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a b s t r a c t

In the field of tribology, many applications operate in the elastohydrodynamic lubrication (EHL)
regime e.g., automotive engines, gears and rolling element bearings. In the EHL regime hydrodynamic
performances are significantly enhanced by the contact bodies elastic deformations and the lubricant
piezoviscosity. IssyOsborne is a procedure package for Igor Pro designed to be used by researchers in
the field of tribology and fluid mechanics. It allows to easily calculate the film thickness distribution in
lubricated sliding contact in EHL regime under time-varying conditions. This calculation is performed
given the contact conditions, the fluid properties and the contact bodies properties. IssyOsborne can
be used for deceleration, acceleration and reciprocating motions. In the algorithm, a full-analytical
resolution of the Reynolds equation was derived. Validated experimentally, the analytical film thickness
equations perfectly modeled the mechanisms behind film formation, such as squeeze due to the
transient evolution of the film thickness over time, asymmetry and hysteresis in film distribution.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Motivation and significance

Many mechanisms work in lubricated conditions where the
elocity, the contact pressure, the surface roughness and the
inematic conditions govern the fluid film thickness separating
he solid bodies. Depending on these parameters, the lubricated
ontact undergoes various lubrication regimes. Amongst these,
he elastohydrodynamic lubrication (EHL) regime corresponds to
full-film regime in which elastic deformations of the solids

nd viscosity pressure-dependence play a major role. In the EHL
egime, the classic hydrodynamic lubrication theory, based on the
eynolds equation, was found to be insufficient. Early efforts to
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E-mail address: malik.yahiaoui@enit.fr (Malik Yahiaoui).

include these effects began in the 1930s, but significant break-
throughs were not seen until the middle of the last century [1].
With the advancement of computer and information technolo-
gies, EHL solution methods and experimental techniques have
significantly improved, leading to a shift in research focus to thin-
film EHL and mixed EHL, with real engineering roughness and
transient kinematic being considered.

The presence of surface roughness, heterogeneity of the con-
fined lubricant, boundary film on the surfaces, varying tribological
conditions (load or velocity), or transient changes in flooding
regimes can lead to a disruption in the lubricant film-forming
capabilities. Experimentally, the film thickness distribution can
be measured coupling transparent solid, interferometric tech-
nique and time and space-resolved cameras and the film forming
mechanisms can be further investigated: see for instance, [2,3]
ttps://doi.org/10.1016/j.softx.2023.101422
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or rough surfaces under steady-state conditions, [4] for complex
luids under reciprocating motions and [5–8] for simple fluids
nder transient motions. These behaviors directly result from
he coupling of the pressure and film thickness distributions as
erived by Reynolds [9].
Various numerical methods can be found in the literature

o solve the Reynolds equation, mainly based on multigrid and
ultilevel multi-integration methods [10–12], Newton–Raphson
nd optimization methods including finite element method (FEM)
odels (among others [13–16]). Applied to simple fluids under

ime-varying conditions, these numerical simulations provided
stimate of the film thickness distribution and were able to iden-
ify features such as the hysteretic nature of the film thickness
volution [17–23].
Otherwise, we provide an open access algorithm, IssyOsborne,

ased on a fully analytical solution of Reynolds equation in 1D,
umerically implemented, that describes and calculates the film
hickness under acceleration, deceleration and reciprocating mo-
ions for given conditions. This algorithm was experimentally
alidated in [24].

. Modeling of transient EHL line contact

The Reynolds equation that models the coupling between the
ilm thickness h(x, t) and the pressure p(x, t) within a lubricated
contact between two solids can be written in one dimension as
Eq. (1).

∂

∂x

[
h3

η

∂p
∂x

]
= 6u(t)

∂h
∂x

+ 12
∂h
∂t

(1)

where u(t) = u1(t) + u2(t) is the entrainment velocity, η is
the viscosity of the fluid under pressure following the Barus law
(taken for mathematical convenience), x is the position in the
contact and t is the time.

Classical assumptions are made on the lubricated contact:
Newtonian, piezoviscous, incompressible and isothermal condi-
tions, zero external force and no slip at the solid/lubricant in-
terface. Ertel’s hypotheses and Crook’s approximation must be
assumed to obtain an analytical solution to the Reynolds equation
(as detailed in [7]). On the one hand, according to Ertel [25,26],
the flow of a piezoviscous lubricant of viscosity η, under the
pressure field p(x, t) can be considered as equivalent to the flow
of an iso-viscous lubricant with a viscosity η0 under the reduced
pressure field q(x, t). On the other hand, the Crook’s approxima-
tion [27] provides a simplified inlet geometry of the gap between
the two surfaces. Both approaches are analytical. Subsequently,
the equation was solved by successive integration in the con-
tact inlet and the Hertzian contact, taking fluid entrainment and
squeeze contributions into account. This analytical solution was
experimentally validated in the case of a linear deceleration over
a deceleration time, and it was found that it was essential to
include the squeeze contribution and transport effects of the
lubricant flow to accurately predict the evolution of the film
thickness with time and contact position. It was further used to
describe the evolution of the film thickness distribution during
forced oscillation [24].

