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A New Equation of State for Argon Covering the Fluid Region
for Temperatures From the Melting Line to 700 K
at Pressures up to 1000 MPa

Ch. Tegeler, R. Span, and W. Wagner ?
Lehrstuhl fu Thermodynamik, Ruhr-Universit@ochum, D-44780 Bochum, Germany

Received September 18, 1998; final manuscript received March 9, 1999

This work reviews the available data on thermodynamic properties of argon and pre-
sents a new equation of state in the form of a fundamental equation explicit in the
Helmholtz energy. The functional form of the residual part of the Helmholtz energy was
developed by using state-of-the-art linear optimization strategies and a new nonlinear
regression analysis. The new equation of state contains 41 coefficients, which were fitted
to selected data of the following propertigs) thermal properties of the single phase
(ppT) and(b) of the liquid—vapor saturation curi@s, p', p”) including the Maxwell
criterion, (c) speed of soundv, isochoric heat capacitg,, second and third thermal
virial coefficientsB andC and second acoustic virial coefficiet. For the density, the
estimated uncertainty of the new equation of state is less tHa02% for pressures up
to 12 MPa and temperatures up to 340 K with the exception of the critical region and less
than +0.03% for pressures up to 30 MPa and temperatures between 235 and 520 K. In
the region with densities up to half the critical density and for temperatures between 90
and 450 K the estimated uncertainty of calculated speeds of sound is in general less than
+0.02%. The new formulation shows reasonable extrapolation behavior up to very high
pressures and temperatures. Independent equations for the vapor pressure, for the pres-
sure on the sublimation and melting curve and for the saturated liquid and saturated vapor
densities are also included. Tables for the thermodynamic properties of argon from 84 to
700 K for pressures up to 1000 MPa are given. 1@99 American Institute of Physics
and American Chemical Sociefy50047-26889)00203-3

Key words: argon, correlation, data evaluation, equation of state, extrapolation, fundamental equation, melting
line, property tables, sublimation line, thermal and caloric properties, vapor—liquid coexistence curve.
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43. Tolerance diagram for speed of sound data - Denotes a vector
calculated from Eq(4.2).. . .................. 823 Subscriots
44, Tolerance diagram for isobaric and isochoric P
heat capacity data calculated from E4.1)... ... 823 b At the normal boiling point
(ps=0.101 325 MPa)
List of Symbols c At the critical point
o calc Calculated

Symbol description corr Corrected
a,d,n,t Adjustable parameters exp Experimental
B Second virial coefficient i,j,kI,m Indices
C Third virial coefficient m Denotes the melting pressure
Cp Isobaric heat capacity S Denotes states at saturation
C, Isochoric heat capacity sub Denotes the sublimation pressure
A Specific Helmholtz energy o Along the saturated liquid line
g Specific Gibbs energy t At the triple point
h Specific enthalpy tr Contribution of translation
.k, l,m Serial numbers 0 In the reference state
IJ,K,L Maximum value of the serial numbers o In the initial state of Hugoniot—curve mea-

.kl surements
M Number of data, molar mass 90 Temperatures according to the ITS-90
p Pressure 68 Temperatures according to the IPTS-68
R Spec!f!c gas constant 48 Temperatures according to the IPTS-48 or
S Specific entropy ITS-48
T Thermodynamic temperature, ITS-90
u Specific internal energy
Y Specific volume
w Speed of sound
X,y Independent variables Physical Constants for Argon
Y,Z Any thermodynamic property

M Molar mass

Greek M = (39.948-0.001) g mol, see Copler{1997
a Dimensionless Helmholtz energy Rm Universal gas constant

(a=A/RT) R,=(8.31451-0.000 216) Jmol K%, see Co-
a,B,6 Critical exponents hen and Taylo(1986*
Bv.en Adjustable parameters R Specific gas constant
Ba Second acoustic virial coefficient R=(0.208 1333-0.000007 4) kJ kg K1
Ya Third acoustic virial coefficient Te Critical temperature
Y1:Y2:73 Linearization factors T.=(150.687-0.015) K, see Sec. 2.2.
o Reduced densityd= p/p() Pe Critical pressure
Sa Fourth acoustic virial coefficient p.= (4.863+0.003) MPa, see Sec. 2.2.
o1 Isothermal throttling coefficient Pe Critical density
A Difference in any quantity pc=(535.6+1.0) kgm 3, see Sec. 2.2.
J Partial differential _ T, Triple-point temperature
K° Isentrooplc0 coefficient of the ideal gas T,=83.8058 K, see Sec. 2.1.

(k°=cy/cy) o o Triple-point pressure
I Joule—Thomson coefficient p.= (68.891+0.002) kPa, see Sec.2.1.
P Density _ To Reference temperature
T Variance, Uncertainty T.=298.15 K

0

72 Inve_zrse reduced temperatureT./T) Bo Reference pressure
X Weighted sum of squares po=0.101 325 MPa
Superscripts hg Reference enthalpy in the ideal-gas statd at
o] Ideal-gas property o hG=0kJkg* . .

Residual So Reference entropy in the ideal-gas statel'gt pg

_ -1
Preliminary value So=0kJ(kgK™™)

Saturated liquid state
Saturated vapor state ICohen and Taylor give a standard deviation+.000 070 J mol* K2,

-5 =
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784 TEGELER, SPAN, AND WAGNER

TaBLE 1. Selected equations of state for argon

Temperature Pressure Structure of Number of Data used in the

Authors Year range/K range/MPa the equation coefficients correlation
Gosmaret al. 1969 84-300 0-101 Modified BWHR 16 ppT
Bender 1970 90-1073 0-50 Extended BWR 20 ppT,ps.p’.p"
Vasserman and Rabinovich 1970 85-180 0-50 Polynomial 7 ppT
Vassermaret al. 1971 153-423 0-180 Polynomial 28 ppT

423-1223 0-90 Polynomial 10 ppT

Stewartet al. 1981 84-1224 0-1000 Extended BWR 32 ppT,p’,p",Cy W
Stewartet al. 1982 84-1200 0-1000 OptimiZed 34 ppT,p’,p",Cy, W
Jacobseret al. 1986 84-1200 0-1000 Optimized 28 ppT,ps.p’ 0" wW,w' w"
Stewart and Jacobsen 1989 84-1200 0-1000 Optirhized 28 ppT,ps,p 0" W,w'" W'
Tiesingaet al. 1994 148-180 4.36-17.2 Crossover equation 18 ppT,c,

aBenedict—Webb—-RubifBenedictet al, 1940.

"Modified by Strobridge(1962.

°The equation is valid for densities up to 1000 kgim

YDeveloped by Jacobsd972 for nitrogen.

®Mathematical structure optimized for the representation of the selected data by the regression analysis of \M¥&gner

The equation is valid for densities between 300 and 800 k¢ ihe additional constraint~*<2.2 restricts this range only for temperatures above 170 K
to densities between 330 and 745 kghat the highest temperaturd@ € 180 K).

1. Introduction Nowadays this situation has remarkably improved because
highly accurate experimental information has become avail-
able for large parts of the fluid region during the last few

Since the discovery of argon in 1893, this substance ha¥®a's- , , ,
been the subject of numerous experimental and theoretical " @ddition to the increased quality of the experimental
investigations. Due to the widespread use of argon in botiffat&, correlation techniques have significantly improved dur-
scientific and industrial applications, there is special interes{?d the last decade. Sophisticated multiproperty fitting pro-
in its thermodynamic properties. The chemically inert behayS€dures.Schmidt and Wagnef1989; Setzmann and Wag-
ior and the low market price resulting from its large occur-"ner,(1991]and new optimization procedurgSetzmann and
rence in airabout 0.934% by volumepredestine argon for Wagner(1989] have resulted in a new basis for the devel-
the generation of protective atmospheres in industrial appli?PmMent of empirical equations of state.
cations, e.g., as an inert-gas shield for arc welding and cut-
ting or as a blanket for the production of titanium and other
reactive elements.

From a thermodynamic point of view the great importance Numerous correlations for the thermodynamic properties
of argon lies in its molecular simplicity. Since the molecule of argon can be found in the literature, but most of them
is monoatomic, nonpolar and completely spherical, argon isover only small parts of the fluid region and do not meet
commonly used as a reference fluid to establish and test m@resent demands on accuracy. In many cases their param-
lecular approaches for the prediction of thermodynamiceters were fitted to data of only one author. Table 1 summa-
properties and for the calibration of new apparatuses for therizes the most important equations of state for argon which
modynamic measurements. have been published since 1969. Up to the time when Angus

For all these applications knowledge of the thermody-et al. (1972 prepared the IUPAC tables for argon, no equa-
namic properties of argon is an important preconditiontion of state had existed which had been valid in the whole
Therefore, in 1972 the International Union of Pure and Ap-fluid region covered by experimental data. To cover the
plied Chemistry(IUPAC) published a monograpfAngus  whole range, the tables were therefore constructed by using
et al, (1972] which presented extensive tables of its thermaldifferent equations with complementary ranges of validity.
and caloric properties. Since then, along with the increasind\ngus et al. selected the equations developed by Gosman
demands on accuracy, the experimental techniques hawt al. (1969 at the National Bureau of Standar@éBS) and
been improved, but only a few experimental investigationdby Vassermann and Rabinovioll970 and Vassermann
on the thermodynamic behavior of argon have been carriedt al. (1971) at the Odessa Institute of Marine Engineers
out in the subsequent 2 decades. Although argon is general(@IIMF). Gosmanet al. used the mathematical structure
considered as a reference fluid with well known propertiespriginally developed by Benedigt al. (1940 and modified
the quality of the thermodynamic data of argon has remainebly Strobridge(1962 [modified Benedict, Webb, and Rubin
poor compared with other reference fluids such as methan€BWR) equation for their pressure-explicit equation of state

1.1. Background

1.2. Prior Equations of State
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and fitted the parameters pp T data of different authors. At 2. Phase Equilibria of Argon
the OIIMF the range covered by experimental data was di-

vided intp three rggions, which were described.by different  aAn accurate description of phase equilibria by auxiliary
polynomial equations. To establish these equations, a refegquations is an important precondition for the development
enceppT data set was produced from the availapjel data  of 5 wide-range equation of state and it is also helpful for
using graphical methods. Although no caloric data were use@sers who are only interested in phase equilibria. Therefore,
at either the NBS or the OIIMF, Anguet al. derived values  all available experimental information on the triple point, the
for the enthalpy, internal energy, entropy and the heat caeritical point, the normal boiling point, the melting pressure,
pacities from the equations. Since the equations do not allowhe sublimation pressure, the vapor pressure, the densities of
the calculation of the liquid—vapor phase equilibrium, satu-the saturated liquid and saturated vapor, and on caloric prop-
ration properties had to be calculated with the aid of theerties on the liquid—vapor phase boundary have been re-
vapor-pressure equations given by the NBS and the OlIMFviewed. Simple correlation equations have been developed
The equation developed by Bend&B70 was the first equa- for the temperature dependency of the thermal properties.
tion of state for argon which could be used for the direct In order to condense the description of the data situation,

calculation of phase equilibrium data, but it is valid only for (€ characteristic information on the single data sets is sum-
pressures up to 50 MPa. marized in tables for the corresponding property. The data

The most recent wide-range equations of state for argoﬁets have been divided into three groups. The assignment
were developed by Stewart and co-workers. Their Iatesi;onsiders the critically assessed uncertainty of the data, size

equation was published by Jacobsaral. (1986, and since of the data set and covered temperature range. In addition,

. o attention is paid to the data situation for the respective prop-
its second publication by Stewart and JacobeESB9 has erty. Group 1 contains the data sets used for the development

h for the th ) ) Bf the corresponding correlation equation. Group 2 contains
However, when data for the thermodynamic properties Ofj,i5 sets suitable for comparisons. Compared with group 1

argon are needed, the IUPAC tables from 1972 are still oftejya¢4 | the quality of these data deteriorates at least under one
referred to. of the three aspects mentioned above. Group 3 contains very
In 1994, Tiesingaet al. published a scaled equation of gmga|| data sets and data sets with rather high uncertainty.
state for the description of the thermodynamic properties ofyrther consideration of these data is not reasonable on the
argon in the critical region, which has the form of the cross-evel of accuracy aspired to here. Nevertheless, this does not
over equation developed by Luettmer-Strathmaeinal.  signify a devaluation of these data sets—the whole ranking is
(1992. The equation yields the theoretically expected limit-influenced more by the quality in relation to the best avail-
ing behavior at the critical point, but it is restricted to the able reference data than by an absolute level of uncertainty;
enlarged critical region and because of its complex mathfor other purposes group 3 data sets may be very useful.
ematical structure it is not very convenient for practical ap- Since the correlation equations and all temperature values

plications. in this paper correspond to the ITS-90 temperature scale
Thus, each of the existing equations of state has at leafPreston-Thomag1990], the temperature values of the
one of the following disadvantages: available data, based on older temperature scales, were con-

) ) _ verted to ITS-90. The conversion from the IPTS-68 tempera-
(i)  State-of-the-art data for the thermodynamic propertiegyre scale to ITS-90 temperatures was carried out based on
of argon are not represented within their uncertainty.ine equations given by Rusk§t991) for T<903.15K and

(i) ~ The range of validity is restricted to a narrow tem- Rysbyet al. (1994 for 903.15 K< T<1337.15K. The num-

perature or pressure range. ber of digits of the converted values was increased by one
(i)  Unreasonable behavior is observed in regions with aligit in order to guarantee numerically consistent reconver-

poor data situation. sion. Data corresponding to the IPTS-48 temperature scale
(iv) Datainthe enlarged critical region are not representedvere converted to IPTS-68 according to the procedure given

within their uncertainty. by Bedford and Kirby(1969. The conversion of temperature
(v)  The temperature values used do not correspond to thealues on other scales is discussed separately.

current International Temperature Scale of 199G- The algorithm used for the conversion from the IPTS-68

90). to the ITS-90 scale causes an additional uncertainty b

] ) ) . mK for temperatures below 273.15 K andl mK for tem-

It is the purpose of this article to present an equation Ofyeratyres above 273.15 K. This additional uncertaintyas
state for argon which overcomes the disadvantages of thggnsidered in the uncertainties given in the tables of this
existing correlations. The new equation describes the theisection, since these uncertainties were mainly used for con-
modynamic surface of argon in the range covered by reliablgjstency tests between data of different authors. In this case,
experimental data within the uncertainties of the best datahe uncertainty in the absolute temperature, which is influ-
This development became possible using existing state-oknced by the uncertainty of the conversion, is less important.
the-art fitting and optimization procedures and finally by theThe comparison between two very similar temperature val-
development of a new nonlinear optimization algorithm.  ues is not influenced by the uncertainty of the conversion if
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TABLE 2. Available data for the triple point of argon

Authors Year T, /K p:/kPa
Crommelin 1913 83.65 68.748
Holst & Hamburger 1916 83.81 69.51
Born 1922 83.97 68.284
Eucken & Hauck 1928 83.55
Clusius 1936 83.850.05" 68.86
Frank & Clusius 1939 68.900.03
Clusius & Weigand 1940 83.790.02 68.90+0.03
Clusius & Staveley 1941 68.9078).0021
Clark et al(“London results”)® 1951 83.7% 68.75
Freeman & Halsey 1956 83.70.03 68.5410.007
Michels et al. 1957 83.796:0.003
83.800+0.001
Heastie 1957 83.800.02 68.768:0.007
Poolet al. 1958 83.8050.006 68.904+ 0.005
Flubacheret al. 1961 83.813 68.9090.003
Michels & Prins 1962 83.8600.02 69.408:0.007
69.337£0.007
Thomaeset al. 1962 68.908 0.005
Clusiuset al. 1963 “0Ar:83.8028 68.896
36Ar:83.756 68.864
Lovejoy 1963 83.8069
Fender & Halsey 1965 83.795.015 68.86:0.08
Duncan & Staveley 1966 68.8%0.001
Davieset al. 1967 68.877#0.003
Ancsin & Phillips 1969 83.8083
Leeet al. 1970 40Ar:83.809 68.897£0.005
35Ar:83.746 68.862+0.003
Chenet al. 1971 83.814:0.001 68.9475% 0.0080
Furukawaet al. 1972 83.80780.005
Ancsin 1973 83.8056
Wagner 1973 83.8120.005 68.95:0.01
Kempet al. 1976 83.8054:0.0002
Furukawa 1978 83.80840
83.80837
Kemp & Kemp 1978 83.80540.0001
Khnykov et al. 1978 83.8054:0.0009
Pavese 1978 83.8088).000 15
83.8090+0.000 15
Shiratori 1979 83.8042
Pavese 1981 68.8900.0015
Bonhoure & Pello 1983 68.89@00.0007
Paveseet al. 1984 83.80593 0.000 59
Kanget al. 1988 83.8086: 0.0006 69.02-2.32
Krishanet al. 1989 83.8067%0.001 00
Defining fixed point of the ITS90 1990 83.8058
Bandyopadhyat al. 1991 68.8908:0.0010
Gilgen 1993 68.8930.035'

&Since the calibration of the thermometer is unknown, this temperature was not converted to ITS-90.

bThe authors determined the temperature by measuring the vapor pressure of oxygen; we redetermined the
temperature value by evaluating the correlation of Waggieal. (1976 for the measured vapor pressure of
oxygen.

“In this article, experimental results of two laboratories are given. The results of @latkare called “London

results,” the results of Michelst al. are called “Amsterdam results.” Values for the triple-point parameters

are given only by Clarlet al.

dGilgen (1993 obtained this value by extrapolating his correlation for the vapor pressilie=t83.8058 K; the

error resulting from the extrapolation is negligible, because the experimental value with the lowest temperature
is very close to the triple pointl(=84 K).
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TaBLE 3. Available data for the critical point of argon. Uncertainties are given where the original articles contain such estimates

Authors Year Method to determine critical-point parameter T./K p./MPa pcl/kgm3
Olszwesski 1895 a 15245 5.13
Ramsay & Travers 1901 a 155.6 5.36
Crommelin 1910 a 150.71 4.8632
Crommelin 1911 b 509
Mathiaset al. 1912 c 530.78
Michels et al. 1958 d 150.88 4.898 535.8
McCain & Ziegler 1967 a 150.660.02 4.856-0.005
Grigor & Steele 1968 c 150:60.1 4.86-0.02 529.5-1
Teague & Pings 1968 a 150.748.015 4.882-0.003
Terry et al. 1969 e 527
Baleet al. 1970 f 150.68:-0.02

150.61+0.05
Levelt Sengers 1970b g 150%D.02 4.877 535.20.4
Voronelet al. 1973 c 150.67720.01 531.a:1.0
h 150.6787-0.01

Shavandriret al. 1976 c 150.66:0.01 534.5:0.5
Koval'chuk 1977 c 150.670.01 535.%0.4
Gilgenet al. 1994b i 150.68%0.015 4.8630.003 535.6:1.0

@Disappearance and reappearance of the meniscus.

PEvaluation of vapor pressure apgT measurements in the critical region with the relati@p/(L?T)I,:pC:(dps/dT)T=TC.
‘Evaluation of density measurements on the saturated liquid and saturated vapor line.

dGraphical evaluation of density measurements on the saturated liquid and saturated vapor line.

*Extrapolation of a correlation for the saturated liquid density.

fEvaluation of refractive index measuremeris;from fitting a power-law equation to experimental values.

9New evaluation of the data of Miche&t al. (1958 critical parameters from fitting a power-law equation to the data.
"Evaluation of measurements of the isochoric heat capacity in the critical region.

iEvaluation of density measurements on the saturated liquid and saturated vapor line for the determifiatandpf.; p, determined by evaluation of the
‘vapor-pressure equation for=T,.

ISince the calibration of the thermometer is unknown, this temperature was not converted to ITS-90.

KIncluding a temperature correction given by Lev@l970a.

both temperatures are converted with the same procedure. 2.2. Critical Point

Table 3 gives a survey of values for the critical parameters
2.1. Triple Point of argon found in the literature. Most of the data for the
~ critical temperature agree well within their uncertainty. The
As Table 2 shows, temperature and pressure of the triplgaye for the critical temperature published by Michetsal.
point of argon have been measured by numerous authors. Qiigsg  which was determined from their measurements of
the present temperature scale ITS-90 the triple-point teMsaiyrated vapor and saturated liquid densities in the critical
perature of argon was adopted as a defining fixed point Wit'?egion, lies about 0.2 K above the values given by other
a value of 83.8058 K. Due to its better reproducibility, it authors. Levelt(1970h reanalyzed the measurements of
replaces the normal boiling-point temperature of oxygenyichels et al. (1958 but the resulting value for the critical
which had been used to define the preceding temperatuigmperature is still too high. Essentially, the differences in
scale IPTS-68. _ _ the critical pressures can be explained by the variation of the
The most precise measurements on the triple-point preszapor pressure with the assumed critical temperature.
sure of argon were taken by Paved®81), Bonhoure and The critical parameters published by Gilgenal. (1994
Pello (1983 and Bandyopadhyagt al. (1991, which con-  yere determined from their accurate measurements of vapor
firm each other within their very small uncertainties of hressyres and saturated-vapor and saturated-liquid densities.

+0.7-+1.5 Pa. ] These data are also consistent with the most accurate density
Therefore, the .f0||OWII.’lg values for the temperature andyeasurements in the homogeneous region, which were pub-
pressure of the triple point were selected: lished by Gilgenet al. (19944. Thus, in this work we ac-
cepted the critical parameters given by Gilgdral. (1994b:
T,=83.8058K, (2.9 P P 9 y Gllgral. 9
p:=(68.891+0.002 kPa. (2.2 T.=(150.687:0.015 K, 2.3
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TaBLE 4. Available data for the normal boiling point of argon. Uncertainties 2.3. Normal Boiling Point
are given where the original articles contain such estimates

Table 4 lists a summary of reported values for the normal

Authors Year To/K boiling-point temperature, which means the temperature at
Olszwesski 1895 86.15 which argon boils under a pressure of 0.101 325 MPa. For
Ramsay & Travers 1901 87.05 this pressure the solution of the vapor-pressure equation, Eq.
Crommelin 1913 87.31 (2.9), yields a temperature of 87.3026 K. The most precise
Frank & Clusius 1939 87.29 measurements were made by Keetpal. (1976 and Pavese
Clusius & Frank 1943 87.310.02 (1981), which confirm this value with a deviation of less than
Clark e:“ilfrf;teizi?nr]';;) 195F :;;g 1 mK. Thus, for the value of the normal boiling-point tem-
Freeman & Halsey 1956 87.3(0.03 perature we selected
Clusiuset al. 1963 “0Ar:87.3¢04

36Ar:87.24¢
Ancsin 1973 87.3026 T,=(87.303£0.002 K. (2.6
Chenet al. 1975 87.3092:0.0070
Kempet al. 1976 87.302%0.0002
Pavese 1981 87.30320.0005 24 Mel“ng Pressure

aSince the calibration of the thermometer is unknown, this temperature was . .
not converted to ITS-90. Table 5 summarizes the 18 available data sets for the melt-

PThe authors determined the temperature by measuring the vapor pressureibig pressure of argon. Most data sets show either large sys-
oxygen; we redetermined the temperature value by evaluating the vapotematic deviations from each other or a Iarge scatter. OnIy

pressure equation of Wagner al. (1976 for the measured vapor pressure .
of oxygen. the measurements of Crawford and Danigl968, (1969,

°See footnote ¢ of Table 2. Hardy et al. (1971) and Chenget al. (1973 confirm each
“The authors examined the isotof8r and*°Ar. Natural argon consists to ~ other within the uncertainties estimated by these authors. The
99.6% of “Ar. data set of Hardt al. (1971 comprises temperatures from

the triple point to 273 Kpressures up to 1100 MpPand thus
it includes the temperature ranges examined by the two other

pc=(4.863+0.003 MPa, (2.4 groups. These data have an overall uncertainty of less than
+0.1% in pressure for temperatures above 110 K and are
p.=(535.6-1.0) kgm 3. (2.5 consistent with the selected value for the triple-point pres-

TaBLE 5. Summary of the data sets for the melting pressure of argon. Uncertainties estimated by the authors are
given for group 1 data only

Number Temperature AT Ap

Authors Year of data range/K (mK) (MPa) Group
Simonet al. 1930 22 84-150 3
Bridgman 1934 6 84-193 2
Bridgman 1935 6 84-193 3
Clusius & Weigand 1940 29 84-89 2
Robinson 1954 13 84-266 3
Lahr & Eversole 1962 15 137-360 3
Michels & Prins 1962 12 84-118 2
Crawford & Daniels 1968 11 95-201 2
Crawford & Daniels 1969 11 95-201 2
Stishovet al. 1970 3 292-322
Hardy et al. 1971 85 84-273 2 0.1 1
Stishov & Fedosimov 1971 12 198-323
Cheng 1972 4 156-253 20 0.4 1
Chenget al. 1973 4 156-253 20 0.4 1
Lewis et al. 1974 8 92-211 2
Liebenberget al. 1974 1 295 2
Fingeret al. 1981 1 293 3
Zhaet al. 1986 17 379-717 2

@Bridgman (1935 determined these values by reevaluation of his earlier measuref@gitigman, 1934
bThese data are identical with the experimental results published by Crawford and Q&8ss
‘These data are identical with the experimental values given by CHET®.
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V Michels & Prins (1962) 0O Crawford & Daniels (1968)
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Fic. 1. Percentage deviations of experimental melting-pressure data from
values calculated from the melting-pressure equation(E@).

100 200 300 400 500 600 700
_ Temperature 7/ K
sure. Therefore, we used Hardyal's data to establish the

new melting-pressure equation which is given by @ Zha er al. (1986)
. T)205 T\ 1275 - ]équ?;ic;t)l fitted to the data of Zha et al. (1986)
—=1+a|=| —1|+ay|= -1, (2. 4. (&

Pt ! Tt) 2 Tt) } ol

with T,=83.8058 K, p;=68.891 kPa,a;= —7476.2665 and Fic. 2. Representation of the melting-pressure curve. The plotted curves

a,=9959.0613. Equatiori2.7) is constrained to the triple- correspond to values calculated from E2,.7) and from an equation fitted to
the experimental data of Zhet al. (1986. This figure illustrates the sys-

point pressure by its functional form. Data sets which di1‘fertematic offset of Zhamt al’s data,

from the measurements of Haréy al. (1971 by not more

than =2% were placed in group 2. The data sets of group 3

show large systematic differences of up#d0%. Figure 1  other data sets. Therefore, Zedals data were rejected.
compares group 1 and group 2 data with values calculatefigure 2 also shows that ER.7) yields reasonable results

from Eq.(2.7). even at very high temperatures.
Zhaet al. (1986 measured pressures on the melting curve
up to very high temperatures and pressui@00 MPa at 2 5. Sublimation Pressure

717 K). Figure 2 compares these data with the other data sets

at lower temperatures and with values calculated from Eq. For the pressure on the sublimation curve of argon ten

(2.7 (solid line). The dashed line represents an equationpublications are available, see Table 6. The group 1 data sets
which was fitted only to the data of Ztet al. (1986. It is  were used to establish the new correlation equation for the

obvious that these measurements are inconsistent with aublimation pressure:

TABLE 6. Summary of the data sets for the sublimation pressure of argon. Uncertainties estimated by the authors
are given for group 1 data only

Number Temperature AT

Authors Year of data range/K (mK) Ap Group
Ramsay & Travers 1901 7 77-84 3
Crommelin 1913 4 67-82 3
Crommelin 1914 8 68-84 3
Holst & Hamburger 1916 3 83.6-83.8 3
Born 1922 15 66-84 3
Clark et al? 1951 7 70-82 3
Flubacheret al. 1961 25 66—84 2
Leming 1970 79 25-84 +2 1%—-5% 1-2
Chenet al. 1971 71 75-84 *1 7 Pa 1
Chenet al. 1978 39 75-84 *1 1 Pa 1

aSee footnote c of Table 2; experimental values of the sublimation pressure were only given bgtGlark
Group 1 forT<74K, group 2 forT>74K (see text
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TaBLE 7. Summary of the data sets for the vapor pressure of argon
o
»
5 Number — Temperature
N Authors Year of data range/K Group
\r‘\
i*]
bl | Olszwesski 1895 10 134-145 3
£ _ Il 1 1 1
é L5 65 70 75 30 85 Ramsay & Travers 1901 15 86-156 3
e 01 Crommelin 1910 6 132-150.7 3
3 Crommelin 1911 133-148 3
53 Crommelin 1913 7 86-123 3
- 0 Holst & Hamburger 1916 84-90 3
< Born 1922 13 84-90 3
-0.1 Bourbo & Ischkin 1936 3 87-95 3
Temperature T / K Clark et al? 1951
“London results” 16 86-145 2
© Flubacher et al. (1961) O Leming (1970) “ " _
X Chen et al. (1971) & Chen et al. (1978) Amsterdam results 23 91-150.0 3
Narinskii 1957 38 87-124 3
Fic. 3. Percentage deviations of experimental data for the sublimation pres- Michels et al. 1958 23 117-150.7 2
sure assigned to groups 1 andubper diagrarnand group 1(lower dia- Flubacheret al 1961 6 84-87 2
gram from values calculated from the sublimation-pressure equation, Eq. . '
(2.9 Clusiuset al. 1963 14 84-87 2
Radovskii 1963 58 84-150.6 3
van ltterbeelket al. 1963 9 138-148 3
p T T T\2 van ltterbeelet al. 1964 34 85-149 3
In =P =2 | l-—=|+a1-= , (28 Blagoi et al 1967 13 88-120 3
Pt T T, T 9 ' -

_ Davieset al. 1967 2 104-116 3
with Tt():??:;i%sf;l p=68.891kPaa;=—11.391604 and  \jccain & Ziegler 1967 21 114-150.6 3
a2=— . .

8 . . L Bowmanet al. 1969 36 84-150.1 2

The upper diagram of Fig. 3 illustrates the deviation of the Streett & Staveley 1969 10 101-143 3
group 1 and group 2 data from values calculated from _Eq. Verbekeet al. 1969 9 149.2-150.7 2
(2.8). At temperatures below 74 K the data set of Leming Leming 1970 . B
(1970 supports the measurements of Chenal. (1971, ) '

. . . ) Theeuwes & Bearman 1970 4 117-148 2
(1978, while these data sets differ systematically at higher Chenet al 1071 16 8485
temperatures by about 0.5%. Here, the values of Gie. Chui & Ca.nfield 1971 | 116
are considered as more reliable, since they are consisten'\[Na ner 1973 5 841507 )
with the well founded triple-point parameters. The data of Ki g 1974 3 129 145' 3
. . m -
Leming were placed in group 1 only for temperatures below
74 K Chenet al. 1975 43 84-88
The lower diagram in Fig. 3 shows the comparison of the <idnayetal 1975 ! o1 2
Gilgenet al. 1994b 47 84-150.7 b1

group 1 data with values calculated from EQ.8) in more
detail. The values of Cheet al. (1971) and Chenet al.
(1978 deviate systematically by about0.05%. For the va-

2See footnote c of Table 2.
PUncertainties are given in the text.

por pressures of Cheet al. (1977, (19795 an error of the
same magnitude is observésee Fig. 4. At temperatures
below 70 K the data of Leming are represented to within
+8 Pa with the exception of two outliers; below 40 K the
deviations range from-0.001 to+0.003 Pa.

