THERMODYNAMIC PROPERTIES OF A 5 MOLE PERCENT

PROPANE IN METHANE MIXTURE

Yf;y a{y"
V. L.“Bhirud and J. E. Powers

August 1969

Tulsa, Oklahoma

Department of Chemical and Metallurgical Engineering



@
vk

ﬁﬂ.m.,.f@ &3 :\M
~ A



TABLE OF CONTENTS

INTRODUCTION

Composition
Sources of Data

Calorimetric Data
Volumetric Data

Calculation Procedures

Enthalpy H, Isobaric heat capacity, Cp, and

. Isothermal Throttling coefficient, @ . . . . .
Entropy, S, Fugacity, f, and Specific Volume, V

Skeleton Tables of Thermodynamic Values
Thermodynamic Diagrams

Acknowledgments
NOTATION
BIBLTIOGRAPHY

APPENDICES

I. REVIEW OF LITERATURE

Calorimetric Data
Volumetric Data

IT. BASTC INTERPRETATION OF CALORIMETRIC DATA .
Isobaric Determinations

Single Phase .
General Procedure e e e e e
Interpretation of Data at 1000 psia
Interpretation of data at 500 psia . .
Extrapolation with respect to temperature

Two-Phase (Enthalpy Traverse)

Isothermal Determinations (Single Phase)

ITTI. THERMODYNAMIC CONSISTENCY CHECKS AND FINAL ADJUSTMENT

OF VALUES OF Cp AND ¢ .

Thermodynamic Consistency Checks
Adjustment of Values of Agi

Adjustment of Values of C, and ¢ .

p

&= P |l

~ =

10
12
12

23
27

52
32

43
L

Ly
Lk
48

52
58

61
oL

o7
67
70
71



TV. PREPARATION OF PTH TABLES AND DIAGRAMS . . . . . . . . . T2

Selection of Arbitrary Reference States | , , ., . . . 73

Determination of Ei for Pure Components as Ideal

Gases at +200°F ., . . . v v e e e e e e e e e e e . Th
Propane . 0 . . Y . . . 0 . . . . 0 . Y . . ° 72‘1'
Impurities , . . . . . . . . . . v v v v v v o . Tk
Methane | . . . . . v v v v v v v v o v v e« . 115

Calculation of Hm for the Mlxture as Tdeal Gas
at ['_‘OOO F . 0 ] . . . . . . . [ . . . . . . . 0 . 82

Incorporation of Isobaric and Isothermal Enthalpy
Differences at Elevated Pressures . . . . . . ... B2

Corrections to Obtain Complete Agreement at 280 F . 83
Interpolate to Intermediate Values of Temperature

and PTeSSUTE v v v v o v v e v e e e e e e e e e .. BY
V.  EQUATIONS USED IN CALCULATING VALUES OF ENTROPY AND
FUGACTITY v v v v v 4 o o o et e e e v e e e e s v . B5

The Basic Property Relation ., . . . . . . . . . . . B85
Isobaric Change in Entropy . . . « « « v v « « . . . 086
Isothermal Change in Entropy . ... . .« « « « « « . . 87
Absolute Entropy Values . . . . . . + v v v « . . . B8

S I

VI. PRIMARY INTERPRETATION OF DATA FROM THE LITERATURE TO
ESTIMATE THE VOLUMETRIC BEHAVIOR OF THE 5% MIXTURE . . 94

fugacity Function

Tsotherms at 91.6 and 200°F . . . o v v o v o « . . Ok
Isotherms at -147.4 and -27°F . . . . . . . . . . . 96
VIT. CALCULATIONS OF ENTROPY DIFFERENCES . . . . . . . . . . 101

Isobaric Differences in Entropy I R0} §

Isothermal Entropy Differences , , , ., ., . . . . . . 103

VIII. THERMODYNAMIC CONSISTENCY CHECKS FOR ENTROPY AND ADJUST-
MENT OF VALUES OF ENTROPY, COMPRESSIBILITY FACTOR, Z, AND
SPECIFIC VOLUME, V, CALCULATION OF FUGACITY , , . , ., 109

Thermodynamic Consistency Checks . . . . . . . . . . 109
Corrections to Obtain Thermodynamic Consistency . . 110

Calculation of Fugacity ., . . . . . . . « + « . . . 111

ii



IX. PREPARATION OF MOLLIER DIAGRAM AND SKELETON TABLE OF
THERMODYNAMIC PROPERTIES FOR THE MIXTURE

Absolute Entropy of the Mixture at One Atmosphere
and 91.6°F .. .

Tables and Diagram of Thermodynamic Properties for
the Mixture

X. STMPSON'S RULE
Area Under Given Curve

Numerical Integration to Obtain Area Under a
Curve

Proofs and Comments on Simpson's Rule

Procedure for Curve Fitting Using Simpson's
Rule .

i1i

. 115

. 112

. 112

. 113

115

. 117
. 118

120



2a.

2c,

2d.

Ja.

3Db.

AT.

AT.

AT.

AT.

AT.

AT.

AT.

LIST OF TABLES

Composition of Nominal 5% Propane in Methane
Mixture .« e e . .

Tables of Thermodynamic Data Values at the
Temperatures of Isothermal and Isenthalpic
Determinations (T = 200°F)

Tables of Thermodynamic Data Values at the
Temperatures of Isothermal and Isenthalpic
Determinations (T = 91.6°F)

Tables of Thermodynamic Data Values at the
Temperatures of Isothermal and Isenthalpic
Determinations (T = -27°F)

Tables of Thermodynamic Data Values at the
Temperatures of Isothermal and Isenthalpic
Determinations (T = -147.4°F)

Tables of Thermodynamic Data Values at the
Pressures of Isobaric Determinations (Low
Pressures)

Tables of Thermodynamic Data Values at the
Pressures of Isobaric Determinations (High
Pressures) .
Mixture Compositions

Extremes in Compositions Reported by Manker
(47) and Mather (50)

Conditions of Integral Isothermal Determina-
tions by Dillard (25)

Conditions of Reported Joule-Thomson Values
of Budenholzer et al (9)

Conditions of Reported Joule-Thomson Measure-
ments by Head (32) '

Conditions of Reported Volumetric Data of
Reamer, Sage and Lacey (50)

Conditions of Reported Volumetric Data of
Huang et al (37)

iv

13

14

15

16

17

18

33

3L

35

36

37

59

4o



ATI.

ATT.

ATT.

ATIT.

ATIT.

ATV,

ATV,

ATV,

AV.

AX.

Information Obtained at the Maximum in

Co(T) v oo e e e e 18

Constants of Equation (AIII.6) Expressing
Specific Heat in the Immediate Vicinity of
the Bubble Point . . . . . . . . . . . . . . . 57

Values of Cp for the 5.18% Cz in C7 Mixture at
500 psia as Determined by In%erpretation of
Calorimetric Data at Other Conditions . . . . . 58

Values gf (BCp/BT)P Used to Extrapolate Cp(T)
to -280°F P

Empirical Data Obtained From Interpretation of
Enthalpy Traverses . . . . . . « « « « « . . . b4

Thermodynamic Consistency Checks of Published
Calorimetric Data for Methane at Low Tempera-
tures . . . . . . . L . . ... .. .. .. 6

Maximum Percentage Adjustments in Published
Calorimetric Data for Methane at Low Tempera-
tures . . . . . . . . . . .. .. ... .. B0

Enthalpies of Pure Components as Ideas Gases
at 200°F Relative to Saturated Liquid at
-280°F L L L e e B

Absolute FEntropies of Pure Components as Ideal
Gases at 25°C . . . . . . . . v v v v . ... . &

Comparison of Coefficients of the Series Giving
Area Under a Curve Using Simpson's Approxima-
L7 ) o B e



10.

11.

12.

15.

LIST OF FIGURES

Temperatures and Pressures of Calorimetric Deter-
minations on a Nominal 5% Propane in Methane
Mixture (47,50) ’

Check of Thermodynamic Consistency of Experi-
mental Enthalpy Determinations

Check of Thermodynamic Consistency of Entropy
Differences Calculated from Calorimetric and
Volumetric Data .

Pressure-Temperature-Enthalpy Diagram For
Nominal 5 Percent Propane in Methane Mixture
(Low Temperatures) . . . . . . . . . « .« « . .

Pressure-Temperature-Enthalpy Diagram For
Nominal 5 Percent Propane in Methane Mixture
(High Temperatures)

Mollier Diagram for Nominal 5>Percent Propane
in Methane Mixture (Low Temperatures)

Mollier Diagram for Nominal 5 Percent Propane
in Methane Mixture (High Temperatures)

Temperatures and Pressures of Volumetric Data
for Methane-Propane Mixtures as Reported in

the Literature . . . . . v v v v v v « v e v e W

Isobaric Heat Capacity, Cn, at 1000 psia
Illustrating Method of In%erpretlng Calori-
metric Results

Isobaric Heat Capacity, Cp> at 1000 psia Above
the Critical Point Illustrating Sharp Maximum .

Check for Bias in Interpreting Isobaric Data
Near the Maximum in Cp(T) at 1000 psia

Check of Interpretation of Isobaric Data
Near the Maximum in C_(T) at 1000 psia After
Correcting for Bias .. . . . . . . . . . .

Plot of Excess Isobaric Heat Capacity, C E for
the Purpose of Estimating C_ for the 5% ﬁlxture
at 500 psia Where Direct Measurements Are Not
Available ,

vi

19

20

21

22

41

L6

50

51

53

56



14,

15.

16.

17.

18.

19.

20,

21,

22,

23.

2L,

25.

26,

27.
28.

29.

Experimental Heat Capacities with Values Cal-
culated from B-W-R Equation of State

Calorimetric Data Obtained Within and Through
the Two-Phase Region . . . . . . . . . . . .

Isothermal Throttling Coefficient, ¢, at -27°F
Tllustrating Method of Interpreting Isothermal
Calorimetric Results e e e e e e

One Complete Check of Thermodynamic Consistency
of Calorimetric Data Used to Evaluate Fnthalpy
Differences ¢ e e e e e e e e e e e .

Check of Thermodynamic Consistency of Published

Calorimetric Data and Calculated Enthalpy Depar—

tures at Low Temperatures

Published Data on the Isobaric Heat Capac1ty of
Methane as Saturated Liquid . e

Typical Plot of Compressibility Factor, Z, vs
1nP at 91.6°F as Used to Evaluate ZdlnP

Typical Plot of Isobaric Density, g , for Liquid
Methane-Propane Mixture for Interpolation fo
Temperatures of Isothermal Calorimetric Data
Typical Plot of Specific Volume, V = 1/p, of
Liquid Methane-Propane Mixture for Interpolation
to Composition of Mixture

Typical Plot Used to Evaluate Second (Residual)
Term in Equation (V.9) in the Vicinity of the
Peak in Cp(T) at 1000 psia e e e e

Typical Plot Used to Evaluate Second (Residual)
Term in Equation (V.9) in the Two-Phase Region

One Complete Check of Thermodynamic Consistency
of Calorimetric and Volumetric Data Used to
Evaluate Entropy Differences

Typical Plot Used to Evaluate VAP in the Com-
pressed Liquid Region . e e e e e e e

Area Under a Curve Using Trepezoidal Rule
Area Under a Curve Using Simpson's Rule

Simpson's Rule Used for Curve Fitting .

vii

59

63

65

69

r

79

971

98

99

102

. 104

. 105

107

. 116
. 116
. 121



INTRODUCTION

The continuing need for accurate thermodynamic data for
natural gas mixtures and the components of natural gas has been
accentuated by recent developments in the area of natural gas
processing at cryogenic conditions including liquification.
Accurate values of enthalpy and entropy for pure components
and mixtures are required not only for direct use in design of
heat exchangers, compressors and expanders but also to be used
as a basis for testing and comparing various methods of predic-
tion, Therefore the objective of this investigation was to
develop accurate values of thermodynamic properties for one
mixture approximating natural gas. This objective was to be
met making maximum use of accurate calorimetric data and the
basic definitions of classical thermodynamics sc as to yield

the most meaningful numbers,
COMPOSITION

The primary sources of calorimetric data are the theses
of E. A, Manker (47 ) and A. E. Mather (5¢) . The composition
of mixtures used in these companion investigations varied some-
what during the course of the investigations and moreover did
not correspond directly to any mixture for which volumetric
data were available as indicated in Appendix 1. The following
composition was taken as an average of those mixtures for which

calorimetric data are avallable in relative abundance:



TABLE 1

COMPOSITION OF NOMINAL 5% PROPANE IN METHANE MIXTURE

Composition

Methane, CH) 0.9464
Ethane, CoHg 0.0006
Propane, CBHB 0.0518
Nitrogen, N, 0.0006
Oxygen, O2 0.0002
Carbon Dioxide, CO, 0.0004

1.0000

SOURCES OF DATA

Calorimetric Data

The basic calorimetric data used in preparing the tables
of thermodynamic properties are the isobaric determinations of
Manker (47) and the isobaric, isothermal and isenthalpic
determinations of Mather (50). These determinations extend
from -240 to +260°F at pressures between 100 and 2000 psia.
The temperatures and pressures at which actual measurements
were made are indicated on Figure 1. Other published calori-
metric data were considered but did not enter directly into
the calculations (See Appendix 1),

Volumetric Data

No volumetric data has been reported for the composi-
tion listed above, Extensive volumetric data have been reported

for methane (1,27,44,58,65,66), propane (3,15,23%,26,36,55,61)
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and data are also reported for seven mixtures of these two
components @6,56\. The range of temperatures and pressures
of volumetric data for the mixtures corresponding to those for

the calorimetric data are presented later (Appendix 1).

CALCULATION PROCEDURES

Enthalpy, H, Isobaric Heat Capacity, Cp, and Isothermal Throttling

Coefficient, ¢.
Values of C, and ¢ for this mixture (47,50) as well as

three tables of H and three PTH diagrams (48,50,51) have been
présented, There were reasons to question the interpretation
of the basic data (70) even in the last of the three published
tables both in the low temperature region and in the region
Jjust above the critical point for the mixture. Therefore, all
data were reprocessed using improved techniques,

The basic methods of determining values of Cp from basic
isobaric data and ¢ from isothermal throttling data has been
covered in detail elsewhere (46,47). The improved procedures
are summarized in Appendix II. Likewise the methods of selecting
bases for H and calculating values of H in the two-phase as well
as the single-phase region has been discussed elsewhere (46,47)
and are summarized in Appendix IV. The values of Cp, ¢ and H
reported in the skeleton table of thermodynamic data comprising
the major part of this report are smoothed values which are
thermodynamically self consistent. The procedure followed to
insure this desirable feature is outlined below and presented

in greater detail in Appendix II.
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Graphica. procedures are used. Smoothed curves are drawn
through the basic isobaric and isothermal results to obtain a
first estimate of C‘p and ¢ respectively in the single phase
region (Appendix II). A modified form of Simpson's rule
(Appendix II) is applied to insure the best average fit of the
experimental data. Values of AEP between experimental isotherms
and AET between experimental isobars are determined by again
applying Simpson's rule over small intervals., The resulting
numbers are summarized on Figure 2,

Enthalpy is a thermodynamic property and therefore,
has the characteristics of an exact mathematical function.

As a result the algebraic sum of all enthalpy differences
around any closed 1oop“§%AEi,should be exactly equal to zero.

The actual sum divided by the sum of the absolute values of

the enthalpy differences,

percentage _ ZAEi
deviation > |AH,)
=1

x 100 (1)
is an excellent measure of the consistency of the data. The
results of such determinations are listed within each closed
loop on Figure 2.

Adjustments were made on individual values of Aﬂi as
required to make Z:Agi = 0 for all loops. These adjustments
were made within ghe limits of precision of the basic data
[Cp - +0.5%; ¢ - +1.0%]. The amount of the adjustment and

the corrected values are presented in Figure 2., As indicated

the magnitude of the corrections was generally much less than
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Lhe indicated precision., Finally, the smoothed curves for C.p
and ¢ were adjusted so as to be consistent with the corrected
values of Agp and AET. Again such adjustments were made well
within the limits of precision of the basic data. Values of

Cp and ¢ reported in the skeleton tables and the adjusted
smoothed curves were used to generate the intermediate values
of H listed there,

As a result it is believed that the values of CP are
accurate to better than iQ.Q%, those for ¢ are better than
+0.5% and the H values are believed to accurate to better
than 1 Btu/lb over the entire range of pressure and temperature.
These statements must be tempered somewhat in various regions,
Greater percentage errors are to be expected in the vicinity
of @ = 0, Higher errors for both Cp and ¢ also occur in the
immediate vicinity of the critical point for the mixture
where Cp and ¢ change very rapidly with both temperature and
pressure (See Figures A-IT-1, A-TII-8) and at low temperatures
below pressures of 1000 psia where complete data are lacking

as described in Appendix II (See also Figure 1).

