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Abstract

Acoustic impedance is an important property used to interpret acoustic reflection
measurements in tests to determine oil film thickness, a critical parameter dictating efficiency
and wear rates of lubricated components. A new method to measure acoustic impedance of
solid media, based on the well-established spring model, is described. The advantage of this
method over existing techniques is that it can be applied to thin, multi-layered materials where
individual reflections cannot be distinguished, common in many tribological systems such as
bearings, piston rings and piston liners. The method is demonstrated experimentally for a range
of materials. Results compare well with values calculated independently from acoustic velocity
and density. The method has been applied to a bearing test rig to determine acoustic impedance
of a thin-walled bearing. This study demonstrates that the technique is capable of
measurements in dynamic systems and where traditional methods of calculating acoustic
impedance are not feasible.



1. Introduction

Acoustic Impedance

Acoustic impedance is a measure of a material’s resistance to acoustic flow and is most simply
defined as the product of density and acoustic velocity in that material [1]:

z = pc (1)
Where z is acoustic impedance, p is density and c is acoustic velocity.

Modelling acoustic wave behaviour often requires the acoustic impedance of the materials to
be known, primarily as it affects how the sound is transmitted between materials. In many
applications the parameter can be found by equation 1, with acoustic velocity obtained by a
time-of-flight measurement and density by measuring the material’s weight and volume (by
geometry or measuring displacement) or obtained from literature if it is a more common
material.

Additional techniques for measuring acoustic impedance have been developed recently. For
example, Hoche et al. [2] applied a multiple reflection method using a 2 MHz centre frequency
transducer and achieved measurement accuracies to within 0.12% of the true value. However,
this method is only suitable measuring the acoustic impedance for liquids. Bianco et al.
measured the acoustic impedance of pavements using pressure-velocity probes via a modified
version of the Adrienne method. This compared the power spectra from the incident and
reflected acoustic waves. Acoustic impedance can then be calculated by the ratio between local
pressure and particle velocity. This technique requires a large microphone suspended in air at
a known distance above the material, which in their study this distance was 160mm [3].

An accurate value of acoustic impedance is particularly important in ultrasonic thin film
thickness measurements and is required for the popular spring amplitude and phase models. In
2020, Yu et al. presented another method to directly calculate thickness in thin films without
requiring acoustic impedance, known as the exact-complex technique. However, the authors
note that measurement uncertainty may be increased as it is a combination of the uncertainties
in both the amplitude and phase shift measurements [4].

Unfortunately, applying previous methods to determine acoustic impedance is not always
feasible. For example, many tribological components such as bearings, piston rings and piston
liners are coated with a thin layer of material, such as diamond-like carbon (DLC), chromium
ceramic or complex multi-phase alloys such as leaded bronze [5, 6, 7]. With thin layers,
individual acoustic reflections are no longer distinct, making a direct measurement of acoustic
velocity via a time-of-flight technique impossible [8]. Furthermore, depending on the
deposition technique, the layer acoustic impedance may be different to the acoustic impedance
of the bulk material. Thus, an alternative technique would be required.

The acoustic impedance of individual materials in a perfectly coupled multi-layer system can
also be calculated by observing the proportion of the acoustic wave reflected at the boundary,
known as the reflection coefficient, R [9, 10]:

_Z27Z3
R - Zy+2Zq (2)
Where z; and z> are the acoustic impedances of each medium. Provided the acoustic impedance
of one material is known, this equation allows the acoustic impedance of the other material to
be calculated.

Studying equation 2, one may see that a large acoustic impedance mismatch between materials
will cause almost all the acoustic energy to be reflected at the interface if z> >>z; or zi1>>2».



Thus, accurate measurements rely on the acoustic impedance of the materials to be similar in
magnitude. By extension, this means higher impedance materials such as metals require the
other material to be solid, and only low impedance solids such as rubbers and polymers can be
measured when the first medium is a liquid.

