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A thermodynamic property formulation for standard dry air based upon available ex-
perimentalp—p—T, heat capacity, speed of sound, and vapor-liquid equilibrium data is
presented. This formulation is valid for liquid, vapor, and supercritical air at temperatures
from the solidification point on the bubble-point cur{g9.75 K) to 2000 K at pressures
up to 2000 MPa. In the absence of reliable experimental data for air above 873 K and 70
MPa, air properties were predicted from nitrogen data in this region. These values were
included in the determination of the formulation to extend the range of validity. Experi-
mental shock tube measurements on air give an indication of the extrapolation behavior
of the equation of state up to temperatures and pressures of 5000 K and 28 GPa. The
available measurements of thermodynamic properties of air are summarized and ana-
lyzed. Separate ancillary equations for the calculation of dew and bubble-point pressures
and densities of air are presented. In the range from the solidification point to 873 K at
pressures to 70 MPa, the estimated uncertainty of density values calculated with the
equation of state is 0.1%. The estimated uncertainty of calculated speed of sound values
is 0.2% and that for calculated heat capacities is 1%. At temperatures above 873 K and 70
MPa, the estimated uncertainty of calculated density values is 0.5% increasing to 1.0% at
2000 K and 2000 MPa. In addition to the equation of state for standard air, a mixture
model explicit in Helmholtz energy has been developed which is capable of calculating
the thermodynamic properties of mixtures containing nitrogen, argon, and oxygen. This
model is valid for temperatures from the solidification point on the bubble-point curve to
1000 K at pressures up to 100 MPa over all compositions. The Helmholtz energy of the
mixture is the sum of the ideal gas contribution, the real gas contribution, and the con-
tribution from mixing. The contribution from mixing is given by a single generalized
equation which is applied to all mixtures used in this work. The independent variables are
the reduced density and reduced temperature. The model may be used to calculate the
thermodynamic properties of mixtures at various compositions including dew and
bubble-point properties and critical points. It incorporates the most accurate published
equation of state for each pure fluid. The mixture model may be used to calculate the
properties of mixtures generally within the experimental accuracies of the available mea-
sured properties. The estimated uncertainty of calculated properties is 0.1% in density,
0.2% in the speed of sound, and 1% in heat capacities. Calculated dew and bubble-point
pressures are generally accurate to within 1%. 2@0 American Institute of Physics.
[S0047-26880)00103-3

Key words: air, argon, density, equation of state, mixtures, nitrogen, oxygen, pressure, thermodynamic
properties, vapor—liquid equilibrium.
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List of Symbols

Symbol Physical quantity Unit

A Helmholtz energy J

a Molar Helmholtz energy J/mol

B Second virial coefficient dffmol

B Adiabatic bulk modulus MPa

C Third virial coefficient (dm*mol)?

Cp Isobaric heat capacity (@hol-K)

C, Isochoric heat capacity (@hol-K)

f Fugacity MPa

F Mixture coefficient

g Gibbs energy J/mol

h Enthalpy J/mol

k Isentropic expansion coefficient

K+ Isothermal bulk modulus MPa

k+ Isothermal expansion coefficient

M Molar mass g/mol

N Coefficients of equations

n Number of moles mol

p Presssure MPa

R Universal gas constant (8.314 510.000 070) Jmol-K)

S Entropy J(mol-K)

T Temperature K

u Internal energy J/mol

v Molar volume dni/mol

\Y; Total volume dm

w Speed of sound m/s

X Mixture composition array

X Mole fraction (liguid mole fraction for VLE

calculation$

y Vapor mole fraction for VLE calculations

Z Compressibility factor

a Reduced Helmholtz energy

B Volume expansivity 1/K

Bs Adiabatic compressibility 1/MPa

1) Reduced densityg=p/p. or 6= p/p;

y Heat capacity ratio
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334 LEMMON ET AL.

K Isothermal compressibility 1/MPa
% Chemical potential J/mol
M Joule—Thomson coefficient KIMPa
p Density mol/dni
T Reduced temperature=T./T or 7=T;/T

0} Acentric factor

3 Mixture coefficient for reduced density dfmol
14 Mixture coefficient for reduced temperature K

@ Constant in melting line equation

Superscripts i

Property of a component in the mixture

0 Ideal gas property ] Maxcondentherm property
E Excess-like property nbp Normal boiling point property
f Freezing property nbpl Normal boiling point liquid property
idmix  Ideal solution property nbpv  Normal boiling point vapor property
r Residual property ) Initial state point for shock tube calculations
:, Liquid phase property p Maxcondenbar property
Vapor phase property r Reduced property
Subscripts red Reducing property
0 Reference state property S Solidification point property
c Critical point property tp Triple point property
calc Calculated point property tpl Triple point liquid property
exp Experimental value tpv Triple point vapor property
Fixed Points for Air
Symbol Quantity Value®
T Maxcondentherm temperature 132.6312 K
p; Maxcondentherm pressure 3.78502 MPa
Pj Maxcondentherm density 10.44@é\/dn?
Tp Maxcondenbar temperature 132.6035 K
Pp Maxcondenbar pressure 3.7891 MPa
Pp Maxcondenbar density 11.09481/dn?
Te Critical temperature 132.5306 K
Pc Critical pressure 3.7860 MPa
Pec Critical density 11.8308ol/dn?
Ts Solidification point temperature 59.75 K
o Solidification point pressure 0.005265 MPa
Ps Solidification point density 33.06%ol/dn?
Thbp Normal boiling point temperatute 78.903 K
Prbpl Normal boiling point densityliquid)® 30.216mol/dn?
M Molar mass 28.95860.0002g/mol
To Reference temperature 298.15 K
Po Reference pressure 0.101 325 MPa
hg Reference enthalpy at, 8649.34 J/mol
s Reference entropy &ty andpg 194.0 J(mol-K)
#Normal boiling point properties are calculated on the bubble-point curve at 0.101 325 MPa.
PUncertainties are reported at the 2onfidence level; those for the critical parameters are given in Table 9.
Fixed Points for Nitrogen
Symbol Quantity Value
T. Critical temperature 126.192 K
Pe Critical pressure 3.3958 MPa
Pc Critical density 11.1836hol/dn?
Tip Triple point temperature 63.151 K

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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Pip Triple point pressure

Ptpv Triple point density(vapon

Ptpl Triple point density(liquid)

Thbp Normal boiling point temperature
Prbpv Normal boiling point densityvapop
Prbpl Normal boiling point densityliquid)
1) Acentric factor

M Molar mass

To Reference temperature

Po Reference pressure

hJ Reference enthalpy &t

sg Reference entropy at, and p,

335

0.012523 MPa
0.024 O7mol/dn?
30.957mol/dn?

77.355 K
0.1646mol/dn?
28.775mol/dn?

0.037
28.013 48 g/mol
298.15 K
0.101 325 MPa
8670.0 J/mol
191.5 J{mol-K)

aSpanet al. (2000 report the constants given here and their associated uncertainties; temperatures for nitrogen are given on ITS-90.

Fixed Points for Argon

Symbol Quantity
Te Critical temperature
P Critical pressure
Pec Critical density
Tip Triple point temperature
Pip Triple point pressure
Ptpv Triple point density(vapon
Ptpl Triple point density(liquid)
Thop Normal boiling point temperature
Prbpv Normal boiling point densityvapon
Prbpl Normal boiling point densityliquid)
® Acentric factor
M Molar mass
To Reference temperature
Po Reference pressure
hJ Reference enthalpy &t
58 Reference entropy at, and pg

Valuée?
150.687 K
4.863 MPa
13.40%ol/dn?
83.8058 K
0.068891 MPa
0.1015mol/dn?
35.465mol/dn?
87.302 K
0.1445mol/dn?
34.930mol/dn?
—0.002
39.948 g/mol
298.15 K
0.101 325 MPa
6197.0 J/mol
154.737 Jimol-K)

aTegeIeret al. (1999 report the constants given here and their associated uncertainties; temperatures for argon are given on ITS-90.

Fixed Points for Oxygen

Symbol Quantity Value? Value (ITS-90
T. Critical temperature 154.581 K 154.595 K
Pe Critical pressure 5.043 MPa
Pe Critical density 13.63ol/dn?

Tip Triple point temperature 54.361 K 54.359 K
Ptp Triple point pressure 0.000 146 3 MPa

Ptov Triple point density(vapop 0.000 323 Tmol/dn?

Ptpl Triple point density(liquid) 40.816mol/dn?

Thop Normal boiling point temperature 90.188 K 90.196 K
Prbpv Normal boiling point densityvapop 0.1396mol/dn?

Prbpl Normal boiling point densityliquid) 35.663mol/dn?

® Acentric factor 0.022

M Molar mass 31.9988 g/mol

To Reference temperature 298.15 K

Po Reference pressure 0.101 325 MPa

h8 Reference enthalpy &t 8680.0 J/mol

s° Reference entropy at, andpg 205.043 Jmol-K)

aSchmldt and Wagne1985 report the constants given here and their associated uncertainties; temperatures for oxygen are

given on IPTS-68 consistent with the equation of state, and on ITS-90 in the last column.
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1. Introduction of BIPM (International Bureau of Weights and Measures
and the U.S. standard atmosphere are greater than those for
values from Jones. Although the argon value given by Gia-

The measurement of experimental data and the develop®Mo is essentially the same as that given by Jones, the
ment of equations for the thermophysical properties of aic@rbon dioxide value given by Giacomo is for a laboratory

and mixtures of nitrogen, argon, and oxygen has been a COﬁ_etting in_ which humaq respiration generally increases car-
tinuing project at the Center for Applied Thermodynamic bon dioxide concentration and decreases oxygen concentra-

Studies at the University of Idaho and the National Institute!ion- Therefore, the compositions given by Giacomo were

of Standards and Technology for more than 10 years. Th@ot used. Rather, the compositions given by Jones, truncated
experimental measurements on air are summarized b four significant digits as indicated in Table 2, were used.
Haynes et al. (1998. Equations of state for air as a M this work, the concentration of carbon dioxide is assumed

pseudopure fluid were published by Jacobeeal. (19903, negligible. The normalized values based upon this assump-

(1992. In addition, an extended corresponding states moddfOn @reé given in Table 3. An analysis of experimental mea-
for calculating the thermodynamic properties of nitrogen_surements: on air at different compositions than that reported

argon—oxygen mixtures was published by Clar&eal. here showed that the change caused by the difference in

(1994, and a Lagrangian interpolation model for calculating composition was less than the experimental error in the mea-
vapor—liquid equilibrium properties for this system was pub_surements, and hence, no effort was made to transform mea-

lished by Lemmoret al. (1992. A preliminary equation of surements at different air compositions to the composition

state for air valid to temperatures of 2000 K and pressures ti£Ported here. o _
2000 MPa was published by Panasitial. (1999, and a new A property formulation is the set of equations used to

model for mixtures of nitrogen, argon, and oxygen was reLalculate properties of a fluid at specified thermodynamic

ported by Lemmon and Jacobs&r998, (1999. The equa- states defined by an appropriate nur'nber'of independept vari-
tions of state for air of Jacobset al. (19904, (1992 were a_lbles. The term “fundame_n_tal equatlt_)n’_’ is often used in the
reported on the International Practical Temperature Scale gerature to refer to empirical descriptions of one of four
1968(IPTS-69. Version 1.0 of the NIST standard reference fundamental relations: internal energy, enthalpy, Gibbs en-
database for afiLemmon(1998] was based on the equation €9y, and Helmholtz energy. The formulations for fluid prop-
of state of Jacobseet al. (1992. The new equation of state erties are often explicit in Helmholtz energy with indepen-

and mixture model presented here are based on the Internd€nt variables of temperature and density. Pure fluids obey
tional Temperature Scale of 1990r'S-90). the Maxwell criterion(equal pressures and Gibbs energies at

Atmospheric air is a mixture of fluids including nitrogen, constant temperatures during phase changeshat all ther-
oxygen, argon, carbon dioxide, water vapor, and other tracB10dynamic properties including the vapor-liquid equilib-
elements. The standard air considered in this report is drfyum may be calculated from the full expression for the
and contains no carbon dioxide or trace elements. The confi€/mholtz energy without additional ancillary equations. In
position of air used here was reported by Oli@887) based this work, the general term ‘fequz_itlon of state” rather than
on the work of Jone§1978. It is consistent with that of the the term “fundamental equation” is used to refer to the em-
U.S. Standard Atmospher@976. Other compositions are pirical models developed for calculating fluid properties.
given by Giacomo(1982 and Waxman and Davi€l978. Since air is not a pure fluid, general phase equilibrium
The mole fractions of nitrogen, oxygen, argon, and Carborpallculations requirg cqnsideratic_)n of phase compositiqns.
dioxide in air from each of the references listed above ard NS type of model is discussed in Sec. 5 for arbitrary mix-
given in Table 1. tures of nitrogen, argon, and oxygen. For standard air at a

In the analysis of Olieli1987, the values of Waxman and flxeql_composmon, two separate equations are required in
Davis (1978 were excluded because they are based on gddition to the equation of state to represent the dew and
purified, rather than natural, sample. The difference betweeRubble-point pressures as functions of temperature. Densities
the U.S. standard atmosphd@976 and values from Jones along the dew and bubble-point curves are calculated by the
(1978 is that Jones used a more accurate value for the consolution of the equation of state and the dew or bubble-point

position of argon. The differences between Giacat@82 pressure equations given in Sec. 3 at a given temperature.
Ancillary equations for the dew and bubble-point densities

1.1. Background

TaBLE 1. Summary of measured compositions of air

TaBLE 2. Composition of air using nitrogen, argon, oxygen, and carbon

U.S. std. dioxide as constituents
Atmosphere Waxman and Giacomo
(1976 Jones(1978  Davis (1978 (1982 Component Mole fraction

N, 0.780 840 0.781 02 0.781 20 0.78101 N, 0.7810
O, 0.209 476 0.209 46 0.209 20 0.209 39 O, 0.2095
Ar 0.009 340 0.009 16 0.009 30 0.009 17 Ar 0.0092
CO, 0.000 314 0.000 33 0.000 32 0.000 40 CcO, 0.0003

0.999 970 0.999 97 1.000 02 0.999 97 1.0000

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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TasLe 3. Composition of air using nitrogen, argon, and oxygen asTaBLE 4. Summary of prior formulations for the thermodynamic properties

constituents of air
Component Mole fraction Temperature High pressure
Author Year range(K) limit (MPa)
N, 0.7812
0, 0.2096 Hilsenrath(1959 1955 50-3000 10
Ar 0.0092 Michels et al. (1955 1955 102-348 122
1.0000 Din (1962 1962 90-450 122
Baehr and Schwief1961) 1961 60-1250 450
Vasserman and Rabinovi¢h970 1970 75-160 50
. N . Vassermaret al. (1971 1971 75-1300 100
are also given and can be used as estimating functions for
. . . . . . Sychevet al. (1987° 1978 70-1500 100
iterative calculations of derived thermodynamic properties.
Jacobseret al. (19903 1990 60-873 70
) ) ) Jacobseret al. (1992 1992 60-873 70
1.2. Prior Thermodynamic Property Formulations Panasitiet al. (1999 1999 60-2000 2000

for Air

4 iquid states only.

. . . PVapor states only.
Several previous thermodynamic property fc)rmmatlonsﬁEnglish translation of original work published in 1978.

for air are referenced in Table 4. The most recent prior wide-
range formulations are those of Jacobsen and co-wof&ers
cobsenet al. (19903; Jacobseret al. (1992; Panasitiet al. Experimentap—p—T data for air are illustrated in Figs. 1
(1999, the first of which is based upon liquid heat capaci-5ng 2 and summarized in Table 6. The solid lines represent

ties predicted using extended corrc_asponding states methogs, qew and bubble-point curves. Data used in the fit of the
and the second of which used preliminary measurements Qfy ation of state are shown as bolded entries in the table. Al
the isochoric heat capacity from the National Institute ofyajjaple experimental data were considered in preliminary
Standards and TechnologiIST), subsequently published ,na1vsis but in the final regression of the coefficients of the
by ngee(1994). The third formulation was a preliminary equation of state, only the most accurate data and data in
equation extended to temperatures and pressures of 2000 K

) X ; regions where no other data were available were fitted. The
and 2000 MPa using predicted properties above 870 K andi-, T gata sets used in the development of the equation

70 MPa calculated by corresponding states methods frorg¢ siate for air and for the mixture model were those of

experimental nitrogen data. Blanke (1977, Howley et al. (1994, Kozlov (1968, Mich-
_ els et al. (19543, (1954h, and Romberg1971). The iso-
2. Experimental Data choric and isobaric heat capacity data are illustrated in Fig. 3

and summarized in Table 6. The speed of sound data of

The estimated uncertainty of reference equations of statéounglove and Frederick1992, Ewing and Goodwin
for pure fluids or mixtures is generally based upon compari{1993 and of Van lItterbeek and de Rg@l955 are also
sons to experimental data. These data are used to determiileistrated in Fig. 3 and summarized in Table 6. These speed
the coefficients of the equation and to evaluate the behaviasf sound data and the isochoric heat capacity data of Magee
of the equation of state over the fluid surface. Data type$1994 were used in the fit. The critical region data of Chash-
used in this work includ@—p—T, speed of sound, isochoric kin et al. (1966 are not included in this table since their
and isobaric heat capacities, and vapor—liquid equilibriummeasurements were concerned with investigating the effect
The equation of state reported here was developed usingf impurities on the behavior of the isochoric heat capacity
least squares fitting methods described in detail in Sec. 4.3n the critical region, and the sample had a 1.2% impurity
For reference quality equations, extensive comparisons to atlontent{see Sycheet al. (1987]. None of the isobaric heat
data types are required. In the tables included in this sectiortapacity data summarized in Table 6 were used to develop
columns are included which indicate the results of statisticathe equation of state or mixture model because of the age of
analyses of the comparisons of calculated values to experihe data and the availability of other more accurate derived
mental data. The details of this analysis are given in Sec. &ata(isochoric heat capacity and speed of sguimdsimilar

The available saturation data are summarized in Table Begions.
and discussed in Sec. 6.1. Data used in the fit of the ancillary A summary of sources of second virial coefficients, in-
equations are shown as bolded entries in the table. The vatiuding those of Romberd 971 and Michelset al. (19543,
ues reported by Blankél977) were obtained by graphical (1954h, are given in Table 6. The values of Michedsal.
methods from higp—p—T data; several of the near critical were used in the fit of the equation of state. In addition to the
temperature data were used in the fit of ancillary equationsvalues reported by Romberg, values of the second virial co-
Values calculated using the Leung—Griffiths model for air asefficients were redetermined graphically from his reported
reported by Jacobsest al. (1990h are also summarized in p—p-T data. These values are given in Table 7. At the
this table. Several of these values close to the critical poinhigher isotherms, data below 0.5 mol/8imere not used in
were used in the fit. this graphical redetermination of the values of the second
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TaBLE 5. Summary and statistical analysis of saturation data for air

No. Pressure
of Temp. range
Author points range(K) (MPa) AAD? AAD®

Bubble-point pressure
Blanke (1977 9 60-129 0.01-3.2 2.506 2.766
Jacobsenet al. (1990b 18 120-133 2.10-3.8 0.049 0.207
Kuenen and Clark1917 14 123-133 2.54-3.8 0.663 0.839
Michels et al. (19549 3 118-132 1.96-3.7 0.069 0.212
Overall 44 60-133 0.01-3.8 0.748 1.040
Dew-point pressure
Blanke (1977 11 67-132 0.01-3.7 0.395 1.407
Jacobsenet al. (1990b 12 122-133 2.18-3.8 0.048 0.293
Kuenen and Clark1917 18 123-133 2.40-3.8 0.587 0.548
Michels et al. (19549 6 118-133 1.83-3.8 0.413 0.515
Overall 47 67-133 0.01-3.8 0.382 0.680

No. Density

of Temp. range

points range(K) (mol/dn?) AAD? AAD®

Bubble-point density
Blanke (1977 9 60-129 17.71-33.0 0.144 0.152
Jacobsenet al. (1990b 18 120-133 10.45-21.6 0.786 0.745
Kuenen and Clark1917 11 127-133 10.70-18.1 6.042 6.039
Michels et al. (19549 10 118-132 13.67-20.5 3.003 3.034
Overall 48 60-133 10.45-33.0 2.332 2.324
Dew-point density
Blanke (1977 11 67-132 0.02-8.9 0.638 0.639
Jacobsenet al. (1990b 12 122-133 3.40-10.4 1.028 1.036
Kuenen and Clark1917) 8 130-133 6.49-10.7 6.052 6.067
Michels et al. (19549 12 118-133 2.67-9.8 1.236 1.229
Overall 43 67-133 0.02-10.7 1.921 1.924

&Comparisons of the ancillary equations with experimental data.
PComparisons of the mixture model with experimental data.
‘Comparisons of the equation of state for air with experimental data.
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Fic. 1. Low temperatur@—p—T data for air. Solid lines represent the dew
and bubble-point curves for air. Fic. 2. High temperatur@—p—T data for air.
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TABLE 6. Summary and statistical analysis of experimental data for air

No. Pressure Density AAD?
of Temp. range range AAD?  (mixture
Author points  range(K) (MPa) (mol/dn?)  (air EOS  mode)

p—p—T
Amagat(1893 78 273-318 0.10-304.0 0.04-31.0 0.220 0.246
Blanke (1977 110 61-170 0.01-4.9 0.02-33.0 0.350 0.312
Holborn and Schultz¢1915 42 273-473 1.98-10.0 0.61-45 0.019 0.031
Howley et al. (1994 286 67-400 1.06-35.2 1.95-32.2 0.050 0.044
Kozlov (1968 348 288-873 1.21-72.2 0.21-17.2 0.072 0.069
Michels et al. (19549 157 273-348 0.73-228.0 0.30-28.7 0.022 0.030
Michels et al. (1954b 199 118-248 0.56-102.0 0.33-25.2 0.147 0.152
Penning(1923 62 128-293 2.52-6.20 1.20-4.5 0.094 0.100
Rogovaya and Kaganét960 10 273 4.71-8.6 2.12-3.9 0.091 0.102
Romberg (1979 124 84-122 0.02-2.0 0.03-2.7 0.028 0.045
Vassermaret al. (1976 109 77-199 2.62-59.8 22.82-31.4 0.078 0.080
Overall 1525 61-873 0.01-304.0 0.02-33.0 0.097 0.097
CU
Eucken and Hauck1928 16 138-165 6.72-19.6 18.08-19.0 6.571 6.063
Henry (1931 3 288-623 0.10 0.02 0.579 0.580
Magee (1994 227 66—299 1.71-34.6  2.04-33.0 0.373 0.493
Overall 246 66—-623 0.10-34.6  0.02-33.0 0.779 0.856
Cp
Bridgeman(1929 51 273-553 2.03-22.3 0.44-8.6 0.920 0.916
Eucken(1913 6 271-480 0.10 0.03 0.531 0.532
Holborn and Jakol¢1917) 7 333 0.10-29.4 0.04-9.5 0.434 0.405
Jakob(1923 47 194-523 0.10-29.4 0.02-14.6 1.083 1.083
Nesselmanri{1925 19 194-523 4.90-19.6 1.11-14.6 1.845 1.810
Poferlet al. (1959 46 300-2499 0.30-1.0 0.01-0.4 3.656 3.511
Overall 176 194-2499 0.10-29.4 0.01-14.6 1.746 1.702
w
Abbey and Barlow(1948 6 293 <0.1 <0.04 0.388 0.389
Colwell and Gibson(1941) 7 273 <0.1 <0.04 0.100 0.100
Colwell et al. (1938 9 297-299 0.10 0.04 0.063 0.062
Ewing and Goodwin (1993 13 255 0.03-6.9 0.01-3.4 0.018 0.006
Hardy et al. (1942 7 273-297 0.10 0.04 1.858 1.861
King and Partingtor{1930 11 1138-1440 0.10 0.01 1.941 1.946
Quigley (1945 29 92-259 0.10 0.05-0.1 0.313 0.306
Shilling and Partingtor{1928 28 273-1572  0.10 0.01 1.405 1.407
Tucker (1943 6 292-347 0.07-0.1 0.02 2.353 2.351
Van Itterbeek and de Rop (1955 44 229-313 0.10-1.3 0.04-0.7 0.216 0.211
Younglove and Frederick (1992 169 90-300 0.34-13.8 0.25-29.7 0.216 0.105
Overall 329 90-1572 <13.8 <29.7 0.446 0.387
B
Andersen(1950 6 273-473 1.008 0.732
Friedman(1957 5 150-273 0.819 0.558
Hilsenrath(1955 61 50-1501 3.779 2.719
Levelt Sengeret al. (1972 54 100-1400 0.674 0.472
Michels et al. (19549 4 273-348 0.220 0.357
Michels et al. (1954b 10 118-248 0.127 0.159
Romberg(1971) 39 84-473 0.240 1.130
Overall 179 50-1501 1.588 1.357

8AAD—Average absolute percent deviation in density forp—T and average absolute difference in
B (cm®/mol) for the second virial coefficients.
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Fic. 3. Isochoric and isobaric heat capacities and speed of sound data for aific. 4. Derivation of second virial coefficient data from the p—T data of
Solid lines represent the dew and bubble-point curves for air. Romberg(1971).

virial coefficients since in many apparatus, such low density,qed entries in Table 8. Data of Crain and Sonntase

data are subject to local adsorption by the walls of the aPP3palavra(1979, and Kosov and Brovanod979 were used
ratus or to higher uncertainties in the measurement of eXg, the nitrogen—argon mixture, and data of Palal.

