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Outline of Talk
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ü Economic Importance of Lubricants
ü Lubricant Properties that Influence Friction
ü Friction in Important Machine Elements
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Introduction

ü Tribology âfrom the Greek word äŰɟɑɓɤå(tribo âäto 
rubå) is effectively the science of rubbing

ü Main aim of tribology âreduction of friction and wear
ü By reducing surface roughness, and by surface patterning
ü By optimum design of components taking into account 

operating conditions
ü By correct choice of materials
ü By use of the correct fluid

ü In this talk we will concentrate on fluid properties, and 
how these can be optimised to reduce friction in 
machines, and help improve energy efficiency
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Economic Importance of Lubricants

ü The worldwide lubricants market º$50 billion/year
ü The 1960çs Jost Report estimated that for many countries, around 10% of 

the Gross National Product (GNP) is spent overcoming friction and wear 
(for the UK GNP was approx $2250 billion in 2007)

ü The Jost Report also found that savings of 1.3 to 1.6% of GNP could 
reasonably be made by application of good tribological principles (use of 
correct lubricant, energy savings, proactive servicing/maintenance etc) 

ü Nowadays, as well as calculations of financial savings that are achievable, 
CO2 savings may also be possible
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Economic Importance of Lubricants

üAn average European car emits around 3 tonnes of CO2 per year 
(assumes CO2 emissions of 190 g/km and 16,000 km per year)

üThe benefits of reducing fuel consumption by 5% would be: 

üAnnual cost savings of approx 75 Euros

üTotal CO2 savings of almost 4 million tonnes per year for the UK 
(assumes the 5% saving applies to all cars, and that there are 25 
million cars in the UK)
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Economic Importance of Lubricants

üFor UK, annual electricity consumption (for industrial use) is approx 
100 billion kWh
üFor Germany, annual electricity consumption (for industrial use) is 
approx 200 billion kWh
üCost of electricity varies by country but is approx 0.06 Euros/kWh

üA 1% reduction in electricity usage would mean, for the UK:
üAnnual savings of 1 billion kWh of electricity
üAnnual cost saving of approx 60 million Euros
üAnnual reduction in CO2 emissions of 430,000 tonnes*

* Assumes official UK Govt figures of 0.43 kg CO2 per kWh
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Lubricant Properties that Influence Friction

Moving Surfaces
Separated by

a Fluid Film

Stationary Surfaces In Contact

With a thick fluid film separating the surface, the viscosity 
determines the film thickness and friction losses

When the surfaces start to touch, surface active additives in the lubricant influence friction 
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Lubricant Properties that Influence Friction

Oil Film Thickness/Surface Roughness  (or hN/P)
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Lubricant Properties that Influence Friction

ü In the Hydrodynamic and Elastohydrodynamic lubrication regimes the 
way in which lubricant viscosity varies with:

üTemperature
üPressure
üShear Rate

üwill determine the oil film thickness separating the moving surfaces, 
and the friction loss in the contact

ü In the Boundary/Mixed lubrication regimes, the additivesin the 
lubricant will also be important
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Lubricant Properties that Influence Friction

Viscosity Grade Kinematic

viscosity at

40°C (cSt)

Kinematic

viscosity at

100°C (cSt)

Estimated

dynamic

viscosity at

-20°C (mPa.s)

SAE-20W/50 144.8 17.8 10,200

SAE-15W/40 114.3 14.9 4,800

SAE-10W/30 72.3 10.8 3,100

SAE-5W/30 57.4 9.9 1,900

SAE-0W/20 44.4 8.3 1,100

SAE-30 91.3 10.8 6,800
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üViscosity varies very greatly with temperature
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Lubricant Properties that Influence Friction

üOne measure of the way in which viscosity varies with temperature is 
the VISCOSITY INDEX

ü If two oils have the same viscosity at high temperature (say at 150ºC) 
then the oil with the higher VI will have a lower viscosity at low 
temperatures

