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ABSTRACT

Numerous fluids have been identified as promising alternative refrigerants, but much of
the information needed to predict their behavior as pure fluids and as components in mixtures
does not exist. In particular, reliable thermophysical properties data and models are needed to
predict the performance of the new refrigerants in heating and cooling equipment and to design
and optimize equipment to be reliable and energy efficient. The objective of this fifteen-month
project has been to provide highly accurate, selected thermophysical properties data for
refrigerants HFC-143a (CH3CF3) and HFC-152a (CH3CHF2) and to use these data to fit complex
equations of state and detailed transport property models. The new data have filled gaps in the
existing data sets and resolved problems and uncertainties that existed in and between the data
sets.

SCOPE

This project has involved selected measurements of the thermodynamic properties of
HFC-143a and HFC-152a and the development of high-accuracy modified
Benedict-Webb-Rubin (MBWR) equations of state for each fluid. It has also included selected
measurements of the transport properties (viscosity and thermal conductivity) of both HFC-143a
and HFC-152a and the development of detailed correlations for same. The experimental
thermodynamic property measurements have included, as appropriate, accurate determinations of
the critical temperature, pressure, and density; vapor pressures and coexisting densities; the
vapor-phase speed of sound and the ideal-gas heat capacity; the pressure-volume-temperature
(PVT) behavior of the superheated vapor and compressed liquid; and the isochoric heat capacity
in the liquid and two-phase regions. The experimental transport property measurements have
covered the one-phase and saturated liquid and vapor states over the temperature range of
interest.

SIGNIFICANT RESULTS

HFC-143a

The Burnett apparatus has been used in the isochoric mode to determine the PVT relation
for the vapor phase of HFC-143a at 121 state points. Eight isochores were completed ranging in
density from 0.106 to 6.077 mol/L (0.56 to 31.87 lbm/ft3), in pressure from 0.234 to 6.59 MPa
(34 to 956 psia), and in temperature from 276.7 to 373 K (38 to 212°F). The results of these
measurements are given in Table 1 in Appendix A. (Appendix A includes all tables.) A Burnett
expansion was completed at 373.16 K (212.018°F) to establish the densities of the isochores.
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These isothermal results are shown in Table 2. The ranges of pressures and temperatures covered
are shown in Figure 1.

An isochoric PVT apparatus has been used to measure the density of liquid HFC-143a at
144 points in the temperature range from 166 to 400 K (-161 to 260°F) with pressures up to 35
MPa (5100 psi). The locations of the measurements are shown in Figure 2, and the results are
presented in Tables 3 and 4.

An ebulliometer has been used to measure the vapor pressure of HFC-143a at 32
temperatures between 236 and 279 K (-35 to 43°F); the corresponding pressures range from 161
to 751 kPa (23 to 109 psia). These data are presented in Table 5 and in Figure 3. At higher
temperatures and pressures, the Burnett apparatus has been used for vapor pressure
measurements on HFC-143a at 14 temperatures from 279 to 343.19 K (42 to 158°F);
corresponding pressures range from 0.7 to 3.6 MPa (108 to 516 psia). These results are presented
in Table 6 and in Figure 3.

An optical cell has been used to measure the refractive index and capillary rise of HFC-
143a from 25 to 75°C (77 to 167°F). The critical temperature was found to be Tc = (346.75 ±
0.02) K, which corresponds to (164.48 ± 0.04)°F. The refractive index data were combined with
the liquid density data to deduce the value of 0.1347 cm3 /g for the Lorentz-Lorenz constant. The
refractive index data and the Lorentz-Lorenz constant were used to deduce the value of ρc =
432.7 ± 6.9 kg/m3 [(27.01 ± 0.43) lb/ft3] for the critical density.

A cylindrical acoustic resonator has been used to measure the speed of sound (u) in HFC-
143a along isotherms from 235.0 to 400.0 K (-36.7 to 260.3°F) at pressures between 40 and 1000
kPa (6 to 145.0 psia). The results are given in Table 7. The quantity δu/u is the estimated
fractional error in u. The ideal-gas heat capacity, C°p , of HFC-143a has been obtained by
analyzing the speed of sound measurements at low pressures. The results are given in Table 8.
The following expressions for C°p    were obtained by fitting the data in Table 8:

where
SI UNITS

a0 = 8.77910 ± 0.0081
a1(°C-1) = 0.021896 ± 0.00014
a2(°C-2) = 9.681 x 10-6 ± 6.6 x 10-6

a3(°C-3) = -2.357 x 10-7 ± 5.0 x 10-8

R (gas constant) = 8.314471 J/(mol·K)
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PI UNITS

a0 = 8.39422 ± 0.0087
a1(°F-1) = 0.011849 ± 0.00015
a2(°F-2) = 6.868 x 10-6 ± 2.2 x 10-6

a3(°F-3) = -4.041 x 10-8 ± 8.6 x 10-9

R (gas constant) = 0.01419457 Btu/(mol·°F)

The second, third, and fourth acoustic virial coefficients (βa, γa, δa) have been obtained by
analyzing the pressure dependence of the speed of sound. The results are given in Table 9.

