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ARTICLE INFO ABSTRACT

Keywords: The ability to monitor the viscosity of lubricating oils within metallic products is of interest to many industries,
Ultrasonic viscometry these being the automotive, aerospace and food industries to name a few. Acoustic mismatch at the metallic-
Newtonian

liquid interface restricts ultrasonic signal transmission and so limits applicability and sensitivity of the tech-
nique. In this work, we propose the use of a continuously repeated chirp (CRC) shear wave to amplify the
measurable acoustic response to liquid viscosity. The technique enables multiple reflections to superimpose
inside the component and form a quasi-static standing wave whose amplitude spectrum depends on the con-
dition at the solid-liquid boundary. Bare element shear ultrasonic transducers of 5 MHz resonant frequency were
bonded to the lower surface of an aluminium plate in a pitch-catch arrangement to measure liquid in contact
with the upper surface. Transducers were pulsed using a continuously repeated frequency sweep, from 0.5 to
9.5MHz over 10ms. The amplitude spectrum of the resulting standing wave was observed for a series of
standard viscosity oils, which served as a calibration procedure, from which the standing wave reflection
coefficient (S), was obtained. Measurements of 17 blended oils ranging in viscosity from 1080 to 6.7 mPa s were
made. The technique was also evaluated with the addition of a polyimide matching layer (ML) between the
metallic and liquid interface. Ultrasonic viscosity measurement values were then compared to measurements
made using a conventional laboratory viscometer. The CRC method was found to significantly improve the
sensitivity of viscosity measurement at a metal-liquid interface when compared to a single frequency burst with
the benefit of low cost signal generation and acquisition hardware requirements. The CRC method is also capable
of instant rapid response measurements as the signal responds in real time without the need to wait for a
returning pulse.

Standing wave, Ultrasound
Viscosity measurement

1. Introduction [11], viscosity can also be correlated to amplitude [7] and frequency

change. The Doppler viscometer uses the frequency shift of longitudinal

Ultrasonic methods offer a promising approach for industrial in-situ
determination of viscosity made from the exterior surface of a compo-
nent in real time. One particular application is the lubricant viscosity
inside a journal bearing. The oil film is subject to temperature, pressure,
and shear inconsistencies so the viscosity inside the bearing gap can be
significantly different from that in the bulk oil supply. The use of ul-
trasound to measure tribological parameters has been well docu-
mented. Conventional ultrasonic techniques rely on pulsed ultrasound
to investigate tribological properties such as lubricant film thickness
[1,2], contact stress [3,4], surface wear [5,6], and lubricant properties
[7-9].

Mason et al. was the first to highlight the relationship between the
shear impedance of a liquid and phase of an ultrasonic wave in 1949
[10]. Whilst techniques still use phase to measure the viscosity of liquid

ultrasonic pulses to measure the viscosity of a fluid [12,13] while
longitudinal waves have also been combined with shear wave modes to
increase the proportion of shear ultrasonic energy incident upon the
liquid [14]. The use of surface waves to increase the surface area ex-
posed to the liquid, and also physical additions to ultrasonic apparatus
such as the development of wave guides, matching layers and Perspex
wedges have all been developed for potential in-situ use [15-17].
Whilst these methods can improve the capability of ultrasonic
rheology, practicalities for physical implementation are flawed as many
techniques require direct contact between the wave source and liquid.
Rich and Roth [18], and Woodward et al. [9] instrumented compo-
nents, being the first to make viscosity measurements from a counter
surface, however the techniques still required liquid immersion. The
challenge to measure the shear acoustic impedance of a liquid through
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Fig. 1. (a) A simulation of the influence of frequency on the acoustic impedance of liquid at 25 °C (Eq. (6). (b) A reflection coefficient modulus simulation (Eq. (7))
expected from S200 oil at 345.2 mPas with a steel, aluminium and acrylic interface at 25 °C.

a metallic substrate exists due to the high attenuative behaviour of
shear waves in liquid. Resonance methods use the influence of the li-
quid on the phase of the shear wave to relate the time lag of the wave to
viscosity, an effect which is amplified by the measurement of multiple
reflections using polymeric or silicone delay lines as a wave couplant to
the liquid [19,20]. A matching layer can be used to improve ultrasonic
viscosity measurement through a metallic component, consisting of a
quarter wavelength thick layer of intermediate acoustic impedance
material placed between the solid and liquid. The layer acts to increase
the proportion of ultrasonic energy incident upon the liquid [7]. An-
other approach to amplify the sensitivity of ultrasound to a solid-liquid
interface is by using a multiple echo approach. The phase shift and
amplitude reduction of the ultrasonic wave accumulates with the
number of reflections hence a higher order reflection is processed to
extract signal features [20,21].

