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Abstract

The objective for this work was to understand the lubrication of refrigeration compressors
operating with new environmentally acceptable refrigerants and lubricants.

Measurements of viscosity and pressure-viscosity coefficient were made for two refrigeration
compressor lubricants in a high pressure viscometer  The result showed that the pressure-
viscosity coefficient is reduced when refrigerant is added to the lubricant.

A cost-effective method for measuring the pressure-temperature relationship of lubricant-
refrigerant mixtures was developed. The technique is based on the use of film thickness
measurements under equilibrium conditions. The method has proven  to be of great interest
and has been adopted by other research groups.

Experiments have been conducted into the effect of  hydrocarbons on the viscosity of a
polyalkylene glycol intended for off-shore application A pressurised Höppler type viscometer
was developed for the tests. The viscosity of the lubricant was reduced to 24 % after 24 hours
exposure at 100 bar with the hydrocarbon mixture. Heavier hydrocarbons were found
relatively soluble in the lubrican

A falling-ball viscometer was developed which allowed the viscosity of lubricant-refrigerant
mixtures to be measured at pressures up to 34MPa. The viscometer was used for
measurements of viscosity and pressure-viscosity coefficients for eight different polyolester
lubricants with different molecular structure. The pressure-viscosity coefficient was
correlated with the amount of branched acid, viscosity and concentration of refrigerant.  An
empirical model for determination of pressure-viscosity coefficients of polyolester/R-134a
mixtures were developed.

A hermetic bearing tester was developed to test rolling element bearings lubricated with
lubricant-refrigerant mixtures. The test showed that there is a sharp boundary between wear
of the bearing surfaces and successful operation.

The results also showed that the lubricant structure plays a much more important role for the
well being of rolling element bearings in refrigeration compressors than has been recognised
before. It is shown that a high degree of branching has a negative influence on the lubricant
film forming ability when exposed to refrigerants and that lubricants containing short acids
seem to generate more severe wear of the bearing surfaces than lubricants containing long
linear acids.

The apparatus was also used to test the new toroidal roller bearing developed by SKF,
CARBTM. The work showed that toroidal roller bearings can only be used in ammonia
compressors if fitted with a cage separating the rollers.
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1 Introduction
A current trend in the engineering sciences is that environmental concerns have become more
important than engineering perfectionism.  There are numerous examples on where high
performing, well proven and cost effective products have been replaced with products inferior
from an engineering and economical point of view but superior from an environmental
preservative view.

One of the best examples available on this is the replacement of CFC refrigerants
(halogenated hydrocarbons, Freons©) with environmentally acceptable substitutes.  The non-
chlorinated refrigerants that we are transitioning to today were also evaluated together with
their chlorinated cousins but was discharged on engineering or economical reasons by the
researchers during their search for new refrigerants back in the 1930’s.

A large portion of the problems encountered in the transition to environmentally acceptable
refrigerants has been related to lubrication problems.  There are numerous examples available
on premature failure of equipment using new environmentally refrigerant due to wear
problems.

A large part of this problem is the lack of design data applicable for these new fluids.

This thesis is a small contribution to the growing knowledge base of how these refrigerants
should be used to obtain as good or better performance and reliability as we are used to.

1.1 History of refrigeration
Man has always had a need for preserving food and it has probably been known for a long
time that low temperatures allow fresh food to be kept for long periods of time. The first
method used was to collect and store natural ice during the winter to be used later during the
warmer periods of the year.  Natural ice was used in Sweden for this purpose as late as 1960
[1].

The thermodynamic theory necessary for the development of refrigeration developed in the
middle of the 1800's.  Jacobs Perkins applied for a patent for a compressor refrigeration
system in 1834.

The two main types of refrigeration cycles are the ammonia absorption process and the
vapour compressor refrigeration cycle.  The absorption process is for an example used in the
Platen-Munters refrigerator found in mobile installations such as in small boats and caravans.

In the compressor refrigeration cycle, shown in Figure 1, heat is absorbed in an evaporator
when the refrigerant vaporises.  This vapour is then compressed by a compressor and then
condensed at the higher pressure in a condenser while emitting heat.  The liquefied refrigerant
is then returned to the evaporator via a pressure reducing expansion device.
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CondensorEvaporator

Expansion device

Compressor

Figure 1 Principle of the compressor refrigeration cycle.

The refrigerant initially used was ammonia and this along with other refrigerants such as
sulphur dioxide, methyl chloride and carbon dioxide were commonly used until around 1950.
The introduction of CFC-compounds (halogenated hydrocarbons, Freon™, etc.) around 1930
gave us refrigerants that were at that time considered to be harmless to humans,
environmentally safe and incombustible. (This was demonstrated by a Du Pont engineer, who
during a presentation, inhaled R-12 and used it to extinguish a candle.)  CFC-compounds
were further developed and rapidly replaced the previously used refrigerants except ammonia
that was continued to be used due to its favourable thermodynamic properties and low cost.

