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A new formulation is presented for the thermodynamic properties of refrigerant 143a
(1,1,1-trifluoroethane, CHCF;) based upon available experimental data. The formula-
tion can be used for the calculation of density, heat capacity, speed of sound, energy, and
saturation properties using an equation of state explicit in Helmholtz energy. Ancillary
equations are given for the ideal gas heat capacity, the vapor pressure, and for the
saturated liquid and vapor densities as functions of temperature. Comparisons to available
experimental data are given that establish the accuracy of calculated properties using this
equation of state. The estimated uncertainties of properties calculated using the new
equation are 0.1% in density, 0.5% in heat capacities, 0.02% in the speed of sound for the
vapor at pressures less than 1 MPa, 0.5% in the speed of sound elsewhere, and 0.1% in
vapor pressure, except in the critical region. The equation is valid for temperatures from
the triple point temperatur@61.34 K to 450 K and pressures up to 50 MPa, and can be
extrapolated to 650 K. It has been accepted as an international standard formulation for
the properties of R-143a by the International Energy Agency-Annex©12001 by the
U.S. Secretary of Commerce on behalf of the United States. All rights reserved.
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THERMODYNAMIC PROPERTIES OF HFC-143a 523
Physical Constants and Characteristic Properties of R-143a
Symbol Quantity Value
R Molar gas constant 8.314 472ol-K)
M Molar mass 84.041 g/mol
Te Critical temperature 345.857 K
Pc Critical pressure 3.761 MPa
Pe Critical density 5.128 45 mol/dn
Tip Triple point temperature 161.34 K
Pip Triple point pressure 0.001077 MPa
Ptov Vapor density at the triple point 0.000 80 mol/éim
Ptpl Liquid density at the triple point 15.83 mol/dm
Thop Normal boiling point temperature 225.91 K
Pribpy Vapor density at the normal boiling point 0.0567 molfdm
Prbpl Liquid density at the normal boiling point 13.88 mol/ém
To Reference temperature 273.15K
Po Reference pressure 0.001 MPa
h8 Reference ideal gas enthalpy &y 33936.4 J/mol
58 Reference ideal gas entropy B} and pg 198.961 Jimol-K)
1. Introduction by various researchers worldwide. The equation oétal.

(1999 is a 19 term equation explicit in the Helmholtz en-

. i i ergy, the equation of Piaet al. (1998 is an 18 term modi-
Refrigerant 143a(1,1,1-trifluoroethane, HFC-148aand fied Benedict—Webb—Rubin equation, the equation of Out-

more importantly _blends containing R—;L43a, are leading cancalt and McLinden(1997 is a 32 term modified Benedict—
didates for replacing the ozone-depleting hydrochIorofluoro-\/\/ebb_Rubin equation. and the equation presented here
carbon R-2Zchlorodifluoromethane, HCFC-22he produc- d ' q P ’

tion of which will be phased out by the year 2020 under thereferred to as the Lemmon—Jacobsen equation, is a 17 term

terms of the Montreal Protocol. The thermodynamic proper_fundamental equation explicit in the Helmholtz energy. In

ties of the refrigerant used as the working fluid in a system\”e‘;\/fmc th? mportqnce OLR--14g|a and tTe emstgnce of.sev;
significantly influence the energy efficiency and capacity of°rd dorrgufatlonls, _'t W?S eswa;) ehto sefept an |ntgrr:jat|ona
refrigeration equipment, and accurate properties are thus edtandard formulation for use by the refrigeration industry.

sential in evaluating potential alternative refrigerants and inl i task was accomplished by a group working under the

designing equipment. auspices of the Heat Pump Programme of the International
A property formulation is the set of equations used toEN€rgy AgencylEA). The IEA Heat Pump Programme was
calculate properties of a fluid at specified thermodynamicEStablished in 1978 and is currently supported by 15 coun-
states defined by an appropriate number of independent vafiies. It offers opportunities for mternauonal coIIaboranon in
ables. A typical thermodynamic property formulation is resea_rch, development, demons.tratlor?,and promotion of heat
based on an equation of state which allows the correlatioRUmpPing and related technologies. Eight member countries
and computation of all thermodynamic properties of the(Austria, Canada, Germany, Japan, Norway, Sweden, the
fluid, including properties such as entropy that cannot béJhited Kingdom, and the United Stajejsined together to
measured directly. form Annex 18-Thermophysical Properties of the Environ-
In this work, the general term “equation of state” refers to mentally Acceptable Refrigerants. One of the goals of this
the empirical models developed for calculating fluid thermo-Annex (or Programme projegtvas to recommend property
dynamic properties. The term “fundamental equation” is of- formulations as international standards for the most impor-
ten used in the literature to refer to empirical descriptions ofant alternative refrigerants and blends.
one of four fundamental relations: internal energy as a func- The comparison and evaluation of the available equations
tion of volume and entropy, enthalpy as a function of pres-of state for R-143a were assigned by Annex 18 to indepen-
sure and entropy, Gibbs energy as a function of pressure aritent evaluators, namely Yukihiro Higashi of the Iwaki
temperature, and Helmholtz energy as a function of densitjMeisei University and Yoshinori Takaishi of the Kanagawa
and temperature. Modern equations of state for pure fluidnstitute of Technology, both in Japan. Professor Higashi
properties are usually fundamental equations explicit in thegresented their evaluation at the June, 1998 meeting of An-
Helmholtz energy as a function of density and temperaturenex 18 in Trondheim, Norway. This evaluation followed the
All thermodynamic properties may be calculated without ad-same general procedures as the earlier evaluations for R-123
ditional ancillary equations for saturation properties throughand R-134a, which are described by Penoncetlal. (1995
the use of the Maxwell criteriofequal pressures and Gibbs and for R-32 and R-125 which are described by Kilner and
energies at constant temperature during phase changes Craven(1997. These earlier evaluations of the IEA-Annex
Several equations of state for R-143a have been developdd resulted in the designation of international standard for-

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000



524 E. W. LEMMON AND R. T JACOBSEN

mulations for R-1344Tillner-Roth and Baehr, 1994R-123 TasLE 1. Summary of critical point data
(Younglove and McLinden, 1994 R-32 (Tillner-Roth and — — — —

. ! ; Critcal ~ Critical ~ Critical ~ Critical
Yokozeki, 1997, and R-125(Piao and Noguchi, 1998 t;'nf; przslgire d;'r:gﬁy d;'n"s’ﬁ‘y
Since that time, the equation of Sunaggal. (1999 for Author (K) (MPa  (kg/m®)  (mol/dn?)
R-125 has been developed which provides improved accurge -~ (1998 225,86 434 =164 15
cies in the thermodynamic properties. The Annex has alsgr:audet al..(1991) ' '

) "~ ] ; 346.00 3.758 455 5.414 02
published a report describing and comparing four mixtureryjiwaraet al. (1998 345861  3.7639 434 5.164 15
models for R-32, R-125, and R-134a, and which is availablerukushima(1993 345.97 3.769 429 5.104 65
from the IEA Heat Pump Centrgeemmon, 1998 Higashi and lked41996  345.88 3.764 431 5.128 45
In the evaluation of Higashi and Takaishi, the equations oﬁearset al. (1959 84622 3.758 434 5.164 15
Li etal. and of Lemmon and Jacobsen were shown to b agel and Bier1999 345.75 3765 427 >080 85
Ietal. an : : . _ &chmidtet al. (1996 346.04 4329  5.15106
nearly equivalent in their representation of the experimentalyanget al. (1993 346.18 3.780 442 5.259 34
data for R-143a. The differences between the equations wemlected Value 345857  3.761 431 5.128 45

discussed at the Trondheim meeting, and the final decision of
the Annex was made based on these differences. The equa-

tion of state of Lemmon and Jacobsen was selected as thee infinite compressibility at the critical point and the asso-
international standard for R-143a. However, the two formu<iated difficulty of reaching thermodynamic equilibrium.
lations are substantially equivalent, and the Annex felt thatrherefore, reported values for the critical density are gener-
either equation was acceptable for analysis or design witllly calculated by power-law equations, extrapolation of rec-
very little difference in calculated properties. The final deci-tilinear diameters using measured saturation densities, or by
sion was based largely on the vapor pressure comparisons @rrelating single-phase data close to the critical point. The
low temperatures, as discussed in Sec. 4.1. The other majefitical temperature used in this work was obtained by fitting
difference between the equations was simply a matter of fitthe data of Aoyamaet al. (1996 and Higashi and lkeda

ting philosophy. The equation of Let al. tended to fit the (1996 at temperatures above 333 K to the equation
average of the more accurate data sets, whereas the equation T ) s

of Lemmon and Jacobsen tended to fit only one data set in Po - Nl( 1— E) iNz( — (1)
each region. Pec T Te

The equation presented here represents all the selected g¥pere T.=345.857K, p.=5.128 45 mol/d, N,=1.1018,
perimental data within the estimated experimental uncertainN2: 1.9755,4=0.336,T,, is the saturation temperature, and
ties. To minimize the number of coefficients, the new equa,, s the saturation density for the liquid or the vapor. The
tion of state for R-143a was developed using state of the atitical density was fixed at the value given by Higashi and
optimization and multiproperty fitting algorithms. The equa- |keda (1996 and the critical temperature was fitted simulta-
tion of state developed in this work is ex_plicit in th_e reducedneoysly with the coefficients of the equation. Equatibnis
Helmholtz energy. Other thermodynamic properties are degnly valid in the critical region. Calculated values from this
rived from the equation of state by differentiation. The rang€equation are shown in Fig. 1 along with experimental data
of validity of the equation of state for R-143a is from the giong the saturation lines in the critical region. The resulting

triple point temperatur€l61.34 K to 450 K at pressures t0 yajyes of the critical temperature and density and the value
50 MPa. It can be extrapolated to 650 K based on graphicalf the critical pressure obtained in Sec. 2.2 are

verification of derived properties.
In addition to the equation of state, ancillary functions are Tc=345.857-0.015K,
given for the vapor pressure and the density of the saturated p.=5.128 45 mol/dri )
liquid and saturated vapor. These ancillary equations can be
used as initial estimates in routines that solve for the saturs@nd
tion boundaries, but are not required to calculate properties p.=3.761+0.004 MPa.
from the equation of state. Summaries of the available data

for the properties of R-143a are given, and the ranges ofhe experimental value of the critical density, taken from
these data are tabulated. Higashi and Ikeda, was reported as 43kg/nt. Several

additional digits(in the molar valug have been maintained
in this work to ensure consistency between the two numbers.
The value given in Eq(2) should be used for all property
2.1. Critical Point calculations from the equation of state. The critical tempera-

N ture agrees well with the values reported by both Aoyama
Critical parameters for R-143a have been reported by varig; 5. (345.86 K and Higashi and Ikedé345.88 K).
ous authors and are listed in Table 1. The difficulties in the

experimental determination of the critical parameters are the 2.2. Triple Point

probable cause of considerable differences among the results

obtained by the various investigators. The critical density is The triple point temperature of R-143a was measured by
difficult to determine accurately by experiment because oMagee(1998h by slowly applying a constant heat source to

2. Vapor—Liquid Coexistence

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000



THERMODYNAMIC PROPERTIES OF HFC-143a 525

347 TABLE 2. Summary of vapor pressure data
345
aaaFE No. of Temp. AAD
E Author points range(K) (%)
341 a
asoE ax de Vries(19972 59 222-345 0.06
o Doeringet al. (1994 31 198-344 0.33
e sE Duarte-Garza and Mag€&999? 15 161-230 0.07
M 83h Fujimine et al. (1999 14 250-330 0.18
g gag bl 111 T N T N T T A T N T N T O T A Y Fujiwara and Pianggs 23 263-345 0.18
g 2 3 4 5 6 ? 8 Fujiwaraet al. (1998 13 263-345 0.08
g r Fukushima(1993 17 275-346 0.11
é . Giuliani et al. (1994 61 244-346 0.09
- Giuliani et al. (1995 33 244-345 0.12
o Kubotaet al. (1990 4 273-338 0.21
C Magee(1998h 13 165-225 0.13
L Mearset al. (1955 7 226-345 0.44
Ee Nagel and Bier(1996 26 205-346 0.32
» Russellet al. (1944 9 174-226 0.28
Takashima and Higaslil995 12 273-333 0.19
Tsugeet al. (1997 31 300-346 0.14
Density (mol/dm?) Wanget al. (1993 30 312-346 0.06
+ Aoyama et al.(19%) & Fukushima (1993) Weber and Defibaugt996? 52 236-343 0.03
© Higashi and Tkeda (1996) —— Critical Region Equation (Eq. 1) Widiatmo et al. (19949 12 280-340 0.41
B _ _ Ye (1994 11 310-342 0.41
Fic. 1. Critical region saturation data. Zhanget al. (1999 11 205-342 0.20
Overall 484 161-346 0.15

a frozen sample and noting the sharp break in the tempera22ata used in the development of the ancillary equation.
ture rise. The triple point temperature was also measured by
Russellet al. (1944 and differs from the result of Magee by

i ) i of values calculated using this equation to the vapor pressure
0.48 K. The value of Magee selected in this work is

data are given in Fig. 2. The bottom plot of this figure shows
T,=161.34+0.03K, (3)  selected data on an expanded scale. The equation best repre-

. sents the data of Duarte-Garza and MagE@99 between
measured on the ITS-9Q tempe_rature.scalej. The estlmat(%ﬁe triple point temperature and 230 K, the data of Weber
vapor pressure at the triple point derived in the work of

Duarte-Garza and Mage&999 is
py=1.077 kPa. (4)

This value (and other values of the vapor pressure from
Duarte-Garza and Magee used in the following se¢tisas
evaluated from measured internal energy changes in the
liguid—vapor two-phase region by the use of a thermody- g
namic relation between the vapor pressure, its derivative§
with respect to temperature, and the derivative of the internal 3
energy with respect to volume. For comparison, the value of?;
the triple point pressure calculated from the ancillary equa-
tion given in the next section is 1.075 kPa.

calc:

G.ex]
Y

+

100 (p
Y
X
Y
B

A
= ** A**tﬁ****i*‘:t
x - *
0.0 X X x x x Xxﬁx“xx v
- * AW s’ > s ‘ !ml
IS ETS TR +
+ ’”’A ?Ai H 3{

tet
L ¢ “+£~
«

2.3. Vapor Pressure

Table 2 summarizes the available vapor pressure data fo
R-143a. The vapor pressure can be represented with the ai

H H 03 TN NN SN T (N TN MR SN SR (N NN N SRS S N SR N N |
Clllary equatlon 150 200 250 300 350
p T Temperature (K)
o c
In| —|= *[NlT-i- N2Tl'5+ N3T2+ N47'3'5+ N57'5'5], X de Vries (1997) O Doering et al. (1994)
P T * Duarte-Garza and Magee (1999) © Fujimine e al. (1999)
X Fujiwara e al. (1998) ¥ Fujiwara and Piao (1995)
(5) A Fukushima (1993) ¥ Giuliani et af. (1994)
< Slluhm:legxg 4311551995) S Kubota 5 z[zli gs;g()))
lagee ears ef al.
where le —7.3526, N2: 1.9162, N3: —1.2203, ¥ Nagel and Bier (1996) > Russell et al. (1944)

N,=—2.0532,Ng=—1.7354,7=(1-T/T,.), andp, is the
vapor pressure. The values of the critical parameters arc

4+ Takashima and Higashi (1995)
+ Wang ez al. (1993)

7 Widiatmo et al. (1994)

~ Zhang et al. (1995)

+ Tsuge ef al.(1997)
+ Weber and Defibangh (1996)
® Ye (1994)

given in SeF:. 2.1. The_ critical pressure was determ'ned frons. 2. comparisons of vapor pressures calculated with the ancillary equa-
the regression analysis used to develop (Bfj.Comparisons tion to experimental data.

