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Introduction 

Today, virtually all people in the world are in daily contact with products which have 

parts that are, in some way, lubricated to achieve a problem-free operation by reducing 

both friction and wear. The use of lubricants is in no way a new idea. There is evidence 

indicating that even the old Egyptians in year 2400 BC were using lubricants when 

moving large stone objects in order to reduce friction and hence the number of slaves 

needed, Dowson I. . 

The work presented in this thesis lies within the field of tribology. The very word 

"tribology" was coined as late as 1966 by a UK government committee2  as "the science 

and technology of interacting surfaces in relative motion", but is perhaps more often 

defined as the science and technology of lubrication, friction, and wear. 

When one surface moves over another wear will occur. One way of reducing wear and 

friction is to lubricate the surfaces in some way. A lubricant may be defined as a 

material used to separate two surfaces in relative motion and thus reduce both friction 

and wear. But more, a lubricant can also provide cooling capacity, act as additive 

carrier, protect the surfaces from corrosion, act as a damper, and carry away of 

undesired contaminants. The undesired contaminants can consist of solid particles in 

the form of wear debris, soot, and sludge. In some cases, water or other liquid droplets 

can be present in the lubricant. Gas bubbles are also most likely to be present in fluid 

film bearings due to vaporisation or gaseous cavitation in low-pressure regions. 

Many lubricated machine elements operate with an effective fluid film even when the 

films become very thin. Film thickness has been steadily decreasing since the start of 

this century, and it is anticipated that this trend will continue. The main reasons for the 

decreasing film thickness are the ability to manufacture surfaces with greater accuracy 

and precision and higher purity of materials, as well as more severe operating demands. 

New and improved lubricants have also contributed to this trend. But, with thinner 

operating films the risk of damage, or even failure, due to particles in the lubricant 

increases, making filtering and changing of the lubricant more important. Most liquid 

systems permit contaminant particles to become entrapped in the lubricant, since few, if 

any, systems can remove all of the particles before the lubricant enters the contact. It is 

apparent, therefore, that virtually all liquid-lubricated contacts are supplied with a 

lubricant that contains contaminant particles. But how does these solid particles enter 

mechanical systems? Basically, there are tree different classes that explain the origin 

from solid debris in mechanical systems:  i)  built in from the start, ii) generated by the 
machinery, and iii) ingested from the atmosphere3. 
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Machine components, such as gears and roller bearings, are usually elastohydro-

dynamically (EHD) lubricated. This type of lubrication has the following 

characteristics: surfaces in relative motion under very high pressure, dramatic change in 

viscosity, elastic deformation of the solid surfaces, and moreover a very thin separating 

film (in the order of only 1 pm). This lubricating regime prevails in the contact between 

nonconformal surfaces. The effect of hard contaminants may be, if they are trapped 

between the two bearing surfaces, local plastic deformation with permanent surface 

indentations of the bearing materials as a result, and hence stresses which are 

superimposed on the stresses caused by manufacturing and the separating film. Since 

the total life of a bearing depends on the stresses acting below and on the bearing 

surfaces it can be considerably prolonged if removing damaging particles from the 

system. 

Other factors influencing the technical life of bearings are lubricant viscosity, bulk 

temperature, and surface roughness. To provide an economical view on the subject, we 

can examine the Tribo-losses, i.e. those costs related to wear and friction. In Sweden 
these costs amount to about 7% of GNP4. It is obvious therefore that we are dealing 

with large sums of money and if we could only decrease the Tribo-losses a little, 

enormous profits could be made for society- both environmentally and economically. 

It is a well known fact that particles and debris in lubricants and hydraulic oils 

considerably shorten the technical life, but nevertheless our fundamental understanding 

of debris and particles in lubricating systems is very limited, and quantitative rules of 

thumb and qualified guesses are often trusted. One of the reasons for the limited insight 

into the effect of debris and particles is simply that experimental and theoretical 

investigations when particles are involved tend to become much more complex, and 

hence fewer studies are carried out. The aim of this thesis is to contribute to a more 

detailed understanding of the effect of particles on lubricant flow in 

elastohydrodynamically lubricated contacts, with the main focus on phenomenological 

trends. 

2 



Systematic Design of Experimental Apparatus 

Designing new research equipment and test apparatus for experimental purposes often 

demands an open-minded approach and new ideas. Despite the fact that the designers of 

today have very sophisticated computer facilities to help them during the process of 

designing there is still a large element of human creativity involved. Computers make 

the iteration process shorter, but the general principle of the solution is rarely 

questioned or improved. 

Figure 1. The cylindrical roller bearing on which the work in paper A and  B  was 

based. Dimensions in min. 

In Paper A, a systematic approach was applied in designing an apparatus used for 

investigating an elasto hydrodynamically lubricated conjunction. The study was based 

on a particular bearing chosen on the basis of being a typical cylindrical roller bearing 

of common size, subjected to typical operational conditions, Figure 1. 

The work followed the method Conceptual Design5  which applied rightly increases the 

chance for a successful design. The method itself is a systematic synthesis of several 

previous methods in order to find the basic solution. Much of the work with Conceptual 

Design is based on dividing the main function for the apparatus into several sub-

functions and finding possible ways of accomplishing them. The solutions principles 

are then combined into solution variants which are evaluated against technical and 

economical criteria. 

The work in Paper A indicated that the optimal way of building the apparatus would be 

a conjunction created between a rotating wheel and a bottom plate, and observing the 

flow by applying PIV (Particle Image Velocimetry) via microscope and a video 

recorder. 

3 



Lubricant 

Video camera  
Optical 
counter 

X-Z-table  

Electric 
motor 
with gear 
box 

Perturbed Lubricant Flow in a Converging Conjunction 

In the second paper, Paper  B,  an experimental and theoretical/numerical investigation 

was performed. The conceptual design found through systematic design, was developed 

into a complete experimental set-up for studying the perturbed lubricant flow in a 

conjunction simulating what can be found in a cylindrical roller bearing, Figure 2. The 

numerical analysis was performed utilising the CID-package CFX-F3D. 

Adjustment of 
central film 
thickness 

Bottom plate 

Laser beam 
Stabilite 2016 
Argon 4W 

Beam shaping 
optics 

Figure 2. Experimental apparatus used in flow studies in Paper  B.  

The design of the enlarged model was based on four key parameter from Navier-Stokes 

equations. Three of these four parameters were given values identical to the actual 

bearing, but the fourth parameter, side-leakage  k,  could not due to measurement 

limitations. 

The actual perturbation consisted of a cylindrical bump located in the inlet of the 

conjunction on the lower surface. This was achieved by using a transparent wire and 

attaching it on each side of the bottom plate. This set-up allowed a laser beam to shine 

trough the wire a thus also illuminating the particles passing above the line. The effect 

of relative velocity (72, 148, and 264 minis), minimum film thickness (0.085 and 0.185 

mm), and size of perturbation (0.15 mm, 0.21 mm) on the fluid flow was investigated. 

The flow in each case was captured with a high speed camera at a recording rate of 

1000 frames per second and saved for later analysis. Due to the very large velocity 

differences within the region of interest and the relatively few number of particles 

present on each frame, it was not possible to apply ordinary PIV techniques 

successfully. Instead a semi-manual method had to be applied while utilising the 

freeware program NIB-Image. 
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Figure 3.Conjunction geometry of the enlarged model with a single circular 

perturbation at bottom surface. Dimensions in unit mm. 
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Figure 4. 	Experimental particle tracks for hmin  = 0 085 mm, dp  = 0.21 mm at (a) v 
= 0.072  m/s, (b)  v = 0.148  m/s,  and  (c)  v = 0.264  m/s  

----------......._.....„.„........«.____ 

ON-,..._______________ 
• • 

(a)  (e)  

Figure 5. 	Theoretical particle tracks for hmin  = 0.085 mm, dp  = 0.21 mm at (a) v = 
0.072  m/s, (b)  v = 0.148  m/s,  and  (c)  v = 0.264  m/s  

The numerical analysis was performed on the enlarged model geometry. The basic 

equations to be solved were the steady, isothermal, Newtonian Navier-Stokes equations 

together with the equations of state. 

The two-dimensional numerical results, i.e. with no side-leakage, showed flow patterns 

with a sharp backflow and a re-circulation region between the perturbation and the 
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outlet. But the conditions prevailing in the enlarged model were not characterised by 

small side-leakage and therefor quite different: very smooth flow and no backflow. 

However, the tree-dimensional results matched very well to experiments since the effect 

of side-leakage now was accounted for, Figures 4 and 5. It could also be concluded that 

the influence of the circular perturbation was very small. 

Grease Passing Through an EHD Contact 

Lubricating greases are semi-liquid lubricants consisting of a lubricating oil, the base 

oil, thickener (up to 30 percent), and several chemical additives. The base oil is held 

within the grease thickener structure by a combination of chemical and physical forces. 
Lubricating grease is widely used in many machine elements. In rolling element 

bearings about 80 percent are grease lubricated. 

In Figure 6, a  SEM  photograph of a common thickener, lithium-12-hydroxy stearate in 

mineral oil, is shown. However, this structure is not preserved when the grease enters a 

lubricated contact. Instead, we will observe thickener lumps of different sizes passing 
the contact. This is the mechanism making greases loose their consistency, i.e. the 

degradation of the thickener structure. In Paper  C  and ID a study of a grease lubricated 

contact and the behaviour of thickener particles as they pass through the contact was 

carried out. 

Figure 6.  SEM  photograph of Li-12-0H Stearate in mineral oil with normal "coarse" 

structure, courtesy of  SKF.  

One of the most efficient ways to study an EHL contacts is to utilise optical 

interferometry. The basic feature of the experimental set-up used in papers  C  and  D  is 

shown in Figure 7. The essential parts are the polished steel ball with a diameter of 50 
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mm and the glass disc with a radius of 100 mm and a thickness of 6 mm. The glass disc 

was coated with a 200 A thick layer of chromium on the side facing the ball. The disc 

was driven via a chain or belt drive by an electric step motor, and the ball was freely 

rotating with the disc. 

The contact region was illuminated through the microscope with white light filtered by 

means of interference filter of band width of 20  nm,  to a wave length of 579  nm.  The 

reflected light from the surface of the steel ball and the chromium layer produce an 

interference pattern seen as fields of black and white bands. 

ti  

Figure 7. Experimental apparatus used in Paper  C  and  D:  Ball -and -disc apparatus 

with high-speed video camera. 

The contact between the ball and disc were studied with a high-speed camera via a 

microscope. The high-speed video system was black and white Kodak EktaPro 

Intensifier Imager system. This system included: a high-speed camera, Intensified 

Imager unit, and processor unit. 

