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Abstract. Within the scope of this work, the friction in the lubricating gap between elliptical contact of
two surfaces operating under full-film lubrication was experimentally and simulatively investigated. The
experimental examination of fluid friction was carried out on a twin-disc-machine by varying the load
and slide-to-roll-ratio at constant hydrodynamic velocity and oil inlet temperature. As results, traction
curves are obtained which show the change of the coefficient of friction or the shear stress respectively
as a function of the slide-to-roll-ratio. From measurements, the maximum shear stress is obtained, which
is used for the numerical determination of traction curves. To this end, the EHL theorieis is used, taking
into account the pseudoplastic and the viscoelastic behaviour of the lubricant. In this work, two gear oils
based on polyalkylene glycol were used as examples of lubricants used in modern worm gearboxes.
1

INTRODUCTION

In drive technology, the wear of machine components is usually undesirable. The wear can be influenced
by introducing a liquid lubricant into the contact zone of the contacting components. When the components are completely separated, the motion resistance is attributed to the internal friction of the shear
stressed lubricant. The description of the processes in lubricated contacts is the subject of numerous
research activities based on elastohydrodynamic Lubrication (EHL). Summaries of the development of
research in this field can be found, for example, in the work of Leeuwen and Schouten [1] and Spikes
[2].
The depth of detail in EHL simulation ranges from isothermal considerations for smooth surfaces [3] to
the consideration of thermal influences and rough surfaces [4] as well as approaches to mass-conserving
cavitation [5]. Indispensable for a reliable simulation of friction in EHL contact is a detailed description
of the rheology of the lubricant. This includes the dependence of density and dynamic viscosity on
pressure and temperature as well as the shear rate dependence of the dynamic viscosity in loaded contact.
The shear rate dependence of the dynamic viscosity can be described for pseudoplastic fluids (viscosity
decreases with increasing shear rate) for example by the approaches of Eyring [6], Bair and Winer [7]
or Carreau [8]. Bair summarizes in [9] some models for the description and experimental determination
of essential rheological properties. In [10], experimental results from different tribometer experiments
are used to characterize the shear rate dependence of the dynamic viscosity as input data for the EHL
simulation. Different lubricants were investigated and approximate solutions were presented to describe
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the phenomenon. Input data for the EHL simulation can be obtained from measurements on componentrelated functional test rigs such as the Twin-Disc-Machine and ball-on-disc tribometer (Mini-TractionMachine, MTM). This is shown by Meyer [11], Strubel [12] and Fruth [13].
The aim of this work is the development of an EHL simulation model to determine the friction in an
elliptical point contact between two bodies of steel and bronze under isothermal lubrication conditions. In
addition to the pseudoplastic behaviour, the viscoelastic behaviour of the lubricant and a mass-conserving
cavitation algorithm according to Elrod [5] are taken into account. The results of the considerations are
traction curves for the polyalkylene glycol (PAG) based oil, which describe the relationship between
the slide-to-roll-ratio SRR and the coefficient of friction µ in the lubricated contact. Necessary for the
simulative calculation of the friction is the experimental determination of the maximum shear stress of
the lubricant, which is obtained by model tests on the Twin-Disc-Machine. The presented method allows
the characterization of the pseudoplastic behaviour of fluids independent of approximate solutions for
the critical or limit shear stress, which are described in the literature [10].
2

