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A widely used form of an equation of state explicit in Helmholtz energy has been
modified with new terms to eliminate certain undesirable characteristics in the two phase
region. Modern multiparameter equations of state exhibit behavior in the two phase that
is inconsistent with the physical behavior of fluids. The new functional form overcomes
this dilemma and results in equations of state for pure fluids that are more fundamentally
consistent. With the addition of certain nonlinear fitting constraints, the new equation
now achieves proper phase stability, i.e., only one solution exists for phase equilibrium at
a given state. New fitting techniques have been implemented to ensure proper extrapola-
tion of the equation at low temperatures, in the vapor phase at low densities, and at very
high temperatures and pressures. A formulation is presented for the thermodynamic prop-
erties of refrigerant 12%pentafluoroethane, CHF CF;) using the new terms and fitting
techniques. The equation of state is valid for temperatures from the triple point tempera-
ture (172.52 K to 500 K and for pressures up to 60 MPa. The formulation can be used
for the calculation of all thermodynamic properties, including density, heat capacity,
speed of sound, energy, and saturation properties. Comparisons to available experimental
data are given that establish the accuracy of calculated properties. The estimated uncer-
tainties of properties calculated using the new equation are 0.1% in density, 0.5% in heat
capacities, 0.05% in the vapor phase speed of sound at pressures less than 1 MPa, 0.5%
in the speed of sound elsewhere, and 0.1% in vapor pressure. Deviations in the critical
region are higher for all properties except vapor pressure2085 by the U.S. Secretary
of Commerce on behalf of the United States. All rights reserved.
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R Molar gas constant 8.314 472Aol-K)

M Molar mass 120.0214 g/mol

Te Critical temperature 339.173 K

Pc Critical pressure 3.6177 MPa

Pe Critical density 4.779 mol/drh

T Triple point temperature 172.52 K

Pip Triple point pressure 0.002914 MPa

Ptpv Vapor density at the triple 0.002 038 mol/drh
point

Pl Liquid density at the triple 14.086 mol/dm
point

Thop Normal boiling point 225.06 K
temperature

Prbpy Vapor density at the 0.056 57 mol/dr
normal boiling point

Prbpl Liquid density at the 12.611 mol/dm
normal boiling point

To Reference temperature for273.15 K
ideal gas properties

Po Reference pressure for  0.001 MPa
ideal gas properties

hJ Reference ideal gas 41 266.39 J/mol
enthalpy afT,

58 Reference ideal gas 236.1195 Jmol-K)
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1. Introduction

The development of equations of state for calculating the
thermodynamic properties of fluids has progressed over the
years from simple cubic and virial equations of state to
Beattie—Bridgeman and Benedict—Webb—Rub{BWR)
equations, then to the modified BWRMBWR) and to the
fundamental equation of state explicit in the Helmholtz en-
ergy. Although the mBWR form can be converted to the
Helmholtz energy form, the latter has advantages in terms of
accuracy and simplicity. Most modern wide-range, high-
accuracy equations of state for pure fluid properties are fun-
damental equations explicit in the Helmholtz energy as a
function of density and temperature. All single-phase ther-
modynamic properties can be calculated as derivatives of the
Helmholtz energy. The location of the saturation boundaries
requires an iterative solution of the physical constraints on
saturation(the so-called Maxwell criterion, i.e., equal pres-
sures and Gibbs energies at constant temperature during
phase changeésThermodynamic consistency is maintained
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72 E. W. LEMMON AND R. T JACOBSEN

by making saturation calculations using the equation of statéor various fluids were compared with the characteristics of
(as opposed to using separate ancillary equations the new equation developed here for the refrigerant R-125.
Recent equations of state show various degrees of accihe fluids and the references to their respective equations of
racy, with the best approaching uncertainties of 0.01% irstate are listed in Table 1, including the most recent equation
density over most of the accessible liquid and vapor stategor R-125 by Sunagat al. (1998.
Improvements have focused on increased accuracy, shorterAlthough most pure compounds exist as an identifiable
equations, and improved representation of the critical regiorfluid only between its triple point temperature at the low
However, in all these situations, equations are developed thaixtreme and by dissociation at the other extreme, every effort
exhibit behavior in the two phase region that is inconsistenhas been made to develop the functional form of the equation
with fluid behavior and that result in calculated values ofof state such that it allows the user to extrapolate to extreme
pressure that are excessively high or low. Implicitly it haslimits of temperature, pressure, and density. At low tempera-
always been assumed that multiparameter equations of staleres, virial coefficients should approach negative infinity. At
are valid only outside their outermost spinodals. Compari€xtremely high temperatures and densities, the equation
sons of calculated values to data for single-phase state poing§ould demonstrate proper fluid behavior, i.e., isotherms
and saturation conditions have been the traditional basis faghould not cross one another and pressures should not be
establishing the accuracy of an equation of state. Howevenegative. Although such limits exceed the boundaries of a
various mixture models use states in the two phase region d¢formal fluid, there are applications where the boundaries
at least one of the pure fluid components in the calculation omay extend into such regions, and the equation of state
the mixture properties. This need for more reliable calculate@hould be capable of describing these situations. Calculated
properties for inaccessible states inside the saturation boun@roperties shown here at extreme conditions that are not de-
aries prompted the development of a modified functionafined by experiment are intended only for qualitative exami-
form for the equation of state explicit in Helmholtz energy. nation of the behavior of the equation of state, and exact
The new functional form developed in this work eliminatesaccuracy estimates cannot be established in the absence of
the oscillations with inappropriately higiboth positive and ~€xperimental data.
negativg pressures in the two phase region calculated by
other Helmholtz energy equations. The form is similar to that
used in previous work, but includes modified terms that com-
pensate for behavior attributable to the high numerical values

of the exponents on the temperature terms in the equation at . .
low temperatures. Details are given in Sec. 2. Modern equations of state are often formulated using the

The new functional form was applied to R-125 to incor- Helmhol_tz energy as the fundamental property with indepen-
porate new experimental measurements in the critical regiod€nt variables of density and temperature,
(Perkin_s, 2002and. to take advantage of the wide coverage a(p,T)=a’%p,T)+a'(p,T), (1)
of published experimental data over the fluid surface. Refrig-

. O . .
erant 125 (pentafluoroethane, HFC-1R5and commercial wh(atrgbat!s thte I?ﬁlm:o:tzhellﬂterg)a (p.T) :jthe_rldgal tgr;]as
blends containing R-125, are leading candidates for replac(Eon ribution to the Helmholtz energy, aral(p,T) is the

ing the ozone-depleting hydrochlorofluorocarbon R«@do- residual I_-Ielmholtz energy, which corresponds_to the inf!u-
rodifluoromethane, HCFC-22the production of which will ence of intermolecular forces. Thermodynamic properties

be phased out by the year 2020 under the terms of the Monqinrgelcalt%ulattrad asrdeirlvatlves of the Helmholtz energy. For
treal Protocol. The thermodynamic properties of the refriger-e ampie, the pressure 1s

2. New Functional Form of the Equation
of State

ant used as the working fluid significantly influence the en- ,[ 92

ergy efficiency and capacity of refrigeration systems, and P=p % : 2
accurate properties are essential in evaluating potential alter- T

native refrigerants and in designing equipment. In practical applications, the functional form is explicit in

In comparing the new functional form for R-125 with the dimensionless Helmholtz energy, using independent
other equations, we have used the most accurate availab@riables of dimensionless density and temperature. The
equations of state for the comparisons. These equations af@m of this equation is
known for their ability to calculate accurate thermodynamic a(p,T)
properties for single phase vapor and liquid states and satu- RT
ration states. They form the base from which one can im-
prove the next generation of equations of state, similar tovhered=p/p, and7=T./T.
work done by the research group at the Ruhr University in
Bochum, Germany in improving the behavior of equations of
state in the critical region of a pure fluipan and Wagner, The Helmholtz energy of the ideal gas is given by
1996, which has inspired the work accomplished here. The PO—h0— RT-TS 4)
physical characteristicgdeal behavior, extrapolation behav- ’
ior, terms in the function form, etfcof 34 equations of state The ideal gas enthalpy is given by

=a(8,1)=a%8,7)+a'(8,7), ©)

2.1. Properties of the Ideal Gas

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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TaBLE 1. Equations of state used for comparisons with the new functional form applied to R-125

Fluid Reference Equation type
Ammonia Tillner-Rothet al. (1993 Helmholtz
Argon Tegeleret al. (1999 HelmholtZ
Butane Beker and Wagne(2004 HelmholtZ
Carbon Dioxide Span and Wagn@r96 HelmholtZ
Cyclohexane Penoncelket al. (1995 Helmholtz
Ethane Buaker and Wagne(2004) HelmholtZ
Ethylene Smukal&t al. (2000 HelmholtZ
Fluorine de Reuck1990 Helmholtz
Helium McCarty and Arp(1990 mBWR
Hydrogen Younglov&1982 mBWR
Isobutane Boker and Wagne(2004) HelmholtZ
Methane Setzmann and Wagri&e91) HelmholtZ
Methanol de Reuck and Craveéh993 Helmholt?
Neon Kattiet al. (1986 Helmholtz
Nitrogen Trifluoride Younglove1982 mBWR
Nitrogen Sparet al. (2000 HelmholtZ
Oxygen Schmidt and Wagnét985 Helmholtz
Propane Miyamoto and Watanatb2000 Helmholtz
Propylene Angugt al. (1980 Helmholtz
R-11 Jacobsest al. (1992 Helmholtz
R-113 Marxet al. (1992 Helmholtz
R-12 Marxet al. (1992 Helmholtz
R-123 Younglove and McLindefl1994) mBWR
R-124 de Vrieset al. (1995 Helmholtz
R-125 This Work Helmholz
R-125 Sunagat al. (1998 Helmholtz
R-134a Tillner-Roth and Bael{i994 Helmholtz
R-143a Lemmon and Jacobs&000 Helmholtz
R-152a Outcalt and McLinde(1996 mBWR
R-22 Kameiet al. (1995 Helmholtz
R-23 Penoncell@t al. (2003 Helmholtz
R-32 Tillner-Roth and Yokozeki1997 Helmholtz
Sulfur Hexafluoride de Reuo#t al. (1991 Helmholtz
Water Wagner and Pru(2002 HelmholtZ
Air (as a pseudopure fluid Lemmonet al. (2000 Helmholtz
#Contains additional terms for the critical region
PContains additional terms to account for association in the vapor phase

T 0 0 ;o0 ;0

h°=h8+f cdT, (5) ao:hOT_i_lﬂnﬁ_Zf E§d7+if oy,
To RT. R o1 RJ;T RJ,7

wherecg is the ideal gas heat capacity. The ideal gas entropy

is given by

®

where 8p=po/p; and 7o=T./T,. The ideal gas Helmholtz
energy is often reported in a simplified form for use in equa-
tions of state as

