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Résumé

Génération d’épaisseurs de films dans les contacts lubrifiés hautement chargés soumis a
une condition de Vitesse d’Entrainement Nulle

Les contacts lubrifiés sous forte charge sont souvent étudiés dans des conditions de
roulement/glissement. Dans ces cas, I'entrainement du lubrifiant dans un coin d’huile explique la
présence d’un film séparateur. Cependant, il existe un certain nombre d’applications dans lesquelles
les surfaces en contact ont des vitesses égales et opposées. Cela correspond a une vitesse
d’entrainement (définie comme la moyenne des vitesses des deux surfaces) nulle. Dans ce cas, les
modeles prédictifs de la littérature ne peuvent plus s’appliquer. Dans ce mémoire de thése, les
phénomeénes physiques conduisant a une génération de film séparateur a vitesse d’entrainement nulle
sont étudiés. Un modele éléments finis prenant en compte les aspects thermiques et transitoires est
mis en ceuvre pour determiner les quantités locales. En régime stationnaire, les résultats numériques
sont comparés avec un tres bon accord a un jeu de données issu d’'une campagne d’expérimentations
dédiée. Cette approche duale permet de quantifier I'influence de la charge, de la vitesse des surfaces
et de la température externe sur I'épaisseur de film a vitesse d’entrainement nulle. Les contacts sont
ensuite étudiés sous une charge variable, ce qui montre linfluence relative des phénomeénes
thermiques et transitoires pouvant générer une épaisseur de film. En fonction du ratio entre le temps
caractéristique de chargement et le temps caractéristique d’échauffement, ces effets peuvent montrer
une synergie bénéfique pour le contact.

Mots-clés : Lubrification TEHD, Vitesse d’Entrainement Nulle, squeeze, viscosity wedge

Abstract

Film thickness build-up in highly loaded lubricated contacts under Zero Entrainment Velocity
condition

Highly loaded lubricated contacts are often studied in rolling/sliding conditions. In those cases, the
entrainment of lubricant in a so-called “oil wedge” explains the existence of a separating film thickness.
However, in a number of industrial applications, the contact is subjected to opposite surface velocities.
In such cases, there is a Zero Entrainment Velocity (defined as the average velocity of the two surfaces)
of the fluid. The film thickness prediction formulae developed in the literature for rolling contacts are
unusable. In this thesis, the physical phenomena leading to a film build-up under Zero Entrainment
Velocity condition are elucidated. A finite element model is used in order to facilitate in-situ
measurements. It aims to describe the behaviour of the contact in thermal and transient conditions.
In the stationary regime, the numerical values are compared with a very good agreement to a set of
results obtained via a tailored experimental campaign. This dual approach enables a quantitative
description of the influence of the contact load, surface velocities and external temperature on the
film thickness under ZEV condition. Then, the relative influence of the thermal and squeeze effects is
studied. Depending on the ratio between the characteristic loading time and the characteristic thermal
time, these two effects can show a beneficial synergy for the contact.

Keywords: TEHL, ZEV, Squeeze, Viscosity wedge
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Nomenclature

Superscripts

Name Description
1D Line contact model (cylindrical)
2D Point contact model (elliptic)
A Stationary thermal conditions
B Transient isothermal conditions
C Transient thermal conditions
Subscripts
Name Description
1 Solid 1
2 Solid 2
f Fluid domain
m Minimum (film thickness)
min Minimum (overtime)
X Along the x-axis
y Along the y-axis
z Along the z-axis
Other
Name Description
- Dimensionless value of a parameter
A Difference between the value at z = h with the valueatz = 0

11




Parameters and variables — Roman alphabet

Name Unit Description
a m Main dry contact radius(Hertz)
a, K1t Parameter for the Murnaghan density formula
Parameter for the Carreau-Yasuda non-Newtonian viscosity
ey B formula
A4 K Coefficient for the WLF viscosity correlation
A, Pa~? Coefficient for the WLF viscosity correlation
B, Pa~?! Coefficient for the WLF viscosity correlation
B, - Coefficient for the WLF viscosity correlation
Clg - Relative contribution to the total load bearing capacity
C — Compliance matrix
Cy — Coefficient for the WLF viscosity correlation
C, - Coefficient for the WLF viscosity correlation
Cr — Friction coefficient
Cp J.kg LK1 Heat capacity
D - Geometrical ellipticity ratio
E Pa Young’s modulus (Elasticity ratio)
E’ Pa Reduced Young’s modulus
Eeq Pa Young’s modulus of the equivalent solid
F — Variable for the WLF viscosity correlation
g m Rigid solid geometry (Geometrical term)
Geometrical component of the film thickness at the location
Ghom m of minimum film thickness
G — Dimensionless material parameter (Dowson-Higginson)
Parameter for the Carreau-Yasuda non-Newtonian viscosity
Gey Pa
formula
h m Film thickness
hy m Rigid body separation
h. m Central film thickness
ho, m Minimum film thickness
h* m Average film thickness
h, m Higher local minimum film thickness
ho, m Lower local minimum film thickness
B " Parameter in the semi-analytical prediction of
m.sa h,,, (variable velocity, other constant)
W " Parameter in the semi-analytical prediction of
m.sa h,, (variable velocity and load, other constant)
I m?.st kg™! Integral term in the Generalised Reynolds equation
1, m3.sl. kg™t Integral term in the Generalised Reynolds equation

12




k W.m LKt Thermal conductivity
Ko - Reduced ellipticity modulus
Koo - Parameter for the Murnaghan density formula
Ky - Parameter for the Murnaghan density formula
Ky - Parameter for the Murnaghan density formula
L - Dimensionless Moes parameter
m kg Mass of an elemental fluid particle
M, - Dimensionless Moes parameter
Parameter for the Carreau-Yasuda non-Newtonian viscosity
fer B formula
p Pa Pressure
Dn Pa Dry contact maximum pressure(Hertz)
pp W.m™t Total heat source per unit length through compression
PP W.m™t Total heat source per unit length
PP wW.m™1 Total heat source per unit length through shearing
Q wW.m™3 Total heat source
Q. wW.m™3 Compression heat source
Qs w.m™3 Shear heat source
R m Radius
Ry — Coefficient of determination
Sa m Average surface roughness
SRR — Slide to roll ratio
t S Time
tLoading S Loading time
trinal S Final time of study
T K Temperature
T, K External temperature
T, K Glass transition temperature
Tyo K Glass transition temperature at ambient pressure
Tr K Reference temperature
u m.s~t Velocity
U, m.s™1 Entrainment velocity
U m.s~1 Sliding velocity
u 1 Parameter in the semi-analytical prediction of
Um sa m.s . i
’ h,, (variable velocity, other constant)
e S Parameter in the semi-analytical prediction of
’ h,, (variable velocity and load, other constant)
U - Dimensionless speed parameter (Dowson-Higginson)
Us m Elastic displacement component along X
U_¢; m Elastic displacement vector
Vs m Elastic displacement component along y

13



wiP N.m™t Load per unit length
witP N.m™t Initial load per unit length
wi? N.m™?! Final load per unit length
w?b N Load
ww _ Parameter in the semi-analytical prediction of
w, N.m™1
m,sa . .
h,, (variable velocity and load, other constant)
w; — Dimensionless load parameter (Dowson-Higginson)
Wy m Elastic displacement component along Z

Parameters and variables — Greek alphabet

Name Unit Description
o Pa~?! Pressure-viscosity coefficient
o Pa-1 Reciprocal asymptotic isoviscous pressure-viscosity
coefficient
ww Parameter in the semi-analytical prediction of
Fm.sa B h,, (variable velocity and load, other constant)
B K1 Parameter for the Murnaghan density formula
y st Shear rate
1) m Elastic surface displacement
On,p, m Elastic surface displacement at the location of minimum film
Eelastic - Strain tensor
€ell — Elliptic integral
n Pa.s Dynamic viscosity
Ng Pa.s Viscosity at glass transition
v — Poisson coefficient
Veq - Poisson coefficient of the equivalent solid
Oelastic - Stress tensor
Oy m Surface roughness
p kg.m™3 Density
PR kg.m™3 Reference density
p* kg.m™3 Generalised density
<§) m.s Generalised density/viscosity ratio
e
T Pa Shear stress
Te Pa Shear stress norm
Q — Domain of calculation
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Résumé étendu

1. Introduction

La lubrification est souvent employée afin de réduire les pertes énergétiques dans les
systemes mécaniques, ainsi que pour augmenter la durée de vie des composants. Les surfaces
en contact entrainent le lubrifiant (gaz, liquide ou graisse) dans la zone de contact, générant
une épaisseur de film séparatrice. La courbe de Stribeck (Figure i-1) met en évidence trois
comportements des contacts lubrifiés.

Force de frottement
Charge normale

P e~
> \/W
h~Rugosité} h < 3 XRugosité h > 3 x Rugosité ~
Limite Mixte Lubrification compléte
-
unl
w

Figure i-1 — Courbe de Stribeck (issue de [1]) avec | une longueur caractéristique du contact, w la charge appliquée, u, la
vitesse d’entrainement en glissement pur, 1 la viscosité dynamique et h I’épaisseur de film séparant les surfaces.

Dans les régimes limites et mixtes, des frottements secs entre les rugosités des surfaces en
contact se produisent. En revanche, le régime de lubrification compléte est synonyme d’une
séparation totale des surfaces par le lubrifiant, qui supporte alors la totalité de la charge
appliquée. Dans les cas a forte charge, il est nécessaire de prendre en compte la déformation
élastique des solides en contact ([2]-[5]). Le régime de lubrification est alors appelé
lubrification élastohydrodynamique (EHD). Il existe des contacts EHD entre les éléments
roulants et chacune des bagues (Marqués A et B dans la Figure i-2) des roulements qui sont
utilisés pour assurer le guidage en rotation des machines.
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Figure i-2 — Sur la gauche : Roulement a rouleaux. Au centre : Vue de c6té du méme roulement. Sur la droite : Vue
tangentielle partielle du roulement a proximité d’un élément roulant.

Dans ces contacts, les vitesses tangentielles des surfaces sont sensiblement égales : on parle
de roulement pur. Différents auteurs ont proposé des modeéles de prédiction d’épaisseur de
film séparant les solides en contact. Dans ces formules, I'épaisseur de film est proportionnelle
a la vitesse d’entrainement (définie comme la moyenne des vitesses des deux surfaces) a une
puissance donnée ([4]-[12]). Il est possible d’enlever la cage afin de remplir I'espace
disponible avec des éléments roulants (Figure i-3).

Figure i-3 — Sur la gauche : Vue de cété d’un roulement sans cage. Sur la gauche : Contact entre deux éléments roulants.

Dans ce cas, des contacts entre éléments roulants successifs se produisent. Ceux-ci sont
marqués par une vitesse d’entrainement nulle, avec des surfaces se déplacant avec des
vitesses tangentielles égales mais opposées en sens. Les formules semi-analytiques décrites
précédemment deviennent alors inutilisables. Néanmoins, ces contacts sont capables de
supporter une charge en régime de lubrification EHD ([13]-[16]). Trois effets peuvent
expliquer la génération d’un film séparateur a vitesse d’entrainement nulle.

a) Puisque les surfaces en contact se déplacent avec des vitesses tangentielles opposées,
alors le contact est soumis a un intense cisaillement. Par conséquent, le fluide
s’échauffe au centre du contact. De part et d’autre du contact, du fluide froid entre et
du fluide chaud s’échappe. Ce gradient de température implique un gradient de
viscosité, expliquant la génération d’une pression supportant la charge. Cet effet
thermique est nommé « viscosity wedge »[17]. Par la suite, la prise en compte des
effets thermiques dans I'étude des contacts lubrifiés se référe aux contacts TEHD.

b) La dynamique du roulement sans cage implique des mouvements de va-et-vient entre
les éléments roulants. Le chargement soudain de la zone de contact provoque le
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piégeage d’une partie du lubrifiant entre les deux surfaces. Ceci permet de supporter
la charge temporairement. Cet effet transitoire est nommé « squeeze »[18].

c) L'entrainement d’un fluide par des parois solides est conditionné par les propriétés
d’adhésion entre ces derniéres[19]. Pour des couples solide/fluide a faible adhésion,
un glissement du fluide aux parois est possible. Dans les contacts a vitesse
d’entrainement nulle, il est alors possible que I'une des interfaces solide/fluide soit
soumise a un glissement, ce qui modifie la vitesse d’entrainement effective et conduit
a une génération de pression.

L’étude présentée dans ce document se porte sur les contacts acier/acier que I'on trouve pour
deux éléments roulants d’un roulement sans cage. Ainsi, a cause de la rugosité des surfaces
en jeu, les effets de glissement aux parois ne seront pas étudiés. L’objectif de ce travail est de
développer une approche quantitative permettant d’évaluer les effets de « viscosity wedge »
et de « squeeze » sur 'épaisseur minimale de film séparant deux rouleaux en contact a une
vitesse d’entrainement nulle.

2. Approche numérique et expérimentale
Modélisation numérique

Le modele numérique par éléments finis présenté ici fait suite aux travaux de Raisin[20] et
Wheeler[21]. Les équations sont toutes écrites en considérant le contact entre un tonneau
(2D) et un plan. Dans les cas ou le solide est considéré comme un cylindre a base circulaire
infiniment long, tous les termes et dérivées dans la direction axiale sont annulés (1D). Le
temps est dénoté par le parametre t. Le domaine de résolution des équations de I'EHD est
représenté sur la Figure i-4.

1D
ﬂe

| |Domaine élastique

Face du dessous du
solide équivalent

Domaine 1D
—

60a

1D 7
P / Qe base / Z
60b

4 y

QZD i
60a e,base 3

Figure i-4 — Domaines de résolution des équations de I’EHD.
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L’épaisseur de film h séparant les solides s’écrit comme dans eq. i-1.

2 2

x y
h(x,y,t) = hy(t) + + +6(x,y,t
( y ) 0( ) ZRgc?x ZRgg‘y ( y ) eq. i-1
gx.y)
avec h, la séparation rigide des solides, § le déplacement élastique des surfaces et Rggx et
Rggy les rayons équivalents du contact selon x et y respectivement (voir eq. i-2).
1 1 1
R2D_ _ R2D + R2D
eq,x 1,x 2,x .
1 1 1 eq. i-2
R2D_ _ R2ZD + R2D
eq.y 1y 2,y

avec Rf%, RfD, R3% et R3Y les rayons de courbure des solides 1 et 2 selon x et y.

Le film fluide est considéré mince, ce qui implique une pression constante dans I'épaisseur.
Les effets d’inertie et de tension de surfaces sont négligeables par rapport aux efforts
visqueux. L’écoulement est considéré laminaire. Aucun glissement aux parois n’est considéré.
Ainsi, I'équation de Navier-Stokes (eq. i-3) est écrite sous une forme simplifiée : I'’équation de
Reynolds Généralisée (eq. i-4) sur le domaine (1,,. Aux limites du domaine, une pression nulle
est imposée (p = 0).

= 0
Vp = &(T_Z’) eq. i-3
— — - — a
V. ((%) Vp) - V.p*— apte =0 eq. i-4
e
n ! h ' n h 'z’ e I "%
avec po = [ pz, pi = [y (0 Jy *p) dz o = Iy (p [i ) dz et (B) =i — ot 7 =
e e

(Pé’)e(uz _Oul) + peul)'

La masse volumique p (eq. i-5, Murnaghan et al.[22]) et la viscosité dynamique 1 (eq. i-6,
WLF[23]) des fluides demandent une modélisation précise. Ces deux variables dépendent de
la température et de la pression et peuvent varier dans I'épaisseur (z) du fluide. Dans le cas
ou le fluide est non-Newtonien (eq. i-7, Carreau-Yasuda[24]), il convient d’inclure la
dépendance de sa viscosité avec la norme de la contrainte de cisaillement 7,.

1 1
,T) =
,O(p ) PR / —L, 1+ av(TO - TR) eq. i-5
Ky Ky
(1 + K—p)
M

avec Ky, = Kooe P%T, et B, le paramétre de température-masse volumique.
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—2.303 C,(T — T,)F
eq. i-6

,T) =
TI(P ) 776( C2+(T—T9)F
avec Ty (p) = Ty + A1In (1 + Azp) et F(p) = (1 4 Byp)®?

A4, Ay, By, B, ainsi que C; et C, sont les parametres du modele. 1, est la viscosité a la
transition vitreuse et Ty, est la température a la transition vitreuse et a pression ambiante.

n(p,T,7e) = ne.1) S
ney ,
(14 () )

Oufy

_ u
TZ.X' - r’ 9z

Uy, sont les termes locaux de vitesse du fluide.

du . .
et7,, = n?fy sont les contraintes de cisaillement selon les axes x et y. us, et

Le déplacement élastique des surfaces est calculé en résolvant I’eq. i-8 sur le solide équivalent
(noté Q. sur la Figure i-4). La pression donnée par I'’équation de Reynolds Généralisée est
imposée sur le domaine élastique (G giastic = —PZ). Sous ce méme domaine, une condition

d’encastrement est mise en place (Ug = 0).
V.0 c1astic = 0 eq. i-8

avec O egstic = Cselastic(m) et 7‘{ = {Us, Vs, W5} le vecteur des déplacements élastiques.
C est la matrice de compliance et &,44:ic l€ tenseur des contraintes classiquement établit
pour le calcul de déformation élastique de solides isotropes. A partir du champ des
déplacements, il est possible de calculer § = |W5|Qp.

L’équation d’équilibre de la charge permet d’identifier la séparation rigide des solides :

ffﬂgD p dxdy = w?P ou f%D pdx = wtP eq. i-9

La température dans les solides et dans le fluide est calculée en résolvant I'équation de
I’énergie (eq. i-10). La température initiale et sur toutes les frontiéres pour lesquelles de la

matiere entre dans le domaine est notée T;,. Un flux de chaleur constant est écrit entre chaque
aT

oT
et kZE - = fz yeh- .

. aT oT
surface et le fluide (k¢ >l = kq P
z=0 z=0"

oT
—V(k;VT) + p;Cpi (U, VT + 37 = eq. 10

avec k la conductivité thermique du solide i et C,, sa capacité thermique. La source de chaleur
totale Q; est définie dans le fluide.
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0 fori ={1,2}

5 N\2 Tap R
Qs + Qc =n(Vuf) _;ﬁ(uf'Vp)

Q; =

i eq. i-11
fori=f

avec Q; et Q. les sources de chaleur par cisaillement et compression respectivement.
Dispositif expérimental

Devant le manque de résultats expérimentaux permettant de confronter le modeéle pour des
géométries elliptiques, une campagne d’essais est mise en place sur le tribomeétre Jerotrib[25].
Un tonneau (R35 = 0,013 m et R5Y), = 0,330 m) en acier est chargé sous un disque en saphir
choisi pour sa transparence, permettant ainsi la mesure de I'épaisseur de film par
interférométrie. Le saphir présente une similarité thermique avec I'acier ; I’'hypothése selon
laquelle ce contact est semblable a un contact acier/acier est donc émise et discutée ci-apreés.
Les surfaces sont polies de sorte a ce qu’elles présentent chacune une rugosité inférieure a
5 nm. Le lubrifiant est projeté de part et d’autre du contact a I'aide d’'une pompe péristaltique.
Un systeme de circulation du lubrifiant est mis en place, afin de contréler sa température dans
un bain externe. Les propriétés des solides et du lubrifiant (Shell T9) sont donnés dans le
Tableaui-letle

Cor - kg . K™ 1] 1900 C, 14.1596
k¢ [W.m 1K1 0.118 Aq 188.95
pr [kg.m™3] 872 A, [Pa™? 0.533 x 107°
Tk [K] 298 By [Pa™1] 7.37 X 1079
Koo [Pa] 9.234 x 10° B, -0.6171
Ky 10.545 Tyo [K] 204.68
a, [K™1] 7.734 x 1074 po [Pa] 0
B [K™1] 6.09 x 1073 acy 5
ng [Pa.s] 1 x 1012 Ney 0.35
C; 15.9035 Gey [Pa] 7 x 10
Tableau i-2 respectivement.
Acier Saphir
E [Pa] 210 x 10° 360 x 10°
v 0,3 0,34
p[kg.m™3] 7850 4000
Cr[]. kg . K] 470 750
k[W.m LK1 46 40

Tableau i-1 — Propriétés thermoélastiques de I'acier et du saphir ([26], [27]).
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Cor U kg LK1 1900 C, 14.1596
Ky [W.m L K~1] 0.118 4, 188.95
pr [kg.m™3] 872 A, [Pa™1] 0.533 x 107°
Ty [K] 298 B, [Pa1] 7.37 x 10~°
Koo [Pa] 9.234 x 10° B, —0.6171
Ky, 10.545 Tyo [K] 204.68
a, [K1] 7.734 x 10" Do [Pa] 0
B [K1] 6.09 X 103 dy 5
ng [Pa.s] 1x 1012 Ney 0.35
C, 15.9035 Goy [Pa] 7 % 106

Tableau i-2 — Propriétés du fluide ([26], [28]).

Le principe d’interférométrie est utilisé pour mesurer I'épaisseur de film par méthode optique
(voir Molimard[29] et Wheeler et al.[26]). 50 cas de mesures sont conduits (voir Tableau i-3),
avec pour chaque cas 6 interférogrammes utilisés afin de déterminer les épaisseurs de film.

2D Equivalent Nombre de
To (K) u(m/s) w2 (N) pr(GPa) | ip V. m1) cas
293,15 1,77;1,99; 2,26; 2,51; 2,81; 30 0,390 4,14 x 10* 14
293,15 3,16; 3,54;3,97; 4,46; 5,00; 50 0,462 5,82 x 10* 14
293,15 5,61;6,30;7,06;7,92 100 0,582 9,24 x 10% 14
308,15 | {3,16;3,97;5,00;6,30;7,92} 50 0,462 5,82 x 10* 5
323,15 {5,00; 6,30; 7,92} 50 0,462 5,82 x 10* 3

Tableau i-3 — Jeu de mesures pour le disque en saphir.

Un exemple d’interférogramme est montré dans la Figure i-5. La zone d’intérét permettant de
comparer les versions 1D et 2D du modéele se situe le long du tireté. Par la suite, I'épaisseur

minimale h,,, désignera la valeur moyenne de I'épaisseur mesurée en C et D.

Figure i-5 — Interférogramme obtenu avec un disque en saphir (Grossissement X 10, u = 5m/s, w?? =50 N et T, =
293,15 K).
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Discussion sur les hypothéses de modélisation
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Figure i-6 — Profil d’épaisseur de film dans le cas de
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Figure i-7 — Profil d’épaisseur de film dans le cas de

référence (u = 5m/s, w?? =50 N et Ty = 293.15K). La
moyenne obtenue sur 6 interférogrammes est représentée,
les barres verticales représentant trois fois I’écart type.

référence (u = 5m/s, w?P =50 N et Ty = 293.15K). La
moyenne obtenue sur 6 interférogrammes est représentée,
les barres verticales représentant trois fois I’écart type.

La procédure expérimentale permet de confronter le modele en conditions stationnaires
thermiques. Dans un cas de référence (u = 5m/s, w =50 N et T, = 293.15 K) représenté
sur la Figure i-6, le modeéle 2D prédit I'épaisseur centrale de film avec un écart relatif de 2.8%.
Pour I’épaisseur minimale, cet écart est de 23.9%.

Avec la géométrie du contact, il est possible de supposer une équivalence entre la ligne
centrale du modele 2D et le modele 1D[30]. Il est alors possible de comparer les résultats
expérimentaux au modele, comme dans la Figure i-7. Dans ce cas, il y a une différence relative
de 28.3% pour I'épaisseur centrale, et de 3.3% pour I'épaisseur minimale. Ce modeéle est
exclusivement utilisé par la suite.

Les essais étant effectués avec un disque en saphir, il convient de comparer le cas acier/saphir
au cas acier/acier. Les calculs dans les deux cas, et pour les conditions de références, sont
représentés sur la Figure i-8. Il existe une différence relative de 7.82% entre les valeurs
d’épaisseur centrale, et de 0.63% pour I'épaisseur minimale. L’asymétrie observée pour
I’acier/saphir s’explique par la dissimilarité thermique entre les matériaux.
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Figure i-8 — Profil d’épaisseur de film dans le cas 1D de référence (u = 5m/s, w'® = 5.82 x 10* N.m™ et T, = 293.15 K)
pour différents couples de matériaux en contact.

