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SOLUBILITY, VISCOSITY AND DENSITY

OF REFRIGERANT/LUBRICANT MIXTURES

ABSTRACT

This report presents the results of experimental measurements on low refrigerant
concentration mixtures (0, 10, 20 and 30 weight percent) and high refrigerant concentration
mixtures (80, 90 and 100 weight percent) of chlorofluorocarbon (CFC) 12,
hydrochlorofluorocarbons (HCFC's) 22, 123, 124 and 142b, and hydrofluorocarbons (HFC’s)
134a, 32, 125, 152a and 143a with mineral oil, alkylbenzene, polyalkylene glycol and polyolester
lubricants. Viscosity, solubility (vapor pressure) and density data are reported for thirty-five
working fluids, which are selected combinations of these refrigerants and companion lubricants.

These data have been reduced to engineering form and are presented in the form of a
Daniel Chart1 and a plot of density versus temperature and composition. Extensive numerical
analysis has been performed in order to derive equations which allow two independent variables
(temperature and composition) and to provide for corrections in composition due to vapor space
volume in the test apparatus; details of these calculations are provided in Appendix A. This
report supersedes all previous quarterly reports.

SCOPE

The broad scope of this research is to measure the solubility (pressure), viscosity and
density of the thirty-five refrigerant/lubricant mixtures over composition and temperature ranges
as given in Table 1. The experimental data are graphically reported in the Daniel Chart format,
and mathematical relationships have been derived.
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1G. Daniel, M. J. Anderson, W. Schmid and M. Tokumitsu, "Performance of Selected Synthetic
Lubricants in Industrial Heat Pumps," Heat Recovery Systems, Vol. 2, No. 4, 1982. pp. 359-368.
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Table 1: Refrigerant/Lubricant Mixtures Under Study

Low Refrigerant High Refrigerant
Refrigerant/Lubricant Concentrations1 Concentrations2

Temp. Range C Temp. Range C

1. 12/ISO 32 MO3 0 to 100 -40 to +40
2. 12/ISO 100 MO 0 to 100 -40 to +40
3. 22/ISO 32 MO 0 to 100 -40 to +40

4. 134a/ISO 68 PAG4 0 to 100 -40 to +40
5. 134a/ISO 22 POE-MA #15 0 to 100 -40 to +40
6. 134a/ISO 32 POE-MA #1 0 to 100 -40 to +40
7. 134a/ISO 68 POE-MA #1 0 to 100 -40 to +40
8. 134a/ISO 100 POE-MA 0 to 100 -40 to +40
9. 134a/ISO 22 POE-BA6 0 to 100 -40 to +40
10. 134a/ISO 32 POE-MA#2 0 to 100 -40 to +40
11. 134a/ISO 68 POE-BA 0 to 100 -40 to +40
12. 134a/ISO 100 POE-BA 0 to 100 -40 to +40

13. 123/ISO 32 MO 0 to 100 -20 to +40
14. 123/ISO 100 MO 0 to 100 -20 to +40
15. 123/150 SUS AB7 0 to 100 -20 to +40
16. 123/300 SUS AB 0 to 100 -20 to +40

17. 32/ISO 22 POE-MA #2 0 to 75 -50 to +40
18. 32/ISO 68 POE-MA #2 0 to 75 -50 to +40
19. 32/ISO 32 POE-BA 0 to 75 -50 to +40
20. 32/ISO 100 POE-BA 0 to 75 -50 to +40

21. 125/ISO 22 POE-MA #1 0 to 65 -40 to +40
22. 125/ISO 68 POE-MA #2 0 to 65 -40 to +40
23. 125/ISO 32 POE-BA 0 to 65 -40 to +40
24. 125/ISO 100 POE-BA 0 to 65 -40 to +40

25. 152a/150 SUS AB 0 to 100 -40 to +40
26. 152a/300 SUS AB 0 to 100 -40 to +40
27. 152a/ISO 22 POE-MA #1 0 to 100 -40 to +40
28. 152a/ISO 68 POE-MA #1 0 to 100 -40 to +40

29. 143a/ISO 22 POE-MA #2 0 to 70 -45 to +40
30. 143a/ISO 68 POE-MA #2 0 to 70 -45 to +40
31. 143a/ISO 32 POE-BA 0 to 70 -45 to +40
32. 143a/ISO 100 POE-BA 0 to 70 -45 to +40

33. 124/150 SUS AB 0 to 100 -40 to +40
34. 124/300 SUS AB 0 to 100 -40 to +40

35. 142b/150 SUS AB 0 to 100 -40 to +40

1Low Refrigerant Concentrations are 0, 10, 20 and 30 weight percent refrigerant.
2High Refrigerant Concentrations are 80, 90 and 100 weight percent refrigerant.
3Mineral Oil
4Polyalkylene Glycol (butyl monoether)
5Polyolester (Pentaerythritol) - Mixed Acid
6Polyolester (Pentaerythritol) - Branched Acid
7Alkylbenzene
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SIGNIFICANT RESULTS

Low Refrigerant Concentration Mixtures

Experimental data are presented in the form of mathematical models and two charts, the
first giving the density, the second giving the viscosity and solubility (pressure) as functions of
temperature and composition (Daniel Chart1). On the upper portion of the Daniel Chart are
isobaric viscosity curves, which have been algebraically generated from the measured data.

In order to generate these isobaric curves, the assumption has been made that
interpolation between measured composition curves is valid over the temperature range for
which data has been obtained. It is also assumed that these fluids are two component mixtures
having one liquid phase and one vapor phase; application of the Gibbs Phase Rule then gives two
degrees of freedom. Accompanying each set of charts is a table of regression constants and
correlation coefficients, which is explained below.

Functions of two independent variables are chosen to represent the experimental data;
generally, the simplest form, which represents the data accurately, has been employed. The
relationship chosen to represent the viscosity data is a modified form of the Walther equation:
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As detailed in Appendix A, the computer program REFPROP 4.0 issued by the National
Institute of Standards and Technology, has been used to determine the amount of refrigerant gas
in the free volume above the liquid in the test apparatus, and thus calculate the true composition
of the fluid under study at the measured data points.



