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INTRODUCTION

Internal combustion engines (ICEs) in modern racing cars are some of the most highly stressed pieces of machinery on the planet. With rotational speeds possibly exceeding ten thousand revolutions per minute, the physical stresses to which the moving mechanical components of the engine are subjected are enormous. In the valve train system, for instance, the lubricated cam-follower contacts undergo dramatic changes of speed and load in a matter of a few milliseconds. Because reliability and high performance of each subsystem of the engine are both essential to win races, the search for an optimal combination of machinery and lubrication is relentless. For the mechanical components, the design strategy usually consists in using high-grade materials for their strength and stiffness along with precise calculation methods to optimize stress distribution and keep the moving mass as low as possible. For lubrication, the primary objective is twofold: the lubricant must not only create a protective film thick enough to prevent or limit the direct contact between the metallic surfaces, which would lead to wear and potential failure, but also minimize friction to recover the largest possible amount of the energy released during combustion (Total Competition (1)). In both cases, the lubricant viscosity is often the key parameter. Put simply, the optimal lubricant viscosity should be sufficiently high in the inlet of the contact so that the produced hydrodynamic lift can fully separate the solid surfaces and should remain as low as possible in the central/pressurized region to reduce friction due to the shearing of the fluid.

In order to fulfill this requirement, engine designers and lubricant manufacturers can exploit two different competing and often coexisting phenomena in lubrication: shear-thinning and thermal softening. Shear-thinning refers to the ability of some fluids, usually containing polymers, to exhibit a drop in viscosity when subjected to shear stress exceeding a certain threshold (Bair (2), Mary et al. (3)). By adjusting this threshold and the intensity of the drop with regards to the actual stresses experienced by the lubricant in a contact, the fluid friction can theoretically be significantly reduced with limited consequences on the film thickness. Thermal softening denotes the decrease of a fluid viscosity induced by a temperature rise. In some contacts found in the ICEs of racing cars, the extreme prevailing conditions of pressure, velocity and sliding produce tremendous amount of heat through the compression and the shearing of the lubricant. Therefore, any technical solution able to increase temperature locally (but below the point where lubricant degradation occurs) by disrupting the heat removal, such as the introduction of thermally insulating surface coatings (Björling et al (4), Habchi (5)), can also lead to significantly reduced fluid friction with limited consequence on the film thickness. In theory, taking advantage of one or both of these phenomena would allow to develop efficient lubricant for automobile racing engine applications. However, such a tuning requires an accurate knowledge of the actual conditions of pressure, shear and temperature within the film of lubricant which is hardly accessible experimentally, even with state-of-the-art apparatus (Ciuli et al. [START_REF] Ciulli | Experimental study on circular eccentric camfollower pairs[END_REF]).

From the early analyses relying on semi-analytical formulae (Dowson et al. [START_REF] Dowson | The Lubrication of Automotive Cams and Followers[END_REF], Bedewi et al (8)) to the more recent CFD based models (Chong et al. (9), Zavos and Nikolakopoulos (10)), the numerical analysis of the lubricated subsystems of the ICEs has greatly progressed. For instance, the use of transient EHL simulations (Ai and Yu (11), Messe and Lubrecht (12), Wang and Yang ( 13)) has played a major role in the understanding of the lubrication of cam-follower contacts upon which this article focuses. Among notable contributions, the work of Wang and Yang (Wang and Yang ( 13)) highlighted the importance of thermal effects on the performance of these specific contacts and, in particular, the influence of the "temperature-viscosity wedge mechanism" at work during zero entrainment velocity (ZEV) conditions. With the recent developments in the transient Thermal EHL modeling of contacts (Raisin et al. [START_REF] Raisin | Characteristic times in transient thermal elastohydrodynamic line contacts[END_REF]) and in the high-pressure methods for the rheological characterization of lubricants (Bair (2), Vergne and Bair (15)), it now becomes possible to further explore the physical phenomena prevailing within the lubricant film. In this regard, the present study uses numerical simulation to investigate the respective contribution of shear-thinning, thermal softening and transient effects to the performance (film thickness and friction) of a lubricated cam-follower contact of an actual racing car. In addition, the build-up of a dimple and its transport throughout the contact during the ZEV conditions is exemplified. Comparisons between thermal and isothermal results are used to discuss the influence of both the "(transient) squeeze" and the "temperature-viscosity wedge" mechanisms and to assess the dominant one.
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CONTACT PROPERTIES

Operating conditions

This article focuses on the transient lubricated line contact (Figure 1) formed between one of the cam and follower pairs found in the valve train system of an ICE.

