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In a preceding project, functional forms for “short” Helmholtz energy equations of state for typical nonpolar and
weakly polar fluids and for typical polar fluids were developed using simultaneous optimization. In this work,
the coefficients of these short forms for the equations of state have been fitted for the fluids acetone, carbon
monoxide, carbonyl sulfide, decane, hydrogen sulfide, 2-methylbutane (isopentane), 2,2-dimethylpropane
(neopentane), 2-methylpentane (isohexane), krypton, nitrous oxide, nonane, sulfur dioxide, toluene, xenon,
hexafluoroethane (R-116), 1,1-dichloro-1-fluoroethane (R-141b), 1-chloro-1,1-difluoroethane (R-142b), octafluo-
ropropane (R-218), 1,1,1,3,3-pentafluoropropane (R-245fa), and fluoromethane (R-41). The 12 coefficients of
the equations of state were fitted to substance specific data sets. The results show that simultaneously optimized
functional forms can be applied to other fluids out of the same class of fluids for which they were optimized
without significant loss of accuracy. The high numerical stability of the functional forms resulted in successful
fits for fluids that previously could not be described by accurate empirical equations of state. For R-41, it is
shown that the accuracies can be increased further by fitting the temperature exponents in addition to the coefficients
of the equation of state, provided that highly accurate experimental data are available. Typical uncertainties of
properties calculated using the new equations are 0.2 % in dehgityto 2 % inheat capacity and liquid-phase

speed of sound, and 0.2 % in vapor pressure. Where data are available, uncertainties in vapor-phase sound speeds
are generally less than 0.1 %.

Introduction outlined by Span et al. (2001) and Lemmon and Jacobsen

The equations developed for calculating the thermodynamic (2005). Most of these fluids are fully characterized over the
properties of pure fluids have progressed over the years fromentire fluid surface by measurements, quite often with multiple
simple cubic and virial equations of state to Beatf&xidgeman  Publications for a single property over similar ranges of
and Benedict Webb—Rubin (BWR) (1940) equations and then ~temperature and pressure. Jacobsen et al. (2000) and Span et
to the modified BWR (MBWR) equation and the fundamental al. (2001) reviewed the development and history of these
equation of state explicit in the Helmholtz energy. Although €guations. . .
the MBWR can be converted to the Helmholtz energy form, ~ The present work addresses the need for technical equations
many equations developed in the Helmholtz energy form have of state suited for advanced technical applications, such as
advantages in terms of accuracy and simplicity. Most modern, Process calculations including caloric properties, for these
high-accuraoy equations of state for pure fluid properties are add!tlonal fluids Whl?re state-of-the-art 'mFT‘asurementS ar.e not
fundamental equations explicit in the Helmholtz energy as a ava_llable_ and for which very I_ow uncertainties are not required.
function of density and temperature. All single-phase thermo- Unlike highly accurate equations, which generally use 20 to 50
dynamic properties can be calculated as derivatives of the fluid-specific terms to describe densities to the order of (0.01
Helmholtz energy. The location of the saturation boundaries 0 0.1) %, technical equations are shorter and often use fixed
requires an iterative solution of the physical constraints on functional forms (a fixed functional form_ means that the number
saturation (the so-called Maxwell criterion, i.e., equal pressures Of terms and the temperature and density exponents are the same
and Gibbs energies at constant temperature during phasdor all fluids, and only the coefficients are modified) to
changes), as is required with any form of the equation of state characterize the fIUIqI properties. Examples include those of
for thermodynamic Consistency. Bender (1970), Star“ng (1973), Polt (1987), and Platzer and

During the past 20 years or so, many of the industrial Maurer (1989). More recently, Span and Wagner (2689a
equations of state for fluids such as nitrogen, carbon dioxide, developed two 12-term fundamental equations with fixed
R-134a, and water have been replaced with high-accuracny”Ct'Ona| forms—on_e for nonpolar or slightly polar substances
fundamental equations of state developed from fitting state-of- and one for polar fluids. Accurate data sets were used to develop
the-art experimental measurements for density, phase equilib-the fu_nctional form and to assess the accuracy of the resulting
rium, heat capacity, and speed of sound. There are about 30equations of state. Thus, Span and Wagner concentrated on

fluids that fit into this category, many of which have been representing fluid properties for substances already described
with high-accuracy equations of state. Although the new

* Corresponding author. E-mail: EricL@boulder.nist.gov. technical equations suffer from a slight loss in accuracy, their
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Table 1. Allowable Uncertainties in the Technical Equations of Span and Wagner (2003&)

saturated saturated
density speed of sound heat capacities vapor pressure  liquid density vapor density
p = 30 MPa 0.2% 1%to2% 1%to29% 0.2% 0.2% 0.4 %

p > 30 MPa 0.5% 2% 2%
a2 % at liquid states and at supercritical states with higher densjties@.5 pc), 1 % atgaseous and gas-like supercritical states.

shorter forms allow for faster computatiergom 2 to 10 times and thus its ability to accurately represent a fluid’s properties,

faster depending on the number of terms in other equations andits rigid shape becomes more applicable to substances with

on the use of special terms for increasing the accuracies in thelimited data and thus becomes a tool to fill in gaps in the

critical region. thermodynamic surface, a key feature in modeling some of the
In this work, we build on the work of Span and Wagner fluids presented in this work.

(2003a-c) to substantially increase the number of fluids The objective of Span and Wagner in the development of
described by technical equations of state for industrial applica- echnical equations was the development of the best functional
tions. For several fluids, the new equations presented here argqo iy (or forms) that considered the data for all substances fitted
the first attempt to depict the fluid's properties with multipa- g itaneously, not the determination of a functional form that

rameter equations. For _other fluids, the new equations replacebest fits the data. Thus, two forms were developed with the
olde_r ones, many of Wh'Ch were presented by Polt (1987) with expectation that coefficients could be fitted for most fluids using
modified BWR functional forms or which used an extended gjher the nonpolar or the polar equation. In their work, the

corresponding states technique (Hl.Jber _and Ely, 1994). The nonpolar form was used to describe the properties of the normal
extended corresponding states technique is capable of character

i he full fluid surface: h o ionall alkanes from methane to octane as well as the fluids argon,
izing the full fluid surface; however, it Is computationally o, aen nitrogen, isobutane, cyclohexane, and sulfur hexafluo-
intensive and sometimes yields poor results in the vapor phase.ride_ Ethylene was included to ensure that the nonpolar form
Many of the older equations showed unphysical behavior such

8 o was capable of representing weakly polar fluids as well. The
as calculated negative heat capacities at low temperatures. Som@.ia sets for nitrogen and pentane were not included in the

of the .equat.ions exhibit physically impossiple behavior in. development of the functional form but were used to test the
accerz]ss[blei\ bS|rr:gI§-phaselzo reglob?s 0{. the Tll:'d Sun(glcle'bTh'ztransferability to other fluids. The polar form was used for the
unphysical behavior can be probiematic In mixture models base refrigerants trichlorofluoromethane (R-11), dichlorodifluoro-

on the pure fluid equations of state. . :
; . . methane (R-12), chlorodifluoromethane (R-22), difluoromethane
Polt (1987) published equations of state for carbon monoxide, (R-32), 1,&,2-tri<):hl oro-1,2,2-trifluoroeth an(e (R-1)13), 2 2-dichloro-

B 0 e o i e secpanane L L ficrothan (123), pentafooetane (R125) 1112
) put d P ! PENaNe o afluoroethane (R-134a), 1,1,1-trifluoroethane (R-143a), and
and toluene. Equations of state for krypton and sulfur dioxide

; . o 1,1-difluoroethane (R-152a) along with the fluids ethylene,
are given in the publications of Polt and Maurer (1992) and _y ; i X
Starling (1973). The equations of Polt (published in all three carbon dioxide, and ammonia. The data sets for R-11 and R-113

works) are based on the Bender equation of state (1970). This/'¢"€ not included in the development OT .the functiona[ form

; o g . _but were also used to test the transferability to other fluids for
equation of state uses a pressure explicit extended virial equatlor;[he olar form. The new form was able to represent the
with 20 terms modified from the BWR (Benedict et al., 1940) POt : . . P

: : rpropemes of the polar fluid ammonia; however, attempts to
equation. Sakoda and Uematsu (2004) reported equations fo describe water as well with these equations were unsuccessful
hydrogen sulfide and isopentane. Juza and Sifner (1976) q _ ’
published an equation for krypton, and Sifner and Klomfar probably due to the strong effects of association.
(1994) published an equation for xenon. These equations are Uncertainties of calculated properties from the equations
piecewise Helmholtz energy equations of state and do not fit reported here are somewhat greater than those of state-of-the-
into the standard form commonly used today. An equation of art measurements of the specific properties. The 12-parameter
state for R-41 is available in the open literature, although the Span and Wagner equations fulfill the accuracy requirements
source is difficult to obtain (Haynes, 1996) and the equation is Of most technical applications and show the desired numerical
valid only down to 175 K. Previous equations of state are stability. Table 1 lists the target uncertainty levels of these
available for carbon monoxide by Goodwin (1985) and for equations, with higher uncertainties expected in the critical
toluene by Goodwin (1989); however, these equations do not region (which is generally within 30 % of the critical density
use the standard Helmholtz energy form and require specialand up to 5 % of theeritical temperature). Data at pressures
computer code to implement. Cibulka and Hnedkovsky (1996) above 100 MPa were not always considered due to their very
reviewed the thermal properties of nonane and decane andlimited technical importance. The uncertainties given in Table
reported Tait equations for both fluids, and Cibulka and Takagi 1 were used as guides in this work. However, not all of the
(1999) reported similar information for toluene. equations could be fitted within these limits due to higher

The technical equations of Span and Wagner (26@3avere uncertainties in the measurements for particular fluids. In

developed with much foresight into the proper behavior of an general, accurate thermal dagp{ in the liquid and second
equation of state. They extrapolate properly at low temperaturesvirial coefficients for the vapor) over various areas of the fluid
(as demonstrated by the curvature of the isobaric and isochoricsurface along with vapor pressures were required for each fluid
heat capacities and the speed of sound) and at high temperaturet® obtain the desired uncertainties. The availability of caloric
(as demonstrated by the ideal curves). In addition, the numberinformation for a particular fluid decreased the uncertainties in
of terms in the equations (12 each) was kept to a minimum, the final equations. All of the equations were constrained (i.e.,
thus decreasing the correlation among terms and the possibilityby fixing the first and second derivatives of pressure with respect
of overfitting. Span and Wagner demonstrated the correlation to density to be near zero at the selected critical point) such
among the 19 terms in Bender-type equations. Although the that the calculated critical temperature is within 0.01 K of the
smaller number of terms decreases the flexibility of the equation selected critical temperature. The success of the equations of
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Table 2. Summary of Critical Points (reducing parameters)

critical temperature critical pressure critical density

fluid (TJIK) (pd/MPa) (od/mol-dm~3) source
acetone 508.1 4.70 4.70 this work
carbon monoxide 132.86 3.494 10.85 Goodwin (1985)
carbonyl sulfide 378.77 6.37 7.41 Robinson and Senturk (1979a)
decane 617.7 2.103 1.64 Lemmon and Goodwin (2000)
hydrogen sulfide 373.1 9.000 10.19 this work
isopentane 460.35 3.378 3.271 Das et al. (1977)
neopentane 433.74 3.196 3.27 this work
isohexane 497.7 3.04 2.715 Daubert (1996)
krypton 209.48 5.525 10.85 this work
nitrous oxide 309.52 7.245 10.27 this work
nonane 594.55 2.281 1.81 Lemmon and Goodwin (2000)
sulfur dioxide 430.64 7.884 8.195 this work
toluene 591.75 4.126 3.169 Tsonopoulos and Ambrose (1995)
xenon 289.733 5.842 8.80 Gillis et al. (2004)
R-116 293.03 3.048 4.444 this work
R-141b 4775 4.212 3.921 Duarte-Garza et al. (1997)
R-142b 410.26 4.055 4.438 Tanikawa et al. (1992)
R-218 345.02 2.640 3.34 Brown (1963)
R-245fa 427.16 3.651 3.85 Grebenkov et al. (2004)
R-41 317.28 5.897 9.30 Magee (1998)

aThe critical pressure was obtained from the value calculated with the equation of state at the critical temperature and density of Tesfaritical
density for xenon was determined in this work.

state presented here demonstrates the utility of the fixed The critical temperature and critical density (from Table 2)

functional form in assessing the quality of the data. for some fluids were fitted simultaneously with the coefficients
) ) of the equation of state. The critical pressures for each fluid
Functional Form of the Equation of State were generally determined from calculations with the equation

Critical and Triple Points. The temperature and density ©f State at the critical temperature and density. The values of
values at the critical point are two of the most important the critical parameters reported in Table 2 should be used for

properties required in the development of equations of state,a” property calculations from the equations of state reported
especially in equations such as those of this work that use N€re: , _ ,
generalized terms. However, measurements of the critical point "€ Selected triple point temperatures and their sources are
are often scarce and vary widely between sources. Additionally, 'éPorted in Table 4 along with values for the normal boiling
there are fewer measurements of the critical density than of thePOINt temperature and the acentric factor, both calculated from
critical temperature. The critical density is particularly difficult (e equation of state. The molar masses given in Table 4 were
to determine accurately by experiment because of the infinite 4etermined from the atomic weights of the elements given by
compressibility at the critical point. For nonane and decane, COPlen (2001). The standard atomic weight of krypton was
the critical temperature approaches the onset of dissociation,changed from 83.8& 0.01 to 83.798+ 0.002 based on the
thus increasing the uncertainties in experimental values. How- WOrk of Aregbe et al. (2001) as accepted by IUPAC as a
ever, several methods have been used to fit temperatureStandard in Loss (2003). Table 4 also gives the upper temper-
pressure, or density as a function of the alkane number. The@ture and pressure limits for each equation. _
method used here for the critical temperature and pressure of Eduation of State.The equation of state expressed in a
nonane and decane was published in previous work (Lemmonfundamentgl form explicit in the Helmholtz energy has become
and Goodwin, 2000). Ambrose and Tsonopoulos (1995) and the most wu_iely_used method for calcula_ltlng thermodynamlc
Daubert (1996) reported additional information on recommended Properties with high accuracy for many fluids. The independent
values for the critical properties of normal and branched alkanes.Variables in the functional form are density and temperature:
The critical parameters and sources for the fluids described _ .0 r
in this work a?e listed in Table 2. In general, reasonable or ap.T) =a(pT) +alp.T) (2)
recommended values were selected from the literature. Sincewherea(p,T) is the Helmholtz energya®(p,T) is the ideal gas
the short equation of state is not intended for accurate propertiescontribution to the Helmholtz energy, aap,T) is the residual
in the critical region, small changes in the critical values have Helmholtz energy that results from intermolecular forces. All
minimal impact on the accuracies of the equations. For some thermodynamic properties can be calculated as derivatives of
cases, the critical values were determined from available the Helmholtz energy. For example, the pressure derived from
saturated density data with the use of power law equations: this expression is