2.6. Vapor Pressure

110 120 130 140 © 150

" 90 100

Temperature 7/ K . .
Table 7 summarizes the 32 available data sets for the va-

por pressure of argon. The very accurate data of Gitgeal.
(1994h describe the whole vapor-pressure curve from the
triple point up to the critical point with an uncertainty which

Clark et al. (1951), “London results”
Flubacher et al. (1961)

Bowman et al. (1969)

Theeuwes & Bearman (1970)

Chui & Canfield (1971)

Chen et al. (1975)

Gilgen er al. (1994b)
Michels er al. (1958)
Clusius er al. (1963)
Verbeke et al. (1969)
Chen ef al. (1971)
Wagner (1973)

tempbod

pOoOxvooe

Kidnay et al. (1975)

Fic. 4. Percentage deviations of experimental vapor-pressure data assign

to groups 1 and 2 from values calculated from the vapor-pressure equatio
Eqg. (2.9.
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TaBLE 8. Summary of the data sets for the saturated liquid density of argon & ¢2
o A AL
A2 T 4 ¢
Number ~ Temperature 31 AAAp, VVE A %0
Authors Year  of data range/K Group & "“'B—’_E—ML._‘.’_'—.‘_&‘_
£ L » 00m O ncB o S o' e
Baly & Donnan 1902 12 85-89 3 x [ o g><>°©<> © 3008° 8608000 s
Crommelin 1911 4 132-148 3 § _02 T S S S S S ;6
Mathiaset al. 1912 8 90-148 3 % w00 a0 120 B0 40
Michels et al. 1958 12 117-150.7 3 Temperature T'/ K
Gil; 1. (1994b | 4 Itterbeck & Verbeke (1960)
van Itterbeek & Verbeke 1960 2 86-90 2 . e 21967)) & Goldman & Serase (1969)
Saji & Kobayashi 1964 5 84-87 3 & Chui & Canfield (1971) O Pan er al. (1975)
. ¢ Kovaichuk (1977) O Haynes (1978)
Davieset al. 1967 1 116 2 A Albuquerque et al. (1980a) Vv Albuquerque ef al. (1980b)
Streett 1967 3 102-121 3 Fo. 5. P age deviat . imental saturated liquid-densitv dat
1G. 5. Percentage deviations ol experimental saturated liquia-density aata
Goldman & Scrase 1969 36 87-145 2 assigned to groups 1 and 2 from values calculated from the saturated liquid-
Streett & Staveley 1969 10 101-143 3 density equation, Eq2.10.
Terry et al. 1969 16 86-118 3
Verbekeet al. 1969 27 88-150 3
Chui & Canfield 1971 1 116 2 Table 8. Again, only the data of Gilgest al. (1994h with a
Gladun 1971 13 88—149 3 typical uncertainty ofAp’/p’'<=*=0.015% were assigned to
Voronel et al. 1973 66 148-150.7 3 group 1. All data sets which deviate by not more thah2%
Panet al. 1975 4 91-115 2 from these datgexcept for the critical regionvere placed in
Shavandriret al. 1976 20 101-150.6 3 group 2. For the group 3 data sets large systematic deviations
Koval'chuk 1977 25 134-150.7 5 of up to 1% from the group 1 data can be observed.
Anisimov et al. 1978 o8 134-150.7 2 On the basis of the data set of Gilgehal. (1994b, we
Haynes 1978 6 100-120 5 established the following equation for the density of the satu-
Albuguerque 1980a 15 94-147 23 rated liquid:
Albuquerque 1980b 4 110-120 2 ,
- p
Gilgenet al. 1994b 27 84-150.7  °1 In( —|=a,; 9% a,0%3+ a9+ a, 9%, (2.10
@These experimental results were previously published by Koval'chuk Pe
(2o, with 9=(1-T/Ty), T.=150.687K, p.=535.6kgm?3,
Group 2 forT<125K, group 3 forT>125K. a;=1.5004262, a,=—0.31381290, a;=0.086 461622

‘Uncertainties are given in the text.

and a,=—0.041477525. Equation2.10 is one term
shorter than the saturated-liquid-density equation given by
to group 1. Group 2 is restricted to data which deviate by les&ilgenet al. (1994h, but nevertheless the representation of
than +=0.2% from the group 1 data in general. Most of thethe group 1 data is almost identical.
data sets had to be placed in group 3 because of their large Figure 5 shows a comparison between values calculated
scatter or because of systematic deviations of up-t®e  from Eq. (2.10 and the experimental data which were as-
from the group 1 data. signed to groups 1 and 2. The data situation is characterized
The simple vapor-pressure equation established by GilgeRY systematic differences between the group 2 sets and only
et al. (1994b represents the group 1 data without any systhe data sets of Hayned978 and Panet al. (1979 are
tematic deviation and was thus adapted for this work:

TaBLE 9. Summary of the data sets for the saturated vapor density of argon

.
'”(%) = F(ad+a 0t 207 +2,0%9, (2.9

c Number  Temperature

Authors Year of data range/K Group

with  9=(1-T/T), T.,=150.687K, p.=4.863MPa,
a;=—5.9409785p,=1.355388 8a3=—0.464976 07 and  Crommelin 1911 4 132-148 3
a,=—1.5399043. Mathiaset al. 1912 8 90-148 3
In Fig. 4 the group 1 and group 2 data are compared with Michelset al. 1958 11 120-150.7 2
values calculated from Ed2.9). A detailed comparison of  Voronelet al. 1973 49 148-150.7 3
the group 1 data and vapor pressures from €99 with Shavandriret al. 1976 32 102-150.6 3
values calculated from the new fundamental equation, Eq.Koval'chuk 1977 26 148-150.7 3
(4.12), is given in Sec. 5.1.1. Anisimov et al. 1978 26 148-150.7 3
Gilgenet al. 1994b 27 84-150.7 128

2.7. Saturated Liquid Density This work (Table 10 2¢  838-110 i

N . 2Group 1 forT=110K, group 2 forT<110K (see te
Twenty-three data sets for the saturated liquid density aqunce?taimies are give,? in tf]e text. ( X

available in the literature. These data sets are summarized fQalculated valuegsee text
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TaBLE 10. Values for the saturated vapor density of argon determined in this (seektext

T/IK p"l(kg m~3) T/IK p"l(kg m~3) T/IK p"l(kg m™3)
83.8058 4.05472 93 9.680 16 103 20.924 80
84 4.138 47 94 10.530 22 104 22.431 69
85 4.590 69 95 11.434 89 105 24.019 39
86 5.079 34 96 12.396 43 106 25.691 09
87 5.606 26 97 13.417 18 107 27.450 12
88 6.173 35 98 14.499 54 108 29.299 95
89 6.782 52 99 15.645 97 109 31.244 25
90 7.43575 100 16.859 03 110 33.286 86
91 8.13505 101 18.141 36
92 8.882 49 102 19.495 67

confirmed by the group 1 data within their claimed uncer-vapor densities obtained in this way are listed in Table 10.
tainty of about+0.1%. The volume of the measuring cell Taking into account the uncertainty of the vapor-pressure
used by Albuquerquet al. (19804, (1980h was calibrated equation and of the preliminary gas-phase equation of state
with saturated liquid densities of nitrogen and methane meahe uncertainty of the new saturated vapor densities is esti-
sured by Haynest al. (1976 and Nunes da Pontetal. mated to be less that 0.03% in density at the triple-point
(1978, respectively. Since these data proved to be incorredemperature and:- 0.025% in density at 110 K.

by about+0.1%—+0.2% in comparison with the very ac- The new saturated vapor densities together with the ex-
curate data for nitrogefiNowaket al. (19973] and for meth-  perimental data of Gilgeet al. (1994b for T=110K form

ane [Kleinrahm and Wagner(1986 and Hadel etal. the group 1 data set which was used to establish the equation
(1992] it is not astonishing that the data sets of Albuquerqueor the saturated vapor density:

et al. deviate in a similar way.

p’ Te
2.8. Saturated Vapor Density In( ) = ?(31190'3454' a, 9>+ ag ¥ +a, 9139,

-
Only very few data sets are available in the literature for (213

the saturated vapor density. These data sets are summariz\ﬁﬂh 9=(1-T/T), T,=150.687K, p.=535.6kgn?

) i J, T¢ . . Pec . ,

in Table 9. The most accurate experimental values werglz 1,706 956 56, a,= — 4.027 394 48,a,= 1.551 775 58

again published by Gilgeet al. (1994h, but nevertheless anda.— — 2.306 832 28

these data were assigned to group 1 only for temperatures . : '

above 110 K. As a result of the analysis of the data sets in '\ -\ o< calculated from E(.11). Data sets with devia-

the homogeneous low density region it turned out that the”ﬁons exceeding the range of the diagram were omitted. Al

are very small but systematic errors in the density measuresc . . . .
. which wer lish fore 1994 li i
ments of Gilgenet al. (19944 at low temperatures. When Of the data sets which were published before 1994 lie outside

the uncertainties of the group 1 data. The best agreement was

developing the new equation of state and taking into accour}tpund for the data set of Micheks al. (1958, which shows
the new, highly accurate experimental values of the speed o systematic deviation from the group 1 data of about

sound in th|§ reg|0d§ee Table 19 it was not_ possible .to ~0.1.% Only this data set was assigned to group 2.
represent Gilgeret al's low-temperature density data with-

out systematic deviations. These deviations range up to about
—0.02% in density, but they never exceed the claimed ex-
perimental uncertainties, which go up 100.024% in this
region because of special experimental difficulties. Since
Gilgen et al. (1994h determined the densities of the satu-
rated vapor from measurements in the homogeneous regio

Figure 6 shows a comparison between experimental data

<
=3

e
=N

_p'c'alc )/p;xp

<o
[

extremely close to the phase boundary, such inconsistencie@f 0

were also observed for the saturated vapor densities. 8 sl vy e
Based on this knowledge, we developed a preliminary ~ % 10 w0 20 130 M0 10

equation of state for the low density region which is able to Temperature 7'/ K

represent both the speeq pf sqund mea;urerrwnrﬂsthe b gilcg‘f;:';ilf‘(?ggg; o ok (Table (1109)7 6

ppT data of Gilgeret al. within their uncertainty. Then, new & Kovalchuk (1977)

values for the saturated vapor density were determined frorp - . .

L . 1G. 6. Percentage deviations of experimental saturated vapor-density data
the virial equation ap(Ts,ps), Whereps(Ts) was calculated  fom values calculated from the saturated vapor-density equation, Eq.
from the vapor-pressure equation, Eg.9). The saturated (2.13).
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TasLE 11. Summary of the data sets for the speed of sound on the liquid—vapor phase boundary of argon

Number of data

_ Temperature
Authors Year Property Total Selected range/K Group
Liepmann 1939 w’ 36 - 83-87 3
Galt 1948 w’ 1 - 85 2
v. Itterbeek & Verhaegen 1949 w’ 7 - 84-87 3
van ltterbeelet al. 1959b w’ 10 - 84-90 2
van Daet 1962 w' 2 - 86-90 2
Radovskii 1963 w’ 38 - 84-151 2-3
w” 39 29 84-151 1-2
van Daelet al. 1966 w’ 27 23 85-149 1
Aziz et al. 1967 w’ 14 14 84-146 1
Blagoi et al. 1967 w’ 13 - 89-120 2
Lim & Aziz 1967 w’ 19 - 84-88 2
Fleury & Boon 1969 w’ - 85-100 2
Thoenet al. 1969 w’ 6 6 100-145 1-2
Thoenet al. 1971 w’ 19 6 146-151 1-2
w” 35 21 110-151 1-2
Mikhailenko et al. 1975 w’ 14 - 145-149 3
#The data were taken from the publication of Tharel. (1969.
2.9. Caloric Data on the Liquid—Vapor Phase These data are also consistent with speed of sound measure-
Boundary ments in the homogeneous region and with the experimental

values of Thoeret al. (1972 in the critical region. These

No auxiliary equations have been developed for the Cagata \were used for the development of the new equation of
loric properties on the liquid—vapor phase boundary, but theate with the exception of a few outliers, of data in the

group 1 data have been taken into account directly to de&mmediate vicinity of the critical point, and of the data sets

velop the new equation of statsee Sec. 44 of Lim and Aziz (1967 and Radovski(1963.
Speed of Soundlhe existing data sets for the speed of Eq. the saturated vapor, only the two data sets of Ra-

sound on the saturated-liquid and saturated-vapor line arg,, skii (1963 and Thoeret al. (1971 exist for the speed of

summarized in Table 11. A graphical comparison of thegqng The uncertainty of these data is about%. Since
group 1 and group 2 data is given in Sec. 5.1.2.

ak the homogeneous gas phase is covered by highly accurate
For the saturated liquid, the data sets of van Det@ll.  gneeq of sound measurements, these data were used for the
(1966, Aziz et al. (1967, Lim and Aziz(1967, Thoenet al.  yeyelopment of the new equation of state only with very low
(1969, and for temperatures above 110 K the data set o

. ; o eights.
Radovskii (1963 confirm each other to withint0.3%. Heat CapacitiesTable 12 summarizes the information on

the available data sets for heat capacities on the saturated
TaBLE 12. Summary of the data sets for heat capacities of saturated quui(lfqu'd line. Among th_e5§ propemes, only the heat F:apamty
argon along the saturated liquid line, can be measured directly.
The data for the isobaric and isochoric heat capao:iigemnd

Number Temperature

Authors Year Property of data range/K
Eucken & Hauck 1928 c, 6 90-140 TasLE 13. Summary of the data sets for the enthalpy of vaporization of
Clusius 1936 ¢, 3 86.6-88.9 argon
Walker 1956 c;, 6% 90-140 Number Temperature
Flubacheret al. 1961 c, 3 84.6-86.3 Authors Year of data range/K
Gladun 1971 c, 1§ 87.8-149 Eucken 1916 1 873
Co 136 8;'8_150'5 Frank & Clusius 1939 1 87.3
i 87.8-150.5 Flubacheret al. 1961 1 85.7
#Determined from measurements of the isobaric heat capacity in the homo- Kurilenok et al. 1973 15 85.3-87.7
geneous liquid region. . _
Determined from measurements of the isochoric heat capacity in the homo- Kim 1074 3 129-145
geneous liquid region. aKim (1974 determined the enthalpy of vaporization as a function of vapor
“The author calculated these values from flis data. The data at pressure. For this work the corresponding saturation temperatures were
T=150.5K are extrapolated values which are very uncertain. calculated from Eq(2.9).
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TaBLE 14. Summary of th@pT data sets which were assigned to group 1

Number of data

- Temperature Pressure Uncertainty

Authors Year Total Selected range/K range/MPa AT/mK Ap Apiotal
Michels et al. 1949 355 161 273-423 1.9-293 (0.1%-0.15%
Robertsoret al. 1969 287 168 308-673 120-1050 300 0.1%  (0.4%
Morris & Wylie 1980 43 — 253-308 200-480 5 0.03% 0.05%
Barreiroset al. 1982 73 50 129-147 5.6-142 10 0.01 MPa (0.05%—-0.1%
Morris 1984 148 145 253-308 100-620 0.03%©-06%
Biswaset al. 1988 19 19 298 100-1000 2 0.1% (0.1%
Hoinkis 1989 46 6 298-333 0.2-58 (0.1%
Guoet al. 1992 28 — 273-293 1.1-4.7 5 0.007% 0.02%
Gilgenet al. 1994a 638 628 90-340 0.2-12.1 1.5-3 0.006% 0.020%
Gilgenet al. 1994b 58 58 148-151 4.4-49 3 0.006% 0.010%-0.017%
Estrada-Alexanders

& Trusler 1996 565 100 110-450 0.02-27.2 0.025%3-04%

Klimeck et al. 1998 137 137 235-520 2.0-30.1 10-16 0.006% 0.02%-0.03%

#The uncertainty values faXT andAp correspond to the uncertainty of the measured value$ fordp, whereas\ py., refers to the total uncertainty which
covers all contribution from\T, Ap andAp. Values given in brackets were estimated by ourselves.

bCorrected datdsee text

°No numerical values, but only an equation of state in the fo(,p) which was fitted to the measur@g T data can be found in the article. Therefqoe,T
values were calculated from this equation.

9The experimental values in the gas phase on the isotherms 110 and 120 K were not selected.

°Total uncertainty in pressureritical region.

Data calculated from measured speeds of sound, selected onlfy<fd25 K.

c, were determined from measurements in the homogeneous Where it seemed appropriate, data sets have again been
liquid region by extrapolation. These data show systematiclassified into three groups as explained in Sec. 2. Since the
deviations of up tox6% (see Sec. 5.1)2 With regard to situation in the homogeneous region is not always as clear as
caloric properties on the saturated liquid line, the behavior ofor the different properties on the phase boundary, numerous
the new equation of state is more accurately determined bglata sets are associated with more than one group. Usually
the speed of sound measurements discussed above. Thus, these data sets are selected in regions with a poor data situ-
data for heat capacities on the saturated liquid line were nadtion, but used only for comparison in regions in which more
used. reliable data exist.

Enthalpy of VaporizationOnly a few values for the en- Where uncertainties are given, these values usually corre-
thalpy of vaporization can be found in the literature. Thespond to estimations given by the authors. Since we noticed,
corresponding data sets are summarized in Table 13 and ahewever, that a few authors have published none or overly
compared with values calculated from the new equation obptimistic estimations of the experimental uncertainties of
state in Sec. 5.1.2. The data sets mainly cover the temperéieir data, we had to estimate more realistic values for the
ture range between the triple point and the normal boilingexperimental uncertainties in some cases; in the tables, these
point. For higher temperatures only three values were pubdncertainty values are presented in parentheses.
lished by Kim(1974.

The enthalpy of vaporization is related to the vapor pres- 3.1. Thermal Properties
sure and to the densities of the saturated liquid and the satu-
rated vapor by the equation of Clausius—Clapeyron. Since
there are very accurate data for the thermal properties on the During the last 100 years the thermal behavior of argon
phase boundary, experimental values for the enthalpy of vehas been examined by numerous authors. Seventy data sets

3.1.1. ppT Data

porization were not taken into account. are available for th@pT relation in the single-phase region,
. ) but most of them do not meet present quality standards.
3. Experimental Results for the Single- Table 14 gives detailed information on the data sets which
Phase Region were assigned to group 1. Table 15 summarizes data sets

which were assigned to group 2 or 3.

In this section, experimental data sets for thermodynamic Up to temperatures of 340 K and pressures of 12 MPa, the
properties in the single-phase region of argon are presentedescription of thepT relation is mainly based on measure-
For each of the considered properties, both general informanents performed with the “two-sinker” buoyancy method,
tion on all available data sets and more detailed informatiorwhich probably provides the most accurgieT data today.
on the selected data sets is given in corresponding tables. Among these measurements, the most comprehensive data
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TaBLE 15. Summary of th@pT data sets which were assigned to groups 2 and 3

Number Temperature Pressure
Authors Year of data range/K range/MPa Group
Ramsay & Travers 1901 35 284-546 3.1-9.5 3
Kamerlingh Onnes & Crom. 1910 125 124-293 1.4-6.3 3
Holborn & Schultze 1915 41 273-473 1.8-10 3
Leduc 1918 1 273 0.1 3
Masson & Dolley 1923 25 298 0.5-13 3
Bridgman 1923 15 328 196-1471 3
Holborn & Otto 1924 16 573-673 2.5-10 3
Holborn & Otto 1924 14 173-223 2.0-7.2 3
Baxter & Starkweather 1927 3 273 0.3-10 3
Simon & Kippert 1928 7 84.5-90 35-59 3
Baxter & Starkweather 1929 3 273 0.3-10
Bridgman 1935 78 101-328 69-1471 3
Qishi 1949 4 273 1.2 3
Getzen 1956 173 273-573 2.2-43 2-3
Townsend 1956 36 298-323 0.2-14 2
Walker 1956 283 91.9-221 1.7-53 3
Michels et al. 1958 295 118-248 0.6-104 2
Lecocq 1960 126 573-1226 2.1-93 2-3
van Itterbeek & Verbeke 1960 50 86.6-90.6 1.3-15 2
Rogovaya & Kaganer 1961 74 90.1-248 2.5-20 3
Lahr & Eversole 1962 15 137-360 242-1828 3
van ltterbeelet al. 1963 115 90.2-148 1.1-29 3
Crain & Sonntag 1965 78 143-273 0.2-52 2
Streett 1967 26 102-121 0.4-55 3
Crawford & Daniels 1968 171 94.7-201 45-634 2-3
Grigor & Steele 1968 83 144-155 3.0-6.0 3
van Witzenburg & Stryland 1968 114 96.4-154 6.8—-203 2
Crawford & Daniels 1969 270 94.7-210 20-646 2-3
119 94.7-201 45-634 2-3
Lippold 1969 68 96.7-149 9.8-98 3
Streett & Staveley 1969 139 101-143 0.35-69 3
Verbekeet al. 1969 315 87.1-202 0.2-15 2
6 125-172 143-233 3
Blancettet al. 1970 72 223-323 0.3-71 2
Polyakov & Tsiklis 1970 68 373-673 152-1013 3
Rabinovichet al. 1970 61 287-773 10-55 3
Sorokin & Blagoi 1970 48 89.9-129 0.1-49 3
Stishovet al. 1970 3 292-322 1297-1553 2
Theeuwes & Bearman 1970 3 138 5.1-13 2
Dobrovolskii & Golubev 1971 179 92.8-156 1.1-49 2-3
Provine & Canfield 1971 62 143-183 0.3-67 3
Schaxmann 1971 s 373-573 0.4-59 2-3
Stishov & Fedosimov 1971 bg 198-323 614-1535 2-3
Waxman & Hastings 1971 3 298 1.0-20 2
Cheng 1972 269 200-309 29-1066 2
4P 156-253 357-996 2
Pope 1972 37 101-138 0.1-2.6 2
Chenget al. 1973 Af 156-253 357-996 2
Gielen 1973 53 149-153 4.6-5.3 2
Liebenberget al. 1974 27 295 70-1324 2
Santafeet al. 1976 96 273-323 0.1 3
Lallemand & Vidal 1977 4 298 409-890 2
Kosov & Brovanov 1979 6 290 15-60 3
Vidal et al. 1979 10 298 100-1000 2
Albuguerqueet al. 1980 80 93.9-147 0.8-6.1 2
Nunes da Pontet al. 1981 99 110-120 1.3-138 2-3
Ronchi 1981 3138 300-2300 9.9-23884 2
Manov et al. 1984 38 298-363 0.2-15 2-3
Vacek & Hany 1991 72 233-288 4.7-47 2
Vrabec & Fischer 1996 7 200-2000 401-2818 2

#The data on the 328 K isotherm had been published before by BridghSad).

PExperimental values for the density of the liquid on the solid—liquid phase boundary.

‘Experimental results were only given in graphical form.

9The data had been previously published by Crawford und Da(i6B3.

€The experimental results of Sammann(1971) were reevaluated by Hoinkid989 and can be found in the corresponding reference.

The data are identical with the experimental results of Ch@8g2.

9No experimental, but calculated values for the Lennard-Jones potential of theIfafii. The parameters of the potential were fitted to experimental data.
"No experimental results, but data from molecular dynamic studiesnard-Jones potential of the forfh2-6) with o=3.3947 A ande/k=117.113 K.
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& uncertainty of data from single- and two-sinker densimeters
§ 0.4 19K - 130K is generally less thart 0.02% in density, except for data in
= * o+t + A A A, am the critical region and at very low densities.
T [ —e—o-ococcccom— The ppT data of Estrada-Alexanders and Trus(&896
£ i were not measured directly, but were determined from speed
S E L o of sound measurements by numerical integration of thermo-
§ 047 5 10 20 50 dynamic differential equations. The data cover temperatures
Pressure p / MPa from 110 to 450 K for densities up to half the critical density
O Gilgen et al. (1994a) aqd deviate systematically from the experimental values of
+ Albuquerque et al. (1980a) Gilgen et al. (19943 and Klimecket al. (1998 by up to
A Barreiros et al. (1982) +0.04% in density. These data were used only in the gas

. - i phase at temperatures below 125 K, where the total uncer-
Fic. 7. Percentage density deviations of experimeptdl data from values . . .
calculated from the new equation of state, E&41). This figure illustrates  tainty of the results of Gilgewt al. (19943 increases from
the systematic error in the density measurements of Albugueetue. +0.02% to aboutt0.035% due to the increasing influence
(19803, (1980 and Barreirost al. (1982. of absolute contribution inr, and a,. In this region, the
results of Estrada-Alexanders and Trus{@P96 are more
consistent with accurate speed of sound measurements of
set was published by Gilgeet al. (19943. These data are different authors than any direppT measurements.
supported by the experimental results of Gilgehal. For pressures above 12 MPa, most data sets in the liquid
(1994b for states near the phase boundary at temperaturd¥hase T<T.) show systematic deviations of up t01.4%
close to the critical temperature and by the data set of Guffom each other. In this region, only the data set published by
et al. (1992 for pressures up to 5 MPa at temperatures beBarreiroset al. (1982, which extends to pressures up to 147
tween 273 and 293 K. MPa for temperatures between 129 and 147 K, could be
To enlarge the operational range of buoyancy densimetegelected for the description of thepT relation. Barreiros
without substantial loss of accuracy, Wagreral. (1995 et al. (1982 used the same apparatus as Albuquerefua!.
developed a new ‘“single-sinker” densimeter for pressureg19803, (19800 which was calibrated with data for the satu-
up to 30 MPa at temperatures from 233 to 523 K. With thisrated liquid density of methane and nitrogen. These data
apparatus Klimeclet al. (1998 measured densities of argon, were incorrect by+0.2%—+0.35% (see Sec. 2)7 This
which supplement the data of Gilgenal. (19943. The total ~ faulty calibration is the reason for the systematic deviations
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TaBLE 16. Second and third virial coefficients of argon determined by reevaluation g@fpfRiaata of Gilgen

et al. (19943
TIK B/(cm® mol %) C/(cm®mol?) TIK B/(cn®mol Y C/(cm® mol™?)
120 —130.28+1.30 170 —67.60-0.25 2012.5:100
130 —112.710.60 2231.7300 175 —63.71+0.25 1913.6:100
135 —105.28+0.30 2389.22100 180 —60.13+0.25 1864.3 100
140 —98.29+0.25 2344.@:100 190 —53.62:0.25 1718.4100
143 —94.46-0.25 2326.3100 200 —48.00:0.25 1635.6:100
146 —90.83+0.25 2314.3100 220 —38.52:0.25 1455.5-100
148 —88.51+0.25 2289.@:100 250 —27.74-0.25 1292.5100
150.7 —85.60+0.25 2293.5:100 265 —23.38:0.25 1210.6:100
153 —83.040.25 2216.2-100 280 —19.59+0.25 1157.3100
155 —80.98+0.25 2187.3 100 295 —16.26+-0.25 1113.7100
157 —79.04-0.25 2181.6:100 310 —13.27+0.25 1052.4-100
160 —76.27:0.25 2171.3100 325 —10.66-0.25 1033.8100
165 —71.68-0.25 2053.3100 340 —8.30+£0.25 1005.3 100

between the data of Barreir@s al. and the accurate results an equation of state for argon, some selected data for the
of Gilgen et al. (19943, see Fig. 7. Therefore, the data of second and third virial coefficient were used here.
Barreiroset al. were corrected on each isotherm to form a In a preliminary data set, we used the second and third
smooth continuation of the values of Gilgebal. The nu- virial coefficients given by Gilgeet al. (19943, who deter-
merical values of the corrections on the 129, 134, 143 anghined these data from a virial equation which was fitted to
147 K isotherm are—0.22%, —0.34%, —0.33% and their low-densityppT data. But when the phase-equilibrium
—0.16% in density, respectively. condition was taken into account, none of the preliminary
At temperatures between 273 and 423 K el data of  equations could represent the data for the third virial coeffi-
Michels et al. (1949 were assigned to group 1. Within itS gient in the region of its maximum nedi,. However, the
u_ncertainty, this data set is consistent with the new “Single'original ppT data were always represented within their un-
sinker” data for pressures up to 30 MPa, but it extends Qe rainty. Therefore, we reevaluated T data of Gilgen
significantly higher pressurep293MPa). For tempera- o 5 by the method which was used for ethylene and nitro-
tures from 253 to 308 K, the most accyrate data in 'Fhe higlben by Nowalet al. (1996, (1997h. The new results for the
pressure rangep(>200.MPa) were published by Morris af‘d second and third virial coefficients are given in Table 16
Wylie (1980 and Morris(1984. These data have uncertain- together with their uncertainties. The values for the second

. o . .

ties of less thant_0.0G/o in density. The region up to 673 K virial coefficient do not differ from the data given by Gilgen

and 1050 MPa is covered by the data of Robertsbal. I . o o~ ;
al. significantly, but the third virial coefficients confirm

(1969. Since this data set shows a rather large scatter ant | | hich dicted b limi
systematic deviations of about0.2% from the more accu- € lower values which were predicted by prefiminary equa-

rate data of Morrig1984), an uncertainty of-0.4% had to tlr?n?j of St"?“e- Ft;) ' th_? third \|/|r|qlhcoheff|C|ent, F'gl' 9 co(;np_a rr]es
be assumed for the data set of Robertsoal. the data given by Gilgeat al. with the new results and wit

In ap-T diagram, Fig. 8 shows thepT data which were values calculated from the new equation of state, (Bdl).

used to establish the new equation of state. Although the data !N the data set which was finally used to establish the new
sets of Morris and Wyli€1980 and Guoet al. (1992 were equation of state, the new data for the virial coefficients were
assigned to group 1, they were not used in the end. Thes%lectejd insteaq of the data of Gilgenal. As expected, the
data do not contain significant additional experimental infor-nconsistency with the very accurate speed of sound data at
mation since they confirm other data sets, which cover 40W temperatures, which was previously discussed for the

larger region with at least the same accuracy, far within theiPpT data, was also observed for the derived values of the
uncertainties. second virial coefficient. Therefore, only low weights were

given to the data foB andC at 120 K.
The data of Aziz and Slamai1986), (1990 and Sevasty-
anov and Chernyavskay@987 were used at temperatures
Virial coefficients cannot be measured directly; in mostup to 1100 and 3000 K, respectively. Although these data
cases they are determined from isothermal fitppd mea-  were calculated from different models for the intermolecular
surements. Therefore, such data do not contain new informgotential, the data sets for the second virial coefficient con-
tion if the originalppT data are used to establish an equationfirm each other within= 0.7 cn¥ mol~%, whereas experimen-
of state. However, since a reasonable representation of thel values show systematic deviations of up to
virial coefficients is considered as important particularly for =3 cnPmol™1. Table 17 summarizes the selected data sets

3.1.2. Thermal Virial Coefficients

J. Phys. Chem. Ref. Data, Vol. 28, No. 3, 1999
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TaBLE 18. Summary of data sets for the second and third virial coefficient
2800 | which were assigned to groups 2 and 3
| Number of Temperature
Authors Year data B,C range/K  Group
2400 Kamerlingh Onnes & Crom. 1910 12,12 152-294 3
R o Cath & Kamerlingh Onnes 1922 20,— 83-273 3
‘}T Holborn & Otto 1925 9, 8 173-673 3
S 2000 Tanner & Masson 1930 7,7 298-447 3
f i Michels et al. 1949 14,14 273-423 2
[=] Whalley et al. 1953 9, 6 273-873 3
L 600k Cottrell et al. 1956 3—  303-363 3
-~ Getzen 1956 13,13 273-573 3
© . Michels et al. 1958 1212 133-248 2
Knobleret al. 1959 1— 90 3
1200 |- Hilsenrath 1960 81,62 80-5000 3
| Lecocq 1960 6, 6 573-1226 3
Fender & Halsey 1962 10,— 85-124 2
800 | Poolet al. 1962 1,— 90 3
. . . . | . Thomaeset al. 1962 5— 109-295 3
100 200 300 200 qurog & Obert 1964 11,10 120-600 2
Crain & Sonntag 1965 4, 4 143-273 2
Temperature T/ K Davieset al. 1967 2—  104-116 3
O Gilgen er al. (1994a) Kalfoglou & Miller 1967 6, 6 303-773 2
® This work (Table 16) Weir et al. 1967 17,17 80-191 3
Byrneet al. 1968 18,— 84-271 3
— Eq (4.1 Lichtenthaler & Schter 1969 5— 288-323 2
. . . Blancettet al. 1970 3,3 223-323 2
F-IC?. 9. qut_of the data determined by‘ Gllggm a[. (19943 for the thqu Bose & Cole 1970 1— 323 3
virial coefficient ar_ld of the data determined in this work by reevaluation of ..o o canfield 1971 3 3 143-183 3
the ppT data of Gilgenet al. (1994a. Schimmann 1971 3 3 373-573 5
Levelt Sengeret al. 1972 65,31 80-1100 3
. . . . Osborne 1972 14,14 300-1024 3
and Table 18 gives information on the data sets which were pgpeet al. 1973 3,3 101-138 3
assigned to groups 2 and 3. Bellm et al. 1974 10,— 300-550 3
Hahnet al. 1974 5— 200-573 2
. . Schramm & Hebgen 1974 3— 77-90 3
3.2. Acoustic Properties Santafeet al. 1976 12—  273-323 3
3.2.1. Speed of Sound Data Rentschler & Schramm 1977 6,— 325-713 3
Schrammet al. 1977 11,— 202-500 3
Forty seven data sets have been published concerning th&Wing & Marsh 1979 2—  303-340 3
speed of sound in argon. Table 19 gives detailed information ?;'E;?/n:t ilsm'th 11998830 i&l; fis__lz?ga? :
on the selected data ségroup ). The data sets which were oy & Hausler 1084 5 299-345 3
assigned to groups 2 and 3 are summarized in Table 20.  Hoinkis 1989 2,2 298-333 2
Speed of Sound Data Measured with Spherical Resona-Gilgenet al. 1994a 27,25 110-340 2

tors. Today, the_ most accurate spee(_j of Sounq measuremenigsignment based on the evaluation of the dataBfor
in gaseous fluids are performed with spherical resonatoréNot directly determined by measurement, but averaging of values taken
Provided that the radius of the resonator is known in thefrom literature.