tremely low pressures. No value of the second virial coeffi—(l%z were used for the nitrogen—oxygen and argon—
cient was determined for the 84 K isotherm. Thep—T  xygen mixtures. In addition to the limited data for the
data used to generate the second virial coefficients are ShOVYﬁ'trogen—oxygen system, the following data sets for air were
in Fig. 4. The solid lines show isotherms calculated from they s sed in the mixture modeling: Blank&977), Howley
equation of state presented here and the solid curve reprgz g1 (1994, Michels et al. (19543, (1954b ,Romberg
sents the dew-point curve. The intercept(zero density (197D, Magee (1994, Ewing and Goodwin(1993, and
represents the second virial coefficient at a given tempera?ounglove and Frederickl992. The largest impact from
ture, and the third virial coefficients can be taken from theyna aqdition of these data sets was on the nitrogen—oxygen
slope of each line at zero density. The values of the Seco”ﬂarameters, however, the argon—oxygen parameters were
virial coefficient calculated from the equation of state are iny g influenced to some degree by the air data. These data
good agreement with those presented in Table 7 and showghq jittie impact on the nitrogen—argon parameters, as there
as circles in the figure. Valueg of the second virial .Coeﬁ"were sufficient binary data for this system to model the pa-
cients andp—p—T data from Michelset al. are shown in @  ameters well. The VLE data used in the model development
similar fashion in Fig. 5. The circles at zero density represen, | ded the nitrogen—argon data of Higaal. (1999, the
the §econd virial coefficients re'ported by'll\/litl:hels. nitrogen—oxygen data of Duncan and Stavel2966, and
Binary p—p—T and vapor-liquid equilibrium data for i, argon—oxygen data of Burn and Oit962 and of Wil-

mixtures containing nitrogen, argon, and oxygen are SUMMas,, e al. (1965. Comparisons with ternary VLE data indi-
rized in Table 8. The composition ranges listed in these

tables show the composition of the first component listed.
All available experimental data were considered in the pre-

liminary analysis, but the final regression of the coefficients .00 sW
of the mixture model used the data sets indicated by thi :M
0,025 s;«»'/(*fj'/////ﬂ

3
g )
TaBLE 7. Second virial coefficients derived from the experimeptap—T '? W//
data of Romberd1971) 2 -0.050 ]
by ]
Graphical redetermination of the E :7
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(19544, (1954b.
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TaBLE 8. Summary and statistical analysis of data for mixtures of nitrogen, argon, and oxygen

No. Pressure Density Comp.
of range range Temp. range

Author points (MPa) (mol/dnT) range(K) (mol) AAD?
No-Ar — p—p-T
Crain and Sonntag (1966 264 0.19-52.5 0.08-26.6 143-273 0.20-0.80 0.209
Holst and Hamburgef1916 41 0.01-0.2 0.01-0.2 74-90 0.31-0.80 0.193
Kosov and Brovanov (1979 201 5.93-58.8 2.46-18.8 293-353 0.16-0.81 0.363
Maslennikovaet al. (1979 88 100.-800. 17.5-41.1 298-423 0.26-0.75 0.320
Massengill and Miller(1973 6 0.27-1.3 25.7-30.2 90-113 0.50 0.409
Palavra (1979 203 0.95-24.9 25.8-32.9 94-106 0.32-0.70 0.021
Poolet al. (1962 24 0.10-0.2 28.3-33.9 84 0.18-0.89 0.502
Ricardoet al. (1992 21 7.41-145. 25.8-34.7 119 0.52 0.160
Townsend(1956 144 0.18-13.9 0.07-5.7 298-323 0.16-0.84 0.054
Zandbergen and Beenakkero67) 55 0.76-9.6 0.55-13.1 171-293 0.19-0.74 0.097
Overall 1047 0.01-800. 0.01-41.1 74-423 0.16-0.89 0.191
No-Ar—VLE
Elshayal and Lu1975 7 0.39-0.7 100 0.14-0.90 0.468
Fastovskii and Petrovskiil956 56 0.12-0.4 79-103 0.05-0.90 1.182
Hiza et al. (1999 44 0.08-0.8 85-100 0.10-0.89 0.379
Jinet al. (1993 13 1.48-2.8 123 0.05-0.97 0.555
Lewis and Staveley1975H 8 0.07-0.2 85 0.23-0.81 0.840
Miller et al. (1973 14 0.84-1.5 112 0.11-0.85 0.326
Narinskii (1966 98 0.13-2.3 80-120 0.02-0.96 0.484
Poolet al. (1962 12 0.07-0.2 84 0.06-0.88 0.420
Sprow and PrausnitZ1966 17 0.08-0.2 84 0.06-0.91 0.460
Thorpe (1968 68 0.13-1.1 81-115 0.10-0.91 0.830
Wilson et al. (1965 176 0.10-2.6 72-134 0.05-1.00 0.805
Overall 513 0.07-2.8 72-134 0.02-1.00 0.708
No-Oz— p—p-T
Blagoi and Rudenk@1958 19 b 30.7-38.0 67-79 0.11-0.80 0.415
Knaapet al. (1961 7 b 29.6-34.8 77 0.29-0.91 0.097
Kuenenet al. (1922 153 2.93-6.0 1.22-19.4 135-293 0.25-0.50 0.877
Pool et al. (1962 7 0.09-0.2 29.8-34.1 84 0.25-0.74 0.088
Overall 186 0.09-6.0 1.22-38.0 67-293 0.11-0.91 0.771
N»>-O, —VLE
Armstronget al. (1955 70 0.003-0.1 65-78 0.03-0.94 0.870
Cockett(1957) 62 0.12-0.1 81-91 0.07-0.81 1.287
Din (1960 108 0.11-1.0 79-116 0.10-0.89 0.788
Dodge and Dunbaf1927) 49 0.06-3.0 77-125 0.05-0.91 0.903
Duncan and Staveley(1966 11 0.002-0.01 63 0.10-0.80 1.524
Hiza et al. (1999 65 0.001-0.8 63-100 0.07-0.88 0.689
Poolet al. (1962 11 0.05-0.2 84 0.10-0.90 0.310
Thorogood and Haseldgii963 13 0.10 88-90 0.002-0.08 1.320
Wilson et al. (1965 138 0.10-2.6 78-136 0.05-0.99 0.540
Yorizaneet al. (1978 20 0.05-0.1 80 0.11-0.85 2.489
Overall 547 0.001-3.0 63-136 0.002-0.99 0.865
Ar—O, — p—p-T
Blagoi and Rudenk@1958 36 b 34.8-38.2 70-89 0.10-0.87 0.274
Knaapet al. (1961 6 b 34.7-35.2 90 0.28-0.79 0.052
Pool et al. (1962 15 0.05-0.1 34.7-36.3 84-90 0.17-0.86 0.025
Saji and Okudd1965 20 b 34.9-36.1 85-87 0.25-0.92 0.244
Overall 7 0.05-0.1 34.7-38.2 70-90 0.10-0.92 0.200
Ar—-0O, — VLE
Bourbo and Ischkir{1936 27 0.07-0.2 87-95 0.04-0.86 0.710
Burn and Din (1962 140 0.06-1.0 85-118 0.10-0.91 0.232
Clark et al. (1954 55 0.10-0.7 90-110 0.10-0.90 0.313
Fastovskii and Petrovskiil955 24 0.12-0.2 89-96 0.21-0.83 0.774
Hiza et al. (1999 16 0.16-0.3 95-100 0.11-0.79 0.805
Narinskii (1957 55 0.11-1.2 90-120 0.03-0.96 0.237
Parikh and Zollweg 1997 24 0.12-0.9 92-115 0.01-0.92 1.149
Poolet al. (1962 24 0.05-0.1 84-90 0.10-0.90 0.168
Wang (1960 35 0.12-0.2 90-96 0.02-1.00 1.393
Wilson et al. (1965 200 0.10-2.6 87-139 0.003-0.98 0.403
Yorizaneet al. (1978 58 0.10 89-92 <0.76 0.857
Overall 568 0.05-2.6 84-139 <1.00 0.493
No-Ar—0O, —VLE
Fastovskii and Petrovskiil957) 14 0.1 81-88 0.13-0.68 0.555
Funadaet al. (1982 60 0.1 90 <0.004 0.278
Narinskii (1969 115 0.13-2.2 82-120 0.04-0.86 0.489
Weishaupt(1948 41 0.1 81-92 0.01-0.89 1.613
Wilson et al. (1965 1427 0.10-2.6 78-136 0.001-0.99 0.561
Overall 1657 0.10-2.6 78-136 <0.99 0.572

8AAD—AVverage absolute deviation in density fpr-p—T and average absolute deviation in bubble-point pressure for VLE.
b e
No pressure reported, bubble-point pressure assumed. 3. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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133 TasLE 10. Coefficients for the dew and bubble-point pressure and density
oCritical Point i i
aMaxcondentgerm equations for air
0Maxcondenbar
— i N; [ N;
5 L
® Bubble-point pressure, Dew-point pressure,
3 Eq. (D) Eqg. (1)
s 132 b 1 0.226 0724 1 —0.156 726 6
g 2 —7.080499 2 —5.539 635
g Dew Point 3 5.700 283 5 0.756 721 2
& |/ Curve Bubble A 4 —12.44017 8 —3.514322
Curve 5 17.819 26
6 -10.813 64
Bubble-point density, Dew-point density,
131 I . | . ! \ I . Eq. (2) Eqg. (3)
7 9 11 13 , 15 17 1 443413 1 —2.0466
@ Density (mol/dm’) 2 —240.073 2 -47520
3 285.139 3 —-13.259
3.80 4 —88.3366 4 —47.652
5 -0.892181
3.78
s
S
—3.78 tion of state reported here so that the dew-point pressure and
[} . . . .
5 density equations will not be double-valued at any given
@3.74 temperature above the critical temperature as illustrated in
& Fig. 6; thus, for these temperature dependent equations, the
dew-point line is represented by the bubble-point equation
3.72 oCritical Point - o -
| oMaxcondentherm between the maxcondentherm point and the critical point.
570 ., [/ (‘Maxcondenbar The fixed point properties for air used in this work are given
1320 132.2 132.4 132.6 132.8 in Table 9.
(b) Temperature (K)

Fic. 6. Critical region phase boundaries for air. . .
3.1. Ancillary Equations

cated that the binary mixture parameters were sufficient for 1€ ancillary equations were developed using linear and
modeling the ternary mixture interactions. nonlinear regression algorithms with the experimental data-

base discussed in Sec. 2 and calculated data discussed in Sec.

3. Vapor-Liquid Equilibria for Air 6.1. The equation for the dew and bubble-point pressures is

T\S

The maxcondentherrfstate point of maximum tempera- In(i) =(%)2 N;6'2, (1)
ture along the saturation linemaxcondenbafstate point of Pi =1
maximum pressure along the saturation Jjnand critical ~where theN; are the coefficients given in Table 10 for either
point for air used in this work were reported by Jacobserthe dew or bubble-point pressure equation afie1l
et al. (1990h. These values were determined using a modi-—T/T;. Values ofN; are zero for the coefficients not listed
fied Leung—Griffiths model to represent the high-pressureén the table. Densities along the dew and bubble lines can be
VLE data for ternary systems of nitrogen, argon, and oxy-calculated from the Helmholtz energy formulation given in
gen. The values of the properties at the maxcondentheri8ec. 4 at any temperature and the corresponding pressure
(T;, pj» pj) were used as reducing parameters for the equaealculated from Eq(1). Ancillary equations for the densities

TABLE 9. Maxcondentherm, maxcondenbar, and critical point for air

Pressurg Density

(MPa) Temperaturg® (K) (mol/dn?)
Maxcondenthern? 3.78502:0.004:Ap 132.6312:0.002=AT 10.44720.05
Maxcondenbar 3.78910.002+ Ap 132.6035:-0.004=AT 11.0948-0.05
Critical point 3.786&:Ap 132.5306-AT 11.8308:0.05

A p=0.02 MPa,AT=0.02 K; the uncertainties in the maxcondentherm and maxcondenbar pressure and tem-
perature comprise components related to the value associated with the critical parameters and smaller compo-
nents related to the uncertainty in the distance from the critical point.

bvalues used for the reducing parameters in the equation of state.

“Temperature on ITS-90.
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along the saturation lines are given here for convenience ifiAsLE 11. Averaged molar composition of standard air at specified tempera-
certain calculations such as estimation routines. The equatidh™S
for the bubble-point density is

Composition
p T TK N Ar o NO
1= Ny 05+ N 6095+ N 954 Ny o+ N In— w0 ’ g
P j 1500 0.7804 0.0093 0.2089 0.0014
) 1600 0.7802 0.0093 0.2083 0.0022
and the equation for the dew-point density is 1700 0.7797 0.0093 0.2078 0.0032
1800 0.7790 0.0094 0.2071 0.0045
p 01 o - o5 1900 0.7780 0.0094 0.2063 0.0063
In ; =N 60° "+ Ny -+ N3 0%+ N, 0°, (3 2000 0.7768 0.0094 0.2056 0.0082
i

where the coefficients are also given in Table 10. In these

equations;, p;, andp; are values at the maxcondentherm. o . equation is 2.773234. Although values of the

Comparisons of these equations to experimental data are” .~ = ~1°° )
. : ; . . freezing liquid line for air could have been calculated from a
given in Sec. 6.1. These ancillary equations are valid for

temperatures from the solidification poi(®9.75 K) to the generalization of Eq(7), Eq. (4) was selected instead since

maxcondentherm(132.6312 K. Values for the dew-point its_extrapolation pehawor t.o very high tempergtures was
. o . known. The resulting equation for the freezing liquid pres-
pressure and density between the critical point and the max-

condentherm, shown in Fig. 6, are calculated by the bubble2""® of air is
point equations. p T 178963
— —1=35493.5| — —1|, (8)
S S
3.2. Freezing Liquid Line derived using the melting pressure equation of nitrogen

A freezing liquid line for air was estimated using the melt- [Spanet al. (2000

ing curves for pure nitrogen, argon, and oxygen due to the
lack of experimental information for the mixture. The solidi- 4. Equation of State for Air
fication temperaturé@ of air along the bubble line given by
Blanke (1973 is 59.75 K. The solidification pressupg cor-
responding to this temperature was calculated from the The details included in this and the following section are
bubble-point pressure equation, Hd), as 0.005265 MPa. taken from Panasitil996 with some modifications. At high
The freezing liquid line for air was assumed to have the samesmperatures, air and its constituents dissociate, and the com-
general pressure dependence as the freezing liquid line fgyosition changes to include various atomic and ionic species
pure nitrogen. This can be expressed as and new compounds including oxides of nitrogen. Hilsenrath
pf _ pf 4) and Klein(1965 report the extent of dissociation in the tem-
far PPN, perature range from 1500 to 15000 K. They considered the
where the reduced freezing pressures are defined as equilibrium between atoms, molecules, and ions for the ele-
. ments nitrogen, oxygen, argon, carbon, and neon. In all, 28
¢ P(Ty) 1 5) species were considered by Hilsenrath and Klein. For the
Pr= P temperature range of current interest, the amount of nitric
oxide (NO) in equilibrium at 2000 K formed from the disso-
ciation of oxygen and nitrogen was large enough that it
P p'(T,) might be expected to cause a noticeable change in the ther-
Pr= Ps -1 6) modynamic properties of the mixture. No other constituents
were considered in the current study due to their small con-
centrations. Table 11 lists averaged values of composition,
derived from Hilsenrath and Klein, for a mixture of nitrogen,
argon, oxygen, and nitric oxide at various temperatures. Al-
though Hilsenrath and Klein consider a pressure dependence,
the effect on calculated properties is small, and the compo-

4.1. Effects of Dissociation

for nitrogen, argon, or oxygen, and

for air. In these equationg/(T,) is the freezing liquid pres-
sure at the reduced temperatufe,is the reduced tempera-
ture (T/Ty, or T/T), and the subscript tp indicates the triple
point for nitrogen, argon, or oxygen. The value ¢fwas
determined at a reduced temperature of 2 from

X, INPr (2)+Xa INpf (2)+X0,INPf_(2) sition of air is assumed to be constant over all pressures at a
2 2 given temperature.
=In pIAir(z)zln ¢pIN2(2), (7) Several methods were considered to determine the effects

of dissociation on the thermodynamic properties of air.
where the mole fractions are taken from the composition of These methods include calculations using cubic equations,
air used in this work, and the pure fluid melting pressuresextended corresponding states predictid@arke et al.
were taken from Spaet al. (2000, Tegeleret al. (1999, (1994; Lemmon(1996], and mixture equations of state of
and Schmidt and Wagn€1985. The value¢ calculated the form developed by Bendét973. Use of extended cor-
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responding states models with accurate pure fluid informafor T in kelvin. The pressure was calculated from E®).for
tion is one of the most accurate methods for obtaining mix-air using nitrogen data
ture properties. However, the equation of state for oxygen To oe
[Schmidt and Wagne(1985] has limited temperature and pAir:ﬂﬂ N -
pressure rangedess than 300 K and 82 MPaand the ac- TNz PN, 2
curacy of properties calculated beyond these limits is uncer- o numerical constants in EqQ0) and (11) were ob-

tain. In addition, there is no published equation of state for,iaq by fitting selectegp—p—T nitrogen data of Jaeschke
nitric oxide. Therefore, the Peng—Robinsd@®76 equation 5.4 Hinze (1991, Klimeck et al. (1998, Michels et al.

of state was used with standard mixing rules to determine th?l936), and Nowaket al. (1997 in the range from 200 to

effect of dissociation of air and its constituents. The acentriGoq k at pressures to 67 MPa to a preliminary version of the
factorsw required in the Peng—Robinson model and the criti-;, equation of state. The data of Nowakal. represent the

cal parameters for nitrogen, argon, and oxygen are listed iyt refiaple high temperature, high pressure data available
the fixed point tables. The critical temperature of nitric oxidetq, nitrogen. This fitting procedure minimized deviations be-
is 180.15 K, the critical pressure is 6.48 MPa, and the acefyyyeen air properties estimated from nitrogen data and values
tric fac_tor is 0.6. The_ vglues_ of the critical parameters and the g 0 jated from the preliminary equation of state for air. The
a(_:entrlc factor for nitric oxide were taken from Prasad anOlaverage absolute deviations for values calculated from the
Viswanath(1974. nitrogen equation of state of Spatal. (2000 were 0.01%

Although cubic equations generally cannot be used to calgy the data of Jaeschke and Hinze, 0.002% for the data of
culate values of density with high accuracy over a W'deKIimeck etal, 0.02% for the data of Michelst al, and

range of temperature and pressure, the purpose here wasd®01% for the data of Nowaét al. In comparison, the av-
compare the differences in density between two mixtures;

X ” erage absolute deviations for values calculated from the air
the three-componentNAr—0O, model of fixed composition  ¢qation of state as compared with the transformed data were

for air used in this work, and a four-component 5o, for the data of Jaeschke and Hinze and of Klimeck
N,—Ar-0,~NO model which accounted for dissociation by ¢ al, 0.04% for the data of Michelst al., and 0.03% for the
the addition of the NO component. Errors associated with the o4 of Nowalet al. Using Eqs(10)—(12), high temperature
calculation of density differences should be much smallerhigh pressur@—p—T nitrogen data of F'Qobertson and BaE)b

than those _ca_lculated for the overall value. of densiFy. Thql%g and Saure(1958 were transformed to predict state
highest deviation at 2000 K and 2000 MPa is approximately, ,ints for air and were used in subsequent fitting of the equa-

0.1%, which is less than the expected uncertainty of experigon of state for air. The data of Robertson and Babb were

mental measurements at these high temperatures and pregseq in the final regression of the coefficients. The estimated
sures. The differences in calculated heat capacities betwegcertainty of calculated air properties is 1.0% in density at

the two mixtures is approximately 0.8%, also within the €S+ highest temperatures and pressures of 2000 K and 2000
timated uncertainty. Based on this analysis, it was concludegp

that dissociation effects are small enough at temperatures up
to 2000 K and pressures to 2000 MPa that they were not o
explicitly considered in the development of the new equation 4.3. Fitting Procedures
of state for air.

(12

The equation of state was developed using selected experi-
mental pressure—density—temperatupe-6—T) data, iso-
choric heat capacity data, speed of sound data, and second
4.2. Calculation of Air Properties from Experimental virial coefficients as indicated in Table 6 and discussed in

Data for Nitrogen Sec. 2. The units adopted for this work are megapascals for
pressure, moles per cubic decimeter for density, kelvins for

A modified extended corresponding states technique Wagmperature, and joules for energy. Units of the experimental
used to predict properties of air corresponding to states dgjata were converted as necessary from those of the original
fined by measurements of nitrogen properties. EXpe”me”ﬁiublications to these units. All temperatures were converted
p—p—T measurements for nitrogen extend to 1800 K andqg the International Temperature Scale of 1990S-90)

and high-temperature nitrogen data using the assumption th@iggo_

the compressibility factors are equal The functional forms of preliminary equations for the re-
Zair (Tair +Pair) = Zn( T 1PN 9) sidual part of the Helmholtz energy were optimized with the
A DA AT T2 P algorithm developed by Wagné¢t974. The fitting process
at corresponding states defined by was used to select an optimal set of terms for representing

(10) the selected data from a large bank of terms of the form
given in Eq.(25) below. The exponents, j, andl, were

and selected in this process. The exponeptsn Eq. (25) are

generally considered to be greater than or equal to zero so

that only ideal gas terms contribute Bigoes to infinity, and

Tair=(1.038128-0.000 054 938y, ) Ty,

pair=1.043492y , (12)
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i, andl, are integers greater than zero. Each data point used TasLe 12. Coefficients for the ideal gas expressions
in the least-squares determination of the coefficients of thei N, : N
equation of state was assigned a weighting factor. The : :
weights used in the fitting process were calculated using the ¢ of nitrogen, ¢y of oxygen,
error propagation formulésometimes called the theorem of 35 Ba. (19 1 3 505‘1‘2(17)
propagation of variange The functions for weighting were 5 0.306 646 X 10°5 5 0.166 96107
calculated by making use of a preliminary equation of state 3 0.470 124 X 10~ 8 3 1.067 78
for the partial derivatives required for estimating variances 4 —0.398 798 4 10 12 4 1.01258
by the error propagation formula. In several instances, the> 1.012941 5 0.944 365
error propagation weights were modified by the assignment6 3364.011 76 ﬁzggd“f
of arbitrary multiplicative factors to increase or lessen the 0 of air, o of air,
effect of a particular data set on the overall representation of Eqg. (19) Eq. (24)
the surface. 1 3.490 888 032 1 0.605 719 4800’
The isobaric heat capacity and speed of sound data are not 2.395525 583 10:2 2 —0.210 274 76% 10::
linearly related to the coefficients in the Helmholtz energy j 7533% fgi 18,13 j :2'31225328733610
formulation and must first be linearized before being used in g 0.223 806 688 5 17.275 266 575
the fitting process. The isobaric heat capacity is linearized by 6 0.791 309 509 6 —0.195 363 426103
calculating the density at the experimental pressure and tem-7 0.212236 768 7 2.490 888 032
perature and reducing the isobaric heat capacities to ang gggzgff 904 98 (‘)3-27;’2123393 7585
equivalent isochoric heat capacity using 10 9242 45 10 - 0.197 938 904
Ja’ 22at\2 11 11580.4 11 25.363 65
- o s T 50n 13 87,312 79
c,=Cp—R py 2(92a, . (13
1+26 75 + & 752

T o

The speed of sound is linearized by calculating the density € Ng’e’  (2/3Ngw’e™"

and the ratio of the heat capacitiesfrom a preliminary (e—1)% " [(2/3)e”"W+1]?"
equation of state. To improve the representation of the speed a7

of sound data and of the available shock tube data for air, thg ore v=Ng/T and w=N,/T. The coefficients for Egs.
final functional form was developed using nonlinear régresyis5) and(17) are given in Table 12.

sion techniques. Using a combination of linear and nonlinear 114 ideal gas heat capaciqg for air, calculated by com-
techniques, a functional form was obtained which yielded thebining the ideal gas heat capacity equations for nitrogen,

best representation of the selected experimental data. Detagﬁgon and oxygen, according to Ed4), is given by the
of the nonlinear fitting procedures are given by Lemmon anqollowi’ng expressionyw: ’

2, N3

2|

Jacobseri2000. .
cy . Ns  Ngu?e" N2’
; —:E NiTI l+—15+ 5+ 5
4.4, |deal Gas Heat Capacity R &1 T (e"-1)° (e'—-1)
The ideal gas heat capacity for air is given by the mole (2/3)Ngw?e ™"
fraction average of the ideal gas heat capacities for nitrogen, —((2/3)e—w+ 12 (18)
argon, and oxygen .
0 0 o 0 where u=Ng/T, v=N4/T, and w=N,,/T. The coeffi-
(M _ [ Cp(T) N Cp(T) cients of this equation are given in Table 12; note that dif-
R N RO T A 20 R o ferent values for the coefficients; are used in Eqs(15),
2 2

The ideal gas heat capacity for nitrogen taken from Span 4.5. Ideal Gas Helmholtz Energy

et al. (2000 is
0 4 Neu2el The ideal gas contribution to the Helmholtz energy of air
BN NT (15) s given by
R = (e"—1) .
whereu=Ng/T. The ideal gas heat capacity for argon is a%=—RT+ D x(h°—T+RTInx;), (19
0 =1
C, 5
Ep: 7 (16) wherex; is the mole fraction of componemtin air, andh?

andsiO are the ideal gas enthalpy and entropy of component
The ideal gas heat capacity for oxygen taken from Schmidat the specified temperature. The ideal gas enthalpy is given
and Wagne(198H is by
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.
h?=h3 + L codT, (20)
0

wherehgi is the enthalpy datum value at the reference tem-

perature To) for componeni, based upon a zero reference

point for the ideal crystal at absolute zero temperature. The

ideal gas entropy is given by
Tl

s?=sgi+j 2 dT-RIn
7, T

0

p0
=

(21)

wheres); is the entropy datum value at the reference tem-

perature and pressur@, and py) for componenti, also

based upon a zero reference point of the ideal crystal at ab-

solute zero temperature. The variapfeis the ideal gas pres-

sure at the fluid density and temperature. Combining Egs.

(19—(21) results in the following expression for the ideal
gas Helmholtz energy

3

T
a°=—RT+E xi<RTInp—+h8i—T88i
i=1 poTo
T T Cgi
+f cO-dT—Tf —dT+RTInx;|, (22
pi T
To To

wherep®/p, has been replaced wiiiT/p,T,. Dividing Eq.
(22) by RT and replacing the temperatures with;/~ and
the densities withdp; results in

0 hgiT

3 0
a 0T Soi 7T [T Cp;
o< _ _ | 220 I e
o RT 1+i§1 Xi| In 507_-1- RT. R Rfro 2 dr
1 (" cp
+§f Td7+ Inx |, (23
70

wherery=T. /Ty, 6g=po/p.i is the reduced ideal gas den-
sity at pp and Ty, Tq is the reference temperatu(298.15
K), and py is the reference pressuf.101 325 MPa T

andp.; are the critical parameters of the pure fluids. Values
of h§; ands), for nitrogen, argon, and oxygen are taken from

Cox et al. (1989 and are given in the fixed point tables.
The following expression foa? is obtained by combining
Eqgs.(18) and(23):
5
a®=In 6+ 21 N;7 "4+ Ngrt®+N;In 7
=

+ Ng |n[l—eX[1— NllT)]+ Ng In[l_exq_leT)]

+ Nloln[2/3+ quNl‘?,T)], (24)
wheres=pl/p; andT=T, /T, as given by Eq(25) in the Sec.