P
—, 6
PoTo) ©
where py is the ideal gas density al, and pgy [po
=po/(TyR)], and T, and p, are arbitrary constants. Com-
bining these equations results in the following equation for
the Helmholtz energy of the ideal gas,

0

Tc
s°=s8+f —pdT—RIn<

To T

a°=In6—In r+2 akq-ik+2 a, In[1—exp(—by7)].
€)

.
0_pno Onr_
a _h°+f CpdT—RT 2.2. Properties of the Real Fluid

To

0 Unlike the ideal gas, the real fluid behavior is often de-

TC T
58+f ?pdT—Rm(p—T scribed using empirical models that are only loosely sup-
To Poto ported by theoretical considerations. Although it is possible
The ideal gas Helmholtz energy is given in a dimensionles$o extract values such as second and third virial coefficients
form by from the fundamental equation, the terms in the equation are

-T

. @)

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005



74 E. W. LEMMON AND R. T JACOBSEN

Kmo K

220 K

(@]

NwEO D OO

Saturation
, Line

’
/ 380 K

OOOOCOOCO0O

Ly me

- 000 —
N

O—

Absolute Pressure (MPa)

asaaaaas
[ele]elolololele)

lolelele]

| MLILILIALLINLINE N I A

0 2 4 6 8 10 12 14
Density (mol/dm®)

Fic. 1. Pressure—density diagram showing isotheffrsn 180 to 400 K in the two phase region for R-134a.

empirical, and any functional connection to theory is notculation of metastable states within the two phase region.
entirely justified. The coefficients of the equation depend oriThese can be traced to the use of théerm in Eq.(10). As

the experimental data for the fitted fluid. the temperature goes to zerd,goes to infinity for values of
The common functional form for Helmholtz energy equa-t>1, causing the pressure to increase to infinity exponen-
tions of state is tially. The effect is more pronounced for higher valueg .of
The primary use of these terms is for modeling the area
a'(8,71)=2, Nps%zik+ > N, s%rkexp — &'%), around the critical region, where the properties change rap-

(10 idly. Outside the critical region, the effect is damped out
using thes® terms in the vapor and the exp¢) terms in the
where each summation typically contains 4—20 terms anglquid. Thus, at temperatures approaching the triple point
where the indexk pOintS to each individual term. The new temperature in the vapor phase, where the density is Sma”,
functional form developed in this work contains additional the higher thed in the 6 part of each term, the smaller the
terms with exponentials of both density and temperature, range of influence of the exponential increase in temperature.
Likewise, in the liquid at similar temperatures, a higher value
a'(8,7)=2, Nys%krtk+ D) N %tk exp( — 8'%) of | damps out the effect of the part in the term. At den-
sities near the critical density® exp(— &) approaches a con-
stant of around 0.4, and the shape of #heontribution can
greatly affect the critical region behavior of the model. Ad-
(11) ditional graphs and descriptions of these effects from differ-
ent terms are given by Tillner-Roit1998.
Although the values ofly, ty, I, andmy are arbitraryt, To demonstrate the behavior and magnitude of these terms
andm, are generally expected to be greater than zerodand at temperatures approaching the triple point, the path of a
andly are integers greater than zero. Functions for calculatcalculated isotherm at 180 K for R-134a is given in Fig. 1
ing pressures, energies, heat capacities, etc., as well as othg{d used here as a typical example. The equation of state for
derivative properties of the Helmholtz energy are given inR-134a reaches its first maximum in pressure of 0.0406 MPa
Appendix A. at the vapor spinodal of 0.0387 mol/dmit then changes
slope, reachingat 5.44 mol/dm) a minimum pressure of
2.3. Implications of the New Terms in the Equation —2.04x 101_3 MPa! It then quickly changes to positive val-
of State ues, reaching a maximum pressure of &40 MPa at
7.38 mol/dmi, and then drops down again, reaching another
Most multiparameter equations of state have shortcomingsinimum pressure of- 65.2 MPa at 13.7 mol/dfnat the lig-
that affect the determination of phase boundaries or the caliid spinodal. Almost as soon as it becomes positive again, it

+ 2, No%rtkexp(— 8')exp(— 7™).

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005



EQUATION OF STATE FOR HFC-125 75

20 g
10 ] Saturation Line 400 ¥

|
O
1

Pressure (MPa)
|
)

—50 180 K
- LN I A 4

0 2 4 8 10 12 14
Density (mol/dm®)

Fic. 2. Pressure—density diagram showing isothefimmsn 180 to 400 K in the two phase region for R-125.

reaches its vapor pressure of 0.00113 MPa at 15.33 mdl/dmbefore passing through the saturated liquid state point. As
The term in the R-134a equation responsible for these exshown in Fig. 2, it does exhibit incorrect changes in slope,
treme values has a temperature exponeht@0. Removing  but the oscillation never crosses the zero pressure line. This
this term reduces the maximum pressure to 1.331ew form of the equation has eliminated the excessively
X 10° MPa. Although this behavior may seem absurd, it islarge values of calculated pressure and the nearly infinite
typical of all multiparameter equations of state. The equatiorslopes of pressure with respect to density in the two phase
of state for water has a maximum pressure of 5.18egion that are typical of other equations of state.
X 107° MPa at 21.44 mol/drhand 273.16 K. However, these ~ With the increased flexibility of the new terms comes the
maxima and minima in pressure are located well within thepotential for degrading the behavior of the equation in the
two phase region, and do not affect the accuracy of calcusingle-phase region. The heat capacities are especially sensi-
lated properties in the single phase and along the saturatidive to these new terms, and erroneous fluctuations can be
boundaries. They do, however, introduce multiple falsecreated along the saturated liquid and vapor lines for values
roots—iteration routines that start with known values of tem-0f these properties. In fitting equations, the correlator must
perature and pressure have the potential of finding the falsi@ke special care to examine the behavior of heat capacity
roots, and the steep slopes can cause the routines to fagind speed of sound to determine that the new terms have not
There is also the possibility of adversely affecting mixtureadversely affected the equation. It is advisable to use as few
calculations that use metastable state information for th@f the new terms as possible, relying on the conventional
pure fluid constituents. terms with low values of for fitting much of the thermody-

The introduction of the exp{7™ part of the equation of namic surface in order to avoid inducing undesired charac-
state damps out this effect as the temperature decreaseslafistics in calculated values.
allows the use of high values of the exponemtithout large
pressure fluctuations as described above. In the new equation - . .
for R-125 developed here, the highest valug of the regu- 3. New Fitting TEChn'.queS in the
lar 6%exp(4) terms is 4.23. In ther's%exp(-4) Development of Equations of State
xexp(—7" terms, the highest value bfs 29. Since the new
terms remove the large values resulting from #i#contri-
butions at low temperatures, the maximum negative calcu- The development of the equation of state is a process of
lated pressure at 173 K is only—51.6 MPa at correlating selected experimental data by least-squares fitting
12.39 mol/dm. In addition, this isotherm near the triple methods using a model that is generally empirical in nature,
point temperature never crosses the zero pressure line excdpit is designed to exhibit proper limiting behavior in the
directly after passing through the vapor spinodal and righideal gas and low density regions and to extrapolate to tem-

3.1. Fitting Procedures

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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peratures and pressures higher than those defined by expembsnlinear solutions are negligible. In certain cases, this con-
ment. In all cases, experimental data are considered parsergence could not be reached—this led to the development
mount, and the proof of validity of any equation of state isof the “quasi nonlinear” optimization algorithm. However,
evidenced by its ability to represent the thermodynamicsince this algorithm still involves linear steps, it could not be
properties of the fluid within the uncertainty of the experi- used in combination with “less than” or “greater than” re-
mental values. A secondary test of validity of an equation ofations. Details about the linear regression algorithm can be
state is its ability to extrapolate outside the range of experifound elsewheréWagner, 1974; Wagner and Pruf3, 2002
mental data. The selected data are usually a subset of theln the case of R-125, both methods were used to arrive at
available database determined by the correlator to be repréie final equation. Initial equations were developed using
sentative of the most accurate values measured. The type lifiear regression techniques. Once a good preliminary equa-
fitting procedure(e.g., nonlinear versus lingadetermines tion was obtained, nonlinear fitting techniques were used to
how the experimental data will be used. In this work, a smalishorten and improve upon it, fitting only a subset of the
subset of data was used in nonlinear fitting due to the exterprimary data used for linear fitting. The exponents for den-
sive calculations required to develop the equation. The resity and temperature, given in E(L1) asty, dy, I, and
sulting equation was compared to all experimental data tdng, were determined simultaneously with the coefficients of
verify that the data selection had been sufficient to allow arthe equation. The nonlinear algorithm adjusted the param-
accurate representation of the available data. eters of the equation of state to reduce the overall sum of
One of the biggest advantages in nonlinear fitting is thesquares of the deviations of calculated properties from the
ability to fit experimental data using nearly all the propertiesinput data, where the residual sum of squares was repre-
that were measured. For example, in linear fitting of thesented as
speed of sound, preliminary equations are required to trans-
form measured values of pressure and temperature to the S=2 W,F2+ 3 WFa+> WCVF§V+..., (12)
independent variables of density and temperature required by
the equation of state. Additionally, the ratig/c, is required ~ WhereW is the weight assigned to each data point &nis
(also from a preliminary equatiomo fit sound speed linearly. the function used to minimize the deviations. The equation of
Nonlinear fitting can use pressure, temperature, and sourfifate was fitted t@pT data using either deviations in pres-
speed directly without any transformation of the input vari- SUre Fp= (Pdata— Pcaid/ Pdata fOr Vapor phase and critical re-
ables. Shock wave measurements of the Hugoniot curve a@on data, or as deviations in densityf-,=(pgata
another prime example where nonlinear fitting can directly™ Pcaid/ Paatar fOT liquid phase data. Since the calculation of
use pressure_density_entha|py measurements W|thogﬁn3|ty requires an iterative solution that extends calculation
knowledge of the temperature for any given point. Anotherime during the fitting process, the nearly equivalent, nonit-
advantage in nonlinear fitting is the ability to use “greatererative form,
than” or “less than” operators, such as in the calculation of (Pdate— Peaid)
two phase solutiongdescribed beloywor in controlling the F=— (
extrapolation behavior of properties such as heat capacities
or pressures at low or high temperatures. In linear fittingwas used instead. Other experimental data were fitted in a
only equalities can be used, thus curves are often extraptike manner, €.9.F = (Wgata— Weaid/Waata fOr the speed of
lated on paper by hand and “data points” are manually takersound. The weight for each selected data point was individu-
from the curves at various temperatures to give the fit thelly adjusted according to type, region, and uncertainty. Typi-
proper shape. With successive fitting, the curves are updateshl values ofW are 1 forppT and vapor pressure values,
until the correlator is content with the final shape. In nonlin-0.05 for heat capacities, and 10—100 for vapor sound speeds.
ear fitting, curves can be controlled by ensuring that a calcuThe values of the first and second derivatives of pressure
lated value along a constant property path is always greatetith respect to density at the critical point were fitted so that
(or lesg than a previous value; thus magnitudes are nothe calculated values of these derivatives would be near zero
specified, only the shape. The nonlinear fitter then deterat the selected critical point given in Eq8)—(30).
mines the best magnitude for the properties based on other To reduce the number of terms in the equation, terms were
information in a specific region. eliminated in successive fits by either deleting the term that
Equations have been developed using linear regressiotontributed least to the overall sum of squares in the previ-
techniques for several decades by fitting a comprehensiveus fit or by combining two terms that had similar values of
wide-range set oppT data, isochoric heat capacity data, the exponentéresulting in similar contributions to the equa-
linearized sound speed datas a function of density and tion of statg. After a term was eliminated, the fit was re-
temperaturg and second virial coefficients, as well as vaporpeated until the sum of squares for the resulting new equa-
pressures calculated from an ancillary equation. This proceg®on was of the same order of magnitude as the previous
typically results in final equations with 25—40 terms. A cy- equation. The final functional form for R-125 included 18
clic process is sometimes used consisting of linear optimizaterms.
tion, nonlinear fitting, and repeated linearization. Ideally this The exponents on density in the equation of state must be
process is repeated until differences between the linear ambsitive integers so that the derivatives of the Helmholtz

