
















































































































































































































































































































































































































































































9.4.2. Adhesive

Due to the low temperature nature of the testing (testing stayed at room temperature),
there were not many constraints placed on the type of adhesive used. A high temperature
cyanoctyalate (Resist 200 from Holdtite Ltd) was used due to its high strength, stability

and fast cure time.

9.4.3. Sensor

A single 7.1mm diameter, 0.2mm thick piezo sensor was used (supplied by Morgan
Electro-Ceramics). Due to the fact that piezo materials are very heat sensitive and are
easily damaged if too much heat is applied, a low temperature solder was used in
conjunction with a temperature controlled soldering iron (limited to 225°C). Soldering
was done prior to bonding to ensure a small thermal mass and allow a good soldered

joint with the wire.

The sensor was bonded onto a flat that was ground on the back of the cup as shown in
figure 9.02 and 9.03 below. This positioned the sensor at the vertical top of the cup, the
expected position of minimum film thickness. However, Walker et al (1971) reported
that in ten joints removed from patients, there was no wear in the polar region of the

joint indicating that the thickest film was that the polar region.

Figure 9.02. Section through the cup showing the position of the sensor
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Figure 9.03. Photo of the sensor bonded to the back of the cup.

9.4.4. Friction Simulator

The equipment used for testing the artificial hip joint was a Prosim friction simulator,
manufactured by Simulation Solutions UK Ltd. The friction simulator is designed to
replicate the operating conditions that an artificial hip joint experiences in the body.
Experimental variables such as load (both dynamic and static), frequency (number of
actuation cycles per second), and actuation angle were adjustable. Figures 9.04 and 9.05

below show test rig photographs and schematic respectively.

Hydraulic
Cylinder

Load cell
Loading frame
Swing Arm

Lubricant seat
(acetabular cup
located within)

Friction Carriage

Figure 9.04. The ProSim Artificial Hip Joint Friction Simulator used in experiments.
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Head
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Holder

Figure 9.05. Schematic of test rig shown in figure 9.04.

9.4.5. Lubricant

The joint was tested with water and varying percentages of bovine serum (ranging from
100% water to 100% bovine serum). Bovine serum was used to try and replicate as
accurately as possible the real-world conditions that the joint was going to experience.
The bovine serum was tested for its density using a pipette and high resolution scales.
The speed of sound was measured in a chamber similar to that shown in figure 6.09. The

density was measured at 1480 m/s and the density was measured at 998 kg/m’.

9.4.6. Data Capture

The actuation angle used in the test was 25° from vertical or in other words 50° per
half cycle and thus an actuation of 100° per complete cycle. In order to measure the film
thickness at many points over the cycle (at a minimum of one measurement per degtee)
the data had to be captured at high speed, saved and post-processed. A LeCroy
Waverunner Lt342 was used to capture and digitise the data from the pulser. The data
requirements were considerable: 1 cycle per second consisting of 100 measurements,
with each measurement consisting of 1002 data points, totalling 100,200 data points per
second. In order to accomplish this, a segmenting function on the oscilloscope was used.
The segmenting function only captures a pre-defined length of data at a pre-defined time
from the trigger. Thus it only captures and digitises the relevant data while discarding the
rest (see figure 9.07). The data was stored in the oscilloscope’s internal memory which
was 200k data points. Thus two complete cycles of the test rig were able to be captured
with the test rig running at 1Hz. This data was then downloaded to the PC over GPIB

while the next set of data was being captured.
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9.4.7. Pulser Repetition Rate
The pulser/receiver used was a UPR manufactured by NDT Solutions Ltd as described

in section 5.11. The pulse repetition rate (i.e. the number of pulses sent out and received
pet second) was set to 0.1kHz which was the lowest setting available. This repetition rate
controlled the capture rate of the oscilloscope (the oscilloscope was set to trigger from

the external trigger provided by the UPR). The pulser was set to pulse at 10V with a

receiver gain of 30dB.

9.5. Signal Processing
This section goes step by step through the signal processing of the data captured from

the oscilloscope.

