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1 Abstract 

It is well documented that parameters such as film thickness and temperature in EHL 

contacts can be measured experimentally using a range of techniques include optical 

interferometry, ultrasonics, capacitance and infrared emission.  Considerably less is 

known, however, about the flow of lubricant through such contacts.  Information 

about lubricant flow would greatly benefit the prediction of friction in machine 

components. 

This paper describes initial steps to develop fluorescence as a means of observing 

lubricant flow.   

An EHL contact was produced between a steel ball and a glass disc and viewed using 

a fluorescence microscope.  The entrained lubricant was dyed using a fluorescent 

species, so that when illuminated with laser light, a fluorescence intensity map could 

be viewed.  When the contact was fully flooded with dyed lubricant, the fluorescence 

intensity within the contact correlated well with optical interferometric film thickness 

measurements under the same conditions.  This suggests useful possibilities for 

mapping film thickness in contacts where conventional optical methods are 

impractical, such as between rough surfaces and within soft contacts. 

In order to observe how lubricant flows in an EHL contact, fluorescer-containing 

lubricant was placed on the out-of-contact track.  The boundary between fluorescent 

and non-fluorescent lubricant was then entrained into the contact and the passage of 

the boundary through the contact was monitored.   
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3 Introduction 

3.1 Lubricant Flow 

The prediction of friction in EHL contacts is of great practical importance, since it is 

this friction that determines the power loss in the contact, and therefore the efficiency 



of many machine components.  Furthermore, in certain components where operation 

relies on controlled shear of the lubricant, such as variable transmission applications, 

the accurate prediction of friction is of critical importance [1].  The latter is, however, 

not straightforward, since, unlike film thickness which is determined in the inlet; 

traction arises from the central region of the EHL contact.  Here, due to the extreme 

conditions of high strain rates (up to 10
8 

s
-1

) and pressures (up to 3 GPa), the lubricant 

behaves in a highly non-Newtonian fashion.  Much effort has been expended in 

developing realistic constitutive relationships between the stress and the strain rate of 

the lubricant in EHL conditions [2], based mainly on disc machine measurements and 

high pressure viscometry.  There is however still considerable dispute regarding the 

choice and validity of such models and in particular between models derived from 

disc machine versus viscometer measurements [3].  This problem is due in part to the 

lack of understanding of how the lubricant flows through the contact.   

It is a challenge to experimentally map lubricant flow through an EHL contact.  The 

lubricant film is extremely thin (< 1 µm) so it is generally not practicable to observe it 

from the side.  The use of particles to reveal flow trajectories is difficult since, 

because the film is thin the particles must be very small and there is also the 

possibility of particles segregation in the flow field. Finally the duration of flow of 

lubricant through the contact is very short (~ 1 ms).  One study has been carried out 

by Bair and co-workers, where a compressed layer of lubricant ~150 µm in thickness 

into which small particles were dispersed was subject to shear.  Because the lubricant 

layer was very thick it could be viewed from the side using a microscope, enabling 

velocity profiles across the film to be obtained.  At low shear rates, mechanically-

induced slip bands were observed at an angle of about 20 º to the surfaces [4], similar 

to those experienced by bulk yield of solid polymers [5].  These shear bands increased 

in number with increasing shear rate.  At higher pressures, shear deformation was 

localised at the centre of the film, where a thin hot layer of liquid was sandwiched 

between two cooler layers [6].  Unfortunately, in these experiments, the film thickness 

was extremely thick (~150 µm), much thicker than those found in EHL contacts and it 

is difficult to see how a similar experimental approach could be applied to realistic 

EHL film thicknesses. 

One possible mode of fluid flow is slip, where the fluid at the wall of the contact has a 

different velocity to that of the surface bounding it.  The occurrence of such slip has 

been demonstrated between smooth surfaces under hydrodynamic lubrication [7, 8].  