The approach taken in the present work is based on the con-
tinuously repeated input of a swept frequency (chirp) shear ultrasonic
waveform. The multiple reflections at the liquid interface, and else-
where in the system, are then superimposed to form a standing wave.
The standing wave can then be analysed to determine the viscosity of
the liquid at the liquid-solid interface. This has a number of advantages;
firstly the approach is rapid (there is no need to wait for the return of
repeated reflections), secondly it has the potential for increased sensi-
tivity, and finally the waves can be produced and digitised using low
cost hardware. The improved sensitivity means that the technique has
the potential for in-line viscometer applications which require viscosity
measurement through a metallic interface.

2. Theory: Ultrasonic viscosity measurement

The fundamental laws that govern the reflection coefficient for a
single burst of ultrasonic energy also apply to the waves which form a
standing wave when they too meet an interface. Hence the following
ultrasonic-viscosity equations are correct for each individual wave that
contributes to the formation of the standing wave. The standing wave is
a superposition of multiple waves, and thus the sum of many boundary
interactions, which all contribute to the overall standing wave ampli-
tude spectrum. The relationships outlined in the following equations
therefore demonstrate how each single wave used to compose a
standing wave is influenced by viscosity, subsequently defining how the
standing wave amplitude is governed.

When an ultrasonic shear wave meets a solid-liquid boundary, a
proportion of the wave is lost to the liquid and the remainder of the
wave is reflected. The proportion reflected is known as the reflection
coefficient, R and is described by:
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where z; and z; are the shear acoustic impedance of the solid and liquid
respectively. The acoustic impedance of a solid material z; is a real
quantity, defined by the product of the solid density, p, and velocity of
shear waves ¢; where

Zs = PyCss (2)

The shear acoustic impedance of a liquid g, is a complex quantity
dependent on the liquid density p;, and complex shear modulus of the
liquid, G[22]. Given by

VAN P[G s 3)
where G is the complex variable:
G=G'+iC, @

where G’ is the storage modulus and G” is the loss modulus. The test
samples used in this work were all Newtonian. For the case of a
Newtonian liquid, relaxation effects are negligible, thus G’ is zero, and
G” is defined by w the radial frequency (w = 27f), and dynamic visc-
osity, 7 of the oil,

G "= wn. 5)
z; of a Newtonian liquid can then be expressed by [22]:
21 = \Jipjwn ©

This relationship between 7, z; and w, (Fig.1a) indicates greater
shear acoustic impedance differences between a range of viscosities at
higher frequencies. Based on Fig. 1b, if one intended to increase the
acoustic impedance measured for a given liquid, a material with low
acoustic impedance itself would be chosen as the substrate and a high
frequency shear wave would be required.

Combining Egs. (3) and (6) into (1) and expressing the reflection
coefficient in terms of magnitude gives:

Jipwn —pgcy
Vipwn + ges )

The reflection coefficient modulus, [R| of the Cannon standard S200
oil is shown in Fig. 1b when calculated at three solid material interfaces
(steel, aluminium, and acrylic). The further z deviates from z;, the
higher [R| at each frequency. The IR here has been calculated based on
Eq.(1), where z; is a function of frequency and z, is 25.1, 8.1 and 1.3
MRayl for steel, aluminium and acrylic respectively. The real part of z;
for S200 oil ranges from 0.00095 MRayl at 100 Hz to 0.36 MRayl at
15MHz. Thus providing an explanation why liquid viscosity

IRl =
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measurement through a stering partel component is difficult.