In Paper  C,  thickener particles were traced as they passed trough the contact in pure 

rolling. In former studies it had not been possible to track specific particles, but due to 

short exposure time and the high recording rate used here the complete path of the 

particle could be captured. Two greases based on the same synthetic polyalphaolefin 

but thickened with Li-12-0H and Li complex respectively were studied for a freshly 
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lubricated track. The proportion of thickener was 18 percent for both greases. In Figure 

8 the track was freshly lubricated with a thin layer of Li-12-0H. It was established that 

the Li complex thickener causes fewer but larger particles to pass the contact. Paper  C  

also describes high speed filming of an EHD contact. It was shown that the method can 

be used for tracking single thickener fibres through a contact. The results showed 

clearly that even though the thickener percentage is known, it need not represent the 

amount of thickener actually passing through the contact. 

The method may, probably, also be used for tracking single contamination particles. 

The method is simple and straight forward and may be combined with image 

processing software to extract even more information, i.e. on number, size, distortion, 

and direction of passing particles or fibres. The method is also capable of clearly 

distinguishing between greases of different types which may be important in today's 

search for low-noise greases. 

t =Sms 	 t =10 rm; t 	11 ms 	 Line of action 

Figure 8. Grease A, newly greased track, rotational ball speed nb=38 rpm. The 
direction of rolling is shown in the last frame 

In Paper  D,  the experiments in paper  C  were repeated introducing different amount of 

side slip for different rolling speeds and a faster video camera capable of capturing 4 

500 frames/s. The study was performed for two greases and nine different test 
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conditions: all combinations of  (i)  three different rolling velocities (30, 70, and 120 

rpm) and (ii) three different slip angles a (0°, 15°, and 30°). The contact was lubricated 

with a continuous supply of grease (same greases as in Paper  C).  

Figure 9 Grease A, newly greased track, slip angle a = 30°, rotational ball speed 
nb=30 rpm. 

In Figure 9, Grease A (Li-12-0H thickener) is shown passing through the contact for 

the lowest rolling speed and at a = 30°. It was seen that grease thickener to a large 

extent is already sheared before entering an EHD contact, as side slip is introduced. 

This shearing continues within the contact. Large thickener particles retain most of 

their shape at higher side slip, but it may be concluded that the thickener will cover the 

surfaces better if a small amount of side slip is present. In bearings required to run 

quietly, thickener particles may cause less noise if side slip is present. Also, it is seen 

that thickener may follow a different path from the base oil in an EHD contact, which 

may be caused by different adhesion to the two contact body materials. High pressure 

gradients at the edges of the horse shoe-shaped minimum film thickness region seem to 

force thickener particles to follow a path closer to the central film thickness. 
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SWEDEN 

ABSTRACT 
Designing new research equipment and test apparatus for experimental purposes often demands an 
open-minded approach and new ideas. This article shows how a systematic approach was applied in 
designing an apparatus used to investigate an elastohydrodynamically lubricated conjunction, and how 
particles and surface roughness influence the lubricating conditions. Commonplace machine elements 
such as roller bearings and gears are elastohydrodynamically lubricated. 

The applied method is called Conceptual Design, and was first presented in 1972 by  G.  Pahl 
and W.  Beitz  . This method allows the designer to make faster and more carefully considered decisions 
that are based more on facts and take a great number of ideas into account, no matter how irrelevant 
they may at first seem. 

1. INTRODUCTION 
Despite the fact that the designers of today have very sophisticated computer facilities to help them 
during the process of designing there is still a large element of human creativity involved. Computers 
make the iteration process shorter, but the general principle of the solution is not questioned or 
improved. This is the case with Simultaneous Engineering. 

This article intends to display the powerful method Conceptual Design [1] by using it for 
designing an experimental apparatus, and showing its advantages. If this method is applied rightly 
the chance for a successful design increases. The method itself is a systematic synthesis of several 
previous methods in order to find the basic solution. 

Conceptual design involves the following: specification, abstraction, establishing of function 
structure, searching for solution principles, combining of solution principles, selection of suitable 
combinations, firm up into concept variants, and finally evaluation of variants against technical and 
economic criteria. In this article all of these steps will be presented shortly and with respect to the 
designing of an experimental apparatus. 

Designing research equipment involves other demands than designing products for everyday 
use, but still the designing process is the same. Very often there is a need for an open-minded approach 
and new ideas for an apparatus to be successful. 

2. THE CONCEPT OF ELASTOHYDRODYNAMIC LUBRICATION (EHL) 
Our fundamental understanding of the influence of singularities, such as debris and surface roughness, 
within elastohydrodynamically lubricated (EHL) conjunctions is still limited. Commonplace machine 
elements such as rolling element bearings and gears are elastohydrodynamically lubricated. Further 
research in this area requires experimental investigations. 

Since we wish to study the conjunction in the plane perpendicular to the rotation axis (also 
referred to as the  x-y  plane) usual elastohydrodynamic lubrication experimental studies with optical 
interferometry do not apply here, see Figure 1. This has been performed earlier for pure flow studies by, 
for example, Doremus and Piau 1983 [2]. They made experiments on a cylinder-plane lubricated contact 
without singularities. 

The actual EHL conjunction to be configured was a cylindrical roller bearing. The slip between 
the roller and race causes the flow in the conjunction due to a relative motion between the roller and 
races. At an early stage, a preliminary concept was presented that seemed promising. This idea 
involved enlarging the conjunction by means of a metal tape between two guides in the form of a huge 
tape recorder. But in order to find the optimal solution Conceptual Design was applied. 

3. SYSTEMATIC DESIGNING OF EXPERIMENTAL APPARATUS 
3.1 	Specification 
Conceptual Design makes a difference between requirements and desired features. The meaning of these 
two concepts is a matter of course but if insufficient attention is paid to determining requirements and 
desired features, this might affect the outcome drastically. 
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Since this method is largely based on the requirement list, it is essential that all requirements 
should be defined clearly and, if possible, quantified. The task of preparing a requirement list is 
simplified considerably by following a special checklist which deals with all aspects of the product. 

To ensure the validity of the experiments the enlarged and the actual bearing must be 
dynamically similar. This can be ensured if all of the dimensionless constants in the Navier-Stokes 
equations are kept constant or of the same order for both the enlarged model and the actual roller 
bearing. Formulas for the involved parameters are presented in Figure 2.  

  

Re= 
po•  ua  •  R  •  E 3 	Inertia 	Ii 	 _ 

	

Viscous 	
k  = 

V 7}3 	 R.  

Re 	g  •po • R2  • E 4  Gravity 

Fr — 	no • U. 	ViSCOLIS 

Ro ler  'debris 
/ 

MU. '‘MIN 

Figure I. Actual roller bearing Figure 2. Formulas for the dimensionless parameters in 
Navier-Stokes equations. 

3. 2 	Abstraction and problem formulation 
The objective of the abstraction was to clarify the task with the help of the requirement list. This 
analysis, coupled to a step-by-step abstraction, revealed the general aspects and essential features of 
the task. Finally the problem could be formulated in solution-neutral terms [3]. 

The problem formulation for the experimental apparatus thus became: -Experimentally study 
the effect of singularities such as surface roughness and debris in an elastohydrodynamically 
lubricated conjunction in the  x-y  plane as a function of lubricant viscosity, rolling velocity, minimum 
film thickness. 

3.3 	Establishing function structures 
Once the problem formulation was done it was possible to obtain an idea of the overall function and 
also express the relation between the inputs and outputs independently of solution. The overall function 
was later divided up into sub-functions of lower complexity, which could be dealt with separately. 
The result is a function structure with paths of energy, signals and material, see Figure 3. In this way a 
sharp picture of the process can be made. 

3.4 	Searching for solution principles to fulfil the sub-functions 
Once the function structures are completed the sub-functions of solving the problem are given and the 
search for sub-solutions can start. The sub-solutions can be of many different kinds and must therefore 
be described in a distinct way. This is possible by making a matrix with all sub-functions and sub-
solutions [4] in which the selection can be made, see Figure 4. The search for solutions can be 
accomplished through conventional and unconventional aids. 

Conventional aids involve, for example, literature searches, analysis of natural systems [5], 
analysis of existing technical systems, of which the last is the most common. 

But the search for solutions can also be done in an unconventional way, using methods with an 
intuitive bias. The most common way of searching for a solution to a difficult problem is by intuition. 
Sometimes this is successful, but other times no solution comes to mind. Ideas discovered by intuition 
are seldom ready to be applied, and need to be modified until they are right. There are, however, 
several methods that encourage intuition and the opening of new paths by the association of ideas. 
Examples of methods with an intuitive bias are critical discussions with colleagues, brainstorming [61, 
synetics [7], the Delphi method [8], Method 635 [9]. 

Since we want to study the effect of particles and surface roughness on the lubricating 
conditions, i.e. the flow, there are only a few techniques available. The most popular technique for 
measuring flow is PIV, particle image velocimetry. A similar technique is called FITV, fluorescent 
image tracking velocimetry, where fluorescent particles are used. 

The most common feature of these methods is the introduction of a light sheet into a fluid, 
which is seeded with particles that can follow the flow in an inertia-free way. The particle 
movements in the illuminated plane are usually recorded with double or multiple exposures on a single 
photographic frame. These data can later be analysed and processed into charts of the paths and 
velocity of the flow. The light sheet is usually accomplished by using a powerful laser and system of 
optics. A comprehensive description of PIV-techniques applied to velocity measurements can be found 
in Hinsch 1993 [10]. 
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Combination matrix for experimental apparatus 

3.5 	Combining solution principles to fulfil the overall function and selecting suitable combinations 
After dealing with the problem from all possible viewpoints, many peculiar and impossible ideas 
arose. In order to reduce the number of solutions and only keep the best, a special procedure was 
followed which included two steps: elimination and preference Ill). 

In the first step, elimination, totally unsuitable solutions were excluded on the grounds that 
they were totally unrealistic. The result of this step can be seen in Figure 4. 

The second step, preference, involved obtaining more information on each solution and doing 
some sketching in order to find out how realistic they were. The following aspects were dealt with: a) 
compatible with overall task and/or with another,  b)  fulfil the demands of the specification,  c)  
realisable in respect of performance,  d)  within permissible costs,  e)  safety aspects, f) preferred for 
other reasons (preferred by designers company),  g)  adequate information (enough time to learn new 
methods). This s  ep  is best done with a special selection chart, see Figure 5 for an example.  

Sv  No a  b c  ci  e  f  g  Remarks (indications, reasons etc.) Decision 

S1.1 1 + ? ? ? + - + Possible traction problems, complex design, possible vibration 
problems, how is tape guided? 

- 

S1.2 .: + + ? ? + + + Complex design, possible vibration problems, probaoly too 
expensive, how is tape guided? 

+ 

S1.4 3 + + ? + + + + Simple design, few parts, low play, no vibrations, low costs. + 

S1.5 4 + ? ? + + + V. Weil-tested design, no vibrations, rather few parts, low costs, low 
model scaling  

+ 

Sv: Solution variants 	Selection criteria: 	ecision: 
(+ Yes 	 (+) Pursue solution 
(-) No 	 (-) Eliminate solution 
(? Lack of information (?) Collect information 
(!) Check spec. 	(!) Check spec. for changes 

Figure 5. Systematic selection chart. Preference step for Solution variant: Ty-pe of conjunction 
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3.6 	Firming up into concept variants 
Before the concept variants could be evaluated, they were firmed up, which almost invariably 
involves considerable effort. 

