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1. Introduction

1.1 Lubrication Regimes (Stribeck curves)

flnputs: R
- Geometry
Boundary Mixed Hydrodynamic ) fgggd
Lubrication Lubrication Lubrication Materials
- -
CICJ ! . . - Lubricant
Engine Friction Losses | .= ] ! - Temperature
i Passenger Cars | O . ) | EEEE— _ - Ambient )
- Piston-rings: 35-40% qu_J 1 1 .
- Valve trains: 20-25% 8 u Piston-Rings
- Bearings: 10-15% — Elastohydrodynamic
- Cyli : 10-15% icati : -
Cylinders: 10-15% _g Dry Lubrlca}tlon (EHL) Piston Skirt
- - 5-200 . .
= 4 A
LL Outputs:
L _ _ - Friction
Valve Trains Engine Bearings - Wear
' - Heat
. o - Noise
Hersey Number: H = UW Film Ratio: A = S’Z‘f - Eventually failure
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2. Fluid Film Lubrication

2.2 Generalized Reynolds Equation

U (Isothermal) Generalized Reynolds Equation

« Substituting Eq. (4) in Eq. (3), one obtains the Generalized Reynolds Equation for

isothermal flows:

\
9 [p(H; — H)*Op] | 0 [p(H, — H1)’ Op _9 M(H —Hy) +i M(H —H)|+
dx 12u x| oz 12u  0z| ox 2 g ) 2 z
Pressure—Flow (Poiseuille) Wedge—Flow (Couette) (5)
KU o _y aHz>+<w oM _w aHZ)] + p(Vy—=Vy) + (H,—H )ap
p 15— Ua—7— 1 — W> plVy —Vy 2 — 1)o7
0x 0x 0z 0z Normal Squeeze (?t
\ Translation Squeeze Local Expansion /
» Conservative vector form: * Fluid shear rate and stress:
dp
V. (FprH) =V- (I"C‘l_;) + [STS + SNS] + ST_ ou 1 ap UZ - U]_
_ _ _ ot Txy=ﬂa—=§a[2y—(h+2H1)]+ﬂ( A )
Suitable for numerical solutions y
(Tensor, vector and source terms defined accordingly) ow 1 ap W, — W.
=pu—=-—[2y—(h+2H (#)
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1. Bearing Types & Functions

O Bearing Functions

» (Bio)mechanical joints designed to allow power transmission and/or loading support between moving parts;

* Fluid film bearings - Low friction and wear - Improvements in tribological performance

O Bearing Types

Sliding bearings
(e.g. piston-skirt and piston-rings)
pa—

Spherical bearings

Journal bearings
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1. Bearing Types & Functions
1.1 Sliding and Thrust Bearings

Lo

Bearing pad -

3 Lubricant

Bearing pad (usually stationary)

hO &

Vi
h .
y T min
T - Us L

\\\\

Sliding surface (thrust)

. . L 0 (ph®ap\ 8 (ph®dp Ph(Uz U] [, ok
+ Sliding only in the x-direction: W; = W, =0 ox \ 1241 0x t3 12u0z) " ax — U255
J

Vlr

« Normal velocity: I‘; v
2 = Vaor

 Steady-state regime: V,, =V, =0

Francisco J. Profito — fprofito@usp.br
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Combining...

0 ph36p +6 ph36p B U, — U\ 0
ax\12u0x) " 0z 12,uaz - pE % ja

Fluid pressure AND hydrodynamic friction
depend on the sliding (relative) velocity
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1. Bearing Types & Functions Rolling element

1.2 Rolling Element Bearings R

a K1
cos(a) = 1

sin(a) = tan(a) = EP

U2=wR

Sliding element

Pressure

d (ph3dp N d (ph®ap\  a [ph(U, + Uy) U oh
« Sliding only in the x-direction: W1 =W, =0 Ox\12udx)  9z\12udz)  ox 2 P\"2 5%
N Y

N
Attention to the tangential Combining...