Through film thickness measurement, Kaneta and co-workers have inferred that slip 

occurs in EHL [9].  However this is interpretation is indirect and has been contested 

[4]. 

The aim of this work is to image lubricant flow in EHL contacts.  An approach using 

fluorescence is employed.   

 

3.2 Fluorescence 

A fluorescent substance can absorb light at one wavelength (e.g. blue), then 

subsequently emit light of another wavelength (e.g. green).  As described by 

Haugland [10], fluorescence occurs in three stages: 

1) Excitation.  A photon supplied by an external source is absorbed by a 

fluorophore creating an excited electronic singlet state (a single electron is 

promoted). 



2) Excited-state lifetime.  The molecule exists in such a state for 1-10 ns, during 

this time it may undergo relaxation to leave it in a state from which it may 

emit fluorescence.  There are other means by which molecules return to their 

ground state (e.g. coalitional quenching, fluorescence energy transfer and 

intersystem crossing).  The quantum yield, which is the ratio of the photons 

absorbed to the photons of fluorescence emitted, gives a measure of the 

relative levels of these processes. 

3) Fluorescence Emission.  A photon of energy is emitted as the fluorophore 

returns to its ground state.  Due to energy dissipation during the excited-state 

lifetime, the energy of this photon is lower, and therefore of longer 

wavelength, than the excitation photon.  This difference in wavelength is 

known as Stokes shift and is important in fluorescence applications since it 

allows separation of the measured emission from excitation. 

The wavelengths and intensities at which fluorophores absorb and emit are 

determined by their electronic structure.  A clear explanation of the link between 

chemical structure and absorption and emission is given by Sharma [11].    Many 

lubricants contain molecular features such as double bonds which allow for 

absorption in the ultra-violet and re-emission in the visible [12].  However for reasons 

of increased emission intensity and to be able to select the desired excitation and 

emission wavelengths, commercially available fluorophores, or dyes are used in this 

work.  Typically, the absorption and emission spectra for a commercial dye take the 

form shown in figure 3.  Such dyes can be dissolved in liquids and result in solutions 

where fluorescence is visible even at very low concentrations.  An alternatively 

approach used in biological applications is to tag a fluorescent probe to a specific 

molecule, in order to monitor its movement. 

Fluorescence microscopy is used extensively in biological and medical applications, 

which will not be discussed here; a thorough review of the most commonly used 

fluorescent protein is given by Tsien [13].  A fundamental difference in approach 

between biological applications of fluorescence and those for lubricant flow proposed 

in this paper is that the latter involves events of considerably shorter duration; ~1 ms 

rather than the diffusion of species in cells, which occur over a longer time scale. 

 

3.3 Fluorescence in Tribology 

As a tool to measure film thickness, fluorescence has several advantages over other 

more established techniques.  A feature of this approach is that, whereas 

interferometry measures the separating gap between surfaces, fluorescence measures 

the actual amount of lubricant present between two surfaces [14].  This means that 

fluorescence has the potential to give information of lubricant behaviour through the 

thickness of the lubricant film – an ability lacking in optical interferometry.  

Secondly, fluorescence measurements require no reflective coating of specimens, and 

so can potentially allow measurement of film thickness between rough surfaces.  

Thirdly, modern visible light photon detection equipment is extremely sensitive, so 

that very low levels of fluorescence emission down to as little as that emitted from 

one molecule can be measured.  Despite these strengths, fluorescence has been used 

only sparingly to study lubricant behaviour. 

Fluorescence was first applied to tribology in the 1970s, where Ford and co-workers 

studied free lubricant films on roller and raceway surfaces in rolling element bearings 



[12].  Their method relied on natural fluorescence in the oil, which emitted in the 

visible range when excited by a UV mercury lamp.  The technique was subsequently 

improved by replacing the mercury lamp with a He-Cd laser, which had associated 

benefits of simplified optics and increased working distance [15].  Films down to 1 

µm thickness were measured.   

Since Ford’s work, there have been a number of other studies based on fluorescence.  