0al

_ ofda
o= Nl(1 B 1‘) + Nz(l B ;)ﬁ (1) °={ooh ®)

¢ ¢ In practical applications, the used functional form is the

where T, is the critical temperature is the critical density, ~ dimensionless Helmholtz energy, as a function of a dimen-
Ny, Ny, and 8 are fitted parametersT, is the saturation sionless density and temperature. The form of this equation is
temperature, ang, is the saturation density for the liquid or alp.T) o )

the vapor; see, for example, Ley-Koo and Sengers (1982). This R — 0.0 =0a(d,7) + a(0,7) (4)
equation is valid only in the critical region. A list of all symbols

used in this paper is given in Table 3. whered = plpc andz = TJ/T.
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Table 3. List of Symbols

symbol physical quantity specific units molar unit$
a Helmholtz energy kgt Jmolt
B second virial coefficient fhkg! m3-mol~!
Cp isobaric heat capacity Kg~1-K-1 Jmol~tK™1
Cy isochoric heat capacity Kg1-K-1 Jmol~1-K~1
Co saturated liquid heat capacity kg 1K1 Jmol~tK-1
g Gibbs energy kgt Jmolt
h enthalpy kgt Jmolt
M molar mass (molecular weight)
p pressure Pa Pa
R specific gas constanR(= Ry/M) Jkg 1K1
Rmn molar gas constant ol 1K1
s entropy kg L-K? Jmol~1-K~1
T temperature (ITS-90) K K
u internal energy kgt Jmolt
w speed of sound gt m-st
z compressibility factorg = p/pRT)
o reduced Helmholtz energw(= a/RT)
4] reduced densityd(= p/pc)
0 density kgm—3 mol-m—3
T inverse reduced temperature= T¢/T)

Superscripts

0 ideal gas property
r residual
Subscripts
0 reference state property
c critical point property
calc calculated using an equation
data experimental value
trp triple point property
o saturation property

aTo change from specific to molar properties, the specific gas confantust be replaced by the universal molar gas consintin the equations in
this paper.

Table 4. Summary of Other Fixed Points and Ranges of the Equation of State

triple point boiling point upper upper
temperature temperature molar acentric temperature pressure

fluid (T/IK) (T/IK) mass i) factoP limit (T/K) limit (p/MPa)
acetone 178.5 329.22 58.07914 0.3071 550 700
carbon monoxide 68.16 81.64 28.0101 0.0497 500 100
carbonyl sulfide 134.3 222.99 60.0751 0.0978 650 50
decane 243.5 447.27 142.28168 0.4884 °675 800
hydrogen sulfide 187.7 212.85 34.08088 0.1005 760 170
isopentane 112.65 300.98 72.14878 0.2274 500 1000
neopentane 256.6 282.65 72.14878 0.1961 550 200
isohexane 119.6 333.36 86.17536 0.2797 550 1000
krypton 115.77 119.73 83.798 —0.00089 750 200
nitrous oxide 182.33 184.68 44.0128 0.1613 525 50
nonane 219.7 423.91 128.2551 0.4433 600 800
sulfur dioxide 197.7 263.13 64.0638 0.2557 525 35
toluene 178.0 383.75 92.13842 0.2657 700 500
Xxenon 161.4 165.05 131.293 0.00363 750 700
R-116 173.1 195.06 138.01182 0.2566 425 50
R-141b 169.68 305.20 116.94962 0.2195 500 400
R-142b 142.72 264.03 100.49503 0.2321 470 60
R-218 125.45 236.36 188.01933 0.3172 440 20
R-245fa 171.05 288.29 134.04794 0.3776 440 200
R-41 129.82 194.84 34.03292 0.2004 425 70

a Acetone: Wilhoit et al. (1985). CO: Staveley et al. (1981). COS: Clusius and Weigand (1940). Decane: Finke et al. (B35€)ilitt et al. (1987).
Isopentane: Parks and Huffman (1931). Neopentane: Hoepfner et al. (1979). Isohexane: Douslin and Huffman (1946). Krypton: Staveley et al. (1981).
N2O: Machado et al. (1980). Nonane: Finke et al. (1954),:SGiauque and Stephenson (1938). Toluene: Ziegler and Andrews (1942). Xenon: Kemp et
al. (1985). R-116: Pace and Aston (1948). R-141b: Henne and Plueddeman (1943). R-142b: Blanke and Weiss (1991). R-218: Pace and Plaush (1967).
R-245fa: Beyerlein et al. (1993). R-41: Duarte-Garza and Magee (19@@)culated from the equations of state reported in this wofke upper temperature
limit has been set higher than the onset of decomposition of the fluid.

Properties of the Ideal GasThe Helmholtz energy of the wherecg is the ideal gas isobaric heat capacity. The ideal gas

ideal gas is given by entropy is given by
0 0
a=h’—RT-T¢ (5) 0
L=+ [ 2aT- Rln(p—T) )
The ideal gas enthalpy is given by oT PoTo

whereTp andpp are arbitrary constants and is the ideal gas

0__ 10 T 0
h"=ho+ fTo Co ar (6) density atTy and po, po = po/ToR. Combining these equations
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results in the following expression for the Helmholtz energy of ¢ (TJK)®
the ideal gas: oC=a+ar+nNo+(c—1)Int———7 2+
c,(c, +1)
o 5
L= hg + b/; cng —RT—T sg + fTZ ?pdT - Rln(%)) Zl,,k In[1 — expCu/T)] (11)
8
) o ) ) ) wherea; anda, are determined to correspond with the values
g;?n |g§al gas Helmholtz energy is given in a dimensionless hd Qndsg defined above. Coefficients for the Einstein terms
are given in Table 5, and values af, a,, ¢y, ¢;, andc, are
0 0 0 0 given in Table 6. Additional digits are reported fay and a,
o0 = hyr s 1+ In% _ zfr oy 4 lfr Sy ) beyond those required to obtain the stated uncertainties in the
RT, R Ot RJm0 42 R/w 1 equations so as to give better representation of the enthalpy and

entropy at the state point defined by the reference state,
described earlier after eq 9. This is particularly important when
the enthalpy and entropy have been set to zero at the reference
state, such as that for the saturated liquid at the normal boiling
point for the hydrocarbons.
Properties of the Real Fluid.The behavior of the residual
(or real) fluid is described using empirical models that are only
kJkg-L-K-L, For hydrocarbons, the enthalpy and entropy are loosely tied to theoretical information such as the second and
often set to zero for the liquid at the normal boiling point. Other third virial coeff|C|en_ts. Although the models_are consistent with
industries use a similar convention setting the enthalpy and _aII of the known ﬂu|d-p_hase thgrmodynamlc bt_ah_awor (except
entropy to zero at-40 °C. in th1=T asymptotic critical region), the coefficients of the.
The calculation of thermodynamic properties from the ideal equations depend mostly on the experimental data representing

gas Helmholtz energy requires an equation for the ideal gasthe rt]hermodyna;mc p_rop(Trers of echh f|L|11Id. Imhol

isobaric heat capacitwg. These equations are usually derived e zaf[aioc:rgfn;ct);\teuir;ctlona orm used for the Helmholtz energy
by fitting values of heat capacity measurements extrapolated q

to zero pressure, gaseous speed of sound measurements, or
calculations from statistical methods using spectroscopically
determined frequencies. Differences between various theoretical
values arise from the use of different approximations to calculate Where each summation typically contains 4 to 20 terms and
the various couplings between the vibrational modes of the Where the index points to each individual term (see Span,
molecule. For many of the fluids of interest here, there is little 2000, or Jacobsen et al., 2000). Although the valuek, gf,
information on the ideal gas heat capacity, especially at andly are arbitrary, thg, are generally expected to be greater
temperatures outside the range (250 to 350) K. However, valuesthan zero, andy and I are integers greater than zero. As
calculated from statistical techniques are available from Marsh discussed in the Introduction, the work of Span and Wagner
et al. (1994) for temperatures as low as 50 K and as high as(2003a-c) resulted in two equations, each with 12 terms that
5000 K. These values were included in the fitting jffor can be used to represent the_thermodynamlc properties of polar
most of the fluids presented here, with comparisons made to ©F Nonpolar fluids. The equation for nonpolar (or weakly polar)
all experimental or calculated information to verify the accuracy fluids was applied here to carbon monoxide, carbonyl sulfide,
of the ideal gas equations. Heat capacities for all of the fluids decane, hydrogen sulfide, 2-methylbutane (isopentane), 2-

wheredo = po/pc and o = T/To. The arbitrary values fohg
ands) are chosen based on common convention in a particular
industry or according to the recommendations of the Interna-
tional Union for Pure and Applied Chemistry (IUPAC). For
refrigerants, the enthalpy and entropy of the saturated liquid
state at 0°C are respectively set at 200 -k@! and 1

00 =Y No'Th+ Y NS expeah)  (12)

were fitted to the same functional form: methylpentane (isohexane), 2,2-dimethylpropane (neopentane),
krypton, nonane, toluene, xenon, and hexafluoroethane (R-116).
The functional form is
c oo 5 (uk)z expl/T) 0
—_— U —_— —_—_—m
R, 0 1 ; K T [expuT) — 1]2 ar(é,r) — nlC(ﬁo.zs_i_ n2611A125+ n3($rl‘5+ n4c32r1'375+

n (53‘[0'25"‘ n 67T0.875+ n 62T0.625exp—<§ +n 65_[1.75exp—é+
5 6 7 8
where the molar gas constamy, is 8.314472 dnol 1-K~1

3.625 —52 4_3.625 —52 3145 —53
(Mohr and Taylor, 1999). Only four of the fluids used the second MOT™"exp ™+ M0 T exp = + 1,07 exp T+
term (which containg; andc;,) due to the larger temperature 0T 2%exp ® (13)
dependence in the ideal gas heat capacity of the substance. The
Einstein functions containing the coefficientswere used so  The equation for polar fluids was applied here to acetone, nitrous
that the temperature dependence of the ideal gas heat capacityxide, sulfur dioxide, 1,1-dichloro-1-fluoroethane (R-141b),
would be similar to that derived from statistical methods. 1-chloro-1,1-difluoroethane  (R-142b), octafluoropropane
However, theuy values are empirical coefficients and should (R-218), 1,1,1,3,3-pentafluoropropane (R-245fa), and fluo-
not be confused with the vibrational frequencies. For nonane, romethane (R-41). The functional form is
the increase in the heat capacity between (0 and 100) K from
4 R (contributions from translation and rotation are fully excited) a'(6,7) = N0t + N dT B + Nt + n 0% 0B +
to 17.3 R was not modeled (as indicated by the valuegpf 7 0875 0375 o 920 s
Likewise, for decane, the increase between (0 and 130) K from Ns0'7 ="+ NgdT™""exp "+ 0T exp © +
4 R to approximately 19 R was also not fitted. ngd° 212 exp ® + ngdr S exp ¥+ ny WS exp  +

The ideal gas Helmholtz energy equation, derived from eqs ; ;
9 and 10, is N0t P exp ” + no%* exp  (14)



790 Journal of Chemical and Engineering Data, Vol. 51, No. 3, 2006

Table 5. Coefficients of the Einstein Terms in the Ideal Gas Heat Capacity Equations

fluid v1 u/K v2 u/K U3 uz/K va uy/K
acetone 3.7072 310.0 7.0675 3480.0 11.012 1576.0
carbon monoxide 1.0128 3089.0
carbonyl sulfide 2.1651 768.0 0.93456 1363.0 1.0623 3175.0 0.34269 12829.0
decane 25.685 1193.0 28.233 2140.0 12.417 4763.0 10.035 10862.0
hydrogen sulfide 1.1364 1823.0 1.9721 3965.0
isopentane 7.4056 442.0 9.5772 1109.0 15.765 2069.0 12.119 4193.0
neopentane 14.422 710.0 12.868 1725.0 17.247 3280.0 12.663 7787.0
isohexane 7.9127 325.0 16.871 1150.0 19.257 2397.0 14.075 5893.0
krypton
nitrous oxide 2.1769 879.0 1.6145 2372.0 0.48393 5447.0
nonane 24.926 1221.0 24.842 2244.0 11.188 5008.0 17.483 11724.0
sulfur dioxide 1.0620 775.0 1.9401 1851.0
toluené 1.6994 190.0 8.0577 797.0 17.059 1619.0 8.4567 3072.0
xenon
R-116 2.4818 190.0 7.0622 622.0 7.9951 1470.0
R-141b 6.8978 502.0 7.8157 1571.0 3.2039 4603.0
R-142b 5.0385 473.0 6.8356 1256.0 4.0591 2497.0 2.8136 6840.0
R-218 7.2198 326.0 7.2692 595.0 11.599 1489.0
R-245fa 5.5728 222.0 10.385 1010.0 12.554 2450.0
R-41 5.6936 1841.0 2.9351 4232.0

ays andus of toluene are 8.6423 and 7915.0 K, respectively.