The meshing rotors take in gas between the ridges as they pass by the intake opening. When
the rotors turn, the connection to the intake opening closes, and the space between the ridges
starts decreasing. At the end of the compression phase, the desired pressure has been reached,
and the connection to the receiver opens

At the same time as the introduction of CFC- refrigerants, the Swedish engineer Alf Lysholm
[2] invented the screw compressor.  The principle of a screw compressor is that the gas is
compressed in the ridges formed between two mesheing screw shaped rotors.  This made it
possible to achieve large displacements in relatively small units compared to piston
compressors.  The first application for screw compressors was a small compressor
manufactured by Stratos-Fairchild used as an air conditioning compressor in early passenger
aircraft's. Interestingly enough is that the lubrication system for that machine was similar to
what is suggested these days, having a small amount of lubricant mixed with the refrigerant
circulating in the system.  Screw compressors were not used in a large scale for refrigeration
compressors until the beginning of 1960.  Today, refrigeration screw compressor technology
is a quite mature art, but still with some challenging engineering problems remaining.  Figure
2 shows a cut-out of a modern twin screw compressor.
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Figure 2 Design of a modern screw compressor, (Sabroe S-80).

1.2 Refrigerants and the environment
Molina and Rowland, [3] presented a paper in 1974 where they showed that CFC-compounds
have a significant destructive effect on the earth's ozone layer that protects us from the sun's
UV-radiation.  CFCs are very stable and can disperse high in the stratosphere where they
decompose and form free chlorine. The chlorine then acts as a catalyst that reacts with the
ozone as shown in Figure 3.

UV-radiation
 O3
 Cl +O3
          ClO + O

Net: 2 O3 + 2 Cl 

O2 + O
ClO +O
Cl +O2

3 O2 + 2 Cl 

Figure 3 Reaction of CFC and ozone in the stratosphere

The political response to Molina and Rowland’s findings has been a stepwise process. The
first step was to stop the use of CFCs in aerosol products. This occurred in 1978 and led to a
quick, but temporary drop in CFC usage around the world.

The next step was a series of international agreements in the United Nations Environmental
Program (UNEP).  In 1985 the "Vienna Convention for the Protection of the Ozone Layer"
was signed by 20 countries. Four years later, in 1989, a total of 47 countries had signed on to
the "Montreal Protocol on Substances that Deplete the Ozone Layer". According to the
Montreal protocol CFC production was to be limited to 1986 levels one year after it was
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ratified (Jan. 1, 1989), then followed by a 20% cut over 3 years and an additional 30% by
1999.

In London, 1990, the Protocol was strengthened to require a 100% phase-out of CFCs by the
turn of the millennium. A non-binding resolution calling for a phase out of a set of first
generation substitutes, hydrochlorofluorocarbons -HCFCs, was also adopted, with an ultimate
target date of no later than 2040.

In Copenhagen, 1992, the Protocol was strengthened again. CFCs were to be phased out by
the end of 1995, with an interim goal of 75% by 1994. HCFCs, brought under binding
regulation, are to be 90% phased out by 2015 and will be completely phased out by 2030.

Some countries like Sweden and Germany have gone further than the international
agreements. Sweden [4] has banned the recharging of CFC equipment after January 1, 1998.
No installation of new HCFC equipment has been allowed since year 1998.  HCFCs can not
be charged into refrigeration system after the end of the year 2001. Commercial use of
equipment using CFCs is stopped the year 2002.

1.3 Development of workable substitutes for chlorinated refrigerants
Finding functional substitutes for the CFCs from a thermodynamic point of view is not the
major problem; most of the possible replacements have been known for decades. The task is
complicated by other issues such as flammability, toxicity effects, elastomer compatibility,
manufacturing cost and lubrication problems.

A problem is that there is insufficient knowledge of how the substitutes behave in
refrigeration systems from the point of view of lubrication and heat transfer. R-134a has been
readily available since the end of 1980 but did not become a fully commercial refrigerant
until a few years later.

The fact that mineral oils are not miscible with HFC-refrigerant lead to the development of
new lubricants.  Two main families were evaluated, polyalkylene glycols, PAG, and
polyolesters, POE.  First use of polyolesters dates back to 1940, when I.G. Farbenindustrie
tried to market these as an alternative to mineral oils in various applications. As early as 1956,
Victor Williamitis [5] of General Motors discussed the use of polyolesters to overcome
problems associated with mineral oil in R-12 and R-22 refrigeration systems such as
solubility at low temperature, wax precipitation and stability . Early use of POEs for HFC
refrigeration goes back to the late 1980's with Lubrizol's development of these fluids.  The
first publication in the scientific literature was by Short, [6] in 1989 but it took a few more
years to develop lubricants that could fulfil customer expectations and there still remain
problems with high wear rates, acid formation etc.

