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The opposite of a correct statement is 

a false statement. 

But the opposite of a profound truth 

may well be another profound truth. 

Niels Bohr 



ABSTRACT 

Lubricants are subjected to high pressures in many mechanical devices - notably gears, 

cams, piston rings and rolling element bearings. The contact pressure between the ball 

and the race in a ball bearing can be as high as 5 GPa. At such high pressures, it is 

necessary to be able to measure the rheological behaviour of the lubricant in order to 

obtain input data for computer simulations of rolling and sliding contacts. Lubricant 

manufacturers are often unable to provide information about the rheology of the lubricant 

at high pressures, temperatures, shear stresses and shear rates. 

In paper A, a new Couette rheometer was developed to measure the rheological properties 

of fluids at pressures up to 500 MPa. The shear-rate range covers 0.5 to 20000 1/s and 

the instrument can operate up to 100°C at maximum pressure. The results from the 

apparatus show excellent agreement with measurements made with a falling ball 

viscometer on a Newtonian fluid. Criteria for non-laminar flow and viscous heating have 

been developed for the apparatus to verify that these effects do not significantly influence 

the measurements. 

In grease lubricated machine elements the supply of grease to the contact region is very 

important for long life and maintenance-free operation. For example, in a bearing 

application the grease is often applied within the housing but outside the bearing. For 

good lubrication the grease has to move from the storage space into the bearing in order 

to separate the moving surfaces. One important part of this grease movement is the 

transport from near the contact region into the rolling track. This transportation 

mechanism may depend on different phenomena such as: capillary forces, vibrations, 

drop formation, oil bleeding etc. The papers B-G in this thesis describe investigations of 

these various phenomena. 

Papers B-D deal with the drop formation of oils and greases in the outlet of an 

elastohydrodynamically lubricated contact and how different surface energies can affect 

the distribution of lubricant between the surfaces. 



Paper E describes the elongation of grease filaments formed when two surfaces are 

separating from each other, as a function of time. Measurements of the lift off (adhesion) 

force acting between the two solid surfaces as a function of time were also made. 

In paper F a ball and disc apparatus was used to study the replenishment of grease due to 

side slip. The inlet distance and the 'butterfly' shaped meniscus that surrounds the contact 

point was studied as a function of the side slip motion of the ball. The filament formation 

equations from paper E were extended to include the geometry of the butterfly and the 

inlet distance. 

Finally, in paper G, four deep groove ball bearings were tested in a SKF R2F test rig to 

evaluate how lift-off-speed and breakthrough-speed are affected by ball spin. The results 

are compared to film thickness calculations. The lubricants used were greases, oil bled 

from the greases and the base oil used for manufacturing the greases. 



Preface 

This work has been carried out at the Division of Machine Elements at Luleå University 

of Technology, Sweden and at SKF Engineering & Research Centre in Nieuwegein, 

Holland during the years 1991-1996. 

When I started my university studies at Luleå University I could not imagine that I would 

spend the following nine years of my life 100 kilometres south of the Arctic circle. At the 

end of my Master's degree a project concerning greases and lubrication started up that I 

could not resist. During these five last years, I have been working with a mixture of 

mechanical engineering, chemistry and material science denoted tribology. 

First, I thank my supervisors Prof. Bo Jacobson and Prof. Erik Höglund, for allowing 

me to work freely and introducing me to the wonders of Tribology science. Secondly I 

thank the rest of my colleagues at Machine Elements, and in particular Ulf Jonsson for all 

the jolly good times that we have had at the office. I am also grateful for the introduction 

to all the mysteries of grease from Dr. Henrik Aström at Linköping University. 

I am indebted to my colleagues, especially Viktoria Wikström, at SKF ERC in Holland 

for my time there. I am also grateful for all the interesting discussions with all the people 

at Axel Christiernsson Ltd. and to Lars-Olof Andersson at SKEGA Ltd. for his interest 

and introduction to surface chemistry. 

The financial support for the work carried out in Luleå has come from the Swedish 

National Board for Industrial and Technical Development and from SKF ERC. 

Last but not least, I thank my fiancee Maria for putting up with all the overtime hours and 

weekends and the encouragement that she has given me. I hope we will have more time 

together from now on... 

Per-Olof Larsson 

Luleå in September 1996 



Thesis 

This thesis comprises a survey and the following papers: 

A Larsson, P.O., Jonsson, U., "A New High Pressure Viscometer", Nordic 

Symp. on Tribology (NORDTRIB '96), Bergen, Norway. Vol. 3, (1996). 

B Larsson, P.O., Jacobson, B., Höglund, E., "Oil Drops Leaving an EHD 

Contact", Proceedings from the Nordic Symp. on Tribology (NORDTRIB '94), 

Uppsala, Sweden. Published in WEAR, Vol. 179, pp. 23-28, (1994). 

C Larsson, P.O., Jacobson, B., Höglund, E., "Oil Drop Formation at the 

Outlet of an Elastohydrodynamic Lubricated Point Contact", ASME/STLE 

Tribology Conference-94, Published in Journal of Tribology, Vol. 117, No. 1, 

pp. 74-79, (1995). 

D Larsson, P.O., Jacobson, B., "Grease Drop Formation at the Outlet of an 

EHD Contact", Proceedings from the International Tribology Conference in 

Yokohama, October 29- November 2, (1995). 

E Larsson, P.O., "Grease Filament Formation with Circular Contact Geometry", 

Submitted for publication, (1996). 

F Larsson, P.O., "Replenishment of Grease in a Ball and Disc Apparatus", 

Submitted for publication, (1996). 

G Larsson, P.O., "Lift-Off-Speed in a Deep Groove Ball Bearing Due to Ball 

Spin", Submitted for publication, (1996). 



Contents 

1. Introduction 1 

1.1. Tribology 3 

1.2. Is Tribology Important? 3 

1.3 Tribology Related Problems in Machinery 4 

2. Lubricants 4 

2.1 Lubricating Greases 5 

2.2 Newtonian and Non-Newtonian Fluids 7 

2.3 Grease Rheology 8 

2.4 High Pressure Rheology 9 

3. Elastohydrodynamic Lubrication 10 

3.1 Coefficient of Friction and Lubricating Film Thickness 12 

3.2 Viscosity at High Pressures 13 

3.3 Starved Conditions and Fully Flooded 15 

3.4 Replenishment of Lubricants 16 

3.5 Film Thickness from Base Oil or Bulk Grease? 17 

4. Surface Tension in Lubrication 18 

4.1 Wetting of High-Energy Surfaces 19 

4.2 Contact Angle in Equilibrium 19 

4.3 Dynamic Contact Angles 21 

5. Replenishment due to Drop and Filament Formation 22 

5.1 Detection of Oil Drops 23 

5.2 Surface Energy Effects in Oil Drop Formation 25 

5.3 Surface Energy Effects in Grease Drop Formation 26 

5.4 Grease Filament Formation 27 

5.5 Grease Transportation Due to Side Slip 30 

6. Lift-Off-Speed in a Deep Groove Ball Bearing 
due to Ball Spin 32 

7. Concluding Remarks 35 

7.1 Recommendations for Future Work 38 

Nomenclature 40 

References 42 



Appended Papers 

A Larsson, P.O., Jonsson, U., "A New High Pressure Viscometer", Nordic Symp. 

on Tribology (NORDTRIB '96), Bergen, Norway. Vol. 3, (1996). 

B Larsson, P.O., Jacobson, B., Höglund, E., "Oil Drops Leaving an EHD 

Contact", Proceedings from the Nordic Symp. on Tribology (NORDTRIB '94), 

Uppsala, Sweden. Published in WEAR, Vol. 179, pp. 23-28, (1994). 

C Larsson, P.O., Jacobson, B., Höglund, E., "Oil Drop Formation at the Outlet 

of an Elastohydrodynamic Lubricated Point Contact", ASME/STLE Tribology 

Conference-94, Published in Journal of Tribology, Vol. 117, No. 1, pp. 74-79, (1995). 

D Larsson, P.O., Jacobson, B., "Grease Drop Formation at the Outlet of an EHD 

Contact", Proceedings from the International Tribology Conference in Yokohama, 

October 29- November 2, (1995). 

E Larsson, P.O., "Grease Filament Formation with Circular Contact Geometry", 

Submitted for publication, (1996). 

F Larsson, P.O., "Replenishment of Grease in a Ball and Disc Apparatus", Submitted 

for publication, (1996). 

G Larsson, P.O., "Lift-Off-Speed in a Deep Groove Ball Bearing Due to Ball Spin", 

Submitted for publication, (1996). 



1 

1. INTRODUCTION 

Thousands of years before the industrial age man learned to reduce friction and wear by 

lubricating surfaces. In this manner, the force expended for transportation was reduced. Man 

improved his chances of survival by learning to handle tools for scraping and cutting, pressing 

and grinding, drilling and hammering and many other activities. As the first humans settled 

down and built permanent homes, the need for good and reliable transportation arose. In the 

beginning, loads were carried by humans, or, later, by animals. The development of simple 

skids made it possible to transport heavy goods by dragging them to the place of destination. 

Soon, the question of how to reduce the friction between the sledge runners and the ground 

arose. Transportation of an Egyptian statue on lubricated wooden planks can be seen figure 1, 

where a lubricant - probably water was used to reduce the friction between two surfaces, this 

took place in Egypt in 1880 BC. Note that the tribologist was allowed to ride on the sledge. A 

reflection could then be that even four thousand years ago the man who had the lubrication 

knowledge was highly respected or maybe he had to ride to be able to reach the right spot to 

lubricate because there was no replenishment. 

Figure 1: Transportation of an Egyptian statue on lubricated wooden planks; c.1880 BC , 

from Dowson 1 

The point of time when man started to use the wheel instead of the sledge to transport goods 

may rightly be called a significant milestone in history. Wheels and axles, which are guided by 

bearings, have no model in nature. The wheel is said to be at least six thousand years old, 

Dowson1, and the origin of the wheel is assumed to be in Middle East in Mesopotamia, the 

region between the Tigris and Euphrate rivers, but it has not been proven whether wheels were 

used mainly for transportation or solely for religious purposes, see Schäfer2. The roller became 

a wheel only when it could be safely positioned by a bearing assembled to the vehicle frame. 
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The history of the wheel is thus inseparably linked with the history of the bearing and the 

history of lubrication. During the Renaissance (1450 - 1600) Leonardo da Vinci (1452 - 1519) 

years ahead of his time left priceless sketches, drawings and records of observations, findings 

and design ideas of how friction and sliding could be used in the early Renaissance industry. 

One idea, adopted for lightly loaded shafts, was to mount a gudgeon on two wooden discs 

supplied with their own axles (roller-disc), which can be viewed as a forerunner to the free 

rolling element bearings. 

The invention of steam engines and combustion engines in the 18th and 19th centuries suddenly 

changed the amount of power that a plant could deliver. Therefore mechanical engineers faced a 

completely new task, namely how to design a reliable lubricating system to supply the piston 

rods, connecting rods, crankshafts, with a proper lubricant to reduce friction and wear. The 

developments in textile, wood and metal processing in the 19th century needed new machines 

with new technologies. In a textile company in Sweden, a plant engineer became concerned 

about the large numbers of bearing failure depending on misalignment and deflection of line 

shafting. The engineer, Sven Wingquist, made his first sketch of his self-aligning bearing in 

1907 and he also developed a new bearing company, SKF. During the last 90 years progress in 

different disciplines such as statistics, material science, solid mechanics, friction and lubrication 

has influenced the performance and life of ball bearings and other machine elements. 

Generally speaking, a machine that contains moving/movable parts has to be lubricated in some 

way to reduce friction and wear both for problem-free operation and to meet the demands for 

higher quality and reliability in machine elements. The lubricant and the lubrication systems 

should be seen as a machine element and therefore as new mechanical system develops the 

lubricant always has a new challenge to overcome. Lubricating problems can depend on either 

the mechanical design or the chemistry and lubricating properties of the lubricant, or a 

combination of both. Oil and grease lubricated machineries have one thing common, if the 

lubricant does not provide the possibility to separate the surfaces, the life span of that machine 

will be reduced. For example, even if the oil level in a machine is high, this does not 

automatically imply that all parts in that machine have good lubrication, these parts have to rely 

then on other replenishment mechanisms than the oil level of the machine. Such mechanisms 

can be through capillary forces, vibration, drop formation, oil bleeding etc. 

The objective of this thesis is to increase the understanding of grease lubrication mechanisms 

and specifically lubricant replenishment, especially in rolling element bearings, and in that way 

reduce maintenance problems and improve the design of new machine elements. 
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1.1, T R I B O L O G Y 

Tribology covers a wide range of different technical disciplines such as mechanics of materials, 

fluid mechanics, material science, organic and inorganic chemistry. Tribology is therefore a 

cross disciplinary area where the user must have an extensive knowledge in these disciplines. In 

this chapter, a short introduction to the thrilling subject of tribology will be given. 

1.2. Is Tribology Important? 

During the 20th century, the importance of friction, wear and lubrication, has been recognised 

by science. In 1686, Newton3 postulated that fluids have a viscosity but his ideas did not add 

to lubrication theory but were used to predict the motions of the planets around the sun, and 

according to Jacobson4, the concept of lubricant viscosity was not recognised until 1860. The 

word 'tribology' was defined in 1966 in a British report (the Jost-report)5 as the science and 

technology of interacting surfaces in relative motion. Today, tribology is usually defined as the 

science and technology of lubrication, friction and wear of parts in relative motion. 

Usually, people do not think of tribology as a major problem in daily life, even though the need 

for lubrication is present everywhere. About 25 years ago, the materials used for an artificial hip 

joint were not so well-considered from a tribology point of view. The implants sometimes had 

to be replaced after less than five years due to wear of badly chosen material combinations, 

Dumbleton6. Today, developments in the area of dry contact tribology have facilitated artificial 

joints with a minimum amount of wear. This is a good example of how new findings in 

tribology may help mankind. 

In our houses, we are surrounded by parts that must be lubricated properly, or they may break 

down and cause unpleasant surprises. Some examples are the kitchen fan, the vacuum cleaner 

and the refrigerator; the list of applications is long. 

In the industrialized society, friction and wear cause energy losses and consume valuable raw 

materials. This becomes more important the more the cost of supplying energy and raw 

materials rises and the reserves decrease. Also, the increased demands of industry for just in 

time delivery do not allow unplanned breakdown due to misapplication of tribology in 

machinery. The lubricants such as oils and greases are therefore important features for future 

developments. Industry must use lubricants to make the best use of its resources when reducing 

energy costs and the use of raw materials. 

Bearing in mind the above-mentioned, it may be stated that tribology is indeed important. 
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1.3 Tribology Related Problems in Machinery 

For heavily loaded contacts in machine elements where surfaces are elastically deformed, the 

lubricant is routinely replaced during operation. A unique 'failure' process resulting from these 

practices is the supply of new lubricants (a lubricant other than the one specified); this may lead 

to failure through two processes, Tallian7: 

1) Use of a lubricant with the wrong rheology or chemistry, or use of an improper quantity 

of lubricant resulting in a breakdown of the machinery. 

2) Admixture of a different class of lubricant to supply already present may result in 

chemical or physical reaction producing an unserviceable mixture. 

Not understanding why the machine works with one type of oil and not the other may be 

fmstrating to both designer and user, since almost all lubricating oils look and feel similar. New 

lubrication problems may arise when changes are made to a properly working machine. Often, 

trial and error, which is not, however, very cost effective, is used as the problem solver. The 

task for researchers is to answer the questions why, when and how to lubricate different 

machinery. 

2. LUBRICANTS 

Usually, lubricants are associated with a reduction of friction and wear between two moving 

surfaces, providing an extended surface life. Other tasks for a lubricant may be cooling, power 

transmitting, corrosion protection, carrier of additives, transportation of undesired particles. 

Unfortunately, all these tasks cannot be done by a single lubricant and usually there has to be a 

compromise. 

Lubricants may be based on liquids, gases or sohds, or a mixture of a liquid and a solid. Where 

extremely low friction is needed, gaseous lubricants may be used. For high temperature or 

vacuum applications, the lubricating material is usually solid. Today environmentally friendly 

and renewable lubricants such as synthetic esters and vegetable oils are used for example in 

mobile hydrauhc systems in forestry machines as they will reduce the envhonmental hazard in 

case of discharge, Kassfeldt8. But still most lubricants used are based on mineral oils. 
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2.1 Lubricating Greases 

Lubricating grease plays an important role because it stays in place and can provide excellent 

sealing from external debris and water. Greases are semi-liquid lubricants consisting of a 

lubricating base oil and a thickener. The base oil, either mineral or synthetic is thickened with 5 

to 30 wt % of various types of thickeners which may be a metal soap (e.g. aluminium, lithium 

or barium), polyurea or clay. 

Grease is a two-phase system and consequently has a more complex rheology than the base oil. 

According to Forster et al.9 the thickener fibres are held together by ionic and van der Waal 

forces, and the extent to which these forces are effective depends on how the fibres contact each 

other. The base oil is kept within the thickener by a combination of van der Waal and capillary 

forces, Bauer et al. 1 0. 

Greases are a class of lubricants having unique properties which offer certain advantages over 

lubricating oils and this results in the extensive use of grease for lubrication of rolling bearings 

whenever the operating conditions permit, Scarlett n . The classical definition from ASTM 1 2  

states that a lubricating grease is: 

A solid to semifluid product of a thickening agent in a liquid 

lubricant. Other ingredients imparting special properties may be 

included. 

This definition is somewhat diffuse but it does establish that a grease is not a thick (viscous) oil, 

it is a thickened oil, a multiphase system consisting of at least two well defined components, a 

thickener (gelling agent) and a fluid. Another definition from Sinitsyn 1 3 states: 

Grease is a lubricant which under certain loads and within its 

range of temperature application exhibits the properties of a 

solid body, undergoes plastic strain and starts to flow like a 

fluid, should the load reach the critical point, and regains solid-

body properties after removal of the stress. 

This definition establishes another important aspect of greases. Grease is either a solid or a 

liquid, depending on the physical conditions that are imposed on the grease. 

The analogy of a bath sponge is often used to illustrate greases. The thickener system is the 

sponge and the base oil is the water. SEM-photographs of the fibre structure of soaps 

commonly used in grease manufacturing can be seen in figure 2. 
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Figure 2: SEM photograph of different soap structures in lithium thickened greases: a) 

lithium-12-hydroxy stearate in synthetic ester, b) modified lithium-12-hydroxy 

stearate in mineral oil, (courtesy of SKF ERC, Holland). 

Among the grease manufacturers there is a saying 'lubricating greases is what the grease 

manufacturers make'. This might look obvious at a first sight, but mixing the same batch of 

base oil volume with the same batch of thickener type volume at two different plants will 

probably not give the same grease. During the manufacturing process in a grease plant, there are 

a number of different steps such as way of heating, cooling rate, milling type, milling time that 

will have an effect on the physical properties of greases, NLGI 1 4. 

Long before Sinitsyn 1 3 , man used greases for lubrication. Archaeological findings in the 

Middle East show that the art of grease making was known already in 1400 BC, Dowson1. At 

that time grease was a mixture of calcium and fats and it was used to lubricate chariot wheels. 

Today, calcium is still one of the materials used for grease manufacturing, but the fats have 

been substituted by petroleum products. 

At present, lubricating grease is a widely used lubricant, but how and why it manages to 

lubricate is still not fully understood. Only about 2 -3 % of the total amount of lubricants 

manufactured in the world are lubricating greases but as much as 80-90 % of all rolling element 

bearings are grease lubricated, Ahlbom and Duus15. 
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2.2 Newtonian and Non-Newtonian Fluids 

Rheology is the science that studies the deformation and flow of matter. It deals specifically 

with the relation existing between the stress applied to a body and the deformations it 

undergoes. The understanding of how matter responds is vitally important in bearing design, 

energy dissipation and prediction of lubricant films in computer simulations. For elastic metallic 

materials the strain is linearly related to the sttess, this is known as Hooke's law, but for liquid 

materials not only the history of strain and strain rate, but also the actual strain and strain rate 

can effect the stress that builds up in a liquid body. 

The most well-behaved liquid is known as a Newtonian liquid, where there is a linear relation 

between stress ( x ) and shear strain rate ( du/dy ), and the viscosity (r\ )is the constant of 

proportionality between them, see equation 1. 

du 
dy 

There are also non-Newtonian fluids having a non-linear relation between the applied 

deformation rate and the corresponding stresses. Depending on the strain-rate and stress 

relation, the liquids are given different category names such as, Bingham fluids, pseudo-plastic 

fluids, Boltzmann fluids, viscoelastic fluids, Briant et al. 1 6. In figure 3 the Bingham-, 

Newtonian- and pseudo-plastic fluids are presented. Greases display a combination of both 

Bingham and pseudo-plastic fluids and mineral oils display Newtonian behaviour, to in figure 

3 is the shear stress that a Bingham-pseudo-plastic fluid has to reach before it starts to flow. 

Apart from shear rate time is also an important parameter in rheology. A children's toy called 

'silly putty' displays viscoelasticity. It bounces like mbber when thrown to the floor, but 

spreads out smoothly when left at rest for a few minutes. Viscoelastic materials such as greases 

will react differently depending on how the load is applied in time. 
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Shear rate, [1/s] 

Figure 3: Flow curves for different fluids. 

One way to handle non-linear flow curves is to define an apparent viscosity ( n a ) at a working 

point P, see figure 3. The apparent viscosity is defined as the slope of a line stretching from P 

to origo, different shear rates will then give different apparent viscosities for the same flow 

curve. 

2.3 Grease Rheology 

Rheological measurements on greases are usually carried out with controlled shear rate or with 

controlled shear stress. Shearing of the sample often takes place between two solid surfaces that 

can move relative to each other. Usually one surface is moving, producing shear rate, and the 

other surface is standing still, measuring the shear stress. In all measurements with rheometers 

it is very important that the test sample is in good adhesion with the surface of the test apparatus 

tools. Otherwise slip can occur at the interface between the tool and the lubricant and the output 

signal from the sensors will not reflect an equally stressed lubricant volume. Rémy and 

Magnin17 found that if the surface roughness is greater than the length scale of the grease 

stmcture, slip can be eliminated at the tool surface. At high shear rates a secondary flow inside 

the sample can cause fracture of the test specimen. By using cone and plate configuration of the 

rheometer, the fracture phenomenon can be seen as a partial extrusion of the sample. Fracture 

inside the sample will, of course, also produce a non-equally stressed lubricant volume. 
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Subjecting grease to a sinusoidal shear obtain significant rheological information out of the 

sample. In a sinusoidal test, one of the tools is subjected to a forced oscillation movement, the 

period and the amphtude of the deformation are imposed and hence also the shear rate, all other 

things remain constant. The value of the measured shear stress and its phase shift in relation to 

the imposed strain will give information about the rheological properties that are time dependent 

in the sample. Such measurement will give the rigidity modulus, representing the part of the 

strain which is in phase with the stress and will correspond to the stored elastic energy. This 

rigidity module can be compared with the modulus of elasticity in Hooke's law, where the 

stress is proportional to the strain. The loss module will also come out from such sinusoidal 

measurement. It represents the energy dissipation due to viscous losses. In all experiments 

sinusoidal or not, the relaxation time of the test specimen will play an important role, Rémy and 

Magnin17. 

Colloidal suspensions are commonly used products and have been well documented in the 

literature. The characterisation of colloidal suspensions such as lubricating greases has been 

shown to be a problem. Connely and Greener18 have shown that it is possible to obtain 

hysteresis loops, on purely viscoelastic materials during tests of increasing and decreasing 

stress types. Under certain test conditions, non-Newtonian behaviour may be observed 

erroneously on Newtonian samples, Krieger19, these two examples illustrate the importance of 

the time parameter. 

Finally, greases have memory; when shearing a grease, i.e. making rheological measurements 

on a grease, the results depend on the amount and time of pre-shearing and also the time for 

which the grease has been allowed to rest, see Rémy and Magnin17. In a mechanical application, 

the long time scale of a grease application can change its rheology due to degradation of its 

structure. 

2.4 High Pressure Rheology 

Lubricants are subjected to high pressures in many mechanical devices - notably gears, cams, 

piston rings and bearings. The contact pressure between the ball and the race in a ball bearing 

can be as high as 5 GPa. For such high pressures, it is necessary to be able to measure the 

rheological behaviour of the lubricant in order to obtain input data for computer simulations of 

rolling and sliding contacts. 

Some types of lubricants can undergo a transition from a liquid state to a solid state and it can be 

very difficult to measure both the rheological behaviour of the liquid state and the transition to 

the solid state in the same apparatus. 
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The viscosity of liquids increases when the pressure is increased because the distance between 

the molecules, and hence their mobility, decreases. At very high pressures no free volume is left 

in the liquid which becomes solid, see Bair20. If this occurs, viscosity looses its importance 

because the stresses and flows in the lubricant are determined by its solid-type properties. It is 

important to understand this behaviour in order to develop models for the pressure build-up and 

lubricant film thickness in heavily loaded lubricated contacts. At low pressures, the lubricant 

behaves like a normal liquid and the input parameters for calculating oil film thickness, pressure 

build-up and elastic deformation of the contacting surfaces are normally known. 

Several authors have investigated the viscous heating effect at atmospheric pressures. 

Gruntfest21 studied a Newtonian liquid in incompressible flows. He found that the apparent 

viscosity is lower than the initial viscosity due to viscous heating. Sukanek and Laurence 2 2  

found that at low fluid speeds, the stress increases with increased shear rate, but as the speed 

increases, the viscosity decreases due to viscous heating. 

However, far less is known about the rheology of lubricants when the pressure increases and 

the liquid is near its transition from a liquid to a solid. Data required as input for numerical 

simulations must therefore be determined experimentally. 

3. ELASTOHYDRODYNAMIC LUBRICATION 

In a ball bearing, the contact pressures between the moving surfaces can be very high. The 

'elasto-' part in elastohydrodynamic comes from the high contact pressures where the solid 

surfaces will be elastically deformed. Motion of a liquid is called hydrodynamic, so the 

'hydrodynamic-' part comes from the flow of the liquid. These two words, elastic and 

hydrodynamic, describe then what is happening in a highly loaded lubricated contact. In this 

chapter a short introduction will be given to elastohydrodynamic lubrication. 

The geometry of the surfaces in a machine element can be of a rather wide range of designs with 

different degrees of concave or convex shapes. The undeformed geometry of nonconformal 

contacting solids can be represented in general terms by two ellipsoids, see figure 4. Using this 

geometry most of the common machine elements can be described such as the surface geometry 

of rolling elements, ball and roller bearing races, thmst bearings, cam-followers, gears and 

variable speed drives. 
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Figure 4: Geometry of two elliptical solids. 

When an elastic solid is subjected to a load it will start to deform and cause build up of stresses 

inside the body. In the elastic regime of a solid the stress is linearly related to the strain. The 

coupling between the stress and the strain is called modulus of elasticity and it is a material 

property of the solids. The deformations may be calculated using basic contact mechanics, for 

further theory see Johnson 2 3 . 

The next step is to describe how the stress distribution in a liquid continuous medium is 

oriented due to its deformation. This was first done in 1823 by Navier, who assumed 

Newtonian behaviour (the shear stress is linearly related to the shear rate), and that laminar flow 

in a liquid exists. Twenty two years later, in 1845, Stoke derived the governing equations of 

fluid motion for a viscous fluid in a slightly different form. Those two basic equations are thus 

known as Navier-Stoke's equation of motion. In the most general case Navier-Stoke's equation 

is tricky to solve due to its sensitivity in the numerical calculations. Luckily for the engineers, in 

1886, Osborne Reynolds24 wrote his classic paper that contains the basic differential equation 

of fluid film lubrication. Reynolds' equation can be seen as a special case of Navier-Stoke's 

equations. The main differences between Navier-Stoke's and Reynolds' are that the pressure 

does not vary across the film thickness separating the surfaces, and inertia effects and body 

forces can be neglected in Reynolds' equation. 
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The loading of the solid surfaces can be of different kind such as tangential (shearing), and 

normal oriented loads. In the lubricated case this solid surface load distribution, is influenced by 

the lubricant itself. The normal load builds up the pressure inside the lubricant and the surface 

movement produces shearing, i.e. the lubricant changes the distribution of the pressure and the 

shear stresses. The deformation of the solids is then coupled to the flow of lubricant between 

the surfaces via the separating lubricant film. 

Typically, the lubricating film separating the contacting surfaces is about 0.1-1.0 urn thick. A 

human hair has a diameter of about 50 um. Depending on the solid material properties, 

geometry and load the contact diameter can be of the order 0.2 -1 mm, Jacobson4. 

3.1 Coefficient of Friction and Lubricating Film Thickness 

A lubricated bearing is operating in one of three different regimes, namely boundary, mixed or 

full film lubrication, see Hamrock and Dowson 2 5 and Hamrock 2 6 . The difference between the 

regimes is shown schematically in figure 5, and the principal distinction between them is that in 

boundary lubrication, the load is carried by asperities in contact, whereas the other two regimes 

utilise the pressure build-up in the lubricating film to separate the surfaces. 

The surface roughness, rms value, and the film thickness that separates two moving surfaces, 

are used to define the different regimes. The film parameter ( X ) is defined as the ratio between 

the oil film thickness and the composite rms surfaces roughness value. 

In rolling element bearings all the different lubricating regimes can occur. Rolling element slip, 

an un-wanted state in a bearing, may be described as gross sliding of one contact surface 

relative to the opposing surface. Slip occurs especially when the roller or ball enters the loaded 

zone and is predominantly found in large bearings or during a start up where a bearing passes 

through all the different lubricating regimes. If a roller enters the loaded zone with no or low 

speed of rotation the surfaces are subjected to boundary lubrication, and as the roller starts to 

rotate in the loaded zone a lubricant film thickness will separate the surfaces and a full film may 

be created. 

Other regimes can also be defined just by looking at the applied load and the lubricant viscosity. 

According to Hamrock 2 6 there are four main regimes of fluid film lubrication, depending on 

the two physical effects; the elastic deformation of the sohds due to an applied load and how 

much the viscosity of the lubricant increases with pressure. One of the regimes is the viscous-

elastic regime. This when the pressure has significant influence on both elastic deformation and 

viscosity. The elastohydrodynamic lubrication (EHD) regime is also shown in figure 5. 
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Boundary Lubrication 

Figure 5: Stribeck curve, showing different lubrication regimes with boundary, mixed and 

full film lubrication. 

The transitions between different regimes are not easily defined and no exact limits can be 

given, see Hamrock and Dowson u . 

3.2 Viscosity at High Pressures 

In lubricated contacts the viscosity plays an important role for building a lubricating film to 

separate moving surfaces. It is therefore vital to understand how different parameters such as 

temperature and pressure affect the viscosity. A low viscosity gives a low separating film 

thickness compared to a high viscosity at the same surface speed. 

In paper A, a rheometer was developed to measure rheological properties of fluids at pressures 

up to 500 MPa. The pressure vessel was designed as a compound cylinder with a titanium inner 

liner and a carbon fibre-epoxy composite shroud. This unique design has the advantage of 

elirninating dynamic seals giving a very high reliability, see figure 6. The measurement system 

consists of an inner rotating cylinder and a concentric suspended outer cylinder. To prevent end 
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interaction between the inner and the outer cylinder a stationary disc separates the ends of the 

cylinders. The inner cylinder is supported by two radial bearings to the pressure vessel. Torque 

acting on the outer cylinder is measured using a beam connected to the cylinder with a thin wire. 

The beam is fitted with strain gauges in a half bridge arrangement. 

Pin in groove coupling 

Stationary shaft 

Stationary disc 

Location of temperature probe 

Carbon fibre/epoxy composite 

Titanium liner 

Load cell 

Magnetic coupling 

Outer magnet and 
support bearing 

Figure 6: Design of the high pressure viscometer. 

A number of experiments have been carried out to verify the function of the apparatus, data 

acquisition system and user interface. The results from these experiments have been compared 

with data from a pressurised Falling Ball viscometer and, for atmospheric pressure, with data 

from the manufacturers of the fluids tested. The results obtained from the apparatus show 

excellent agreement with measurements made with the falling ball viscometer on a Newtonian 

fluid. 

A paraffinic base oil and a hydraulic fluid have been tested. For the paraffinic base oil, a 

pressure range from atmospheric up to 400 MPa and a temperature range of 23°C to 80°C were 

investigated. The maximum shear stress was 0.8 kPa and the minimum and maximum shear 

rates were 0.5 1/s and 20 000 1/s respectively. 