An adiabatic calorimeter has been used to measure. the molar heat capacity at constant
volume {Cv} for HFC-143a. In total, 136 Cv values were measured in the liquid state and 84
values were measured in the vapor + liquid two-phase region. The temperatures ranged from 165
to 343 K (-163 to 158°F), with pressures up to 35 MPa (5100 psi). The measured values are
given in Tables 10 and 11 for the liquid phase and in Tables 12 and 13 for the two-phase region.
In addition to the temperature-density-pressure state conditions, the tables present values of the
measured heat capacity and values calculated with an extended corresponding states model.
Figure 4 shows the liquid Cv values, and Figure 5 shows the saturated liquid heat capacity values
Cσ as functions of temperature.

A 32-term MBWR equation of state for HFC-143a has been developed. It is valid at
temperatures from 180 K (-136°F) to 400 K (260°F), and appears to be reasonable upon
extrapolation down to the triple point temperature of 162 K (-168°F) and up to a temperature of
500 K (440°F). The maximum pressure for the equation is 40 MPa (5800 psia), and it appears to
be reasonable upon extrapolation up to 100 MPa (14500 psia). This equation was fit, using a
multiparameter linear least squares routine, to the data measured under this contract. Data used
in the fit include vapor pressures, saturated liquid and vapor densities, liquid- and vapor-phase
pressure-volume-temperature (PVT) and speed-of-sound data, virial coefficients, and isochoric
heat capacities at saturation and in the single-phase liquid Table 14 gives the coefficients to the
equation of state; Tables 15 and 16 give the critical parameters and the coefficients to the
auxiliary ideal gas heat capacity equation. The ideal gas heat capacity equation is based on the
determined in this study combined with selected literature data to extend the temperature range.
This MBWR equation of state will be incorporated into a future version of the REFPROP
computer package. Table 17 tabulates the saturation properties calculated with the equation of
state.

Figure 6 shows the deviations of the equation of state with ancillary equations for the
vapor pressure and saturated liquid and vapor densities. The fits of the vapor pressure and
saturated liquid density are very good with maximum deviations of 0.21% for the vapor pressure
near the triple point and 0.29% for the saturated liquid density near the critical point; the
deviations are less than 0.1% over the temperature range of interest for refrigeration
applications. The deviations for the saturated vapor density are higher, with deviations
exceeding 1.5% within
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5 K (9°F) of the critical point. This is not of great concern: there are few experimental saturated
vapor density data points on which to base the saturation boundary, and thus, mostly calculated
points were used. The saturated vapor density was given low weight in the MBWR fit.

Figures 7 and 8 show the deviations of the values calculated with the equation of state
compared to the experimental PVT and heat capacity data used in the fit. Again the fit is very
good. The RMS (root mean square) deviation of the PVT data is 0.05%. The RMS deviation. of
the heat capacity data is 1.2%, about twice the uncertainty in the experimental data.

The low-temperature and high-temperature transient hot-wire thermal conductivity
instruments have been used to measure the thermal conductivity of HFC-143a. The thermal
conductivity data set for HFC-143a covers the region from 191 to 373 K (-116 to 212°F) at
pressures to 70 MPa (10,200 psia). Tables 18 and 19 show results from analysis of the 121
steady-state and the 1108 transient hot-wire measurements that have been made on HFC-143a.
These thermal conductivity data points are plotted as a function of temperature and density in
Figure 9. These data have been fit using the correlation described in Appendix B and the final
MBWR equation of state for HFC-143a. The fluid specific parameters required by this
correlation are provided in Table 20. The dilute gas thermal conductivity is shown in Figure 10.
The thermal conductivity excess function for HFC-143a is very nearly temperature independent
as shown in Figure 11. Finally, Figure 12 is included to show the deviations of the thermal
conductivity data set from the correlation described in this work. Deviations between the data
and the correlations are generally less than ±3% at a 2σ band as is apparent in the figure.