Since polyolester lubricants are manufactured by a reaction between an alcohol and one or
more acids, the number of combinations that can be obtained is virtually infinite. The most
common alcohols used are trimethylolpropane, (TMP), pentaerythritol, (PE), or di-
pentaerythritol, (Di-PE). The acids commonly used range in length from four up to ten carbon
groups. The acids can either be linear or branched, the latter having one or several methyl
groups attached along the alkyl chain.  In refrigeration application, branched acids influences
the properties that are dependent on interaction between the refrigerant and the lubricant such
as solubility, miscibility and viscosity.
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Increased branching will increase the solubility of refrigerant in the lubricant but also
improve the miscibility characteristics at low temperature.

2 Lubrication of refrigeration compressors
The role of lubricants in refrigeration compressors is to reduce friction, prevent wear and also
to act as a seal between the high and low pressure sides of the compressor. In the rest of the
system, however, the presence of lubricants acts as a contaminant which reduces the system
efficiency, Kruse and Schroeder, [7].

The lubrication system of modern piston compressors is similar to that which can be found in
a automobile engine.  The crankcase of the compressor serves as a sump and the lubricant is
pumped to the bearings by an oil pump. The crankcase is normally ventilated to the low-
pressure side of the compressor.  The pressure in the crankcase is fairly constant during
operation but can be significantly increased during standstill periods while the temperature at
the same time is reduced. This increases the amount of refrigerant dissolved in the lubricant.
During start up, the pressure is reduced, causing the dissolved refrigerant to evaporate. This
effect causes the lubricant to foam and increase its volume. If the lubricant then enters the
compression room, severe damage can occur since the lubricant is virtually incompressible.

The flow of lubricant into the condenser and evaporator can be reduced by an oil separator
mounted directly after the exhaust port of the compressor. The separated lubricant is
continuously returned to the compressor.

In the accumulator, partially miscible lubricants and refrigerants may separate so that a
refrigerant rich phase is carried to the expansion valve while the lubricant is accumulated in
an lubricant rich phase in the refrigerant reservoir.  This can lead to limited return of the
lubricant to the compressor and insufficient lubrication. In the evaporator the lubricant is
subject to low temperatures which can lead to problems with wax formation and phase
separation. Limited miscibility of the refrigerant in lubricant at low temperatures gives
problems with return of the lubricant to the compressor due to high viscosity.

The thickness of the lubricating film is determined by the geometry and material of the
contact surfaces, the relative velocity of the surfaces, the load and the viscosity, the pressure
viscosity coefficient and density of the lubricant.  For the latter parameters, pressure and
temperature are of great importance, this applies to both hydrodynamic (plain bearings) and
elastohydrodynamic, EHD, contacts (roller bearings).  Too low viscosity of the lubricant-
refrigerant mixture leads to incomplete or ineffective separation of the metal surfaces, which
increases friction and wear. This can, to some extent, be compensated for by various anti-
wear additives, but this solution cannot be used to its fullest extent in refrigeration systems
due to the risk of reaction between the additives and refrigerant.

2.1 Lubrication systems for screw compressors
A problem with twin screw compressors is sealing the compression volume. This can be
solved by injecting a lubricating/sealing lubricant in the compression volume to act as a gas
seal between the rotors and between the rotor tips and the housing. The oil separator for a
screw compressor also serves as the lubricant reservoir with the lubricant pressurised to the
condenser pressure.  The lubricant-refrigerant mixture that enters the bearing cavity is subject
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to a sudden pressure drop causing some of the dissolved refrigerant to evaporate. This makes
it difficult to predict the actual properties of the mixture that lubricates the bearing.

The bearing cavity is normally drained to an intermediate pressure in the compressor.

3 Lubrication of compressors for natural gas
Similar problems as experienced in refrigeration compressors are encountered in other gas
compressor applications.  Several companies are in the process of developing subsea
multiphase pumping system technology to boost production from declining oil-gas fields.
Satellite subsea production units are attractive as a low cost approach in deep water areas [8].
Many of the suggested designs use positive displacement or centrifugal compressors that have
a separate oil circulation system exposed to the gas from the well. The influence of the gas on
lubricant viscosity and the composition of natural gas dissolved in the lubricant in such
applications were investigated in Paper C.

In use, the lubricant can be pressurised up to 10 MPa with wellhead gas  The high pressure
will cause significant amounts of gas to dissolve into the lubricant and change its properties,
e.g., cause a reduction of the viscosity of the lubricant.  Figure 4 shows the viscosity
reduction of a ISO VG 68 polyalkylene glycol that is exposed to a gas mixture consisting of
hydrocarbons from methane to heptane at three different pressures.
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Figure 4 Viscosity reduction of lubricant exposed to natural gas.