4.6, andT; andp; are parameters at the maxcondentherm of

air. The coefficients of this equation are given in Table 12.

4.6. Equation of State for Air

ET AL.

TasLE 13. Coefficients and exponents for the equation of state for air

Nk ik jk Ik
1 0.118 160 747 229 1 0 0
2 0.713 116 392 079 1 0.33 0
3 —0.161 824 192 06¥ 10 1 1.01 0
4 0.714 14017897210 * 2 0 0
5 —0.865 421 396 64810 * 3 0 0
6 0.134 211176 704 3 0.15 0
7 0.112 626 70421810 * 4 0 0
8 —0.42053322884210 ! 4 0.2 0
9 0.349 008 43198210 ! 4 0.35 0
10 0.164 957 183 18610 ° 6 1.35 0
11 —0.101 365 037 912 1 1.6 1
12 —0.173 813 690 970 3 0.8 1
13 —0.472 1031837310 * 5 0.95 1
14 —0.122523554 25810 ¢ 6 1.25 1
15 —0.146 629 609 713 1 3.6 2
16 —0.316 055879 82%¢ 10 * 3 6 2
17 0.233 594 806 142102 11 3.25 2
18 0.148 287 891 97810 * 1 3.5 3
19 —0.938 782 884 66% 10 2 3 15 3

coefficients, along with calculated air properties at high tem-
peratures and pressures as described in Sec. 4.2. Values of
p—p—T on the dew and bubble-point curves calculated using
Egs. (1), (2), and(3) were used to define the vapor-liquid
equilibrium boundaries. To expand the range of the equation
beyond 2000 K and 2000 MPa, data published by Nellis
et al. (1992, determined using a shock tube apparatus, were
included in the fitting process as discussed in Sec. 4.8 below.
The equation of state for air used in this work is explicit in
the nondimensional Helmholtz energy

a(p,T)
RT

a(8,1)= =a%8,7)+a"(8,7), (25)
wherea? is the ideal-gas contribution to the Helmholtz en-
ergy given in the previous section, is the residual contri-
bution to the Helmholtz energy,= p/p; is the reduced den-
sity, 7=T, /T is the reciprocal reduced temperatysgjs the
density at the maxcondentherm, afdis the temperature at
the maxcondentherm.

The residual Helmholtz energy contribution to the equa-
tion of state is given by

10 19
a'(8,7)= >, Npdkrik+ D N, Skrlkexp — 8'%).
k=1 k=11
(26)

The coefficientsN, of the equation of state are given in
Table 13. The values adf, j,, andl, were determined from

The equation of state for air was developed using experithe fitting procedures described in Sec. 4.3. For the nonex-

mental data for pressure—density—temperatysep=T),

ponential terms in Eq(26), i, ranges from 1 to 6 angl,

isochoric heat capacity, speed of sound, and second viriabhnges from O to 1.35. The thermodynamic properties can be
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calculated from the Helmholtz energy using differentiation 1 /%"
with respect to density and temperature as described in Sec. C(M= pdlrra (36)
47. J 7/ 5=0

Other derived properties, given in EqR7)—(47), include

the first derivative of pressure with respect to density
4.7. Calculation of Thermodynamic Properties (9pldp)+, second derivative of pressure with respect to den-
sity (9?p/dp?)+, first derivative of pressure with respect to
temperature {p/dT),, Joule-Thomson coefficientu(),
isentropic expansion coefficierik), isothermal expansion
%%efficient k1), volume expansivity 8), adiabatic com-

The functions used for calculating pressure, compressibil
ity factor, internal energy, enthalpy, entropy, Gibbs energy
isochoric heat capacity, isobaric heat capacity, and the spe

of sound from Eq(25) are given as Eqd27)—~(34). These pressibility (8s), adiabatic bulk modulusB;), isothermal

func‘gons were used n palcu_latlng the tablles of therm(_)qy'compressibility &), and isothermal bulk moduluKg).
namic properties of air given in the Appendix. The densities

for the dew and bubble-point states are determined by the

simultaneous solution of the dew or bubble-point pressure f9_I0 _R1l1+2s (9;.1’) e Pa’ -
equation(1) and the equation of state for a given tempera- apl; o] 96° .
ture. The derived properties for saturation states are calcu-
lated as functions of temperature and density using the stan- 5 ; 5 . 3 r
dard thermodynamic relations given in E¢87)—(34). p| _RT Py Dl P L
2. p 5 967 | 36% |
_Pp_ da’ (39)
Z—p?r—l'f'& (95)7_ (27
i P P K IO 39
u_Jfeel) (o 08 at| “Re|1oGs) T Gean) | B9
RT at | T | ’
o o ) ) (aT) T—1 (40)
Ja Jda Jda My=\ o =
= - - - ap pcC
RT T(ar)5 (ar 5+5 aé)fl @9 e o
d 2pM
s da® da’ o .« 30 =-— E(a—p) e (41)
R o) o) |7 (30 plav/
Jap\ p(dp
9 ia0rarie 2 kT=—3<—) =—(—) (42)
RT—1+a +a +5( 75 (31 plav/. plap/;
c, (azao a2af) 1lav\ 1[ap\ (dp
=75z oz (32 s=3\a7) =5\a7) 13 (43
R ar= ) s\ 9t/ U&Tppo"sz9pT
1is aaf) 5 (azaf) 2 1 1 dv s
S 95|~ °"\asar e a—— ap) (44
RTRT 1128 2% 15 2ar) >
vy J
96 6% | | B=kp=— v(—p) (45
T T av
S
w2M ¢, &ar) #a’\ ]
= Pl1tos 25| 442 2) (34) :i:_}(ﬁ_v) 46
RT ¢, a5 96° | | kp  v\ap ; (46)
Equations for the second and third virial coefficients are
given in Eqs.(35—(36). Kr=krp=—v &_p (47)
dv T
1/da"
B(T)=— 5 (39 The derivatives of the ideal gas Helmholtz energy, Eq.
Pi 7/ s=0 (24), are given in Eqs(48)—(49).
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da’ ° i NgNy3
- C VN, -5 05
?5—210 AN;7 5+ LENG T+ No [ 7+ et
NgoN32 N1oN13
eleT_ 1 (2/3)e—N13'r+ 1 (48)
9200 5 _
——| = (i—4)(i—5)N;7 6+0.70Ng7r 25— N5 /72
T |5 =1

NgNieM1m  NgN3eMizr
- (eNllT— 1)2 - (ele’T_ 1)2

(213N N3 Mo

[(2/3)e N7+ 17?

The derivatives of the residual Helmholtz energy, E2f),
are given in Egqs(50)—(55).
10 19

(49

r
Je = i NSk Ikt D NSk Lk
o) , k=1 K=11
X exp( — 8') (iy—1,8'%) (50)
2o’ 10 19
— | =2 i(i— DN 2kt > Nk 27k
o) , k=1 K=11
xexp— 3 (i1 W) (i =1 =18~ 176']
(51)
Ra’ 10 ) )
=D, i (ix—1)(ix— 2)N 8k 37k
757 | ~ & Wi Dl 2N
19
+ Ny &'k 3 rkexp(— 8'){i(i—1)(ic—2)
k=11
+ O — 21+ 6i | — 3i 2l — 3i 12+ 312— 1]
+ (8 3i 2= 312+ 3121 12(8'%)%) (52)
Ja 10 19
— | =2 NSk > N Skl L exp( — §'%)
aT s k=1 k=11
(53
azar 10 19
- = > k(i DN 24+ > i (jx—1)
5 k=1 k=11
X Ny 8'krlk™2 exp(— 8') (54)
&gar 10 19
% _ P P e I . iv—1 k=1
9790 kzl k) ka5 T k:211 J ka5 T

X exp(— 8') (i —1,8'%) (55

4.8. Hugoniot Curve

Data measured with a shock tube appardNsllis et al,

30

] —— This Work . *.
] - - Jacobsen et al. (1992) N /
4 - Panasiti (1996)

254 + Nellis et al. (1991)

Pressure (GPa)

10]

P N S e e !
Density (mol/dm°)

Fic. 7. Calculated Hugoniot curve for air.

extrapolation behavior of an equation of state is the exami-
nation of the Hugoniot curve. The conservation relations for
fluid properties before and after the shock wave taken from
Nellis et al. and the equation of state presented here were
used to generate the Hugoniot curve for air. The Hugoniot
curve is the locus of states accessible to a fluid after a shock
wave which occur at a specified initial state. The equations
for the conservation of mass, momentum, and energy across
the shock wave are

P~ Po= pO(Ws_WO)(Wp_WO)i (56)
_ (Wp_WO)
=l 7
and
U—Uo=0.3p+po)(vo—v), (58)

wherepy is the initial pressurep, is the initial mass density,
Ug is the initial molar internal energy, is the initial molar
volume,wj is the initial velocity of the material ahead of the
shock front,p is the final shock pressure,is the final molar
volume, andu is the final molar internal energy. The velocity
of the shock wave isvg and the velocity of the material
downstream from the shock front i8,. Combining Egs.
(56) and (57) results in

p—pﬂ
v=vg|l 1— . (59
0( poWs
Rearrangement of E@58) results in
—2(u—up)
v=—"—"""+uvg. 60
p+po  ° (60

To calculate a point on the Hugoniot curve for air for a
specified upstream state{,To) and downstream pressure
(p), Egs.(59) and(60) are solved simultaneously by iterating
on the unknown value for the shock wave veloacity. The

(1991 ] were included in the optimization of the equation of calculated molar volume from Eq59) is used with the
state for air to improve the extrapolation behavior beyondknown value ofp to calculate the temperature and internal
2000 K and 2000 MPa. One method used to demonstrate trenergyu from the air equation of state. Figure 7 shows the
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TaBLE 14. Pure fluid equations of state used in the mixture model density and temperature, properties are calculated here at the
: density and temperature of the mixture. Since this model
Temperature ~ Maximum . . . .
Fluid Author range(K)  pressurgmpa  d€als with the entire fluid surface, reduced values of density
and temperature are used rather than the physical values to

Nitrogen Sparet al. (2000 63.151-1000 2200 ensure that properties of the constituents are calculated for
Argon Tegeleret al. (1999 83.806—700 1000 h h h . While thi hi bi
Oxygen  Schmidt and Wagnétoss 54361300 . the same phase as the mixture. While this approach is arbi-

trary and different from the usual excess property format, it
results in an accurate representation of the phase boundaries
) ) . ) for pure fluids and their mixtures.

!—lggomot curve for air cal_culated using this process for an The formulation for nitrogen—argon—oxygen mixtures
initial state on the. bubble line atl77.1 K as specified by Nellisyiyen here is a modification of the generalized model devel-
et al. The data point on the plot is the lowest measured shocgped by Lemmori1996 for a wide range of fluids including

tube point from Nelliset al. The reported shock tube points pygrocarbons and cryogens. It preserves the general nature
above 30 GPa were not included because, according to Nelliss the previous work, but is more accurate at low tempera-

et al, nitrogen spontaneously dissociates above 30 GPa. yres for the calculation of nitrogen—argon—oxygen mixture
As shown in Fig. 7, the Hugoniot curve approaches the, herties than the prior formulation. By restricting the ap-
shock tube point of Nelli®t al. (199)) indicating that the  pjication to a particular class of fluids, the model was de-
extrapolation behavior of the equation of state presented heigqneq 1o represent the unique characteristics of this system.
is reasonable. However, the extrapolation behavior of thghe model represents available measured data in all parts of
formulation should not be based solely on Fig. 7. To furthefye thermodynamic surface within their estimated experi-
assess the extrapolation behavior of the formulation, Other'hental accuracy.
techniques, such as determining the isothermal behavior at 5p, advantage of the approach used here is that the behav-
extreme pressures and densities, were used. These techniqyss,s the Helmholtz energy contribution from mixing is the

are described in Sec. 7.1. same for the nitrogen—oxygen, nitrogen—argon, and argon—
oxygen binary systems. Relatively simple scaling factors are

5. Mixture Model for the used to determine its magnitude for each pair. This generali-
Nitrogen—Argon—Oxygen System zation makes it possible to extend the limits of the model for

) the argon—oxygen mixture, for which there are few experi-

5.1. Mixture Model mental single-phase data. In addition, all vapor and liquid

thermodynamic properties, including energy, entropy, heat

The model used in this work to calculate the thermody- it d g d th it itical t t
namic properties of nitrogen—argon—oxygen mixtures jscapacity, sound speed, and the mixture criical temperature,

based on the Helmholtz energy of the mixture using a correPTeSSUre, and densijcy, can be calc_:ulated using this approach.
sponding states theory that was originally developed by Preliminary equations for the mixture model based on the

Lemmon (1996 and Lemmon and Jacobsétn98, (1999. relmhqltzthenergy have w;c_:grgo;zilted equatuzjnsj W'tg /10
The Helmholtz energy of the mixture is calculated as the€™Ms N € excess contribu id.emmon and Jacobsen,

sum of an ideal gas contribution, a real gas contribution, anc(ilgg& (1999.]'. quy 9f these term§ were mcluded 0 ac-
a contribution from mixing. The Helmholtz energy for an f:ount for deﬂmemes n the pure.flwd equations, especially
ideal solution(the first two contributionsis determined at in the extrapolation behavior to high temperatures and pres-

the reduced density and temperature of the mixture usinqures, and at temperatures below the triple points of the pure

accurate pure fluid equations of state for the mixture compo.-u'ds' The equation presented here uses only two terms and

nents. The contribution from mixing, a modified excess func'S More predictive in nature, and results calculated for the

tion, is given by a single generalized empirical equationargon—oxyge_n _system should generally be more accurate
which is applied to all mixtures considered. Reducing param'-[han the preliminary models. . .
eters, which are dependent on the mole fraction, are used to The Helmholtz energy for ”_“Xt“res of nitrogen, argon, and
modify values of density and temperature. The model ma)?xygen can be calculated using
be used to calculate thermodynamic properties of mixtures at a=aldmx 4 gE. (61)
various compositions, including dew and bubble-point prop-
erties and critical points. It incorporates the most accurat@he Helmholtz energy for the ideal mixture is
published equation of state for each pure fluid as given in 5
Table 14. Additional information concerning the model is idmix 0 ;
given by Lemmon and Tillner-Rott1999. a —El xi[ai(p,T)+2i(8,7)+RTInx], (62)

An excess property of a mixture is defined as the actual
mixture property at a given condition minus the value for anin these equationg, andT are the mixture density and tem-
ideal solution at the same condition. In most other work dealperaturea? is the ideal gas Helmholtz energy for component
ing with excess properties, the mixing condition is defined ai, andaj(=a{RT) is the pure-fluid residual Helmholtz en-
constant pressure and temperature. Because the independergy of componenit evaluated at a reduced density and tem-
variables for the pure fluid Helmholtz energy equations areerature defined below. Equations for the ideal gas Helm-
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TasLe 15. Parameters of the mixture model rameters of the mixture model. The generalized factors and
. LK) ¢ (dnPmol) mixture parameters;;, {;; and§; are given in Table 15.
i ! i If equations for the ideal gas Helmholtz energy in the non-
m!‘roge”‘g@o” 11-121 527 —é-ggg gég —8-8883322% dimensional forma?(8,7), similar to Eq.(24), are used
itrogen—Oxygen . -0. —-0. . . . . (
Argon—Oxygen 0597203  —2115 126 00004123, rather than equations in the dimensional foal(p,T) as

indicated by Eq(64), the reducing variables fof and 7 in
the ideal gas equation are

o=plp, (70

holtz energy and residual Helmholtz energy for the pure
fluids are given in the references shown in Table 14. and
The excess contribution to the Helmholtz energy from =T IT, (71
mixing used in this work is
aE

e _E
RT a~(6,1,X)

rather than the reducing values defined by E66) and(67).
This only applies to the ideal gas part of the equation, not to
the residual Helmholtz energy. The residual and excess terms
s 3 af(8,7) andaB(8,7,x) in Eq. (65) must be evaluated at the
_ 2 14 reduced state point of the mixture defined by E@®$) and
2 :.2 XX Fi ][ 0.00195248°7 (67). This complication is avoided though the use of dimen-
> 15 sional equations of the form given in E@®2) or dimension-
+0.00871336°7], (63 less equations of the form given in E@3) where the critical
where the coefficients and exponents were obtained frorfiroperties cancel out of the equation. Equations of the form
nonlinear regression of experimental mixture data. Values o@iven in Eq.(24) are derived from dimensional equations,
F;; are given in Table 15. All single phase thermodynamicand the critical parameters of the pure fluids are built into the
propertles can be calculated from the Helmholtz energy asoefficients of the equations.
described in Sec. 4.7 using the relations

3 i O(P T) | } 64 5.2. Vapor—Liquid Equilibrium  (VLE) Properties
= i
N In a two-phase nonreacting mixture, the thermodynamic

and constraints for vapor—liquid equilibriuVLE) are

3

=2 %a{(8,7)+a%(8,7,%), (65 T'=T"=T, (72

=1

where the derivatives are taken at constant composition. Cal- p=p=n (73

culations of two-phase properties are described in Sec. 5.2nd

The reduced values of density and temperature for the mix- ) i=12 (74)
ture used in Eqs63) and (65) are Hi=Kis ree s

where the superscripts and ” refer to the liquid and vapor

0= plpreg (66) phases, respectively, amgdis the number of components in
and the mixture. Equatioii74) is identical to equating the fugaci-
ties of the liquid and vapor phases for each component in the
7= Tredl T, 67 mixture ! Pore i

wherep andT are the mixture density and temperature, and

Preq @Nd T,oq are the reducing values fi=ti. (79
3 1 The chemical potential of componeintn a mixture is
Xi
Pred= 2—+2 E XiX;j&; (68) oA
T\ S pg S T wi(pT)=| — =u¥(T)+RTIN(f}), (76)
Mil1vn,
and o
3 whereu(T) is a function of temperature only and the nota-
tion n; indicates that all mole numbers are held constant
o T XiX;i i 69 J . N . . .
Trea™ Z’ 21 1—2 i€i 69 exceptn; . The chemical potential in an ideal gas mixture is
The parameterg;; and §;; are used to define the shapes of 0 dA° c 0
the reducing temperature lines and reducing density lines. Mi= 0”. T =i (T)+RTIn(f7), (77)

These reducing parameters are not the same as the critical
parameters of the mixture and are determined simultaneousbyheref? is the ideal gas partial pressure of constitugnt
in the nonlinear fit of experimental data with the other pa-x;p°=x;pRT. Subtracting these equations results in
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TasLE 16. Different types of VLE calculations

Calculation type

Specified quantities

Calculated quantities

BUBL p
DEW p
BUBL T
DEW T
FLASH

T and thex;
T and they;
p and thex;
p and they;
T andp

p and they;
p and thex;
T and they;
T and thex;
X andy;

351
155-5

L

S
ot
1

Temperature (K)
>
o
1

(79

d(nah)
fi=xpRTex ,
T,V,n

an;

7 ¢ Jones and Rowlinson (1963)
1 o Corrected values of Jones and Rowlinson (1963)

where a" was defined in Eq(65). The partial derivative at 0.0
constant temperature, total volunfreot molar volumé and
mole number of all constituents exceapis generally evalu-
ated numerically.

Five common VLE calculations are listed in Table 16. The
VLE conditions for these five calculations can be determinec
iteratively. Thex; represent the mole fractions in the liquid -

. . a 4.
phase, and thg; represent the mole fractions in the vapor 2
phase. Details of the iterative processes can be found in Ve £ 4.25
Ness and Abbotf1982 or Smith and Van Nesg&L975. g ]

Oxygen

JArgon Argon

4.75

5.3. Critical Locus

In the development of the mixture model, equations for ]
the reducing parameters were given for the calculation of thi 323 5 AR T LY ARREAARRS: ARRARRS )
reduced density and temperatutf@nd 7. These parameters
are equal to the critical parameters in the pure fluid IimitS'FlG. 8. Critical lines for nitrogen—argon, nitrogen—oxygen, and argon—
For a mixture, the reducing parameters are not the same asygen binary mixtures.
the critical parameters, but are empirical functions designed
to minimize the deviations between experimental data and
the mixture model. 2

Nitrogen

] & & 92
The criteria for the critical point of a binary mixture are (;gz — % - _gg — _gz
IX plox X ap\ dx
9%g 7%g AT~ p.T p.T p.T p.T
2] 58] - E Y [ Y i Y i |
p.T p.T JaT\ax>|  Ldp X2 or T ax? R
whereg is the molar Gibbs energy of the mixture. Near the ' 82)
critical point, this equation can be expanded in terms of theand
numerical differences ) )
d%g d [d%g
9? a (° 9 [o? =] —=|—
| Y [ A 1 5, rlae
2 dT\ dx o T Ip\IX) o Ap~ AR ’ , (83)
(80) i(Lg)
and IpLox p.T

&g 0 (3% J (% from which an estimate of the location of the critical point
A(—3) %—(—3) AT+—(—3) Ap, can be obtained. The reducing parameters can be used as
IX dT | ax ap \ ox s . i,

p.T p.T p.T initial estimates for the critical pressure and temperature and
(81) the values ofT andp are repeatedly incremented according
whereAT andAp are the differences from the critical point to Eqgs.(82) and(83) until the second and third derivatives of
temperature and pressure in an iterative algorithm for findinghe Gibbs energy are both simultaneously near zero.
the critical point, and the left sides of these equations repre- The critical lines for the nitrogen—argon, nitrogen—
sent the deviations from the zero value at the critical poinibxygen, and argon—oxygen binary mixtures are shown in
indicated in Eq(79). Solving these equations f&T andAp Fig. 8 along with experimental values of the critical tempera-
results in ture from Jones and Rowlinsdt963. The value ofT, for
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oxygen reported by Jones and Rowlinson is 0.3% differen 1 Suthiecpoint Pressure
from the value given by Schmidt and Wagri#®85. Like- s o ° 5
wise, the value for argon is 0.2% different from that given by °F \_’5%—
Tegeleret al. (1999. To account for these differences, the - | | | | | | °
experimental values of Jones and Rowlinson were correcte 60w 8 s 10 110 1z 130 140
for each(i,j) binary pair using 1 - Dew-Point Pressure
o + o &
Tc:Tc,Jones'" Xi(Tc,i _Tc,i,JoneQ+Xj(Tc,j _Tc,j,Joneg- ok * s LN ,é
(8 g r + * * M nm
Thead]ustedValuesarealsoshown|nFlg8 g Y T 0 O O 5 O 0 A I A B A A R A 9 W A
oy 60 70 80 90 100 110 120 130 140
%‘ 1 r Bubble-Point Density
Q X
3 E X
. . -9 - e )ﬁ
6. Comparisons of Calculated Properties oF R
tOEXperImentalData _1:lIII|II|||IIII|lIII|IIII||IIAX|XT-\):T-:|)I(E1L-\J-II|
60 70 80 80 100 110 120 130 140
i i i Dew-Point Density
The uncertainty of the equation of state and the mixture 'F R ' oo °)>;
model was determined by statistical comparisons of propert oF s .t °
values calculated with the equation of state or mixture mode C i . L
to experimental data. These statistics are based on the pe N T N T TR TR R T
cent deviation in any property defined as € 7 B %0 100 10 120 130 140
Temperature (K)
X — X | + Blanke (1977) X Jacobsen et al. (1990b)
%AX= 10(( %C’"C , (85 2 N Miodel (s work - - K Eauaon of Ste
exp

Fic. 9. Comparisons of dew and bubble-point properties calculated with the

Wwhere XeXp is the measured or predicted data, 8 is ancillary equations toexperimental and calculated data for air.

computed from the equation of state. Using this definition,
the average absolute deviatiohAD) is defined as

n

1
AAD = 521 |%AXi], (86) the data of Michel®t al. and Blanke between 120 and 130 K
and the Leung-Giriffiths calculations from Jacobsemal. be-

wheren is the number of data points. For the second virialtween 131.8 and 132.5 K were used.
coefficient, the difference iB (in cm®/mol) is used rather For the dew-point pressure equation, values below 66 K
than the percent difference since the percent difference caffom the mixture model were used in the absence of experi-
become very large ne&@=0. mental data. Most of the data of Blanke are represented
within 0.3%. The Leung—Giriffiths calculations from Jacob-
senet al. (1990 between 130.4 and 132.6 K were fitted in
the critical region. For both the dew and bubble-point pres-

Comparisons of dew and bubble-point properties calcusures, the first term of Eql) ensures that the first derivative
lated using Egs(1), (2), and(3) to the experimental data of of pressure with respect to temperature is infinite at the max-
Blanke (1977, Michels et al. (19543, Kuenen and Clark condentherm, as shown in Fig. 6.

