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CHAPTER I
THE PROBLEM

Although extensive progress has been made in the development of
equations of state to predict the behavior of pure components, there re-
mains yet a dire need for improvement in the prediction and correlation
of the volumetric behavior of fluid mixtures.

To the petroleum reservoir engineer making volumetric predictions
for evaluation purposes or the natural gas engineer involved in esti-
mating fluid properties for design purposes, the need for a reliable
predictive and correlative method becomes more acute as he deals with
more and more complex mixtures at elevated temperatures and pressures.

At present, the physicochemical concept of corresponding states
remains the industry's most useful predictive and correlative approach
in dealing with these fluid systems. This approach could be called
satisfactory in the sense that the results are useful. Unfortunately,
the most precise approaches are tedious and have too high a degree of
uncertainty for many complex mixtures.

Many past investigators have done much to increase the accuracy
of this concept by introducing "third parameters". Two of these most
accepted correctors are Meissner and Seferian's Zc’ critical com-

pressibility factor, and Pitzer's w, acentric factor.
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These two improvements have had a fair amount of success in
dealing with light hydrocarbon systems. However, their common failings,
along with all other .existing third parameters, are:
1. Their high degree of inaccuracy in dealing with hydro-
carbon fluid systems containing varying amounts of
any or all of the following nonhydrocarbon compounds,
i.e., helium, carbon dioxide, nitrogen and hydrogenl
sulfide.
2. Failure to adequately characterize the heptanes plus
fractions in systems containing the same.
This study will first provide a third parameter, Eykman Molecular
Refraction (EMR). With this modified approach to the corresponding
states concept, new gas compressibility, liquid demnsity, and fluid

viscosities correlations will be presented.



CHAPTER II
EQUATION OF STATE FOR GASEOUS SYSTEMS

The literature contains numerous equations of state of which only
three will be discussed in this chapter. The reader will find adequate
discussions on other equations in the independent studies of Sarem (104),

Satter (105), and Buxton (11).

A. The Ideal Gas Law

All fluids follow different equations of state. For a pure gas

the mathematical representation is as follows:

£f®P,V, T) =0 (2-1)
= =0 (2-2)
=T
Cc
2 .
2 =0 (2-3)
W
T=T
Cc

Figure (2-1) is a pictorial representation of the above equations.
The simplest form of the equation of state is the familiar ideal gas

law, i.e.:

PV = RT (2-1a)
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B. Semi-Empirical Equations of State

Historically the most celebrated equation of state is that of
van der Waal. It is the earliest known attempt to take into consi-
deration the effect of molecular volume and intermolecular forces. The

equation in its simplest form (for one mole of gas) is:

P+ a_2 V-b| = RT (2-4)
v
where a = intermolecular force correction constant

b molecular volume correction constant
The constants a and b, supposedly independent of temperature and pressure,
must nevertheless be evaluated for each fluid under consideration.

Combinations of equatiomns (2-1), (2-2), and (2-3) are used for the

evaluation of the constants.

%%i - 233 - S =0 (2-5)
)T =T v (V -b)
c c
EPA 2
82P R'Tc 6a
2) = 3" 4°-0 (2-6)
v T =T (Vc—b) v
c
from which
RT V
a= —-é%ii- - (2-7)
Vc
b = .3_. (2-8)
nd R=% ce (2-9)
a 3T,

Inasmuch as the reliability of critical volume (V ) measurements is more
c
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questionable than either critical pressure or critical temperature,

equations (2-4, (2-7), and (2-8) can be combined to give:

27 R2Tc2
a= e (2-10)
C
RTC
b = EF: (2-11)

Figure 2-2 is a system of isothermal curves of a real gas as
represented by van der Waal's equation. The line AB is the curve
P=- a/VZ, and BCD is the curve V= b. The isothermal lines show that
below a certain temperature P goes through a maximum, a minimum, and
then increases again as V decreases. In the upper right hand quadrant,
at high temperatures, the curves assume the shape of rectangular hyper-
bolas as in the case of the ideal gas.
Considerations of van der Waal's equation have revealed that
a and b are functions of temperature and pressure instead of mere con-
stants. It has been suggested that at higher temperatures, the violence
of the impact on collisions between the molecules might be expected to
cause a deformation of molecular structure, altering the value of a.
Furthermore, at high temperatures and pressure actual compression of the
molecules themselves would lead to the value of b being altered.
Two of the earliest attempts to improve on the van der Waal
equation resulted in the following equations:
.-
VRT
RT

P = E:B.e (Dieterici equation) (2-12)



, RI_
a = > (2-13)
o Pce'
1 RTc
b = 5 (2-14)
Pce
RT a'
and P = - "2 (Berthelot equation) (2-15)
TV
27 RZTCZ
L) - -
a =gz Pc (2-16)
RTC
1" - C -
b BPC (2-17)

C. Empirical Equations of State. Virial Coefficients

In this approach the equation of state is expressed in the form of

a power series in terms of density or pressure, i.e.:

PV=RT (L+2+&% +2 4 ... (2-18)
v 2 4
v v
or
] |2 '4
PV=RT+BP+CP +DP" + ... (2-19)

1 | .
where B, C, ...., B , C ... are functions of temperature and are called,

respectively, the second, third and fourth virial coefficients.
The most established method for evaluating the second virial
coefficients for simple non-polar spherical molecules utilizes

the Lennard-Jones potential function (see Figure 2-3).

R 12 g
U(r) = 4e % - - (2-20)
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where: U(r) the intermolecular potential function

€ the magnitude of the potential energy minimum

o} = the collision diameter for low velocity collision
between two molecules
r = distance of separation of the molecules

Equation (2-20) shows that the attractive potential energy of a
pair of molecules has an inverse sixth power dependence on separation
and an inverse twelfth power dependence on repulsive energy.

For polar molecules the potential function of Stockmeyer (117) is
widely used for evaluating the second virial coefficient. The nature

of the higher order virial coefficients are still under development.

AT
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CHAPTER III

THIRD PARAMETERS

Over the years the approximate nature of the generalized com-
pressibility chart, Z = f (PR, TR), has prompted numerous
investigators to improve it by introducing other parameters, or ideality

correctors, in addition to PR and TR

Of these numerous third parameters proposed, the two most widely
accepted are Meissner and Seferian's critical compressibility factor
Zc’ and Pitzer's acentric factor, w.

In addition to the above-mentioned studies, a more recent and
meritorius study by Sarem (104) proposed molecular refraction as a third
parameter.

Brief summaries of these three studies follow.

A. Critical Compressibility, Zc

Meissner and Seferian observed a linear relationship between
compressibility factor at saturation pressure and the critical com-

pressibility factor, ZC, for 82 different compounds (see Figure 3-1),

Figure (3-2) shows the relationship between factors and reduced pressures

and temperatures for saturated liquids and vapors. These authors then

suggested that the variation of the compressibility factors of gases at

10
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the critical point might be related to the variation of these compressi-
bility factors at any other PR and TR.

Mathematically, the proposed equation of state can be written as

Z=f (PR, TR, ZC) (3-1)
or
A = 3_2
7/zref £ (Pps Tps zc) (3-2)
Kay's combination rules,
*
T =T X +T X + R R (3—3)
c. c,’ 1 c, 2
1 2
* .
P =P X, +P Kot teeinererccteceancnnee (3-4)
c c. 1 c, 2
1 2
%
= 4L A, T L AL T  eceosesva o 6 & ] 5 00 0 80 3-5
Z, zlx1+zc2x2+ (3-5)

are used in cenjunction with reference compressibility charts.

B. Pitzer's Acentric Factor, w

Pitzer introduced the acentric factor as a correction for the
deviation of the intermolecular potential of a substance from that of
simple spherical molecules, Z = £ (PR, Tﬁ, w)+. The acentric factor it-
self is empirically chosen in terms of reduced saturation pressure at a
reduced temperature of 0.70. Mathematically, the relationship can be

shown thus:

w= 0 (for a simple fluid)
P
w = - log f,ﬁ - 1.0 (3-6)

c



and,
_ 50 1o (1) _

Z =12 (Pp,Tp) + w'Z (PpsTp) (3-7)
z° and Z(l) are obtained from plots similar to that shown in Figure 3-3.
For a given reduced temperature, z° is the intercept at w=o and Z(l) is
the slope of the curve.

In this method Kay's rule is also recommended for obtaining
pseudo critical properties, and Woix 18
= : 3-8
Wrix = W%t 9%y T w X (3-8)

C. Lorentz-Lorenz, RD

Sarem proposed the Lorentz~Lorenz molecular refraction, RD, as a
third parameter to characterize a given system with regards to non-

ideality. Mathematically expressed Z = f (PR, TR, RD), where

2
Ry = —“2"1 -M-"i-_-nE = % ™ Nog (3-9)
n +2 P
where: I, = electronic polarization measured by

the D-line of sodium
p = density
o, = electronic polarizability
n = refractive index
MW = molecular weight
N = Avogadro  number

For predicting the compressibility factor of mixtures, the molar

average molecular refraction is determined by the formula,
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~

n

By =1 XK (3-10)

mix {=1 i

and a normal pure hydrocarbon which has a molecular refraction equivalent

to the value of RDmix is chosen. (This could also be done bx inter-—
polating between two reference substances.) Then look up the
compressibility factor for the reference substance at the temperature
and pressure conditions.

The proposed combination rule is that of Leland and Mueller,

and is as follows for vapor mixtures.

' — 1/0
a A , ot 0.5 , 7 o 0.5
I 7 xx, |-t c ¢
%y 7 P
Cc (o4 .
¥ = i=1l =1 i 1
= 3
Cc
A A g o | 0333 o 0.333
z z _— ll_ cc s Lil=cc
%5 |22, 272,
1=1 4=1 i j
i _
(3-11)
A
*
T N (Zc)i
ot . i=1
c i 4 g p | 0.333 ¢ | 0.333 3
) ] x,x ll_cc +_]._ cc
5| 2|72, 2 {7®_
i=1 4=1 i i
(3-12)

where o is empirically determined to be a function of temperature and

pressure as follows:
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/; L Xy Tci P ) X Tci
o == .75 [ =L |+ 2.44 for 0.4 < F = —L——x < 2.0.
T) X PCi T X Pci
1 i

(3-13)
a= 2.2 for F < G.4, o = 1.0 for F > 2.0

For saturated liquids mixtures set o = 1.0, the combination rule now is,

A A 2t okl @+1 0.5 [1/®
DR Hp &
T: _f i=14=1 i (3-14)
A A 0.5
DL X
i=1 j=1 h|
and, )
A
T ) X, (zc)j
P: - 1=1 (3-15)
A A 2.1 0.5 2.1 0.5
z 2 Xi XJ PC Pc
i=1 j=1 i 3

D. Critique of RD

Sarem adequately showed the suitability of molecular refraction
as a third parameter. However, both the choice of molecular refraction
formula and the proposed method of use of this parameter deserves
comment,

Lorentz-Lorenz, in arriving at the constancy of their molecular

refraction formula, calculated the electronic polarization on an
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+ + + 4+ + 4+ +

FIGURE 3-4. PICTORIAL REPRESENTATION
OF LORENTZ-LORENZ SPHERICAL
CAVITY CONCEPT,

REFERENCE 64.
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electron by assuming that the electron was at the center of a spherical
cavity (see Figure 3-4), the polarization on the walls of which produced
the field at the center.

This optical isotropic concept assumes that the molecules are
sufficiently widely separated so that they do not affect each other's
orientation. It is obvious that this condition is more likely satisfied
in the vapor phase and not in the liquid. Moreover, it is generally
agreed by experts on light scattering that all known molecules are
anisotropic, that is, polarizable to different extents in different
directions. This means that the refractiv;ty of a liquid is in reality
an average effect brought about by the individual contribution of the
various molecules oriented relative to one another and to the field of
incident radiation. Hence the reason why the Lorentz-Lorenz equation

is different in the gaseous phase to the liquid phase.

Acceptance of Sarem's approach whereby one chooses a reference

substance is hindered by the fact that:

1. The Lorentz-Lorenz molecular refraction formula (RD)
is neither constant when going from the gaseous to
the liquid state nor at elevated temperatures and
pressures.

2. The additivity of RD is only true for a given
homogeneous series. Sarem's method contains no
recommendation for fluid systems containing polar
compounds or other non-paraffinitic hydrocarbons.
Since different series or combination of series
can have the same RD’ it is not hard to visualize
the predicament one can get into in trying to choose

the correct reference substance.



CHAPTER IV
MOLECULAR REFRACTION

To be able to predict physical properties from known constitution
and structure is undoubtedly of tremendous value both from a theoretical
as well as practical point of view. These physical properties are vital
in predicting pressure, volume, and temperatufe behavior.

We know from wave mechanics that it is theoretically possible to
determine the electronic structure of molecules by solving the
Schrodinger wave equations. However, in actual practice, an exact
solution of the Schrodinger equation is only possible in the simplest
and most idealized cases, such as one electron present in one atom, or
one atom in one molecule. However, by measuring the refractive index of
a substance, it is possible to obtain a great deal of information con-
cerning the electronic structure of the constituting atoms and molecules.

The electric field, set up by an incident light wave, induces a
forced vibration among the molecules. This reaction of the molecules is
responsible for the refractive index.

The molar volume of a substance is the ratio of the molecular
weight to the density and is an additive and constitutive property.
Molar or molecular refraction is the product of a dimensionless function

of refractive index multiplied by the molar volumes of the substance

20
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under consideration. Molecular refraction i1s a characteristic property
of any substance in the gaseous, liquid, or solid state, from which de-
tails on structure could be obtained.

Today the two most widely accepted equations for computing
molecular refractions are the Lorentz-Lorenz equations and the Eykman
equation. The former is highly theoretical and is based on Maxwell's
electromagnetic theory of light, while the latter is empirically

reliable in both simple and complex systems.

A. Lorentz~Lorenz Equation

Based on Maxwell's classical theory of dielectrics and the
assumption that all molecules of a substance are spherical perfect con-

ductors, Classius was able to show the following relationship:

e = (1428)/(1-¢) (4-1)
where & = Maxwell's dielectric constant
£ = volume occupied by the molecules

volume apparently occupied by the molecules

Upon expanding we have:

€ - € = 142E (4-2)
-eE-28 = l-¢ (4-3)
E(et2) = e-1 (4-4)

£ = = (4-5)

Maxwell has shown that for a non-magnetic media, the dielectric constant
was equal to the square of the refractive index provided that the same
wave length of electronic vibration was used. The common practice is to

measure the refractive index (hence, molecular refraction) in the region
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of visible light utilizing the yellow light (about 5893 Z) of the Sodium
D 1ine.(see Figure 4-1).

So we may write

2
g ={n=l) (4-6)
(n"+2)

It is now possible to conclude that the dimensionless refractive index
function £ is the true volume of the molecules in unit volume. If p is
the density of the substance, then p/f{ is the true density of the mole-
cules, without intermolecular spaces, while the reciprocal £/p would be
the true volume of unit mass of the molecules. If W is designated as
the absolute weight of a molecule of the substance, then the true volume
of a molecule should be £W/p. However, if instead of W we substitute MW,
molecular weight, then we have the ever famous Lorentz-Lorenz molecular

refraction equation:
Ry = /o = [@*-1)/(*+2] TF (379

Because molecular refraction has the dimensicns of volume many authors
have referred to it as the true molar volume. However, this is not ab-
solutely correct for the mere reason that molecular weights are
relative numbers; molecular weights as they-aréhéenerally used is not
the absolute weight of the actual molecules in a volume of substance.
It is for this reason that RD in the above equation is in actual fact,
proportional to the true volume of the molecule in a gram molecular

quantity of the substance.

B. Eykman Equation

As already mentioned, this equation is purely empirical. In 1895
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Eykman, while examining the constancy of the Gladstone and Dale, and the
Lorentz-Lorenz specific refraction formula for different homologous
series at elevated temperatures found that:
1. The Gladstone and Dale formula (n-1)/p gave low
values.
2 1
2. The Lorentz-Lorenz formula [(n"-1)/(n+2)] E‘gave
high values.

Eykman then proceeded to compare the two molecular refraction

formulas.
(n-1)MW/p Gladstone and Dale (4-8)
[(nz—l)/(n2+2)] MW/p Lorentz-Lorenz (4-9)

He observed that the only difference between the two formulas was the
denominator inasmuch as the Gladstone and Dale formula can also be

written as

|2

[(n2-1)/(n+1)] (4-10)

>
He reasoned that since the two curves were in fact continuous functions,

somewhere between these functions must lie another continuous function of
refractive index such that (nz—l)/¢(n) varies with changes in temperature

in the same proportion to density. The formula satisfying the curve of

the desired function is
[(n%-1)/ (a+0.4)] 2 (4-11)

In his research he showed that at 120°C, the deviations for the Lorentz-
Lorenz formula were of the order of +0.7 to 1.3 per cent, whereas the

proposed formula was of the order of + 0.1 per cent.
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C. EMR and Optical Properties at the Critical Point

Theoretically the view is held that the velocity of light is the
same through all substances at the critical point, and as such all sub-
stances should have the same refractive index at the critical point.
Using numerous diverse organic compounds, Smith (109) showed the
critical refractive index to be nearly equal to the theoretical value

of 1.126. By solving the Eykman equation in the following form,

0.84 "¢
, - —0.8 ¢

c n_ Y 0.4 "~ W [2.185 + 0.7357 MW] s (4-12)

a value of approximately 1.127 is obtained for the critical refractive
index of "normal" o0il field fluid components. Table 4-1 shows the
critical refractive indices for several components of interest.