9.5.1. Post processing software
The software developed for post processing the data is described in section 5.2.4 and a

schematic is shown in figure 5.09. An example of the software is shown in appendix 5.

9.5.2. Segmented Reflection Measurements
Reflected pulses were captured using the segmenting procedure as described in section

9.46. Figures 9.06 and 9.07 below show an example of segments captured during a test
where the film thickness decreased. The usefulness of the segmenting becomes clear in

the fact that only the data of interest is captured (for example, compare with figure 6.05).

Decreasing Film
Thickness

| "!“' ,':nm ]h’ ‘M‘m'h “,‘!; At

:

It

‘0.6 al T T AR ¥ Y 1
0 5000 10000 15000 20000 25000 30000

Data Points

Figure 9.06. Voltage Vs Data Points of 300 sequential segments captured during a test

showing a decrease in film thickness.
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Figure 9.07. Voltage Vs Data Points of the first 10 segments from figure 9.06. The first
three segments are highlighted S1, S2, and S3.

9.5.3. Film Thickness Calculation
The data shown in figures 9.06 and 9.07 were post processed, the steps of which are

shown below in figures 9.08 to 9.12. Figure 9.08 below shows a sclection of pulses
overlaid on each other demonstrating the effect of film thickness on the time domain

pulse. These pulses were then converted to the frequency domain as shown in figure
9.09.

0.4

Decreasing Film Thickness

0.2

Amplitude (mV)
o
-

[
o
()

0.4
Time (nS)

Figure 9.08. Amplitude Vs Time of selected pulses from testing over laid on one another.
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The effect on the amplitude in the frequency domain with decreasing film thickness can
be clearly seen below. The bandwidth shown in figure 9.09 below is the frequency range

where the measurement remained stable without being affected by noise.

4E-03 N
o= Bandwidth >
Decreasing § film thickness
3.E-03 JANEEVAY
[~ Reference FFT
3
2
E_ 2.E-03
1.E-03 +—m——
0.E+00 e ‘
0 2 4 8 8 10 12 14
Frequency (MHz2)

Figure 9.09. Amplitude Vs frequency of selected pulses from testing (fft’s of pulses
shown in figure 9.08).

Once the FFT’s ate computed, they are then divided by the reference signal. This gives a
plot of reflection coefficient vs frequency as shown in figure 9.10 below. It can be seen
that the reflection coefficient increases with frequency within the measurement
bandwidth. It can also be scen that outside the measurement bandwidth the reflection
coefficient becomes meaningless. This is due to the fact that one very small number is
being divided by another very small number and electrical noise or signal fluctuation can

have dramatic effects on the results.
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Figure 9.10. Reflection Coefficient Vs Frequency of selected pulses from testing (fft’s of

figure 9.09 divided by the FFT of the reference shown in figure 9.09).

Once the reflection coefficient is computed the film thickness can be calculated. Figures
9.11 and 9.12 below show the result of this calculation. It can be seen that the average

film thickness does not vary with frequency within the bandwidth. Outside the

bandwidth there is considerable variation in results.
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Figure 9.11. Film Thickness Vs Frequency for selected pulses from testing (reflection
coefficients from figure 9.10 put through equation 3.20)
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Film Thickness (microns)

Frequency (MHz)

Figure 9.12. Film Thickness Vs Frequency for selected pulses from testing. This figure
only shows the film thickness from within the bandwidth shown in figure 9.11.

9.6. Film Thickness Results

Several test sequences were conducted to examine the effect of various variables on the
film thickness. All the data was captured and processed using the method outlined in

section 9.5.

9.6.1.1. Measurement Over One Complete Cycle
Figure 9.13 below shows the film thickness measured over one cycle. The minimum film

measured is approximately 0.45um. It can be seen that there is some considerable
variation in the film thickness due to the loading conditions and experimental sct up.

Figure 9.14 shows the loading and gait cycle of the testing machine.
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Figure 9.13. Film thickness Vs angular position for one complete cycle,
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Figure 9.14. Loading curve and gait cycle of test rig.

