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Thermodynamic Property Measurements for Trifluoromethyl
Methyl Ether and Pentafluoroethyl Methyl Ether

Yohei Kayukawa,* Masaya Hasumoto, Takashi Hondo, Yuya Kano, and Koichi Watanabe

School of Science for Open and Environmental Systems, Graduate School of Science and Technology,
Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan

PVT properties are presented for both the gas-phase and liquid-phase, vapor pressures and saturated-
liquid densities for hydrofluoroether (HFE) refrigerants, trifluoromethyl methyl ether (CF;0CHj3) and
pentafluoroethyl methyl ether (C,FsOCH3), that were obtained with a Burnett apparatus and a vibrating-
tube densimeter. A total of 250 liquid densities and 70 gas-phase PVT properties for CF30CH3; and 281
liquid densities and 125 gas-phase PVT properties for C,FsOCH; were obtained in wide ranges of
temperature (240 to 380) K and pressure up to 7 MPa with a rapid density measurement system with a
vibrating-tube densimeter. For CF;0CHj3, 109 gas-phase PVT properties were obtained with a Burnett
apparatus at the temperatures (300 to 380) K and up to nearly the critical density. On the basis of the
present measurements, we have also developed thermodynamic models to complement the experimental
data. Equations of state for the liquid phase and truncated virial equations of state are discussed in this
paper, as well as a couple of correlations for vapor pressures and saturated-liquid densities.

Introduction

Since energy savings and reduction of carbon dioxide
emission are increasingly important concerns, no one would
argue about the importance of thermodynamic properties
of various working fluids that were used for all types of
energy-conversion systems. In particular, there is a press-
ing need for new environmentally friendly refrigerants with
zero ODP (ozone depletion potential) and low GWP (global
warming potential), whose data are sufficient to formulate
a fully developed equation of state for the purpose of
optimum design of such systems and optimum selection of
the refrigerant.

Among several alternative candidates of such new
refrigerants, HFEs (hydrofluoroethers) are expected to be
promising alternative refrigerants due to their short
atmospheric lifetimes. Especially, trifluoromethyl methyl
ether (CF;0OCHj3) and pentafluoroethyl methyl ether (C,Fs-
OCHg5;) have been selected for research in a national project
of RITE (the Research Institute of Innovative Technology
for the Earth, Japan) to replace dichlorodifluoromethane
(CFC12) and 1,2-dichloro-1,1,2,2-tetrafluoroethane (CFC114),
respectively.

For these substances, the present authors have teamed
up to conduct measurements of fundamental thermody-
namic properties including critical parameters!2 obtained
from a direct observation of a meniscus disappearance with
critical opalescence, liquid densities®4 with a magnetic-
suspension densimeter, and PVT properties®’ with an
isochoric apparatus. Up to now, there were not sufficient
data in the gas phase. Also, no liquid density data exist
for CF30CH; below 280 K, due to the limited temperature
range of the densimeter. Hence, the range of validity of
the thermodynamic models for CF;0CH3; and C,FsOCH3;
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by Widiatmo and Watanabe”® is limited to the ranges of
these experimental data.

In this study, we have conducted PVT property measure-
ments for these substances with a Burnett apparatus and
a newly developed vibrating-tube densimeter. The experi-
mental data with the vibrating-tube densimeter apparatus
cover wide ranges of temperature down to 240 K and
pressure up to 7 MPa, whereas the Burnett measurements
cover (300 to 380) K and densities up to 0.75p.. These
experimental data were compared to the thermodynamic
models of refs 6 and 7. We also developed original ther-
modynamic models based on the present measurements.

Experimental Section

Burnett Apparatus. The Burnett method is well-known
as effective to obtain densities of a gaseous fluid without
any sample-mass weighing. The main operation of this
method is to expand the sample gas confined in a sample
cell to another expansion vessel evacuated in advance. To
repeat such an isothermal expansion and correct a set of
isothermal pressure data, each density is calculated from
the pressure values and the cell constant, which is the
inner volume ratio of the sample cell and the expansion
vessel. We have conducted isochoric measurements after
each Burnett isothermal expansion in order to obtain PVT
properties at other temperatures. Details of this apparatus
and its calibration are available.®

Figure 1 shows a schematic diagram of the present
Burnett experimental apparatus. The present apparatus
can be divided into three subsystems with their functions,
namely, cell system, temperature control and measurement
(c/m) system, and pressure c/m system, respectively. The
cell system consists of two cells, the sample cell (A) and
the expansion vessel (B), which are thick-walled spherical
vessels made of stainless steel. These two cells are con-
nected by a constant-volume valve (V1), which is carefully
operated in order to prevent any minor pressure inclina-
tion. The inner volume ratio at zero pressure is called the
cell constant, N, and it was determined precisely using

© 2003 American Chemical Society

Published on Web 07/11/2003



1142 Journal of Chemical and Engineering Data, Vol. 48, No. 5, 2003

| L -
V2 X V3
cC
V1
=] [<]
o E
C><3D
K

Figure 1. Schematic diagram of the Burnett apparatus at Keio
University: A, sample cell; B, expansion vessel; C, differential
pressure transducer; D, standard platinum thermometer; E,
precision thermometer bridge; F, PID controller; G, thyristor
regulator; H, subheater; I, slide transformer; J, main heater; K,
water cooler; L, stirrer; M, N, quartz pressure transducer; O,
nitrogen gas bomb; P, hand piston; Q, vacuum pump; R, variable
volume vessel with metallic bellows; V1, constant volume valve;
V2—-V13, valves.

gaseous helium with its known density values, being
N, = 1.501 05 + 0.000 10. Since it is very difficult to
measure the temperature of the sample inside the pressure-
proof vessel directly, the sample temperature was mea-
sured as the temperature of the bath fluid in which the
cell system is immersed. The silicone oil temperature in
the vicinity of the sample cell is detected by a standard
platinum resistance thermometer (D) and a thermometer
bridge (E). A PID controller (F) associated with the
thermometer bridge maintains the fluid temperature by
controlling the current supplied to the subheater (H) within
a fluctuation of +3 mK.

Concerning the pressure measurements, we have em-
ployed an indirect pressure measurement system which
consists of a differential pressure indicator, DPI (C), within
the thermostated bath. The sample pressure is measured
by transmitting it to the nitrogen gas pressure through the
DPI made of a thin stainless steel diaphragm which
separates the mixture sample from the nitrogen gas.

Experimental uncertainties were estimated, on the basis
of the 1SO recommendation?® on the expanded uncertainty
with the coverage factor k = 2, to be not greater than 7
mK in temperature, 0.8 kPa in pressure, and 0.15 in
density. The experimental procedures are described else-
where. 1112

Vibrating-Tube Densimeter. In the present study,
liquid densities were obtained by means of our newly
developed vibrating-tube densimeter apparatus. The ap-
paratus and measurement procedure are described in
detail'® and will be briefly explained in this subsection.

The principle of vibrating-tube densimetry is simply due
to a proportional relation between density, p, and the
vibrating period squared, 72, of the U-shaped tube filled
up with the sample fluid. Figure 2 shows a schematic
diagram of the present density measurement system. We
have employed a commercially available densimeter cell
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Figure 2. Schematic diagram of the experimental apparatus: VD,
densimeter cell; FC, frequency counter; PT, digital pressure gauge;
PC, pressure computer; VB, variable volume vessel with metallic
bellows; PR, pressure regulator; NB, nitrogen gas bomb; SC,
sample supplying cylinder; DB, digital balance; VP, vacuum pump;
PRT, standard platinum resistance thermometer; TB, thermom-
eter bridge; LB, liquid bath; PID, PID controller; TR, thyristor
regulator; SH, subheater; MH, main heater; ST, slide transformer;
SR, stirrer; HX, heat exchanger; TP, temperature regulator pump;
CB, cooling bath; HC, handy cooler; V1—7, valves.

