An International Standard Equation of State for Difluoromethane (R-32) for
Temperatures from the Triple Point at 136.34 K to 435 K and Pressures

DuPont Chemicals, Fluorochemicals Laboratory, Chestnur Run Plaza, P.O. Box 80711, Wilmington, Delaware 19880-0711

up to 70 MPa

Reiner Tillner-Roth®
[nstitut fiir Thermodynamik, Universitat Hannover, Callinstrasse 36, 30167, Hannover, Germany

Akimichi Yokozeki

Received May 27. 1997: revised manuscript received September 3., 1997

A fundamental equation of state for the Helmholtz free energy of R-32 (difluo-
romethane) is presented which is valid from the triple point at 136.34 K to 435 K and
pressures up to 70 MPa. It is based on accurate measurements of pressure-density-
temperature (p,0.7T). speed of sound, heat capacity, and vapor pressure currently avail-
able. New values for the isobaric heat capacity c;, of the ideal gas calculated from
spectroscopic data taking into account also first order anharmonicity corrections are pre-
sented. The Helmholtz free energy equation of state has 19 coefficients and represents all
selected experimental data within their estimated accuracy with the exception for heat
capacities and speed of sound in the region close to the critical point. Typical uncertain-
ties are =0.05% for density, =0.02% for the vapor pressure and *0.5% 1% for the
heat capacity. This equation of state has been compared to equations developed by other
research groups by Annex [8 of the International Energy Agency and has been selected
as an international standard formulation for the thermodynamic properties of R-32 by this

group. © 1997 American Institute of Physics and American Chemical Society.

[S0047-2689(97)00306-1]

Kev words: difluoromethane. fundamental equation of state. Helmholtz free energy. ideal gas heat capacity.

statistical mechanic calculation. R-32.

Contents 8. Appendix A: The Helmholtz Free Energy
1. Introduction.............. ... ... ... ... . ... 1275 Equation of State of Difluoromethane
20 Data SUMVeY. ..o 1275 (R-32). e B R 1288
2.1. Critical and Triple Point.................. 1276 A.l. Derivatives of the Fundamental
2.2, Single Phase Properties. .................. 1276 Equation of State. .................. 1250
2.3. Suturation Properdes. . ... 1277 A.2. Ancillary Equations. . ... 1290
2.4. Selection of Experimental Data. . .......... 1278 9. Appendix B: Deviation Statistics of Available
3. Ideal Gas Properties. ... L 1279 Experimental Data......................o L 1290
1. The Fundamental Equation of State. . ....... ... 1281 10. Appendix C: Thermodynamic Property Tables
- : " Di : -39 3¢
4.1, The Helmholtz Free Energy for the Ideal of l?lﬁuMOlne[hane (R-320 1293
Gis 8] Il References. ... oo 1328
4.2, The Residual Part @7 of the Dimenstonless
Helmholtz Free Energy. oo oo o000 1282
S, Discussion of the New Eguation of State.. ... .. 1282
SH Vapor Pressure and Enthalpy .
Hpor Bressite dic P: - List of Tables
OF VAporizatleon. oo 1282 S . -
. o . ) o I Critical parameters of R-320...0. 0 0 ... 1276
5.2 Densities ot Saturation. oo 1234 5 . . .
- - . - - v , 2. Summary of measurements in the single-phase
330 Heat Capacities at Saturation. ... ... .. 1284 N i 39
< Propertios i the Liguid Phuse 15 FCZION. .« Lot 1277
b pertic IL \‘ ! Pt SR ‘:\< 3. Summary of measurements of saturation
SN raperue » R - dse S . . . JU.
T rreperties ‘?‘l‘ ' LT;K S T ’ properties in the two-phase region. .. ... ... . 1278
< v T NI ANertie N . N ’ < . .
»‘-(‘- B&hf“" rot Dernved Properties..ooooooo ]: 4. Fundamental frequencies adopted tor R-32
G, Concluston. o0 I:uh} WML Lo 1250
Acknowledaments. 1288 5. Vibrational anharmonicity constants tem ). ... 1280
6. Rotational constants and rotation-vibratuon
Corresponding o e constatts SNHz Lo o 1280
0047-2689/0726.6 11273/56/516.00 1971 | Dhuys Cham Ref Mota Vel 28 A~ & 4007



1274

7. ldeal gas heat capacity in Jmol ' K™!

of R-32. . 1280
8. Coefficients and exponents for Eqs. (14) and

(I5). e 1289
9. Relations between the reduced Helmholtz free

energy and thermodynamic properties........... 1289
10. Deviation statistics of measurements in the

single-phase region. . ... ... ... ... oL 1291
11. Deviation statistics of measurements of saturation

PIOPEILIES. o\ttt e e 1292
12. Saturation properties as functions of

EMPETAtULE. .. oottt e e 1293
13. Saturation properties as functions of pressure.... 1295
14. Properties of liquid and vapor................. 1297
15. Isobaric heat capacity (kJ kg 'K~ ... ... 1319
16. Isochoric heat capacity (kJ kg™ ' K™, ... ... 1322
17. Speed of sound (ms™ ') ....... ... ... 1325

List of Figures

1. Distribution of available (p.g.7T) and caloric

measurements for R-32. .. ... ... oo oL 1276
2. Selected (p.0.T) and caloric data of R-32 in a

(p.T)yplane. . ... .. o o 1277
3. Deviations of ideal-gas isobaric heat capacities

