TABLE Vi. CORRELATIONS OF CRITICAL PRESSURE

Experimental, Authors’ Correlation Lydersen

Compound I, atm. l)f. atm, Dev,,% P, atm. Dev.,9
Propylene oxide 48.6 49.10 1.03 51.40 5.76
Diethyl ether 35.6 37.52 5.39 37.39 5.03
Vinyl ethyl ether 40.2 39.26 -2.34 39.56 -1.59
1,2-Dimethoxyethane 38.2 35.59 ~6.83 36.66 -4.03
Isopropyl ether 28.4 29,54 4.01 30.58 7.68

Av. Deviation 3.929 4.82%,
Furan 52.5 51.32 -2.25 58.79 11,98
2-Methylfuran 46.6 4593 -1.44 48.35 3.76
Tetrahydrofuran 51.2 53.92 5.31 50.41 -1.54
2-Methyltetrahydrofuran 37.1 44,46 19.84 42.06 13.37
Pyrrolidine 56.3 57.74 2.56 48.48 -13.89
Pyridine 55.6 56.42 1.47 51.43 -7.50
Thiophene 56.2 49.38 -12.14 58.83 4.68
Dioxane 51.4 47.74 -7.12 50.87 -1.03

Av. Deviation 6.529, 7.229,

Equation 13 gives average and maximum deviations only
slightly greater than those given by the equation

Py=a/M+b (14)

used by Kobe and coworkers (11) for ketones. Equation 14
gave poor correlations for the critical pressuresof ethers
and heterocyclics,

Table VI compares experimental values, correlations by
equations 10 and 11, and Lydersen’s correlation.

The correlations developed here are of the formusually
applied to homologous series. The ethers and heterocyclics
tested cannot be regarded as members of such series;
therefore, these correlations are less accurate than those
which might be developed if critical properties of several
members of an homologous series were known. Group
contribution methods seen most promising. Lyderson
states that many of his group contributions are based on
insufficient data for accuracy. More experimental data,
as given here, should improve this method.

Benedict Equation of State
Methane—n-Pentane System

C. J. PINGS, JR.1, AND B. H. SAGE
California Institute of Technology, Pasadenq, Calif.

Equations of statefind industrialapplication inpredicting
the thermodynamic properties of fluids.

Coefficients for the Benedict equation of state were de-
termined by least squares methods from experimental data
for mixtures of the methane-n-pentane system. Values
were obtained for the interaction constants for groupings
of the Benedict coefficients corresponding to the secondand
third virial coefficients.

In the liquid and gas phases at pressures up to 5000
pounds per square inch between 100° and 460° F. the
accuracy of description of the volumetric behavior was
improved severalfold by use of interaction constants eval-
uated by least squares methods over constants calculated
by the method suggested by Benedict. Such methods may
prove useful in evaluating interaction constants for mix-
tures as a function or the characteristics of the system
involved.

1 - Present address, Stanford University, Stanford, Calif.
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Benedict, Webb, and Rubin (3-7) developed an empirical
equation of state which describes the volumetric behavior
of gaseous hydrocarbons with satisfactory accuracy at
pressures up to 4000 pounds per square inch and gives a
good prediction of the phase behavior of many hydrocarbon
mixtures. Brough, Schlinger, and Sage (8) proposedanana-
lytical method based on least squares techniques for eval-
uating the coefficients, which extended earlier proposals
of Benedict (2). Selleck, Opfell, and Sage (15) extended the
application of this equation for propane to pressures up to
10,000 pounds per square inch in the temperature interval
between 40° and 460° F. and included a description of the
behavior of the liquid phase. Similarly Opfell (12, 13)
evaluated coefficients of the Benedict equation for nine of
the lighter hydrocarbons from methane through n-decane
for describing the volumetric behavior in both the liquid
and gas phases for the range of pressures and temperatures
covered by Selleck (15). The coefficients suggested by
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Figure 1. Experimental data used to establish coefficients
for a mixture containing 0.9822 mole fraction
methane

Selleck (15)andOpfell (12, 13) are suitable only for the pre-
diction of the volumetric behavior, whereas the coefficients
suggested by Benedict, while they are of primary utility in
describing the volumetric behavior of the gas phase at lower
pressures, are suitable for estimationof phase behavior as
well.