However, real solid surfaces are not perfectly flat and in most cases this roughness cannot be
ignored. When two materials are pressed together it is therefore not possible to achieve a perfect
interface. Air gaps between the peaks of contacts will always be present. As such, solid-solid
interfaces require an intermediate coupling layer to create a perfect interface between the two
media, as shown in figure 1. This requirement is somewhat convenient, as the interface in many
tribological applications such as bearings, is a metal-on-metal contact separated by a thin layer
of lubricant.

As the stiffness of the liquid layer is far lower than that of the solid materials, it therefore
dominates the signal response at the interface and cannot be ignored. Pedrix et al [11] modelled
this behaviour and measured the change in reflection due to the intermediate layer. However,
their technique, which observed the decrease in response as the fluid thickness matched the
resonant frequency of the acoustic wave, required the thickness of the coupling layer to be
known, consistent and uniform across the measurement area. This is often a challenging
requirement outside of lab conditions and in real engineering components.
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Figure 1. Schematic diagram of (a) theoretical perfectly coupled interface, (b) real solid
interfaces where contact surfaces are rough, (c) real solid interfaces including a coupling
layer.

The Spring Model

When the thickness of a layer between two solid bodies is thin (compared to the wavelength of
the acoustic signal) the stiffness of this layer dominates signal response, affecting both the
proportion of the signal that is reflected at this layer and the signal’s phase. Conversely, the
effect of mass and damping may be assumed to be negligible at this scale. As such the acoustic
response may be accurately modelled using a quasi-static spring model.

This technique has been used successfully to investigate a wide range of tribological problems,
including the study of adhesive bonds [12, 13, 14], cracks under compressive loading [15, 16],
contact phenomena in rough surfaces [17, 18 ,19, 20, 21] and lubricant film thickness [22, 23,
24]

The above studies which model the response of the layer require that the impedance of the
materials each side of the interface are known. In the present study, the spring model has been
applied to relate the amplitude and phase shift of the reflected ultrasonic wave to the acoustic
properties of the materials either side of the layer. This is first demonstrated by observing the
signal response of a thin lubricant layer between two plates under static conditions. The
approach has then been used in the practical example of an engine bearing shell where the
acoustic impedance of the multi-layer shell is unknown.



2. Ultrasonic Reflection at a Thin Film

When an ultrasonic pulse is incident on a thin layer, part is transmitted through, part is reflected
back. Measured against the incident wave, the reflected wave has reduced amplitude and an
associated phase shift. This is shown in figure 2, where the effect of layer thickness is also
shown.
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Figure 2. A diagram of both the incident and reflected waves at a thick (a) and thin (b)
intermediate layer, with the corresponding change in phase and amplitude shown, where K is
layer stiffness. [8]

By considering the balance of forces and compatibility at the layer boundaries during the
passage of the wave, the reflection coefficient at an interface may be calculated by the
following [12, 13]:

_ (Z1—Zz)+i2122(§; 3)

Z1+23)+iz 2z
1+22 122\

For which K is layer stiffness and o is the angular frequency of the ultrasonic wave. R is a
complex quantity containing amplitude and phase information. Reflection coefficient
amplitude |R| represents the reduction in amplitude in the reflected wave while the phase shift
@ represents the phase difference between the incident and reflected waves. This relation
holds for both longitudinal and shear waves, although for shear waves K represents interfacial
shear stiffness, as opposed to longitudinal stiffness [25]. It will be shown later that the stiffness
terms can be eliminated; thus, the same approach can be applied to both shear and longitudinal
waves, however this work will focus on longitudinal waves.