En conclusion, un modele numérique par éléments finis permet de calculer la pression,
I’épaisseur de film et le champ de température dans un contact EHD soumis a des conditions
transitoires et une vitesse d’entrainement nulle. Une campagne d’essais a permis la validation
du modele en conditions stationnaires. L'utilisation du modele en hypothese 1D permet une
bonne approximation de |'épaisseur minimale de film séparant les solides. De plus, les
résultats pour le couple acier/saphir sont trés proches du cas acier/acier.
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3. Contact TEHD a vitesse d’entrainement nulle en condition stationnaire

Description du phénoméne de « viscosity wedge »

Le modele 1D est utilisé afin de mesurer les quantités locales et ainsi comprendre les
physiques mises en ceuvre. Les solides sont fait en acier (Tableau i-1), et le fluide est le méme

gu’auparavant (

Cor U-kg - K] 1900 C, 14.1596
Ky [W.m L K1] 0.118 4, 188.95
pr [kg.m™3] 872 A, [Pa™1] 0.533 x 107°
Ty [K] 298 B, [Pa" 1] 737 x 10~
Koo [Pa] 9.234 x 10° B, —0.6171
Ky, 10.545 Tyo [K] 204.68
a, [K™1] 7.734 x 107* po [Pa] 0
B [K~1] 6.09 x 103 dcy 5
ng [Pa.s] 1x 1012 Ney 0.35
C, 15.9035 Gey [Pa] 7 x 106

Tableau i-2). Différentes répartitions sont représentées sur la Figure i-9. Par la suite, T, =
293.15K, R? = 0.0128 m,u = 2m.s et w'®? = 58198 N.m™L.

Figure i-9 — Distributions (a) Taux de cisaillement. (b)
Source de chaleur par cisaillement. (c) Température. (d)
Viscosité. (e) Contrainte de cisaillement pour les conditions
données ci-dessus. Les lignes verticales représentent la
position de a'P.
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La puissance dissipée par compression représente moins de 0,01% de la puissance totale
dissipée. Ainsi, il est possible de considérer le cisaillement comme seule source de chaleur
dans le systeme. Le profil de cisaillement est donc représenté (Figure i-9(a)). Sa valeur est
maximale au centre du contact (2,73 X 107 s~1). Des valeurs élevées sont aussi observées aux
lieux des épaisseurs minimales.

La génération de chaleur par cisaillement est le produit du taux de cisaillement par la viscosité.
Les fortes pressions au centre de ces contacts impliquent de fortes valeurs de viscosité au
méme lieu. Ainsi, la valeur maximale de la source de chaleur par cisaillement (Figure i-9(b)) se
trouve au centre du contact (5,41 x 10 W.m™3).

La distribution de température est représentée sur la Figure i-9(c). La nature antisymétrique
du contact implique une vitesse nulle en son centre. Le terme de transport de I'équation de
I’énergie devient alors lui aussi nul. De plus, les conditions aux limites sur la température aux
frontieres extérieures du domaine conduisent a la conduction de chaleur du centre du contact
vers I'extérieur. La ligne noire indique la position du maximum de température selon chacune
des lignes [ telles que z = yh pour y € [0, 1]. Ainsi, la température maximale se trouve au
centre du contact (372,3 K). Les solides se déplacant, le fluide proche des parois se déplace
lui aussi. Ainsi, du fluide a haute température se retrouve vers les sorties du contact. Des
gradients verticaux de température peuvent alors étre observés entre les lignes z = hetz =
0 (eq. i-12, Figure i-10). Leur valeur maximale se trouvant a x = +0,52a'?. Les valeurs
maximales de viscosité se trouvent aux lieux de fortes pressions et faibles températures. Cela
correspond environ aux coordonnées (0,0) et (0, h) dans la Figure i-9(d).

AT(x) =T(x,h) —T(x,0) eq.i-12

25



250

1200

1150

100

150

0

A [Pa.s]

1-50

1-100

1-150

1-200

41D

-20 L L L I " L L -250
425 -1 075 05 025 0 025 05 075 1 125

¥ ¥
-4

x [m] <10
Figure i-10 — Différences de température et de viscosité entre les deux interfaces @ 2 m.s™ 1.

Seuls les gradients de températures (hypothese des films minces) peuvent provoquer des
gradients de viscosité (eq. i-13, Figure i-10), qui trouvent leur maximum plus proche du centre.

An(x) =n(x,h) —n(x,0) eq.i-13

Le produit du taux de cisaillement par la viscosité est la contrainte de cisaillement (Figure

. . . . a . .
i-9(e)). Selon I’hypothése des films minces £ ne varie pas selon z. Ainsi, sa moyenne vaut :

a_pzl ha_p 7 eq. i-14
ox hJ, 0x

En combinant eq. i-3 et eq. i-14, et en développant le terme de contrainte de cisaillement il
est possible d’écrire le gradient de pression comme une fonction de la contrainte de
cisaillement et de I'épaisseur de film (eq. i-15). Le gradient vertical de cette contrainte
entraine la génération de pression dans le contact.

eq. i-15

L[, (M0, (=i s
ax hl, ax™ "), "oz h h
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Le gradient en x de pression ainsi que le profil de pression sont représentés sur la Figure i-11.
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Figure i-11 — Pression et gradient de pression @ 2 m.s~ et la référence du contact sec défini par Hertz.

Les profils de Hertz (correspondant au contact sec) servent de référence. Dans ce cas, le
gradient de pression maximal se trouve a x = +0,4a'”. Cela signifie une pression
relativement faible a +a'? > |x| > +0,4a'”. Afin que le contact puisse supporter la charge
totale, cela conduit a une pression centrale 1,77 fois plus importante que la définition faite
par Hertz dans le contact sec, ce qui explique la présence du volume de fluide appelé
« dimple » au centre du contact.

Les liens entre les différents parameétres et variables du systéme sont illustrés sur la Figure
i-12. Il est possible d’identifier comment les parametres de contréle interviennent dans le
probleme. De plus, le comportement complexe des contacts a Vitesse d’Entrainement Nulle
se retrouve grace au nombre conséquent de variable couplées.

wil ...» b, § < Ev — Lien direct
V7%
R=> h «»p === Equation non-linéaire
U —> V =Ty — Variable dépendante
Qs «— 7 —— Parameétre de controle

H |\ -
wk,Cypp = T Rhéologie

Figure i-12 — Différents liens entre les parametres de contréle et les variables dépendantes dans les contacts a vitesse
d’entrainement nulle.

Pour conclure, le fluide au centre du contact se réchauffe a cause du fort cisaillement. Les
surfaces en mouvement entrainent le fluide chaud en dehors du contact, ce qui induit des
différences de température dans I'épaisseur, et par extension, de viscosité. Ces derniéres sont
amplifiées au centre du contact ou la pression est plus élevée. C'est donc plus proche du
centre du contact (comparé au contact de Hertz) que se trouve la plus forte génération de
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pression. Afin de respecter I'équilibre de la charge, cela conduit a de fortes pressions
centrales, responsables d’un fort déplacement élastique central, expliquant la forme
particuliere de ces contacts.

Influence des conditions opératoires

Le lien complexe entre les parameétres de controle et I'état du systéme a été établi. L'étude
duale numérique/expérimentale permet d’apprécier les effets de certains de ces parametres
de contréle. Dans un premier temps, I'influence de la vitesse sur I’épaisseur minimale de film
est étudiée, pour une charge w?? = 50 N (ce qui correspond a w'? = 58 kN.m™1!) et une
température extérieure Ty, = 293,15 K. Les variations des valeurs numériques et
expérimentales des épaisseurs centrales et minimales de film sont tracées sur la Figure i-13.
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= ghteeedo, -
0] -
-
400 - =
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@ hc- Experimentale O hc- Numérique (1D)
B hm - Experimentale O hm - Numérigue (1D)
— -hm - Approximation Puissance ——hm - Approximation Exponentielle

Figure i-13 — Variation de I'épaisseur centrale et minimale de film avec la vitesse, w'P = 5,82 x 10* N.Nm™t et T, =
293,15 K. Trois fois I'écart type est indiqué en noir pour les résultats expérimentaux.

Il existe entre 0,3% et 11,6% d’écart sur les valeurs d’épaisseur minimale de film. Les résultats
montrent une croissance de I'épaisseur minimale de film avec la vitesse, jusqu’a environ u =
10 m/s ou un plateau maximal est atteint. La différence de température entre le disque en
saphir et le tonneau en acier est représentée sur la Figure i-14.
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Figure i-14 — Différences de température (en rouge, axe de gauche) entre les deux interfaces et gradient de pression (en
bleu, axe de droite) dans le fluide ¢ w'P = 5,82 x 10* N.m™ et T, = 293,15 K, pour deux vitesses différentes.
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Pouru = 1,77 m.s tetu = 7,92 m.s™ 1, la différence maximale de température se trouve a
x = =34 um et x = —65 um respectivement. Cela s’explique par une augmentation du
terme de convection dans I'équation de I'énergie. Ainsi, le gradient maximal de pression se
trouve plus éloigné du centre a grande vitesse. A 1,77 m.s~! le maximum se situe 8 x =
—34 pm, tandis qu’a 7,92 m.s~ ! il se trouve a8 x = —62 pm. L'augmentation de |'épaisseur
de film est donc liée a une génération plus étendue de pression. Afin de décrire le plateau
observé a hautes vitesses, I'approximation suivante est introduite (eq. i-16).

himsa = i sqa X (1 —exp(—u/uy, sq)) eq. i-16

1 qui représentent respectivement le plateau a

avec hygq = 345nm et uy g0 = 2,8m.s™
haute vitesse et l'inverse de la constante de décroissance exponentielle. Ces valeurs
dépendent des autres parametres du systéme. Ainsi, une description plus compléte
demanderait une étude paramétrique beaucoup plus large. La différence relative maximum
entre cette formule et les résultats numériques est de 5,7%. Pour les résultats expérimentaux,

cette différence relative maximale est de 8,2%.

L'influence de la vitesse sur I’épaisseur minimale de film est représentée sur la Figure i-15 pour
trois différentes charges.
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Figure i-15 — Variation de I'épaisseur minimale de film avec la vitesse pour différentes charges a Ty = 293,15 K. Trois
fois I’écart type est indiqué en noir pour les résultats expérimentaux.

La différence relative entre les résultats numériques et expérimentaux est entre 0,3% et
15,5%. Une augmentation de la charge conduit a une légere augmentation de I’épaisseur
minimale de film. Ce comportement differe de celui observé en roulement/glissement. Il est
possible de compléter la formule de prédiction précédemment établie, en incluant la
dépendance de hj, 54 et uy, s, avec la charge. Des calculs complémentaires permettent
d’étendre le cadre d’étude. La variation de h}, 54 et Uy, 54 avec la charge est tracée dans la
Figure i-16.
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Figure i-16 — Valeurs de h}, s, et uy, sq en fonction de la charge.

La formule semi-analytique prenant en compte l'influence de la charge et de la vitesse est
donnée dans les eq. i-17 a eq. i-18.

U _ puw 1DyaswW .
hm,sa - hm,sa X (W ) msa eq. 17
1D
uw .
uyn,sa = Upysq X 1+exp <_ WV > eq.i-18
m,sa

avec w'® en N.m™1. De plus, hy'sq = 69,8 nm, ap'sq = 0,146, Uy s, = 2,74 m.s™! et

u,w
Wm,sa

dans la Figure i-18.

= 14695 N.m™1. Le modéle est confronté aux résultats numériques et expérimentaux

1
h
——[+]
m,sa
X
X
u
—— -]
m,sa
0.1
0.1 1 10
Modéle semi-analytigue X Numérique - 20 kN/m Numérique - 32 kN/m
B Numérique - 41 kN/m ® Numérigue - 58 kN/m A Numérigue - 92 kN/m

O Experimental - 41 kN/m O Experimental - 58 kN/m A Experimental - 92 kN/m

Figure i-17 — Ratio de I'épaisseur de film sur hy, s, en fonction du ratio de la vitesse sur uj, sq.

Le coefficient de détermination pour le jeu de données expérimentales est R;* = 0,96. Il est
Rz% = 0,98 pour le jeu de données numériques. Il est important de noter le fait que cette
formule a été établie avec le lubrifiant Shell T9, pour deux surfaces en acier, avec Rég =
0,0128 metT, = 293,15 K.

Le dispositif expérimental permet aussi d’étudier I'influence de la température externe sur
I’épaisseur minimale de film. Les valeurs sont représentées sur la Figure i-18 pour trois
températures externes (T, € {293,15;308,15; 323,15} K).
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Figure i-18 — Variation de I'épaisseur minimale de film avec la vitesse pour différentes charges a w'P =
5,82 x 10* N.m™1. Trois fois I'écart type est indiqué en noir pour les résultats expérimentaux.

Pour chaque valeur de température, la différence relative maximale entre la prédiction du
modele et la valeur mesurée est de 11,6%, 22,2% et 23,5% respectivement. La diminution
de I'épaisseur minimale de film s’explique par la présence de gradients de température moins
importants.

En conclusion, le modele permet de comprendre les liens entre les différentes variables du
systeme et donc d’expliquer le phénomeéne de « viscosity wedge ». Une approche duale
numérique/expérimentale permet d’apprécier 'influence de la vitesse, de la charge et de la
température externe sur I'épaisseur minimale de film. Une augmentation de la vitesse
provoque une augmentation de I'épaisseur de film minimale, jusqu’a un plateau. Par ailleurs,
une augmentation de la charge provoque une faible augmentation de cette épaisseur. Enfin,
une augmentation de la température externe provoque la diminution de I'épaisseur de film.
Une approximation de I’épaisseur minimale de film est donnée par une formule semi-
analytique reproduisant le plateau a fortes vitesses.

4. Contacts a vitesse d‘entrainement nulle soumis a une variation de chargement

Comme vu précédemment, |'effet de « viscosity wedge » n’est pas le seul permettant
d’expliquer la présence d'un film séparateur a Vitesse d’Entrainement Nulle. L'effet de
« squeeze » est donc étudié dans ce chapitre. Aprés avoir décrit le cadre d’étude, il convient
d’étudier les effets de « viscosity wedge » et de « squeeze » indépendamment, avant de
s’attacher au comportement du contact lorsque les deux effets sont considérés.
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Cadre d’étude

Le contact étudié suppose deux solides en acier séparés par le lubrifiant Shell T9 (voir Tableau
i-1 et

Cor [J. kg™ . K™ 1900 C, 14.1596
ke [W.m 1K™ 0.118 Ay 188.95
pr [kg.m™3] 872 Ay [Pa™?! 0.533 x 107°
Tx [K] 298 B, [Pa™1] 7.37 x 107°
Koo [Pa] 9.234 x 10° B, —0.6171
Ky' 10.545 Tyo [K] 204.68
a, [K™1] 7.734 x 10~* Do [Pa] 0
Br [K™1] 6.09 x 1073 acy 5
ng [Pa.s] 1x 1012 Ney 0.35
C, 15.9035 Gey [Pa) 7 x 10°

Tableau i-2). Linertie des solides en contact n’est pas considérée. De plus, le contact est
contrélé en faisant varier la charge linéairement, comme décrit dans I'eq. i-19. Le reste des
données est présent dans le Tableau i-4.

wtP(t) 10,67x1073+(1-0,67x1073) pour t < t1oqqing
WlD = tLoading eq. i-19
s 1 pour tLoading St< trinal

avec tpingr = 100 X t;44q4ing Choisit de sorte que I'état quasi-statique soit atteint dans tous
les cas de calcul, et t,44ing le temps de chargement.

u [m.s™1] Rz [m]

3 0,02

To [K]
293,15

wiP [N.m™]

100000

Tableau i-4 — Conditions opératoires.

Trois cas de calculs sont conduits selon la prise en compte ou non des effets de « viscosity
wedge » et de « squeeze » voir (Tableau i-5).

Cas A : Stationnaire

Cas B : Transitoire

Cas C : Transitoire

thermique isotherme thermique
Effet thermique X X
Effet transitoire X X

Tableau i-5 — Hypotheéses sur le modele pour chaque cas de calcul.

A chaque instant correspond une charge wlP(¢). Il est possible de représenter les variables
en fonction du temps. De nouvelles notations sont introduites pour distinguer les cas.
L’exposant correspondant au cas étudié est donc utilisé. Par exemple, h4, (t) désigne la valeur
instantanée de I'épaisseur minimale de film dans le cas A. De plus, h;‘,‘i‘min se réfere a la valeur
minimale de I"épaisseur minimale de film au cours du temps. Un temps thermique
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caractéristique est également introduit. Il correspond a la définition faite par Raisin et al.[20]
(initialement fonction des caractéristiques thermiques des matériaux en contact, il est montré
que ce temps peut étre simplifié pour ne plus dépendre de ces caractéristiques thermiques)
et donnée dans I'eq. i-20. Le ratio t7 = tr/t;oqaing représente l'influence relative des effets
thermiques par rapport a I'effet de « squeeze ».

alD
ty = L~ 0,07 ms eq. i-20
u
_ t
t=——— eq. i-21
tLoading

Dans les cas A et C, I'état initial correspond a la charge wi'® = 0,67 x 107° x w;”. Cela permet
d’avoir une répartition de température quasiment uniforme (augmentation maximale de
1.1K) ainsi que des déplacements élastiques des surfaces négligeables (6,f‘m 0) = 6,fm(0) =
2 nm). Dans ce cas, h,(0) = h&,(0) = 529 nm. Dans le cas B, I'état initial est défini en fixant
simplement la séparation rigide initiale 3 h5 (0) = 527 nm.

e (as A : Etude stationnaire thermique

8E-7
7E-7 _
6E-7 o

_ SE7 _

E 4E-7 -

< 3p7 _

-~ .--..--.l..‘....l“'.l.

-~ e
2E-7 Z

1E-7 A&
» 1D -1
OE+0 wl? [N.m™]
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Epaisseur de film minimale (Numérique)
— — Epaisseur de film centrale (Numérigue)
e o & Epaisseur de film minimale (Semi-analytique)

Figure i-19 — Variation de I’épaisseur de film avec la charge pour toutes les charges considérées.

L’évolution de I'épaisseur minimale et centrale de film est représentée sur la Figure i-19. Pour
les charges inférieures a w'P = 2065,7 N.m™!, I'épaisseur de film diminue. Cela est
uniquement d{ a une diminution de la séparation rigide des solides h,. Le faible déplacement
élastique, ainsi que la valeur positive de h, sont des éléments qui indiquent que le contact est
en régime hydrodynamique. Pour les charges supérieures a wl? = 2065,7 N.m™1, le contact
se comporte de la méme fagon que ce qui a été vu dans I'étude précédente en conditions
stationnaires.

e (Cas B : Etude transitoire isotherme

La contribution des effets de squeeze seuls sont étudiés en utilisant la littérature comme
référence. Dowson et Wang[31] ont étudié la variation de |'épaisseur minimale et centrale de
film et pour un solide laché a une hauteur donnée. Durant le rapprochement des corps, une
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quantité de fluide est piégée au sein du contact, ce qui se traduit par une stagnation de
I’épaisseur centrale de film. L’épaisseur de film minimale continue a décroitre vers 0.

La formule prédictive de Wang, Venner et Lubrecht[32] permet de prédire la valeur de
I’épaisseur centrale de film lorsqu’elle atteint son plateau. Afin de I'utiliser, il faut adapter la
définition de certains de ces termes. Tout d’abord, le coefficient réciproque asymptotique de
pression-viscosité a* est mis en ceuvre afin de permettre I'utilisation du modele WLF[33]. Les
valeurs a’?(t = 1), w'P (£ = 1) et piP (£ = 1) sont utilisées a la place des valeurs maximales
données par Wang et al.[32] (b*, wy and py,). Le modele adapté (exposant Wang™) s’écrit alors
comme dans l'eq. i-23.

a’®(=1)[m] | p°(E=1) [Pd] Mo [Pa.s] o [Pa™']
1,05 x 10~ 6,06 x 108 0,0195 2,36 x 1078
Tableau i-6 — Paramétres employés dans la formule de remplacement inspirée par Wang et al.[32] pour le cas B.
3 \1/2
M = n( )
40* .
eq. i-22
4‘1* 1/4
*, 1D
L=apif ()
he' "9 (E=1)
=23 x M%2 x [955
RiZ x (Upy)'/? eq. i-23
AL\ 12meRER”
avec Upyy = E(a*E/) etA = at’piltioading

La Figure i-20 expose la variation de I'épaisseur centrale et minimale de film pour un temps
de chargement t;,q4ing = 1 ms.

0 0,5 1 15 2
[

Al

Cas B/ Minimum Cas B / Centrale

Figure i-20 — Variation de I'épaisseur centrale et minimale de film pour t;q4ing = 1 ms.

Comme vu précédemment, les deux grandeurs diminuent constamment. L’épaisseur centrale
décroit beaucoup moins a partir d’un certain stade. La variation de I'épaisseur minimale de
film pour différents temps de chargement est tracée dans la Figure i-21.
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Figure i-21 - Variation de I'épaisseur minimale de film avec t dans le cas B pour toutes valeurs de t;,qqing-

Dans tous les cas, I'épaisseur minimale de film diminue au cours du chargement. Pour chaque
courbe, la charge maximale est atteinte a t = 1. Pour t;4q4ing = 0,01 ms, une diminution de
I'épaisseur de film de 33,4% est observée. Cette diminution est de 99,8% pour t;q4ing =
100 ms. Cela montre dans quelle mesure I'effet de « squeeze » est plus important pour des
temps de chargement courts. La pente nulle au début de chaque courbe correspond a une

vitesse initiale verticale nulle.

w

Le Tableau i-7 contient les valeurs de h, ng"(F = 1) et hB(t = 1) pour les différents temps

de chargements considérés.

tLoading [Ms] AV (F = 1) [nm] hE(t = 1) [nm] Différence relative

0,01 404,6 351,0 13,3%
0,022 264,8 256,4 3,2%
0,046 178,2 172,4 3,2%
0,1 117,4 117,5 0,1%
0,22 76,8 76,3 0,6%
0,46 51,7 51,1 1,2%
1 34,0 34,1 0,2%
2,2 22,3 23,0 3,3%
4,6 15,0 15,6 3,9%
10 9,9 10,5 6,4%
100 2,9 3,2 13,0%

Tableau i-7 — Valeurs adaptées de I'épaisseur centrale (Wang et al [32]) compares aux valeurs obtenues par le modéle dans
le cas B, pour différents temps de chargement.

Pour 0,046 ms < t,qaing < 4,6 ms, I'erreur relative entre la formule prédictive et le modele

est inférieure a 4%, ce qui est une indication de la précision du modele présenté.

e (Cas C: Compétition entre effets thermiques et de squeeze

Les variation de |’épaisseur centrale et minimale de film dans les cas A, B et C sont
représentées dans la Figure i-22 pour le temps de chargement t;,44ing = 1 ms.
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Figure i-22 — Variation de I'épaisseur centrale et minimale de film dans les cas A, B and C, en fonction de t. La charge
maximale est atteinte a t = 1.

Au début du chargement, I'épaisseur de film diminue rapidement dans le cas A (ce qui
correspond au régime hydrodynamique), tandis que la variation dans le cas C est trés similaire
a la variation dans le cas B. L'effet de « squeeze » est la raison principale permettant a
I’épaisseur de film de rester suffisamment élevée au début du chargement. A partir de t =
ty = 0,07, I'épaisseur de film dans le cas C diminue plus lentement que dans le cas B, ce qui
indique I'apparition d’effets thermiques non-négligeables. A ce stade, une augmentation de
la charge correspond a une augmentation de I'épaisseur de film dans le cadre stationnaire. Le

minimum temporel de I'épaisseur minimale de film (hS, i, = 175 nm) est atteint a £ =
0,372 dans le cas C. A noter hfn,mm/h;‘}llmin = 2,35. De la, I'épaisseur centrale et minimale de

film augmentent jusqu’a ce que la charge maximale soit atteinte. L'état quasi-statique est
atteint a t = 1,368. La discontinuité observée a t =1 correspond a l'arrét brutal du
chargement.

Par la suite, I'effet du temps de chargement sur le contact est étudié.

0 0,5

15 2

CasA ——0,07 ——0,0318 0,0152 — — 0,007 — —0,0007

Figure i-23 — Variation de I’épaisseur minimale de film dans les cas A et C, pour t; =
{0,0007; 0,007; 0,0152; 0,0318; 0,07}, en fonction de t.

Pour les chargements extrémement lents (t;,qqing = {10,100} ms soit t7 < 0,007), le temps
thermique est trés petit devant le temps de chargement, ce qui signifie que le contact se
comporte rapidement comme leas stationnaire (voir Figure i-23). C'est pourquoi plus le temps
de chargement est élevé, plus hfn,min est proche de h;‘;l‘min. Pour les chargements un peu

moins lents (t;oqaing = {1; 2,2; 4,6} ms) ce qui correspond a £ = {0,0152; 0,0318; 0,07},
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I'effet de squeeze est un peu plus important et permet de soutenir le film durant la phase
initiale du chargement. Cela permet d’assurer un minimum d‘épaisseur minimale de film plus
élevé.

2E_7 / I e s Mt ittt R

CasA E— - --318 1,52

Figure i-24 — Variation de I'épaisseur minimale de film dans les cas A et C, pour t = {1,52; 3,18; 73}, en fonction de t.