Example

Mineral oil: 
Vk100 = 12.5 cSt , Vk40 = 106 cSt, VI º110

Synthetic oil: 
Vk100 = 12.5 cSt, Vk40 = 82 cSt, VI º150  
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Lubricant Properties that Influence Friction

üViscosity varies greatly with pressure (for pressures > 50 MPa)

Ref: R.I. Taylor, SAE  2002-01-3355

Barus Equation
h(P) = h(0).exp(aP)

Published data from Infineum, 2001

Published data from Aachen University, 2001
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Lubricant Properties that Influence Friction

üViscosity also varies with shear rate âthis is especially true for lubricants 
that contain large polymer additives which align in a shear field
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Lubricant Properties that Influence Friction

üThe combination of temperature and shear rate on lubricant viscosity
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Lubricant Properties that Influence Friction

Ref: R.I. Taylor, IMechE Proc Part J, Journal of Engineering Tribology,  Vol 213, pp 35-46,  1999
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Lubricant Properties that Influence Friction

üTo estimate the oil film thickness and friction in the lubricated contact, we 
need to be able to calculate the viscosity of the lubricant for the temperature, 
pressure and shear rate in the contact

üStandard lubricant viscosity measurements are:

üKinematic viscosity at 40ºC
üKinematic viscosity at 100ºC
üHigh Temperature High Shear Viscosity at 150ºC (shear rate =106 s-1)
üCold Cranking Simulator viscosity at low temperatures

üAdditional viscometric measurements are usually necessary if we are to 
calculate oil film thickness and friction accurately
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Lubricant Properties that Influence Friction

üAdditive Effects

üTwo common additives which attach to a surface and affect friction are: 

üAntiwear aditives âsuch as ZDTP (Zinc Dialkyldithiophosphate) used in 
automotive lubricants

üFriction modifiers âäslipperyå molecules, such as MoS2, boron nitride, 
esters etc
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Lubricant Properties that Influence Friction
üAdditive Effects

üZDTP anti-wear additives: ZDTP forms an effective anti-wear film, which is a 
high friction film 
üIt is also a äsmartå additive âas contact pressures increase, it becomes 
harder and better resists the increased pressure

Fluid Lubricant

Alkyl Phosphate precipitates

Partially complexed phosphates

Compacted phosphate matrix

Solid sulphide/oxide layer

Metallic substrate

Low viscosity fluid

High viscosity fluid

Solid

Scuffing resistance

Increasing 

resistance to

penetration
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Lubricant Properties that Influence Friction
üAdditive Effects

üFriction Modifiers

üFriction modifiers are additives that form easily sheared layers at surfaces 
(substances such as MoS2, graphite, BN, esters, etc make effective FMs), causing 
reduced friction in the mixed/boundary lubrication regime

üShown below are typical FMs such as MoDTC (which reacts in the lubricant to 
form MoS2 at surfaces), and a triglyceride, which would be an organic FM
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Lubricant Properties that Influence Friction
üAdditive Effects

üThe Mini-Traction Machine is often used to characterise surface active additives
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Friction in Important Machine Elements

üJournal Bearings

üPiston Rings

üThe Valve Train

üElastohydrodynamic contacts (eg gear teeth, rolling element bearings)
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Friction in Important Machine Elements

üJournal Bearings at low load

üThe Petroff equation for friction can be determined easily from the definition 
of viscosity (in equations below F is the friction force in Newtons and his 
lubricant viscosity (Pa.s))
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Friction in Important Machine Elements

üJournal Bearings at high load

ü If it is assumed the bearing is short (i.e. the width of the bearing is much less 
than the diameter) then expressions for the minimum oil film thickness, hmin, 
and the friction, F (in Newtons), can be derived 

L R

w

Hydrodynamic lubrication: A lower viscosity oil would give lower friction
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Ref: R.I. Taylor, SAE  2002-01-3355
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Friction in Important Machine Elements

