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ABSTRACT

The three-parameter generalized correlation (acentric-
factor correlation) of Pitzer et al.{128} (1955) for calcula-
ting the compressibility factor of pure compounds in the T,

and Pr regions of 0.8 = T, £ 4.0 and 0 = Pr £ 9.0 has been

thoroughly examined and then extended to wider ranges. By
collecting the P-V-T data of 57 compounds available in the

literature with data points in the proximity of 15,000, the

(0) (1)

proposed form 2 = 2 + w2 of Pitzer's correlation was

(o)

found to be appropriate. As a result, values of 2
(1)

and
were tabulated at regular intervals of T, and Pr and
with the ranges of applicability extended to 0.2 £ T, 5.0
and 0 =< P £ 12.0. However, in the final correlation,
through verifications, four compounds (hydrogen, helium,
ammonia and water) were deleted from this correlation so that
the necessity of excluding these compounds with quantum or
highly polar nature was also confirmed. This correlation

was further tested by first comparing the calculated compress-
ibility factors with the experimental compressibility factor
data for 12 compounds with 1,556 data points, and again
tested by checking the satisfaction of the boundary condition
of this correlation. It was shown that this presentation is
not only adequate but also more accurate with improving pre-
cision for compressibility factor calculations, when compared

with published works.




The binary interaction coefficients of binary mixtures
have also been studied by the use of the second virial co-
efficient approach. Using appropriate mixing rules to the
second virial coefficient correlation proposed by Pitzer and
Curl{129} (1957) for pure compounds in terms of the acentric
factor, 493 values of the binary interaction parameters for
121 binary systems were obtained. These values indicate
themselves well with the fact that the binary interaction

constant is a function of temperature, not universal constant.
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CHAPTER I

INTRODUCTION AND OBJECTIVES

A. Examination and Extension of the Pitzer Generalized
Correlation

For pure compounds, the quantitative representation of
the volumetric behaviour and thermodynamic properties of
fluids over both gas and liquid regions has proven to be of
primary importance in process engineering calculations. It
is now over one hundred years since van der Waals first pro-
posed his equation of state {161} (1873), yet still we are
in need of improvements in the prediction and correlation of
the volumetric properties of normal fluids. This situation
is in marked contrast to the exfensive theoretical advances
with respect to the thermodynamic properties of ideal gases.
In order to study the volumetric properties of the pure
fluids, the compressibility factor

27 ®T
is chosen to be the basis for this study. The reason for
this choice lies in two aspects: first, for this compress-
ibility factor, 2, its value is unity for an ideal gas and
hence the deviation from unity compressibility factor will

denote the extent to which the volume of the gas molecules

and the molecular interactions are relevant. Secondly, when-

ever we have a complete set of generalized correlations for

PV (1)

e e
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the compressibility factors, then we will be able to learn
many useful thermodynamic properties of the pure compounds
with interest. |

For the thérmodynamic properties of pure compounds,
most contain partial derivatives of the three properties
P, V, T, such as (BV/BP)T or (3V/8T)P, (Reid and Sherwood
{143} (1966)). However, when we have the compressibility
factor data 2 calculated on hand, we can first establish

the derivative compressibility factors defined by

Zp ( D | (2)
Zg = 3+ 'l‘r( ) (3)

and then obtain the partial derivatives by

o)
®, -5

it is then a very simple task to express useful equilibrium

o8

4)

properties in terms of these generalized functions. This
application as to the derivative compressibility factors
will be further discussed in Chapter VIII. Hence, the
importance of studying the compressibility factor for pure
compounds cannot be over-emphasized.

Also the demand for the volumetric properties of normal
fluids has been increased rapidly in the natural gas and

petrochemical industries, and this demand will grow even




greater in the future. However, the needed volumetric prop-
erties are frequently not available at the desired tempera-
ture and pressure, especially at the extreme conditions.

For this purpose, the three-parameter correlation of Pitzer
et al.{128)} (1955) has found wide acceptance and is used
more and more extensively in predicting such properties in
the T, and P regions of 0.8 < T, £ 4.0 and 0 = P_ £ 9.0.

It was further extended to the low temperature region of

0.5 T, < 0.8 and 0 £ P £ 9.0 by Lu et al. {103} (1973),

by using the isothermal coefficient of bulk compressibility
values compiled by Rowlinson {149} (1969). Then Lee and
Kesler {96} (1975) presented Z(o) and Z(l) values in the
regions of 0.3 = T, £ 4.0 and 0 = P < 10.0 based on a modi-
fied equation of state proposed by Benedict, Webb and Rubin
{8} (1940). This investigation attempted to examine and
then verify the validity of this generalized correlation in
the form of Z = z(°) + wz(l) through correlating more exten-
sive and more up-to-date literature data, together with
reaching the confirmation that compounds with quantum or
highly polar nature must be excluded from this acentric-
factor correlation.

The Pitzer three-parameter generalized correlation
employed the acentric factor in addition to the reduced
temperature and reduced pressure, which were originally
covered by the hypothesis of corresponding states proposed

by van der Waals. This acentric factor correlation is the

most frequently used third parameter, therefore Pitzer's




tables of z(o) and Z(l) values have been widely quoted, not-
withstanding that there are some limitations in the original
presentation. These limitations include the number of com-
pounds used as the basis for correlational purpose may be

too few, the applicable ranges of Tr and Pr may be limited,
and therefore the assumed linear relationship of 2 = z(°)-+ wz(l)
may not be appropriate. Hence the need of a revised and more
up-to-date presentation of this three-parameter generalized
correlation is apparent. It is then the objective of this
study (i) first, to examine whether the first-order truncation
of the compressibility factor function expanded by means of

a power series in the acentric factor

z = z0° & oz 4 .. (6)

is appropriate; and (ii) secondly, if it is verifiable, to
extend the T, and P regions to cover wider ranges of inter-
est, especially in the extreme conditions; such as the volu-
metric properties at both high temperature and high pressure
conditions at which the demand of such properties and know-
ledge is growing in recent natural gas and petroleum

industries.

B. Evaluation of the Binary Interaction Parameter from the
Second Virial Coefficient Approach

In parallel to the objective of the compressibility-
factor correlation study for the pure compounds, which is to

learn many useful thermodynamic properties of pure compounds




of interest, attention has also been focused on the study
and understanding of the properties of mixtures as well as
the excess thermodynamic properties due to mixing processes.
One of the most common methods of predicting mixture proper-
tiesvis to select a suitable equation of state together with
appropriate thermodynamic relationships and mixing rules,
due to the lack of experimental data often encountered. This
is most useful for predicting excess thermodynamic properties
and phase equilibria data in mixtures. Due to the fact that
these data and properties are more plentiful for binary sys-
tems than that for ternary systems, and are most frequently
not available for multi-component systems, it is therefore
not only desirable but also necessary to estimate multi-
component data from binary data. Hence the binary interaction
coefficients which are the key factor in predicting binary
mixture properties are generally incorporated in the mixing
rules of an equation of state, in order for evaluating the
parameters used in the prediction of the properties on binary
systems. These coefficients are needed for further calcula-
ting the properties for ternary and higher solutions from
data for the behaviour of the constituent binary mixtures.
Furthermore, as far as the realm of the equation of
state is concerned, the only equation of state having exact
physical significance on a molecular scale and thoroughly
sound theoretical foundation is the virial equation of state:

PV _

C = 2
— + = + =
RT ces 1+ Bp + Cp© + ... (7)

z =
v2

1 +

<|w

a B e—— . =




where B, C, ... etc., are the second, third, ... virial co-
efficients. The physical significance as represented by
this equation of state is to reflect the molecular inter-
actions of particular numbers of molecules. Thus, for the

second virial coefficient:

B = 1™ (z-1vV (8)
1.

v
it accounts for the interactions between pairs of molecules.
However, virtually nothing is known about the virial coeffi-
cients beyond the third. Fortunately, the virial equation
when truncated to the second term is a highly reliable equa-
tion of state at low pressures. The second term of the virial
equation represents no more than a first-order correction to
the ideal-gas law, and as such provides an entirely suitable
extension to the simplest of P-V-T expressions for low
pressures. Furthermore, the virial equation, when truncated
to three terms, represents data accurately and is, therefore,
entirely adequate for the vast majority of engineering appli-
cations (Van Ness {163} (1964), p. 47).

For obtaining the information and properties of binary
mixtures, the binary interaction parameters as proposed by
Chueh and Prausnitz {23} (1967) as well as by Zudkevitch et
al.{80}{170} (1970) have played a key role as far as the
modified mixing rules of the Redlich-Kwong equation of state
{141} (1949) are concerned. A direct relationship was estab-
lished between these binary interaction parameters by Kato et

al.{84} (1976). These parameters lie in the correction term




to the characteristic energy parameter for a binary inter-

action, derived from the geometric mean of the pure compon-

ent parameters, by a coefficient(l - kij)’ This correction
factor was also demonstrated by Hiza and Duncan {71} (1970).
When we insert this binary interaction constant kij into the
mixing rules of an equation of state, an excellent represen-
tation of the mixture data can be obtained, as a contrast to
the rather poor predicted result when using the mixing rules
without this correction parameter, i.e., when kij = 0. Ref-

erences in these aspects concerning the binary mixture be-

haviour involves the compressibility factor, fugacity coeff-

icients, saturated liquid volume and critical pressure for
binary mixtures (Chueh and Prausnitz {23}{24}{25} (1967);
cross second virial coefficients (Hiza and Duncan {71} (1970));
isothermal enthalpy departures (Sugie and Lu {160} (1971))

and the solid-vapor equilibrium data (Robinson and Hiza {147}
(1975)) . Also, good agreements of the activity coefficients
and the excess Gibbs free energy of mixing data with the
experimental values were obtained by applying the binary
interaction constants (Hamam and Lu {65} (1976)). Furthermore
a few treatments of the kij values have been provided by means
of the excess molal volume of mixing (Chang and Lu {17} (1970)),
the excess volume, enthalpy and Gibbs free energy of mixing
(Chang and Lu {18} (1971)) and from the binary isothermal
vapor-liquid equilibria data by minimizing the deviations
between the calculated and experimental total pressure or

the vapor-phase composition (Kato et al.{84} (1976)).




The objective of this study is to obtain the kij values
as they are characteristic constants of the i-j interactions,
so as to obtain the useful information and property behaviour
of the binary mixtures, especially for the vapor-liquid
equilibria and excess thermodynamic properties of mixing as
stated thus far. Also, interest has been drawn on the argu-

ment claimed by Chueh and Prausnitz {23} (1967) that the kij

values are independent of temperature, density and compositions.

In this investigation, the second virial coefficient
correlation in terms of the acentric factor proposed by Pitzer
and Curl {129} (1957) for pure compounds was employed, to-
gether with adopting the mixing rules proposed by Guggenheim
and McGlashan {62} (1951), followed by Prausnitz and Gunn
{130} (1958), as well as by Chueh and Prausnitz {23} (1967),
the binary interaction constants for binary mixtures were
calculated. These binary interaction constants so evaluated
do show themselves to be a function of temperature and are
comparable with those developed by other published works
concerning the temperature-dependence of kij' such as partly
shown by Chang and Lu {17}{18} (1970, 1971), Lu et al.{104}
(1974) , Hamam and Lu {63}{64}{65} (1974, 1976), Kato et al.
{83}{84} (1975,1976) and Hamam et al.{66} (1977). Hence
this work offers a strong support for the fact that kij is a
function of temperature, not universal constant, and further-
more, these binary interaction constants do fit in the trend
of the kij—temperature relationships as established by the
k.. values obtained through using the binary vapor-liquid

1)
equilibria data.
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CHAPTER II

REVIEW OF PAST WORK

A. The Principle of Corresponding States and Pitzer's
Original Work

In a series of papers, Pitzer and co-workers presented
studies under the title of "The Volumetric and Thermodynamic
Properties of Fluids" {127}{128}{129}{34} (1955, 1957, 1958).
These papers developed a corresponding states principle with
theoretical basis in relation to the statistical mechanical
proof of the theory of corresponding states, together with
rigorous theoretical tests made for the second virial coeff-

icients. They suggested that the compressibility factor of

a normal fluid in either gas or liquid state should be expres-

sible with precision as a function of just one parameter in
addition to the reduced temperature and reduced pressure,
which were involved in the original hypothesis of correspond-
ing states from van der Waals. The additional parameter is
defined in terms of the vapor pressure at T, = 0.7. This
third parameter is required because the intermolecular force
in complex molecules is a sum of interactions between various
parts of the molecules - not just their centers - hence the

name "acentric factor" is suggested. The theory requires

that any group of substances with equal values of the acentric

factor should conform among themselves to the principle of
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corresponding states. This result is verified with relatively
high accuracy, according to Pitzer et al.{128} (1955). They

defined the acentric factor as

P
w = - log <—S;L> - 1.000 (9)
c 3
T_=0.7

Then they used the power series expression in the acentric
factor

(o)

z2 = 2 + w2t o+ L. (6)

where the coefficients Z(o), Z(l), ... etc., are each func-

tions of T, and Pr' Hence the compressibility factor is

expressed as a function of three variables shown by

PV _

Z = _RT = Z(Tr,Pr,w) (10)

and the generalized correlation of the tabulated coefficients
of equation (6) is often called the three-parameter correla-
tion or the acentric-factor correlation.

For the power series expansion of the compressibility
factor shown in equation (6), Pitzer and co-workers reported
that in almost all regions, the first two terms are sufficient,

hence their correlations were essentially of the form

z = z(°) 4 4z (11)

and furthermore, they found that this linear relationship in
the acentric factor was also adequate for the other thermo-
dynamic properties of pure fluids as far as the application
of the compressibility factor is concerned {129}{ 34} (1957,
1958), such as the secondvirial coefficient, obtained by the

equation
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B = i““ (z - 1)V (8)
50

and interpreted in terms of the acentric factor as

(o) (1)
BP B P B P
c = ____ ¢ 4+ y—"0=° ¢ (12)

RTc RTc RTc

Likewise, for the fugacity, enthalpy and entropy functions,
they were obtained by

P
zn(g) = s iﬁ—l—ll ap_ (13)

G w2 () -

s* P
<R =f° (zl+'ra>< >dP (15)

and interpreted by

1og(.§) - [1og(§)]‘°) +w[1og(§)]“) (16)
(0) (H*_H>(1)
+ Wl = (17)
CORIC IR
S* S* (o) S* (1)
G -6 )

also these three functions are interrelated by the relation-

G - @) b

ship
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These functions were evaluated by graphical differentiation

(%) sna z(V

and integration of the 2 values with respect to
T, and Pr' respectively.

Also in their works, Pitzer et al. showed that this
thrée—parameter generalized correlation is applicable to the
compounds categorized as the "normal" fluids, with emphasis
on the simplest class of such substances following the corr-
esponding states behaviour as comprising the heavier rare
gases (Ar, Kr and Xe) and termed as "simple fluids". For
these simple fluids, their acentric factor values are taken
to be zero based on the definition shown in equation (9).
The properties of the "normal"” fluids as well as the "simple"
fluids will be discussed in Chapter X, Appendix B. For this
reason, the compounds with quantum effects or highly polar
nature were excluded from Pitzer's original correlations, and

(o) (1)

the values of 2 and 2 as defined by equation (1ll1l) were

presented in tabular forms for compressibility factor calcu-

lations {128} (1955).

B. Earlier Extensions of the Pitzer Correlation

Following the three-parameter correlations proposed by
Pitzer and co-workers, a number of authors have recently
extended the correlations to lower temperatures. Chao et al.
{20}{21} (1971) presented correlations for the enthalpy,
entropy, fugacity and vapor pressure of non-polar liquids at

low temperatures. Carruth and Kobayashi {16} (1972) again
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reported an extension to low reduced temperatures of the
three-parameter corresponding states for vapor pressures,
enthalpies and entropies of vaporization and liquid fugacity
coefficients. For the compressibility factor correlation,
which is of prime interest in this work as well as in under-
standing the thermodynamic properties of pure compounds, Lu
and co-workers {103}{74}{75} (1973, 1974) extended the gen-
(°) (1) values to the low temperature region

eralized 2 and 2

[T

of 0.5 ST £ 0.8 and 0 $p. £ 9.0 by using the isothermal
coefficient of bulk compressibility, BT' compiled by Rowlin-

son {149} (1969) and defined by

e

to evaluate the 2 values of liquids. The Z values for
the gas phase were obtained from the generalized second
virial coefficients reported (Chang and Lu {19} (1972)).

The working functions are

P2 PZ l
J BT dp > (21)
P,

BT(Pz"Pl) = 21’(2%‘) (22)

under the assumption that BT was preliminarily treated as

and

constant independent of pressure at a given temperature.

(o) (1) values presented in

Using the 2 and Z
tabular form, the correlation for the compressibility factors

were further expressed by an analytical form expressed by
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means of the following equations:

(e) »
z =

— = Be(T) Bi(T)P_ + A2 (TP ? + As(T )P ° (23)
z(t) 3 1

2 = Bo(Tr) + B‘(Tr)Pr f B, (T)P ° + 33(Tr)Pr (24)

in which Ai and Bi are functions of Tr and were further

correlated by equations as

2 3 L]

-1 -2 -3 -
Bio + BilTr + Biz'rr + BisTr + BinTr (26)

_Bi(Tr)

hence the coefficients of equations (25) and (26) were
obtained. Furthermore, for the application of the extended
correlation to the low temperatures, generalized (§), Zopo

Zz.. and enthalpy departure values for liquids at these low

P
reduced temperatures were also presented based on the comp-
ressibility factor correlation.

Lee and Kesler {96} (1975) demonstrated Pitzer's three-
parameter generalized correlation together with their appli-
cationsbythe use ofa modified equation of state originally
proposed by Benedict et al. (BWR equation of state) {8} (1940).

They chose n-Octane as a reference fluid and expressed the

compressibility factor as

z = 2z 4 uzM (11)
. ol0) W (r) _ ,(0) |
Z 2 + —Ti'-)- (2 2 ) (27)

()
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where (r) denotes reference fluid. The equation of state is

PV o]
Z = ;r =1 + %._'. + c.z + D' + b B' + ._Y_ exp —.L
r r V v 1.2 v, 2 v_?
r . r

r r r r
(28)
where
b2 b3 b“
B' =b) =g~ —~ - — (29)
Tr T 2 B 3
r r
cz ca
C' = ¢, - 7= + — (30)
Ty g3
r
dz
D' = d; + =~ (31)
Tr

the constants B', C', D' and B' are different from the nota-
tions of B, C, D and 8 used thus far in this work. In order
to determine the constants in equations (28) to (31), the
compressibility factor data of four compounds and the enthalpy
data of five compounds were correlated by use of the follow-

ing constraints:

A"

gV = L

(at saturated condition) (32)

9P azpr
YN = T = 0 (at critical point)
. T/ T/
r r

where f is the fugacity. Then properties such as fugacity

(33)

coefficient, enthalpy departure, entropy departure, isochoric
and isobaric heat capacity departures were evaluated by means
of thermodynamic relationships and the constants obtained

from equations (28) to (31). Also an expression for the




acentric factor evaluation was proposed. A comparison between
the calculated compressibility factors and the literature data
for 12 compounds was also presented which serves further

as the source for the comparing énd testing purpose for this

presentation (see Chapter VI).

C. Literature Survey of the P-V-T and Second Virial
Coefficient Data

The limitations of the Pitzer correlation {128} (1955)
as described earlier (see Chapter I, Part A), also as shown
by the statements quoted from Pitzer's original work {128}
(1955) , (see Chapter III, Part C), indicate that the data
sources chosen as the correlation basis will be the key factor
as far as the precision and appliéability of this generalized
correlation are concerned. Hence, ample efforts were made
to collect appropriate data. At first, all the data used by
Pitzer et al.{128} (1955) were collected. It was obvious
that the data of Sage et al.{150}{123}{28}{137}{151}{138}
(1937, 1943, 1945, 1950, 1951) played a very important role
in Pitzer's original work, especially for temperatures near
Tr = 0.8. For the gas phase data, the ones reported by
Michels and co-workers were also chosen {112}{113}{110}{111}
{114}{115} (1935, 1936, 1937, 1949) extensively. The number
of compoﬁnds chosen is, 15.

In this work, compressibility factor data for 57 com-

pounds available in the literature have been selected which
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cover adequately the T, and P_ regions of 0.5 s T. £ 5.0 and
0 s P, £ 12.0. Due to the credibility of the authors, the
data of A. Michels and co-workers, {109}{110}{111}{112}{113}
{114}{115}{116}{117}{118}{119} (1934, 1935, 1936, 1937, 1949,
1951, 1953, 1958, 1966), also of Sage et al.{150}{123}{124}
{28}{137}{151}{152}{138} {140} (1937, 1943, 1944, 1945, 1950,
1951, 1955, 1957) were used. Extensive data were taken from
the Journal of Chemical and Engineering Data series. The
overall number of compounds chosen is 57 from 66

data sources. (see Table 2 and Chapter IX). The literature
data used by Lu et al.{103} (1973) and by Lee and Kesler {96!}
(1975) were also covered.

For the virial equation of state, it really has not
suffered from lack of treatment and study. 1In principle, the
determination of virial coefficients experimentally is straight-
forward. It is only necessary to measure P, V, and T accur-
ately and then to extract the virial coefficients. For exam-

ple, the second virial coefficients can be obtained from

equation (8):

B = 1™ (z - 1V 8)

=0

\'

which has drawn extensive attention due to the simplicity in
form and significance in theoretical considerations. Also,
it provides valuable criteria for smoothing the P-V-T data.
The virial coefficients depend only on the temperature and
on the particular gas, but are independent of density or

pressure. For pure compounds, the virial coefficients have
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been compiled by Dymond and Smith {48} (1969) as well as by
Mason and Spurling {106} (1969). The second virial coeffi-
cients of mixtures, through which binary interaction param-

eters will be evaluated in this work, is shown exactly by

Y.B (34)

n
B = I Y.Y.B..
i J 1]

-3

i

where n is the number of constituents in the gaseous solu-
tion. For a binary solution consisting of constituents 1

and 2, this equation becomes:

2 2
B, = ¥, By, * 2y,¥,By, *V¥, By, (35)

where y is the mole fraction in the system and Bm denotes
the second virial coefficient of the binary mixture. The
coefficients B,, and B,, are the second virial coefficients
for the pure gases 1 and 2 at the temperature of the
solution, and B,, is the interaction or cross coefficient,
which is a function of temperature only. Experimental values
of B,, are usually calculated from equation (35). Usually
these second virial coefficients data are presented in the
way of solubility or phase equilibria, for which a compilation
work was done by Mason and Spurling {106} (1969). 1In this
investigation, data for 121 binary systems were collected
and special attention has been given to compounds which are
the constituents of natural gas or petroleum gas, such as
hydrocarbons (both paraffinic and olefinic) ranging from
methane to n-Octane, nitrogen, carbon dioxide and hydrogen

sulfide.
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CHAPTER III

PROCEDURE OF EXAMINING AND EXTENDING

THE PITZER CORRELATION

PART PAGE

A Compressibility Factor Data of Pure 22

Compound from Literature

B Cross-Plotting Technique for Each 30

Pure Compound

C Correlation of the Z(o) and z(l) 35

Values
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CHAPTER 1III

PROCEDURE OF EXAMINING AND EXTENDING

THE PITZER CORRELATION

In this Chapter, we first reviewed the validity of
Pitzer's acentric-factor correlation and then extended the

Z(o) and Z(l)

values to wider ranges. Data for 57 compounds
were collected for correlation and cross-plotting technique

was adopted for the review and extension purposes.

A. Compressibility Factor Data of Pure Compound from
Literature

Pitzer and co-workers {128} (1955) expanded the compress-
ibility factor function by means of a power series in the

acentric factor :

(0) (1)

zZ = 2 + w2 (6)

(o)

where 2 . z(’)

, -.. etc., are each functions of Tr and Pr'
In this work, we carefully collected the P-V-T data from
literature and used the assumptions of Pitzer et al.{128}(1955)

Z(o) and Z(l) eee

that, in a homogeneous region, the Z,
values are all single-valued and continuous functions of T,
and P and that the derivatives with respect to T, and Pr

are also continuous. Hence for the same compound, the data

source for which the compressibility factor data was a con-

tinuous function of Tr and Pr to the utmost degree was chosen,
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and the choices depended on the credibility of the author.
Also the test for the smoothness of the P-V-T data provided
by the second virial coefficient consideration (see Chapter
IV, Part C) was employed whenever necessary. The data used
by Pitzer et al.{128} (1955) were also included. Due to the
fact that Pitzer's original data were mostly in the vapor
phase, the data of 55 compounds collected as the correla-
tional basis were also covering the T, and P _ ranges in the
vapor phase originally as shown in Table 1. Then, in the
subsequent efforts, data in the liquid phase were again
chosen extensively to cover the whole ranges of 0.5 £ T. £ 5.0
and 0 S P € 12.0 as applicable for both the liquid and vapor
phases. At this time 2,3-Di-methylbutane and water were in-
cluded and made up the data for the pure compounds numbered
57, and the data sources reported by Lu et al. {103} (1973)
and Lee and Kesler {96} (1975) were all covered. All the
data used in this work together with their T, and P_ ranges
are listed in Table 2. The data were in the form of iso-
therms and presented as temperature-pressure-specific volume
(or compressibility factor or density) relationships and the
compressibility factors were calculated using appropriate
universal gas constants. For the data of methane by Vennix
et al.{165} (1970) for which the presentation was neither in
the form of isotherms nor in the form of isobars, reference
was made to the original work in which the data was adjusted
into the form of isotherms (Vennix {164} (1966)). Hence we

have a set of calculated Z-Tr—Pr results for each reference,
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and the sources of the critical constants and the molecular

weights are given in Chapter X, Appendix A.

