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ABSTRACT

The basic aim of thiswork was the theoretical investigation of the mechanisms of
entrainment and elastoplastic compression/shearing of soft/ductile contamination
particles in sliding-rolling elastohydrodynamic contacts. In pursuit of this target, two
models were developed to study the entrainment process of spherical particlesin the
inlet zone of lubricated point contacts (chapter 1) and the mechanism of
thermomechanical deformation of soft/ductile spherical particlesin theinlet and
central (Hertzian) zone of lubricated line contacts (chapters 2-5). The models were
materialized through computer smulations to analyze a large number of typical
applications and to cover a broad range of operating conditions, representative of
industrial Machine Elements (gears, bearings, etc.).

The simulation revealed the risks involved in the presence of soft
contaminants in concentrated contacts. M ore specifically, contamination particles
were related to surface indentation, scuffing/seizure (directly or indirectly), aswell as
thermomechanical wear (loca high-heat tempering reactions and even melting). The
models are aimed to predict clearly the onset of damage due to the presence of one or
more, mainly soft/ductile and metallic, contamination particlesin concentrated
contacts and to predict the critical values of operational parameters like the slidefroll
ratio, film thickness, thermomechanical properties of the materialsinvolved, etc.,
which would produce an unsafe working environment, in the presence of specific
solid contaminants. The assessment of the risk of damage was both short-term
(surface indentation, abrasion and scuffing caused by lubricant starvation due to inlet
blockage by debris) and long-term (fine pitting and residual stresses due to the plastic
indentation of debris, which would extent to gross damage, or small thermo-cracks
caused by the frictional heating of debris, which could later propagate under the
action of high solid or lubricant pressures). Results are verified by comparison with
experimental findings from the literature and new hypotheses (like the four last
conclusions of chapter 5), are put forward to explain some reported failures or to

point experimentalists to specific areas of future research.
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2 Ei, B> Moduli of elasticity (surface 1 or 2).

2 Fayn Fluid force on the particle, owing to the actiontlod dynamic
fluid pressure on the particle (equations (2.2829)).

2 Friuid Overall fluid force on the particle (figure 2.7 aequation
(2.39)).

2 Fstat Fluid force on the particle, owing to the elastotogynamic-

fluid-pressure gradient (equation (2.23)).
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Chapte Symbol Description

2 h Elastohydrodynamic film thickness (figure 2.1 andi&tion
(2.2)).

2 he Elastohydrodynamic central film thickness (figuré&)2

2 Ko Yield stress in simple shear of the material ofgheicle.

2 m Mass of the particle.

2 N,,N, Solid normal forces on the particle (figure 2.2).

2 p Elastohydrodynamic pressure of the lubricant.

2 Ps Solid pressure between the particle and the colaotss.

2 R Radius of the deformed (disk-shaped) particle.

2 Req Effective radius of curvature of the contact (equaf2.3)).

2 Rs Radius of the stick region between the particle and
counterface (appears in equation (2.32)).

2 Ry, R Radii of curvature (surface 1 or 2).

2 Re, Particle Reynolds number; Reynolds number of tiallfiuid
flow around the particle (equation (2.27)).

2 S Viscosity-temperature coefficient (appears in eiua2.30)).

2 t Time elapsed since the particle was first pinched.

2 T, Solid frictional forces on the particle (figure 2.2

2 Ug, W Tangential speeds of the counterfaces (figure 2.1).

2 U Macro-speed of the lubricant relatively to the et(see
equations (2.25) and (2.27)).

2 Vextr Extrusion speed of the particle (speed of the dtexpansion
of the particle during its plastic compression).

2 Vi Velocity of the particle relatively to surface Ipfmwsite toV,,
shown in figure 2.7).

2 Voo Velocity of the particle relatively to surface 2g(ire 2.7; see
also equation (2.45)).

2 Vi, Velocity of surface 1 relatively to the particlegiire 2.7; see
also equation (2.46)).

2 V12 Sliding speed of the contadfie = ui — uy).
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Chapte Symbol Description

2 Vap Velocity of surface 2 relatively to the particlep@site toV,,
shown in figure 2.7).

2 Vo Volume of the particle.

2 Load per unit length of the contact.

2 X Distance of the centre of particle’s disk from teatre of the
contact x = 0) (equations (2.40), (2.43)).

2 X' Instantaneous displacement of particle’s geometcieatre
(centre of the patrticle disk) relatively to surfééigure 2.7
and equation (2.44)).

2 Yp Yield stress in uniaxial tension of the materiattod particle.

2 Z; Viscosity-pressure coefficient (appearing in equa(2.30)).

2 ay, a Angles (figure 2.2 and equations (2.11) or (2.16) €.17)).

2 At Time step.

2 € “Flow perturbation” parameter (see explanation®wel
equation (2.23)).

2 n Dynamic viscosity of the lubricant.

2 o Dynamic viscosity of the lubricant at environmergahditions.

2 0 Temperature of the lubricant.

2 & Environmental temperature.

2 Lt Friction coefficient between a particle and a ceufiatce.

2 1, Lo Coefficients of kinetic (sliding) friction betweehe particle
and a counterface (counterface 1 or 2).

2 v, W Poisson ratios (surface 1 or 2).

2 Yo, Density of the lubricant.

2 o Density of the material of the particle.

2 O, @ Angles (see figure 2.7 and equation (2.35)).

3 a2 Heat partition coefficient, giving the proportiohtbe emitted

heat of a sector that goes to counterface 2 (emnsa(B.29) —
(3.31)).




List of Symbols 24

Chapte Symbol Description

3 A Lateral wet area of a peripheral sector (equati8r&6)).

3 c Specific heat.

3 Ciuid Specific heat of the lubricant.

3 g The gravitational acceleration £99.81 m/$).

3 Gr Grashof number.

3 Gr_ Surface-length Grashof number (equation (3.45)).

3 h Lubricant film thickness.

3 hy Surface-length heat convection coefficient.

3 Ko Yield stress in simple shear of the material ofgheicle.

3 K Equivalent thermal conductivity (equation (3.8)).

3 Kfiuid Thermal conductivity of the lubricant.

3 Ko Thermal conductivity of the material of the paricl

3 Ky, Ky, Kz Principal thermal conductivities (direction X, yDr

3 Ky, Ko Thermal conductivities of the counterfaces (couatss 1 or 2),

3 L Integration reference length (equation (3.39)).

3 Ns Number of sectors on a track (equation (3.18)).

3 N Number of tracks on the particle.

3 Nug Surface-length Nusselt number (equation (3.41)).

3 p Pressure between the particle and the counterfaces.

3 Pr Prandtl number (equation (3.44)).

3 q Heat produced due to friction between a sectoh@piarticle
and a counterface (equation (3.3)).

3 Ocool Heat emitted from a surface rectangle (of &jeaf a
counterface.

3 Oe Heat of a sector that is transferred back to thenterfaces
during a time stept (equation (3.27)).

3 Jp Frictional heat of a sector due to the internabsimg of the
particle, owing to the particle’s plastic compress{equation
(3.22)).

3 Op,conv Heat convected from a peripheral sector of theglaro the

lubricant during a time stefit (equation (3.35)).
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Chapte Symbol Description

3 p,conv, total Total heat lost along particle’s periphery duringnae stepAt
(equation (3.49)).

3 Op,total Heat temporarily stored to a particle during a tshepAt
(equation (3.26)).

3 Op,1; Op,2 Frictional heat generated at the interface of tigle and
counterface 1 or 2.

3 Q “Strength” of a heat source (see equation (3.5)).

3 r Distance of a sector from the centre of the paticl

3 R Radius of the deformed (disk-shaped) particle (8qng2.20)).

3 Ra Surface-length Rayleigh number (equation (3.48)).

3 Re Reynolds number.

3 Re Surface-length Reynolds number (equation (3.42)).

3 S Area of an elemental surface rectangle of a cotauer

3 S Integration area (see equations (3.52) and (3.53)).

3 t Time.

3 t' Time ' <t).

3 U Local speed of the fluid relatively to a sectoruatipn (3.43)).

3 \% Resultant speed of a sector of the particle redtito a
counterface (equation (3.2)).

3 Vsiid Sliding-speed component of a sector relatively tmanterface
due to the sliding motion of the particle as adibody (figure
3.1).

3 Vi, Vy x and y-components of the speed of a sector gbainecle
relatively to a counterface (equations (3.1)).

3 V1o Relative sliding speed of the counterfaces.

3 X Distance (see equations (3.15)).

3 Xinit Lower x-limit of the grid for the calculation of the coroteve
heat losses (see equation (3.53)).

3 Xiin Upperx-limit of the grid for the calculation of the coroteve

heat losses (see equation (3.53)).
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Chapte Symbol Description

3 Xp The distance of the centre of the particle fromadetre of the
contact (given by in equation (2.40)).

3 Xv x-displacement of a point of the medium from tith® timet
(see equations (3.14)).

3 X Transformed spatial variable (see equations (3.7)).

3 Yiin Uppery-limit of the grid for the calculation of the coroteve
heat losses (see equation (3.53)).

3 W y-displacement of a point of the medium from titht® timet
(see equations (3.14)).

3 Transformed spatial variable (see equations (3.7)).

3 4 Transformed spatial variable (see equations (3.7)).

3 a Heat partition coefficient.

3 o, o Heat partition coefficients, giving the proportiohheat that
goes to counterface 1 or 2.

3 Yij Parameter (equations (3.46) and (3.47)).

3 So Parameter (equation (3.22)).

3 P2 Parameter (equation (3.32)).

3 ) Parameter (equation (3.28)).

3 AG Angular integration step (equation (3.17)).

3 Ar Spatial integration step (equation (3.16)).

3 At Time step.

3 n Local dynamic viscosity of the lubricant (see e@qua(2.30)).

3 Angle (figure 3.1).

3 Temperature (see equation (3.4)) or
local skin temperature of a counterface, excludiegt
convection from the counterface to the lubricant.

3 Bhid Reference temperature of the fluid next to a paldic
peripheral sector of the particle.

3 & Temperature of a peripheral sector of the par(etpiation
(3.37)).

3 & Initial temperature.
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Chapte Symbol Description

3 6., 6 Local skin temperatures (counterface 1 or 2).

3 A Thermal diffusivity (see equation (3.4)).

3 Ap Thermal diffusivity of the material of the particle

3 Axs Ays Az Principal thermal diffusivities (direction x, y @) (equation
(3.112)).

3 Az Principal thermal diffusivity of the material of woterface 1 in
the z-direction.

3 Y7 Coefficient of friction between the particle andaunterface.

3 Lint Friction coefficient between two internal layerstioé
plastically deforming particle (see equation (3)20)

3 Yo, Material density.

3 Phluid Local density of the lubricant (see equation (2.31)

4 b Hertzian contact semi-width.

4 c(x,y,2) Integration function (see equations (4.63), (4.64))

4 C1, & Substitution variables (equations (4.73)).

4 E Modulus of elasticity.

4 F1 Substitution variable (equation (4.10)).

4 G Shear modulus.

4 G1 Substitution variable (equation (4.11)).

4 Hi Substitution variable (equation (4.12)).

4 L Lameé constant (equation (4.69)).

4 m Substitution variable (equation (4.78)).

4 n Substitution variable (equation (4.79)).

4 N Total number of surface nodes.

4 Noid Number of “old” nodes (see figure 4.3).

4 p Solid pressure.

4 Ox Oy Surface tractions (direction x or y).

4 R Radius of the deformed (disk-shaped) particle éspeation
(2.20)).

4 t Time.
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Chapte Symbol Description

4 T Temperature increment above the bulk temperatiash(f
temperature).

4 u Elastic displacement in the x-direction.

4 Uy, Uy, Uz Elastic displacements (direction x, y or z).

4 w Elastic displacement in the z-direction.

4 \W Load per unit length of the line contact of the wi@ufaces.

4 Xp Distance of the centre of the particle from thetiaenf the
Hertzian zone of the line contact of the countezfac

4 Y Yield stress in uniaxial tension or compression.

4 a Coefficient of linear thermal expansion.

4 y Elastic shear strain.

4 AX, Ay, Az Spatial steps.

4 € Elastic normal strain.

4 & & & Elastic normal strains (direction x, y or z).

4 n Integration variable.

4 A Thermal diffusivity.

4 v Poisson ratio.

4 & Integration variable.

4 P Substitution variable (equation (4.14)).

4 Pm Material density.

4 Omechanical Mechanical normal stress.

4 Ooverall Overall normal stress (= mechanical + thermal).

4 Othermal Thermal normal stress.

4 Ox, Oy, Oz Elastic normal stresses (direction x, y or z).

4 gl gHeta | Normal stresses (direction x or z), caused by aziter loading
in a non-conformal line contact (equations (4.75)76)).

4 5Z<?;|jermal Surface normal thermal stress in the z-directipnpiuced” by
the method of the “thermoelastic displacement g&En

4 Tmechanical Mechanical shear stress.

4 Toverall Overall shear stress (= mechanical + thermal).
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Chapte Symbol Description

4 Tihermal Thermal shear stress.

4 T Tys Tz Elastic shear stresses (direction x, y or z).

4 rie Shear stress, caused by a Hertzian loading in ecanformal
line contact (equation (4.77)).

4 fz(;/t)r'nermal Surface shear thermal stress, “produced” by théoaeof the
“thermoelastic displacement potential”.

4 thermal Surface shear thermal stress, “produced” by théoaeof the
“thermoelastic displacement potential”.

4 v Elastic displacement in the y-direction.

4 Ve Speed of dilatational waves in a solid.

4 Lo Speed of motion of the temperature field.

4 7 “Thermoelastic displacement potential”.

4 Q Substitution variable (equation (4.13)).

5 b Hertzian contact semi-width (equation (2.2) andifeg2.1).

5 D Diameter of the undeformed spherical particle.

5 Decritical Critical diameter of an undeformed spherical pétin order to
cause surface damage.

5 Fayn Fluid force on the particle, owing to the actiontlod dynamic
fluid pressure on the particle (equations (2.2829)).

5 Fiiuid Overall fluid force on the particle (figure 2.7 aequation
(2.39)).

5 Fstat Fluid force on the particle, owing to the elastotogtynamic-
fluid-pressure gradient (equation (2.23)).

5 h Elastohydrodynamic film thickness.

5 he Central film thickness (figure 2.1).

5 H Height of a sector (equation (5.6)).

5 m Mass of the particle.

5 Ny Number of sectors along the radius of the partci¢he y-axis.

5 p Solid pressure on the particle (figure 5.2).

5 PeHL Elastohydrodynamic pressure (figure 5.1).
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Chapte Symbol Description

5 Pold Pressure calculated two steps previously in the convergeng
iteration scheme (see equation (5.22)).

5 Pprevious Pressurg calculated one step previously in the convergench
iteration scheme (see equation (5.22)).

5 R Radius of the deformed (disk shaped) particle dyit
deformation (figure 5.5, equations (5.24) and (p.20

5 Rmax Maximum radius of the disk-shaped (deformed) plkrtiwhich
appears when the particle is in the Hertzian zdrieeocontact
(equation (5.26)).

5 R, R Radii of curvature of the counterfaces 1 and 2.

5 t Time elapsed since the particle gets trapped.

5 T, To Flash temperatures on counterfaces 1 and 2.

5 u Surface elastic displacement in the x-direction.

5 U, Up Tangential speeds of the counterfaces (figure 2.1).

5 Vextr Extrusion speed of the particle (equation (2.58ure 5.12).

5 Vp1, Vp2 Speeds of a particle relatively to surfaces 1 afgke2 figure
5.12, equations (2.45) and (2.46). See also se2tion

5 Vs The sliding speed of the contact.

5 Vy Magnitude of the y-component of the velocity vectba secto
relatively to the counterfaces (see equations J5.1)

5 V, Volume of the undeformed particle (see equatioB3}p.

5 V1, V2 Resultant speeds of a sector relatively to coumted 1 and 2
(equations (5.2)).

5 Vix Vax Magnitudes of the x-components of the velocitytees of a
sector relatively to counterfaces 1 or 2 (equati®nk)).

5 w Surface elastic displacement in the z-direction.

5 W, , W, Surface normal displacements of counterfaces 2geduatior
(5.7)).

5 Mechanical parts ofy,, W, .

Wl, mechanical

W,

,mechanical
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Chapte Symbol Description

5 Wi ormats Wa normat Parts ofw,swrres wiswerrest owing to normal loads (equations
(5.9)).

5 Wi angenals Parts ofw,swrres wlswerress owing to tangential loads (equations

B (5.10)).
WS tangential

5 W, thermar Wasnermar | 1 NEIMal parts ofy,, w, (equations (5.11)).

5 w/sweeress lswerress | Syrface normal displacements of counterfaces Ratuk to
the action of a suppressive surface loading
(= 8 e Y bermatr—T s hermay) (€QUALIONS (5.8)).

5 W) W) Surface normal displacements due to the applicatidghe
method of the “thermoelastic displacement potéehtial

5 X Distance of the centre of the particle disk from tentre of the
contact X = 0) (equations (2.40) and (2.43)).

5 Xt=0 Distancex at timet = O (point where the particle is first
pinched).

5 Xinit Length (see equations (5.25) and figure 5.6).

5 (=0 Length (see equations (5.25) and figure 5.6).

5 x(1=0) Length (see equations (5.25) and figure 5.6).

5 Yiin y-limit of a grid (see equations (5.25)).

5 Yinit y-limit of a grid (see equations (5.25)).

5 \ Yield stress in uniaxial compression of particleiaterial.

5 Zin z-limit of a grid (see equations (5.25)).

5 Zinit z-limit of a grid (see equations (5.25)).

5 Z; Viscosity-pressure coefficient of the lubricantgssgjuation
(2.30)).

5 ) Under-relaxation factor (see equation (5.22)).

5 As Length of the edge of the (square) base of a séetpration
(5.16)).

5 AX, Ay, Az Spatial steps for the thermomechanical stress leions in

directions x, y and z.
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Chapte Symbol Description

5 9 Angle between axis x and the vector of the extnusielocity
(figure 3.1).

5 o Temperature.

5 & Bulk (initial, environmental) temperature.

5 u Average friction coefficient (equation 5.20)).

5 1, Lo Coefficients of dynamic (sliding) friction betweére particle
and counterfaces 1 and 2.

5 o, Surface tractions (figure 5.2).

5 5Z<?;r1>ermal Surface normal thermal stress in the z-directipnpiuced” by
the method of the “thermoelastic displacement g&En

5 ;Z%ermal Surface shear thermal stress, “produced” by théoaeof the
“thermoelastic displacement potential”.

5 fz()u//,t)hermal Surface shear thermal stress, “produced” by théoaeof the
“thermoelastic displacement potential”.

5 v Surface elastic displacement in the y-direction.

5 01, 2 Angles (equations (5.3)).




33

INTRODUCTION

From the outset of this research, the author walsamere of the risks involved
when solid contaminants were allowed to be presettte lubrication zone of
modern, high-performance Machine Elements. Numestugies and industrial
reports were already published, which showed thie&d sontaminants were
responsible for a large proportion of reportedufas and that lubricant cleanliness is
a key factor in the long-term unproblematic operabf gears and bearings. What
was not very clear and required further invest@atvas the mechanisms in which
the contaminants are acting in their destructivekvemdwhere lies the limit between
safe and unsafe operation of a contaminated contact

Obviously, the previous questions are vital inenstnding and predicting
which environments are prone to failure and to utadte preventative measures,
which will minimize the risk, without maximizing ¢hoperational cost. For example,
typical filters in the bearing industry block paléis usually not less than fén, not
because filters of 8m are not available, but because the finer therfitt, the higher
is the running cost (fine filters clog more ofteeed regular attention, result in
higher lubricant-pressure drops, etc.). Under iispective, the effect of debris
particles on the life of Machine Elements is, lédeproblems in Mechanical
Engineering, a problem that has to be solved witbrapromise between machine
reliability and operational cost.

Leonardo da Vinci was probably among the firsteport on the effects of
debris particles in contacts, as early as in tHecEhtury. However, since the
industrial revolution of the century and until a few decades ago, the effefcts o
dirt and dust in the operation of machine elemék#¢sgears and bearings was not
given primary attention because:

(a) there were other primary sources of conceka,the cleanliness and
homogeneity of steels, and

(b) the average lubrication film thickness and niraeholerances in typical industrial
applications were substantially higher than thdteday
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With the evolution of high-speed/load componetits,average lubricant film
was gradually reduced to even sub-micron leveld,this brought in the foreground
the influence of even the smallest particles waindearound in a lubrication
environment. Bearing companies were particulardgci¢d by the action of
contamination particles because of the toleranndsspeed, load and reliability
demands associated with bearings. Since beariegh@most widely used Machine
Elements, it is clear that whatever reduces thaifopmance is a cause of major
concern.

Debris particles are known to be responsiblerioraased wear. This wear
has either one of the following forms.

(1) Abrasion. This wear-mode is associated with scratchingigrapof hard
particles on usually softer surfaces, in contdws involve sliding (as in gears).
It can also appear in rolling contacts with lovdslroll ratios (as in rolling
bearings). This is the most widely acknowledgedridetelated wear mode and
there are numerous publications dealing with tleerétical simulation and
experimental study of this field (Rabinowicz and #d{1965), Larsen-Badse
(1968a, 1968b), Richardson (1968), Chandraselatran (1985), Xuaret al.
(1989),Williams and Hyncica (1992), Dwyer-Joyeeal. (1994) — these are just
a few selected papers).

(2) Indentation. Debris dents are among the most commonly obsetggatts on
bearing surfaces. Usually associated with the exést of hard particles, dents
are areas where plastic flow has occurred, and #ras‘'surrounded” by residual
stresses (Ko and loannides (1989),eXal. (1997)). The mechanisms of debris
indentations are a favorite subject in the literatin both analytical and
experimental studies (Hametral. (1987), Sayles and loannides (1988), Hamer
et al. (1989b), Saylest al. (1990), Hamer and Hutchinson (1992), Dwyer-Joyce
(1993), Sayles (1995), Villand Nelias (1997, 1998), Hamiltehal. (1998)).