The necessary data are obtained with the help of such proven methods as: rough calculations 
based on simplified assumptions, rough sketches, preliminary experiments, construction of models to 
aid analysis and visualisation. The properties of the concept variants must reveal technical as well as 
economic features so as to permit the most accurate evaluation possible. 

A scale model of sub-solution 1.4 (cylinder-plane contact) was constructed in order to further 
investigate the measuring conditions for PIV. The rotation wheel is 210 mm in radius and 30 mm thick 
and the whole set-up is made of Plexiglas. The conjunction is between the wheel and a special plate in 
the bottom that can be changed. A schematic illustration of the experimental set-up is presented in 
Figure 6. The laser beam was reduced to a 0.5 mm thick light sheet by combination of cylindrical and 
spherical lenses. The liquid consisting of poly-alpha-olefin 100 oil was seeded with Peolit particles of 
an average size of 50 gm. The conjunction was studied with a video camera through a microscope. 

An example of results is shown in Figure 7. The time difference between the black and the grey 
spots is 20 ms. 

 

• 
gOtaring 
wheel 

  

Video- 
CIZeta 

Argon Leur O W 

 

• - 	55 otrn 

 

Computer 

    

Fig-ure  6. A schematic description of the experimental Figure 7. Example of PIV measurements within the 
lubricated conjunction of sub-solution 1.4 
with an optical magnification of 60 times 
and model scale factor of 26.25 times. The 
minimum film thickness was 03 mm. 

Two variants were chosen for further evaluation. They are almost identical, but the solution for 
the sub-function "Type of conjunction" differs: 1.2 and 1.4. Thus, the following combinations were 
obtained: 

Variant VI: 	1.2 + 2.1 + 3.2 + 4.1 + 5.1 + 6.1 + 	+8.3+9.1 +10.1 + 
11.2 + 12.1 + 13.1 + 14.1 + 15.1 + 16.1-.3 17.1 + 18.3 + 19.2 + 20.1 

Variant V2: 	The same as variant V1 but 1.2 is changed to 1.4 

3.7 	Evaluating concept variants against technical and economic criteria 
The tool for evaluating the concept variants against technical and economical criteria is the objectives 
tree. This evaluation method, called use-value analysis, involves comparison of variants or an 
imaginary ideal solution[12]. Here it is only the desired features that are evaluated since all the 
requirements are already fulfilled for all remaining variants. These desired features must be 
independent of each other to avoid one variant weighing too much due to desired features being used 
several times. The desired features are valued from 0 to 1, with the highest value given to the one of 
greatest importance. The different desired features are given weight values in relation to how well the 
solution variant fulfils the desired features, on all levels of the objectives tree. Evaluation for the 
apparatus, see Figure 8 and 9. 

Evaluation is achieved from the weight value, but sometimes this does not give a fair picture 
of the capability of the solution, and in these cases a value profile can be made in order to find the 
weak spots. The value profile is made by drawing boxes for which the x-axis corresponds to the value 
and the thickness to the weightings. If the average value is drawn it-is possible to find the weak spots. 
The solution with the smoothest value profile should be chosen. 
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set-up for sub-solution 1.4. 
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Variant  
VI 

Value Wgtited 
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:Magri. 

Vartant  
V2 

Vaiue Weigtted 
value 

1 Reno 1 0,100 Value of Re Average 5 '- 0,500 Low 3 0,500 

2 Re/ Fr « 1 0,100 Value of Re/Fr Average 5 0.500 Low 3 0.500 

3 Hie, relative velocity 0,035 Overload reserve % High 7 0.245 Average a 0.175 

4 Small min. film thickness 0,175 Film thickness Low 9 1.57.5 Average 5 0.875 

5 Large model scale factor 0,042 Scale factor tames Avernze 5 0.210 High 9 0,376 

6 Large ootacal marnificanon 0.098 Optical magnification bones Average 5 0,490 High a 0.490 

7 Low geometry play 0.100 Size of play Low 9 0.900 Hign 2 0.200 

.3 Low wear of conjunction 0,050 Amount of wear Low 9 0,450 High 1 0.050 

9 Small deforrna dons 0,100 Order of deformation Low :4 5.800 Average a 0.00 

8 High mechanical safety 0.090 Expected mechanical safety High 10 0.900 Average 8 0.720 

9 Few possible operator errors 0.010 No. of oPerating errors Low 9 0.090 Average 4 0.040 

10 Easy maintenance 0,015 Time and cost Low 8 0,120 Average 6 0,090 

11 F..asv handling 0.035 Complexity of handling _ Average 7 0.245 Average ' 0.'40 

' Small number of components 0.024 No. of components Low 9 0.216 High 2 0.0.48 

13 Low cornibienw of components 0.008 Cornviexitv of components Low 8 0.064 Averaae 3 0,024 

14 Many std, and bought out Parts 0.008 Propordon of std. components -1 Low 2 0,016 Lou/ 2 0.0:6  

i  5 Sirripie assembly 0.010 Sirricitraty of assembly High 9 0.090 High a 0.595 

Sum. 
Wt. 

OWV I. OVI. OWV1. 0V2w OWV2s 

1,000 I 	124 7.411 86 5.436 

Figure 9. 	Evaluation chart for experimental apparatus 

4. 	RESULTS 
Since concept variant V1 had such high values in the evaluation there was no need for further 
evaluation with weak-spot analysis. Further development has resulted in production drawings for 
later manufacturing. 

The preliminary concept variant V2, which under traditional working methods would have 
been the final design, was excluded. 
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5. 	CONCLUSIONS 
Working with Conceptual Design has led to the following conclusions: 

- Since Conceptual Design deals with other aspects of designing than Simultaneous Engineering 
the two could serve as a good complement to each other for a more firm grip of the whole process 
of designing. 

- The structure of the function tree, as well as the weighting of desired features in the evaluation 
of concepts has a great effect on the choice and must be accomplished with great care. 

This method allows the designer to make faster and more carefully considered decisions that are 
based more on facts and take a great number of ideas into account, no matter how irrelevant they 
may at first seem. 

NOMENCLATURE 
Re -= Reynolds number 
Fr 	= Froude number  
k 	side-leakage parameter  
R 	-= curvature sum 
ii 	= roller length  

= central film thickness 
= velocity in  x-direction of solid surface a 
= film aspect ratio 
.= viscosity at atmospheric pressure 

.= density where  p  =0 
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Abstract 

A study with its main aims to  (i)  develop an experimental system for studying the effect 

of debris with respect to EHL-lubrication, and (ii) to perform a theoretical/numerical 

comparison with the experimental results, was performed. The study was focused on 

one typical cylindrical roller bearing subjected to typical operational conditions. The 

experimental apparatus was designed with respect to the dimensional numbers 

governing the Navier-Stokes equation. The varied parameters were minimum film 

thickness, relative velocity, and size of perturbation. The perturbation consisted of a 

cylindrical wire attached to the bottom surface of the conjunction. 

The experimental results were streamlines showing the flow passing the perturbation 

and gauge pressure at one location. The method of evaluation of the recorded 

sequences was semi-manual and based on the freeware NIH-Image. The theoretical 

study was performed utilising the flow modelling software CFX-F3D, version 4.1. A 

comparison between the experimental and theoretical results showed good agreement. 

1 	Introduction 

Machine components, such as gears and roller bearings, are often 

elastohydrodynamically lubricated. This lubrication has the characteristics of very high 

pressure, dramatic change in viscosity, a very thin film (in the order of 1 p.m thick), 

and elastic deformation of the solid surfaces. This lubricating regime is found with 

nonconformal surfaces. Numerous factors influence the active life of the components, 

such as lubricant viscosity, bulk temperature, surface roughness, and debris in the 

lubricant. 
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Many lubricated machine elements operate with effective fluid film lubrication even 

when the films become very thin. Film thickness has been steadily decreasing since the 

beginning of this century, and it is anticipated that this trend will continue. The main 

reasons for the decreasing film thickness are the ability to manufacture surfaces with 

greater accuracy and precision and the higher purity of materials, as well as the more 

severe operating demands. New and improved lubricants have also contributed to this 

trend. 

With thinner operating films the risk of bearing damage, or even failure, due to particles 

in the lubricant increases, making filtering and changing of the lubricant more 

important. Most liquid systems permit contaminant particles to become entrapped in 

the lubricant, since few, if any, systems can remove all of the particles before the 

lubricant enters the bearing. It is apparent, therefore, that virtually all liquid-lubricated 

bearings are supplied with a lubricant that contains contaminant particles. 

The lubricant can be contaminated with solid particles in the form of wear debris, soot, 

and sludge. It can also contain various additives in the base oil to improve the 

lubricating characteristics. In some cases, water or other liquid droplets can be present 

in the lubricant. Gas bubbles are most likely to be present in fluid film bearings due to 

vaporisation or gaseous cavitation in low-pressure regions. In the literature, 

accordingly, three classes of problem are treated: 

(1) The effect of particles on bearing performance 

(2) Lubrication with micropolar fluids 

(3) The effect of gas bubbles on bearing performance 

Work performed on class (2) often makes the assumption that the particles are 

homogeneously distributed in the lubricant. The same assumption is made for class (3). 

However, this assumption cannot be valid for problems connected with discrete 

particles present in the lubricant. It has been shown that there are only a few "large" 

particles contained within a bearing at any  timel.  These large particles have a 

characteristic length of at least the minimum film thickness. It has also been shown 

experimentally that these few large particles have a significant effect on hydrodynamic 

bearing performance2,3. 

A number of investigations have been devoted to the lubrication of surfaces where the 

surface texture is considered. Houpert and Hamrock4  considered the presence of 

bumps and dents while assuming Eyring's rheological fluid model. Later, Lee and 

Hamrock5  investigated microelasto-hydrodynamic lubrication while assuming the 

circular fluid model. These references treat the solutions of rough EHL surfaces by 
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assuming that the asperities are undeformable objects being pressed into the surfaces by 

pressure from the film generation, while utilising the Reynolds equation. 

Interesting work has also been performed on stationary and moving particles in 

infinitely long channels. Most of the work found in this category aims at increasing the 

understanding of blood flow in capillaries. For example, the motion of an elliptical two-

dimensional particle in channel flow was determined by Sugihara-Seld6. The basis of 

this study was incompressible Newtonian fluid with no external forces, torques, or 

inertia forces, while utilising the Stokes equation. 

Fewer examples of experimental research are to be found in this area. However, 

Languirand and Tichyl have performed an interesting study of the effect of a translating 

particle in a plane sliding bearing. A simple analytical analysis utilising Stokes 

equations, showed good agreement with experimental results. They found a pressure 

drop which develops in the pressure field at the particle location. Doremus and Piau7  

focused on the flow structure in a lubricated cylinder-plane contact as a function of 

minimum film thickness and relative velocity. Their study was purely 

phenomenological and little effort was given to the geometric design of the apparatus. 