The viscosity of the lubricant was measured in a high pressure falling ball viscometer of
Höppler type shown in Figure 5. The viscosity of the fluid is determined from the time taken
for the ball to pass by a window in the tube wall.
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Window for falling speed measurement 

Window for observation of the test sample 

Sintered filter 

Gas inlet 

Gas outlet 

Cradle

Figure 5 Falling ball viscometer for polyalkylene glycol-natural gas measurements.

The gas mixture was bubbled from the bottom of the viscometer and was taken out at the top.
Figure 6 shows the relative change in composition of the gas that exist the viscometer
compared to the gas entering the viscometer.  The concentration of each gas component is
normalised against the concentration of that component in the delivery line

The data shows that the concentration of the heavier hydrocarbons is significantly reduced in
the exit line. The reduction is lower for the sample taken after 24 hours than in the sample
taken after 45 minutes indicating that the lubricant slowly becomes saturated even with the
heavier hydrocarbons used in this experiment.
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The result from this investigation show that hydrocarbons at high pressure is relatively
soluble in the polyglycole lubricant studied.  Caution needs to be taken before a lubricant is
selected to an application where it will be pressurized by hydrocarbons during a long period
of time.

4 Rheology of lubricant-refrigerant mixtures
The rheological properties of a lubricant that determine the film thickness in an EHD-contact
are normally the dynamic viscosity, K� and the pressure-viscosity coefficient, D.  Paper A, B,
D and E presents investigations of the effect of refrigerant on those two parameters for
polyolester lubricants common for refrigeration compressor applications

The measurement of viscosity on lubricant-refrigerant mixtures is complicated since the
mixture needs to be held under pressure. As the primary interest is to see how the properties
change with amount of refrigerant added, one also needs to know  the concentration of
refrigerant in the mixture. It is very important to ensure that the actual measurement volume
is held under such conditions that no boiling can occur.

Spauschus and Speaker [9, 10] presented a review of the methods used for measuring the
viscosity of lubricant-refrigerant mixtures and a listing of the data available.

Besides viscosity data available from the manufacturers, there have been a few independent
researchers who have presented viscosity data for polyolester-HFC mixtures. Some of the
data originates from systematic studies on groups of lubricant-refrigerant pairs.  Cavestri et al.
[11, 12] used an oscillating bob viscometer to measure viscosity of various synthetic
lubricants together with R-134a.  The most complete work of this sort was made by
Henderson [13], who measured viscosity and density for 35 different lubricant-refrigerant
pairs.  The data in his work is presented on the convenient format suggested by Daniel et al.
[14].

4.1 High-pressure rheology of lubricant-refrigerant mixtures
In Paper A, an existing concentric cylinder viscometer designed by Isaksson [15] was used to
measure the viscosity of a polyolester mixed with R-134a and a white mineral oil mixed with
R-123a at pressures up to 20 MPa. The viscometer was equipped with a mixing/pressurising
system consisting of a pair of hydraulic cylinders that were used to circulate and pressurise
the test fluid.  The graph in Figure 7 shows viscosity and pressure-viscosity data for the tested
mixtures.
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Figure 7 Viscosity and pressure-viscosity coefficient data from concentric cylinder
viscometer.

The concentration of refrigerant in the mixture was determined by weighing the lubricant and
refrigerant added to or removed from the system. This introduced errors in the concentration
measurements. However it could be concluded that the pressure-viscosity coefficient was
reduced when refrigerant was added to the lubricant.

In Paper D a modified version of the falling ball viscometer used in Paper C was used to
study the influence of refrigerant on the viscosity and pressure viscosity for three ISO VG 32
polyolesters where 0, 28 or 67% branched alcohols were used in the synthesis of the
lubricant.  The viscometer design was modified by adding a separating piston wich was used
to pressurise the test fluid during measurements as shown in Figure 8.



10

\\PC-SERV\pub_MT\ME\Ulf Jonsson\DoktorUlf\AvhandlingSlutlig.doc
98-05-04  05:09

Locations of
timing
windows

Double O-
ring seals

Figure 8 Design of falling ball viscometer for high pressure studies of lubricant-refrigerant
mixtures.
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Figure 9 Viscosity and pressure-viscosity coefficient vs. concentration of refrigerant for
three ISO VG 32 polyolesters.

As shown in Figure 9, the pressure-viscosity coefficient of the pure lubricants are increasing
with increasing amount of branched acids used for their manufacturing. At the same time, a
more branched lubricant will also experience a higher solubility and a greater reduction in
pressure-viscosity coefficient when mixed with refrigerant. The last two effects combined
indicate that it is preferable to use a less branched lubricant if the reduction in miscibility at
low temperatures can be accepted.

Based on the results presented in Paper D, a more systematic study, presented in Paper E, was
performed where five additional lubricants were selected to give a broader representation of
commercial polyolesters for refrigeration applications.  The viscosity for these lubricants
ranged from ISO VG 32 up to ISO VG 370.  The resulting pressure-viscosity coefficient for
the lubricants at 40°C and 80°C vs. concentration is shown in Figure 10.
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Figure 10 Pressure-viscosity coefficient at 40 and 80°C vs. Concentration.