9.6.1.2. Static Loading with a Range of Lubricants

Tests were conducted using a static vertical load to examine the effect of viscosity on
film thickness over time on a squeeze film. Several different viscosity lubricants were
tested, specifically 100% water, 75% water 25% bovine serum, and 100% bovine serum.

The results of these tests are shown in figure 9.15. The film thickness was measured 5
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minutes after the load was applied. As expected the film thickness decreased with an

increase in applied load.
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Figure 9.15. Film thickness Vs Load for static test.

Although the film thickness does decrease with time for all three lubricants, the order
that they appear does not seem to correspond to expected theory (higher viscosity
lubricant such as 100% serum should produce a thicker film for longer as the lubricant is
squeezed out slower than a less viscous lubricant such as water). There are a couple of

reasons that may explain this behaviour:

e During testing, when the lubricant had been placed in the cup, the head was
brought down into the cup. Sometimes this movement was sharp and the impact
of the head in the cup produced a visible splash. Other times it was much more
gradual. This may mean that there have been less lubricant in the cup at the start
of the test using 75% water and 25% serum.

e It may be that the 75% water and 25% serum was not well mixed and the more
viscous serum may have attached itself to the cleaned metallic parts leaving the
unmixed water sandwiched in between. This then may have produced a path of

less resistance for the water to squeeze out.

9.6.1.3. Friction and Film Thickness

The friction coefficient was measured during the tests. Figure 9.16 below shows the

measured friction coefficient against the film thickness for three lubricants. It can be seen
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that as the film thickness gets thinner the friction factor increases. This is due to

increased asperity contact.
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Figure 9.16. Friction Vs film thickness for three different lubricants.

It will be noticed that the friction factor is higher in the test with water compared to the
tests with serum even though there is a thicker film separating the components. This is
most likely due to proteins from the serum building up on the surfaces of the component

and providing some boundary lubrication at very thin films.

9.7. Discussion
Measuring the fluid film thickness in an artificial hip joint has been done using ultrasonic

reflection. During this testing several issues were raised that have merit in discussing.

9.7.1. Comparison with Calculated Film Thicknesses.

The measured film thicknesses were compared with a computational model by a
colleague at Leeds University (for examples of these models see Chan et al. [1999], Liu et
al [2006], Williams et al [2006]) as shown in Table 9.1 below. It will be seen that the
measured films are far thicker than that predicted by the computational model. The
reason for this is that the computational model that was used assumed perfectly spherical
interfaces and perfect actuation and loading. The results are cleatly in error as the
predicted film is thinner than either of the measured surface roughness’s as mentioned in
section 9.4.1. Real world imperfections have had, in this case, significant effects on the

film thickness.
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Lubricant Load | Predicted Film (um) | Measured Film (um)

Water 0.5kN 0.004 0.680
kN 0.003 0.589

2kN 0.002 0.496

25% Serum | 0.5kN 0.004 0.455
TkN 0.003 0.442

2kN 0.002 0410

100% Serum | 0.5kN 0.005 0.790
I kN 0.004 0.730

2kN 0.003 0.627

Table 9.1. Predicted and measured films for a range of lubricants and loading conditions.

9.7.2. Comparison with Published Data
Udofia et al [2003] reported calculated film thicknesses in the region 0.25 pm to 1um for

a range of lubricants with varying viscosities. This compares well with ultrasonic
measurements made. Additionally, Dowson et al {2000] reported high resistance during
parts of a walking cycle for a range of different lubricants. This seemed to indicate full
film lubrication in certain parts of the cycle. Again, this would seem to contradict the

computational models mentioned above.

9.7.3. Joint Surface Roughness and Form
Figures 9.17 and 9.18 show measurements from a similar hip joint to that used in this

study. Both graphs have had the diameter subtracted from the measured form to give a
flat line for a perfectly round object. In both figures the surface waviness deviation can
be seen as an approximately sinusoidal line. The average waviness’ are 0.46um and
0.15um respectively. This explains why there is considerable variation in the film

thickness over the cycle as the relative roughness’s of the joints interact with each other.
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Figure 9.18. 28 mm waviness profile across the pole of a metal head.