The viscosity was found to be constant, i.e. independent of shear rate, for all pressures up to 

200 MPa at the three test temperatures; 40°C, 60°C and 80°C. Some experiments were also done 

at a constant temperature of 28°C and from 0 to 400 MPa in the same test cycle. The results 
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indicate that the paraffinic base oil can be described with an exponential law such as the Baras 

model up to 400 MPa with the pressure viscosity index decreasing with increasing temperature. 

The hydraulic fluid was tested at shear rates from 0.5 to 20 000 1/s depending on the pressure. 

The results show that the Bams law is a good approximation for the pressure-viscosity 

dependence of this oil. 

Data measured in this apparatus is required as input for numerical simulations of lubricated 

tribological problems. 

3.3 Starved Conditions and Fully Flooded 

The inlet of an EHD contact needs to be continuously supplied with lubricant if the separating 

film thickness is to be maintained. If the supply is insufficient the contact is said to be starved 

and it will then ran under starved conditions. Starvation not only affects film thickness but also 

the contact pressure. Several authors have made theoretical calculations by applying different 

amounts of lubricant in front of the contact and calculate the pressure and film thickness using 

Reynolds' equation, see Hamrock and Dowson25, Hamrock26. The lubricant reduction can be 

made by reducing the computing area outside the contact where the pressure is assumed to be 

ambient. The length of the area in the rolling direction is reduced until the minimum film 

thickness is affected; this gives the starvation inlet boundary. The starvation boundary for a 

point contact has also been investigated experimentally by Wedeven et al. 2 7 who studied the 

contact between a ball and a plane. According to the Hamrock and Dowson25 equations, the 

film thickness will be zero when there is ambient pressure at the Hertzian contact limit. 

Kingsbury 2 8 argues that there is lubrication also beyond starvation, and he denotes the regime 

'parched', meaning lubrication where no free bulk oil is present. He assumed that grease 

lubricated bearings operate in the parched lubrication regime, an assumption that is verified in 

film thickness measurements in ball-and-plate apparatuses, see Cann29 . 

Starved lubrication conditions are believed to be the case in high-speed, see Chiu30, and in run-

in grease lubricated rolling bearings. At low-temperature running conditions, for example, cold 

starting or intermittent outdoor operation, there might be lubricant starvation due to low or no 

lubricant replenishment, see Wikström and Jacobson31. Under starved conditions Guangteng 

and Spikes 3 2 studied the effects of oil/air and oil/solid surface forces to explain the phenomena 

of starved and parched elastohydrodynamic lubrication. 
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3.4 Replenishment of Lubricants 

Since the amount of lubricant available around the contact area between the two surfaces 

influences the film thickness and pressure/contact conditions, it is important to know the 

detailed behaviour of the lubricant in order to predict lubricant flow in and around an 

elastohydrodynamic contact. This flow might depend on different parameters such as base oil 

viscosity, surface roughness, surface energy, temperature etc. 

Pemberton and Cameron33 have investigated oil replenishment in an EHD point contact, 

claiming that some of the side walls built up by the lubricant in this type of contact, is within the 

inlet region pushed towards the contact centre line due to the reducing gap that appears when the 

surfaces are approaching. Gohar34 suggests that the replenishment takes place downstream of 

the ball exit, due to the shape of the side walls. This shape will cause sufficient pressure 

gradients (due to surface tension) and a centtal track rebound will occur due to transportation of 

oil from the side walls. Chiu 3 0 has observed and Patel35 has measured the same phenomena. 

Gohar34 suggests that the mechanism for feeding an inlet region must therefore rely on the 

inward flow within the inlet meniscus, rather than on the surfaces between the rolling elements 

as suggested by Pemberton and Cameron33. Åström et a l . 3 6 found that spin motion of a ball in 

a ball bearing could contribute to the replenishment of a grease lubricated contact. 

Greases do not behave like oil on a solid surface, thus replenishment can depend on other 

phenomena such as drop formation and surface energy. In papers B-D the outlet region of an 

EHD contact has been studied and from the investigations of the cavitation region of a rolling 

contact it was found that lubricant filaments and drops can form and fall back onto the running 

track of the surface. These filaments and drops can then contribute to the inlet feed of lubricant 

for the next roller to enter the same area. 

In a lubricated ball bearing, the lubricant is over-rolled by the ball and squeezed away, due to 

the geometry and the pressure within the contact, to the sides of the contact in the inlet region. 

At the outlet region, where the gap between the ball and race is diverging, the lubricant will 

cavitate. The cavitation pattern looks like a tree with branches at approximately 45 degrees to the 

rolling track, see figure 7. The width of the branches increases further away from the track due 

to the geometrical separation. In the track, a striated pattern of very small branches can be seen. 
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Figure 7: The cavitation pattern in the vicinity of a point contact, between a ball and a disc, 

viewed through the glass disc. 

In the diverging gap the grease will form thin walls reaching from one surface to the other. 

When a wall is thin enough it will transform into thin rods, which can break into droplets in the 

middle, and leave a bump at the disc and ball surface. These rods or filaments might play an 

important role for the supporting of lubricant into the inlet zone for the next ball to enter the 

same area. 

3.5 Film Thickness from Base Oil or Bulk Grease? 

During the years three different views on grease lubrication have been suggested. Booser and 

Wilcock37 and Baker38 are advocates of the view that bulk grease acts as a reservoir for base 

oil, which bleeds out to lubricate the contact. No thickener is believed to be present in 

separating the surfaces, and the lubrication is similar to when a liquid lubricant is used. 

However, as Baker38 pointed out in 1958, in grease lubrication, the supply of lubricant is 

restricted through bleeding of base oil from the thickener structure. Therefore, a balance 

between feed and loss must exist, otherwise, metal contact and excessive friction and heating 

may occur. 

Later observations were made suggesting that it was bulk grease that lubricated the contact 

between two surfaces, Palacios et al. 3 9 . Video recordings and film thickness measurements 

made using optical interferometry in grease-lubricated ball-and disc apparatuses have shown 

that thickener does enter the contact, Åström et al . 4 0 , WiUiamson et al . 4 1 , Dalmaz and Nantua 
4 2 , but to what extent is still a subject of debate. If fresh grease is continuously supplied to the 

track in a ball-and-disc apparatus, the film thickness will exceed that given by the base oil, 

indicating that large amounts of bulk grease enter the contact, see Williamson43, Cann and 

Spikes44. 
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Cann and Spikes 4 4 and Åström 4 5 , found that if the grease is not continuously supplied to the 

track in a ball-and-disc apparatus, a sharp decrease in film thickness is seen after a few 

revolutions of the disc, resulting in a film thickness thinner than that given by the (fully 

flooded) base oil. 

The third view on grease lubrication has been proposed by Cann29, Cann and Spikes44 

suggesting that there exists a thin lubricating film on the surfaces consisting of deposited 

thickener layers. Cann29 proposes a model where it is assumed that the surfaces are covered 

with a thin layer of soap, but where the EHD film is formed by base oil, more or less thickened 

by broken thickener fibres. It has been found that additives work better when they are optimised 

to stick to the thickener, see Gow46. If the model of grease lubrication proposed by Cann 2 9 is 

valid, it could be used to change the energy of the surfaces, letting the soap be the carrier of 

different surface energy additives. In paper C and D it was found that different combinations of 

surface energies could attract or reject oil and greases. 

Dalmaz and Nantua 4 2 found that the rolling-fatigue life of ball bearings increases with 

increasing base oil viscosity of the grease. The greases had identical lithium soap concentration 

of the same fibre type. The same greases were also tested in a ball-and-disc apparatus showing 

that the increase of the film thickness is roughly proportional to the thickener concentration. 

The conclusion is that both the base oil and the thickener are important for grease lubrication. 

The thickener can be a carrier of different additives and the base oil is supporting the film 

thickness. 

4. SURFACE TENSION IN LUBRICATION 

In journal bearings cavitation phenomena are of great interest. It is important to know when and 

where cavitation occurs because cavitation has an effect on both power loss and stability of the 

bearing. A bearing without cavitation can very well be unstable (vibrating) under the same 

working conditions where a cavitating bearing is stable, see Jacobson and Hamrock47. 

Cavitation is defined as the disruption of a continuous liquid phase by the emergence of gas or 

vapour. The surface energy of the lubricant and the bearing surface are important for the 

formation of the cavitation zone and the single cavitation bubbles in such dynamically loaded 

bearings. Jacobson and Hamrock47 state that especially the finer structures of the cavitation 

zones are very sensitive to the surface energies of the lubricant bearing shaft system. Finer 

structures of the cavitation zones can also be found in rolling element bearings. In papers B-D 

the cavitation zone of an EHD contact has been studied and the conclusion is that drop 
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formation is taking place in that area. If the droplets are not redistributed onto the race track a 

starvation situation will occur. 

The surface energy seems to have a great influence on both the stabihty and the replenishment in 

different types of bearing applications. This chapter will give an overview of the different 

parameters that can be affected by the surface energy. 

4.1 Wetting of High-Energy Surfaces 

Surfaces can be classified into two types: high-energy surfaces and low-energy surfaces. High-

energy materials include metals, metal oxides, and inorganic compounds (oxides, nitrides, 

silica, sapphire and diamond). They are usually hard, refractory, and have high density, having 

surface tensions in the range 200 - 5000 mN/m. On the other hand low-energy materials include 

organic compounds, organic polymers and water. They are usually soft, low-melting and light, 

having surface tensions below 100 mN/m. The surface tension of lubricating oils is usually of 

the order 20 - 30 mN/m. Low-energy materials tend to adsorb strongly onto high-energy 

surfaces, as this will greatly decrease the surface energy of the system. The strong affinity of an 

organic material to a high-energy surface is manifested by the free energy of adsorption, n, see 

equation 2, and figure 8. Ys is the surface tension of the substrate in vacuum and Y s v the surface 

tension of the solid in equilibrium with the saturated vapour of the wetting liquid. 

Ys = Ysv + n (2) 

The affinity of organic compounds to high-energy surfaces is roughly four times greater than 

for low-energy surface. 

4.2 Contact Angle in Equilibrium 

Surface tension is defined at the interface (surface), as a region of finite thickness (usually less 

than 0.1 urn) in which the composition and energy vary continuously from one bulk phase to 

the other. Due to the variation, the pressure field in the interfacial zone is non-homogeneous. 

Inside the skin, in the bulk phase the pressure is homogenous. However, a net energy is 

required to create an interface by transporting matter from the bulk phase to the interfacial phase 

zone. The reversible work required to create a unit interfacial (surface) area is the interfacial 

(surface) tension, Wu 4 8 . A liquid in contact with a surface will exhibit a contact angle, see 

figure 8. When the system is at rest, a static contact angle is obtained. If the system is in 

motion, a dynamic contact angle is obtained. A stable equilibrium will be obtained if the solid 

surface is ideally smooth, homogeneous, planar and non-deformable; the angle (0g) formed is 
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the equilibrium contact angle, see figure 8. Due to the energy balance, the contact angle is very 

sensitive to the surrounding surfaces. If the solid surface is rough or not homogeneous the 

system may stabilise with an other angle. 

In 1805, Young49 described the relation between the surface tension of the liquid in equihbrium 

with its saturated vapour, Y l v and the surface tension of the solid and the liquid, Ysl. Young49 

did not make an attempt to prove the relation, he described it with words. Later the relation 

became known as the Young equation, see equation 3 and figure 8. 

Y l v *cos0 e = Y s v-Ysi (3) 

Figure 8: Contact angle equilibrium at a smooth, homogeneous, planar and rigid surface. 

A goniometer is an instmment that measures the contact angle formed between a solid surface 

and a liquid. This is done by illuminating the liquid and using a standard microscope with a 

protractor to indicate the contact angle. Depending on the type of surface properties, different 

instruments can be used for detecting the interface between two different materials. The contact 

angle is used to measure the wetting of solids and pendant drops are used for determination of 

interfacial tension between two liquids or surface tension between a liquid and a gas. 

The static wetting angle was used to characterise the differences between different surfaces 

used in papers C and D. 
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4.3 Dynamic Contact Angles 

The static contact angles are determined by the equihbrium of interfacial energies and the 

dynamic contact angles are determined by the balance of interfacial driving forces and the 

viscous retarding forces. The dynamic contact angles can be divided into two different types: 

those in spontaneous motion (the liquid front moves spontaneously, driven by the gradient 

interfacial forces) and those in forced motion (the motion is imposed externally), see figure 9. 

U* is the perpendicular (normal vector) velocity to the wetting line that will form on the solid 

surface. 

Figure 9: Dynamic contact angle on a smooth, homogeneous, planar and moving surface. 

In this thesis only the forced motion angles are studied. Examples of forced motion include 

running a rod or a plate into a liquid or forcing a liquid to ran up a capillary by applying 

hydrostatic pressure. 

Depending on the velocity regimes the dynamic contact angle can be divided into three different 

regimes: low-velocity range, intermediate-velocity range and the high-velocity range 

(approximately 0.01 - 0.3 m/s). The dimensionless Capillary number plays an important role in 

the high-velocity range. The Capillary number (Ca) is defined as the viscous forces divided by 

the surface tension forces in a liquid, see equation 4. 

''iv Vapour 

Ca = (4) 
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When Ca < 0(0.1) the liquid completely wets the solid and the relation between dynamic 

contact angle 0 and capillary number Ca can be modelled as a power function of the type 

according to Berg 5 0 : 

0=C,-(Ca) C 2 (5) 

Cj and C2 are constants to be experimentally determined. 

In paper D a ball-and-disc apparatus was used to measure the wetting angle at the outlet 

(cavitation area) of the ball and the disc, see figure 10. By measuring the dynamic contact angle 

of base oils used for grease manufacturing, it was possible to estimate the influence of the base 

oil, geometry and the solid surfaces. The thickener influence can not easily be evaluated from 

the base oil measurements because the thickener is chemically and physically bonded to the base 

oil. 

Disc surface \ ^ 

Ball Surface 

Figure 10. Dynamic contact angle for the disc 0 d and the ball © t , . 

5. REPLENISHMENT DUE TO DROP AND FILAMENT 
FORMATION 

The amount of lubricant available around the contact area between the two contacting surfaces 

influences the lubrication. Grease lubricated bearings usually have to be relubricated more 

frequently if they have a gas stream passing through. A possible explanation for shorter 

relubricating intervals might be side-flow out of the contacts, evaporation and oxidation of the 

greases. Another possible explanation for this phenomenon is as follows. When the balls or 

rollers rotate in the bearing, drops of lubricant can form and be blown away or fall back onto 

the races of the bearing surface. The same phenomenon occurs when you are bicycling on a 

rainy day and get wet from the drops leaving the contact between the road and the front wheel, 
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If there is a side wind the drops will be blown away. In a fan bearing application the side wind 

will be the wind from the fan and if the drops are blown away the feed of lubricant may be 

insufficient and the film thickness will decrease. 

To evaluate the importance of drop formation a number of investigations were carried out. In 

paper B, a measuring technique was developed to detect droplets in the cavitation area of an 

EHD contact. The influence of surface energy and velocity was investigated in paper C and to 

evaluate differences between grease and its base oil in drop formation, an investigation of the 

droplets being thrown out from the contact was carried out in paper D. 

5.1 Detection of Oil Drops 

It was found in papers B - D, that in the outlet region of a simulated contact of a rolling bearing, 

drops can form and fall back onto the running track of the surface. 

The equipment used in the investigations was a ball and a disc, similar to that used in optical 

interferometry for measuring the film thickness in the contact. In this case the flow of lubricant 

leaving the outlet region of the contact area was studied, see figures 11 and 12. 

Figure 11: Ball and disc apparatus (side view). 
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Figure 12: Ball and disc apparatus (top view). 

Paper B presents the results from an experimental investigation carried out to study which 

parameters affect drop formation of different base oils in the outlet cavitation area of an EHD 

contact. The parameters altered in the investigation were viscosity, oil type, surface velocity, 

slip parameter, temperature and contact pressure. To investigate how these parameters interact 

with each other and affect drop formation a statistical method called Factorial Design was used. 

This method is very efficient in the early stage of an investigation to evaluate which parameters 

and interactions affect drop formation. For quantifying drop size and position a commercial 

image analysis computer program was used. The drops were assumed to minimise the energy 

and form into spherical drops. 

The experiments were performed in the Hertzian pressure range 0.5-0.7 GPa, with a slip 

parameter range of 0 - 20% and a mean velocity range 0.1 - 0.2 m/s. The temperature was 40°C 

and 60°C. The oils tested were, one naphthenic and one polyalphaolefinic type each of two 

viscosity grades, containing no additives. 

The conclusions resulting from the analysis of the experiments in paper B are: 

1. Airborne oil drops must come from the cavitation area in the outlet region. 

2. The inlet feed of oil will become insufficient and cause the film thickness to decrease 

if the drops are not recirculated. This may explain the short relubrication interval 

needed for bearings situated in a gas stream. 

3. The interaction of temperature and contact pressure shows that independent of 

temperature a low pressure will increase the total drop volume compared to high 

pressure. 

4. A low pressure and pure rolling will increase the total drop volume compared to high 

pressure. 
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5. The interaction of surface velocity and slip parameter shows that increasing the slip 

parameter will cause a lowering of the total drop volume. 

6. The interaction of viscosity and surface velocity shows that a high oil viscosity will 

increase the total drop volume compared to low viscosity, independent of the velocity. 

7. A low pressure and high film thickness will increase the total drop volume. 

These drops will contribute to the inlet feed of oil for the following rolling element in a bearing. 

They explain partly the sensitivity to cross flow of air through oil and grease lubricated 

bearings. 

This result can be used when choosing a bearing to an application where there is a gas passing 

through the bearing house. If the bearing mns with a low oil viscosity at high contact pressure 

the drop volume will be lower than if the bearing is run at a low pressure and with a high oil 

viscosity. 

5.2 Surface Energy Effects in Oil Drop Formation 

In other applications the solid surface energy has played an important role for cavitation. To 

evaluate if this was the case in drop formation an investigation was made including surface 

tension. In paper C the base oil drop formation was investigated as well as the influence of 

surface energy. The results from this experimental investigation show that the influence of 

viscosity is low but the change of contact pressure and surface energy have a great influence on 

the drop formation. The experiments also showed that with low base oil viscosity and low 

contact pressure and with a chromium-coated glass disc, the drop volume decreases compared 

to high oil viscosity and high contact pressures. For the uncoated glass disc only high pressure, 

independent of the viscosity, gave lower drop volume compared to low pressure. 

The geometry of the apparatus used (ball-and-disc) to simulate the contact causes a centrifugal 

force that disturbs the symmetry of the drop formation. 

When applying the theory of dynamic wetting to the contact region it was found that there is a 

wetting angle difference between the surfaces due to the velocity difference. This means that by 

choice of the geometry, velocity, viscosity and the surface energies it is possible to determine 

which surface (ball or the disc) that is going to have more oil on its surface than the other. 

Today, in bearing design the use of different materials has increased. The retainer, or cage, may 

be made from low-carbon steel, brass or bronze or polymeric material, balls, rollers, inner- and 

outer-rings can be of steel or even ceramic materials. The results from paper C can be used to 

retain oils on different surfaces by just choosing the right material combinations in a bearing. 

Wrong combination of surface energy may end up with an undesired effect. It is not easy to 
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choose right material combination due to the complexity of the problem. However, a ceramic 

ball or roller should attract more lubricant on its surface compared to a steel ball or roller in a 

bearing that has steel rings. 

5.3 Surface Energy Effects in Grease Drop Formation 

In papers B and C base oils used in grease manufacturing were used to detect the different 

phenomena that take place in the cavitation area. In paper D it was evaluated, if there was a 

difference between the base oils and the greases. Eight specially manufactured lubricating 

greases made from the previously investigated base oils were studied. The greases and the base 

oils did not contain any additives. Two test series were made, each with seven different factors 

which had two different levels. In the first test series contact pressure, temperature, slip 

parameter, entrainment velocity, surface type, viscosity and oil type were studied. In the next 

series contact pressure, temperature, slip parameter, entrainment velocity, surface type, 

thickener concentration and viscosity were investigated. For quantifying drop size and position 

and to evaluate possible interactions between the test parameter values, the same technique was 

used as in investigations B and C. 

The conclusions resulting from the analysis of the experiments in paper D are: 

la. Interaction of viscosity and slip parameter shows that 20 % slip and going from a 

high viscosity to a low viscosity will increase the total drop volume. 

lb. Going from 20 % slip to pure rolling with a high viscosity will also increase the total 

drop volume. 

2a. The interaction of slip parameter and temperature shows that low temperature and 

going from 20 % slip to 0 % will increase the total drop volume. 

2b. Going from 60 °C to 40 °C with pure rolling will increase the drop volume. 

3a. Interaction of thickener concentration and slip parameter shows that the total drop 

volume will increase when changing the concentration from low to high with 20 % 

slip. 

3b. Low thickener concentration and going from 20 % slip to 0 % will increase the total 

drop volume. 

3c. Changing the thickener concentration from high to low with pure rolling will 

increase the total drop volume. 
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4a. Interaction of viscosity and surface type shows that using a glass surface and when the 

viscosity goes from high to low the total drop volume will increase. 

4b. Using a 30 cSt base oil viscosity and change the disc surface from chromium coated to 

glass will increase the drop volume. 

5. A small slip parameter change will cause a wetting difference between the ball and 

the disc in the outlet of the contact. 

The wetting difference in 5 can be used for example in a ball bearing design to activate a 

transportation of grease within the bearing. Introducing a small slip between the rolhng element 

and the race in a bearing may then transport grease from the inner and outer rings to the rolling 

element due to the wetting difference introduced from the velocity difference (slip). 

5.4 Grease Filament Formation 

In the diverging gap between two solid surfaces at the outlet of an EHD contact a lubricant will 

form a thin wall reaching from one surface to the other. When the wall is thin enough it will 

transform into thin rods. The formation of the pattern may play an important role in the 

starvation of the contact due to the fact that the outlet region is the inlet region of the next 

surface to enter the same spot of the race. The formation of the cavitation pattern could then be a 

clue to the starvation phenomena and has to be studied carefully and thoroughly. 

In paper E a tension testing machine for greases and oils was used to evaluate the important 

parameters affecting the formation of a grease rod (grease filament). The fact that greases are 

semi-liquid lubricants, a mixture of different oils of different polarity and with different types of 

thickener systems, makes the break-up of grease surface, filament formation etc. a very 

complex problem. Not only the manufacturing process but also the time scale will affect the 

rheology of the greases. The manufacturing process will affect the colloidal thickener lumps, 

i.e., the size and distribution of the thickener will vary between different processes. The 

lubricant relaxation time compared to the characteristic process (loading) time is also very 

important as well as the base oil viscosity, type of oil (polarity) and surface tension in formation 

of a grease filament. The energy needed to separate two lubricated surfaces from each other and 

the following formation of a filament is studied in this investigation. 

The equipment used in paper E consists of a rocker, an oscilloscope that is connected to a 

computer and a microscope with a high speed-video camera, see figures 13 and 14. 
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Figure 13: Design of the instrument (side view). 

The instmment gives the opportunity to measure the position of the ball as a function of time 

when the rocker (pendulum) is rotating. It is also possible to measure the force that is acting 

between the ball and a beam as a function of time. By using a microscope and a high-speed 

video camera it is possible to film the detailed behaviour of filament formation between the ball 

and beam. A variation of separation velocity of the ball and the beam can be accomplished by 

adjusting the fall height of the weight. The impact block is designed to give a short impact on 

the rocker so that the velocity of the ball is achieved rapidly. The high-speed video system is a 

black and white image system. This system makes it possible to record 2000 frames/s. 

1 

Figure 14: Design of the instalment (top view). 
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Two different factors were studied; the 'lift-off or separation energy needed to separate two 

grease lubricated surfaces and the geometrical relationship between the length and diameter of a 

single filament formed during the separation of the surfaces. 

The main effects for the lift off energy were viscosity and thickener type, as well as the 

interaction between thickener type and viscosity. 

The main effects for the filament formation were temperature and viscosity and the two-factor 

interactions between temperature and thickener type, viscosity and thickener type, oil type and 

thickener type. From the statistical results an empirical model describing the geometric 

formation of filaments was developed. The fitted equation (6) has a probability value of 0.9999 

for the fitted data. Using equations (6) - (7) allows the height of a filament as a function of the 

diameter (D), viscosity (n), temperature (T) and thickener type (T t) to be calculated. 

B =-1.814*r/ + 1.931*10~3*r*7'( -0.401*r/*T, (6) 

The model in equation (7) describes the relation between the filament height (h) and the filament 

diameter. Coefficient C takes care of the magnitude of the filament radius being studied, i.e. the 

volume is not constant for the different greases. Both A n e w and C are constants fitted to the 

measurements. 

h=Anew*DB + C 10 u.m<D < 500 urn (7) 

If the filament is placed in the cavitation area both the formation and the losses can be calculated 

from these experiments. 
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5.5 Grease Transportation due to Side Slip 

In paper F the aim was to find out if filament formation could redistribute different greases that 

were trapped around an EHD contact. Parameters investigated were side shp, slip and 

temperature. The equipment used was a ball and a disc, similar to optical interferometry rigs 

used to measure film thickness, see figures 15 and 16. On the disc surface the lubricant, trapped 

between the ball and the disc around the Hertzian contact, has the shape of a butterfly. This 

geometry has been characterised by two ellipses and the inlet distance m*, see figure 17. To 

evaluate the importance of base oil type, thickener type, base oil viscosity, relative slip of the 

ball and the disc, side slip motion and temperature, an investigation of grease formation around 

an elastohydrodynamic contact was carried out using image processing and statistical methods. 

The diameter of the ceramic ball was 25.4 mm and the ball was lightly loaded against an 

uncoated glass disc. Both the ball and the disc were driven from a computer by electric servo 

motors to achieve either pure rolhng or different degrees of sliding. The side shp was 

introduced by moving the ball axis in different angles (p, see figure 15. 

Figure 15: Ball and disc apparatus (top view). 

The contact was illuminated with light through a fibre optics bundle. The butterfly geometry 

with the inlet distance was observed through a microscope placed above the apparatus, and 

recorded using a conventional VHS video camera, see figure 16. 
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Figure 16: Ball and disc apparatus (side view). 

In figure 17 the glass disc, ceramic ball, inlet and outlet are shown. In the magnification the 

inlet distance m*, Hertzian contact diameter and the typical butterfly shape of the surrounding of 

the contact can be seen. 

Inlet 

Outlet ' Glass Disc 
f 1 

1 J r I \J J Hertzian Contact r 
Figure 17: Butterfly geometry with the inlet distance m*. 

Surface velocity in the direction of motion of the ball was held constant at 0.15 m/s in the centre 

of the contact. Slip, defined as the speed difference between the ball and the disc divided by the 

mean speed, was varied from -20 % to +20 %. Side slip motion was accomplished by rotating 

the axis of rotation of the ball with respect to the disc. For this apparatus the maximum side slip 

angle was 26.5°, this angle gives a slip 'vector' in the direction of disc rotation of -11 %. With a 
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microscope and the video camera it was possible to register how the inlet distance and the shape 

of the butterfly was changing with the investigated parameters such as sliding, temperature, side 

shp angle etc. The temperature of the lubricant was varied from 20°C to 40°C. The conclusions 

from the measurements are: 

1 a. Increasing side shp increases the inlet distance. 

lb. Negative slip with side slip gives a higher inlet distance compared with positive 

slip and side slip. 

lc. Pure rolling and no side slip gives starvation, i.e. no inlet distance. 

2a. The elliptic shape will be more circular when changing from naphthenic to 

PAO base oil in the greases. 

2b. Introducing slip will increase the semi-minor axis ratio. 

3. Semi-major axis ratio will not be affected by the investigated parameters. 

4. Increasing the viscosity or decreasing the temperature will move the inner 

ellipse centre towards the contact centre. 

5 a. Inner ellipse area will increase when changing the base oil type from naphtenic 

to PAO. 

5b. Introducing slip will also increase the ellipse areas ratio. 

6. The formation of filaments contributes to the butterfly geometry. 

6. LIFT-OFF-SPEED IN A DEEP GROOVE B A L L 
BEARING DUE TO B A L L SPIN 

The aim of paper G is to study the transportation of grease in a deep groove ball bearing due to 

the spin motion of the balls. This can be done by introducing both axial and radial loads at the 

same time. Four deep groove ball bearings have been tested in a SKF R2F test rig to evaluate 

how lift-off-speed and break-through-speed are affected by spin. To monitor the film thickness 

in the test bearings, a film thickness measurement device using a capacitive voltage divider 

technique developed by SKF, the Lubcheck, was used. In this investigation the Lubcheck was 

used to detect when the lubricant film thickness was sufficient to separate the moving surfaces. 

This was done by slowly increasing the shaft speed from zero to ca. 100 rpm and detecting the 

speed when the Lubcheck signal had fallen 20% of its initial voltage range. This is the so called 

'lift-off-speed'. Decreasing the shaft speed from ca. 100 rpm to zero and detecting the speed 

when the Lubcheck signal had risen 80% of its initial voltage range gives the 'breakthrough-

speed'. 
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The results are compared with film thickness calculations. The lubricants used were greases 

based on naphthenic and polyalpha-olefin oils, oil bled out from the greases and the base oil 

used for manufacturing the greases. 

The test rig used in this investigation was a somewhat modified SKF R2F rig, see figure 19. 

This rig was originally designed for bearing life tests, two test bearings (1) are heated and 

mounted with a shrink fit on a shaft (2) which is supported by two deep groove ball bearings 

(3). The shaft is driven by an electric motor (4) whose speed of rotation may be changed using 

a frequency converter. The motor speed, measured with a tachometer (5), can be varied 

between 0 and 1600 rpm, but in this investigation only the higher speed range was used to mn 

in the bearings. To apply the loads and to lock the outer ring, housings (6) are mounted with 

sliding fit on the test bearings, which then may be radially and axially loaded by two separate 

hydraulic actuators (radial load) (7) pulhng the housings downwards and by two spring devices 

(axial load) (8) pressing the housings towards each other. The test bearings are locked axially 

with two side plates (9), secured by screws to the housing. Bearing temperature is measured by 

two spring loaded thermocouples (10) mounted directly at the outer ring through holes in the 

side plates. The four SKF 6310 test bearings contained 8 balls, separated by a steel cage. 
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Figure 19: SKF R2F apparatus. 

The results of the test showed that introducing spin in a deep groove ball bearing does not affect 

the lift-off-speed. In the grease lubricated case the base oil viscosity has a strong effect on both 

the lift-off-speed and the breakthrough-speed. The out-bled oils from the greases behave almost 

the same as their greases. There is no correlation between the greases and the lift-off-speed for 

the base oils that they are manufactured from. 

In the grease lubricated case, a high base oil viscosity of 100 cSt gave an average of 8 rpm as 

lift-off-speed whilst a 30 cSt oil gave 17 rpm as the average lift-off-speed for all the investigated 

greases. Using a 100 cSt pure base oil gave a lift-off-speed of 72 rpm whilst the 30 cSt pure 

base oil gave a lift-off-speed of 32 rpm. The lift-off-speed was not affected by the oil volume in 

the bearing. The break-through-speeds for ten consecutive mns were investigated and the mn 

order was found not to affect the break-through-speed. 

For the grease lubricated case, the break-through-speed is three to four times higher than the 

lift-off-speed. 
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The break-through-speed shows the same behaviour as the lift-off-speed when comparing pure-

oil, bled oil and base oil viscosities of the greases. The 30 cSt pure base oil has 37% higher 

break-through-speed compared with the greases and the bled oil. For the 100 cSt case, the 

break-through-speed is 2.8 times higher for the pure base oil compared with the greases and the 

bled oils. 

The film thickness depends on the viscosity and also on the inlet distance, the inlet distance 

depending on replenishment in front of the contact. These results show that there may exist an 

optimum between the replenishment and the build-up of the film thickness. There may be an 

ideal viscosity that gives an optimum film thickness if both the inlet distance and the build up of 

film thickness inside the contact is taken into account. 

7. CONCLUDING REMARKS 

This thesis comprises seven papers dealing with viscosity at high pressures and grease 

replenishment mechanisms, concentrating on the wide-spread application rolling bearings. A 

new Couette rheometer has been developed to measure rheological properties of fluids at 

pressures up to 500 MPa. The shear-rate range covers 0.5 to 20000 1/s. The instmment can 

operate up to 100°C at maximum pressure. Measurements can be done with constant shear 

strain or constant shear rate. A commercial hydraulic fluid was tested at different shear rates 

from 0.5 to 20 000 1/s depending on the pressure. The results show that the Bams law is a 

good approximation for the pressure-viscosity dependence of this oil. 

