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Measuring lubricant viscosity at a surface and in a bearing film using shear-horizontal surface acoustic waves
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Abstract
[bookmark: _Hlk95048696]The lubricating effectiveness of an oil film in a journal bearing depends on the dynamic viscosity of the oil. The viscosity in turn depends on the local operating temperature, pressure, and shear rate. Reproducing these conditions in a laboratory viscometer to investigate the lubricant behaviour is a challenging task. As a result, methods that allow oil viscosity measurement in-situ in a film, would be preferred.
Ultrasound technology utilising shear bulk acoustic waves (BAW) has been used to measure liquid viscosity in the bulk, as well as in-situ in a film; the reflection of a shear BAW from a solid-liquid interface depends on the liquid viscosity. Surface acoustic waves (SAW) have been also used for measuring bulk liquid viscosity. In this paper, shear-horizontal surface acoustic waves (SH-SAWs) were explored for measuring oil film viscosity, as they present good coupling with liquids and sensitivity to surface changes. The main objectives of this work were to generate SH-SAWs on metallic media, investigate the wave response at the metal-oil interface, relate the wave response to viscosity with the aim to apply this knowledge to a journal bearing application for measuring viscosity in-situ the lubricant film.
Initially, the SH-SAW response was investigated at a solid-liquid interface. SH-SAWs attenuate at the solid-liquid interface, due to the liquid viscosity. This was modelled as a function of the liquid properties, material and geometry of the medium, and wave frequency. The SH-SAW attenuation-viscosity model was used to calculate the viscosity (in the range of ~3 to 4600 cP) of different oils at a free surface, which agreed with the viscosity values from datasheets and bench-top viscosity measurements.
This approach was then implemented in-situ in a journal bearing application. A bearing sleeve was instrumented with a pair of SH-SAW transducers and a shear BAW transducer installed inside the rotating journal. These two approaches were used to measure the film viscosity of 4 lubricants blended with different additives in two ways; the former by the leakage of the surface wave, and the latter by the reflection of the bulk wave. Both approaches were found to be in good agreement. They successfully distinguished the chemistry of the oil test samples according to their viscosities under various loading conditions and constant speed, and were able to monitor changes in the oil film viscosity in the loaded region.
The SH-SAW sensors used were low cost and small sized and so can be fitted relatively conveniently into a bearing sleeve, requiring nothing but a function generator and digitiser to operate. This approach could then be used to evaluate lubricant formulations for their performance actually inside a bearing, rather than through the extrapolation of data from a conventional bench top viscometer.
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NOMENCLATURE
Roman symbols
	Area (m2)
	Medium thickness (m)
	Sound velocity (m/s)
	Force (N)
	Frequency (Hz)
	Film thickness (m)
	Liquid path length (m)
	Misalignment (m)
	Misalignment angle (degrees)
	Power (W)
	Pressure (Pa)
	Reflection coefficient
	Transmission coefficient
	Temperature (℃)
	Particle displacement (m)
	Peak to peak voltage (V)
	Velocity (m/s)
	Acoustic impedance (Rayl)
Greek symbols
	Attenuation coefficient (m-1)
	Wavenumber (m-1)
	Shear rate (s-1)
	Dynamic viscosity (Pa s)
	Angular position (degrees)
	Wavelength (m)
	Density (kg/m3)
	Shear stress (Pa)
	Angular frequency (rad/s)
Subscripts
	Solid
	Liquid 

Abbreviations
SAW		Surface acoustic wave
BAW		Bulk acoustic wave
SH-SAW	Shear horizontal surface acoustic wave 
SH0		Fundamental shear horizontal surface acoustic wave mode
FFT		Fast Fourier transform
PAO		Polyalphaolefin
PP		Performance polymer
FM		Friction modifier