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000



526 E. W. LEMMON AND R. T JACOBSEN

TaBLE 3. Summary of saturated liquid and vapor density data 1 A S S
B [ @
No. of Temp. AAD “Qf § .
Author points range(K) (%) ] 3 i . e .
< e < Q gooag i = n Sn
Saturated liquid density data cnl °or o BN L L
Aoyamaet al. (1996? 15 333-346 1.34 .02’5 L by To oo, "
Defibaugh and Moldovef1997) 20 245-340 0.22 e L AT, T g‘KO,\_X“Q e £
Doeringet al. (19949 4 276-283 2.19 § L I s :‘
Fujimine et al. (1999 14 250-330 0.33 B am— 2(')0 — 25'0 e 3(')0 L1 a it
Fukushima(1993 16 339-346 0.94 Temperature (K)
Higashi and Ikedd1996 7 340-346 2.07 P
Magee(19983° 8 164-208 011  Detmg e (1908 3 P a5y
Mearset al. (1959 6 298-338 3.44 4 Puastims (195 D Hgashiand keda (199
Widiatmo et al. (1994 17 230-340 0.54 7 Widiatmo et al. (1994) X Yokoyama and Takahashi (1991
Yokoyama and Takahask1991) 16 248-341 0.30 . o . ) .
Overall 123 164—346 0.80 F&. 3. Comparisons of saturated liquid densities calculated with the ancil-
Saturated vapor density data lary equation to experimental data.
Aoyamaet al. (19962 20 336-346 1.45
Fukushima(1993 12 340-346 4,96
Higashi and Ikedd1996? 8 337-346 0.81 _ _ _
Overall 20 336346 21 Where N;=-3.072, N,=-8.061, Nz=-23.74,

o _ _ _ N,=—61.37, andp” is the saturated vapor density. Since
ata used in the development of the ancillary equations. experimental values for the saturated density are available
only at temperatures above 335 K, additional vapor density

. data used to develop E(7) were calculated from the equa-
and Deflt_)augr(199© between 236 and 248 K, a_n-d the d.atation of state presented in the next section at various tempera-
of de Vries (1997 between 252 K and thg crltlcgl POINt 4 res along the saturation line using the Maxwell criterion.
temperature. Below 248 K, t'he data of de Vries deviate fro eviations of saturated density values in the critical region
the data of Weber and Defibaugh and of Duarte-Garza and, | culated using Eqg6) and (7) from experimental values

0 )
Magee by as much as 0.16%, but are in good agreement wi e given in Fig. 4. Deviations between values calculated

the older data of _Russwt al. (1944. Furthermore, the dif- rom these equations and from Hd) are also shown in this
ferences tend to increase at lower temperatures between t ure

data of Russelkt al. and of Duarte-Garza and Magee and '
reach a maximum of 0.47% at 186 K. Above 300 K, the data
of de Vries(1997, Fukushima(1993, Tsugeet al. (1997,
Wanget al. (1993, and Weber and Defibaudh996 gener-
ally agree within 0.1%.

3. The Equation of State for R-143a

o The equation of state for R-143a has been formulated us-
2.4. Saturated Densities ing the Helmholtz energy as the fundamental property with

Table 3 summarizes the saturated liquid and vapor densit’ndependent variables of density and temperature. The equa-
lon of state is given by

data for R-143a. The saturated liquid density is represente

by the ancillary equation a(p,T)=a%p,T)+a'(p,T), 8
p_’_ 3 23 8/3 wherea is the Helmholtz energya’(p,T) is the ideal gas
=14+ N7+ Np 75+ N7, ©) contribution to the Helmholtz energy, aral(p,T) is the

Pc

whereN;=1.795,N,=0.8709,N5;=0.3116,7=(1—-T/T,),
andp’ is the saturated liquid density. Deviations of saturated
liquid density values calculated using this equation from ex-
perimental values are given in Fig. 3. The data of Magee
(19983 were used to develop E@6), and both the data of
Magee and of Defibaugh and Moldov€t997) are repre-
sented within 0.1% in density at temperatures below 330 K. jlewsas* +o + * aptPt s o a

residual Helmholtz energy which corresponds to the influ-

calc)/ pexp

. . N . a I S—, TA A AAA an T
Differences between various data sets are significantly highe C L, aa
than is generally expected for saturated liquid densities as§ i ¢ P
shown in Fig. 3. However, the data of Magee tend to agree™ L N
well with the single phase liquigpT data presented in the ot e b b b b b
following sections. Density (mol/dm?)

The saturated vapor density is represented by the equatio + Aoyama et al.(1996) A Fukushima (1993)

> Higashi and Tkeda (1996) —— Critical Region Equation (Eq. 1)

n
In(-) =Ny 7239 Ny 734+ N 7134 N, 233 (7) Fic. 4. Comparisons of saturated liquid and vapor densities in the critical
c region calculated with the ancillary equations to experimental data.
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ence of intermolecular forces. All thermodynamic properties TaBLE 4. Summary of ideal gas heat capacity data
can be calculated as derivatives of the Helmholtz energy. For
. . . . No. of Temp. AAD
example, the pressure derived from this expression is Author points range(K) (%)
) Ja Experimental Data
p=p| €)
p 0p Beckermann and Kohlgi1995 18 250-410 0.47
Gillis (1997 8 250-400 0.14
The functional form used for the new equation for R-143aCgawa and Sat(1999 5 303-343 0.03
is explicit in the dimensionless Helmholtz energy, using Vandergsg'rjrd de Vrie€950 312 25%0(2110 0ch4322
independent variables of dimensionless density and temperg; . iated Values '
ture. The form of this equation is Chenet al. (1975 18 100-1500 0.63
a(p T) Mearset al. (19595 9 200-1000 1.67
) _ 0 r Smithet al. (1952 4 250-600 0.69
= = +
Rt _al@n)=ai(6,n)+a(d,1), 10 Sokozekiet al (1998 45 120-1000 0.02

where 6=plp., =T./T, the critical temperatureT() is
345.857 K, and the critical density) is 5.128 45 mol/drf

as given in Sec. 2.1. The equation for the ideal gas Helm- ) ) )
holtz energy is given in Sec. 3.1 and the equation for the In the calculation of the thermodynamic properties of
residual Helmholtz energy is given in Sec. 3.2.3. R-143a using an equation of state explicit in the Helmholtz

energy, an equation for the ideal gas heat capacﬁy, is
needed to calculate the Helmholtz energy for the ideal gas,
a®. Values of the ideal gas heat capacity derived from low
3.1. Properties of the Ideal Gas pressure experimental heat capacity or speed of sound data
are given in Table 4 along with calculated values from sta-
tistical methods using fundamental frequencies. Differences
a’=h’-RT-Ts". (1)  between the calculated values arise from the use of different
fundamental frequencies and from the models used to calcu-
late the various couplings between the vibrational modes of
the molecule. The equation for the ideal gas heat capacity for
R-143a, used throughout the remainder of this work, was
developed by fitting values reported by Yokozedd al.
(1998, and is given by

The Helmholtz energy of the ideal gas is given by

The ideal gas enthalpy is given by
hO=h3+ f codT, (12)
To

whereho 33 936.4 J/mol is the value @,=273.15K, and
p is the ideal gas heat capacity given by Efj6) below.

The ideal gas entropy is given by 0 u2exp(uy)
P — 105780334 4.4402$12
o_ 0, [T S pT R [exp(u;) —1]
s =so+f —dT—RIn T (13
To T po U3 expluy)
+3.7515r =17 (16)
where $9=198.961 Jmol-K) is the value for entropy at [exp(uy)—1]

=273.15K andpy=0.001 MPa, and, is the ideal gas
density atT, andpy. The values fohd ands) were chosen Whereu; is 1791 KIT, u, is 823 K/T, and the ideal gas
so that the enthalpy and entropy of the saturated liquid stateonstant, R, is 8.314472 Jmol-K) (Mohr and Taylor,
at 0 °C are 200 kJ/kg and 1 Kig-K), respectively, corre- 1999. The Einstein functions containing the termsandu,
sponding to the common convention in the refrigeration in-were used so that the shape of the ideal gas heat capacity
dustry. Combining these equations results in the followingwith respect to temperature would be similar to that derived

equation for the Helmholtz energy of the ideal gas from statistical methods, however, the empirical coefficients
. in u; andu, should not be used to calculate the fundamental

=hJ+ f Cg dT-RT-T frequencies. Comparisons of values calculated using ).
to the ideal gas heat capacity data are given in Fig. 5. The

ideal gas Helmholtz energy equation, derived from E#S)

% (14) and(16), is

0
TC T
o+ f —LdT- Rln(p )
TO olo

_ -0.33
The ideal gas Helmholtz energy is given in a dimensionless =Ino=inr+a+ayrtasr
form by +ayln[1—exp—as7)]+agIn[1—exp(—a;7)],
o hr s oty T (T Cg 1 (- Cg (17
a_RT_E_l—HnE'_ﬁ — +—f —dr
¢ 0 where a;=5.903087, a,=7.307 253, az=—16.59105,
(19 5,-=4.4402, a;=5.1784408, az=3.7515,  and
where 6= po/p. and ro=T./Tj. a;=2.3795962.
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s 2F its ability to represent the thermodynamic properties of the
£ r v S ithi ; i
S C < fluid within the uncertainty of the experimental values, and
= 1- . . . .
3 u ot :+ ° ° in its ability to extrapolate outside the range of experimental
W Rl TR data. The selected data are usually a subset of the available
's o2 . database determined by the correlator to be representative of
St the most accurate values measured. The type of fitting pro-
2 ¥ v ” cedure(e.g., nonlinear versus lingadetermines how the ex-
Tl T perimental data will be used. In this work, a much smaller
Temperature (K) subset of the most accurate data was used in the nonlinear
+ Beckermann and Kohlor (1995) © Clien et al.(1975) fitting due to the extensive calculations required to develop
* Gillis (1997) V' Mears et al.(1955) - . .
X Ogawa and Sato (1999) < Smith e . (1952) the equation. The resulting equation was compared to all
+ Vanderkooi and de Vries (1956) R Yokozeki et al.(1998) . . .
Li e al.(1999) experimental data to verify that the data reduction had not
Fic. 5. Comparisons of ideal gas heat capacities calculated with the ancilaff(_:‘Cted the fit. The data for R143a are discussed in detail in

lary equation to experimental and calculated data. Sec. 4 and comparisons of calculated properties to experi-
mental values are given to verify the accuracy of the model

developed in this research.
3.2. Properties of the Real Fluid Two methods were used to arrive at the final equation of

Unlike the equations for the ideal gas, the nonideal gas, 0?tate for R-143a. Initial equations were developed using lin-

real fluid, behavior is described using empirical models thaf'ar regression techniques by fittipg T data, isochoric heat

are only loosely tied with theoretical techniques. Equationscapg.c'j[y c:ata, Imea:lrlzed sound speed data,lanldtsejc;)nd Vt';:al
for the second and third virial coefficients can generally pecOeMCIents, as well as vapor pressures caiculated Irom ihe

extracted from the fundamental equation, however, the term%nCIIIary quaﬂon. This process has been widely used to de-
velop equations of state over the last several decades and

in the equation are empirical and are determined by correla-"" I Its | i ith 2835 t In thi K
tion techniques using experimental data. The coefficients opPically results in equations wi —o9 terms. In this work,

the equation reported here depend solely on the experimentg]e best equatlon. develeped from the linear regression was
data described in Sec. 4. used as the starting point for the second method discussed

below. Details about the liear regression algorithm can be
3.2.1. Selected Database found elsewheréWagner, 1974; Lemmoat al., 2000.
The units adopted for this work were (KT'S-90) for tem- Onee a prehmmary equation had been developed, nonlin-
. . ear fitting techniques were used to shorten and improve the
perature, MPa for pressure, and molAdfar density. Units : .
equation. Only a subset of the primary data was used. The

of the experimental data were converted as necessary frorr?onlinear algorithm adjusted the coefficients of the equation

those of the original publications to these units. All tempera-

. Pf state to reduce the overall sum of squares of the deviations
tures were converted to the International Temperature Scacef calculated properties from the inout data. Each data point
of 1990 (ITS-90) (Preston-Thomas, 1990 prop P : P