Pour les chargements rapides, (t;oqqing = {0,01; 0,022; 0,046} ms ce qui correspond a t >
1,52), I'effet de « squeeze » est tellement proéminent que durant I'augmentation de la
charge, I'épaisseur minimale de film dans le cas C est supérieure a celle obtenue dans le cas
A. En revanche, le temps caractéristique thermique est trés élevé devant le temps de
chargement (t; = 1,52 pour troading = 0,046 ms), ce qui provoque une apparition
relativement tardive de I'effet thermique. C'est pourquoi I'épaisseur de film diminue bien
aprés que la charge maximale soit atteinte, avec une valeur minimale obtenue a t = 3,96.
Dans ces cas, une discontinuité tres forte est observée en début de chargement. Elle
correspond au moment ou le minimum de I'épaisseur de film se distingue de I'épaisseur

centrale.

w

m

~
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Cas A —-- 07 — -- 0,318 0,152 —0,07

Figure i-25 — Variation de I'épaisseur minimale de film dans les cas A et C, pour t+ = {0,07; 0,152; 0,318; 0,7}, en
fonction de t.

Pour des vitesses de chargement modérées (t oqaing = {0,1; 0,22; 0,46} ms ce qui
correspond a t; € {0,152; 0,318; 0,7}), l'effet de « squeeze » est toujours présent.
Cependant, il ne permet pas d’assurer une séparation suffisante pour la totalité du
chargement. De plus, les effets thermiques apparaissent tardivement. Cela conduit a
hS . /hA . =1,

m,min/ "*'mmin
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Le ratio R, nin/ R min €St représenté pour les différentes valeurs de &7 = tr/t;oqaing dans

la Figure i-26 afin d’illustrer les trois types de chargements observés.

Lent Modéré Rapide

0,0001 0,001 0,01 0,1 1 &[] 10

— =Référence —¥—_ 5

Figure i-26 — Ratio entre la valeur de I’épaisseur minimale dans le cas C sur la valeur dans le cas A, en fonction du ratio
caractéristique tr. La ligne horizontale marque la valeur de référence dans le cas A.
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Conclusions générales et perspectives
Conclusion

Ce travail de thése se focalise sur les contacts lubrifiés fortement chargés sous conditions de
vitesse d’entrainement nulle. Ces contacts sont présents entre deux éléments roulants dans
un roulement sans cage. Trois phénomeénes peuvent expliquer une séparation des surfaces
dans ce cas: le glissement aux parois, I'effet thermique de « viscosity wedge » et |'effet
transitoire de « squeeze ». Dans le cas du contact acier-acier, seuls les deux derniers effets
sont considérés.

Dans le Chapitre 2, les outils numériques et expérimentaux sont présentés, puis comparés. Le
modele de calcul par élément finis permet de déterminer simultanément la distribution de
pression et de température dans le contact, ainsi que le déplacement élastique des surfaces.
Le dispositif expérimental met en ceuvre le tribometre Jerotrib. L'utilisation d’une surface
transparente en saphir est justifiée. Enfin, I’équivalence entre le modéle 1D et les essais est
étudiée.

Dans le Chapitre 3, I'effet de « viscosity wedge » est étudié en conditions stationnaires.
L’approche duale expérimentale/numérique permet de comprendre I'influence de la vitesse
des surfaces, de la charge appliquée sur le contact et de la température externe. Une
augmentation de la vitesse conduit a une augmentation de I'épaisseur minimale de film
jusqu’a un plateau. Une augmentation de la charge conduit a une faible augmentation de
I’épaisseur de film. Enfin, une augmentation de la température externe provoque une
réduction de I'épaisseur de film. Une formule de prédiction est proposée pour approximer la
variation de I’épaisseur minimale de film avec la vitesse et la charge. Dans les conditions
d’études données, elle est en bon accord avec les résultats numériques et expérimentaux.

Les influences des effets de « viscosity wedge » et de « squeeze » sont compareés dans le
Chapitre 4. La charge est variée linéairement d’une faible valeur vers une forte valeur. Un
régime hydrodynamique est observé a faible charge dans le cas stationnaire. La transition vers
le régime EHD marque la mesure d’une valeur minimale (au cours du temps) de I'épaisseur
minimale de film. La prise en compte des deux effets permet d’augmenter la valeur de ce
minimum Au début du chargement, |'effet de « squeeze » amortit considérablement la chute
de I'épaisseur de film. A mesure que ce dernier effet s’estompe, 'apparition de gradients
thermiques permet au « viscosity wedge » d’assurer une séparation pérenne des surfaces.
Lorsque le ratio caractéristique thermique-transitoire est faible (chargement lent), I'effet de
« squeeze » disparait relativement vite durant le chargement. Le comportement du contact
est alors majoritairement définit par la référence stationnaire. Dans ces conditions, un
chargement plus rapide est bénéfique car cela permet un effet de « squeeze » plus important
sans délaiimportant de I'apparition des effets thermiques. Pour des chargements trés rapides,
I'effet de « squeeze » est bénéfique pour la totalité de la phase de chargement, ce qui permet
une apparition tardive du « viscosity wedge ». Enfin, pour des chargements a vitesse modérée,
I'effet de « squeeze » perd son efficacité avant que des gradients de température suffisants
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aient pu apparaitre. Cela conduit a une faible valeur minimale (au cours du temps) de
I’épaisseur minimale de film.

Ce travail s’inscrit dans un contexte global ol I'amélioration de la durée de vie des composants
est cruciale. Les processus physiques expliquant la séparation des surfaces sont étudiés en
détail. Cette démarche permet aux concepteurs de roulements sans cage de mettre en ceuvre
des techniques de prédiction du comportement des contacts entre éléments roulants.

Perspectives

Dans ce mémoire de thése, les résultats présentés se reposent sur des expériences menées
spécifiguement a cette fin. Cela permet une validation quantitative du modele. Une premiere
tentative de prédiction d’épaisseur minimale de film est faite. Cependant, seuls une huile, une
géométrie et un couple de matériaux solides sont pris en compte. Des expérimentations
approfondies avec une plus grande variété des parameétres de contréle permettraient
d’obtenir les données nécessaires pour la mise en place d’une formule de prédiction globale.

L'analyse faite sur les effets de « squeeze » et de « viscosity wedge » est une premiére
tentative de description du comportement d’un roulement sans cage. La condition de vitesse
d’entrainement nulle est considérée durant toute I'étude. En réalité, le comportement
cinématique des roulements sans cages peut permettre I'apparition d’une faible vitesse
d’entrainement. De plus, la variation de la charge est supposée linéaire, et la masse des solides
ignorée. En utilisant les résultats donnés ici comme base de travail, un modéle complet
couplant la dynamique d’ensemble d’un roulement et le comportement multi-physique des
contacts lubrifiés permettrait d’améliorer la prédiction du comportement de ces composants.
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General introduction

Mechanical contacts are omnipresent in our environment: between a tyre and the road,
between two teeth in a set of gears, or in the various moving joints of the body. To protect
the surfaces from wear and reduce energy losses, a fluid is often placed at the interface
between the contacting bodies.

The classical phenomenon explaining lubricant film build-up in this so-called lubricated
contact is the hydrodynamic entrapment of the fluid in the converging inlet, due to the
adherence of the lubricant to the moving surfaces. In such contact, the lubricant is able to
bear the load and separate the surfaces. The design of the majority of highly loaded lubricated
contacts rely on semi-analytical formulae derived under rolling conditions. They are tied to
the mean entrainment velocity of the fluid, which is itself defined as the average of the
tangential velocities of both surfaces.

This work proposes a study of highly loaded lubricated contacts in which the two surfaces are
moving at the same velocity, but in opposite directions, corresponding to a Zero Entrainment
Velocity (ZEV) condition. A number of applications can function under such condition, with
some of them showing good performance and little surface damage. This suggests the
existence of a lubricant film despite the absence of the entrainment phenomenon. Yet, the
physical origin of this film is unclear and design tools for such contacts are lacking. The
objective of this work is then to shed light on the physics at stake in highly loaded lubricated
contacts under Zero Entrainment Velocity condition. This can lead to the initiation of a
guantitative prediction of the film thickness. This work, based on numerical modelling, will
also present a number of experimental validations.

The main principles of lubrication are presented in Chapter 1. Particularly,
elastohydrodynamic lubricated (EHL) contacts are detailed. Then, the physical phenomena
found in the literature that could explain the origin of a film thickness formation under Zero
Entrainment Velocity (ZEV) condition are presented. As such, a focus is made on transient
(squeeze) and thermal effects.

Chapter 2 introduces the finite element model. It incorporates the rheology of the lubricant
as well as the thermomechanical properties of the materials. A thermal and transient analysis
is conducted. Moreover, a dedicated experimental procedure for the model validation is
presented. From this, multiple model hypotheses are discussed.

Chapter 3 focusses on stationary ZEV contacts as part of a thermal analysis. The strong
couplings between several mechanisms explain the load bearing capacity. Then the influence
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of the operating conditions on the film thickness is presented. This includes the surface
velocities, the applied normal load as well as the external temperature of the solids and fluid.

Chapter 4 shows the relative influence of squeeze and thermal effects on the film thickness.
Each effect is studied independently. Then, the combined influence of both effects is
investigated.

This document concludes with a summary of the presented results. Some prospects for future
research are proposed.
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In this chapter, the historical context of lubricated contacts and their use are first presented.
Then, the focus is put on highly loaded contacts, which corresponds to the
elastohydrodynamic lubrication regime. Finally, the phenomena behind the generation of film
thicknesses through thermal and squeeze effects are introduced.

1.1 History of the lubricated contact

Lubrication aims to reduce the energy losses (friction) and control the lifetime of mechanical
systems by avoiding wear. The main principle is to entrain a lubricant (often a fluid or a grease)
between the contacting bodies. This technique can be found in many industrial applications
(engines[34], compressors[35], bearings[36]...), everyday products (bicycle or motorcycle
chain[37]...) or even biological mechanisms (joints[38], mucous membranes[39]...). An
example of the efficiency, simplicity and longevity of this principle can be illustrated by how
animal fats were applied on rotating parts such as chariot wheel rods by Hittites to reduce
friction and increase the life of their equipment[40]. Because the fluid is moving between the
surfaces, it can carry heat in and out of the contact, thus regulating the temperature of the
solids[41].

Figure 1.1-1 is an illustration of two surfaces moving relative to one another under a load w.

Sa2 z3(x,y)-h; il
al zy(x,y)-hy L

Figure 1.1-1 — Representation of a lubricated contact under a load w. Both contacting bodies are moving at velocities u; and
u,. The average distance separating them is the film thickness h. The surface roughness of each solid is S ;.

The bottom surface (subscript “1”) is moving along the x-axis at a velocity u; and the top
surface at a velocity u, (subscript “2”). The average value u,, called the entrainment velocity,
is defined in eq. 1.1-1.

U +u, eq.

Ue 2 1.1-1

Over a given area of measurement S, it is possible to define the average altitude of each
surface h;. From this definition, each solid has a surface roughness S, ; (see eq. 1.1-2).

1 .
Sai =3 f L |2;Cx, y) — hy|dS o
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Assuming that the contact is fully flooded with lubricant, the average distance h separating
the surfaces is called the film thickness (see eq. 1.1-3).

eq.

h=h; —hy 1.1-3

The arithmetic average of the surface roughness is written S, (see eq. 1.1-4):

’ eq.
Sq = Sa,l2 + Sa,zz 1.1-4

Three lubrication regimes are defined in the Stribeck curve[42], represented in Figure
1.1-2(taken from ref. [1]):

e Boundary lubrication regime: a small or no film thickness separates the solid bodies.
This leads to numerous direct surface-to-surface contacts, causing important friction
and wear. The load is entirely supported by those direct contacts between solids;

e Mixed lubrication regime: a fluid film of a similar size as the surface asperities
separates the solids. This leads to some surface-to-surface contacts along with some
load bearing capacity of the fluid;

e Full film lubrication regime: a film thickness higher than the size of the surface
asperities separates the solids. The lubricant fully bears the applied normal load.

Friction force
Normal load

h~S, h <3S, h > 3S,

v

Boundary Mixed Full-film

-
unl
w

Figure 1.1-2 — Stribeck curve taken from [1], with i) the fluid viscosity, w the normal load and | a characteristic length of
the contact.

The work presented in this document focusses on the full-film regime. Hirn[36] is the first to
have studied the lubrication process in journal bearings. When mineral oils were first
introduced in the industrial environment, Petrov[43] observed that the friction in applications
was greatly reduced. He was the first one to systematically link friction with viscosity. This
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work, alongside the work by Tower[44] proved that in some conditions, lubricated contacts
were driven by hydrodynamics. To link the pressure in the lubricant with other parameters
and variables in the contact, Reynolds[45] introduced the eponymous equation that has since
then been widely used in lubrication theory. This subdomain of full-film lubrication where no
elastic (or plastic) surface displacement is considered is commonly referred to as the
hydrodynamic regime.

When Martin[2] and Gumbel[3] initially calculated film thicknesses between gears (which
corresponds to concentrated or non-conforming contacts) that were assumed to be rigid, they
found that the film thickness was lower than the surface roughness, which would indicate
boundary or mixed lubrication. However, the surfaces of the gears in the corresponding
applications were subjected to less wear than predicted, which was indicative of a larger film
thickness. This meant that the elastic displacement of the surfaces had to be taken into
account in the corresponding full-film lubrication studies. Ertel[4] in 1939, and Grubin and
Vinogradova[5] ten years later presented results that not only assumed that the elastic
displacement of the surfaces was that of a dry contact, but also that the viscosity varied with
the pressure under the form of the Barus[46] pressure-viscosity law. These new
considerations yielded increased theoretical values of film thickness far more fitting with the
observations. This means that a full representation of highly loaded lubricated contacts needs
to include both the elastic displacement of the surfaces and the hydrodynamic entrainment
of fluid between them, along with the piezo-viscosity of the fluid. When the surface
displacement is elastic, this type of full-film lubrication is referred to as elastohydrodynamic
lubrication (EHL).

1.2 Hertz theory

The dry contact theory (as defined by Hertz[47]) is often chosen as a reference for EHL
contacts. All surfaces are considered smooth. The Young’s modulus and Poisson coefficients
of both solids are E;, E,, v; and v,. The material parameter E’ is defined as in eq. 1.2-1. Figure
1.2-1 groups the three types of dry contact, classified by their geometries.

E’ E; E, 1.2-1

2 (1 - Ul)z n (1 - UZ)Z eq.
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Figure 1.2-1 — The three types of basic geometries with the respective contact areas in black. On the left, the point contact
between a sphere and a plane. In the middle, the wide point (elliptical) contact between a barrel and a plane. On the right,
the line contact between a cylinder and a plane.

At the center of Figure 1.2-1 is the elliptic contact between a barrel and a plane, subjected to
a load w?P. The geometry is defined by the radii Rz and RZP of the barrel. If RZP > RZP,
then the contact is considered wide. The geometrical ellipticity ratio D = Rz /R3P is used to
calculate the contact ellipticity ratio k,;; (eq. 1.2-2)[48].

2 eq.
koy = Dm 1.2-2

The equivalent radius of the contact Rgf,’ is calculated in eq. 1.2-3.

1 1 1 e

=—+
2D 2D 2D -
R2D ~ RZ> ' RZ 1.2-3

The contact region between the two solids is an ellipse of secondary radius b (see eq. 1.2-4)
and primary radius a?? (see eq. 1.2-5).

1/3

2 2D p2D
bZD _ 6kell €W Req eq.
- T[EI 1.2‘4
2D
a?D — b_ eq.
kell 1.2-5
where

T
7 1 eq.
€Eoll ® 1+ T 1.2-6
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The maximum pressure p2? is defined in eq. 1.2-7.

3W2D eq.

2D _
Ph oma2D 2D 1.2-7

The corresponding equation for the pressure profile is defined in eq. 1.2-8. When the
contacting body is a sphere (on the left of Figure 1.2-1), then the problem is simplified (Rf,D =
RZP D = k,; = 1and a?? = b?P).

1/2

2D (XN Y 2) 2, 2 .
ey =< (1= () ~(m) ) forweri<n e
0 elsewhere

On the right in Figure 1.2-1 is the contact between an infinitely long cylinder of radius R'?
with a plane, under a load per unit length w?. The contact region is an infinitely long strip of
width 2 x a'P (see eq. 1.2-9).

1D 8W1DR1D 1/3 eq.
a = ———
nE’ 129

Moreover, the solids are subjected to a parabolic pressure profile whose maximum value is
the Hertz contact pressure p;, (see eq. 1.2-10 and eq. 1.2-11). The contact between a cylinder
and a plane (or two cylinders) is referred to as a line contact or 1D contact.

D 2w1P eq.
Pn = TalD 1.2-10
x \2\ 2 X \?
1D (2~ e eq.
pflLl}(x;y) ={Pn" X (1 (alD) > for (alD) <1 1.2-11
0 elsewhere

In the next section, the example of rolling contacts is described more precisely in order to
define the main elements related to the study of lubricated contacts.

1.3 Elastohydrodynamic lubrication in rolling contacts: illustration on rolling element
bearings

Similarly to gears, rolling element bearings include concentrated (non-conforming) contacts.
They are used to illustrate EHL contacts. Figure 1.3-1 is a representation of the most basic type
of cylinder roller bearing(CRB).
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Figure 1.3-1 — On the left: Cylinder Roller Bearing. In the middle: Side view representation of the same bearing. On the
right: Partial tangential view of the bearing near a rolling element.

It is comprised of four types of solids. The inner ring noted (4), the outer ring (1) and the rolling
elements (2) serve to transmit loads while enabling energy efficient rotation. The last element
is the cage (3). Its main function is to ensure that all rolling elements are separated and evenly
distributed. Multiple zones of interest, where contact occurs, can be highlighted in those
bearings. There is the non-conforming contact between the outer ring and the rolling element
(A) and the non-conforming contact between the inner ring and the rolling element (B). The
rings can be shaped so that the bases of the cylinders come into a conformal contact with
them, thus keeping the rolling elements in the bearing and ensuring an axial load bearing
capacity (C). This contact is called the roller/flange contact and has been studied by other
authors ([49], [21]). More information on the cage on cylinder contact (D) can be found in [50].

When the contact between two bodies supports high loads (for example when the surfaces
are non-conforming), extremely high pressures up to a few gigapascals are involved in the
lubrication process[51]. In contact (B) (Figure 1.3-1), the two solids are rolling together.
Assuming no slip, this means that their tangential velocities are the same. This case is referred
to as pure rolling conditions (u, = u; = u, = u). Figure 1.3-2 is a representation of the
deformed, loaded and moving bodies and the separating film of lubricant.

‘ Load

Surface velocity = +u

V

Inlet of lubricant Outlet of lubricant

—

—.

Surface velocity = +u

n 1

Figure 1.3-2 — Elastohydrodynamic line contact in pure rolling conditions.

The lubricant is entrained by the adhering surfaces before arriving to the pressurised contact
area. The geometrical wedge created by the solids leads to the load bearing capacity of the
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contact. This process is called the oil wedge. The film thickness (noted h) separating the solids
can be determined through experiments which rely on either optical[25] or electrical
conductivity[52] measurements. An interferogram corresponding to a point contact [53] is
presented in Figure 1.3-3. It relies on interferometry principles[54], which links the colour
composition of refracted light to film thickness. On the other hand, the quantitative prediction
of friction([55], [56]) as well as in-situ pressure[57] and temperature([56], [58], [59])
measurements are still open topics of research.

Figure 1.3-3 — Film thickness measurement through interferometry of the contact between a PMMA disc and a steel ball,
lubricated with GTL8 (10 N load, pure rolling and entrainment velocity of 1.17 m.s 1) taken from [53].

As a complement, numerical models can provide in-situ information. A result by Houpert and
Hamrock[60] is represented in Figure 1.3-4.

1.5

alb? (1—x2)1/2

L]
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.

Figure 1.3-4 — Dimensionless pressure and film thickness profiles in an EHL contact (in black), taken from [60]. The Hertz
pressure profile, which corresponds to dry contacts, is also represented as a reference (in blue).

It shows the variation of the dimensionless lubricant film thickness (noted h) and pressure
(noted p) along the direction of sliding of the solids (noted x). The dimensionless values are
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defined by using the Hertz parameters previously introduced. Multiple specificities of EHL
contacts can be noted on that Figure:

e The pressure profile of an EHL contact under rolling conditions is fairly close to the dry
contact pressure (Hertz pressure) in most of the contact region;

e The fluid at the inlet of the contact (left side) sees a steady increase of pressure. This
is commonly referred to as the pressure build-up;

e The film thickness in most of the pressurized region does not vary much (x € [—1, 1]).
As such, the central film thickness (noted h.) is often used as a simple representation
of the thickness in most of the contact;

e The fluid on the outlet of the contact (right side) sees a sudden peak of pressure
followed by a rapid depression. This feature, commonly referred to as the “pressure
spike”, is associated with the location of the minimum film thickness (noted h,,). It
marks the location of the outlet of lubricant in rolling/sliding EHL contacts. It is the
variable that needs to be compared with the surface roughness in order to determine
if there is a risk of direct contact between the surfaces.

The prediction of the film thickness in EHL contact often takes the form of semi-analytical
formulae in pure rolling conditions ([4]-[12]). They are written using the reduced parameters
in eq. 1.3-1 to eq. 1.3-5. The semi-analytical models developed by Ertel-Grubin[4], [5] and
Moes-Venner[12] are reported eq. 1.3-6 and eq. 1.3-7 respectively. They all predict film
thicknesses proportional to the entrainment velocity u, to some power.

wlP eq.

Wy = E'R1D 1.3-1

U= % :g-.z

G = aE’ 1(.35-.3

M, = % 1(.3:-.4

L=GU'/* 1.62-.5

R;D = 1.31(GU)*/*(W,) "/ Lo
RID(Z;)I/Z = 1.56(L)**° (M) 70128 ;;7-'7

where a is the pressure-viscosity coefficient of the lubricant. The viscosity dependence on
pressure is represented by a simple Barus[46] or Roelands[61] law.

Nevertheless, EHL studies extend to a wide variety of kinematic conditions other than pure
rolling conditions, where the two surface velocities may not be the same. It is therefore
important to differentiate the entrainment velocity u, from the sliding velocity us (see eq.
1.3-8). The Slide to Roll Ratio (SRR) is defined as the ratio of the sliding velocity over the
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entrainment velocity, as in eq. 1.3-9. For given entrainment velocities, EHL contacts can be
studied for a variety of SRRs([20], [51], [62]).

Us = Uy — Uy €q-
1.3-8

Ug eq.

SRR = — 139
Up 27

Because of the shearing occurring in sliding contacts, non-Newtonian and thermal effects have
to be considered. In order for computational models to represent the behaviour of these
sliding EHL contacts, it is important to transcribe the physical behaviour of the lubricant into
usable equations. That domain of study is called rheology. In 1891, Veitch Wilson[63] observed
a reduction of the film thickness but also of the friction when increasing the bulk temperature
of the lubricant in his contact. This leads to numerous questions on how the temperature of
the lubricant in EHL contacts affects its viscosity. The viscosity of some lubricants can also
depend on the shear rate they are subject to (shear thinning behaviour[64]).

In the next section, different effects are introduced to give other perspectives on film
thickness generation.

1.4 Other mechanisms for a load bearing capacity

In wind turbines or spacecraft momentum wheels, there is a need for higher radial load
bearing capacity of rolling element bearings (REB) within the same space. One solution is to
remove the cage in order to fill in more rolling elements up to full complement. The
corresponding bearings are aptly named “Full complement bearings”. In spacecraft design
where longevity is key and maintenance not an option, the lack of a cage also brings many
other benefits such as the removal of cage squeal, the increase in stability, the improved
lubrication conditions as well as the reduction of wear and fractures([13]-[16], [50]).

+
s

i
=/

Figure 1.4-1 — On the left: Side view representation of a full complement bearing. On the right: Contact between two
rolling elements.

In these bearings, two successive rolling elements come into contact. Assuming that the
contact between rolling elements and the rings are without slip, the rotational speeds of each
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rolling element are the same. Therefore, at their area of contact, the two rolling elements
have the same tangential velocities, but in opposite directions (Figure 1.4-2 on the right). This
means that there is a Zero Entrainment Velocity (ZEV) of the fluid (u, = 0, or in other words
SRR — ). ZEV contacts can be found in the cam follower/tappet contact which is
temporarily in such condition[65]. There is no oil wedge in ZEV contacts and thus the semi
analytical formulae previously described lead to a nil value of the film thickness (see eq. 1.3-6
and eq. 1.3-7). Yet, this type of contact has been shown to be able to carry a load with a full
lubrication([51], [62], [66]—[75]), since no wear is observed on the contacting surfaces.

Three phenomena other than the classical oil wedge previously described can explain a load
bearing capacity. They are introduced in the next subsections.

1.4.1 Thermal effect: viscosity wedge

Cameron[17] introduced the concept of “viscosity wedge” to link the temperature variations
in EHL contacts[63] with a change in load bearing capacity. He took the example of two solids
entering the contact at the same temperature but exiting at a higher one, similarly to the one
represented in Figure 1.4-3.

Hot

Cold
Hot Cold

4=

| Temperature gradients |

Figure 1.4-3 — Basic representation of the temperature variation of the fluid in opposite sliding.

