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SELECTED THERMODYNAMIC PROPERTIES FOR MIXTURES OF R-32
(DIFLUOROMETHANE), R-125 (PENTAFLUOROETHANE), R-134A (1,1,1,2-
TETRAFLUOROETHANE), R-143A (1,1,1-TRIFLUOROETHANE), R-41
(FLUOROMETHANE), R-290 (PROPANE), AND R-744 (CARBON DIOXIDE)

Cynthia D. Holcomb
Joseph W. Magee
Jennifer L. Scott

Stephanie L. Outcalt

William M. Haynes

Physical and Chemical Properties Division
Chemical Science and Technology Laboratory
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Numerous fluids and fluid mixtures have been identified as promising
alternatives to the HCFC and CFC refrigerants R-22, R-22/115, and R-13, but, for
many of them, reliable thermodynamic data are not available. Thermophysical
property measurements were carried out on one pure fluid, ten binary mixtures, and
one ternary mixture which are potential HCFC alternatives. Vapor-liquid equilibrium,
near-saturation density, (p,p,T), heat capacity, and vapor-phase speed of sound data
were measured over wide ranges of temperature and pressure, The systems studied
include R-41, R-32/134a; R-32/125; R-125/134a; R-32/143a; R-125/143a; R-
143a/134a; R-32/290; R-125/290; R-1344/290; R-41/744; and R-32/125/134a. The
new data compliment the existing data and help to resolve problems and differences
that exist in and between existing data sets. The measured data were compared to
selected literature results, where available, and to predictions from REFPROP 6.0.

Keywords: altemative refrigerants; vapor-liquid equilibria; pressure-volume-
temperature; vapor speed of sounds; refrigerant mixtures

1. INTRODUCTION

Altemative refrigerants have become increasingly important to industrial applications as the -
ozone-depleting refrigerants are being phased out under the requirements of the Montreal Protocol.
The main objective of this project was to measure the data needed to refine the models used by
engineers for evaluating new refrigerants and refrigerant mixtures and for designing refrigeration
cycles with these new fluids. To meet this objective, several tasks were addressed: (1) measure
properties of pure fluids and mixture properties identified as replacements for specific fluids, (2)
investigate the behavior of propane-containing mixtures (propane has been suggested as an additive
to enhance oil solubility), and 3) provide data needed to test the ability of models to predict
multicomponent mixture properties and complex phase behavior. The data from this project provide
property information on previously unstudied systems, supplement existing data sets, resolve
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problems and differences between existing data sets, and refine models used in equipment design.
Ten binary mixtures, one temary, and one pure fluid were studied in this project.

Knowledge of the phase behavior of a fluid is important in determining if that fluid will be a
suifable replacement for a pure refrigerant or refrigerant mixture. Azeotropic mixtures are important
because they behave more like pure fluids which require simpler refrigeration cycle designs. A
system exhibiting liquid-lignid immiscibility and azeotropic behavior may also be exploited in a
refrigeration cycle. It was important to gather information on systems that might exhibit liquid-liquid
immiscibility for two reasons. The first was to provide the data needed to examine the behavior of
these systems in a refrigeration cycle. The second was to provide test data for implementing
algorithms in predictive packages that can adequately represent liquid-liquid immiscibility.

The phase behavior for the systems measured in this report are classified as either Type I or
Type 1I systems. Figure 1 shows generic examples of these two types of phase behavior. Type I
systems have a continuous critical line and can have an azeotrope; the azeotrope can be either a
positive pressure or a negative pressure azeotrope. All three subclasses of Type I systems were
observed in this study. R-32/134a, R-125/134a, R-32/143a, and R-41/744 are nonazeotropic systems
with the simplest type of phase behavior, R-32/125 and R-143a/134a are Type I systems with positive
pressure azeotropes. R-125/143a is a Type I system with a negative pressure azeotrope. Type 11
systems have a continuous critical line with liquid-liquid immiscibility. Type II systems also can have
azeotropes, and the liquid-liguid region can either encompass the azeotrope or the azeotrope can be
outside the liquid-liquid region. R-32,290, R-125/290, and R-134a/290 are all believed to be Type I
systems where the liquid-liquid immiscibility region encompasses the azeotrope. The azeotrope
persists into the critical region, but the liquid-liquid region disappears around 310 K (98°F).

A full summary of the data taken on each system is presented in Table 1; tables of the
thermophysical property data are presented in Appendix A. The experimental uncertainties of these
measurements are reported in Table 2. The temperature scale used in all of the measurements was
ITS-90. The descriptions of the apparatus used for the measurements in this project are presented in
Appendix B. Appendix C describes how the state-point uncertainties were estimated. Appendix D
summarizes the gas chromatograph calibration procedures and settings. Appendix E contains reprints
of the papers describing the models [1] and predictive package [2] used for comparing the data sets.

2. SIGNIFICANT RESULTS
2.1 Thermophysical Properties of R-32/125/134a and Its Constituent Binaries

Property measurements of the ternary R-32/125/134a system are important in meeting the
objectives of this project. This temary is a possible replacement for R-22 and/or R-22/115, and the
temary results can be used to test the capability of the Helmholtz energy model of Lemmon and
Jacobsen [1]. This model is used to calculate the thermodynamic properties of mixtures in REFPROP
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6.0 [2] and to predict the thermophysical properties for a ternary system based on the interaction
parameters of its constituent binaries. The constituent binaries of R-32/125/134a are also potential
replacements for R-22 and/or R-22/115.

2.1.1 R-32/134a

R-32/134a is a Type I mixture with no azeotrope. It is one of the least complicated systems to
model, but it is an important mixture for temary calculations. The data for the R-32/134a system
cover five isotherms from 279 to 340 K (43 to 152°F). Forty-eight vapor-liquid equilibrium and 44
near-saturation {p,p.T) measurements were made. These data, presented in Tables 3 and 4, have been
compared to five other data sets available in the literature. The deviations between the data and the
values predicted from the Lemmon-Jacobsen model are presented in Figures 2 through 4. In Figure
2, the deviations between the bubble-point pressures and the predicted values are presented. The data
from this work agree with the data of Nagel and Bier [3] within 1%, Most of the data of Higashi [4]
and of Widiatmo et al. [5] also agree with the data of this work within £1% except for a few points.
The data of Fujiwara et al. [6] are 3% lower than any of the other data sets. The data of Deifbaugh
and Morrison (7] that are at similar compositions agree within +0.5% with the data of this work.

