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Piston-Rings
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Engine Bearings

Elastohydrodynamic

Lubrication (EHL)

Hydrodynamic

Lubrication

Mixed 

Lubrication
Boundary 

Lubrication

Valve Trains

𝐇𝐞𝐫𝐬𝐞𝐲 𝐍𝐮𝐦𝐛𝐞𝐫: 𝐻 =
𝜂𝑈

𝑊
𝐅𝐢𝐥𝐦 𝐑𝐚𝐭𝐢𝐨: Λ =

ℎ𝑚𝑖𝑛

𝑆𝑞∗

1. Introduction

1.1 Lubrication Regimes (Stribeck curves)

Inputs:

- Geometry

- Speed

- Load

- Materials

- Lubricant

- Temperature

- Ambient

Outputs:

- Friction

- Wear

- Heat

- Noise

- Eventually failure

Engine Friction Losses 

in Passenger Cars

- Piston-rings: 35-40%

- Valve trains: 20-25%

- Bearings: 10-15%

- Cylinders: 10-15%

- Other: 5-20%
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2. Fluid Film Lubrication

2.2 Generalized Reynolds Equation

❑ (Isothermal) Generalized Reynolds Equation

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

isothermal flows: 

𝛻 ⋅ 𝜞𝒑𝛻𝑝𝐻 = 𝛻 ⋅ 𝜞𝒄𝒗 + 𝑆𝑇𝑆 + 𝑆𝑁𝑆 + 𝑆𝑇
𝜕𝜌

𝜕𝑡

𝜕

𝜕𝑥

𝜌 𝐻2 − 𝐻1
3

12𝜇

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑧

𝜌 𝐻2 − 𝐻1
3

12𝜇

𝜕𝑝

𝜕𝑧

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒−𝐹𝑙𝑜𝑤 𝑃𝑜𝑖𝑠𝑒𝑢𝑖𝑙𝑙𝑒

=
𝜕

𝜕𝑥

𝜌 𝑈2 + 𝑈1
2

𝐻2 − 𝐻1 +
𝜕

𝜕𝑧

𝜌 𝑊2 +𝑊1

2
𝐻2 − 𝐻1

𝑊𝑒𝑑𝑔𝑒−𝐹𝑙𝑜𝑤 𝐶𝑜𝑢𝑒𝑡𝑡𝑒

+

𝜌 𝑈1
𝜕𝐻1
𝜕𝑥

− 𝑈2
𝜕𝐻2
𝜕𝑥

+ 𝑊1

𝜕𝐻1
𝜕𝑧

−𝑊2

𝜕𝐻2
𝜕𝑧

𝑇𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛 𝑆𝑞𝑢𝑒𝑒𝑧𝑒

+ 𝜌 𝑉2 − 𝑉1
𝑁𝑜𝑟𝑚𝑎𝑙 𝑆𝑞𝑢𝑒𝑒𝑧𝑒

+ 𝐻2 − 𝐻1
𝜕𝜌

𝜕𝑡
𝐿𝑜𝑐𝑎𝑙 𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛

Suitable for numerical solutions

(Tensor, vector and source terms defined accordingly)

(5)

• Conservative vector form: • Fluid shear rate and stress:

𝜏𝑥𝑦 = 𝜇
𝜕𝑢

𝜕𝑦
=
1

2

𝜕𝑝

𝜕𝑥
2𝑦 − ℎ + 2𝐻1 + 𝜇

𝑈2 − 𝑈1
ℎ

𝜏𝑧𝑦 = 𝜇
𝜕𝑤

𝜕𝑦
=
1

2

𝜕𝑝

𝜕𝑧
2𝑦 − ℎ + 2𝐻1 + 𝜇

𝑊2 −𝑊1

ℎ

The velocity fields of Eq. (2) were substituted 

on the shear rate components
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1. Bearing Types & Functions

❑ 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

❑ Bearing Types

Thrust bearings
Rolling element bearings

Spherical bearings

Sliding bearings 

(e.g. piston-skirt and piston-rings)

Journal bearings
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Sliding surface (thrust)

Bearing pad (usually stationary)

ℎ𝑚𝑖𝑛

ℎ0

𝑥

𝑦

𝑾𝟏 = 𝑾𝟐 = 𝟎• Sliding only in the x-direction:

𝑽𝟏

𝑽𝟐
𝑼𝟐

𝑼𝟏

Combining...

