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1

1.0 EXECUTIVE SUMMARY

Lubrication properties of refrigeration lubricants were investigated in high pressure

nonconforming contacts under different conditions of temperature, rolling speed, and refrigerant

concentration.  The program was based upon the recognition that the lubrication regime in

refrigeration compressors is generally elastohydrodynamic or hydrodynamic, as determined by

the operating conditions of the compressor and the properties of the lubricant.  Depending on

the compressor design, elastohydrodynamic lubrication conditions exist in many rolling and

sliding elements of refrigeration compressors such as roller element bearings, gears, and

rotors.

The formation of an elastohydrodynamic film separating rubbing surfaces is important in

preventing the wear and failure of compressor elements.  It is, therefore, important to predict

the elastohydrodynamic (EHD) performance of lubricants under realistic tribocontact conditions.

This is, however, difficult as the lubricant properties that control film formation are critically

dependent upon pressure and shear, and cannot be evaluated using conventional laboratory

instruments.

In this study, the elastohydrodynamic behavior of refrigeration lubricants with and

without the presence of refrigerants was investigated using the ultrathin film EHD interferometry

technique.  This technique enables very thin films, down to less than 5 nm, to be measured

accurately within an EHD contact under realistic conditions of temperature, shear, and

pressure.  The technique was adapted to the study of lubricant/refrigerant mixtures.  Film

thickness measurements were obtained on refrigeration lubricants as a function of speed,

temperature, and refrigerant concentration.  The effects of lubricant viscosity, temperature,

rolling speed, and refrigerant concentration on EHD film formation were investigated.  From the

film thickness measurements, effective pressure-viscosity coefficients were calculated.

The lubricants studied in this project included two naphthenic mineral oils (NMO), four

polyolesters (POE), and two polyvinyl ether (PVE) fluids.  These fluids represented viscosity

grades of ISO 32 and ISO 68 and are shown in the table below.  Refrigerants studied included
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R-22, R-134a, and R-410A.  Film thickness measurements were conducted at 23 °C, 45 °C,

and 65 °C with refrigerant concentrations ranging from zero to 60% by weight.

Refrigerant Lubricant Commercial Identification

R-22 ISO 32 Naphthenic Mineral Oil (NMO-32)

ISO 68 Naphthenic Mineral Oil (NMO-68)

Suniso 3GS

Suniso 4GS

R-134a ISO 32 Polyolester (POE-32)

ISO 32 Polyvinyl Ether (PVE-32)

ISO 68 Polyolester A (POE-68A)

ISO 68 Polyolester B (POE-68B)

ISO 68 Polyolester C (POE-68C)

ISO 68 Polyvinyl Ether (PVE-68)

ICI Emkarate RL 32H

Idemitsu Kosan FVC 32B

ICI Emkarate RL 68H

Mobil EAL 68

CPI Solest 68

Idemitsu Kosan FVC 68B

R-410A ISO 32 Polyolester (POE-32)

ISO 32 Polyvinyl Ether (PVE-32)

ISO 68 Polyolester A (POE-68A)

ISO 68 Polyvinyl Ether (PVE-68)

ICI Emkarate RL 32H

Idemitsu Kosan FVC 32B

ICI Emkarate RL 68H

Idemitsu Kosan FVC 68B

All of the lubricants studied behaved as expected from the EHD theory under air.  EHD

film thickness increased with speed and dynamic viscosity and decreased with temperature.

Effective pressure-viscosity coefficients (α) calculated from the film thickness data showed the

effect of chemical structure on the pressure-viscosity characteristics of the fluids.  The fluids

were ranked with respect to their pressure-viscosity coefficients in the following order:

naphthenic mineral oils > polyvinyl ethers > polyolesters.

Differences were observed in the pressure-viscosity characteristics of the polyolesters

studied.  This was related to the degree of branching in the ester structure.  Esters with

branching have higher α-values than those with linear structure.  Effective pressure-viscosity

coefficients also change with temperature, decreasing as the temperature increases.

Refrigerants have a significant effect on reducing the EHD film formation ability of

lubricants.  EHD film thickness decreases drastically in the contact as the refrigerant

concentration in the lubricant increases.  Even at the low refrigerant concentration of 10%, the

reduction in film thickness ranges from 30 to 65% depending on the test temperature.

Refrigerants reduce dynamic viscosity as well as the pressure-viscosity coefficients of

lubricants.  However, this effect decreases as the temperature increases.  The thickness of the
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EHD film formed by the lubricant/refrigerant mixtures show a similar dependence on speed as

that of the lubricant itself.  Under some conditions (high refrigerant concentrations, high

temperatures and pressures), some deviations were observed from the EHD theoretical slope

for the film thickness/speed relationship.

Effective pressure-viscosity coefficients for the lubricant/refrigerant mixtures were

calculated from the film thickness data using the theoretical relationship of Dowson-Hamrock

and dynamic viscosity data available for the mixtures in the literature.  The accuracy of the

calculated pressure-viscosity coefficients depends strongly on the accuracy of the dynamic

viscosity data used in the calculations.

For a given refrigerant and lubricant mixture, pressure-viscosity coefficient increases

linearly in proportion to the logarithm of dynamic viscosity as shown below.  This finding

suggests that the same fundamental molecular properties govern changes in both dynamic

viscosity and pressure-viscosity properties of fluids.

The ranking obtained with respect to the pressure-viscosity characteristics of the

lubricants under air was also observed under refrigerant environments.  However, the

differences became smaller as the refrigerant concentration and the temperature increased.  In

general, refrigerant (R-134a or R-410A) mixtures with polyvinyl ethers have higher α-values

than those with polyolesters.  Mixtures of naphthenic mineral oil and R-22 have higher α-values

than those of polyolesters or polyvinyl ethers and R-134a or R-410A.
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The presence of R-410A in the lubricants (polyolesters or polyvinyl ethers) results in

thinner EHD films, as shown below, than those produced by the same lubricants in the

presence of R-134a.

A graphical ranking of all the tested lubricant/refrigerant combinations is shown in the

charts below.  The film thickness data reported in these charts were obtained under the same

conditions of temperature (22.5 °C) and speed (0.8 m/s) for ISO 32 and ISO 68 lubricants and

their mixtures with refrigerants.
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Based on the results of the current study, future areas of investigation were identified.

These areas concentrate on 1) ways to improve the accuracy of the dynamic viscosity and
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pressure-viscosity coefficient determinations on lubricant/refrigerant mixtures, and 2) evaluation

of EHD friction (traction) properties of lubricant/refrigerant mixtures.  This work would be useful

for modeling viscosity and pressure-viscosity characteristics of lubricant/refrigerant mixtures,

and for determining and optimizing lubricant behavior in EHD contacts of refrigeration

compressors.

2.0 INTRODUCTION

The primary role of a refrigeration lubricant is to provide satisfactory lubrication to the

moving parts of the compressor by reducing friction and wear of the rubbing surfaces.  In

addition, the refrigeration lubricant has important secondary functions such as the removal of

heat from the hot compressor parts and to act as a sealing aid for the compression space and

the valves.

Refrigeration lubricants represent a special case of lubricants due to their interactions

with the refrigerants.  These lubricants must perform their functions in the presence of

refrigerants.  Hence, in addition to the conventional lubricant properties such as viscosity,

viscosity index, lubricity, stability, low temperature flow properties, compatibility with system

materials, volatility, etc., interactions with the refrigerants should also be considered in the

selection of refrigeration lubricants (1-3).  There have been a number of studies reported in the

literature on the interactions of refrigerants with lubricants concerning the effects on

physical/chemical properties and performance (4-13).

The lubricant/refrigerant interactions are determined by the stability, solubility, miscibility,

and surface tension properties of the lubricant/refrigerant mixture.  Special problems that can

arise from such interactions include the dilution of the lubricant by the refrigerant.  It has been

shown that a small amount of refrigerant in the lubricant can significantly reduce viscosity, since

the viscosities of the refrigerants are much lower than those of the lubricants (14).  This could

adversely influence the lubrication properties of refrigeration oils as well as their heat transfer

and sealing properties.  On the other hand, viscosity reduction may improve oil return from the

evaporator to the compressor.  The interactions between the lubricant and the refrigerant can

also result in reaction products which could lead to the formation of sludge, deposits, and

copperplating.  These could increase wear and result in mechanical failures.
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Refrigeration lubricants provide lubrication to the moving parts of the compressor by

forming a film that separates the surfaces and limits their contact and adhesion.  This film can

vary in thickness from a few monolayers as found under boundary lubrication conditions to

hundreds and thousands of nanometers of hydrodynamically entrained lubricant as found under

elastohydrodynamic (EHD) and hydrodynamic (HD) lubrication conditions.  It has been

recognized that the lubrication regime in refrigeration compressors is generally

elastohydrodynamic and hydrodynamic, depending on the operating conditions (pressure,

speed, temperature) and lubricant properties (1-3, 15).  Elastohydrodynamic lubrication

conditions may exist in many rolling and sliding elements of refrigeration compressors such as

roller element bearings, gears, and rotors.  Boundary lubrication may also exist under

insufficient lubrication and compressor overload conditions, and during start-up and shutdown

procedures.

It has been long recognized that the formation of EHD films separating rubbing surfaces

is important in preventing wear and failure of machine elements.  Therefore, it is of

considerable practical importance to be able to measure film thickness in lubricated contacts in

order to evaluate the effectiveness of lubricants and to test or validate the predictive theories.

The objective of this study was to investigate the film formation properties of

refrigeration lubricants using the ultrathin film EHD interferometry technique and to study the

effects of refrigerants on film formation.  Film thickness measurements were conducted as a

function of lubricant viscosity, speed, temperature, and refrigerant concentration.  Based on the

EHD film thickness data, effective pressure-viscosity coefficients were calculated for the test

fluids at different temperatures and the effects of refrigerants on pressure-viscosity properties

were investigated.
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3.0 BACKGROUND

3.1 Changes in Refrigerant Technology – Impact on Lubrication

A wide variety of lubricants have been used in the lubrication of refrigeration

compressors.  These include mineral oils, synthetic hydrocarbons (alkylbenzenes and

polyalphaolefins), polyalkylglycols, esters, and polyvinyl ethers (2, 3, 16, 17).  The choice of the

lubricant depends on the type of refrigerant used and whether it is polar in nature.  Until

recently, the most commonly used refrigerants included ammonia, hydrochlorofluorocarbons

(HCFCs), and chlorofluorocarbons (CFCs).  Due to the environmental hazards imposed by the

CFCs and HCFCs, these refrigerants are now being replaced by hydrofluorocarbons (HFCs).

There has been a lot of work done in recent years in order to find acceptable substitutes for

CFCs and HCFCs (18-25).

The use of new refrigerants presents many challenges to the industry which include

design changes in the refrigeration systems, materials, and lubricants.  Tribological problems

are expected since the candidate refrigerants do not possess the same lubrication and

miscibility properties as the previous ones.  For example, the refrigerant CFC-12 (R-12), which

has been widely used in household refrigerators and automobile air conditioners, has good

miscibility with mineral oils and alkylbenzenes.  This refrigerant also makes a significant

contribution to lubricity due to the presence of chlorine in its structure (26-29).  Chlorine-

containing compounds are well known for their extreme-pressure (EP) properties; they can

react with the metals and form protective surfaces composed of metal chlorides.

On the other hand, the refrigerant R-134a, which is considered as a substitute for CFC-

12, does not have chlorine and is not miscible with mineral oils.  Therefore, an EP function

cannot be expected from this refrigerant.  Immiscibility with mineral oils also presents oil

starvation related lubrication problems in the critical compressor parts.  Polyalkylglycols (PAG)

and polyolesters (POE) have been considered as potential lubricants to be used with R-134a

due to their good miscibility (16, 18).  However, boundary lubrication studies indicate that in

order to achieve the same lubricity level of R-12/mineral oil or R-12/alkylbenzene systems, EP

additives must be added to PAG/R-134a and POE/R-134a systems.  Another approach may be

the use of self-lubricating materials on the critical compressor components (30).  The viscosity

of the lubricant may also need to be adjusted to maintain the hydrodynamic film thickness
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similar to those obtained with the R-12/mineral oil systems.  Similar issues are also valid for R-

22, a widely used refrigerant for air-conditioning units, which will also be phased-out due to

environmental considerations.

There have been some studies reported in the literature on the boundary lubrication

properties of refrigeration lubricants and refrigerants (26-29).  However, there has been very

little experimental work conducted on the EHD properties of refrigeration lubricants.  Significant

contributions in this area were recently made by Jonsson (31) and Akei et al (32, 33).