The data shows that the reduction in pressure-viscosity coefficient with increased refrigerant
concentration is larger as branching increases in the lubricant structure.  This is particularly
apparent in esters which made from 100% branched alcohols, (Esters E and H).

From this data it was found that the pressure-viscosity coefficient of polyolester lubricants
typical for refrigeration applications could be estimated using an empirical model based on
the amount of branched acids and the logarithm of the lubricant viscosity.  A graphical
representation of the model is shown in Figure 11.
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The pressure-viscosity coefficient for the pure lubricant is estimated by drawing a vertical
line from the viscosity to the line best describing the amount of branched alcohols in the
lubricant and then reading the pressur-viscosity coefficient on the y-axis.  The pressure-
viscosity coefficient for a mixture with R-134a is then estimated by following the nearest
curved line to the desired concentration and reading back to the y-axis.

The graph is suggested to be used as an approximation for adjusting the viscosity used in
handbook bearing life calculations developed by SKF [16] to compensate for the differences
in pressure-viscosity coefficient compared to mineral oil.  The adjusted viscosity, Qadj, is
calculated as: Qadj=Q(D/Dmineral)

0.72 where: Q andD are the actual kinematic viscosity and
pressure-viscosity coefficient of the lubricant-refrigerant mixture at the location of the
bearing and Dmineral is the pressure-viscosity coefficient of mineral oil that is used as a
reference.

4.2 Determination of apparent viscosity from EHD film thickness
measurements
Paper B describes a method for determining the apparent viscosity of an lubricant-refrigerant
mixture at equilibrium conditions by measuring the actual film thickness in an
elastohydrodynamic contact and then calculating the reduction in apparent viscosity using
EHD film thickness equations.

There are different methods for measuring film thickness in an EHD contact that are possible
to use for this purpose.  Wardle et al. [17] used electrical resistance to measure the speed for
surface separation in ball bearing operating in an lubricant-refrigerant environment.  This
gave a measure of the apparent viscosity of the lubricant.  A more direct method for film
thickness measurements in EHD contacts using optical interferometry was presented 1966 by
Cameron and Gohar [18]. Their method in combination with the improvement by using a
semi-reflective chromium layer on the disc surface, as suggested by Foord et al. [19], was
used in Paper B and D to measure the film thickness in a contact lubricated with lubricant-
refrigerant mixtures.

The contact area between the glass disc and the ball shown in Figure 12 was illuminated with
coaxial light and viewed though a microscope. The different optical path length for light
reflecting on the ball and on the chromium layer creates a interference pattern that can be
viewed through the microscope. This pattern describes the separation between the disc and
ball caused by the lubricant film.

In order to keep the lubricant-refrigerant mixture under pressure the ball retainer was
designed with an O-ring as a seal between the ball retainer and the glass disk.
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Figure 12 Design of ball retainer used for optical film thickness measurements on lubricant-
refrigerant mixtures under pressure.

The lubricant in the retainer was pressurized by gaseous refrigerant so that the refrigerant was
free to go into solution with the lubricant. By measuring the rolling speed at which first order
constructive interference was obtained between the surfaces in the central portion of the
contact, it was possible to calculate the apparent viscosity of the lubricant-refrigerant mixture
at equilibrium conditions by using film thickness equations derived by Hamrock and Dowson
[20].  This method is based on the assumption that the Hamrock and Dowsons formula is
valid for this type of fluids.

Figure 13 shows the relationship between apparent viscosity and pressure for an ISO VG 68
polyolester pressurised with R-134a at three different temperatures.
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Figure 13 Viscosity vs. refrigerant gas pressure at equilibrium conditions.

The unusual behaviour with viscosity increasing with increasing temperature is caused by the
decreasing solubility of refrigerant into the lubricant with increasing temperature.
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The approach used in Paper B was developed further by Akei et al [21, 22] to estimate the
viscosity and the pressure viscosity coefficient of lubricant-refrigerant mixtures, including a
polyolester with R-134a.

In Paper D, the method presented in Paper B was used to directly compare the film forming
capability of two ISO VG 68 polyolesters with different amount of branched acids.  The
lubricants were both mixed acid pentaerythritol esters.  Ester-A was a technical grade1

pentaerythritol formulated with approximately 70% branched C9 and the remainder
consisting of C7 to C10 linear acids.  Ester-B was a mono-pentaerythritol formulated with
approximately 70%2 branched C9 and the remainder consisting of mixed acids ranging from
C5 to C7.

Figure 14 shows the measured film thickness at 39.4°C for the two ISO VG 68 lubricants at
refrigerant pressures of 0, 0.29 and 0.59 MPa.
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Figure 14 Measured film thickness vs. rolling speed at three pressures for two polyolesters
pressurised with R-134a.

