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Abstract. The paper describes the use of a white light interformeter to measure the cavitation
bubble and oil film thickness in a tribological contact and compares the results to theory. It is
found that oil film thickness is best predicted by the theory proposed by Coyne and Elrod.

1. Introduction
The role of cavitation in tribological contacts has been discussed by many authors with regard to load
capacity, lubricant thickness, frictional losses and wear in sliding or rolling contact bearings [1-15].
The pioneering work of Osborne Reynolds in 1886 showed that the lubricant pressure distribution
along a smooth sliding bearing can be expressed by the equation that now bears his name,
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where A(x) is the height profile, p(x) is the oil film pressure, # is the lubricant viscosity and U is the
bearing sliding velocity [1]. For the case of a convergent/divergent tribological contact the solution to
this equation predicts a significant increase in gauge pressure within the converging section followed
by a decrease in pressure (within the diverging section) that often falls below the saturation or vapor
pressure which signifies the onset of cavitation or film rupture. The cavitation, however, clearly
modifies the flow and must be properly accounted for in the theory using appropriate boundary
conditions.

The first cavitation model was introduced by Giimbel [2] who assumed that film rupture occurred
at the beginning of the divergent region. Swift [3] and Stieber [4] introduced an improved model
assuming the pressure gradient equal to zero at the film rupture position. In order for the flow to exit
the contact it must either pass around multiple cavitation bubbles or flow over (or under) a single
cavity. These two theories have been studied extensively but separately. The assumption of flow
around multiple cavitation bubbles has been studied by Floberg [5], Jacobson and Floberg [6], Olsson
[7] and Floberg [8]. Taken together these works are referred to as JFO theory which not only satisfies
mass flow continuity and predicts the film rupture position, but also locates the reformation position
and is therefore capable of predicting the load carrying capacity. The theory has widely used after an
efficient algorithm for calculation was introduced by Elrod [9, 10] and is now commonly referred to as
the Elrod cavitation model.

Alternatively the lubricant can flow over (or indeed under) a single cavity. Prandtl’s theory of
boundary layers and flow separation was built upon by Birkhoff and Hays [11] to determine that the
point at which flow separation will occur due to adverse pressure gradients causing reverse flow in the
diverging region of the contact. Coyne and Elrod [12, 13] improved the model by introducing the
influence of surface tension, gravity and fluid inertia. In essence, the inclusion of surface tension
effects allows the local fluid pressure to drop below the cavity pressure and the point of film rupture
moving further along the divergent section.
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Both the assumption of flow around multiple cavitation bubbles and the assumption of flow over a
single cavitation bubble are supported to a certain degree by experimental observation. Dowson [14]
shows the flow between multiple cavitation bubbles generated in the lubricant flow between a sliding
surface and a fixed convex surface. On the other hand, Heshmat [15] photographed the cavitation
generated by a flat stationary surface and a rotating cylindrical surface showing flow between a single
bubble and the rotating surface.

In a previous paper we have investigated the lubricant flow in a glass sliding bearing (modelling a
ring-cylinder liner conjunction) using a digital holographic microscope [16]. In essence this
transmission setup measures the phase and amplitude of the wavefront passing through the tribological
contact. This information allowed the computation of high resolution images of the cavitation bubbles
and, by comparing wavefronts before and after the onset of cavitation, high fidelity quantitative
measurements of the bubble thickness are possible. Although the measurements clearly show multiple
cavitation bubbles and suggest that the bubbles only contact the cylindrical surface, the transmission
setup does not allow the oil film thickness to be measured. In this paper, we report an interferometric
reflection geometry using white light to measure both the bubble and the film thickness. Measurement
results are discussed and compared with the theoretical models of lubricant flows.

2. Experimental configuration

The contact consists of a plane glass surface and a cylindrical lens as shown in figure 1. The plane
glass is driven by a bidirectional motorized translation stage with controlled speed up to 2.3 mm/s.
The cylindrical lens (radius=13.25 mm, width=12.5 mm and length=25 mm) is fixed on a stationary
metal surface. The lubricant oil between the two bearing surface is additive-free, classic green gear oil
with a viscosity 7 = 1.508 Pa. s measured at room temperature (20 C°). The sliding plane glass is
entirely supported by the hydrodynamic film with a constant load of W = 2.65 N. In this experiment
the bearing surfaces are constructed from high refractive index S-NF57 glass (n = 1.84) which, relative
to the refractive index of the oil (n = 1.49), provides sufficient reflected light. The white light
interferometer configuration is shown in figure 2.
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Figure 1. Glass bearing configuration. Figure 2. White light interferometer.