[DMA512, Anton Paar, K. G.], and it is attached beneath
a 5.5 kg stainless steel weight which is suspended in a
constant-temperature bath fluid (silicone oil) by four coil
springs. This structure absorbs shocks and vibration from
outside. The sample fluid is charged in the vibrating tube
(VD) connected to the pressure gauge (PT) and a variable
volume vessel (VB), shut by valves V2 and V4. The sample
pressure and volume are regulated by the variable volume
vessel with a dynamic metallic bellows by compressing or
depressing the bellows by controlling the nitrogen gas
pressure outside the bellows appropriately. This set of
measurement systems for pressure and density is installed
in a precisely temperature-controlled liquid bath (LB). The
liquid bath temperature is controlled with the aid of the
main heater (MH), a subheater (SH) controlled by a PID
controller (PID) which is associated with a precise ther-
mometer bridge (TB), and a standard platinum resistance
thermometer (PRT).

The present densimeter was calibrated by measuring the
oscillating period under the vacuum and water at different
temperature levels; then the sample density is calculated
by

N D)
=AT— o (1)
x = (4,2 — 1 2)

A = (6681.55 — 101.201T**"> — 29.1168T**)(1 —
0.00164698P*) (3)
P* = (P/kPa)/7000 (4)
T* = (T/K)/400 (5)
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Figure 3. Distribution of the PVT data for CF3sOCHs: O, this

work, Burnett; A, this work, vibrating-tube densimeter; x, Morim-
oto;® A, Yoneda.®

Here, x is a parameter obtained from a vibration period, ,
and that under the vacuum, to. A is a proportionality
parameter and is determined by calibration with density-
known fluid (water). We have correlated this parameter
as a function of temperature and pressure given in eq 3.
The parameter u is a device-dependent constant, being u
= 0.0030 £ 0.0005. Density measurement uncertainty was
confirmed to be within 0.024% and 0.1 kg-m=3. The
uncertainty of the present measurements is about 0.022%
and 0.26 kPa in pressure and 3 to 7 mK in temperature.

Experimental Results

CF3;0OCHs. A total of 31 vapor pressures and 109 gas-
phase PVT properties for CF;0CH3; were obtained by using
the Burnett apparatus along three sets of measurements
in the temperature range (300 to 380) K. Seventy PVT data
in the gas phase and 250 liquid densities were also obtained
with the vibrating-tube densimeter apparatus down to 240
K. These experimental data points are illustrated ona P—T
diagram in Figure 3, together with those by Morimoto® and
Yoneda.®

We have employed a sample of CF30CH3 with research
grade purities, that is, 99.8 mol % for gas-phase PVT
measurements and 99.98 mol % for vapor pressures and
liquid PVT measurements. However, there was a small air
contaminant found in the sample used for the Burnett
measurements. By comparing three sets of vapor pressure
data obtained by the Burnett measurements, we found
slight differences among them according to the degassing
processes conducted in the present measurements. Hence,
we have corrected the measured pressure data as follows.

The third series of the vapor pressure measurements
with the Burnett apparatus were carefully conducted by
introducing the precisely degassed sample into the sample
cell little by little to find the saturated-vapor state at
respective temperatures. The observed vapor pressures, Ps
[series 1] and Ps [series 2] were about 12 kPa and 2 kPa
lower than those for series 3, Ps 3, because of air possibly
dissolved. By assuming that these vapor pressure differ-
ences, Psior2 — Ps3, are eqal to the partial pressure of
nitrogen gas, Pn,, the dissolved nitrogen gas densities, pn,,
were calculated at respective temperatures with the aid of
the formulation given in the IUPAC thermodynamic prop-
erty tables.’* Then we have determined the average
nitrogen density that might be contained in the sample at
the initial stage of measurements to be

pn,1 = 0.00470 + 0.00017 mol-m (6)

pn, 2 = 0.00085 + 0.00015 mol-dm > ©)

Table 1. Experimental Vapor Pressures for CF;OCH3
Obtained by the Burnett Apparatus

series 1 series 2 series 3

T/IK P/kPa T/IK P/kPa T/IK P/kPa

300.000 607.7  300.000 607.3  310.000 801.7
305.000 698.7  310.000 800.7  320.000 1038.4
310.000 800.9 320.000 1038.5 330.000 1325.7
315.000 914.3 330.000 1325.6  340.000 1670.2

320.000 1038.1 340.000 1668.5 350.000 2071.7
325.000 1175.7 350.000 2075.0 360.000 2554.9
330.000 1325.7 360.000 2553.8 370.000 3117.1
335.000 1489.7 370.000 3117.3

340.000 1668.8
345.000  1863.6

350.000 2074.9
355.000 2304.3
360.000 2553.1
365.000 2823.3
370.000 3116.4
375.000  3435.7

Therefore, the experimental vapor pressures, Ps ey, Of the
first and second series have been corrected by

Ps= Ps,exp - PIUPAc(TJ)Nz) 8

where Piupac(T,pn,) is calculated from the equation of state
for nitrogen by ITUPAC.' The pressure in the single phase
after nth expansions, Py, is also corrected by

P,= l::‘n,exp - PIUPAC(TipNZ/Nn) 9)

since the nitrogen density also decreases with the Burnett
expansion. The gas-phase densities by the Burnett mea-
surements were calculated by using thus corrected pressure
values.

Concerning the measurements by the vibrating-
tube densimeter, a research grade sample with 99.98
mol % furnished by the RITE was used. Table 1 tabu-
lates the corrected vapor pressures for CF3;OCH; ob-
tained by the Burnett apparatus. The present experimental
PVT properties are also summarized in Tables 2 and 3. It
should be noted that the same low-density PVT data
obtained with the vibrating-tube densimeter are marked
with a dagger (1) to indicate that they are uncertain
data, whereas measurements of saturated liquid densities
are marked with an asterisk (*).

C,FsOCHg3;. A total of 281 liquid densities and 125 gas-
phase PVT properties were obtained for C,FsOCH; as well
as a set of the vapor pressures and the saturated-liquid
densities at the temperatures (240 to 380) K only by the
vibrating-tube densimeter apparatus. These data are tabu-
lated in Table 4. Figure 4 illustrates a distribution of the
present data, together with those obtained by Ohta et al.*
and Widiatmo et al.® Concerning the sample purity of C,Fs-
OCHjs;, we have employed a 99.99 mol % purity sample
furnished by the RITE.