¢, from the new EOS.................. ..., 1281
4. Deviations between measured vapor pressures

and values calculated from the new EOS........ 1283
5. Deviations between saturation temperatures and

values calculated from the new EOS for given

PIESSUTE. L Lttt e 1283
6. Deviations between the enthalpy of vaporization

calculated from Watson's equation and the new

EOS. . 1283
7. Deviations between saturated liquid and vapor

densities and values calculated from the new

EOS. . 1284
8. Deviations between temperatures of measured

saturation densities and saturation temperatures

calculated from the new EOS at the given

density. .. ..o 1284
9. Deviations between isochoric heat capacities in

the two-phase region measured by Luddecke

and Magee (Ref. 41 and values calculated from

the new EOS (2 v, 0¥V ¢ oo oo 1285
10, Deviations between measured liquid densities

and values caleulated from the new EOS. ... ... 1235
1. Deviations hetween speed of sound data and

values culeulated trom the new EOS. ... ... 283
12, Deviations between isochoric and isobaric heat

capacities and yvalues caleulated from the new

EOS. 236
13 Deviations hetween vapor densities and values

fram the new EOS for emperatures below 340

K und pressures befow 3 NMPaco oo 1256
14, Deviations between densities in the vupor and

supercritical region and vadues from the new

EOS. 1256

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

R. TILLNER-ROTH AND A. YOKOZEKI

15. Pressure deviations between (p.0.7T) data
between 350 K and 370 K and values from the

new EOS. ... ...
16. Deviations between speed of sound data in the
vapor and values from the new EOS........... 2
17. Isobaric heat capacity ¢, as caiculated from the
new fundamental EOS.......................
18. Isochoric heat capacity ¢, as calculated from the
new fundamental EOS..................... .. 2
19. Speed of sound w as calculated from the new
fundamental EOS. ... ... ... ... ... ... ... 2
20. Joule—Thomson coefficient w as calculated from
the new fundamental EOS....................
List of Symbols
Latin symbols
a specific Helmholtz free energy. coefficient
A..B..C rotational constants
Cp specific isobaric heat capacity
C specific isochoric heat capacity
Cy two-phase isochoric heat capacity
Co saturated heat capacity
d exponent
F, rotational energy level
An, enthalpy of vaporization
J rotational quantum number
M molar mass
N counter
i vibrational quantum number. coetfticient
p pressure
P vapor pressure
S entropy. uncertainty
R individual gas constant
R, universal gas constant
r exponent
T temperature
w speed of sound
W energy function
X vibrational anharmonicity constant
v quantity
Greek symbois
al ol a rotation-vibration constants
A proportionality constant
o reduced density 0/0
t reduced temperature
M Joule-Thomson coefticient
! vibrational fundamental frequency
0 spectfic density
T inverse reduced temperature 7, /T
i dimensionfess Helmholtz free energy
Subscripts
N critical point parameter
r triple point parameter



EQUATION OF STATE FOR R-32

(.j.k indices
Superscripts
2 ideal gas
r residual
0 reference point

saturated liquid
saturated vapor

1. Introduction

R-32 {(difluoromethane. CF-H,) is a non-ozone-depleting
and environmentally acceptable refrigerant. It is an important
compound in various HFC mixtures which will replace R-22
and R-502 (a mixture of R-22 and R-115) in low-temperature
refrigeration, air conditioning. and heat pump applications.

The development of accurate equations of state for binary
and ternary HFC blends requires accurate information of the
pure components. Thus. a precise formulation of the thermo-
dynamic properties of R-32 is a first important step towards
the development ot an accurate equation of state for the re-
frigerant mixtures. In this respect. the establishment of an
international standard for the thermodynamic properties of
the pure HFC refrigerants is very desirable as it provides an
excellent starting point for a reliable formulation for the mix-
tures.

A group working under the auspices of the Heat Pump
Programme of the International Energy Agency (IEA) estab-
lished in 1978, ook over the task. 10 decide upon standards
for environmentally acceptable refrigerants. The program’s
purpose is to accelerate research. and to accept. and imple-
ment this energy saving and environmentally important tech-
nology. It 1s currently supported by 15 countries and offers
opportunities of international collaboration in research. de-
velopment, demonstration. and promotion of heat pumping
and related technologies.

The eight member countries: Austria. Canada. Germany.
Japan. Norway. Sweden. the United Kingdom. and the
United States founded Annex 18 (Thermophysical Properties
of the Environmentally Acceptable Refrigerants) in 1990,
One of 1ts goals is to provide accurate equations of state as
de facto international standards for the most important alter-
native refrigerants.

The main task of phase T (1990-19931 was an evaluation
of the thermodynamic properties off R-134a and R-123 in-
cluding comparizons of existing equations of state, The com-
parisons were carried aut by twa groups: the Center for Ap-
plicd Thermodynamic Studies (CATSH at the University of
Idaha. Moscow, Hdaho. and the International Union of Pure
and Applicd Chemistry (IUPAC) Thermodynamic Tables
Project Center. tmperial College. London. UK. The two
groups prepared independent reports which formed the basis
for o recommendation of equations of state for R-1340 and
R-122
FAMIC properties.

In June 1994w o meeting in Boulder: Colorados it was

s dopecro internationa] stundards for their thermody

decided that similar comparisons for R-32 and R-123 <hould
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be one of the tasks of phase II of Annex 18. Groups wishing
to participate in this process were invited to submit equations
of state by June 30. 1995. It was regarded as vital to make
relevant experimental data quickly available to all partici-
pants to accelerate the process towards the establishment of
standard formulations for these refrigerants. In the course of
the following year, extensive published and unpublished data
sets were supplied to an electronic data bank at the Univer-
sity of Stuttgart. Germany. which was set up for this purpose.