 Normal VGlOCity: 1 1 component of the velocity
4
Vy = % V. ] (ph3 6p> 0 (ph3 6p> U, + U,\0h | Eluid pressure depends on the
=p —
2 0x

——— —| = — | average velocity
] dx\12uox) 0z\12u 0z (rolling/entrainment speed)
 Steady-state regime: V,, =V,, =0 \

p
hap +u @ Hydrodynamic friction depends

h on the sliding (relative) velocity
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1. Bearing Types & Functions

Shaft surface

1.3 Journal Bearings - N
VZ """""""""""""
Posigao onde o filme se rompe. ‘
Correspondeax=0ex=2 TR
£y D : a1
y=L/2 1 ~
A /T - h cos(a) = 1 oh
Filme do mancal “desenrolado” /j * y U1 Sin(“) ~ tan(a) ~ a
2
4 b X
= =27
=0 H2n Unwrapped bearing U, = wR
surface U, = wR
x = RO

d (ph®dp\ 0 (phdadp ph(UZ +U)] ah
- Sliding only in the x-direction: Wy = W, =0 ax\12adx) T 92z\12202) = 6x — 2 Uz 55
J

~

V — V Attention to the tangential Combining...
1 component of the velocity

« Normal velocity:
V, = @ Vo, 1\ 0 ph3 op d ph3 ap oh | Fluid pressure depends
20 12# ET) + - 97 12# 9z =p 3g | on the average rotational

. speed
 Steady-state regime: V,, =V, =0

h dp Hydrodynamic friction depends
Txy =~ 2R 00 + pR h on the sliding (relative) rotational

speed
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2. Lubrication of Concentrated Contacts (hard-EHL)

2.1 System Configuration and General Characteristics

Az
plx) ™\ Tl
Ty 52 (x)

M) ™

Entrada do
Lubrificante - E

o /
-a

Saida do
Lubrificante - $

= >
-3a -2a +a  +1.5a X
Zona do Convergente —‘ }“ Zona do Divergente
Zona Hertziana
-

\1

\_Zrﬂnas de
ransigao
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2. Lubrication of Concentrated Contacts (hard-EHL)

2.1 System Configuration and General Characteristics

Film Thickness

] - - 1.20
1.5 I N
fim 1 SR N0
1.0 4 -+ 0.96
05 H o
L : o2
v 007 ! T o060 &
> _ =
-0.5 ; f—+ o048
i 1 0.36
SCE I e B T —F 024
-1.5 A A 912
] I S R e e T Sl S a L
151 pressure 20 -15 -10 -05 00 05 1.0
1.0 4 A Axis (Rolling Direction)
] Film Thickness and Pressure
@ 0.5 Along the Centerline
> 001
> Contact Ellipticity k= ba=1.0
-0.5 1 Material Parameter G'= 4000
Speed Parameter U= 3.439510° 10
=1.0 4 Load Parameter W= 1.003x10°5
15 Max. Herlzian Pressure Py=1.72 GPa
-3 -2 =1 0 1
X= x/a (Rolling Direction) Point contact EHL simulation
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2. Lubrication of Concentrated Contacts (hard-EHL)

2.1 System Configuration and General Characteristics

22.5° 45° 67.5° 90°

Hertzian b

0.0061
= H F
% 0.004
=

0.0021

0.000 STOR— : v

2 -l 0 1 2-2 -l 0 1 2-2 -l 0 1 - i -
X=x/a X=xXa X=xXa X=x/a X=x/a

Sample of film thickness solutions with different entrainment angles. Source: [1]
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2. Lubrication of Concentrated Contacts (hard-EHL)

2.1 System Configuration and General Characteristics

Simulations

Hertzian b

Measurements

Comparison between numerical
solutions and testing results. (a)
Film thickness contours from
simulations and (b) measured
optical interferograms. Source: [1]
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2. Lubrication of Concentrated Contacts (hard-EHL)

2.2 General Characteristics

U Applications: rolling element bearings, gears, cam-tappets, etc.
U Fluid pressure magnitude: 0.5 -5 GPa
U Lubrication mechanisms strongly influenced by:

«  Surface deformation (fluid-solid interaction problem)

*  Lubricant rheology (piezoviscosity and shear-thinning behaviour)

+  Thermal effects (high viscous dissipation and flash temperature)

Inlet region u ! — Outlet region
(film formation) )

\
N Outlet
constriction

Uy ™~__

O Operational parameters for engineering design:

Hertzian contact width Surface speeds
— e >

Slide-roll ratio (SRR) = 2*(U, - Up)/(U, + Uy)

*  Central and minimum film thickness: governed by the
lubricant properties and rolling (entrainment) velocity at the
inlet region

«  Friction (or traction) coefficient: governed by the lubricant
rheology, local temperature rise and sliding velocity at the
central contact region
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2. Lubrication of Concentrated Contacts (hard-EHL)

2.3 Film Thickness Calculation

U EHD film thickness calculations based on curve-fitted formulas obtained from numerical
simulation and validated with experimental data

Line Contact Point Contact
(Dowson & Higginson) (Hamrock & Dowson)