9.7.4. Contact and Film Thickness

With a decrease in film thickness the likelthood of the sutfaces coming into contact
increases. Where there is a surface waviness this becomes almost a certainty once the film
thickness decreases to a similar level as the amplitude of the waviness. As friction is

directly related to contact, friction measurements are a good indication of what is
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happening in an artificial hip joint, hence the propensity to use this as a research tool in

the design of these joints.

Only liquid layers have been considered in this work and so it is worth asking what
happens when there is a mixed interface — solid/solid contact and solid/liquid/solid
lubrication. Reddyhoff [2006] reported on the effect on the ultrasonic measurement of
solid/solid contact. It was shown that the effect of solid/solid contact on the
measurement only becomes significant when there is significant amounts of solid/solid
contact within the measurement area. For a polished steel ball (R, = 0.01um) against a
polished steel disk (R, = 0.12um) there was only an effect of approximately 10% on the
film thickness at a film thickness of approximately 0.12um.

9.8. Conclusions
Non invasive measurements of fluid film thickness in a metal on metal type hip joint

have been made for the first time. The ultrasonic technique was developed to take into
account the special challenges that metal on metal hip joints posed:

e High speed measurements were extended further from the work on piston rings.
Capture rates up to 10 kHz were made possible using the segmenting approach
to data capture. Post processing minimized the CPU requirements while saving
data by keeping signal processing until after testing was finished.

e Measurements in the range 0.2 — 8um were recorded. This proved the technique
for application in components whete the films are sub-micron.

o The trends in the measured film thicknesses correlate to measurements of
friction. The film thicknesses were larger than expected from the theory but can
be understood in terms of the waviness of the ball and cup of the joint.

e From the data obtained it seems that the surface film of proteins is important in
the lubrication of metal-on-metal hip joints. This film helps in boundary
lubrication where asperities come into contact.

e Surface waviness, form and roughness are very important when they are of the

same order as the films in the component.

151



Chapter 10:
Future Work

This chapter desctibes possible further areas for study, both in the applications studied in

this thesis but also in the wider industrial environment. These suggestions can be

summarised as:

10.1

Improvements in the generic method.
Enhancements to the work done here.

New areas of application.

Generic Developments

Several generic improvements to the application of the technique will be suggested here.

Investigation of adhesives. As adhesives are heated they start to soften. This
reduces the response of sensor and changes the amount of enetgy transmitted
into and received from a component. The work conducted in this thesis did not
experience particularly high temperatures, but some real world applications can
have very high temperatures. The adhesive type, thickness, thermal performance
and long term stability should be further investigated to identify both more
suitable materials and to define the effect of these variables on long term

performance.

Piezo materials. There is a wide range of piezo materials available, some of which
have, for example, excellent thermal petformance (some can go up to 500°C). In

this work the general piezo material Navy IV was used. There may be
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considerable advantage in identifying other piezo materials that show a minimal
change in physical and electrical characteristics with temperature.

Sensor size and shape. The sensors used in these studies were off the shelf
sensors that were deemed suitable for the task in hand. There may be
considerable advantage in using different sensor shapes, different electrode
patterns, multiple electrodes to produce sensor arrays etc. For example, Silk
[1984] describes a sensor with a varying thickness for producing an exceptionally
broadband acoustic response.

Piezo coatings. There is considerable potential in some of the piezo electric
coatings that it is now possible to coat components in (for example see Lee
[2004]). Intellifast GmbH manufacture a piezo coating on bolt heads for
measurement of length as an indication of tension within the bolt. This
technology has many advantages, in particular — high temperature (proven up to
300°C), perfect bond between piezo material and component, ability to sputter
complex electrode patterns for novel sensor patterning, high frequencies for thin
film work, and small focal spot for used in concentrated contacts.