Four equations of state for R-32 and three equations for
R-125 were submitted to Annex I8 by the deadline. Their
evaluation was carried out by the IUPAC Thermodynamic
Tables Project Center. Imperial College. London. UK. The
final report was distributed among all Annex 18 participants
in the spring of 1996. and the results were presented at the
meeting in Toronto in September 1996. Based on this report
the Annex 18 members recommended the equation presented
in this paper as an iternational standard fur the thenmody-
namic properties of R-32.

Since the deadline for submission. extensive new experi-
mental data hecame available. Moreover. some of the data
sets obtained from the database in Stuttgart about two years
ago were corrected or adjusted by the respective researchers
prior to their final publication. Therefore. it was decided at
the Annex [8 meeting in Toronto that the equations chosen
as standards for R-32 and R-125 should be checked by the -
respective authors against the updated experimental material
and refitted if necessary.

In the case of R-32, a new theoretical study on the idead
gas heat capacity has been made which incorporates anhar-
monicity corrections of vibrational modes in the R-32 mol-
ecule. This leads to much more accurate heat capacity values
than those in the prior studies of Chase ef al.' and Rodgers
et ul” which are based only on the simple rigid-rotor-
harmonic-oscillator model. With the new results. which are
presented in Section 3. a new ideal gas correlation was de-
veloped. Subsequently. the coefticients and the structure of
e equavion of state were reconsidered. taking bito accout
also the updated and new experimental data. available at the
end of October 1996.

The higher accuracy of the new data results in an improve-
ment of the equation of state compared to the one originally
submitted 10 Annex I8 in 1995, Ity accuracy is higher. and
the number of coefticients was reduced from 21 to 19 due to
a higher degree of thermodynamic consistency of the up-
dated data and 1o more reliable ideal gas heat capacities. The
new equation of stite covers temperatures between the triple
point (136,34 K1 and 435 K at pressures up to 70 MPa.
Property datit in all parts of the thermodynamic surface are
represented within their experimental uncertuinues.

2. Data Survey

Experimental data wy atlable in TOYS were \I,l”ﬂ'l\,',ll'i/,l.’l_{‘h§
Kilner and Craven in their tnal report to Annex 18 In this
section. o summany of data is given which includes material
available at the end of October 1996, References for data
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FiG. 1. Distribution of available (p.0.7T) and caloric measurements for
R-32.

published after October 1996 indicate experimental data
which were made available prior to publication. Some of the
data listed in Reference 3 have been revised or were supple-
mented by additional measurements. Only experimental data
on the real fluid behavior will be considered here. Ideal gas
properties will be discussed in Section 3. All temperatures
correspond to the International Temperature Scale of 1990
(ITS-90).

2.1. Critical and Triple Point

A single experimental value for the triple point tempera-
ture has been reported by Liddecke and Magee at
T,=136.34x0.01 K. For this temperature. a saturation pres-
sure of p,,=48.00 Pa is calculated from the present funda-
mental equation of state. No uncertainty is given for this
pressure value. since no measured vapor pressures are avail-
able at these low temperatures.

Critical  parameters are reported by 10 independent
sources. The results for critical temperatures. pressures. and
densities are listed in Table 1. This summary has been
adopted from the work of Higashi® who carried out an as-

R. TILLNER-ROTH AND A. YOKOZEKI

sessment of available critical data. The most recent results
for T.. mainly measured in Japanese laboratories. agree re-
markably well within =0.02 K while results measured be-
fore 1995 are up to 0.1 K higher. Agreement of critical pres-
sures and densities is very good among all sources except for
p. and . measured by Malbrunot er al.'? in 1968. There-
fore. the critical temperature and densities recommended by
Higashi.”

T.=351.255K
as measured by Sato er al.'> and
0.=424 kg m™?

as'measured by Kuwabara er al..'" will be subsequently used
for the critical point and also as reducing parameters for the
variables 6= /0. and 7=T_/T of the equation of state. The
critical pressure is not used directly to establish the equation
of state, but will serve as a guideline to assess the represen-
tation of the region close to the critical point. According to

Higashi.” the most religble value is
p.=5784 kPa

as measured hy Sata of al !

2.2. Single Phase Properties

A considerable number of measurements in the single
phase regions (liquid and vapor) is available. The measure-
ments comprise more than 2500 (p,@.T) data in the liquid
and vapor, 217 speed of sound in both phases, 19 isobaric
heat capacities in the liquid phase and 74 isochoric heat ca-
pacities in the liquid. The data cover temperatures from 140
K to 440 K at pressures up to 70 MPa. A summary is given
in Table 2. The distribution of thermal and caloric data is
shown in Fig. 1. While (p.0.T) data cover the whole range
equally well in all parts of the thermodynamic surface. ca-
loric data are more scarce. There are no caloric properties
available above 370 K. In the vapor. only speed of sound
values are found at pressures below 0.5 MPa. while the ma-
jority of caloric measurements are located in the liquid. Al-