There exist equally valid correlations between Eykman Molecular
Refraction and other critical properties. Figures 4-2, 4-3, and 4-4
show a regular relationship between critical density, temperature and
pressure, viscosity, and critical compressibility of the normal hydro-
carbons with Eykman Molecular Refraction.

Previous investigators have proposed equations for determining
critical temperatures, pressures and volumes making use of molecular

refraction. Wan (127) suggested

Tc = 7.02 RD + 23.1 (for liquid paraffin hydrocarbons) (4-13)

Meissner (76) proposed the following relationship:

3 2 1.65
T, = [5850 [RD] + C]/(Pa) (4-14)
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1.155

v 0.55 [1.5 (Pa) + 9 - 4.34 (RD) ] (4-15)

1.226

P =60.3 TC/[l.S (Pa) + 9 - 4.34 (RD) ] (4-16)

where: T, = critical temperature, °C
PC = critical pressure, atmospheres
VC = critical volume, cubic centimeters per gram mole
Pa = Sugden's parachor
_am ¥ M4
p

MW = molecular weight

§' = surface tension in dynes per centimeter

pgﬁ'= the vapor density in grams per cubic centimeter

P, = liquid density in grams per cubic centimeter

C = a constant depending on the class of compound
D. Summary

There is one and only one way that any molecular refraction
equation, highly theoretical or purely empirical must prove itself,
and that is by its ability to predict successfully the dependence of
refractive index on temperature and pressure. The Eykman form of the
molecular refraction equation has been shown in recent years to
represent well the effect of pressure and temperature on the relation-
ship between density and refractive index.

Considerable evidence exists that shows that the
Lorentz-Lorenz molecular refraction specifies too large a change in
refractive index for a given increment of density when refractive

index and density change as a result of changing temperature and
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pressure. This means that RD is more precisely represented mathematically

as
nz—l MW 4
RD =|———i~—=1_= —+ vy) Na (4-17)
2+2 p E 3 E

where: v = £(p).

Figure 4~5 is a comparison of the Lorentz-Lorenz and Eykman
specific refractive index functions for the isothermal compression of
pentane. The curves all show less deviation with the Eykman equation.
Figure 4-6 shows the inability of the Lorentz-Lorenz refractive inter-
cept to predict correctly the dependence of refractive index on pressure.
The dotted line represents the predicted curve, and the circles the
experimental values. TFigures 4-7 and 4-8 are other comparisons of
experimental pressure-temperature-refractive index relationships using

the Lorentz-Lorenz molecular refraction relationship and that of Eykman.
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TABLE 4-1

CRITICAL REFRACTIVE INDICIES

Gases and Vapors

Equation 4-12

and Density Extrapolaged
Smith from API Value From
Component Ref. (109) Project 44 Ref. (1)
Oxygen 1.126 - -
Carbon Dioxide 1.124 - -
Sulphur Dioxide 1.128 - -
Methane - - 1.126
Inorganic Liquids and Condensed Gases
Oxygen 1.124 - -
Carbon Dioxide 1.101 - -
Sulphur Dioxide 1.126 - -
Hydrogen Sulphide 1.146 - -

Organic Liquids

n-Pentane
n-Heptane
n~-Octane
n-Nonane
n-Decane
n-Undecane

n-Dodecane

1.125 - -
- 1.128 -
- 1.127 -
~ 1.127 -
- | 1.127 -
- 1.127 -

- 1.127 -
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CHAPTER V

EXPERIMENTAL INVESTIGATION

Inasmuch as there exist a plentiful supply of reliable basic PVT
data in the literature, there was no need for elaborate experimental
work in this study. The sole purpose of the limited experiments
carried out was to assist in confirming some of the characteristics of
molecular refraction and for comparing the Eykman equation with the

Lorentz-Lorenz equation.

A. PFluids Used
Research grade samples (99 mole per cent purity) of normal
heptane, octane, nonane, decane, undecane and dodecane were used to

make thirteen different mixtures. The range of the properties of which

are given below:

Range
Molecular Weight (110.6-157.7)
Density . gm/cc 0.6930-0.7363
Refractive Index @ 25°C 1.39271-1.41551
Eykman Molecular Refraction 83.63-118.42
U .~ cp. 0.5080~-1.123

36
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SKETCH 1
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B. Experimental Equipment and Procedure

. A Bausch and Lomb Precision Refractometer (Figure 5-1) equipped
ﬁigﬁﬂiTSodium D lamp (5893D) was used to measure the refractive indices
ofiBoth the pure components and the mixtures at 25°C.

A Precision Temperature controller (Figure 5-2) connected to the
prism coupling in which the thermometer was mounted, maintained a con-
stant temperature of 25°C + 0.05°C on face of the prism.

The densities of the pure components and mixtures were measured
two ways using (1) a Seederer-Kohlbusch chainomatic balance and (2)

10 milliter pycnometers.

Ostwald viscometers were utilized in the viscosity determinatiomns.



CHAPTER VI

EXPERIMENTAL RESULTS

A. EMR-Molecular Weight Relationship

It has been found from this investigation that the Eykman
Molecular Refraction is an additive quantity and bears a linear relation-
ship with molecular weight (see Figures 6-1 and 6-2) for both the pure

paraffin hydrocarbons and their mixtures.

~ B>

[EMR]

mix Xi(EMR) (6-1)

or

[ 2 M. X, + M
'-_1—1 1 1

=
EMRi,i+l Ln+0;4

1415041
Pi,i+1

(6-2)

A similar plot to the Lorentz-Lorenz equation yields two distinct
slopes - one for the light hydrocarbons and another for the heavier ones.
Although the change in slope is small, it nevertheless exists.

The straight line equation for the EMR-molecular relationship is:

EMR = 2.185 + 0.7357 MW. (6~-4)
where MW = molecular weight of the paraffin pure component or

mixture.

40
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Table 6-1 is an error analysis of the curve fit. It shows an average
error of 0.0 per cent and an average absolute error of 0.055 per cent.
Based on all comparative studlies in this investigation, the
Eykman equation was found to be superior to that of Lorentz-Lorenz and

was'therefore used for all final correlations.

B. EMR-EMRI-Density Relationship

A useful function (within a homologous series) in the analysis
of complex liquid hydrocarbon mixtures is the Eykman Molecular

Refractivity Intercept (EMRI).

EMRI = ((n°-1)/(n + 0.4))/o (6=5)

The superiority of fit seen in Figure 6-3 (along with the veri-
fication in the literature) means that there exists an easily measurable
characterization parameter for any complex hydrocarbon systems containing
heptane plus. All that is necessary is to measure the density of the
heptanes plus at any temperature and then go to the plot of EMR versus
density squared, at various temperatures (Figure 6-4). The molecular
weight of the heptanes plus is easily obtained by substituting the value

of EMR into the following equation:

An equally valid approach is to measure the density of the
heptanes plus at any temperature, then enter the plot of EMRI versus
density (Figure 6-3), with the value of EMRI enter a plot of EMRI versus
EMR (Figure 6-5) or MW (Figure 6-6), depending upon the parameter of

interest.
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The ease and preciseness of this technique is particularly
significant. Neither is possible to this degree when using other third
parameters with mixtures showing the heptanes plus as the heaviest

fraction.
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TABLE 6-1

CURVE FIT AND ERROR ANALYSIS OF MOLECULAR WEIGHT

WITH EYKMAN MOLECULAR REFRACTION

Eykman Calculated

Molecular Molecular Molecular Per Cent

Refraction Weight Weight Deviation
16.042 13.987 13.988 -0.010
30.068 24.307 24,307 -0.003
44,094 34.628 34,627 0.001
58.120 44,948 44,946 0.002
72.146 55.302 55.266 0.064
86.172 65.575 65.585 -0.016
100.198 75.875 : 75.905 -0.039
110.578 83.630 83.542 0.105
112.495 85.046 84.952 0.109
114,224 86.193 86.224 -0.036
120.042 90.463 90.505 -0.046
120.346 90.584 90.728 -0.159
121.346 91.458 91.464 -0.007
127.906 96.351 96.291 0.062
128.250 96.529 96.544 -0.015
130.449 98.228 98.162 0.067
132.462 99.730 99.643 0.087
133,145 99.991 100.145 -0.154
140.468 105.561 105.533 0.026
140.791 105.691 105.771 -0.075
141.105 105.927 106.002 ~-0.070
142.276 106.859 106.863 -0.004
156.302 117.173 117.183 -0.008

157.729 118.422 118.232 0.159
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TABLE 6-1 - Continued

Eykman - Calculated
Molecular Molecular Molecular Per Cent
Refraction - Weight Weight Deviation
170.378 127.499 ‘ 127.539 -0.031

Average error = 0.000 per cent

Average absolute error = 0.055 per cent
EMR = 2.185 + 0.7357 MW

MW =

- 2.970 + 1.3591 EMR
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CHAPTER VII

CONSTRUCTION PROCEDURE FOR

COMPRESSIBILITY CHARTS

The maﬁy advantages of using molecular refraction as a third
parameter dictated an investigation of its use in predicting the com-
pressibility of gas mixtures. This necessarily required construction
of a new set of charts and the formulation of new combination or
mixing rules.

Experimental data from twenty-five mixtures* were used to con-
struct the charts. The ranges of pressures and temperatures studied
were between 15 psia to 7000 psia and 40°F to 175°F, respectively; a
total of 598 pressure points at sixty-one temperature conditions.
Table 7-1 shows the ranges of non-hydrocarbon content of the mixtures
studied. A more detailed t;bulation of the mixtures studied can be

found in Appendix E.

A. Compressibility Chart No. 1

First plots of the ratio of critical temperature to critical
pressure and the ratio of critical temperature to the square root of
critical pressure versus EMR were constructed. (Figures 7-1 and 7-2,

respectively.)

x
See References (9), (11), (104), (105) and (137).
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Each mixture was split up into a pseudo binary. Methane, along
with the other non-hydrocarbons (Nz, COZ’ HZS’ etc.) formed one group
of the binary and the remaining hydrocarbons (C+2) formed the other.
The additive EMR for each group was determined and a critical tempera-
ture and pressure of each mixture was determined graphically. A
sample calculation is shown in Appendix L.

Reduced temperatures and pressures for the 61 temperature and
598 pressure points were calculated. At each reduced temperature con-
dition a spline curve routine was used to define the curve of
experimental compressibility factors versus reduced pressures at
selected reduced pressures (1714 pressure points). The spline curve is
a piecewise continuous cubic polynomial through the given points pre-
serving continuity of the first and second derivatives.

Starting from a reduced pressure of 1.00 and increasing in
increments of 0.5, the best least squares fit of experimental com-
pressibility factor versus reduced temperatures at constant reduced
pressures were carried out. The constants obtained were used to carry
out an error analysis of the calculated compressibility factors versus
true experimental factors. In no case did the average error of the
average absolute error exceed 0.23 and 3.55 per cent, respectively.
Table 7-2 gives a more detailed account.

Figure 7-3, appropriately labelled compressibility chart number

1, is the end result of this approach.

B. Compressibility Chart No. 2

In this approach the pseudo critical temperature was obtained

similar to Kay's method, i.e.:
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TABLE 7-1

NONHYDROCARBON CONTENT OF MIXTURES STUDIED

Ranges of
No. of Nonhydrocarbon
Components Mixtures Mol Per Cent
Coflon+2 6 -
CnH2n+2 + N2 3 N2 = 3,75 - 7.50
CnH2n+2 + CO2 4 002 = 0.40 - 12.92
CnH2n+2 + HZS 5 HZS = 4.70 - 19.70
CnH2n+2 + N2 + CO2 4 N2 = 0.52 - 0.81
CnH2n+2 + I\I2 + CO2 + HZS 3 N2 = 0.46 - 0.52

= 0.30 - 1.31

Q
o
|

5.70 - 22.60

o
(/]
]
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) X,T =1 (7-1)

However, the pseudo critical pressure was obtained graphically from a
plot of the ratio of critical temperatures to critical pressures versus
EMR, as seen in Figure 7-1. In order to determine TC/Pc from Figure
7-1, the same binary approach utilized in method 1 was adopted. A
sample calculation is given in Appendix L.

After calculating the reduced pressures and temperatures, the
curve fitting routine was similar to that used in the construction of
compressibility chart number one.

In this method, up to and including a reduced pressure of 6.50,
the average error was slightly greater than method one, while the
average absolute error was less. However, from a reduced pressure of
7.00, both the average error and the.average absolute error were greater’
than the previous method. The results of the error analysis are
tabulated in Table 7-2. Here it is seen that the maximum average error
and maximum average absolute error were -9.88 and 9.89 per cent,
respectively, at a PR of 7.00. The compressibility chart constructed

by this approach is shown in Figure 7-4.

C. Compressibility Chart No. 3

In this method it is suggested that the simple spherical non-

polar molecules with the exception of methane be grouped together;

ethane plus hydrocarbons forming a second group, while methane and polar
molecules form a third group. The reason for grouping methane with

other polar molecules is as follows. Due to the tightness of its
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electronic shell (brought on by the symmetric distribution of adjacent
positive charges), methane shows abnormally low refraction in com-
parison to the other'members of the normal paraffin series. That is,
the difference between the EMR of ethane and methane is too low in
comparison to the difference between any other two consecutive mem-—
bers of the paraffin series. Therefore it was decided not to
correlate methane with the ethane plus.

Moreover, it was found that, depending on the parameters to be
éorrelated, the EMR value of methane correlated best with those of
polar compounds; hence, the particular grouping.

A mixture containing two of the three types of molecules will
be a pseudo bin;ry while one containing all three types will be a
pseudo ternary.

Satter in his studies had developed a dimensionless parameter,

F, which depends on the characteristics of the molecular species.

wp /3
C

F =
(k'rc)s/6 Vm

N VA7)

where, h = Plank's constant

m ~ mass of a single molecule

=
I}

Boltzmann's constant
T = temperature
kT = energy per molecule

Equation (7-2) can be written conveniently as,

F = 5.665 pcl/3/(rc)5/5' a2 . (7-3)
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where, PC = critical pressure - psi
T, = critical temperature - °R
MW = molecular weight

Plots of x - the reciprocal of Satter's dimensionless function F -
versus EMR and the ratio of critical temperature to critical pressure
raised to the one third power (Figures 7-7 and 7-8, respectively) were
used to obtain reduced temperatures and pressures. The actual con-
struction of the chart was similar to the previous ones.

Figure 7-5 is the resulting compressibility chart. An error
analysis similar to that used in the previous methods was carried out
on the points used in the plot of this compressibility chart. The
maximum average error and average absolute error of -~5.21 and 13.96 per
cent occurred at a reduced pressure of 7.50. A glance at the tabulated
results of the error analysis, shown in Table 7-2, would reveal that,
from a reduced pressure of 5.00, the average absolute error was in
excess of 10.00 per cent and increased thereon.

A sample calculation utilizing this method can be found in

Appendix L.

D. Compressibility Chart No. 4

The grouping adopted in Method 3 is also used in this method.
Again use is made of Figure 7-7; however, instead of Figure 7-8 -
the plot of the ratio of critical temperature to critical pressure
raised to the one third power versus EMR -~ Figure 7-9 - a plot of
critical temperature versus EMR, was used.

The»end results of this approach is appropriately labeled

"Compressibility Chart Number 4" (Figure 7-5). As in previous cases,
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an error analysis of the points plotted was carried out. The maximum
average error and average absolute error were 1.96 and 4.93 per cent,
respectively, and occurred at a reduced pressure of 6.50. The results
of the error analysis of thils method can be found in Table 7-2, and
a sample calculation in Appendix L.

Figures 7-10 and 7-11 are sample curves for the various
methods showing the scatter in the raw data at a reduced pressure of
2.0. These curves should not be compared since a value of PR = 2.0
would be different for each compressibility chart.

On the basis of the error analysis tabulated in Table 7-2,
there is little to choose between methods one and four. However,
because of the simpler calculation procedure involved, method one is

recommended over method four.

E. Procedure for the Application of Proposed Method

1. Divide -the mixture into two groupings, i.e.:

Group 1 - Methane, carbon dioxide, hydrogen
sulphide, nitrogen;
Group 2 - Ethane plus hydrocarbons.

2. 1If heptanes plus are present, then from a liquid
density measurement at any temperature, go to
Figure 6-4 for a value of EMR. Figures 6-3,

6-5 and 6-6 can also be utilized for obtaining
EMR from demsity.

3. For each grouping in the pseudo binary calculate

EMR;

*
EMRl = (Xi )(EMR)i
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*
EMR2 = (Xi )(EMR)i

With (EMR)1 obtain (Tc/Pc) for Group 1 from curve 1
1
in Figure 7-1 and with (EMR)2 obtain (Tc/Pc) for
2
Group 2 from curve 2 in Figure 7-1.