To overcome this, a ML can be used to increase the influence of
viscosity on the reflection coefficient [7]. This is achieved by placing a
quarter wavelength thick layer of intermediate acoustic impedance
material between the solid and liquid to increase the proportion of
ultrasonic energy incident upon the liquid in the configuration shown
in Fig. 5a. The ideal acoustic impedance of the layer is defined by:

Zm = JZUZs - ®

The ML thickness is chosen to be one quarter wavelength of the
resonant frequency of the transducer, this is used to create destructive
interference of the reflected wave within the layer. For example a
5MHz centre frequency transducer would require a 50 um thick ML
with the speed of sound equal to 1000 ms~*, as shown by:

nc,
by = —2

af ©)

where t,, and ¢, are the thickness and shear speed of sound in the ML
respectively, and nis a natural integer. Polyimide is a chemically inert
polymer available at the desired thickness with suitable acoustic
properties (specified by Egs. (8) and (9) when matched with alumi-
nium) and so has been used herein. In practice, |Rlis measured by the
relative amplitude of a reference signal A,, and measurement signal A,,,
when a solid-air interface or a solid-liquid interface is present respec-
tively. IR| can therefore be expressed by:

IRl = 2.
A, (10)
As the complex shear acoustic impedance of a liquid is viscosity
dependent, measurement is possible by the relative signal amplitude
difference between the solid-air and solid-liquid signals [23].

3. Methodology: Continuously repeated chirp

The CRC methodology has been developed using the principals of
standing waves and resonance [24]. The standing wave is produced
using a continuously repeating frequency sweep (chirp). The frequency
sweep is centred on the resonant frequency of the transducer, and the
beginning and end frequencies defined by the frequency sweep span,
chosen to lie within the operational bandwidth of the transducer.

The rate of change of frequency of the sweep is considered to be
small enough to permit the assumption that, at a given point in the
sweep, the change in frequency content of the superimposed reflections
that form the standing wave is sufficiently small to allow it to be con-
sidered a single frequency. This approach can therefore be described as
generating a ‘quasi-static’ standing wave.

Each reflection from the solid-liquid interface and the transducer-
solid interface superimpose along with incident waves to generate a
static standing wave of variable frequencies. The resultant standing
wave is the sum of multiple reflections at each frequency within the
sweep, the amplitude of which is defined for each frequency by the
degree of destructive and constructive interference. The repeating
linear frequency sweep identifies the resonant frequencies shared by
the transducer and component, presented as antinodes.

The signal is composed of nodes and antinodes, their frequency and
amplitude depends on the geometry of the component and bandwidth
of the transducer, shown schematically in Fig. 2¢c. The transducers are
arranged in a pitch-catch arrangement to permit continual reinforce-
ment of the standing wave, as the excitation signal is continually gen-
erated to maintain the standing wave. The second transducer is used to
capture the standing wave when a measurement is required. A spec-
trogram of the digitised received signal shows the linear response of the
standing wave amplitude with frequency over the sweep time (Fig. 3).

The technique presented here uses the anti-node frequencies as
measurement locations, however this selection is completed post ana-
lysis; the signal shown in Fig. 3 is that captured when a measurement is
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Ultrasonics 94 (2019) 332-339

made. The standing wave reflection coefficient, S at the anti-node, Sy,
is therefore defined by Eq. (11) where A, ) is the peak anti-node
amplitude in the solid-liquid condition and A, () the peak amplitude of
the same anti-node peak in the solid-air condition.

1)

A fundamental feature of a standing wave is the resonant frequency
f;; each resonant peak is separated by the fundamental harmonic, f,,
where f, = f,. The same order peak of both the reference and mea-
surement signal must be used to find S.

The influence of a liquid on the standing wave can be seen in Fig. 4
as a reduction of the peak amplitude for the solid-liquid interface. By
combining the CRC method with the ML approach a resonant peak of
the highest sensitivity can be achieved at the frequency which is
completely constructive within the component, and completely de-
structive within the ML. Thus the optimum ML thickness would be Y4
wavelength of the highest amplitude resonant peak in a component
before the addition of a ML. From Fig. 4b it is clear that multiple re-
sonant frequencies are influenced by the ML. A characteristic reduction
in anti-node amplitude with a Cauchy distribution centred on the cor-
responding resonant frequencies of the component, transducer and ML.
Many resonant peaks can be identified, although for the purposes of this
paper the resonance found to have the greatest sensitivity following an
initial liquid calibration was chosen in each arrangement.