ap

o (13

1
Pdata T
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energy with respect to density have the correct theoreticatemely high temperatures. For the most part, those equations
expansion around the ideal gas limit. Since noninteger valuethat behaved well for the second virial coefficient also be-
for the density exponents resulted from the nonlinear fittinghaved properly for the third. The equation for R-125 devel-
a sequential process of rounding each density exponent to tleped here conforms to appropriate behavior even at the very
nearest integer, followed by refitting the other parameters téowest temperatures. Additionally, the maximum @ oc-
minimize the overall sum of squares, was implemented untiturred at a temperature near that of the critical point.
all the density exponents in the final form were integers. A As an aid in visualization of the properties in the vapor
similar process was used for the temperature exponents fthase and for limited use in low pressure applications, a
reduce the number of significant figures to one or two pastruncated virial equation was developed for R-125 using the
the decimal point. second and third virial coefficients,

In addition to reducing the number of individual terms in _ 2
the equation compared to that produced by conventional lin- Z=1+Bp+Cp (14
ear least-squares methods, the extrapolation behavior of thg
shorter equations is generally more accurate, partially be- r_ 2~ 2
cause there are fewer degrees of freedom in the final equa- @' =pcBotpcCoI2, (19
tion. In the longer equations, two or more correlated termsvhereB andC are
are often_ used _to reproduce the accuracy of a single term in B=1.4587%22—1.6522%42— 0 075 114 (16)
the nonlinear fit. The values of these correlated terms are
often large in magnitude, and the behavior of the equation o®nd
state outside its range of validity, caused by incorporating C=0.029 4163— 0.004 420210, (17)
such terms, is often unreasonable. Span and Wad®&7)

discuss the effects at high temperatures and pressures frofnlimited set of data in the vapor phase were used to fit the
intercorrelated terms. coefficients and exponents, and deviations of properties cal-

culated using this equation are very similar to those from the
full equation of state for R-12fgiven later in this papeifor
3.2. Virial Coefficients all temperatures and at densities less than 2 mdl/drhe
. . ) shapes oB andC for the virial equation given here and for
The Boyle temperature is the point at which the secondyg 1 equation of state are shown in Figs. 3 and 4. Bor

virial coefficient,B, passes through zero. Below this poBt, o shapes of the two equations deviate above the upper limit
should be negative and constantly decreasing. Above thgs yhe experimental data, but both still fulfill the general
Boyle temperature, the second virial coefficient should INequirements outlined above. The differencesCirfor the

crease (o a maximum and then decrease to zero at very higly, oquations are more evident, although both meet the re-
temperatures. Calculated virial coefficients from most eq“a('quirements specified earlier. Above 250 K, the value€of
tions of state do not follow this behavior over all temperaturesy, poth equations are less than O_OZGd“mP’ and the dif-

ranges. Some oscillate around the zero line at temperaturggances do not have a significant effect on calculated prop-
below the fluid’s triple point, and others increase monotoni-

i ) i erties. Additional comparisons are made in the following sec-
cally at high temperatures, never reaching a maximum, ang,,
still others are negative at high temperatures. Of the 34 equa-
tions of state compared in this wotkee Table ), only the
equations for ammonia, argon, butane, ethane, ethylene,
isobutane, neon, nitrogen, propylene, R-23, and the equation One of the reasons for introducing the new terms was to
for R-125 developed here conform to the proper behavior agliminate undesirable effects of typical terms for states in the
both low and high temperatures. The oscillations at low temvapor phase. Examination of a graph &-1)/p versus
peratures are caused by the summation of several terms ifensity (such as that shown in Fig.) Sllustrates some of
the equation with high values ofand opposite signs on the these problems. For such a graph, yhiatercept valuegval-
coefficient. Several other equatiofair, hydrogen, R-134a, ues at zero densityare equivalent to the second virial coef-
and sulfur hexafluoridehave nearly correct shapes, exceptficients. The slopes of the isotherms at zero density represent
that B approaches a small positive constant value at higkthe third virial coefficients at that temperature. The fourth
temperatures. At moderate temperatures below the triplgirial coefficients,D, are given by the curvatures of the iso-
point, where the second virial coefficients should decreaseherms. The curvature begins to play a role at densities that
with decreasing temperature, the valueBafalculated using are about 20% of the critical density. At very low densities,
some equations are positive and may oscillate about the zeg? in the virial expansion,
line. Problems with the equation for oxygen extend above
the triple point temperature. Z=1+Bp+Cp*+Dp+..., (18
The behavior of the third virial coefficienG, should be offsets the large numerical values of the fourth virial coeffi-
similar to that ofB, with C going to negative infinity at zero cient. However, with typical equations of state, the high
temperature, passing though zero at a moderate temperatupmwers oft in the temperature exponents lead to very large
increasing to a maximum, and then approaching zero at expositive or negativevalues ofD as the triple point is ap-

3.3. Vapor Phase Properties
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proached, overwhelming the ability pf to cancel the effect 6 shows a plot of Z—1)/p over most of the surface of the

of the term from the virial expansion at low densities. ThisR-125 equation of Sunaget al. At low temperatures, the
gives rise to curvature in the isotherms at very low densitiegigure shows how the large oscillations in the equation result
at temperatures approaching the triple point. Figure 5 showis the unwanted curvature of the isotherms at valid single-
how this curvature affects the equation of Sunagal. phase state points in the vapor phase. The same figure is
(1998. The solidlines show the equation of state developed shown in Fig. 7 for the equation of state for R-125 developed
here. The long-dashexlirvesshow the Sunaga equation. The here, demonstrating the absence of the swings in the iso-
short-dashedines show the virial equation, Eq14). Figure  therms. There is some evidence of inappropriate maxima and
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minima for this equation inside the two phase region, but thenented by adding the square of the third derivative of the
overall surface is much nearer the expected fluid behavioHelmholtz energy,
than that of other reference quality equations of state.

As the equation of state was developed, penalties were \
added to the objective function when a low temperature va- ((93ar) ?

por isotherm began to show curvature. This was imple- (19
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to the sum of squares being minimized over a range of derntion of additional lines representing two phase states crossing
sities. The weightW was used to define how straight the the tangent line at saturation, i.e., only one line is simulta-
isotherm should be, with a typical value of 100. neously tangent to the curve at two points. The trends shown
in this figure are evident in all isotherms down to the triple
point temperature and beyond.
Elhassanet al. (1997 discussed these multiple maxima
As equations of state become more complex to reacland minima and presented a fitting constraint that could be
higher accuracies, the number of oscillations and their magdsed only in nonlinear fitting:
nitudes generally inc.rease Within the two phase region. This a(v) — ang v)=0. (21)
can cause root solving routines to converge on the wrong
root, resulting in erroneous answers. Certain techniques cahney applied this constraint to an equation for benzene, and
be used in developing equations of state that ensure th&@d some success over a very limited range of temperatures,
additional erroneous roots do not occur along any particulaPut were not able to apply the criterion over the full thermo-
isotherm. The work of Spa2000 highlighted the problems dynamic surface. The success of the new equation for R-125
with limited accuracy in cubic equations and multiple loopsin implementing Eq.(21) throughout the entire two phase
in high accuracy equations of state. region is based partly on the new functional form of the
Figure 8 shows a plot of the Helmholtz energy versusequation of state. In nonlinear fitting applications, this con-
specific volume for R-143a calculated from the equation ofstraint can be implemented by requiring the first derivative of
state at 280 K. The oscillating curve shows the Helmholtzhe Helmholtz energy with respect to density to decrease
energy in either the single-phase or in the two phase regiofonotonically over a limited range of increasing vapor-like
calculated directly from the equation as a function of tem-densities within the two phase region, effectively constrain-
perature and density. The straight line connecting the saturd2d the equation to have a single maximum in the region.
tion points is calculated using the quality,

a=(1-q)a+qa,. (20) 3.5. Near Critical Isochoric Heat Capacities

3.4. Two Phase Solutions

As described by Elhassaat al. (1997, saturation conditions Although the new functional form introduced here has
can be calculated at the locations where a tangent line can meany advantages over other modern equations, it also has
drawn connecting two points occurring along an isothermthe potential to add unwanted bumps in the thermodynamic
For R-143a, the plot shows that two solutions could be consurface, especially for the isochoric and isobaric heat capac-
structed, resulting in different calculated saturation pressuregty. Figure 10 shows an example of a preliminary equation
(The saturation pressure is proportional to the slope of thevith a maximum in the liquid phase isochoric heat capacity
tangent line. Conversely, Fig. 9 for R-125 shows no indica- along the 10 mol/drhisochore. Other preliminary equations
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Fic. 8. Helmholtz energy-specific volume diagram of the 280 K isotherm in the single and two phase regions for R-143a.