The coefficientsng of the residual part of the equation of state pressure with respect to temperature at constant density,
are given in Table 7 for the fluids that use the nonpolar form (9p/aT),:
and in Table 8 for the fluids that use the polar form. The ranges

of validity of the formulations are given in Table 4. ap| _ " o 9%a
The functions used for calculating pressupg, compress- (3_2))T - RT[l + 26(§)T +0 (362)1 (23)
ibility factor (2), internal energy ), enthalpy ), entropy
(s), Gibbs energy d), isochoric heat capacitycy), isobaric #p R 9o 2 P’
heat capacity dy), and the speed of sounav) from the re- (—2) 2—1{26(5) + 462(—2) + (33(—3) (24)
duced Helmholtz energy equation are given in the equations ST P ’ 90"« d0° /[,
below: - 2ol o
(08 o
_p iy (aT)p_ R"[Hé(aa)z 5’(86%)] (25)
Z=—23=1+0\55] (15)
P The publication of Lemmon et al. (2000) gives equations for
izr[(a_ao) + (3_r) ] (16) additional thermodynamic properties such as the isothermal
RT ot o T/ compressibility and the JouteThomson coefficient. The deriva-
h 960 90 90 tives of the ideal gas Helmholtz energy and the residual
—= r[(—) + (—) ] + 6(—) +1 a7 Helmholtz energy required by the equations to calculate these
RT arjo  \orlo 3/ thermodynamic properties are given in Span and Wagner
s aa’ o o ; (2003a-c).
R YU\ar /s + o)) T T (18) Fitting Procedures.In the development of equations of state,
: various data types are useful in evaluating other types of data.
9 _ 0 r ao Since one equation is used to represent multiple properties, the
RT Troatat 5(86 )r (19) accuracy of one property can influence the behavior of another.
c a0 2o’ In particular, the availability of heat capacity data is fundamental
v _12[(%) + (—0;) ] (20) in equation of state development. Without it, equations can
R ot Jo 9t /s inadvertently give negative heat capacities at low temperatures
30 2o’ \12 or show unrealistic curvature in certain areas of the thermody-
c. ¢ [1 + 6(%) - 61(8681)] namic surface. Although the amount of heat capacity data for a
R ﬁ” + r’ o (21) fluid may be limited, even a few values in the liquid phase can
1+ 25(3&) + 52(3 (1) often be sufficient to tie down the equation of state when
30 /x 30% )+ working with a fixed functional form. This can be confirmed
. > N\12 by plotting various constant properties lines over the surface of
W ; 5 [1 + 5(3&) - 5,(3 a )] state, and by comparing the slopes of such lines to expected
NV 14 25(3&) + 52(3_(1) — 90 Jx 909, behavior. The extrapolation behavior of the functional form used
RT 30 |, 30% )+ of [9%° N o here at low and high temperatures, pressures, and densities can
’ a2 ls  \or2/s give confidence in the equation of state in the absence of highly
(22) accurate experimental data over some areas of the thermo-

Other derived properties, given below, include the first derivative

dynamic surface.
Fitting the coefficients of the equation of state is a process

of pressure with respect to density at constant temperature,of correlating selected experimental data with a model that is
(dp/ap)T, the second derivative of pressure with respect to density generally empirical in nature. In this work, the model was the
at constant temperaturel?f/dp?)r, and the first derivative of  fixed functional form which exhibits proper behavior in the ideal
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Table 6. Coefficients Used in the Ideal Gas Heat Capacity and Helmholtz Energy Equations

fluid Co C1 C2 a1 a
acetone 4.0 —9.4883659997 7.1422719708
carbon monoxide 3.5 0.2231%410°6 15 —3.3728318564 3.3683460039
carbonyl sulfide 3.5 —3.6587449805 3.7349245016
decane 19.109 13.9361966549 —10.5265128286
hydrogen sulfide 4.0 0.14327 10°° 15 —4.0740770957 3.7632137341
isopentane 4.0 2.5822330405 1.1609103419
neopentane 4.0 0.8702452614 1.6071746358
isohexane 4.0 6.9259123919 —0.3128629679
krypton 2.5 —3.7506412806 3.7798018435
nitrous oxide 3.5 —4.4262736272 4.3120475243
nonane 17.349 10.7927224829 —8.2418318753
sulfur dioxide 4.0 0.7245% 104 1.0 —4.5328346436 4.4777967379
toluene 4.0 3.5241174832 1.1360823464
xenon 2.5 —3.8227178129 3.8416395351
R-116 4.0 —10.7088650331 8.9148979056
R-141b 4.0 —15.5074814985 9.1871858933
R-142b 4.0 —12.6016527149 8.3160183265
R-218 4.0 —15.6587335175 11.4531412796
R-245fa 4.0 —13.4283638514 9.8723653800
R-41 4.0 0.00016937 1.0 —4.8676441160 4.2527951258

Table 7. Coefficients of the Equation of State (eq 13) for Nonpolar

Table 8. Coefficients of the Equation of State (eq 14) for Polar

or Weakly Polar Fluids Fluids
carbon carbonyl hydrogen k acetone nitrous oxide  sulfur dioxide R-41
k monoxide sulfide decane sulfide 1 0.90041 0.88045 0.93061 0.85316
1 0.90554 0.94374 1.0461 0.87641 2 —2.1267 —2.4235 —1.9528 —2.6366
2 —2.4515 —2.5348 —2.4807 —2.0367 3 —0.083409 0.38237 —0.17467 0.69129
3 0.53149 0.59058 0.74372 0.21634 4 0.065683 0.068917 0.061524 0.054681
4 0.024173  —0.021488  —0.52579 —0.050199 5 0.00016527 0.00020367 0.00017711 0.00012796
5 0.072156 0.082083 0.15315 0.066994 6 —0.039663 0.13122 0.21615  —0.37093
6 0.00018818 0.00024689 0.00032865 0.00019076 7 0.72085 0.46032 0.51353 0.33920
7 0.19405 0.21226 0.84178 0.20227 8 0.0092318  —0.0036985 0.010419  —0.0017413
8 —0.043268  —0.041251 0.055424  —0.0045348 9 —0.17217 —0.23263 —0.25286 —0.095417
9 —0.12778 —0.22333 —0.73555 —0.22230 10 —0.14961 —0.00042859 —0.054720  —0.078852
10 —0.027896  —0.050828  —0.18507 —0.034714 11 —0.076124  —0.042810  —0.059856  —0.030729
11 —0.034154  —0.028333  —0.020775  —0.014885 12 —-0.018166  —0.023038  —0.016523  —0.011497
12 0.016329 0.016983 0.012335 0.0074154
k R-141b R-142b R-218 R-245fa
k isopentane neopentane isohexane krypton 1 1.1469 1.0038 1.3270 1.2904
1 1.0963 1.1136 1.1027 0.83561 2 —3.6799 —2.7662 —3.8433 —3.2154
2 —3.0402 —-3.1792 —2.9699 —2.3725 3 1.3469 0.42921 0.92200 0.50693
3 1.0317 1.1411 1.0295 0.54567 4 0.083329 0.081363 0.11360 0.093148
4  —0.15410 —0.10467 —0.21238 0.014361 5 0.00025137 0.00024174 0.00036195 0.00027638
5 0.11535 0.11754 0.11897 0.066502 6 0.32720 0.48246 1.1001 0.71458
6 0.00029809 0.00034058 0.00027738 0.00019310 7 0.46946 0.75542 1.1896 0.87252
7 0.39571 0.29553 0.40103 0.16818 8 —0.029829  —0.007430  —0.025147  —0.015077
8 —0.045881  —0.074765  —0.034238  —0.033133 9 —0.31621 —0.41460 —0.65923 —0.40645
9 —0.35804 —0.31474 —0.43584 —0.15008 10 —0.026219  —0.016558  —0.027969  —0.11701
10 —0.10107 —0.099401  —0.11693 —0.022897 11 —0.078043  —0.10644 —0.18330 —0.13062
11 —0.035484  —0.039569  —0.019262  —0.021454 12 —0.020498  —0.021704  —0.021630  —0.022952
12 0.018156 0.023177 0.0080783 0.0069397
K nonane toluene <enon R-116 NonIinear_ fitting techniques were used to f_it_the coefficients
of the equations. The selected data used in fitting were a subset
; _;'%ég’cl) _20'798654564 _ 03§53§15 P 811‘2232 of the available database determined by the correlator to be
3 0.83416 0.86712 0.53904 0.77202 representative of the most accurate values measured. The
4 —0.38828 —0.18860 0.014382  —0.14331 nonlinear algorithm adjusted the coefficients of the equation of
5 0.13760 0.11804 0.066309 0.10227 state to reduce the overall sum of squares of the deviations of
6 000028185 000025181  0.00019649  0.00024629 cqicylated properties from the input data. Each data point was
7 0.62037 0.57196 0.14996 0.30893 o ! . . .

8 0015847  —0.029287  —0.035319  —0.028499 individually weighted according to type, region, and uncertainty.
9 —061726 ~0.43351 ~0.15929 ~0.30343 Additionally, the values of the first and second derivatives of
10 —0.15043 —0.12540 —0.027521  —0.068793 pressure with respect to density were fitted to be near zero at
a1 0012982 "= =0.028207 = =0.023305  ==0.027218 the selected critical point. The final set of coefficients for each

12 0.0044325 0.014076 0.0086941 0.010665

equation represented not only the fitted data but also the
consistent data available for each fluid.

gas and low density regions and extrapolates to temperatures . . )
and pressures higher than those defined by experiment. In allEXPerimental Data and Comparisons to the Equations

cases, experimental data are considered paramount, and the proc'i?‘c State

of validity for any equation of state is evidenced in its ability

The units adopted for this work were kelvins (ITS-90) for

to represent the thermodynamic properties of the fluid generally temperature, megapascals for pressure, and moles per cubic
within the uncertainty of the experimental values.

decimeter for density. The units of the experimental data were
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converted as necessary from those in the original publications points for heat capacities and sound speeds are assumed to be
to these units. Where necessary, temperatures reported on IPTSn the liquid phase unless otherwise indicated. In the text below,
68 and IPTS-48 were converted to the International Temperaturediscussions of maximum errors or of systematic offsets use the
Scale of 1990 (ITS-90) (Preston-Thomas, 1990). absolute values of the deviations.

Much of the experimental data reported in the literature for  acetone.Experimental measurements for acetone and their
the hydrocarbons were measured over 50 years ago, Withgeyiations from the equation of state are summarized in Table
measurements for some of the fluids being made as far back asy gnd shown in Figures 1 and 2. Between (280 and 320) K
the 1800s. On the other hand, most of the measurements forere is a substantial amountmfT data for acetone in the liquid
the refrigerants were made during the last 15 years. However, phase particularly along the saturation line. At higher or lower
in many cases, the year of publication cannot be correlated with temperatures, the amount and quality of data decrease rapidly.
the uncertainties in the data. For many of the hydrocarbons, ot 293 K and 298 K. the equation of state was fitted to the
there are numerous publications on the vapor pressure at itScqncentrated grouping of saturated liquid-phase densities so that
boiling point and on the saturated liquid density o_f the fluid at o<t of the data fall within 0.2 % of the equation. Of the 100
298.15 K. However, the development of equations of state gayrated liquid density points near 298 K, 90 are within 0.2
considers multiple data types, includipgT, saturation proper- o4 ‘83 are within 0.1 %, and 50 are within 0.05 %. Below 270
tes, cr|t|ca_l parameters, heat capacities, sound speed_s_, seconRI, there are several sets for which the equation deviates by 0.25
virial coefficients, and ideal gas isobaric heat capacities. In o However, the data with these higher deviations come from
addition, measurements must be available over a wide area ofy,.ca main sources: Archibald and Ure (1924), Felsing and
the fluid surface in order to develop accurate equations. Often, b, han (1926), and Yergovich et al. (1971) These data sets
c_>n_|y selected data from_ among the available dat_a are used_inshOW offsets of 0.25 % above 270 K as well, in poor agreement
fitting, althoug_h comparisons are made to all available experi- i the many other sources available at these higher temper-
mhental da.ta, 'n?Ud'ng those not usedhln the deyelppment r?f atures. The data at the low temperatures were not fitted in order
the equation of state, to estimate the uncertainties in the , yecrease the deviations from the equation of state, rather the

equations (where the uncertainties can be considered as eStimatet,sonstant offset of 0.25 % was maintained throughout. There
of:a combined expanded uncertainty with a coverage factor of 5 only three data sets above 330 K for the saturated liquid

2). These values are determined by statistical comparisons Ofphase, and the data in these sets show high scatter among

property values calculateq f.“’”! the equation of state 10 yhemselves and systematic offsets from the equation of state.
experimental data. The deviation in any propeNyis defined Above 430 K, the data of Campbell and Chatterjee (1968) show
here as positive deviations, while the data of Tugarev et al. (1975) show
_ negative deviations. The situation in the single-phase liquid is
AX = Xdata—xca'c (26) not much better. At temperatures from (270 to 370) K,
Xdata deviations are typically within 0.5 %, with deviations of 0.1 %
at 298 K for the data of Newitt and Weale (1951) and of
and the average absolute deviation is defined as Papaioannou et al. (1991). The data of Poehler and Kiran (1997)
are in agreement with the equation at lower temperatures, but
the equation deviatey/l % from these data at 420 K. Attempts
to fit these data caused systematic deviations in other properties,
and it is unclear whether the equation or the data are in error.
Above 500 K, the data of Keller and Stiel (1977) agree to within
.5 % in density. The equation shows large systematic offsets
rom the data of Anderson et al. (1968) in the vapor phase.
Many attempts were made to bring the equation into conformity
with these data, but none was successful. Anderson et al.
described in their paper a change of color in their sample at the
upper temperature limit of their data, and it is not known how
subdivided into a low-density range (LBl < 0.6), a medium- this change affected the data at Iewer temperatures. Additioqal
density range (MD, 0.6 p/p. < 1.5), and a high-density range measurements are required to verify the accuracy of the equation
(HD, plpc > 1.5). The average absolute deviations in Table 9 ©f State in the vapor phase.
do not include data points with pressures greater than 100 MPa, Similar to the saturated liquid density, measurements of vapor
although these data points are shown in the figures. Datapressure for acetone are quite plentiful in a limited region.
obtained from the open literature with only one or two data Specifically, between (280 and 330) K, many of the experi-
points were not included in Table 9 unless the data point(s) mental points are represented by the equation of state to within
were important to the development of the equation of state. Their 0.2 %. However, there are many points that show deviations of
inclusion would have more than doubled the number of up to 1.5 %, and there are a few additional data points with
references. However, these extra measurements are shown indeviations greater than 1.5 %. The large scatter in these data
the figures and are labeled as “Other data sets”. In some of theintroduce additional uncertainties into the equation, although
figures that contain a substantial number of sources, data setshe more recent data of Lee and Hu (1995), Muthu et al. (1983),
with limited data or data with high uncertainties are also Olivares Fuentes et al. (1983), and Olson (1981) indicate that
included under the label “Other data sets”. Density data are the uncertainty in the equation is about 0.25 % between (290
separated into “quasi isotherms” with temperature increments and 390) K. The scatter increases below 290 K (e.g., at 260 K,
of about 10 K outside of the critical region; the temperatures the data of Ambrose et al. (1974) and of Hoepfner and
listed at the top of each small plot are the lower bounds of the Hostermann (1976) differ by 1 %). Additional high-accuracy
data in the plot. Data points shown at the upper or lower vertical measurements are needed at lower temperatures. Likewise,
limits of the graph indicate that the points are off scale. Data above 400 K, the scatter in the data increases up to 2 %, although

1 n
AAD =- ) |AX| (27)

n&
wheren is the number of data points. Statistical information on
the deviations between the equations of state and experimenta
data is given in Table 9 for six regions. These regions include
the liquid and gas phases at subcritical temperatures, the
extended critical region defined as 0.98T/T, < 1.1 and 0.7
< plpc < 1.4, and states at supercritical temperatures outside
of the extended critical region. The supercritical region is
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supercritical
fluid
LD MD
0.89
1.10
24.2
0.21

reg

crit

average absolute
deviations (AAD/%}Y

liq

gas

12.7
2.16
1.25
6.16
0.26

p/MPa

temp and
pressure
ranges
TIK
2987
2933
29663
27823
130-5000

13
7

no.
127

reference
Cawood and Patterson (1932)

Saturation Liquid Heat Capacities
Hamann and Pearse (1951)

Lamp et al. (2002)
Michels et al. (1952b)

Ideal Gas Isobaric Heat Capacities

0.41

Marsh et al. (1994)

0.33

HD
Saturated Vapor Densities
Isochoric Heat Capacities
1.65
Speeds of Sound
Second Virial Coefficients

fluid
MD

supercritical
Fluoromethane (R-41)(continued)

LD
7.54
0.09
1.05
1.85

reg
1.66

crit

average absolute
deviations (AAD/%}Y

liq
0.43

40

gas
3.21
0.72
8.