Tastk | Critical parameters of R-32
Purity T A 0.
Source Year mass < K kPa ke/m®

Detibaugh or af. 1994 99,99 RRT BRI 2. —
Fuer i 1993 99.93 351.295z0.01 425=23
Fukushima o wf” 1995 99,98 AS126z2003 4255
Hicashi 1994 99,98 3326001 428 =5
Holcomb ¢ il fuy EERY RRR R — 42852183
Kuwabara o e 1993 99 998 ASP23 =001 — 4241
Maibrunet or . - ju6s 9y 93 AFps2 -0l N30 120°
Nagel & Brer Jaus 99y RN 006 STS3ize 4208
Nishimura or ol ” Juu? ERRYAN AR 288 ST\ 2 —
Salo ! oai RSOt [SIYREITIN 3] 2RS TN DS
Schidt & Moldover” tuod Qa Y AR 3 el — +iY
Weher & Sl Jaud RRRY S STud -
Zielesny o IR REAT SE26 e TN 4402
Uncertants not reported.
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EQUATION OF STATE FOR R-32 1277
TABLE 2. Summary of measurements in the single-phase region
Range of data Uncertainties
Purity
Source Year N (%) T/K p/MPa Sy Sp Sy
(p.0.T) measurements (v =0}
Bouchot & Richon'’ 1994 \ 15 99.3 253-333 0.12-9.45 20 mK 3 kPa 05kgm™*
Bouchot & Richon*’ 1994 1 21 99.3 253-333 1.03-9.44 20 mK 3 kPa 0.5kgm™*
Defibaugh er al.®” 1994 v 146 99.99 268-373 0.30-9.77 2 mK 0.01 kPa 0.03%
Defibaugh er al."® 1994 v 21 99.99 373 0.24-9.77 2 mK 0.01 kPa 0.03%
Detibaugh et af.®* 1994 | 219 99.99 243-349 2.00-6.50 10 mK 0.5 kPa 0.05%
de Vries™* 1997 v 94 99.99 223-334 0.11-1.40 5 mK 0.01% 0.05%
de Vries™? 1997 v 565 99.99 263-433 0.02-20.6 5 mK 0.01% 0.03%
de Vries™* 1997 I 190 99.99 243-393 1.50-18.1 10 mK 0.02% 0.03%
Fu er al.” 1995 v 121 99.95 243-373 0.07-5.70 10 mK 0.5 kPa 0.2%
Fukushima er al.® 1995 v 158 99.98 314-424 1.86-10.1 10 mK 3 kPa 0.2
Holste er af.”' 1993 I 126 99.99 150-375 1.53-71.7 20 mK 0.02 kPa 0.1%
Liddecke & Mugec4 1006 1 74 90.9 153 211 5.21 31.8 10 mK 1 kPa O.1%
Magee™ 1996 | 137 99.9 152-396 31.82-35.1 10 mK 0.02 kPa 0.05%
Malbrunot er al.'* 1968 v 86 99.95 208473 0.89-20.1 30 mK 0.2 kPa 0.3%
Malbrunot er al.' 1968 1 64 99.95 248-343 0.33-20.1 30 mK 0.2 kPa 0.3%
Quian et ol 23 1993 v 53 909 2Q0-370 0.12-.6.514 10 mK 0.8 kPa 0.2
Sato e al.*® 1994 \ 69 99.998 330-410 3$2-9.4 7 mK 0.4 kPa 0.2
Speed of sound (y=w)
Gicbenkoy e al.™ 1994 | 30! — 286-341 1.49-10.4 10 mK S0 KPa 0.2 ms !
Hozumi er al.™ 1994 v 67 99.99 273-343 0.02-0.26 9 mK 0.3 kPa 0.01%
Takagi™ 1993 I 120 — 243-373 0.27-33 10 mK 0.1% 0.2%
Isobaric heat capacity (y=c,)
Yomo er al.”’ 1994 1 19 99.9 275-315 2.1-3 12 mK 1.8 kPa 0.4%
Isochoric heat capacity (y=c.)
Liddecke & Magee® 1996 1 74 99.9 153-341 —_ 10 mK — 0.6%

“Isochoric cell.

"Burnett measurement.

*Vibrating tube densimeter.

“Same data as of Belyaeva er af.™

though much data are available. more measurements of ther-
mal and caloric properties would be desirable for T>T, to
support the equation of state in the supercritical region.

100 -
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‘ x x X R § g L . |
s s 8 ,?.,.' o 2, e
| RINIIP I 4P (-1 sy 5
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v MR- 330§ %
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3 g i
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s 1 i i
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a 2
0.1
i
0.01
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deVries (vibr. (ubeﬁl‘“ Magee?: . = Grebenkov et au_f‘}.v)“
= deVries (Burnet)*~ Holste et al =* v Hozumi etal. (w)*

e deVries (isochoric)™> - Luddecke ard Magee (C'DJ T Takagiiw) *°

oo 2oNcleared ool and calone data ol R32 0 o0 1 plane

2.3. Saturation Properties

Measurements of saturation properties are available along
the entire two-phase boundary. A summary is given in Table
3. 385 vapor-pressure data exist between the triple-point
temperature up to the critical temperature. However. the val-
ues below 200 K e mostly been extrapotated from vapor
pressures at higher temperatures. Since these extrapolations
are based on older data. the reliability of most low-
lcmperulure VAPOTr pressure measurements may be (_lLlC.\li(‘rll-
able.

Apart from the vapor-pressure measurements. 166 experi-
mental data for the saturated liquid density are reported
along the whole saturation boundary. Limited data are avail-
able for the saturated vapor density between 219 K and the
critical temperature. However, satrated liquid and vapor
densities are regarded to be of secondary importance in this
work twith the exception of data close to the eritical pointy.
since the adjacent single-phise regions are well detined by
(poo T data.

