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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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FILM THICKNESSESIN LUBRICATED HERTZIAN CONTACTS (EHL).

PART 1: TWO-DIMENSIONAL CONTACTS(LINE CONTACTYS)

1 NOTATION AND UNITS

The International System of Units (Sl) is used in this Item. Thisis a coherent system. It should be noted
that any other coherent system of unitscan be usedin placeof Sl wherethedataaregiveninnon-dimensional

form.
0L2 W 3\ %2
A viscosity parameter = & >
no UR
. ) .
a N w2 %
7 B elagticity parameter = | ————
o noUE R
O
B
§ E; Es moduli of elasticity for materials at surfaces in contact
5
I . . 1 1(-vD) (-v,)
% E’ effective modulus defined by = = = +
= E 2 E E,
g
§ h minimum lubricant film thickness
b
© h W
o h non-dimensional lubricant film thickness =
= No UR
S
5
= k thermal conductivity of lubricant
Q.
S p pressure of lubricant at contact
)
a Rl, R2 radii of curvature of each of two bodies at contact point, taken as
Ll

positive for convex surfaces and negative for concave surfaces

R effective radius of curvature at contact, defined by é = Ri + Ri
(see Section 4.1) 1 2
Rq 1 qu RMS (root mean square) roughness of contacting surfaces
. . 2 2 Y2
th combined surface roughness of mating surfaces = (ROI 1t qu)
up, U, velocities of surfaces relative to contact point

up, U, velocities of surfaces tangential to surfaces

Issued October 1985 — 29 pages
With Amendments A and B, February 2010 — 29 pages
This page Amendment B

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 85027 B 2010

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-85027-b-2010
http://www.avadocuments.com/doc/esdu-85027-b-2010

ESDU 85027

u lubricant entraining velocity = (u, + U,)/2 (see Section 4.2) ms?t

uy, velocity of contact tangential to surfaces mst

v linear velocity of body ms?t

W load applied per unit width of contact (see Section 4.3) N mt

X parameter for estimating effect of inlet shear heating -
(see Section 5.1.2)

y perpendicular distance from contact tangent to centre of rotation of m
body

a pressure exponent of lubricant viscosity m? N1

Y angle between velocity of body and contact tangent rad

n dynamic viscosity N sm2

No lubricant dynamic viscosity at atmospheric pressure and at operating N sm>2
temperature (see Section 4.5)

0 absolute temperature K

A specific film thickness (see Section 6) -

Vi, Vo Poisson’s ratio for materials at surfaces in contact -

Po density of lubricant at atmospheric pressure and at operating kg m=
temperature

® angular velocity of body rad st

2. INTRODUCTION

ESDU Copyright material. For current status contact ESDU.

This Item provides charts and cal culation methods for determining the minimum lubricant film thickness
in concentrated contacts that occur, for example, in rolling bearings and gears; in such contacts, often called
Hertzian contacts, the nominal contact areaincreases with applied load.

For the purpose of calculating the lubricant film thickness, Hertzian contacts are regarded as either
two-dimensional, with nominally line contact, or three-dimensional, with nominally point contact.
Nominally line contact occurs in, for example, roller bearings, roller followers on cams and spur gears
while three-dimensional contacts occur in, for example, ball bearings. The charts and cal culation methods
presented in this Item apply to two-dimensional contacts. It is frequently possible to obtain guidance on
some three-dimensional contacts using these methods (see Section 4).

Thetext of thisItem isdivided into three main parts. Thefirst part (Section 3) describes the operation of a
lubricated Hertzian contact. The second part (Sections 4 and 5) gives guidance on the specification of the
design parameters, identification of the regime of operation and determination of the film thickness. The
final part gives guidance on ensuring that the contact will operate with an adequate margin of safety.
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3. DESCRIPTION OF CONTACT PHENOMENA

The formation of a lubricated Hertzian contact depends upon a viscous lubricant being drawn into the
contact zone by the movement of the surfacesasshownin Sketch 3.1. Inatypical contact thefluid pressures
generated within the entrained lubricant can be a thousand times greater than those occurring in
hydrodynamic journal and thrust bearings and, as a consequence of these high pressures, changes in the
viscosity of the lubricant and elastic deformation of the components in contact may both be highly
significant.

Load/unit width Ws

The loading produces a local
deformation of the components
(shown greatly exaggerated) which

Inlet
\ is related to the elasticity of the materials.

v
‘Qz minimum lubricant film thickness

N

Outlet

In the contact zone the lubricant
The lubricant is entrained viscosity increases due to the very
into the contact zone by the high contact pressures
movement of the surfaces.