This popularity is sparkled by a serious causetd@specially those that have
raised sharp shoulders, produced by hard partiakesjlirectly related with
surface fatigue in both dry contacts (Sayles, 199l elastohydrodynamic
contacts (Venner and Lubrecht, 1994). The highlgssied areas around dents are
precursors of cracks and result in rolling fatigsignificantly reducing the life of
Machine Elements (Sayles and loannides, 1988). \Bharp-edged dents are

repeatedly over-rolled, cyclic edge stresses at seulders may lead to spalling
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fatigue and even scuffing (Tallian, 1992). Howewen smooth dents (caused
by soft/ductile particles) are dangerous in elagiobdynamic contacts because
of the sudden loss of lubricant pressure (and sparding film thinning or
collapse) when these dents (or cavities) are oslézel. Websteet al. (1986)
showed analytically that stress peaks during ttex-oelling of dents could be as
much as three times greater than the subsurfaegsstraximum, resulting from a
corresponding ideal Hertzian loading, and repoat@dfold reduction in the
fatigue life of rolling bearings tested under 4 filtration as compared with the
fatigue life expected when au3n filtration is used, the difference being
attributed to the surface indentations.

(3) Gross (macro) scuffing. In recent years, it has been recognized that solid
particles can obstruct the lubrication of contdigt@iccumulating in the inlet zone
and preventing the lubricant replenishment of tnetact (Wan and Spikes, 1986
and 1988). This led to a new postulate for theaiti@n of scuffing (Enthoven and
Spikes, 1995), based on the fluid starvation alna dollapse in elastohydro-
dynamic contacts, caused by wear-particle accumulat the inlet zone.

(4) Local (micro) scuffing. Another perspective was put forward by Chandraseka
et al. (1985) during scuffing tests in four-ball mactsr{sliding contact). They
observed that the contamination of oil promotedfsay They postulated that a
possible cause for this is the desorption of theidant when the contact
temperature exceeds a certain limit, the temperatse being caused by the
frictional heating of the contaminants in the cahi@ecause the particles were
embedding one surface and were shearing on the siihface). Later, Khonsari
and Wang (1990) were probably the first to presethieoretical analysis to study
the frictional heating caused by a single hardigartvhen sliding on a surface,
and proposed that this could explain some of théfisg failures. A recent study
follows on the same steps (Khonssiral., 1999).

(5) Spalling. This is a rather limited and unknown debris-reldlure mechanism.
When soft/ductile particles are compressed, thdyce to sharp platelets, which
are harder than the matrix particles due to plastan hardening. Due to this
increased hardness, such platelets are prone se sauface damage in sliding
contacts where they shear and remove surface mlatdoreover, in rolling

elliptical contacts, such platelets can cause isigalfemoval of surface material)
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due to their spinning inside the contact, owingh® Heathcote differential slip
effect (Chacet al., 1996).

The sources of debris in Machine Element envirartmare numerous. They
can be both external and internal.

(a) External sources of debris.

The air and the lubricant are the most common beaifeoreign particles. When
sealing is poor or has failed, debris (like forrayxde dust) may intrude through
any suitable opening (broken seals, labyrinth gefus).

(b) Internal sources of debris.

Sources of debris that are internal to machineshwworn surfaces (bearings,
gears, seals) that lose fragments during operdtibricant-born debris (deposits
like soot and sludge during poor combustion inrimaécombustion engines,
grease thickeners, etc.), as well as componertsvidt@ poorly cleaned before

assembly (as for example, the gears or the shalgmarbox).

Although a significant amount of research has lzk®mted the last decade in
understanding the mechanisms of debris particleadenm concentrated contacts
(Wan and Spikes (1986, 1988), Sayles and loaniid&8), Hameet al. (1987,
1989a, 1989b), Dwyer-Joyetal. (1992, 1994), Dwyer-Joyce (1993), Sayles
(1995), Enthoven and Spikes (1995), Dwyer-JoyceHagymer (1996), Hamiltost
al. (1998), etc.), most studies are experimentalcmdined to particular cases, with
simplifications that limit the general applicabyliof their results. Such
simplifications are used to bypass the significaplexity of the general problem.
A satisfactory global theoretical treatment is cected with complicated
mathematics and requires the simultaneous uselsffit@m apparently different
theories and sciences: Theory of Elasticity, Thexriylasticity, Theory of
Thermoelasticity, Theory of Elastohydrodynamic Liaation (EHL), Contact
Mechanics and even Chemistry. For a reader whaostutly this Thesis carefully, the
previous statement will soon become clear. Moreawesting models and studies
are mainly confined to hard particles and rolliogtacts, whereas soft/ductile
contaminants and mixed rolling-sliding contacts aema rather neglected part in the

literature, especially by the non-existence of th&oal models.
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It is this gap that the present theoretical stattigmpts to fill. With two
theoretical models to cover the behaviour and &ff)om (mainly soft/ductile)
particles in rolling-sliding, lubricated contactise study has reached some very
important conclusions, which confirm existing experntal findings and,
additionally, suggest new/suspected mechanisnitsedb¢haviour of particles in
concentrated contacts. Such important conclusiorsve the following:

(1) Soft debris particles are sometimes even mesérdctive than equally sized hard
particles. The reason is due to a thermomechaweat mode predicted by the
models of the Thesis and associated mainly withildyzarticles.

(2) Particles are clearly shown to often accumuratée inlet zone of lubricated

contacts and cause lubricant starvation, film gsaand even scuffing

(3) Soft particles are shown to cause frictionaithmg in contacts that involve
sliding. The frictional heating can sometimes beeeere that the local
temperature increase in the contact may exceed 2@0Surface melting and
local scuffingdue to the presence of soft/ducplerticles in lubricated contacts is
a new/strengthened theory that emerged from thdyst

Other significant conclusions are listed at the ehdach of chapters 1-5 and,

collectively (main and brief conclusions only) imapter 6.

Despite the amount of analytical work spent ig gtudy, it is still only one
step forward on a difficult and challenging patheTauthor kindly welcomes any
suggestions for improvements and would be hapgtribute in further research

on this field.
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CHAPTER 1

ENTRAINMENT OF SOLID PARTICLES IN
ELASTOHYDRODYNAMIC POINT CONTACTS

1.1 Introduction

It is well known that contamination particles iticating oils directly affect the
operation and life expectancy of machine elemeaunts as bearings, gears, cams and
followers, etc. Experimental studies have shown iirere is often a dramatic
increase in surface wear when solid particles, eaénones, interfere between two
cooperating surfaces as, for example, between &ao tgeth. A partial solution to
this problem is the use of improved sealing techesy However, this usually results
in complicated design and increased running céstme filter can collect most of
the harmful particles but may become clogged ardsi@dditional attention and
more frequent replacement than a less fine fiderthe other hand, microscopic
filtration results in fluid pressure-drop and enelgsses. In practice, many hydraulic
systems have bypass valves to avoid interruptidalofcant supply when a filter
becomes severely clogged. This means that contéionnaarticles may be given the
chance to bypass the filters and enter the luboicaone.
There are, however, two important issues, whiclstrbe taken into account.
(a) There are particles, which, under specific apeg conditions of a lubricated
contact, may not cause damage. The severity ofifjestamage depends on the
ratio of the particles’ hardness over the counterfaardness, the ratio of the
particles’ size over the central film thicknes® #iding and rolling velocity of
the contact, the mechanical and thermal propeofidéise particles and the

surfaces, etc.
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(b) Some operational parameters of a contacthikeslide/roll ratio or the oil bath
thickness, play a major role in the likelihood afficle entrapment. This has
been shown experimentally in, for example, Wan @pittes (1988), and Dwyer-
Joyce and Heymer (1996). In this chapter, it issshtheoretically, too. A careful
selection of these parameters, following the gumgsland results of the present
work, may reduce (by design) the likelihood of mdetentrapment, without the
necessity to introduce improved filtering.

This chapter is devoted to the development okarttical model to simulate
the entrainment process of small, spherical, gudidicles in an EHD contact of a
ball, sliding-rolling on a flat surface. Assumingamdom distribution of particles in
front of the moving ball, a 3-dimensional fluid Woanalysis reveals the paths that
particles are expected to follow and, as a rewtprobability that a particle will
end on the ball (collide with the ball) or bypaisdn the case of a particle ending on
the ball, a mechanical force analysis can shoWwefgarticle is likely to be entrapped
and pass under the ball, or get expelled from ¢imact. The case of a particle being
entrapped is associated with surface damage dienting or scratching/grooving.
Finally, the case of a particle being expelled §iag many times) is associated with
fluid starvation due to particle accumulation ie thlet zone of the contact, which, if
persistent, may result in scuffing.

The motion of particles in viscous fluids at lowyRolds number has
attracted much attention in the past due to itsisggnce in physical science and the
chemical industry. There are studies dated as aarthie analysis of Stokes in 1851,
concentrating on the translation of rigid sphehesugh unbounded quiescent flows
at very low Reynolds number. Extended theoretinalyses can be found in Jeffery
(1922), Rubinow and Keller (1961), Bretherton (1p&afman (1965), Leal (1979,
1980 - together with extensive bibliographic resbgrBrunn (1976a, 1976b, 1977),
Drew (1978), and Sugihara-Seki (1993). The prevaiudies are all very
complicated and concentrate mainly on the Fluid Meics aspects of the problem.
The studies involve Newtonian and non-Newtoniasqeelastic) fluids, one or more
particles (mainly simulated by rigid spheres), aadn account for the interactions
among the particles due to fluid flow disturbanassvell as electric forces (Saville,
1977). Recent studies, which are more tribologgsted, can be found in Dai and
Khonsari (1993), Dwyer-Joyce and Heymer (1996), lkmoharet al (1997).
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The present work is a much simplified one bec#iLsssumes that the fluid
containing a contamination particle is undisturbgdhe presence of the particle.
However, this is not unrealistic if the followingestaken into account:
¢ In the simulation, there is always only a singletipke in the flow. Interactions
with other particles are, hence, absent.

e The particle is quite small (size in the order é§Qlum). Pressure differences
upstream and downstream of the particle are vewy lo

e The particle Reynolds number of the flow is very gt the order of 1&up to
1). The local flow is creeping and micro-vortices absent.

e The particle is considered spherical and rigid.

e The flow is essentially under constant environmigmtassure.

In view of the previous considerations, the mathgeal problem is
satisfactorily well posed. It is noted that theemtion of the present study is to
concentrate on easily conceivable results, whichb@aput into practice with
minimal effort and confusion. For this reasonsitritended that the results of this
study (within the frames of mathematical complesshée used by the practitioner

rather than the mathematician.

1.2 Mathematical model

1.2.1 Solution of the fluid flow problem

The model involves a ball moving on a flat surfatlee ball has a rolling velocity as

well as a sliding velocity relative to the statiopaurface. A view of the assembly

can be seen in figure 1.1. The fluid flow in thébath is treated as 3-dimensional,

despite the relatively thin film thicknebg, which can be as low as a few microns

for starved contacts. The following assumptionsraaele.

(1) The elastohydrodynamic pressure distributiosuisstituted by the well-known
Hertzian pressure distribution for a point conté&.a matter of fact, it is known
in the literature (see, for example, Hamrock, 1984j the fluid pressure

distribution is very close to that predicted by tador a dry contact, the only
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deviation being at the end of the Hertzian zonegretihe elastohydrodynamic
pressure spike exists (a nice figure is shown mdnd Chu, 1991 (figure 4)).

The latter is not a problem here because the &tbhthe Hertzian zone is not
included in the study. Therefore, a Hertzian presslistribution can be used as a

good approximation.

__Ball moving
direction

Ball (deformed)

A
y u
i(—(' hin z / - A
z Voyw he
] Flat ]

Hertzian zone
Inlet zone —

Figure 1.1  Configuration of the model; ball, flat surface aritibath.

(2) The particles are assumed spherical. Althoughytshapes can be considered,
the sphere is the simplest one and is the besingtgoint for the analysis.

(3) Particles which have a mean diamé@&esmaller than the central film thickndss
of the contact (figure 1.1) are not of concernhis study. Therefore, only
particles withD > h; are studied here. This means that particles caamet
“deep” inside the inlet zone of the contact withbeing compressed. Thus, for
the area of application of the present simulatanticles travel in an
environment (oil bath) where the fluid static pressis equal to the
environmental pressure (as opposed to the elastothydamic pressure, which is
much higher).

(4) The fluid flow is assumed unchanged in timee $tudy involves one particle at a

time, so that the fluid flow is minimally disturbég particle’s presence.
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In the area of study (inlet zone), the fluid pugssaccording to the
assumption (3) above, is constant. The same iddrube temperature.
Consequently, lubricant’s viscosity and densityhi& inlet zone are both constant,
since these two properties are functions of theque and temperature. The flow in
this area is actually similar to a channel flow ameince, is treated as incompressible.

Gathering all assumptions made previously, the fotreated as 3-
dimensional, steady state, viscous and incompiesdibe Navier-Stokes equations

for this type of problem are as follows.

ou ou ou o°u du  dtu
Ur—+V—+W—=v:| —S+—+— (11)
oX oy 0z ox: oy- oz
2 2 2
TRV 5_\2/+a_\2/+a_\2/ 1.2)
oX oy 0z ox= oy° o0z
ow ow ow o’w  o*w  o*w
Ut Ve A W =V |+ 3
oX oy 0z ox: oy 0z

wherevis the kinematic viscosity of the lubricant at ma@mental conditions. The

systems of coordinates xyz and fluid velocity comgrdsu, v andw are shown in

figure 1.1. Equations (1.1)-(1.3) are discretiZiewtigh a second order, finite
difference scheme. The solution domain is showigure 1.2. The dimensions of
the reference fluid volume are> 10Ry and S> 2Ry, whereRy, is the radius of

the Hertzian contact circle. The lower boundaryhefreference volume is the flat,
whereas the upper boundary is the free surfadeedtibricant and the wall of the
ball. Thus, the reference volume has a thicknessvidries fronmh, to hi,. The grid in
figure 1.2 is constructed of nodes, which are @gqtadt in both the x and y-direction.
Thus, spatial stepsx andAy are constant. Stefr along the z-axis varies depending

on the ky) position, as is explained later.
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Hertzian
contact
circle

Symmetrical sidé

A

Figure 1.2  Reference volume and grid.

After discretization, equations (1.1)-(1.3) aretten as follows:

u‘3-u—4Ui4+Ui72 +v-3'u_4'uj’l+uj*2 JFW‘S-u—4-uk,l+uk,2 _

2. AX 2-Ay 2-Az
1.4)
U-2-U,+U, U-2-U +U, u-2-U,+U,
EY 2 > + 5 + >
(ax) (ay) (az)
3V +V, v 3 V-4V, +V ., W 3V-4-Vi +Vip _
2. AX 2- Ay 2-Az
(1.5)

‘ V-2V, +V_, . v—2-vjfl+vj,2 N V-2-V, ,+V,,
(Ax)’ (Ay) (az)’
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3w—dw o, W, v 3w-4-w, , +Ww,, W 3w-4-w ,+Ww,, _
2. AX 2- Ay 2-Az
(1.6)

‘W_Z'\Ni—l—i_vvi—z W2 Wi + Wi W2 Wy + Wy

B 7™ S 7Y N /v

Boundary conditions

On the flat and the ball’'s wall, the lubricant caither penetrate nor slip. These

constraints are translated into the following eoprest

u .
Uo = Uy = Ea ’ \/RZ _[(J _1) Ay]z ’ COE(@)— U, _Vs (17)
Viy =W, =0 (1.8)
Uen = Vien =Wy =0 (1.9)

where:

Ua is the rolling velocity of the ball (position= 0),

R is the radius of the ball,

Ay is the spatial step in the y-direction,

Vs is the sliding velocity of the ball relatively tbe flat,

Q is the angle of the tangent to the ball's wall (fig 1.1),

N is the number of the k-nodes along axi& z (N is for the node on the flat).

The coordinate systems shown in figure 1.2 hag@ tommon origin located
at position {,j,K) = (3,1,1), which is on the boundary of the Hextecontact circle.
The symmetry of the flow about plage= O is taken into account and the solution
domain is they < 0 half-space (figure 1.2). Speadw andw in the two half-spaces

y <0 andy > 0 are as follows:

yo = Wy.o 10)
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In order to proceed with the solution, the follagrisubstitutions are made:

1

2- AX

U, +U

‘U t U

(1.11)

(1.12)

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)
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-2-Uu,+U, —2:U,+U, -2-U.,+U,,
_ . j i2 i 1.24
5 { (axY (ay) (a2) -
—2:V , +V ., —2:ViytV, -2V +V,
_ . | i 1.25
e =v { () + o) + (a2 (1.25)
—2-W1+W72 _2'ijl+Wj—2 _2'Wk71+Wk72
_ | i 1.26
&=v |: ( AX)2 ( Ay)z ( AZ)2 ( )

Using substitutions (1.11)-(1.26), the systemapfaions (1.4)-(1.6) is
transformed as follows:

a-u-(3-u+C,)+b-v-(3-u+C,))+c-w-(3-u+C,)=d-u+g (1.27)
a-u-(3-v+C,)+b-v-(3:-v+C;)+c-w-(3:-v+Cy)=d-v+e, (1.28)
a-u-(3-w+C,)+b-v-(3w+Cy)+c-w-(3:w+c,)=d-w+e, (1.29)

The Jacobian determinant of the previous systeagoétions (1.27)-(1.29) is:

a a &
Pl=la, a5 a (1.30)
a7 a8 a9
where
a,=3-(@-u+b-v+c-w)+a-(3-u+C,)-d (1.31)
a,=b-(3-u+C,) (1)32

a,=c-(3-u+C,) (1.33)
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a,=a-(3-v+C,)

a;=3-(@u+b-v+c-w)+b-(3-v+C;)-d

a;=c-(3:-v+Cy)

a,=a-(3-w+C,))

ag=b-(3-w+Cy)

a,=3-(@a-u+b-v+c-w)+c-(3-w+C,y)-d

(1)34

(1.35)

(1)36

(1.37)

(1.38)

(1.39)

Equations (1.27)-(1.29) form a non-linear systericl is solved here by the

Newton-Raphson method. The method is expresselebfpliowing iterative

equation:

() _ o 1
-
where
x=(u,v,W'

a-u-(3-u+C,)+b-v-(3-u+C,)+c-w-(3-u+Cy,)
f=| au-(3v+C,)+b-v-(3:-v+C;)+c-w-(3-v+Cy)
a-u-(3w+C,)+b-v-(3-w+Cy)+c-w-(3-w+Cy) -

and the adjoint matrix’” is

(1.40)

(1.41)

(1.42)

(1.43)
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whereas

Jip=a5-8y—a5- 8

Jy=a3-8-3, &

Jalzaz'ae_aa'as

lezae'a7_a4'ag

Jp=a-a-a;-&

Jazzaa'a4_a1'ae

Jp=a, 8- &

323:a2'a7_a1'ae

333:a1'a5_a2'a4

(1.44)

(1.45)

(1.46)

(1.47)

(1.48)

(1.49)

(1.50)

(1.51)

(1.52)

Because of the high non-linearity of the systdm,uersion of the Newton-

Raphson method used here is a globally convergentwith line search and

backtracking to guarantee the convergence of theri#thm regardless of the initial

guess (Presst al, 1992, section 9.7). Moreover, the results foresise andv are

checked and, if necessary, corrected, using thadayy conditions and especially

their accurately known values at plamesl andj = 1.

Particle trajectories, as is shown later, areutated using only ther andv

velocity components. The results for thecomponent are not used further in the

analysis. Therefore, although the solution obtaicedhe flow field is 3-

dimensional, particle trajectories are calculatadre xy-plane (figure 1.1), using
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speedsl andv averaged along axis z, as if the problem werendsional. The

omission of thew velocity component is done for two reasons:

(a) to simplify calculations, and
(b) because the thickness of the reference volardréction) is much smaller than

the other two principal dimensions.

The accuracy of the calculations can be improvediegking the continuity of flow
and applying appropriate corrections to intermediasults. This means that after
solving the system of equations (1.4)-(1.6) inwlmle grid, a check at the equation

of mass conservation

@+@+8—W:0 (@)5

and proper re-adjustment of the results must be doflowed by a new solution of

the equations until convergence is achieved.

1.2.2 Initial position and motion of a particle

Particles are treated as spheres throughout thdy.sBecause of their smallness,
their real shape is not crucial when consideringlfforces on them. It is definitely
more important to think of their actual shape whwey are pinched between the ball
and the flat, but this is the subject of sectich3.

The distribution of particles at tinte= 0 when the study of the history of
each patrticle starts, is generally random. Althotinghmass concentration of
particles in the inlet of the contact may be moréess known, the number of
particles in the reference volume (figure 1.2) masy significantly, especially when
considering possible turbulence and other trangieehomena. For example, it is
well known that, in a set of spur gears, lubridarttapped between two engaging

teeth, resulting in a strong and noisy jet of flpaksing through the gap of the
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closing teeth with, sometimes, sonic or supersspeeds. It is rather obvious that
this affects the concentration of particles infibel in a rather unpredictable way.
The analysis following in the next pages doesasabunt for possible

interactions among neighboring particles. Theseraations could be of the

following origin.

(a) Particle collisions.

(b) Electromagnetic and adhesion forces when pestimome very close, or touch
each other.

This simplification is not a great disadvantageéhef analysis because of the

following reasons.

(a) Even one isolated particle gives plenty ofinfation regarding what is expected
to happen in the contact when more particles ansidered simultaneously.

(b) A single particle, if large enough, is possitdenitiate a cumulative process
which leads to fluid starvation by, for examplenegning in the inlet zone for
long enough time as to allow other particles tauanglate and obstruct the flow

of the lubricant.
In the next step of the present analysis, a sipgtécle is put at a randomly
chosen position in the lower half of the referemoime (figure 1.2). Coordinates

andyp of the initial position of the particle are defthby the following equations:

% =(R,-N, —r,)-ranl+r, (1.54)

Yo =Ry -N,-ranl (1.55)

The radiuRRy of the Hertzian contact circle (figure 1.2) is:

R :[3- P. Rja %6)

whereP is the load on the baR is the radius of the ball, aritlis the effective

modulus of elasticity
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E-_ £ (1.57)

whereE;, E; and v, 1, are the moduli of elasticity and the Poisson satibthe
materials of the ball and the flat respectively.

“ranl” is a random number between 0 and 1. In ordebtain such a
number, Presst al, 1992 (p. 271) propose a random number genematoch is
used in the present study.