The graph shows that the more branched POE68-B gave a thicker film before the refrigerant
was added. This initial advantage offered by the higher amount of branched acids and
therefore higher pressure-viscosity coefficient was lost when the refrigerant was added. No
difference in film-thickness could be observed at 0.29 MPa. At 0.59 MPa the relation was
reversed; the less branched lubricant gives a thicker film than the more branched lubricant.

These results can be compared to a compressor operating at a discharge temperature of 40°C
respectively 20°C above the condensing temperature.  This temperature difference, or
discharge super heat, for a twin screw compressor can be as low as a 5 to 10°C in some
applications. By extrapolating the results it can be concluded that the difference in film

                                                       
1 Technical grade pentaerythritol contains 28%  Di-Pentaerythritol
2 The total branched acid content of Ester B was listed as 74% in Paper D but was later found
to be around 85%.
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formation between Ester A and Ester B in such applications will be larger than shown in
Figure 14.

5 Lubrication of angular contact ball bearings with
polyolester/R-134a mixtures
The expected life of a rolling element bearing is largely related to the lubricant film thickness
in the bearing. A thin film will increase the number and severity of asperity contacts between
the races and the rolling elements. Contact between the surfaces will cause locally high
stresses, increasing the risk of fatigue in the bearing material.

Early theories for bearing life calculation developed by Lundberg and Palmgren [23] did not
take the lubricant in to consideration. This was not done until the end of 1960 when Tallian
[24] correlated bearing fatigue life to the separation of the surfaces. In 1985, Ioannides and
Harris [25] published a new life theory based on the weighted stress distribution in the
material and the fatigue limit of the bearing material.  This theory has later been compiled
into a handbook format and published by Ioannides and Wuttkowski [26].  A subset of their
data has been used to generate Figure 15 that shows the relationship between the life
adjustment factor, aSKF, and the viscosity ratio, N� The solid curve is valid for the
contamination-level/load ratio, Kc*Pu/P=0.1 and is believed to be relevant for this work.

The wear behaviour of rolling element bearings has also been found to depend upon the
lubricant-refrigerant combination used. Jacobson [27, 28, 29] tested angular contact ball
bearings lubricated with a polyolester/R-134a mixtures.  Based on this work, he suggested
that the decrease in anti-wear properties of polyolester/R-134a mixtures could be
compensated for by multiplying the minimum required viscosity, Q1, used for bearing life
calculations, by a factor depending on the lubricant-refrigerant combination used.  The impact
of this on the bearing life is illustrated with the dotted line in Figure 15 that represents a
Jacobson factor of three as suggested by SKF [30] for polyolester/R-134a applications.
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Figure 15 Ball bearing life adjustment factor vs. lubricant viscosity ratio, from [26].

The anti wear properties of lubricant/HFC-refrigerant mixtures have been investigated by
several research groups.  Mizuhara et. al [31] studied the anti wear properties of R-12, R-22
and R-134a in mineral oil and PAG and showed that chloride and fluoride were present on the
surface after wear tests.  Randles and Heavers [32] carried out a systematic study on how the
structure of ester lubricants influences their lubricating properties.  They found that wear rate
in Falex and four-ball tests increased with increased content of branched acids.

A very interesting study was made by Sanvordenker [33, 34] who studied thermal
decomposition of R-134a/polyolester mixtures. He found that polyolester lubricants could
decompose at temperatures above 200°C in the presence of steel and refrigerant and that the
acids formed were capable of reacting with the steel.

To investigate wear of rolling element bearings in lubricant-refrigerant atmospheres a bearing
test spindle as described in Paper F was designed that could be used to test both angular
contact bearings and roller bearings under gas pressures up to 2 MPa. The design of the
spindle is shown in Figure 16.
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Figure 16 Design of bearing test apparatus.

The apparatus was used to investigate how wear of the contact surfaces in angular contact ball
bearings depends on amount of refrigerant dissolved into the lubricant and also on lubricant
composition.

The lubricants used were identical to Ester A and Ester B that was used for the film thickness
comparisons described in paper D. (Sect. 4.2).

An initial test was used to estimate the concentration at which accelerated wear began to take
place in the bearing when lubricated with a mixture of Ester A and R-134a.  The refrigerant
concentration in the lubricant was increased and oil samples were taken every 24 hours.  The
indicated iron concentration together with the refrigerant concentration are shown in Figure
17.
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Figure 17 Iron and refrigerant content in lubricant vs. time.

The results from this test indicated that the critical concentration level for this lubricant-
refrigerant pair was around 18%.  This was then verified by running bearings with 17% and
23% concentration of R-134a in Ester A for 100 hours and then inspecting the bearings using
a scanning electron microscope.
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Experience from compressor tests indicated that the lubricant structure might influence the
wear of the bearings.  This was investigated by running a bearing pair in Ester B at 23%
concentration.