Entropy, S, Fugacity, f, and Specific Volume, V.

Two different advanced methods of interpolation were used
to estimate values of specific volume for a binary mixture of
methane and propane, which will be discussed in forthcoming
publication, Interpolation was made primarily on Z in the
gaseous region and on V in the liquid region. These were con-
sidered to be préliminary values and are not included as such

in the skeleton tables.



Special equations were developed to make maximum use of
the calorimetric data in determining both isobaric and isothermal
differences in entropy as discussed in detail in Appendix VII,
This is especially important because the interpolated values
of the specific volume were not nearly accurate enough to yield
meaningful values of either first or second derivatives such as
N

S
(@f) and (—5 | . (See Appendices VI and VIT). As was done
P oT

with enthalpy determinations, values of A§P were calculated

between each palr of experimental isotherms and A§T values
were evaluated between each pair of experimental isobars. The
values thus calculated are summarized on Figure 3,

Entropy is also an exact function and therefore,

£ AS.
percentage _ 1 =i

deviation = ZﬂAS' x 100 (2)
=i

1
is a good measure of the thermodynamic consistency of the data,
As indicated by the values of percentage deviation listed within
the loops on Figure 3 the interpolated volumetric data are in
remarkable agreement with the smoothed calorimetric data, Adjust-
ments the volumetric values were made so as to make AS; =0
for each individual loop., All such adjustments were made within

the anticipated 1imits of accuracy of the interpclated volumetric

values (+0.5%). The corrections made to AS, and AS

Sp 7 2Te presented

on Figure 3.

Note that the corrections are more or less random with respect
to sign and are usually considerably less than iQ.B% indicating
excellent agreement between the calorimetric and interpolated

volumetric values.
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The values of 7 and V were modified so as to be consistent
with the corrected values of AgP and A§T. The corrected values
of 7 and V were used to calculate values of entropy at equal
intervals of pressure along each experimental isotherm. This
procedure yields values of ¢, V and S that are thermodynamically
consistent with values of H determined from calorimetric data
only. The consistency of the values should be better than 1
part in 1000.

The bases selected for the entropy determination are
S = 0 for each pure component as a perfectly oriented crystal
at absolute zero on the temperature scale as described in detail
in Appendix IX. As a result the values presented are for
absolute entropy according to the third law of thermodynamics.

The smoothed and corrected values of V (and Z) were used
to calculate values of fugacity, f, of the mixture at tempera-
tures corresponding to each experimental isotherm according
to fundamental definitions of classical thermodynamics as
described in detail in Appendix V. It seems reasonable that
these values are also thermodynamically consistent with other

reported values to 1 part in 1000.

okeleton Tables of Thermodynamic Values

The following tables contain the values developed from
published calorimetric and volumetric data by the procedures
described in preceeding sections,.

The first four tables are for the temperatures of the
isothermal and isenthalpic determinations as indicated on Figure 1.
For each temperature, values of ﬁ,ﬂ, V, f and S are listed at

atmospheric pressure and at intervals of 50 psia from zero to
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2000 psia, The bases for enthalpy are H =0 for all compounds
(including CO,) as saturated liquids at -280°F. These choices
are consistent with previously published values for methane
(L40,41) , propane (70) and their mixtures (47,48,50,51,70,73).
The bases for entropy are S = O for all pure compounds as
perfectly oriented crystals at absolute zero., Therefore, the
values of S are absolute values in accordance with the third
law of thermodynamics.

The pair of fold-out tables are principally for the
pressures of the experimental isobars as indicated on Figure 1.
Values at zero and atmospheric pressure are also included.

These values are based primarily on tabular values listed by

APT Project 44 (1,58). At each pressure above atmospheric, values
Cp, H and S are listed at intervals of 10°F between -280 and
300°F and at each of the temperatures of the isothermal and
isenthalpic determinations. Values of H and S are listed within
the two-phase region but values of Cp are not reported in this
region, Values are reported only where experimental determina-
tions were made or, in some cases, such as the low temperature
region, where considerable care was taken in estimating these
data by crossploting. Therefore, blanks in the table indicate
lack of data at those particular conditions of pressure and
temperature.

As indicated previously the values listed in the skeleton
tables correspond in general to conditions of experimental deter-

minations as represented on Figure 1. These values therefore



represent smoothed experimental values and are expected to

be accurate on the order of 1 part per 1000. Therefore, these
values can be used to advantage to test methods of prediction
for all the properties.

Thermodynamic Diagrams

The values from the skeleton tables were plotted on
large graph paper and smoothed so as to yield both PTH and
Mollier (S, H) diagrams (See Figures 4 and 5). Both are
presented as pairs of 11 x 17 diagrams so that values of H
can be read to better than 1 Btu/lb and S can be read to
better than 0.05 Btu/l1b°F over the entire range of tempera-

ture and pressure,
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TABLES OF THERMODYNAMIC DATA
Table 2a
Mixture of Methane and Propane Containing
Approximately 5.2 Percent Propane

Values at the Temperatures of Isothermal
and Isenthalpic Determinations

T = 200°F

P g H v f S

psia Btu/1b psi Btu/lb  f£t°/1b psi  Btu/1b°R
0 -0.02146  L465.670 0.0

14,7 -0.0214L  L65.356 27.46 14.868 2.6%g8%§

50 -0.02140 L6L.603 8.0377  U49.59  2.558646
100 -0.02134  463.537  L4.009 98.61  2.478786
150 -0.02129  462.47h  2,6671 1b7.27  2.431625
200 -0.0212% 461.412 1.9963 12‘.64 2.397760
250 -0.02117 460.353 1.5934 2 %.73 2.371185
300 -0.02112 459.236 1.3244  291.56 2.34923L
350 -0.02105  458.241 1.1%15 339,11  2.330484
Loo -0.02100 457.188 0.9858 384.32 2.3140g8
450 ~0.02006 456.138 0.8730 433.18  2.299481
500 -0.02090 455.090 0.78%1 479.73  2.286308
550 -0.02086  4slh.ol3  0.7100 526.0 2.27h2k6
600 -0.02081 452.999  0.6489 571.98  2.263147
650 -0.02076 451.958 0.5972 617.68  2.252844
700 -0.02071 420.920 0.5528  663.10 2.243215
750 -0.02067 4h49.885 0.5144  T708.23 2.234168
800 -0.02061 448.85L4 0.4810 753.10 2.225634
850 -0.02058  447.827  0.4516 727.70 2.217544
900 -0,02050  446.804  o.bosh 82,06 2.209843
950 -0.020L3 L5, 784  0.4021 886.18  2.202495
1000 -0.02036  LUL.770 0.3811 930.07  2.195467
1050 -0.02028 443.728 o.%gog 8Z2'é 2.18874L
1100 -0.02020 Hh2.7 0.3%428 1016b. 2.182270
1150 _0.02012 441.723  0.3273 1059.57  2.176046
1200 _0.02002 4h0.718  0.3131 1102.29 2.170028
1250 -0.01991 439.718  0.3001 1144.82 2.164216
1300 _0.01980 438.724  0.2880 1187.15 2.158589
1350 -0.01067 W37.737 0.2768 1229.27  2.153126
1400 -0.01953 436.757  0.2664 1271.21 2.147838
1450 -0.019%37 U35.784  0.2567 1312.23 2.142696
1500 -0.01920 434.820  0.2477 1354.146 2.137698
1550 -0.01000 433.869 0.2403 1395.98  2.1%2894
1600 -0.01879 432.928 0.2%25 1437.33  2.128158
1650 -0.01855 431.997 0.2251 1478.51 2.1235%6
1700 -0.01829  4z1.077 0.218% 1519.55 2.119028
1750 -0.01802 430.170 0.2118 1560.44 2.114635
1800 -0.01770 429.276  0.2058 1601.22 2.110359
1850 -0.01739 428.396  0.2000 1641.82 2.106180
1900 -0.01705 427.533 0.1946 1682.3 2.102102
1950 -0.01672 426.687 0.1895 1722.71  2.098124
2000 -0.01638 425.859 0.1846 1762.97 2.094248
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TABLES OF THERMODYNAMIC DATA
Table 2b

Mixture of Methane and Propane Containing
Approximately 5.2 Percent Propane

Values at the Temperatures of Isothermal
and Isenthalpic Determinations

T = 91.6°F
P ) H v f S
psia Btu/1b psi Btu/1b ft3/1b psi Btu/1b°R
0 -0.03040  406.970
14,7 -0.03042  L406.523 22.94 14.67 2.60088
50 -0.03%04L4  L4o5.452 6.6985 hg.50 2.46082
100 -0.03050 403.932 3,.3%291 98.11 2.380356
150 -0.0%054  4o02.410 2.2081 146.07 2.33%2404
200 -0.03059  400.886 1.6476  193.44  2,297738
250 -0.03064  399.359 1.3106 240.25 2.270356
300 -0.0306 397.83 1.0851 286.66 2.247525
350 -0.0307 396.297 0.923% 332,30 2.22797L
4oo -0.03080 394.76 0.8016 377.22  2.210779
450 -0.03085  393.220 0.7073 U421.60 2.195355
500 -0.03091  391.677 0.6324  L465.34  2,181354
550 -0.03097  390.151 0.5703 508.45  2.16847T
600 -0.03104 388.583 0.2197 551.03 2.15653%6
650 -0.03110 387.033 0.4768 593.11  2.145372
700 -0.0%3116  385.480 0.4394 634,61 2.134875
750 -0.0%123 383.922 0.4070 675.52 2.124os2
800 -0.03129 382,360 0.3789 T715.87 2.11553%2
850 -0.03135 380.793 0.3542  755.69 2.106545
900 -0.03140 379.223 0.3%26 795.00 2.097933
950 -0.03145  377.651 0.31%3% 83%3.8% 2.089661
1000 -0.03148 372'277 0.2922 8ze.ég g.ggiggé
1050 -0.03151 .49 0.2 910. .
1180 -0.03122 %%2.92% 0.2%34 ol7.13  2.066613
1150 -0.05151 2J1.346  0.2504  985.78  2.0504k49
1200 -0.0310g 209-T71  0.2387 1020.0  2.052485
1250 -0.0%14L  208.197  0.2280 1055.74  2.0L5718
1300 ~0.03137 366.626 0.2182 1091.11 2.03%9127
1350 -0.0%127 365.059 0.2090 1126.08 2.032695
1500 -0.03115 363.427 0.2005 1160.68 2.026433
1450 0.03101 261.B41  0.1927 1195.31  2.020270
1500 ~0.0%08L 360.392 0.1850 1229.13  2.014291
1550 ~0.0%062 358.852 0.1787 1262.67  2.0084k40
1600 0.03036 297-227T  0.1724 1295.86  2.002735
1650 0.0%005 290-815  0.1666 132B.72  1.997158
1700 -0.02966 354.319  0.1613 1361.29  1.991692
1750 0.00015 292.8M47  0.156k 1393.62  1.986357
1800 0.0o84L 251.418  0.1516 1L25.70  1.981199
1850 ~0.02752 320.029 0.1469 1457.49 1.976124
1900 _0.02658 208.685  0.1h27 1489.01  1.971264
1950 0.0e559 OM7-391  0.1387 1520.28  1.966563
2000 0.02Bg  2M6.1AT  0.1350 1551.35  1.962023
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TABLES OF THERMODYNAMIC DATA
Table 2c¢
Mixture of Methane and Propane Containing
Approximately 5.2 Percent Propane

Values at the Temperatures of Isothermal
and Isenthalpic Determinations

T = -27°F
P g H v )
psia Btu/lb psi  Btu/lb ft3/1b Btu/1b°R
0 -0.0L4559  347.530
14.7 -0.04589  346.858
50 -0.0L670  345.223
100 -0.04701 3L42.858
150 -0.04907  340.434
200 -0.05033  337.948
250 -0.05164  335.399
300 -0.05305  332.781
350 -0.05H4T  330.093
100 -0.05598  327.332
450 -0.05749 324,495
500 -0.05921 321.578
550 -0.06096  318.575
600 -0.06288  315.479
650 -0.06479  312.287
700 -0.06681 308.997
750 -0.06883  305.606
800 -0.07084  302.115
850 -0.07296  298.520
900 -0.07487  29L4.824
950 -0.07679  291.033
1000 -0.07850 287.153 0.1645 1.898613
1050 -0.07970 283.193 0.1565 1.886046
1100 -0.08010 279.160 0.1h474 1.873576
1150 -0.07990 275.196  0.1395 1.861264
1200 -0.07899 271.221 0.1312 1.849175
1250 -0.07707 267.31 0.1238 1.837U426
1300 -0.0743L  263.53 0.1165 1.83%6123
1350 -0.07111 259.898 0.1102 1.815302
1400 -0.06727 256.438 0.1046 1.805018
1450 -0.06293 253.183  0.09867  1.795323
1500 -0.05838 250.15 0.09419 1.786275
1550 -0.05351 2h7.356 0.08986  1.777851
1600 -0.0L008 24L,791 0.08586  1.770063
1650 -0.04h7h  obo.4h6  0.08297  1.762844
1700 -0.04081 240.%07 0.08041 1.756161
1750 -0.03729 238.35L  0.07833 1.742955
1800 -0.03406 236.571 0.07625  1.744186
1850 -0.03104 234.243 0.0743%2 1.738821
1900 -0.02822  233.Lo  0.07256  1.733832
1950 -0.02529  232.124  0.07096  1.729209
2000 ~0.02247  230.930 0.06936  1.T724952
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psia

500
550
600
650
700
750
800
850
90C
950

1000

1050

1100

1150

1200

1250

1300

1350

1400

1450

1500

1550

1600

1650

1700

1750

1800

1850

1900

1950

2000

TABLES OF THERMODYNAMIC DATA
Table 2d

Mixture of Methane and Propane Containing

Approximately 5.2 Percent Propane

Values at the Temperatures of Isothermal

Btu/1b psi

cJoNoNoReoNoNoRoRofo oo fohojo oo o Xo

and Isenthalpic Determinations

g

.0023
.0020
.0018
.0016
L0014
.0011
.0009
.0007
.0005
.00035
.0002
.0000
.0002
.0003
. 0004
.0005
.0006
. 0007
.0008
.00095
.0011
.0012
.0013
L0014
.0015
.0016
.0017
.0018
.0019
.00205
0022

T = -147.4°F
H v
Btu/lb  f£t°/1b

112.977 0.0480
112.868 0.04785
112.771 0.0476
112.684 0_04;55
112.607 0.04733
112.540 0.04716
112. 488 0.04700
112. 446 0.04685
112.414 0.04671
112.390 0.04656
112.377 0.04642
112.372 0.04626
112.377 0.04610
112.39 0.04596
112.409 0.0L581
112.433 0.04568
112.461 0.04552
112. 494 0.0453%9
112.532 0.0L4527
112.576 0.0L4514
112.627 0.04L08
112.683 0.04L71
112.745 0.0LU37
112.812 0.04369
112.885 0.04301
112.962 0.04248
113.0L45 o.04127
113.132 0.04146
113.224 0.04100
113.322 0.04065
113,427 0.04ok45

16

5
Btu/1b°R

 4u8738
446971
L LlsolL8
43561
JA441912
.440239
438740
A37218
435732
Lu3lorh
432856
431469
.430119
.428798
42750

LUo6000
424963
JLe3T7ol
.b4oo50L
421307
420136
.1418987
417867
416782
L5736
14717
413733
LA12776
.411851

.410959
1.410098

HHEFFRHRHFHRFRFRHEHERERERERRRRERERRRRRERRR R R



TABLES OF THERMODYNAMIC DATA
Table 3a
Mixture of Methane and Propane Containing

Approximately 5.2 Percent Propane
values at the Pressures
of Isobaric Determinations