The scatter in the data might appear large compared to the experimental uncertainties quoted in
Table 2. A distinction must be made between the experimental uncertainty of a specific parameter
measurement (such as temperature, pressure, or composition) and the state-point uncertainty. The
state point is system dependent and is defined as the equilibrium bubble-point pressure and vapor
composition at a given liquid composition and temperature. Each of the parameters (P,T,x,y) has an
experimental uncertainty associated with the measurement of that property. However, the state-point
uncertainty is a function of the uncertainties of each of these four parameters as well as the
dependences between them. The experimental uncertainty of the bubble-point pressure state point is
a function of the uncertainty of the temperature measurement, the liguid composition measurement,
the pressure measurement, and the relation of the bubble-point pressure with temperature and liquid
composition for the specific system under study. The state-point uncertainties are different for each
system and vary with temperature and composition. A detailed discussion of estimates for the state-
point uncertainties is presented in Appendix C. The bubble-point pressure state-point uncertainty for
the R-32/134a system at temperatures from 280 to 340 K (44 to 152°F) ranges from *0.22 to
10.30%.

In Figure 3, the vapor compositions of the data sets are compared. In general, the four data sets
agree within £0.015 mole fraction R-32. The data of Fujiwara et al. [6] are systematically 0.015 mole
fraction R-32 lower than the predictions of the Lemmon-Jacobsen model in REFPROP 6.0. The
vapor-composition state-point uncertainty ranges from +0.006 to £0.013 mole fraction R-32 for the
R-32/134a system at temperatures from 280 to 340 K (44 to 152°F). As with the bubble-point
pressure state-point uncertainty, a similar estimate of the state-point uncertainty of the vapor
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composition can be calculated. A detailed discussion of the estimate of the vapor-composition state-
point uncertainty is presented in Appendix C.

The deviations for the near-saturation (p,p,T) data for R-32/134a are presented in Figure 4. The
liquid densities agree within +1.0% of the predicted values from the Lemmon-Jacobsen model in
REFPROP 6.0. The vapor densities agree within 32% of the predicted values and most of the data of
Weber and Defibaugh {8]. The liquid-density state-point uncertainty for the R-32/134a system at
temperatures from 279 to 340 K (43 to 152°F) ranges from +0.22 to 10.26%. The vapor-density
state-point uncertainty for the R-32/134a system at temperatures from 309 to 340 K (97 to 152°F)
ranges from 10.32 to 30.79%. As with the bubble-point pressure state-point uncertainty, a similar
estimate of the state-point uncertainty of the liquid and vapor densities can be calculated. A detailed
discussion for the estimate of the density state-point uncertainties is presented in Appendix C.

2.1.2 R-32/125

R-32/125 is a Type I mixture with a slight positive pressure azeotrope. The data for the R-
32/125 system cover five isotherms from 279 to 341 K (43 to 154°F). Thirty vapor-liquid
equilibrium and 45 near-saturation (p,p.T) measurements were made. These data, presented in Tables
5 and 6, were compared to five other data sets available in the literature. The deviations between the
data and the values predicted from the Lemmon-Jacobsen model in REFPROP 6.0 are presented in
Figures 5 through 7. In Figure S, the deviations between the bubble-point pressures and the predicted
values are presented. The data from this work agree with the data of Nagel and Bier (3] and that of
Widiatmo et al. [9] within £1% except for one point on the 325 K (125°F) isotherm. Except for two
points, the data of Higashi {10] also agree with the data of this work within £1%. The data of
Deifbaugh and Morrison [7] agree within £0.5% with the data of this work that is at a similar
composition. The data of Fujiwara et al. (6] are 2% higher than any of the other data sets. The
bubble-point pressure state-point uncertainty for the R-32/125 system at temperatures from 280 to
340 K (44 to 152°F) ranges from (.15 to £0.19%.

In Figure 6, the vapor compositions of the data sets are compared. In general, the four data sets
agree within 10.013 mole fraction R-32. The vapor-composition state-point uncertainty ranges from
+0.008 to £0.009 mole fraction R-32 for the R-32/125 system at temperatures from 280 to 340 K
(44 to 152°F).

The deviations for the near-saturation (p,p,T) data for R-32/125 are presented in Figure 7. The
liquid densities agree within %1% of the predicted values from the Lemmon-Jacobsen model in
REFPROP 6.0. The vapor densities agree within £2% of the predicted values and the data of Weber
and Defibaugh (8]. The liquid-density state-point uncertainty for the R-32/125 system at
temperatures from 279 to 340 K (43 to 152°F) ranges from 10.22 to 0.25%. The vapor-density state-
point uncertainty for the R-32/125 system at temperatures from 294 to 341 K (70 to 154°F) ranges
from £0.34 to 10.90%.
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2.1.3 R-125/134a

R-125/134a is a Type I mixture with no azeotrope. The data for the R-125/134a system cover
five isotherms from 280 to 342 K (44 to 157°F). Thirty vapor-liquid equilibrium and 17 near-
saturation (p,p.,T) measurements were made. Ten bubble-point pressure measurements on standard
mixtures were also made. The data are presented in Tables 7 through 9. Bubble-point pressure
measurements on standard mixtures were included for this system because of difficulties involved
with the gas chromatograph (GC) calibration. The bubble-point pressure measurements eliminate the
uncertainty introduced by sampling and analysis to determine the liquid composition. These
measurements represent an independent verification of the bubble-point measurements from the
vapor-liquid equilibrium measurements, and can be used te check the validity of the GC calibration.
The data were compared 1o two other data sets available in the literature. The deviations between the
data and the predicted values from the Lemmon-Jacobsen model are presented in Figures 8 through
10. In Figure 8, the deviations between the bubble-point pressures and the predicted values are
presented. The data from this work agree with the data of Nagel and Bier [3) within £2%. Except for
two points, the data of Higuchi and Higashi [11] agree with the data of this work within £2%. The
bubble-point pressure state-point uncertainty for the R-125/134a system at temperatures from 280 to
340 K (44 to 152°F) ranges from 10.23 to 10.30%.