TaBLE 17. Summary of data sets for the second and third virial coefficient which were assigned to group 1.
Uncertainty values in brackets were estimated by ourselves

Number of data

_ Temperature
Authors Year Property Total Selected range/K Uncertainty
Aziz & Slaman 1986 B 3 9 80-1100 (1 crimol™d)
Sevastyanov 1987 B 18 11 81-3000 (1 crhmol™)
& Chernyavskaya C 17 11 110-3000 (200 chmol~?)
Aziz & Slaman 1990 B 3 9 80-1100 (1 crimol™)
This work, Table 16 B 26 26 120-340 0.25-1.3 &mol*
C 25 25 130-340 100-300 émol 2

#Numerical results for argon communicated by AZ994).
PResults for a HFD-B2-potential.

‘Results for a Lennard—Jonék2-7) potential.

“YResults for a HFD-B3-potential.
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TaBLE 19. Summary of speed of sound data sets which were assigned to group 1. Uncertainty values were

estimated by ourselves

Number of data

Temperature Pressure
Authors Year Total Selected range/K range/MPa Uncertainty

Bowmanet al. 1968 47 46 86.2—-147 0.4-6.6 (0.4%
Pitaevskayeet al. 1969 136 106 298-473 50-400 (2%—-4%
Thoenet al. 1969 171 145 100-150 0.8-52 (0.6%?
Streett & Costantino 1974 234 215 90.1-160 0.1-345 (0.5%
Kachanovet al. 1983 15 15 373-423 100-800 (1%)
Kortbeeket al. 1985 85 85 148-298 100-1000 (0.4%
Ewing et al. 1989 92 92 100-304 0.01-0.5 (0.003%
Boyes 1992 152 151 252-350 0.05-10 (0.01%-0.015%
Ewing & Goodwin 1992 50 50 255-300 0.06-7.0 (0.005%
Ewing & Trusler 1992 90 20 90.1-373 0.01-0.6 (0.003%
Estrada-Alexanders

& Trusler 1995 236 236 110-450 0.01-19 (0.001%—0.03%

@Uncertainty increased for data in the critical region.

TasLE 20. Summary of speed of sound data sets which were assigned to groups 2 and 3

Number Temperature Pressure
Authors Year of data range/K range/Mpa Group
van Itterbeek & van Paemel 1938 41 78.9-90.2 0.3-20 3
Lacam & Noury 1953a 60 297-298 9.2-93 3
Lacam & Noury 1953b 12 298 1.1-13 3
Lacam 1956 144 298-473 5.1-111 2-3
Martin 1957 90 298-348 8.7-97 2-3
van ltterbeeket al. 1959a 79 174-300 0.2-7.3 3
van ltterbeelet al. 1959b 57 84.8-90.3 0.5-7.4 —
Dobbs & Finegold 1960 42 87.2-90.0 0.1-14
van Itterbeek & van Dael 1961 25 87.3-90.3 0.3-20 2
Lestz 1963 14 273-304 0.1-1.2 3
Smith & Harlow 1963 2 273-303 0.1 3
Radovskii 1964 256 90.0-170 0.01-6.0 2-3
El-Hakeem 1965 10 273-294 0.1-7.1 3
Caromeet al. 1968 56 90.3-140 0.5-11 3
Nierodeet al. 1970 g 273 0.1-7.9 —
Goring 1971 12 302-540 0.1 3
Thoenet al. 1971 187 121-169 0.3-6.9 2-3
Law & Bezanson 1972 1 293 0.1 3
Susekov 1972 11 321 0.3-6.8 3
Liebenberget al. 1974 27 295 70-1324 2
Hanayama 1975 23 298 12-1275 2
Nishitake & Hanayama 1975 13 298 101-1275 2
Quinnet al. 1976 98 273 0.03-0.2 3
Akdemir 1977 9 303 0.004-0.1 3
Colcloughet al. 1979 148 273 0.03-1.3 2
Vidal et al. 1979a 10 298 150-1000 2
Yang 1983 8 298 1.1-92 3
Tam & Leung 1984 1 295 0.1 3
Ewing et al. 1985 71 251-330 0.02-0.1 2
Ewing et al. 1986 116 273 0.02-0.25 2
Goodwin 1988 294 255-300 0.02-7.0 2
Moldover et al. 1988 70 273 0.025-0.5 2
Moldover & Trusler 1988 45 303 0.025-0.04 2
Colgateet al. 1990 7 298-473 0.1 3
Beckermann 1993 78 250-350 0.5-10 2

@The results were given only in graphical form.
PThese results were also published by Hanay&hed5.
‘Reevaluation of the experimental results of Quetral. (1976 and new measurements.
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investigated temperature range, the speed of sound in tha& soundat zero pressurdt is assumed that this contribution
fluid can be calculated from the measured resonance frequeremains constanat higher pressuresAn analysis of the
cies. Since measurements on monoatomic gases at low prgzessure and temperature dependency of the speed of sound
sures are suitable for the determination of the temperaturghows that this is not true for the whole covered temperature
dependence of the resonator radius, numerous measuremeatsl pressure range. Especially close to the saturated vapor
of the speed of sound in argon were carried out in the lowine and at the highest densities close to the critical tempera-
pressure region. The most comprehensive data set was pultwe, the influence of the uncertainty of the measured tem-
lished by Estrada-Alexanders and Truge995, which cov-  perature increases. At a temperature of 150 K, for example,
ers temperatures from 110 to 450 K at densities up to half théhe value ofw™*(sw/dT), increases from 3:810 K™ * at
critical density and pressures up to 19 MPa. The low-p=0 to 38x10 *K ! atp=05p,.
temperature limit is extended down to 90 K by the data set of Close to the saturated vapor line and for temperatures
Ewing and Trusler(1992. The other data sets cover only within =10K around the critical temperature this effect re-
parts of this region. sults in overall uncertainties which are up to three times

Unfortunately, most authors did not publish estimates fodarger than the uncertainties given by Estrada-Alexanders
the overall uncertainty of their speed of sound data. Insteaénd Trusler.
of uncertainties, values for the standard mean deviation, Other Speed of Sound Dat@ompared with the spherical
which results from a numerical evaluation of the experimenresonator data the other data sets for the speed of sound in
tal data or only individual uncertainties of the measured presargon are less accurate by one or two orders of magnitude.
sure and temperature, are given. An assessment of the overbIp speed of sound measurements are available at tempera-
uncertainty which considers all known sources of errors igures between 160 and 298 K for pressures from 15 to 100
given only by Beckermanii1993 and Estrada-Alexanders MPa.[The data of Estrada-Alexanders and Trug(&899
and Trusler(1995. Beckermann estimated that the overall reach up to pressures of 19 MPa only for temperatures above
uncertainty of his data is less than0.04%—+0.06%. A 298 K]
comparison with other data sets shows that these values areln the liquid region the experimental results of Bowman
realistic. Estrada-Alexanders and Trusler claim an unceret al. (1968, Thoenet al. (1969 and Streett and Costantino
tainty of less thant0.007% for their measurements in the (1974 are consistent with the selected speed of sound data
worst case, i.e., at the highest density close to the critic" the saturated liquid line. The high pressure data of Kort-
temperature. This value neglects the uncertainty of the tenrReeket al. (1985 and the data set of Streett and Costantino
perature measurement “because of the manner in whjch ©overlap at 148 K and confirm each other far within the
was determined.” Nevertheless, a critical analysis of the dat§laimed uncertainties. In the high pressure region, the data
set indicated that the overall uncertainties given in the articléets of Pitaevskayet al. (1969 and Kachanoet al. (1983
are too small in some regions. Therefore, we estimated nefy@d to be used at temperatures above 298 K, but only low
values for the overall uncertainties which considait weights were given to these data since they scatter by more
sources of uncertainties which are discussed by Estrad&an=1%. _
Alexanders and Trusler. The basis of our assessment will be Figure 10 shows the selected speed of sound datgpiTa
outlined in the following paragraph in some detail. diagram.

The speed of sound cannot be deduced from the measured
resonance frequencies of the resonator directly. The experi- 3.2.2. Acoustic Virial Coefficients
ment yields only the quotientv/a of the speed of souna o . .
and the inner radius of the resonaorThus, the temperature  Similar to thermal properties, the speed of sound in the gas
dependent value of the radius has to be known for the phase can be written in a virial expansion in density:

determination of the speed souwd In practice, the radiua 5
is determined by extr_apolatlon of thg measured valukssto K°RT=1+Ba(T)'p+ yi(T)-p2+ 8,(T)-p3+ ... .
zero pressure. In this way, the radius at zero pressye,

can be calculated from the known speed of sound in the ideal 3.1

gas state Wy= V«°RT, where «° is the ratio of ideal gas Like thermal virial coefficients, data for the acoustic virial
heat capacitiesg andc?, R is the specific gas constant of coefficients 3,,7a, ...) do notcontain any new informa-
argon andr is the temperatujeBased ora, the radiusa at  tion if the original speed of sound data are considered to set
higher pressures is calculated from the known derivativaup an equation of state. But unlike the speed of sound data,
(9aldp)t, which depends on the geometry of the resonatowvalues for the second acoustic virial coefficig®y can be

and on known properties of the material. Therefore, the unuseddirectly in linear optimization procedures. In this way,
certainty of the temperature measuremehts(mK) has an  more information on the speed of sound becomes accessible
influence on the value for the radius of the resonator. Thigor the linear algorithms which were used here to optimize
effect is considered by Estrada-Alexanders and Trusler witlthe functional form of preliminary equations of stéabé. Sec.

a contribution of==10 ppm to the overall uncertainty of the 4.2).

speed of sound. This value corresponds to the contribution of The acoustic virial coefficients are related to the thermal
the uncertainty in temperature to the uncertainty of the speedrial coefficients by differential equations. From recent
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TaBLE 21. Summary of data sets for the second and third acoustic virial coefficients of argon. Uncertainty
values were estimated by ourselves

Number of data

Temperature
Authors Year Total (B, y2  Selected (,) range/K Uncertainty

Colcloughet al. 1979 1, — — 273 (1 crhmol™)
Ewing et al. 1985 8, — — 251-330 (4 chmol ™)
Ewing et al. 1986 1, — — 273 (0.2 cAmol™Y)
Moldover & Trusler 1988 2, — — 273-303 (0.2 émmol™Y)
Moldover et al. 1988 1, — — 273 (0.2 cAmol™Y)
Ewing et al. 1989 9,9 5 100-304 (0.2—0.5 &mol %)
Boyes 1992 7, — — 275-350 (0.2 émmol %)
Ewing & Goodwin 1992 4, — 4 255-300 (0.2 émmol %)
Ewing & Trusler 1992 8,8 8 90-373 (0.2 émmol )
Beckermann 1993 8, — — 250-350 (1 &mol ™Y
Estrada-Alexanders

& Trusler 1995 21,21 21 110-450 (0.28mol™?)

@Only for B, data.

speed of sound measurements with spherical resonators thdth the original speed of sound data, are not consistent to
second acoustic virial coefficieyit, can be determined with theppT data of Gilgeret al. (19944 on a very high level of
high accuracy even at low temperatures, where the uncegccuracy. Due to the observed inconsistencies and to the fact
tainty of thermal virial coefficients determined froppT  that they are not primary data, the, data of Estrada-
data increases strongly because of experimental difficultielexanders and Trusler were only used for comparisons. Fig-
Therefore, reliableB, data provide information oB and its  ure 11 shows the selecteg data in ap-T diagram.
first and second derivatives, which is very useful for the For temperatures up to 2000 K and pressures up to 2700
development of equations of state. MPa, where no experimental results are available, Vrabec
Table 21 gives detailed information on the data sets whictand Fischer(1996 calculatedc, data for a density of
are available for the acoustic virial coefficients of argon.1600 kg m 3 by molecular simulation. These data were used
With the exception of the value of Colclough al. (1979 all as an indicator for the course of the isochoric heat capacity at
values were determined from measurements with sphericdligh temperatures and pressures. However, since it is not
resonators. While th@, data of most authors confirm each clear how accurately they describe the isochoric heat capac-
other within 0.3 cnPmol ™%, systematic deviations of up to ity of argon, only four of these values were used with low
500 cnf mol~2 occur between the values for the third acous-weights.
tic virial coefficient y, given by Estrada-Alexanders and
Trusler (1999, Ewing et al. (1989 and Ewing and Trusler
(1992. Therefore, only data for the second acoustic virial

7 3.4. Isobaric Heat Capacity
coefficient were selected.

Information on the data sets published for the isobaric heat
3.3. Isochoric Heat Capacity capacity of argon is given in Table 23. Again, we did not use
the ¢, values calculated by Estrada-Alexanders and Trusler

Table 22 summarizes the data sets which are available fa1996 from the speed of sound data previously published by
the isochoric heat capacity of argon. The majority of theseEstrada-Alexanders and Truslét995 due to the reasons
data describe the critical region. The most reliable measurewhich were discussed in Sec. 3.3. All other data sets show a
ments were made by Anisimost al. (1979, (1978. The large scatter ranging from: 2% to +10%. Although these
authors claim an uncertainty of 0.3% for these data but data were not selected, they are represented by the new equa-
because of the scatter of the data it is obvious that the urtion of state within their uncertainty.
certainty is at least-2%. Only the values for the homoge-
neous region were selected from these data sets; the data in
the two-phase region were used only for comparison.

For temperatures from 110 to 450 K and densities up to
half the critical density the gas phase is covered by the data Only two data sets are available for the enthalpy of argon,
of Estrada-Alexanders and Trusl@i996, which were deter- see Table 24. To avoid problems with different reference
mined from the speed of sound data of Estrada-Alexanderstates, enthalpy data are considered as enthalpy differences
and Trusler(1995 by numerical integration. A critical analy- Ah=hy(Tq,p1) —hx(T,,p,) in this work. Roebuck and Os-
sis of all data sets shows that these values, in combinatioterberg(1934 measured temperature and pressure on lines of

3.5. Enthalpy Differences

J. Phys. Chem. Ref. Data, Vol. 28, No. 3, 1999
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TaBLE 22. Summary of data sets for the isochoric heat capacity of argon. Uncertainty values were estimated by

ourselves
Number of data .
- Temperature Density

Authors Year Total Selected range/K range/(kg m>) Uncertainty
Eucken 1916 5 — 87.9-92.2 1403 (10%)
Eucken & Hauck 1928 11 — 90.0-190 976-1389 (10%)
Walker 1956 113 — 99.4-197 671-1327 (5%-15%
Voronelet al. 1965 89 — 133-153 530-538 (10%)
Voronel & Chashkin 1967 153 — 139-154 504-666 (6%)
Gladun 1971 82 82 87.8-151 738-1393 (4%)
Voronelet al. 1973 191 — 136-152 531 (3%
Anisimov et al. 1974 108 — 151-263 496-532 (3%)
Anisimov et al. 1975 152 57 84.1-263 295-693 (1.5%—-3%
Koval'chuk 1977 9% — 148-151 458-632 (1%—-2%
Anisimov et al. 1978 507 306 130-267 310-1022 (1%—-3%
Estrada-Alexanders

& Trusler 1996 565 — 110-450 1-272 (0.1%-0.3%
Vrabec & Fischer 1996 e 4 200-2000 1600 (3%)

#Densities recalculated by evaluating the liquid density equation(E¢0), for the saturation temperatures
given by Walker(1956.

PFor every experimentat, value, Koval'chuk (1977 gives two measured temperaturgs, exo=[AUeyp/
(T,—Ty)1,}- The article of Anisimowet al. (1978 contains the same data but here the measeyedlues are

related to mean temperatures.
‘Data calculated from measured speeds of sound.
Not determined by experiment, but by molecular simulaficennard—Jones potential of the fort2-6) with

0=3.3947 A ande/k=117.113 K.

constant enthalpy. With the pressure correction given by 3.6. Throttling Coefficients

Roebuck and Osterberd940, the data were interpreted as _
states withAh=0. Table 25 summarizes the data sets for the Joule—Thomson

The data sets of Roebuck and Osterbe®34 and Kim  coefficientu=(4T/dp), and the isothermal throttling coef-
(1974 were always represented within their scatter of abouficient ér=(dh/dp)y of argon. Roebuck and Osterberg
+1% by preliminary equations of state, since the region(1934 and Kim (1974 derived values for the throttling co-
described by the data is also covered by accupaf€ and efficients from the enthalpy data published in the same paper
speed of sound data. Hence we did not use the enthalpy daef. Sec. 3.5, but these data are much less accurate than the
for the development of the new equation of state. original experimental resultéscatter and systematic devia-

tions of about+5%—=*10%). The uncertainty of the data
published by Strake{1970 is estimated to be- 3% in most
cases. The data for the isothermal throttling coefficient by

TasLE 23. Summary of data sets for the isobaric heat capacity of argon |shkin and Rogovay#1957 deviate systematically from the

Number Temperature Pressure  data of Kim(1974 by about—5%, which are more consis-
Authors Year of data range/K range/MPa  tent with data for other properties. For the same reason as for
the enthalpy datdsee Sec. 3)5 no data for the throttling

Heuse 1919 2 93.2-288 0.1

Walker 1956 204 92.6-176 10-91 Coefficients were used to develop the new equation of state.

Lestz 1963 13 273-304 0.1-1.2

Kim 1974 209 116-378 2.0-14

Shul'gaet al. 1985 48 87.3-144 0.3-39

Roderet al. 1989 232 113-324 0.6-68 TaBLE 24. Summary of data sets for the enthalpy of argon

Perkinset al. 1991 84 103-324 0.3-11

s G @ @04 S0U g

Estrada-Alexanders

& Trusler 1996 568 110-450 0.02-27 Roebuck & Osterberg 1934 252 122-573 0.1-21

Kim 1974 276 123-378 0-14

@Data calculated from measured speeds of sound.
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TaBLE 25. Summary of data sets for the Joule—Thomson coeffigiesutd

the isothermal throttling coefficient; of argon % =146 a%( S, 1), (4.23
Number Temperature Pressure
Authors Year Property ofdata range/K range/MPa p
S _ v I v/
Roebuck & Osterberg 1934 134 103-573  0.1-20 RTp" =1+8"ay(d", 1), (4.2
Ishkin & Rogovaya 1957 &7 54 133-299 0.3-4.7
Strakey 1970 88 153-383 0.6-19 ,
Kim 1974 p 12 122 1.7-14 Ps( L P s — s
5 76  139-348  0.01-14 RT\p" o n 0" =a(d, )= al(8"7).
(4.209
These equations represent the phase equilibrium conditions,
i.e., the equality of pressure, temperature and specific Gibbs
4. The New Fundamental Equation energy(Maxwell criterion in the coexisting phases.
of State

4.2. The Equation for the Helmholtz Energy

The new equation of state for argon is an empirical de- of the Ideal Gas
scription of the Helmholtz free energy. For the development
of such empirical formulations, the application of linear op-
timization procedures and nonlinear multiproperty fitting al- o o o
gorithms is state-of-the-art. The details of this strategy were Alp T)=hAT) =RT=Tsp,T). 4.3
extensively discussed, e.g., by Setzmann and Wa@989, The enthalpyh® of the ideal gas is a function of temperature
(1991). Due to the high demands regarding the representaenly, and the entropg® of the ideal gas depends on tempera-
tion of highly accurate speed of sound data, a new nonlinedure and density. Both properties can be calculated if an
optimization procedure had to be used for the first time durequation forcg(T) is known. Whencg is inserted into the
ing the development of our new equation of state for argonexpression foh°(T) ands®(p,T) in Eq. (4.3) one obtains
This nonlinear regression analysis will be presented and ex-

The Helmholtz energy of the ideal gas is given by

plained in detail in a separate pagdegeleret al. (1999]. o (T, ol o

Therefore, only some fundamentals and a brief description of Ap,T)= Tocp dT+hg| —RT-T

the procedure which was used to develop the new formula- .

tion will be given in Secs. 4.1, 4.2, 4.3, and 4.4. % f pT dT—RIn ﬂo v 9l @9
4.1. Thermodynamic Properties Derived To 0

from the Helmholtz Energy where all variables with the index “0” refer to an arbitrary

0
The equation of state described in this paper is explicit inreference state. Usually the enthalgy and the entropyeg

the Helmholtz energy with the two independent variables are taken to be Zero fOT°:2.98_'15 K, po=0.101325MPa
. ) ; and the corresponding densjty=po/(RTy).
densityp and temperatur@. The dimensionless Helmholtz . . :
= : o 0.1 For the temperatures considered in this work, only the
energya=A/(RT) is commonly split into a parte® which . o . )
: . translational contribution to the ideal-gas heat capacity of
represents the properties of the ideal gas at givandp and arqon.c® =2 5R has to be taken into account:

a parta” which takes into account the residual fluid behavior. gon,Cp = <91, :

This convention can be written as ¢2=0.520333 3 kJ KgtK L, 4.5
Since the characteristic temperature of the first excited elec-
tronic state is about 135 000 [Kelly (1987] for argon, the
contribution of electronic excitation ttmg is only 0.01% even
at a temperature of 10000 K. Hence, for the present work
this effect is negligible.

From Egs.(4.4) and(4.5) the expression for the ideal-gas
dpart of the Helmholtz energy® can be derived easily:

a(8,7)=a%8,7)+a'(68,7), (4.1

where 6=pl/p. is the reduced density ane=T./T is the
inverse reduced temperature. Both the densiiynd the tem-
peratureT are reduced with their critical values, and T,
respectively.

Since the Helmholtz energy as a function of density an
temperature is one of the four fundamental forms of an equa- o 0, .0
tion of state, all thermodynamic properties of a pure sub- a’=In(9)+a;+azr+1.5In(7), (4.6
stance can be obtained by combining derivatives of Ed).  with a]=8.316 662 43 and= —4.94651164. The coeffi-
Table 26 gives the relations between E41) and its deriva-  cientsaj anda3 were adjusted to give zero for the ideal-gas
tives and the thermodynamic properties considered in thienthalpy at T;=298.15K and the ideal-gas entropy at
paper. At a given temperature, the vapor pressure and thE,=298.15K andpy,=0.101325MPa. In Table 27, all de-
densities of the coexisting phases can be determined by siivatives of the ideal-gas paat® required for the calculation
multaneous solution of the equations: of thermodynamic properties are explicitly given.
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TABLE 26. Relations of thermodynamic properties to the dimensionless Helmholtz functonsisting ofa® and o', see Eq(4.1)

Property and common Relation to the reduced Helmholtz
thermodynamic definiton energya and its derivatives
O, 7)
Pressure p( ):1+ 5d
p(T,p)=—(9Aldv)+ ORT
Entropy S(6,7) or o x
= + — a®—
S(T.p) = — (9ALIT), R et ala
u(s,
Internal energy (6,7) e+ o)
u(T,p)=A—-T(3AIdT), RT ks
. ) . o7
isochoric heat capacity c( )=—72(a° fal)
¢(T.p)=(au/dT), R e
Enthalpy
h(T,p)=A—T(aA/dT), h(sn) oL 1 ]
—v(AIV) RT =1l+1a+ o))+ dajs
r__ r\2
Isobaric heat capacity C(8,7) 2t al )+ (1+5a5r 57’;13:)
Cp(T,p)=(dh/aT), R T 1420t 6ars
Co(T 1+ dals— Sraly,
LA B
Saturated liquid heat capacity R 1+20as5t+ 6°asss

Co(T) = (aN1aT) , + T(aplaT), . . pcdps
(dp/ATY/(IpI V) 1]y =y (1t Sy 0ras) = RS 5T

r_ r\2
Speed of sound WA(8,7) 14260t Paly w
W(T,p)=(dp/dp)s RT (o, +a’,)
_ r 2 1 r
Joule—Thomson coefficient uRp= (St 5asst O7ats,)
w(T,p)=(dT/ap), (14 da's— 87als,)?— (a2 + o' ) (1+28as+ 5°als;
r_ r
Isothermal throttling coefficient Sp=1— M
5¢(T,p)=(ahlap)+ 1+26a5+ 6%a,;
Second acoustic virial coefficiéht o1 (RO—1Y2
BAT)= |i":){t9[W2/(K°RU]/t9P}T B T)pc= Limo 2a5=2 P Tas,+ P als,,
p— —
Second thermal virial coefficient
B(T)=lim{d[p/(pRT) ]/ dp}+ B(7)pc=lim ay(8,7)
=0 550
Third thermal virial coefficient
c(m= %Iin;] {o*[pl(pRT) VI 3p?}r C(r)pi=lim iy 8,7)
p— —

qas=[daldd],, ass=[%aldd?],, a,=[daldr)s, a,=[Paldr?ls, as,=[0?alddir], anday, =[salddsr?].
b= cg/cfj=5/3 (isentropic coefficient of argon in the ideal gas state

4.3. The Equation for the Residual Part TABLE 27. _The_ ideal-gas part of the dimensionless Helmholtz functibn
of the Helmholtz Energy and its derivative’s
While statistical thermodynamics can predict the behavior a’=In s+aj+azr+15inT

a3=1/6+0+0+0
aSs=—1/6°+0+0+0
a3,=0+0+0+0
a’=0+0+a3+1.5/r
a2, =0+0+0—1.5/7

of fluids in the ideal-gas state with high accuracy, no physi-
cally founded equation is known which describes accurately
the real thermodynamic behavior of fluids in the whole fluid

region. Thus, for this purpose an equation for the residual
fluid behavior, in this case for the residual part of the Helm-
holtz energya', has to be determined in an empirical way. 2a3=[da%35],, aSs=[7a%d5%],, a®=[da%i7]s, a°.=[Fa®i7?];,
Since the Helmholtz energy itself is not accessible to directandag,=[5*a%déd7].
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measurements, it is necessary to determine a suitable mattiial and error. To improve this situation, Wagner and co-
ematical structure and the fitted coefficients from propertiesvorkers developed different optimization stratedidgagner
for which experimental data are available. (1974, Ewers and Wagne1982, and Setzmann and Wag-
ner (1989] which introduce objective criteria for the selec-
tion of the mathematical structure.

If a certain functional form has been selected for For the development of the new equation of state for ar-
a'(8,7,n), data ford different propertieg; (e.g., pressurp, 90N, highly accurate speed of sound degee Sec. 3.2)1
speed of soundv,...) can be used to determine the un- were available in large parts of the fluid region for the first
known coefficients); (expressed as vecta) by minimizing  time. Since all existing optimization procedures use linear

4.3.1. Fitting an Equation for ' to Data

the following sum of squares: algorithms and are hence restricted to linear data, nonlinear
] ST (2o ZeaX G Qata _such as speeds of sound can only be used if they. are

Y= ¥?=> exp_ “cal ;xp1yexpa , linearized by suitable methods. For the new, very precise
R Oexp j.m speed of sound data the previously described cyclic process

4.7 [see, e.g., Setzmann and Wag&991)] did not converge.

whereM; is the number of data points used for ttb prop- This well known process consists of the steps linearizing
erty, Ze,, is the experimental value for any propetyand nonlinear data with a preliminary equation of state, optimiz-
Zcalcis the value for the property calculated from the equationing the functional form of a new preliminary equation of
for a with the parameter vecton at Xe., and ye,,. The  state, nonlinear fitting of its coefficients to the original data,
measured independent variabbesandy may vary for the and then repeated linearization of the data with the new pre-
different properties o, but usually one of them corresponds liminary equation of state. Detailed investigations showed
to temperaturd, while the other corresponds to densitgr  that there are two reasons for the convergence problem: the
pressurep [e.g.,p(T,p) or w(T,p)]. The variancers,,rep-  loss of a part of the original experimental information caused
resents the total uncertainty of a single data point, which capy the linearization and the error introduced by timper-

be calculated according to the Gaussian error propagatiofct) preliminary equation of state which is used for the lin-

formula: earization. Both effects became significant here for the first
5 dAZ\? , [0AZ 2 , [0AZ 2 5 time because of the exceptionally high accuracy of the speed
Texp™ | gx T\ oy oyt 5| 9z of sound data. As a consequence these data could not be
y X,z X

4.9 represented within their uncertainties.