1. [bookmark: _Ref36398216]Introduction
[bookmark: _Hlk95764127]The dynamic viscosity of a lubricant film in a machine element is strongly affected by the operating conditions of pressure, temperature, and shear rate. Reproducing these conditions in a laboratory viscometer is challenging. It would be preferable to measure the viscosity in-situ in an oil film. Both bulk acoustic waves (BAWs) and surface acoustic waves (SAWs) have been used to measure the viscosity at a solid-liquid boundary and so have the potential for use inside a lubricated contact.
When a shear BAW is incident on a solid-liquid boundary, it is partly transmitted inside the liquid, and partly is reflected back. Wave energy is lost at the solid-liquid interface by shear of the liquid molecules. The energy loss is manifested as a reduction in the amplitude of the reflected wave and is directly related to the liquid visco-elastic properties.  Greenwood et al. [1] observed this amplitude reduction from solid-air and solid-liquid boundaries. The reflection coefficient, R (the proportion of the incident wave reflected) was determined from the ratio of these two amplitudes. R then depends on the acoustic impedance mismatch between the solid  and the liquid , according to:
  						  (1)
[bookmark: _Hlk95251288][bookmark: _Hlk95416876][bookmark: _Hlk95896144]Kasolang and Dwyer-Joyce investigated shear BAW reflections from static oil films, in the range of 4 to 22 μm, for measuring viscosity [2]. R at a thin oil film depends on the film stiffness, which was incorporated into the spring model of shear ultrasonic reflection, to determine viscosity as a function of the film thickness. Good agreement between experimental and expected values was achieved for thin oil films (<15 μm), but for thicker films, the shear stiffness reduced to such an extent that almost all the wave was reflected (R~1) and the difference associated with the film response is hard to distinguish from background noise. Kasolang et al. [3] used the same shear BAW approach to measure the circumferential viscosity profile in a journal bearing. A polyacrylate plug was instrumented with a shear transducer and was press fitted inside a journal, which was then ground flush. Similarly to [2], it was found that viscosity measurements were poor for thick films (>20 μm), especially in the region near the oil supply hole, but for thinner films (<20 μm), around the loaded region, viscosity measurements were found to be consistent and in reasonable agreement with expected values. Shah and Balasubramaniam explored the phase of shear BAW reflections at the solid-liquid interface to measure oil viscosity [4]. Tests were conducted using 4 calibration standard oils on plexiglass, graphite and aluminium. Viscosity was then determined in three ways; from the phase of R, the modulus of R, and a rotational viscometer. The results reported good agreement between the 3 methods up to 500 cP for all solid media, and higher sensitivity was noticed for acoustically softer materials. For thicker oils both the phase and modulus methods reported lower viscosity values than the rotational viscometer, due to the high shearing frequencies of ultrasound. 
One practical issue is that since most bearing materials are metallic, this is acoustically dissimilar to oil  >> ) and so the wave is almost completely reflected (R tends to unity) and not sensitive to viscosity variation. Schirru et al. [5] overcame this problem with the use of a matching layer between the bearing components and the oil. When the thickness of the matching layer was equal to ¼ of the wavelength, the matching layer resonates, thus increasing the sensitivity of the method. The shear ultrasonic viscometer was placed inside a journal to obtain the circumferential viscosity profile, under different loading conditions, temperature and rotational speeds. The dynamic viscosity was determined using Equation (2) [1], for normal incident shear BAWs [6] reflected at the solid-liquid interface. The results were compared with the isothermal solution of the Reynolds equations for hydrodynamic lubricated bearings, and it was found that the ultrasonic viscometer located the angle the maximum load occurs and the domain of loaded contact, with good accuracy.
 						(2)
In Equation (2),  is the angular frequency,  and  are the liquid density and dynamic viscosity, respectively, and  is the acoustic impedance of the solid for a layered system, given by Equation (3).
						 (3)
In Equation (3),  is the acoustic impedance of the polyimide matching layer, and  is the acoustic impedance of the bearing components. 
Surface acoustic waves can also be used to measure viscosity of liquids at a boundary. Compared to shear BAWs, SAWs are not susceptible to the acoustic mismatch and can be used in direct contact with liquids.
Gitis and Sauer [7] studied the effect of liquid viscosity on the decay of the zero mode of a shear horizontal surface acoustic wave (SH0 mode) in a metallic waveguide immersed in liquid. The wave amplitude decayed due to the shear viscosity of the liquid, which was estimated from the ratio of the liquid shear impedance to the shear impedance of the waveguide. Analytical as well as numerical results were provided for a range of viscosities up to 500 cP and for three different plate materials steel, aluminium and acrylic glass, and found to be in good agreement. Further research is required to verify the theoretical results with experimental measurements. Gitis and Churpin [8] experimentally validated the use of the SH0 mode to measure viscosity of liquids, using an aluminium medium and various solutions of saccharose in distilled water to vary viscosity from ~1 to 60 cP. The results reported good agreement between the measured and calculated viscosity values for the various mixtures.
Viscosity was measured by Kielczynski et al. [9], using SH-SAWs propagating along a metallic waveguide. The shear impedance and hence viscosity of the liquid was evaluated by measuring the change in the time of flight and amplitude between two wave impulses. Three different samples were tested at 21 ℃, with viscosities varying from 220 cP to 2230 cP, and the results were found to be in reasonable agreement with the values obtained from a capillary viscometer. Kazys et al. [10] also used the SH-SAWs propagating on a metallic medium for measuring the viscosity of highly viscous non-Newtonian liquids, in the range of 200 to 250,000 P. The method was theoretically and experimentally proved, but viscosity measured with SH-SAWs was found to be lower than the datasheet values, which was attributed to the high shear rate induced by ultrasound and the non-Newtonian nature of the liquids.
[bookmark: _Hlk96071191]SH-SAWs are very similar to the QCM (Quartz Crystal Microbalance) devices as they both employ shear-horizontally polarised waves, parallel to the surface of the propagating medium and the Quartz crystal, respectively, to measure viscosity of liquids and physical adsorption of various species. However, there are some differences between the two methods and the equations that govern them. 
The QCM devices use continuous waves and employ the dissipation factor (amplitude change) and resonant frequency (frequency change) to measure viscosity of liquids and physical adsorption of species, respectively, [11] [12] [13]. In contrast, the SH-SAW method uses short duration bursts when coupled with metallic media to distinguish the main wave from boundary reflections. Similar to the QCM, it employs a wave amplitude change to measure oil viscosity. According to [7-10], the resonant frequency method presented low to no sensitivity for measuring liquid properties, compared to the amplitude method, because the high frequency SH-SAWs that were generated were impossible to make the metallic substrates resonate.
SH-SAWs have reported some benefits over shear BAWs for measuring liquid viscosity; the measurements were independent of the liquid film thickness and could be performed directly on metal surfaces, since SAWs are not as susceptible to the acoustic mismatch as BAWs. The purpose of the present work has been to evaluate the use of SH-SAW decay at a solid-liquid boundary as a physical principle to measure oil viscosity both at a free surface and inside a bearing lubricating film.

