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ABSTRACT

Liquid/liquid miscibilities of four different 32 ISO VG polyolesters and one alkylbenzene
at three concentrations have been determined with five refrigerant blends, including HC-
290. A vapor lubricant equilibrium (VLE) viscosity reduction of 32 ISO VG mineral oil
with HCFC-22 has been completed. Composite viscosity reduction information by the
fractionate components from R-502 in 32 ISO VG mineral oil has been obtained from -10°
C (14°F) to 125°C (257°F) isotherms. Vapor lubricant equilibrium (VLE) viscosity
reduction for 32 ISO VG mixed acid polyolester with HFC-134a and HFC-143a has also
been completed. Data is also presented for the viscosity reduction of 32 ISO VG
branched acid polyolester by these same refrigerants.
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1. SCOPE

This study will measure the viscosity, density and solubility of refrigerant/lubricant
mixtures using various blended refrigerants. The two lubricants chosen for this study are a
fully and partially miscible 32 ISO VG branched acid polyolester and a mixed branched
acid 32 ISO VG polyolester. The refrigerant mixtures to be tested are labeled blends A
through F; the components of these blends are listed in Table 1 as percentages by weight.
The refrigerant gas equilibrium solubility information shows the fractionation of the
individual gases in the lubricants. Mixtures of lubricants with the individual gases that
make up the refrigerant mixtures (HFC-32, HFC-125, HFC-134a, HFC-143a) will also be
studied.

Table 1. Blends with Refrigerant Proportions in Percentages by Weight

A 60 40

B 30 70

C 30 10 60

D 44 2 54

E 20 55 20 5
F 45 55

The miscibilities of these refrigerant mixtures with five different lubricants were
determined so that the two lubricants (a 32 ISO VG branched acid polyolester and a
mixed branched acid 32 ISO VG polyolester) used for further testing could be selected.
Viscosity determinations were conducted only with mixtures C, D, and F. In order to
provide a basis for comparing viscosity, gas solubility, and density, evaluations of HCFC-
22 and R-502 with a 32 ISO VG mineral oil are included.




Table 2. Lubricants

Fhui factur o Type Trademark?
A Castrol Branched Acid Registered
Polyolester Trademark
B Emery 2927a Henkel, imery Group Branched Acid Registered
Polyolester Trademark
C RL-328 ICI Che:micals and Mixed Acid Polyolester Registered
Poly, mers, Ltd Trademark
D Artic EAL 224R Mobil Mixed Acid Polyolester Registered
Trademark
E Shrieve Zerol 150 Shrieve Chemical Alkylbenzene Registered
Company Trademark
F Suniso 3GS Witco Corporation Naphthenic Mineral Registered
Oil Trademark

1.1 Statement and Chemical Properties of Lubricants

The viscosity and liquid/liquid miscibility of lubricants with refrigerants depend on the
composition of the lubricants. However, because the lubricants and pentarerythritol
poloylesters used in this study are proprietary formulations, information about their
specific structural properties, including alcohol type and the stochiometry of the carboxylic
acids used in synthesis, remains with the manufacturer. As a result, only the miscibility
and viscosity differences between the polyolesters are reported.




2. METHODS

2.1 Viscosity Determinations

The method used in this study is similar to that by Albright (1956-59), Little (1956) and
Parmelee (1964.) These authors use the gas equilibrium concept -- the saturation of the
liquid with vapor -- to study the viscosity reduction of hydrocarbon refrigeration oils in
refrigerant gases. In conjunction with the gas equilibrium approach, this study uses
temperature and pressure limitations to determine refrigerant gas concentrations.

Viscosity and density are determined accurately by a fourth generation viscometer (Figure
1), which was taken from a report by Nissen. This viscometer system consists of an
oscillating body device enclosed in a low volume pressure tube. The active part of this
system is a solid oscillating cylinder made of highly polished stainless steel; this is
connected to a precisely thermostatted spring inside a stainless steel pipe. An external
electromagnet causes the cylindrical bob to oscillate. The decrement of any solution in the
viscometer can be determined by measuring the rate of sinusoidal decay. A quick decay
represents a high viscosity; a slow decay, a low one. The viscosity of the solution can be
determined from the decrement and density.

