 . 6 1 -0. 17 2.69
15C,C ICCC.C - 5 3 9 . 1 8 - 5 2 4 . 6 1 -0. 75 2. 70
15C.C 1ÎCC.C -P07 .80 - 7 0 9 . 9 1 - 0 . 9 0 2.14
I5C.C 2CCC.C - 1 0 5 1 ,3C - 1 C 3 1 . C 0 - I . 00 1.05
2C C. C 5CC.C - 2 2 4 , 1 7 - 2 1 7 . 4 0 - 0 . 3 5 2.99
2CC.C ICCC.C - 4 5 0 , 2 * - 4 1 6 . 9 2 - 0 . 7 0 2.99
2 C C . C I5CC.C - 6 6 6 . 7 2 - 6 5 0 . OP - 0 . 0 6 2.50

/P SC II IE E F V I A T I C N  r I. IP 9 6*

fVfRAC f / e s r u i F D F V l A T i n N  IN BT L / I R  = 0.99
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TABLE 100

COMPARISON OE PREDICTED ENTHALPY DEPARTURES
USING THE OBWR EQUATION WITH EXPERIMENTAL
V A L U E S  F O R THE 1 1 . 7  M O  LI; %  P R O P A N E M I X T U R E

1 V f 1 ( 1 r r>» V '• n f ' V
\ I ) I f ' I f ) ( I'TIIM t i n  1 ) t'Ttt/i f'

C «cc.c - 71'. SC - 6 P 10 . P ? 13 7 . 4 6 n ,  ( 4
.!! I r f c . r -r 7 4 4 . 7 7 1 3 ' . 7 3 - 6  1 ,

■ ."‘ C . C K C  f . f - ' I C C . 74 ■' 7 6 7.71 1 3 4 . 17 -6 '.'6
- ^ c . c c r r r .c ~ i. 1 ( . 'iC - ' 7 7 /, . 7 ? 135. 10 - 6 3 . <" 7

.c «((.( - "17 4.?? - 4 0 = 4 . %4 5 0 . 0 ? .- 7 4 . 7 6
- ; f (. c I C C C . C ■ 4. s i 44 If:.77 5 7 . 0 4 - 7 5 . 6  7
- ; c ( . (' K f  c .r 7', . - 4 0 0 f!.61 5 3 . 0 1 -  ? 6 , 4 X
-;( ( . r / C C C . C - 1 1 7 0 . 4Z - 4 M 6 0 . 7 / 5 3 . <16 - 1 7 . 7 <•
- I K  .( 5 C C . C - ’C-? 1 . « 7 - 5 * m : .6 4 1 0  . 1 f' - ) r . K
- 1 -i C . 0 I C C C . C - 1 4 PO. 71 -40 7 7.40 70. 70 -If.'"’
~ 1 K  . t. I *)CC . f - 1S 1 /. c c - »0'K. 74 7 1 . on - 1 1 . 4 7
-I = C . C 2 C C C . C - 1 4 / I . C f - * 'K 4 . ? 1 21 . '1 - 1 1.7'
- Ï c (. r I C C C . C - ? K  «• . 4 f -3 3 1 1 . PI 7.57 - 4 . 6 7
-1 r (. c 1 ? ‘ C.c -1 1PO.If - 3170.14 7 .6 3 - 4 . 6 '
- I C C . C 1 5 C C . C -2 K P . 6 P -337 7.77 7 . 6 9 . 61 't
- ICC .f Z f C C . C -3 I O C . 41 -3 3 4 0 . 6 4 7 . 4 6 - 4 . < 1
- 5 C . C 1 K C . C -7^,1?.2C -7*^73.74 o. o n -0 .06
- Ç C . C K C C . C - ; f c  I . in - 7  7 0 0 . 6  7 7.5 1 - 1 . 1 1

- 5 C . C I K C  .C - 7 7 1 0 . 0 7 -77P 1.43 3 . 7 3 - 7 . 7 9
-«c.c z c c c . c - 77 7 4 . 1 7 - 7 F 7 4 . P 1 7.57 - 1 .

C .0 I 2 « C . C - I 6 l 0 . 4 f - | K f o . 7 C -3.1 7 3.71
( .c K C C . C - 1 fi P 4 . ? 7 - 1 P 6 6 . 4 4 - r . o ? 0.94
c ,c 17 « r . c - 7 0  71 .ftp - 7 C P 2 . 4 7 0. 56 - n . « 7
f .0 z c c c . c - ; Z 7 f .71 - 7 7 7 0 .Cl 0. 0 9 - O . C P

« C . C *=f c.c - ? p n . 71 - 3 0 3 , 4 0 0.66 -3.16
5f .0 I C C C . C - f T 4 . p s - F 4 3 . 3  7 0. 44 - 1 . 0 7
«5C.C I 5 C C . C - I 'l' .CS - K C 7 . o i - 0 . 4 4 0.6 =
«5C.C z c c c . c - K S 7 . 9 C -16 7 7.13 - 0 . 0 ? 0.93

irc.c 5 C C . C - 7 7 0 . 0 0 1 ) 7 . 3 : 0.1% 1 .0"
K C . C I C C C . C - 6 6 0 . 9 3 - 6 5 6 . 4 1 - 0 . 2 3 0.6P
I C C . C K C C  .C - I C 0 6 . P f - f C 5 . f i - 0 . 5 7 l.CP
I C C . C z c c c . c - 1 3 1 0 . 2f - 1 2 0 6 . 3 7 - 0 . 7 ? 1 .Cf
K C . C 5 C C . C - 7 6 4 . 7 6 - 7 6 3 . 1 7 - O . O P 0 . 6 C
K C . C I C C C . C -5 3 9 . K -5 3 3.67 - 0 . 7 P 1 .07
1 5 C.C K C C . C - P 0 7 . P 0 - 7 0 P . 6 6 - 0 . 4 7 1 .1 1
K C . C z c c c . c - 1 0 5 I . 3 C - 1 C 4 0 . 0 3 ' 0 . 5 P 1 .07
?CC .Ç 5 C C . C - 7  2 4 . 1 7 - 2 2 2 . 6 5 - O . O P 0.61
2CC .C I C C C . C - 4 5 0 . ?P - 4 4 5 . 7 3 - 0 . 7 4 1.0 1
2 C C . C K C C . C - 6 6 6 . 7 7 - 6 6 C . 9 A —0 • 30 0.16

/ V F P / C  ( / f 5CLL Tf C P V K T i r N  = 1 1 . 3 1 6 5 9

/ V f R f f P S C l l T f D E V I A T I O N  K P T U / L P  = 7 7 . 5 7
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TABLE 101

COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING SET III PARAMETERS WITH EXPERIMENTAL
V A L U E S  F O R T H E  5.2 M O L E %  P R O P A N E M I X T U R E

1 FF hF FC np V T» r-> n y
If ) (F5 I M ( P III/ I PF'Ct f I F Tl.i/l A

'(C.C -3 7^1. - 37 6 1 . 7 2 1. 70 AC
- Z C f . C 5CC .( - ? 4 4 r . l ] - 3«̂  75 .PA 4.56 -2.7 1
- I'C.C K C . C -? 11C . C 7 - 3 1 T6.44 1 .5] - 0 . A 5

( .c ' C C . ( _ ■» c 1 , 7 c - T A P . 07 -0.2P 1 . 7 3
5f.C 'CC.C - 1 1 T.ZP - ' C 5 . P C - 0 . 4 1 7.ir

U  C , (' * ( r . r - Z ' 7 . Z f - 2 4 0 . 1 5 - 0 . 4  6 1.1c
]cc.r 'CC.C - Z 1 5 . Z 7 -2CA.CI -n.42 1.3 1

ICCC.C - 1 70ft.AS - 3 7 2 8 . 6  7 1 . 24 - r . 5('
- ^ C ( .r ICCC.C - K  ? 1 . 6 C - 3 5 0 2 . 2 4 4.6] - 2 . 3 6
- j'̂ r ,c ICCC.C - T 115.3? -3 144.44 I.9P -1.1)
-]((.( K C C . C - ? 6 ? 1 . 77 -26 34.45 1.01 -c .67
- 5 f . r ICCC.C - 1 3 4 ' . AC - K 4 5 .  1 3 2. A] — 3 .66

r.n ICCC.C - A C I . C 9 - P 6 6 . 2 0 0.29 -n.sr
'C.C ICCC.C - 6 ' ? . A? - 6 44 .44 - 0 . 4 8 1 . ?8