5

High Refrigerant Concentration Mixtures

These mixture data are also presented in the form of two charts. The density plot is a
straightforward presentation of density versus temperature at constant compositions, and the
viscosity/solubility graph follows the method given by Daniel et.al., with the modifications that
the temperature and viscosity axes are linear instead of singly and doubly logarithmic,
respectively. Corrections for vapor space volume have been applied as given in Appendix A, and
isobaric viscosity curves have been generated as outlined previously.

Regions of immiscibility are observed for some of these refrigerant/lubricant mixtures
and are clearly indicated on the diagrams. Total immiscibility (i.e. 10 and 20 weight percent
lubricant mixtures are two phased at room temperature) was observed for the mixtures listed
below; hence, no data is reported for these fluids.

•HFC-32/ISO 68 pentaerythritol ester mixed acid #2
•HFC-32/ISO 100 pentaerythritol ester branched acid
•HFC-152a/ISO 32 alkylbenzene
•HFC-152a/ISO 68 alkylbenzene
•HFC-143a/ISO 22 pentaerythritol ester mixed acid #2
•HFC-143a/ISO 68 pentaerythritol ester mixed acid #2
•HFC-143a/ISO 32 pentaerythritol ester branched acid
•HFC-143a/ISO 100 pentaerythritol ester branched acid

Again, functions of the two variables temperature and composition have been derived,
with the notable exceptions of working fluids containing HFC-125 and HFC-152a. In these two
cases, the density of the refrigerant is near the density of the lubricant, which results in data that
is not modeled well by the many polynomial forms examined here (crossovers occur near the
temperature where the refrigerant and lubricant density are equal). For these mixtures, equations
are given for each curve of constant composition separately; the tables which accompany each
set of charts contain a correlation coefficient for each curve of constant composition, instead of a
single correlation coefficient (see, for example, Table 21-2). Equations 5 through 8 below then
apply to all mixtures except those containing refrigerants HFC-125 and HFC- 152a.
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DISCUSSION

The main body of this report consists of four pages reporting the results for each of the
thirty five mixtures listed in Table 1, except in those cases where the high refrigerant
concentration mixtures are immiscible at room temperature. In these cases, two pages giving the
low refrigerant concentration mixture data are reported.

This data is applicable to abroad range of refrigeration and air-conditioning equipment.
Some of the refrigerants, such as HFC-134a, have seen widespread acceptance in various
applications, while others such as HFC-152a are hindered by other concerns (flammability, etc.).
Many are being considered as blend components for replacement of HCFC-22 and R-502. The
viscosity, solubility and density data reported here provides a good starting point for
understanding the behavior of these mixtures, and serves as a relatively comprehensive data set
for validation of computer models which predict the properties of mixtures based on the
properties of the refrigerant and lubricant alone.

Some general observations may be made:

Low Refrigerant Concentration Mixtures

1. Density data tends to be equally spaced straight lines, except when the density of the
neat refrigerant is close to the density of the neat lubricant (Figure 28-1 represents an extreme
case). Crossovers also occur (Figure 20-1).

2. In all cases, the viscosity data are linear under the Walther equation transformation; i.e.
there is no curvature with respect to temperature in the refrigerant/lubricant mixtures (or the neat
lubricants).

3. In most cases, the mixture viscosity lines are approximately parallel (to the neat
lubricant line) and approximately equally spaced (see Figure 5-2, for example). Some fluids
deviate from this behavior, showing progressively larger (Figure 20-2) or smaller (Figure 26-2)
reductions in viscosity with increasing refrigerant concentration; some fluids show increasing
viscosity/temperature slope with increasing refrigerant concentration (Figure 31-2).

4. As would be expected, increasing the refrigerant concentration increases the vapor
pressure of the mixture at all temperatures, but the magnitude of the increase is not linear with
concentration. Figure 26-2 is an extreme example; note the effect on viscosity of this "decreasing
solubility."

Some specific observations can also be made, grouped by refrigerant:

CFC-12 and HCFC-22

1. These fluids are included as baselines for comparison.

HFC-134a

1. Data is included for an ISO 68 PAG, which shows less change in viscosity with
temperature than does either of the ISO 68 POEs. Although the vapor pressure of these three
mixtures is very nearly the same at all concentrations and temperatures, the viscosity of the PAG
mixtures is generally higher than the POE mixtures due to the higher viscosity index of the neat
oil.

2. When compared at the same ISO grade (22, 68 and 100) and at common temperature
and composition, the pentaerythritol ester mixed acid lubricant mixtures exhibit slightly higher
vapor pressure and slightly lower viscosity than do the branched acid lubricant mixtures. The
ISO 22 mixed acid has a slightly higher viscosity index than does the branched acid, but the
opposite is true for the ISO 68 and ISO 100 lubricants.
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3. The ISO 100 POE mixed acid and branched acid both show lower viscosity at low
temperatures and higher viscosity at elevated temperatures than the CFC-12/ISO 100 mineral oil
mixtures, due to the higher viscosity index of the neat oils and the fact that the mixture viscosity
lines are very nearly parallel to the neat lubricant line. This effect is more pronounced for the
branched acid than for the mixed acid.

4. Small differences in viscosity are observed between the two ISO 32 pentaerythritol
ester mixed acids, with number 1 exhibiting slightly lower viscosity than number 2 at all
temperatures and compositions. The differences are more pronounced in the 10 and 20 percent
oil range than at 30 percent. Both show lower viscosity at low temperatures and higher viscosity
at elevated temperatures than the CFC-12/ISO 32 mineral oil mixtures, for the reasons given in
(3) above.

5. Viscosities of both ISO 22 mixed acid and ISO 22 branched acid are somewhat lower
at all temperatures and compositions than CFC-12/mineral oil. Looking at this situation another
way, for a given temperature and pressure, the HFC-134a mixtures are lower in refrigerant
concentration (more oil rich) which tends to offset the reduction in viscosity caused by the
different ISO grades. Vapor pressure of the HFC-134a mixtures at common temperatures and
compositions is significantly higher in both cases than is CFC-12/mineral oil.

HCFC-123

1. Comparison of the ISO 32 mineral oil and the ISO 32 alkylbenzene reveals that the
vapor pressure and viscosity are lower at common temperatures and compositions for the
alkylbenzene than for the mineral oil. Alternatively, at a given temperature and pressure, the
mineral oil mixture is more oil rich than the alkylbenzene.