Fluid pressure AND hydrodynamic friction

depend on the sliding (relative) velocity

𝑽𝟏𝒓 = 𝑽𝟐𝒓 = 𝟎• Steady-state regime:

𝑽𝟏 = 𝑽𝟏𝒓
𝑽𝟐 = 𝑽𝟐𝒓

• Normal velocity:

𝜕

𝜕𝑥

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑥
+
𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
=

𝜕

𝜕𝑥

𝜌ℎ 𝑈2 + 𝑈1
2

− 𝜌 𝑈2
𝜕ℎ

𝜕𝑥

𝜕

𝜕𝑥

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
= −𝜌

𝑈2 − 𝑈1
2

𝜕ℎ

𝜕𝑥

1.1 Sliding and Thrust Bearings

1. Bearing Types & Functions

𝜏𝑥𝑦 = −
h

2

𝜕𝑝

𝜕𝑥
+ 𝜇

𝑈2 − 𝑈1
ℎ
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1.2 Rolling Element Bearings

𝑾𝟏 = 𝑾𝟐 = 𝟎• Sliding only in the x-direction:

Combining...

Fluid pressure depends on the 

average velocity 

(rolling/entrainment speed)
𝑽𝟏𝒓 = 𝑽𝟐𝒓 = 𝟎• Steady-state regime:

𝑽𝟏 = 𝑽𝟏𝒓

𝑽𝟐 = 𝑼𝟐

𝜕ℎ

𝜕𝑥
+ 𝑽𝟐𝒓

• Normal velocity:

𝜕

𝜕𝑥

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
=

𝜕

𝜕𝑥

𝜌ℎ 𝑈2 + 𝑈1
2

− 𝜌 𝑈2
𝜕ℎ

𝜕𝑥

𝜕

𝜕𝑥

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
= 𝜌

𝑈1 + 𝑈2
2

𝜕ℎ

𝜕𝑥

Rolling element

Sliding element

𝑥

𝑦 𝑽𝟏 𝑼𝟏

ℎ ℎ𝑚𝑖𝑛

𝝎𝑹
𝑽𝟐

𝑼𝟐

𝛼 𝛼 ≪ 1
𝑐𝑜𝑠 𝛼 ≈ 1

𝑠𝑖𝑛 𝛼 ≈ 𝑡𝑎𝑛 𝛼 ≈
𝜕ℎ

𝜕𝑥
𝑼𝟐 = 𝝎𝑹

Attention to the tangential 

component of the velocity

1. Bearing Types & Functions

𝜏𝑥𝑦 = −
h

2

𝜕𝑝

𝜕𝑥
+ 𝜇

𝑈2 − 𝑈1
ℎ

Hydrodynamic friction depends 

on the sliding (relative) velocity
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1.3 Journal Bearings

• Sliding only in the x-direction:

Combining...

Fluid pressure depends 

on the average rotational 

speed

𝑽𝟏𝒓 = 𝑽𝟐𝒓 = 𝟎• Steady-state regime:

𝑽𝟏 = 𝑽𝟏𝒓

𝑽𝟐 = 𝑼𝟐

𝜕ℎ

𝜕𝑥
+ 𝑽𝟐𝒓

• Normal velocity:

𝜕

𝜕𝑥

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
=

𝜕

𝜕𝑥

𝜌ℎ 𝑈2 + 𝑈1
2

− 𝜌 𝑈2
𝜕ℎ

𝜕𝑥

1

𝑅

𝜕

𝜕𝜃

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝜃
+

𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
= 𝜌

𝜔1 + 𝜔2

2

𝜕ℎ

𝜕𝜃

Attention to the tangential 

component of the velocity

Shaft surface

Unwrapped bearing 

surface

𝑥

𝑦 𝑽𝟏 𝑼𝟏

ℎ

𝝎𝑹

𝑼𝟏 = 𝝎𝟏𝑹
𝑼𝟐 = 𝝎𝟐𝑹
𝒙 = 𝑹𝜽

𝑽𝟐

𝑼𝟐

𝛼

𝛼 ≪ 1

𝑐𝑜𝑠 𝛼 ≈ 1

𝑠𝑖𝑛 𝛼 ≈ 𝑡𝑎𝑛 𝛼 ≈
𝜕ℎ

𝜕𝑥

1. Bearing Types & Functions

𝑾𝟏 = 𝑾𝟐 = 𝟎

𝜏𝑥𝑦 = −
h

2R

𝜕𝑝

𝜕𝜃
+ 𝜇𝑅

𝜔2 − 𝜔1

ℎ

Hydrodynamic friction depends 

on the sliding (relative) rotational 

speed
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2.1 System Configuration and General Characteristics