The application of interest being automobile racing, highly dynamic variations of load, ( ), entrainment velocity, ( ) = ( ( ) + ( )), and surface curvatures, ( ) and ( ), were retained to match the typical operating conditions of their ICEs. Although the exact profiles corresponding to these inputs are not reported herein for confidentiality issues, dynamical variations of the contact parameters are represented in Figure 2 through the variation of the classical Moes dimensionless parameters (Moes [START_REF] Moes | Optimum similarity analysis with applications to elastohydrodynamic lubrication[END_REF]) and through the variation of the lubricant transit time . Moes dimensionless parameters, M and L, can provide a fairly accurate approximation (assuming a stationary isothermal Newtonian lubrication regime) of the minimum film thickness in the contact for the most part of the cycle. They however are of limited use to represent the transition through ZEV conditions where both transient and thermal effects help maintaining a non-zero film thickness. The characteristic time, , here approximated as the ratio of the instantaneous Hertzian half-width, ( ), and entrainment velocity, ( ), measures how fast lubricant is driven from the contact inlet to its center (Raisin et al. ( 14)). Over a cycle, consisting in the full rotation of the camshaft, remain mostly below one tenth of a millisecond, providing an idea of the extreme level of dynamics prevailing in the contact. Note that at the considered engine rotational speed, the cycle lasts about 6.67 ms.

Materials

From a material point of view, the cam and follower are made of alloy steel, the properties of which are detailed in Table 1: is the density, is Young's Modulus, is Poisson's ratio, is the specific heat capacity and is the thermal conductivity. Contacting surfaces of both components are considered smooth to represent the superfinishing of real surfaces. Finally, the contact environment is regulated to a temperature = 110°C by a constant supply of fresh lubricant.

The lubricant under consideration is rather typical of automotive applications. It is a blend composed of a hydrocracked mineral base oil, from group III (API classification) and PISH polymers with a concentration of 1.2% in weight (Mary et al. (3)). Thermophysical properties of the blend were extensively characterized and modeled by Mary et al. (Mary et al. (3), [START_REF] Mary | New Insight into the Relationship Between Molecular Effects and the Rheological Behavior of Polymer-Thickened Lubricants Under High Pressure[END_REF]) over significant ranges of pressure, temperature and shear stress. For more details the reader is referred to these papers. The temperature-modified Tait equation of state was chosen to represent the variations of the lubricant density with pressure and temperature:
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where is the total volume at the temperature and pressure , and the total volume and bulk modulus at temperature and atmospheric pressure , respectively and $ % the thermal expansivity. In practice, = 9 GPa and * + = 6.18 10 -3 K -1 provide accurate values of for a large range of temperatures. where , -is the viscosity at the glass transition temperature, -( ), and : ( ) represents the dimensionless relative thermal expansion of the free volume. -( ) is the glass transition of the considered fluid at atmospheric pressure and 9 , 9 , ; , ; , = and = are additional fluid-specific parameters.

The generalized Newtonian viscosity, ,( , , >) is then obtained from the modified Carreau-Yasuda formula (Bair (2)):

,( , , >) = , ( , )
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where , ( , ) is the low shear viscosity given by eq. ( 2), , , ⁄ the relative viscosity of the second Newtonian plateau, L the power law exponent, $ a parameter mainly impacting the slope of the viscosity vs. shear-stress curve, > the shear stress, and D the effective shear modulus.

All the fluid related properties, including the parameters involved in the three models, are summarized in Table 2.