B. Cross-Plotting Technique for Each Pure Compound

First we draw graphs of the compressibility factor, 2,
versus reduced pressure at constant reduced temperature con-
ditions, that is, isotherms. These drawings were made all
on large graphic papers to facilitate the readings in order
to obtain highly precise compressibility factor values.
Sample drawings of this nature were shown in Figures 1 to 4
for ethane (Sage et al. {150} (1937)), neopentane (Dawson et
al.{36} (1973)), n-Octane (Felsing and Watson {52} (1942))
and n-Heptadecane (Doolittle {44} (1964)). Heavy hydro-
carbons such as n-Decane or further have sufficiently low
vapor pressures such that essentially, no experimental infor-
mation appears to be available concerning the volumetric and
compressibility factor characteristics of the gas phase.
Care was taken not to extrapolate the available data and
special attention was focused on the regions near the two-
phase zone, that is, around the critical point where the
liquid and vapor phases coexist.

Secondly, cross-plotting technique was employed and the
Z versus Tr using Pr as the parameters were drawn on large
graphs this time. These graphs were made from the informa-
tion of the 2 versus Pr at constant ‘1‘r drawings as described

in the first step. Typical examples were shown in Figures
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5 to 8, obtained from Figures 1 to 4. Again, special care
was taken on the critical region as well as on the prohibi-
tion of extrapolation. .

Baving obtained these two kinds of drawinés, namely the
4 vérsus Pr at constant Tr and the 2Z versus Tr at constant
Pr' it was then possible to obtain tables of the compress-
ibility factor as a function of P and T, at regular inter-
.vals for each compound, thus formed a cross-plotting procedure.
These tables were examplified by the four compounds ethane,
neopentane, n-Octane and n-Heptadecane, shown in Tables 3 to

6, as obtained from Figures 1 to 8.

(o) (1)

C. Correlation of the 2 and 2 Values

Now we are ready for the extension and review of Pitzer's
-generalized correlation. The motivation and incentive for
this examination, as stated in Chapter I, Part A and Chapter
II, Part C, came essentially from the following quotation
from the original work of Pitzer et al.{128} (1955, p-3435):
*In certain regions either the data are poor or more commonly
the data deviate from the linear correlation in w. In such
regions values are given to only the second decimal place
and correspondingly lower accuracy must be expected in the
calculated results". From these key comments, it is obvious

that the accuracy of the z(°) and z(”

values presented
by the linear correlation for the compressibility factor

calculations must depend on the data used as the correlation
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Z vs Tr at constant Pr
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basis, and more basically, on the validity of the linear

truncation of equation (6), i.e., in the form of

z = 209 4 uz (V) (11)

In this investigation, attempts have been made to verify this
linear correlation in w.

Following the procedures of Parts A and B, we obtained
the Z-Pr-Tr values represented by tables in regular intervals
of Tr and Pr for the 55 compounds as chosen in the first
stage shown in Table 1. The data used in this study were
further expanded to cover lower temperature regions for liguid
phase as shown in Table 2, hence this presentation was founded
on an extensive and more up-to-date literature data basis for
correlational purpose. 1In the first place, we gathered all
the compressibility factor data. available at one reduced
pressure and one reduced temperature, then plotted all the
compressibility factor data for the various compounds as a
function of their corresponding acentric factors at this
specified Pr and Tr' then repeating this for all pairs of
Pr-Tr conditions. The sources of all the acentric factor
values used in this work are given in Chapter X, Appendix A.
In plotting these graphs of 2 versus w for the correspond-
ing Tr and Pr conditions, it was obvious that the existence

of the quadratic and further terms in the equation

(o) (1)

zZ = 2 + wzZ + ... (6)

is not necessary. Furthermore, when we

excluded the data points of the qguantum and highly polar
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compounds such as hydrogen, helium, ammonia and water from
the figures, the linear correlation was obviously shown. A
sample graph of this nature was shown in Figure 9 for

T. = 1.4, P = 1.0 conditions. The exclusion of quantum and
highly polar compounds from this generalized correlation for
normal fluids will be further verified later in this part.
Moreover, after employing the least-squares regression method
on the second and even third order forms of equation (6), it
was found that the z(z), Z(a) terms showed such scattered and
irreqular behaviour that there arose considerable doubt as

to their validity and hence there was little ground to claim
that they are functions of Tr and Pr' letting alone reasonably

smooth ones. Therefore, this acentric-factor correlation with

the linear form

(0) (1)

zZ = 2 + w2 (11)

is verified to be appropriate.

Thus far we have verified the validity of the linear
correlation for compressibility factor data proposed by Pitzer
and co-workers {128} (1955), namely, equation (11). Based
on the more extensive P-V-T data obtained from the literature
as shown in Table 1, an attempt was made to extend Pitzer's
original work to wider ranges. By using the least-squares
regression method again, all the compressibility factor-
acentric factor data were correlated on all the conditions
of Pr and Tr' in the linear form of the acentric factor.

(°) (M)

Thus, we obtained tables of 2 and 2 values well cover-

ing the regions of 0.5 $ T. £ 5.0 and 0 P $ 11.0, all
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based on the compressibility factor data as shown in Table
1. These values were presented in Tables 7 and 8. They

had well extended the regions of 0.8 s Tr S 4.0 and

0 $P_$ 9.0 originally presented by Pitzer et al.{128 } (1955).

r
' 0

For the Z( ) and Z(l) values shown in Tables 7 and 8, the
low-temperature data were not presented mainly because for

all the references used in Table 1, the data sources for such

low temperatures at Tr 0.5 to 0.7 were rather few, as shown
by the Tr ranges for the various references in Table 1. These
low temperature data may not be enough for correlation purp-
oses. Therefore efforts were again made to collect and to
amplify the literature data available to cover the low temp-
erature region for which most of the data were in the liquid
phase. This time, the highly polar compound water was in-
cluded since it was used in PitZer's original work. Also

we were able to collect data for one more compound, 2,3-Di-
methylbutane, hence made the total number of compounds for
which compressibility factor data were collected to be 57.

All the data sources together with their T, and P _ ranges

are given in Table 2. Now, the literature data are enough
for the correlation work to be applied to the whole Tr and

P_ ranges of 0.5 s T £ 5.0 and 0 & P_ £ 12.0. Based on

(o) (1)

these data sources, values of 2 and 2 were obtained

by the linear correlation program as shown in Chapter X,
Appendix C (for T, = 1.4 and P, = 1.0 conditions).

Up to this point, we are ready to make our final pres-

(o) (1)

entations of the 2 and 2 values tabulated as was done




vatues of 2(%) obtained From A1l Compounds Listed in Table 1

TABLE 7

Pr

™ 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

0.5

0.6

0.7

0.8 .8370 .7126 .1968 .2573 .3172 3512 4421 5131 .5676
0.85 .8822 .7399 .2045 .2656 35 .3599 4342 5110 .5722
0.9 .9015 .7829 .6461 .2816 .3283 .1603 .2105 .2327 .2680
0.95 .9158 .8189 .7085 .5222 .3219 .1892 .2300 .2457 .2810
1.0 .9273 .8454 7570 .6425 .3941 .2913 .2551 .2784 .3029
1.05 .9369 .8689  °,7991 .7098 -5986 .4596 .3609 .3475 .3444
1.1 .9440 .8866 .8292 .7631 -6826 .5998 .5052 .4395 413
1.15 .9513 9012 .8580 .8020 .7428 .6792 .6154 .5529 .5057
1.2 .9566 9134 .8747 .8315 .7858 .7360 .6868 .6404 .5934
1.25 .9620 .9244 .8914 .8540 .8190 7776 .7381 .6993 .6628
1.3 .9663 .9336 .9051 .8737 .8421 .8093 .7778 .7441 7153
1.35 979 .9449 .9216 .8938 .8666 .8388 .8140 .7853 .7623
1.4 .9746 .9493 .9287 .9042 -8801 .8551 .2316 .8096 .7908
1.45 .9775 .9551 .9363 .9148 .8933 8718 .8510 .8381 .8154
1.5 .9797 .9595 .9434 .9241 .9047 .8899 .8713 .8592 .8432
1.55 .9815 .9635 .9496 .9320 .9146 .9020 .8868 .8738 .8600
1.6 .9835 .9672 .9546 .9388 .9237 .9088 .8940 .8812 .8695
1.65 .9851 .9706 .9595 .9456 .9315 .9181 .9051 .8939 .8840
1.7 .9865 .9735 .9638 .9512 .9387 9273 .9149 .9051 .8965
1.75 .9868 .9764 .9678 .9563 .9453 .9350 .9250 9161 .9087
1.8 .9893 .9788 9Nn3 .9624 .9514 .9415 .9329 .9248 .9189
1.85 .9905 .9811 .9746 .9655 .9566 .9579 .9402 .9322 .9280
1.9 .9915 .9832 .9774 .9696 .9612 .9533 .9467 .9404 .9361
1.95 .9928 .9851 .9801 .9730 .9655 .9589 .9525 .9473 .9437
2.0 .9937 .9877 .9826 .9767 .9696 .9635 .9573 .9534 951
2.25 .9968 .9935 .9907 .9878 .9856 .9827 .9795 9781 .9780
2.5 .9993 .9983 .9986 .9990 .9987 .9969 .9961 .9968 .9975
2.75 .9995 .9992 .9986 .9986 .9989 .9996 .9988 .9987 .9991
3.0 1.0004 1.0005 1.0013 1.0018 1.0019 1.0020 1.0020 1.0023 1.0030
3.25 1.0003 .9998 .9997 1.0006 1.0011 1.0016 1.0024 1.0020 1.0030
3.5 1.0013 1.0009 1.0014 1.0024 1.0034 1.0039 1.0051 1.0052 1.0069
3.75 1.0016 1.0018 1.0024 1.0037 1.0045 1.0060  1.0069 1.0081 1.00%0
4.0 1.0013 1.0022 1.0028 1.0046 1.0055 1.0067 1.0082 1.0095 1.0105
4.25 1.0026 1.0050 1.0061 1.0090 1.0104 1.0138 1.0159 1.0182 1.0200
4.5 1.0026 1.0054 1.0074 1.0098 1.0118 1.0143  1.0168 1.0188 1.0210
4.75 1.0036 1.0058 1.0080 1.0100 1.0129 1.0150 1.0172 1.0192 1.0220
5.0 1.0035 1.0058 1.0082 1.0106 1.0134 1.0157 1.0181 1.0198 1.0222
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™ Pr 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.5 1893 .1798  .2096  .2220  .4564
0.6 4905  .4478  .4968  .4921  .5264  .5584  .6216  .6178
0.7 3500  .3859  .3998  .4356  .4550  .4829  .5190  .5337  .5788
0.8 3318 .3593  .4150  .4475  .4780  .5067  .5435  .5752  .6034
0.85 2030  .3253  .4006  .4368  .4730  .5012  .5363  .5688  .5977
0.9 2804  .3192  .3705  .393  .4233  .4547 4830  .5097  .5372
0.95 302 .3391  .3684  .3932  .4204  .4465  .4740  .5002  .527
1.0 3255 .3500 . .3748  .4007  .4286  .4486  .4727  .4958 5195
1.05. - .3626  .3807  .4031  .4228  .4454  .4688 4915  .5148  .5380
1.1 4086  .4154  .4289  .4493  .4626  .4839  .5042  .5259  .5773
1.15 4760 .4636  .4661  .4792  .4926  .5080  .5260  .5420  .S617
1.2 5570  .5%2  .5252 .58  .5292 5379  .5537  .5643  .5814
1.25 6304  .6076  .5903  .5860  .5802  .5792  .5831  .5978  .6091
1.3 .6895  .6657 6490  .6389  .6304  .6266  .6305  .6349 .63l
1.35 7423 .74 .69%9  .6880  .6774  .6708  .6708  .6707 .6692
1.4 7732 .7517 &%\ 186  .Ne6 7099  .7083  .7054  .7055
1.45 7995  .7841 7733 N4 7538 7473 7488 7449  .7403
1.5 3308  .8210 .81 .8045  .7853 7796  .7756  .7746  .7704
1.55 8490  .8436 .80  .8301  .8108  .8054 7999  .7985  .7972
1.6 8504  .8560  .8470  .8439 .83  .8280  .8242  .8224 .81
1.65 8752 .8735  .8664  .8630  .8534  .B487  .BA49  .8432  .B4%6
1.7 8800  .8886  .8825  .879  .8M0  .8667  .8634  .8613  .8614
1.75 0028  .9026  .8077  .8957  .8891  .8849  .8825  .8804  .8816
1.8 9139  .9153  .9106  .9090  .9033  .8998  .8977  .8956  .8973
1.85 9239  .9262  .9222  .9208  .9161 9130  .9115  .9097  .9IM
1.9 9327  .9354  .9322  .930  .9274  .9248  .9240  .9219  .92%
1.95 0409  .0438  .9415  .9402  .9373  .93%  .9354  .9333  .9344
2.0 9483 .9480  .9497  .0484 9463  .9453 9452  .9435  .9442
2.25 9785  .9794  .979%  .9801  .9798  .9800  .9805  .9793  .9811
2.5 1.0000  .99%0  .9950  .9959  .9981  .9989  1.0000  1.0010  1.0024
2.75 9995 1.0004  .9993 1.0016 1.0020 1.0026  1.0036  1.0036  1.0051
3.0 1.0048  1.0047 1.0063  1.0055  1.0084 1.0098  1.0098  1.0098  1.0108
3.26  1.0033  1.0087 1.0049 1.0061 1.0065 1.0078  1.0098  1.0087  1.0103
3.5 1.0073 1.0086 1.0095 1.0108 1.0123 1.0132 1.0149  1.0149  1.0168
3.75  1.0101 1.0111  1.0126 1.0142 1.0157 1.0174 1.0184  1.01%4  1.0213
4.0 1.0117 1.0130 1.0145 1.0160 1.0178  1.0194  1.0209  1.0221  1.0242
4.25  1.0216 1.0238 1.0258 1.0284 1.0314  1.0338  1.03%  1.0372  1.0399
4.5 1.0220 1.0248  1.0271  1.0294  1.0326  1.0349  1.0371  1.0380  1.0410
4.75  1.0239 1.0260 1.0279  1.0302 1.0330 1.0352 1.0382  1.0384  1.0413
5.0 1.0264 1.0264 1.0280  1.0309  1.0327 1.0350 1.0378  1.0390  1.0413




Pr

n 3.8 4.0 4.5 5.0 5.5 6.0 6.5 7.0
0.5 4916 5122 .6088  .7636 .8291 .8796  .9337 .9939
0.6 6398  .6740  .7622  .8428  .9381  1.0058  1.0754  1.1563
0.7 .6059 6426  .7349  .8073  .8842 .9586  1.0287  1.1032
0.8 .6404 6733 .7533  .8338  .9130  .9901  1.0653  1.1417
0.85 6328  .6676  .7458  .8188  .8926  .9687  1.0436  1.1188
0.9 .5688 6019  .6622  .7253  .7916 .8595 9288 1.0482
0.95 5472 517 6188  .6822  .7411 .7994 .8544  .8696
1.0 .5436 5672 _ C.6209  .6790  .7340  .7885 .8483  .9002
1.05 5635  .5873  .6426  .7016  .7609 8170  .8778  .9338
1.1 5706  .5939  .6456  .7018  .7581 .8125 .8678  .9207
1.15 .5822  .6047-  .6535  .7051 .7587 .8112 .8692 L9126
1.2 .5985 6190  .6652  .M12 - .7628 .8125 .8616 .9097
1.25 6232  .6434  .6838  .7286  .7738  .8236 .8672  .9140
1.3 .6478  .6660  .7051 .7443 787 .8332  .8728  .9159
1.35 .6765  .6909  .7288  .7628  .8005 .8420  .8784 .9192
1.4 .7102 7187 . .7420  .7825  .8162  .8536 .8879 .9251
1.45 7428 7488 .763 .8015  .8316 .8648  .8963  .9317
1.5 .7708 .7706 .7848 .8216  .8487 .81 .9089 .9430
1.55 .798%  .7693  .8066  .8393  .8630  .8937 .9228  .9544
1.6 .8214 .8215  .8292 .8587  .8790  .9032 .9335 .9642
1.65 .8567  .8427  .8486 .87 .8047  .9160  .9488  .9734
1.7 .8605  .8612  .8668  .894) .9104 .9289  .9516  .9827
1.75 .8799 8806  .9005  .9115  .9268  .9342 .9680  .9917
1.8 .8954 .8960  .9151 9255  .9401 .9556  .9746  1.0006

- 1.85 .9092  .9101 .9288  .0386  .9518  .9659 .9847  1.0087
1.9 9220  .9223  .9413  .9504  .9633 .9764 .9944  1.0164
1.95 9332  .9337  .9525  .9610  .9733 .9862  1.0028  1.0235
2.0 9560  .9842  .9632  .9712 .9832 .9952  1.0109  1.0298
2.25 9818  .9826 1.0032 1.0196 1.0212  1.0337  1.0451  1.0595
2.5 1.0044 1.0060 1.0269 1.0353 1.0853  1.0558  1.0673  1.0795
2.7  1.0057 1.0104 1.0187 1.0256 1.0328 1.0410  1.0500  1.0594
3.0 1.0121  1.0133  1.0235 1.0304 1.0360  1.0420  1.0511  1.0606
3.26  1.0120 1.0132 1.0177 1.0217 1.0262 1.0315 1.0362  1.0426
3.5 71.0194  1.0204 1.0240 1.0284  1.0329  1.0383  1.0835  1.0492
3.75  1.0238 1.0245 1.0281 1.0326 1.0376  1.0406  1.0480  1.0543
4.0 1.0260 1.0275 1.0304 1.0352 1.0402 1.0454  1.0512  1.0574
4.25  1.0436 1.0862 1.0660 1.0738  1.0421  1.0474  1.0528  1.0568
4.5 1.0442 1.0474 1.0658 1.0738  1.0433  1.0486  1.0543  1.0592
4.75  1.0445 1.0472 1.0658 1.0740 1.0807 1.0882 1.0960  1.1028
5.0 1.0446 1.0468 1.0660 1.0738 1.0798  1.0878  1.0940  1.1019




51

Pr

™ 7.5 8.0 8.5 9.0 9.5 10.0 10.5 n.o
0.5 1.0385  1.0942 1.,1518  1.1947 1.2495 1.3081 1.3751 1.4248
0.6 1.2296  1.3090 1.3750 1.4522 1.3252  1.3922 1.4581 1.5268
0.7 1.1728  1.2416 1.3158  1.3880 1.4518 1.5239 1.5314 1.6057
0.8 1.2213  1.2958 1.3087 1.3834 1.4555  1.5215 1.8332 1.9163
0.85 1.1947 1.2709 1.2895 1.3807 1.4257  1.4987 2.3986 2.5093
0.9 1.1210  1.1923 1.1880 1.2442 1.3098  1.3730 3.8414 4.0973
0.95 9193 .9877 .5426 5472 .5702 .5874
1.0 9514 .9530 .9606 .8456 .8942 .9100 1.0614
1.08 .9891 1.0309 1.0798 1.1249 1.1758  1.2306 1.349
1.1 .9751 1.0151 1.0656 1.1104 1.1613  1.2090 1.3143
1.15 .9646 1.0038 1.0521 1.0960 1.1413  1.1886 1.2689
1.2 .9552 .9938 1.0377 1.0772 1.1307 1.1759 1.2352
1.25 .9572 .9886 1.0305 1.0754 1.1186 1.1639
1.3 .9585 .9877 1.0266 1.0683 1.1074 1.1502
1.35 .9590 .9881 1.0249  1.0637  1.1003  1.1430
1.4 .9638 .9905 1.0249 1.0620 1.0958 1.1380 .9972
1.45 .9669 .9383 1.0233  1.059¢  1.0897 1.1316 .9964
1.5 .9752 .9955 1.0272 1.0616, 1.0923  1.1301 1.1720
1.55 .9845 1.0045 1.0354 1.0673 1.0997 1.1355 1.1760
1.6 .9923 1.0112 1.0406 1.0703 1.1022 1.1355 1.1787
1.65 1.0008 1.0189 1.0457 1.0733  1.1045 1.1349 1.1801
1.7 1.0085 1.0270 1.0512 1.0770 1.1073 1.1344 1.1855
1.75 1.0162 1.0366 1.0606 1.0854 1.1138 1.1387 1.1813
1.8 1.0239 1.0432 1.0657 1.0892 1.1161 1.1396 1.1803
1.85 1.0310 1.0495 1.0710 1.0935 1.1188 1.1405 1.1815
1.9 1.0375 1.0552 1.0762 1.0974 1.1213 1.1414 1.1808
1.95 1.0435 1.0606 1.0814 1.1017 1.1238 1.1425 1.1807
2.0 1.0495 1.0656 1.0857 1.1055 - 1.1266 1.1439 1.1806
2.25 1.0768 1.0908 1.1704 1.1239 1.1422 1.1574 1.1804
2.5 1.0928 1.1058 1.1220 1.1375 1.1521 1.1675 1.1816
2.75 1.0700 1.0708 1.1304 1.1442 1.1574 1.1724 1.181
3.0 1.0688 1.0575 1.1355 1.1490 1.1590 1.1676
3.2 1.0486 .9871 .9904 .9922 99N 1.0025
3.5 1.0564 .9975 1.0006 1.0054 1.0100 1.0139
3.75 1.0610 1.0072 1.0011 1.0159 1.0204 1.0244 1.0287 1.0346
4.0 1.0632 1.0145 1.0188 1.0237 1.0272 1.0316 1.0364 1.0815
4.25 1.0646 1.0192 1.0230 1.0272  1.0314 1.0363 1.0413 1.0468
4.5 1.0656 1.0219 1.0258 1.0294 1.0342 1.039 1.0447 1.0496
4.75 1.

5.0 1.109
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TABLE 8

Values of 2(” Obtained From Al) Compounds Listed in Table 1

oy 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
R 0.5
0.6
0.7
I 0.8 -.0245 -.3800 -.4067 -.5200 -.6367  -.6467  -.8800 -1.0433 -1.1433
0.85  -.0967 -.1992  -.4367  -.5533  -.6233  -.6833  -.8500 -1.0367 -1.1633
0.9 -.0686 -.1385 -.4595  -.6067 -.6667  .0942  .0121  .0298  .0022
0.95  -.0366 -.0726 -.1391  -.2730 -.6000  .0137 -.0388  -.0278  -.0444
1.0 -.0228  -.0209- -.0533 -.0891 -.1947  -.3615 -.1256  -.1248  -.1164
1.06  -.0068 -.0060 -.0305 -.0183  .n285  .0141  -.0810 -.1450  -.1133
1.1 .0096  .0214 oles  .0173  .0637  .0945  .1442  .0921  .0038
1.15 0088  .0291  .0142  .0222  .0881  .0887  .1257  .1574  .1234
1.2 0102  .0384  .0266  .0302  .0438  .0773  .1056  .1533  .\588
1.25 0080  .0321  .0302  .0388  .0274  .0701  .0933  .1468  .1453
1.3 0070  .0318  .0276  .0336 - .0457  .0626  .0830  .1441  .1394
1.35 00N .0076  -.0048  .0063  .0237  .0815 -.0774  .1121  .0990
1.4 0093  .0303  .0257  .0458  .0654  .0905  .1156  .1650  .1444
1.45 0166  .0324  .0332  .0602 . .0827  .1088  .1482  .0977  .1686
1.5 0194  .0405  .0447  .0686  .0885  .0439  .0465  .0534  .0540
1.55 0244  .0516  .0518  .0911  .1246  -.0160 -.0014  -.0054  -.)006
1.6 0269  .0558  .0570  .0948  .1275  .1757  .2083  .2812  .2726
1.65 0284  .0557  .0606  .0934  .1388  .1769  .2098  .2732  .1674
1.7 0283  .0568  .0630  .0940  .13%2  .1735  .2090  .2641  .2628
1.75 0358  .0553  .0636  .0951  .1332  .1696  .2045  .2549  .Z599
1.8 0257  .0525  .0629  .0838  .1321  .1692  .2011  .2500  .2556
1.85 0237 .0552  .0599  .0922 .33 .1657  .1981  .2480  .2542
1.9 0221  .0511  .0581  .0008  .1282  .1669  .1969  .2382  .2514
1.95 0206  .0482  .0602  .0872  -.1256  .1604  .1913  .2287  .2392
2.0 0182  .0431  .0558  .0808  .1202  .1561  .1943  .2232  .2309
2.25 0177 .09  .0566  .0802  .0932  .1233  .1511  .1647  .1867
2.5 0144  .0319  .0082  .0432  .0617  .0854  .1090  .1068  .1299
2.75 019  .0416  .0645  .0845 1012 1212 .1456  .1492  .191)
3.0 0258  .0681  .0841 .13}  .17s0  .2807  .273  .3372  .3870
3.25 0401  .0803  .1278  .1680  .2370  .3308  .3671  .4048  .4381
3.5 0265  .0925  .1456  .2898  .2163  .2646  .3258  .3803  .4109
3.75 0503  .0680  .1286  .1789  .2143  .2633  .3197  ..3741  .406)
4.0 0612  .0864  .1204  .1687  .2333  .2510  .3054  .3701  .387
8.25 0306  .0286  .0551  .0786  .1296  .1459  .14%0  .1969  .2326
4.5 0337  .0296  .0388  .0683  .1081  .1592  .1357  .2092  .2245
4.75 0153 .0235  .0480  .0582  .1204  .1204  .I1571  .2051  .2388
5.0 -.0061  .0173  .0500  .0418  .1102  .1102  .1306  .1980  .2010
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n Pr 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.5 4229  .4905  .4864 5172 .1099
0.6 -.4653 -.2828 -.2840 -.1981  -.2136  -.2228  -.3181  -.2266
0.7 -.1950  -.2140  -.1658  -.1899  -.1632  -.1696  -.1904  -.1728  -.2060
0.8 1142 -.1038  -.1942  -.2078  -.2139  -.2151  -.2455  -.2540  -.259}
0.85 0285  .0140  -.1505 -.1716  -.2000 -.1996  -.2235  -.2385  -.2479
0.9 0544  .0586  -.0636  -.0558  -.0672  -.0690  -.0762  -.0841  -.0772
0.96  -.0078  .0024  -.0059  .0038 - .0025  .0106  .0172  .0214  .0365
1.0 -.0676 -.0608 ~-.0580  -.0535 -.0867  -.0449  -.0817  -.0280  -.0293
1.5 -.1150  -.a117  -.1466  -.1093 -.1128  -.1186  -.1228  -.1285  -.1333
1. -.0265 -.0430  -.0586 -.0882  -.0637  -.0801  -.0853  -.0947 - 2028
1.15 j085  .0804  .0498  -.0023 -.0240  -.0403  -.0587 -.0328  -.0427
1.2 1747 sz .1213  .0833  .0810  .0630  .0278  .0646  .0367
1.25 am 670 .1622  .1328  .i160  .1289  .1176  .0674  .1230
1.3 1578 1766 .173  .1464  .1374  .1384  .0980  .0720  .2176
1.3 1047  .1640  .1609  .1582  .1649 1742 .la62  .132 .2757
1.4 1581 .1951 1094  .1985  .2246  .2285  .2119  .2153  .282)
1.45 1824 .2100  .20M 0955  .2214  .2095  .1924 - .1607  .3307
1.5 0542  .0500  .0502  .0432 - .2303  .2261 2165  .1959  .3677
1.56  -.0024 -.0089 -.0062 -.0136  .3508  .3802  .3960  .4040  .4179
1.6 2038 .2746  .3081  .2952  .3440  .3723  .3939  .414 4213
1.65 2023 .2675  .2844  .2009  .3400  .3646  .3878  .4092  .4167
1.7 2826  .2598  .2745  .2852  .3323  .3569  .3801 4072 .4124
1.75 2763 .2507  .2670  .2738  .3143 3410  .3620  .3870  .3938
1.8 2692 .2369  .2613  .2651  .3028  .3321 .3522  .3808  .3378
1.85 .2656  .2291 2488 .2606  .2914  .3220  .3420  .3748  .3802
1.9 2609  .2302  .2822  .2500  .2816 .34 .3333  .3N9 3749
1.95 2571 .2265  .2394  .2562  .2779  .3050  .3266  .3661 .3700
2.0 2488 .2577  .2335  .2a78 2748 .2986  .3168  .3567  .3669
2.25 005  .19%0  .2116  .2236  .2457  .2670  .2833  .3218  .3340
2.5 1277 1805 203 2251 .2427  .2566  .2774  .29M .3226
2.75 2066  .2233  .2475  .2667  .2959  .3166  .3410 3741 3913
3.0 3842 .4601 4614  .5578  .6739  .6660  .6%a4  .7MT .8217
3.25 4919 .5188  .5402  .6193  .6957  .1554  .7780  .B762  .9184
3.5 4619 .5075  .5537  .518  .6462  .6973  .7272  .B16  .8592
3.75 4776  .5048  .5503 .60  .6238  .6762  .M09  .7639  .8027
5.0 4571 .5082  .5653  .6184  .6197  .6850  .6932  .738) .7857
4.25 2622 .2949  .3367  .3357  .3500  .3837  .4367  .4500  .4735
4.5 2673 .2765  .3143  .318¢  .3582  .3735  .4020  .4612  .4582
4.75 2510 .2500  .3326  .3235  .3490  .3M§ 3806 4571 .4449
5.0 2449 L2869  .3041 3102 .3592  .3755  .3888  .4449  .45M
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Pr