TR = (KPR + B[P

Obtain (EMR)mix' This can be obtained by two methods:

(a) Before step one

~

n
EBR) g = 1 Xy (BMR),

i=1

(b) After step one

n
BR) . = L X (EMR) +X
i=1

1 (EMR,)

With a value of (EMR)mix go to Figure 7-2 and read off
T /VP .
¢’ e

With values for T /P and T /Vﬁ- solve for T and P .
c' e c c c c

PR = P/Pc

TR = T/Tc
Frbm the generalized compressibility chart for this
method (Figure 7-3), read off values of Z for a given

PR and TR'



TABLE 7-2

ERROR DISTRIBUTION

Compressibility Chart

Method 1 Method 2 Method 3 Method 4

Number Average | Number Average | Number Average | Number Average

of Z's|Average| Absolute| of Z's|Average| Absolute | of Z's|Average|Absolute { of Z's|Average|Absolute

Consi-| Error Error Consi-} Error Error Consi-{ Error Error Consi-| Error Error

PR |dered % % dered % 7% dered % % dered % yA

1.00 23 0.18 2.72 25 0.40 1.96 17 |-1.55 1.73 34 -0.19 | 1.59
1.50 50 0.19 2.81 54 0.43 2.62 52 |-0.49 2.65 61 0.57 | 1.78
2.00 50 0.18 3.01 54 1-2.92 3.64 52 0.80 4.26 64 1.26 | 2.51
2.50 50 0.23 3.34 54 0.85 3.01 52 0.37 5.63 64 0.79 | 2.84
3.00 50 0.22 3.54 54 1.96 2.99 52 0.13 6.11 64 0.64 | 3.42
3.50 50 0.20 3.55 54 0.50 2.30 52 0.77 7.45 64 1.28 | 3.64
4.00 47 0.15 3.20 54 0.73 2.02 52 1.17 8.76 64 0.66 | 3.74
4.50 44 0.13 3.12 54 0.39 1.74 52 0.83 9.85 64 0.56 | 3.87
5.00 40 0.15 3.17 54 0.49 1.63 52 1.70 10.62 64 0.65 | 4.04
5.50 34 0.21 2.82 54 0.17 1.63 52 1.35 11.09 64 1.06 | 3.80
6.00 32 0.17 2.57 54 |-0.21 1.99 52 2.06 11.46 64 0.47 | 3.80
6.50 32 0.03 2.30 49 0.18 1.74 50 1.54 10.68 64 1.96 | 4.93
7.00 30 |-0.08 2.44 39 1-9.88 9.89 53 2.27 13.22 44 0.97 | 4.57
7.50 25 0.20 1.92 33 {-3.09 3.14 -5.21 13.96 43 -1.85 | 4.23

Values lower than T
Average error

Average absolute error = [Z((Z—anlc)/z)*loo|/number of points.

R

- * :
(x((z anlc)/z) 100) /number of points.

= 1.0 are not included in the error analysis.

6S
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F. Mixing Rule

In order to construct any generalized compressibility chart,
it is necessary to formulate a mixing rule (or combination rule) to
arrive at the characteristic properties of mixtures. A combination
rule is merely a method of combining the values of the interaction con-
stants from the corresponding constants of the pure gases.

In the development of these mixing rules (pseudo-critical
treatment) ‘for the common semi-empirical equations of state, the

most used schemes for combining the interaction constants are:

R S I’ -
a5 =% [aii + ajj} linear combination (7'4)
13 = 341 ! ajjl/2 - square root combination (7-5)
3
- 3111/3 + a1i1/3
aij = > - Lorentz combination (7-6)

where,
a = any constant in the semi-empirical equations of
state.
In the case of the virial equation, the combining of the inter-

action constants is accomplished by the following rules:

Oy = 1/2 (oii + ojj) (7-7)
A V7
15 = (g4 €49 (7-8)

where,
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Gij = gseparation between a molecule of the ith kind and
the jth kind.

~

Eij = potential energy between a molecule of ith kind and

the jth kind.

A summary of the more popular pseudocritical or combination
rules are shown in Table Hl of Appendix H. These combination rules
were developed for non-polar gases and gas mixtures and, as a rule,
have been used satisfactorily on light hydrocarbon systems in con-
junction with Katz's generalized compressibility charts.

If one were to examine the composition data for the gas mix-
tures shown in Appendix F, and then compare the tabulated pseudo-
critical pressures and temperatures for the various methods shown in
Appendix H, one would observe that for the light hydrocarbon mixtures
there is trivial differences between the various methods. However, for
mixtures containing complex hydrocarbons (heptanes plus) or polar com-
pounds, the differences between the calculated pseudocritical values of
the various methods get greater as the mixtures become more complex.

In an effort to improve the applicability of the various "rules"
to complex mixtures, various investigators have applied corrections to
the critical constants of the "offending', components. 1In practice,
these corrections work well only for the mixtures from which they were
generated. It is reasonable to conclude that the existing two parameter
pseudocritical approaches cannot adequately account for the complexity
of effects brought about by intermoiecular forces between molecules of
different sizes and molecular structure - as in a hydrocarbon mixture

containing heptanes plus fractions along with H, S, CO, and N,.

2 2 2
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In this work, on the basis of structure and optical properties,
each mixture was arbitrarily divided into groups. The relationship
between the critical properties .of the pure components of each group
and the Eykman Molecular Refraction formula, constituted the mixing
rule approach.

Figures 7-1, 7-2, 7-7 and 7-8 are graphical solutions of the
various mixing rules tried in this study. Figures 7-1 and 7-2 are

the recommended combinations to be used in conjunction with Method 1.
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CHAPTER VIII

CONSTRUCTION OF GENERALIZED

LIQUID DENSITY CHART

It has been found that a linear relationship exists between the
Eykman dimensionless refractive index function and density, for the
normal hydrocarbons and their mixtures in the liquid state (see Figure
8-1).

At this point 1t is to be recalled that the constancy of the
Eykman Molecular Refraction equation at elevated temperatures and
pressures and in both the gaseous and liquid phases have been estab-
lished. Utilizing density data from the API Project 44, the Eykman
dimensionless refractive index function and refractive indicies were

calculated at elevated temperatures by means of the following relation-

ships.
Let (n%-1)/ (n+0.4) = £y (8-1)
then,
g = (EMR) p/MW (8-2)
but
EMR = 2,185 + 0.7357 MW (6-4)
E, = p[(2.185/MW) + 0.7357] (8-3)

Equation (8-1) can be written as:

74
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2
n - nE,E - 0.4 £E -1=20 (8-4)
Solving for n by means ut the simple quadratic equation we have:
. 2
P '\/(g )E + 1.6 £+ 4.0
r E E
n=-— 20 (8-5)

Values for normal heptane to normal dodecane can be found tabulated in
Appendix Kl1.

Figure 8-2 is a plot of the Eykman dimensionless refractive
index function versus temperature in degrees centigrade for various
liquid hydrocarbons and their mixtures. The lines of constant EMR (or
MW) will each develop some curvature and approach a value of approxi-
mately 0.177 at their respective critical point -- since n, = 1.127.

Next the data of Doolittle (25) for densities of normal liquid
hydrocarbons at elevated temperatures and pressures were used to con-
struct a generalized density chart (see Figure 8-3). A sample calcu-
lation is given in Appendix K2. Additional isotherms in Figure 8-3 may

be constructed in a similar manner to that outlined.

A. Procedure for the Application of the Proposed Method

Find the density of a pure liquid paraffin hydrocarbon component
at some elevated temperature and pressure.
1. If the pure component is unknown identify by using
any of the following figures: 6-3, 6-4, 6-5, 6-6,
8-1 or 8-2.

2. 1I1f the pure component is known, then TR, P EMR

R,

and MW are known.
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3. From Figure 8-2 evaluate EE.
4. From Figure 8-3 obtain p/EE.
5. Solve for p at the required temperature and pressure.
Find the density of an unknown normal hydrocarbon liquid mixture
at some elevated temperature and pressure.
1. Measure the density at atmospheric conditions.
2. Obtain EMR from Figure 6-4.
3. Get reduced temperature and pressure from either
Figures 7-1 and 7-2, or Figures 7-7 or 7-8.
4. From Figure 8-2 obtain (n2-1)/(n2+0.4) by inter-
polating between the EMR or MW values of the
pertinent pure compounds.
5. Enter Figure 8-4 and compute the value of p at
the required conditions.
A sample calculation is given in Appendix K2.
Using pure hydrocarbon data the curves in Figures 7-1, 7-2, 7-7
and 7-8 can be extended. With the appropriate data, additional iso-

therms may be constructed in Figure 8-3.

B. Summary

Current liquid density correlations for pure components or
mixtures will allow no better than a crude approximation. 1In the major-
ity of cases these methods utilize the corresponding states concept and

as such use a reference density to evaluate a reduced density. The

reference density is for the most part the critical demsity; a property
not easily obtained for pure components and obtained with considerably

less assurance for their mixtures.
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The fact is that any generalized liquid density correlation
that utilizes a constant density datum in order to obtain reduced
densities will inevitably result in erroneous numerical values for
density. What is needed is a "Variable datum", which would make
allowances for intermolecular behavior and changes in structure. The

Eykman dimensionless refractive index ratio, £ is such a datum.

E’
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CHAPTER IX

POTENTIAL APPLICATIONS FOR

EYKMAN MOLECULAR REFRACTION

This study has also revealed that EMR is a good correlating
parameter for liquid viscosities of pure hydrocarbons and their mix-
tures at atmospheric pressure and different temperatures. The
correlation takes the form of a family of straight lines on a semi-log

plot as seen in Figure 9-1, and can be mathematically written as:

UL = 10[a+b(EMR)] (9_1)

where a and b are temperature-dependent constants of the given series.
Similar curves can be drawn for other homologous series.

Moreover, there have been published several generalized corre-
lations of viscosity based on the concept of corresponding states. All
these approaches use a reference viscosity in order to evaluate reduced
viscosities. The reference used is either the critical viscosity or
the viscosity at the temperature in question but at atmospheric
pressure. Since the viscosity of a fluid mixture at the critical point
is generally unknown or easily estimated, this approach becomes highly
questionable. The correlations utiliziﬁg the ratio of the viscosity

to its value at the same temperature but at atmospheric pressure as a
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function of reduced temperatures and pressures, have, on occasions,
given acceptable results. Nevertheless, there is a great deal of room
for improvement. The author believes that a more reliable generalized
viscosity curve (for gases and liquids) utilizing the dimensionless
Eykman refractive index function, could be constructed as was done
in the case of the proposed generalized liquid density curve. There-
fore, it is recommended that available viscosity data at elevated
temperatures and pressures be utilized for this purpose.

Examination of the physical properties of the pure hydrocarbons
would reveal that there is an orderly behavior between the Eykman
Molecular Refraction formula and surface tension, latent heats of
vaporization, thermal conductivity, heat capacity, and sonic velocity.
Therefore it is reasonable to assume that similar correlations could
exist between EMR and the mixture of the compounds in question.

The results of this work, along with the suggested ideas, could
provide a good foundation for future studies of the interrelationship
of the Eykman Molecular Refraction formula and the behavior of hydro-

carbon mixtures.



CHAPTER X

CONCLUSIONS

An improved equation of state has been developed for complex gas
mixtures containing both high molecular weight non polar gases, heptanes
plus, and one or more polar compounds.

The improved equation of state makes use of Eykman Molecular
Refraction (EMR) as a third parameter and can be functionally

represented thus:

Z=¢ (P EMR)

R’TR’

This form of the equation of state has the following advantages
over those now in use.
1. The accuracy of the graphical solution of the
equation, the generalized Z chart number 1, is
far superior to any of the other compressibility
charts in existence.
2. The proposed mixing rule technique, whereby the
components of a given hydrocarbon mixture
(containing other compounds) are split into two
groups - HZS’ NZ’ COZ’ nC1 and n02+ - is simpler

and more reliable than any current two constant

pseudo critical approach whether based on the
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semi-empirical equations of state or the Lennard-

Jones Potential Function.

3. The proposed third parameter, EMR, is an easily
measurable characterization parameter for the
heptanes plus.

4. The value of EMR varies over a wide range. From
13.984 for Methane (MW = 16.042) to 127.499 for
Dodecane (MW = 170.328) making accurate inter-
polation possible.

5. This characteristic parameter, EMR, recognizes
both intermolecular forces and molecular

- structure.

The linear relationship between EMR and molecular weight for
pure components as well as their mixtures (in a given homogenous series),
the constancy of EMR with change in temperature and pressure, and the
fact that all substances have approximately the same refractive index
at the critical point, have led to choice of this property as a
characterization parameter in this improved equation of state.

A new generalized liquid density chart was also proposed. This
chart is potentially better than current charts in that this corre-
lation utilizes a "variable" datum to evaluate density at new
temperatures and pressures. The remarkable thing about this variable
datum is the fact that it makes allowances not only for intermolecular
behavior, as other approaches do, but it also makes allowances for

changes in structure.
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TABLE Al

NOMENCLATURE

a = van der Waal intermolecular force correction constant

a' = Constant in Dieterici's equation of state

a'' = Constant in Berthelot's equation of state

a = Any constant in the semi-empirical equations of state

b = van der Waal volume correction constant

b' = Constant in Dieterici's equation of state

b'' = Constant in Berthelot's equation of state

B(T) = Second virial coefficient of the virial equation expressed
in the form of power series in specific volume

B'(T) = Second virial coefficient of the virial equation expressed
in the form of power series in pressure

c = Constant in equations of state of pure gases

c' = Constant in equations of state of gas mixtures

C = Constant in equation (4-14)

Cc(T) = Third virial coefficient of the virial equation expressed
in the form of power series in specific volume

C'(T) = Third virial coefficient of the virial equation expressed
in the form of power series in pressure

D(T) = Fourth virial coefficient of the virial equation expressed
in the form of power series in specific volume

D'(T) = Fourth virial coefficient of the virial equation expressed
in the form of power series in pressure

e = Exponential

F = Dimensionless molecular parameter as defined in equation (7-2)

°F = Degree Fahrenheit

f = Functional notation
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First derivative of function
Plank's constant
Subscript denoting ith component or molecule
Subscript denoting jth component or molecule
Degree Kelvin
Boltzmann's constant
Energy per molecule
Length of a molecule
Molecular weight
Mass of a molecule
Number of molecules in a system
Avogadro's number
Number of components in a system
Refractive index
Critical refractive index
Number of moles of gas
Absolute pressure
Sugden's parachor
Critical pressure
Pseudocritical pressure
Saturation pressure
Reduced preésure
Universal gas constant

Lorentz-Lorenz molecular refraction measured by the D-line
of sodium

Degree Rankine
Distance between two molecules

Absolute thermodynamic temperature



expt
EMR
mix

EMRI

y(p)

m> <
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Reduced temperature
Critical temperature
Pseudocritical temperature
Intermolecular potential function
Total volume of a system
Molar volume (v = V/ng)

Specific molar volume of a component at the pressure and
temperature of a mixture

Critical volume

Reduced volume

Absolute weight of a molecule

Mole fraction of a component in a mixture

"Pseudo" mole fraction of a component in a mixture
Compressibility factor

Compressibility factor of an ideal substance with zero
acentric factor

Slope of the compressibility factor vs acentric factor
curve at a given reduced temperature and pressure

Critical compressibility factor

Experimental
Eykman Molecular Refraction
Mixture

Eykman Molecular Refractivity Intercept

A function of temperature and pressure
A density function
Surface tension

Magnitude of the potential energy minimum
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Dielectric constant
Critical density
Density of wvapor
Density of liquid

Collision diameter of low velocity collision betw-en two
molecules

Functional notation

Acentric factor

Pseudoacentric factor of a mixture

Electronic polarization measured by the D-line of sodium
Electronic polarizability

Dimensionless ratio (Lorentz-Lorenz)

Dimensionless ratio (Eykman)

Viscosity

Liquid viscosity

Reciprocal of Satter's dimensionless parameter F
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TABLE Bl

PHYSICAL CONSTANTS

Critical Critical
Molecular Temperature Pressure

Compound Weight °R Psia
nC1 16.042 343.30 673.10
nC2 30.068 549,77 708.30
nC, ' 44,094 665.95 617.40
nC4 58.120 765.31 550.70
iso—C4 58.120 734.65 529.10
nC5 72.146 845.60 489.50
iso-—C5 72.146 829.80 483.00
nC6 86.172 914.20 439.70
iso-—C6 86.172 896.60 440.14
nC7 100.198 972.31 396.90
'nCS : 114.224 . 1024.31 362.10
an 128.250 1073.00 345.00
nClO 142,276 1114.70 306.00
nCll 156.302 1153.70 282.00
nC12 170.378 1187.70 263.00
N2 28.016 227.20 492.00
CO2 44,010 548.00 - 1073.00
HZS 34.076 672.70 1306.00

02 32.000 278.00 730.00
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TABLE C1

EYKMAN MOLECULAR REFRACTION (EMR), Zc AND w DATA

Simple Almost Spherical Non-Polar Molecules

Eykman
Molecular 7

Compound Refraction c w

He 1.117 0.300 -

Ne 2.136 0.307 -
H2 4.365 0.304 -0.3540
A 8.837 0.291 -0.0020
Xe 21.828 0.293 0.0020
N2 9.407 0.292 0.0350
02 8.495 0.292 -0.0169
CO2 15.750 0.275 0.2250
nCl 13.984 0.290 0.0130
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TABLE Cl1 -- Continued