P = 0 psia P = 1.7 psia P = 250 psia P = 400 psia P =500 psia P = 650 psia P = 800 psia
Cy S H K Cp H S Cp = s o " s Cs ):4 S Cp b:§ s
Btu/1b°F Btu/1b Btu/lb Btu/lb°R  Btu/1b°F Btu/lb Btu/lb°R  Btu/lb°F Btu/1b Btu/1b°R Btu/1b°F Btu/1b Btu/1b°R Btu/1b°F  Btu/1lb Btu/l1b°R  Btu/1b°F Btu/1b Btu/1b°R
‘remperature Temperature Temperature
or op °F
-280 0.460 228.97 0.7765 1.759 0.995930 0.7749 2.46  0.994819 -280 0.7730 2.98 0.995933 0:7718 3.633 0.994168 0.7702 4.16  0.991922 -280
-270 0.460 233.57 0.7779 9.459  1.037546 0.7759 10.26  1.036952 -270 0.7742 10.711  1.037702 0.7728 11.333  1.035764 0.7712 11.76  1.0%2972- -270
-260 0.461  238.17 236.25 2.115641 0.7795 17.259  1.07752 0.7771 18.06 1.076238 -260 0.7754 18.453  1.077448 0.7741 19.0%3  1.075228 0.7726 19.4 1.072b42 -260
-250 0.462 2he.77 2lo.75  2.13759 0.7826  25.159  1.116039 0.7800 25.96  1.11547 -250 0.7770 26.215  1.115326 0.7763 26,833  1.113274: 0.7745 27.26  L.110492 -250
-240 0.462  247.37 245,25  2.158550 0.7887 33.159  1.153237 0.7857 33.86  1.152226 -240 0.7834 4,017  1.151610 0.7810 34.633  1.149557 0.7790 35.16  1,147241 -2ko
-230 0.463  252.07 249,85  2.179201 0.7960 41.359  1.189684 0.7922 41.86 1.187803 -230 0.7890 1.879  1.186549 0.7860 b2,533  1.18L668 0.7831 13.16 1.183787 -230
-220 0.463  256.67 o5L.45  2.19878L 0.8080 49.659  1.224993 0.8030 49,96  1.222286 -220 0.7995 49.822  1.220288 0.7960 50.533  1.218715 0.7928 51.26 1.217262 -220
-210 0.46L  261.27 259.05  2.217561 0.8242 58.059  1.259310 0.8169 58.06  1.25535 -210 0.812L 57.865 1.2g 053 0.8062 58.633  1.251708 0.8010 59.46  1.250732 -210
-200 0.464  265.87 263.75 2.2360 0.8435 66.659  1.29303 0.8332 66.26  1.28752 -200 0.8262 66.029  1.284999 0.8175 66.833  1.283795 0.8094 67.76  1.283277 -200
-190 0.465  270.47 268.45 2.253740 0.8692 75.459  1.32623 0.848! 74.66  1.319236 -190 0.8419 74,354  1.316351 0.8328 75.133  1.315053 0.8240 76.16  1.314979 -190
-180 0.466  275.07 273.15  2.270837 0.8847  8L.459  1.358977 0.872 83.26  1.35052 -180 0.8643 82.880  1.347290 0.8538 83.533  1.345535 0.8435 84:66  1.345902 -180
-170 0.466  279.77 277.95  2.28759k 0.9150 93.659  1.391h87 0.9028  92.06 1.381415  -170 0.8928  91.657  1.378003 0.8700 92.033  1.375296 0.8672 93.26  1.376083 -170
-160 0.467  28hL.47 282.75  2.303871 * 196.059  1.7383 0.9478  101.56 1.1;&3622 -160 0.9313  100.771  1.408900 0.9100 100.633  1.404371 0.8918 102.06  1.405925 -160
-150 0.468  289.17 287.55  2.319605 * 221.059  1.82046 1.035 111.16  1.446072 -150 0.9833  110.327  1.440231 0.9557  109.633  1.433793 0.9%05 111.06  1.435531 -150
-147.4 0.468  290.37 288.85 2.323781 * 233,459  1.83428 115.16  1.457954 _147.4 1.0004 112.977  1.448738 0.9690  112.133  1.441745 0.9390 113.46  1.443239 -147.4
-140 0.469 293.87 292.35  2.334845 * 237.759  1.87351 * 154,48  1.58285 -1bo 1.0624  120.h77  1.472L45 1.005 119.133  1.463761 0.9610 120.36  1.46L986 -140
-130 0.470  298.57 297.15  2.349619 * 251.159  1.91478 * 222,34 1.79076 -130 1.2540 134,077  1.514281 1.123 130.933  1.500032 1.030 129.96  1.4o4h63 -130
-120 0.471  303.27 301.95 2.363948 * 262.259  1.94793 * 243.03  1.85205 -120 209.177  1.737597 1.317 143,133  1.536348 1.150 140.36  1.525459 -120
-110 0.4 307.97 306.75 2.377862 * 271.959  1.97605 * 256.46  1.89062 -110 235.177  1.812626 168.533  1.60967 1.2ko 152.76  1.561342 -110
-100 0.473  312.67 311.55 2.39138 * 280.959  2.00141 * 267.26  1.92076 -100 251.677  1.858843 * 202.333  1.75978 1.760 167.76  1.603495 -100
- 90 0.4k 317.37 316.35 2.L4ok530 * 289.859 2.02580 * 276.84  1.94677 - 90 264,177  1.892889 * 242.833  1.81775 * 207.36  1.71163 - 90
- 8o 0.475  322.17 321.15  2.417329 * 298.959  2.05006 * 286.11  1.97103 - 80 274,577 1.920h5g * 257.533  1.85688 * 234,56  1.78423 - 80
- 70 0.477  326.87 325.95 2.429798 % 308.559 2.075011 * 295.49  1.99519 - 70 284.777  1.94678 * 269.633 1.8882h4 * 252.56  1.83103 - 70
- 60 0.478  331.67 330.75  2.411951  0.566 318.759  2.100860 * 305.49 2.02023 - 60 294,877  1.972203 * 281.033 1.91702 * 256.06  1.86515 - 60
- 50 0.480  336.47 335.55 2. 453806 0.557 323.550 2.112698 * 315.78  2.0454 - 50 304.877  1.996736 * 292,033  1.94410 * 278.66  1.89620 - 50
- bo 0.482  3u1r.27" 4o, k45 2.465616 0.550 328.459  2.124512 0.490 322.62  2.061902 - bo 0.6453  314.177  2.020446 * 302.633  1.96956 * 289.96  1.92334 - lo
- 30 0.484  3L46.07 3u2.g5 2. 477147 0.5Lb 333,450 2.136276 0.510 327.49  2.07334 - 30 0.6325 319.877 2.033855 ¢.785 310.8%3  1.989056 0.910 299.46  1.94553 - 30
- 27 0.485  3U47.57 346.85  2.480623 0.54c 335.350  2.139752 0.527 329.0 2.076946 - 27 0.6300 321.579 2.038071 C.761 312.30 1.993459 0.878 302.10  1.95055% - 27
- 20 0.487  350.97 350.95 2.488413  0.539 338.959  2.148000 0.56L 332.51  2.084965 - 20 0.6212 325.965 2.048122 C.711 317.033  2.00399 0.803 307.26 1.962388 - 20
- 10 0.489  355.77 5.8 2.499k2k 0.536 344,159 2.159684 0.564 337.97  2.097199 - 10 0.6102 332.116 2.061940 c.682 32%.8%2  2.01860 0.756 31 1.978712 - 10
[¢] 0.491  360.77 360.75 2.510192 0.534 349,359 2.171112 0.563 343.83  2.110019 (o] 0.6012 338.169 2.075242 C.663 330.132  2.032669 0.724 321.56  1.994L456 0
10 0.4ok  365.67 365.65 2.520732  0.534  35L.559  2.182500 0.563  349.59  2.122355 10 0.5941  3kk.1ko  2.088091 0.645  336.633 2.046433 0.697  328.56  2.009643 10
20 o ug7 373.57 370.55 2.531050  0.535 359.859  2.193667 0.562 355.35  2,134432 20  0.5890 350.068  2.100551 0.633 342.933  2.059696 0.667 335,46  2.02L4303 20
0 0.500  375.57 375.45  2.541155  0.536 365.050  2.204802 0.562 361.01  2.146059 ﬁg 0.58Lg  355.940  2.112661 0.623 349,233  2.072686 0.661 342,36  2.038523 ﬁg
0 0.503  380.57 380.45 2.551257  0.537 370.459 2.215708 0.562 366.67  2.157451 0.5822 361.777 2.12k4s0 0.617 355.433  2.085214 0.651 349.16  2.052266
50 0.506 385.67 385.45 2.561169  0.537 375.859  2.226599 0.561 372.23 2.168425 50 0.5804 367.591  2.135960 0.611 3%1.633  2.097493 0.642 355.86  2.06554 50
60 0.509  390.77 390.45  2.57087 0.538 381.359 2.237278 0.561 377.79  2.179186 60 0.5792  373.392 2.147218 0.607 367.833  2.109532 0.634 362.46  2.078363 60
70 0.512  395.87 395.45 2.580140% 0.540 386.929 2.247945 0.561 383 ‘25 2.189558 70 0.5787 379.182  2.158244 0.605 373.933 2.121148 0.628 368.86  2.09056 70
80 0.516  400.97 400.489 2.58975 0.543 392.559  2.258412 0.560 388.61 2.1995814 80 0.5783 384.968  2.169058 0.60L 380.033 2.132549 0.623 375.16  2.10234 80
90 0.519  406.17 405.721 2.599421  0.5L46 398.159  2.268687 0.560 393 2.209189 90 0.5778  390.752 2.179672 0.603 386.033  2.143555 0.61! 381.36 2.113716 90
91.6 0.520  406.97 6.523 2.60088 . 0.5 399.359  2.270866 0.560 394,76  2.210779 91.6 0.5773 391.677 2.18135 0.603 387.033  2.145372 0.61 382.36  2.115532 91.6
100 0.523  U411.37 410.917 2.608778 100 0.5771  396.531  2.190076 100
110 0.527 U416.57 416.113 2.617974 110 0.5780  402.313  2.200304 110
120 0.531  421.87 421,408 2.627183 120 0.5795  408.109  2.210370 120
130 0.535  427.17 LUo6.704k 2.636235 130 0.5809 413.917  2.220294 130
1! 0.539 432.57 432,10 2.645303 1 0.5829  419.739  2.230082 1
150 0.543  U37.97 437.495  2.654210 150  0.5849 425.577  2.239740 150
160 0.547  L43.37 442,876 2.662960 160 0.5871 431.433  2.249275 160
170 0.552  LkB.87 448.383 2.671773 170 0.5894  437.309  2.258686 170
180 0.556  4sh. 47 453,983 2.680592 180 0.5921  4h3.209  2.267992 180
190 0.560  460.07 459.680 2.689268 190 0.5949 449,135  2.277195 190
200 0.565 465.67 465,356 2.697828 200 0.5981  455.09 2.286308 200
210 0.570  471.37 470.956 2.T7062k 210 0.6020 461.079  2.295333 210
220 0.574  477.07 476.656 2.71469 220 0.6058  L467.104  2.30L4276 220
230 0.57% 482.87 482,356 2,723014 230 0.6090  473.16 2.313142 230
2lo 0.58 488.67 488.156 2,7313%2 2ho 0.612% 479, 261 2.321929 2ho
250 0.588  kgk.57 493.956 2.7395 250 0.615 485.407  2.330636 250
260 0.593 500147 499.856 2.T4TB3T 260 0.6190  491.584 2.339267 260
270 0.598  506.37 505.856 2.754112 270 0.6226 ugz 799  2.3L7829 270
8) 0.603 512.37 511.956 2.7b4412 280 0.6262 504.052  2.356325 280
290 0.608 518.47 518.156 2.772734 290 0.6300 510.343  2.3647 52 290
300 0.613 52k4.57 52l 456 2.781075 300 0.6340 516.672 2.37312 300



TABLES OF THERMODYNAMIC DATA
Table 3b
Mixture of Methane and Propane Containing

Approximately 5.2 Percent Propane
Values at the Pressures
of Isobaric Determinations

P = 1500 psia

P = 1000 psia P = 1100 psia P = 120Q psia P = 1700 psia P = 2000 psia
C, H ES Cy H s Cp i s Cp it S C H s Cy H E
Btu/1b°F Btu/lb  Btu/lb°R Btu/1b°F Btu/1lb Btu/1b°R Btu/1b°F Btu/lb Btu/1b°R Btu/1b°F  Btu/lb  Btu/1b°R Btu/1b°F Btu/lb Btu/1b°R Btu/1b°F Btu/lb Btu/1b°R
Temperature Temperature Temperature
op °F °F
-280 0. 7694 5.442  0.990754 -280  0.7630 7.865 0.986385 0.7580 10.288  0.982389 -280
-270 0.7704 13.136 1.032338 -270 0.7620 15.505 1.027635 0.7585 17.873  1.023L00 -270
<260 0.7714 20.840  1.071883 -260  0.7650 23.145  1.066795 0.7590 25.458  1.062319 -260
-250 0.7745 28.564  1.109558 -250  0.7660 30.795  1.104105 0.7595 33.043  1.099326 -250
-2ko 0.7765 36 318 1.145629 -240  0.7680 8.465  1.139776 0.7605  40.638 1.134662 ~240
-230 0.7805 4,113 1.180278 -230  0.7720 6.165  1.17L007 0.7625 48.253  1.16850 -230
-220 0.7885 51.958  1.213660 -220  0.7765 53.905  1.206938 0.7665 55.898  1.201030 -220
-210 0.7925 59.863  1.245907 -210  0.7825 61.695 1.238725 0.7705 63.583  1.232389 -210
-200 0.8015 67.848  1.277217 -200 0.7875 69.545  1.269496 0.7765 71.318  1.262730 -200
-190 0.8145 7 1.307711 -190  0.7955 77.465  1.29936 0.7825  79.113  1.292156 -190
-180 0.8316 83 2 g 1.%3;;66 -180 0.8070 85.475 1.3281673 0.7925 86.988  1.320797 -180
-170 0.8516 92.56L4  1.367094 -170  0.8215 93.615  1.357035 0.8029 9h.962  1.348788 -170
-160 0.8726  101.135 1.396150 -160 0.8390 101.910 1.3851 8 0.8139 103.046  1.376202 -160
-150 0.9030 109.993 1.L25195 -150 0.8580 110.038 1.412918 0.8259 111.260 1.L03135 -150
-1h7. 4 0.9062  112.377  1.432856 -147.4 0.8630 112.627  1.420136 0.8310 113.42 1.410098 -147.4
-1ko 0.9231  119.145  1.454061 -14%  0.8789 119.050  1.A4LoL37 0.8426 113,618 1_429627 -140
-130 0.9780 12B8.676  1.483573 -130  0.9055 127.965 1.467825 0.8672 128,114  1.455811 -130
-120 1.0494  138.806  1.513815 -120  0.9376 137.172 1.u95302 0.8767 136.780  1.481675 -120
-110 1.142 19 714 1.5L45463 -110  0.9787 1L6.750 1.52308 0.8993 1 2.657 1.504838 -110
-100 1.2974  161.820  1.579576 -100  1.0288 156.778  1.551331 0.9253 154.775  1.533065 -100
- 90 1.6277 176.260  1.619080 1.2939  170.978  1.598847 - 1.0930 167.369  1.580342 0.9544 164,174  1.558794 - 90
- 80 2.4152  196.028 1.67?6 1 1.6048 188.525  1.648935 1.4920 184.858 1.235823 - gg 1.1697 178.272 1.610485 0.9875 173.884  1.58L687 - 80
- 70 2.4631  220.723  1.735743 2.1077 207.585  1.698431 1.7332  201.069  1.6779 - 70 1.2605 190.816  1.642027 1.1297  187.174  1.626945 1.0231 183.935 1.610800 - 70
- 60 1.2321 2Uo.6h 1.791286 1.9966  228.361 1.751010 1.8523  219.261  1.723975 - 60 1.3557 203.%05 1.675166 1.1902  198.771  1.656319 1.0592 194.347  1.637160 - 60
- 50 1.4700  259. 40 1.832686 1.7554  2U47.196  1.797520 1.7ho2  237.444  1.76890L - 50 1.4299 217.856  1.709617 1.2447  210.958 1.686L07 1.0933 205.100  1.663693 - 50
-lo 1.2206 272.746  1.864843 1.3725 262.488 1.82‘4382 1.4710  253.505  1.807620 - ko 14319 232.217 1.74k219 1.2807 223.605 1.716888 1.1229  216.184  1.690390 - Lo
- 30 1.0609- 284.101  1.891536 275.498  1.864997 1.2288 266.924  1.839202 - 30 1.3607 2bh6.218  1.777159 1.2807 236.445  1.747111 1.1390 227.509  1.717027 - 30
- 27 1.0220 287.15 1.898613 279.201  1.873576 1.1768  271.227  1.849175 =27 1.3292 250.150  1.786275 1.2710 2L0.318  1.756086 1.1508  230.930 1.724952 - 27
- 20 0.9487 294,27 1.914909 - 20 1.2621 259.324  1.807260 1.2358 249.1h41  1.776300 1.1364 238.902  1.743217 - 20
- 10 0.8731 303.353  1.935299 - 10 1.1761 271.516  1.834645 1.1797  261.229 1'808 70 1.1239 250.201  1.768613 - 10
0 0.8169 311.785  1.953827 [} 1.0970 282.872  1.859603 1.1182  272.717 1.828718 1.09L8 261.289  1.792922 0
10 0.7756 319.729  1.970904 10  1.0205 293.453  1.882379 1.0547 283.589  1.852100 1.0568 272.047  1.816110 10
20 0.7438 327.315  1.086864 20 0.9439 303.256  1.903021 0.9926  293.816  1.873631 1.0162 282.Mok  1.837902 20
ig 0.7180 334.623  2.001923 ﬁg 0.8752 312.334%  1.921742 0.9396 303.465 1.893526 0.9751 292.350 1.858k05 0
0.6986 3L41.697  2.016207 0.8285 320.834  1.938917 0.8926  312.627 1.9120423; 0.9356  301.906  1.877707 0
50 0.6852 348.607  2.029890 50  0.7977 328.957  1.955004 0.8505 321.343  1.92930 0.9005 311.081  1.895877 50
60 0,6702 355.361  2.043023 60 0.7743 336.811  1.970258 0.8170  329.675  1.945481 0.8692 319.926 1.913022 60
70 0.6603 362.003 2.055678 70 0.755 3hh.456  1.98L4820 0.7930  337.721  1.960807 0.842: 328.481 1.9%;83 6 70
80 0 621 368.566  2.067943 80 0.7385 351.922  1.998773 0.7745  315.555 1.975453 0.8194 336.785  1.94L866 80
90 0.6L4L  375.050 2.079837 90 0.7256 359.239 2.012198 0.7585  353.215  1.98948L 0.80 344.879  1.959720 90
91.6 0.6426 376.077  2.081701 91.6 o.72k2 360.222 2.014291 0.7562  35L.4117  1.991692 0.7950  346.147  1.962023 91.6
100 0.6389 381.467  2.091408 100  0.7159 366.446  2.025202 0.7435  360.725  2.003066 0.7788  352.752  1.973911 100
110 0.6359 387.836  2.102685 110 0.70TH  373.55 2.037798 0.7643 360.464  1.987568 110
120 0.6339 394.17 2.113715 120 0.7004  380.59 2.050036 0.752 368.047  2.000767 120
130 0.6339  L0o.51: 2.124559 130  0.6930 387.561  2.061949 o.7k24  375.531 2.013568 130
1 0.6339 L406.842  2.135201 1 0.6855 Egll. 58 240723‘5142 0.7335 382.916 2.025985 1Lo
150 0.6329 413.170  2.145665 150  0.6795 01.285  2.084843 0.7260 390.211  2.038050 150
160 0.6319 h419.4 2.155943 160  0.6750 408.052  2.095849 0.71 97.436  2.049803 160
170 0.6319 125.810  2.166060 170 0.6715 414.780 2.106630 0.7122 k601  2.061273 170
180 0.6326 432,130  2.176016 180 0.6690  421.48 2.117177 0.7101  L411.717  2.07248 180
190 o 63§h ugﬁ 450 2.185815 190  0.6660 428.16 2.127531 0.7066  418.803 2.083&7 190
200 0.63k2 4L 770 2,195467 200 0.6656 434,820 2.137698 0.7055 425.859  2.094250 200
210 0.6350  451.105  2.204993 210 o ggsg  441.500  2.1477H3 0.7045  432.92k  2,104872 210
220 0.6358 U57.4h5  2.214387 220 0.6660 448,180 2.157640 0.7030 uﬁg 964  2.115300 220
2gg 0.6365 L463.800 2.223664 230  0.6665 454.855  2.167383 0.7010 4B6.974  2.12553L 230
21 0 6330 470.175  2.232837 2i 0.6670 61.525  2.177080 0.7000  453.974 2.125606 2ko
250 0.64ko  476.585  2.241930 250  0.6675 468.195 2.186542 0.7000  460.974  2.1A5535 250
260 0.6470  483.035 2.250951 260 0.6685 U474 875  2.195885 0.7010  467.984  2.155337 260
270 0.6490  489.515  2.259889 270 0.6715 481.575  2.205127 0.7015  u7h.9ok 2,16 oog 270
280 0.6500 1496.015 2.268733 280  0.67h0 488.295 2.21L270 0.7020  482.004  2.17hsk 280
290 0.6520 502.525  2.277472 290 0.6765 495.050  2.223338 0.7022 489.019  2.183959 290
300 0.6550. 509:055 2.286121 300 0.6785 501.830 2.232318 0.7025 496.039 2.193258 300