2. Lubrication of Concentrated Contacts (hard-EHL)
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Point contact EHL simulation

2.1 System Configuration and General Characteristics

2. Lubrication of Concentrated Contacts (hard-EHL)
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2.1 System Configuration and General Characteristics

2. Lubrication of Concentrated Contacts (hard-EHL)

Sample of film thickness solutions with different entrainment angles. Source: [1]
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2.1 System Configuration and General Characteristics

2. Lubrication of Concentrated Contacts (hard-EHL)

Comparison between numerical

solutions and testing results. (a)

Film thickness contours from

simulations and (b) measured

optical interferograms. Source: [1]

Simulations

Measurements
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❑ Applications: rolling element bearings, gears, cam-tappets, etc.

❑ Fluid pressure magnitude: 0.5 – 5 GPa

❑ 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)

❑ Operational parameters for engineering design:

• 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

2.2 General Characteristics

2. Lubrication of Concentrated Contacts (hard-EHL)
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❑ EHD film thickness calculations based on curve-fitted formulas obtained from numerical 

simulation and validated with experimental data

2.3 Film Thickness Calculation

2. Lubrication of Concentrated Contacts (hard-EHL)

Line Contact

(Dowson & Higginson)

Point Contact

(Hamrock & Dowson)
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❑ Film thickness correction:

2.3 Film Thickness Calculation

2. Lubrication of Concentrated Contacts (hard-EHL)

• Inlet temperature (𝜱𝑻)

• Inlet shear-thinning (𝜱𝑺𝑻)

• Surface roughness (𝜱𝑹)

• Starvation (𝜱𝑺𝑽)

ℎ𝑜,𝑚
∗ = 𝜱𝑻,𝑹,𝑺𝑻,𝑺𝑽 ℎ𝑜,𝑚

❑ Correction factors determined from analytical expressions, tables or charts available in 

specialized literature.

𝜱𝑻 𝜱𝑺𝑽

𝜱𝑹
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2.4 EHL Regimes

2. Lubrication of Concentrated Contacts (hard-EHL)

Specific film 

thickness
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2.4 EHD Lubrication Regimes

2. Lubrication of Concentrated Contacts (hard-EHL)
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2.5 Example

2. Lubrication of Concentrated Contacts (hard-EHL)

Line Contact Parameter Unit Disc 1 Disc 2

Radius x-dir Rxi m 30 x10-3 45 x10-3

Radius y-dir Ryi m  

Nominal Width ℓ m 15 x10-3 15 x10-3

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. α Pa-1 0.2E-7

Maximum Hertz pressure (𝒑𝟎)?

Specific film thickness (𝚲)?
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2.5 Example

2. Lubrication of Concentrated Contacts (hard-EHL)

Discs material: Steel 1045 (ASTM A36) → Does

plastic deformation occur?

What’s the lubrication regime?

How to improve the system 

reliability? 
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3.1 System Configuration

3. Journal Bearing Systems

❑ Unwrapped domain (from centerline)

❑ Bearing geometry (plane rigid bearing)

OB : bearing center

OS : shaft center

R1 : bearing radius

R2 : shaft radius

h : film thickness

centerline
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3.2 Lubricant Film Thickness

3. Journal Bearing Systems

OB : bearing center

OS : shaft center

R1 : bearing radius

R2 : shaft radius

C : radial clearance

e : eccentricity

𝜀 : eccentricity ratio

h : film thickness

𝐴𝑂𝑆 = 𝐶𝑂𝑆 + 𝐴𝐶 = 𝐵𝑂𝑆 + 𝐴𝐵

𝐴𝑂𝑆 = 𝑒𝑐𝑜𝑠𝜃 + 𝑅1𝑐𝑜𝑠𝛼 = 𝑅2 + ℎ

ℎ = 𝑒𝑐𝑜𝑠𝜃 + 𝑅1𝑐𝑜𝑠𝛼 − 𝑅2

• Sine rule for ∆𝑂𝑆𝑂𝐵𝐶:
𝑒

𝑠𝑖𝑛𝛼
=

𝑅1
𝑠𝑖𝑛𝜃

֜ 𝑠𝑖𝑛𝛼 =
𝑒

𝑅1
𝑠𝑖𝑛𝜃

• Trigonometric identity: 𝑠𝑖𝑛𝛼 2 + 𝑐𝑜𝑠𝛼 2 = 1

𝑐𝑜𝑠𝛼 = 1 − 𝑠𝑖𝑛𝛼 2 = 1 −
𝑒

𝑅1

2

𝑠𝑖𝑛𝜃 2

• Lubrication theory:
𝑒

𝑅1
≪ 1 ֜ 𝑐𝑜𝑠𝛼 ≈ 1

• Finally: ℎ = 𝑒𝑐𝑜𝑠𝜃 + 𝑅1 − 𝑅2 = 𝑒𝑐𝑜𝑠𝜃 + 𝐶

ℎ 𝜃 = 𝐶 1 + 𝜀𝑐𝑜𝑠𝜃 with 𝜀 =
𝑒

𝐶

𝜽
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𝑾𝟏 = 𝑾𝟐 = 𝟎

• Plain bearing:

Fluid pressure depends on the average rotational speed

𝑽𝟏𝒓 = 𝑽𝟐𝒓 = 𝟎• Steady-state regime:

𝑽𝟏 = 𝑽𝟏𝒓

𝑽𝟐 = 𝑼𝟐

𝜕ℎ

𝜕𝑥
+ 𝑽𝟐𝒓 1

𝑅

𝜕

𝜕𝜃

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝜃
+

𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
= 𝜌

𝜔1 + 𝜔2

2

𝜕ℎ

𝜕𝜃

Attention to the tangential 

component of the velocity

Shaft surface

Unwrapped bearing
𝑥

𝑦 𝑽𝟏 𝑼𝟏

ℎ

𝝎𝑹

𝑼𝟏 = 𝝎𝟏𝑹
𝑼𝟐 = 𝝎𝟐𝑹
𝒙 = 𝑹𝜽

𝑽𝟐

𝑼𝟐

𝛼

𝛼 ≪ 1

𝑐𝑜𝑠 𝛼 ≈ 1

𝑠𝑖𝑛 𝛼 ≈ 𝑡𝑎𝑛 𝛼 ≈
𝜕ℎ

𝜕𝑥

3.3 Reynolds Equation

3. Journal Bearing Systems

ℎ 𝜃 = 𝐶 1 + 𝜀𝑐𝑜𝑠𝜃
How to solve the Reynolds equation 

for the fluid pressure?

Analytical vs. Numerical solutions
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3.4 Short Bearing Theory (Ocvirk Solution)

3. Journal Bearing Systems

❑ Short bearing assumption:

1

𝑅

𝜕

𝜕𝜃

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝜃
+

𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
= 𝜌

𝜔1 + 𝜔2

2

𝜕ℎ

𝜕𝜃

𝐿

𝐷
<
1

3
֜

𝜕𝑝

𝜕𝑥
≪
𝜕𝑝

𝜕𝑧

❑ Simplified Reynolds equation:

𝜕

𝜕𝑧

𝜌ℎ3

12𝜇

𝜕𝑝

𝜕𝑧
= 𝜌

𝜔1 + 𝜔2

2

𝜕ℎ

𝜕𝜃

𝑝 𝑧 =
3𝜇 𝜔1 + 𝜔2

ℎ3
𝜕ℎ

𝜕𝜃
𝑧2 −

𝐿2

4

Integration and

boundary conditions in z

ℎ 𝜃 = 𝐶 1 + 𝜀𝑐𝑜𝑠𝜃

𝜕ℎ

𝜕𝜃
= −𝐶 𝜀𝑠𝑖𝑛𝜃
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3.4 Short Bearing Theory (Ocvirk Solution)

3. Journal Bearing Systems

❑ Load Carrying Capacity

𝑊1 = න
0

𝜋

න
−𝐿/2

𝐿/2

𝑝𝑅𝑐𝑜𝑠𝜃 𝑑𝑧𝑑𝜃 = −
𝜇 𝜔1 + 𝜔2 𝑅𝐿3𝜀3

𝑐2 1 − 𝜀2 2

𝑊2 = න
0

𝜋

න
−𝐿/2

𝐿/2

𝑝𝑅𝑠𝑖𝑛𝜃 𝑑𝑧𝑑𝜃 = −
𝜇 𝜔1 + 𝜔2 𝑅𝜀𝜋𝐿3

4𝑐2 1 − 𝜀2 3/2

Coordinate system defined from the centerline

❑ Load Magnitude

𝑊 = 𝑊1
2 +𝑊2

2 ֜ 𝑊 =
𝜇 𝜔1 + 𝜔2 𝑅𝜀𝐿3

𝑐2 1 − 𝜀2 2

𝜋

4

16

𝜋2
− 1 𝜀2 + 1
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3.4 Short Bearing Theory (Ocvirk Solution)