Discussion

Introductory Remarks. On the basis of the present
measurement results, we have developed a set of thermo-
dynamic models so as to correlate and interpolate the
experimental data. A pair of correlations for vapor pres-
sures and saturated-liquid densities were formulated as
well as truncated virial equations of state and van der
Waals type equations of state for gas-phase and liquid-
phase PVT properties, respectively. These models will be
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Table 2. Gas-Phase PVT Property Data for CF;0CH3;
Obtained with the Burnett Apparatus

TIK P/kPa  p/kg'm~3 TIK P/kPa  p/kg-m~3
Series 1
380.000 3786.4 439.7 350.000 680.3  25.92
380.000 3686.3 294.2 350.000  469.2 17.27
380.000 3316.9 198.3 350.000 320.6 11.53
380.000 2726.4 131.8 350.000 217.0 7.688
380.000 2092.4 87.73 350.000 146.2 5.127
380.000 1529.5 58.32 340.000 1278.5 58.56
380.000 1084.0 38.82 340.000 929.4  38.95
380.000 752.6 25.86 340.000 655.6  25.94
380.000 515.4 17.23 340.000 4535 17.28
380.000 350.5 11.51 340.000 310.5 11.54
380.000 236.5 7.671 340.000 210.4 7.694
380.000 158.9 5.114 340.000 141.7 5.126
370.000 3031.6 197.4 330.000 889.0 38.98
370.000 2559.0 132.0 330.000 630.6 25.96
370.000 1990.6 87.72 330.000 4375 17.29
370.000 1468.6 58.37 330.000 300.2 11.55
370.000 1046.2 38.85 330.000 203.7 7.696
370.000 728.8 25.88 330.000 137.5 5.133
370.000 500.1 17.24 320.000 847.1  38.98
370.000 340.6 11.52 320.000 604.9 25.98
370.000 230.0 7.677 320.000 4215 17.30
370.000 154.7 5.117 320.000 289.9 11.55
360.000 2385.4 132.0 320.000 197.1 7.701
360.000 1888.4 87.85 320.000 133.1 5.135
360.000 1406.7 58.43 310.000 578.6  25.97
360.000 1007.9 38.88 310.000 405.0 17.30
360.000 704.6 25.90 310.000 279.4  11.56
360.000 484.7 17.25 310.000 190.3 7.705
360.000 330.6 11.52 310.000 128.7 5.137
360.000 223.5 7.683 300.000 550.3 25.89
360.000 150.4 5.122 300.000 388.1 17.29
350.000 1782.8 87.93 300.000 268.7 11.56
350.000 1343.5 58.50 300.000 183.4 7.703
350.000 969.0 38.92 300.000 124.2 5.136
Series 2
380.000 3776.4 381.1 350.000 640.8 24.25
380.000 3647.0 276.7 350.000 299.5 10.74
380.000 3233.6 185.9 350.000 202.9 7.174
380.000 2624.1 1235 340.000 1605.8 82.06
380.000 1994.4 82.12 340.000 1216.9 54.78
380.000 1450.0 54.63 340.000 879.5 36.45
380.000 1023.5 36.37 340.000 425.6 16.13
380.000 708.4 24.22 340.000 195.8 7.136
380.000 483.9 16.12 330.000 8419 36.48
380.000 327.6 10.73 330.000 594.3  24.27
380.000 220.5 7.140 330.000  410.7 16.13
380.000 147.8 4.751 330.000 280.6 10.75
370.000 2970.3 185.3 330.000 188.9 7.099
370.000 2469.3 123.6 320.000 802.9 36.45
370.000 1901.8 82.19 320.000 570.4  24.28
370.000 1393.4 54.67 320.000 395.7 16.14
370.000 686.1 24.23 320.000 270.9 10.74
370.000 318.3 10.73 320.000 183.4 7.139
370.000 215.6 7.182 310.000 759.9 36.24
360.000 2309.0 123.6 310.000 5459  24.27
360.000 1807.1 82.26 310.000 380.4 16.14
360.000 1335.8 54.71 310.000 261.0 10.74
360.000 952.6 36.41 310.000 177.1 7.139
360.000 455.0 16.13 300.000 5194 24.16
360.000 208.1 7.139 300.000 364.7 16.13
350.000 1709.6 82.31 300.000 2514  10.75
350.000 1277.1 54.75 300.000 170.5 7.128

useful to formulate further multiproperty thermodynamic
models such as mBWR or Helmholtz energy equations of
state.

Vapor Pressure and Saturated-Liquid Density Cor-
relations. On the basis of the present measurements
of the vapor pressures, Ps, and the saturated-liquid densi-
ties, p', a pair of the correlations given below were
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Figure 4. Distribution of the PVT data for C;FsOCH3: A, this
work, vibrating-tube densimeter; x, Ohta et al.;* A, Widiatmo et
al.6
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developed.

P, T
== ?C(alr + a,7"° + a;t*° + a,1°) (10)

In P,

:)7= 1+ b, 4+ b,t® + by + b, e (1)
C

T
r=1-7 (12)

Here, T, P., and p. denote the critical temperature,
pressure, and density, respectively. The numerical con-
stants, a; through a; and b; through bz, were determined
by a least-squares fitting of eqs 10 and 11 to the experi-
mental Ps and p' data. These parameters are tabulated in
Table 5.

Figures 5—8 illustrate relative deviations of vapor pres-
sures and saturated-liquid densities for CF30CH3; and C,Fs-
OCH; from the present correlations, eqs 10 and 11. From
Figures 5 and 6 it was found that eq 10 reproduces most
of the present vapor pressure data within +£0.25% at
temperatures above 300 K. Since the absolute vapor
pressures become very small in the lower temperature
range, fluctuations of the present measurements become
larger by +£0.6%. The vapor pressures for CF30CH; re-
ported by Kul et al.’> and Wang et al.1” deviate by about
+1 to +2%. These differences may be considered to be
caused by impurities in the sample used for their measure-
ments. There are also systematic deviations between the
present correlation and the vapor pressure data by Widi-
atmo et al.b The present vapor pressures show a similar
trend as those by Ohta et al.# Concerning the saturated-
liquid densities, all the data obtained in the present study
are well represented within +0.1% except a single datum
for CF30OCH3 at 310 K.



Journal of Chemical and Engineering Data, Vol. 48, No. 5, 2003 1145

Table 3. Experimental PVT Data for CF;0CHj3; Obtained by the Vibrating-Tube Densimeter Apparatus

