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Abstract

Viscosity affects lubricant film thickness and the separation of machine parts. It is thus a major parameter to ensure adequate

lubrication and machine operation. Viscosity is dependent on operating conditions, especially pressure, which is known to vary

up to several GPa in tribological contacts. Few viscometers are capable of performing in-situ measurements, and replicating

the combined extreme operating conditions outside the contact zone is difficult. This work employs ultrasound to enable in-situ

viscosity measurements under high-pressure and high-shear. The low-shear viscosity behaviour under pressure of distilled

water, octane, squalane (SQL), squalane + polyisoprene (SQL+PIP), diisodecylphthalate (DidP), and polyalphaolefin 100

(PAO100) was derived from the literature using the Williams-Landel-Ferry-Yasutomi (WLF-Yasutomi) model. Combined with

shear-thinning models from the literature, the viscosity under high-pressure and high-shear (4.5 × 106 s−1) was determined.

An ultrasonic viscometer was instrumented onto a high-pressure test cell. Several fluids were used to calibrate the ultrasonic

viscometer under pressure. The ultrasonic viscosities of SQL+PIP and PAO100 were computed at 40 ◦C, from ambient pressure

up to 600 MPa, and compared with literature data. This work contributes to a better understanding of the ultrasonic in-situ

viscometry technique. Such insight is crucial to apply this technique to challenging environments. The ultrasonic viscometer

also holds significant potential to advance the understanding of complex fluids under high-pressure and high-shear conditions,

where conventional measurement methods often fall short. Moreover, the ultrasonic viscometry technique has strong potential

for industrial application, where there is a growing need for real-time, in-situ monitoring of fluid properties under varying

operating conditions. This can lead to improved process control, safety, and efficiency across a range of industries.

Keywords Shear viscosity · High-pressure · Shear-thinning · Ultrasound · Lubricant

Introduction

In industrial applications such as bearings, lubricants form

a very thin film between moving parts and prevent wear. In

this elasto-hydrodynamic lubrication regime, pressures can

reach several GPa (Vergne 2008). The behaviour of lubri-

cants, especially their viscosity, under such pressures needs

to be understood.
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However, few conventional viscometers can operate under

pressures higher than 50 MPa. Those that can, such as

falling-body viscometers, are labour-intensive, require strict

operating and cleaning protocols, and often involve lengthy

test durations. Additionally, they are not suited for online

measurements, particularly not in the tribological contact.

Ultrasound presents a complementary in-situ approach with

relatively simple equipment. This work aims to demonstrate

the feasibility of using ultrasound to perform viscosity mea-

surements under high-pressure and high-shear, addressing

key limitations of conventional methods.

First, the equipment used to pressurise fluids and acquire

data are presented. Then, the experimental method is detailed,

and the ultrasonic viscosity results under high-pressure and

high-shear are laid out. Finally, the literature models used
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to describe the viscosity behaviour under high-pressure and

high-shear are described in the appendix.

Ultrasound, apparatus and fluids

Ultrasound viscometry

The ultrasonic viscosity measurement technique is based

on reflectrometry, which is the reflection and transmission

of acoustic waves at the interface between two media. The

technique has been used in previous work to measure fluid

viscosity (Peretti et al. 2023; Schirru et al. 2015). A shear

ultrasonic transducer is bonded onto a metal part, itself in

contact with the fluid sample, forming a 2-layer system. A

shear ultrasonic wave is emitted by the transducer; it travels

through the metal part. At the interface between the metal and

the fluid, it is both transmitted and reflected. The reflected

wave is measured by the same transducer (pulse-echo setup).

The reflection coefficient R describes the amount of reflected

energy. It is defined as R =
z2−z1
z2+z1

, with z1 and z2 the acoustic

impedances of both media. When the media are a solid and

a liquid, there is an acoustic impedance mismatch leading

to R ≈ 1. The reflected wave is very similar to the emitted

one: the measurement is not sensitive to the fluid properties,

especially its viscosity.

To tackle this problem, an intermediate layer called match-

ing layer was added by Schirru et al. (2015) to create a 3-layer

system. The matching layer is a thin film of polymer; its role is

to increase the amount of energy transmitted to the lubricant.

The reflection coefficient R is theoretically described with

Eq. 1, with zi the acoustic impedances of each medium, k2

the wavenumber of the matching layer, and L2 the thickness

of the matching layer. Experimentally, the reflection coeffi-

cient is computed by dividing the frequency-domain signal

from the sample of interest by the one of the reference (2).

R =
(z2z3 − z1z2) cos(k2L2) + i(z2

2 − z1z3) sin(k2L2)

(z2z3 + z1z2) cos(k2L2) + i(z2
2 + z1z3) sin(k2L2)

(1)

R =
signal sample

signal reference

∣

∣

∣

∣

frequency-domain

(2)

The reflection coefficient R can be linked to the viscosity

η through a calibration: R = x0 × ln(η)+ x1, with x0 and x1

constants. The reflection coefficient of unknown fluids can

then be measured and their viscosity calculated.