In Figure 9, the vapor compositions of the data sets are compared. In general, the three data sets
agree within £0.018 mole fraction R-125. The vapor-composition state-point uncertainty ranges from
10.006 to +0.012 mole fraction R-125 for the R-125/134a system at temperatures from 280 to 340 K
(44 to 152°F).

The deviations for the near-saturation (p.p,T) data for R-125/134a are presented in Figure 10.
The liquid densities agree within 1% of the predicted values from the Lemmon-Jacobsen model in
REFPROP 6.0. The vapor densities agree within +2% of the predicted values and most of the data of
Weber and Defibaugh [8]. The liquid-density state-point uncertainty for the R-125/134a system at
temperatures from 280 to 340 K (44 to 153°F) ranges from £0.21 to 10.24%. The vapor-density
state-point uncertainty for the R-125/134a system at temperatures from 296 to 342 K (73 to 157°F)
ranges from £0.51 to £1.08%.

2.1.4 R-32/125/134a

The data for the R-32/125/134a system cover five isotherms from 280 to 340 K (44 to 152°F)
with some additional measurements at temperatures from 221 to 345 K(~62 to 162°F) that were
obtained under a project funded by ICI. Twenty-four vapor-liquid equilibrium and 43 near-
saturation (p,p.T) measurements were made. Thirty-four bubble-point measurements on standard
mixtures were performed to determine the reliability of the GC calibration procedure for a temary
mixture. The data are presented in Tables 10 through 12. The data were compared to the other data
set available in the literature. The deviations between the data and the predicted values from the
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Lemmon-Jacobsen model are presented in Figures 11 through 13. In Figure 10, the deviations
between the experimental bubble-point pressures and predicted values are presented. The data from
this work agree with the data of Nagel and Bier [3] and of Higashi [12] within £3%. The bubble-
point pressure state-point uncertainty for the R-32/125/134a system at temperatures from 280 to 340
K (44 to 152°F) ranges from 10.15 o 0.30%.

In Figure 12, the vapor compositions of the data sets are compared. In general, the three data
sets agree within £0.018 mole fraction R-32. The vapor-composition state-point uncertainty ranges
from +0.006 to £0.013 mole fraction R-32 for the R-32/125/134a system at temperatures from 280
to 340 K (44 to 152°F).

The deviations for the near-saturation (p,p,T) data for R-32/125/134a are presented in Figure
13. The liquid densities agree within £1% of the predicted values from the Lemmon-Jacobsen model
in REFPROP 6.0. The vapor densities agree within 32% of the predicted values and most of the data
of Gillis et al. [13]. The liquid-density state-point uncertainty for the R-32/125/134a system at
temperatures from 244 to 346 K (-21 to 163°F) ranges from 30.21 to £0.26%. The vapor-density
state-point uncertainty for the R-32/125/134a system at temperatures from 313 to 343 K (103 to
158°F) ranges from 10.32 to +1.08%.

The Lemmon-Jacobsen model accurately predicted the phase behavior and densities of the
ternary using only the binary interaction parameters. The model did not require any additional
parameters specifically for the ternary mixture. This result confirms that, for this system, the
Lemmon-Jacobsen model can be used to predict multicomponent mixture propertics when the model
uses mixture parameters for the constituent binaries which have been fit to experimental data.

2.2 Mixtures with R-143a

Three mixtures containing R-143a were studied. These mixtures are potential substitutes for R-
22 and for R-22/115, and the data for these systems with different types of phase behavior can be
used to test mixture models.

22.1 R-32/143a

R-32/143a is a Type I system with no azeotrope. The data for the R-32/143a system cover five
isotherms from 279 to 340 K (43 to 152°F). Twenty-nine vapor-liquid equilibrium and 49 near-
saturation (p,p.T) measurements were made. The data are presented in Tables 13 and 14. In Figure
14, the bubble-point pressures are compared. The bubble-point pressures of this work agree with the
predicted values from the Lemmon-Jacobsen model within 10.7%. The data of Fujiwara et al. [6] are
2 t0 3% higher than the data from this work. The bubble-point pressure state-point uncertainty for R-
32/143a at temperatures from 280 to 340 K (44 to 152°F) ranges from +0.14 to 10.20%.

In Figure 15, the vapor compositions are compared. The data of Fujiwara et al. [6] and this
work agree within £0.025 mole fraction R-32 of the predicted values of the Lemmon-Jacobsen model
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in REFPROP 6.0. The vapor-composition state-point uncertainty for R-32/143a at temperatures from
280 to 340 K (44 to 152°F) ranges from 10.007 to £0.010 mole fraction R-32.

In Figure 16, the liquid and vapor near-saturation (p,p,T) data are compared to the predicted
values from the Lemmon-Jacobsen model in REFPROP 6.0. The liquid densities agree within £1%
except for the 340 K (152°F) isotherm which is close to the critical point of R-143a. The vapor
densities for the two isotherms closest to the critical region also show larger deviations. The liquid-
density state-point uncertainty for the R-32/143a system at temperatures from 279 to 340 K (43 to
152°F) ranges from #0.21 to £0.24%. The vapor-density state-point uncertainty for the R-32/143a
system at temperatures from 294 to 340 K (70 to 152°F) ranges from £0.27 to £0.69%.

2.2.2 R-125/143a

R-125/143a is a Type I system with a weak negative pressure azeotrope. The data for the R-
125/143a system cover four isotherms from 28C to 328 K (44 to 131°F). Twenty-five vapor-liquid
¢quilibrium and 14 near-saturation (p.p.T) measurements were made. Eleven bubble-point
measurements on standard mixtures were performed to determine the réliability of the GC calibration
procedure for this binary mixture. The data are presented in Tables 15 through 17. The single-phase
data for the R-125/143a system cover 15 isochores from 200 to 400 K (—=100 to 260°F) at pressures
up to 35 MPa (5100 psi). Both gas- and liquid-phase (p,p.T) data were measured, as well as liquid-
phase heat capacity data. The data are presented in Tables 18 and 19. Two-hundred eighty-one
isochoric {p.p,T) data points and 120 isochoric heat capacity measurements were made.