2. SH-SAW propagation at a Solid-Liquid Interface
A SH-SAW causes the particles of the medium to oscillate perpendicularly to the direction the wave propagates in the plane of the surface, as shown schematically in Figure 1a.
[bookmark: _Ref40003891][bookmark: _Ref94809888][bookmark: _Toc30624648][image: Diagram
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[bookmark: _Ref96419851]Figure 1. (a) SH-SAW propagation and particle movement (in red) [14], (b) SH-SAW energy loss at the solid-liquid interface due to the liquid viscosity.
When a liquid is deposited on the propagating surface, it resists shear particle movement, energy is lost, and thus the amplitude of the wave decreases (Figure 1b). This attenuation due to the viscous properties of a liquid is used as a means to measure the lubricant viscosity. 
By definition, wave attenuation is the decrease in the particle oscillation of a wave after it has propagated a distance  in a medium, and is expressed by:
						(4)
where  is the wave amplitude at zero distance from the wave source,  is the wave amplitude after the wave has travelled a distance , and  is the attenuation coefficient.
When the medium is coupled with air, the wave is fully transmitted through the solid-air interface, with negligible energy loss. When a liquid is coupled with the medium, the wave loses energy by viscous attenuation, and the wave amplitude reduces.
The medium is a plate of length , width  and thickness  bounded by a viscous liquid on one side (), while waves are generated on the opposite side (), as shown in Figure 2. The waves propagate in the z-direction, while the particles oscillate along x-direction developing shear stresses  inside the liquid. 
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[bookmark: _Ref36305858][bookmark: _Toc30624652]Figure 2. Illustration of the arrangement and the coordinates
It is assumed that the liquid behaves as an incompressible, Newtonian liquid. The constitutive relationship between shear stresses and strains is given by:
[bookmark: _Ref25691109]						(5)
where  is the shear stress and  is the shear strain acting in the x-direction on the xz-plane, and η is the liquid dynamic viscosity.
When the particle velocity on the surface (xz-plane) is sufficient that a flow is generated in the liquid, the velocity field in the liquid can be described by . This relation, in addition to Equation (5) and the Navier-Stokes conservation of momentum  [15], leads to:

where  is the liquid density and  is the velocity gradient. 

Replacing the divergence () of the gradient () with the Laplace operator , leads to:

Expanding the term  gives:
[bookmark: _Ref25691151] 					(6)
Invoking the non-slip boundary condition at the solid-liquid interface, the wave solution to Equation (6) has the form [16] [17]:
[bookmark: _Ref25691172] 			(7)
where  is the maximum particle velocity,  is the wavenumber,   is the angular frequency of the SH-SAW,  is the wave velocity, and  is the attenuation coefficient.
Substituting Equation (7) in (6), returns: 

Which simplifies to:
 				(8)
Rearranging, gives the attenuation coefficient:			
[bookmark: _Ref25691219]					(9)
For a Newtonian regime,   so that the imaginary component dominates in Equation (9), giving:
[bookmark: _Ref25691235] 						(10)
Solving Equation (10), results in the following expression for the attenuation coefficient :
[bookmark: _Ref25691495]			(11)
In Equation (11), the negative sign is used, to represent the effect of attenuation (wave amplitude decrease, thus energy loss).
Noting that the shear strain can be expressed by the gradient of the liquid flow velocity, as:
[bookmark: _Ref25691263] 			(12)
Substituting Equation (12) into (5), the shear stresses applied by the solid in driving the liquid to oscillate, can be found by:
[bookmark: _Ref25691300] 						(13)
The coupling between the solid and the viscous liquid leads to a wave power loss,  across the interface (shown in Figure 3b), which can be defined as:
 				(14)
Substituting  using Equation (13), gives:
[bookmark: _Ref25691475] 						(15)
Similarly, the wave power in the solid, Ps (shown in Figure 3a) is given by:
			(16)
Where  is the acoustic impedance of the solid,  is the density of the solid, is the fundamental SH0 mode velocity in the solid (Figure 3b).
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[bookmark: _Ref40009994][bookmark: _Toc30624655]Figure 3. Power flow at (a) solid-air and (b) solid-liquid interfaces
Conservation of energy requires the wave power lost in the liquid , to be balanced by difference between the wave power when coupled with air, , and coupled with liquid  , as shown in Figure 3:
 					(17)
Considering that the wave power in the solid  flows along both z-direction and y-direction, Equation (17) can be written as: 
 			(18)
Replacing Equation (16) in (18) leads to:

[bookmark: _Ref25691429]		(19)
Only the particle velocity  is a function of  and , so Equation (19) can be written:

Substituting  from Equation (7), gives:

Differentiating with respect to  and , leads to:

Which simplifies to:

Replacing   and , leads to:

Rearranging the imaginary term in the equation, returns:
[bookmark: _Ref25691484] 					(20)
where  is the decrease in the attenuation coefficient and  the decrease of the wave velocity, due to the viscous coupling.
Substituting Equation (15) in (20), the expression for the wave power loss at the solid-liquid interface becomes:

Expanding the term  and replacing  from Equation (11), leads to:

Which simplifies to:
[bookmark: _Ref25691514] 		(21)
Separating the real and imaginary components in Equation (21), leads to the following two expressions:
[bookmark: _Ref25691636]						(22)
					(23)
These two equations show how the viscosity of the liquid affects both the attenuation coefficient () and the wave velocity (). 
The attenuation of an SH-SAW travelling distance , for the solid-air and solid-liquid interfaces, is given by:
[bookmark: _Ref25691574] 					(24)
[bookmark: _Ref25691604] 				(25)
Dividing Equations (24) and (25), leads to:
 			
Which simplifies to:
	