Characteristic numbers

Different characteristic numbers of interest in lubrication (Habchi et al. (19)), used for analysis purposes, are recalled in this section. These characteristic numbers are the slide-to-roll ratio (SRR), the Nahme-Griffith number (Na), the Weissenberg number (Wi) and the Limiting Shear Stress number (Li). It is important to note at this point that unlike for the SRR, the value of which can straightforwardly be obtained from the contact kinematics, the calculation of Na, Wi and Li requires the accurate knowledge of the conditions prevailing within the contact. Numerical values used in this article for these three numbers were therefore computed directly from simulation results at the contact center, using averaged values across the lubricant film thickness for the viscosity, pressure, temperature, shear rate and shear stress.

The Slide-to-Roll Ratio, SRR, characterizes the amount of sliding experienced by a given contact. It is defined as the ratio of the sliding velocity, M = -, and the entrainment velocity, :

SRR = 2 - + (4) 
The Nahme-Griffith number, Na, is a measure of how much viscous dissipation affects the temperature dependent viscosity (Winter (20)). The threshold value of Na above which thermal effects may not be disregarded seems to depend on the nature of the considered fluid (Bair (2), Winter [START_REF] Winter | Viscous dissipation in shear flows of molten polymers[END_REF]). Nonetheless, a value close to or above unity is a good indicator of the presence of significant thermal softening. Following Winter's work, Na reads (Winter (20)):

Na = *,( , , >)ST ℎ V (5) 
where * = -W ln ,( , , >)/W is the temperature-viscosity coefficient, ST the shear rate, ℎ V the film thickness and the lubricant thermal conductivity. ,( , , >) is the generalized Newtonian viscosity at pressure p, shear stress > and ambient temperature .

The Weissenberg number, Wi, measures the impact of shear-thinning on the viscosity. Wi is expressed as:

Wi = , ( , )ST D (6) 
where , ( , ) is the low shear viscosity, ST is the shear rate and D is the shear modulus of the lubricant. Shear-thinning can be said to occur for a given liquid when Wi becomes greater than unity (Bair (2)).

The limiting shear stress number, Z[, was originally proposed by Habchi and coworkers (Habchi et al. (19)). Although the origin of the phenomenon behind the apparent limitation of the shear stress in highly loaded contacts is still under debate, Li conveniently provides a way to predict its onset and offset. Li is defined as:

Li = > ] > ^ (7) 
where > ] corresponds to the unbounded value of the shear stress, >, and > ^is the limiting shear stress. According to measurements, > ^ rises linearly with pressure with a proportionality coefficient Λ characteristic of the material (Bair ( 2)). Typical values of Λ for lubricants vary between 0.03-0.15 (Stahl and Jacobson (21)). Without actual experimental data for the chosen lubricant, a value of 0.05 was assumed based on a comparison with other lubricants detailed in (Stahl and Jacobson (21)). When Li is above unity, it can be said that the limiting-shear-stress regime is reached and the greater the value of Li, the greater the truncation in the value of the shear stress > (Habchi et al. ( 19)).

NUMERICAL METHOD

Model

Numerical simulations of the cam-follower lubricated contact were performed using a Finite Element model based on the full system approach (Habchi et al. [START_REF] Habchi | Stabilized fully-coupled finite elements for elastohydrodynamic lubrication problems[END_REF]). Modifications were introduced to treat both stationary and transient fully flooded line EHD contacts. From a geometrical point of view, the cam-follower contact was reduced to a line contact owing to the large difference in dimensions along the three directions. In addition, smooth surfaces were assumed. Finally, since the structure and specifics of the model were already thoroughly detailed by the authors in a previous paper (Raisin et al. ( 14)), only a brief reminder is given hereafter.