0.64
hy = 0.975 Ry UP77 G727 0091 Hy = 1.345 R U070 GI-330w 0087 {1 -0.61 Exp{-ﬂ. 752(R/ij ]}
h, = 1.325 Ry U7 GV w0-13 Co

0727 — 0,364 ] . o \0-091 H,, = 1.815 RU" PG 0wW 0073 1L pxp -0.7(R% Jm

I:a?fo (UJ+U2):| RX (fE ) X

hy = 0.975 5097 &
n
0.67
0.70 U +U a"? R

|:'?0(U1 LU, )] o054 RX0.43 013 h =1.165C, [7?0( 1 2)] i X

hm - 1186 FO.U&? E 0.073
F 0.13 E*O.Oj‘ n
n

[ (U, + UZ)]0-68 o0 RXO.466

hy = 1.438C,, 7 0073 70.117
n
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2. Lubrication of Concentrated Contacts (hard-EHL)

2.3 Film Thickness Calculation

U Film thickness correction:

* Inlet temperature (@)

©metsheartining s .y by = (Prasrsv)hom

»  Surface roughness (@)

«  Starvation (®gy)

U Correction factors determined from analytical expressions, tables or charts available in
specialized literature.

0 2 4 6 8 10 12 14 16 18 20 - v hﬂ
i 1 " 1 L A=
a

L= B (Unz)*/ k¢ 0 1 2 3 n s
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2. Lubrication of Concentrated Contacts (hard-EHL)
2.4 EHL Regimes

Specific film . 5
thickness Regime Observacoes
. . . Superficies em contacto completamente
A2 10X A, (I:‘};I:zc;nf:;: separadas por um filme lubrificante muito
y ) espesso (20 um).
A> A Filme completo  Superficies em contacto completamente
-1 (full film) separadas pelo filme lubrificante (1 um).
Superficies em contacto parcialmente
Ay <A< A Filme Misto separadas pelo filme lubrificante,
1 (mixed film) ocorrendo em alguns pontos contacto
metal / metal.
pcs,  Fimelmte N exsteunfimebrificante
- (boundary film) P P ’

predominando o contacto metal / metal.

Francisco J. Profito — fprofito@usp.br April 2023



*'_ \ . ESCO |.’A l“;m“rh i
W« roLITECNICA m rmen

2. Lubrication of Concentrated Contacts (hard-EHL)
2.4 EHD Lubrication Regimes

Rolamentos Engrenagens
P
o Ay=10 ¢ A =30 A =07 e A =20
Filme Completo A23.0 A22.0
Filme Misto 1.0<A<3.0 0.7<A<2.0
Filme Limite AL1.0 A<L0.7
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2. Lubrication of Concentrated Contacts (hard-EHL)

2.5 Example
Line Contact Parameter Unit Disc 1 Disc 2
Radius x-dir Rxi m 30x103 | 45x10°3
Radius y-dir Ryi m 00 00
Nominal Width 14 m 15 x103 | 15x103
Speed ni rpm 1000 667
Young Modulus Ei GPa 210 210
Poisson Ratio ni / 0.3 0.3
Roughness (RMS) um 0.30 0.30
Viscosity v Pas 0.016
Piezoviscous Coef. | a Pa-1 0.2E-7
Espessura filme lub.
Contacto seco U 1,190E-11
Po 2,020E+09 G 4.553E+03
Pm 1,587E+09 W 4,815E-04
Maximum Hertz pressure (pg)? a 6,303E-04 ho 3,669E-07
Ac 1,891E-05 hm 2, 742E-07
Specific film thickness (A)? Assor. 0,865

Francisco J. Profito — fprofito@usp.br April 2023
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2. Lubrication of Concentrated Contacts (hard-EHL)

2 5 Exam p | e r Classificagao dos Agos Estruturais através do Limite de Escoamento minimo )
Limite de escoamento Exemplus,
z LY minimo sequndo ASTHM
! = Lo carbono de média resisténci 195 2 260 MPa A6
A 0, 3’», Ao de alta resisténcia e baixa liga| 290 2 345 MPa AGTZ2 AZ42 ASEE AGG92
- 0= ligados tratados
X ﬁermicameme B30 700 MPa ATOG 5
. }: Discs material: Steel 1045 (ASTM A36) - Does
A plastic deformation occur?
N Contacto seco Espessura filme lub.
Po 2,020E+09 u 1,190E-11
0 o 005 10 s x Pm 1,587E+09 G 4,553E+03
g 2 6,303E-04| | W 4,815E-04
i3 Ac LEIEOS| | po 3,669E-07
Tensdes instaladas R 2,742E-07
. oll -E,ﬂIﬂEFﬂg Iﬂ{m {),365 I
o222 -1,212E+09 |
o33 -2,020E+09 , . . .
B ?
! — ~oeoros ] What's the lubrication regime?
Is 4,955E-04
2.0 .
270 1,010E+09 How to improve the system
Zo 2,647E-04

reliability?
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Outline
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3. Journal Bearing Systems