Figure 17 shows the comparison of the bubble-point pressures for R-125/143a to the predicted
values from the Lemmon-Jacobsen model. The compositions were difficult to measure because the
vapor pressure curves of these two components are very similar, The experimental uncertainty of the
composition measurements for this system is approximately twice that of the other systems in this
study. The experimental uncertainty of the measured composition is £0.008 mole fraction R-143a.
The data from this work fali between the data of Takashima and Higashi [14] and those of Nagel and
Bier [15]. The bubble-point pressure state-point uncertainty for R-125/143a at temperatures from
280 to 326 K (44 to 127°F) ranges from 10.15 to 10.18%.

Figure 18 shows the comparison of the vapor compositions for R-125/143a to the values
predicted from the Lemmon-Jacobsen model. The vapor compositions for the three data sets agree
within +0.011 mole fraction R-125. The vapor-composition state-point uncertainty for the R-
125/143a system at temperatures from 280 to 326 K (44 to 127°F) ranges from £0.011 to £0.012
mole fraction R-143a,

The ranges of temperature and pressure for the isochoric (p,p,T) data are shown in Figure 19.
Figure 20 shows the comparison of the liquid and vapor near-saturation (p,p,T) and the isochoric
(p.p.T) data to the predicted values from the Lemmon-Jacobsen model. The near-saturation (p,p.T)
liquid densities agree with the model within 20.8%, and the near-saturation (p,p.T) vapor densities
agree with the model within +0.75%. The liquid-phase isochoric (p,p.T) data agree with the model
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within £0.25%, and the vapor-phase isochoric (p,p.T) data agree with the model and the data of
Weber and Defibaugh [8] within 20.85%. The liquid-density state-point uncertainty for the near-
saturation (p,p,T) data for the R-125/143a system at temperatures from 280 to 325 K (44 to 125°F)
ranges from 10.24 to £0.27%. The vapor-density state-point uncertainty for the near-saturation
(p,p,T) data for the R-125/143a system at temperatures from 296 to 328 K (74 to 131°F) ranges from
+0.48 to +0.60%.

22.3 R-143a/134a

R-143a/134a is a Type I system with no azeotrope. The data for the R-143a/134a system cover
five isotherms from 280 to 343 K (45 to 158°F). Twenty-nine vapor-liquid equilibrium and 17 near-
saturation (p,p.T) measurements were made. Eleven bubble-point measurements on standard mixtures
were performed to determine the reliability of the GC calibration procedure for this binary mixture.
The data are presented in Tables 20 through 22,

Figure 21 shows comparisons of the bubble-point pressures for R-143a/134a with the predicted
values from the Lemmon-Jacobsen model. The bubble-point pressures agree with those of Nagel and
Bier [15] within £2%. The bubble-point pressure state-point uncertainty for the R-143a/134a system
at temperatures from 280 to 340 K (44 to 152°F) ranges from £0.20 to +0.25%.

Figure 22 shows comparisons of the vapor compositions for R-125/143a with the predicted
values from the Lemmon-Jacobsen model. The vapor compositions agree with those of Nagel and
Bier {15] within £0.018 moie fraction R-143a. The vapor-composition state-point uncertainty for the
R-143a/134a system at temperatures from 280 to 340 K (45 to 152°F) ranges from £0.006 to 0.011
mole fraction R-143a.

Figure 23 shows comparisons of the liquid and vapor near-saturation (p,p,T) data with the
values predicted from the Lemmon-Jacobsen model. The liquid densitics agree with the predicted
values within £1%. The liquid-density state-point uncertainty for the R-143a/134a system at
temperatures from 280 to 340 K (45 to 153°F) ranges from 30.22 to $0.24%. The vapor-density
state-point uncertainty for the R-143a/134a system at temperatures from 312 to 343 K (102 to
158°F) ranges from #0.38 to #(0.73%. Additional data in the moderate temperature and pressure
range are needed to determine the accuracy of the near-saturation vapor-phase (p,p,T) data and to
better optimize the fit.

2.3 Mixtures with R-290

There are two main reasons for studying refrigerant mixtures containing R-290 (propane). One
of the difficulties with the chlorine-free alternative refrigerants is their immiscibility with the oils used
in refrigeration cycles. The addition of R-290 to the mixture to enhance oil solubility is under
investigation. In order to model multicomponent systems that contain R-290, the mixture parameters
for binary systems containing R-290 are required. Another reason for studying R-290 is the complex
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phase behavior exhibited by R-290 mixtures allows the models t0 be rigorously tested. These systems
have very strong positive azeotropes and possible liquid-liquid immiscibility. They provide a very
stringent test for the REFPROP 6.0 model and its ability to calculate properties for polar/nonpolar
mixtures with three phases in equilibrium.

Although the Lemmon-Jacobsen model used in REFPROP 6.0 is capable of predicting liquid-
liquid immiscibility, the algorithms implementing it in REFPROP 6.0 do not consider this behavior.
Because of the complexity of this phase behavior, more experimental data are required to model the
two separate liquid phases. Accurate liquid- and gas-phase (p.p,T) data and a knowledge of the
compositions of the two liquid phases and gas phase in equilibrivm are necessary for accurately
determining the interaction parameters that can be used to model this phase behavior. Unfortunately,
the measurements scheduled for these systems included near-saturation (p,p,T) data, but not isochoric
(p,p.T) data. The vapor-liquid equilibrium apparatus was not designed to separate and o measure two
distinct liquid phases. In the region where the liquid-liquid immiscibility occurs, no stable liguid
densities or compositions can be recorded. The data available in the literature for these systems are
limited, possibly because all three systems are in the process of being patented. The overall
uncertainty of the measurements and the lack of data to optimize the model have resulted in
deviations between the model and the data that are larger than for the other refrigerant systems.