2. The ISO 68 alkylbenzene is virtually identical in vapor pressure to the ISO 32
alkylbenzene, but the mixture viscosities are higher, and in fact are higher than the ISO 32
mineral oil mixtures at all temperatures and compositions. This means that at a constant
temperature and pressure, the ISO 32 mineral oil mixture is more oil rich than the ISO 68
alkylbenzene mixture, but this is offset by the higher ISO viscosity grade.

HFC-32

1. Viscosity of the mixtures shows large reductions compared to the neat oil, as
evidenced by the relatively wide spacing of the viscosity lines. The vapor pressure of the
mixtures is high, as might be expected for mixtures containing this high-pressure refrigerant.

2. No obvious differences are noted between POE mixed acid and branched acid
lubricants.

HFC-125

1. The dilution effects on viscosity tend to become greater as the refrigerant
concentration is increased, meaning that at a given temperature, the reduction in viscosity caused
by 30 weight percent dilution is greater than the reduction caused by 20 percent, which is in turn
greater than the reduction caused by 10 percent.

2. Differences between POE mixed acid and branched acid lubricants are again very
subtle, if present.

9



HFC-152a

1. Viscosity behavior with the two alkylbenzenes is unusual; it appears that dilution
effects are limited, since the viscosity reduction from 20 to 30 percent lubricant is much less than
the reduction from 10 to 20 or from 0 to 10. (Compare with the ISO 22 and ISO 68 POE mixed
acids).

2. When compared to CFC-12/ISO 32 mineral oil, the HFC-152a/ISO 32 alkylbenzene
mixtures are quite a bit lower in viscosity at the same temperature and composition, although this
difference becomes less pronounced as HFC-152a concentration is increased. Vapor pressure of
the HFC-152a mixtures is significantly higher. These same comments apply when comparing
HFC-152a/ ISO 22 POE mixed acid to CFC-12/ISO 32 mineral oil.

3. Vapor pressures for the ISO 68 alkylbenzene mixtures are higher than for the ISO 68
POE mixed acid. Viscosity of the alkylbenzene is lower in the 10 to 20 percent refrigerant range,
but becomes higher in the 20 to 30 percent range due to the effect given in subparagraph 1,
above.

HFC-143a

The most striking observation concerning this refrigerant is the large change in viscosity/
temperature slope with increasing HFC-143a concentration for the POE branched acid lubricants.
This effect is more pronounced for the ISO 32 lubricant than for the ISO 100.

HCFC-124

No unusual behavior is evident.

HCFC-142b

No unusual behavior is evident.

High Refrigerant Concentration Mixtures

General observations concerning this data are:

1. Density data behavior is more complicated than for the low refrigerant concentration
mixtures. All refrigerants studied exhibit some non-linearity with respect to temperature;
HFC-134a is fairly linear, while HFC-125 exhibits curvature, and mixtures of these refrigerants
with generally linear lubricants can result in complex behavior. Crossovers occur as seen in
Figure 21-3. HFC-125 with the ISO 32 pentaerythritol ester branched acid (Figure 23-3) is an
interesting case in that these mixtures demonstrate nearly ideal behavior (the crossovers occur at
a single temperature). Figure 21-3 demonstrates the deviations from ideal behavior which are
more commonly observed.

2. Although vapor pressure is only minimally affected by the addition of 10 and 20
weight percent oil, the viscosity of the fluid is dramatically increased. At a given temperature, the
increase in viscosity from 10 to 20 percent oil is greater than the increase from 0 to 10 percent.
As the temperature is lowered, the effect increases.

3. The small changes in vapor pressure due to the presence of the oil result in isobaric
viscosity curves which are nearly vertical, i.e. small changes in temperature at a constant
pressure result in large changes in viscosity.
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Specific observations, grouped by refrigerant are:

CFC-12 and HCFC-22

1. Again, these fluids are included for baseline reference. It has been well documented
that HCFC-22/ISO 32 mineral oil exhibits an immiscible region at low temperatures, which is
clearly indicated in Figures 3-3 and 3-4.

HFC-134a

1. Regions of immiscibility are noted for three of the five POE mixed acid lubricants
studied, while complete miscibility was observed for all three POE branched acids over the
temperature range -40 to +40°C.

2. The ISO 68 PAG/HFC-134a solutions exhibit significantly higher viscosity than the
ISO 100/CFC-12 mixtures, particularly at low temperatures, even though the ISO grade of the
PAG is lower. This is most likely due to higher solubility of mineral oil in CFC-12.

3. Significant differences in viscosity and vapor pressure are not observed between the
mixed acid and branched acid POE lubricants for ISO viscosity grades 22, 68 and 100.

4. When compared to CFC-12/ISO 100 mineral oil, the ISO 100 POE mixed acid and
branched acid lubricants with HFC-134a are both slightly higher in viscosity at common
temperatures and compositions.

5. ISO 32 POE mixed acid and branched acid oils with HFC-134a show higher viscosity
than CFC-12/ISO 32 mineral oil mixtures at all temperatures and compositions.

6. With the exception of immiscible regions noted above, significant differences are not
observed between HFC-134a/ISO 22 mixed acid or branched acid lubricants and CFC-12/ISO 32
mineral oil. The pressure of CFC-12/mineral oil mixtures at higher temperatures are more linear
with respect to composition than are the HFC-134a/synthetics.

HCFC-123

1. The presence of mineral oil, whether 10 or 20 percent, reduces the vapor pressure by
approximately the same amount, while there are clear differences between the presence of 10 or
20 percent alkylbenzene. This effect is more pronounced at higher ISO viscosity grades.

2. Viscosity is affected as might be expected. Addition of a given amount of a higher
ISO grade lubricant results in higher viscosity elevation than the same amount of a lower ISO
grade.

HFC-32

I . This refrigerant was found to be immiscible at room temperature, 10 and 20 weight
percent lubricant compositions, with ISO 68 POE mixed acid #2 and ISO 100 POE branched
acid. Regions of immiscibility were also observed for the other lubricants studied, ISO 22 POE
mixed acid #2 and ISO 32 POE branched acid. This region extends to much higher temperatures
for the mixed acid than for the branched acid.