In order to ensure satisfactory operation of refrigeration compressors, the sliding and

rolling components must be designed to operate under EHD or HD conditions.  In the design

calculations, HD and EHD theories are applied to estimate the lubrication conditions of

compressors.  However, the validity of these theories for non-homogeneous systems is

questionable.  Bearing lubrication studies by Jacobson (34) indicate that under certain

conditions the behavior of the oil/refrigerant mixture deviates from the EHD theory.  Therefore,

it is important to be able to experimentally verify the calculated EHD film thickness.  Recent

studies of Wardle et al (35), Jonsson et al (31, 36), and Akei et al (32, 33) also indicate the

need for further research in this area.

3.2 Elastohydrodynamic Lubrication

There are many rolling or sliding contacts in engineering where high loads are spread

over small contact areas, for example in gears and bearings.  In such nonconforming contacts,

called elastohydrodynamic (EHD) or concentrated contacts, the lubricating film is exposed to

extreme conditions of pressure and shear.  In refrigeration compressors, EHD contacts can be

found in the rolling element bearings, gears, rotors, or wherever rigid counterformal surfaces

are loaded and move relative to one another.  The pressures generated in EHD contacts can be

on the order of 0.5 to 2.4 GPa.  The high pressures within the contact have two beneficial

effects, elastically flattening the surfaces, and hence reducing contact pressure, and increasing

oil viscosity in the contact.  The overall effect of these two is to permit the formation of thin EHD

oil films in such contacts, typically 50 - 1000 nm (0.05 - 1 micron) thick.  This is of the same

order as the roughness of engineering surfaces which makes EHD oil film thickness an

important practical value in predicting the performance of bearings and gears.  A widely used

term in this context is the specific film thickness, λ, which is defined as:
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h

λ = σ Equation 1

where h is the lubricant film thickness and σ is the composite surface roughness of the two
rubbing surfaces.  The composite roughness is defined as:

σ  =  √  σ1
2 + σ2

2
Equation 2

where σ1, σ2 are the root mean square (RMS) roughnesses of the two rubbing surfaces.  The

specific film thickness describes the thickness of the lubricant film in relation to the roughness

of the lubricated surfaces.  As the λ value increases, there is less contact between the two

surfaces.  The surfaces are in contact at some point or points nearly all the time when λ < 1,

and are almost never in contact when λ > 4.  The specific film thickness parameter correlates

with the function of a lubricant to prevent or minimize wear, scuffing, and to minimize rolling

contact fatigue.

Theoretical calculation of EHD lubricant film thickness requires the simultaneous

solution of hydrodynamic flow equations based on Reynolds’ theory, surface elasticity equations

based on Hertzian theory, and lubricant pressure-viscosity equations.  This problem cannot be

solved analytically, but successful numerical solutions were found by Archard (37), Dowson and

Hamrock (38), and Foord and Cameron (39).  These solutions are presented in the form of

regression equations based on numerical solutions.  The predicted film thickness is expressed

in terms of three non-dimensional groups:  speed, material, and load.  These are shown below

in the Dowson and Hamrock equation for central film thickness:

hc   
=   2.69

   Uµ0    
0.67

 αE’
    0.53   W      -0.067    

1-0.61e-0.73k

R’    E’R’            E’R’2

Equation 3
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where hc = central film thickness

U = mean surface speed of the two surfaces

R’ = reduced radius of the two surfaces

E’ = reduced Young’s modulus

W = applied load

k = ellipticity parameter

µ0 = dynamic viscosity of the oil at atmospheric pressure and the test temperature

α = pressure-viscosity coefficient of the oil

The existing EHD design equations to calculate film thickness are based on the

assumptions that the lubricant is both homogeneous and exists as a continuum.  These

assumptions may not be valid for lubricant and refrigerant mixtures.  Also, under very thin film

conditions, where film thickness is comparable to surface roughness, these assumptions may

break down and the existing theories may not be valid.  An alternative approach is to measure

EHD film thickness directly from within the contact under realistic conditions of pressure and

shear.

3.3 Film Thickness Measurements

A number of test methods have been developed to measure film thickness in

hydrodynamic and EHD contacts (40-46).  These are mostly based on electrical or

electromagnetic radiation measurements and include techniques such as capacitance,

resistance, fluorescence, x-ray, and inductance.  Among these, the most widely used technique

is the capacitance method.  The advantage of this technique is that it can be applied to realistic

metal-to-metal contacts.  Capacitance has been used to measure film thickness in bearings and

piston liner/rings (47, 48).  One method that has proven particularly effective for measuring

lubricant film thickness in model contacts is optical interferometry (39, 49).  This technique has

the advantage over the capacitance method in that it relies upon the refractive index of the

separating film rather than its dielectric constant.  Refractive index is much less variable with

film composition than dielectric constant.
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Figure 1 shows the principles of optical interferometry as applied to an EHD contact.

The EHD contact can be formed by a steel ball loaded against a flat disc as a contact geometry

equivalent to many nonconforming contacts of practical importance.  Either the ball or the disc

can be driven to give varying slide-to-roll ratios, simulating conditions found in practice.  The

disc is transparent to visible light, and the EHD film generated is measured by the observation

of interference color within the contact.  This technique has been very useful in studying EHD

behavior of lubricants since the wavelength of light is of the same order as a typical EHD

lubricant film.

The surface of the glass disc shown in Figure 1 is coated with a thin (20 nm) semi-

reflecting chromium layer.  Light is shone into the contact through the glass disc.  Some of this

light is reflected from the underside of the disc and some passes through the lubricant’s film

and is reflected back from the steel surface.  Since the two beams of light travel different

distances, when they recombine they interfere either constructively or destructively, according

to Equations 4 and 5 below, and produce colored interference patterns which are characteristic

of the lubricant film thickness.  The lubricant film thickness, which is represented by the optical

path difference between the two beams, is determined by studying the intensity of the

recombined beam.

Destructive interference:

hoil  =
     (N + ½ - φ) λ

N = 0,1,2 Equation 4
    2n Cos θ
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Constructive interference:

hoil  = 

    
(N - φ) λ

N = 1,2,3 Equation 5
 2n Cos θ

where h = lubricant film thickness

N = fringe order

φ = net phase change

λ = wavelength of interfered light

n = refractive index of lubricant

θ = angle of incidence



1
4



15

The optical interferometry technique has been a useful tool for measuring lubricant film

thickness in EHD contacts.  This technique, however, also has some significant limitations with

respect to the thickness of the films measured and the precision of the measurements.  For

example, for vertical illumination Equation 4 reduces down to the following equation for the first

fringe:

nhoil  =
     λ Equation 6

    4

This indicates that the first fringe occurs at the wavelength of visible light divided by four,

which means that the thinnest films that can be measured by conventional optical interferometry

are around 80 to 100 nanometers.  This limitation has been overcome by the development of

the “ultrathin film EHD interferometry” technique which is described in Section 5.0 (50).

3.4 Pressure-Viscosity Coefficient

Pressure-viscosity coefficient is an important rheological property of a lubricant that

shows the dependence of viscosity on pressure and is defined as follows:

1  ∂µ
α   = 

µ  ∂ρ   T
Equation 7

where α is the pressure-viscosity coefficient, µ is the dynamic viscosity, and ρ is the pressure.

Pressure-viscosity coefficient is of particular importance for applications when the

lubricants are subjected to high local pressures, such as those found in EHD contacts.  The

knowledge of the pressure-viscosity coefficient for a particular lubricant system and its variation

with temperature provides valuable design data and is essential if the EHD film thickness is to

be calculated from theory.  It can be seen from Equation 3 above that the EHD film thickness

depends on two lubricant properties, µ and α.  µ0 is the ambient pressure oil viscosity in the inlet

zone, and can be measured using conventional viscometers.  The measurement of α, on the

other hand, is more complicated.  However, it can be conveniently determined from the

measured EHD film thickness by comparing the results to a reference oil with a known α value

as shown below:
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From the Dowson-Hamrock equation for EHD central film thickness:

hc = kα0.53 (Uµ0)
0.67 Equation 8

where k = constant, depending on load, geometry, and material properties.

Comparison of the film thickness for the test oil and the reference oil gives:

href                 αref
    0.53

htest
=

        αtest Equation 9

Pressure-Viscosity coefficient for the test oil is given by:

1

αtest  =  αref
 
     htest   

0.53

 
href  Equation 10

4.0 SCOPE AND TECHNICAL APPROACH

The scope of this project was to investigate the film formation properties of refrigeration

lubricants and is primarily concerned with measuring EHD film thickness of refrigeration

lubricants and understanding the contribution of refrigerants to film formation.  The lubricants

studied included ISO 32 and ISO 68 viscosity grades of naphthenic mineral oils, polyolesters,

and polyvinyl ethers.  The refrigerants studied included R-22 (with mineral oils), R-134a (with

polyolesters and polyvinyl ether lubricants), and R-410A (with polyolester and polyvinyl ether

lubricants).
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The technical approach taken was to investigate the EHD behavior of refrigeration

lubricants, with and without the presence of refrigerants, using the “ultrathin film EHD”

technique.  This technique enables very thin films, down to less than 5 nm, to be measured

accurately within an EHD contact under realistic conditions of shear and pressure.  The effects

of lubricant viscosity, temperature, rolling speed, and refrigerant concentration on EHD film

formation were investigated.  Effective pressure-viscosity coefficients were calculated for the

fluids studied.  The information generated as a result of this study is expected to aid in the

selection of lubricants in refrigeration systems and also in the development of improved bearing

designs.

The project was conducted according to the Tasks outlined below for the refrigerant and

lubricant combinations listed in Table 2 (page 29).

Task 1: Visit Manufacturers of Air-Conditioning and Refrigeration Compressors

Visit one or more manufacturers to acquire more information about the specific

lubrication requirements of air-conditioning and refrigeration compressors.  Also

gather information regarding the handling of refrigerants to assist with charging the

EHD Tester and for conducting tests with various refrigerant concentrations.

Task 2: Modify the EHD Test Apparatus to Contain Refrigerant Pressure

Modify the ultrathin film EHD rig to operate at pressures above the vapor pressure of

the refrigerants at the test temperatures.

Task 3: Conduct Baseline Tests on Lubricants in Air

Determine baseline EHD film thickness and pressure-viscosity coefficient for the ISO

32 and 68 lubricants (i.e., two mineral oils, four polyolester lubricants, and two

polyvinyl ether lubricants) as a function of rolling speed over the temperature range

25 to 65 °C.
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Task 4: Conduct Tests on R-22 Refrigerant and Mineral Oil (Baseline)

Determine EHD film thickness and pressure-viscosity coefficient for R-22 with the

ISO 32 and 68 mineral oils as a function of rolling speed over the temperature range

25 to 65 °C and at refrigerant concentrations from 10 to 50%.

Task 5: Conduct Tests on R-134a and Polyolester and Polyvinyl Ether Lubricants

Determine EHD film thickness and pressure-viscosity coefficient for R-134a with the

indicated ISO 32 and 68 lubricants as a function of rolling speed over the

temperature range 25 to 65 °C and at refrigerant concentrations from 10 to 50%.

Task 6: Conduct Tests on R-410A and Polyolester and Polyvinyl Ether Lubricants

Determine EHD film thickness and pressure-viscosity coefficient for R-410A with the

indicated ISO 32 and 68 lubricants as a function of rolling speed over the

temperature range 25 to 65 °C and at refrigerant concentrations from 10 to 50%.

5.0 TEST METHOD

5.1 Ultrathin Film Interferometry Method – Lubricant Film Thickness Measure-
ments

Ultrathin film interferometry method (50) was adapted to measure film thickness of

lubricant and refrigerant mixtures.  This method is an extension of conventional optical

interferometry that permits very thin films, down to less than 5 nm, to be measured accurately

within an EHD contact.  This technique can be used to study lubricant behavior in EHD as well

as in mixed lubrication regimes.  It is particularly useful for measuring film thickness for low

viscosity fluids and/or under high temperatures.  It has been successfully applied to study the

EHD behavior of lubricant base oils, antiwear additives, metalworking fluids and polymers used

as viscosity index improvers in lubricants (51-57).  Some preliminary studies were also

conducted on refrigeration lubricants (58).

The test set-up is shown schematically in Figure 2.  A highly polished steel ball (AISI

52100, 19.05 mm diameter, 11 nm RMS surface roughness) is loaded against the underside
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flat surface of a rotating transparent glass disc to form a circular concentrated EHD contact.

The underside of the chromium-plated glass disc is coated with a spacer layer of transparent

silica of about 500 nm thickness.  The composite surface roughness of the undeformed

surfaces is 11 nm.