A valuable set of isochoric heat capacities ¢ in the two-

‘ , . 4
phise regton has been measured by Luddecke and Magee

J. Phys. Chem. Ref. Data. Vol. 26. No. 6, 1997
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TaBLE 3. Summary of measurements of saturation properties in the two-phase region
Uncertainties
Purity Range
Source Year N (%) (T/K) Sy S,
Vapor pressure (v=p )
Adams & Stein™ 1971 Et 99.8 222-283 20 mK 0.7 kPa
Bouchot & Richon' 1994 8 99.3 253-333 10 mK I kPa
Defibaugh et al.” 1994 18 99.99 268-348 2 mK 0.5 kPa
de Vries (low T»" 1997 33 99.99 223-295 5 mK 0.02%
de Vries thigh 7)™ 1997 100 99.99 298-351 5 mK Q.015%
Fu et al.” 1995 60 99.95 233-351 10 mK 0.5 kPa
Fukushima er al.> 1995 57 99.98 278-1351 10 mK 3 kPa
Holcomb er al. ™! 1993 25 99.9 295-349 0.1 K 3.5 kPa
Kanungo et «l.™* 1987 1 — 149-245 — —
Liiddecke and Magee™* 1987 9 — 140-180 — —
Magee™ 1996 7 99.9 270-330 5 mK 0.1%
Malbrunot er al."* 1968 30 99.95 191-351 30 mK 0.1%
Omata er al.™ 1994 10 99.99 223-346 — 2.5 kPa
Quian et «l.™ 1993 9 99.98 280-350 10 mK 0.8 kPa
Sao et al.™* 1994 22 99.998 320-351 — 2 kPa
Tillner-Roth™ * 1996 49 — 136-232 — —
Tirk er al. ™ 1994 26° 99.9 204-351 30 mK 0.1-1 kPa
Weber & Goodwin™ 1993 27 99.98 208-237 S mK 0.02-0.05%
Weber & Silva!” 1994 17 99.99 236-266 5 mK 0.02%%
Widiamo et al.™ 1994 25 99.99 220-325 15 mK 2 kPu
Zhu et al.”* 1993 3L 99.95 2/5-34/ 10 mK 0.5 kPa
Saturated liquid density (yv=p0")
Bouchot & Richon" 1994 s 99.9 253-333 10 mK 0.2%
Defibaugh er al® 1994 21 99.99 243-338 10 mK 0.05%
Fukushima er al.” 1995 10 99.98 340-351 20 mK 3kgm '
Fukushima et al.® 1995 5 99.98 232-265 20 mK Ikegm ™
Fukushima er al.® 1993 6 99.98 329-348 0.5 K 0.4%
Higashi’ 1994 N 99.98 336-351 15 mK 0.2%
Holcomb ¢r al."! 1993 25 Y9.9 295-349 0.1 K 0.05-0.08%
Kuwabara er al."! 1993 17 99.998 330-351 10 mK I kgm *
Magee™ ) 1996 13 99.9 139-305 10 mK 0.1%
Malbrunot er al.’” 1968 IS 99.95 248-356 30 mK 0.3
Shinsaka e al.” 1985 19 99.0 150-219 50 mK 0.2%
Widiatmo et al.™. 1994 » 99.99 220-330 15 mK 0.2%
Saturated vapor density (y=0")
Bouchot & Richon' 1994 5 99.3 253-333 10 mK 0.5%
Defibaugh er al.” 1994 28 99.99 219-343 2 mK 0.3¢%
Fukushima e al.® 1995 N v9.98 349-351 20 mK Ikgm
Fukushima ¢ al” 1995 3 99.98 208-350 0.5 K 0.4
Higashi” 1994 Y 99 98 A4-251 15 mK 0.2-0.5¢
Holcomb et al.” 1993 A 999 295349 0.1 K .21
Kuwabara of of. 199s 13 99994 RESERI 10 mK Ihgm
Two-phise isocharic heat capacity (v = ¢
Luddeche and Mugzee® 1996 0N 49 9y 141-342 10 mK .54

“Calcubated from other measurements,
"Same ditteas of Nagel and Bier”

from which a set of saturated heat capacities ¢, was derived
by the respective authors, These data wre usetul to establish
aneguation of state because they contain information on
pressure derivatives in the single-phase region and also on
the tirst and ~econd derivatives of the vapor pressure curve.
Fortunatelv. the ¢, and the ¢ data for R-32 reach down 1o
fow temperatures, Theretore, they are suited W supplement

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

available vapor pressure data which are scarce helow 200 K.

2.4. Selection of Experimental Data

An accurate fundamental equation of state which should

deserthe all thermodynamic properties within their experi-

mental uncertainties can only be based on precise and ther-
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modynamically consistent data. Therefore, those experimen-
tal data which obey the rules of thermodynamics must be
determined in order to allow a consistent description of the
thermodynamic surface.

The assessment of data was carried out during the optimi-
zation of the equation of state. At the start, a set of data
comprising almost all available data was used to develop an
interim equation of state. Subsequently, this equation was
used to examine the experimental results. Deviation plots
reveal data showing large scatter or large systematic devia-
tions. Furthermore. consistency of a particular data set was
determined by putting a large weight on the data and running
a test optimization. From the resulting increase or decrease
of deviations of the remaining data. conclusions can be
drawn as to whether the data set under investigation is con-
sistent with the other data or not. Data whose overweighting
clearly lead to a deterioration of the representation of most
remaining data were eliminated from the data set.

After completing the described selection process. an im-
proved fundamental equation of state was developed. and the
data selection process was repeated. Only few data were
taken out of the data set at the same time in order to avoid
errors due to a misinterpretion of results from the above
mentioned test procedure. Wherever possible. data sets were
not split. i.e.. a data set from a single research group was
either taken out completely or left in the data base in its
entirety.