The shear viscosity of compressed fluid (vapor) and saturated liquid HFC-143a has been
measured at temperatures from 255.6 to 337.8 K (0.4 to 148.4°F) using a torsionally oscillating
quartz crystal viscometer for the vapor measurements and a capillary viscometer for the liquid
measurements. The experimental data are presented in Tables 21 and 22. The saturated liquid
data have been correlated using the equation,

where η is the viscosity in Pa·s, T is the temperature in K, and V is the specific volume in m3/kg.
Deviations of the data from this work and from the literature with this fit are shown in Figure 13.
Values of the viscosity of saturated liquid HFC-143a from Eq. (2) are presented as a function of
temperature in Table 23. Values of calculated liquid viscosities from Eq. (2) for HFC-143a are
presented as a function of temperature and density in Table 24.

The vapor viscosity has been correlated according to the residual concept. The
correlations and its parameters are summarized in Table 25. Values of the calculated viscosity of
HFC-143a vapor are presented as a function of temperature and density in Table 26. A
comparison of the experimental viscosities in the dilute gas region with the correlation is given
in Figure 14. The experimental data are compared with predicted values from REFPROP in
Figure 15. There are no literature data for the viscosity of HFC-143a in the vapor phase.
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HFC-152a

An isochoric PVT apparatus has been used to measure densities for liquid HFC-152a at
136 points. The temperatures ranged from 158 to 400 K (-175 to 260°F) with pressures as high
as 35 MPa (5100 psi). The pressures, temperatures, and densities are presented in Tables 27 and
28, and the locations of the measurements are shown in Figure 16.

An ebulliometer has been used to measure the vapor pressure of HFC-152a at 38
temperatures between 220 and 273 K (-64 to 32°F); the corresponding pressures ranged from
22.7 to 263.7 kPa (3.3 to 38.2 psia). The experimental data are presented in Table 29.

A cylindrical acoustic resonator has been used to measure the speed of sound (u) in HFC-
152a along isotherms from 242.8 to 400.0 K (-22.7 to 260.3°F) at pressures between 35 and 1030
kPa (5 to 149.4 psia). The results are given in Table 30. The quantity δu/u is the estimated
fractional error in u. The ideal-gas heat capacity, C°p , of HFC-152a has been obtained by
analyzing the speed of sound measurements at low pressures. The results are given in Table 31.
The following expressions for C°p    were obtained by fitting the data in Table 31:

where
SI UNITS

a0 = 7.6253 ± 0.0041
a1 (°C-1) = 0.02021 ± 0.00018
a2(°C-2) = -2.626 x 10-5 ± 4.6 x 10-6

a3(°C-3) = 1.035 x 10-7 ± 2.8 x 10-8

R (gas constant) = 8.314471 J/(mol·K)

or

PI UNITS

a0 = 7.251 ± 0.0054
a1(°F-1) = 0.01180 ± 0.00014
a2(°F-2) = -9.809 x 10-6 ± 1.5 x 10-6

a3(°F-3) = 1.775 x 10-8 ± 4.8 x 10-9

R (gas constant) = 0.01419457 Btu/(mol·°F)

The second, third, and fourth acoustic virial coefficients (βa, γa, δa) have been obtained by
analyzing the pressure dependence of the speed of sound. The results are given in Table 32.
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An adiabatic calorimeter has been used to measure the molar heat capacity at constant
volume {Cv} for HFC-152a. The measurements were carried out in the single-phase liquid (85
points) and saturated-liquid states (70 points). Eight Cv isochores were completed in the
temperature and pressure range depicted in Figure 17. For the liquid measurements, the
temperatures ranged from 164 to 343 K (-164 to 158°F) with pressures to 35 MPa (5100 psi).
The temperatures of the saturated liquid ranged from 162 to 315 K (-167 to 107°F). The
measurements are presented for the liquid phase in Tables 33 and 34, and for the two-phase
region in Tables 35 and 36. The measured heat capacity values are shown in Figure 18 for the
single-phase liquid and in Figure 19 for the saturated liquid

A new 32-term MBWR equation of state for HFC-152a has been developed. This
equation represents the final fit; the coefficients have been revised from the preliminary values
reported in the April 1994 progress report reflecting improvements and refinements in the fit.
This MBWR equation of state will be incorporated into a future version of the REFPROP
computer package. It is valid at temperatures from the triple point of 155 K (-181°F) to 450 K
(350°F), and appears to be reasonable upon extrapolation up to 500 K (440°F). The maximum
pressure for the equation is 40 MPa (5800 psia), and it appears to be reasonable upon
extrapolation up to 100 MPa (14500 psia). This equation was fit, using a multiparameter linear
least squares routine, to the data measured under this contract as well as selected data reported in
the literature. Data used in the fit include vapor pressures, saturated liquid and vapor densities,
liquid- and vapor-phase pressure-volume-temperature (PVT) and speed-of-sound data, virial
coefficients, and isochoric heat capacities at saturation and in the single-phase liquid. Table 37
gives the coefficients to the equation of state; Tables 38 and 39 give the critical parameters and
the coefficients to the auxiliary ideal gas heat capacity equation. The ideal gas heat capacity
equation is based on the C°p  determined in this study combined with selected literature data to
extend the temperature range. Table 40 tabulates the saturation properties calculated with the
equation of state.