18
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NOTATION

constants used in Equation (II.6)
coefficient in a polynomial
area under a curve

second virial coefficient in volume polynomial virial
equation (Units of V)

second virial coefficient of a mixture

second virial equation in pressure polynomial virial
equation (Units of P)

second virial coefficient of component 1

second virial coefficient of interaction between a molecul
of component 1 and a molecule of component 2

second virial coefficient of component 2

third virial {oetflrwent of volume poljnomlal virial
equation (Units of V?)

third virial (osfflﬁjant in pressure polynomial virial
equation (Units of P?)

isobaric heat capacity = (ag/BT)P, (Btu/1b)
isobaric heat capacity of a mixture (Btu/lb)
isobaric specific heat of saturated liquid (Btu/1b)
excess isobaric heat capacity (Btu/1b)

fugacity (psia)

specific free energy (Btu/1b)

specific enthalpy (Btu/l1b)

specific enthalpy at the beginning (Btu/1b)
specific enthalpy of ith component (Btu/1b)

specific enthalpy of the mixture (Btu/1b)
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specific enthalpy at zero pressure (Btu/lb)

specific enthalpy at zero pressure and temperature T (Btu/1lb)
ideal gas mixture

integer

pressure (psia)

pressure at the beginning (psia)

gas constant

real gas mixture

specific entropy (Btu/1b°F)

specific entropy of ideal gas (cal/gm mole“C)

specific entropy in the ith state (Btu/1b°F)

temperature (°F or °R)

temperature at the beginning (°F or °R)

temperature in ith state (°F or °R)

bubble point (°F)

specific internal energy (Btu/l1b)

specific volume (ft3/1b or cc/g)

mole fraction or mass fraction or an independent variable
dependent variable

PV

compressibility factor i

compressibility factor of a mixture

Greek Notation

AH,

AH
—p

Ay

change in the specific enthalpy between two states (Btu/lb)

change in specific enthalpy between two temperatures at
constant pressure (Btu/1Db)

change in the specific enthalpy between two pressures at
constant temperature (Btu/1b)
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specific enthalpy of vaporization (Btu/lb)
change in the specific entropy between two states (Btu/1b°F)

change in specific entropy at constant pressure between two
temperatures (Btu/1b°F)

change in specific entropy at constant temperature between
two pressures (Btu/1b°F)

Joule-Thomson coefficient
fugacity coefficient (=f/p)
density (g/cc or 1b cu ft)
H

[
isothermal throttling coefficientaf\gﬁJ
7 T

subscripts

n>
nO

conditions at start

component in a mixture or a running variable
a running variable

mixture

outlet conditions

pressure

saturated liquid

temperature

vaporization condition

inlet condition or component 1
component 1

interaction condition between a molecule of component 1 and
a molecule of component 2

component 2 or outlet condition

component 2

component three or a state 3



Superscripts

B excess value

0 Zzero pressure value

-26H-
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Appendix I

Review of Literature

A number of investigators have reported both calorimetric
and PVT data for methane, propane and their mixtures. Brief
resumes of the most pertinent references are given in this

Appendix,

Calorimetric Data

Although a number of different investigators have reported
calorimetric data for methane (9,18,29,31,34,39,L0,41,46,62,68),
propane (21,28,30,33,59,60,69,70,73,74), and their mixtures
(9,24,25,32,47,48,50,51,52,70,71,54)  the results of E.A. Manker
(47) and A, E. Mather (50) were used almost exclusively for
the following reasons:

1) The data of these two investigators were obtained
with mixtures of almost identical composition.

2) These experimental investigations cover an extensive
range of both temperatures and pressures - certainly those of
primary interest to the natural gas processing industry (—240°F
to +250°F at pressures up to 2000 psia).

3) These data are thermodynamically consistent to iQ.E%.

4) No other data reported in the literature were obtained

at exactly the same composition.
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Manker (47)and Mather (50).- The calorimetric data used
in making all calculations were obtained directly from the
theses of Manker (L47)and Mather (50), Manker reported iso-
baric data over a range of temperature from -240 to +90°F
with some relatively crude Joule-Thomson determinations at
60°F up to 2000 psia. Mather obtained supplementary isobaric
data between 90 and 250°F at pressures between 500 and 2000
psia, isothermal results between 100 and 2000 psia at -27, 91.6 and
200°F and isothermal and isenthalpic data at -147°F between 600 and
1800 psia. The temperatures and pressures of experiments made by
these investigators are illustrated in Figure 1.
The average compositions of the mixtures as reported by

these two investigators are summarized in Table AI.1.
TABLE AI.1

Mixture Compositions Reported by

Manker (47) and Mather (50)

Component Manker (47) Mather (50)
Methane, CH4 0.9464 0.9463
Ethane, C2H6 0.0006 0.0006
Propane, C3H8 0.0518 0.0510
Nitrogen, N2 0.0006 0.0007
Oxygen, 02 0.0002 0.0001
Carbon Dioxide, CO 0.0004 0.0003

2
1.0000 1.0000



3l

There was some variation in composition during the course
of the investigations as determined by periodic chromatographic
determinations. The extremes of such variations are indicated

in terms of the propane mole fractions in Table AI.Z2,.
TABLE AI.2

Extremes in Compositions of Manker (47)and Mather (50)

Mole Fraction Propane

Investigator Lowest Value Average Value Highest Value
Manker (47) 0.0491 0.0518 0.0521
Mather (50) 0.051 0.0510 0.052

The greatest variation in compositioh occurred during
runs made through the two-phase region., No attempt was made
to correct for variation in composition for individual runs.
The average composition reported by Manker (L7) as given in
Table AI.1 was used as the base composition because the majority
of Mather's runs were made at temperatures relatively far
removed from the critical region and therefore, small varia-
tion in composition would be expected to have a negligible
effect.

Dillard, et al (25).- Results from a series of isothermal
determinations with methane and methane-propane mixtures have
been reported by Dillard (24) and Dillard, et al (25). The

equipment was designed to yield integral measurements of
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isothermal changes in enthalpy between elevated pressures and
atmospheric. Results were reported for methane and two methane-

propane mixtures as indicated in Table AI.3.
TABLE AI.3

Conditions of Integral Isothermal Determinations of Dillard (25)

Mole Fraction Inlet Temperature
Propane in Methane Pressures Range
(psia) (°F)
0.0000 500 to 2000 150
0.051 500 to 2000 90
150
200
0.126 500 to 2000 90
150
200

Replicates were reported for most runs. The precision
of" the experiments as indicated by analysis of the replicates
is +%0%. The mean of all the determinations made at one set
oft conditions is consistent with data obtained by Mather (50)
within +5%. Mather (50) made use of these results to justify
use of calculated values based on the BWR equation of state
(5,6) in publishing PTH diagrams for binary mixtures containing

11.7 and 28,0 mole percent propane in methane. The results
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reported by Dillard et al (25) are considered to be at least

one order of magnitude less accurate than those of Manker and

Mather and therefore, were not given further consideration in

preparing this report.

Budenholzer et al (9).- Joule-Thomson data for mixtures

of methane and propane have been reported.

The range of com-

position, temperatures and pressures of these reported values

is summarized in Table AT..4,

TABLE AI.4

Conditions of Reported Joule-Thomson Values of Budenholzer et al (9)

Mass Fraction Temperature (°F )
Methane high low
0.2458 310 70
0.4934 310 70
0.7552 310 70

Pressure (psia)

high low
1500 0
1500 0
1500 0

As indicated in Table AI..4, Budenholzer et al have reported

values of the Joule-Thomson coefficient for mixtures of methane

and propane, In addition, Sage, Kennedy and Lacey (60) have

published values for propane and Budenholzer et g;(lo) report

values for methane so that these data could be used to inter-

polate with respect to composition,
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Joule-Thomson data, W, can be used with values of iso-
baric heat capacity;cp,to calculate the isothermal throttling

coefficient, ¢.

d = (%%)T = - uCp (AIL.1)

Values of the isothermal enthalpy departures are
obtained by integration, p

(H-H°), = ¢ ap

T (AI.2)

T
P=0

Comparisons made by several investigators (49,50) have illus-

trated that the Joule-Thomson data covered in Table AT.4 are

thermodynamically inconsistent with values calculated from PVT

data and published values of Cpo (11), as well as the results

of Manker (47) Mather (s50),Dillard et al (25) and values

calculated from the BWR equation of state (5,6). Therefore,

no attempt was made to incorporate these experimental data

on the Joule-Thomson coefficient in the results of this report.
Joule-Thomson data for mixtures of methane and propane

have also been reported by Head (32). The range of composition

temperatures and pressures of these reported values is sum-

marized in Table ATI.5.

TABLE AI.5

Conditions of Reported Joule-Thomson Measurements of Head (32)

> Fraction Methane Temperature ( °K) Pressure (atm)

0.489 high low high low

360 258 40,06 1.71
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I'or a mixture containing approximately 51 mole percent
propane in methane at 152,2°F the values of p reported by
Head (32) are consistent to within 3% with values interpolated
to that composition from data published by Budenholzer et al
(9) as reported by Yesavage, Katz and Powers (75). However,
values of ¢ calculated using Equation (AI.1) disagree with the
values of Yesavage et al by -8% at zero pressure and +9% at
600 psia (71). These calculated values based on the data of
Head (%2) also disagree with values of ¢ calculated from PVT
data for the mixture (69)and with data calculated by the BWR
equation of state (5,6). Therefore, no attempt was made to
Incorporate the Joule-Thomson values of Head into the enthalpy
and entropy values of this report,

Volumetric Data

A great deal of volumetric data has been reported for
pure methane and pure propane. Only two investigators have
reported PVT data for mixtures., The published results for
the mixtures will be reviewed first and then the data for
pure methane and propane used for purposes of interpolation
with respect to composition will be mentioned.

Reamer, Sage and Lacey (55,56). These investigators

reported smoothed values of volumetric data on several binary
mixtures of methane and propane, The compositions and range

of" temperatures covered by this report are listed in Table ATI.6,
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TABLE AI.6

Conditions of Reported Volumetric Data of Reamer, Sage and Lacey

Temperature Pressure
(°F) (psia)
Low 40 200
High 166 10,000
Composition
Mixture Mole Fraction Mole Fraction
Methane Propane
1 0.10 0.90
2 0.20 0.80
3 0.30 0.70
L 0.40 0.60
5 0.50 0.50
6 0.60 0.40
7 0.70 0.30
8 0.80 0.20
9 0.90 0.10

Huang et al (27). The conditions corresponding to

values reported for methane-propane mixture are reported

in TABLE ATI.T7

(56)
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TABLE AI.7

Conditions of Reported Volumetric Data of Huang et al (37)

Temperature Pressure
(°F) (psia)
Low -238 50
High 100 5,000
Composition
Mixture Mole Fraction Mole Fraction
Methane Propane
1 0.221 0.779
2 0.500 0.500
5 0.753 0.247

The ranges covered by the volumetric data of Reamer,
Sage and Lacey (50) and Huang et al (37) are indicated in
Figure AT.1.

Volumetric Data for Methane. None of the volumetric

data listed above are for the composition of the mixture in-
vestigated by Manker (L47) and Mather (50) In fact, all mix-
tures reported contain substantially more propane than 5 mole %.
Therefore, it was necessary to utilize volumetric data for
me thane to interpolate with respect to composition to the
desired value,

The published data for the volumetric behavior of methane
is much too extensive to be reviewed in its entirety. Instead,

use was made of the most recent compilations of volumetric data.
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API Project Ll. A recent supplement of API Project Lk (1,58)

lists values of the volumetric data for gaseous methane from
-115 to 2140°F at pressures up to 15,000 psia. These values
were used for the purposes of interpolation primarily as a

matter of convenience,.

Vennix et al. The API supplement does not include the published

data of Vennix (65,66) and of Douslin et al (27). The data of
these two recent investigations are remarkably consistent
(+0.02%) at the temperature of overlap (0°C) and have been
combined to yield a single equation of state (4h). Vélues cal-
culated using this equation of state were found to be in very
good agreement with values interpolated from the API values.

Volumetric Data for Propane., The interpolation pro-

cedure used to obtain volumetric data for a mixture containing
5 mole % propane is relatively insensative to the values
selected for pure propane. Whereas extensive consideration

of all published volumetric data is planned subject to avail-
ability of funds, values for propane published by Reamer, Sage
and Lacey (56)were used in connection with this report
because they appear to be reasonably consistent with other
published data and were in a form that is convenient for

interpolation.
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Appendix II

Basic Interpretation of Calorimetric Data

The calorimetric results of Manker (A?,MB) have been
interpreted twice 1in the past to yleld tables and graphs of
enthalpy values (48.50,51) and the combined results of Manker
(47) and Mather (50) have been so interpreted once {50,51).
Unfortunaﬁely eventhe latest interpretation (50,51) appears
to be in question for two principle reasons:

1) The isotherms at low temperatures as drawn by Mather
(50) exhibit a sharp curvature at low pressures that is not in
evidence in the PTH diagrams for methane (40,41), nitrogen (46),
propane (70) or any of their mixtures (L47,50,70,71,72,73,74.,75)
which have been produced from results obtained in the Thermal
Properties of Fluids Laboratory.