This viscometer allows a wide range of viscosity determinations (.10 to 1800 cP) to be
made with a single oscillating bob. The viscosity of polyolester blends B and C, as well as
32 ISO VG mineral oil were measured; the standards used were water and certified
standard test fluids (NIST traceable). These standards are calibrated from -25°C to 125°C
and are reported in both cP and cSt values. The readability of the viscometer is 0.06 cP.
The density of the oils is also reported. The wide temperature range of various calibration
oils results in a significant overlap that serves as an internal standard and self check. For
low viscosity solutions, the difference between standards is +0.1% for low viscosity
solutions; this increases to £1.5% for high viscosity solutions.

The bob used to determine viscosity can be used to determine density as well.. By
observing the position changes of the bob, density can be determined to within 0.0005
g/ml. Determining consistent density at constant temperature and constant pressure is a
very accurate method of measuirng fluid consistency. Accurate density measurements
allow the calculation of centistokes (cSt) from centipoise (cP). The density range of the
instrument is calibrated with known, readily available pure fluids that are dried over a



molecular sieve prior to use; this provides a straight calibration line for density at specified
temperatures. The precision of this determination is £0.3%

The fluid refrigerant mixture is pumped trom the bottom of the viscometer and sprayed
into the refrigerant vapor space at specific pressures and temperatures. Consequently,
density may be monitored for equilibrium conditions, the decrement may be measured, and
the viscosity may be calculated. Before the fluid is sampled, it is visually examined several
times to determine that true solution conditions are present. The fluid sample is then
drawn through a very low volume capillary line (380ul) into a deeply evacuated,
lightweight glass sampling bulb where a total charge is retained. The ratio of gas to liquid
oil (percentage by weight) may then be calculated. The concentration measurement is
reproducible within £0.5% by weight at a given isothermal pressure test point. Sampling
the refrigerant lubricant mixture at each isothermal pressure test point is essential to the
measurement technique used in this study.



Figure 1. Oscillating Body Viscometer
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The solubility ranges of refrigerant/lubricant combinations may be inconsistent. For
example, the viscometer does not allow the kind of immiscibility conditions that could
occur in a low temperature pressure cell containing liquid refrigerant and a partially
immisible lubricant. According to the principles of gas equilibrium, forced saturation with
liquefied gas is required to produce immiscible layers. Oil may be kept saturated with gas
at a specific pressure and temperature by accurately monitoring the gas pressure and
keeping it at or below the saturation pressure. For oils that are nearly infinitely miscible,
liquid refrigerant can be added to the viscometer under pressure, and fluid properties can
be measured for viscosity, density, pressure and refrigerant concentration. Measurements
are taken when the oil is saturated with refrigerant gas.

Unless there is a zero void space in a pressurized viscometer cell, the refrigerant-oil pair
combinations will change. For example, a fluid with 6.6% refrigerant by weight at 100°C
(212°F) will have a refrigerant concentration almost three times greater (22.0%) when it is
cooled to 10°C(50°F) inside a closed system (like a viscometer) which has available gas
space. When refrigerant blends are used, the composition of the gas in the vapor space of
the viscometer is maintained equal to that of the pure refrigerant blend. The fractionation
of the mixed gases is determined at every temperature and pressure. Samples of the
fluid/refrigerant mixture are collected to determine the percent refrigerant by weight in the
fluid. The ratio of gases is determined by gas chromatography, as stated in Section 2.2.

The fluid measurement portion of the viscometer is equipped with two high temperature
and pressure sight glasses directly adjacent to the suspended stainless steel solid cylinder.
Through the upper sight glass, the solution is continually monitored for the formation of
any immiscible particulates or haze of the fluid and refrigerant. The observer can ensure
that the viscometer is charged with enough fluid to completely cover the bob. The lower
sight glass is adjacent to the gas introduction port and to the oil sampling port. The third
sight glass, located at the top of the vapor space directly adjacent to the pump exit, allows
observation of the foaming qualities of the lubricant and lets the observer guarantee that
the mixed system is always at the stated measurement temperature.

For the best reproducible method, pressure is measured with a Bourdon tube gauge with a
660-degree double-helix display . This temperature-compensated gauge is calibrated with
both gas and liquid, is accurate to +0.2 psia and is traceable to NIST standards. Vapor

pressure is measured at equilibrium, when the soluble gases are responsible for the fluid



properties. Since the gas content of the fluid is measured, the amount of gas contained in
the Bourdon tube is irrelevant.