This leads to temperature gradients in the thickness of the lubricant, and in turn, to viscosity
gradients. Cameron then explained that the arising viscosity differences lead to the generation
of pressure. Nowadays, using more sophisticated computational techniques and with the
increase of the computational power at disposal, it is possible to precisely calculate the
temperature and viscosity variations in high shearing contacts, as was demonstrated by
Cheng[76]. Such contacts are referred to as Thermal Elastohydrodynamic contacts (TEHL). For
very high sliding ratios, Chiu and Sibley[77] noted that the film thickness profiles presented
two local minimum values at the inlet/outlet of the contact. The local maximum at the center
of the contact is referred to as a “dimple”. At infinite SRR (ZEV condition), the dimple is even
more prominent([57], [67], [74]). When the solids in contact are made of the same material,
and when the contact is subjected to ZEV condition, the typical profiles of pressure and film
thickness are similar to the one represented in Figure 1.4-4 (taken from [68]).
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Figure 1.4-4 — Dimensionless pressure and film thickness profiles in an EHL contact under ZEV condition, taken from [68].
The dimensionless film thickness is described using the equivalent curvature radius of the contacting surfaces.

In this Figure, the typical dimple is visible, with two local minimum film thicknesses on the
inlet/outlet as well as a local maximum film thickness at the center. The pressure profile is
also quite different from the one in classical rolling EHL (in Figure 1.3-4), with a central
pressure exceeding the Hertz pressure.

Cameron[78] argued that to increase the temperature gradients in the contact, it was
necessary to have two different constitutive materials for both solids. This was proven to be
inaccurate by Dyson and Wilson[75] who experimented on ZEV contacts with two steel
surfaces, showing satisfactory film thicknesses. In their conclusion, they noted that ZEV
contacts were better supported for smaller surface roughness. In the late 90s, a venture made
by NASA ([13]-[16]) provided concrete evidence of the load bearing capacity of ZEV contacts
due to the viscosity wedge. In the past two decades, further progress on the numerical
techniques has led to the capacity to model ZEV contacts with even more precision. Guo et
al.[68] noted the increase of the central film thickness with the load in ZEV contacts. This
behaviour is specific to ZEV and has been shown to occur in point contact experiments and
models ([67], [74]), and numerical line contact models ([51], [62], [72]). They also highlighted
the small variations - and sometimes increases - of the minimum film thickness with the load.
In 2015, Zhang et al.[72] studied ZEV contacts with non-Newtonian rheology. Depending on
whether non-Newtonian effects were present or not, differences were noted on the values of
central film thickness, maximum temperature and friction coefficient. However, the minimum
film thickness was barely affected by those considerations. More recently, the same team
studied the behaviour of ZEV contacts at very low film thicknesses[74] and for wavy
surfaces[73].

1.4.2 Transient effect: squeeze

In full complement bearings, rolling elements accumulate under the radially loaded zone,
which inevitably leads to a rarity of rolling elements in the unloaded zone. During the rotation
of the bearing, rolling elements go in and out of the loaded zone. With no cage to ensure a
fixed separation of the rolling elements, this leads to back and forth movements between
them. Multiple other mechanisms can undergo fast normal approach between contacting
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bodies. The term “squeeze” is used to refer to the normal approach between surfaces,
displacing the lubricant separating them[18]. The study of contacts in squeeze motion can be
separated in two. If the contacting surfaces have no tangential velocity, then the contact is in
pure squeeze conditions. If there is an entrainment velocity of the solids, then the squeeze
effect must be studied along with the oil wedge (hydrodynamic entrapment).

Pure squeeze

There have been various attempts at modelling the problem of squeeze. In 1875, Stefan[79]
solved the problem of fully submerged approaching surfaces. He is the first to have developed
an equation to predict the time of sinkage in the transient contact between a flat round plate
and a smooth plane. Taylor[80] used Reynolds equation in the context of fully submerged
squeeze contact with a viscous fluid. The case of impact loading, that is when a sudden load
provokes a single normal approach, was studied by Eirich and Tabor[81]. Their model was used
to calculate the pressure, fluid flow, shear rate and temperature distributions in the contact.
A similar approach will be done in this thesis. In 1961, Christensen[82] is the first one to try to
solve the EHL problem of the normal approach between cylindrical bodies. He demonstrated
that for high loads, both the pressure dependence of the viscosity of the fluid and the elastic
displacement of the solids needed to be taken into account. His experimental results,
conducted for point contacts, were able to confirm these observations qualitatively. This work
also showed how central pressures greater than the Hertz pressure could arise in the initial
stages of the loading process. In 1970, Herrebrugh[83] and Conway[84] put the hydrodynamic
equations and the elastic displacement equations into a single integral form. This change
enabled the correct calculation of the approach velocity of the solids. Safa and Gohar[85] and
Yang and Wen([86], [87]) measured the pressure between two non-conforming surfaces
during an impact, highlighting the importance of taking the piezoviscosity of the fluid as well
as the elasticity of the solids into account to understand the squeeze problem.

From the previous remarks, it appears that an accurate representation of the squeeze
problem can be based on Reynolds equation. The variation of the viscosity of the fluid with
pressure, as well as the elastic displacement of the contacting surfaces, need to be taken into
account.

In 1967, Dowson and Jones[88] were the first ones to use interferometry techniques[54] to
measure film thickness distributions between a steel ball and a glass disc under transient
loading. Surprisingly, after the loading process was finished and the contact was then
subjected to the highest load for one minute, there was still an important amount of highly
pressurised lubricant separating the surfaces at the center even though dry contact started
occurring at the edges of the contact area. The authors reported the presence of pools of
lubricant hours after the maximum load was attained. When the contact was finally unloaded,
the pools were dispersed and the surfaces took their original shapes. This is illustrated by the
work of Nishikawa et al.[89], who experimented on point contacts in cyclic motion and were
able to measure film thicknesses through interferometry techniques. The various
interferograms they obtained for a single impact, along with the corresponding film thickness
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profiles along a single line, are represented in Figure 1.4-5. The film thickness profiles show
how the central film thickness barely varies during loading, and how the dimple is formed as
the fluid is trapped.

(1) (2) 3) (4) (5)

1.0 T T T T T

Film thickness, pm
o
(3,1

Distance, mm

(b)
Figure 1.4-5 — (a) Interferograms during a single impact at 5 different moments. (b) Film thickness profiles along a single
line for the same moments of the same impact. Taken from [89].

In 1967, Westlake and Cameron[90] studied the leakage of fluid overtime, showing how the
central entrapment reduces in size, but not in central height. The stability of the central film
thickness in pure squeeze is a topic of interest in various researches ([31], [91]-[93]). Film
thickness predictions formulae have been proposed for the simple impact configuration (see
Wang et al.([32], [94])). These semi-analytical models are able to predict the value of the
central film thickness when the plateau is reached, taking the mass of the solids into account
when solving the problem (see section 4.3.1).

Squeeze in rolling/sliding contacts

In 1963, Hays[95] used the limited computational power at his disposal to approximate the
pressure profiles in squeeze problems and then to study the effect of a variation in curvature
on the behaviour of the contact found in journal bearings. In 1964, this work was
experimentally validated by Moore[96]. In 1971, Vichard[97] confronted the EHL film
thickness analytical models to contacts where various input parameters were time dependant.
In doing so, he showed how the squeeze effect contributes to the stability of the film thickness
when present in HL and EHL contacts. In other words, transient effects tend to dampen the
variation of the film thickness compared to stationary cases.
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Most studies show that the squeeze effect acts against the changes in film thickness. This
behaviour will be a focal point in later sections of this thesis.

Squeeze and viscosity wedge effects

Most existing works including both the squeeze and thermal effects are related to gears[98]
or cam-tappet([20], [65], [99]) contacts. They show that taking the variations of temperature
in dynamically loaded systems changes the predictions of film thicknesses[100], [101].
Moreover, in the case of cam-tappet contacts where the entrainment velocity can temporarily
become nil, the viscosity wedge can have an important impact on the measurable values. To
the author’s knowledge, no work has been done on the normal approach of solids under
constant thermal ZEV condition.

1.43 Wallslip

Wall slip (also known as boundary slip) happens when the lubricant does not adhere to a
neighbouring surface[19]. This means that the velocity of the fluid near the surface is not equal
to the velocity of the solid. In EHL contacts, where the contacting surfaces are made out of
different materials, the lubricant may not adhere to both surfaces in the same way[102].
Wong et al.[103], [104] studied the behaviour of ZEV contacts between dissimilar materials.
In their studies, fluid is first entrapped by a squeeze motion between the solids, which leads
to a dimple. They then applied a tangential motion to observe the behaviour of the dimple.
These tangential motions were extremely small in order to reduce the strength of thermal
effects and isolate the effect of wall slip. They showed that under ZEV condition, the dimple
was slowly moving out of the contact center, highlighting the effect of wall slip.

In stationary conditions and for two dissimilar solids under ZEV condition, they showed that
promoting the wall slip on one of the contacting bodies by applying a surface coating lead to
the appearance of a hydrodynamic lift, even at small velocities[105], [106]. They proposed a
design for full complement bearings that run at low velocities, for which the rolling elements
are successively made out of an oleophobic surface (prone to wall slip) and an oleophilic one
(not prone to slip).

Because the present work focusses on steel/steel contacts (usually found in full complement
bearings) that present non-atomistic roughness, the influence of wall slip will not be
considered in the rest of the manuscript.

1.5 Objectives and methodology

In the roller-to-roller contact present in full complement bearings, the entrainment velocity is
nil during the entire process (ZEV). Because of that, no oil wedge is present, and the load is
supposedly only supported by the squeeze and viscosity wedge effects. The bibliographical
work shows that the load bearing capacity of both the viscosity wedge and squeeze effects is
conceptually well understood. However, no quantitative semi-analytical model currently
exists to predict the film thickness due to thermal effects under ZEV condition. Many EHL
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contacts found in applications are subjected to both the squeeze and transient effects, such
as gears or cam-tappets, but the relative influence of each effect is unclear.

The objective of this thesis is to understand how both effects can explain the film thickness
generation during an impact under ZEV condition. The literature on the squeeze effect is
already very complete when compared to the literature on the viscosity wedge under ZEV
condition. Therefore, this thesis will first focus on a quantitative approach to the viscosity
wedge bearing capacity alone, before squeeze and thermal effects are considered together.
The next chapter introduces the numerical and experimental setup used to meet the
objective.
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In this chapter, a numerical model of EHL contact under ZEV condition is presented in two
configurations: the line contact (1D) variant and the wide point contact (2D) variant. Because
thermal and transient effects are simulated, two validation steps are considered. On the one
hand, a transient isothermal problem is simulated and compared with the literature. On the
other hand, a tailored experimental procedure is developed to validate the model in stationary
thermal conditions. The experimental setup is detailed in the second section of this chapter.
The main model assumptions are discussed at the end of the chapter.

2.1 Numerical simulations
2.1.1  Modelling

This model is a continuation of the works by Raisin et al.[20] and Wheeler et al.[21], which are
themselves based on the work by Habchi[107].

Referential and coordinate system

The contact is described in a Galilean reference frame and with a Cartesian coordinate system.
Figure 2.1-1 is a representation of the contacting surfaces without any elastic displacement
and with arbitrary radii of curvatures. The solids exclusively move along the x-axis. The film
thickness is formed along the Z direction. The y-axis completes the orthonormal coordinate
system. The plane z = 0 is tangent to the undeformed surface of the bottom solid. One of the
hypothesis discussed in this manuscript consists in considering cylinder-on-cylinder contacts.
This particular case where the two solids are infinitely long in the y-dimension is called “1D”,
which is to differentiate from the general “2D” case. Time is noted by the parameter t.

=

Z‘l

Figure 2.1-1 — Undeformed contact in a Cartesian coordinate system.
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Reduced geometry

The description of the 1D variant assumes that two cylinders of curvature radii R and R1?
enter into contact. For the 2D variant, the radii are given along the x and y-axes, as noted by
the parameters R7%, R35, R7% and R5Y. Reduced radii are introduced in eq. 2.1-1:

1D 1 = 1 + 1
Lo -
R&x Ri%  R3%
(2D)
1L _1 1
R

The film thickness separating the two solids is written as in eq. 2.1-2, considering a parabolic
shape of the undeformed bodies as an approximation of cylinders (1D) and barrels (2D):

(1D) h(x,t) = ho(t) + g(x) +6(x,t)
eq.
2.1-2

(2D) h(x,y,t) = ho(t) + g(x,y) + 6(x, y,t)

where h is the rigid body separation and § is the equivalent elastic surface displacement of
both solids under the pressure distribution. The rigid solid geometry g is defined in eq. 2.1-3:

2

X
1D =
eq.
2.1-3
x2 y2
2D =
(2D) gx,y) 2R§£x+2R§é’,y

Elastohydrodynamic equations, boundary conditions and domains

In the present model, three equations constitute the basis for EHL calculations. First, the
pressure is calculated by an equation derived form of the Navier-Stokes equations called the
Generalised Reynolds equation. Second, an elastic body mechanics calculation gives the
elastic displacement of the contacting bodies. Third, an equation accounts for the load balance
of the system.
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Generalised Reynolds equation and domain

The film thickness is expected to be of a few hundred nanometres while the contact length on
the other hand is expected to be of a few hundred micrometres. Therefore, the hypothesis of
thin films is made. In addition, inertia forces and surface tension are considered negligible
with respect to the viscous forces. Moreover, there will be no boundary slip at the solid/fluid
interfaces. Finally, the flow is considered laminar. All of those assumptions lead to a reduced
form of the Navier-Stokes equations, as in eq. 2.1-4:

d eq.

Vp = 9z () 2.1-4
where T, = T,,X + 7,y and:
Ouy;
. fi eq.
Vie{x,y} 1, = nﬁ 2.1-5

where ug; is the fluid velocity in the direction i. In the 1D variant, us, = 0 and 7, = 0. The
viscosity 1 varies along the vertical axis. Considering no slip at the two solid/fluid interfaces,
the double integration of eq. 2.1-4 along z leads to:

— = r] - .
ur =Vp (IZ - éh) + [Me(uy —udl; + uq]x 2?_6
z 1 ’ _rz z ’ 1 h 1 1 h z .
where I} = [ Ty 4z and I, = Js o4z and == Jo - 4z and = Jo G 42wy s the

surface velocity of the bottom solid and u, is the surface velocity of the top solid (see Figure
2.1-2). Note that under ZEV condition, u, = —u,; = u by definition. The mass conservation in
the fluid writes as:

o olmy) _olmyy) _
E-l_ dx + dy =0 2.1-7

where Vi € {x, y}, me; = foh puysdz. p is the density of the fluid. Combining eq. 2.1-6 and eq.
2.1-7 and differentiating leads to the Generalised Reynolds equation([108]):

(9

h I} h dz’ " h
where p, = fO pdz, pe = fo (P fOZTZ) dz, pe = fo (P

— — a
Vp) —V.p - Pe -0 eq.

ot 2.1-8

e

zz'dz'
[ g,
0 7

and (g)e =L —pl, 7 = (péne(uz —Oul) + pett)
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The Reynolds domain is represented in Figure 2.1-2, named either Q%,D for the 1D variant or
Qf,D for the 2D variant. The sizes of the domains are indicated on the same Figure. At their
edges, the pressure is set to 0.

Negative values of the pressure may appear at the outlets. To counter this problem, the
penalty method, first described by Wu[109], is introduced. In ZEV, this term does not have a
significant impact on the results given the fact that pressure is generated on both sides of the
contact. It is still a useful and simple tool in the early stages of the calculation process
described in section 2.1.2.

Rheological behaviour

Highly loaded ZEV contacts exhibit high pressures, contact temperatures and shear rates [51].
In rolling EHL where these variables may vary in a similar manner [74], it is required to account
for their influence on the lubricant density and viscosity. Therefore, there is a need to
characterise those dependencies in order to predict the behaviour of the contacts. There is a
multitude of descriptive laws that can be used to represent the various lubricants found in the
market. They each have their range of uses and shortcomings that need to be taken into
account when analysing the results of the model.

Lubricant density

Murnaghan et al.[22] proposed the equation of state in eq. 2.1-9:

1 1
,T) = X
Ky Ky 2.1-9
(1 + I’ p)
M

where Ky, = Kooe PkT, with B, the temperature-density parameter. K,,, Kj, and a, are
specific parameters dependant on the modelled fluid.

This model is based on various ratios of volumes rooted in physical behaviours. However, its
complexity makes parametrisation more difficult.

Lubricant Newtonian viscosity

Barus’[46] law is often presented as the simplest description of the viscosity variation with the
pressure. It was initially used due to the computational constraints of former studies, and is
now considered obsolete when quantitative descriptions of highly loaded contacts are
required. It follows an exponential variation, as in eq. 2.1-10:

eq.
n(p) = nrexp(ap) 2.1-10

where 1y is the viscosity at the reference pressure and « is the pressure-viscosity index.
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The improved WLF[23] correlation is an alternative way to model the viscosity of some fluids,
written as in eq. 2.1-11:

—2.303 Cy(T - Tg)F>
,T) =
TI(P ) 776( C2+(T—Tg)F
where eq.

2.1-11
Ty(p) = Tgo + A1ln (1 + Ayp)

F(p) = (1 + Byp)*=

A4, A,, By, B, as well as C; and C, are the correlation parameters of the model. 7. is the
viscosity at glass transition and Ty, the glass transition temperature at ambient pressure.

Lubricant non-Newtonian viscosity

The influence of the shear stress on the viscosity is commonly considered using the Carreau
and Yasuda[24] model in eq. 2.1-12:

np,T)
n(p: T; Te) = L_
T acy n%y
(1+(z2) )
¢y 2.1-12
where

_/ 2 2
Te = [T + Tz

T4 and T, are the calculated shear stresses along the x and y-axes. acy, G¢y and ngy are
specific parameters depending on the modelled fluid.

Elastic surface displacement

Subjected to high pressures, the solid surfaces undergo non-negligible elastic displacements.
In the context of this study, isotropic materials are used and their surface displacements are
considered elastic. Similarly to Habchi[107], the total elastic displacement of both surfaces is
computed using an equivalent solid, whose elastic properties are defined as:

_ EJE;(1+v)? + EZE,(1 +v,)°

eq.

eq - > ’
(Ez(l +v) +E;(1+ vz)) 2.1-13

v _ E2U1(1 + Ul) + E1U2(1 + UZ) eq.
o E;(14+v)+E(1+0v,) 2.1-14

where E;, v4, E, and v, are the elastic parameters of both contacting bodies.
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The combined elastic displacement is calculated by a linear elastic displacement model, as in
eq. 2.1-15:

eq.

V' aelastic = 0 2.1-15

where O g1astic = Cfezastic(m) and U_(g) = {Us, Vs, W5} the unknown displacement vector. C
is the stiffness matrix (eq. 2.1-16) and &.4s¢ic the strain vector (eq. 2.1-17):

Eeq
C = X
(14 veq)(1 — 2v,q)
(1 — vgq Vegq Veq 0 0 0
Voq 1=Ueq  Ugg 0 0 0
Vegq Veq 1 — v, 0 0 0 eq.
1—-2v 3
0 0 - eq 0 2.1-16
1-2v
0 0 0 z =
1-2v
0 0 0 0 z “
( 6U5 )
0x
dVs
dy
Wy
77 0z eq.
selastic(Ué‘) = 1 oWs 0dVs ( 2.1-17
—_ + .
dy 0z
oWs aU
oWs  0Us
0x 0z
Vs oU
Vs , 9Us
\dx 0y /

In the 1D variant of the model, Vs = 0 as well as all derivatives with respect to y, which
corresponds to the plain strain hypothesis. The domain in which the elastic displacement of

the equivalent solid is calculated is represented in Figure 2.1-2. The base face/edge (Qégase

for the 1D variant and Qﬁgase for the 2D variant) is considered fixed (UT; = 0) while the value
of pressure calculated with the Reynolds equation is ascribed to Q%,D for the 1D variant and
QIZ)D for the 2D variant (0 pj4stic-Z = —pZ). The rest of the outside boundaries of the domain
are free, with G oigstic- Z = 0. The total displacement of both surfaces § (as it appears in eq.

2.1-2) is calculated as in eq. 2.1-18:

_ eq.
§ = [Wsla, 2.1-18
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Load balance equation

The load balance equation is also verified, as written in eq. 2.1-19. The rigid body separation
hy is calculated so that integral of the pressure field over the pressurised domain corresponds
to the applied load.

(1D) f pdx =w'?
Qil)D eq.
2.1-19
dxdy = w?P
oo [[pisis
p
2D 1D
1D ‘QP -ﬂ-p
‘Q'é‘ | |Elastic domain
I
: /— 12a7/ -' Reynolds boundary
I I:IBottom surface of
I the equivalent body
I 1D domain
I {le
60a :
1D 7
// 'Qe,base z
/ ‘ 60b 5
/ QZD
60a e,base R

Figure 2.1-2 — Domain of calculation for the EHL aspect. The Generalised Reynolds calculation is calculated on the domain
Q3P for the 1D variant and 03P for the 2D variant. The equivalent elastic body domain is Q3 for the 1D variant and 22°
for the 2D variant. The linear load is defined along y. As such, the 1D slice is under a pressure profile along x. This is
representative of an infinitely long problem along y.

In the time dependent studies presented in this document, the load is varied. The size of the
computational domains is adjusted to take into account the widening contacts, similarly to
Raisin[65]. Moreover, ZEV contacts have been shown to have slightly larger pressure profiles
compared to classical rolling EHL. The size of the domains in Figure 2.1-2 and Figure 2.1-3 are
chosen according to those constraints.
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Thermal model equation, boundary conditions and domain

Because of the high shear heating generated in ZEV contacts and due to the fact that the fluid
viscosity and density depend on the temperature, there is a need to model the temperature
variations in the fluid. The energy equilibrium of the system is therefore calculated, assuming
that only shear and compression heating happens in the fluid. Moreover, the transmission of
energy through radiation is omitted as convection and conduction are considered prevalent.
The temperature field is calculated in both solids as well as in the fluid thickness. As such, the
following equations will be indexed to represent the domain in which they are solved. From
bottom to top, the sub-domains indexes are:

1 forsolid 1 eq.
i =1{f forthe fluid 2.1-20
2 forsolid 2

The domains in which the energy equation is calculated are represented in Figure 2.1-3. The
labels of each sub-domain surface are not represented. The shear and compression heat
sources can be calculated in the fluid subdomain as in eq. 2.1-21:

Qs = n(Viiy)”

eq.
2.1-21
Top ,, =
QC = - ;ﬁ (Uf. Vp)
Overall the heat generated is defined in eq. 2.1-22:
_ 0 fori ={1,2} €g.
@= {QS +Q, fori=f 212
The corresponding energy equilibrium writes as in eq. 2.1-23:
aT €g.
—V(leT) + piCpi(ﬁiVT + E) = Qi 2.1-23

where k is the thermal conductivity and C, the thermal capacity.

Note: The total heat source (per unit length in 1D) is written as in eq. 2.1-24, forj = {s,c, f}:
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(10) B = f Q; dxdz

0%
eq.
2.1-24
(2D) PP = ff Q; dxdydz
0z5

Temperature is continuous in the entire domain. The heat flux is considered constant between
the fluid/solid interfaces. As such eq. 2.1-25 and eq. 2.1-26 are applied:

X oT . oT eq.
iy . =l . 2.1-25
eq.
oT . oT 2.1-26
2 0z z=h*t N faZ z=h"

A fixed temperature constraint (T = T,) is applied to the top and bottom external faces of
both solids. The same constraint also applies to the side faces where y = +6b, as well as the
side faces of the solids and fluid domains where matter enters the computation domain (i.e.
when the velocity vector is oriented towards the domain). When the velocity vector is locally
oriented outside of the contact, flux is zero, as in eq. 2.1-27.

eq.
oT 2.1-27
—| (x,y,2)=0ifus.7 >0
dx Q

where 71 is the outer-pointing normal vector to the surface.
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Figure 2.1-3 — Domain of calculation for the energy equation. The entire domain is referred to as 03P in the 1D variant
and Q2P in the 2D variant.

2.1.2 Computational techniques

Numerical process

The model described is non-linear and highly coupled. It is possible to implement a step-by-
step solver process where different equations and dependencies of the full model are
successively introduced, very similar to Raisin et al.[20]. As seen in Table 2.1-1, the initial step
serves to initialise the elastic body displacement assuming a Hertz pressure profile. In step 2,
the isothermal EHL problem is computed. In parallel, the temperature field is initialised but its
influence on p and 7 is not yet taken into account. ZEV stationary isothermal conditions lead
to no pressure generation. As such, the calculation process assumes a small entrainment
velocity in step 2 (SRR = 70%). With that same SRR, the thermal (step 3) and non-Newtonian
effects (step 4) are progressively introduced. A parametric continuation on the velocities is
done to achieve ZEV condition in step 5. This step can be used as a reference for parametric
sweeps (stationary calculations for different loads, velocities, external temperatures or other
input parameters) or transient calculations under ZEV condition.
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Step Name Fully coupled equations Loosely coupled equations

1 Hertz contact | * Elastic body displacement

* Elastic body displacement

EHL SRR = . .
2 70% Reynolds equation * Energy balance equation
* Load balance equation
* Elastic body displacement
TEHL * Generalised Reynolds
3 Newtonian equation

SRR =70% * Load balance equation
* Energy balance equation

* Elastic body displacement
TEHL non- * Generalised Reynolds

4* Newtonian equation

SRR =70% * Load balance equation

* Energy balance equation

* Elastic body displacement

TEHL non- * Generalised Reynolds
5 Newtonian* equation
ZEV * Load balance equation

* Energy balance equation

* Elastic body displacement

Parametric .
* Generalised Reynolds
study or .
6+ . equation
Transient .
* Load balance equation
study

* Energy balance equation

* Step 4 may be foregone when the fluid is considered Newtonian. Step 5 then becomes “TEHL
Newtonian ZEV”

Table 2.1-1 — Computational steps leading to a complete set of ZEV results.