The ppT data selected for the determination of the coef-Va3 individually weighted according to type, region, and un-

ficients of the equation of state are described in Sec. 4. Dat%ertamty. The values of the first and second derivatives of

used in fitting the equation of state for R-143a were selecte |trt2?jsicr)etr\1’\g:hth§fr\)/zc|i£ vssglzltﬁeatn;gf Z(;rr'gC:: t?](emstelvelitr: d
to avoid redundancy in various regions of the surface. In

total, 835 data points out of the 2811 available p@T data C”t'cil pou:jt ?lven n tSec. 2'.1' Instz:dlthn, the8 exp(_)nent('js for
and 86 data points out of the 594 available for speed ijensu y an | err:jp(tera u.re,dglv_en Ite ow mllﬂl )'tr?stlhk an i
sound were used in the nonlinear fitting procedure describelf: WEre also determined simultaneously wi € coeth-

in the next section. In addition to these data, 31 isochoricc'emS of the equation. To reduce the size of the equation,

heat capacity data, 5 saturated liquid heat capacity data, a (aLms (\;v:are eI|m|rr1]ated by”e|ther deIGtmg the tirm tha;)_cen—
15 calculated second virial coefficients were used in the ﬁtf[rI uted least to the overall sum o squares or by combining
o terms that had similar functional forngsimilar contri-

Thirteen vapor pressure values were also used in the regretéA-’ . , e
sion. butions to the equation of statéfter a term was eliminated,

the fit was rerun until the sum of squares with the new equa-
tion was of the same magnitude as the previous equation.
The final functional form resulted in an equation with 17
The development of the equation of state is a process derms.

correlating selected experimental data by least-squares fitting The exponents on density in the equation of state must be
methods using a model which is generally empirical in na-ntegers so that the derivatives of the Helmholtz energy with
ture, but is designed to exhibit proper behavior in the ideafespect to density are zero in the ideal gas limit. Since non-
gas and low density regions and to extrapolate to temperanteger values for the density exponents resulted from the
tures and pressures higher than those defined by experimenbnlinear fitting, a process of rounding a density exponent to
In all cases, experimental data are considered paramount, atfte nearest integer, followed by refitting the other parameters
the proof of validity of any equation of state is evidenced into minimize the overall sum of squares, was implemented

3.2.2. Fitting Procedures
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TaBLE 5. Parameters and coefficients of the equation of state

529

The final functional form for the residual Helmholtz en-
ergy for R-143a is

k Nk ik ik I

1 7.7736443 1 0.67 ° u

2 87018500 1 0.833 a'(9, T)=k§_:l Ny s'krlk+ 246 Ny o'krlk exp(— 8'%).

3 —0.277 797 99 1 1.7 - a 18

4 0.146 092 20 2 1.82 (18)

5 0.008 9581616 5 0.35 The coefficientsN, of this equation are given in Table 5.

6 —0.205521 16 1 3.9 1 Although th | . dl bit o

7 0.106 532 58 3 0.95 1 oug e values ofy, j,, andl, are arbitrary,j, is

8 0.023 270 816 5 0.0 1 generally expected to be greater than zero, igrehdl, are

9 —0.013 247 542 7 1.19 1 integers greater than zero.

10 —0.042793870 1 7.2 2 The functions used for calculating pressure, compressibil-
E _8'3565 72118635 5 ?'25 ; ity factor, internal energy, enthalpy, entropy, Gibbs energy,
13 0,092 326 113 3 75 5 isochoric heat capacity, |sob_ar|c heat capacity, and the speed
14 0.083 774 837 4 7.45 2 of sound from Eq.(10) are given as Eq919)—(27). These
15 0.017 128 445 2 15.5 3 equations were used in calculating the tables of thermody-
16 —0.017 256 110 3 22.0 3 namic properties of R-143a given in the Appendix.
17 0.004 908 049 2 5 19.0 3

until all the exponents were integers. A similar process was
used for the temperature exponents to reduce the number of
significant figures to one or two digits past the decimal point.
The final equation with 17 terms represented the experimen-
tal data better than preliminary equations resulting from the
linear fitter with about 32 terms.

In addition to reducing the number of individual terms in
the equation compared to that produced by conventional lin-
ear least-squares methods, the extrapolation behavior of the
shorter equations will generally be more accurate because
there are less degrees of freedom. In the longer equations,
two or more correlated terms are often needed to reproduce
the accuracy of a single term in the nonlinear fit. The values
of these correlated terms are often large in magnitude, and
their behavior outside the range of validity of the equation is
often unreasonable.

3.2.3. Equation for the Residual Helmholtz Energy

The original equation presented to the IEA Annex-18 was
a 20 term Helmholtz equation with a critical temperature of
345.88 K. Further analysis of the equation after the Annex
meeting showed an anomaly in the ideal Joule inversion
curve(given in Sec. 4 Awhich was caused in part by two of
the terms in the equation with negative exponents.dduch
terms are quite common in typical equations of state but they
often cause extrapolation problems at high temperatures
(T/T,>5). Additional analysis of the critical region satu-
rated density data showed that the selected critical tempera-
ture for the preliminary equation was slightly too high, and
that the value of 345.857 K gave better resu#tse Fig. 1L
Thus, the equation was further optimized with a new and
the anomalous behavior of the ideal Joule inversion curve
was eliminated. In addition, the number of terms in the final
equation was reduced from 20 to 17. The accuracy of prop-
erties calculated using the final equation is equivalent to that
of the preliminary equation presented to the IEA Annex-18.

RT[H@(M) (19
p=p Yy
35
7= P 142 20
T pRT 35 (20
u da® N da’ -
Rt 1o T o) 20
h (&ao) (&ar s da" @
A I g
RT or 5 or s d0 .
P e
— =T I — —a —
R T 5 ar s
9 0L r da'
R—T=1+a’ +a +5% (29
Ch ., 9%a® +<&2ar o8
rR™ "\ a7 o) 9
1 5 éar 5 072ar 2
_l’_ PR — —
¢ G 95| "\ asar
E E"— r a2ar (26)
oa 2
1426 — T+5 &52)T
M 22 el T
RT 95 ] 6% |
O L BN
95|~ “Tosar
9%a® Pa’ @7
2
T ( T2 +( 672)5
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Equations for the fugacity coefficient and second and third

virial coefficients are given in Eq$28)—(30).

d=exgZ—1-In(2)+a'] (28)
1 (ﬁa )

B(T)=—| 55 (29
1 (92 r

c(T)= ( . 52) (30)

Other derived properties, given in Eq81)—(33), include

the first derivative of pressure with respect to density
(9pladp), the second derivative of pressure with respect to

density ©?p/dp?), and the first derivative of pressure with
respect to temperatureg/JT).

(&_p) =RT{1+26 a_af + &2 ‘92—62) } (31)
ap/; 46 T a6 .
2 2. 3.r
(5], 2% o5 o
(32
(a—p —Rp| 1+ 6 aar) 57( azar) 33
aT 36 980T

R. T JACOBSEN

Ba’ 2 . ) 1 . )
3= 2 il D= 2) N8 30kt 3 N o'k 37l
d6 = k=6
X exp( — 8" {iy(ix—1)(ix—2)
+ 8 — 21+ 6i | — 32l — Bi |2+ 312 13]
+ 82 3i 12— 312+ 3131 —136% (38)
r 5 17
=D N SkHIE D [N Sk Texp( — 8'K)
= k=6
(39
az ro2 o
E k(i DNy S'krlk2
17
+ 2 jilik— DNk 2exp(— 8'%) - (40)
k=6
6'2ar 5 17
=S i -1 k-1 i i1 k-1
97938 kgl k) ka5 T +k26 ]ka5 T

X exp(— 8'%) (i —1,8'%) (41)

4. Experimental Data and Comparisons
to the Equation of State

Equations for additional thermodynamic properties such as

the isothermal compressibility and the Joule—Thomson coe
ficient are given in Lemmoeet al. (2000.
The derivatives of the ideal gas Helmholtz energy are

70 TL ey 0.3mr 1 !

ir T a2~ 37 4485 expasr)—1
+ ! 34
5% exprarn —1 9

and
?a® explag7)
_ -2 2.33 2

Sz T +0.331.33 a7 a4a5[exp(a =172

, expasr)

" exdarn - 11 %

wherea; throughag are given in Eq(17). The derivatives of
the residual Helmholtz energy are given in E(&6)—(41).

r 17

da
—Z i NSk~ 1le+2 NSk 17
k=1

a6

X exp( — 8') (i —1,8'%)

a2 ) . t ) .
Fra =D ii(ig— NSk 27t DT N 8k 27k
K=6

(36)

1—1,8'%) —125']
37

Xexp(— S (ix—18W) (ix—
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¢ During the last several years, many experimental studies

of the thermodynamic properties of R-143a have been re-
ported, e.g.ppT properties, saturation properties, critical pa-
rameters, heat capacities, speeds of sound, second virial co-
efficients, and ideal gas heat capacities. Selected data were
used for the development of the new thermodynamic prop-
erty formulation reported here. Comparisons were made to
all available experimental data, including those not used in
the development of the equation of state. The data for the
coexistence states are discussed and summarized in Sec. 2.
The accuracy of the equation of state was determined by
statistical comparisons of property values calculated using
the equation of state to experimental data. These statistics are
based on the percent deviation in any propeftgefined as

Xdata_ Xcalc) ( 42)

%AX= 10((

Xdata
Using this definition, the average absolute deviali@AD )
is defined as

1 n
AADzﬁE |%AX;|, (43)
=1

wheren is the number of data points. The average absolute

deviations between experimental data and the equation of
state are given in the tables summarizing the data. In Tables
2 and 3, measured properties are compared with the equation
of state, not with the ancillary equations.
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= — Ancillary Equation

Fic. 8. Comparisons of saturated liquid densities calculated with the equa-
tion of state to experimental data.

data of de Vrieg1997 and of Russelet al. (1944 at lower
temperatures. During the course of the IEA Annex-18 meet-
ing in Trondheim to select an international standard for
R-143a, this difference was one of the main issues discussed.
The final conclusion was that the data of de Vries may have

been susceptible to slight impurities and that the accuracy of

the historic data of Russedit al. could not be verified. The

Fic. 6. Comparisons of vapor pressures calculated with the equation of statdé@por pressure values of Duarte-Garza and Made99

to experimental data. calculated from caloric information in the two-phase region

were believed to be the most reliable values available.
Figure 8 shows comparisons of saturated liquid densities

calculated from the equation of state with experimental data.

Figures 6 and 7 show comparisons of vapor pressures cafigure 9 shows similar comparisons, but with saturated lig-
culated from the equation of state with experimental datallid and vapor densities in the critical region. The dashed
The dashed lines in these figures represent the ancillafnes in these figures represent the ancillary equations re-
equation reported in Sec. 2.3. The maximum deviatian Ported in Sec. 2.4. There is a large discrepancy between satu-
temperatures above 180) letween the vapor pressure an- rated liquid density data at temperatures above 230 K. Ex-
cillary equation and the equation of state is 0.08%. Near thé&luding the critical region, these differences are as high as
triple point, the maximum difference is about 0.19%. The*1%. The equation of state tends to split the difference
average absolute deviation is 0.03% for the data of Webepetween the experimental data, tending more toward the data
and Defibaugtf1996, 0.06% for the data of de Vrig4997), of Magee(1998a. There are no saturated vapor density data
and 0.07% for the calculations of Duarte-Garza and Mage@utside the critical region. In the critical region, the equation
(1999. Also shown in Figs. 6 and 7 is the equation by Li Of state agrees well with the data of Aoyaregal. (1996
et al. (1999. This equation is very similar to that presented @nd Higashi and Ikedel996. The critical point of the equa-
here at temperatures above 250 K, but tends to follow théion of state was determined using these data, and the equa-

™ Zhang et al.(1995) — Li etal.(1999)

= — Ancillary Equation

4.1. Comparisons with Saturation Data
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yyama et al. (1996) A Fukushima (1993)
> Russell et al. (1944) + Weber and Defibangh (1996) > Higashi and Ikeda (1996) Li et al.(1999)

— Li etal.(1999) ~ — Ancillary Equation - — Critical Region Equation (Eq. 1)

Fic. 7. Comparisons of vapor pressures at low temperatures calculated withic. 9. Comparisons of saturated liquid and vapor densities in the critical
the equation of state to experimental data. region calculated with the equation of state to experimental data.
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TABLE 6. Summary ofppT data

Temp. Pressure Density

No. of range range range AAD

Source points (K) (MPa) (mol/dnt) (%)
de Vries(1997? 1062 243-433 0.02-21. 0.01-14. 0.08
Defibaugh and Moldove{1997) 816 243-372 1.50-6.5 2.1-14. 0.26
Fujimine et al. (1999 39 250-330 0.50-3.0 9.1-13. 0.21
Fujiwara and Pia@1995 40 263-393 0.43-3.5 0.22-1.4 0.45
Giuliani et al. (1994 14 274-364 0.57-0.8 0.29-0.30 0.10
Giuliani et al. (1995 62 268-364 0.50-4.1 0.26-5.1 0.81
Magee(19983 144 166—-400 3.0-35. 8.5-16. 0.09
Mearset al. (19595 21 320-369 1.3-4.3 0.58-2.7 2.54
Nakamuraet al. (1997 215 263-403 1.5-15. 0.48-13. 0.18
Takahashkt al. (1999 97 298-423 0.10-8.8 0.03-4.3 0.42
Tsugeet al. (1997 25 346-433 3.8-11. 5.1-5.2 0.74
Weber and Defibaugfil996 117 277-373 0.23-6.6 0.11-6.1 0.07
Ye (19949 58 300-360 0.14-3.1 0.05-2.0 0.22
Zhanget al. (1995 92 320-380 0.11-6.1 0.04-7.4 0.08
Overall 2802 166-433 0.02-35. 0.01-16. 0.20

#Data used in the development of the equation of state.

tion of state was fitted as explained in Sec. 3.2.2 to meet thevere generated from the vapor pressure ancillary equation.
critical point criteria, resulting in consistency of calculated Figure 13 shows comparisons of densities calculated from
properties with these two recent data sets. The data of Fukihe equation of state with experimental data and Fig. 14
shima(1993 differ significantly from the other two data sets shows comparisons of pressures calculated from the equation

and were not used in the fit. of state with the experimental data in the extended critical
region of R-143a. The only experimental data in the liquid
4.2. ppT Data and Virial Coefficients between the triple point and 240 K are the data of Magee