4. Experimental setup

Fig. 5a is a schematic diagram of the measurement apparatus. Four
5MHz shear ultrasonic transducers (DeL Piezo Specialties LLC) were
bonded to the base of a 7.38 mm thick aluminium plate. A pair for the
condition without the ML and a pair for measurement with the 50 um
polyimide (DuPont) ML, each arranged in the pitch-catch configuration.

A 9 MHz frequency span was used at a centre frequency of 5 MHz
over a 10ms sweep duration with a 32ns sample rate. The sweep
duration was defined previously, being sufficiently long to achieve
amplitude saturation of the standing wave. Ultrasonic signals were
amplified and generated using a Kiethly 3390 Arbitrary Waveform
Generator (AWG) at a peak to peak voltage of 10V, and received using
a PicoScope 5000a USB oscilloscope. Data was analysed and stored in
real time using a PC with an acquisition interface written in LabView. A
TC-08 NI device was used with a K-type thermocouple to monitor the
component and liquid temperature for all measurements, all of which
remained within 1°C. The experiment is therefore considered to be
isothermal, however Kazys et al. [25] discusses issues for a similar
measurement which arise as acoustic properties change due to a change
in temperature.

Before each test the solid-air interface, (aluminium or ML) was
cleaned with isopropanol, left to dry then the reference signal was re-
corded. The test oil was then deposited on the surface and the standing
wave amplitude and temperature acquired for the sample. The test
sample was deposited onto the measurement surface using a pipette, an
area of 1.5 cm? (the same area of the ML in Fig. 5b) was covered in each
measurement case, and care was taken to ensure the sample remained
within the marked area. Error bars for all data presented were calcu-
lated from the standard deviation of five independently repeated ex-
periments, where in each instance three repeats were taken to account
for signal fluctuations, producing fifteen measurement signals for each
oil in total. Fifteen reference signals were captured in between each oil
measurement to provide individual reference data for each oil sample.
A Couette Brookfield viscometer was used to validate ultrasonic mea-
surement of nine Cannon standard Newtonian oils used to form a ca-
libration curve.

Spr was determined for the selected peak by taking the Fast Fourier
Transform, (FFT) of each signal using LabView. The FFT of the signals
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Fig. 2. (a) Schematic illustration of the continuously repeated frequency sweep applied to the generating transducer. (b) A schematic representation of the mod-
ulating effect of the transducer on the frequency sweep transmitted into the substrate. (c) A schematic representation of the modulating effect of the component and
transducer on the signal amplitude. (d) A schematic FFT of the time domain signal in (c) indicating the first harmonic as f; and the resonant frequency f;.

Fig. 3. Spectrogram of a measurement signal using
the CRC method, created by the input of a con-
tinuously repeating chirp (0.5-9.5 MHz frequency
sweep with a 10ms sweep time). The spectrum
shows the standing wave generated within the alu-
minium component and the variation in amplitude
of the standing wave as the time and frequency in-
crease.
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Fig. 4. (a) A time domain CRC signal captured in the solid-air and solid-oil interface conditions. (b) A time domain CRC signal with a ML captured in the solid-air and
solid-oil interface conditions.

presented in Fig. 4a and b are those depicted in Fig. 6a and b respec- of peak selection. This is due to the fact that the liquid has a greater

tively. influence on the amplitude of the antinodes, highlighting the greater
The S value can be calculated at every frequency, shown graphically sensitivity of the method at these points by lower S values (Fig. 7).

in Fig. 7 for each calibration oil. The response of each peak is measured for oils of a range of visc-

Fluctuation of the S value with frequency indicates the importance osities to produce a calibration curve. Several resonant frequency
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Fig. 7. A figure to show how S varies with frequency for the CRC method with a ML.

responses were analysed to find the resonant peak with the highest 5. Test liquid results

sensitivity. With the presence of a ML the 4.45 MHz resonant frequency

(Fig. 6b) is shown to have the highest sensitivity to viscosity. The Newtonian oils were measured with and without a ML, Table 1
equivalent resonant frequency was not present in the absence of the ML, depicts the viscosity and density of the oils tested. The samples were
consequently the resonant peak with the highest variation with visc- Newtonian mineral hydrocarbon base oils certified by the NIST (Na-
osity was selected, this being 3.1 MHz. These peaks have been high- tional Institute of Standards and Technology) and produced by The
lighted by elliptical dashed markers in Fig. 6a and b. Cannon Instrument Company.
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Table 1
Density and viscosity of Cannon standard oils at 25 °C.