Most of these have used the technique of laser-induced fluorescence (LIF), where a 

fluorescent species is excited by a laser at one frequency and the intensity of emission 

at a different frequency is detected to indicate the fluoresce concentration and thus the 

lubricant film thickness. Shaw et al. [16][17] and Richardson and Borman  [18] 

applied LIF to monitor film thickness between piston and liner.  The emitted light was 

transmitted from the contact through the cylinder liner by means of a fibre optic cable.  

One strength of this approach is that there is effectively no upper bound on measured 

film thickness, it is robust regarding temperature variation and it can measure both the 

film thickness in the piston/liner contact and also the lubricant on the out-of-contact 

cylinder surface.  Tanimoto et al have used laser-induced fluorescence to map the 

migration of free surface films from the wear scars on hard disks [19].   

Fluorescence has been used extensively to measure film thickness in sealing 

applications, because it is either important to know the volume of lubricant present 

(rather than the separation of surfaces), or large film thickness mean optical 

interferometry is not possible [20, 21, 22, 23, 24].  A notable example of this is 

research by Poll and co-workers [20], where an actual rotary seal was run against a 

glass shaft.  Here film thicknesses as low as 0.35 µm were measured.  Work carried 

out at Luleå University measuring film thickness in hydraulic cylinder seals, is 

summarized in reference [22], which demonstrates the ability of laser induced 

fluorescence to study soft contacts, whose optical properties preclude the use of 

optical interferometry.  An interesting technique that uses two fluorescent dyes has 

been developed for rotary seals by Hidrovo and co-workers [24].  One dye absorbs 

incident laser light, and subsequently fluoresces providing the excitation for a second 

dye.  In this way film thickness is obtained independently of background noise.  This 

technique is currently limited in its application since it requires a thick fluorescent 

film to operate. 

There has been very little application of fluorescence to concentrated elasto-

hydrodynamically lubricated (EHL) contacts, probably because optical interferometry 

already provides a powerful means of analysing such small contact areas.  To the 

authors knowledge, the only example of fluorescence applied to a concentrated 

contact has been work by Sugimura et al [25, 26].  They reported problems of 

interference and sensitivity.  The former they were able to model but sensitivity issues 

were more problematic.  Further details of the problem of interfering of light emitted 

by the fluorescently dyed lubricant can be found in the following reference [27].  

However since this work, photon detection equipment, as well as fluorescent dye 

technology has advanced significantly. 

An extremely insightful application of fluorescence to study lubricant behaviour has 

been carried out by Pit et al. in order to study liquid slip at solid surfaces [7].  Pit used 

a process known as fluorescence recovery after photo-bleaching (FRAP).  FRAP was 

first demonstrated by Axlerod [28], and is achieved as follows.  A relatively unstable 

fluorescent dye is added to the fluid.  Initially a tightly-focussed, high power laser is 

used to illuminate the fluid; this has the effect of destroying the dye molecules inside 



the small illuminated region.  Then the sample is illuminated using a much lower 

power laser, causing the non-bleached molecules present to fluoresce.  Subsequent 

diffusion and flow of the surrounding fluorescent fluid sample into the bleached area 

can then be monitoring.  Pit used this rate of replenishment to prove that lubricant slip 

at the wall occurred between two sliding flat plates.  The ultimate aim of the current 

research is to apply FRAP to an EHL contact in order to investigate shearing and slip.  

In this paper however, only a simpler method of dye introduction, which mimics a 

FRAP experiment, is presented. 

 

4 Experimental Technique 

4.1 Fluorescence Apparatus 

A lubricated contact is produced using a conventional optical interferometric, ball on 

disc test rig (PCS Instruments Ltd, Acton, UK), where a steel ball is loaded against a 

glass disc, as shown in figure 1.  Both ball and disc can be rotated independently to 

give a range of slide-roll-ratios, however only pure rolling conditions were used in 

this work.  The lubricant is held in a temperature-controlled bath (+/-0.5°C) and the 

ball is half-immersed in lubricant to ensure fully-flooded conditions.   