™ 3.8 4.0 4.5 5.0 5.5 6.0 6.6 7.0
0.5 .0978 .1063 -.1056 -.0970 -.0890 -.0624 -.0389 -.0198
0.6 -.2188 -.2314 -.2758 -.2983 -.3392 -.3428 -.3506 -.3709
0.7 -.2098 -.2306 -.2846 -.3025 -.3265 -.3475 -.3640 -.3822
0.8 -.2843 -.2992 -.3361 -.3670 -.4031 -.4287 -.4544 -.4876
0.85 -.2699 -.2876 -.3220 -.3404 -.3630 -.3886 -.4201 -.4528
0.9 -.0%48 =100 -10952 -.0880 -.1001 -.1051 -.1193 -.2566
0.95 .0558 0611 .1323 .1572 .1866 .2169 .2600 .4276
1.0 -.0243 -.0244 .0202 .0457 .0695 .0866 .1188 .1520
1.05 -.1476 -.1538- -.1483 -.1664 -.1880 -.2002 -.2320 -.2342
1.1 -.1135 -.1245 -.1200 -.1437 - 1636 -.1795 -.1940 -.2074
1.15 -.0573 -.0767 -.0812 -.1022 -17n -.1421 -.1497 -.1620
1.2 .0242 .0000 -.0204 -.0195 -.0558 -.0781 -.0913 -.1016
1.25 1m2 .0400 .0215 -.0050 -.0254 -.0692 -.0761 -.0900
1.3 .1985 .1186 -0549 .0256 -.0021 -.0409 -.0430 -.0537
1.35 .2402 .2010 147 .0922 - .0595 .0265 .0258 .0058
1.4 2N .2423 .2132 1276 .1052 .0694 .0620 .0539
1.45 ".3277 .3362 .3147 .1946 1677 .1406 .1322 1115
1.5 .3772 -4061 .3877 2821 . .2229 .2097 .1784 .1460
1.55 .4166 .4569 .4692 .3368 .3276 .2896 .2888 .2682
1.6 4319 .4510 -4709 .3482 .3509 .3451 .3188 -2984
1.65 -.1010 -4550 -4805 .3638 -3660 .3656 .3434 .3228
1.7 .4391 .4558 -4826 .3704 .3748 .3797 .3951 .3386
1.75 .4302 .4428 -3562 -3665 -3675 .9019 .3958 .3553
1.8 4242 .4379 .3574 -3673 .3N5 .3831 -4012 .3535
1.85 4136 .4289 .3475 .3663 .3754 .3935 -4051 .3764
1.9 4047 -4260 -3433 -3637 .3762 .3980 -4043 .3893
1.95 .4001 -4128 .3397 .3638 .3788 .3993 .4135 .3997
2.0 .0133 -4042 .3282 .3555 -.3702 .3975 .4076 -4066
2.25 .3545 3m .2898 .3133 .3441 .3550 -3840 .3982
2.5 .3333 .31 .2703 .2948 .3202 .3389 .3618 .3746
2.75 .4152 .2328 .4321 .4765 .5192 .5572 .5883 .6376
3.0 .8433 .9052 .9092 .9644 1.1102 1.2098 1.2527 1.3080
3.25 .9330 1.0212 1.1193 1.2382 1.3631 1.4863 1.6199 1.7125
.5 .8496 .9150 1.0551 1.1357 1.2286 1.3204 1.4245 1.5051
3.75 .8490 .8782 1.0143 1.1031 1.1592 1.3592 1.3806 1.4631
4.0 .8435 .8592 1.0102 1.0826 1.1867 1.3316 1.3582 1.4480
4.25 .4826 .5163 .2837 .2959 1.1571 1.24 1.3235 1.4112
4.5 .4826 .5000 .2878 . 3041 1.1408 1.2398 1.3020 1.3765
4.75 .5082 .5031 .2878 .3347 .3776 .4305 .4469 .4755
5.0 .5071 .5378 .2837 .3082 .3878 .9510 .4837 .4980
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n Pr 7.5 8.0 8.5 9.0 9.5 10.0 10.5 1.0
0.5 .0177  .0387 .0562 .0952 JI7 .1318 1313 .1567
0.6 -.3851 -.4055  -.4090 -.4289 -.1686 -.1749  -.1782  -.1910
0.7 -.3951 -.4075 -.4269 -.4460 -.4531  -.4751  -.4013  -.4236
0.8 -.5273 -.3529  -.4833 -.5139 -.5391 -.5499  -.9606 -1.0024
0.85 -.4844 -.5194  -.4507 -.4523 -.4787 -.5084 -2.0288 -2.1246
0.9 -.2884 -.3115 -.1744  -.1648  -.1743  -.1755 -4.9956 -5.3849
0.95 4742 .5093  1.8548  2.0290 2.1375  2.2733

1.0 1842 .4756 .6572  1.2788  1.3451  1.4709  1.4875

1.05 -.2487 -.2025 -.2162 -.1735 -.1706 -.1910  -.5968

R -.2174 -.1755 -.1783  -.1460 -.,569  -.1501  -.4856

105  -.1663 -.1307 -.1339  -.1020 -.0770 -.0709  -.297

1.2 -.0005 -.0681 -.0596 -.0328 -.0763 -.0913  -.1508

1.25 -.0889 -.0244  -.0228 -.0373 -.0252 -.0682

1.3 -.0386  .042) .0821 .0440 .0888 .083

1.35 .0003  .0659 .0503 1147 1306 .23

1.4 .0338  .1028 .0881 .1462 .1645 1372 1.2966

1.45 .49 .2405 .2436 .2281 .2708 .2059  1.3080

1.5 .1407  .2858 .2905 2862 .2977 .2830 .3056

1.55 .2620  .3384 .3393 .3360 .3351 .3272 .2936

1.6 .2925  .3635 .3616 .3661 .3589 .3558 .2888

1.65 .3152  .3857 .3848 .3908 .3797 - .3878 .2960

1.7 .3356  .3944 .4033 .4060 .3985 .4212 .2064

1.75 .3534 3801 .3926 .3933 .3924 .4254 .3256

1.8 .3668  .3983 .4065 .4092 .4108 .4443 .3504

1.85 .3793  .4077 .4141 .4216 .4230 .4635 .3632

1.9 3012 4161 .4206 .4372 .4396 .4813 .3840

1.95 3973 4172 .4259 .4427 .4516 .5007 .3984

2.0 4012 .4249 .4227 L4477 4618 5114 .4144

2.25 3933 .4213 .4312 .4470 .4532 .4983 .4768

2.5 .3888  .4076 .8172 .4303 .4480 .4762 .4968

2.75 .6596  .7683 .4098 .8262 .4408 .8530 .5064

3.0 1.4070 1.9766 .4104 .3642 .4304 .5782

3.25  1.8449 3.4710 3.6688  3.5898  3.7510  3.9102

3.5 1.5990 3.0326 3.2388  3.3592  3.5571  3.704

3.75 1.5418 2.8930  3.0326  3.1367  3.3531  3.4857  3.6592  3.7571
4.0 1.5398 2.7450 2.9143  2.9469  3.1673  3.3000 3.4163  3.5288
4.25  1.5031 2.6531 2.7898  2.8796  3.0082  3.1184  3.2347  3.3367
4.5 1.4582 2.5592  2.6898  2.7917  2.9122  3.0184  3.0755  3.1980
4.75 .5163

5.0 .5102
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by Pitzer et al.{128} (1955). Yet we have two sets of liter-
ature data upon which correlational work can be done, listed
in Tables 1 and 2. Essentially, the former is part of the
latter, therefore, by first reasoning the extenion of Pitzer's
geheralized three-parameter correlation seemingly will be
better if based on the data sources of Table 2. However,
due to the fact that the original work of Pitzer et al.{128}
(1955) also used very limited data sources for the low temp-
erature regions as the correlation basis, with which the sit-
uation of Table 1 is very similar, it was decided that the
correlation work be done on the basis of both Tables 1 and
2 respectively, and then tested the two presentations with
the experimental compressibility factor data, as is done in
Chapter VI. It will be further concluded in Chapter VI
that the Z(o) and Z(l) values as obtained from the literature
data of Table 2 are more precise and adequate, hence the
essence of this generalized correlation which requires that
the data used as correlational basis be more extensive is
demonstrated. The final Z(o) and Z(l) values presented in
Tables 9 and 10 were obtained from literature data of Table
1; while those of Tables 11 and 12 were from data of Table 2.
When we carecfully examined the tables of Z(o) and Z(l)
obtained after the least-squares correlation programming,

(0) and Z(l) values as

also after deliberately plotting 2
functions of Tr (at certain Pr) as well as functions of Pr
(at certain Tr), some showed abnormal discontinuity in cert-

ain ranges of T, and Pr' Such deviations from the general




;(i) Values

TABLE 9

for Compressibility Factor Calculation (1)

Pr

0.6 0.8 1.0 1.2 1.4 1.6

r 0.2 0.4 1.8
0.2 .0818 .1526 .2235 .2949 .3660 .4379 .5096 .5817 .6534
0.3 .0650 .1229 .1809 .2388 .2965 .3543 .4120 .4697 5213
0.4 .0528 .1005 .1482 .1958 .243 .2906 .3379 .3852 .4326
0.5 .0446 .0859 .1218 .1680 .2089 .2497 .2905 .3316 3724
0.6 .0393 .0765 1129 .1497 .1864 .2231 .2592 .2955 .3317
0.7 .0356 .0700 .1039 .1378 A9 L2052 .2387 .2N3 .3049
0.8 .8553 .0879 1312 .1572 .1752 .1947 .2407 216 .2968
0.85 .8837 .0878 .1200 .1453 1738 .1923 .2297 .2550 .2834
0.9 .9018 .7806 .1276 .1603 .1801 .1939 .23 .2588 .2836
0.95 9166 .8210 .7016 .1667 .1876 .1966 .2389 .2631 .2922
1.0 .9286 .8483 .7558 .6419 .2943 .2287 .2530 .2760 . 3006
1.05 .9387 8716 .7990 .7100 .5993 .4615 .3705 .3542 . 3464
1.1 .9462 .8896 .829 .7628 .6832 .6032 .5119 .4516 .4N9
1.15 .9538 .9039 .8555 .8022 .7444 .6831 .6189 .5565 5115
1.2 .9590 .9162 .8754 .8323 .7878 139 .6911 .6466 .6005
1.25 .9649 .9281 .8926 .8552 .8207 7812 .7428 .7054 .6703
1.3 .9692 .9378 .9066 .8750 .8444 .8128 .7827 7504 L7235
1.3 .9749 .9499 .9236 .8958 - .8691 .8421 .8189 7915 7700
1.4 9775 .9544 .9306 .9058 .8822 .8579 .8352 .8139 .7965
1.45 .9800 .9593 .9379 .9162 8951 .8740 .8538 .8366 .8199
1.5 .9821 .9635 .9450 .9255 .9064 .8921 .8756 .8621 .8472
1.55 .9839 .9677 .9469 .9335 9162 - .9043 .8894 .8766 .8641
1.6 .9850 .9683 .9515 .9353 .9218 .9091 .8979 .8889 .8786
1.65 .9862 .9715 .9587 .9462 ,9353 .9246 .9139 .9039 .8938
1.7 .9873 .9729 .9612 .9512 .9424 .9334 .9240 .9162 .9086
1.75 .9883 .9747 .9652 .9563 .9481 .9399 .9322 .9247 .9188
1.8 .9894 .9821 .9719 .9637 .9555 .9484 .9418 .9353 .9290
1.85 .9905 .9829 .9748 .9677 .9612 .9555 .9498 .9443 .9395
1.9 .9916 .9840 .9778 9N7 .9656 .J601 .9556 L9511 .9464
1.95 .9930 .9867 .9807 .9758 .9703 .9663 .9622 .9584 .9550
2.0 .9951 .9899 .9837 .9803 .9759 .98 .9684 .9655 .9623
2.25 .9980 .9952 .9924 .9904 .9886 .9867 .9856 .9854 .9845
2.5 1.0004 1.0002 .9993 .9990 .9990 .9990 .9991 .9995 1.0004
2.75 1.0006 1.0013 1.0024 1.0027 1.0040 1.0050 1.0062 1.0074 1.0089
3.0 1.0018 1.0030 1.0045 1.0057 1.0075 1.0089 1.0106 1.0125 1.0142
3.25 1.0022 1.0041 1.0058 1.0080 1.0099 1.0115 1.0133 1.0156 1.0178
3.5 1.0025 1.0042 1.0072 1.0084 1.0114 1.0140 1.0165 1.0187 1.0220
3.75 1.0028 1.0045 1.0075 1.0100 1.0125 1.0160 1.0186 1.0210 1.0239
4.0 1.0031 1.0050 1.0079 1.0112 1.0140 1.0167 1.0200 1.0220 1.0254
4.25 £.0033 1.0055 1.0080 1.0116 1.0142 1.0172 1.0202 1.0226 1.0257
4.5 1.0037 1.0060 1.0083 1.0121 1.0144 1.0178 1.0205 1.0228 1.0260
4.75 1.0039 1.0062 1.0086 1.0122 11,0147 1.0180 1.0207 1.0230 1.0261
5.0 1.0040 1.0067 1.0087 1.0124 1.0154 1.0182 1.0210 1.0234 1.0263
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T Pr 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.2 .7256 .7982 8710 .9443 1.0168 1.0897 1.1625 1.2354 1.3080
0.3 .5849 .6423 .6998 .7572 .8145 8721 .9291 .9868 11,0435
0.4 .4798 .5266 5735 .6208 .6677 .7148 .7614 .8082 .8548
0.5 4131 .4535 .4940 .5343 .5748 .6152 .6550 .6947 .7345
0.6 .3679 .4036 .4395 .4752 .5110 .5469 .5820 6172 .6524
0.7 .3379 .3708 .4033 .4361 .4689 .5013 .5329 .5643 .5960
0.8 .3224 .3554 .3802 4133 .4379 .4637 .4962 .5206 .5536
0.85 .3138 .3400 .3677 .3950 4244 .4509 .4806 .5051 .5359
0.9 .313% .3363 .3646 .3889 .4167 .4455 .4690 .4965 .5207
0.95 .3151 .339 . 3668 .3793 .4066 .4335 .4575 .4841 .5168
- 1.0 .3228 .3469 3713 .3975 .3207 .4443 .4680 -4900 .5139
1.05 .3640 .3816 .4033 .4229 .4449 .4683 .4906 L5135 .5345
1.1 4144 49N 4313 .4484 .4638 .4849 .5045 .5251 .5422
1.18 .4847 .4694 .4706 .4787 .4968 5115 .5287 .5425 .5624
1.2 .5658 .5445 .5342 .5305 .5367 .5440 .5593 .5670 .5841
1.25 .6400 .6169 .6004 .5923 .5896 .5879 .5915 .6042 .6160
1.3 .6973 .6764 .6588 .6475 .6406 .6360 .6394 .6452 .6518
1.35 .7500 .7251 .7097 .6966 . .G687S .6817 .6785 .6780 .6812
1.4 .7793 .7603 .7478 .7348 .7268 .7203 73 .7164 L7176
1.45 .8045 L19M .7800 .7702 .7632 7570 .7533 .7506 .7510
1.5 .8363 .8272 .8160 .8061 . 1973 .7904 .7845 .7818 .7808
1.55 .8537 .8444 .8359 .8273 3195 .8149 .8106 .8080 .8078
1.6 .8703 .8622 .8544 .8482 L8416 .8370 .8343 .8318 .8316
1.65 .8860 879 .8731 .8669 .8614 .8575 .8546 .8526 .8506
1.7 .9011 .8944 .8888 .8834 .6790 .8755 .8727 .8710 .8693
1.75 9126 .9076 .9037 .8998 .8963 .8927 .8910 .8895 .8878
1.8 .9242 .9204 9166 914 .9104 .9076 .9050 .9048 .9044
1.85 .9344 .9313 .9281 .9254 .9232 .9207 .9200 L9191 .9192
1.9 9437 .9403 .9380 .9358  ..9342 .9324 .9322 L9315 .9318
1.95 .9516  .9488 .9473 .9452 .9439 .9429 .9822 .9422 .9430
2.0 .9593 .9570 .9553 .9535 .9528 .9525 9517 L9521 .9533
2.25 .9850 .9853 .9857 .9860 .9873 .9878 .9895 .9902 .9922
2.5 1.0008 1.0024 1.0033 1.0045 1.0052 1.0077 1.0096 1.0121 1.0149
2.75 1.0110 1.0127 1.0145 1.0166 1.0183 1.0202 1.0226 1.0253 1.0280
3.0 1.0164 1.0183 1.0208 1.0232 1.0251 1.0283 1.0305 1.0333 1.0362
3.25 1.0204 1.0225 1.025% 1.0277 1.0307 1.0337 1.0375 1.0398 1.0428
3.5 1.0248 1.0275 1.0300 1.0323 1.0352 1.0380 1.0420 1.0434 1.0467
3.75 1.0260 1.0296 1.0323 1.0356 1.0381 1.0417 1.0440 1.0472 1.0496
4.0 1.0277 1.06315 1.0340 1.0365 1.0398 1.0420 1.0457 11,0491 1.0517
4.25 1.0281 1.0317 11,0341 1.0372 1.0409 1.0438 1.08460 1.0492 1.0518
4.5 1.0288 1.0320 1.0350 1.0381 1.0410 1.0440 1.0468 1.0500 1.0525
4.75 1.0295 1.0326 1.0358 1.0384 1.0410 11,0445 1.0472 1.0499 1.0524
5.0 1.0298 1.0328 1.0360 1.0385 1.0414 1.0448 1.0471 1.0458 1.0523
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NT 3.8 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
0.2 1.3808 1.4537 1.6356 1.8177 1.9999 2.1820 2.3641 2.5463 2.7285
0.3 1.1009 1.1581 1.3010 1.4441 1.5863 1.7282 1.8704 2.0125 2.1537
0.4 9017 .9481 1.0647 1.1813 1.2966 1.4121 1.5276 1.6427 1.7566
0.5 7742 8144 ,9139 1.0135 1.1117 1.2099 1.3076 1.4059 1.5023
0.6 6873  .7226  .8105 .8984  .9842 1.0703 1.1565 1.2822 1.3263
0.7 .6277  .6595  .7386  .8177  .8946. .9719 1.0490 1.1259 1.2008
0.8 5782  .6040  .6740  .7448  .8156  .8859  .9572 1.0276 1.0977
0.85 5614  .5019  .6593  .7283  .7999  .8679  .9373 1.0074 1.0772
0.9 5489  .5738  .6402  .7059  .7711  .8388  .9043  .9723 1.0358
0.95 .5398  .5617  .6284  .9646  .7556  .8226  .8878  .9547 1.0191
1.0 .5375  .5612  .6261  .6818  .7419  .7989  .8707  .8185  .9795
1.05 .5570  .5788  .6253  .6805  .7482  .8042  .8618  .9150  .9682
1.1 5690  .5906  .6432  .6800  .7478  .8031  .8609  .9124  .9577
1.15 .5821  .6021  .6535  .705)  .7543  .8015  .8545  .9021  .9562
1.2 .6055 6177  .6652 .7112  .7609  .8177  .8615  .8998  .9547
1.25 .6299  .6457  .6876 .7318  .7738  .8236  .8658  .9025  .9508
1.3 .6600 .6716 .7051 .7M9  .7831  .8258  .8692  .9077  .9521
1.35 .6880  .6982  .7288  .7609 .7968  .8331  .8720  .9108  .9538
1.4 7207 ,7285 .7550  .7865 .8172  .8494  .8849  .9187  .9549
1.45 L7527 .7569  .7758  .8015  .8316  .8648  .8958  .9300  .9632
1.5 7813 .7847  .7988  .8216  .8487  .8771  .9089  .9363  .9671
1.55 .8070  .8109  .8223  .8393  .8630 - .8882  .9172  .9468  .9783
1.6 .8320  .8332  .8432  .8587  .8801  .9032  .9299  .9543  .9826
1.65 .8507  .8536  .8633 .87  .8947  .9160  .9385  .9625  .9900
1.7 .8704 8721  .8822  .8941  .9104  .9289  .9516  .9738  .9986
1.75 .8896  .8911  .9005  .9115  .9268  .9431  .9640  .9857 1.0093
1.8 .9051  .9068  .9151  .9255  .9401  .9556  .9746  .9948 1.0168
1.85 9198  .9210 .9288  .9386  .9518  .9650  .9847 1.0033 1.0254
1.9 .9328  .9336  .9413  .9504  .9633  .3764  .9923 1.0100 1.0306
1.95 .9448 9451  .9525 9610  .9733  .9862 1.0028 1.0216 1.0406
2.0 .9538  .95657  .9632  .9723  .9832  .9952 1.0109 1.0272 1.0469
2.25 .9940  .9968 1.0032 1.0116 1.0212 1.0322 1.0851 1.0595 1.073}
2.5 1.0175  1.0198 1.0269 1.0352 1.0453 1.0558 1.0673 1.0795 1.0928
2.75  1.0299 1.0338 1.0816 1.0501 1.0600 1.0700 1.0811 1.0925 1.1051
3.0 1.0394 1.0427 1.0511 1.0588 1.0690 1.0790 1.0903 1.1018 1.1140
3.25  1.0460 1.0483 1.0570 1.0657 1.0739 1.0839 1.0930 1.1038 1.1155
3.5 1.0503 1.0532 1.0608 1.0696 1.0784 1.0879 1.0972 1.1072 1.177
3.75  1.0538 1.0553 1.0643 1.0721 1.0810 1.0892 1.0981 1.1080 1.1180
4.0 1.0545 11,0584 1.0658 1.0740 1.0820 1.0904 1.0980 1.1065 1.1160
4.25  1.0555 1.0586 1.0660 1.0740 1.0820 1.0900 1.0980 1.1060 1.1140
4.5 1.0560 1.0500 1.0659 1.0738 1.0812 1.0890 1.0975 1.1056 1.1133
4.75 . 1.0559 1.0585 1.0658 1.0732 1.0807 1.0882 1.0969 1.1047 1.1125
5.0 1.0558 1.0577 1.0654 1.0726 1.0798 1.0878 1.0962 1.1038 1.1118
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™ Pr 8.0 8.5 9.0 9.5 10.0 10.5 1n.o 11.5 12.0
0.2 2.9103 3.0923 3.2745 3.4566 3.6387 3.8210 4.0028 4.1851 4,3667
0.3 2.2943 2,4356 2.5768 2.7179 2.8588 2.9956 3.1329 3.2700 3.4067
0.4 1.8709 1.9850 2.0992 2.2133 2.3271 2.4407 2.5544 2.6681 2.7818
0.5 1.5988 1.6951 1.7915 1.8879 11,9845 2.0792 2.1738 2.2683 2.3630
0.6 1.4105 1.4946 1.5789 1.6625 11,7465 1.8298 1.9131 1.9964 2,0797
0.7 1.2756 1.3505 1.4257 11,5004 1.5751 1.6489 1.7227 1.7965 11,8702
0.8 1.1684 1.2398 1.3084 11,3803 1.4470 1.5139 1.5832 1.6561 1.7254
0.85 1.1450 1.2186 1.2868 1.3565 1.4282 1.4956 1.5612 1.6316 11,7002
0.9 1.1053 1.1698. 1.2372 1.3033 1.3684 1.4359 1.4995 1.5688 1.6329
0.95 1.0819  1.1477 1.2139 1.27917 1.3463 1.4081 1.4734 1.5381 11,6028
1.0 *.0386 1.0993 1.1590 1.2192 1.2778 1.3357 1.3967 1.4564 1.5157
1.05 1.0214 1.0740 1.1249 1.1816 1.2306 1.283¢ 1.3343 1.3870 1.439%
1.1 1.0087 1.0606 1.1104 1.1613 1.2090 1.2532 1.3036 1.3510 1.3968
1.156 1.0003 1.0480 1.0960 1.1413 1.1886 1.2360 1.2844 1.3332 1.3826
1.2 .9938 1.0377 1.083 1.1307 1.1759 1.2170 1.2579 1.3014 1.3445
1.25 49935 1.0371 1.0754 1.1186 1.1639 1.2116 1.2500 1.2946 1.339
1.3 .9909 1.0325 1.0726 1.1130 1.1562 1.1974 1.2373 1.2801 1.3205
1.35 .9871 1.0276 1.0674 1.1066 1.1497 1.1903 1.2294 1.2688 1.3188
1.4 29914  1.0275 1.0638 1.1007 1.1388 1.1766 1.2156 1.2547 1.3176
1.45 .9959 1.0283 1.0593 1.0920 1.1381 1.1751 1.2134 1.2505 1.3068
1.5 29977 1.0289 1.0578 1.0886 1.1376 1.1738 1.2102 1.2463 1.2858
1.55 ..0074 1.0382 1.0705 1.0869 1.1371 1.1723 1.2077 1.2420 1.2773
1.6 1.0112  1.0426 1.0730 1.1022 11,1355 1.1714 1.2054 1.2380 1.2760
1.65 1.0189 1.0469 1.0758 1.1074 1.1388 1.1702 1.2030 1.2343 11,2746
1.7 1.0253 1.0512 1.0802 1.1110 11,1393 1.1709 1.2010 1.2295 1.2730
1.75 1.0347 1.0606 1.0874 1.1133 11,1399 1.1718 1.1979 1.2255 1.2552
1.8 1.0394 1.0634 1.0892 11,1153 1.1405 1.1725 1.1986 1.2201 1.2531
1.85 1.0495 1.0710 1.0935 1.1188 11,1458 1.1731 1.1998 1.2258 1.251
1.9 1.0521 1.0749 1.0998 1.1243 1:1481 1.1740 1.2008 1.2266 1.2530
1.95 1.0606 1.0806 1.1017 1.1252 1.1499 1.1766 1.2018 1.2271 1.2561
2.0 1.0667 1.0857 1.1055 1.1266 11,1518 1.1783 1.2033 1.2280 1.2583
2.25 1.0885 1.1056 1.1239 11,1422 1.1605 1.1804 1.2049 1.2289 1.2550
2.5 1.1067 1.1220 1.1375 1.1521 11,1675 1.1821 1.2072 1.2273 1.2532
2.75 1.1181 .1.1315 1.1460 1.1600 1.1749 1.190) 1.2063 1.2245 1.2505
3.0 1.1261 1.1407 1.1557 1.1695 1.1855 1.1885 11,2040 1.2222 1.2493
; 3.25 1.1285 1.1420 1.1572 1.1736 1.1833 1.1862 1.2003 1.2192 1.2477
: 3.5 1.1300 1.1434 1.1555 1.1720 1.1809 1.1838 1.1972 1.2092 1.2470
} 3.7 1.1289  1.1399 1.1515 1.1648 1.1788 1.1803 1.1946 1.2050 1.2412
% 4.0 1.1257  1.1350 11,1455 11,1560 1.1667 1.1786 1.1904 1.2025 1.2160
: 4.25 1.1230  1.1337  1.1424 1.1530 11,1646 1.1764 1.1886 1.2011 1.2144
i 4.5 1.1226  1.1322  1.1417  1.1518  1.1619  1.1731  1.1851  1.1966 1.2089
é 4.75 1.7199  1.1301  1.1391  1.1483 1.1588 1.1697 1.1731 1.1827 1.1927
5.0 1.1195 11,1286 1.1372 1.1457 1.1542 11,1637 1.1722 1.1816 1.1903