In this configuration as the illumination passes through the bearing, a reflection occurs at the
interface between the plane glass and oil and another at the interface between the oil and cylindrical
surface. Since the illumination is white light, interference is observed only if these surfaces are in
close proximity as shown in figure 3. Using white light interferometry, the minimum thickness can be
found unambiguously by using a theoretical model to fit the experiment results as follows.

3. Analysis
To a good approximation the intensity of two reflections interference, I, can be expressed as a function
of the thickness profile, h(x), such that,

I =1, —I,cos (47” h(x)) E(h(x)) 2

where /, and /, are constants, A is the average wavelength and £ is a function that describes the fringe
envelope. Since the thickness profile is known, the thickness of the oil film h(x), can be expressed as
a function of position x,
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h(x) =hy+R(1 - cos(arcsin(%))) 3)

where hg is the minimum thickness and R is the radius of cylindrical lens. Using this equation the
values of the constants in equation 2 together with the fringe envelope function can be found by
analyzing an inteferogram taken when the bearing is stationary. When driven, the oil film thickness
can then be found by iteratively searching for hy. Using data up to the point of film rupture the
normalised fringe data (I,,prm = (I — I;)/1,) is shown in figure 4. Note the origin in figure 4 is x =
336 um in figure 3. Here, the blue line represents the average normalized intensity while the red line is
that predicted by equation 2. A similar method can be used to measure the thickness of the bubble
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Figure 3. White light interferogram. Figure 4. Average normalized intensity (blue)
and theoretical fit (red).
4. Results
The reflection geometry has been used to measure the minimum thickness, bubble position and bubble
thickness at various speeds (table 1) and has been compared with those predicted by the model
discussed in section 1.
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Figure 5 Minimum thickness versus speed. Figure 6 Bubble geometry.

Figure 5 shows a comparison of the measured minimum film thickness as a function of entrainment
speed with those predicted by the different theoretical models. It can be seen that although there are
clearly multiple bubbles (as figure 3) the minimum film thickness is best predicted by the Coyne and
Elrod model that assumes flow over a single bubble.

Table 1 Bubble thickness and oil film thickness at 100 pm at different speeds

Speed (mm/s) hcav (lvlm) hoil (lvlm) hO (lvlm)
1.0 0.2835 0.3092 0.149
1.5 0.3982 0.2902 0.256
2.0 0.506 0.285 0.359
23 0.5566 0.301 0.426

Since we measure both the position of the glass surfaces and the bubble thickness, the oil film
thickness over the cavitation bubbles can also be calculated. With reference to figure 6 these quantities
are tabulated in Table 1. It can be seen that with the increase of entrainment speed, the minimum film
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thickness and bubble thickness will increase; however, the oil film that flows over the bubbles is of
almost constant thickness.

5. Conclusions

This paper has introduced a white light interferometer and associated analysis methods as an aid to
understanding cavitation in tribological contacts. Using this approach we have been able to measure
oil film and bubble thickness simultaneously and can compare these results with those predicted by
theory. Although the results clearly show multiple bubbles (as figure 3) the minimum film thickness is
best predicted by the Coyne and Elrod model that assumes flow over a single bubble. We have verified
that the oil film does indeed flow over the bubbles and furthermore we have shown that the thickness
of this component (approximately 300 nm) is almost independent of entrainment velocity.

It is evident that neither the multiple bubble (JFO, Elrod) nor single bubble (Elrod and Coyne)
models fully explain real cavitation, at least in the lightly loaded flow conditions studied here. It is
clear that aspects of both theories are necessary to properly predict the pressure boundary conditions
and hence calculate the load conditions. Furthermore it is expected that surface roughness will
strongly affect bearings performance and further work is planned to study its effect using
interferometry.
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