ICC.C ICCC.C - 5 2 1 . 5 5 -51 C. P 4 -0.61 7 . r 5
15C.C ICCC.C -4 30.54 - 4 1 4 . ' 4 - 0 . 6 1 ? ,54
; c (. c ICCC.C - T C 4 . C 4 - 75 2 . 7 1 - 0 . 6 5 1.11
^ 'C.C ICCC.C -3 11 .'3 - 7 Ç 1 . 4 4 -0.58 1.24

- 2' c.c I'CC .c - T 6 7 A . 9 A - 3 6 4 5 . 2 0 0. 93 -0.44
-;cc.c K C C . C - 3 4 C C . 6 C - ? 4 7'.4 A 4.28 -2 . 20
- 1 5 C .C 15CC.C - T I C O . 32 -3 145.71 2. 14 -1.20
- I C C . C K C C . C - 2 7 IQ . 7 H -2 73C.55 1.1? - 0 . 7 3
- 5 C . C K C C . C - 2 0 7 0 . 4 5 - 2 1 K  . 4 5 2.83 -2 .19

C .0 K C C . C - 115R, 14 - 1 3 C 5 . 5 4 2.14 -2.7'
5C.C K C C . C - q o 4 . i r - 4 4 7 . P4 0.21 - C . i P

K C . C K C C . C - 7 P 4 . C F - 7 7 3. 7 4 -0. 59 1.32
15C.C K C C . C - 6 3 % . A? - 6 2 7 . 1 7 - 0 . 6 7 1 .a :
2 C C . C K C C . C -5 3->. PI -52 2. 6 1 - 0. 64 2.10
2 5 C . t K C C  . C - 4 5 6 .AC — *43. 74 - 0 . 7 4 2. A'

- 2 5C.C 2CCC.C - 36  49.1? - 1 6 6 0 . 4 7 0.6 8 - 0 . 1 1
- ? C C . C ZCCC.C - ? ? 7P . 6 r - 1 4 4 6 . 2 9 3.81 -1.57
- I C C . C 2CCC.C - ? 0 9 4 . 1 Z - 3 1 3 1 . 9 ? 2.15 -1.22
- I C C . C ZCC C. C - Z 7 4 7 . 7 H - 2 7 7 4 . 8 8 1 .55 - C . 9 9
- 5 C . C ZCCC.C - Z Z P 5 . 2 4 - ? ? 2 2.31 1 . PA -1.44
- I C . C ZCCC.C - 1 * 3 0 . 4 4 - 1 8 7 9 . 4 0 2.2« -2.1 7
fC.C zccc.c - 1245.13 - 1 3 1 2 . 6 2 1 .00 -1.35

K C . C ZCC C.C - 1 0 2 0 . ?6 - I C l l . O P - 0 . 1 9 0.11
K C . C ZCCC.C - 8 2 4 . 5 9 - 8 2 0 . 5 0 - 0 . 5 ? 1 .10
2 C C . 0 zccc.c - 6 4 1 . 3 ? -6,80.66 - 0 . 6  1 1 .'4

/VFBfCI / ESC L I I F C F V I A T I O N  = 1.64037

/VE P c( 1 K S C l l K C E V I A T I C N  IN 8TL7LP = 1 .42
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TABLE 102

COMPARISON OF PREDICTED ENTHALPY DEPARTURES
USING THE OBWR EQUATION WITH EXPERIMENTALV A L U E S  F O R T H E  5 . 2  M O L E %  P R O P A N E M I X T U R E

1 F F I'F HC O F V f 0 r '/
(FI (P5 K  ) (MTU/: nvri F ) PTU/I !(

K C . C - T 7  M . 31 - 5 3 7 3 .in 9 4 .11 - 4 4 , 14
- 2 C C . C C C C . C - .  1 1 - 4 0 6 8 . 4 0 35.55 - 1 1 . Of
- ) •= c - r K C . C -  11 n . 0 7 - 3 3 2 9 . 1 7 12.51 _ 7 . f r

c.c < c r . c - 3 1 7 . 7 % - 1 C 3 . 6 1 - 0.01 0 . = 1
5 C . C •ifC ,C -3 1 J.ZP - 3 1 0 . 7 ' - 9 . 1 5 r.c,

ICC. f 5 C C . C - z s / . z * - 2 5 4 . 0  7 - 0 . 18 I . 5
J'f .0 K C . C - 2  15.2 7 - 212.75 - 0. I 4 1 .17

- 2  5C.C I CCC . C - 3 706 . PF - = 3 4 0 . 3 1 93. 79 - 4 4 . 2
- 2 C C . C I C C C . C - 7 4 7  1.60 - 4 C 4 3 , 6 5 3 5 . 5 4 -1 3 . K
- I S C . C ICCC.C - 7 1 1  s . 12 - 1 7 1 7 . 0 5 12 . 35
- I C C . C ICCC.C - 2 6 2  1.77 - 2 6 9 9 . 5 4 4 . 4 4 - 2 . 9  7
- ' C . C I C C C . C - 1 3 6 Ç . f Ç - 1 3 4  7 ,08 0 . 0 7 -0 .09

c . c I C C C . C - R 6 1 . C 1 - F 6 6 . 2 6 r, 3 0 - 0 . 50
5 C . C K C C . C -6 5 2 . R 2 - 6 5 0  . 4 '1 - 0 . 1  3 C. 36

I C C . C K C C . C - 5 2 1 . 5 : - 5 1 9 . 5 6 - 0 . 1 7 0 . 5 7
1 5 C . C K C C . C - 4 3 0 . 5 6 - 4 2 7 . 6 0 -0. 1 7 0 . 4 8
/ [ C . C K C C . C - 3 6 4 . 0 4 - 3 6 0 . 4 7 - 0.20 0 . 9 8
Z 5 C . C I C CC.C - 111.51 - 308. 64 - C .  1 7 0 . 9  3

- 2 5 C . C K C C . C - 3 6 7 0 . pn - 5 3 1 7 . 4 6 9 3 . 6 ? - 4 4 . = 4
- i r c . c I K C . C - 1 4 C C . 6 O - 4 0  1 5 . 6 4 3 5 . 2 0 - 1 8 . 1 2
- 1 5 C . C K C C . C - Z I O P . 3 2 - 3 3 2 2 . 9 2 12 . 26 - 6 , 9 0
- 1C C . 0 K C C  .C - Z 7 1 9 . 7 P - 2 7 9 1 . 6 9 4 .1 1 - 2 . 4 4
- 5 C . C K C C . C - 2 C 7 C . 4 6 - 2 0 7 9 . 1 1 0 . 4 9 - 0 . 4 2

C .0 1 5 C C . C - I  3 5 8 . 1 4 - 1 3 6 9 . C 3 0 . 6 ? - 0 . 80
Ç C . C K C C . C - 9 0 4 . 1c - 9 9 7 . 2 2 0 . 1 8 - 0 . 3 !

I C C . C K C C  .C - 7 P 4 . C O - 7 8 0 . 5 8 -0 . 20 0 . 4 5
1 5 C . 0 K C C  .C - 6 3 8 . 8 2 - 6 3 6 . 1 0 - 0 . 1 4 C . 3 P
I C C . C 1 5 C C . C - S 3 ?.8 1 - 5 7 7 . 1 c - 0 . 0 9 0 . 2 8
I 5 C . C K C C  . ( - 4  5 6 . PC - 4 5 1 .11 - 0.21 0.81

- 2 5 C . C 2 C C C .C - 1 6 4 9 .  1 1 - 5 2 F 6 , Cl 9 3 . 5  3 - 4 4 . F 6
- 2 C C . C I C C C . C - 3 3 7 9 . 6 C - 3 9 6 7 , 8 3 34.75 - 1 8 . 9 0
- 1 5 C . C Z C C C . C - 1 0 9 4 . 7 2 - 3 3 C 6 . 5 1 12. 12 - 6 . 8 6
- K C . C I C C C . C - 2 7 4 7 , 7P - 2 8 2 2 . 1 0 4 . 2 5 - 2 . 7 0
- 5 C . C I C C C . C - 2 2 8 9 . 2 4 - 2 3 1 4 . 6 5 1.45 -I .11
- I C . C z c c c . c -  1 8 3 9 . 4 4 - 1 8 4 4 . 9 1 0 .31 - 0 . 1 0
f C.C z c c c . c - 1 2 0 5 . 1 3 - 1 1 0 1 . 1 9 0,15 -C .4 7