TABLE 10

Z“) Values for Compressibility Factor Calculation )

Pr

v 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
0.2 -.0247 -.0425 -.0590 -.0762 -.0885 -.1087 -.1222 -.1363 -.1509
0.3 -.0317 -.0489 -.0660 -.0833 -.1007 -.1174 -.1351 -.1491 -.1630
0.4 -.0351 -.0544 -.0685 -.0885 -.1088 -.1217 -.1426 -.1653 -.1817
0.5 -.0340 -.0523 -.0676 -.0864 -.1050 -.1198 -.1388 -.1572 -.1735
0.6 -.0321 -.0492 -.0663 -.0834 -.1004 -.1168 -.1380 -.1473 -,1638
0.7 -.0295 -.0439 -.0605 -.0754 -.0907 -.1038 -.1163 -.1300 -.1442
0.8 -.0984 -.0294 -.0431 -.0545 -.0684 -,0792 -.0928 -.1084 -.116]
0.85 -.0689 -.0358 -.0482 -.0618 -.0704 -.0806 -.0930 -~.1016 -.1123
0.9 -.0442 -.0863 -.0612 -.0695 -.0777 -.0860 -.0932 -.1006 -.1088
0.95 -.0359 -.0452 -.0992 -.0616 -.0706 -.0792 -.0871 -.0945 -.1007
1.0 -.0282 -.0391 -.0507 -.0605 -.0684 -.0763 -.0838 -.0913 -.0986
1.05 -.0231 -.0135 -.0049 .0067 .0231 .0410 .0299 .0003 ~.0211
1.1 -.0044 .0010 ..0065 .0159 .0290 .0442 .0462 .1069 .0653
1.15 .0004 ..0079 .0179 .0330 .0515 .0750 .1048 .1261 .1400
1.2 .0010 .0094 .0195 0371 . .0592 .0841 77 .1405 .1587
1.25 .0015 .0108 .0254 .0422 .0667 .0896 .1206 143 .1647
1.3 .0020 .0120 .0296 .0488 . .07z8 .0991 1234 .1446 .1666
1.35 .0048 .0147 .0308 .0495 .0737 .1005 .1284 .1453 1673
1.4 .0087 .0185 .0332 .0503 .0742 .1018 .1259 .1461 .1611
1.45 0115 .0233 .0392 .0588 .0801 .1028 1235 1417 .1593
1.5 .0124 .0278 0481 .0631 .0834 .1035 1215 .1385 .1548
1.55 .0141 .0302 .0489 .0658 .0837 1019 .1182 .1333 .1490
1.6 .0156 .0331 .0524 .0687 .0840 .1002 L1153 .1288 .1426
1.65 .0157 .0328 .0517 .0684 .0836 .1000 .1142 .1284 1815
1.7 .0157 .0325 .0506 .0680 .0831 .0998 131 .1278 .1403
1.75 .0155 .0323 .0501 .0673 .0819 .0980 115 1251 .1379
1.8 .0154 .0320 .0498 .0666 .0804 .0965 .1097 .1232 1357
1.85 .0152 .0315 .0490 .0654 °  ..0791 .0943 .1068 .1205 .1333
1.9 .0150 .03n .0481 .0638 0777 .0929 .1042 .1187 1294
1.95 .0148 .0306 .0473 .0627 .0765 .09 .1023 .1166 1269
2.0 .0145 .0300 .0459 .0615 .0749 .0892 .100! .1142 Jd241
2.25 .0135 .0278 .0424 .0568 .0689 .0853 .0960 R 187
2.5 .0123 .0255 .0396 .0523 .0632 .08n .0925 .1069 1125
2.75 0114 .0239 .0367 .0489 .0590 .0753 .0864 .1002 .1066
3.0 .0102 .0218 .0338 .0450 .0539 .0704 .0798 .0935 .0998
3.25 .0096 .0200 .0318 .0426 .0505 .0667 .0759 .0882 .0951
3.5 .0087 .0\ .0297 .0393 .0473 .0622 0Nz .0828 .0899
3.75 .0081 .0182 .0282 .0374 .0446 .0593 .068] .0795 .0859
4.0 .0075 .0168 .0263 .035) .0418 .0561 .0640 .0759 .0818
4.25 .0069 0157 .0248 .0335 .0394 .0532 .0610 .0722 0779
4.5 .0064 .0147 .0234 .0316 .0368 .0516 .0583 .0698 .0749
4.75 .0059 0137 0222 .0300 .0347 .0496 .0560 .0671 0Nz
5.0 .0055 .0129 .0210 .0286 .0329 .0478 .0539 .0648 .0691
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NT20 0 22 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0:2  -.1689 -.1790 -.1929 -.2072 -.2208 -.2347 -.2491 -.2633 -.2777
0.3  -.1782 -.1965 -.2116 -.2267 -.2414 -.2601 -.2750 ~-.2901 -.3085
0.4  -.2006 -.2240 -.2388 -,2624 -.2831 -.3086 -.3264 -.3400 -.3563
0.5  -.1913 -.2094 -.2250 -.2833 -.2620 ~-.2807 -.2966 -.3140 -.329
0.6  -.1801 -.1930 -.2084 -.2212 -.2360 -.2494 -.2639 -.2771 -.2892
0.7  -.1553 -.1684 -.1818 -,1929 -.2062 -.2164 -.2273 -.2491 -.2508
0.8  -.1291 -.1402 -.1510 -.1617 -.1724 -.1806 -.1912 -.2013 -.2116
0.85 -.1222 -.1319 -.1415 -.1512 -.1608 -.1705 -.1799 -.1894 -.1986
0.9  -.1166 -.1233. -.1310 -.1387 -.1453 -.1533 -.1600 ~-.1676 ~-.1760
0.95 -.1085 -.1161 -.1225 -.1292 -.1357 -.1421 -.1477 -.1546 -.1604
1.0 -.1059 -.1126 -.1186 -.12584 -.1310 -.1374 -.1433 -.1488 -.153"
1.05  -.0401 -.0530 -.0626 -.0724 -.0811 -.0890 -.0956 -.1018 -.1071
1.1 .0372 .0122 -.0032 -.0155 -.0260 -.0365 -.0466 ~-.0544 -.0636
115 1262 .1007 ..0753  .0461  .0239  .0066 -.0052 -.0152 -.0243
1.2 781 1654  .1458  .1267  .1085  .0902  .0735  .0592  .0461
1.25  .1832 .1985 .1856 .1666  .1467 .1288  .1146  .1063  .0944
1.3 1875 .2118  .2198  .2072  .1935  .1759  .1594  .1488  .1317
1.35  .18841 .2119  .2202 .2218 ..2201  .2106 .1989  .1836  .1776
1.4 .1826  .2120  .2206  .2269  .2223  .2138  .2061  .1989  .1914
1.45  .1768 .1988  .2114  .2205  .2238  .2201  .2189  .2143  .2096
1.5 1706 .1844  .1982  .2118  .2253  .2332  .2322  .2264  .2219
1.55  .1613 .1755  .1861  .1984  .2102  .2193  .2204  .2229  .2240
1.6 1557 1671 .1770  .1870  .1962  .2051  .2126  .2203  .2265
1.65  .1543 .1663 .1767 .1865  .1950  .2086  .2122  .2196  .2278
1.7 .1528  .1651  .1762  .1860  .1953  .2039 .2118  .2188  .2289
1.75  .1499 .1629 .1738  .1833  .1916  .1999  .2088  .2151  .2256
1.8 1469 1603  .1703  .1798  .1860  .1944  .2059  .2133  .2229
1.85  .1437 .1571  .1675  .1754  .1807  .1903  .2021  .2115  .2194
1.9 1402 1538 .1641  .1726 1789  .1867  .1989  .2060  .2167
1.95  .1375 .1515 .1619  .1691  .1742  .1829  .1957  .2032  .2136
2.0 389 .1487  .1583  .1660  .1707  .1789  .1920  .1998  .2105
2.25 1277 1372 .1459 1533 .1589  .1608  .1771  .1862  .1963
2.5 195 L1267 .1328  .1399  .1434 1475  .1588  .1695  .1807
275 a8 .79 231 1285 L1323 .1363  .1442  .1551  .1602
3.0 1033 .1078  .1129 1173 .1202  .1288 1315 1399  .1454
3.25  .1019 .1048  .1087 .10 .1135  .1167  .1203  .1272 .13
3.5 .0995 .1015  .1043  .1059  .1067 .1072  .1144  .1253  .1336
3.75  .0957 .0976 .1008 .1023  .1032 .1043 1.1116 .1214  .1287
4.0 .0916 .0938  .0967 .0985  .0996  .1007  .1082 .1195  .1248
4.25  .088) .0902 .0932 .0950  .0963 .0978  .1052 .17 .1206
4.5 .0853 .0877  .0906  .0925  .0937  .0956  .1032 .1150  .1175
4.75  .0824 0848  .0877  .0899  .0911  .0932  .1007 .1122  .1139
5.0 .0802 .0826  .0859  .0877  .0890 .09  .0989  .1099  .1107
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™ Pr 3.8 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
0.2 -.2910 -.3041 -.3402 -,3768 -.4089 -.4397 -.4735 -.5018 -,5357
0.3 -.3239 -.3388 -.3805 -.4160 -.4564 -.4924 -,5290 -.5682 -.6038
0.4 -.3821 -.3892 -.4319 -.4717 -.5116 -.5517 -.5864 -.6215 -.6590
0.5 -.3470 -.3619 -.4018 -.4385 -.4765 -.5134 -.5488 -.5870 -.6209
0.6 -.3047 -.3172 -.3513 -.3845 -.4141 -.4469 -.4767 -.5052 -.5337
0.7 -.2605 -.2733 -.2998 -.3268 -.3521 -.3782 -.4020 -.4237 -.4484
0.8 -.2199 -.2301 -.2520 -.2746 -.2986 -.3173 -.3379 -.3563 -.3737
0.85 -.2063 -.2150 -.2352 -.2539 -.2724 ..2886 -.3056 -.3207 -.3362
0.9 -.1844 -.1911 -,2094 -.2264 -.28429 -.2576 -.2734 -.2877 -.3006
0.95 -.1660 -.1731 -.1867 -.2016 -.2152 -.2284 -,2411 -.2535 -.2644
1.0 -.1582 -.1627 -.1735 -.1835 -.,1934 -.2017 -.2108 -.2188 -,2278
1.05 -.1126 -.1187 -.1319 -.1443 -.1551 -.1675 -.1781 -.1880 -.1973
1.1 -.0715 -.0784 -.0961 -.1130 -.1274 -.1404 -.1520 -.1626 -.1731
1.15 -.0322 -.0401 -.0570 -.0722 -.0850 -.0977 -.1078 -.1172 -.1260
1.2 .0342 ,0222 -.0029 -.0207 -.0363 -.0493 -.0617 -.0736 -.0835
1.25 .0799  .0633 .0398 .0187 .0091 -.0126 -.0315 -.0455 -,0577
1.3 1187  .1080 .0698 .0586 .0392 .0228 .0080 -.0038 -.0133
1.35 L1595 ,1487 .1256 .0995  .0816 .0667 .0522 -0406 .0289
1.4 .1848 .1775 L1613 .1452 .1300 .1158 .1029 .0904 .0794
1.45 .2005 .1980 .1896 .1699 .1580 .1497 .1389 .1255 .1090
1.5 L2171 L2123 .2009 .1910 .1804 1706 L1601 .1502 .1407
1.55 .2253  .2239 .2201 .2187 .2100 .2052 .1985 .1896 1799
1.6 .2326 .2398 .2541 .2512 .2433 .2368 .2284 .2200 .21
1.65 .2340 .2414 .2546 .2601 .2567 .2518 .2470 .2387 .2312
1.7 .2356 .2423 .2552 .2672 .2735 .2698 .2643 .2582 .2518
1.75 .2324 .2401 .2549 . 2681 .2753 .2755 .2743 .2702 .2677
1.8 .2300 .2378 .2547 .2688 .2769 .2802 .2828 .2811 .2792
1.85 .2278 2357 .2535 .2690 <2774 .2813 .2836 .2849 .2839
1.9 .2251  ,2333 .2519 .2692 .2781 .2822 .2845 .2885 .2999
1.95 .2227 .2318 .2507 .2678 .2769 .2812 .2839 .2889 . 3006
2.0 .2194 2305 .2492 .2661 .2754 .2800 .2833 .2892 .3014
2.25 .2081  .2203 .2384 .2498 .2616 .2695 .2786 .2907 .3025
2.5 .1946  .2100 .2261 .2342 .2468 .2589 .2M .2844 .3033
2.75 .1763 .1896 .1995 .2201 .2345 .2482 .2614 .2733 .2930
3.0 L1596  .1765 .1888 .2066 .2221 .2378 .2523 .2611 .2828
3.25 .1539  .1682 .1833 .1951 .2100 .2242 2371 . 2497 .2603
3.5 .1487  .1599 775 .1842 .1989 .2098 .2225 .2380 .2555
3.75 .1433  .1548 .1738 .1795 1972 .2021 .2169 .2297 .2447
4.0 1401 .1516 .1679 1733 .1855 .1963 .2106 .2220 .2341
4.25 L1362 .l464 .1635 .1687 .1783 .1896 .2048 .2141 .2233
4.5 <1331 144 .1599 L1631 1735 .1840 .2006 .2080 .2145
4.75 .1295  .1400 .1557 .1579 .1686 .1782 .1933 .2016 .2082
5.0 1274 .1370 .1625 .1625 14 1917 .1974 .2033 .2108
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Pr

T 8.0 8.5 9.0 9.5 10.0 10.5 11.0 n.s 12.0
0.2 -.5648 -.5937 -.6220 -.6515 -.6808 -.7094 -.736) -.7634 -.7887
0.3 -.6381 -.6731 -,707% -.7394 -.7755 -.8138 -..8475 -.8799 -.9128
0.4 -.6915 -.7236 -.7564 -.7896 -.8209 -.8518 -.8834 -.9128 -.9405
0.5 -.6583 -.6922 -.7273 -.7625 -.7953 -.8276 -.8595 -.8907 -.9193
0.6 -.5623 -.5917 -.6204 -.6486 -.6770 -.7050 -.7333 -.7610 -.7846
0.7 -.4714 -.4949 -.5183 -.5386 -.5615 -.5861 -.6014 -.6233 -.6430
0.8 -.3892 -.4085 -.4213 -.4366 -.4506 -.4645 -.4789 -.4931 -.5044
0.85 -.3494 -.3625 -.3758 -.3881 -.4002 -.4108 -.4230 -.4343 -.4454
0.9 «.3131 -.3284 -.3356 -.3468 -.3577 -.3667 -.3768 -.3859 -.3944
0.95 -.2751 -.2870 -.2974 -.3086 -.3170 -.3268 -.3370 -.3450 -.3533
1.0 -.2356 -.2431 -.2509 -.2585 -.2361 -.2735 -.2810 -.2886 -.2948
1.08 -.2046 -.2120 -.2194 -.2248 -.2308 -.2346 -.2396 -.2840 -.2474
1.1 -.1809 -.1879 -.1944 -.2009 -.2053 -.2112 -.2149 -.2181 -.2208
1.18 -.1330 -.1397 -.1460 -.1522 -.1579 -.1626 -.1682 -.1728 -.1778
1.2 -.0932 -.1021 -.1109 -.1175 -.1237 -.1300 -.1363 -.1423 -.1484
1.25 -.0633 -.0781 -.0802 -.0886 -~.0324 -.0998 -.1075 -.1163 -.1215
1.3 -.0212 -.0299 -.0356 -.0423 -.0475 -.0539 -.0592 -.0643 -.0692
1.35 .0205 .0152 .0043 -.0093. ~.0156 -.0283 -.0337 -.0432 -.0503
1.4 .0687 .0577 .0482 .0386 .0300 .0216 .0142 .0064 -.0015
1.45 .0967 .0883 .0756 .0634 .0582 .0494 .0813 .0375 .0304
1.5 JA314 1224 1135 .1053 .0962 .0874 .0786 .0700 .0623
1.58 .1684 ,1588 .1492 .1366 .1243 1170 .1066 .0993 .0898
1.6 2005 .1922 .1814 1702 .1595 .1479 .1365 L1232 112
1.65 .2283 .2195 .2098 .2002 .1887 .1781 .1655 1577 .1493
1.7 .2445 2364 .2289 .2206 L2115 .2022 .1930 .183% AM
1.75 .2608 .2549 .2473 .2401 .2338 .2275 .2181 .2095 .1955
1.8 .2766  .272) .2684 .2646 .2520 .2434 .2340 .2234 L2139
1.85 .2813  .2799 .2751 .2703 .2674 .2602 .2554 .2478 .2382
1.9 .2821 .2874 .2859 .2847 ,2833 .2801 .2735 .2693 .2604
1.95 .2983 - .2966 .2933 .2902 .2877 .2863 .2804 .2745 .2689
2.0 .3045 .3089 . 304} .3014 .2989 .2974 .2902 .2833 .2768
2.25 .3081 .3153 .3222 .3260 .3237 320 .3189 ) ) .3077
2.5 .3128  .3206 .3399 .3428 .3445 .3443 .3431 .3415 .3388
2.75 .3067 .3145 L3313 .3379 .3402 . 3420 . 3425 .3419 . 3402
3.0 .2955  .3069 .3267 .3321 .3363 .3389 L3201 .3422 .3819
3.25 .2827 .2967 3128 L3234 .3285 3Mm .3343 .3361 .3378
3.5 .2707  .2874 .2997 . 3088 3172 .3224 . 3255 .3301 .3336
3.7 .2602 .2768 .2890 .2968 30N 3 .3252 .32713 .3304
4.0 .2498  .2667 .2788 .2853 .2965 .3102 .3178 .3218 .3289
4.25 .2406  .2566 .2673 .275) .2868 .3044 .314] 3172 .3270
4.5 .2327  .2487 .2598 2677 .2785 .2992 M3 .3156 .3249
4.75 .2156  .2398 .2506 .2596 .2702 .2924 .3075 3132 .3231
5.0 .2108 .2339 .2437 .253 .2636 .2873 .3044 M .3218
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trend will cause serious error should compressibility factor
(0) (1)

calculations be made based on these 2 and Z values.
Having carefully reviewed the compressibility factor-acentric
factor graphs plotted, it was concluded that the data points
of hydrogen, helium and ammonia (also with water) were of
prime responsibility for these deviations and discontinuity.
Once we excluded all the data points of hydrogen, helium,
ammonia and water, the Z(o) and Z(l) values as calculated
from and comprised of all the remaining compounds became
coordinated with each other much better and prevailed extra-
ordinarily improving quality as far as continuity and smooth-

(o) and z(1)

ness are concerned. Sample drawings for Z showing
this smoothing technology were depicted in Figures 10 and 11
for T, = 1.4 condition. From this approach, it had again
verified that compounds with quantum or highly polar nature
must be excluded from this correlation. It was also attemp-
ted to try to exclude the seemingly less relevant and slightly
polar compounds such as difluoromethane, Freon 22, etc., all
for which with the common nature of halogenated methane, yet
the results proved to be more diverse. Hence this general-
ized correlation was essentially composed of data from 53
compounds (Table 2) after careful and extensive study of

their accuracy and applicability. These compounds can be

categorized as in the realm of normal fluids in this correl-

ation.

(o) (1)

The 2 and 2 values thus obtained for compress-

ibility factor calculations were therefore well correlated.
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(0)

The Z values were found to be continuous and smooth func-
tions of Tr and Pr themselves and needed essentially no
further adjustment. The Z(l) values were also continuous
and smooth, only to a lesser extent, yet still within the
limits of experimental error. Nevertheless, in order to
obtain a high precision and accuracy in the presentation

and in the compressibility factor calculation, the cross-

plotting technique was again applied to the tables of Z(°)

(o)

and Z(l) values thus far obtained. Plotting the 2 and

Z(l) values as functions of both Tr and Pr conditions, then
re-examined the tables obtained, if not totally satisfactory,
such as this case indicated, we repeated the cross-plotting
technique all over again. Also during this procedure, ad-
justment was made in reference to the 2 versus w graphs
whenever necessary. In doing so, we finally were able to

(o) and Z(l)

obtain tables of 2Z , which were continuous and
reasonably smooth functions of temperature and pressure,
viewed for both cases of constant Tr and constant Pr. Fur-
thermore, at the same time of pursuing cross-plotting, it
appeared that at constant Pr' the curves showed a regular
shape of trend for Tr < 0.5 (in this investigation, the data
in Table 2 well covered the ranges of 0.5 £ T, £ 5.0 and

0 s Pr £ 12.0); hence efforts were made to try to extrapolate
the temperature ranges to Tr = 0.2, using the few data points
available, again the smoothing technique was employed all the

way through. The final results of Z(o) and z(‘) values ob-
tained from this study are tabulated in Tables 11l and 12

(also in Tables 9 and 10 as from the data of Table 1).
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CHAPTER 1V

APPLICATION OF THE PITZER CORRELATION

TO THE VIRIAL EQUATION OF STATE

One of the applications of the generalized compress-

ibility factor correlation presented by Pitzer et al.{129}

(1957) which has drawn intensive attention in this study is

the second virial coefficient. Applying appropriate mixing

rules to this correlation originally proposed for pure com-

pounds in terms of the acentric factor, this correlation
was extended to the realm of mixtures and values of the

binary interaction parameters were thus obtained.