showed inappropriate behavior, including bumps in different  3.6. Pressure Limits at Extreme Conditions

regions around the critical point. In order to eliminate the of Temperature and Density

incorrect behavior, the value of the objective function was

increased when the isochoric heat capacity decreased alongThe extrapolation behavior of a typical equation of state
an isochore(over a narrow range of temperatures where itoutside its physical bounds defined by experimental data can
should have increasgdthereby removing any undesirable be problematic, with calculated pressures that are negative or

maximum inc, in the final equation of state. that oscillate along an isotherm. Many equations have false
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roots outside their limits of validity that can trap root solving perature, with higher temperatures converging onto the
routines and return incorrect values. This is of even moresingle line at higher densities. This can be seen in the case of
concern when pure fluid equations are used in mixture modthe water equation of state if the term containing0.375
els where extrapolation of the pure fluid equation is often aandd= 3 is removed, as shown in Fig. 12. A similar plot for
necessity. Other applications where inaccurate propertiethe equation for R-125 developed here is shown in Fig. 13.
may cause problems include the calculation of shock tube The term responsible in the R-125 equation for the curves
properties and conditions where temperatures approach ttsown in Fig. 13 at high densities ts=1 andd=4 (the
dissociation limits of a compound. Several equations of statggolynomial term with the highest value af). Taking the
such as those for nitrogen and carbon dioxide, were devepartial derivative of the reduced Helmholtz energy for this
oped taking into account data to represent these shock tulterm to solve for pressure,
conditions. In the case of metals, fluid conditions at ex-
tremely high values of temperature and pressure are of inter- o
. o

est to some, and books can be found that describe such con- prRT[ 1+ 5—}, (22)
ditions, such as the SESAME databank of material properties 9o
(Holian, 1984. Conditions in the gas planets reach extreme
values as well. Additional information about the extrapola-results in Ns76%. Thus, at high densities and temperatures,
tion behavior of equations of state is given in Span and Wagthe pressure converges po=N&°, where the constaritl is
ner (1997). RANsT.p.. The temperature dependence at extreme condi-

The behavior of equations of state at extreme conditionsions is eliminated by the use o1 in this term. A value
varies incredibly; most have areas of negative pressuregess than 1 causes the isotherms to become parallel, as seen
Some, such as the equations for fluorine, hydrogen, oxygenyith ethylene, fluorine, etc. A value greater than 1 causes the
R-134a, and R-1436see Table 1 for the list of citations to isotherms to cross, as is the case with ammonia and R-11.
these equations of statehow behavior similar to that shown The value of the coefficient of this term should always be
in Fig. 11 for ethylene. At high densities, the isotherms be-positive. Ford=3 (andt=1), the increase in pressure would
come parallel to one another. The equations for ammonia anoe less(by a factor ofé), than that shown in Fig. 13.
R-11 show isotherms that cross. However, none of these Some of the bumps that appear in various equations come
equations exhibits the proper behavior. The SESAME datafrom the excess use of the polynomial terms—those without
bank shows examples of the proper shape of the isotherms #ite exponential parts. A minimum number of these terms
extreme conditions of pressure and density. In their plots, thehould be used; in the equation for R-125, only five are used:
isotherms all converge onto one line as the density increasethree to represent the second virial coefficierits-(), one
The point of convergence of an isotherm depends on its tenfeor the third virial coefficient §=2), and the term for the
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Fic. 11. Isothermal behavior of the ethylene equation of state at extreme conditions of temperature and ieegberens are shown at 200, 250, 300, 350,
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extreme conditionsd=4). Constraints on the number of 12 (with the final fit containing only seven polynomial
terms were first introduced during the development of theerms. Values calculated with thhl 8% exp(— &) terms di-
equation of state for carbon dioxidé&Span and Wagner, minish at state points away from the critical density. These
1996 and were explained in more detail by Span and Wagterms are more suitable for equation of state modeling. Fig-
ner(1997. During the development of the water equation ofure 13 shows the behavior of the new equation and the ab-
state (Wagner and Pruf3, 20@2the maximum number of sence of any inappropriate trends at extreme conditions of
polynomial terms allowed in any particular fit was limited to pressure, density, and temperature.
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Fic. 12. Isothermal behavior of a modified water equation of state at extreme conditions of temperature and isetkerens are shown at 200, 250, 300,
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3.7. Ideal Curves curves do not provide numerical information, reasonable
) o ) shapes of the curves, as shown for R-125 in Fig. 14, indicate
_ Plots of certain characteristic curves are useful in assesgy,itatively correct extrapolation behavior of the equation
ing the behavior of an equation of state in regions away fromy¢ giate extending to high pressures and temperatures far in
the available datdDeiters and de Reuck, 1997, Span andgycess of the likely thermal stability of the fluid. Of all the
Wagner, 1997, Span, 2000'he characteristic curves are the equations studied in this worlsee Table 1, only the equa-

Boyle curve, given by the equation tions of argon, butane, carbon dioxide, ethane, ethylene,
9z isobutane, neon, nitrogen, R-143a, R-23, water, and air

(g =0, (23)  showed qualitatively correct behavior for the ideal curves.

T Most of these were fitted using either shock tube data or

the Joule—Thomson inversion curve, empirical criteria to correct the behavior of the equation. The

equation for R-124, shown in Fig. 15, demonstrates undesir-

=0, (24) able shapes of the ideal curves. The behavior of properties on

p the ideal curves should be analyzed during the development
of the equation. Additional figures showing the ideal curves

for argon, nitrogen, methane, ethane, oxygen, carbon diox-

4
aT

the Joule inversion curve,

% -0 25) ide, water, and helium are given in Span and Wagheg7).
Tl ' Equation of state terms with values 6£0 have a nega-
) tive effect on the shapes of the ideal curves. The effects of all
and the ideal curve, terms should be damped at high temperatures, but tith
p <0, the contribution to the equation increases as the tem-
ﬁ_: 1. (26) peratures rises. Negative temperature exponents should never

_ _ “be allowed in an equation of state of the form presented in
The temperature at which the Boyle and ideal curves begifnjs work. Unfortunately, around half of the equations avail-

(at zero pressuyes also known as the Boyle temperature, or gple to the authors used at least one negative temperature
the temperature at which the second virial coefficient is zerogxponent.

The point at zero pressure along the Joule inversion curve

corresponds to the temperature at which the second virial 4. Application to Pentafluoroethane

coefficient is at a maximum(Thus, in order for the Joule (R-125)

inversion curve to extend to zero pressure, the second virial

coefficient must pass through a maximum value, a criterion Several equations of state for R-125 have been previously
which is not followed by all equations of statélthough the  developed by various researchers worldwide. The equation
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of Sunagaet al. (1998 is an 18-term equation explicit in Ely (1995 is a 27-term equation explicit in Helmholtz en-

Helmholtz energy, the equation of Piao and Nogud998

ergy. The equation of Piao and Nogu¢hP98 was selected

is a 20-term modified Benedict—Webb—Rubin equation, thdy Annex 18 of the Heat Pump Program of the International

equation of Outcalt and McLindefd995 is a 32-term modi-

Energy Agency(IEA) in 1996 as an international standard

fied Benedict—Webb—Rubin equation, and the equation oformulation for use by the refrigeration industry. The equa-
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TABLE 2. Summary of critical point parameters

Critical Critical

temp. pressure Critical density Critical density
Author (K) (MPa (kg/n) (mol/dn?)
Duarte-Garzaet al. (1997 339.41 3.6391 572.26 4.768
Fukushima and Ohotoski992 339.18 3.621 562. 4.6825
Higashi (1994 339.17 3.62 572. 4.7658
Kuwabaraet al. (1995 339.165 568. 4.7325
Nagel and Bier(1993 339.43 3.635 568. 4.7325
Schmidt and Moldove(f1994) 339.33 565. 4.7075
Singhet al. (1991 339.45 3.6428 570.98 4.7573
Wilson et al. (1992 339.1725 3.595 571.3 4.7600
Values Adopted in this Work 339.173 3.6177 4.779

tion of Sunageet al. (1998 became available shortly there- critical temperature used in this work was obtained by fitting
after, and has been used as the primary equation for R-125e data of Kuwabarat al. (1995 and Higashi(1994 at

since that time. temperatures above 324 K to the equation

The new equation presented here is an 18-term fundamen-
tal equation explicit in the reduced Helmholtz energy. The Pr_ 1 N (1_ E) N (1_ E)B 27
range of validity of the equation of state for R-125 is from Pe ! T, 2 T’

the triple point temperaturgl72.52 K to 500 K at pressures
to 60 MPa. In addition to the equation of state, ancillaryWhere Tc=339.173K, p.=4.779 mol/dnd, N;=0.981 36,
functions were developed for the vapor pressure and for thbl2=1.9125,8=0.334 14,T, is the saturation temperature,
densities of the saturated liquid and saturated vapor. Thesi!d ., iS the saturation density for the liquid or the vapor.
ancillary equations can be used as initial estimates in com[he critical density and critical temperature were fitted si-
puter programs for defining the saturation boundaries, but ar@ultaneously with the coefficients of the equation. Equation
not required to calculate properties from the equation of27) is valid only in the critical region at temperatures above
state. 330 K. Calculated values from this equation are shown in
The units adopted for this work were Kelvitig S-90) for Eig. 16.along with experimen?al data along thg saturation
temperature, megapascals for pressure, and moles per culjees: With the lower plot showing a smaller region close to
decimeter for density. Units of the experimental data werdh€ critical point. _ .
converted as necessary from those of the original publica- The critical pressure was determined from the equation of
tions to these units. Where necessary, temperatures reportéite at the critical temperature and density. The resulting
on IPTS-68 were converted to the International Temperatur¥@lues of the critical properties are
Scale of 1990(ITS-90 (Preston-Thomas, 1990The ppT _
and other data selected for the determination of the coeffi- Tc=339.173 K, (28)

cients o_f the equation of state are .described Igter along with pe=4.779 mol/dr, (29)
comparisons of calculated properties to experimental values

to verify the accuracy of the model developed in this re-gnd

search. Data used in fitting the equation of state for R-125

were selected to avoid redundancy in various regions of the p.=3.6177 MPa. (30

surface.
- _ _ These values should be used for all property calculations
4.1. Critical and Triple Points with the equation of state. The selected critical temperature
. i .agrees well with the values reported by both Kuwalsral.
Critical parameters for R-125 have been reported by Va”(339_165 K and Higashi(339.17 K.

ous authors and are listed in Table 2. The difficulties in the The triple point temperature of R-125 was measured by

experimental determination of the critical parameters are the .. :
probable cause of considerable differences among the resuEéJddeCke and Mage€L99§ by slowly applying a constant

. . . : . ... heat source to a frozen sample contained within the cell of an

obtained by the various investigators. The critical density is_ . . . . )

e . : diabatic calorimeter and noting the sharp break in the tem-
difficult to determine accurately by experiment because O]aerature rise. resulting in
the infinite compressibility at the critical point and the asso—p ' 9
ciated difficulty of reaching thermodynamic equilibrium. Tp=172.52 K, (32)
Therefore, reported values for the critical density are often
calculated by power-law equations, by extrapolation of recimeasured on the ITS-90 temperature scale. The value of the
tilinear diameters using measured saturation densities, or kyiple point pressure calculated from the equation of state is
correlating single-phase data close to the critical point. Thep,=2.914 kPa.
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Fic. 16. Critical region saturation data.
4.2. Vapor Pressures where N;=1.6684, N,=0.88415, N3;=0.44383, ¢

. ) =(1-T/T.), and p’ is the saturated liquid density. The
Table 3 summarizes the available vapor pressure data fQ1,rated vapor density is represented by the equation
R-125. The vapor pressure can be represented with the an-

cillary equation |n(9_) = Ny 0038+ N, 0122+ N4 633+ N, 659, (34)
Po)_Te 15 23 4.6 Pe

In| 5| = T IN2OF N0 Na 7 Ny 677, (32 where N;=—2.8403, N,=—7.2738, Ny=—21.890, N,

¢ =—58.825, andp” is the saturated vapor density. Values
where N;=-—7.5295, N,=1.9026, N3=-2.2966, N,  calculated from the equation of state using the Maxwell cri-
=—3.4480,0=(1-T/T.), andp, is the vapor pressure. teria were used in developing E4), and deviations be-
The values of the coefficients and exponents were detefween the equation of state and the ancillary equation are
mined using nonlinear least squares fitting techniques. Thgenerally less than 0.03% below 337.5 K and less than 0.3%
values of the critical parameters are given above in Eqsat higher temperatures. The values of the coefficients and
(28)—(30). exponents for Eqg33) and(34) were also determined using

nonlinear least squares fitting techniques.