The ball is contained in a lubricant bath and is driven by the disc in nominally pure

rolling.  The lubricant is filled halfway to the top of the ball, so that the lubricant is entrained into

the contact by the rolling motion of the ball.  The test lubricant is enclosed in a stainless steel

chamber and a heat insulation lid sits on top of the glass disc.  This helps to maintain constant

test temperature and protects the lubricant from exposure to the outside environment.  The test

temperature is controlled using heating rods embedded in the chamber walls and is monitored

near the contact inlet using a digital thermometer.  The temperature can be controlled to a set

value within ± 0.5 °C.
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Figure 2.  Schematic set-up for ultrathin film interferometry
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Lubricant film thickness is determined by optical interferometry as shown schematically

in Figure 3.  White light is shone into the contact and some is reflected from the chromium

layer, while some passes through the silica spacer layer and any lubricant film present to be

reflected from the ball.  The two beams recombine and interfere.  The interfered light from the

contact is passed into a spectrometer where it is dispersed and detected by a solid state, black

and white TV camera as shown in Figure 2.  A framegrabber is used to capture this image and

a microcomputer program determines the wavelength of maximum constructive interference in

the central region of the contact.  In this case, the maximum constructive interference of spacer

layer plus lubricant film occurs when:

noil hoil + nsp hsp  =   

(N - φ) λ sp + oil

N = 1,2,3 Equation 11

2 Cos θ

Maximum constructive interference of spacer layer occurs when:

nsp hsp  =   
(N - φ) λ sp

N = 1,2,3 Equation 12

      2 Cos θ

The lubricant film thickness is then calculated from the difference between the measured film

thickness and the thickness of the silica spacer layer:

hoil  = 
  (Nsp + oil λ sp + oil - Nsp λ sp)

N = 1,2,3 Equation 13

   2noil
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The ultrathin film technique incorporates two important advances over conventional

optical interferometry.  The first one is the use of a transparent silica spacer layer which acts

like a supplementary oil film, enabling optical interference to be observed even when the actual

oil film present is very thin.  This overcomes a major limitation of conventional optical

interferometry, that it cannot easily measure film below approximately one quarter the

wavelength of visible light.  Thus, lubricant films less than 100 nm (0.1 micron) thick cannot be

measured using the conventional method.  The second advance is that the reflected interfered

light is dispersed by a spectrometer rather than being observed by the eye, as is done in

conventional optical interferometry.  The dispersed spectrum is computer-analyzed to identify

the wavelength of light that is most constructively interfered.  This greatly increases the

precision of the method compared to conventional optical interferometry.

5.2 Film Thickness Measurements for Lubricant/Refrigerant Mixtures

5.2.1 Pressurized Test Rig

The ultrathin film EHD rig was modified to operate at pressures above the vapor

pressure of the refrigerants at the test temperatures.  For this purpose, a new stainless steel

test chamber with thicker walls (20 mm) was constructed.  This chamber was fitted with a heavy

section bolt-down lid with a nitrile O-ring and a small (25 mm diameter) fused silica insert to

view the contact, as shown in Figure 4.  The fused silica window was sealed with a nitrile O-ring

and a copper washer to prevent stress cracking of the window due to misalignment.  The optics

were adjusted to compensate for the longer focal length as compared to the atmospheric

system.  The chamber was fitted with a new shaft and seal assembly.  The seal assembly

consisted of a high pressure bellows seal with graphite face.  A solid-based chamber with no

aperture for the load system was designed.  A spring loading system with parallel leafs was

fitted inside the chamber.  When the ball and disc were placed and clamped in the chamber,

the springs deflected and applied a constant load of 20N to the contact.  The chamber was

fitted with heating rods, cooling galleries, an inlet valve, an adjustable pressure relief valve, and

an emergency burst valve.
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Figure 5 is a simplified diagram showing the test set-up for refrigerant/lubricant

mixtures.  The refrigerant cylinder was placed on a balance with a resolution of ± 0.05 g.  The

cylinder was connected to the test chamber by a 4.76 mm ID flexible stainless steel tubing.  A

known amount of refrigerant was introduced into the test chamber by a needle valve, V2.  The

system was designed to operate under 25 bars of pressure.  The externally adjustable pressure

relief  valve was set at 35 bars.  The emergency burst valve was rated at 50 bars.  The system

was fitted with vent and vacuum lines with needle valves for degassing the lubricant and

discharging the refrigerant.

5.2.2 Test Procedure and Conditions

The test conditions are shown in Table 1.  Film thicknesses of lubricants and

refrigerant/lubricant mixtures were measured between the ball and the disc using ultrathin film

interferometry as described above at a series of rolling speeds ranging from 0.01 m/s (2 rpm-

disc rotational speed) to about 2 m/s (460 rpm).  All of the tests were carried out at a load of

20N.  For the glass-on-steel contact, this load resulted in a maximum Hertz contact pressure of

0.54 GPa.

Table 1.  Test Conditions and Materials

Contact Materials 52100 steel ball (19 mm diameter)
SiO2 coating (~ 400 nm) on Cr coated glass
disc

Contact Load 20 N

Maximum Contact Pressure 0.54 GPa

Rolling Speed 0.01 to 2 m/s

Bulk Temperature 23 °C, 45 °C, 65 °C

The film thickness was measured at three fluid temperatures:  ambient, 45 °C, and

65 °C.  The ambient temperature varied from 22 °C to 25 °C between tests.  The variation in

the ambient temperature for each test was within ± 0.5 °C.  The average temperature for each

ambient temperature test was reported along with the data.  The test temperature of 45 °C
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and 65 °C was controlled to a set value within ± 0.5 °C using a small K-type thermocouple with

a resolution of 0.1 °C near the contact inlet.  A new steel ball of RMS surface roughness of 11

nm was used for each test.
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Lubricant and refrigerant were supplied separately to the test chamber.  After placing

the ball and disc in place, a known volume of test lubricant was charged into the chamber.  The

lid was bolted down using a torque wrench.  The chamber was then evacuated to 350 microns

to degas the oil.  During evacuation, the refrigerant cylinder valve (V1) and the vent valve (V3)

(Figure 5) were closed, and the chamber valve (V2) and the vacuum line valve (V4) were

opened.  After evacuation of the system, valves V2 and V4 were closed.  Valve V1 was then

opened and refrigerant was introduced into the line connecting the cylinder to the test chamber.

The cylinder pressure and weight were recorded.  Valve V2 was then opened and the desired

weight of the refrigerant was added into the test chamber.  The amount of the refrigerant

charged into the chamber varied depending on the refrigerant concentration tested.  Once the

refrigerant was introduced into the test chamber, the chamber pressure would increase and

then gradually decrease over time due to the dissolution of the refrigerant into the lubricant.

The concentration of the refrigerant in the lubricant was determined by weighing the lubricant

and the refrigerant added to the test chamber, and measuring the temperature and pressure of

the chamber at equilibrium conditions.  Daniel charts are used to determine the solubility and

viscosity characteristics of the refrigerant and lubricant mixtures.  The chamber pressure was

monitored using a high precision gauge with an accuracy of ± 0.25%.  An electronic halogen

leak detector was used to ensure that no refrigerant leaked during the test.  Film thickness

measurements were taken after the pressure reached steady state.  The time required for the

system to reach steady state took from three to twenty-four hours, depending on the

concentration and type of the refrigerant and lubricant tested.

As described in Section 3.3 above, the refractive index of the test fluid is necessary to

calculate film thickness in optical interferometry.  A method for calculating the refractive index

(RI) of the lubricant/refrigerant mixtures was developed and given in Appendix A.  However, the

repeatability of the measurements was poor (i.e., greater than the RI differences caused by the

addition of the refrigerant to the lubricant).  This could be improved by changes in the optics

and the software.  This work is planned in future studies.  Previous studies by Akei et al (32, 33)

on similar lubricant/refrigerant mixtures indicate that the refractive indices of lubricants

decrease slightly up to a maximum deviation of 1.7% with increasing refrigerant concentration

of up to 40% by weight.  Therefore, it was assumed in this study that the refractive index

change due to refrigerants was negligible.  For all the lubricants tested, the effect of contact

pressure on refractive index was calculated and corrected using the Lorentz-Lorentz equation

and Hartung’s formula (39) as shown in Appendix B.
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5.3 Test Fluids

The lubricants and refrigerants used in this study are shown in Table 2.  Three different

refrigerants were used:  R-22, R-134a and R-410A.  The lubricants studied included naphthenic

mineral oils, polyolesters, and polyvinyl ethers of two different viscosity grades:  ISO 32 and

ISO 68.  Table 3 shows some of the physical properties of the lubricants used.

Table 2.  Lubricants and Refrigerants Used

Refrigerant Lubricant Commercial Identification

R-22 ISO 32 Naphthenic Mineral Oil (NMO-32)

ISO 68 Naphthenic Mineral Oil (NMO-68)

Suniso 3GS

Suniso 4GS

R-134a ISO 32 Polyolester (POE-32)

ISO 32 Polyvinyl Ether (PVE-32)

ISO 68 Polyolester A (POE-68A)

ISO 68 Polyolester B (POE-68B)

ISO 68 Polyolester C (POE-68C)

ISO 68 Polyvinyl Ether (PVE-68)

ICI Emkarate RL 32H

Idemitsu Kosan FVC 32B

ICI Emkarate RL 68H

Mobil EAL 68

CPI Solest 68

Idemitsu Kosan FVC 68B

R-410A ISO 32 Polyolester (POE-32)

ISO 32 Polyvinyl Ether (PVE-32)

ISO 68 Polyolester A (POE-68A)

ISO 68 Polyvinyl Ether (PVE-68)

ICI Emkarate RL 32H

Idemitsu Kosan FVC 32B

ICI Emkarate RL 68H

Idemitsu Kosan FVC 68B
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Table 3.  Physical Properties of Lubricants

Kinematic Viscosity, cSt Density, g/ml Refractive IndexLubricant

40 °C 100 °C 25 °C 45 °C 65 °C 25 °C 45 °C 65 °C

NMO-32 29.73 4.36 0.9025 0.8890 0.8756 1.4954 1.4887 1.4814

NMO-68 55.40 6.13 0.9069 0.8932 0.8797 1.4980 1.4910 1.4839

POE-32 31.89 5.72 0.9745 0.9590 0.9435 1.4510 1.4440 1.4370

POE-68A 62.42 9.02 0.9781 0.9626 0.9471 1.4536 1.4468 1.4406

POE-68B 63.45 8.32 0.9599 0.9445 0.9292 1.4516 1.4445 1.4384

POE-68C 67.37 9.02 0.9544 0.9394 0.9245 1.4531 1.4465 1.4396

PVE-32 31.03 4.94 0.9154 0.9003 0.8845 1.4394 1.4321 1.4256

PVE-68 72.55 8.56 0.9288 0.9132 0.8977 1.4420 1.4350 1.4281

6.0 RESULTS

6.1 Film Thickness Measurements on Lubricants Under Air

Baseline film thickness measurements were conducted on two naphthenic mineral oils,

four polyolester lubricants, and two polyvinyl ether lubricants as a function of rolling speed at

ambient (22-25 °C), 45 and 65 °C.  The results for each lubricant are reported below.

6.1.1 Naphthenic Mineral Oils

Figures 6 and 7 show the results for the ISO 32 and ISO 68 naphthenic mineral oils in

the form of plots of log (film thickness) vs. log (rolling speed).  According to the Dowson and

Hamrock film thickness equation described in Section 3.2, the relationship between lubricant

film thickness and entrainment speed should obey the relationship:

h α U 0.67 Equation 14

The slopes of the lines in Figures 6 and 7 conform to Equation 14, lying in the range of

0.69 to 0.75.  The film thickness behavior with rolling speed followed Equation 14 up to the

highest speeds (2 m/s) measured.  It is predicted that significant thermal effects, such as inlet

shear heating, will not occur until the entrainment speed approaches 5 m/s (59).
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The data also shows a rapid fall in film thickness with rising temperature, which is

predicted to occur from the EHD theory due to a decrease in both the bulk-viscosity and

pressure-viscosity coefficient of the lubricant with increasing temperature.

Figure 8 compares the film thickness measurements obtained on the two mineral oils

and shows the effects of viscosity on film thickness measurements.  As expected, the ISO 32

mineral oil forms thinner films (about half the thickness) in the contact than the ISO 68 mineral

oil due to its lower viscosity.

6.1.2 Polyolesters

Figures 9 through 12 show the film thickness data as a function of rolling speed and

temperature for the four polyolesters tested.  The gradients of the plots vary from 0.67 to 0.71

and agree with the theoretical EHD slope.  The data shows similar trends to those observed

with the mineral oils above.  Figure 13 shows the effects of lubricant viscosity on film thickness

and compares the data obtained on ISO 32 and ISO 68 polyolesters.  As expected, the lower

viscosity ester forms thinner films in the contact than the higher viscosity fluid.  Figure 14

compares the data obtained on the three ISO 68 polyolesters:  A, B and C.  The film thickness

of the three fluids appear to be comparable to each other at the temperatures tested.