I C C . C Z C C C . C - 1 0 2 0 . 3 6 - 1 C 1 9 . 80 - 0 . 0 3 0 . 0 5
1 5 C . C Z C C C . C - 8 2 9 . 5 9 - 8 2  8.86 - 0 . 0 4 0 . 0 9
I C C . C Z C C C . C - 6 9 1 . 3 2 - 6 9 0 . 9 5 - 0.02 9 .0 =
/ V E R f C  ( / P S C I L  TF D E V I A T I O N 7 . 6 1 2 C ?
/ V ( P / C I / e S C l l T F D E V I A T I O N  (N 8TU/(,P = 1 4 . 9 7



230

2000

1500

1000

500

-250 -50 50
TEMPERATURE °F

Figure 31. Comparison of Enthalpy Departures Calculated 
by the Modified BWR Equation Using Set 
III Parameters with Experimental values 
for the 50.6 Mole %  Propane Mixture.
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Figure 32. Comparison of Enthalpy Departures Calculated 
by the Original BWR Equation with Ex
perimental Values for the 50.6 Mole %
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19.8% at 160“F, 800 psia. The average absolute devia
tion for propane K values was 10.5% with a maximum 
deviation of -19.3% at -100°F, 400 psia. Original BWR 
equation predictions were compared with the same data 
set. The average absolute deviation for methane K values 
was 4.9% with a maximum deviation of -18.6% at -100°F,
250 psia. The average absolute deviation for propane 
K values was 13.6% with a maximum of 82.3% at -160°F,
250 psia. Comparisons of predicted and experimental 
K values for methane and propane using the modified 
BWR equation with the set III parameters and the original 
BWR equation are presented in Tables 103 through 106. 
Figure 33 shows graphically the improvement of predicting 
methane and propane K values at -120°F using the modified 
BWR equation with set III parameters.
Pure Component

To preserve internal consistency, the set III 
parameters must be able to predict pure component be
havior. The results on pure component data described 
in Table 85 are as follows:

Methane. The average absolute deviations were 
0.82% for densities, 1.35% for enthalpy departures and 
1,01% for saturated fugacities. Comparisons using the 
original BWR equation yielded average absolute devia
tions of 1.16% for densities, 7,14% for enthalpy depar
tures and 5.50% for saturated fugacities.
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TABLE 103
COMPARISON OF PREDICTED K-VALUES OF METHANE 
USING SET III PARAMETERS WITH EXPERIMENTAL

VALUES FOR THE METHANE-PROPANE SYSTEM

1 F I Kt KC %CE\
If] (F Ï 1/ )

- 1((.CC i^C-CC C 1.1C2C 1.17 14 1.14
iCC-CC C 4.344C 2.25C3 3=98

-12C.CC 2CC.CC C 2.CCEC 2.C146 3.5 3
-!((.(( 4CC.CC C 2.CC6C 1.95C7 2.75

C 4.C11C 4.25C7 — 4.4C
C 4.C<4C 4.22C3 -3.32
C 2.C42C I.<535 7 5.22
C 4.7C6C 4.962C -5.45
C J . 1 5 C f 1.64C2 6.25
C 3.S4 3C 4,143 1 -5.C6
C 1 . 1 5 I f 1.63 14 6.85

(.( 2CC.CC c e.ecic 9.514 1 -E.C4
(.( 5CC.CC c 3.5iec 3.6132 -2.73
( ,C ICCC.CC C ]. 7 I 4 C 1.5E53 1.52

2C.CC 3CC.CC C 6.3 14C 6.7594 -7.C5
U.CC 4C(.C( C 5.15 2C 5.3C 15 -2.69
6C.CC 6CC.CC C 3 .5 1 V C 3,55 12 -C.92
6C.CC 1C5C.CC C 1.5 3EC 1.7343 1C.5 1
f  r .rr »r r . ( r r 4=4 14C 4=4169 -C=C6
e ( - c c : 1 ( c. c cC 1.E46C 1.5741 14.14
]((.(( 6CC.CC L 5.457C 5.56C4 -I.9C
]((.(( ICC C.CC C 2.C7CC 1.7824 13.88
J2C.CC 6CC.CC C 3.55EC 3.4363 3.42
12C.CC fCC.CC C 2.672C 2.36 77 11.37
J4C.CC 1CC.CC C 2.<35C 2.5984 11.48
i 6 c . c c  ecc.cc C 2.211C 1.7733 19.78
j\CPfC! JE5C111E CEV^/TIt^ = 6.34CC3
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TABLE 104
COMPARISON OF PREDICTED K-VALUES OF METHANE 
USING THE OBWR EQUATION WITH EXPERIMENTAL 

VALUES FOR THE METHANE-PROPANE SYSTEM

F E KE KC ÎCEV
( E ) Cf Î 1/ }

a c  .c C 1.1S2C 1.4 144 -18.64
-]<(.(( 2 (C.C C 2.344C 2.731E -16.57
- 12C,t( :CC.C C 2.CEEC 2,3057 -10.40
-]((.(( 4CC.C C 2.CCCC 2.1446 -6 .91
- E t . C C 2ÎC.C C 4.C7K 4.C156 1.2 7

2CC.C C ^.CS4C 2.S1E5 4 .30
- e ( . c c <((.( C 2 . C 4 2 C 2.0380 C.21

3CC.C C 4.7CtC 4,4(03 5.2 1
- * ( « c c ECC.C C 1.75CC 1.7725 -1.31
- i ( • c c jCC.C C 3.S43C 3.7917 3.85
-2(.C( Ç(C .( C i.7îîC 1.76(2 -C.E4

(. c 2CC.C C Ü.EC7C 8.1247 7.75
(. c ÎCC.C C 3.51EC 3.37 17 4.15
£.C ICCC.C C 1.714C 1.7393 -1.46

3CC.C C 6.314C 5.9500 5.77
4(.(( 4CC.C C 5.IÎ2C 4.EC99 6 .65
CC.C C tcc.c C 2.51SC 3.405 1 3.24
( ( . ( ( JCÎC.C C 1.S3EC 1.92C2 0.92
E ( . c r 5CC.C C 4.414C 4 . 1  654 5=18
6£.CC 1 KC.C C I.E46C 1.8274 1 .02

J((.CC 4CC.C C Î.4Î7C 5.2402 3.97
1C( .cc ICCC.C C 2 - C K  C 2.0236 2.23
1 a . I ( (CC.C C 3.5580 3.4705 2.46
12C.CC ECC.C C 4.E72C 2.5509 4.52
14C.CC ICC.C C 2.S35C 2.8029 4.51
JCC.CC ECC.C C 2.21iC 2.10 1C 4.9 6

n i F  /C( ascii IE CEVI^TICK = 4.93463
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TABLE 105
COMPARISON OF PREDICTED K-VALUES OF PROPANE 
USING SET III PARAMETERS WITH EXPERIMENTAL 

VALUES FOR THE METHANE-PROPANE SYSTEM
1 ( i Kt KC %ct\

(f ) I f ! ! / )
-]((.(( t o . c C C.CCfC C.CC54 11.76

CO-C C C.CC7C C.CC72 -4.C3
CC.C ( C.C15C C.C142 6.71

- ! ( ( . ( ( C ( .C C C.C22C C.C2 5S -15.27
-E(.C( Î c.c C C.C4 1C C.C36E 4.53

CC.C c c.cccc C .0585 2 .50
-<(.CC C ( .c C C.C6EC C.C681 C. 13

CC.C c C.CSIC c .ce<5c 2.07
(C.C C C.1C5C C.1242 -13.54

- 2 t  -C ( C C . C C C.121C C. 1 17? 2.54
- < ( . ( ( C C . C C C.145C C.1762 - 18.C4

( . C C C . C C C.247C C.2417 2 . 0 2
( . ( C C . C C C-i47C C. 1558 -5.82
( . ( 1 C C . C C C.211C C.2462 - 16.54

2(.(C C C . C C C-2(tC C.2554 3.40
4 1  . C C C C . C C C.2CIC C.2585 C.55
((.(( C C . C C C.33fcC C.3357 0.78
( C . C C 1 5C.C C C.2C7C C.4 1S5 -14.66
( C . C C C C . C C  C.444C C.4434 C. 17
EC.CC 1 C C . C C C.455C C.5357 -17.57

J C C . C C C C . C C  C.CCiC C.ÉC7 I 0.01
u c . c c 1 CC.C t c . t t e c C.56 72 -12.13
12C.CC CC.C C C.621C C.6168 C.7C
12C.CC ( C . C C C.‘72C C.6C23 -5.27
I'C.CC C C . C c c.6eec C.7C46 — 2.47
H C . C C CC.C C C.7C3C C.8227 -5.07

( t l P / C I 1 CSCCLÎE CEV 1/TlCh = 1C. 5C6SS
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TABLE 106
COMPARISON OF PREDICTED K-VALUES OF PROPANE 
USING THE OBWR EQUATION WITH EXPERIMENTAL 
VALUES FOR THE METHANE-PROPANE SYSTEM