Other processing methods. The work described here only considered the
amplitude of the FFT. It is also possible to use the phase of the FFT to measure
film thickness. This would allow for measurements on acoustically adverse
material combinations (e.g. measuring lubricant films in polymer bearings
running against a steel counterface). Additionally it would give a second

measurement that could be used to reduce the error in the amplitude

measurement.

10.2. Improvements to Existing Measurement Applications

10.2.1. Journal Bearings
Whilst the measurement of film thickness using ultrasound has been demonstrated in this

work, further work should be done on the practical application of the technology. In

particular

Sensor development. It has proven difficult to find suitable sensors for
measuring real world film thicknesses. This is due to a combination of the fact
that each sensor has a range of measurable film thicknesses. In order to use the
spring model in journal beatings with film thicknesses in the region of 25-40um,

a sensor with a bandwidth of 0.5-2 MHz would be required. In practice it is
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difficult to get sensors that have this kind of bandwidth that are suitable for
application in real engineering components. This is due to the fact that a sensor
with a resonating frequency of 0.5MHz has a thickness of 4mm. In order to
prevent bending modes from being excited in the sensor the diameter needs to
be at least 5 times the thickness (preferably 10 times), hence requiring a sensor of
20mm diameter minimum.

Multiple sensors. Multiple sensors would allow measurements to be made in a
journal that had a wide range of film thicknesses (e.g. in the main bearing on a
crankshaft of a large marine diesel engine the film can fluctuate between Sum and
500pm). Each sensor has a lower ‘window’ in the spring model regime (see figure
6.03) and a window in the resonant dip regime with a ‘blind spot’ in between the
two ‘windows’. By using multiple sensots around the circumference films can
always be measured and results extrapolated where individual sensors are
operating in the ‘blind spot’.

Cavitation. The onset of cavitation was discovered in this work (see section 7.33).
As the ultrasonic technique relies on the acoustic properties of the fluid film, any
cavitation will change these properties. By using multiple sensors this change
could be quantified by interpolating between measurements in the non-cavitating

and cavitating region.

10.2.2. Piston Rings
The following could be explored further:

Piston Rings in Combustion Engines. It would be of interest to continue the
work into the field of combustion engines. Effects of combustion pressure,
lubricant viscosity, tempetature, speed and materials could be explored.

Sensor on a Ring. By putting a sensor on a ring (either through bonding or a
piezo coating) the film thickness over an entire cycle could be mapped out.

Long Term Testing. By measuring the film thickness over a long period of time
any running in effects could be explored.

A faster capture time to allow higher sliding speeds to be measured. The author
has, since this work was completed, developed a high speed method (see chapter
8) of data capture (see also Dwyer-Joyce et al [2006]) and also an ultra-high speed
method — up to 200kHz.
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e A less nodular cast iron to reduce attenuation. The upper pressure that this could
be tested at was limited due to extensive machining to allow the ultrasonic signal
to travel through the piston wall. A less attenuative cast iron would allow less
machining and thus higher pressures.

¢ A higher frequency. The measurement spot size is dependent on the frequency of
the transducer. Thus a higher frequency transducer has a smaller spot size. This
work would benefit from a smaller measurement spot to investigate the profile of
the piston ring as it passed. This will depend on the previous two points being
implemented.

® Measure of leakage across the piston ring would be useful to correlate film
thickness measurements to actual leakage rates.

o The effect on film thickness of using different lubricants with different

viscosities.

10.2.3. Artificial Hip Joints

There are thtee main topics that could be further explored in artificial hip joints.

e Long Term Testing. The work conducted in this thesis was a proof of concept
study, primarily to develop the ultrasonic measurement technique. There is a
considerable amount of potential research on the back of this initial investigation.
In particular it would be very useful to conduct tests over an extended period of
time to investigate and quantify running in effects.

e 3-D Mapping of Film Thickness. As the was only one sensor used in testing the
hip joint is was difficult to establish what the effect of the testing machine was on
the film thickness measurements. By mapping the film thickness over the entire
area of the joint it would be possible to see both the test machine effects and also
any geometry effects. 3-D mapping of the joint could be achieved by using
multiple sensors.

e Investigation of Clearance. There seems to be considerable disagreement
between hip joint manufacturers as to the best clearance between the femoral
head and cup. Using ultrasound on a range of joints with different clearances
would provide valuable information on this topic.