6.1.3 Polyvinyl Ethers

Figures 15 and 16 show the film thickness data as a function of rolling speed and

temperature for the two polyvinyl ethers tested.  Similar to the results reported above on mineral

oils and polyolesters, the gradients of the plots show a good agreement with the EHD theory.

Figure 17 shows the effects of lubricant viscosity on film thickness and compares the data

obtained on ISO 32 and ISO 68 polyvinyl ethers.  Overall, the data shows similar trends to

those observed with the mineral oils and polyolesters above.
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6.1.4 Repeatability of Measurements

The repeatability of the film thickness measurements by ultrathin film interferometry was

determined to be ± 1 nm below 5 nm and ± 5% above 5 nm in previous studies (55).  The

repeatability of the film thickness measurements in this study was determined for two different

conditions.  First, the film thickness measurements obtained in the old test chamber (i.e.

atmospheric) and the new test chamber (i.e. modified to operate under pressure) were

compared to verify the operation of the new chamber.  For this purpose, tests were conducted

in air under identical test conditions.  Second, the repeatability of the measurements in the new

test chamber was investigated by conducting duplicate measurements on a number of test

fluids.

Figures 18 through 21 show the repeatability of the film thickness measurements

obtained in the old and the modified chamber for two naphthenic mineral oils and two

polyolesters at three different test temperatures.  The results indicate good agreement between

the measurements and confirm the successful operation of the new rig.

Figures 22 to 25 show the repeatability of the film thickness measurements in the new

rig for duplicate tests on two polyolesters and two polyvinyl ethers.  The results indicate that the

measurements are repeatable within 3%.  This agrees with the previous studies which indicate

an overall repeatability of 3-5% for the ultrathin film interferometry method (54-57).

6.2 Effective Pressure-Viscosity Coefficients

The effective pressure-viscosity coefficients (α-value) of the test fluids were calculated

from the measured film thickness values as described in Section 3.4 above.  The reference oil

used for this procedure, obtained from Imperial College, U.K., was a well characterized

synthetic hydrocarbon with a viscosity of 13.86 cp and a pressure-viscosity coefficient of 13.5

GPa-1 at 40 °C.  Since the α-values determined in this report depend upon a reference fluid,

these values should be considered accurate relative to each other, but not as absolute values.

The effective pressure-viscosity coefficients calculated for the lubricants from the

measured film thickness data at the three test temperatures are given in Table 4.  The

pressure-viscosity coefficient reported in the table is an average value determined from
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duplicate film thickness measurements.  The repeatability in the pressure-viscosity coefficients

was determined to be ± 3 GPa-1.

Figures 26 and 27 show the variation of α-value with temperature for the ISO 32 and

ISO 68 test fluids, respectively.  These figures also show the effect of chemical structure on

pressure-viscosity characteristics and rank the lubricants with respect to their α-values.  The

mineral oils give the highest α-values, followed by polyvinyl ethers.  Among the lubricants

tested, the polyolesters have the lowest α-values.

Molecular characteristics and shape factors, such as flexibility and the presence of

short, rigid side groups, influence pressure-viscosity properties (60).  Pressure-viscosity

characteristics of fluids depend on the chemical structure and the steric nature of the

molecules.  In general, fluids with ring structures or bulky side groups have higher α-values

than those with flexible, straight chain molecules (61).  In Eyring’s model of viscous flow, α-

value depends upon the activation flow volume which is a measure of the size of hole required

to be created in a fluid against pressure for the activated jump to occur (62).  The size of this

hole will depend upon the size of a flow unit within a molecule and thus directly upon the rigidity

and shape of the molecule (63).  The data given in Table 4 and Figures 26 and 27 show that

the naphthenic oils with ring structures have the highest α-values.  Esters, on the other hand,

have low pressure-viscosity coefficients.  This finding agrees with the existing literature on

similar fluids (64, 65).  Differences were observed in the pressure-viscosity characteristics of

the polyolesters tested.  This is probably due to the differences in the degree of branching in

the ester structure.  Polyolester B, which has the highest percent of branched acids (~ 84%),

has higher α-values than polyolesters A (~ 51% branched acids) and C (~ 67% branched

acids).  Esters with more linear structure (POE-32 and POE-68A) have the lowest α-values.

Pressure-viscosity coefficients also change with temperature as shown in Figures 26

and 27.  As the temperature increases, alpha value decreases.  This is due to the reduced

interaction between the molecules at the higher temperatures.
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6.3 Film Thickness Measurements on Mixtures of Naphthenic Mineral Oils
and R-22

Film thickness measurements were conducted on mixtures of ISO 32 and ISO 68

naphthenic mineral oils as a function of rolling speed, temperature and refrigerant

concentration.  The results are reported in the following sections.

Table 4.  Effective Pressure-Viscosity Coefficients of Lubricants

Lubricant Temperature (°C) Effective Pressure-Viscosity
Coefficient (± 3 GPa-1)

NMO-32 23
45
65

31.3
24.0
21.5

POE-32 23
45
65

16.9
14.8
12.4

PVE-32 23
45
65

25.5
21.3
17.0

NMO-68 23
45
65

31.5
24.7
21.2

POE-68A 23
45
65

19.6
17.8
15.9

POE-68B 23
45
65

24.4
20.5
18.4

POE-68C 23
45
65

21.0
18.9
17.7

PVE-68 23
45
65

28.5
22.2
18.5
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6.3.1 ISO 32 Naphthenic Mineral Oil/R-22

Figures 28 through 30 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 32 naphthenic mineral oil and R-22 at 23 °C, 45 °C

and 65 °C, respectively.  The gradients of the plots, in general, agree with the EHD theoretical

slope.  However, some deviations are observed at the higher temperatures with high refrigerant

concentrations.  The R-22 concentrations studied included 0, 10, 20, 40 and 60% by weight.  It

must be noted that the refrigerant concentrations reported on the plots throughout this report

are the percent weight of the refrigerant soluble in the lubricant.  At the highest R-22

concentration of 60% by weight, tests were limited up to a temperature of 45 °C due to the

formation of extremely thin films (<10 nm) within the speed range studied.

Figure 28 compares the film thickness data of ISO 32 naphthenic mineral oil with

various concentrations of R-22 at ambient temperature.  Film thickness decreases significantly

in the contact as the refrigerant concentration increases.  The same trend is observed at the

higher test temperatures of 45 and 65 °C, as shown in Figures 29 and 30.

Figure 31 compares the reduction in film thickness with increasing refrigerant

concentration at a constant speed of 0.81 m/s at the three test temperatures.  It is interesting to

note that even at the low refrigerant concentration of 10%, a reduction in film thickness of 45 to

63% was measured.  Table 5 compares the percent reduction in film thickness at the different

concentration levels of R-22 at the three test temperatures. At each temperature, the film

thickness was decreased with increasing refrigerant concentration.  However, at a given

refrigerant concentration, the percent reduction in film thickness becomes smaller as the

temperature is increased.



58

Table 5.  Percent Reduction in Film Thickness for Mixtures of ISO 32 Naphthenic
Mineral Oil and R-22 at a constant rolling speed of 0.8 m/s

Refrigerant
Concentration, wt %

Temperature, °C % Reduction in Film
Thickness

10 23
45
65

63
50
45

20 23
45
65

85
75
63

40 23
45
65

94
88
83

60 23
45

98
95

6.3.2 ISO 68 Naphthenic Mineral Oil/R-22

Figures 32 through 34 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 68 naphthenic mineral oil and R-22 at 23 °C, 45 °C

and 65 °C, respectively.  The gradients of the plots, in general, agree with the EHD theoretical

slope.  However, some deviations are observed at high temperatures with high refrigerant

concentrations.  The R-22 concentrations studied include 0, 10, 15, 30 and 50% by weight.  At

the highest R-22 concentration of 50% by weight, tests were limited up to a temperature of 45

°C.

Figure 32 compares the film thickness data of ISO 68 naphthenic mineral oil with

various concentrations of R-22 at ambient temperature.  The data shows similar trends to those

observed with the lower viscosity (ISO 32) mineral oil reported above, i.e. film thickness

decreases as the refrigerant concentration in the oil increases.  The same trend is observed at

the higher test temperatures of 45 and 65 °C, as shown in Figures 33 and 34.

Figure 35 compares the reduction in film thickness with increasing refrigerant

concentration at a constant speed of 0.81 m/s at the three test temperatures.  Table 6

compares the percent reduction in film thickness at the different concentration levels of R-22 at

the three test temperatures.  The percent reduction in film thickness is similar to that measured

with the mixtures of ISO 32 naphthenic mineral oil and R-22, as shown in Table 5.  In all cases,
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the higher viscosity oil (ISO 68) forms thicker films in the contact than the lower viscosity oil

(ISO 32) as expected.

Table 6.  Percent Reduction in Film Thickness for Mixtures of ISO 68 Naphthenic
Mineral Oil and R-22 at a constant rolling speed of 0.8 m/s

Refrigerant
Concentration, wt %

Temperature, °C % Reduction in Film
Thickness

10 23
45
65

65
55
48

15 23
45
65

81
72
64

30 23
45
65

93
86
79

50 23
45

98
94

6.3.3 Effect of Refrigerant Concentration (R-22) on Effective Pressure-Viscosity
Coefficients of Naphthenic Mineral Oils

Effective pressure-viscosity coefficients of the oil and refrigerant mixtures were

calculated as described in Section 3.4.  It was assumed that the mixtures obey the theoretical

relationship of Hamrock and Dowson (Equations 8-10).  The reference oil information was given

in Section 6.2.  This calculation requires the knowledge of dynamic viscosity (or kinematic

viscosity and density) for oil and refrigerant mixtures.  This information was obtained from

various literature sources including Henderson (70), Cavestri (71) and Van Gaalen (72).

Table 7 shows the dynamic viscosity data obtained from the various references

mentioned above for mixtures of ISO 32 naphthenic mineral oil and R-22.  As seen in the table,

depending on the literature source used, the viscosity values differ significantly by about 13 to

46%.  This discrepancy is critical in α-value calculations.  Depending on the dynamic viscosity

used in the calculations, it was found that the α-values calculated from the same film thickness

data could vary as much as 60%.
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Table 7.  Dynamic Viscosity Data on Mixtures of ISO 32 Naphthenic
Mineral Oil and R-22 obtained from various references

Dynamic Viscosity, cP
R-22 Concentration, Weight Percent

0% 10% 20% 40% 60%

Temp.,
°C

Ref.
70*

Ref.
71**

Ref.
70*

Ref.
71**

Ref.
71**

Ref.
  72***

Ref.
   11****

Ref.
71**

23 60.01 21.27 18.54 8.80 6.00 1.36 1.35 -- 0.66
45 21.03 8.97 6.84 4.68 2.66 0.77 0.92 1.8 0.65
65 9.68 5.02 3.58 3.02 1.63 0.56 0.69 1.2 0.47

   * Ref. 70:  Henderson, 1994; dynamic viscosity calculated from empirical equations.
  ** Ref. 71:  Cavestri, 1995, kinematic viscosity and density read from graphical data.
 *** Ref. 72:  Van Gaalen, 1991; dynamic viscosity calculated from empirical equations.
**** Ref. 11:  Van Gaalen, 1990; experimental data.

Table 8 shows the effective α-values calculated using the dynamic viscosity data from

different sources.  The α-values at 10 and 20 weight percent refrigerant concentration were

calculated using the dynamic viscosity data obtained from the regression equations given in

Reference 70.  Since these equations are valid only up to a refrigerant concentration of 30%,

the viscosity data provided in References 71, 72 and 11 were used at the higher R-22

concentrations of 40 and 60%.  The numbers in parenthesis show the α-values calculated using

the kinematic viscosity and density data obtained from Reference 71.  As seen in Table 8, there

is a big discrepancy in the α-values calculated from the same film thickness data using different

dynamic viscosities.

Figure 36 shows the effect of refrigerant concentration on effective pressure-viscosity

coefficients and dynamic viscosity.  In general, both the α-value and dynamic viscosity

decrease with increasing refrigerant concentration and temperature.