1 Ft KE KC ?CEV
( f 1

2 U . C C.CC6C C.COl I 82.32
- H  (.(C 2CC.C C.CC1C C.CC26 63.34
-12C.CC ICC.C C.C15C C.CC7C 53.*55

4CC.C C.C22C C.C16C 26.42
-e ( .CC 2! C.C C.C41C C.C2C2 25.66
' 6 C . C C ICC.C C.C6CC C.C5C3 16. 19
-6C.CC 6CC.C C.C68C C.C536 21.37
'<(.(( ICC.C C.CÇ1C C.CE22 (.56
-<C.C c t c c . c C.ICSC c . c s e c 1C.56
- 2 C . (( 'CC.C C.121C C.1127 6.67
-2C.CC <(C.C C. 14SC C. 142E 3.68

C.C 2CC.C C.247C C.24 11 2.26
C.C 5CC.C C. 147C C.1523 -3.40
C.C ICCC.C C.2 11C C.2C25 3.61

2C.CC ICC.C C.268C C.26 18 2.48
 ̂C.C c <C(.C C.ICIC C.3C26 -0.38
6C.CC 6CC.C C-336C C.3314 C.3Q
6C.CC ICÎC.C C.367C C.3771 -2.8C
(C.CC «(C.C C.444C C.44S2 -1.13
ec .CC 1 ICC.C C.459C C.4727 -2.99

JCC.CC 4CC.C C.6C7C C-6161 -1.47
!((=(( ifrf.f C - 5C6C C.5264 -4.C6
12C.CC 6CC.C C.621C C-6IÇ5 C.26
12C.CC (CC.C C.S72C C.59CS -3.38
14C.CC ICC.C c . e e e c C.6SS6 -1.75
16C.CC (cc.ce C.763C C.8C11 -2.3C

ftEH/CE i(!ClllE CEV IfllCh = 13. 565C?
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BWR Equation with Experimental Values.



237
Propane. The average absolute deviations were 1.07% 

for densities, 1,26% for enthalpy departures and 1.09 
for saturated fugacities. Comparisons using the original 
BWR equation yielded average absolute deviations of 1.46% 
for densities, 39.37% for enthalpy departures and 7.18% 
for saturated fugacities.

It can be seen that results using the set III parame
ters to predict pure-component behavior are not as accu- 
ate as those predicted by set II, Nonetheless, the 
1 to 2% uncertainty in predicted property valuer using 
set III parameters still show appreciable improvement 
over the original BWR equation. Thus, the set III 
parameters are preferred to describe the thermodynamic 
behavior of the methane-propane system.

Summary
The feasibility of simultaneously using mixture and 

pure-component PVT, enthalpy departure and phase equili
brium data in equation of state development has been 
successfully demonstrated. The multicomponent, multi
property regression analysis method developed in this 
research allows the mixing rules of an equation of state 
to remain fixed while "absorbing" solution nonideality 
into the pure component parameters. Of more significance, 
application of this general method of regression analysis 
results in an equation of state for the methane-propane 
system which for the first time satisfied all aspects
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of thermodynamic consistency. Extension to ternary 
system simply entails the use of ternary with binary 
and pure component data. The possible difficulties 
appear in computer core storage to house a large number 
of data and in computer executing time. With the 
availability of large and fast computers, such problems 
can be alleviated appreciably.



CHAPTER XII

CORRESPONDING STATES PRINCIPLE

Two-Parameter Corresponding States Principle 
The corresponding states principle (for brevity, 

herein referred to as CSP), as introduced by van der 
Waals^^^, states that all fluids behave identically at 
the same reduced temperature and pressure, i.e.,

Z = f(Tj,,P̂ ) (106)

where Z is compressibility factor, T^ is reduced tempera
ture and P^ is the reduced pressure.

Through the corresponding states principle, proper
ties of materials whose behavior is unknown may be pre
dicted from the known behavior of a reference fluid.
Since van der Waals' enunciation of the law, countless 
efforts have been contributed to its further development 
and refinement. At the risk of doing injustice to the 
subject, only a brief discussion leading to the use of 
an equation of state in CSP applications will be given 
here. Excellent articles on the theoretical developments 
and empirical applications of CSP can be found in the
literature77'78,52,101,122

239
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The empirical statement of the simple CSP was put on 

a firm theoretical foundation by Pitzer^^^, who elucidated 
the molecular requirements for simple fluids obeying the 
two-pareumeter CSP. These molecular requirements limit the 
fluids to simple spherical molecules with no hydrogen 
bonding, polarity or quantum effects.

Three-Parameter Corresponding States Principle 
For a wider class of asymmetric molecules collectively 

known as "normal fluids", pitzer introduced a third parame
ter to account for the deviations from the simple CSP. 
Equation (106) becomes

Z = f(Tp,P^,w) (107)

where uu is the acentric factor defined by

UJ = | - 1 - log (P ) (108)L T =0.7

where P^ is the reduced pressure. Of course, the choice 
of a third parameter is by no means unique. Comparable 
success has been enjoyed using the critical compressi
bility factor^^ and the Riedel factor^^^ as the third 
parameter in CSP. Recently, Leach and Leland^^ intro
duced the so-called shape factor to correlate fluids with 
moderate polarity.

Hydrocarbons fall within the definition of "normal
32fluids", and it has been observed by Curl and Pitzer
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that reduced enthalpy departures — —  of normal fluids

c
can be correlated as linear functions of acentric factor, 
These investigators chose to correlate properties of 
normal fluids by measuring their departures from simple 
CSP, viz..

H°-H h °-h ' h °-h '
RT^ RT^ + UJ

o
RTc

(109)

where subscript 0 and 1 denote zero and first order 
approximations in acentric factor.

Two-Fluid Model Corresponding States Principle
141Recently Yesavage , utilizing accurate and exten

sive enthalpy data for the methane-propane system, 
capitalized on the linear functionality between reduced 
enthalpy departures and acentric factors, and proposed 
the following interpolation scheme to predict enthalpy 
departures.

RT_ RT. Wi t RT_ W, (110)

where subscripts 1 and 2 refer to reference fluids 
(methane and propane in this case). and are 
weighting factors given by

W, (111)
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w-w
Wg = Ü T T ^  (112)

For hydrocarbons, with the exception of methane, the 
carbon numbers and acentric factors fall on the same 
scale. Using the carbon number as a reference scale. 
Equation (110) is valid provided that the unknown fluid 
of interest has an acentric factor lying in between two 
reference fluids whose carbon numbers do not differ by 
more than two.

This fact is vividly illustrated in Figure 34 where 
experimental or derived reduced enthalpy departures of 
methane, propane, n-pentane and n-heptane are shown at 
four reduced conditions covering both the vapor and 
liquid phases. Incidentally, although the modified BWR 
equation is accurate in predicting enthalpy departures at 
the conditions presented in Figure 34, experimental values 
are used where possible, to show the inappropriateness 
of using methane and propane as reference materials to 
predict enthalpy departures of n-pentane

As a, numerical example, at the reduced condition 
= 0.66, = 0.405, experimental reduced enthalpy

departures of methane and propane are -4.97 and -6.0214 
respectively. To estimate the reduced enthalpy departure 
of n-pentane at the same reduced condition, a straight 
line was passed through the above two points, and a value
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Figure 34. Variation of Reduced Enthalpy Departure with 
Acentric Factor.
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of -6.78 was read from Figure 34. In terms of the un
reduced coordinates, this linear correlation yields 
-159 Btu/lb as the enthalpy departure of n-pentane at 
100*F and 200 psia. The predicted enthalpy departure 
from the modified BWR equation at the same condition is
-154.5 Btu/lb. (The derived enthalpy departure from PVT

112data by Sage and Lacey at the same condition is also 
-154.5 Btu/lb.)

Thus, use of methane and propane as reference fluids 
in Equation (110) to predict enthalpy departure of n-pentane 
is inadequate. However, it can be seen graphically from 
Figure 34 that enthalpy departures of n-pentane can be pre
dicted accurately using propane and n-heptane as reference 
materials.