Nx andNy are integer numbers, given by the following ecpresi

L

N, =— 1.58

-y (1.58)
S

N, =— 1.59

Y (1.59)

whereL andS are the length and semi-width of the referencemwa, as is shown in

figure 1.2.

Finally, ra is the radius of the imaginary circle where theiple comes in
contact with both the ball and the flat. This is #mallest distance from the nominal
point of contact (centre of the Hertzian circlehese the particle is still undeformed;
it can be calculated with very good approximatiamt the following equation:

h(r,)=D (1.60)

whereD is the particle’s diameter amds the fluid film thickness
r 2
h=h+R-|1-,/1- [Ej +o(r)—v(0) (1.61)

wherer is the distance from the centre of the Hertziamact circle (nominal point
of “contact”)
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r=yx°+y? (1.62)

and o(r) is the sum of the surface displacements of thiealnal the flat (due to the
elastohydrodynamic pressure) at a distanitem the nominal point of contact.

Equation (1.60) “says” that at the distamgé&om the centre of the Hertzian
contact circle, where the particle is in contadhviioth the ball and the flat, the
distance between the ball's wall and the flat isa¢dqo the diameter of the particle.
This is so because the deformed surfaces of thabdlthe flat near the Hertzian
contact circle are nearly parallel, according t® shmplified EHL theory.

The central film thickness appearing in equatib61) can be calculated by

any known semi-empirical formula for point contaets the following:
h. =19-R-U %" .G%%.w %% (1.63)

whereU, G andW are the usual speed, material and load dimenssplarameters

respectively, found in modern literature (see faraple Hamrock, 1994, page 437).
Spatial stepax andAy, which define the distance of two neighboring reode

in the x and y-direction respectively (figure 1.2)¢ constant, as already mentioned.

StepAz along the z-axis is variable and is defined byfthlewing equation:

minfh,,,h}
l,-1

Az= .q2)

wherehi, is the oil bath thickness (figure 1.1)]s the fixed number of k-nodes along
the z-axis, andh is taken from equation (1.61). A variable stepis used in order to
reduce the number of k-nodes (nodes along thes)-arid, therefore, the overall
number of grid nodes and the computer CPEn{@l_ Rocessing Wit) time needed
to obtain a solution, without significant loss ataracy.

Particle motion is studied in two dimensions, npnre x and y. Weight and
(fluid) lift, which are forces along the z-axiseaneglected. As has already been
explained, this is done primarily because the thgds of the reference volume is
very small compared with its other two dimensicarg] secondly, because particle’s

vertical motion is not of great concern in thisdstuConclusively, only inertia and
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fluid drag forces are taken into account. If thetipke reaches the critical zome= r,,
then solid frictional forces between the partiahel &he surrounding surfaces are
taken into account as well, and this is studieskiction 1.2.3.

From the force equilibrium on the particle alohg k-axis, the following

equation is derived:

1 V4
C, = -p-ui -=-D*=m-X 1.65
D 2 ,0 ave 4 ( )

wherep is the density of the fluid. Similarly, in directi y:

1 V4
C - =.p.V2 .Z2.D%2=m-V 1.66
D 2 ,0 ave 4 y ( )

The left side of equations (1.65) and (1.66) isfthiel force component on the
particle. This is the fluid drag, which pushes plagticle to follow the streamlines of
the flow. It is thus implied that the motion of tparticle is solely due to the Stokes
drag force applied to it from the fluid.

In the present analysis, there is nothing to pretree particle from having a
rotational speed as it translates in the fluidhals actually been shown that a spinning
spherical particle experiences a transverse féaomyn as “lift” force, which is
perpendicular to the drag force (see for exampleifitw and Keller (1961), and
Saffman (1965)). However, the previous researdmave shown that this lift force is
usually very small compared to the drag force feeping flows — usually more than
one order of magnitude lower (Saffman (1965) — @@ Drew (1978) — page
399). Such a force accounts for the curving oftehgid baseball or golf ball
(Rubinow and Keller, 1961). In order to quantife thffect of this transverse force in
the present analysis, the author followed Rubinow lgeller (1961 — page 454).
According to their paper, the ratio of the dragyg®pver the “lift” force under

consideration is

Dragforce . 6-7
"Lift" force” D*-p-w
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wheren is the dynamic viscosity of the flui@d, is particle’s diametey is the
density of the fluid, and is the rotational speed of the particle. Usingréwults of
the present study, as these are presented insdc8dater and in table 1.1, it is
found that, in order for the lift force to be okteame order of magnitude as the drag
force, the particle must have a rotational spepih)®f the order of 67-£apm!
Even if the spinning speed of the particle is atbliéf rpm, the lift force is 67 times
lower than the drag force. Since such a high ratatispeed is unrealistic in our
case, it is inferred that the transverse (liftcon the particle is infinitesimal and,
therefore, can be omitted in the calculations. ifigyo check a “worse” case
scenario, the author calculated a lift force tea@45 times lower than the drag force,
but it must be noted that even this example coatdr encountered in reality.)
Proceeding with the analysis, the fluid drag doefht Cp is a function of the
particle Reynolds number Ref the flow. Due to the smallness of the partidlés
assumed that the flow is creeping gRel). For a sphere in creeping flow, the fluid
drag coefficient is (see Munset al (1990), Table 9.4, page 611):

24
C,=— 1.67
° ~Re, (1.67)
where

D.U
Repz » (1.68)

whereU is the speed of the fluid relatively to the sphig@rticle). The validity of
equation (1.67) is actually checked at each nodleareference volume of the flow.
It is indeed found that, for a typical casepRél, as is shown in the detailed
examples in section 1.3. Therefore, the use oftenuél.67) is fully justified.

Using classical second order, central, finite gtitifferences, equations (1.65)

and (1.66) are discretized as follows:

—-3-7-po-saru -(u .D.A[2
Xeoat = TP grrf]-a;)ex( e ) +2'X1_X1—At (1'69)
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3z.p-(vy, DALY

ave
yt+At =

+2- Yi = Yea (1'70)

where Rg and Re are the corresponding Reynolds numbers usinguitevielocity
component in the x and y-direction respectively] agng) is the sign function of

variablex:

+1 if x>0
sgn(x)z{_1 i %<0 (2.71)

Uave aNdVa.e are averaged values of th@ndv-speeds in the x and y-direction
respectively, along a length equal to the parsctbameteD. For example, if
D = 4-Ax, thenug is the arithmetic mean value of thespeeds at five nodes in the
neighborhood of the particle.

If Uave= 0, then of coursr.a = %. Similarly, if Vave= 0, thenysat = yt. In
reality, the previous two conditions are never {matatically) met and can be

considered as mathematical simplifications.

1.2.3 Modelling the way a particle is entrapped oexpelled

Regarding the simple questitlis a particle to be entrapped or expelled from the
contact?”, the answer does not come easily. This is bedhesshape of the particle
as well as the exact shape of the elastically degdrsurfaces (including surface
roughness) is not accurately known. Moreover, tioéidn coefficient between the
particle and each surrounding surface in the comtawt precisely known and can
vary significantly, not only by choosing a diffetduabrication regime as a basis for
the study, but also within the frame of a spedifierication regime. One may argue
that the solid friction coefficient between a peéiand a lubricated surface at light
loads can be considered approximately equal tofdhdtoundary lubrication
(roughly around 0.1 - see for example figure 1.8lamrock, 1994). For hard
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particles with irregular shapes, it is more difftdo evaluate a representative value
of the friction coefficient than in the case of jides with smooth appearance.

Thankfully, the results of this study (presentedection 1.3) suggest that the
value of the solid friction coefficient used in tbalculations is not as critical as it
seems to be. The reason for this may be the fattlik friction coefficient for the
contact of the particle and the ball, and the @maHe contact of the particle and the
flat, are considered to be close to each otherhwisia realistic assumption. Larger
discrepancies are expected when the latter is et hhe computer program written
for this study can easily evaluate the effect efdperational parameters of the
problem, friction coefficients included.

In the next step of the analysis, the following tassumptions are made.

(1) Particles are considered spherical. Although iinderstood that many particle
shapes exist in reality, there must be a startaigtpn the analysis and an
equivalent spherical particle is not an unrealiaisumption.

(2) The unperturbed elastohydrodynamic pressutgliision between the ball and
the flat is the one predicted by the Hertzian tigdor dry point contacts. EHL
theory has shown repeatedly with good approximaf®ee for example
Hamrock, 1994, chapter 22, and Venner, 1991, ch@ptidat thiss indeed the
case, at least in the inlet and first-half of thertidian zone, including the second
trailing half of the Hertzian zone if the contagthieavily loaded (which results in
a decreased pressure spike). Since the referehome@and grid in this study
(figure 1.2) cover the inlet zone and the firstf lodiithe Hertzian zone,

assumption (2) is fully justified.

In figure 1.3, a particle is shown in touch witbtl the ball and the flat, in the
y < 0 half-space. Figure 1.3 shows the particldafctitical distance,, in the inlet

zone of the contact. Frictional forc&sand T, are on the plane where the sliding-

velocity vector of the contact is lying (plane x@n the other side, frictional forces

T, andT, lie on plane yz, which is perpendicular to thesdiion of the sliding

velocity of the contact. The latter forces arise tluthe compression of the particle

and the curvature of the distorted surfaces ongpyan Normal forceN, and N,

are due to the reaction of the particle to its cazapion between the ball and the flat.
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The coordinate system shown in figure 1.3 hasritgroO located at point (0,0,0),
which is the centre of the Hertzian contact cirolethe wallof the distorted ball.

Distorted
ball

Distorted
flat

A < (Xa,Ya,Za), B < (X8,Y8,28), C <> (Xc,Ye,Zc), O« (0,0,0)

Figure 1.3  Solid frictional forces T, and T, on plane xz;T, andT, on plane yz)

and normal forcesN, and N, ) on the particle.

From the geometry of the contact and after afl@lgebraic manipulation,
the distorted surface profiles of the ball) (and the flat%,) outside circle =r,, due

to the Hertzian pressure field, are described byfaHowing equations:

(1.72)
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z,=h, +1—V22M{[2[L] ]-arcsir{&}r {L] 11} (1.73)
E, 2 R, r R, 2

wherepy is the maximum Hertzian pressure:

3-P
= 1.74

The following angles are now defined:

Q= 4(Tl,0xj =arcta {8_21} (1.75)
- X (X=%a,¥=Ya)
- 0z,
p, =/ T,,Ox|=arctan|| —= (1.76)
- X (%=Xg,¥=Ys)
A 0z,
@, = Z| T,,0y | = arctan| — 2.77)
- ay (X=Xa,Y=Ya)
N 0z,
0, = 4(T4,Oyj = arctar{ {—} ] (1.78)
- ay (x=Xg,y=Ys)

where the partial derivatives in equations (1.75)-8) are given by the following

equations:

0z, -1 1-v{ py Ry r’ - R}
=g — —.|arcta) ——— |+R,-———— |/ .q< XY
aq {\/Rzrz E Ry Jr’=Rj " re
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7z, 1-v; Py r’ R Ry
2_g.——2. MM IR.XY M _ gretan—"— || ,g< X, 1.80
aq A E, R, " re 1/I’2—Rf, q Y ( )

Solid frictional forces can be calculated by thikof@ing equations:
T, =T,=u-N, .81)
=T, =u"-N, §2)

whereyy and, are the friction coefficients for surface 1 (bali)d 2 (flat),
respectively. The friction between the particle #melsurrounding surfaces is
expected to be of the sliding type (or “dynamigttion) along direction Ox and of
the sticking type (or “static” friction) along degon Oy, for the critical time the
particle stays at distance= r, away from the Hertzian circle centre. The notién o
static friction (instead of the usual dynamic fioct) has no particular importance
here as far as the end results are concerned, $& it is known, a static-friction
coefficient and the corresponding dynamic-frictmrefficient have magnitudes very
close to each other. Moreover, it is assumed Haetis no significant difference in
surface roughness along Ox and Oy, which wouldreiige infer slightly different
friction coefficients. Such effects are of secondarportance in the study and, as is
shown in section 1.3, are of limited value singghglvariations of the friction
coefficients do not yield significantly differergsults. Therefore, only two solid-
friction coefficients are used in the calculatiamstead of four.

Normal forcesN, and N, are calculated as follows:

vz,
N, =— N q3)
S\ 2

Vz,
N, =—=2.N 1.84)
S\ 24

where
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_[97 07 _ -
VZ_{ax’ay’ 1] L (=1,2) (1.85)

The norms appearing in equations (1.83) and (laB#yalculated from the following

equation:

||V4||=\/(%j +(%) +1 ,(=1,2) (1.86)

From the force equilibrium in axis x, it is derived that

~T,-codp,)+T,-codp, )+ Ny + Noy + Faiax =0 (1.87)
and similarly for axis y
—sgn(y)- [Ta : COS(¢’3)+T4 : Cos((”zt)]"‘ Ny, + N, + Fygy =0 (1.88)

whereN; x, N2y, N1y, N2y, are the magnitudes of the components of vedioris
axes x and y, given by the following general ecprati
(-1) oz

Niyq:—-a—'-Ni , 1 =12 and gqe Xy (1.89)
[Val g

Fruia,x andFagig,y are the components of the fluid force on the plarin axes x and y,

respectively. Using equations (1.67) and (1.68% found that

Fﬁuid,x:CD'E'p'usve'z'Dz:_S'E'U'D'uave (m)g
2 4
I:ﬂuid,y :CD ‘%‘P‘ste‘%‘ D’ :_3'7['77' D'Vave (1)91
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wheren is the dynamic (or absolute) viscosity of thedlui
It must be noted that the force equilibrium in thaxis is obviously
guaranteed by the combined force equilibrium insaxand y. It must also be noted

that the direction of vectoF, is opposite to the direction of vectdy (as shown in

figure 1.3) because what is mainly of concern ia #malysis is what will happen just
afterthe particle is dragged towards the Hertzian z@he. latter is a critical stage
because it results in either the entrapment opé#récle or a (possibly temporary)
rejection from the contact.

From the linear system of equations (1.87) an88(1 forcesdN: andN; are

calculated as follows:

N, = Oy, and N, = O, (Det = 0) (1.92)
Det Det

where the determinants are given by the followiggagions:

1 b 1 0z
oo Lll : COS(¢1)+ Zi} | {Sgr‘()’)' M 'COS(¢4) ks

[va] ox [vz] oy |
(1.93)

1 oz 1 azl_
.CO —— .22 |.s . .CO S
{yz ) o ax} { o)1 <o)+ o 2

1 oz

DN1 = Fﬁuid,x |:Sgr(y) Ha 'C0i¢)4)_ ”VZ " EZ:|+
2
(1.94)

1 oz
| = . - . 2
fluid,y |:luz COS(@Z ) + ”VZZ" aX :|
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1 o0z
D. =F. .. . . - .~ |_
N, fluid,y |:/Ul COS((/’l) + ||V21|| OX :|

93)

0z,
Fouia - SGHY)- 44 COS((/)3)+L._}
{ [Va] oy

If both N; andN, are calculated to have positive values, the pariscto be
squeezed and its “thickness” reduced. Following, ttie deformed (thinner) particle
will be able to enter deeper in the EHD gap. Thian indication of entrapment and
this observation is more realistic for particleftesothan the counterfaces (ball and
flat). In the case of particles harder than thentedaces, surface denting will result
in a similar effect. In the latter case, it shoalso be taken into account the fact that
the ball has a rolling velocity, which helps itdeercome the obstacle (particle). If
eitherN; or N, is calculated to have a negative value, the pandl be expelled
from the contact, because the only possible kindtefaction between the particle
and one of the counterfaces is repulsion and m@icéibn, provided that the
possibility of some degree of adhesion is ignofidtese thoughts lead to the

following assumption:

Assumption:
If (calculated)N; > 0 andN; > 0

then the particle will be pinched (and possiblyped)
otherwise it will be expelled from the contact.

It is necessary at this point to mention thataheve assumption gives only
anindication of entrapment. The assumption uses the word “pidtmstead of
“entrapped” because final and irreversible entragroannot be absolutely ensured
by checking the force equilibrium on the particiéyoat the position it is first
pinched. This is shown in the analysis of chaptevt#re the force equilibrium on
the particle is checked during the motion of theiple inside the elastohydro-
dynamic gap. On the other hand, the trajectorytofaped particle inside an
elastohydrodynamic gap is almost entirely goveimgthe frictional forces on it (see

chapter 2). However, in the case of elliptical emig or contacts with variable local
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sliding, the length of the trajectory of a partidepends mainly on the local sliding
(or tangential) speeds of the counterfaces. Ircéise of a cylinder sliding on one
direction on a flat surface, a trapped particle maye to travel all the way along a
straight line from the point it is pinched to thetlet zone of the contact, where it is
finally rejected (as is shown in chapter 2). In thse of a sphere sliding and
spinning on a flat surface, a trapped particle imaye to travel a very short distance
along a curved trajectory before being rejectec pievious two examples indicate
that the severity and duration of particle entrapnaepends largely on the geometry
and kinematic conditions of a contact. The auttas ¢tompiled a computer program
to study this interesting issue, which, in ellipticontacts, is associated with spalling
due to the (known as) Heathcote differential sfipat (see for information in Chao
et al, 1996).

The analysis of the present section is completiéid the method of
calculation of the coordinates, ya, Xs, ys Of points A and B (figure 1.3). The
equations of line that comes through points ¥(ya,za) and Ckc,yc,zc) are as

follows:

g XX _ Y7Ya _ 272 (1.96)
Xe = Xa Ye—Ya Z. — 2,

The equations of line” that comes through point &(ya,Za) and is parallel to vector

N, =(a,,7) are as follows:

.. X_XA:y_yA -2,

£ = (1.97)
a p y
where (using equations (1.83) and (1.85))
g
a=| X (1.98)
vz

(X=Xa,¥=Ya )
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_0
oy
B= (1.99)
e
(X=Xa,Y=Ya)
yo— (1.100)
”VZ]‘”(X:XA'YZYA)

whereas it has been assumed, without loss of dégetiaatN; = 1. Liness and&

must be identical:
=X -X, =d-aandy. -y, =A-fandz. -z, =1-y ,A#0) (1.101)

where/ is a constant to be determined. Poinks¥a,za) belongs to the particle,
which is a sphere with diametBrand centre Gg,yc,zc). Therefore, the coordinates
of point A must satisfy the equation of the sphere:

(XA _XC)2+(yA _yC)2+(ZA _ZC) =T (1.102)
Using equations (1.101), the previous equation0@) bives:

A=t D
2.+ 2+’

(1.103)

From equation (1.100), it is easily seen that0. Also,zc > zx. Therefore, using the
last of equations (1.101), it is derived that 0. Moreover, it is easily proven that
a’ + B% +y* =1. Conclusively, equation (1.103) gives finally:

2-2
2

(1.104)
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Using the first two of equations (1.101) (thosedeshe parentheses), as well as

equations (1.79), (1.98) and (1.99), the followaggation is derived:

y, =J¢ . x, (1.105)

Finally, the following system results:

Ya :k'XA
Xe 5 (1.106)
Xe = Xa :E'a

wherec is a function oka andya, and coordinatesc andyc as well as diametd

are known quantities. The system of equations @).kOnon-linear and is solved by

a trial-and-error method, which comprises the foiltg steps:

(1) xa is given a trial value in the range-€ 5, xc+ 9), wheredis an appropriately
chosen constant (it is expected from the geomdttiyeoproblem thaxa must
have a value very close to that #@j.

(2) ya is calculated from the first of equations (1.106).

(3) The following quantity is calculate@rror = ‘xc — X, —% ey

(4) Steps (1)-(3) above are repeated to cover ti@evrangec— o <Xa <Xc+ & .
(5) Final values oka andya are those which give the minimum error, as defined

step (3).

Following the above procedune, andys are also calculated. Thus, points A
and B are located. This is followed by a force eltion on the particle, according
to the analysis presented previously, in ordethieck if the particle is pinched or
expelled. There are two possibilities:

(a) The particle is expelledn this case, the particle’s new position is sebé close

to its last position, such thafxé +y2 >r, (in other words, the particle is left

just outside the critical circle where it come®inbntact with both the ball and
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the flat). Following this, the particle continués voyage in the fluid, and the
whole analysis is repeated. This part of the stsdsery crucial, because, if
particles are expelled relatively many times, thegy start accumulating in the
inlet zone of the contact, with a tendency to cdluse starvation and, possibly,
result in scuffing.

(b) The particle is pinchedn this case, the story of the particular partehels. If

there are other particles or, more precisely, ifieinitial positions to be

studied, then the analysis of this chapter is regoeor them as well.

The analysis presented thus far is outlined irfltwechart of figure 1.4.
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START

Input: number of grid nodes in xzy,
material mechanical properties, load,
lubricant properties, rolling velocity of
the ball, slide/roll ratioby,, particle
ihieter, friction coefficients.

v

Calculaté,, b, and boundaries
of the reference volume.

'

Calculate all surface elastic deformations,
assuming Hertz loading.

'

Solve the 3-d, steady state, viscous,
incompressible Navier-Stokes equations
in the reference volume. Check validity,
of the solution and correct if necessaryl

'

Put a particle at a random positipn
in the reference volume.

'

Calculate fluid drag forces on the
particle and find its trajectory. |

Yes

Yes
Does the particle escape from
the reference volume?

Other particles
to study?

No

Is the particle in contaC
with the ball?

Local force equilibrium analysis
(including solid frictional forces).

Particle expelled. Put it “ver
0 closétsdast position so that
it does not touch the ball.

Z

Is the particl
entrapped?

Yes

Figure 1.4 Flowchart of the model of particle entrainment ipant EHD contact.
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1.3 Examples

The mathematical analysis outlined in section A2 lbeen transferred into computer
code. A brief description of the computer programriesented in section 1.5. In the
present section, a variety of results is presetitemigh detailed diagrams, which
show the effects of the slide/roll ratio, the adlth thickness and the size of the
contamination particles on the lubrication of amsebhydrodynamic point contact of
a ball sliding-rolling on a flat surface. The aiofsthis section, and of the present
chapter in general, are as follows.

(a) Study of the likelihood of oil starvation, cadsby the accumulation of
contamination particles in the inlet zone of theesebhydrodynamic contact. In
the cases where oil starvation is more likely, Bogfmay follow shortly after the
conditions for oil starvation are met.