In the current work, the contact was located beneath a fluorescence microscope 

(Axovaria manufactured by Zeiss, Jena, Germany), with a 20× Olympus Neofluor 

objective.  Excitation was provided using a solid-state, diode-pumped pulsed laser, 

which produced a beam of wavelength 532 nm (Laser2000 Ltd, Northants, UK).  It 

has a repetition rate of 0.2 to 20 kHz and average maximum power output of 40 mW 

at 3 kHz, which is sufficiently low to ensure no bleaching of the dyed lubricant over 

the duration of the test.   

A high speed camera with a built-in image intensifier (Focusscope SV200-i, 

manufactured by Photron Ltd, West Wycombe, UK) was mounted above the beam 

splitter so that it received the emitter fluorescence from the contact.  The intensifier 

was required since a relatively small amount of light was emitted from the contact 

during the required 4 µs exposure.  Each light pulse emitted from the laser was 

synchronised to fall within the exposure of the high speed camera, so that no 

erroneous fluctuations in measured intensity (beating) occurred. 

As described in section 3.2, the fluorescent light emitted from the contact is of longer 

wavelength than the excitation of the laser.  This allows the separation of the two light 

beams by a dichroic beam splitter located between the objective and camera as shown 

in figure 1.  The characteristics of the beam splitter as well as the laser and dye 

wavelengths are shown in figure 3. 

Stop 1 was opened fully for all tests.  Stop 2 was opened sufficient to illuminate/view 

the circular contact area.  Other optical components Lens 1, Filter 1 (used to allow 

only 532 nm light through), the beam expander and tilting mirrors used for laser beam 

alignment were mounted onto a common rail with the laser source.   

 



Figure 1. Schematic of optical set-up and EHD contact. 

 

 

Figure 2.   Photograph of apparatus.  

 

4.2 Lubricant-Dye Combinations 

Glycerol was used as the lubricant for the majority of testing, since its polar nature 

allows it to dissolve a range of commercially-available dyes.  For this work, the dye 

Eosin was dissolved at a concentration of 0.04% by mass.  Eosin was chosen since its 

absorption peak coincided with the excitation wavelength of the available laser (532 

nm) and its quantum yield was sufficiently high to result in bright, clearly-defined 

images of the contact.  The absorption and emission spectra for Eosin are shown in 

figure 3, alongside the characteristics of the dichroic beam splitter used to separate 

excitation and emitted light. 

Due to the difficulty in identifying reasonable cost, hydrocarbon-soluble dyes which 

fluoresced at the wavelength of the laser excitation, the option of using the natural 

fluorescence of un-dyed lubricant was considered (as used by Smart et al [12]).  This 

approach was not implemented however since the high intensity afforded by a 

Hi speed intensified 

camera 

Pulsed laser 

Triggering 

PC 

Fluorescence 

microscope 

Contact 



commercially available dye was required in order to capture images of the thin 

lubricant films being studied.  An additional advantage of using a dye is that the 

intensity of the emitted fluorescence can be precisely controlled by varying the 

concentration of dye used. 
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Figure 3. Absorption and emission spectra for Eosin dye [29].  Filter characteristics 

and laser wavelength are also shown. 

 

4.3 Dye Entrainment Method 

In order to observe how lubricant flows though a contact, the following procedure was 

implemented.  Initially, a clean disc was loaded against steel ball, and the lubricant 

bath filled with pure (un-dyed) glycerol; while a single drop of fluoresce-containing 

glycerol was carefully placed on the lower surface of the otherwise clean disc, 

upstream of the contact.  Then as the disc was subsequently rotated, the dyed portion 

of lubricant moves towards the contact before reaching the meniscus, and being 

entrained.  Images of the entrained fluorescence were then recorded to show the path 

of the lubricant through the contact.  This was possible since differences in physical 

properties between the fluorescer-free and fluorescer-containing lubricant are 

negligible at the fluorescer concentration used. 