Figure 20 shows the deviations of the equation of state with ancillary equations for the
vapor pressure and saturated liquid and vapor densities. The fits of the vapor pressure and
saturated liquid density are very good with maximum deviations of 0.23% for vapor pressure
near the triple point and 0.14% for the saturated liquid density near the critical point; the
deviations are less than 0.1% over the temperature range of interest for refrigeration applications.
The deviations for the saturated vapor density are higher, with a maximum of 1.42% near the
critical point. This is not of great concern: there are few experimental saturated vapor density
data points on which to base the saturation boundary, and thus, mostly calculated points were
used. The saturated vapor density was given low weight in the MBWR fit.

Figures 21 and 22 show the deviations of the values calculated with the equation of state
compared to the experimental PVT and heat capacity data used in the fit. Again the fit is very
good. The RMS (root mean square) deviation of the PVT data is 0.03%. The RMS deviation of
the heat capacity data is 1.7%, about twice the uncertainty in the experimental data.

The low-temperature and high-temperature transient hot-wire thermal conductivity
instruments have been used to measure the thermal conductivity of HFC-152a. The thermal
conductivity data set for HFC-152a covers the region from 196 to 414 K (-107 to 286°F) at

6



7

pressures to 70 MPa (10,200 psia). Tables 41 and 42 show results from analysis of the 184
steady-state and the 1404 transient hot-win measurements that we have made on HFC-152a.
These thermal conductivity data points are plotted as a function of temperature and density in
Figure 23. These data have been fit using the correlation described in Appendix B and the final
MBWR equation of state for HFC-152a. The fluid specific parameters required by this
correlation are provided in Table 43. The dilute gas thermal conductivity is shown in Figure 24
along with other available data from the literature. The agreement with literature data is
generally within ±2%. The thermal conductivity excess function for HFC-152a is very nearly
temperature independent as shown in Figure 25. Finally, Figure 26 is included to show the
deviations of the thermal conductivity data set from the correlation described in this study.
Deviations between the data and the correlations are generally less than ±5% at a 2σ band as is
apparent in the figure.

Measurements of the shear viscosity of HFC-152a were performed in the compressed
fluid (vapor) and saturated liquid regions from 254.7 to 330.9 K (-1.2 to 136°F) with a
torsionally oscillating quartz crystal viscometer for the vapor measurements and a capillary
viscometer for the liquid measurements. The experimental data are presented in Tables 44 and
45. The saturated liquid data have been correlated using the equation

where η is the viscosity in Pa·s and V is the specific volume in m3/kg. Values of the viscosity of
saturated liquid HFC-152a from Eq. (3) are presented in Table 46.

A residual concept correlation has been developed by Krauss (1994) for the viscosity of
HFC-152a based on literature data The correlation and its parameters are summarized in Table
47. Comparisons of saturated liquid data for the viscosity of HFC-152a from this study and from
the literature with values from the correlation of Krauss are presented in Figure 27.

COMPLIANCE WITH AGREEMENT

NIST has complied with all terms of the grant agreement modulo small shifts in the
estimated level of effort from one property and/or fluid to another.

PRINCIPAL INVESTIGATOR EFFORT

Dr. W.M. Haynes is the KIST Principal Investigator for the MCLR program. During the
fifteen months of this project; Dr. Haynes devoted approximately four weeks to planning the
program, monitoring and reviewing the research, and preparing the quarterly and final reports.
The project involved multiple researchers and capabilities in Gaithersburg, MD and Boulder,
CO.



Figure 1. Plot of experimental temperatures and pressures for vapor phase
PVT measurements for HFC-143a using the Burnett apparatus.



Figure 2. Range of measured temperatures and pressures for isochoric PVT study of HFC-143a.



Figure 3. Vapor pressure measurements for HFC-143a.



Figure 4. Liquid phase isochoric heat capacities of HFC-143a.



Figure 5. Saturated liquid heat capacities of HFC-143a.



Figure 6. Deviations of the MBWR equation of state for HFC-143a from ancillary
equations for vapor pressure, saturated liquid density, and saturated vapor
density.