With this apparatus flow curves can be obtained with a small amount of lubricant. The 

measured flow curve can then be used as input for numerical calculations and simulations. It 

can also be used as verification for oil producers of how the chemical composition influences 

properties at high pressure . 

The view on grease lubrication where it is assumed that a thickener layer covers the bearing 

surfaces and a hydrodynamic oil film separates them does not fully explain the replenishment 

mechanisms that must be present to feed an EHD contact with grease. Transport of grease from 

near the contact region to the rolhng track is important to prevent starvation of lubricant. This 

transportation mechanism can be through capillary forces, vibration, drop formation, oil 

bleeding etc. Increasing knowledge of the transport mechanisms in grease lubrication, and 

hence grease lubrication in general, is therefore an important task for lubrication scientists and 

tribologists. 

In this thesis it has been shown that greases and their base oils behave almost equally in drop 

formation for various lubricant types and mnning conditions. The preliminary stage of drop 
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formation and filament formation and how they contribute to the replenishment of the lubricant 

has been investigated. It has been proven that airborne oil drops must come from the cavitation 

area in the outlet region. The inlet feed of oil will become insufficient and cause the film 

thickness to decrease if the drops are not recirculated. This may also explain the short re-

lubrication interval needed for bearings situated in a gas stream. 

By altering temperature, contact pressure, viscosity, velocity field it is possible to increase or 

decrease the total drop volume thrown out in the outlet region. If the drop volume is small it 

means that the lubricant stays on the surfaces. A high drop volume may contribute to the 

replenishment if the drops are not blown away. If a bearing runs with a low oil viscosity at high 

contact pressure the drop volume will be lower than if the bearing is run at a low pressure and 

with a high oil viscosity. 

Studies of surface energies of the solid surfaces did show that the influence of oil viscosity is 

low but the change of contact pressure and surface energy has a great influence on the drop 

volume compared to the other investigated parameters in paper C. Applying the theory of 

dynamic wetting to the contact region it was found that there is a wetting angle difference 

between the surfaces due to velocity difference. 

This means that by choice of the geometry, velocity, viscosity and the surface energies it is 

possible to determine which surface (ball or the disc) that is going to have more oil on its 

surface than the other. If there is a difference in surface energies between the ball and the disc, 

the oil will stay on the surface that has the highest surface energy. 

To compare the drop formation behaviour between base oils and greases, an experiment was 

carried out using the previous investigated base oils to manufacture greases with lithium 

complex- and lithium-12-hydroxy stearate structure. The results from the investigation showed 

that for the lithium complex grease that drop volume did depend on viscosity, velocity field and 

temperature and for lithium-12-hydroxystearate that the drop volume did depend on thickener 

concentration, velocity field, viscosity and surface type. Correlations between the dynamic 

wetting angle for the base oils and the drop volume for the greases were found. When the ball 

and the disc have the same dynamic wetting angle (the base oils) the greases increases the drop 

volume. The wetting difference can possibly be used for example in a ball bearing design to 

activate a transportation of grease within the bearing. The lubricant will stay on the surface that 

has the lowest dynamic wetting angle. 

A new apparatus was developed to measure filament formation. The instrument gives the 

opportunity to measure the elongation of a filament as a function of time, as two surfaces are 

separating. It is also possible to measure the force which is acting between the two solid 

surfaces as a function of time. 
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These results can be used in simulations and calculations of energy losses due to the stickiness 

of greases. A sticky grease gives a higher rolling friction in a bearing. 

The formation of a filament can be used as input to calculate the structure and transportation of 

grease in the lubricated outlet region of an EHD contact. This can be done using a ball and a 

disc, each surface then holds one end of the filament, the relative motion of the surfaces will 

draw the filament in different directions depending upon the particular conditions; i.e. the 

direction and magnitude of slip and side slip. 

A modified ball and disc apparatus was used to investigate the influence of shp, side slip and 

temperature on the grease distribution around an EHD contact. On the disc surface the lubricant 

trapped between the ball and the disc in the vicinity of the Hertzian contact has the shape of a 

butterfly. This geometry has been characterized with two ellipses and the inlet distance. 

The principal factors affecting this geometry were found to be side slip, sliding with side slip, 

base oil type, viscosity and temperature. Increasing side slip increases the inlet distance. 

Negative sliding with side slip gave a larger inlet distance than that with positive sliding and 

side slip. Pure rolling and no side slip resulted in starvation and the inlet distance, m*, became 

zero for the lubricating greases. 

The elliptic shape of the side wings became more circular when changing from naphthenic to 

PAO base oil. Introducing slip will increase the semi-minor axis ratio, i.e. the semi-minor axis 

of the inner ellipse divided by the semi-minor axis of the outer ellipse. The semi-major axis ratio 

was not affected by the investigated parameters. 

The inner ellipse area increased when changing the base oil type from naphthenic to PAO. 

Increasing the viscosity or decreasing the temperature moved the inner ellipse centre towards the 

contact centre. 

The results from this investigation shows which parameters that affect the volume transport 

across a contact point due to slip and side slip. 

The object of paper G was to find out how the response, in this case the lift-off-speed and the 

break-through-speed may be described as a function of spin in a deep groove ball bearing. The 

results are compared with film thickness calculations. The lubricants used were grease, oil bled 

out from the greases and the base oil used for manufacturing the greases. The investigation 

shows that there is a difference between the base oils and the greases. Out-bled oil gave almost 

the same results as the greases for lift-off-speed and breakthrough-speed. If soap thickener 

particles are present in the out-bled oils, the particles will increase the viscosity of that oil 

compared with the base oil that the grease was manufactured from. 

The results from this investigation confirm the theory that out-bled oil from the grease structure 

is important in grease lubrication. Base oil viscosity as a finger print of the lubricity for greases 

is not valid for lift-off-speed. 
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7.1 Recommendations for Future Work 

First of all the fundamentals of grease rheology are not clarified, so standard test methods need 

to be developed. The question what measurement methods to use in which situation is therefore 

not fully explained. Today one can not easily design a grease for a specific apphcation, because 

the grease structure with its base oil has not revealed its secret of why it lubricates. 

This thesis has dealt with the separation of two moving surfaces and especially the cavitation 

area at the outlet region. Scientists all over the world seem to agree, at least on one point; to 

increase the life of a bearing the moving surfaces have to be separated by a lubricating film. 

Near the contact of the surfaces the supply of grease into the contact area can depend on 

churning, shearing, squeezing, vibration, drop formation etc. But the relative importance of 

these phenomena is not fully explained. 

Both the macro and micro geometry of the lubricated surfaces influence grease lubrication. The 

macro geometry and the motion determine how the mean lubricant film will be built up if 

starvation is not present. The micro geometry determines the local pressure variations from 

asperity to valley and also how the lubricant flows over and around the asperities. The micro 

geometry thus determines if it is possible to have a successful thin film lubrication or not. The 

micro geometry also influences how the lubricant surface tension spreads the lubricant over the 

surface outside the loaded contacts. If the replenishment is a surface phenomenon then surface 

structure and surface roughness must play an important role, so further work must be carried 

out in that area. 

The time scale of the greases must also be investigated further. With regard to the high speed 

deformation of the striations when they are over-rolled it will also be important to be able to 

measure the high shear rate rheology of the bulk grease. The relaxation time governed by the 

thickener determines the vibration behaviour of the bulk of the grease and the eigenfrequencies 

will show as a function of housing geometry and filling degree. The relaxation time determines 

the vibration frequencies at which the grease bulk gets large amplitude elastic motions, and thus 

risks shaking loose and falling into the bearing to be lubricated. If this transportation is too big 

the grease will be consumed too fast and the use will not be optimised. 

Detailed understanding of grease lubrication will have a large influence on environment, power 

loss and endurance life of machinery. By using small and well controlled amounts of grease 

instead of large volumes of oil, machineries can be lubricated in an optimum way to give both 

long life and low power loss without damaging the environment. But today the knowledge of 

how to fulfil these goals can not be found without further research. 
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Instead of building many expensive pre-test machines to evaluate a new product some of the 

pre-tests can be made with computer simulations instead. Using numerical simulation can lower 

the cost but also decrease the developing time of such new machine. To get reliable data for 

simulations, both transient and steady state response have to be measured. The loading time for 

a single ball, as it rotates in a bearing, is only a few milliseconds, under such transient loading 

and unloading the lubricant will change its rheology. 

Some work has been carried out in the area of high pressure rheology but with new materials, 

new measuring systems and faster computers that can tie together different measuring systems, 

it may be possible to reveal the secret of high pressure rheology. More werk has to be carried 

out in the area of high pressure rheology using both steady state and transient pressures. 
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N O M E N C L A T U R E 

Anew Power law coefficient [ - ] 

B Power law exponent [ - ] 

C Scale coefficient [ - ] 

Ca Capillary number [ - ] 

Ci Power law coefficient [ - ] 

C2 Power law exponent [ - ] 

D Filament diameter [m] 

h Filament height [m] 

m* Inlet distance [m] 

P Working point [ - ] 

T Temperature [°C] 

T t Thickener type [ - ] 

U Velocity [m/s] 

U* Interfacial velocity [m/s] 

Yiv Liquid surface tension [N/m] 

Ys Surface tension of the substrate 

(solid or liquid) in vacuum [N/m] 

Ysv Surface tension of the solid in 

equilibrium with the saturated 

liquid vapour [N/m] 
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Ysi Interfacial tension between 

the solid and the liquid [N/m] 

q Dynamic viscosity [Pas] 

r|o Viscosity at inlet to contact zone [Pas] 

Tla Apparent viscosity [Pas] 

(p Side slip angle [ °] 

I Film parameter [ - ] 

| j . Coefficient of friction [ - ] 

I I Equilibrium spreading pressure [N/m] 

0 Instantaneous contact angle [rad] 

0 e Equilibrium contact angle [rad] 

X Shear stress [Pa] 

To Initial shear stress [Pa] 

du/dy Strain rate [1/s] 

Subscripts 

b Ball surface 

d Disc surface 
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NOMENCLATURE 

Br Brinkman number [ - ] 

h Gap thickness (Ro - Ri) [m] 

K Power-law coefficient [ - ] 

k Thermal conductivity of the fluid [W/m°C] 

n Power-law index [ - ] 

p Pressure [Pa] 

Re Reynolds number [ - ] 

Ri Radius of inner cylinder [m] 

R 0 Radius of outer cylinder [m] 

t Time [s] 

T a Taylor number [ - ] 

T 0 Temperature [°K] 

u Characteristic velocity [m/s] 

a Pressure - Viscosity index [1/Pa] 

ß Viscosity - temperature coefficient [1/°C] 

T| Dynamic viscosity [Pas] 

T|o Viscosity at temperature To [Ns/m2] 

X Dimensionless shear stress [ - ] 

v Kinematic viscosity [m2/s] 



X Dimensionless wall shear stress [ - ] 

£2 Rotational speed [1/s] 

dj/dt Rate of shear [1/s] 

ABSTRACT 

A new Couette rheometer has been developed to measure rheological properties of fluids at 

pressures up to 500 MPa. The rheometer has a shear-rate range of 0.5 to 20000 1/s and can 

operate at up to 100°C at maximum pressure. Measurements can be made with constant shear 

strain or constant shear rate. 

The pressure vessel is designed as a compound cylinder with a titanium inner linefand a carbon 

fibre-epoxy composite outer liner. A magnetic coupling is used to transmit torque into the 

pressure vessel. This unique design has the advantage of ehminating dynamic seals giving a 

very high reliability. The results obtained from the apparatus show excellent agreement with 

measurements made with a falling ball viscometer on a Newtonian fluid. 

A number of experiments have been carried out to verify the function of the apparatus, data 

acquisition system and user interface. The results from these experiments have been compared 

with data from a pressurised Falling Ball viscometer and, for atmospheric pressure, with data 

from the manufacturer of the fluids tested. 

Criteria for laminar flow and viscous heating have also been studied for the apparatus to verify 

that these effects do not affect the measurements. 

A paraffinic base oil and a hydraulic fluid have been tested. For the paraffinic base oil, a 

pressure range from atmospheric up to 400 MPa and a temperature range of 23°C to 80°C was 

investigated. The maximum shear stress was 0.8 kPa and the minimum and maximum shear 

rates were 0.5 1/s and 20 000 1/s respectively. The viscosity was found to be constant, i.e. 

independent of shear rate, for all pressures up to 200 MPa at the three test temperatures; 40°C, 

60°C and 80°C. Some experiments were also made at pressures greater than 200 MPa. These 

measurements were done at a constant temperature of 28°C and from 0 to 400 MPa in the same 

test cycle. The results indicate that the paraffinic base oil can be described with an exponential 

law such as the Barus model up to 400 MPa with the pressure viscosity index decreasing with 

increasing temperature. The hydraulic fluid was tested at shear rates from 0.5 to 20 000 1/s 

depending on the pressure. The results show that the Bams law is a good approximation for the 

pressure-viscosity dependence of this oil. 
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1. INTRODUCTION 

The need for reliable lubrication has increased in recent years due to the demand resulting from 

technical developments and from the need for higher perceived quality and reliability needed in 

mechanical systems. Today much equipment depends on good lubrication for problem-free 

operation. 

Lubricating oils are subjected to high pressures in many mechanical devices - notably gears, 

cams, piston rings and bearings. The contact pressure between the ball and the race in a ball 

bearing can be as high as 5 GPa. For such high pressures, it is necessary to be able to measure 

the rheological behaviour of the oil in order to obtain input data for computer simulations of 

rolhng and sliding contacts. Lubricant manufacturers are often unable to provide information 

about the rheology of the lubricant at high pressures, temperatures, shear stresses and shear 

rates. 

Some types of lubricants can undergo a transition from a liquid state to a solid state at pressures 

as high as 5 GPa and it can be very difficult to measure both the rheological behaviour of the 

liquid state and the transition to the solid state in the same apparatus. 

A liquid in which the shear stress increases linearly with the shear rate is said to exhibit 

Newtonian behaviour. The ratio between the shear stress and the shear rate is called the 

viscosity of the liquid. For a Newtonian liquid, the viscosity is independent of shear rate but a 

function of temperature and pressure. When the shear rate in the liquid increases, it can reach a 

point where Newtonian behaviour ceases. The liquid is then said to be non-Newtonian. The 

limit of Newtonian behaviour can be reached at different shear rates with changing temperature 

or pressure, see Jacobson 1. 

1.1. High Pressure Rheology 

The viscosity of liquids increases when the pressure is increased because the distance between 

the molecules, and hence their mobility, decreases. At very high pressures no free volume is left 

in the liquid which becomes solid, see Bair 2 . If this occurs, viscosity looses its importance 

because the stresses and flows in the lubricant are determined by its solid-type properties. 

The transition from a liquid to a solid state has been investigated by several authors Jacobson1, 

Bair2 and Höglund3. It is important to understand this behaviour in order to develop models for 

the pressure build-up and lubricant film thickness in heavily loaded lubricated contacts. At low 

pressures, the lubricant behaves like a normal liquid and the input parameters for calculating oil 

film thickness, pressure build-up and elastic deformation of the bearing surfaces are normally 

known. 
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However, far less is known about the rheology of lubricants when the pressure increases and 

the liquid is near its transition from a liquid to a solid. Data required as input for numerical 

simulations must therefore be determined experimentally. 

1.2. High Pressure Rheometers 

Early high pressure viscometers did not operate at high shear rates as they were of the falling 

sinker design in which the shear stress is imposed by the force of gravity. As the viscosity 

increases with pressure, the sinker moves more slowly and the shear rate decreases, see 

Hamilton and Brottomley 4 . The fundamental geometry for measuring shear stress - shear rate 

relationships is two infinite parallel plates separated by the test liquid. This ideal geometry can 

be approximated by two concentric cylinders rotating relative to each other. To cover the 

transition from Newtonian to non-Newtonian behaviour it is important that the whole volume of 

test liquid in the rheometer is equally stressed, otherwise the results will be some kind of mean 

value. It is therefore necessary to construct rheometers giving a defined shear rate through the 

entire volume of the liquid being tested, see Jacobson f. 

The relationship between shear stress and shear rate for Newtonian liquids is given by 

Newton's law of viscosity: 

T-4 

This requires T| to be a constant, i.e. independent of shear rate. 

However, there are fluids which deviate from Newtonian behaviour. For such fluids power law 

models are widely used. 

A rheometer can be used to obtain data from which the different parameters in this simplified 

mathematical relation can be determined. 

1.3. Viscous Heating 

Several authors have investigated the viscous heating effect. Gruntfest5 studied a Newtonian 

liquid in incompressible Couette flow where the apparent viscosity was affected by viscous 

heating. He found that the apparent viscosity is lower than the initial viscosity due to viscous 

heating. Sukanek and Laurence 6 found that at low fluid speeds, the stress increases with 
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increased shear rate, but as the speed increases, the viscosity decreases due to viscous heating. 

Finally, a speed is reached at which the stress increase due to increased shear rate is overtaken 

by the reduction in viscosity caused by viscous heating, thus causing the shear stress to 

decrease with increased shear rate. 

It is thus possible to have two values of shear rate at a certain shear stress. For example, at a 

low shear rate when the viscous heating effect is negligible, a certain value of the shear stress 

will correspond to one (low) shear rate. Increasing the shear rate will increase the shear stress, 

but also lead to viscous heating. This will cause the shear stress to reduce due to the temperature 

rise that will take place in the sheared volume. If the temperature rise is high enough, the shear 

stress will decrease to the value associated with the low shear rate. 

The Brinkman number is a dimensionless quantity representing the ratio of viscous heat 

dissipation to heat conduction across a film for which a certain temperature difference has been 

imposed. 

The Brinkman number is defined as: 

Br = (3) 

where: 

n = r/0 expi 
T-T(

 A 

V 
(4) 

!o J 

In plane Couette flow, viscous heating can be revealed by plotting the Brinkman number vs. 

shear stress. The shear stress parameter for an isothermal outer cylinder and an adiabatic inner 

cylinder is, see Sukanek and Laurence 6 : 

ßh2t2  

7]0kT0 

4 
2 + Br 

or. 

sinh 
Br 1/2 \ (5) 

Sukanek and Laurence 6 showed that shear stress decrease at high Brinkman numbers and the 

amount of dissipated heat remaining in the fluid, and hence the Brinkman number - shear stress 

behaviour is a function of the boundary conditions. Thus, before any viscous heating 

corrections can be applied to experimental data, the extent to which the walls of the instrument 

depart from truly adiabatic or isothermal behaviour must be found. Bair and Winer 7 found in 

their apparatus that if both the inner and outer cylinder maintain isothermal conditions; heating 
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during continuous shear will produce negligible reduction in shear stress if Br<l. (No steady 

solution is obtained for Br > 3.52 for these boundary conditions). This agrees well with the 

results of Sukanek 6 . Bair and Winer 7 found that for a viscometer operating continuously, a 

realistic limit for the Brinkman number is Br < 0.32. 

If a Uquid shows viscous heating effects in the viscometer it is necessary to verify the boundary 

conditions of the inner and outer cylinders. This is done by numerical simulations of the time 

dependent radial conduction through the metal cylinders. 

1.4. Criterion for Taylor Vortices 

Because of the centrifugal force in the viscometer, the flow will be unstable when the rotational 

speed Q exceeds a certain value and, Taylor vortices will form. The Taylor number has been 

investigated for the viscometer. To check if the flow is laminar the following criteria is used to 

define the transition point from laminar to secondary flow, see Isaksson 8 , Nicolas and Fréne 9 : 

The instrument developed gives the opportunity to measure the rheological properties of a liquid 

over a wide range of temperatures, pressures, shear rates and shear stresses. The rheometer is a 

concentric cylinder Couette flow rheometer and can be used at pressures up to 500 MPa. The 

inner cylinder is driven by a magnetic coupüng through the pressure vessel thus avoiding 

rotating seals. The torque is measured using a strain gauge load cell. 

2.1. Operational Principle 

The rheometer consists of an inner rotating cyUnder and a concentric outer cylinder.(See figure 

1.) The radius of the measurement gap is 12,5 mm, the length 25 mm and the radial clearance 

between the cylinders is 0.1 mm. The outer cylinder mns on two miniature ball bearings on an 

intermediate shaft supported by two ball bearings in the inner cylinder. The shaft is prevented 

from rotating by a pin in groove coupling to the upper lid. To prevent end interaction between 

the inner and the outer cylinder, this shaft has a disk separating the ends of the cylinders. This 

design allows the cylinders to be held concentric within 0.005 mm and end effects are 

(6) 

Equation (6) is valid for R 0 - R j « R j . 

2. TEST APPARATUS 
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eliminated giving a well defined shear rate. The design also prevents dynamic friction in the 

bearings supporting the outer cylinder from influencing the torque measurement. The inner 

cylinder is supported by two radial bearings to the pressure vessel. The inner cylinder is driven 

by an eight pole rare earth magnetic coupling through the wall of the pressure vessel. The 

coupling is capable of transferring INm of torque. The outer magnet is driven by a DC servo 

motor using a timing belt. 

The strong magnetic field associated with the coupling makes it necessary to make the outer 

cylinder of a non magnetic material. The rheometer uses Grade 5 titanium which makes it 

virtually unaffected by the magnetic field from the coupling. The inner cylinder is made of 

stainless tool steel. The different rates of thermal expansion and compressibility of the two 

materials result in a small change in radial clearance between the two cylinders with changes in 

pressure and temperature. The change in clearance has been calculated to be 4% at a pressure 

500MPa and a temperature of 100°C. 

Torque on the outer cylinder is measured using a beam connected to the cylinder with a thin 

wire. The beam is fitted with strain gauges in a half bridge arrangement. The beam is fixed to 

the lid of the pressure vessel. The gauges are glued and protected by heat-cured transducer 

quality epoxy. 

Since the strain gauges are pressure sensitive, changes in pressure will cause a shift in output 

voltage if the two gauges are not identical. By careful gluing and by applying a very thin 

protection coating, it is possible to reduce these errors to some 5% of the maximum rated output 

when the load cell is exposed to 500MPa pressure. This zero offset-pressure relation was found 

to be linear and is easily compensated for. With less careful gluing, offset errors up to 300% of 

full-scale rating have been observed. The transducer is wired to the outside using a mineral 

insulated cable with a stainless steel jacket. 

The temperature of the test fluid is measured with a thermocouple situated at the rim of the disk 

separating the end of the inner and the outer cylinder. The thermocouple wire passes through 

the stationary shaft connecting the cylinders. This arrangement makes it possible to measure the 

temperature of the liquid very close to the gap. The enor of the temperature measurement is 

within ±1°C. 
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Figure 1: Design of the instrument. 

2.2. Performance of the Apparatus 

With the rheometer design shown, shear rates of up to 20000 1/s are possible. The maximum 

obtainable shear stress is 0.8 kPa. Higher shear stresses could be obtained by reducing the size 

of the measurement cylinders; a shear stress of 30 MPa would require the diameter and length 

of the cylinders to be reduced to about 2.8 mm. 

2.2.1 Design of Pressure Vessel 

The pressure vessel has an outer diameter of 50 mm and an inner diameter of 30 mm. It is 

designed as a compound cylinder with, an inner portion made of Grade-5 Titanium with a yield 

strength of 852 MPa and an outer tube made of a carbon fibre/epoxy composite. The fibre used 

is a high modulus fibre with an ultimate strength of 6.4 GPa with a hot cured epoxy used as 

matrix. The safety factor of the design is 2.8. 

The advantage of this composite design is that it allows a non-magnetic, thin wall tube to be 

used. As a comparison the maximum tensile stress in a non-compound cylinder with the same 
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dimensions would be approximately 1 GPa at an internal pressure of 500 MPa. Two 

manufacturing methods have been tested. The first vessel was wet wound directly onto the 

titanium core and then cured at 180°C. The difference in thermal expansion between the carbon 

fibre and the titanium resulted in a loose fit between the liner and the carbon fibre. 

A second vessel was made with the outer portion wet wound onto a polished steel dowel. The 

composite tube and the inner liner was then assembled with a slight interference fit to ensure 

dimensional stability when pressurised. The titanium liner of the second vessel was nitrogen 

hardened to 1500 Vickers. This was necessary in order to ensure a hard sealing surface. 

The design of the pressure vessel also reduces problems of eddy-currents created in the wall of 

the vessel by the magnetic coupling reducing the coupling's efficiency and creating heat that 

would influence the measurements. Since the fibre is wound in an almost radial direction, the 

resistance in the axial direction is minimised resulting in substantially reduced currents being 

generated in the wall of the pressure vessel. 

The end caps of the pressure vessel are made of stainless tool steel. The seals are commercially 

available spring pre-loaded PTFE seals with bronze backing rings. The seals are designed to 

extrude under excessive pressure and thus double as a safety valve. 

The pressure vessel is clamped between two steel plates using three 30 mm steel rods as shown 

in figure 2. This design eliminates radial stresses in the pressure vessel. The bottom plate also 

serves as a mount for the motor. The foot print of the apparatus is 296 mm x 196 mm. 
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Figure 2: Design of the base plate and drive system. 
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The instxument uses a DC motor powered with a programmable servo amplifier/drive unit. The 

speed range after the belt reduction is 0.04 to 1530 rpm giving a shear rate range from 0.5 to 

20000 1/s. 

2.3. Data Acquisition System and User Interface 

The instrument is controlled by a Macintosh computer with a 16 bit resolution A/D board. The 

servo drive for the motor is also controlled by the computer via a serial interface. The user 

interface and data acquisition is written in the Lab View graphical language. The user controls 

the instrument using on-screen sliders and buttons. The software continuously monitors torque 

and pressure to protect the system from overload. Rotational speed, torque, pressure and 

temperature are sampled by the data acquisition board. The system uses an external single chip 

microprocessor to generate trigger signals for data acquisition and ensure synchronisation 

between the rotational speed measurements and the analogue measurements. The speed is 

measured using a digital encoder mounted on the motor. The trigger signal for the analogue 

measurement is generated at the centre of the square wave pulse used for speed measurement. 

This ensures correct timing of the measurements even if the speed is not constant. The system 

stores angular speed, torque, pressure, temperature and time on disk for later evaluation. 

2.4. Auxiliary Systems 

Pressure is generated by a hydraulic pressure intensifier. The low pressure piston has a 

diameter of 200 mm and the high pressure piston had a diameter of 25 mm giving a theoretical 

pressure ratio of 1:64. The pressure intensifier has sufficient capacity to hold the whole sample 

volume before pressurisation. This simphfies the removal of air in the system and also makes it 

possible to work with volatile fluids such as oil and refrigerant mixtures. The instrument is 

heated by an electric heater clamped around the pressure vessel. The temperature is controlled 

by an external PID temperature regulator. 

3. T E S T PROCEDURES 

Only the velocity of the motor can be controlled, and hence only rotational acceleration and 

speed can be varied via the serial interface of the computer. There are no means of controlling 

the torque or achieving real-time control of the velocity during a test. Because of this, the user 

needs to decide the run-profile before each test. For example it may be decided to first increase 

the shear rate up to a chosen value over a time t j , hold this shear rate for a time 13 and then 

decrease the shear rate back to zero. (See figure 3.) This run-profile can be repeated with a time 
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delay of t-2, or a new run-profile can be chosen with another constant shear rate, time t i , 13 and 

13. The computer software allows the user to choose the number of velocity steps, the maximum 

shear-rate and times t j to 13 according to figure 3. 

Shear-rate [1/s] 

r x / \ : Xiax 

time [s] 

ti t 2 t 3 

Figure 3: Velocity profiles. 

Two different test methods have been used to verify the performance of the rheometer. The first 

method used was to divide the maximum desired shear rate into five equal steps and then mn all 

five steps sequentially as in figure 3. 

Overlap of the shear rate between two consecutive mns was achieved by choosing shear-rates 

for each test so that there was one or more identical shear-rate in two consecutive mns. The 

reason for this was that the signal to noise ratio of the strain-gauge beam for measuring the 

shear stress did not permit a constant shear-rate from ambient pressure to maximum pressure. 

With this method it was possible to test the lubricant rheology at different shear rates and at 

different pressures and temperatures. 

The second method was to divide the maximum shear stress that the rheometer could measure 

into three equal steps for different pressures and temperatures i.e. choose the shear rate in such 

a way that the shear stress could be held constant for three different levels of shear stress at all 

pressures and temperatures. The value of the maximum shear rate required to achieve these 

three levels of shear stress was established by increasing the shear rate until maximum shear 

stress was reached. This maximum shear rate was then divided into three equal steps. For a 

Newtonian liquid this calculation is very easy due to the linearity between shear rate and shear 

stress, see equation (1). For example a maximum shear stress gives a certain corresponding 

shear rate value, dividing this maximum shear stress into two equal parts automatically gives 

half the shear rate due to the Newtonian behaviour. However, for a Non-Newtonian liquid it is 

necessary to have some preliminary test data from which to calculate the shear rate required to 

obtain a constant shear stress. The preliminary test data is derived experimentally by increasing 

the shear rate very slowly until maximum shear stress is reached. By looking at the data from 

this prehminary measurement it is possible to calculate which shear rate corresponds to the 

desired shear stress. In this way it is possible to run the rheometer at different shear stresses. 



10 

Tests have been carried out with pressure varied from atmospheric up to 400 MPa and 

temperature varied from 23°C to 80°C. The maximum shear stress was 0.8 kPa and the 

maximum and minimum shear rate was 20 000 1/s and 0.5 1/s respectively. 

The angular speed, moment (torque) on the outer cylinder, temperature, pressure and mn time 

are stored in an ASCE text file. From this data the shear stress, shear rate and viscosity (using 

Petrov's equation, see Hamrock 1 0 ) , Brinkman number (equation (3)), viscosity - temperature 

coefficient (equation (4)) and Taylor number (equation (6)) have been calculated. The pressure -

viscosity index was also calculated using equation (7) along with the characteristic velocity, 

which is equal to inner cylinder rotational speed, and the Reynolds number calculated according 

to Hamrock 1 0 . 

4. R E S U L T S 

To verify the instrument two different lubricants, a paraffinic white mineral oil with no additives 

and a commercial mineral oil based hydraulic fluid, have been tested. Comparison was made 

with catalogue data from the oil manufacturer and with data from a falling ball viscometer. The 

paraffinic base oil (chosen because of its assumed Newtonian properties) was tested using both 

the shear-rate based method and the constant shear stress method. Data from a high pressure 

falling ball viscometer with a maximum working pressure of 35 MPa was also obtained to 

verify the new Couette rheometer. To test a fully formulated oil, a commercial hydraulic fluid 

was tested using the shear-rate based method. 

Corrections to the data to allow for the change in clearance between the inner and outer 

cylinders as a result of changes in pressure and temperature have not been made as the 

geometric model of the cylinders was not accurate enough over the whole length of the 

cylinders. 

4.1. Paraffinic Base Oil 

The tests for the paraffinic base oil were carried out at pressures from atmospheric up to 400 

MPa and at temperatures from 23°C to 80°C. Maximum shear stress was 0.8 kPa and maximum 

and minimum shear rate was 20 000 1/s and 0.5 1/s respectively. The limit for these 

measurements was the shear stress for the high pressure / low temperature regime and the shear 

rate (motor speed) for the low pressure / high temperature regime. Mineral oils and blends of 

mineral oils such as the paraffinic base oil tested are Newtonian fluids, see Briant et al. n , at 

atmospheric pressure. The paraffinic oil was first tested using the shear-rate based method; the 

results from these runs are presented in figure 4. 
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The viscosity is constant, i.e. independent of shear rate, for all pressures up to 200 MPa and 

for all three temperatures, 40°C, 60°C and 80°C, as can be seen in figure 4. It is therefore 

possible to use the viscosity and the shear stress to describe the rheological properties of the 

paraffinic oil. 

u 
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20000 25000 

• 40°C, OMPa 
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a 40°C, 200MPa 

o 60°C, OMPa 

o 60°C, lOOMPa 

a 60°C, 200MPa 

« 80°C, OMPa 

x 80°C, lOOMPa 

80°C, 200MPa 

Figure 4: Shear stress vs. shear rate for the paraffinic base oil. 