2) The correlational efforts of Yesavage (70) were
very successful in fitting the enthalpy data for
all five binary mixtures of methane and propane except the 5%
propane in methane mixture at low temperatures where deviations
of more than 4 Btu/1b were noted.

In an attempt to resolve these apparent discrepancies a
complete reinterpretation of the original data was undertaken
to insure that the resulting enthalpy values (and the entropy
data obtained therefrom) would be as meaningful as possible,

The purpose of this Appendix is to provide detailed descriptions
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of the procedures used to reintefpret the basic data to provide
the bases for an improved estimate of the enthalpy behavior of
this mixture with particular emphasis on changes which were in-

corporated in the analysis.

Isobaric Determinations

ManKer (47) reported the results of %25 isobaric deter-
minations both in the single-phase region and within the two-
phase region. Mather (50) presented 28 isobaric data points
in the single-phase region at elevated temperatures,

Single-Phase

General procedure. In making measurements in the single-

phase region, determinations are usually made with a common
inlet temperature and temperature increases varying from 10 to
100°F, 1In processing the data to yield smoothed values of

C T), mean values of ép are calculated from the measured

P<
isobaric increases in enthalpy and temperature,.

(Hp - Hp )
S

P Tom Ty

(I1.1)

Values thus calculated are plotted over the temperature
interval Tl-# Tg. Typical values appear on Figure AII.1 as
solid horizontal lines eXtending over the experimentally measured

temperature intervals,
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For isobaric enthalpy differences measured with a common

inlet temperature, T.,, a difference in enthalpy between two

1

outlet temperatures, T, and T3’ can be calculated:

2
(Hp - ET )P = (Hyp - He )P - (ET - ET )P (I1.2)

3 2 3 1 2 1

Such differences can be used to calculate additional
values of ép. Typical values are plotted as dashed lines on
Figure AII.1.

Point values of Cp can be determined from a plot of ép

vs T by applying the identities

Hy - Hy = ép(Tj- T,) (11.3)
J 1
T.
J
=/deT (I1.4)
T,
1

where Ti and Tj are used to indicate any two experimental
values of temperature.

Thus the integral of the function Cp(T) between T, and
Tj must equal the experimentally measured values of H J— ETi
and the product Cp(Tj - Ti)' Graphical procedures were applied
to determine Cp(T) by an iterative procedure,

The interative procedure employed was based entirely on
graphical procedures. A draftsman's spline was used to plot
a first approximation of Cp(T). Integrations were made between
each experimentally determined temperature interval as indicated

by Equation (II.4). Simpson's rule (See Appendix X) was used to

obtain integral values both accurately and rapidly. Adjustments
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were made in the curve representing Cp(T) until the deviations
between the experimental values of enthalpy difference and the
values determined by graphical integration showed random vari-
ation. 1In general the agreement between experimental and cal-
culated values was on the order of iQ.Q% or better,

After the iterative graphical procedure described above
yielded the desired preliminary relation fqr Cp(T), Simpson's
rule was applied to evaluate isobaric enthalpy differences
over temperatures intervals other than those noted experimentally,
In particular, enthalpy differences were evaluated over uniform
intervals of 10°F to aid in preparation of the tables and graphs
and between temperatures corresponding to isothermal determin-
ations made with this mixture (See Figure 1). The latter cal-
culations are used to'check the thermodynamic consistency of
the two types of data (isobaric and isothermal) obtained for
this mixture as will be described in detail in Appendix IIT.

The general procedure described above was applied to
determine approximations of Cp(T) and isobaric enthalpy differ-
ences at all pressures from 1100 psia to 2000 psia over the
temperature interval studied at each pressure (See Figure 1).
Special care was taken in interpreting the data over the
temperature intervals in which Cp exhibits a maximum, Table
AIT.1 summarizes information on the peak values (including

that at 1000 psia).
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TABLE AII.1

Information Obtained at the Maximum in Cp(T)

Pressure Teggigggﬁre Btzﬁiﬁig
2000 -25.5+1.0 .1%9
1700 -35.5+1.0 .2572
1500 -44.5+1.0 a3l
1200 -60.5+0.6 .8502
1100 -67.5+0.5 .12
1000 -72.5+0.2 564

Additional efforts were expended at pressures of 1000
psia and below and to extrapolate the reported values upward
in temperature to +3%00°F and downward to -280°F,

Interpretation of the data at 1000 psia. Over much of

the temperature range of experiments at 1000 psia (—240 to
+205°F) it was possible to obtain good agreement between cal-
culated and experimental values using the general graphical
procedure described in the preceeding section, Manker (47,48)
reported an unusually heavy concentration of data points in the
immediate vicinity of the maximum of Cp(T) at 1000 psia. This
peak is quite sharp (Cp = 2,5 Btu/1b°F at the peak) and large
values of Cp are in evidence between -120 and -30°F (See

Figure AII.1l). Thus the enthalpy difference between these two
temperatures is exceptionally large and interpretation of the

data over this range of temperature exerts a disproportionate
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influence on the enthalpy values calculated for low tempera-

tures and low pressures where rather lérge discrepancies were
noted in earlier interpretations, Therefore, special efforts
were taken to interpret the data in the vicinity of the peak,

A plot with expanded scales for both temperature and Cp
was made. The working drawing measured 70 in. by 30 in. A
reproduction in reduced form is presented as Figure ATII.2.

As in the general case, a curve representing Cp(T) was
drawn using a spline and the results of integrations by Simp-
son's rule were used to make adjustments and obtain a better
estimate of the function Cp(T). A more sensitive procedure
was used in making the next adjustment:

1) The adjusted curve for Cp(T) was integrated over
small temperature intervals and enthalpy differences were
calculated corresponding to each experimental temperature

interval (H, - H, ) .
“To =Ty cate

2) Difference between the calculated and experimental
enthalpy differences were evaluated

A(AH) = (Hp - Hp) - (Hp - Hp )
Ty “Ti’cale To 7 expt

and plotted against (ET - ET ) . The first plot thus pre-
o] 1 calc

pared is presented as Figure AII.3. Note that all differences
are positive indicating a bias.

3) A dotted line was drawn through the differences and
through the origin exhibit random scatter instead of a bias. The
curve representing Cp(T) was then adjusted to satisfy this con-

dition.
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M) Simpson's rule integrations were again performed

using the adjusted curve of C (T) and new values of (ET - Hy )
P o) i cale

determined for direct comparison with the experimental values.
The resulting plot is presented as Figure AII.4. By using this
special procedure it was possible to represent the experimental
data by means of a smoothed curve of Cp(T) well within the limits
of precision of the experimental data (+0.3%).

Interpretation of the data at 500 psia. Although both

Manker (47) and Mather (50) give indication in their theses
that enthalpy traverses were made at 500 and 600 psia and
Mather (50) presents the results of a check of thermodynamic
consistency that incorporates the enthalpy travers atISOO
psia, no data for these runs are included in Manker's thesis,
The data for these runs were included in the Proceedings

of the NGPA (600 psia) (48). The results were not included
in Manker's thesis because of unresolved problems with
respect to the flowmeter calibrations associated with these
runs,

Another problem assoclated with attempting to establish
the enthalpy behavior of the mixture at low temperatures and
pressures below 1000 psia can be understood by considering
Figure 1; the isobaric run made between -250 and -180°F at
500 psia does not overlap the enthalpy traverse through the
two phase region nor does it intersect the isothermal run
made at -147.4°F, Estimation of Cp is difficulﬁ near the two-

phase region because Cp changes in value relatively rapidly
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in this region. Considerable effort was expended in an attempt
to establish the enthalpy behavior at 500 psia and low tempera-
tures because the results of previous interpretations may hawe
been misleading.

Resolution of the problems associated with estimation
of the enthalpy change across the two-phase region at 500
psia will be described later in this Appendix because it involves
use of the isothermal data. The method of establishing values
of C.p up to the bubble point at 500 psia is presented in the
paragraphs that follow.

As indicated in Figure 1, isobaric data were obtained in
the temperature range from -245 to -175°F. The bubble point
is at -128°F at this pressure. As indicated in the previous
section the results obtained from -140°F across the two-phase
region at 500 psia are suspect. Therefore, a procedure was
developed to estimate Cp(T) at 500 psia at low temperatures
which does not rely on the values reporﬁed by Manker (47).

Reliable values of Cp(T) are available at 500 psia over
the temperature of interest for methane (40,41), propane (70),
5(50);
28.0% 03(50), 50.6% 03(70) and 76.6% 03(70)]. Therefore, it

and four other mixtures of methane and propane [11.7% C

is possible to plot Cp vs composition at various values of T
at 500 psia and interpolate to obtain a good estimate of Cp
for the 5% mixture. Interpolations with respect to composi-
tion are aided by working with excess quantities; in this

case the excess heat capacity, Cg;
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where Cpm refers to the mixture and Cpi refers to the pure com-
ponents, methane and propane in this case. A typical plot is
presented as Figure AIII.5. Note that the values are plotted
vs mass fraction C3 in Cl becausé it was found that the plot
was much less skewed when thus plotted than when plotted against
mole fraction. Smoothed values of Cg were read from the plot
at 5.18 mol % 03(0.1306mass fraction C3) and values of C . were
calculated using Equation AII-5 making use of the published Cp
values for methane (40,41) and propane (70)

| Experimental data are reported by Manker (47) in the
single-phase region near the bubble points at 250,400,650 and
800 psia., Two experiments were reported in the liquid phase
at 250 psia and four values are given at each of the other
pressures., It was assumed that Cp is a linear function of
temperature near the bubble point, The data were individually

fitted to the equation

C_=a+ b(T

0 g -7 (II.6)

where TS refers to the bubble point temperature at the given

pressure, The results are summarized in Table AII.Z2.
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TABLE AII.Z2
Constants of Equation (AII-6), Expressing

Specific Heat in the Immediate Vicinity of Bubble Point

Pressure TS a . b o
(psia) (°F) (Btu/1b°F) (Btu/1b°F°)
250 -167 1.06 0.015
ele -141.65 1.23 0.0216
500 -128.1 1.36* 0.025%
650 -111.87 1.60 0.033
800 - 96.0 2.22 0.0758

* interpolated value

Plots were made of a and b versus pressure and the values
estimated at 500 psia are reported in Table AIT.Z2.

The straight line relation was employed to estimate Cp(T)
at 500 psia between -150 and -128°F, Comparison with the values
reported in the NGPA Proceedings (48) at 500 psia between
-140 and -128°F indicates that the experimental Values for this
enthalpy traverse as reported were too low by about 5%
probably as a result of an error in the calibratioh of the
flowmeter. The‘values of Cp in the range -240 to -128°F

determined as described above are summarized in Table AIT.3.
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TABLE AII.3

Values of Cp for the 5.18% C3 in Cy Mixture at 500 psia as Determined
by Interpretation of Calorimetric Data at Other Conditions.
Temp.

(°F) -2ho -230 -220 -210 -200 -190

0.772 0.782 0.795 0.809 0.826 0.844

(°F) -180  -170  -160  -150  -1k0  -130  -128.1
——v—) 0.866 0.894 0,928 0.972 1.037  1.182 1.36

Extrapolation with respect to temperature. It was decided

to report values between -280°F and +300°F although experimental

determinations were limited to the interval from -245°F to +250°F.

It was felt that such extrapolations could be made accurately.
Extrapolation to elevated temperatures was based on blend-

ing experimental values with ones calculated using the BWR

equation of state., The nature of the agreement is illustrated

on Figure AII.6. The Cp values at elevated temperatures

reported in the thesis of Mather (50) were obtained by blending

the results of BWR calculations with experimental values and

therefore these values were used directly in this region.
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The BWR equation - as well as most other published
equations of state - generally yields erroneous results at
high densities especilally at low temperatures. On the other
hand Cp(T) tends to approach a constant value at low tempera-
tures as indicated in Figure AII.1l. Therefore, an empirical
approach was used to extrapolate Cp(T) to lower temperatures.

By definition T2

oC
Co(Tp) = Cy(Ty) = /(ﬁﬂ)PdTp (I1.7)
. T

Values of (BCP/BT)P were approximated by taking differ-

ences in tabulated values

3\ € (T,)- C (T,)
(BTS)P: } o - %1 : (F8)

Values of differences thus calculated were plotted at
each pressure and smoothed, The resulting values are listed
in Table AIT.L, | |

In estimating the values of (BCP/BT)P at low temperatures
as indicated by underlined values, nofe was made of the trends
in (SQCP/BTQ)P with temperature and of the observation that Cp

is essentially independent of pressure at low temperatures

(40,70).
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TABLE AII.A4

Values of (acp/aT)P Used to Extrapolate Cp(T) to -280°F

(3¢,/3T)p in Btu/1b(°F)° x 10

rressure (psia)

Temperature 500 1000 1500 2000
(°F)
-160 0.635
-170 0.44 0.186 0.175 0.13
-180 0.335 0.170 0.155 0.11
=190 0.25 0.15 0.12 0.08
-200 0.20 0.13 0.09 0.06
-210 0.16 0.10 0.07 0.05
-220 0.12 0.08 0.01 0.04
-230 0.10 0.06 0.05 0.03
-240 0.08 0.05 0.04 0.02
-250 0.06 0.04 0.03 0.01
-260 0.0k 0.03 0.02 0.00
-270 0.02 0.02 0.01 0.00
-280 0.01 0.01 0.00 0.00

|
‘.
|

———— e

Two-Phase (Enthalpy traverses)

Manker 47 ) reported isobaric determinations made near
the boundaries as well as within the iimits of the two-phase
region. Experimental data have been reported at 250, L4oo, 650
and 800 psia (47 ) as well as at 500 and 600 psia (48)

(See Figure 1). As indicated 1in the previous section of this
Appendix, the values reported at 500 and 600 psia are suspect

probably because of an error in the flowmeter calibration,
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The data at 250, 400, 650 and 800 psia were interpreted
to yield enthalpy values both within the two-phase region and
the single-phase region near the bubble- and dew-points. The
procedure used also yielded values of the bubble- and dew-points.

Experimental enthalpy traverses at each pressure were
made by feeding liquid at constant temperature to the calori-
meter and adding varying amounts of electrical energy until
the outlet material was determined to be completely vaporized,
By making minor corrections for the fact that the inlet temp-
erature does vary slightly it is possible to calculate enthalpy
differences from a common inlet temperature, Plots of such
enthalpy differences are illustrated on Figure AII.7. Note
the breaks in the curves indicating both bubble- and dew-points
for this mixture at the various pressures, Values of bubble-
and dew-points determined in this manner are listed in Table
AII.5. 1Isobaric enthalpy differences between the bubble- and
dew-points can be read directly from these plots and values
thus determined are also listed in Table AII.5. Enthalpy dif-
ferences within the two-phase region were also noted at
intervals of 10°F at pressures of 250, 400, and 800 psia for
use in preparing the final PTH diagram and tables., The data
at 650 psia was not suitable for this purpose because few
points were reported within the two-phase region except very
near the bubble- and dew-points. The method used to incorpor-
ate these results in preparation of the PTH diagram will be

discussed in detail in Appendix ITI.
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TABLE AII.5
Empirical Data Obtained From Interpretation

of Enthalpy Traverses

AH

Pressure Bubble Point Dew Point vap
" psia °F — °F Btu/Ib
250 -166.5 -60.5 221.0
400 -141.7 -48.0 194.3
500 -128.1 -41.4 178.5%
650 -111.8 -40.3 147 .4
800 - 95,2 -37.5 116.1

* Calculated (See Thermodynamic Consistency Checks)

Isothermal Determinations (Single-Phase)

Mather (50 ) reported the results of isothermal calori-
metric determinations in the single-phase region for this mix-
ture at -147.4, -27.0, 91.6 and 200°F, (See Figure 1), The
basic procedures used to interpret the data to yleld values of

9 = (3H/3P) (11.9)

and isothermal enthalpy differences are similar to those used
to interpret the isobaric data as described in the previous
section,

A typical plot of

)
Hp - Hp )p
gz ——n (II.10)

>

is illustrated in Figure AII.8. An iterative graphical proce-
dure involving use of Simpson's rule for integration was used
to yield ¢ = f(P). The values of ¢ at low pressure listed by

Mather (50) were used to define the curve between 0 and 100 psia.
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A curve for ¢ = f(P) was generated over the entire range of
experimental pressures so as to yield random variation in dif-
ferences between experimental and calculated values of isothermal
enthalpy differences, The resulting curves were then integrated
to yileld values of enthalpy difference for every 50 psi interval
to aid in making the final tabulation and between experimental
isobars for use in making the thermodynamic consistency checks
to be described in Appendix III. At -147.4°F the data extend
only from 509 to 1791 psia. 1In interpreting these data extra-
polations were made to 500 and EOOO psia but not beyond these
pressures.