6.1. Comparisons of the Ancillary Equations for
Air with Experimental Data

(1917 and the calculated data reported by Jacobsieal. Below 118 K, the data of Blanke are the only available
(1990h are shown in Fig. 9 and the average absolute deviasaturated density data for air. For the bubble-point densities,
tions are given in Table 6. both the air equation of state and the mixture model of this

For the bubble-point pressure equation, the Blanke dataork agree with the density data of Blanke to within 0.1%.
below 110 K are not in agreement with values calculatedThe single-phase liquid surface is represented well by accu-
from the mixture model given in Sec. 5, with differencesrate experimental data, and the uncertainty of density values
approaching 15% in pressure at the lowest temperature. Thalculated from the equation of state should be less than
Blanke values are the only available low-temperature dat@.1% even at the lowest temperatures. For the dew-point
for the properties of air on the phase boundaries, howevedensities, the average absolute deviation of the data of
they were determined graphically from—p—T data. Be- Blanke was 0.6%. These data have not been represented well
cause of the large deviations mentioned above, they were nbly previous equations of state for ajdacobsenet al.
used to develop the ancillary equations where they conflictef9903; Jacobseret al. (1992; Panasitiet al. (1999] nor
with values calculated from the mixture model. To maintainwith preliminary equations developed using second virial co-
consistency between the mixture model and the ancillangfficients, and these data show deviations of up to 2% from
equation reported here, the bubble-point pressures from thal of these equations. Calculated density values from the
mixture model were used for temperatures below 100 K irequation of state were used in the development of the dew
developing the ancillary equations. At higher temperaturesand bubble-point ancillary equations for consistency.
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Fic. 10. Comparisons of densities calculated with the equation of state to experimental data for air.
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X Blanke (1977)
O Howley et al. (1994)
Z Michels et al. (1954b)

& Penning (1923) experimental data, the equation of state, and the mixture
——— Mixture Model model are useful in showing various trends and inconsisten-

Fic. 11. Comparisons of pressures calculated with the equation of state tSIeS_' . . .
experimental data for air in the critical region. Figure 10 shows comparisons of densities calculated with

the equation of state to experimentatp—T data. Several
inconsistencies can be seen in the data used in the fit. At 290
K, the data of Michel=st al. (19544 and of Kozlov(1968
differ by an average of 0.1% in density. This offset is also

6.2. Comparisons of the Equation of State for Air seen between the data of Kozlov and the equation of state
and the Mixture Model with Exper_|mental throughout most of the data of Kozlov. The data of Howley
and Calculated Data for Air et al. (1994 are generally consistent with the data of Mich-

els et al, except at temperatures below 200 K. At 155 K,
%hese two data sets differ by 0.1%. Although used in the fit,
- - .. the scatter in the data of Blanke is within 0.2% in the liquid,
heat capacities, speed of sound, and second virial coefﬁmen%d within 0.5% in the vapor. Differences between the over-
for air. Comparisons to all available experimental data arqappmg vapor phase data of Rombéf®71 and the equa-
given in Figs. 10-15. The vertical lines in these figures ShOV\ﬁon of state are less than 0.1%, as compared with 0.5% for
the locations of the phase boundaries at the indicated teMpra gata of Blanke. There are no overlapping data in the
perature. Deviations between the mixture model at the COMjquid. Despite the age of the data of AmadaB93, the
position of standard air and the air equation of state argquation of statéwhich was not fit to these datagrees on
shown as solid lines at the indicated isotherms or isochoregyerage to within 0.3% at pressures between 200 and 300
These comparisons are quite useful in determining the conypa and temperatures from 270 to 300 K. The only other
sistency of data sets and the uncertainty of the equation Qfata in a comparable range are the data of Mickekl. at
state, since the mixture model has very few adjustable pap70 K up to 228 MPa. The equation of state agrees within
rameters, and only a very limited set of data was used t@.1% with these data. Differences between the mixture
determine the parameters. Equations of state can be overfiiodel and the Amagat data are larger at the highest pres-
due to the large number of adjustable parameters. For thsures, however, these pressures are well beyond the limits of
mixture model, this is not a problem, and deviations betweeithe oxygen equation of state.

Table 6 shows the statistical analysis of comparisons t
experimental data sets fqu—p—T, isochoric and isobaric
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190K 420K ture model are nearly negligible, even at 2000 K. Compari-
PN sons between the equation of state and the speed of sound
data of Ewing and Goodwi1993 and the data of Young-
love and Frederick1992 are very good at temperatures
oy above 200 K and below 120 K. Near the saturation bound-
aries and in the critical regions, the deviations tend to be
somewhat higher but generally within 1%. The mixture
pF o & & 0« model follows the data of Younglove and Frederick more
T ek closely than does the equation of state in these regions.
The differences in the second virial coefficients are shown
NI in Fig. 15. Differences between the data of Romb@rg71)

S0K at low temperatures with the equation of state tend to be
positive, whereas differences between the graphically deter-
mined data from Romberg given here in Table 7 tend to be
more scattered, generally within1 cn?/mol (about 0.5% at
90 K) except at the lowest temperature. This scatter is due to
1500K the difficulty of determining the second virial coefficient as
the uncertainty ofp—p—T data increases at low pressures
. and temperatures as shown in Fig. 4. The second virial co-
20K efficients calculated from the mixture model are not as accu-
rate as those calculated from the air equation of state. Values
e T e e e e e e of the segond virial coefficien't for oxygen calculated from
Pressure (MPa) the equation of state of Schmidt and WagfE985 show a

) minimum at 75 K, and calculated values become positive at
+ Bridgeman (1929) O Holbom and Jakob (1917) . . .
O Jakob (1923) * Eucken (1913) temperatures below 58 K. This low temperature behavior is

< Nesselmann (1925) X Poferl et al. (1959) . .. ..
Mixture Model unrealistic and reduces the accuracy of virial coefficients cal-

Fic. 13. Comparisons of isobaric heat capacities calculated with the equa(-:UIatGd using the mixture model in spite of the fact that the
tion of state to experimental data for air. calculated values from Schmidt and Wagner are within the
uncertainty of available experimental data.
Figure 16 shows calculated dew and bubble-line densities
Oin the critical region reported by Jacobseinal. (19900 de-
stermined using a Leung—Giriffiths model for ternary systems.

and 140 K are shown in Fig. 11. Since density deviation N . T
tend to be large in the critical region for any substafiue As shown in Fig. 16, the equation of state developed in this
%Nork represents the calculated data of Jacobsél.

causedp/dp at constant temperature approaches infinity a . .
the critical poiny, this figure shows comparisons of pressures(lggob more accurately than the previous equation of Ja-

calculated with the equation of state to experimeptap—T cobsgnet al. (1992. Densities were calculated from each.

data. The scatter between different data sets is withir3% ~ cdyation of state at thg temperature and bubble or dew-point
in pressure throughout most of the critical region, with de-P¢SSU"® of the equation. This pressure was calculated from
viations tending to be positive for the data of Blark®77) the respective a”C'”?‘W equation for egch equatlpp of state.
and Michelset al. (1954, and negative or near zero for Dew and bubble-point states at the air composition calcu-

comparisons with the data of Howlest al. (1994. Devia- Ia}ted frr]om thethmlet_ure model as described in Sec. 5.2. are
tions between the mixture model and the equation of staté S:_ S OV\ir;mh € |tghure. t deviation in density bet
tend to be less than that with the experimental data, with the \gure SNoWs ne percent deviation in density between

mixture model agreeing best with the data of Howtgal values calculated with the equation of state for air and the
Comparisons of values calculated from the equation O]oroperties of air predicted from nitrogen data by the methods

state are shown for isochoric heat capacities in Fig. 12, isoc_iescrlbed in Sec. 4.2 and used in the development of the air

baric heat capacities in Fig. 13, and the speed of sound iﬁ_quation of state. At temperatures above 1000 K where de-

Fig. 14. The equation of state agrees very well with ¢he viations between the nitrogen equation of state and the ex-
data of Maged1994 except at the lowest density isochore perimental data for nitrogen exceed 2%, the equation of state

2 mol/dn®, where the uncertainty of the isochoric heat ca-fqr air mimics the trends set by the equation of state for
pacity data tend to be highest. Comparisons with the mixturglt_rogen[Spanet al. (2000] as shown by the calculated data
model are quite good, except for the upturns in the vapoPOlnts in Fig. 17.

phase near the saturation boundaries. Deviations with the g o Comparisons of the Mixture Model with

isobaric heat capacity data in the vapor phase are generally Experimental Single Phase Data

within 2%, however, both the uncertainty and the scatter in

these data are higher than that for the isochoric heat capacity Summary comparisons of values calculated using the mix-
data. Deviations between the equation of state and the mixure model top—p—T data for mixtures of nitrogen, argon,
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Fic. 16. Comparisons of critical region phase boundaries calculated with the
equation of state to predicted data for air.

and oxygen are given in Table 8; this table indicates the
temperature range and composition range for the first com-
ponent listed for each data set. The bubble-point pressures,
calculated from the model, were assumed for several data
sets for the nitrogen—oxygen and argon—oxygen systems
where the pressures were not included in the published data.
Comparisons of densities calculated from the mixture model
to experimental data are shown in Fig. 18 for the nitrogen—
argon binary mixture and in Fig. 19 for the nitrogen—oxygen
and argon—oxygen binary mixtures.

Fic. 14. Comparisons of speeds of sound calculated with the equation of The Maslennikovaet al. (1979 data for the nitrogen—

state to experimental data for air.

3 oUonoopouoy

as

-1

B aa-Begn (cm®/mol)
o
\%f
<
x O
a

2

a3 ! 1 : 1

[ 100 200

300 400 500

Temperature (K)

+ Andersen (1950)

O Hilsenrath (1955)

* Michels et al. (1954a)
< Romberg (1971}
Mixture Model

X Friedman (1957)

O Levelt Sengers et al. (1972)
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© Graphical Calculation Using Romberg Data

argon mixture extend to 800 MPa and deviations are on av-
erage within 0.3%. From this and because of the generalized
nature of the model, calculated densities should be within
1.0% up to 800 MPa for the nitrogen—oxygen and argon—
oxygen systems where no data exist. The magnitudes of the
deviations for most of the nitrogen—argon data are similar to
those for the extended corresponding states models of Clarke
etal. (1999 and version 9.08 of the NIST14 database
[Friend (1992].

Very few data exist for the nitrogen—oxygen and argon—
oxygen mixtures. For the nitrogen—oxygen mixture, air data
and the data of Podt al. (1962 were used to determine the
parameters for the mixture model. Although the temperature
range of experimentgb—p—T data for the argon—oxygen
system is only 70—90 K with pressures up to 0.2 MPa in the
liquid phase, the model should be valid for all temperatures
and pressures for argon—oxygen mixtures within the ranges
of experimental data for the nitrogen—oxygen and nitrogen—
argon systems due to the predictive nature of the model.
From these comparisons, we estimate that the uncertainty of
p—p—T calculations in the extended range for argon-—
oxygen mixtures is within 0.5%. This estimate is based ad-
ditionally on comparisons to the large amount of VLE data
available over the entire two-phase range for this mixture.

6.4. Comparisons of the Mixture Model with
Experimental VLE Data

Fic. 15. Comparisons of second virial coefficients calculated with the equa- COMparisons of bubble-point pressures calculated with the
tion of state to experimental data for air.
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mixture model to experimental data are shown in Fig. 20 for
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Fic. 19. Comparisons of densities calculated with the mixture model to
experimental data for the nitrogen—oxygen and argon—oxygen binary mix-

Fic. 17. Comparisons of densities calculated with the equation of state tdures.
calculatedp—p—T data estimated from nitrogen data.
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4 Townsend (1956)

X Holst and Hamburge:

1 (1916)

O Maslennikova et al. (1979)

< Palavra (1979)
™ Ricardo et al. (1992)

9 Zandbergen and Beenakker (1967)

the nitrogen—argon binary mixture, Fig. 21 for the nitrogen—
oxygen binary mixture, Fig. 22 for the argon—oxygen binary
mixture, and Fig. 23 for the nitrogen—argon—oxygen ternary
mixture. The average deviations in bubble-point pressure for
the VLE data of Wilsoret al. (1969 for the nitrogen—argon,
nitrogen—oxygen, argon—oxygen, and nitrogen—argon—
oxygen mixtures are within 0.8% and are nearly the same as
those for the model developed by Lemmd®96. However,

the deviations between the mixture model and the lower tem-
perature nitrogen—oxygen data of Duncan and Staveley
(1966 and Armstronget al. (1955 are substantially lower in

the new model reported here, and the average deviations for
these data sets are about 1.6% and 0.8%, respectively, about
50% smaller than those for the model of Lemma®96.

7. Estimated Uncertainty of Calculated
Properties

7.1. Characteristic Curves of Air

Plots of constant property lines on various thermodynamic
coordinates are useful in assessing the behavior of the equa-
tion of state in regions where there are no accurate experi-
mental results for the corresponding property. The equation
of state for air developed here was used to produce plots of
temperature against isochoric heat capackig. 24), iso-
baric heat capacityFig. 25, and speed of soungFig. 26).

As mentioned in Sec. 4.8, analytical methods in addition to

Fic. 18. Comparisons of densities calculated with the mixture model to€@lCUlating the Hugoniot curve are needed to determine the
experimental data for the nitrogen—argon binary mixture.

extrapolation behavior of an equation of state. Figure 27
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Fic. 20. Comparisons of bubble-point pressures calculated with the mixture,

model to experimental data for the nitrogen—argon binary mixture.
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shows a pressure versus density plot along isotherms. This

plot indicates that the equation of state presented here exhil
its reasonable extrapolation behavior at high pressures ar

densities.

Plots of certain “ideal curves” are useful in assessing the
behavior of an equation of stafdeiters and de Reuck

(1997, Span and Wagndi997), Span(2000]. The charac-

teristic curves considered in this work are the Boyle curve

given by the equation

x Cockett (1957)

© Dodge and Dunbar (1927)

© Hiza ef al. (1999

™ Thorogood and Haselden (1963)
¥ Yorizane et al. (1978)

1G. 21. Comparisons of bubble-point pressures calculated with the mixture
odel to experimental data for the nitrogen—oxygen binary mixture.
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Fic. 22. Comparisons of bubble-point pressures calculated with the mixture
model to experimental data for the argon-oxygen binary mixture.
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Sound

Figure 28 illustrates these characteristic curves for the equés °
tion of state for air. Although the curves in Fig. 28 do not §
provide numerical information, reasonable shapes of thesa
curves as shown indicate qualitatively correct extrapolatior
behavior of the equation of state.

7.2. Uncertainty of the Equation of State for Air
and of the Mixture Model

The uncertainties of the models presented here have been
estimated by comparing calculated results with experimental
data, as summarized in Sec. 6, and assessing the data them-
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TaBLE 17. Regions of stated uncertainty of the mixture model

t
Joule Inversion Curve

Temperature range Maximum pressure
Mixture (K) (MPg)

Nitrogen—Argon 70-420 800

Nitrogen—Oxygen and Air 60-870 100

Argon—-Oxygen 70-90 0.2
70-400 100"

Joule-Thomson Inversion Curve
i

o data are available to verify this range, however, the uncertainty of the
equation should be at least 0.5% in density for the range stated due to the
predictive nature of the model.

Boyle Curve -

TR .
Melting Line

1%. The mixtures and ranges for which calculated properties
01 ST ' S have been verified by experimental data to have deviations
T/Te within these limits are listed in Table 17. In regions where
there are no binary mixture data, the uncertainty is estimated
to be of the same magnitude. However, these estimates can-
not be verified until experimental data are available to sup-

selves according to the quoted experimental uncertaintie‘:%Ort these estimates.

and the mutual consistency of data obtained from different _Because of the generalized _al_nd pred_lctlve natur_e of the
. mixture model, calculated densities of mixtures of nitrogen,

sources. A general knowledge of the behavior of thermody-
. . . . argon, and oxygen extrapolated to temperatures up to 1000 K
namic surfaces and substantial experience with other corre- . .
. . . . and pressures to 100 MPa have an estimated uncertainty of
lating equations for well-studied fluids have also been ap- . :
lied in the estimation of uncertainties. The uncertaintiesO'S%' Although the equation of state for oxygen by Schmidt
P : a|i1d Wagner(1985 is valid only to temperatures of 300 K,

. - h /a

reprt_esept expanded _comblned uncertainties where a norm e original work of Lemmor(1996 demonstrated that the

distribution of errors is assumed and a coverage factor of .

has been applieequivalent to a confidence level of about Oxygen equation extrapolates to temperatures up to 1000 K
bp d within 0.5% in density through comparisons with the Kozlov

95%). This means that if a uniform distribution of state .
. . . o o (1968 data. As new measurements become available, they
points is considered within the range specified below, no

more than 2% of values for a given property will deviate will refine the uncertainty estimates in regions not covered

. o by experimental data, and will enable continued evaluation
from the physical value by more than the specified uncer- AP .
tainty. and optimization of the mixture model.

For the equation of state of standard air, the region for
which sufficient data are available to establish reliable uncer-
tainty estimates ranges from the soI.idificatio.n' point tp 873 KAbbey R.L. and G. E. Barlow, Aust. J. Sci. Rekl, 175(1943
at pressures up to 70 MPa, except in th_e critical region frommagét’ E. A. Ann. Chem. PhS/QQ, 68 ('1893. ' ’

130 to 134 K and 9 to 13 mol/dinThe estimated uncertainty Andersen, J. R., Trans. ASME2, 759 (1950.
of density values calculated using the equation of state for afrmstrong, G. T., J. M. Goldstein, and D. E. Roberts, J. Res. Natl. Bur.
is 0.1%. The estimated uncertainty of speed of sound values Stand-555), 265(1955.

. L . . aehr, H. D. and K. SchwiefThe Thermodynamic Properties of Air for
0 m fB
is within 0.2% based on comparisons with the data o Temperatures Between210 °Cand 1250 °Cup to Pressures of 4500

Younglove and.Fredericw.993,. Van Itterbeek ?-nd de Rop Bar, Thermodynamische Eigenschaften der Gase und Flussigkeiten
(1955, and Ewing and Goodwii1993. The estimated un- (Springer-Verlag, Berlin, 1961
certainty is 1% for calculated values of heat capacity baseglende_f'YE-vF(ffyogeﬁ'cgl' R11d(19lz3-| Wesh. Uchebn. Zaved. 61145
upon comparisons to the experimental data of Madee4. a?fgwu' - and . &. Rudehko, fzv. Vyssh. Lchebn. zaved. Sil
In the critical region defined above, the uncertainty in presgianke, W., “Messung der thermischen Zustandsgrossen von Luft im
sure calculations is estimated to be 0.3%. Outside the range Zweiphasengebiet und seiner Umgebung,” Dissertation for Dr. Ing.,
of the primary experimental data for afif >870K, P Blar'?l:lehr;/ldn:;lli)r(?let::iiiggh;tr‘Sir?\rg)iinl}lr}]l‘?;:r.mophysics Propewrigited
>70MPg and at temperatures less than 2000 K and pres-" 'z ‘cezairlizanThe American Society of Mechanical Engineers, New
sures less than 2000 MPa, the estimated uncertainty in pre- york, 1977, p. 461.
dicted densities is 1.0%. Without experimental data, the unBourbo, P. and I. Ischkin, Physi@i10), 1067 (1936.
; ; i Bridgeman, O. C., Phys. Re@4, 527 (1929.

certﬁunty of ext.rapole;teﬁ prolpertles cannlot be vern‘lﬁd. f Burn, I. and F. Din, Trans. Faraday S&8(475), 1341(1962.

T € uncertalnty_o the m!Xture mode reported ere quhashkin, Y. R., V. G. Gorbunova, and A. V. Voronel, Sov. Phys. JETP
arbitrary compositions of nitrogen, oxygen, and argon is 304 (1966.
within 0.1% in density, 0.2% for the speed of sound, and 1%3:afty A. M., F. Din, andg- Robb, Proc. R. Soc. Lond221, 517”(19542
; : ; ; : Clarke, W. P., R. T Jacobsen, E. W. Lemmon, S. G. Penoncello, and S. W.
in heat capachy for both bm_ary and_ternary mixtures in the Beyerlein. Int. J. Thermophyd.5(6), 1289 (1994,
same range given for the air equation of state. The uncelgckett, A. H., Proc. R. Soc. Londok239, 76 (1957).

tainty of calculated dew and bubble-point pressures is withirColwell, R. C. and L. H. Gibson, J. Acoust. Soc. A2, 436 (1941).

Fic. 28. Characteristic curves for air.
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TasLE Al. Thermodynamic properties of air on the dew and bubble lines
Speed
Temperature Pressure Density Enthalpy Entropy c, Cp of sound
(K) (MPa) (mol/dn) (J/mo) Jl(mol-K) Jl(mol-K) J(mol-K) (m/9)
59.7% 0.005 265 33.067 —4713.1 70.902 34.01 55.06 1030.3
59.78 0.002 43 0.004 91 1721.6 182.97 20.80 29.22 154.8
60 0.005 55 33.031 —4699.3 71.131 33.95 55.06 1028.3
60 0.002 58 0.005 19 1728.6 182.59 20.81 29.23 155.1
61 0.006 80 32.888 —4644.3 72.041 33.73 55.06 1020.3
61 0.003 27 0.006 47 1756.7 181.09 20.82 29.26 156.4
62 0.008 27 32.745 —4589.2 72.937 33.51 55.06 1012.2
62 0.004 11 0.008 00 1784.7 179.66 20.84 29.30 157.6
63 0.009 99 32.601 —4534.1 73.817 33.30 55.07 1004.0
63 0.005 12 0.009 82 18125 178.29 20.86 29.35 158.8
64 0.012 00 32.457 —4478.9 74.684 33.09 55.08 995.8
64 0.006 33 0.011 95 1840.1 176.97 20.89 29.40 160.0
65 0.014 32 32.312 —4423.8 75.538 32.88 55.10 987.5
65 0.007 76 0.014 44 1867.5 175.71 20.91 29.46 161.2
66 0.016 99 32.166 —4368.6 76.379 32.68 55.12 979.1
66 0.009 44 0.017 33 1894.7 174.50 20.94 29.52 162.3
67 0.020 04 32.020 —4313.4 77.208 32.49 55.15 970.7
67 0.011 42 0.020 66 1921.7 173.34 20.97 29.59 163.4
68 0.023 52 31.873 —4258.2 78.025 32.29 55.18 962.2
68 0.01371 0.024 48 1948.5 172.22 21.00 29.66 164.5
69 0.027 46 31.725 —4202.9 78.830 32.11 55.22 953.7
69 0.016 37 0.028 84 1974.9 171.15 21.04 29.75 165.6
70 0.03191 31.576 —4147.6 79.624 31.92 55.27 945.1
70 0.01943 0.03379 2001.1 170.12 21.07 29.84 166.7
71 0.036 91 31.427 —4092.2 80.408 31.74 55.32 936.4
71 0.022 93 0.039 38 2027.0 169.13 21.11 29.93 167.7
72 0.042 50 31.277 —4036.7 81.181 31.56 55.38 927.7
72 0.026 92 0.045 66 2052.6 168.17 21.16 30.04 168.7
73 0.048 73 31.126 —3981.2 81.944 31.39 55.44 918.9
73 0.031 44 0.052 70 2077.8 167.25 21.20 30.15 169.7
74 0.055 66 30.974 —3925.6 82.698 31.22 55.51 910.0
74 0.036 55 0.060 55 2102.7 166.36 21.25 30.28 170.6
75 0.063 33 30.821 —3869.8 83.442 31.05 55.59 901.1
75 0.042 28 0.069 27 2127.2 165.50 21.30 30.41 171.6
76 0.07179 30.668 —3814.0 84.178 30.89 55.68 892.1
76 0.048 70 0.078 92 2151.3 164.67 21.36 30.55 172.5
7 0.081 09 30.513 —3758.1 84.905 30.73 55.78 883.0
7 0.055 86 0.089 56 2175.0 163.87 21.41 30.70 173.4
78 0.091 29 30.357 —3702.1 85.624 30.57 55.88 873.9
78 0.063 81 0.101 27 2198.3 163.09 21.47 30.86 174.2
79 0.102 45 30.200 —3645.9 86.334 30.41 56.00 864.7
79 0.07261 0.114 10 2221.2 162.34 21.54 31.04 175.1
80 0.114 62 30.042 —3589.6 87.037 30.26 56.12 855.4
80 0.082 32 0.128 13 2243.6 161.61 21.60 31.22 175.8
81 0.127 85 29.883 —3533.2 87.733 30.11 56.26 846.1
81 0.093 00 0.143 43 2265.5 160.91 21.67 31.41 176.6
82 0.142 21 29.722 —3476.6 88.421 29.97 56.40 836.7
82 0.104 71 0.160 06 2286.9 160.22 21.75 31.62 177.4
83 0.157 75 29.560 —3419.8 89.103 29.83 56.56 827.2
83 0.117 51 0.178 11 2307.8 159.56 21.82 31.84 178.1
84 0.174 53 29.397 —3362.9 89.778 29.69 56.72 817.6
84 0.13147 0.197 65 2328.1 158.91 21.90 32.07 178.8
85 0.192 62 29.232 —3305.8 90.447 29.55 56.90 808.0
85 0.146 65 0.218 75 2347.9 158.28 21.98 32.32 179.4
86 0.21207 29.066 —3248.4 91.110 29.42 57.09 798.2
86 0.163 12 0.241 50 2367.1 157.67 22.07 32.58 180.0
87 0.23295 28.898 —3190.9 91.767 29.29 57.30 788.4
87 0.180 94 0.265 98 2385.8 157.07 22.16 32.85 180.6
88 0.25531 28.729 —3133.1 92.418 29.16 57.52 778.6
88 0.200 18 0.292 28 2403.8 156.49 22.25 33.14 181.2
89 0.279 22 28.558 —3075.1 93.065 29.03 57.76 768.6
89 0.22091 0.32048 2421.2 155.92 22.34 33.45 181.7
90 0.304 75 28.385 —3016.8 93.706 28.91 58.01 758.5
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TasLE Al. Thermodynamic properties of air on the dew and bubble lines—Continued