The experimental data presented in figure 5 were also obtained with the shear-rate based 

method. This means that there are mns at different shear-rates in each test so that there is one or 

more identical shear-rates in two consecutive runs. The viscosity in figure 5 is the atmospheric 

viscosity at different temperatures. One way to describe how viscosity for a isothermal liquid is 

increasing with pressure is Bams equation, see Hamrock 1 0 , equation (7). 

In = CC*p (7) 

The solid line is a least square fit of the measurements to Bams equation, see figure 5. RA2 is 

the curve fit error of the Bams equation to the measurements. 
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Figure 5: Viscosity vs. pressure for the paraffinic base oil. 

As can be seen, figure 5 shows good agreement with the Barus equation. The pressure 

viscosity index decreases with increase in temperature. 

Some experiment were carried out at pressures higher than 200 MPa. These measurements were 

done with the constant shear stress method at a constant temperature of 28°C and from 0 to 400 

MPa in the same test cycle. The results from these measurements are given in figure 6. It can be 

seen that the paraffinic base oil can be described with an exponential law such as the Bams 

model up to 400 MPa. 
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Figure 6: Viscosity vs. pressure for the constant shear stress case. 

The pressure viscosity index (a) is derived from the previous results from the shear-rate based 

method. The highest value is 2.27E-8 Pa"1 at 28°C. 

4.2. Hydraulic Fluid 

The hydraulic fluid was mn at shear rates varying from 1 to 20 000 1/s depending on the 

pressure. For the high pressure / low temperature regime, the limit of the shear rate was the 

maximum shear stress that the apparatus could measure. At atmospheric pressure and high 

temperature the limit was the maximum shear rate due to the signal to noise ratio of the strain-

gauge beam for measuring the shear stress. The hydraulic fluid was run with the shear-rate 

based method. This means that for each test there is one or more identical shear-rates common 

to two consecutive mns. The viscosity, calculated from the torque and angular speed, is plotted 

against pressure. The pressure-viscosity coefficient, a, is derived according to the Bams 

model, equation (7), by a least square fit as seen in figure 7. The solid hne represents the fitted 

equation for the measured data. 
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Ti = 0.065 [Pas] 
Ot = 2.14E-8 [1/Pa] 
R A 2 = 0.986 

40°C 
T| = 0.029 [Pas] 
a = 1.91E-8 [1/Pa] 
R A 2 = 0.994 

60°C 
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a=1.67E-8 [1/Pa] 
R A 2 = 0.978 . 
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Figure 7: Viscosity vs. pressure for the hydraulic fluid. 

The results show that the Barus law is a good approximation for the pressure-viscosity 

coefficient for this oil. Prat et a l . 1 2 found it difficult to fit viscosity-pressure data based on 

Bams equation for the fluids that they tested and instead had to use a power law equation. One 

cannot, therefore, assume that the Bams equation is appropriate for all types of lubricants and 

pressures; measurements have to be made to make sure that the correct model is used for a 

specific lubricant and experiments are needed to obtain rheological information about the 

lubricant. The results also show that the pressure-viscosity coefficient decreases when the 

temperature is increased. 

O 60°C 
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4.3. Comparison with a High Pressure Falling Ball Viscometer 

The speed with which a sphere will roll down a hquid filled cylinder inchned at a fixed angle to 

the horizontal gives an indication of the viscosity of the hquid. This type of viscometer is 

usually known as a Floppier viscometer or falling ball viscometer, see DIN-standard I 3 . The 

paraffinic base oil was tested in a high pressure falling ball viscometer to verify the Couette 

rheometer. The falling ball viscometer was used up to 35 MPa and at temperatures of 23 °C, 

40°C and 60°C. The Couette rheometer was mn at the same pressures and also at pressures 

higher than 35 MPa. The temperatures used in the Couette viscometer were 28°C, 40°C and 

60°C. Measurements were made at different shear-rates for each test so that there was one or 

more identical shear-rates in two consecutive mns. As can be seen from figure 8 there is a good 

correlation of the pressure viscosity index between the two different pieces of equipment. (FB 

stands for the falling ball and the CR stands for Couette rheometer). The sohd line is fitted to 

the measurements. 

Figure 8: Viscosity vs. pressure for the Falling Ball (FB) and the Couette Rheometer (CR). 

The results from both the falling ball and the Couette Rheometer make it possible to detennine 

the influence of temperature on the pressure-viscosity index. The two viscometers give 

corresponding results. 
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Figure 9: Pressure -viscosity coefficient vs. temperature for the Falling Ball (FB) and the 

Couette rheometer (CR). 

In table 1, the results obtained from the Couette rheometer are compared with data from both the 

falhng ball viscometer and from the oil manufacturer. This is for 40°C and at atmospheric 

pressure only. 

TABLE 1: Comparing with Falling Ball viscometer and manufacturing data. 

Type of oil 

Viscosity data frornN^ 

Paraffinic base oil 

Viscosity r\ [Pas] at 40°C 

Hydraulic fluid 

Viscosity n [Pas] at 40°C 

Falling Ball Viscometer 0.014 -

Couette Viscometer 0.015 0.029 

Manufacturing data 0.014 0.026 
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5. DISCUSSION 

5.1. Viscous Heating 

Before viscous heating corrections can be applied to the experimental data, the extent to which 

the walls of the instrument depart from truly adiabatic or isothermal behaviour must be 

established. 

From the experimental data it is possible to calculate viscosity T|o, temperature T 0 , viscosity -

temperature coefficient ß , characteristic velocity u , dimensionless shear stress X and wall shear 

stress T as a function of pressure. The value of the thermal conductivity, k, is from 

Hamrock 1 0 , and only valid for atmospheric pressure. 

Plotting the Brinkman number against the dimensionless shear stress (figure 10) gives an 

indication of the boundary conditions. The solid line in figure 10 is the theoretical value 

calculated from equations (3), (4) and (5). These equations are for an isothermal outer cylinder 

and an adiabatic inner cylinder according to Sukanek and Laurence6. 

figure 10 shows that the boundary conditions are not purely isothermal for the outer cylinder 

nor purely adiabatic for the inner cylinder but rather a mixture of isothermal and adiabatic. 

However, the Brinkman number is low. At 40°C, 18036 1/s and 50 MPa the highest Brinkman 

value found was 0.04 for the hydraulic fluid. 

10° 

10 "5 

0 0.05 0.1 0.15 0.2 0.25 

Shear stress factor X 

Figure 10: Brinkman number vs. the dimensionless shear stress. 
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From the results in figure 10 and with the realistic restriction of Br < 0.0.8 Bair and Winer 7 it 

can be seen that the rheometer is operating at low values of the Brinkman number and that 

viscous heating effects can be ignored. The viscosity can therefore be assumed to have a single 

value and not the double value described in section 1.3. 

5.2. Criteria for Laminar Flow 

The critical Taylor number depends upon the type of fluid. Isaksson 8 found that for a 

concentric cylinder rheometer, the Taylor number has to be less than 41.2 to avoid the 

formation of Taylor vortices. Measurements have been carried out to find the relationship 

between type of liquid and the onset of Taylor vortices in this apparatus. In those experiments 

the Taylor number was never higher than 0.91 for the two oils investigated. 

6. CONCLUSIONS 

A new Couette rheometer has been developed to measure rheological properties of fluids at 

pressures up to 500 MPa. The rheometer uses a magnetic coupling to transmit torque into the 

pressure vessel which is designed as a compound cylinder with a titanium inner liner and a 

carbon fibre-epoxy composite shroud. This unique design has the advantage of eliminating 

dynamic seals giving a very high reliability. The results from the apparatus show excellent 

agreement with measurements made with a falling ball viscometer on a Newtonian fluid. The 

shear-rate range covers 0.5 to 20000 1/s and the instrament can operate at up to 100°C at 

maximum pressure. 

Tests were carried out with a paraffinic base oil at a pressures varying from atmospheric up to 

400 MPa and at temperatures from 23°C to 80°C. The maximum shear stress was 0.8 kPa ,the 

minimum shear rate was 0.5 1/s and the maximum 20 000 1/s. 

The paraffinic oil was first tested with the shear-rate based method. The viscosity was found to 

be constant, i.e. independent of shear rate, for all pressures up to 200 MPa and for all three 

temperatures, 40°C, 60°C and 80°C. Some experiments were made at pressures greater than 200 

MPa. These measurements were done with the constant shear stress method at a constant 

temperature of 28°C and from 0 to 400 MPa in the same test cycle. The rheology of the 

paraffinic base oil was found to follow an exponential law such as the Bams model up to 400 

MPa. The pressure viscosity index decreases with the increase in temperature. 

The hydraulic fluid was mn at shear rates from 1 to 20 000 1/s depending on the pressure. The 

measurements were made with the shear-rate based method. The result shows that the Bams 

law is a good approximation for the pressure-viscosity relationship for this oil. 
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A b s t r a c t 

Many machine elements are lubricated with oil or grease. The flow of lubricant depends on different parameters such as 
surface roughness, surface energy, temperature, etc. A known problem with rolling bearings is that lubricants have to be 
refilled more frequently if a gas stream passes through the bearing. It is therefore important to know the behaviour of the 
lubricant in order to predict, e.g. bearing fatigue life due to a gas stream. By studying the droplets thrown out into the air 
after passing an elastohydrodynamic contact, the most important parameters for oil drop formation have been determined. 
The analysis is based on picture processing and statistical methods. The experiments show that an increase in temperature, 
viscosity or surface velocity will increase the total drop volume. Decreased contact pressure and pure rolling also increase 
the total drop volume. The volume flow, passing the Hertzian contact area, varied between 18 and 30% of the air born oil-
drop flow and it is reasonable to assume that increased flow of air-bome droplets will decrease the film thickness due to 
insufficient replenishment. 

Keywords: Elastohydrodynamic lubrication; Lubricants; Contacts 

1. Introduction 

Machine elements are lubricated with greases chosen 
according to the prevailing running conditions. The 
flow of lubricant depends on different parameters such 
as surface roughness, surface energy, temperature, etc. 
It is therefore important to know the detailed behaviour 
of the lubricant in order to predict lubricant flow in 
elastohydrodynamic ( E H D ) contacts. The feed of the 
lubricant into the contact can be of different types such 
as surface tension, capillary forces, gravity, etc. Such 
phenomena determine the amount of lubricant available 
for te build-up of a lubricating film. 

Pemberton and Cameron [1] have investigated the 
replenishment in an E H D point contact, claiming that 
some of the side walls built up by the lubricant in this 
type of contact, within the inlet region, pushed towards 
the contact centre line due to the reducing gap that 
appears when the surfaces are approaching. Gohar [2] 
suggests that the replenishment can take place in the 
inlet region or downstream of the ball exit, due to the 
shape of the side walls. This shape will cause sufficient 
pressure gradients and a central track rebound will 
occur due to transportation of oil from the side walls. 
Chiu [3] has observed and Patel [4] has measured the 
same phenomena. Due to the time available between 

* Corresponding author. 

two rolling elements, Gohar suggests that the mechanism 
for feeding an inlet region must therefore rely on the 
inward flow within the inlet meniscus, rather than on 
the surfaces between the rolling elements as suggested 
by Pemberton and Cameron. 

It is a well known phenomenon in grease lubricated 
bearing that greases have to be refilled more frequently 
if the bearings have a gas stream passing through. In 
the outlet cavitation region, drops of lubricant can form 
and fall back on to the running races of the surface. 
These drops will contribute to the inlet feed of the 
lubricant. If the drops are blown away, the inlet feed 
of the lubricant may be insufficient and the film thickness 
will decrease. Only the base oil of the greases are 
studied in this investigation. This investigation shows 
that drops are formed in the outlet region and discusses 
the possible physical phenomena causing drop for
mation. 

2. Experimental procedure 

2.1. Test apparatus 

The equipment used in this investigation consists 
mainly of a ball and a disc, similar to optical inter
ferometry rigs. Instead of measuring the film thickness 
in the contact between the ball and the disc, the flow 

0043-1648/94/507.00 © 1994 Elsevier Science S .A. A l l rights reserved 
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Load Spring 
Fiber optics bundle 

Electric Motor 

Electric Motor 

Thermocouple 

F i g . 1. Ba l i and disc apparatus (side view). 

Glass Disc 

Electric 
Motor 

Fig . 2. B a l l and disc apparatus (top view). 

of the lubricant, leaving the outlet region of the contact 
area was studied (see Fig. 1). 

The diameter of the ceramic ball was 25.4 mm and 
the ball was loaded against an uncoated glass disc. 
Both the ball and the disc were driven from a computer 
by an electric servo motor to achieve either pure rolling 
or different degrees of sliding. The contact was illu
minated with light through a fibre optics bundle and 
the load was applied using a spring loading device. 

The apparatus could be heated up to 80 °C using 
a P I D controlled hot air blower, and the ball surface 
temperature was registered using a thermocouple. The 
outlet region of the contact was observed through a 
microscope placed in the extension of the outlet region, 
and recorded using a conventional V H S video camera. 
The depth of accurate focus was ±0 .05 mm and the 
focal plane was placed 0.2 mm from the Hertzian 
contact centre (see Fig. 2). 

2.2. Detection of oil drops 

The technique for detecting oil drops was to use the 
video camera and microscope. This technique created 
a very thin plane of accurate focus. By placing the 
focal plane in the outlet region, perpendicular to the 
rolling direction, it was possible to detect oil drops and 
study the flow of air-borne oil drops leaving the contact 
area. The drops were only visible when they passed 
through the focal plane (see Fig. 3). 

Focal Plane 

Oil Drops 

Glass Disc 

Ball Surface 
Fig. 3. Contact zone (side view). 

Table 1 

Investigated parameters 

Parameter 

Kinematic viscosity (p.) at 40 "C 

(cSt) 

O i l type 

Temperature (T) 

ro 
Slip parameter (Au/u) 

Velocity (u) 

(m s"') 

Contact pressure (p) 

( G P a ) 

40 

0 

0.1 

0.4S5 

100 

b 
60 

0.20 

0.2 

If the surface velocities were low enough, the camera 
was able to capture the same drop on two consecutive 
picture frames as the drop was passing through the 
focal plane. By moving the microscope, it was possible 
to detect in which area of the outlet region the drops 
were leaving the surfaces. 

2.3. Experimental design and oils tested 

To perform a general factorial design, an investigator 
selects a fixed number of "levels" for each number of 
variables (factors) and then runs experiments with all 
possible combinations. With this method, an experiment 
requires relatively few runs per factor studied, and 
although the method is unable to explore fully a wide 
region in the factor space, it will indicate major trends 
and so determine the direction for further experimen
tation. 

Factorial design is often of great value at an early 
stage of an investigation, when the investigator is looking 
at a large number of possible factors. For more theory 
on factorial design, see ref. [5]. 

Six different factors with two levels were studied: 
viscosity (ß), oil type (naphthenic (a), polyalphaolefin 
(b)), surface velocity (u), slip parameter (Au/u), tem
perature (T) and contact pressure (p). The qualitative 
variable or "levels" could also be conveniently coded 
by minus and plus signs. High and low levels were used 
for the qualitative factors and they are designated by 
" + " and " - " respectively (see Table 1). 

Two oils (a) of naphthenic mineral oil type and two 
oils (b) of a mixture of polyalphaolefin and diester 
are tested. They contain no additives (Table 2) and 
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Table 2 

Properties of the tested lubricants 

O i l type 

a b 

Kinematic viscosity (^) at 40 C C 32 100 30 100 

(cSt) 

Surface tension 28.5 28.4 28.3 26.5 

( m N m " ' ) 

Specific gravity 

(kg m " 3 ) 15 °C 

890 900 830 856 Specific gravity 

(kg m " 3 ) 15 °C 

they are normally used as base oils in grease manu
facturing. 

If the assumption is made that some of the higher 
order interactions are negligible one can reduce the 
total numbers of test runs. With an "effect" of a factor 
is meant the change in the response when the value 
of the factor moves from the " —" to be " + ". 

To calculate the total drop volume leaving an elas
tohydrodynamic ( E H D ) point contact, the oil drops are 
assumed to have a spherical shape. The response in 
this investigation is the total drop volume which leaves 
the contact during a number of snapshots, taken with 
a video camera. 

2.4. Test procedure 

The normal test procedure was as follows. The disc 
and the 25.4 mm ceramic ball and ball retainer were 
cleaned with solvent and the oil sample was placed in 
the retainer. The hot air gun was used to heat the oil 
and the machine parts up to the desired temperature. 
Then the load was applied. The velocity and sliding 
were set on the test rig computer. When the right 
parameters were set, the video camera was started for 
a few minutes. This was repeated for all the runs. 

For quantifying the drop size and the position of 
the drops, a commercial image computer program was 
used for scanning the video signal. The response variable 
was calculated as the sum of all spherical drops that 
left the contact area in the outlet region. These response 
values were then used in a statistic computer program 
for calculations of the main- and interaction effects. 

3. Results 

The data, main and interaction effects obtained from 
the experiments are presented in Fig. 4. A reference 
/-distribution having 26 degrees of freedom is also given. 

It appears that effects distinguishable from the noise 
are main effects, A is the viscosity, F is the contact 
pressure, two-factor interactions B D = E F , A F = C D , 
A C = D F = B E and the three-factor interaction 

-300 -200 -100 0 100 200 x l O " 6 

F i g . 4. T h e m a i n and interaction effects of different parameters on 

the total drop volume (mm 3 ) together with a /-distribution and 26 

degrees of freedom. ( A ) Viscosity (p.), ( B ) oil type, ( C ) surface 

velocity (« ) , ( D ) slip parameter Au/u, ( E ) temperature and ( F ) contact 

pressure. 

B C D = B D E . The " = " states that the interaction effects 
are confounded and therefore it is impossible to tell 
which one of the interaction effects has an influence 
on the response value. 

For example, in Fig. 4 one cannot tell if it is B D 
or E F that effects the total drop volume with 224 (mm 3). 
Since all the interaction effects marked in Fig. 4 are 
large compared to the other effects, they are worth 
paying attention to. A further study of the two-factor 
interaction effects can be made by plotting the response 
surface function for each of the interaction effects. This 
is done in Fig. 5a-g. The error in the response value 
is of the order +78 mm 3. 

The interaction of contact pressure and viscosity in 
Fig. 5a shows that a high pressure and a low viscosity 
will decrease the total drop volume (mm 3). A low 
pressure and a high viscosity will increase the total 
drop volume. One conclusion is that a high film thickness, 
due to the low pressure and the high viscosity, will 
increase the total drop volume. From Fig. 5b one cannot 
draw any conclusions regarding interaction effects since 
the result is within the statistical error. The interaction 
of viscosity and surface velocity in Fig. 5c shows that 
a high viscosity will increase the total drop volume. 
The change in total drop volume due to surface velocity 
change is within the statistical error. One conclusion 
is that a high film thickness, due to the high viscosity, 
increases the total drop volume, as shown in Fig. 5c. 
From Fig. 5d one can not draw any conclusions regarding 
interaction effects since the result is within the statistical 
error. The interaction of slip parameter and contact 
pressure in Fig. 5e shows that a high pressure and a 
high slip parameter will decrease the total drop volume. 
A low pressure and pure rolling will increase the total 
drop volume. One conclusion is that a high film thickness, 
due to the low pressure and pure rolling, will increase 
the total drop volume. Care must be taken regarding 
these interaction effects, however, since the result for 



16 P.-O. Larsson et al. I Wear 179 (1994) 23-28 

the slip parameter is within a possible statistical error. 
The interaction between slip parameter and contact 
pressure has to be studied more thoroughly. There are 
no significant conclusions of interaction effects of oil 
type and slip parameter. The variation is within the 
statistical error. 

The interaction of temperature and contact pressure 
in Fig. 5g shows that interaction effects are due to the 

pressure changes. A low pressure will increase the total 
drop volume. 

4. Discussion 

A way of estimating the volume of lubricant "trapped " 
in the contact zone is to calculate the mean height 
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( g ) 
Fig. 5. (a) T h e interaction effects of F (contact pressure) and A 

(viscosity, ^.) on the total drop volume ( m m 3 ) , (b) T h e interaction 

effects of C (surface velocity, ( « ) and D (slip parameter, Au/u) on 

the total drop volume (mm 3 ) , (c) T h e interaction effects of A (viscosity, 

l-i) and C (surface velocity, u) on the tota! drop volume (mm 3 ) , (d) 

T h e interaction effects of B (oil type) and E (temperature) on the 

total drop volume (mm 3 ) , (e) The interaction effects of D (slip 

parameter, Au/u) and F (contact pressure, p) on the total drop 

volume ( m m 3 ) , ( f ) T h e interaction effects of B (oil type) and D (slip 

parameter, Au/u) on the total drop volume ( m m 3 ) , (g) T h e interaction 

effects of E (temperature) and F (contact pressure, p) on the total 

drop volume ( m m 3 ) . 

and contact area between the glass plate and the ceramic 

ball. This volume can be compared to the volume of 
air born drops leaving the contact in the exit region. 
The most widely used equation for the E H D central 
film thickness, hc, in an elliptical contact is the one 
given by Hamrock [6]. The equation is derived from 
computer simulations of an isothermal contact. 

/ , 0.67 , . -0.067 

' • - H i t ) fe) 
( c Æ ' ) a 5 3 ( l - 0 . 6 1 e - a 7 3 * ) (1) 

where hc is the central film thickness, Rx is the effective 

radius, r/0 is the viscosity at inlet to contact zone, u 

is the rolling velocity, E' is the effective module of 

elasticity, F is the applied load, k is the ellipticity 

parameter, a is the pressure viscosity coefficient of the 

oil, defined from the Barus equation where, 

y = V,ci-za'(p-Ptci) and ^ = r)lp. 
This equation gives a central film thickness in the 

range of 38-135 nm depending on the six factors studied. 
The contact pressure and the contact radius were 
calculated with the Hertz theory of elastic contact [7]. 
This gave a theoretical contact radius of 0.1-0.2 mm 
depending on the load with a glass disc and a ceramic 
ball. If a plane perpendicular to the rolling direction 
was set through the oil film in the centre of the contact, 
the cross film area would be 8-54 X10 ~ 1 2 m 2 , given by 
hc and the contact diameter. A typical drop cross section 
area was in the range of 200-500 x 1 0 ' 1 2 m 2 , depending 

on the test parameters. This means that the air-borne 

oil drops must come from the cavitation area in the 
outlet region. 

If a gas stream passes through the contact the drops 

may be blown away. The inlet feed of oil will then 
become insufficient and cause the film thickness to 

decrease. This condition will start a starvation of the 
inlet area. Hamrock, [6] presented an adjusted bearing 

fatigue life parameter with the decrease in film thickness 
which depends on the starvation in the inlet zone. If 

all the drops are blown away, the film thickness will 
decrease due to starvation in the inlet area. 

A factorial design method has been used when in

vestigating the motion and replenishment of lubricant, 

due to the formation of oil drops in the outlet area 
of an E H D point contact. The drop formation depends 
on different physical phenomena. These drops will 

contribute to the inlet feed of oil for the following 
rolling element in a bearing. They explain partly the 
sensitivity to cross flow of air through oil and grease 

lubricated bearings, and they could explain the sensitivity 
for rotational speed. 

5. Results and conclusions 

The experiments were performed in the Hertzian 
pressure range 0.5-0.7 GPa, slip parameter range 0-0.2 
and mean velocity range 0.1-0.2 m s~1. The temperature 
was +40 and +60 ° C The oils tested were one na
phthenic and one polyalphaolefinic type containing no 
additives. 

The conclusions resulting from the analysis of the 
experiments are 

(1) Air-borne oil drops must come from the cavitation 

area in the outlet region. 
(2) The inlet feed of oil will become insufficient and 

cause the film thickness to decrease if the drops are 

not recirculated. 
(3) It may explain the short relubrication interval 

needed for bearings situated in a gas stream. 
(4) The interaction of temperature and contact pres

sure shows that low pressure will increase the total 
drop volume. 

(5) A low pressure and pure rolling will increase the 
total drop volume. 

(6) The interaction of surface velocity and slip pa
rameter shows that increasing the slip parameter will 
cause a lowering in the total drop volume. 

(7) The interaction of viscosity and surface velocity 
shows that a high viscosity will increase the total drop 
volume. 

(8) A low pressure and high film thickness will increase 
the total drop volume. The main conclusion drawn 
from the experiments was that interaction between 

different parameters has to be studied more thoroughly, 
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and the influence of different surface energies should 
be studied as all the oils tested here had very similar 
values. 
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Appendix A: Nomenclature 

D slip parameter Au/u 
E' effective module of elasticity (Pa) 
F applied load (N) 
hc central film thickness (m) 
k ellipticity parameter 
p contact pressure (Pa) 
Rx effective radius (m) 
T temperature (°C) 

u surface velocity in direction of motion, (ua+ub)l 
2 (m s" 1) 

Au sliding velocity, (ua — ub) (m s" 1 ) 
a pressure-viscosity coefficient (1 P a - 1 ) 
~n0 dynamic viscosity (Pa) 
p. kinematic viscosity (m 2 s - 1 ) 
p specific gravity (kg m" 3 ) 

Subscripts 

a ball surface 
b disc surface 
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Oil Drop Formation at the Outlet of 
an Elastohydrodynamic Lubricated 
Point Contact 
The loss of lubricant from grease-lubricated bearing surfaces is determined by a 
number of different mechanisms such as side-flow out of the contacts, evaporation, 
drop formation, oxidation etc. Some of the drops formed behind a rolling element 
in a bearing will be onrotted by the next rolling element but some will be lost from 
the bearing. This loss of lubricant is dependent to a high degree on the speed of the 
air flow through the bearing and is one of the reasons for early failure of grease 
lubrication in bearings operating in strong, axial air streams. To evaluate the most 
important parameters in drop formation, the droplets being thrown out from the 
outlet of an elastohydrodynamic contact were analyzed using picture processing and 
statistical methods. An empirical model has been built to describe mathematically 
the principal factors involved in the volume flow thrown out into the air at the 
outlet side of the Hertzian contact area. For example, drops in a ball bearing will 
contribute to the inlet feed of oil for the next ball if it is not lost by sideways flow 
out from the bearing. 

Introduction 
Greases are widely used as lubricants in, for example, rolling 

bearings and gears and further understanding of their behavior 
would be most advantageous. Lubricating greases are semi-
liquid lubricants consisting of a lubricating oil, the base oil, 
and a thickener which composes 5 to 30 percent by weight of 
the grease. To separate two surfaces in relative motion and to 
reduce friction and wear it is important to have enough lu
bricant available in the contact area between the two surfaces. 
It is therefore important to know the detailed behavior of the 
lubricant in order tc predict lubricant flow in and around an 
elastohydrodynamic (EHD) contact. This flow depends on dif
ferent parameters such as viscosity, surface roughness, surface 
energy, temperature. 

The feed of lubricant into the contact has been investigated 
by several authors [1-4]. Replenishment must take place after 
the contact exit and some authors [1-4] suggest that the mech
anism for feeding an inlet region must rely on the inward flow 
within the inlet zone. Greases do not easily flow on a solid 
surface, so that replenishment of greases must depend on other 
phenomena. 

The base oil is held within the grease thickener structure by 
a combination of chemical and physical forces. Oil separation 
or bleeding from the thickener is necessary for good longterm 

Contributed by the Tribology Division of T H E A M E R I C A N S O C I E T Y OF M E 
CHANICAL E N G I N E E R S and presented at the A S M E / S T L E Tribology Conference, 
Maui, Hawaii, October 16-19, 1994. Manuscript received by the Tribology 
Division March 11, 1994; revised manuscript received June 13, 1994. Paper No. 
94-Trib-12. Associate Technical Editor: C . Cusano. 

bearing lubrication. Bleeding can take place in the contact 
region. 

In the outlet cavitation region in a ball and disk apparatus 
or between balls and races in a bearing lubricant drops can 
form and fall back onto the running track of the surface. These 
drops contribute to the inlet feed of lubricant. In practical 
applications it has been found that bearings have to be relu-
bricated more frequently if they have a gas stream passing 
through them as in certain fan bearings. If the oil drops are 
then blown away the inlet feed of lubricant may be insufficient 
and film thickness decreases. In order to evaluate the impor
tance of this phenomenon, an experimental investigation was 
made. Four different base oils used in grease manufacturing 
were studied. 

The investigation showed that drops are formed in the outlet 
region. Suggestions are made of what parameters causes drop 
formation. 

Experimental Procedure 

Test Apparatus. The equipment used in this investigation 
consists of a ball and a disk similar to those of optical inter
ferometry rigs. Instead of measuring the film thickness in the 
contact between the ball and the disk, the flow of lubricant 
leaving the outlet region of the contact area is studied, see Fig. 
1. 

The diameter of the ceramic ball was 25.4 mm and the ball 
was loaded against a glass disk. Two different disks were used 
to obtain a variation in the surface energies: one uncoated disk 
and one disk coated with a 10 nm thick layer of chromium. 
Both the ball and the disk were driven by electric servo motors 
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Fig . 1 Ball and disk apparatus (side view) 

controlled by a computer to achieve either pure rolling or up 
to 20 percent slip. Accuracy was + / - 1 percent. 

The contact was illuminated with light through a fiber optics 
bundle and the load was applied using a spring loading device. 
The accuracy in the contact was + / - 8 MPa. 

The apparatus could be heated up to 60°C + / - 1°C using 
a controlled hot air blower. The temperature on the ball surface 
was registered using a thermocouple. 

To observe the outlet region of the contact, a microscope 
and a conventional VHS video camera were placed at the 
extension of the outlet region. 

The depth of accurate focus was +/-0.05 mm and the 
focal plane was placed 0.2 mm behind the Hertzian contact 
center, see Fig. 2. 

Detection of Oil Drops. A video camera and a microscope 
were used to detect oil drops. This method created a very thin 
plane of accurate focus. By placing the focal plane in the outlet 
region, perpendicular to the rolling direction, it was possible 
to detect oil drops and study the flow of airborn oil drops 
leaving the contact area. These drops were only visible when 
they passed through the focal plane, see Fig. 3. 

If surface velocity was low enough, the camera was able to 
capture the same drop on two consecutive picture frames as 
the drop was passing through the focal plane. 

By moving the microscope, it was possible to detect in which 
area of the outlet region drops were leaving the surfaces. 

Test Procedures. The test procedure was as follows. First 
the disk and the 25.4 mm ceramic ball and ball retainer were 
cleaned with toluene solvent and an oil sample was placed in 
the retainer. A hot air gun was used to heat the oil and the 
machine parts to the desired temperature. After that, a load 
was applied. The entrainment velocity and sliding speed were 
adjusted on the test rig computer. When the right parameter 
values were reached, the video camera was run for a few min
utes. This was repeated for all tests. 

For quantifying the drop size and the position of the drops 
a commercial image analysis computer program was used to 
scan the video signal. The drops were assumed to minimize 

Electric Glass Disc 
Motor Inlet, 

Focal plane 0 u t l e t 

Microscope 

Video Camera 

Fig. 2 Bali and disk apparatus (top view) 

Focal Plane Glass Disc 

Oil Drops 

Ball Surface 

Fig. 3 Contact zone (side view) 

their total energy and have, therefore, a spherical shape. To 
evaluate possible interaction between the test parameter values, 
factorial design was used. The response variable was calculated 
as the volume sum of all spherical drops leaving the contact 
area in the outlet region for a numbers of pictures of the same 
factor combination, see Table 1 (a-b). These response values 
were then processed in a statistical computer program and the 
importance of each test parameter calculated. 

To perform a general factorial design, one selects a fixed 
number of "levels" for each number of variables (factors) and 
then runs experiments with all possible combinations. From 
this result it is possible to build an empirical model of the 
factors. 

For more theory on factorial design see Box, Hunter and 
Hunter [5]. 