A source of error in this approach is the diffusion of dye due to random molecular 

motion.  It is accepted that diffusion occurs in the period of time between the dyed 

lubricant reaching the meniscus and inlet of the contact; what is critical however is the 

extent that random diffusion occurs as the dye passes through the contact, since this 

effect will mask the observed mixing due to fluid flow.  The extent of random 

diffusion can be calculated by solving Ficks’ second law, giving the variation in 

concentration with time and distance from the point of contact between dyed and un-

dyed lubricant proportions (at the meniscus). 

For the entrainment speed of 0.075 ms
-1

 that was used, the time taken for the fluid to 

flow through the contact is of the order of 5 ms, giving change in dye concentration 

due to diffusion during this time is found to be less than 1%.  This is because the time 

taken for the dye to pass through the contact is very small compared to the time for 

the dye to pass through the meniscus.  The solution of Ficks’ second law used here, 



has been omitted for brevity however, it can be found in most textbooks on diffusion, 

for instance [30] (pp. 28-31).   

The diffusion coefficient used in the above calculation is that for glycerol, which at 

atmospheric pressure has a value of 0.06m
2
s [31].  However it has been shown [31], 

that diffusion coefficients for glycerol are nearly inversely proportional to liquid 

viscosity.  Therefore diffusion of the dye will be further reduced due to the elevated 

viscosities present within the contact.   

 

5 Results and Discssion 

Figure 4 shows a fluorescence intensity map obtained from a contact fully-flooded 

with Eosin-doped glycerol in steady state conditions.  If film thickness measurement 

was the objective of these tests, this intensity map could be converted to a map of film 

thickness by applying a calibration.  Such a calibration would be achieved by plotting 

the known film thickness versus fluorescent intensity from a fluorescence image of 

the ball loaded statically against the disc as was done by Sugimura [26].  From figure 

4, the typical horseshoe shape is clearly visible.  The dark region at the outlet of the 

contact is due to cavitation; around which streamers can be seen.  Since the presence 

of lubricant in this region is reduced, it appears darker.  This highlights a further 

possible area of study using fluorescence, i.e. study of the separation of lubricant 

between ball and disc once it leaves the rear of the contact.  

 

Figure 4.  Fluorescence maps of pure rolling contacts subject to 0.075 m/s 

entrainment speed.  The contact is lubricated with Eosin, 0.05% wt. in Glycerol.  The 

temperature of lubricant at inlet is 23ºC and load is 20 N.  The inlet is located at top of 

the image. 

 

Figure 5 shows the profile of intensity taken along the dashed line in figure 4, where 

the typical film shape and constriction can be seen at the outlet.  Also plotted in figure 

5 is the optical interference measurement of film thickness for the contact lubricated 

under the same conditions.  Although the fluorescent intensity is not calibrated to film 

thickness, there is clearly a good match between the two measurements.  It should be 

noted that fluorescent intensity gives a measure of the amount of lubricant present, 



rather than the gap thickness.  Therefore within the cavitated region fluorescence and 

optically measured thickness cannot be compared, and have not been plotted in figure 

5.   

0

20

40

60

80

100

120

140

160

180

200

0 100 200 300 400

Distance (microns)

In
te

n
s
it
y
 (

a
rb

.)

0

100

200

300

400

O
p

it
ic

a
l 
F

ilm
 t

h
ic

k
n

e
s
s
 (

n
m

)Fluorescence Intensity

Optical thickness

 

Figure 5 profile down the centre of the contact.  Conditions are the same as those for 

figure 4.  The inlet is at the left. 