They were able to conclude that much less fluid is carried through the gap for 

viscoelastic solutions compared with Newtonian liquids under similar experimental 

conditions. An experimental study of the behaviour of grease in a cylindrical sliding 

contact was carried out by Mutuli et al8. They applied Particle Image Velocimetry to 

obtain multi-exposure pictures, and a manual method in evaluating the pictures to find 

the velocity field. The experiments were compared to a theoretical model utilising the 

Bingham plastic flow model with good agreement. 

The aim of the this work is to contribute to a more detailed understanding of the effect 

of particles and surface roughness on lubricant flow in elastohydrodynamically 

lubricated bearings, with the main focus on the phenomenological trends. Attention is 

paid to the geometric design of the conjunction for a more realistic approach to the 
study. 

2 	Experiments 

The experimental work involved designing an enlarged model capable of simulating the 

flow found in real cylindrical roller bearings. A particular bearing, here called the actual 

bearing, was chosen on the basis of being a typical roller bearing of common size, 
Figure 1 and Table 1. 
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Dimensions 	 Actual roller bearing 

Inner-race diameter 

Outer-race diameter 

Diameter of cylindrical rollers 

Axial length of cylindrical rollers 

Number of rollers in complete bearin 

= 64 mm 

4 = 96 mm 

d = 16 mm 

il = 16 mm 

n =9 

Figure 1. Actual cylindrical roller bearing with key dimensions. 

Table 1. 	Dimensions o actual beann 

The geometry of the enlarged model was limited to a single contact, with a cylindrical 

wire simulating a perturbation, on the bottom plate at the inlet of the conjunction, Figure 

2. This situation is very much artificial but, nevertheless, can be said to correspond to a 

metallic particle or a fibre that, after solid contact with the roller and race, has stuck to 

the race or is embedded but not flattened out. The  origo  of the co-ordinate system was 

located at the lower surface with the y-axis intersecting with the centre of both rj and 

r2, i.e. at the location of the central film thickness. 

Figure 2. Conjunction geometry of enlarged model with a single circular 

perturbation, Odp, at the bottom surface. 
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Contact (1): Contact (2): 

r b,o 

2.1 	Design of Experimental Apparatus 

We have two contact zones: one between the roller and the inner race, and one between 

the roller and the outer race. In situations, where both of the surfaces have a constant 

radius, a transformation can be carried out where the contact geometry is represented by 

a plane and a curved surface with an equivalent radius, Figure 3. The equivalent radius 

is found from the relation:  

d • d 
R.= 	̀ 

2(d, + d) 

d •  d 
R — 	° 

° 	2(d o  — d) 

(1) 

In this work the equivalent radius at the inner race and roller is chosen since this is the 

least favourable situation for a contact, thus the curvature sum will be expressed as  
R  =  R  The minimum elastohydrodynamic film thickness was, thus, calculated on the 

inner race. This bearing was also given typical operating conditions, Table 2. 

Equivalent 
cylinders: 

Equivalent 
cylinders 
and planes: 

Figure 3. Equivalent cylinders for cylindrical roller bearing. 

The only way of ensuring the validity of experiments was to examine the 

dimensionless operating parameters governing the flow and giving the enlarged model 

values close to or identical to those calculated for the actual bearing.  Hamrock  and 

Myllerup9  imposed the following simplifications: isothermal conditions, isoviscous 

behaviour, no elastic deformation, only body force acting in the direction of film the 

thickness (equal to gravity), and steady state. They were then able to derive the 

following dimensionless relations:  

(2)  

(3)  
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R 
 = inertia forces = pou„Re  
e 	viscous forces 	no 

Re  _ gravity forces = gp0R2e4 

	

Fr  — viscous forces 	no% 

The dimensionalization is based on the concept of balanced dominance between the 

velocity derivative against the pressure gradient. Dimensionless operating parameters 

for the actual roller bearing were calculated using relations (2) to (5), and matched with 

the enlarged model while making sure that the dimensions did not become unrealistic. 

The operating conditions and dimensionless operating parameters are shown in Tables 

2 and 3 respectively. 

Table 2. Operatingconditions 
Operating Parameters Actual roller 

bearing 
Enlarged 

Model 

Central film thickness, he  (mm) 0.4 .10-3  0.1 

Curvature sum,  R  (m) 0.008 2.00 

Axial length of cylindrical roller,  li  (mm) 16 30 

Atmospheric absolute viscosity, no  (Nsim2) 0.01 0.08 

Rolling velocity, ua  (m/s)  10 0.32 

Table 3. Dimensionless operatingarameters 
Dimensionless operating parameters Actual roller 

bearing 
Enlarged 

Model 

Film aspect Ratio,  e  7.07 .10-3  7.07 -10 

Side-leakage parameter,  k  283 5.30 40'5  

Reynolds number, Re  2.40 .10 2.40 •10-3  

Reynolds no. divided by Froude no., Re/Fr 1.33 .10-8  1.33 .10-8  

The side-leakage  k  w.s mismatching for the enlarged model and the actual bearing. 

This was due to limitations of the measurement technique. The essential parts of the 

complete apparatus are: the rotating wheel and the curved bottom plate screwed onto the 

bottom of the lubricant container, Figure 4. The lubricated conjunction is formed 

between these two parts, and by adjusting the wheel's height in relation to the bottom 

plate, the minimum film thickness is altered. 

The geometric design of the enlarged model was determined by the curvature sum to  
ri  = 0.210 m and 7-2 = -0.235 m. The perturbation, a cylindrical wire, was located at the 

(4)  

(5)  
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Lubricant 

Contain 

Video camera  
Optical 
counter 

X-Z-table  

Electric 
motor 
with gear 
box 

vicinity of the inlet of the conjunction. The location of the perturbation was set to lb= 

-50 mm. 

2.2 	Measurement Technique 

The most popular technique of evaluating the flows of transparent liquids is called PIV 

(Particle Image Velocimetry). PIV is a non-intrusive technique for the measurement of 

an instantaneous two-dimensional velocity-field in the fluid. The basic feature of this 

technique is the introduction of a narrow laser light sheet perpendicular to the plane of 

interest and seeding very small neutrally boyant spherical particles into the fluid. The 

particles have features that make them visible in the laser sheet. The particle movements 

in the illuminated plane are usually recorded in double or multiple exposures on a single 

photographic frame. 

The lubricant flow was captured with a high speed video camera via a microscope. The 

laser sheet was introduced by 5W Argon laser, via an optical system of lenses and a 

mirrors, from underneath the container. The laser sheet was centred at the middle of the 

wheel in order to minimise the effect of the side-leakage striving to drag the particles 

out to the sides. The pressure was measured at  x  = -8.9 mm from centre of contact with 

one pressure gauge MPX3100DP manufactured by Motorola. 

Adjustment of 
central film 
thickness 

Bottom plate 

Laser beam 
Stabilite 2016 
Argon 4W 

Beam shaping 
optics 

Figure 4. 	Experimental apparatus used inflow studies 

The relatively high velocities on the top surface together with the degree of 

magnification made it necessary to use a high speed video camera with a capacity of 

recording 1000 frames per second. The high-speed video system used was a black and 

white Kodak EktaPro Intensifier Imager system. This system included the following: a 

high-speed camera, Intensified Imager unit, and processor unit. The Intensified Imager 

unit was the key for acceptable quality of the recordings. After each session the 
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recordings where transferred to a laptop computer for permanent storage and for later 

analysis. 

2.3 Image Processing 

An typical example of the quality of the raw recorded pictures can be seen in Figure 

5(a). A semi-manual method was applied for evaluation, while utilising the freeware 

program Nm-Imagel°. NIH-Image allows the user to write specialised macros which 

utilises already existing functions to perform new tasks. 

 

Witeei  

Bottom wry« • 
plate 	UZI 

Figure 5. (a) Typical example of a recorded picture.  (b)  Degree of magnification 

used.  (c)  Optical deformation of the camera system. 

The evaluation of the captured sequences involved tracking the path of selected particles 

in the region of interest manually. The co-ordinates where used to draw the particle path 

in a new window automatically for each frame. In this manner streamlines, 

corresponding to the flow, could be developed quite simple but to a considerably work 

effort. 

The accuracy of the measurements depended on several factors:  (i)  The degree of 

optical deformation due to the camera and the microscope, Figure 5(c). (ii) The particles 

were not perfectly spherical in shape but instead more or less elliptical with a facet 

surface which during the motion through the light sheet reflected from different spots 

on the particle due to their rotation. (iii) Human error in placing the marker perfectly in 

the centre of the silhouette of the particle when evaluating the flow. (iv) Limited 

resolution of the camera (192 times 239 pixels). By covering a smaller region this error 

could have been reduced but to the cost of less coverage. Difference in density of 

particles to the fluid introduced the following errors: (v) The particles will tend to fall 

downwards due to higher density than the fluid. Calculations utilising Stoke' s theory 

for spheres at low relative velocities showed that the maximum falling velocity of the 

particles was only 0.22 itrnis at 23°C.  (vi)  The particles cannot follow the motions of 

the fluid under very accelerated motions due to difference in density of fluid and 

particles. Even though most of the sources of experimental error were known it was 
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quite difficult to estimate the overall error, but the maximum error for the streamline 

charts was within ± 10%. 

2.4 Experimental Design and Procedure 

The objective of the experiments was to study the effect of relative velocity and 

minimum film thickness on the perturbed fluid flow. The different cases studied can be 

seen in Table 6 below. Two sequences were recorded for each case. 

Table 6.  Experimental  Desi n  
Investigated  Case  

Parameters  Al A2 A3  Bl  B2 B3 Cl C2 C3 D1 D2 D3  

vcr10-3(m/s)  72 148 264 72 148 264 72 148 264 72 148 264  

hc  (mm) 0.085 0.185 0.085 0.185 

4)  dp  (mm) 0.15 0.21 

The fluid used was a polyalphaolefine, ISO VG 46, a fully synthetic oil without any 

colour or additives. The density of the oil was  p  = 0.85-103  kg-m-3, and the kinematic 

viscosity was  nk  = 94± 3 10-6  m2/s, at 23°C. The oil was seeded with particles and 

mixed in a magnetic impeller stirring apparatus for approximately 1 hour. The particles 

used were grained to the size fractions 20 to 44 gm from a material offered under the 

name Pliolite AC, a styrene - acrylic monomer with a specified density of 1.03-103  

kg/m3. The temperature of the fluid was approximately 23°C during the experiments. 

The concentration was 0.535  g  Pliolit AC for 1000  g  of oil. 

An exposure time of 100 tts was used and the recording speed was either 500 or 1000 

frames per second. Continuous recordings in sequences of 150 to 200 frames were 

stored for each case. The processor unit had a the capability of storing maximum 1600 

frames. Before each run with a change in minimum film thickness or diameter of 

perturbation, the apparatus was thoroughly cleaned with 95% alcohol and dried with 

compressed air. 