Load/unit width Ws

Sketch 3.1 A typical lubricated Hertzian contact

Normally, thelubricant filmisof auniform thicknessover most of the contact but with aminimum thickness
(typically 80 per cent of the uniform thickness) near the outlet of the contact zone. A knowledge of this
film thickness, which can be two orders of magnitude smaller than those occurring in hydrodynamic journal
and thrust bearings, is required in order to assess the likelihood of wear and surface distress.

The procedure to be followed when analysing a two-dimensional contact is shown in the flowchart off
Figure 1. :
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4, SPECIFICATION OF PROBLEM

Certain basic information regarding the intended application is required for the design and analysis of a
two-dimensional concentrated contact.

In many practical concentrated contacts the surfacesinteract not at aline contact but at an elliptical contact.
Provided the major axis of thiselliptical contact is perpendicular to the direction of motion of the surfaces
and is much larger than the minor axis, an approximate indication of the lubricant film thickness may be
obtained by treating the contacting surfaces as cylindrical and applying the two-dimensional contact
analysis method of this Item. The method should not be applied when the entraining direction is along the
major axis of the contact ellipse.
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4.1 Effective Radius of Curvature
The radius of curvature of the two cylindrical surfaces of the contacting components at the contact point
must be specified. Note that a concave surface will have anegative radius of curvature. After these values
have been specified, the effective radius of curvature at the contact, R, should be calculated using
1 1 1
- = — 4+ — (41)
R R, R,
Notethat wherearoller contacts aflat surface the effective radiusis simply equal to the radius of theroller.
4.2 Lubricant Entraining Velocity

Thevelocities of the two contacting surfaces, relative to the contact point, must be specified. The lubricant
entraining velocity, u, isthen equal to the arithmetic mean of these two values, or

u, + U,
2

u = _ (4.2)

The velocities of the two contacting surfaces should be specified in the direction of the contact tangent as
illustrated in Sketch 4.1.

Body 1 Contact point
Tangent to / ! Lic
contacting surfaces ;
V)
Body 2

-
uj =V, cosy; + oy,

Contact
tangent

[A—
U, =V, COS Y, —w, Y,

Generalised motion of contacting bodies Velocities along contact tangent

Sketch 4.1 Resolution of surface velocities

Careisrequired where the contact point itself is moving. In such casesit is often convenient to choose a
co-ordinate system in which the contact point is stationary (see Examples 1 and 3in Sections 9.1 and 9.3).
Where this is not convenient, the velocity component of the contact point along the tangent, u’ ., should
be specified (see Example 2 in Section 9.2). The velocities of the two contacting surfaces relative to the
contact point are then given by,

—_— !’ !
Ul = Ul—U

— ’ ’
and u, = u, —u’..
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Example 2 of Section 9.2 illustrates the specification of velocities and the calculation of the entraining
velocity for an application where the contact point moves.

Note that in pure rolling motion (motion without sliding) u," = u,’. Sliding has little direct effect on the
film thickness.

4.3 Load
For two-dimensional contacts, the load per unit width of the contact, W, , (measured perpendicular to the
direction of motion) must be specified. Where a high aspect ratio elliptical contact is being analysed, an
equivalent W should be established based on 70 per cent of the length of the major axis of the ellipse.
4.4 Effective Modulus

Themoduli of elasticity, E1 and E2 , and the Poisson’sratios, \21 and Vo, for the contacting materials must
be specified (see Reference 1). The effective modulus for the contact can be calculated using

2 2
1 1((=vy)  (1=vy)
= = Z + . (4.3)
E 2 = E,
Note that where similar materials contact, the effective modulus is simply
B e (4.4)
1-v

Values of the effective modulus, E/ (1 — v2) , for typical materials are givenin Table 10.1. Also givenin
thistable are values of (1 — v2) /E for substitution into Equation (4.3).

45 Lubricant Properties

The lubricant is sometimes specified to suit the design requirements of another component. Where the
designer has afree choice of lubricant, film thickness considerations may determine the choice.

For the purposes of analysing the performance of the elastohydrodynamic contact it is necessary to specify
theviscosity of thelubricant at the entry to the contact, 1, and the pressure exponent, a., of thelubri cant'.
Theviscosity, n , which can be determined from aviscosity/ temperature curve for the intended lubricant,
needsto be carefully considered. It should be determined for a pressure equal to the ambient pressure (not
the pressure of the lubricant within the contact) and atemperature representative of the expected operating
surface temperature of the contacting parts. In some high speed applications the surface temperature can
be appreciably higher than the bulk lubricant temperature and in these applications an allowance should be
made for this difference. Values of n, for some lubricants are given in Table 10.2.