4.3. Saturated Densities 4.4. Equation of State

Table 4 summarizes the saturated liquid and vapor density The critical temperature and density required in the reduc-

data for R-125. The saturated liquid density is represented bipg parameters for the equation of state given in @j.are
the ancillary equation 339.173 K and 4.779 mol/dinThe ideal gas reference state

) points are Ty=273.15K, p,=0.001 MPa, h
p_ 1+ Ny 643+ N, 6%+ N4 62°, (33) =410266.3% J/mol, andgz 236.1195 Jmol-K). The values
Pc for hg andsy were chosen so that the enthalpy and entropy of
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TaBLE 3. Summary of vapor pressure data TaBLE 4. Summary of saturated liquid and vapor density data
No. of Temp. AAD No. of Temp. AAD

Author points range(K) (%) Author points range(K) (%)
Baronciniet al. (1993 58 235-333 0.062  Saturated Liquid Density Data
Boyes and Webe{1995 29 273-335 0.019 Defibaugh and Morriso11992 9 275-337 0.376
de Vries(1997 98 222-339 0.030 Higashi(1999 9 324-339 0.830
Duarte-Garzaet al. (1997 15 220-337 0.204 Kuwabaraet al. (1995 16 331-339 1.313
Duarte-Garza and Mage€&997) 12 172-225 0.038 Magee(1996 7 173-308 0.102
Gorenfloet al. (1996 25 233-337 0.061 Widiatmoet al. (1999 25 219-334 0.076
Leeet al. (2000 3 293-313 0.167  Saturated Vapor Density Data
Luddecke and Mage€l996 8 180-250 0.285  Higashi(1994 8 326-339 0.752
Magee(1996 34 180-335 0.209 Kuwabaraet al. (1995 13 335-339 1.748
Monluc et al. (1991) 23 303-339 0.056
Nagel and Bier(1993 18 205-339 0.521
Oguchiet al. (1996 61 223-338 0.081
Sagawa1994 23 313-339 0.080
Sagaweet al. (1994 26 308-339 0.042 using Eq.(35) to the ideal gas heat capacity data are given in
Tsvetkovet al. (1995 34 263-338 0.055 Fig. 17. The ideal gas Helmholtz energy equation, derived
Weber and Silvg1994) 114 175-284 0.027 from Eqs.(8) and (35), is
Widiatmo et al. (1994 20 219-334 0.324
Wilson et al. (1992 39 195-339 0.451 a°=Ilné—1In 7+ a;+a,Tt+asr 01
Ye et al. (1995 12 290-339 0.070

+ayIn[1—exp—by7)]+asIn[1—exp(—bs7)]
+agIn[1—exp(—bg7)], (36)

the saturated liquid state at 0°C are 200 kJ/kg and 1 kjwhere a;=37.2674, a,=8.88404, az=—49.8651, a,
(kg-K), respectively, corresponding to the common conven-=2-303, b,=0.92578,a5=5.086, bs=2.22895,a,=7.3,
tion in the refrigeration industry. andbg=5.03283.

In the calculation of the thermodynamic properties of The coefficientdN, of the residual part of the equation of
R-125 using an equation of state explicit in the Helmholtzstate[given in Eqg.(11) and repeated belohare given in
energy, an equation for the ideal gas heat capacﬁy,is Table 6.
needed to calculate the Helmholtz energy for the ideal gas, 5 15
a®. Values of the ideal gas heat capacity derived from low a'(8,7)= 2 N 5% 7tk + 2 N, 8% 7k exp( — 8'%)
pressure experimental heat capacity or speed of sound data k=1 k=6
are given in Table 5 along with theoretical values from sta- 18
tistical methods using fundamental frequencies. Differences + > Npo%rtkexp — 8'v)exp( — 7™)
between the different sets of theoretical values arise from the k=16
use of different fundamental frequencies and from the mod- (37)
els used to calculate the various couplings between the vi-
raton) modes of e moece, Toe sduaon or e deal 5. Experimental Data and Comparisons
of this work, was developed by fitting values reported by to the Equation of State

Yokozekiet al. (1998, and is given by . . .
During the last several years, many experimental studies

0 2 of the thermodynamic properties of R-125 have been re-
Cp 0.1 ul eXF( ul) . . . .-
E=3.O63T ~+2.30 exp(Uy) — 172 ported, e.g.ppT properties, saturation properties, critical pa-
AUy rameters, heat capacities, speeds of sound, second virial co-
2 2
us exp(u,) usz exp(us)
+5.086— > +7.300——— >
exp(uz) —1] exp(uz)—1]
TaBLE 5. Summary of ideal gas heat capacity data
(35
) ) ) No. of Temp. AAD
whereu; is 314 K/T, u, is 756 K/T, uz is 1707 KT, and  Author points range(K) (%)
the ideal gas constarR, is 8.314 472 Jmol-K) (Mohr and Experimental Data
Taylor, 1999. The Einstein functions containing the terms G”ﬁs (1997 8 240-380 0.067
up, Uy, andug were used so that the shape of a plot of thegrigianteet al. (2000 7 260-360 0.153
ideal gas heat capacity versus temperature would be similafozumiet al. (1996 6 273-343 0.799
to that derived from statistical methods. However, these ar@heoretical Values
empirical coefficients and should not be confused with thg?hfg‘ze;k?étgﬁ?gga 4112 igg:iggg g'gig
fundamental frequencies. Comparisons of values calculated ' '
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Fic. 17. Comparisons of ideal gas heat capacities calculated with the ancillary equation to experimental and theoretical data.

efficients, and ideal gas heat capacities. Selected data wenderen is the number of data points. The average absolute
used for the development of the new thermodynamic propeeviations between experimental data and calculated values
erty formulation reported here. Comparisons were made térom the equation of state are given in the tables summariz-
all available experimental data, including those not used inng the data. In Tables 3 and 4 for saturation values, mea-

the development of the equation of state.

sured properties are compared with the equation of state, not

The accuracy of the equation of state was determined byith the ancillary equations. The comparisons given in the
statistical comparisons of calculated property values t0 exsections below for the various datasets compare values cal-
perimental data. These statistics are based on the perceqijated from the equation of state to the experimental data

deviation in any propertyX, defined as

xdata_ Xcalc)

38
Xdata ( )

YAX= 10((

Using this definition, the average absolute deviaiidAD )
is defined as

n

1
AAD = EZ |9%AX;|, (39)
i=1

TaBLE 6. Parameters and coefficients of the equation of state

k Nk dk ty Ik my
1 5.280 760 1 0.669
2 —8.676 580 1 1.05
3 0.750 1127 1 2.75
4 0.759 0023 2 0.956
5 0.01451899 4 1.00
6 4.777 189 1 2.00 1
7 —3.330988 1 2.75 1
8 3.775673 2 2.38 1
9 —2.290919 2 3.37 1
10 0.888 8268 3 3.47 1
11 —0.623 4864 4 2.63 1
12 —0.041 27263 5 3.45 1
13 —0.084 553 89 1 0.72 2
14 —0.130 8752 5 4.23 2
15 0.008 344 962 1 0.20 3
16 —1.532 005 2 4.5 2 1.7
17 —0.058 836 49 3 29.0 3 7.0
18 0.022 966 58 5 24.0 3 6.0

using the average absolute deviations given by(B9). Dis-
cussions of maximum errors or of systematic offsets use the
absolute values of the deviations.

5.1. Comparisons with Saturation Data

Figure 18 shows comparisons of vapor pressures calcu-
lated from the equation of state with experimental data. The
dashed lines in these figures represent the ancillary equation,
Eqg. (32). The maximum deviation between the vapor pres-
sure ancillary equation and the equation of state is 0.03%.
When calculating vapor pressures from the equation of state
(not from the ancillary equatiohsthe average deviations are
less than 0.1% for the datasets of Barona@hial. (1993,
Boyes and Webe1999, de Vries(1997), Duarte-Garza and
Magee(1997), Gorenfloet al. (1996, Monluc et al. (1991,
Oguchiet al. (1996, Sagaweet al. (1994, Weber and Silva
(1994, and Yeet al. (1995. Comparisons with the equation
of Sunagaet al. (1998 are also shown in Fig. 18. Their
equation is very similar to that presented here at tempera-
tures above 250 K, but tends to follow the data of de Vries
(1997 at lower temperatures. The data of de Vries show
trends at low temperatures different from those of Duarte-
Garza and Magee and of Weber and Silva. The Duarte-Garza
and Magee values were derived from caloric information in
the two phase region; they agree well with the data of Weber
and Silva measured with ebulliometer technigyesth a
small offset of 0.05% Consistent with a decision made by
the IEA-Annex 18 for R-143dsee Lemmon and Jacobsen,

J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005



90 E. W. LEMMON AND R. T JACOBSEN

170 220 270 320

0.2

100 (pc,exp W4 o,calc)/p 0.exp

O "‘?l>r?<
_%o000000qp

0.0 7
. €
0.2 1 1 ] 1 Y P S A\ € I
170 220 270 320
Temperature (K)
+ Baroncini et al. (1993) X Boyes and Weber (1995)
O de Vries (1997) * Duarte-Garza et al. (1997)
¢ Duarte-Garza and Magee (1997) X Gorenflo et al. (1996)
V Lee et al. (2000) < Lueddecke and Magee (1996)
P Magee (1996) & Monluc et al. (1991)
N Nagel and Bier (1993) 4 Oguchi et al. (1996)
Y Sagawa (1994) A Sagawa et al. (1994)
< Tsvetkov et al. (1995) 4+ Weber and Silva (1994)
+ Widiatmo ef al. (1994) + Wilson et al. (1992)

* Ye et al. (1995) Sunaga et al. (1998)

= - Ancillary equation (this work)

Fic. 18. Comparisons of vapor pressures calculated with the equation of state to experimental data.