NUMERICAL INVESTIGATION OF TRACTION CURVES

2.1 Mathematical description of the EHL theory
The numerical investigation of traction curves is based on the elastohydrodynamic lubrication (EHL)
theory. The EHL represents the hydrodynamic type of lubrication in which contacting bodies elastically
deform due to the hydrodynamic pressure built up in the lubricating gap.
For the mathematical description of the isothermal EHL, the Reynolds equation is generally used, which
depicts the dependence of the hydrodynamic pressure p on the lubricating gap height h, the speeds u1
and u2 of the contacting surfaces surrounding the lubricant and the rheological properties of the lubricant
(density ρ and viscosity η). In order to consider the cavitation in the gap, due to the rapid change of the
pressure at the output of the contact between the contacting surfaces, a mass conserving cavitation model
according to Jakobsson, Floberg and Olson (JFO) is applied here. A numerical implementation of the
JFO model was presented by Elrod [5], who introduces a gap filling factor ϑ as a solution variable at the
cavited domain.
This paper takes in consideration the effects of surfaces roughness on the fluid flow in the gap between
the contacting bodies. For this purpose, the indirect method based on flow factors and presented by
Morales-Espejel [15] is used.
The generalized stationary Reynolds equation (1) for calculating the pressure distribution and the gap
height of lubricated contacts is defined as
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η∗ describes the effective dynamic viscosity of the lubricant, ϑ the gap fill factor, φp the pressure flow
factor, φs the shear flow factor and um and ur respectively the hydrodynamic mean velocity and the
relative velocity of the contacting surfaces. σ is the combined surface roughness. x and y describe
respectively the direction of flow of the lubricant and the direction perpendicular to it.
The gap height h, which results from the deformation of the contacting surfaces due to the hydrodynamic
pressure is calculated using
y2
2
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+
+
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whereby Rx and Ry describes the curvature radius of the contacting bodies respectively in the x and y
direction. The fourth term in (3) describes the Boussinesq equation, which is used here to determine the
deformation of the contacting bodies in the calculation domain Ω [14].
2.2 Rheology of the lubricant
To solve the Reynolds equation (1), knowledge of the density and viscosity of the lubricant is required.
Since the temperature influence was neglected in this work, the calculation of the pressure dependent
density was carried out according to the widely used Dowson and Higginson equation (4). The pressure
and shear rate dependence of the viscosity of the lubricant were respectively determined using the Modul
or Peeken equation (5) and the Carreau viscosity model [8]. The Carreau equation is shown in (6).
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p
η represents the pressure dependent viscosity at low shear rates, γ̇ = γ̇x 2 + γ̇y 2 the shear rate in the fluid
and τc the critical shear stress of the lubricant, from which the lubricant behaves non-Newtonian.
Since in EHL lubricant films, fluid elements are exposed to a shear force that depends on the shear rate
(viscosity) and the elastic shear (elasticity) built up over the course of the shear process, the viscoelastic
behaviour of the lubricant is taken into account here using the classical Maxwell model [17] described
by equation (7), where τ describes the shear stress and G ≈ 4 · τL the elastic shear modulus of the lubricant according to Dyson [18]. τL is the maximaum shear stress that the fluid can achieve and can be
determined experimentally. Table 1 summarizes the parameters used in the modul equation (5) for the
considered lubricants in this work.
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Table 1: Parameters of the modul equations for the investigated lubricants based upon data from high
pressure viscometry
Oil type
PAG 150
PAG 680

a1 / Pa
4.1404·107
8.2488·107

a2 / Pa·◦ C-1
5.4836·105
7.6768·105

b2 / ◦ C-1
−2.6542·10-4
−1.2530· 10-4

b1 / 0.0927
0.1237

2.3 Solution technique
Before the numerical calculation, the equations described above were nondimensionalized according to
[19]. For the subsequent discretization of the dimensionless equations, the finite volume method was
used, whereby for the right hand side of the Reynolds equation an first order upstream backward method
was used [20]. The calculation domain was discretized using a rectangular grid of constant mesh size
∆X and ∆Y in both the x and y direction and ∆Z in the z direction. The size of the mesh used was 128 X
128 X 11. Figure 1 shows the flow chart used in this work to determine the fluid friction coefficient in
the gap of the contacting surfaces for a external applied load.
Start
Input initial parameters
Assume initial gap height
Update gap, viscosity and density of lubricant
Compute the hydrodynamic pressure

Hydrodynamic
pressure converged?

No

Yes
Compute force equilibrium
Applied load
reached?

No

Adjust

Yes
Compute the friction of coefficient

Adjust

No

Max.
reached?
Yes
Results

Figure 1: Flow chart of the simulation
After initialization of the contact parameters (e.g. load, velocity, inlet temperature), the hydrodynamic
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pressure distribution is determined in the inner loop iteratively using the Reynolds equation (1) for a
given gap height, fluid density and viscosity distribution. For this purpose, the solution algorithm based
on the Fischer-Burmeister-Newton method [21] was used. For a converged solution of the hydrodynamic
pressure, the equilibrium of forces beetwen the external applied load and the load in the gap due to the
hydrodynamic pressure is checked in the next loop. This is carried out using equation (8), The inner loop
using to calculate the hydrodynamic pressure is repeated until the residue of load equilibrium equation
and the relative error in pressure distribution is less than the discretization’s error.
ZZ

pdxdy = F N

(8)

Ω

In order to calculate the friction in the fluid, equation (9) is used. The calculation of the shear stress τ in
the lubricating gap under viscoelastic behaviour of the lubricant is described in [17].
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2.4 Results
In this work, the contact between a steel disc with a Young’s modulus of E 1 = 210 GPa and a bronze disc
with a Young’s modulus of E 2 = 98.1 GPa was investigated, whereby the bronze disc was manufactured
cylindrical and the steel disc slightly convex. The examined lubricants were injected into the contact at
a temperature of 40◦ C.
In Figure 2, the EHL’s results for the gear oil PAG 150 are exemplarily shown. For this simulation a
mean Hertzian pressure of pm = 436 MPa and a mean velocity of um =2.5 m/s were assumed.