The values of Cp, @ and isobaric and isothermal enthalpy
differences determined by the iterative graphical procedures
described in this Appendix were considered to be good estimates
subject to small corrections as required to obtain thermodynamic
consistency of all experimental results., The tests for thermo-
dynamic consistency and adjustment of values are described in

Appendix ITIT.
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Appendix III

Thermodynamic Consistency Checks and Final Adjustment

of Values of Cp and ¢

Thermodynamic Consistency Checks.

Enthalpy 1s a state thermodynamic property and is there-
fore represented by an exact mathematical function. This fact
provides a severe test of the thermodynamic consistency of the
isobaric and isothermal data obtained for this mixture.

The exactness of the enthalpy function is readily expressed
in the form of a mathematical restriction., If one begins at a
thermodynamic state designed by T, and P, such that

B B

Hp = £(Ty,Pp)

(III.1)
and considers a number of changes in enthalpy, Aﬁi correspond-
ing to sequential changes in state such that the final state
is identical to the initial state, then the algebraic sum of

such changes must be identically equal to zero.

IAH, = 0 (I11.2)

If independent experimental data are used to evaluate
the sequential enthalpy differences in such a closed loop
experimental errors will almost always yield a non-zero value
for their algebraic sum, A measure of the experimental error

on a percentage basis is provided by the equation

IAH,
percentage _ " —1 . .44 (I11.3)
»dev1atlon ﬂﬁﬂil
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The isobaric and isothermal determinations carried out
with this mixture were made so as to provide a number of checks
of the thermodynamic consistency of the data. With reference
to Figure 1, note that isobaric data are reported at 1500 psia
from -240 to +150°F and at 1000 psia from -240 to +40°F. 1In
addition, isothermal determinations were made at -147.L4°F
between 500 and 1000 psia and at -27°F betﬁeen 100 and 1950
psia. A "loop" of four independent experiﬁental determina-
tions is thus formed by the isobaric determinations at 1000
and 1500 psia between -147.4 and -27°F and the two isothermal
determinations at -147.4 and -27°F between 1000 and 1500 psia.
This particular loop is illustrated -as Figure AITT.1

In carrying out the interative graphical procedures to
yield Cp(T) and @(P) as described in Appendix II, values of
Agi corresponding to the four individual sides of the loop
of Figure AIII.1 were determined,

PAH, = [+(137.144)+(36.64)-(175.126)+(-0.25)] Btu/1b
= -1.092 Btu/1b |

Therefore, the net result of experimental error for this
particular closed loop is -1.092 Btu/lb as expressed within the
box enclosed within the loop.

In expressing this error on a percentage basis the sum
of the absolute values of all differences is taken as denomena-
tor as expressed by Equation (III.3)

Z1AE1| = [(137.144)+(36.6L4)+(175.126)+(0.25) ] Btu/1b
= 349,16 Btu/1b



(Aﬂp)expt = 137.144 Btu/1b
1500

(correction = +0.379 Btu/l1b)
o |2
21 J|<
S |2 2AH;= il
« S N Btu i
= - i I ™M
8 o | 1092 %, b
N’ \o .

- lo

B K
s 1 I 3 AH. || I
o -—| - c
n vl —X 100= al o
: |2 z|oH; < =
o ) t; - — 0
o - =
e (0] _ Sy T o
'EI - 0.313% al:
~ 8 — o

(Aﬂp)expt = 175.126 Btu/1b

1000

(correction = -0.35 Btu/1b)

-147.4 -27.0

TEMPERATURE (°F)

Figure AITII.1 One Complete Check of Thermodynamic Consistency of
Calorimetric Data Used to Evaluate Enthalpy Differences.
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Therefore, the average percentage error of this set of
four experimental determinations is given by

percentage . -1.092 Btu/lb
deviation — 349,16 Btu/lb

x 100 = -0,313%

This result is also included within the box enclosed by
the loop in Figure AIII.1.
The result of all checks of thermodynamic consistency of
the enthalpy determinations are summarized in Figure 2, Associated
with each leg is the value of AH, determined from the raw data
as described in Appendix II. FEach completed loop encloses a
box containing the value of experimental deviation expressed

both as actual error (Btu/1b) and percentage error.

Adjustment of Value of Aﬂi

The enthalpy differences of each leg were adjusted that
that ZAgi = 0 for each closed loop, Note the adjustment of
legs that are common to two loops effects the error in both
loops. In all cases an attempt was made to 1limit such cor-
rections to the anticipated experimental errors associated with
the precision of the data. Experience has shown this to be
about +0.3% for the isobaric data. A value of +0.8% was used
as the expected precision of the isothermal data becausé of
the limitations of the differential pressure balance of Roebuck
(67) which was used in making the isothermal measurements. The
values of the corrections are listed for the one loop on

Figure AIII.1, and for all loops in Figure 2.
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In some cases it was necessary to apply corrections
in excess of the anticipated limits on precision as indicated
above, Corrections of about 0.5% were made to the isobaric
data between -27.0 and 91.6°F at pressures of 1000 and 1500
psia. As nbted with reference to Figure 1 there are regions
over whichvno data wére obtained over these ranges of condi-
tions, Thus some of this larger correction was probably
required to adjust for incorrect estimates where data were
lacking. A correction of 1% was made on the isothermal leg
at -27.0°F between 1000 and 1500 psia. This correction is

made in the region of the maximum in @ (See Figure AII. ).

Adjustment of Values of Cp and 1)

As indicated earlier, the experimental values of Aﬂi
listed on Figures AII.1 and Figure 2 were determined by
graphical integration of the functions Cp(T) and J(P) as
estimated by iterative graphical procedures described in
Appendix II. The adjusted values of Aﬁi as developed to
satisfy the condition Aﬂi = 0 for each loop are therefore
inconsistent with the functions Cp(T) and ¢(P) as originally
developed from the basic experimehtal data, i.e. these original
estimates are thermodyhamically inconsistent by approximately
+ 0.2% on the average. Therefore, the functions Cp(T) and
#(P) were adjusted so as to be consistent with the'adjusted
values of Aﬂi. The corrected values of Cp and ¢ are shown
on all figures and are listed at temperatures and pressures
corresponding to experimental conditions on Tables ITa,b,c,d

and IITa,b, Extrapolated values are included with corrections.
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Appendix IV

Preparation of PTH Tables and Diagrams

In preparing the final table and diagram of enthalpy
values for the mixture every attempt was made to incorporate
accurate data reported in the literature for the pure compo-
nents as a final check on the accuracy of ﬁhe results reported
by Manker (47) and Mather (50). The following steps are
followed in order:

1) Arbitrary reference states are selected for each
pure component in the mixture,.

2) Data for the pure components at relatively low
pressures are used to determine the enthalpy of each component
as an ideal gas at zero pressure and at an elevated tempera-
ture corresponding tb one of the sets of isothermal calori-
metric determinations reported for this mixture.

3) The enthalpy of the mixture in the ideal gas state
at zero pressure and temperature of the isothermal deter-
mination 1is calculated assuming no heat of mixing under these
conditions,

4y  The isothermal and isobaric enthalpy differences
determined by interpretation of the calorimetric data at
elevated pressures as described in Appendices II and III are
used to calculate values of enthalpy at pressures and tempera-

tures of experimental determinations,
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5) The thermodynamic consistency of the data at low pres-
sures from the literature and at elevated pressures from the
Thermal Properties of Fluids Laboratory is checked by determining
the enthalpy of the liquid mixture at low temperature and pressure,
Adjustments are then made to satisfy the condition that AEi =0
around the closed loop of the enthalpy diagram.

In preparing the last published PTH diagram for this mix-
ture, Mather (50) chose to "close the loop" by drawing
isotherms at low temperatures and pressures which exhibited
unusual (and unacceptable) curvature. Jones (40) had a similar
problem in attempting to obtain such closure when working with
the enthalpy data for pure methane, He‘chose to resolve this
discrepancy by applying a correction of 4 Btu/1b to the values
at low pressures as calculated using data from the literature.

It was decided to take exceptional care with respect to
every step of the reprocessing of the data in order to obtain
values of the highest accuracy obtainable from the data, This
Appendix is devoted to detailed descriptions of the procedures

that were followed.

Selection of Arbitrary Reference States

The specification of arbitrary reference states for each
pure component is a matter of convenience. It was therefore,
specified that H = O for pure liquid methane and propane at
their saturation pressures at -280°F. This choice was made

for two reasons:
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1) The choice is consistent with reference states
selected for methane (40,41 ), propane (70) and several mixtures
(47,50,51,70) by previous investigators.

2) All values at -280°F and above will be positive,
i.e.> 0,

It was necessary to consider the effects of minor impuri-
ties in preparing the final PTH diagram. For consistency, it
was specified that H = 0 at -280°F and the corresponding vapor
pressures for the impurities N2, 02, CEH6 and COé in the liquid
state.

Therefore, all pure components were specified to have the

same reference condition; H = 0 for saturated liquid at -280°F,

Determination of Ei for Pure Components as Ideal Gases at +200°F

Relatively little effort was spent to determine H for the
minor components in the mixture:

Propane, Yesavage ({0 ) gave detailed consideration to
published data from the literature and calculated a value of
H = 298.7 Btu/lb for pure pfopane at 200°F and zero pressure,
He found this value to be consistent with interpretation of his
calorimetric data at elevated pressures and therefore, this
value was accepted as published.

Impurities. Values of H at 200°F and zero pressure rela-
tive to the pure saturated liquids at -280°F for nitrogen and
oxygen were calculated from values listed by Canjar and Manning
(12). Carbon dioxide does not exist as a pure liquid at -280°F

and therefore, a value was estimated from the values of N2 and
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0, by assuming that H at 200°F and zero pressure is a linear

2
function of molecular weight. A value for ethane was obtained

as the arithmetic average of the ones for propane and that for
methane (the determination of which is described in detail in

the pargraphs to follow).

The estimation of Ei for CO2 and CEH6 as ideal gases at
200°F is admittedly relatively crude but the total mole fractions
of these two components is .001 so that extended efforts to
estimate these values was not considered to be justified.

Methane. As noted previously, both Jones (40) and Mather
(50) had difficulty in their attempts to establish the thermo-
dynamic consistency of their data with published data for the
pure components at low pressures, The fact that both investi-
gators had similar difficulties led' to the conclusion that the
published data for methane might be somewhat in error., There-
fore, the published datawere themselves checked for thermodynamic
consistency.

Values of enthalpy differences for methane at low pressures
are available from a variety of sources. These include values of
Cp of the saturated liquid (20, 31,34), calorimetric determinations
of the heat of vaporization (18, 31), values of enthalpy depar-
tures for the vapor(ﬂ”— E)(l) and the enthalpy behavior of methane
at zero pressure, H°. (58)., These data can be used to calculate
enthalpy differences between two fixed states. Such differences

should be independent of the data used to evaluate the differ-

ence thereby providing a test of thermodynamic consistency.
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The various paths selected to evaluate the enthalpy
difference between saturated liquid at 100°K and the ideal
gas state at 150°K are illustrated on Figure AIV.1l. Each such
difference is evaluated as the sum of the enthalpy difference
required to increase the temperature of the saturated liquid
from 100°K to the temperature at which vaporization occurs.,
( fcps,ldT)’ the heat of vaporization at that temperature
(Aﬂvap), the enthalpy change associated with the isothermal
change from a saturated vapor to the ideal gas state at zero
pressure (-(H°- H)) and finally the change in enthalpy of the
ideal gas methane from the temperature of vaporization to
150°K(H 500 = H77)

TABLE AIV.1

THERMODYNAMIC CONSISTENCY CHECKS OF PUBLISHED CALORIMETRIC DATA

FOR METHANE AT LOW TEMPERATURES

T
T 165 Cpsidt AHvap H-H  Higg -By Higo-Hgg
°K Ca/1gmol Cal/gmol Cal/gmol Cal/gmol Cal/gmol
100 0 2030 13.8 397.1 2440 .9
(-1.3) (-4.8) (-0.8)
110 129.% 1963 26.0 317.7 2436.0
(+1.1) (-2.5) (-0.6)
120 261.7 1888 45,7 2%8.% 2433, 7
(+1.8) (-1.0) (-0.5)
130 399.0 1800 4.3 158.9 2432 .2
(0) (+2.1) (-0.3)
140 542 .8 1698 113.9 79.5 2434 2
(-1.0) (+1.0) | (-0.2)
15 693.7 1577 167.1 0 2437.8
(-2.0) (-1.8)
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1. dT). Values of the heat capacity of saturated

)
( Cps.l.

liquid methane, C , as reported in the literature (20,31,34)

ps.1.
were plotted vs T as illustrated in Figure ATV.2. A smooth
curve was drawn through the points giving primary emphasis to
the results of Frank and Clusius (31 ), Hestermans and White (34)
and Cutler and Morrison (20). The integral was determined by
Simpson's rule for every interval of 10°K. The results are
summarized in the second column of Table AIV.1.

2. (Aﬂvap). Values of Aﬂvap listed as the third column
of Table AIV.1l are based primarily on the calorimetric data
reported by Hestermans and White (34). These data have been
shown to be in good agreement with values calculated from data
on the vapor pressure and volumetric behavior of methane (34).
The values listed at 100°K is the lowest possible value within
the combined limits of accuracy of the independent results of
Hestermans and White (34), Frank and Clusius (31 ) and Colwell,
Gill and Morrison (18).

3. (H° - H). Values of (H° - H) obtained from the latest
API tabulation for methane (1458) are included as column four in
Table AIV.1. ©No value was listed for 100°K and therefore, a
value was estimated by differencing the tabular values,

L, (“550— EE). A value of 397.1 cal/gmol was determined
directly from values listed in the API 44 tables published in

1952 (158 ). This value was found to be inconsistent with the

values of CS listed in the same publication but, nonetheless,
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Cg values were used for purposes of interpolation, The values
thus determined are listed in the next-to-last column in Table
ATV.1,

The sum of all differences is listed in the last column
of Table AIV.1. The values differ by as much as 8.7 cal/gmol
or about 0.4%.

A1l values were made to equal 2434 cal/gmol by applying
the corrections included in the parentheses in Table AIV.1.

Maximum percentage adjustments are indicated in Table AIV.Z2.

TABLE ATIV.2
MAXIMUM PERCENTAGE ADJUSTMENTS IN PUBLISHED CALORIMETRIC DATA

FOR METHANE AT LOW TEMPERATURE

Type of Data Adjustment
1. 5Cps‘l.dT 0.9%
2. DH 0.1%
3. H° - H 35. %
4. H° oy - Hy 0.2%

The large percentage correction of H°-H is justified on
the basis that this value was calculated using the BWR equation
of state at low temperatures where large errors of extrapolation
have been noted in other systems (62,?2,76). Note also that
little or no corrections are required for (H°-H) at temperatures

of 130°K and above.
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Tabular values of H® from API 44 were used together with
the result of the above interpretation to determine the enthalpy

of methane as an ideal gas at 200°F. The results are summarized

as follows:

Btu/1b
H as saturated liquid
at -280°F 0
Latent heat of vaporization
at -280°F 227.72
Effect of Pressure on Enthalpy
(5= 0 psia at -280°F) 1.01
Increase in temperature as an
ideal gas
-280°F to -190°F Lh, b7
-190°F to +200°F 203.33
L76.53

In contrast Mather used a value of 477,79 Btu/1b.

The values of Ei resulting from these considerations

are summarized in Table AIV.3,

TABLE AIV.3
Enthalpies of Pure Components as Ideal Gases at 200°F Relative

to Saturated Liquid at -280°F

Mole Hi Molecular
Fraction Btu}lb Weight
Methane 0.9464 476.53 16.042
Ethane 0.0006 (437.5) 30.068
Propane 0.0518 398.68 44.094
Nitrogen 0.0006 195.6 28.016
Oxygen 0.0002 192.6 32.016

Carbon Dioxide 0.0004 (184) 44,011
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Calculation of Em for the Mixture as ldeal Gas at +200°F

At zero pressure gases behave 1deally in that there is
little or no heat of mixing. Therefore, the enthalpy of the
mixture in the ideal gas state at 200°F can be calculated by
applying the equation

= 1§ X. H, (AIV.1)

Note that Xy is listed as mole fraction whereas Ei is

given on a mass basis in Table AIV.2. The value calculated

by applying Equation (AIV.1l) together with the values listed
in Table AIV.2 is 465.67.