Density, viscosity, and vapor pressure are always measured under isothermal conditions.
The viscometer temperature is maintained by a circulating constant temperature glycol
bath controlled by a Platinum RTD (£0.1°C) microprocessor. The RTD probe is mounted
at the surface of the viscometer tube inside the liquid bath. The other temperature zones
are controlled by electric heaters, using a microprocessor controller (0.1°C) with type "J"
thermocouples.

Oil is pumped into the viscometer by a magnetically coupled impeller located in the pump
body and sprayed into a soluble gas vapor space at the top of the viscometer. The pressure
and temperature in the instrument can be varied to simulate the lubricant/refrigerant pair
conditions that exist in operating compressor systems. Test fluids are degassed at 60°C
(140°F) to 20 millitorr for 24 hours and are generally dried to SO ppm. Similarly, the
viscometer is evacuated to 20 millitorr for several hours, purged with the refrigerant gas
several times, and evacuated. The test oil is then drawn through the oil charging valve and
re-evacuated to 20 millitorr. The oil is purged with refrigerant gas and evacuated again.
Non-condensable gas content is not allowed to exceed 10 ppm or equivalent to the
refrigerant used.

2.2 Refrigerant Blend Sampling

After refrigerant/lubricant samples are obtained from the viscometer, the glass container
and its rubber stopper are weighed. The glass bulb is placed on the sample input port of
the apparatus (Figure 2) with the lower stopcock closed. The upper stopcock is opened
and attached to the vacuum pump. The upper stopcock remains open until a sufficient
vacuum (30-50 millitorr) has been pulled on the gas chamber. When the upper stopcock is
closed, the lowei stopcock is opened. The lower pressure in the gas chamber pulls the
refrigerant out of the sample in the glass bulb. To separate the refrigerant from the
lubricant, the glass bulb is heated carefully with a propane torch. The lower stopcock is
closed within 30 seconds after heating. One minute after the lower stopcock is closed,
equilibrium 1s established.

The ratio of the gases can be determined from the sample of gases drawn off the top oil.

A second gas sample is obtained to determine if equilibrium has been established and



whether the ratio of gases has changed. Gas chromatography is used to analyze the
refrigerant sample. Separate measurement studies indicate that more than 80% of the
refrigerant contained in the liquid sampling bulb has been removed. Finally, all remaining
traces of refrigerant are removed by heating the bulb to constant weight under vacuum.
This was then used for the final measurements of net percentage by weight.



Figure 2. Refrigerant Blend Sampling Apparatus
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3. RESULTS OF PRELIMINARY MEASUREMENTS

In order to select the lubricants to be used in this project, the miscibilities of four different
polyolesters and one alkylbenzene with six refrigerant blends have been evaluated. In
addition, the density and viscosity of mixtures of pure refrigerant with pure lubricant have
been tested; this provides data about the repeatability and accuracy of the viscometer.

3.1 Miscibility Determinations

The fluids to be tested for this project were selected based on data about the miscibility of
four different polyolesters and one alkylbenzene with six refrigerant blends (Appendix
A)at three different refrigerant/lubricant concentrations.  Alkylbenzene is used to
determine the miscibility of aromatics. Surprisingly, blend D appears partially miscible,
perhaps as a result of lower temperature. This suggests a possibility for good oil return
and inverse miscibility at higher temperatures, which indicates undiluted hydrocarbon
lubrication.

Levels of immiscibility may significantly effect the fractionation of individual gases at
different temperatures and pressures. For example, Lubricant B is a 32 ISO VG branched
acid polyolester, believed to be the most miscible type; its very high liquid/liquid
miscibility suggests that it will have very little influence on the fractionation of the various
gases that compose refrigerant blends. Lubricant C has been determined to be the least
miscible lubricant tested, although its viscosity is close to that of Lubricant B.
Consequently, Lubricant C was used in this study to verify the impact of partial liquid
miscibility on the gas solubility of various gases in refrigerant blends. Lubricants A and D,
which are in the intermediate range of miscibility, could also be used for this.