2.3.1 R-32/290

R-32/290 is a Type II system with a strong positive pressure azeotrope. It shows the most
extreme phase behavior of the three propane systems studied. It is a mixture of a very polar molecule
with a nonpolar molecule. The two molecules have strong repulsive interactions and exhibit a strong
positive pressure azeotrope. At temperatures below 310 K (98°F), the liquid separates into two phases
that were observed visually, The vapor-liquid equilibrium apparatus was not designed to measure two
separate liquid phases, but the presence of two liquid phases is indicated by an unstable liquid
composition and density for a constant vapor composition, bubble-point pressure, and vapor density.
Measurements were made outside the liquid-liquid region where the liquid composition could be
measured. A few measurements were taken to determine the vapor composition in equilibrium with
the two liquid phases.

The data for the R-32/290 system cover five isotherms from 278 to 341 K (42 to 154°F),
Seventy-five vapor-liquid equilibrium and 50 near-saturation (p,p,T) measurements were made. The
data are presented in Tables 23 and 24. There were no other data available for comparison for any of
the properties measured for this system.

Figure 24 shows the comparison of the bubble-point pressures to the predicted values of the
Lemmon-Jacobsen model in REFPROP 6.0. The data agree with the model within £5%. The bubble-
point pressure state-point uncertainty for the R-32/290 system at temperatures from 280 to 340 K (44
1o 153°F) ranges from 0.14 to 10.63%. The uncerntainties for the systems with propane are greater
than for the other refrigerant systems studied because of the greater sensitivity of the bubble-point
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pressure to changes in composition. This sensitivity means that small uncertainties in the composition
measurement correspond to much larger uncertainties in the bubble-point pressure.

Figure 25 shows the comparison of the vapor compositions to the predicted values from the
Lemmon-Jacobsen model in REFPROP 6.0. The vapor compositions agree with the model within
10.05 mole fraction R-32. The vapor-composition state-point uncertainty for the R-32/290 system at
temperatures from 280 to 340 K (44 to 153°F) ranges from 0.015 to 30.025 mole fraction R-32.
The state-point uncertainties are much larger because of the sensitivity of the equilibrium vapor
composition to both temperature and liquid composition.

Figure 26 shows the comparison of the liquid and vapor near-saturation {(p,p,T) data to the
predicted values from the Lemmon-Jacobsen model in REFPROP 6.0. The liquid and vapor densities
agree with the predicted values within £7%. The liquid-density state-point uncertainty for the
R-32/290 system at temperatures from 278 to 340 K (42 to 153°F) ranges from 10.23 to £0.33%.
The vapor-density state-point uncertainty for the R-32/290 system at temperatures from 296 to 341 K
(73 to 153°F) ranges from £0.28 to 13.10%.

2.3.2 R-125/290

R-125/290 is a Type II system with a strong positive pressure azeotrope that may exhibit liquid-
liquid immiscibility at temperatures below 280 K (44°F). The data for the R-125/290 system cover
eight isotherms from 280 to 364 K (44 to 195°F). Sixiy-three vapor-liquid equilibrium and 26 near-
saturation (p,p.T) measurements were made. The data are presented in Tables 25 and 26.

In Figure 27, comparisons of the bubble-point pressures for the R-125/290 system with the
predicted values from the Lemmon-Jacobsen model in REFPROP 6.0 are shown. The bubble-point
pressures agree with values from the model within 4.5%. The bubble-point pressure state-point
uncertainty for the R-125/290 system at temperatures from 280 o 364 X (44 to 195°F) ranges from
10.15 to #0.42%.

In Figure 28, comparisons of the vapor compositions for the R-125/290 system to the predicted
values of the Lemmon-Jacobsen model in REFPROP 6.0 are shown. The vapor compositions agree
with the predicted values within +£0.04 mole fraction R-125. The vapor-composition state-point
uncertainty for the R-125/290 system at temperatures from 280 to 364 K (44 to 195°F) ranges from
10.006 to0 +0.015 mole fraction R-125.

In Figure 29, comparisons of the liquid and vapor near-saturation (p,p,T) data to the predicted
values of the Lemmon-Jacobsen model in REFPROP 6.0 are shown. The liquid densities agree with
the model within £2%, and the vapor densities agree within £3.5%. The liquid-density state-point
uncertainty for the R-125/290 system at temperatures from 280 to 325 K (44 to 125°F) ranges from
+0.26 to £0.34%. The vapor-density state-point uncertainty for the R-125/290 system at temperatures
from 294 to 326 K (69 to 128°F) ranges from 0.26 to £2.30%.
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2.3.3 R-134a/290

R-1343/290 is a Type II system with a strong positive pressure azeotrope. The data for the R-
134a/290 system cover six isotherms from 278 to 357 K (42 to 183°F). Seventy-two vapor-liquid
equilibrium and 52 near-saturation (p,p.T) measurements were made. The data are presented in
Tables 27 and 28. Because of the liquid-liquid immiscibility, only qualitative comparisons can be
made with the Lemmon-Jacobsen model.

Figure 30 shows the comparison of the bubble-point pressures to the predicted values of the
Lemmon-Jacobsen model in REFPROP 6.0. The data of Kleiber [16] agree with the data from this
work within a few percent. The data of Jadot and Frere [17] appears to be qualitatively different from
our data and from the data of Kleiber [16]. The bubble-point pressure state-point uncertainty for the
R-1344/290 system at temperatures from 280 to 357 K (44 to 183°F) ranges from +0.13 to £0.57%.

Figure 31 shows the comparison of the vapor compositions to the predicted values of the
Lemmon-Jacobsen model in REFPROP 6.0. The three data sets agree within £0.09 mole fraction R-
134a. The vapor-composition state-point uncertainty for the R-134a/290 system at temperatures from
280 1o 357 K (44 to 183°F) ranges from £0.005 to £0.019 mole fraction R-134a.