Seven different factors, which each had two different levels, 
were studied: viscosity <», surface type (S,), oil type (Na
phthenic, Polyalphaolefin), entrainment velocity (u), slip pa
rameter (Au/u), temperature (°C) and contact pressure (p). 
The qualitative variable or "levels" could also be conveniently 
coded. High and low levels were used for the qualitative factors 
and they are designated by " + " and " - ", respectively, see 
Table 1 (a-b). For the surface type and oil type the numerical 

Nomencla ture 

£ ' = effective module of elasticity, interfacial velocity, [m/s] 
[Pa] a — pressure-viscosity coefficient, Vo = viscosity at inlet to contact 

F = applied load, [N] [1/Pa] zone, [Pas] 
= central film thickness, [m] llv = liquid surface tension, [N/m] V- = kinematic viscosity, [m2/s] 

k = ellipticity parameter 7s = surface tension of the substrate n = equilibrium spreading pressure, 
P = contact pressure, [Pa] (solid or liquid) in vacuum, [N/m] 
R = radius, [m] [N/ml e = instantaneous contact angle, 

Ro = Hertzian radius, [m] Ts» = surface tension of the solid in [rad] 
R, = effective radius, [m] equilibrium with the saturated ee = equilibrium contact angle, [rad] 
Sr = surface type liquid vapor, [N/m] 

Subscripts u = entrainment velocity in direc 7si = interfacial tension between the Subscripts 

tion of motion, (ub + ud)/2, 
7si = 

solid and liquid, [N/m] b = ball surface 
[m/s] 1 = dynamic viscosity, [Pas] d = disk surface 
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Table 1(a) Parameters investigated 
Parameter - + 

Kinematic vise. 0*) at 40°C 30 100 
mmVs 

Surface type (S,) Chromium Glass 
Oil type Naphthenic Polyalphaolefin 
Temperature (7) °C 40 60 
Slip parameter (Au/u) 0 0.20 
Entrainment velocity (u) m/s 0.10 0.20 
Contact pressure (p) GPa 0.485 0.664 

Table 1(6) Properties of the lubricants tested 
Oil type Naphthenic Polyalphaolefin 

Kinematic vise. O») at 40°C cSt 32 100 30 100 
Surface tension (y) mN/m 28.5 28.4 28.3 26.5 
Spec, gravity kg/m3 15°C 890 900 830 856 

Hertz radius (Ro) 

Position C 

Position B 

Position A 

Fig. 4{a) Contact with cavitation, top view 

Position A Position £ Position C 

IZS - 125- 125 -

1 0 C / " \ 100- 100 , 
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% % \ \ M £ 

/ I f 2 5 - \ / I I 2 5 - \ / i 1 2S -
0 0 0 

10E-6 mn? 0 10E-6 mm3 0 " i " 3 

Fig. 4(b) The average variation of drop size with position for seven 
different tests 

values +1 and - 1 are used for the high and low levels re
spectively in evaluation of the results. 

Two different base oils, each with two different viscosities 
were studied, see Table 1 (b) . 'Oil ( - ) ' is a naphthenic mineral 
oil and 'oil ( + )' is a mixture of polyalphaolefin and diester. 
The oils contained no additives. They are both used as base 
oils in grease manufacturing. 

The measurements in this investigation give the total drop 
volume leaving the contact during a number of snapshots, 
taken with the video camera. 

Results 
40-50 drops were measured in a single experiment. The 

standard deviation of the drop size in a single experiment was 
around 9* 10"6 mm3. To evaluate the repeatibility of the re
sults, 16 tests were repeated, such that of the 64 test run only 
48 were run at different conditions. The variation of drop size 
at the three positions (A,B,C) is presented in Figs. 4(a) and 
(b). In the left part of the contact 110 drops are of the order 
0-3 * 10~6 mm3; in the center only 62 drops are in that range; 
and at the right side 98 drops are of order 0-3 * 10"* mm3 as 
a sum over 7 tests. There is a variation in drop formation with 
position across the Hertzian contact area at the outlet. 

Conracc pressure (p) IGpa] 0.8 

Fig. 5(a) The interaction effect of contact pressure (p) and viscosity 00 
on the total drop volume m m 3 

Fig. 5(D) The interaction effect of contact pressure (p) and surface type 
(SJ on the total drop volume m m 3 

From the response surface plot in Fig. 5 (a), the drop volume 
as a function of the contact pressure and viscosity, it can be 
seen that a high pressure and a low viscosity will decrease the 
total drop volume mm3. A low pressure and a high viscosity 
will increase the total drop volume. One conclusion is that a 
thick film, due to the low pressure and the high viscosity, will 
increase the total drop volume. Moreover, looking at Fig. 5 (b), 
the pressure dependency changes with changes in surface ener
gies; that is, glass and chromium-coated glass disks. Oil re
plenishment due to oil drops may thus differ with different 
surface coatings. 

Note that Fig. 5 (a-b) are a response surface plots and only 
shows the tendency of pressure, viscosity and surface type; 
one should not look at the absolute values. Each corner of the 
response surface plots is a mean value of the drop volume for 
all the tested lubricants runs at the two pressure levels, two 
surface materials and two viscosity levels. That means that an 
interaction effect is shown, but not in which direction it goes 
for each different parameter. 

Model Building. Effects distinguishable from the noise are 
main effects such as viscosity and surface type and two-factor 
interactions such as viscosity * contact pressure and surface 
type*contact pressure. 

A polynomial equation of the form: 

QXJi,p,S,) = Cl + C2*ii+C3*S, + Ci*li.*p + C5*S,*p (1) 

was fitted to the primary data and the corresponding response 
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Fig. 6(a) The surface plot of contact pressure (p) and viscosity (u.) and 
chromium-coated glass disk versus total drop volume m m 3 
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Fig. 6(b) The surface plot of contact pressure (p) and viscosity t » and 
uncoated g lass disk versus total drop volume m m 3 

surfaces were drawn, see Figs. 6(a-b). The interaction effects 
in Fig. 5(a) and (b) are given by the terms d and CV 

The reason for choosing this class of polynomials is that 
they are the lowest degree polynomials which exactly fit the 
different combinations of parameters. Each parameter has a 
statistical 95 percent sigmficance level. The significance level 
for the derived linear equation as measured over all the ex
periments is 0.99. 

The constants in the derived equation are: 

Constant 
Viscosity <ji) 
Surface type (S,) 
Viscosity (ji) * Contact 

pressure (p) 
Surface type (S ;)*Contact 

pressure (p) 

By choosing the surface type (S,) to either +1 (glass) or 
-1 (chromium) it is possible to plot the fitted Eq. (1) in a 
three-dimensional plot with viscosity, pressure and drop vol
ume on the axes. See Figs. 6(a-b). 

As can be seen in Fig. 6(a), viscosity is highly dependent 
on load for a chromium-coated glass disk. At low contact 
pressures the sensitivity to variations in viscosity is high, but 
at high contact pressure drop volume is almost independent 
of viscosity. 

For an uncoated glass disk the accumulated drop volume 
does not change much for a change in viscosity, but contact 
pressure has a large influence as can be seen Fig. 6(b). 

Interaction of surface type and pressure have the greatest 

C, = 323 E-I5, m 3 

C 2 = 3.91E-9, s*m 
C 3 = 375 E-15, m 3 

C = -5.33E-18, s*m/Pa 

C;= -665E-24, m 3/Pa 

Fig. 7 Contact angle equilibrium on smooth, homogeneous, planar, 

and rigid surface 

Table 2 Properties of surface tension 
Silicon nitride Glass Chromium 

7;„*cos B, 
mN/m 7,„*cos e. 7;„*COS 6, 

Oil type 
7;„*cos B, 

mN/m mN/m mN/m 
Naphthenic 28.33 28.13 27.96 
32 mmVs 

Naphthenic 27.76 27.54 27.52 
100 mm2/s 

Polyalphaolefin 
30 mmVs 

28.13 28.01 27.96 Polyalphaolefin 
30 mmVs 

Polyalphaolefin 26.01 26.00 25.98 
100 mmVs 

influence on drop formation, followed by surface type and 
then interaction viscosity and pressure. 

Analysis 

Surface Influence. The contact angle formed between a 
drop and its supporting surface is directly related to the force 
at the liquid/solid interface, see Fig. 7. Equilibrium of inter
facial forces between the solid and the liquid gives the relation: 

7,„*cos ef = 7 „ - 7 s , (2) 
7s» = 7s-n (3) 

The contact angle varies with the relative velocity between the 
stationary liquid drop and the moving solid surface. 

In the surface velocity range 0.014-0.28 m/s the retarding 
force is the bulk viscosity. Wu [6] suggests the relation: 

tan 6 VoV. (4) 

The surface influence on the total drop volume in Figs. 6(a) 
and 6(b) may be explained by studying how the dynamic 
contact angle (9) varies around the contact point on both the 
disk and the ball surfaces. The velocity u, has to be calculated 
on both the ball and the disk, u, is the perpendicular (normal 
vector) velocity to the wetting line that will form on both 
surfaces, i.e., on the disk u%, will be zero in the direction of 
the ball axis, see Fig. 2, and maximum perpendicular to the 
ball axis in the outlet region, u, varies in another way on the 
ball, i.e., the wetting line will form a circle on the spherical 
surface of the ball and will then be the perpendicular velocity 
to that circle line. The geometrical relationship between the 
interface of the ball, disk and the oil, is shown from the side 
in Fig. 8. 

The surface tension yh in Eq. (4) was measured with a gon
iometer. This instrument measures the static contact angle (9„), 
using a low-power microscope which produces a sharp image 
of the drop specimen, observed as a silhouette. Table 2 shows 
values of the left hand side of Eq. (2) and used in the calcu
lations of 6 in the Eq. (4), for the four tested oils. The vis
cosities of the liquids is measured with a cone and plate 
viscometer. 

To estimate the solid/liquid influence ysl in Eq. (2), the 
assumption was made that it would have a similar influence 
as cos 8, has on ylv in the static case. The inserted values of 
7/„ in Eq. (4) were then 29 mN/m and 25 mN/m. Using Eq. 

Journal of Tribology J A N U A R Y 1995, Vol . 1 1 7 / 7 7 



Glass Disc 

-fc» 
0b 

Ball Surface 
Fig. 8 Dynamic contact angle tor the disk e„ and the ball e„ Fig. 11 The percentage of total oil flow transported by drops versus 

Hertzian radius 

Fig. 9 Dynamic wetting angle ratio versus angle, u-0.20 m/s, 7 , y = 29 
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Fig . 12 Cumulative relative frequency of drop volume 
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Fig. 10 Contact from above 

(4) and the calculated n # 4 , utd, y,eb, yM, ?j0 it was possible to 
determine how Qb, Qd varied around the contact. 

Figure 9 shows how the dynamic wetting angle ratio Qb/Qd 

varied around the contact when viewed from above, see Fig. 
10. 

Even if the ball and the disk have the same surface energy 
there is a difference of the wetting angle (9) in the outlet region 
between the ball and the disk. In the outlet region (> » 90 deg), 
at one Hertzian radius, the disk surface wetting angle (Qd) is 
9.2 times the ball wetting angle (9„) when u = 0.20 m/s, y,v=29 
mN/m, and I J 0 = 0.10 Pas. 

The wetting force (7,„*cos 9) is then 1.7 times smaller on 
the disk surface than on the ball surface. A small energy change 
on the disk (chromium layer) is equivalent to 1.8 times smaller 
wetting force on the disk surface than on the ball surface when 
« = 0.20 m/s, 7,„=25 mN/m, !j0=0.10 Pas. 

The number of drops formed in the gap between the two 
solids will be affected by the dynamic wetting angle ratio. One 
possible explanation is that if the surfaces have almost the 
same wetting angle the number of drops will increase, i.e., the 
oil will not stick to any of the surfaces and will then form a 
drop. On the other hand, when the wetting angle ratio is large 
then the oil will wet one of the surfaces more than the other, 
i.e., the number of drops will decrease. 

This can explain the influence of surface type is Figs. 6(c) 
and 6(0). 

Geometry Influence. The contact kinematics depend on 
the apparatus used and since a rotating disk is used the velocity 
field around the contact point is asymmetric. The influence of 
this asymmetry can be examined by analysing the surface tan
gential velocities in the contact. The ball rotates around a 
horizontal axis and the disk around a vertical axis, so in the 
Hertzian contact the velocities vary from point to point. 

Drops that leave the cavitation area at the inner radius 
(Rd-R0) will fall back on to the surface a little bit further 
out on the disk track than {Rd-R0) due to the contribution 
of centrifugal force. Drops at the radius (Rd+R0) will also 
fall back on the track a little bit further out. This means that 
there is transport of oil from the inner side walls to the outer 
side walls due to the presence of oil drops in the outlet region. 

The race track will have a positive contribution to the number 
of drops that leaves the inner radius (Rd-Ro) and a negative 
contribution to the number of drops at radius (Rd+R0) due 
to the centrifugal force. Figure 11 shows this phenomenon. 

The theoretical centrifugal force ratio due to the difference 
in outer and inner radius is 0.975, and the average displacement 
ratio of the drop formation in the experiments is 0.939. Oil 
drop formulation is thus affected by the centrifugal force al
though the surface velocity in the direction of motion is only 
0.2 m/s and the radius Rd=0.04 m. 

The cumulative relative frequency in the drop volume of 
one typical test is shown in Fig. 12. For example, 80 percent 
of all drops that leave the contact area at the outlet region 
have an average volume of less than 7 * 10"4 mm3. 

Discussion 
A way of estimating the volume of lubricant "trapped" in 

the contact zone is to calculate the mean height and contact 
area between the glass plate and the ceramic ball. This volume 
may then be compared to the volume of air born drops leaving 
the contact in the exit region. The most widely used equation 
for the EHD central film thickness, hc, in an elliptical contact 
is the one given by Hamrock and Dowson [7] This equation 
is derived from computer simulations of an isothermal contact. 
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K = 2.69 Rx 
VP" F_ 

E'R 
(5) 

Barus equation: n = Vr:f*e[a* (p-ptcI)] (6) 

This equation gives a central film thickness in the range of 
38-135 nm depending on the seven factors studied. The contact 
pressure and the contact radius were calculated with the Hertz 
theory of elastic contact [8]. This gave, with a glass disk and 
a ceramic ball, a theoretical contact radius of 0.1-0.2 mm 
depending on load. 

If a plane perpendicular to the rolling direction was set 
through the oil film in the center of the contact, the cross film 
area would be 8-54 x 10"12 m2, given by hc and the contact 
diameter. A typical drop cross-sectional area was in the range 
200-500x10 m2, depending on the test parameters. This 
means that most of the air-born oil drops come from the side 
walls at the cavitation area in the outlet region. 

Conclusion 

The four oils of naphthenic and polyalphaolefinic type con
taining no additives were tested. Experiments were performed 
in the Hertzian pressure range 0.5-0.7 GPa, with an entrain
ment velocity range 0.1-0.2 m/s and the temperature was + 40 
and +60°C. 

A polynomial equation of the form: 

Q(n,p,S,) = C, + C 2 * n + C3*Sr + Ci*pL*p + C5*S,*p 

Constant C, = 323 E-15, m 3 

Viscosity Ox) C 2 = 3.91E-9, s*m 
Surface type (S,) C-, = 375 E-15, m 3 

Viscosity (u)*Contact C„ = -5.33E-18, s*m/Pa 
pressure (p) 

Surface type * Contact C5 = - 665E-24, m 3/Pa 
pressure (p) 

was fitted to the test data. This equation describes the influence 
of viscosity (ß), surface type (S,) and contact pressure (p) on 
the drop volume that leaves an E H D contact. The drop volume 
interpolation equation is only valid within the area investigated 
and not outside the boundaries of the measurements. 

By choosing the surface type (S,) to either + 1 (glass) or 
-1 (chromium) it was possible to plot the fitted equation in 
a three dimensional plot with viscosity, pressure and drop 
volume on the axes. The experiments showed that the average 
number of drops formed in the gap increased with the glass 
disk and decreased with the chromium-coated disk. 

Even if the ball and the disk have the same surface energy-
there is a wetting angle difference between the surfaces due to 
the velocity field. At the outlet region (<? = 90 deg), at one 
Hertzian radius, the disk surface wetting angle (9 d) is 9.2 times 

the ball wetting angle (9;,) when u = 0.20 m/s, y!v = 29 mN/m, 
TJO = 0.10 Pas. A small energy change on the disk (chromium 
layer) is equivalent to 1.8 times smaller wetting force on the 
disk surface than on the ball surface when u = 0.20 m/s, yh = 25 
mN/m, 7/0 = 0.10 Pas. 

The number of drops formed in the gap between the solids 
will then be affected by the dynamic wetting angle ratio. Drops 
will contribute to the inlet feed of oil as, for example, in 
bearings when the next ball enters the contact. One oil drop 
of medium size has approximately three times the oil volume 
capture in the Hertzian contact, which shows that most of the 
drops are formed at the side walls of the rolling track. The 
volume flow of the central oil film is not large enough to explain 
the large amount of oil thrown out from the contact area. 

1 The influence of viscosity on drop volume is low but the 
change of pressure and surface energy have a great influence 
on the total drop volume. 

2 With low viscosity and low pressure with a chromium-
coated glass disk, the drop volume decreases. 

3 With high viscosity and low pressure with an uncoated 
glass disk, the drop volume increases. 

4 There is a wetting angle difference between the surfaces 
due to the velocity difference. 

5 The centrifugal force disturbs the symmetry of the drop 
formation in a ball and disk apparatus. 
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NOMENCLATURE 

Ca Capillary number 

p Contact pressure [Pa] 

R Radius [m] 

Ro Hertzian radius [m] 

S t Surface type [ - ] 

T Temperature [°C] 

T c Thickener concentration , [ - ] 

u Entrainment velocity in 

direction of motion, (\Jb+Ud)/2 [m/s] 

Au Sliding velocity, (Ub-Ud) [m/s] 

U* Interfacial velocity [m/s] 

y l v Liquid surface tension [N/m] 

y s Surface tension of the substrate 

(solid or liquid) in vacuum [N/m] 

y s v Surface tension of the solid in 

equilibrium with the saturated 

liquid vapour [N/m] 

y s l Interfacial tension between 

the solid and the liquid [N/m] 

r\ Dynamic viscosity [Pas] 



r)o Viscosity at inlet to contact zone [Pas] 

(j. Kinematic viscosity [m2/s] 

n Equilibrium spreading pressure [N/m] 

0 Instantaneous contact angle [rad] 

© e Equilibrium contact angle [rad] 

Subscripts 

b 

d 

Ball surface 

Disc surface 



ABSTRACT 

The loss of lubricant from grease-lubricated bearings occurs through several different 

mechanisms including side-flow out of the contacts, evaporation, drop formation, oxidation etc. 

To evaluate if there are any differences between grease and its base oil in drop formation, an 

investigation of the droplets being thrown out from the outlet of an elastohydrodynamic contact 

was carried out using image processing and statistical methods. The equipment used was a ball 

and a disc similar to those of optical interferometry rigs used to measure film thickness. The 

flow of lubricant leaving the outlet region of the contact area was studied using a microscope. 

This was connected to a conventional VHS video camera to observe the outlet region. Eight 

specially manufactured lubricating greases were investigated. Two different base oil types were 

used, a naphthenic mineral oil and a mixture of polyalphaolefin and diester, each with two 

different viscosities. To obtain a variation in the surface energies, two different discs were used: 

an uncoated glass disc and a glass disc coated with a 10 nm thick layer of chromium. 

The principal factors affecting the volume of grease thrown out into the air at the outlet side of 

the Hertzian contact area were slip, pressure, viscosity, surface energy and thickener 

concentration. 

Twenty percentage slip and low viscosity (30 cSt) will increase the total drop volume, pure 

rolling and a change in viscosity from 30 - 100 cSt will not effect the total drop volume. Forty 

degree Celsius with pure rolling will increase the drop volume. 

The total drop volume will increase when changing the thickener concentration from 'low'-

concentration (11.8 wt%) to 'high'-concentration (19.6 wt%) at 20 % shp. 'Low'-concentration 

and with pure rolling will increase the drop volume. With a glass surface and a 30 cSt base oil 

the drop volume will increase, but with a chromium coated surface the volume will decrease. 

The cavitation pattern is dependent on the velocity field around the contact for the greases. A 

small shp parameter change will cause a wetting difference between the ball and the disc in the 

outlet of the contact for the base oil. This can be used for example in a ball bearing design to 

activate transportation of oil or grease within the bearing. 
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1. INTRODUCTION 

Lubricating grease is a widely used lubricant, but how and why it manages to lubricate is still 

not fully understood. Only about 3 % of the total amount of lubricants manufactured in the 

world are lubricating grease; but as much as 80-90 % of all rolling element bearings are grease 

lubricated. Greases are semi-liquid lubricants consisting of a lubricating oil, the base oil, 

thickened with 5 to 30 wt % of various types of thickeners. Grease is a two-phase system and 

consequently has a more complex rheology than the base oil which is held within the grease 

thickener structure by a combination of chemical and physical forces. Oil separation or bleeding 

from the thickener is necessary for good long term bearing lubrication. Bleeding may, in some 

cases, feed the contact region with the needed lubricant. 

Greases are used as lubricants to reduce friction and wear and to separate surfaces in relative 

motion. The amount of lubricant available around the contact area between the two surfaces 

influences the lubrication. It is therefore important to know the detailed behaviour of the 

lubricant in order to predict lubricant flow in and around an elastohydrodynamic (EHD) contact. 

This flow depends on different parameters such as base oil viscosity, surface roughness, 

surface energy and temperature. 

The replenishment of lubricant into the contact has been investigated by several authors, 

Pemberton and Cameron1, Gohar2, Chiu3, Åström et al.4, Larsson et al.5 "6. Replenishment 

can take place after the contact exit and some authors 1 - 4 suggest that the mechanism for feeding 

an inlet region must rely on the inward flow within the inlet zone. Greases do not easily flow on 

a solid surface, thus replenishment depends on other phenomena. Larsson et a l . 5 - 6 showed that 

in the outlet cavitation region in a ball and disc apparatus, oil drops can form and fall back onto 

the running track of the surface. These drops contribute to the inlet feed of lubricant. In practical 

apphcations it has been found that bearings have to be relubricated more frequently if they have 

a gas stream passing through them; as in certain fan bearings. If oil/grease drops are blown 

away, the volume of lubricant present will reduce and hence the inlet feed of lubricant may be 

insufficient to maintain the desired film thickness. 

Larsson et a l . 5 - 6 studied the base oils used in greases were smdied. This paper will take into 

account not only the base oil, but also the thickener structure. 

The investigated greases consisted only of base oil and soap thickener, without any additives. 

Two base oils with two different viscosities and two different soap thickeners were combined to 

produce eight greases with a consistency of NLGI grade 2. One base oil was a commonly used 

naphthenic mineral oil and the other a synthetic hydrocarbon, a poly-a-olefin, with about 5 

vol% diester oil. 
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2. E X P E R I M E N T A L PROCEDURE 

2.1. Test Apparatus 

The equipment used was a ball and a disc similar to those found in optical interferometry rigs, 

used for measuring the film thickness in the contact between the ball and the disc, see Larsson 

et al. 5 _ 6 . In this investigation the flow of lubricant leaving the outlet region of the contact area 

was studied, see figure 1. 

Figure 1: Ball and disc apparatus (side view). 

The maximum Hertzian contact pressure was 0.664 + 0.008 GPa and the Hertzian contact 

diameter about 0.4 mm, calculated according to Hamrock 7 and Johnson 8 . The contact was 

investigated in pure rolling and with 20 % slip between the ball and the disc at rolling speeds of 

0.1 and 0.2 m/s. A glass disc and a chromium plated disc were used and the apparatus could 

also be heated to within the range 40°C to 60°C ± 1°C using a controlled hot air blower. The 

track behind the contact has to be replenished on each revolution of the disc to maintain a 

constant lubricating film thickness. This was done with a grease reservoir placed under the disc 

surface. 

As in earlier investigations, Larsson et al . 5 - 6 , the influence of the investigated parameters was 

smdied by placing the focal plane of a microscope at the contact outlet perpendicular to the 

rolling direction to detect droplets, see figure 2. The flow of airborne droplets leaving the 

contact area was recorded by a video camera for subsequent analysis. By moving the focal 

plane of the microscope it was possible to smdy the cavitation pattern in the outlet region of the 

ball surface. 
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Focal Plane 
Glass Disc 

Oil Drops 

Ball Surface 

Figure 2: Contact zone (side view). 

2.2. Test Procedure 

The disc and the 25.4 mm ceramic ball and ball retainer were cleaned with toluene solvent and 

the grease sample placed in the reservoir and on the disc surface. A hot air gun was used to heat 

the grease and the test rig to the desired temperature. The load was then applied. The 

entrainment velocity and sliding speed were adjusted using the test rig computer. When the 

desired operating conditions were reached, the video camera was run for a few minutes. This 

was repeated for all tests. 

For quantifying the drop size and the position of the drops and to evaluate possible interactions 

between the test parameter values, the same technique was used as in investigations, see 

Larsson et al. 5"6. The drops were assumed to rninimize their total energy and therefore have a 

spherical shape. 

The response variable was calculated as the volume sum of all spherical drops leaving the 

contact area in the outlet region over a numbers of images of the same factor combination, see 

table 1-2. These response values were then processed in a statistical computer program and the 

importance of each test parameter calculated. 

Several different parameters can be identified in the simple ball-disc set up used. These include: 

base oil type, thickener concentration, base oil viscosity, disc surface material, entrainment 

velocity, relative slip of the ball and the disc, contact pressure and temperature. In order to 

establish the relative importance of the these parameters, a technique known as Factorial Design 

of Experiments was used. This technique allows the importance of single parameters, as well as 

groupings of parameters to be found. Once the principle parameter(s) affecting the investigated 

response value are identified, closer investigation of these parameters can be made. Without this 

technique, an impossibly large number of experiments would have to be carried out. 
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To perform a general factorial design, one selects a fixed number of 'levels' for each number of 

variables (factors) and then run experiments with all possible combinations. For more theory on 

factorial design see Box et al.9. 

2.3. Lubricant Properties 

Grease is commonly used as a lubricant in rolling element bearings. It has the advantage over 

lubricating oil that, due to its consistency, it stays at the lubricating point and acts as a seal to 

prevent the entry of impurities and water. A lubricating grease consists of a lubricating oil, the 

base oil, a thickening agent and different additives. With soap as the thickening agent the grease 

comprises a two-phase system where the base oil is kept in place by a structure of soap particles 

in a similar way that water is retained in a sponge. Naphthenic mineral oil thickened with 

lithium soap is the most commonly manufactured grease today. 

Eight different greases without any additives were used in the experiments based upon 

Naphtenic and Polyalphaolefin oils of two different viscosities. Lithium complex and Lithium-

12-hydroxystearate soaps were used as thickeners. These were chosen to evaluate how 

thickener concentration, base oil type and viscosity of the base oil affect the drop formation, see 

table 1. 
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TABLE 1: Composition of the greases tested. 

Grease Soap content 

(wt%) 

Thickener Type Base oil NLGI grade 

1 13.2 Lithium-12-

hydroxystearate 

Naphthenic 100 

cSt 

2 

2 10.4 Lithium-12-

hydroxystearate 

Naphthenic 

30 cSt 

2 

3 18.2 Lithium-12-

hydroxystearate 

Polyalpha-olefin 

100 cSt 

2 

4 20.9 Lithium-12-

hydroxystearate 

Polyalpha-olefin 

30 cSt 

2 

5 • 16.3 Lithium-complex Naphthenic 100 

cSt 

2 

6 17.9 Lithium-complex Polyalpha-olefin 

100 cSt 

2 

7 23.4 Lithium-complex Polyalpha-olefin 

30 cSt 

2 

8 13.9 Lithium-complex Naphthenic 

30 cSt 

2 

Two sets of experiments were carried out, each with six parameters. Five of these parameters 

were identical in both cases, the 6th was base oil type in test series 1 and thickener 

concentration in test series 2. The parameters and their 'levels' are summarized in 

tables 2 and 3. 

In the first test series the following factors were smdied for a lithium complex grease: contact 

pressure (p), temperature (°C), slip parameter (Au/u), entrainment velocity (u), surface type 

(St), viscosity ((j,) and oil type (Naphthenic, Polyalphaolefin), see table 1. In the next series the 

following parameters were smdied for a lithium-12-hydroxy stearate structure: contact pressure 

(p), temperamre (°C), slip parameter (Au/u), entrainment velocity (u), surface type (St), 

thickener concentration (High, Low) and viscosity (u), see table 2. 

The qualitative variable or 'levels' could also be conveniently coded. High and low levels were 

used for the qualitative factors and they were designated by '+' and '-' respectively, 

see table 1, 2 ,3. 

For the surface type, oil type and thickener concentration the numerical values +1 and -1 were 

used for the high and low levels respectively in evaluation of the results. 
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TABLE 2: Parameters investigated in test series no. 1. 

Value 

Parameter ^ \ 

Low 

+ 
High 

Contact pressure (p) 

GPa 

0.485 0.664 

Temperature (T) 

<€ 

40 60 

Slip parameter (Au/u) 0 0.20 

Surface type 

(S t) 

Chromium Glass 

Kinematic visc.(u) 

at40°Cmm2/s 

30 100 

Oil type Naphthenic Polyalphaolefin 

TABLE 3: Parameters investigated in test series no. 2. 

\ v Value 

Parameter 

Low 

+ 
High 

Contact pressure (p) 

GPa 

0.485 0.664 

Temperature (T) 

<C 

40 60 

Slip parameter (Au/u) 0 0.20 

Surface type 

(St) 

Chromium Glass 

Kinematic visc.(u.) 

at40°Cmm2/s 

30 100 

Thickener concentration 

(Tc) 

11.8 wt% 19.6 wt% 

Lithium-12-hydroxy stearate structure with two different thickener concentrations were used, 

see table 2. "Thickener (-)' has 11.8 wt% in average and 'thickener (+)' has 19.6 wt% in 

average. 
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3. R E S U L T S 

The measurements from investigations 1 and 2 gave the total drop volume leaving the contact 

during a number of frames, taken with the video camera. Forty to fifty drops were measured in 

a single experiment. The standard deviation of the total drop volume in a single experiment was 

around 7*10~6 mm3. Tests were made at two different velocities 0.1 m/s and 0.2 m/s. 

Comparing the 0.1 m/s with 0.2 m/s tests showed that there was no significant effect of velocity 

on drop volume in this velocity range. To evaluate if the drop formation was dependent on 

electrical fields the ball and the disc were set at a different electrical potential, 17 volts. The 

potential difference did not show any significant affect on drop formation. 

The main effects distinguishable from noise in test series 1 were pressure and surface type, as 

well as the two-factor interaction sliding*viscosity. 

For test series 2, sliding was the principal effect distinguishable from noise. Two-fåctor 

interactions were slip parameter * temperamre, thickener concentration*slip parameter, 

viscosity*surface type. It proved impossible to tell the effects of the three-factor interactions, 

pressure * temperature * viscosity vs. slip parameter * surface type * thickener concentration, 

pressure * surface type * viscosity vs. temperature * shp parameter * thickener concentration 

i.e. one can not tell witch one of the three-factor interactions that effects the total drop volume. 

Since all the interaction effects mentioned above are large compared to the other effects, they are 

worth paying attention to. 

A further smdy of the two-factor interaction effects can be made by plotting the response 

surface function. This is done in Figures 5 and 6. However, these only show the tendency of 

the interaction between the different parameters; one should not look at the absolute values. 

Each comer of the response surface plots is a mean value of the drop volume for all the tested 

lubricants run at the two different parameter-levels. That means that an interaction effect is 

shown, but not in which direction it goes for each different single parameter. 

The response surface plot from the interaction in test series 1 is shown in figure 5. The drop 

volume is given as a function of viscosity and slip parameter. This plot shows, for example, 

that at 20 % slip, going from a high viscosity to a low viscosity will increase the total drop 

volume or that going from 20 % slip to pure rolling with a high viscosity will increase the total 

drop volume. The change in total drop volume is within the error for the measurements when 

the slip parameter is equal to 0 % and the viscosity changes and also with a viscosity equal to 30 

cSt with the slip parameter changing, see figure 5. One conclusion is that the cavitation pattern 
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is dependent on the relative velocity of the ball and the disc and therefore affects drop 

formation. 

A single test was made to look at the ball surface how the cavitation pattern changes with small 

changes in the velocity field around the contact. This was done by moving the ball axis of 

rotation so that it was not in line with the centre axis of the disc. This experiment showed that 

the formation of the pattern was sensitive to the relative motion of the surfaces, in this case due 

to the two dimensional shear field created. 

In figure 6a-c, the interactions for test series 2 can be seen. The interaction effect of slip 

parameter and temperature in figure 6a shows that low temperature and going from 20 % slip to 

0 % will increase the total drop volume. Going from 60 °C to 40 °C with pure rolling will 

increase the drop volume but at 20 % slip and a change in temperature, and with 60 °C and a 

change in slip parameter this two will cause no significant changes to the total drop volume 

compared to the measurement errors. 

