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The application of advanced multilevel techniques to the solution of the
EHL line contact problem has resulted in a multilevel solver of complexity
O[n In n). The reduction in computing time thus obtained enables the use

of large numbers of nodes and allows detailed study of the pressure
spike. Both occurrence and height of the spike as a function of the
governing parameters were studied The parameter range where a
pressure spike can be expected, and the results of spike height
calculations, are presented.
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= Minimum film thickness.
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= Film thickness.
= Dimensionless material parameter (Moes).
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= Dimensionless load parameter (Moes).
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= Dimensionless pressure.
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= Dimensionless spike height.
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= Pressure.
= Maximum Hertzian Pressure.
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= constant in Roelands' relation.
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= Reduced radius of curvature.
= Dimensionless speed parameter.
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= Sum velocity.

W

= Dimensionless load. W =

W

= Load per unit width

X

= Dimensionless coordinate.

X

= Coordinate
= Pressure viscosity parameter.
= Dimensionless pressure viscosity index.
B = wph
= Pressure viscosity index.
= coefficient in equation.
= Dimensionless velocity parameter.
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= Poisson's ratio.
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= Viscosity at
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INTRODUCTION

Over the years, the numerical solution of both the EHL line and point
contact problem has received much interest. This has resulted in a
number of numerical algorithms of different efficiency for solving these
problems. With respect to the line contact problem, the complexity of the
presented algorithms varies from 0 (n3) (Newton Raphson) to 0 (nIn n), if
n i s the number of grid points used in the calculations, see also reference
1.