0.09
1.54
0.69
0.36
0.19

p/MPa
3.28-32.8
0.10-3.44

temp and
pressure
ranges

TIK
13814
14843

258350
296310
303343
298339
200-1000

269314

no.
5
113
122
37
3

9

9

17

reference
aKey: no., number of points; crit reg, 0.98 T/T. < 1.1 and 0.7< p/p. < 1.4; LD, p/pc < 0.6; MD, 0.6< p/p. < 1.5; HD, p/pc > 1.5.° Enthalpy differences are given in-kdol~1. ¢ Ideal gas isobaric heat capacities

calculated from statistical thermodynamics.

Biswas et al. (1989)
Magee et al. (1998)
Magee et al. (1998)

Scott et al. (1998)

Bignell and Dunlop (1993)
D’Amore et al. (2003)
Demiriz et al. (1993)
Barho (1965)

Table 9 (Continued)
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several data sets show consistent results to within 50 K of the
critical temperature, and deviations from the equation of state
are 0.75 % (with agreement at 0.5 % near the critical point).

The equation agrees with reliable data for the liquid-phase
isobaric heat capacity to within 1 %. These data range from the
triple point up to 310 K and are all located on the saturation
boundary. There are no caloric data available at high pressures.
Above 280 K, the scatter in the data increases dramatically,
but the data of Low and Moelwyn-Hughes (1962) show that
the inconsistency is likely not a problem with the equation of
state. Isobaric heat capacities in the vapor phase are available
above 330 K, and most are represented within 2 %, with
deviations of 0.2 % from the data of Pennington and Kobe
(1957). These data agree well with the ideal gas isobaric heat
capacities of Ding et al. (1997). Deviations from the liquid-
phase speed of sound data show that there is a slight systematic
offset in the equation, although the deviations of most of the
data points are less than 1 %. The data cover a limited range
from (250 to 325) K. Laesecke (2006) measured speeds of sound
and densities in the liquid phase from (278 to 313) K after this
work was completed as a check on the reliability of the equation.
Comparisons showed that the average absolute deviations of
the equation from the new measurements were 0.13 % in speed
of sound and 0.11 % in density. The scatter in the second virial
coefficients is quite large (about 20 %). The equation was fitted
to the more consistent data, with most of these data points
represented to within 5 %. Comparisons with the enthalpy data
of Yerlett and Wormald (1986) show differences typically within
1 kFmol=2.

The estimated uncertainties in the equation of state are 0.1
% in the saturated liquid density between (280 and 310) K, 0.5
% in density in the liquid phase below 380 Kdah % indensity
elsewhere, including all states at pressures above 100 MPa. The
uncertainties in vapor pressure are 0.5 % above 270 K (0.25 %
between 290 K and 390 K), and the uncertainties in heat
capacities and speeds of sound are 1 %. The uncertainties in
caloric properties and sound speeds may be higher at pressures
above the saturation pressure and at temperatures above 320 K
in the liquid phase and at supercritical conditions.

Carbon Monoxide.Experimental measurements for carbon
monoxide and their deviations from the equation of state are
summarized in Table 9 and shown in Figures 3 and 4. The
coefficients of the equation relied heavily on the data of
Barreiros et al. (1982b) in the liquid phase at low temperatures
and the data of Michels et al. (1952a) at supercritical states.
Deviations from the data of Barreiros et al. are 0.13 % in density
between (82 and 125) K and at pressures to 140 MPa (the full
limits of the experimental data). Deviations for the data of
Michels et al. are 0.12 % for pressures less than 100 MPa and
rise © 1 % at 200MPa. The maximum deviation at pressures
less than 100 MPa is 0.4 %. It was not possible to completely
remove the curvature in the equation at temperatures such as
340 K as shown by comparisons with the data of Michels et al.
Both the polar and the nonpolar functional forms were tried,
with the nonpolar form resulting in a better fit, although not
optimal as could be achieved with a modified functional form
(by changing the temperature exponents in the terms as was
done with R-41 in this work). There are only a few measure-
ments of carbon monoxide in the critical region (Goodwin,
1983), and the uncertainties of these data are not small enough
to accurately represent this region.

The equation of state represents most of the vapor pressure
measurements to within 0.2 %, with several outlying sets
represented within 0.6 %. At temperatures above 90 K, the data
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Figure 44. Fluoromethane (R-41): comparisons of vapor pressures, saturated liquid densities, and heat capacities calculated with the equation of state to
experimental data.

of Michels et al. (1952d) were used as primary data. However, from the recenippT measurements of lhmels and Gmehling
the equation shows a slight systematic offset from the vapor (2001), the data situation for carbonyl sulfide is quite poor. The
pressure measurements of Michels et al. There are only a fewlimited data that do exist quite often disagree with other data
measurements on the liquid-phase isobaric heat capacity ofsets. Fortunately, the data of Ihmels and Gmehling span the
carbon monoxide (all of which lie below 86 K), and the scatter temperature range from (273 to 623) K with pressures up to 40
in the available data is about 2 %. On the other hand, there areMPa and have formed much of the basis for the new equation.
a substantial number of second virial coefficients, with agree- Both the nonpolar and polar forms were applied to carbonyl
ment of about (5 to 10) % for most of the data points including sulfide, but with only limited success. It was not possible to
the values of Connolly (1964), McElroy and Buchanan (1995), represent all of the experimentppT data to withh 1 % in
and Michels et al. (1952a). density with either form at high temperatures while maintaining
The equation of state is valid from the triple point to 500 K accurate calculations at lower temperatures. The nonpolar form
with pressures to 100 MPa. At higher pressures, the deviationsof the equation was slightly better and was used in the final fit.
from the equation increase rapidly and the equation should notBelow 450 K, nearly all of the deviations of the equation from
be used above 100 MPa. The uncertainties in the equation arethe data of Ihmels and Gmehling are within 0.1 % in density,
0.3 % in density (approachinl % near the critical point), 0.2  except for the measurements at 10 MPa at high temperatures,
% in vapor pressure, dr2 % inheat capacities. The uncertainty which show a maximum error of 0.5 % at 418 K. Above 450
in the speed of sound is unknown. K, the deviations start to increase and reach a maximum of 1
Carbonyl Sulfide.Experimental measurements for carbonyl % at 500 K and a maximumf@ % at 600 K.
sulfide and their deviations from the equation of state are There are several data sets for the saturated liquid density.
summarized in Table 9 and shown in Figures 5 and 6. Aside Below 270 K, the equation agrees with the data of Partington
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and Neville (1951) to within 0.4 %. However, increasing pressures up to 25 MPa. The average absolute deviation is 0.013
deviations are observed with increasing temperatures above 27®b with a maximum deviation of 0.04 %. The equation of state
K, with some exceeding 10 % at the highest temperatures compares more favorably with these data than any other data
(approaching the critical point). This discrepancy is also reflected set available in this work, which, considering that the data were
in their measured critical temperature, a value that is lower by not available during fitting, gives high confidence in the
more tha 3 K than that of Robinson and Senturk (1979a). The correlation for properties in the liquid phase. The measurements
older data of Pearson et al. (1932) also demonstrate a largeof Snyder and Winnick (1970) approach 700 MPa with
deviation in the saturated liquid density from the data of deviations of 0.5 % at the highest pressures (for example, see
Partington and Neville, as shown in Figure 6. On the basis of the 350 K plot in Figure 7). However, the new data of Zuniga-
these comparisons and the observations of the generalized shapiloreno et al. may indicate that the data of Snyder and Winnick
of the saturation dome in comparison with other fluids, these have higher uncertainties of at least 0.15 % at 350 K and 25
data were not used in the fit at the higher temperatures. Rather MPa and that the uncertainties most likely increase at higher
the single-phase data of Ihmels and Gmehling were used topressures. Additionally, the Zuniga-Moreno et al. data and other
determine the saturation properties of the equation. The vapor-data with similar deviations tend to support the extrapolation
phaseppT data of Robinson and Senturk (1979b) were included of the equation of state to high pressures with smaller uncertain-
during the fitting of the equation. However, the equation was ties than those for the data of Snyder and Winnick.

not able to represent all of the values at 383 K to within 1 %  The vapor pressures of decane are quite well-characterized
in density. Additional measurements are needed to validate thefom 270 K to the critical point. Only one source of reliable

unC(_ertainty statements at densities below the critical density andya¢5 (that of Morgan and Kobayashi, 1994) is available at
at high temperatures. temperatures above 500 K. There are substantial outliers
The vapor pressure measurements of Kemp and Giauque(individual data points that represent either measurement or
(1937) and Robinson and Senturk (1979a) appear to berecording errors) in the available data, but the data sets that
inconsistent by about 1 %. However, there is a temperature appear to be consistent are shown to be within 0.2 % of the
difference of 40 K between the upper limit of the Kemp and equation. The available heat capacity data, which range from
Giauque data and the lower limit of the Robinson and Senturk (250 to 470) K, are generally fitted to within 1 %, aside from
data. Both data sets are represented to within 0.5 %. There area few data points near the triple point temperature for the
a limited number of isobaric heat capacity measurements saturation heat capacity. The single-phase heat capacity data of
between the triple point temperature and 220 K, with average Czarnota (1993) were measured at 298 K, and the equation
deviations of about 1 %. compares well (within 1 %) with these data below 10 MPa but
The resulting equation has uncertainties of 0.1 % in density reaches a maximum of 7.5 % at 86 MPa, while deviations are
in the liquid phase below 450,K % indensity at temperatures ~ in the 1 % range between (200 and 250) MPa. The equation is
between (450 and 500),18 % indensity at temperatures above Within 1 % of theisochoric heat capacity data of Amirkhanov
500 K, 1 % indensity in the vapor phase and at supercritical €t al. (1991) at temperatures above 660 K, but the deviations
conditions below 10 MPa and 450 K, 0.5 % in vapor pressure, increase at lower temperatures approaching the critical point.
and 2 % inheat capacity. Data for the speed of sound are not The equation also agrees well with the liquid-phase speed of
available to ascertain the uncertainty. sound data up to 500 K to within 1 %, including the
Decane.Experimental measurements for decane and their Méasurements up to 50 MPa of Khasanshin and Shchemelev

deviations from the equation of state are summarized in Table (2001).
9 and shown in Figures 7 and 8. There are two conflicting  The equation of state is valid from the triple point temperature
groups of data sets for decane in the liquid region. The data ofto 675 K with pressures up to 800 MPa, although the
Gouel (1978), Reamer et al. (1942), and Sage et al. (1940) areuncertainties are substantially higher above 500 K. The uncer-
mutually consistent, and the data of Banipal et al. (1991), tainties in density are 0.05 % in the saturated liquid density
Bessieres et al. (2001), Caudwell et al. (2004), Gates et al.between (290 and 320) K, 0.2 % in the liquid phase at
(1986), and Susnar et al. (1992) are mutually consistent, buttemperatures to 400 K (with uncertainties up to 0.5 % above
the two sets (GouelSage-Reamer vs BanipalBessieres 100 MPa) 1 % in theliquid phase up to 500 K, a2 % at
Caudwelt-Gates-Susnar) differ by more than 0.5 % in density. higher temperatures and in the vapor phase. Vapor pressures
The very recent data of Audonnet and Padua (2004) also have an uncertainty of 0.2 %, and the uncertainties in liquid-
compare well with the second set. Aside from the data of Gouel, phase heat capacities and liquid-phase sound speeds are 1 %.
Reamer et al., and Sage et al., most of the liquid-phase data upThe uncertainty in heat capacities may be higher at pressures
to 340 K are represented to within 0.2 % in density. Much of above 10 MPa.
the saturated liquid density data (taken from many different  Hydrogen Sulfide Experimental measurements for hydrogen
sources) between (290 and 320) K show deviations of less thangyifide and their deviations from the equation of state are
0.05 %. Up to 400 K and below 100 MPa, comparisons with symmarized in Table 9 and shown in Figures 9 and 10. The
the data in the single phase show deviations within the 0.2 % single-phase density data in the liquid for hydrogen sulfide
range, with slightly higher deviations at pressures above 100 jnclude the measurements of Ihmels and Gmehling (2001) and
MPa. Above 400 K, the data of Reamer et al. (1942), which at Reamer et al. (1950). These data were measured near 273 K
lower temperatures differed from calculated values by more than and higher. The triple point temperature of 187.7 K is nearly
0.5 %, agree reasonably well with the equation. However, the 100 degrees below the lower limit of these data. Fortunately,
data of Gehrig and Lentz (1983), which compared favorably several data sets have been measured down to this low
with the equation below 400 K, start to deviate by more than 1 temperature for the saturated liquid state. These low-temperature
%. values include the older data of Klemenc and Bankowski (1932)
The data of Zuniga-Moreno et al. (2005) became available (with deviations of 0.02 % in density), the more recent data of
after the correlation and analysis were finished for decane. The Cubitt et al. (1987) with deviations less than 0.5 %, and the
148 data points span the liquid phase from (313 to 363) K with multiple data points of Clarke and Glew (1970) centered at 194
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K with a maximum deviation of 0.04 %. The higher deviations atic deviations in the data of Isaac et al. (1954) are unfortunate,

of the data of Cubitt et al. are caused by inconsistencies with since the data extend up to 573 K, but cannot be used to evaluate
the data of lhmels and Gmehling in the single phase. At the accuracy of the equation. The data of Isaac et al. were not
temperatures above 270 K, data for the saturated liquid phaseused during fitting, and the final equation relied on the data of

show even higher deviations from the older data sets of Bierlein Silberberg et al. (1959) at lower pressures and on the data of
and Kay (1953), Kay and Brice (1953), and Reamer et al. Vohra and Kobe (1959) at higher pressures. There are no single-
(1950). All of these data are inconsistent with the more recent phase density data below 200 K, although several saturated
data of Ihmels and Gmehling. liquid densities are available, and the equation agrees with the