(b) Study of the likelihood of surface damage (d&nor scratching/grooving). This
is equivalent to the study of the likelihood foparticle to become entrapped and
be squashed in the elastohydrodynamic gap.

The values of the parameters held constant thimutghis investigation are

shown in table 1.1.

Table 1.1

Values of the parameters held constant in the exan®
Ball radius R=4 mm
Modulus of elasticity E: = E> = 200 GP4|
Poisson ratio n=wn=0.3
Ball's load 50N
Dynamic viscosity of the lubricant n=0.1Pa-s
Pressure-viscosity coefficient of the lubricant & n¥/N
Density of the lubricant p =870 kg/nt
Rolling velocity of the ball Us= 1 m/s
Material density of a particle 7000 kgim
Solid-friction coefficient = =01
Number of initial positions of a particle in thefeeence volume | 100
Number of grid nodes {,k) 400<100x10
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The slide/roll ratioS is defined as the ratio of the sliding velocityti¢ balll

relatively to the stationary flat, over the baliidling velocity:

S == (1.107)

The slide/roll ratio is varied (in steps of 0.1}Wween 0.1 and 2.0, to cover the range
of values met in most engineering applicationsoAtaree oil-bath thicknesség

are used in the study, namely ®, 100um and 50Qum, in order to cover the cases
of starved and flooded elastohydrodynamic contddts.size of the contamination
particles used for the study is represented by thiameter, which takes three values,
namely 5um, 10pum and 20um, in order to cover the cases of small, medium and
relatively large particles. In summary, the valoéthe parameters varied during this

example are presented in table 1.2.

Table 1.2
Values of the parameters that vary in the example
Particle diameter D =5, 10, 20um
Oil bath thickness hi» = 50, 100, 50Qum
Slide/roll ratio S =0.1-2.0 (in steps of 0.1)

The figures presented in the following eight subtisas (six figures for each sub-
section) have a horizontal axis representing tickesbll ratio, whereas the vertical
axis represents quantities (explained in each sahes), which test the likelihood of
particle entrapment and the likelihood of parteteEumulation in the inlet zone of
the test contact. The curves shown in the figuresSadegree polynomial fits,

which give a good qualitative view in order to ecli useful results and draw
meaningful conclusions. Important general conclusiare summarized in section
1.4.
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1.3.1 The likelihood of particle accumulation — rik of lubricant

starvation

The likelihood of particle accumulation is checlm®dcalculating the percentage of
particles expelled at least fifty times from thentaxt, based on the number of
particles studied. The number of “fifty” rejectiomss chosen arbitrarily as an
indication of prolonged presence of a particle qusdiside the critical radiug, where
a particle comes in contact with both the ball #relflat. Obviously, the more times
a particle is expelled from the contact, the highehe likelihood of other particles
to gather around the first one, which stands asbatruction in front of the ball, and
thus, the higher is the likelihood of particle aguuation in the inlet zone of the
contact. Particle accumulation results in obstarctf the lubricant flow and thus
poor lubricant replenishment of the contact. The effiect could be oil starvation
and increased wear, or, even worse, film breakdawehscuffing.

In the series of the following six figures, théeets of the oil bath thickness,
particle size and slide/roll ratio on the probabibf particle accumulation are

examined.
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7 bosum

14 — Nip = 50 km
- h. =100 um

12 h. | =500 um

Percentage of particles expelled at least 50 times,
compared with the number of particles studied
(o)

I

00 02 04 06 08 10 1.2 14 16 18 20
Slide/roll ratio

Figure 1.5

Figure 1.5 shows that the likelihood of small-paetirejection from the contact
increases generally following an increase of tidesioll ratio. The greatest increase
is located in the area 0.1&< 0.6, as well as for high sliding conditior$ ¢1.8).
Particle accumulation and oil starvation are mikedy for thicker films and smaller
particles. The likelihood of small-particle rejextiis diminished for very low

slide/roll ratios.



§1.3.1

The likelihood of particle accumulationiskrof lubricant starvation 72

Percentage of particles expelled at least 50 times,
compared with the number of particles studied

D =10 um
hin = 50 um
hin =100 um
hin =500 pm

0.0 02 04 06 08 10 1.2 14 16 18 20

Slide/roll ratio

Figure 1.6

According to figure 1.6, the effect of the oil-batickness on the rejection of

medium sized particles is rather small. In agreemath figure 1.5, the likelihood of

particle rejection from the contact is diminished ow slide/roll ratios, whereas it

stays approximately constant for 0.B< 1.6, and increases steeply & 1.6 and

up to the maximum slide/roll ratio studie® € 2). Therefore, it is shown again that

high-sliding conditions are in favor of particlgeetion from the contact (and thus in

favor of particle accumulation).
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Percentage of particles expelled at least 50 times,
compared with the number of particles studied

D =20 um
hin = 50 um
hin =100 um
hin =500 pm

0.0 02 04 06 08 10 1.2 14 16 18 20

Slide/roll ratio

Figure 1.7

Figure 1.7 shows that larger (Rén) particles are less likely to be repetitively

expelled from the contact, compared with smalletigas (5pum and 10um -

figures 1.5 and 1.6). Qualitatively, the curvessimilar to those in figures 1.5 and

1.6, and the same general conclusions apply hemelhs



§1.3.1

The likelihood of particle accumulationiskrof lubricant starvation 74

Percentage of particles expelled at least 50 times,
compared with the number of particles studied

hin=50um
D= 5um
D =10 pm
D =20 pm

0.0 02 04 06 08 10 1.2 14 16 18 20

Slide/roll ratio

Figure 1.8

Figure 1.8 shows that, for thin oil bath films, med sized (1Qum) particles have a

greater likelihood of repetitive rejection compareith small (5um) and large (20

um) particles. Rejection is increased for high-sigiconditions.
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Percentage of particles expelled at least 50 times,
compared with the number of particles studied

hin=100um
D= 5um
D =10 um
D =20 um

0.0 02 04 06 08 10 1.2 14 16 18 20

Slide/roll ratio

Figure 1.9

Figure 1.9 is similar to figure 1.8, but referstedium-sized oil bath films (100m)

instead of thinner films (5QAm). The findings are in qualitative agreement wifitbse

for figure 1.8. High-sliding conditions promote pele rejection and bigger particles

are the most difficult to reject.
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Percentage of particles expelled at least 50 times,
compared with the number of particles studied

hin=500um
D= 5um
D =10 um
D =20 um

0.0 02 04 06 08 10 1.2 14 16 18 20

Slide/roll ratio

Figure 1.10

Figure 1.10, referring to relatively thicker oilthdilms (500um) shows again that

medium sized particles (1m) are more easily expelled from the contact, caegha

with smaller and larger particles. Low-sliding cdmahs promote particle

entrapment whereas the opposite is true in th@negfi high sliding.
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1.3.2 The likelihood of particle-ball collisions

The likelihood of particle-ball collisions is chesdk by finding the percentage of
particles which are to collide with the ball, basedthe number of particles studied.
Thenumber of particles studiad equivalent to thaumber of initial positions of a
particle in the reference volumké a particle is left free to travel in the flofnom its
initial position in the reference volume, its cdited trajectory shows if it will
eventually collide with the ball or if it will byiss it without any contact (collision).
Particles which bypass the ball by avoiding anytacnwith it could be considered
as being virtually harmless, because they neithstroct the lubricant flow nor
cause any surface damage. Equivalently, the hidpgenumber of particles which
collide with the ball, the higher the risk of pal& accumulation (which may result in
lubricant starvation) and/or surface damage. Theeethe knowledge of the
likelihood of particle-ball collisions offers a gg@valuation of the effectiveness of

lubrication and the “healthy” operation of the it
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Figure 1.11

Figure 1.11 shows that the likelihood of first-tim@lisions of small particles with

the ball is significantly increased for low slida@liratios & < 0.5) and it gradually

drops with increasing the sliding of the contadte Tonclusion is that, in order to

increase the number of small particles that bypas®all, the operational area

S < 0.5 must be avoided.
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Figure 1.12

Figure 1.12 shows again that f§r< 0.5, the likelihood of particle first-time
collisions with the ball is significantly increasdd order to minimize the number of
particles that are to collide with the ball, thielsiroll ratio must be kept to values
around or above 1.0. Finally, figure 1.12 shows thizker films (blue line) “help”

the 10um particles bypass the ball.
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Figure 1.13

In agreement with figures 1.11 and 1.12, figure8khows that fo& < 1, the

likelihood of particle-first-time-collisions witthe ball is significantly increased.

On the other hand, high-sliding conditions seerméoease the possibility of
particle-ball collisions when the oil bath thickeespproaches the size of the
particles fin = 50um versuD = 20um), which is to be expected due to the reduced

back-flow of the oil against the size of the paetic
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Figure 1.14

Figure 1.14 shows that for thin oil bath filnis,(= 50um), the smaller particles

(D = 5um) are the most likely to bypass the ball. Loweslidll ratios result in more

particle-ball collisions for all sizes of particles
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Figure 1.15

Like figure 1.14, figure 1.15 shows that the snrgblarticles are more easily by-

passing the ball. The number of particle-ball swdlns is profoundly maximized for

low-sliding conditions of the contack(< 0.5).
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Figure 1.16

The study of figure 1.16, whehg, = 500um, leads to the same conclusions as in

figures 1.14 and 1.15, whehg is 50pum and 10Qum, respectively. In other words,

the smaller (jum) patrticles involve less risk to end-up collidwgh the ball rather

than bypassing it.
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1.3.3 An early assessment of the likelihood of pacte accumulation

In sub-section 1.3.1, the likelihood of particleaawulation in the inlet zone of the
contact is evaluated by calculating the percentdgparticles, which are expelled at
least fifty times from the contact, based on thebar of particles put in the
reference volume. In the present sub-section, dlmilation of the percentage of
particles that are to be expelled at least onam fitee contact, based on the number
of particles that are to collide with the ball, ggva pre-estimation of the likelihood of
particle accumulation in the inlet zone of the emntA first-time particle rejection is
an indication of the beginning of particle accuntiola Obviously, the results of
sub-section 1.3.1 are stronger than the resultiseopresent sub-section as far as
lubricant starvation is concerned, but the presahtsection serves as another
approach of checking the same concept, namelyrtigapility of lubricant

starvation.
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Figure 1.17

Figure 1.17 shows the likelihood of first-time r&jen for a particle that will collide
with the ball. The aforementioned likelihood is g for low slide/roll ratios and is
gradually reduced for increasing sliding. The mdrléference for the red line is to
be explained by the fitting method use (Bgree polynomial). With linear

regression, the red line would have a negativeestop follow closely the other two

curves.
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Figure 1.18

(10 um) particle that is to collide with the ball is rgreatly affected by either the

oil-bath thickness or the slide/roll ratio. Theseaitendency for rejection for high

slide/roll ratios.
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Figure 1.19

According to the above figure, larger (2fn) particles are less easily expelled (or,

equivalently, are more easily entrapped) for stolérfatios around 0.8-1.2.
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Figure 1.20

Figure 1.20 shows that, for thin oil-bath filmse temaller (5um) particles are more
likely to be at least one time expelled, comparét the larger particles (10m and

20 um ones). An explanation for this behaviour is tfiea of lubricant backflow,
which affects smaller particles more than the laayees. The situation is reversed

for higher slide/roll ratios, as shown in the figuprobably because surface curvature
plays a more important role further outside thetHan zone of the contact against
the lubricant backflow, which is weaker, as is ectpd for the larger particles (larger

particles have obviously a greater contact distag)ce
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Figure 1.21

Figure 1.21 shows that, for medium (140®) oil-bath thickness, medium-sized
(20 um) particles are more likely to be immediately apfred, after they collide with

the ball, in comparison with smaller @n) and larger (2@um) particles.
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Figure 1.22

Figure 1.22 shows that, for relatively thick (5() oil-bath films, smaller (fum)
particles are more likely to be expelled (at leaste), after a collision with the ball,
compared with larger particles. This is obviousdyfer low slide/roll ratios, where

lubricant backflow affects smaller particles mdrart larger ones.
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1.3.4 The likelihood of particle accumulation

The likelihood of particle accumulation and lubritatarvation is assessed in sub-
section 1.3.1, and is based on the number of peststudied (put in the reference
volume). In the present sub-section, the likelihob@article accumulation is
approached in a slightly different way; namely, shedy is based on the particles
that are to collide with the ball, rather than tiverall number of particles studied. In
this way, the consequences of a particle collidutt the ball can more readily be

realized and possible risks be evaluated.
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Figure 1.23

According to figure 1.23, the likelihood of repat small-particle rejection from the
contact is generally increased by increasing tidesbll ratio. The oil-bath thickness
does not appear to play an important role. Foreeduisk of particle accumulation
and oil starvation, the preferred area of operdtorthe slide/roll ratio is the area

S < 1. However, the latter may increase the numbpadicles being over-rolled

and, thus, increase the risk of surface damage.
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Figure 1.24

Figure 1.24 shows that medium-sized (i) particles behave similarly to smaller
(5 um) ones, when considering the likelihood of repetiparticle rejection from the
contact (see figure 1.23). The effect of the othlthickness is even less influential
in this case and the preferred area of operatiothéoslide/roll ratio, in order to
reduce the risk of particle accumulation and flstidrvation, is the aréa < 1

(approximately).
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Figure 1.25

According to figure 1.25, repetitive particle rejen of the larger (2@um) particles

is less dependent on the slide/roll ratio. The ndasigerous area for oil starvation is
again close to the higher bound of the slide/wtilo, whereas the risk is minimized
for S < 0.6.
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Figure 1.26

Figure 1.26 shows clearly that, for thin oil-balims, the likelihood of repetitive
particle rejection from the contact increases wihersize of the particles is reduced.
In general, the preferred area of operation in otaeeduce the risk of oil starvation
is the are& < 1 and, as has already been shown, high-slidimgitons increase the

risk of particle accumulation.
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Figure 1.27

Figure 1.27 is qualitatively similar to figure 1.26d refers to medium (1Qdm) oil-

bath thickness. The conclusions are the same as fhofigure 1.26.
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Figure 1.28

Figure 1.28, referring to relatively thick oil-b&ilms, confirms yet again the

conclusions drawn from studying figures 1.26 ar&¥ 1which refer to small and

medium oil-bath films. In other words, the riskparticle accumulation in the inlet

zone of the contact is greater for smaller pasithen for larger ones.
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1.3.5 The likelihood of particle accumulation andentrapment —

overall risk of damage

The likelihood of particle accumulation ardtrapment is approached by calculating
the percentage of particles trapped-although-ihitexpelled, based on the number
of particles initially expelled (expelled at leaste time from the contact). An
“initially” expelled particle is an early indicatioof possible particle accumulation,
which may lead to lubricant starvation, as hasaalyebeen explained. If the
aforementioned “initially expelled particle” is illy trapped, the contact may further
suffer from surface damage, because of the pasdape particle from the elasto-
hydrodynamic gap. Therefore, the present sub-septiovides information on the
overall risk of damage, either due to lubricant\sition or due to surface damage

owing to particle squashing in the elastohydrodyicagap.
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Figure 1.29

Figure 1.29 shows that the likelihood of an inltiaxpelled, small (fum) particle to

become entrapped is essentially independent aditimath thickness and is

maximized for slide/roll ratios around 1.
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Figure 1.30

According to figure 1.30, medium-sized (i) particles are more easily entrapped

(after an initial rejection) for slide/roll ratic@und 1.5. The oil-bath thickness does

not appear to influence this behaviour.
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Figure 1.31

Figure 1.31 shows that for the larger (20) particles, the likelihood of entrapment
after an initial rejection from the contact tendsdenerally, increase by increasing
the slide/roll ratio, whereas it is essentiallyapgndent of the oil-bath thickness. The
risk of entrapment is also relatively high for cdimhs of low sliding & < 0.5) due

to the reduced effect of the backflow of the luanton these big particles.
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Figure 1.32

According to figure 1.32, which refers to thin bath films (starved contacts),

smaller particles behave rather differently in canigon with larger ones. This is due

to the fact that smaller particles are affectedh®ychanges of the oil flow more than

the larger particles. For high sliding conditiotiee combinedisk of damage

(particle accumulation + entrapment) is lower fog smaller particles.
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Figure 1.33

Figure 1.33, referring to medium oil-bath thicknessows the same particle

behaviour as in figure 1.32, namely larger parsiéee more easily entrapped (after

an initial rejection) for high slide/roll ratiosah smaller particles.
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Figure 1.34

Figure 1.34 leads to the same conclusions asumdgy1.32 and 1.33, which refer to

thinner oil bath films.
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1.3.6 The likelihood of particle entrapment — riskof surface damage

The likelihood of particle entrapment is assesseddiculating the percentage of
particles trapped in the elastohydrodynamic gapetban the number of particles
studied (put in the reference volume). In this wagan readily be seen how risky it
is for particle entrapment when a particle is “aiéml” to be present in the lubricant.
It must be noted that the risk of surface damagg mo&be proportional to the
likelihood of particle entrapment, because the matextent and even possibility of
surface damage depends on the hardness of thelggrelatively to the hardness of
the surfaces, the size of the particles relatitelthe central film thickness of the
contact, the material mechanical and thermal ptaseof both the particles and the
counterfaces (ball and flat), etc. In other wottis, likelihood of particle entrapment
may be high and the risk of surface damage mayebelow, because, for example,

the particles are very small and/or very soft.
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Figure 1.35

Figure 1.35 shows that the likelihood of partiaferapment is not greatly affected by
the oil-bath thickness. An important observatiothat the likelihood of entrapment
(and thus the risk of surface denting or scratchismgignificantly lower for high
slide/roll ratios & > 1.5). Moreover, low sliding conditions promot&ricle

entrapment.
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Figure 1.36

Figure 1.36 refers to medium-sized (@) particles and shows again, as in figure

1.35, that the risk of particle entrapment is gatlincreased for low slide/roll

ratios and decreased for high sliding conditions.
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Figure 1.37

ratios & < 0.5). There appears to be a preferred regigheo$lide/roll ratio around

1, where the risk of entrapment is minimized.
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Figure 1.38

According to figure 1.38, the smaller |(Bn) particles are more difficult to get
trapped in the elastohydrodynamic gap compared téHarger particles, for thin
oil-bath films. The difference is less pronouncetil®en the medium-sized and the

larger particles.
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Figure 1.39

maximized for low slide/roll ratios and decreasethie high slide/roll ratio region.
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Figure 1.40

Finally, figure 1.40, which refers to relativelyid¢k oil-bath films, confirms the
results of figures 1.38 and 1.39, which refer fanbr oil-bath films; namely, the
smaller particles are more difficult to become appred, with the risk being

increased for low slide/roll ratios.
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1.3.7 The likelihood of particle entrapment — anotlr estimation

An alternative estimation of the likelihood of pele entrapment (as compared with
sub-section 1.3.6) is achieved by calculating theg@ntage of particles trapped,
based on the particles that are to collide withizalke In this way, it can readily be
seen how risky it is for particle entrapment wheresicle is “allowed” to reach the
ball and collide with it. In comparison with subetien 1.3.6, the results of the study
of the present sub-section take as granted theHatthe lubricant isontaminated

by solid particles, whereas the results of subisedt.3.6 aim to show what might

have been avoided if the lubricant were not conaned.



8§1.3.7 The likelihood of particle entrapment — theo estimation 113

w:

E% :3—— D=5 um

EE 25 - hin= 50 pm
o - h. =100 um
gﬂ) 70—_ N

E2 65— Ny = 500 km
58 s

O 60

- 8 .

8_9 55 —

S §

Sc 50—

02 45

c = §

85 35—

o S 30

g6 25

CL -

8 20—

= £ -

&E 15 | | | | | | | | | | | | | | | | | | | |

00 02 04 06 08 10 1.2 14 16 18 20
Slide/roll ratio

Figure 1.41

Figure 1.41 shows that smaller (i) particles that collide with the ball are trapped

more easily if the slide/roll ratio is around 1gaedless of the oil-bath thickness. The

risk of entrapment is reduced for lower and higigtre/roll ratios.
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Figure 1.42

Figure 1.42 shows that medium-sized (i) particles that collide with the ball are
more easily trapped for slide/roll ratios arounsl. Low and high sliding conditions
are to be preferred in order to minimize the rikarticle entrapment and possible

surface damage. The variation of oil-bath thickriess a weak effect on the results.
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Figure 1.43

Larger (20um) particles behave similarly to medium-sized ((b0) ones (figure

1.42). The maxima and minima of the likelihood aftile entrapment can easily be

located on the above figure.
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Figure 1.44

Figure 1.44 shows that, in the case of thin oikfdins (starved contacts), fim

particles have a profoundly smaller likelihood aofrapment for low and high

slide/roll ratios, compared with the larger pagl The differences appear to be

largely dependent on the amount of sliding in tbatact.
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number of particles which are to collide with the ball
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Figure 1.45

The results shown in figure 1.45 (which refers &dimm oil-bath thickness) are in

agreement with those of the previous figure 1.44Hmner oil-bath films and the

same conclusions apply here as well.
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Percentage of particles trapped, compared with the
number of particles which are to collide with the ball
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Figure 1.46

Figure 1.46, which refers to thicker oil-bath films qualitatively similar to figures

1.44 and 1.45, which refer to thinner films. Thensaconclusions apply here as well.
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1.3.8 The likelihood of lubricant starvation — anmdirect approach

An indirect approach of the likelihood of lubricastarvation, owing to particle
presence in the inlet zone of the contact, is tdkecalculating the average travelling
time of those particles which are to be entrapdaliiously, the more time a particle
spends travelling in the lubricant (in the inlehepfor specified sliding and rolling
velocities of the contact) before being entrapplee higher is the risk of lubricant-
flow obstruction and, thus, the poorer the lubfaabf the contact may be. The
lubricant-flow upsetting, owing to the presencepafticles in the flow, is of course
directly dependent on the size of the particleer&fore, the results of the present
sub-section must be interpreted only as an indioatf the likelihood of lubricant

starvation.
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Figure 1.47
Figure 1.47 shows that the mean travelling timemoéll (5um) particles that are to

become entrapped is significantly higher for thedst bound of slide/roll ratios

studied & < 1). The influence of the oil-bath thickness be tesults is insignificant.
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Figure 1.48
According to figure 1.48, medium-sized ({tt) particles spend considerably more

time travelling if the oil-bath is relatively thigki, = 500um) and the slide/roll ratio

low.
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Figure 1.49

Figure 1.49 shows that, for larger (2th) particles, the mean travelling time before

entrapment is gradually reduced as the slidindn@fcontact increases (obviously),

and stays essentially insensitive to oil-bath theeds variations throughout the

slide/roll ratio band studied. The behaviour (me}iof the larger particles is

smoother, as can be realized by comparing figwt@ With figure 1.47, probably

because the bigger particles are heavier and niibiceti to follow flow changes.
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Figure 1.50

Figure 1.50 shows that, for thin oil-bath filnts,(= 50 um), larger particles spend
considerably more time travelling before entrapmeompared with smaller

particles. This is what should be expected, consigehe mass difference of the
particles. It is easy to find that the gt spherical particles are 64 times heavier than

the 5um ones.
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Figure 1.51

Figure 1.51 shows again (as in figure 1.50) thayea(20um) particles spend

significantly more time travelling before entraprhjen comparison with smaller

particles. The lower the slide/roll ratio, the gezas the travelling time.
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Figure 1.52

Finally, figure 1.52 shows again how larger (28) particles need more travelling

time before entrapment.
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1.4 Conclusions

There are not many publications containing expemntadeesults from assemblies set
up to study the behaviour of particles in the izi@be of lubricated contacts.
Moreover, at the time of writing this thesis andhe best of the author’s knowledge,
theoretical models for the prediction of partichaviour in the inlet oil flow of
elastohydrodynamic contacts were virtually nonexig at least as published
material. There are two important publications eamnhg experimental results,
which fit the structure of the present theoretmaldel and provide readily
comparable conclusions. The aforementioned pulicstare those of Wan and
Spikes (1988), and Dwyer-Joyce and Heymer (1996¢fll results can also be
found in an earlier paper of Wan and Spikes (1986).