As layer thickness increases, the stiffness of this layer decreases. The phase difference, between
an incident and reflected wave, thus varies from 0 for a thick film (K-0), to /2 for a thin film
(K—>00). This is shown graphically in figure 2.
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Figure 3. Complex representation of reflection coefficient

As shown in figure 3, R has the form:



R = |R|cos @y + i|R| sin Dy 4)
Combining Equations (3) and (4):
w -
[(zl + z,)|R| cos @y — 2,2, (E) |R| sin g — (z; — zz)]
+i [2122 (%) IR| cos ®p + (2, + 2,)|R| sin ®p — 2,72, (%)] =0 (5)
Since both real and imaginary parts must be equal to zero, equation (5) can be rewritten as a
pair of simultaneous equations:

(Zl + Z2)|R| cos Pp — 2,7, (%) IRl sin®g — (Zl + Zz) =0 (6)
212, (%) |R| cos @x + (z; + z,)|R| sin Py — 2,2, (%) =0 (7)

The frequency stiffness term can be eliminated from equations (6) and (7) to give an equation
relating reflection coefficient amplitude and phase to the material properties:

(z1+23)|R|? sin? g (

(zy + z2)|R| cos ®g (1—|R| cos ®R)

z,—25) =0 (3)

Equation (8) can be simplified to give a quadratic equation in |R/:
(z1 + 2,)|R|?> — 22,|R| cos g + (2, — 2,) = 0 )

The quadratic formula can be applied to equation (9) to obtain an expression for reflection
coefficient amplitude:

2 zZ3
1 1 =2

|R| = (E) COS¢R i \/(1_{_22) COS2 d)R — (Té) (10)
Zq Zq 4

It is important to note from equation (10) that the relationship between amplitude and phase is
independent of layer properties, layer thickness or ultrasonic frequency and only depends on
acoustic impedances of the materials either side of the layer.

If the materials either side of the layer are identical (z,=z,), equation (10) reduces to:
|R| = cos @y (11)

Equation (10) can be rearranged to provide an expression for the acoustic impedance of the
second material z,:

|[R|?-2|R| cos dgp+1
1-|R|?

2= 24 (12)

This relationship is the foundation of the acoustic impedance measurement technique outlined
in this paper. With this, a simultaneous reflection coefficient amplitude and phase measurement
allows an acoustic impedance measurement of the second material independent of the coupling
material, provided the acoustic impedance of the first material is known.

3. Measurement of Reflection Coefficient Amplitude and Phase

To determine reflection coefficient amplitude, the signal response may be compared against a
reference measurement in which a known proportion of the signal is reflected at the interface:

R = 22 Ro(f) (13)




For which A(f) is the response amplitude reflected at the coupling layer, Ao(f) is the reference
signal amplitude and Ry is the reference signal reflection coefficient.

Similarly, reflection coefficient phase can be determined by comparing the phase difference
between the signal response at the coupling layer and a reference signal:

Pr(f) = o(f) = 0o (f) (14)

For which, ¢(f)is the signal phase reflected at the interface of interest and ¢, (f) is reference
signal phase.

4. Measurement Apparatus

In the present study a commercial longitudinal transducer with a centre frequency of 1.25 MHz
was used. Configured in pulse-echo mode, the transducer could both generate and receive the
ultrasonic signal via an ultrasonic pulser receiver (UPR). The transducer produced pulses which
contained energy distributed over a broad frequency bandwidth around the centre frequency.

This transducer was bonded to a steel delay line (operating as the buffer) which has an acoustic
impedance of 46 MRayls. This delay line interfaces with a test medium via an intermediate oil
coupling layer. The test medium can be easily swapped so that a range of materials could be
investigated. A diagram of the measurement apparatus is shown in figure 4.
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Figure 4. Diagram of impedance measuring set up.

5. Test Method

An oil layer was deposited on to a range of test media (aluminium, brass, glass, Perspex and
steel). The transducer and delay-line assembly was then positioned onto the test medium, and
reflected pulses were captured and stored. An air reference signal was also obtained, for which
the test medium was removed, and the delay line cleaned to remove any remaining oil. The
acoustic impedance of air is orders of magnitude smaller than the steel delay line, thus it may
be assumed that this solid-air interface is perfectly reflective [20].