And leads to the following expression for the attenuation coefficient change :
[bookmark: _Ref25691648]					     (26)
Where is the transmission coefficient and can be determined experimentally.
Combining Equation (22) and (26), the attenuation of SH-SAWs over a distance  due to the viscous properties of a liquid, is given by:
[bookmark: _Ref25691677] 			  	     (27)
Rearranging to make viscosity  the subject, gives:
[bookmark: _Ref26101607][bookmark: _Ref25692128] 				    (28)
This relationship between transmission coefficient  and viscosity is plotted in Figure 4, for three common engineering materials (), wave frequency  (, liquid path length  and medium thickness , while the liquid density  remained constant.
[bookmark: _Ref36308210][bookmark: _Toc30624656][image: Chart
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[bookmark: _Ref96419966]Figure 4. Relationship between SH-SAW transmission coefficient and viscosity for (a) 1 MHz propagating a 100mm coupled with liquid on 2 mm thick media, (b) 0.5, 1.0 and 2.0 MHz propagating a 100 mm coupled with liquid on a 2 mm thick steel plate, (c) 2 MHz propagating a 100 mm coupled with liquid on 0.2, 2.0 and 20mm thick steel plates, (d) 2 MHz propagating a 10, 100 and 1000mm coupled with liquid on a 2 mm thick steel plate
[bookmark: _Hlk95764574]Graph Figure 4a, shows that acoustically softer material (aluminium) presents better sensitivity to viscosity than hard materials (steel), as shown from the lower transmission coefficient values, when even small viscosity changes can be detected. Figure 4b shows that the sensitivity of any material can be improved by increasing the wave frequency, as shown in the case of steel. The sensitivity can be further increased by reducing the medium thickness and increasing the liquid path length, as shown in Figure 4c and Figure 4d. In conclusion, maximum sensitivity is achieved for high frequency waves covering a long distance across thin, acoustically soft media, which is in agreement with the results reported in [7].
3. Experimental Configuration
This section introduces the experimental arrangement for sending/receiving SH-SAWs and the signal processing techniques that were developed for measuring lubricant viscosity. A Brookfield rotational viscometer was used to validate the SH-SAW method for measuring oil viscosity on a flat steel plate. An ultrasonic shear viscometer as used in [5] was used to validate the SH-SAW method for measuring viscosity in-situ in an oil film. 
3.1. [bookmark: _Ref95898942] Sensors and Instrumentation
SH-SAWs were generated using wedge shaped delay lines [18]. The wedge angle is set to achieve a refracted wave that travels along the surface of the test medium (Figure 5a). Two pairs of polyacrylate angled transducers were built (Figure 5b) for bench-top testing, using 400 kHz and 2 MHz DL50 shear piezo-ceramics from Del Piezo, respectively. Snell’s law dictated the angle of the polyacrylate wedge to be set to 24.55°, to allow generation of SH-SAWs on steel media. Another pair of aluminium angled transducers was built (Figure 5c) for journal-bearing testing, using 2 MHz shear piezo-ceramics, where the angle of the wedge was set to 64.6°.
[bookmark: _Ref34933199][bookmark: _Ref69110948][image: Graphical user interface
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[bookmark: _Ref96420073]Figure 5. (a) Wave mode change due to refraction, (b) polyacrylate and (c) aluminium wedge shaped delay lines
[bookmark: _Hlk94998886][bookmark: _Hlk95896413]A shear BAW transducer was manufactured using an aluminium plug, instrumented with a 5 MHz shear piezo-ceramic, as shown in Figure 6, for journal-bearing testing. The matching layer was ground flush to the journal surface to ensure that it will not affect the fluid flow during testing, but the surface will be a little more compliant and potentially it could affect the film formation.
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[bookmark: _Ref41136668][bookmark: _Ref41136662]Figure 6. Ultrasonic shear transducer bonded to an aluminium plug.
[bookmark: _Hlk95899516]The experimental ultrasonic apparatus for bench-top testing and journal-bearing testing, are shown schematically in Figure 7 and Figure 8, respectively. In both cases, angled transducers were bonded directly on the steel media, for generating SH-SAWs; one transducer was acting as the transmitter and the other as the receiver. The transmitters were driven by a function generator (TTI TG5011A), that was used to produce a burst sine pulse (sinusoidal pulse of finite duration), and the receivers were connected to a digitizer (Picoscope 5444D model) for data acquisition. 
[image: Diagram

Description automatically generated]
[bookmark: _Ref34934313][bookmark: _Toc30624640]Figure 7. Experimental arrangement for measuring viscosity of oil coupled with a flat steel plate, using SH-SAWs
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[bookmark: _Ref41141050]Figure 8. Experimental arrangement for measuring oil film viscosity in-situ in a journal-bearing, using SH-SAWs and shear BAWs
In the bearing sleeve, the Picoscope arbitrary waveform generator was also used to excite the shear BAW transducer. Two waveforms generators were required to excite the SH-SAW and shear transducers individually, due to the different piezo-element frequencies and number of pulse cycles. Both the SH-SAW and shear BAW receivers were connected to the digitiser and the signals acquired simultaneously, along with the signal from an optical encoder, which was installed for locating the shear BAW transducer while the journal rotated.
3.2. [bookmark: _Ref29921011][bookmark: _Toc31203916] Test samples
3.2.1. Solid media
Two solid media were used for testing; a flat steel plate and a steel bearing sleeve (dimensions given in Table 1). The steel plate was instrumented with the polyacrylate SH-SAW transducers for bench top testing of oil film viscosity (Figure 9). 
[bookmark: _Ref58070110][bookmark: _Ref45276695]Table 1. Solid media specifications
	Specimen
	Material
	Dimensions
	Wall Thickness
	Sound Path Length