(1998a. Differences between these data and the equation of

The experimentappT data for R-143a are summarized in state are about 0.05% in density near the triple point and
Table 6. The table indicates those data used in the develop:129% at 240 K, at which point the data of Magee and of de
ment of the equation of state. Figure 10 shows all availablg/ries differ by approximately 0.1%. Between 240 K and the
ppT data for R-143a. For clarity, data in the critical region ypper limit of the equation, the equation was fitted to the

are also shown in Fig. 11. The data used to nonlinearly fit thejata of de Vries with an average absolute deviation of 0.08%
equation of state are shown in Fig. 12. The calculated vapor

pressure data shown in the figure and used during fitting
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Temperature (K) Density (mol/dm?)
X de Vries (1997) O Defibaugh and Moldover (1997) X de Vries (1997) D Defibaugh and Moldover (1997)
< Fujimine ez al. (1999) M Fujiwara and Piao (1995) < Fujimine et al. (1999) M Fujiwara and Piao (1995)
¥ Giuliani ef af. (1994) < Giuliani et al. (1995) V Giuliani ef af. (1994) < Giuliani et al. (1995)
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¢ Ye (1994) ™ Zhang et al. (1995) ¢ Ye (1994) “ Zhang et al.(1995)
Fic. 10. ExperimentappT data. Fic. 11. Critical regionppT data.
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N Magee (1998a), pvT 4 Magee (1998b), <, F Q9
7 Magee (1998b), ¢, ¥ Calculated vapor pressure data 0.0 -
Fic. 12. Selected data used in determining the coefficients of the equation of Py 7Y
state. I i
0.0 .
_0‘3' NENEITT BRI R _0.3' Lt isdnnl xﬁ‘nﬁ......l L
. . . . . 0.1 1.0 10.0 0.1 1.0 10.0
in density. Excluding the critical region from_347 to 354 K Pressure (MPa)
and 2 to 7 mol/drfy, the average absolute deviation for these X de Vries (1997) © Defibaugh and Moldover (1997
data decreases to 0.03% for all data. The average deviations & Enfimine et al (1959) 3 Gt ot a1 1605)
(excluding the critical regionare 0.06% for the data of We- S Mokt ot o1 (1999) e 11996)
ber and Defibaugh1996, 0.08% for the data of Zharet al. (@ < veuny T Hea
(1995, and 0.18% for the data of Nakamwetal. (1997). In 03 30K 03 10K
.. . S XrXrx SN
the extended critical region from 340 to 390 K and 3 to 0ok v . < 0.0 FrSon \Mg‘[T A
L= L X 0 fripoies N
9 mol/dn? (as shown in Fig. 14 average absolute deviations b el st o
in pressure between experimental data and the equation of o.a_(—‘rm:.;,ﬂ 0.3 - K
. L % n
state are 0.14% for the data of de Vries, 0.23% for the data of S 0.0 posoeds .
L ™ E
Nakamuraet al. (1997, and 0.11% for the data of Tsuge Y ) SR S ) -03 - L]
0.3 0.3
et al. (1997. | N PR ook e
Table 7 summarizes the sources for the second virial co- FS v e - /TN
efficients of R-143a. Additional values for the second virial ¢ 53 Ty H0K
coefficient were numerically determined by fitting S : ' 0.05
. . . . <
(Z—1)/p as a function of density using the data of de Vries —oat o S
(1997. The additional data are shown in Fig. 15 as circles. 'z 03 /XMOK
. . o F v
These values are given in Table 8. Data below 0.1 mol/dm & 0.0 T\
were not used since such low density data may be subject to § -gg T
local adsorption by the walls of the apparatus or to higher 0'0
uncertainties in the measurement of extremely low pressures. _o'a
The solid lines show isotherms calculated from the equation 0.8
of state presented here and the solid curve represents the 0.0k
saturated vapor density. Tlyeintercept(zero density repre- -0.3
sents the second virial coefficient at a given temperature, and 08
the third virial coefficient can be taken from the slope of F - 00K
. . . . L1 1 aea¥il e wen il 11 11l Ll I L
each line at zero density. The values of the second virial 35 1.0 10.0 ¥ 1.0 10.0
coefficient calculated from the equation of stéiee values Pressure (MPa)
of the lines in the figure at zero denSitagree well with X de Vries (1997) O Defibaugh and Moldover (1997)
. . . . € Fujimine e al. (1999) M Fujiwara and Piao (1995)
those determined numerically and shown as circles in the ¥ Giliani et al.(1994) < Giuliani et al. (1995)
. . .. .. N Magee (1998a) V' Mears et al.(1955)
figure. Comparisons of second virial coefficients calculated 3 N e (1057 3 Wever and Detiomugh (1996)
with the equation of state and those determined lgireen b _t el  Zhang et al.(1995)

in Table § are shown in Fig. 16. For the lowest two iso-
therms (263 and 273 K the uncertainty in the calculated
values is higher due to _the limited data_ at densities _SlbOVQIG_ 13. Comparisons of densities calculated with the equation of state to
0.1 mol/dn? and to the higher curvature in the data. Figureexperimental data.
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Fic. 15. Derivation of second virial coefficients from tipp T data of de

Vries (1997).

TasLE 8. Second virial coefficients derived from tp@T data of de Vries

Fic. 14. Comparisons of pressures calculated with the equation of state to 303 15

experimental data in the critical region.

16 shows comparisons with other reported second virial co-
efficients as well, showing good agreement between the
equation of state and the values reported by Zhangl.

(1995, Beckermann and Kohlgd 995, and Gillis (1997).

4.3. Caloric Data

The sources of experimental data for the speed of sound of
R-143a are summarized in Table 9 and shown graphically in

TaBLE 7. Summary of second virial coefficients

No. of Temp. AAD?

Author points range(K) (cm®/mol)
Beckermann and Kohlg1995 9 250-410 3.7
Bignell and Dunlop(1993 3 290-310 4.3
de Vries(1997° 21 263-433 1.1
Gillis (1997 7 250-400 3.4

Ye (1999 7 300-360 12.

Zhanget al. (1995 7 320-380 0.74

Overall 54 250-433 3.4

2Average absolute difference in the second virial coefficient®/mol).
PData were derived from thepT data of de Vries and are given in Table 8. Fic. 16. Comparisons of second virial coefficients calculated with the equa-
The data were used in the development of the equation of state.
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(2997
Temp. (K) B (dm*/mol) Temp.(K) B (dm*mol)
263.15 —0.5752 346.15 —0.2811
273.15 —0.5187 347.15 —0.2813
283.15 —0.4696 350.15 —0.2749
293.15 —0.4280 353.15 —0.2694
—0.3920 363.15 —0.2518
313.15 —0.3598 373.15 —0.2347
323.15 —0.3353 383.15 —0.2199
333.15 —0.3107 393.15 —0.2054
337.15 —0.3015 413.15 —0.1804
341.15 —0.2918 433.15 —0.1584
344.15 —0.2855
20
g 10l
3 I "
2 10— PR b
L e
el vl b
200 250 300 350 400 450
Temperature (K)
+ Beckermann and Kohler (1995) O Bignell and Dunlop (1993)
: %l?.:g(f?zp(w%) . g:é‘l:g‘f:omdmaofde Vries (1997)

— Li et al.(1999)

tion of state to experimental data.
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TaeLE 9. Summary of speed of sound data 0.1 250K 01 350K

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

Vapor phase data
Beckermann and Kohlg1997) 246 250-410 0.02-0.5 0.024

Gillis (19972 86 250-400 0.05-1.0 0.013

Ogawa and Sat¢1999 70 303-343 0.01-0.5 0.003 ;
Overall 402 250-410 0.01-1.0 0.018 =

Liquid phase and saturation data ag

Froebaet al. (2000 16 288-345  sat. lig. 1.03 'g

Froebaet al. (2000 12 313-346 sat.vap. 0.68 2

Takagi(1997 189  243-333 0.21-30. 0.27 §
Overall 217  243-346 0.21-30. 0.35

#Data used in the development of the equation of state.

Fig. 17. Comparisons of values calculated from the equation
of state for the speed of sound are shown in Fig. 18 for the

vapor phase and in Fig. 19 for the liquid phase. The equation oo b

represents the vapor phase data of Beckermann and Kohler 4o "0 100

(1997, Gillis (1997, and Ogawa and Sat@d999 within Pressure (MPa)
0.02% and the quuid phase data of Tak&gBQ?) within % Beckermann and Kohler (1997) * Gillis (1997)

A Ogawa and Sato (1999) Li et al.(1999)

0.5%. There are no speed of sound data below 240 K, how-
ever, the extrapolation behavior shown in Sec. 4.4 is quit&ic. 18. Comparisons of speeds of sound in the vapor phase calculated with
reasonable at low temperatures. the equation of state to experimental data.

The reported measurements of the isochoric heat capacity,

saturated liquid heat capacity, and isobaric heat capacity fQfese data and the equation of state is 0.25% for the isochoric
R-143a are summarized in Table 10 and also illustrated ipeqat capacity and 0.47% for the saturated liquid heat capac-
Fig. 17. Comparisons of values calculated from the equatioy The deviations of the latter set increase as the tempera-
of state are shown for the isochoric heat capacities in Fig. 2Q,, .o approaches the critical temperat(ire., the average de-
saturated liquid heat capacities in Fig. 21, and isobaric hegfaiion is 0.24% rather than 0.47% if the two highest points
capacities in Fig. 22. Maged998h measured both the iso- 516 giscarderd however, the uncertainties in these higher
choric heat capacity of R-143a and the heat capacity along,ynerature data points also increase as discussed by Magee.
the saturated liquid line. The average deviation betweeRe sparse information concerning the isobaric heat capacity
of R-143a includes four points in the vapor phase by

o
£ fdf a4 {——SawraledLiquid 1 270K
- 4 E n
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essure (MPa
X Beckermann and Kohler (1997), w * Gillis (1997), w ( )
4 Magee (1998b), ¢, Y Mukoyama (1997), ¢ .
A Ogawa and Sato (1999), ¢ > Russell et al. (1944)," * Takagi (1997) B Froeba ef al. (2000)
+ Takagi (1997), w ’ + Yamamura et al, (1999, c, Li etal.(1999)
T Gunther and Steimle (1997), ¢, O Frocba et al. (2000), w

Fic. 19. Comparisons of speeds of sound in the liquid phase calculated with
Fic. 17. Isobaric and isochoric heat capacities and speed of sound datathe equation of state to experimental data.
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TaBLE 10. 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
Magee(1998hH? 136 173-342 10.-16. 0.25
Saturated heat capacity data
Magee(1998h2 80 165-343 0.47
Isobaric heat capacity data
Gunther and Steiml€1997) 24 203-318 sat. lig. 0.69
Mukoyama(1997) (1996 4 330-345 2.0 0.42
Russellet al. (1944 11 165-221 sat. lig. 0.16
Yamamuraet al. (1999 30 285-330 1.5-3.0 0.51
Overall 69 165-345 1.5-3.0 0.51

¥Data used in the development of the equation of state.

Mukoyamaet al. (1997, 30 points in the liquid phase by between the data of Russel al. and Gunther and Steimle.
Yamamureet al. (1999, 11 points along the saturated liquid Additional experimental information on the isobaric heat ca-
line at low temperatures by Russelt al. (1944, and 24 pacity in the liquid is needed to help resolve the differences
points along the saturated liquid line by Gunther and Steimldetween the various data sets.

(1997. Although none of these data were used in the fit, the

equation of state represents the data of Rustel. within 4.4. Extrapolation Behavior

0.16%. This good agreement indicates consistency between ) o )

the fitted isochoric and saturated heat capacity data of Magee Pl0ts Of certain characteristic curves are useful in assess-
and the isobaric heat capacity data of Russell. Average difnd the behavior of an equation of state in regions away from
ferences between the experimental data of Yamaretgd. ~ the available data(Deiters and de Reuck, 1997, Span
and calculated values from the equation of state are 0.59f"d Wagner, 1997, Span, 2000he characteristic curves

Differences are as high as 1.5% in the region of Ove”aﬁzonsidered in this work are the Boyle curve, given by the
equation

0z
2 F - = 01 (44)
o% /L
_zw the Joule—Thomson inversion curve

OHE

Y I I WA

oz
11.9 mol/dm? ﬁ =0, (49)
p

0 4%% . .
E the Joule inversion curve

) SN RN R W

12.7 mol/dm?
v

0:4% ey
_2:....|....|....|.... &T
13.4 mol/dm®

|

) SN RN W W
14.0 mol/dm3

-0 (46)

and the ideal curve

100 (Cv,exp N Cv,calc)/cv,exp

) A A W
14.6 mol/dm?

150 200 250 300 350 _?50 200 250 300 350
Temperature (K) Temperature (K)

4 Magee (1998b) — Li etal.(1999) 4 Magee (1998b) — Li etal.(1999)

Fic. 20. Comparisons of isochoric heat capacities calculated with the equaric. 21. Comparisons of saturated heat capacities calculated with the equa-
tion of state to experimental data. tion of state to experimental data.