3. Journal Bearing Systems

❑ Friction Torque

𝑇 = න
0

𝜋

න
−𝐿/2

𝐿/2

𝜏𝑅2 𝑑𝑧𝑑𝜃 𝜏 = 𝜇
𝜕𝑢

𝜕𝑦
𝑢 𝑦 =

𝑦2 − 𝑦ℎ

2𝜇𝑅

𝜕𝑝

𝜕𝜃
+ 𝜔1 + 𝜔2 𝑅

𝑦

ℎ

Short bearing

𝑇 = න
0

𝜋

න
−𝐿/2

𝐿/2 𝜇 𝜔1 + 𝜔2 𝑅

ℎ
𝑑𝑧𝑑𝜃

𝑇 =
2𝜋𝜇 𝜔1 + 𝜔2 𝑅3𝐿

𝑐

1

1 − 𝜀2

• Concentric bearings

• Surfaces contact

𝑒 = 𝜀 = 0

Petroff bearing (1883)

𝑒 = 𝑐 𝜀 = 1

“Infinite” hydrodynamic friction (metal-

to-metal contact, mixed/boundary 

lubrication)
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3.4 Short Bearing Theory (Ocvirk Solution)

3. Journal Bearing Systems

❑ Coefficient of Friction

𝐶𝑂𝐹 =
𝑇

𝑅𝑊
𝑤𝑖𝑡ℎ

𝑊 =
𝜇 𝜔1 + 𝜔2 𝑅𝜀𝐿3

𝑐2 1 − 𝜀2 2

𝜋

4

16

𝜋2
− 1 𝜀2 + 1

𝑇 =
2𝜋𝜇 𝜔1 + 𝜔2 𝑅3𝐿

𝑐

1

1 − 𝜀2

𝐶𝑂𝐹 =
8𝑅𝑐 1 − 𝜀2 3/2

𝜀𝐿2 0.621𝜀2 + 1

DO NOT depend on 

lubricant viscosity
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3.5 Bearing Design Calculation

3. Journal Bearing Systems

❑ Input or “controllable” variables

❑ Design or “dependent” variables

• Lubricant viscosity: 𝜇 [Pa.s]

• Average load pressure: P [Pa]

• Speed rotation: N [RPM]

• Bearing dimensions: R, L, c [m]

• Eccentricity factor: 𝜀 [-]

• MOFT: ℎ0 [m]

• Attack angle: 𝜑 [deg]

• Coefficient of friction: COF [-]

• Avg. temperature raise: ΔT [oC]

• Leakage flow: Q [m3/s]

Fundamental Problem: determine satisfactory limits for the 

“dependent” variables by varying the “controllable” ones.
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3.5 Bearing Design Calculation

3. Journal Bearing Systems

❑ Sommerfeld number (dimensionless)

• Characteristic number for the design of hydrodynamic bearings

• Defined in term of the main “controllable” variables

∆ =
𝑊

𝐿𝑈𝜇

𝐶

𝑅

2

𝑜𝑟 𝑆 = ∆𝜋 =
𝑃

𝑁𝜇

𝐶

𝑅

2

• R : bearing radius [m]

• L : bearing width [m]

• C : radial clearance [m]

• 𝜇 : Lubricant viscosity [Pa.s]

• W: Load force [N]

• P : Average load pressure [Pa]

• N : Rotational speed [RPM]
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3.5 Bearing Design Calculation

3. Journal Bearing Systems

MOFT and 𝜀 vs. Sommerfeld
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3.5 Bearing Design Calculation

3. Journal Bearing Systems

Position of MOFT vs. Sommerfeld
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3.5 Bearing Design Calculation

3. Journal Bearing Systems

COF vs. Sommerfeld
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3.5 Bearing Design Calculation

3. Journal Bearing Systems

Leakage flow vs. Sommerfeld
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3.6 Example

3. Journal Bearing Systems

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 = 50oC

Lubricant: SAE60 (𝜇 = 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 (h0)

d) Position of the MOFT (𝜑)
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3.6 Case Study

3. Journal Bearing Systems

𝐿

𝐷
=

40

2 𝑥 20
= 1

𝑆 = 0.2
𝐶 = 183 𝜇𝑚

ℎ0
𝐶
= 0.53

ℎ0 = 97 𝜇𝑚

𝑒

𝐶
= 0.47

𝑒 = 86 𝜇𝑚

𝑆 =
𝑃

𝑁𝜇

𝐶

𝑅

2
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3.6 Case Study

3. Journal Bearing Systems

𝐿

𝐷
=

40

2.20
= 1

𝜑 = 600
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