T/IK P/kPa  p/kg-m~3 T/IK P/kPa  p/kg-m~3 T/IK P/kPa  p/kg-m~3 TIK P/kPa  p/kg-m~3
Series 1
300.000 606.0 1086.15 * 320.000 1512.4 1017.85 340.000 3081.7 947.17 360.000 6201.7 897.63
300.000 658.2 1086.45 320.000 2036.4 1022.49 340.000 3596.1 953.91 360.000 6705.8 905.30
300.000 1058.4 1088.91 320.000 2520.5 1026.61 340.000 4130.8 960.48 360.000 7100.8 910.94
300.000 15229 1091.63 320.000 3050.4 1030.92 340.000 4614.0 966.04 370.000 3124.3 71178 *
300.000 2016.1 1094.48 320.000 3595.2 1035.17 340.000 5146.7 971.84 370.000 3147.8 715.08
300.000 2545.5 1097.41 320.000 4131.4 1039.19 340.000 5642.7 976.95 370.000 3130.2 712.60
300.000 3063.2 1100.24 320.000 4616.1 1042.69 340.000 6163.1 982.05 370.000 3586.0 754.94
300.000 3535.6 1102.72 320.000 5136.9 1046.33 340.000 6711.6 987.19 370.000 4068.1 781.44
300.000 4063.9 1105.45 320.000 5652.1 1049.82 340.000 7112.6 990.78 370.000 4642.5 804.25
300.000 4569.3 1107.99 320.000 6201.4 1053.41 350.000 2080.3 87195 * 370.000 5159.1 820.53
300.000 5140.6 1110.81 320.000 6721.8 1056.72 350.000 2141.2 873.54 370.000 5641.4 833.56
300.000 5669.7 1113.35 320.000 7175.8 1059.52 350.000 2104.3 872.59 370.000 6176.7 846.09
300.000 6155.2 1115.66 330.000 1328.7 972.09 * 350.000 2091.1 872.23 370.000 6712.7 857.24
300.000 6683.2 1118.07 330.000 1458.1 973.66 350.000 2548.5 883.49 370.000 7155.1 865.58
300.000 7091.7 1119.94 330.000 1414.6 973.15 350.000 3078.0 894.77 380.000 3807.7 489.63
310.000 802.3 1051.17 * 330.000 1364.9 972.53 350.000 3561.7 903.94 380.000 4003.4 629.00
310.000 861.7 1051.63 330.000 1329.4 972.09 * 350.000 4061.4 912.50 380.000 4596.7 707.34
310.000 836.7 1051.44 330.000 2087.0 981.10 350.000 4604.4 920.96 380.000 5159.5 743.66
310.000 813.1 1051.26 330.000 2555.2 986.24 350.000 5110.9 928.26 380.000 5653.6 766.09
310.000 1033.6 1052.90 330.000 3114.9 992.08 350.000 5614.7 935.00 380.000 6175.8 785.18
310.000 1533.9 1056.54 330.000 3553.8 996.38 350.000 6145.6 941.66 380.000 6672.5 800.32
310.000 2046.2 1060.13 330.000 4105.6 1001.58 350.000 6708.6 948.27 380.000 7138.9 812.70
310.000 2539.9 1063.48 330.000 4643.4 1006.39 350.000 7180.7 953.51 380.000 3791.1 430.78
310.000 3099.5 1067.15 330.000 5117.0 1010.47 360.000 2557.0 805.64 * 380.000 3672.6 287.87
310.000 3564.5 1070.10 330.000 5639.1 1014.76 360.000 2674.0 811.00 380.000 3383.7 207.93
310.000 41315 1073.59 330.000 6168.6 1018.96 360.000 2595.3 807.47 380.000 2913.0 148.72
310.000 5149.7 1079.59 330.000 6739.6 1023.31 360.000 2566.6 806.04 380.000 2282.2 99.68
310.000 5630.8 1082.31 330.000 7155.4 1026.38 360.000 3046.9 825.94 380.000 1736.8 68.74
310.000 6210.4 1085.50 340.000 1672.6 925,57 * 360.000 3567.7 842.69 380.000 1190.9 43.52
310.000 7191.1 1090.69 340.000 1776.3 927.36 360.000 4099.1 856.85 380.000 1069.0 38.43
320.000 1040.9 1013.47 * 340.000 1704.5 926.14 360.000 4614.4 868.64 380.000 637.2 21.72
320.000 1117.7 1014.21 340.000 1691.6 925.88 360.000 5110.0 878.67 380.000 411.6 1364 t
320.000 1081.4 1013.85 340.000 2059.3 932.03 360.000 5611.7 887.84 380.000 345.8 1140 ¢t
320.000 1046.3 1013.52 340.000 2582.2 940.10 360.000 6215.7 897.87
Series 2

240.000 36.9 1.87 t 250.000 2020.1 1240.28 270.000 6036.1 1199.08 280.000 4544 1150.61
240.000 25.1 1.25 t 250.000 1508.8 1238.91 270.000 5542.1 1197.53 290.000 4496 111931 *
240.000 17.0 0.84 t 250.000 1008.8 1237.55 270.000 5047.2 1195.96 290.000 338.9 1578 ¢t
240.000 67.4 126155 * 250.000 505.1 1236.18 270.000 4513.3 1194.24 290.000 232.8 1052 ¢
240.000 6981.1 1277.36 250.000 102.6 1235.07 * 270.000 4038.2 1192.68 290.000 159.4 7.09 ¢
240.000 6511.7 1276.35 260.000 127.7 6.40 T 270.000 3484.3 1190.86 290.000 109.0 483 ft
240.000 6024.7 1275.29 260.000 87.8 440 t 270.000 3017.0 1189.29 290.000 74.2 3.26 T
240.000 5511.8 1274.16 260.000 59.9 3.03 Tt 270.000 2500.7 1187.53 290.000 50.3 225 ¢
240.000 5038.9 1273.12 260.000 40.7 215 t 270.000 1999.2 1185.81 290.000 30.4 128 f
240.000 45155 1271.95 260.000 27.6 153 f 270.000 15154 1184.10 290.000 18.9 0.76 t
240.000 4031.0 1270.86 260.000 18.7 111 t 270.000 1001.8 1182.27 290.000 6981.5 1148.28
240.000 3529.6 1269.72 260.000 6987.4 1227.99 270.000 500.8 1180.45 290.000 6496.3 1146.42
240.000 3024.1 1268.56 260.000 6546.9 1226.81 270.000 229.7 1179.44 * 290.000 6046.4 114461
240.000 2517.3 1267.38 260.000 6040.8 1225.42 280.000 327.4 1150.07 * 290.000 5546.1 1142.55
240.000 2014.7 1266.21 260.000 5512.3 1223.96 280.000 269.0 1252 't 290.000 4999.6 1140.25
240.000 1516.2 1265.03 260.000 5039.1 1222.63 280.000 186.4 8.53 T 290.000 4505.0 1138.14
240.000 1011.0 1263.83 260.000 4522.0 1221.16 280.000 128.3 575 1t 290.000 4029.3 1136.09
240.000 517.1 1262.64 260.000 4018.0 1219.71 280.000 87.6 3.89 T 290.000 3492.2 1133.73
240.000 65.5 1261.54 * 260.000 3527.2 1218.29 280.000 59.6 261 T 290.000 2989.9 1131.43
250.000 89.4 433 t 260.000 3012.1 1216.77 280.000 40.5 1.79 't 290.000 2466.6 1129.04
250.000 61.2 294 t 260.000 2515.8 1215.30 280.000 27.5 1.21 t 290.000 1999.9 1126.86
250.000 41.7 198 t 260.000 2004.5 1213.76 280.000 7008.7 1175.70 290.000 1475.8 1124.36
250.000 28.3 1.34 t 260.000 1499.4 1212.21 280.000 6516.6 1173.99 290.000 976.7 1121.93
250.000 19.2 091 t 260.000 1009.3 1210.70 280.000 5977.4 1172.09 290.000 979.3 1121.87
250.000 6975.1 1252.79 260.000 507.8 1209.12 280.000 5533.2 1170.51 290.000 4935 1119.50
250.000 6529.6 1251.71 260.000 156.0 1208.02 * 280.000 4942.1 1168.36 300.000 6059 1086.56 *
250.000 6026.5 1250.48 270.000 160.6 7.63 1t 280.000 4483.8 1166.68 300.000 589.3 28.11
250.000 5550.6 1249.31 270.000 110.6 515 t 280.000 4037.2 1164.99 300.000 439.5 1994 ¢t
250.000 5042.6 1248.05 270.000 75.7 3.49 T 280.000 3522.2 1163.04 300.000 306.3 1334 ¢t
250.000 4537.2 1246.78 270.000 51.5 235 't 280.000 30115 1161.06 300.000 214.0 9.08 7
250.000 4030.5 1245.49 270.000 35.0 1.60 Tt 280.000 2510.8 1159.10 300.000 146.6 6.12 ¢
250.000 3530.8 1244.22 270.000 23.7 1.10 t 280.000 19929 1157.02 300.000 100.1 412 t
250.000 3037.0 1242.95 270.000 6973.6 1201.96 280.000 1507.7 1155.03 300.000 68.0 277 %

250.000 2517.2 1241.59 270.000 6529.6 1200.61 280.000 985.2 1152.87
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Table 3 (Continued)