A, Correlation of Pitzer and Curl for Pure Compound

The second virial coefficient as obtained by the P-V-T

data

= lim -
B 1. (z v

is usually used as a theoretical guide and rigorous test

(8)

for the smoothing of the P-V-T data. 1In the work by Pitzer

and curl {129} (1957) as part of the series following the
introduction of the acentric factor, they presented an
equation for the second virial coefficient in reduced form
which included linear dependence on the acentric factor:

(o) (1)
BP, @ B P, . W B' 'P_
RT_ RT RT

(12)
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where B(o) and B(l) are functions of the reduced temperature.
Based on the fact that for the simple fluids of zero acentric
factor (the heavier inert gases Ar, Kr and Xe), their prop-
erties are quite well represented by a Lennard-Jones inter-
molecular potential (see Chapter VIII), hence the equation of
Beattie and Stockmayer {4}{5}{6} (1941,1942) was taken as a
point of departure. This was converted from the molecular
potential constants to the macroscopic critical constants

and then modified to obtain the equations for correlated

B(o) and B(l):

B{p
. € - 0.1445 - 0.;30 _ 0.1325 - 0.0131 (36)
c r Ty Tr
B(Vp
- S - 0.073 + 0é46 _ 0.Sg _ 0.09Z _ 0.00Z3 (37)
c r Ty Tr Ty
where the small terms of high power Tr_a and Tr-s were
required to fit the data at low temperatures. Also from
thermodynamic relationship yields the equation
. acC 2
lim _ 9°B
P+0 —3—2 = - Ts-'i‘-? (38)
P/p

consequently, the pressure dependence of the heat capacity
offers a very sensitive test of any equation for the second
virial coefficient ,Pitzer and Curl reported that this second
virial coefficient correlation yielded agreement with meas-
ured values of the pressure derivative of the gas heat

capacity and therefore is valuable for the estimation of gas




imperfection corrections to various data on gases at low

pressures. Again the substances which can be expected to

conform are the normal fluids.

B. Mixing Rules

When we develop a correlation function of the second
virial coefficient for mixtures based on the acentric-factor
correlation by Pitzer and Curl shown in equations (12), (36)
and (37), we need a set of mixing rules. The mixing rules
which were first proposed concerning the second virial co-
efficients of mixtures of slightly imperfect gases in terms
of the properties of the constituents through the principle
of corresponding states were first from Guggenheim and
McGlashan {62} (1951). They developed a reduced equation
of state for the second virial coefficients of mixtures
from the point of view of Lennard-Jones potential function
and interpreted it as a function of reduced temperature.
Then Prausnitz and Gunn {130} (1958) demonstrated a mixing
function of the second virial coefficients for mixtures in
terms of the acentric-factor correlation of Pitzer and Curl
{129} (1957) based on the work of Guggenheim and McGlashan
{62} (1951). This work adopts these mixing rules for the
second virial coefficients and the mixing rules for the
physical properties of the binary system proposed by Chueh
and Prausnitz {23} (1967) as they are widely accepted.

The mixing functions are all summarized as follows:




B..
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C. Calculation of the Binary Interaction Constant

When we substitute equations (40) to (46) into (39),

after rearranging, we obtain the following equation:

This equation provides the definition of ki

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)
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(47)

This equation consists merely of Bij' the cross coefficient,

T, the temperature of the system, kij' the binary interac-
tion constant, and the physical properties of the two con-
stituents, i.e., critical volumes, acentric factors and
critical temperatures. The critical temperature character-
izes the intermolecular interaction energy and the acentric
factor takes into account the intermolecular forces in
complex molecules to be the sum of interactions between
various parts of the molecules,.not just their centers but
non-central portions, too. For the critical volume, it is

a simple measure related to intermolecular distance. Never-
theless, it is unsatisfactory from the empirical viewpoint,
the differential compressibility is infinite at the critical
point and consequently the critical volume is not directly
measurable with high accuracy and extrapolation is commonly
employed to obtain such data. For pure compounds, the
critical pressure is a much more accurately determinable
quantity and is usually used for correlation purposes. How-
ever, for mixtures, the mixing rule which governs the critical
pressure of the mixture from those of the pure components is

given by




C. v (48)

Hence the critical volume Vcij is adopted in equation (47)

as calculated from equation (44), the Lorentz combination.
As to the cross second virial coefficient, Bij (or

written as B,,), usually it is available in the literature

as calculated from the equation

2 2
Bh = ¥, By, +2y,¥,B,, +vy, By, (35)

However, very often we have only the P-V-T data for the
binary mixture in the form of isotherms and we obtain the

Bm for the mixture using the equation

B = iim (z - 1)V (8)
L0

v

as this is clearly shown when we truncate the original virial

equation of state

PV B C = 2
= XL = + = + =+ ,,, = + + + ...
Z RT 1 v 5 1 Bp Cp

(7)

to the first three terms and rearrange it as follows

(z - 1)(v) = B +

<in

(49)

This truncation after the third term of equation (7) is
highly recommended and dependable, for the reason that
equation (49) is known from both theory and experience to
be a reliable guide as mentioned earlier (see Chapter I,
Part B). Hence from equation (8) it is clear that when we

draw the values of (2 - 1) (V) versus % for a binary system
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at certain temperature, the second virial coefficient Bm
is the intercept at % = 0, as we see from equation (49)
that this plot must be a straight line. Experience with
reliable data shows that equation (49) is in fact valid up
to moderate pressures and the function (2 - 1) (V) is a
particularly valuable one for smoothing P-v-T data and for

extrapolation of data to zero pressure, i.e., to 1. 0.

v

It seems safe to say that data which do not approach lin-
earity on a (2 - 1)V versus 1/V plot as 1/V becomes small
are incorrect (Van Ness,{163} (1964)). However, as 1/V or
P approaches zero, the quantity (Z - 1) (V) becomes very
sensitive to small experimental error, hence data for very
low pressures can be expected to scatter, and thus throws
greater weight on the data at higher pressures. Two typical
examples are depicted in Figurés 12 and 13, one is for the
system methane-nitrogen and the other is for n-Pentane-
Hydrogen sulfide at the specified compositions and tempera-
tures. Once we obtained the Bm value for the binary system
we were able to evaluate the cross coefficient B,, of this
system by equation (35), using the second virial coeffici-
ents of the pure components such as compiled by Dymond and
Smith {48} (1969) and Mason and Spurling {106} (1969), or
obtained from the P-V-T data of the pure components.

From equation (47) it is clear that for a binary system
at certain temperature, whenever we have the cross coeffici-
ent Bi" we can calculate the T value and hence obtain

J . s
1]
the kij value by equations (45) and (46). This program is
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25 T T T T T T T

mole fraction
CH 4 7.4332

-25 N, 0.5668 -
_30 ! 1 1 [} i 1 1
0 2 4 6 8

| /V gmole '. -

Figure 12. Determination of Bm for CH4—N2System
(Keyes and Burks, 1928)
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Figure 13. Determination of Bm for n—CgH2—H,S System
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shown in Chapter X, Appendix D. There were eight roots
evaluated from equation (47) as this equation was of the
eighth order. The root which made the difference between
the coefficients of equation (47) and the calculated ones
(using the eight roots obtained) minimum was chosen, pref-
erably the difference should be zero. By doing this, 493
values of the binary interaction constants for 121 binary

systems were evaluated at specified temperatures.
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CHAPTER V

RESULTS AND DISCUSSION

Extension of the Three-Parameter Correlation

Pitzer's three-parameter generalized correlation has
been verified and then extended to 0.2 £ T, £ 5.0 and

0 £P_ £12.0 in this investigation, as compared to the
r

ranges of 0.8 £ T, £ 4.0 and 0 = P, £ 9.0 presented in the
original work (Pitzer et al.{128} (1955)). The final tabu-
lated Z(o) and Z(l) values are presented in Tables 11 and
12 based on the literature data listed in Table 2. They
are depicted as functions of T, at constant P in Figures

14 and 15 for the ranges specified. These figures serve

further for the comparison and testing purposes in Chapter

VI.

(o) (1)

The values of 2 and 2 re-tabulated are in regular
intervals and the regions of applicability are extended to
cover wider ranges of interest. These tables are well sub-
divided for interpolation to the T, and P conditions at
which the desired compressibility factor is to be calculated.
In comparison with other published works, the volumetric
data for 53 compounds were used in this work as correla-
tional basis, while Pitzer et al.{128} (1955) used 15 and
Lee and Kesler {96} (1975) used only 4. The range of the

acentric factor values used in this work (-0.002 to 0.9065)




(0)
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TABLE 11

Values for Compressibility Factor Calculation

(2)

:;5\:f 0.01 0.05 0.1 0.15 0.2 0.4 0.6 0.8
0.2 .0043 .0180 .0380 .0530 .0685 .1388 .2059 .2742
0.3 .0035 .0150 .0312 .0450 .0583 .1160 1757 2317
0.4 .0028 .0120 .0254 .0378 .0503 0955 1455 .1908
0.5 .0025 .0106 .0205 .0307 .0405 - .0841 <1253 .1655
0.6 .9856 .0098 .0190 .0280 .0365 .0753 .1105 .1480
0.7 .9893 -9497 .8950 .0263 .0350 .0692 .1020 .1345
0.8 .9940 .9648 .9305 .8756 .8545 .0650 .0990 -1296
0.85 «9945 .9695 .9435 .9115 .8800 .0657 .0985 .1293
0.9 .9956 .9750 .9540 <9271 .8995 .7792 .0998 .1310
0.95 +9955 .9795 .9595 .9380 .9170 .8193 .6943 .1395
1.0 .9960 .9828 .9650 9470 .9295 .8490 .7570 .634;
1.05 .9965 .9850 .9695 .9545 .9395 .8741 .8005 .714Q
1.1 .9969 .9858 .9740 .9615 .9500 -8942 .8323 .7644
1.15 9972 .9889 .9788 .9670 .9550 .9082 .8570 .8050
1.2 .9976 .9900 .9800 .9700 .9603 .9198 .8792 .8350
1.25 .9978 .9910 .9825 .9740 .9657 .9300 .8950 .8554
1.3 .9980 .9921 .9846 .9770 .9700 .9395 .9095 .8752
1.35 .9982 .9929 .9860 . 9800 .9742 .9454 .9214 .8948
1.4 .9984 ;9938 .9878 .9815 .9755 .9546 .9290 .9050
1.45 .9986 .9944 .9890 .9835 .9776 .9596 .9350 .9150
1.5 .9988 .9950 -9900 .9854 .9805 .9648 .9445 .9290
1.55 .9989 .9955 .9913 .9868 .9822 .9685 .9507 .9360
1.6 .9990 .9960 .9922 .9882 .9841 L9724 .9565 .9429
1.65 .9991 .9963 .9931 .9893 .9855 .9755 .9610 .9510
1.7 .9992 .9967 .9940 .9906 .9873 .9775 .9657 .9572
1.75 .9993 .9969 .9945 .9914 .9884 .9798 .9693 .9615
1.8 .9994 .9972 .9950 .9924 .9898 .9812 .9730 .9665
1.85 .9994 .9975 .9955 .9931 .9907 .9850 .9757 .9701
1.9 .9995 .9979 .9960 .9940 .9920 .9859 .9788 .9740
1.95 .9995 .9981 .9964 .9946 .9928 .9885 .9811 9773
2.0 .9996 .9982 .9968 .9952 .9936 .9900 .9835 .9800
2.25 .9996 .9987 .9974 .9965 .9957 .994) 9900 .9886
2.5 .9997 .9992 .9980 .9980 .9981 .9985 .9968 .9972
2.75 .9997 .9997 .9988 .9989 .9991 1.0004 .9996 1.0008
3.0 .9998 1.0002 .9995 .9999 1.0003 1.0022 1.0025 1.0045
3.25 .9998 1.0003 .9998 1.0003 1.0009 1.0030 1.0038 1.0060
3.5 .9999 1.0004 1.0002 1,0008 1.0015 1.0038 1.0051 1.0075
3.75 .9999 1.0005 1.0005 1.0012 1.0018 1.0041 1.0056 1.0031
4.0 1.0000 1.0006 1.0008 1.0014 1.0020 1.0045 1.0062 1.0038
4.25 1.0000 1.0007 1.0011 1.0016 1.0021 1.0048 1.0066 1.0092
4.5 1.0001 1.0008 1.0013 1.0017 1.0022 1.0050 1.007 1.003S
4.75 1.0001 1.0008 1.0014 1.0018 1.0023 1.0052 1.0074 1.0097

5.0 1.0002 1.0009 1.0015 1.0019 1.0024 1.0053 1.0076 1.0098
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\;;\\:i 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
0.2 .3426 .4110 .4793 .5475 .6157 .6837 .7520 .8200
0.3 .2895 .3475 .4055 .4630 .5208 .5785 .6359 .6935
0.4 .2382 .2860 .3335 .3810 .4280 .47s5 .5225 .5695
0.5 .2060 .2470 .2880 .3285 .3700 .4107 .4510 .4905
0.6 .1855 .2215 .2575 .2935 .3294 .3653 .4015 .4370
0.7 .1693 .2043 .2370 .2695 .3020 .3345 .3675 .4000
0.8 2631 .1945 .2255 .2570 .2881 .3193 .3495 .3790
0.85 .1623 .1930 .2230 .2535 .2836 .3140 .3430 3719
0.9 .1640 .1936 .2225 .2520 .2812 .3103 .3390 .3675
0.95 .1695 .1995 .2280 .2570 .2855 .3142 .3415 .3680
1.0 .2903 .2243 .2496 .2740 .2993 .3240 .3497 .3755
1.05 .6037 4445 .3572 3196 .3323 .3440 -3675 3904
1.1 .6891 .5991 .5033 .4422 .4166 .3900 .4070 .4236
1.15 ©.7443 .6796 .6113 .5566 .5158 .4740 .4795 .4842
1.2 .7848 .7345 .6823 .6366 .5980 .5585 .5546 .5505
1.25 .8181 .7752 .7345 .6969 . .6634 .6291 .6200 .6115
1.3 .8442 .8095 .7757 .7441 .7162 .6870 .6755 .6645
1.35 .8645 .8392 .8088 .7816 .7603 .7381 .7257 .7125
1.4 .8830 .8590 .8344 .8123 .7937 .7740 .7620 .7505
1.45 .8943 .8745 .8542 .8351 .8175 .7992 .7895 .7793
1.5 .9075 .8930 .8754 .8592 .8449 .8293 .8200 .8115
1.55 .9197 .9052 .8916 .8776 .8641 .8505 .8425 .8346
1.6 .9302 .9178 .9060 .8943 .8850 .8713 .8645 .8577
1.65 .9380 .9270 .9167 .9068 .8967 .8866 .8807 .8748
1.7 .9457 .9363 .9276 .9192 .9105 .9020 .8971 .8920
1.75 .9516 .9436 .9360 .9286 .9211 .9136 .9095 .9083
1.8 .9578 .9509 «9446 .9381 .9318 .9255 .9221 .9187
1.85 .9625 .9565 .9511 .9454 .9397 .9343 .9316 .9289
1.9 .9670 .9622 .9575 .9530 .9482 .9436 .9415 .9393
1.95 <9712 .9667 .9628 .9585 .9548 .9508 .9492 9477
2.0 .9751 9714 .9680 .9647 .9614 .9580 .9571 .9560

1 2.25 .9855 .9840 .9823 .9810 .9796 .9781 .9783 .9785
2.5 .9964 .9965 .9969 .9972 .9976 .9980 .9995  1.0010
2.75 1.0010 1.0019 1.0030 1.0040 1.0051 1.0062 1.0082 1,0102
3.0 1.0055 1.0074 1.0091 1.0108 1.0124 1.0141 1.0166 1.0193
3.25 1.0075 1.0098 1.0117 1.0136 1.0156 1.0175 1.0200 1.0230
3.5 1.0095  1.0122  1.0146  1.0169  1.0192  1.0216  1.0244 . 1.0271
3.75  1.0103  1.0133  1.0157  1.0182  1.0206  1.0230  1.0257  1.0286
4.0 1.014  1.0142  1.0168  1.0194 1.0219  1.0245  1.0273  1.0301
4.25 1.0121 1.0146 1.0172 1.0200 1.0226 1.0253 1.0282 1.0312
4.5 1.0129  1.0150 1.0178  1.0206  1.0233  1.0261  1.0292  1.0322
4.75 1.0134 1.0152 1.0180 1.0208 1.0237 1.0265 1.0297 1.0329
5.0 1.0140  1.0154  1.0183  1.0212  1.0241  1.0270  1.0303  1.0335
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I, Pr 2.6 2.8 3.0 3.2 "3.4 3.6 3.8 4.0
0.2 .8881 .9560  1.0241  1.0921  1.1597  1,2273  1.2950  1.3628
0.3 .7507 .8081 .8655 .9226 .9796  1.0365  1.0938  1.1507
0.4 .6160 .6630 .7100 .7565 .8030 .8493 .8960 .9422
0.5 .5307 .5709 .6107 .6505 .6905 .7300 .7698 .8096
0.6 .4730 .5093 .5451 .5800 .6150 .6500 .6852 .7198
0.7 .4330 .4660 .4990 .5305 .5625 .5943 .6260 .6578
0.8 .4096 .4397 .4693 .4988 .5280 .5575 .5863 .6160
0.85 .4005 .4296 .4588 .4865 .5150 .5430 .5713 .5992
0.9 .3960 .4245 .4530 .4800 .5069 .5335 .5607 .5878
0.95 .3957 .4227 .4492 .4745 .5000 .5255 .5516 .5767
1.0 .4008 .4266 .4515 .4762 .5008 .5253 .5497 .5742
1.05 .4137 .4365 .4590 .4826 .5065 .5303 .5540 .5780
1.1 .4405 .4579 4745 .4965 .5187 .5405 .5627 .5843
1.15 .4895 .4950 .5000 .5196 .5395 .5596 .5795 .5993
1.2 .5470 .5432 .5391 .5556 .5720 .5884 .6045 .6210
1.25 .6026 .5930 .5842 .5975 .6105 .6236 .6363 .6495
1.3 .6530 .6416 .6305 .5400 .6497 .6592 .6690 .6790
1.35 .7000 .6870 .6744 .6819 .6890 .6965 .7040 L7115
1.4 .7383 .7265 .7142 .7200 .7261 .7316 7373 .7430
1.45 .7695 .7596 .7500 .7547.  .7583 .7617 .7665 .7700
1.5 .8026 .7935 .7841 .7875 .7900 .7934 .7963 .7994
1.55 .8265 .8187 .8106 .8131 .8157 .8183 .8208 .8234
1.6 .8508 .8440 .8372 .8392 .8412 .8431 .8450 .8471
1.65 .8689 .8630 .8571 .8589 .3605 .8626 .8644 .8662
1.7 .8872 .8821 .8773 .8790 .8805 .8823 .8840 .8856
1.75 .9012 .8970 .8929 .8945 .3962 .8980 .8997 .9014
1.8 .9153 .9119 .9085 .9102 .9119 .9137 .9154 9171
1.85 .9261 .9234 .9207 .9225 .9243 .9262 .9280 .9298
1.9 .9372 .9350 .9329 .9347 .9367 .9386 .9405 .9424
1.95 .9461 .9446 .9430 .9450 .9469 .9489 .9508 .9528
2.0 .9549 .9540 .9530 .9551 .9570 .9592 .9612 .9633
2.25 .9788 .9790 .9792 .9817 .9842 .9866 .9891 .9916
2.5 1.0025  1.0040  1.0055  1.0086  1.0115  1.0144  1.0173  1.0204
2.75 1.0121  1.0140  1.0161  1.0192  1.0224  1.0255  1.0287  1.0318
3.0 1.0217  1.0245  1.0270  1.0303  1.0336  1.0363  1.0401  1.0435
3.25 1.0258  1.0285  1.0312  1.0345  1.0379  1.0413  1.0446  1.0480
3.5 1.0300  1.0327  1.0355  1.0389  1.0423  1.0458  1.0492  1.0526
3.75 1.0315  1.0342  1.0370  1.0403  1.0436  1.0470  1.0502  1.0536
4.0 1.0330  1.0357  1.0386  1.0418  1.0450  1.0483  1.0515 - 1.0547
4.25 1.0341  1.0371  1.0400  1.0431  1.0462  1.0494  1.0525  1.0556
4.5 1.0353  1.0383  1.0414  1.0444  1.0475  1.0505  1.0536  1.0566
4.75 1.0361  1.0393  1.0425  1.0454  1.0484  1.0513  1.0543  1.0572
5.0 1.0368  1.0400  1.0433  1.0462  1.0491  1.0520  1.0549  1.0578
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Pr
::5\\\ 4.5

$.0 5.5 6.0 6.5 7.0 7.5 8.0
0.2 1.5315 1.7014 1.8702 2.0400 2.2095 2.3782 2.5451 2.7130
0.3 1.2936 1.4360 1.5796 1.7226 1.8657 2.0080 2.1485 2.2891
0.4 1.0590 1.1755 1.2910 1.4060 1.5236 1.6400 1.7541 1.8680
0.5 9095 1.0097 1.1080 1.2062 1.3056 1.4055 1.5010 1.5962
0.6 .8085 .8962 .9835 1.0712 1.1565 1.2420 1.3265 1.4120
0.7 .7360 .814S .8925 9708 1.0500 1.1290 1.2035 1.2782
0.8 6875 .7592 .8305 .9020 .9725 1.0430 1.1115 1.1750
0.85 +6695 - .7403 .8081 .8763 .9431 1.0090 1.0735 1.1381
0.9 6545 .7215 .7858 .8496 .9150 .9800 1.0420 1.1038
0.95 6426 .7078 +7692 .8313 .8940 .9569 1.0162 1.0750
1.0 .6368 .6990 7590 .8194 8750 .9388 .9945 1.0500
1.05 6360 .6943 .7523 .8100 .8670 .9243 .9780 1.0314
1.1 6395 .6940 .7490 .8042 .8585 .9123 9635 1.0151
1.15 .6480 .6964 <7485 .8006 .8510 .9012 .9509 1.0002
1.2 .6637 .7050 .7528 .8000 .8483 .8960 .9423 .9901
1.25 .6833 .716S .7610 .8050 .8507 .8950 .9400 .9844
1.3 7064 .7335 .7744 .8150 .8559 .8965 .9392 .980%
1.35 7312 .7516 .7885 .8250 .8630 .9008 .9415 .9830
1.4 .7578 7713 .8058 .8400 .8748 .9091 .9473 .9850
1.45 .7808 7911 .8233 .8550 .8875 .9194 .9547 .9901
1.5 .8072 .8150 .8439 .8722 .9015 .9301 .9636 .9962
1.55 .8298 .8363 .8625 .8887 .9150 .9412 .9725 1.0040
1.6 .8520 .8570 .8808 .9045 .9282 .9520 .9816 1.0110
1.65 .8708 .8753 .8973 .9195 .9414 .9633 .9911 1.0189
1.7 .8898 .8939 .9140 9342 .9545 .9746 1.0007 1.0268
1.75 9057 .9100 .9289 .9478 .9667 .9855 1.0102 1.0350
1.8 .9214 9257 .9433 .9610 .9786 .9962 1.0195 1.0431
1.85 .9343 .9388 .9556 .9723 .9889 1.0056 1.0280 1.0503
1.9 .9472 .9519 .9678 .9837 .9996 1.0155. 1.0367 1.0580
1.95 9577 © .9626 .9780 .9933 1.0086 1.0240 1.0443 1.0646
2.0 .9684 .9736 .9884 1.0032 1.0180 1.0328 1.0522 1.0717
2.25 .9978 1.0041 1.0179 1.0317 1.0455 1.0593 1.0764 1.0935
2.5 1.0278 1.0352 1.0478 1.0606 1.0733 1.0860 1.1007 1.1155
2.75 1.0396 1.0475 1.0598 1.0720 1.0842 1.0965 1.1102 1.1240
3.0 1.0518 1.0600 1.0718 1.0836 1.0955 1.1072 1.1199 1.1327
3.25 1.0564 1.0648 1.0762 1.0875 1.0989 1.1103 1.1224 1.1345
3.5 1.0611 1.0696 1.0805 1.0916 1.1025 1.1134 1.1249 1.1364
3.75 1.0619 1.0702 1.0810 1.0918 1.1026 1.1133 1.1243 1.1354
4.0 1.0628 1.0708 1.0814 1.0920 1.1027 1.1133 1.1238 1.1344
4.25 1.0635 1.0712 1.0815 1.0918 1.1021 1.1124 1.1224 1.1325
4.5 1.0645 1.0717 1.0816 1.0916 1.1016 1.1115 1.1210 1.1305
4.75 1.0647 1.0720 1.0817 1.0914 1.1012 1.1109 1.1196 1.1284
5.0 1.0650 1.0722 1.0817 1.0912 1.1007 1.1102 1.1182 1.1263
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‘N 8.5 9.0 9.5 10.0 '10.5 11.0 11.5 12.0
0.2 2.8801 3.0470 3.2139 3.3831 3.5528 3.7219 3.8900 4.0585
0.3 2.4300 2.5708 2.7115 2.8522 2.9933 3.1339 3.2741 3.4145
0.4 1.9825 2.0972 2.2110 2.3250 2.4390 2.5533 2.6676 2.7805
0.5 1.6915 1.7870 1.8845 1.9820 2.0792 2.1773 2.2745 2.3726
0.6 1.4965 1.5811 1.6643 1.7480 1.8320 1.9155 1.9990 2.0820
0.7 1.3516 1.4250 1.5002 1.5750 1.6495 1.7243 1.7795 1.8750
0.8 1.2470 1.3148 1.3810 1.4475 1.5142 1.5800 1.6466 1.7138
0.85 1.2020 1.2665 1.3305 1.3956 1.4610 1.5253 1.5905 1.6560
0.9 1.1645 1.2250 1.2880 1.3505 1.4133 1.4758 1.5379 1.5995
0.95 1.1345 1.1932 1.2515 1.3100 1.3687 1.4273 1.4855 1.5431
1.0 1.1065 1.1630 1.2190 1.2745 1.3306 1.3852 1.4405 1.4959
1.05 1.0855 1.1390 1.1935 1.2482 1.3030 1.3575 1.4126 1.4670
1.1 1.0675 1.1200 1.1710 1.2216 1.2720 1.3223 1.3735 1.4251
1.15 1.0500 1.0998 1.1496 1.1986 1.2475 1.2968 1.3456 1.3948
1.2 1.0383 1.0852 1.1327 l.1812 1.2300 1.2785 1.3264 1.3740
1.25 1.0300 1.0750 1.1218 1.1679 1.2143 1.2600 1.3060 1.3515
1.3 1.0255 1.0694 1.1iz28 1.1555 1.1985 1.2410 1.2831 1.3253
1.35 1.0243 1.0650 1.1062 1.1470 - 1.1875 1.2290 1.2695 1.3104
1.4 1.0236 1.0636 1.1022 1.1399 1.1778 1.2155 1.2530 1.2932
1.45 1.0275 1.0648 1.0996 1.1338 1.1680 1.2016 1.2367 1.2728
1.5 1.0309 1.0649 1.0978 1.1625 1.1300 1.1941 1.2266 1.2585
1.55 1.0353 1.0665 1.0981 1.1295 1.1610 1.1923 1.2235 1.2549
1.6 1.0405 1.0700 1.0995 1.2290 1.1584 1.1881 1.2176 1.24370
1.65 1.0467 1.0746 1.1024 1.1302 1.1581 1.1857 1.2135 1.2412
1.7 1.0529 1.0790 1.1052 1.1313 1.1574 1.1835 1.2097 1.2357
1.75 1.0597 1.0843 1.1092 1.1339 1.1586 1.1832 1.2080 1.2328
1.8 1.0663 1.0897 1.1130 1.1365 1.1600 1.1833 1.2072 1.2307
1.85 1.0726 1.0950 1.1174 1.1397 l1.1621 1.1844 1.2065 1.2285
1.9 1.0792 1.1006 1.1218 1.1430 1.1643 1.1855 1.2066 1.2275
1.95 1.0851 1.1055 1.1260 1.1463 1.1667 1.1870 1.2071 1.2272
2.0 1.0912 1.1107 1.1302 1.1496 1.169C 1.1883 1.2078 1.2273
2.25 1.1106 1.1278 1.1449 1.1620 1.1791 1.1962 1.2133 1.230%
2.5 1.1302 1.1450 1.1598 1.1745 1.1892 1.2039 1.2185 1.233%
2.75 1.1377 1.1515 1.1652 1.1790 1.1928 1.2065 1.2204 1.2343
3.0 1.1455 1.1581 1.1709 1.1836 1.1963 1.2090 1.2217 1.2344
3.2% 1.1467 1.1588 1.1710 1.1831 1.1952 1.2073 1.2194 1.2315
3.5 1.1478 1.1594 1.1709 1.1824 1.1939 1.2054 1.2169 1.2283
3.75 1.1463 1.1574 1.1684 1.1794 1.1905 1.2013 1.2122 1.2233
4.0 1.1449 1.155¢4 1.1660 1.1765 1.1871 1.197% 1.2079 1.2182
4.25 1.1423  :1.1525 1.1626 1.1725 1.1823 1.1922 1.2023 1.2124
4.5 1.1399 1.1494 1.1589 1.1684 1.1780 1.1873 1.1968 1.2062
4.75 1.1 1.1458 1.1546 1.1633 1.1720 1.1807 1.1894 1.1980
5.0 1.1344 1.1423 1.1505 1.1588 1.1664 1.1746 1.1825 1.1906