	Flat Plate
	Steel
	260 x 100 mm
	0.200 mm
	140 mm

	Audi 1.6 TDi big end bearing sleeve
	Steel
	L=20 mm, D=47.79 mm
	1.402 mm
	55 mm

	Journal
	Steel
	L=38 mm, D=47.69 mm
	-
	11 mm
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[bookmark: _Ref40531549]Figure 9. Steel plate instrumentation for bench top testing
The bearing sleeve was instrumented with the aluminium SH-SAW transducers, for testing oil film viscosity in-situ in a rotating journal bearing (Figure 10a). The bearing shaft was also instrumented; a shear BAW transducer was mounted on a plug press fitted into the shaft and ground flush. After grinding, the transducer was further pushed inside the journal and a polyimide layer was bonded on it, as shown in Figure 10b. 
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[bookmark: _Ref58084364][bookmark: _Ref40531565]Figure 10. (a) Bearing sleeve instrumentation with aluminium angled SH-SAW transducers, and (b) steel journal instrumentation with shear BAW transducer, for in-situ oil film testing
3.2.2. Lubricating Oils
In order to validate the SH-SAW method for measuring lubricant viscosity, several calibration oils of different viscosities were tested on the flat steel plate. The Cannon viscosity standard lubricants S3, N10, N35, S200 and S600 samples [19], the properties of which can be seen in Table 2, were tested at both 400 kHz and 2 MHz. As these lubricants are considered to be Newtonian under the conditions of the test, their viscosities should be independent of the shear rate and hence the wave frequency.
[bookmark: _Ref40541536]Table 2. Cannon viscosity standard lubricants properties at 25 °C [19]
	Sample
	Density (kg/m3)
	Nominal dynamic viscosity (cP)

	S3
	864
	3.3

	N10
	872
	16.0

	N35
	864
	56.0

	S200
	837
	340.0

	S600
	847
	1100.0


In reality, most lubricants are non-Newtonian liquids and the oil viscosity is a function of the shear rate. Four polyalphaolefins (PAOs) (provided by Lubrizol Ltd) of different viscosities were tested on the flat steel plate (Table 3). The PAO viscosity is determined by the number of dec-1-ene chains in the molecules; more dec-1-ene chains lead to higher viscosity, hence greater resistance against the applied shear stresses. PAO 4 and PAO 8 are considered to be Newtonian liquids due to the lower number of dec-1-ene chains in the molecules, whereas PAO 40 and PAO 100 exhibit a non-Newtonian behaviour.  Similarly, the oil samples were tested at both 400 kHz and 2 MHz, to distinguish differences between Newtonian and non-Newtonian oils.
[bookmark: _Ref40542064]Table 3. PAO lubricant viscosity at 25°C, as measured with a Brookfield rotational viscometer
	Sample
	Density (kg/m3)
	Dynamic viscosity (cP)

	PAO 4
	900
	26.2

	PAO 8
	900
	88.6

	PAO 40
	900
	926.6

	PAO 100
	900
	4600.0


In most applications, lubricant oils are blended with additives to add new properties or enhance existing ones. Four PAO 4 blends (Table 4), provided by Lubrizol Ltd., were tested in the journal bearing to explore the capabilities of the SH-SAW method to distinguish the different composition of the oil samples. In Table 4, the PP and FM refer to Performance Polymers and Friction Modifiers respectively, both widely used in engine oils. In order to allow for comparison between PAO 4 blends, they were formulated to have similar viscosities. The addition of PPs though, has led to a viscous blend. In order to match the PAO 4+1% (w/w) PP’s viscosity, 1% (w/w) PAO 40 was added to the PAO 4+1% (w/w) FM blend to act as a viscosity modifier. The concentration of the different additives in the PAO 4 was selected to be similar to that used in formulated engine oils, for more representative results. 
[bookmark: _Ref57925134][bookmark: _Ref59047740]Table 4. PAO blends’ properties at 25°C, as measured with a Brookfield rotational viscometer
	Sample
	Density (kg/m3)
	Dynamic viscosity (cP)

	PAO 4
	900
	26.2

	PAO 4+1%PP
	900
	36.6

	PAO 4+1% PAO 40
	900
	36.4

	PAO 4+1% PAO 40+1%FM
	900
	35.9


3.3. [bookmark: _Ref25693370][bookmark: _Toc31203920][bookmark: _Ref36311483]Signal Processing
Here we demonstrate the signal processing required to extract viscosity from the surface wave and the bulk wave methods. 
Figure 11 shows two raw received signals (A-scans) from (a) the SH-SAW case on a flat plate, and (b) the BAW case from the journal bearing shaft. In both cases it is necessary to extract the part of the waveform of interest, as different wave modes will respond differently to the liquid viscosity. In the SH-SAW, that is the fundamental SH0 mode wave. In the BAW case it is the 1st shear reflection from the solid-oil interface.
[bookmark: _Ref58086120][bookmark: _Ref40535561][image: A picture containing chart
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[bookmark: _Ref96420208]Figure 11. (a) Acquired SH-SAW waveforms in the time domain, using 2 MHz angled transducers on a half-bearing shell, and (b) shear BAW waveforms
Different SH-SAW modes can be distinguished, according to their time-of-flight determined from a SH-SAW dispersion curve as shown in Figure 12 [11]. The different phase groups are shown in Figure 11a. Figure 13 shows the SH0 group extracted; a fast Fourier transform (FFT) was applied, to obtain the signals in the frequency domain. In the plot two signals are shown; both with (red) and without (black) oil on the plate surface. The amplitude of the ‘with oil’ case is slightly lower as some of the wave energy has been dispersed into the oil.
[bookmark: _Ref58086141][bookmark: _Ref34935174][image: Chart, line chart
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[bookmark: _Ref96420148]Figure 12. SH-SAW dispersion curves [15]
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[bookmark: _Ref58086199][bookmark: _Ref40537848]Figure 13. SH-SAW signal processing; (a) SH0 mode extraction and (b) FFT of the signal. The black lines represent the reference signal at the solid-air interface, while the red lines represent the test signal at the solid-oil interface
For the BAW case the reflection of interest is the first signal reflected back from the solid-oil interface. In this case two reflections are recorded; one from a solid-air interface (the reference signal) and one from a solid-oil interface. Figure 14 shows these extracted signals and their respective Fourier transforms. Again, the amplitude of the solid-oil signal is lower as part of the wave energy has been transmitted into the oil.
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[bookmark: _Ref58086236]Figure 14. Shear signal processing; (a) shear mode extraction and (b) FFT of the signal. The black lines represent the reference signal at the solid-air interface, while the red lines represent the test signal at the solid-oil interface
From the FFT of the signals, the maximum amplitudes at the solid-air () and solid-oil () interfaces were obtained, along with the frequency they occurred (resonant frequency). The ratio of the two amplitudes   returned the transmission coefficient in the case of SH-SAWs, which was then used in Equation (28) to calculate the oil viscosity, and the reflection coefficient in the case of shear BAWs, which was then used in Equation (2) to calculate the oil viscosity. 