A Fast Fourier Transform (FFT) was performed to convert each recording into the frequency
domain, which contains both amplitude and phase information. The reflection coefficient was
determined by dividing the amplitude spectrum of the oil film measurement by the air reference
signal, as described in equation (13). Similarly, the phase difference was found by subtracting
the oil film phase difference spectrum by the phase difference spectrum of the air reference
signal, as in equation (14). These values were then applied to equation (12) to calculate the
acoustic impedance of the test medium.



To compare results against conventional techniques, the density and acoustic velocity of each
material was also measured. Density was calculated by measuring mass and volume, whereas
acoustic velocity was taken via a time-of-flight method. The test media were simple rectangular
plates, as such volume could be taken via their geometry.

6. Results

6.1.Reflection Amplitude and Phase

The reflected time domain signal response of each test case is presented in figure 5, along with
the air reference signal. As predicted, a clear decrease in amplitude is observed for each
material when compared against the reference amplitude. Similarly, the signal responses have
shifted along the time domain compared to the air reference, indicating a phase change. The
magnitude of both amplitude reduction and phase change is due to both the acoustic mismatch
and the thickness of the oil layer and therefore they must be decoupled to determine acoustic
impedance.
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Figure 5. Reflected pulses from coupling layer, between steel delay line and material
specimens.

The frequency amplitude and unwrapped phase spectra shown in figure 6a and figure 6b
respectively were obtained by applying an FFT to the time-domain signals in figure 5. The
phase results in figure 6b follow a saw-tooth profile as the phase change is wrapped between -
pi and pi radians.

Reflection coefficient was calculated for each test case by dividing the amplitude by the
reference at each point across the frequency range. The resultant curves in figure 6¢ show a
smooth frequency dependence around the transducer centre frequency (approximately 0.5 MHz
to 2 MHz). Results outside of this range may be ignored due to the low signal-noise ratio.

Similarly, phase shift is obtained by subtracting the reference phase from the phase
measurement for each test case. Figure 6d shows that, as with reflection coefficient amplitude,
phase change exhibits a smooth frequency dependence around the transducer centre frequency.
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Figure 6. (a) Amplitude, (b) phase, (c) reflection coefficient amplitude and (d) reflection

material specimens.

6.2.Acoustic Impedance

coefficient phase spectra for reflected pulses from oil layer, between steel delay line and

As the reflection coefficient amplitude and phase measurements had been obtained, acoustic
impedance could be determined via equation 12 for each material at all measured frequencies.
Figure 7 shows the acoustic impedance calculated across the full measured frequency range.

Acoustic impedance is consistent across the usable transducer frequency range, indicated by a
flat line over this region. This indicates that the presented technique enables acoustic
impedance measurements independent of transducer frequency. Also notable is that the
measurement for low acoustic impedance materials such as Perspex appear to be more
consistent across the frequency spectrum in absolute terms compared to higher acoustic
impedance materials such as steels. However, variations appear more consistent between
materials when comparing uncertainties as a percentage.
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Figure 7. Acoustic impedance values deduced from reflection coefficient amplitude and
phase.

To obtain a single value for each material, the acoustic impedance was averaged between 0.5
MHz and 2 MHz. Results are displayed in table 1, along with measurements obtained from the
acoustic velocity-density method (as described in equation 1) and values obtained from
literature. Differences between methods are small and it is likely that variation is due to errors
in each technique, such as non-uniform material geometries when calculating volume or
differences in exact material specifications compared to those used in values provided by
datasheets. It is estimated that uncertainty in the spring model method amounts to less than 5%.

Table 1. Values of acoustic impedance for the test specimens measured via the presented
spring model method, calculated via the acoustic velocity-density method, and taken from
literature [1].