Figure 7. Density deviations of the MBWR equation of state for HFC-143a from
experimental pressure-volume-temperature (PVT) data used in the fit.



Figure 8. Deviations of the MBWR equation of state for HFC-143a from experimental
isochoric heat capacity data at saturation and in the single-phase liquid region
used in the fit.



Figure 9. Thermal conductivity surface for HFC-143a.



Figure 10. Dilute gas thermal conductivity of HFC-143a from steady-state hot-wire measurements.



Figure 11. Thermal conductivity excess function for HFC-143a.



Figure 12. Deviations of the values of thermal conductivity calculated from the thermal
conductivity correlation for HFC-143a from the experimental data used in the fit.



Figure 13. Comparisons of experimental viscosity data for saturated liquid HFC-143a with values from Eq. (2).



Figure 14.Comparison of dilute gas viscosities of HFC-143a with values from correlation in Table 25.



Figure 15. Comparison of experimental vapor viscosities for HFC-143a with values from REFPROP.



Figure 16. Range of measured temperatures and pressures for isochoric PVT study of HFC-152a.



Figure 17. Range of measured temperatures and pressures for Cv study of HFC-152a.



Figure 18. Liquid phase isochoric heat capacities of HFC-152a.



Figure 19. Saturated liquid heat capacities of HFC-152a.



Figure 20. Deviations of the MBWR equation of state for HFC-152a from ancillary
equations for vapor pressure, saturated liquid density, and saturated vapor
density.



Figure 21. Density deviations of MBWR equation of state for HFC-152a from experimental
pressure-volume-temperature data.



Figure 22. Deviations of the MBWR equation of state for HFC-152a from experimental
isochoric heat capacity data at saturation and in the single-phase liquid region
used in the fit.
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Figure 23. Thermal conductivity surface for HFC-152a.



Figure 24. Dilute gas thermal conductivity of HFC-152a from steady-state hot-wire measurements.



Figure 25. Thermal conductivity excess function for HFC-152a



Figure 26. Deviations of the values of thermal conductivity calculated from the thermal
conductivity correlation for HFC-152a from the experimental data used in the fit.



Figure 27: Comparisons of Experimental Data For the Viscosity of Saturated Liquid HFC-152a With the Correlation of Krauss (1994).



APPENDIX A:

TABLES OF THERMOPHYSICAL PROPERTIES DATA

A-1



Table 1a. Isochoric Vapor Phase PVT Measurements for HFC-143a Using
Burnett Apparatus (SI Units).

A-2



Table 1a. Isochoric Vapor Phase PVT Measurements for HFC-143a Using
Burnett Apparatus (SI Units) (continued).
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A-4

Table 1a. Isochoric Vapor Phase PVT Measurements for HFC-143a Using
Burnett Apparatus (SI Units) (continued).



A-5

Table 1b. Isochoric Vapor Phase PVT Measurements for HFC-143a Using Burnett
Apparatus (PI Units).



A-6

Table 1b. Isochoric Vapor Phase PVT Measurements for HFC-143a Using Burnett
Apparatus (PI Units) (continued).



A-7

Table 1b. Isochoric Vapor Phase PVT Measurements for HFC-143a Using Burnett
Apparatus (PI Units) (continued).



A-8

Table 2a. Burnett Isothermal Vapor Phase PVT Measurements for HFC-143a
(SI Units).

Table 2b. Burnett Isothermal Vapor Phase PVT Measurements for HFC-143a
(PI Units).



A-9

Table 3. Liquid-Phase Isochoric PVT Data for HFC-143a in SI Units.



Table 3. Liquid-phase Isochoric PVT Data for HFC-143a in SI Units (continued).
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A-11

Table 3. Liquid-Phase Isochoric PVT Data for HFC-143a in SI Units (continued).



Table 4. Liquid-Phase Isochoric PVT Data for HFC-143a in PI Units.

A-12



Table 4. Liquid-Phase Isochoric PVT Data for HFC-143a in PI Units (continued).
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Table 4. Liquid-Phase Isochoric PVT Data for HFC-143a in PI Units (continued).

A-14



A-15

Table 5. Vapor Pressure Data for HFC-143a Using Ebulliometer.



A-16

Table 6. Vapor Pressure Data for HFC-143a Using Burnett Apparatus.



Table 7. Speed of Sound Data for HFC-143a.

A-17



A-18

Table 7. Speed of Sound Data for HFC-143a (continued).



Table 7. Speed of Sound Data for HFC-143a (continued).