The interaction of thickener concentration and slip parameter in figure 6b shows that the total 

drop volume will increase when changing the thickener concentration from low to high at 20 % 

slip. It also increases for 'low'-thickener and going from 20 % slip to 0 %, and when changing 

the thickener from 'high' to 'low' in pure rolling. Using 'high'-thickener and changing the slip 

will not affect the drop volume significantly. The 'high'-thickener has a higher mechanical 

stability than the 'low'-thickened structure. If the 'low' thickened structure, which is more 

sensitive to shearing, breaks down due to the change in slip parameter, the grease may change 

it's rheology and therefore drop formation can also change. This can explain the difference 

between the two different thickener concentrations. 

In figure 6c the interaction effect of viscosity and surface type is shown. The total drop volume 

will increase for a glass surface and when the viscosity goes from high to low. It also increases 

when the viscosity is 30 cSt and the surface is changed from chromium to glass. Neither with a 

high viscosity and change of surface, nor with the chromium coated disc and change in 

viscosity can any effect on the drop volume be seen. The drop formation is dependent both on 

the viscosity and the surface energies. 
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Figure 6a: The interaction effect of slip parameter (Au/u) and temperature 

C°C) on the total drop volume, from test series 2. 



"High"-Thickener 

• 0.15 0 , . 
. 0.20 S " P Parameter 

Figure 6b: The interaction effect of thickener cone. (Tc) and slip parameter 
(Au/u) on the total drop volume, from test series 2. 

Viscosity [cSt] 
Chromium coated surface 

Glass surface 

Figure 6c: The interaction effect of viscosity m and s u r f a c e ^ ^ m ^ 

drop volume, from test series 2. 
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4. ANALYSIS 

4.1. Fluctuations in Cavitation Fingers 

When the grease is over rolled by the ball it is squeezed away, due to the geometry and the 

pressure within the contact, to the sides of the contact in the inlet region. At the outlet zone, 

where the gap between the ball and disc is diverging, the lubricant will cavitate. The cavitation 

pattern looks like a tree with branches at approximately 45 degrees to the rolling track, see 

figure 7. The width of the branches increases further away from the track due to the geometrical 

separation. In the track, a striated pattern of very small branches can be seen. Filming the gap 

between the ball and the disc in the outlet region where the surfaces are diverging one can 

observe that there is a difference between the investigated greases when they form the cavitation 

pattern. 

Figure 7: The cavitation pattern around the contact viewed through the 

glass disc. 

In the diverging gap the grease will form a thin wall reaching from one surface to the other. 

When the wall is thin enough it will shape into thin rods, which can brake into droplets in the 

middle area, at the disc and ball surface they will leave a bump. The ability to form these thin 

rods differs between different thickener concentration, surfaces, sliding parameters and oil 

types. Increasing shp and having a glass surface will increase the ability of the thin wall to 

shape into a rod. A high a base oil viscosity of 100 cSt with lithium-12-hydroxy stearate will 

increase the ability to shape into a rods. The thickener system lithium-12-hydroxy stearate 

increases the ability to form rods, lithium complex thickener decreases that ability. 
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The surface of the cavitation pattern on the ball, shows different structure for different greases. 

The surface of the bands is sometimes as smooth as a mirror and sometimes rough. The 

smoothness varies with the height of the fingers and the base oil viscosity. High fingers appear 

for greases with a smooth surface and low fingers can be seen when the grease surface is 

rough. Low base oil viscosity (30 cSt) gives a rough grease surface and high base oil viscosity 

(100 cSt) gives a smooth surface. The cavitation on the ball also changes it's pattern with 

different slip parameter values i.e. the cavitation pattern is dependent on the velocity field 

around the contact. 

4.2. Solid Surface and Base Oil Influence 

The surface influence can be, through different mechanisms, the surface properties of the base 

oil, the thickener and the surrounding solid surfaces, or a combination of these. By measuring 

the dynamic contact angle of the base oils, see figure 7, it was possible to estimate the influence 

of the base oil, geometry and the solid surfaces. The thickener system influence can not easily 

be evaluated from the base oil measurements because the thickener is chemically and physically 

bonded to the base oil. 

Disc surface \ ^ 
d 

/ a 
u , 

Wetting line 

Ball Surface 

Figure 7: Dynamic contact angle for the disc 0 d and the ball ©t,. 

The equilibrium contact angle, 0 e , formed between a drop and its supporting surface is directly 

related to the forces acting at the liquid/sohd interface. Equilibrium of interfacial forces between 

the solid, liquid, and vapour gives: 

Y l v *cos0 e = Y s v - Y s i (1) 

Ysv = Y s - n (2) 
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The contact angle varies with the relative interfacial velocity, U*, between the stationary liquid 

and the moving surface. See figure 8 

Wu 1 0 suggests that in the surface velocity range 0.014-0.28 m/s the retarding force is the bulk 

viscosity and: 

tan© = 3.4(Ca)1/3 (3) 

Figure 8: Contact angle on smooth rigid, homogeneous, and planar 

surface. 

When Ca < O(0.1) the liquid completely wets the solid and the relation between dynamic 

contact angle © and capillary number Ca can be modelled as a power function of the type 

according to Berg 1 1 : 

© = C,-(Ca)Cj (5) 

Where Cj and C2 are constants to be experimentally determined. 

The slip, viscosity and surface influence on the total drop volume in figures 5 and 6 may be 

explained by studying how the dynamic contact angle (©) varies around the contact point on 

both the disc and the ball surfaces. 

U* is the perpendicular (normal vector) velocity to the wetting hne that will form on both 

surfaces. On the disc U* will be zero in the direction of the ball axis and maximum 

perpendicular to the ball axis in the outlet region. On the ball the wetting hne will form a circle 
on the spherical surface of the ball and U* will then be the perpendicular velocity to that circle 
hne, see figure 9. The velocity U* has therefore to be calculated for both the ball and the disc. 
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Figure 9: Contact seen from above with the velocity u*. 

0 e , the static contact angle, was measured using a goniometer, as in Larsson et al . 5 _ 6 . The 

viscosities of the liquids were measured with a cone and plate viscometer. These values for the 

4 oils tested, along with y l v *cos0e , are given in table 4. 

TABLE 4: Properties of the base oils tested. 

Oil type Naphthenic Polyalphaolefin 

Kinematic vise, (p:) 

at40°CcSt 

32 100 30 100 

Surface tension ( Y i v ) 

mN/m 

28.5 28.4 28.3 26.5 

Spec, gravity 

kg/m3 15°C 

890 900 830 856 

Sihcon nitride 
Y i v * C O S 0 e 

mN/m 

28.33 27.76 28.13 26.01 

Glass 
Y v *cos0e 

mN/m 

28.13 27.54 28.01 26.00 

Chromium 

Ylv *cos0e 

mN/m 

27.96 27.52 27.96 25.98 

By curve fitting a power model of the type: 0 = Cl • (Caf2 to the measured dynamic contact 

angles in the ball and disc apparatus, and calculating U* b , U * T ) 0 it was possible to determine 

how Øj, ,©d varied around the contact at one Hertzian radius. The dynamic wetting angle ratio 
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0b/0 d was calculated for different viscosities and different surfaces around the contact. Figures 

10a and 10b show ©(/©d for the two different base oils used. The entrainment velocity in the 

direction of motion (u) is 0.3 m/s in figures 10a and 10b. The figures shows how the dynamic 
wetting angle ratio ©t/Ød varied around the contact when viewed from above, see figure 11. 

©b 

E i 1 1 1 . 1 ' ' S  

CP 20° 40° 60° 80° 100° 120° 140° 160° 180° 

Figure 10a: Dynamic contact angle around the contact for the ceramic ball ©t, and the disc 0 d . 

u=0.3 m/s, (i= 100 cSt, 

1.= glass disc and U b = 0.8* U d , 

2 = glass disc and U b = 1.25* U d , 

3.= chromium coated disc and U b = 1.25* , 

4 = chromium coated disc and U, = 0.8* U, 
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CP 20° 40° 60° 80° 100° 120° 140° 160° 180° 

Figure 10b: Dynamic contact angle around the contact for the ceramic ball ©t, and the disc 0 d . 

u=0.3 m/s, \i= 30 cSt, 

1. = glass disc and U b = 0.8* U d , 

2. = glass disc and U b = 1.25* U d , 

3. = chromium coated disc and U b = 1.25* U d , 

4. - chromium coated disc and U, = 0.8* U, 

Hertz radius (Ro) 

Figure 11: Contact seen from above. 

Even if the ball and the disc have almost the same surface tension (y iV *cos©e) there can be a 

difference in the dynamic wetting angle (0 ) in the outlet region between the ball and the disc, 

i.e. ©b/Od is not always 1.0, but varied between 0.15 to 1.3 at the outlet. 

For example in the outlet region (<p = 90°), at one Hertzian radius, the ball surface wetting angle 

(©b) is 0.4 times the disc wetting angle (@d) in figure 9a, curve number 1. The dynamic 

wetting angle ratio ©b/©d c a n be as high as 1.3 in figure 9a, curve number 3. For a typical 

value of © b = 25°, the left hand side of equation 1 gives a wetting force ratio (cos©), / cos©d ) 
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varying from 1.96 to 0.96 depending on the slip parameter. This means that the ball surface 
typically has a higher attraction to the base oil than the disc surface for the u b = 0.8* u d case, 

(cos©b / cos0d > 1). A small slip parameter change will cause a wetting difference between the 

ball and the disc in the outlet of the contact. 

The number of drops formed in the gap between the two solids may therefore be affected by the 

dynamic wetting angle ratio due to surface tension between the base oil and the solid surfaces. 

If these are covered by some layer from the grease structure the surface tension of that layer will 

also change the wetting angle ratio. A smdy of a grease-lubricated EHD point contact using IR 

spectroscopy and optical interferometry, found that thickener material, soap particles, formed a 

layer on the track, see Cann 1 2 . This layer was around 50 nm thick. This can explain the 

influence of the slip parameter in figures 5 and 6. 

5. DISCUSSION 

The following mechanism which controls the drop formation is suggested. In the diverging gap 

the grease will form a thin wall reaching from one surface to the other. When the wall is thin 

enough it will shape into thin rods, which can brake into droplets in the middle. At the disc and 

ball surface they will leave a bump. When the surfaces have almost the same dynamic wetting 

angle ratio (©{/©d = 1) the thin rods do not know which surface they will go to when they 

break. Therefore to minimize energy the rods can form droplets instead of bumps on the 

surface. When ©t,/©d = 1 drop formation will increase. Looking at figure 10b, curve number 

2, ©b/Ød = 1 at the outlet. This curve represent a glass disc with a 30 cSt base oil viscosity and 

20 % slip between the disc and the ball. If this assumption is valid, looking at the results from 

the drop formation measurements in figures 5 and 6c one should find that there is a good 

correlation. This is the case. In figure 5,30 cSt and 20 % slip show increases in the drop 

volume, in figure 6c, glass surface and 30 cSt also show an increase in the drop volume. This 

drop formation mechanism is also confirmed by curve number 3 in figure 10a compared with 

figures 5 and 6c. 
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6. CONCLUSION 

The principal factors affecting the volume of grease thrown out into the air at the outlet side of 

the Hertzian contact area were shp, pressure, viscosity, surface energy and thickener 

concentration. These conclusions are valid in 0.1 m/s - 0.2 m/s velocity range. 

1. The cavitation pattern is dependent on the velocity field around the contact for the 

investigated greases. 

2. A small slip parameter change will cause a wetting difference between the bail 

and the disc in the outlet of the contact for the base oil. 

3. There is a correlation between the dynamic wetting angle and drop formation. 

Applying the conclusions (4-9) to a bearing design application, we can suggest the following 

'recommendation' to suggest how drop formation can be maximized or minimized. 

4. 20 % slip and low viscosity (30 cSt) will increase the total drop volume. 

5. Pure rolling and a change in viscosity from 30 -100 cSt will not affect the total 

drop volume. 

6. 40 °C with pure rolling will increase the drop volume. 

7. The total drop volume will increase when changing the thickener concentration from 

iow'-concentration (11.8 wt%) to 'high'-concentration (19.6 wt%) at 20 % slip. 

8. 'Low' -concentration and with pure rolhng will increase the drop volume. 

9. With glass surface and a 30 cSt base oil the drop volume will increase, but with a 

chromium coated surface the volume will decrease. 

10. Comparing the 0.1 m/s with 0.2 m/s showed that there was no significant effect of 

velocity on drop volume in this velocity range. 
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NOMENCLATURE 

A Power law coefficient 

Anew Power law coefficient 

B Power law exponent 

C Scale coefficient 

D Filament diameter [|im] 

h Filament height [\im] 

Ot Oil type 

p Contact pressure [Pa] 

T Temperature [°C] 

T t Thickener type 

Ub Normal velocity [m/s] 

ri Dynamic viscosity [Pas] 

|1 Kinematic viscosity [m2/s] 



ABSTRACT 

A new apparatus has been developed to study filament formation of greases and oils. The 

instrument gives the opportunity to measure the elongation of a filament as a function of time as 

two surfaces separate. It is also possible to measure the lift-off (adhesion) force acting between 

the two surfaces as a function of time. Variation of separation velocity of the surfaces was 

achieved by adjusting the fall height of a weight. Using a microscope and a high-speed video 

camera it was possible to film the detailed behaviour of filament formation between the 

surfaces. The high-speed video system used was a black and white image system. This system 

allowed 2000 frames/s to be recorded. 

The filament formation in response to normal velocity, temperature, contact pressure, base oil 

viscosity, thickener type, base oil type was studied. Eight different grease formulations were 

used in the experiments. These were based upon naphthenic and polyalphaolefin base oils of 

two different viscosities. Lithium complex and Lithium-12-hydroxy stearate soaps were used as 

thickeners. None of the lubricants contained additives. 

Two different factors were smdied using factorial design approach; the 'lift-off or separation 

energy needed to separate two grease lubricated surfaces and the geometrical relationship 

between the length and diameter of a single filament formed during the separation of the 

surfaces. 

The main effects for filament formation were viscosity as well as the two-factor interaction 

temperature and thickener type, viscosity and thickener type. From the statistical results, an 

empirical model for the geometry formation was developed. This model will show which 

parameters are important for the filament geometry. 

The parameters effecting the separation energy were viscosity and thickener type, as well as the 

two-factor interaction thickener type and viscosity. 

The mean separation energy increases with decreasing temperature for all the investigated 

greases. The 30 cSt base oils has a higher separation energy than the 100 cSt base oils. The 

separation energy can not be explained with the base oil viscosity and temperature solely. All 

greases containing the naphthenic base oil have a shghtly higher separation energy compared to 

greases with polyalpha-olefin base oil. 
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1. INTRODUCTION 

Grease is comrnonly used as a lubricant in rolling element bearings. It has the advantage over 

lubricating oil in that, due to its consistency, it stays near the lubricating point and also acts as a 

seal, preventing the entry of impurities and water into the bearing. A lubricating grease consists 

of a lubricating oil, the base oil, a thickening agent and different additives. With metalhc soap as 

the thickening agent, the grease is a two-phase system where the base oil is kept in place by a 

structure of soap particles in a similar way to water being held in a sponge. Naphthenic mineral 

oil thickened with lithium soap is the most common grease in use today. 

In grease lubricated applications, maintaining a supply of grease at the area of action is very 

important to ensure long life and maintenance free operation of a machine element. A bearing 

contact can be starved of grease even though the bearing housing contains a sufficient supply of 

grease due to the natural stickiness of the grease which limits its ability to flow back into the 

contact region. An efficient mechanism to transport the grease from near the contact region 

back to the rolling track is therefore necessary. Numerous phenomena such as capillary forces, 

vibration, drop formation, oil bleeding etc. can contribute to this process. The replenishment 

mechanism has been investigated by several authors Pemberton and Cameron5, Gohar2, Chiu3, 

Patel4, Åström et al.5, Larsson et al. 6 - 7, Larsson and Jacobson8. 

To simulate the contact between a ball and a race in a bearing, a ball and disc apparatus can be 

used. It is well known that in this kind of apparatus, grease starvation will occur in the contact 

between the ball and the disc after only a few revolutions of the disc if the grease is not pushed 

back on to the race way, see Åström et al.5 and Cann9 

In the outlet zone, where the gap between the ball and disc is diverging, the lubricant will 

cavitate; the lubricant forming a thin wall reaching from one surface to the other which, when 

the wall is thin enough, will form into thin rods which finally break and collapse onto the disc 

and ball. The resulting cavitation pattern looks like a tree with branches at approximately 45 

degrees to the rolling track. The width of the branches increases further away from the track due 

to the geometrical separation, see Larsson and Jacobson 8 . The formation and character of this 

cavitation pattern is thought to play an important role in maintaining a supply of grease in the 

contact region of a bearing due to the fact that the outlet region of one ball is the inlet region of 

the next ball to enter the same spot on the race. It is therefore important to understand this 

mechanism and the reasons for starvation. 

The fact that greases are semi-hquid lubricants comprising a mixture of oils of different polarity 

and with different types of thickener systems, makes understanding the mechanism of the 
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break-up of grease surface and filament formation a very complex problem. The viscosity of the 

oil, type of oil (polarity), surface tension, as well as the manufacturing process will affect the 

rheology of a grease. The manufacturing process will affect the colloidal thickener lumps, i.e., 

the size and distribution of the thickener will vary between different processes. Time dependant 

properties such as the material relaxation time under a given loading condition are also very 

important in the formation of a grease filament. 

In this investigation, the energy needed to separate two lubricated surfaces from each other and 

the subsequent formation of a filament has been smdied. An apparatus for testing tension 

properties of greases and oils has been used to evaluate the most important parameters effecting 

the formation of a grease rod or 'filament'. 

1.1. Energy Required to Form a Filament 

Energy losses in tribological systems can be through many different mechanisms such as 

elastic-, plastic-, and shear deformation, K u h n 1 < M M 2 . Energy loss due to filament formation is 

associated with rheological properties of the grease. Reducing the energy losses will increase 

the efficiency of the system and also reduce the input power required by the system. 

The flow curve in a shear stress shear rate diagram has been smdied by Mas and Magnin13 for 

two different greases; Li-12-OH and Ca-complex. Their findings showed that the stress 

overshoots due to a transient (start up) shear rate are not the same for the two greases. The Ca-

complex grease is characterised by overshoot that are several times higher than the steady state 

stress value, whereas the overshoot for Li-12-OH almost never exist. From this it can be 

concluded that the thickener type and possibly also the thickener structure has an influence on 

the magnimde of stress overshoot. 

1.2. Geometry Influence on Filament Break-Up 

In addition to grease bearing applications, the splitting of liquid films is also a key mechanism 

in journal bearings, adhesion, paper printing and other applications, Parkins and May-Miller14, 

Jacobson and Hamrock15. Myers et al. 1 6 found that the splitting of a liquid in a two roller 

apparatus was dependent on pressure, film thickness and the rotational speed of the rollers. As 

the rotational speed increased the kinematic picture of the liquid at the outlet changed from a 

harmonic to a chaotic flow, with bubbles and filaments stretching from one surface to the other. 
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Coyle et a l . 1 7 as well as Larsson et a l . 7 - 8 used the capillary number to describe the influence of 

liquid surface tension, surface velocity and the viscosity in the formation of liquid layers on 

double curved surfaces. The elasticity of the liquids combined with the rotational speed and 

rotational speed ratio (a difference in relative velocity between the surfaces) was found to be 

important for the structure at the liquid surface. Coyle also found that the Deborah number, the 

ratio of the material relaxation time to the characteristic process time, influences ribbing and the 

liquid surface pattern. 

Using a Carri-Med elongational viscometer, Ferguson and Hudson 1 8 and Jons et al. 1 9 found 

that the relaxation time of the liquid played an important role in strain hardening. By separating 

the viscous and the elastic parts from the extensional stress it was possible to obtain a clearer 

understanding of the apparent elongational viscosity response. 

A great number of scientists have examined the dispersion of one liquid into a second 

immiscible liquid under different conditions both experimentally and numerically. Even though 

these investigation have been carried out in a liquid-liquid phase and the lubricants are often 

used under atmospheric conditions, a number of conclusions of relevance to the present smdy 

can be drawn. First, the mode of deformation and break-up of a modelled viscoelastic fluid was 

seen to depend upon the imposed shear rate. In addition, the number and the size of the droplets 

formed was shear rate dependent; in contrast to a Newtoman fluid, the behaviour of a 

viscoelastic fluid was dependant on the elasticity of the drops, Varanasi et al. 2 0. The shear rate 

dependency is assumed to be coupled to the normal velocity in the measurements. 

One of the conditions that affects filament break-up is the contribution of interfacial tension. 

This phenomenon has been smdied by Tjahjadi and co-authors 2 1 who determined the 

contribution from interfacial tension using a flow-induced drop deformation. When the shear 

rate was high enough to exceed the critical capillary number necessary for continuos drop 

extension (filament build up) the shearing was stopped. The experiment was recorded 

photographically using a camera connected to a stereo microscope. They found that the ratio of 

the filament length to the mean filament diameter affected the break-up of a filament. The 

deformation time and the viscosity were also found to play an important role. The same 

influence of viscosity has been observed by other authors Stone22, Kennedy et al. 2 3, 

Pozrikidis24. 

According to Bousfield et al. 2 5 , the surface tension driven break-up of viscoelastic filaments is 

quahtatively different from that of Newtonian hquid filaments. The initial surface tension-driven 

deformation increases much more rapidly for a viscoelastic fluid than in filaments of Newtonian 

liquids; the viscoelasticity acting to retard satellite drop formation and maintaining the tiiinnest 

point on the filament at it's midpoint. Leonov 2 6 smdied stretching of elastic filaments and 
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found that a typical transition from a slightly deformed to a highly stretched (oriented) state can 

happen. 

For lubricating greases, thickener type, the type and characteristic size of the grease stmcmre, 

viscosity, shear strain rate, surface energy, viscoelasticity and the relaxation time all influence 

the formation of a filament. These physical parameters, as well as the influence of different 

contact surface materials, can be tested in a rheometer by studying the flow curve. Based upon 

this, it may be possible to apply the results from rheometer tests onto filament formation results. 

Thus, a simple rheometer test can provide valuable information concerning filament formation. 

2. TEST APPARATUS 

The equipment used, see figure 1, consisted of a ceramic ball mounted at the end of a rocker. 

The ball rested on an instrumented beam fixed at one end to the foundation of the apparatus. 

The contact was separated against an applied spring load using a simple falling weight acting 

against an impact block. Variation in separation velocity of the ball and beam could be 

accomplished by adjusting the fall height of the weight. 

The position of the rocker was recorded by a linear transducer connected to an oscilloscope and 

a computer. The instrument was designed to measure the position of the ball as a function of 

time as the rocker rotated during separation of the ball / beam contact. It was also possible to 

measure the force between the ball and beam as a function of time using a beam with strain 

gauges. 

The temperature of the ball surface was measured using a thermocouple simated near the contact 

point between the ball and beam. 
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Figure 1: Design of the instrument (side view). 

In addition to the force and position transducers, a microscope focused on the contact was 

connected to a high speed-video camera to allow the behaviour of filament formation between 

the ball and the beam to be recorded for later analysis, see figure 2. The contact was illuminated 

via a fibre optics bundle. The high-speed video system was a black and white image system 

which could record up to 2000 frames/s. 

Image system 

1 • VHS Tape recorder 

\ 1 1 \ 
| t = VHS 

Figure 2: Design of the instrument (plan view). 
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2.1. Operational Principle 

The impact block and weight were connected via a thin thread. The thread ran over a wheel so 

that by allowing the weight to fall from different heights, the impact velocity of the block could 

be varied. This impact caused the rocker to rotate around its pivot point and thus separate the 

ball from the beam. To stop the ball rebounding onto the beam the rocker was stopped by a 

hook when it reached the upper limit. The location of the ball as a function of time was 

measured using a linear transducer at the opposite end of the beam. Also the image system 

could be used to measure the location of the ball. The linear transducer was only used in the 

energy evaluation and comparing the ball location in the images with the linear transducer 

showed good agreements. The normal adhesion force between the ball and the beam was 

measured using strain gauges in a half bridge arrangement. The half bridge and position 

transducer were both connected to the oscilloscope and computer which allowed the position 

and strain to be seen and recorded for later analysis. 

2.2. Performance of the Apparatus 

The normal velocity of the ball / beam contact separation could be varied between 0.05 and 1.2 

m/s. The total distance of travel of the ball relative to the beam was a maximum of 0.9 mm and 

thus the maximum filament length was also 0.9 mm. The linear sensor provided a resolution of 

the ball location of ± 0.005 mm, calibrated using a dial indicator. 

The contact pressure between the ball and beam had an accuracy of ± 0.008 GPa for all the 

contact pressure levels used, see Hamrock27 and Johnson28. 

The strain gauges that measured the normal adhesion force between the ball and the beam had a 

force resolution of ± 1 mN up to a maximum force of 0.3 N. The time step resolution between 

two consecutive measurement points for both the distance and the force was 12.5 (is. 

Temperature of the ball surface was measured using a thermocouple simated near the contact 

point between the ball and beam. This allowed the temperature of the lubricant in the range 20°C 

to 60°C to be measured to within ± 1 °C. 

With the microscope and high-speed video camera it was possible to capture images at a rate of 

30 - 2000 frames/s. Calibration of the true filament shape was made using a linear transparent 

scale. By filming the scale and then processing the images in a commercial image analysis 

program it was possible to measure the true diameter and height of the filament with an accuracy 
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of 5 |im. The filament formation was measured in detail every 1/1000 of a second using the 

image analysis programme by stepping frame by frame. 

3. TEST PROCEDURES 

The beam and the 25.4 mm ceramic ball were cleaned with toluene solvent and the lubricant 

sample was placed on the beam surface. A hot air gun was used to heat the lubricant and the test 

apparams to the desired temperature. The spring load was then applied and the oscilloscope set 

to be triggered by movement of the ball / rocker using the output from the linear transducer. 

When the desired operating conditions were reached, the high speed video camera was started 

and the weight was dropped to separate the ball / beam contact. The rocker was stopped by the 

hook when it reached the upper limit. The video camera was then stopped and the event was 

stored on a commercial VHS video tape. Data from the oscilloscope were stored on the 

computer. This was repeated for all tests. 

3.1. Lubricant Properties 

Several different parameters could be smdied in the simple apparams used. These included 

normal velocity of separation, temperamre, contact pressure, base oil viscosity, thickener type 

and base oil type. 

Eight different greases, based upon naphthenic and polyalphaolefin base oils of two different 

viscosities, were used in the experiments. Lithium complex and lithium-12-hydroxy stearate 

soaps were used as thickeners, see table 1. These greases were chosen to evaluate how 

thickener type, base oil type and viscosity of the base oil affect the energy and geometry of 

formation of a filament. None of the lubricants contained additives. 
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Table 1: Composition of the greases tested. 

Grease Soap content 

(wt%) 

Thickener Type Base oil NLGI grade 

1 13.2 Lithium-12-

hydroxystearate 

Naphthenic 

100 cSt 

2 

2 8.2 Lithium-12-

hydroxystearate 

Naphthenic 

100 cSt 

1 

3 10.4 Lithium-12-

hydroxystearate 

Naphthenic 

30 cSt 

2 

4 16.3 Lithium-complex Naphthenic 

100 cSt 

2 

5 13.9 Lithium-complex Naphthenic 

30cSt 

2 

6 18.2 Lithium-12-

hydroxystearate 

Polyalpha-olefin 

100 cSt 

2 

7 18.7 Lithium-complex Polyalpha-olefin 

100 cSt 

2 

8 20.9 Lithium-12-

hydroxystearate 

Polyalpha-olefin 

30 cSt 

2 

3.2. Evaluation of Data 

For quantifying the energy expended, the geometry of a filament, and to evaluate possible 

interactions between the test parameter values an experimental technique called Factorial Design 

was used. This technique allows the importance of single parameters, as well as groupings of 

parameters to be found. Once the principal parameter(s) affecting the investigated 'response' 

value are identified, closer investigation of these parameters can be made. Without this 

technique, an impossibly large number of experiments would have to be carried out. 

For the thickener type and oil type the numerical values +1 and -1 were used for the high and 

low levels respectively in evaluation of the results. The parameters and their 'levels' are 

summarized in table 2. 



9 

Table 2: Parameters investigated. 

Parameter*--^ 
Low 

+ 
High 

Normal velocity (Ub) 

m/s 

0.05 0.10 0.15 0.20 

Temperature (T) 

°C 

20 40 - 60 

Contact pressure (p) 

GPa 

0.4 0.5 - 0.6 

Kinematic visc.(u) at 

40°C mm2/s 

30 - - 100 

Thickener type 

(Tt) 

Lithium- 12-OH - - Lithium-

complex 

Oil type 

(Ot) 

Naphthenic - - Polyalpha

olefin 

The commercial program Statgraphics®29 was used to evaluate the parameters. For more theory 

on factorial design see Box et al. 3 0 . 

To allow a better mathematical model to be developed, measurements were also made between 

the 'high' and the 'low' levels for the investigated parameters. Only the highest and the lowest 

levels are used in the Factorial Design analysis. 

Note that the mathematical model is only valid for the investigated greases. To obtain a general 

model a more fundamental physical smdy has to be made. Nevertheless, the results provide 

valuable knowledge to more general grease behaviours. 

3.2.1 Calibration Tests 

To allow an accurate evaluation of the data, some experiments were made with a dry contact. 

According to Bowden and Tabor 3 1 adhesion in dry contacts and contacts with a thin separating 

film depends upon humidity. 

The results of these tests showed that the adhesion between the ball and the beam in room 

temperature atmosphere in this 'dry' simation was negligible compared to the adhesion level of 

the lubricated contact. The dry characteristic was, however, subtracted from the lubricated case 
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so that the dynamics and other characteristic of the force sensor did not effect the evaluation of 
the measured data. 

3.2.2 Separation Energy Tests 

The response variable for the energy expended during separation of the contact was calculated 

as the force acting on the beam multiplied by the normal distance the ball had moved. This was 

done for each time step until the ball and the beam started to separate (the top of the force 

curve). When the surfaces start to separate formation of a filament starts. This initial force is 

very high compared to the force needed to stretch the filament and explains the decrease of the 

force curve after the 'area of interest' marked in figure 3 which shows typical measurement 

data. 

Force [mN] 

200 

Distance [mm] 
1.2 

20 
Time [ms] 

Figure 3: Typical measurement plot. Force and distance vs. time. 

3.2.3 Geometry Tests 

To allow analysis of the formation of a filament, the event was filmed and subsequently the 

image analysis program was used to measure the true diameter and height of the filament, see 

figure 4. By plotting height against minimum filament diameter for every run and fitting a curve 

following a power-law model, see equation (1), to the data, it was possible to compare the 

curve fitted constants A and B with the test parameter values. In that way A and B will have 

different values for different test conditions. 
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Figure 4: Filament geometry during contact separation. Ub is the normal velocity. 

h =A*D B (1) 

4. RESULTS AND DISCUSSION 

For filament formation, only the power-law coefficient B, in equation (1), was affected by the 

investigated parameters. The main effects for filament formation were temperature and viscosity 

as well as the two-factor interactions temperature*thickener type, viscosity*thickener type and 

oil type*thickener type. In figure 5 the different parameters and their interactions are shown. A 

significant value of one means that the parameter has a big influence on the response. 
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Figure 5: Significant value for coefficient A and B vs. investigated parameters. 
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The main effect, temperature, and the two-factor interaction oil type*thickener type have a low 

influence on factor B when the viscosity has been corrected for temperamre. This is due to the 

strong dependency of viscosity on temperature. Factor A in equation (1) was dependent upon 

temperature for some of the greases but the temperature dependency could not be clearly seen in 

the data. 

The measurements showed that, for the separation energy, the main effects were viscosity and 

thickener type, as well as the two-factor interaction thickener type*viscocity. 

Since all the interaction effects mentioned above are large compared to the other effects, they are 

worth paying attention to. 

4.1. Filament Formation 

Using the main effects and the two-factor interactions from the statistical investigation it was 

possible to build an empirical model of the geometry formation and break-up. This model will 

only show which parameters are important for the filament geometry and the model can only be 

used for these eight greases. The exponent B was fitted to the measured data using the main 

effect viscosity (Jl) and the two interactions temperature (T) and thickener type (Tt), viscosity 

( T ) ) and thickener type (Tt), see equation (2). Note that the constants in equation (2) are not 

dimensionless. The value of T t can only be +1 or -1, see table 2. 