Hydrocarbons
Eykman
Molecular 7
Compound Refraction c w
nC2 23.913 0.288 0.0150
nC3 34.316 0.278 0.1520
nC4 44,243 0.274 0.20190
iso—C4 44.741 0.283 0.1918
nC5 55.267 0.268 0.2520
iso—C5 55.302 0.269 0.2060
nC6 65.575 0.264 0.2899
iso—C6 - - 0.2824
nC7 75.875 0.260 0.3520
nC8 86.193 0.256 0.3992
nC9 96.529 0.250 0.4439
nC10 106.859 0.246 0.4869
nCll 117.173 0.243 0.5009
nC12 127.499 0.237 0.5394
Polar Molecules
H,S 19.828 0.284 0.1060
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TABLE D1

PURE COMPONENTS

Temperature = 25°C
n 2 2 2
Molecular p (refractive n -1 n-11 n-lM_ o

Component Weight (density) index) nt+0.4 nt+0.4 p nt+0.4 o
Methane 16.042 13.984
Ethane 30.068 23.913
Propane 44.094 0.4928 34.316
Butane 58.120 0.5730 1.32920 0.44342 0.77385 44,9767
Pentane 72.146 0.6214 1.35472 0.47602 0.76604 55.2667
Hexane 86.172 0.6548 1.37226 0.49829 0.76098 65.5752
Heptane 100.198 0.6795 1.38511 0.51455 0.75725 75.8749
Octane 114.224 0.6985 1.39505 0.52709 0.75460 86.1934
Nonane 128.250 0.7138 1.40311 0.53725 0.75266 96.5286
Decane 142.276 0.7263 1.40967 0.54550 0.75107 106.8592
Undecane 156.302 0.7366 1.41500 0.55220 0.749656 117.1733
Dodecane 170.328 0.7452 1.41949 0.55782 0.74855 127.4990

901



TABLE D1 — Continued

Temperature = 20°C
" 2 2 2
Molecular p (refractive n -1 n -11 n -1 M_ EMR
Component Weight (density) index) n+0.4 nt0.4 p n+0.4 p
Methane 16.042
Ethane 30.068
Propane 44.094 0.5005
Butane 58.120 0.5788 1.33260 0.44778 0.77363 44.9634
Pentane 72.146 0.6262 1.35748 0.47952 0.76576 55.2465
Hexane 86.172 0.6594 1.37486 0.50158 0.76066 65.5476
Heptane 100.198 0.6838 1.38765 0.51775 0.75716 75.8659
Octane 114.224 0.7025 1.39743 0.53009 0.75488 86.1911
Nonane 128.250 0.7176 1.40542 0.54016 0.75273 96.5376
Decane 142.276 0.7300 1.41189 0.54828 0.75107 106.8592
Undecane 156.302 0.7402 1.41716 0.55490 0.74966 117.1733
Dodecane 170.328 0.7487 1.42160 0.56047 0.74859 127.5058
Iso~Butane 44.741

LOT



APPENDIX E
EYKMAN MOLECULAR REFRACTION
NORMAL HYDROCARBON MIXTURES
(nC7—nC12)
(a) MIXTURE COMPOSITION

(b) EXPERIMENTAL RESULTS
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TABLE E1

COMPOSITION OF EXPERIMENTAL LIQUID MIXTURES

Mixture Mixture Mixture Mixture Mixture
Components 1 2 3 4 5
nC7 0.5508 0.4748 0.4319 0.5555
nC8 0.3038 0.3496 0.4922
nC9 0.2900 0.2619 0.5078
nC10 0.1454 0.1756 0.2781
nCyq
nC12 0.1826
Mixture Mixture Mixture Mixture Mixture
6 7 8 9 10
nC7 0.5325
nC8 0.4868 0.5666 0.3446
n09 0.1915 0.3086 0.5645
nClO 0.1810
nC11 0.3217 0.4334 0.3468 0.4355
nC 0.2865

12
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12

TABLE E1 -- Continued
Mixture Mixture Mixture
Components 11 12 13

nC7
nC8
nC9 0.5529 0.5417
nClO 0.2241
nC11 0.4471 0.4583 0.4501
nC 0.3258




TABLE E2

EXPERIMENTAL RESULTS - MIXTURES

Temperature - 25°C

n

2

Sample Molecular p (refractive n -1 n-11 n-1M_ EMR
No. Weight (density) index) nt+0.4 nt0.4 p nt0.4 p
1 110.578 0.6930 1.39271 0.5241 0.7563 83.6301
2 112.495 0.6955 1.39404 0.5258 0.7560 85.0462
3 120.042 0.7054 1.39862 0.5316 0.7536 90.4636
4 120.346 0.7064 1.39874 0.5317 0.7527 90.5844
5 121.346 0.7069 1.39958 0.5328 0.7537 91.4585
6 127.906 0.7127 1.40281 0.5369 0.7533 96.3516
7 130.449 0.7155 1.40436 0.5388 0.7530 98.2281
8 132.462 0.7174 1.40537 0.5401 0.7529 99.7306
9 133.145 0.7198 1.40566 0.5405 0.7510 99.9919
10 140.468 0.7247 1.40898 0.5446 0.7515 105.5617
11 140.791 0.7255 1.40898 0.5446 0.7507 105.6918
12 141.105 0.7259 1.40918 0.5449 0.7507 105.9275
13 157.729 0.7363 1.41551 0.5528 0.7508 118.4229

11T
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COMPRESSIBILITY CHART DATA

COMPOSITION OF MIXTURES
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TABLE F1

COMPOSITION DATA FOR GAS COMPRESSIBILITY CHART

Mixture 1

Critical

Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
N, 0.0046 492.00 227.20 0.2920
CO2 0.0050 1073.00 548.00 0.2750
st 0.2260 1306.00 672.70 0.2840
Cy 0.7561 673.10 343.30 0.2900
C, 0.0071 708.30 549.77 0.2880
C3 0.0008 617.40 665.95 0.2780
iC4 0.0002 529.10 734.65 0.2830
nC 0.0002 550.10 765.31 0.2770
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TABLE Fl1 -- Continued

Mixture 2

Critical

Critical Critical Compressi~
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
N, 0.0046 492.00 227.20 0.2920
co, 0.0030 1073.00 548.00 0.2750
HZS 0.1438 1306.00 672.70 0.2840
Cy 0.8414 673.10 343.30 0.2900
C2 0.0059 708.30 549.77 0.2880
Cq 0.0008 617.40 665.95 0.2780
iC4 0.0003 529.10 734.65 0.2830
nC4 0.0002 550.70 765.31 0.2770
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TABLE Fl -- Continued

Mixture 3

Critical

Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
N, 0.0052 492.00 227.20 0.2920
CO2 0.0131 1073.00 548.00 0.2750
H)S 0.0570 1306.00 672.70 0.2840
¢, 0.9151 673.10 343.30 0.2900
C, 0.0084 708.30 549.77 0.2880
C3 0.0008 617.40 665.95 0.2780
iC4 0.0002 529.10 734.65 0.2830
nC 0.0002 550.70 765.31 0.2770
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TABLE Fl1 -- Continued

Mixture &
Critical
Critical Critical Compressi~
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.8977 673.10 343.30 0.2900
C2 0.0464 708.30 549.77 0.2880
N2 0.0053 492,00 227.20 0.2920
co 0.0506 1073.00 548.00 0.2750
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TABLE F1 —~ Continued

Mixture 5
Critical
Critical Critical Compressi~
Mol Pressure Temperature bility
Component Fraction (Psia), (°R) Factor
Cl 0.8520 673.10 343.30 0.2900
C2 0.0410 708.30 549,77 0.2880
N2 0.0057 492.00 227.20 0.2920
co 0.1013 1073.00 548.00 0.2750°
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TABLE Fl1 —— Continued

Mixture 6
Critical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.7458 673.10 343.30 0.2900
C2 0.0474 708.30 549.77 0.2880
N2 0.0052 492.00 227.20 0.2920
co 0.2016 1073.00 548.00 0.2750



119

TABLE F1 -- Continued

Mixture 7
Critical
Critical Critical Compressi~

Mol Pressure Temperature bility

Component Fraction (Psia) (°R) Factor
Cl 0.7593 673.10 343.30 0.2900

C3 0.1316 617.40 665.95 0.2780

co, 0.1091 1073.00 ' 548.00 0.2750
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TABLE Fl -- Continued

Mixture 8
Critical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
C1 0.5841 673.10 343.30 0.2900
C2 0.2867 708.30 549.77 0.2880
Co 0.1292 1073.00 548.00 0.2750
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TABLE F1 —- Continued

Mixture 9
Critical
Critical Critical Compressi-

Mol Pressure Temperature bility

Component Fraction (Psia) (°R) Factor
Cl 0.8710 673.10 343.30 0.2900

02 0.0640 708.30 549.77 0.2880

H,.S 0.0650 1306.00 672.70 0.2840
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TABLE F1 -- Continued

Mixture 10
Critical
Critical Critical Compressi~
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.8310 673.10 343.30 0.2900
02 0.0710 708.30 549.77 0.2880
H,S 0.0980 1306.00 672.70 0.2840
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TABLE Fl1 -- Continued

Mixture 11
Cricical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.8360 673.10 343.30 0.2900
C2 0.1170 708.30 549.77 0.2880
H_S 0.0470 1306.00 672.70 0.2840
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TABLE F1 —— Continued

Mixture 12
Critical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
C1 0.8000 673.10 343.30 0.2900
C2 €.1070 708.30 549,77 0.2880
H,S 0.0930 1306. 00 672.70 0.2840
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TABLE Fl1 -- Continued

Mixture 13
Critical
Critical Critical Compressi~
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.7130 673.10 343.30 0.2900
02 0.0900 708.30 549.77 0.2880
H,S 0.1970 1306.00 672.70 0.2840
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TARLE F1 —— Continued

Mixture 14
Critical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.9388 673.10 343.30 0.2900
C2 0.0395 708.30 549.77 0.2880
C3 0.0122 617.40 665.95 0.2780
iC4 0.0091 529.10 734.65 0.2830
C5 0.0030 486.25 837.70 0.2685
C 0.0010 439.92 © 905.35 0.2640
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TABLE Fl -- Continued

Mixture 15

Critical

Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.9080 673.10 343.30 0.2900
02 0.0423 708.30 549.77 0.2880
C3 0.0198 617.40 665.95 0.2780
iC4 0.0138 529.10 734.65 0.2830
CSS 0.0063 486.25 837.70 0.2685
C6S 0.0043 439,92 905.35 0.2640
C_+ 0.0055 396.90 972.31 0.2600
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TABLE Fl1 —- Continued

Mixture 16

Critical

Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
N2 0.0750 492.00 227.20 0.2920
Cl 0.6007 673.10 343.30 0.2900
C2 0.1477 708.30 549.77 0.2880
C3 0.1342 617.40 665.95 0.2780
iC4 0.0144 529.10 734.65 0.2830
nC4 . 0.0237 550.70 765.31 0.2770
C.S 0.0043 486.25 837.70 0.2685
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TABLE Fl1 -- Continued

Mixture 17
~ Critical
Critical Critical Compressi~-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor

N2 0.0375 492,00 227.20 0.2920
C1 0.5904 673.10 343.30 0.2900
¢, 0.2037 708.30 549.77 0.2880
C3 0.1403 617.40 665.95 0.2780
iC4 0.0081 529.10 734.65 0.2830
nC4 0.0176 550.70 765.31 0.2770
C.S 0.0024 486.25 837.70 0.2685
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TABLE Fl1 -~ Continued

Mixture 18
Critical
Critical Critical Compressi~
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor

Cl 0.6742 673.10 343.30 0.2900
02 0.1675 708.30 549.77 0.2880
C 0.1584 617.40 665.95 0.2780
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TABLE ¥l ~- Continued

Mixture 19

Critical

Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
N2 0.0584 492,00 227.20 0.2920
Cl 0.5435 673.10 343.30 Q.2900
C2 0.1632 708.30 549.77 0.2880
C3 0.1620 617.40 665.95 0.2780
104 0.0587 529.10 734.65 0.2830
CSS 0.0091 486.25 837.70 0.2685
Cc.S 0.0018 439,92 905.35 0.2640
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TABLE F1 -~ Continued

Mixture 20
Critical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.9148 673.10 343.30 0.2900
c, 0.0371 708.30 549,77 0.2880
C3 0.0247 617.40 665.95 0.2780
104 0.0208 529.10 734.65 0.2830
C.S 0.0026 486.25 837.70 0.2685
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TABLE F1 —- Continued

Mixture 21
Critical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component . Fraction (Psia) (°R) Factor

Cl 0.8984 673.10 343.30 0.2900
02 0.0507 708.30 549.77 0.2880
C3 0.0251 617.40 665.95 0.2780
iC4 0.0176 529.10 734.65 0.2830
CSS 0.0062 486.25 837.70 0.2685
C6S 0.0014 439.92 905.35 0.2640
C_+ 0.0008 396.90 972.31 0.2600
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TABLE Fl -- Continued

Mixture 22
Critical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
N, 0.0081 492.00 227.20 0.2920
002 0.0180 1073.00 548.00 0.2750
C, 0.8499 673.10 343.30 0.2900
02 0.0664 708.30 549.77 0.2880
03 0.0267 617.40 665.95 0.2780
iC4 0.0107 529.10 734.65 0.2830
nC4 0.0091 550.70 765.31 0.2770
iC5 0.0082 829.80 483.00 0.2690
CgS 0.0019 439.92 905.35 0.2640
C+ 0.0010 396.90 972.31 0.2600
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TABLE F1 -- Continued

Mixture 23
Critical
Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
Cl 0.9463 673.10 343.30 0.2900
02 0.0254 708.30 549.77 0.2880
C3 0.0146 617.40 665.95 0.2780
iC4 0.0046 529.10 734.65 0.2830
nC4 0.0038 550.70 765.31 0.2770
iC5 0.0036 829.80 483.00 0.2690
Cc_.S 0.0017 439.92 905.35 0.2640
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TABLE Fl —— Continued

Mixture 24

Critical

Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
002 0.0061 1073.00 548.00 0.2750
¢y 0.8500 673.10 343.30 0.2900
C, 0.0600 708.30 549.77 0.2880
C3 0.0332 617.40 665.95 0.2780
ic, 0.0085 529.10  734.65 0.2830
nC4 0.0129 550.70 765.31 0.2770
nCy 0.0066 829.80 483.00 0.2690
C6S 0.0109 439.92 905.35 0.2640

C7+ 0.0062 396.90 972.31 0.2600
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TABLE Fl1 -- Continued

Mixture 25

Critical

Critical Critical Compressi-
Mol Pressure Temperature bility
Component Fraction (Psia) (°R) Factor
CO2 0.0040 1073.00 548.00 0.2750
Cl 0.9432 673.10 343,30 0.2900
02 0.0390 708.30 549.77 0.2880
C3 0.0117 617.40 665.95 0.2780
iC4 0.0008 . 529.10 734.65 0.2830
nC4 0.0013 550.70 765.31 0.2770
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COMPRESSIBILITY CHART DATA
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TABLE G1

EXPERIMENTAL COMPRESSIBILITY FACTORS

Mixture 1
Z
Pressure

Psia 40°F 100°F 175°F

600 0.8470 0.8946 0.9325
1000 0.7476 0.8380 0.9000
1500 0.6390 0.7785 0.8654
2000 0.5877 0.7305 0.8394
2500 0.5950 0.7131 0.8260
3000 0.6321 0.7221 0.8250
4000 0.7320 0.7833 0.8560

5000 0.8451 0.8700 0.9138
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TABLE Gl -- Continued

Mixture 2

Pressure
Psia 40°F 65°F 100°F 135°F 175°F

625.5 0.8658

847.6 0.8199

1022.1 0.7868
1521.3 0.7058

2021.0 . 6616

2520.8 0.5626
3020.8 0.6903
4020.7 0.7810
5020.6 0.8874
2021.0 0.6617

623.9 0.8887

822.8 0.8585

1022.2 0.8278

1521.4 0.7630

2021.4 0.7222

2521.6 0.7156

3021.8 0.7320

4022.0 0.8068

5022.1 0.9025

3021.9 0.7320

607.3 0.9106

624.7 0.9088

823.5 0.8863

1022.7 0.8638

1521.7 0.8152

2021.2 0.7828

2521.0 0.7731

3020.8 0.7813

3520.7 0.8046

4020.7 0.8374

4520.6 0.8761

5020.6 0.9191

3020.8 0.7809

654.8 0.9256
823.7 0.9106
1022.9 0.8937
1521.8 0.8582

2021.3 0.8338
2521.0 0.8255
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TABLE Gl -- Continued

Y
Pressure
Psia 40°F 65°F 100°F 135°F 175°F
3020.9 0.8299
4020.9 0.8734
5020.5 0.9412
564.8 0.9459
823.3 0.9295
1022.6 0.9183
1521.7 0.8911
2021.2 0.8736
2521.0 0.8668
3020.8 _ 0.8694
4020.6 0.9026
5020.5 0.9579
3020.8 0.8687



TABLE Gl —-- Continued
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Mixture 3 Mixture 4
Z Z
Pressure Pressure

Psia 60°F 100°F 175°F Psia 100°F 130°F 160°F
600 0.8920 0.9125 0.9505 1026 0.8805 0.9044 0.9246
1000 0.8194 0.8826 0.9290 1526 0.8437 0.8752 0.8993
1500 0.7510 0.8426 0.9088 2026 0.8183 0.8547 0.8847
2000 0.7106 0.8161 0.8960 2526 0.8108 0.8508 0.8793
2500 0.7074 0.8075 0.8915 3026 0.8223 0.8574 0.8845
3000 0.7304 0.8145 0.8970 3526 0.8455 0.8771 0.9007
4000 0.8144 0.8674 0.9320 4026 0.8778 0.9041 0.9225
5000 0.9180 0.9450 0.9860 4526 0.9166  0.9373 0.9537
5026 0.9591 0.9741 0.9881