10



3.2 Measurements with Mineral Oil
3.2.1 Viscosity of 32 ISO VG Mineral Oil and HCFC-22

Appendix B illustrates the isothermal viscosity, density and solubility of HCFC-22 in 32
ISO VG mineral oil. This oil was purchased locally at Grainger Industrial Supply.
Isothermal determination provides a snapshot view of refrigerant/lubricant solubility
knees, which are unique to each refrigerant/lubricant combination. Solubility knees
become apparent as the concentration of refrigerants approaches the critical phase of
refrigerant/refrigerant gas solutions. The lowest temperature for which visccsities were
determined is -20°C. Viscosity measurements at -40°C were attempted without success;
when refrigerant concentrations exceeded 9%, the fluid became immiscible. Figure 3
presents viscosity as a function of temperature, and includes isobaric pressure lines. Figure
4 presents a modified "Daniel Plot" that shows viscosity and pressure at constant
concentration as a function of temperature. Figure 5 shows density as a function of
temperature at constant concentration. The raw data tables in Appendix B (Table B.1)
present density values.

11
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Viscosity vs Temperature
HCFC-22 in 32 ISO VG Mineral Oil

Figure 3
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Viscosity and Pressure at Constaint Concentrations
HCFC-22 in 32 ISO VG Mineral Oil

Figure 4
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Density vs Temperature
HCFC-22 in 32 ISO VG Mineral Oil
Figure 5
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3.2.2 Viscosity of 32 ISO VG Mineral Oil with R-502

Appendix C shows the isothermal viscosity, density, and solubility of R-502 in 32 ISO VG
mineral oil. Each isothermal plot shows the fractionation of R-502 as percentage R-22 of
the total gas in solution. The lowest temperature at which viscosity was determined is -
10°C: the highest is 125°C and 500 psia. At each test temperature and pressure, mixed
refrigerant gas is purged through the lubricant until the fractionated components reach
equilibrium. The equilibrium is maintained by meking the refrigerant gas above thc
lubricant equal to the proportion of the mixed lubricant and refrigerant. The percent
concentration of the total refrigerant represents the total of both gases that are soluble in
the fluid at that pressure and temperature. Figure 6 presents viscosity as a function of
temperature and includes isobaric pressure lines. Figure 7 presents a modified "Daniel
Plot" that shows viscosity and pressure at constant concentration as a function of
temperature. Figure 8 shows density as a function of temperature at constant
concentration.
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Viscosity vs Temperature
R-502 in 32 ISO VG Mineral Oil
Figure 6
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Viscosity and Pressure at Constant Concentrations
R-502 in 32 ISO VG Mineral Oil

Figure 7
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3.3 Measurements with Polyolesters
3.3.1 Viscosity of 32 ISO VG Mixed Acid Polyester with HFC-134a

Appendix D presents, in Table D.1, the isothermal viscosity, density, and solubility of
gaseous HFC-134a in a 32 ISO VG mixed acid polyolester with good miscibility
characteristics. Some isothermal curves illustrate reasonably straight viscosity reduction
with increasing refrigerant dilution, while some show a characteristic solubility knee.
Several viscosity data points were taken; the lowest temperature at which viscosity was
measured was -30°C.  Figure 9 presents viscosity as a function of temperature and
includes isobaric pressure lines. Figure 10 presents a modified "Daniel plot" showing
viscosity and pressure at constant concentrations as a function of temperature. Figure 11
shows density as a function of temperature at constant concentrations.

3.3.2 Viscosity of 32 ISO VG Branched Acid Polyester with HFC-134a

Appendix E presents, in Table E.1, the isothermal viscosity, density, and solubility of
gaseous HFC-134a in a 32 ISO VG branched acid polyolester with good miscibility
characteristics. Figure 12 presents viscosity as a function of temperature and includes
isobaric pressure lines. Figure 13 presents a modified "Daniel plot" showing viscosity and
pressure at constant concentrations as a function of temperature. Figure 14 shows density
as a function of temperature at constant concentrations.

3.3.3 Viscosity of 32 ISO VG Branched Acid Polyester with HFC-143a

Appendix ¥ presents, in Table F.1, the isothermal viscosity, density, and solubility of
gaseous HFC-143a in a 32 ISO VG branched acid polyolester. Five viscosity data points
were taken for each temperature.  Figure 15 presents viscosity as a function of
temperature and includes isobaric pressure lines. Figure 16 presents a modified "Daniel
plot" showing viscosity and pressure at constant concentrations as a function of
temperature. The 10% and 20% concentration lines flatten as the temperature increase