Therefore, Tegeleet al. (1999 developed a new nonlin-
ear optimization procedure, which uses nonlinear data di-
rectly, i.e., without linearization. The new procedure is es-
sentially a nonlinear regression analysis, similar to the one
L T which is incorporated in the linear optimization procedure of
The determination ofi by minimizing x? for data of more Setzmann ang Wagné1989, OPTII\/FI). Based onpthe expe-

than one property is called “multiproperty fitting.” This . . ; . .
. ; . ience that a simple regression analysis does not provide suf-
problem leads to a linear system of normal equations if eac@

of the properties depends on the same independent Vari_|cient flexibility for complex optimization problems, the
ables as the function usdd.g., T and p for the Helmholtz nonlinear regression analysis was reembedded in OPTIM to

energy and if the relations betweenand the function or its obtain a more powerful tool for the nonlinear optimization of

derivatives is linear for all properties considered. Data forequations of state. Due to the unavoidable use of nonlinear
such properties are called “linear data.” For functions in @lgorithms for the determination of sums of squares the non-

terms of the Helmholtz energy, such properties are, e_g_ljnear realization of OPTIM is too time consuming for the
p(T.p) and c,(T,p), see Table 26. If one or both of development of wide-range fundamental equations despite
the conditions are not fulfillede.g., forh(T,p), w(T,p),  growing computing speeds. Thus, the following procedure
Cp(T,p), . ..], more complicated and time consuming non-was used:

linear algorithms have to be used to minimize the sum of (i) First of all we focused on the region which is covered

where Az is the residual Ze,,—Zd in EQ. (4.7) and oy,
oy, ando, are the isolated uncertainties of the single vari-
ablesx, y andz, respectively. The partial derivatives Az
have to be calculated from a preliminary equation of state.

squares, Eqi4.7). by the highly accurate speed of sound défa&450K, p
=<0.50.). With the nonlinear optimization procedure, a
4.3.2. The Procedure for Optimizing simple equation of state has been developed which repre-

H r
the Mathematical Form of & sents(almos} all data in this low-density region within their

Since the functional form of an equation for the residualuncertainties. Since this optimization problem is much less
part of the Helmholtz energy is not known from the start, acomplex than the development of a wide-range equation of
suitable mathematical structure has to be established befogéate the nonlinear version of OPTIM could be applied with
any coefficienta; can be fitted to the data. In the past, thereasonable computing times.
structure of most correlation equations had been determined (i) In the next step the whole fluid region was investigated
subjectively, based on the experience of the correlator or bgnd preliminary wide-range equations of state were estab-
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TaBLE 28. Summary of the selected data used in the linear optimizationTasLE 29. Parameters of the modified Gaussian terms in the bank of terms,
procedure and in the nonlinear regression analysis Eq. (4.10 (7,=20 ande;=1 for 1<i<48)

Number of data i

o
-

Bi Yi i d; t Bi Yi

Linear optimization Nonlinear regr. 1 1 0 250 111 25 1 0 300 1.17

Property For details see procedure analysis 2 1 1 250 1.11 26 1 1 300 1.17
(o) Table 14 1472 1472 3 1 2 250 111 27 1 2 300 1.17
o(p.T) Sec. 5.4.1 » 33 4 1 3 250 111 28 1 3 300 1.17
o’ T) 179 _ 5 2 0 250 111 29 2 0 300 117
p(p"T) 179 _ 6 2 1 250 1.11 30 2 1 300 1.17
Maxwell criterion 179 — 7 2 2 250 1.11 31 2 2 300 1.17
p«(T) Table 7 — 47 8 2 3 250 111 32 2 3 300 1.17
p'(T) Table 8 — 27 9 3 0 250 111 33 3 0 300 1.17
p"(T) Table 9 — 48 10 3 1 250 111 34 3 1 300 1.17
B(T) Table 17 67 67 11 3 2 250 111 35 3 2 300 1.17
EE(TT)) Eg:g g ‘3"2 ‘3"2 12 3 3 250 111 36 3 3 300 117
e (o.T) Table 22 449 449 13 1 0 275 114 37 1 0 325 1.20
oo T) Sec. 43.2 317 _ 14 1 1 275 114 38 1 1 325 1.20
(&Cvl'ﬂ—)p Sec. 5.2.3 58 58 15 1 2 275 1.14 39 1 2 325 1.20
w(p"T,72,72,78) Table 19 619 _ 16 1 3 275 114 40 1 3 325 1.20
w(p®,T,7") Table 19 613 — 17 2 0 275 114 41 2 0 325 1.20
w(p,T) Table 19 — 1231 18 2 1 275 114 42 2 1 325 1.20
W' (p" T, 77 Table 11 49 — 19 2 2 275 114 43 2 2 325 1.20
w'(T) Table 11 — 49 20 2 3 275 114 44 2 3 325 120
W(pP T, ¥7) Table 11 50 — 21 3 0 275 114 45 3 0 225 111
N (T)T Table 11 - 50 22 3 1 275 114 46 3 1 225 111
u(e.T) sec. 54.1 33 33 23 3 2 275 114 47 3 2 225 111
@Auxiliary data calculated from preliminary equations of state. 24 3 3 275 114 48 3 3 225 111

PLinearized solution of the Maxwell criterion with data calculated from the
auxiliary Eqs.(2.9—-(2.11); see e.g., Wagndi972.

‘Linearized data in the low density region; see Sec. 4.3.2.

dLinearized data; see Setzmann and Wadfhé81).

and fory%, 5 and 4 from the equation for the low-density
region. In contrast to the common linearization methsee

lished using the linear version of OPTIM. Thus, the non"n'Setzmann and Wagnét991], which has still been applied

ear data had to be considered in a linearized form. While th(F0 less accurate speed of sound data, the use of(£8)

common cyclic process has been applied to most of the norb’reserves some of the information afy. which is included
T

linear data with the linearizations explained, e.g., by Setz- L :

! in the original speed of sound data. The representation of the
mann and Wagne1991, we used a dlfferer_lt procedure for- speed of sound data was further improved by consideration
the highly accurate speed of sound data in the low-densit

. . bf 317 data points for the isochoric heat capacity which
region. To m_ak? use of the high accuracy of the “low- ere calculated from the equation of state for the low-
density equation” we linearized the highly accurate speed oﬁ/

d data with the low-densit tion. In thi the CnSIty region.
sound data wi € low-density equation. In this way, the (iii) Finally, the new equation of state was obtained in a
error introduced by the linearization could be minimized.

Moreove e used a new linearization method. whe run of the new nonlinear regression analysis. The best equa-
reover, we used . W linearizatl » WNeT&ion from the linear optimization procedure was used as a
speeds of sound are linearized as

starting solution for this regression run. As a result, the qual-
2 ity of the representation of all nonlinear data was improved

W
RT 1+ 28als+ 8alss+ ¥R+ yh da's— yEorals,, further.
(4.9

with the precorrefation factors 4.4. The Data Sets Used and the Bank of Terms

p_ 1 p_ 2+ das The experimental data which were selected to establish the
NTT200 ra) T SR g new equation of state have been presented in Secs. 2 and 3.
Table 28 gives a brief summary of the data which were used
2+28a's— dral, in the.I|near optimization procedure and in the nonlinear re-
V3= gression analysis.

2 o r .
Tl tar) The bank of terms used for the optimization of the func-

Thus, each of the very accurate data poim{3,p) was lin-  tional form of the final equation of state consisted of 650
earized by calculating values for the corresponding density terms and can be written as
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TasLE 30. Coefficients and exponents of Eg.11)

i n; d; ti G 7i Bi Yi &
1 0.887 223 049 900 2410 * 1 0.00
2 0.705 148 051 672 98 1 0.25
3 —0.168 201 156 540 99010 1 1.00
4 —0.149 090 144 314 86 1 2.75
5 —0.120 248 046 009 40 1 4.00
6 —0.121 649 787 985 99 2 0.00
7 0.400 359 336 267 52 2 0.25
8 —0.271 360 626 991 29 2 0.75
9 0.242 119 245 796 45 2 2.75
10 0.578 895 831 855 30102 3 0.00
11 —0.410973 356 1534410 * 3 2.00
12 0.247 107 615 416 24107 * 4 0.75
13 —0.321813 917 507 02 1 3.00 1
14 0.332 300 176 957 94 1 3.50 1
15 0.310199 862 8734510 * 3 1.00 1
16 —0.307 770 860 024 3710 * 4 2.00 1
17 0.938911 37419581101 4 4.00 1
18 —0.906 432 106 820 3110 * 5 3.00 1
19 —0.457 783 492 766 541072 7 0.00 1
20 —0.826 597 290 251 97104 10 0.50 1
21 0.130 134 156 031 471073 10 1.00 1
22 —0.113978 400 019 9610~ * 2 1.00 2
23 —0.244 551 699 605 3810 * 2 7.00 2
24 —0.643 240671 759581071 4 5.00 2
25 0.588 894 710 936 3410 * 4 6.00 2
26 —0.649 335521 129 65102 8 6.00 2
27 —0.138 898 621 584 3510~ * 3 10.00 3
28 0.404 898 392 969 10 5 13.00 3
29 —0.386 125 195 947 49 5 14.00 3
30 —0.188171 42332233 6 11.00 3
31 0.159 776 475 964 82 6 14.00 3
32 0.539 855 185 138 5610 * 7 8.00 3
33 —0.289534 179580 1410~ * 7 14.00 3
34 —0.130254 13381384107 * 8 6.00 3
35 0.289 486 967 757 3810 2 9 7.00 3
36 —0.226 471 343 047 96102 5 24.00 4
37 0.176 164 561 963 6810 2 6 22.00 4
38 0.585 524 544 827 34102 2 3.00 20 250 1.11 1
39 —0.692 519 082 700 28 1 1.00 20 375 1.14 1
40 0.153 154 900 305 610 2 0.00 20 300 1.17 1
41 —0.273 804 474 497 83102 3 0.00 20 225 1.11 1

r=0.208 1333 kJ kg' K ! T,=150.687 Kp,=535.6 kg m 3

4 20 10 10
arzz 2 ni’j(SITJM‘i‘eiaz 2 ni’j(slTJ/Z
=150 =10

12 12 10 14
+eﬁ§22 2 ni’jéiTj+67662 E ni’j5iTj
i=1i=4

i=1i=1

10 8

8 15
+e_642 2 ni’jéisz"r‘e_éBE E ni’jgisz
= =%

=3 =
48
+ E n;o% e 7i(5- )%= Bi(6- 7).
=1

(4.10

duced temperature were introduced into the bank of terms.
Such functions may cause unreasonable plots of the virial
coefficients calculated from the equation of state at very high
temperatures. In the region of very high densities the ex-
trapolation behavior of the equation of state is dominated by
the pure polynomial terms. Based on the experience that
equations of state, which include polynomial terms with den-
sity exponents dgreater than 4, tend to behave unreasonably
when being extrapolated to high densities, we restricted the
exponents of these termsdp<4 [see also Span and Wagner
(1997]. The modified Gaussian termdast sum in Eq.
(4.10] were originally introduced by Setzmann and Wagner

In view of the extrapolation behavior of the new equation 0f(1991). The slightly changed parameters of these terms are
state, no terms with negative exponents for the inverse regiven in Table 29.
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TaBLE 31. The residual part of the Helmholtz energyand its derivatives

12 37 41

a’zz nié"lr‘i+2 niéd‘r‘ie"?c'+2 n; % 7lie™ m(0=en?=Bir=7)?
i=1 i=13 =38

41

12 37
: d:
“:5:2 nidi(sdrthiJrE nief«scl[adifthi(di7ci§Ci)]+E ni5diTtier”i(a’sw)z’ﬁi("’"}’i)z{é*27]i(5*8i)
=1 =13 =38

41

12 37
at;l;:; nidi(di*1)5(11*27_ti+i§;3 nieiéc‘{édiithi[(di7Ci5ci)(di7lfcigci)fciz‘sci]}jLi:E% niT'ie’ﬂi(&*s‘)Zfﬂi(f*yi)z

[ 2m 8%+ A5t 0N (5= e))?—4dm 6% (8= )+ di(di 1) 5% 72]

41

12
t.
=38 T

a = 21 nitiédiTl‘

37
14 2 nitiédiTt‘
i=13

37 41 \
t; 2
niti(tifl)é"ir‘i’%E niti(ti*l)édifti’ze’ﬁc”rz ni5‘#T'ie*mw*ﬁﬂzfﬂi“ﬂi)z{(;'723i(77 %)) 7?'27234
i=13 i=38
37

41

C d:
= ) mdit; a4 AL DY e et A Y (d - 6%) + D, nid%irie” m“—sﬂz-ﬂﬁf—mz{g‘ —27,(6—¢))
i=1 =13 1=38

t;
;—Zﬂi(T— ')’i)}

i=
12

37
o = ; ndi(t—1) 6% 1724 le et (t— 1) 7 26%~1(d, — ¢, %)

41

+E n; % rtie™ 77\(5—8.)2—&(7-%)2“% —2Bi(T— Vi)) - %—Z,BiH%I —277i(5—€i)}
1=38

q=[0a'l198),, ass=[*a'198%],, a'=[da'ldr)s, o', =[d*a'ldT?]s, as,=[*a'ld57], andals, =[3a'l9557%].

4.5. The New Equation of State Estimations for the uncertainty of EG4.1) are given in Sec.

6 and the quality of the new equation of state is discussed in

Proceeding from the bank of terms defined by EB10  gec 5 The necessary derivativesiire given in Table 31.

the following combination of terms was obtained for the re-
sidual part of the Helmholtz energy by the procedure de-

scribed in Sec. 4.3.2:
12

a'=,

=1

37

nitsdiTti+ 2 niédiTti67§Ci
i=13

41

+ > nodirtie” 7(5= )%= Bi(r=)?
i=38

(4.11

The final values of the parameters were determined by th
nonlinear regression analysis and are given in Table 30. Th

coefficientsn; resulted from a nonlinear fit which is included
in this procedure.

The new equation of state for argon, E4.1), in combi-
nation with the formulation for® given in Eq.(4.6) and the
formulation fora' given in Eq.(4.11), was constrained to the

critical parameters given in Sec. 2.2 and to the first and se
ond partial derivatives of pressure with respect to density

being zero at the critical point. It is valid for the entire fluid
region covered by reliable experimental data, namely for

83.8058 K=< T<700K
and

0 MPa=p=<1000 MPa.

C-

5. Comparison of the New Equation
of State with Experimental Data and Other
Equations of State

In this section, the quality of the new equation of state is
discussed based on comparisons with selected experimental
data. Most figures also show results of the equation of state

ublished by Stewart and Jacobg&@889, which is the most
ecent equation of state to compare with. The representation
5 thermodynamic properties in the critical region is dis-
cussed in Sec. 5.3. Additionally, the crossover equation of
Tiesinga et al. (1994 is included in these comparisons.
Since both equations are valid on the IPTS-68 temperature
scale, temperatures were reconverted to the IPTS-68 scale
before values were calculated from these equations.

5.1. Ligquid—Vapor Phase Boundary
5.1.1. Thermal Properties

Figure 12 shows deviations between selected data for the
vapor pressure, the saturated liquid and saturated vapor den-
sity and values calculated from E¢4.1). The additional
lines correspond to values calculated from the auxiliary
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lower temperatures the saturated vapor density data deter-

mined in this work(see Sec. 2)8were used. Fomr<149K
2 the data are represented to withir0.02%. For the saturated
;‘ vapor density data of Gilgeat al. which were not used to
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O Aziz et al. (1967) A Radovskii (1963) O Kim (1974)
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—+—+— Stewart & Jacobsen (1989)
—~s—s=— Stewart & Jacobsen (1989)

Fic. 13. Percentage deviatiols/= (Yexp—Ycaid!/Yexp (Y=W',W") of speed Fic. 15. Percentage deviatiods(Ah,) = (Ahy exy= ANy caid/ ANy, exp OF €X-

of sound data on the saturated-liquid and saturated-vapor line from valugserimental data for the enthalpy of vaporization from values calculated from
calculated from Eq(4.1). Values calculated from the equation of state of Eq. (4.1). Values calculated from the equation of state of Stewart and Ja-
Stewart and Jacobséh989 are plotted for comparison. cobsen(1989 are plotted for comparison.
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. . . Fic. 17. Percentage density deviations of highly accupi@ data from
Fic. 16. Percentage density deviations of highly accupgi@ data from 5,65 calculated from Eq4.1). Values calculated from the equation of
values calculated from Ed4.1). Values calculated from the equation of state of Stewart and Jacobs@989 are plotted for comparison.
state of Stewart and Jacobs@®89 are plotted for comparison.

of sound in the saturated vapor this equation yields even less
satisfactory results; close to the triple-point temperature de-
iations of more than 10% occur. Probably this behavior is
connected to the unreasonable plot of the third virial coeffi-
cient calculated from the equation of Stewart and Jacobsen at
low temperaturegsee Sec. 5.2)1
5.1.2. Caloric Properties Figure 14 shows comparisons between experimental data
Figure 13 gives a comparison between experimental speef8r the heat capacities, andc, on the _saturated liquid line
of sound data on the liquid—vapor coexistence curve whic nd vaIues_caIcuIaFeq from E@1.1). Figure 15 shows the_
were assigned to groups 1 and 2 and values calculated fro prresponding deviations for the entha_lpy of evaporatpn
Eq. (4.1). With the exception of the critical region, the data h, . These data were not used _to_estab_llsh the new equation
of state and are represented within their large uncertainties

are represented by E@4.1) without significant systematic .
deviations. Due to the high uncertainty of the speed of soungoth by Eq.(4.1) and by the equation of Stewart and Jacob-

data on the saturated vapor line these data were only uses&n(1989.

with low weights in the development of the new equation of

state. Since the speed of sound calculated from(&d) is 5.2. Single Phase Region

fixed by highly accurate speed of sound data in the gas phase

(see Sec. 3.2)1the positive systematic deviations shown in

the lower diagram of Fig.13 are obviously caused by an off- Figures 16 and 17 give comparisons betweegi data

set in the data on the saturated vapor line. sets which were assigned to group 1 and values calculated
The values calculated favr" from the equation of state of from Eq. (4.1). The plotted pressure and temperature range

Stewart and Jacobsdd989 differ by more than 1% from correspond to the region which is covered by the state-of-

the reliable experimental data. For the description of speedhe-art measurements of Gilge al. (19944 and Klimeck

is still within the uncertainty of the data. With the exception
of the vapor-pressure data for temperatures below 130 K th
equation of Stewart and Jacobsd®89 is not able to pre-
dict the selected data within their uncertainties.

5.2.1. Thermal Properties

J. Phys. Chem. Ref. Data, Vol. 28, No. 3, 1999
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Fic. 19. Percentage density deviationspgfT data in the high pressure range from values calculated froni4ef). Values calculated from the equation of
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~'C data are reproduced within their uncertainty which, despite
'E @ o o o ® the correction(see Sec. 3.1)1 ranges from=*=0.1% to
= g _’m’;;_;;"” +0.2% in density. When othgrp T data sets were taken into
[/ Tea ] 8 8 account on a trial basis the representation of the speed of
3 ] Sl sound data in this region became considerably worse. At
B R B — — temperatures between 273 and 473 K, Eq1) follows the
Temperature T / K ppT data of Michelset al. (1949, which are confirmed by
® This work (Table 16) @ Sevastyanov & Chernyavskaya (1987) the data of Klimecket al. (1998 within +0.05% in the
@ Azz & Siaman (1986) B Aziz & Slaman (1990) range of overlap. To enable the representation of the accurate
----- Stewart & Jacobsen (1989) data of Morris and Wylig1980 and Morris(1984 at high

L. o i .
Fic. 20. Percentage deviations of the selected data for the second viri:ﬂressures’ a deviation of up t00.1% in denSIty had to be

coefficient from values calculated from Ed.1). Values calculated fromthe ~accepted for the data of Michekt al. (1949 at pressures
equation of state of Stewart and Jacob&EIB9 are plotted for comparison. above 100 MPa.

In the plotted pressure range the deviations between Eg.
(4.1) and the equation of state of Stewart and Jacobsen
et al. (1998. The data of Gilgeret al. for temperatures up to (1989 do not exceed-0.1% for temperatures between 250
340 K and pressures up to 12 MPa are supplemented by thgyq 450 K. These deviations increase at higher temperatures,
data of Klimecket al, which extend to 30 MPa for tempera- \yhere Stewart and Jacobsen tried to reproduce the data of
tures between 235_and _520 K. In this region the desc”pt'o'?_ecocq(l%q. The plots for the isotherms at 520 and 573 K
of the ppT surface is mainly based on these data sets. HOWy strate that this prevents the equation from reproducing the

ever, as discussed in Sec. 3.1.1, the data of EStrad?écent data of Klimeclet al. (1998. Therefore, the data set
Alexanders and Trusléi996 were used in the gas phase for of Lecocq (1960 was not used in this work. The largest

temperatures below 125 K. Equatiohl) represents the data difference between these data and the values calculated from

of Gilgenet al. and Klimecket al. far within their uncertain- .
ties except in the low temperature gas region. Since the equ q. (4.1 occurs at 1226 K, the highest temperature measured

tion of Stewart and Jacobs¢h989 had no access to recent y Lecocq., with a deviation of-0.6% in density.
ppT data, it is not surprising that the equation is not able to COmMparisons foppT data at pressures up to 1000 MPa
reproduce these data. The oscillating deviations between tfé€ 9iven in Fig. 19. In this region, the very accurate data of
values calculated from the equation of Stewart and Jacobsé¥lorTis and Wylie(1980 and Morris(1984 are represented
and the experimental data increase+.1% in density at by Eg. (4.1) to within =0.04% in density. Unfortunately,
low temperatures in the liquid state and at temperature‘shese data are restricted to temperatures between 253 and
above 400 K. 308 K at pressures up to 620 MPa. At higher pressures Eg.
Figure 18 gives a representative view on the group 1 and £4.1) follows the data of Biswast al. (1988 on the 298 K
data sets for pressures up to 300 MPa. As mentioned in Seisotherm, which can be reproduced withir0.05% with the
3.1.1, at temperatures below 235 K and pressures above Exception of the two last points. For the data of Robertson
MPa only the corrected data of Barreiresal. (1982 were et al. (1969 systematic deviations of abottt0.2% had to be
used to establish the new equation of state, (Bdl). These accepted at the highest temperat(6&3 K). A better repre-
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-— Eq. 41 == Stewart & Jacobsen (1989)

Fic. 21. Representation of the selected data for the third virial coefficient for temperatures up to 450 K and in the high temperature range. Thegdotted cur
correspond to values calculated from E4.1) and from the equation of state of Stewart and Jacoks@89.

J. Phys. Chem. Ref. Data, Vol. 28, No. 3, 1999



814 TEGELER, SPAN, AND WAGNER

200 K — 205 K
0.03 120k 003 00 —
| -t
0 : 0 ped” o o o e nona
L | .
—0.03 Nl L . . . —0.03 . . ) . .
0.03 135K 0.03
L i
g I |
S 0 poegeentdn, 0
~ F
- |
2 k '
£ -003 & L 1 L L . -0.03
I
e 0.03 150K - 0.03
N r !
N L |
8 0 U T § 0 g T o4
- ~, o i
\ .
-003 4 L ' Big o
0.03 170K 0.03
0 0o~ oo g g g o 0
A A A A A —0.03

100 200 300 0 100 200 300

Density p / (kg m™3) Density p / (kg m™3)
0O Estrada-Alexanders & Trusler (1995)
@ Ewing et al. (1989)

<&@ Beckermann (1993)

A Ewing & Goodwin (1992)

© Ewing & Trusler (1992)
B Ewing et al. (1985)
< Boyes (1992)

— — — Phase boundary ~ —e—e— Stewart & Jacobsen (1989)

Fic. 22. Percentage deviations of highly accurate speed of sound data for densities up to about half the critical density from values calculaté4 from Eq.
Values calculated from the equation of state of Stewart and Jac¢b889 are plotted for comparison.

sentation of these data could not be achieved in combination In Fig. 21 the course of the third thermal virial coefficient
with a good extrapolation behavior. C calculated from Eq(4.1) and from the equation of state of
The representation gbpT data in the critical region is Stewart and Jacobséh989 is plotted together with the se-
discussed in Sec. 5.3.1. lected data. Both equations yield the expected maximum
Thermal Virial CoefficientsDeviations between the se- nearT., but only the new equation of state shows reasonable
lected data for the second thermal virial coeffici@htand  behavior over the whole temperature range. When approach-
values calculated from Ed4.1) are shown in Fig. 20. The ing low temperatures, the values calculated from the equa-
calculated second virial coefficients are in good agreemertion of state of Stewart and Jacobsen suddenly increase again
with the data derived from thepT measurements of Gilgen and at temperatures above05R a minimum in the course of
et al. (19944 in this work for temperatures below 340 K. For C is predicted. This behavior is neither physically justified
higher temperatures, the data calculated from different interaor confirmed by any data.
molecular potentials are confirmed within0.5 cn? mol 2.

5.2.2. Acoustic Properties

Figure 22 shows the representation of speeds of sound in
the gas phase for densities up to half the critical density. This
region is covered by very accurate speed of sound data mea-
sured with spherical resonators. Since a very high resolution
had to be chosen to discuss these data, other data sets could
not be drawn in the same figure because of their much higher

AB, ! (cm3 mol~1)

LN 3
250

350

L
300

Temperature T/ K

Colclough et al. (1979)

Ewing er al. (1986)

Moldover et al. (1988)

Boyes (1992)

Ewing & Trusler (1992)
Estrada-Alexanders & Trusler (1995)

Stewart & Jacobsen (1989)

Fic. 23. Percentage deviations of data for the second acoustic virial coeffi-

B Ewing et al. (1985)

8 Moldover & Trusler (1988)
& Ewing et al. (1989)

A Ewing & Goodwin (1992)
¢ Beckermann (1993)

cient from values calculated from E¢4.1). Values calculated from the
equation of state of Stewart and Jacob&EIB9 are plotted for comparison.
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uncertainties. The most comprehensive data set was mea-
sured by Estrada-Alexanders and Trudl&895. With the
exception of three data points, E¢.1) is able to reproduce
these data to within their uncertainty. During the develop-
ment of the new equation of state problems occurred at near-
critical temperatures and at the highest densities measured by
Estrada-Alexanders and Trusler, where none of the prelimi-
nary equations of state could represent all data with the de-
sired accuracy. The final equation of state does not meet the
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4000 | The equation of Stewart and Jacob$&889 is not able to
reproduce the new speed of sound data at least roughly
3000 within their uncertainty. Even at very low densities the de-
viations to the speed of sound data increase to a few percent,
& which indicates that the acoustic virial coefficients calculated
S 2000 from this equation are systematically incorrect. This conclu-
f sion is confirmed by Figs. 23 and 24. While E4.1) repre-
g sents the reliable data for the second acoustic virial coeffi-
~ 1000 cient 8, within +=0.2 cn? mol ™%, the equation of Stewart and
>~ Jacobsen shows large systematic deviations over the whole
0 temperature range. At low temperatures, it yields values
which are too low by more than-20cn?mol™! and at
450 K its deviation is about-3 cn?mol™L. For the third
-1000

acoustic virial coefficienty,, the same abnormal behavior as

for the third thermal virial coefficient is observedsee Fig.

24). At temperatures above 250 K, discrepancies of about

© Ewing et al. (1989) 500 cnfmol 2 occur between they, data of Estrada-

g g;‘g:gaigfiigiz%msler (1995) Alexanders and Trusle(F1995 and the two data' sets of Ew-
ing et al. (1989 and Ewing and Truslefl992. Since they,

Eq. @.h data of Estrada-Alexanders and Trusler were determined

————— Stewart & Jacobsen (1989) f d of d hich db
Fic. 24. Representation of data for the third acoustic virial coefficient. The rom speed of sound measurements which are represented by

plotted curves correspond to values calculated from(&d) and from the ~ Ed. (4.1) to within their uncertainties, our new equation of
equation of state of Stewart and Jacob&E989. state represents the, data of these authors also.

Figure 25 shows deviation plots for the speed of sound in
the liquid region at pressures up to 300 MPa. The selected

last two data points on the 150 K isotherm and the lasflata of Streett and Costantin@974, Thoenet al. (1969

data point on the 163.15 K isotherm within their uncertain-and Bowmanet al. (1968 are represented by E¢4.1) to

ties. The deviations of the experimental data from valuedvithin their estimated uncertainties=0.4%—+0.6%). On
calculated from Eq.(4.1) are —0.025%, —0.054% and SOme isotherms the data of Streett and Costantino and Thoen
+0.017%, respectively. Other high quality data sets at apet al. show discrepancies of up tv0.8% for pressures be-
preciable pressures are only available for temperatures béew 10 MPa. In these regions, the data of Bowneiral,
tween 250 and 350 K, where the data of Ewing and Goodwirwhich proved to be consistent with the selected speed of
(1992 for pressures up to 7 MPa are represented to withirsound data on the saturated liquid line, were preferred. The
+0.003% and the data of Boy€$992 for pressures up to equation of state published by Stewart and Jacoly$889

10 MPa show deviations which increase-t®.012%. shows systematic offsets and oscillating deviations from re-

100 200 300 400 500
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it st Lol 111111 1

100¢ Wexp Weale) / Wexp
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B van Itterbeek & Dael (1961) « Carome et al. (1968)
B Bowman et al. (1968) O Estrada-Alexanders & Trusler (1995)
X Thoen et al. (1971) <& Thoen et al. (1969)
& Radovskii (1964)

— — — Phase boundary  —e—e= Stewart & Jacobsen (1989)

Fic. 25. Percentage deviations of speed of sound data in the liquid and super¢iaticil= 160 K) region from values calculated from E@t.1). Values
calculated from the equation of state of Stewart and Jacold€89 are plotted for comparison.
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Fic. 27. Percentage deviations of speed of sound data in the high pressure

Fic. 26. Percentage deviations of speed of sound data in the supercriticigion from values calculated from E@#.1). Values calculated from the
region from values calculated from E¢.1). Values calculated from the —equation of state of Stewart and Jacobgkd89 are plotted for comparison.

equation of state of Stewart and Jacob&EIB9 are plotted for comparison.

Other data sets are available only at 298 K in this pressure
liable data, which in some cases exceef%. range. The representation of speed of sound data in the criti-
At pressures between 15 and 100 MPa, speed of soungh| region is discussed in Sec. 5.3.2.
data are only available for temperatures up to 160 and above

298 K. The data abpve 298 K are shown in_Fig. 26 together 5.2.3. Isochoric Heat Capacity
with the results of Pitaevskayt al. (1969, which extend to
pressures of 400 MPa. In this region, E4.1) and the equa- Deviation plots for the specific isochoric heat capacity are

tion of Stewart and Jacobsd®989 agree within+0.5%, presented in Fig. 28. For the development of the new equa-
which is excellent compared with the uncertainty of the dif-tion of state only the data sets of Glad(i®71) and Anisi-
ferent data sets. mov et al. (1979, (1978 were used in the homogeneous
For temperatures between 148 and 298 K, the high presegion—in the deviation plots at temperatures above the
sure range is covered by the speed of sound data of Kortbeélphase boundary.” With the exception of the critical region,
et al. (1985. Only Eqg. (4.1 is able to represent these data which is discussed in Sec. 5.3, the deviations of these data
within their estimated uncertainty aof 0.5%, (see Fig. 2.  from values calculated from E¢4.1) and from the equation
However, small systematic deviations of up to 0.3% occurof Stewart and Jacobseri989 remain within the uncer-
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Fic. 28. Percentage deviations of isochoric heat capacity data from values calculated frefrilEdPata at temperatures below the saturation temperature
are within the two-phase region. Values calculated from the equation of state of Stewart and J&t@®9eare plotted for comparison.
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Fic. 29. Representation of the isochoric heat capacity at high densities up to %80aKd up to 2000 K(b). The plotted curves correspond to values
calculated from Eq(4.1) and from the equation of state of Stewart and Jacok289.

tainty of the experimental data. In the two-phase region, Egand 1400 kg m* at temperatures up to 300 K from prelimi-
(4.1) confirms the data of Anisimoet al. (1979, while the  nary equations which behaved reasonably in this region.
equation of Stewart and Jacobsen differs from these data byhese data were introduced into the final data set with low
up to —5%. weights.