üJournal Bearings at high load

ü In reality, the temperature of the oil varies around the bearing too âas 
shown schematically below



25

Friction in Important Machine Elements

üPiston Rings

üThese are lubricated hydrodynamically, although mixed/boundary friction 
can occur at top and bottom dead centres

üFuruhama has given the following expressions for the minimum oil film 
thickness, hmin, and friction loss, F, of a piston ring

W

U
h

h
´min

UWF h´

ü In the above equations, his the lubricant dynamic viscosity (Pa.s), U is the 
linear speed of the piston ring relative to the liner (m/s), and W is the force on 
the back of the ring âall these vary with crank angle

Ref: Furuhama et al, JSAE Review, November 1984 
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Friction in Important Machine Elements
üPiston Rings: Experimental Friction Measurements

üResults from Shell collaboration with Kyushu University* (direct friction piston 
measurements using a floating liner rig)

SAE-10W
SAE-30

SAE-50

SAE-10W
SAE-30

SAE-50

Data analysis 
gives FMEP ́ h0.4

Ref: RI Taylor et al, International Triibology Conference, Yokohama, 1995
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Friction in Important Machine Elements

üPiston Rings: Experimental Friction Measurements

üResults from Shell collaboration with Kyushu University* (direct friction piston 
measurements using a floating liner rig)

Ref: RI Taylor et al, International Triibology Conference, Yokohama, 1995

h¤(70 C̄)

(cSt)

Piston Assembly 
FMEP (kPa) 

@ 1000 rpm

Peak friction, 

Fm (N)

@ 1000 rpm

13.61 37.9 490

21.09 40.8 460

24.06 43.4 440

28.61 51.0 380

56.30 64.5 300

üThis work also showed that for this engine, the piston rings contributed approx 
60% to total piston assembly friction (the rest coming from the piston skirt)
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Friction in Important Machine Elements

üPiston Rings: Experimental Friction Measurements

üResults from Shell collaboration with Kyushu University* (direct friction piston 
measurements using a floating liner rig)

üThis work showed that the average friction in the ring pack is roughly 
proportional to the square root of lubricant viscosity (HYDRODYNAMIC lubrication)

üHowever, mixed/boundary friction does occur close to top dead centre firing, 
with wear most likely to occur in this region

Ref: RI Taylor et al, International Triibology Conference, Yokohama, 1995
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Friction in Important Machine Elements

üThe Valve Train

üVarious designs, but one of the most common is the sliding bucket tappet shown 
schematically below
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Friction in Important Machine Elements
üThe Valve Train

üGraph below shows the measured friction torque, versus oil temperature for such 
a valve train âas lubricant viscosity decreases, friction increases
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Friction in Important Machine Elements

üElastohydrodynamic contacts

ü If pressures are high enough, the metal surfaces can deform elastically, and the 
lubricant viscosity increases dramatically

üThese conditions occur in practice in contacts such as:

üGear teeth
üThe valve train (cam/tappet contact)
üRolling element bearings

üUnder these conditions, the way in which lubricant viscosity increases with 
pressure is critical in determining the oil film thickness and friction in the contact
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Friction in Important Machine Elements
üElastohydrodynamic line contacts: Influence of Load

Load = 200,000 N
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T = 373 K, U1+U2 = 10 m/s

Ref: GW Roper & RI Taylor, STLE Annual Meeting, Calgary, 2006



33

Friction in Important Machine Elements
üElastohydrodynamic line contacts: Influence of Speed

U1+U2 = 10 m/s
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Ref: GW Roper & RI Taylor, STLE Annual Meeting, Calgary, 2006
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Friction in Important Machine Elements
üElastohydrodynamic point contacts

10 N 50 N 100 N

Oil film thickness

Pressure

Ref: GW Roper & RI Taylor, STLE Annual Meeting, Calgary, 2006