To test for the effect of viscosity on pressure-viscosity coefficient, α-values were plotted

against dynamic viscosity for the naphthenic mineral oil (NMO-32) alone and its blends with R-

22 at all the test temperatures.  The data was plotted using a logarithmic viscosity scale as

shown in Figure 37.  It is known from thermodynamic models that the changes in certain

properties are related exponentially to viscosity (62, 66, 67).  As can be seen in Figure 37,

pressure-viscosity coefficient increases linearly in proportion to dynamic viscosity both for the

mineral oil alone and its blends with the refrigerant.  This effect has been reported recently for
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various lubricant base oils (polyalphaolefins and mineral oils) and polyalphaolefin blends (68,

69).

Table 8.  Effective Pressure-Viscosity Coefficients for Mixtures of
 ISO 32 Naphthenic Mineral Oil and R-22

Refrigerant Concentration, wt %
0% 10%* 20%* 40%** 60%***

Temp., °C

αααα-values, GPa-1

23 31.3 19.7 (23.9)a 12.8 (21.4)a 17.6 12.6
45 24.0 16.8 (24.6)a 11.1 (25.1)a 14.9 6.5
65 21.5 14.7 (23.3)a 13.8 (35.6)a 13.4 --

   * α-values were based on dynamic viscosity data from Ref. 70.
( )a numbers in parenthesis show α-values based on dynamic viscosity data from Ref. 71.
  ** α-values were based on dynamic viscosity data from Ref. 11 and 72.
 *** α-values were based on dynamic viscosity data from Ref. 71.

Effective pressure-viscosity coefficients were also calculated for the mixtures of ISO 68

naphthenic mineral oil and R-22.  Dynamic viscosity was calculated from the kinematic viscosity

and density data (graphical format) provided by Reference 73 and given in Table 9.  Table 10

shows the α-values calculated as a function of refrigerant concentration at the three test

temperatures.  These were limited to the refrigerant concentrations of up to 30% by weight,

since the viscosity data at 50% concentration was not available.  Similar to the trends reported

above for mixtures of ISO 32 naphthenic mineral oil and R-22, α-values and dynamic viscosities

decrease with increasing refrigerant concentration and temperature, Figure 38.  This finding

agrees with Akei’s work (33).  Table 11 compares the α-values obtained in this work with those

reported by Akei (33) for the same lubricant and refrigerant mixture.  As seen in the table,

excellent agreement was observed between the two studies.  Figure 39 shows the increase in

pressure-viscosity coefficient as a function of log (dynamic viscosity).
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Table 9.  Dynamic Viscosity Data for Mixtures of ISO 68
          Naphthenic Mineral Oil and R-22

Dynamic Viscosity, cP
R-22 Concentration, wt %

Temperature, °C

0% 10% 15% 30%
23 128.41 33.73 20.35 5.56
45 37.98 14.19 7.94 3.39
65 15.56 6.35 4.78 2.28

Table 10.  Effective Pressure-Viscosity Coefficients for Mixtures of
  ISO 68 Naphthenic Mineral Oils and R-22

Refrigerant Concentration, wt %
0% 10% 15% 30%

Temperature, °C

αααα-values, GPa-1

23 31.5 22.3 16.8 13.6
45 24.7 18.2 16.7 13.2
65 21.2 16.6 16.3 16.4

Table 11.  Comparison of Effective Pressure-Viscosity Coefficients
  for ISO 68 NMO and R-22 Mixtures

R-22 Concentration, wt %
  0% 10%

Temperature, °C

αααα-values, GPa-1

23
20

  31.5
  30*

22.3
 21.0*

45
40

  24.7
  26*

18.2
 17.0*

65
60

 21.2
    21.0*

16.6
 14.0*

* reported by M. Akei in Reference 33
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Figure 31. Film Thickness vs. R-22 Concentration for ISO 32 
Naphthenic Mineral Oil
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Figure 35. Film Thickness vs. R-22 Concentration for ISO 68 
Naphthenic Mineral Oil
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Figure 36. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of

ISO 32 Naphthenic Mineral Oil and R-22
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Figure 37. Alpha Value vs. Dynamic Viscosity for ISO 32 Naphthenic 
Mineral Oil in R-22
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Figure 38. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of 

ISO 68 Naphthenic Mineral Oil and R-22
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Figure 39. Alpha Value vs. Dynamic Viscosity for ISO 68 Naphthenic 
Mineral Oil in R-22
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6.4 Film Thickness Measurements on Mixtures of Polyolesters and R-134a

Film thickness measurements were conducted on mixtures of R-134a and polyolesters

as a function of rolling speed, temperature and refrigerant concentration.  One polyolester of

ISO 32 viscosity grade (POE-32) and three polyolesters of ISO 68 viscosity grade (POE-68A,

POE-68B, POE-68C) were included in this study.  The results are reported in the following

sections.

6.4.1 ISO 32 Polyolester/R-134a

Figures 40 through 42 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 32 polyolester and R-134a at 23 °C, 45 °C and 65

°C, respectively.  Overall, the gradients of the plots agree with the EHD theoretical slope.

Some deviation from the theoretical slope is observed at the highest refrigerant concentration of

50% at the higher test temperatures.  This discrepancy could be related to the miscibility

characteristics of the refrigerant/lubricant mixtures under these conditions (i.e., high

temperatures, pressures and refrigerant concentrations).  It is possible that a two-phase system

may occur in the inlet zone of the contact under these test conditions.

The R-134a concentrations studied included 0, 10, 20, 40 and 50% by weight.  Similar

to the findings reported in the previous sections for naphthenic oils and R-22, film thickness

decreases significantly in the contact as the refrigerant concentration in the lubricant increases.

Figure 43 compares the reduction in film thickness with increasing refrigerant concentration at a

constant speed of 0.81 m/s at the three test temperatures.  Percent reduction in film thickness

as a function of R-134a concentration is calculated for the data shown in Figure 43 and given in

Table 12.  Trends observed are similar to those reported in Section 6.3 for the mineral oil and

R-22 mixtures.
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Table 12.  Percent Reduction in Film Thickness for Mixtures of ISO 32
           Polyolester and R-134a at a constant rolling speed of 0.8 m/s

Refrigerant Concentration, wt % Temperature, °C % Reduction in Film Thickness
10 23

45
65

44
43
37

20 23
45
65

73
63
52

40 23
45
65

90
79
74

50 23
45
65

93
87
84

6.4.2 ISO 68 Polyolesters/R-134a

Polyolester A/R-134a

Figures 44 through 46 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 68 polyolester A and R-134a at 23 °C, 45 °C and

65 °C, respectively.  The gradients of the plots vary from 0.65 to 0.78 and agree with the EHD

theoretical slope.  The R-134a concentrations studied include 0, 10, 15, 30 and 50% by weight.

Figure 44 compares the film thickness data of ISO 68 polyolester with various concentrations of

R-134a at ambient temperature.  The data shows similar trends to those observed with the

lower viscosity (ISO 32) polyolester reported above, i.e. film thickness decreases as the

refrigerant concentration in the oil increases.  The same trend is observed at the higher test

temperatures of 45 and 65 °C, as shown in Figures 45 and 46.

Figure 47 compares the reduction in film thickness with increasing refrigerant

concentration at a constant speed of 0.81 m/s at the three test temperatures.  Percent

reduction in film thickness as a function of R-134a concentration is calculated from Figure 47

and reported in Table 13.  This information is also given in the table for the other polyolesters

(POE-68B and POE-68C) tested.  The results indicate a similar reduction in film thickness for

the three polyolesters studied.  Jonsson reported a 55% reduction in film thickness for mixtures

of polyolesters and R-134a containing 9% refrigerant at 21 °C (31).  This compares favorably
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with the 52-57% reduction measured in this study for 10% R-134a concentration at 23 °C

(Table 13).

Polyolester B/R-134a

Figures 48 through 50 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 68 polyolester B and R-134a at 23 °C, 45 °C and

65 °C, respectively.  The gradients of the plots vary from 0.65 to 0.78 and agree with the EHD

theoretical slope.  Figure 51 compares the reduction in film thickness with increasing refrigerant

concentration at a constant speed of 0.81 m/s at the three test temperatures.  Trends observed

were similar to those reported above for the polyolester A/R-134a mixtures.

Table 13.  Percent Reduction in Film Thickness for Mixtures of ISO 68
           Polyolesters and R-134a at a constant rolling speed of 0.8 m/s

% Reduction in Film ThicknessRefrigerant Concentration, wt % Temperature, °C
POE-68A POE-68B POE-68C

10 23
45
65

54
46
37

57
50
43

52
45
40

15 23
45
65

67
60
46

70
65
56

66
61
52

30 23
45
65

88
80
71

90
83
76

89
83
75

50 23
45
65

95
91
88

97
95
92

96
92
88

9* 21* 55%

* reported in Reference 31
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Polyolester C/R-134a

Similar data on ISO 68 polyolester C and R-134a mixtures are given in Figures 52

through 55.  Similar trends were observed to those reported above for polyolesters A and B.

Comparison of Film Thickness Data for Polyolesters A, B and C

Figures 56 through 58 compare the film thickness data obtained on mixtures of R-134a

and polyolesters A, B and C at the test temperatures of 23, 45 and 65 °C, respectively.  Overall,

the esters produce films of comparable thickness.  In some cases, polyolester B produced

thinner films in the contact than polyolesters A and C.  This could be due to the higher solubility

of this ester in the refrigerant due to its more branched structure.

6.4.3 Effect of Refrigerant Concentration (R-134a) on Effective Pressure-
Viscosity Coefficients of Polyolesters

Effective pressure-viscosity coefficients of the ester and refrigerant mixtures were

calculated as described in Section 3.4.  It was assumed that the mixtures obey the theoretical

relationship of Hamrock and Dowson.

As explained in Section 6.3.3, the calculation of α-value requires the knowledge of

dynamic viscosity (or kinematic viscosity and density) data for ester and refrigerant mixtures.

Dynamic viscosity, given in Table 14 for mixtures of ISO 32 polyolester and R-134a, was

calculated from the kinematic viscosity and density data provided by Reference 74.  Table 15

shows the effective α-values calculated for the mixtures of ISO 32 polyolester and R-134a as a

function of refrigerant concentration and temperature.  There are some anomalies in the α-

values at high temperatures (45 and 65 °C) and high refrigerant concentrations (40-50 wt %).

There may be several possible reasons for this.  First of all, in α-calculations, it was assumed

that the mixtures of esters and refrigerants obey the theoretical relationship of Hamrock and

Dowson, i.e. the EHD film generated in the presence of refrigerants depends on the same

viscosity and pressure-viscosity mechanisms as for the lubricants only.  This may not be true

especially at high refrigerant concentrations.  Discrepancies between experiments and theory

were also reported by Jonsson (31).  There also exists the possibility of the lubricant/refrigerant

mixture to form a two-phase system in the inlet region of the contact (31).  In this case, the
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refrigerant concentration in the lubricant and hence the dynamic viscosity would vary from those

reported in Tables 14 and 15.  Other reasons may include the use of inaccurate dynamic

viscosity in the pressure-viscosity coefficient calculations or the assumption of the same

refractive index for the refrigerant/lubricant mixtures as the lubricant only.  As discussed in

Section 6.3.3, depending on the dynamic viscosity used in the calculations, the pressure-

viscosity coefficients calculated from the same film thickness data could vary as much as 60%.

Table 14.  Dynamic Viscosity Data for Mixtures of ISO 32 Polyolester
and R-134a

Dynamic Viscosity, cP
R-134a Concentration, wt %

Temperature, °C

0% 10% 20% 40% 50%
23 61.36 28.76 14.88 3.20 2.07
45 25.12 13.68 6.99 1.88 1.25
65 12.64 7.30 4.32 1.43 1.04

The α-value and dynamic viscosity, in general, decrease with increasing refrigerant

concentration and temperature as shown in Figure 59.  Figure 60 shows the relationship

between α-values and log (dynamic viscosity).

The α-values calculated for the ISO 32 polyolester/R-134a mixtures were compared to

those reported in Reference 31 for a series of ISO 32 polyolester/R-134a in Table 15.