Cannon Density Tabulated viscosity, Couette viscometer
standard oil  (kg/m®) (Cannon Instrument viscosity (mPa s)
Company) (mPa s)

S3 0.85 3.66 = 0.0307 3.57 = 0.04
N10 0.85 16.19 = 0.1360 14.94 + 0.15
S20 0.85 30.19 += 0.2536 28.03 = 0.28
N35 0.85 58.65 + 0.4927 054.36 = 0.54
S60 0.85 108.69 + 0.9130 103.23 + 1.03
N100 0.85 210.70 = 1.7699 191.36 = 1.91
S200 0.85 366.17 = 3.0758 348.67 = 3.49
N350 0.85 635.24 * 5.3360 591.71 * 5.92
S600 0.85 1119.60 + 9.4046 1058.30 + 10.58

Fig. 8 shows the calibration curve for CRC results with and without
the presence of the ML. The relationship between viscosity and tem-
perature can be best described using the Vogel equation [26], hence
this was used to define the viscosity of the oils at the measured tem-
perature using data supplied by the Cannon Instrument Company
(Table 1).

The calibration curves shown in Fig. 8 are in the exponential form as
they follow the mathematical relationship outlined in Eq. (7). The
coefficient of determination for Egs. (12) and (13) are 0.960 and 0.999
without, and with a ML respectively.

7 = 1.448 X 103lexp(-68.785) 12)

7 = 8416exp(~81899) (13)

The equations of these relationships along with the coefficient of
determination values were calculated from the mean peak amplitude of
the antinode at 3.1 and 4.45MHz for results without and with a ML
respectively.

6. Blended oil measurement results

In order to test the experimental capability of each method, oil
blends were produced using a mixture of two Cannon standard oils. The
samples were blended by initial mechanical stirring, followed by pla-
cement in an ultrasonic bath for 20 min at room temperature. A suffi-
ciently long time was left before testing to ensure settling of any air or
vapour bubbles. The uniformity of each blended oil was assessed by the
samples visual appearance to ensure no difference in colour or layer
could be seen within the blend. Compositions and measured Couette
viscosity values of the blended oils can be found in Table 2.

Ultrasonics 94 (2019) 332-339

Table 2
$600:5200 and S600:S3 blended Cannon standard Newtonian viscosity oils
measured using a Couette rotational viscometer (1% error).

High viscosity band Low viscosity band

Oil blend Couette viscosity (mPa.s)  Oil blend Couette viscosity
with S600 with S600 (mPa.s)
5200 (%) 24°C S3 (%) 24°C

7.1 1080.1 + 10.80 42.9 65.1 + 0.65
14.3 930.1 * 9.30 50.0 42.0 = 0.42
21.4 980.2 + 9.80 57.1 28.3 = 0.28
28.6 787.4 + 7.87 64.3 19.4 + 0.19
35.7 736.0 £ 7.36 71.4 13.5 = 0.14
42.9 665.0 £ 6.65 78.6 9.3 + 0.09
50.0 661.1 * 6.61 85.7 6.7 * 0.07
57.1 534.9 * 5.35 - -

64.3 559.8 + 5.60 - -

71.4 468.0 + 4.68 - -

The value of S for each blended oil was calculated then converted to
viscosity using Egs. (12) or (13). The ultrasonic viscosity was then
evaluated against Couette results to highlight the viscosity band cap-
ability of each method. The oils were separated into the low category
(0-70 mPa s) and high category (400-1100 mPas). Fig. 9a and b show
the CRC ultrasonic viscosity measurements of the blended oils com-
pared to Couette results. This agreement is improved by the addition of
the ML, results of which are shown in Fig. 10a and b.