3 	Theory 

Numerical simulations are nowadays a common and important tool for investigations 

of lubricated contacts. In this work the flow modelling software CFX-F3D, version 

4.1, was utilised for theoretical modelling of the contact. CFX-F3D flow modelling 

software is a suit of programs for prediction of laminar and turbulent flow, and heat 

transfer. 
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3.1 	Analysis 

The operating conditions for the enlarged model were characterised by very low shear 

strain rate and low pressure, making the conditions very close to isothermal. The basic 

set of equations to be solved for steady laminar isothermal flow, comprised equations 

for conservation of mass and momentum, i.e. Navier-Stokes equations, eqs (6) to (8): 

The continuity equation:  
ap  d  

dx k  

The momentum equation: 
den  

—(pu•
'
)+—(pu.uk )=  fy  + - 

dx, 	 axi 

(6)  

(7)  

where  c  is the stress tensor: 

at; = —138i; (S--2 i1) 3 
du, + 

i
{dui + dui ) 

(8) 

These equations were completed by adding equations of state, relating density to 

pressure, and equation for viscosity-pressure dependance. The relationship of pressure 

to viscosity under isothermal conditions is according to Barus: 

t ln — = • p 
110 

(9)  

Dowson and Higginson 11  have formulated a relationship for density, with gauge 
pressure  p  in GPa:  

7
1+ 	

0.6p 

s 
	I+ 1.7p 

The convergence criteria for the calculations was the error in continuity, i.e. the mass 

source residual. The mass source residual is defined as the sum of the absolute values 

of the net mass fluxes into and out of every cell in the computational domain, kg/s. 

When there was a need for features that were too complex to define using the ordinary 

user interface, special subroutines written in Fortran were added to the existing 

computer code12. 
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The motion of the particles in the flow was modelled using a discrete trajectory 

(Lagrangian) approach. A particle is assumed to be a solid spherical body with constant 

density and diameter. The following parameters were specified in the particle transport 

model: the number of particles, starting positions and velocity components for each 

particle, density, diameter and particle concentration. 

3.2 	Physical and Computational Domain 

The geometry for the enlarged model is shown in Figure 2. The physical domain was 

bounded by solid surfaces as well as imaginary boundaries. The solid boundaries were 

the bottom plate, the walls of the container, the rotating wheel, and the solid cylindrical 

perturbation. The imaginary boundaries were the inlet, the outlet, and the side-leakage 

boundaries. The computational domain consisted of 4 blocks, of which 3 blocks were 

"glued" together to represent the flow region, and the last block to represent the actual 

perturbation, Figure 7a. Due to symmetry only the right half of the enlarged model was 

considered. 

(a) 

Figure 7. (a) Computational regions for the theoretical model.  

(b)  Side-view of the computational model.  

(b)  

3.3 	Boundary Conditions 

The boundary conditions at the symmetry plane implied that all variables were 

mathematically symmetric with no diffusion across the boundary. 

Wall boundary conditions were used to implement boundary conditions for velocity 

and mass fraction fluxes. On the lower surface, the velocity components were set to 

zero. At the upper surface, associated with the rotating wheel, the tangential velocity 

was specified. 
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Pressure boundary conditions were used to model the inflow and outflow boundaries, 

where the pressure was known, but the detailed velocity distribution was not. This 

condition was applied on the inlet, outlet, and the side-leakage boundary. The following 

conditions are imposed on the flow through the pressure boundary: 
• Dirichlet boundary conditions were imposed on pressure, i.e.  P  =  P  
• Neuman boundary conditions were imposed on velocity, which was equivalent 

aU 
assumptions to a fully developed flow, i.e. — = 0 , where U is the velocity 

an 
vector and  n  the unit vector normal to the inflow or outflow boundary. 

• Neuman boundary conditions were also imposed on all other transported 

variables. 

The boundary pressure was set equal to the atmospheric pressure, neglecting the small 

hydrostatic pressure at the side-leakage regions. The position of the inlet and outlet was 

a delicate question since the detailed velocity distribution as well as the pressure in the 

flow domain were unknowns. But pressure becomes zero far downstream and far 

upstream, hence the computational geometry was chosen large and symmetric in both 

directions, Figure 7b. 

4 	Results 

4.1 	Flow Pattern Results 

The experimental flow patterns for the 12 cases are shown in Figures 8 to 11. Only the 

most important part of the contact, i.e. the region with the perturbation was captured. In 

these pictures, the upper surface, the wheel, is moving to the right of the picture and the 

lower surface, the bottom plate, is stationary. Each stream line was achieved by 

tracking one single particle as long as possible on each sequence. 

The experiments showed very smooth flow patterns with absence of vortices and back-

flow. The differences between cases were very small. The actual perturbation showed 

to have a gathering effect on the tracer particles, collecting them on both sides of the 

perturbation. 
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(a) (b) (c)  

Figure 8. 	Case A: Particle tracks for hmin  = 0.085 mm, dp  = 0.15 mm at (a) v = 

0.068  m/s, (b)  v = 0.148  m/s,  and  (c)  v = 0.261  m/s  

%....,....,..
___,.
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(a) (b) (c)  

Figure 9. 	Case  B:  Particle tracks for hmin = 0.185 min, dp  = 0.15 mm at (a) v = 

0.077  m/s, (b)  v = 0.136  m/s,  and  (c)  v = 0.264  m/s  

ft.

.
. 
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(a)  (c) 

Figure 10. Case  C:  Particle tracks for hmin  = 0.085 mm, dp = 0.21 mm at (a) v = 

0.072  m/s, (b)  v = 0.148  m/s,  and  (c)  v = 0.264 nz/s 

-- ------ , _ _ ------------ 
-----------,„- 

---.'•-- 
(1. -_---___ -------7.--\,___---------_- 

(a) (b) (c)  

Figure 11. Case  D:  Particle tracks for hmin  = 0.185 mm, dp  = 0.21 mm at (a) v 

0.072  m/s, (b)  v = 0.148  m/s,  and (c)3 v = 0.264  m/s  

The numerical calculations were performed for Case  Cl  to C3 only, Figure 12. The 

numerical results showed a great similarity to the experiments. It appears that the 
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overall effect of relative velocity and minimum film thickness upon flow pattern is not 

very significant. The flow pattern in Case  Cl  and C2 is very much similar, but in case 

C3 the streamlines on the inlet rise and give room for vortices on the inlet side. 

1-----------------1) 4.-------------1- 	 -  ii  

(a) (b) (e)  

Figure 12. Case  C:  Theoretical particle tracks for hmin  = 0.085 mm,  d„  . 0.21 

mm at ( a) v = 0.072 ?Ws,  (b)  v = 0.148  m/s,  and  (c)  v = 0.264  m/s  

Figure 13. A three dimensional representation of the flow in Case C3. 

A three dimensional representation of the flow in Case C3 can be seen in Figure 13. 

Here, the effect of the side-leakage is clearly shown, forcing the flow to the side, and it 

can also be observed how the side-leakage increases further as we move into the centre 

of the contact due to the pressure gradient. It can also be seen that particles entering the 

contact closer to the upper surface has a greater possibility than those closer to the lower 

surface to travel further into the contact. Particles that come too close to the lower 

surface will gradually loose speed and drift away from the symmetry plane, finally 

being rapidly forced to the side of the contact. Moreover, particles being trapped on the 

inlet side of the perturbation will perform a eddy motion while following the 

perturbation out to the side. Particle tracks that at the end are making a sharp turn 
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upwards to the left are outside the actual contact between the wheel and the bottom 

plate. 

Figure 14. The flow pattern for Case C3, under the assumption of no side-leakage. 

A two-dimensional calculation , i.e. no side-leakage, was performed as well for Case 

C3, Figure 14. It can be observed that the flow has a dramatically different character, 

allowing for reversed flow. 

4.2 Pressure Results 

The experimental pressure results, together with the numerical results for Case  C,  can 

be seen in Figure 15. The presented numerical pressure values was taken at the 

geometrical location of the pressure gauge. It is clearly shown that the effect of the 

perturbation size on pressure was very small for all cases- as expected since the 

perturbation was located far upstream. The experimental and the theoretical results for 

Case  C,  show fairly good agreement at low pressures but with increased pressure a 

deviation arises, with considerably higher theoretical results. This lack of agreement is 

most likely due to elastic deformation of the mounting base for the rotating wheel. 

In Figure 16 the effect of the relative velocity on pressure distribution is shown for 

Case  C  for two and three dimensional solutions. The characteristics of the three 

dimensional pressure distributions is shown in Figure 17. The computational mesh was 

finer in the region of the perturbation and coarser far up stream and far down stream, 

thus the local blackness in the graph. 
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Figure 15. Pressure graphs for case A to  D.  The pressure gauge was located at  
x  = -8.9 nun from centre of wheel. 

Figure 16. Calculated pressure for Case  Cl  to C3 in the symmetry plane of the 

contact. 
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Figure 17. A three dimensional representation of the pressure in Case C2. 

5 	Discussion 

As stated before, this work was only the first step in the investigation of the effect of 

particles and debris in lubricated conjunctions. To perform similar studies on a free but 

stationary perturbation can be done quite easily by strapping the transparent wire at a 

different height 

The results of this study show surprisingly little difference in flow patterns on the 

macro-scale of cases investigated. It is likely that more disturbed flow patterns could be 

seen if the perturbation was to be moved further into the conjunction and at higher 

relative velocities. This would also generate pictures of the flow pattern that are more 

easily compared for different cases. Doing this would require smaller particles in the 

fluid, more sophisticated optics, and a faster high-speed video camera. 

The deviation between the theoretical and experimental pressure results with respect to 

relative velocity, Figure 15, was most likely due to deflexion of the wheel and the 

bottom plate and hence a changed film thickness. The effect of the perturbation was 

overall very small. The effect of the perturbation would have been more obvious if it 

had been possible to locate it further into the contact. 

6 	Conclusions 

An experimental and theoretical/numerical analysis was carried out on an enlarged 

model of a roller element bearing. The design of the enlarged model was based on four 

key parameters from Navier-Stokes equations. Three of these four parameters were 
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given values close to the actual bearing, but the fourth parameter, the side-leakage  k,  

could not due to measurement limitations. Three different parameters where varied in 

the experiments namely: size of perturbation, minimum film thickness, and relative 

velocity. 

For the investigated cases, the effect of varied parameters were very small on the flow 

patterns. In order to obtain streamlines for experiments, a semi-manual method had to 

be developed. 

The 2D numerical calculations showed a flow pattern with sharp reverse-flow and a re-

circulation region between the perturbation and the outlet. The features of the 3D 

calculation were, however, quite different with a very smooth flow in only one 

direction. Since the conditions prevailing in the enlarged model were not characterised 

by small side-leakage, the flow pattern found in the apparatus matched very well to the 

3D calculated flow patterns. 