High-pressure cell

The test fluids were pressurised in a high-pressure cell,

which is a complex assembly of several parts (Fig. 1) based

on the work of Bair (2000). The pressure cell was located at

AC2T in Austria. The main part is the high-pressure vessel–

a steel chamber with thick walls that was designed to with-

stand pressures up to 1.3 GPa. A membrane made of nitrile

rubber separates the test fluid from the pressurising fluid.

A piston separates the fluids from pump 1 and from pump

2 using three stacked seals made of different materials: rub-

ber, plastic, and metal. The rubber seal is softer and is efficient

at lower pressures. When the pressure gets higher, the plas-

tic seal becomes active and prevents leaks. As the pressure

keeps increasing, the metal seal is the one ensuring there are

no leaks. The piston serves as a pressure amplifier. The piston

position is determined by a force equilibrium on both sides:

F1 = F2, which means p1 A1 = p2 A2, with F the forces, p

the pressures, A the areas, and the indices 1 and 2 referring

to the pressurising fluid on both sides of the piston. The rig

was designed with a 50:1 ratio, so A2 = 50A1, which means

Fig. 1 The high-pressure cell instrumented with ultrasonic equipment
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that p1 = 50p2. For a given pressure p2, the resulting pres-

sure p1 is 50 times higher. A heating collar sets and controls

the chamber temperature. Two Enerpac P39 pumps, that can

each reach a 70 MPa pressure, are connected to the pressure

chamber. A valve protects pump 1 from the pressure in the

chamber.

Several devices are used to record the data. A high-

pressure gauge (P3MB BlueLine from HBK) measures and

records the pressure up to 1.5 GPa through a pressure DAq

(NI-9237). A temperature probe records the temperature.

Due to the sealed, pressurised environment, the temperature

probe is not directly in contact with the lubricant. Instead,

the probe measures the temperature of the high-pressure

chamber wall. As the chamber is a voluminous steel block,

a heating latency is taken into account for the sample and

no testing is performed before temperature equilibrium is

reached. Additionally, a 8 MHz shear ultrasonic transducer

is bonded on the outside of the high-pressure chamber. Fac-

ing the transducer and in contact with the test fluid, a 50 µm

matching layer is bonded.

Test fluids

To assess the feasibility of ultrasonic viscosity measure-

ment under pressure, it was essential to use test fluids

with well-characterised viscosity behaviour under pressure.

Moreover, fluids that were easy and safe to manipulate, and

that covered a wide viscosity range were preferred to facil-

itate future deployment. The chosen fluids were distilled

water, octane, squalane (SQL), squalane + polyisoprene

(SQL+PIP), diisodecylphthalate (DidP), and polyalphaolefin

100 (PAO100).

The low-shear viscosity was described for all fluids

in the operating condition ranges of interest using the

Vogel-Fulcher-Tammann (VTF) and the Williams-Landel-

Ferry-Yasutomi (WLF-Yasutomi) models. Distilled water is

a low-viscosity fluid and its viscosity scarcely increases with

pressure. Octane, SQL, SQL+PIP, DidP, and PAO100 display

a common behaviour with a decreasing viscosity gradient

between ambient pressure and 200 MPa (concave curve),

followed by a constant logarithm viscosity gradient (straight

line).

However, ultrasound waves are shear waves. According

to the Cox-Merz law, the shear rate can be equivalent to

the ultrasonic frequency, i.e. 4.5 × 106 s−1 (Cox and Merz

1958). At this shear rate, some fluids exhibit a non-Newtonian

behaviour. The high-shear viscosity was estimated by apply-

ing shear-thinning models to the WLF-Yasutomi viscosity

data. This approach was chosen for practical reasons; how-

ever, it should not be used to extrapolate high-shear viscosi-

ties beyond the current temperature and pressure range. Water

and octane were considered to be Newtonian fluids, and no

shear-thinning information was found in the literature about

DidP. For the other test fluids, the high-shear viscosities are

equal or lower than their low-shear counterparts.

Detailed information about the models is available in

Appendix A, and the viscosity-pressure behaviour at 40 ◦C

is shown in Fig. 2. The viscosities of the studied fluids span

7 decades across the pressure range.

Fig. 2 Viscosity-pressure behaviour at low and high shear for the test fluids at 40 ◦C

123



Rheologica Acta

None of the fluids are controlled commercially-available

calibration fluids: their viscosity varies for each batch. Both

SQL and SQL+PIP were proposed as reference fluids by

Bair (2006). SQL is a low-viscosity base oil; the sample

used in the present work had a purity of 99%. The addi-

tive PIP is a viscosity modifier; the sample in this work was

made from synthetic rubber and had a molecular weight of

≈ 40 000 g mol−1. SQL+PIP was made using 85% SQL and

15% PIP in weight.