T/IK P/kPa  p/kg-m~3 T/IK P/kPa  p/kg-m~3 T/IK P/kPa  p/kg-m~3 TIK P/kPa  p/kg-m~3
Series 2 (Continued)
300.000 46.2 1.89 t 310.000 742.6 35.17 310.000 2498.6 1063.70 320.000 5039.6 1046.35
300.000 31.3 1.25 t 310.000 528.4 23.40 310.000 2000.5 1060.31 320.000 4518.5 1042.67
300.000 604.7 1086.47 * 310.000 372.5 15.80 t 310.000 1512.4 1056.88 320.000 4030.7 1039.11
300.000 6960.3 1119.71 310.000 258.9 10.69 t 310.000 1006.3 1053.19 320.000 3512.7 1035.21
300.000 6499.0 1117.65 310.000 178.2 7.22 1t 320.000 1037.4 1014.09 * 320.000 3012.2 1031.29
300.000 6023.0 1115.44 310.000 121.9 487 t 320.000 968.5 46.37 320.000 2529.1 1027.35
300.000 5517.0 1113.05 310.000 83.1 3.29 t 320.000 634.7 27.54 320.000 2029.1 1023.10
300.000 5014.6 1110.58 310.000 56.5 222 1t 320.000 4491 18.62 t 320.000 1515.2 1018.55
300.000 4499.8 1108.05 310.000 38.3 149 t 320.000 312.9 12,57 t 330.000 1359.2 973.36 *
300.000 4015.2 1105.57 310.000 799.7 1051.64 * 320.000 215.4 8.49 t 330.000 936.5 41.69
300.000 3486.7 1102.83 310.000 6998.0 1090.22 320.000 1475 5.74 1 330.000 674.2 28.13
300.000 3023.5 1100.35 310.000 6538.6 1087.83 320.000 100.6 3.89 f 330.000 475.1 19.02 ¢
300.000 2526.4 1097.64 310.000 6021.1 1085.02 320.000 68.4 2.64 1t 330.000 330.5 1287 f
300.000 1998.6 1094.68 310.000 5542.0 1082.34 320.000 46.4 1.77 t 330.000 227.6 8.70 ¢
300.000 1466.6 1091.63 310.000 5049.8 1079.54 320.000 6877.8 1058.42 330.000 155.7 588 7
300.000 913.6 1088.34 310.000 4531.7 1076.50 320.000 6522.4 1056.19 330.000 106.1 397 ¢
300.000 617.0 1086.54 310.000 4017.7 1073.40 320.000 6055.9 1053.18 330.000 72.1 270 1
310.000 800.7 1054.68 * 310.000 3517.0 1070.31 320.000 5518.0 1049.62 330.000 1324.8 973.37 *
310.000 799.2 1054.67 * 310.000 3027.3 1067.18
2 0.3
C,FsOCH, o CF;OCH,; A
1 X
- A :Aiﬁ" L \o 0.1 X " X ® N
20 gt i LTV 5Y. VOV SR M S— P
~ I ~ 1§ Ax A X
Vi -0.1
-1 Tc=40683K
-0.2 Tc=37792TK
2 L -0.3
220 260 300 340 380 220 260 300 340 380
T/K T/K

Figure 6. Relative deviation of the vapor pressures of C;FsOCHj3
from eq 10: A, this work, vibrating-tube densimeter; x, Ohta et
al.;* a, Widiatmo et al b

Virial Equations of State. To represent the gas-phase
thermodynamic properties for HFEs measured in the
present study, truncated virial equations of state were
developed. The compressibility factor, Z, is expressed by

Z =1+ B(T)p + C(T)p? + D(T)p> (13)
B(T), C(T), and D(T) are the second, third, and fourth virial
coefficients, respectively. We have used following functions
of reduced temperature, T, = T/T, to express these virial
coefficients.

B(T)p. = b, + b, T, + by exp(T, ) (14)
C(Mpl=c,+c,T, 2 +c,T, ™ (15)
D(Mp. =d,T,® (16)

The functional form of the second virial coefficient correla-
tion, eq 14, was originally proposed by Zhang.® Parameters
b; through d; have been determined by the least-squares
fitting of eq 13 to the present experimental results of gas-
phase PVT properties for CF;0CH3; and C,FsOCH3. Table
6 summarizes thus optimized numerical constants. The
critical temperature and density values are tabulated in
Table 5.

Figures 9 and 10 illustrate percent deviations of the
present PVT property data from the virial equation of state,
eq 13. Isochoric data obtained by Yoneda® for CF30CH3z and
Widiatmo et al.® for C,FsOCHj3 are also included in these
deviation diagrams. From Figure 9, it is found that all the

Figure 7. Relative deviation of the saturated-liquid densities of
CF30CH3 from eq 11: A, this work, vibrating-tube densimeter; x,
Morimoto;® a, Yoneda.®
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Figure 8. Relative deviation of the saturated-liquid densities of

C,FsOCH3 from eq 11: A, this work, vibrating-tube densimeter;
%, Ohta et al.;* A, Widiatmo et al.b

present data for CF;OCHj3; obtained with the Burnett
apparatus are well represented by the EoS within £0.23%.
Most of the present data are excellently reproduced only
within £0.1%. The data obtained with the vibrating-tube
densimeter apparatus, on the other hand, show somewhat
larger scatter than those by the Burnett apparatus, espe-
cially at lower densities. At densities above 10 kg-m~3,
however, fluctuations are not greater than +£0.4%. In the
present study, we have judged the effective lower limit of
density measurement by the vibrating-tube densimeter to
be down to 20 kg-m~=3. The isochoric measurements by
Yoneda® are confirmed to be well represented by eq 13
within +0.46%, except two data points at the density 447
kg-m~3 in the very vicinity of the critical point® (p. = 465
kg-m~3).
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Table 4. Experimental PVT Data for C,FsOCHj3; Obtained by the Vibrating-Tube Densimeter Apparatus

T/IK P/kPa  p/kg-m~3 T/IK P/kPa  p/kg-m~3 T/IK P/kPa  p/kg-m~3 TIK P/kPa  p/kg-m~3
Series 1
300.000 216.7 1260.39 * 320.000 2051.9 1207.02 340.000 4072.4 1154.47 360.000 7245.1 1113.38
300.000 238.5 1260.72 320.000 3053.1 1213.09 340.000 5093.0 1162.13 370.000 1395.3 99198 *
300.000 225.7 1260.66 320.000 4120.2 1219.20 340.000 6115.2 1169.40 370.000 1431.7 992.85
300.000 1060.7 1264.75 320.000 5085.4 1224.49 340.000 7160.8 1176.36 370.000 1404.3 992.20
300.000 20319 1269.32 320.000 6206.6 1230.35 350.000 889.2 1084.74 * 370.000 2031.8 1006.03
300.000 3055.9 1273.93 320.000 7182.7 1235.21 350.000 902.4 1084.92 370.000 3042.0 1024.99
300.000 4031.8 1278.16 330.000 5359 1161.46 * 350.000 933.0 1085.29 370.000 4077.7 1041.14
300.000 5197.0 1282.99 330.000 547.4 1161.55 350.000 1049.9 1086.78 370.000 5127.4 1055.31
300.000 6173.2 1286.91 330.000 1004.0 1165.27 350.000 2056.5 1098.92 370.000 61129 1067.19
300.000 7126.4 1290.50 330.000 1999.0 1172.99 350.000 3061.7 1109.59 370.000 7213.4 1079.13
310.000 312.6 1229.37 330.000 20335 1173.24 350.000 4100.2 1119.85 380.000 1716.3 934.86 *
310.000 300.3 1229.27 330.000 3040.4 1180.50 350.000 5116.8 1128.93 380.000 1807.8 938.21
310.000 1029.3 1233.39 330.000 4054.0 1187.37 350.000 6125.5 1137.30 380.000 1785.0 937.35
310.000 2065.7 1238.99 330.000 5095.2 1194.02 350.000 7196.9 1145.60 380.000 1763.3 936.59
310.000 3131.6 1244.48 330.000 6121.5 1200.18 360.000 1120.4 1040.97 * 380.000 1744.3 935.88
310.000 4126.7 1249.38 330.000 7184.0 1206.23 360.000 1139.7 1041.29 380.000 2057.3 946.70
310.000 51455 1254.18 340.000 695.6 112455 * 360.000 1228.0 1042.77 380.000 3036.6 973.66
310.000 6158.3 1258.81 340.000 722.8 1124.82 360.000 2053.3 1055.56 380.000 4035.7 994.89
310.000 7224.0 1263.45 340.000 707.0 1124.67 360.000 3048.1 1069.38 380.000 5093.2 1013.21
320.000 405.4 1196.29 * 340.000 1053.7 1128.14 360.000 4078.7 1081.81 380.000 6103.7 1028.48
320.000 413.8 1196.33 340.000 1999.2 1137.11 360.000 5093.9 1092.92 380.000 7127.1 1041.96
320.000 1053.0 1200.63 340.000 3017.0 1145.96 360.000 6147.8 1103.45
Series 2