2. Vapor pressure of the refrigerant is markedly unaffected by the presence of the oil at
low temperatures.
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HFC-125

An unexpected region of immiscibility was observed for HFC-125/ISO 68 POE mixed
acid #2 at higher temperatures (30°C).

HFC-152a

1. HFC-152a is immiscible with both ISO 32 and ISO 68 alkylbenzene at 10 and 20
weight percent oil, room temperature.

2. Significant differences in viscosity or vapor pressure are not observed between ISO 22
POE and ISO 68 POE mixed acid lubricants.

HFC-143a

This refrigerant is immiscible with all four lubricants studied at 10 and 20 weight percent
oil, room temperature.

HCFC-124

No significant differences are observed between the ISO 32 and ISO 68 alkylbenzene
lubricants.

HCFC-142b

No comments.
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Table 1-1: Viscosity, Solubility and Density Parameters
CFC-12/ISO 32 Naphthenic Mineral Oil

Low Refrigerant Concentration Mixtures

Figure 1-1: Density of CFC-12/ISO 32 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Figure 1-2: Viscosity and Solubility of CFC-12/ISO 32 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Table 1-2: Viscosity, Solubility and Density Parameters
CFC-12/ISO 32 Naphthenic Mineral Oil

High Refrigerant Concentration Mixtures

Figure 1-3: Density of CFC-12/ISO 32 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Figure 1-4: Viscosity and Solubility of CFC-12/ISO 32 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Table 2-1: Viscosity, Solubility and Density Parameters
CFC-12/ISO 100 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Figure 2-1: Density of CFC-12/ISO 100 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures



Figure 2-2: Viscosity and Solubility of CFC-12/ISO 100 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Table 2-2: Viscosity, Solubility and Density Parameters
CFC-12/ISO 100 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures

Figure 2-3: Density of CFC-12/ISO 100 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Figure 2-4: Viscosity and Solubility of CFC-12/ISO 100 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Table 3-1: Viscosity, Solubility and Density Parameters
HCFC-22/ISO 32 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Figure 3-1: Density of HCFC-22/ISO 32 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures



Figure 3-2: Viscosity and Solubility of HCFC-22/ISO 32 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Table 3-2: Viscosity, Solubility and Density Parameters
HCFC-22/ISO 32 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures

Figure 3-3: Density of HCFC-22/ISO 32 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Figure 3-4: Viscosity and Solubility of HCFC-22/ISO 32 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Figure 4-1: Density of HFC-134a/ISO 68 Polyalkylene Glycol
Low Refrigerant Concentration Mixtures

Revised Nov 94

Table 4-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 68 Polyalkylene Glycol

Low Refrigerant Concentration Mixtures



Figure 4-2: Viscosity and Solubility of HFC-134a/ISO 68 Polyalkylene Glycol
Low Refrigerant Concentration Mixtures
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Table 4-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 68 Polyalkylene Glycol

High Refrigerant Concentration Mixtures

Figure 4-3: Density of HFC-134a/ISO 68 Polyalkylene Glycol
High Refrigerant Concentration Mixtures
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Figure 4-4: Viscosity and Solubility of HFC-134a/ISO 68 Polyalkylene Glycol
High Refrigerant Concentration Mixtures
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Table 5-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 22 Penaterythritol Ester Mixed Acid #1

Low Refrigerant Concentration Mixtures

Figure 5-1: Density of HFC-134a/ISO 22 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Figure 5-2: Viscosity and Solubility of HFC-134a/ISO 22 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Table 5-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 22 Pentaerythritol Ester Mixed Acid #1

High Refrigerant Concentration Mixtures

Figure 5-3: Density of HFC-134a/ISO 22 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Figure 5-4: Viscosity and Solubility of HFC-134a/ISO 22 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Table 6-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 32 Penaterythritol Ester Mixed Acid #1

Low Refrigerant Concentration Mixtures

Figure 6-1: Density of HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentrations
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Figure 6-2: Viscosity and Solubility of HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Table 6-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #1

High Refrigerant Concentration Mixtures

Figure 6-3: Density of HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Figure 6-4: Viscosity and Solubility of HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Table 7-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 68 Penaterythritol Ester Mixed Acid #1

Low Refrigerant Concentration Mixtures

Figure 7-1: Density of HFC-134a/ISO 68 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Figure 7-2: Viscosity and Solubility of HFC-134a/ISO 68 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Table 7-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 68 Pentaerythritol Ester Mixed Acid #1

High Refrigerant Concentration Mixtures

Figure 7-3: Density of HFC-134a/ISO 68 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Figure 7-4: Viscosity and Solubility of HFC-134a/ISO 68 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Table 8-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 100 Penaterythritol Ester Mixed Acid

Low Refrigerant Concentration Mixtures

Figure 8-1: Density of HFC-134a/ISO 100 Pentaerythritol Ester Mixed Acid
Low Refrigerant Concentration Mixtures
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Figure 8-2: Viscosity and Solubility of HFC-134a/ISO 100 Pentaerythritol Ester Mixed Acid
Low Refrigerant Concentration Mixtures
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Table 8-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 100 Pentaerythritol Ester Mixed Acid

High Refrigerant Concentration Mixtures

Figure 8-3: Density of HFC-134a/ISO 100 Pentaerythritol Ester Mixed
High Refrigerant Concentration Mixtures
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Figure 8-4: Viscosity and Solubility of HFC-134a/ISO 100 Pentaerythritol Ester Mixed Acid
High Refrigerant Concentration Mixtures
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Table 9-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 22 Penaterythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures

Figure 9-1: Density of HFC-134a/ISO 22 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Figure 9-2: Viscosity and Solubility of HFC-134a/ISO 22 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Table 9-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 22 Pentaerythritol Ester Branched Acid

High Refrigerant Concentration Mixtures

Figure 9-3: Density of HFC-134a/ISO 22 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Figure 9-4: Viscosity and Solubility of HFC-134a/ISO 22 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Table 10-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 32 Penaterythritol Ester Mixed Acid #2

Low Refrigerant Concentration Mixtures

Figure 10-1: Density of HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentration Mixtures
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Figure 10.2: Viscosity and Solubility of HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentration Mixtures
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Table 10-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #2