4. [bookmark: _Ref36393136]Results
4.1. Oil film on Flat Plate
The Cannon standard lubricants (Table 2) and PAO lubricants (Table 3) were tested on the flat steel plate, using both the 400 kHz and 2 MHz angled transducer pair. Figure 15a shows the measured transmission coefficient for the different Cannon standard oils. The results are compared with the transmission-viscosity model (Equation (28)), and good agreement is observed for both measurement frequencies. 
Figure 15b shows the data of Figure 15a converted to viscosity (using Equation (28)) to compare against the datasheet value of viscosity for each oil. According to the graph, there is a good agreement between the measured and nominal viscosity values, regardless of the frequency and hence the shear rate, indicating Newtonian nature, as expected.
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[bookmark: _Ref58086399][bookmark: _Ref36391940][bookmark: _Ref26100029][bookmark: _Toc30624666]Figure 15. (a) Transmission coefficient and (b) viscosity of Cannon standard lubricants as measured with SH-SAWs 
Figure 16a shows the measured transmission coefficient for the different PAO oils. Figure 16b shows the data converted to viscosities compared with that measured using a Brookfield rotational viscometer.
[image: Chart, scatter chart
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[bookmark: _Ref36391947][bookmark: _Toc30624667]Figure 16. (a) Transmission coefficient of PAO lubricants at 400 kHz & 2 MHz and (b) viscosity of PAO lubricants as measured with a Brookfield viscometer and SH-SAWs
Both Figure 16a and Figure 16b show the PAO 4 and 8 viscosities are in good agreement between the two methods, and appear to be independent of the SH-SAW frequency. PAO 40 appears to be harder to characterise. The viscosity as measured at 400 kHz matches the Brookfield viscosity, which indicates a Newtonian behaviour, but viscosity appears to be lower at 2 MHz, indicating non-Newtonian behaviour. Further testing is required, at higher frequencies (>2 MHz), to explore PAO 40’s nature. The viscosity of PAO 100 appears to be decreasing as the frequency and hence the shear rate, increases. According to these results, PAO 100 exhibits shear-thinning behaviour. The frequency of excitation of the ultrasonic wave is very high (MHz) and so a very high shear rate is applied to the oils. The viscosity measured here more closely resembles the high shear viscosity [20].
4.2.  Oil film in a Journal Bearing
This section presents the viscosity results of the four PAO 4 blends (Table 4), as they were measured with the SH-SAW angled transducers and the ultrasonic shear transducer, in a bespoke build machine for testing standard bearing sleeves (Figure 17a).
An electric motor was used to drive the journal, a starter to initiate the motor and an inverter to control the motor speed and direction of rotation. An optical encoder was installed for measuring the journal location while rotating. Two self-aligning roller bearings were used for supporting the journal and two bearing sleeves were installed in a single 2-part housing to simulate engine components. An oil pump was used to supply oil to the system, and an oil container to collect and feed the oil, thus circulating it. A hydraulic jack was used to apply load on the journal which was measured with a load cell. Various thermocouples were installed for measuring the temperature at different locations during testing, along with the ultrasonic transducers for measuring the oil viscosity, as shown in Figure 17b. 
[bookmark: _Ref41148407][image: A picture containing text, device
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[bookmark: _Ref45725689]Figure 17. (a) Journal bearing rig for measuring oil viscosity in a dynamic system, (b) journal & bearing instrumentation with ultrasonic transducers and thermocouples (30°, 150°, 210°, 330°)
4.2.1. SH-SAW Measurements of Oil Film Viscosity
In the case of the SH-SAWs, viscosity was measured for the loaded region between 300° to 60° (Figure 17b), where the two SH-SAW transducers were located and the results were compared with predicted viscosities for validation.
The Vogel equation (Equation (29)) was used to predict the viscosity of the test samples at the recorded temperatures (by the thermocouples) [21].
[bookmark: _Ref25689717] 					(29)
In Equation (29), a, b, c are constants defined by fitting three known values of viscosity at three temperatures, and  is the recorded temperature (Table 5).
[bookmark: _Ref58064612][bookmark: _Ref62406405]Table 5. Three known viscosity values at three temperatures (provided by Lubrizol Ltd.), which were used to calculate the Vogel constants, to predict the viscosities of the PAO 4 blends over temperature
	Sample
	η= f(t) (cP)
	Vogel constants