For present purposes the Benedict equation may be
written with pressure or compressibility factor as explicit
functions of temperature and volume. The latter form of
the equation may be written in the following way:

PY A G 1L a1
Z'ITT‘1+[B“_RT"RT=]V+[b—RT]sz“

aa 1 c (1 v {_x
et (p e (-3 o

In applying the equation to one-component system, the
values of the coefficients Ag, Bg, Co, a, b, c,«, andv are
found to be characteristic of the substance. The values of
the coefficients for a multicomponent system would vary
in a regular fashion with composition and would approach
the values of the coefficients for the individual components
as the respective mole fraction approach unity. Little has
been reported concerning computation of coefficients from
experimental data for mixtures. The application of the
equation to multicomponent systems has for the most part
(3) depended on coefficients obtained by averaging the co-
efficients of the constituents of the mixture.

Benedict’s extension (3, 4, 6) of the equationto mixtures
was based on two primary assumptions. The coefficients
for the mixture were described as specific continuous func-
tions of composition involving the coefficients for the com-
ponents and a set of interaction constants.

Ay = njAg + 2miniAg; + Q?Ao:‘ )
b = uibi + 3nimbi; + 3minby; + nib; 6)
In Equations 2 and 3, the single-subscript symbols-Agj,

Apj, bi, bj,-are the coefficients for the components. The
double- and triple-subscript symbols- AQij, biij- bijj-are
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Figure 2. Experimental data used to establish coefficients
tor a mixture containing 0.1263 mole fraction
methane

the interaction constants. These mixture coefficients be-
come equal to the coefficient for a givenmolecular species
when its mole fraction equals unity,

Benedict’s second assumption was that the interaction
constants could be satisfactorily approximated by averag-
ing the coefficients of the components. Two general types
of expressions were suggested,

Agij = [AoiAoj]U? 4)
biij = [bibib;]!/3 (5)

In later work (7) Benedict apparently preferred a linear
average for Bpjj.

Benedict's first assumption is suggested by comparison
of his equation with the virial equation of state predicted
by statistical mechanical analysis of a system of particles
with intermolecular potential functions. The single-sub-
script constants in this analysis represent interaction of
molecules of the same type, whereas double- and triple-
subscript constants correspond to interactions between
unlike molecules (10). The second assumption, which
suggests an approximation for the interaction constants,
has no apparent foundation in theory or from experimental
data, although it has yielded results that have proved use-
ful (3, 4, 7).

Guggenheim (9) computed the interaction constants for
six binary gaseous systems at low pressures and showed
that for these systems the constants may be predicted with
fair accuracy from a universal reduced second virial co-
efficient determined by data from pure substances. Hirsch-
felder, Curtiss, and Bird (10) suggested semiempirical
methods of predicting the equivalent of interaction con-
stants which should be suitable for application at low
pressures. Beattie and Stockmayer (1) investigateda vari-
ety of methods of predicting the interaction constants of
the second virial coefficients for the gaseous methane-
butane system. Recently Stotler and Benedict(17) indicated
that an empirical adjustment of the interaction constant

CHEMICAL AND ENGINEERING DATA SERIES 57



TABLE |. CONSTANTS OF BENEDICT EQUATION FOR
METHANE AND n-PENTANEY

Constant Methane Pentane
R 10.73147b 10.73147
Ay X 1072 4.91053 60.2155
B, 0.455138 3.69003
Cy X 10-° 0.448753 19.6289
a X 1073 4,55118 203.9410
b 1.03508 16.0875
¢ X 10-? 0.619147 116.0610
o 0.332260 6.67703
¥ 1.200000 10.50000
M 16,042 72.146
a (14),

b values recorded are dimensionally consistent when used
in the equation of state with pressures expressed in
pounds per square inch, temperature in degrees Rankine,
and volume in cubic feet per lb.-mole. Absolute tem-
perature at ice point was taken as 459.69° R,

Agl2 for the nitrogen-methane system materially in-
creased the accuracy of the description by the Benedict
equation.

The present discussion describes the application of least
squares methods to the evaluation of mixture coefficients
and selected interaction constants in the Benedict equation
of state for the methane-n-pentane system. The mathe-
matical procedures employed were similar to those de-
scribed by Brough (8) and extended by Selleck (15, 16), and
no details of the extended calculations associated with this
work are presented here. The program was divided into
three steps. First, independent sets of coefficients were
obtained for each of six mixtures. Secondly, the data for
all six mixtures were used in the computation of the inter-
action constants associated with the coefficients AQ, BQ,
and Cp. Finally, the interaction constants associated with
A0, Bo, Co, a, b, and ¢ were computed simultaneously.