In addition to this procedure. the comparisons given by
Kilner and Craven® in the IUPAC report were particularly
helpful during the assessment of experimental data. The final
set of selected data consisted of the following sets of mea-
surements:

* 490 (p.o.T) values in the liquid. 565 Burnett (p.0.T)
values in the vapor and 94 (p.0.T) values in the vapor from
isochoric measurements of de Vries.™

* 137 (p.p.T) values in the liquid measured by Magee.”"

e 4 (p.o.T) values in the liquid measured by Holste
et al.™" at pressures above 35 MPa and at 130 K. Since all
these values are 0.15% lower than selected data of Magee™
and de Vries™ Holste's densities were adjusted by ~0.15%
in order to smoothly extend Magee's and de Vries™ densities.

* i \dcctiun of 178 vapor prwsure data from the sets of de
“Weher and Goodwin.™ and Weber and Silva.'” Most
of de Veies™ data were used eacept his tesults at 331,15 K.
The sets of Weber and Goodwin™ and of Weber and Silva'”
were used with o fower weight than those of de Vries. In-
values of Kanungo er al.™ or
method

Vries.”

stead of usmyg caleulated

Tillner-Roth = down to the tripie point an alternative

was emploved o obtain 4 consistent representation ol the

vapor pressures al low temperatures as described in Section
ey

Jl

o wll isochone heat capacities in the liquid measured by
Luddecke wund Magee”

¢ all two-phase heat capacities ¢, and all heat capacitios
<atsaturation measured by Luddecke and Magee.”

o wll speed of sound values of Hozumi er o7 in the Vapor,
Grebenkov ¢z al =" i the Fquide and all or 'Illl\u;_'i\"" med-
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surements in the liquid with a very low weight. and
» saturated liquid and vapor densities of Fukushima er al..®
Kuwabara er al. '_1 and Higashi® at temperatures above 340 K.

Reasons for selection of these data sets are given during the
discussion of the equation of state in Section 3. The dlstrx-
bution of the selected data sets is shown in Fig. 2

3. ldeal Gas Properties

In general, the ideal gas behavior of a fluid is defined if an
equation for the isochoric or isobaric heat capacity. ¢ (T) or
e (T=c¢(TY+R. as an analytic function of temperature is
known. High precision in the ideal gas hear capacity ¢ AT
essential for an accurate representation of caloric propemes
on the entire thermodynamic surface by a fundamental equa-
tion of state because errors in ¢,(T) directly propagate into
the representation of real gas heat capacities and also affect
the values of entropy, enthalpy and speed of sound. ¢ (T)
can be experimentally obtained. for example. by extrzlp'olat-
ing measured speed of sound data to the zero pressure limit.
Unfortunately. for R-32 only one analogous experiment ex-
ists by Hozumi er al. Although the authors report a high
accuracy of =0.15% for c,(T) (three times the standard
deviation), their data only cover the range from 273 K to 343
K. Limited data do not provide sufficient information to cor-
relate a function for c‘;,(T) over the wide range of tempera-
tures required for a wide-ranging fundamental equation of
state.

Another method for obtaining ¢, is the statistical mechani-
cal calculation usmU \pLL[YOSLOplL data (e.g.. Chase ¢ al.'
and Rodgers er al.”). This method vields correct and accurate
results only if the internal energy levels of substances are
exactly known. i.e.. the electronic. vibrational. and rotational
{or their combined) states including their statistical weights
(degeneracies and nuclear spin states). Precise and complete
analysis of the spectroscopic data. however. gets prohibi-
tively complicated as the number of atoms in a molecule
increases. So far. sufficiently accurate information is limited
to a few simple molecules such as diatomic and triatomic
molecules. Therefore. it is common to adopt a drastically
simplificd approximation to caleulate ¢, for general poly-
atomic molecules. the so-called 11\'1(1 rotator  harmonic-
oscillator (RRHO) model. This simple model predicts ¢
with a fair accuracy twith an error of several percenty in [hL
maoderate within about 100-1000 K.
where the harmonic or fundamental vibrational

lemperature  range.
frequencies
are correctly known. Previous investigators (Chase ef ol
and Rodgers er @l 71 used the RRHO model
e Ty for R-32

However. the current Helmholtz formulation. accurately
representing the thermodynamic property surface. cannot wol-

to calculate

erale error margins in the order of several percent: it requires

much higher accuracy for ¢ in a sufficienty wide range of
temperatures. Unless temperatures are very low (<230 Ki. or
1000 K. major correction terms (o the RRHO
vibrational - anharmonicites  and  rotation-

very high

madel  include

! Dhug Fham Dof Nata Vsl 28 MaA ] 1007
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TartF 4 Fundamental frequencies adopted for R-32 (em™F)
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TABLE 6. Rotational constants and rotation-vibration constants (MHz)*

Mode Present work™  Rodgers er al.”  Chase er al.' Ay 49 829.651 Ba 10 678.943 Cy 9 334.29]

v,- (CH, s-stretching) 2948.0 2949 2949 a} 4300 o’ 12.3 at 8.3

vy {CH, scissoring) 1113.2 1116 1116 @ 192,643 af —-3.207 af - 94.801
vy (CF, s-stretching) 1508.0 1508 1508 a} 855.74 af 55.165 af —178.534
vy (CF. scissoring) 5285 529 529 al —337.739 ot 21.868 af 33244
vs  (CH, twisting) 1262.0 1262 1262 sl 226.197 af? 0.650 al — 82.604
v, (CH, u-stretching) 30143 3012 2013 a 382.0 af 54 af 6.6

v~ (CH, rocking) 1179.9 1176 1176 o’ -750.714 af -8.135 of 96.715
v (CHs wagging) 1090.1 1090 1090 al 119.545 ot —3.633 al 114.288
g (CFs u-stretching) 1435.0 1435 1435 ad 444,03 ol 73.610 ad 269.311