Incorporation of Isobaric and Isothermal Enthalpy Differences

at Elevated Pressures.

The base temperature of 200°F was selected because iso-
thermal data were obtained at this temperature., Making use
of isothermal enthalpy differences evaluated as descrihed
in Appendixes II and III, values of enthalpy of the mixture as
an actual gas were determined at intervals of 50 psia which
includes every pressure at which isobaric determinations had
been made. At these pressures the isobaric enthalpy differ-
ences were utilized to establish values of enthalpy over the
entire temperature range at elevated pressures. Because of
the adjustments which had been made to the isothermal and
isobaric enthalpy differences as described in Appendix IIT,
all enthalpy values were consistent at the intersection of

isothermal and isenthalpic determinations, However, in spite
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of the fact that considerable care had been used in interpreting
the data at elevated pressures, slight additional corrections
were required to obtain complete agreement with published data

at -280°F,

Corrections to Obtain Complete Agreement at -280°F

The procedure described above yielded values of enthalpy
for the mixture at -280°F at pressures of 2000, 1500, 1000 and
500 psia. Cutler and Morrison (20) report data on the heat of
mixing of methane and propane at 100°K (-280°F)and these data
indicate that the liquid mixture at low pressures has an
enthalpy of 0.268 Btu/lb.

It is possible to draw a curve connecting the individual
values at 200, 1500, 1000, 5OOAand about zero psia, but such a curve
does not appear to have the correct cufvature at low pressures,
The points at 2000, 1500, and 1000 are fit very well with a
straight line but the extension of this line misses the point
at 500 psia by about 1 Btu/lb and the point at saturation
pressure by 2.5 Btu/lb. An arbitrary decision was made to
consider the isotherm at -280°F to be a straight line. A
final adjustment of O.SM Btu/1b was made on the values at 2000
psia and 1000 psia with somewhat smaller corrections at 1500
psia. These corrections applied over the entire temperature
interval for which the enthalpy changed by about 4%0 Btu/lb so
that the final correction was 0.13%. Uniform adjustments of
this amount was applied to values'of Cp 50 that the final

tabulated values of Cp and E are consistent.



Interpolation to Intermediate Values of Temperature and Pressure

A large scale (20" x ') graph was prepared and all
adjusted values of enthalpy plotted., Isotherms were then
drawn through points of common temperature. The data at 1700
psia was readily incorporated because it Joined with isothermal
data at -27°F, Slight extrapolation of the data at 1100 and
1200 psia was required in order to incorporate these data,

Experimental data obtained with partial vaporization
of the mixture was used to determine the location of the iso-
therms within the two-phase region. The data obtained at 800
psia was readily incorporated because it intersected the
isotherm at, -27°F", The isobar at 650 psia likewise intersected
this isotherm but very few points were obtained within the
two-phase region at this pressure, The data at 800 and 650
psia were used to guide the extrapolation of the curves at
o0 and 250 psia to -27°F. The extrapolations are illustrated
on Figure AIT.7.

Tabulated values of enthalpy are presented on Tables IIa
and TId and IITa, ITIh. The PTH diagrams were photo redﬁced

and are presented as Figures 4a and Ub,



Appendix V
Fquations Used in Calculating Values of Entropy and Fugacity.

The availability of an extensive table of adjusted values
of enthalpy made it possible to galculate isobaric entropy dif-
ferences quite precisely. These values also permitted utiliza-
tion of published volumetric data to maximum advantage in cal-
culating isothermal entropy differences. As a matter of con-
venience, the basis for all entropy values was taken to be a
pure, perfectly oriented crystals at absolute zero, The equa-
tions used in making the calculations aré summarized in this

Appendix.

The Basic Property Relation

Entropy is related to other thermodynamic properties by
the fundamental Gibb's relation., In the absence of significant
changes in surface area, and other miscellaneous effects, this
relation is written as

AU = TdS - PdV (V.1)

Incorporating the definition of enthalpy

H=U + Py (V.2)
yields an equavalent expression
dil = TdS + VdP (V.2)

Similarly incorporation of the definition of Gibb's

free energy,_g,

G FE- TS (v.1)



yilelds
dG = -3dT + VdP (V.S)
These relations serve as the basis for all calculations

of entropy differences made for this report using calorimetric

and volumetric data for the mixture.

Isobaric Changes in Entropy

If pressure is held constant Equation (V.3) reduces to
dH = TdS V.6
g S, (V.6)

Thus isobaric entropy differences are evaluated as
T, T,

& “ aH
q - 8 = g ——-——-—-p
(ET;}} :J_Tl ) P f dﬁp f T (V.7)

B h

The most common form of this relation is

2 dH,,
i, / o

1 1

In addition to data on Cp values of (H - H have been

=T5 —T1>P
determined as described in Appendix II. As noted there, con-
siderable care was taken in the region of the peaks. Rather
than repeat such integrations and run the risk of introducing
computational errors. Equation (V.7) was modified so as to permit

maximum utilization of the adjusted enthalpy values. Integrating

the last terms of Fquation (V.7) by parts yields

. “ ETQ_ ETi =T ;T,
(éTm‘ _D_T )P = -———-—-Tu-—-‘-..-— +' .__.__2 - dT (V.9)
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This 1s the relation that was used to calculate isobaric
entropy difference so as to obtain values that are as consistent

as possible with the tabulated enthalpy values.

Isothermal Changes in Entropy

n evaluating isothermal entropy differences it is common

practice to utilize Equation (V.5) to obtain the Maxwell's.

@%)T . (g_‘—Tf)P | (V.10)

and then make use of published volumetric data to evaluate

identity

isothermal differences in entropy

P, a
q - v
A5y = [(BT)P dp | (V.11)
124 |

This procedure requires differentiation of volumetric
data and a resulting loss of accuracy. An alternative proce-
dure was developed to permit maximum utilization of the calori-
metric data which were obtained with this mixture.

Under isothermal conditions Equation (V.3) can be
rewritten as

A8, = == - = (v.12)

Integration serves to yield values of isothermal entropy
differences in terms of isothermal enthalpy differences and

integrals of the volumetric function.



2
f VP, (V.13)

Values of the enthalpy differences were obtained from the
tables of adjusted values., Volumetric data from the literature
were used to evaluate the integral term.

For liquids, V is relatively independent of pressure and
therefore, the integration wag carried out graphically using
values of V directly. 1In the gaseous region V changes greatly
with P and graphical integration is awkward. Therefore, a
simple transformation was made. The compressibility factor 7

is defined by

oy
Z = wE (V.1h)

Therefore (EP _ EP ) P
(5, - 8 :—-—2————-—1'-—Rv(2dlnPT
1 (V.15)
Thus isothermal entropy differences were evaluated by
application of Equation (V.12) with integration of the volu-

metric contribution being determined by either Equation (V.13)

or (V.15) as appropriate,

Absolute Entropy Values

In order to tabulate values of entropy it is necessary to
establish a value at some condition of temperature and pressures,
It is especially conveinent in working with mixtures to have all
mixtures referred to common bases for the pure compbnents,

Further convenience 1s provided if the bases are selected to
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yield values of absolute entropy in accordance with the third

law of thermodynamics. This procedure was followed in calcu-

lating absolute values of entropy for the mixture,

Values of absolute entropy for pure components as ideal

gas at atmospheric pressure and 25°C have been tabulated

recently by Stull, Westrum and Sinke (64),

these tables are listed in Table

AV.1.

TABLI AV.1

Values taken from

Absolute Entropies of Pure Components

as Ideal Gases at 25°C

fraction

Component X, mol
Me thane 0.9464
Lthane 0.0006
Propane 0.0518
Nitrogen 0.00006
Oxygen 0.000
o, 0.0004

1.0000

S° (cal/gmol °K)

003

.07

The absolute entropy of the mixture under study as a mix-

ture of ideal gaseg at 25°C is calculated by applying the equa-
i . . [

Lion
Oy g~ %58

+ Xxvi].nx,1

(V.16)

whierein the second term takes into account the entropy of

mixing of ideal gases.
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Applying Bquation (V.16) together with the values 1lis ted
in Table AV.1l yields §fi-298 = 45.347 cal/gmole®X. Using the
molecular weight of the mixture, 17.525, yields Sy ngg = 2.5876
Btu/1b°F,

NeXt corrections must be applied to account for the fact
that the mixture is not composed of ideal gases even at a pres-
sure as low as one atmosphere and a temperature as high as 25°C.

Equation (V.12) applied for a real gas mixture. An equi-
valent expression can be written for an ideal gas mixture,

B-H &
(2= S))yed "~ = 7 _/ Vdp (V.17)
P
For a mixture of ideal gases, enthalpy is independent

of pressure at constant temperature and therefore, Equation

V.17) reduces to P
)]

(S5~ 81) i ~ R fdlnP (V.18)

Written in the same form by combining Equations (V.12)

and (V.14) the expression for the actual gas mixture is given by
P

no

(S 5 ﬂ__(ﬂ B EQ)RGM _

S = 51 )pen T

R Z,d10P  (V.19)

Subtracting the two equations yields
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S S -(8 - g __ () - o) pem
(Sopam ~ Sotam) ™ (Birgm = S11em) = T
D,
“(z -1)
- R f —— dap (V.20)
Py

At zero pressure the entropy of the actual gas mixture
is equal to that of an ideal gas mixture. Therefore, setting

Pl = 0 eliminates the second term on the left of Equation (V.20)

and yields a value for the enthalpy departure, (H°- H,

right hand side. Further P2 is set equal to 1 atmosphere

) on the

1
. Cqe W aemdran f (Z=t)
ShamM,1 atm ~ 2 oM T B

0

(v.21)
In evaluating the difference the enthalpy departure

(% atm - 27 298-s0m |

the enthalpy behavior. The volumetric contribution at this

is determined from the detailed analysis of

low pressure is readily evaluated by application of the virial

equation of state

PV _ B, C
" S 1 + 7 + ;5 + - (V.22)

Expressed in a different form
7 =1 + B'P + C'PT + —--- (V.23)

The coefficients of these two series are related
mathematically
B' = B/RT
¢! = (C-B)/(RT)? (V.20)
At low pressure Equation (V.23) reduces to

7 = 1 + B'P (V.25)
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This relation can be utilized to evaluate volumetric term

in Equation (V.21) at low pressures

(H°- H y

0 = atm) RGM
SpaM, 1 atm™ 2 10M T T - R / BpdP
| 8

(V.26)

In estimating the second virial coefficient for the
mixture it is considered that it is a binary mixture of methane
and propane,

2

BmiX = xl B11 + 2x1x2B12 + X

7B, (V.27)
Equations (V.16) and (V.26) are used in combination with

the value of §£ to determine the absolute entropy of the mixture

at 25°C and 1 atm. Values of absolute entropy at other tempera-

tures and pressures are then determined by applying Equation (V.9)

to calculate isobaric entropy differences and Equations (V.13)

to evaluate isothermal entropy differences

The Fugacity Function

Fugacity is defined by the equations

dg.T o

g -1 as P-=20

RTd1nf (V.28)

At constant temperature Equation V.5 reduces to

dG

Gy = VdPg (V.29)

Therefore

RTdInf,, = VdPy (V.30)
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Incorporating the definition of Z [Equation (V.14)] and

subtracting dlnP, from both sides of Equation (V.30) yields

T
dln (-lfs)T = (2-1)dlnp, (V.%1)

Incorporating the 1imit expressed by Equation (V.30)
permits one to evaluate values of fugacity coefficient
o = (f/p) at any pressure and thereby determine f.

The integral term is difficult to evaluate graphically at
low values of pressure. The substitution of Equation (V.25) is
appropriate in such cases. Therefore, the integral expression
is evaluated in two parts, one from P - O to 1 atm and the

second applies at higher pressures.
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Appendix VI
Primary Interpretation of Data from the Literature to Estimate

the Volumetric Behavior of the 5% Mixture.

As indicated in Appendix V, accurate volumetric data are
required in order to determine the isothermal effect of pressure
on enthalpy. The procedures used to estimate the volumetric
behavior of the mixture will be described in this Appendix,

The sources of volumetric data for methane, propane and
thelr mixtures are reviewed in Appendix I. The four isothermal
runs at -147.4, -27.0, 91.6 and 200°F were divided into two
séts of two each in keeping with the availability of data at
high temperatures from several sources (27,55,56,65,60) and

at low temperatures from only one source (36,37).

Isotherms at 91,6 and 200°F

Reamer, Sage and Lacey (55,56) report values of 7 for
nine methane-propane mixtures over a fairly wide range of
temperatures and pressures, none of which coincides with the
compositions of the binary under study. The methane data tabu-
lated by API Project Lk (1,58) and the propane data of Reamer,
Sage and Lacey (55) were used to permit interpolation to the
composition of the mixture.

The choice of the propane values is not critical in
attempting to establish the volumetric behavior of a mixture
containing 95 mole percent methane, Conversely, the values

used for methane will exert a significant influence. Therefore,



the values obtained from the API tables (1,583) were checked against
values calculated using the Vennix-Kobayashi equation of state

for methane (44), The results of these computations were

furnished by Kobayashi (4L) and were found to be in excellent
agreement with the values used in the calculations (+0.1%).

Tabulated values of 7 from the three sources mentioned
above were interpolated using a large digital computer. First
interpolations were made of methane, propane and the nine
mixtures to yield values at the two desired temperatures 91.6
and 200°F. Next interpolations were made with respect to com-
position to 5.18 mole percent propane in methane. The values
thus obtained were considered to be preliminary values suitable
for calculation of a first approximation of entropy differences
as will be discussed in Appendix VIT.

Use of digital computers to interpolate tabular values is
subject to considerable error. Therefore, two independent methods
were used; the method of Lane (MS) and that of Klaus and Van Ness
(43). Both do not necessarily go through the data points but
do insure continuity of both first and second derivatives over
the entire range of the table. Considerable modification of the
Lane method was required as will be described in a subsequent
publication, The method o' Klaus and Van Ness was used to check
the validity of the values calculated by the Lane method. Good
agreement. was obtained which was taken to mean that both inter-

polation methods probably yield reliable values,
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The interpolated values of Z were plotted vs 1nP to facili-
tate evaluation of the integral expressions in Equations (V.14)

and (V.28). A typical curve is shown on Figure AVI.1.

Isotherms at -147.4 and -27.0°F

The only data for mixtures at these low temperatures are
the relatively crude values (+1%) reported by Huang (36) and
Huang and Kurata (37). These contributors also report values
for propane and methane., These data for the pure components
was used for purposes of interpolation with respect to composi-
tion because 1t was felt that use of more accurate values for
methane (27) was not justified.

The data are reported at temperature intervals of 20°C
from -150°C to 0°C and at intervals of 1000 psia up to 5000
psia with some intermediate values at 500 psia and at the
bubble point of some mixtures. Data are tabulated for four
mixtures,

The comparitive paucity of tabulated values in the range
of primary interest (-147.4 and -27.0°F up to 2000 psia)
required that graphical procedures be used for interpolation.
Therefore, density was plotted vs temperature at constant .
pressure and composition as illustrated in Figure AVI.2. Values
read from such plots at -147.4 and -27.0°F were plotted as
isobars with composition as ordinate. A typical plot is pre-

sented as Figure AVI.3,
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Figure AVI.3 Typical Plot of Specific, V =1/p of Liquid Methane-
Propane Mix ture of Interpolation to Composition of Mixture.
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As illustrated on this plot, density is a strong function
of composition at high concentrations of methane. Thus the
interpolation to 5.18% C3 is subject to considerable variation
depending on the method of placing the draftman's spline,.

It was Virtually impossible to éstimate the volumetric
behavior of the mixture at‘—°7°F between 1000 and 1500 psia.
Whereas the 5% mixture is in the single phase over the entire
pressure range at this temperature, the mixtures containing
25 percent propane exists as two phases at 1000 psia.

The preliminary estimates of Z and V obtained by the
interpolation procedures described in this Appendix are used
to obtain first estimates of the isothermal effect of pressure
on entropy as described in detail in Appendix VII. These
values are checked for thermodynamic consistency as described
in Appendix VIII. Adjustments are made on the estimates of
Z and V in Appendix VIII to obtain values which are thermo-
dynamically consistent with tabular values of H and S. These
corrected values are then used to calculate the fugacity of

the mixtures at the two higher temperatures,
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Appendix VII
Calculation of Entropy Differences

After the adjusted enthalpy values were obtained as
described in Appendix III and preliminary interpretation of
the published volumetric data was completed as described in
Appendix VI, it was only necessary to utilize these results
in connection with the equatiors of Appendix V to evaluate

isobaric and isothermal differences in entropy.