A-19



A-20

Table 7. Speed of Sound Data for HFC-143a (continued).



Table 7. Speed of Sound Data for HFC-143a (continued).

A-21



A-22

Table 8. Ideal-Gas Heat Capacity, of HFC-143a.



A-23

Table 9a. Acoustic Virial Coefficients for HFC-143a (SI Units). .

Table 9b. Acoustic Virial Coefficients for HFC-143a (PI Units).



Table 10. Experimental Liquid Heat Capacity Data for
HFC-143a in SI Units.

A-24



Table 10. Experimental Liquid Heat Capacity Data for
HFC-143a in SI Units (continued).

A-25



Table 10. Experimental Liquid Heat Capacity Data for
HFC-143a in SI Units (continued).

A-26



Table 11. Experimental Liquid Heat Capacity Data for
HFC-143a in PI Units.

A-27



Table 11. Experimental Liquid Heat Capacity Data for
R143a in PI Units (continued).

A-28



A-29

Table 11. Experimental Liquid Heat Capacity Data for
R143a in PI Units (continued).



A-30

Table 12. Experimental Two-phase Heat Capacity Data for HFC-143a in
SI Units.



Table 12. Experimental Two-phase Heat Capacity Data for HFC-143a in
SI Units (continued).

A-31



A-32

Table 13. Experimental Two-Phase Heat Capacity Data for HFC-143a in
PI Units.



Table 13. Experimental Two-Phase Heat Capacity Data for HFC-143a in
PI units (continued).
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A-34

Table 14. Coefficients to the MBWR Equation of State for HFC-143a
[Units are K, bar, L, mol, R = 8.3145 J/(mol · K)].



A-35

Table 15. Critical Parameters for HFC-143a for Use with the MBWR Equation of State.

Table 16. Ideal Gas Heat Capacity Auxiliary Equation and its Coefficients for
HFC-143a [Units are K and J/(mol · K)].



Table 17a. Properties of Saturated Liquid and Saturated Vapor HFC-143a (SI Units).

*temperatures are on the ITS-90 scale
a triple point; b boiling point; c critical point



Table 17b. Properties of Saturated Liquid and Saturated Vapor HFC-143a (PI Units).

*temperatures are on the ITS-90 scale
a triple point; b boiling point; c critical point



A-38

Table 18. Thermal Conductivity Data for HFC-143a From Steady-State Hot-Wire Experiments.



Table 18. Thermal Conductivity Data for HFC-143a From Steady-State Hot-Wire Experiments (continued).

A-39



A-40

Table 18. Thermal Conductivity Data for HFC-143a From Steady-State Hot-Wire Experiments (continued).



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments.

A-41



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot Wire Experiments (continued).
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Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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A-44

Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).



A-45

Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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A-47

Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).



A-48

Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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A-50

Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot Wire Experiments (continued).
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A-54

Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).

A-57



A-58

Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot Wire Experiments (continued).
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Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot Wire Experiments (continued).



Table 19. Thermal Conductivity Data For HFC-143a From Transient Hot-Wire Experiments (continued).
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Table 20. Thermal Conductivity Correlation Parameters for HFC-143a with Thermal
Conductivity in W/(m·K), Temperature in K, and Density in mol/L. The
parameters are explained in Appendix B.



Table 21a. Experimental Viscosity Data for HFC-143a Vapor in SI Units.
(ηη ECS, the viscosity calculated from extended corresponding states
model in REFPROP.  ∆∆ , the percentage difference between
experimental and REFPROP value.)
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Table 21a. Experimental Viscosity Data for HFC-143a Vapor in SI Units
(continued).
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Table 21a. Experimental Viscosity Data for HFC-143a Vapor in SI Units
(continued).
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Table 21a. Experimental Viscosity Data for HFC-143a Vapor in SI Units
(continued).
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Table 21b. Experimental Viscosity Data for HFC-143a Vapor in PI Units.
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Table 21b. Experimental Viscosity Data for HFC-143a Vapor in PI Units
(continued).



Table 21b. Experimental Viscosity Data for HFC-143a Vapor in PI Units
(continued).
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Table 21b. Experimental Viscosity Data for HFC-143a Vapor in PI Units
(continued).
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Table 22a. Experimental Viscosity Data for Saturated Liquid HFC-143a in
SI Units. Correlated Data Calculated From the Fit of the
Experimental Data, Eq. (2).

Table 22b. Experimental Viscosity Data for Saturated Liquid HFC-143a in
PI Units.
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Table 23b. Viscosity of Saturated Liquid HFC-143a From Eq. (2) in PI Units.

Table 23a. Viscosity of Saturated Liquid HFC-143a From Eq. (2) in SI Units.