Development of a Three-Parameter Corresponding States 
Chart Using the Modified BWR Equation

In CSP applications, it is in predicting the behavior 
of reference fluids that the modified BWR equation can make 
its contribution. Because cf the proven high accuracy with 
which the modified BWR equation can predict thermodynamic 
properties of methane, propane, n-pentane and n-heptane, 
it becomes possible to use these materials as reference 
fluids. For example, to predict enthalpy departures of 
n-hexane where no experimental values are available. Equa
tion (110) may be employed using n-pentane and n-heptane 
as the reference fluids.
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Although the modified BWR equation can be used re

peatedly to calculate reduced enthalpy departures of the 
reference fluids at the reduced conditions of interest, 
it is desirable to have available a set of charts or better 
still, a single chart whereby estimation of enthalpy de
partures requires only interpolation. To correlate K- 
values of hydrocarbons, DePriester^^ successfully con
densed a large number of charts with three parameters 
into a single chart with four parameters, it was found 
that the reduced enthalpy departures of hydrocarbons in 
the liquid phase (0.3 ^ ^ 0.85) also can be summarized
in a single chart using four parameters, viz., reduced 
temperature T„, pressure P , enthalpy departure

c
and acentric factor w.

To estimate liquid phase reduced enthalpy departures 
for normal fluids with acentric factors of less than 0.35, 
a generalized chart was prepared using four reference 
fluids, viz., methane, propane, n-pentane and n-heptane. 
Reduced enthalpy departures cf these hydrocarbons at 
various reduced conditions were calculated using the 
modified BWR equation. The results were then plotted as 
shown in Figure 35. The actual size of the chart is 
14 X 19 inches.

If the reduced enthalpy departures were indeed linear 
functions of acentric factor as demanded by Equation (110) 
using a two fluid model, the parametric lines of reduced
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temperature and pressure should be straight lines. From 
Figure 35, it can be seen that the parametric lines of 
reduced temperature are not linear. This fact reveals 
the desirability of using more than two reference fluids 
to ascertain the functionality between reduced enthalpy 
departures and acentric factor.

Deviations of the predicted liquid enthalpy depart
ures for normal fluids from experimental and derived 
values using the generalized chart developed in this 
chapter were compared with the generalized charts of Yen 
and Alexander^^^ and Yarborough^^^. The average absolute 
deviations in Btu/lb using eight normal fluids were 1.7, 
12.67 and 2.67 for the above three generalized charts 
respectively. These results are presented in Table 107.

Prediction of Liquid Enthalpy Departures of 
Mixtures Using Kay's Rule and the Three- 

Parameter Corresponding States Chart
It is of interest to test the capability of the 

generalized corresponding chart developed in this chap
ter for predicting liquid enthalpy departures of mix
tures. To this end, the simple and widely used mixing 
rules of Kay^^ were employed to calculate the pseudo- 
critical constants and lu, (pseudo-properties are denoted 
by double primes)

= 2 XfTc. (113)



TABLE 107
COMPARISON OF PREDICTED LIQUID ENTHALPY DEPARTURE USING THE

CORRESPONDING STATES CHARTS WITH LITERATURE VALUES

COMPOUND ?R Pr
LITERATURE
(BTU/LB)

THIS
CHART

YEN AND 
ALEXANDER YARBOROUGH REF.

METHANE 0.55 0.52 -225.0 -225.0 -234.2 -226.0 141
NITROGEN 0.705 3.0(5 —80.6 -80.9 -84.9 -78.8 82
PROPANE 0.299 0.57 -230.5 -233.0 /

0.705 2.02 -172.0 -171.5 -185.3 -169.6 141
I-BUTANE 0.76 0, 946 -140.5 -143.5 -127.6 -137.8 21

N-BUTANE 0.732 1.82 -152.6 -153.1 -147.5 -152.5 112
CARBON
DIOXIDE 0.8 0.41 -143.0 -137.0 -142.0 -156.7 39
PENTANE 0.66 4.05 -150.6 -150.1 -185.5 -149.0

0.8 2.0 -138.0 -135.0 -166.3 -135.5 51
N-HEPTANE 0.8 0.8 -120.5 -122.0 -110.8 -122.8

0.8 4.0 -119.9 -119.0 -108.5 -120.5 51

AVG. ABS. DEVIATION (BTU/LB) 1.7 12.67 2.67

00
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= S (114)

Z" = £ x.Z (115)c 1

UU" = £ X^ou^ (116)

Experimental liquid enthalpy departures of five methane-
propane mixtures from the University of Michigan®^'
and one natural gas mixture from the Institute of Gas 

12 9Technology were used as the basis for comparison.
Predictions using the generalized correlations of Yen

142 143and Alexander and Yarborough were also carried out.
The results are summarized in Tables 108 and 109.

In predicting the liquid enthalpy departures of the
methane-propane system and the natural gas sample, the
three-parameter corresponding states chart proved to be

142more accurate than the correlations of Yen and Alexander 
143and Yarborough . Of more importance, this generalized 

chart extends the correlation of cryogenic enthalpy 
departures to reduced temperatures as low as 0.3.

Summary
In today's cryogenic processing of natural gas it is 

imperative to have available, a method whereby liquid 
enthalpy departures can be accurately and easily estimated. 
Virtually all the constituents present in natural gas are



TABLE 108
COMPARISON OF PREDICTED LIQUID ENTHALPY DEPARTURES WITH

EXPERIMENTAL VALUES FOR THE METHANE-PROPANE SYSTEM

MOLE FRACTION
CH, C3H8

EXPTL.
(BTU/LB)

THIS
CHART

YEN AND 
ALEXANDER YARBOROUGH KEF.

0.948 0.052 0.58
0.721
0.86

1.87
1.87
1.87

-210.9
-194.9
-178.0

-216.0
-198.5
-178.0

-220.0
-216.0
-202.0

-214.0
-197.0
-177.4

83

0.883 0.117 0.55
0.68
0.81

1.88
1.88
1.88

-216.7
-201.9
-185.3

-212.0
-186.5
-179.0

-214.0
-202.0
-198.5

-212.5
-194.4
-178.1

90

0.72 0.28 0.484
0.599
0,714
0.83

2,28
2.28
2.28
2.28

-217.6
-204.7
-190.9
-176,5

-210.0
-196.8
-187.5
-164.0

-206.0
-197.0
-191.5
-182.5

-201.0
-192.5
-179.5
-166.0

90

0.506 0.494 0.416
0.515
0.614
0.713
0.812

1.94
1.94
1.94
1.94
1.94

-222.1
-210.3
-198.2
-183.9
-173.3

-213.0 
-203.0 
-191.5 
.-178.5 
-164.5

141
-188.5
-180.0
-176.5
-170.5

-194.5
-185.0
-173.5
-166.0

t ouio



TABLE 108 - CONTINUED

MOLE FRACTION
CH4 C,Hg PR EXPTL.

(BTU/LB)
THIS
CHART

YEN AND 
ALEXANDER YARBOROUGH REF.

0.234 0.766 0.356
0.440
0.525
0.610
0.695
0.778

1.98
1.98
1.98
1.98
1.98
1.98

-223.1
-212.2
-2 01 . 1
-190.1
-179.3
-168.5

-209.0
-199.0
-190.0
-180.0
-169.0
-159.0

141
-241.0
-214.1
-197.5
-184.5

-184.5
-181.5
-167.3
-159.0

AVG. ABS. DEV. (BTU/LB) 6.84 13.30 9.84 tsj
en



TABLE 109
COMPARISON OF PREDICTED LIQUID ENTHALPY DEPARTURES WITH

EXPERIMENTAL VALUES FOR A NATURAL GAS SAMPLE
129(MIXTURE NO. 4 FROM IGT )

TEMPERATUREop PRESSURE
PSIA

EXPERIMENTAL
(BTU/LB)

THIS
CHART

YEN AND 
ALEXANDER

YARBOROUGH

-200.0 1606.5 -200.99 -199.0 -221.5 -194.0
-150.0 719.3 -187.56 -182.0 -198.5 -182.0
-150.0 1133.2 -188.46 -179.5 -205.0 -182.0
-150.0 1444.3 -184.77 -179.0 -207.0 -180.0
-150.0 1664.2 -183.24 -178.0 -209.0 -179.0

AVG. ABS. DEV. 5.5 19.2 5.6

The composition of this mixture is 0.9 mole %  Ng. 95. 02% CH^, 3.0% ^2^6'
0.35% CgHg , 0.48% n-C^H 0.07% n-CgH^g, 0.18% CgHi4 -

fo
into
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normal fluids, conformai to the three-parameter correspond
ing states principle. Generalized charts of the type pre
pared by Yen and Alexander^^^ and Yarborough^^^ provide 
a rapid means for predicting enthalpy departures of normal 
fluids. However, correlation of liquid enthalpy depar
tures from these charts is limited to reduced temperatures 
no smaller than 0.5.