Speed
Temperature Pressure Density Enthalpy Entropy c, Cp of sound
(K) (MP3) (mol/dn) (J/mo) Jl(mol-K) Jl(mol-K) J(mol-K) (m/9)
90 0.243 20 0.350 68 2437.9 155.36 22.44 33.77 182.2
91 0.331 96 28.210 —2958.2 94.342 28.79 58.28 748.4
91 0.267 12 0.38298 2454.0 154.82 22.54 34.11 182.6
92 0.360 91 28.033 —2899.4 94.974 28.68 58.57 738.2
92 0.29273 0.417 47 2469.3 154.29 22.64 34.47 183.1
93 0.391 66 27.854 —2840.2 95.602 28.56 58.87 727.9
93 0.320 11 0.454 26 2484.0 153.77 22.74 34.85 183.5
94 0.424 29 27.673 —2780.8 96.225 28.45 59.20 717.5
94 0.349 34 0.493 45 2497.9 153.26 22.85 35.26 183.8
95 0.458 86 27.489 —2720.9 96.845 28.35 59.55 707.0
95 0.38047 0.535 17 2511.0 152.75 22.96 35.68 184.2
96 0.495 43 27.304 —2660.8 97.461 28.24 59.93 696.5
96 0.413 59 0.57953 2523.3 152.26 23.08 36.13 184.5
97 0.534 08 27.115 —2600.2 98.074 28.14 60.33 685.8
97 0.448 78 0.626 67 2534.8 151.78 23.20 36.61 184.7
98 0.574 86 26.924 —2539.2 98.684 28.04 60.76 675.0
98 0.486 09 0.676 71 2545.4 151.30 23.32 37.12 184.9
99 0.617 86 26.730 —2477.8 99.291 27.95 61.22 664.2
99 0.52562 0.729 80 2555.2 150.83 23.44 37.65 185.1
100 0.663 13 26.533 —2416.0 99.896 27.86 61.71 653.3
100 0.567 42 0.786 09 2564.0 150.36 23.57 38.23 185.3
101 0.71074 26.333 —2353.6 100.50 27.77 62.23 642.2
101 0.611 59 0.84575 2571.9 149.90 23.70 38.83 185.4
102 0.760 77 26.130 —2290.8 101.10 27.68 62.80 631.1
102 0.658 20 0.908 95 2578.8 149.44 23.83 39.48 185.5
103 0.81329 25.923 —2227.4 101.70 27.60 63.40 619.8
103 0.707 32 0.97587 2584.6 148.99 23.97 40.18 185.6
104 0.868 36 25.713 —2163.4 102.29 27.53 64.05 608.5
104 0.759 03 1.0467 2589.4 148.54 24.11 40.92 185.6
105 0.926 06 25.499 —2098.9 102.89 27.45 64.75 597.1
105 0.81341 1.1217 2593.0 148.10 24.26 41.71 185.5
106 0.986 45 25.281 —2033.7 103.49 27.38 65.51 585.5
106 0.870 55 1.2011 2595.5 147.65 24.41 42.57 185.5
107 1.04961 25.058 —1967.8 104.08 27.32 66.32 573.9
107 0.93052 1.2852 2596.7 147.21 24.56 43.49 185.4
108 1.11561 24.831 —1901.2 104.68 27.26 67.21 562.1
108 0.993 40 1.3742 2596.6 146.77 24.72 44.49 185.2
109 1.18453 24.598 —1833.8 105.27 27.20 68.16 550.2
109 1.059 28 1.4684 2595.1 146.33 24.89 45.57 185.1
110 1.256 42 24.361 —1765.6 105.87 27.15 69.20 538.2
110 1.12824 1.5682 2592.2 145.89 25.06 46.75 184.9
111 1.33138 24.118 —1696.5 106.47 27.10 70.34 526.1
111 1.200 36 1.6740 2587.7 145.45 25.23 48.04 184.6
112 1.409 47 23.868 —1626.4 107.06 27.06 71.58 513.9
112 1.27574 1.7862 2581.7 145.00 25.42 49.45 184.3
113 1.49077 23.613 —1555.4 107.67 27.03 72.95 501.5
113 1.354 45 1.9053 2573.8 144.55 25.61 51.01 184.0
114 157534 23.350 —1483.2 108.27 27.00 74.46 489.0
114 1.436 60 2.0318 2564.2 144.10 25.81 52.73 183.6
115 1.663 27 23.080 —1409.9 108.88 26.98 76.13 476.3
115 1.522 26 2.1664 25525 143.64 26.01 54.64 183.2
116 1.754 62 22.801 —1335.2 109.49 26.97 78.00 463.5
116 1.61154 2.3097 2538.7 143.18 26.23 56.79 182.7
117 1.849 47 22.514 —1259.2 110.11 26.96 80.09 450.5
117 1.704 52 2.4625 2522.7 142.70 26.46 59.21 182.2
118 1.94789 22.217 —1181.6 110.73 26.97 82.46 437.3
118 1.80132 2.6259 2504.0 142.22 26.70 61.96 181.7
119 2.049 95 21.908 —1102.4 111.36 26.98 85.16 423.9
119 1.902 02 2.8009 2482.7 141.73 26.96 65.10 181.1
120 2.15573 21.588 —1021.2 112.00 27.01 88.28 410.2
120 2.006 74 2.9889 2458.3 141.22 27.23 68.74 180.4
121 2.26529 21.253 —937.90 112.65 27.05 91.92 396.3
121 2.11560 3.1913 2430.6 140.70 27.51 72.99 179.8
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TasLE Al. Thermodynamic properties of air on the dew and bubble lines—Continued

365

Speed
Temperature Pressure Density Enthalpy Entropy c, Cp of sound

(K) (MP3) (mol/dn) (J/mo) Jl(mol-K) Jl(mol-K) Jl(mol-K) (m/9)

122 2.378 71 20.903 —852.17 113.31 27.11 96.23 382.0
122 2.22871 3.4103 2399.1 140.16 27.82 78.02 179.1
123 2.496 04 20.534 —763.63 113.98 27.19 1014 367.4
123 2.346 20 3.6481 2363.3 139.59 28.16 84.05 178.3
124 2.617 34 20.144 —671.82 114.68 27.30 107.8 352.3
124 2.468 23 3.9078 2322.6 139.00 28.52 91.43 177.5
125 2.742 67 19.727 —576.07 115.40 27.44 115.9 336.7
125 2.594 95 4.1934 2276.3 138.38 28.91 100.6 176.7
126 2.87207 19.278 —475.47 116.15 27.62 126.5 320.4
126 2.726 56 45101 2223.2 137.71 29.34 112.4 175.8
127 3.005 54 18.788 —368.72 116.93 27.85 140.9 303.2
127 2.86331 4.8653 2161.9 137.00 29.83 128.0 174.9
128 3.143 06 18.242 —253.75 117.78 28.17 161.9 285.0
128 3.00551 5.2697 2090.3 136.22 30.37 149.6 174.0
129 3.284 48 17.616 —127.06 118.70 28.61 195.2 265.4
129 3.15361 5.7405 2004.9 135.34 30.99 181.3 173.0
130 3.429 47 16.863 18.109 119.76 29.24 256.2 243.7
130 3.308 35 6.3074 1899.9 134.33 31.73 232.6 171.9
131 3.576 98 15.869 198.35 121.07 30.27 401.5 219.1
131 3.471 16 7.0343 1763.0 133.10 32.62 329.9 170.8
132 3.722 84 14.198 478.83 123.13 32.34 1015. 189.1
132 3.646 25 8.1273 1553.9 131.33 33.81 598.0 169.4
132.6312 3.78502 10.4477 1111.3 127.87 35.26 2196. 168.0

aSolidification point.
bMaxcondentherm.
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TaBLE A2. Thermodynamic properties of air

LEMMON ET AL.

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mol) (J/mo)) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
0.101 325 MPa isobar
59.77 33.069 —4713.1 —4710.0 70.905 34.01 55.05 1030.6
60 33.036 —4700.3 —4697.2 71.119 33.96 55.05 1028.8
62 32.750 —4590.2 —4587.1 72.924 33.52 55.05 1012.6
64 32.462 —4480.1 —4477.0 74.672 33.09 55.07 996.3
66 32.171 —4369.9 —4366.8 76.367 32.69 55.11 979.6
68 31.878 —4259.7 —4256.5 78.013 32.30 55.17 962.7
70 31.581 —4149.3 —4146.1 79.614 31.92 55.25 945.5
72 31.281 —4038.7 —4035.5 81.172 31.56 55.37 928.1
74 30.978 —3927.9 —3924.6 82.691 31.22 55.51 910.4
76 30.670 —3816.7 —3813.4 84.173 30.89 55.68 892.3
78 30.358 —3705.2 —3701.9 85.622 30.57 55.88 874.0
78.90 30.215 —3654.7 —3651.4 86.266 30.43 55.99 865.6
81.72 0.155 27 1628.3 2280.9 160.41 21.73 31.56 177.2
82 0.154 67 1634.6 2289.8 160.52 21.71 31.52 1775
84 0.150 53 1679.4 23525 161.28 21.58 31.26 180.0
86 0.146 63 1723.8 2414.8 162.01 21.48 31.04 182.4
88 0.142 95 1767.9 2476.7 162.72 21.40 30.85 184.8
90 0.13947 1811.7 2538.2 163.41 21.33 30.69 187.1
92 0.136 17 1855.4 2599.5 164.09 21.27 30.55 189.4
94 0.13303 1898.8 2660.4 164.74 21.22 30.42 191.7
96 0.130 05 1942.1 2721.2 165.38 21.17 30.32 193.9
98 0.127 21 1985.2 2781.7 166.00 21.13 30.22 196.1
100 0.124 49 2028.2 2842.1 166.61 21.09 30.13 198.2
102 0.121 90 2071.0 2902.2 167.21 21.06 30.05 200.3
104 0.11942 2113.8 2962.3 167.79 21.03 29.98 202.4
106 0.117 04 2156.4 3022.2 168.36 21.01 29.92 204.5
108 0.11476 2199.0 3082.0 168.92 20.98 29.86 206.5
110 0.11257 2241.5 3141.6 169.47 20.96 29.81 208.6
112 0.11047 2284.0 3201.2 170.01 20.94 29.76 210.5
114 0.108 44 2326.3 3260.7 170.53 20.93 29.72 2125
116 0.106 49 2368.6 3320.1 171.05 20.91 29.68 214.5
118 0.104 62 2410.9 33794 171.56 20.90 29.64 216.4
120 0.102 81 2453.1 3438.7 172.05 20.89 29.61 218.3
122 0.101 06 2495.3 3497.8 172.54 20.87 29.58 220.2
124 0.099 377 2537.4 3557.0 173.02 20.86 29.55 222.1
126 0.097 748 2579.5 3616.0 173.50 20.85 29.52 223.9
128 0.096 174 2621.5 3675.1 173.96 20.84 29.50 225.8
130 0.094 650 2663.5 3734.0 174.42 20.84 29.48 227.6
132 0.093175 2705.5 3793.0 174.87 20.83 29.45 229.4
134 0.091 747 2747.5 3851.9 175.31 20.82 29.43 231.2
136 0.090 363 2789.4 3910.7 175.75 20.82 29.42 232.9
138 0.089 021 2831.3 3969.5 176.18 20.81 29.40 234.7
140 0.087 718 2873.2 4028.3 176.60 20.81 29.38 236.4
142 0.086 455 2915.1 4087.1 177.02 20.80 29.37 238.2
144 0.085 227 2956.9 4145.8 177.43 20.80 29.35 239.9
146 0.084 035 2998.7 4204.5 177.83 20.79 29.34 241.6
148 0.082 877 3040.5 4263.1 178.23 20.79 29.33 243.3
150 0.081 750 3082.3 4321.8 178.62 20.78 29.32 244.9
155 0.079 065 3186.8 4468.3 179.59 20.78 29.29 249.1
160 0.076 553 3291.1 4614.7 180.51 20.77 29.27 253.1
165 0.074 198 33954 4761.0 181.41 20.76 29.25 257.1
170 0.071 985 3499.6 4907.2 182.29 20.76 29.23 261.1
175 0.069 902 3603.8 5053.3 183.13 20.75 29.22 264.9
180 0.067 937 3707.9 5199.3 183.96 20.75 29.20 268.7
185 0.066 081 3812.0 5345.3 184.76 20.75 29.19 272.5
190 0.064 324 3916.0 5491.2 185.54 20.75 29.18 276.2
195 0.062 659 4020.0 5637.1 186.29 20.75 29.17 279.8
200 0.061 079 4124.0 5782.9 187.03 20.74 29.16 283.4
210 0.058 147 4331.9 6074.5 188.45 20.74 29.15 290.5
220 0.055 486 4539.8 6365.9 189.81 20.74 29.14 297.4
230 0.053 059 4747.6 6657.3 191.11 20.74 29.13 304.1
240 0.050 836 4955.4 6948.6 192.35 20.75 29.13 310.7
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TaBLE A2. Thermodynamic properties of air—Continued
Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mol) (J/mo)) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
250 0.048 793 5163.2 7239.9 193.53 20.75 29.13 317.1
260 0.046 908 5371.1 7531.1 194.68 20.76 29.13 3234
270 0.045 164 5578.9 7822.4 195.78 20.76 29.13 329.6
280 0.043 546 5786.8 8113.7 196.84 20.77 29.13 335.6
290 0.042 040 5994.8 8405.1 197.86 20.78 29.14 3415
300 0.040 634 6203.0 8696.5 198.85 20.80 29.15 347.4
310 0.039 320 6411.2 8988.1 199.80 20.81 29.16 353.1
320 0.038 089 6619.5 9279.8 200.73 20.83 29.18 358.7
330 0.036 932 6828.1 9571.6 201.63 20.85 29.19 364.2
340 0.035844 7036.8 9863.6 202.50 20.87 29.21 369.7
350 0.034 818 7245.7 10 156.0 203.34 20.89 29.23 375.0
360 0.033850 7454.9 10448.0 204.17 20.92 29.26 380.3
370 0.032 933 7664.3 10741.0 204.97 20.94 29.28 385.4
380 0.032 066 7874.0 11 034.0 205.75 20.97 29.31 390.5
390 0.031 243 8084.0 11 327.0 206.51 21.01 29.34 395.5
400 0.030 461 8294.3 11621.0 207.26 21.04 29.38 400.5
450 0.027 074 9351.8 13094.0 210.73 21.25 29.58 424.2
500 0.024 365 10421.0 14579.0 213.86 21.50 29.83 446.4
550 0.022 149 11503.0 16 078.0 216.71 21.80 30.13 467.3
600 0.020 303 12602.0 17592.0 219.35 22.13 30.45 487.1
650 0.018 742 13717.0 19123.0 221.80 22.47 30.79 505.9
700 0.017 403 14 849.0 20671.0 224.09 22.82 31.14 523.9
750 0.016 243 15999.0 22237.0 226.25 23.17 31.48 541.2
800 0.015228 17 166.0 23820.0 228.30 23.51 31.82 557.8
900 0.013 536 19549.0 27035.0 232.08 24.15 32.47 589.6
1000 0.012183 21994.0 30311.0 235.53 24.73 33.05 619.6
1100 0.011 075 24494.0 33642.0 238.71 25.25 33.57 648.1
1200 0.010 153 27042.0 37022.0 241.65 25.70 34.02 675.5
1300 0.009 372 29633.0 40444.0 244.39 26.10 34.42 701.7
1400 0.008 703 32261.0 43904.0 246.95 26.45 34.77 727.0
1500 0.008 122 34922.0 47 397.0 249.36 26.76 35.08 751.5
1600 0.007 615 37612.0 50919.0 251.63 27.04 35.35 775.2
1700 0.007 167 40 329.0 54 466.0 253.79 27.29 35.60 798.2
1800 0.006 769 43 069.0 58 038.0 255.83 27.51 35.82 820.5
1900 0.006 413 45830.0 61 630.0 257.77 27.71 36.03 842.3
2000 0.006 092 48 610.0 65242.0 259.62 27.90 36.21 863.5
0.2 MPa isobar
59.78 33.072 —4712.9 —4706.8 70.908 34.01 55.05 1031.0
60 33.041 —4701.0 —4695.0 71.106 33.96 55.04 1029.3
62 32.756 —4591.0 —4584.9 72.911 33.52 55.04 1013.2
64 32.468 —4481.0 —4474.8 74.659 33.10 55.06 996.8
66 32.177 —4370.9 —4364.6 76.353 32.69 55.10 980.2
68 31.884 —4260.7 —4254.4 77.999 32.30 55.16 963.3
70 31.588 —4150.3 —4144.0 79.599 31.93 55.24 946.1
72 31.288 —4039.8 —4033.4 81.157 31.57 55.35 928.7
74 30.985 —3929.1 —3922.6 82.675 31.22 55.49 911.0
76 30.678 —3818.0 —3811.5 84.157 30.89 55.65 893.0
78 30.366 —3706.5 —3700.0 85.605 30.57 55.86 874.7
80 30.050 —3594.7 —3588.0 87.022 30.27 56.10 856.1
82 29.728 —3482.3 —3475.5 88.411 29.97 56.38 837.2
84 29.400 —3369.2 —3362.4 89.773 29.69 56.71 817.8
85.39 29.168 —3290.4 —3283.6 90.705 29.50 56.98 804.2
87.99 0.292 03 1718.8 2403.6 156.49 22.25 33.14 181.2
88 0.291 99 1719.0 2403.9 156.50 22.24 33.14 181.2
90 0.284 13 1765.8 2469.7 157.24 22.05 32.70 183.8
92 0.276 75 1812.1 2534.8 157.95 21.90 32.33 186.3
94 0.269 81 1857.9 2599.1 158.64 21.77 32.03 188.7
96 0.263 27 1903.2 2662.9 159.32 21.66 31.77 191.1
98 0.257 08 1948.2 2726.2 159.97 21.57 31.54 193.5
100 0.25121 1993.0 2789.1 160.60 21.49 31.34 195.8
102 0.245 64 2037.4 2851.6 161.22 21.42 31.17 198.0
104 0.240 33 2081.6 2913.8 161.83 21.36 31.01 200.3
106 0.23527 2125.6 2975.7 162.42 21.30 30.87 202.4
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
108 0.230 44 2169.4 3037.3 162.99 21.26 30.75 204.6
110 0.22583 2213.0 3098.7 163.55 21.21 30.64 206.7
112 0.22141 2256.5 3159.8 164.11 21.17 30.53 208.8
114 0.217 17 2299.9 3220.8 164.65 21.14 30.44 210.9
116 0.21311 2343.1 3281.6 165.17 21.11 30.36 212.9
118 0.209 20 2386.2 3342.2 165.69 21.08 30.28 214.9
120 0.205 45 2429.2 3402.7 166.20 21.06 30.21 216.9
122 0.201 83 2472.2 3463.1 166.70 21.03 30.14 218.8
124 0.198 35 2515.0 3523.3 167.19 21.01 30.08 220.8
126 0.194 99 2557.8 3583.4 167.67 20.99 30.03 222.7
128 0.19175 2600.4 3643.4 168.14 20.97 29.98 224.6
130 0.188 63 2643.0 3703.3 168.61 20.96 29.93 226.5
132 0.18561 2685.6 3763.2 169.06 20.94 29.89 228.3
134 0.182 68 2728.1 3822.9 169.51 20.93 29.85 230.1
136 0.179 86 2770.5 3882.5 169.95 20.92 29.81 232.0
138 0.17712 2812.9 3942.1 170.39 20.90 29.77 233.8
140 0.174 47 2855.3 4001.6 170.82 20.89 29.74 235.5
142 0.17190 2897.6 4061.1 171.24 20.88 29.71 237.3
144 0.169 40 2939.8 4120.5 171.65 20.87 29.68 239.1
146 0.166 98 2982.1 4179.8 172.06 20.87 29.65 240.8
148 0.164 63 3024.3 4239.1 172.47 20.86 29.63 2425
150 0.162 35 3066.4 4298.3 172.86 20.85 29.60 244.2
155 0.156 93 3171.7 4446.2 173.83 20.83 29.55 248.4
160 0.151 86 3276.8 4593.8 174.77 20.82 29.50 252.6
165 0.147 12 3381.8 4741.2 175.68 20.81 29.46 256.6
170 0.142 67 3486.6 4888.5 176.56 20.80 29.43 260.6
175 0.138 49 3591.4 5035.5 177.41 20.79 29.40 264.5
180 0.13455 3696.0 5182.4 178.24 20.78 29.37 268.4
185 0.13083 3800.6 5329.2 179.04 20.78 29.35 272.2
190 0.127 32 3905.1 5475.9 179.82 20.77 29.32 275.9
195 0.124 00 4009.5 5622.5 180.59 20.77 29.31 279.6
200 0.120 84 4113.9 5768.9 181.33 20.77 29.29 283.2
210 0.11500 4322.5 6061.7 182.76 20.76 29.26 290.4
220 0.109 70 4531.0 6354.2 184.12 20.76 29.24 297.3
230 0.104 87 4739.3 6646.4 185.42 20.76 29.22 304.0
240 0.100 46 4947.6 6938.6 186.66 20.76 29.21 310.7
250 0.096 399 5155.9 7230.6 187.85 20.76 29.20 317.1
260 0.092 660 5364.1 7522.5 189.00 20.77 29.19 3234
270 0.089 203 5572.3 7814.4 190.10 20.77 29.19 329.6
280 0.085 996 5780.6 8106.3 191.16 20.78 29.19 335.7
290 0.083 012 5988.9 8398.1 192.18 20.79 29.19 341.6
300 0.080 230 6197.2 8690.1 193.17 20.80 29.20 3475
310 0.077 629 6405.7 8982.0 194.13 20.82 29.20 353.2
320 0.075 193 6614.3 9274.1 195.06 20.83 29.21 358.8
330 0.072 905 6823.0 9566.3 195.96 20.85 29.23 364.4
340 0.070 753 7032.0 9858.7 196.83 20.87 29.24 369.8
350 0.068 725 7241.1 10151.0 197.68 20.90 29.26 375.2
360 0.066 810 7450.4 10444.0 198.50 20.92 29.29 380.4
370 0.064 999 7660.0 10737.0 199.31 20.95 29.31 385.6
380 0.063 285 7869.9 11 030.0 200.09 20.98 29.34 390.7
390 0.061 658 8080.0 11324.0 200.85 21.01 29.37 395.7
400 0.060114 8290.5 11618.0 201.59 21.04 29.40 400.7
450 0.053 424 9348.5 13092.0 205.07 21.25 29.59 424.4
500 0.048 077 10418.0 14578.0 208.20 21.51 29.84 446.6
550 0.043 704 11501.0 16 077.0 211.06 21.80 30.14 467.5
600 0.040 061 12 600.0 17592.0 213.69 22.13 30.46 487.3
650 0.036 980 13715.0 19123.0 216.14 22.47 30.80 506.1
700 0.034 338 14 847.0 20672.0 218.44 22.82 31.14 524.1
750 0.032 049 15997.0 22238.0 220.60 23.17 31.49 541.4
800 0.030 047 17 164.0 23821.0 222.64 23.51 31.83 558.1
900 0.026 709 19548.0 27 036.0 226.43 24.15 32.47 589.8
1000 0.024 039 21993.0 30313.0 229.88 24.73 33.05 619.8
1100 0.021 855 24493.0 33644.0 233.05 25.25 33.57 648.3
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
1200 0.020 034 27041.0 37024.0 235.99 25.70 34.02 675.7
1300 0.018 494 29632.0 40447.0 238.73 26.10 34.42 701.9
1400 0.017 173 32261.0 43906.0 241.30 26.45 34.77 727.2
1500 0.016 029 34922.0 47399.0 243.71 26.76 35.08 751.7
1600 0.015 027 37612.0 50921.0 245.98 27.04 35.35 775.4
1700 0.014 144 40329.0 54 469.0 248.13 27.29 35.60 798.3
1800 0.013 358 43 069.0 58 040.0 250.17 27.51 35.82 820.7
1900 0.012 656 45830.0 61633.0 252.12 27.71 36.03 842.5
2000 0.012 023 48610.0 65 245.0 253.97 27.90 36.21 863.7
0.5 MPa isobar
59.84 33.080 —4712.3 —4697.1 70.919 34.01 55.02 1032.1
60 33.057 —4703.4 —4688.2 71.067 33.98 55.02 1030.8
62 32.772 —4593.5 —4578.2 72.871 33.54 55.01 1014.7
64 32.485 —4483.6 —4468.2 74.618 33.11 55.02 998.4
66 32.195 —4373.6 —4358.1 76.311 32.71 55.06 981.9
68 31.903 —4263.6 —4247.9 77.956 32.32 55.11 965.1
70 31.608 —4153.5 —4137.6 79.554 31.94 55.19 948.0
72 31.309 —4043.1 —4027.2 81.111 31.59 55.30 930.7
74 31.007 —3932.6 —3916.4 82.627 31.24 55.43 913.1
76 30.701 —3821.7 —3805.4 84.108 30.91 55.59 895.2
78 30.391 —3710.5 —3694.1 85.554 30.59 55.79 877.0
80 30.076 —3598.9 —3582.3 86.969 30.28 56.02 858.5
82 29.755 —3486.8 —3469.9 88.356 29.99 56.29 839.7
84 29.429 —3374.0 —3357.1 89.716 29.70 56.61 820.5
86 29.096 —3260.7 —3243.5 91.052 29.43 56.98 801.0
88 28.756 —3146.5 —3129.1 92.367 29.17 57.41 781.0
90 28.408 —3031.4 —3013.8 93.663 28.92 57.91 760.6
92 28.051 —2915.2 —2897.4 94.942 28.68 58.49 739.8
94 27.683 —2797.8 —2779.8 96.207 28.46 59.15 718.4
96 27.304 —2679.0 —2660.7 97.460 28.24 59.92 696.5
96.12 27.281 —2671.8 —2653.4 97.535 28.23 59.98 695.2
98.36 0.695 38 1830.0 2549.0 151.13 23.36 37.31 185.0
100 0.67871 1872.9 2609.6 151.74 23.07 36.53 187.4
102 0.659 81 1924.1 2681.9 152.45 22.79 35.75 190.3
104 0.642 25 1974.2 2752.7 153.14 22.56 35.11 193.0
106 0.625 86 2023.5 2822.4 153.80 22.37 34.57 195.7
108 0.61051 2072.0 2891.0 154.45 22.21 34.10 198.2
110 0.596 06 2120.0 2958.8 155.07 22.07 33.70 200.7
112 0.58243 2167.4 3025.9 155.67 21.95 33.35 203.2
114 0.569 54 2214.4 3092.3 156.26 21.85 33.04 205.5
116 0.55731 2260.9 3158.1 156.83 21.76 32.77 207.9
118 0.545 69 2307.1 3223.4 157.39 21.68 32.52 210.1
120 0.534 63 2352.9 3288.2 157.93 21.61 32.30 212.4
122 0.524 08 2398.5 3352.6 158.47 21.54 32.10 214.6
124 0.514 00 2443.8 3416.6 158.99 21.48 31.92 216.7
126 0.504 35 2488.9 3480.3 159.50 21.43 31.75 218.8
128 0.49511 2533.8 3543.6 160.00 21.38 31.60 220.9
130 0.486 25 2578.4 3606.7 160.48 21.34 31.46 223.0
132 0.47773 2622.9 3669.5 160.96 21.30 31.34 225.0
134 0.469 55 2667.2 3732.0 161.43 21.26 31.22 227.0
136 0.461 67 2711.3 3794.4 161.90 21.23 31.11 229.0
138 0.454 08 2755.3 3856.5 162.35 21.20 31.01 230.9
140 0.446 76 2799.2 3918.4 162.80 21.17 30.91 232.8
142 0.439 69 2843.0 3980.1 163.23 21.14 30.83 234.7
144 0.432 87 2886.6 4041.7 163.66 21.12 30.75 236.6
146 0.426 28 2930.2 4103.1 164.09 21.10 30.67 238.4
148 0.419 89 2973.6 4164.4 164.50 21.08 30.60 240.3
150 0.41372 3017.0 4225.5 164.91 21.06 30.53 242.1
155 0.39910 3125.0 4377.8 165.91 21.02 30.39 246.5
160 0.38555 3232.6 4529.4 166.88 20.98 30.26 250.9
165 0.372 95 3339.8 4680.4 167.80 20.95 30.15 255.1
170 0.361 19 3446.6 4830.9 168.70 20.93 30.05 259.3
175 0.350 19 3553.2 4981.0 169.57 20.90 29.97 263.4
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mol) (J/mo)) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
180 0.33987 3659.5 5130.6 170.42 20.89 29.90 267.4
185 0.33017 3765.6 5280.0 171.24 20.87 29.83 271.3
190 0.321 04 3871.5 5429.0 172.03 20.86 29.78 275.1
195 0.31241 3977.3 5577.7 172.80 20.85 29.72 278.9
200 0.304 25 4082.9 5726.2 173.55 20.84 29.68 282.6
210 0.289 19 4293.7 6022.6 175.00 20.82 29.60 289.9
220 0.27559 4504.0 6318.3 176.38 20.81 29.54 297.0
230 0.263 25 4714.1 6613.4 177.69 20.80 29.49 303.9
240 0.251 99 4923.9 6908.1 178.94 20.80 29.45 310.6
250 0.24167 51334 7202.4 180.14 20.80 29.41 317.1
260 0.23218 5342.9 7496.4 181.30 20.80 29.39 3235
270 0.22342 5552.2 7790.1 182.41 20.80 29.37 329.8
280 0.21531 5761.4 8083.7 183.47 20.81 29.35 335.9
290 0.207 77 5970.6 8377.1 184.50 20.81 29.34 341.9
300 0.200 75 6179.8 8670.5 185.50 20.82 29.33 347.8
310 0.194 20 6389.1 8963.8 186.46 20.84 29.33 353.6
320 0.188 06 6598.4 9257.1 187.39 20.85 29.33 359.3
330 0.182 31 6807.8 9550.4 188.29 20.87 29.34 364.8
340 0.176 89 7017.3 9843.9 189.17 20.89 29.35 370.3
350 0.171 80 7227.0 10137.0 190.02 20.91 29.36 375.7
360 0.166 99 7436.9 10431.0 190.85 20.93 29.37 381.0
370 0.162 45 7647.0 10725.0 191.65 20.96 29.39 386.2
380 0.158 15 7857.3 11019.0 192.44 20.99 29.41 391.3
390 0.154 07 8067.9 11313.0 193.20 21.02 29.44 396.3
400 0.150 20 8278.8 11 608.0 193.95 21.06 29.47 401.3
450 0.13345 9338.5 13085.0 197.43 21.26 29.65 425.1
500 0.120 07 10409.0 14 573.0 200.56 21.51 29.89 447.3
550 0.109 14 11494.0 16 075.0 203.42 21.81 30.17 468.2
600 0.100 04 12593.0 17 591.0 206.06 22.13 30.48 488.0
650 0.092 347 13709.0 19123.0 208.52 22.47 30.82 506.8
700 0.085 752 14842.0 20673.0 210.81 22.82 31.16 524.8
750 0.080 038 15993.0 22240.0 212.97 23.17 31.51 542.1
800 0.075038 17 160.0 23823.0 215.02 23.51 31.84 558.7
900 0.066 707 19545.0 27 040.0 218.81 24.15 32.48 590.5
1000 0.060 042 21990.0 30318.0 222.26 24.74 33.06 620.4
1100 0.054 589 24491.0 33650.0 225.43 25.25 33.57 648.9
1200 0.050 045 27 039.0 37030.0 228.37 25.71 34.03 676.2
1300 0.046 199 29631.0 40 453.0 231.11 26.10 34.42 702.5
1400 0.042 902 32259.0 43914.0 233.68 26.46 34.77 727.8
1500 0.040 045 34921.0 47 407.0 236.09 26.76 35.08 752.2
1600 0.037 544 37611.0 50929.0 238.36 27.04 35.36 775.9
1700 0.035 338 40328.0 54 477.0 240.51 27.29 35.60 798.8
1800 0.033 377 43 068.0 58 049.0 242.55 27.51 35.83 821.2
1900 0.031 621 45829.0 61641.0 244.50 27.71 36.03 842.9
2000 0.030 042 48 610.0 65 254.0 246.35 27.90 36.21 864.1
1.0 MPa isobar
59.93 33.094 —4711.2 —4681.0 70.936 34.02 54.97 1033.8
60 33.083 —4707.2 —4677.0 71.002 34.00 54.97 1033.3
62 32.800 —4597.6 —4567.1 72.804 33.56 54.96 1017.3
64 32.514 —4487.9 —4457.2 74.549 33.14 54.97 1001.1
66 32.225 —4378.2 —4347.2 76.241 32.73 55.00 984.7
68 31.934 —4268.5 —4237.2 77.884 32.34 55.05 968.0
70 31.641 —4158.6 —4127.0 79.480 31.97 55.12 951.1
72 31.344 —4048.6 —4016.7 81.034 31.61 55.21 933.9
74 31.044 —3938.4 —3906.1 82.549 31.27 55.33 916.5
76 30.740 —3827.9 —3795.3 84.026 30.93 55.49 898.8
78 30.431 —3717.0 —3684.2 85.470 30.62 55.67 880.8
80 30.119 —3605.8 —3572.6 86.882 30.31 55.89 862.5
82 29.801 —3494.2 —3460.6 88.265 30.01 56.15 843.8
84 29.478 —3381.9 —3348.0 89.622 29.73 56.45 824.9
86 29.148 —3269.1 —3234.8 90.954 29.46 56.80 805.6
88 28.812 —3155.5 —3120.8 92.264 29.20 57.20 786.0
90 28.467 —3041.1 —3005.9 93.555 28.95 57.67 765.9
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TaBLE A2. Thermodynamic properties of air—Continued
Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)