Figure 6 shows the fluorescent maps obtained when the fluorescent dye entrainment 

technique described in section 4.3 was carried out.  The lubricant progression through 

the contact is evident, from time = 0, when no dye is present in the contact, to 5.5 ms 

later when the contact is flooded with dye.  The intensity in the plots depends on both 

the film thickness and the presence of dye within the contact. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 6.  Progression of dye through contact, under pure rolling, subject to 0.075 m/s 

entrainment speed.  The temperature of oil at inlet is 23ºC and load is 20 N.  Images 

taken at 0.5 ms intervals.  The inlet is located at the top of each image 

Figure 7 shows fluorescence intensity profiles across the centre of the contact (from 

inlet on the left to outlet) for each of the fluorescent images shown in figure 6.  The 

uppermost, bold line shows the intensity when the contact is flooded with dyed 

lubricant at 5.5 ms.  The other lines are angled due to the diffusion of the dye prior to 

entering to contact, which blurs the dyed/undyed lubricant boundary.  If there was a 

perfect boundary between dyed and un-dyed lubricant, vertical lines would be 

expected within the contact region.  (This is a shortcoming of the method, which 

t=0 ms t=0.5 ms t=1.0 ms 

t=1.5 ms t=2.0 ms t=2.5 ms 

t=3.0 ms t=3.5 ms t=4.0 ms 

t=5.0 ms t=5.5 ms t=4.5 ms 



would be avoided if a technique (such as FRAP) were used to bleach a well-defined 

region within the contact.)  However Figure 7 still provides valuable information.  

Firstly the intensity lines within the contact are roughly parallel.  This shows that no 

mixing of lubricant is occurring within the contact (in the direction of sliding).  This is 

expected for pure rolling in the very short time available.   
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Figure 7.  Progression of dye through contact, profile plots.  Inlet at left. 

A simple validation can be applied to the data shown in figure 7.  The distance the 

lubricant should move between each measurement line is given by (entrainment 

speed)/(frame rate of camera).  These values are 0.075 m/s and 2000 frames per 

second respectively, which give a distance of 38 µm.  This distance is marked on the 

x axis of figure 7 and roughly agrees with the data plotted. 

The intensity within each map of figure 6 is due to a combination of four factors.   

(i) Film thickness, this is clearly shown by the steady state image after 5.5 ms 

where the contact is fully flooded with dye.   

(ii) Flow of the dyed lubricant, since this is responsible for the variation 

between images in figure 6.   

(iii) The degree to which the dyed and un-dyed sections of lubricant are mixed 

prior to entering the contact; this is demonstrated by the lines in figure 7 

not being vertical. 

(iv) Distribution of dye through the thickness of the film. 

It is of interest to isolate the lubricant flow (ii), from the other effects.  In order to do 

this, each intensity map plotted in figure 6 (i.e. each array of intensity values) was 

first normalised by dividing every intensity by the corresponding intensity in the final 

fully flooded map (the image taken at 5.5 ms).  This was done to remove the effect of 

film thickness, and is possible since the observed intensity is assumed to be 

proportional to the thickness of the film. From each of these normalised intensity 

maps, a contour at a constant level of 0.5 was extracted.   Within the contact, each 

contour is perpendicular to the flow direction, and represents how far through the 

contact the dye has travelled.  These contours are plotted in Figure 8. 

 



  

 

Figure 8.  Contours showing progression of dye through the contact.   Inlet at top. 

 

It can be seen that the contours across the contact shown in figure 8 are approximately 

level and parallel over most of the contact, but wedged forward at the sides.  This 

indicates that the mean flow velocity across the central zone of the contact is constant.  

This is as expected for a rolling EHL contact, where there is very little side leakage 

and the film thickness is near constant across the film.   

 

From figure 8 it appears that within the contact, the contours become further apart 

during passage through the contact.  This implies that the mean, measured fluid front 

speed increases across the contact.  Figure 9 plots the calculated mean speed based on 

figure 8.  In order to find the lubricant’s mean speed as it flows through the contact, 

the following procedure was applied to the contour data shown in figure 8.  A line 

was fitted to each set of contour data within the central region of the contact (-75 < x 

< +75 µm).  The average distance between each fitted line was then divided by the 

period of time between camera exposures to give the mean lubricant speed.  The 

results are shown in figure 9, where each y-error bar corresponds to the standard 

deviation of the noisy contour data about each fitted line used in the speed calculation.   