The equation of state represents the new data of lhmels anddata to within 0.2 % down to the triple point temperature.
Gmehling below the critical point (and in the liquid phase) with The equation differs from the liquid-phase heat capacities by
average deviations of 0.05 % in density. The agreement with 1 % at 300 K. The deviations increase with decreasing
the data of Reamer et al. (1950) is substantially worse, with temperatures, reaching a maximum of 3.5 % at 170 K. The
deviations of 0.5 %. At higher temperatures, agreement with increased deviations at low temperatures possibly result from
the IThmels and Gmehling data at pressures above 20 MPa isthe long saturation line of isopentane, which may be outside
similar to that in the liquid phase, but the differences begin to the applicable range of the short form of the fundamental
increase at lower pressures, especially near the critical point.equation. The vapor-phase speeds of sound of Ewing and
Between (400 and 500) K, differences are less than 0.5 %, butGoodwin (1991) and the equation agree within 0.03 %, and the
at temperatures above 500 K, the deviations are larger, with liquid-phase speeds of sound of Walter et al. (1992), Houck
some points exceedir?2 % indensity. The inconsistency among  (1974), and Kling et al. (1953) show general agreement to within
all of the data sets at these high temperatures is more than 5 %3 %, except for one isotherm at 290 K.

including the data of Straty (1983), Liu et al. (1986), and Rau  The equation of state is valid from the triple point temperature
and Mathia (1982). The equation represents the vapor-phaseg 500 K with pressures to 1000 MPa. The uncertainties are
data of Wright and Maass (1931) generally within 0.2 %. approximately 0.2 % in density at temperatures up to 320 K,
Deviations from the vapor-phase data of Reamer et al. (1950) 0 5 % in density at higher temperatur@s% in heat capacity
are substantially higher at 273 K, but decrease at higher ahove 250 K4 % in heat capacity at lower temperatures, 0.1
temperatures for both the single phase and for the saturatedy, in the vapor-phase speed of sound (over a narrow temperature
vapor phase. range from 250 K to 350 K at low pressure3)% in theliquid-

The equation of state agrees well with most of the vapor phase speed of sound, and 0.4 % in vapor pressure at
pressure measurements. From the triple point to about 360 K,temperatures above 200 K.

deviations are genel’a”y within 0.2 % of the various data 2'2_Dimethy|propane (Neopentan&xperimental measure-
available. Near the critical point, the deviations are somewhat ments for neopentane and their deviations from the equation of
larger, but are generally within 0.5 %. There is only one data state are summarized in Table 9 and shown in Figures 13 and
set Containing eXperimental information for the |iquid-phase heat 14. There are very few |iquid_phase density data for neopentane,
capacity. These data of Giauque and Blue (1936) are generallyand the data points show large scatter. The data of Dawson et
represented to within 1 %. Three of the data sets for the ideal 5], (1973) appear to be consistent with saturated liquid density
gas isobaric heat capacity are consistent within 1 %, and theqata such as those measured by McLure and Barbarin-Castillo
calculations from Marsh et al. (1994) show similar consistency. (1993). Below 10 MPa, the equation shows deviations of 0.2
The values of Barrow and Pitzer (1949) and Felsing and Drake o4 in density. Deviations increase up to 0.4 % at pressures of
(1936) do not fall within thé 1 % range, except at temperatures 30 MPa. The data of Wappmann et al. (1996) show differences
be|0W 600 K for the data Of Barrow and Pitzer. Most Of the Wlth the Dawson data of urDtl % in density; howe\/erl these
deviations of the equation from the second virial coefficients gata extend up to 200 MPa, and the deviations of the equation
are within 5 %. These data range from (250 to 500) K. from these data are within 1 %. In the vapor phase, comparisons
The equation of state covers the temperature range from theof the equation with the data of Heichelheim et al. (1962) and
triple point to 760 K with pressures up to 170 MPa. The of Dawson et al. are generally within 0.5 % in density. Similar
uncertainties in density are 0.1 % in the liquid phase below the trends are visible in the saturated vapor density data of Dawson
critical temperature, 0.4 % in the vapor phask % at et al. At high temperatures (above 470 K), the equation
supercritical temperatures up to 500 K, and 2.5 % at higher represents the data of Heichelheim et al. and of Beattie et al.
temperatures. Uncertainties are larger near the critical point. The(1952b) to withh 1 % in density, although the scatter in the
uncertainty in vapor pressure is 0.25 %, and the uncertainty in data is larger than 1 %. Trends in the immediate vicinity of the
heat capacities is estimated to be 1 %; however, a lack of critical point are difficult to illustrate because of the large
available data for the heat capacities and speeds of sound makedifferences in density deviations associated with small changes
it difficult to establish estimated numerical uncertainties for these in pressure, and comparisons illustrating deviations in pressure
properties. give a more meaningful assessment. Between (433.14 and
2-Methylbutane (Isopentane)Experimental measurements 433.84) K, and between (3.16 and 3.21) MPa, the 188 data
for isopentane and their deviations from the equation of state Points of Beattie et al. (1951b) show an average absolute
are summarized in Table 9 and shown in Figures 11 and 12. deviation of 0.1 % in pressure, and the 63 data points of Dawson
There are two primary data sets for the liquid, that of Walter et €t al. show an average absolute deviation of 0.03 % in pressure.
al. (1992) and that of Mopsik (1969). Although the data of  There are a substantial number of vapor pressure measure-
Walter et al. are newer by more than 20 years (their stated ments, especially between the triple point and 300 K, to validate
uncertainty is 0.5 % in density), fitting these data produced the accuracy of the equation. The agreement between the
systematic errors in other data types, such as the vapor pressureequation and most of these data points is within 0.1 %. This
In the end, the data of Mopsik were used in the determination trend is consistent even at higher temperatures (up to the critical
of the coefficients. There are large discreprencies among thepoint), with a few outliers. The saturated liquid and vapor
available data in the supercritical region. The apparent system-densities show deviations similar to those in the single phase,
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except at temperatures above 430 K. All but one of the very maximum deviation of 9.2 % at 257 MPa. The deviations of
limited liquid-phase heat capacities are fitted to within 1.5 %. the vapor-phase heat capacity data of Waddington et al. (1949)
These data span the temperature range from (258 to 277) K.are generally within 0.1 %. The equation of state represents the
The vapor-phase heat capacity data of Hossenlopp and Scotspeed of sound data for the liquid phase between (233 and 313)
(1981) range from (298 to 523) K and show differences of 0.2 K to within 1 %. The speed of sound data of Plantier and
%. These data agree well with the vapor-phase speed of soundaridon (2005) became available after the correlation and
data of Ewing et al. (1986, 1987) that are represented to within analysis were finished for isohexane. The data span the liquid
0.025 %. Heat capacities and speeds of sound are closely relategphase from (293 to 373) K with pressures up to 100 MPa. The
properties, and equations fitted using both data types generallyaverage absolute deviation is 0.4 %. These new data expand
produce lower uncertainties in other properties such as enthalpiegshe range of experimental values significantly. The two data
and entropies. Nearly all of the liquid-phase speed of sound sets available during fitting ranged from (233 to 313) K for the
data shows differences of less than 1 %, with an average ofsaturation liquid state only (very low pressures). The deviations
0.24 %. These data extend up to the critical temperature. Thereof the equation of state from the new data are smaller than those
are a substantial number of second virial coefficients from of the other two data sets used in fitting. Comparisons with the
various sources for neopentane. The scatter in the data is up t;mew data at high pressures are not optimal (approximately 0.5
20 %, but the majority of the data show differencé$ &% or %), but they demonstrate that the equation of state extrapolates
less from calculated values. well to high pressures, one of the desired attributes of the-Span

The uncertainties in density in the equation of state range Wagner functional form.
from 0.2 % in the liquid phase at pressures less than 10 MPato The uncertainties in the equation of state are 0.2 % in density
1 % in the liquid phase at higher pressures (up to 200 MPa) in the liquid phase, 0.5 % in density in the vapor phds# in
and at temperatures above the critical point (up to 550 K). The density above the critical temperature, 0.2 % in vapor pressure
uncertainty in density in the vapor phase is 0.5 %. Uncertainties between (280 and 350) K, 0.5 % in vapor pressure at higher
in other properties are 0.1 % for vapor press@réo for liquid- temperatures2 % in heat capacities, @l % in thespeed of
phase heat capacities, 0.5 % for vapor-phase heat capacities, $ound.
% for liquid-phase sound speeds, and 0.02 % for vapor-phase  Krypton. Experimental measurements for krypton and their
sound speeds from (250 to 350) K at low pressures. deviations from the equation of state are summarized in Table

2-Methylpentane (Isohexane)lxperimental measurements 9 and shown in Figures 17 and 18. There is a substantial amount
for isohexane and their deviations from the equation of state of data for the densities of krypton, although the scatter among
are summarized in Table 9 and shown in Figures 15 and 16.the various sets is high. At the lowest temperatures, the data of
The liquid-phase data for isohexane are made up of threeBarreiros et al. (1982a), Streett and Staveley (1971), and
nonoverlapping data sets. The data of Moriyoshi and Aono Theeuwes and Bearman (1970a) vary by 0.4 % in density. Some
(1988) cover the range from (298 to 313) K with pressures to of the differences in the data of Blagoi and Sorokin (1970) are
130 MPa and show deviations of 0.06 % in density. The data more than 0.75 %. The equation of state shows typical deviations
of Bridgman (1931) are located at (273, 323, and 368) K with of 0.2 % or less in density for most of the consistent data.
pressures to 1000 MPa and show deviations of 0.12 % in Likewise, the available saturated liquid-phase densities show
density. The data of Kelso and Felsing (1940) cover the deviations of less than 0.2 %. Beginning with temperatures of
temperature range from (373 to 548) K and have an averagearound 180 K, the scatter between the data sets increases with
deviation of 0.22 %. The data of Griskey and Canjar (1964) the inclusion of the data of Calado et al. (1986). At 190 K,
overlap the data of Kelso and Felsing but show a systematic these differences are 0.5 %. At pressures above 100 MPa and
offset. There are no data for the vapor phase, aside from a fewat temperatures below 240 K, the equation deviates from the
data points of Kelso and Felsing above the critical temperature. high-pressure data of Streett and Staveley (1971) by up to 1 %
The deviations of these low-density data are generally within or more at the highest pressures. A similar trend exists with
0.6 % in density. In the saturated liquid phase, there are a fewthe data of Trappeniers et al. (1966) at higher temperatures,
data points from (110 to 155) K from Davenport et al. (1966) and at pressures above 100 MPa. At temperatures above 270
that compare within 0.5 % with the equation at the lowest K, most of the data except those from Beattie et al. (1952a) are
temperature and within 0.1 % at the highest temperature. Aboverepresented with deviations of less than 0.2 %, with average
240 K, deviations from the equation are generally within 0.2 deviations of 0.1 %. In the vapor phase below the critical
% for the data of Awwad and Pethrick (1983) and of Holcomb temperature, the equation agrees well with the data of Novikov
et al. (1995). At (293 and 298) K, there are about 20 different et al. (1974), with maximum deviations of around 0.4 % near
data sets (most of which contain just one data point) with the saturation conditions.

deviations within 0.05 %. Deviations of the equation compared to vapor pressure
Between (280 and 350) K, most of the consistent vapor measurements are within 0.2 %, except at the lowest temper-
pressure data deviate from the equation by less than 0.2 %.atures where some of the data such as those from Lee et al.
Above 350 K and up to the critical point, the scatter in the data (1972) are systematically offset from other measurements.
increases with differences of approximately 0.5 %. There are Excluding these data, the equation is in good agreement with
no data below 280 K with uncertainties low enough to validate values from Bowman et al. (1969), Theeuwes and Bearman
the equation. The fixed functional form used to fit the properties (1970b), Michels et al. (1952c), and others. Beaumont et al.
of isohexane was not able to fit all of the saturated liquid-phase (1961) published five isobaric heat capacities that agree within
heat capacities, due to the very long saturation lihg/Tc = 1 % with the equation. These data are located near the triple
0.24). Comparisons with the heat capacity data of Douslin and point, and there are no other data to compare with at other
Huffman (1946) show deviations with2 % except at the lowest  temperatures. However, there are multiple measurements of the
temperatures. The data of Czarnota (1998) at 298 K were speed of sound over a wide range of temperatures that help
measured from atmospheric pressure to 760 MPa. Deviationsvalidate the thermodynamic surface for both heat capacities and
at the lowest pressures are generally within 1 %, with a sound speeds. Below 200 K and 20 MPa, the equation shows
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deviations of less thm1 % for the liquid-phase data. The the liquid phase. However, the data of Blue and Giauque (1935)
deviations from the data of Streett et al. (1972) remain within are rather old, and the data of Haase and Tillmann (1994) show
3 % up to 100 MPa. high scatter. No other caloric or sound speed data are available

There are a large number of second virial coefficients for in the liquid phase. In the vapor phase, the equation of state
krypton. Above 260 K, the data are randomly scattered about shows average deviations of 0.05 % from the sound speed data
the equation of state with maximum differences of 5 %. Between Of Hurly (2003, 2004). Differences between the equation of state
(150 and 260) K, the values of the second virial coefficients and the second virial coefficients are generally within 4 %,
are uniformly above those calculated from the equation with a €xcluding the inconsistent data of Johnston and Weimer (1934).
maximum difference of about 2.5 %. The uncertainties in the equation of state are 0.1 % in density

The equation of state is valid from the triple point to 750 K in the liquid and vapor phases between (220 and 300) K, 0.25
with pressures to 200 MPa, although the uncertainties increase% at temperatures above 300 K and at temperatures below 220
substantially above 100 MPa. The uncertainties in density are K, and 0.5 % in the critical region, except very close to the
typically 0.2 % below 100 MPa, increasing 1 % atpressures critical point. The uncertainty in vapor pressure is 0.2 %, that
up to 200 MPa. The uncertainty in vapor pressure is 0.2 %, for heat capacities is 3 %, and that for the speed of sound in
and the uncertainties in speed of sound are 0.01 % in the vaporthe vapor phase is 0.05 % above 220 K. The uncertainty of
phase (including supercritical conditions) at low pressures, 1 sound speed in the liquid phase cannot be verified by data but
% below 20 MPa in the liquid phase, @B % below 100 MPa is estimated to be within 5 %.
at other state points. The limited amount of heat capacity data Nonane. Experimental measurements for nonane and their
show that the uncertaintysil % near the triple point, and  deviations from the equation of state are summarized in Table
uncertainties in heat capacities at other states are probably withing and shown in Figures 21 and 22. There is only one data set
2 %, at least for pressures up to 20 MPa. (Scaife and Lyons, 1980) in the liquid phase below 300 K for