Acoustic Impedance (MRayls)
Material Measured Calculated Data book
Aluminium 18.61 17.33 17.06
Brass 36.56 35.89 37.30
Glass 14.08 13.50 18.00
Perspex 3.78 3.17 3.22
Steel 42.96 46.17 45.63
6.3.Density

In this investigation there was a clear separation between the first and second reflected waves.
As such, the acoustic velocity may be simply obtained by dividing the path length of the
acoustic wave by the time taken between reflections. Then, via equation 1, density may be
obtained using this acoustic velocity value and the acoustic impedance calculated using the
spring model method. The resultant density values for each material are shown in table 2, along
with density values calculated via the weight and geometry method and obtained from
literature. As with acoustic impedance measurements, good agreement between methods is
evident.



Table 2. Density values for the measured specimens.

Density (kgm™>x107)
Material Measured From Weight & Geometry Data book
Aluminium 28.81 26.83 27.85
Brass 86.05 84.47 84.20
Glass 26.10 25.02 34.22
Perspex 11.96 11.71 11.79
Steel 72.55 77.96 77.6

6.4.Argand Plot of Data

As reflection coefficient contains both amplitude and phase information, it may be
conveniently represented as a vector on a complex plane using the same data. The length of
this vector is equal to reflection coefficient amplitude and the angle represents its phase. The
relationship between phase and amplitude (equation 10), which depends only on acoustic
properties of the two solids can thus be plotted as a locus on the complex plane. The locus
from each material specimen is shown in figure 8. This locus forms a semi-circular arc,
initiating at the point of minimum reflection coefficient amplitude, progressing as frequency-
thickness increases to infinity, at which point reflection coefficient amplitude reaches unity and
phase is equal to 0.
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Figure 8. Argand diagram plotting complex reflection coefficient, showing how reflection
coefficient varies with frequency from the experimental data.

Experimental results are over-plotted and give good agreement with the reflection coefficient
locus. This means that, once again, the ultrasonic response of the thin layer system may be
sufficiently represented by the spring model incorporating stiffness alone.



Figure 8 shows that the range of amplitude and phase both increase as the impedance of the
specimen approaches that of the delay line (steel in this case). This suggests better accuracy is
achieved under this condition. From the resulting impedances, there was no obvious
correlation between accuracy and acoustic impedance of the measured specimen. Further study
is required to determine how best to improve accuracy.

7. Discussion

7.1.Experimental Accuracy

The technique presented demonstrates high accuracy measurements for multi-layer interfaces
with flat surfaces. Results were within 2-5% of those found via the conventional acoustic
velocity-density method. The difference may be attributed to potential uncertainties in either
technique, such as the specimens not having perfectly uniform geometries for volume
measurement. Also, an accurate acoustic impedance value for some materials such as glass is
difficult to obtain in data sheets as the wide array of specifications vary greatly. The usefulness
of the method is demonstrated as there is no suitable alternatives available to measure acoustic
impedance in such systems.

Measurement accuracy was maximised in this investigation by taking an average over the full
useful transducer frequency spectrum. If required, accuracy could be improved further by also
averaging measurements using multiple oil layer thicknesses.

Furthermore, the present study has demonstrated that density measurements may also be
derived by this method if the length of the specimen is known and subsequent reflections are
clear and distinct. Compared against measurements obtained via the mass-volume method,
results varied by around 4% to 7%. As with acoustic impedance values, it is expected these
differences are primarily due to uncertainties in both methods.

7.2.Practical Implementation of the Technique in Tribology

The key advantage of the method presented is that it does not require knowledge of the oil film
thickness and is independent of acoustic wave frequency. Thus, the method is particularly
robust, with very little technical skill required to position the transducer onto a component and
perform measurements. Additionally, the method does not require any form of calibration as it
is based on a theoretical relationship.

Many tribological systems such as seals, bearings and piston ring-liner interfaces follow the
configuration presented in this study, with two solids separated by a thin layer of liquid
lubricant. Ultrasonic methods to measure film thickness in such components are becoming
increasingly popular, however many of the established techniques require the acoustic
impedance of both materials to be known. This method could be easily applied to determine
acoustic impedance of the components without any additional hardware except what is already
required for standard ultrasonic film thickness measurements.