Figure 32 shows the comparison of the liquid and vapor near-saturation (p.p.T) data (o the
predicted values from the Lemmon-Jacobsen model in REFPROP 6.0. The liquid densities agree with
the model within £5%, and the vapor densities show increasing deviations as the temperature
increases. The liquid-density state-point uncertainty for the R-134a/290 system at temperatures from
278 to 356 K (40 to 181°F) ranges from $0.29 to $0.42%. The vapor-density state-point uncertainty
for the R-125/290 system at temperatures from 311 to 357 K (100 to 183°F) ranges from 10.24 to
12.06%.

2.4 R-41 and R-41/744

R-41 is a possible substitute for R-13. While R-23 is most often considered for these
applications, the long atmospheric lifetime and high global warming potential of R-23 leaves open
the search for a more environmentally desirable fluid. Unfortunately, R-41 is a flammable fluid. R-
744 (carbon dioxide) is a nonflammable fluid, but its freezing point is too high to be used as a
replacement for R-13. The expectations that a mixture of R-41/744 would have reduced flammability
relative to pure R-41 and a lower freezing point than pure R-744 make this mixture an attractive
possibility. An accurate equation of state exists for R-744 and was incorporated in REFPROP 6.0. A
preliminary MBWR equation of state for R-41 was incorporated in REFPROP 6.0. Measurements on
R-41 and R-41/744 were performed. Comparisons with predictions from REFPROP 6.0 were used to
validate the data.

11
Dynatemp EX1032

Page 22 of 197



2.4.1 R-41

A variety of single-phase and two-phase data was collected for R-41. Twenty vapor pressure
measurements were made in the vapor-liquid equilibrium apparatus. Vapor pressure data were also
measured in the isochoric (p,p,T) apparatus. Thirty-one vapor pressure measurements were obtained
with this apparatus. The vapor pressure data are presented in Tables 29 and 30. The vapor pressure
data from this work were combined with the data of Oi et al. [18], and a vapor pressure correlation
that is valid from the triple point to the critical point was developed. This equation is of the form,

R a1+ a211‘5+ 331:3 +a,1° (1)
o ¢ 1-7 ’

where

T = 1-T/T,

T = temperature,

T, = critical temperalure,

Ps = vapor pressure, and

P, = critical pressure.

The critical iemperature used in the fit is 317.28 K (111.4°F) (This equation requires the absolute
scale temperatures. Therefore, degrees Fahrenheit must be converted to degrees Rankine by adding
459.7). The critical pressure used in the fit is 5.897 MPa (855.3 psia). The coefficients a; are

dimensionless and are as follows:

a; = -7.01707106
ay = 1.33436478
az = -1.78330695
4= -1.84394112

Figure 33 shows comparisons of the two data sets from this work and the vapor pressures of Oi et al.
[18] with the calculated values from eq. (1). The data agree within +0.3%.

The critical point parameters used in eq. (1) were determined from the near-saturation vapor
and liquid {p.p.T) data and the vapor pressure data collected in this work. Twenty-four near-
saturation vapor and liquid {p,p,T) data points were obtained. The data are presented in Table 31. The
vapor pressure data and near-saturation (p.p,T) data were used to estimate the critical point parameters
of R-41 using the method of Van Poolen et al. [19]. The critical point temperature is estimated to be
317.28 £ 0.08 K (111.43 £ 0.14°F). This temperature agrees with those of Bominaar et al. [20] and
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of Biwas et al. [21] within £0.12 K (£0.22°F). The critical pressure is esimated to be 5.897 £ 0.01
MPa (855.3 £ 1.4 psia). This critical pressure agrees within +0.27 MPa (4.3 psia} with the critical
pressures of Bominaar et al. [20] and of Biwas et al. [21]. The critical density is estimated to be 316.5
+ 1.5 kg/m3 (19.74 £ 0.9 1b/ft3). The critical density agrees within £5.1 kg/m3 (£0.34 1b/ft3) of the
critical densities of Bominaar et al. [20] and of Biwas et al. [21]. A summary of the critical point
parameters is presented in Table 32,

Liquid- and gas-phase (p.p,T) measurements for R-41 were taken along 17 isochores at
temperatures from 132 to 400 K (=222 to 260°F) at pressures up to 35 MPa (5100 psi). Four-
hundred forty-five isochoric (p.p.T) measurements were obtained. The data are presented in Table
33. Saturated liquid densities for R-41 were estimated by extrapolating the isochoric (p.,p.T) data to
the vapor pressures calculated from eq. (1). These calculated saturated liquid densities are presented
in Table 34, Figure 34 shows the range of temperatures and pressures covered by the isochoric
(p,p,T) data, Figure 35 compares the near-saturation (p,p,T) liquid densities, the isochoric (p.p,T) data,
and the calculated saturated liquid densities from the isochoric (p,p,T) data with calculated values
from the MBWR equation in REFPROP 6.0. All of the data agree with the predicted values within
1+0.5%, and the majority was fit to within approximately 0.2% except in close proximity to the triple
point temperature and the critical temperature. The near-saturation densities agree with the predicted
values within £0.3%. The overall fit of the (p,p,T) data has an average absoluie deviation of £0.048%
and a bias of 0.002%.

Liguid- and gas-phase heat capacity measurements were taken for R-41 along 17 isochores at
temperatures from 148 to 343 K (=193 to 157°F) at pressures up to 33 MPa (4800 psi). One-
hundred twenty-two isochoric heat capacity measurements and 133 saturated-liquid heat capacity
measurements were obtained. The data are presented in Tables 35 and 36. Figure 36 compares the
isochoric heat capacity data at saturation and in the single-phase liquid region with calculated values
from the MBWR equation in REFPROP 6.0. The liquid-phase heat capacity data agree with the
predictions within £2.5 except near the critical point. The saturated heat capacity data agree with the
predictions within £1.5% except near the critical point and near the triple point.

Vapor phase speed of sound measurements were made from 249.5 to 350 K (-10.6 to
170.3°F). Thirty-seven measurements were obtained. The data are presented in Table 37. The
experimental data agreed with the predictions within £0.82% with a bias of 0.17% and an average
deviation of £0.25%. Figure 37 compares the vapor speed of sound data with calculated values from
the MBWR equation in REFPROP 6.0.