Considering the differences in the experimental techniques, reasonable agreement was

observed between the two studies.
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Table 15.  Effective Pressure-Viscosity Coefficients for Mixtures of
  ISO 32 Polyolester and R-134a

Refrigerant Concentration, wt %
0% 10% 20% 40% 50%

Temperature, °C

αααα-values, GPa-1

23 16.9 15.6 10.9 12.3 11.8
45 14.8 10.8 10.8 20.6(?) 19.2(?)
65 12.4 10.3 13.1 20.1(?) 14.9

40* 14.2-18 13.5-16* 13-15.5* ~ 13*

* reported in Reference 31 for a series of ISO 32 Polyolesters

Effective pressure-viscosity coefficients were also calculated for the mixtures of ISO 68

polyolesters A, B and C, and R-134a.  Dynamic viscosity data, given in Table 16, were

calculated from the kinematic viscosity and density data provided by References 74, 75, and

76.  Table 17 compares the α-values calculated as a function of refrigerant concentration and

temperature for the polyolesters A, B and C.  The α-values calculated for these mixtures were

compared to those reported by Akei (33) and Jonsson (31) in Table 18.  In general, there is a

good agreement between the ranges of α-values reported in this study and those reported in

the literature.  Figures 61 through 63 show the effect of R-134a concentration on dynamic

viscosity and α-values.  Figure 64 shows α-values plotted against log (dynamic viscosity) for the

three polyolesters.  The same overall trend as reported above for mineral oil/R-22 mixtures is

seen, although there is more apparent overall scatter.
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Table 16.  Dynamic Viscosity Data for Mixtures of ISO 68
          Polyolester and R-134a

Dynamic Viscosity, cP
R-134a Concentration, wt %Temperature, °C Polyolester

0% 10% 15% 30%
23
45
65

A 131.15
48.14
22.26

49.75
19.54
12.30

30.57
14.03
  8.25

11.47
 5.82
 3.62

23
45
65

B 138.25
47.35
20.96

47.38
19.72
10.17

30.62
14.49
  7.35

9.05
4.67
2.84

23
45
65

C 143.58
50.18
22.46

60.43
26.12
13.03

44.66
18.62
  9.79

13.1
   6.73
   4.05

Table 17.  Effective Pressure-Viscosity Coefficients for Mixtures of ISO 68
        Polyolester and R-134a

Refrigerant Concentration, wt %
0% 10% 15% 30%

Temperature, °C Polyolester

αααα-values, GPa-1

23
45
65

A 19.6
17.8
15.9

21.9
20.7
15.9

21.3
18.4
18.0

10.4
14.3
17.1

23
45
65

B 24.4
20.5
18.4

24.1
23.3
21.4

16.6
13.4
15.9

13.5
15.3
17.5

23
45
65

C 21.0
18.9
17.7

15.2
14.3
12.4

11.8
12.0
13.6

8.8
11.2
13.3
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Table 18.  Comparison of Effective Pressure-Viscosity Coefficients for
ISO 68 Polyolester and R-134a Mixtures

R-134a Concentration, wt %
0% 10% 30%

Temperature, °C Lubricant

αααα-values, GPa-1

23 A 19.6
24.4
21.0

21.9
24.1
15.2

10.4
13.5
8.8

20 POE* 28.0 23 18
45 A

B
C

17.8
20.5
18.9

20.7
23.3
14.3

14.3
15.3
11.2

40 POE* 25.0 19 18
40 POE** ~14-31 ~14-25 ~13-19
65 A

B
C

15.9
18.4
17.7

15.9
21.4
12.4

17.1
17.5
13.3

60 POE* 21.0 17 --

* reported in Reference 33 for ISO 68 POE
** reported in Reference 31 for a series of ISO 32 to ISO 370 polyolesters
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Figure 43. Film Thickness vs. R-134a Concentration 
for ISO 32 Polyolester
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Figure 47. Film Thickness vs. R-134a Concentration 
for ISO 68 Polyolester A
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Figure 51. Film Thickness vs. R-134a Concentration
 for ISO 68 Polyolester B
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Figure 55. Film Thickness vs. R-134a Concentration 
for ISO 68 Polyolester C
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Figure 59. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of 

ISO 32 Polyolester and R-134a
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Figure 60. Alpha Value vs. Dynamic Viscosity for 
ISO 32 Polyolester in R-134a
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Figure 61. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of

 ISO 68 Polyolester A and R-134a
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Figure 62. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of

 ISO 68 Polyolester B and R-134a
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Figure 63. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of

 ISO 68 Polyolester C and R-134a
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Figure 64. Alpha Value vs. Dynamic Viscosity for ISO 68 Polyolesters 
A, B and C in R-134a
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6.5 Film Thickness Measurements on Mixtures of Polyvinyl Ethers and R-134a

Film thickness measurements were conducted on mixtures of ISO 32 and ISO 68

polyvinyl ethers as a function of rolling speed, temperature and refrigerant concentration.  The

results are reported in the following sections.

6.5.1 ISO 32 Polyvinyl Ether/R-134a

Figures 65 through 67 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 32 polyvinyl ether (PVE) and R-134a at 23 °C, 45

°C and 65 °C, respectively.  The gradients of the plots, in general, agree with the EHD

theoretical slope.  However, deviations are observed at the higher refrigerant concentrations

and temperatures.  The R-134a concentrations studied included 0, 10, 20 and 40% by weight.

Similar to the trends observed with the polyolesters, Section 6.4, film thickness decreases

significantly in the contact as the refrigerant concentration and temperature increase.

Figure 68 compares the reduction in film thickness with increasing refrigerant

concentration as a function of temperature at a constant speed of 0.81 m/s.  At each

temperature, the film thickness decreases with increasing refrigerant concentration.  Table 19

compares the percent reduction in film thickness as a function of refrigerant concentration and

temperature.  At a constant refrigerant concentration, the reduction in film thickness becomes

smaller as the temperature increases.
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Table 19.  Percent Reduction in Film Thickness for Mixtures of ISO 32 Polyvinyl
  Ether and R-134a at a constant rolling speed of 0.8 m/s

Refrigerant
Concentration, wt %

Temperature, °C % Reduction in Film
Thickness

10 23
45
65

43
45
31

20 23
45
65

71
64
48

40 23
45
65

90
80
73

6.5.2 ISO 68 Polyvinyl Ether/R-134a

Figures 69 through 71 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 68 polyvinyl ether (PVE) and R-134a at 23 °C, 45

°C and 65 °C, respectively.  The gradients of the plots vary from 0.67 to 0.74 and agree with the

EHD theoretical slope.  The R-134a concentrations studied include 0, 10, 15, 30 and 50% by

weight.  The data shows similar trends to those observed with the lower viscosity (ISO 32) PVE

reported above, i.e. film thickness decreases as the refrigerant concentration in the lubricant

increases.

Figure 72 compares the reduction in film thickness with increasing refrigerant

concentration at a constant speed of 0.81 m/s at the three test temperatures.  Percent

reduction in film thickness is given in Table 20.

6.5.3 Effect of Refrigerant Concentration (R-134a) on Effective Pressure-
Viscosity Coefficients of Polyvinyl Ethers

Effective pressure-viscosity coefficients of the PVE and R-134a mixtures were

calculated as described in Section 3.4.  It was assumed that the mixtures obey the theoretical

relationship of Hamrock and Dowson.

Dynamic viscosity data for mixtures of ISO 32 PVE and R-134a, given in Table 21, were

obtained from Reference 77.  The effective α-values calculated for these mixtures are given in
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Table 22 as a function of refrigerant concentration and temperature.  In general, the α-value

and dynamic viscosity decrease with increasing refrigerant concentration and temperature as

shown in Figure 73.  Figure 74 shows the increase in α-values as a function of log (dynamic

viscosity).

Effective pressure-viscosity coefficients were also calculated for the mixtures of ISO 68

PVE and R-134a.  Dynamic viscosity data obtained from Reference 77 is given in Table 23.

The α-values and dynamic viscosity as a function of refrigerant concentration and temperature

are given in Table 24 and Figure 75.  The α-values reported for 30% refrigerant concentration

at high temperatures (45 and 65 °C) show some anomalies, i.e. they increase with increasing

temperature.  This was also observed for mixtures of R-134a and polyolesters.  Possible

reasons for this finding were discussed in Section 6.4.3.

Figure 76 shows the increase in α-values as a function of log (dynamic viscosity).
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Table 20.  Percent Reduction in Film Thickness for Mixtures of ISO 68 Polyvinyl
   Ether and R-134a at a constant rolling speed of 0.8 m/s

Refrigerant Concentration,
wt %

Temperature, °C % Reduction in Film
Thickness

10 23
45
65

54
41
39

15 23
45
65

69
61
48

30 23
45
65

90
83
72

50 23
45
65

96
91
86

Table 21.  Dynamic Viscosity Data for Mixtures of ISO 32 Polyvinyl Ether
         and R-134a

Dynamic Viscosity, cP
R-134a Concentration, wt %

Temperature, °C

0% 10% 20% 40%
23 60.21 25.5 12.8 3.6
45 22.53 11.0 6.5 2.4
65 10.75 6.2 3.8 1.8

Table 22.  Effective Pressure-Viscosity Coefficient for Mixtures of
   ISO 32 Polyvinyl Ether and R-134a

Refrigerant Concentration, wt %
0% 10% 20% 40%

Temperature, °C

    αααα-values, GPa-1

23 25.5 23.1 19.7 13.1
45 21.3 16.8 14.7 15.6
65 17.0 13.3 13.5 13.7
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Table 23.  Dynamic Viscosity Data for Mixtures of ISO 68 Polyvinyl
  Ether and R-134a

Dynamic Viscosity, cP
R-134a Concentration, wt %

Temperature, °C

0% 10% 15% 30% 50%
23 161.32 77.22 45.00 15.00 3.65
45 51.59 25.39 17.50 7.50 N/A
65 21.83 11.60 9.30 4.50 N/A

Table 24.  Effective Pressure-Viscosity Coefficients for Mixtures of ISO 68
        Polyvinyl Ether and R-134a

Refrigerant Concentration, wt %
0% 10% 15% 30% 50%

Temp., °C

αααα-values, GPa-1

23 28.5 21.9 19.9 11.4 8.2
45 22.2 20.9 16.2 18.8 (?) --
65 18.5 16.4 14.3 24.2 (?) --

6.6 Film Thickness Measurements on Mixtures of Polyolesters and R-410A

Film thickness measurements were conducted on mixtures of R-410A and polyolesters,

POE-32 and POE-68A, as a function of rolling speed, temperature and refrigerant

concentration.  The results are reported in the following sections.

6.6.1 ISO 32 Polyolester/R-410A

Figures 77 through 79 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 32 polyolester and R-410A at 23 °C, 45 °C and 65

°C, respectively.  Overall, the gradients of the plots agree with the EHD theoretical slope.

The R-410A concentrations studied were limited to 10 and 20% by weight due to the

high vapor pressure of this refrigerant.  The data shows similar trends to those observed with

the other lubricant and refrigerant mixtures reported in the previous sections, i.e. the film

thickness decreases as the refrigerant concentration in the lubricant increases.  Figure 80
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compares the reduction in film thickness with increasing refrigerant concentration at a constant

speed of 0.81 m/s at the three test temperatures.  The percent reduction in film thickness at this

speed is given in Table 25.

Table 25.  Percent Reduction in Film Thickness for Mixtures of ISO 32 Polyolester
 and R-410A at a constant rolling speed of 0.8 m/s

Refrigerant Concentration,
wt %

Temperature, °C % Reduction in Film
Thickness

10 23
45
65

57
45
40

20 23
45
65

82
70
59

6.6.2 ISO 68 Polyolester A/R-410A

Similar data on ISO 68 polyolester A and R-410A mixtures are given in Figures 81

through 84 and Table 26.  The data shows similar trends to those reported above in Section

6.6.1 for the ISO 32 polyolester.  As expected, the film thicknesses measured for POE-68A/R-

410A were greater than those measured for POE-32/R-410A.

Table 26.  Percent Reduction in Film Thickness for Mixtures of ISO 68 Polyolester A
and R-410A at a constant rolling speed of 0.8 m/s

Refrigerant Concentration,
wt %

Temperature, °C % Reduction in Film
Thickness

10 23
45
65

61
51
39

15 23
45
65

75
65
56

20 23
45
65

86
77
61

30 23
45
65

93
83
--



1
1
4



1
1
5



1
1
6



117

Figure 68. Film Thickness vs. R-134a Concentration for ISO 32 
Polyvinyl Ether
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Figure 72. Film Thickness vs. R-134a Concentration 
for ISO 68 Polyvinyl Ether
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Figure 73. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of

 ISO 32 Polyvinyl Ether and R-134a
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Figure 74. Alpha Value vs. Dynamic Viscosity for 
ISO 32 Polyvinyl Ether in R-134a

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

1 10 100 1000

Log Dynamic Viscosity (cP)

A
lp

h
a 

V
al

u
e 

(G
P

a-
1
)

Solid lines represent alpha values
Dashed lines represent dynamic viscosities



124

Figure 75. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of

ISO 68 Polyvinyl Ether and R-134a
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Figure 76. Alpha Value vs. Dynamic Viscosity for 
ISO 68 Polyvinyl Ether in R-134a
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Figure 80. Film Thickness vs. R-410A Concentration 
for ISO 32 Polyolester
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Figure 84. Film Thickness vs. R-410A Concentration 
for ISO 68 Polyolester A
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6.6.3    Effect of Refrigerant (R-410A) Concentration on Effective Pressure-
Viscosity Coefficients of Polyolesters

Effective pressure-viscosity coefficients of the ester and refrigerant mixtures were

calculated as described in Section 3.4.  It was assumed that the mixtures obey the theoretical

relationship of Hamrock and Dowson.