The presented method may be equally useful in applications outside of tribology. For example,
sintering processes require part density to deviate by no more than 1%, otherwise the
component is deemed defective. Implementing a rapid quality assurance measurement
technique could improve manufacturing efficiency and reduce waste.



8. Application to a Journal Bearing

The spring model has previously been used to measure the lubricating oil film thickness in
journal bearing contacts [22, 24, 26]. However, for this, accurate acoustic impedance values
for both media either side of a lubricated contact are required [26].

An automotive engine journal bearing shell is typically a layered construction with a thin steel
shell and a single or multi-layer coating of soft metal alloys (sometimes known as white metal).
The acoustic properties of the white metal layer are difficult to determine.

In the following, the acoustic impedance of a thin shell bearing coated with a white metal babbit
layer (PbSnioCus) is calculated. This is achieved by measuring the change in phase and
amplitude as the shaft rotates around the bearing circumference using the approach derived in
section 2.

8.1.Test apparatus

Figure 9 shows the journal bearing test apparatus. An electric motor drives the steel shaft with
a maximum rotation speed of 1500 rpm. Load is applied via a hydraulic jack on a stirrup
system, up to 20 kN. Ultrasonic measurements were obtained via a 7 MHz longitudinal
transducer embedded within the shaft, photographed in figure 10. A photograph of a bearing
shell half used in this investigation is shown in figure 11, along with a schematic of the journal
bearing system. A summary of key system dimensions and parameters are presented in table 3.

Coaxial Cable

———t

| «—Epoxy Resin

Transducer

Figure 10. (a) Photograph of instrumented pin. (b) Schematic of instrumented pin.
(c) Photograph of shaft pin installation. (d) Photograph of shaft after grinding.
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Figure 11. (a) Photograph of 112mm inner diameter journal bearing shell prior to installation.
(b) Schematic of journal bearing system with the location of the shaft embedded ultrasonic
transducer and oil inlet indicated.

Table 3. A summary of key bearing system dimensions and parameters

Parameter Value
Bearing diameter 112 mm
Bearing width 50.55 mm
Bearing radial clearance 50 um
White metal babbit thickness 0.4 mm (approx.)
Lubricant kinematic viscosity 104 ¢St @ 40°C, 11.6 ¢St @100°C
Lubricant viscosity index 102
Lubricant density 888 kg/m’
Applied load 2 kN to 20 kN
Shaft rotation speed 100 rpm to 1500 rpm
Ultrasonic acquisition rate 80 kHz
Transducer centre frequency 7 MHz

8.2.Determination of Acoustic Impedance

Previous investigations have demonstrated that a reference measurement can be taken during
operation provided the film is sufficiently thick [24, 27]. In this ‘thick film region’ reflection
coefficient tends to a fixed value, depending only on the impedance mismatch between the
shaft and the lubricant. The reference reflection coefficient amplitude can be calculated via
equation 2, in which z; and z> are the impedance values of the shaft and lubricant respectively.
Similarly, phase tends to zero as film thickness increases [28]. Thus, a reference can be
obtained for every full rotation, taken at the point of maximum film thickness.

The exact thickness at which the oil film can be deemed sufficiently thick depends upon
transducer centre frequency, lubricant density, and lubricant acoustic velocity. For this system,
a film thickness exceeding 50 um can be defined as sufficiently thick. When compared against
an infinitely thick film, this corresponds to a phase difference smaller than 0.025 radians and a
reflection coefficient amplitude change under 0.001, both of which are lower than the practical
measurement resolution of the system. As bearing radial clearance is 50 um, the maximum
film around the bearing radial circumference will always be at least 50 um, thus a thick film
reference can always be obtained regardless of operating conditions. A previous investigation



using the bearing test platform presented in this work assessed the effectiveness of the thick
film measurement technique, concluding that this referencing method was more accurate than
traditional pre-test referencing methods [24]. The primary benefit being that the reference and
measurement are taken near-simultaneously. This overcomes the problem in that the energy
output of piezoelectric elements can change over time, particularly when subjected to repeated
elevated temperatures. Signal noise can introduce uncertainty into the reference measurement,
which would thereby affect acoustic impedance measurements. To mitigate this, an average of
thick film reference measurements taken over multiple rotations is taken for each test.