- 86 -
TABLE 12
z(l’ Values for Compressibility Factor Calculation iZL

\N" 0.01 0.05 0.1 0.15 0.2 0.4 0.6 0.8

. 0.2 -.0008 -.0040 -.0072 -.0104 -.0140 -.0261 -.0385 -.0530
0.3 -.0009 -.0045 -.0088 -.0130 -.0176 -.0317 -.0490 -.0651
0.4 =.0009 -.0050 =-.0100 -.0151 -.0196 ~-.0376 ~.0575 -.0763
0.5 ~-.0008 -.0048 -.0098 -.0135 -.0178 -.0364 -.0543 -.0724
0.6 -.0206 -.0045 -.,0087 -.0126 -.0171 -.0330 -.0491 -.0651
0.7 . -.0099 -.0503 -.1172 -.0115 -.015) -.0300 -.0450 -.0581
0.8 ~.0050 -,0225 -.0478 -.1157 -.1150 -.0276 -.0398 -.0525
0.85 . =-.0029 -.0150 -.0317 -,0513 -.0714 -.0273 ~-.0395 -.0511
0.9 -.0025 -.0100 -.0200 -.0311 -.0418 -.1109 -.0397 -.0500
0.95 -.0021 -.0060 -.0125 -.0194 ~.0268 -.0598 -.1103 -.0525
1.0 ~-.0003 -.0044 -.0075 -.0113 ~.0146 ~-.0282 ~-.0450 -.0%81
1.05 -.0001 -.0025 -.0031 -.0038 -.0050 -.0098 ~.0099 -.0023
1.1 ~.0000 .0000 .0000 .0002 .0005 .0037 .0100 .0227
1.15 .0001 .0010 .0024 .0036 .0050 .0124 .024) .0400
1.2 .0004 .0024 .0045 .0064 .0078 .0194 .0328 .0500
1.25 .0005 .0029 .0050 .0076 .0101 .0238 .0393 .0560
1.3 .0007 .0035 .0060 .0093 .0125 .0272 .0425 .0610
1.35 .0008 .0038 .0070 .0101 .0131 .0297 .0450 .0649
1.4 .0008 .0041 .0073 .0110 .0145 .0302 .0475 .0659
1t45 .0009 .0044 .0077 .0114 .0150 .0321 .0487 .0667
1.5 .0009 .0048 .0080 .0117 .0154 .0325 .0500 .0675
1.55 .0009 .0049 .0083 .0120 .0157 .0329 .0503 .0676
1.6 .0009 .0050 .0085 .0122 .0160 .0333 .0506 .0675
1.65 .0010 .0050 .0087 .0124 .0161 .0333 .0504 .0667
1.7 .0010 .0050 .0088 .0125 .0162 .0332 .0500 .0664
1.75 .0010 .0050 .0088 .0126 .0163 .0330 .0495 .0655
1.8 .0010 .0050 .0088 .0125 .0162 .0328 .0490 .0647
1.85 .0010 .0050 .0087 .0122 0157 .0324 .0485 .0636
1.9 .0010 .0050 .008S .0120 .0154 .0321 .0481 .0629
1.95 .0010 .0049 .0084 .0118 .0152 .0317 .0475 .0619
2.0 .0010 .0048 .0084 .0116 .0149 .0314 .0470 .0610
2.25 .0010 .0045 .0080 .0110 .0139 .0291 .0436 .0564
2.5 .0009 ..0040 .0075 .0102 .0128 .0275 .0405 .0521
2.75 .0009 .0039 .0070 .0095 .0118 .0254 .0380 .0484
3.0 .0008 .0038 .0064 .0086 .0109 .0238 .0352 .0450
3.25 .0008 .0035 .0061 .0082 .0102 .0225 .0333 .0420
3.5 .0007 .0032 .0058 .0076 .0095 .0206 .0314 .0394
3.75 .0007 .0030 .0055 .0072 .0090 .0198 .0299 .0370
4.0 .0006 .0027 .0053 .0069 .0085 .0185 .0280 .0350
4.25 .0006 .0024 .0050 .0066 .0081 .0175 .0265 .0322
4.5 .0005 .0022 .0048 .0063 .0078 .0167 .0254 .0300
4.75 .0005 .0020 .0045 .0060 .0075 .0160 .0243 .0275
5.0 .0005 .0018 .0042 .0057 .0072 .0153 .0234 .0255
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::\\:r 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
0.2 -.0664  -.0802  -.0930  =-.1067  -.1199  =-.1327  -.1452  -.1584
0.3 -.0813  -.0960  -.1123  -.1285  =-.1450  =-.1611  =-.1767  -.1920
0.4 -.0950  -.1129  -.131§  =-.1500 =-.1690  -.1878  -.2060  -.2240
0.5 -.0900 ~-.1075  -.1245  -.1420 -.1590  -.1759  =-.1930  =-.2095
0.6 -.0800  -.0966  -.1120  -.1273  -.1422  -.1575  =-.1721  -.1862
0.7 -.0725  -.0864  -.0991  -.1125  -.1262  -.1390  -.1515  =-.1631
0.8 -.0650 -.0769  -.0885  -.0998  -.1113  -.1225  ~-.1325  -.1420
0.85 -.0625 -.0735  -.0837  -.0936  -.1083  -.l141  -.1229  -.1327
0.9 -.0600 -.0700 -.0785  -.0870 =-.0962  ~-.1048  =.1130  -.1215
0.95 -.0602 -.0675  -.0742  -.0813  -.0885  -.0955  -.1022  =.1090
1.0 -.0875 -.0615 -.0667 -.0720 -.0771 -.0825 -.0880 -.0927
1.05 .0223 .0700 .0553 .0295  -.0070  ~-.0836  -.0515  ~.0605
1.1 .0475 .0887 .1186 .1200 .0930 .0669 .0454 .0246
1.15 .0628 .0950 .1298 1513 .1589 .1659 .1392 .1118
1.2 .0722 .0996 <1312 .1570 .1776 .1975 1792 .1618
1.25 .0776 .1025 .1308 .1556 .1787 .2012 .1948 .1887
1.3 0825 .1050 .13C6 .1538 .1753 .1975 .1991 .2006
1.35 .0850 .1070 .1282 .1506 1716 .1925 .1992 .2068
1.4 .0854 .1072 .127€ .1473 .1678 .1875 .1973 .2074
1.45 .0865 .1062 .1256 .1445 .1637 .1825 .1943 .2057
1.5 .0876 .1050 .1237 .1420 .160S .1782 .1909 .2033
1.55 .0869 .1040 .1215 .1394 .1570 .1746 .1870 .1998
1.6 .0865 .1030 .1201 .1373 .1542 .1715 .1841 .1969
1.65 .0855 .1015 .1180 .1346 .1515 .1680 .1806 .1933
1.7 .0847 .1004 .1165 .1324 .1487 .1646 1772 .1899
1.75 .0835 .0987 .1143 .1300 .145S .1611 .1736 .1860
1.8 .0824 .0975 .1127 .1279 .1430 .1580 .1704 .1828
1.85 .0812 .0957 .1105 .1255 .1402 .1550 .1671 .1795
1.9 .0800 .0944 .1087 .1233 1377 .1521 .1642 .1763
1.95 .0785 .0926 .1068 .1209 .1350 .1492 .1611 .1730
2.0 .0773 .0913 .1051 .1190’ <1324 .1467 .1583 .1699
2.25 0715 .0841 .0968 .1096 .1225 .1351 .1460 .1568
2.5 .0660 .0780 .0895 .1010 .1123 .1239 .1338 .1440
2.75 .0612 0722 .0830 .0938 .1045 .1153 .1247 .1341
3.0 .0570 .0673 .0773 .0870 .0971 .1069 .1158 .1246
3.25 .0535 .0630 .0722 .0816 .0908 .1002 .1087 L1172
3.5 .0502 .0594 '.0680 .0768 .0855 .0941 .1020 .1101
3.75 0472 .0560 .0642 .0725 .0808 .0890 .0966 .1043
4.0 .0447 .0531 .0610 .0688 .0766 .0844 .0915. .0988
4.25 .0422 .0501 .057S .0651 .0727 .0802 .0875 .0940
4.5 0401 .0480 .0553 .0624 .0695 .0767 .0835 .0900
4.75 .0385 .0462 .0530 .0600 .0665 .0733 .0801 .0869
5.0 .0372 .0447 .0510 .0575 .0643 .0705 .0770 .0835
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Pr

3.0

or 2.6 2.8 3.2 1.4 3.6 3.8 4.0
0.2 -.1710 -.1843 -.1970 -.2115 -.2253 =-.2397 -.2535 -.2678
0.3 -.2075 -.2230 -.2382 -.2540 -.2700 -.2861 -.3019 -.3178
0.4 -.2415 -.2600 -.2775 -.2955 -.3140 -.3320 -.3500 -.3676
0.5 -.226S -.2430 ~-.2600 -.2765 -.2930 -.3095 -.3260 -.3425
0.6 -.2016 ~-.2152 -.2300 -.2443 -.2578 -.2722 -.2862 -.3000
0.7 -.1760 -.1878 -.2000 -.2112 -.2233 -.2349 -.2460 -.2581
0.8 -.1520 -.1615 -.1716 -.1818 -.1910 -.2015 ~.2111 -.2208
0.85 -.1419 -.1504 -.1598 -.1681 -.1770 -.1855 -.1951 -.2032
0.9 -.1290 -.1376 -.1453 -.1521 -.1600 -.1675 -.1755 -.1825
0.95 -.1165 -.1231 -.1300 -.1366 -.1431 -.1496 -.1561 -.1624
1.0 -.1006 -.1059 -.1122 -.1172 -.1235 -.1291 -.1341 -.1400
1.05 -.0686 -.0769 -.0847 -.0900 -.0958 -.1016 -.1066 -.1125
1.1 .0037 -.0172 -.0380 ~-.0445 ~.0516 -.0589 -.0658 -.072%
1.15 .0843 . .0570 .0301 .0203 .0105 .0012 -.0075 -.0172
1.2 .1432 .1258 .1075 .0952 .0828 .0706 .0577 .0450
1.25 .1818 .1757 .1694 .1563 .1423 .1297 .1155 .1025
1.3 .2020 .2037 .2051 .1233 .1815 1696 .1574 .1455
1.35 .2137 .2207 .2275 .2176 .2080 .1985 .1889 .1790
1.4 L2177 .2278 .2376 .2307 L2235 .2173 .2104 .2033
1.45 .2171 .2285 .2400 .2363 .2324 .2283 .2242 .2205
1.5 .2155 .2279 .2401 .2386 .2375 .2363 .2346 .2334
1.55 .2122 .2247 .2373 .2380 .2386 .2393 .2399 .2406
1.6 .2096 .2223 .2350 .2376 .2402 .2428 .2454 .2480
1.65 .2059 .2187 .2312 .2350 .2388 .2425 .2463 .2501
1.7 .2026 .2150 .2278 .2327 .2376 .2425 .2474 .2523
1.75 .1985 .2110 .2235 .2291 .2347 .2401 .2458 .2514
1.8 .1952 .2076 .2200 .2262 .2325 .2387 .2450 .2512
1.85 .1916 .2038 .2160 .2227 .2293 .2360 .2425 .2492
1.9 .1884 .2003 .2125 .2196 .2267 .2336 .2407 .2478
1.95 .1848 .1967 .2086 .2159 .2231 .2304 .2376 .2450
2.0 .1815 .1932 .2048 .2124 .2200 .2275 .2350 .2426
2.25 .1677 .1786 .1895 .1972 .2049 .2126 .2203 .2280
2.5 .1539 .1642 .1741 .1820 .1898 .1977 .2057 .2136
2.75 .1436 .1531 .1625 1702 .1778 .1855 .1931 .2008
3.0 .1335 .1423 .1512 .1587 .1660 L1736 .1810 .1885
3.25 .1256 .1340 .1426 .1498 .1569 .1641 L1712 .1784
3.8 .1182 .1262 .1343 .1412 .1480 .1551 .1619 .1688
3.75 .1119 .1195 .1272 .1339 .1405 .1472 .1538 .1606
4.0 .1060 .1134 .1206 .1270 .1334 .1399 1462 L1527
4.25 .1012 .1085 .1153 .1211 .1272 .1335 .1396 .1455
4.5 .0968 .1035 .1105 .1160 1221 .1279 .1335 L1392
4.75 .0935 .1001 .1070 L1125 1177 .1230 .1286 .1339
5.0 .0903 .0970 .1035 .1085 L1131 .1180 .1232 .1281
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~ Fr 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
0.2 -.3030  -.3386  <.3727 =.4070  -.4409  -.4750  -.5105  =.5461
0.3 -.3573  -.3975  -.4370 -.4768  -.5165  ~.5561  =.5950  =-.6340
0.4 -.4130  -.4583  -.5030 -.5472  -.5900 =-.6350  -.6780  =-.7218
0.5 -.3835  -.4248  -.4640 ~-.5034  -.5430  -.5825  -.6200  -.6581
0.6 -.3353  -.3700  -.4025  ~.4357  -.4692  -.5032  -.5334  -.5645
0.7 -.2877  -.3170  -.3431  =-.3705  -.3975  -.4253  -.4504  ~.4750
0.8 -.2451  -.2700  -.2909  -.3126  -.3335  =-.3550  -.3758  =.3955
0.85 -.2254  -.2478  -.2665 -.2845  -.3025  =-.3218  -.3388  =~.3569
0.9 -.2009  -.2208  =-.2370  -.2548 -.2701  -.2875  =.3027  -.3182
0.95 -.1773  -.1933  -.2095  -.2247  -.2400  -.2545  -.2688  -.2820
1.0 -.1532  -.1675  -.1800  -.1932  -.2060  -.2200  ~-.2327  -.2450
1.05 -.1253  -.1392  -.1507 -.1625  -.1731  -.1848  -.1959  -.2065

14 -.0881 -.1046  -.1150 ~-.1265 -.1372  -.1481  -.1582  -.1678
1.15 -.0400 -.0627  -.0741  -.0865 -.0986  ~.1100  -.1196  -.1284
1.2 .0144  -.0158  -.0297 -.0426  -.0572  =-.0700  -.0785  -.0877
1.25 .0684 .0350 .0192 .0042  -.0112  -.0275  -.0375  -.0464
1.3 .1150 .0850 .0678 .0500 .0325 .0158 .0055  -.0044
1.35 .1556 .1312 .1133 .0946 .0764 .0590 .0486 .0375
1.4 .1864 .1702 .1522 .1349 .1166 .0987 .0879 .0766
1.45 .2117 .2025 .1860 .1697 .1539 .1375 .1262 .1144
1.5 .2306 .2275 .2132 .1986 .1846 .1700 .1586 .1475
1.55 .2423 .2440 .2321 .2204 .2085 .1967 .1861 .1758
1.6 .2545 .2610 .2518 .2425 .2332 .2240 .2142 .2043
1.65 .2596 .2690 .2624 .2558 .2491 .2425 .2338 .2250
1.7 .2646 .2768 .2730 .2692 .2653 .2615 .2540 .2464
1.75 .2653 .2793 .2778 .2764 .2749 .2734 .2672 .2609
1.8 .2668 .2825 .2834 .2842 .2851 .2860 L2811 .2760
1.85 .2659 .2825 .2851 .2878 .2904 .2931 .2895 .2857
1.9 .2655 .2830 .2874 .2918 .2963 .3007 .2978 .2950
1.95 .2633 .2815 .2872 .2930 .2987 .3044 .3032 .3021
2.0 .2%14 .2803 .2872 .2946 .3018 .3090 .3089 .3089
2.25 .2472 .2665 .2767 .2865 .2963 .3065 .3100 .3133
2.5 .2334 .2531 .2658 .2787 .2914 .3041 1 .3180
2.75 .2197 .2392 .2525 .2658 .2792 .2925 .3007 .3089
3.0 .2070  .2258 .2396 .2535 .2674 .2812 .2907 .3001
3.25 .1965 .2142 .2280 .2417 .2555 .2694 .2792 .2890
3.5 .1861 .2033 .21m .2308 .2486 .2585 .2686 .2787
3.75 .1773 .1940 .2074 .2207 .2342 .2476 .2578 .2681
4.0 .1688 .1848 .1980 .2110 .2241 .2374 .2477 .2582
4.25 .1610 .1762 .1890 .2021 .2152 .2280 .2381 .2485
4.5 .1538 .1683 .1810 .1935 .2063 .2189 .2290 .2394
4.75 .1471 .1605 1727 .1855 .1977 .2101 .2200 .2297
5.0 .1405 .1532 .1655 .1776 .1895 .2020 L2114 .2210
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o Pr 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
0.2 -.5817  -.6172  -.6526  -.6882  -.7235  =.7597  -.7956  ~-.8310
0.3 -.6726  -.7115  =-.7506  ~-.7895  ~-.8287  -.8675  =-.9059  -.9442
0.4 -.7640 -.8070  -.8490  -.8915  -.9340  =-.9770 -1.0200 -1.0630
.5 -.6950 -.7325 -.7700  -.8082  -.8465  -.8850  -.9230  -.9600
0.6 -.5963  -.6275  -.6590  -.6903  -.7221  ~-.7529  -.7842  -.8145
0.7 -.5006  -.5267  -.5523  -.5775  -.6029  -.6281  -.6533  -.6780
0.8 -.4152 -.4344  -.4541  -.473¢  -.4930  -.5123  -.5310  -.5498
0.85 -.3740  -.3920 -.4091  -.4275  -.4462  -.4641  -.4827  -.5007
0.9 -.3340  -.3500  -.3651  -.3807  -.3965  -.4122  -.4276  -.4426
0.95 -.2953  -.3080 ~-.3218  -.3350  -.3482  -.3618  -.3749  -.3870
1.0 -.2571  -.2700  -.2806  -.2920  =-.3037  -.3151  -.3275  -.339%
1.05 -.2173  -.2275  -.2380  -.2485  -.2586  -.2689  -.2804  -.2925
1.1 -.1773  -.1875  ~-.1972  -.2075  -.2175  =-.2283  -.2386  -.2490
1.15 -.1383  -.1475 -.1572  -.1660  -.1750  ~-.1836  -.1926  -.2007
1.2 -.0975 -.1070  -.1166  ~-.1250  -.1331  -.1413  -.1505  -.1592
1.25 -.0559  -.0650  -.0742  -.0841  -.0945  -.1043  -.1136  -.1225
1.3 -.0140  -.0238  -.0343  -.0442  -.0545  -.0642  -.0738  -.0830
1.35 .0276 .0168 .0056  -.0050  ~.0159  -.0263  -.0375  -.0497
1.4 .0654 .0550 .0445 .0334 .0232 .0138 .0037  -.0063
1.45 .1037 .0922 .0808 .0695 .0585 .0470 .0353 .0241
1.5 .1368 .1257 .1145 .1032 .0916 .0808 .0695 .0583
1.55 .1653 .1549 .1442 .1340 .1237 .1136 .1035 .0934
1.6 .1944 .1845 .1747 .1648 .1550 .1451 .1348 .1249
1.65 .2163 .2077 .1990 .1903 .1816 .1730 .1642 .1554
1.7 .2388 L2312 .2237 .2162 .2085 .2011 .1937 .1863
1.75 .2547 .2485 .2422 .2360 .2298 .2239 .2175 .2112
1.8 .2712 .2662 .2610 .2561 .2514 .2465 .2411 .2360
1.85 .2820 .2785 .2747 .2710 .2672 .2637 .2600 .2563
1.9 .2921 .2892 .2920 .2863 .2807 .2750 .2691 .2635
1.95 .3008 .2996 .2984 .2972 .2960 .2945 .2933 .2927
2.0 .3088 .3087 .3086 .3085 .30:3 .3082 .3080 .3079
2.25 .3167 .3202 .3236 .3270 .3304 .3335 3371 .3410
2.5 .3249 .3218 .3387 .3458 .3530 .3601 .3672 .3739
2.75 .3170 .3252 .3334 .3416 .3498 .3580 .3665 .3745
3.0 .3096 .3190 .3285 .3380 .3475 .3570 .3665 .3760
3.25 .2988 .3087 .3186 .3283 .3380 .3476 .3576 .3675
3.5 .2889 .2990  .3090 .3192 .3296 .3402 .3505 .3607
3.75 .2784 .2886 .2988 .3091 .3195 .3297 .3400 .3502
4.0 .2685 .2789 .2895 .2997 .3100 .3203 .3302 .3401
4.25 .2588 ' .2690 .2793 .2894 .2998 .3095 .3193 .3292
4.5 .2496 .2597 .2698 .2797 .2896 .2993 .3095 .3195
4.75 .2395 .2492 .2591 .2691 .2794 .2896 .2986 .3080
5.0 .2306 .2402 .2497 .2592 .2688 .2781 .2075 .2973
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is wider than those used by Pitzer et al. (-0.002 to 0.352)
and by Lee and Kesler (0.0072 to 0.4902).

For the purpose of testing the Z(o) and Z(l) values
obtained, (see Chapter VI), the experimental compressibility
factor data for 12 compounds reported by Lee and Kesler {96}
(1975) were again compared based on Z(o) and Z(l) values of
this work. With the same Tr and Pr ranges, the total number
of experimental points included in the comparison is 1,556
in this work (while Lee and Kesler reported 280) with the
overall average absolute deviation of 1.38% (compared to
1.41% by Lee and Kesler). If we exclude l-Pentene from the
comparison, the overall average absolute deviation reduces
to 1.07% in this work (with data points of 1,480) and 1.35%
by Lee and Kesler's presentation (with 263 data points).

The comparison results are tabulated in Table 13. It is
obviously shown that this study is more precise when comp-
aring with the experimental compressibility factor data for
both the liquid and vapor phases. Furthermore, the boundary
condition of this generalized correlation at acentric factor
equals to zero for simple fluids was also applied to this
study to test if this work satisfies this boundary condition.
Through testing with the experimental compressibility factor
data for simple fluids defined by Pitzer {127} (1955), this
work provided testing results mostly compatible with the
work by Pitzer et al.{128} (1955), as well as by Lu et al.
{103} (1973) and very often with lesser extent of deviations.
Hence this presentation has proved to be able to satisfy the
boundary condition of this correlation with improving applic-

ability.
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The Binary Interaction Parameters

The binary interaction constants obtained from the
correlation of second virial coefficient for 121 systems
have been presented in Tables 14 and 15. Table 14 presents
the kij values for systems composed of compounds which are
of prime interest as the constituents of natural or petrol-
eum gas including hydrocarbons of methane to n-Octane,
nitrogen, carbon dioxide and hydrogen sulfide, etc., while
Table 15 presents kij values for other binary systems
reserved for possible future use. Twenty-four values for
Methane-n-Butane system and five values for Nitrogen-
Ethane system are depicted in Figures 16 and 17.

From Figures 16 and 17, it is clearly shown that the
binary interaction coefficient ‘is a function of temperature.
Also demonstrated in these figures are the kij values pro-
posed by other authors, which are compatible with the values
presented here. The comparison of the kij values will be
discussed in Chapter VI. Moreover, for the temperature
dependence of the kij values, Figures 16 and 17 show a
trend represented by a second-order correlation for these
two binary systems. However, if we cut the curves around
certain temperatures, such as 400°K for methane~-n-butane
system or 450°Kk for nitrogen-ethane system, we have a linear
correlation, i.e., first-order curve. This trend of temp-
erature dependence for the binary interaction coefficients

will be further discussed in Chapter VI.