The generalized chart developed in this chapter 
extends the correlation of liquid enthalpy departures 
to reduced temperatures as low as 0.3. This chart was 
constructed using four reference fluids, viz., methane, 
propane, n-pentane and n-heptane whose reduced enthalpy 
departures were calculated from the modified BWR equation. 
The conciseness and accuracy of this chart offers a simple 
and direct means for estimating enthalpy departures of 
normal fluids and their mixtures with uu less than 0.35 
in the liquid phase (0.3 ^ T^ ^ 0.85). The success of 
this chart as a means for generalized correlation re
affirms the usefulness of the modified BWR equation in 
corresponding states applications.



CHAPTER XIII

CONCLUSIONS

The main objective of this research has been to 
correlate the thermodynamic behavior of fluids at low 
temperatures. To accomplish this objective, a new 
equation of state has been developed from a careful 
study of isochoric data of methane. This equation is 
capable of predicting all thermodynamic properties of 
methane and propane with an uncertainty of 1.0% to reduced 
temperatures as low as 0.3. Its temperature dependence, 
expressed by a polynomial series in reciprocal temperature, 
was proven to be preferred over the mathematically more 
complex exponential functions.

To provide a uniform approach for determining a set 
of self-consistent equation-of-state parameters, a 
general multicomponent, multiproperty nonlinear regres
sion program has been developed. This program can treat 
PVT, enthalpy departure, vapor pressure and K-values of 
pure components and mixtures selectively and/or simul
taneously.

From the standpoint of economizing resources, it 
was decided to pursue the objective of correlating the

254
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thermodynamic behavior of fluids at cryogenic conditions 
with the modified BWR equation of state. This modified 
BWR equation has been successfully applied to methane, 
ethane, propane, n-butane, n-pentane, n-hexane, n-heptane, 
ethylene, nitrogen, carbon dioxide and hydrogen sulfide. 
When compared with the original BWR equation, the modified 
BWR equation shows marked improvement in predicting the 
thermodynamic behavior of the above materials.

A set of generalized parameters for the modified 
BWR equation has been developed from methane, ethane, 
propane, n-butane, and n-pentane data using acentric 
factor as the correlating parameter. This set of general
ized parameters has been shown to be capable of predicting 
the volumetric and enthalpy behavior of natural gas mix
tures. Use of an "effective" acentric factor in the 
generalized parameter relations offers a very simple way 
to generate equation of state parameters for additional 
materials,

I n c i d e n t a l l y ,  t h e  g e n e r a l i z e d  p a r a m e t e r s  o f  t h e  m o d i 

fied BWR equation of state may be used as defining equa
tions for a more general characterization parameter, the 
"effective" acentric factor, provided that the coeffici
ents appearing in Equation (87) can approximate, to a 
good degree, universal constants. The original BWR equa
tion has been applied to such diversified materials as 
benzene and pentafluormonochloroethane. It is highly
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plausible that the modified BWR equation may be applied 
to aromatic and polar fluids. If a reasonably large 
sample of representative fluids can be correlated using 
the "effective" acentric factor and the generalized 
parameters, the condition that the coefficients in Equa
tion (87) be universal constants, may indeed be realized.

Correlation of a new fluid, then, involves simply 
the determination of an "effective" acentric factor for 
the fluid of interest using the generalized parameters. 
Deviations of the fluid of interest from the simple fluid 
model due to aromaticity, polarity and quantum effects, 
etc. may be looked upon as being "lumped" into the 
"effective" acentric factor. It is within this context 
that the "effective" acentric factor becomes a more 
general characterization parameter. However, this 
worthwhile undertaking lies beyond the scope of this 
research.

To correlate the thermodynamic behavior of mix
tures at cryogenic conditions, the method of multicom
ponent, multiproperty regression analysis has been applied 
to the methane-propane system using the modified BWR equa
tion. This general regression analysis method has success
fully produced sets of methane and propane parameters 
capable of predicting the thermodynamic behavior of the 
mixture and its constituents to the low temperature of 
-250®F with an accuracy approaching experimental uncertainty.
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Extension to a ternary system simply entails addition 
of ternary and additional binary experimental mixture 
data in the general regression calculation. This 
approach avoids the cumbersome task of introducing and 
evaluating the many two-body and three-body unlike 
interaction parameters in a multi-parameter equation of 
state.

Finally, a generalized reduced enthalpy departure 
chart, based on the three-parameter corresponding states 
principle, has been constructed using four reference 
fluids, viz., methane, propane, n-pentane and n-heptane. 
This chart was developed for estimating enthalpy depar
tures of normal fluids and their mixtures with uu less 
than 0.35 in the liquid phase (0.3 ^ T^ ^ 0.85). This
graphical correlating scheme has been shown to be more

142accurate than the correlations of Yen and Alexander 
143and Yarborough in the region applicable.
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NOMENCLATURE

A,B,C,D,E,F,G,K Equation of State parameters
Ag,B^,Cg Equation of state parameters
A',B',C',D' Constants used in Equation (22)
A',B',C',D' Reduced parameters used in

Equation (73)
a,b,c,d,k,T^ Equation of state parameters
A Helmholtz free energy
À Residual Helmholtz free energy
A Coefficient matrix
-1A Inverse of A

A , Elements of Agh —
[A] A set of true-valued mixture

parameters
„ Difference between and 7Trs rs rnO

B Column matrix
B, Elements of Bn —
B Second virial coefficient
B .. Second interaction virial

coefficients
Ç. Augmented matrix
C„ Elements of C9 —

267
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C Third virial coefficient
Cp Heat capacity at constant pressure

Third interaction virial coefficients

d Reduced molal density used in
Equation (7 3)

d Differential operator
f Fugacity (psia)
f Symbol for a functional relationship
G Gibbs free energy
H Enthalpy (Btu/lb mole)
H° Enthalpy in ideal gas state
AH H-H°
K Vapor-liquid equilibrium ratio
In Natural logarithm
M Number of regression parameters
N Total number of data point used in

regression analysis
N Total number of moles in a mixture
n^ Number of moles of the i^^ component

in a mixture
NC Number of components in a mixture
NP Number of data points for each

property
P Pressure (psia)
PDF Probability distribution function
Q Regression function
R Universal gas constant mole°R

R Thermodynamic property
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S Entropy (Btu/lb mole °R)
S° Entropy in ideal gas state

S-S°
T Temperature (°R)
U Internal energy
U.^ Empirical unlike interaction

parameters
V Molal volume (ft^/lb mole)
W  Weighting function

)le fraction 
in general

X. Mole fraction of the i^^ component1

X Mole fraction of the i^^ component
 ̂ in the liquid phase

Y  Observed response
y Calculated response
y . Mole fraction of the i^^ component

 ̂ in the gas phase
Z Compressibility factor

Greek Letters 
Oi,y,p^ Equation of state parameters

fi Proportionality constant used in
Equation (37)

6 Kronecker delta
A  Difference operator
Ç Least squares error
n Calculated property using an

equation of state
9 Reduced temperature
‘fi (R) Expected value of thermodynamic

property R
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^ . Chemical potential of the i^^
 ̂ component in a mixture

n Reduced pressure
2

a (R) Variance of thermodynamic property R
w Acentric factor

Subscripts 
c Critical property
g Row index in the regression matrix
h Column index in the regression matrix
i,m,r Component index
j,k Thermodynamic state index
n,s Parameter index
0 Guessed value in least squares

formalism
r Reduced property
_  Indicating partial molal quantity

Superscripts 
g Gas phase
1 Liquid phase

Ideal gas state
Indicating least squares estimate 
Indicating pseudo-property

Abbreviations 
AVG. ABS. DEV. Average absolute deviation

1 \ Rjfi ■

NP /  Rj
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Btu British thermal unit
CF, ft^ Cubic foot
DE Experimental density
DC Calculated density
DEV Deviation, Rj-Rj

%  DEV Percent Deviation 
X 10054

exp Exponential function
Exptl Experimental
op Degree Fahrenheit
HE Experimental enthalpy 

departure (Btu/lb)
HC Calculated enthalpy 

departure (Btu/lb)
FUL Calculated liquid fugacity
FUG Calculated gas fugacity
lb Pound

Pound-force
I»iBWR Modified BWR equation of state
OBWR Original BWR equation of state
psia Absolute pound-force per square inch
°R Degree Rankine
Ref Reference
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Main Program
The main program serves as the controller for all 

the subprograms and subroutines in the nonlinear 
regression analysis. To preserve generality, the main 
program is structured such that the incorporation of 
any additional thermodynamic subprogram entails only 
the addition of a regression matrix for the property 
of interest, an "if" statement to tests its presence 
and a "call" statement for the subprogram. The sub
program must then be a separate entity whose incor
poration into the regression program becomes physical. 
This can be achieved by including thermodynamic property 
input and output information within the subprogram.
The necessary input and output control is performed by 
the "input-convergence counter". The input-convergence 
counter (ICC) assumes the values of zero (0) , minus (-1) 
and plus one (+1). It works as follows:

1. When ICC is set equal to zero, the subprogram 
reads in thermodynamic property data.

2. When ICC is set equal to minus one, convergence
in correction terms (S’ - S  ) has not beenrs rs' o
attained. The main program proceeds to call 
on subroutine NEQSP to calculate new parameter 
values and no output is effected.