2000, the vapor pressure values of Duarte-Garza and Magegtate, even though fitted with completely different parameters
(1997 were believed to be the most reliable values availableand input data. Although not entirely conclusive, this behav-
at low temperatures. ior supports the decision made by the authors in representing
Figure 19 shows comparisons of saturated liquid densitiethe saturation properties for R-125. The model favors the
calculated from the equation of state with experimental datadata of Higashi1994) but the uncertainty of calculated val-
Deviations of calculated values from data increase as thaes includes the values of Kuwabargal. (1995.
critical region is approached. This region is shown in detail
in Fig. 20, vyhich_displays_ _both sa_turated liquid and saturated 5.2. ppT Data and Virial Coefficients
vapor densities in the critical region. There are no saturated
vapor density data outside the critical region. The dashed The experimentappT data for R-125 are summarized in
lines in these figures represent the ancillary equations reFable 7 and shown graphically in Fig. 21. For clarity, data in
ported in Eqs(33) and(34). In the critical region, the equa- the critical region are shown in Fig. 22. Figure 23 compares
tion of state agrees well with the data of Kuwabataal.  densities calculated from the equation of state with experi-
(1995 and Higashi(1994), with increasing deviations as the mental data, and Fig. 24 compares pressures calculated from
critical point is approachetbetween 4 and 5 mol/dij. Near  the equation of state with the experimental data in the ex-
a density of 6 mol/drfy the equation shows an offset of tended critical region of R-125. In these figures, data of a
about 1% with the data of Kuwabart al. However, the given type are separated into temperature increments of 10 K
power law equation used to represent these and other criticautside the critical region; the temperatures listed at the top
region data showed the same tendency as the equation of each small plot are the lower bounds of the data in the
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Fic. 19. Comparisons of saturated liquid densities calculated with the equation of state to experimental data.
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Fic. 20. Comparisons of saturated liquid and vapor densities in the critical region calculated with the equation of state to experimental data.

TABLE 7. Summary ofppT data

Temp. Pressure Density

No. of range range range AAD
Source points (K) (MPa) (mol/dnT) (%)
Baronciniet al. (1993 58 293-338 0.99-2.52 0.50-1.29 0.389
Boyes and Webef1995 92 273-363 0.33-4.56 0.12-2.83 0.056
de Vries(1997) 962 243-413 0.02-19.8 0.01-12.6 0.072
Defibaugh and Morrisoi(1992 162 275-369 1.59-6.33 2.15-11.2 0.697
Duarte-Garzaet al. (1997 148 180-350 1.24-67.9 7.62-14.2 0.089
Magee(1996 77 178-398 3.58-35.4 9.29-14.0 0.034
Monluc et al. (1991 50 310-423 1.57-11.1 0.81-7.83 0.700
Oguchiet al. (1996 167 280-473 0.81-17.0 0.42-9.54 0.956
Perkins(2002 1483 301-428 2.88-19.7 3.13-9.96 0.105
Sagawaet al. (1994 211 308-423 0.69-11.8 0.30-8.87 0.977
Takahashket al. (1999 131 298-423 0.10-8.40 0.03-4.77 0.513
Tsvetkovet al. (1995 44 273-443 0.60-6.09 0.30-4.31 0.799
Wilson et al. (1992 84 198-448 1.73-10.4 0.89-13.6 1.382
Ye et al. (19995 93 290-390 0.12-3.55 0.04-1.91 0.115
Zhanget al. (1996 93 290-390 0.12-3.55 0.04-1.91 0.075
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Fic. 21. ExperimentappT data.

plots, and the comparisons to the equation of state of Sunaghese data are within about 0.04% in this region.
et al. (solid lines in the plotsare given at this temperature. In the critical region omitted above, from 3 to 7 mol/&im
Below 270 K, the equation of state represents the data ofith temperatures to 360 K, deviations in density are no
Magee (1996, Duarte-Garzaet al. (1997, and de Vries |onger a useful comparison since the uncertainty in the de-
(1997 with deviations in density generally less than 0.05%.pendent variable pressufend to a certain degree tempera-
Between 270 and 330 K in the liquid, density deviations argyre) becomes the dominant contribution to the total uncer-
slightly higher for the data of Duarte-Gareaal. and Per-  (qinty in density. Comparisons of calculated values with even
kins (2002, and somewhat lowe0.02%9 for the data of de  yhe most accurate data show average deviations of 0%

V;]ies and forBIggfiltzauk?hdand Morrisdid992. In the_ vapor Vries) and 0.85%Perking with maximum errors exceeding
phase up to , (he datasets are not as consistent as b in density. In order to compare the equation of state with

those in the liquid, and density deviations tend to be higher . . . ) . )
. N experimental data in this region, deviations in pressure are
except for the data of de Vries, which is represented by an naful d the following di . h
AAD of 0.018%. Deviations for other datasets in this regiondmor_e _meamng E gnf r? g. meg |sfcuhssmn Uses S:(Jch
are 0.12% for Zhanget al. (1996, 0.08% for Boyes and eviations as a basis for the discussion of the accuracy of the

Weber (1995, and 0.17% for Yeet al. (1995. Omitting the representation of experimenta}l values by the equation of
data in the region between 3 and 7 molidand at tempera- state where the slopes of the isothermspefp coordinates

tures up to 360 Ki.e., the critical region the spread in the '€ essentially flat. Figure 24 compares values from the equa-
data at higher temperatures continues to increase, and tkien to data in a limited region around the critical point. Most
deviations remain under 0.1% for only the datasets of d@®f the data in this region are represented with average devia-
Vries, Zhanget al, Ye et al, Boyes and Weber, Magee, and tions of 0.1%. The scatter in the data is similar for most of
Perkins. Of particular interest in this region are the data othe datasets with deviations of calculated values from the

Perkins, with more than 1200 data points spanning pressurekata of de Vries of about 0.06%. Average deviations for com-
up to 20 MPa and temperatures up to 429 K. Deviations ofarisons with other datasets are 0.19% for Perkins, 0.27% for
density values calculated using the equation of state fronSagawaet al. (1994, and 0.31% for Defibaugh and Morri-
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Fic. 22. ExperimentappT data in the critical region.

son. The maximum deviation from the data of de Vries ismined from the data of de Vriggiven in Table 9 are shown
0.22%. in Fig. 26. The uncertainty in the derived values at lower
Table 8 summarizes the sources for the second virial cotemperatures is higher due to the limited data at densities
efficients of R-125. Additional values for the second virial above 0.1 mol/drfhand to the higher curvature in the data.
coefficient were numerically determined by fitting€1)/p
as a function of density using the data of de Vr{@897). 5.3. Caloric Data
The additional datévalues at zero densitare shown in Fig.
25 as circles. These values are given in Table 9. Data below The sources of experimental data for the speed of sound of
0.1 mol/dn? were not used because such low density datdR-125 are summarized in Table 10 and shown graphically in
may be subject to larger errors due to local adsorption ont&ig. 27. Comparisons of values calculated from the equation
the walls of the apparatus or to higher uncertainties in thef state for the speed of sound are shown in Fig. 28 for the
measurement of extremely low pressures. Additional inforvapor phase and in Fig. 29 for the liquid phase. The equation
mation about the high uncertainties in the second virial corepresents the vapor phase data of G{li897 and Ichikawa
efficients at low temperatures was reported by Wagner andt al. (1998 within 0.01% and the liquid phase data of
Pru3(2002. The solid lines show isotherms calculated from Takagi(1996 within 0.7%. There are no speed of sound data
the equation of state presented here and the solid curve repelow 240 K; however, the extrapolation behavior of the
resents the saturated vapor density. Théntercept(zero  equation of state is quite reasonable at low temperatures, as
density represents the second virial coefficient at a givendiscussed below.
temperature, and the third virial coefficient can be taken The reported measurements of the isochoric heat capacity,
from the slope of each line at zero density. The values of theaturation liquid heat capacity, and isobaric heat capacity
second virial coefficient calculated from the equation of statdor R-125 are summarized in Table 11 and illustrated in
agree well with those determined numerically and shown a&ig. 27. Comparisons of values calculated from the equation
circles in the figure. Comparisons of second virial coeffi-of state are shown for the isochoric heat capacities in Fig.
cients calculated with the equation of state and those deteBO, saturation liquid heat capacities in Fig. 31, and isobaric
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Fic. 23. Comparisons of densities calculated with the equation of state to experimental data.

heat capacities in Fig. 32. 'ddecke and Mage&1996 0.5%. This agreement indicates consistency between the fit-
measured both the isochoric heat capacity of R-125 and thied isochoric and saturation heat capacity data afdacke
heat capacity along the saturated liquid line. The averagand Magee and the isobaric heat capacity data of Gunther
deviation between values from the equation of state andnd Steimle.

these data is 0.57% for the isochoric heat capacity and 0.24%

for the saturation liquid heat capacity. There are few experi- 5.4. Extrapolation Behavior
mental data for the isobaric heat capacity of R-125, espe-
cially in the vapor phaséive points by Wilsoret al, 1992, Plots of constant property lines on various thermodynamic

and the data in the liquid phase are not consistent. Althoughoordinates are useful in assessing the behavior of the equa-
none of these data were used in the fit, the equation of stateon of state. The equation developed here was used to pro-
represents the data of Gunther and Steilfll®97) within duce plots of temperature versus isochoric heat capésiigy
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393), isobaric heat capacityFig. 34, and speed of sound sity at temperatures from the triple point to 400 K at pres-

(Fig. 35. These plots indicate that the equation of state exsures up to 60 MPa, except in the critical region, where an
hibits reasonable behavior over all temperatures and presmcertainty of 0.2% in pressure is generally attained. In the
sures within the range of validity, and that the extrapolationimited region between 340 and 400 K and at pressures from
behavior is reasonable at higher temperatures and pressurg@siy 10 MPa, as well as for all states above 400 K, the

uncertainty in density increases to 0.5%. At temperatures be-
low 330 K and pressures below 30 MPa, the uncertainty in
density in the liquid phase may be as low as 0.04%. In the

Additional information about the extrapolation behavior was

given earlier.
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Fic. 23. (Continued)

6. Estimated Uncertainties of Calculated
Properties

the ppT surface with an uncertaintk& 2) of 0.1% in den-

95

vapor and supercritical region, speed of sound data are rep-
resented within 0.05% at pressures below 1 MPa. The esti-
The new reference equation of state for R-125 describegiated uncertainty for heat capacities is 0.5% and the esti-
mated uncertainty for the speed of sound in the liquid phase
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Fic. 24. Comparisons of pressures calculated with the equation of state to experimental data in the critical region.

is 0.5% forT>250 K. The saturation values can be calcu-
lated from the equation of state by application of the Max-
well criterion, which requires equal Gibbs energies and equal