Figure 29 shows plots of the isochoric heat capacity on As can be seen in Fig. 29), Eq.(4.1) is able to reproduce
three high density isochores. The isochores with the course of the isochoric heat capacity predicted by the
=1196 kgm® and p=1393 kg m ® correspond to densities data of Vrabec and Fisch€t996 up to very high tempera-
below the density of the liquid at the triple point and aretures. However, systematic deviations betweefh% and
hence limited by the saturated liquid line at low tempera-—2.3% occur. Since these data were calculated from mo-
tures. The isochorp= 1600 kg m ® is limited by the solidi- |ecular dynamics based on(#2,6 Lennard-Jones potential,
fication line. The values calculated from E@-.1) result in it is not known to what extent the data describe the real
smooth curves without any turning points and maxima. Inpehavior of fluid argon. Therefore, we did not try to achieve
contrast to the plot of the equation of state published bya better representation of these data.

Stewart and Jacobsé€h989 the behavior of Eq(4.1) seems

to be physically reasonable. Since only very feydata are
available in this region, preliminary equations often resulted
in plots similar to that of the equation of Stewart and Jacob- Figure 30 shows deviations between seleatgdiata and

sen. In order to avoid maxima and turning points in the plotvalues calculated from Eq4.1). The data sets of Roder

of ¢, without fixing the equations to arbitragy, values, we et al. (1989 and Perkin®t al. (1991 are not included in the
calculated 58{c,/dT), values for densities between 1300 graphs because of their large scatter and their systematic de-

5.2.4. Isobaric Heat Capacity
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Fic. 30. Percentage deviations of isobaric heat capacity data from values calculated frdnlE¢/alues calculated from the equation of state of Stewart
and Jacobsefi1989 are plotted for comparison.
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Fic. 31. Absolute deviations of data for differences of enthalpy from values calculated frofd.Eq.

viations which reach up ta- 10%. As mentioned in Sec. 3.4, experimental results are reproduced by E@.1) to
no ¢, data were used to establish the new equation of statet 1 kJ kg ! with the exception of a few outliers.

Both Eg.(4.1) and the equation of state of Stewart and Ja-
cobsen(1989 represent the available data within their ex-
perimental uncertainty. At high temperatures, where the data
of Babaet al. (1992 show systematic deviations of up to
3%, the equations agree with each other within less than 1%.
The deviations between the equations increase to more than
4% at low temperatureS, where the equation of Stewart and The deviation pIOtS in F|g 32 illustrate that the data for
Jacobsen represents the data of Walté66 better than Eq.  the Joule—Thomson coefficiept are generally represented
(4.1). Since Eq(4.1) describes the thermal properties and thet0 Within =0.2 K MPa * by both Eq.(4.1) and the equation
speed of sound with uncertainties afo/p<+0.03% and Of state of Stewart and Jacobs€r989. Larger deviations
Aw/w=*0.8% in this region, an error of a few percent in between the equations occur in the gas phase at low tempera-

¢, can hardly result from the equation of state. Obviously,iures. This fact can be explained by a misbehavior of the
the ¢, data are incorrect in this region. equation of Stewart and Jacobsen, which became obvious for

thermal properties and for speeds of sound in this re(ser
Secs. 5.2.1. and 5.2)2.
For some selected isotherms, data for the isothermal
Absolute deviations between enthalpy differencéeh throttling coefficients; are plotted in an absoluté;-p dia-
which were measured by Roebuck and Osterl§g®$4 and  gram, Fig. 33, together with values calculated from &ql)
Kim (1974 and Ah values calculated from Edq4.1) are  and from the equation of Stewart and Jacobd€89. Both
presented in Fig. 31. In Fig. 31, all data are plotted for theequations support the data of Kit974, while the values
final temperature of the corresponding experiment. Althoughpublished by Ishkin and Rogovay957 seem to be slightly
Ah data were not used in the development of Efl), the  too low, especially at low temperatures.

5.2.6. Throttling Coefficients

5.2.5. Enthalpy Differences
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O Strakey (1970)
— =~ — Phase boundary ~ —s—e— Stewart & Jacobsen (1989)

Fic. 32. Absolute deviations of data for the Joule—Thomson coefficient from values calculated frgshIEdvalues calculated from the equation of state
of Stewart and Jacobséh989 are plotted for comparison.
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Fic. 33. Representation of the isothermal throttling coefficient. The plotted gen et al. { )

curves correspond to values calculated from @dl) and from the equation — — = Aux. egs. (see Sec. 2.6 to 2.8)
of state of Stewart and Jacobs@®89. —«—+= Stewart & Jacobsen (1989)
—m—s— Tiesinga er al. (1994)

5.3. Results in the Critical Region Fic. 34. Percentage deviatiodsy= (Ye—Yead/Yexp (Y=Ps.p’,p") Of the
. near-critical saturation data of Gilget al. (1994b from values calculated
For an assessment of E@t.1) with regard to the repre- from Eq.(4.1). Values calculated from the auxiliary equations presented in

sentation of properties close to the critical point a compari-Sec. 2 and from the equation of state of Stewart and Jacdis89 are

son with results from the crossover equation of TiesinggPlotted for comparison.

et al. (19949 is of special interest. This numerically very

complex equation was developed especially for the descrip- 5.3.1. Thermal Properties

tion of thermodynamic properties in the critical region. As-

suming that the behavior of fluids can be described by the Figure 34 illustrates the representation of the group 1 data
three-dimensional Ising model close to the critical point,for the thermal properties on the phase boundary close to the
Tiesingaet al. used critical exponents, which are consistentcritical temperature. Equatiod.1) represents all data within
with the results of the renormalization group thepwilson  their experimental uncertainties. Compared with the data of
(1974]. Analytical equations of state result in different val- Gilgen et al. (1994b, the accuracy of the equations of state
ues for the critical exponents, which are either integer valuesf Stewart and Jacobsdi989 and of the crossover equa-
or reciprocals of integer valuésee Table 3R From this fact tion of Tiesingaet al. (1994 is acceptable only for the vapor

it is usually concluded that analytical equations of state ar@ressure. The deviations for orthobaric densities calculated
not able to describe thermodynamic properties in the criticafrom these equations far exceed the uncertainties of the ex-
region correctly. It will be shown that this is only true for the perimental data.

limiting behavior of Eq.(4.1) with regard to the isochoric Figure 35 shows selectgrp T data in the extended critical
heat capacity, and the speed of souwd. region. Equatior4.1) represents the reference data of Gilgen

TaBLE 32. Examples of power laws for the description of thermodynamic properties along certain paths
throughout the critical region

Values determined by evaluating

Critical
Described path Power law exponent RG theory Classical eg$.
Phase boundary o(—p")~(T—T)# B 0.326+0.002 0.5
Crit. isotherm lp—pd~lp—pd?® 8 4.80+0.02 3
Crit. isochore c,~(T-Ty ¢ o 0.110+0.003

@According to Sengers and Levelt Sengé&r986.
PFor equations of state constrained at the critical point by the conditiop&ig)+=0, (6°p/dp?)+=0 and
(6°plap®)+>0.
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Fic. 35. Percentage pressure deviationpeT data in the extended critical region from values calculated from(4d).. Values calculated from the equation
of state of Stewart and Jacobs@®89 and from the crossover equation of Tiesirgaal. (1994 are plotted for comparison.

et al. (19943, (1994h to within their experimental uncer-
tainty, which ranges front 0.01% to=*0.02% in pressure in

c,~(T—Ty « (5.2

this region. The equation of state of Stewart and Jacobsehhe value for the critical exponemnt determined by evalua-
(1989 represents neither these data nor the data of Michelgon of the renormalization group theofw=0.110+0.003,

et al. (1958 with comparable uncertainty. The deviations be-see Table 3Rpredicts a weak divergence for the isochoric
tween values calculated from the crossover equation and tHeeat capacityc, at the critical point. As a consequence, the

accurate data of Gilgest al. remain within =0.04% only
for densities between 400 and 650 kg Outside of this

predicted speed of sound becomes zero at the critical
point. In contrast to this, analytical equations of state yield

density range, but still inside the range of validity of the =0 and result in finite values far, and values greater than
crossover equation, the deviations increase even to muctero forw.

higher values.

5.3.2. Caloric Properties

The behavior of the isochoric heat capacity and the

Figure 36 shows comparisons for speed of sound data in
the critical region. On the 150.67 K isotherm, which is the
one closest to the critical temperature, only the crossover
equation is able to follow the course indicated by the experi-
mental data. The large deviations between the results of the

speed of soundav at the critical point can be expressed in crossover equation and the ddte to about 10%are still

terms of the power law

within the experimental uncertainties. In this region an ex-

100( Wexp = Wealc) / Wexp

300 400 500 600 700 800

Density p / (kg m3)
& Thoen et al. (1971)

— — — Phase boundary
—e—e— Tiesinga er al. (1994)

700 800

300 400 500 600
Density p / (kg m™3)

X Radovskii (1964)
—s—+— Stewart & Jacobsen (1989)

Fic. 36. Percentage deviations of speed of sound data in the extended critical region from values calculated o). E@lues calculated from the
equation of state of Stewart and Jacob&E®B9 and from the crossover equation of Tiesirgfaal. (1994 are plotted for comparison.
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Fic. 37. Representation of the speed of sound on isotherms and on the ypilke )

saturated liquid and saturated vapor line in the critical region. The plotted <© Van Thiel and Alder (1966)
curves correspond to values calculated from @), from the equation of O Nellis and Mitchell (1980)
state of Stewart and Jacobs€&®89 and from the crossover equation of * Grigor’ev et al. (1985)

Tiesingaet al. (1994.

Eq. (4.1)
—+—+— Stewart and Jacobsen (1989)

perimental error of, e.g3+1 mK in the measured tempera- Fic. 39. Representation of experimental data which describe the Hugoniot

ture results in an error of 1% in the speed of sound. At curve of argon for two different initial statg¢see text The Hugoniot curves
- alculated from the equation of state of Stewart and Jacois#89 are

150.67 K, the deviations between vglues calculateq frpm Edotted for comparison.

(4.1) and the data exceed the experimental uncertainties. But

2.00
on the 151.4 K isotherm, which is just 0.7 K above the criti-
1.75}F cal temperature, Eq4.1) is able to represent the data with
sufficient accuracy again. The equation of state of Stewart
and Jacobse(1989 is incorrect by up to 6% even at 153 K.
Figure 37 shows graphs for the speed of sound in the
critical region plotted against the density. In contrast to the
crossover equation, E¢4.1) is not able to follow the experi-
mental data along the saturated liquid and vapor line for
densities between 400 and 650 kginHowever, it is impor-
tant to note that this density range corresponds to tempera-
tures only 0.5 K below the critical temperature. For densities
below 400 kgm?® on the saturated vapor line, the speed of
L L sound values calculated from the crossover equation are
152 154 153 clearly too low. Tiesingat al. (1994 see this behavior as an
Temperature T / K “indication that care should be taken with any use of the
crossover equation in the vapor phase below the critical tem-
perature.”
- ]Sigwf:rtl)& Jacobsen (1989) The representation of isochoric heat capacity data in the
—we—e— Tiesinga ef al. (1994) critical region is shown in Fig. 38 for the 531 kgrisoch-
ore (0.99.). On this isochore, the saturation temperature
Fic. 38. Representation of the isochoric heat capacity on an isochore in thqrs, which is marked by the dashed line, is only 0.04 mK
critical region. Fq_r this isochore, the saturation temperaiyris only 0.04 below the critical temperature. Again, it is illustrated that Eq.
mK below the critical temperature. The plotted curves correspond to value? . -
4.1) is able to represent the available data down to tempera-

calculated from Eq4.1), from the equation of state of Stewart and Jacobsen @
(1989 and from the crossover equation of Tiesirgjaal. (1994. tures of about 0.7 K above the critical temperature. Closer to

1.50F

1.25}¢

1.00F

ey ! (kT kg 1K™

0.75F

L
153

X Voronel et al. (1973) & Anisimov et al (1975)
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Fic. 40. Representation @ip T data at very high densities and temperatures, Eq.(4.1) === Stewart and Jacobsen (1989)

which are based on calculations for different forms of the Lennard-Jones

potential(see text The plotted curves correspond to values calculated fromFIG_ 41. The so-called “ideal curves” calculated from Eg-.1) and from

Eq. (4.1) and from the equation of state of Stewart and Jacoks889. the equation of state of Stewart and Jacobd®89. The curves are plotted
in a double logarithmig/p. vs T/T. diagram.

the critical point, only the crossover equation of Tiesinga

et al. (1994% i.s able to follow _the data. N _ U—Uy=0.5p-+ po)(Lpe—1lp), (5.2
Summarizing the discussion of the critical region, we

assess that E4.1) is able to represent even caloric data inWhere u is the internal energyp the pressure, ang the

the critical region accurately with the exception of a smalldensity after releasing the shock wave, aigdpo andp, are

region around the critical point. Systematic errors larger thahe initial values. Most experiments were started from the

the uncertainty of the available data occur for the speed ofaturated liquid near the boiling-point temperature

sound and the isochoric heat capacity in the homogeneoud o~87K, po~0.1MPa, “high density curve); however,

region for T<(T.+0.7K) at densities between 400 and Van Thiel and Alder(1966 made additional measurements

650 kgni3 and on the liquid—vapor phase boundary forfor another initial state(To=148.2K, po=7 MPa, “low

T>(T.—0.5K). Within this region the crossover equation of density curve’). For both of the initial states, Fig. 39 shows

Tiesingaet al. (1994 yields better results for these proper- the Hugoniot curves calculated from Eg.1) and from the

ties, but this equation fails for the description of the vaporeduation of state of Stewart and Jacobs2889 together

phase at subcritical temperatures and generally for data fudith the corresponding experimental data.

ther away from the critical point. The equation of state of On the low- and high-density curve, the temperature in-

Stewart and Jacobs€989 fails to represent caloric data Creases with pressure to 37000 and 17 000 K at 50 000 MPa,

for |T-TJ<~4K. respectively. Above 50 000 MPa, the data of Grigor&al.
) ) (1985 indicate a flattening of the high density curve, which
5.4. Extrapolation Behavior is probably caused by electronic excitation. Up to this pres-
of the New Equation of State sure, Eq.(4.1) shows a reasonable behavior for both Hugo-

niot curves, while the course of the equation of state of Stew-
t and Jacobsef1989 is clearly too steep.
The Hugoniot data were not used directly in the develop-
ment of Eq.(4.1). In order to preserve the reasonable repre-
sentation of the Hugoniot curves which was achieved for a
preliminary equation, 33i(T,p) andppT data were calcu-
lated from this equation along these curves. The calculated
For very high temperatures and pressures, shock wawelues were included in the selected data set with low
measurements are the only available source of experimentaleights. When a new equation showed an improved extrapo-
information on the thermodynamic behavior of argon. Thesdation behavior, the data were recalculated from the new
measurements result in data for the Hugoniot relation equation.

Equation(4.1) is valid in the range where reliable experi-
mental data were used to establish the equation of state. TIR
behavior of Eq.(4.1) outside this range will be discussed in
the following subsections.

5.4.1. Extrapolation to High Pressures and Temperatures

J. Phys. Chem. Ref. Data, Vol. 28, No. 3, 1999
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Fic. 42. Tolerance diagram for densities calculated from(&d). In region Fic. 44. Tolerance diagram for isobaric and isochoric heat capacity data
B the uncertainty in pressure is given. calculated from Eq(4.1).

At high densitiesppT data of Ronchi1981) and Vrabec due to an imperfection of the potential model selected by the

and Fischef1996 are available for temperatures up to 2300authors. As van Thiel and Ald€i966 pointed out, the re-

K. The data sets are based on molecular dynamics simuldulsive forces derived from the Lennard-Jones potential with

tions for Lennard-Jones potentials of the foft2,7 and  the exponent 12 are stronger than for the real intermolecular

(12,6), respectively. For three selected isotherms, Fig. 4@otential of argon and result in higher pressures, especially at

compares these data with values calculated from (Eq)  high densities.

and from the equation of Stewart and Jacobs&889.

Particularly at high densities, both equations yield pressures

that are significantly lower than the simulated ones. No bet- 5.4.2. The “Ideal Curves”

ter representation of these data could be achieved, even if

they were included in preliminary data sets. This is probably |deal curves are curves along which one property of a real
fluid is equal to the corresponding property of the hypotheti-
cal ideal gas in the same state. The most important ideal
curves are derived from the compression faetand its first

10°E T derivatives, i.e., the classical ideal curva=1), the Boyle
F ! curve [(dz/dp)1=0], the Joule—Thomson inversion curve
i ! [(92/9T),=0], and the Joule inversion curve
| E [(9z/9p),=0]. Based on theoretical considerations per-
102§ | formed in the 1960s, the courses of these curves were ex-
£ C ; pected to be universal for all pure fluids in reduced variables.
E L RIS Recent investigationgSpan and Wagnef1997] have
| | shown that the representation of the ideal curves is a useful
95’ 10 E , B tool for the assessment of the extrapolation behavior of equa-
4 A £0.02% inw tions of state even though their plot is not as universal as
& s B 20.1% inw expected in the 1960s. For argon, the range covered by ex-
100k A C 20.5% inw perimental data is very large in terms of reduced variables.
E D 208% inw Thus, all ideal curves lie within this range. The only relevant
r E £20% inw exception is the high-temperature part of the Joule inversion
i F2£2.0% inw
curve.
1071 1(')0 2(')0 3(')0 4(')0 '5(')0 L =00 Figure 41 shows the plot of the ideal curves calculated

from Eg.(4.1) and from the equation of state of Stewart and
Jacobsei§1989. Inside the region where reliable experimen-
Fie. 43. Tolerance diagram for speed of sound data calculated fronfal C!ata exist, bOth_e_qua“(_)nS show the expected courses of
Eq. (4.2). the ideal curves. Visible differences occur only for the rep-

Temperature T/ K
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TaBLE 33. Thermodynamic properties of saturated argon

Temperature  Pressure  Density  Enthalpy Entropy c, Cp w

(K) (MPa  (kgm ¥ (kikg™h) (kJkg'K™ (kIkg'K™) (kJkgtK™) (ms™h
83.8058 0.068891 1416.77 —276.56 —2.5440 0.549 60 1.1157 862.43
4.0546 —-112.85 —0.59044 0.324 71 0.55503 168.12
84 0.070447 141559 -276.35 —2.5414 0.548 81 1.1157 861.10
4.1384 —-112.77 —0.594 05 0.324 89 0.555 57 168.28
86 0.088 110 1403.40 -—274.11 —2.5152 0.54094 1.1162 847.35
5.0795 —-111.99 —0.63016 0.326 74 0.561 56 169.87
88 0.10901 1391.08 —271.86 —2.4896 0.53362 1.1181 833.47
6.1737 —111.25 —0.664 49 0.328 76 0.568 24 171.39
90 0.13351 1378.63 —269.61 —2.4645 0.526 77 1.1212 819.45
7.4362 -110.55 —0.69718 0.33094 0.575 69 172.83
92 0.16199 1366.01 —267.36 —2.4399 0.520 31 1.1255 805.28
8.8829 —109.90 —0.72840 0.33329 0.583 96 174.20
94 0.19485 1353.23 —265.09 —2.4158 0.514 20 1.1309 790.95
10.531 —109.28 —0.758 27 0.33582 0.593 12 175.49
96 0.23249 1340.26 —262.80 —2.3920 0.508 40 1.1374 776.45
12.397 —108.71 —0.786 92 0.33853 0.603 27 176.71
98 0.27532 1327.09 —260.50 —2.3687 0.502 87 1.1450 761.78
14.499 —108.19 —0.814 46 0.34142 0.614 49 177.85
100 0.32377 1313.70 —258.19 —2.3456 0.497 60 1.1537 746.91
16.859 —-107.73 —0.84101 0.344 52 0.626 90 178.91
102 0.37825 1300.07 —255.85 —2.3229 0.492 57 1.1637 731.83
19.495 —-107.31 —0.86667 0.347 81 0.640 62 179.89
104 0.43920 1286.18 —253.49 —2.3005 0.487 77 1.1749 716.54
22.431 —106.96 —0.89151 0.351 33 0.655 82 180.80
106 0.50706 1272.02 —251.11 —2.2783 0.483 19 1.1875 701.02
25.691 —106.67 —0.91564 0.35507 0.672 66 181.62
108 0.58226 1257.56 -—248.70 —2.2563 0.478 82 1.2017 685.24
29.300 —106.44 —0.93913 0.359 06 0.691 38 182.37
110 0.66526 124277 —246.26 —2.2345 0.474 68 1.2176 669.20
33.287 —106.29 —0.96206 0.363 31 0.712 23 183.03
112 0.75650 1227.63 —243.78 —2.2129 0.47076 1.2353 652.87
37.684 —106.20 —0.98450 0.367 84 0.73553 183.61
114 0.85644 1212.10 —241.27 —2.1914 0.467 08 1.2553 636.24
42.526 —106.20 —1.0065 0.37267 0.761 68 184.11
116 0.96553 1196.15 —238.72 —2.1700 0.463 66 1.2779 619.26
47.853 —106.28 —1.0283 0.377 85 0.791 15 184.52
118 1.0842  1179.74 —236.12 —2.1487 0.460 49 1.3034 601.93
53.708 —106.45 —1.0497 0.383 39 0.824 55 184.85
120 1.2130 1162.82 —233.48 —2.1274 0.457 63 1.3324 584.19
60.144 —106.71 —1.0710 0.389 34 0.862 65 185.09
122 1.3524  1145.33 —-230.78 —2.1060 0.455 09 1.3656 566.02
67.221 -107.08 —1.0922 0.39575 0.906 44 185.23
124 1.5028 1127.20 —228.02 —2.0847 0.452 91 1.4039 547.36
75.008 —-107.57 —1.1133 0.402 69 0.957 20 185.29
126 1.6648  1108.37 —225.19 —2.0632 0.451 16 1.4485 528.16
83.590 —108.18 —1.1346 0.410 24 1.0166 185.24
128 1.8388 1088.72 —222.28 —2.0416 0.449 89 1.5011 508.36
93.066 —108.93 —1.1560 0.418 46 1.0871 185.10
130 2.0255 1068.13 —219.29 —2.0197 0.449 20 1.5638 487.88
103.56 —109.83 —-1.1777 0.427 45 1.1717 184.85
132 22252 1046.46 —-216.19 —1.9975 0.449 21 1.6400 466.63
115.23 —110.91 —1.1999 0.437 34 1.2751 184.49
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TaBLE 33. Thermodynamic properties of saturated argon—Continued

Temperature Pressure  Density  Enthalpy Entropy c, Cp w
(K) (MPa  (kgm®) (kJkg™h (kIkg K™ (kIkg K™ (kJkgtK™) (mshH
134 2.4388 1023.50 —212.97 —1.9748 0.450 06 1.7342 44451
128.28 —112.19 —1.2227 0.448 35 1.4045 184.02
136 2.6666 999.00 —209.60 —1.9515 0.451 92 1.8539 421.42
142.96 —113.71 —1.2464 0.460 92 1.5710 183.41
138 2.9096 972.57 —206.06 —1.9275 0.455 04 2.0106 397.21
159.65 —11551 —1.2713 0.47581 1.7932 182.60
140 3.1682 943.71 —202.29 —1.9023 0.459 84 2.2247 371.63
178.86 —117.65 —1.2978 0.494 04 2.1036 181.50
142 3.4435 911.61 —198.23 —1.8756 0.467 29 2.5349 344.14
201.37 —120.25 —1.3265 0.517 06 2.5648 180.00
144 3.7363 874.98 —193.76 —1.8467 0.47972 3.0262 313.80
228.48 —123.46 —1.3584 0.547 19 3.3149 177.93
146 4.0479 831.38 —188.68 —1.8142 0.502 57 3.9312 278.88
262.63 —127.57 —1.3956 0.589 23 4.7346 174.89
148 4.3797 775.03 —182.49 —1.7749 0.550 94 6.2097 236.08
309.60 —133.29 —1.4424 0.656 80 8.3830 169.81
150 4.7346 680.43 —173.01 —1.7145 0.706 03 23.582 174.74
39450 —143.60 —1.5185 0.821 82 35.468 157.01
150.687 4.8630 535.60 —159.46 —1.6258

#Triple-point temperature.
bCritical temperature.
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TaBLE 34. Thermodynamic properties of argon

Temperature Density Internal energy Enthalpy Entropy Cy Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kIkg K™ (kIkg K™ (ms™)
0.1 MPa isobar