The present transient Thermal EHL model relies on the coupling of classical equations and on the use of a quantitative description of the lubricant properties through physics-based constitutive laws (defined in section 1.2). These equations are the transient generalized Reynolds equation (Yang and Wen ( 23)), the steady-state linear elasticity equations, the transient load balance equation and the transient energy-balance equations (see Appendix A or Raisin et al. ( 14)). These equations are solved using the usual EHL boundary conditions applied to the cam-follower contact problem. For the generalized Reynolds equation, atmospheric pressure is assumed at the boundaries of the fluid domain Ω defined for a b [-5.4 ghi , 5.4 ghi ], ghi being the Hertzian half-width at the reference instant, ghi . Symmetry of the fluid domain is mandatory here because cam-follower contacts experience reversal of entrainment during operation. Also, the free boundary problem arising at the exit of the contact is handled by applying the penalty method (Habchi et al. [START_REF] Habchi | Stabilized fully-coupled finite elements for elastohydrodynamic lubrication problems[END_REF]). As for the linear elasticity part, the pressure distribution obtained from the Reynolds equation is used as a normal pressure load boundary condition on the contact surface. Null displacements are assumed on the bottom surface of the 60 ghi × 60 ghi sized elastic domain, while side surfaces are left free. Finally, for the thermal part, conditional relations are prescribed at the side boundaries of the solid and lubricant domains such that matter entering the contact does so at ambient temperature (Raisin et al. ( 14)). Finally, the continuity of the heat flux and temperature are imposed at the fluid/solid interfaces and zero conductive heat fluxes are assumed at the boundaries far from the contact area (located at a depth of 3 ghi ).

Procedure

All the equations and associated boundary conditions were implemented into COMSOL MULTIPHYSICS 4.4 commercial software in their dimensionless form. The nondimensionalization was performed using the following quantities:

a̅ = a ghi , n̅ = o n ℎ ⁄ , in the lubricant n ghi ⁄ in the solids y , ̅ = ghi ghi z = ( ) ghi , { z = ( ) ghi , | z = ( ) -( ) ghi ̅ (a̅ , ̅ ) = (a̅ , ̅ ) ghi , }(a̅ , ̅ ) = ℎ(a̅ , ̅ ) ghi ghi , ̅ = ( , ) , ,̅ = ,( , , >) , (8) 
where the superscript () ghi denotes the reference instant, ghi . Since the dimensions of the camfollower contact, symbolized by the Hertzian half-width ( ), changes significantly over a cycle (up to a factor of five in the system under consideration), a special attention must be paid on the choice of ghi . Here, a proper scaling of the model was ensured by choosing the camshaft angle ~ = 172°, which gives the largest contact half-width, as the reference instant. As in Habchi's work (Habchi et al. (22)), the meshing of all geometric components is tailored towards the nature of the transient TEHL problem. That is, the mesh is always finer in the central area of the contact where additional precision is required owing to the sharper solution gradients that are encountered (Habchi et al. [START_REF] Habchi | Stabilized fully-coupled finite elements for elastohydrodynamic lubrication problems[END_REF]).

The numerical procedure for the simulation of transient Thermal EHL (TEHL) problems was already presented in (Raisin et al. [START_REF] Raisin | Characteristic times in transient thermal elastohydrodynamic line contacts[END_REF]) and basically consists of two steps. First, a full stationary TEHL simulation is performed using the operating conditions at = 0•. The solution then serves as an initial guess for the transient simulation. From a computational point of view, the differential-algebraic system, formed by equations (A.1) and (A.5)-(A.7) in Appendix A, is solved using a variable step size variable order backward differentiation formula scheme. Time steps are automatically adjusted to satisfy specified tolerance of 0.001 and 10 -5 on the relative and absolute errors, respectively. At each time step, the fully coupled non-linear system is linearized using a Newton-Raphson procedure and solved using a monolithic approach. A transient non-Newtonian TEHL simulation (reference case) contains about 69261 degrees of freedom and 3395 time steps, and lasts about 10 hours and 20 minutes on a computer equipped with an Intel Xeon E5-2643 processor.

In order to analyze the respective contribution of shear-thinning, thermal softening and transient effects to the performance of the cam-follower contact, different types of simulation were performed:

-Reference: all three of the aforementioned effects are considered. The "reference" case corresponds to a transient non-Newtonian TEHL simulation. -Thermal off: thermal effects are disabled. The "thermal off" case corresponds to a transient non-Newtonian isothermal EHL simulation. -Shear-thinning off, thermal off: both thermal and shear-thinning effects are disabled. The "Shear-thinning off, thermal off" case corresponds to a transient Newtonian isothermal simulation.

-Transient off: transient effects are disabled. The "transient off" case corresponds to a quasisteady non-Newtonian TEHL simulation.

In the upcoming section, the influence of each effect is deduced by direct comparisons between the results of these four types of simulation.