Undoubtedly, a computer model has significant ath@es when compared
with experimental studies of this sort, mainly hesaof the following reasons.

(a) Minimal cost of running. Experiments are uspakpensive to set up, whereas
the computer comes as a very cheap alternative.

(b) Volume of simulation work and duration of exipgents. It is obvious that a
computer allows for an, essentially, unlimited n&mbf simulations to be
performed fast and always under completely corgdodionditions. On the other
hand, experiments suffer from dramatically longemning times and initial
conditions are difficult to be controlled preciselfor example, the size of
particles studied and the oil-bath thickness ateeasily kept under strict control
between successive experiments, whereas no sustraiohexists for successive
computer simulations. Moreover, a computer simatatian be completed in a
few minutes, covering a large range of operatipaahmeters like, for example,
the slide/roll ratio, whereas an experimental stafithe same informational

content may require at least several days.

Detailed results and conclusions were presentéueiexamples of section
1.3. The study involved small {&m in diameter), medium (40m) and large (20
um) particles, and thirh, = 50um), average (10Qm) and relatively thick
(500um) oil-bath thicknesses in order to cover the cadesarved and flooded
contacts. The slide/roll ratio was in the rangd [P.0], whereas the calculated central

film thicknessh, (figure 1.1) was less thanun. The geometry of the contact was
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that for a typical elastohydrodynamic applicati®he results obtained can be

categorized as follows. It is useful at this pasaxtomment on the unevenness of

some of the curves presented in figures 1.5-1.52cR of smoothness in some
curves is due to the following reasons:

(1) The curves shown aré'8legree polynomial fits. A (smoother)*ar even i
degree polynomial fitting was rejected becauseoitild cover some important
minima and maxima of the curves.

(2) The number of particle trajectories studietinge (100). Some of the quantities
shown on the vertical axis of the figures have \ewy values, such that a small
change can have a big impact on the appearanbe ctitves. For example, if for
hi, = 100um there is only one pm particle trapped (out of eight particles that
collide with the ball) and foln,, = 500um there are just two particles trapped,
then the difference of the relevant curves at geeiic slide/roll ratio would be
ZT_l -100=125% . If for a slightly different slide/roll ratio theris again one
particle trapped, it starts to make sense why scumeées would appear to be
undulated.

(3) Small particles (like the pm particles used in the study) are very light (G2t
lighter than the 2@um particles) and follow rather easily the chandethe oil
flow for different slide/roll ratios. This has olois effects on some curves, in the
same way other curves, as those referring to tigebiparticles may appear
smoother. It is easy to understand this concepidualizing the chaotic motion
of smoke particles in the air. Another way of sayihis is by considering that, as
can be calculated, the limiting speed of the plagia the fluid under the action
of gravity alone is 0.8um/s for the 5um particles, whereas it is 134n/s
(sixteen times more) for the 20n particles.

(4) Smaller particles are able (due to their sisegpproach the contact more than
larger particles. Hence, smaller particles are sblpproach an area where the
back flow of the contact is stronger. The oppaisitieue for the larger particles,

which essentially stay in an area where the strieasbf the flow are smoother.

After the previous explanations, it is now timectalect the results of section

1.3. These results are summarized below.
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(a) Thick oil bath (hi, = 500um) and small particles D = 5um)
This combination increases the risk of lubricaatwtion due to increased
accumulation of particles in front of the ball. Adurther consequence, scuffing
resulting from loss of lubricant support (film bkelwn) is more likely to

happen.

(b) Thick oil bath (hij,= 500um) and large particles D = 20um)

Large particles are more easily trapped for tweoea:

1. Asis known, in a closing elastohydrodynamic,ghpre exists a small fluid
jet directed outwards (upstream of the main flowjront of the gap. Very
small particles that come within the vicinity ofghet are actually pushed
away from the gap or may be trapped in a microesofsee for example
Shieh and Hamrock, 1991). On the other hand, lpeggcles are less
susceptible to the lubricant back-flow since theljide with the ball
relatively far away from the elastohydrodynamic gaperefore, they are
more easily trapped, especially in combination wéthson 2 below.

2. The solid frictional forces on the large pagg{owing to their contact with
the flat and the ball) are greater in comparisath wiose for smaller
particles. This is due to the increased pressuvedsn a large particle and
the counterfaces.

Finally, particle accumulation is increased forhggslide/roll ratios. This means

that inlet blockage by particles and oil starvat®more likely to happen for

high sliding conditions. This has been shown expentally by, for example,

Wan and Spikes (see Wan and Spikes, 1988, pagm&€lusion 5), and Cusano

and Sliney (1982).

(c) Thin oil bath (hin = 50pum)
A thin film results in a reduced lubricant backvfl@s well as in a smaller
elastohydrodynamic gap. Consequently, both smdlllamye particles get more
easily trapped and pass through the gap. This ablyioncreases the risk of

surface damage as well as the risk of oil starmatio
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(d) Very large particles © > 100pum)
Very large particles (in comparison with the celnfiten thickness of the contact)
find it more difficult to be entrapped owing to therface curvature in the inlet
zone of the contact, which means that, the furdeay from the gap, the higher
is the x-component of the normal force of the balithe particleN, ), as can be
realized from figure 1.1. For example, particlagéa than 10Qum are more
susceptible to being expelled thanir@i particles in a 0.;,m elastohydro-
dynamic gap. This way, and because of their siezey large particles tend to
obstruct oil flow and to cause oil starvation. Eviqmental verification for this

behaviour can found in Wan and Spikes (1988).

Figure 1.53 shows graphically a summary of theiptesly listed conclusions

and serves as a rough general index.

(1)
\/
(2)
\~/
(1)
\/
Thin oil Small Large Very large Thick oil
bath particles particles particles bath
@

(2)
N

(1)
U

1 — Risk of particle accumulation, oil starvation, Sing.
High sliding < : ) 2 — Risk of surface damage (denting, scratching/grugyvi

Figure 1.53 Summary of conclusions for chapter 1.
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An example of the application of the model is presd in figure 1.54.
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Figure 1.54 1000 randomly chosen initial positions of a paeticl
in the upper half of the reference volume.

Figure 1.54 shows a typical example where the eefar volume has length
L = 10Ry and semi-widthS= 3Ry (R4 is the radius of the Hertzian contact circle).
In the figure, the randomly chosen initial posisasf a test particle (1000 in total)
are marked by red dots.

Following the same example, which refers tquB®particles in a 10@m oil
bath, figure 1.55 shows the locations in fronthef ball that a particle, which is

found to collide with the ball, will “choose”. Thgresented semi-circle marks the
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distance from the centre of the contact where aigawill come in contact with

both the ball and the flat.

Contact - Reference
semi-circle - fluid volume

Rolling direction

>
Figure 1.55 Example of particle distribution in front of a ball

(dataD = 20pum, hi, = 100pum).

Finally, figure 1.56 shows the “preferred” trajaes of a particle in front of
a ball (under the same conditions as in figure )1 Bbe particle is initially put at a
position on the upper half of the reference oiluvoé, which explains the lack of
symmetry in the figure. It is immediately noticallew some particles bypass the
ball, while others run onto it and are either guped or expelled. It must be noticed
that a trajectory may start from anywhere in tference volume and, therefore,

some particles appear to have a shorter histathyeiigure compared with others.
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For the example studied, it was found that, oultQiF particle trajectories calculated,
17 of them belong to particles that would, everysle entrapped and pass under
the ball. Therefore, it may be said that, for fhasticular example, there is a 17 %

chance of particle entrapment.

NN
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>

Figure 1.56 Example of possible trajectories of a single sigadicle
put in the upper half of the referendevolume
(datab = 20um, hj, = 100um).

Figure 1.56 shows clearly that particles which@dose to the centreline of
the flow, will remain there until they meet the Ibalthereas particles located away

from the centreline of the flow are swept asidesTtas been experimentally
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observed by Dwyer-Joyce and Heymer (1996, seedigun their paper). The
phenomenon is easily explained by the fact thayttelocity component of the fluid
is very weak near the centreline and, essentizdlyg on the centreline (wheye= 0),
owing to the symmetry of the flow.

The accumulation of particles in some areas (&dub6) and especially in
the centreline of the flow may have catastrophieat$ in the lubrication of the
contact, not only due to the obvious obstructiothefoil replenishment of the
contact, but also due to the risk of large bodynfation. The latter happens when the
accumulated particles form bonds which help themstact a bigger body. It is
possible that this body may be entrapped and cau$ace damage. There are then
two possibilities:

(1) The large body enters the contact and remaiagart as it is being squashed.

(2) The large body enters the contact and, at g, agglomerates, resulting in
numerous smaller particles, which, being deepeadénhe elastohydrodynamic
gap, are also entrained (see for example Okta\saihd(1992)).

In either case, the risk of lubricant starvatiod #me (following) risk of surface

damage are obvious.

1.5 Computer program and simulation

The results presented in this chapter were obtdigealcomputer program, compiled
by the author for the purposes of this work. lwrth noting that the computer
simulation serves as a very beneficial alternaiiveostly experimentation, having
the advantages of speed, control over the inigatidions and versatility. The
computer code is written in FORTRAN 90.

The simulation starts with the creation of a 3-msional grid of equidistant
nodes in the three principal directions (figure),1stich that it covers a space of ten
Hertzian contact circle radii in length (along thexis; Ny = 10), four Hertzian
contact circle radii in width (along the y-axid; = 2), and is bounded by the free
surface of the lubricant, the wall of the ball @hd flat. The number of grid nodes
along a principal direction is chosen by the progtsser at the beginning of the
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program. The configuration is symmetrical aboubplg = 0, and this is taken into
account in the calculations. The space coveretidgtid is the reference fluid
volume. The fundamental fluid flow problem is salvie the reference volume
according to the analysis of sub-section 1.2.1.ddwendary conditions used in the
solution are the prescribed velocities of the flaidhe boundaries of the reference
volume.

The simulation begins by “putting” a particle attmdomly chosen position
in the reference volume. The particle then starts#on in the fluid, governed by
the fluid forces and its inertia. If the particleeats the ball in its path, a local force
equilibrium analysis reveals if it will be expelled it will pass through the gap
between the ball and the flat. The force analysislves solid frictional forces
between the particle and the surrounding solids Ifdil and the flat), as well as the
fluid forces and the inertial force of the partidiethe particle is expelled, it starts a
new journey in the fluid at a somehow randomly @moposition, near the position of
contact with the ball. A new trajectory is thenatdhted and the calculations are
repeated until the particle either bypasses theob# trapped and passes under the
ball. There is a pre-set maximum number of partieJections in the program,
chosen equal to fifty for the present study. A éangimber of rejections indicates that
the particle tends to stay in the inlet zone ofdbetact for a relatively prolonged
time. This behaviour may result in poor replenishtred the contact, because the
particle obstructs the fluid flow. The situatiomdaecome much worse if other
particles gather around the first one. In the tattese, severe fluid starvation can
cause a film breakdown and result in scuffing wa@&erefore, the study of the
particle rejection mechanism is of particular intpace in assessing the
effectiveness of the lubrication in contaminatedimments.

Collecting the history of motions (trajectorie$)several particles (usually
more than 100), various useful conclusions canrbeil Global conclusions can be
drawn after a parametric study by studying theat$fef parameters like the
slide/roll ratio etc. It must be mentioned thatth# parameters of the model can be
conveniently altered by the user of the computegm@m. These parameters are:

e The number of nodes of the grid in all three ppatidirections.
e The radius of the ball.

e The moduli of elasticity and the Poisson ratioghefball and the flat.
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e The load on the ball.

e The dynamic viscosity, the density, and the pressigcosity coefficient of the
fluid.

e The rolling speed of the ball.

e The slide/roll ratio.

e The oil bath thickness (figure 1.1)

e The diameter of the particle.

e The density of the material of the particle.

e The number of particles to study.

e The solid friction coefficients.

Other parameters depend on the above listed pteesrend are
automatically calculated in the program. It is mbbere that the geometry of the
contact is the actual deformed geometry, as tHisusd by accounting for the
deformations of the ball and the flat due the elagirodynamic pressures in the
contact.

Following the completion of the calculation of tinajectories of all particles,
the whole process is repeated ten times, eachwithedifferent initial positions of
the particles (always chosen randomly), to ensweeyéenerality of the results. The
results comprise the average figures from thedepd of the program. The
complexity of the calculations causes the programuh relatively slowly, especially
if the number of particles is relatively large dilkior example, 500). In a personal
computer with a 266 MHz INTEL Pentium-Il processihie program needs a CPU
time that varies from a few minutes to one houu@tdy speaking), in order to
complete all tasks. This is of course also depemuiethe number of nodes used for
the grid. For the examples of section 1.3, the grithe reference volume has
400<100x10 nodes (lengthwidthxthickness). Consequently, spatial stagsandAy
are of the order of @m, which is considered as adequate discretizaFiorally, a

flow chart of the model is shown in figure 1.4.
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CHAPTER 2

MOTION AND DEFORMATION OF A SOFT
PARTICLE IN AN ELASTOHYDRODYNAMIC
LINE CONTACT

2.1 Introduction

In order to study the possibility of surface damegesed by a solid particle that is
trapped in an elastohydrodynamic contact, a modisleobehaviour of the particle
inside the elastohydrodynamic gap has to be cre@tesl model must give a good
description of the motion of the particle as ib&ng squashed between the two co-
operating surfaces (counterfaces). It must alswigheoa means to calculate the
pressure and traction between the particle anddbeterfaces if the particle is
actually entrapped. However, prior to anything glee model must “decide”
whether a particle can be entrapped or not.

As of today, the literature lacks a detailed tletioal model of this kind,
although there are several publications dealing afitrasive models for hard
particles, like for example in Rabinowicz and Myti®65), Larsen-Badse (1968a,
1968b), Richardson (1968), and Williams and Hyn¢ic@92). The effects of
contamination particles on cooperating surfaceshesh observed as early as in the
15" century by Leonardo da Vinci. In recent years,icodaus work has been
performed by Sayles and loannides to investigaetfects of contamination
particles in the lubrication, performance and difenachine elements (Sayles
and loannides, 1988). Dramatic effects have beerodstrated in many
publications, as in Sayles (1995) and Chaal. (1996). It has been repeatedly
shown that debris particles can cause severe ptistormation when over-rolled in

concentrated contacts, the damage being in the ddeither dents or
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scratches/grooves. However, the most impressiw®dsy was not the surface
damage caused directly by the particles but theagemeveloped later, even after
the particles have gone, due to the presence aluttiace dents left by the particles.
These dents are areas where plastic flow has @tutonsequently, residual
stresses are present and active @al. (1997), Ko and loannides (1989)). When
these dents are over-rolled, sharp stress peakaapptheir edges, which are
encountered in both dry contacts (Sayles, 1995 etasiohydrodynamic contacts
(Venner and Lubrecht, 1994). These highly stresseds are precursors of cracks
and result in rolling fatigue, significantly redagithe life of machine elements
(Sayles and loannides, 1988). Lubreathdl. (1992) found that residual stresses
around dents have only a small effect on the lifthe dented surfaces in the case of
line contacts. However, it is the effect of thethigcal surface pressure on the
vicinity of the debris dent shoulders as well as sbb-surface concentration of shear
stresses that cause the problem. Welestr (1986) showed analytically that such
stress concentrations could be as much as thres gneater than the sub-surface
maximum that results from a corresponding idealt#i@n loading. Websteat al.
(1986) also showed analytically (using the loansithkarris (1985) life model) that
“...the fatigue lives for bearings tested under 40 gmfiltration are about 7 times less
than those tested under 3 gmfiltration.” Their tests involved roller bearings and the
fatigue life reductions were associated with théame indentations caused by the
debris patrticles.

In the last few decades, the abrasion mechaniswes leen classified in two
categories, namely two-body abrasion and three-labdgsion. Three-body abrasion
occurs when particles, known as third bodies, ragpied between two counterfaces
that are in relative motion to each other (rollisliding or mixed rolling-sliding). In
a three-body abrasion, the particles remain inesusipn. Two-body abrasion occurs
when the particles are embedded in one of the ediaces and, hence, act as
protuberances of the body they invade. In bothdana three-body abrasion, the
attacked surfaces exhibit wear marks which can frarg tumbling to ploughing,
depending on the ratio of the film thickness over average particle size, and on the
relative hardness of the particles and the surfésmesfor example Dwyer-Joyce,
1993). However, abrasive wear is associated wi#tively hard particles in sliding

contacts. It has been observed that if the two eofates have different hardness,
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hard particles tend to embed the softer surfacesaradch the harder (Williams and
Hyncica (1992), Dwyer-Joyce (1993)). The wear stras/grooves can easily be
seen and the effects of hard particles can easihgdlized. Therefore, research is
mainly concentrated on hard contaminants.

However, soft and ductile particles, like for exdencopper, cast iron and
low carbon steel particles, have also a role ifesarwear, but because of the
severity of the hard-particle abrasion wear, saftiple wear remains a neglected
part in the literature. It was only in recent yetduat it was made clear how soft and
ductile particles could play an important role umface wear of machine elements
(Hameret al. (1989b), Saylest al. (1990), Dwyer-Joycet al. (1992)). It is shown
later in this Thesis that soft particles can caswséace wear and damage of
equivalent severity as that caused by hard pastidlee mode of surface damage
associated with soft contaminants is of the adinetsioe rather than of the abrasion
type. The latter is more evident for softer pagticthan for harder. Hametral.
(1989b) showed that, for purely rolling contactdt particles are extruded when
compressed between the two counterfaces. The @xir(cy lateral expansion) of the
particle is obstructed by the frictional forcesvie¢n the particle and the
counterfaces, as well as by the elastohydrodynaneissure, especially in the central
region of the contact, although the latter effeat gary significantly due to the
variable fluid pressure along the periphery ofiheticles and for other reasons that
are made clear later in this chapter. Consequdntis pressures can be developed
between the particle and the counterfaces, whiolegan cause plastic deformations
of the counterfaces.

It is also known (see for example Chai@l., 1996) that soft and ductile
particles can be reduced to sharp platelets whetpeessed. These platelets are
harder than the matrix particles due to plastickh@rdening, and if they are
involved in further compression/sliding, could oassirface damage, because of
their increased hardness. This is more obvioubdimg contacts, where the platelets
can shear and remove material from the surfacadashion similar to that of hard
particles but it can also happen in rolling elljati contacts. In the latter case, such
work-hardened platelets may cause surface spalliego spinning inside the
contact, owing to the Heathcote differential slifeet (see Chaet al., 1996).

In the present chapter, a preliminary model ferghrticle behaviour (motion

and deformation) inside an elastohydrodynamic gajeveloped for soft and ductile
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particles in line contacts. The fundamental equatioparticle’s motion is derived
from the equilibrium of solid frictional and reamti forces between the particle and
the counterfaces, as well as of fluid drag foraetsveen the particle and the
lubricating oil. Moreover, a criterion to test thessibility of particle entrapment or
rejection from the contact is developed, basedhemtechanical force equilibrium
on the particle.

It is shown that, in sliding contacts, soft pdecstick to one surface and
slide on the other. For counterfaces of equal resslrthis adhesion-type particle
behaviour is explained through the difference mdcbefficients of friction of the two
counterfaces (even for very small difference). $tofaces of different hardness,
particles embed the softer surface and slide ohahaer. The effects of this kind of
behaviour are assessed in the remaining chapténgsofhesis. The experimental
observations and theoretical predictions of othehars are all confirmed through
the theoretical model developed in the presentlamdemaining chapters. Moreover,
it is later shown that soft and ductile particles @lso be responsible for local
scuffing wear, due to high frictional heating prodd during their squashing in

concentrated, lubricated contacts.

2.2 Geometry of a typical elastohydrodynamic contdc

The geometry of a typical line elastohydrodynanuiotact, which is deformed due to
elastohydrodynamic pressures, can be found by eqgpdyHertzian pressure
between two cylinders, representing the two cotaxtes at the vicinity of the
contact (see for example Cameron, 1966). The foemalysis was part of Grubin’s
model of 1949 (see Cameron, 1966) and predices dilfh in the central (Hertzian)
zone of the contact. The equations giving the thickness in the contact are as

follows:
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hhc+%{lg- (%Tlln[%Jr (%)21]} [x> b

2.1)

whereh. is the central film thickness of the contagtis the load per unit length of
the contactb is the Hertzian contact semi-width alBds the effective modulus of
elasticity. The central film thickneés can be calculated from any available semi-
empirical formula, as the one proposed by Pan aamrkick (1989). The Hertzian

contact semi-width is given by the following eqoati

3 8-w-R,
b_’/—;z-E (2.2)

whereRgq is the effective radius of curvature of the cohtac

Re=7"1 (2.3)

wherea®}; andR; are the radii of curvature of surfaces 1 and peetvely. The

effective modulus of elasticitly is defined as:

E_ (2.4)

whereE;, E; and v, 1, are the moduli of elasticity and Poisson ratiosainterfaces
1 and 2 respectively.