92 28.115 —2925.6 —2890.1 94.828 28.71 58.21 745.4

94 27.752 —2809.1 —2773.1 96.086 28.48 58.83 724.4

96 27.379 —2691.2 —2654.7 97.332 28.26 59.55 702.9

98 26.993 —2571.8 —2534.8 98.568 28.06 60.38 680.9
100 26.593 —2450.7 —2413.1 99.798 27.87 61.36 658.2
102 26.177 —2327.5 —2289.3 101.02 27.69 62.50 634.9
104 25.742 —2201.8 —2162.9 102.25 27.53 63.85 610.8
106 25.284 —2073.2 —2033.7 103.48 27.38 65.48 585.8
106.22 25.232 —2059.0 —2019.3 103.62 27.37 65.68 583.0
108.10 1.3836 1873.7 2596.5 146.73 24.74 44.60 185.2
110 1.3382 1931.9 2679.2 147.49 24.21 42.69 188.7
112 1.2951 1990.8 2763.0 148.24 23.78 41.11 192.1
114 1.2559 2047.6 2843.9 148.96 23.43 39.85 195.3
116 1.2200 2102.9 29225 149.64 23.15 38.81 198.3
118 1.1870 2156.7 2999.2 150.30 2291 37.94 201.2
120 1.1563 2209.5 3074.3 150.93 22.71 37.20 204.0
122 1.1276 2261.3 3148.1 151.54 22.54 36.56 206.8
124 1.1009 2312.2 3220.6 152.13 22.39 36.00 209.4
126 1.0757 2362.5 3292.1 152.70 22.26 35.52 211.9
128 1.0519 2412.1 3362.7 153.25 22.15 35.08 214.4
130 1.0295 2461.1 34325 153.79 22.05 34.69 216.8
132 1.0082 2509.7 3501.5 154.32 21.95 34.34 219.2
134 0.988 04 2557.8 3569.9 154.84 21.87 34.03 2215
136 0.968 81 2605.5 3637.7 155.34 21.80 33.74 223.8
138 0.950 48 2652.8 3704.9 155.83 21.73 33.48 226.0
140 0.93297 2699.8 3771.6 156.31 21.66 33.24 228.2
142 0.916 22 2746.4 3837.9 156.78 21.61 33.02 230.3
144 0.900 18 2792.8 3903.7 157.24 21.55 32.82 2324
146 0.884 78 2838.9 3969.2 157.69 2151 32.64 2345
148 0.869 99 2884.8 4034.3 158.13 21.46 32.46 236.5
150 0.85577 2930.5 4099.0 158.57 21.42 32.30 238.5
155 0.822 47 3043.8 4259.6 159.62 21.33 31.95 243.4
160 0.792 01 3156.0 4418.6 160.63 21.26 31.66 248.1
165 0.763 99 3267.4 4576.3 161.60 21.20 31.41 252.7
170 0.738 11 3377.9 4732.8 162.53 21.14 31.19 257.1
175 0.714 11 3487.9 4888.2 163.44 21.10 31.00 261.5
180 0.691 76 3597.2 5042.8 164.31 21.06 30.84 265.7
185 0.670 90 3706.1 5196.6 165.15 21.03 30.70 269.8
190 0.651 36 3814.6 5349.8 165.97 21.00 30.57 273.9
195 0.63301 3922.6 5502.4 166.76 20.98 30.46 277.9
200 0.61574 4030.4 5654.4 167.53 20.95 30.36 281.7
210 0.584 06 4245.0 5957.2 169.01 20.92 30.19 289.3
220 0.555 66 4458.7 6258.4 170.41 20.90 30.06 296.6
230 0.53003 4671.7 6558.4 171.74 20.88 29.95 303.7
240 0.506 76 4884.0 6857.4 173.01 20.86 29.85 310.6
250 0.48553 5095.9 7155.5 174.23 20.85 29.78 317.3
260 0.466 07 5307.4 7453.0 175.40 20.85 29.72 323.8
270 0.448 16 5518.5 7749.9 176.52 20.85 29.66 330.2
280 0.431 62 5729.5 8046.3 177.60 20.85 29.62 336.4
290 0.416 30 5940.2 8342.3 178.64 20.85 29.59 3425
300 0.402 05 6150.8 8638.1 179.64 20.86 29.56 348.4
310 0.388 76 6361.4 8933.6 180.61 20.87 29.54 354.3
320 0.376 35 6571.9 9229.0 181.54 20.88 29.53 360.0
330 0.364 72 6782.4 9524.2 182.45 20.90 29.52 365.6
340 0.353 80 6992.9 9819.4 183.33 20.91 29.52 371.1
350 0.34353 7203.6 10 115.0 184.19 20.93 29.52 376.6
360 0.33385 7414.4 10410.0 185.02 20.96 29.52 381.9
370 0.32471 7625.3 10 705.0 185.83 20.98 29.53 387.1
380 0.316 06 7836.4 11 000.0 186.62 21.01 29.54 392.3
390 0.307 87 8047.7 11 296.0 187.39 21.04 29.56 397.3
400 0.300 09 8259.3 11592.0 188.13 21.07 29.58 402.3
450 0.266 51 9322.0 13074.0 191.63 21.27 29.73 426.2
500 0.23974 10395.0 14 566.0 194.77 21.53 29.95 448.5
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mol) (J/mo)) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
550 0.217 90 11481.0 16 070.0 197.64 21.82 30.22 469.4
600 0.199 72 12582.0 17 589.0 200.28 22.14 30.53 489.2
650 0.184 35 13699.0 19124.0 202.74 22.48 30.86 508.0
700 0.17119 14 834.0 20675.0 205.04 22.83 31.19 526.0
750 0.159 79 15985.0 22243.0 207.20 23.18 31.53 543.2
800 0.149 81 17 153.0 23828.0 209.25 23.52 31.87 559.9
900 0.13319 19539.0 27 047.0 213.04 24.16 32.50 591.5
1000 0.119 90 21986.0 30326.0 216.49 24.74 33.07 621.5
1100 0.109 02 24 487.0 33659.0 219.67 25.26 33.58 650.0
1200 0.099 953 27 036.0 37041.0 222.61 25.71 34.03 677.2
1300 0.092 279 29628.0 40 465.0 225.35 26.11 34.43 703.4
1400 0.085 701 32257.0 43925.0 227.91 26.46 34.78 728.7
1500 0.079 999 34919.0 47 419.0 230.32 26.77 35.09 753.1
1600 0.075 008 37610.0 50942.0 232.60 27.04 35.36 776.7
1700 0.070 604 40327.0 54 490.0 234.75 27.29 35.61 799.7
1800 0.066 689 43067.0 58 062.0 236.79 27.51 35.83 822.0
1900 0.063 185 45 829.0 61 655.0 238.73 27.71 36.03 843.7
2000 0.060 031 48 609.0 65 268.0 240.59 27.90 36.22 864.9
2.0 MPa isobar
60.11 33.121 —4709.1 —4648.7 70.970 34.02 54.88 1037.4
62 32.854 —4605.7 —4544.8 72.673 33.61 54.86 1022.4
64 32.570 —4496.5 —4435.1 74.414 33.18 54.86 1006.5
66 32.285 —4387.3 —4325.3 76.103 32.78 54.88 990.3
68 31.997 —4278.1 —4215.6 77.741 32.39 54.91 973.8
70 31.706 —4168.8 —4105.7 79.334 32.02 54.97 957.2
72 31.412 —4059.3 —3995.7 80.884 31.66 55.05 940.3
74 31.116 —3949.7 —3885.5 82.393 31.32 55.15 923.1
76 30.815 —3839.9 —3775.0 83.866 30.99 55.29 905.7
78 30.511 —3729.9 —3664.3 85.304 30.67 55.45 888.1
80 30.203 —3619.4 —3553.2 86.710 30.36 55.64 870.2
82 29.891 —3508.6 —3441.7 88.087 30.07 55.87 852.0
84 29.573 —3397.4 —3329.7 89.436 29.78 56.13 833.5
86 29.249 —3285.5 —3217.2 90.760 29.51 56.44 814.7
88 28.919 —-3173.1 —3103.9 92.062 29.25 56.80 795.6
90 28.583 —3059.9 —2989.9 93.343 29.00 57.21 776.1
92 28.238 —2945.9 —2875.0 94.606 28.76 57.69 756.2
94 27.885 —2830.9 —2759.1 95.852 28.53 58.23 736.0
96 27.522 —2714.7 —2642.1 97.084 28.31 58.86 715.3
98 27.149 —2597.3 —2523.6 98.305 28.10 59.57 694.1
100 26.763 —2478.4 —2403.7 99.517 27.90 60.41 672.5
102 26.364 —2357.8 —2281.9 100.72 27.72 61.37 650.2
104 25.948 —2235.2 —2158.1 101.92 27.55 62.49 627.4
106 25.514 —2110.2 —2031.8 103.13 27.40 63.82 603.9
108 25.058 —1982.5 —1902.7 104.33 27.26 65.40 579.6
110 24,577 —1851.4 —1770.0 105.55 27.14 67.31 554.3
112 24.065 —1716.2 —1633.1 106.78 27.04 69.66 528.0
114 23.513 —1576.0 —1491.0 108.04 26.97 72.64 500.4
116 22.913 —1429.3 —1342.0 109.34 26.94 76.56 470.9
118 22.245 —1273.6 —1183.7 110.69 26.96 82.02 439.1
118.52 22.059 —-1231.7 —1141.0 111.05 26.97 83.81 430.4
119.94 2.9766 1788.0 2459.9 141.25 27.21 68.49 180.5
120 2.9709 1791.1 2464.3 141.29 27.17 68.18 180.7
122 2.8114 1880.8 2592.2 142.35 26.12 60.34 186.1
124 2.6809 1961.3 2707.4 143.28 25.36 55.18 190.8
126 2.5702 2035.7 2813.8 144.13 24.78 51.49 195.1
128 2.4740 2105.5 2913.9 144.92 24.33 48.71 199.0
130 2.3888 2171.9 3009.1 145.66 23.96 46.54 202.6
132 2.3124 22355 3100.4 146.36 23.66 44.78 206.1
134 2.2432 2296.8 3188.4 147.02 23.40 43.33 209.3
136 2.1799 2356.4 3273.8 147.65 23.18 42.11 212.4
138 2.1217 2414.3 3357.0 148.26 22.99 41.07 215.4
140 2.0678 2470.9 3438.2 148.84 22.83 40.16 218.3
142 2.0176 2526.4 3517.7 149.41 22.68 39.38 221.0
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TaBLE A2. Thermodynamic properties of air—Continued
Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
144 1.9707 2580.9 3595.7 149.95 22.55 38.68 223.7
146 1.9267 2634.4 3672.5 150.48 22.43 38.06 226.3
148 1.8853 2687.2 3748.0 151.00 22.32 37.51 228.8
150 1.8462 2739.2 38225 151.50 22.22 37.01 231.3
155 1.7572 2866.7 4004.9 152.69 22.02 35.96 237.2
160 1.6785 2991.0 4182.5 153.82 21.85 35.12 242.7
165 1.6082 3112.7 4356.3 154.89 21.71 34.44 248.1
170 1.5448 3232.4 4527.1 155.91 21.60 33.87 253.1
175 1.4872 3350.4 4695.2 156.88 21.50 33.39 258.0
180 1.4345 3466.9 4861.1 157.82 21.42 32.99 262.8
185 1.3861 3582.3 5025.2 158.72 21.35 32.64 267.3
190 1.3413 3696.5 5187.6 159.58 21.29 32.34 271.8
195 1.2997 3809.9 5348.6 160.42 21.24 32.08 276.1
200 1.2610 39224 5508.4 161.23 21.19 31.84 280.3
210 1.1909 41455 5824.9 162.77 21.12 31.46 288.4
220 1.1291 4366.5 6137.9 164.23 21.07 31.15 296.2
230 1.0739 4585.7 6448.1 165.61 21.02 30.90 303.6
240 1.0243 4803.5 6756.1 166.92 20.99 30.70 310.8
250 0.979 42 5020.2 7062.2 168.17 20.97 30.53 317.8
260 0.938 59 5236.0 7366.9 169.36 20.95 30.39 324.6
270 0.901 25 5451.0 7670.2 170.51 20.94 30.28 331.2
280 0.866 94 5665.4 7972.4 171.61 20.93 30.18 337.6
290 0.83528 5879.3 8273.8 172.67 20.93 30.09 343.8
300 0.80597 6092.8 8574.3 173.68 20.93 30.03 349.9
310 0.778 73 6306.0 8874.3 174.67 20.93 29.97 355.9
320 0.753 36 6519.0 9173.7 175.62 20.94 29.92 361.7
330 0.729 65 6731.7 9472.7 176.54 20.95 29.88 367.4
340 0.707 45 6944.4 9771.4 177.43 20.97 29.85 373.0
350 0.686 60 7156.9 10070.0 178.30 20.98 29.83 378.5
360 0.666 99 7369.5 10 368.0 179.14 21.00 29.82 383.9
370 0.648 50 7582.1 10 666.0 179.95 21.03 29.81 389.2
380 0.631 04 7794.8 10964.0 180.75 21.05 29.80 394.4
390 0.614 51 8007.6 11 262.0 181.52 21.08 29.80 399.5
400 0.598 86 8220.6 11 560.0 182.28 21.11 29.81 404.5
450 0.53141 9289.2 13053.0 185.79 21.30 29.91 428.5
500 0.477 83 10367.0 14552.0 188.95 21.55 30.09 450.8
550 0.434 20 11 457.0 16 063.0 191.83 21.84 30.33 471.8
600 0.397 94 12561.0 17 586.0 194.48 22.16 30.62 491.5
650 0.367 32 13680.0 19125.0 196.94 22.50 30.93 510.3
700 0.34112 14816.0 20680.0 199.25 22.84 31.26 528.3
750 0.31842 15970.0 22251.0 201.42 23.19 31.58 545.5
800 0.298 57 17 139.0 23838.0 203.47 23.53 31.91 562.1
900 0.265 50 19528.0 27061.0 207.26 24.17 32.53 593.7
1000 0.239 05 21976.0 30343.0 210.72 24.75 33.10 623.6
1100 0.217 40 24 479.0 33679.0 213.90 25.26 33.61 652.0
1200 0.199 36 27030.0 37 062.0 216.84 25.72 34.05 679.2
1300 0.184 08 29623.0 40487.0 219.58 26.11 34.44 705.3
1400 0.170 99 32253.0 43949.0 222.15 26.46 34.79 730.5
1500 0.159 63 34915.0 47 4440 224.56 26.77 35.10 754.8
1600 0.149 69 37607.0 50967.0 226.83 27.05 35.37 778.4
1700 0.140 92 40324.0 54517.0 228.98 27.29 35.61 801.3
1800 0.13312 43 065.0 58 089.0 231.03 27.52 35.83 823.6
1900 0.126 14 45827.0 61 683.0 232.97 27.72 36.04 845.3
2000 0.119 85 48 608.0 65296.0 234.82 27.90 36.22 866.4
5.0 MPa isobar
60.64 33.200 —4702.6 —4552.0 71.073 34.04 54.61 1047.7
62 33.012 —4629.1 —4477.6 72.287 33.75 54.58 1037.3
64 32.736 —4521.2 —4368.5 74.019 33.33 54.55 1021.9
66 32.458 —4413.4 —4259.4 75.698 32.93 54.54 1006.3
68 32.178 —4305.7 —4150.3 77.326 32.54 54.55 990.5
70 31.895 —4198.0 —4041.2 78.907 32.17 54.57 974.6
72 31.611 —4090.2 —3932.0 80.445 31.82 54.61 958.5
74 31.324 —3982.4 —3822.8 81.942 31.48 54.67 942.2
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mo)) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
76 31.034 —3874.5 —3713.4 83.401 31.15 54.75 925.7
78 30.742 —3766.4 —3603.8 84.824 30.83 54.85 909.0
80 30.446 —3658.2 —3493.9 86.214 30.52 54.98 892.1
82 30.146 —3549.7 —3383.8 87.574 30.23 55.13 875.0
84 29.843 —3441.0 —3273.4 88.904 29.94 55.31 857.7
86 29.535 —3331.9 —3162.6 90.208 29.67 55.52 840.2
88 29.223 —3222.4 —3051.3 91.488 29.41 55.77 822.4
90 28.906 —3112.4 —2939.5 92.744 29.15 56.06 804.4
92 28.582 —3002.0 —2827.0 93.980 28.91 56.38 786.2
94 28.253 —2890.9 —2713.9 95.196 28.68 56.75 767.7
96 27.917 —2779.1 —2600.0 96.395 28.45 57.17 748.9
98 27.574 —2666.5 —2485.2 97.579 28.24 57.64 729.9
100 27.222 —2553.1 —2369.4 98.748 28.03 58.18 710.6
102 26.861 —2438.6 —2252.4 99.906 27.84 58.79 690.9
104 26.490 —2322.9 —2134.2 101.05 27.66 59.48 671.0
106 26.108 —2206.0 —2014.5 102.19 27.48 60.26 650.7
108 25.713 —2087.5 —1893.1 103.33 27.32 61.15 630.0
110 25.304 —1967.4 —1769.8 104.46 27.17 62.17 609.0
112 24.879 —1845.3 —1644.3 105.59 27.03 63.34 587.6
114 24.436 —1720.9 —1516.3 106.72 26.90 64.69 565.7
116 23.972 —1594.0 —1385.4 107.86 26.79 66.26 543.3
118 23.483 —1464.0 —-1251.1 109.01 26.70 68.12 520.4
120 22.966 —1330.4 —-1112.7 110.17 26.62 70.34 496.8
122 22.415 —1192.4 —969.37 111.36 26.57 73.05 472.5
124 21.822 —1049.1 —820.02 112.57 26.55 76.44 447.2
126 21.176 —899.10 —662.99 113.83 26.57 80.80 420.8
128 20.462 —740.19 —495.84 115.14 26.63 86.66 393.0
130 19.654 —569.09 —314.69 116.55 26.78 95.03 363.1
132 18.706 —380.05 -112.75 118.09 27.04 107.94 330.4
134 17.533 —162.02 123.16 119.86 27.53 130.20 294.1
136 15.954 108.31 421.72 122.07 28.44 173.22 253.7
138 13.686 470.13 835.47 125.09 29.89 241.20 216.2
140 11.096 892.71 1343.3 128.75 30.37 246.60 199.5
142 9.2688 1229.6 1769.0 131.77 29.21 178.44 199.2
144 8.1721 1462.3 2074.2 133.90 27.96 131.40 202.8
146 7.4446 1636.9 2308.5 135.52 26.99 105.29 206.9
148 6.9126 1778.7 2502.1 136.83 26.24 89.47 211.0
150 6.4975 1900.3 2669.9 137.96 25.66 78.99 214.9
155 5.7485 2152.4 3022.2 140.27 24.63 63.74 223.8
160 5.2273 2362.0 3318.5 142.15 23.95 55.49 231.8
165 4.8317 2547.3 3582.1 143.78 23.46 50.29 239.1
170 45153 2716.8 3824.1 145.22 23.08 46.71 245.9
175 4.2532 2875.2 4050.8 146.54 22.78 44.09 252.2
180 4.0305 3025.5 4266.1 147.75 22.54 42.09 258.2
185 3.8376 3169.5 4472.4 148.88 22.35 40.51 263.9
190 3.6681 3308.6 4671.7 149.94 22.18 39.24 269.3
195 3.5173 3443.6 4865.2 150.95 22.04 38.19 274.5
200 3.3819 3575.4 5053.8 151.90 21.92 37.31 279.4
210 3.1473 3831.0 5419.6 153.69 21.72 35.92 288.8
220 2.9500 4078.5 5773.4 155.34 21.58 34.88 297.7
230 2.7806 4319.9 6118.1 156.87 21.46 34.08 306.0
240 2.6330 4556.6 6455.6 158.30 21.37 33.45 314.0
250 2.5028 4789.7 6787.4 159.66 21.31 32.94 3215
260 2.3868 5019.7 7114.6 160.94 21.25 32.52 328.8
270 2.2825 5247.4 7438.0 162.16 21.21 32.17 335.9
280 2.1880 5473.0 7758.2 163.33 21.17 31.88 342.7
290 2.1020 5697.0 8075.7 164.44 21.15 31.63 349.2
300 2.0232 5919.6 8390.9 165.51 21.13 31.42 355.6
310 1.9507 6141.1 8704.2 166.54 21.12 31.24 361.8
320 1.8837 6361.6 9015.9 167.53 21.11 31.09 367.9
330 1.8216 6581.2 9326.2 168.48 21.11 30.96 373.8
340 1.7637 6800.3 9635.2 169.40 21.12 30.85 379.6
350 1.7097 7018.8 9943.3 170.30 21.12 30.76 385.2
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mo)) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
360 1.6591 7236.8 10250.0 171.16 21.13 30.68 390.7
370 1.6117 74545 10557.0 172.00 21.15 30.61 396.1
380 1.5671 7672.0 10863.0 172.82 21.17 30.56 401.4
390 1.5250 7889.3 11 168.0 173.61 21.19 30.51 406.6
400 1.4852 8106.4 11473.0 174.38 21.22 30.47 411.7
450 1.3152 9192.6 12994.0 177.97 21.39 30.41 435.9
500 1.1814 10284.0 14516.0 181.17 21.62 30.48 458.3
550 1.0731 11384.0 16 044.0 184.08 21.90 30.64 479.2
600 0.983 39 12497.0 17581.0 186.76 22.21 30.87 498.9
650 0.907 81 13624.0 19131.0 189.24 22.54 31.14 517.6
700 0.843 21 14 766.0 20696.0 191.56 22.89 31.43 535.4
750 0.787 32 15924.0 22275.0 193.74 23.23 31.74 552.5
800 0.738 47 17 099.0 23869.0 195.80 23.56 32.04 569.0
900 0.657 11 19494.0 27 103.0 199.61 24.20 32.63 600.3
1000 0.592 03 21949.0 30394.0 203.07 24.77 33.18 629.9
1100 0.538 74 24 456.0 33737.0 206.26 25.29 33.67 658.1
1200 0.494 31 27011.0 37126.0 209.21 25.74 34.10 685.1
1300 0.456 67 29607.0 40556.0 211.95 26.13 34.48 711.0
1400 0.424 38 32239.0 44 021.0 214.52 26.48 34.82 736.0
1500 0.396 36 34904.0 47519.0 216.93 26.79 35.12 760.1
1600 0.37182 37598.0 51045.0 219.21 27.06 35.39 783.6
1700 0.350 15 40317.0 54596.0 221.36 27.30 35.63 806.3
1800 0.33088 43059.0 58171.0 223.40 27.53 35.85 828.4
1900 0.31361 45823.0 61 766.0 225.35 27.73 36.05 850.0
2000 0.298 06 48 605.0 65 380.0 227.20 27.91 36.23 871.0
10.0 MPa isobar
61.52 33.329 —4691.3 —4391.2 71.245 34.08 54.19 1064.0
62 33.264 —4665.6 —4364.9 71.671 33.98 54.18 1060.5
64 32.998 —4559.7 —4256.7 73.390 33.57 54.12 1046.0
66 32.731 —4454.0 —4148.5 75.054 33.17 54.07 1031.3
68 32.462 —4348.4 —4040.4 76.668 32.79 54.03 1016.5
70 32.192 —4243.0 —3932.4 78.233 32.43 54.00 1001.6
72 31.921 —4137.6 —3824.4 79.755 32.07 53.99 986.5
74 31.648 —4032.4 —3716.4 81.234 31.74 53.99 971.4
76 31.373 —3927.1 —3608.4 82.674 31.41 54.01 956.1
78 31.096 —3821.9 —3500.3 84.077 31.09 54.04 940.7
80 30.817 —3716.7 —3392.2 85.446 30.79 54.09 925.2
82 30.536 —3611.5 —3284.0 86.782 30.50 54.15 909.6
84 30.253 —3506.1 —3175.6 88.088 30.21 54.24 893.8
86 29.966 —3400.7 —3067.0 89.366 29.94 54.34 877.9
88 29.677 —3295.2 —2958.2 90.616 29.68 54.47 861.9
90 29.384 —3189.5 —2849.1 91.842 29.42 54.61 845.8
92 29.088 —3083.5 —2739.7 93.044 29.18 54.78 829.6
94 28.788 —2977.4 —2630.0 94.224 28.94 54.97 813.2
96 28.484 —2870.9 —2519.8 95.384 28.71 55.19 796.8
98 28.176 —2764.1 —2409.2 96.524 28.49 55.44 780.2
100 27.863 —2656.9 —2298.1 97.647 28.28 55.72 763.5
102 27.546 —2549.4 —2186.3 98.753 28.08 56.02 746.7
104 27.222 —2441.3 —2073.9 99.844 27.89 56.36 729.7
106 26.893 —2332.7 —1960.8 100.92 27.70 56.74 712.7
108 26.558 —22235 —1846.9 101.99 27.52 57.16 695.5
110 26.215 —2113.6 —1732.2 103.04 27.35 57.61 678.3
112 25.866 —2003.1 —1616.5 104.08 27.19 58.12 661.0
114 25.509 —1891.7 —1499.7 105.11 27.03 58.67 643.6
116 25.143 —1779.5 —1381.8 106.14 26.89 59.27 626.2
118 24.768 —1666.3 —1262.6 107.16 26.75 59.93 608.7
120 24.383 —1552.1 —1142.0 108.17 26.62 60.65 591.1
122 23.988 —1436.8 —1019.9 109.18 26.50 61.44 573.6
124 23.582 —1320.2 —896.19 110.19 26.39 62.30 556.0
126 23.164 —1202.4 —770.65 111.19 26.28 63.25 538.4
128 22.732 —1083.1 —643.14 112.20 26.19 64.28 520.9
130 22.287 —962.17 —513.47 113.20 26.10 65.41 503.5
132 21.826 —839.59 —381.42 114.21 26.03 66.66 486.1
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
134 21.349 —715.17 —246.76 115.22 25.96 68.02 468.8
136 20.855 —588.77 —109.26 116.24 25.90 69.51 451.7
138 20.342 —460.24 31.349 117.27 25.86 71.13 434.8
140 19.810 —329.46 175.34 118.30 25.82 72.88 418.1
142 19.257 —196.33 322.96 119.35 25.79 74.76 401.9
144 18.684 —60.807 474.42 120.41 25.77 76.71 386.1
146 18.090 77.041 629.83 121.48 25.76 78.69 371.0
148 17.478 217.00 789.15 122.56 25.75 80.60 356.7
150 16.851 358.66 952.10 123.66 25.73 82.31 343.4
155 15.253 715.54 1371.2 126.41 25.65 84.77 316.0
160 13.709 1064.0 1793.4 129.09 25.45 83.46 297.6
165 12.331 1388.9 2199.9 131.59 25.11 78.69 287.3
170 11.170 1682.4 2577.7 133.84 24.70 72.33 282.7
175 10.218 1944.8 2923.4 135.85 24.30 66.09 281.8
180 9.4390 2180.7 3240.1 137.63 23.94 60.75 283.1
185 8.7946 2395.5 3532.6 139.24 23.62 56.38 285.6
190 8.2534 2593.7 3805.4 140.69 23.35 52.86 288.8
195 7.7920 2778.9 4062.3 142.03 23.11 50.01 292.4
200 7.3931 2953.7 4306.3 143.26 22.90 47.67 296.3
210 6.7353 3279.3 4764.1 145.50 22.56 44.10 304.3
220 6.2116 3581.7 5191.5 147.49 22.30 41.53 312.4
230 5.7819 3867.3 5596.8 149.29 22.10 39.62 320.3
240 5.4208 4140.6 5985.3 150.94 21.93 38.14 328.0
250 5.1116 4404 .4 6360.7 152.47 21.80 36.98 3354
260 4.8429 4660.8 6725.7 153.91 21.70 36.04 342.7
270 4.6064 4911.3 7082.2 155.25 21.61 35.28 349.7
280 4.3961 5157.0 7431.7 156.52 21.54 34.64 356.5
290 4.2075 5398.7 7775.4 157.73 21.49 34.11 363.1
300 4.0370 5637.1 8114.2 158.88 21.44 33.66 369.5
310 3.8819 5872.8 8448.9 159.97 21.41 33.28 375.7
320 3.7400 6106.2 8780.0 161.03 21.38 32.95 381.8
330 3.6096 6337.7 9108.1 162.04 21.36 32.67 387.7
340 3.4891 6567.4 9433.5 163.01 21.35 32.42 3935
350 3.3774 6795.8 9756.7 163.94 21.34 32.21 399.1
360 3.2735 7023.0 10078.0 164.85 21.34 32.03 404.6
370 3.1765 7249.1 10397.0 165.72 21.34 31.87 410.0
380 3.0857 7474.4 10715.0 166.57 21.35 31.73 415.3
390 3.0004 7699.0 11 032.0 167.39 21.37 31.61 420.5
400 2.9202 7923.0 11 347.0 168.19 21.38 31.50 425.6
450 2.5803 9037.7 12913.0 171.88 21.52 31.18 449.6
500 2.3157 10151.0 14 469.0 175.16 21.73 31.08 471.8
550 2.1029 11 268.0 16 023.0 178.12 22.00 31.12 4925
600 1.9274 12 395.0 17 583.0 180.84 22.30 31.27 511.9
650 1.7800 13533.0 19151.0 183.35 22.62 31.47 530.3
700 1.6542 14 685.0 20730.0 185.69 22.95 31.71 547.8
750 1.5454 15852.0 22322.0 187.88 23.29 31.97 564.6
800 1.4504 17 033.0 23928.0 189.96 23.62 32.24 580.8
900 1.2922 19441.0 27179.0 193.79 24.24 32.79 611.6
1000 1.1655 21904.0 30484.0 197.27 24.81 33.30 640.7
1100 1.0618 24419.0 33837.0 200.46 25.32 33.76 668.5
1200 0.97511 26980.0 37235.0 203.42 25.77 34.18 695.0
1300 0.901 65 29581.0 40672.0 206.17 26.16 34.55 720.6
1400 0.838 54 32218.0 44 143.0 208.74 26.50 34.88 745.2
1500 0.78374 34 886.0 47 646.0 211.16 26.81 35.17 769.1
1600 0.73569 37583.0 51176.0 213.44 27.08 35.43 792.2
1700 0.693 21 40305.0 54731.0 215.59 27.32 35.66 814.7
1800 0.655 39 43 050.0 58 308.0 217.64 27.54 35.88 836.5
1900 0.621 49 45815.0 61 906.0 219.58 27.74 36.07 857.9
2000 0.590 94 48 600.0 65522.0 221.44 27.93 36.25 878.6
20.0 MPa isobar
63.24 33.574 —4666.7 —4071.0 71.587 34.18 53.48 1094.3
64 33.480 —4627.8 —4030.5 72.224 34.03 53.44 1089.3
66 33.230 —4525.5 —3923.7 73.867 33.64 53.33 1076.1
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
68 32.981 —44235 —3817.1 75.457 33.27 53.24 1062.8
70 32.730 —4321.8 —3710.7 76.999 3291 53.15 1049.4
72 32.480 —4220.3 —3604.5 78.496 32.57 53.07 1036.0
74 32.228 —4119.0 —3498.4 79.949 32.23 53.00 1022.6
76 31.976 —4017.9 —3392.5 81.361 31.91 52.94 1009.1
78 31.724 —-3917.1 —3286.7 82.736 31.60 52.88 995.6
80 31.470 —3816.5 —3180.9 84.074 31.30 52.84 982.1
82 31.216 —3716.0 —3075.3 85.378 31.02 52.80 968.6
84 30.961 —3615.7 —2969.7 86.650 30.74 52.77 955.0
86 30.705 —3515.6 —2864.2 87.892 30.47 52.76 941.4
88 30.447 —3415.6 —2758.7 89.105 30.20 52.75 927.8
90 30.189 —3315.7 —2653.2 90.290 29.95 52.75 914.2
92 29.929 —3215.9 —2547.7 91.450 29.71 52.76 900.5
94 29.667 —3116.3 —2442.1 92.585 29.47 52.79 886.9
96 29.405 —3016.7 —2336.5 93.696 29.24 52.82 873.2
98 29.140 —2917.2 —2230.9 94.786 29.02 52.86 859.6
100 28.874 —2817.7 —2125.1 95.854 28.81 52.91 846.0
102 28.606 —2718.3 —2019.2 96.903 28.60 52.98 832.4
104 28.337 —2619.0 —1913.2 97.932 28.40 53.05 818.8
106 28.065 —2519.6 —1807.0 98.943 28.21 53.13 805.2
108 27.791 —2420.3 —1700.6 99.937 28.02 53.23 791.7
110 27.516 —2320.9 —1594.1 100.91 27.84 53.33 778.2
112 27.238 —2221.6 —1487.3 101.88 27.67 53.44 764.8
114 26.958 —2122.2 —1380.3 102.82 27.50 53.57 751.5
116 26.675 —2022.8 —1273.0 103.76 27.34 53.70 738.2
118 26.390 —1923.4 —1165.5 104.68 27.18 53.84 725.0
120 26.103 —1823.9 —1057.7 105.58 27.03 53.99 711.9
122 25.813 —1724.4 —949.55 106.48 26.88 54.14 699.0
124 25.520 —1624.8 —841.10 107.36 26.74 54.31 686.1
126 25.225 —1525.2 —732.32 108.23 26.61 54.48 673.4
128 24.928 —1425.5 —623.18 109.09 26.48 54.65 660.9
130 24.628 —1325.8 —513.69 109.94 26.35 54.84 648.5