	
	25 ℃
	40 ℃
	100 ℃
	a
	b
	c

	PAO 4
	26.15
	8.00
	2.20
	0.8705
	95.58
	-3.09

	PAO 4+1%PP
	36.31
	21.38
	5.18
	0.1013
	891.23
	-126.53

	PAO 4+1%PAO 40
	36.06
	20.64
	4.73
	0.0900
	874.55
	-121.03

	PAO 4+1%PAO 40+1%FM
	35.88
	20.51
	4.69
	0.0917
	866.08
	-120.09


The predicted viscosity values from the Vogel equation were used in Barus equation (Equation (30)) to predict the viscosity over temperature and pressure, at the different loading conditions [21].
[bookmark: _Ref25689753] 					(30)
In Equation (30),  is the viscosity at ambient pressure (Equation (29)),  is the pressure viscosity coefficient (Table 6) and  is the average pressure developed at the lower bearing shell due to the applied load (Table 7), which was calculated by Equation (31):
						(31)
[bookmark: _Ref58063521]Table 6. Viscosity-pressure coefficient  for medium VI spindle oil [21]
	[bookmark: _Ref45107177]#
	 (cP)
	 (10-9 m2/N)

	
	30 ℃
	60 ℃
	100 ℃
	30 ℃
	60 ℃
	100 ℃

	Medium VI spindle oil
	18.6
	6.3
	2.4
	20
	16
	13


[bookmark: _Ref58063592]Table 7. Oil film pressure due to load 
	 (kN)
	 (mm2)
	 (MPa)

	0.5
	L x D= 956
(Table 1)
	0.523

	1.0
	
	1.046

	1.5
	
	1.569



Figure 18 shows the results from the application of SH-SAWs to measure oil film viscosity in-situ for the four bearing loadings, in comparison to the predicted viscosity from the combination of the Vogel and Barus equations. 
[bookmark: _Ref25685756][bookmark: _Toc30624709][image: Chart, line chart
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[bookmark: _Ref96420396]Figure 18. Viscosity of the PAO 4 blends, at 540 rpm and different loading conditions
According to Figure 18, there is a good agreement between the methods for the low loaded cases and the results show that SH-SAWs can be used to measure the oil film viscosity in-situ in a journal bearing. When load was applied, viscosity increased more than expected as shown from the graphs in Figure 18. The measured viscosity corresponds to higher pressure than that expected to develop in the bearing.
Such high pressures at such low loads mean that either the loaded area must have been significantly smaller than the area calculated from the product of the bearing length and diameter, or that metal to metal contact may have occurred thus affecting the viscosity measurements. A misalignment between the bearing and journal centres would explain the formation of a thinner film and rise in pressure and hence the viscosity. After testing, the bearing sleeves were removed and examined for wear. Figure 19 shows surface damage on the lower bearing sleeve due to misalignment. The circumferential viscosity results from the shear BAW application, are expected to provide a better understanding for the unexpected increase in pressure and viscosity.
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[bookmark: _Ref58070867]Figure 19. a) Lower bearing sleeve surface damage, due to b) misalignment between the journal-bearing centres
4.2.2. Shear BAW Measurements of Oil Film Viscosity
The circumferential viscosity distribution was measured with the rotating shaft-mounted shear BAW transducer, and was compared to the viscosity as it was predicted using the Reynolds equation solution for narrow hydrodynamic bearings [22] and the Barus equation. Equation (32) was used to determine the pressure distribution circumferentially, and the values were used in Equation (30) to calculate the viscosity profile. Although the narrow bearing solution best describes the pressure profile of bearings with ≤ 0.3 [21], it can also be applied to the =0.42 bearing to calculate the pressure distribution with good approximation.
 				(32)
In Equation (32),  is the radial clearance,  is the viscosity calculated using Equation (29) at the average temperature among the four thermocouples,  is the angular position,  is the bearing length and x=-/2 to /2 is the distance across the bearing length,  is the input eccentricity ratio obtained through the Raimondi-Boyd chart [22], from the intersection of the Sommerfeld number (Equation (33)) with the =0.42  curve, and  is the oil film thickness, expressed by Equation (34).
 					(33)
In Equation (33),  is the journal rotating speed expressed in r/s.
A 25 to 30 μm misalignment between the journal and bearing centres was considered, occurring at 80° to 90°, so the oil film thickness distribution can be calculated by:
			 (34)
In Equation (34), the term  represents the slope of the misalignment, = 25 to 30 μm is the misalignment, and= 80° to 90° is the misalignment angle.
Figure 20 shows the oil film profile and pressure distribution for the three loading cases, as they were calculated using Equations (34) and (32). The results were found to be very similar among the oil samples. Due to misalignment, the film thickness was not uniform along the bearing length. For load > 1.0 kN the misalignment led to a thin film which caused a significant increase in the pressure around 30°, most likely due to metal to metal contact, which was in good agreement with the surface damage on the lower bearing sleeve in Figure 19.
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[bookmark: _Ref58083720][bookmark: _Toc57748990]Figure 20. Circumferential oil film thickness and pressure distribution along the bearing length for (a) 0.5 kN, (b) 1.0 kN and (c) 1.5 kN load
The pressure distribution along the bearing length was averaged for each loading case, from  =4 to 16 mm (same as the diameter of the shear plug) and used in Barus equation to predict the viscosity profiles of the oil samples, in comparison to the viscosity profiles as measured using the shear BAW transducer. The results can be seen in Figure 21, for the three loading conditions. 
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[bookmark: _Ref58085878][bookmark: _Ref27682295][bookmark: _Toc30624711][bookmark: _Ref37513235]Figure 21. Circumferential viscosity profiles of the PAO 4 blends, at 540 r/min and different loading conditions
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[bookmark: _Ref58089009][bookmark: _Toc57748992]Figure 22. Oil film regions due to loading
According to the temperature readings, pressure and oil film viscosity, four regions can be distinguished in Figure 21 similar to [5], shown schematically in Figure 22:
· In Region 1, the oil entered the bearing through the supply hole and a massive apparent drop on the viscosity values was recorded, most likely due to the presence of air bubbles as a result to the oil supply hole design. Bubbles create air gaps, thus the wave is reflected from a solid-air interface, with reflection coefficient value ~1, which leads to a prediction of almost zero viscosity. This is followed by an increase in measured viscosity. It is not clear why this occurs and further testing is required to identify the cause for this behaviour.
· In Region 2, the oil viscosity was mainly a function of temperature up to 270° angle. After that, viscosity started to increase as pressure developed in the bearing, as shown in Figure 20. The results suggest that the oil film must have been thinner around 345-360° shaft angle, which agrees with the rig configuration. Both predicted and experimental viscosity values are in good agreement in that region.
· [bookmark: _Hlk95559783]Region 3 is characterised by increased temperature (thermocouple readings), high contact pressure (Figure 20b,c) and high viscosity (Figure 21) around 30° angle, due to contact between the journal and lower bearing sleeve. In the case of metal-to-metal contact, the reflection and transmission coefficients are affected by both the oil viscosity and the solid contact, leading to misleading viscosity values. Equations (2) and (28) assume that the reflections and transmission coefficients, respectively, are only function of the liquid viscosity and neglect the effect of the solid contact. This could be potentially avoided by additional calibrations or by incorporating it in the models. After 30°, viscosity decreased to almost 0, most likely due to cavitation. In that case, ultrasound was reflected from a solid-air interface, leading to reflection coefficient values that approached 1 and to almost 0 viscosity.
· The cavitation region was extended halfway to Region 4, as shown by the low viscosity values in Figure 21. This is followed by an increase in the viscosity, which was extended to Region 1. The increase in viscosity is most likely related to the oil supply hole design since viscosity appeared to be increasing around the hole boundaries.
4.2.3. [bookmark: _Toc31203956]Comparison of shear BAW and SH-SAW methods
In order to compare these data with the SH-SAW method, the BAW viscosity values were averaged over the 300° to 60° region (i.e. the same as the SH-SAW travel path). The results from the comparison are shown in Figure 23.
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[bookmark: _Ref58095489][bookmark: _Ref25685789][bookmark: _Toc30624713]Figure 23. Comparison between shear BAW and SH-SAW methods for measuring oil film viscosity at the high pressure region (300° to 60°)
According to the graphs in Figure 23, the viscosities measured at the bearing-oil interface with the SH-SAW transducers, are in good agreement with those measured in the journal-oil boundary over the same region, using the BAW ultrasonic shear transducer. The results provide some level of validation for both methods; previously, experimental results using each method were compared to expected datasheet or bench-top measured viscosities.
Differences between the methods can be attributed to the different depths the SH-SAW [15] and shear BAW [23] penetrate inside the oil sample. In both cases, the penetration depth  can be determined from Equation (32), and is a function of the wave angular frequency , and the liquid density  and viscosity . Table 8 shows that a 5 MHz shear-BAW penetrates ~30% less inside any oil sample compared to a 2 MHz SH-SAW. This practically means that when the oil film thickness becomes comparable to the penetration depth, the SH-SAW transmission coefficient will be affected by the second solid more than the shear-BAW reflection coefficient, and as a result will return a higher viscosity value.
						(35)
[bookmark: _Ref45705832]Table 8. The range of the SH-SAW and shear-BAW penetration depths in the different oil samples, for the different loading conditions
	Sample
	 (μm)
	 (μm)
	Ratio