TaBLE 8. Summary of second virial coefficients pressures for saturated liquid and vapor states at the same
No. of o~ AAD? temperature. The _estlmat(_agl uncertainties of_ vapor pressures
Author points range(K) (cm?/mol) and saturated liquid densities calculated using the Maxwell
- criterion are 0.1% for each property, and the estimated un-
Bignell and Dunlop(1993 3 290-310 1.01 . e .
Boyes and Webef1995 8 280-350 234 certainty for saturated vapor densities is 0.2%. The uncer-
de Vries(1997P 19 263-413 1.44 tainty in density increases as the critical point is approached,
Di Nicola et al. (2002 10 303-363 1.23 while the accompanying uncertainty in calculated pressures
Gillis (1997 9 240-400 1.91 ; o - ; -
Grigianteet al. (2000 7 260360 0.93 is 0.2%. As an a!d for computer |m_plementat|on, calculated
Ye et al. (1995 1 290-390 6.40 values of properties from the equation of state for R-125 are
Zhanget al. (1995 11 290-390 2.60 given in Table 12. The number of digits displayed does not

aAverage absolute difference in the second virial coefficienti(amol). indicate the accuracy in the values but is given for validation
PData were derived from thepT data of de Vries and are given in Table 9. Of computer code.
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Fic. 26. Comparisons of second virial coefficients calculated with the equation of state to experimental data.
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TaBLE 10. Summary of speed of sound data 3 6
0_ — tx _ _
Temp. Pressure a’=Ins—In7+ gl ayT +k24 agIn[1—exp —by7)],

No. of range range AAD (41)
Author points (K) (MPa) (%)
Vapor Phase Data and the residual fluid Helmholtz energy is
Hozumiet al. (1996 72 273-343 0.01-0.24 0.034
Ichikawaet al. (1998 74  273-343  0.01-0.50  0.007 s 15
Grigianteet al. (2000 69  260-360 0.05-0.50  0.019 a'(8,7)= 2, Npo%kstkt D Ny s%krikexp — &'%)
Gillis (1997 149 240-400 0.04-1.02  0.008 k=1 k=6
Liquid Phase and Saturation Data 18
Grebenkowet al. (1994 30 288-333 1.14-16.4  0.233 t | m
Kraft and Leipertz(1994 13 293-338  Satlig. 2211 + k;6 Ny %7t exp — ') exp( — ™).
Kraft and Leipertz(1994 9 307-338 Sat. vap. 1.560
Takagi (1996 167 241-333  0.23-32.2  0.264 (42)

The functions used for calculating pressup,(compress-
) ) ) ibility factor (Z), internal energy (), enthalpy @), entropy
8. Appendix A: Thermodynamic Equations (s), Gibbs energy ), isochoric heat capacityc(), isobaric

heat capacity¢,), and the speed of sound/y from Eq.(3)
The functional form of the Helmholtz energy equation of are given below.

state is explicit in the dimensionless Helmholtz energy,

using independent variables of dimensionless density and da’
p=pRT 1+ | —< (43
temperature, EF)
;
a(8,7)=a%8,7)+a"(8,7), (40)
. aar
Wherg 6=plp. and 7=T_./T. The ideal gas Helmholtz en- 7= %F:lJrg (95) (44)
ergy is P .
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Fic. 27. Experimental isobaric and isochoric heat capacities and speed of sound data.
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Fic. 28. Comparisons of speeds of sound in the vapor phase calculated with the equation of state to experimental data.

u (ﬁao +((9ar) a5 WZM—1+26 &ar) +52((92ar
Rt |G Tl 49 RT 12055 O\ G
&ar &Zal' 2
h da® da’ da’ 1+5)—5T( )
ﬁfT (a/) +(0[) +§(a5) +1 (46) o) . d60T
0T |5 \ 9T/ do ), a0 2o (51)
"Nz Fl 57
0 r S S
E=7' (m) c?a) —a’—a' (47) . . . . ,
R ar )\t The fugacity coefficient and second and third virial coeffi-
cients are given by Eq$52)—(54).
da’ _ o ;
Rg_r:1+a0+ar+5( 95) 48 p=ex{Z—1-In(Z)+a'] (52)
T ar
B(T)=lim ( (53
c, Hﬂzao) (aza') s—olPc\ 98
Al - (49
R are ) s \ 91 | (1 Pa”
da’ 9%a"\ ? Ll
1+ 6| —= ST . . . . .
¢, C, as | 460t Other derived properties, given in Eq&5—(57), include
R R + o P (50) the first derivative of pressure with respect to density at con-
1+25( + 52 2) stant temperaturedp/dp) 1, the second derivative of pres-
X 96% ), sure with respect to density at constant temperature
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Fic. 29. Comparisons of speeds of sound in the liquid phase calculated with the equation of state to experimental data.

to temperature at constant densigp(JT),, .

|

a%p
(7p2

|

ap
ap

;
_RT
T P

(6°pldp?)+, and the first derivative of pressure with respect <5p ol 145 da’ 5 ( PPa’ 57
) T sy
JT P 9o 9597
P T
da’ ) Pa’
RT1+26| —=| +6| == (55 . . . .
a6 | 96° ) Equations for additional thermodynamic properties such as
, 5 . 3 the isothermal compressibility and the Joule—Thomson coef-
25(‘7“) +452( @ ) +é\3(‘7 « ) ficient are given in Lemmoeet al. (2000.
a6 | 96° . 98°%, S The derivatives of the ideal gas Helmholtz energy required
(56) by the equations for the thermodynamic properties are
TaBLE 11. Summary of experimental heat capacity data
Temp. Density Pressure
No. of range range range AAD
Author points (K) (mol/dn?) (MPa) (%)
Isochoric Heat Capacity Data
Perkins(2002 474 305-397 4.00-19.5 1.185
Liddecke and Mage€1996 99 200-342 10.5-13.5 0.577
Saturation Heat Capacity Data
Liddecke and Mage€1996 93 176-278 0.244
Isobaric Heat Capacity Data
Kan et al. (1996 78 276-328 1.59-3.04 1.820
Wilson et al. (1992 10 216-333 0.13-3.45 1.182
Gunther and Steiml€1997) 24 203-318 Sat. lig. 0.520
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Fic. 30. Comparisons of isochoric heat capacities calculated with the equation of state to experimental data.

100 (Co’,exp - co,calc)/ ca,exp

Fic. 31. Comparisons of saturation heat capacities calculated with the equation of state to experimental data.
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Fic. 32. Comparisons of isobaric heat capacities calculated with the equation of state to experimental data.
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Fic. 33. Isochoric heat capacity versus temperature diagram.
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TaBLE 12. Calculated values of properties for algorithm verification

Isochoric heat Isobaric heat Speed of
Temperature Density Pressure capacity capacity sound
(K) (mol/dn) (MPa) (3/mol-K) (J/mol-K) (m/s
200.0 14.0 42.302 520 85.816 305 123.536 41 968.671 94
300.0 10.0 2.902 3498 99.919 660 164.169 14 345.912 35
300.0 0.7 1.324 5058 94.823171 124.960 09 120.560 07
400.0 5.0 9.049 5658 114.418 19 198.117 92 151.530 60
339.2 4.8 3.620 1215 130.636 50 274 863.02 78.735928
200 2 + 62 3d, 12— 312+ 3131 136%'} (62
1ol Kk k k k
52_&52 :kzl dk(dk_ 1)Nk5dk7'tk
N PO 15
15
T—= t, N 5% rlk+ t, N, 8%tk ex 5'%)
+ > NyoUrt exp(— o'%) 77~ W 2 P
k=6
18
X[(di=18"%) (d— 1= 1, 8') — 12 8'] + > NS rtkexp — 8')exp( — 7™)
k=16
18
+ >0 Npo%krtkexp — 8'v)exp( — 7™) X (t—my7™) (63)
K=16
X[(dy—18'%) (dy—1—1,8%) —128'] (61) ,Pa L -
= > ti(ty— 1N, 5%tk E ti(te— 1) N 8%k
agar 5 k=1
53%:;—:1 d(dy— 1) (dy— 2)Ny 5%k 18
xexp(— )+ >, N o%rkexp — 8'k)
15 K=16
t _ 4l _ —
+ gﬁ N, 8% 7tk exp — ') {dy (dy— 1) (dy— 2) 5 xXp( — ) (=M™ ) (t— 1— My r™)
2
+ 8 — 21, +6d | — 3d2l — 3d, 2+ 312~ 3] — M 7] (64)
+ 62 3dy 12— 312+ 313 136%) 072 .5 15
18 2 ktkaédthk'f' E tkaédthk eXF(_ 5"()
ama k=1 k=6

+ >, Np&%rtkexp — 8')exp( — 7™
k=16

X{d(d—1)(dg—2) + 8 — 2l + 6d, ]