EXPERIMENTAL DATA

The experimental data for the methane-n-pentane system
were based on an experimental investigation (14) which
extended to a pressure of 5000 pounds per square inch in
the temperature interval between 100° and 460° F. The
study included six mixtures varying from 0.03 to 0.92
weight fraction methane. All the experimental data involv-
ing states in the heterogeneous regions were excluded,
leaving a total of 733 states in the homogeneous regions.
Of this total, 132 states were in the liquid phase. For

simplicity of description the term ‘‘liquid’’ will indicate a
state below that corresponding to the critical temperature
and a pressure in excess of the bubble-point pressure. A
representative sample of the experimental points employed
in this investigation is presented upon the temperature-
pressure diagram of Figures 1 and 2.

The coefficients used for methane and n-pentane were
those recently obtained by Opfell (13). They were based
upon values of ¥ giving the best volumetric description of
the experimental data. The coefficients for methane were
based upon experimental data extending up to 10,000 pounds
per square inch in the temperature interval between -100°
and 500° F. The coefficients for n-pentane werelimited to
temperatures between 100° and 460° F. and to pressures
up to 10,000 pounds per square inch. The values of the
coefficients employed are recorded in Table 1 for the con-
venience of the reader.

COEFFICIENTS FOR INDIVIDUAL MIXTURES

In order to establish nearly the minimum deviations to
be expected withthe Benedict equation of state in describing
the volumetric behavior of the mixtures (14), the coeffi-
cients with the exception of ¥ for eachof the six individual
mixtures were established. The values of 7 were deter-
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Figure 3. Effect of composition upon coefficients of Bene-
dict equation at 1600 F.

TABLE II. CONSTANTS OF BENEDICT EQUATION FOR SIX MIXTURES

Mole Fraction Methane

0.9822 0.9404 0.7385 0.4636 0.2933 0.1263

Constant
Ay X 1073 9.681615 5.714402 11.284436 21.086886 30.299301 37.106893
B, 0.976771 0.589944 0.883116 1.141549 1.400853 1.081886
Cy X 10-° 0.133002 1.096448 3.204144 7.193561 9.773934 9.612066
a X 10-? -6.771065 6.653650 17.384449 77.513929 133.381453 192,036492
b -0.092306 1.138778 2.453100 7.753380 12.571227 18.809025
c X 10~ -0.629810 1.656143 6.855081 30.225136 52,155148 59.837555
o 0.006639 0.538037 1.224530 1.965381 2.838144 3.694810
Y 1.2849584 1.496238 2.743651 5.044583 6.818292 8.817651

Root-mean-square error 0.0073 0.0039 0.0036 0.0043 0.0113 0.0098

2 Values for ¥ were obtained from Equation 6,
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mined in accordance with Benedict's suggestion (4, 6) as
indicated in the following expression:

v = 1}?‘)’1 + 2’11“5[7175]1/” + Ug’)’s (6

Values for each of the other coeiricients were established
by determining the sets which minimized the sum of the
squares of the residuals in compressibility factor, with
temperature and volume as the independent variables. The
unsmoothed, unweighted experimental data (14) were em-
ployed for this evaluation. The results are shown in Table
1I. The root-mean-square error in the compressibility
factor with volume and temperature as the independent
variables was 0.00705. The average relative error in
preasure which is defined by the following expression was
0.00461:
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Figure 5. Average relative error in volume as a function of
composition
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For many applications the error in volume with pressure
and temperature as the independent variables is more
indicative of the utility of the equation. The relative error
in volume at each state was estimated from

Ye-VNPe—PP oV
= —( ) (8)
Tni

v P V\oP

The values of the derivative of volume with respect to
pressure at constant temperature and composition were
computed from the Benedict equation. The average relative
error in volume, which is defined by the following expres-
sion, was estimated to be 0.00298:

N

il Ve-y
EY—NZ v ©)

TABLE HI. INTERACTION CONSTANTS OF BENEDICT EQUATION

Least Squares

Benedict 2nd 2nd and 3rd
Benedict Square virial virial
Linear Root coefficient coefficients
Tis 3.5496483  3.549648 3.549648 3.549648
al)s 0.903330 0.903330 0.903330 0.903330
ajss 2.455923 2.455923 2.455923 2.455923
Bois 2.072593 1,295973 0.745524®  0.615646
Ap1s x 10-3 17.195641  17.195641  10.277994 12,462433
Co15 x 10-9 2.967918 2.967918 3.169343 1.659504
bjis 2.583128 2.583128 2.583128 3.474415
byss 6.446390 6.446390 6.446390 7.900746
aj115 x 10-3 16.165302 16.165302  16.165302 18.427891
ajss x 10-3 57.417496  57.417496 57.417496  69.183760
C115 x 10-9 3.543440 3.543440 3.543440 1.017588
€155 x 10-9 20.279449  20.279449  20.279449  20.031450
Root-mean-square
error 0.0575 0.0408 0.0122 0.0106
Av. %; a P 0.0563 0.0294 0.0108 0.0092
Av. IVJA Vi 0.0325 0.0124 0.00664 0.00541
la) See footnote b of Table I concerning units.