132 24.325 —1226.0 —403.84 110.77 26.23 55.02 636.3
134 24.020 —1126.3 —293.61 111.60 26.11 55.21 624.3
136 23.712 —1026.4 —183.00 112.42 26.00 55.40 612.5
138 23.402 —926.63 —72.016 113.23 25.89 55.59 601.0
140 23.090 —826.82 39.349 114.03 25.79 55.78 589.6
142 22.776 —727.03 151.09 114.83 25.69 55.96 578.5
144 22.460 —627.28 263.20 115.61 25.59 56.15 567.7
146 22.142 —527.60 375.68 116.39 25.50 56.33 557.2
148 21.822 —428.01 488.50 117.15 25.41 56.50 546.9
150 21.501 —328.54 601.66 117.91 25.32 56.66 536.9
155 20.693 —80.620 885.87 119.78 25.12 57.01 513.3
160 19.884 165.72 1171.6 121.59 24.92 57.25 491.8
165 19.077 409.75 1458.1 123.35 24.74 57.34 472.4
170 18.280 650.59 1744.7 125.07 24.56 57.24 455.3
175 17.500 887.32 2030.2 126.72 24.39 56.91 440.5
180 16.745 1119.0 2313.4 128.32 24.22 56.35 428.0
185 16.021 1344.9 2593.3 129.85 24.06 55.58 417.6
190 15.332 1564.4 2868.9 131.32 23.89 54.62 409.1
195 14.683 1777.1 3139.3 132.72 23.74 53.52 402.4
200 14.074 1982.9 3403.9 134.06 23.58 52.34 397.2
210 12.978 2374.1 3915.2 136.56 23.30 49.90 390.6
220 12.034 2740.3 4402.3 138.83 23.04 47.56 387.6
230 11.221 3084.8 4867.1 140.89 22.81 45.45 387.3
240 10.519 3410.9 5312.2 142.79 22.62 43.61 388.7
250 9.9093 3721.9 5740.2 144.53 22.45 42.03 391.3
260 9.3749 4020.3 6153.6 146.16 2231 40.69 394.7
270 8.9032 4308.2 6554.6 147.67 22.19 39.54 398.6
280 8.4837 4587.4 6944.9 149.09 22.09 38.55 402.8
290 8.1078 4859.3 7326.1 150.43 22.00 37.71 407.3
300 7.7690 5125.0 7699.4 151.69 21.93 36.97 412.0
310 7.4616 5385.5 8065.9 152.89 21.86 36.34 416.7
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
320 7.1814 5641.5 8426.5 154.04 21.81 35.79 421.5
330 6.9246 5893.6 8781.8 155.13 21.77 35.30 426.3
340 6.6882 6142.3 9132.7 156.18 21.74 34.87 431.1
350 6.4698 6388.2 9479.5 157.19 21.71 34.50 435.9
360 6.2673 6631.6 9822.8 158.15 21.69 34.17 440.6
370 6.0788 6872.8 10163.0 159.08 21.68 33.87 445.3
380 5.9028 7112.2 10500.0 159.98 21.67 33.61 450.0
390 5.7380 7349.9 10835.0 160.85 21.67 33.38 454.6
400 5.5834 7586.1 11168.0 161.70 21.68 33.18 459.2
450 4.9320 8752.1 12807.0 165.56 21.76 32.46 481.1
500 4.4288 9904.1 14 420.0 168.96 21.94 32.09 501.8
550 4.0260 11 053.0 16 020.0 172.01 22.17 31.95 521.2
600 3.6950 12 204.0 17 617.0 174.79 22.45 31.95 539.5
650 3.4173 13364.0 19216.0 177.35 22.76 32.04 557.0
700 3.1804 14 533.0 20822.0 179.73 23.08 32.20 573.7
750 2.9756 15715.0 22436.0 181.96 23.40 32.39 589.8
800 2.7966 16 910.0 24 061.0 184.05 23.72 32.61 605.2
900 2.4982 19339.0 27 345.0 187.92 24.33 33.07 634.8
1000 2.2588 21820.0 30674.0 191.43 24.89 33.52 662.8
1100 2.0621 24349.0 34047.0 194.64 25.39 33.94 689.6
1200 1.8975 26921.0 37461.0 197.61 25.83 34.32 715.2
1300 1.7576 29532.0 40911.0 200.37 26.21 34.67 740.0
1400 1.6372 32177.0 44 393.0 202.95 26.55 34.97 764.0
1500 1.5323 34852.0 47 904.0 205.38 26.85 35.25 787.2
1600 1.4402 37555.0 51442.0 207.66 27.12 35.50 809.7
1700 1.3586 40282.0 55003.0 209.82 27.36 35.72 831.6
1800 1.2858 43032.0 58 586.0 211.87 27.58 35.93 853.0
1900 1.2205 45802.0 62189.0 21381 27.78 36.12 873.8
2000 1.1615 48590.0 65 809.0 215.67 27.96 36.29 894.2
50.0 MPa isobar
68.21 34.238 —4581.8 —-3121.4 72.575 34.51 51.91 1172.7
70 34.049 —4497.3 —3028.8 73.915 34.20 51.77 1163.3
72 33.837 —4403.1 —2925.4 75.371 33.87 51.60 1152.9
74 33.626 —4309.3 —2822.4 76.783 33.55 51.45 11425
76 33.416 —4216.0 —2719.7 78.153 33.24 51.29 11321
78 33.206 —4123.0 —2617.2 79.483 32.94 51.14 1121.8
80 32.997 —4030.4 —2515.1 80.776 32.65 50.99 1111.6
82 32.789 —3938.2 —2413.3 82.033 32.37 50.84 1101.4
84 32.581 —3846.4 —2311.7 83.257 32.10 50.70 1091.2
86 32.374 —3754.9 —2210.5 84.448 31.84 50.56 1081.1
88 32.167 —3663.9 —2109.5 85.609 31.59 50.42 1071.1
90 31.961 —3573.2 —2008.8 86.740 31.34 50.29 1061.2
92 31.756 —3482.9 —1908.3 87.844 31.10 50.16 1051.3
94 31.551 —3392.9 —1808.1 88.922 30.87 50.04 10415
96 31.346 —3303.3 —1708.2 89.974 30.65 49.91 1031.7
98 31.142 —3214.0 —1608.5 91.002 30.43 49.79 1022.0
100 30.939 —3125.1 —1509.0 92.007 30.22 49.68 1012.4
102 30.736 —3036.5 —1409.8 92.989 30.01 49.56 1002.9
104 30.534 —2948.3 —1310.8 93.950 29.81 49.45 993.4
106 30.332 —2860.4 —1212.0 94.891 29.62 49.34 984.1
108 30.130 —2772.9 -1113.4 95.813 29.43 49.23 974.8
110 29.929 —2685.6 —1015.0 96.715 29.25 49.13 965.6
112 29.729 —2598.8 —916.88 97.599 29.07 49.03 956.4
114 29.529 —2512.2 —818.93 98.466 28.90 48.93 947.4
116 29.329 —2426.0 —721.17 99.316 28.73 48.83 938.5
118 29.130 —2340.0 —623.60 100.15 28.57 48.74 929.6
120 28.932 —2254.4 —526.23 100.97 28.41 48.64 920.9
122 28.733 —2169.2 —429.04 101.77 28.26 48.55 912.3
124 28.536 —2084.2 —332.03 102.56 28.11 48.46 903.7
126 28.339 —1999.6 —235.21 103.34 27.96 48.37 895.3
128 28.142 —1915.3 —138.56 104.10 27.82 48.28 887.0
130 27.946 —1831.3 —42.096 104.84 27.68 48.19 878.8
132 27.750 —1747.6 54.197 105.58 27.55 48.10 870.7
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
134 27.555 —1664.2 150.32 106.30 27.42 48.02 862.7
136 27.361 —1581.2 246.26 107.01 27.29 47.93 854.8
138 27.167 —1498.4 342.03 107.71 27.17 47.84 847.1
140 26.974 —1416.0 437.64 108.40 27.05 47.76 839.4
142 26.781 —1333.9 533.07 109.08 26.94 47.67 831.9
144 26.589 —-1252.1 628.33 109.74 26.82 47.59 824.6
146 26.398 —1170.7 723.42 110.40 26.71 47.50 817.3
148 26.207 —1089.6 818.33 111.04 26.60 47.42 810.2
150 26.017 —1008.7 913.08 111.68 26.50 47.33 803.2
155 25.545 —808.12 1149.2 113.23 26.25 47.11 786.3
160 25.079 —609.54 1384.2 114.72 26.01 46.89 770.2
165 24.618 —413.01 1618.0 116.16 25.79 46.66 754.9
170 24.163 —218.56 1850.8 117.55 25.59 46.42 740.5
175 23.714 —26.212 2082.3 118.89 25.39 46.18 726.9
180 23.272 164.03 2312.6 120.19 25.21 45.93 714.1
185 22.837 352.15 2541.6 121.44 25.04 45.68 702.1
190 22.410 538.13 2769.3 122.66 24.88 45.41 690.9
195 21.990 721.98 2995.7 123.83 24.72 45.14 680.4
200 21.579 903.69 3220.7 124.97 24.58 44.87 670.6
210 20.783 1260.7 3666.6 127.15 24.31 44.29 653.1
220 20.022 1609.4 4106.6 129.20 24.07 43.70 638.1
230 19.299 1949.7 4540.6 131.13 23.86 43.10 625.4
240 18.613 2282.1 4968.5 132.95 23.66 42.49 614.7
250 17.963 2606.8 5390.3 134.67 23.49 41.88 605.8
260 17.350 2924.2 5806.0 136.30 23.33 41.27 598.5
270 16.773 3234.7 6215.8 137.85 23.19 40.68 592.7
280 16.228 3538.8 6619.8 139.32 23.06 40.12 588.0
290 15.716 3836.8 7018.2 140.71 22.95 39.57 584.4
300 15.234 4129.2 7411.3 142.05 22.85 39.06 581.7
310 14.780 4416.5 7799.4 143.32 22.76 38.57 579.7
320 14.353 4699.1 8182.8 144.54 22.68 38.11 578.4
330 13.950 4977.3 8561.7 145.70 22.61 37.68 577.7
340 13.569 5251.6 8936.4 146.82 22.55 37.28 577.4
350 13.210 5522.3 9307.3 147.90 22.50 36.91 577.6
360 12.870 5789.7 9674.6 148.93 22.45 36.56 578.1
370 12.549 6054.1 10039.0 149.93 22.42 36.24 578.9
380 12.244 6315.8 10399.0 150.89 22.39 35.94 580.0
390 11.955 6575.1 10758.0 151.82 22.36 35.67 581.4
400 11.680 6832.1 11113.0 152.72 22.35 35.42 582.9
450 10.489 8090.6 12 858.0 156.83 22.34 34.44 592.4
500 9.5353 9319.0 14 563.0 160.42 22.44 33.81 604.1
550 8.7536 10531.0 16 243.0 163.63 22.62 33.44 616.6
600 8.0999 11737.0 17910.0 166.53 22.85 33.25 629.5
650 7.5440 12943.0 19571.0 169.19 23.11 33.19 642.5
700 7.0646 14153.0 21230.0 171.65 23.40 33.21 655.5
750 6.6465 15370.0 22892.0 173.94 23.69 33.29 668.3
800 6.2780 16 595.0 24559.0 176.09 23.99 33.40 681.0
900 5.6573 19076.0 27915.0 180.04 24.57 33.71 705.9
1000 5.1533 21599.0 31302.0 183.61 25.09 34.04 730.0
1100 47351 24163.0 34722.0 186.87 25.57 34.37 753.6
1200 4.3818 26 764.0 38175.0 189.88 25.99 34.68 776.5
1300 4.0790 29400.0 41 658.0 192.66 26.36 34.97 798.8
1400 3.8164 32066.0 45168.0 195.27 26.69 35.23 820.6
1500 3.5862 34760.0 48703.0 197.70 26.98 35.47 841.8
1600 3.3828 37479.0 52 260.0 200.00 27.23 35.68 862.5
1700 3.2015 40221.0 55839.0 202.17 27.47 35.88 882.8
1800 3.0389 42983.0 59 436.0 204.23 27.68 36.07 902.6
1900 2.8923 45764.0 63 051.0 206.18 27.87 36.23 922.0
2000 2.7593 48 562.0 66 683.0 208.04 28.04 36.39 941.1
100.0 MPa isobar
75.92 35.183 —4416.8 —1574.5 74.060 34.95 50.34 1281.8
76 35.176 —4413.2 —1570.4 74.114 34.94 50.34 12815
78 35.002 —4326.8 —1469.9 75.419 34.65 50.15 1273.7
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mo)) (J/mo)) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
80 34.829 —4240.9 —1369.8 76.686 34.37 49.96 1265.9
82 34.658 —4155.4 —1270.0 77.918 34.10 49.78 1258.3
84 34.487 —4070.3 -1170.7 79.115 33.83 49.60 1250.6
86 34.318 —3985.6 —1071.6 80.280 33.58 49.42 1243.1
88 34.150 —3901.3 —972.99 81.414 33.33 49.24 1235.6
90 33.982 —3817.4 —874.69 82.518 33.09 49.06 1228.3
92 33.816 —3733.9 —776.74 83.595 32.85 48.89 1220.9
94 33.651 —3650.8 —679.13 84.644 32.63 48.72 1213.7
96 33.486 —3568.2 —581.87 85.668 32.40 48.55 1206.5
98 33.323 —3485.8 —484.94 86.668 32.19 48.38 1199.4
100 33.161 —3403.9 —388.34 87.644 31.98 48.22 1192.4
102 33.000 —3322.4 —292.06 88.597 31.78 48.06 1185.4
104 32.839 —3241.2 —196.11 89.528 31.58 47.90 1178.5
106 32.680 —3160.4 —100.48 90.439 31.39 47.74 1171.7
108 32.522 —3080.0 —5.1555 91.330 31.20 47.58 1165.0
110 32.365 —2999.9 89.857 92.202 31.02 47.43 1158.3
112 32.208 —2920.2 184.56 93.055 30.84 47.28 1151.7
114 32.053 —2840.9 278.97 93.891 30.66 47.13 1145.2
116 31.898 —2761.9 373.08 94.709 30.50 46.98 1138.7
118 31.745 —2683.2 466.90 95.511 30.33 46.84 1132.3
120 31.592 —2604.9 560.44 96.297 30.17 46.69 1126.0
122 31.440 —2527.0 653.68 97.067 30.01 46.55 1119.8
124 31.289 —2449.3 746.65 97.823 29.86 46.41 1113.6
126 31.139 —2372.0 839.34 98.565 29.71 46.28 1107.5
128 30.990 —2295.1 931.76 99.293 29.57 46.14 1101.5
130 30.842 —2218.4 1023.9 100.01 29.43 46.01 1095.5
132 30.695 —2142.1 1115.8 100.71 29.29 45.88 1089.7
134 30.548 —2066.1 1207.4 101.40 29.15 45.75 1083.9
136 30.403 —1990.4 1298.8 102.07 29.02 45.62 1078.1
138 30.258 —1915.0 1389.9 102.74 28.90 45.49 072.5
140 30.114 —1840.0 1480.7 103.39 28.77 45.36 1066.9
142 29.971 —1765.2 1571.4 104.04 28.65 45.24 1061.4
144 29.829 —1690.7 1661.7 104.67 28.53 45.12 1055.9
146 29.688 —1616.6 1751.8 105.29 28.41 45.00 1050.6
148 29.547 —1542.7 1841.7 105.90 28.30 44.88 1045.3
150 29.408 —1469.1 1931.3 106.50 28.19 44.76 1040.1
155 29.062 —1286.5 2154.4 107.96 27.92 44.47 1027.3
160 28.722 —1105.6 2376.1 109.37 27.67 44.19 1015.0
165 28.387 —926.45 2596.3 110.73 27.43 43.91 1003.2
170 28.057 —748.99 2815.2 112.03 27.20 43.65 991.7
175 27.732 —573.18 3032.8 113.30 26.99 43.38 980.8
180 27.412 —398.99 3249.0 114.51 26.78 43.13 970.2
185 27.097 —226.38 3464.1 115.69 26.59 42.88 960.0
190 26.787 —55.313 3677.9 116.83 26.41 42.64 950.3
195 26.482 114.25 3890.4 117.94 26.23 42.40 941.0
200 26.182 282.34 4101.8 119.01 26.07 42.16 932.0
210 25.596 614.24 4521.2 121.05 25.76 41.71 915.2
220 25.029 940.66 4936.1 122.98 25.48 41.27 899.9
230 24.481 1261.9 5346.7 124.81 25.23 40.86 885.9
240 23.951 1578.1 5753.2 126.54 24.99 40.45 873.2
250 23.440 1889.6 6155.8 128.18 24.78 40.07 861.6
260 22.946 2196.6 6554.6 129.75 24.59 39.70 851.2
270 22.469 2499.3 6949.8 131.24 24.42 39.34 841.7
280 22.009 2798.0 7341.5 132.66 24.26 39.00 833.1
290 21.566 3092.9 7729.9 134.03 24.11 38.68 825.4
300 21.138 3384.3 8115.1 135.33 23.98 38.37 818.5
310 20.725 3672.2 8497.3 136.59 23.86 38.07 812.2
320 20.327 3956.9 8876.6 137.79 23.75 37.78 806.7
330 19.942 4238.6 9253.0 138.95 23.65 37.51 801.7
340 19.572 4517.5 9626.9 140.06 23.57 37.26 797.3
350 19.214 4793.8 9998.2 141.14 23.49 37.01 793.3
360 18.869 5067.6 10367.0 142.18 23.42 36.78 789.9
370 18.536 5339.1 10734.0 143.19 23.35 36.56 786.8
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
380 18.214 5608.4 11 099.0 144.16 23.30 36.36 784.1
390 17.904 5875.7 11461.0 145.10 23.25 36.16 781.8
400 17.604 6141.2 11 822.0 146.01 23.21 35.98 779.8
450 16.245 7445.0 13601.0 150.20 23.10 35.22 773.7
500 15.089 8720.1 15347.0 153.88 23.12 34.69 772.4
550 14.095 9977.4 17072.0 157.17 23.22 34.34 774.3
600 13.231 11225.0 18784.0 160.15 23.39 34.13 778.2
650 12.473 12 470.0 20487.0 162.88 23.61 34.03 783.7
700 11.803 13716.0 22188.0 165.40 23.86 34.01 790.1
750 11.206 14 966.0 23889.0 167.75 24.11 34.05 797.4
800 10.671 16 222.0 25593.0 169.95 24.38 34.12 805.1
900 9.7481 18 757.0 29015.0 173.98 24.90 34.33 821.8
1000 8.9805 21326.0 32461.0 177.61 25.39 34.59 839.3
1100 8.3307 23929.0 35933.0 180.92 25.83 34.85 857.4
1200 7.7726 26 565.0 39430.0 183.96 26.23 35.10 875.6
1300 7.2877 29230.0 42952.0 186.78 26.58 35.34 893.9
1400 6.8619 31923.0 46 497.0 189.40 26.89 35.55 912.2
1500 6.4847 34641.0 50 062.0 191.86 27.16 35.75 930.3
1600 6.1481 37381.0 53647.0 194.18 27.40 35.94 948.2
1700 5.8456 40142.0 57 249.0 196.36 27.62 36.10 965.9
1800 5.5723 42921.0 60867.0 198.43 27.82 36.26 983.4
1900 5.3239 45717.0 64501.0 200.39 28.01 36.41 1000.6
2000 5.0972 48530.0 68 148.0 202.26 28.17 36.55 1017.7
200.0 MPa isobar
89.73 36.712 —4043.0 1404.9 76.473 35.48 48.75 1462.1
90 36.693 —4032.4 1418.2 76.622 35.45 48.72 1461.4
92 36.561 —3954.8 1515.5 77.691 35.22 48.54 1456.1
94 36.430 —3877.6 1612.4 78.733 35.00 48.37 1450.9
96 36.299 —3800.8 1708.9 79.749 34.78 48.19 1445.8
98 36.170 —3724.3 1805.2 80.741 34.56 48.02 1440.7
100 36.042 —3648.1 1901.0 81.710 34.36 47.85 1435.7
102 35.914 —3572.3 1996.6 82.655 34.15 47.68 1430.7
104 35.788 —3496.8 2091.7 83.580 33.96 47.51 1425.8
106 35.662 —3421.6 2186.6 84.483 33.76 47.35 1420.9
108 35.538 —3346.7 2281.1 85.366 33.58 47.18 1416.1
110 35.414 —-3272.1 2375.3 86.231 33.39 47.02 1411.4
112 35.291 —3197.9 2469.2 87.076 33.21 46.86 1406.6
114 35.170 —3124.0 2562.8 87.904 33.04 46.70 1402.0
116 35.049 —3050.3 2656.0 88.715 32.87 46.54 1397.4
118 34.929 —2977.0 2748.9 89.510 32.70 46.39 1392.8
120 34.810 —2904.0 2841.6 90.288 32.54 46.24 1388.3
122 34.691 —2831.3 2933.9 91.051 32.38 46.09 1383.8
124 34.574 —2758.8 3025.9 91.799 32.22 45.94 1379.4
126 34.457 —2686.6 3117.6 92.533 32.07 45.79 1375.0
128 34.342 —2614.8 3209.1 93.253 31.92 45.65 1370.7
130 34.227 —2543.2 3300.2 93.960 31.77 45.50 1366.4
132 34.113 —2471.8 3391.1 94.653 31.63 45.36 1362.2
134 33.999 —2400.8 3481.7 95.334 31.49 45.22 1358.0
136 33.887 —2330.0 3572.0 96.003 31.35 45.08 1353.9
138 33.775 —2259.5 3662.0 96.661 31.22 44.95 1349.8
140 33.664 —2189.2 3751.8 97.306 31.09 44.81 1345.8
142 33.554 —2119.2 3841.3 97.941 30.96 44.68 1341.8
144 33.445 —2049.5 3930.5 98.565 30.84 44.55 1337.8
146 33.336 —1980.0 4019.5 99.179 30.71 44.42 1333.9
148 33.228 —1910.8 4108.2 99.782 30.59 44.30 1330.0
150 33.121 —1841.8 4196.7 100.38 30.47 44.17 1326.2
155 32.856 —1670.3 4416.7 101.82 30.19 43.86 1316.8
160 32.596 —1500.4 4635.3 103.21 29.92 43.57 1307.7
165 32.340 —1331.8 4852.4 104.54 29.66 43.28 1298.8
170 32.088 —1164.7 5068.1 105.83 29.42 43.00 1290.2
175 31.841 —998.86 5282.4 107.07 29.18 42.73 1281.9
180 31.597 —834.33 5495.4 108.27 28.96 42.47 1273.7
185 31.357 —671.06 5707.1 109.43 28.74 42.21 1265.8
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
190 31.121 —509.01 5917.5 110.56 28.54 41.97 1258.1
195 30.888 —348.14 6126.8 111.64 28.34 41.73 1250.7
200 30.660 —188.42 6334.8 112.70 28.16 41.50 1243.4
210 30.212 127.71 6747.6 114.71 27.81 41.05 1229.6
220 29.778 439.64 7156.0 116.61 27.48 40.64 1216.5
230 29.357 747.62 7560.4 118.41 27.19 40.25 1204.2
240 28.947 1051.9 7961.0 120.11 26.91 39.87 1192.5
250 28.549 1352.6 8358.0 121.73 26.66 39.52 1181.6
260 28.163 1650.0 8751.5 123.28 26.43 39.19 1171.3
270 27.787 1944.3 9141.9 124.75 26.21 38.88 1161.6
280 27.421 2235.6 9529.3 126.16 26.01 38.59 1152.5
290 27.065 2524.1 9913.7 12751 25.83 38.31 1143.9
300 26.718 2810.0 10295.0 128.80 25.66 38.05 1135.8
310 26.381 3093.4 10675.0 130.05 25.50 37.80 1128.2
320 26.052 33745 11052.0 131.24 25.36 37.56 1121.0
330 25.731 3653.4 11426.0 132.40 25.23 37.34 1114.3
340 25.419 3930.3 11798.0 133,51 25.10 37.13 1107.9
350 25.114 4205.2 12169.0 134.58 24.99 36.94 1101.9
360 24.817 4478.3 12537.0 135.62 24.89 36.75 1096.3
370 24.527 4749.7 12904.0 136.62 24.80 36.58 1091.0
380 24.245 5019.5 13269.0 137.60 24.71 36.41 1086.1
390 23.968 5287.8 13632.0 138.54 24.63 36.26 1081.4
400 23.699 5554.8 13994.0 139.46 24.57 36.12 1077.0
450 22.441 6872.0 15784.0 143.67 24.32 35.53 1058.7
500 21.316 8167.3 17 550.0 147.39 24.22 35.12 1045.4
550 20.305 9449.0 19299.0 150.73 24.23 34.86 1035.9
600 19.391 10723.0 21037.0 153.75 24.32 34.70 1029.4
650 18.562 11995.0 22770.0 156.53 24.46 34.64 1025.3
700 17.804 13269.0 24502.0 159.10 24.64 34.63 1023.1
750 17.111 14 545.0 26 234.0 161.49 24.84 34.67 1022.5
800 16.473 15828.0 27 969.0 163.72 25.06 34.74 1023.1
900 15.338 18412.0 31452.0 167.83 25.50 34.93 1027.4
1000 14.359 21027.0 34 955.0 171.52 25.92 35.15 1034.5
1100 13.505 23671.0 38481.0 174.88 26.31 35.37 1043.7
1200 12.752 26 345.0 42 029.0 177.97 26.66 35.59 1054.4
1300 12.083 29045.0 45598.0 180.82 26.97 35.79 1066.0
1400 11.484 31770.0 49186.0 183.48 27.24 35.97 1078.4
1500 10.944 34517.0 52791.0 185.97 27.49 36.13 1091.3
1600 10.455 37284.0 56 412.0 188.30 27.71 36.29 1104.5
1700 10.010 40 069.0 60 048.0 190.51 27.91 36.43 1118.0
1800 9.6027 42870.0 63698.0 192.60 28.09 36.56 1131.6
1900 9.2283 45688.0 67 360.0 194.58 28.26 36.68 1145.2
2000 8.8829 48519.0 71034.0 196.46 28.41 36.80 1158.9
500.0 MPa isobar
123.66 39.920 —2818.8 9706.4 81.122 36.30 47.19 1860.1
124 39.905 —2807.3 97225 81.252 36.27 47.17 1859.6
126 39.820 —2739.8 9816.7 82.006 36.12 47.04 1856.8
128 39.736 —2672.5 9910.6 82.745 35.97 46.90 1853.9
130 39.652 —2605.5 10004.0 83.472 35.82 46.77 1851.0
132 39.569 —2538.6 10098.0 84.185 35.67 46.64 1848.2
134 39.486 —2471.9 10191.0 84.885 35.53 46.51 1845.4
136 39.404 —2405.3 10284.0 85.573 35.39 46.38 1842.7
138 39.322 —2339.0 10376.0 86.249 35.25 46.25 1839.9
140 39.241 —2272.9 10469.0 86.914 35.12 46.13 1837.2
142 39.161 —2206.9 10561.0 87.567 34.98 46.00 1834.5
144 39.081 —-2141.1 10653.0 88.210 34.85 45.88 1831.8
146 39.002 —2075.5 10744.0 88.842 34.72 45.75 1829.1
148 38.923 —2010.1 10836.0 89.464 34.59 45.63 1826.5
150 38.845 —1944.8 10927.0 90.075 34.47 4551 1823.9
155 38.651 —1782.4 11 154.0 91.563 34.17 45.21 1817.5
160 38.461 —1621.1 11379.0 92.994 33.87 44.92 1811.2
165 38.274 —1460.8 11 603.0 94.372 33.60 44.64 1805.0
170 38.089 —1301.6 11 826.0 95.700 33.33 44.37 1799.0
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TaBLE A2. Thermodynamic properties of air—Continued
Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
175 37.908 —1143.2 12 047.0 96.982 33.07 44.10 1793.1
180 37.729 —985.89 12 267.0 98.221 32.82 43.84 1787.4
185 37.553 —829.45 12 485.0 99.419 32.58 43.58 1781.7
190 37.380 —673.92 12702.0 100.58 32.35 43.33 1776.2
195 37.209 —519.26 12918.0 101.70 32.13 43.09 1770.8
200 37.041 —365.46 13133.0 102.79 31.91 42.86 1765.5
210 36.711 -60.311 13560.0 104.87 31.51 42.40 1755.2
220 36.391 241.69 13981.0 106.83 31.13 41.98 1745.3
230 36.079 540.72 14399.0 108.69 30.78 41.57 1735.8
240 35.776 836.94 14813.0 110.45 30.45 41.19 1726.7
250 35.480 1130.5 15223.0 112.12 30.14 40.82 1718.0
260 35.192 1421.5 15629.0 113.72 29.85 40.47 1709.5
270 34.911 1710.2 16 032.0 115.24 29.58 40.15 1701.4
280 34.636 1996.6 16 432.0 116.69 29.33 39.84 1693.6
290 34.368 2280.8 16 829.0 118.09 29.10 39.54 1686.1
300 34.106 2563.1 17 223.0 119.42 28.88 39.27 1678.8
310 33.850 2843.4 17 615.0 120.70 28.67 39.00 1671.8
320 33.599 3122.0 18003.0 121.94 28.47 38.75 1665.0
330 33.354 3398.9 18 390.0 123.13 28.29 38.52 1658.5
340 33.114 3674.2 18774.0 124.27 28.12 38.30 1652.2
350 32.878 3948.0 19156.0 125.38 27.96 38.09 1646.0
360 32.648 4220.5 19536.0 126.45 27.82 37.89 1640.1
370 32.421 4491.6 19913.0 127.49 27.68 37.70 1634.4
380 32.200 4761.5 20290.0 128.49 27.55 37.52 1628.8
390 31.982 5030.3 20664.0 129.46 27.43 37.36 1623.4
400 31.769 5298.0 21037.0 130.41 27.32 37.20 1618.2
450 30.756 6623.2 22880.0 134.75 26.89 36.56 1594.3
500 29.826 7932.1 24696.0 138.58 26.61 36.11 1573.6
550 28.965 9231.2 26 494.0 142.00 26.47 35.81 1555.7
600 28.164 10526.0 28279.0 145.11 26.41 35.63 1540.0
650 27.416 11 820.0 30058.0 147.96 26.43 35.53 1526.5
700 26.714 13116.0 31833.0 150.59 26.50 35.49 1514.8
750 26.054 14 417.0 33608.0 153.04 26.60 35.51 1504.7
800 25.431 15724.0 35384.0 155.33 26.72 35.55 1496.1
900 24.283 18 356.0 38947.0 159.53 26.99 35.70 1482.8
1000 23.247 21018.0 42526.0 163.30 27.27 35.89 1473.8
1100 22.305 23707.0 46 124.0 166.73 27.54 36.08 1468.3
1200 21.443 26 424.0 49741.0 169.87 27.79 36.26 1465.5
1300 20.651 29164.0 53375.0 172.78 28.01 36.43 1465.0
1400 19.921 31926.0 57 026.0 175.49 28.21 36.58 1466.3
1500 19.243 34708.0 60691.0 178.02 28.39 36.72 1469.2
1600 18.614 37508.0 64 370.0 180.39 28.55 36.85 1473.2
1700 18.027 40324.0 68 061.0 182.63 28.70 36.97 1478.2
1800 17.478 43155.0 71763.0 184.74 28.83 37.08 1484.0
1900 16.963 46 000.0 75476.0 186.75 28.95 37.18 1490.5
2000 16.480 48 857.0 79198.0 188.66 29.07 37.27 1497.6
1000.0 MPa isobar
167.86 43.415 —736.70 22297.0 85.397 37.29 46.74 2313.2
170 43.352 —670.08 22397.0 85.987 37.17 46.63 23111
175 43.208 —514.75 22629.0 87.335 36.90 46.38 2306.4
180 43.065 —360.10 22 860.0 88.639 36.65 46.14 2301.7
185 42.925 —206.12 23091.0 89.899 36.40 45.90 2297.0
190 42.786 —52.792 23319.0 91.120 36.15 45.66 22925
195 42.649 99.887 23547.0 92.303 35.92 45.43 2288.0
200 42.514 251.93 23774.0 93.451 35.69 45.20 2283.6
210 42.249 554.16 24 224.0 95.645 35.25 44.76 2275.0
220 41.990 853.98 24669.0 97.718 34.84 44.33 2266.7
230 41.738 1151.5 25110.0 99.679 34.45 43.92 2258.6
240 41.493 1446.8 25548.0 101.54 34.08 43.53 2250.8
250 41.252 1740.0 25981.0 103.31 33.74 43.16 22433
260 41.018 2031.1 26 411.0 105.00 33.41 42.80 2235.9
270 40.789 2320.3 26 837.0 106.60 33.10 42.45 2228.8
280 40.565 2607.7 27 260.0 108.14 32.81 42.12 2221.8
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TaBLE A2. Thermodynamic properties of air—Continued