7 Acknowledgement 

This work has been carried out at the Department of Mechanical Engineering, Division 

of Machine Elements,  Luleå  University of Technology, Sweden. The authors wish to 

express their gratitude to Professor Erik  Höglund  for many valuable discussions. 

Thanks are also due to Mr  Östen  Uusitalo for assistance with the experimental set-up. 

The fmancial support of the Swedish Research Council for Engineering Sciences (11-R) 

is gratefully acknowledged. 

8 	Nomenclature  

d 	diameter of cylindrical rollers, m 

di 	inner-race diameter of cylindrical roller bearing, m 

do 	outer-race diameter of cylindrical roller bearing, m 
dp 	diameter of cylindrical perturbation, m 

f 	body force,  N  

Fr 	Froude number  

g 	acceleration due to gravity (9.8 m/s2) 

hc 	central film thickness, m  

k 	Side-leakage parameter  

il 	width of lubricated region, m 

lb 	location of perturbation, m  

n 	number of cylindrical rollers in complete bearing  

p 	pressure, N/m2  
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rj 	radius of rotating wheel in enlarged model, m 

r2 	radius of bottom plate in enlarged model, m 

Re 	Reynolds number  

R 	curvature sum (radius of equivalent roller), m  

Ri 	equivalent radius for inner ring and cylindrical rollers, m  

Ro 	equivalent radius for outer ring and cylindrical rollers, m 

time, s 

• velocity in  x-direction,  m/s  

• velocity in  y-direction,  m/s  

velocity in z-direction, rnis  

tia 	rolling velocity,  m/s 

x, y,  z Cartesian coordinates,  ni 

e film aspect ratio 

bulk viscosity, Pas 

77 	absolute viscosity, Pas  

rik 	fluid kinematic viscosity, m2/s  

r/o 	absolute viscosity  p  =0, and constant temperature, Pas 

molecular viscosity coefficient, Pas 

pressure-viscosity coefficient, m2iN  

P 	mass density of lubricant, kg/m3  

Po 	mass density of lubricant  atp  =0, kg/m3  

• stress tensor, Pa 

Subscripts 

a,  b 	contacting bodies in actual bearing 

1, 2 	contacting bodies in enlarged model 
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Abstract 

Using optical interferometry in a standard ball-and-disc apparatus and a high-speed 

video camera with light enhancer, thickener particles entering a grease lubricated END 

contact were traced as they passed through the contact in pure rolling. In former studies, 

it has not been possible to track specific particles, but due to the short exposure time and 

high recording rates used here, sharp images of a passing particle could be captured. 

Two greases, based on the same synthetic polyalphaolefin but thickened with Li-12-0H 

and Li complex respectively were studied and for a freshly lubricated track 

It could be documented that the Li complex thickener causes fewer, but larger, particles 

to pass the contact. The influence of base oil bleeding on film formation is also discussed 

in the paper. 

Introduction 

Due to their ability to stay close to the lubricated area in a rolling bearing, thereby acting 

as a combination of lubricant reservoir and external debris sealing system, greases are 

widely used as rolling bearing lubricants. Even though greases apparently work well in 

many bearing applications, the mechanisms of grease lubrication have not yet been fully 

understood. At least three different ways of lubrication have been proposed through the 

years, namely the pure base oil bleeding theoryl, the bulk grease theory and the "mixed 

theory" suggested by Scarlett2  and Cann3, see also Wikström4  and Åström5. The first 

hypothesis assumes that the thickener structure "bleeds" base oil, which is then dragged 

into the concentrated ball/raceway contact by capillary forces or by adhesion to the ball 
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and/or raceway surfaces and rolled over. The second, put forward by e.g. Palacios et al.6  

who indicated that freshly applied grease always gave higher film thickness than its base 

oil, states that bulk grease, with the same thickener concentration is lubricating the 

contact. 

Measurements by Cann and Spikes7,8, using FTIR spectroscopy in a ball-and-disc 

apparatus, have however shown that neither the pure base oil, nor the bulk grease theory 

model is always adequate. They found that the contacting surfaces are covered by a 

thickener layer as they go out of contact, and also that the concentration of thickener 

within the Hertzian zone is somewhat lower compared to bulk grease. Hence the 

suggestion of a "mixed" model, where the surfaces are covered with a thin boundary 

layer, consisting mainly of thickener, and where the surfaces are separated by an 

elastohydrodynamic (EHD) base oil film. Recently, Cann et al.9  showed that after a 

longer time of running (20 min.), a recovery of the film can be seen, followed by a 

"steady-state" film. Cann et al. suggest that this is due to base oil bleeding from the bulk 

grease outside the contact, replenishing the film.  Åström  1°  confirmed that thickener is 

passing into the EHD contact, using a conventional video camera in the same type of test 

equipment, but due to the low picture speed of the camera used, only large fluctuations in 

the EHD film thickness were seen, assumed to arise from thickener particles. It was not 

possible to study the amount of thickener passing. 

In the present paper, a high speed camera with light enhancer has been utilised, enabling 

individual grease thickener particles to be tracked as they pass through the EHD contact 

between a ball and a glass disc. The camera is capable of capturing 1000 frames/s, with 

an exposure time of 100 ms, which gives several sharp pictures of the same thickener 

fibre as it is passing through the contact. The number of fibres passing can be studied. 

In real bearing applications, the situation differs from the controlled laboratory 

environment, and depending on the operating conditions, different mechanisms may be 

dominating the grease lubrication process. Newly greased bearings will most certainly 

run under conditions close to the described "bulk" model, and it may well be valid also 

for taper roller bearings, where grease is pumped through the bearing. Bearings subjected 

to high vibration levels,  i.  e.  heavy railway applications or car hub-units, may also operate 

under conditions close to the "bulk" model due to grease shakedown. Once the bearing 

has been in operation for a large number of revolutions, the situation will pass the 

"mixed" model and most likely end up in the pure base oil model where it will work 

under steady-state conditions until the base oil reservoirs are exhausted. Therefore, the 
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experiments made in this paper could also be representative of a run-in bearing, however, 

there is no direct evidence that this is the case. 

Since, using this technique, there is the possibility to track single fibres, and also to study 

the fibre behaviour during passing, two greases based on the same polyalphaolefin base 

oil but differing in thickener structure were tested. Both are thickened with common type 

lithium thickeners: Li-12-0H and lithium complex. The bleeding rates of the two test 

greases are different due to their fibre composition. 

Test Apparatus and Method 

The apparatus utilised in this investigation is the well known ball-and-disc apparatus, see 

Figure 1. The essential parts are the polished steel ball with a diameter of 50 mm and the 

glass disc with a radius of 100 mm and a thickness of 6 mm. The glass disc is coated 

with a 200 ik thick layer of chromium on the side facing the ball. The disc is driven via a 

chain drive by an electric step motor, and the ball is freely rotating, driven by the disc, 

thereby creating almost pure rolling conditions. 

ti  

The angular velocity of the disc is measured with an optical counter giving 256 pulses per 

revolution. The angular velocity of the ball was not measured. The contact region was 

illuminated through the microscope with white light filtered by means of a 20  nm  
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bandwidth interference filter, to a wave length of 579  nm.  The contact between ball and 

disc was studied with a high-speed camera via the microscope. 

The high-speed video system is a black and white Kodak EktaPro Intensifier Imager 

system. This system includes the following: a high-speed camera, intensifier unit, and a 

processor unit. After each session the recordings were transferred to a laptop computer 

for permanent storage. The processor had the capability to store 1600 frames. 

The drawbacks using a ball-and-disc apparatus to predict grease behaviour in a rolling 

bearing are several. Firstly, the forces acting on the grease are not the same (no normal 

"centrifugal" force pushing grease back into the track, but instead a transverse 

"centrifugal" force not present in bearings). Secondly; the geometry of the track is 

different; this creates a different environment in the vicinity of the contact which will 

affect both the transportation of grease back into the track and also the amount of grease 

available for lubrication. Consequently, it has been shown by Dalmaz and Nantual 1  that 

bearing life tests and ball-and-disc test may give different results, but as there is a lack of 

tests relating rolling bearing applications to laboratory film thickness (and other) 

measurements, the ball-and-disc apparatus is still used to predict the function of greases 

in bearings. It is a widespread and fairly simple method for film thickness observations. 

Test Lubricants 

Greases A and  B,  based on the same polyalphaolefin base oil, and the base oil are 

described respectively in Tables I and II. Grease A is thickened with a coarser, more 

fibrous lithium hydroxystearate soap, whereas grease  B  is thickened with a finer, more 

sponge-like gellant, lithium complex. The amount of thickener was about the same for 

both greases (18.2 and 18.7 wt%). 

The bleeding of base oil is generally estimated using the standard test for oil separation 

during storage, ASTM  D  1742-8812. In this test, the test grease is placed within a 

standard mesh cone under a static, standardised, pressure. The mesh cone is hung above 

a cup, in which base oil bled from the bulk grease through the mesh is collected. In the 

standard version of the test, the apparatus is subjected to a constant temperature of +40  

°C  for one week (168  h).  During this time, the cup is weighed periodically and a bled oil 

amount versus time curve is obtained. It has been questioned whether this test is 

representative when predicting the amount of base oil bleeding from a grease in a bearing, 

but today, no other method exists. Comparative tests were made by Baker
1 
 in 1958, and 

even though they showed a reasonably good correlation between bleeding rate and 

bearing life, they were limited in scope. 
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Figure 3. 	Base oil bleeding using standard bleeding test ASTM D-1742. 

The different thickener structures of the two greases greatly affect the bleeding rates as 

measured in ASTM  D  1748, see Figure 3, so that grease A bleeds from the very first 

minutes under pressure while it takes about 24 hours before the first drop becomes 

visible in the gathering cup when grease  B  is tested. 

The CEY stress is a measure of grease consistency developed by Gow 1 3  and 

Hamnelid14  , which proves better at distinguishing between greases than the more 

common NLGI number. Both greases are NLGI Grade 2 and were specially made for 

the tests, containing no additives. 

Table I. Grease Properties 

Lubr. 

Thickener 

Type 

Thickener 

wt% NLGI Base Oil 

Bri 

(mg/h) 

Br2 

(mg/h) 

CEY 

(Pa) 

Grease A Li-12-0H 18.2 2 see Table 

II 

360 1 350 

Grease  B  Li-C  18.7 2 see Table 

11 

6 1 520 

5 
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Table II. Base Oil Properties 

Lubr. Type 

V45 

(cSt) 

v40 

(cSt) 

vim 

(cSt) 

VI P15 

(kg/ 113) 

T 

(NMI) 
Base oil PA0+5% 

diester  

1 870 100 16 142 856 26.5  

Test Conditions 

The test lubricant was applied as an approximately 2 mm thick, evenly distributed, layer 

of grease on the underside of the glass disc. Video recordings were performed for two 

greases in two different lubrication situations:  (i)  a newly greased track, and (ii) a track 

which the ball had passed 7 times before the recording was made. The ambient 

temperature was 23  °C.  The load was for all cases 112  N,  which corresponds to a 

maximum Hertzian pressure of 472 MPa. The rolling speed was 0.1  m/s.  In Figure 2, 

central film thickness as a function of the number of overrollings/time is shown for both 

greases. 