RESULTS AND DISCUSSION

Cycle analysis

As a first step towards an in-depth analysis of the cam-follower contact, the evolution of the characteristic numbers (see section 1.3) during a full cycle is presented in Fig. 3. This cycle is composed of four distinct parts, each related to a specific area of the cam contour. These parts are defined as a function of the camshaft angle, ~, as the opening flank (from ~ = 16° to ~ = 122°), the nose (from ~ = 122° to ~ = 158°), the closing flank (from ~ = 158° to ~ = 255°) and the back of the cam (from ~ = 255° to ~ = 16°). As can be seen on Fig. 3, the contact is subjected to severe sliding conditions, SRR being above 2 for the most part. Consequently, it is not surprising to find large values for the Weissenberg and Nahme-Griffith numbers (around 2000 for Wi and between 200 and 30000 for Na). Shear thinning and thermal softening are therefore likely to significantly affect the response of the cam-follower contact. In fact, these effects even seem strong enough to keep the shear stress in the contact below the limiting shear stress value (Li remains almost always below unity). From a modeling point of view, this detail is extremely important. It implies that the use of limiting shear stress models, classically used to truncate shear stresses exceeding the limiting value, is unnecessary in the present case. Finally, the interest in relying on characteristic numbers is not limited to the estimation of their respective values. Indeed, direct comparisons between these numbers can also provide crucial information. For instance, the estimation of Na Wi ⁄ or Wi Na ⁄ can help to assess the dominance of thermal softening over shear-thinning or vice-versa (Bair (2)). Here, neither of these two effects can be strictly said to dominate at any point of the cycle, both ratios remaining below unity. Nonetheless, large differences between Na and Wi during portions of the cycle let us suppose that one effect may play a more prominent role than the other. A perfect illustration of that, the outstanding influence of thermal effects during the transitions between the opening flank and the nose (around ~ = 125°) and between the nose and the closing flank (around ~ = 155°) where zero entrainment velocity conditions are encountered, is discussed in the next section.

Friction and film thickness

In this section, the respective influence of shear thinning, thermal softening and transient effects on the performance of the cam-follower contact is further analyzed. Results obtained with the four different modeling hypotheses (defined in section 2.2) for the friction coefficient, = € , and the central and minimum film thicknesses, ℎ V and ℎ , are reported on Fig. 4,5 and 6, respectively. The conclusions that can be drawn from these results are rather striking. Indeed, the first unexpected finding concerns the influence of transient effects. Overall, these effects tend to smooth the response of the contact to the imposed level of dynamics. Their influence is slightly more noticeable on the film thickness (Fig. 5 and6) than on the friction coefficient (Fig. 4), especially during the second ZEVs conditions (camshaft angles around ~ = 155°) but remain quantitatively negligible compared to the two other effects. Such a result is particularly surprising as at the considered engine rotational speed, the contact operating conditions are completely dictated by the dynamics of the valve train system. For the friction coefficient, another unexpected finding is the moderate impact of shear thinning effects. From a comparison between the Isothermal Newtonian and non-Newtonian simulations on Fig. 4, this impact can be quantified as a friction reduction ranging averaging between 28 and 45%. On the opposite, thermal effects almost completely control the friction response of the cam-follower contact, as evidenced by the differences in the predicted = € between the reference and the isothermal simulations. In practice, the high loads and velocities in the ICEs of racing cars combined with SRR larger than two generates tremendous amount of heat through viscous shearing. Around ~ = 70°, 125° and 155°, the friction reduction induced by viscous heating reaches more than an order of magnitude.