	PAO 4
	1.99 – 2.06
	1.34 – 1.39
	0.67

	PAO 4+1% PPs
	2.43 – 2.49
	1.64 – 1.68
	0.67

	PAO 4+1% PAO 40
	2.44 – 2.47
	1.64 – 1.67
	0.67

	PAO 4+1% PAO 40+1% FMs
	2.46 – 2.52
	1.66 – 1.70
	0.67



5. Conclusions
This work has presented the implementation of SH-SAWs for measuring viscosity of oil films, in-situ in a journal bearing application. A rotating journal and a bearing were set up in a rig, where different loading conditions were applied to create a separating oil film. The minimum film thickness due to loading and rig design, was expected to occur at the lower bearing sleeve, which was instrumented with two angled SH-SAW transducers to measure the changes in oil film viscosity with bearing load.
According to the results from four test samples, the viscosity values measured with the SH-SAW method, were compared to conventionally measured viscosity and found to be in good agreement for the unloaded cases. Viscosity increased significantly for the loaded cases and no longer followed the conventionally measured values, indicating a possible misalignment between the journal-bearing centres.
In addition to the SH-SAW method, an ultrasonic shear BAW was used to measure the oil film viscosity in-situ in the journal bearing set up, for comparison. The transducer was installed inside the rotating journal, which allowed measurements of the oil film viscosity circumferentially. In comparison, the Reynolds equation for journal bearings was used to predict the pressure profile, which was used in Barus equation to predict the viscosity circumferentially. Misalignment between the journal and bearing centres was taken into consideration in the calculations of the pressure and viscosity profiles, and both the experimental and numerical results exhibited similar behaviour. Surface damage on the lower half bearing sleeve after testing, supported the misalignment theory.
The viscosity measured with the angled SH-SAW transducers at the bearing-oil film interface, was found to be in good agreement with the viscosity measured with the ultrasonic shear BAW transducer at the journal-oil film boundary. Both methods successfully distinguished differences in the test samples, according to their viscosities.
[bookmark: _Hlk95657014]The results of this study support the use of the SH-SAW method for measuring oil viscosity in-situ in the film. The SH-SAW method requires minimum preparation for installing the ultrasonic sensors and thermocouples on a bearing sleeve. A function generator, a digitiser and a temperature DAQ are the only hardware required for recording the ultrasonic and temperature data, while the low complexity involved with the data processing to determine viscosity make SH-SAWs a method to consider for real time viscosity measurements. Potentially, this approach could be used in engine main bearings to monitor oil film viscosity during engine operation. 
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