Dynamic viscosity data for mixtures of POE-32 and R-410A were calculated from the

kinematic viscosity and density data provided by Reference 74 and given in Table 27.  The

effective α-values calculated for these mixtures are given in Table 28.  Figure 85 shows the

variation of α-value and dynamic viscosity as a function of refrigerant concentration and

temperature.  Figure 86 shows the variation of α-values with the logarithm of dynamic viscosity.

Table 27.  Dynamic Viscosity Data for Mixtures of ISO 32 Polyolester and R-410A

Dynamic Viscosity, cP
R-410A Concentration, wt %

Temperature, °C

0% 10% 20%
23 61.36 26.46 11.47
45 25.12 12.18 5.84
65 12.64 6.66 3.36

Table 28.  Effective Pressure-Viscosity Coefficients for Mixtures of ISO 32
        Polyolester and R-410A

R-410A Concentration, wt %
0% 10% 20%

Temperature, °C

αααα-values, GPa-1

23 16.9 13.6 6.0
45 14.8 10.1 8.5
65 12.4 9.7     12.4 (?)

Effective pressure-viscosity coefficients were also calculated for the mixtures of POE-

68A and R-410A.  Table 29 shows the dynamic viscosity data calculated from the kinematic

viscosity and density data provided by Reference 74.  The α-values calculated as a function of

refrigerant concentration and temperature are given in Table 30 and Figure 87.  Figure 88

shows the variation of pressure-viscosity coefficient with log (dynamic viscosity).

The data reported in Tables 28 and 30 show that α-values increase with temperature at

high R-410A concentrations.  This was also observed for the mixtures of R-134a and
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polyolesters, and R-134a and polyvinyl ethers.  Possible reasons for this observation were

discussed in Section 6.4.3.

Table 29.  Dynamic Viscosity Data for Mixtures of ISO 68 Polyolester A and R-410A

Dynamic Viscosity, cP
R-410A Concentration, wt %

Temperature, °C

0% 10% 15% 30%
23 131.15 45.77 28.53 7.30
45 48.14 19.54 12.25 4.08
65 22.26 10.09 7.28 N/A

Table 30.  Effective Pressure-Viscosity Coefficients for Mixtures of ISO 68
        Polyolester A and R-410A

R-410A Concentration, wt %
0% 10% 15% 30%

Temperature, °C

αααα-values, GPa-1

23 19.6 18.1 13.4 7.8
45 17.8 17.1 14.6     15.6 (?)
65 15.9 17.3 13.9 --

6.7 Film Thickness Measurements on Mixtures of Polyvinyl Ethers and R-410A

Film thickness measurements were conducted on mixtures of ISO 32 and ISO 68

polyvinyl ethers and R-410A as a function of rolling speed, temperature and refrigerant

concentration.  The results are reported in the following sections.

6.7.1 ISO 32 Polyvinyl Ether/R-410A

Figures 89 through 91 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 32 polyvinyl ether (PVE) and R-410A at 23 °C, 45

°C and 65 °C, respectively.  The gradients of the plots vary from 0.65 to 0.71 and agree with the

EHD theoretical slope.  The R-410A concentrations studied included 0, 20, and 40% by weight.

Similar to the trends observed with the other lubricant and refrigerant system investigated in this

study, film thickness decreases significantly in the contact as the refrigerant concentration and

temperature increase.
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Figure 92 compares the reduction in film thickness with increasing refrigerant

concentration at a constant speed of 0.81 m/s as a function of temperature.  At each

temperature, the film thickness decreases with increasing refrigerant concentration.  Table 31

compares the percent reduction in film thickness as a function of refrigerant concentration and

temperature.  At a constant refrigerant concentration, the reduction in film thickness becomes

smaller as the temperature increases.

Table 31.  Percent Reduction in Film Thickness for Mixtures of ISO 32 Polyvinyl
   Ether and R-410A at a constant rolling speed of 0.8 m/s

Refrigerant Concentration,
wt %

Temperature, °C % Reduction in Film
Thickness

10 23
45
65

62
51
36

20 23
45
65

79
70
54

40 23
45
65

93
87
--

6.7.2 ISO 68 Polyvinyl Ether/R-410A

Figures 93 through 95 show the film thickness data as a function of rolling speed and

refrigerant concentration for mixtures of ISO 68 polyvinyl ether (PVE) and R-410A at 23 °C, 45

°C and 65 °C, respectively.  The gradients of the plots vary from 0.67 to 0.78 and agree with the

EHD theoretical slope.  The R-410A concentrations studied include 0, 10, 15, 20, 30 and 50%

by weight.  The data shows similar trends to those observed with the lower viscosity (ISO 32)

PVE reported above, i.e. film thickness decreases as the refrigerant concentration in the

lubricant increases.  As expected, the film thicknesses measured for PVE-68A/R-410A were

greater than those measured for PVE-32/R-410A.

Figure 96 compares the reduction in film thickness with increasing refrigerant

concentration at a constant speed of 0.81 m/s at the three test temperatures.  The same data is

also given in Table 32.
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Effective pressure-viscosity coefficients of the PVE and R-410A mixtures were

calculated as described in Section 3.4.

Dynamic viscosity data for mixtures of ISO 32 PVE and R-410A, given in Table 33, were

obtained from Reference 77.  The effective α-values calculated for these mixtures are given in

Table 34 as a function of refrigerant concentration and temperature.  Dynamic viscosity and α-

value decrease with increasing refrigerant concentration and temperature as shown in Figure

97.  Figure 98 shows the increase in α-values as a function of log (dynamic viscosity).

Effective pressure-viscosity coefficients were also calculated for the mixtures of ISO 68

PVE and R-410A.  Dynamic viscosity data obtained from Reference 77 is given in Table 35.

The α-values calculated as a function of refrigerant concentration and temperature are given in

Table 36 and Figure 99.  Figure 100 shows the increase in α-values as a function of log

(dynamic viscosity).

Richard C Cavestri
6.7.3    Effect of Refrigerant Concentration (R-410A) on Effective Pressure-                Viscosity Coefficients of Polyvinyl Ethers
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Table 32.  Percent Reduction in Film Thickness for Mixtures of ISO 68 Polyvinyl
   Ether and R-410A at a constant rolling speed of 0.8 m/s

Refrigerant Concentration,
wt %

Temperature, °C % Reduction in Film
Thickness

10 23
45
65

50
35
31

15 23
45
65

76
66
61

20 23
45
65

87
78
67

30 23
45
65

94
87
--

50 23
45
65

97
94
--

Table 33.  Dynamic Viscosity Data for Mixtures of ISO 32 Polyvinyl Ether
        and R-410A

Dynamic Viscosity, cP
R-410 Concentration, wt %

Temperature, °C

0% 10% 20% 40%
23 60.21 20.0 9.2 2.6
45 22.53 9.0 4.9 1.9
65 10.75 6.7 3.4 N/A

Table 34.  Effective Pressure-Viscosity Coefficients for Mixtures of ISO 32
        Polyvinyl Ether and R-410A

R-410A Concentration, wt %
0% 10% 20% 40%

Temperature, °C

αααα-values, GPa-1

23 25.5 16.6 15.4 10.5
45 21.3 14.4 11.3 10.3
65 17.0 16.3 17.0 --
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Table 35.  Dynamic Viscosity Data for Mixtures of ISO 68 Polyvinyl Ether
        and R-410A

Dynamic Viscosity, cP
R-410 Concentration, wt %

Temperature, °C

0% 15% 20% 30%
23 161.32 27.0 18.0 7.8
45 51.59 12.0 8.0 4.4
65 21.83 6.5 4.8 2.9

Table 36.  Effective Pressure-Viscosity Coefficients for Mixtures of ISO 68
        Polyvinyl Ether and R-410A

R-410A Concentration, wt %
0% 15% 20% 30%

Temperature, °C

αααα-values, GPa-1

23 28.5 17.9 12.7   9.6
45 22.2 16.6 13.7 10.8
65 18.5 14.6 13.3 --
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Figure 85. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of

 ISO 32 Polyolester and R-410A
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Figure 86. Alpha Value vs. Dynamic Viscosity for 
ISO 32 Polyolester in R-410A
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Figure 87. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of 

ISO 68 Polyolester A and R-410A
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Figure 88. Alpha Value vs. Dynamic Viscosity for 
ISO 68 Polyolester A in R-410A

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

1 10 100 1000

Log Dynamic Viscosity (cP)

A
lp

h
a 

V
al

u
e 

(G
P

a-
1
)



1
4
4



1
4
5



1
4
6



147

Figure 92. Film Thickness vs. R-410A Concentration 
for ISO 32 Polyvinyl Ether
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Figure 96. Film Thickness vs. R-410A Concentration 
for ISO 68 Polyvinyl Ether
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Figure 97. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of

 ISO 32 Polyvinyl Ether and R-410A
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Figure 98. Alpha Value vs. Dynamic Viscosity for 
ISO 32 Polyvinyl Ether in R-410A
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Figure 99. Effect of Refrigerant Concentration on Effective Pressure-
Viscosity Coefficient and Dynamic Viscosity for Mixtures of 

ISO 68 Polyvinyl Ether and R-410A
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Figure 100. Alpha Value vs. Dynamic Viscosity for 
ISO 68 Polyvinyl Ether in R-410A
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6.8 Comparison of Different Lubricant/Refrigerant Systems

6.8.1 Polyolesters/R-134a vs. Mineral Oils/R-22

Figures 101 through 106 compare the film thickness measured for polyolester/R-134a

mixtures with those measured with mineral oil/R-22 mixtures.  Figures 101 through 103

compare the data for ISO 32 fluids, whereas Figures 104 through 106 compare the data for ISO

68 fluids at the three test temperatures.  It is interesting to note that when there is no refrigerant

in the lubricant, mineral oils produce thicker EHD films in the contact than the esters,

particularly at low temperatures.  The difference becomes smaller as the temperature increases

due to the higher viscosity index of the ester fluids.  In the presence of refrigerants, the mineral

oil/R-22 system produces thinner films in the contact as compared to the polyolester/R-134a

system.  The difference is more significant as the refrigerant concentration in the lubricant

increases.  The differences observed can be related to the dynamic viscosity of the

lubricant/refrigerant mixtures.  As discussed in Section 3.2, the thickness of the lubricant film

formed in EHD contacts is determined by the rheology of the lubricant in the contact inlet region

and depends on two fluid properties:  dynamic viscosity and pressure-viscosity coefficient.  As

shown in Tables 14, 16, 21 and 23, the dynamic viscosity of the naphthenic mineral oil/R-22

mixtures is lower than that of the polyolester/R-134a mixtures.

6.8.2 Polyvinyl Ethers/R134a vs. Polyolesters/R-134a and Mineral Oils/R-22

Figures 107 through 112 compare the film thickness measured for polyvinyl ether/R-

134a mixtures with those measured with polyolester/R-134a and mineral oil/R-22 mixtures.

Figures 107 through 109 compare the data for ISO 32 fluids, whereas Figures 110 through 112

compare the data for ISO 68 fluids at the three test temperatures.  Overall, PVE/R-134a

mixtures give comparable films in thickness to POE/R-134a mixtures.  At the low refrigerant

concentrations (10 and 20 wt %), some differences were observed between the film formation

capability of polyvinyl ethers and polyolesters in that polyvinyl ethers formed thicker films in the

contact than polyolesters.
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6.8.3 Polyolesters/R410A vs. Mineral Oils/R-22

Figures 113 through 118 compare the film thickness measured for polyolesters/R-410A

mixtures with those measured with mineral oil/R-22 mixtures.  Figures 113 through 115

compare the data for ISO 32 fluids, whereas Figures 116 through 118 compare the data for ISO

68 fluids at the three test temperatures.  Overall, polyolester/R-410A mixtures give comparable

films in thickness to mineral oil/R-22 mixtures.

6.8.4 Polyvinyl Ethers/R-410A vs. Polyolesters/R-410A and Mineral Oil/R-22

Figures 119 through 124 compare the film thickness measured for polyvinyl ether/R-

410A mixtures with those measured with polyolester/R-410A and mineral oil/R-22 mixtures.