The results from these test are illustrated with the SEM-images shown in Figure 18.

Ester A +17%R-134a Ester A +23%R-134a Ester B +23%R-134a

Figure 18 SEM images of bearing races shown at 480 X (top) and at 2400X (bottom) The
scale bars represents 25 and 5 Pm.

The bearing operated in Ester A with 17% refrigerant concentration showed no significant
damage at low magnification.  Higher magnification revealed oriented kinematic wear marks
which were smoother than those found in normal applications.  It is believed that the
smoothness is due to mild etching of the bearing steel caused by acids originating from the
lubricant as suggested by Sanvordenker [33].

The bearing operated in Ester A with 23% refrigerant dilution showed similar, but more
extensive, damage to that found in the bearing operated in 17% refrigerant.  Based upon the
image it can be concluded that the life will be shorter than for the bearing operated at 17%
dilution.

The bearing operated in Ester B with 23% refrigerant dilution showed a different texture.  The
grinding marks from the manufacturing process are almost totally erased and the surface is
covered with shallow pits oriented along the track.  The dark area on the upper picture next to
the scale bar shows deeper pits than the typical ones shown in the lower picture.  The surface
features on the race cannot be explained by mechanical wear only.  Since all grinding marks
are worn away and the surface texture shows signs of deep holes, it can be concluded that a
bearing operating under these conditions would fail prematurely.
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Sanvordenkers theory of thermal decomposition of the lubricant is further supported by the
appearance of the bearing used for the initial test.  As evident from Figure 19, the band of
pure rolling lacks the pits characteristic for the surface outside the rolling band. It is believed
that the temperature in the rolling band is not high enough to decompose the lubricant.  This
would then suggest that roller bearings would be less affected by this phenomena and also
that the load of the bearing is more critical that given by fatigue life calculations.

Figure 19 Image of bearing race operated at 32% refrigerant concentration.

A graphical illustration of these results is included in Figure 20.  The dots represent the
operating viscosity ratio and an estimated influence on bearing life based on the appearance
of the bearing surface and the amount of metal worn away during each test.  The viscosity
ratio is calculated by using the method suggested by SKF [16] with adjustments of viscosity
and pressure-viscosity coefficient according to Paper E.
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Figure 20 Results from angular contact ball bearing tests.
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The different wear rate between Ester A and Ester B suggests that the lack of long linear acids
or the presence of short acids in the lubricant plays a key role for the wear rate of rolling
element bearings in refrigeration compressors.

It can be concluded that the damage seen on the bearing operated in Ester B will result in a
shorter life despite the fact that they are used at identical N-values.  The results suggests that
the Jacobson correction factor might need to be adjusted dependent on the lubricants anti
wear properties.

6 Performance of toroidal roller bearings in ammonia
compressors
The toroidal roller bearing, CARB™ invented by Kellström [35] is suggested for use as a
radial bearing in refrigeration compressors [30].  The self-guiding property of the rollers
makes it very attractive for use without a cage guiding the rollers to obtain the highest load
carrying capacity possible.  The high sliding velocity between the rollers in full complement
bearings increases the risk of high wear rate in refrigerant atmosphere.

Previous field experience with ammonia compressors fitted with taper roller bearings has
shown that extremely high wear rates at the roller-flange contact can be obtained when
ammonia is present in the lubricant [29]. This motivates the need for lab tests to be performed
to investigate if this effect can cause problems in the roller-roller contact in a full complement
CARB™ bearing. Two bearings were tested. One of them was disassembled and fitted with a
cage separating the rollers and the other bearing was used as delivered.  The uncaged bearing
was operated at 3000 rpm for 192 hours.  The caged bearing was operated in the speed range
from 3000 to 12000 rpm for a total of 165 hours.  As shown in Figure 21, the rollers from the
uncaged bearing were heavily damaged but the rollers from the caged bearing were found to
be unaffected.  These tests further support the importance of avoiding high sliding speeds in
bearings operating in an ammonia atmosphere.

Figure 21 Rollers from toroidal roller bearings used with and without cage in an ammonia
atmosphere.
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7 Lubrication of bearings under non steady-state conditions
In Paper B, a study was made on how fast the film thickness follows changes in pressure and
feed rate. It was also studied how the lubricant feed rate influences the film thickness in the
contact.

This was done by spraying a mixture consisting of a polyolester lubricant and 25% R-134a
into the ball retainer of the optical film thickness apparatus.  The cavity of the ball retainer
was connected to a large bladder at ambient pressure via a valve. The bladder was used to
collect the lubricant-refrigerant mixture so that it could be recovered.  By this arrangement
the pressure in the ball cavity could be controlled down to ambient pressure allowing the
lubricant-refrigerant mixture to flash and release the refrigerant when it enters the cavity.