As predicted, the ML gives results with smaller errors and superior
agreement with Couette viscosity results. The addition of a ML, as
outlined in [7] significantly improves in-situ liquid measurements
through a metallic substrate. AS is 13 times higher with the addition of
a ML, increasing the range of measurements between 0 and 1000 mPa s
from 0.056 to 0.73, calculated using Egs. (12) and (13). The deviation
of ultrasonic viscosity from perfect agreement in Fig. 10a is likely to be
caused by poorness of fit to the calibration curve (Fig. 8) seen in the
region of 20-70 mPas; if this effect was a result of non-Newtonian ef-
fects one would expect this deviation to be present at higher viscosities
also in which it is not (Fig. 10b).

The lowest errors and thus highest accuracies are achieved using the
ML in combination with the CRC method, shown to reduce errors by an
order of magnitude. Measurement noise may be reduced by increasing
the number of samples and excitation voltage, thus the data presented
here must not be considered as the limit of each technique, rather a
comparison of the ultrasonic viscosity measurement results.

1.1 T T
1 =
—= B
0.9h .
0.8 & i
_E P ML data
0.7 & ® No ML data
SR B W I I I S ML fit (Eq.13)

’ B ——No ML fit (Eq. 12)
0.5 p .
04 I =
0.3 e 8

& 1’ I v—
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Fig. 8. Calibration curves produced using the CRC method with and without the ML.
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7. Discussion

To realise the quasi-static standing wave method as a capable tool
for Newtonian viscosity measurement through a metallic substrate, the
ability to predict the viscosity of an unknown liquid after a calibration
process has been evaluated. As demonstrated by Camara et al. [20] the
influence of phase increases with the number of reflections within a
structure. The principals of standing waves adopted here take ad-
vantage of this by acquiring a signal which is a result of several re-
flections, presenting itself as a change in standing wave amplitude. The
complex liquid acoustic impedance is measured by a comparison of the
standing wave amplitude of an antinode in a solid-air and a solid-liquid
condition.

As shown in Figs. 9 and 10, the ability of the CRC method is greatly
improved by the addition of an acoustic matching layer in between the
measurement fluid and aluminium component. While the matching
layer produces a significant sensitivity and accuracy rise and has been
shown to be practically viable for in-situ measurement, the standing
wave method alone (without a ML) could potentially provide a low cost
alternative for real-time viscosity measurement in a higher viscosity
band (> 400 mPas) [27,7]. This may be useful where it is not possible
to insert a matching layer on the contact surface in a bearing for ex-
ample.

Pulsing systems used for burst capture methods need relatively
complex operating systems as signal generation requires sample rates of
2-5 times greater than the frequency of interest. For example a system
would need a sample rate of 20-50 MHz to generate a 10 MHz pulse. In
order to sufficiently resolve comparable digitisation rates, 50-100 MHz
would be required in order to adequately resolve the signal. To profile
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viscosity over short periods of time the burst sine wave method allows a
short time interaction with liquids with the pulse length in the order of
us, rather than ms in the case of the CRC method.

The CRC method uses a long duration swept frequency excitation
signal, many low cost direct digital synthesis techniques are available to
produce continuous wave signals. The generation of a standing wave
within the component concedes the RMS of the signal is sufficient to
produce a measurement. Unlike pulsed methods the digitisation rate of
the acquisition is controlled by the sweep time rather than the fre-
quency of the standing wave. This makes it possible to reduce the ac-
quisition sample rate to 100s or even 10s of kHz, simplifying the ac-
quisition hardware substantially.

8. Conclusions

This work presents the use of a continuously repeated chirp input to
generate a quasi-static standing wave at a solid-liquid interface for the
purpose of measuring liquid viscosity. This has the effect of amplifying
the reflection coefficient at an acoustically mismatched liquid- metallic
interface. The method improves the sensitivity over a conventional
pulsed wave method. Optimisation of the CRC technique can produce
an acceptable sensitivity of viscosity measurement for
viscosities > 400 mPas. Implementation of a matching layer has also
been evaluated, improving sensitivity by 13 times. The CRC method
requires low cost signal generation and acquisition hardware, while
also maintaining the ability to produce instantaneous very quick mea-
surement. For some cases where viscosity is high, the CRC method
alone, without the matching layer, can provide sufficient accuracy for
Newtonian viscosity measurement in-situ.
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