B =-1.814*77 + 1.931*10"3*7*r, -0.401*77*7, (2) 

Using equations 1 and 2 allows the height of a filament as a function of the diameter, viscosity, 

temperature and thickener type to be calculated. This empirical model was then plotted against 

the measured data. Equation (1) and (2) give a correct shape for the curvature, but it has to be 

translated, see equation (3). Coefficient C takes care of the magnimde of the filament radius 

being smdied i.e. the volume is not constant for the different greases. New constant A n e w and C 

can then be fitted to the measurements. 

h = Anew*DB +C 10 pm<D <500 am (3) 

Table 3 shows the fitted results for factors A n e w and C. Note that equations 2 and 3 gives the 

length unit in p.m. The maximum measured height was 600 urn just before filament break-up. 

This is the limit of equation (3). The new fitted equation (3) has a correlation value of 0.99 for 

the fitted data in figure 6. 
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Table 3: Factor A n e w and C for the investigated greases. 

Grease 

no. 

1 2 3 4 5 6 7 8 

Anew
 = 

20°C 

C = 

5.47E3 

-130E-6 

3.17E3 

-70E-6 

1.66E3 

-660E-6 

-2.95E3 

3.55E-3 

0.55E3 

-230E-6 

3.15E3 

-350E-6 

3.73E3 

-280E-6 

1.09E3 

-470E-6 

Anew = 

40°C 

c = 

2.28E3 

-700E-6 

1.60E3 

-480E-6 

1.63E3 

-720E-6 

1.92E3 

-1.00E-3 

-2.47E3 

2.70E-3 

2.52E3 

-750E-6 

2.15E3 

-1.10E-3 

1.08E3 

-490E-6 

Anew = 

60°C 

C = 

1.65E3 

-660E-6 

1.54E3 

-630E-6 

1.31E3 

-550E-3 

-0.95E3 

1.55E-3 

-2.34E3 

2.67E-3 

2.23E3 

-820E-6 

-1.45E3 

2.00E-3 

The break-up criteria for the filament is taken from the measurements. According to this, the 

minimum average diameter of a filament before it breaks is 10 um. Incorporating the break-up 

criteria in the filament formation equation (3) makes it possible to estimate the complete 

formation of the filament to break-up during separation of the contact surfaces. This is done by 

using the curve fitted data in table 3 and equation (3). A typical result at 40°C from grease 2 is 

presented in figure 6. 

Figure 6: Filament height vs. filament radius. Grease no. 2,40°C. 

Factors that can affect the filament geometry have been smdied by other scientists; Larsson with 

co-authors 7~8, Parkins and May-Miller14 and Leonov 2 6 . Their work can be divided into two 

main areas of smdy; Newtoman- and viscoelastic liquids. For Newtonian liquids, filament 

geometry seems to depend upon the pressure, film thickness and the ratio of filament length to 

filament diameter. For viscoelastic Uquids the elasticity, viscosity, Deborah number and 

imposed shear rate influences the filament geometry. The result shows that only coefficient B is 
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effects the geometry. This coefficient control the curvature i.e. the filament geometry. 

Coefficient B depends on thickener type, viscosity and temperature were thickener type can be 

correlated to the different greases which probably have different elasticity. The results do not 

show any influence from velocity (imposed shear rate). The Deborah number are not evaluated 

in this investigation. 

For both types of liquids, surface tension, velocity and viscosity are important for the filament 

geometry. 

Greases show viscoelastic properties in then flow curve. Prediction of the flow curve simply by 

looking at the ingredients of a grease without consideration of its manufacturing process is 

unfeasible. 

In equations (2) and (3), all the main effect parameters discussed above are represented dhectly 

or indirectly from the statistical evaluation of the filament formation. This simple expression 

also contains all the parameters discussed in the introduction. It contains, directly or indirectly, 

the thickener type, grease structure type and size and viscosity. 
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4.2. Separation Energy 

The separation energy was effected by the viscosity and thickener type. In figure 7 the mean 

separation energy for all the investigated greases, except grease 5, is plotted as a function of 

temperature and base oil viscosity at 40°C. The influence of base oil viscosity can clearly be 

seen in figure 7. Grease 5 shows a very high separation energy compared to the other greases 

therefore it is plotted separately, see figure 9. 

40 
Temperamre [°C] 

Figure 7: Mean separation energy as function of base oil viscosity and temperature. 

The results in figure 7 show that the mean separation energy increases with decreasing 

temperamre for all the investigated greases. The 30 cSt base oils has a higher separation energy 

compared to the 100 cSt base oils. The separation energy can not be explained with the base oil 

viscosity and temperature solely. There is also a small difference between the two different oil 

types. Greases containing naphthenic base oils did have a higher separation energy but the 

difference was small compared to the temperature and viscosity influence. 

Plotting the mean separation energy as function of the investigated greases in figure 8 may 

explain the difference. All the investigated greases have different combinations of viscosities 

and thickener types. Therefore the two factor interaction thickener type and viscosity can be 

seen as an unique property of the different greases. In figure 8 it can be seen that all greases 

containing the naphthenic base oil have the highest separation energy levels. Grease number 

two also has a naphthenic base oil but a lower consistency (NLGI grade 1). 
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Figure 8: Mean separation energy as function of different greases. 

The conclusion is that base oil viscosity plays an important role and greases based on 

naphthenic base oils have a higher separation energy than greases with polyalpha-olefin base 

oils. 

The results for grease five is presented in figure 9. These results show almost the same 

behaviour as for the other greases, but separation energy level is ten times higher compared 

with the other greases. This rather big difference may depend on the definition of the mean 

separation energy. Grease 5 did not form one single filament, it formed two or three small 

filaments while the other greases only formed one filament. The filament volume for grease 5 

will then be very small and thus the mean separation energy will be high. 
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Figure 9: Mean separation energy as function of base oil viscosity and temperature for 

grease 5. 

The adhesion between a ball and a flat surface separated by a film of liquid can be strong. If the 

separation is rapid, the inertia of the liquid may also become an important factor. As the 

surfaces are pulled apart, the liquid must flow into the space between them. The pull required to 

separate the ball and beam is not simply due to the tensile strength of the Hquid but also affected 

by surface tension. Bowden and Tabor29 calculated that if two circular discs each 25.4 mm in 

diameter are separated by a continuous film of oil 1000A thick, the adhesive force due to 

surface tension for a typical mineral oil is 300 N. 

The surface tension for the base oils is almost the same. The highest value is 28.5 mN/m for the 

30 cSt naphthenic base oil and the lowest value is 26.5 mN/m for the 100 cSt polyalpha-olefin 

base oil. 

A number of tests have been carried out were inertia of the liquid is negligible because of the 

small weight of the sample and the influence of surface tension is almost the same for the 

greases. 
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5. CONCLUSIONS 

A new apparatus has been developed to study filament formation of greases and oils. The 

instrument gives the opportunity to measure the elongation of a filament as a function of time as 

two surfaces separate. It is also possible to measure the lift-off (adhesion) force acting between 

the two surfaces as a function of time. 

The main effects disünguishable from noise for filament formation were temperature and 

viscosity as well as the two-factor interaction temperature and thickener type, viscosity and 

thickener type, oil type and thickener type. From the statistical results, an empirical model for 

the geometry formation was developed. This model will only show which parameters are 

important for the filament geometry. 

The parameters effecting the separation energy were viscosity and thickener type, as well as the 

two-factor interaction thickener type and viscosity. 

The mean separation energy increases with decreasing temperature for all the investigated 

greases. The 30 cSt base oils has a higher separation energy than the 100 cSt base oils. The 

separation energy can not be explained with the base oil viscosity and temperature solely. All 

greases containing the naphthenic base oil have a higher separation energy compared to greases 

with polyalpha-olefin base oil. 

These experiments have been performed in the Division of Machine Elements, Luleå University 

of Technology. The author would like to thank the Swedish National Board for Industrial and 

Technical Development and SKF ERC for financial support, Axel Christiernsson Ltd. for 

preparing the lubricants, Prof. Bo Jacobson and Prof. Erik Höglund for interesting 

discussions. 
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NOMENCLATURE 

Ae Area of ellipse [m2] 

Anew Power law coefficient 

a Semi-minor axis [m] 

b Semi-major axis [m] 

B Power law exponent 

C Scale coefficient 

Ce Centre of ellipse [m] 

D Filament diameter [m] 

h Filament height [m] 

m* Inlet distance [m] 

Ot Oil type 

S t Surface type 

T Temperamre [°Q 

T t Thickener type 

u Entrainment velocity in 

direction of motion, (ut,+ud)/2 [m/s] 

Au Sliding velocity, (ub-ud) [m/s] 

X Co-ordinate axis 

Y Co-ordinate axis 



(p Side slip angle 

\X Kinematic viscosity [m2/s] 

Subscripts 

i Inner 

o Outer 

ABSTRACT 

In grease lubricated applications, the replenishment of grease into the contact area between 

moving surfaces is very important to ensure long life and maintenance free operation of a 

machine element. 

The equipment used in this investigation was a ball and a disc, similar to those used in optical 

interferometry rigs to measure lubricant film thickness. The lubricant geometry, trapped 

between the ball and the disc around the Hertzian contact has a characteristic butterfly wing 

shape. This geometry can be simplified to two ellipses and an inlet distance m* in front of the 

Hertzian contact. 

To evaluate the importance of base oil type, thickener type, base oil viscosity, entrainment 

velocity, relative slip of the ball and the disc, side slip motion and temperature, an investigation 

of grease geometry around an elastohydrodynamic contact was carried out using image 

processing and statistical methods. Surface velocity in the direction of motion of the ball was 

held constant at 0.15 m/s in the centre of the contact. Slip, a difference in relative velocity 

between the ball and disc, was varied from -20 % up to +20 %. Side slip motion was 

accomplished by rotating the axis of rotation of the ball with respect to the disc. For this 

apparams the maximum side slip angle was 26.5°, this angle gives a slip 'vector' in the direction 

of disc rotation of -11 %. The temperature of the lubricant was varied from 20°C to 40°C. 

The lubricant formation around the contact area was smdied using a microscope connected to a 

conventional VHS video camera. Eight specially manufactured lubricating greases were 

investigated. Two different base oil types were used, a naphthenic mineral oil and a mixture of 

polyalphaolefin and diester, each with two different viscosities. 

The principal factors affecting this geometry were found to be side slip, slip with side slip, base 

oil type, viscosity and temperamre. Increasing side slip increases the inlet distance. Negative 



slip with side shp gave a larger inlet distance than that with positive shp and side slip. Pure 

rolling and no side shp resulted in starvation and the inlet distance, m*, became zero for the 

lubricating greases. 

The elliptic shape of the side wings became more circular when changing from naphthenic to 

PAO base oil. Introducing slip will increase the semi-minor axis ratio, i.e. the semi-minor axis 

of the inner elhpse divided by the semi-minor axis of the outer ellipse. Semi-major axis ratio 

was not affected by the investigated parameters. 

Inner elhpse area increased when changing the base oil type from naphthenic to PAO. 

Introducing slip also increased the ellipse area ratio. 

Increasing the viscosity or decreasing the temperature moved the inner ellipse centre towards the 

contact centre. 
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1. INTRODUCTION 

Lubricating greases are widely used in heavily loaded engineering components such as rolling 

element bearings, gears, etc. In these types of concentrated contacts, the non-conforming 

bearing surfaces are elastically deformed and the pressures involved are sufficiently high for the 

effect of the pressure on viscosity to be significant. This is known as the elastohydrodynamic 

(EHD) lubrication regime. In grease lubricated applications, the replenishment of grease into the 

contact area between the bearing surfaces is very important to ensure long life and maintenance 

free operation of the machine element. Transport of grease from near the contact region to the 

rolling track is important to prevent starvation of lubricant. This transportation mechanism can 

be through capillary forces, vibration, drop formation, oil bleeding etc. The mechanisms of 

grease replenishment have been investigated by many authors Pemberton and Cameron1, 

Gohar2, Chiu3, Patel4, Åström et al.5, Larsson et al.6-7, Larsson and Jacobson8. 

Grease is a two-phase system, consisting of a base oil, either mineral or synthetic, and a 

thickener which is often a metal soap. The base oil is kept in place by a structure of soap 

particles in a similar way to how water is retained in a sponge. One of the advantages of grease 

over lubricating oil is that, due to its consistency, it stays near the lubricating point and also acts 

as a seal to prevent the entry of impurities and water into the bearing. 

Ball and disc test rigs can be used to simulate the contact between the ball and race in a rolling 

element bearing. It is well known that in this type of apparams, starvation will occur in the 

contact between the ball and the disc after a few revolutions of the disc if the grease is not 

pushed back on to the raceway Åström et al.5 Larsson and Jacobson8, Wen and Ying9. 

At the outlet zone, where the gap between the ball and disc diverges, the lubricant will cavitate; 

the lubricant foiming a thin wall reaching from one surface to the other which then separates 

into thin rods which finally break and fall back onto the ball and disc. The cavitation pattern 

looks like a tree with branches at approximately 45 degrees to the rolling direction of the ball. 

The width of the branches increases further away from the track of the ball due to the 

geometrical separation, see Larsson and Jacobson8. 

The cavitation pattern has an important role in determining the degree of starvation of the 

contact; the outlet region of one contact being the inlet region of the next. In this investigation, a 

ball and disc apparams has been used to smdy how the inlet distance and the surroundings 

change with both slip (different relative velocity) and side shp (non-parallel axis of rotation) for 

a grease lubricated contact. 



2 

1.1. Geometry Influence On Filament Break-Up 

The sphtting of liquid films is important in adhesives, paper printing and other applications 

were break-up of liquids play an important role in the liquid solid system, Parkins and May-

Miller,1 0, Jacobson and Hamrock11. Myers et al. (1959) 1 2 with co-authors found that the 

splitting behaviour of a liquid in a two roller apparams was dependent on pressure, film 

thickness and the rotational speed of the rollers. As the rotational speed increased, the kinematic 

behaviour of the liquid in the outlet changed from harmonic flow to a chaotic one; with bubbles 

and filaments stretching from one surface to the other. 

The Capillary number is defined as the viscous forces divided by the surface tension forces in a 

liquid. Coyle et al. 1 3 as well as Larsson et al.7"8 uses the capillary number to describe the 

influence of a liquid's surface tension, surface velocity and viscosity on the formation of liquid 

layers on double-curved surfaces. Here, the elasticity of the liquid combined with absolute and 

relative rotational speed was found to be important in deterrnining the stnicture at the liquid 

surface. Coyle also found that the Deborah number, the ratio of the material relaxation time to 

the characteristic process time, influences ribbing and the pattern of a liquid on a solid surface. 

Surface tension driven break-up of viscoelastic filaments is qualitatively different from that of 

Newtonian liquid filaments, see Bousfield et al.1 4; the initial surface tension-driven deformation 

increases much more rapidly for viscoelastic fluids than for filaments of Newtonian liquids. 

Viscoelasticity behaviour also acts to retard satellite drop formation and to maintain the thinnest 

point on the filament at the midpoint. Leonov 1 5 smdied stretching of elastic filaments and 

found that a typical transition from a slightly deformed to a highly stretched (oriented) state can 

happen. 

2. TEST APPARATUS 

The equipment used in this investigation was based upon a ball and a disc apparams similar to 

that used in optical interferometry rigs, see figure 1. Instead of measuring the film thickness in 

the contact between the ball and the disc, the investigation smdied the inlet distance and 

geometry of the 'butterfly wing' ellipses of grease around the contact region, see figure 3. 

The 25.4 mm diameter ceramic ball was slightly loaded, using a spring loading device, against 

an un-coated glass disc. A black reference mark was placed on the disc surface which made it 

possible to calculate the number of revolutions and the current position of the ball on the disc 

when looking at the video recording of the tests. Both the ball and the disc were driven by 

computer controlled electric servo-motors which allowed either pure rolling or sliding caused by 
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different relative velocities. The test rig allowed the surface velocity in the direction of motion of 

the ball to be varied in the range 0.1 m/s to 0.2 m/s at the Hertzian contact centre. The amount 

of slip (Au/u) could be set to -20 % up to +20 %. It was also possible to introduce side slip by 

setting the ball axis at different angles relative to the disc up to a maximum angle, cp, of 26.5°, 

see figure 1. The maximum side slip angle 26.5° used in this investigation gives a slip 'vector' 

in the Y direction -11%, see figure 4. 

The apparams could be heated up to 40°C using a PID controlled hot ah blower. The ball 

surface temperature was measured with a thermocouple simated under the ball. It was thus 

possible to vary the temperature of the lubricant from +20°C to +40°C. The error of the 

temperature measurement is estimated to be within + 2 °C. 

Figure 1. Ball and disc apparatus (top view). 

The contact was muminated via a fibre optics bundle and the characteristic 'butterfly' geometry 

and the inlet distance under investigation could be observed through a microscope placed above 

the apparams and also recorded using a conventional VHS video camera, see figure 2. 
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Figure 2. Ball and disc apparatus (side view). 

A magnified view of the contact region between the glass disc and ceramic ball shown in figure 

3. Here, the inlet distance m*, Hertzian contact diameter and the typical butterfly shape of the 

surrounding lubricant can be seen. 

Figure 3. Butterfly geometry with the inlet distance m*. 

3. TEST PROCEDURE 

For each lubricant being tested, the 25.4 mm ceramic ball was cleaned with toluene solvent and 

the lubricant samples placed on the rotating disc surface using a syringe. The hot ah gun was 
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used to heat the lubricant and the test apparatus to the desired temperature. The absolute and 

relative velocities of the ball and disc as well as side shp conditions were set and when the 

desired operating conditions had stabilised the video camera was started and 20 to 30 

revolutions of the disc were recorded. The video camera was then stopped and a new operating 

condition established. This was repeated for all tests. 

For quantifying the inlet distance, position, and the geometry around the contact region a 

commercial image computer program was used for scanning the video signal. 

3.1. Evaluation Data 

It proved impossible to apply grease equally over the enthe disc surface and consequently there 

were some areas on the disc that had more grease than others. Due to this variation in grease 

thickness, the butterfly geometry also varied during a revolution. To minimise errors when 

evaluating the inlet distance and the geometry of the butterfly shape, the reference mark on the 

disc was used as a reference point when capturing frames with the computer from the video tape 

signal so that all the measurements were made at the same spot on the disc. Images for analysis 

for each set of operating conditions were captured from the video for five consecutive 

revolutions and at the same spot of the disc. 

Analysis involved measuring the geometry using an image analysis computer program. A total 

of 12 different points were measured around the contact and lubricant 'butterfly' for every 

revolution; a total of 60 measured points for each set of operating conditions, see figure 4. The 

darker central circle in figure 4 is the Hertzian contact between the ceramic ball and the glass 

disc. The centre of rotation of the disc is simated in the negative direction of the X-axis and 

thus the measured ellipses are labelled inner and outer, respectively. 

X 

Figure 4. Geometry with measuring points and theoretical ellipses of the wings. 
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The co-ordinates of points 1-12 can be evaluated in different ways. In this investigation, an 

average value for each co-ordinate was calculated from images of five consecutive revolutions. 

This could be done because the geometry variation over first five revolutions was negligible. 

The wings of the butterfly shaped geometry in figure 4 can be thought of as two ellipses. The 

distances between point numbers 1,2, and 5, 6 give the size of the semi-minor axis, and point 

numbers 7, 8 and 11,12 give the semi-major axis, see figure 4. The inlet distance m* was 

calculated from the points 9 and 10. Point numbers 2,3 and 4,5 appear to be coincident in figure 

4 but this is not the case for all the measurements as under heavily starved conditions there is a 

distance between the Hertzian contact region and the edge of the butterfly wing. 

3.2. Test Parameters and Lubricant Properties 

The variable factors in the tests were base oil type, thickener type, base oil viscosity, slip 

between the ball and the disc, side shp motion and temperamre. In order to establish the relative 

importance of the these parameters, a technique known as Factorial Design of Experiments was 

used. This technique allows the importance of single parameters, as well as groupings of 

parameters to be found. Once the principal parameter(s) affecting the investigated 'response' 

value are identified, closer investigation of these parameters can be made. Without this 

technique, an impossibly large number of experiments would have to be carried out. 

To perform a general factorial design, a fixed number of 'levels' for each of a number of 

variables (factors) are selected and experiments carried out using with all possible 

combinations. For more theory on factorial design see Box et al . 1 6 . 

Eight different greases were used in the experiments based upon naphthenic and polyalphaolefin 

base oils of two different viscosities. Lithium complex and lithium-12-hydroxy stearate soaps 

were used as thickeners, see table 1. The grease formulations chosen were used to evaluate if 

and how filament formation affected the inlet distance and the butterfly geometry. These greases 

are the same as those used to investigate filament formation in earlier work, see Larsson 1 7 . 

None of the lubricants contained additives. 
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Table 1: Composition of the greases tested. 

Grease Soap content 

(wt%) 

Thickener Type Base oil NLGI grade 

1 13.2 Lithium-12-

hydroxystearate 

Naphthenic 

100 cSt 

2 

2 8.2 Lithium-12-

hydroxystearate 

Naphthenic 

100 cSt 

1 

3 10.4 Lithium-12-

hydroxystearate 

Naphthenic 

30 cSt 

2 

4 16.3 Lithium-complex Naphthenic 

100 cSt 

2 

5 13.9 Lithium-complex Naphthenic 

30cSt 

2 

6 18.2 Lithium-12-

hydroxystearate 

Polyalphaolefin 

100 cSt 

2 

7 18.7 Lithium-complex Polyalphaolefin 

100 cSt 

2 

8 20.9 Lithium-12-

hydroxystearate 

Polyalphaolefin 

30 cSt 

2 

In several investigations by Larsson et a l . 6 - 8 , it was found that the absolute value of the 

velocity was relatively insignificant but that shp, the difference in velocity of ball and disc, had 

the greatest influence on the behaviour and geometry of the outlet region. For this reason, and 

also to simplify analysis of the data, the ball surface velocity at the centre of the contact was 

held constant for all the experiments at 0.15 m/s. 

The experiments were carried out by varying the different experimental parameters. The 

qualitative variables or 'levels' could also be conveniently coded; high and low levels used for 

the qualitative factors were designated by '+' and '-' respectively, see table 2. For the thickener 

type and oil type the numerical values +1 and -1 were used for the high and low levels 

respectively. The parameters and their 'levels' are summarised in table 2. 
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Table 2: Parameters investigated. 

^ \ _ V a I u e 

Parameter"~\ 
Low 

+ 
High 

Slip 
(Au/u) % 

-20 0 - +20 

Temperature (T) 

°C 

20 - - 40 

Side slip angle ((p) 

degrees 

CP 9° 18° 26.5° 

Kinematic visc.(u) at 

40°C mm2/s 

30 - - 100 

Thickener type 

(Tt) 

Lithium-12-OH - - Lithium-

complex 

Oil type 

(Ot) 

Naphthenic - - Polyalpha

olefin 

The ball rotated with a constant velocity so when slip was to be introduced it was the rotational 

speed of the disc that was changed and not the ball speed. A -20% slip (Au/u) resulted from the 

ball moving 20% slower than the disc and +20% slip (Au/u) with the ball having a 20% greater 

surface velocity than the disc surface. 
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4. R E S U L T S 

Five different response parameters were smdied to investigate their effect on the geometry of the 

butterfly. The main effects and interaction effects distinguishable from noise are presented in 

table 3. 

TABLE 3: Response values, main and interaction effects. 

\ Main/interaction effects 

\ 
Response parameter \ 

Main effect Main effect Interaction 

effect 

Inlet distance 

m* 

Side slip - Side slip * Slip 

Semi-minor axis ratio 

ai/ao 

Oil type Slip -

Semi-major axis ratio 

bi/bo 

- - -

Centre of ellipse ratio 

Cei/Ce0 

Base oil 

viscosity 

Temperature -

Area of ellipse ratio 

Aej/Aeo 

Oil type Slip -

Since all the effects in table 3 are large compared to the other effects they are worth closer 

smdy. To avoid the influence of different volumes of grease between different mns and 

greases, all the response parameters except for m* in table 3 are the dimensionless ratio of the 

inner parameter divided by the outer parameter, see figure 4 and section 3.1. 

In a pure rolling simation, increasing side slip up to the maximum for the test rig of -11% 

(26.5°), increased the inlet distance m* with one Hertzian diameter. Introducing slip between 

the ball and disc in addition to side slip resulted in the inlet distance m* being affected 

differently depending upon whether the slip was positive or negative; the inlet distance 

increased more if the slip was -20% than if the slip was 20%. 

Changing the base oil type from a naphthenic to PAO was found to increase the semi-minor axis 

ratio between the inner and outer ellipses; the length of the inner semi-minor axis compared to 

the outer was greater with POA than with a naphthenic base oil. Introducing slip also resulted in 
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an increase in the semi-minor axis ratio. None of the investigated parameters affected the semi-

major axis ratio, thus the ellipse geometry can vary between elongated to circular as the mnning 

conditions change. 

The relative position of the geometric centre of the two elhpse with respect to the contact has 

been investigated; displacement, given as the centre of ellipse ratio in table 3, being measured in 

the in X-direction, see figure 4. The centre of ellipse ratio was found to be affected by base oil 

viscosity and temperature. An increase in base oil viscosity or a decrease in temperamre will 

increase the centre of ellipse ratio, i.e. increasing the viscosity or decreasing the temperature 

will move the inner ellipse centre towards the contact centre. 

Changing the base oh type from a naphthenic to PAO causes the area of elhpse ratio (Aei/Ae0) 

to increase . Increasing slip will also increase this ratio. 

Each ellipse will enclose a volume of grease between the ball and the disc. This volume has 

been calculated for both the inner and outer ellipse as the projected area (butterfly wing shape 

area) times the mean height between the ball and the disc. Comparing the volume ratio between 

the inner and outer ellipses with their area ratio did not show any significant difference. The 

area ratio change can thus be taken as a measure of the volume transportation of grease in the X 

direction due to the investigated parameters. 

5. DISCUSSION 

The 'butterfly' shaped meniscus that surrounds the contact point at the outlet region was smdied 

by Larsson8. In the diverging gap at the outlet region of an EHD contact the lubricant will form 

a thin wall reaching from one surface to the other. When the wall is thin enough it will form thin 

rods. Larsson 1 7 used a microscope and a high-speed video camera to film the behaviour of 

filament (rod) formation between a bah and a beam in a specially developed test rig. From these 

simple experiments, filament geometry and their formation was measured and the relationship 

between the length and the diameter calculated. This empirical relationship has been applied to a 

ball and disc apparams to see if filament formation behaviour contributed to the formation of the 

butterfly and the size of the inlet distance. This was done by applying the filament equation to 

the test results presented in this paper. The break-up criterion, taken from Larsson17, was that 

the minimum average filament diameter, D, at break-up is 10 urn. Incorporating the break-up 

criterion in the filament formation equation (1) makes it possible to model complete formation of 

the filament, including break-up, in a ball and disc apparams. 

10 um < D < 500 urn (1) 
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Anew. B and C in equation (1) has to be evaluated experimentally. 

A filament was assumed to be located at the centre of the outer elhpse and the ball and the disc 

then assumed to rotate until the filament breaks according to Larsson's 1 7 criteria. The ball and 

disc each hold one end of the filament, the relative motion of the surfaces will then draw the 

filament in different directions depending upon the particular conditions of the test; i.e. the 

direction and magnimde of side slip and slip. 

In the experiments made by Larsson 1 7 the filament break in the middle leaving a 'pyramid' 

shaped hillock on each surface. It is therefore assumed that the filament will break in the middle 

and that, consequently, grease will be transported onto the surfaces of both the ball and the 

disc. The centre of gravity of the half filament immediately after the filament breaks is assumed 

to be simated 1/3 of the half filament length above the surface to which it remains connected. 

Calculating the relative movement of the grease filament's centre of gravity from it's start point 

(centre of the elhpse) to the moment of break-up will then give an estimation of the volume 

transportation due to filament formation and collapse. Only movement in the X direction is 

considered. The relative transport is thus defined as the difference in X between the start point 

co-ordinate and the break point co-ordinate, divided by the start point co-ordinate. In figures 5 

and 6, the contact between the ball and rotating disc lies at a radius of 36 mm from the disc's 

centre of rotation and there is assumed to be no sliding between the surfaces. The start point for 

filament growth is assumed to be simated 1 mm outside the Hertzian centre; i.e. in the centre of 

the outer ellipse. 

Grease No. 6 at 20°C 

Grease No. 6 at 40°C 

Grease No. 3 at 20°C 

•Grease No. 3 at 40°C 

Grease No. 5 at 20°C 

Grease No. 5 at 40°C 

0= 10° 20° 30° 40° 50° 

Side slip angle 

Figure 5. Relative transportation on the disc vs. side shp angle 

As can be seen in figure 5, the relative transport of grease over the disc surface is affected by 

both the temperature and the type of grease. At 20°C the greases form longer filaments and 

therefore the transportation will increase when compared to 40°C. A change in base oil viscosity 



12 

from 30 cSt (at 40°C) to 100 cSt (at 40°C) will also increase transportation. For the ball, a 

similar phenomenon can be observed, see figure 6, although the relative grease transportation 

on the ball is of another order of magnimde than that on the disc. Only a few degree of side shp 

will give 2 - 3% of relative transportation of the filament. 

60%-t -Grease No.6 at 20°C 

rease No.6 at 40°C 

rease No.3 at 20°C 

rease No.3 at 40°C 

rease No.5 at 20°C 

Grease No.5 at 40°C 

i r 
20° 30° 

Side slip angle 

Figure 6. Relative transportation on the ball vs. side slip angle 

Comparing the filament calculations with the measured geometry around the contact indicates 

that the butterfly geometry is a consequence of the filament formation mechanism and behaviour 

in the outlet region of the contact. A change in side slip will tip the filament in the outlet and 

when the filament breaks and touch down onto the surfaces there will be a transportation. This 

transportation will then effect the build-up of the 'butterfly' and the inlet distance for the next 

revolution of the ball and the disc. 
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6. CONCLUSIONS 

A ball and disc apparatus was used to measure the geometry of the grease trapped between a 

ball and a disc around an EHD point contact. Surface velocity in the direction of motion of the 

ball was held constant at 0.15 m/s. Slip (Au/u) was varied from -20 % to +20 %. Side slip 

motion was accomplished by rotating the ball's axis of rotation relative to the disc. For this 

apparams the maximum possible side slip angle was 26.5°. A number of different grease 

formulations were tested over a temperature range of 20°C to 40°C. 

With a microscope, video camera and image processing software it was possible to analyse how 

the inlet distance and the shape of the butterfly changed as the investigated parameters such as 

slip, temperature, side slip angle etc. were varied. The conclusions from the smdy are; 

1 a. Pure rolling and no side slip resulted in starvation of lubricant, i.e. zero inlet 

lc. 

lb. 

distance, m*. 

Increasing side slip increases the inlet distance. 

Negative slip with side slip gives a greater inlet distance than positive slip and 

side slip. 

2. The semi-major axis ratio of the elliptical wings of the lubricant 'butterfly', will 

not be effected by the investigated parameters. 

3b. 

3a. Introducing slip will increase the semi-minor axis ratio. 

Introducing slip will also increase the ellipse area ratio. 

4a. 

4b. 

The elliptic shape will be more circular when changing from naphthenic to PAO 

base oil in the greases. 
The inner elhpse area wül increase when changing from naphthenic to PAO. 

5. Increasing the viscosity or decreasing the temperature will move the inner elhpse 

centre towards the contact centre. 

6. The formation of filaments probably contribute to the butterfly geometry. 
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he Central film thickness [m] 
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ABSTRACT 

Four deep groove ball bearings have been tested in an SKF R2F test rig to evaluate how lift-off-

speed and break-through-speed are affected by spin. The lubricants used were grease, oil bled 

out from the greases and the base oil used for manufacmring the greases. 

The base oil viscosity has a strong effect on both the lift-off-speed and the break-through-

speed. There is no correlation between the greases and the lift-off-speed for the base oils that 

they are manufactured from. The bled oil gave almost exactly the same results as the greases, 

the difference was within the errors of the experiments. Thickener (soap) particles are present in 

the bled oil and will increase the viscosity of the bled oil. The influence of the pressure-

viscosity coefficient is small compared with the viscosity and the load did not have an effect on 

the lift-off and break-through speed levels. 

In the grease lubricated case, a high base oil viscosity of 100 cSt gave an average of 8 rpm as 

lift-off-speed whilst a 30 cSt oil gave 17 rpm as the average lift-off-speed for ah the investigated 

greases. 