6026 1.0502 1.0562 1.0640

7026 1.1456  1.1430 1.1428
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TABLE Gl -- Continued

Mixture 5 Mixture 6
Pressure
Psia 100°F 130°F 160°F 100°F 130°F 160°F
1026 0.8813 0.9040 0.9234 0.8652 0.8887 0.9095
1526 0.8378 0.8715 0.8987 0.8141 0.8519 0.8818
2026 0.8117 0.8501 0.8824 0.7783 0.8251 0.8600
2526 0.8043 0.8443 0.8766 0.7676 0.8136 0.8499
3026 0.8148 0.8509 0.8825 0.7783 0.8196 0.8549
3526 0.8377 0.8697 0.8985 0.8037 0.8393 0.8704
4026 0.8708 0.8968 0.9210 0.8380 0.8669 0.8933
4526 0.9096 0.9304 0.9492 0.8787 0.9022 0.9239
5026 0.9520 0.9688 0.9832 0.9231 0.9408 0.9562
6026 1.0445 1.0516 1.0583 1.0178 1.0261 1.0339
7026 1.1397 1.1392 1.1385 1.1156 1.1158 1.1154
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TABLE Gl -- Continued

Mixture 7 Mixture 8
Pressure
Psia 100°F 130°F 160°F 100°F 130°F 160°F
1026 0.8128 0.8509 0.8739 0.8128 0.8509 0.8739
1526 0.7500 0.7985 0.8344 0.7500 0.7985 0.8344
2026 0.7142 0.7703 0.8101 0.7142 0.7703 0.8101
2526 0.7140 0.7633 0.8037 0.7140 0.7633 0.8037
3026 0.7369 0.7779 0.8134 0.7369 0.7779 0.8134
3526 0.7754 0.8080 0.8361 0.7754 0.8080 0.8361
4026 0.8206 0.8454 0.8665 0.8206 0.8454 0.8665
4526 0.8707 0.8892 0.9030 0.8707 0.8892 0.9030
5026 0.9226 0.9361 0.9449 0.9226 0.9361 0.9449
6026 1.0312 1.0350 1.0359 1.0312 1.0350 1.0359
7026 1.1408 1.1361 1.1279 1.1408 1.1361 1.1279



145

TABLE Gl -- Continued

Mixture 9 Mixture 10
z
Pressure
Psia 101.5°F  130.9°F 160°F 101.8°F  131.7°F  161.1°F
1026 0.886 0.907 0.920 0.872 0.897 0.915
2026 0.811 0.852 0.883 0.790 0.833 0.863
3026 0.813 0.861 0.880 0.791 0.827 0.860
4026 0.869 0.898 0.918 0.851 0.874 0.898
5026 0.951 0.989 0.982 0.937 0.947 0.961
6026 1.044 1.053 1.056 1.032 1.032 1.037

7026 1.141 1.141 1.138 1.130 1.122 1.120
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TABLE Gl -~ Continued

Mixture 11 Mixture 12
Z
Pressure
Psia 101.0°F 129.7°F 160.2°F 101.7°F 130.6°F 160.3°F
1026 0.865 0.887 0.911 0.851 0.874 0.896
2026 0.785 0.825 0.861 0.761 0.804 0.840
3026 0.789 0.826 0.859 0.766 0.803 0.837
4026 0.853 0.876 0.900 6.833 0.855 0.880
5026 0.942 0.954 0.967 0.923 0.934 0.948
6026 1.039 1.042 1.047 1.022 1.023 1.029

7026 1.141 1.134 1.131 1.124 1.116 1.113
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TABLE Gl —- Continued

Mixture 13
Z
Pressure
Psia 101.8°F 130.5°F 161.0°F
1026 0.830 0.856 0.880
2026 0.714 0.762 0.807
3026 0.717 0.754 0.794
4026 0.786 0.808 0.835
5026 0.882 0.889 0.905
6026 0.982 0.979 0.985

7026 1.085 1.072 1.071
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TABLE Gl -- Continued

Mixture 14 Mixture 15
Z Z
Pressure Pressure
Psia 80°F Psia 80°F 40°F
500 0.935 500 0.921
1000 0.874 1000 0.843
1500 0.822 1500 0.776
2000 0.790 2000 0.738
2500 0.741
3000 0.763
3500 0.798 0.757
4000 0.847
4500 0.898
5000 0.946
5500 0.998

6000 1.051



149

TABLE Gl -- Continued

Mixture 16 Mixture 17
Z
Pressure

Psia 20°F 80°F 140°F 20°F 80°F 140°F
500 0.737 0.845 0.904 0.641 0.803 0.880
1000 0.559 0.700 0.813 0.477 0.638 0.753
1500 0.438 0.603 0.741 0.651
2000 0.489 0.586 0.707 0.631
2500 0.566 0.620 0.715 0.657
3000 0.645 0.677 0.745 0.706
3500 0.723 0.738 0.788 0.762
4000 0.802 0.803 0.837 0.825
4500 0.882 0.869 0.892 0.888
5000 0.962 0.934 0.949 0.957

5500 1.000 1.007



TABLE Gl -- Continued
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Mixture 19

Mixture 18
Z
Pressure

Psia 80°F 140°F 30°F 80°F 140°F
500 0.850 0.906 0.710 0.822 0.889
1000 0.704 0.818 0.532 0.651 0.774
1500 0.600 0.743 0.423 0.537 0.688
2000 0.578 0.708 0.476 0.543 0.660
2500 0.616 0.714 0.557 0.598 0.679
3000 0.670 0.743 0.650 0.668 0.723
3500 0.732 0.784 0.722 0.738 0.774
4000 0.794 0.834 0.803 0.808 0.832
4500 0.862 0.889 0.886 0.880 0.893
5000 0.928 0.941 0.968 0.951 0.958
5500 1.011
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TABLE Gl -- Continued

Mixture 20 Mixture 21
Pressure

Psia 60°F 100°F 60°F 100°F
500 0.909 0.931 0.901 0.923
1000 0.820 0.864 0.805 0.852
1500 0.750 0.809 0.734 0.797
2000 0.712 0.784 0.696 0.767
2500 0.712 0.783 0.697 0.763
3000 0.740 0.799 0.728 0.779
3500 0.780 0.828 0.771 0.806
4000 0.828 0.864 0.818 0.844
4500 0.881 0.908 0.870 0.887
5000 0.937 0.951 0.924 0.932
5500 0.991 0.997 0.976 0.981
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TABLE Gl -- Continued

Mixture 22 Mixture 23
Pressure

Psia 200°F 113.4°F 88.3°F 150°F 110°F B5°F
500 0.960 0.925 0.902 0.954 0.940 0.929
1000 0.927 0.862 0.823 0.913 0.889 0.869
1500 0.900 0.811 0.756 0.879 0.845 0.819
2000 0.884 0.775 0.725 0.867 0.823 0.789
2500 0.882 0.772 0.728 0.870 0.822 0.787
3000 0.891 0.797 0.755 0.881 0.834 0.802
3500 0.910 0.821 0.787 0.898 0.854 0.827
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TABLE Gl -~ Continued

Mixture 24 Mixture 25
199.7°F 152.4°F 81°F 150°F 110°F 90.6°F

500 0.960 0.947 0.918 0.958 0.939 0.929
1000 0.929 0.903 0.842 0.925 0.895 0.875
1500 0.906 0.868 0.777
2000 0.892 0.848 0.742
2500 0.890 0.843 0.739
3000 0.889 0.853 0.765

3500 0.916 0.877 0.802
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TABLE H1
SUMMARY OF OTHER COMBINATION RULES

EXAMINED

Virial Approach Intermediate Between van der Waal's and Berthelot

Equations:

T n T
c c.
—miX oy ooy X
Pc i Pc
mix i=1 i
T 5/4 n T 5/4
c_. c,
mix

Virial Approach Based on Berthelot Equation:

3
T n n Tc 1/3 Tc 1/3
mix _ 1 i i
P 3 LoD oxx, P_ Ti?
mix i=1 j=1 %4 4
3
T 3 n n T 3 g /3
__CE.L_}E. = .]; z X X X _f_j; + _fj. T T
Pc 8 ij Pc P c,; c.
mix i=1 j=1 3 €5 J

Virial Approach. Extensicn of Joffe's Preferred Method:

3
Tc n n T 1/3 T 1/3
mix Loy oy 4x e N ]
P, 8 1*5 \p P
mix -1 j=1 ¢4 Cj



T

P
c

mix

c n
mix - z X i
1/2 i
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T
c

1/2
i=1 Pc.

1

Kay's Rule (see Page 13).

Leland and Mueller (see Page 16).

Virial Approach of Stewart, Burkhardt and Voo:

2
TC n Tc n TC 1/2
mix _ 1 i, 2 i
J]ec 3Zx1PC+3lePc
mix i=1 i i=1 i
T n T
“nix €4
K )1/2 I ox 172
P P
c . =1 c,
mix i
T =K%/J
c .
mix
P =T /J
c . c_.
mix mix
Empirical Statistical Mechanical Approach:
n n 1/2 -
Tcmix= ) XX, [(Tcii)(TC”)
i=1 §=1 i3
n
T = z x.2
Cmix + i
=1
PC =
mix n n 7 T 1/3 7 T 1/3
z z % x 1 cc 1l c
iji2 Pc 2 Pc
- i=1 j=1 ii i
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TABLE H2

COMPARISON OF PSEUDO-CRITICAL METHODS

Mixture 1
Combination Rule Pc . | Tc .
mix mix

Empirical Statistical 799.05 410.28
Van der Waal-Berthelot 809.06 415.57
(Intermediate Virial)
Berthelot (Virial) 819.68 420.85
Kay 817.45 420.12
Leland and Mueller | 808.47 415.83
Joffe 799.19 410.58
Stewart, Burkhardt and Voo | 800.26 410.85
This Study:

Method I 789.52 404.79

Method II 819.43 420.12

Method III . 303.95 296.85

Method IV 770.84 430.83
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TABLE H2 -- Continued

Mixture 2
Combination Rule Pc . Tc .
mix mix

Empirical Statistical 751.53 385.40
Van der Waal-Berthelot 758.77 389.24
(Intermediate Virial)
Berthelot (Virial) 766.62 393.11
Kay 764.57 392.42
Leland and Mueller 749.09 384.80
Joffe 751.62 385.66
Stewart, Burkhardt and Voo 752.62 385.66
This Study:

Method I 751.20 384.92

Method II 765.85 392.42

Method IIIL 404.90 311.78

Method IV 782.88 405.88
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TABLE H2 -- Continued

Mixture 3

Combination Rule Pc Tc .
mix mix

Empirical Statistical 707.33 362.79
Van der Waal-Berthelot 711.23 364.94
(Intermediate Virial)
Berthelot (Virial) 715.62 367.03
Kay 713.67 366.30
Leland and Mueller 705.35 362.40
Joffe 707.49 363.07
Stewart, Burkhardt and Voo 708.43 363.31
This Study:

Method I 712.79 365.66

Method II 714.04 366.30

Method III 729.99 364.58

Method IV 811.90 381.14
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TABLE H2 -- Continued

Mixture 4

Combination Rule Pc . Tc .
mix mix

Empirical Statistical 691.31 360.43
Van der Waal-Berthelot 694.97 362.88
(Intermediate Virial)
Berthelot (Virial) 699.58 364.73
Kay 694.00 362.62
Leland and Mueller 691.36 361.08
Joffe 693.51 361.78
Stewart, Burkhardt and Voo 694.40 362.01
This Study:

Method I 726.47 370.79

Method II 710.46 362.62

Method III 772.84 375.11

Method IV 707.64 362.20
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TABLE HZ -- Continued

Mixture 5

Combination Rule Pcmix Tcmix

Empirical Statistical 709.19 368.82
Van der Waal-Berthelot 713.31 371.44
(Intermediate Virial)
Berthelot (Virial) 718.48 373.63
Kay 714.02 371.83
Leland and Mueller 708.33 369.00
Joffe 710.92 369.92
Stewart, Burkhardt and Voo 711.85 370.16
This Study:

Method I 729.15 372.16

Method II 728.51 371.83

Method III 805.45 386.20

Method IV 718.22 369.07
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TABLE H2 -- Continued

Mixture 6
Combination Rule Pc Tc .
mix mix

Empirical Statistical 745.87 389.17
Van der Waal-Berthelot 751.19 392.52
(Intermediate Virial)
Berthelot (Virial) 758.21 395.57
Kay 754.44 393.75
Leland and Mueller 744.24 388.98
Joffe 747,63 390.28
Stewart, Burkhardt and Voo 748.59 390.53
This Study:

Method I 746.83 381.55

Method II 770.70 393.75

Method III 902.58 415.79

Method IV 763.77 389.01
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TABLE H2 -~ Continued

Mixture 7
Combination Rule Pc , Tc .
mix mix

Empirical Statistical 696.28 400.74
Van der Waal-Berthelot 705.13 412.45
(Intermediate Virial)
Berthelot (Virial) 733.52 423.19
Kay 709.39 408.09
Leland and Mueller 710.27 409.44
Joffe 711.78 410.84
Stewart, Burkhardt and Voo 712.50 411.05
This Study:

Method I 887.82 460.96

Method II 786.00 408.09

Method III 574.15 381.28

Method IV 680.05 408.09
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TABLE H2 -- Continued

Mixture 8
Combination Rule Pc Tc .
mix mix

Empirical Statistical 725.97 423.09
Van der Waal-Berthelot 734.53 430.75
(Intermediate Virial)
Berthelot (Virial) 749.52 436.60
Kay 734.85 428.94
Leland and Mueller 733.05 427.90
Joffe 735.82 428.94
Stewart, Burkhardt and Voo 736.59 429,16
This Study:

Method I 977.39 488.30

Method II 858.57 428.94

Method III 683.43 418.19

Method IV 727.77 428.94
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TABLE H2 -- Continued

Mixture 9

Combination Rule Pcmix Tcmix
Empirical Statistical 709.53 373.44
Van der Waal-Berthelot 715.48 377.34
(Intermediate Virial)
Berthelot (Virial) 723.19 380.62
Kay 716.49 377.92
Leland and Mueller 710.48 374.57
Joffe | 712.54 375.23
Stewart, Burkhardt and Voo 713.45 375.47
This Study:

Method I 762.17 389.77

Method II 738.99 377.92

Method III 812.92 388.46

Method IV 815.31 388.49
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TABLE H2 ~- Continued

Mixture 10
Combination Rule Pc Tc
mix mix

Empirical Statistical 727.51 384.30
Van der Waal-Berthelot 734.65 388.94
(Intermediate Virial)
Berthelot (Virial) 744.09 393.05
Kay 737.62 390.24
Leland and Mueller 728.42 385.42
Joffe 730.67 386.19
Stewart, Burkhardt and Voo 731.60 386.43
This Study:

Method I 781.05 399.97

Method II 762.04 390.24

Method III 871.10 403.81

Method IV 857.34 401.34
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TABLE H2 ~— Continued

Mixture 11
Combination Rule Pc Tc .
mix mix

Empirical Statistical 701.37 378.38
Van der Waal-Berthelot 708.50 383.59
(Intermediate Virial)
Berthelot (Virial) 718.31 387.55
Kay 706.96 382.93
Leland and Mueller 705.10 381.02
Joffe 707.03 381.67
Stewart, Burkhardt and Voo 707.89 381.90
This Study:

Method I 787.63 404.92

Method II 744.86 382.93

Method III 741.31 385.76

Method IV 799.34 397.66
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TABLE H2 ~- Continued

Mixture 12
Combination Rule Pc Tc
mix mix

Empirical Statistical 725.60 389.81
Van der Waal-Berthelot 733.45 395.31
(Intermediate Virial)
Berthelot (Virial) 744.53 399.99
Kay 735.72 396.02
Leland and Mueller 728.16 391.84
Joffe 730.37 392.60
Stewart, Burkhardt and Voo 731.27 392.84
This Study:

Method I 800.62 411.76

Method II 770.02 396.02

Method III 880.32 412 .43

Method IV 851.65 407.10
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TARLE H2 -~ Continued

Mixture 13
Combination Rule Pc Tc
mix mix

Empirical Statistical 782.35 417.40
Van der Waal-Berthelot 791.74 423.56
(Intermediate Virial)
Berthelot (Virial) 805.25 429.60
Kay 800.94 426.77
Leland and Mueller 782.71 418.29
Joffe 785.50 419.30
Stewart, Burkhardt and Voo 785.50 419.30
This Study:

Method I 835.67 429.95

Method II 829.48 426.77

Method III 491.92 359.89

Method IV 816.13 440.78
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TABLE H2 -- Continued

Mixture 14
Combination Rule Pc Tc
mix mix

Empirical Statistical 670.58 360.96
Van der Waal-Berthelot 671.97 364.54
(Intermediate Virial)
Berthelot (Virial) 681.82 368.66
Kay 674.12 362.23
Leland and Mueller 672.07 362.36
Joffe 670.94 362.97
Stewart, Burkhardt and Voo 673.35 363.62
This Study:

Method I 705.81 360.17

Method II 709.84 362.23

Method ITI 378.31 298.71

Method IV 609.00 361.46



171

TABLE H2 -- Continued

Mixture 15

Combination Rule Pcmix Tcmix
Empirical Statistical 658.52 368.01
Van der Waal-Berthelot 664.17 378.33
(Intermediate Virial)
Berthelot (Virial) 695.56 389.85
Kay 667.79 372.81
Leland and Mueller 673.16 376.80
Joffe 673.55 377.70
Stewart, Burkhardt and Voo 674.21 377.89
This Study:

Method I 751.67 384.78

Method II 728.29 372.81

Method III 462.05 333.14

Method IV 622.36 375.38
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TABLE H2 -- Continued

Mixture 16
Combination Rule Pc Tc
mix mix

Empirical Statistical 642.99 414.41
Van der Waal-Berthelot 660.13 436.17
(Intermediate Virial)
Berthelot (Virial) | 699.57 452.58
Kay 651.46 426.15
Leland and Mueller 670.49 432,78
Joffe 670.75 434.08
Stewart, Burkhardt and Voo 671.23 434,24
This Study:

Method I 1014.75 545.53

Method II 792.69 426.15

Method III 572.37 426.60

Method IV 666.80 453.58
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TABLE H2 —- Continued

Mixture 17

Combination Rule Pc Tc .
mix mix

Empirical Statistical 654.51 427.54
Van der Waal-Berthelot 669.63 447.12
(Intermediate Virial)
Berthelot (Virial) 704 .34 461.62
Kay 661;89 438.05
Leland and Mueller 678.98 444,18
Joffe 679.35 445.40
Stewart, Burkhardt and Voo 679.84 445,56
This Study:

Method I 941.73 534.06

Method II 772.44 438.05

Method III 349.26 356.51

Method IV 592.66

440.60
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TABLE H2 -- Continued

Mixture 18
Combination Rule Pc | Tc
mix mix

Empirical Statistical 664.50 420.53
Van der Waal-Berthelot 677.55 436.83
(Intermediate Virial)
Berthelot (Virial) 707.01 448.79
Kay 670.24 429.02
Leland and Mueller 685.06 | 434.20
Joffe 685.53 435.33
Stewart, Burkhardt and Voo 686.14 435.52
This Study:

Method I _ - 931.38 516.08

Method II ‘ 774.26 429.02

Method III 518.54 395.80

Method IV 638.34 430.22
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TABLE H2 —- Continued

Mixture 19
Combination Rule Pe | Te
mix mix

Empirical Statistical 634.41 435.39
Van der Waal-Berthelot 653.43 461.63
(Intermediate Virial)
Berthelot (Virial) 701.21 481.64
Kay | 646.45 449.83
Leland and Mueller 669.06 459.82
Joffe 671.27 461.21
Stewart, Burkhardt and Voo 670.12 460.81
This Study:

Method I 904.31 570.58

Method II 760.23 449.83

Method III 407.01 389.66

Method IV 604.17 456.47
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TABLE H2 -- Continued

Mixture 20
Combination Rule Pc Tc .
-mix mix

Empirical Statistical 664.09 364.65
Van der Waal-Berthelot 670.46 372.35
(Intermediate Virial)
Berthelot (Virial) 690.33 379.54
Kay 669.54 368.35
Leland and Mueller 674.28 370.86
Joffe 675.45 371.55
Stewart, Burkhardt and Voo 676.21 371.76
This Study:

Method I 804.42 412.99

Method II 717.47 368.35

Method III 435.94 336.94

Method IV 636.85 370.11
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TABLE H2 -~- Continued

Mixture 21
Combination Rule Pc \ Tc .
mix mix

Empirical Statistical 662.70 368.86
Van der Waal-Berthelot 669.35 377.91
(Intermediate Virial)
Berthelot (Virial) 693.40 386.74
Kay 669.38 373.17
Leland and Mueller 682.68 381.56
Joffe 683.88 382.44
Stewart, Burkhardt and Voo 684.61 382.64
This Study:

Method I 734.92 375.62

Method II 730.13 373.17

Method III 481.08 335.92

Method IV 634.79 375.41
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TABLE H2 ~- Continued

Mixture 22

Combination Rule Pcmix Tcmix
Empirical Statistical 670.77 374.30
Van der Waal-Berthelot 678.45 383.58
(Intermediate Virial)
Berthelot (Virial) 701.63 392.17
Kay 677.59 379.23
Leland and Mueller 682.68 381.56
Joffe 683.88 382.44
Stewart, Burkhardt and Voo 684.61 382.64
This Study:

Method I 846.75 438.19

Method II 732.81 379.23

Method III 529.10 355.19

Method IV 643.86 384.29
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TABLE H2 -- Continued

Mixture 23
Combination Rule Pc . | Tc .
mix mix

Empirical Statistical 669.29 355.91
Van der Waal-Berthelot 673.31 360.47
(Intermediate Virial)
Berthelot (Virial) 685.32 364.75
Kay . 672.22 358.11"
Leland and Mueller 674.32 359.19
Joffe 675.66 359.81
Stewart, Burkhardt and Voo 676.48 360.02
This Study:

Method I 766.78 392.05

Method II 700.39 358.11

Method III 552.66 335,97

Method IV 653.26 359,31
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TABLE H2 -- Continued

Mixture 24
Combination Rule Pc . Tc .
mix mix
Empirical Statistical 658.74 381.53
Van der Waal-Berthelot 666.03 395.26
(Intermediate Virial)
Berthelot (Virial) 705.26 410.08
Kay 670.74 388.18
Leland and Mueller 678.09 393.36
Joffe 678.16 394.50
Stewart, Burkhardt and Voo 678.75 394.67
This Study: ‘
Method I 912.51 478.52
Method II 740.24 388.18
Method III 379.04 325.59
Method 1V 600.74 - 391.54
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TABLE H2 —- Continued

Mixture 25
Combination Rule Pc Tc .
mix mix

Empirical Statistical 673.77 355.08
Van der Waal-Berthelot 677.50 358.33
(Intermediate Virial)
Berthelot (Virial) 360.89
Kay 675.14 356.80
Leland and Mueller 676.43 357.08
Joffe 677.99 357.63
Stewart, Burkhardt and Voo 357.85
This Study:

Method I 743.88 380.20

Method II 698.10 356.80

Method III 648.44 352.25

Method IV 669.81 356.93
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TABLE Il
EXPERIMENTAL CRITICAL TEMPERATURES AND PRESSURES

FOR VOLATILE HYDROCARBON MIXTURES

BINARY MIXTURES

Ethane-n-Butane Mixturesa

Eykman Critical Critical
Molecular Molecular Temperature Pressure
Refraction Weight (°F (Psia)

41.324 53.2 283.1 646.1
35.585 45.4 237.4 780.8
31.319 39.6 191.2 841.6
27.935 35.0 147.6 827.2
25.360 31.5 108.4 759.2

Ethane-n-Heptane Mixturesb

62.071 8l.4 468.2 682.0
45.518 58.9 373.9 1106.0
36.027 46.0 276.8 1263.0
30.068 37.9 - 189.8 1132.0
25.875 32.2 120.3 850.0

aKay, Ind. Eng. Chem., 32, 353 (1940).

Pray, Ibid, 30, 459 (1938).



TABLE I1 -- Continued

BINARY MIXTURES

Propane-n-Butane Mixtures®

Eykman Critical Critical
Molecular Molecular Temperature Pressure
Refraction Weight (°F (Psia)

42.722 55.1 290.4 588.0
41.398 53.3 280.2 609.0
39.559 50.8 264.4 630.0
37.646 48.2 243.5 638.0
36.027 46.0 224.4 631.0
Propane-n-Pentane Mixturesd
47.946 62.2 339.0 608.0
43.678 56.4 300.9 648.0
38.823 49.8 255.8 671.0
38.234 49.0 250.4 664.0

chsewander, Sage and Lacey, Ind. Eng. Chem., 32, 118 (1940).

dSage and Lacey, Ibid., 32, 992 (1940).
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TABLE Il -~ Continued

BINARY MIXTURES

n-Pentane~-n-Heptane Mixtures®

Eykman Critical Critical
Molecular Molecular Temperature Pressure
Refraction Weight °rm (Psia)

64.278 84.4 450.0 422.5
60.379 79.1 427.0 477.5
70.531 92.9 488.0 475.0
Methane-Propane Mixturesf
32.496 41.2 196.0 765.0
30.436 38.4 178.3 890.0
28.376 35.6 159.7 1020.0
26.316 32.8 138.8 1160.0
24.256 30.0 115.4 1293.0
22.196 27.2 88.0 1408.0
20.136 24.4 50.7 1469.0

eCummings, Stone and Volante, Ind. Eng. Chem., 25, 728 (1933).

fSage, Schaafsma and Lacey, Ibid., 26, 214 (1934).
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TABLE 11 -~ Continued

BINARY MIXTURES

Methane-n-Butane Mixtures®

Eykman Critical Critical

Molecular Molecular Temperature Pressure
Refraction Weight (°F) (Psia)
35.954 45.9 266.0 1093.0
30.142 38.0 217.7 1537.0
26.022 32.4 163.9 1799.0
23.005 28.3 110.1 1901.0
20.651 25.1 59.2 1924.0

gSage, Hicks and Lacey, Ind. Eng. Chem., 32, 1085 (1940).
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TABLE Il -- Continued

*
COMPLEX MIXTURES

Eykman Critical Critical
Molecular Molecular Temperature Pressure
Refraction Mixture Weight (°F) (Psia)

20.578 s-2 25.0 55.0 2387.0
23.888 s-3 29.5 109.0 2574.0
23.594 S-4 29.1 109.0 2537.0
28.744 S-5 36.1 169.5 2615.0
20.210 T-1 24,5 54.0 2605.0
20.945 T-3 25.5 65.0 2675.0
22.490 T-4 27.6 90.0 2730.0
29.921 T-5 37.7 189.0 2900.0
22.343 B-1 27.4 78.0 1826.0
23.962 B-2 29.6 116.0 1797.0
25.139 B-3 31.2 142.0 1796.0
26.169 B-4 32.6 149.5 1706.0

*
See Compositions and Properties on Page



COMPOSITIONS AND PROPERTIES OF MIXTURES INVESTIGATED
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TABLE I1 -- Continued

Mixture Mixture Mixture Mixture
-2 s-3 S-4 S-5
Compound mol.% mol.7 mol.Z% mol.%
Nitrogen 0.58 0.53 0.54 59.70
Methane 78.80 62.40 72.80 8.90
Ethane 5.90 5.42 5.46 8.90
Propane 3.15 3.00 3.02 5.00
Butanes 2.66 3.10 2.07 4.90
Pentanes 4,25 7.10 6.88 9.30
Hexanes 2.52 4.56 4.38 12.20
Heptanes + 2.14 3.88 3.75
Mixture Mixture Mixture Mixture
T-1 T-3 T-4 T-=5

mol.% mol.% mol.% mol.%
Nitrogen 0.38 0.38 0.36 0.30
Carbon Dioxide 0.45 0.44 0.43 0.35
Methane 83.00 81.5 78.40 64.30
Ethane 3.76 3.72 3.55 2.94
Propane 1.44 1.41 1.36 1.11
Butanes 0.89 1.02 1.30 2.52
Pentanes 4.36 5.01 6.31 12.30
Hexanes 3.08 3.54 4.47 8.71
Heptanes + 2,63 3.03 3.82 7.47
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TABLE Il -~ Continued

COMPOSITIONS AND PROPERTIES OF MIXTURES INVESTIGATED

Mixture Mixture Mixture Mixture
B-1 B-2 B-3 B-4
Compound mol.% mol.7% mol.Z mol.7%
Nitrogen 0.33 0.30 0.28 0.27
Carbon Dioxide 0.38 0.35 0.34 0.32
Methane 70.65 65.24 61.30 58.25
Ethane 3.23 2.98 2.80 2.66
Propane 1.22. 1.13 1.06 1.01
Butanes 24.20 30.00 34.22 37.50




APPENDIX J
SAMPLE COMPRESSIBILITY CHART

ERROR ANALYSIS
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COMPRESSIBILITY CHART NO. 1
SAMPLE CURVE FIT AND ERROR ANALYSIS

Reduced Pressure, PR = 2.0
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TABLE J

T Z Z Per Cent

R (Exp.) (Cale.) Deviation
0.8590 0.4632 0.4743 2.391
0.8800 0.4941 0.4935 -0.114
0.9460 0.5372 0.5510 2.578
0.9900 0.5869 0.5868 ~0.003
1.0460 0.5762 0.6295 9.260
1.0520 0.6606 0.6339 -4.036
1.1000 0.7064 0.6676 -5.490
1.1240 0.6297 0.5835 8.553
1.1310 0.7506 0.6880 -8.327
1.1470 0.7154 0.6982 =2.394
1.1630 0.7130 0.7081 -0.675
1.2080 0.7714 0.7346 -4.767
1.2150 0.7286 0.7385 1.365
1.2510 0.7393 0.7579 2.518
1.2590 0.7386 0.7620 3.173
1.2700 0.8111 0.7675 ~5.363
1.2800 0.7819 0.7725 -1.196
1.2800 0.8533 0.7725 -9.464
1.3070 0.7420 0.7853 5.845
1.3090 0.7944 0.7862 ~1.020
1.3450 0.8207 0.8021 -2.261
1.3560 0.8008 0.8067 0.737
1.3640 0.7861 0.8099 3.034
1.3730 0.7848 0.8135 3.660
1.3790 0.8957 0.8158 -8.913
1.3840 0.7373 C.8177 10.915
1.3860 0.8090 0.8185 1.179
1.3900 0.8162 0.8200 0.471
1.4030 0.7755 0.8248 6.360
1.4050 0.8172 0.8255 1.021
1.4340 0.8225 0.8355 1.582
1.4400 0.8391 0.8374 -0.194
1.4440 0.8243 0.8387 1.753
1.4540 0.8427 0.8418 -0.097
1.4560 0.8431 0.8424 -0.071
1.4680 - 0.8168 0.8460 3.585
1.4790 0.8543 —— 0.8492 -0.590
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TABLE J1 -- Continued

T Z Z Per Cent

R (Exp.) (Calc.) Deviation
1.4910 0.7996 0.8525 6.623
1.5050 0.8424 0.8562 1.641
1.5070 0.8546 0.8567 0.249
1.5080 0.8923 0.8569 -3.957
1.5160 0.8714 0.8589 -1.426
1.5190 0.8936 0.8596 -3.794
1.5320 0.8762 0.8627 -1.538
1.5460 0.8537 0.8657 1.416
1.5530 0.8799 0.8672 -1.437
1.5560 0.8774 0.8678 -1.087
1.5850 0.8749 0.8732 -0.186
1.6250 0.8831 0.8792 -0.431
1.6660 0.9011 0.8837 -1.927

Average error = 0.1829 per cent

Average absolute error = 3.0138 per cent
Z = 0.7071 + 0.18228 TR - 0.52096 TR

2
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TABLE J2

COMPRESSIBILITY CHART NO. 2

SAMPLE CURVE FIT AND ERROR ANALYSIS

Reduced Pressure, PR = 2.0

T YA Z Per Cent

R (Exp.) (Calc.) Deviation
1.190 0.6179 0.6285 1.722
1.266 0.7809 0.6801 -12.909
1.274 0.7043 0.6852 - 2,710
1.306 0.7331 0.7051 - 3.819
1.316 0.7432 0.7111 - 4,315
1.333 0.7631 0.7212 - 5.496
1.334 0.6856 0.7217 5.271
1.338 0.7618 0.7241 - 4.954
1.365 0.7591 0.7393 - 2.605
1.372 0.7457 0.7432 - 0.339
1.375 0.7853 0.7448 - 5.156
1.384 0.7858 0.7497 - 4,598
1.393 0.7384 0.7545 2.174
1.394 0.7790 0.7550 - 3.083
1.399 0.7375 0.7576 2.726
1.408 0.7320 0.7623 4.134
1.412 0.7574 0.7643 0.913
1.418 0.7913 0.7674 - 3.026
1.422 0.8127 0.7694 - 5.332
1.427 0.8142 0.7719 - 5.200
1.445 0.8237 0.7806 - 5.227
1.446 0.7596 0.7811 2.834
1.446 0.7950 0.7811 - 1.745
1.455 0.8250 0.7854 - 4.800
1.465 0.8156 0.7901 - 3.131
1.486 0.8427 0.7996 - 5.119
1.491 0.8263 0.8018 - 2.970
1.491 0.8333 0.8018 - 3.785
1.498 0.8510 0.8048 ~ 5.429
1.501 0.8005 0.8061 0.699
1.506 0.8424 0.8082 - 4.057
1.511 0.8569 0.8103 - 5.434
1.512 0.8141 0.8108 - 0.411
1.516 0.8566 0.8124 - 5.157

1.516 0.8575 0.8124 - 5.257



194

TABLE J2 -- Continued

T Z ' Z Per Cent

R (Exp.) (Calc.) Deviation
1.519 0.8317 0.8137 - 2.169
1.520 0.8146 0.8141 - 0.064
1.522 0.8278 0.8149 - 1.559
1.529 0.8478 0.8177 - 3.545
1.540 0.8482 0.8221 - 3.075
1.544 0.8494 0.8237 - 3.027
1.564 0.8740 0.8313 - 4,886
1.566 0.8576 0.8320 - 2.981
1.575 0.8811 0.8353 - 5.196
1.578 0.8691 0.8364 - 3.763
1.587 0.8749 0.8396 - 4.036
1.592 0.8818 0.8413 - 4.590
1.618 0.8906 0.8500 - 4,558
1.620 0.8802 0.8506 - 3.358
1.627 0.8798 0.8529 - 3.062
1.641 0.8952 0.8572 - 4.249
1.667 0.9012 0.8647 - 4,053
1.699 0.9067 0.8731 - 3.709
1.703 0.8843 0.8741 -1.158
1.710 0.9032 0.8757 - 3.040
1.734 0.9040 0.8812 - 2.524
1.742 0.9015 0.8829 - 2.065

Average error = 2.92 per cent

Average absolute error = 3.64 per cent
Z = 0.8672 + 1.8008 TR - 0.4570 TR2



195

TABLE J3

COMPRESSIBILITY CHART NO.