(a)

(b)

Figure 2: (a) Numerical solution of the pressure distribution along the y-axis according to the Carreau
and Newton viscosity model. (b) Numerical solution of the gap height along the y-axis according to the
Carreau and Newton viscosity model.
Figure 2 show respectively the comparison of the pressure and gap height profiles between the contacting
surfaces using the Newtonian and Carreau viscosity models. In this simulation, the slide-to-roll ratio is
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assumed to be 30%. A critical shear stress of τc = 4 MPa and a power-law-index of n = 0.35 are
assumed. For both the Newtonian and the Carreau model, the solutions contain all characteristic aspects
of the solution of an EHL point contact problem. The pressure ressembles the Hertzian semi-elliptical
pressure, which shows an gradual increase in the inlet and a rapid drop to the cavitation pressure in
the outlet. Due to the exponential viscosity-pressure equation, a pressure spike occurs just before the
cavited region. The magnitude of the pressure spike for the Carreau model is smaller than that for the
Newtonian model due to the pseudoplastic effect, which lead to a lower effective viscosity. Due to the
elastic deformation of the contacting bodies, the surface is flattened in the centre of the contact region,
whereby the gap height for the Carreau model is predicted to be smaller than that for the Newtonian
model.
3

MEASUREMENTS OF TRACTION CURVES AND COMPARISON WITH SIMULATION

For the experimental evaluation of traction curves, measurements were carried out on the MEGT’s TwinDisc-Machine, which is described in [23]. The experimental setup is shown in figure 3.

Figure 3: Shematic representation of the MEGT-Twin-Disc test rig
In order to realise an EHL contact, the discs are loaded by a radial normal force. By specifying a speed
difference between the rotating discs, a defined slide-to-roll ratio SRR can be set in the contact. The
application of the friction coefficient µ over the slide-to-roll ratio SRR results in the traction curve. The
coefficient of friction can be determined by the ratio of the measured friction force F R to the normal
force F N . The lubrication condition in the contact is generally determined by the dimensionless specific
film thickness λ = h/σ. h describes the central gap height according to Hamrock and Dowson [22] and
σ the standard deviation of the combined roughness profile of the two contact bodies. It is generally
assumed that fluid friction regime occurs at λ ≥ 3 [14].
Figures 4 show the comparison between the simulated and measured coefficients of friction for the examined lubricants. The comparison of the measured and calculated traction curves shows that they have
the same course, whereby a linear course is observed in the low range of the slide-to-roll ratio and a
degressive course from a certain value upward. The linear course of the traction curves represent the
Newtonian flow and the degressive increase the pseudoplastic flow behaviour of the lubricant.
The calculated and measured traction curves for the lubricant PAG 680 show a good congruence over a
wide range of the slide-to-roll ratio. Due to the fact that the oil PAG 150 has a relatively lower viscosity
than the PAG 680, a smaller film thickness is formed in the contact zone and the shear rate become there-
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Figure 4: (a) Measured and simulated traction curves for the oil PAG 150. (b) Measured and simulated
traction curves for the oil PAG 680, at different Hertzian mean pressures
fore higher. This could explain the higher coefficient of friction for the lubricant with lower viscosity.
For these results a critical shear stress (τc ) of 4 MPa and 3 MPa was considered, respectively for the
lubricants PAG 150 and PAG 680. The Carreau exponent n was 0.35 and 0.4 respectively for the oils
PAG 150 and PAG 680.
4

CONCLUSIONS
- The lubricant friction in steel-bronze contact is investigated experimentally and by simulation. In
the simulative investigation, the Carreau flow model was used, whereby the viscoelastic behaviour
of the lubricant was taken into account. It is shown that under fluid friction, the measured and
calculated friction coefficients show a relatively good congruence.
- In further works, the effect of temperature will be taken into account when calculating traction
curves. In addition, the calculation model will be extended to include mixed friction conditions in
the calculation of friction coefficients.
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