3. When ICC is set equal to plus one, convergence
in (S - S  ) has been attained or the lastrs rs_
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iteration has been reached, the main program 
calls on subprograms for output information 
and statistical summary.

To control the amount of computer output, the 
following device is used:

1. SLON (1) = 0 ,  print input information
2. SLON (2) = 0, print relative deviation of

each data point
3. SLON (3) = 0 ,  print output information
4. SLON (4) = 0, Calculate statistics on

regression parameters.
The input quantities of the main program are
1. Q, M, WTFH, WTFK, WTFKZ, ITNM, IK
2. II (I), 1 = 1, M; IJ(I), I = 1,2
3. NC, NPVTP, NHP, NPP, CMW(l), I = 1, NC
4. VMINI, SLON(I), I = 1, 4 

Computational procedures
Step 1. Read and write input data 
Step 2. Initialize

a) the iteration counter, set ITN = 0
b) the input-convergence ounter, set 

ICC = 0.
Step 3. Initialize the size of regression matrix 
Step 4. Initialize regression matrix W(K,L) for 

PVT subprogram. W(K,L) is also used as
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the resultant regression matrix for all 
thermodynamic properties. Restore ICC 
in situ.

Step 5. Perform regression on PVT data if NPVTP 
is positive by calling subprogram TPVT. 
If NPVTP is zero, go to step 6.

Step 6. Initialize the regression matrix U(K,L) 
for the enthalpy subprogram. Perform 
regression on enthalpy data if NHP is 
positive by calling subprogram TENT HA. 
If NHP is zero, go to step 7.

Step 7. Initialize the regression matrix UK(K,L) 
for the enthalpy section. Perform 
regression on phase equilibrium data 
if NPP is positive. Go to step 8.
(Note: If NPVTP, NHP ar.d NPP are all
zero, the problem is trivial.)

Step 8. Test for the input-convergence counter. 
If ICC = 0 or -1, convergence in 
has not been attained; go to step 9. 
Otherwise go to step 16.

Step 9. Set up the resultant regression matrix 
for properties of interest.

Step 10. Invert the regression matrix to solve 
for by calling subroutine MATINV.
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Step 11. Test for convergence in 25^^^. When
convergence is encountered, go to step 
15. Otherwise go to step 12.

Step 12. Set ICC = -1. Update iteration counter 
by one. Calculate new parameters by 
calling subroutine NEQSP. Go to step 
13.

Step 13. Test for iteration counter. If ITN
exceeds ITNM, go to step 14, otherwise 
go to step 4.

Step 14. Write "Did not converge". Set ICC = 1,
and go to step 5 to effect output sum
maries from the subprograms.

Step 15. Test ICC. If ICC = 0 or -1, set ICC = 1,
and go CO 5. If ICC = 1 ,  go to step 16.

Step 16. Either convergence in has been
attained or the last iteration has been 
reached. Calculate statistical summary 
by calling subroutine STATSUM.

Step 17. End of program.

PVT Subprogram
Subprogram TPVT reads in PVT data and calls on 

subroutine PVTD to calculate both the compressibility 
factors and densities by an equation of state. Sub
routine PVTD also forms a set of linearized normal
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equations using density as the dependent variable.
Average absolute deviations between experimental and 
calculated densities and compressibility factors are 
computed by subroutine AVDEVI in each pass.
Computational Procedures

Step 1. Test the input-convergence counter. If ICC 
equals zero, go to step 2. If ICC equals 
negative one, go to step 4. Otherwise 
go to step 8.

Step 2. Read and write input data which include 
temperatures, pressures, experimental 
densities, density keys and mole frac
tions.

Step 3. Convert data to proper units, e.g., tem
perature in degree Fahrenheit to degree 
Rankine.

Step 4. Calculate mixture equation-of-state 
parameters if necessary by calling 
subroutine BWRC.

Step 5. Calculate densities using an equation of 
state by calling subroutine DENNR.

Step 5. Form the set of linearized normal
equations using density as the dependent 
variable by calling subroutine PVTD.

Step 7. Calculate average absolute deviations
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in both compressibility factors and 
densities. Return to main program.

Step 8. Write output summary for PVT section.
This includes temperatures, pressures, 
experimental and calculated compressi
bility factors, experimental and calcu
lated densities and the relative devia
tions of densities.

Step 9. Return to main program.

Enthalpy Departure Subprogram 
Subprogram TENTHA reads in enthalpy departure data 

and calls on subroutine ENTHAL to calculate enthalpy 
departure by an equation of state and form the set of 
linearized normal equations. Absolute average devia
tions between experimental and calculated enthalpy 
departures are calculated in each pass.
Computational procedures

Step 1. Test input-convergence counter. If ICC 
equals zero, go to step 2. If ICC equal 
negative one, go to step 4. Otherwise 
go to step 8.

Step 2. Read and write input data which include 
temperatures, pressures, enthalpy depar
tures, density keys and mole fractions. 

Step 3. Convert input data to proper units;
temperatures from degrees Fahrenheit to
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degrees Rankine, specific enthalpy 
departures (Btu/lb) to molar enthalpy 
departures (Btu/lb mole)

Step 4. Calculate mixture equation of state 
parameters if necessary by calling 
subrouting BWRC 

Step 5. Calculate densities using an equation of 
state by calling subrouting DENNR 

Step 6. Calculate enthalpy departures using an 
equation of state and form the set of 
linearized normal equations by calling 
subrouting ENTHAL.

Step 7. Calculate average absolute deviation of 
enthalpy departures and return to main 
program.

Step 8. Write output summary. This includes 
. temperatures, pressures, calculated 
densities, experimental and calculated 
enthalpy departures and their relative 
deviations.

Step 9. Return to main program.

Phase Equilibrium Subprogram 
Subprogram PHASE reads in phase equilibrium data 

and calls on subroutine FLASH to perform an interval 
flash calculation when the feed is a mixture. It 
relies on subroutine PKWA for the set of linearized
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normal equations using K- values as the dependent 
variable. Average absolute deviations on component 
K- values are calculated in each pass.

There are two distinguishable features in the 
phase equilibrium regression subprogram that need to 
be elucidated.

1. The data points in subprograms TPVT and 
TENTHA discussed so far are single phase values.
The phase equilibrium subprogram deals with the two- 
phase region. For each data point, one has to calcu
late mixture equation-of-state parameters, density 
and fugacity of both the vapor and liquid phases. In 
order to have common access to the subroutines for 
all thermodynamic property calculations, the initial 
value and test value of their "DO" loops are written 
in variable names rather than integer values. By 
forcing their initial and test values to take on the 
same values as the phase equilibrium data point and by 
proper choice of the density key and mole fraction, one 
can use the same subroutines that are written for single 
phase region to calculate thermodynamic properties in 
the two-phase region.

2. Because of the dual functionality of K- values 
in a mixture with respect to pure-component and mixture 
parameters, in principle, it is possible to determine 
parameters of either component 1 or 2 from K- values
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of either component 1 or 2 from K- values of either 
component 1 or 2 or both. Taking this possibility 
into consideration, a control key IK is introduced 
which assumes values of -1,0, and 1. For the case of 
binary mixtures it works as follows:

1. When IK = -1, parameter values of either 
component 1 or 2 are determined from K^.

2. When IK = 0, parameter values of either 
component 1 or 2 are determined from K^.

3. When IK = 1, parameter values of either 
component 1 or 2 are determined from both and Kg. 
Computational Procedure

Step 1. Test input-convergence counter. If ICC = 0, 
go to step 2. If ICC = -1, go to step 7.
If ICC = 1 ,  go to step 21.

Step 2. Read and write input data which include 
temperature, pressure, mole fractions 
of liquid and vapor phases, component 
k e y  .

step 3. Initialize and set the following quantities 
to zero: AK(I,L), AKE(I,L) RFK(I,L),
FUL(I,L), FUG(I,L), X(I,L), Y(l,L), Z(I,L)

Step 4. Convert temperature from degree Fahrenheit 
to Rankine and calculate experiment K-values.