An advantage of this acoustic impedance measurement technique is that knowledge of the
lubricant acoustic impedance, density or acoustic velocity are not required to determine bearing
acoustic impedance. This is demonstrated in equation (12), in which these terms are not present.
As such, any pressure or temperature effects on the lubricant do not need to be considered at
this stage.

In this investigation, a total of 80 tests under a range of loads, rotations speeds and temperatures
were performed.

Figure 12, which shows acoustic impedance around a section of the bearing circumference for
an example test case, demonstrates that z> remains consistent within the full converging region.
As expected, the signal-noise ratio improves towards minimum film thickness. This is due to
the non-linear relationship between film thickness and amplitude or phase; such that for very
thin films a large change in amplitude or phase corresponds to a small change in thickness,
whereas for thicker films a small change in either value corresponds to a large change in
thickness.
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Figure 12. Acoustic impedance calculated by observing phase change and reflection
coefficient within the minimum film region for an example test case (20 kN, 100 rpm at
65°C). Vertical dashed line represents the location of minimum film thickness.

Theoretically, any data point within the converging region can be used to obtain a value for
bearing acoustic impedance, and for any test condition, such as any speed, load or bearing
temperature. Although, measurements in the diverging region should be avoided due to
cavitation effects introducing air bubbles into the lubricant. The accuracy of the technique is
expected to improve with thinner films, as signal to noise ratio increases. Therefore, the
optimum value would be at the point of minimum film thickness.



Figure 13 shows calculated acoustic impedance at the point of minimum film thickness
compared against different variables: Sommerfeld number, temperature, load, and speed. The
Sommerfeld number is a non-dimensional parameter used to equate oil film behaviour across
bearings of different geometries [29] and can be expressed by the following formula:

2
s = (%) == (15)

c F

Where 7 is bearing radius, c is radial clearance between the shaft and bearing, u is dynamic
viscosity, L is bearing length, D is bearing diameter, N is shaft rotation speed and F'is applied
load.

The calculated mean acoustic impedance was 24.36 MRayl, with a standard error of 0.23
MRayl (£1% of the mean). Results were analysed for normality and found to be normally
distributed. A parametric Pearson correlation analysis was performed to determine whether any
significance between any test conditions and acoustic impedance were present. None was found
for Sommerfeld number, rotation speed or load (P=0.5692, P=0.2608, P=0.4723 respectively).
This is also demonstrated by the low R-squared values obtained via a linear regression, also
presented in figure 13.
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Figure 13. Acoustic impedance against Sommerfeld number (top-left), rotation speed (top-

right), temperature (bottom-left) and load (bottom-right). Linear regression curve fits, along

with corresponding R? values are also presented.

A statistically significant link between z> and temperature is shown (P=0.0143), indicating that
the observed positive correlation is not due to random sampling. With regards to the strength
and magnitude of this association, the gradient and shared variance, quantified by R-squared
(in this case 0.0745), are both low. The correlation observed could be explained by either a
minor change in acoustic velocity, density, or both. Therefore, it is suggested this is not a
measurement error but a true variation in acoustic impedance with temperature. For simplicity,
as the change in z> is low over the operating temperature range in this study, a constant value



for acoustic impedance can be used. Although this may need to be considered if testing systems
over a wider range of temperatures.

Figure 13 also shows a reasonably wide distribution in individual acoustic impedance
measurements compared to the more consistent static tests. This indicates that a single test
would be insufficient for acoustic impedance measurement, particularly at lower temperatures.
The standard deviation for tests at 40°C was 1.75 MRayls, whereas at 65°C the standard
deviation was 0.92 MRayls. It is expected that standard deviation at higher temperatures is
improved as this corresponds to thinner lubricant films when all other conditions are the same,
such as shaft rotation speed and applied load.