83.814 1416.80 —276.61 —276.54 —2.5440 0.549 61 1.1156 862.52

85 1409.57 —275.29 —275.22 —2.5283 0.544 83 1.1157 854.35

87.178 1396.16 —272.86 —272.79 —2.5000 0.536 57 1.1171 839.20

87.178 5.7043 —129.08 —111.55 —0.65058 0.32791 0.565 41 170.77

90 5.5077 —128.12 —109.97 —0.63265 0.32570 0.560 00 173.85

95 5.1933 —126.44 —107.19 —0.602 59 0.32273 0.552 56 179.11
100 4.9152 —124.78 —104.44 —0.574 39 0.32058 0.547 02 184.16
105 4.6669 —123.14 -101.71 —0.547 81 0.31899 0.54279 189.04
110 4.4436 —-121.51 —99.008 —0.522 64 0.317 78 0.539 48 193.76
115 4.2416 —119.89 —96.317 —0.498 72 0.316 85 0.536 85 198.34
120 4.0577 —118.28 —93.639 —0.47592 0.316 12 0.53472 202.80
125 3.8896 —116.68 —90.969 —0.454 12 0.31553 0.53298 207.15
130 3.7352 —115.08 —88.308 —0.43325 0.315 06 0.53153 211.39
135 3.5929 —113.49 —85.654 —-0.41321 0.314 68 0.53031 215.54
140 3.4613 —111.90 —83.005 —0.39395 0.314 36 0.529 28 219.60
145 3.3392 -110.31 —80.361 —0.37539 0.31410 0.528 40 223.59
150 3.2255 —108.72 —77.721 —0.357 49 0.31388 0.527 64 227.49
155 3.1194 —107.14 —75.084 —0.340 20 0.31369 0.526 98 231.33
160 3.0202 —105.56 —72.451 —0.32348 0.31353 0.526 41 235.10
165 2.9272 —103.98 —69.820 —0.307 29 0.31339 0.52591 238.80
170 2.8398 —102.40 —67.192 —0.29159 0.31327 0.525 46 242.45
175 2.7576 —100.83 —64.565 —-0.276 37 0.31317 0.525 07 246.03
180 2.6800 —99.254 —61.941 —0.26158 0.31308 0.524 72 249.57
185 2.6067 —97.680 —59.318 —-0.24721 0.31300 0.524 41 253.05
190 2.5374 —96.108 —56.697 —0.23323 0.31294 0.524 12 256.48
195 2.4716 —94.536 —54.077 —-0.21961 0.31287 0.52387 259.87
200 2.4093 —92.964 —51.458 —0.206 35 0.31282 0.523 64 263.21
210 2.2936 —89.824 —46.224 —0.18082 0.31273 0.52324 269.76
220 2.1885 —86.686 —40.993 —0.156 48 0.312 66 0.52291 276.15
230 2.0927 —83.550 —35.765 —0.13324 0.312 60 0.522 64 282.40
240 2.0050 —80.415 —30.540 -0.11101 0.31255 0.522 40 288.50
250 1.9244 —77.281 —25.317 —0.089 69 0.31251 0.522 20 294.48
260 1.8500 —74.149 —20.096 —0.069 21 0.312 48 0.522 02 300.33
270 1.7812 —71.018 —14.877 —0.049 51 0.312 45 0.521 87 306.07
280 1.7174 —67.887 —9.6585 —0.03053 0.312 42 0.52174 311.70
290 1.6579 —64.757 —4.4417 —0.012 23 0.312 40 0.521 62 317.24
300 1.6025 —61.628 0.77404 0.005 46 0.312 38 0.52152 322.67
310 1.5507 —58.499 5.9888 0.022 56 0.31237 0.521 43 328.02
320 1.5021 —55.371 11.203 0.039 11 0.312 35 0.521 35 333.27
330 1.4565 —52.244 16.416 0.055 15 0.312 34 0.52128 338.45
340 1.4135 —49.116 21.628 0.070 71 0.31233 0.52121 343.55
350 1.3731 —45.990 26.840 0.085 82 0.31232 0.52115 348.57
375 1.2814 —38.174 39.867 0.12177 0.312 30 0.521 03 360.81
400 1.2012 —30.359 52.892 0.155 39 0.312 29 0.52093 372.65
425 1.1304 —22.546 65.914 0.186 97 0.31228 0.520 85 384.12
450 1.0676 —14.734 78.935 0.216 74 0.312 27 0.52079 395.26
475 1.0114 —6.9233 91.954 0.244 90 0.312 26 0.52073 406.09
500 0.96076 0.88714 104.97 0.27161 0.312 25 0.520 69 416.64
525 0.91499 8.6970 117.99 0.297 01 0.312 25 0.520 65 426.93
550 0.873 38 16.506 131.00 0.32123 0.31224 0.520 62 436.98
575 0.83540 24.315 144.02 0.344 37 0.31224 0.520 59 446.79
600 0.800 58 32.124 157.03 0.366 53 0.31224 0.52057 456.40
625 0.768 55 39.932 170.05 0.387 78 0.31224 0.520 55 465.81
650 0.73898 47.740 183.06 0.408 19 0.31223 0.52053 475.03
675 0.71161 55.548 196.07 0.427 84 0.31223 0.52051 484.07
700 0.686 19 63.355 209.09 0.446 77 0.312 23 0.520 50 492.95
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TaBLE 34. Thermodynamic properties of argon—Continued
Temperature Density Internal energy Enthalpy Entropy C, Cp w
(K) (kgm™3) (kJkg™h (kJkg™h (kJkgtK™h (kJkg 1KY (kJkg tK™h (ms™Y
0.5 MPa isobar
83.914 1417.28 —276.60 —276.25 —2.5438 0.549 69 1.1142 863.76
85 1410.69 —275.39 —275.04 —2.5295 0.545 32 1.1142 856.32
90 1379.78 —269.82 —269.46 —2.4657 0.527 21 1.1194 821.46
95 1347.80 —264.20 —263.83 —2.4049 0.511 60 1.1322 785.49
100 1314.43 —258.50 —258.12 —2.3463 0.497 80 1.1523 748.14
105 1279.27 —252.69 —252.29 —2.2895 0.485 48 1.1807 709.03
105.80% 1273.44 —251.74 —251.35 —2.2805 0.483 63 1.1862 702.57
105.80% 25.352 —126.42 —106.70 -0.91327 0.354 69 0.67091 181.55
110 24.050 —124.72 —103.93 —0.887 68 0.346 59 0.645 36 186.57
115 22.702 —122.79 —100.77 —0.859 51 0.33967 0.623 24 192.17
120 21.524 —120.92 —97.693 —0.83335 0.334 64 0.606 84 197.45
125 20.481 —119.10 —94.691 —0.808 84 0.33084 0.594 26 202.48
130 19.548 —117.32 —91.746 —0.78573 0.32791 0.584 35 207.29
135 18.707 —115.57 —88.845 —0.763 83 0.32559 0.576 38 211.93
140 17.944 —113.84 —85.980 —0.742 99 0.32373 0.569 85 216.41
145 17.246 —112.14 —83.144 —0.723 09 0.32222 0.564 43 220.75
150 16.605 —110.45 —80.334 —0.704 04 0.32098 0.559 87 224.97
155 16.013 —108.77 —77.544 —0.68575 0.31994 0.556 00 229.09
160 15.466 —107.10 —74.773 —0.668 15 0.31907 0.552 68 233.10
165 14.957 —105.45 —72.017 —0.651 19 0.31833 0.549 81 237.03
170 14.482 —103.80 —69.274 —0.634 81 0.31770 0.547 31 240.87
175 14.038 —102.16 —66.543 —0.618 98 0.317 16 0.54511 244.63
180 13.622 —100.53 —63.823 —0.603 65 0.316 69 0.543 18 248.32
185 13.232 —98.899 -61.111 —0.58879 0.316 28 0.541 47 251.95
190 12.864 —97.277 —58.408 —0.57437 0.31592 0.539 94 255.51
195 12.516 —95.659 —55.711 —0.560 36 0.31561 0.538 57 259.02
200 12.188 —94.046 —53.022 —0.546 74 0.31533 0.537 34 262.47
210 11.582 —90.829 —47.659 —0.52058 0.314 87 0.53523 269.21
220 11.036 —87.623 —42.316 —0.49572 0.31450 0.53349 275.77
230 10.540 —84.428 —36.988 —0.47204 0.314 19 0.532 04 282.15
240 10.087 —81.241 —31.674 —0.449 42 0.31395 0.530 81 288.37
250 9.6733 —78.060 —26.372 —0.42778 0.31374 0.529 77 294.45
260 9.2924 —74.886 —21.079 —0.407 02 0.31357 0.528 87 300.40
270 8.9409 —71.716 —15.794 —0.38707 0.31343 0.528 09 306.22
280 8.6155 —68.551 —10.516 —0.367 88 0.31331 0.527 42 311.92
290 8.3133 —65.390 —5.2452 —0.349 38 0.31320 0.526 83 317.51
300 8.0319 —62.232 0.02041 —0.33153 0.31311 0.526 31 323.00
310 7.7691 —59.076 5.2811 —0.314 28 0.31304 0.525 85 328.39
320 7.5232 —55.924 10.538 —0.297 59 0.31297 0.525 44 333.69
330 7.2925 —52.773 15.790 —0.28143 0.31291 0.52507 338.90
340 7.0757 —49.625 21.039 —0.26576 0.312 86 0.524 74 344.03
350 6.8716 —46.478 26.285 —0.250 55 0.31281 0.524 44 349.08
375 6.4097 —38.619 39.388 —0.214 39 0.31271 0.523 82 361.38
400 6.0064 —30.767 52.477 —0.180 60 0.31264 0.523 33 373.27
425 5.6512 —22.922 65.555 —0.148 89 0.31258 0.522 93 384.78
450 5.3358 —15.082 78.624 —0.11901 0.31254 0.522 60 395.94
475 5.0540 —7.2466 91.686 —0.090 76 0.31250 0.522 34 406.79
500 4.8005 0.58563 104.74 —0.063 97 0.312 47 0.52211 417.35
525 45714 8.4149 117.79 —0.038 50 0.312 45 0.521 92 427.65
550 4.3632 16.242 130.84 —0.014 23 0.31242 0.52176 437.70
575 4.1732 24.066 143.88 0.008 96 0.31241 0.521 62 447.53
600 3.9991 31.889 156.92 0.031 16 0.312 39 0.52150 457.14
625 3.8389 39.710 169.95 0.052 45 0.31238 0.521 40 466.54
650 3.6912 47.530 182.99 0.072 89 0.31237 0.521 30 475.77
675 3.5544 55.349 196.02 0.092 57 0.312 36 0.52122 484.81
700 3.4274 63.167 209.05 0.11152 0.31235 0.521 15 493.69
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy C, Cp w
(K) (kgm™3) (kJkg™h (kJkg} (kI kg 1K™ (kJkg 1KY (kJkgtK™h (ms™Y
1.0 MPa isobar
84.039 1417.88 —276.59 —275.88 —2.5437 0.549 80 1.1125 865.30
85 1412.07 —275.52 —274.81 —2.5310 0.54593 1.1124 858.76
90 1381.35 —269.97 —269.24 —2.4674 0.527 81 1.1171 824.17
95 1349.59 —264.37 —263.63 —2.4067 0.51219 1.1291 788.53
100 1316.48 —258.70 —257.94 —2.3483 0.498 37 1.1483 751.59
105 1281.67 —252.91 —252.13 —2.2917 0.486 01 1.1753 713.01
110 1244.67 —246.97 —246.17 —2.2362 0.475 00 1.2125 672.31
115 1204.80 —240.82 —239.98 —2.1812 0.465 40 1.2643 628.79
116.598 1191.29 —238.79 —237.95 —2.1636 0.462 68 1.2851 614.12
116.598 49.546 —126.50 —106.32 —1.0347 0.379 46 0.800 69 184.63
120 47.202 —124.86 —103.68 —1.0123 0.368 17 0.755 94 189.35
125 44.270 —122.61 —100.02 —0.98248 0.356 46 0.709 79 195.69
130 41.787 —120.49 —96.555 —0.95531 0.348 22 0.677 41 201.51
135 39.637 —118.46 —-93.231 —0.93021 0.342 13 0.653 42 206.95
140 37.747 —116.50 —90.012 —0.906 80 0.337 48 0.634 97 212.09
145 36.064 —114.60 —86.875 —0.88478 0.33382 0.620 38 216.98
150 34.551 —112.75 —83.804 —0.86395 0.33090 0.608 57 221.67
155 33.180 —110.92 —80.786 —0.844 16 0.328 53 0.598 86 226.18
160 31.929 —109.13 —77.812 —0.82528 0.326 57 0.590 74 230.54
165 30.782 —107.36 —74.876 —0.80721 0.324 93 0.583 88 234.77
170 29.723 —105.62 —-71.972 —0.789 87 0.323 56 0.578 01 238.88
175 28.744 —103.89 —69.095 —-0.77319 0.322 39 0.572 95 242.88
180 27.833 —102.17 —66.241 -0.75711 0.321 38 0.568 55 246.79
185 26.983 —100.47 —63.408 —0.74159 0.32052 0.564 70 250.60
190 26.189 —98.778 —60.594 —0.726 57 0.31977 0.561 30 254.34
195 25.444 —97.097 —57.795 —0.71203 0.31911 0.558 29 258.00
200 24.743 —95.426 —55.010 —0.697 93 0.31853 0.555 60 261.59
210 23.458 —92.106 —49.478 —0.67094 0.31757 0.551 03 268.58
220 22.309 —88.812 —43.987 —0.645 39 0.316 81 0.547 31 275.34
230 21.272 —85.539 —38.530 —0.62113 0.316 20 0.544 23 281.89
240 20.332 —82.284 —33.100 —0.598 03 0.31570 0.541 66 288.26
250 19.475 —79.042 —27.695 —0.57596 0.31529 0.53948 294.47
260 18.690 —75.813 —22.310 —0.554 84 0.314 95 0.537 62 300.52
270 17.968 —72.595 —16.942 —0.53458 0.314 66 0.536 02 306.44
280 17.302 —69.385 —11.589 —0.51511 0.31441 0.534 63 312.22
290 16.685 —66.183 —6.2486 —0.496 37 0.314 20 0.53342 317.88
300 16.111 —62.988 0.919 89 —0.47831 0.31402 0.532 35 323.44
310 15.577 —59.799 4.3989 —0.460 87 0.31387 0.53141 328.88
320 15.077 —56.615 9.7087 —0.44401 0.31373 0.53058 334.23
330 14.610 —53.436 15.011 —0.42770 0.31361 0.529 84 339.49
340 14.171 —50.261 20.306 —0.41189 0.31351 0.529 17 344.66
350 13.758 —47.090 25.594 —0.396 56 0.31341 0.528 57 349.74
375 12.826 —39.175 38.792 —0.360 13 0.31322 0.527 31 362.12
400 12.014 -31.277 51.962 -0.326 14 0.31308 0.526 32 374.06
425 11.299 —23.391 65.110 —0.294 25 0.31297 0.52552 385.61
450 10.666 —15.516 78.239 —0.264 23 0.31287 0.524 87 396.80
475 10.101 —7.6498 91.354 —0.23587 0.31280 0.524 33 407.67
500 9.5926 0.209 66 104.46 —0.208 99 0.31274 0.52388 418.25
525 9.1336 8.0632 117.55 —0.18344 0.31269 0.523 50 428.56
550 8.7169 15.912 130.63 —0.159 09 0.312 65 0.523 18 438.62
575 8.3367 23.756 143.71 —0.13584 0.31261 0.522 90 448.45
600 7.9885 31.597 156.78 —0.11359 0.31258 0.522 66 458.06
625 7.6683 39.434 169.84 —0.092 26 0.31255 0.522 45 467.47
650 7.3729 47.269 182.90 -0.07177 0.31253 0.522 27 476.69
675 7.0996 55.101 195.95 —0.052 07 0.31251 0.52211 485.73
700 6.8458 62.931 209.01 —0.03308 0.31249 0.521 97 494.61
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkg*K™h (ms™
1.5 MPa isobar
84.164 1418.48 —276.57 —275.52 —2.5435 0.549 90 1.1108 866.82
85 1413.45 —275.65 —274.59 —2.5326 0.546 55 1.1107 861.17
90 1382.90 —270.11 —269.03 —2.4690 0.528 41 1.1148 826.85
95 1351.35 —264.54 —263.43 —2.4084 0.51278 1.1262 791.53
100 1318.51 —258.89 —257.75 —2.3502 0.498 95 1.1443 754.99
105 1284.03 —253.14 —-251.97 —2.2938 0.486 56 1.1701 716.91
110 1247.47 —247.24 —246.04 —2.2386 0.47548 1.2053 676.85
115 1208.19 —241.14 —239.90 —2.1840 0.465 77 1.2539 634.21
120 1165.24 —234.75 —233.46 —2.1293 0.457 71 1.3233 587.99
123.962 1127.54 —229.40 —228.07 —2.0851 0.452 95 1.4031 547.70
123.962 74.861 —127.60 —107.56 —1.1129 0.402 56 0.956 21 185.29
125 73.538 —126.98 —106.58 —1.1051 0.396 88 0.927 80 187.02
130 68.075 —124.25 -102.21 —1.0708 0.376 69 0.82954 194.58
135 63.690 —-121.78 —98.229 —1.0407 0.363 61 0.767 95 201.24
140 60.030 —119.49 —94.502 —1.0136 0.354 40 0.72540 207.29
145 56.894 -117.32 —90.957 —0.988 71 0.347 56 0.694 18 212.89
150 54.157 —115.25 —87.548 —0.965 60 0.342 30 0.670 30 218.16
155 51.734 —113.24 —84.245 —0.94394 0.338 15 0.651 46 223.15
160 49.565 —-111.29 —81.027 —0.92350 0.33482 0.636 26 227.91
165 47.606 —109.39 —77.878 —0.904 12 0.33208 0.623 75 232.48
170 45.824 —107.52 —74.786 —0.885 66 0.329 82 0.613 30 236.89
175 44.192 —105.69 —71.743 —0.868 01 0.327 92 0.604 45 241.14
180 42.690 —103.88 —68.740 —0.851 09 0.326 30 0.596 88 245.28
185 41.301 —102.09 —65.772 —0.83483 0.324 93 0.590 34 249.29
190 40.011 —100.32 —62.835 —0.819 16 0.32374 0.584 64 253.21
195 38.809 —98.575 —59.924 —0.804 04 0.32271 0.579 64 257.03
200 37.686 —96.841 —57.037 —-0.78943 0.32181 0.57523 260.76
210 35.641 —93.410 —51.324 —-0.76155 0.32032 0.567 80 268.00
220 33.826 —90.021 —45.677 —0.73528 0.31915 0.561 83 274.96
230 32.201 —86.666 —40.084 —0.71041 0.318 21 0.556 94 281.69
240 30.736 —83.338 —34.535 —0.686 80 0.317 45 0.552 88 288.21
250 29.406 —80.033 —29.024 —0.664 30 0.316 83 0.549 47 294.54
260 28.193 —76.748 —23.544 —0.64281 0.316 31 0.546 58 300.70
270 27.082 —73.479 —18.091 -0.622 23 0.31588 0.544 10 306.70
280 26.059 —70.223 —12.661 —0.602 48 0.31551 0.541 96 312.57
290 25.113 —66.980 —7.2507 —0.58349 0.315 20 0.540 10 318.30
300 24.237 —63.747 —1.8580 —0.565 21 0.314 93 0.538 47 323.91
310 23.422 —60.524 3.5194 —0.547 58 0.314 69 0.537 03 329.42
320 22.662 —57.308 8.8832 —0.53055 0.314 49 0.53576 334.81
330 21.951 —54.100 14.235 —0.514 08 0.314 31 0.534 63 340.11
340 21.285 —50.897 19.576 —0.498 14 0.314 15 0.53362 345.32
350 20.659 —47.701 24.908 —0.482 68 0.314 02 0.53271 350.43
375 19.248 —39.731 38.201 —0.446 00 0.31373 0.530 80 362.88
400 18.021 —31.785 51.451 —-0.41179 0.31351 0.529 30 374.87
425 16.944 —23.859 64.668 —-0.37974 0.31334 0.528 10 386.45
450 15.990 —15.949 77.858 —0.349 58 0.31321 0.527 12 397.67
475 15.140 —8.0520 91.026 —-0.32110 0.31310 0.526 31 408.57
500 14.376 —0.16527 104.17 —0.294 12 0.31301 0.525 64 419.16
525 13.687 7.7126 117.31 —0.268 49 0.31294 0.52507 429.48
550 13.061 15.583 130.43 —0.244 08 0.312 87 0.524 59 439.55
575 12.490 23.447 143.54 -0.22077 0.312 82 0.524 17 449.38
600 11.968 31.305 156.64 —0.198 47 0.31277 0.52381 458.99
625 11.488 39.159 169.73 —0.177 09 0.31273 0.52350 468.40
650 11.045 47.008 182.81 —0.156 56 0.31270 0.52323 477.62
675 10.635 54.854 195.89 —0.136 82 0.312 66 0.522 99 486.66
700 10.255 62.697 208.96 —0.117 80 0.312 64 0.522 77 495.53
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkg*K™h (ms™
2.0 MPa isobar
84.29¢ 1419.07 —276.56 —275.15 —2.5434 0.550 01 1.1092 868.34
85 1414.81 —275.78 —274.36 —2.5341 0.547 16 1.1090 863.56
90 1384.44 —270.26 —268.81 —2.4706 0.529 01 1.1126 829.49
95 1353.09 —264.70 —263.22 —2.4102 0.51337 1.1233 794.49
100 1320.51 —259.08 —257.57 —2.3522 0.499 53 1.1406 758.33
105 1286.35 —253.36 —-251.81 —2.2960 0.487 12 1.1650 720.72
110 1250.21 —247.50 —245.90 —2.2410 0.47599 1.1984 681.29
115 1211.50 —241.45 —239.80 —2.1868 0.466 18 1.2441 639.46
120 1169.35 —235.14 —233.43 —2.1326 0.457 91 1.3085 594.40
125 1122.34 —228.45 —226.66 —2.0773 0.45179 1.4048 544.65
129.73% 1070.92 —221.56 —219.69 —2.0226 0.449 25 1.5548 490.64
129.73% 102.11 —129.29 —109.70 —1.1748 0.426 22 1.1595 184.89
130 101.54 —129.09 —109.40 —1.1725 0.424 03 1.1454 185.42
135 92.589 —125.78 —104.18 —1.1331 0.394 15 0.962 55 194.33
140 85.840 —122.94 —99.640 —1.1000 0.376 35 0.86177 201.78
145 80.413 —120.38 —95.504 —1.0710 0.364 34 0.796 95 208.38
150 75.879 —118.00 —91.639 —1.0448 0.355 66 0.75147 214.39
155 71.993 —-115.75 —87.970 —1.0207 0.349 09 0.717 74 219.96
160 68.600 —113.60 —84.449 —0.998 36 0.34397 0.69171 225.19
165 65.596 —111.53 —81.044 —0.977 40 0.339 87 0.67104 230.15
170 62.905 —109.53 —77.732 —0.957 63 0.336 53 0.654 24 234.89
175 60.475 —-107.57 —74.496 —0.938 87 0.33378 0.640 35 239.42
180 58.263 —105.65 —71.325 —0.921 00 0.33147 0.628 68 243.80
185 56.236 —103.77 —68.207 —0.90391 0.32951 0.618 75 248.03
190 54.370 —101.92 —65.135 —0.88753 0.327 84 0.610 22 252.13
195 52.643 —100.09 —62.103 -0.87177 0.326 40 0.602 83 256.11
200 51.039 —98.291 —59.105 —0.856 59 0.32515 0.596 36 259.99
210 48.144 —94.740 —53.197 -0.82777 0.32310 0.58561 267.48
220 45.596 —91.249 —47.386 —0.80073 0.32150 0.577 08 274.65
230 43.331 —87.807 —41.650 —0.77524 0.320 23 0.570 17 281.54
240 41.300 —84.404 —35.978 —0.75109 0.31921 0.564 49 288.20
250 39.467 —81.033 —30.358 —0.728 15 0.318 37 0.559 75 294.66
260 37.801 —77.689 —24.781 —0.706 28 0.317 67 0.555 75 300.92
270 36.280 —74.367 —19.241 —0.685 37 0.317 09 0.552 34 307.01
280 34.884 —71.065 —13.732 —0.665 33 0.316 60 0.549 41 312.96
290 33.597 —67.780 —8.2510 —0.646 10 0.316 18 0.546 87 318.76
300 32.407 —64.508 —2.7936 —0.627 60 0.31582 0.544 65 324.43
310 31.303 —61.249 2.6429 —0.609 77 0.31551 0.54270 329.98
320 30.274 —58.002 8.0612 —0.592 57 0.31524 0.54098 335.42
330 29.314 —54.764 13.463 —0.57595 0.31500 0.539 45 340.76
340 28.415 —51.534 18.851 —0.559 86 0.314 80 0.53808 346.00
350 27.572 —48.312 24.225 —0.544 28 0.31461 0.536 86 351.15
375 25.674 —40.286 37.613 —0.507 33 0.314 24 0.534 30 363.66
400 24.028 —32.293 50.945 —0.47292 0.31395 0.53229 375.69
425 22.584 —24.327 64.231 —0.44070 0.31372 0.530 68 387.31
450 21.308 —16.381 77.481 —0.410 40 0.31354 0.529 37 398.56
475 20.171 —8.4531 90.701 -0.38181 0.31340 0.528 29 409.47
500 19.150 —0.53914 103.90 —0.35474 0.31328 0.527 39 420.08
525 18.230 7.3630 117.07 —0.32903 0.31318 0.526 63 430.41
550 17.395 15.255 130.23 —0.304 54 0.31309 0.52599 440.48
575 16.634 23.139 143.37 -0.28117 0.31302 0.525 44 450.32
600 15.938 31.015 156.50 —0.258 82 0.312 96 0.524 96 459.93
625 15.298 38.885 169.62 —0.237 40 0.31291 0.52454 469.34
650 14.708 46.749 182.73 —0.216 83 0.312 86 0.524 18 478.56
675 14.162 54.608 195.83 —0.197 06 0.31282 0.523 86 487.59
700 13.656 62.463 208.92 —0.178 01 0.31278 0.52358 496.46
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy Cy Cp w
(K) (kgm™3) (kJkg b (kJkg™h (kJkg 1KY (kI kg 1K™ (kJkg *K™Y (ms™
3.0 MPa isobar
84.539% 1420.24 —276.53 —274.42 —2.5430 0.550 24 1.1059 871.33
85 1417.51 —276.03 —273.91 —2.5370 0.548 39 1.1057 868.28
90 1387.46 —270.54 —268.38 —2.4738 0.530 22 1.1083 834.70
95 1356.52 —265.03 —262.81 —2.4136 0.514 57 1.1177 800.29
100 1324.43 —259.45 —257.19 —2.3559 0.500 70 1.1334 764.85
105 1290.88 —253.79 —251.47 —2.3001 0.488 24 1.1555 728.15
110 1255.53 —248.01 —245.62 —2.2457 0.477 03 1.1856 689.85
115 1217.87 —242.06 —239.60 —2.1922 0.467 06 1.2261 649.52
120 1177.19 —235.88 —233.33 —2.1389 0.458 47 1.2820 606.52
125 1132.38 —229.39 —226.74 —2.0850 0.451 66 1.3623 559.80
130 1081.51 —222.41 —219.64 —2.0293 0.447 54 1.4878 507.52
135 1020.52 —214.63 —211.69 —1.9694 0.448 45 1.7159 445.83
138.712 962.59 —207.86 —204.74 —1.9186 0.456 53 2.0789 388.26
138.712 166.18 —134.28 —116.23 —1.2805 0.481 87 1.8915 182.24
140 159.47 —132.77 —113.96 —1.2642 0.461 95 1.6572 185.90
145 141.19 —128.20 —106.95 —1.2150 0.416 09 1.2209 197.07
150 128.93 —124.64 —101.37 -1.1772 0.39203 1.0311 205.67
155 119.65 —121.58 —96.508 —1.1453 0.376 69 0.921 56 212.97
160 112.19 —118.83 —92.092 —-1.1172 0.365 89 0.849 39 219.47
165 105.97 —116.29 —87.980 —1.0919 0.357 84 0.797 98 225.40
170 100.64 —113.90 —84.091 —1.0687 0.351 61 0.759 40 230.90
175 95.992 —111.62 —80.372 —1.0471 0.346 64 0.729 37 236.08
180 91.878 —109.44 —76.787 —1.0269 0.342 60 0.705 34 240.99
185 88.197 —107.33 —73.311 —1.0079 0.339 26 0.685 68 245.67
190 84.872 —105.27 —69.925 —0.989 81 0.336 46 0.669 32 250.16
195 81.847 —103.27 —66.614 —-0.97261 0.33409 0.655 51 254.49
200 79.075 —101.30 —63.366 —0.956 17 0.332 06 0.64370 258.67
210 74.161 —97.482 —57.029 —0.92524 0.328 77 0.624 61 266.66
220 69.919 —93.767 —50.860 —0.896 54 0.326 26 0.609 91 274.23
230 66.204 —90.135 —44.821 —0.86970 0.324 29 0.598 28 281.46
240 62.915 —86.570 —38.887 —0.844 44 0.32271 0.588 88 288.39
250 59.976 —83.058 —33.038 —0.820 56 0.32143 0.581 16 295.07
260 57.327 —79.591 —27.259 —0.797 90 0.320 38 0.57472 301.53
270 54.925 —76.160 —21.540 —0.776 31 0.319 50 0.569 28 307.79
280 52.734 —72.760 —15.871 —0.755 69 0.318 76 0.564 65 313.87
290 50.726 —69.387 —10.245 —0.73595 0.31813 0.560 66 319.80
300 48.876 —66.036 —4.6561 —0.71700 0.317 59 0.557 19 325.58
310 47.166 —62.705 0.900 34 —0.698 78 0.317 13 0.554 17 331.23
320 45.579 —59.391 6.4284 —0.681 23 0.316 73 0.551 50 336.75
330 44.102 —56.093 11.931 —0.664 30 0.316 38 0.549 15 342.16
340 42.723 —52.807 17.412 —0.647 94 0.316 07 0.547 05 347.46
350 41.432 —49.534 22.873 —0.63211 0.31579 0.54518 352.67
375 38.537 —41.395 36.452 —0.594 63 0.31523 0.541 28 365.29
400 36.036 —33.306 49.944 —0.559 80 0.314 80 0.538 23 377.41
425 33.850 —25.258 63.368 —0.527 25 0.314 47 0.535 80 389.09
450 31.922 —17.242 76.738 —0.496 68 0.314 20 0.53383 400.38
475 30.207 —9.2522 90.063 —0.467 86 0.31399 0.53221 411.32
500 28.671 —1.2836 103.35 —0.440 60 0.31381 0.530 86 421.95
525 27.287 6.6669 116.61 —0.41472 0.313 66 0.52973 432.29
550 26.033 14.602 129.84 —0.39010 0.31354 0.528 77 442.37
575 24.892 22.525 143.05 —0.366 62 0.31343 0.527 94 452.21
600 23.847 30.437 156.24 —0.344 16 0.31334 0.527 23 461.82
625 22.888 38.338 169.41 —0.32265 0.313 26 0.526 61 471.23
650 22.004 46.232 182.57 —0.30201 0.31319 0.526 07 480.44
675 21.187 54.118 195.71 —-0.28217 0.31313 0.52559 489.47
700 20.429 61.998 208.85 —0.263 06 0.31307 0.52517 498.32
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy Cy Cp w
(K) (kgm™3) (kJkg b (kJkg™h (kJkg 1KY (kI kg 1K™ (kJkg *K™Y (ms™
4.0 MPa isobar
84.789% 1421.41 —276.50 —273.69 —2.5427 0.550 47 1.1027 874.29
85 1420.16 —276.27 —273.45 —2.5400 0.549 62 1.1026 872.90
90 1390.44 —270.82 —267.94 —2.4769 0.53143 1.1042 839.79
95 1359.88 —265.34 —262.40 —2.4170 0.51576 1.1125 805.94
100 1328.25 —259.82 —256.80 —2.3596 0.501 88 1.1266 771.18
105 1295.28 —254.21 —251.12 —2.3042 0.489 39 1.1467 735.31
110 1260.66 —248.50 —245.33 —2.2503 0.478 11 1.1738 698.05
115 1223.95 —242.64 —239.37 —2.1973 0.468 01 1.2100 659.06
120 1184.58 —236.58 —233.21 —2.1449 0.459 18 1.2588 617.83
125 1141.65 —230.25 —226.75 —2.0922 0.451 89 1.3270 573.62
130 1093.72 —223.54 —219.88 —2.0383 0.446 71 1.4279 525.19
135 1038.14 —216.22 —212.37 —1.9816 0.444 99 1.5937 470.27
140 968.76 —207.81 —203.68 —1.9185 0.450 35 1.9268 403.80
145 862.44 —196.53 —191.89 —1.8358 0.483 02 3.1513 306.38
145.70% 838.50 —194.27 —189.49 —1.8193 0.498 10 3.7497 284.49
145.70% 256.92 —142.44 —126.88 —1.3896 0.581 84 4.4472 175.43
150 209.45 —134.47 —115.38 —1.3116 0.461 06 1.8982 193.39
155 183.74 —129.23 —107.46 —1.2597 0.418 28 1.3609 204.64
160 166.99 —125.25 —101.30 —1.2205 0.39518 1.1303 213.25
165 154.53 —121.89 —96.001 —1.1879 0.380 13 0.998 54 220.56
170 144.63 —118.90 —91.238 —1.1595 0.369 38 0.912 27 227.05
175 136.43 —116.16 —86.837 —1.1339 0.361 27 0.851 09 232.98
180 129.46 —113.60 —82.701 —1.1106 0.354 92 0.80533 238.48
185 123.42 —-111.18 —78.767 —1.0891 0.349 83 0.769 79 243.65
190 118.09 —108.86 —74.991 —1.0689 0.345 65 0.74138 248.55
195 113.33 —106.64 —71.344 —1.0500 0.34217 0.718 16 253.22
200 109.05 —104.48 —67.803 —1.0321 0.33923 0.698 84 257.70
210 101.61 —100.34 —60.974 —0.998 74 0.33457 0.668 58 266.18
220 95.328 —96.366 —54.406 —0.968 18 0.33107 0.646 03 274.13
230 89.914 —92.523 —48.037 —0.939 86 0.328 35 0.628 62 281.66
240 85.182 —88.780 —41.822 -0.91341 0.326 20 0.614 83 288.84
250 80.996 —85.116 —35.731 —0.888 54 0.324 47 0.603 67 295.73
260 77.258 —81.517 —29.742 —0.865 05 0.323 05 0.594 47 302.36
270 73.891 —77.970 —23.837 —0.84277 0.321 87 0.586 79 308.77
280 70.839 —74.468 —18.002 —0.82155 0.320 89 0.580 29 314.98
290 68.056 —71.003 —12.228 —0.801 28 0.320 05 0.57474 321.02
300 65.504 —67.570 —6.5049 —0.78188 0.319 34 0.569 95 326.89
310 63.153 —64.165 —0.826 70 —0.763 26 0.318 72 0.565 78 332.62
320 60.980 —60.783 4.8125 —0.745 36 0.318 19 0.562 13 338.21
330 58.962 —57.423 10.417 -0.728 11 0.31772 0.558 91 343.69
340 57.084 —54.080 15.992 -0.711 47 0.317 32 0.556 06 349.04
350 55.329 —50.755 21.540 —0.695 39 0.316 95 0.553 52 354.30
375 51.408 —42.500 35.309 —0.657 39 0.316 21 0.548 24 367.01
400 48.032 —34.316 48.961 -0.62214 0.31565 0.544 14 379.20
425 45.092 —26.185 62.523 —0.589 25 0.31521 0.540 89 390.93
450 42.504 —18.099 76.011 —0.55841 0.314 86 0.538 25 402.25
475 40.207 —10.047 89.439 —0.529 37 0.314 58 0.536 09 413.22
500 38.153 —2.0237 102.82 —0.50192 0.314 34 0.534 30 423.86
525 36.304 5.9752 116.16 —0.47589 0.314 14 0.53279 434.21
550 34.630 13.954 129.46 —0.45113 0.31398 0.531 51 444.30
575 33.108 21.915 142.73 —0.427 53 0.31384 0.53041 454.13
600 31.716 29.862 155.98 —0.404 98 0.31372 0.529 47 463.74
625 30.439 37.796 169.21 —0.38338 0.31361 0.528 65 473.14
650 29.262 45.719 182.42 —0.362 66 0.31352 0.527 93 482.34
675 28.174 53.632 195.61 —0.34275 0.31344 0.527 30 491.35
700 27.166 61.537 208.78 —0.32358 0.313 36 0.526 74 500.20
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkg*K™h (ms™
5.0 MPa isobar
85.037 1422.56 —276.47 —272.95 —2.5424 0.55070 1.0996 877.21
90 1393.36 —271.09 —267.50 —2.4800 0.53263 1.1003 844.78
95 1363.16 —265.65 —261.98 —2.4204 0.51695 1.1075 811.46
100 1331.98 —260.17 —256.41 —2.3633 0.503 06 1.1202 777.34
105 1299.56 —254.62 —250.77 —2.3082 0.490 55 1.1385 742.24
110 1265.61 —248.97 —245.02 —2.2547 0.479 23 1.1630 705.93
115 1229.78 —243.19 —239.13 —2.2023 0.469 03 1.1954 668.13
120 1191.57 —237.24 —233.05 —2.1506 0.460 01 1.2384 628.46
125 1150.27 —231.07 —226.72 —2.0989 0.452 36 1.2969 586.37
130 1104.78 —224.56 —220.04 —2.0465 0.446 45 1.3801 541.00
135 1053.23 —217.59 —212.85 —1.9922 0.443 11 1.5074 490.95
140 991.96 —209.86 —204.81 —1.9338 0.444 18 1.7280 433.54
145 911.68 —200.63 —195.14 —1.8660 0.455 62 2.2213 362.47
150 765.37 —186.33 —179.79 —1.7622 0.526 22 5.1511 248.19
155 292.81 —141.64 —124.56 —1.3984 0.500 79 3.0736 192.82
160 243.26 —133.87 -113.31 —1.3268 0.438 17 1.7602 206.39
165 216.25 —128.79 —105.66 —1.2797 0.408 73 1.3539 215.83
170 197.63 —124.75 —99.454 —1.2426 0.390 55 1.1490 223.58
175 183.46 —121.30 —94.045 —1.2113 0.37791 1.0236 230.36
180 172.07 -118.21 —89.152 —1.1837 0.368 50 0.938 49 236.49
185 162.58 —115.38 —84.622 —1.1589 0.361 20 0.876 70 242.15
190 154.47 —-112.73 —80.361 —-1.1361 0.355 36 0.82973 247.45
195 147.42 —110.23 —76.308 —1.1151 0.350 60 0.792 81 252.44
200 141.19 —107.84 —72.421 —1.0954 0.346 64 0.763 03 257.20
210 130.60 —103.31 —65.029 —1.0593 0.340 46 0.717 97 266.11
220 121.86 —99.049 —58.020 —1.0267 0.33589 0.68557 274.40
230 114.47 —94.970 —51.291 —0.996 79 0.33239 0.661 22 282.20
240 108.10 —91.033 —44.777 —0.969 07 0.329 66 0.642 30 289.60
250 102.52 —87.205 —38.432 —0.943 16 0.327 46 0.627 22 296.66
260 97.577 —83.465 —32.223 —0.918 81 0.32568 0.614 96 303.44
270 93.161 —79.796 —26.126 —0.895 80 0.324 21 0.604 81 309.98
280 89.182 —76.187 —20.122 —0.87396 0.32298 0.596 29 316.29
290 85.571 —72.627 —14.196 —-0.85317 0.32194 0.589 07 322.42
300 82.275 —69.109 —8.3370 —0.83330 0.321 05 0.582 87 328.37
310 79.251 —65.627 —2.5358 —0.814 28 0.32029 0.577 50 334.17
320 76.463 —62.176 3.2153 —0.796 02 0.319 63 0.57282 339.82
330 73.883 —58.752 8.9225 —0.778 46 0.319 05 0.568 71 345.34
340 71.487 —55.352 14.591 —0.76154 0.31854 0.565 08 350.74
350 69.254 —-51.973 20.225 —0.745 20 0.318 10 0.561 85 356.03
375 64.278 —43.603 34.184 —0.706 68 0.317 18 0.55518 368.82
400 60.011 —35.321 47.997 —0.67102 0.316 49 0.550 01 381.06
425 56.305 —27.108 61.694 —0.637 80 0.31594 0.54593 392.83
450 53.050 —18.950 75.300 —0.606 69 0.31551 0.542 63 404.18
475 50.167 —10.837 88.831 —0.57743 0.31516 0.53993 415.16
500 47.592 —2.7591 102.30 —0.549 79 0.314 87 0.537 69 425.81
525 45.278 5.2880 115.72 —0.52361 0.314 62 0.53581 436.17
550 43.184 13.310 129.09 —0.498 72 0.314 42 0.534 22 446.25
575 41.281 21.310 142.43 —0.47500 0.314 24 0.532 85 456.08
600 39.543 29.292 155.74 —0.452 35 0.314 09 0.53168 465.68
625 37.948 37.258 169.02 —0.43067 0.313 96 0.530 66 475.07
650 36.480 45.209 182.27 —0.409 87 0.313 84 0.529 76 484.26
675 35.123 53.149 195.50 —0.389 89 0.31374 0.528 98 493.26
700 33.866 61.078 208.72 —0.37067 0.313 65 0.528 28 502.09
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkg*K™h (ms™
6.0 MPa isobar
85.286 1423.70 —276.44 —272.22 —2.5420 0.550 94 1.0965 880.09
90 1396.23 —271.35 —267.06 —2.4831 0.53383 1.0966 849.67
95 1366.38 —265.95 —261.56 —2.4236 0.518 14 1.1028 816.85
100 1335.62 —260.51 —256.02 —2.3668 0.504 24 1.1142 783.33
105 1303.71 —255.01 —250.41 —-2.3121 0.49171 1.1307 748.95
110 1270.40 —249.43 —244.70 —2.2590 0.480 36 1.1530 713.51
115 1235.38 —243.73 —238.87 —-2.2071 0.470 08 1.1820 676.80
120 1198.22 —237.87 —232.87 —2.1560 0.460 92 1.2202 638.51
125 1158.35 —231.83 —226.65 —2.1052 0.452 99 1.2709 598.23
130 1114.91 —22551 —220.13 —2.0541 0.446 56 1.3408 555.38
135 1066.55 —218.81 —213.19 —2.0017 0.442 15 1.4422 509.04
140 1010.86 —211.54 —205.61 —1.9466 0.44079 1.6020 457.69
145 942.94 —203.32 —196.96 —1.8859 0.445 02 1.8919 398.54
150 849.71 —193.12 —186.06 —1.8121 0.462 89 2.5932 325.58
155 662.69 —175.62 —166.56 —1.6846 0.540 65 6.7737 222.04
160 376.01 —147.77 -131.81 —1.4635 0.507 51 3.8862 200.04
165 301.84 —137.90 —118.02 —1.3785 0.446 02 2.0826 212.11
170 264.31 —131.86 —109.16 —1.3255 0.415 49 1.5393 221.16
175 239.46 —127.24 —102.18 —1.2851 0.396 46 1.2753 228.72
180 221.03 —123.37 —96.230 —1.2515 0.38315 1.1179 235.39
185 206.48 —119.98 —90.918 —1.2224 0.37320 1.0130 241.45
190 194.52 —116.90 —86.051 —1.1964 0.365 46 0.937 85 247.06
195 184.40 —114.05 —81.509 —1.1728 0.359 25 0.88133 252.32
200 175.67 —-111.37 —-77.217 —-1.1511 0.354 17 0.837 27 257.29
210 161.19 —106.41 —69.186 —-1.1119 0.346 37 0.77304 266.56
220 149.55 —101.81 —61.691 —-1.0770 0.340 69 0.728 55 275.11
230 139.87 —97.474 —54.576 —1.0454 0.336 40 0.695 99 283.12
240 131.64 —93.325 —47.745 —1.0163 0.33306 0.67119 290.69
250 12451 —89.322 —41.135 —0.989 33 0.33041 0.65172 297.89
260 118.26 —85.433 —34.698 —0.964 09 0.328 26 0.636 07 304.78
270 112.71 —81.636 —28.404 —0.940 33 0.326 50 0.623 26 311.42
280 107.74 —77.915 —22.226 —0.917 86 0.32503 0.61258 317.81
290 103.25 —74.257 —16.146 —0.896 53 0.32378 0.60358 324.01
300 99.172 —70.651 —10.150 —0.876 20 0.32273 0.59591 330.02
310 95.442 —67.090 —4.2247 —0.856 77 0.32182 0.589 29 335.87
320 92.014 —63.569 1.6389 —0.83815 0.321 04 0.58355 341.57
330 88.851 —60.080 7.4487 —0.820 27 0.320 35 0.57852 347.13
340 85.920 —56.621 13.211 —0.803 07 0.319 75 0.574 09 352.56
350 83.194 —53.188 18.932 —0.786 49 0.319 22 0.570 16 357.88
375 77.140 —44.701 33.080 —0.747 44 0.31814 0.562 07 370.73
400 71.967 —36.321 47.051 —-0.711 37 0.317 31 0.555 83 383.01
425 67.485 —28.026 60.883 —-0.67783 0.316 66 0.550 91 394.80
450 63.558 —19.797 74.605 —0.646 45 0.316 15 0.546 96 406.16
475 60.085 —-11.621 88.237 —-0.616 97 0.31573 0.54372 417.15
500 56.988 —3.4898 101.80 —0.589 15 0.315 39 0.54104 427.80
525 54.207 4.6054 115.29 —0.562 81 0.31510 0.53879 438.15
550 51.694 12.670 128.74 —0.53779 0.314 85 0.536 89 448.23
575 49.411 20.709 142.14 —0.513 96 0.314 64 0.535 26 458.05
600 47.327 28.725 155.50 —0.49121 0.314 46 0.53385 467.64
625 45.417 36.723 168.83 —0.469 44 0.314 31 0.532 64 477.02
650 43.658 44.704 182.14 —0.448 58 0.314 17 0.53157 486.19
675 42.034 52.670 195.41 —0.428 53 0.314 05 0.530 64 495.18
700 40.528 60.623 208.67 —0.409 25 0.31394 0.529 81 503.99
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkg*K™h (ms™
8.0 MPa isobar
85.78% 1425.95 —276.37 —270.76 —2.5413 0.55142 1.0906 885.77
90 1401.82 —271.87 —266.16 —2.4890 0.536 22 1.0897 859.19
95 1372.64 —266.53 —260.71 —2.4300 0.52051 1.0940 827.31
100 1342.66 —261.17 —255.21 —2.3737 0.506 60 1.1031 794.88
105 1311.70 —255.77 —249.67 —2.3196 0.494 05 1.1167 761.80
110 1279.55 —250.29 —244.04 —2.2672 0.482 64 1.1350 727.92
115 1245.97 —244.73 —238.31 —2.2162 0.472 27 1.1587 693.11
120 1210.64 —239.05 —232.44 —2.1663 0.462 90 1.1890 657.17
125 1173.19 —233.22 —226.40 —2.1170 0.454 60 1.2281 619.87
130 1133.05 —227.20 —220.14 —2.0679 0.447 48 1.2794 580.93
135 1089.45 —220.92 —213.58 —2.0184 0.44178 1.3485 539.95
140 1041.20 —214.29 —206.61 —1.9677 0.437 89 1.4456 496.37
145 986.38 —207.16 —199.05 —1.9146 0.436 50 1.5896 449.46
150 921.62 —199.25 —190.57 —1.8572 0.438 88 1.8203 398.37
155 840.50 —190.07 —180.56 —1.7915 0.447 30 2.2279 342.59
160 730.64 —178.63 —167.68 —1.7099 0.464 84 2.9968 284.48
165 585.49 —164.19 —150.53 —1.6044 0.479 01 3.6767 241.35
170 462.68 —151.10 —133.81 —1.5045 0.458 78 2.8723 231.03
175 389.59 —142.12 —121.59 —1.4336 0.43213 2.0872 233.78
180 343.63 —135.64 -112.36 —1.3815 0.411 88 1.6474 238.94
185 311.47 —130.51 —104.82 —1.3402 0.396 85 1.3872 244.44
190 287.21 —-126.19 —98.335 —1.3056 0.38534 1.2187 249.84
195 267.97 —122.40 —92.550 —1.2756 0.376 26 1.1017 255.04
200 252.14 —118.99 —87.267 —1.2488 0.368 94 1.0159 260.02
210 227.27 —112.94 —77.738 —1.2023 0.357 89 0.899 15 269.41
220 208.27 —107.56 —69.148 —1.1623 0.350 00 0.823 65 278.12
230 193.06 —102.63 —61.189 —1.1269 0.344 14 0.77104 286.28
240 180.48 —98.009 —53.681 —1.0950 0.33963 0.732 40 293.98
250 169.81 —93.622 —46.511 —1.0657 0.336 09 0.702 90 301.31
260 160.61 —89.414 —39.603 —1.0386 0.33324 0.679 70 308.31
270 152.55 —85.345 —32.902 —1.0133 0.33091 0.661 03 315.04
280 14541 —81.389 —26.371 —0.989 54 0.32897 0.64570 321.52
290 139.02 —77.525 —19.980 —0.967 12 0.327 35 0.63292 327.78
300 133.26 —73.737 —13.706 —0.945 84 0.32597 0.62213 333.85
310 128.03 —70.015 —7.5318 —0.925 60 0.32479 0.61291 339.75
320 123.26 —66.347 —1.4434 —0.906 27 0.32377 0.604 96 345.50
330 118.87 —62.728 4.5708 —0.887 76 0.322 87 0.598 04 351.10
340 114.83 —59.149 10.520 —0.870 00 0.32209 0.59197 356.56
350 111.08 —55.607 16.413 —0.852 92 0.321 40 0.586 62 361.91
375 102.81 —46.882 30.935 —0.81284 0.320 00 0.57567 374.81
400 95.782 —38.306 45.217 —0.77596 0.31892 0.567 29 387.11
425 89.727 —29.845 59.314 —0.74178 0.318 08 0.560 71 398.92
450 84.444 —21.474 73.263 —0.709 88 0.317 41 0.555 44 410.28
475 79.785 —-13.176 87.094 —0.679 97 0.316 87 0.551 14 421.26
500 75.641 —4.9365 100.83 —0.65179 0.316 41 0.547 59 431.90
525 71.927 3.2542 114.48 —0.62515 0.316 04 0.544 62 442.23
550 68.577 11.404 128.06 —0.599 87 0.31572 0.54211 452.27
575 65.537 19.519 141.59 —0.57583 0.31544 0.539 96 462.07
600 62.766 27.605 155.06 —0.552 89 0.31521 0.53812 471.63
625 60.227 35.665 168.49 —0.53095 0.31500 0.536 51 480.97
650 57.892 43.703 181.89 —0.509 94 0.314 82 0.53511 490.11
675 55.737 51.721 195.25 —0.48976 0.314 66 0.53388 499.06
700 53.741 59.723 208.59 —0.470 37 0.314 51 0.53280 507.84
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkg*K™h (ms™
10.0 MPa isobar
86.27% 1428.17 —276.30 —269.30 —2.5406 0.55191 1.0850 891.32
90 1407.24 —272.37 —265.26 —2.4948 0.53857 1.0834 868.40
95 1378.68 —267.09 —259.84 —2.4362 0.522 85 1.0860 837.35
100 1349.41 —261.80 —254.39 —2.3803 0.508 93 1.0932 805.91
105 1319.31 —256.48 —248.90 —2.3267 0.496 38 1.1043 773.98
110 1288.18 —251.11 —243.34 —2.2750 0.484 94 1.1193 741.46
115 1255.85 —245.66 —237.70 —2.2249 0.474 50 1.1387 708.26
120 1222.08 —240.13 —-231.95 —2.1759 0.465 00 1.1632 674.25
125 1186.59 —234.48 —226.06 —2.1278 0.456 46 1.1941 639.32
130 1149.02 —228.70 —219.99 —2.0802 0.448 93 1.2331 603.33
135 1108.88 —222.72 -213.71 —2.0328 0.442 51 1.2833 566.10
140 1065.51 —216.52 —-207.13 —1.9850 0.437 37 1.3491 527.43
145 1017.97 —210.00 —200.18 —1.9362 0.43376 1.4375 487.14
150 964.88 —203.07 —192.70 —1.8855 0.43203 1.5594 445.10
155 904.29 —195.56 —184.50 —1.8318 0.43257 1.7308 401.58
160 833.57 —187.28 —175.28 —-1.7732 0.43563 1.9700 357.76
165 750.34 —178.02 —164.69 —1.7081 0.440 32 2.2700 316.75
170 656.74 —167.92 —152.69 —1.6364 0.442 68 2.4969 284.47
175 565.80 —157.95 —140.27 —1.5644 0.437 28 2.4108 266.06
180 491.85 —149.31 —128.98 —1.5008 0.425 42 2.0914 259.27
185 436.59 —142.25 —-119.35 —1.4480 0.412 26 1.7724 258.62
190 395.21 —136.43 —-111.13 —1.4041 0.400 30 1.5271 260.68
195 363.25 —131.49 —103.97 —1.3669 0.390 09 1.3477 263.93
200 337.74 —127.18 —97.574 —1.3346 0.38150 1.2152 267.70
210 299.16 —119.81 —86.387 —1.2799 0.368 15 1.0373 275.72
220 270.90 —113.53 —76.611 —1.2344 0.358 48 0.92570 283.74
230 248.97 —107.92 —67.754 —1.1951 0.351 26 0.850 14 291.51
240 231.24 —102.78 —59.538 —1.1601 0.34573 0.79597 298.98
250 216.50 —97.979 —51.790 —1.1284 0.34138 0.755 42 306.16
260 203.96 —93.427 —44.399 —1.0995 0.33790 0.724 04 313.06
270 193.12 —89.070 —37.288 —1.0726 0.33505 0.699 11 319.72
280 183.60 —84.867 —30.401 —1.0476 0.33270 0.678 87 326.15
290 175.16 —80.789 —23.699 —1.0240 0.33072 0.662 16 332.37
300 167.60 —76.814 —17.149 —1.0018 0.329 05 0.648 15 338.42
310 160.78 —72.925 —10.729 —0.98078 0.327 61 0.636 26 344.29
320 154.58 —69.109 —4.4182 —0.96075 0.326 37 0.626 05 350.02
330 148.92 —65.355 1.7971 —0.941 62 0.32529 0.617 22 355.60
340 143.71 —61.655 7.9299 -0.92331 0.324 34 0.609 51 361.05
350 138.90 —58.002 13.990 —0.90574 0.32351 0.602 73 366.38
375 128.34 —49.039 28.878 —0.864 65 0.321 80 0.58893 379.24
400 119.43 —40.267 43.464 —0.826 99 0.320 49 0.57843 391.51
425 111.78 —31.641 57.818 —0.79218 0.31947 0.57022 403.28
450 105.13 —23.129 71.989 —-0.759 78 0.318 65 0.563 67 414.60
475 99.284 —14.709 86.012 —0.729 45 0.317 98 0.558 35 425.54
500 94.094 —6.3627 99.914 —0.70093 0.317 43 0.553 95 436.14
525 89.451 1.9223 113.72 —0.67399 0.316 96 0.550 28 446.42
550 85.268 10.156 127.43 —0.648 47 0.316 57 0.547 18 456.43
575 81.479 18.347 141.08 —0.624 21 0.316 23 0.544 53 466.18
600 78.026 26.500 154.66 —0.601 08 0.31594 0.542 25 475.69
625 74.866 34.622 168.19 —0.578 99 0.31568 0.540 28 484.99
650 71.962 42.716 181.68 —0.557 83 0.315 46 0.538 55 494.09
675 69.283 50.786 195.12 —0.53753 0.315 26 0.537 04 503.00
700 66.802 58.835 208.53 —0.518 03 0.31508 0.53570 511.73
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkg*K™h (ms™
15.0 MPa isobar
87.50¢ 1433.55 —-276.11 —265.64 —2.5388 0.55313 1.0718 904.80
90 1420.10 —273.53 —262.97 —2.5086 0.544 32 1.0696 890.22
95 1392.88 —268.39 —257.62 —2.4508 0.528 55 1.0690 860.99
100 1365.19 —263.26 —252.27 —2.3959 0.514 62 1.0722 831.63
105 1336.90 —258.12 —246.90 —2.3435 0.502 07 1.0785 802.09
110 1307.91 —252.95 —241.48 —2.2931 0.490 61 1.0877 772.32
115 1278.11 —247.75 —236.01 —2.2445 0.480 09 1.0996 742.28
120 1247.38 —242.51 —230.48 —2.1974 0.47042 1.1144 711.95
125 1215.59 —237.20 —224.86 —2.1516 0.46157 1.1325 681.30
130 1182.58 —231.83 —219.15 —2.1067 0.453 51 1.1542 650.35
135 1148.18 —226.38 -213.32 —2.0627 0.446 25 1.1803 619.10
140 1112.18 —220.82 —207.34 —2.0192 0.439 80 1.2117 587.59
145 1074.33 —215.15 —201.19 —-1.9761 0.434 15 1.2492 555.90
150 1034.36 —209.34 —194.83 —1.9330 0.429 33 1.2939 524.14
155 991.98 —203.36 —188.24 —1.8897 0.425 30 1.3466 492.55
160 946.91 —197.20 —181.36 —1.8460 0.422 02 1.4070 461.50
165 899.00 —190.84 —-174.16 —1.8017 0.419 35 1.4731 431.59
170 848.36 —184.30 —166.62 —1.7568 0.417 05 1.5394 403.63
175 795.54 —177.63 —158.78 —1.7113 0.414 76 1.5965 378.57
180 741.72 —170.92 —150.70 —1.6658 0.412 06 1.6317 357.31
185 688.66 —164.30 —142.52 —1.6209 0.408 62 1.6330 340.45
190 638.31 —157.93 —134.43 —1.5778 0.404 32 1.5965 328.08
195 592.22 —151.93 —126.60 —1.5371 0.399 30 1.5295 319.70
200 551.15 —146.38 —119.16 —1.4995 0.393 86 1.4458 314.53
210 483.76 —136.58 —105.57 —1.4331 0.382 87 1.2741 310.70
220 432.48 —128.26 —93.580 —-1.3773 0.37298 1.1307 311.79
230 392.75 —121.04 —82.846 —1.3296 0.364 66 1.0211 315.29
240 361.11 —-114.61 —73.068 —1.2879 0.357 86 0.93848 319.96
250 335.27 —108.75 —64.012 —1.2510 0.35231 0.87542 325.20
260 313.68 —103.33 —55.513 —1.2176 0.34776 0.826 40 330.71
270 295.31 —98.244 —47.450 —-1.1872 0.344 00 0.78754 336.32
280 279.43 —93.418 —39.737 —1.1591 0.340 86 0.756 16 341.94
290 265.52 —88.801 —32.308 —1.1331 0.338 20 0.730 40 347.53
300 253.20 —84.355 —25.115 —1.1087 0.33594 0.708 94 353.06
310 242.20 —80.050 —18.118 —1.0857 0.33399 0.690 84 358.51
320 232.29 —75.863 —11.289 —1.0641 0.33230 0.675 40 363.87
330 223.30 —71.776 —4.6029 —1.0435 0.33083 0.662 11 369.15
340 215.10 —67.775 1.9591 —1.0239 0.32953 0.650 55 374.34
350 207.58 —63.848 8.4130 —1.0052 0.328 38 0.640 44 379.44
375 191.20 —54.297 24.156 —0.96173 0.326 02 0.619 99 391.83
400 177.52 —45.043 39.454 —0.922 23 0.324 20 0.604 54 403.73
425 165.89 —36.013 54.411 —0.88595 0.32277 0.592 54 415.18
450 155.83 —27.157 69.101 —0.852 36 0.32161 0.583 00 426.25
475 147.04 —18.439 83.576 —0.821 06 0.320 67 0.575 26 436.95
500 139.26 —9.8328 97.876 —-0.79172 0.319 88 0.568 90 447.34
525 132.34 —1.3184 112.03 —0.764 09 0.319 22 0.563 59 457.43
550 126.11 7.1196 126.06 —0.73798 0.318 65 0.55911 467.25
575 120.48 15.493 139.99 —-0.71321 0.318 17 0.555 30 476.83
600 115.37 23.812 153.83 —0.689 65 0.31774 0.552 02 486.19
625 110.69 32.084 167.60 —0.667 18 0.317 37 0.54917 495.33
650 106.40 40.314 181.29 —0.645 69 0.317 05 0.546 69 504.29
675 102.44 48.510 194.93 —0.625 10 0.316 76 0.544 51 513.06
700 98.783 56.674 208.52 —0.605 33 0.316 50 0.54258 521.66
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TaeLE 3. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy Cy Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkgtK™h (ms™
20.0 MPa isobar
88.717 1438.74 —275.89 —261.99 —2.5369 0.554 32 1.0599 917.76
90 1432.09 —274.60 —260.63 —2.5216 0.549 85 1.0583 910.63
95 1406.03 —269.57 —255.35 —2.4645 0.534 02 1.0551 882.90
100 1379.63 —264.57 —250.08 —2.4104 0.520 08 1.0554 855.23
105 1352.83 —259.58 —244.79 —2.3589 0.507 52 1.0584 827.58
110 1325.54 —254.58 —239.49 —2.3095 0.496 06 1.0635 799.92
115 1297.70 —249.56 —234.15 —-2.2621 0.48551 1.0707 772.24
120 1269.23 —244.54 —228.78 —2.2163 0.47578 1.0797 744.54
125 1240.06 —239.48 —223.35 —2.1720 0.466 79 1.0906 716.85
130 1210.13 —234.40 —217.87 —2.1290 0.458 51 1.1035 689.18
135 1179.36 —229.27 —212.31 —2.0871 0.450 90 1.1185 661.58
140 1147.67 —224.11 —206.68 —2.0461 0.44394 1.1358 634.14
145 1114.98 —218.89 —200.95 —2.0059 0.437 61 1.1555 606.92
150 1081.22 —213.62 —195.12 —1.9664 0.43188 1.1778 580.04
155 1046.32 —208.29 —189.17 —-1.9274 0.426 69 1.2025 553.66
160 1010.24 —202.89 —183.09 —1.8888 0.422 01 1.2292 527.94
165 972.98 —197.43 —176.88 —1.8505 0.417 76 1.2570 503.14
170 934.63 —191.92 —170.52 —1.8126 0.413 87 1.2845 479.54
175 895.36 —186.37 —164.04 —1.7750 0.410 25 1.3095 457.47
180 855.48 —180.81 —157.44 —1.7378 0.406 80 1.3296 437.27
185 815.44 —175.28 —150.75 —-1.7012 0.403 44 1.3423 419.21
190 775.74 —169.81 —144.03 —1.6653 0.400 07 1.3454 403.50
195 736.99 —164.45 —137.32 —1.6304 0.396 63 1.3379 390.24
200 699.71 —159.25 —130.67 —1.5968 0.39311 1.3195 379.38
210 631.35 —149.44 —117.76 —1.5338 0.38581 1.2562 364.21
220 572.60 —140.54 —105.61 —1.4772 0.378 47 1.1739 355.98
230 523.29 —132.51 —94.289 —1.4269 0.37150 1.0904 352.48
240 482.15 —125.25 —-83.771 —1.3821 0.365 20 1.0151 352.01
250 447.65 —118.63 —73.950 —1.3420 0.359 68 0.950 82 353.46
260 418.42 —112.52 —64.719 —1.3058 0.354 92 0.897 17 356.11
270 393.37 —106.82 —55.977 —1.2728 0.350 83 0.852 63 359.52
280 371.66 —101.45 —47.641 —1.2425 0.347 32 0.81555 363.42
290 352.65 —96.359 —39.646 —1.2144 0.344 30 0.784 48 367.63
300 335.84 —91.487 —31.936 —1.1883 0.341 69 0.758 24 372.04
310 320.85 —86.802 —24.468 —1.1638 0.33942 0.73589 376.56
320 307.38 —82.274 —17.207 —1.1408 0.33742 0.716 70 381.15
330 295.19 —77.879 —10.125 —1.1190 0.33567 0.700 09 385.76
340 284.09 —73.597 —3.1984 —1.0983 0.33412 0.685 60 390.38
350 273.94 —69.415 3.5927 —1.0786 0.33273 0.672 89 394.99
375 251.92 -59.312 20.077 —1.0331 0.329 87 0.647 10 406.38
400 233.64 —49.604 36.000 —0.991 99 0.327 64 0.627 58 417.53
425 218.14 —40.192 51.492 —0.954 42 0.325 86 0.612 38 428.39
450 204.80 —31.011 66.645 -0.91977 0.324 42 0.600 29 438.97
475 193.17 —22.011 81.525 —0.887 59 0.32323 0.590 48 449.27
500 182.91 —13.158 96.183 —0.85751 0.32224 0.58241 459.30
525 173.79 —4.4262 110.66 —0.829 26 0.32140 0.57567 469.09
550 165.60 4.2058 124.98 —0.802 62 0.320 68 0.569 98 478.64
575 158.22 12.754 139.16 —0.777 39 0.320 05 0.565 13 487.97
600 151.51 21.229 153.24 —0.75343 0.31951 0.560 96 497.10
625 145.38 29.644 167.21 —0.73061 0.319 03 0.557 34 506.04
650 139.76 38.005 181.11 —0.708 81 0.318 61 0.554 18 514.80
675 134.58 46.320 194.93 —0.687 95 0.318 23 0.551 40 523.39
700 129.80 54.593 208.68 —0.667 94 0.317 89 0.548 95 531.82
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TaBLE 34. Thermodynamic properties of argon—Continued
Temperature Density Internal energy Enthalpy Entropy c, Cp w
(K) (kgm™3) (kJkg™h (kJkg ™} (kJkg 1KY (kJkgtK™h (kI kg 1K™ (ms™Y
25.0 MPa isobar
89.922 1443.74 —275.66 —258.34 —2.5349 0.555 45 1.0491 930.31
90 1443.35 —275.58 —258.26 —2.5340 0.555 18 1.0490 929.89
95 1418.28 —270.66 —253.03 —2.4774 0.539 26 1.0436 903.42
100 1393.00 —265.77 —247.82 —2.4239 0.525 28 1.0417 877.15
105 1367.44 —260.89 —242.61 —-2.3731 0.51272 1.0422 851.04
110 1341.54 —256.03 —237.40 —2.3246 0.501 26 1.0445 825.08
115 1315.27 —251.17 —232.16 —2.2781 0.490 70 1.0483 799.25
120 1288.56 —246.31 —226.91 —2.2333 0.480 94 1.0535 773.57
125 1261.40 —241.45 —221.63 —2.1902 0.471 88 1.0600 748.05
130 1233.74 —236.57 —216.31 —2.1485 0.463 49 1.0676 722.75
135 1205.54 —231.69 —210.95 —2.1080 0.45571 1.0765 697.69
140 1176.78 —226.79 —205.54 —2.0687 0.448 51 1.0865 672.95
145 1147.43 —221.87 —200.08 —2.0304 0.441 87 1.0977 648.60
150 1117.48 —216.94 —194.56 —1.9930 0.43574 1.1099 624.72
155 1086.91 —211.98 —188.98 —1.9564 0.43008 1.1232 601.41
160 1055.72 —207.01 —183.33 —1.9205 0.424 85 1.1371 578.78
165 1023.96 —202.03 —177.61 —1.8853 0.420 01 1.1512 556.96
170 991.67 —197.03 —171.82 —1.8507 0.41550 1.1650 536.08
175 958.96 —192.03 —165.96 —1.8168 0.411 29 1.1777 516.32
180 925.96 —187.05 —160.05 —1.7834 0.407 32 1.1882 497.81
185 892.86 —182.08 —154.09 —1.7508 0.40357 1.1957 480.71
190 859.88 —-177.17 —148.10 —1.7188 0.399 99 1.1993 465.14
195 827.28 —172.32 —142.10 —1.6877 0.396 55 1.1986 451.16
200 795.31 —167.55 —136.12 —1.6574 0.39323 1.1932 438.81
210 734.22 —158.34 —124.29 —1.5997 0.386 86 1.1687 418.93
220 678.17 —149.66 —112.79 —1.5462 0.380 76 1.1289 404.90
230 628.00 —141.56 —101.75 —1.4971 0.374 95 1.0796 395.73
240 583.83 —134.03 —91.212 —1.4522 0.369 49 1.0273 390.30
250 545.23 —127.05 —81.196 —1.4113 0.364 48 0.976 48 387.63
260 511.55 —120.54 —71.668 —1.3740 0.359 96 0.929 84 386.91
270 482.08 —114.44 —62.582 —1.3397 0.35593 0.888 32 387.59
280 456.16 —108.69 —53.885 —1.3080 0.352 37 0.85192 389.26
290 433.23 —103.23 —45.528 —1.2787 0.349 23 0.820 25 391.63
300 412.80 —98.028 —37.466 —1.2514 0.346 46 0.792 71 394.50
310 394.50 —93.033 —29.662 —1.2258 0.344 01 0.768 75 397.74
320 378.00 —88.219 —22.081 —1.2017 0.341 84 0.747 81 401.23
330 363.03 —83.561 —14.697 —1.1790 0.33990 0.729 45 404.91
340 349.39 —79.038 —7.4848 —1.1574 0.338 17 0.713 28 408.72
350 336.90 —74.632 —0.42508 —1.1370 0.336 62 0.698 96 412.63
375 309.78 —64.038 16.665 —1.0898 0.33338 0.669 60 422.60
400 287.25 —53.919 33.112 —1.0473 0.33082 0.647 12 432.68
425 268.18 —44.158 49.061 —1.0087 0.328 76 0.629 49 44272
450 251.78 —34.676 64.616 -0.97309 0.327 08 0.615 39 452.62
475 237.49 —25.415 79.852 —0.940 13 0.32568 0.603 90 462.37
500 224.90 —16.333 94.828 —0.909 40 0.324 50 0.594 42 471.93
525 213.71 —7.3965 109.59 —0.880 60 0.32350 0.586 48 481.31
550 203.68 1.4178 124.16 —0.85348 0.322 64 0.57976 490.51
575 194.62 10.129 138.58 —0.827 84 0.32189 0.574 02 499.53
600 186.41 18.754 152.87 —0.80351 0.32123 0.569 08 508.38
625 178.91 27.303 167.04 —0.780 37 0.320 65 0.564 78 517.06
650 172.03 35.788 181.11 —0.758 29 0.320 14 0.561 03 525.59
675 165.69 44.215 195.10 —0.737 18 0.31968 0.557 72 533.96
700 159.84 52.594 209.00 —0.716 95 0.319 27 0.554 80 542.19
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TaBLE 34. Thermodynamic properties of argon—Continued