® Sensor size — it would be worth investigating the use of smaller sensors. The

sensors used in this study were 7.1mm diameter and thus the measurement that

155



was taken was over this area. Smaller sensors would allow the effect of spatial

averaging to be investigated

* Sensor Position — the position of the sensor in this study was at the top of the

cup, the position of minimum film thickness. Future studies should examine
placing the sensor/sensors at different positions on the cup.
Sensor Frequency — the sensor in this study had a centre frequency of 10MHz.

future studies could investigate using higher frequency sensors to examine the

lower film thicknesses.

10.3. Potential Areas of Application

10.3.1. Thin Layers

Any thin layer embedded between two materials can, in theory, be measured
using ultrasonic reflection. Applications such as the properties and thickness of
material coatings, paper in paper mills, and the manufacture of aluminium foil.

Additionally, free surface films (e.g. a thin layer of oil on steel) on surfaces of
components can be measured. Applications could include thickness of paint on a
sutface, the thickness of the layer of cooling oil on the inside of jet engines, thin

layers of flowing liquid over a surface.

10.3.2. Machine Components
The following areas would benefit from application of this technology:

Thrust Pad Bearings. Many of the developments to journal bearings have direct
application in thrust pad bearings. One application where the measurement of
film thickness could have particular benefit is in the use of actively tilting thrust
pad bearings. By use of an active control of pad tilt, combined with a
measurement of film thickness the bearings could be controlled to suit desired
operating conditions. Other areas to be investigated are cavitation, dynamic
effects on the lubricant film, and two-phase flow in the bearing,

Mechanical seals have not been explored in this thesis but present a real
opportunity for this technology to provide a condition monitoring solution.
Mechanical seals suffer from not having many technologies to monitor them and
yet are critical to many processes. Effect of pressure, speed, materials,
temperature, lubricant on film thickness could all be explored. Development of

integrated sensors into seals would provide a platform to build on.
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EHL contacts in rolling element bearings. There is potential in this technology
for non-invasive condition monitoring of rolling element bearings using this
technology. Key challenges are: focusing the sound onto the contact spot,
applying sensors in a non-invasive manner (i.e. without modification of bearing
or housing), acoustic properties of the lubricant, high frequency hardware.

Gear teeth. This also is classed as EHL, but the challenges are different. The
primary difficulties in this application are mounting the sensor so that it can
teceive a reflection from the lubricant film, and measurement of the film
thickness while the gear teeth are moving.

Cam/Tappet interface in an IC engine. Like EHL in rolling element bearings and
gear teeth, this application would require a highly focused sound wave onto the
line contact.

Extrusion lubrication. This technique could be applied to monitoring the
lubrication used in some extrusion applications such as UPVC used in the
manufacture of window frames. It may be a challenge mounting a sensor in the

die to allow for measurement.

157



Chapter 11:
Conclusions

This chapter details the conclusions that can be drawn from this work on the
development of a technique for measuring lubricant film thickness using ultrasonic

reflection.

11.1. Background

Existing condition monitoring and film thickness measurement technologies were
surveyed. The approaches to both are diverse and varied as are the applications where

they are implemented.

It was seen that condition monitoring of bearings and the like required a robust method
and system for application in industrial environments. It was also noted that most of the
approaches to condition monitoring are based on indirect methods of detection — shaft
displacement, temperature, vibration, acoustic emissions etc. These methods of condition
monitoring have been implemented in a minority of safety critical, large, high cost
applications, Whilst these methods do provide some information, they do not monitor
the health of the weakest link in the system — the lubricant film thickness.