X(de—18%) + D N 8%tk exp( — 8'%)
k=16

18

—3dgl—3d g +31E-17] X exp( — 7™) (d— 1 89 (t,—m 7™)  (65)
9. Appendix B: Tables of Thermodynamic Properties of R-125 at Saturation
T p p h S C, Cp w
(°C) (MPa) (kg/m?®) (kJ/kg) (kJ(kg K)) (kJkg K)) (kJ(kg K)) (m/s)
—100.630 0.00291 1690.7 87.130 49022 0.6776 1.035 932.6
0.244 62 277.39 1.5931 0.4984 0.5689 116.4
—100. 0.00309 1688.7 87.782 49399 0.6781 1.035 929.2
0.258 34 277.74 1.5911 0.4997 0.5703 116.6
—95. 0.004 81 1672.5 92.969 52352 0.6818 1.040 903.2
0.39179 280.54 1.5764 0.5099 0.5810 118.0
—90. 0.007 29 1656.2 98.181 552 36 0.6860 1.045 877.5
0.577 94 283.36 1.5634 0.5201 0.5919 119.4
—85. 0.01074 1639.9 103.42 58059 0.6906 1.051 852.3
0.83142 286.20 1.5520 0.5304 0.6031 120.7
—80. 0.01547 1623.4 108.70 .608 24 0.6955 1.058 827.5
1.1691 289.06 1.5421 0.5409 0.6146 121.9
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T p p h S C, Cp w
(°O (MPa) (kg/m?) (kJ/kg (kJkg K)) (kJkg K)) (kJkg K)) (m/s)
—75. 0.02179 1606.7 114.01 .63537 0.7006 1.066 802.9
1.6103 291.94 1.5333 0.5514 0.6264 123.1
—70. 0.03008 1589.9 119.36 .66201 0.7060 1.074 778.6
2.1766 294.83 1.5257 0.5620 0.6385 124.1
—65. 0.04076 1572.9 124.75 .688 21 0.7115 1.082 754.5
2.8921 297.71 1.5191 0.5727 0.6511 125.1
—60. 0.054 32 1555.7 130.19 71398 0.7171 1.091 730.6
3.7833 300.60 1.5135 0.5836 0.6641 126.0
—55. 0.07126 1538.2 135.68 .739 37 0.7229 1.101 706.8
4.8791 303.48 1.5086 0.5946 0.6776 126.8
—50. 0.09216 1520.5 141.21 .764 39 0.7288 1.111 683.2
6.2112 306.35 1.5044 0.6058 0.6916 127.4
— 45, 0.11763 1502.4 146.80 .78907 0.7349 1.121 659.6
7.8140 309.20 1.5009 0.6171 0.7063 127.9
—40. 0.14830 1484.0 152.44 .81345 0.7410 1.132 636.1
9.7249 312.03 1.4980 0.6286 0.7216 128.3
—35. 0.184 87 1465.3 158.14 .83753 0.7473 1.144 612.6
11.985 314.84 1.4955 0.6402 0.7376 128.6
—30. 0.228 06 1446.1 163.90 .86135 0.7537 1.157 589.1
14.639 317.61 1.4935 0.6520 0.7545 128.7
—25. 0.27861 1426.5 169.73 .88493 0.7602 1.170 565.7
17.736 320.34 1.4919 0.6640 0.7724 128.7
—20. 0.33733 1406.4 175.62 .908 29 0.7668 1.184 542.2
21.331 323.03 1.4906 0.6761 0.7912 128.5
—15. 0.40501 1385.8 181.59 .93145 0.7736 1.199 518.7
25.486 325.67 1.4895 0.6882 0.8112 128.1
—10. 0.48252 1364.5 187.64 .954 43 0.7805 1.216 495.2
30.271 328.24 1.4887 0.7003 0.8324 127.5
—5. 0.57072 1342.6 193.77 97728 0.7876 1.234 471.6
35.768 330.74 1.4881 0.7122 0.8550 126.8
0. 0.67052 1319.8 200.00 1.0000 0.7948 1.255 448.0
42.070 333.16 1.4875 0.7240 0.8797 125.8
5. 0.78288 1296.2 206.33 1.0226 0.8021 1.277 424.3
49.291 335.47 1.4869 0.7359 0.9073 124.6
10. 0.908 75 12715 212.76 1.0452 0.8095 1.303 400.4
57.564 337.66 1.4863 0.7483 0.9392 123.2
15. 1.04918 1245.6 219.32 1.0678 0.8172 1.332 376.3
67.054 339.71 1.4856 0.7617 0.9770 121.5
20. 1.205 20 1218.3 226.02 1.0904 0.8252 1.367 352.0
77.966 341.58 1.4846 0.7764 1.023 119.6
25. 1.37792 1189.4 232.87 1.1131 0.8335 1.407 3274
90.557 343.26 1.4834 0.7928 1.080 117.3
30. 1.56853 1158.4 239.91 1.1359 0.8425 1.457 302.4
105.17 344.71 1.4817 0.8111 1.152 114.8
35. 1.77827 1125.0 247.16 1.1591 0.8522 1.521 276.9
122.27 345.88 1.4794 0.8315 1.245 111.9
40. 2.00849 1088.4 254.67 1.1826 0.8630 1.605 250.8
142.52 346.69 1.4764 0.8542 1.372 108.6
45. 2.26074 1047.7 262.52 1.2067 0.8755 1.724 223.8
166.95 347.05 1.4724 0.8796 1.553 104.8
50. 2.536 80 1001.1 270.83 1.2318 0.8907 1.910 195.6
197.29 346.75 1.4667 0.9083 1.842 100.5
55. 2.83891 945.35 279.83 1.2585 0.9106 2.252 165.3
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T p p h S C, Cp w
(°O (MPa) (kg/m?) (kJ/kg (kJkg K)) (kJkg K)) (kJkg K)) (m/s)
236.92 345.44 1.4584 0.9421 2.386 95.6
60. 3.17028 872.09 290.10 1.2884 0.9411 3.139 1315
294.37 342.21 1.4448 0.9856 3.833 89.8
65. 3.536 97 735.11 304.88 1.3311 1.014 13.67 90.0
416.57 332.24 1.4120 1.060 20.07 82.6
66. 3.616 07 612.97 314.86 1.3602 1.078 818.2 78.9
534.59 321.41 1.3795 1.093 923.0 79.2
66.023 3.61770 573.58 318.06 1.3696
—100.630 0.00291 1690.7 87.130 49022 0.6776 1.035 932.6
0.244 62 277.39 1.5931 0.4984 0.5689 116.4
—76.278 0.02 1611.0 112.65 .62849 0.6993 1.064 809.2
1.4866 291.20 1.5355 0.5487 0.6233 122.8
—65.319 0.04 1574.0 124.41 .686 55 0.7111 1.082 756.1
2.8415 297.53 1.5195 0.5721 0.6503 125.0
—58.200 0.06 1549.4 132.16 72316 0.7192 1.095 722.0
4.1526 301.64 1.5116 0.5876 0.6689 126.3
—52.785 0.08 1530.4 138.12 .75049 0.7255 1.105 696.3
5.4381 304.75 1.5067 0.5996 0.6837 127.1
—48.356 0.10 1514.6 143.04 77254 0.7308 1.114 675.4
6.7064 307.29 1.5032 0.6095 0.6964 127.6
—48.089 0.101325 1513.6 143.34 77386 0.7311 1.115 674.2
6.7900 307.44 1.5030 0.6101 0.6971 127.6
—39.747 0.15 1483.1 152.73 .814 67 0.7413 1.133 634.9
9.8304 312.18 1.4978 0.6292 0.7224 128.4
—33.154 0.20 1458.3 160.26 .846 35 0.7496 1.149 603.9
12.916 315.87 1.4947 0.6446 0.7438 128.7
—27.735 0.25 1437.3 166.53 .87206 0.7566 1.162 578.5
15.984 318.85 1.4927 0.6574 0.7625 128.7
—23.093 0.30 1418.9 171.97 .89386 0.7627 1.175 556.7
19.045 321.37 1.4913 0.6686 0.7795 128.6
—19.009 0.35 1402.4 176.80 .912 89 0.7681 1.187 537.6
22.108 323.56 1.4904 0.6785 0.7951 128.4
—15.347 0.40 1387.3 181.18 .92984 0.7731 1.198 520.4
25.178 325.49 1.4896 0.6874 0.8098 128.1
—12.018 0.45 1373.2 185.19 .94518 0.7777 1.209 504.7
28.259 327.21 1.4890 0.6954 0.8237 127.8
—8.957 0.50 1360.0 188.91 95921 0.7820 1.220 490.3
31.356 328.77 1.4886 0.7028 0.8370 127.4
—6.119 0.55 1347.6 192.39 97217 0.7860 1.230 476.9
34.471 330.19 1.4882 0.7095 0.8498 127.0
—3.469 0.60 1335.7 195.67 .984 24 0.7898 1.240 464.4
37.607 331.49 1.4879 0.7158 0.8623 126.5
—0.980 0.65 1324.3 198.77 99555 0.7933 1.251 452.6
40.766 332.69 1.4876 0.7217 0.8747 126.0
1.369 0.70 1313.4 201.72 1.0062 0.7967 1.261 441.5
43.951 333.80 1.4873 0.7272 0.8869 125.5
3.596 0.75 1302.9 204.54 1.0163 0.8000 1.271 431.0
47.163 334.83 1.4871 0.7325 0.8992 125.0
5.714 0.80 1292.7 207.24 1.0259 0.8031 1.281 420.9
50.404 335.79 1.4869 0.7377 0.9116 124.4
7.735 0.85 1282.8 209.83 1.0350 0.8061 1.291 411.2
53.677 336.68 1.4866 0.7426 0.9242 123.8
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T p p h S C, Cp w
(°C) (MPa) (kg/nP) (kJ/kg) (kJlkg K)) (kJlkg K)) (kJl(kg K)) (ml9

9.670 0.90 1273.1 212.33 1.0437 0.8090 1.301 402.0
56.982 337.52 1.4864 0.7475 0.9370 123.3

11.525 0.95 1263.7 214.75 1.0521 0.8118 1.311 393.1
60.321 338.30 1.4861 0.7523 0.9500 122.7

13.309 1.00 1254.5 217.09 1.0602 0.8146 1.322 384.5
63.697 339.03 1.4858 0.7570 0.9635 122.1

16.686 1.10 1236.6 221.56 1.0754 0.8198 1.343 368.1
70.564 340.36 1.4853 0.7665 0.9915 120.9

19.841 1.20 1219.2 225.80 1.0897 0.8249 1.365 352.8
77.596 341.53 1.4847 0.7759 1.021 119.6

22.806 1.30 1202.3 229.84 1.1031 0.8298 1.389 338.2
84.806 342.55 1.4839 0.7854 1.053 118.3

25.605 1.40 1185.7 233.71 1.1158 0.8346 1.413 3244
92.209 343.45 1.4832 0.7949 1.088 117.0

28.258 1.50 1169.4 237.43 1.1280 0.8393 1.439 311.1
99.823 344.24 1.4823 0.8045 1.125 115.7

30.781 1.60 1153.4 241.02 1.1395 0.8439 1.466 298.4
107.66 344.91 1.4814 0.8141 1.165 114.3

33.189 1.70 1137.4 244.50 1.1507 0.8486 1.496 286.2
115.75 345.49 1.4803 0.8238 1.208 113.0

35.492 1.80 11215 247.88 1.1614 0.8532 1.528 274.3
124.11 345.98 1.4792 0.8336 1.256 111.6

39.823 2.00 1089.8 254.40 1.1817 0.8626 1.602 251.7
141.74 346.67 1.4766 0.8534 1.366 108.7

43.837 2.20 1057.6 260.66 1.2010 0.8724 1.692 230.2
160.82 347.01 1.4734 0.8734 1.504 105.7

47.578 2.40 1024.5 266.74 1.2195 0.8829 1.809 209.4
181.71 346.99 1.4697 0.8939 1.684 102.7

51.084 2.60 989.96 272.71 1.2374 0.8945 1.966 189.2
204.93 346.57 1.4652 0.9151 1.930 99.5

54.381 2.80 952.95 278.66 1.2550 0.9077 2.194 169.2
231.31 345.68 1.4596 0.9375 2.294 96.2

57.490 3.00 912.04 284.72 1.2728 0.9237 2.565 149.1
262.29 344.18 1.4526 0.9620 2.893 92.8

60.426 3.20 864.39 291.08 1.2912 0.9446 3.288 128.4
300.75 341.78 1.4432 0.9901 4.077 89.3

63.198 3.40 802.42 298.28 1.3120 0.9757 5.402 106.5
354.37 337.68 1.4292 1.02 7.502 85.6

65.800 3.60 668.27 310.49 1.3474 1.052 71.10 81.4
480.94 326.28 1.3940 1.085 95.87 80.5

66.023 3.6177 573.58 318.06 1.3696
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