“See Ref. 41,

vibration couplings. Anharmonicity effects can be taken into
account with various degrees of complexity which depend
largely on the available spectroscopic data and their detailed
analysis. Pennington and Kobe™ have worked out a rela-
tively simple method for certain correction terms applying to
the RRHO approximation. These are essentially the first or-
der corrections for the vibrational anharmonicity and the
rotation-vibration interaction. neglecting Coriolis splitting
and Fermi resonance. Due to the insufficient information of
energy levels for R-32. we adopt their method to correct the
RRHO model. It requires the vibrational anharmonicity con-
stants X,; and rotation-vibration constants al. @ and af
as well as vibrational fundamentals v; and rotational con-
stants A.. B.. and C.. The energy levels of vibrations and
rotations. measured from the lowest level. are given in Eq.
(1). without the term of vibrational angular momenta in the
present case. because of the molecular symmetry of C»,, (no
degenerate frequencies):

G=2 (=X, = 2
1

Xt L (1)
=Y

! j

where #n; 1s a vibrational quantum number. The term £,
stands for the rotational level. and for R-32 (asymmetric top
molecule). it is given by:

Fo=HB,~C I+ 11 +[A,~ B, +CaW.. (2)

where

A=4 - Z a",‘n, .

B,.=B —Z cv,”n,‘
C',:C—z aln,. (3
W is a non-anatyvtical function of AL B. C. and J. but does

not contribute to ¢, in the present approximation. R-32 has

et S0 Vihrational anharmaomanty constunts ©om

4.0

\ \ - A\ 4 A

\ 0 v St A\ -9 N lean
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nine' fundamental frequencies (Suzuki and Shimanouchi™’),
as shown in Table 4. which were used in the present work.
Those adopted by Chase ez al.' and Rodgers et al.” are also
shown in Table 4 for comparison. The three sets of data
deviate from each other by only small amounts which result
in minor discrepancies in v;, of less than 0.02%. The first
order anharmonicity constants (X;;) for the nine fundamental
trequencies total 45 since X,;= X ;. Ten constants are deter-
mined from the observed overtone and combination bands of
R-32 (Suzuki and Shimanouchi®), and tie othier Xijjlori—j
are estimated in the following way. Darling and Dennison™
have related the anharmonicity constants for isotope species
to squares of the vibrational frequencies. Here. we assume

TaBLE 7. Ideal gas heat capacity in J mol 'K ' of R-32

Corrected RRHO model RRHO model Correction (%}
T KD o resent work Chase et al.! to RRHO
100 33408 23,498 33496 0.0
150 34,690 34.688 31.684 0.003
200 36.709 36.694 36.688 0.039
250 39532 39490 39.482 0.105
300 43100 43.017 43,008 0.195
350 47.143 47.000 46.992 0.303
400 51.347 S1.128 S1.120 0428
450 53480 55166 550159 0.5638
500 59.409 53.935 58.973 0.720
S50 63074 62525 62519 0.878
GO0 66.439 63776 63770 1.039
634 6Y.574 68,749 68,744 1.200
o0 TI430 “1de4 71400 |.300
a0 TI68 ERICEI TR942 [517
S0 Tt Te207 76204 167!
NS T9 TS X299 X296 1.821
i) NTRY N0.209 NOLZ06 1.90Y
Wl AR N1.964 N1on2 ARRR
000 N3 403 N33R0 NAATX 2258
IR 706 83068 N3.066 2395
| 100 NN620 S0.440 NO.+3N RIRRRY
130 DISREREN 87T NTTOR 2.668
200 BRI NNNTS S8.8T0 2803
1250 92602 N9.46] NU.03Y 2 yaAs
IRNITH [T RSt YA O unz 2067
PRS0 RERR R DI 7
e O3 Nd2 92758 2327
) Uy T R 13 S350 2430
NN eTANz PRSI RRRN 34




EQUATION OF STATE FOR R-32

100(1 - C°'ca|cIC;)

[} 200 400 600 800 1000 1200 1400
T(K)
O This work (Table 7)

® Chase etal.’
+ Hozumi et al.®®

FiG. 3. Deviations of ideal-gas isobaric heat capacities c‘[', from the new
LCOS.

that X;; in general is proportional to the square of the fre-
quency v;: X;=—p- v,-24 This relation roughly holds for
simple molecules (C-F. C-H. CO.. N-O, H,0, OF,. and
0;) with the proportionality constant, 8. of 3-7X 107¢ cm.
Xar. Xaze Xag. Xss. Xeg» X77. and Xgg are estimated with a
B of 6-7x107% cm. All other cross terms X;; (for i # j)
are assumed to be zero. The non-zero constants are shown in
Table 5. )

As for the rotation-vibration constants. all required 27
constants for a' . a,B . and a as well as the three rotational
constants A,, B., and C. have been reported by Hirota."!
They are listed in Table 6. The ideal gas heat capacity c‘;, is
finally calculated from a numerical evaluation of the canoni-
cal partition function. The results are listed in Table 7. which
also includes the resuit of the RRHO approximation of Chase
eral.' Figure 3 illustrates the magnitude of the correction
terms to the RRHO model. Here. deviations of ¢, from Eq.
(8) are plotted versus temperature. The observed heat capac-
ity data by Hozumi er al.” which were not used in the fit of
the ideal-gas part agree with the present calculations within
their experimental error limits of =0.15% . while the RRHO
model calculations deviate by more than the experimental
errors. The correction to the RRHO model increases as tem-
peratures rise.