In the two least squares cases, the underlined values are the result of
the computations. The values for the other constants in these two
columns are based on Benedict’s approximations.
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A more detailed review of the accuracy of agreement of
the Benedict equation with the coefficients evaluated for
each mixture is set forth in a part of Table II, The devia-
tions indicated for each individual mixture represent the
minimum deviations to be expected with the continuous
variation in ¥ employed. Mixture coefficients whicharethe
continuous functions of composition will yield deviations
from the experimental data whichare atbestequal to those
recorded in Table II. The variations in several of the co-
efficients with composition are shown in Figure 3. The
experimental data yield rather smooth variations in the
coefficients with composition, except for the mixture near
0.12 mole fraction methane. This mixture appearstodevi-
ate markedly from the behavior found for the other mix-
tures, As these coefficients are not continuous functions of
composition, they do not permit the equation to be used to
obtain partial thermodynamic properties (11), to obtain
deviatives with respect to composition, or to interpolate
with respect to composition.

EVALUATION OF INTERACTION CONSTANTS

As a guide to the study of the interaction constants, the
Benedict equation was compared with the virial equation of
state by expanding the exponential term of Equation 1 in a
power series.

=1+[Bo—ﬁ— C“]1—+

RT RT?
aa 1
b——-— — == -
[ +RT=:| T rry t
ey? (1 1y1  ey?f1 1)1
RT: <2! - 1) vt R <2! B 3!) Vot (10)

Expressed in this form, the term involving the coeffi-
cients Ag, B(, and Cq is seen to be similar to the second
virial coefficient, whereas the term involving b, a, and c
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is similar to the third virial coefficient. In keeping with
this analogy, these groupings are referredtoasthe second
and third virial coefficients of the equation, and it is borne
in mind that the preassigned form of the equation may
result in poor approximation to the virial coefficients of a
substance predicted by other means. Benedict’'s expres-
sions similar to Equations 2 and 3 for the coefficients may
be substituted in Equation 1, resulting in an equation of
state with twelve interaction constants. For the interaction
constants involved in the coefficients (a«) and ¥, which
appear only in the higher order terms of the virial analogy
given in Equation 10, the approximations of Benedict (2)
presented for ¥ in Equation 6 were assumedto be adequate.

In order to evaluate the remaining nine interaction con-
stants, two separate approaches were employed. In the
first the suggestions of Benedict (6) typified by Equation 5
were assumed to be adequate for the terms appearing in
the third virial coefficient. A least squares solution was
found for A5, Bols, andCgy5, whichappear in the second
virial coefficient. In the second evaluation, the least
squares solution was found for all nine of the interaction
constants in the second and third virial coefficients. Since
the constants of the equation are interdependent, the values
obtained for Agls, Bols, and Cgis would not be expected
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Figure 8. Average relative error in volume for several sets
of coefficients

Column 1. Benedict’s interaction constants, Linear
combination for Bg; 5

Column 2. Benedict’s interaction constants, Square root
combination for Bgs

Column 3. Least squares interaction constants. Agjs,
Bois, Co15, by least squares; aj)s, 4)ss,
b11s: biss: €115 €155 *115 2155 Y15 bY

Benedict functions
Column 4. Least squares interaction constants, Ag]s,
Bots. Co15, 2115, 2155: b115. Dyss. €115, by
€155, by least squares; «)s, )55, 715 by

Benedict functions
Column 5. Individual mixture constants
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TABLE IV. INFLUENCE OF INTERACTION CONSTANTS ON
ERROR OF PREDICTION