High Refrigerant Concentration Mixtures

Figure 10-3: Density of HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #2
High Refrigerant Concentration Mixtures
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Figure 10.4: Viscosity and Solubility of HFC-134a/ISO 32 Penaterythritol Ester Mixed Acid #2
High Refrigerant Concentration Mixtures
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Revised Nov 94

Table 11-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 68 Penaterythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures

Figure 11-1: Density of HFC-134a/ISO 68 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Figure 11-2: Viscosity and Solubility of HFC-134a/ISO 68 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Table 11-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 68 Pentaerythritol Ester Branched Acid

High Refrigerant Concentration Mixtures

Figure 11-3: Density of HFC-134a/ISO 68 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Figure 11-4: Viscosity and Solubility of HFC-134a/ISO 68 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Table 12-1: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 100 Penaterythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures
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Figure 12-1: Density of HFC-134a/ISO 100 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures



Figure 12-2: Viscosity and Solubility of HFC-134a/ISO 100 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Table 12-2: Viscosity, Solubility and Density Parameters
HFC-134a/ISO 100 Pentaerythritol Ester Branched Acid

High Refrigerant Concentration Mixtures

Figure 12-3: Density of HFC-134a/ISO 100 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Figure 12-4: Viscosity and Solubility of HFC-134a/ISO 100 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Table 13-1: Viscosity, Solubility and Density Parameters
HCFC-123/ISO 32 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures

62

Figure 13-1: Density of HCFC-123/ISO 32 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures



Figure 13-2: Viscosity and Solubility of HCFC-123/ISO 32 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Table 13-2: Viscosity, Solubility and Density Parameters
HCFC-123/ISO 32 Naphthenic Mineral Oil High
Refrigerant Concentration Mixtures
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Figure 13-3: Density of HCFC-123/ISO 32 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures



Figure 13-4: Viscosity and Solubility of HCFC-123/ISO 32 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Table 14-1: Viscosity, Solubility and Density Parameters
HCFC-123/ISO 100 Naphthenic Mineral Oil

Low Refrigerant Concentration Mixtures

Figure 14-1: Density of HCFC-123/ISO 100 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Figure 14-2: Viscosity and Solubility of HCFC-123/ISO 100 Naphthenic Mineral Oil
Low Refrigerant Concentration Mixtures
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Table 14-2: Viscosity, Solubility and Density Parameters
HCFC-123/ISO 100 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures

Figure 14-3: Density of HCFC-123/ISO 100 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Figure 14-4: Viscosity and Solubility of HCFC-123/ISO 100 Naphthenic Mineral Oil
High Refrigerant Concentration Mixtures
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Table 15-1: Viscosity, Solubility and Density Parameters
HCFC-123/ISO 32 Alkylbenzene

Low Refrigerant Concentration Mixtures

Figure 15-1: Density of HCFC-123/ISO 32 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Figure 15-2: Viscosity and Solubility of HCFC-123/ISO 32 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Table 15-2: Viscosity, Solubility and Density Parameters
HCFC-123/ISO 32 Alklylbenzene

High Refrigerant Concentration Mixtures

Figure 15-3: Density of HCFC-123/ISO 32 Alkylbenzene
High Refrigerant Concentration Mixtures
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Figure 15-4: Viscosity and Solubility of HCFC-123/ISO 32 Alkylbenzene
High Refrigerant Concentration Mixtures
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Table 16-1: Viscosity, Solubility and Density Parameters
HCFC-123/ISO 68 Alkylbenzene

Low Refrigerant Concentration Mixtures

Figure 16-1: Density of HCFC-123/ISO 68 Alkylbenzene
Low Refrigerant Concentration Mixtures

74



Figure 16-2: Viscosity and Solubility of HCFC-123/ISO 68 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Table 16-2: Viscosity, Solubility and Density Parameters
HCFC-123/ISO 68 Alklylbenzene

High Refrigerant Concentration Mixtures

Figure 16-3: Density of HCFC-123/ISO 68 Alkylbenzene
High Refrigerant Concentration Mixtures
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Figure 16-4: Viscosity and Solubility of HCFC-123/ISO 68 Alkylbenzene
High Refrigerant Concentration Mixtures
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Table 17-1: Viscosity, Solubility and Density Parameters
HFC-32/ISO 22 Pentaerythritol Ester Mixed Acid #2

Low Refrigerant Concentration Mixtures

Figure 17-1: Density of HFC-32/ISO 22 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentrations
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Figure 17-2: Viscosity and Solubility of HFC-32/ISO 22 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentration Mixtures
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Table 17-2: Viscosity, Solubility and Density Parameters
HFC-32/ISO 22 Pentaerythritol Ester Mixed Acid #2

High Refrigerant Concentration Mixtures

80

Figure 17-3: Density of HFC-32/ISO 22 Pentaerythritol Ester Mixed Acid #2
High Refrigerant Concentration Mixtures
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Figure 17-4: Viscosity and Solubility of HFC-32/ISO 22 Pentaerythritol Ester Mixed Acid #2
High Refrigerant Concentration Mixtures



Revised Nov 94

Table 18-1: Viscosity, Solubility and Density Parameters
HFC-32/ISO 68 Pentaerythritol Ester Mixed Acid #2

Low Refrigerant Concentration Mixtures
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Figure 18-1: Density of HFC-32/ISO 68 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentrations



Figure 18-2: Viscosity and Solubility of HFC-32/ISO 68 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentration Mixtures
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Table 19-1: Viscosity, Solubility and Density Parameters
HFC-32/ISO 32 Pentaerythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures

Figure 19-1: Density of HFC-32/ISO 32 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentrations

84



Figure 19-2: Viscosity and Solubility of HFC-32/ISO 32 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Table 19-2: Viscosity, Solubility and Density Parameters
HFC-32/ISO 32 Pentaerythritol Ester Branched Acid

High Refrigerant Concentration Mixtures

Figure 19-3: Density of HFC-32/ISO 32 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Figure 19-4: Viscosity and Solubility of HFC-32/ISO 32 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures

87



Table 20-1: Viscosity, Solubility and Density Parameters
HFC-32/ISO 100 Pentaerythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures

Figure 20-1: Density of HFC-32/ISO 100 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentrations
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Figure 20-2: Viscosity and Solubility of HFC-32/ISO 100 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Revised Nov 94

Table 21-1: Viscosity, Solubility and Density Parameters
HFC-125/ISO 22 Pentaerythritol Ester Mixed Acid #1

Low Refrigerant Concentration Mixtures

Figure 21-1: Density of HFC-125/ISO 22 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentrations
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Figure 21-2: Viscosity and Solubility of HFC-125/ISO 22 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Table 21-2: Viscosity, Solubility and Density Parameters
HFC-125/ISO 22 Pentaerythritol Ester Mixed Acid #1

High Refrigerant Concentration Mixtures
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Figure 21-3: Density of HFC-125/ISO 22 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures



Figure 21-4: Viscosity and Solubility of HFC-125/ISO 22 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Table 22-1: Viscosity, Solubility and Density Parameters
HFC-125/ISO 68 Pentaerythritol Ester Mixed Acid #2

Low Refrigerant Concentration Mixtures

Figure 22-1: Density of HFC-125/ISO 68 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentrations
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Figure 22-2: Viscosity and Solubility of HFC-125/ISO 68 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentration Mixtures
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Table 22-2: Viscosity, Solubility and Density Parameters
HFC-125/ISO 68 Pentaerythritol Ester Mixed Acid #2

High Refrigerant Concentration Mixtures

Figure 22-3: Density of HFC-125/ISO 68 Pentaerythritol Ester Mixed Acid #2
High Refrigerant Concentration Mixtures
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Figure 22-4: Viscosity and Solubility of HFC-125/ISO 68 Pentaerythritol Ester Mixed Acid #2
High Refrigerant Concentration Mixtures
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Table 23-1: Viscosity, Solubility and Density Parameters
HFC-125/ISO 32 Pentaerythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures

Figure 23-1: Density of HFC-125/ISO 32 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentrations
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Figure 23-2: Viscosity and Solubility of HFC-125/ISO 32 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Table 23-2: Viscosity, Solubility and Density Parameters
HFC-125/ISO 32 Pentaerythritol Ester Branched Acid

High Refrigerant Concentration Mixtures

Figure 23-3: Density of HFC-125/ISO 32 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Figure 23-4: Viscosity and Solubility of HFC-125/ISO 32 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Revised Nov 94

Table 24-1: Viscosity, Solubility and Density Parameters
HFC-125/ISO 100 Pentaerythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures

Figure 24-1: Density of HFC-125/ISO 100 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentrations
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Figure 24-2: Viscosity and Solubility of HFC-125/ISO 100 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Table 24-2: Viscosity, Solubility and Density Parameters
HFC-125/ISO 100 Pentaerythritol Ester Branched Acid

High Refrigerant Concentration Mixtures

104

Figure 24-3: Density of HFC-125/ISO 100 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures



Figure 24-4: Viscosity and Solubility of HFC-125/ISO 100 Pentaerythritol Ester Branched Acid
High Refrigerant Concentration Mixtures
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Table 25-1: Viscosity, Solubility and Density Parameters
HFC-152a/ISO 32 Alkylbenzene

Low Refrigerant Concentration Mixtures

Figure 25-1: Density of HFC-152a/ISO 32 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Figure 25-2: Viscosity and Solubility of HFC-152a/ISO 32 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Table 26-1: Viscosity, Solubility and Density Parameters
HFC-152a/ISO 68 Alkylbenzene

Low Refrigerant Concentration Mixtures

Figure 26-1: Density of HFC-152a/ISO 68 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Figure 26-2: Viscosity and Solubility of HFC-152a/ISO 68 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Table 27-1: Viscosity, Solubility and Density Parameters
HFC-152a/ISO 22 Pentaerythritol Ester Mixed Acid #1

Low Refrigerant Concentration Mixtures

Figure 27-1: Density of HFC-152a/ISO 22 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Figure 27-2: Viscosity and Solubility of HFC-152a/ISO 22 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Table 27-2: Viscosity, Solubility and Density Parameters
HFC-152a/ISO 22 Pentaerythritol Ester Mixed Acid #1

High Refrigerant Concentration Mixtures

Figure 27-3: Density of HFC-152a/ISO 22 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Figure 27-4: Viscosity and Solubility of HFC-152a/ISO 22 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Revised Nov 94

Table 28-1: Viscosity, Solubility and Density Parameters
HFC-152a/ISO 68 Pentaerythritol Ester Mixed Acid #1

Low Refrigerant Concentration Mixtures

Figure 28-1: Density of HFC-152a/ISO 68 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Figure 28-2: Viscosity and Solubility of HFC-152a/ISO 68 Pentaerythritol Ester Mixed Acid #1
Low Refrigerant Concentration Mixtures
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Table 28-2: Viscosity, Solubility and Density Parameters
HFC-152a/ISO 68 Pentaerythritol Ester Mixed Acid #1

High Refrigerant Concentration Mixtures
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Figure 28-3: Density of HFC-152a/ISO 68 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures



Figure 28-4: Viscosity and Solubility of HFC-152a/ISO 68 Pentaerythritol Ester Mixed Acid #1
High Refrigerant Concentration Mixtures
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Table 29-1: Viscosity, Solubility and Density Parameters
HFC-143a/ISO 22 Pentaerythritol Ester Mixed Acid #2

Low Refrigerant Concentration Mixtures

Figure 29-1: Density of HFC-143a/ISO 22 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentrations
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Figure 29-2: Viscosity and Solubility of HFC-143a/ISO 22 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentration Mixtures
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Table 30-1: Viscosity, Solubility and Density Parameters
HFC-143a/ISO 68 Pentaerythritol Ester Mixed Acid #2

Low Refrigerant Concentration Mixtures

Figure 30-1: Density of HFC-143a/IS0 68 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentrations
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Figure 30-2: Viscosity and Solubility of HFC-143a/ISO 68 Pentaerythritol Ester Mixed Acid #2
Low Refrigerant Concentration Mixtures

121



Revised Nov 94

Table 31-1: Viscosity, Solubility and Density Parameters
HFC-143a/ISO 32 Pentaerythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures

Figure 31-1: Density of HFC-143a/ISO 32 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentrations
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Figure 31-2: Viscosity and Solubility of HFC-143a/ISO 32 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Table 32-1: Viscosity, Solubility and Density Parameters
HFC-143a/ISO 100 Pentaerythritol Ester Branched Acid

Low Refrigerant Concentration Mixtures

Figure 32-1: Density of HFC-143a/ISO 100 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentrations
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Figure 32-2: Viscosity and Solubility of HFC-143a/ISO 100 Pentaerythritol Ester Branched Acid
Low Refrigerant Concentration Mixtures
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Revised Nov 94

Table 33-1: Viscosity, Solubility and Density Parameters
HCFC-124/ISO 32 Alkylbenzene

Low Refrigerant Concentration Mixtures

Figure 33-1: Density of HCFC-124/ISO 32 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Figure 33-2: Viscosity and Solubility. of HCFC-124/ISO 32 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Table 33-2: Viscosity, Solubility and Density Parameters
HCFC-124/ISO 32 Alkylbenzene

High Refrigerant Concentration Mixtures

Figure 33-3: Density of HCFC-124/ISO 32 Alkylbenzene
High Refrigerant Concentration Mixtures
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Figure 33-4: Viscosity and Solubility of HCFC-124/ISO 32 Alkylbenzene
High Refrigerant Concentration Mixtures
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Table 34-1: Viscosity, Solubility and Density Parameters
HCFC-124/ISO 68 Alkylbenzene

Low Refrigerant Concentration Mixtures

Figure 34-1: Density of HCFC-124/ISO 68 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Figure 34-2: Viscosity and Solubility of HCFC-124/ISO 68 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Table 34-2: Viscosity, Solubility and Density Parameters
HCFC-124/ISO 68 Alkylbenzene

High Refrigerant Concentration Mixtures

Figure 34-3: Density of HCFC-124/ISO 68 Alkylbenzene
High Refrigerant Concentration Mixtures
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Figure 34-4: Viscosity and Solubility of HCFC-124/ISO 68 Alkylbenzene
High Refrigerant Concentration Mixtures
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Table 35-1: Viscosity, Solubility and Density Parameters
HCFC-142b/ISO 32 Alkylbenzene

Low Refrigerant Concentration Mixtures

Figure 35-1: Density of HCFC-142b/ISO 32 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Figure 35-2: Viscosity and Solubility of HCFC-142b/ISO 32 Alkylbenzene
Low Refrigerant Concentration Mixtures
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Table 35-2: Viscosity, Solubility and Density Parameters
HCFC-142b/ISO 32 Alkylbenzene

High Refrigerant Concentration Mixtures

Figure 35-3: Density of HCFC-142b/ISO 32 Alkylbenzene
High Refrigerant Concentration Mixtures
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Figure 35-4: Viscosity and Solubility of HCFC-142b/ISO 32 Alkylbenzene
High Refrigerant Concentration Mixtures
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APPENDIX A

Experimental Technique

Low Refrigerant Concentration Mixtures

The theoretical basis for the following development lies in application of the Gibbs Phase
Rule, which will show that the two component fluid systems under study here, for all practical
purposes, have two degrees of freedom. Thus, if temperature and density in one vessel is known,
composition is also known; likewise, if temperature and pressure in another vessel is known,
composition in that vessel is known as well. Although it may not be readily apparent what these
compositions are, the point to be made is that they are fixed and can be found to any desired
degree of accuracy.

In the method employed here, viscosity, vapor pressure and density are measured in three
separate vessels. Fluids for viscosity and vapor pressure are housed in identical 300 ml stainless
steel bombs; fluids for density measurements are charged into a glass bulb with a long neck
which is equipped with a scribe mark for the purpose of measuring the volume occupied by the
known mass of liquid in the bulb. These vessels are depicted conceptually in Figure A-1.

Figure A-1: Density Bulb and Viscosity/Pressure Vessels (lubricant rich mixtures)

Density is measured by determining the volume occupied by the liquid as given by
readings of meniscus height (w.r.t. scribe mark). Pressure is measured by a variable capacitance
transducer, accuracy 3.8 kPa, and viscosity is measured by an electromagnetic device, accuracy
2% of reading. Temperature is measured by type K thermocouples in the vapor pressure vessel
and by a 4-wire resistance temperature device (RTD) integral to the viscometer. Reference 2
describes this equipment and the technique in more detail.

Since there exists a free volume above the liquid, a portion of the refrigerant charge will
occupy this free volume, the amount of which depends on the gas density. The composition of
the liquid consequently changes as the temperature is varied by thermally cycling the vessels.
Care is taken in charging these vessels to minimize the free volume consistent with safety
requirements so that shifts in composition from the "as charged" condition are small.

After charging the vessels, pressure, density and viscosity are experimentally determined
as a function of temperature. The "as charged" composition, which is determined to within
0.0015 mass fraction, serves as a boundary condition for an iterative computer program. This
program is used to find the composition of the liquid phase over the entire experimental
measurement range; the algorithm and program are described below.

2Spauschus, H. O. and Henderson, D. R., "New Methods of Determining Viscosity and Pressure
of Refrigerant/Lubricant Mixtures," Proceedings of the 1990 ASHRAE-Purdue CFC Conference,
Purdue University, West Lafayette, IN, 1990.
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Notation:

Pn(T) = pressure as a function of temperature at the "as charged" composition
(n = nominal refrigerant mass fraction, i.e. 0.1, 0.2, 0.3)

ρn(T) = density as a function of temperature at the "as charged" composition
P(T,ω) = pressure as a function of temperature and composition

(ω = refrigerant mass fraction)
ρ(T,ω) = density
η(T,ω) = absolute viscosity
v(T,ω) = kinematic viscosity
mo = mass of oil
mr = mass of refrigerant

Algorithm:

1. Find Pn(T); use Pn(T) and measured density to calculate composition in density
bulbs at each temperature point.

2. Find ρn(T); use ρn(T) and measured pressure to calculate composition in pressure
bomb at each temperature point.

At this point, data files consisting of the ordered triples temperature, pressure,
composition and temperature, density, composition are constructed, where
composition is a refined initial guess based on the measured data.