Table 24a. Viscosity of Liquid HFC-143a in mPa·s From Eq. (2) in SI Units.



Table 24b. Viscosity of Liquid HFC-143a in 10-6 lb·s-1·ft-1 From Eq. (2) in PI Units.
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Table 25. Residual Concept Correlation of the Viscosity of HFC-143a in the Fluid Region.
(ηη  in Pa·s, T in K, ρρ  in kg·m-3).



Table 26a. Viscosity of HFC-143a Vapor in µµPa·s From Correlation in Table 25 in SI Units.



Table 26b. Viscosity of HFC-143a Vapor in 10-6 lb·s-l·ft-1 From Correlation in Table 25 in PI Units.



Table 27. Liquid-Phases Isochoric PVT Data for HFC-152a in SI Units.
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Table 27. Liquid-Phase Isochoric PVT Data for HFC-152a in SI Units (continued).
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Table 27. Liquid-Phase Isochoric PVT Data for HFC-152a in SI Units (continued).



Table 28. Liquid-Phase Isochoric PVT Data for HFC-152a in PI Units.
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Table 28. Liquid-Phase Isochoric PVT Data for HFC-152a in PI Units
(continued).
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Table 28. Liquid-Phase Isochoric PVT Data for HFC-152a in PI Units
(continued).



Table 29. Vapor Pressure Data for HFC-152a Using Ebulliometer.

A-87



A-88

Table 30. Speed of Sound Data for HFC-152a.
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Table 30. Speed of Sound Data for HFC-152a (continued).



Table 30. Speed of Sound Data for HFC-152a (continued).
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Table 30. Speed of Sound Data for HFC-152a (continued).
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Table 31. Ideal-Gas Heat Capacity, of HFC-152a.
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Table 32a. Acoustic Virial Coefficients for HFC-152a (SI Units).

Table 32b. Acoustic Virial Coefficients for HFC-152a (PI Units).



Table 33. Experimental Liquid Heat Capacity Data for
HFC-152a in SI Units.
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Table 33. Experimental Liquid Heat Capacity Data for
HFC-152a in SI Units (continued).



Table 34. Experimental Liquid Heat Capacity Data for
HFC-152a in PI Units.
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Table 34. Experimental Liquid Heat Capacity Data for
HFC-152a in PI Units (continued).



Table 35. Experimental Two-phase Heat Capacity Data for HFC-152a
in SI Units.
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Table 35. Experimental Two-phase Heat Capacity Data for HFC-152a
in SI Units (continued).



Table 36. Experimental Two-Phase Heat Capacity Data for HFC-152a
in PI Units.
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Table 36. Experimental Two-phase Heat Capacity Data for HFC-152a
in PI Units (continued).
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Table 37. Coefficients of the MBWR Equation of State for HFC-152a
[Units are K, bar, L, mol, R = 8.3145 J/(mol · K)].
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Table 38. Critical Parameters for HFC-152a for Use with the MBWR Equation of
State.

Table 39. Ideal Gas Heat Capacity Auxiliary Equation and its Coefficients for
HFC-152a [Units are K and J/(mol · K)].



Table 40a. Properties of Saturated Liquid and Saturated Vapor HFC-152a (SI Units).

*temperatures are on the ITS-90 scale
a triple point; b boiling point; c critical point



Table 40b. Properties of Saturated Liquid and Saturated Vapor HFC-152a (PI Units).

*temperatures are on the ITS-90 scale
a triple point; b boiling point; c critical point



Table 41. Thermal Conductivity Data For HFC-152 From Steady-State Hot-Wire Experiments.
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Table 41. Thermal Conductivity Data For HFC-152 From Steady-State Hot-Wire Experiments (continued).
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Table 41. Thermal Conductivity Data For HFC-152 From Steady-State Hot-Wire Experiments (continued).
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Table 4l. Thermal Conductivity Data For HFC-152 From Steady-State Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments.
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).

A-113



Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).



Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Expe riments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).

A-121



Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).



Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).



Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).



Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).
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Table 42. Thermal Conductivity Data for HFC-152a From Transient Hot-Wire Experiments (continued).



A-140

Table 43. Thermal Conductivity Correlation Parameters for HFC-152a with Thermal
Conductivity in W/m·K), Temperature in K, and Density in mol/L. The
parameters are explained in Appendix B.
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Table 44b. Experimental Viscosity Data for Saturated Liquid HFC-152a in
PI Units.

Table 44a. Experimental Viscosity Data for Saturated Liquid HFC-152a in
SI Units. Correlated Data Calculated From the Fit of the
Experimental Data, Eq. (3).