According to this plot, the lubricant speed just before the inlet is close to the 

entrainment speed.  Then as it travels through the contact, it increases from a value 

25% less than the entrainment speed in the inlet region to a value 40% more than the 

entrainment speed in the exit region. 
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Figure 9.  Plot showing the speed of the lubricant as it passes through the contact. 

 

The origins of this quite large effect are not clear.  If there is negligible side leakage, 

then the flow rate in the rolling direction should also be constant.  According to 

Reynolds equation this flow rate along qx, and across qy a pure rolling contact is given 

by; 

dx

dph
Uhqx

12

3

         (1) 

and 

dy

dph
q y

12

3

          (2) 

 

where U is the entrainment speed,  the dynamic viscosity (at the local pressure) and 

h the local film thickness.  Despite the large values of dp/dx in the inlet and exit 

regions, the extremely large value of  should mean that the second term in equation 

1 remains very small, so that only small variations in film thickness and thus the first 

term in equation 1 are enough to balance the flow equation.  The average velocity of 

fluid through the contact (given by qx /h), is therefore very close to the entrainment 

speed U.  This disagrees with the variation in flow velocity shown in figure 9. 

 

Similarly, the magnitude of  in equation 2 means that flow in the y direction is very 

small.  This observation is supported by the contour lines within the contact in figure 

8 being generally parallel and horizontal.  

 

As indicated in figure 7, the film thickness in the inlet region of the contact is slightly 

larger (by about 5%) than the contact centre.  This will produce a slightly reduced 



mean fluid velocity in the inlet, but, in the absence of side leakage, this should scale 

with the change in film thickness and be much less than the 25% reduction observed.  

The increase in the speed of lubricant through the contact, shown in figure 9 is 

strikingly similar to that observed in EHL contacts by Glovnea and Spikes [32].  In 

their work, film thickness profiles were measured using ultra-thin film interferometry 

during the start up of motion.  The development of the profile was then used to chart 

the speed of motion of the fluid film through the contact, where they note: “In pure 

rolling conditions, the first film front travels through the conjunction with a speed 

lower than the entrainment in the first half of the contact and higher in the second 

half”.  The magnitude of this speed variation is also similar to that observed in the 

current work.  It should be noted that Glovnea’s results are for start up whereas the 

current work is carried out under steady state conditions.  The former is however, the 

only experimental measurement of fluid velocity available for comparison. 

 

One possibility is compression of the lubricant as it enters the contact, which will 

reduce volume flow rate and thus velocity.  This effect however should also be much 

less than the observed one.  The effect is also too large to be due to microslip.   

 

6 Conclusions 

Fluorescence microscopy has been applied to study EHL contacts.  Intensity maps of 

the contact obtained correlated well with film thickness measured by optical 

interferometry, at a central film thickness of ~200 nm.  Although the use of 

fluorescence to measure lubricant film thickness is an established approach, to the 

authors’ knowledge, it has not been shown to work at such small film thicknesses. 

This demonstrates the aptitude of fluorescence to measure small film thicknesses in 

concentrated contacts, especially in cases where conventional interferometric 

technique are problematic such as with non-reflective or rough surfaces. 

A dye introduction technique has been developed which is able to reveal the speed of 

lubricant flow through the contact.  In pure rolling conditions this indicates broadly 

constant flow along the direction perpendicular to entrainment.  The technique 

described is under development, and the results are not completely conclusive, due 

mainly to mixing of dyed and un-dyed portions of the lubricant before entering the 

contact.  In ongoing work, the microscope set up is being refined to incorporate a high 

power laser in order to carry out photo-bleaching experiments.   
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