240.000 142.7 1425.44 260.000 441 137420 * 290.000 153.7 1291.09 * 320.000 2002.9 1208.23
240.000 6991.3 1440.14 270.000 72.6 1347.19 * 300.000 7023.9 1291.24 320.000 1521.8 1205.15
240.000 6522.4 1439.20 270.000 6977.7 1367.99 300.000 6524.7 1289.29 320.000 1023.1 1201.87
240.000 6031.3 1438.18 270.000 6512.4 1366.76 300.000 5997.8 1287.18 320.000 506.3 1198.36
240.000 5507.4 1437.10 270.000 6030.4 1365.42 300.000 5491.3 1285.12 320.000 405.1 1197.68 *
240.000 5006.8 1436.06 270.000 5514.7 1363.95 300.000 4978.0 1283.00 320.000 383.0 24.92
240.000 4516.7 1435.03 270.000 5023.1 1362.54 300.000 45229 1281.10 320.000 191.5 1150 ¢t
240.000 40229 1433.98 270.000 4491.8 1360.99 300.000 4031.0 1279.00 320.000 132.0 777 1
240.000 3526.2 1432.91 270.000 3956.7 1359.43 300.000 3514.0 1276.75 320.000 90.4 523 %
240.000 3020.1 1431.83 270.000 3549.7 1358.22 300.000 2993.2 1274.45 320.000 61.7 358 ¢
240.000 2495.8 1430.67 270.000 3044.2 1356.70 300.000 2496.4 1272.22 330.000 472.9 30.25
240.000 2020.0 1429.64 270.000 2522.2 1355.11 300.000 2019.0 1270.02 330.000 315.2 1898 t
240.000 1498.9 1428.49 270.000 2026.1 1353.57 300.000 1531.0 1267.74 330.000 219.7 12.83
240.000 1016.6 1427.42 270.000 1545.3 1352.07 300.000 953.1 1264.98 330.000 151.6 8.67 T
240.000 525.8 1426.30 270.000 1033.1 1350.45 300.000 491.2 1262.72 330.000 103.9 588 ¢
240.000 151 1425.22 * 270.000 526.2 1348.82 300.000 217.8 1261.37 * 330.000 70.8 397 ¢
250.000 6941.8 1416.34 280.000 104.7 1319.62 * 300.000 98.2 6.15 Tt 330.000 7006.4 1207.37
250.000 6505.2 1415.37 280.000 7194.3 1343.64 300.000 45.7 2.84 T 330.000 65449 1204.73
250.000 5982.1 1414.17 280.000 6466.8 1341.37 310.000 276.7 17.86 t 330.000 6004.2 1201.54
250.000 5520.4 1413.12 280.000 5847.1 1339.41 310.000 31.7 1.86 t 330.000 5526.8 1198.64
250.000 5017.1 1411.96 280.000 5492.2 1338.26 310.000 215 125 t 330.000 5044.3 1195.65
250.000 4527.8 1410.82 280.000 49819 1336.62 310.000 7010.8 1264.09 330.000 4522.8 1192.32
250.000 4031.6 1409.66 280.000 4513.2 1335.09 310.000 6533.8 1261.96 330.000 4007.5 1188.95
250.000 3493.4 1408.39 280.000 3963.9 1333.26 310.000 6031.8 1259.71 330.000 3527.6 1185.73
250.000 3006.1 1407.22 280.000 3497.7 1331.69 310.000 55149 1257.34 330.000 3014.1 1182.15
250.000 2484.2 1405.96 280.000 29519 1329.83 310.000 5034.7 1255.08 330.000 2499.3 1178.46
250.000 1981.4 1404.73 280.000 2459.7 1328.12 310.000 4507.3 1252.57 330.000 2009.1 1174.81
250.000 1512.6 1403.57 280.000 1861.1 1326.03 310.000 3972.8 1249.95 330.000 1493.2 1170.86
250.000 999.4 1402.28 280.000 14743 1324.63 310.000 3532.8 1247.78 330.000 1009.1 1167.02
250.000 508.4 1401.06 280.000 957.2 1322.76 310.000 3064.4 1245.40 330.000 535.0 1163.08 *
250.000 26.5 1399.85 * 280.000 445.3 1320.87 310.000 25249 1242.60 340.000 695.2 1126.10 *
260.000 86.5 1374.31 290.000 83.3 1290.78 310.000 2033.1 1239.99 340.000 70019 1177.33
260.000 6976.1 1392.71 290.000 6967.8 1317.32 310.000 1513.8 1237.16 340.000 6527.2 1174.25
260.000 6497.8 1391.53 290.000 6484.8 1315.61 310.000 1007.8 1234.36 340.000 6030.7 1170.83
260.000 6029.6 1390.36 290.000 6024.9 1313.97 310.000 517.0 1231.54 340.000 5487.3 1166.99
260.000 5494.8 1389.00 290.000 5527.4 1312.20 310.000 300.0 1230.28 * 340.000 5046.6 1163.80
260.000 5008.9 1387.75 290.000 4985.1 1310.22 320.000 6965.6 1236.06 340.000 4525.8 1159.90
260.000 4516.6 1386.48 290.000 4525.3 1308.51 320.000 6495.8 1233.69 340.000 39939 1155.78
260.000 4009.1 1385.14 290.000 4006.3 1306.56 320.000 5992.8 1231.09 340.000 3529.7 1152.07
260.000 3509.7 1383.80 290.000 3491.2 1304.61 320.000 55519 1228.77 340.000 3002.4 1147.70
260.000 3006.5 1382.45 290.000 29919 1302.67 320.000 5018.6 1225.90 340.000 2516.0 1143.49
260.000 2509.7 1381.11 290.000 2520.4 1300.82 320.000 4543.1 1223.30 340.000 2020.3 1139.04
260.000 2001.0 1379.71 290.000 2011.5 1298.79 320.000 40129 1220.32 340.000 1524.7 1134.41
260.000 1516.5 1378.35 290.000 1520.9 1296.80 320.000 3517.5 1217.45 340.000 1026.7 1129.54
260.000 1002.7 1376.90 290.000 981.6 1294.58 320.000 3022.6 1214.49 340.000 694.7 1126.12 *

260.000 500.8 1375.48 290.000 504.8 1292.57 320.000 2517.3 1211.43 340.000 597.2 38.04
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Table 4 (Continued)