Table 45a. Experimental Viscosity Data for HFC-152a Vapor in SI Units.
(ηη Krauss, viscosity calculated from the correlation of Krauss
(1994); ∆∆ , percent difference between experimental values and
results correlation of Krauss)
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Table 45b. Experimental Viscosity Data for HFC-152a Vapor in PI Units.



Table 46a.Viscosity of Saturated Liquid HFC-152a From Eq. (3) in SI Units.
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Table 46b. Viscosity of Saturated Liquid HFC-152a From Eq. (3) in PI Units.



APPENDIX B

THERMAL CONDUCTIVITY DATA CORRELATION

TRANSIENT HOT WIRE TECHNIQUE

The transient hot-wire instruments used in this work have been described in detail
previously [1,2].  The low-temperature instrument operates from 30 to 330 K at pressures to 70
MPa and uses bare 12 µm platinum hot wires.  The high-temperature instrument operates from
300 to 500 K at pressures to 70 MPa and uses anodized 25 µm tantalum hot wires.  Both
instruments are absolute, with dual hot wires to eliminate errors due to axial conduction.  The
temperature region studied in this work required the use of both instruments and allows a
consistency check between the two instruments near 300 K.  These instruments measure thermal
conductivity with a repeatability of ±0.3% and a nominal uncertainty of less than ±1% in
nonpolar fluids [1,2].  In liquid phase thermal conductivity measurements there may be
additional measurement uncertainty due to the polarization of ionic impurities around the bare
platinum hot-wires [3].  This polarization problems appears to be insignificant in the present
measurements on R152a and R143a since we get excellent agreement between measurements
made with bare platinum hot wires and with electrically insulated (anodized) tantalum hot wires.

The working equation for the transient temperature rise at the surface of an idealized wire
is given by

All of the applicable corrections are discussed in detail elsewhere [1-5]. In this work we have
applied corrections for the finite wire heat capacity [5], finite outer boundary [5], truncation
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In Eq. (1), q is the power input per unit length of wire, t is the elapsed time from the start of the
step power input, λ is the fluid thermal conductivity, a = λ/ρCp is the fluid thermal diffusivity, r0

is the radius of the wire, ρ is the fluid density, Cp is the fluid isobaric heat capacity, and C is the
exponential of Euler's constant.  Using Eq. (1), we obtain the thermal conductivity from the slope
of a line fit through the temperature rise versus ln(t). The thermal diffusivity is obtained from the
intercept of this line but is not reported here.

In practice there are several corrections to this ideal temperature rise to account for
nonidealities in the heat transfer from the wires.  These small corrections, δTi, are applied to the
measured temperature rise, ∆Tw, according to



error [5], and thermal radiation [5]. All of the other corrections have been found to be negligible
for these measurements [1-5].

In the dilute gas limit both the finite wire heat capacity and the finite outer boundary
corrections become quite large. This is because the gas thermal diffusivity is divergent in the
limit of zero density. As a result, thermal conductivity values obtained from absolute steady-state
measurements are also reported using the same two hot-wire cells. This allows measurement of
the dilute gas thermal conductivity at very low reduced temperatures (vapor pressures less than 1
bar). The steady-state thermal conductivity values are given by

where λ is the thermal conductivity of the fluid, q is the applied power per unit length, r1 is the
external radius of the inner cylinder (hot wire), and r2 the internal radius of the outer cylinder, ∆T
= (T1 - T2 ) is the measured temperature difference between the hot wire and its surrounding
cavity (initial temperature). The value of the thermal conductivity determined corresponds to that
at the average temperature

These steady-state thermal conductivity values have an uncertainty of ±2%.

THERMAL CONDUCTIVITY SURFACES

The surface is developed by dividing the thermal conductivity into three terms

The thermal conductivity of the dilute gas λ0 is a function of the fluid temperature only. The
thermal conductivity excess function λex is assumed to be only a function of the fluid density.
The thermal conductivity critical enhancement λcr is also a function of the temperature and the
density of the fluid.

The thermal conductivity surface is developed by fitting the low density steady-state data
to obtain the dilute-gas thermal conductivity. Next, a reasonable value for the thermal
conductivity critical enhancement parameter qD is used in the crossover theory to obtain the
thermal conductivity critical enhancement. The dilute-gas and critical enhancement contributions
are subtracted from each experimental data point to leave the excess thermal conductivity. The
excess thermal conductivity data are then fit to a polynomial in temperature and density. We then
alternate between trial values for the critical enhancement parameter and regression of the excess
function polynomial until the deviations are minimized.
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