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000



3
a
i -
T
% - T, T ¢t ¢
E} TT T, T, eete ¢ : +
& o - > T «-”:tw « .
|& > > T T
4 - Tt,T
o
=
= -
<
—
3 TR TN W T NN TN TN TN TN A TN Y N N SN N |
150 200 250 300
Temperature (K)
Y Mukoyama (1997) > Russell et al. (1944)
4 Yamamura e al. (1999) T Gunther and Steimle (1997)

Fic. 22. Comparisons of isobaric heat capacities calculated with the equa:

THERMODYNAMIC PROPERTIES OF HFC-143a 537

tion of state to experimental data.
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8. Appendix—Tables of Thermodynamic Properties of R-143a
Thermodynamic Properties of R-143a at Saturation
t p p h S c, Cp w
(°Q) (MPa) (kg/m) (kJ/kg) (kJNkg K)) (kJl(kg K)) (kJNkg K)) (m/s)
—111.810 0.001 07 1330.5 52.520 314 17 0.8138 1.211 1058.1
0.067 54 319.59 1.9695 0.5283 0.6299 137.6
—110. 0.001 29 1326.2 54.713 .327 69 0.8128 1.212 1049.4
0.080 45 320.68 1.9579 0.5331 0.6350 138.2
—105. 0.002 11 1314.1 60.780 .364 31 0.8114 1.215 1025.5
0.127 45 323.73 1.9281 0.5467 0.6495 140.0
—100. 0.003 33 1301.9 66.868 .399 98 0.8115 1.220 1001.7
0.19559 326.81 1.9012 0.5604 0.6642 141.7
—95. 0.00510 1289.6 72.983 43479 0.8131 1.226 977.9
0.291 68 329.92 1.8770 0.5742 0.6792 143.3
—90. 0.007 61 1277.2 79.132 468 82 0.8157 1.233 954.2
0.423 80 333.06 1.8553 0.5881 0.6944 144.9
—85. 0.011 06 1264.8 85.320 .502 14 0.8194 1.241 930.4
0.601 41 336.22 1.8357 0.6021 0.7100 146.4
—80. 0.01572 1252.2 91.552 53481 0.8238 1.250 906.6
0.83535 339.40 1.8180 0.6162 0.7258 147.8
—75. 0.021 89 1239.5 97.831 .566 88 0.8288 1.260 882.8
1.1379 342.60 1.8021 0.6304 0.7421 149.1
—70. 0.029 91 1226.7 104.16 .598 39 0.8344 1.270 859.1
1.5227 345.80 1.7879 0.6448 0.7589 150.4
—65. 0.040 16 1213.7 110.54 .629 39 0.8405 1.281 835.3
2.0048 349.01 1.7750 0.6593 0.7763 151.5
—60. 0.053 07 1200.6 116.99 .659 92 0.8470 1.293 811.5
2.6011 352.21 1.7635 0.6741 0.7944 152.5
—55. 0.069 09 1187.3 123.49 .690 00 0.8538 1.305 787.7
3.3295 355.41 1.7531 0.6892 0.8133 153.4
—50. 0.088 74 1173.9 130.05 .71968 0.8608 1.318 763.9
4.2098 358.58 1.7438 0.7046 0.8331 154.2
—45. 0.11255 1160.3 136.68 .748 97 0.8681 1.331 740.1
5.2637 361.74 1.7354 0.7203 0.8539 154.8
—40. 0.14109 1146.4 143.38 77791 0.8756 1.345 716.3
6.5145 364.86 1.7279 0.7363 0.8758 155.3
—35. 0.174 99 1132.3 150.15 .806 53 0.8833 1.360 692.5
7.9877 367.95 1.7211 0.7526 0.8989 155.7
—30. 0.214 88 1117.9 157.00 .834 85 0.8911 1.375 668.6
9.7113 370.99 1.7149 0.7693 0.9233 155.8
—25. 0.261 44 1103.3 163.93 .862 89 0.8991 1.392 644.7
11.716 373.98 1.7093 0.7863 0.9492 155.8
—20. 0.31535 1088.3 170.95 .890 69 0.9072 1.409 620.8
14.036 376.91 1.7043 0.8035 0.9767 155.7
—15. 0.377 37 1072.9 178.06 .918 27 0.9154 1.428 596.8
16.709 379.76 1.6996 0.8211 1.006 155.3
—10. 0.448 23 1057.2 185.27 .945 67 0.9237 1.449 572.8
19.778 382.54 1.6953 0.8390 1.038 154.8
—-5. 0.528 73 1041.0 192.58 97290 0.9322 1471 548.6
23.292 385.23 1.6913 0.8571 1.072 154.0
0. 0.619 67 1024.3 200.00 1.0000 0.9408 1.495 524.3
27.306 387.81 1.6876 0.8756 1.109 153.1
5. 0.721 90 1007.0 207.54 1.0270 0.9495 1.522 499.8
31.885 390.27 1.6839 0.8944 1.149 151.9
10. 0.836 28 989.06 215.22 1.0539 0.9585 1.552 475.1
37.107 392.60 1.6804 0.9135 1.194 150.4
15. 0.963 72 970.37 223.04 1.0809 0.9678 1.585 450.2
43.062 394.77 1.6768 0.9331 1.245 148.7
20. 1.10515 950.80 231.03 1.1078 0.9773 1.624 425.0
49.864 396.76 1.6732 0.9531 1.302 146.8
25. 1.26157 930.22 239.19 1.1349 0.9873 1.669 399.5
57.653 398.54 1.6693 0.9737 1.369 144.5
30. 1.43400 908.45 247.56 1.1621 0.9978 1.722 3735
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Thermodynamic Properties of R-143a at Saturation—Continued

t p p h S (o Cp w
(°C) (MPa) (kg/m) (kd/kg (kJlkg K)) (kJlkg K)) (kJi(kg K)) (mis)
66.605 400.07 1.6652 0.9951 1.449 141.9
35. 1.62355 885.23 256.16 1.1895 1.009 1.786 347.0
76.954 401.31 1.6606 1.017 1.547 139.0
40. 1.83141 860.25 265.04 1.2174 1.021 1.867 319.8
89.018 402.19 1.6553 1.041 1.671 135.7
45, 2.058 86 833.06 274.26 1.2457 1.035 1.972 291.8
103.24 402.61 1.6491 1.066 1.837 132.0
50. 2.307 35 802.97 283.90 1.2748 1.051 2.118 262.7
120.31 402.43 1.6416 1.093 2.070 127.9
55. 2.57853 768.90 294.09 1.3051 1.070 2.337 232.2
141.30 401.44 1.6322 1.124 2.430 123.2
60. 2.874 42 728.86 305.09 1.3371 1.095 2.714 199.5
168.24 399.24 1.6197 1.159 3.069 117.9
65. 3.197 70 678.34 317.45 1.3726 1.131 3.564 163.8
205.65 394.94 1.6018 1.204 4.532 111.8
70. 3.552 68 600.85 333.19 1.4172 1.198 7.720 122.4
270.10 385.42 1.5694 1.272 11.50 104.2
72.707 3.761 00 431.00 358.91 1.4906
t p p h S (o Cp w
(°C) (MPa) (kg/m) (kd/kg (kJlkg K)) (kJlkg K)) (kJi(kg K)) (mis)
—111.810 0.001 07 1330.5 52.520 31417 0.8138 1.211 1058.1
0.067 54 319.59 1.9695 0.5283 0.6299 137.6
—76.395 0.02 1243.0 96.074 .557 98 0.8274 1.257 889.5
1.0458 341.71 1.8064 0.6264 0.7375 148.8
—65.070 0.04 1213.9 110.45 .628 96 0.8404 1.281 835.6
1.9973 348.96 1.7752 0.6591 0.7760 151.5
—57.706 0.06 1194.5 119.96 67377 0.8501 1.298 800.6
2.9177 353.68 1.7586 0.6810 0.8029 152.9
—52.102 0.08 1179.6 127.28 707 25 0.8578 1.312 773.9
3.8198 357.25 1.7476 0.6981 0.8246 153.9
—47.518 0.10 1167.1 133.33 734 26 0.8644 1.324 752.1
4.7099 360.15 1.7395 0.7123 0.8433 154.5
—47.241 0.101 325 1166.4 133.70 .73589 0.8648 1.325 750.8
4.7685 360.33 1.7391 0.7132 0.8444 154.6
—38.603 0.15 11425 145.27 .78594 0.8778 1.349 709.6
6.9025 365.73 1.7259 0.7408 0.8821 155.4
—31.774 0.20 1123.1 154.56 .824 83 0.8883 1.370 677.1
9.0691 369.92 1.7170 0.7633 0.9145 155.8
—26.161 0.25 1106.7 162.32 .856 40 0.8972 1.388 650.3
11.224 373.29 1.7106 0.7823 0.9430 155.9
—21.353 0.30 1092.4 169.05 .883 19 0.9050 1.405 627.3
13.375 376.12 1.7056 0.7988 0.9691 155.7
—17.123 0.35 1079.5 175.03 .906 59 0.9119 1.420 607.0
15.528 378.56 1.7015 0.8136 0.9934 155.5
—13.331 0.40 1067.7 180.46 927 44 0.9181 1.435 588.8
17.687 380.70 1.6981 0.8270 1.016 155.2
—9.883 0.45 1056.8 185.44 .946 30 0.9239 1.449 572.2
19.855 382.60 1.6952 0.8394 1.038 154.8
-6.714 0.50 1046.6 190.06 .963 58 0.9292 1.463 556.9
22.034 384.32 1.6927 0.8509 1.060 154.3
—3.776 0.55 1037.0 194.38 97954 0.9342 1.477 542.6
24.226 385.87 1.6904 0.8616 1.080 153.8
—1.032 0.60 1027.8 198.46 .994 41 0.9390 1.490 529.3
26.433 387.28 1.6883 0.8718 1.101 153.3
1.544 0.65 1019.0 202.32 1.0083 0.9435 1.503 516.7
28.656 388.58 1.6864 0.8814 1121 152.7
3.976 0.70 1010.6 205.99 1.0215 0.9477 1.516 504.8
30.898 389.77 1.6847 0.8905 1.141 152.1
6.281 0.75 1002.5 209.50 1.0339 0.9518 1.529 493.5
33.158 390.88 1.6830 0.8992 1.160 1515
8.473 0.80 994.62 212.86 1.0457 0.9558 1.542 482.7
35.439 391.90 1.6815 0.9076 1.180 150.9
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Thermodynamic Properties of R-143a at Saturation—Continued

543

t p p h S (o Cp w
(°C) (MPa) (kg/m) (kd/kg (kJlkg K)) (kJlkg K)) (kJi(kg K)) (mis)
10.565 0.85 986.99 216.10 1.0570 0.9596 1.555 472.3
37.741 392.85 1.6800 0.9157 1.200 150.3
12.566 0.90 979.57 219.22 1.0678 0.9632 1.568 462.4
40.065 393.73 1.6786 0.9235 1.219 149.6
14.486 0.95 972.32 222.23 1.0781 0.9668 1.582 452.8
42.414 394.55 1.6772 0.9310 1.239 148.9
16.332 1.00 965.24 225.15 1.0880 0.9703 1.595 443.5
44.787 395.32 1.6759 0.9384 1.259 148.2
19.827 1.10 951.50 230.75 1.1069 0.9770 1.622 425.9
49.613 396.69 1.6733 0.9524 1.300 146.8
23.091 1.20 938.21 236.05 1.1245 0.9834 1.651 409.3
54.552 397.89 1.6708 0.9658 1.343 1454
26.157 1.30 925.30 241.11 1.1412 0.9897 1.680 393.5
59.613 398.92 1.6684 0.9786 1.387 143.9
29.051 1.40 912.68 245.95 1.1569 0.9958 1.711 378.5
64.807 399.80 1.6660 0.9910 1.433 142.4
31.794 1.50 900.29 250.61 1.1719 1.002 1.743 364.1
70.144 400.56 1.6636 1.003 1.482 140.9
34.403 1.60 888.09 255.12 1.1863 1.008 1.778 350.2
75.637 401.18 1.6612 1.015 1.534 139.4
36.892 1.70 876.01 259.49 1.2000 1.014 1.815 336.8
81.298 401.69 1.6587 1.026 1.591 137.8
39.273 1.80 864.01 263.73 1.2133 1.019 1.854 323.8
87.142 402.09 1.6561 1.037 1.651 136.2
43.748 2.00 840.11 271.92 1.2386 1.031 1.943 298.9
99.448 402.55 1.6508 1.059 1.790 133.0
47.894 2.20 816.06 279.78 1.2625 1.044 2.050 275.2
112.72 402.59 1.6450 1.081 1.961 129.7
51.758 2.40 791.52 287.41 1.2853 1.057 2.184 252.2
127.16 402.19 1.6386 1.103 2.178 126.3
55.378 2.60 766.12 294.89 1.3074 1.072 2.358 229.8
143.09 401.33 1.6314 1.126 2.466 122.8
58.783 2.80 739.32 302.32 1.3291 1.088 2.599 207.7
160.96 399.92 1.6232 1.150 2.871 119.3
61.996 3.00 710.37 309.81 1.3507 1.108 2.959 185.7
181.48 397.86 1.6135 1.176 3.489 115.6
65.034 3.20 677.94 317.54 1.3728 1.132 3.573 163.5
205.96 394.90 1.6016 1.205 4.549 111.8
67.910 3.40 639.25 325.86 1.3964 1.163 4.887 140.6
237.14 390.54 1.5861 1.239 6.801 107.7
70.629 3.60 585.69 335.85 1.4247 1.213 9.788 116.5
283.61 383.21 1.5624 1.284 14.81 103.0
72.707 3.761 431.00 358.91 1.4906
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Thermodynamic Properties of R-143a

t p u h S C, Cp w
(°C) (kg/m?) (kJ/kg) (kJ/kg (kdl(kg K)) (kJl(kg K)) (kJlkg K)) (mis)