2.42 R-41/744

R-41/744 is a Type I system with no azeotrope. The data for the R-41/744 systems cover six
isotherms from 218 to 290 K (—68 to 62°F). Thirty-seven vapor-liquid equilibrium points were
recorded. The data are presented in Table 38. In Figure 38, the deviations between the bubble-point
pressures and the predicted values are presented. The bubble-point pressure data agreed with the
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predicted values from the Lemmon-Jacobsen model within £1.5%. The bubble-point pressure state-
point uncertainty for R-41/744 at temperatures from 218 to 290 K (-68 to 62°F) ranges from $0.19
to 30.22%. In Figure 39, the vapor compositions are compared to the predicted values of the
Lemmon-Jacobsen model. No other data sets were available for comparison. The vapor compositions
agree with the predicted values from the Lemmon-Jacobsen model within £0.018 mole fraction of R-
41. The vapor-composition state-point uncertainty for the R-41/744 system at temperatures from 218
to 290 K (—68 to 62°F) ranges from 30.006 to 20.011 mole fraction R-41,

Isochoric (p.p,T) data were also obtained for the R-41/744 system. Measurements were faken in
both the gas and liquid phases. The data are reported in Table 39. Figure 40 shows the range of
temperatures and pressures covered by the isochoric (p,p,T) data. Figure 41 shows the comparison of
the isochoric (p,p.T) data to the predicted values from the Lemmon-Jacobsen model in REFFROP
6.0. The isochoric (p.p,T) data agreed with the predicted values from the Lemmon-Jacobsen model
within £1.0% except for two vapor-phase points.

The R41/744 system is a possible replacement for R-13 if the freezing point of the mixture is
significantly lower than the freezing point of pure R-744, Prior to this study, no published data were
available for the solid-liquid equilibria of R-41/744 mixtures. Based on known behavior of similar
mixtures, we expected the freezing points of R-41/744 mixtures to fall below that of pure R-744
whose triple point temperature is 216.59 K (—69.83°F). The triple point temperature of R-41 was
estimated to be 129.82 £ 0.04 K (-226.01 * 0.07°F), as observed in the adiabatic calorimeter. The
calculated freezing point of our equimolar mixture is approximately 186 K(~125°F), which is 13 K
(23.4°F) above the average of the triple point temperatures of R-41 and R-744.

To determine some bounds on the freezing point temperature for the equimolar R-41/744
mixture (0.499823 mole fraction R-41 (0.43591 mass fraction R<41)), we condensed the sample into
a precooled PVT cell. In such experiments, the sample would condense to either a liquid or to a solid
after it enters the cell, depending on the initial temperature of the PVT cell. This test required only
minimal additional effort, since the PVT cell had to be filled to carry out PVT experiments. We
carried out two filling experiments. The initial cell temperatures were 180 K and 170 K (-135.6 and
—153.7°F), both at a final pressure of 2 MPa (290 psia). We determined that both samples were liquid
phase by heating the samples and observing a steady rise of pressure of approximately 2 MPa/K (161
psia/°F). This technique has established that the freezing point of an equimolar mixture is less than
182.5 K (-131.2°F).

We then employed an adiabatic calorimeter to accurately measure the temperature at which
solid precipitates from a liquid sample of the R-41/744 mixture. The calorimeter bomb was filled with
a liquid sample (57.907 g) (0.1277 1b) at a final temperature and pressure of (292.68 K, 7.50 MPa
(67.14°F, 1088 psia)). This quantity of material leaves only a small vapor space above the liquid
when it was subsequently cooled. The sample was cooled rapidly to 225 K (=535°F), then slowly to 95
K (-2_89°F). We observed the formation of a solid phase at a temperature of 125 K (=235°F), as
indicated by a sharp break in a graph of the recorded temperatures versus times. We then heated the

sample from 95 K (—=289°F) to about 115 K (=253°F), then allowed the sample to equilibrate and
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measured the small heat leak. The heater power was then lowered to about 15% of the normal level,
and we continued to heat the sample to 135 K (-217°F). The freezing temperature was observed
where the temperature reached a plateau value for the elapsed time needed to melt the solid phase.
Three experiments were carried out. The elapsed time at the plateau temperature was about 640
minutes. The observed freezing temperatures were 124.98 + 0.02 K (-234.72 £ 0.036°F), 124.97 £
0.02 K (-234.74 £ 0.036°F), and 125.00 £ 0.02 K (-234.69 x 0.036°F). Though two heater power
levels were selected, no dependence on the applied power was seen. The observed enthalpies of fusion
were 2.069 £ 0.01 kJemol-t (22.79 i 0.11 BTU-1b-1) and 2.074 £ 0.01 kJ-mol-! (22.84 = 0.11
BTU-1b-1), after corrections for energy to heat the empty calorimeter and for energy lost to parasitic
heat leaks were applied.

The average freezing temperature of 124.98 K (-234.72°F) is 48 K (86.4°F) below the mole
fraction average of the pure component triple point temperatures, and also is 5 K (9°F) lower than
that of the lowest-melting pure substance in the mixture. This evidence implies that this binary
mixture will have at least one eutectic composition. More extensive experimental and theoretical
studies of solid-liquid transitions are needed to further elucidate this phenomenon.