For the film thickness, the picture is quite different. Shear-thinning effects account for the response of the contact over most of the cycle. According to Fig. 5 and6, the Isothermal Newtonian simulation predicts central and minimum film thicknesses, ℎ V and ℎ , approximately twice larger compared to the Isothermal Non-Newtonian simulation. Again, in practice, the high sliding velocities, M , prevailing in the contact produce shear stresses at the inlet larger than the shear modulus of the lubricant. These shear stresses cause the lubricant viscosity to drop locally, resulting in a decrease of the central and minimum film thicknesses. When the nose of the cam enters (around ~ = 125°) and exits (around ~ = 155°) the contact, however, thermal effects start to completely dominate the other contributions. During these transitions, ZEV conditions are encountered. In agreement with results from other authors (Messe and Lubrecht (12), Wang and Yang ( 13)), the isothermal simulations predict a drastic decrease of the central film thickness, especially when the shear-thinning behavior of the lubricant is taken into account. In these simulations as well as in reality, a lubricating film is maintained between the solid surfaces by the squeeze film effect, despite the absence of entrainment (Dowson et al. [START_REF] Dowson | The Lubrication of Automotive Cams and Followers[END_REF], Glovnea and Spikes ( 24)). On the opposite, the reference simulation, which includes thermal effects, predicts a much larger central film thickness during the reversals of entrainment (Fig. 5). This large difference is also observed for the minimum film thickness, except for a very short period of time during the second reversal of entrainment where the predicted values are close (Fig. 6). Such a result is particularly important, as in practice, the ZEV conditions are often regarded as the most critical part of the camfollower contact cycle. The underlying phenomenon, known as the thermal viscosity wedge (Fogg (25), Cameron [START_REF] Cameron | The viscosity wedge[END_REF]), is presented and discussed in the following section.

Transient thermal dimple around the ZEV conditions

As already reported by different authors in transient (Wang and Yang ( 13)) or stationary (Guo et al. ( 27), Bruyere et al. ( 28)) contact configurations, ZEV/infinite sliding conditions can give rise to dimple-shaped films of lubricant through a mechanism referred to as "thermal viscosity wedge". In stationary conditions, this mechanism occurs as follows: because surface velocities are equal and opposite, the usual definition of contact inlet and outlet no longer applies. In fact, both coexist on each side of the contact. At the inlets, lubricant at ambient temperature is dragged into the contact by one of the moving surfaces. It then gets heated while being entrained through the pressurized region, before exiting the contact at the outlets. A stationary recirculation area, where very high temperatures are reached, forms within the pressurized region, in-between the two 'colder' fluid layers. As a result from this differential heating, a viscosity gradient is created across the film thickness which, in turn, modifies the pressure profile. Figure 7a to 7f illustrates the occurrence of the thermal viscosity wedge mechanism in the dynamic cam-follower contact around the first reversal of entrainment. At a camshaft angle ~ = 117° (Fig. 7a), the cam (upper surface) and follower (lower surface) move in opposite directions with different velocities in the contact reference system ( = 14.35 m.s -1 and = -10.06 m.s -1 giving = 2.15 m.s -1 ).

In practice, an indication of the contact 'inlet' and 'outlet' is given by the presence of a constriction at the right side of Fig. 7a. As the camshaft rotates, the contact approaches the ZEV condition. Temperature rises significantly in the mid plane near the 'outlet' of the contact, where a thermal dimple forms (Fig. 7b). The dimple then grows as the maximum value of the transverse temperature gradient intensifies and progressively shifts toward the center of the contact as the entrainment velocity decreases ( = 0.47 m.s -1 on Fig. 7c). Between camshaft angles ~ = 123° (Fig. 7c) and ~ = 126° (Fig. 7d), ZEV conditions are encountered. The entrainment direction changes as the velocity of the cam becomes lower than the velocity of the follower ( = 11.91 m.s -1 and = -12.54 m.s -1 giving = -0.32 m.s -1 at ~ = 126°). Accordingly, the dimple moves toward the new contact outlet (Fig. 7d-e). It then progressively disappears as the entrainment velocity increases (Fig. 7e-f), reaching up to = -1.72 m/s at a camshaft angle ~ = 132°. Along with the transient evolution of the dimple, the particularity of the cam-follower contact in the ICE of racing cars lies in the intensity of the temperature gradient and generated lift. Close to the ZEV condition (between Fig. 7c and Fig. 7d), lubricant temperature rises above 350°C in the mid-plane while remaining close to 140°C at the fluid/solid interfaces. As a result, the thermal viscosity wedge mechanism produces a substantial lift that increases the central film thickness by factor of four (from ℎ V = 40 nm to ℎ V = 169 nm at ~ = 123° in Fig. 5) and the minimum film thickness by a factor of two and a half (from ℎ = 17 nm to ℎ V = 46 nm at ~ = 125° in Fig. 6) when compared to the isothermal non-Newtonian configuration.