Computation

All calculations are made on COMSOL 5.2. At each step of the calculation process, a Newton-
Raphson full-system approach is written for all degrees of freedom in the finite element
description. In Table 2.1-1 from step 3 onwards, the unknown values of the model are the

pressure p, the elastic displacement of the equivalent solid UT; = {Ug, Vs, W5}, the rigid body
separation hy and the temperature distribution T. The calculation time is also affected by the
calculation of the integral values I; and I, (see eq. 2.1-6). A typical TEHL ZEV stationary non-
Newtonian calculation (up to step 5) with 16 100 degrees of freedom, on a computer equipped
with a 3.5 GHz processor, takes 30 minutes. For parametric sweeps (step 6+, used to reach
new values for a chosen parameter) it takes from 1 minute (case close to the reference
calculation obtained in step 5) to a few hours (usually for extremely low film thicknesses with
high local viscosities) to obtain a result with a non-Newtonian fluid. A transient calculation
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(step 6+) with a Newtonian fluid, and with a thousand time steps takes up to one hour in
favourable conditions. All of those calculation times can vary greatly depending on the density
and viscosity model choices as well as the input parameters.

Stabilisation techniques

Given the high pressures and low film thicknesses found in EHL contacts, the Galerkin Least
Squares stabilisation technique (see Hughes et al.[110]) is implemented in the 2D model.
Because this is a residual based technique, the GLS method does not change the solution to
the problem.

The Isotropic Diffusion ([111]) is another term that is added to the Generalised Reynolds
equation to smooth out the obtained results. Contrary to the GLS technique, this term induces
small changes of the computational results. A coefficient of 0.5 is chosen to mitigate the
effects of ID and to ensure that the physical results are not influenced by it.

For more details on the implementation of those techniques, see the work by Habchi[107].
Regarding the thermal component of the model, no stabilisation techniques were employed.
Conclusion on the numerical model

The numerical model provides information on ZEV contacts in both stationary and transient
conditions. This work aims to describe wide point contacts, and the 1D and 2D variants of the
model reflect this objective. The next section will describe the experimental apparatus used
to validate the model in stationary conditions.

2.2 Experimental apparatus

The experimental validation of the thermal model in ZEV condition is done with a tribometer
developed in LaMCoS[25]. In previous studies, this test-rig was used for ball-on-plane contacts
as well as barrel-on-plane ones.

2.2.1 Description of the test-rig

The test-rig, Jerotrib, was developed in 1999 by Molimard[25] to measure film thicknesses in
EHL contacts. Since then, it has been used in a variety of applications. For example, Wheeler
et al.[26] conducted skewing experiments on wide point contacts with a glass disc. Other
works include the study of the Limiting Shear Stress by Ndiaye et al.[27]. This test-rig enables
the measurement of the film thickness separating the opaque concave surface of a solid body
and a transparent disc. It is represented in Figure 2.2-1.

In the present study, the opaque body is a steel barrel. At the point of contact with the disc,
the two radii of curvature of the barrel are R3% = 0.013 m and R3%, = 0.330 m. The contact
presents a low ellipticity ratio D = R%E/Rgg = 0.04. Along with the steel barrel, a sapphire
disc is chosen to enable optical measurements. Its thermal similarity with steel ([66], [70])

71



helps mimicking industrial applications which often involve steel on steel contacts. In order to
understand the influence of the materials of the contacting bodies, a glass disc (with a
chromium layer) is also selected for a comparative test presented in Appendix A. All surfaces
are polished in order to reach an average surface roughness of S;; < 5nm (see eq. 1.1-2,
measured over a 1 cm? area). The properties of the solids are specified in Table 2.2-1.

Note: The value of thermal conductivity k of steel is taken from the given sources([26], [27]).
Reddyhoff et al.[112] advanced a different value of k = 21 W.m™1.K~1. This difference and
the effect it has on the observed values are discussed in section 2.3.4.

Steel Sapphire
E [Pa] 210 x 10° 360 x 10°
v 0.3 0.34
p [kg.m™3] 7850 4000
Gy . kg t.K™1] 470 750
k[W.m L K™1] 46 40

Table 2.2-1 — Material properties ([26], [27]).

Unlike past studies on the Jerotrib test-rig, a new lubrication system is used in order to
lubricate both surfaces as they enter into the contact from opposite sides. Two projection
nozzles are mounted on a tube directly connected to an external bath, as can be seen in Figure
2.2-2. The temperature of the fluid is fixed in that bath, with a precision of 0.2 K (the
temperature in the contact region is not measured). To close the loop of the feeding system,
the lubricant outside of the contact is recovered through gravity, as shown in Figure 2.2-2. The
lubricant is brought to the contact thanks to a peristaltic pump. In the experiments presented
here, the volumetric flow of lubricant is fixed at 34 cL.min ™. For the entirety of these results,
the values of film thickness do not vary with a bigger flow.

The barrel and the disc are rotated by two independent servomotors, horizontally for the
former and vertically for the latter (see Figure 2.2-1). The contact is loaded by moving the
barrel and the horizontal servomotor up against the sapphire disc. A load sensor indicates the
normal contact load with a precision of up to 2.5 N. For each set of operating conditions, the
sensor is offset to 0 when the initial contact is made between the disc and the barrel. The
lubricant is a commercial turbine (Shell T9) oil used in previous studies (see [26][28]) whose
properties are detailed in Table 2.2-2. It follows a Murnaghan[22] density law (see eq. 2.1-9),
its Newtonian viscosity is described by the improved WLF[23] correlation (see eq. 2.1-11) and
its non-Newtonian viscosity follows the model proposed by Carreau and Yasuda[24] (see eq.
2.1-12).
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Cor U kg LK1 1900 C, 14.1596
Ky [W.m L K~1] 0.118 4, 188.95
pr [kg.m™3] 872 A, [Pa™1] 0.533 x 107°
Ty [K] 298 B, [Pa1] 7.37 % 102
Koo [Pa] 9.234 x 10° B, —0.6171
Ky, 10.545 Tyo [K] 204.68
a, [K1] 7.734 x 10" Do [Pa] 0
B [K1] 6.09 X 103 dy 5
ng [Pa.s] 1x 1012 Ney 0.35
C, 15.9035 Goy [Pa] 7 % 106

Table 2.2-2 — Fluid properties ([26][28]).

@ Sapphire disc @ Disc projection nozzle @ Disc servomotor = = Main line
@ Steel barrel @ Barrel projection nozzle Barrel servomotor ——— Contact zone
@ Oil bath @ Oil recovery @ Peristaltic pump mmmm Qil system

) Qil flow direction

Figure 2.2-1 — Representation of the experimental apparatus.

Figure 2.2-2 — Photo of the projection system (4) (5) and the mounted barrel (2). The disc is not mounted.
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2.2.2  Film thickness measurements

The white light Differential Colourimetric Interferometry (DCI) technique was developed on
the Jerotrib test-rig by Molimard et al.[25] and adapted to wide contacts by Wheeler et al.[26]
to measure the film thickness separating the barrel from the disc. White light is emitted from
a source and is sent through the transparent disc. In Figure 2.2-3, light rays 10 are emitted
from the top and are partially reflected at the disc/fluid interface with an intensity I11. The rest
of the signal, 12, passes through the lubricant before being reflected on the barrel surface.
These reflected rays are then again partially reflected at the fluid/disc interface. The amount
of light that passes through that interface is referred to as 3. The rest is considered negligible,
meaning that only the first reflection of light on the steel barrel is considered. The signals 11
and I3 exhibit a phase difference because of their different optical paths. Since white light is
constituted of rays of various wavelengths, constructive or destructive interferences are
observed for any phase difference. Capture of the light emitted gives a coloured map of the
contact called an interferogram.

The calibration process is done in static conditions. When a quantity of lubricant is present
between the solids in a dry contact, the film thickness measurement gives the separation of
the surfaces. This principle, described by Molimard([29], is restricted to film thicknesses lower
than 800 nm. More information on DCl and how it is performed when measuring film
thicknesses with Jerotrib can be found in the work by Wheeler et al.[26].

Note: The path of light rays trough any material depends on its refraction index. This
parameter varies with the pressure and temperature in the contact. The analysis of the
experimental data is conducted assuming that the pressure in the contact is a Hertz
distribution, and that the temperature everywhere is equal to the external temperature. This
assumption is required to ensure that the experimental results are independent of the
numerical model. Given the importance of the thermal state in ZEV contacts, this assumption
is flawed to a degree. This is be discussed in Appendix B.

Figure 2.2-3 — Visualisation of the transmission and reflection of a light ray.
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A total of 50 conditions are applied for the sapphire/steel contact, detailed in Table 2.2-3. As
was stated, a complementary glass/steel experiment is also conducted for a velocity u =
5m/s, a load w?P? = 50 N and an external temperature T, = 293.15 K (in this case, the
equivalent load per unit length is w!? = 4.6 x 10* N.m™1). For each set of conditions, 6
interferograms are captured to measure film thicknesses. The information contained in an
interferogram is detailed in the next subsection.

2D Equivalent Number of
Ty (K) u(m/s) WM | pGPO | o] e
293.15 1.77;1.99;2.26; 2.51; 2.81; 30 0.390 4.14 x 10* 14
293.15 3.16;3.54;3.97; 4.46; 5.00; 50 0.462 5.82 x 10* 14
293.15 5.61;6.30;7.06;7.92 100 0.582 9.24 x 10* 14
308.15 | {3.16;3.97;5.00; 6.30;7.92} 50 0.462 5.82 x 10* 5
323.15 {5.00; 6.30; 7.92} 50 0.462 5.82 x 10* 3

Table 2.2-3 — Sets of measurements for the sapphire disc.

2.2.3 Observed values of film thickness

Interferograms provide the values of film thicknesses in the entire contact area. At some
specific locations, the value of the film thickness has to be discussed. The interferogram shown
in Figure 2.2-4 gives the film thickness separating a sapphire disc and a steel barrel for u =
5m/s, w?P =50 N and T, = 293.15 K. The direction of sliding is marked on the left side,
and the coordinate system respects the one introduced in the model. The dotted main central
line is of particular interest as it is the location where the information should be extracted for
comparison with the 1D model. In total, four regions of interest can be highlighted in that
interferogram. They are marked by different letters:

e Mark “A”: Two lobes are observed on the left and right sides of the contact. Those side
lobes are the location of the global minimum film thickness. They dictate when the
experiments have to be stopped in order to protect the surface of the disc. These
values have already been described by Guo[70]. However, the rest of this manuscript
will focus on the central line;

e Mark “B”: A local maximum is found right at the center of the contact. It marks the
presence of a central dimple. In the rest of the document, the value of film thickness
at this location is referred to as the central film thickness h,;

e Marks “C” and “D”: Two local minimum film thicknesses can also be found along the
vertical dashed line, located close to the inlet/outlet areas of the contact. They are
noted by the letters “C” and “D” in Figure 2.2-4. Their values differ slightly from one
another ([66], [67], [70], [72], [113]) because of the dissimilarity in the properties of
the solid materials in contact. The highest local minimum film thickness is called h;},
and the lowest one is called h,,,. The average value of the two will be referred to as the
minimum film thickness and will be noted h,,.

This analysis is only applicable to steel/sapphire contacts or any two similar materials. For
steel/glass contacts, refer to Appendix A.
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Figure 2.2-4 — Interferogram obtained with a sapphire disc (Magnification X 10, w = 5m/s, w?? =50 N and T, =
293.15 K).

2.3 Model validation and hypothesis discussion

The model presented in this chapter needs to be validated. This is done in two steps: first, the
transient isothermal model is discussed with some entrainment; then, stationary thermal ZEV
conditions are analysed. After that, a number of modelling hypotheses are discussed.

2.3.1 Model validation in transient isothermal conditions

Liu et al.[114] conducted transient isothermal calculations with the parameters given in Table
2.3-1. The fluid is considered Newtonian. It follows the Dowson-Higginson[115] density law
and Roelands[61] viscosity law. The size of the calculation domain for Reynolds equation is
defined as x € [—4.5a'?, 1.5aP]. No penalisation or stabilisation techniques are employed.

DIN.m 1] 8695
Co [=] 0.1
f [Hz] 3000
RID [m] 0.004
Uy, Uy [m.s™1] 0.1
Ur [Pa.s] 0.00411
po [kg.m™3] 850
Croe [Pa 1] 21x10~°
E, E, [Pd] 2.07x10°
U1,V [—] 0.3

Table 2.3-1 — Parameters used in the calculation made by Liu et al.[114].

First, the contact is studied in transient conditions with a variation of the load as described in
eg. 2.3-1. Ten periods are calculated in order to reach a periodic state. As such, the results
presented are obtained during the last period. In Figure 2.3-1, the dimensionless pressure

(P = p/piP) and film thickness (h = h X Rég/awz) profiles are represented along x =
x/alP at four different moments (2nft = {n/2,m, 31 /2,2n} + 18m). The corresponding
values of central pressure, central film thickness and minimum film thickness are reported in
Table 2.3-2.
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eq.
wiP(t) = wiP x (1 + C,sin(2nft)) 2.3-1

For all measured values, the maximum relative difference happens for the minimum film
thickness at 2 ft = m. Indeed, there is a 2.2% relative difference between the current model
and the one developed by Liu et al.[114]. The main differences between the two models reside
in the calculation of the elastic displacement of the solids. Nevertheless, the present model is
able to represent the film thickness variations in an isothermal contact subjected to a
sinusoidal load.

1.2

~
=1

0.8 08f

~06F
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0.4

s
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i 25 -2 15 -1 0.5 0 0.5 1 1.5
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Figure 2.3-1 — Dimensionless pressure and film thickness profiles under the transient load defined in eq. 2.3-1. On the left,
the reference case defined by Liu et al.[114]. On the right, the results taken from the model introduced in this chapter.

Pe he hm
2rnft Liu Meziane Liu Meziane Liu Meziane
/2 0.99 0.99 0.55 0.55 0.45 0.45
T 1.00 1.02 0.57 0.57 0.46 0.45
3m/2 0.93 0.94 0.56 0.56 0.46 0.46
21 0.92 0.91 0.54 0.54 0.47 0.46

Table 2.3-2 — Dimensionless values of the central pressure, the central film thickness and the minimum film thickness under
the transient load defined in eq. 2.3-1. The values obtained by Liu et al. [114] are reported alongside the results taken from
the model introduced in this chapter.

Liu et al.[114] also studied the problem of a contact subjected to a sudden decrease of the
entrainment velocity from 0.1 m.s~* down to 0 (see eq. 2.3-2). The load is considered
constant during the whole process, with the value wi”. The dimensionless pressure and film
thickness profiles are represented in Figure 2.3-2 at three different moments (t; = 0 ms, t, =
0.2212 ms and t; = 0.8715 ms). The corresponding values of central pressure, central film
thickness and minimum film thickness are reported in Table 2.3-3.

0.1m.s™t fort=0 r
w® =w@= {1 252

For all measured values, the maximum relative difference happens for the minimum film
thickness at t = t3. Indeed, there is a 4.2% relative difference between the current model
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and the one developed by Liu et al.[114]. As such, the current model is able to reproduce a
contact subjected to a sudden loss of entrainment velocity.

2 T T T T T T = 2 2 —
o H(1) b - e ;
1.6F ~ \ 416 16
L4} H(12) [ 114 1af
12} "\ d12 12

20 /ll(r3) / P \| ) 1% =l

08} R \ | 4038 08

0.6 A1 \ 0.6 0.6}

04f \ 40.4 o4t

02F _ \ —0.2 0.2t /4 Y
ol————i =y 0 e . M
25 2 <15 -1 05 0 05 1 15 25 2 15 1 405 0 05 1 15
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Figure 2.3-2 — Dimensionless pressure and film thickness profiles under the transient entrainment velocity defined in eq.
2.3-2. On the left, the reference case defined by Liu et al.[114]. On the right, the results taken from the model introduced in
this chapter.

Pe h. hm
t Liu Meziane Liu Meziane Liu Meziane
ty 0.97 0.97 0.55 0.55 0.45 0.45
t, 1.20 1.21 0.55 0.55 0.36 0.36
t3 1.63 1.66 0.54 0.54 0.24 0.25

Table 2.3-3 — Dimensionless values of the central pressure, the central film thickness and the minimum film thickness under
the entrainment velocity defined in eq. 2.3-2. The values obtained by Liu et al. [114] are reported alongside the results taken
from the model introduced in this chapter.

The two transient calculations conducted by Liu et al.[114] are replicated with the current
model.

2.3.2 Experimental validation of the 2D model in stationary ZEV condition

A reference case is defined for the experiments and 2D model with a velocity of 5 m/s, a load
of 50 N and an external temperature of 293.15 K. The corresponding experimental and
numerical film thickness profiles are represented in Figure 2.3-3. The asymmetrical nature of
the results is discussed in 2.3.4.

For the 2D variant of the model, the value of central film thickness presents a 2.8% difference
with the experimental value whereas a 23.9% difference exists for the minimum film
thickness. This difference is of the same order than the ones reported in other works [26] for
classical pure rolling conditions.
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Figure 2.3-3 — Film thickness profiles for the reference case (u = 5m/s, w?? = 50 N and T, = 293.15 K), from
experiments (along the dashed line in Figure 2.2-4) and simulations. The average value for 6 interferograms is
represented. The error bars correspond to three times the standard deviation. The asymmetrical nature of the curves is
explained in 2.3.4.

2.3.3 Discussion on the 1D hypothesis

The model presented in this chapter will be used to calculate either the infinitely long cylinder-
on-plane line contact (i.e 1D variant), or the barrel-on-plane wide point contact (i.e 2D
variant). In rolling EHL, Nijenbanning et al. [30] proposed a similar approach, where the 1D
and 2D variants of their model were compared for wide point contacts. They found that in the
direction of entrainment, the film thickness found in the 2D model along the central line (y =
0) could be described by the 1D model for ellipticity ratios D < 0.1. When this condition is
met, wide point contacts can be studied along the entrainment direction as if it was an
infinitely long cylinder in the y direction. The equivalence between the two variants of the
model (1D and 2D) is assured by having the same Hertz pressure (pi” = p?P). Consequently,
an equivalent 1D approximation of the central line of the 2D wide point contact is defined:

{R;}; = E'a?P /4pEP eq.

2.33
wib = gp2P 2P /2

In 1D, the reference case has a normal load per unit length of 5.82 x 10* N.m™?, and the
equivalent radius of contact is Rég = 0.0128 m. For these reference cases, the experimental
and numerical film thickness profiles are represented in Figure 2.3-4. The asymmetrical nature
of the results is discussed in 2.3.4.

The value of central film thickness presents a larger difference (28.3 % deviation) than for the
2D variant. On the other hand, the numerical minimum film thickness is only 3.3% higher than
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the experimental one, with b, and h;,, being 0.2% and 6.9% larger respectively. These results
are especially good with respect to the other variant of the model.
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Figure 2.3-4 — Film thickness profiles for the reference case (u = 5m/s,
wil =582 x 10* N.-m™ ! and Ty = 293.15 K), from experiments (along the dashed line in Figure 2.2-4) and
simulations. The average value for 6 interferograms is represented. The error bars correspond to three timse the
standard deviation. The asymmetrical nature of the curves is explained in 2.3.4.

For the 50 cases studied, the minimum film thickness is predicted by the 1D variant of the
model with an accuracy between 0.2% and 23.5%, with the worst cases found at high
external temperatures. The experimental values of central film thicknesses may be different
when taking the variations of the refraction index into account, which is discussed in Appendix
B. In the rest of the document, the 1D variant of the model will be retained both for its ability
to predict the minimum film thickness, but also for the reduced calculation times it provides.
In the next subsection, the influence of the thermal properties of the solids is discussed.

2.3.4 Discussion on the material properties of the solids

Differences between experimental and numerical results are here discussed with respect to
the solid materials. First, the value for the thermal conductivity of steel is questioned. Second,
the influence of having a sapphire surface instead of steel is discussed. Last, the steel on steel
case is compared to the sapphire on steel one.

Thermal conductivity of steel

The thermal conductivity k of AISI 52100 steel has been a topic of discussion by various
researchers. The classical value given in the literature is k =46 W.m 1. K~ 1[26].
Reddyhoff[112] argues that the thermal treatment change its valueto k = 21 W.m™1. K~ 1.
The influence of the choice of thermal conductivity on the minimum and central film
thicknesses is studied by comparing the results labelled “Numerical 1D — Steel(46)/Sapphire”
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with “Numerical 1D — Steel(21)/Sapphire”. The legends indicate the detail of each result
(Experimental or numerical) as well as the duet of solids in contact. The properties of
“Sapphire” and “Steel(46)” are all listed in Table 2.2-1. “Steel(21)” possesses the same
properties as “Steel(46)” expect for k = 21 W.m™ 1. K~ L.

Between the two numerical curves, the relative difference is 3.0% for h,, and 1.4% for h,.
This small difference is an indication that this property does not significantly alter the results
and that the current choice (k = 46 W.m™1. K~1) is representative of the steel barrel.
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Figure 2.3-5 — Experimental or numerical 1D film thickness profiles obtained for the reference case (u = 5 m/s, w'P =
5.82 x 10* N.m™! and T, = 293.15 K) for different descriptions of the steel.

Impact of material dissimilarity

The validation of the model is made with steel-on-sapphire contacts for experimental
purposes. In later sections of this thesis, steel-on-steel contacts will be the focus. Itis therefore
necessary to understand the differences between the two configurations. As was observed in
section 2.3.2, there is a difference between h;, and h;;, when the contact is between steel and
sapphire. This can be seen numerically and experimentally for the steel-on-sapphire contacts
in Figure 2.3-6 and Figure 2.3-4. For the reference case, the relative difference between h},
and h;,, is 4.0% experimentally and 11.3% numerically. The average value between h;}, and
h,,, called h,,, will therefore be used primarily in the rest of this document to describe the
minimum film thickness. For the steel-on-steel configuration in Figure 2.3-6, the film thickness
is perfectly symmetrical. This result is expected given that the problem is now asymmetrical.
Moreover, the film thickness profile obtained for two steel surfaces is very reminiscent of the
numerical one obtained with a sapphire disc. There is a 7.82% relative difference for h. and
a 0.63% one for h,,. This means that the validation of the model with a sapphire disc can
confidently be extended to steel-on-steel contacts.
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Figure 2.3-6 — Numerical 1D film thickness profiles obtained for the reference case (u = 5m/s, w'? = 5.82 x 10* N.m™!

and T, = 293.15 K) with a variety of solid combinations.

2.4 Conclusion

In this chapter, the numerical and experimental tools used for the study of ZEV contacts are
described. Two variants of the same numerical transient thermal EHL model are presented.
They enable the calculation of the film thicknesses as well as numerous local quantities in ZEV
wide point contacts. The less time-consuming variant assumed an infinitely long cylinder
equivalent to the highly elliptical barrel typically found in applications.

After necessary modifications, a tribometer provides the measurements of film thicknesses in
barrel-on-plane ZEV contacts. The thermal similarity of sapphire with steel enables optical
interferometric measurements while ensuring a quasi-symmetry of the film thickness typically
found in steel/steel contacts. The 1D variant of the model predicts the experimental minimum
film thickness with great accuracy. However, the central film thickness prediction is less
accurate.

This experimental validation of the thermal aspect of the line contact model is done in
conjunction with a numerical validation of the transient aspect. The 1D variant of the model
will be used in the next chapters for the more extensive study of ZEV contacts.
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Chapter 3.

Stationary TEHL ZEV contact

3.1 Local description of the viscosity wedge phenomenon ..........ccceecuveeeiiiciiieiinciieeenns
3.1.1 Antisymmetric configUration ........ooccveiiiiiiiie i
3.1.2 Asymmetric CONFIGUIatioN ........uiiiiiciiiei e

3.2  Influence of the operating coNditioNS .......cuueiiirciieiiiciee e e
3.21 Influence of the VEIOCITY......coiiviiiiieie e
3.2.2 Influence of the velocity for various contact loads.........cccceeeeeieicciiiieeiieeeeens
3.2.3 Influence of the velocity for various external temperatures........ccccceeeevvveeennns
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In this chapter, Zero Entrainment Velocity wide point contacts are studied in stationary
conditions in the EHL regime using the 1D model. This chapter is divided into two parts. First,
the generation of pressure in ZEV contacts is explained through the viscosity wedge principle
by linking the various dependent variables in the system. Second, a dual numerical-
experimental study is presented in order to show the influence of various operating conditions
on the film thickness under ZEV condition[116].