Temperature Density Internal energy Enthalpy Entropy Cy Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kg tK™Y (kIkgtK™h (ms™
50.0 MPa isobar
95.804 1466.52 —274.29 —240.19 —2.5244 0.560 38 1.0063 987.92
100 1448.54 —270.50 —235.99 —2.4814 0.548 47 0.999 45 969.74
105 1427.14 —266.04 —231.00 —2.4328 0.53572 0.99328 948.53
110 1405.76 —261.62 —226.05 —2.3867 0.524 17 0.988 60 927.77
115 1384.38 —257.23 —221.12 —2.3428 0.51357 0.984 94 907.45
120 1362.99 —252.88 —216.20 —2.3010 0.503 75 0.98198 887.55
125 1341.58 —248.57 —211.30 —2.2610 0.494 60 0.97954 868.07
130 1320.15 —244.28 —206.40 —2.2226 0.486 05 0.977 49 849.02
135 1298.71 —240.02 —201.52 —2.1857 0.478 04 0.97573 830.42
140 1277.25 —235.79 —196.65 —2.1503 0.47053 0.974 20 812.28
145 1255.79 —231.59 —191.78 —2.1161 0.463 47 0.972 83 794.61
150 1234.34 —227.43 —186.92 —2.0831 0.456 84 0.97158 777.44
155 1212.91 —223.29 —182.06 —2.0513 0.450 61 0.970 39 760.78
160 1191.50 —219.18 —-177.21 —2.0205 0.444 74 0.969 23 744.66
165 1170.14 —215.10 —172.37 —1.9907 0.439 22 0.968 04 729.09
170 1148.85 —211.06 —167.53 —1.9618 0.434 02 0.966 76 714.08
175 1127.64 —207.04 —162.70 —1.9338 0.429 12 0.965 35 699.65
180 1106.54 —203.07 —157.88 —1.9067 0.424 49 0.963 74 685.82
185 1085.57 —199.13 —153.07 —1.8803 0.420 12 0.961 88 672.59
190 1064.76 —195.22 —148.26 —1.8546 0.41599 0.959 70 659.98
195 1044.13 —191.36 —143.47 —1.8298 0.412 09 0.957 15 647.99
200 1023.71 —187.53 —138.69 —1.8056 0.408 39 0.954 18 636.63
210 983.63 —180.02 —129.18 —1.7592 0.401 59 0.946 84 615.80
220 944.74 —172.69 —119.76 —1.7153 0.395 48 0.93753 597.47
230 907.26 —165.55 —110.44 -1.6739 0.389 99 0.926 34 581.56
240 871.36 —158.62 —101.24 —1.6347 0.38504 0.91352 567.93
250 837.16 —151.90 —92.174 —1.5977 0.380 55 0.899 42 556.40
260 804.73 —145.39 —83.255 —1.5627 0.376 47 0.884 38 546.77
270 774.10 —139.08 —74.489 —1.5297 0.37275 0.868 75 538.85
280 745.27 —132.97 —65.881 —1.4983 0.369 33 0.852 84 532.42
290 718.18 —127.05 —57.432 —1.4687 0.366 19 0.836 90 527.30
300 692.78 —-121.31 —49.142 —1.4406 0.363 30 0.82119 523.31
310 668.97 —-115.75 —41.007 —1.4139 0.360 63 0.805 88 520.31
320 646.68 —110.34 —33.022 —1.3886 0.358 18 0.79113 518.16
330 625.79 —105.08 —25.182 —1.3644 0.35591 0.777 03 516.73
340 606.22 —99.958 —17.479 —1.3414 0.35382 0.763 65 515.91
350 587.86 —94.962 —9.9067 —1.3195 0.351 89 0.75102 515.62
375 546.66 —82.959 8.5053 —1.2687 0.347 66 0.72270 516.72
400 511.19 —71.547 26.264 —1.2228 0.344 14 0.698 69 519.74
425 480.38 —60.614 43.471 —1.1811 0.34119 0.678 40 524.05
450 453.37 —50.074 60.210 —1.1428 0.33869 0.661 22 529.26
475 429.51 —39.857 76.553 —1.1075 0.336 55 0.646 61 535.07
500 408.27 —29.910 92.558 —1.0746 0.334 69 0.634 09 541.31
525 389.22 —20.189 108.27 —1.0439 0.33308 0.62331 547.83
550 372.04 —10.659 123.74 —1.0152 0.331 66 0.613 96 554.54
575 356.44 —1.2941 138.98 —0.98806 0.33041 0.605 81 561.37
600 342.22 7.9297 154.03 —0.96243 0.329 29 0.598 66 568.28
625 329.19 17.031 168.92 —-0.93813 0.328 29 0.592 35 575.22
650 317.19 26.025 183.66 —0.91501 0.327 40 0.586 76 582.18
675 306.11 34.924 198.26 —0.892 96 0.326 59 0.58178 589.14
700 295.84 43.740 212.75 -0.87188 0.325 85 0.577 33 596.07
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Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kI kg tK™Y (kI kgt K™Y (kI kgt K™Y (ms™
75.0 MPa isobar