3.1 System Configuration

Journal bearing

Cavitation
region

/ 1..-"~_ Oil pressure
¥..-- distribution

www,substech.com

Francisco J. Profito — fprofito@usp.br
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U Unwrapped domain (from centerline)

Posicédo onde o filme se rompe.
Correspondeax=0ex=2 TR

£y )
=L/2 L 7
= IR e g
Filme do mancal “desenrolado” _l
4 /
0 x=27nR
0 0=2n

: bearing center
: shaft center
: bearing radius
: shaft radius

: film thickness

April 2023
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3. Journal Bearing Systems

3.2 Lubricant Film Thickness

Os = ecosO + Rycosa = R, +h

A h = ecosf + R;cosa — R,

| R, I h I
e R4 e

: _ _ o sing = < sind
Sine rule for AOsOgC: sina _ sind sina Rlsm

O, : bearing center Trigonometric identity: (sina)? + (cosa)? = 1

Og : shaft center e
R; :bearing radius cosa = \/1 — (sina)? = [1-— (sinB)?
R, :shaftradius 1

C :radial clearance
e :eccentricity

& :eccentricity ratio
h : film thickness

e
Lubrication theory: (R_1> K1 = cosa=1

Finally: h = ecos8 + (R; —R;) = ecosf + C

[h(é’) = C(1+£c059)] with gzg

Francisco J. Profito — fprofito@usp.br April 2023
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3. Journal Bearing Systems

Shaft surface

3.3 Reynolds Equation . \
w
Vz ------------------- !
Posigao onde o filme se rompe.
Correspondeax=0ex=2 TR ‘
Iy - .' a1
y=L/2 ~
/) /T _,e h cos(a) = 1 o
Filme do mancal “desenrolado” /j * y sin(o:) = tan((x) = a—
y=-L/2 x
L / L,
= x .
Unwrapped bearing U; = w4R
UZ = (l)zR
x = RO

Attention to the tangential

Plain b . Vi=V component of the velocity
* aln pearing:
k VZ: Vaor 1\ @ (ph®dp +a ph® dp w1+ wy)0h
R)ao\12u96) T 9z\124 02 ‘pE % 309

W1=W2=0

Fluid pressure depends on the average rotational speed

+ Steady-state regime: V,,. =V,, =0

[h(e) = C(1 + ecosO )]

How to solve the Reynolds equation
for the fluid pressure?

Analytical vs. Numerical solutions
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3. Journal Bearing Systems

3.4 Short Bearing Theory (Ocvirk Solution) 2 = et
L 1 ap ap ]Fllmadomancal ‘des jr Ee
0 Short bearing assumption: 3y < 3 7 o < 7 y

—2nR
0=2n

oo™

e (1 ap\ . 0@ (ph®dp\  (w;+ wy\0h
O Simplified Reynolds equation: <R> %09> + <12ﬂ 57 = p( > )ae
0 ph3 ap _ <(1)1 + 0)2) oh
oz\12u0z) P\ 2 )ae
Integration and
boundary conditions in z
/

3u(w; + wy)] dh L? )
p(z) = [— ( >

h3 0\" 4

h(8) = C(1 + ecos0 )

oh

38 = —C(esinb)

G J

Francisco J. Profito — fprofito@usp.br
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3. Journal Bearing Systems
3.4 Short Bearing Theory (Ocvirk Solution)

U Load Carrying Capacity

//xl
.
L/2 w(wy + wz)RL3£3\ Q.&*Q \\\
w. —f f (pRcosB)dzdf = — 4 U5
1 L p c2(1 — £2)2 RLde 6  pRdedy :
?A 0@ ///
L/2 3 % £
_ u(wq + wy)Reml N
Wz = f fL/Z (pRsinB)dzd0 = — 1c2(1 = e2)302 p ' / N
J