The model of the deformed contact used in thidys(tigure 2.1) assumes
that the counterfaces are parallel in the Hertz@re of the contact. The sketch in
figure 2.1 is not to scale and has been greatlgge@ted in the vertical direction

(thickness).
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Figure 2.1  Geometry of line-elastohydrodynamic-contact modet (o scale).

According to the theory of Elastohydrodynamic Lehtion, there must be a film
constriction at the exit of the Hertzian zone (ante to the outlet zone) of the
contact, which results in the well-known pressuyniges The explanation for this
comes from the fact that the pressure gradient brisiegative at the end of the
Hertzian zone, which, when applied to the Reynoédgiation, demands that
h(x—b’) < h. (see for example Johnson, 1985, p. 337). Therefioeeminimum film
thickness is less than the central film thicknes$Numerical solutions have shown
that the difference between the minimum film thieks and the central film
thickness is very small indeed and the differeremeoimes smaller in heavily loaded
conjunctions, where the magnitude of the pressuike s diminished and the
pressure distribution resembles closely the onergby Hertz for dry contacts
(Hamrock, 1994).

On the other hand, there might exist a slightagefcurvature inside the
Hertzian zone of the contact (the two counterfatiéidoeing parallel), resulting from
the fact that bodies 1 and 2 might have slightffedent material mechanical
properties. This curvature, if existing, is anyvgayall enough to be ignored and is
considered of secondary importance in the presadysas it is not expected to

affect the motion of the particle.
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Following the previous observations, it is nowaclevhy the model assumes a
constant film thickness throughout the Hertzianezohthe contact, as is shown in
figure 2.1. Moreover, in the presence of a solidipla in the elastohydrodynamic
gap, surface deformations in the vicinity of thetise are governed by the particle
itself and not by the lubricant, provided of coutts&t the particle is thicker than the
central film thickness. This means that as theiggarapproaches the exit of the
Hertzian zone, where the film constriction exisig;face deformations in the vicinity
of the particle are almost solely a result of thespure developed between the
particle and the counterfaces. This further mehatthe particle’s presence cancels
the film constriction due to the elastohydrodynafularication mechanism and
imposes its own constraints, as this can be foyrgblying the Contact Mechanics
problem of the compression and shearing of a sdljdct between two parallel
surfaces.

Having established a satisfactory model of theaainthe various forces
affecting the particle’s motion can now be deteedinrHowever, before that, a
criterion of the likelihood of particle entrapmentst be developed, in order to
decide if a particular particle can indeed beconteapped and pass through the

elastohydrodynamic gap.

2.3 Criterion to evaluate the likelihood of partick’s entrapment

Large particles are more difficult to become enpeband pass through the
elastohydrodynamic gap because of the reactioes$dvetween a particle and the
counterfaces in the inlet zone of the contact (&g2.1). Assuming the particle is
spherical, there is an upper limit in its diamebs&yond which the particle cannot
enter the contact without first being plasticalsfarmed. This “critical” diameter

can be found from the force equilibrium on the igat At this stage, only
mechanical forces, owing to the particle’s intei@ctivith the counterfaces, are taken
into account, whereas fluid forces on the partieke omitted. It will actually be
shown later in this chapter that fluid forces oa prarticle are negligible when

compared with solid frictional forces, which arfsem the compression and shearing
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of the particle between the counterfaces. Theretbeeomission of fluid forces at
this stage is justified.
Calculation of the “critical diameter” is donetimo ways:
(a) by an approximate but fast method, resultingiimimal CPU (@ntral
Processing Wit) times when programmed for a computer, and

(b) by an accurate but more time-consuming (in $eofnCPU time) method.

It must be mentioned that both methods cover teesaf pure rolling and rolling-

sliding contacts simultaneously.
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2.3.1 Criterion for particle’s entrapment - approximate method

A simplified analysis can be set up if it is assdrtieat the counterfaces have a
constant radius of curvature, equal to their radiusurvature at the nominal point of
“contact” (x = 0) when being undeformed. Figure 2.2 shows tigiathat has just

touched both counterfaces.
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Figure 2.2 A particle at the equilibrium stage.
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The interaction between the particle and the cotates is expressed by the normal

(reaction) forcedl,, N, , and the frictional forces,, T, . It is assumed, without loss

of generality, that the tangential speeds of seddcand 2 satisfy the following
constraintsu; > up # 0.
From the force equilibrium on the particle in @tiens x and z, the following

algebraic equations are derived:
T,-code, )£ T,-coda,)- N, -sin(e, )~ N, -sin(e,) = 0 (2.5)
~T,-sin(e,) £ T, -sin(e,)— N, - coder, )+ N, - codar, ) = 0 (2.6)

The plus signs in front of thE terms in equations (2.5) and (2.6) hold for theeca

presented in figure 2.2, whereas the minus sigfgsihdhe case where the vect®y

has the opposite direction, which occurs immedyadéer the particle is pinched.
The implications of the latter are discussed latehis study.
In both the cases of rolling-sliding and of punéing (zero sliding) of the

counterfaces, the friction forces are given byftiewing equations:
T=m-N , T,=0,-N, (2.7)

whereyy and s, are the coefficients of kinetic (sliding) frictidretween the particle
and surfaces 1 and 2 respectively. Using equa(®i3, equations (2.5) and (2.6)
yield:

[, Cos(al)_Sin(al)]' N, + [+ 4, 'Cos(az)_Sin(az)]' N, =0
(2.8)
[~ - Sin(al)_ Cos(al)]' N, + [+ 4, 'Sin(a2)+ COS(O!Z)]- N, =0

For the system of equations (2.8) to have nonatisolutions, its determinant has to

be equal to zero. Thus:
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#4 - codar;) - sin(e,) + 4, - coda, ) - sin(a,)
=0 (2.9)
— p-sin(a, ) - codar,) + p, - sinfa, )+ coda, )
Equation (2.9) finally gives:
tan(a, +a,)= HEH (2.10)

1¥ w4,

where the upper sign holds during the particle ldquim stage and the lower sign
holds immediately after the particle starts entggtime gap, provided that there is
sliding in the contactug # u,). The case that is related with the use of theeupgns
in equation (2.10) is important when one counteriacstationary to a fixed
coordinate system while the other is moving. Inldteer case, immediately after the
particle passes the equilibrium point, the fricibforce on the stationary surface
reduces the particle’s chance of getting deep#rergap, because it changes
direction and points towards the inlet zone ofdbetact. Depending on the
particular case, the particle could then be temggrexpelled from the contact.
However, owing to its compression at the equilibripoint, the particle may be
slightly plastically deformed and hence may becohmaer. In the latter case, the
next time the particle is pinched, it will be deepside the gap. This behaviour may
be repeated until the particle, owing to this “roiorging” process, becomes thin
enough to enter deep inside the gap and becoméyutegped. On the other hand, if
both counterfaces are moving in reference to aesfiged coordinate systenu;(= 0
andu; # 0), the overcoming of the equilibrium point by gherticle results in the
particle starting to move towards the centre ofdbetact, with a minimum speed
equal to the minimum of the two tangential spaedsndu,. The latter is a result of
both counterfaces moving towards the centre ottmeact (figure 2.2) and the fact
that the particle is trapped between them, althdbghs not a general conclusion
because fluid forces on the particle must alsakert into account, as is done later
in this chapter.

Using figure (2.2), angles; and a» must satisfy the following equations:
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- X - X
t = . , t =—F 2.11
an(a, ) R-z, an(a, ) R,+h+z, (2.11)
Finally, using equation (2.10):
tan(a, ) + tan(ez, ) — tan(a, )+ tan(ez, ) _ Mt (2.12)

t _ -
ana, +a,) 1-tan(e,)-tane,) ~ 1-tanle,)-tan(e,) 1F s - u,

For the spherical particle to be in touch (undeied) with surfaces 1 and 2,

the following equations must hold:

d(AC) = R1+% = +R-z)
(2.13)

d(B,C)=R, +% :\/xj +(R2 +2, +hc)2
whereD is the diameter of the undeformed particle. Thevjous equations are
easily derived from the configuration of figure 2Efjuations (2.13) form a non-
linear system. Initially, the diametBris considered significantly smaller than the
radiusR; and, thus, the term involvirg in the lower of equations (2.13) is omitted
in order to obtain an approximate value Zgrin the following step, the system is
solved by applying the method of bisection. An mjitied under-relaxation technique
accelerates significantly the convergence to thal Solution. Using a modern
personal computer, the algorithm claims an infsiiteal CPU time.

In both cases of pure rolling and rolling-slidiobthe contact, the direction of

force T, is as shown in figure 2.2, because it is assumat] at the equilibrium

stage, the particle stays fixed in space and simgibtes around its geometrical
centre. Immediately after the particle is firstghied and starts entering the gap, the

direction of vectolT, is reversed (becomes opposite than in figure ZI2&ix may

cause temporary rejection of the particle fromdbetact. In the latter case, there are

two options.
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(a) The particle is hard enough to retain its shapser the action of the normal and
frictional forces. This means that after being dbgak the particle will start a new
journey in the lubricant flow, in the inlet zonetbe contact, at a starting distance
X <X, (note that, < 0). In such a case, the particle may be expeflady times
in succession, and the risk of poor lubricationthef contact starts becoming
visible, considering that the particle stands aslastruction in the replenishment
of the contact with fresh oil. In extreme cases tiehaviour may lead to oll
starvation and scuffing, especially when otheriplest start accumulating around
the rejected patrticle.

(b) The particle is soft enough to be plasticallyodmed under the action of all

forces. Normal forcefN, and N, will reduce particle’s thickness (dimension

along the z-direction in figure 2.2), thus givindghe opportunity to enter deeper
inside the gap and to become finally entrapped.ebdimg on the local
conditions around the particle, this “micro-forgirgocess may take enough
time as to cause oil starvation, by giving othetiplas, which are being

obstructed by the aforementioned particle, timadoumulate in the inlet zone.

2.3.2 Criterion for particle’s entrapment — accurae method

The assumption of constant radii of curvature efcbunterfaces, used in sub-section
2.3.1, is removed here and the exact geometryeofiéfiormed contact is used
instead, as it is described by equations (2.1).araysis of sub-section 2.3.1 up to
equation (2.10) is also used here. Figure 2.3 sliogvgeometry of the deformed

gap. Equations (2.11) and (2.13) are replaced lihesguations (2.14) and (2.15).

(Xa—Xp)Z-i-(Wl—Zp)Z :DTZ (2.14)

(xb—xp)2+(w2+hc+zp)2 :DTZ (2.15)
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If a;is the angle between line AC and axis z, then:
2
X —X

tar( ) M §+1 _]_:u (a)l

7-E-b b w, -z,
Similarly, if «; is the angle between line BC and axis z, then:
tan( M Xb 1= (2.17)

7-E,-b z+h+w

he

Ao (Xa,Wl)
B < (Xo,—hc—wy)

C < (%2)
d(A.C) =d(B.C) :%

Figure 2.3  Geometry of an elastohydrodynamic gap.

Equations (2.10) and (2.14)-(2.17) constitute almear system. This system is

solved iteratively by a trial-and-error method,ngsan initial gues® = 0. This

method has the disadvantage of being slow in coisgawith the approximate

method of sub-section 2.3.1, but this can be cosgted by using a faster computer

(the CPU time needed is generally less than 1 usimg a modern PC).
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2.3.3 Comparison of the two methods

Despite the assumption of rigid counterfaces, gpr@imate method gives results
which are less than 5 % away of those obtainedsinguhe accurate method, for the
range of typical values studied. Figure 2.4a shihe<ritical particle diameter for
entrapment in rolling/sliding contact, using boththods, for a typical range of

operational parameters.

1600 — ho= 0.30, M, = 0.25
1500 4/ —— Accurate method

'_\
w
o
(@]
I
e
1

Approximate method

M, = 0.15,p_=0.10

p, =0.10, 1 = 0.05

Critical particle diameter to enter the contact (um)
(using equation (2.10) with the upper signs)
(0]
o
(@)
I

O I I I I I I

5 10 15 20
Counterface radius of curvature (mm)

Figure 2.4a Critical particle diameter for a rolling/sliding etact, applicable only
wherboth counterfaces are moving in the same direction. (The

counterfaces have equal cdcturvature. Central film thickness:
from 0.38m for the 5 mm radius of curvature up to 0,68 for

the 20 mm one.)
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It is noted that the values given in figure 2.4aehbeen calculated by applying

equation (2.10) with the upper signs (see equdfidi®) and the explanations that

follow it). Therefore, the use of figure 2.4a iefid either for purely rolling contacts

or for contacts where both counterfaces_are mowingrds the centre of the contact.

If the lower signs in equation (2.10) are usedroother words, if the sliding of the

contact is taken into account, the values of titecal diameter in figure 2.4a become

significantly lower. This is shown in figure 2.4b.

Critical particle diameter to enter the contact (um)
(using equation (2.10) with the lower signs)

n, =0.10, 1 =005

i =015, 1 = 0.10

Accurate method w = 0.20, B, = 0.15

W= 0.30, b, = 0.25

' [ ' [ ' |
10 15 20
Counterface radius of curvature (mm)

Figure 2.4b Critical particle diameter for a rolling/sliding etact, applicable only

whenone counterfaceis stationary or whenthe counterfaces are

moving in opposite directions. (The counterfaces have equal radii

of curvature. Central film thickness: from 038 for the 5 mm

radius of curvature up to 0.¢8n for the 20 mm one.)
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However, figure 2.4b is applicable only when onarnterface is stationargee the
explanations below equation (2.10)). It may seerprssing that figure 2.4b gives
very low values for the critical particle diametalthough this effect was particularly
noted in the experimental work of Cusano and Sl{i®82), and Wan and Spikes
(1986 and 1988). It has also been extensively dstreted in the first chapter of this
Thesis (see figure 1.53 referring to “High SlidihgNevertheless, it must be made

clear that the calculations involved perfectly sided and rigidparticles. In reality,
neither of the previous two assumptions is trueti¢¥a plasticity allows particles to
be compressed plastically and enter deeper insigdaatohydrodynamic gap. Of
course, if the particles are brittle, they may vilmééak down to smaller fragments,
which then may readily enter the contact zone.l@rother hand, a sphere has no
edge. It is therefore much more difficult to beglyad or grabbed as compared to an
irregularly shaped object. Moreover, the analysihia stage omits any fluid-force
effects on the particle. It is shown later in thigpter that fluid forces may have an
effect on particle’s motion at the stage of paetepinching between the
counterfaces. For all the previous reasons, figutb must be used only as an
indicative and not as a strictly accurate guidesuhsing that the counterfaces have
equal friction coefficients, and that one of theicterfaces is stationary (is not
moving towards the centre of the contact), theratiedysis of sub-section 2.3.2
gives unsurprisingly that the critical particle mieter is equal to the central film
thickness of the contact (the minimum gap). Findh results are very much

dependent on the difference of the friction coéffits {1, — ).

2.4  Shape of a deformed soft and ductile particle

The model of the present chapter refers to spHetigaile particles, which are much
softer than the counterfaces. As is shown laténisxThesis, stress calculations are
normally done for particles with hardness lowemntb@ % of the minimum hardness
of the two counterfaces. Moreover, the counterfaegsbe considered as nearly
parallel, as is explained in section 2.2. Therefarparticle that has started

deforming and being squashed inside the elastodydeomic gap can be simulated
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by a short cylinder (disk) pressed between twol@rélat surfaces, which generally

have a relative sliding and normal-approaching eigtdo each other. Experimental

support for this behaviour can be found in Dwyeye#n(1993) and Wan and Spikes

(1988), in the form of photographs showing deforrepper particles. High sliding

conditions are expected to produce particle sheymash are elliptical rather than

circular, but this is not going to significantlyfedt the results of this Thesis, namely
the magnitude of stresses and flash temperatwsés shown later.

Summarizing the model, the particle is initialpnsidered spherical. This is
done for two reasons.

(a) Simplicity of reference; only one number is e to describe particle’s
dimensions, namely its diameter.

(b) Although a particle can have an infinite vayief shapes, smooth shapes are
more common for soft and ductile particles, owiogthe way they are created.
On the other hand, there must be a starting poittie analysis, and the
assumption of an initially spherical particle i norealistic. It is interesting to
report that Leng and Davies (1988) performed atgaphic examination of
unused lubricants for Diesel engines and foundtti@tmajority of metallic
debris were iron-based and_of sphergfadpe, with diameters ranging from a few
microns to about 2(m. Kjer (1981), searching for particles in new maiis,
was surprised to find a great number of spheriadigles with diameters ranging
from a few microns to about 30m, but the majority of those were non-metallic.
It is noted that spherical particles are often fibtmbe associated with fatigue.
They are thought to be the result of debris bealigad around within a spalling
crack. Their generation is believed to be typidadpalling fatigue (see Tallian,
1992, page 176, plate No: 10:31 for a good desonptith photographs).

After its entrapment, the particle starts formandisk-shaped object, named
here the “equivalent cylindrical particle”, and tksckness is progressively reduced

as it enters deeper inside the gap. This modebeanewed simplified in figure 2.5.
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Figure 2.5  Simplified model of a deforming soft ductile palgic
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2.5 Fluid force on the particle

A trapped particle that is “flowing” towards theastohydrodynamic gap is under the

influence of the lubricant that surrounds it. TinBuence is expressed in two ways.

(a) Owing to the variable elastohydrodynamic pressuthe contact, different
points on the circumference of the particle argextibd to different static
pressure. Integration around particle’s circumfeeecan reveal the magnitude
and direction of the resultant static-pressuredans the particle.

(b) The particle occupies its own space in theitat flow, thus disturbing the flow
by its presence. The lubricant then reacts by apglg “dynamic-pressure” force
on the particle (drag force).

The previous two fluid forces are modelled in th#oiwing two sub-sections.

2.5.1 Static-pressure fluid force on the particle

After being trapped, the particle starts movingnglthe x-direction (figure 2.2),
being flattened as it enters the gap. An internteditage of its deformation is
presented in figure 2.6. The radiR®f the deformed (disk shaped) particle is
calculated using the principle of conservation oluvne:

7R -h=V, (2.18)

whereV, is the volume of the initially spherical particleence:
A :%-DS (2.19)

Using equation (2.18), radilis:

R=,[|—< (2.20)
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where the thicknedsrefers to the position of the particle’s geometircentre and is
calculated from equation (2.1).

High pressure area Low pressure area
R
X

< Particle

Direction q

of sliding ¢

dFsis/ @
=0

Figure 2.6  Calculation of the “static-pressure” fluid force the particle.

Dividing the particle into elemental sectors asvehin figure 2.6, the
elemental “static pressure” fluid force on a seaboving to the fluid static pressure
p, is
dF,..=p-h-R-do (2.21)

and the component in the x-direction is

dF,. = p-sin(p)-h-R-dg (2.22)
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Angle ¢ is measured clockwise, as is shown in figure Ri@gration along the
periphery of the particle yields the overall fldafce due to the static-fluid-pressure

gradient:

p(x—R(x)-sin(p))- h(- x— R(x)-sin(¢)) -
sin(p)- dp (2.23)
&(p)- p(x+ R(x)-sin(p))- h(=x+ R(x)-sin(p))

NN

Faa= 2R [

0

wherec¢ is a “flow perturbation” parameter, used hereitoutate the disturbance of
the fluid flow caused by the presence of the plartit is obvious that near the
particle, lubricant streamlines are not the same #w case of the unperturbed flow.
Generallys depends on location — more precisely on the apgheit in any case it

can be chosen in the region
0<e(p)<1 (2.24)

Theoretically,e could be slightly outside the previous region, thig is very difficult
to be precisely calculated because of the unceytafrthe fluid conditions around
the particle, especially at such small scale. éngtoposed modet, = O represents
the hypothetical case where the right-hand sidaeparticle according to figure 2.6
(the particle moves from right to left in the figdiis under zero lubricant static
pressure. Similarlys = 1 represents the case where the lubricant’spreslong the
periphery of the right-hand side of the particigife 2.6) is the one predicted by the
Elastohydrodynamic Theory, as if there were noaxdst(particle) present.

With a particle present inside the elastohydrodyinagap, some of the
contact’s load will be carried by the particle. Téfere, the elastohydrodynamic
pressure around the particle is expected to becegtjwvhich implies a partial local
film collapse. The proposed model addresses thetwase scenario, where the
elastohydrodynamic pressure has its maximum valsieredicted by the classical
theory. If the particle could overcome (as is shdatar) the full elastohydrodynamic
pressure “obstacle” and could move into the gagm the same would happen in the
more realistic case where the elastohydrodynangssure is lower than its

maximum theoretical strength, due to the presehdeegparticle.
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2.5.2 Dynamic-pressure fluid force on the particle

The particle occupies some space in the lubricadtthus disturbs the flow by its
presence. Because of the differing local velocitthe lubricant relatively to the
particle, a fluid drag force is exerted on the jglet which, in Fluid Mechanics
terminology, is known as a force due to “dynamiegsure”. This force can be

calculated from the following equation:

L. AU? (2.25)

F :CD.E.

dyn

whereCp is the drag coefficienjp is the density of the lubricarit, is the (macro)
speed of the lubricant relatively to the partiahel & is the facial surface of the

deformed particle (disk)
A=r-R (2.26)

The lubricant in the high-pressure area of theair({Hertzian zone) is assumed to
remain in the liquid state, so that equation (2i2%)irectly applicable. It is however
speculated that, in heavily loaded contacts, thedant may behave like a soft solid,
although lubricant’s behaviour at very high pressamot yet well understood and
modelled. If there is partial solidification of thebricant, a more simple equation can
be used in place of equation (2.25), as for examigle, = Cp-p-U-A. Because of the
ambiguity of the actual state of the lubricanthia high pressure area of the contact,
it is difficult to estimate the exact value of ttheg coefficienCp, which depends on
the position of the shear plane in the lubricarnt an the density of its solidified part.
Nevertheless, in view of the extremely small thiegs of the particle in the high
pressure region (Hertzian zone), it is not expettiatia partly solidified film will be
a serious obstruction in the sliding of the pagti@specially when the high sliding
frictional forces between the particle and the ¢etfaces are taken into account, as
is shown in the example at the end of this chapter.