Nitrous Oxide.The density of nitrous oxide has been recently nonane. Above 300 K and at pressures above 10 MPa, the data
measured by Ihmels (2004) as part of the development of the from Scaife and Lyons are inconsistent with the data of Grindley
equation of state in this work. These data range from (273 to and Lind (1978) and Doolittle (1964) but are consistent with
523) K in the liquid and supercritical phases with a maximum the data of Boelhouwer (1960). New experimental data at the
pressure of 40 MPa. Below the critical temperature, the equationsame experimental conditions are required to resolve this
of state represents the data to within 0.1 % in density, aside inconsistency. The offset of the data of Scaife and Lyons at
from a few data points near the saturation pressure and at300 K remains somewhat constant in comparisons of calculated
temperatures approaching the critical point. At temperatures values from the equation of state down to the lowest temper-
above 320 K, the deviations generally stay within 0.2 %, with atures (240 K) of the data. At pressures below 10 MPa, the
several higher deviations at the lower pressures. Above 420 K, equation represents the data of Banipal et al. (1991) on average
the deviations are as large as 0.5 %. The data of Couch et al.to within 0.07 % in density. Above 300 MPa, the equation shows
(1961) in the liquid phase generally deviate by less than 0.5 % a maximum deviation of 0.6 % at 800 MPa from the data of
in density from the data of lhmels. The lowest temperature Grindley and Lind. The data of Doolittle at 500 MPa and 370
isotherm of Couch et al. at 240 K is 30 K lower than that of K do not demonstrate the systematic behavior of the data of
Ihmels, and the equation shows a maximum deviation of 0.2 % Grindley and Lind. At higher temperatures, the Grindley and
for this isotherm. The only information available at lower Lind data were used to fit the equation (at pressures below 300
temperatures is the single saturated liquid density point of MPa), and a small offset between these data and those of
Machado et al. (1980) with a deviation of 0.23 % and the Doolittle at 420 K is evident in the comparisons to the equation
saturated liquid densities of Leadbetter et al. (1964) with average of state. Above 500 K, the differences between the equation
deviations of 0.34 %. These data are near the triple point. Thereand the data increase in some situations to more & in
are several data sets in the vapor phase; in particular, thedensity.

calculated values derived from second and third virial coef- The agreement between the available saturated ||qu|d density
ficients of Hurly (2004) show very good agreement with the data is quite good. The equation fits nearly all of the data within
equation of state (less than 0.1 % in density), except at his 0,15 9% between (240 and 400) K. Furthermore, the uncertainty
highest pressures where the term for the fourth virial coefficient jn the equation between (280 and 335) K is most likely less
becomes significant. Other data sets (shown in Figure 19) showthan 0.05 % in the saturated liquid density, based on the
similar trends for temperatures up to 303 K and for temperatures numerous available measurements. The only available experi-
above 340 K with pressures less than 10 MPa. Data in the critical mental data in the vapor phase are the saturated vapor density
region show the highest inconsistencies but generally remain data of Amirkhanov et al. (1991). These data are fit to within
within 1 % indensity among the various sources. In particular, ahout 1.3 % with both positive and negative deviations, with a
the data of Ihmels and of Couch et al. at 340 K disagree by asfew outliers caused by the scatter in the data. There are very
much as 1 %. This discreprency resulted in higher deviations few vapor pressure measurements outside the temperature range
at 320 K in the equation of state for the data of Couch et al., from (310 to 430) K, none of which are accurate enough to
since the data of Ihmels were used as the primary data. validate the equation. There are, however, a large number of
The scatter in the vapor pressure data (see Figure 20) ofmeasurements at the normal boiling point, many of which vary
nitrous oxide is around 0.3 % at temperatures above 290 K by more than 3 %, with the majority of the data located within
between the data of Couch et al. (1961) and those of Cook 0.2 % of the equation. Data at lower temperatures (down to
(1953). The equation of state was fitted using all of these data, 310 K) are also fitted to within 0.2 %. The accuracy of the
along with the data of Ohgaki et al. (1990) near the critical equation outside this range cannot be verified by data but is
point. Near the triple point, the equation agrees within 0.05 % estimated to be within 0.5 % above 430 K. Comparisons against
to the single data points of Fonseca and Lobo (1989) and of the generalized vapor pressure equation of Lemmon and
Machado et al. (1980). Comparisons to heat capacity data showGoodwin (2000) show a maximum deviation of 0.3 % above
that the equation of state is generally accurate to wigh?o in 430 K and a deviation of 0.8 % at 225 K. The generalized



Journal of Chemical and Engineering Data, Vol. 51, No. 3, 20887

equation used one functional form to fit the vapor pressure the data of Ihmels et al., Kang, and Hellwig increase to above
measurements from methane to hexatriacontane. 1 %.

The experimental data for nonane include both isobaric and The equation represents the calculated ideal gas isobaric heat
isochoric heat capacity information. Below 550 K, the equation capacities of Gordon (1961), Evans and Wagman (1952), and
compares reasonably with these data (with all points located McBride and Gordon (1961) to within 0.15 % (the upper
within 2 %). Above 550 K, the deviations from the critical temperature limit is 6000 K). The calculated data of Barrow
region data increase up to a maximuim30% at thehighest ~ and Pitzer (1949), Cross (1935b), Kobe and Long (1950), and
temperatures. The deviations are even higher near the criticalNagarajan (1963) deviate systematically above 400 K from these
point. There are a limited number of saturation heat capacities data. Comparisons of the saturated liquid isobaric heat capacity
as well at temperatures below 320 K, & % deviations down  data of Giauque and Stephenson (1938) and Riedel (1939) are
to 233 K. At lower temperatures near the triple point, a Within 0.6 %. There are considerable differences between the
maximum deviation of-3.5 % occurs for one data set at@.5 various data sets for vapor pressure as shown in Figure 24. At
% for another. Most of the data for the liquid-phase speed of temperatures below 270 K, the data of Giauque and Stephenson
sound show deviations of less than 0.5 %. Nonane is very well @hd of Stock (1923) differ by about 0.4 % or more. At
characterized by experimental data for the speed of sound belowfeémperatures above 360 K, the data of Kang (1960) agree with
430 K in the liquid, but additional measurements are needed atOther data, but the data at temperatures from (323 to 360) K
higher temperatures and in the vapor phase. differ by up to 2.2 %. In the middle range (280 K to 330 K),

The equation of state is valid from the triple point to 575 K the data of Brady and O'Donnell (1968) and of Hirth (1958)

with pressures to 800 MPa. The uncertainties in the equation agree Wlthm_ about 0.2 %. o . .

are 0.1 % in the saturated liquid density between (280 and 335) _The equation o_f state for sulfur dioxide is valid from the trlple

K and 0.2 % in density in the liquid phase below 430 K and 10 point to 523 K with pressures up to 35 MPa. The uncertainty
MPa. The uncertainty increases to 0.3 % up to 100 MPa and " density of the equation of state ranges from 0.1 % at low
0.5 % up to 800 MPa. In the vapor phase and for supercritical temperatures in the liquid and vapor phases to O'.5.% at the
states, the uncertainty in density is 1 %, whereas in the liquid highest temperatures. The uncertainty n hea;[) capacities is 2 %,
phase between 430 K and the critical point it is 0.5 % in density. and the uncertainty in vapor pressure 1S 0.4 % at temperatures
Other uncertainties are 0.2 % in vapor pressure between (300above 270 K. The uncertainty in vapor pressure increases at
and 430) K, 0.5 % in vapor pressure at higher temperatures,lower tem_p_eratures_due to the lack of re_llable expgrlmental data.
2 % in heat capacities below 550, & % athigher tempera- In the critical region, the uncertainties are higher for all

tures, ad 1 % in theliquid-phase speed of sound below properties except vapor pressure.. )
430 K. Toluene. The amount of experimental data available for

toluene is more than that of any other fluid studied in this work.
Additionally, measurements of toluene have been part of a round
robin to ascertain experimental uncertainty among some of the

! . : best laboratories in th Id (Bean, 1999; M dB ,
dissertations of Hirth (1958) and Kang (1960). These data extend 1836'61 MO ;z;cl)inezsolgz er;?;on( 3380' Webera g;goa ‘B OrtL;]r;c;
down to temperatures of 270 K in the vapor phase. The recentmeas’uremenis have’ been ma,de duri’ng the séme time at other
measurements of lhmels et al. (2003) extend the measurements, it \tes (Ihmels and Gmehling, 2001; Avelino et al., 2003;
of compressed "9“'0' densities down to 273 K at pressures to etc.) The differences among these data represent the smallest
35 MPa. The residual part of the Helmholtz equation of state \,certainties for the fluids studied here, as shown in Figures
reported here was also reported in the publlpatlon of Ihme_ls et o5 1 30. For example, the uncertainty in the equation of state
al. Below 273 K, the only available density data are five o the saturated liquid density approaches 0.01 % around 300
saturated liquid density points of Seyer and Peck (1930) down k gye o the excellent agreement among many different sources.
to 223 K. These five data points (which were not used in A standard reference equation (very high accuracy) will be
developing the equation of state reported here) are representedieyeloped after final measurements have been made and will
by the equation to within 0.05 % in density, although the (epjace the equation presented here. This new equation will be
deviations are higher (reaching up to 0.6 %) for their data at yseq in developing new transport property equations for toluene.

temperatures above 273 K. Because of the large amount of data available, the deviations
Deviations between the experimental density data and the of the equation of state from the data have been expanded into
equation of state are shown in Figure 23. The densities measuregnuyltiple figures. Figure 25 shows comparisons of the equation
by Ihmels et al. are represented with an average absoluteof state to single phag®T data. The data of Magee and Bruno
deviation of 0.06 %. The density data of Kang (1960), Kang et (1996) are the only data between (180 and 220) K. These data
al. (1961), and Hirth (1958) are represented with average are of high accuracy and show deviations of less than 0.05 %
absolute deviations of 0.29 %, 0.37 %, and 0.11 %, respectively,in density. At 220 K, the data of Avelino et al. (2003) show
excluding their values in the critical region. Below 390 K, there differences of less than 0.05 % from the data of Magee and
are small differences among the available data (e.g., theBruno. These differences are slightly higher with increasing
differences between the data of Ihmels et al. and Kang et al. temperatures (up to 0.08 % at 400 K). The data of Ihmels and
are approximately 0.2 %). The vapor-phase data of Hirth (the Gmehling (2001) begin at 273 K and show comparable
only data available in the vapor below 370 K) are represented deviations to those of the data of Magee and Bruno at this
generally within 0.1 % as shown in Figure 23. As the critical temperature. The equation of state is within 0.05 % of both
region is approached, the deviations in the data tend to spreadiata sets. At (290 to 300) K, several other data sets appear with
with differences exceedinl % near the critical point. These differences generally within 0.1 %. Up to 50 MPa, the equation
large differences occur in the critical region where experimental deviates from these data by no more than 0.075 %, and at 175
techniques are the most difficult for the measurement of density. MPa, the deviations are generally all within 0.15 %. A
At temperatures above the critical point, the differences betweensystematic deviation from the data is evident in the equation

Sulfur Dioxide. Densities of sulfur dioxide have been
measured from (323 to 523) K at pressures up to 32 MPa by
Kang et al. (1961) and Hellwig (1955) and in the doctoral
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above 100 MPa and approasht % atpressures up to 1 GPa. 0.5 % at pressures from (100 to 500) MPa, and 0.2 % in the
The trends in the data and the equation of state at 290 K arevapor phase. The uncertainty for the saturated liquid density is
quite similar to those at higher temperatures up to the critical as low as 0.01 % at temperatures near 300 K. The uncertainties
region. The comparisons with saturated liquid densities (seein vapor pressure are 0.3 % from (270 to 305) K, 0.05 % from
Figure 27) show similar trends, with most of the data fitted (305 to 425) K, 0.1 % up to 555 K, and 0.15 % up to the critical
within 0.05 %. Between (285 and 330) K, there is a substantial temperature. The uncertainty in heat capacities is generally 0.5
grouping of data with deviations less than 0.05 % as compared% and risesd 3 % in thecritical region. The uncertainty in the
to values calculated from the equation of state. Of the 130 dataspeed of soundsil % up to 500 K and 100 MPa amiges to
points available at 298 K, 100 points fall within 0.04 %, 80 2 % at higher pressures and higher temperatures.
within 0.02 %, and 50 within 0.01 %. The data with the lowest  xenon. The liquid-phase data of Streett et al. (1973),
experimental uncertainties (Bean, 1999) show deviations of Theeuwes and Bearman (1970c), and Ulybin et al. (1974) are
0.002 % (even though they were not used in the fit). relatively consistent at low temperatures for xenon. Near the
Above 540 K, the deviations in the critical region start to triple point, the equation of state and all three data sets agree
increase, and some are higherrtiia% near the critical point. ~ within 0.05 % in density. At increasing temperatures, the
Above this temperature, the scatter among the data sets increasesgreement decreases. At 220 K, the equation shows differences
dramatically, and the equation of state agrees well with some of 0.2 %, and at 240 K, the equation differs from the data of
of the data of Straty et al. (1988) and, at pressures above 20Ulybin et al. by less than 0.1 % and by 0.4 % from the data of
MPa, with some of the data of Akhundov and Abdullaev (1971). Straty et al. At 260 K, the data of Baidakov et al. (1992) differ
Near the critical pressure, these two data sets disagree by mordrom the data of Streett et al. by 0.7 %. The data of Baidakov
than 1 % (with the equation biased toward the data of Straty et et al. were selected in fitting over the data of Streett et al.
al.) Neither data set was used in the fitting of the equation of because of their agreement with other data. The disagreement
state. There are only a limited number of data sets for the vaporof the Streett et al. data is also shown in the (280 and 290) K
phase. The data of Opel et al. (1974) were measured at theplots in Figure 31 between (10 and 100) MPa. The differences
lowest temperatures (starting at 393 K). The comparisons with between the data sets of Streett et al. and Michels et al. (1954)
the equation of state show an average deviation of 0.05 %. Theare generally about 0.5 %, whereas the data of Ulybin et al.
data of Marcos et al. (1983) show somewhat similar deviations and of Michels et al. agree very well.
but with higher scatter. The saturated vapor-phase data of The vapor phase of xenon is characterized by the data of
Akhundov and Abdullaev (1977) show deviations of less than Hyrly et al. (1997) (with deviations of 0.03 %), Michels et al.
0.25 % up to 545 K. The deviation plot for the saturated vapor (1954), and Ulybin et al. (1974) as shown in Figure 31. These
density (Figure 30) shows a discontinuity in the data at 420 K data sets are relatively consistent, except near the critical point.