0.1 MPa
—100. 1302.0 66.841 66.918 399 84 0.8116 1.220 1002.1
-90. 1277.4 79.100 79.179 468 68 0.8158 1.233 954.6
—80. 1252.3 91.513 91.593 53467 0.8238 1.250 907.0
—70. 1226.8 104.11 104.19 598 27 0.8345 1.270 859.4
—60. 1200.7 116.92 117.01 659 83 0.8470 1.293 811.8
~50. 1173.9 129.97 130.05 71965 0.8608 1.318 764.0
—47.518 1167.1 133.25 133.33 73426 0.8644 1.324 752.1
- 47518 4.7099 338.92 360.15 1.7395 0.7123 0.8433 1545
—40. 45290 344.44 366.52 1.7673 0.7239 0.8500 157.5
—30. 43130 351.89 375.07 1.8032 0.7399 0.8610 161.2
-20. 4.1200 359.47 383.74 1.8381 0.7565 0.8738 164.8
—10. 3.9460 367.21 392.55 1.8723 0.7738 0.8880 168.2
0. 3.7880 375.11 401.51 1.9057 0.7918 0.9036 1715
10. 3.6435 383.18 410.63 1.9385 0.8102 0.9201 174.7
20. 3.5106 391.43 419.91 1.9707 0.8290 0.9374 177.8
30. 3.3878 399.86 429.38 2.0024 0.8479 0.9551 180.9
40. 3.2739 408.47 439.02 2.0337 0.8669 0.9731 183.8
50. 3.1678 417.27 448.84 2.0646 0.8859 0.9912 186.7
60. 3.0687 426.25 458.84 2.0951 0.9047 1.009 189.6
70. 2.9759 435.42 469.02 2.1252 0.9234 1.027 192.4
80. 2.8888 444.77 479.39 2.1550 0.9418 1.045 195.1
90. 2.8068 454.30 489.93 2.1844 0.9600 1.063 197.8
100. 2.7295 464.01 500.65 2.2135 0.9780 1.081 200.4
150. 2.4002 515.16 556.82 2.3547 1.063 1.165 213.1
200. 2.1430 570.34 617.01 2.4890 1.141 1.241 225.0
250. 1.9360 629.18 680.83 2.6172 1.210 1.310 236.3
300. 1.7659 691.29 747.92 2.7396 1.272 1.372 247.0

0.2 MPa
~100. 1302.2 66.816 66.970 399 70 0.8117 1.220 1002.5
-90. 1277.6 79.073 79.229 46853 0.8159 1.233 955.0
—80. 1252.5 91.482 91.642 53451 0.8239 1.250 907.5
-70. 1227.0 104.08 104.24 598 10 0.8345 1.270 860.0
—60. 1200.9 116.88 117.05 659 65 0.8470 1.292 812.4
-50. 1174.2 129.93 130.10 71946 0.8609 1.317 764.6
—40. 1146.6 143.23 143.40 77778 0.8756 1.345 716.7
—31.774 1123.1 154.39 154.56 824 83 0.8883 1.370 677.1
—31.774 9.0691 347.87 369.92 1.7170 0.7633 0.9145 155.8
-30. 8.9809 349.27 371.54 1.7237 0.7650 0.9139 156.6
—20. 8.5237 357.22 380.68 1.7606 0.7767 0.9157 160.7
-10. 8.1226 365.25 389.87 1.7962 0.7905 0.9224 164.7
0. 7.7659 373.39 399.14 1.8307 0.8055 0.9319 168.4
10. 7.4452 381.65 408.52 1.8644 0.8214 0.9436 171.9
20. 7.1543 390.06 418.02 1.8974 0.8381 0.9570 175.3
30. 6.8886 398.63 427.66 1.9298 0.8554 0.9716 178.6
40. 6.6443 407.35 437.45 1.9615 0.8731 0.9871 181.8
50. 6.4188 416.24 447.40 1.9928 0.8910 1.003 184.9
60. 6.2094 425.31 457,52 2.0236 0.9090 1.020 187.9
70. 6.0145 434.54 467.80 2.0540 0.9270 1.036 190.8
80. 5.8324 443.96 478.25 2.0841 0.9449 1.053 193.7
90. 5.6617 45354 488.86 2.1137 0.9627 1.070 196.5
100. 5.5013 463.30 499.65 2.1430 0.9803 1.087 199.2
150. 48238 514.61 556.07 2.2848 1.064 1.169 212.3
200. 4.2994 569.90 616.41 2.4195 1.141 1.244 224.5
250. 3.8800 628.81 680.35 2.5479 1.210 1.312 235.9
300. 3.5363 690.97 74753 2.6705 1.273 1.374 246.8

0.5 MPa
—100. 1302.6 66.741 67.125 399 26 0.8119 1.219 1003.6
-90. 1278.1 78.989 79.380 468 07 0.8161 1.233 956.4
—80. 1253.1 91.389 91.788 53403 0.8240 1.250 909.0
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THERMODYNAMIC PROPERTIES OF HFC-143a 545
Thermodynamic Properties of R-143a—Continued
t p u h S C, Cp w
(°C) (kg/m) (k/kg) (kd/kg (kIMkg K)) (kIMkg K) (kIMkg K) (m/s)
—70. 1227.6 103.97 104.38 .597 59 0.8347 1.269 861.7
—60. 1201.6 116.77 117.18 .659 10 0.8472 1.292 814.2
—50. 1175.0 129.79 130.22 71887 0.8610 1.316 766.7
—40. 1147.5 143.08 143.51 77715 0.8757 1.343 719.0
—30. 1118.9 156.65 157.10 .83418 0.8912 1.374 671.0
—20. 1089.0 170.54 171.00 .890 21 0.9072 1.408 622.6
—10. 1057.4 184.80 185.28 .945 52 0.9237 1.448 573.3
-6.714 1046.6 189.58 190.06 .963 58 0.9292 1.463 556.9
—6.714 22.034 361.62 384.32 1.6927 0.8509 1.060 154.3
0. 21.148 367.72 391.36 1.7188 0.8504 1.041 157.9
10. 20.009 376.71 401.70 1.7560 0.8565 1.029 162.8
20. 19.032 385.69 411.96 1.7916 0.8665 1.026 167.2
30. 18.175 394.72 422.23 1.8260 0.8786 1.028 171.4
40. 17.413 403.82 432.54 1.8595 0.8922 1.034 175.3
50. 16.728 413.03 442.92 1.8921 0.9068 1.043 179.0
60. 16.107 422.37 453.41 1.9241 0.9222 1.054 182.6
70. 15.539 431.83 464.01 1.9554 0.9381 1.066 186.0
80. 15.017 441.44 474.73 1.9862 0.9543 1.079 189.3
90. 14.534 451.19 485.59 2.0166 0.9707 1.093 192.5
100. 14.086 461.10 496.59 2.0464 0.9872 1.107 195.6
150. 12.239 512.94 553.79 2.1902 1.068 1.181 209.9
200. 10.851 568.55 614.63 2.3260 1.144 1.252 222.9
250. 9.7595 627.69 678.92 2.4551 1.212 1.318 234.9
300. 8.8753 690.02 746.36 2.5782 1.274 1.378 246.1
1.0 MPa
—100. 1303.4 66.617 67.385 .398 55 0.8123 1.219 1005.6
—90. 1278.9 78.851 79.633 467 31 0.8164 1.232 958.6
—80. 1254.0 91.235 92.032 .53323 0.8243 1.249 911.5
—70. 1228.7 103.80 104.61 596 74 0.8349 1.268 864.4
—60. 1202.8 116.57 117.41 .658 19 0.8474 1.290 817.3
—50. 1176.3 129.58 130.43 717 89 0.8612 1.314 770.1
—40. 1148.9 142.83 143.70 776 09 0.8759 1.341 722.8
—30. 1120.6 156.37 157.26 .83302 0.8912 1.371 675.2
—20. 1091.0 170.22 171.13 .88893 0.9072 1.404 627.3
—10. 1059.8 184.42 185.37 .944 07 0.9236 1.443 578.7
0. 1026.5 199.05 200.03 .998 74 0.9406 1.490 529.0
10. 990.23 214.20 215.21 1.0533 0.9584 1.548 477.5
16.332 965.24 224.12 225.15 1.0880 0.9703 1.595 443.5
16.332 44.787 372.99 395.32 1.6759 0.9384 1.259 148.2
20. 43.508 376.88 399.87 1.6915 0.9316 1.225 150.9
30. 40.582 387.17 411.81 1.7316 0.9256 1.170 157.5
40. 38.219 397.20 423.37 1.7691 0.9286 1.143 163.2
50. 36.234 407.13 434.73 1.8048 0.9361 1.130 168.4
60. 34.524 417.03 446.00 1.8391 0.9461 1.126 1731
70. 33.023 426.97 457.25 1.8724 0.9579 1.126 1775
80. 31.688 436.97 468.53 1.9048 0.9709 1.130 181.6
90. 30.487 447.06 479.86 1.9365 0.9847 1.137 185.5
100. 29.396 457.26 491.27 1.9674 0.9991 1.145 189.3
150. 25.111 510.08 549.91 2.1148 1.074 1.203 205.9
200. 22.052 566.28 611.63 2.2526 1.147 1.266 220.2
250. 19.719 625.81 676.52 2.3830 1.215 1.328 233.1
300. 17.865 688.43 744.40 2.5068 1.276 1.386 245.0
1.5 MPa
—100. 1304.1 66.494 67.644 .397 83 0.8126 1.218 1007.5
—90. 1279.7 78.714 79.886 466 56 0.8167 1.231 960.7
—80. 1254.9 91.082 92.277 53243 0.8246 1.248 914.0
—70. 1229.7 103.63 104.85 .595 89 0.8351 1.267 867.2
—60. 1203.9 116.38 117.63 .657 29 0.8476 1.289 820.3
—50. 11775 129.36 130.64 716 92 0.8613 1.313 773.4
—40. 1150.4 142.59 143.89 77504 0.8760 1.339 726.5
—30. 1122.3 156.09 157.43 .831 88 0.8913 1.368 679.4
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Thermodynamic Properties of R-143a—Continued

t p u h S C, Cp w
(°C) (kg/n) (kJ/kg) (kdrkg) (kJkg K)) (kJ(kg K)) (kJ(kg K)) (m/9
—20. 1093.0 169.90 171.27 .887 67 0.9072 1.401 632.0
—10. 1062.1 184.05 185.47 .942 65 0.9235 1.439 584.0
0. 1029.3 198.61 200.07 99711 0.9404 1.483 535.1
10. 993.71 213.66 215.17 1.0514 0.9579 1.539 484.7
20. 954.36 229.33 230.90 1.1060 0.9765 1.612 431.9
30. 909.26 245.86 247.51 1.1617 0.9975 1.718 375.0
31.794 900.29 248.95 250.61 1.1719 1.002 1.743 364.1
31.794 70.144 379.17 400.56 1.6636 1.003 1.482 140.9
40. 64.848 388.97 412.10 1.7010 0.9808 1.348 148.5
50. 60.029 400.16 425.15 1.7420 0.9729 1.270 156.0
60. 56.250 410.95 437.62 1.7800 0.9742 1.229 162.5
70. 53.140 421.56 449.79 1.8160 0.9802 1.207 168.2
80. 50.500 432.09 461.79 1.8505 0.9890 1.196 173.4
90. 48.210 442.61 473.72 1.8838 0.9997 1.191 178.2
100. 46.190 453.16 485.63 1.9161 1.012 1191 182.7
150. 38.678 507.14 545.92 2.0677 1.080 1.227 201.8
200. 33.620 563.98 608.59 2.2076 1.151 1.282 217.6
250. 29.883 623.91 674.11 2.3392 1.217 1.339 2315
300. 26.969 686.82 742.44 2.4639 1.277 1.394 244.0
2.0 MPa
—100. 1304.8 66.372 67.905 39712 0.8130 1.217 1009.4
—90. 1280.5 78.577 80.139 465 81 0.8170 1.230 962.9
—80. 1255.8 90.930 92.523 53164 0.8248 1.247 916.4
—70. 1230.7 103.46 105.09 .595 05 0.8354 1.266 869.9
—60. 1205.0 116.19 117.85 .656 40 0.8478 1.288 823.3
—50. 1178.8 129.15 130.85 71596 0.8615 1311 776.8
—40. 1151.8 142.35 144.09 77400 0.8761 1.337 730.2
—30. 1123.9 155.82 157.60 .83074 0.8914 1.366 683.5
—20. 1094.9 169.59 171.41 .886 42 0.9072 1.398 636.5
—10. 1064.4 183.69 185.57 94125 0.9235 1.434 589.1
0. 1032.0 198.18 200.12 .995 52 0.9402 1.477 541.0
10. 997.07 213.14 215.14 1.0495 0.9575 1.530 491.6
20. 958.69 228.68 230.76 1.1037 0.9757 1.597 440.2
30. 915.18 245.00 247.18 1.1588 0.9958 1.693 385.5
40. 863.21 262.50 264.82 1.2160 1.020 1.849 324.6
43.748 840.11 269.54 271.92 1.2386 1.031 1.943 298.9
43.748 99.448 382.44 402.55 1.6508 1.059 1.790 133.0
50. 91.768 391.16 412.95 1.6833 1.030 1.565 140.6
60. 83.250 403.66 427.68 1.7282 1.011 1.404 150.1
70. 77.067 415.35 441.30 1.7685 1.007 1.327 157.9
80. 72.207 426.65 454.34 1.8060 1.010 1.285 164.5
90. 68.209 437.74 467.06 1.8415 1.016 1.261 170.4
100. 64.818 448.75 479.60 1.8755 1.025 1.248 175.8
150. 53.013 504.09 541.82 2.0320 1.087 1.253 197.8
200. 45.572 561.63 605.51 2.1742 1.155 1.298 215.1
250. 40.253 622.00 671.69 2.3071 1.219 1.350 229.9
300. 36.186 685.22 740.49 2.4327 1.279 1.402 243.1
2.5 MPa
—100. 1305.6 66.250 68.165 .396 41 0.8134 1.217 1011.3
—90. 1281.3 78.442 80.393 46507 0.8173 1.230 965.1
—80. 1256.7 90.779 92.769 .530 85 0.8251 1.246 918.9
—70. 1231.7 103.29 105.32 .594 22 0.8356 1.265 872.6
—60. 1206.2 116.01 118.08 .65551 0.8480 1.286 826.3
—50. 1180.1 128.94 131.06 71501 0.8617 1.310 780.1
—40. 1153.3 142.11 144.28 77297 0.8763 1.335 733.8
—30. 1125.6 155.55 157.77 .829 63 0.8915 1.363 687.5
—20. 1096.8 169.28 171.56 .88519 0.9073 1.395 641.0
—10. 1066.6 183.33 185.68 .939 88 0.9235 1.430 594.2
0. 1034.6 197.76 200.18 .993 96 0.9400 1471 546.7
10. 1000.3 212.63 215.13 1.0477 0.9571 1521 498.2
20. 962.82 228.05 230.65 1.1016 0.9750 1.585 448.1
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THERMODYNAMIC PROPERTIES OF HFC-143a 547
Thermodynamic Properties of R-143a—Continued
t P u h s C, o w
(°C) (kg/m) (k/kg) (kd/kg (kIMkg K)) (kIMkg K) (kIMkg K) (m/s)
30. 920.72 244.19 246.90 1.1561 0.9943 1.671 395.4
40. 871.38 261.35 264.22 1.2123 1.017 1.805 337.9
50. 808.38 280.31 283.40 1.2725 1.048 2.070 270.5
53.596 778.96 287.95 291.16 1.2964 1.064 2.265 240.9
53.596 134.92 383.29 401.82 1.6351 1.115 2311 124.6
60. 120.59 393.97 414.70 1.6742 1.069 1.807 134.7
70. 107.14 407.85 431.18 1.7229 1.042 1.535 146.0
80. 98.087 420.40 445.88 1.7652 1.034 1.418 154.8
90. 91.249 432.33 459.73 1.8038 1.035 1.356 162.2
100. 85.765 443.95 473.10 1.8401 1.040 1.321 168.7
150. 68.194 500.94 537.60 2.0024 1.093 1.282 193.7
200. 57.922 559.24 602.40 2.1471 1.158 1.314 212.6
250. 50.829 620.08 669.26 2.2814 1.222 1.361 228.4
300. 45.513 683.61 738.54 2.4078 1.281 1.410 242.2
3.0 MPa
—100. 1306.3 66.129 68.426 39571 0.8137 1.216 1013.2
—90. 1282.1 78.307 80.647 464 32 0.8176 1.229 967.3
—80. 1257.6 90.629 93.015 .530 07 0.8253 1.245 921.3
—70. 1232.7 103.13 105.56 .593 39 0.8358 1.264 875.3
—60. 1207.3 115.82 118.30 .654 62 0.8482 1.285 829.3
—50. 1181.3 128.73 131.27 714 06 0.8618 1.308 783.3
—40. 1154.7 141.88 144.48 77196 0.8764 1.333 737.4
—30. 1127.2 155.28 157.95 .828 52 0.8916 1.361 691.5
—20. 1098.6 168.98 171.71 .88397 0.9074 1.392 645.4
—10. 1068.8 182.98 185.79 .938 53 0.9235 1.426 599.1
0. 1037.2 197.35 200.24 .992 43 0.9399 1.466 552.3
10. 1003.5 212.14 215.13 1.0460 0.9568 1.513 504.7
20. 966.78 227.45 230.55 1.0995 0.9744 1.573 455.7
30. 925.94 243.41 246.65 1.1535 0.9931 1.652 404.6
40. 878.81 260.30 263.71 1.2088 1.014 1.768 349.9
50. 820.76 278.65 282.30 1.2672 1.041 1.974 288.3
60. 736.18 300.25 304.32 1.3343 1.089 2.582 208.1
61.996 710.37 305.59 309.81 1.3507 1.108 2.959 185.7
61.996 181.48 381.33 397.86 1.6135 1.176 3.489 115.6
70. 149.44 397.82 417.89 1.6726 1.095 2.018 131.5
80. 130.60 412.89 435.86 1.7242 1.065 1.644 143.9
90. 118.57 426.17 451.47 1.7678 1.056 1.495 153.4
100. 109.74 438.65 465.99 1.8073 1.056 1.417 161.3
150. 84.306 497.67 533.25 1.9765 1.099 1.315 189.8
200. 70.685 556.81 599.26 2.1240 1.162 1.332 210.2
250. 61.612 618.14 666.83 2.2597 1.224 1.373 226.9
300. 54.948 681.99 736.59 2.3870 1.283 1.418 241.4
3.5 MPa
—100. 1307.0 66.009 68.687 .39500 0.8140 1.216 1015.1
—90. 1282.9 78.174 80.902 463 58 0.8179 1.228 969.4
—80. 1258.5 90.481 93.262 52929 0.8256 1.244 923.7
—70. 1233.6 102.96 105.80 .59256 0.8360 1.263 877.9
—60. 1208.4 115.63 118.53 65375 0.8484 1.284 832.2
—50. 1182.5 128.52 131.48 71313 0.8620 1.307 786.6
—40. 1156.1 141.65 144.67 77095 0.8766 1.332 741.0
—30. 1128.8 155.02 158.12 .827 42 0.8918 1.359 695.4
—20. 1100.5 168.68 171.86 .882 77 0.9074 1.389 649.8
—10. 1070.9 182.64 185.91 .937 20 0.9235 1.422 604.0
0. 1039.7 196.95 200.32 .990 94 0.9398 1.461 557.8
10. 1006.5 211.67 215.14 1.0442 0.9566 1.506 511.0
20. 970.60 226.87 230.47 1.0974 0.9739 1.562 463.1
30. 930.89 242.68 246.44 1.1510 0.9921 1.635 413.4
40. 885.66 259.32 263.27 1.2056 1.012 1.738 361.0
50. 831.41 277.19 281.40 1.2626 1.036 1.905 303.6
60. 758.87 297.38 301.99 1.3253 1.072 2.278 235.3
69.289 615.49 324.82 330.50 1.4096 1.185 6.345 128.8
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Thermodynamic Properties of R-143a—Continued