Step 5. Calculate the feed composition
Step 6. Set ITN = 0
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Step 7. Test for pure material or mixture.
If NCK(L)-1 = 0, go to step 9. Otherwise
go to step 8.

Step 8. Perform an equilibrium flash calculation.
Step 9. Calculate liquid phase equation-of-state

parameters, densities and fugacities.
Step 10. Calculate vapor phase equation-of-state 

parameters, densities and fugacities.
Step 11. Compute calculated K-values
Step 12. Test for pure material or mixture. If

NCK(L)-1 = 0, skip iteration on K values 
and proceed to step 18. Otherwise go to 
step 13.

Step 13. Test if fugacities in both liquid and vapor
I i. g

phases are equal. If * ' [ - 0 . 0 0 1  = 0, 
go to step 14. Otherwise go to step 15.

Step 14. Print K-values and go to step 18.
Step 15. Update iteration counter. Set ITN = ITN + 1
Step 16. Test if ITN exceeds ITNÎ-1. If (ITNM - ITN)

0, go to step 8. Otherwise go to step 17.
Step 17. Print "Failed to Converge"
itep 18. Calculate ratio of experimental and 

calculated K-values.
Step 19. Calls subroutine PKWA to form the set of 

linearized normal equations.
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Step 20. Calculate average deviation of com
ponent K values 

Step 21. Requests output summary and return to 
the main program.

Step 22. Return to main program
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Program Nomenclature
A Input modified BWR parameters.
AK Calculated component K-values.
AKE Experimental component K-values.
AL Mixture modified BWR parameters.
AVDEVD Average absolute deviation of densities.
AVDEVH Average absolute deviation of enthalpy

departures.
AVDEVK Average absolute deviation of component

K-values.
CMW Component molecular weight in lb/lb mole.
CONVR Conversion factor 0.185057 (in^-Btu)/ft^-lb^-ft. )
CORR Correlation Coefficient.
D Derivatives of dependent variable in a

regression analysis with respect to equation- 
of-state parameters.

DB Derivatives of dependent variable with
respect to the regression parameters.

DE Experimental density in lb mole/ft^.
DEV Relative deviation of calculated property

from the experimental value.
DZD Derivative of compressibility factor with

respect to density.
FL Liquid fraction.
FU Fugacity in general.
FUG Vapor fugacity.
FUL Liquid fugacity.

: V(K^- 1
FVAD Derivative of FVA with respect to volume.
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HC Calculated enthalpy departures in Btu/lb mole.
HE Experimental enthalpy departures in

Btu/lb mole.
ICC Input convergence counter.
II Regression parameters index.
IJ Component index.
IK Control key for phase equilibrium subprogram.
ITN Iteration counter.
ITNM Maximum number of iterations.
J Data point index.
K Parameter index.
M Number of parameters determined in the

regression.
MD Density key.
MMC Number of rows in the regression matrix.
MMNC Number of columns in the regression matrix.
MMW Mixture molecular weight in lb/lb mole.
NBP Initial data point of a given property when

used in a "DO LOOP".
NC Number of components.
NCK Number-of-component key.
NEP Test data point of a given property when

used in a "DO LOOP".
NHP Number of enthalpy departure points.
NP Number of data points for a given property

in general.
NPVTP Number of PVT points.
NPP Number of phase equilibrium points.
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NTP Total number of data points.
PE Experimental pressure in psia.
Q Regression convergence criterion.
R Gas constant in psia-ft /(lb mole °R)
RF Ratio of the calculated property to the

experimental value.
RFK Ratio of the calculated component K-value

to the experimental value.
SGMAX Maximum standard deviation of data points.
SIGMA Standard deviation of the data points.
SLON Computer output control key.
T Temperature in °R.
U Regression matrix for enthalpy departures.
UK Regression matrix for phase equilibrium points,
UKl Regression matrix for the K values of

component 1.
UK2 Regression matrix for the K values of

component 2.
V Vapor fraction.
VAR Variance of regression parameters.
VMI,N Fraction of the regression delta added to the

parameter.
VMINI Initial step size of the regression delta.
W Regression matrix for densities and/or

composite thermodynamic properties.
WTF Weighting function in general.
VITFH Weighting function for enthalpy departures.
WTFK Weighting function for phase equilibrium

points.
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WTFK2 Weighting function for component 2 K values
with respect to component 1.

X Calculated liquid mole fraction.
XE Experimental liquid mole fraction.
XL Component mole fraction in general.
Y Calculated vapor mole fraction.
YE Experimental vapor mole fraction.
Z Feed composition in flash calculation.
ZC Calculated compressibility factors.
ZE Experimental compressibility factors.
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Derivation of the Mixture Helmholtz Free Energy 
The Helmholtz free energy or work content of a mixture 

per mole may be written as

= A® + (A* - A°)p + (A - A*)y (C-1)

where the superscript ° denotes an ideal gas state at 
unit pressure and system temperature, and the superscript 
asterisk * denotes the hypothetical ideal gas state at 
the system pressure and temperature.

By definition

A° = S (U? - TS?) (C-2)

and U| and ^9 are the partial molal internal energy and
entropy of the i^^ component in a mixture at the ideal
gas state.

In an ideal gas state, the molal entropy of mixing 
is simply

S x^ (S9 r S9) = - R S x^4n x^ (C-3)

where R is the universal gas constant.
Hence Equation (C-2) can be written as

A° = E x^ (U9 - TS? + RT in x^) (C-4)
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The second term in Equation (C-1) may be expressed 
as an integral along an isothermal path in an ideal gas 
state, i.e.,

pA*
(A* - A°)y = j dA (C-5)

A°
For a closed system in an equilibrium state, the 

differential work function is

dA = -SdT - PdV (C-6)

Invoking the conditions of constant temperature and 
ideal gas state, and changing the integration variable 
from molal volume to molal density. Equation (C-6) 
becomes

dA = (C-7)

Substituting Equation (C-7) into Equation (C-5) 
yields

pP*(A* - A.), . J ^T) rri/4 mP
P° (C-8)

= RT in

PBy definition p = p* and = ~  . At unit pressure, 
Equation (C-8) becomes

(A* - A ° ) m  = L  X .  RT in RTp (C-9)
 ̂ i ^
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Similarly, the third term in Equation (C-1) may be 
expressed as an isothermal integral in terms of molal 
density

(A - A*) PP
T (C-10)

2
* P

P Pd, 
2

o P

Substituting the ideal gas law in the first term in 
Equation (C-10) results in

(A - A*) (c-ll)

Combining Equations (C-4), (C-9) and (C-ll),
Equation (C-1) becomes

A = (RT Zn (RTpx^) + U9 - TS?) (C-12)

which is the desired expression for the work content 
of one mole of mixture. The first term in Equation (C-12) 
denotes the part of Helmholtz free energy "which may be 
evaluated from properties of the pure components at low 
p r e s s u r e " T h e  second term in Equation (C-12) defines 
what is commonly known as the residual work content A.
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It is "the difference "between the actual work content of 
one mole of the mixture^, and the work content of one mole 
of the mixture in the hypothetical ideal gas state at the 
same temperature, density and composition."^^

In terms of residual work content. Equation (C-12) 
becomes

A = E ^RT Xn (RTpx^) + U9 - TS?j + A (C-13)

Pressure
From the definition of the residual work content 

A (Equation (C-ll)), pressure of one mole of mixture may 
be expressed as

P = RTp + j (C-14)
/t,x

Enthalpy
From Equation (C-6), entropy of one mole of mixture 

may be expressed as

/aa\S = - (C-X5,

Using Equation (C-15) and the following thermodyna
mic relationships

ô e :
V  ■ m= 1 ^ 1  (C-16)
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/ a s ?  \
. = 4 ^ )  (C-17)CJ

and

C° - = R (C-18)
i i

Equation (C-15) becomes

® = 2  "i ® - (It)  ̂ (C-19)

Internal Energy
Internal energy of one mole is related to the work 

content by the following fundamental relationship

U = A + TS (C-20)

Enthalpy
Enthalpy of one mole of mixture is given by the 

following fundamental relationship

H = U + PV (C-21)

Gibbs Free Energy
Gibbs free energy of one mole of mixture is given 

by the following fundamental relationship
G = H - TS (C-22)
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Chemical Potential of the component
Chemical potential of the i^^ component in a mixture 

is related to the Helmholtz free energy by the following 
relationship

where n^ is the number of moles of the i^^ component and
N is the total number of moles in a mixture (E n. j .

thFugacity of the i Component
Fugacity of the i^^ component in a mixture is given 

by the following relationship

RT in ±. = - Ü* + TS9 - RT (C-24)
^ \**i/T,V,n. ^ ^