Least Benedict Least Squares
Squares Interaction Interaction
Coefficients Constants Constants
for Bols 2nd 2nd and
Individual ~ BOL5  square virial  3rd virial
Mixtures lincar root coefficient coefficienis
Root-mean- square
error in Z
Gas 0.0060 0.0472 00171 0.0093 0.0081
Liquid 0.1055 0.0908  0.0889 0.0207 0.0185
Total 0.0070 0.0575  0.0407 0.0122 0.0107
1
Average pl2 P
Gas 0.0033 0.0377 0.0125 0.0076 0.0062
Liquid 0.0104 0.1411  0.1060 0.0254 0.0227
Total 0.0046 0.0563 0.02%4 0.0108 0.0092
1
Ave =
verage V[A Vi
Gas 0.0033 0.0324  0.0104 0.0072 0.0059
Liquid 0.0017 0.0325 0.0215 0.0040 0.0034
Total 0.0030 0.0325 0.0124 0.0066 0.0054

to be the same in the two methods:of evaluation. In both
cases the entire data set coveringmixtures of six different
compositions and a total of 733 points was employed. Inter-
action constants were determined by minimizing the sum
of the squares of the residuals in compressibility factor
with temperature, molal volume, and mole fraction as the
independent variables,

The results of the calculations for the interaction con-
stants of the second virial coefficient are shown in Table
III. The second virial coefficient is plotted asa function of
temperature in Figure 4. For comparison, the values of the
interaction constants predicted by Benedict’s suggestions
have been included. The valuesof %, ae, and the third virial
coefficlent were determined by the methods suggested by
Benedict (6). Under these circumstances an average rela-
tive error in volume of 0.66% was obtained, as compared
to 1.2% for the prediction involving Benedict’s interaction
constants to establish the coefficients. If, on the other hand,
a linear average is employed for Bg, as suggested by
Benedict, the average relative error in molal volume is
3.29,.

Figure S5 depicts the average relative error in volume,
vith pressure and temperature as the independent variables
at fixed composition, This diagram indicates that Bene-
dict's interaction constants for the second virial coefficient
yield relatively large errors near the center of the com-
position interval, whereas the least squares method of
evaluation of the interaction constants for the second virial
coefficent yields roughly a uniformaverage relative error
in volume throughout the composition interval, None of the
curves in Figure 5 has been extended to pure methane or
to pure pentane. Under the second set of circumstances, it
was necessary to solve for a total of nine constants-Bgjis,
Agls, Cols, b11s, biss, alls, alss, €115, and c155. The
corresponding second virial coefficient is shown in Figure
3 as a function of temperature. The average relative error
in volume was 0.54%, as compared to 0.66% with only the
second virial coefficient established by least squares
methods. In the case of the empirical evaluation of the
coefficients for each mixture the average relative error
was 0.29%. It appears possible to describe the volumetric
behavior of mixtures, with the combining functions typified
by Equations 2 and 3, with an uncertainty only about twice
as large as that found with the use of the Benedict equation
to describe the volumetric behavior of each individual
mixture. There is shown in Figure 5 the behavior when
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both the second and third virial coefficients are evaluated
by least squares techniques, In this instance the average
error is relatively uniform throughout the composition
interval and is only slightly greater than thatobtained with
the individual evaluation of the coefficient for each mixture,

Figure 6 depicts the average error in pressure, with
volume and temperature as the independent variables, for
each of the several methods of predicting the interaction
constants, For compositions low in methane, itisapparent
that the average error in pressure for the least squares
evaluation of the coefficients of the secondand third groups
shown in Figure 6 is somewhat larger thanfor the average
error in volume shown in Figure 5. The root-mean-square
error in the compressibility factor with volume and tem-
perature as the independent variables is shown in Figure
7. The general nature of the deviations is similar to that
shown in Figures 5 and 6 for the average errors, as would
be expected, since the compressibility factor is directly
related to the molal volume.

Figure 8 presents a bar chart showing graphically the
variation in the average relative error in volume for the
different interaction constants, In the first column, the
interaction constants were determined by the methods
suggested by Benedict as described in this report, utilizing
Equation 4 for Bg;s. The second column uSed the same
interaction coefficients, exceptthata simiplelinear average
for Bgys is substituted. In the third columnis reported the
behavior with interaction constants which involve the inter-
action functions typified by Equations 4 and 5 and which
were established by least squares techniques for the second
virial coefficient, Ag, Bg, and Co. Column 4 utilized Bene-
dict’s suggestion for interaction constants for only ¥ and
aa, whereas least squares techniques were employed in
establishing the interaction constants for both the second
and third virial coefficients, In column 5, no interaction
constants as such were employed, except those for 7, and
the coefficients for the equation for each individual mixture
were determined by least squares techniques. As wouldbe
expected, there is a marked improvement in the degree of
agreement, particularly for the liquid phase, by the use of
least squares techniques for determining the interaction
functions for this binary system. The marked improvement
over the linear interaction function suggested by Benedict

and shown in column 2 is evident,
The effect of composition upon the accuracy of descrip-

tion of the experimental data is summarized in Table IV.
In this instance the data have been consideredon the basis
of each experimental mixture in the liquid and in the gas
phases. In addition, the over-all behavior has been indica-
ted. The latter data are the same as those presented in the
preceding tables and for the reader’s convenience they
have been summarized in the latter part of Table IV,