The Reynolds number of the local fluid flow arouhd particle (or particle

Reynolds number) is defined as
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_2:R-p-U
n

Re

p

(2)2

wheren is the (variable) dynamic viscosity of the lubnitéknown also as absolute
viscosity. It is found that the particle Reynoldsnber is low, usually less than 1.
Therefore, the local flow is creeping. For a thircalar disk, which is aligned in
parallel to the streamlines of a creeping flow,dn&g coefficienCp is evaluated by
the following equation (Munsoet al. (1990), Table 9.4, page 611):

C
° Re,

(2.28)

Equation (2.28) is not fully applicable in this edsecause the upper and lower faces
of the particle are in contact with surfaces 1 amdspectively. Nevertheless, it is
used here to obtain an estimation of the magnitddlee dynamic-pressure fluid
force on the particle. As is shown later in theregée quoted in this chapter, the
dynamic-pressure fluid force on the particle isyweeak compared to the sliding
frictional forces, having practically no effect the motion of the particle.

Using equations (2.26)-(2.28), equation (2.25ggiv

F

an = 34-7-17-R-U (2.29)
The most widely used formula in the literature, avhgives the dynamic viscosity as
a function of pressure and temperature, is thepompgosed by Roelands (1963,

1966), which in Sl units reads as:

n=1, -exp{[ln(no)Jr 967|- [(1+ 51.10°- p)zl [ 0 _138j50 1]} (2.30)

0, —138

wherern is the dynamic viscosity at environmental conai$iZ; andS, are the

viscosity-pressure and viscosity-temperature coiefiis respectivelyy is the
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environmental temperature, afds the temperature of the lubricant (both
temperatures in degrees Kelvin).

Finally, the density of the lubricant is also adtion of pressure and
temperature. For mineral oils, a widely used foamuihich originated from Dowson
and Higginson (1966) for the density-pressure igalahip and later extended (see
for example Yang and Wen, 1993) to include the temrature factor, is the following
(valid for Sl units only):

6-10-
p=po-{1+rloufp—65'105'(9—eo)} 3

wherepy is the density of the lubricant at environmentaiditions. For a given
change of pressure and temperature, the corresmpotdange of the density is much
lower than that of the dynamic viscosity. Moreovaermal effects influence the
viscosity much more than the density. For exaniplep = 1 GPag= 150°C and

t = 20°C, the contribution of the pressure to the densityease is +22 %, whereas
the contribution of the temperature is —8 %, aciogrdo equation (2.31). As far as
the dynamic viscosity is concerned, if the temperafactor were omitted, the
calculated viscosity would be 30,000 times highusir(g 7o = 0.08 Pa-s; = 0.6 and
S = 1.1, which are typical values for lubricatindspithan if both pressure and
temperature effects were accounted for!

Alternatives to the relation (2.31) have been pega by other researchers,
who attempted to overcome the increasing inaccureyuation (2.31) for higher
pressures (usually for pressures higher than 0&.GFRamrock (1994) suggested a
complicated model, which takes into account thesipaiy of film solidification.

More recently, Wongt al. (1996) proposed a model, which originated from the
well-known van der Waals equation for perfect gaaad showed that their model
agrees well with experimental values over a widgeaof pressures (their tests were
restricted to 1.2 GPa). However, equation (2.31)hve used in the present analysis,
were the pressures (in the examples used) aresnpthigh.

Thermal elastohydrodynamic solutions (see for garivang and Wen,
1993) for line contacts have shown that the tempssavariation across the film

(direction of film thickness) is rapid. Accordinglyiscosity variations across the
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film are rapid, too. Therefore, the effective visitp used in the calculation of the
Reynolds number (equation (2.27)) must be an irgdiate value of the highest
viscosity (environmental temperature) and lowestesity (maximum flash
temperature for positiox) in the contact. By omitting the thermal factotte
calculation of the dynamic viscosity, we allow tbe maximum possible viscosity,
under the specific pressure in the contact. Thigmaghat, since the dynamic-
pressure fluid forc&qyn, is proportional to the dynamic viscosity (equat{@r29))
and varies relatively insignificantly due to thénet factors R andU) as can easily
be proved, the omission of the thermal effectshendynamic viscosity results in the
maximum-possible calculatdsly,. It is actually shown in the example presented
later in this chapter that even this maximum fd¥gg is still significantly lower than
the solid frictional forces between the particlel &ime counterfaces, and that the solid
frictional forces rule the motion of the particlereg most of the particle’s trajectory.
Moreover, and because of the latter reason, theNewtonian behaviour of some
lubricants at high shear rates (where their visggasialso affected by the shear rate)
is considered of secondary importance and of lentglue in the present study.
Finally, a note must be made on the magnitud@eédU (equation (2.25)).
This refers to a macro-speed of the lubricant ined§t to the particle, in the area
around the particle and depends on the local congibf the lubricant, which, for
high pressures - temperatures and shear ratesptaecurately known. Therefore, a
rather ambiguous choice has to be made. For examgeather obvious to assume
that O <U <u; —u,. The x-speed profile of the lubricant around thetiple depends
on the position of lubricant’s shearing planet iSiassumed that this speed profile is
linear, then a suitable choice for spé¢d the sliding semi-speed of the contact:
U = (U1 — Ww)/2. However, this choice is not crucial becausdasahown later in this
chapter, the dynamic-pressure fluid force on théigd@, which is proportional to
speedJ, is significantly lower than the solid frictionfarces and, hence, is not

affecting essentially the motion of the patrticle.
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2.6 Solid pressure on the particle — preliminary mdel

The particle is plastically deformed as it entéwes ¢lastohydrodynamic gap.
According to the model of section 2.4, it is exgelcto become a thin flat disk with a
more-or-less cylindrical shape, especially if theisg speed of the contact is low.
The pressure between the particle and the coungsrfean be found by considering
the particle as a small mass in a completely maséte. A rather simple but
effective model has been presented by Hagnhal. (1989), which takes into account
surface deformations due to the pressure betweepdiiicle and the counterfaces.
That model will be adopted here as a first appratiom. Due to the softness of the
particles considered in this Thesis, surface deftions are omitted at this stage and
the counterfaces are considered as rigid. A mamtlgh and extensive model,
including surface deformations and lubricant pressun the particle, is developed in
the last chapter of this Thesis.

Following the analysis of Hamet al. (1989), the solid pressure on the

particle is calculated from the following equations

2pu¢(RT)
p;=Y,-e " e - p <Kk,
(2.32)
k, 2-k
po=—"+——(R—r) ,if u-pzk,
Hi h

whereY, is the yield stress in uniaxial tension of the eniat of the particlek; is the
yield stress in simple shear of the particle’s mat¢taken here alg, = Yp/\/é
according to the von Mises yield criterion, whistmore suitable for ductile
materials, as in the present ca$®)is the radius of the stick region between the
particle and a counterface, if any, amds the friction coefficient between a particle
and a counterface. The friction coefficigntmay be slightly different for each
counterface. The latter means that the upper antbtter base of the particle will
have slightly different radii. These radii (whicteaalmost equal to each other) are
accurately calculated in the model, although omlg cadiuR is reported, which is

the average of the two aforementioned radii.
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Equations (2.32) constitute a version of the tioio hill” theory, which is

basic textbook material in the Theory of Plasticityany case, equations (2.32) are a

good starting point for the following two reasons.

(a) The model is for ductile particles, which area softer than the counterfaces,
usually 50 % to 90 % softer. Hence, the counted@aa be considered as rigid
for a first approximation.

(b) The relative sliding of the counterfaces doasally little to upset the circularity
of the deforming patrticle, especially in the albiortant Hertzian zone of the
contact, due to the extremely small thickness efalastohydrodynamic gap and
the nearly parallel, flat counterfaces. The ciratyaf plastically deformed
particles has been experimentally shown in Wan3pikes (1988), in the case of
copper particles. For high sliding speed of thetacin this circularity may be
distorted and the particle may adopt a more-orddgsical shape, being
elongated along the direction of sliding of the temh

The particle’s thickness is assumed to remaintemhshroughout the area of
the particle, owing to the nearly parallel courdeds. For a typical surface dent
caused by a soft particle, with a depth of aroupdnland a radius of around
100um, the average dent slope is easily calculatec teds than©l This slope is
sufficiently small to be ignored.

If the counterfaces are harder than the particke pressure on the particle
cannot exceed the maximum hardness of the coucéstf&orging experiments with
disks pressed between flat platens have showrhbassumption of rigid platens is
not unreasonable if the hardness of the disks shrfess than 90 % of the hardness
of the platens, whereas above this threshold,gskemaption of platens’ rigidity is no
longer valid. Therefore, and in view of the prembservation, particles used

throughout this study are assumed at least 10 #érdbfin the counterfaces.
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2.7 Motion of the particle

In this section, the equation of particle’s motisnleveloped, based on all forces
acting on the particle, namely solid frictionaldes between the particle and the
counterfaces, fluid forces and particle’s inerfiae instantaneous motion of the
particle is described in a local Cartesian coorgirsystem OXZ, as is shown in
figure 2.7. The origin O of system GXis the centre of contact of the particle with

body 2. In general, the particle has a velo¥ty relatively to surface 1 and a

velocity V,, relatively to surface 2. Equivalently, surfaceantl 2 have velocities

Vi, andV,, respectively, relatively to the particle (figurg'p

n
=
g

®
Y g

Figure 2.7  Forces acting on the particle and other notation.
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Using figure 2.7, the force equilibrium on the et is written as follows:
T C05(¢’1 + (02)_T2 -SgI’(X’)— N, - Sin(("l + (02)_ Fauia 'C0<¢’2) =m- X' (2.33)

wherem is the mass of the particle aidis the instantaneous displacement of
particle’s geometrical centre (centre of the phertaisk) relatively to surface 2.

The sign function sgn(Xis defined as follows:

+1 if X'>0

sgn(X’) ={_1 £ X' <0 (2.34)

This term is introduced in equation (2.33) becatsealirection of vectol, depends

on the direction of the motion of the particle tefaly to surface 2 (this direction is
not known beforehand).

The distance between the counterfaces during tt@mof the particle is
equal to the lubricant film thicknes$x) (figure 2.5), wherex is the distance of the
centre of particle’s disk from the centre of thatext & = O, in other words the
centre of the Hertzian zone or the “nominal pointantact”). The idealized
cylindrical particle collapses progressively (figl2.5, from right hand to left hand)
as it moves towards the centre of the contactultrbe noted that the curvature of
the counterfaces in the inlet zone of the contaettually taken into account in
deriving the force equilibrium on the particle (ggpiation (2.33)).

Angles¢g; and ¢, are easily calculated using figure 2.7 and equggol):

@ = arcta{uw'é—bvz)- (%j 1] Jd=1,2 (2.35)
7-E - \/

Normal forcesN; andN; (figure 2.7) are calculated from the solid-pressur

distribution on the particleN; = N, according to the model of figure 2.5):

R
N1=Nz=2'”'j p,-r-dr (2.36)
0
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Frictional forcesT; andT, are related to the normal forddsandN, respectively

through the following equations:

T=x-N ,i=1,2 (237
Each one of equations (2.37) holds as long asahe|e is in motion relatively to
the corresponding counterface. If the particldasienary to one counterface and
slides on the other, the traction force betweerptiréicle and the counterface it
sticks to is calculated from equation (2.33), with right-hand side of that equation
being equal to zero. For example, if the partitieks to surface 1 and slides on

surface 2, then:

Sgl’(X ,)'Tz + Fruia 'COS((/’z)
codg, +,)

T,=N;- tar((ol + (/)2)+
(2.38)

T, =1, N,

Similarly, if the particle sticks to surface 2 asiies on surface 1, thé@i = 14N
and forcer; is calculated from an equation similar to equaf®83), written for a
coordinate system associated with surface 1, dZ @fput on surface 2.

The overall fluid force on the particle consistshe static and the dynamic-
pressure fluid force components, according to tayais of sub-sections 2.5.1 and
2.5.2, respectively. Combining these componengsptterall fluid force on the
particle, directed along the x-axis (figure 2.7) is

Fﬁuid =F

stat

+F

ayn @3
Since the characteristic spelddf the lubricant around the particle may change
direction during the motion of the particle, bdtle pplus and minus signs were used
in writing equation (2.39).

All terms of the equation of particle’s motion33) are at this point clearly
defined. Before attempting to obtain a solutiorglation between distancgsandX’

must be found. Using figures 2.1 and 2.7, the Vailhg equation is derived:
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x=(X"+u,-t)-cogp,)+ X_, (2.40)
wheret represents time elapsed since the particle wstspiinched. However,
according to equation (2.35), the term g@¥{n equation (2.40) is a non-linear
function of the variable. In order to avoid this complexity, the term ap8(is
linearized by expanding into a Taylor series aneplkag only first-order terms:

codp,)=1+c,-b-(b—x) (2.41)

wherec is a constant, defined as

c, = {MT (2.42)
7-E,-b?

Using equation (2.41), equation (2.40) gives:

(X’+u2-t)-(1+co-b2)+ X o
1+(X'+u,-t)-c,-b

(2.43)

Wheng, = 0 (in the Hertzian zone), equation (2.40) canded directly in the place
of the approximation (2.43).
The equation of motion (2.33) is now discretizathwa classical, second-

order accuracy, finite difference scheme:
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[lul ) COS(@% T @, )_Sin(¢)1k T Pa )] Nl(xk)_ﬂz : Nz(xk)-sgr(X;)—cos((pzk )

(At)? I p(x, = R(x)-sin())- h(= x, — R(x,)-sin(p))-
Xy = m =sin(p)- dp
2 R(Xk)'J.O2 &(p)- p(x + R(x,)-sin())- h(= x, + R(x,)-sin(p))
i ~ 34 7 u(x)- R(x,)-U

+2- X - X|

k+1

(2.44)

whereAt is the time step. Equation (2.44) is applicablly drthe particle is in

motion relatively to both counterfaces; otherwibe, particle sticks to one

counterface and slides on the other. In the latise, particle’s motion and velocity
are obviously known.
The initial conditions that accompany equatiod42 are as follows:

(8 Att=0 k=1):X'=0

(b) Att =0:Vp2=c = (X2’ = X1')/At = ¢ = X7’ = c-At (using condition (a)).
Assuming that, before its entrapment, the partids carried by surface 1, then
¢ = ViJdcos(pr + ¢)i=0 , WhereVi, = u; — U is the sliding speed of the contact. If
it is assumed that the particle was carried byeser? prior to its entrapment,
thenc = 0. An intermediate value farcan also be used, thinking that the particle
was carried by the lubricant.

(c) Att=0:h(x) = D. This means that the separation of the countesfatthe point
where the particle is first pinched is approximaiedual to the particle’s
diameter (the particle is considered sphericalrgaats plastic deformation).
This assumption has been checked through the prdposdel and found fully

justified (up to an accuracy of several decimaltd)g

It is now straightforward to calculate the instar@ous speedg,, andVip.

They are as follows:
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. X =X/
V, =X'=2kl Tkl 2.45
P2 2. At (2.45)
le :sz : COE(¢’1 + (02)_\/12 (2.46)

The limiting shear stress between the particleaaodunterface is the particle’s yield
stress in simple shedgy). If this limit is exceeded, the particle sticksthe relevant

counterface. Therefore, the following constraintssirhold:

If 4,-p>k, thenV,, =0
(2.47)
If u,-p>k, thenV,, =0

If the particle sticks to both counterfaces, itlw# internally sheared to the point its
thickness will be reduced, until the traction begwehe particle and the counterface
with the lower friction coefficient falls below treitical limit, so that the particle
starts sliding again. The latter case is not cav@rehe present work and does not
alter the essence of the results and conclusiotasneldl later.

At this point of the analysis, there is only otepsto go before achieving the
complete description of particle’s kinematics, lubsae the model outlined in figure
2.5. The remaining step is the calculation of gt “extrusion” speed, which is
the speed of the lateral expansion of the partioleng its plastic compression. The

extrusion speed is simply expressed as follows:
V., =R (2.48)

where the dot abovR denotes time differentiation. Using equation (2.20e time

derivative of radiuR is given as:

Ro— . Ve (2.49)
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From equation (2.1), the thickndsss a function of the following time-dependent
variablesx, b, hc andw. Time variations of the loada are out of interest in this study
(w=0). Using the rest of the variables, the time deieaof thickness is given as

follows:

APy Mg o (2.50)
ox b oh

The Hertzian semi-width and the central film thickne$s can be considered
constant for the purposes of this study, becaassignt elastohydrodynamic effects
in the contact are of secondary importance anaairaffecting significantly the
damage that the particle is likely to cause. Beside is shown later, the passage of
the particle from the elastohydrodynamic gap isd'@nd lasts usually less than one
millisecond, depending on the rolling and slidipgeds of the contact. Hence, the

time derivative of thicknedsis finally given by the following equations:

2 2
hadh g XX b (2.51)
OX R

Finally, using equations (2.49) and (2.51), eque{i48) gives:

Y
v, =X b Ve (2.52)
2-h-R, Vz-h

2.8 Example

The analysis presented in this chapter is appked im a detailed example. It is
noted that this is a typical example, represergativthe kind of results the proposed

model yields. The data used in the example are showables 2.1-2.3.
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Table 2.1

Particle data

Diameter (spherical particle — undeformed) 30 pm
Hardness 100 HV (981 MPa)
Material density 7850 kg/i
Table 2.2
Counterface data
Radius of curvature R:1 =20 mmR, =28 mm
Hardness 800 HV (7848 MPa)
Modulus of elasticity E. =E> =207 GPa
Poisson ratio n=1»=03
Friction coefficient w1 =0.20,10=0.15
Table 2.3

Contact and other data

Sliding speed Vio=1m/s

Slide/roll ratio S=2Vid(up+uy)) =1
Load per unit length of the contact w =100 N/mm
Viscosity-pressure coefficient Z;=05

Dynamic viscosity at environmental conditiong 70 = 0.1 Pa-s

Flow perturbation parameter =05
Environmental temperature 6 = 60°C
SpeedJ U=V /2=0.5m/s

Initially the particle is carried by surface @< 0)
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Using the present model, the following resultseasily obtained, as are presented in
table 2.4.

Table 2.4

Some interesting results

Central film thickness he=0.7pm

Hertzian contact semi-width b=114um

Tangential speeds of the counterfaces up = 1.5 m/su, = 0.5 m/s
Point where the particle is first pinched X=0 = —852um

Maximum particle (cylinder — deformed) radius R= 80 um

Mass of the particle m= 0.1pgr
Time when the geometrical centre of the particle

enters the Hertzian zone of the contact 0.50 ms
Particle pass time (from= x- to x=D) 0.70 ms

Particle Reynolds number (equation (2.27)):
- ignoring thermal effects due to internal

shearing in the fluid Re, = O(10%)
- including thermal effects Re, = 0O(1)

Maximum particle diameter to enter the contact:
- Approximate method (see sub-section 2.3/1§10um

- Accurate method (see sub-section 2.3.2) | 723um

The accuracy of the classical finite differenchesne used in equation (2.44)
is adequate. Around 340 points are used alongafectory of the particle, from the
point it is first pinchedX = —852um) to the point its centre enters the outlet zane o
the contactX = 114um). This means that the spatial step along theixiax
(852 + 114)/34@ 3 um.

According to the model developed in section 2igufe 2.5), the particle
collapses progressively as it enters deeper ieldsohydrodynamic gap, adopting

the shape of a thin circular disk. The radiusf this disk is calculated from equation
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(2.20) and varies during the squashing of the gartFigure 2.8 shows the
calculated radiuR during the motion of the particle in the gap. Hoeizontal axis

in the figure refers to the distance of the ceofrthe particle disk from the centre of
the contact, namely from poirt= 0. As can be seen, the radius changes smoothly
from the point where the particle starts defornpfegstically to the point where the
centre of the particle enters the Hertzian zorth@fcontact. Inside the Hertzian
zone, where the elastohydrodynamic gap has a cdrnbktekness equal ta., the
radiusR has a constant value. It must be noted that thiesavhich corresponds to
X = X=0 IS less than 1fm (the radius of the undeformed spherical particlable

2.1) because, as already mentioned, ralitefers to thequivalent cylinder of
volume equal to the volume of the initially sphatiparticle (in other words, it is not

the radius of the sphere).
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Figure 2.8  Calculated particle (cylinder) raditsduring deformation

of the particle in the elastohydrodymagap.
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The normal and the solid frictional forces on plaeticle are shown in figure
2.9, whereN = N; = N,. The forces have been normalized by the maximummab
force Nmax Which is applied on the particle when the pagtislinside the Hertzian
zone. The figure shows that the frictional fordesnd T, have almost the same
magnitude along the trajectory of the particle.sTiibecause the fluid force on the
particle is significantly lower than the frictioni@rces, especially in the Hertzian

zone of the contact, as is shown later.
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Figure 2.9  Normalized normal forceN{Nmay and solid frictional forcesT/Nmax

andT2/Nmay on the particle, during passage through the cbnta

Figure 2.10 shows how the two fluid force compdséstatic and dynamic-
pressure fluid forces) compare with the solid ool forces. All forces are
presented normalized by the maximum normal fdgg. The dynamic-pressure

fluid force is negligible. Despite the high visdysof the lubricant in the high-
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pressure area of the contact (Hertzian zone),tfadlisess of the particle results in a
very low force. This can be realized from equa(i®:129), where it is shown that the
dynamic-pressure fluid force is proportional totjade’s (cylinder — deformed)
radiusR, which, according to figure 2.8, has a maximunugadf around 8@m. It
must also be noted that thermal effects in theidabt film due to internal shearing
are ignored at this stage (see the explanatiomsvbeduation (2.31)). This results in
higher calculated values of the dynamic viscosily,according to equation (2.29),
higher calculated values of the dynamic-pressurid forceFgy,. However, as

explained abovehqyn is still too small in comparison to the solid framal forces.
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Figure 2.10 Normalized solid frictional forces {/Nmax and To/Nmay)
and fluid forcesKstal Nmax andFqy/Nmay) 0N the particle,

during its passage through the contact.
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On the other hand, the static-pressure fluid fis@so very low, despite the
fact that the flow perturbation parametarsed in the example is relatively lower
than what should be expected. It is the feelinthefauthor that a value of 0.8 or
greater fors would be more reasonable (instead of4ke0.5 used in the example),
because of the low particle Reynolds numbey Re) of the flow around the
particle (see table 2.4), which results in a lamloaal flow. The latter means that
the streamlines of the flow follow closely the cineference of the particle and
micro-vortices are absent. The lower the valueasdmeter, the higher is the
calculated static-pressure fluid for€ga in the inlet zone of the contact, as can be
realized from equation (2.23). However, the chaiee0.5 is deliberate to show that,
even ifFg 4 is artificially allowed to be higher than normalis still significantly
lower than both solid frictional forces, which, essally, govern the motion of the
particle inside the elastohydrodynamic gap. Thewctually only one area where the
fluid forces may have some strength over the ddttlonal forces, and that is at the
point where the particle is first pinched= x-o), as is shown in figure 2.10. If the
particle overcomes this critical point and starts/ng towards the centre of the
contact, the fluid forces have no chance of premgnt from being totally trapped
and squashed, or, in other words, the likelihoorkgdction from the contact is ruled
out. As a matter of fact, the static-pressure floide may even “assist” in the
dragging of the particle deeper inside the cordadt becomes negative (directed
towards the centre of the contact) somewhere heagritrance to the Hertzian zone,
as can be seen in figure 2.10.