t p u h S C, p
(°C) (kg/n) (kJ/kg) (kdrkg) (kJkg K)) (kJ(kg K)) (kJ(kg K)) (m/9
69.289 257.31 373.85 387.46 1.5759 1.260 9.247 105.5
70. 240.53 378.09 392.64 1.5910 1.228 6.000 109.1
80. 175.65 403.07 423.00 1.6784 1.110 2.130 131.4
90. 152.41 418.89 441.86 1.7311 1.082 1717 144.0
100. 137.81 432.71 458.10 1.7752 1.074 1.552 153.6
150. 101.44 494.27 528.78 1.9532 1.105 1.352 186.0
200. 83.870 554.35 596.08 2.1035 1.165 1.351 208.0
250. 72.601 616.19 664.39 2.2408 1.226 1.384 225.6
300. 64.488 680.38 734.65 2.3690 1.284 1.426 240.6
4.0 MPa
—100. 1307.8 65.889 68.948 .394 30 0.8144 1.215 1017.0
—90. 1283.7 78.041 81.157 462 85 0.8182 1.227 971.6
—80. 1259.4 90.333 93.509 .528 51 0.8258 1.244 926.1
—70. 1234.6 102.80 106.04 59174 0.8363 1.262 880.6
—60. 1209.5 115.45 118.76 .652 88 0.8486 1.283 835.1
—50. 1183.8 128.32 131.70 71220 0.8622 1.305 789.8
—40. 1157.4 141.42 144.87 .769 95 0.8767 1.330 744.5
—30. 1130.3 154.76 158.30 .826 34 0.8919 1.356 699.3
—20. 1102.2 168.38 172.01 .881 59 0.9075 1.386 654.1
—10. 1073.0 182.30 186.03 .935 89 0.9235 1.418 608.7
0. 1042.2 196.56 200.39 .989 46 0.9398 1.456 563.2
10. 1009.5 211.20 215.16 1.0426 0.9564 1.499 517.1
20. 974.27 226.31 230.41 1.0955 0.9735 1.552 470.1
30. 935.59 241.98 246.26 1.1486 0.9913 1.620 421.8
40. 892.01 258.40 262.88 1.2026 1.011 1.712 371.4
50. 840.82 275.89 280.64 1.2584 1.033 1.852 317.3
60. 775.88 295.16 300.32 1.3183 1.062 2.118 256.1
70. 673.79 318.90 324.84 1.3908 1.120 3.062 176.4
80. 256.27 387.12 402.73 1.6142 1.189 4.019 115.9
90. 197.33 409.81 430.08 1.6907 1.116 2.129 133.9
100. 171.70 425.87 449.16 1.7425 1.095 1.751 145.8
150. 119.69 490.75 524.17 1.9316 1111 1.393 182.3
200. 97.487 551.85 592.88 2.0851 1.168 1.370 205.9
250. 83.791 614.22 661.96 2.2239 1.229 1.396 224.4
300. 74.128 678.76 732.72 2.3530 1.286 1.435 240.0
5.0 MPa
—100. 1309.2 65.652 69.471 39291 0.8150 1.214 1020.7
—90. 1285.3 77.777 81.667 46139 0.8187 1.226 975.8
—80. 1261.1 90.041 94.005 .526 97 0.8263 1.242 930.8
—70. 1236.6 102.47 106.51 590 11 0.8367 1.260 885.8
—60. 1211.6 115.09 119.22 .651 15 0.8489 1.281 840.9
—50. 1186.2 127.92 132.13 71035 0.8625 1.303 796.1
—40. 1160.1 140.97 145.28 76797 0.8770 1.326 751.4
—30. 11334 154.26 158.67 .824.20 0.8921 1.352 706.9
—20. 1105.8 167.81 172.33 .879 26 0.9077 1.380 662.4
—10. 1077.1 181.64 186.28 .933 32 0.9235 1411 618.0
0. 1047.0 195.79 200.57 .986 60 0.9397 1.446 573.5
10. 1015.2 210.31 215.23 1.0393 0.9561 1.487 528.8
20. 981.24 225.23 230.33 1.0917 0.9728 1.535 483.5
30. 944.38 240.66 245.96 1.1441 0.9900 1.593 4375
40. 903.55 256.72 262.25 1.1970 1.008 1.669 390.2
50. 857.05 273.60 279.44 1.2510 1.028 1.775 341.0
60. 801.65 291.70 297.94 1.3074 1.051 1.940 288.5
70. 730.01 311.87 318.72 1.3688 1.082 2.259 230.4
80. 616.67 337.09 345.19 1.4448 1.139 3.292 161.6
90. 380.30 378.96 392.11 1.5757 1.202 4.830 118.7
100. 270.21 407.92 426.42 1.6690 1.145 2.567 131.7
150. 159.92 483.31 514.58 1.8919 1.124 1.489 175.8
200. 126.03 546.74 586.42 2.0524 1.175 1.412 202.2
250. 106.76 610.27 657.10 2.1944 1.233 1421 2222
300. 93.689 675.52 728.89 2.3254 1.289 1.452 238.9
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t p u h S C, Cp w
(°C) (kg/n) (kJ/kg) (kdrkg) (kJkg K)) (kJ(kg K)) (kJ(kg K)) (m/9

6.0 MPa
—100. 1310.6 65.418 69.996 .39153 0.8157 1.213 1024.5
—90. 1286.9 77.517 82.180 45994 0.8193 1.225 980.0
—80. 1262.8 89.752 94.503 .525 45 0.8268 1.240 935.5
—70. 1238.5 102.15 107.00 .588 51 0.8371 1.258 891.0
—60. 1213.7 114.74 119.68 .649 44 0.8493 1.278 846.6
—50. 1188.5 127.52 132.57 .708 54 0.8628 1.300 802.3
—40. 1162.8 140.52 145.68 .766 03 0.8773 1.323 758.2
—30. 1136.4 153.76 159.04 82211 0.8924 1.348 714.3
—20. 1109.2 167.24 172.65 .876 98 0.9079 1.375 670.6
—10. 1081.0 181.00 186.55 .93083 0.9237 1.405 627.0
0. 1051.6 195.06 200.77 .983 83 0.9397 1.438 583.5
10. 1020.6 209.45 215.33 1.0362 0.9559 1.476 539.9
20. 987.79 224.22 230.30 1.0881 0.9724 1.519 496.2
30. 952.46 239.44 245.74 1.1399 0.9891 1571 452.0
40. 913.87 255.20 261.76 1.1919 1.006 1.636 407.2
50. 870.84 271.63 278.52 1.2446 1.025 1.720 361.4
60. 821.46 288.97 296.27 1.2987 1.044 1.838 314.2
70. 762.27 307.62 315.49 1.3555 1.068 2.021 264.9
80. 686.10 328.43 337.17 1.4178 1.098 2.354 213.0
90. 576.35 353.44 363.85 1.4922 1.140 3.069 161.5
100. 429.17 383.98 397.96 1.5849 1.168 3.449 134.8
150. 205.54 475.36 504.55 1.8551 1.135 1.604 170.9
200. 156.28 541.52 579.92 2.0236 1.181 1.457 199.3
250. 130.45 606.29 652.29 2.1690 1.237 1.447 220.6
300. 113.58 672.29 725.12 2.3020 1.292 1.469 238.1

8.0 MPa
—100. 13134 64.957 71.048 .388 80 0.8169 1.210 1031.9
—90. 1289.9 77.006 83.208 45708 0.8203 1.222 988.4
—80. 1266.2 89.186 95.504 52244 0.8277 1.237 944.8
—70. 1242.2 101.52 107.97 .585 34 0.8379 1.255 901.2
—60. 1217.9 114.04 120.61 .646 10 0.8500 1.274 857.7
—50. 1193.1 126.75 133.46 .704 99 0.8635 1.295 814.4
—40. 1167.9 139.67 146.52 76224 0.8779 1.317 771.4
—30. 1142.2 152.80 159.80 .818 04 0.8929 1.341 728.7
—20. 1115.7 166.17 173.34 .87258 0.9083 1.366 686.3
—10. 1088.5 179.79 187.13 .926 03 0.9240 1.394 644.2
0. 1060.2 193.67 201.22 .978 55 0.9398 1.423 602.4
10. 1030.8 207.85 215.61 1.0303 0.9558 1.456 560.9
20. 999.80 222.36 230.36 1.0815 0.9719 1.494 519.5
30. 966.98 237.23 245.50 1.1323 0.9881 1.536 478.3
40. 931.83 252.52 261.11 1.1829 1.004 1.586 437.1
50. 893.74 268.30 277.25 1.2337 1.021 1.646 396.1
60. 851.86 284.67 294.06 1.2849 1.038 1.719 355.1
70. 805.00 301.77 311.71 1.3371 1.056 1.813 314.4
80. 751.53 319.78 330.43 1.3908 1.075 1.937 274.2
90. 689.32 338.97 350.57 1.4471 1.095 2.100 235.7
100. 616.43 359.58 372.56 1.5068 1117 2.300 201.4
150. 311.31 458.51 484.21 1.7884 1.152 1.847 169.5
200. 221.20 530.92 567.08 1.9738 1101 1.550 196.8
250. 179.62 598.35 642.89 2.1262 1.244 1.498 219.3
300. 154.14 665.90 717.80 2.2629 1.298 1.503 237.9