It appears that the use of interaction constants estab-
lished by least squares techniques affords an improved
method of describing the volumetric behavior of mixtures
for which experimental data are available. Muchadditional
work upon other binary mixtures will be required before
it will be possible to predict interaction constants from
the nature of the components of the mixtures. In any event
it appears that the interaction constants suggested by Bene-
dict for all the coefficients except those of the second virial
coefficient are adequate for describing the volumetric
behavior of mixtures. No information has been presented
in this discussion as to the improvements to be realized
by use of empirically evaluated values of v. However, ex-
perience (13, 15) with variations in this exponential coeffi-
cient indicates that the improvement would be small,
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NOMENCLATURE

Ag, Bo, Co, a, b, c, a, * =coefficients for the Benedict

equation of state

exponential function

molecular weight

number of states represented

mole fraction

pressure, pounds per square inch, absolute

universal gas constant, (1b./sq. inch)(cu. foot)
per (lb.-mole)(° R.)

absolute temperature, °R,

molal volume, cubic feet per 1b.-mole

compressibility factor

difference in

partial differential operator

average relative error

== summation operator

ubscripts

= value of property predicted using Benedict equa-

tion of state

refers to component i

refers to component

differentiation at constant n;

pressure as dependent variable

o
»

=

-

(T T

Mo b N< HY32Z2Z

o n
T I T

=
=
o

Benedict Equation of State
Application 1o n-Hexane,

= differentiation at constant T
Vi == volume as dependent variable
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n-Heptane, n-Nonane, and n-Decane

J. B. OPFELL! AND B. H. SAGE
California Institute of Technology, Pasadeng, Calif.

The coefficients for n-hexane and n-heptane, n-
nonane, and n-decane were established by statistical
methods from experimental data. The equation with these
coefficients describes the compressibility factor with a
standard error of estimate of 1.8% of the maximum value
for liquid and gas phases between 80° and 4600 F. and
up to 10,000 pounds per square inch. The coefficients
are not suitable for calculating vapor pressure nor des-
cribing the volumetric behavior in the immediate vicinity
of the critical state.

The Benedict equation of state may be used to des-
cribe the volumetric behavior of the hydrocarbons of rel-
atively high molecular weight, or to predict the behavior
of the liquid or gas phases at pressures as high as 10,000
pounds per square inch, but not to describe their phase
behavior.

The Benedict equation of state (4, 5) is a useful em-
pirical relation for interpolating the volumetric and phase
behavior of the lighter hydrocarbons. The work of Bene-
dict (4, 5) and coworkers was for the most part limited to
a maximum pressure of approximately 4000 pounds per
square inch.

In' an effort to extend the range of pressures to which
the equation may be applied, studies of its effectiveness
(11, 15) were made at pressures up to 10,000 pounds per

1 - Present address, Cutter Laboratories, Berkeley, Calif.
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square inch in the temperature interval between - 100° and
+5720 F, for the paraffin hydrocarbons lighter thann=pen-
tane. These studies indicated that the equation could be
employed to describe the volumetric behavior of pure hy-
drocarbons in the liquid and gas phases with reasonable
accuracy throughout the greater ranges of pressure and
temperature. Sufficient experimental data must be avail-
able to permit the equation to be employed as an inter-
polative rather than an extrapolative device, The error
may be large in regions where the relationship of pres-
sure, volume, and temperature established experimentally
is not used in the evaluation of the coefficients. Through-
out this discussion the term ‘‘standard error of estimate’’
is used as an abbreviation for the phrase ‘‘standard error
of estimate for the compressibility factor from stated
values of the molal volume and temperature.’’

The coefficients for several of the lighter hydro-
carbons as published by Benedict and others (2-6) de-
scribe the volumetric behavior of the gas phase and the
two-phase pressure of these substances, For mixtures,
the thermodynamic properties of the gas phase and the
compositions of the co-existing phases in the heterogen-
eous region were represented with reasonable accuracy
(2-6). Conventional least squares techniques (10) with
automatic digital computing equipment were employed in
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