3. Find P(T,ω).
4. Use P(T,ω) to refine density bulb compositions.
5. Find ρ(T,ω).
6. Use ρ(T,ω) to refine pressure compositions.
7. Repeat steps 3 through 6 until the composition change at any measurement point is

less than 0.00001 mass fraction refrigerant.
8. Using final P(T,ω) and ρ(T,ω) perform calculations on viscosity vessel until

composition change at any measurement point is less than 0.00001 mass
fraction refrigerant.

9. Find η(T,ω).
10. Construct a data file containing the ordered triples temperature, kinematic

viscosity, composition.
11. Find v(T,ω).
12. Plot P(T,ω) and v(T,ω) for constant ω on the Daniel Chart.
13. Plot ρ(T,ω) for constant ω.

Method for calculating composition:

1. Use density and mass of liquid to determine volume occupied by liquid phase
(using measured density takes volume change on mixing into account).

2. Subtract from total volume to obtain vapor space volume.
3. Use subroutines from REFPROP 4.0, with measured temperature and pressure,

to find molar volume of refrigerant gas.
4. Subtract mass of refrigerant gas from amount charged to obtain composition.
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Table A-3: Density Bulb and Pressure Bomb Compositions
After Completion of the Iterations

140

Factors which cause shifts in composition to be larger are higher liquid density and higher
vapor pressure at lower solution temperatures. As a specific example, HCFC-22 with ISO 32
naphthenic mineral will be examined in detail.

"As charged" composition of the density bulbs and pressure bombs are given below in
Table A-1. Oil and refrigerant amounts are given in grams.

Table A-1: "As Charged" Compositions

Results of the calculations are given in Table A-2, which shows the refined initial
estimates, and Table A-3 which gives the compositions after completion of iterations.

Table A-2: Density Bulb and Pressure Bomb Compositions
After Algorithm Steps 1 and 2



It can be seen that larger composition shifts are observed in the pressure bombs than in
the density bulbs; this is due to the fact that the liquid phase occupies the long, narrow neck of
the density bulb, and changes in the height of the liquid phase as the temperature is elevated are
large. This causes smaller vapor space volume, which tends to counter the effects of increased
pressure; in fact, at the higher temperatures the effect of decreasing vapor space dominates.

Comparison of Tables A-2 and A-3 show that the iteration quickly converges. After the
first two steps of the algorithm, the composition is within 0.1 mass fraction of the true
composition, and the convergence criteria is satisfied in two iterations of algorithm steps 3
through 7.

The value used for the specific volume of the refrigerant gas in the vapor space is
obviously important, and subroutine VIT from REFPROP has been extracted and used for this
purpose. The limitations of REFPROP in representing refrigerant properties near the critical
point are recognized, and for the "worst case" composition shift in this data set, the value 8.523
cc/g was obtained for HCFC-22 at the measured thermodynamic condition of 100°C and 3,113
kPa. This compares very favorably with pressure-enthalpy diagrams published by ASHRAE and
DuPont.

Having at this point an excellent representation of the pressure-volume-temperature
behavior, calculations for the viscosity bomb proceed in a similar iterative fashion, also reaching
convergence in two iterations for this fluid. The free volume of the viscosity bomb (as compared
to the pressure bomb) is generally lower, which results in smaller composition shifts, as
illustrated in Table A-4 (compare with Table A-3).

Table A-4: Viscosity Bomb Compositions
After Completion of the Iterations

Two data files consisting of the ordered triples temperature, absolute viscosity,
composition and temperature, kinematic viscosity, composition are now constructed and are used
to find these viscosities as a function of temperature and composition. Regression constants and
statistical measures of goodness of fit are calculated, and curves of constant composition are
plotted from these equations.

Isobaric viscosity curves are generated algebraically, using the assumptions that
interpolation between measured curves is valid, the fluid has two degrees of freedom and the
vapor pressure of the neat oil is identically zero over the temperature range of interest. These
curves are plotted on the upper portion of the Daniel Chart.
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High Refrigerant Concentration Mixtures

Glass capillary viscometers were employed for these low viscosity, refrigerant rich
mixtures. The viscometers were fabricated after the design of Shankland3 and are depicted in
Figure A-2. Calibration was accomplished by measuring the flow times at various temperatures
for diethyl ether, CFC- 12 and methanol, so that each was applicable to a viscosity range of 0.1
to 2 centistokes. The instruments were thermally equillabrated in a programmable air bath, and it
was found experimentally that equilibrium was reached in fifteen minutes after a temperature
change of 10°C, as evidenced by no measurable temperature difference between the top and
bottom of any viscometer or between the four instruments.

Figure A-2: Glass Capillary Viscometer

Vapor pressure of these mixtures was determined by differential from the neat
refrigerant, since the pressure reduction caused by the presence of the oil was found to be small.
Identical 300 ml test bombs were charged with neat refrigerant, 10 and 20 weight percent oil and
were thermally cycled at a very slow rate (0.15°C/minute) in the programmable air bath.
Temperature was measured by three wire resistance temperature devices (RTDs), and pressure
was measured by means of a variable capacitance transducer with an accuracy of 0.379 kPad
(0.055 psid). Temperature/pressure difference data points were recorded by computer at one
minute intervals, which were averaged at one degree intervals prior to performing linear
regression.

Density was measured in the same manner as described previously for low refrigerant
concentration mixtures. Corrections for vapor space in the viscometers, pressure vessels and
density bulbs were made as discussed above.

3Shankland, I. R., Basu, R. S. and Wilson, D. P., "Thermal Conductivity and Viscosity of a New
Stratospherically Save Refrigerant-1,1,1,2Tetrafluoroethane(R-134a)," CFCs: Time of
Transition, American Society of Heating, Refrigerating and Air Conditioning Engineers, Atlanta,
GA 1989.
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APPENDIX B

Lubricant Purity

Moisture, total acid number, iron content and copper content have been measured for the
lubricants reported in this study. Table B-1 below gives these results. The intent of these
measurements is to verify purity of the lubricants prior to study of the viscosity, solubility and
density characteristics when mixed with various refrigerants; impurities of the order shown
below have negligible effects on these properties.

Table B-1: Lubricant Purity
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APPENDIX C

Commercial Identification

Lubricants tested are commercially available and are:
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