The methods of film thickness measurement that were surveyed in the chapter have not,
almost without exception, been implemented in condition monitoring applications in the
industrial environment. This is because of two reasons: either the film measurement
technique cannot be applied to real components (as in the case of the optical methods

where components are not optically translucent) or the method has been shown to not
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be robust enough for the industrial environment (as in the case of electrical techniques
that suffer from issues of electrical isolation and drift of the electrical properties of the

system).

It was seen that there 1s a lack of technology for non-invasive measuring of lubricant film

thickness in real engineering components in an industrial environment.

The theory behind ultrasound was examined and some of the basic physical concepts
were introduced. The propagation of ultrasound through a material was described and
the various modes and forms that the ultrasonic vibration can take were mentioned. The
focus of the study was on the propagation of longitudinal (or pressure) waves. The
various material parameters were described and the effect of material properties on the

transmission of ultrasound was examined.

The ultrasonic theory was then developed from the reflection of sound at a simple
interface to an interface where there is a thin layer of liquid. The equations 3.06-3.22
showed the relationship between the reflection of an ultrasonic wave to the acoustic

propetties and thickness of a thin layer.

Thtee models were put forward for calculating film thickness. Firstly, where h>>) the
technique simply measutes the time between successive pulses. Secondly, where h=A
there is a resonant dip in the received ultrasonic frequency spectrum that can be related
to film thickness. Thirdly, where h<<\ the spring model was described where the
frequency dependent response from the lubricant film is converted to a frequency
independent film thickness. A comparison was carried out showing the differences

between the various models and their measurement limits.

NDT sensors were described in detail with consideration giving to coupling, focusing,
temperature effects and frequency response. Various equations were described that were
used for the selection of the correct sensor for a particular application. The hardware was
described in detail with an explanation of methods of pulsing and their advantages and
disadvantages. The method of operation of the UPR was described. Finally some space
was given to consideting digitisation and the computer system that provided the signal

processing.
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11.2. System Development
The generic system was developed for the measurement of fluid film thickness. The

specific details of the hardware components that were brought together were given with

some explanation on why specific parts were chosen.

An important discovery over the course of the research was the use of low frequencies to
measure a wide range of films. This is described in section 5.1.3.1. This discovery paved
the way for the application of this technology in some applications that were previously
not possible due to requirement for excessively high frequencies. This also had the effect

of reducing the specifications on the hardware end associated with lower frequencies.

The most significant development in sensors was the use of piezo elements rather than
NDT sensors. This development opened up further opportunities along with reducing
costs. The testing conducted on the prosthetic hip joint in chapter 9 is an example of
where it would have been very difficult to use an NDT sensor. The use of a piezo

element presented this testing opportunity.

The software described in section 5.2 and shown in Appendices 2-8 was written to
provide a platform for developing the ultrasonic method and applying it to new
applications. The modelling software provided a valuable resource for understanding

what was expected to happen in the experimental work.

The measurement of material properties was described with methodologies to

circumvent problems such as excessive attenuation. The practical issue of capturing

reference pulses was discussed.

Another major accomplishment in this work was the methods for calibraton in
situations where there was an adverse temperature effect. Four methods were put
forward for how to take account of the amplitude change in pulsing and receiving
properties of the sensor. The first of these methods worked for thick films operating in
the resonant dip model range of film thicknesses. The second relied on changes in the
film thickness, in particular the film being much thicker than what the sensor could
measure, to provide an indication of the temperature effect. The third and fourth method

was applicable in situations where there is no change in the film thickness, ot the film
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thickness is always within the sensor ‘window’. This last method used geometric effects

or multiple layers to create a second pulse from which calibration could be taken.

Verification and validation of the ultrasonic measurements was carried out in two test
rigs. In the first, measurements of the film between two glass sheets were measured via a
focusing transducer in an immersion scanning tank. The two glass sheets were separated
by a known thickness at one end to provide a tapered film thickness. The film
thicknesses results and the predicted results compared very well. In the second
experiment, a transducer mounted in a journal bearing was rotated around part of the
journal and measurements of the annular gap compared to theoretical annular gap
geometry. Once again the results compared very favourably. Additionally the predicted
minimum film from Sommerfeld theory was shown to compare well with the position of

minimum film measured ultrasonically.