Note: In the following sections, the notions of inlet and outlet are used. Due to the opposite
sliding in ZEV contacts, there is an inlet and an outlet for each solid. As such, the inlet of one
solid is in close proximity to the outlet of the other solid. In addition, the term “outside of the
contact” will be used to refer to any event occurring at |x| > a'.

3.1 Local description of the viscosity wedge phenomenon
3.1.1 Antisymmetric configuration

The numerical model is exploited to understand the physics at stake and evaluate local
guantities. In this section, the cylinder-on-plane contact is studied. The surfaces are made out
of steel. As described in Chapter 2, the lubricant chosen is the Shell T9. It follows the
Murnaghan[22] (eq. 2.1-9) density law, the modified WLF[23] (eq. 2.1-11)
pressure/temperature viscosity correlation and the non-Newtonian formulation by Carreau-
Yasuda[24] (eq. 2.1-12). The solid and fluid properties are found in Table 2.2-1 and Table 2.2-2
respectively. The external temperature is T, = 293.15 K, the equivalent contact radius R =

1

0.0128 m, the velocity u=2m.s™! and the normal load per unit length w'P =

58198 N.m™ L.
Compression heat source

Because the viscosity wedge is a thermal process, it is important to first investigate how heat
is generated in the contact. The ratio between the total heat source per unit length generated
through compression PP over the total heat source per unit length generated Ple (absolute
values) is less than 0.01%. As such, it is possible to explain the viscosity wedge process by only
studying the shear heat source.
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Figure 3.1-1 — Profiles of various dependent variables in the
contact at 2 m.s~ 1. (a) Shear rate. (b) Shear heat source.
(c) Temperature. (d) Viscosity. (e) Shear stress. The vertical

lines mark the location of a*”.
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Shear rate

The shear rate profile (y) is represented in Figure 3.1-1(a). The maximum value
(2.73 x 107 s71) is observed at the center of the contact. High values are also present along
the horizontal central line (z = h/2) as well as under the location of minimum film thickness
(x = +£0.77a'P).
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Shear heat source

The distribution of the shear heat source is represented in Figure 3.1-1(b). In 1D, the shear
heat source is the product of the shear rate times the viscosity. Given that the pressure is
much more important at the center of the contact, it is assumed that the viscosity is far more
important at the center of the contact than at the location of minimum film thicknesses. As
such, the maximum shear heat source (5.41 x 10** W.m™3) is found where both the shear
rate and the pressure are high, right at the center point of the contact. Outside of the

deformed area, the shear heat source stays below 1 x 10** W.m™3.

Temperature

The temperature distribution is represented in Figure 3.1-1(c). As was just seen, the shear heat
source is maximum at the center of the contact (x = 0, z = h/2). Due to the antisymmetric
nature of the contact, the fluid velocity at that point is equal to zero. Therefore, while a lot of
heat is generated at the center of the contact, the convection term in the energy equation is
zero. Moreover, the boundary conditions of external temperature imposed at a depth into the
solids means that heat is conducted from the lubricant to the solids. As such, the fluid is less
hot towards the solid/fluid interfaces. The lack of convection at the center of the contact
added to the conduction of heat from the fluid to the solids mean that the maximum
temperature (372.3 K) is found at the center of the contact.

Due to convection, the hot fluid around the center is entrained towards the outlets of the
contact. As such, for any line L such as z = yh with y € [0, 1], the maximum temperatures are
shifted towards the outlets. The position of the maximum temperature along any line [ is
represented by the black dotted line. Gradients of temperature (see eq. 3.1-1, shown in Figure
3.1-2) between the two opposite surfaces can therefore be observed. In the present case, the
maximum temperature difference is found at x = +0.52a'?.

AT(x) = T(x, k) — T(x,0) 11

20 T T T T T T T T T T 250
O-AT
—A-A g 1200
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Figure 3.1-2 — Temperature and viscosity differences between the two interfaces at 2 m.s™1. The vertical lines mark
the location of a'P.
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Viscosity

The maximum values of viscosity are found where the pressure is high and the temperature is
low, which is close to the coordinates (0,0) and (0, h) in Figure 3.1-1(d). Because of the
antisymmetric nature of the problem, the pressure profile is symmetrical around the z-axis.
As such, only the temperature can induce vertical viscosity differences (see eq. 3.1-2,
represented in Figure 3.1-2) between the lines z = hand z = 0.

An(x) =n(x,h) —n(x,0) 3.62-.2

Shear stress

The product of the shear rate with the viscosity, i.e. the shear stress, is represented in Figure
3.1-1(e). Because of the thin film hypothesis made in section 2.1.1, it is possible to assume
that the pressure does not vary along the z-axis. As such, in 1D, the averaging of eq. 2.1-4 leads
to eq. 3.1-3:

ap 1 (hop 1 (Momy) .  (mn— @¥)e _ AMY) ed-
—=—| —dz=- dz = = 3.1-3
ox hJ, ox h), oz h h

where y = 0(uy,)/0z is the shear rate.

The vertical gradient of shear stress explains the generation of pressure in the contact. The
isolines represented provide a visual representation of this gradient.

Pressure

The pressure gradient as well as the pressure are represented in Figure 3.1-3, along with the
corresponding Hertz profiles. The maximum pressure gradient is found at x = +0.40a'P.
Because of this proximity to the contact center, the pressure in the periphery of the contact
(0.40a'? < |x| < a'P) is lower than the Hertz distribution. For a constant load, this is
compensated at the center of the contact where the pressure is 1.77 times higher than the
Hertz maximum pressure. This specificity has been observed by other authors ([68], [70], [72],
[113]). It should be an important concern when designing practical applications or
experiments and when using viscosity models that are not suited for high pressures.
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Figure 3.1-3 — Pressure and pressure gradient at 2 m.s~" and the reference Hertz dry contact.

The pressure distribution can be separated in three regions described in eq. 3.1-4. ,, , stands
for the outside of the Hertz area, {1, ,, is at the periphery of the contact and (1, ; is the central
region. In each region, the relative contribution €|y of any subdomain Q to the total load
bearing capacity can be calculated as in eq. 3.1-5.

Qo for |x| > a'?;
Q=1{Q,, for0.40a'’ < |x|<a'’ :;’_'4
Qi for |x| < 0.40a'?
— fgp dx eq.
Cla = “wiD 3.1-5

Note: By definition Q) = Q5 + Qpp + Qpy, Clo, = 1.

The corresponding values are reported in Table 3.1-1, for both the Hertz pressure profile and
the pressure profile in ZEV. The Hertz profile is classically chosen as a reference in the case of
rolling EHL contacts.

Region
QP,O Qp,p Qp,i
Pressure Hertz 0% 50.4% 49.6%
distribution ZEV 2.0% 22.1% 75.9%

Table 3.1-1 — Relative contribution (in %) to the load bearing capacity C|,, for the pressure distribution as defined by
Hertz[47] and the one calculated under ZEV condition.

In the ZEV case, 2.0% of the load bearing capacity is built-up in region (,, ,. As was previously
seen, the existence of a pressure gradient (in blue in Figure 3.1-3) can only be attributed to
temperature gradients across the film thickness, since no pressure gradient exists in the Hertz
definition. This means that non-negligible temperature differences exist outside of the
contact.
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In region (), ,,, the contribution to the load bearing capacity is 28.3 points lower than in the
Hertz distribution. As such, in region (), ;, the load bearing capacity under ZEV condition is
26.3 point higher than in the Hertz distribution(28.3 — 2.0 = 26.3). This corresponds to the
shape of the pressure gradient, which attains its maximum at x = +0.40a'® whereas the
maximum pressure gradient is attained at x = +a'? in dry contacts (Hertz distribution). In
ZEV condition, the high central pressure causes an important displacement of the solids
(maximum displacement 8,4, = 2.19 um), localised at the center of the contact, which
explains the observation of a dimple film thickness profile.

Figure 3.1-4 shows the couplings between the various dependent variables in the system. It
highlights how the different control parameters can influence the dependant variables.
Moreover, the complex behaviour of ZEV contacts can be inferred from the multiple coupling
between variables.

wll eep hy 5 <« Ev — Direct link
|7t
R—> h -»0p -=-» Non-linear equation
U =—p V =T, — Dependent variables
Qs e 7 — Control parameter

5_] N
wk,Cpp > T Rheology

Figure 3.1-4 — Different links between the control parameters and dependent variables in ZEV contacts.

To summarise, in the ZEV case, hot fluid is generated at the center due to high shearing. The
hot fluid close to the surfaces is entrained by them outside of the contact creating vertical
temperature differences and by extension viscosity differences. The viscosity differences are
magnified closer to the center where the pressure is higher. The maximum pressure
generation happens quite close to the center of the contact. To respect the load balance of
the system, this leads to very high central pressures. The subsequent high elastic surface
displacement at the center explains the observed dimple.
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3.1.2 Asymmetric configuration

To explain the small asymmetry observed in the experimental and numerical results presented
in Chapter 2, the temperature distribution obtained numerically for the steel/sapphire pairing
is plotted in Figure 3.1-5, with h;,, and h;, on the left and right respectively.

x107 |

ol
5
4
3
2
A
Eo
>1
-2
-3
-4

-2 -1 0 1 x1074
X [m]

Figure 3.1-5 — Temperature variation in the fluid and solids for the reference case (u = 5 m/s, w'P = 582 x 10* N.m™!
and Ty = 293.15 K). The equivalent body displacement is assigned to the top solid (steel). The bottom solid (sapphire) is
considered rigid.

Because of the boundary conditions applied to the thermal model, the fluid enters the contact
on both sides at the external temperature, as indicated by the mentions “T,,”. Multiple steps
explain the viscosity wedge process, similarly to the previous section:

e The top surface moves from the left to the right and the bottom surface moves from
the right to the left;

e There is an important shear heat generation in the contact, with a total heat source
per unit length generated (eq. 2.1-24) of P} = 14372 W.m™;

e The fluid temperature rises significantly, with a maximum and central temperature
increase of 94 K;;

e The hot fluid at the center is driven out of the contact on both sides, creating
differences in temperature between the inlet and outlet fluid;

e These temperature differences lead to viscosity gradients, themselves causing the
generation of pressure.

The temperature and viscosity differences AT and An between the two solid/fluid interfaces,
as defined in eq. 3.1-1 and eq. 3.1-2, are plotted in Figure 3.1-6. Pressure generation is
proportional to the viscosity times shear rate difference between the two surfaces, which
explains how the viscosity wedge is responsible for a load bearing capacity. This equation also
gives indications as to why the film thickness is asymmetrical in the sapphire/steel
configuration. Because the thermal characteristics of both solids differ, heat is not exchanged
at the same rate at each fluid/solid interface. Indeed, for the reference case, a power per unit
length of 7285 W /m is being evacuated through the fluid/steel interface while 7055 W /m is
transferred through the fluid/sapphire interface. The maximum temperature on each
interface is 316 K for the top surface and 321 K for the bottom one, as seen in Figure 3.1-5.
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An, which is magnified closer to the center due to high pressures, also show differences. The
maximum value of An on the left (48.2 Pa.s) is indeed higher than on the right (7.0 Pa.s).
With more pressure generated on the left side of the contact, the pressure and displacement
profiles are slightly shifted to the right. This explains the asymmetry observed in the film

thickness.
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Figure 3.1-6 — Numerical temperature and viscosity differences between the two interfaces, in the reference case (u =
5m/s, w® =582 x 10* N.m~' and T, = 293.15 K), for a steel on sapphire contact.

3.2 Influence of the operating conditions

In this section, the influence of the operating conditions on the film thickness in stationary
EHL contacts under ZEV condition is discussed. The experimental configuration described in
Chapter 2 is studied here. The industrial lubricant T9 follows the Murnaghan[22] (eq. 2.1-9)
density law, the modified WLF[23] (eq. 2.1-11) pressure/temperature viscosity correlation and
the non-Newtonian formulation by Carreau-Yasuda[24] (eq. 2.1-12). Table 2.2-1 gives the
values of the parameters for the steel and sapphire solids. Table 2.2-2 gives the values of the
parameters for the fluid. The study focusses on the influence of the velocity, load and external
temperature on the minimum and central film thicknesses. All cases are reported in Table
2.2-3.

3.2.1 Influence of the velocity

Under the hypothesis discussed in Chapter 2, the 1D model is used to calculate an
approximation of the film thickness. The imposed normal load per unit length is w'P =
5.82 x 10* N.m™! (which corresponds to w?? = 50 N) and the external temperatureis T, =
293.15 K. The minimum imposed surface velocity is chosen to preserve the disc from damage
and the maximum value is imposed by the servomotors. The numerical model is used to reach
higher velocities up tou = 17.7 m.s™ 1. The variations of the experimental and numerical (1D
model), central and minimum film thicknesses with the velocity are represented in Figure
3.2-1. The relative difference between the numerical and experimental results are between
0.3% and 11.6%. As such, the 1D model enables the accurate prediction of the minimum film
thickness. The results show an increase of the minimum film thickness with the surface
velocity up to u = 10 m/s. Similar observations have been made by previous authors
([68](67][51][72]).
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Figure 3.2-1 — Central and minimum film thickness variation with the surface velocity at wP = 5.82 x 10* N.m~! and

Ty = 293.15 K. In the experiments, the standard deviation is represented by the black brackets.

The temperature difference between the sapphire disc and the steel barrel is represented in
Figure 3.2-2, thanks to the numerical model. At u = 1.77 m.s~ ! and u = 7.92 m.s7}, the
maximum temperature difference is found at x = —34 um and at x = —65 um respectively.
This is due to the increase in the convection term of the energy equation with the velocity.
Similarly, the maximum pressure gradient is found further away from the center of the contact
at higher velocities, as shown in Figure 3.2-2. Indeed, the maximum pressure gradient at
1.77 m.s™! (with a value of 2.1 x 103 Pa/m) is found at x = —34 um, whereas at
7.92 m.s™1, the maximum value (9.0 x 102 Pa/m)is located atx = —62 pm. To summarise,
the increase of the minimum film thickness with the velocity is linked with a wider pressure
generation, which is due to the increase in the convection of fluid.
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Figure 3.2-2 — Temperature differences (in red, left axis) between the two interfaces and pressure gradient (in blue, right
axis) in the fluid at wiP = 5.82 x 10* N.m~ and T, = 293.15 K, for two different surface velocities.

Regarding the central film thickness, absolute differences of up to 130 nm are observed in
Figure 3.2-1. They correspond to relative differences between 14.2% and 28.1%. As was
discussed in Chapter 2, the 1D model is better able to capture the value of minimum film
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thickness than the central one. Despite these differences, the velocity has a small influence
on the central film thickness for both the experimental and numerical data. This result is
reminiscent of the conclusions made by other authors([68][67][51][72]). As was discussed for
the minimum film thickness, the generation of pressure happens closer to the center of the
contact at lower velocities. With respect to eq. 2.1-19, the central pressure is therefore higher
at lower velocities, as shown in Figure 3.2-3. Indeed, at 1.77 m. s~ 1, the central pressure is
0.79 GPa when it is only 0.48 GPa at 7.92 m.s™ %, a 64% difference. This increase of the
central pressure is directly related to a higher central displacement of the solids, with a 8%
increase between 1.77 m.s~! and 7.92 m.s 1. This variation is accompanied by an increase
of the rigid body separation by 11%. The two variations, being very similar, lead to an overall
small variation of the central film thickness with the velocity.
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Figure 3.2-3 — Pressure profiles at w'P = 5.82 x 10* N.m~' and T, = 293.15 K, for three different surface velocities.

The cases calculated with high surface velocities(Figure 3.2-1) show that the central and
minimum film thicknesses predicted by the 1D model become the same. This is indicative of
the disappearance of the dimple. In Figure 3.2-3 at 17.7 m.s~ 1, the pressure profile is the
widest and the central pressure the lowest. This leads to lower elastic surface displacement
of the contacting bodies, which explains the disappearance of the dimple. At higher surface
velocities, a decrease of the central/minimum film thickness is also observed. For more
information on the behaviour of ZEV contacts at extremely high velocities, see Appendix C. In
rolling EHL theory([10][11]), power law descriptions are often used to predict the minimum
film thicknesses separating solids (see eq. 1.3-6 and eq. 1.3-7). Using the experimental data
between 1.77 m.s~ ! and 7.92 m.s™1, a least square power law approximation is defined in
eq. 3.2-1. It shows a good correlation for the velocities in the experimental data, however, it
is unable to fit the numerical data at high velocities.

eq.

X uayn,power
3.2-1

— hu
hm,power = hm,power

where uisinm.s™1, hipower = 128.74 nm and ap, power = 0.51.
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To describe the plateau observed at high velocities, another approximation is introduced:

eq.

hm,sa = hyn,sa X (1- exp(_u/ugn,sa)) 322

where hi ¢, =345nm and u¥ ;, =2.8m.s™!

, Which respectively represents the film
thickness plateau at high velocities and the inverse of the exponential decay constant. These
values depend on the other parameters in the system, such as the load. This description better
fits the data (the maximum relative difference with the numerical results is 5.7%, and 8.2%
for the experimental results) and only relies on two parameters. However, a complete

prediction of the minimum film thickness would require a far broader parametrical study.
3.2.2 Influence of the velocity for various contact loads

The influence of the surface velocity on the central and minimum film thicknesses is
represented in Figure 3.2-4, both numerically and experimentally for three different loads.
The load per unit length (1D) corresponds to the experimental load (2D) (see eq. 2.3-3).
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Figure 3.2-4 — (a) Central and (b) Minimum film thickness variation with the surface velocity for different loads at T, =
293.15 K. In the experiments, the standard deviation is represented by the black brackets.
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The relative difference between the experimental and numerical data is between 14.2% and
34.8% for the central film thickness and between 0.3% and 15.5% for the minimum film
thickness. The minimum film thickness variation is quantitatively well predicted, whereas the
calculations only qualitatively resemble the experimental results for the central film thickness.
At low load, the central film thickness slightly increases with the surface velocity, whereas at
high load the general trend is a global decrease of h.. An increase of the contact load leads to
an increase of the central and minimum film thickness, which is in opposition with the
conclusions found in rolling/sliding EHL studied. Previous authors have found similar results in
ZEV condition for both line contacts (numerical work only) [51] and point contacts[72]. At
1.77 m.s™ 1, there is a 5.8% increase of the minimum film thickness between 30 N and 100 N
and at 7.92 m.s ™1, the increase is 8.9%. This shows the low influence of the applied load on
the minimum film thickness in ZEV velocity contacts compared to other control parameters.

Figure 3.1-4 shows the links between the different variables in the system. It is possible to
appreciate the influence of a change in applied load on the state of the contact. An increase
of the load leads to an increase of the pressure. This leads to a higher fluid viscosity, and as
such, to a greater amount of total heat source (P1? = 11492 W.m™! at 30 N and PP =
19317 W.m™! at 100 N). The strong shear heat generated at high loads lead to higher
temperatures at the center of the fluid. Greater temperature differences arise between the
contacting surfaces, enhancing the viscosity wedge effect (14.8 K at 30 N and 22.5K at
100 N).

As shown in eq. 2.1-2, the film thickness is the sum of three terms: the rigid body separation
ho(x), the rigid solid geometry g(x) and the elastic surface displacement §(x). These three
terms are represented in Figure 3.2-5. On the left side of the Figure (for x < 0) the lines show
the results for a load per unit length w'? =41 kN.m™! (which is equivalent to the
experimental contact at w?? = 30 N). On the right, the load per unit length is w'P =
92 kN.m™?! (equivalent to w?P = 100 N). This representation illustrates the influence of the
load on the three constitutive terms of the film thickness. First, as the load increases at u =
5m.s~1, an increase of the load corresponds to a decrease of the rigid body separation h,
from —0.86 pym at 30 N to —2.07 uym at 100 N. Second, an increase of the load leads to a
wider contact. As such, the location at which the minimum film thickness is observed
increases. In Figure 3.2-5, the positions at which the minimum film thickness is observed are
|x41] = 0.05 um and |xg;| = 0.09 um for the two loads. This induces an increase of the
geometrical term g(x) in the film thickness calculation, from 0.11 pm at 30 N to 0.27 um at
100 N. Third, stronger elastic displacements of the solids are seen with an increase of the
load. Therefore, the displacement § at the location of minimum film thickness increases with
the load (1.03 ym at 30 N and 2.11 ym at 100 N). When summed together, those three
terms compensate each other, which explains the small variations (and even increase) of the
minimum film thickness with the load.
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Figure 3.2-5 — Geometrical term g(x), elastic displacement 5(x), rigid body separation hy atu = 5m.s™*and Ty =
293.15 K. On the left w'P = 41 kN.m™! and on the right w'P = 92 kN.m™. For each load, the position of the local
minimum film thickness is noted by the labels “x,,” and “xq,” respectively.

Using the formula present in eq. 3.2-2, the values of hy, ¢, and uy, 5, are determined as a
function of the load. Complementary calculations are conducted, so that five loads are swept
with twenty-one different velocities. All cases are reported in Table 3.2-1.

Equivalent
2Dy GP
u(m/s) w ( ) ph( CL) WlD(N.m_l)

4
1.77:1.99: 2.26; 2.51; 2.81; 10 0.270 1.99 X 104

3.16;3.54;3.97; 4.46; 5.00; 20 0.340 3.16 x 10
5.61;6.30; 7.06; 7.92; 8.89; 30 0.390 414 x 10*
9.98; 11.19; 12.56; 14.09; 50 0.462 582 x 104
15.09; 17.74 100 0.582 9.24 x 10*

Table 3.2-1 — Sets of calculations for the sapphire disc (105 total cases).
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Figure 3.2-6 — Values of hi;, s, and uyy, 54 as a function of the load.

Figure 3.2-6 presents the variation of hy, 5, and uj, 54 as functions of the load. The prediction
formulae of these two values are given in eq. 3.2-3 and eq. 3.2-4.
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eq.

u o puw 1DNam%W
hisa = Rpsq X (WH7)%msa 3.2-3
W1D eq.
uw
u}‘n’sa = Upsa X 1+ exp —W 3.2-4
m,sa

where w'P is in N.m™1. Also, hy;'eq = 69.8 nm, ap'sq = 0.146, uy'e, = 2.74m.s~* and
Wy sa = 14695 N.m™* are a priori all functions of the rest of the input parameters in the
system.

Figure 3.2-7 shows the semi-analytical prediction developed in the two previous sections
along with the experimental and numerical data. The coefficient of determination for the
experimental dataset is Rz = 0.96; for the numerical dataset, it is R;* = 0.98. For low loads
and low velocities (W' = 19904 N.m~'and u < 2.233 m.s™1), there is a significant relative
difference between the results from the model and the semi-analytical formula (> 10%
relative difference). For the rest of the tested parameters, the relative difference is below
6.15%. Note that the present formula is written for a given fluid (Shell T9), between a steel
and sapphire surface of equivalent radius Rz = 0.0128 m and for Ty = 293.15 K. As such,
all parameters given in eq. 3.2-3 and eq. 3.2-4 may vary depending on the calculation case.

]
m,sa
X
-]
u:ln,scr.
0.1
0.1 1 10
Semi-analytical model ¥ Numerical - 20 kN/m Numerical - 32 kN/m
B Numerical - 41 kN/m ® Numerical - 58 kN/m A Numerical / 92 kN/m

O Experimental - 41 kN/m O Experimental - 58 kN/m A Experimental - 92 kN/m

Figure 3.2-7 — Ratio of the film thickness over the value of hy;, 54 as a function of the ratio of the velocity over uy, qq.

3.2.3 Influence of the velocity for various external temperatures

The influence of the velocity on the central and minimum film thickness is also investigated
for various values of T, (T, € {293.15; 308.15; 323.15} K), as shown in Figure 3.2-8.
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Figure 3.2-8 — (a) Central and (b) Minimum film thickness variation with the surface velocity for different external
temperatures at w'P = 5.82 x 10* N.m™1. In the experiments, the standard deviation is represented by the black
brackets.

Both the central and minimum film thickness decrease with the external temperature.
Consequently, in order to stay in the full film lubrication regime, the experiments at high
temperatures are stopped before reaching 1.77 m.s™! (At 3.16 m.s~ ! for 308.15 K and
5.00 m.s™! for 323.15 K). Similarly to previous results, the central film thickness estimated
by the model is lower than the experimental one. The highest relative differences between
the experimental and numerical minimum film thickness measurements are 11.6%, 22.2%
and 23.5% at respectively 293.15 K, 308.15 K and 323.15 K. An increase of the external
temperature leads to a decrease of the ambient viscosity from 0.020 Pa.s at 293.15 K down
to 0.006 Pa.s at 323.15 K. The viscosity differences between the two solids are therefore
more important at low external temperatures, as can be seen in Figure 3.2-9. Indeed, the
maximum value of An is 48.2 Pa.s at 293.15 K and 4.2 Pa.s at 323.15 K. These maxima are
found further away (8.62 um to the left) from the contact center at 293.15 K than at 323.15
K (4.32 um to the left). This corresponds to a wider pressure gradient profile at lower external
temperatures, as represented in the same Figure.
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in the fluid at u = 5 m/s and w'P = 5.82 x 10* N.m™%, for two different external temperatures.