101.472 1486.55 —272.66 —222.20 —2.5136 0.564 53 0.97593 1038.7

105 1473.22 —269.68 —218.77 —2.4804 0.555 42 0.969 65 1025.7

110 1454.44 —265.51 —213.94 —2.4355 0.543 64 0.962 10 1007.7

115 1435.77 —261.39 —209.15 —2.3928 0.53289 0.955 66 990.21
120 1417.20 —257.31 —204.39 —2.3523 0.522 98 0.949 97 973.20
125 1398.74 —253.27 —199.65 —2.3136 0.51377 0.944 81 956.64
130 1380.38 —249.27 —194.94 —2.2767 0.505 16 0.940 04 940.53
135 1362.13 —245.31 —190.25 —2.2413 0.497 08 0.93554 924.86
140 1343.97 —241.39 —185.58 —2.2073 0.489 48 0.931 26 909.63
145 1325.93 —237.50 —180.93 —2.1747 0.482 33 0.927 15 894.83
150 1307.99 —233.65 -176.31 —2.1434 0.47558 0.92316 880.46
155 1290.17 —229.83 —-171.70 —-2.1131 0.469 21 0.919 28 866.53
160 1272.48 —226.06 -167.12 —2.0840 0.463 20 0.91547 853.04
165 1254.92 —222.31 —162.55 —2.0559 0.45751 0.91172 839.98
170 1237.49 —218.61 —158.00 —2.0287 0.452 13 0.908 01 827.36
175 1220.21 —214.93 —153.47 —2.0025 0.447 05 0.904 32 815.18
180 1203.08 —211.30 —148.96 —-1.9771 0.442 23 0.900 65 803.43
185 1186.11 —207.69 —144.46 —1.9524 0.437 67 0.896 96 792.12
190 1169.31 —204.13 —139.99 —1.9286 0.43335 0.893 25 781.24
195 1152.68 —200.59 —135.53 —1.9054 0.429 25 0.889 50 770.79
200 1136.24 —197.10 —131.09 —1.8829 0.425 36 0.88571 760.76
210 1103.93 —190.21 —122.27 —1.8399 0.418 16 0.87794 741.95
220 1072.46 —183.47 —113.53 —1.7992 0.411 65 0.869 86 724.79
230 1041.87 —176.86 —104.88 —1.7608 0.40576 0.861 44 709.21
240 1012.21 —170.40 —96.305 —1.7243 0.400 42 0.852 67 695.16
250 983.54 —164.08 —87.824 —1.6897 0.395 56 0.843 57 682.55
260 955.88 —157.90 —79.435 —1.6568 0.39113 0.834 20 671.32
270 929.26 —151.85 —71.141 —1.6255 0.387 08 0.824 63 661.36
280 903.67 —145.94 —62.943 —1.5956 0.383 36 0.814 94 652.59
290 879.12 —140.15 —54.842 —1.5672 0.37994 0.805 21 644.90
300 855.60 —134.50 —46.839 —1.5401 0.376 79 0.795 49 638.20
310 833.09 —128.96 —38.932 —1.5141 0.37387 0.785 85 632.40
320 811.56 —123.54 —-31.121 —1.4893 0.37117 0.776 35 627.42
330 790.98 —118.22 —23.404 —1.4656 0.368 66 0.767 03 623.17
340 771.31 —113.02 —15.780 —1.4428 0.366 32 0.757 92 619.59
350 752.53 —107.91 —8.2450 —1.4210 0.364 14 0.749 06 616.60
375 709.16 —95.542 10.216 —1.3700 0.359 29 0.728 13 611.37
400 670.44 —83.689 28.177 —1.3237 0.35517 0.709 09 608.71
425 635.78 —72.278 45.687 —1.2812 0.351 64 0.691 99 608.01
450 604.64 —61.249 62.792 —1.2421 0.348 58 0.676 73 608.81
475 576.55 —50.547 79.537 —1.2059 0.34593 0.663 18 610.75
500 551.11 —40.127 95.963 —-1.1722 0.343 60 0.651 14 613.56
525 527.96 —29.951 112.11 —1.1407 0.34154 0.640 45 617.06
550 506.81 —19.988 128.00 -1.1111 0.33971 0.63093 621.07
575 487.42 -10.211 143.66 —1.0832 0.33808 0.622 44 625.50
600 469.57 —0.59627 159.13 —1.0569 0.336 61 0.614 83 630.24
625 453.08 8.8748 174.41 —1.0320 0.33528 0.608 01 635.22
650 437.80 18.219 189.53 —1.0082 0.334 08 0.601 86 640.40
675 423.59 27.449 204.51 —0.985 62 0.33299 0.596 31 645.73
700 410.35 36.579 219.35 —0.964 02 0.33199 0.591 29 651.18
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Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kI kg tK™Y (kI kgt K™Y (kI kgt K™Y (ms™
100.0 MPa isobar

106.956 1504.62 —270.84 —204.38 —2.5030 0.568 24 0.952 95 1084.1

110 1494.28 —268.41 —201.49 —2.4764 0.56101 0.947 52 1074.3

115 1477.41 —264.46 —-196.77 —2.4344 0.550 03 0.93959 1058.6

120 1460.70 —260.55 —192.09 —2.3946 0.539 95 0.93255 1043.4

125 1444.14 —256.69 —187.45 —2.3567 0.530 62 0.926 12 1028.7

130 1427.71 —252.87 —182.83 —2.3204 0.52192 0.920 14 1014.4

135 1411.43 —249.10 —-178.25 —2.2858 0.51376 0.914 50 1000.5

140 1395.28 —245.36 —173.69 —2.2527 0.506 09 0.909 11 987.00
145 1379.28 —241.66 —169.15 —2.2209 0.498 85 0.903 94 973.91
150 1363.42 —237.99 —164.65 —2.1903 0.492 02 0.898 93 961.21
155 1347.70 —234.36 —160.16 —2.1609 0.485 56 0.894 07 948.89
160 1332.13 —230.77 —155.71 —2.1326 0.479 44 0.889 34 936.96
165 1316.71 —227.22 —151.27 —2.1053 0.473 64 0.884 71 925.39
170 1301.44 —223.70 —146.86 —2.0790 0.468 14 0.880 18 914.20
175 1286.32 —220.21 —142.47 —2.0535 0.462 93 0.87574 903.37
180 1271.36 —216.76 —138.10 —2.0289 0.457 98 0.87138 892.89
185 1256.56 —213.34 —133.75 —2.0051 0.453 28 0.867 08 882.77
190 1241.92 —209.95 —129.43 —1.9820 0.448 81 0.862 85 873.00
195 1227.44 —206.60 —125.13 —1.9596 0.444 56 0.858 67 863.57
200 1213.13 —203.27 —120.84 —1.9380 0.440 52 0.854 53 854.48
210 1185.02 —196.73 -112.34 —1.8965 0.43301 0.846 38 837.28
220 1157.61 —190.30 —103.91 —1.8573 0.426 18 0.838 34 821.35
230 1130.92 —184.00 —95.571 —1.8202 0.419 97 0.830 39 806.65
240 1104.95 —-177.81 —87.307 —1.7850 0.414 31 0.82250 793.12
250 1079.72 —-171.74 —79.121 —1.7516 0.409 13 0.814 65 780.71
260 1055.24 —165.78 —71.014 —1.7198 0.404 38 0.806 84 769.35
270 1031.51 —159.93 —62.984 —1.6895 0.400 01 0.799 07 759.00
280 1008.54 —154.19 —55.032 —1.6606 0.395 99 0.791 35 749.60
290 986.31 —148.55 —47.157 —1.6329 0.392 28 0.78370 741.08
300 964.82 —143.00 —39.358 —1.6065 0.388 85 0.776 13 733.39
310 944.07 —137.56 —31.634 —1.5812 0.385 66 0.768 65 726.46
320 924.03 —132.21 —23.985 —1.5569 0.38270 0.761 29 720.25
330 904.70 —126.94 —16.408 —1.5336 0.37995 0.754 07 714.70
340 886.05 —121.76 —8.9027 —-1.5112 0.377 37 0.746 99 709.76
350 868.07 —116.67 —1.4675 —1.4896 0.374 96 0.740 07 705.38
375 825.88 —104.26 16.825 —1.4391 0.369 57 0.72351 696.60
400 787.37 —92.287 34.717 —1.3929 0.364 95 0.708 10 690.42
425 752.20 —80.704 52.239 —1.3504 0.360 94 0.693 86 686.35
450 720.02 —69.465 69.421 -1.3111 0.357 44 0.680 81 683.98
475 690.52 —58.529 86.290 —1.2747 0.354 37 0.668 89 682.97
500 663.41 —47.862 102.87 —1.2406 0.351 65 0.658 05 683.08
525 638.44 —37.433 119.20 —1.2088 0.349 23 0.648 18 684.08
550 615.37 —27.214 135.29 —1.1788 0.347 06 0.639 22 685.80
575 594.00 —17.183 151.17 —1.1506 0.34511 0.631 08 688.13
600 574.15 —7.3194 166.85 —1.1239 0.343 35 0.623 68 690.94
625 555.67 2.3949 182.36 —1.0986 0.34175 0.616 93 694.14
650 538.42 11.975 197.70 —1.0745 0.340 30 0.61078 697.68
675 522.29 21.435 212.90 —1.0516 0.33896 0.605 15 701.49
700 507.15 30.786 227.96 —1.0296 0.33774 0.600 00 705.52
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Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg K™ (kI kgt K™Y (kIkg*K™h (ms™
200.0 MPa isobar
127.446 1564.82 —262.54 —134.73 —2.4643 0.579 82 0.897 21 1231.6
130 1558.46 —260.77 —132.44 —2.4465 0.57514 0.89337 1226.2
135 1546.14 —257.35 —127.99 —2.4129 0.566 47 0.886 28 1215.9
140 1533.98 —253.96 —123.58 —2.3808 0.558 36 0.879 61 1205.9
145 1521.96 —250.61 —119.20 —2.3500 0.55073 0.87328 1196.2
150 1510.08 —247.29 —114.84 —2.3205 0.54352 0.867 22 1186.8
155 1498.35 —244.00 —110.52 —2.2922 0.536 69 0.861 40 1177.6
160 1486.75 —240.75 —106.23 —2.2649 0.530 20 0.85578 1168.8
165 1475.29 —237.53 —101.96 —2.2387 0.524 03 0.850 35 1160.1
170 1463.97 —234.34 —97.726 —2.2134 0.518 15 0.84509 1151.8
175 1452.78 —231.18 —93.514 —2.1889 0.51254 0.83998 1143.6
180 1441.72 —228.05 —89.326 —2.1653 0.507 18 0.83502 1135.7
185 1430.80 —224.95 —85.163 —2.1425 0.502 06 0.830 20 1128.1
190 1420.00 —221.87 —81.024 —2.1205 0.497 17 0.82552 1120.6
195 1409.33 —218.82 —76.908 —2.0991 0.492 49 0.820 96 1113.4
200 1398.79 —215.80 —72.814 —2.0783 0.488 01 0.816 52 1106.3
210 1378.08 —209.82 —64.692 —2.0387 0.479 60 0.807 98 1092.9
220 1357.85 —203.94 —56.653 —2.0013 0.471 86 0.799 87 1080.2
230 1338.10 —198.16 —48.693 —1.9659 0.464 73 0.792 15 1068.2
240 1318.82 —192.46 —40.809 —1.9324 0.458 15 0.784 79 1056.9
250 1299.99 —186.84 —32.996 —1.9005 0.452 05 0.77776 1046.3
260 1281.61 —181.31 —25.253 —1.8701 0.446 40 0.77103 1036.2
270 1263.67 —175.84 —17.575 —1.8411 0.441 15 0.764 58 1026.8
280 1246.14 —170.46 —9.9603 —1.8134 0.436 26 0.758 39 1017.9
290 1229.04 —165.14 —2.4064 —1.7869 0.43171 0.752 43 1009.5
300 1212.34 —159.88 5.0890 —1.7615 0.427 45 0.746 70 1001.6
310 1196.03 —154.69 12.528 —-1.7371 0.423 46 0.74116 994.23
320 1180.11 —149.56 19.913 —1.7137 0.41972 0.73582 987.27
330 1164.57 —144.49 27.245 —1.6911 0.416 21 0.730 66 980.73
340 1149.39 —139.48 34.527 —1.6694 0.41291 0.72567 974.58
350 1134.57 —134.52 41.759 —1.6484 0.409 79 0.720 83 968.82
375 1099.03 —122.34 59.635 —1.5991 0.402 75 0.709 38 955.94
400 1065.54 —110.46 77.235 —1.5536 0.396 60 0.698 76 945.02
425 1033.95 —98.854 94.579 —1.5116 0.391 20 0.688 88 935.81
450 1004.14 —87.490 111.68 —1.4725 0.386 40 0.679 67 928.10
475 975.99 —76.352 128.57 —1.4359 0.38213 0.671 09 921.70
500 949.38 —65.420 145.24 —1.4017 0.378 29 0.663 07 916.45
525 924.20 —54.677 161.73 —1.3696 0.374 83 0.65558 912.20
550 900.36 —44.107 178.03 —1.3392 0.371 69 0.648 57 908.82
575 877.75 —33.698 194.16 —1.3105 0.368 83 0.642 02 906.23
600 856.29 —23.435 210.13 —1.2834 0.366 22 0.635 89 904.31
625 835.90 —13.308 225.96 —1.2575 0.363 82 0.630 14 902.99
650 816.50 —3.3061 241.64 —1.2329 0.361 61 0.624 76 902.20
675 798.03 6.5799 257.20 —1.2094 0.359 57 0.61971 901.88
700 780.42 16.359 272.63 —1.1870 0.357 68 0.614 98 901.97
400.0 MPa isobar
163.733 1655.34 —243.54 —1.8964 —2.4038 0.591 90 0.847 80 1449.3
165 1653.18 —242.78 —0.82293 —2.3973 0.590 24 0.846 43 1447.7
170 1644.71 —239.81 3.3959 —-2.3721 0.583 87 0.84114 1441.7
175 1636.33 —236.86 7.5887 —2.3478 0.57778 0.836 01 1435.8
180 1628.05 —233.94 11.756 —2.3243 0.57194 0.83104 1430.1
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Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg*K™h (kI kg K™Y (kIkg*K™ (ms™
400.0 MPa isobar
185 1619.87 —231.03 15.899 —2.3016 0.566 34 0.826 21 1424.4
190 1611.77 —228.16 20.019 —2.2796 0.560 95 0.82151 1419.0
195 1603.77 —225.30 24.115 —2.2584 0.55577 0.816 94 1413.6
200 1595.85 —222.46 28.188 —2.2377 0.550 79 0.812 49 1408.4
210 1580.28 —216.85 36.270 —2.1983 0.541 36 0.803 95 1398.3
220 1565.05 —-211.31 44.269 —-2.1611 0.532 60 0.795 85 1388.7
230 1550.14 —205.85 52.188 —2.1259 0.524 43 0.788 16 1379.5
240 1535.54 —200.46 60.033 —2.0925 0.516 81 0.780 87 1370.7
250 1521.25 —195.14 67.807 —2.0608 0.509 68 0.77394 1362.3
260 1507.24 —189.87 75.513 —2.0305 0.50301 0.767 35 1354.3
270 1493.52 —184.67 83.155 —2.0017 0.496 75 0.761 09 1346.6
280 1480.07 —179.52 90.736 -1.9741 0.490 88 0.75512 1339.2
290 1466.89 —174.43 98.258 —1.9477 0.485 35 0.749 43 1332.2
300 1453.96 —169.39 105.73 —1.9224 0.480 15 0.744 00 1325.5
310 1441.27 —164.39 113.14 —1.8981 0.475 25 0.738 81 1319.1
320 1428.83 —159.45 120.50 —1.8747 0.470 61 0.73385 1312.9
330 1416.62 —154.55 127.82 —1.8522 0.466 23 0.729 09 1307.1
340 1404.64 —149.69 135.08 —1.8305 0.462 08 0.724 52 1301.4
350 1392.87 —144.87 142.31 —1.8096 0.458 15 0.720 13 1296.0
375 1364.38 —132.99 160.18 —1.7603 0.449 16 0.709 87 1283.5
400 1337.13 —121.34 177.81 —-1.7147 0.44121 0.700 49 1272.2
425 1311.04 —109.89 195.21 -1.6725 0.434 13 0.691 88 1262.1
450 1286.05 —98.623 212.41 —1.6332 0.42778 0.68391 1253.0
475 1262.07 —87.528 229.41 —1.5964 0.422 07 0.676 51 1244.9
500 1239.05 —76.589 246.24 —1.5619 0.416 89 0.669 62 1237.5
525 1216.94 —65.795 262.90 —1.5294 0.412 18 0.663 17 1231.0
550 1195.69 —55.137 279.40 —1.4987 0.407 87 0.657 12 1225.1
575 1175.23 —44.603 295.76 —1.4696 0.40391 0.65143 1219.8
600 1155.53 —34.187 311.97 —1.4420 0.400 26 0.646 06 1215.1
625 1136.55 —23.881 328.06 —1.4157 0.396 89 0.641 00 1210.9
650 1118.25 —13.677 344.03 —1.3907 0.39377 0.636 22 1207.2
675 1100.58 —3.5696 359.87 —1.3668 0.390 86 0.631 68 1203.9
700 1083.53 6.4472 375.61 —1.3439 0.388 15 0.627 39 1201.0
600.0 MPa isobar
196.146 1725.55 —223.25 124.46 —2.3586 0.597 38 0.823 86 1619.9
200 1720.38 —221.12 127.64 —2.3426 0.593 40 0.820 54 1616.6
210 1707.18 —215.66 135.80 —2.3028 0.58354 0.812 19 1608.3
220 1694.24 —210.26 143.88 —2.2652 0.574 30 0.804 22 1600.3
230 1681.56 —204.93 151.88 —2.2296 0.565 63 0.796 60 1592.6
240 1669.13 —199.66 159.81 —2.1958 0.557 49 0.789 34 1585.2
250 1656.93 —194.44 167.67 —2.1638 0.549 82 0.78241 1578.1
260 1644.96 —189.29 175.46 —2.1332 0.542 60 0.77581 1571.2
270 1633.22 —184.18 183.19 —2.1040 0.53579 0.769 51 1564.6
280 1621.68 —179.13 190.85 —2.0762 0.529 36 0.76351 1558.3
290 1610.36 —-174.13 198.46 —2.0495 0.523 29 0.757 78 1552.1
300 1599.23 —169.17 206.01 —2.0239 0.51754 0.752 32 1546.3
310 1588.29 —164.26 213,51 —1.9993 0.51210 0.747 10 1540.6
320 1577.54 —159.39 220.95 —1.9757 0.506 94 0.74211 1535.1
330 1566.97 —154.55 228.35 —1.9529 0.502 04 0.73733 1529.8
340 1556.58 —149.76 235.70 —1.9309 0.497 38 0.73276 1524.7
350 1546.35 —145.00 243.01 —1.9098 0.492 96 0.728 37 1519.8
375 1521.49 —133.26 261.09 —1.8599 0.48278 0.718 16 1508.3
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Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg*K™h (kI kg K™Y (kIkg*K™ (ms™
600.0 MPa isobar
400 1497.59 —-121.72 278.92 —1.8138 0.47372 0.708 88 1497.8
425 1474.58 —110.36 296.54 -1.7711 0.465 60 0.700 40 1488.2
450 1452.41 —99.160 313.95 —-1.7313 0.458 29 0.692 60 1479.3
475 1431.02 —88.110 331.17 —1.6940 0.451 66 0.685 38 1471.2
500 1410.37 —77.199 348.22 —1.6591 0.445 64 0.678 68 1463.8
525 1390.42 —66.416 365.11 -1.6261 0.44013 0.672 42 1457.0
550 1371.13 —55.751 381.85 —1.5950 0.43507 0.666 56 1450.7
575 1352.46 —45.197 398.44 —1.5655 0.43041 0.661 05 1445.0
600 1334.38 —34.745 414.90 —1.5374 0.426 10 0.655 85 1439.7
625 1316.87 —24.391 431.23 —1.5108 0.422 10 0.650 94 1434.9
650 1299.89 —14.127 447.45 —1.4853 0.418 38 0.646 28 1430.4
675 1283.42 —3.9489 463.55 —1.4610 0.41491 0.641 86 1426.4
700 1267.44 6.1484 479.54 —1.4377 0.411 66 0.637 66 1422.6
800.0 MPa isobar
226.006 1784.00 —202.47 245.96 —2.3227 0.600 62 0.809 24 1763.9
230 1779.52 —200.37 249.19 —2.3086 0.597 14 0.806 29 1761.3
240 1768.42 —-195.17 257.22 —2.2744 0.588 76 0.799 12 1754.8
250 1757.53 —190.01 265.17 —2.2419 0.580 82 0.792 23 1748.5
260 1746.83 —184.91 273.06 —2.2110 0.573 30 0.78563 1742.4
270 1736.32 —179.86 280.89 —2.1814 0.566 17 0.779 31 1736.5
280 1725.98 —174.86 288.65 —2.1532 0.55941 0.773 26 1730.8
290 1715.82 —169.90 296.35 —2.1262 0.553 00 0.767 47 1725.3
300 1705.83 —164.98 304.00 —2.1003 0.546 90 0.76193 1720.0
310 1696.00 —160.11 311.59 —2.0754 0.54111 0.756 64 1714.8
320 1686.32 —155.27 319.13 —2.0514 0.535 60 0.75157 1709.8
330 1676.80 —150.48 326.62 —2.0284 0.530 36 0.746 71 1704.9
340 1667.42 —145.72 334.07 —2.0061 0.525 36 0.742 06 1700.3
350 1658.19 —140.99 341.46 —1.9847 0.520 60 0.737 61 1695.7
375 1635.69 —129.32 359.77 —1.9342 0.509 60 0.727 24 1685.0
400 1614.00 —-117.83 377.83 —1.8875 0.499 76 0.717 84 1675.1
425 1593.04 —106.51 395.67 —1.8443 0.49091 0.709 28 1665.9
450 1572.79 —95.347 413.30 —1.8040 0.482 90 0.701 44 1657.4
475 1553.18 —84.323 430.75 —1.7662 0.475 62 0.694 21 1649.6
500 1534.19 —73.428 448.02 —1.7308 0.468 98 0.687 52 1642.3
525 1515.78 —62.652 465.13 -1.6974 0.462 89 0.68129 1635.5
550 1497.92 —51.986 482.09 —1.6659 0.457 29 0.67547 1629.3
575 1480.58 —41.422 498.91 —1.6360 0.45211 0.670 00 1623.5
600 1463.74 —30.954 515.59 -1.6075 0.447 31 0.664 86 1618.1
625 1447.37 —20.575 532.15 —1.5805 0.442 85 0.660 00 1613.0
650 1431.45 —10.281 548.59 —1.5547 0.438 69 0.655 40 1608.4
675 1415.96 —0.065 45 564.92 —1.5301 0.434 80 0.651 02 1604.1
700 1400.88 10.075 581.15 —1.5065 0.43116 0.646 86 1600.0
254.027 1834.58 —181.47 363.61 —2.2930 0.602 96 0.799 12 1889.9
260 1828.75 —178.45 368.37 —2.2744 0.598 43 0.79523 1886.6
270 1819.10 —-173.43 376.30 —2.2445 0.591 13 0.788 91 1881.2
280 1809.62 —168.45 384.15 —2.2159 0.584 18 0.78283 1876.0
290 1800.29 —163.51 391.95 —2.1886 0.57755 0.776 99 1870.9
300 1791.11 —158.62 399.69 —2.1623 0.57123 0.77139 1866.0
310 1782.07 —153.76 407.38 —-2.1371 0.565 21 0.766 01 1861.1
320 1773.16 —148.95 415.02 —2.1129 0.559 46 0.760 86 1856.5
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Temperature Density Internal energy Enthalpy Entropy (o Cp w
(K) (kgm™3) (kI kg™ (kI kg™ (kIkg*K™h (kI kg K™Y (kIkg*K™ (ms™
1000.0 MPa isobar
330 1764.39 —144.17 422.60 —2.0896 0.55397 0.75591 1851.9
340 1755.75 —139.42 430.13 —2.0671 0.54873 0.75117 1847.5
350 1747.23 —-134.71 437.62 —2.0454 0.54372 0.746 62 1843.3
375 1726.45 —-123.07 456.15 —1.9942 0.53212 0.736 03 1833.1
400 1706.37 —111.60 474.43 —1.9470 0.521 69 0.726 44 1823.7
425 1686.94 —100.31 492.48 —1.9032 0.512 27 0.71772 1814.9
450 1668.11 —89.154 510.33 —1.8624 0.50373 0.709 74 1806.7
475 1649.85 —78.139 527.98 —1.8243 0.495 95 0.702 41 1799.0
500 1632.13 —67.248 545.45 —1.7884 0.488 83 0.695 65 1791.9
525 1614.90 —56.470 562.76 —1.7546 0.482 29 0.689 37 1785.2
550 1598.16 —45.799 579.92 —1.7227 0.476 26 0.68352 1779.0
575 1581.86 —35.225 596.94 —1.6924 0.470 68 0.678 05 1773.2
600 1566.00 —24.743 613.83 —1.6637 0.465 50 0.672 90 1767.8
625 1550.54 —14.346 630.59 —1.6363 0.460 67 0.668 05 1762.7
650 1535.48 —4.0286 647.23 —1.6102 0.456 16 0.663 47 1757.9
675 1520.79 6.2133 663.76 —1.5852 0.451 95 0.659 12 1753.5
700 1506.46 16.384 680.19 —1.5614 0.447 99 0.654 98 1749.3

aMelting temperature.
PSaturation temperature.
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