TIK P/kPa  p/kg-m~3 T/IK P/kPa  p/lkg-m~3 T/IK P/kPa  plkg-m~3 T/IK P/kPa  plkg-m~3
Series 2 (Continued)
340.000 323.2 18.70 t 350.000 888.1 1086.06 * 370.000 1277.5 87.49 370.000 1391.7 99232 *
340.000 224.8 1257 1t 360.000 1119.1 1042.21 * 370.000 12245 81.87 380.000 7011.9 1041.19
340.000 154.8 859 f 360.000 6997.3 1113.07 370.000 920.6 55.26 380.000 6514.1 1034.76
340.000 106.0 576 t 360.000 6519.9 1108.71 370.000 666.8 37.39 380.000 6032.6 1028.11
340.000 72.2 3.93 1t 360.000 5980.2 1103.61 370.000 471.8 25.21 380.000 5510.3 1020.45
350.000 777.4 50.08 360.000 5527.2 1099.14 370.000 3285 16.95 1 380.000 4998.2 1012.37
350.000 560.7 33.51 360.000 5021.2 1093.94 370.000 226.2 11.41 1 380.000 45145 1004.14
350.000 395.0 22.40 360.000 4467.5 1087.96 370.000 154.8 7.64 t 380.000 4004.9 994.70
350.000 275.0 15.14 1t 360.000 40215 1082.91 370.000 105.5 515 t 380.000 3496.2 984.34
350.000 129.8 6.86 T 360.000 3506.1 1076.76 370.000 71.6 344 t 380.000 2986.2 972.71
350.000 6996.6 1145.86 360.000 2984.8 1070.14 370.000 1393.3 99242 * 380.000 2481.3  959.56
350.000 6531.4 1142.27 360.000 2463.0 1063.09 370.000 6886.1 1076.82 380.000 1715.1 935.87 *
350.000 5973.9 1137.80 360.000 2003.3 1056.42 370.000 6526.3 1072.95 380.000 1499.7 103.34
350.000 5469.1 1133.62 360.000 1529.8 1049.05 370.000 5982.5 1066.79 380.000 1486.5 101.79
350.000 4979.5 1129.41 360.000 1118.8 1042.15 * 370.000 5527.5 1061.36 380.000 1299.2 82.86
350.000 4481.5 1124.97 360.000 990.4 65.14 370.000 5031.9 1055.14 380.000 969.2 56.06
350.000 4005.1 1120.60 360.000 915.4 58.53 370.000 4515.8 1048.28 380.000 697.5 37.81
350.000 34745 111543 360.000 670.7 39.54 370.000 4012.1 1041.13 380.000 492.2 25.55
350.000 3024.3 1110.87 360.000 477.9 26.77 370.000 3496.9 1033.20 380.000 3424 17.25 ¢
350.000 2517.3 1105.50 360.000 3345 18.07 1 370.000 3015.7 1025.26 380.000 235.9 11.67 1
350.000 2013.5 1099.88 360.000 2314 12.20 t 370.000 2519.7 1016.39 380.000 161.5 787 f
350.000 1470.3 1093.45 360.000 98.2 511 t 370.000 1998.7 1006.05 380.000 110.1 530 ft
350.000 1008.2 1087.64 360.000 45.3 231 t 370.000 1520.0 995.40 380.000 74.8 357 f
Series 3 (Continued)
300.000 217.0 126141 *  320.000 336.5 21.52 350.000 455.2 26.40 370.000 370.0 19.53 ¢
300.000 218.2 1551 *f 320.000 384.9 25.11 350.000 319.9 17.93 1 370.000 256.7 13.19 ¢
300.000 165.9 1097 1 320.000 389.1 25.46 350.000 222.0 12.14 t 370.000 176.6 892 f
300.000 116.1 755 t  330.000 98.4 548 t 350.000 152.8 8.19 f 370.000 120.9 6.04 f
300.000 82.0 531 f 330.000 169.4 9.72 1t 350.000 104.7 560 t 380.000 17125 13396 *
300.000 56.7 3.73 't 330.000 235.2 13.71 1 350.000 71.4 3.80 T 380.000 1530.9 107.11
300.000 188.8 1258 t 330.000 307.4 18.42 t 360.000 1112.9 77.81 * 380.000 268.9 13.32 ¢
300.000 131.7 8.60 f 330.000 295.3 1766 Tt 360.000 807.9 49.64 380.000 408.5 20.83
300.000 93.3 6.05 Tt 330.000 375.8 23.12 360.000 586.1 33.71 380.000 502.4 26.12
310.000 301.1 23.61 * 330.000 4448 28.23 360.000 4153 22.84 380.000 602.7 31.98
310.000 97.3 582 t 340.000 695.2 4790 * 360.000 289.8 1549 1 380.000 703.9 38.16
310.000 1444 8.89 Tt  340.000 97.1 522 1 360.000 200.1 1049 1 380.000 804.6 44.65
310.000 195.7 12.34 't 340.000 198.1 11.09 t 360.000 137.2 7.10 T 380.000 899.8 51.10
310.000 245.2 15.73 T 340.000 295.9 17.05 t 370.000 1391.5 101.33 * 380.000 1019.1 59.71
320.000 405.4 29.81 * 340.000 396.6 23.61 370.000 1278.1 88.01 380.000 1101.8 66.08
320.000 101.6 598 f 340.000 495.8 30.46 370.000 1205.2 80.41 380.000 1212.9 75.17
320.000 1555 9.32 't 340.000 596.0 38.08 370.000 1005.3 62.34 380.000 1295.3 82.53
320.000 213.2 1295 t  350.000 888.5 61.38 * 370.000 737.9 42.35 380.000 1417.2 94.38
320.000 276.1 17.25 1t 350.000 799.2 52.12 370.000 527.2 28.67 380.000 1486.8 101.80
Table 5. Numerical Constants for Eqgs 10 and 11 Table 6. Numerical Constants for Eqs 13—16
CF30CH3 C,FsOCH3; CF30CH3 CoFsOCH3;
TJ/K 377.921 406.83 b1 2.319 988 2.288 861
PJ/kPa 3635 2887 b, 3.196 975 3.582 477
pclkg-m—3 465 509 bs —2.580 863 —2.690 422
ay —7.275 209 —7.736 584 C1 0.583 774 0.486 753
a, 1.076 442 1.583 781 C2 0.545 129 0.476 663
as —1.039 023 —2.153 185 C3 —0.125 585 —0.150 784
au —8.245 100 —9.491 071 di —0.257 111 0.031 388
b1 1.643 119 1.816 187
EZ —0.220 995 —0.515 149 of the second virial coefficient. Figures 11 and 12 illustrate
3 —0.372 466 0.023 164 L o
ba 0.441 701 the calculated curves of the second virial coefficients by eq

The compared results were similar in the case of C,Fs-
OCHj3; shown in Figure 10. At the effective density range
of the measurements by the vibrating-tube densimeter
(o > 20 kg-m~3), all the present data are well reproduced
by eq 13 within +0.35%. There are systematic deviations
found for the isochoric data by Widiatmo et al.® at higher
densities, since the present measurements that were used
as input data for the virial EoS have lower densities than
100 kg-m~3,

To confirm the soundness of the virial EoS developed in
this study, we have examined the temperature dependence

14 together with experimentally determined values by the
present study. We can observe thermodynamically sound
behavior of the second virial coefficients for both CF;0CH;
and C,FsOCHgs;. The experimental second virial coefficients
agree well with the calculated curves within a few percent,
but they slightly deviate at lower temperatures for CF;-
OCHes;. At lower temperatures, the relative uncertainty of
the gas density increases due to the lower absolute value
of the saturated-vapor density. In such a temperature
range, the evaluated value of the second virial coefficient
strongly depends on a fitting procedure such as a weighting
factor.
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Figure 9. Relative pressure deviation of the gas-phase PVT
properties of CF30CHj3; from eq 13: O, this work, Burnett; A, this
work, vibrating-tube densimeter; a, Yoneda.®
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Figure 10. Relative pressure deviation of the gas-phase PVT
properties of C;FsOCH3 from eq 13: A, this work, vibrating-tube
densimeter; a, Widiatmo et al.®

It seems hard to extend a similar discussion on the third
virial coefficients, since they are difficult to obtain precisely
from the experimental PVT property results. However, we
have confirmed physically sound behavior of the calculated
curves of the third virial coefficients. Some derived proper-
ties, including heat capacities and speeds of sounds, were
also calculated from the present virial EoS and were found
to behave thermodynamically rationally.