ESDU Copyright material. For current status contact ESDU.

For many lubricantsthe pressure exponent of viscosity does not vary greatly with temperature and pressure
for agiven lubricant. However, oils are proprietary materials and the manufacturers often cannot specify a
value of o nor guarantee to hold it constant. Values of o for some lubricants are given in Table 10.2.

T The pressure exponent of lubricant viscosity is defined by the expression n = 1, exp (ap).
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5. DETERMINATION OF LUBRICANT FILM THICKNESS

In order to determine the lubricant film thicknessit isfirst necessary to calcul ate the values of the viscosity
parameter’, A, and the elasticity parameter’, B.

Y
A = o (5.1)
0
W )"
B = |——| . (5.2)
noUE'R

The possible values of these two parameters are limited by the practical range of the operating conditions
specifiedin Section 4 and valuesof A and B falling outsidetheregionsindicated on Sketch 5.1 areextremely

2
% rare.
L
o+
o
8
c 4
S 10 /
o
(%2}
3
e
© / /
(%] &
AN
= z 10° 5 e
g > o >
el = S %0
3 ™ & ¢
(S) %) > -$
5 & i S
o 3 102 ¥ N
= 1 $ / & $
© & & &
= < N S S
Q ol & S §
= =] ) D
© D S N
S € N &
s 10 $ &
2 5 s $
- 2 S/ 3
'z > & @
> ‘Z N S
o o S &
3 3 i
> > 1
[a)
n
L
Any solid lubricated by water
10! ‘ ‘

1071 1 10 102 108
Elasticity parameter, B = (W.2/nuE'R)"

Sketch 5.1 Practical operating regions

Film thickness dataare presented in Figure 2 asnon-dimensional filmthickness, h, contours on rectangular
axes of the viscosity parameter, A, and the élasticity parameter, B. The value of h corresponding to the
calculated values of A and B should be determined and the actual film thickness calculated using
Equation (5.3).

T Theviscos ty parameter, A, and the el asticity parameter, B, are non-dimensional groups used to characterise alubricated Hertzian contact.
Other pairs of non-dimensional groups may be used to characterise the contact (see Derivation 12) but A and B (often referred to as g,
and g5 inthe literature) have been chosen as the pair best suited to the presentation of film thickness datain this Item.
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hnauR
h = ——. (5.3)

Ws

The adequacy of this calculated value of film thickness should be confirmed using the guidance given in
Section 6. Where its valueis considered inadequate it may be necessary to modify the contact (where this
is possible) using the guidance given in Section 7.

51 Further FactorsInfluencing the Film Thickness

The lubricant film thickness estimate given by this Item assumes Newtonian lubricants, that is lubricants
where viscosity is independent of shear rate, and isothermal conditions, where no significant inlet shear
heating occurs. Significant reduction of the film thickness may occur where these two assumptions are not
satisfied.

5.1.1 Non-Newtonian lubricants

In atypical contact the lubricant will be subjected to maximum shear rates of the order of 10%t0 10" stin
the inlet region. The film thickness will be lower than the calculated value if the lubricant viscosity is
significantly reduced by such shear rates (see Reference 2). In particular the increase in the viscosity of
minera oils obtained from polymer additives may vanish when the lubricant is sheared.

5.1.2 Inlet shear heating

Significant heating of a lubricant can occur due to shearing in the inlet region of contacts operating at
relatively high speeds (see Reference 3). Theresulting reductioninfilm thicknessisgiven approximately by

Film thickness with inlet shear heating
Film thickness for isothermal conditions

where X = u_:(_ %3)

= (1+046 X) 0%

Note that dn,/d6 is negative and so X is positive. The rate of change of viscosity with temperature,
dn/do, can be estimated from achart of the viscosity/temperature characteristics of the chosen lubricant.
However, for most lubricants the relationship between viscosity and temperature is highly nonlinear and it
is advisable to estimate dn,/d6 using the identity
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d‘TT;O =Ny (%(In(no)) :

The thermal conductivity of the lubricant, k, should be evaluated at ambient pressure and for mineral oils

is given approximately by

_ (1345-006336) /-1, -1

k K™,
Po

where 0 is the absolute temperature in K and p, is density in kg mS.
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