Internal Speed
Temperature Density energy Enthalpy Entropy c, Cp of sound
(K) (mol/dnt) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
290 40.345 2893.3 27 679.0 109.61 32.53 41.81 2215.1
300 40.130 3177.3 28096.0 111.03 32.27 41.51 2208.5
310 39.920 3459.6 28510.0 112.38 32.02 41.22 2202.1
320 39.714 3740.5 28921.0 113.69 31.79 40.95 2195.9
330 39.512 4019.9 29329.0 114.94 31.57 40.69 2189.8
340 39.314 4297.9 29734.0 116.15 31.36 40.44 2183.9
350 39.119 4574.7 30138.0 117.32 31.17 40.21 2178.1
360 38.928 4850.3 30539.0 118.45 30.98 39.98 2172.4
370 38.741 5124.8 30937.0 119.55 30.81 39.77 2166.9
380 38.557 5398.2 31334.0 120.60 30.65 39.57 2161.5
390 38.376 5670.7 31729.0 121.63 30.49 39.38 2156.2
400 38.198 5942.2 32122.0 122.62 30.35 39.19 2151.1
450 37.351 7288.1 34061.0 127.19 29.75 38.42 2126.8
500 36.567 8619.7 35967.0 131.21 29.33 37.84 2104.7
550 35.836 9942.8 37848.0 134.80 29.06 37.42 2084.6
600 35.150 11 262.0 397110 138.04 28.88 37.13 2066.2
650 34.505 12581.0 41562.0 141.00 28.79 36.93 2049.3
700 33.895 13902.0 43405.0 143.73 28.75 36.80 2033.9
750 33.316 15228.0 45 243.0 146.27 28.76 36.73 2019.9
800 32.765 16 559.0 47 079.0 148.64 28.80 36.69 2007.0
900 31.736 19238.0 50748.0 152.96 28.92 36.70 1984.7
1000 30.791 21944.0 54421.0 156.83 29.07 36.77 1966.3
1100 29.916 24 676.0 58103.0 160.34 29.22 36.86 1951.2
1200 29.101 27431.0 61794.0 163.55 29.36 36.96 1939.0
1300 28.338 30207.0 65 495.0 166.51 29.49 37.06 1929.2
1400 27.622 33003.0 69 206.0 169.26 29.60 37.16 1921.4
1500 26.946 35816.0 72927.0 171.83 29.70 37.25 1915.5
1600 26.307 38644.0 76 656.0 174.24 29.79 37.34 1911.0
1700 25.701 41 486.0 80395.0 176.50 29.88 37.42 1908.0
1800 25.125 44341.0 84141.0 178.65 29.95 37.51 1906.1
1900 24.577 47 208.0 87 896.0 180.68 30.02 37.58 1905.2
2000 24.054 50 085.0 91 658.0 182.60 30.08 37.66 1905.3
2000.0 MPa isobar
236.19 47.967 3353.0 45048.0 90.033 38.84 46.92 2923.5
240 47.893 3466.7 45227.0 90.783 38.69 46.79 2920.7
250 47.700 3764.2 45693.0 92.685 38.33 46.43 2913.6
260 47.512 4060.2 46 155.0 94.499 37.98 46.08 2906.7
270 47.327 4354.8 46 614.0 96.232 37.64 45.74 2899.8
280 47.145 4648.0 47 070.0 97.890 37.32 45.41 2893.2
290 46.968 4939.9 47522.0 99.477 37.01 45.09 2886.7
300 46.793 5230.5 47 972.0 101.00 36.72 44.78 2880.3
310 46.622 5519.8 48 418.0 102.46 36.44 44.49 2874.1
320 46.454 5808.0 48862.0 103.87 36.17 44.20 2867.9
330 46.289 6094.9 49302.0 105.23 35.92 43.92 2861.9
340 46.126 6380.8 49 740.0 106.54 35.68 43.66 2856.1
350 45.967 6665.7 50175.0 107.80 35.44 43.40 2850.3
360 45.810 6949.6 50 608.0 109.02 35.22 43.15 2844.6
370 45.656 72325 51 038.0 110.20 35.02 42.92 2839.0
380 45.504 75145 51 466.0 111.34 34.82 42.69 2833.6
390 45.355 7795.7 51892.0 112.44 34.63 42.48 2828.2
400 45.208 8076.2 52 316.0 113.52 34.45 42.27 2822.9
450 44.506 9468.3 54 406.0 118.44 33.68 41.36 2797.6
500 43.852 10848.0 56 455.0 122.76 33.11 40.65 2774.1
550 43.240 12 220.0 58473.0 126.61 32.68 40.09 2752.1
600 42.664 13588.0 60 466.0 130.07 32.37 39.66 2731.6
650 42.120 14 956.0 62 440.0 133.23 32.15 39.32 2712.4
700 41.603 16 326.0 64 400.0 136.14 32.00 39.07 2694.4
750 41.111 17 700.0 66 349.0 138.83 31.90 38.88 2677.5
800 40.641 19078.0 68 289.0 141.33 31.84 38.73 2661.8
900 39.760 21849.0 72151.0 145.88 31.78 38.53 2633.2
1000 38.945 24 643.0 75998.0 149.94 31.77 38.41 2608.2
1100 38.184 27 458.0 79835.0 153.59 31.79 38.34 2586.1
1200 37.471 30292.0 83666.0 156.93 31.80 38.29 2566.7
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TaBLE A2. Thermodynamic properties of air—Continued
Internal Speed
Temperature Density energy Enthalpy Entropy c, p of sound
(K) (mol/dn?) (J/mol) (J/mol) J/(mol-K) J/(mol-K) J/(mol-K) (m/s)
1300 36.799 33143.0 87 493.0 159.99 31.82 38.25 2549.5
1400 36.162 36 010.0 91317.0 162.82 31.83 38.22 2534.2
1500 35.556 38889.0 95138.0 165.46 31.84 38.21 2520.6
1600 34.978 41780.0 98 958.0 167.93 31.85 38.20 2508.5
1700 34.425 44 680.0 102 780.0 170.24 31.85 38.19 2497.8
1800 33.894 47590.0 106 600.0 172.42 31.85 38.19 2488.2
1900 33.384 505 07.0 110420.0 174.49 31.86 38.20 2479.6
2000 32.893 534 33.0 114 240.0 176.45 31.86 38.21 2472.1
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