The calibration under pressure was performed using dis-

tilled water, octane, SQL, and DidP. The ultrasonic viscosi-

ties of SQL+PIP and PAO100 were measured and compared

with the literature. SQL+PIP served as a validation fluid,

while PAO100 was used to explore the limits of the ultra-

sonic viscometer.

Experimental method

High-pressure cell methodology

Before each test, the sample chamber was cleaned with

ethanol and heptane. Approximately 5 mL of sample was

then inserted in the sample chamber. The lid of the sam-

ple chamber was partially closed; the fluid was slowly

pressurised and overflowed to prevent trapping air bubbles

between the fluid and the matching layer.

The pressure cell was then brought to the desired tem-

perature: 40 ◦C in the present application. A couple of hours

were necessary for the whole cell and the lubricant to sta-

bilise at the target temperature. Thermal capacity represents

the amount of energy needed to increase the temperature of

a liquid or solid by 1 ◦C. The thermal capacity of steel is

≈ 0.5 kJ kg−1 K−1 (The Engineering Toolbox 2003a) while

that of lubricating oil is ≈ 2.1 kJ kg−1 K−1 (The Engineer-

ing Toolbox 2003b). At equivalent masses, lubricants require

more energy than steel to get heated. The mass of the steel

chamber is however significantly larger than the mass of

the lubricants. Assuming that the steel chamber is 10 kg

(low assumption) and that the lubricants weight 1 kg (high

assumption), the energy needed to increase the temperature

by 1 ◦C would be 5 kJ for steel and 2.1 kJ for lubricants. As it

takes less energy to heat up the lubricants than the steel cham-

ber, the temperature regulation and measurement approach

was considered valid.

The valve was opened, and the piston was lowered using

pump 1. The ultrasonic, pressure, and temperature acquisi-

tions were started. Pump 1 was used for pressures up to 60

MPa, then the valve was closed to maintain this initial pres-

sure. The second pump was then used to amplify the existing

pressure up to 600 MPa.

The data was acquired at several pressure steps: ambient

pressure, 50, 100, 150, 200, 300, 400, 500, and 600 MPa.

Each pressure step was maintained for around 10 minutes to

evaluate dynamic pressure effects. Once 600 MPa had been

reached, the pressure was released, and the sample cham-

ber was emptied. The whole process could be repeated with

another sample.

Ultrasonic methodology

A 4.5 MHz sine wave of 4V peak-to-peak amplitude with

5 cycles was generated at each pressure step by the shear

ultrasonic transducer every 10 seconds.

The data processing allowed the extraction of the reflec-

tion coefficient from each signal; it is presented in Fig. 3 for

SQL. The raw time-domain signal, called AScan (subfigure

a), is cropped to only keep the first reflection (subfigure b).

The signal from the reference is in red, and the signals from

the sample are in shades of blue: light blue for low pres-

sures, and dark blue for high pressures. This first reflection

is converted to a frequency-domain signal (subfigure c). The

amplitude of the signal decreases as the pressure increases.

Finally, the reflection coefficient is computed by dividing the

signal from the fluid by the signal of the reference (subfigure

d). The reflection coefficient is closer to 1 at low pressures,

and closer to 0 at high pressures. Because the experiment was

performed under pressure, several questions arose about the

data processing and are studied in this work.

1. Dynamic pressure effects are considered in Section

“Reflection coefficient results” to assess the accuracy of

averaging data over time.

2. A calibration was performed using an air reference in

Section “Calibration”.

Temperature and pressure stability

As viscosity depends both on temperature and pressure, it

was of utmost importance to reduce the variations of both

parameters through the test duration.

The temperature was controlled by a heating collar. A

small temperature variation leads to a significant change in

viscosity, especially at low temperatures (40 ◦C and lower).

A constant temperature is therefore of paramount impor-

tance. The quality of the regulation was verified during

post-processing: the temperature evolution over time for SQL

for each pressure step is plotted in Fig. 4. The temperatures

all lie around 40 ◦C, which highlights a good precision and

shows that pressure does not have an impact on temperature.

Each temperature curve is cyclic, with a maximum amplitude

of 0.15 ◦C, emphasising a good accuracy. The same temper-

ature behaviour was found for all fluids, and the control was

considered stable enough for this application.

The pressure was manually set by an operator during

the tests and was kept constant for each step. The pressure
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Fig. 3 Ultrasonic data processing for SQL: (a) AScan, (b) cropped AScan, (c) frequency-domain signal, (d) reflection coefficient

measurements are shown in Fig. 4 for SQL. Leakage was

non-existent for most pressure steps, but between 100 MPa

and 300 MPa. These leaks were probably due to the multi-

seal design of the piston: the intermediate plastic seal was

not perfectly preventing leakage in the mid-pressure range.