______M___!

TABLE 14, kij Values for Systems Containing Hydrocarbons,

Nitrogen, Carbon Dioxide and Hydrogen Sulfide

373.00 0.0368

System Temperature (OK) kij Reference |
Methane-Ethane 273.00 -0.0037 Guggenheim and McGlashan (1951) i
298.00 -0.0019 i
323.00 0.0016 i
273.20 ~0.0035 Huff and Reed (1963) {
298.20 -0.0019
323.20 0.0017
298.00 . =0.0060 Dantzler et al. (1968)
323.00 -0.0161
348.00 -0.0296
373.00 ~0.0248
Methane-Propane 310.90 0.0024 Huff and Reed (1963) 2
344.30 -0.0066 i
377.60 -0.0167
444.30 -0.0480
510.90 -0.0578 :
298.00 -0.0123 Dantzler et al. (1968) ;
323.00 -0.0119 :
348.00 0.0067 ;
373.00 0.0208 ;
Methane-n-3utane 423.15 -0.0235 Beattie and Stockmayer (1942) i
448.15 -0.0256 !
473.15 -0.0362 }
498.15 -0.0395 i
523.15 -0.0406 i
548.15 -0.0419 |
573.15 -0.0431 |
423.00 ~0.0252 Guggenheim and McGlashan (1951) :
448.00 -0.0237 !
473.00 -0.0341 i
498.00 -0.0334 !
523.00 -0.0397 |
548.00 -0.0406 a
573.00 -0.0467 !
344.30 0.0075 Huff and Reed (1963)
377.60 0.0230 .
410.90 0.0166 _
444.30 0.0138 ;
477.60 0.0112 f
510.90 0.0074 ,
298.00 -0.0056 Dantzler et al. (1968)
323.00 . 0.0035 !
348.00 0.0170
373.00 0.0270 ‘
Methane-1:1.cbutane 344.30 0.0032 Huff and Reed (1963) ;
377.60 0.0157 i
410.90 0.0216 i
444.30 0.0125 |
477.60 0.0037 !
510.90 -0.0148 |
Methane-n-Pentane 310.90 0.0220 Huff and Reed (1963)
344.20 0.0561 |
377.50 0.0722 |
410.90 0.0755 a
444.20 0.0651 ;
477.50 0.0489 !
510.80 0.0270 |
298.00 0.0087 Dantzler et al. (1968) !
323.00 0.0191 ;
348.00 0.0294 |
t
!
t
!
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TABLE 14 (continued)
System Temperature (°K) kij Reference
Methane-Neopentane 303.16 0.0765 Hamann et al. (1955)
323.16 0.0879
333.16 0.0895
343.16 0.0910
353.16 0.0802
363.16 0.0770
383.16 0.0720
403.16 0.0673
303.20 0.0764 Huff and Reed (1963)
323.20 0.0878
333.20 0.0898
343.20 0.0909
353.20 0.0801
363.20 0.0769
383.20 0.0719
403.20 0.0676
Methane-n-Hexane 298.00 0.0321 Dantzler et al. (1968)
323.00 0.0175
348.00 0.0368
373.00 0.0526
Ethane-Propane 298.00 0.0020 Dantzler et al. (1968)
323.00 0.0041
348.00 0.0100
373.00 0.0102
Ethane-n-Butane 298.00 0.0066 Dantzler et al. (1968)
323.00 0.0032
348.00 0.0087
373.00 0.0206
Ethane-n-Pentane 298.00 0.0144 Dantzler et al. (1968)
323.00 0.0130
348.00 0.0197
373.00 0.0254
Ethane-n-liexane 298.00 0.0283 Dantzler et al. (1968)
323.00 0.0221
348.00 0.0298
373.00 0.0377
Ethane~-Propylene 377.60 0.0180 Huff and Reed (1963)
410.90 0.0127
444.30 -~0.0019
477.60 0.0065
Propane-n-Butane 298.00 ~-0.0029 Duntzler et al. (1968)
323.00 0.0035
348.00 0.0117
373.00 0.0171
Propane-n-Pentane 298.00 0.0050 Dantzler et al. (1968)
323.00 0.0067
348.00 0.0129
373.00 0.0126
Propane-n-Hexane 298.00 0.0128 Dantzler et al. {1968)
323.00 0.0053
348.00 ~-0.0301
373.00 -0.0281




TABLE 14 (continued)

System Temperature (OK) kij Reference

n=-Butane-n-Pentane 298,00 ~-0.0060 Dantzler et al. (1968)
323.00 -0.0035
348.00 0.0029
373.00 0.0048

n-Butanc-n-Hexane 298.00 0.0128 Dantzler et al. (1968)
323.00 0.0001
348.00 0.0091
373.00 0.0156

n—-Butane-Isocbutane 344,26 0.5924 Connolly (1962)
360.93 0.5765
377.59 0.5605
394.26 0.5443
406.87 0.5319
410,93 0.5281
444.26 0.4956

n-Pentane-n-Hexane 298.00 -0.0055 Dantzler et al. (1968)
323.00 -0.0099
348.00 -0.0116
373.00 0.0041

Cyclcohexane—Benzene 328.15 -0.0008 Waelbroeck (1955)
333.15 -0.0005
338.15 0.0011
343.15 0.0021
348.15 0.0002
373.15 -0.0037 Cox and Stubley (1960)
308.20 0.0340 Huff and Reed (1963)
323.20 0.0256
343.20 0.0272

Nitrogen-Meth: ne 273.15 0.0378 Keyes and Burks (1928)
323.15 0.0328
373.15 0.0262
423.15 0.0146
473.15 0.0097
273.15 -0.1232 Kritschewsky and Levenhenko (1941)
323.15 -0.1844
373.15 -0.2745
423.15 -0.2993
473.15 -0.3326
173.15 0.2316 Bol'shakov et al. (1967)
198.15 0.1645
223.15 0.1095
248.15 0.0674
273.15 0.0332

Nitrogen-Ethae 277.60 -0.0106 Huff and Reed (1963)
310.90 0.0043
377.60 0.0259
444.30 0.0447
510.90 0.0400

Nitrogen-n-Butane 427.60 0.1000 Huff and Reed (1963)
444.30 0.1001
460.90 0.1085
477.60 0.1138
308.15 0.0609 Cruickshank et al. (1968)
303.00 0.1003 Hicks and Young (1968)
323.00 0.0795

Nitrogen-n-Pentanc 298,15 0.1001 Cruickshank et al. (1966)
308.15 0.1295 Cruickshank et al. (1968)
313.00 0.1090 Hicks and Young (1968)
330.00 0.0993

N —————— LA AT i it




TABLE 14 (continucd)

100

System Temperature (CK) kij Reference
Nitrogen-n-Hexane 298.15 0.1426 Cruickshank et al. (1966)
303.15 0.1526
323.15 0.1685
308.15 0.1111 Cruickshank et al. (1968)
303.00 0.1440 Hicks and Young (1968)
313.00 0.1384
333.00 0.1302
Nitrogen-2,2-Dimethylbutane  298.15 0.1732 Cruickshank et al. (1966)
Nitrogen-n-Heptane 308.15 0.4318 Cruickshank et al. (1968)
313.00 0.4550 Hicks and Young (1968)
Nitrogen~n-Octane 308.15 0.1392 Cruickshank et al. (1968)
Nitrogen-Isooctane 323.15 0.2267 Prausnitz and Benson (1959)
348.15 0.2254
Nitrogen-n-Decane 323.15 0.1677 Prausnitz and Benson (1959)
348.15 0.1593
Nitrogen-Cyclohexane 308.15 0.091 Cruickshank et al. (1968)
Nitrogen-Benzene 303.15 0.0775 Cruickshank et al. (1966)
313.15 0.0905
308.15 0.1181 Cruickshank et al. (1968)
Nitrogen-Toluene 323.15 0.226! Prausnitz and Benson (1959)
348.15 0.2254
Carbon dioxide-Methane 310.90 0.008) Huff and Reed (1963)
344.20 0.0073
377.50 0.0065
410.90 0.0034
444,20 0.0016
477.50 -0.0015
510.80 ~0.0049
Carbon dioxide~Ethane 310.90 0.127: Huff and Reed (1963)
344.20 0.0941
377.50 0.070L
410,90 0.0537
444,20 0.0475
477.50 0.0483
510.80 0.062}
Carbon dioxide-l.opane 310.90 0.0896 Huff and Reed (1963)
344.30 0.1056
377.60 0.1287
444.30 0.1113
477.60 0.093n
510.90 0.0769
Carbon dioxide~n-Butane 377.60 0.1265 Huff and Reed (1963)
410.90 0.1355
444,30 0.1297
477.60 0.1220
Carbon dioxide~Isooctane 323.15 0.2345 Prausnitz anxi Benson (1959)
348.15 0.2308
Carbon dioxide-n-Decane 323.15 0.2262 Prausnitz and Benson (1959)
348.15

0.2439




TABLE 14 (continued)
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System Temperature (CK) kij

Reference

Carbon dioxide-Toluene

Carbon dioxide-Nitrogen

Hydrogen Sulfide-Methane

Hydrogen Sulfide-n-Pentane

323.15 0.2177
348.15 0.2129
303.13 -0.0296
303.15 -0.0362
333.15 -0.0899
363.15 -0.1118
298.00 -0.0209
303.00 -0.0355
311.11 0.1846
344.44 0.1133
377.78 0.1006
411.11 0.1475
444.44 0.4671
411.11 ~0.0038
444.44 0.0259

Prausnitz and Benson (1959)

Gorski and Miller (1953)
Cottrell et al. (1956)

Prausnitz and Myers (1963)

Reamer et al. (1951)

Reamer et al. (1953)
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TABLE 15. kij Values for 78 Miscellanecous Binary Systems

~ System Tenperature (OK) kij Reference
Naphthalene-Methane 296.15 0.5933 King and Robertson (1962)
342,15 0.6047
348.15 0.6110
294.00 0.5767 Najour and King (1966)
307.00 0.5794
327.00 0.5861
333.00 0.5867
341.00 0.5768
Naphthalene-Ethylene 296.15 0.0932 King and Robertson (1962)
337.15 0.0995
296.50 0.0761 Najour and King (1966)
298.00 0.0786
308.00 0.0806
312.50 0.1025
326.00 0.0914
333.00 0.0873
342.50 0.0776
Naphthalen :-Nitrogen 295.15 0.1927 King and Robertson (1962)
345.15 0.1973
Naphthalene-Carbon dioxide 297.00 0.1618 Najour and King (1966)
299.00 0.1694
309.00 0.1763
323,50 0.2155
328.00 0.2196
332.00 0.2299
333.00 0.2421
337.00 0.2321
346.00 0.2256
Carbon dio:dide— 303.15 0.0466 Cottrell et al. (1956)
Carbon munoxide 333.15 -0.0654
363.15 -0.0542
298.00 -0.0017 Prausnitz and Myers (1963)
303.00 0.0400
Carbon dio:uide-Oxygen 303.15 0.0311 Gorski and Miller (1953)
303.15 0.0694 Cottrell et al. (1956)
333.15 0.0552
363.15 -0.0007
303.00 0.0702 Prausnitz and Myers (1963)
Carbon morx ixide-n~Octane 373.15 0.0798 Connolly (1964)
Carbon nmonoxide-Benzene 323.15 0.0677 Connolly (1964)
373.15 0.0488
Carbon moncxide-Nitrogen 298.00 ~0.0166 Prausnitz and Myers (1963)
Methane-Carbon tetrafluworide 273.15 0.0722 Douslin et al. (1967)
298.15 0.0666
303.15 0.0655
323.15 0.0619
348.15 0.0566
373.15 0.0540
398.15 0.0493
423.15 0.0459
448.15 0.0450
473.15 0.0413
498.15 0.0401
523.15 0.0371
548.15 0.0360
573.15 0.0336
598.15 0.0314
623.15 0.0310




System

TABLE 15 (continued)

Terperature (°K) kij

Reference

Methane-Sulfur hexafluoride

Methyl chloride-Propane

Methyl bromide-Propane

Methyl bromide-n—Butane

Methyl bromide-n-Pentane
Ethyl bromide~n-Pentane

Chloroform-n-Hexane

Chloroform-n~Heptane
Chloroform-Benzene
Nitrogen-Carbon tetrachloride
Carbon dioxide-

Carbon tetrachloride
Methyl bromide-Ethyl bromide

Methyl chloride-
Carbon disulfide

Chloroform-Carbon
tetrachloride

Argon-Nitrogen
Argon-Oxygen

313.16
333.16
353.16
373.16
393.16

198.00
203.00
208.00
218.00
223.00
228.00
233.00
293.00
193.00
213.00

193.00
213.00
233.00
244,00
273.00
293.00
297.00
32i.00

244.00
321.00

313.00

293.00
313.20

326.20
352.00

352.00
333.70

323.15
348.15

323.15
348.15

293.10
313.20

323.15
325.85
349.56
377.43
402.43
430.01

315.70
343.20

90.00
90.00

0.0606
0.0685
0.0743
0.0862
0.1078

0.0844
0.0862
0.0886
0.0910
0.0949
0.0968
0.1010
0.1455
-0.0037
-0.0015

0.1148
0.096?
0.0860
0.0845
0.0825
0.0811
0.0802
0.0763

0.0547
0.0741

-0.0152

0.0686
0.0043

0.0058
0.0163

0.0909
-0.0063

0.2131
0.1921

0.1906
0.2073

-0.1111
-0.1159

0.1046
0.0974
0.0805
0.0922
0.0999
0.1503

-0.0518
-0.0706

0.0044
-0.0272

Hamann et al. (1955)

Kappalo and Schafer (1962)

O'Connell apd Prausnitz (1967)

0'Connell and Prausnitz (1967)

0'Connell and Prausnitz (1967)

0'Connell and Prausnitz (1967)

Ratsch and Bittrich (1965)

Fox and Lambert (1952)

0'Connell and Prausnitz (1967)
0'Connell and Prausnitz (1967)

Prausnitz and Benson (1959)

Prausnitz and Benson (1959)

O'Connell and Prausnitz (1967)

Bottomley and Spurling (1967)

O'Connell and Prausnitz (1967)

Prausnitz and Myers (1963)

Prausnitz and Myers (1963)
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TARLE 15 (continued)

System Tenperature (°K) kij Reference

Ni trogen-Oxygen 273.00 ~0.0458 Guggenheim and McGlashan (1951)

323.00 ~0.0533

373.00 -0.0684

423.00 -0.0927

473.00 -0.1017

303.15 -0.0054 Gorski and Miller (1953)

90.00 ~0.0352 Prausnitz and Myers (1963)
Neon-Ethylene 122.00 *0.3154 Hiza and Duncan (1970)
Neon-Argon 90.00 0.0901 Prausnitz and Myers (1963)
Neon-Nitrogen 90.00 0.0480 Prausnitz and Myers (1963)
Neon-Oxygen 90.00 -0.0286 Prausnitz and Myers (1963)
Neon-Hydrogen 90.00 -0.0294 Prausnitz and Myers (1963)
Neon-Helium 273.00 -0.2920 Guggenheim and McGlashan (1951)

373.00 -0.3062

473.00 -0.3130

573.00 -0.3187

673.00 -0.3305

90.00 -0.2463 Prausnitz and Myers (1963)
Hydrogen-n-Fentane 298.15 0.0055 Cruickshank et al. (1966)
Hydrogen-n-tiexane 298.15 0.0536 Cruickshank et al. (1966)
Hydrogen- 2, 2—dimethyl butane 298.132 0.0755 Cruickshank et al. (1966)
Hydrogen-1soctane 323.15 0.1984 Prausnitz and Benson (1959}

348.15 0.2882
Hydrogen—-n—Decane 323.15 0.4283 Prausnitz and Benson (1959)
Hydrogen-Etwlene 298.00 -0.1435 Prausnitz and Myers (1963)

102.00 0.0063 Hiza and Duncan (1970)
Hydrogen-Toluene 323,15 0.1935 Prausnitz and Benson (1959)

348.15 0.3267
Hydrogen-Nz.ohthalene 295.15 0.0441 King and Robertson (1962)

343.15 -0.0297
Hydrogen-Ni -rogen 273.00 -0.1679 Guggenheim and McGlashan (1951)

293.00 -0.1956

298.15 -0.2504 Prausnitz and Myers (1963)
Hydrogen~Carbon dioxide 298.15 -0.2631 Prausnitz and Myers (1963)

303.00 -0.2995
Rydrogen-Carbon monoxide 273.00 -0.1917 Guggenheim and McGlashan (1951)

290.00 -0.1679

298.00 -0.2366 Prausnitz and Myers (1963)
Hydrogen-Argon 298.00 -0.2516 Guggenheim and McGlashan (1951)

323.00 -0.3069

348.00 -0.3245

373.00 -0.3397

398.00 -0.3547

423.00 -0.3720

447.00 -~0.3908

90.00 -0.0762 Prausnitz and Myers (1963)




TARLE 15 (continued)

System Temperature (OK) kij Reference
~Carbon 348.15 -0.0434 Prausnitz and Benson (1959)
tetrachloride
Helium-Ethylene 122.00 0.0760 Hiza and Duncan (1970)
Helium-Nitrogen 90.00 -0.2928 Prausnitz and Myers (1963)
Helium-Carbon dioxide 303.00 -0.6500 Prausnitz and Myers (1963)
Helium-Oxygen 90.00 -0.7680 Prausnitz and Myers (1963)
Helium-Argon 298.00 -0.879S Guggenheim and McGlashan (1951)
323.00 -0.9843
348.00 -1.0664
373.00 -1.1533
398.00 -1.2151
423.00 -1.2839
447.00 -1.3762
90.00 -0.1836 Prausnitz and Myers (1963)
298.00 -0.7203
Helium-Hydr>gen 298.00 -0.3042 Guggenheim and McGlashan (1951)
323.00 -0.3085
348.00 -0.5651
373.00 -0.3136
398.00 -0.1932
423.00 -0.1770
448.00 -0.1469
90.00 -0.2127 Prausnitz and Mvers (1963)
Acetone-n-Futane 282.30 0.0869 O'Connell and Prausnitz (1967)
321.00 0.1479
Acetone-n-Hexane 343.00 0.0947 O'Connell and Prausnitz (1967)
Acetone-Cy.:lohexane 326.00 0.0327 Larbert et al. (1954)
349.00 0.0336
353.00 0.1584 0'Connell and Prausnitz (1967)
Acetone-Berzene 363.15 -0.0148 Zaalishvili and Belousova (1964)
373.15 -0.0036
333.00 0.0023 O'Connell and Prausnitz (1967)
353.20 -0.0356
383.20 -0.0159
Acetone-Methyl chloride 323.15 -~0.1102 Pottomley and Spurling (1967)
327.05 ~0.1093
352.49 -0.0789
376.37 -0.0764
400.72 -0.0667
427.78 -0.0658
Acetone-Methylene chloride 323.00 -0.1780 O'Connell and Prausnitz (1967)
333.00 -0.1714
343.00 -0.1642
353.00 -0.1516
363.00 -0.1359
Acetone-Chloroform 333.20 -0.0143 0'Connell and Prausnitz (1967)
343.20 -0.0195
353.20 -0.0087
363.20 -0.0007




TABLE 15 (continucd)

System Temperature (©K) kij Reference
Acetone-Carbon disulfide 323.15 0.0932 Bottomley and Spurling (1967)
324.84 0.0963
349.85 .0.1058
378.84 0.1109
407.38 0.0899
432,09 0.0791
Acetone-Nitrarethane 318.15 ~0.3945 Brown and Smith (1960)
323.20 -0.3151 O'Connell and Prausnitz (1967)
Acetone-Acetonitrile 318.15 -0.3914 Brown and Smith (1960)
Acetone-Ether 333,20 0.0433 O'Connell and Prausnitz (1967)
. 343.20 0.0701
Ether-n~Hexane 326.20 -0.0094 0'Connell and Prausnitz (1967)
352.00 -0.0096
Ether-Methyl bromide 293.00 0.0059 Ratsch and Bittrich (1965)
313.00 0.0082
Ether-Methyl iodide 313.20 -0.0871 0'Connell ard Prausnitz (1967)
328.20 -0.0689
343.20 -0.0467
358.20 -0.0383
Ether-Ethyl bromide 293.10 -0.0929 O'Connell and Prausnitz (1967)
313.20 -0.1045
Ether-Chloroform 326.20 -0.2179 O'Connell and Prausnitz (1967)
338.20 -0.1923
352.00 ~0.1389
363.00 -0.0962
Diethyl ethexr-~Chloroform 393.00 0.0669 Fox and Lambert (1952)
Chloroform-Methyl formate 323.00 0.0465 Lambert et al. (1959)
350.00 0.0389
368.00 0.0357
Chlorofonm~n-Propyl formate 324.00 0.0502 Lambert et al. (1959)
335.00 0.0450
353.00 0.0385
368.00 0.0340
Chloroform-Methyl acetate 323.00 0.0500 Lanbert et al. (1959)
338.00 0.0435
353.00 0.0382
368.00 0.0329
Chloroform-Ethyl acetate 323.00 0.0515 lanbert et al. (1959)
338.00 0.0449
353.00 0.0396
368.00 0.0348
Chloroform-Diethyl amine 323.00 0.0238 Lambert et al. (1959)
337.00 0.0072
Cyclohexane-Diethyl amine 349.00 0.0265 lanbert et al. (1954)
Cyclohexane~-Acetonitrile 326.00 0.0297 Lambert et al. (1954)
Benzene-Ni tromethane 323.15 ~0.0260 Bottomley and Spurling (1963)
Acetoni trile~Acetaldehyde 313.15 -0.7708 Prausnitz and Carter (1960)
333.15 -0.7821
353.25 -0.7030

373.55 -0.6692
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CHAPTER VI

TESTING AND COMPARISON WITH PUBLISHED WORKS

Having obtained the Z(o) and Z(l) values for the ex-
tension of the Pitzer's generalized correlation as well as
the binary interaction coefficients characteristic of the
interactions between pairs of molecules, we can try to
derive further understanding about the behaviour and prop-
erties of pure compounds and binary mixtures. However,
for the compressibility factor correlations, due to the
existence of several published works with the same topic
and essence, attempts have been made to compare among the
results with the experimental data since the experimental
data are the most impartial bases we can turn to for test-
ing and comparison purposes. For this comparison, it will
be the precision and accuracy which count most. As to the
binary interaction parameters, since there is very little
work done in this aspect, an attempt was made to compare
the values obtained in this investigation with the few

others published using other ways of approach. In this case

it is the temperature dependence of the kij values as well

as the trend of this dependence, which are of prime interest.

Extension of the Three-Parameter Correlation

Since Pitzer and co-workers demonstrated their famous

acentric-factor correlation for the compressibility factor
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calculation {128} (1955), Lu et al.{103} (1973) and Lee
and Kesler {96} (1975) presented extensions of the original
work by different approaches described in Chapter II, Part
B. Also included in these works were tables of the devia-
tions of calculated compressibility factors from the liter-
ature values as a comparison result. Hence, similar efforts
have been made on this presentation.

For testing the applicability of this study, at first
we compared the calculated compressibility factors based on
this work with the literature data, at the same time com-
pared the deviations of these results with the deviations
reported in the published works, assuming that the average
absolute percentage deviations reported in those works are
representative of all the data points involved in the
specified T, and Pr ranges. For this testing and comparison
purposes 12 compounds chosen by Lee and Kesler {96} (1975)
were also employed to this investigation with the same
references and Tr and Pr ranges because of its more exten-
sive covering of the T, and Pr ranges which are more repre-
sentative of the presentation - not for low temperatures

(o) and Z(l)

only. By plotting 2 values of this work on
large graphs and then interpolating to the experimental Pr
and Tr conditions of each data point, the calculated com-
pressibility factors were obtained. However, for the data
points at which the T. and P conditions were in the bound-
ary between gas and liquid phases, extrapolation following

the trend of the curves as examplified by the P = 1.0 curve




- 111 -

was used. The sourses of the acentric factors used in this
study are given in Chapter X, Appendix A. The calculated
compressibility factor values were then compared with the
literature values and we evaluated the percentage absolute

calc ~ Zexpt]/zexpt'
comparison results are presented in Table 13. The criteria

average deviation defined by lOO[Z The
concerning the work by Lee and Kesler's were extracted from
their published report (Lee and Kesler {96} (1975)). From
Table 13 it is clearly shown that this investigation is not
only adequate but also more accurate in all the four cate-
gories of both saturated and unsaturated liquid and gas
phases, with or without the compound l-Pentene. For 1l-
Pentene, Lu et al.{103} (1973) reported an absolute average
deviation of 11.29% for 20 points in low-temperature liquid
phase using the same data reference (Day and Felsing {37}
(1951)). It should be mentioned that the number of points
reported in Table 13 for this study includes all the data
points available from the same reference at the same T, and
Pr conditions as used by Lee and Kesler {96} (1975), the
overall number of points is 1,556 in this work as compared
to 280 reported by Lee and Kesler. As a comparison, Lu et
al{103} (1973) reported the comparison results for low
temperature compressibility factor calculations of 21 com-
pounds with 463 data points as having an overall average
absolute deviation of 1.53% (reduced to 1.09% if l-Pentene
was excluded). This work provides a testing result for

compressibility factor calculations of 12 compounds with
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1,556 data points as having an overall average absolute
deviation of 1.38% (reduced to 1.07% if we exclude l-Pentene).
For further testing the applicability of this presenta-
tion, attention was drawn to the boundary condition of this
acentric-factor correlation. This boundary condition complies
with the definition of the acentric factor such that this
third parameter is chosen to make w = 0 for the simple
fluids Ar, Kr and Xe, with simple spherical molecules (see
Chapter X, Appendix B). Therefore, for Ar, Kr and Xe the

generalized z(°)

values should not be too far from their
compressibility factors at the same Tr and Pr,whenever the
literature data should be available; since the compressibility
factor correction term for deviation from simple fluid,

(1)

namely 2 , does not play a significant role at all. Hence

this boundary condition can be served as a pertinent test

for the z(%)

values obtained from generalized compressibility
factor correlations. The compressibility factor values of
the simple fluids available in the literature were thus
interpolated at regular intervals of Tr and Pr and compared

(o)

graphically with the 2 values obtained in this work to-
gether with those obtained from the Pitzer's correlation{128}
(1955) . Qualitatively, the agreement between the correlated
and experimental Z values is very good, and in a number of
instances, the deviations between the calculated and the ex-
perimental 2 values obtained by the proposed correlation

are smaller than those obtained by the Pitzer correlation.