The measurements on R-125/134a, R-32/125/134a, R-32/143a, R-125/143a, R-143a/134a, R-
32290, R-125/290, R-1344a/290, R41, and R-41/744 were supported in part by a grant from the U.S.
Department of Energy, Office of Building Technology (Grant number DE-FGO02-31CE23810:
Materials Compatibilities and Lubricants Research on CFC-Refrigerant Substitutes) administered by
the Air-Conditioning and Refrigeration Technology Institute (MCLR Project Number 660-50800).
Federal funding supporting this project constitutes 93.57% of allowable costs. Funding from the air
conditioning and refrigeration industry supporting the project consists of direct cost sharing of
6.43% of allowable costs; and significant in-kind contributions, The measurements on R-32/134a and
R-32/125 were supported by a grant from the U.S. Department of Energy, Office of Building
Technology (Grant number 93CE23808.001), We would like to thank the following companies for
supplying high purity refrigerant samples: ICI for supplying R-32, DuPont and ICI for supplying R-
125, and AlliedSignal for supplying R-143a. We would also like to thank Michael J. Hiza for
preparing the standard mixtures used in this work and Mark O. McLinden for determining the vapor
pressure equation for R-41.
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Figure 2. Comparison of Bubble-Point Pressures for the R-32/134a System; the Baseline is

from the Lemmon-Jacobsen Model in REFPROP 6.0,
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Figure 3. Comparison of Vapor Compositions for the R-32/134a System; the Baseline is from

the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 4. Comparison of Densities for the R-32/134a System; the Baseline is from the

Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 5. Comparison of Bubble-Point Pressures for the R-32/125 System; the Baseline is from
the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 8. Comparison of Bubble-Point Pressures for the R-125/134a System; the
Baseling is from the Lemmon-Jacobsen Model in REFPROP 6.0.

26
Dynatemp EX1032

Page 37 of 197



Yaxp' cale ( Mole Fraction HFC-125)

-899.7

Tempsrature - °F

97 803 170.3 260.3
0.05 1 1 L
& This Work, Measured Composition Data
0.04 - X Higuchi and Higashi {11]
+ Nage! and Bier [3]
0.03 ~
0.02 —
0.01 L]
+ + + . + & "
o.oo_,._,_.,_i fﬁﬁ.gx"“l
o014 4+ F % X *
@ X @ +
-0.02 . ¥ X *
-0.03
-0.04 -
-0.05 7 I .
200 250 300 350 400
Temperature - K
Figure 9. Comparison of Vapor Compositions for the R-125/134a System; the Baseline

is from the Lemmon-Jacobsen Model in REFPROP 6.0.
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Lemmon-Jacobsen Model in REFPRCP 6.0.
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Figure 11, Comparison of Bubble-Point Pressures for the R-32/125/134a System; the
Basetine is from the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 13. Comparison of Densities for the R-32/125/134a System; the Baseline is from the

Lemmon-Jacobsen Modei in REFPROP 6.0.
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Figure 14. Comparison of Bubble-Point Pressures for the R-32/143a System; the Baseline is from
the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 15. Comparison of Vapor Compositions for the R-32/143a System; the Baseline is from the
Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 16. Comparisen of Densities for the R-32/143a System; the Baseline is from the

Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 17. Comparison of Bubble-Point Pressures for the R-125/143a System; the Baseline is from

the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figurg 18.  Comparison of Vapor Compaositions for the R-125/143a System; the Baseline is from
the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 19. Range of Measured Temperatures and Pressures for Isochoric (p, p,T} Data for a Mixture

of R-125/143a with x(R-125) = 0.49996 Mole Fraction {0.58812 Mass Fraction).
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Figure 20. Comparison of Densities for the R-125/143a System; the Baseline is from the

Lemmon-Jacobsen Mode! in REFPROF 6.0.
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Figure 21. Comparison of Bubble-Point Pressures for the R-143a/134a System; the Baseline

is from the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 22. Comparison of Vapor Compositions for the R-143a/134a System; the
Baseline is from the Lemmon-Jacobsen Mode! in REFPROP 6.0.
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Figure 23. Comparison of Densities for the R-143a/134a System; the Baseline is from the
Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 24, Comparison of Bubble-Point Pressures for the R-32/290 System;.the Baseline is from
the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 25. Comparison of Vapor Compositions for the R-32/290 System:; the Baseline is from the
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Figure 26. Comparison of Densities for the R-32/290 System; the Baseline is from the
Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 27. Comparison of Bubble-Point Pressures for the R-125/230 System; the Baseline is

from the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 28. Comparison of Vapor Compositions for the R-125/290 System; the Baseline is from the

Lemmon-Jacobsen Model in REFPROP 6.0,
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Figure 29. Comparison of Densities for the R-125/290 System; the Baseline is from the
.Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 30. Comparison of Bubble-Point Pressures for the R-134a/290 System; the Baseline is
from the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 31. Comparison of Vapor Compositions for the R-134a/280 System; the Baseline is from the

Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 32. Comparison of Densities for the R-134a/290 System; the Baseline is from the

Lemmon-Jacobsen Model in REFPROP 6,
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Figure 33. Comparison of Vapor Pressures for R-41; the Baseline is from Equation (1}.
3l Dynatemp EX1032

Page 62 of 197



Pressure - MPa

Temperature -°F

-279.7 -189.7 -99.7 -8.7 80.3 170.3 260.3
40 | ] | ] ] 53 02
® This Wark, lsochoric {p, p,T) Liquid Density Data
L4
S
30 ® o
® ¢
°® g ©
o & 2
L o Y o
L - : o
@ PN a
<@
104
| {p. p.T) Gas Density Data -
0 T Y T 0
100 250 300 350 400

Temperature - K

Figure 34. Range of Measured Temperatures and Pressures for Isochoric (pp,T) Data for

R-41.
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Figure 35. Comparison of Densities for R-41; the Baseline is from the MBWR Equation of
State in REFPROP 6.0.
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Figure 36. Comparison of the Isachoric Heat Capacity Data at Saturation and in the Single-Phase
Liquid Region for R-41; the Baseline is from the MBWR Equation of State in REFPROP

6.0.
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Figure 37. Comparison of the Vapor Speed of Sound Data for R-41; the Baseline is from the
MBWR Equation of State in REFPROP 6.0.
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Figure 38. Comparison of Bubble-Point Pressures for the R-41/744 System; the Baseling is

from the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 39. Comparison of Vapor Compositions for the R-41/744 System; the Baseline is

from the Lemmon-Jacobsen Model in REFPROP 6.0.
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Figure 40. Range of Measured Temperatures and Pressures for Isochoric (p,p,T) Data for a
Mixture of R-41/744 with x(R-41) = 0.48982 Mole Fraction (0.43591 Mass Fraction).
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Figure 41. Comparison of Isochoric (pp, T} Data for the Equimolar Mixture of R-41/744; the

Baseline is from the Lemmon-Jacebsen Model in REFPROP 6.0.
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