Figure 2. 	Central film thickness as a function of overrollings/time for the two test 

greases. Film thickness for the fully flooded pure base oil lubricated case is 220  nm.  

It can be seen that hc  is approximately the same for both greases after 7  overrollings.  It is 

also worthy of note that the film thickness does not seem to be dependent on the bleeding 

rate. However, the technique used here does not allow for recording of films thinner than 
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about 150  nm,  and it is possible that using a thin-film technique would show a difference 

not seen here. 

Results and Discussion 

The results of the experiments with grease A and  B  are shown in Figure 4 and 5 

respectively. In Figure 4a and 5a, the track was freshly lubricated with a thin layer of the 

test grease. In 4b and 5b, the track had been overrolled 7 times before the images were 

captured. 

From the Figures 4 and 5, which are representative of longer sequences of pictures not 

shown in the paper, it may be concluded that the method is suitable for studying the 

passage of thickener through an EHD contact. If an ordinary video camera is used, the 

recording rate is much lower (25 pictures per second), and it is not possible to capture 

single fibres or distinguish between different greases due to the limited recording rate. 

When comparing the freshly greased and overrolled track, Figure 4a and  b  for Grease A, 

or Figure 5a and  b  for Grease  B,  the following may be concluded: 

t) 	As expected, the film thickness decreases significantly with time. However, 

thickener fibres are still clearly visible. 

The number of fibres passing seems to be constant (more fibres passing for 

Grease A also after  overrolling).  

Entering fibres keep their shape and size when passing the contact both in 

the beginning and after  overrolling.  

Comparing the two thickener types, Figure 4a to Figure 5a, it is clear that with the Li-12-

OH thickener more, but smaller fibres pass through the contact than with Grease  B.  

Fewer but larger fibres pass of the lithium complex thickener. Åström15  who measured 

the vibration level of bearings lubricated with different thickener greases concluded that 

coarser thickeners seem to give a higher noise level in bearings, even within audible 

frequencies. Also, when large fibres pass the contact (Figure 5a), it can be seen that the 

deformation is larger since the distance between fringes is reduced. This means a higher 

stress concentration in the surface materials, and from a bearing application point of view, 

shorter bearing life could be the consequence. 
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The high initial bleeding rate of grease A, see Figure 3 and Table 1, does not seem to 

have an influence on the overall film formation. This confirms the results of Larsson16  

who measured lift-off speed in deep groove ball bearings.  Larsson  concluded that film 

formation did not correlate to base oil bleeding rate as measured in the standard test. The 

explanation for the small influence of bleeding rate is probably that the test time used in 

the present series of experiments is too short. However, it may also be so that the 

standard test is truly irrelevant to film formation. 

It cannot be concluded from the tests made here that it is the lower CEY stress for grease 

A which is causing more fibres to pass through the contact. However, the softer grease A 

is probably not pushed aside to the same extent as grease  B  but instead squeezed more 

easily between ball and race, and hence more fibres stay in the track. 

Conclusions 

The paper describes high speed filming of an EHD contact. It is shown that the method 

can be used for tracking single thickener fibres through a contact. The results show 

clearly that even though the thickener percentage is known, it need not represent the 

amount of thickener actually passing through the contact. Hence, it is proved that the bulk 

grease does not pass through the contact in a ball-and-disc apparatus. 

Probably, it may also be used for tracking single contamination particles. The method is 

simple and straight forward and may be combined with image processing software to 

extract even more information, i.e. on number, size, distortion, and direction of passing 

particles or fibres. The method is also capable of clearly distinguish between greases of 

different types which may be important in today's search for low-noise greases. 
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Nomenclature 

Bri 	= 	Bleeding rate during the first hour of testing, mg/h  

B  r2 = 	Asymtotic bleeding rate, mg/h 

CEY = 	Yield stress, Pa 
he 	= 	Central film thickness, m 

T 	= 	Surface tension of oil-air interface, inPa 

VI 	= 	Viscosity index 

Pn 	---- 	Density at n°C, kg,/m3  
vn 	-= 	Kinematic viscosity at n°C, cSt 

References 

1 	Baker, A.  E.,  "Grease Bleeding - a Factor in Ball Bearing Performance", NLGI 
Spokesman, September, pp. 271-277, (1958). 

2 	Scarlett,  N. A.,  Use of Grease  in Rolling  Bearings,  Proc.  IMechE,  Part 3A,  vol.  
182,  pp  167-171, (1967).  

3 	Cann,  P.  M., "The Influence of Temperature on the Lubrication Behavior of a 
Lithium Hydroxystearate Grease", presented at the 5th annual ELGI (European 
Lubricating Grease Institute) Conference, Budapest, Hungary, (1994).  

4 	Wikström,  V., Rolling Bearing Lubrication at Low Temperature, Ph.  D.  Thesis 
No. 1996:186  D,  Luleå  University of Technology,  Luleå,  Sweden, (1996).  

5 
	

Åström,  H.,  Grease in Elastohydrodynamic Lubrication, Ph.  D.  Thesis No. 
1993:132  D,  Luleå  University of Technology,  Luleå,  Sweden, (1993). 

6 	Palacios,  J.  M., Cameron, A., Arizmendi, L., "Film Thickness of Grease in 
Rolling Contacts", ASLE Trans., 24,  p.  274, (1981). 

7 	Cann,  P.  M., Spikes,  H.,  "Fourier-Transform Infrared Study of the Behavior of 
Grease in Lubricated Contacts", STLE Preprint , No. 91-AM-1B-1, (1991). 

8 	Cann,  P.  M., Spikes,  H.,  "Film Thickness Measurements of Lubricating 
Greases Under Normally Starved Conditions", NLGI Spokesman, Vol. 56, No. 2, 
pp. 21-27, (1992). 

9 	Cann,  P.  M., Chevalier, F., Lubrecht, A. A., Track Depletion and 
Replenishment in a Grease Lubricated Point Contact: A Quantitative Analysis. 
23rd Leeds-Lyon Symposium on Tribology, Leeds, Sept. 10-13, (1996).  

10 
	

Åström,  H.,  Isaksson,  0.,  Höglund,  E., "Video  Recordings of  an  EHD  Point  
Contact Lubricated with Grease", Tribology  International, No. 3,  Vol.  24,  pp.  
179-184, (1991). 

11 



11 	Dalmaz.,  G.,  Nantua,  R.,  "An Evaluation of Grease Behavior in Rolling Bearing 
Contacts", Lubrication Engineering,  vol.  43, no. 12, pp. 905-915, (1987). 

12 	"Standard Test Method for Oil Separation from Lubricating Grease During 
Storage", ASTM Standard  D  1742-88. Annual Book of ASTM Standards, 
American Society for Testing and Materials, (1988). 

13 	Cow,  G.  M., The CEY to Grease Rheology, in: Inst. of Engineers Australia: 
Preprints of the 3rd International Tribology Conference, Dec. 3-5, Brisbane, 
Australia, (1990). 

14 	Hanmelid, L., Amazing Grease, or Finding the Right Way to Consistency, 
presented at the 57th Annual NLGI Meeting, Denver, Colorado, (1990).  

15 
	

Åström,  H.,  "Irregular film thickness fluctuations in elastohydrodynamic 
lubrication of a point contact lubricated with lubricating grease", Tribologia, 11, 
No 4, 1992, pp 115-122. 

16 	Larsson,  P-0., Lubricant Replenishment in the Vicinity of an EHD Contact, 
PhD Thesis 1996:201  D,  LuleÜ University of Technology, LuleÜ, Sweden, 
(1996). 

12 



PaperD 



Grease Passing Through an EHD Contact 
Part  Il:  Side Slip Conditions 

1Patrik  Eriksson,  MSc 
2Victoria  Wikström,  PhD  
'Roland  Larsson,  PhD  

1  Luleå  University of Technology 
Division of Machine Elements 
SE-971 87  Luleå  
Sweden 

2  SKF  Engineering &  Research Centre  BV 
Postbus  2350 
3430  DT Nieuwegein  
The  Netherlands  

Abstract 

In a previous investigation, grease thickener fibres were tracked as they passed through 

an EHD contact in pure rolling using intelferometry in a standard ball-and-disc 

apparatus. To capture single thickener fibres, a high-speed video camera was used. 

Here, the experiments have been repeated introducing different amount of side slip for 

dijferent rolling speeds and a faster video camera capable of capturing 4 500 frames/s. 

The contact was lubricated with a continuous supply of grease. Two greases, based on 

the same synthetic polyalphaolefin but thickened with Li-12-0H and Li complex soap 

respectively were studied. It was observed that the thickener fibres were stretched both 

before entering the contact, and as they passed through it. Fibres seem to avoid the 

minimum film thickness regions, and if they enter, the film is restored immediately after 

passage. 

Introduction 

Today, most rolling bearings are grease lubricated, and there are several reasons for this. 

First, greases have the ability to stay close to the lubricated area, thereby acting as a 

combination of lubricant reservoir and external debris sealing system. Secondly, they 

often give lower bearing friction. 

Even though greases apparently work well in many bearing applications, the mechanisms 

of grease lubrication have not yet been fully understood. Several theories explaining the 

way in which grease lubrication works have been proposed, and an overview was given 

in Part I of this paper,  Eriksson  et al. 1  . The main finding of recent research has been 
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indications that soap thickener formations enter the contact area, probably protecting the 

surfaces from wear with a thin boundary layer, see  Åström  et al.2, Kageyama et al.3  and 

Cairn and Spikes4. It is however not clear whether this passage of thickener is entirely 

good for bearing operation, since the passage of thickener fibres may create local 

differences in film thickness and hence local differences in pressure. It is also known,  

Åström  and Venner5, that some greases create more noise in bearings than others, which 

is probably related to the size and number of thickener fibres that pass through roller-

raceway contacts. 

In real bearing applications, the situation differs from the controlled laboratory 

environment, and depending on the operating conditions, different mechanisms may be 

dominating the grease lubrication process. Some of the grease that is applied to a new 

bearing is squeezed away during the first revolutions, changing the lubrication situation 

from fully flooded to long intervals of starvation. In applications subjected to vibrations, 

the situation may differ, since grease once pushed out can re-enter. Thus it is of interest to 

study both freshly lubricated and overrolled conditions. 

The above-mentioned experimental investigations2-4  were performed at low velocities, 

considerably lower than found in a typical bearing application, due to technical limitations 

of the equipment used. In the present investigation, a high speed video camera with an 

improved frame rate of 4 500 frames per second was used. It is thus possible to follow 

single fibres as they pass through an EHD contact in a ball-and-disc apparatus, at even 

higher rolling speeds, than those described in a previous paper,  Eriksson  et al 1  for pure 

rolling. Local film thickness gradients due to passing fibres could then be documented, 

and were seen to be more pronounced for the lithium complex thickener grease. 