SAMPLE CURVE FIT AND ERROR ANALYSIS

3

Reduced Pressure, PR = 2.0

T Z Z Per Cent

R (Exp.) (Cale.) Deviation
1,125 0.5148 0.5453 5.930
1.258 0.5822 0.6626 13.813
1.266 0.6649 0.66990 0.616
1.339 0.7656 0.7235 - 5.494
1. 347 0.7918 0.7291 - 7.916
1.362 0.7746 0.7394 - 4,546
1.364 0.6941 0.7407 6.719
1.371 0.7562 0.7454 - 1.427
1.1386 0.7118 0.7552 6.102
1.391 0.8045 0.7585 - 5.724
1.406 0.7894 0.7679 - 2,722
1.411 0.8116 0.7710 - 5.002
1.419 0.8359 0.7759 - 7.179
1.432 0.8141 - 0.7837 -~ 3.739
1.445 0.8319 0.7912 - 4.888
1.450 0.8323 0.7941 - 4,591
1.454 0.8163 0.7964 - 2.444
1.465 0.8446 0.8025 - 4,987
1.467 0.7927 0.8036 1.372
1.483 0.8438 0.8122 - 3.747
1.491 0.8691 0.8164 - 6.068
1.493 0.8426 0.8174 - 2,991
1.504 0.8480 0.8230 - 2,948
1.516 0.8117 0.8289 2.125
1.521 0.8664 0.8314 - 4.043
1.527 0.8673 0.8342 - 3.811
1.529 0.8488 0.8352 - 1.603
1.536 0.8459 0.8385 - 0.878
1.538 0.8721 0.8394 ~ 3.750
1.540 0.8161 0.8403 2.967
1.543 0.8213 0.8417 2.482
1.544 0.8346 0.8435 1.066
1.547 0.8346 0.8435 1.066
1.548 0.8117 0.8439 3.973
1.573 0.8743 0.8548 ~ 2.230
1.596 0.8907 0.8641 - 2.984
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TABLE J3 —- Continued

T Z Z Per Cent

R (Exp.) (Calc.) Deviation
1.604 0.8274 0.8672 4.811
1.605 0.8956 : 0.8676 - 3.128
1.608 0.8807 0.8687 - 1.360
1.614 0.8556 0.8710 1.795
1.621 0.8545 0.8735 2.226
1.622 0.8576 0.8739 1.898
1.626 0.8607 0.8753 1.697
1.653 0.8986 0.8844 - 1.576
1.662 0.8776 0.8873 1.104
1.667 0.8569 0.8888 3.726
1.683 0.8305 0.8936 7.592
1.684 0.8604 0.8938 3.886
1.697 0.8789 0.8974 2.108
1.742 0.9032 0.9083 0.563
1.796 0.8880 0.9181 3.386
1.808 0.8991 0.9198 2.298
1.81¢ 0.9048 0.9208 1.768
i.860 0.9236 - 0.9251 0.160
1.881 0.9226 0.9263 0.401
1.886 0.8932 0.9265 3.729
1.908 ‘ 0.9117 0.9271 1.687
2.026 0.9423 0.9201 - 2.355
2.037 0.9302 0.9186 - 1.247
2.139 0.9316 0.8976 - 3.650

Average error = 0.80 per cent

Average absolute error = 4.26 per cent

Z = ~1.3054 + 2.3277 T, - 0.6067 TR2
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TABLE J4&

COMPRESSIBILITY CHART NO. 4

SAMPLE CURVE FIT AND ERROR ANALYSIS

Reduced Pressure, PR = 2.0
T Z Z Per Cent
R (Exp.) (Calc.) Deviation
1.058 0.4637 0.4882 5.281
1.073 0.4749 0.5068 6.713
1.161 0.6322 0.6073 - 3.933
1.183 0.5913 0.6302 6.581
1.191 0.6271 0.6383 1.787
1.232 0.6995 0.6779 - 3.088
1.255 0.6379 0.6987 9.537
1.274 0.7461 0.7152 - 4.142
1.293 0.7582 0.7310 - 3.589
1.299 0.7738 0.7358 - 4.907
1.305 0.7567 0.7406 - 2.126
1.312 0.7381 0.7461 1.084
1.314 0.7321 0.7477 2.124
1.323 0.7617 0.7545 - 0.940
1.339 0.7881 0.7664 - 2.752
1.362 0.7082 0.7826 10.511
1.372 0.7663 0.7894 3.012
1.375 0.8040 0.7914 - 1.571
1.37% 0.8116 0.7940 - 2.169
1.380 0.7785 0.7946 2.074
1.382 0.8135 0.7959 - 2.158
1.385 0.7628 0.7979 4,598
1.395 0.7733 0.8042 3.994
1.399 0.8063 0.8067 0.045
1.405 0.7783 0.8103 4.114
1.409 0.8267 0.8127 - 1.692
1.411 0.8074 0.8139 0.806
1.427 0.7818 0.8231 5.288
1.438 0.8078 0.8292 2.650
1.439 0.8140 0.8298 1.935
1.444 0.8315 0.8324 0.111
1.445 0.8122 0.8330 2.556
1.445 0.8384 0.8330 - 0.649
1.451 0.8169 0.8361 2.349
1.466 0.8556 0.8436 - 1.398
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TABLE J4 -- Continued

T Z Z Per Cent
R (Exp.) (Calc.) Deviation

1.469 0.8344 0.8451 1.283
1.474 0.8628 0.8475 - 1.774
1.474 0.8460 0.8475 0.177
1.483 0.8419 0.8517 1.163
1.492 0.8197 0.8557 4,395
1.492 0.8314 0.8557 2.926
1.513 0.8310 0.8646 4,039
1.517 0.8440 0.8662 2.625
1.517 0.8518 0.8662 1.685
1.517 0.8368 0.8662 3.508
1.519 0.8442 0.8669 2.694
1.519 0.8661 0.8669 0.097
1.524 0.8502 0.8689 2.196
1.546 0.8498 0.8768 3.175
1.547 0.8732 0.8771 0.449
1.559 0.8752 0.8810 0.667
1.564 0.8877 0.8826 - 0.575
1.565 0.8891 0.8829 - 0.698
1.586 0.8603 0.8889 3.320
1.594 0.8817 0.8909 1.046
1.594 0.8905 0.8909 0.047
1.599 0.8761 0.8921 1.831
1.629 0.8801 0.8985 2.091
1.666 0.8930 0.9040 1.235
1.679 0.9020 0.9054 0.373
1.685 0.9189 0.9059 - 1.418
1.698 0.8902 0.9067 1.858
1.712 0.9035 0.9073 0.423
1.719 0.9105 0.9075 - 0.332

Average error = 1.26 per cent
Average absolute error = 2.51 per cent

Z = - 1.8857 + 3.2344 T, - 0.9363 TRZ'
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TABLE K1
CALCULATED REFRACTIVE INDICES AND DIMENSIONLESS

REFRACTIVE INDEX FUNCTIONS UP TO THE CRITICAL POINT

n-Heptane n-Octane
Dimensionless Dimensionless
Temperature Refractive Index gunctlon Refractive Index gunctlon
°F n (n"-1)/(n+0.4) n (n"-1)/(n+0.4)

32.00 1.397803 0.53056 1.407186 0.54237

50.00 1.392636 0.52405 1.402327 0.53626

68.00 1.387716 0.51784 1.397473 0.53015

77.00 1.385138 0.51458 1.395078 0.52713

86.00 1.382622 0.51140 1.392684 0.52411
104.00 1.377594 0.50504 1.387960 0.51815
122.00 1.372452 0.49853 1.383062 0.51196
140.00 1.367077 0.49171 1.378110 0.50569
158.00 1.361412 0.48452 1.372926 0.49913
176.00 1.355754 0.47732 1.367808 0.49264
194,00 1.350045 0.47005 1.362696 0.48615
212.00 1.344284 0.46271 1.357353 0.47936
230.00 - - 1.351957 0.47249
248.00 - - 1.346332 0.46532
512.60% 1.127782 0.17796 - -
565.16% - - 1.127326 0.17734

*
Refers to values at the critical point.

00¢



TABLE K1 -- Continued

n-Nonane

Dimensionless
Function

n-Decane

Dimensionless
Function

Temperature Refractive Index 2 Refractive Index 2
°F n (n"-1)/(nt+0.4) n (n"-1)/(n+0.4)
32.00 1.414895 0.55205 1.421077 0.55981
50.00 1.410040 0.54596 1.416405 0.55395
68.00 1.405370 0.54009 1.416405 0.55395
77.00 1.403097 0.53723 1.409646 0.72630
86.00 1.400765 0.53429 1.407315 0.54253
104.00 1.396164 0.52850 1.402837 0.53690
122.00 1.391509 0.52263 1.398304 0.53119
140.00 1.386739 0.51661 1.393716 0.52541
158.00 1.381797 0.51036 1.389014 0.51948
176.00 1.377038 0.50434 1.384436 0.51369
194.00 1.372225 0.49824 1.379743 0.50776
212.00 1.367240 0.49192 1.374997 0.50175
230.00 1.362202 0.48552 1.370197 0.49567
248,00 1.356992 0.47890 1.365284 0.48944
266.00 1.351493 0.47190 1.360259 0.48305
284.00 1.346179 0.46512 1.355299 0.47674
302.00 1.340872 0.45835 1.350109 0.47013
320.00 - - 1.344749 0.46330
338.00 - - 1.339162 0.45617
611.60% 1.127529 0.17762 - -
654, 80% ' - - 1.127249 0.17724

%
Refers to values at the critical point.
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TABLE K1 —— Continued

n-Undecane n-Dodecane
Dimensionless Dimensionless
T emperature Refractive Index gunctlon Refractive Index gunction
°F n (n"-1)/(nt0.4) n (n"-1) /(nt+0.4)

32.00 1.426208 0.56623 1.430542 0.57166
50.00 1.421659 0.56054 1.426055 0.56604
68.00 1.417174 0.55491 1.421573 0.56043
77.00 1.415023 0.55222 1.419483 0.55781
86.00 1.412754 0.54937 1.417334 0.55511
104.00 1.408338 0.54382 1.413040 0.54972
122.00 1.403926 0.53827 1.408690 0.54426
140.00 1.399519 0.53272 1.404344 0.53880
158.00 l[39ﬂ938 0.52695 1.399883 0.53318
176.00 1.390480 0.52133 1.395428 0.52757
194.00 1.385968 0.51563 1.391154 0.52218
212.00 1.381342 0.50978 1.386648 0.51649
230.00 1.376721 0.50394 1.382147 0.51080
248.00 1.371927 0.49786 1.377473 0.50489
266.00 1.367139 0.49179 1.372863 0.49905
284.00 1.362357 0.48572 1.368258 C 0.49321
302.00 1.357462 0.47950 1.363540 0.48722
320.00 1.352455 0.47312 1.358711 0.48108
338.00 1.347278 0.46653 1.353827 0.47487
356.00 1.341990 0.45978 1.348891 0.46858
374.00 1.336533 0.45281 1.343785 0.46207
392.00 - - 1.338452 0.45526

410.00 - - 1.332774 0.44800

202



TABLE K1 -- Continued

n-Undecane

n-Dodecane

Dimensionless Dimensionless
Temperature Refractive Index §UHCtlon Refractive Index §UHCtlon
°F n (n"-1)/(nt0.4) n (n"-1) /(n+0.4)
692.60% 1.127569 0.17767 - -
726.80% - - 1.127369 0.17740

*
Refers to values at the critical point.

£0¢
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TABLE K2
DENSITY CORRELATION DATA

SAMPLE CALCULATION

Find the density of nonane at 122°F (50°C) and 5000 psia.

Tr

PR

EMR = 96.5376

0.542

15.11

MW = 128.25
From Figure 8-2,
(n®-1)/(+0.4) = 0.498
From Figure 8-3,
o/ ((m%-1)/(n+0.4)) = 1.385
p = 0.6897 g/ml
Find the density of an unknown normal hydrocarbon liquid mixture at
122°F (50°C) and 5000 psia.

(a) Measure the density at atmospheric conditions.

(b) Obtain EMR from Figure 6-4.

(¢) Get reduced temﬁerature and pressure from either
Figures 7-1 and 7-2, or Figures 7-7 or 7-8.

(d) From Figure 8-2 obtain (n2—1)/(n2+0.4) by inter-
polating between the EMR or MW values of the
pertinent pure compounds.

(e) Enter Figure 8-3 and compute the value of p at

the required conditions.
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TABLE L1

CORRELATION SAMPLE CALCULATIONS

Method 1
* *
Component Xy Xy EMR (X; ) (EMR)
N, 0.0046 0.0047 9.407 0.0433
co, 0.0030 0.0031 15.750 0.0488
H,S 0.1438 0.1448 19.828 2.8704
nCy 0.8414 0.8475 13.984 11.8514
0.9928 1.0000 14,8139
nC, 0.0059 0.8194 23.913 19.5943
nC, 0.0008 0.1111 34.316 3.8125
ic, 0.0003 0.0417 44,741 1.8657
nC, 0.0002 0.0278 44.243 1.2300
0.0072 1.0000 26.5025
EMR, = 14.8139
EMR, = 26.5025
(T /P) 0.506 (Figure 7-1)
(o4 Cl
(T /P) 0.845 (Figure 7-1)
Cc C2

Tc/Pc = (0.9928) (0.506) + (0.0072) (0.845)

T /P = 0.5124
c' e
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TABLE L1 -- Continued

T /P = 0.5124
c c

TC//P_; = 14.044 (Figure 7-2)
T = 384.9 °R

P = 751.2 PSIA

P = 2021.3 PSIA P_ = 2.690
exp R
T = 595.0 °R T, = 1.546
exp R
Z = 0.8338
exp
Z (Figure 7-3) = 0.840
Method Z
Tc = 392.42 °R (By Kay's Combination Rule)
Tc/Pc = 0.5124 (As in Method 1)
Pc = 765.85 PSIA
P = 2021.3 P_ = 2.639
exp R
T = 595 °R T, = 1.516
exp R
= (0.8338
exp

Z (Figure 7-3) = 0.830
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TABLE L1 -- Continued

Method 3
* *
Component Xi Xi EMR (Xi ) (EMR)
N2 0.0046 0.6053 9.407 5.694
002 0.0030 0.3947 15.750 6.217
0.0076 1.0000 11.911
HZS 0.1438 0.1460 19.828 2,895
nCl 0.8414 0.8540 13.984 11.942
0.9852 1.0000 14,837
n02 0.0059 0.8194 23.913 19.594
nC3 0.0008 0.1111 34,316 3.813
nC4 0.0002 0.0278 44,243 1.230
iC4 0.0003 0.0417 44,741 1.866
0.0072 1.0000 26.503
EMRl = 11.911
EMR2 = 14.837
EMR3 = 26,503
Molecular Weight (Figure 6-2)
MWl = 33.4 Curve 1

"

MW2 18.7 Curve 2
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TABLE L1 -- Continued

MW3 = 33,0 Curve 3

MW i = (33.4) (0.0076) + (18.7)(0.9852)

m

+ (33.0) (0.0072) = 19.3899

A L = 4.4034

mi
T /P 1/3 (Figure 7-8) -
c' e
(T /P 1/3) = 38.2 Curve 1
c' e 1
(T /P 1/3) = 42.0 Curve 2
c' e
2
(T /P l/3) = 66.0 Curve 3
¢’ e 3
1/3
(Tc/Pc ) = (38.2)(0.0076) + (42.0)(0.9852) +

mix
+ (66.0)(0.0072) = 42.1439

X, = Tc5/6 /5. 665 pcl/3 (Figure 7-7)

Xi = 13.9 Curve 1

X2 = 12.5 Curve 2

X3 = 22.5 Curve 3

Xmix = (13.9)(0.0076) + (12.5)(0.9852) + (22.5)(0.0072)
X ix = 12.583

p M3 =1 378 M/ (s.665) 0

13 =1 %/8 (0.085)
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TABLE 1,3 —- Continued

p 1/3
c

T 1/6
c

TC/42.1439

2.604

T = 311.78 °R
c

pcl/3 = 7.398

P = 404.9 PSIA

P = 2021.3 P, = 4.992
exp R

T = 595°R T, = 1.908
exp R

Z = 0.8338
exp

Z (Figure 7-5) = 0.8451

Method 4

Using the same grouping as in Method 3 we obtain:

EMRl = 11.911

EMR, = 14.837

EMR3 = 26.503

Molecular Weight (Figure 6~2)
Mwl = 33.8 Curve 1
MW2 = 18.7 Curve 2
MW3 = 33.0 Curve 3
M = 19.3899

AW . = 4.4034

mix



211

TABLE L1 -- Continued

T = 355°R Curve 1
€1
Tc = 405°R Curve 2 (Figure 7-9)
2
T = 580°R Curve 3
cq -
T = (0.0076) (355) + (0.9852) (405)
c
mix
+ (0.0072) (580) = 405.88°R
X = (T )5/6 MW/ (P 1/3) (5.665)
c c
mix
X = 12.583
@ )13 = (0.0618 T 7’6
c c
mix
PC = 782.88 PSIA
P = 2021.3 PSIA P_ = 2.582
exp R
T = 595°R T, = 1.466
exp R
Zoyp = 0+8338

Z (Figure 7-6) = 0.8200
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COMPUTER PROGRAM NO. 1

*C MOLECULAR WEIGHT-EMR CORRELATION
*C LEAST SQUARES FOR LINEAR EQUATIONS
*C X REPRESENTS EYKMAN MOLECULAR REFRACTION
*C Y REPRESENTS MOLECULAR WEIGHT
* DIMENSIONC(2,3)
*1 READ10,N
* D021=1,2
* D02J=1,3
*2 c(1,J)=0.
* DO3K=1,N
* READ20,X,Y
* D03I=1,2
* C(I,3)=C(I,3)+Y*X**(I-1)
* D03J=1,2
*3 C(I,J)=C(I,)+X**(I+J-2)
* D=C(1,1)*C(2,2)-C(1,2)*C(2,1)
* A=(C(1,3)*C(2,2)-C(1,2)*C(2,3))/D
* B=(C(1,1)*C(2,3)-C(1,3)*C(2,1))/D
* PRINT20,A,B
* SUM=0.
* SABS=0.
*C READ IN THE SAME SET OF DATA FOR AN ERROR ANALYSIS
* READ10,N

D041=1,N

READ20,X,Y
* YCALC=A+B*X
* ERR=(Y-YCALC) /Y*100.
* SUM=SUM+ERR
* SABS=SABS+ABS (ERR)
*4 PRINT30,I,X,Y,YCALC,ERR
* AN=N
* SUM=SUM/AN

* SABS=SABS/AN



*10
*20
*30
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COMPUTER PROGRAM NO. 1 -~ Continued

PRINT20,SUM,SABS

GOTO1

FORMAT (15)

FORMAT (F9.3,F12.4)
FORMAT(15,F16.5,F16.5,F16.5,F16.5)
STOP

END
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COMPUTER PROGRAM NO. 2

COMBINATION RULES - THEOREM OF CORRESPONDING STATES
PROGRAM ##%%**BY WILFRED R MC LEOD
C #kkik¥kkk**COMPONENT IDENTIFICATION
X Fkdkkkkkk**MOL FRACTION OF COMPONENT
PC *k%k*#%*%x*CRITICAL PRESSURE OF COMPONENT
TC **%¥k***%%CRITICAL TEMPERATURE OF COMPONENT
ZC *kk¥kkkk*%%CRITICAL COMPRESSIBILITY FACTOR OF COMPONENT
N kkkx*****NUMBER OF COMPONENTS |
SPK ##%kk*%**NUMBER OF THE MIXTURE_
ALL OTHER TERMS ARE SELF-EXPLANATORY
READ 26,P.T
DEVS=0.
PUNCH 30
READ 27,SPK
READ 29,N
DIMENSION C(12),X(12),PC(12),TC(12),2C(12)
PUNCH 32,SPK
PUNCH 35
PUNCH 36
=T+459.7
DO 1 I=1,N
READ 25,C(I),X(I),PC(I),TC(I),ZC(I)
PUNCH 37,C(I),X(I),PC(L),TC(I),ZC(I)
TCK=0.
PCK=0.
DO 6 I=1,N
TCK=TCK+X (1) *TC(I)
PCK=PCK+X (I)*PC(I)
S=(T#PCK) / (P*TCK)
IF(S-1.90)3,3,5
IF(S-.5)7,7,8

5 ALPH=(7.-8)/5.

GO TO 9
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COMPUTER PROGRAM NO. 2 -- Continued

ALPH=(2.07-S)/.714
GO TO 9

8 ALPH=(3.28-S)/(1.35)
9 IF(ALPH-1.)11,11,13

11
13

10
12

ALPH=1.0

SUMJA=0.

SUMJB=0.

SUMSB=0.

SUMSC=0.

SUMK=0.

SUMZ=0.

SUML=0.

DO 12 I=1,N
SUMJA=SUMJA+X (I) *TC(I) /PC(I)**.5
SUMSB=SUMSB+X (I)*TC(I) /PC(I)
SUMSC=SUMSC+X (I)* (TC(I) /PC(I))**.5
A=X(I)*(ZC(I)*TC(I)** (ALPH+1.) /PC(I))**.5
D=.5%(ZC(I)*TC(I) /PC(I))**,.333
DJ=(TC(I) /PC(I))**.333

DO 10 J=1,N

B=X(J) *(2C(J) *TC(J) ** (ALPH+1.) /PC(J) ) **.5
F=.5%(2C(J)*TC(J) /PC(J))**.333
FJ=(TC(J) /PC(J))**.333
SUMK=SUMK-+A*B
SUMIB=SUMJB+X (I)*X (J) * (DI+FJ) **3./8.
SUML=SUMLA+X (I)*X (J) * (D+F)++3.
SUMZ=SUMZ+ZC(I) *X(I)
B=(SUMSB+2 . *SUMSC**2.) /3,
TCM=(SUMK /SUML) ** (1. /ALPH)
PCM=TCM* (SUMZ /SUML)
TCJ=(SUMJA) *%2. /SUMJB

PCJ=TCJ /SUMJB

TCS=SUMJA**2. /B
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COMPUTER PROGRAM NO. 2 -- Continued

PCS=TCS/B

PUNCH 42

PUNCH 53,TCK
PUNCH 54,TCM
PUNCH 55,TCJ
PUNCH 56,TCS
PUNCH 52

PUNCH 43,PCK
PUNCH 44,PCM
PUNCH 45,PCJ
PUNCH 46,PCS
FORMAT (A3,F6.4,F8.2,F8.2,F6.4)
FORMAT (F8.2,F8.2)
FORMAT (A3)

FORMAT (I3)

FORMAT (9X, 52HCOMBINATION RULES FOR PSEUDO-CRITICAL
TEMPERATURE AN, 110HD PRESSURE)

FORMAT (9X, 30HGAS IDENTIFICATION MIXTURE NO-,A3/)

FORMAT (10X, 4HCOMP, 5X , 3HMOL, 4X, 8HCRITICAL, 5X,8HCRITICAL,
4X, 5HCRITI,13HCAL)

FORMAT (11X, 2HNO, 5X,4HFRAC, 3%, lOHPRESS PSIA, 3X,10HTEMP
DEG R,13X,11HCOMP FACTOR/)

FORMAT (10X,A3,F10.4,F10.2,F13.2,F13.4)

FORMAT (9X, 36HPSEUDO-CRITICAL TEMPERATURES -~ DEG R/)
FORMAT (9X, 43HKAY ##kkkkkdkkkkkhkiddkkhhiokkkihkkhhkkkkkkis F8,2)
FORMAT (9X,43HLELAND AND MEULLER ##¥kkkkdkkhkkkhkiikhihrkik F8,2)
FORMAT (9X, 43HTOFFE ##dkkkkidkkkidikkrkihkkhkikhkkkkihkkkkk F8,2)
FORMAT (9X, 43HSTEWART ,BURKHARDT AND VOO #%k%kkkkkkkkkkkkkk F8,2)
FORMAT (9X, 32HPSEUDO-CRITICAL PRESSURES - PSIA/)
FORMAT (9X, 43HKAY **kskkkkkkkkhkhidkhkikkikkkihkihhkikkhkk F8,2)
FORMAT (9X, 43HLELAND AND MEULLER *#%#kkkkkkkkkkkkkkkikkkik F8,2)

FORMAT (9X, 43HJOFFE *%kkkkkkkiskhkkkkhikhkhkhkihkhkkrkkkhkk F8,2)

FORMAT (9X, 43HSTEWART ,BURKHARDT AND VOO **#kkkkkkkkkkkik F8,2)
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COMPUTER PROGRAM NO. 2 -- Continued
GO TO 2

STOP
END
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COMPUTER PROGRAM NO. 3

DIMENSION C(12),X(12),PC(12),TC(12),ZC(12),W(12)
DEVS=0.

PUNCH 30

READ 27,SPK

READ 26,N

PUNCH 32,SPK

PUNCH 35

PUNCH 36

T=T+459.7

DO 1 I=1,N

READ 25,C(I),X(I),PC(I),TC(I),zC(I)
PUNCH 37,C(I),X(I),PC(I),TC(I),ZC(I)
SUMJA=0.

SUMSC=0.

SUMVI=0.

SUMV2=0.

SUMB1=0.

SUMB2=0.

SUMS0=0.

SUMSN=0.

SUMSM=0.

DO 10 I=1,N

SUMJA=SUMJA+X(I)*TC(I) /PC(L)**.5
SUMSC=SUMSC+X(I)*(TC(I) /PC(I))**.5
DJ=(TC(I)/PC(I))**.333
W(I)=2C(I)*TC(I) /PC(I)
SUMSO=SUMSO+X(I)*ZC(I)
SUMV1=SUMV1+X(I)*TC(I) /PC(I)
SUMV2=SUMV2+X (1) *TC(I) *%1.25/PC(I)**.5
DO 12 I=1,N

DO 12 J=1,N

FJ=(TC(J) /PC(J))**,333
SUMSM=SUMSM+X(I) *X(J) * (TC(I)*TC(J)) **.5

Q=X (I)*X(J)*((TC(I)/PC(I))**,3333+(TC(J) /PC(J))**.3333)**3,/8.
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COMPUTER PROGRAM NO. 3 -~ Continued

SUMB1=SUMB1+Q
SUMB2=SUMB2-+Q*TC (I) *TC (J)
SUMSN=SUMSN-+X (1) *X (J) * (W(I) **.33334W(J) **.3333) %*3,/8,
B=(SUMV1+2.*SUMSC**2.) /3.
TCSM=SUMSM
PCSM=TCSM*SUMSO/SUMSN
TCVD=(SUMV2*%2 /SUMVL) ** . 66667
PCVD=TCVD/SUMV1
TCB=(SUMB2/SUMBL) **.5
PCB=TCB/SUMB1

TCS=SUMJA**2. /B

PCS=TCS /B

PUNCH 42

PUNCH 57,TCSM

PUNCH 5R.TCVD

PUNCH 59,TCB

PUNCH 52

PUNCH 47,PCSM

PUNCH 48,PCVD

PUNCH 49,PCB

FORMAT (A3,F6.4,F8.2,F8.2,F6.4)
FORMAT (13)

FORMAT (A3)

FORMAT (9X, 52HCOMBINATION RULES FOR PSEUDO-CRITICAL TEMPERATURE
AN, 110HD PRESSURE)

FORMAT (9%, 30HGAS IDENTIFICATION MIXTURE NO-,A3/)

FORMAT (10X, 4HCOMP , 5X, 3HMOL , 4X , SHCRITICAL , 5X , SHCRITICAL, 4X,
5HCRITI ,13HCAL)

FORMAT (11X, 2HNO, 5X, 4HFRAC, 3X,10HPRESS PSIA,3X,10HTEMP DEG R,
13X%,11HCOMP FACTOR/)

FORMAT (10X,A3,F10.4,F10.2,F13.2,F13.4)
FORMAT (9X, 36HPSEUDO-CRITICAL TEMPERATURES - DEG R/)
FORMAT (9%, 43HEMPIRICAL STATISTICAL MECHANICS *#%&kkkkkikk F8,62)
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COMPUTER PROGRAM NO. 3 —- Continued

FORMAT (9X,43HVAN DER WAAL~BERTHELOT (INT.VIRAL APPROACH)*,F8.2)
FORMAT (9X, 43HBERTHELOT (VIRAL APPROACH) **k#ikkkikkkwkkk F8,2)
FORMAT (9X, 32HPSEUDO-CRITICAL PRESSURES - PSIA/)

FORMAT (9X, 43HEMPIRICAL STATISTICAL MECHANICS **k¥¥ikkkk F8,2)
FORMAT (9X, 43HVAN DER WAAL-BERTHELOT (INT.VIRAL APPROACH)*,F8.2)
FORMAT (9X, 43HBERTHELOT (VIRAL APPROACH) **#¥kkkkkkkkkkk% F8,2)
GO TO 2

STOP

END
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COMPUTER PROGRAM NO. 4

*C PUTTING DATA FOR SPLINE INPUT IN THE CORRECT FORM
*C N=NUMBER OF PRESSURES FOR A GIVEN TR
*C =MIXTURE NUMBER

*1 READ100,M,TR,PC,N

* PUNCH50, N

* D02I=1,N,1

* READ200,P,Z

* PR=P/PC

* PUNCH300,TR,PR,Z

*2 CONTINUE

* GO TO 1

*50 FORMAT (I3)

*100 FORMAT (I3, 7X,F6.3,3X,F8.2,2X,13)
*200 FORMAT (F8.2,2X,F7.4)

*300 FORMAT (F6.3,4X,F7.3,3X,F7.4)

* END
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COMPUTER PROGRAM NO. 5

GENERAL SPLINE CURVE ROUTINE

FOURTH PROGRAM IN THE COMPRESSIBILITY CHART SERIES
MATRIX SOLVED BY ORDINARY GAUSSIAN ELIMINATION
NOTE THAT THE SECOND DERIVATIVE AT THE END OF THE CURVE IS ZERO
DIMENSTIONX(35),Y(35),AL(35),A(35,36),5(35),W(35),G(35)
PUNCH99

D021-1,35

D02J=1,36

A(1,3)=0.0

READ33,SPK

READ10,N

PUNCH102,SPK

PUNCH100

PUNCH101

DO31I=1,N

READ20,TR,X(I) ,Y(I)

YIP=(Y(1)-1.0) /X(1)

N1=N-1

DO4I=2,N

AL(I)=X(1)-X(I-1)

A(1,1)=AL(2)/3.0

A(1,2)=AL(2)/6.0

A(L,N+1)=(Y(2)-Y(1)) /AL(2)-YIP

A(N,N-1)=AL(N) /6.0

A(N,N)=AL(N) /3.0

DO5K=2,N1

A(K,K-1)=AL(K) /6.0

A(K,K)=(AL(K)+AL(K+1))/3.0

A(K,K$1)=AL(K+1) /6.0
A(K,N+1)=(Y(K+1)-Y(K)) /AL(K+1) - (Y(K) =Y (K-1) ) /AL(K)
W(1l)=A(1,1)

G(1)=A(1,N+1) /W(1)
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COMPUTER PROGRAM NO. 5 -- Continued

* DO6I=2,N

* W(I)=A(I,I)~A(I,I~1)*A(I-1,I)/W(I-1)

*6 G(I)=(A(I,N+1)-A(I,I-1)*G(I-1)) /W(I)

* S(N)=G(N)

* DO7I=2,N

* =N+1-1

7 S(3)=G(J) =S (J+1) *A(J,J+1) /W(J)

* XX=0.25

*8 XX=XX+0. 25

* . K=0

* DO9I=1,N

* R=K+1

* IF(X(I)-XX)9,11,11

*9 CONTINUE

* GO TO 1

%11 IF(K-1)12,8,12

*12 YY=8 (K-1) * (X (K) -XX) #*3/6.. 0 /AL (K)

% YY=YY+S (K) *(XX~-X(K~1) )**3/6.0/AL(K)

* YY=Y¥+(Y (K) =S (K) *AL(K) /6. 0) * (XX-X (K~1) )
* YY=YY+(Y (K-1) /AL (K) ~AL (K) *S (K-1) /6 . 0) * (X (K) -XX)
* YP=-8 (K~-1) *(X(K)-XX)*%*2/(2.0*%AL(K))

* YP=YP+S (K) * (XX~X (K-1) ) %*2/ (2. 0*AL(K) )

* YP=YP+(Y (K) =Y (K-1) ) /AL(K)

* YP=YP~{(S(K)-S (K~1)) *AL(K)) /6.C

* YPP=5 (K-1) * (X(K) =XX) /AL (K)+(S (K) * (XX-X (K~1) ) /AL(K) )
* PUNCH30, TR, XX,YY,YP,YPP

* GO TO 8

%10 FORMAT (I3)

%20 FORMAT(F6.3,4X,F7.3,3X,F7.4)

*30 FORMAT (4X,F6.3,4X,F7.3,4%,F7.4,4%,F9.4,4X,F9.4)
33 FORMAT (A3)

*99 FORMAT (5X, 19HSPLINE CURVE OUTPUT)
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* COMPUTER PROGRAM NO. 5 -- Continued

FORMAT (5X , 26HRED RED COMP)

FORMAT(5X,52HTEMP ~ PRESS FACTOR  DZ/DPR  Dz2/,
FORMAT (5X, 30HGAS MIXTURE IDENTIFICATION NO-,A3/)

STOP '

END