The thickness of the bearing white metal layer is far too small for traditional acoustic
impedance calculation techniques, particularly as the two reflections are not adequately
separated for a clear time-of-flight measurement to be taken. However, this new technique has
succeeded in obtaining a value. 24.36 MRayl is reasonable and within the region one may
expect for white metals containing tin. Using literature values for density [30] and acoustic
velocity [31], then applying equation 1, a typical tin-based white metal layer has a calculated
acoustic impedance value of 24.8 MRayls, which is within 2% of the measured acoustic
impedance of the white-metal layer used in this study.

8.3.Calculating Lubricant Film Thickness using Acoustic Impedance

The calculated acoustic impedance value enables the measurement of film thickness, /4, using
the ultrasonic spring amplitude and phase models, as shown in equation 16 and equation 17
respectively [24]:

pc? R2(22+21)?—(2,—21)?
1-R2

= (16)

WZ17;

pc2tan (@) (Z ~23)

h= (17)

2
wz,172 iJ(wzlz%) —tan2(@g) (22 -22)(wz122)?

This has been performed in figure 14, which shows minimum film thicknesses calculated via
the amplitude and phase methods, along with a Raimondi Boyd numerical prediction [31]. Both
the spring amplitude and phase model results agree with the numerical prediction, particularly
for thinner films.
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Figure 14. Minimum film thickness against Sommerfeld number for bearing testing under
normal operating conditions. Theoretical prediction curve is obtained via the Raimondi-Boyd
solution [31], measurements are obtained via the ultrasonic spring amplitude and phase shift
methods. Error bars indicate variations in film measurement within each test case to =1 SEM.
Log-log nonlinear regression fits for each method are presented, along with dashed lines
representing 95% confidence bands.

The calculated bearing acoustic impedance value enabled film thickness measurements via the
amplitude spring model and phase models with low uncertainty, indicated by the narrow
confidence bands in figure 14.

8.4.Further Applications in Bearing Systems

An additional potential use for this technique could be in condition monitoring. One could
measure the acoustic impedance regularly to observe any significant change in value. An
increase in acoustic impedance in this example may indicate that the white metal layer has
worn, with the contact transitioning to a steel-steel interface. A further study would be required
to investigate this, and it would be interesting to observe whether any change occurs before
other signs of damage arise, such as increase in temperature or torque.



Conclusions

The relationship between amplitude and phase of an ultrasonic wave reflected at a thin layer
depends on the acoustic properties of the materials either side and is independent of layer itself.
This has been used in a new approach for measuring the acoustic impedance of a solid medium
which presents only one face.

The method is demonstrated experimentally, measuring the acoustic impedances of a range of
materials. Results compare well with values determined conventionally from speed of sound
and density (errors of 2-5%). If the sound path in the specimen is known, then it is possible to
use the technique to measure density. Density values found in this way vary by 2-7% from
those found from weight and geometry.

Dynamic measurements within a journal bearing contact have also been performed under a
range of test conditions. Results indicated that acoustic impedance calculated using this method
was not affected by the thickness of the oil layer. This has been applied to obtain high accuracy
film thickness measurements via the amplitude and phase models.

The strength of the technique is that it can measure any value of acoustic impedance regardless
of the specimen’s attenuation, and geometry providing the specimen presents a flat face. Also,
the technique does not require the thickness of the coupling layer to be known. Although this
investigation applied the technique using longitudinal transducers, the authors see no reason
why the approach would not be equally applicable to shear waves. The relation between
acoustic impedance and reflection coefficient shown in equation (3) holds for both wave types,
thus the procedure would be identical. This could widen the utility of this method to
applications such as investigating the properties of matching layers used in viscosity
measurements [33].
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