Using a 100 cSt pure base oil gave a lift-off-speed of 72 rpm whilst the 30 cSt pure base oil 

gave a lift-off-speed of 32 rpm. 

The lift-off-speed was not affected by the oil volume in the bearing. 

The break-through-speeds for ten consecutive runs were investigated and the run order was 

found not to affect the break-through-speed. 

For the grease lubricated case, the break-through-speed is three to four times higher than the 

lift-off-speed. 

The break-through-speed shows the same behaviour as the lift-off-speed when comparing pure-

oil, bled oil and base oil viscosities of the greases. The 30 cSt pure base oil has 37% higher 

break-through-speed compared with the greases and the bled oil. For the 100 cSt case, the 

break-through-speed is 2.8 times higher for the pure base oil compared with the greases and the 

bled oils. 

The difference in lift-off-speed and break-through-speed may depend on replenishment 

mechanisms in the bearing. The film thickness depends on the viscosity and also on the inlet 

distance, the inlet distance depending on replenishment in front of the contact. These results 

show that there may exist an optimum between the replenishment and the build-up of the film 

thickness. There may be an ideal viscosity that gives an optimum film thickness if both the inlet 

distance and the build up of film thickness inside the contact is taken into account. 



1 

1. INTRODUCTION 

The objective of this investigation was to find out how the lift-off-speed and break-through-

speed vary with different amounts of spin in a deep groove ball bearing using different greases. 

The results from these investigations are compared with those from film thickness calculations. 

In grease lubricated applications, the replenishment of grease into the area of action is very 

important to ensure long life and maintenance free operation of a machine element. To maintain 

good lubrication a balance between feed and loss of lubricant in the contact between the rolhng 

element and the inner- and outer ring of a bearing must be achieved. 

To simulate the contact between the bah and the race in a bearing, a ball and disc apparams is 

often used. However the lubrication simation in a deep groove ball bearing is not necessarily 

comparable. 

Dalmaz and Nantua1 made an investigation using different greases to compare the results from 

ball bearing life tests with laboratory film thickness measurements; finding that bearing hfe 

depended on the viscosity of the base oil. They also made interferometric film thickness 

measurements in a ball and disc apparams which showed direct proportionality between 

thickener concentration and film thickness. Experiments comparing interferometry 

measurements to controlled bearing operation are, however, not common. 

In a ball and disc apparams it is well known that if the grease is not pushed back on to the 

raceway starvation will occur and a sharp decrease in film thickness in the contact between the 

ball and the disc wül result. (See Cann and Spikes2 and Åström et al. 3). This starvation starts 

after a few revolutions of the disc. 

In grease lubrication it has been observed that at the outlet zone, where the gap between the ball 

and disc is increasing, the lubricant will cavitate. Larsson and Jacobson4 found that in this 

diverging gap, the lubricant will form thin walls reaching from one surface to the other. When a 

wall is thin enough it will transform into thin rods and drops. The formation of rods and drops 

may influences the lubrication of the contact as the outlet region of one ball forms the inlet 

region of the next bah to enter the same point on the race. 

Guangteng and Spikes5 smdied the starvation of a rolling, elastohydrodynamic contact, both 

experimentally in a baU and disc apparams, and theoretically. Their conclusion was that the flow 

back into the contact track was dependent on solid/liquid van der Waals forces and a 

combination of oil/ah and oil/solid surface forces at a critical rolhng speed. For speeds lower 

than the critical speed, the simpler Chiu-model6 can be used for describing the replenishment. 
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Kingsbury7 claimed that it is possible to remove the cage and use bearings even though shding 

occurs between the rollers. Shding takes place under low load and the rolling elements are 

therefore not damaged. However, removing the cage means that an oil feed system had to be 

installed instead. This supports the idea that the cage acts as a near-contact grease reservoir, 

without which there might be a lack of lubricant feed to the EHD contact. 

The transportation or supply of lubricant near the contact region depends upon several different 

phenomena such as; capillary forces, surface properties and, in a bearing, the design of the 

cage. Drop formation behind an EHD contact has been observed and is suggested as a means 

of supplying lubricant to the inlet zone of the next ball to enter the same spot on the race way, 

see Larsson and co-authors8. In grease lubrication, oil bleeding is also often suggested as a 

supply mechanism for oil into the contact. 

A number of experiments have been carried out by Larsson9 where grease replenishment in a 

ball and disc apparams was smdied. Introducing both slip and side slip-motion of the ball, 

resulted in the length of the inlet zone of the Hertzian contact changing. The inlet distance 

increased with increasing side shp angle and with a given side slip angle, the inlet distance 

decreased with increase in slip. 

1.1. Mechanisms of Grease Lubrication 

Greases are semi-liquid lubricants consisting of a lubricating oil, the base oil, which may be 

either mineral or synthetic, thickened with 5 to 30 wt % of various types of thickeners; often a 

metal soap e.g. sodium, lithium or barium, polyurea, or clay. Grease is a two-phase system and 

consequently has a more complex rheology than the base oil. According to Forster et al. 1 0, 

thickener fibres are held together by ionic and van der Waal forces. The extent to which these 

forces are effective in binding the grease depends on how the fibres contact each other. The 

base oil is kept within the thickener by a combination of van der Waal and capillary forces, see 

Bauer et a l 1 ! . Another feature is the presence of 1-10 um spherical regions of concentrated 

soap where oil is almost completely absent, see Mansot et al . 1 2 . 

The analogy of a bath sponge is often used to illustrate greases. The thickener system is the 

sponge and the base oil is the water. The base oil is not completely bonded to the thickener, but 

may 'bled' out due to shear degradation of the thickener fibres. The amount of bleeding may be 

determined by a standard ASTM13-test originally intended for the assessment of oil separation 

during storage. 

Three different views on grease lubrication have been suggested. Booser and Wilcock14 and 

Baker15 are advocates of the view that bulk grease acts as a reservoir for the base oil, which 
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bleeds out to lubricate the contact. No thickener is believed to be present in the lubricating film, 

and the lubrication is similar to that when a hquid lubricant is used. However, as Baker15 

pointed out in 1958, in grease lubrication, the supply of lubricant is restricted by the rate of 

bleeding of the base oil from the thickener structure. 

In a paper presented 1960, Groszek and Bell 1 6 concluded that the surface area of the solid 

phase and the proportion of the hquid phase present in the remaining pores should be kept 

small. The ratio should provide an estimate of the ability of the soap to retain the liquid phase in 

a grease and give a measure of the mechanical stability of a grease. Not only the thickener 

structure but also the polarity and viscosity of the base oil is important in grease bleeding. 

According to Calhoun 1 7 , high viscosity and high polarity between the thickener and the oil will 

decrease bleeding, and milling of the greases will result in a reduction of bleeding. A balance 

must be struck between bleeding and retaining the oil inside the structure. Too high bleeding 

rate may result in oil leakage from the bearing whilst a low bleeding rate will not supply the 

surfaces with oil. Both shorten the life of the bearing, see Booser and Baker 1 8 . 

More recent observations have suggested that it is the bulk grease that lubricates the contact 

between two surfaces. Video recordings and film thickness measurements made using optical 

interferometry in grease-lubricated ball-and disc apparams have shown that the thickener enters 

the contact, see Åström et al.1 9, Williamson et al.2 0, Palacios et al.2 1, Dalmaz and Natuta1. The 

extent of this bulk grease lubrication is still a subject of debate (Williamson22, Cann and 

Spikes2) note that if fresh grease is continuously supplied to the track in a ball-and-disc 

apparams, the film thickness exceeds that of the base oil indicating that bulk grease enters the 

contact. 

The thhd view concerning grease lubrication has been proposed by Cann and Spikes2, Cann23 , 

who suggest that a thin lubricating film exists on the surfaces consisting of deposited thickener. 

Cann23 proposed a model where it was assumed that the surfaces are covered with a thin layer 

of soap whilst in the EHD contact the film consists of base oil, more or less thickened by 

broken thickener fibres. 

It has been found that additives work better when they are optimised to stick to the thickener, 

see Gow24. 

2. TEST APPARATUS 

The test rig used in this investigation was a somewhat modified SKF R2F rig, see Figure 1, 

originally designed for bearing life tests. Two test bearings (1) are heated and mounted with a 

shrink fit on a shaft (2) which is supported by two deep groove ball bearings, (3). The shaft is 

driven by an electric motor (4) whose speed of rotation may be changed using a frequency 
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converter. The motor speed, measured with a tachometer (5), can be varied between 0 and 1600 

rpm, but in this investigation only the higher speed range was used to run in the bearings. To 

apply the loads and to lock the outer ring, housings (6) are mounted with a sliding fit on the test 

bearings, which then may be radially and axially loaded by two separate hydraulic acmators 

(radial load) (7) pulling the housings downwards and by two spring devices (axial load) (8) 

pressing the housings towards each other. The test bearings are locked axially with two side 

plates (9), secured by screws to the housing. Bearing temperature is measured by two spring 

loaded thermocouples (10) mounted dhectly at the outer ring through holes in the side plates. 

The four SKF test bearings, were deep groove ball bearings, 6310, containing 8 balls, 

separated with a steel cage. 

Figure 1: SKF R2F apparatus. 

The radial force applied to the bearing had a maximum value of 4600 ± 12 N, the axial force a 

maximum of 1380 ± 10 N. 
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Axial load is used to introduce spin in the bearing and not to investigate the load influence. 

Based on the theory on EHD film thickness, see Hamrock 2 5 , the load influence was excluded 

from the factors since it has the least influence on film thickness. All the tests were run with a 

constant radial load of 4600 N. The load combination 4600 N and 1380 N gave a C/P ratio of 

12.1 and the other combinations gave C/P ratio of 13.4. 

The temperature of the bearing surface was measured with thermocouples simated on the outer 

and inner rings. The temperature was measured before and after each test series and was held 

constant during each test to within ± 1 °C. 

2.1. S K F Lubcheck 

To monitor the film thickness in the test bearings, the Lubcheck, a film thickness measurement 

device based upon a capacitive voltage divider technique and developed by SKF was used. The 

theory behind this device are described by Heemskerk et al. 2 6. The principle used is that 

capacitance is inversely proportional to the distance between two parallel plates. The Lubcheck 

apparams is also capable of measuring the high-frequency oscillations in capacitance when 

incidental asperity contacts occur. In a bearing the inner ring, the balls and the outer ring act as a 

multiple series (variable) capacitance. 

In this investigation the Lubcheck was used to detect when the lubricant film thickness was 

sufficient to separate the moving surfaces. This was done by slowly increasing the shaft speed 

from zero to ca. 100 rpm and detecting the speed when the Lubcheck signal had fallen 20% of 

its initial voltage range. This is the so called 'lift-off-speed'. Decreasing the shaft speed from 

ca. 100 rpm to zero and detecting the speed when the Lubcheck signal had risen 80% of its 

initial voltage range gives the 'break-through-speed'. 

Heemskerk et al. 2 6 used a 10% figure to determine the lift-off-speed and for the grease 

lubricated case found that no difference in lift-off-speed could be detected between the initial 

condition and after some running time. However, the results from Heemskerk et al. 2 6 are not 

confirmed by measurements of other researchers. Wilson27, Aihara and Dowson28 found that 

freshly greased bearings have a greater film thickness (20 - 50%) than bearings which have 

been running for some hours. According to Heemskerk et al. 2 6 grease behaved like its base oil 

when lift-off-speeds were compared. 

It was possible to measure the lift-off-speed and break-through-speed for the test bearings in a 

range from 0.8 mm/s up to 0.2 m/s with the data acquisition system used in this investigation. 

The speed sensor (tachometer) used gave a resolution of the speed to within 0.5 rpm. The 
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Lubcheck is usually used only for indication. In this investigation the signal is scaled between 

each test series, the difference (drift) between different runs does not then affect the results. 

3. TEST CONDUCTION 

Before testing, all bearings were 'run-in' using the same load, speed and run-in time at an 

ambient temperature of +22 °C ± 2°C. To reduce the influence of additives grease AC1 was 

chosen as run in lubricant. During run-in, the bearing temperature increased and after three 

hours stabilised. The run-in time chosen was 8 hours to allow the bearing to mn at a constant 

temperamre for a significant proportion of the run-in time. The radial load was set to 4600 N, 

shaft speed 1000 rpm and after 4 hours of running an axial load of 1380 N was applied. 

After run-in, the test bearings were inspected and indelibly marked with a reference number. 

The sides of the bearings were also labelled so that it would be possible to mount the bearings 

in the same orientation as during run-in. The bearings were always ran in pairs, bearing no. 1 

together with bearing no. 2 and bearing no. 3 together with bearing no. 4. When they were not 

being tested they were stored in clean plastic bags. 

3.1. Test procedure 

Clean dry bearings were heated according to the mounting instructions and mounted on the 

shaft of the test rig. After mounting, 7 grams of the test grease was applied to the bearing 

surfaces, using a cleaned spatula. The bearings were rotated by hand with no load applied to 

distribute the grease. Mounting of the housing, axial load device and Lubchecks was then 

carried out without rotation of the shaft so that the grease distribution inside the bearing was 

equal between different tests. Seven grams of grease was found to be enough to cover all 

surfaces in the bearing. 

Each measurement begun by applying the radial and then the axial load. After starting the data 

acquisition system, the speed was increased from zero until lift off was detected on the 

Lubcheck and then decreased back to zero again. This was repeated ten times for each load 

level. A new axial load was applied and the sequence was repeated. To get reliable results two 

runs were made for each set of test conditions. 

After testing, the bearings were carefully dismounted, cleaned with solvent and placed in a 

storage bag to be ready for a new test series. 
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3.2. Evaluation of Data 

Two preliminary test series were made to evaluate how the lift-off-speed varied due to different 

axial loads, shaft side, bearing individuals, mounting and dismounting and run order. Each test 

series was of ten runs with replicates. This preliminary test series was carried out in room 

temperature and with grease AC1 and AC3. The first test series was repeated in the second test 

series to evaluate the difference between two consecutive test series due to factors such as 

dismounting and mounting of the bearings. The results from these two preliminary test series 

showed that the total error for evaluation of speed is 0.6 rpm for all the investigated parameters. 

Usually the error was within 5% of the measured value for both the lift-off and the break

through-speed. 

For all the other remaining test series, the ambient temperature varied between +19°C to +24°C 

as extreme values, however most measurements were carried out at 21°C. All data from the 

measurements were interpreted manually. The signal from the Lubcheck can not easily be 

manipulated with filtering and automated computer evaluation due to the rather high and 

unpredictable peaks resulting from asperity contacts, see Heemskerk et al.2 6. 

One test series consisted of 60 measured lift-off- and break-through-speeds, i.e. each of the 

three load combinations (see table 1) had ten measured speeds and were repeated twice. 

3.2.3 Grease Test Parameters 

The experiments were conducted in such a way that all the greases were tested with all 

combinations of bearings and orientations (label (1) in figure 1). In that way the influence of 

bearing position in the testrig as weh as individual characteristics could be detected and the 

difference in Lubcheck signals revealed. The experiments were carried out randomly and 

designed according to an experimental technique called factorial design. 

This approach provides an estimate over the whole factor space as to which factors (a parameter 

controlled by the experimenter) and interactions based on factors that can affect the response 
29 

(the measured parameter). For more theory on factorial design, see Box et al. . 

The parameters and their 'levels' are summarised in table 1. Qualitative variables or 'levels' can 

be conveniently coded, high and low levels and they were designated by '+' and '-' 

respectively, see table 1. 
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Table 1: Parameters investigated. 

^ \ V a l u e 

Parameter -^ 

Low 
+ 

High 

Axial load (F^) 

N 

230 690 1380 

Kinematic visc.(u) at 

40°C mm2/s 

30 - 100 

Thickener type 

(Tt) 

Li-12-OH 

(-1) 

- Li-complex 

(+1) 
Oil type 

(Ot) 

Naphthenic 

(-1) 

- PAO* 

(+1) 

* Polyalphaolefin 

3.2.4 Base Oil and Oil Bleeding 

Oil bleeding from the grease strucmre has been suggested by several researchers as a feeding 

mechanism for the contact between the surfaces (see introduction). To evaluate any correlation 

between the results for the base oils, bled oh and greases exists, similar experiments were 

carried out. In table 2 the physical parameters of the base oils are presented; none of the oils 

contained any additives. A bleeding test at 60°C for 48 hours was carried out for the 

investigated greases. According to ASTM 1 3 , a standard bleeding test should last for one week, 

but to compare the relative bleeding ability of the investigated greases a shorter ASTM 1 3 test 

was made. Pictures of the oil bled from the greases were taken with fifty times magnification. 

These showed that this oil did indeed contain different amounts, size and stmcmre of thickener 

particles. This has also been observed by Wilson3 4, who reported that after a grease has been 

subjected to shearing the base oil contained fragments of disrupted soap fibres. This oil was 

also used as a test lubricant to compare the results between fresh oil, oil bled from a grease and 

the greases themselves. 
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Table 2: Physical data for the base oils. 

Oh type u-15°C U40°C U100°C VI Pour p 15°C Surface 
cSt cSt cSt Point kg/m3 Tension 

<€ mN/m 
Na** 830 32 5 80 -39 890 28.5 

Na** 9100 100 10.5 85 -21 900 28.4 

PAO* 350 30 6 139 -53 830 28.3 

PAO* 1870 100 16 142 -45 856 26.5 

* Polyalphaolefin, * * Naphthenic 

3.3. Grease Properties 

Eight different greases were used in the experiments. Lithium complex and hthium-12-

hydroxystearate soaps were used as thickeners. Naphtenic and polyalphaolefin oils of two 

different viscosities were used as base oils, these are presented in table 2. These base oil and 

thickener combinations were chosen to allow evaluation of thickener concentration, base oh 

type and viscosity of the base oil on the lift-off-speed and break-through-speed, see table 3. In 

an earlier investigation made by Larsson4, the same greases were used to investigate the 

influence of side slip on the replenishment mechanisms in a ball and disc apparams. 
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Table 3: Composition of the greases tested. 

Grease Soap content 

(wt%) 

Thickener Type Base oil NLGI grade 

ACl 13.2 Lithium-12-

hydroxystearate 

Naphthenic 

100 cSt 

2 

AC2 8.2 Lithium-12-

hydroxystearate 

Naphthenic 

100 cSt 

1 

AC3 10.4 Lithium-12-

hydroxystearate 

Naphthenic 

30 cSt 

2 

AC4 16.3 Lithium-complex Naphthenic 

100 cSt 

2 

AC5 13.9 Lithium-complex Naphthenic 

30 cSt 

2 

AC6 18.2 Lithium-12-

hydroxystearate 

Polyalpha-olefin 

100 cSt 

2 

AC7 18.7 Lithium-complex Polyalpha-olefin 

100 cSt 

2 

AC8 20.9 Lithium-12-

hydroxystearate 

Polyalpha-olefin 

30 cSt 

2 

4. R E S U L T S 

Two different response quantities were smdied in the investigation, the lift-off-speed and the 

break-through-speed. The main effect for all responses is the viscosity and there are no 

interaction effects. In the grease lubricated case, the base oil viscosity has a strong effect on 

both the lift-off-speed and the break-through-speed. The oils bled from the grease behave in 

almost the same way as theh parent grease. There is no correlation between the greases and the 

lift-off-speed and break-through-speed for the base oils that they are manufactured from. For 

the grease lubricated case, the break-through-speed is three to four times higher than the lift-off-

speed. 

The results from the bleeding test can be seen in figure 2. The relative bleeding ratio is defined 

as the weight of oil bled from the grease divided by the start weight of the grease. This change 

in weight is then scaled with the relative bleeding ratio for ACl which had the lowest amount of 

bleeding. It can be seen that AC2 bled ca. 2.5 times more oil, compared with ACl, and that 

there are no significant differences between ACl, AC5, AC7 and AC8. 
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Greases with high bleeding and high base oil viscosity should give a lower lift off speed 

compared to greases with low bleeding and low base oil viscosity. AC2, AC4 and AC6 have 

high bleeding and high base oil viscosity and grease AC5 and AC8 have low bleeding and low 

base oil viscosity. Comparing the results in figure 2 and figure 3 does confirm this theory. 

-

I 
-

• T 

T 

T T 

T 

ACl AC2 AC3 AC4 AC5 AC6 AC7 AC8 

Figure 2. Relative bleeding ratio for different greases. 

Pictures were taken using a microscope with 50x magnification of the bled oil. AC2 contained 

the greatest amount of thickener particles which may correlate to the lower NLGI number. 

However, the main result is that thickener (soap) particles are present in the bled oil and that 

these soap particles will increase the viscosity of the bled oil. 

4.1. Lift-Off-Speed 

In the grease lubricated case, the lift-off-speed varies between the different greases from 6 rpm 

for ACl up to 19 rpm for AC5, see figure 3. There is a tendency for the lift-off-speed to 

decrease with the numbers of runs, but this tendency is small. 



12 

i—i 

s 
i 

Sä 
o 
é 

> 

30 

25 H 

20 H 

15 H 

10 1 

1 

T 
T 

1 
T I 

ACl AC2 AC3 AC4 AC5 AC6 AC7 AC8 

Figure 3. Mean value of the lift-off-speed for different greases. 

In the grease lubricated case, a high base oil viscosity of 100 cSt gave on average 8 rpm as lift

off-speed whilst using 30 cSt gave 17 rpm as the average lift-off-speed for all the investigated 

greases. According to Hamrock36, viscosity and speed should have the same influence on the 

film thickness with an exponent of 0.67, and the pressure-viscosity coefficient has an influence 

of 0.53, see equation 1. The lift-off-speed for the 30 cSt should therefore be 27 rpm, assuming 

that the pressure-viscosity coefficient is the same for all greases. If this is the case the lift-off-

speeds for the greases are therefore 33 percent too low on average. Wilson 3 4 reports that the 

film thickness measurements in a grease lubricated bearing were consistent with lubrication by 

an oil having a viscosity about 30-35 percent greater than that of the base oil. 

hc =2.69RX 
(l-0.6le-°-73k)(aEf53 

0.67 

KERX J KERX; 

N-0.067 

(1) 

The pressure-viscosity coefficient is different for different oils. If the pressure-viscosity 

coefficient has a significant influence it would have been seen in equation (1) by comparing 

different base oils. A typical value of pressure viscosity coefficient (a) for PAO is 

1.7*10~8 Pa-1 and 2.5*10~8 Pa-1 for a naphthenic oil. The contribution of pressure viscosity 

coefficient in equation (1) from changes base oil types give 23 % change in film thickness i.e. if 

the lift-off-speed for PAO is 10 rpm the lift-off-speed for a naphthenic oil is 12.3 rpm due to 

different pressure viscosity coefficients. 

The influence of the pressure-viscosity coefficient is therefore small compared to that of the 

viscosity. 
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Four test series were made with different radial and axial loads but with a constant C/P-value of 

13.4 to establish whether it is the load that causes the difference in film thickness and hence a 

difference in lift-off-speed between the different viscosities. This was done using base oils with 

different viscosities and different axial and radial loads. 

Comparing the lift-off-speed from these four test series with the results obtained with a constant 

radial load and different axial loads (C/P is not constant) confirmed that the load had no effect 

on the lift-off-speed. 

Dalmaz30 showed that the influence of sliding and spinning for a constant rolling velocity have 

a hmited effect on the film thickness. The conclusion is therefore that the difference in lift-off 

and break-through-speed between different viscosities must depend on replenishment 

mechanisms in the vicinity of the contact. 

Base oils from the same batch as that from which the greases were produced from were also 

tested. The bearings were lubricated with 0.5 ml of these oils. Using a 100 cSt pure base oil 

gave 72±5 rpm as lift-off-speed whilst the 30 cSt pure base oil gave 32+5 rpm as lift-off-speed, 

see figure 4. 

90 

80 H 

70 A 

20 A 

• 30cStat40°C 
• 100cStat40°C 

I X 

i o A x 

0 
Pure base oil Out bled oil Pure grease 

Figure 4. Average of lift-off-speed for pure base oil, bled oil and grease. 
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For the 100 cSt lubricated bearing an additional 1.5 ml was poured into the bearing during 

running and the lift-off-speed was then found to be 77±5 rpm. The total 2 ml volume was 

enough to fill-up the whole race of the outer ring so that oil poured out of the bearing when 

rotation stopped. This indicates that the oil volume does not affect the lift-off-speed as long as 

the contacts are not starved. 

According to equation (1), a high viscosity should give a separating film thickness at a low 

speed and a low viscosity should give a separating film at a high speed. In figure 4 the high lift

off-speed corresponds to the high viscosity and the low speed to the low viscosity which is 

contrary to equation (1). This could be a starvation problem and therefore starvation theory 

must be included in equation (1). 

It was possible to use the oils bled from the grease in bleeding tests to lubricate the same 

bearings that had been used for the grease tests. To simulate the same conditions as for the base 

oils, only 0.5 ml of the bled oil was distributed into the bearing. This volume was enough to 

cover all the surfaces including the outside of the cage. Oil was pouring on the outside of the 

cage after mrning the shaft a few revolutions . 

The bled oil gave almost exactly the same results as the greases, the difference was within the 

errors of the experiments, see figure 4. 

4.2. Breakthrough-Speed 

In the experimental tests, the grease lubricated bearings had a higher break-through-speed than 

lift-off-speed. The difference in break-through-speeds between different greases are a small. 

Comparing the results in figure 3 with the results in figure 5 shows the same tendency between 

the different greases except for AC2 and AC4. The mean level is on average three times higher 

for the break-through-speed than for the lift-off-speed. 
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Figure 5. Mean value of the break-through-speed for different greases. 

For greases that have a 100 cSt base oil (AC1,2,4,6,7) the break-through-speed is 34 rpm and 

for grease with a 30 cSt base oil (AC3,5,8) the break-through-speed is 38 rpm. 

However, at high speeds the temperature will increase and therefore the viscosity will be low 

and the lubricant can flow more easily over the surface. In these experiments a temperature rise 

in the bearing during a test series could not be detected with the thermocouples used. 

The break-through-speeds for ten consecutive runs were investigated; the mn order not 

affecting the break-through-speed. 

The break-through-speed showed the same behaviour as the lift-off-speed when comparing 

pure-oil, bled oil and base oil viscosity of the greases. The results of the tests can be seen in 

figure 6. The 30 cSt pure base oil has 37% higher break-through-speed compared with the 

greases and the bled oil. For the 100 cSt case, the break-through-speed is 2.8 times higher for 

the pure base oil compared with the greases and the bled oils. 
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Figure 6. Average break-through-speed for pure base oil, bled oil and grease. 

5. DISCUSSION 

In the case of lift-off-speed, the viscosity, pressure viscosity coefficient, amount of lubricant 

available in front of the contact, elasticity and geometry of the sohds and the surface roughness 

are ah important. Grease changes it's viscosity over time due to shear degradation and the 'oil' 

that separates the surfaces could contain different amount of the thickener structure. Cann et 

al.3 1 found that the main soap fibres align in the direction of shear in the contact point and that 

breakdown of thickener fibres takes place in the inlet region of the contact. Cann38 also found 

that thickener concentration decreased at the beginning of the experiment but started to increase 

after a certain point with increasing shding speed. This breakdown of thickener fibres in the 

contact region could explain why the bled oils, which contained fibres, show the same lift-off 

behaviour as their parent greases. 

In a bearing, micro scale shearing of the grease takes place between balls and races and between 

balls and cage during running, see Hamer et al. 3 2. This shearing could also contribute to the 

degradation of the greases. 

All these mechanisms mentioned will increase the amount of base oil bleeding in a bearing, 

compared with ball and disc measurements. The working life of a bearing is also on a 

completely different time scale than that used in film thickness measurements. Taking this into 

account could explain the differences between the ball and disc results found by Larsson9 with 

the deep groove ball bearing results. In a ball and disc apparams the replenishment strongly 

depends on filament formation, see Larsson9, but in a deep groove ball bearing other 
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phenomena such as oh bleeding probably has a greater influence on the supply of lubricant into 

the contact area. 

Starvation appears to be the major influence on film thickness and not the base oh viscosity that 

is needed to build up the film thickness at the inlet of the contact. If the viscosity is too high it 

will produce a starvation simation in the inlet of the contact due to replenishment problems. 

There may also be an optimum viscosity that gives the best film thickness if both the inlet 

distance (replenishment) and the build up of film thickness inside the contact is taken into 

account. 

Chevalier et a l . 3 3 suggest that in oil starvation the centre of the contact is more starved than the 

sides which imphes that the majority of the lubricant that reaches the contact comes from the 

sides. Studying oil droplets that are thrown out at the outlet of an EHD contact, Larsson et al. 8  

suggested that there are not enough drops in the centre of the contact to supply a fully developed 

film; however, the majority of the detected drops did come from the sides of the contact. 

Both these cases show the importance of transportation near the contact centre. Introducing spin 

into a bearing may increase the power loss, which in turn increase the temperamre, but spin 

could help a grease lubricated contact to pull in lubricant into the contact region for the next ball. 

Loewenthal34 concluded that power loss due to small spin is negligible but beyond a certain 

level the power loss increases rapidly. 

In a bearing application, the surfaces are run-in, i.e., the surface roughness changes with time. 

The deposition of additives and thin films of thickener will affect the surface tension of the steel 

surface and also change with time. Hence, transportation into the front of the contact should 

also change with time. Bascom 3 5 explained that transportation of oil on a steel surface is 

dependent on the surface tension gradient between a primary and secondary film and that 

spreading of the oil is a result of surface tension gradients and surface roughness capillary 

effects. This transportation is rather slow and may not be a significant contribution to feed the 

inlet with oil for lift-off and break-through-speed. 

In low-temperature mnning conditions, for example cold starting or intermittent outdoor 

operation, there might be lubricant starvation due to low grease bleeding and/or low or no 

lubricant replenishment. Wikström et a l . 3 6 showed that high lubricant viscosity in combination 

with high shaft speeds shortens the time to film breakdown in a spherical roller bearing 

lubricated with different types of grease base oils. They suggest a model for the lubricant feed 

and loss balance in bearings based on the results of their measurements. In this model, lubricant 

bleeding and capillary forces are considered as two of the feed mechanism which, when they 

fail, almost immediately cause film breakdown. Lubricant replenishment cannot depend on 

lubricant bleeding and capillary forces alone. Other forces such as vibrations must also drag 
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lubricant into the contact. Also the deposit of surface layers in combination with a thin viscous 

lubricating film may be enough to separate the surfaces. 

6. CONCLUSIONS 

The object of this investigation was to describe how lift-off-speed and break-through-speed 

may be described as a function of spin in a deep groove ball bearing and to compare the results 

with film thickness calculations. The lubricants used were grease, oil bled from the greases and 

the base oil used for manufacturing the greases. 

The base oil viscosity of the greases has a strong effect on both the lift-off-speed and the break

through-speed. There is no correlation between the greases and the lift-off-speed for the base 

oils that they are manufactured from. The bled oil gave almost exactly the same results as the 

greases, the difference was within the errors of the experiments. Thickener (soap) particles are 

present in the bled oil and these soap particles will increase the viscosity of the bled oil. The 

influence from the pressure-viscosity coefficient is small compared with the viscosity and the 

load did not have an effect on the speed levels. 

Greases that display high bleeding and have high base oil viscosity seems to give a low lift-off-

speed. 

The bled oil did contain different amounts, size and stracmre of thickener particles. 

In the grease lubricated case a high base oil viscosity of 100 cSt gave on average an 8 rpm lift

off-speed and using 30 cSt a 20 rpm average lift-off-speed was found for all the investigated 

greases. 

Using a 100 cSt pure base oil gave 72±5 rpm in lift-off-speed and the 30 cSt pure base oil gave 

32±5 rpm in lift-off-speed. 

The lift-off-speed was not affected by the volume of oil in the bearing. 

The break-through-speeds for ten consecutive runs were investigated; the run order was found 

not to affect the break-through-speed. 

For the grease lubricated case, the break-through-speed is three to four times higher than the 
lift-off-speed. 

The break-through-speed shows the same behaviour as the lift-off-speed when comparing pure-

oil, bled oil and base oil viscosity of the greases. The 30 cSt pure base oil has 45% higher 

break-through-speed compared with the greases and the bled oil. For the 100 cSt case, the 

break-through-speed is 2.8 times higher for the pure base oil compared with the greases and the 

bled oils. 
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There may be a viscosity that gives an optimum film thickness if both the inlet distance and the 

build up of film thickness inside the contact is taken into account. 
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