The Reynolds equation was solved analytically in three zones:
the convergent, the high-pressure zone and the constriction zone.
Accounting for the constriction zone was essential as the outlet
zone then became the inlet zone at each change in direction. To
model the forced oscillations, a triangular velocity profile was set
(as opposed to sinusoidal as in reciprocating sliding experiments)
as a first approximation, after an initial step at constant velocity.
It is then important to note that, after a deceleration and when
the velocity reaches zero, the following acceleration is performed
with a change of direction.

In the central contact zone, the pressure field was assumed
constant. The Reynolds equation was simplified as follows:

u(t)
∂h
∂x

+ 2
∂h
∂t

= 0 (2)

This equation was then solved using the method of charac-
teristics. Consequently, three main film thickness equations were
calculated during the first deceleration, the following accelera-
tions and decelerations based on the work of [7]. A film thickness
reduction factor was added in the algorithm to take into account
the starvation effect produced by the change of direction, when
the original outlet becomes the inlet and the contact crosses over
the previous and persistent cavitation wake. This factor, based on
the work of Chevalier et al. [28], was adapted in the case of a
variable velocity [24].

3. IssyOsborne code

The IssyOsborne code has three main algorithms to calcu-
late the film thickness h(x, t) during the first deceleration, the
other decelerations and the accelerations. These algorithms are
formed by the Reynolds equation analytical solution obtained by
integration in the inlet (i.e., X < X1 = −1), in the contact
(i.e., X1 < X < Xm ≈ 0.93) and the outlet (i.e., X > Xm).
These equations are modulated by the starvation coefficient. For
a better understanding, the code is commented in the package’s
procedure window.

4. Illustrative examples

IssyOsborne results obtained with a contact set with a load of
10 N, a sliding frequency of 10 Hz using a PAO lubricant with a
viscosity of 1 Pa·s are presented on Fig. 1 displaying the evolution
of the film thickness in the contact with time:

• The Fig. 1a displays the triangular velocity profile u(t) over
one period consisting of one deceleration followed by one
acceleration until mid-period and followed by one deceler-
ation and one acceleration to reach a period.

• The Fig. 1b displays the time evolution of the film thick-
ness h(x, t) profile in the contact considering the position
x relatively to the Hertzian contact radius a.

• The Fig. 1c shows the film thickness at the contact center
h, (0, t) as a function of the time.

• The waterfall presentation plotted in Fig. 1d concatenates
the film thickness profiles over the time period, each color
corresponds to a film thickness.

The film establishment mechanisms in EHL regime in forced
oscillations are well retrieved by the IssyOsborne algorithm and
confirms several experimental observations:

• There is a lubricant film thickness hysteresis in the contact.
• A slight drop of film thickness is observed around the zero

velocity.
• Between each deceleration and acceleration, lubricant film

thickness inflection or drop is displayed.

5. Impact

IssyOsborne algorithm allows one to calculate the film thick-
ness distribution for reciprocating sliding contacts in elastohy-
drodynamic lubrication regime. Using this code, the calculated
film thickness evolution was confronted to experimental results
for validation over two decades of fluid viscosity for deceleration
ranging from 0.004 to 0.2 m/s2 for fully flooded contacts [7] and
oscillating conditions [24] for frequencies from 5 Hz up to 30 Hz

and stroke lengths from 0.2 mm up to 2 mm.
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Fig. 1. Result example over one period (i.e., four decelerations/accelerations): (a) Triangular velocity; (b) Calculated profiles, each color corresponds to a profile; (c)
Central film thickness with each color corresponding to a half period of the cycle; (d) Profiles waterfall.

6. Conclusions

IssyOsborne is an Igor Pro procedure package (.pxp) for the
calculation of EHL film thickness under forced oscillations. The
IssyOsborne algorithm is based on a Reynolds equation analytic
resolution. IssyOsborne has an easy-to-use interface. To initi-
ate the calculation, the only requirement is to input an initial
film thickness profile or at least the contact conditions that will
help to build an initial profile. IssyOsborn gives accurate results
validated by experiments. These results are displayed on three
different graphs: colorized successive profiles with time, col-
orized central thickness with acceleration/deceleration steps and
a waterfall of successive profile with colorized film thickness.
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