Equations of State for the Liquid Phase. To repre-
sent the thermodynamic properties in the liquid phase of
CF30CH3; and C,FsOCH3, we have developed empirical
equations of state. The original basic function of the EoS
was proposed by Sato®® to represent the thermodynamic
properties of water, as a modified form of the van der Waals
equation of state. We have employed this basic function to
represent the liquid-phase thermodynamic properties for
CF30CH3; and C,FsOCHs;. The functional form of the EoS
is given by

P, + A(T,)“™
I
2
A(T) = Zamk (18)
K=
2
c(m) = ZciTrk (19)
K=1
3
D(T) = dek (20)
K=

In the present study, the numerical constants a, through
d; were determined by the nonlinear regression of the EoS
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Figure 11. Temperature dependence of the second virial coef-
ficient for CF3OCHgs: O, experimental values by this work,
Burnett; A, experimental values by this work, vibrating-tube

densimeter; - - -, calculated curve by eq 14.
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Figure 12. Temperature dependence of the second virial coef-
ficient for C,FsOCHs: A, experimental values by this work,

vibrating-tube densimeter; - - -, calculated curve by eq 14.
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Figure 13. Relative density deviation of the liquid-phase PVT
properties of CF30CH3 from eq 17: A, this work, vibrating-tube
densimeter; x, Morimoto;® a, Yoneda.®

Table 7. Numerical Constants for Eqs 17—20

CF30CH3 CZFSOCHS

ao 43.031 4 48.8217
a; —73.8014 —81.557 3
az 29.755 6 31.7700
Co 0.092 242 0.066 857
C1 —0.141 198 —0.105 011
C2 0.145 531 0.149 314
do 0.229 411 0.350 680
d1 0.510 179 —0.071 879
d> —0.600 009 0.295 100
ds 0.421 271

to the present data obtained by the vibrating-tube den-
simeter apparatus. These are summarized in Table 7.
First, the density representation of the EoS thus devel-
oped was examined. Figures 13 and 14 illustrate the
relative density deviation of the liquid density data re-
ported for CF3;0CH3; and C,FsOCHj; from eq 17, respec-
tively. Regarding the liquid density data for CF;OCH3, our
data are well reproduced by eq 17 within +0.1% except a
few points at 370 K, that is 7.9 K below the critical
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Figure 14. Relative density deviation of the liquid-phase PVT

properties of C,FsOCH3 from eq 17: A, this work, vibrating-tube
densimeter; x, Ohta et al.;* a, Widiatmo et al.b

temperature (T, = 377.921 K%). Those reported by Morim-
oto?® also agree with the present EoS within £0.15%, while
the isochoric data by Yoneda® deviate by +0.2% in maxi-
mum.

As for C,FsOCHg, all the present liquid density data have
been confirmed to be reproduced by eq 17 excellently within
4+0.04%. Those obtained by Ohta et al.* are also well
represented within +0.08%. By confirming satisfactory
representation of the present data with a simple EoS, eq
17, it is suggested that our liquid density data obtained
with the vibrating-tube densimeter apparatus have good
continuity and reliability.

To discuss the soundness of the thermodynamic property
surface of eq 17, we have derived other caloric properties
from eq 17. To do that, we have estimated the isobaric heat
capacities at the saturated-liquid state, c,’, by means of
the corresponding state theory reported by Poling et al.,2°
which is given by

P 0 13
c, —¢C 0.49 6.31—-T,)
p p_
R 1.586 + 1-T + w|4.2775 + T,
0.4355
1-T, (21

where w denotes the acentric factor and is defined by

P
w= —|og(§) — 1.000 (22)
T,=0.7

C

We have calculated the acentric factors for CF;0CH3 and
C,FsOCHj3; from eq 22 and the vapor pressure correlation,
eq 10, which yields w = 0.287 for CF;0CH3; and w = 0.358
for C,FsOCHg, respectively. Concerning the ideal gas
isobaric heat capacity, cg, for CF30CH3 and C,FsOCHs3,
there exist no experimental data or analytical studies
reported. In the present study, therefore, it is calculated
from the group-contribution prediction method proposed
by Rihani and Draiswamy.?! According to their method,
the numerical parameters for the empirical cg correlation
which is given in eq 23 are determined from the molecular
structure of the fluid of interest. The estimated values of
the constants c; through c4 that were used in the present
study for CF30CHj; and C,FsOCHj3 are tabulated in Table
8.

3

cy(T) = ZciTi (23)

Then we have derived liquid-phase isobaric heat capacities
for CF30CH3 and C,FsOCH3; by using the following ther-

22t
CF,OCH,
PR
—If‘o 1.4
5 280 K a0
= 240K
1.0
200 K
0.6
0.1 1 10
P/MPa
Figure 15. Liquid-phase isobaric heat capacity for CF30CHj;
calculated from eq 17: —, isotherms from 200 to 360 K; —,
satulated-liquid.
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Figure 16. Liquid-phase isobaric heat capacity for C,FsOCH3
calculated from eq 17: —, isotherms from 200 to 400 K; —,

satulated-liquid.

Table 8. Numerical Constants in the c} Correlation, Eq
23

CFgOCH3 CZFSOCHB
Co 1.9387 —1.0156
ci /K1 7.6230 x 1072 1.2768 x 1071
Co/K™2 —4.9240 x 1075 —9.3440 x 107°
ca/lK™3 1.0935 x 1078 2.3497 x 1078
modynamic relation
¢=c . PT(BZ—V) dp (24)
LA V) i [

Figures 15 and 16 show the pressure dependence of the
calculated isotherms of the isobaric heat capacities in the
liquid phase of CF30CH; and C,FsOCHgs, respectively.
Since there exist no experimental heat capacity data for
HFEs, we cannot compare these calculated isobaric heat
capacities with experimental data. Our calculated isobaric
heat capacities for CF30CH; and C,FsOCHj3 are confirmed
to behave thermodynamically soundly even at higher
temperatures. We have set the higher temperature limit
of eq 17 to be 0.95T,, where the thermodynamic property
surfaces according to eq 17 are certainly rational and
physically sound. We have also examined behaviors of other
derived properties including isothermal compressibilities,
isochoric heat capacities, and speeds of sound for CF30CH3
and C,FsOCHjs;, and we confirmed again their thermo-
dynamic soundness represented by eq 17.

Conclusions

Thermodynamic properties for a couple of pure hydro-
fluoroethers, CF30CH3; and C,FsOCHj3, including PVT
properties in both the gas phase and liquid phase, vapor
pressures, and saturated-liquid densities, were obtained
by means of the Burnett apparatus and the vibrating-tube
densimeter apparatus. Our PVT data in the gas phase are
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the first measurements concerning both HFE refrigerants.
The liquid-phase PVT data were also obtained in the
extended temperature range (240 to 380) K, at pressures
up to 7 MPa, where no measured data were available up
to the present. On the basis of the present measurements,
we have developed a couple of equations of state (EoS’s)
such as the truncated virial EoS for the gas phase and a
van der Waals type EoS for the liquid phase. By using these
thermodynamic models, our measured data were well
represented within satisfactory agreement. Thermody-
namically sound behavior of the virial coefficients or heat
capacities was also confirmed so that these thermodynamic
models should establish a reasonable thermodynamic
property surface. In addition to the present measurements,
we have reported systematic information about thermo-
dynamic properties of these important alternative refriger-
ants.
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