Finally, another interesting aspect is the duration of the lift. In contrast with the squeeze film mechanism which was shown to influence the cam-follower contact film thickness over a very limited angular portion of the cycle (Messe and Lubrecht ( 12)), the thermal viscosity wedge mechanism acts for a relatively long duration. The difference in duration between these two mechanisms is clear when looking at the central pressure variation close to the ZEV condition (Fig. 8). In the absence of thermal effects (see the Isothermal Newtonian and non-Newtonian simulations in Fig. 8.), the additional lift which maintains a non-zero film thickness during the ZEV condition manifest itself in the form of a pressure wave (Messe and Lubrecht [START_REF] Messe | Transient elastohydrodynamic analysis of an overhead cam/tappet contact[END_REF]). The wave, originating from the squeeze-film mechanism, is generated at the contact outlet (here between ~ = 123° and ~ = 126°) and transits through the contact at the entrainment velocity, hence the delayed apparition at the contact center (Glovnea and Spikes [START_REF] Glovnea | Behavior of EHD Films During Reversal of Entrainment in Cyclically Accelerated/Decelerated Motion[END_REF]). As seen on Figure 8, both the amplitude (about 80 MPa peak) and duration (2°of camshaft angle) of the "positive" part of wave, which is actually providing the lift, are limited. On the contrary, the contribution of thermal effects to pressure around the ZEV condition is far more intense and no longer appears as a wave (see the Reference and Quasisteady TEHL simulations in Fig. 8). Evidence of the influence of the thermal viscosity wedge can be observed between ~ = 119° and ~ = 129° which is approximately five times the duration of the lift due to the squeeze-film mechanism. Transient effects slightly modify the shape of the thermal contribution to pressure but have negligible impact on its intensity (about 200 MPa). The longer duration as well as the greater intensity basically explains why thermal effects completely dominate the film thickness response of the cam-follower contact around the ZEV conditions.

CONCLUSION

This article dealt with the lubrication of the cam-follower contacts found in the internal combustion engines (ICEs) of racing cars. Considering line contacts and smooth surfaces, dimensionless number analysis and numerical simulations were used to quantify the respective influence of shear-thinning, thermal softening and transient effects on the contact performance and ultimately to provide ideas for lubricant optimization.

Regarding the frictional response, thermal softening was found to completely overwhelm the other effects. In fact, thermal effects in these contacts are so important that omitting to consider their influence may lead to an error of at least an order of magnitude on the predicted friction coefficient.

As for film thickness, shear-thinning was identified as the prominent factor for the most part of the cycle, causing an average reduction by half of both the central and the minimum value for the retained lubricant.

Yet, for two specific portions of the cycle corresponding to the transition toward and away from the cam nose, thermal effects were also found to completely dominate the other effects. During these transitions, the contact experiences a reversal of entrainment and infinite SRR conditions. As a result, tremendous amount of heat is produced in the lubricant through viscous shearing. Temperature rises dramatically in the mid-plane of the film thickness while remaining close to ambient near the fluid/solid interfaces. Immediately before the reversal of entrainment, an intense transverse temperature gradient forms near the 'outlet' of the contact. Additional lift is generated through the so-called "thermal viscosity wedge mechanism", giving rise to a dimple-shaped film. The dimple then transits through the cam-follower contact as the direction of entrainment changes.

The thermal viscosity wedge mechanism is of crucial importance as it significantly increases the central and minimum film thickness (and thus the load carrying capacity) of the contact at an instant of the cycle which would otherwise be extremely severe.

In addition, this article showed that, contrary to previous belief, this thermal mechanism completely outperforms the squeeze film effect, lasting longer and contributing with a much greater intensity. Also, transient effects were found to only play a minor role in smoothing the dynamic variations of the contact conditions.