Isobaric Differences in Entropy
As developed in Appendix V

(.Ii ——H-T )P

The first term on the right side of the equation is
readily evaluated at intervals of 10°F and at temperatures of
isothermal determinations by direct substitution of correct
values of H from tables. In addition to this matter of con-
venience, it was felt that this relation would yield values
of entropy that are very consistent with the adjusted enthalpy
values because normally the integral term does not contribute
more than 10 percent to the value of the isobaric entropy
difference.

The integral term was evaluated graphically by plotting

H..-H )/Tg] vs T as illustrated by Figure AVII.l. This parti-

[(~T =T
cular curve is for the region of the sharp peak illustrated in
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Figures AIT-1 and AII-2. Note that the residual represented
by the integral is a smooth function even when Cp exhibits a
sharp maximum,

Note also that Equation (V.9) applies within the two-
phase region of a mixture as well as in the single-phase. There-
fore, the relation was applied to obtain values of S within the
two-phase region. Figure AVII.2 is a plot of the residual in-
tegral across the two-phase region. Again a smooth relation
is obtained.

The values thus determined were tabulated at even
intervals of 10°F, 1In addition, differences between experi-
mental isotherms were calculated, Two typical values are
included in Figure AVII.3. They are the values presented
horizontally above the isobars between the two experimental
isotherms, Both values are given algebraic signs consistent
with an increase in temperature. Other values are summarized

on Figure 3,

Isothermal Entropy Differences

Equation (V.13) was applied directly to evaluate iso-

thermal entropy differences at -147.4°F and at -27.0°F

5o
/ VdP,, (V.13)
P

1

= L

- H, ) -
—Pl T

Values of the isothermal enthalpy difference were deter-
mined directly from values listed in the table of adjusted

enthalpies (Appendix III).
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Typical values of (EPE— Epl)/T are listed in Figure AVI.3.
They are presented vertically to the left of the experimental
isotherm., Both values are given an algebraic sign consistent
with an increase in pressures., Additional values are summarized
in like manner on Figure 3,

The integral term in Equation (V.12) was evaluated graph-
icallv. Plots of V vs P were made using values of V interpolated
as described in Appendix VI. A typical plot is illustrated by
Figure AVIT.L,

One value of (1/T)fVdP, is presented in Figure AVII.3,

It is presented vertically to the right of the experimental
isotherms at -27°C. The value is given an algebraic sign con-
sistent with an increase in pressure, However, note that a
minus sign appears before the integral in Equation (V.13).
Additional values are presented vertically to the right of the
isotherms at -147.4 and -27.0°F, in Figure 3,

A slightly modified form of Equation (V.13) resulting
from substitution of Equation (V.14) was used to determine
isothermal entropy differences at 91.6 and 200°F

P,

2
(Sp.- Sp )q = (Hp - Hp )/T - R J/r Z410P, (VII.1)
2 1 2 ] P,

As illustrated previously, the first term on the right
hand side of the equation is evaluated using adjusted values
of enthalpy. The integral term is evaluated by plotting the

interpolated values of 7 (Appendix VI) vs 1nP, A typical
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plot is presented as Figure AVI.1. A value 1s presented on
Figure AVI.? vertically to the right of the 91.6°F isotherm,
The sign is associated with an increase in pressure. Note
that the integral term is preceeded by a negative sign in

Equation (VII.1). Additional values are summarized in like

manner on Figure 3.
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Appendix VIII

Thermodynamic Consistency Checks for Entropy and Adjustment
ol Values of Entropy, Compressibility Factor 7, and Specific

Volume, V, Calculation of Fugacity.

ntropy is a thermodynamic property as is enthalpy. There-
fore. checks of the Lhermodynamic consistemcy of the calculated
values can be made as was done with enthalpy in Appendix IIT.
The errors in the consistency checks can hopefully be eliminated
by adjusting the volumetric values within the limits of the
errors introduced experimentally and resulting from the use of

interpolation procedures,

Thermodynamic Consistency Checks

The principle of the thermodynamic consistency check
has been illustrated in Appendix II1., The application to
entropy is shown with reference to Figure AViI.B. As indicated
by the first equation included in the box within the closed
loop, the sum of the individual contributions to isobaric and
isothermal entropy differences taken in a clockwise manner with
varticular attention to sign is not zero but -0.000233% Btu/l1b°F
or,cquivalently, -0.045%. Similar summaries are included in
the boxes with each closed loop of Figure 3.

Note that the maximum inconsistency introduced by inte-
gration of the residual isobaric term and the volumetric function
in the isothermal legs is 0.147%. The average deviation for

the 7 loops tested is 0.0063%.
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Corrections to Obtain Thermodynamic Consistency

It seemed highly desirable to make all corrections required
to obtain thermodynamic consistency by adjusting the integral
volumetric terms as long as this objective could be accomplished
within the anticipated 1limits of accuracy of the interpolated .
values for 7 and V.

The corrections were made by a trial and error procedure.
Typical values of corrections are listed vertically within par-
entheses under the appropriate value in Figure AVII.3. Note
that a relatively large correction (-2.45%) is fequired at
-27°F compared with a correction of 0.42% at 91.6°F.

It seemed that such corrections were probably within the
limits of accuracy of the interpolated values:

1) Huang (36,37 ) indicated a probable accuracy of +1%.
Interpolation could easily increase this error by a factor of
two. Therefore, the correction of -2,46% seems reasonable,

2) It is difficult to assign a value for accuracy of the
volumetric data at +91.6 and 200°F because of errors introduced
by interpolation procedures., Corrections on the order of 0,4%
appear to be justifiable,

A1l percentage corrections are summarized on Figure 3. The
other corrections applied to Huang's data are all less than the
value of -9.M6g%presented in Figure AVII.?. The largest corre: -

tion at the elevated temperatures occurs at 200°F between 1000
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and 1500°F and amounts to -0.65%. This may exceed the limits of
accuracy of the interpolated volumetric data. Note that of a change
of 0.008% in one of the isobaric enthalpy differences included in
this loop would reduce the réquired correction on the volumetric
term to 0.4%.

No adjustment of the enthalpy values were made., Instead
the corrections listed on Figure 3 were accepted as proper
and proportional adjustments in V and f were made, These values

are listed for each isotherm on Tables ITa, b, ¢ and d,

Calculation of Fugacity

As indicated in Appendix V the fugacity coefficient,

/P, is conveniently evaluated by application of the
equation L atm P
1n(f/PT) = BmdP + )[ (Zm—l)dlnP (V.30)
1 atm

The second integral is readily evaluated from the plots
of Zm vs 1nP. Equation (V.27) is applied together with values
of the second virial coefficient for methane ( 35) , pro-
pane (8, 28 ) and the interaction coefficient (8,22,38 ) to
evaluate Bm’ Values of -50.29 and 29,02 Omj/gmole are obtained
at 91,6 and 200°F respectively. The calculated values of
fugacity., £, are listed at 91.06 and 200°F in Table IIb and IIa.
Noo values are listed at -147.4 and -27°F because of the lack of

values reported by Huang (36,37 ) at low pressures,
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Appendix IX
Preparation of Mollier Diagram and Skeleton Table of Thermodynamic

Properties for the Mixture,

The adjustment of volumetric data for the mixture as
described in Appendix VIII yielded values of specific Volume,
V, fugacity, f, and isobaric and isothermal entropy differences
that are thermodynamically consistent with the adjusted enthalpy
values described in Appendix IV. These resulté were used to
calculate valueé of absolute entropies for the mixture corres-
ponding to experimental'isobars and isotherms. A Mollier diagram
wés then prepared to permit interpolation of values to inter-
mediate pressures and temperatures. The purpose of this Appendix
is to describe the procedures employed in making these calcula-

tions.

Absolute Entropy of the Mixture at One Atmosphere and 91,.6°F

The determination of the absolute entropy of the mixture
at 25°C as a mixture of ideal gases was described in detail in
Appendix V. The value obtained is 2.5876 Btu/1b°F,

The correction from an ideal gas mixture to an actual one
is hest made at a temperature.of one of the isotherms where
detailed attention is given to the estimate of enthalpy departures
at low pressures. Therefore entropy of the real gas mixture was
obtained at 91.6°F (closer to 25°C) and a pressure of one atmos-
phere, This involves two steps namely isobaric and isothermal
correction to the entropy of ideal gas mixture at 25°C. 1Iso-

thermal correction is made by using kquation V.26,
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5 1

(H° - H o)z

S o _ = "~ -1 atm/RGM _

Spo,1 atm™ S1oM T R ,/ Bmd P
0

(V.26)

Values of enthalpy departure (H°- H for the real

-1 atm>
gas mixture was read off from the larger P-T-H plot, (Figure
4a and 5b) and found to be 0.5 Btu/lb.‘ This amounts to a con-
‘tribution of -0.000926 Btu/1b°F to the entropy difference,
Second virial coefficient for the mixture was calculated using
Equation V.27 and found to be 62,63 cmB/gmole. Volumetric
contribution in the Equation V.26 amounted to -0,0002901 Btu/1b°V,
These two corrections to the ideal mixture entropy, 2.5876
Btu/1b°F yield a value of 2,586964 Btu/1b°F for the entropy of
real gas mixture at 25°C and one atmosphere, Isobaric correc-
tion was made using Equation V.9 between temperatures of 77°F

and 91.,6°F

Hp,” Hp e fp - Hy
& | . Lar (V.9)

(Ern - §T )p - ""—TT—“

:)
2 1 T2 T

&)

Tsobaric enthalpy difference between temperatures of 77°F
and 91.6°F was read off from the P-T-H plot and found to be
7.57% Btu/lb, Isobaric entropy differences according to Equa-
Lion V;9 was found to be 0,013991 Btu/1b°F, After making both
isothermal and isobariec correction value for real gas mixture
entropy at 91.6°F and one atmosphere was obtained as 2.60688
Btu/1b°F.

Tables and Diagram of Thermodynamic Properties for the Mixture

Adjusted values of isothermal entropy differences at

intervals 50 psia at 91.6°F as determined from calorimetric and
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and volumetric data as described in Appendix VIII were used to
calculate entropy values at similar pressure intervals between
14,7 and 2000 psia. These values are listed in Table IIb.

Adjusted values of isobaric entropy differences at 250,
500, 1000, 1500 and 2000 psia were utilized to determine
entropy values at these pressures between -280 and +3%00°F,

These values are listed in Table IIIa and IIIb. The values
of absolute entropy at the intersection of each experimental
isobar and isotherm were thus determined and were thermo-
dynamically conhsistent as guaranteed by the precautions taken
in‘Appendix VIII. The values along each isotherm are listed
in'Tables'IIa, ITb, ITc and IId. The adjusted isobaric
enthalpy values at 1700, 1200 and 1100 psia in the single-
phase region and at 800, 650 and 400 psia through the two-
phase region were tied into the isothermal values at -27°F to
provide intermediate values. These values are likewise listed
in Tables IIIa and IIIb.

It can be considered that the values listed in Tables
at conditions of experimental measurements are smoothed experi-
mental values, As such it is recommended that these values
be utilized primarily in testing methods of prediction
entropies of mixtures.

Two large scale (20 in., by 35 in.) plots of the skeleton
entropy~-enthalpy values were made, Curves were drawn through the
points on the experimental isobars and isotherms in what appeared
to be a self-consistent manner., Curves were drawn both in the
single- and two-phase regions. Reduced copies of these plots are

presented as Figures 5a and 5b,
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Appendix X

Simpson's Rule

Many problems in engineering involve graphical integra-
tion. There are many procedures which are employed to facilitate
such computations. Normally the interval of integration is
divided into many parts and areas for each interval under the
curve is found. Let us visualize one such a curve given in
Figure AX.1.

Area Under Given Curve

One can divide the area to be found out into many trape-

- X, 18 divided into n

zoids, If the interval of integration XB 1
equal increments and the (n+l) corresponding ordinates are Vg
Yi» === ¥, then the area is given by
X5 .
f yax = (’zﬁ”ﬁ) f_g_ RS A/~ Bt o B X%
X
! (1)
This method is known as the "trapezoidal rule". A

better method for engineers is Simpson's rule. According to
this rule,. assumption is made that the curve can be represented
by a cubic. Sometimes it is said that Simpson's rule amounts to
replacing the actual curve by a second degree parabola over the
interval under consideration. FEven though it is true, 1t can be
shown as below that the integral is precisely accurate if the
curve can be represented by a cubic over the interval of inte-
gration, The proof that follows is taken directly from class

notes distributed by Professor R.L. Curl ( 19.



\ (X1,Y1)

(x2,¥2)
T (x3,y3)
y
—— h >
Xy X2 X3
X —>»

Figure AX.1 Area Under a Curve Using Trepezoidal Rule

\
\

A(xy,y4)

Xy Txytxg)  xp
X —»

Figure AX.2 Area Under a Curve Using Simpson's Rule
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Numerical Integration To Obtain Area Under A Curve

Consider a function y(x) which 1s represented by a series
of value pairs (yi,xi). We wish to find the area under this
function between Xq and X5 vathe values (yi,xi) are plotted,
we may implement the numerical integration technique known as
Simpson's Rule by a simple graphical method. Figure AX.2
illustrates the following steps.

Plot Yy VS Xy and draw a smooth curve through the
points,

2. Locate (x,y;) and (x,,95) on the curve and draw a
straight line AB between these points.

3. At x = % (% + x,)-the midpoint of the interval-
sketch a vertical line from AB to the curve,

4, TLocate a point at x = %-(xl + X,

(

the way from line AB to the curve., This

) which lies 2/3 of
y) is the mean value
in the interval (x;,X,). Then:

X

2
J/( ydx = (x2 - xl) y

X

Note 1. For accuracy, the distance from AB to the curve, on the

graph paper, should usually be less than 10% of the distance

between Xq and X, on the graph paper. Use several intervals to
accomplish this,
Note 2. Method is the same for curves concave upward - rule 1s

still 2/% of the way from the straight line,
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Proof and Comments on Simpson's Rule

Represent y(n) by a polynomial expansion about Xq .

n
y(x) 2 A (x-x) (X.1)
n=0
Then x2
a
n+l
A = J( ydx = <j£: E%T (x5, Xl) (X.2)
Xl n=0

5 X+, y(xl)+ y(xé)
hE o) 2 2 (B DAl
. (X.3)
1 X X
(NOTE: This is Simpson's rule)
But from (X.1)
Y(Xl) = ag
VAR = Z a X. - X n
( 2) n:O n ( ? l)
X, + X X - x n
2 o 1
J ( : 2 ): ji: an ( 2 )
n=0
Hence
a
A = -]é. aO(XQ—Xl) + Z(_; aO(Xg_xl)n+l+ i % —2—% (Xg__xl)n‘Fl
n=
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= % (630 + ;Z: (gﬁ + 1) an(x2~xl)n+l}

n=1

1 1

Now compare coefficients

TABLE AX.1
COMPARISON OF COEFFICIENTS OF THE SERIES GIVING AREA UNDER A

CURVE USING SIMPSON'S APPROXIMATION

Exact Approximation
a
n 1 (4
General Term =T z (EE + 1) as n#0

o

eV}
o]

8]
O

1 1
1 7 8 7 8
2 %az %aE
1 1
g T %3 T %3
1 1
5 L, 1,
[ 6 5
1 1
6 7‘86 -—7-86

etc.
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This approximation is therefore, exact for a third-order
polynomial function. For a pure fourth-order curve (xlﬁ, the

error is (%H -‘%) = %ﬁ’ or about 4%, or about 4% of the fourth-

order term for an arbitrary fourth-order polynomial,

Procedure for Curve Fitting Using Simpson's Rule

This rule of graphical integration can be used in reverse
for curve-fitting. Suppose in Figure A-VII-3, we are given a
data point as we encounter in the calculations and desire to find
a curve the area under which in the interval Xy =X, is same as
that of ABCD. Following procedure may be adopted. Generally,
the nature of the curve is known in terms of whether it is
concave upward or convex upward. We also assume that it can

be represented by a cubic. Let EFG represent the first guess

for the curve, Then one can draw a straight line EIG. At
+ X

X :-flg—ia we must then have, according to Simpson's rule
HI = 2 HF. This criterion can be satisfied by adjusting the
position of E, F and/or G permitting one to satisfy a number of
such requirements simultaneously. By a few trials, considerable
experience and patience, a curve can be drawn that yields excel-
lent agreement with all precise experimental values., Thus the
criterian of equal area can be satisfied accurately with compari -
tive ease.

In the curve fitting work involved in this study, this
procedure of curve fitting was followed wherever applicable.
Otherwise areas were made equal by counting. Accurate graphical

integration is facilitated greatly by application of these pro-

cedures.
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Figure AX.3 Simpson's Rule Used for Curve Fitting.
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