Electronically excited states of R-32 are located at
74835 ¢em’! (continuous) and 80836 cm ™! (structured) ac-
cording 10 Wagner and Duncan.* At temperatures up to
8000 K they contribute nsignificant amounts (less than
(0,002 1o ¢, But @t very low temperatures. the symmetry
of rotational states and nuclear-spin states becomes impor-
tant. since R-32 has two identical nucler (two H's and two
Fosrwith nuclear spins of = the statistical weight factors for
symmetric and antisvmmetric levels are 10:6 (Herzberg™ .
Gordon™ has examined such effects on water and the contri-
bution to ¢, i~ 0.00% at 330 K. 047% at 99 K. and 133 at
S0 K. while below 300 K the effect becomes signiticantly
larger. In the present case the effect is much smaller above
100 K tless than 0.0017 01 due to the heavier molecular mass
when using a method similar o that applicd by Gordon.™
thus these contributions were neglected tor R-32,
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4. The Fundamental Equation of State

The present equation of state for R-32 is a fundamental
equation of state for the dimensionless Helmholiz free en-
ergy

B(7.0)=—==D(r.H+DP'(7.6). {4

3[=

where a is the specific Helmholtz free energy.
R,,=8.314 471 J/mol™' K™ is the universal gas constant ac-
cording to Moldover er al.,** and R=R, /M is the gas con-
stant of HFC-32 with the molar mass
M =0.052 024 kg mol™'. Independent variables are the in-
verse reduced temperature 7= T_/T. and the reduced density
6=0/Q.. As mentioned in Section 2.1. the critical param-
eters 7.=351.255 K and ¢,=424.0 kg m™* were used as re-
ducing parameters.

The dimensionless form @ of the fundamental equation of
state is split into an ideal-gas part @ describing ideal gas
properties and into a residual part @ taking into account the
behavior of the real fluid.

4.1. The Helmholtz Free Energy for the Ideal Gas

Generally. the ideal-gas part of the dimensionless Helm-
holtz free energy is written as

(7.8 =tn §+-D*(7). (5)

While the first term is related to the ideal gas law p=RTp,
the function ®@* is related to the isochoric heat capacity ¢,
by

) ‘_d3<D*

For ¢,=c,—R the new results presented in Table 7 were
taken as a basis to develop the expression for the ideal-gas
part of the Helmholtz free energy equation of state. For
simple molecules the most appropriate form is a series of
Planck-Einstein functions.

ainf 1 —expt —n,; 7). 17

The general form of mathematical expression can be derived
directly from the vibrational contribution to the heat capacity
e (T

' Using the regression analysis of Wagner.® an equation
was developed containing four Planck-Einstein terms. The
selection was based on a bank of terms containing 160
Planck-Einstein terms with #, being chosen in steps of (.23
from (.25 o 40. In additon. polvnomial terms 7 were in-
cluded with i1 ranging between —0.25 and —3 in steps of
(.23, No polynomial tlerms were selected during the regres-
sion anafysis indicating the superiority of Planck~Einstetn
terms for the formulation of the idedl-gas part of the equa-
tron.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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After the structure of the equation was determined using
Wagner's method. the coefficients «; and the constants 6;
were nonlinearly refitted to the new c‘;, values from Table 7.
In addition. minor adjustments were carried out simulta-
neously with the optimization of the residual part in order to
be able to incorporate property information of real fluid ca-
loric properties like ¢, or speed of sound. The final equation
for the ideal-gas part @ is given in Appendix A. from which
the following equation for the ideal-gas heat capacity can be
derived:

c i exp(—n;7)
—F=(15+722 an; AN

F Z (8)

[1—exp(—n;7)]"
The coefficients correspond to those valid for the ideal-gas
part ®°. They are listed in Appendix A.

4.2. The Residual Part ®" of the Dimensioniess
Helmholitz Free Energy

The general optimization procedure of the residual part ®°
was carried out analogously to the process described in
Tillner—Roth and Baehr?’ for the establishment of the equa-
tion of statc for R-134a. Therefore, only a short outline of the
process is given here. As for R-134a, the residual part is a
linear combination of terms of the form

N

Ny $
(I)":E u{.()_‘jr,']'-rz (C\p(_fsl\) z
=1 A= :

i=N

(I,(s(llT,’ ] -
9)

To obtain the most accurate equation for @', two methods
were employed. An implementation of Wagner’s regression
analysis®® programmed at the Institute of Thermodynamics.
University of Hannover™ was applied to determine the struc-
ture of the residual part. This algorithm operates on a large
bank of terms (up 1o 600) given by Eq. (9) from which a
linear combination ol the most useful terms s selected. The
previously chosen experimental data served as input for this
optimization method. Since only linear relationships can be
used in the search tor the function. a nonlinear fitting proce-
dure was subsequently emploved to adjust the equation of
state also to experimental property data which are nonlin-
early related 1o the Helmholtz free energy. During the devel-
opment of the fundamental equation of stale. numerous
structures were tested and nonfinearly adjusted v an iterative
procedure in which Wagner's method and the nonlinear fit-
ting alternated. After each cyele the data base and uncertain-
ties were reassessed. and the weights of experimental data
were adjusted which. in turn. had an impact on the structure
of the equation of state.

As mentioned in Section 1. preliminary equation ot state
had been submitied 1o Annex 18 hased on the limited amount
of experimental data availible by January. 1995 Tt contained
2 <D function with 21 terms. Due to the improvement of the
data situation since then. particular!y regarding the ideal-gas
properties. twe of the terms turied out to be insigniticant in
the new equation during the nonlinear refit leading o u 19+
term equation for the residuad part @70 Astonishingls o the
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expon