(their data below 420 K show negative deviations-d1.2 % At temperatures above the critical temperature, the calculated
at most, and their data above 420 K show positive deviations yalues of density deviate systematically from the data of Michels
of about 0.08 %). et al. Additional measurements are needed to verify the true

The vapor pressures from (305 to 425) K are very well behavior of xenon at supercritical temperatures. However, for
characterized, with approximate deviations of 0.05 % as shown the most part the deviations remain withl % in density.

in Figure 26. Below 305 K, there are data down to 270 K with  The equation of state deviates from vapor pressure measure-
deviations of about 0.3 %. It is not clear which of these data ments by up to 0.2 % as shown in Figure 32. The scatter in the
are the most accurate, and additional measurements are needeghts is highest below 200 K and lowest above 250 K, where
from 305 K down to the triple point to validate the accuracy of deviations are within 0.1 %. Deviations are generally 0.2 %
the equation given here. Above 425 K, the equation representspear the triple point, excluding some of the older data sets.
much of the data within 0.1 % up to 555 K, but there appear to \easurements of the speed of sound deviate by as much as 0.5
be some systematic deviations in individual data sets. Near theo in the liquid phase and 0.05 % in the vapor phase (compared
critical point, the deviations increase to 0.15 %. to the data of Hurly et al., 1997). The deviations from the data
Figure 28 illustrates the vast number of measurements for of Pitaevskaya et al. (1975) at their lowest pressures (40 MPa)
the isobaric heat capacities for toluene. Deviations are within are greater than 1 %, but the accuracy of these data cannot be
0.5 % or better below 560 K. The deviations are larger near the confirmed. At (60, 80, and 100) MPa, their deviations are
critical temperature. Span and Wagner (2008pgive details smaller (on the order of 1 %) but increase as the pressure rises
on the behavior of the functional form used here near the critical to 400 MPa. The equation of state is not able to accurately
point. The equation deviates from the speed of sound data showrrepresent the speed of sound data in the critical region (except
in Figure 29 by less thral % up to 100MPa, and within 2 % for the points furthest removed from the critical point) of Kline
at higher pressures. Deviations in the critical region are higher. and Carome (1973) or Gillis et al. (2004). The limited number
There are no high accuracy measurements for the speed of soundf data points from Clusius and Riccoboni (1938) for the isobaric
in the vapor phase. Figure 30 shows that the data for the enthalpyheat capacity near the triple point temperature are represented
of vaporization are generally fit withil % and that deviations  to within 1 % by theequation of state. There are a substantial
with the saturation heat capacities are small (similar to those number of second virial coefficients for xenon, and Figure 32
for the isobaric heat capacities). The ideal gas heat capacitiesshows that the scatter in the data is about 7 %, with the majority
also shown in this figure, deviate by up1 % from the limited fitted to within 3 %. The uncertainties in the equation of state
data available. The calculated values of Marsh et al. (1994) wereare 0.2 % in density up to 100 MPa, rising 1 % athigher
used to fit the coefficients for the ideal gas equation used in pressures, 0.2 % in vapor pressutés in thespeed of sound,
this work, with very close agreement above 200 K. and 2 % inheat capacities.

The equation of state is valid from the triple point to 700 K Hexafluoroethane-R-116.Experimental measurements for
with pressures to 500 MPa. The uncertainties in density in the R-116 and their deviations from the equation of state are
equation of state are 0.05 % in the liquid phase up to 540 K, summarized in Table 9 and shown in Figures 33 and 34. Of all
0.5 % up to the critical temperatyrk % athigher temperatures,  the fluids studied in this work, R-116 appears to be the fluid
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with the least reliable data. Oddly enough, it is also the fluid represented within 0.15 %. Below 270 K and above 400 K, the
with the largest number of different data types. The density inconsistencies increase but are still within 0.6 %. There are
behavior of the equation in the single-phase regions is basedno reliable vapor pressure measurements below 250 K. Like-
upon two data sets: the liquid-phase data of Maslennikov (1994) wise, nearly all of the saturated liquid densities except those
and the vapor-phase data of Kijima et al. (1977). In the region measured by Maezawa et al. (1991b) are consistent and agree
where these two data sets overlap (above the critical tempera-with values from the equation of state to within 0.1 % in density.
ture), the agreement is quite poor, with differences often greater  There are two data sets for the speed of sound. The data of
than 1 % indensity. For the saturated liquid density, the data Goodwin and Moldover (1991), with an AAD of 0.007 %, were
of Gunchuk et al. (1989) show comparisons with the equation measured for the vapor phase, and the data of Takagi and Hongo
within 0.2 %. (1993), with an AAD of 0.2 %, were measured for the liquid
The available data for the vapor pressure show that calcula-phase. Unfortunately, there are no isochoric or isobaric heat
tions from the equation of state are within 0.3 % between 175 capacities for the liquid phase, and the uncertainties of these
K and the critical temperature. In particular, the recent data of properties calculated from the equation of state are unknown.
Kao and Miller (2000) differ by no more than 0.14 % from For the ideal gas, there are few data points for the isobaric heat
values calculated using the equation between (200 and 285) K.capacity, with the equation relying on the calculations of
These data are also in very good agreement with the data ofGoodwin and Moldover derived from their speed of sound
Kleiber (1994). The available data for the speed of sound are measurements. Calculated values from Marsh et al. (1994) were
all located in the vapor phase. The equation differs from the used to supplement these measurements at higher and lower
data sets of Hurly (1999) and Hurly et al. (2003) on average by temperatures.

less than 0.1 %. The data of Jarvis et al. (1996) show higher  The equation of state for R-141b is valid from the triple point
deviations in regions overlapping the data of Hurly. to the onset of decomposition of the fluid and at pressures to

There are three data sets in the liquid and supercritical phasest00 MPa. The equation has uncertainties of 0.2 % in density
of R-116 for the isobaric heat capacity. These data include the between (180 and 400) K and at pressures to 100 MPa, and 0.5
low-temperature data of Pace and Aston (1948) (with deviations % in density at higher pressures. The uncertainty in density may
less than 0.5 %), the wide ranging data of Kim (1974), and the be higher as temperatures approach 400 K. Vapor pressures are
critical region data of Hejmadi et al. (1977). Deviations from represented with an uncertainty of 0.2 % from (270 to 400) K.
the data of Hejmadi et al. range from (1 to 25) %. However, The uncertainty in speed of sound is 0.01 % in the vapor phase
this is not surprising due to the sharp rise in the values of the between (250 and 350) K and at low pressures and 0.5 % in
heat capacity (from 770 to 4443ndol~1-K~1) at these near  the liquid phase. Heat capacity data are not available to verify
critical state points. The data of Kim (1974) show an offset the equation of state; however, the uncertainties are estimated
from the equation of about 6 %. The data cover both the liquid to be within 5 %.

and vapor phases and seem to be in disagreement with the 1.Chloro-1,1-difluoroethane-R-142b.The data situation for
Calculated |dea| gaS ISObaI’IC heat CapaCIty information from R_142b |S not Very good' even though experimental information
Chen et al. (1975b). The data of Kim (1974) were not used in js ayailable for states above the critical temperature. In the liquid
the final fit. Both He]ma.d| et al. and Kim derived their heat phase as shown in Figure 37, the data of Sousa et al. (1992&)
capacities from enthalpy data (which were also reported in their are represented to within 0.03 % in density between (293 and
papers), and Kim additionally reported isothermal throttling 370) K. Deviations of neayl1 % are seen in their last isotherm
coefficients. The uncertainties in the equation are 0.5 % in at 403 K at a pressure near the critical pressure, but the
density for liquid and vapor statescah % indensity or pressure  deviations are lower as the pressure increases along this
for supercritical states. For vapor pressures, the uncertainty isjsotherm. Other data in the liquid phase differ by (0.2 to 0.4)
0.3 %, that for vapor-phase sound speeds is 0.2 % and that fore, from the data of Sousa et al., including the data of Strom
heat capacities is 5 %. and Gren (1993) and Maezawa et al. (1991a). The differences
1,1-Dichloro-1-fluoroethane-R-141b.Comparisons with the  with the Maezawa et al. data are also seen in comparisons with
experimental data for R-141b are shown in Figure 35 for single- their saturated liquid densities (as shown in Figure 38). The
phase densities and in Figure 36 for saturation properties, speedequation of state is validated in the vapor phase by the data of
of sound, and ideal gas isobaric heat capacities. Density dataRiedel (1941) and of Dressner and Bier (1993), and comparisons
in the liquid are available at temperatures down to near the triple with the equation are generally within 0.2 % (below 375 K).
point temperature. However, due to decomposition of the fluid, There are additional measurements of the saturated vapor
there are no experimental density data (aside from the critical densities, but the scatter in these data sets is large, and the
point) above 400 K. The data of Defibaugh et al. (1993) were equation is based solely on the single-phase points. The one
updated in their 1997 publication (Defibaugh and Moldover), exception to this is the data of Tanikawa et al. (1992). These
and the older data are not considered here. The equation of statelata are located near the critical point and the equation shows
represents the data of Duarte-Garza et al. (1997), Defibaughdeviations of less thml % for most of the points (similar to
and Moldover (1997), and Matsuo et al. (1994) all within 0.1 deviations in their measurements for the saturated liquid in the
% in density. The high-pressure data of Malhortra and Woolf critical region). The critical point used in this work for R-142b
(1994) disagree with other data in similar regions by as much was taken from Tanikawa et al. Near the critical point, the data
as 0.6 %. However, the data show that the equation is valid up sets of Fukushima and Watanabe (1992) and Yada et al. (1991)
to pressures of 400 MPa, at least within 0.5 % in density. The show some scatter, and these data sets agree neither with each
vapor-phase data of Weber (1991) and the equation of stateother nor with the high-temperature isotherm of Dressner and
differ by less than 0.05 %. Higher differences (up to 0.5 %) are Bier. Their measured densities differ by as much as 1 %, with
seen with the vapor-phase data of Duarte-Garza et al. nearincreasing differences closer to the critical point.
saturation conditions. There is also significant scatter in the measured vapor

There is remarkable consistency between the measured vapopressures as shown in Figure 38. Much of the data are within
pressures from 270 to 400 K. Most of the available data are 0.5 % of the equation of state. The values of Silva and Weber
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(1993) (with temperatures up to 290 K) were used in fitting, = The available data for the vapor pressure of R-218 show
and the data of Fukushima and Watanabe (1992) and Yada esignificant scatter. Between (260 and 343) K, the data of
al. (1991) were used at higher temperatures. Most of the dataBouchot and Richon (1997) and Vladimirov and Shvets (1989)
from these three sets are represented to within 0.2 %. Thereagree within 0.4 %, and the equation represents these data to
are several sets of data for the liquid isobaric heat capacity, within 0.2 % and 0.14 %, respectively. The agreement with other
with deviations less than 1.5 % for the data of Nakagawa et al. data sets is not as good. There is very little information on the
(1993). The data of Perlick (1937b) differ by as much as 3 % ideal gas heat capacities for R-218. The equation was fitted in
from other data sets but are the only heat capacity data with part to the data of Masi et al. (1954) and to calculations from
values down to 150 K. There are also a limited number of data Marsh et al. (1994). Pace and Plaush (1967) measured the

sets for the ideal gas isobaric heat capacity. The scatter betweesgaturation heat capacity between (125 and 230) K, and deviations
the data sets is as high as 1.5 %. between the equation and these data are generally within 1 %.

eljeva et al. (1997) measured the liquid speed of sound and

The vapor-phase speed of sound data of Beckermann anceacek et al. (2001) measured the vapor speed of sound. The

Kohler (1993) .d'ﬁer from the equation by 0.03 %. Komarov et equation shows an AAD for both of these data sets of about
al. (1967) published saturated vapor-phase speed of sound dataO 5 0

but these data differ by umt6 % at thelowest temperatures ’ ' )

(263 K). Between (310 and 383) K, the data differ by less than ~ 1he only experimental data for R-218 below 220 K are
1 %. Comparisons with their data in the liquid show deviations S€Veral vapor pressures and the saturated heat capacity data.
less tha 1 % between (283 and 363) K. The deviations are The extrapolation behavior of Fien3|t|es below 220 K was
substantially higher outside of this region. The second virial checke(_j caref_ully, and the equation appears to extrapolate_well
coefficient data of Beckermann and Kohler (1995) are repre- to the trlple_pomt temperature. This is verified by the saturation
sented to within about 1.5 %. Other sources show deviations heat capacity data that extend to 125 K.

of up to about 5 %. The upper limit of the equation is 440 K with pressures to
20 MPa. The uncertainty in density is 0.2 % for the liquid phase

The equation of state is valid from the triple point temperature and 0.5 % for the vapor phase. Above the critical temperature,

to 470 K with pressures to 60 MPa. Although experimental the uncertainties are estimated ® b % indensity and 0.5 %

density data are only available down to 190 K, the extrapolation in pressure. Calculated vapor pressures have an uncertainty of

behawor was checked be_t\(veen th"c’. temperat_ure and the trlple0.5 % and that for heat capacities and sound speeds is 1 %.
point temperature. In addition, the fixed functional form used

to fit the equation helps to ensure that the equation exhibits 1,1,1,3,3-PentaﬂuoropropaneR-245_fa:Experimental mea-
proper behavior, even in the absence of data. The uncertaintieSU'ements for R-245fa and their deviations from the equation
in density are 0.3 % in the liquid phase below 3701K% at of state are summ_arlzed in Table 9 and shown in Flgu_res 41
higher temperatures in the liquid and supercritical regions and and 42. The equation of state represents all of the density data

0.5 % in the vapor phase. Uncertainties for other properties areOf Defibaugh and Moldover (1997), which span the temperafure