Therefore this work provides an improving correlation for
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the Z(o)

values as far as this testing procedure is concer-
ned. It should be mentioned that the references for Ar, Kr
and Xe listed in Table 2 also include the ones used by Pitzer
et al. {128} (1955). The Z(l) values obtained in this work,
when plotted as functions of Tr (or Pr) at constant Pr (or
Tr), reveal curves of shape mostly compatible with those by
Pitzer et al. {128} (1955), while the numerical values are
of prominent difference.

It was further noticed that for the Z(o) values at
Tr = 0.8 (where the Z(°) values presented by Lu et al. {103}
(1973) were essentially the same as those of Pitzer et al.
{128} (1955)), an evident difference existed between the
values of this study and the ones presented by Lu et al.
{103} (1973), up to about 2 to 3%, especially at the high
pressure conditions. Therefore the boundary condition
testing of the acentric-factor correlation at w = 0 was
again applied to the work by Lu et al.{103} (1973) which
was in the low temperature region (0.5 £ Tr £ 0.8,
0o s Pr £ 9,0), as well as to the present study. However,
the experimental data for the simple fluids at such low
temperatures are not easy to find. The one found available
for the boundary condition testing purpose was given by Din
{41} (1956) for argon, which gave the experimental compressi-
bility factor data in the g:rangesfrom 0.596 to 0.795 and
P ranges from 0.021 to 6.250 with 36 data points. Hence
the z(°) values of this study and of Lu et al.{103} (1973)

were again interpolated to the T. and P conditions of the
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experimental data at each point, and then compared the
values obtained with the experimental compressibility
factor data given by Din {41} (1956). The overall average
absolute deviation was 0.51% in this investigation and 0.87%
by Lu et al.{103} (1973) (in the original work, they repor-
ted a deviation of 0.70% for 23 points with the same refer-
ence and Tr and Pr regions) for a total number of data points
36. This reference of Din {41} (1956) for argon has been
used for correlational basis by both investigations.
Following these testing and comparison procedures, it

(03 and Z(l) values presented in

was also found that the 2
Tables 11 and 12 as obtained by using the literature data of
Table 2 provided better results than the Z(o) and Z(l) values
of Tables 9 and 10 as from the data sources of Table 1.
Hence Tables 11 and 12 are the final results of the Z(o)

and z(‘)

values of this investigation and they have been
used in the testing processes of this chapter. Through

this, we have verified the fact that this three-parameter
(acentric-factor) generalized correlation for compressibility
factor calculation must be correlated based on appropriate
data sources. The more extensive and more up-to-date the

data can be, the better and more accurate correlations can

be obtained.

The Binary Interaction Parameters

In this study, 493 values of the binary interaction

coefficients for 121 binary systems have been obtained. For
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these systems, the kij values clearly demonstrate themselves
to be functions of temperature, as well shown by Tables 14
and 15, and Figures 16 and 17. However, in the literature
there were several works presenting values of the binary
interaction coefficients and which sufficed just as well

for comparison purposes, due to the lack of testing techni-
que and experimental information available for these kij
values. These works include Chueh and Prausnitz {23} (1967),
Miller and Prausnitz {120} (1969), Hiza and Duncan {71} (1970)
and partly shown by a series of papers by Lu and co-workers
(Chang and Lu {17}{18} (1970, 1971); Hsi and Lu {73} (1972);
Lu et al.{104} (1974); Hamam and Lu {64}{65} (1976)). For
the works by Prausnitz et al., the kij values were treated
as true constants independent of temperature, while its
temperature dependence was shown in the works by Hiza and
Duncan as well as by Lu et al.

For the binary interaction constants evaluated in this
work based on the second virial coefficient approach, exten-
sive comparison has been made between the presentations of
this study and the above-mentioned published works. For

all the binary systems included in this investigation, the

k.. values of 15 hydrocarbon-hydrocarbon systems, two nitrogen-

1]
hydrocarbon systems and four carbon dioxide-hydrocarbon

systems were compatible with those presented by Chueh and
Prausnitz {23} (1967) and by Miller and Prausnitz {120}

(1969) in which the binary interaction constants were assu-
med to be universal constants; and the kij values of nitrogen-

ethane system were comparable with the one by Hiza and
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Duncan {71} (1970) which was essentially evaluating kij
values for systems containing inert and elementary gases.
Also the kij values of five hydrocarbon-hydrocarbon systems,
two carbon dioxide-hydrocarbon systems and one nitrogen-
hydrocarbon system were in agreement with the presentations
by Lu and co-workers for the published works which reflec-
ted the temperature-dependence of the binary interaction
coefficients. Twenty-nine kij values for two systems
studied in this work together with the kij values of the
published efforts were depicted in Figures 16 and 17. From
these figures it is clearly shown that kij is a function of
temperature; however, the trend of this temperature depend-
ence of kij values is not regular and clear enough for
correlation purposes. Nevertheless, based on the calcula-
tion of the kij values through vapor-liquid equilibria
considerations and with subsequent correlations of kij as
functions of temperatures and systems, this work copes
itself very well with the trend developed thereof and hence
is able to offer valuable information on the properties of
binary mixtures. These kij values as obtained from the
binary isothermal vapor-liquid equilibria data were evalua-
ted by minimizing the deviation between the calculated and
experimental total pressure or the vapor-phase composition.
The correlation established for the binary interaction co-
efficients as function of temperature and the binary system
is

k,, = 0.0135 + 0.3435w, + (-0.000226 + 0.00007156w,)T

(50)
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where w, is the acentric factor of the constituent in the
binary mixture with higher critical temperature. The

T (temperature) in equation (50) refers to 120°k £ T £ 260°K
for methane-ethane system, 120°K £ T $ 300°K for methane-
propane systen, 150°k £ T $ 360°K for methane-n-butane
system and 1839k £ T £ 411°K for methane-n-pentane system.
Presented in Table 15 is also a table for 250 kij values
of 78 binary systems. Due to the fact that most of the
constituents in the systems presented are of molar or
quantum nature, for which the original second virial coeff-
icient correlation proposed by Pitzer and Curl {129} (1957)
will require possible modification, this presentation is

reserved for reference, hopefully possible future use.
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CHAPTER VII

CONCLUSION

Extension of the Three-Parameter Correlation

In this investigation, the Pitzer generalized three-
parameter correlation in terms of the linear relationship
of acentric-factor has been verified to be adequate. By
collecting more extensive and more up to date literature
data used as the correlational basis, this correlation has
been extended to wider ranges of applicability. The neces-
sity of using more extensive data sources to obtain improv-
ing and more precise correlations has also been verified,
by which this study obviously provides results on a much
more sound basis than earlier published efforts. Through
testing and comparison with the literature compressibility
factor values, the z(o) and z(l) tables of this work provide
a calculated compressibility factor results better than
those of Lee and Kesler's {96} (1975) in all the saturated
and unsaturated liquid and vapor phases. Furthermore, this
work also demonstrated a much more accurate and more precise
capability as far as the satisfaction of the boundary con-
dition of the acentric-factor correlation at w = 0 is con-

cerned. For the z(°)

values, this proposed correlation
satisfies the experimental compressibility factor data of

simple fluids with much lesser extent of deviations than
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those proposed by Pitzer et al. {128} (1955) as well as by
Lu et al. {103} (1973), especially at the low temperature
conditions. For the Z(l) values, the proposed correlation
reveals a trend as a function of Tr and Pr mostly compat-
ible with the earlier works mentioned above. Therefore it
can be concluded that this investigation offers a correla-
tion result with much improving quality for the compress-
ibility factor calculations as well as for the satisfaction
of the boundary conditions, when compared with published
works (Pitzer et al. {128} (1955), Lu et al. {103} (1973),
Lee and Kesler {96} (1975)).

The Z(o) and Z(I) values proposed also lend themselves
readily for further study of the properties of normal fluids
in terms of the generalized derivative compressibility fac-
tor functions described in Chapter I, Part A; these proper-
ties include fugacity coefficients, enthalpy departures,
Joule-Thomson coefficients and the difference between
isobaric and isochoric heat capacities, etc. By doing this,
we will be able to obtain many useful equilibrium thermo-

dynamic properties of pure compounds of interest.

The Binary Interaction Parameters

The binary interaction coefficients of 493 values for
121 binary systems are evaluated in this work, based on the
second virial coefficient approach due to its theoretical

founding basis. These values compare themselves very well
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with the values calculated by other ways of approach, such
as vapor-liquid equilibria, and as a consequence offer a
very strong support for the fact that kij is a function of
temperature, not universal constants; again further fit in
the trend of the binary interaction constants-temperature
correlations developed. Hence this study offers a valuable
information about the deviations from the geometric mean
values for binary inter-energy parameters, which serves as
the starting and crucial point for understanding the inter-
molecular interactions as well as the behaviour and proper-
ties of the binary systems, which further is necessary for
the understanding of the properties of multi-component

mixture systems.
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CHAPTER VIII

SUGGESTIONS FOR FURTHER WORK

Extension of the Three-Parameter Correlation

Having obtained the generalized compressiblity factor

(o) and Z(l)

correlations 2 as functions of T, and P, we
are able to calculate the other equilibrium properties for
pure compounds as applications of this fundamental investi-
gation.

It is suggested that similar efforts be made to pursue
further study based on this work for the ranges of
0.2 = T, £ 5.0 and 0 £ P £ 12.0 as the published works by
Hsi and Lu {74} (1974) as originally for low temperature
regions. By use of the generalized derivative compress-
ibility factor functions defined by equations (2) and (3)
as discussed in Chapter I, Part A, after further rearrang-

ing into:

a(z/pP.)
ZP = _Pz___L.
r BPr T
r
’ i a(ZTr)
T oT
Y Pr

or applying the linear relationship in the acentric factor:

2z = g (9 (1)

P p t wiy (53)

2, = 2% + wz (M)

(51)

(52)
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where
, () o g (22! (55)
P r §Pr
T
r
(1)
(1) _ (1) 92
Zp = Z -Pr<apr> (56)
Tr
(o)
(o) _ (o) 22
Zn = 2 *Tr<afrr (57)
Pr
(1)
(1) _ (1) 92
Zo = 2 + T a'r> (58)
r
P
r
. (o) (1) (o) (1)
we are able to obtain the ZT . zT R zP and zP

generalized correlations as functions of T, and P_.. Once

we obtain these four generalized functions (ZT(°), A (1),

T

ZP(O) and Zp(l)) we are able to calculate the derivative
compressibility factors 2 and ZP by means of equations (53)
and (54). Through these functionsrequired‘useful equilibrium
properties for pure compounds can be obtained easily. For
example, the fugacity coefficients, enthalpy and entropy
departures can be evaluated by equations (13) to (19) and
furthermore, they can be obtained by means of the Bridgman
table established from the AN and ZT values proposed by
Reid and Valbert {142} (1962) and by Reid and Sherwood {143}
(1966) through thermodynamic relationships.

It is suggested that other important thermodynamic
properties be evaluated from the derivative compressibility

factor functions such as the isochoric heat capacity calcu-

lated from the difference
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5P 3V 9P <?%> 2 RZT2
C_ -C._ =T = -p(<s £ =
P v <'5'i>v 3T)p av)T T /| p Z,

and the Joule-Thomson coefficient calculated by

H = (3TY - |pf3V) . . RT _
J.T. <}%>H T<;%>P v/, BC_ (2 - 2) (60)

The plots of (Cp.uJ.T‘) and (Cp - Cv) as functions of T.

(59)

and P_ were shown by Edmister {49}{50} {51} (1948, 1949, 1957)
without introducing a third parameter. Those plots were
derived from hydrocarbon P-V-T data, whereas the ZT, zP
values recommended here are obtained from the three-parameter
generalized correlations and as such should be applicable

to most types of materials, not limited to only hydrocarbons.
Furthermore, as pointed out by Reid and Sherwood {143} (1966),
a further illustration of the use of the derivative compres-
sibility factors was demonstrated by Sherwood {156} (1962)

in obtaining the generalized sonic velocity correlation for

compressed gases.

The Binary Interaction Parameters

Due to the lack of accurate information concerning the
behaviour and properties of mixtures for which the binary
interaction parameter is a key factor, the study of the kij
values is of primary importance. However, most of the equa-
tions of state proposed are of empirical nature and since
the constants which appear in such empirical equation of
state have at best only approximate physical significance,

it is very difficult to justify mixing rules for expressing
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the constants without introducing further arbitrary assump-
tions. Therefore, it is highly recommended that the binary
interaction coefficients be evaluated using the virial equa-
tion of state which has a sound theoretical foundation and

is free of arbitrary assumptions. As to the ways of approach,
it is suggested that attention be focused on the relations
between virial coefficients and the various intermolecular
potential functions, as summarized by Hirschfelder et al.
{70} (1954) as well as by Prausnitz {134} (1969).

From statistical mechanics, for a gas composed of sim-
ple, spherically symmetric molecules such as argon or meth-
ane, the second virial coefficient is given as a function
of temperature and is determined by W(r), the potential

energy between two molecules, by the relation

B = 21N f; (1 - exp(-W(r)/kT))r?dr (61)

where N is Avogadro's number, r is the distance between
molecular centers and k is Boltzmann's constant. More-
over, when we extend equation (61) to mixtures, the exten-
sion requires no arbitrary assumptions, as the most important
advantage of the virial equation of state for application

to phase equilibria problems lies in its direct extension

to mixtures. Hence, in a binary mixture containing species

i and j, if i and j are spherically symmetric mole-
cules, the second virial coefficient corresponding to the

i-j interaction B,

lj,as determined by the system temperature

and the potential energy between molecules i and j, wij,

is given by the same expression as that given in equation (61):
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1]

From equation (62) it is clearly shown that the potential
function Wij(r) must be interpreted in terms of r, the
binary molecular distance; and that Bij is a function of
temperature only, not a function of pressure (or density)
and what is more important, not a function of the binary
compositions. The study of the potential function is em-
phasized here for the reason that whenever the right hand
side of equation (62) contains temperature or energy param-
eters, it can establish a certain relationship between the
Bij values and the temperature (as is pertinently reasoned
that the cross second virial coefficient is a function of
temperature only) hence provides a way to calculate the
binary interaction coefficients from second virial coeffi-
cients data. Although engineering applications of potential
functions are at present limited because of low accuracy,
there can be no doubt that future developments in phase-
equilibrium thermodynamics will increasingly utilize these
functions for solving practical problems and hence they
will offer ample opportunities for further study.

Among the potential function models, the simplest (and
trivial) case is for ideal gas, which assumes W(r) = 0 for
all values of r so as to make the second, third and higher
virial coefficients zero for all temperatures and hence the
virial equation reduces to the ideal-gas law. This case is
called "potential function with zero adjustable parameter”.

Others which have drawn special attention for suggestions

B.. = 27N ﬂr(l - exp(-Wij(r)/kT))rzdr (62)
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here are the hard-sphere model (potential function with one

adjustable parameter); the Lennard-Jones model (two-parameter)

and the square-well model (with three adjustable parameters).
For the hard-sphere model, there is no force between

the molecules when their centers are separated by a distance

larger than o, the hard-sphere diameter; but the force of

repulsion becomes infinitely large when they touch, at a

separation equal to o . The potential function is given by

1
o

W (xr) for r > o

(63)

u
8
A
Q

w(r) for «r

Substituting into equation (62) we obtain

2 (% * 9% ?
Bi] = 3"!7 ) (64)

This model gives a highly oversimplified picture of real
molecules since, for a given gas, it predicts second virial
coefficients which are independent of temperature. However,
Bienkowski et al. {10} (1973) augmented a generalized hard-
sphere virial equation of state employing the correlations
of Pitzer and Curl {129} (1957) which can be served as an
approach to calculate the kij values from Bij values. Also
possible modifications can be made on the original proposal.
The most useful and best known two-parameter potential

model is the Lennard-Jones potential function with the form

_ g 12 .
w(r) = 4e [(;) - (P ] (65)
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where € is the depth of the energy well (minimum potential
energy) and 0 is the collision diameter, i.e., the separa-
tion where W = 0. Lennard-Jones {97}{99} (1924, 1937)
deduced from equation (61) and (65) the formulae for the
second virial coefficient, and the integration required is
not simple. However, numerical results were obtained by
Hirschfelder et al.{70} (1954) and that gives the reduced
virial coefficient as a function of reduced temperature.
The reducing parameter for the virial coefficient itself is
proportional to the collision diameter o raised to the
third power and that for the temperature is proportional
to the characteristic energy € . These were both for pure
components. Furthermore, Lennard-Jones and Cook {98} (1927)
found from experimental data on mixtures that it is a good
approximation to average collision radii when the relative
kinetic energy is zero and for mixing properties both Fowler
and Guggenheim {55} (1939) and Hirschfelder and Roseveare
{69} (1939) used relations of arithmetic mean for the coll-
ision radii and geometric mean for the energy parameter for
the treatment of mixtures. Here we can introduce the binary
interaction parameters as denoting the deviation from the
geometric mean of the energy parameter and calculated these
parameters from the Lennard-Jones second virial coefficient
equations as presented by Beattie and Stockmayer {5 H6} (1942).
Since the Lennard-Jones potential is not a simple,
although derivable, mathematical function and in order to

simplify the calculations, another model is proposed having
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the general shape of the Lennard-Jones function. The square-
well potential model has been regarded as being particularly
useful for the description of the behaviour of gases consis-
ting of complex molecules and was applied by Chang and Lu
{19} (1972) for pure components. Further this model may be
considered as the simplest, most useful and flexible model,
and the flexibility arises from the fact that it contains
three adjustable parameters: the collision diameter, o,

the well depth (minimum potential energy), €, and the re-
duced well width, R'. Mathematically, the square-well

potential is given by

1Y
Q

= for T
= -c for o <r £ R'o > (66)

= 0 for r > R'c

By using this model, the cross second-virial coefficient

equation (62) may be integrated to give

Bij = %HNO;j [ 1 - (R;; - 1)(exp(eij/kT) - 1)] (67)
where

oij = (Oi + oj)/2 (68)

Riy = (R + R) /2 (69)

€53 = (siej)i(l - kij) (70)

here the kij values are the binary interaction parameters.

Equation (67) can be expressed in the reduced form as
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B,sP, u;4Pg 13 '3
_ﬁ%;_ = —ﬁ%;_ [R ij ~ (R iy~ l)exp(eij/chTr)] (71)
where
= 2 3
uiJ = 3 nNoij (72)

Now from either equation (67) or equation (71), together
with equations (68) to (70), whenever we have a value of
Bij’ the cross second-virial coefficient at one temperature
for a binary system, with Uij and R',. calculated from those

ij
of the constituents, we can obtain eij’ hence kij value at
the system temperature. Moreover, here the kij is defined
by equation (70) due to the fact that the critical tempera-
ture is usually viewed as the parameter which characterizes

the intermolecular interaction energy (Pitzer et al.{128}

(1955)) .
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CHAPTER X

APPENDTIX

A. Sources of the Physical Properties Used in This Work

The physical properties needed in this investigation
are the molecular weight, the critical constants and the
acentric factor for all the pure compounds.

For the molecular weight and critical properties of
all hydrocarbons, data were taken from the API Technical
Data Book {1} (1971), with the exception of p and P, for
methane, which were taken from the values reported by Prydz
and Goodwin {135} (1972). For argon, the critical data
given by Michels et al.{118} (1958) were employed, while
for nitrogen, the critical data were taken from Din{ 42} (1961).
For hydrogen sulfide, methyl chloride and ammonia, the crit-
jcal values reported by Canjar and Manning {15} (1967) were
used; for difluoromethane, critical constants were taken
from the original paper (Malbrunot et al.{105} (1968)). And
for compounds of oxygen, carbon dioxide, carbon monoxide,
perfluoromethane, chlorodifluoromethane, chlorotrifluoro-
methane, dichlorodifluoromethane, dichloromethane, trichlor-
omethane and perchloromethane, the critical properties and
molecular weights given by Kudchadker et al.{93} (1968) were
employed. For all the other compounds used in this work,
the molecular weights and critical constants were taken from

Reid and Sherwood {143} (1966).
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As to the acentric factor w, the revised values of w
for hydrocarbons reported by Passut and Danner {125} (1973)
were used with the exceptions of l-Pentene and acetylene,
which were calculated from the generalized equation of Lee
and Kesler {96} (1975). The acentric factors of nitrogen,
hydrogen sulfide, carbon dioxide, carbon monoxide, perfluor-
omethane and ammonia were taken from the work of Prausnitz
{134} (1969). For difluoromethane, the w value was calcu-
lated from the original work (Malbrunot et al.{105} (1968))
by the definition of the acentric factor. For all the other
compounds used in this study, the w values were taken from

Reid and Sherwood {143} (1966).

B. Properties of Normal Fluid

From the series of papers by Pitzer and co-workers {127}
{128}{129}{34}{101} (1955, 1957, 1958, 1972), the properties
of "simple" and "normal®" fluids have been discussed, both
microscopically and macroscopically. These properties are
outlined in the following paragraphs. Generally speaking,
the category of simple fluids consists of heavier inert
gases, namely argon, krypton and xenon with simple spherical
molecules; while that of normal fluids consists of non-polar
or slightly polar fluids with varied shapes of molecules.

The understanding of the forces operating between mole-
cules developed ever since the emergence of a satisfactory

quantum theory in 1926. Particularly important was the
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work of London on the attractive forces between molecules.
Also it became clear that certain anomalous properties of
hydrogen and helium arose from quantum effects in the trans-
lational motion of those molecules. However, the under-
standing of intermolecular forces also indicated a bewild-
ering complexity of effects which probably tended to
discourage attempts at systemization, such as the quantum
and highly polar effects. Former attempts for establishing
a third parameter included the proposal of critical compres-
sibility factor by Meissner and Seferian {108} (1951), but
their attempt to include highly polar substances such as
water necessarily impaired the accuracy of the results.
Riedel {1441}{145}{146} (1954) discussed vapor pressures on
a basis very similar to the acentric factor. He excluded
highly polar or associated liquids and the quantum liquids
(H, and He), and showed that the remaining normal liquids
had reduced vapor pressure curves falling accurately into
a single family.

For the classification of substances, the simplest
class following corresponding states behaviour comprises
the heavier rare gases (Ar, Kr and Xe). The principal
characteristics are spherical shape (for which shape methane
also gains somewhat by rapid and relatively free rotation)
and an inverse sixth power attractive potential. London's
theory yields this force law and applies to cases where the
valence shells of all atoms are filled. The term "simple

fluid" is adopted for this class of substances. However,
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for the repulsive potential, little was known other than
that this repulsion is a manifestation of the Pauli exclu-
sion principle. For this purpose, the model of Lennard-

Jones or 6-12 potential was chosen as expressed by equation

(65) :
wir) = a4c [(%)12 - (Er)s] (65)
= ¢ [(ir"—)12 - 2(r?°)6] (73)

where
r, = 0(2%) (74)

0

The I, value is the intermolecular distance at the minimum
potential. Hence the simple fluid was assumed to be one
having an intermolecular potential essentially like equation
(73) . Each substance has its own value of ¢ and r,. But
the shape of the intermoleculaf potential curve is the same
for all simple fluids.

Furthermore, to develop the properties of normal fluids,
different shapes of molecules were considered. For the
globular molecules, the core model of Kihara {90} (1953) was
adopted. He assumed a core inside each molecule and then
took the Lennard-Jones potential for the shortest distance

between molecular cores. The potential is thus
_ Po’ 12 0! 6
wo= e [ B - 2B (75)
where P' is the shortest distance between the cores, and
Po' is this distance at the potential minimum. It was fur-

ther shown that for the case of spherical cores, P'  r -2a,

and a is the radius of the spherical core. Then the deri-
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vation of the theory of corresponding states for simple
fluids was easily extended to substances with globular
molecules as in the realm of normal fluids, through the
above core model. The essential requirement was that the
shépe of the intermolecular potential curve be the same
for all substances in the class which was to conform to
the theory. Thus on any one of the core models, if the
ratio of the core radius to the intermolecular distance
at the potential minimum (a/r,) was the same for a group
of substances, then that group would follow corresponding
states behaviour. The behaviour of this group would differ,
however, from that of simple fluids where the core radius
was zero. Therefore the volumetric behaviour of a fluid
with globular molecules was a function of three variables:
(1) the depth of the potential minimum e, (2) the inter-
molecular distance at the minimum r , and (3) the relative
core size a/r,. Moreover, after testing and comparison
with the second virial coefficients data, Pitzer { 127} (1955)
verified that the behaviour of a substance with non-polar
molecules of non-spherical shape such as a thin rod would
conform closely to that of globular molecules with some
value of the (a/r,) parameter, and this was also the case
for molecules with modest dipoles which are slightly polar.
Thereat by these properties of the normal fluids, the
acentric factor was defined.

In conclusion, statistical theory shows that a group
of substances will conform to the principle of correspond-

ing states only if their intermolecular potentials are
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identical except for distance and energy-scale factors
characteristic of each substance. Also, their intermolec-
ular motion and influence must be classical, i.e., quantum
and highly polar effects must be negligible. The only
grbup of substances which may be expected to conform to
these criteria are the heavier rare gases, Ar, Kr and Xe,
which do conform accurately to corresponding-states behav-
iour. These are called "simple fluids". Various types of
molecular shapes and molecular dipole moments might be
expected to cause different deviations from the macroscopic
properties of simple fluids. It is found, however, that
the reduced theoretical second virial coefficients for a
wide variety of these molecular types fall into a single
family of curves which may be characterized by a single
parameter, namely the acentric factor. The molecules fall-
ing into this single family are just those commonly called
"normal fluids or liquids".

It should be mentioned that within the series of papers,
Curl and Pitzer {34} (1958) demonstrated the surface tension
as a criterion of a normal liquid, hence provided an opera-

tional test to the properties of the normal fluids.

C. Computer Program for the Correlational Work

D. Computer Program for the Evaluation of the

Binary Interaction Constant
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