Figures 119 through 121 compare the data for ISO 32 fluids, whereas Figures 122 through 124

compare the data for ISO 68 fluids at the three test temperatures.  Overall, PVE/R-410A

mixtures give comparable films in thickness to POE/R-410A mixtures.  With the lower viscosity

fluids (ISO 32), polyvinyl ether/R-410A mixtures appear to form thicker films in the contact than

polyolester/R-410A and mineral oil/R-22 mixtures.

6.8.5 R-410A vs. R-134a

Figures 125 through 130 compare the film thickness measured for polyolester/R-134a

mixtures with those measured with polyolester/R-410A mixtures.  The data indicates that

mixtures of polyolester/R-410A produce thinner films in the contact than those of the same

lubricant and R-134a.  The same result was observed for polyvinyl ethers, as shown in Figures

131 through 136, i.e. the presence of R-410A in the lubricant results in thinner films in the

contact than that of R-134a.

6.8.6 Effective Pressure-Viscosity Coefficients

Figures 137 through 142 compare the pressure-viscosity coefficients of the various

lubricant and refrigerant mixtures tested.  The comparisons were shown for ISO 32 fluids.
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However, the same trends were also observed for the ISO 68 fluids.  The results are

summarized as follows:

• POE/R-410A vs. PVE/R-410A:  Mixtures with PVE have higher α-values than those with

polyolesters at all test temperatures.

• POE/R-134a vs. PVE/R-134a:  Mixtures with PVE have higher α-values than those with

polyolesters at all test temperatures.

• PVE/R-134a vs. NMO/R-22:  Mixtures with NMO/R-22 have higher α-values than those with

PVE/R-134a.  However, the differences become smaller as the temperature and refrigerant

concentration increase.

• POE/R-134a vs. NMO/R-22:  NMO/R-22 mixtures have higher α-values than POE/R-134a.

• PVE/R-410A vs. NMO/R-22:  Mixtures with NMO/R-22 have higher α-values than those with

PVE/R-410A.  However, the differences become smaller as the temperature and refrigerant

concentration increase.

• POE/R-410A vs. NMO/R-22:  NMO/R-22 mixtures have higher α-values than POE/R-410A.

A graphical ranking of all the tested lubricant/refrigerant combinations is shown in

Figures 143 through 145.  The film thickness data reported in these figures were obtained

under the same conditions of temperature (22.5 °C) and speed (0.8 m/s).
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Figure 137.  ISO 32 Polyolester/R-410A vs. ISO 32 
Polyvinyl Ether/R-410A Mixtures - Effect of Refrigerant 

Concentration on Effective Pressure-Viscosity Coefficient 
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Figure 138. ISO 32 Polyolester/R-134a vs. ISO 32 
Polyvinyl Ether/R-134a Mixtures - Effect of Refrigerant Concentration 

on Effective Pressure-Viscosity Coefficient 
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Figure 139. ISO 32 Polyvinyl Ether/R-134a vs. ISO 32 Naphthenic 
Mineral Oil/R-22 Mixtures -  Effect of Refrigerant Concentration on 

Effective Pressure-Viscosity Coefficient 
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 Figure 140. ISO 32 Polyolester/R-134a vs. ISO 32 Naphthenic 
Mineral Oil /R-22 Mixtures - Effect of Refrigerant Concentration on 

Effective Pressure-Viscosity Coefficient 
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 Figure 141. ISO 32 Polyvinyl Ether/R-410A vs. ISO 32 Naphthenic 
Mineral Oil/R-22 Mixtures - Effect of Refrigerant Concentration on 

Effective Pressure-Viscosity Coefficient 
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 Figure 142. ISO 32 Polyolester/R-410A vs. ISO 32 Naphthenic 
Mineral Oil Mixtures - Effect of Refrigerant Concentration on 

Effective Pressure-Viscosity Coefficient 
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7.0 CONCLUSIONS

The ultrathin film interferometry method was modified to operate under a pressurized

refrigerant atmosphere in order to investigate the effects of refrigerants on the film formation

properties of refrigeration lubricants.

The EHD properties of naphthenic mineral oils, polyolesters and polyvinyl ether

lubricants were studied with and without the presence of refrigerants.  Under air, all of the

lubricants studied behaved as expected from the EHD theory.  EHD film thickness increased

with speed and viscosity, and decreased with temperature.

Effective pressure-viscosity coefficients calculated from the film thickness data showed

the effect of chemical structure on the pressure-viscosity characteristics of the fluids.  The fluids

were ranked with respect to their pressure-viscosity coefficients in the following order:

naphthenic mineral oils > polyvinyl ethers > polyolesters.

Differences were observed in the pressure-viscosity characteristics of the polyolesters

studied.  This was related to the degree of branching in the ester structure.  Esters with

branching have higher α-values than those with linear structure.  Effective pressure-viscosity

coefficients also change with temperature, decreasing as the temperature increases.

Refrigerants have a significant effect on reducing the EHD film formation ability of

lubricants.  EHD film thickness decreases drastically in the contact as the refrigerant

concentration in the lubricant increases.  Even at the low refrigerant concentration of 10%, the

reduction in film thickness ranges from 30 to 65% depending on the test temperature.

Refrigerants reduce dynamic viscosity as well as the pressure-viscosity coefficients of

lubricants.  However, this effect decreases as the temperature increases.

The thickness of the EHD film formed by the lubricant/refrigerant mixtures shows a

similar dependence on speed as that of the lubricant itself.  At high refrigerant concentrations

and high temperatures, i.e. under thin film conditions, some deviations from the theoretical

slope of 0.67 were observed for the film thickness vs. speed relationship.  This discrepancy
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might be related to the non-homogeneous nature of the refrigerant and lubricant mixtures at

high pressures.  This would lead to the formation of a two-phase system in the inlet region of

the EHD contact.

Effective pressure-viscosity coefficients for the lubricant/refrigerant mixtures were

calculated from the film thickness data using the theoretical relationship of Dowson-Hamrock

and viscosity data available for the mixtures in the literature.  The accuracy of the calculated

pressure-viscosity coefficients depends strongly on the accuracy of the dynamic viscosity data

used in the calculations.

For a given fluid and refrigerant mixture, it has been shown that pressure-viscosity

coefficient increases linearly in proportion to the logarithm of dynamic viscosity.  This suggests

that the same fundamental molecular properties govern changes in both dynamic viscosity and

pressure-viscosity properties.

The ranking obtained with respect to the pressure-viscosity characteristics of the

lubricants under air was also observed under refrigerant environments.  However, the

differences became smaller as the refrigerant concentration and the temperature increased.  In

general, refrigerant (R-134a or R-410A) mixtures with polyvinyl ethers have higher α-values

than those with polyolesters.  Mixtures of naphthenic mineral oil and R-22 have higher α-values

than those of polyolesters or polyvinyl ethers and R-134a or R-410A.  The presence of R-410A

in the lubricants (polyolesters or polyvinyl ethers) results in thinner EHD films than those

produced by the same lubricants in the presence of R-134a.
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8.0 FUTURE WORK

Future work in this project could focus on the following areas:

In order to improve the accuracy of the film thickness measurements for

lubricant/refrigerant mixtures, the refractive index determination method developed in this study

needs to be further developed.  This would be possible by modifying the optical system and the

ultrathin film interferometry software.

The accuracy of the effective pressure-viscosity coefficients determined from EHD film

thickness data depends on having a reference fluid with a reliably known pressure-viscosity

coefficient.  A wider range of fluids would need to be compared using both high-pressure

viscometry and film thickness to refine the reference fluid value further.

The accuracy of the effective pressure-viscosity coefficients determined for the

lubricant/refrigerant mixtures depends strongly on the accuracy of the dynamic viscosity data

available for the refrigerant/lubricant mixtures.  Viscosity measurements on refrigerant/lubricant

mixtures should be considered in future work.  Determination of accurate pressure-viscosity

coefficients would allow modeling of the pressure-viscosity characteristics of

lubricant/refrigerant mixtures.

More research is needed on the mechanism of the pressure-viscosity characteristics of

blends.  Studies could be conducted on blends of refrigeration lubricants and liquids similar to

refrigerant structures.  There are a few studies reported in the literature on liquid blends and

pressure-viscosity characteristics (78, 79).  For example, for mixtures of high and low α-value

fluids, such as polyphenyl ethers and diesters, it has been shown that a small amount of ester

causes an almost complete loss of the high α-value of the ether (78).  The rapid fall in the α-

value is related to the plasticizing effect of the ester to lower the glass transition temperature of

the ether.  Another study on monoglycol/polyglycol fluids showed an unusual behavior in

pressure-viscosity characteristics for the blends (79).  A minimum α-value was observed at a

50/50 blend of the two liquids.  This corresponded to a maximum in the free volume of the

mixture and showed an inverse relationship between α-value and free volume.  Studies like

these could lead to the development of successful modeling for predicting the pressure-

viscosity characteristics of lubricant/refrigerant mixtures.
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In hydrodynamic contacts, one lubricant property, dynamic viscosity, determines both

film thickness and friction properties.  On the other hand, in EHD contacts, film formation and

friction (traction) are effectively decoupled, and both depend upon different rheological

properties.  The dynamic viscosity of the lubricant in the contact inlet and its’ pressure-viscosity

coefficient control film thickness, whereas the limiting shear stress of the lubricant controls

friction.  In order to extend the life of the lubricated components in compressors and improve

efficiency, these three different lubricant properties must be considered.  Future work could

focus on evaluating the EHD friction properties of the lubricant/refrigerant mixtures. Friction

data could then be combined with the film thickness data to develop Stribeck-type curves for

lubricant/refrigerant mixtures.  This information could be used to determine and thus optimize

lubricant behavior in refrigeration compressors.
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APPENDIX A
RI DETERMINATION FOR LUBRICANT/REFRIGERANT MIXTURES

An optical method for measuring refractive index (RI) of lubricant/refrigerant mixtures was
developed using the EHD rig and the ultrathin film interferometry technique.  This method for
measuring the RI of the fluid in the EHD contact is based on the following principles:

Constructive interference obeys the following equation:

h  =   (N - Φ)λ Equation 1

         2n Cosθ

Where h is the film thickness, N is the fringe order, Φ is the phase change, λ is the wavelength,
n is the RI, and θ is the angle of incidence.

For loaded ball on flat (point) contacts, film thickness is related to contact geometry, contact
stress and elastic properties of materials as shown below:

h  =  3.81  (1 - σ1
2 + 1 - σ2

2)  a pmax (r - 1)1.5
Equation 2

                     E1          E2      2       a

Where h is the film thickness, σ is Poisson’s ratio, E is Young’s modulus, a is the Hertzian
diameter, pmax is the maximum Hertz stress, r is the radius of the interference fringe’s circle.
Substituting h from Equation 1 into Equation 2 results in the following equation:

(N - Φ)λ   =  3.81  
(1 - σ1

2 + 1 - σ2
2)  a pmax (r - 1)1.5

Equation 3
2n Cosθ                    E1          E2      2       a

Refractive index for a given fluid in the contact can be calculated from the above equation by
measuring the radius of fringes at two different fringe orders (m and m+k).  Subtraction of
Equation 3 written for fringe order m and m+k gives:

Nm+k - Nm  =  3.81  (1 - σ1
2 + 1 - σ2

2)  a pmax {(rm+k - 1)1.5 - (rm - 1)1.5} Equation 4

2n Cosθ                    E1         E2       2         a         a
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APPENDIX B
RI CORRECTION FOR CONTACT PRESSURE

To calculate the film thickness from optical film thickness, it is necessary to know the refractive
index of the sample in the contact at the contact pressure.  The Lorentz-Lorentz equation given
below can be used to relate the refractive index and density as follows:

µp  =
      1 + 2A  1/2

  1 – A

where:

A  =   ρp      µo
2 – 1

         ρo      µo
2 + 2

where  µo = RI at atmospheric pressure
ρo = density at atmospheric pressure
µp = RI at contact pressure
ρp = density at contact pressure

ρp/ρo is obtained from Hartung’s formula given below:

ρp   =  1 +   
42.8 x 10-6  p0.75

ρo        (ν100)
0.0385

where:

ν100 : kinematic viscosity at 100 °F
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APPENDIX C
COMMERCIAL IDENTIFICATION

Lubricants Commercial Identification

ISO 32 Naphthenic Mineral Oil Suniso 3GS

ISO 68 Naphthenic Mineral Oil Suniso 4GS

ISO 32 Polyolester ICI Emkarate RL 32H

ISO 68 Polyolester A ICI Emkarate RL 68H

ISO 68 Polyolester B Mobil EAL 68

ISO 68 Polyolester C CPI Solest 68

ISO 32 Polyvinyl Ether Idemitsu Kosan FVC 32B

ISO 68 Polyvinyl Ether Idemitsu Kosan FVC 68B
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