A video recorder together with a chart recorder provided continuos monitoring of the film
thickness, temperature and pressure in the cavity.

By opening and closing the inlet valve while keeping the outlet valve fully open, it was
concluded from the video recordings that the response time for the lubricant film thickness to
follow the pressure change was approximately 2 seconds.

Figure 22 shows how the film thickness reacted when the inlet valve was opened and closed
while the outlet valve was partly open.
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Figure 22 Response of lubricant film-thickness with changes in pressure.

In comparison with the time scale actual in a full size compressor using normal lubricant flow
rates, (0.1 to 10 l/min) and in the bearing tests described in Paper F, it can be concluded that
the flashing of refrigerant will have no or little influence on the viscosity seen by the
bearings.

By reducing the lubricant flow rate to much lower rates than studied in Paper B, Wardle et al.
[36] showed that the heat generated in the bearing could be used to degas the lubricant before
it enters the EHD contact.
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8 Concluding remarks
This thesis comprises six papers that aim to increase the understanding rheology of lubricant-
refrigerant mixtures and the lubrication of rolling element bearings in refrigeration
compressors.  The work started with the rather rough viscosity and EHD-film thickness
measurements on lubricant-refrigerant mixtures presented in Paper A and continued with
more refined and systematic studies of film formation in Paper B. Paper C represents a side
track where the knowledge gained by the previous work was used to investigate the effect of
highly pressurised hydrocarbon gasses on the viscosity of a lubricant selected for off-shore
compressor application. The lesson learned from that work led to the development of a new
viscometer used to systematically measure the viscosity and pressure-viscosity coefficient of
polyolester-refrigerant mixtures as described in Paper D and E. At the same time a more
refined optical interferometry apparatus was developed and used to support the viscosity
measurements. The work presented in this thesis ends with Paper F that presents experiments
on how angular contact ball bearings perform in polyolester/R-134a mixtures and how the
new CARB™ bearing performs in an ammonia atmosphere.

The most important conclusion from this thesis is that the lubricant structure plays a much
more important role for the well being of rolling element bearings in refrigeration
compressors for R-134a using polyolesters as lubricants than has been recognised before. It is
shown that a high degree of branching has a negative influence on the lubricant film forming
ability when exposed to refrigerants and that lubricants containing short acids seem to
generate more wear of the bearing surfaces than lubricants containing long linear acids.

The process is believed to be caused by thermal decomposition of the lubricant in the
presence of steel, causing corrosive decomposition products to attack the bearing steel.

It has been shown that EHD film thickness measurements can be used as a cost effective tool
for evaluating refrigeration lubricants in the presence of refrigerant.

The pressure-viscosity coefficient of polyolester/R-134a mixtures typical for industrial
refrigeration application is strongly dependent on the viscosity of the lubricant and the
amount of branched acids used in its manufacturing.  A graphical tool has been developed
that allows the pressure-viscosity coefficient of typical refrigeration lubricants to be estimated
for use in bearing life calculations.

The high sliding speeds present at the roller-roller interface in a full complement CARB™
bearing generates rapid wear of the rollers. By separating the rollers with a cage it was shown
that it can be operated at very high speeds without showing evidence of wear.

9 Recommendations for future work
A clear limitation of this work is that mainly one refrigerant has been investigated.  With the
upcoming replacement of R-22 equipment, several of the new refrigerants will become
common in screw compressor applications.  Experience from compressor lab tests with other
refrigerants such as R-410a indicates that the problems encountered with R-134a become
even more accentuated with refrigerants like R-410a.

It is desirable that pressure-viscosity coefficients of typical lubricant-refrigerant mixtures
used in the industry become readily available to be used for bearing life calculations. The
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work presented in this thesis suggest that it would be acceptable to only test a few lubricants
and then interpolate as described in Paper E.

The high bearing load used in the present study is not typical for normal refrigeration
applications although the general trend is toward higher bearing loads.  It is believed that the
load plays an important role since the bearing surface temperature is load dependent.  It is
desirable that his is investigated further.

Possible means of preventing the chemical attack on the bearing surfaces by using metal
passivators needs to be investigated.

More accurate life calculations could be done if the damages on the bearing surface typical
for different lubricant-refrigerant pairs were used to calculate the stress level in the bearing
material.  This would then make it possible to fully use the Ioannides-Harris life theory for
refrigeration compressor application. The influence of refrigerant and lubricant type used
might be possible to include the contamination factor instead of adjusting the minimum
required viscosity.

Endurance tests need to be done for bearings operating in lubricant-refrigerant mixtures.
Included in this are experiments on how short term operation at low viscosity affects the
bearing life.

New means of supplying lubricants to the bearing needs to be investigated. The fact that there
is a optimum temperature for a given pressure where the viscosity is maximised suggest that
the lubricant flow to the bearings could be controlled using the same type of thermostatic
expansion valve as used in the refrigerant loop.
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