Slip and Spin 

In ball bearings as well as spherical roller bearings, there is slip within the EHD contact. 

This is due to the mismatch in geometry caused by the elastic deformation in the contact 

ellipse. This slip is referred to as micro-slip or kinematic sliding and occurs only in the 

direction of rotation. In angular contact ball bearings, which are axially and radially 

loaded, slip is accompanied also by spin, creating side slip conditions in the ball-raceway 

contact. However, deep groove ball bearings may also have an amount of spin present if 

subjected to axial load, causing the contact ellipses to move off-centre from the raceway 

and thus introducing a torque tending to spin the rotating ball, see  e. g.  Harris6. 

Loewenthal7 performed a study on the kinematics of spin-producing contact geometries 

and related problems, showing quite simply under which circumstances slip might occur 

in traction drives and rolling bearings. There are also numerical studies of the effect in 

2 



EHD contacts subjected to both spin and rolling, see e.g. Dowson and Xu8. The effect of 

spin is shearing of the lubricant, both within and as shown in this paper, also outside the 

EHD contact. Grease, being a Bingham-pseudoplastic  material, has an apparent viscosity 

which changes considerably with shear rate. Also, a grease will exhibit change in bulk 

consistency when subjected to shear, see  Wikström  et al.9. Moreover, spin produces 

sliding conditions in the inlet region, which in turn cause heating and reduced film 

thickness, see Wilson and Sheul°  

The effect of spin on the effective velocity vectors within the contact ellipse can be 

calculated and plotted as velocity vectors, see Figure 1. The basic trend is clearly shearing 

perpendicular to the direction of motion.  

"g 
E  

x-coordinate dimensionless(m) 

Figure 1. 	Relative velocity in the ball-and-disc apparatus (a) a = 0°,  (b)  a = 15°,  

(c)  a = 30°. The circle represents the Hertzian contact area for PH = 

0.54 GPa. The x-axis is perpendicular to the ball axis of rotation when a 

= 0°. a is defined in Figure 2. 

Test Lubricants 

Data on the two greases used in this paper may be found in Part I of this paper,  Eriksson  

et al.1. Both greases consist only of base oil and thickener, without any additives. The 

base oil for both greases is a poly-a-olefin with viscosity 100 nun2/s at +40  °C.  The 

thickeners are Li-12-0H, and lithium complex, and the amount of thickener is 18.2 and 

18.7 wt% respectively. The greases were unworked at the beginning of the test. New 

grease was applied before each test run. 

Experimental Details 

In this study the EHD point contact between a ball and disc was observed utilising optical 

interferometry. The essential parts are a polished steel ball with a diameter of 50 mm and 

a glass disc with a radius of 100 mm and a thickness of 6 mm. The glass disc is coated 

with a 200 Ai thick layer of chromium on the side facing the ball. The disc is driven via a 
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chain drive and an electric stepper motor, and the ball is freely rotating with the disc. The 

apparatus is described in detail in Part I of this paper,  Eriksson  et al.1  

The angular velocity of the ball and the disc was measured with a hand held stroboscope 

counter. The contact region was illuminated through the microscope with white light 

filtered by means of interference filter of band width 20  nm,  to a wave length of 579  nm.  

The grease lubricated EHD contact between the ball and disc was studied with a high-

speed camera via the microscope. The side-slip angle, a, was introduced by moving the 

contact between the ball and the disc and at the same time changing the angle of the 

rotational axis of the ball, see Figure 2. 

Figure 2a. Geometry of ball-and-disc apparatus with side slip (top view). 

Figure 2b: Velocities in the contact when introducing side-slip (top view) 
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The high-speed video system is a black and white Kodak ElctaPro Imager system with a 

capability of capturing 4 500 frames per second. The system includes a high-speed 

camera and a processor unit. After each session the recordings were transferred to a 

laptop computer for permanent storage. In the present investigation an exposure time of 

100 ms was used and the recording rate was 4 500 frames per second. 

Experimental Design 

The video recordings were performed for two greases and nine different test conditions: 

all combinations of  (i)  three different rolling velocities and (ii) three different slip angles 

a. The ambient temperature was +23  °C.  The load was for all cases 163  N,  which 

corresponds to a maximum Hertzian pressure of 540 MPa. The grease was applied with 

a specially designed scraping device collecting and redistributing the grease at the centre 

of the contact on the side of the glass disc facing the ball. This was done in order to 

ensure continuous lubricant supply. The string of grease entering the lubricated contact 

between the ball and the disc had a V-shape with a width of 2 mm and a height of 1 mm. 

Table 1:  Experimental  Desi n 

Case  Grease  a  n nb(rimin)  Case  Grease  an  nb(rimin)  
Al A 0 30  Bl B  0 30 

A2 A 0 70 B2  B  0 70 

A3 A 0 120 B3  B  0 120 

A4 A 15 30 B4  B  15 30 

A5 A 15 70 B5  B  15 70 

A6 A 15 120 B6  B  15 120 

A7 A 30 30 B7  B  30 30 

A8 A 30 70 B8  B  30 70 

A9 A 30 120 B9  B  30 120 

The drawbacks of using a ball-and-disc apparatus to predict grease behaviour in a rolling 

bearing are discussed in some detail by Wikströml 1. It is, however, one of the few set-

ups where the behaviour of grease can be studied under EHD conditions. 

Results and Discussion 

The results presented in Figures 4 to 6, show representative sequences of frames of the 

EH]) point contact. Not all cases in Table 1 have been included due to limited space. The 

centre of the contact is in the middle of each picture and the frames are mounted in 

chronological order from left to right. The time between two consecutive pictures is 0.9 

5 



ms, since only every 4th frame captured is shown here. The camera was always aligned 
with the axis of rotation of the steel ball, so that vroll  in Figure 2b will be directed 

vertically in Figures 4-6, with the inlet at the bottom of each picture. The disc, having 

velocity v in Figure 2b, passes at cc° from the horizontal axis, see Figure 3. Note that the 

horseshoe shaped minimum film thickness area is aligned with the resultant velocity of 

vron and v. 

Figure 3. 	Velocities in Figures 4-6. 

In Figures 4a-c,  Grease A (Li-12-0H thickener) is shown passing through the contact for 

the lowest rolling speed and at a 0, 15 and 30°. This may be compared to Figures 5a-c  

where the same thing is shown for Grease  B  (Li complex thickener). The most important 

conclusion is drawn from comparing pure rolling to side slip: thickener particles are 

sheared to larger "sheets" before even entering the contact. This can be seen when 

observing the area of entering particles, which becomes larger as side slip increases. 

Translating this to a rolling bearing would mean that the same amount of thickener in the 

bulk grease covers a larger part of the surfaces, albeit with a thinner layer, when spin is 

present. The film thickness gradients seen for grease  B  in pure rolling are reduced, which 

will give quieter running if seen from a bearing point of view. Also, high local pressure 

gradients are avoided. 

From the series of pictures presented here, shearing of fibres within the contact can also 

be observed as side slip is introduced, see for example Figure 4b, where the passing fibre 

agglomerate changes shape during passage. The change is however small when 

compared to the shearing that has already occurred before entering. 

Shearing of thickener fibres will reduce the mechanical stability of the grease, however 

differently for different thickener types, see  Wikström  et al.9  Spin in a ball bearing may 

hence be considered as a mechanism adding to grease thickener deterioration, shortening 

grease life. However, scission of fibres may also be beneficial to the function of a 

bearing, since it will free base oil and hence provide better replenishment. From the 

observations made, it is recommended that more attention be paid to the shear conditions 
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in the vicinity of a grease lubricated EHD contact, since it is possible that optimising 

(bearing) geometry and grease mechanical stability could increase base oil replenishment 

and hence film thickness and bearing life. 

An interesting observation is that the horse-shoe-shaped minimum film thickness area is 

oriented in the direction of the resultant velocity, whereas the fibres appear to follow the 

steel ball surface. This may be caused by different adhesion between thickener/glass and 

thickener/steel. It is difficult to find a thickener particle that actually passes through the 

side lobes of the horseshoe, which probably is due to the high pressure gradient re-

directing the thickener into the central film thickness area. Moreover, when a large particle 

does enter the side lobe, Figure 5a, the lobe is immediately restored after fibre passing. 

The influence of changing rolling speed seems to be small. Figures 6a-c  shows grease  B  

for three different rolling speeds and a = 300: note that the time between pictures has 

been shortened to 0.4 and 0.2 ms for 70 and 120 rhnin respectively in order to show the 

same number of frames of a single thickener formation passing through the contact. The 

result of increased speed, albeit not pronounced, is that the film thickness gradients 

become smaller. This would be expected, since the film thickness is lower at lower speed 

and the entering fibres consequently relatively larger, hence causing larger film thickness 

fluctuations. 
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Figure 4a: Case Al - Grease A, a = 0°, nb = 30 r/min.

Figure 4b: Case A4 - Grease A, a = 15°, nb = 30 r/min.

Figure 4c: Case A 7 - Grease A, a = 30°, nb = 30 r/min.
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Figure 6a: Case B7 - Grease B, a= 30°, nb = 30 r/min. 

Figure 6b: Case B8 - Grease B, a = 30°, nb = 70 r/min. 

Figure 6c: Case B8 - Grease B, a= 30°, nb = 120 r/min. 
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Conclusions 

This paper describes an experimental investigation where a grease lubricated EHD 

contact has been subjected to side slip conditions, corresponding to spin motion in a ball 

bearing. The passage of grease thickener particles through the contact has been recorded 

using a high speed video camera, capable of capturing 4 500 frames per second. Two 

different model greases were used as lubricants, based on the same oil but having 

different thickener. 

It was seen that grease thickener to a large extent is already sheared before entering an 

EHD contact, as side slip is introduced. This shearing continues within the contact. Large 

thickener particles retain most of their shape at higher side slip, but it may be concluded 

that the thickener will cover the surfaces better if a small amount of side slip is present. In 

bearings required to run quietly, thickener particles may cause less noise if side slip is 

present. Also, it is seen that thickener may follow a different path from the base oil in an 

EHD contact, which may be caused by different adhesion to the two contact body 

materials. High pressure gradients at the edges of the horse shoe-shaped minimum film 

thickness region seem to force thickener particles to follow a path closer to the central 

film thickness. 
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Nomenclature 

a 	Slip angle, the angle between disc peripheral speed and ball peripheral speed in 

rolling direction. 

nb 	Ball speed of rotation, r/min 

PH 	Maximum Hertzian pressure, GPa. 

vrou Peripheral speed of ball, perpendicular to ball axis of rotation,  m/s.  

Vslip Resulting relative velocity,  m/s.  

v 	Peripheral speed of disc at contact radius,  m/s.  
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x 	Distance from centre of Hertzian circle of contact in direction of disc peripheral 

speed dimensionless.  

Y 	Distance from disc centre, dimensionless. 
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