The pressure profiles in both cases can be found in Figure 3.2-10. In order for the load balance
equation to be respected, the wider pressure generation leads to a lower central pressure.
Indeed, the central pressure is 5.62 X 108 Pa at 293.15 K and 7.05 X 108 Pa at 323.15K, a
25% increase. Consequently, the central displacement §(x) is larger for hotter contacts
(1.62 ym at 293.15 K versus 1.68 um at 323.15 K). However, this increase is too small
compared to the decrease of the rigid body separation(1.27 wm at 293.15 K versus 1.43 um
at 323.15 K). This explains why the central film thickness decreases with the temperature.
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Figure 3.2-10 — Pressure profiles at u = 5 m/s and wP = 5.82 x 10* N.m™1, for two different external temperatures.

3.3 Conclusion
It is possible, using the model, to understand how heat is generated in ZEV contacts, and in

turn, how temperature differences rise between the contacting bodies. Given how
temperature and viscosity are related, the viscosity wedge process can be explained in the
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context of Zero Entrainment Velocity. High temperature differences exist within the contact
area, which is linked to high pressure gradients quite close to the center. These ultimately lead
to a very high pressure at the center of the contact, causing the dimple.

A dual experimental-numerical study of ZEV contacts in stationary conditions is conducted to
establish the influence of the surface velocity, the contact load and the external temperature
of the central and minimum film thicknesses.

An increase of the surface velocity leads to an increase of the minimum film thickness up to a
limit value. The increase is explained by the rising thermal wedge. However, high velocities
are synonymous of wide pressure generations, which means less pressure in the contact area.
An exponential model is able to reproduce this behaviour for the velocities tested.

An increase of the contact load leads to an increase of the film thickness. This behaviour is
counterintuitive when compared to rolling EHL, but can be explained by the fact that high
loads lead to strong elastic surface displacements. The semi-analytical model is adapted for a
range of loads, and shows a good agreement with the numerical results. However, it should
be noted that the range of utilised parameters (load and velocity only) disable the generality
of this model since the temperature, materials and geometry are fixed.

Finally, the influence of the external temperature is the same in ZEV as it is in rolling EHL.
Indeed, an increase of the external temperature leads to a decrease of the film thickness.
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Chapter 4. Squeeze and thermal effects in wide ZEV
contacts subjected to varying loads
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In stationary conditions, the load bearing capacity of ZEV contacts stems from the presence of
temperature gradients across the lubricant thickness. In the case of full complement bearings,
ZEV contacts happen in a time dependent environment where two cylinders undergo transient
loadings. This influences the thermal state of the contact. Moreover, the squeeze of the
lubricant generates a temporary load bearing capacity. The main objective of this chapter is
to characterise the respective influence of the squeeze and of the thermal effects on the
minimum film thickness. With the help of the numerical model validated in Chapter 2 and
Chapter 3 under squeeze and thermal wedge conditions, it is possible to activate/deactivate
each effect independently.

In the first section, the framework of this study is defined, with a focus given on a reference
loading process. Second, the transient loading of isothermal contacts is studied using the
literature as a reference. In the last section, the transient thermal problem and the influence
of the loading time are discussed.

4.1 Framework

In the entire chapter, steel is chosen as the material for both solids (see Table 2.2-1). The fluid
described in section 2.2.1 is also used here (see eq. 2.1-9, eq. 2.1-11, eq. 2.1-12 and Table
2.2-2). The operating conditions are given in Table 4.1-1. As was specified in Chapter 1, there
are multiple ways to approach transient loadings in EHL contacts. In this section, the vertical
motion of the solids and the applied initial conditions are presented.

u[m.s™1] Rz [m] T, [K] wiP [N.m™]
3 0.01 293.15 100000
Table 4.1-1 — Operating conditions.

4.1.1 Loading process

In this section, it is assumed that the motion of the rolling elements of a full complement
bearing is controlled by the overall dynamics of the bearing. Consequently, the inertia of the
rolling elements is neglected. The loading process is done by controlling the load wP(t)
([117], [118]). Only a single approach between the two bodies is considered. By doing so, only
three loading parameters are needed to describe the loading process: the initial load wilD, the
final load wa and the loading time t;,4qing- The loading starts at t = 0. As such, the variation

of load with time follows the description in Error! Reference source not found.:

wiP@)  |0.67x 1073 + (1 —0.67 x 1073)

1D
Wf 1

t fort < tLoading ik
Loading 4.1-1

for tLoading =t< trinal

where tpingi = 100 X t444ing is chosen so that the stead-state is reached in all studied cases.
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The model is used to simulate the contact while including or ignoring the thermal or squeeze
effects. This will provide information on the independent effects of respectively the squeeze
and viscosity wedge effects. The calculation of transient isothermal contacts is also conducted

separately. Three cases are therefore considered, as reported in Table 4.1-2.

Case A : Stationary Case B : Transient Case C: Transient
thermal isothermal thermal
Thermal effect X X
Transient effect X X

Table 4.1-2 — Description of the model assumptions for each calculation case.

When the transient effect is ignored, the results correspond to a series of stationary cases.
Each time t < {;4qqing COrresponds to a load wll(t). It is possible to represent any
dependent variable (such as the minimum film thickness h,,, (WP (t))) as a function of time,
even though no transient effects are considered. For t > t;,q4ing, the stationary case
corresponds to the value obtained at w;”.

Given the fact that multiple cases exist and that time variations are present, it is important to

introduce the new notations employed in this chapter. In the following sections, the minimum

A

film thickness in case A is noted hf, (t) (and accordingly for cases B and C). The notation hy, in

refers to the minimum value of h4,(t) overtime. The value of the elastic surface displacement
at the location of minimum film thickness is noted &y, . Similarly, the value of the geometrical

term at the location of minimum film thickness is noted gy, .

To study the appearance of thermal effects, a thermal characteristic time needs to be defined.
In their study of characteristic times in thermal transient problems, Raisin et al.[20] defined a
value of the thermal characteristic time for high slide-to-roll ratios. It was defined as the ratio
of the Hertz contact length a'? over the velocity of the fastest moving solid (In this case |u;| =
|u,| = u). However, their definition of a'? was based on an average value of the contact load.
Indeed, they assumed a periodic variation of the load with time. As such, the definition of the
thermal characteristic time must be adapted to the present study. The final load is therefore
chosen as a reference for its definition. This leads to the definition of the thermal
characteristic time given in eq. 4.1-2 (This thermal time is constructed by thermal
characteristics of the materials. It is shown that it can be simplified to depend only on
geometrical properties). Moreover, the dimensionless time t (eq. 4.1-3) is introduced to study
the influence of the loading time. The ratio ty = t7/t;0qaing represents the relative influence
of the thermal effects compared to the squeeze effect. It is called the characteristic thermal-
transient ratio.

1D

af eq.
tT = = 007 ms 4.1-2
u
_ t
F= eq.
tLoading 4.1-3
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4.1.2 Initial state

In cases A and C where thermal effects are considered, the initial state is defined by a
stationary thermal result (with w'® = 0.67 x 107% X w®). This initial state presents two
particularities. First, the elastic surface displacement is negligible compared to the film
thickness, which corresponds to a thermal hydrodynamic regime. Second, the temperature in
the entire fluid is subjected to very small variations, which are enough to ensure a stable film
thickness under this very small load.

The corresponding temperature distribution is represented in Figure 4.1-1. The maximum
temperature increase is 1.1 K, which is extremely small compared to what was observed in
the previous chapter. The minimum film thickness is h# (0) = h%,(0) = 529 nm. The
maximum contact pressure is only 0.372 MPa. The maximum elastic displacement of the
solids is obtained at the location of minimum film thickness, with S,fm(O) = 6,fm(0) = 2nm,
which is only 0.3% of the value of h{(0) = h§(0) = 527 nm. The film thickness is not null
because of temperature gradients, albeit small, between the two contacting surfaces.
Therefore, this initial state respects the conditions required for an independent study of the
squeeze effect. More details on the contact behaviour of this configuration is given in

Appendix D.
%1077
A 2942
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g 293.8
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Figure 4.1-1 — Film thickness and temperature profiles in the initial state.

The thermal aspect of the model is not considered in case B. As such, the initial state is defined
by fixing h, to the value obtained in cases A and C (h5(0) = 527 nm). The consequence is
that there is no pressure and no elastic displacement in the initial state for case B. Given the
small initial gap, no rebound is expected ([31], [119]).

4.2 Case A: Stationary thermal wedge

This section is dedicated to the study of the load influence on the central and minimum film
thicknesses. The variation of the film thickness with the load is represented in Figure 4.2-1.
The corresponding variation of the rigid body separation hy, the elastic surface displacement
at the location of minimum film thickness 8, and the geometrical term g, are represented
in Figure 4.2-2.
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Figure 4.2-1 — (a) Variation of the central and minimum film thickness for all loads considered. (b) Variation of the
minimum iflm thickness for low loads. The semi-analytical formula in the EHL regime is described in eq. 4.2-1. For the HD
regime, see eq. 4.2-4.

As the load increases from w'? = 67 N.m™! to w'? = 2065.7 N.m™1, the value of the

A .
mmin

with a decrease of h{ (401 nm from h{ = 412 nm down to h{ = 11 nm) which is far

minimum and central film thicknesses decreases down to h = 74 nm. This is associated

stronger than the increase in the elastic surface displacement (61.4 nm from S,fm =1.6nm
up to 6;:‘m = 63 nm). No dimple is observed between these two loads. As such, the
geometrical term in the calculation of the minimum film thickness stays nil (g, = 0). For this

range of loads, it is therefore possible to see the thermal hydrodynamic regime applied to ZEV
contacts.
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Figure 4.2-2 — Variation of the rigid body separation, the elastic surface displacement and the geometrical term at the
location of minimum film thickness in case A (a) for all loads considered (b) for low loads.

From w'P = 2065.7 N.m™1, an increase of the load is associated with an increase of the
minimum film thickness. This corresponds to an increase of the elastic surface displacement
stronger than the rigid body separation. Indeed, from w'? =2065.7 N.-m™! to w'P =
2265.5 N.m™1, the elastic surface displacement increases by 6.4 nm (from 6;{‘m = 63.4nm

up to S,fm = 69.8 nm) and the rigid body separation decreases by 6.3 nm (from h§ = 11 nm

down to h§ = 4.7 nm). The increase of the elastic surface displacement is an indication that
the contact is in the EHL regime.

The dimple apparition is observed at w'? = 5263.5 N.m™1. This corresponds to the load for
which the central and minimum film thickness are dissociated. From there, a dimpled film
thickness profile is observed for all loads. Moreover, the central and minimum film thicknesses
continue to increase. Figure 4.2-1 shows how the increase of the central film thickness with
the load is stronger than the increase of the minimum film thickness. These results
gualitatively corroborate the ones obtained in Chapter 3.
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In Figure 4.2-1, a variation of the semi-analytical model described in Chapter 3 is used to
predict the minimum film thickness in the EHL regime (h,, s,), assuming that steel/steel
contacts are the same as steel/sapphire (see section 2.3.4). It needs to take into account the
different radii considered in this chapter. As such, a new formula is defined by multiplying the
ratio of radii to some power a¥, as in eq. 4.2-1. The power given is determined by the method
of least squares. However, it does not hold any physical meaning given the how close Rggsa
and Rgg are. The semi-analytical formula is not able to predict the film thickness in the HL
regime. However, the approximation made in the EHL regime is able to give the value of the
minimum film thickness with a good precision (for w'? > 8000 N.m™1, the maximum
relative difference between h,, ¢, and h, is 6.12%).

R1D a eq.
— hu u eq :
hmsa = hmsa X (1 — exp(—u/Um sq)) X <R1D > 421
eq,sa
uw €q-
h;‘njsa = h#s’;a X (WID)am,sa 4.2-2
y ww W1D eq.
Umsa = Umsa X | 1+exp|— _w”'w 4.2-3
m,sa

where hp'e, = 69.8nm, ans, = 0.146, upy;s, = 2.74m.s™! and wy s, = 14695 N.m™?,

Ri0sq = 0.0128 mand a® = —0.42.Ineq.4.2-1, w'Pisin N.m™".

A crude approximation of the film thickness in the hydrodynamic regime is also attempted
(between w'P = 67 N.m™! and w'P? = 2065.7 N.m™!) using a power law formulation (see
eq. 4.2-4 and Figure 4.2-1). This formulation provides a prediction off by a maximum relative
difference of 20%. It serves mostly as a basis for comparison with the EHL region. As seen in
eq. 4.2-4, the exponent that describes the variation of the film thickness is a,, ;p = —0.559,
which is negative. This is in contrast with the increase of the minimum film thickness with the
load observed in the EHL regime. The exponent «,, yp is quite big (absolute value), which
means that the film thickness is very sensitive to a change in load in the HL regime. As such,
it should be noted that experimentations on the HL regime are difficult to conduct.

eq.
hmsanp = hmsaup X (wiP)awHp 4.2-4
where hY, ;p = 4.47 pm and a,, yp = —0.559 and w'? is in N.m™1. See Figure 4.2-1 for a

representation.

In the next section, case B is studied in order to characterise the behaviour of the contact in
transient isothermal conditions.

107



4.3 Case B :Isothermal squeeze

This section is dedicated to understanding the behaviour of isothermal contacts subjected to
a time dependent loading (squeeze). First, elements of the literature are used to contextualise
the present study. In the second part, the variation of the film thickness in transient isothermal
conditions is studied.

43.1 Squeeze from the literature

In their numerical study of impacting solids, Dowson and Wang[31] showed the variation of
the central and minimum film thicknesses for a solid dropped at a fixed height. Their paper
studies a variety of cases. One of them corresponds to the experimental study by Safa and
Gohar[85], which is used as a validation for their model. Another case they studied (shown in
Figure 4.3-1) at very low initial height is extremely interesting, as it presents no rebound
(Larsson and Hoglund[119] having concluded the same). Moreover, the load at the end of their
loading process stayed at a fixed value, which is reminiscent of the present study. They
observed a decrease of the central and minimum film thicknesses, but noted that the value of
h. reached a quasi-constant value.

0.e\
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= - « Hmin
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0.0-— : . , ——
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Figure 4.3-1 — Central and minimum film thickness variation for a ball dropped on a plane. Numerical results taken from
[31], used for a qualitative comparison.

The central film thickness formula of Wang, Venner and Lubrecht[32] can be used to
appreciate this behaviour. Their study assumes a Newtonian fluid that is defined by the
density law of Dowson and Higginson[115] and the viscosity law of Roelands[61]. Moreover,
their study is done by imposing an initial velocity and taking the mass of the solid into account.
As such, a few hypotheses are needed to adapt the formula to the present case. First, the
reciprocal asymptotic isoviscous pressure-viscosity coefficient a* is used to adapt to the usage
of the WLF viscosity correlation as defined by Bair[33]. Second, the values of a'P(t = 1),
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wlP(t = 1) and p;P(f = 1) are used instead of the values used by Wang et al.[32] (b*, w;
and py,). The initial parameters (b*, wi and p;,) took the mass of the solid into account. As
such, the usage of the current parameters (a'? (t = 1), w?(f = 1) and p.P (t = 1)) enables
the semi-analytical model to be used even though the current model does not consider the
mass of the solids. In this context, the dimensionless Moes parameters are defined in eq.
4.3-1, and the film thickness formula defined by Wang et al.[32] is adapted in eq. 4.3-2
(superscript Wang®). All complementary values are reported in Table 4.3-1. In the next
subsection, the central film thickness calculated at ¢ = 1 will be compared to the prediction
adapted from the formula proposed by Wang et al. [32].

a’’(t=1)[m] | p,°(E=1) [Pa] Mo [Pa.s] o [Pa]
1.05 x 107 6.06 x 108 0.0195 2.36 x 1078
Table 4.3-1 — Parameters used to predict the central film thickness in case B, using the semi-analytical formula by Wang et
al. [32].
3 \1/2
M = n( )
42*
427\ eq.
L=a P%,’} T) 4.3-1
1D?2
where 1* = —1D12177;Req
a5 Pp flLoading
hY ™ (T = 1)
=23 x M%2 x [95°
R X (Upn)'72 5

where Upy = %( L )4

a*Er

43.2 Film thickness variation

Figure 4.3-2 shows the variation of the central and minimum film thicknesses in case B for
troading = 1 ms. At the beginning, the vertical velocity is 0, which explains the horizontal
tangent for the film thickness curves. Both values continuously decrease overtime, with a
minimum film thickness tending towards 0. These results are reminiscent of those obtained
by Dowson and Wang[31] for their case with a nil drop height. Indeed, in both their results
and the ones presented in this chapter, there is a strong initial decrease of the film thickness
during the early stages of the loading process. When the dimple is formed in both cases, the
central film thickness barely decreases anymore, while the minimum film thickness is
continuously decreasing towards 0.
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Figure 4.3-2 — Variation of the minimum and central film thicknesses in case B, for t;,qqing = 1 ms.

The variation of the minimum film thickness is represented in Figure 4.3-3(as a function of t)
for different loading times. In all cases, the film thickness decreases with the loading time. The
decrease of the minimum film thickness is relatively quicker for higher loading times. In this
Figure, the maximum load is always reached at t = 1. For t;qqing = 0.01 ms, the minimum
film thickness has decreased by 33.4% when the maximum load is reached. In contrast, for
tLoading = 100 ms, the minimum film thickness has decreased by 99.8%. Therefore,
depending on the loading time, the squeeze effect can either be useful for most of the loading
process, or completely disappear before the maximum load is reached.
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Figure 4.3-3 — Variation of the minimum film thicknesses with t in case B for all values of t; ,qqing-

Table 4.3-2 contains the values of kY *™ (£ = 1) and hE (£ = 1), for all values of tLoading- FO
loading times such as 0.046 ms < t;yq4ing < 4.6 ms, the relative difference is less than 4%.

The prediction formula provided by Wang et al.[32] is in good agreement with the results of
the present model.
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tLoading [MS] KW (F = 1) [nm] hE(t = 1) [nm] Relative difference

0.01 404.6 351.0 13.3%
0.022 264.8 256.4 3.2%
0.046 178.2 172.4 3.2%
0.1 117.4 117.5 0.1%
0.22 76.8 76.3 0.6%
0.46 51.7 51.1 1.2%
1 34.0 34.1 0.2%
2.2 22.3 23.0 3.3%
4.6 15.0 15.6 3.9%
10 9.9 10.5 6.4%
100 2.9 3.2 13.0%

Table 4.3-2 — Values of the central film thickness adapted from Wang et al [32] compared to the value given by the current
model in case B, for various loading times.

The decrease of both the central and minimum film thicknesses is observed over time.
However, the value of the central film thickness decreases at a very low rate when the dimple
is formed. The prediction formula by Wang et al.[32] is able to accurately predict the value of
the central film thickness when the maximum load is reached. For slow loading ramps (high
loading times), the film thickness decreases at a higher relative rate. This highlights how the
squeeze effect is stronger for faster loadings.

4.4 Case C:Squeeze and thermal wedge competing in film thickness build-up
4.4.1 Reference calculation

The variations of the central and minimum film thicknesses for t;,44ing = 1 ms in cases A, B
and C are represented in Figure 4.4-1.
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Figure 4.4-1 — Variation of the central and minimum film thicknesses in cases A, B and C, as a function of the
dimensionless time t. The maximum load is reached at t = 1.

When the transient and thermal effects are considered in case C, both the minimum and
central film thicknesses follow a non-monotonous variation with time. The time evolution of
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h& and hS, globally follow the results of case A (stationary thermal), with some differences. At
the beginning of the loading process, while case A rapidly reaches a minimum value at t =
0.02, the decrease in case C closely follows the shape of case B, with a relative difference
between the minimum film thicknesses in cases B and C of 0.6%. The squeeze effect is the
main reason for the relatively high film thickness at the beginning of case C.

Around t = t; = 0.07, the film thickness in case C decreases at a slower rate than in case B.
At this stage, meaningful thermal effects appear. Moreover, the load is high enough (WP =
7062.3 N.m™1) that the corresponding film thickness in case A is in the EHL regime, which is
associated with an increase of the film thickness with the load(see section 4.2). Soon
thereafter, the dimple starts appearing at t = 0.13.

While the film thickness is continuously decreasing in case B, the minimum film thickness in
case C (hf, min = 175 nm) is reached at £ = 0.372. The time it takes to reach the minimum
value of h§, (when transient effects are considered) is 18.6 times greater than the time it takes
to reach the minimum value of h#,. Moreover, the value of the minimum film thickness is

higher in case C, with kS, ... /h4 . = 2.35.

m,mi m,min

As can be seen in Figure 4.4-1, the sudden stop in the loading process (at t = 1) induces a
sudden change of the variation of hfn. Indeed, at the instant the final load is attained, the
transient term in Reynolds equation (eq. 2.1-8) becomes very close to zero, although not nil
since the film thickness is still varying at that instant. From there, only the transient aspects of
the thermal equilibrium comes into play, and the steady state is reached at ¢ = 1.368. This
corresponds to approximately five times the characteristic thermal time after the final load is
reached (1 + 5 = t; = 1.35).

This reference case shows how the squeeze and the viscosity wedge effects are
complementary to ensure a separation of the solids involved in a load impact under ZEV
condition. The squeeze effect provides an initial but temporary load bearing capacity, delaying
the otherwise rapid drop to very small film thicknesses at small loads. This dampening is
similar to the one observed by Vichard[97]. At moderate loads, temperature gradients start
appearing in the contact, which leads to the emergence of a viscosity wedge effect. Because
the strength of both effects may differ, the effect of the loading time (for a given thermal
characteristic time) will be analysed in the next section.

4.4.2 Influence of the characteristic thermal-transient ratio

The variation of the minimum film thickness with the dimensionless time t is represented in
Figure 4.4-2, Figure 4.4-4 and Figure 4.4-3 for various thermal-transient ratios. The value of
the minimum film thickness ratio hfnlmin/hﬁl,mm are reported in Figure 4.4-5 for all values of

ﬁ" = tT/tLoading-
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Figure 4.4-2 — Variation of the minimum film thickness in case A and case C, for t; = {0.0007,0.007,0.0152,0.0318,
0.07}, as a function of the dimensionless time t.

For extremely slow loadings (t;,qqing = {10,100} ms which corresponds to t7 < 0.007), the
thermal time is extremely small compared to the loading time (t; = 0.0007 «< 1 for
tLoading = 100 ms), which means that the thermal state of the transient contact quickly
becomes close to the stationary contact (case A, see section 4.2). As was seen in section 4.3.2,
when the loading time is high, the film thickness decreases at a relatively faster rate. This
means that in the early stages of the loading process, the values of minimum film thicknesses

closely follows the equivalent stationary case. As such, hfn,mm tends towards the value
hﬁl,min = 74 nm for greater loading times.

For slow loadings (tioqaing = {1,2.2,4.6} ms which corresponds to ir =
{0.0152,0.0318,0.07}), the squeeze effect enables a higher film thickness for a longer
relative time during the loading process. This means that during the initial state (small loads),
the minimum film thickness is well over the value of the stationary case (h$, > hZ4,). From
then, the behaviour of the contact is similar to the stationary case, similarly to what was
described in the previous section. As the characteristic thermal-transient ratio increases, the
relative time needed to reach the stationary state (after the loading ramp) increases.
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Fast loading
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Figure 4.4-3 — Variation of the minimum film thickness in case A and case C, for t = {1.52,3.18,7}, as a function of the
dimensionless time t.

For fast loadings on the other hand (t;,4gq4ing = {0.01, 0.022, 0.046} ms which corresponds to
tr > 1.52), the transient effect is so strong that the minimum film thickness in case C is
greater than in case A at least until the maximum load is reached. The minimum film thickness
continues to decrease even after the maximum load is reached. For t;,44ing = 0.046 ms, the
characteristic thermal-transient ratio is high (7 = 1.52) and the minimum value of hS, is
obtained when the thermal effects have established at t = 3.96. The steady state is reached
at t = 10.82. In these extremely fast cases, h,“;llmin/h;‘}llmin > 2.5. The discontinuities
observed at the beginning of the loading process correspond to the moment the minimum
film thickness becomes separate from the central film thickness.

Intermediate loading
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Figure 4.4-4 — Variation of the minimum film thickness in case A and case C, for t7 = {0.07,0.152,0.318,0.7}, as a
function of the dimensionless time t.

For intermediate loadings (t,oqaing = {0-1,0.22,0.46} ms which corresponds to ir €
{0.152,0.318, 0.7}), the squeeze effect is still visible, but the minimum film thickness in case
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Cis below the one in case A before the end of the ramp. For t;,44ing = 0.22 ms and 0.46 ms,
hfn,min/h;‘}l‘min ~ 1. In that case, the thermal effects are able to separate the solids only after
the loading ramp. This situation corresponds to a minimum for hfn,min where neither the
squeeze effect nor the thermal effect can guaranty a significantly high film thickness when the

maximum load is reached (t = 1).