0 0 : . range from (252 to 372) K, to within 0.1 %, and nearly all of
0.5 % for vapor pressuje % for heat capacity and liquid the density data of Bobbo et al. (2003) to within 0.1 %,

phase sound speed, and 0.2 % fo_r vapor-phase sound sDeeOI'excluding their 343 K isotherm (the highest that they measured).
Octafluoropropane-R-218.Experimental measurements for - The data of Grebenkov et al. (2004) are all represented up to
R-218 and their deviations from the equation of state are 400 K to within 0.2 %. The pressures for these three data sets
summarized in Table 9 and shown in Figures 39 and 40. Therejn, the liquid phase are all less than 25 MPa. The liquid-phase
are two sets of density measurements in the liquid phase fordensities of Sotani and Kubota (1999) extend up to 200 MPa.
R-218. In their overlapping range from (240 to 340) K, these At their lowest pressures for the four measured isotherms, the
two sets agree within 0.25 % in density, with the equation data differ from those of Defibaugh and Moldover by about
deviating by 0.2 % (on average) from the data of Defibaugh 0.15 %. The equation of state represents all of the density data
and Moldover (1997), and by 0.16 % from the data of Bouchot of Sotani and Kubota, even up to 200 MPa, for the (313 and
and Richon (1997). Both data sets appear to disagree with the323) K isotherms to within 0.15 %. For the 298 K isotherm,
saturated liquid density data of Brown (1963) at temperatures the deviations exceed 0.2 % above 80 MPa, with a maximum
between (220 and 280) K, and the values at saturated liquid deviation of 0.5 % at 200 MPa. For the 303 K isotherm, the
states from the equation of state are determined solely by thedeviations exceed 0.2 % above 130 MPa, with a maximum
single-phase data used in the fit. At temperatures above thedeviation of 0.3 % at 200 MPa.
critical temperature, the deviations from the data of Defibaugh | the vapor phase, calculations from the equation of state

and Moldover (which extend to 370 K) are generally within 1 n55s through the average of the data of Sotani and Kubota (1999)
% in density, with the highest deviations at pressures less thanand Di Nicola (2001). At their lowest temperatures of around
4 MPa. At higher pressures, the deviations are within 0.2 %. 313 K, the data of Sotani and Kubota are abbwbo greater

The data of Defibaugh and Moldover at temperatures above than the calculations from the equation of state and the data of
340 K show pressure deviations that are generally within 0.5 Dj Nicola are abotil % less than the calculations. At the highest
%. The data situation in the vapor phase is of some concern.temperatures where the data coexist, the data of Sotani and
The equation represents the data of Bouchot and Richon wellKubota are about 0.4 % higher and the data of Di Nicola are
at (313 and 333) K at pressures less than 1 MPa but does nofabout 0.5 % lower than the equation. The only experimental
represent other vapor-phase data at lower temperatures. Addata above 372 K are the measurements of Grebenkov et al.
ditional measurements in this region would help clarify the (2004). In the vapor phase and in overlapping regions with the
vapor-phase behavior of R-218. At the highest temperaturesdata of Sotani and Kubota (298 K to 343 K), the data are
(between 370 K and 440 K), the older data of Brown (1963) systematically higher (AAD of 1 %) than the Sotani and Kubota
show deviations in pressure of around 0.8 %. Deviations in the values (AAD of 0.27 %), with the bias nearly equal to the AAD
data of Defibaugh and Moldover are about 0.3 % in pressure atfor each author. At higher temperatures (up to 420 K), deviations
their highest temperature. from the data of Grebenkov et al. range from about 0.5 % at
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the lowest pressure® 2 % attheir highest pressures in the these same data was 0.01 % with a maximum offset of 0.06 %.
vapor phase. Above 430 K, the deviations tend to all be within Above 350 K, the deviations from the fixed form are all within

3 % in density. Saturated liquid densities compare favorably, 0.23 % while the deviations for the modified form are all within
with most of the deviations within 0.2 % below 400 K. The 0.12 %. This application of the fixed functional form with
saturated liquid densities above 400 K and all of the saturated modified temperature exponents demonstrates how higher
vapor densities of Grebenkov et al. are typically witRi % of accuracies can be obtained for fluids with superior data while
calculations from the equation, even near the critical point.  still maintaining a short equation with proper extrapolation

For the representation of vapor pressures, the equation of statdehavior. Figure 43 shows additional comparisons of density
shows deviations of 0.2 % or less for the majority of the data, Measurements with the equation using the modified form.
particularly for the data of Bobbo et al. (2001), Di Nicola (2001), Although there are limited data in the vapor phase (starting at
Grebenkov et al. (2004), and Pan et al. (2006). The data of Wang273 K), comparisons are generally within 0.1 % outside of the
and Duan (2004) are also within this error range at temperaturescritical region. Even in the supercritical region, except at
above 280 K. Toward the upper temperature limit, the data of densities near that of the critical density, comparisons show that
Pan et al. and of Wang and Duan are quite consistent, but differthe equation of state characterizes the data with similar
from the data of Grebenkov et al. by up to 0.4 %. Additional uncertainties. Very near the critical point, the deviations in
measurements in this region would help clarify this discreprency. density increase substantially among the various data sets, but

o , 2 0
There is one data set for the isobaric heat capacity in the de¥|r?t|onstt|n pressur(tehare mOStl)é Vr'th'ntof’ f;l

liquid phase. The equation differs from these data systematically . etscla(;r $E10ng d'?' vgnous t'a asets f'?tr d?[ v?ﬁordprtess?re

by 5 %. The equation differs from the ideal gas isobaric heat IS up 1o L 7. The modiied equation was itted 1o the data o

. o Magee et al. (1998) (AAD of 0.09 %). The data of Oi et al.
capacity data of Scott (2004) by about 0.2 %. The deviations . . .
of calculated liquid-phase speeds of sound are within 0.25 % (1983.) extend down to the triple point and deviate from the
of the data of Grebenkov et al equation by up to 0.25 % at temperatures above 145 K and by

up to 0.7 % at lower temperatures. The scatter is higher in the

_ From these comparisons and an assessment of the uncertaingitica| region, with differences between the data of Magee et
ties of the experimental data, the estimated uncertainty in the 5| 54 the data of Biswas et al. (1989), Demiriz et al. (1993)

equation of state for density is 0.1 % in the liquid phase below 5,4 Bominaar et al. (1987) as high as 0.7 %. The modified
400 K W't,h pressures up to 30 MPa. Above 30 MPa, the equation deviates from the isochoric and saturation heat capacity
uncertainties are 0.2 % at temperatures above 310 K and up t0yata of Magee et al. by abbli % orless, except near the critical

1 % for lower temperatures. In the vapor phase and at reqion for the saturation data and at the lowest densities for the
temperatures above 400 K, the uncertaisyli% indensity,  jsochoric heat capacity data. There are a significant number of
ywth higher uncertglntles in the critical region. The uncertainty high quality second virial coefficients available for R-41. The
in vapor pressure is 0.2 % above 250 K, and rises t0 0.35 % gquation compares quite favorably with all of these data, with
above 370 K. The uncertainties in other properties £6 in differences generally within 2 %. The maximum deviation of

liquid-phase heat capacities and 0.2 % in liquid-phase soundq vapor-phase speed of sound data of Scott et al. (1998) is
speeds below 360 K, with unknown uncertainties outside of 5 5 o4
these regions due to a lack of experimental data. The comparisons shown in Figures 43 and 44 were calculated
Fluoromethane-R-41.Experimental measurements for R-41  from the modified equation with varying temperature exponents.
and their deviations from the equation of state are summarizedThis equation is recommended for calculating thermodynamic
in Table 9 and shown in Figures 43 and 44. The data situation properties rather than that for the fixed functional form. The
for R-41 is one of the best (aside from toluene) of the fluids ideal gas Helmholtz energy part of the equation is identical to
studied in this work. Not only are there highly accurate densities that used in the fixed functional form (with the coefficients given
over most of the liquid and supercritical states, there are alsoin Tables 5 and 6), but the residual part of the Helmholtz energy
accurate isochoric heat capacity data. The fixed 12-term that results in the lower uncertainties is represented with the
functional form was capable of fitting the data generally within  following equation:
the uncertainties given in Table 1, but the uncertainties in the
equation of state were still greater than those for the high r - 0.52 112 4 3,0.03 7,063
accuracy data of Magee et al. (1998). The coefficients given in C(01) = MOTTH 10T T4 0T g0 T 0T

3.4 =0 222 =0 515 =0
Table 8 are those fitted using the fixed functional form, NOT " exp “+ N 07" exp © + ngd>r " exp ° +
con§istent with those reported for the.other fluids in thi§ work. ngéro'lexp’52 +n 0574'8 exp"’z + n1164r3'5 exp"’z +
To improve the accuracy of properties calculated using the 15 g3
equation of state, the temperature exponents in the functional N0 T exp ° (28)

form were adjusted (in addition to the coefficients of each term),

similar to that done for dodecane (Lemmon and Huber, 2004) wheren; = 1.6264,n, = —2.8337,n3 = 0.0010932,n; =

and the butenes (Lemmon and lhmels, 2005). Comparisons0.037136ns = 0.00018724ns = —0.22189,n; = 0.55021 ng
between the two fits (one with the fixed form and one with = 0.046100,n9 = —0.056405,n;0 = —0.17005, n;; =
adjusted temperature exponents) showed very similar results in—0.032409, andh;; = —0.012276.

most of the properties except density and heat capacity. Vapor The equation of state is valid from the triple point temperature
pressures, virial coefficients, and sound speeds were nearlyto 425 K with pressures to 70 MPa. The uncertainties in the
identical and isochoric heat capacities changed from an offsetequation are 0.1 % in density (except near the critical point),
of up to 2 % at thdowest temperatures for the fixed functional 0.25 % in vapor pressuré % in heat capacities, 0.2 % in the
form to deviations of nearly zero for the modified equation. vapor-phase speed of soundda% in theliquid-phase speed
Below 285 K, the fixed functional form was off by0.3 % in of sound. The liquid-phase speed of sound uncertainty is an
density at the lowest temperature an@.18 % around 250 K upper estimate and cannot be verified without experimental
for the data of Magee et al. In this same region, the averageinformation. The uncertainties above 290 K in vapor pressure
absolute deviation for the modified equation compared againstmay be as high as 0.5 %.
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Table 10. Calculated Values of Properties from the Equation of State to Verify Computer Code

isochoric isobaric
temp density pressure enthalpy entropy heat capacity heat capacity =~ speed of sound
fluid (T/IK)  (p/mol-dm~3) (p/kPa)  (W/Imol™d)  (¢3mol K1)  (c/Imol K™Y  (cy/Imol~1-K™1) (W/m-s™1)
acetone 510 4 4807.955  51782.004 157.331 138.449 3766.619 125.351
carbon monoxide 134 10 3668.867 4838.507 41.601 38.702 1642.142 168.632
carbonyl sulfide 380 7 6498.429  16511.877 51.563 55.861 4139.578 161.717
decane 619 1 2071.024  89742.551 164.787 437.033 1043.328 74.576
hydrogen sulfide 375 10 9289.914  15571.227 49.880 42.574 2645.392 248.512
isopentane 462 3 3458.617  37318.534 94.634 190.631 4660.943 96.324
neopentane 435 3 3256.677  34334.720 92.525 184.435 5161.767 93.352
isohexane 499 2 3058.918  48733.743 113.316 233.627 1129.814 90.210
krypton 211 10 5741.445 6700.326 36.936 27.390 1667.678 137.838
nitrous oxide 311 10 7474778  13676.531 52.070 50.336 2997.404 185.945
nonane 596 1 2200.687  81692.219 156.217 379.897 715.553 85.318
sulfur dioxide 432 8 8052.256  20821.200 56.819 61.478 4877.456 171.538
toluene 593 3 4186.620  52937.550 105.422 214.488 7705.723 89.464
xenon 291 8 5986.014 9193.668 36.895 28.692 3063.309 125.648
R-116 295 4 3180.336  34509.528 161.389 120.218 2189.730 73.317
R-141b 479 3 4267.596  61757.274 214.894 126.963 1485.482 93.674
R-142b 412 4 4165.652  44982.401 170.029 117.705 3187.214 96.468
R-218 347 3 2742.100  58080.724 251.735 181.131 2375.958 57.554
R-245fa 429 3 3737.844  63909.822 235.875 172.283 1891.958 78.673
R-412 319 9 6130.986  13699.382 55.982 53.388 2724.221 194.624
R-41° 319 9 6129.100  13670.133 55.886 55.438 2796.224 189.549

aCalculated from eq 14 with coefficients taken from Table 8alculated from eq 28.

(R-41, R-32, R-40, R-40B1). These families of associating fluids
Short forms for the Helmholtz energy equation of state are of great importal_nce for_ many problems in the process
developed in previous work have been applied to the fluids industry. The formation .of mtermoleculgr clusters through
acetone, carbon monoxide, carbonyl sulfide, decane, hydrogenhydrogen bonds Igads to, In comparison with nonpolar'or \{veakly
sulfide, 2-methylbutane (isopentane), 2,2-dimethylpropane (neo_polar fluids, considerable deviations from the b_ehawor in the
pentane), 2-methylpentane (isohexane), krypton, nitrous oxide, Vapor phase even at low pressures. B.O.th the mtroduchon of
nonane, sulfur dioxide, toluene, xenon, hexafluoroethane (R- physically motivated term.s into an emp|r|ca}l gquatlon Of. state
116), 1,1-dichloro-1-fluoroethane (R-141b), 1-chloro-1,1-di- and the dgvelopment of S|m'ultaneousl'y optlmlzgd equations of
fluoroethane (R-142b), octafluoropropane (R-218), 1,1,1,3,3- state dedicated to these fluids are being investigated.
pentafluoropropane (R-245fa), and fluoromethane (R-41). These Acknowledgment
fluids are available in the Refprop program (Lemmon et al.,
2006), which can be used to calculate the thermodynamic and We thank Mostafa Salehi for his help in searching for and
transport properties of many fluids. The applications in this work retrieval of much of the data that were used in this work to fit the
that were applied to a wide variety of fluids with different equations of state. We are grateful to Richard Jacobsen of the

polarities demonstrates the ability of the short functional forms University of Idaho and to Mark McLinden and Mike Moldover

to represent the properties of many fluids of industrial interest. Of NIST for their assistance and suggestions during the development

To apply the short forms, minimal experimental data are needed.2nd documentation of the equations. The NIST TRC Source
gatabase was used extensively for data collection. The recent

Data are required over a range of temperatures and pressure o i .

for at least pressuredensity-temperature values and vapor measurements of Christian Ihmels .at the UnlverS|W of Oldenburg
ressure measurements. Additionally, the critical point must be in Germany _and our many d|s<_:u55|ons helped to improve several

E timated d'd ta sh Id,b ilable in the liquid of the equations, and information from the DDB database (Dort-

fnov;n or eshlm.aﬁ » anddata s (;u - t;a\./alha €1n he Iquld \und Data Bank for Pure Component Properties, University of
or the isochoric heat capacity, the isobaric heat capacity, or gigenhyrg) enhanced our efforts in data collection.

the speed of sound to verify that the fitted equation properly
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