10 MPa
—100. 1316.2 64.506 72.103 .386 12 0.8181 1.208 1039.2
—90. 1293.0 76.507 84.241 454 26 0.8213 1.220 996.6
—80. 1269.5 88.635 96.512 .519 49 0.8286 1.235 953.9
—70. 1245.8 100.92 108.94 58224 0.8387 1.252 911.2
—60. 1221.9 113.37 121.55 .642 83 0.8507 1.270 868.5
—50. 1197.6 126.01 134.36 .70153 0.8641 1.291 826.2
—40. 1172.9 138.84 147.37 .758 56 0.8785 1.312 784.1
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t p u h S C, Cp w
(°C) (kg/n) (kJ/kg) (kdrkg) (kJkg K)) (kJ(kg K)) (kJ(kg K)) (m/9
—30. 1147.7 151.88 160.60 81411 0.8934 1.334 7425
—20. 1122.0 165.14 174.06 .868 36 0.9087 1.358 701.3
—10. 1095.5 178.64 187.76 .921 46 0.9243 1.384 660.5
0. 1068.3 192.37 201.73 .97356 0.9401 1411 620.1
10. 1040.1 206.37 215.99 1.0248 0.9559 1.441 580.3
20. 1010.7 220.66 230.56 1.0754 0.9718 1.473 540.8
30. 979.81 235.26 245.46 1.1254 0.9877 1.509 501.8
40. 947.23 250.20 260.75 1.1750 1.004 1.550 463.3
50. 912.56 265.52 276.48 1.2244 1.019 1.596 425.4
60. 875.35 281.28 292.70 1.2738 1.035 1.649 388.1
70. 835.08 297.52 309.50 1.3235 1.051 1711 351.8
80. 791.16 314.32 326.96 1.3737 1.068 1.783 316.7
90. 742.98 331.74 345.20 1.4246 1.084 1.866 283.6
100. 690.23 349.82 364.31 1.4765 1.100 1.956 253.3
150. 419.13 442.95 466.81 1.7343 1.158 1.952 184.2
200. 289.41 520.48 555.04 1.9317 1.199 1.633 199.6
250. 230.20 590.56 634.00 2.0904 1.250 1.546 220.7
300. 195.24 659.65 710.87 2.2307 1.303 1.535 239.3
15 MPa
—100. 1322.9 63.419 74.758 .379 56 0.8207 1.204 1057.1
—90. 1300.3 75.308 86.844 AA4T 42 0.8235 1.214 1016.6
—80. 1277.5 87.315 99.057 512 34 0.8305 1.228 975.9
—70. 1254.6 99.464 111.42 57475 0.8404 1.245 935.2
—60. 1231.4 111.77 123.95 .634 96 0.8523 1.262 894.5
—50. 1208.1 124.25 136.67 .693 25 0.8656 1.281 854.2
—40. 1184.5 136.91 149.57 74981 0.8799 1.300 814.3
—30. 1160.6 149.75 162.67 .804 83 0.8947 1.320 774.9
—20. 1136.3 162.78 175.98 .858 46 0.9100 1.341 736.1
—10. 11116 176.01 189.50 .910 86 0.9255 1.363 697.9
0. 1086.4 189.44 203.25 96213 0.9411 1.386 660.5
10. 1060.6 203.09 217.23 1.0124 0.9568 1.410 623.8
20. 1034.1 216.96 231.47 1.0618 0.9724 1.436 587.8
30. 1006.8 231.06 245.96 1.1104 0.9880 1.463 552.7
40. 978.61 245.40 260.72 1.1583 1.003 1.491 518.5
50. 949.36 259.98 275.79 1.2057 1.019 1521 485.3
60. 918.94 274.83 291.16 1.2525 1.034 1.553 453.2
70. 887.26 289.95 306.85 1.2989 1.049 1.587 422.4
80. 854.21 305.34 322.90 1.3450 1.063 1.622 393.2
90. 819.77 321.00 339.30 1.3908 1.078 1.658 365.7
100. 783.98 336.92 356.05 1.4363 1.092 1.693 340.2
150. 596.24 418.88 444.04 1.6575 1.156 1.795 252.9
200. 445.13 498.46 532.16 1.8544 1.209 1.712 230.2
250. 352.90 572.91 615.41 2.0217 1.262 1.628 237.0
300. 295.92 645.18 695.87 2.1686 1.313 1.597 250.6
20 MPa
—100. 1329.3 62.387 77.432 .37323 0.8229 1.199 1074.5
—90. 1307.3 74.173 89.473 440 83 0.8254 1.210 1036.0
—80. 1285.1 86.070 101.63 .505 48 0.8322 1.223 997.1
—70. 1262.8 98.101 113.94 .567 59 0.8420 1.238 958.1
—60. 1240.4 110.28 126.41 .627 49 0.8538 1.255 919.1
—50. 1217.9 122.62 139.04 .685 43 0.8670 1.273 880.5
—40. 1195.2 135.12 151.86 74160 0.8812 1.291 842.4
—30. 1172.4 147.80 164.86 .796 20 0.8960 1.309 804.9
—20. 1149.3 160.64 178.05 .849 35 0.9112 1.329 768.0
—10. 1126.0 173.67 191.43 .901 20 0.9267 1.348 731.9
0. 1102.3 186.87 205.01 .951 85 0.9423 1.368 696.6
10. 1078.3 200.25 218.80 1.0014 0.9580 1.389 662.1
20. 1053.9 213.82 232.80 1.0500 0.9736 1411 628.6
30. 1029.0 227.58 247.01 1.0977 0.9891 1.433 596.0
40. 1003.6 241.52 261.45 1.1445 1.004 1.455 564.5
50. 977.65 255.66 276.12 1.1906 1.020 1.478 534.1
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t p u h S C, Cp w
(°C) (kg/n®) (kJ/kg) (kJ/kg (kJMkg K)) (kJkg K)) (kIl(kg K)) (m/s)
60. 951.09 269.99 291.02 1.2360 1.035 1.502 504.9
70. 923.89 284.51 306.16 1.2808 1.049 1.526 477.0
80. 896.04 299.21 321.54 1.3250 1.064 1.550 4505
90. 867.57 314.10 337.15 1.3686 1.078 1.574 425.6
100. 838.53 329.16 353.01 1.4117 1.092 1.597 402.4
150. 689.70 406.22 435.22 1.6183 1.157 1.680 315.3
200. 555.91 483.56 519.54 1.8067 1.215 1.682 275.7
250. 456.09 558.95 602.81 1.9740 1.269 1.649 266.8
300. 386.50 632.94 684.68 2.1235 1.321 1.629 271.5
25 MPa
-90. 1313.9 73.095 92.122 434 47 0.8270 1.205 1054.8
—80. 1292.3 84.892 104.24 498 87 0.8336 1.218 1017.5
-70. 1270.6 96.817 116.49 .560 73 0.8433 1.233 980.0
—60. 1248.9 108.88 128.90 620 36 0.8550 1.249 942.6
-50. 1227.1 121.10 141.47 .678 00 0.8682 1.266 905.5
—40. 1205.2 133.47 154.22 73385 0.8824 1.283 868.9
-30. 1183.2 146.00 167.13 .788 09 0.8972 1.300 832.9
-20. 1161.1 158.69 180.23 .840 86 0.9124 1.318 797.6
-10. 1138.9 171.55 193.50 89228 0.9279 1.336 763.1
0. 1116.5 184.56 206.95 .942 46 0.9436 1.355 729.5
10. 1093.9 197.74 220.59 .991 49 0.9592 1.373 696.8
20. 1071.1 211.08 234.42 1.0395 0.9749 1.392 665.1
30. 1048.0 224.58 248.43 1.0865 0.9904 1.411 634.4
40. 1024.6 238.24 262.64 1.1326 1.006 1.431 604.8
50. 1000.9 252.07 277.05 1.1779 1.021 1.450 576.3
60. 976.91 266.05 291.64 1.2224 1.036 1.469 549.0
70. 952.58 280.19 306.43 1.2661 1.051 1.489 522.9
80. 927.93 294.48 321.42 1.3092 1.066 1.508 498.2
90. 902.99 308.91 336.59 1.3515 1.080 1.527 474.9
100. 877.79 323.47 351.95 1.3932 1.094 1.545 453.0
150. 750.75 397.85 431.15 1.5923 1.160 1.616 367.6
200. 632.98 473.31 512.80 1.7747 1.220 1.643 320.7
250. 536.58 548.39 594.98 1.9398 1.276 1.642 301.7
300. 462.96 622.99 676.99 2.0895 1.327 1.639 298.1
50 MPa
—80. 1324.2 79.790 117.55 468 89 0.8378 1.201 1111.3
-70. 1304.7 91.302 129.63 52985 0.8473 1.214 1079.7
—60. 1285.3 102.94 141.84 588 54 0.8590 1.229 1047.8
-50. 1266.1 114.71 154.20 64521 0.8723 1.243 1016.0
—40. 1246.9 126.61 166.71 .700 04 0.8866 1.258 984.6
—30. 1228.0 138.65 179.37 753 20 0.9017 1.273 953.8
-20. 1209.1 150.82 192.17 .804 80 0.9172 1.288 923.7
-10. 1190.4 163.12 205.12 .854 98 0.9330 1.303 894.3
0. 1171.9 175.55 218.22 .903 83 0.9489 1.317 865.9
10. 1153.4 188.11 231.46 .951 44 0.9650 1.331 838.3
20. 1135.1 200.80 244.85 .997 89 0.9810 1.346 811.8
30. 1116.9 213.61 258.37 1.0433 0.9969 1.360 786.2
40. 1098.8 226.53 272.04 1.0876 1.013 1.373 761.6
50. 1080.8 239.58 285.84 1.1310 1.028 1.387 738.0
60. 1063.0 252.74 299.77 1.1735 1.044 1.400 715.4
70. 1045.2 266.01 313.84 1.2151 1.059 1.413 693.8
80. 1027.6 279.38 328.04 1.2558 1.074 1.426 673.2
90. 1010.1 292.87 342.36 1.2958 1.089 1.439 653.6
100. 992.79 306.45 356.81 1.3351 1.104 1.451 635.1
150. 908.50 375.75 430.78 1.5210 1.174 1.506 556.8
200. 829.62 447.01 507.28 1.6919 1.238 1.552 501.0
250. 757.93 519.83 585.80 1.8496 1.295 1.588 463.6
300. 694.43 593.97 665.97 1.9959 1.348 1.618 440.1
75 MPa
-60. 1315.1 98.202 155.23 56119 0.8606 1.218 1139.2
-50. 1297.4 109.67 167.48 61735 0.8742 1.232 1110.8
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t p u h S C, Cp w
(°C) (kg/n®) (kJ/kg) (kJ/kg (kJMkg K)) (kJkg K)) (kIl(kg K)) (m/s)
—40. 1279.9 121.28 179.87 67166 0.8889 1.246 1082.6
-30. 1262.7 133.01 192.41 72430 0.9043 1.260 1054.7
-20. 1245.7 144.87 205.08 77537 0.9202 1.274 1027.5
-10. 1229.0 156.86 217.89 .82500 0.9364 1.288 1001.0
0. 1212.5 168.98 230.84 87329 0.9527 1.301 975.3
10. 1196.1 181.22 243.92 92032 0.9691 1.315 950.4
20. 1180.1 193.57 257.13 .966 17 0.9854 1.328 926.4
30. 1164.2 206.05 270.47 1.0109 1.002 1.341 903.3
40. 1148.5 218.64 283.94 1.0546 1.018 1.353 881.1
50. 1133.1 231.34 297.53 1.0974 1.034 1.366 859.7
60. 1117.8 244.16 311.25 1.1392 1.050 1.378 839.3
70. 1102.8 257.08 325.09 1.1801 1.066 1.390 819.7
80. 1088.0 270.11 339.04 1.2202 1.081 1.401 801.0
90. 1073.3 283.24 353.12 1.2595 1.096 1.413 783.2
100. 1058.9 296.48 367.30 1.2980 1.111 1.424 766.1
150. 989.77 364.09 439.86 1.4804 1.183 1.477 692.6
200. 925.72 433.91 514.92 1.6480 1.248 1.524 636.4
250. 866.92 505.68 592.19 1.8032 1.307 1.566 594.5
300. 813.40 579.19 671.40 1.9478 1.360 1.602 564.1
100 MPa
-50. 1323.8 105.50 181.04 592 66 0.8748 1.226 1195.5
—40. 1307.5 116.89 193.37 .646 70 0.8900 1.240 1169.3
—30. 1291.5 128.41 205.84 .699 07 0.9059 1.254 11435
-20. 1275.7 140.06 218.45 .749 88 0.9222 1.268 1118.1
-10. 1260.2 151.84 231.19 .799 25 0.9387 1.281 1093.4
0. 1245.0 163.75 244.07 .847 28 0.9554 1.294 1069.5
10. 1230.0 175.78 257.08 .894 05 0.9721 1.307 1046.2
20. 1215.3 187.93 270.22 .939 64 0.9888 1.320 1023.8
30. 1200.9 200.21 283.48 98413 1.005 1.333 1002.2
40. 1186.7 212.60 296.87 1.0276 1.022 1.345 981.4
50. 1172.7 225.10 310.37 1.0700 1.038 1.357 961.5
60. 1159.0 237.72 324.00 1.1116 1.054 1.369 942.3
70. 1145.5 250.45 337.75 1.1522 1.070 1.380 924.0
80. 1132.2 263.28 351.61 1.1920 1.086 1.392 906.4
90. 1119.2 276.23 365.58 1.2310 1.101 1.403 889.6
100. 1106.3 289.28 379.67 1.2693 1.117 1.414 873.5
150. 1045.3 356.04 451.70 1.4504 1.189 1.466 803.2
200. 989.19 425.14 526.23 1.6168 1.255 1.514 747.8
250. 937.69 496.37 603.02 1.7711 1.314 1.557 704.6
300. 890.50 569.53 681.83 1.9149 1.368 1.595 671.2
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