To sum up, this article provided a clearer understanding of the effects that govern the performance of cam-follower contacts in the ICEs of racing cars. Shear-thinning and thermal softening were clearly identified as the key effects, as long as these contacts operate in the Thermal EHL regime.
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NOMENCLATURE a

Parameter of the modified Carreau-Yasuda law (-) av Thermal expansivity defined for volume linear with temperature (K -1 ). It is composed of ℎ ( ), the instantaneous spacing between the underformed solids, ( ), the instantaneous equivalent radius of curvature of the solid surfaces, and •(a, ), the instantaneous total elastic deflection of the solids. This deflection is obtained by solving the linear elasticity equations on a much larger domain representing both solids through the use of the equivalent body theory (Habchi et al. ( 21)). To complete the EHL coupling, the load balance equation is solved to ensure that the correct external load ( ) is applied to the contact. This equation reads:

• (a, )•a = ( ) - (A.5)
As for the thermal part, the transient energy-balance equations are used to calculate the temperature distributions in the solids and in the lubricant. Neglecting body forces, heat radiation and heat advection along the z direction, these equations for solids Ω and Ω read (Raisin et al. (

)): † † ˆ † ( ) W Wa + W W ‰ - W Wa ˆ † W Wa ‰ - W Wn ˆ † W Wn ‰ = 0, [ = 1,2 (A.6) 14 
where † , † and † are the density, heat capacity and thermal conductivity of solid Ω † , respectively. In the lubricant, diffusion along the entrainment direction can also be neglected, reducing the transient energy-balance equation to: Opening flank Nose

  The modified WLF-Yasutomi correlation (Bair et al. (18)) defines the Newtonian (or low shear) viscosity of the fluid, , ( , ), as: = (1 + ; × ) <

8 )

 8 velocity, (a, n, ), is:The first and second right-hand side terms in eq. (A.7) account for the production of heat by compression and shearing, respectively. Equations (A.1)-(A.8) completely define the transient Thermal EHL problem.

Fig. 1

 1 Fig. 1 Schematic representation of a typical lubricated contact between a cam (Ω2) and a follower (Ω1). Ω is the fluid domain.

Fig. 2

 2 Fig. 2 Variation of the Moes parameters, M and L, and of the contact transit time, th, for the camfollower contact over a cycle. Note that M and L were computed using the absolute value for the sum of the surface velocities, ( ) + ( ), which takes negative values between camshaft angles of 125° and 155°.

Fig. 3

 3 Fig. 3 Variation of the characteristic numbers (|SRR|, Na, Wi and Li) for the cam-follower contact over a cycle obtained from the reference simulation. Here the absolute value of SRR has been used to accommodate the logarithmic scale (SRR values are mostly negative on the angular portion of the cycle corresponding to the nose of the cam).
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 45678 Fig. 4 Variation of the friction coefficient in the cam-follower contact over a full cycle.

  

  

Table 2 :

 2 Parameters of the Tait, WLF and Carreau-Yasuda model for the retained lubricant, characterized by Mary and coworkers (Mary et al. (3)).

	Property	Unit	Value
	Tait parameters		
	ρr	kg.m -3	836.8
	K0 '	-	11
	av	K -1	7.922 x 10 -4
	Tr	K	288
	K00	Pa	9 x 10 9
	*k WLF parameters	K -1	6.18 x 10 -3
	C1	-	15.85
	C2	K	22.74
	A1	K	652.50
	A2	Pa -1	5.63 x 10 -11

APPENDIX A: Equations of the TEHD lubricated contact problem

As mentioned in section 2.1, the transient Thermal Elastohydrodynamic modeling of lubricated contact relies on the coupling of four different equations. These equations are described in this appendix.

The generalized Reynolds equation governs the flow inside the fluid domain Ω. Originally proposed by Yang and Wen (Yang and Wen [START_REF] Habchi | Stabilized fully-coupled finite elements for elastohydrodynamic lubrication problems[END_REF]), the equation applied to transient line contact problems can be written in the form:

where (a, ) represents the instantaneous pressure at any given point in the fluid. Other quantities in eq. (A.1) read:

where and are the velocities of the contacting bodies along the a direction and variables with the superscript () Š represent equivalent terms taking into account the variations of the lubricant properties across the film thickness. These terms are expressed as:

where ( , ) and ,( , , >) represent the density and generalized viscosity, respectively. ℎ(a, ) is the instantaneous film thickness at any point of the fluid domain Ω defined as:

(27) Guo, F., Wong, P. L., Yang