Coordmate system defined from the centerline

Perfil de pressao

4 Load Magnitude Carga e pressio no mancal

u(w; + wy)Rel®|m |[16
W = W w2 = |w= - |l—=—-1]e2+1
1t [ c2(1—-¢2)2 |4 |\xm et

Francisco J. Profito — fprofito@usp.br April 2023
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3. Journal Bearing Systems
3.4 Short Bearing Theory (Ocvirk Solution)

U Friction Torque

L/2 0
f f (tR?)dzd#6 T= u—u u(y) = <y
L/2 dy

l * Concentric bearings
L/2
f f Iﬂ(w1+w2)Rl dzdo e=g=0

Short bearing

dp
% + ((1)1 + (Uz)R—

L2 Petroff bearing (1883)
l » Surfaces contact
e=c¢ e=1
[Znu(wl + w)RL “Infinite” hydrodynamic friction (metal-
¢ V1-—g? to-metal contact, mixed/boundary
lubrication)

Francisco J. Profito — fprofito@usp.br April 2023
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3. Journal Bearing Systems
3.4 Short Bearing Theory (Ocvirk Solution)

U Coefficient of Friction

p
ulwy + wy)Rel®|m [[16
W= S (=-1)e2+1
[ c2(1—¢€2)2 (4 [\m? et
_ lZnM(wl + w,)R3L 1
c Ny

T .
COF = W with <

el?V0.621e% + 1

DO NOT depend on
lubricant viscosity

8Rc(1 — £2)3/2
COF =

Francisco J. Profito — fprofito@usp.br April 2023
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3.5 Bearing Design Calculation

U Input or “controllable” variables

Lubricant viscosity: u [Pa.s]
Average load pressure: P [Pa]
Speed rotation: N [RPM]

Bearing dimensions: R, L, ¢ [m]

U Design or “dependent” variables

Eccentricity factor: € [-]

MOFT: hy [m]

Attack angle: ¢ [deg]
Coefficient of friction: COF [-]
Avg. temperature raise: AT [°C]

Leakage flow: Q [m?3/s]

Francisco J. Profito — fprofito@usp.br
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Film pressure p

Fundamental Problem: determine satisfactory limits for the

“‘dependent” variables by varying the “controllable” ones.

April 2023
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3. Journal Bearing Systems

3.5 Bearing Design Calculation

U Sommerfeld number (dimensionless)

*  Characteristic number for the design of hydrodynamic bearings

*  Defined in term of the main “controllable” variables

Ao Woey oo P(EY
~ LUu\R or — T Nu\R

* R : bearing radius [m]

* L :bearing width [m]

« C :radial clearance [m]

e u :Lubricant viscosity [Pa.s]
W: Load force [N]

* P :Average load pressure [Pa]
N : Rotational speed [RPM]

Francisco J. Profito — fprofito@usp.br April 2023
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3. Journal Bearing Systems

3.5 Bearing Design Calculation
MOFT and ¢ vs. Sommerfeld

10

B IR T e IR Rl B B Bt B T R R TRLd St :;J——ﬂﬂ" — - 4 ?Y+“'ﬁi—"‘ﬁ
B 1 = —un Bl ] o
l ! 1t ! ! H U 1 Hit I | //“H,.. /f.(J =1
I - - ! ! NP o f 3 1 (o MMERERL CULEEL
0.9 , - 2atfiiimn ' = R i 0.1
= . ) I IEEIRNI 2 '
all L I8 :
0.8 —
? — — + {44 - +
4 1 =
= e P
£ e
:"= 0.7 3 | 38 Ny BN 49|
H 5S
£ ' $ ) ‘... '
3 o i Ry .
| = = | HEEHE IIENEEL {9 4000
Sl 06 4 K
O EEE= S S — o % -— '...\ ..f
o b e R AT T
- 1 \
0.5 : ! Ht Lz

1 :3‘:“‘

04

Eccentricity ratio € (dimensionless)

. .
N

Minimum-film-thickness varable

0.3 V4 - A
e R B
02 ERENII //
! et e 51
11 FHEEHH R T
: e R
1 | | | | | 114 | | 1.0
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3.5 Bearing Design Calculation
Leakage flow vs. Sommerfeld
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3. Journal Bearing Systems

3.6 Example

The specifications and operating conditions of a given journal bearing are summarized
as follows:

N =30 rps

W =2200 N

R =20 mm

L =40 mm

T =50°C

Lubricant: SAE60 (1 = 170 mmPa.s)

Based on the curves shown in the previous slides, determine the following operational
parameters that ensure the system operate under maximum loading conditions.
a) Radial clearance (C)

b) Eccentricity (e)
c) MOFT (hy)
d) Position of the MOFT (¢)
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