Figure 4.4-5 shows the ratio of the minimum value of the film thickness in case C over the one
in case A, for each value of the characteristic thermal-transient ratio. The three regions
previously studied are easily identified.
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Figure 4.4-5 — Ratio of the minimum value of the minimum film thickness in case C over the value in case A, as a function
of the characteristic thermal-transient ratio. The horizontal dotted line marks the value of the stationary case A.

4.5 Conclusion

In this chapter, the dynamic loading of a contact under ZEV condition is studied with the
numerical model in order to identify the relative impact of the squeeze and thermal effects.
In the first section, the modelling choices related to the loading process are introduced. The
load is linearly varied before attaining a maximum value.

In the second part, the effect of load variations is studied in a stationary framework as a
continuation of the results shown in Chapter 3. Two regimes are identified depending on the
load. For lower values, the lack of elastic surface displacement is an indication of a
hydrodynamic regime, mostly dominated by the variation of the rigid body separation. For
high values, the contact behaves similarly to what was described in Chapter 3, in the EHL
regime. The prediction formula that was provided earlier is fitted to the current problem
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(different radius of contact) and shows a good ability to predict the film thickness in stationary
conditions.

In the third part of this chapter, the transient isothermal contact is studied, using the literature
as a reference. Overall, a decrease of the central and minimum film thicknesses is observed.
For faster loadings, the squeeze effect is stronger, which leads to a higher film thickness for a
relatively longer time. The semi-analytical formula developed by Wang et al.[32] is able to
predict the value of the central film thickness when the maximum load is reached.

The last part of this chapter focusses on the full problem where both thermal and squeeze
effects are considered.

On the one hand, a reference configuration is studied. At the beginning of the loading process,
the squeeze effect is required for the film thickness to stay relatively high during the entire
loading ramp as low loads imply low film thicknesses in stationary thermal conditions. As the
load continues to increase, the squeeze effect vanishes while the thermal effect appears. This
leads to an increase of the film thickness with the load (and time) until the maximum load is
reached. From there, the steady state is reached with a delay that is associated with the final
formation of the temperature field.

On the other hand, the influence of the characteristic thermal-transient ratio on the behaviour
of the contact is shown. Three types of loading times are identified. For slow loadings, the
thermal time is negligible before the loading time, which means that the contact closely
follows the stationary reference. In this range, the faster the loading, the stronger the initial
squeeze effects, which increases the minimum film thickness observed. For fast loadings, the
contacts are subjected to transient effects that support high film thicknesses well after the
maximum load is reached. This leaves enough time for the thermal effects to appear. As such,
the minimum film thickness stays relatively high during the whole process. Finally, for contacts
under intermediate loadings, the initial separation provided by the transient effect is greater
than at slower loadings. The squeeze effect still fades out before the maximum load is
reached. Meanwhile, it takes relatively more time for thermal effects to appear. This leads to
low values of the minimum film thickness.
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Conclusion and perspectives

Conclusion

This thesis focuses on highly loaded lubricated contacts in the case of zero entrainment
velocity. This situation is found for example in full complement bearings (without a cage),
where two successive rolling elements are in direct contact. Three phenomena other than the
classical hydrodynamic lift can explain the existence of a separating film between the surfaces.
First, the wall slip (also known as boundary slip) can change the effective entrainment velocity
of the fluid, thus enabling a hydrodynamic lift. Wall slip is not likely to prevail when both
contacting surfaces are made out of steel, which corresponds to industrial applications.
Consequently, this phenomenon is not taken into account in the rest of the manuscript.
Second, the thermal effect known as the viscosity wedge, stemming from the high shear
heating happening in the fluid, leads to temperature and viscosity gradients across the
lubricant thickness that are responsible for the generation of a load bearing capacity. Though
clearly identified in the literature, the film thickness build-up was yet to be quantified. Third,
the transient effect known as the squeeze effect is present when the two surfaces are
suddenly pressed together. In such a configuration, a high pressure is generated at the center
of the contact, which elastically displaces the surfaces, provoking a fluid entrapment. This
phenomenon is time-dependant, and can only provide a temporary film thickness. The
viscosity wedge and the squeeze effect are studied as an attempt to explain and quantify the
film thickness build-up in the context of wide ZEV EHL contacts.

In Chapter 2, the numerical and experimental tools employed in the thesis are presented. The
finite element model enables the simultaneous calculation of fluid pressure, elastic surface
displacement and temperature in a time dependent environment. An experimental validation
of the model is conducted on the barrel on disc tribometer Jerotrib, equipped with a sapphire
disc to enable optical film thickness measurements. The hypotheses regarding the choice of
material and the simplifications of the model are discussed. First, sapphire on steel contacts
represent steel on steel contacts due to the thermal similarity between sapphire and steel.
Second, numerical simulations of cylinder-on-plane ZEV contacts lead to very close minimum
film thickness predictions with respect to experimental wide point contacts.

In Chapter 3, the viscosity wedge phenomenon is investigated in stationary
thermoelastohydrodynamic contacts under ZEV condition. The dual experimental/numerical
approach is able to provide a detailed understanding of the influence of the velocity, load and
external temperature on the minimum film thickness. An increase of the velocity leads to an
increase of the minimum film thickness up to a limit value. An increase of the load also leads
to an increase of the minimum film thickness in the EHL regime. Finally, an increase of the
external temperature leads to a drastic decrease of the minimum film thickness. A first
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tentative film thickness prediction formula is proposed on a range of loads and velocities, for
a given geometry, set of materials and external temperature. It shows a very good qualitative
and quantitative agreement with all calculated and measured values.

The respective influences of the viscosity wedge and squeeze effects are compared in Chapter
4, in which the load is linearly varied from a low to a high value. The influence of the load on
the film thickness is first studied in stationary thermal conditions. For extremely low loads, a
hydrodynamic regime causes a strong decrease of the minimum film thickness with the load.
The transition to the elastohydrodynamic regime (already studied in Chapter 3) is therefore
marked by the minimum value of the minimum film thickness, from which the film thickness
continuously increases with the load. In transient isothermal conditions, the squeeze effect
shows an ability to support the film temporarily, tending towards zero film thickness overtime.
When both the viscosity wedge and the squeeze effects are considered, they are able to
compensate for one another. In the early stages of the loading process, the squeeze effect
delays the decrease of the film thickness with the load. When the squeeze effect fades out,
the thermal state of the contact allows the viscosity wedge to separate the surfaces in the EHL
regime. The influence of the loading time is characterised by three different behaviours,
corresponding to different values of the characteristic thermal-transient ratio. First, for high
loading times (characterised by a low value of the characteristic thermal-transient ratio), the
transient effect fades out quickly, so that the contact behaves similarly to the stationary one,
with the thermal effect coming into play. In this case, slightly faster loading processes are
beneficial as they increase the squeeze effect. Second, for low loading times (corresponding
to characteristic thermal-transient ratios higher than one), the squeeze effect is beneficial for
a longer time than the loading time, which gives time for the thermal effect to appear, even
after the maximum load is reached. Third, for intermediate loading processes (characteristic
thermal-transient ratios slightly lower than one), the squeeze effect fades out before the
thermal effect can contribute to the separation of the surfaces, which leads to low minimum
values of the minimum film thickness overtime.

This work provides three key results that will pave the way for future studies on contacts under
ZEV condition, such as those found in full complement bearings. In a global context where
improving component life expectancy is wanted, it is necessary to understand the behaviour
of such applications in order to better predict them. First, the dual experimental/numerical
approach completes the literature basis and confirms the ability for the viscosity wedge to
support the applied load in stationary conditions. Second, this study also provides a first semi-
analytical model that can be used for a given range of parameters (velocities and normal load)
to predict the minimum film thickness separating the solids under stationary conditions (for
given materials, geometry and external temperature). This is a first attempt to guide the
design of components subjected to ZEV contacts, such as full-complement bearings. It also
serves as a proper base that can initiate the research for a complete semi-analytical model.
Third, the synergies between the transient (squeeze) and thermal effects are shown to be
useful to ensure satisfactory film thicknesses during an impact under ZEV condition. As such,
it is possible to appreciate the minimum film thickness occurring overtime by using the
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prediction of the squeeze and viscosity wedge effects and by considering the characteristic
thermal-transient ratio.

Recommendations for future work
The present work could be extended in two directions:

e In this thesis, the results presented are rooted in experimental contributions either
provided by the literature, or specifically conducted during the project. This enables a
quantitative validation of the model in stationary and transient conditions separately.
A first attempt at predicting the values of the minimum film thickness under ZEV
condition is developed. However, the experiments are conducted with only one
mineral oil, one geometry and two couples of materials. Further experimental studies
could provide the necessary data for a numerical prediction in a wider range of
parameters. Furthermore, while based on the aforementioned experimental
validation of the numerical model, the transient thermal study is here purely
numerical. As such a transient experimental validation under ZEV condition, though
technically more difficult to conduct, would complement the knowledge on ZEV
contacts.

e The analysis made on the influence of both the viscosity wedge and the squeeze effects
is a first attempt at describing the behaviour of contacts occurring between rolling
elements in full complement bearings. The contact is studied assuming zero
entrainment velocity during the entire loading process. In full complement bearings,
the kinematic behaviour may induce a small entrainment velocity in the contact. In
addition, the variation of the load is assumed linear, and the mass of the contacting
bodies is ignored. Another way to improve the knowledge of such bearings should
integrate their full dynamic description, using the results presented here as a baseline
for the prediction of the roller-to-roller contact.
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Appendix A. Stationary ZEV contact with a glass disc

In most of this manuscript, steel/steel and steel/sapphire contacts are studied. For the former,
the antisymmetry of the contact is ensured. For the latter, the thermal similarity of steel with
sapphire limits the asymmetries (see Chapter 2, section 2.3.4). In both cases, a dimpled film
thickness profile is observed in the EHL regime. The case of glass on steel contact is
investigated in this Appendix. The material properties of glass are reported in Table A-1.

Experiments were conducted with a glass disc, for a velocity u = 5 m/s, a load of w?° = 50 N
and an external temperature T, = 293.15 K. An interferogram for the steel/glass contact is
shown in Figure A-1 alongside the interferogram for the steel/sapphire contact; which
corresponds to the analysis made in Chapter 2, section 2.3.4. The film thickness along the x-
axis is plotted in Figure A-2.

Glass

E [Pa] 72 x 10°
v 0.23
p[kg.m™3] 2530
Gy . kg t.K™1] 880
k[W.m t.K1] 0.937

Table A-1 — Material properties of glass([26]).

The film thickness distribution of the steel/glass (Figure A-1 and Figure A-2) is extremely
different from the steel/sapphire one (see Figure 2.3-4). Indeed, the film thickness with a glass
disc is extremely asymmetrical. As such, the description of the film thickness profile made in
Chapter 2 does not apply to a glass disc. Indeed, with a glass disc, only a small dimple is present
on the left side. This means that only one local minimum film thickness is observed. The value
of this minimum film thickness is also a lot smaller than with the sapphire disc (Experimentally,
h,, = 43 nm).

130



e e e Sy —
o . ———
e —
—

> a"’ﬂﬂ“ﬂ oy
¥
0 e it MM”wmnN"ﬁmmmung it L] ”mwumm.w»,.w

(b)

Figure A-1 — (a) Interferogram obtained with a sapphire disc (Magnification X 10). (b) Interferogram obtained with a glass
disc (Magnification x 5). Both interferograms were captured on for a velocity u = 5 m/s, a load of w?P = 50 N and an
external temperature T, = 293.15 K.
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Figure A-2 — Film thickness between a glass disc and a steel barrel, measured in the experiments and calculated with the 1D
model, for a velocity u = 5 m/s, a load of w'P = 4.6 x 10* N.m™! and an external temperature T, = 293.15 K.

The heat evacuated through the glass surface is 2168.2 W.m™! while it is 11760 W.m™?!
through the steel surface. This means that the thermal dissimilarity between steel and glass is
high. In Figure A-3, the temperature distribution in the steel/glass contact is very
asymmetrical. The temperature in the steel surface goes up to 350 K while the glass surface
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only goes up to 325 K. In Figure A-4, the corresponding temperature differences between the
two surfaces is plotted alongside the pressure profile. Both profiles exhibit the same
asymmetries. The pressure profile presents a bump at x = —0.9 mm, which is associated with
a small and eccentric dimple in the film thickness profile.
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Figure A-3 — Temperature variation in the fluid and solids with (u = 5m/s, w'P = 436 x 10* NNm~tand T, =
293.15 K). The equivalent body displacement is assigned to the top solid (steel). The bottom solid (glass) is considered
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Figure A-4 — Pressure profile and numerical temperature differences between the barrel/fluid interface and the fluid/disc
interface (u = 5m/s, w'® = 4.36 x 10* N.m™~* and T, = 293.15 K), for a steel on glass contact.

These results are reminiscent of the ones shown by Raisin et al.[113]. They studied ZEV point
contacts where the solids in the contact were either steel or steel coated with Diamond-Like
Carbon (DLC). Three duets were therefore studied: steel/steel, DLC coated steel/steel and DLC
coated steel/DLC coated steel. They noted that when one or both surfaces are DLC coated,
the film thickness profiles were significantly lower than when the contact were steel/steel,
the worst case being the asymmetrical steel/DLC coated steel.
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To conclude, the presence of two thermally dissimilar surfaces (such as steel/glass or
steel/DLC coated steel) in contacts under ZEV condition leads to asymmetrical temperature
differences. The corresponding pressure profile is therefore stronger on one side of the
contact, which leads to a small eccentric dimple. On the other side, the minimum film
thickness becomes very small due to the low pressure.
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Appendix B. Refraction index of the lubricant

For the experimental results presented in Chapter 2 and Chapter 3, the refraction index is
approximated assuming that the pressure distribution follows a Hertz profile and that the
external temperature is uniform in the contact. The refraction index normally varies with the
pressure and temperature. A more precise correction can therefore be applied to the results
obtained. Because the information on pressure and temperature is taken from the model and
because the model is validated with the experiments, this new correction is only proposed as
a proof of concept.

For each contact in the experiments, a set of static calibration curves is obtained. The resulting
bijection between the colour map and the film thickness is based on the interference fringes
outside the static contact area. The fluid in those locations is therefore under reference
pressure and external temperature, which means that the refraction index is at a constant
value Nyer(Pref, Tref). In the dynamic measurements, the refraction index varies in the
contact area, with p and T. At each location of the contact along the x-axis, an average value
of the refraction index can be calculated, as in eq. B-1:

1 [h .
nexp(x) = @j- nexp(x: z) dz ea. 51
0

where Mgy (X, 2) = Neyp (0(x,2), T(x,2)) is the local value of the refraction index. The

corrected value of film thickness is then calculated from the measured values as in eq. B-2:

Mexp (¥) . B-2
heorrectea(X) = Mmeasurea(X) X Lxpr eq
Nyef
For Tref = 293.15 K, itis possible to use the law of Lorentz-Lorenz([120][121]) to Iinkm
with n.r and prer = p(Pres, Trep) and the local average value of the density (pgy,(x) =
pe/h) asin eq. B-3:

Pexp (x) nref2 -1
= p(pref’Tref) nref2 +2
O

Nexp (x)z -1
Nexp (x)z +2

eq. B-3

@ is used to simplify the next expression.
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This method, developed by Saubade[122], gives all the necessary values to calculate 1.y, (x)
asin eq. B-4:

- 14 29\ /2 eq. B-4
e (X) =(1—c1>>

Using this correction in the validation case in Chapter 2 (steel on sapphire, T, = 293.15 K,
u =5m.s 1 and w?P2 = 50 N), the experimental minimum film thickness varies by less than
1% (due to the fact that the minimum film thickness is found in a low-pressure zone) and the
corrected central film thickness is decreased by 5.6% from h;measureqa(x) = 498 nm to
he correctea(X) = 470 nm. With this correction, the relative difference between the
experimental value and the numerical value (1D variant) goes down from 28.3 % to 24.3%.
The variation of the refraction index with the temperature and pressure is not enough to
explain the differences of central film thickness obtained experimentally and numerically (1D
variant), although it still makes the results more coherent.
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Appendix C. Local quantities in a high velocity contact under
ZEV condition

In section 3.2.1, it was noted that for high velocities, the 1D model gave similar values of the
central and minimum film thicknesses. This was an indication that the dimple disappeared in
such conditions. To understand this phenomenon, a calculation was conducted with steel
surfaces (Table 2.2-1). The lubricant chosen is the Shell T9. It follows the Murnaghan([22] (eq.
2.1-9) density law, the modified WLF[23] (eq. 2.1-11) pressure/temperature viscosity
correlation and the non-Newtonian formulation by Carreau-Yasuda[24] (eq. 2.1-12). The solid
and fluid properties are found in Table 2.2-1 and Table 2.2-2 respectively. The external
temperature is T, = 293.15 K, the equivalent contact radius R'® = 0.0128 m, the velocity
u = 15 m. s~ and the normal load per unit length w'? = 58198 N.m™*.

Table C-1 contains the information on the relative load bearing capacity as defined by eq.
2.1-10 (with the same definition for (1, ,,) and eq. 3.1-5. The information contained in Table
3.1-1is replicated for comparison. The main information is that at high velocities, an important
portion of the load bearing capacity is found outside of the contact area, with Q, , = 12.4%
in the present case which is higher than the value obtained at
2m.s™! (Qp,0 = 2.0%). As such, the lack of a dimple is associated with a wider and flatter
pressure distribution than the one in section 3.1.

- 0 1
x [m] %1074

Figure C-1 — Pressure and film thickness profiles at 15 m.s 1.
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Region
Qp,o Qp,p Qp.i
Hertz 0% 50.4% 49.6%
Pressure 1
o ZEV2m.s 2.0% 22.1% 75.9%
distribution
ZEV 13 m.s™ 1! 12.4% 40.6% 47.0%

Table C-1 — Relative contribution to the load bearing capacity |, for the pressure distribution as defined by Hertz[47] and
the one calculated under ZEV condition for two different velocities.

Heat is mainly generated along the horizontal central line of the contact, as seen in Figure
C-3(a) and (b). With a maximum shear heat source of 1.18 X 10> W.m™2 and a total heat
dissipation of 32290 W.m™1, the amount of total heat source per unit length generated in
the fluid is extremely high when compared to cases at 2m.s™! (7568.8 W.m™1).

Figure C-3(c) shows how this heat generation leads to impressive temperature rises, up to
125 K at the center of the contact. Similarly to the shear heat source, there is a horizontal
band of very high temperature fluid for z = h/2. However, this band is quite wide, with
temperature rises reaching 40 K outside of the contact. This is due to the increase in the
convection term with the velocity in the energy equation as well as the increase in shear heat
dissipation. The temperature difference between the two solids is represented in Figure C-2.
The maximum temperature difference is found at x = +0.91a'?, which is 1.75 times higher

than at 2 m.s 1.
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Figure C-2 — Temperature and viscosity differences between the two interfaces at 15 m.s~1.

Because of the overall higher temperature, the viscosity is lower at 13 m.s~* when compared
to the results in section 3.1, as seen in Figure C-3(d). The viscosity differences are represented
in Figure C-2. In it, the absolute differences of viscosity are quite low. However, the relative
viscosity differences extend further away from the center with a maximum found at x =
+0.29a'?, which is 2.71 times higher than at 2 m.s™!. The shear stress (Figure C-3(e)) also
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shows high vertical variations in a wider region than at 2 m.s™1. This explains why the
pressure profile is wider for higher velocities.

To summarise, for high enough values of surface velocities under ZEV condition, the maximum
temperature and viscosity differences are found so far away from the contact center that the
resulting pressure profile becomes wider. As such, the central pressure becomes lower and
lower, which ultimately leads to small central displacement and by extension to no dimple.
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Appendix D. Local quantities in a low load contact under ZEV
condition

In rolling lubrication theory, when very low loads (and contact pressures) are applied, high
film thicknesses are observed([4]-[11]). The displacement of the solids may even become
negligible before the film thickness, which can put those contacts in the hydrodynamic regime
(see Chapter 4). In ZEV condition, the literature on the subject is often restricted to high
contact pressures, in which case the film thickness increases with the load. It is interesting to
understand what happens in ZEV contacts for low loads.

As such, a calculation was conducted with steel surfaces(Table 2.2-1), the non-Newtonian
lubricant defined in Chapter 2, a load per unit width wl? =67 N.m~1 and a velocity u =
3m.s™ 1. This corresponds to the initial state studied in Chapter 4. The corresponding
pressure and film thickness profiles are represented in Figure D-1, along with a curve
representing the film thickness minus the displacement. As could be expected, the maximum
pressure in the contact is very low compared to previous studies, with a value of 0.37 MPa.
The corresponding central displacement & is negligible compared to the film thickness.
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Figure D-1 — Pressure and film thickness profiles at 3 m.s~* and w'P = 67 N.m™1. A complementary curve of the film
thickness minus the displacement is also plotted.

In this configuration a small quantity of heat source per unit length (43.4 W.m™1!) generated
in the contact due to the low load. Therefore, only small variations of the temperature are
observed, with a maximum temperature increase of 1.1 K. This means that the temperature
and viscosity gradients (represented in Figure D-2) between the two contacting bodies have
far lower maxima (0.30 K and 2.8 x 10~* Pa. s respectively) than in the cases studied in
Chapter 3. The shape of the viscosity difference closely follows the inverse of the shape of the
temperature difference. This is an indication that the viscosity is mainly dominated by the
temperature, which is not surprising given the extremely low contact pressures. The maximum

139



for both quantities is found extremely far away from the center of the contact, with the
maximum temperature difference and the maximum viscosity difference being found at x =
+1.97a'P. The direct consequence is that the pressure generation is extremely wide, which
corresponds to the low central pressure.

A TIK]

-0.4 -4
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Figure D-2 — Temperature and viscosity differences between the two interfaces at 3m.s~* and w'® = 67 N.m™L.

To conclude, the behaviour of ZEV contact at extremely low loads is reminiscent of the one
seen in rolling HL contacts. Small displacements are accompanied by high film thicknesses.
However, the existence of temperature differences between the two contacting surfaces is
still required to sustain the film, even though the variation of temperature in the fluid is small.

140



Résumé

Génération d’épaisseurs de films dans les contacts lubrifiés hautement chargés soumis a
une condition de Vitesse d’Entrainement Nulle

Les contacts lubrifiés sous forte charge sont souvent étudiés dans des conditions de
roulement/glissement. Dans ces cas, I'entrainement du lubrifiant dans un coin d’huile explique la
présence d’un film séparateur. Cependant, il existe un certain nombre d’applications dans lesquelles
les surfaces en contact ont des vitesses égales et opposées. Cela correspond a une vitesse
d’entrainement (définie comme la moyenne des vitesses des deux surfaces) nulle. Dans ce cas, les
modeles prédictifs de la littérature ne peuvent plus s’appliquer. Dans ce mémoire de thése, les
phénomeénes physiques conduisant a une génération de film séparateur a vitesse d’entrainement nulle
sont étudiés. Un modele éléments finis prenant en compte les aspects thermiques et transitoires est
mis en ceuvre pour mesurer les quantités locales. En régime stationnaire, les résultats numériques sont
comparés avec un trés bon accord a un jeu de données issu d’'une campagne d’expérimentations
dédiée. Cette approche duale permet de quantifier I'influence de la charge, de la vitesse des surfaces
et de la température externe sur I'épaisseur de film a vitesse d’entrainement nulle. Les contacts sont
ensuite étudiés sous une charge variable, ce qui montre l'influence relative des phénomeénes
thermiques et transitoires pouvant générer une épaisseur de film. En fonction du ratio entre le temps
caractéristique de chargement et le temps caractéristique d’échauffement, ces effets peuvent montrer
une synergie bénéfique pour le contact.

Mots-clés : Lubrification TEHD, Vitesse d’Entrainement Nulle, squeeze, viscosity wedge

Abstract

Film thickness build-up in highly loaded lubricated contacts under Zero Entrainment Velocity
condition

Highly loaded lubricated contacts are often studied in rolling/sliding conditions. In those cases, the
entrainment of lubricant in a so-called “oil wedge” explains the existence of a separating film thickness.
However, in a number of industrial applications, the contact is subjected to opposite surface velocities.
In such cases, there is a Zero Entrainment Velocity (defined as the average velocity of the two surfaces)
of the fluid. The film thickness prediction formulae developed in the literature for rolling contacts are
unusable. In this thesis, the physical phenomena leading to a film build-up under Zero Entrainment
Velocity condition are elucidated. A finite element model is used in order to facilitate in-situ
measurements. It aims to describe the behaviour of the contact in thermal and transient conditions.
In the stationary regime, the numerical values are compared with a very good agreement to a set of
results obtained via a tailored experimental campaign. This dual approach enables a quantitative
description of the influence of the contact load, surface velocities and external temperature on the
film thickness under ZEV condition. Then, the relative influence of the thermal and squeeze effects is
studied. Depending on the ratio between the characteristic loading time and the characteristic thermal
time, these two effects can show a beneficial synergy for the contact.

Keywords: TEHL, ZEV, Squeeze, Viscosity wedge
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