11.3. Experimental Work

11.3.1. Journal Bearings
The ultrasonic technique has been applied to two journal bearings. The first test rig at the

University of Sheffield allowed the technology to be trialled. The test rig allowed for
measurements to be taken around the circumference of the journal. The application of
low frequency sensors was first applied in this test rig to measure film thicknesses in the
range 5-25um. Load and speed was varied to produce a range of results for different test
conditions. The results from the test rig compared well with Sommerfeld theory. The
measutements around the circumference of the journal also compared well with

theoretical film thicknesses. Cavitation was detected in the diverging part of the bearing.

The second test rig was the location of the first application of this technology in an
industrial setting. Film thicknesses were measured over a wide range of loads and speeds.
Temperature effects on the sensor were discovered and the method outlined in section
6.3.2 was employed to take account of the temperature effects. The results from the test
rig were compared with a 1D and 2D computational model. There was good agreement

between the predicted and measured film thickness.
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11.3.2. Piston Ring
The ultrasonic method was applied to the film thickness between a piston ring and a

cylinder from a hydraulic motor in a test rig at KTH University, Stockholm, Sweden.
Focusing of ultrasound was employed to produce a small measurement point that could
measure film thickness as the piston ring passed. Attenuation of the cylinder matetial was
found to be a problem and machining took place to provide a thinner section for the
ultrasound to pass through. High speed film measurements were required in order to
capture film measurements from the ring. Higher speed data capture was used (not
significantly high, however at only 8Hz). The technique for post processing was
implemented in order to save data and removed CPU intensive processing from the

software capturing the data.

Results obtained from the test rig (and failed tests due to thick films) seemed to indicate
that the initial clearance between the piston ring and the cylinder was the dominating
factor in film thickness as opposed to pressure and/or sliding speed. The results
obtained, however, do show a relationship between sliding speed and film thickness. At

lower pressutes there is a noticeable increase in film thickness.

11.3.3. Prosthetic Hip Joint

Non invasive measurements of fluid film thickness in a metal on metal type hip joint
have been made. Small piezo sensors were employed to measure the film thickness in
the joint whilst it was articulated and loaded in a test rig. Very high speed measurements
wete employed to capture data (up to 10kHz), with data being written to disk at
approximately 10MB/s. Much thinner films (in the range 0.2-8um) were measured than
in the previous applications. The results were compared friction measurement and show
a correlation between thinner films and higher friction coefficients. Results wete
compared to predicted film thicknesses in the literature. There was agreement between
the published predicted films and the films measured. However, the results were also
compared with a FEM computational model, but disagreed considerably. This
disagreement between experiment and theory was shown to be feasible when the

waviness measurements were considered.
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List of Papers

This is a list of papers that have been published by the author on the measurement of

film thicknesses using ultrasonic reflection.
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Appendix 2:
Tachometer Driver

The figure below shows a screen grab of the software for controlling the Laser

Tachometer over the serial RS232 port.
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Appendix 3:
UPR Control Software

The following page shows a screen grab of the software for controlling the UPR via a dll

across the parallel port.
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Appendix 4:
Oscilloscope Control Software

The figure below show a screen grab of the software for controlling and downloading

data from the oscilloscope.
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Appendix 5:

Gage Control Software

The figure below shows the software for controlling the Gage PCI card and acquiring

data from it.
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Appendix 6.
Online Film Thickness Software

The following page shows a screen grab of the online film thickness software. The

waveform is captured from the oscilloscope and the film thickness calculated.
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Appendix 7:

Post-Processing Film Thickness
Software

The following page shows a screen grab of the automated post-processing data. The

softwate is able to process all the files in a specified folder.
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Appendix 8:
Film Thickness Modelling Software

This is a screen grab of the block diagram of the software for modelling the response of

an ultrasonic wave to a thin embedded layer.
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