One of the most interesting features in the pressure distributions
calculated is the so-called ‘pressure spike’.The first to report this second
local maximum was Petrusevich.2Measurements performed with micro~Its
transducers leave no doubt as to the existence of the ~ p i k e . ~ -height
however has been the subject of many d i ~ c u s s i o n sFor
. ~ example,
~~~~~~~~
Kostreva5and Lubrecht7argue that the spike might be a singularity for
some specific situations whereas, on the other hand, Hamrock et @and
Pan et aPOpresentformulas giving the spike height as a function of the
governing parameters,6’1°and Bisset et aPclaim the spike to be finite and
smooth provided it is studied at a sufficiently small length scale.
It is commonly accepted that the cause of the spike is the exponential
relation between viscosity and pressure. No spike is found if the
lubricant was assumed to behave i s o v i s c ~ u s l yFurthermore,
.~~~~
for the
same conditions, the spike is higher if the Barus viscosity pressure
relation is used instead of the Roelands equation. Similarly, higher
spikes are found if the lubricant is assumed to behave
incompre~sibly.~*~~
The interest in the spike is not just of academic
nature, since it may afTect surface fatigue and life time in real contact
situations.l2
I n this paper the occurrence and the height of the pressure spike in
the stationary isothermal EHL line contact situation are investigated.
The parameter range where a spike can be expected is presented and the
effect of the compressibility, and of the viscosity pressure relation
applied, on this parameter range, is shown. Results of spike height
calculations using the Roelands equation for both an incompressible
and compressible lubricant are presented, and thevariation of the spike
height with the governing parameters is studied.
EQUATIONS

All equations are made dimensionless using the Hertzian dry contact
parameters. The dimensionless Reynolds equation reads:
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(1)

with the cavitation conditions: P 2 0.
E is given

E=

by:

pH3

P7\h
where

x = 6^rl0USn2
b3Ph
The dimensionless viscosity 7 is pressure dependent. The following
relations are used:

Barus

Roelands

m e r e P , = P d P h and p , = 1.98 108 [pa]
The parameters a,po and z in the Roelands equation are mutually
dependent:
ln(q,)+9.67
a=

Po

z

In this work a = 1.710-8LPa-1] and z = 0.68 are used in the calculations
with the Roelands equation.

When compressibility is taken into account, the dimensionless
lubricant density is assumed to depend on the pressure according to the
Dowson and Higginson re1ati0n.l~
The dimensionless film thickness equation reads:
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P(Y)lnlX- YldY
Finally, the dimensionless force balance equation, stating that
the integral over the pressure distribution equals the externally
applied load, reads:

SOLUTION PROCESS

The equations (1).(2) and (3)are discretized and the resulting discrete
equations are simultaneously solved using multilevel, i.e. multigrid
techniques. Both the discrete equations and the algorithm are
extensively described in reference 1, and will not be discussed here.
Employing this algorithm, the problem can be solved up to the level of
truncation errors in 0 (n In n) operations, even for highly loaded
situations. This enables solution of the problem with a large number of
nodes in reasonable computing times on relatively small computers. For
more information on multigrid methods in general the reader is referred
to references 14 and 15.
RESULTS

All results will be presented in terms of the Moes dimensionless
parameters, i.e. load parameter M and material parameter L, see
reference 16. They are related to the Dowson and Higginson
dimensionless parameters W , U,and G by:

M = W (2U)-In
L = G (2U) ’I4

After ‘defining’ a spike, the next section presents the parameter
range where a spike can be expected depending on the viscositypressure
relation used and whether the lubricant is assumed to behave
incompressibly or compressibly. The following section then presents
results of spike height calculations. A specific situation is studied in
detail and the spike height as a function of Mfor different values of L is
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presented. The last section compares some results with data presented
by other authors.

Onset pressure spike
With varying M and L different characteristic pressure distributions are
generally obtained, see Figure 1. One of the differences between the
solutions presented is the number of extremes (locations where dP/& =
0). As a result a parameter for the onset of the pressure spike can be
defined as: that value of L, given a value of the load parameter M, for
which the pressure distribution has two extremes and below which only
one extreme, located near the centre of the contact, is found. This
parameter will be denoted Lo. For L > Lotwolocal maxima are found, i.e.
one in the centre of the contact and another, the spike, near the outlet.
As an example, Figure 2 gives details of the pressure distribution in the
Figure 1 Characteristic pressure distributions and film shapes
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Figure 2 Onset of pressure spike

X
outlet region for a specific value of M (ML. 5) and three values of L: LAc Lo,
LB-Loand L, > Lo. The height of this maximum increases with L and it
gradually evolves from a small bump into a spike.
Given some M, this onset parameter Loof course depends on the
viscosity pressure relation used and differs for a compressible and
incompressible lubricant. Figure 3 gives L o a s a function of the load
parameter M for the different situations of lubricant behaviour, i.e.
Barus versus Roelands and incompressible versus compressible. The
characteristic pressure distributions prevailing in the regions separated
by these curves are also shown. Figure 3 shows that the influence of the
lubricant behaviour assumed is rather small. For large values of M the
curves run nearly parallel and approximately Lo a M-"09.
From a practical point of view, it may be interesting to plot these
curves in the dimensionless film thickness diagram. In that way, it can
not only serve to predict the minimum film thickness, but it also provides
information on the pressure distribution. See, for example, Figure 4
where the curve for the Roelands/compressible situation is presented in
the Moes plot.

Venner and Ten Nape1

328

Lub. SC~.
2-4

Figure 3 Loas function of M a n d L
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Figure 4 Onset of pressure spike in film thickness plot
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Spike height

Unless stated otherwise, all results presented in this section have been
obtained employing the Roelands equation and assuming a
compressible lubricant. Pressure distribution and film thickness for M
= 30 and L = 10 are presented in Figure 5. Figure 6 shows a detail of the
pressure distribution in the spike region for this situation. The
calculational domain extended from Xe=-4 to X,= 1.5. Convergence to
the level of the truncation error was checked as described in reference
11.
Figure 5 Pressure distribution and film thickness for M=20 and Is10
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Figure 6 Detail pressure distribution in spike region for M=20.k 1 0
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Table 1 gives the dimensionless spike height, P,and the height ofthe
preceding local minimumPmasa function of the number of nodes for this
specific situation.
Since a first order upstream discretization was used for the wedge
term in equation 1 both P,and Pnconvergefirst order to a limiting value
with successively halving the mesh width. Similarly, pressure
distribution and film thickness for other values of M and L where a
second local maximum occurs were calculated, and Figure 7 shows the
height of this maximum (the spike) as a function of M and L. In all
situations convergence of the spike with increasing n was checked as
described above. Only a limited parameter range is covered. Within the
current computing time and computer storage limitations convergence
of the spike outside this range could not be shown. To overcome this
problem local grid refinement techniques are recommended.
In the parameter range presented, the dimensionless spike height P,
decreases with increasing load. This conclusion may not, however, be
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Table 1 Convergence of spike height and preceding minimum as
function of the number of nodes

level

n

pm

p3

6

449

0.606

0.677

7

897

0.590

0.710

8

1793

0.587

0.758

9

3585

0.585

0.787

10

7169

0.584

0.825

11

14337

0.583

0.850

12

28673

0.583

0.867

13

57345

0.583

0.875

Figure 7 Dimensionless spike height, Roelands/compressible
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valid over the full parameter range. See, for instance Figure 8, where the
spike height results for an incompressible lubricant are presented. In
this situation P,decreases with M in a limited range of M and L. Beyond
this range, P,increases with M for a fixed value of L.

Comparison with other authors
Figure 9 compares some results with data presented by Hamrock et uL6
and Pan et aLl0In these references some situations with fixed U and G
and varying Ware presented. In terms of the Moes parameters L is thus
fixed whereas M i s varied. In all situations, U = 1.010-lland G = 5007.2,
t h u s l = 10.59.The calculations were performed employingthe Roelands
relation and assuming a compressible lubricant. SinceLis fixed, a curve
similar to the ones presented in Figure 7 should be found. For low loads
the different results match very well, whereas the differences increases
with increasing M .
Part of the difference may be accounted for by different values of
aand zused in the calculations. However, the rather large deviations of
the results presented here and in reference 10, from the results
Figure 8 Dimensionless spike height, Roelands/incompressible
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Figure 9 Comparison of spike height results for k10.59
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presented in reference 6, are most likely caused by numerical
inaccuracy of the spike height data presented in reference 6. With
increasingM the spike narrows and the number of nodes, needed locally
to describe it accurately, increase. If the mesh size in the spike region
is not small enough, the spike height will be underestimated.
CONCLUSIONS

The occurrence and height of the pressure spike as a function of the
governing parameters and the pressure viscosity relation used has been
studied. both for an imcompressible and compressible lubricant. The
parameter range where a second local maximum in the pressure
distribution can be expected for the different types of lubricant
behaviour. as well as results of spike height calculations, were
presented. Although, due to both computing time and computer storage
limitations, only part of the parameter range was covered some new
insights regarding the variation of the spike height with varying
dimensionless load and material number were obtained. With respect to
previously presented spike height formula, care should be taken only to
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use within the parameter range of their validity.
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