Table 2.5 presents a parametric study, aimeddw she strength of the fluid
forces in comparison to the solid frictional forcks a wide range of working
conditions in the contact. Some of the cases itiahlke are specifically chosen to
show under which conditions the fluid forces mayeha better chance of standing a
comparison to the frictional forces (last two rooighe table). However, it must be
clearly understood that the fluid drag forces cal@d in these examples are
artificially exaggerated to show the worst possddenario, as has already been
explained. In reality, the fluid forces should bevér than those used in the
comparisons of table 2.5. The aforementioned exagjge comes from the fact that
thermal effects due to lubricant shearing are igdduhich results in higher

lubricant viscosity and hence higher dynamic-pressiuid force), and also due to
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the lower-than-expected flow perturbation paramesed in the examples (which

results in higher static-pressure fluid forces).

Table 2.5

Parametric study — Comparison of fluid and solid fictional forces

D Hp Viz v 2 & he Foa Fayn
maxy ————— maxy ——,———
[mm] | [HV] | [mi/s] [pum] {maxfn,Tz }} {maxfn,Tz }}
[%] [%]
30 100 5.0 0.20 0.1% Op 2.2 17.8 12.4
30 100 1.0 0.25 0.20 Op O.F 14.8 0.4
30 200 1.0 0.20 0.1% Op O.F 9.8 0.5
30 100 1.0 0.20 0.1% Op O.F 17.8 0.5
30 80 1.0 0.20 0.1%5 O0.pb 0.7 21.3 0.5
30 100 0.5 0.20 0.1% Op 04 17.8 0.2
30 100 1.0 0.1 0.10 oOp O.F 22.0 0.8
20 100 1.0 0.20 0.1% Op O.F 17.6 1.2
10 100 1.0 0.20 0.15 O0pb O.f 17.4 7.3
10 80 5.0 0.15 0.10 O0pb 2.2 -86.8 113.5
10 80 5.0 0.15 0.10 O0p 2.2 -132.2 109.9

Other data used in the study:

S=1,R=20mmR, =28 mm

3
particle ism=p -V, = p, gﬂ(zj

tenth of a microgram). Therefore, particle’s ireeiti infinitesimal and the only

D

=7850—--7-
3

4

(30- 10°

The particle has negligible mass. For the exarsipidied, the mass of the

3
] = 01ugr (one

forces left to govern particle’s motion are thaddlictional forces. This is shown

indirectly in figure 2.11.
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Figure 2.11 shows the calculated speédsindV,,, which are the speeds of
the particle relatively to surface 1 and 2 respetyi(see equations (2.45) and (2.46),

noting thatV, = -V, ). The extrusion speed, which is the speed of gaidilateral

expansion due to its compression (equations (248)2.52)), is also shown in the
figure for comparison with the other two speedsisAsbvious in this figure, the
particle sticks to surface V{; = 0) immediately after being pinched and slides on
the other surface with a constant speed, whicljusieto the sliding speed of the
contact Vp2 = Vi2). This is a direct effect of the application oé thigh solid

frictional forces, in combination with the fact tral other forces are much weaker.
As a result, the particle experiences a very higtekeration at the moment it is first
pinched and, essentially, sticks to the surfacé thié higher friction coefficient

(surface 1) almost instantaneously.
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Figure 2.11 Relative sliding and extrusion speeds of the plartic

during its motion inside the elastohydrodymagap.
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As a matter of fact, the sticking of the partiddeone counterface and ploughing on
the other has been experimentally observed byxample, Williams and Hyncica
(1992), Dwyer-Joycet al. (1994), Nicolson (1996, p. 127 in his Thesis)ntiton et
al. (1998), and many others. If the counterfaces ssaraed rigid, then the particle
will obviously stick to the counterface with thegher friction coefficient. This is
exactly the result derived when applying the presssdel. On the other hand, if the
counterfaces are considered deforming, the stic&iribe particle to one counterface
or to the other, or even to both, depends addilipoa the relative hardness of the
counterfaces and the particle, and all possitslitiee open. However, for
counterfaces with equal hardness and particlestigainoderately soft, particle
sticking to the counterface with the higher fricticoefficient is the result obtained
from the advanced model of the last chapter of Thissis, where surface
deformations and many other factors are takenantmunt.

Experience suggests however that in many situsitiparticles appear to stick
to the faster moving surface, even if the fastevimpsurface may have a lower
friction coefficient than the slower moving surfa€®r example, this principle is
applied in callendering processes such as greashtioming for low noise bearings
and food processing. This behaviour may be ateidbt the fact that, oil and
(especially) grease or other semi-solid/liquid saibses tend to stick to the faster
moving surface. An interesting discussion can lmdbin Dawson and Coyle
(1969), where the authors were unable to reassyrngplain why a small piece of
plasticine, when introduced into the inlet of tlmtact between two discs, rotating at
different speeds, was always sticking to the fadist, even when the speeds of the
two discs were reversed (the faster became theesjJoNevertheless, the authors
speculated that “.since a greater length of the surface of the faster disc passed
through the contact in any interval of time, the Plasticine stuck to the faster disc
because there was potentially a greater area for adhesion.”. Although this
hypothesis sounds promising, the experimental exeeollected by Dawson and
Coyle did not provide sound proof for its validapd left some unanswered
questions.

It is beyond the scope of this Thesis to explaalatter phenomenon. The
typical soft particle of this study (100 HV) is sificantly harder than asmall piece
of Plasticine” and it becomes harder during its severe plastoression in the

contact due to strain hardening. It is interestmgote that Dawson and Coyle
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reported that the direction of transfer of “theifasticine depended on the materials
used, when the two discs were made of differenernads (for example: aluminium
for one disc and copper for the other). In otherdspthe semi-solid substance
(Plasticine) could very well adhere to the slowerface when the two discs were of
different material.

In the particular case of this Thesis, by entetirggoutlet zone of the contact,
the particle has to decide which surface to follwd it is rather clear that it will
prefer the surface that carries most of the stgikystance, because the particle itself
is usually attracted to the substance. For thegbkaitb eventually adhere to the faster
moving surface is by no means proof that the partallowed the faster moving
surface all along the inlet and the Hertzian zohia® contact. The model presented
in this chapter simulates the motion of the pagtmhly in the inlet and Hertzian zone
of the contact and is obviously not involved withat happens in the outlet zone.
However, another explanation that could be appliesbme cases is presented in the
example of chapter 5 and is basically associatéd tve possible melting of debris
due to the high frictional heat caused by theilasimg in an elastohydrodynamic
gap, as is shown in chapters 3 and 5. Neverthaglessjble melting of the particle
would mark the end of the current analysis, becaatsthat point, the particle has

already caused the greatest harm it could posdibly the counterfaces.

2.9 Conclusions

The example of section 2.8 is representative okihé of results derived from the

model developed in this chapter. The theoreticalfation of the entrapment and

motion of a ductile and soft debris particle inedastohydrodynamic contact, has led

to a plethora of important conclusions, most ofalitthave been experimentally

verified. A summary of these conclusions follow$ome

(a) The likelihood of entrapment of a particle melastohydrodynamic contact
depends mainly on the friction coefficients of dminterfaces, the geometry of
the deformed contact (central film thickness arti i&f curvature in the inlet

zone), and the size of the particle. If thereiisty in the contact and one of the
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counterfaces is stationary (not moving towardscergre of the contact), then
even if a particle is initially “accepted” in themtact, the reversal of the direction
of one of the solid frictional forces on it may cige the situation, resulting in a
temporary particle rejection. The same mechanispnaposed in Wan and
Spikes (1988). In the latter case, it is speculéttatithe particle will undergo a
“micro-forging” process and, if it is sufficientsoft, it will be plastically
deformed to the point its thickness is reducedyalig it to enter deeper inside
the elastohydrodynamic gap, until it becomes irrsitady trapped. This kind of
behaviour may result in lubricant starvation beeathe particle (and possibly
other particles that gather around it) stands asbatacle in the oil replenishment
of the contact. All this is analyzed in section.2.3

(b) There is a fluid drag force on the particle jeihcomprises two components. The
first component is due to the elastohydrodynanatispressure gradient in the
contact (see sub-section 2.5.1). The second compandue to the dynamic
pressure of the lubricant on the particle, bec#usgarticle distorts the
streamlines of the flow (see sub-section 2.5.2jhBd these components are
usually very small and do not contribute to theiomobdf the particle inside the
elastohydrodynamic gap (see figure 2.10 and table Blowever, their role may
become significant in some circumstances, and ibané to the temporary or
final rejection of a particle from a contact. Swittumstances involve generally
the following two cases.

e Sliding contacts where one counterface is statyoaad has a friction
coefficient higher than the friction coefficient thie other (moving)
counterface.

e Sliding contacts and small particles, in cases w/liee central film
thickness is relatively large and the elastohydnadtyic pressure is high.

(c) The solid frictional forces between the paetiahd the counterfaces are usually
significantly higher than the fluid drag forceg(fre 2.10). Due to the low
magnitude of the fluid drag forces as well as timalsinertia of the particle,
owing to its infinitesimal mass, the two solid franal forces are almost equal to
each other (figure 2.9) and are the prevailingdsrahich govern the motion of

the particle inside the elastohydrodynamic gap.
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(d) If the particle is entrapped, it sticks to tmeinterface with the higher friction
coefficient (which is usually the softer), inmeeigtafter being pinched (see
figure 2.11). This is true even if the differencsveeen the friction coefficients of
the two counterfaces is relatively small, as faaraple, of the order of 0.01.
Experimental verification for the sticking of tharticle to one counterface can
be found, for example, in Williams and Hyncica (239wyer-Joycest al.

(1994), Nicolson (1996), and Hamiltehal. (1998). However, the reader is
advised to read the comments in the last paragrbpéction 2.8.

(e) Soft and ductile particles are flattened ancbb®e thin, roughly circular disks as
they are plastically deformed (see section 2.4jpdeimental verification for this
behaviour can be found in, for example, Wan an&&{1988), Dwyer-Joyost
al. (1992), Nelia%t al. (1992), Dwyer-Joyce (1993), and in others. The
circularity of the deformed particles depends anamount of sliding in the
contact. For high sliding conditions, deformed jgéet are expected to acquire a

rather elliptical shape.
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CHAPTER 3

THERMAL MODELLING OF THE FRICTIONAL
HEATING BETWEEN A SOFT PARTICLE AND
THE COUNTERFACES IN AN ELASTOHYDRO-
DYNAMIC LINE CONTACT

3.1 Introduction

In chapter 2, it is shown that a particle enteanglastohydrodynamic contact
encounters some degree of sliding with the coumted. This is obviously expected
when there is sliding in the contact, which happehen the counterfaces have
different tangential speeds. However, even in Heeavhen the contact is a purely
rolling one, there is still relative sliding betwethe particle and the counterfaces,
owing to the plastic compression of the particlajol results in its lateral
expansion. The latter is expressed by the extruspeed of the particle, as is
analyzed in section 2.7 (see equation (2.52) anddi2.11). Because of this relative
sliding, there is friction between the particle ahd counterfaces, which produces
heat. This heat is absorbed from the particlecthenterfaces and the lubricant in
variable proportions, defined by the thermal prtpsrof the elements involved in
the process. Moreover, heat is produced insid@dicle, owing to its plastic
deformation. There is also a rather small amouheett produced due to the rapid
elastic/plastic displacement of the counterfacabemarea where the particle resides.
The latter is better known with the terwolumetric effects’ in the case where there
are plastic deformations involved. Volumetric effeinclude two sources of plastic

deformation (Kennedy, 1984).
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(a) Ploughing of hard surface asperities throughstirface of a softer material
(Bowden and Tabor, 1986).

(b) Near surface plastic deformation owing to adresurface tractions (Rigney and
Hirth, 1979).

Protasov and Kragelskii (1982) developed a mo&eniechanical model of
friction interactions and estimated that for copgleting against steel (this example
is of particular importance in the present studgreithe particles are much softer
than the counterfaces), 85 % of the frictional gypes dissipated by volumetric
processes, especially by plastic deformation. Hawewis estimate may be low
because the example is concentrated on dry rdtharlebricated contacts.

If most of the frictional energy is dissipatedia upper surface layers as
plastic deformation, then the obvious questiowhat happens to that energy.
Numerous studies (see for example Uetz and FOM8)1@nd McLean (1962)) have
indicated that around 95 % of the plastic deforara@nergy is transformed into
thermal energy - in other words, it is dissipatedheat. This takes place at the top
surface layers, within a few microns beneath thiéasa.

Frictional heating is often responsible for sigraht temperature increase of
sliding bodies. The temperature increase, whikmavn aslash temperature
(temperature increment above the bulk temperatplays an important role in the
reliability of the sliding components, especiatlyterms of scuffing and fatigue.
High skin temperatures affect the way in which wieateveloped and can also be
responsible for increased oxidation, corrosion @ier structural changes, either
microscopically or macroscopically (see for exantpdeles and Powell, 1967).
Sliding surface temperatures can be detected empetally and predicted
analytically.

Experimental methods involve the following techreg (Kennedy, 1984).
(a) Embedded subsurface thermocouples. This meshoekt suited for the

measurement of bulk temperatures rather than tis@lacontact temperatures.
(b) Dynamic thermocouples.
(c) Contact thermocouples.
(d) IR (infrared) techniques. These involve theedBon of IR radiation by focusing
an IR detector (pyrometer) either at the outletoe@f a contact or directly on

the contact zone. Alternatively, an IR sensitivenfcan be used to obtain
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photographs or movies of the contact zone. Theskads are considered to be
among the most accurate.

(e) Metallographic techniques. These concentrath@®examination of the
microstructure of the top surface layers of worecsmens, for example, through
micro-hardness measurements.

For more information and references on the previealsniques, the reader is

directed to the excellent paper of Kennedy (1984).

Experimental techniques sometimes fail to givessaengly accurate
measurements of the real contact-temperatures)ywhie to the fact that the contact
is a rather inaccessible area, comprising a nuimic®nall contact spots within the
“macroscopic” contact area, which vary in numbed Ercation, the variation being
rapid and very difficult to simulate (as in a randprocess). Those contact spots
encounter temperatures that are much higher tleatethperatures in closely situated
regions, as has been shown in analytical simulat#om verified in experiments. For
example, Griffioeret al. (1986) showed experimentally (using an infraremhsing
camera) that the dry contact temperature of agpeof a silicon nitride pin sliding
against a sapphire disk can be as high as 2€06oncentrated in areas of about
100um in diameter. Wolf (1991) showed experimentallgifig an IR technique) as
well as analytically that the local temperaturenssn sliding asperities (in
longitudinal roughness) in a lubricated contactiddne as high as 150C. Quinn
and Winer (1985) reported flash temperatures obther of 1200C in contact
spots of about 5m in diameter on the surface of a steel pin sliding sapphire
disk and photographed those elusive hot spotdigaee 3 of their paper). The
interesting observation in the latter study was the duration of the radiating hot
spots was in the order of 1 ms.

Due to the difficulties and inaccuracies in expemtal studies of flash
temperatures, the problem is often better apprahahalytically. Important
analytical work has been initiated by Blok (193Zajl Jaeger (1942). They both
simplified the problem by studying the equationsoagated with a single point or
band source of heat, later extending their hortponclude a wider variety, like a
circular and a square or rectangular heat soureélwdr constant or variable

strength. Those initial studies have undergonensite testing during the past 50
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years with improved methodologies and have prowdzktsurprisingly accurate,
despite the assumptions used to produce them eaplsined in detall later.

It is now clear that extreme heat conditions ci@nobe expected in sliding
contacts, when the pressures and/or sliding sped=latively high. Consequently,
thermal failure of a contact is a possibility thatist be studied as part of the design
of Machine Elements, like gears, cams and folloveécsEven if the frictional
heating is not solely responsible for a failure, tihermal stresses due to this heating
must, in many cases, be superposed to the mechainesses (for example, due to
particle’s plastic compression in the contact) rides to assess the true risk of any
damage. It is generally accepted that roughnessitiep can cause high temperature
increments; then it also follows that debris p#&tcwhich are usually bigger than
roughness asperities, could produce similar, on evere severe, thermomechanical
effects, albeit affecting larger areas than indhge of two engaging asperities.

This possibility has been given minimal attentiothe literature. Almost all
published studies are confined to isothermal casitachich are modelled as a slow
compression process (see for example Haatnalr (1989b), and Ko and loannides
(1989)). At the time of writing this Thesis, thetlaor is aware of only one
publication dealing with the theoretical modelliofflash temperatures produced by
the sliding of debris particles in concentratedtaots (Khonsari and Wang, 1990).
In the latter publication, the authors attemptetiate abrasive particles and scuffing
failure, by postulating that if the flash temperatiowing to particle frictional
heating exceed a specific value, then scuffingggitace.

As is well-known, scuffing (known as “scoring” @alling” in America), is a
form of catastrophic wear, which, in lubricated teats, is associated with sudden
lubricant film breakdown and metal-to-metal cont&ttuffed surfaces appear to be
thermally distorted, with clear evidence of matemelting. Although there is a lot
of controversy regarding the probable mechanismgomrsible for the onset of
scuffing, experimental findings support the ideat #cuffing is a debris-sensitive
phenomenon (see Chandrasekastaal. (1985), who found that systems, which
operate safely with clean oil, can fail when theb@comes contaminated, and the
mode of such failure resembles scuffing). The loelaind a particle-related onset of
scuffing has been proposed by Enthoven and Spli@g5], who found that for a
purely sliding contact of a steel ball and a saggptisk, “..the onset of scuffing is
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always preceded by the build-up of fine particles of wear debrisin the contact inlet

which result in starvation and consequently scuffing.”.

In the first chapter of this Thesis, it is showowhthe accumulation of
particles in the inlet zone of a contaminated elagirodynamic contact can occur
and be a likely cause of lubricant starvation. Habrication and bad contact
replenishment are reported to result in suddenbiteakdown, which is then
followed by increased wear and, depending on tad ind sliding speed, in
scuffing.

In addition, as explained above, sliding roughrsegserities may encounter
high flash temperatures, which could be high enagto cause material melting or
at least tempering reactions and metallurgical gbarn the materials involved.
Consequently, it may be assumed that debris pestigthich resemble sliding
roughness asperities in two-body contacts, magbgansible, under specific
conditions, for high frictional heating and scutfiike wear mechanisms. This has
been suggested by Chandraseka&taah. (1985), based on experimental results
regarding scuffing tests in 4-ball machines.

The present chapter sets the foundation to tedtypothesis of the possible
association between lubricant contamination pasieind scuffing in elastohydro-
dynamically lubricated contacts. This is done quueely theoretical level, and the
proposed model is developed mainly for soft anditduparticles, which, in the
modern literature, are considered much safer thad particles, for obvious reasons.
Nevertheless, it is later shown that even softigdas can be responsible for high
flash temperatures in lubricated contacts, andttigae exists a rather hidden mode
of local scuffing, which may explain some of the wear obesgrin failed

contaminated contacts.
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3.2  Frictional heating caused by a soft particle im lubricated

contact

In this section, a model of the frictional heatprgcess, due to the squashing of a

debris particle in an elastohydrodynamic contactieveloped for soft and ductile

particles. The model is made as general as possibtaving the following.

e 3-dimensional flash temperature and thermoelas®&ss calculations for both
counterfaces.

¢ Internal heating of the particle due to its rapl@asgic compression.

e Counterface cooling due to convection to the ludbnic

e Particle cooling due to convection to the lubricant

e Temperature-dependent mechanical and thermal ralgpeoiperties of all bodies.

e Thermal anisotropy of both counterfaces.

As is explained in section 2.4, a soft and dugdeticle is modelled as a
cylinder, immediately after its entrapment (fig:8). That cylinder collapses
progressively due to the plastic compression inideslastohydrodynamic gap, and
adopts a rather circular disk shape at the firmjesof its deformation, inside the
Hertzian zone of the contact. Because of parti¢t&son with the counterfaces, the
particle resembles a heat source of variable stineitgs worth noting here that soft
particles defer from hard particles when squasimethat the area covered by a soft
particle when fully compressed in order to passugh an elastohydrodynamic gap
is quite larger than the corresponding area covieyesl hard particle. For the
example analyzed in section 2.8, au30 soft (100 HV) particle becomes a 1o
disk (see table 2.4 and figure 2.8) when forcegass through an elastohydro-
dynamic contact with a central film thickness eqod).7um. Treating the particle
as a single heat source may not be particularig\zald the variable pressure and,
hence, variable heat source strength on the fagidhces of the particlejust be
properly accounted for.

To simulate this variable strength, the partisldivided in a number of point
sources of heat. This is achieved by dividing eafdihe two faces of the particle,
namely the top and bo