Two methods were used to mitigate the impact of leakages: 1.

manual pressure adjustments during testing, 2. data removal

during post-processing when the measured pressure was off

by more than ±20 MPa.

Viscosity-pressure results

Reflection coefficient results

In the present section, the reflection coefficient is calculated

using (2) with air as the reference fluid. In Fig. 3d, the reflec-

tion coefficient decreases as the pressure increases, while its

frequency does not seem to follow a trend. However, since

Fig. 3 displays only a single signal per pressure step, these

observations require further validation.

Firstly, the impact of dynamic pressure effects needs to

be ruled out. To do so, the reflection coefficient of SQL for

each pressure step is plotted as a function of time in Fig. 5a.

For each pressure step, the reflection coefficient remains

mostly constant over time. The variations can be directly

linked to pressure changes due to leakage (see Fig. 4b).

This means that there are no dynamic pressure effects. The

reflection coefficient can thus be averaged over time for each

pressure step.

Then, in Fig. 5b, the averaged reflection coefficient is

presented as a function of the resonance frequency. The

error bars inform of the maximum and minimum values at

each pressure step for both axes. The resonance frequency is

mostly constant across the pressure steps, but for the ambient

pressure data.

Method limits

Both plots of Fig. 5 demonstrate the sensibility of ultrasonic

measurement under pressure, however, there appear to be

some limitations.

The behaviour at ambient pressure does not fit the rest

of the data. First, the reflection coefficient at ambient pres-

sure is lower than the one at 50 MPa. Second, the resonance

frequency at ambient pressure is misaligned with the other

pressure steps. A possible explanation for this behaviour

comes from the test apparatus. As seen in Fig. 1, the matching

layer is positioned above the sample. This is not an issue when

testing under pressure, as the lubricant is pushed against the
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Fig. 4 Operating conditions over time for SQL: (a) temperature, (b) pressure

matching layer. However, at ambient pressure, there might be

no or imperfect contact between the fluid and the matching

layer due to the presence of air bubbles, resulting in non-

accurate measurements. The ambient pressure data is not

shown in the rest of this paper. It is recommended to improve

the experimental protocol and turn the test cell upside-down

during future testing.

Another limit of the measurement is the maximum pres-

sure or viscosity that the setup is sensitive to. The reflection

coefficient for SQL between 50 MPa and 600 MPa decreases

from 0.90 to 0.06. The behaviour of the reflection coefficient

as it approaches 0 is discussed later on.

Calibration

Air reference: calibration per pressure steps

The first set of fluids that was tested are calibration fluids:

their low-shear viscosity behaviour under pressure is known

from the literature. When available, the high-shear data is

used. The measured reflection coefficients can thus be linked

with the known viscosities to calibrate the apparatus. The

low-shear data for distilled water and the steady high-shear

data for SQL are presented in Fig. 6. For both fluids, reflec-

tion coefficient decreases as viscosity increases. For water,

although its viscosity does not vary much with pressure (from

0.65 mPa s at ambient pressure to 0.93 mPa s at 600 MPa),

its reflection coefficient varies from 0.90 to 0.25.

At a given viscosity but under different pressures, the

reflection coefficient R varies. This suggests that beyond vis-

cosity, the reflection coefficient is sensitive to the nature of

the fluid and pressure-related effects such as the compression

of the matching layer.

The test cell is thus calibrated using distilled water,

octane, SQL, and DidP. The data for DidP is used up to 300

MPa as it displays a reflection coefficient inversion at higher

pressures. Logarithmic calibration curves are fitted to the

data for each pressure step: R = x0 × ln(η) + x1 with R the

reflection coefficient, η the dynamic viscosity, and x0(p) and

x1(p) pressure-dependent constants (Fig. 7). The curves are

Fig. 5 Reflection coefficient of SQL: (a) as a function of time, (b) versus resonance frequency
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Fig. 6 Measured reflection coefficient versus viscosity from literature for distilled water and SQL. The steady shear viscosity of SQL (Bair et al.

2014) is used at γ̇ = 4.5 × 106 s−1

nearly parallel to one another, with the lowest pressure at the

top and the highest pressure at the bottom.

The fit quality is assessed using the Pearson correlation

coefficient r computed between the reflection coefficient R

and ln(η) (corr function in Python Pandas). The correlation

coefficient r evaluates how well the transformed data fol-

lows a linear relationship. The determination coefficient

r2 evaluates the proportion of variance explained by the fit

(Table 1). The determination coefficients are mostly > 0.85,

which highlights good fits. However, the fit quality is limited

by the small number of calibration fluids (only 4) despite a

wide viscosity range spanning over 4 decades.

Validation with SQL+PIP

The reflection coefficient of SQL+PIP under pressure is

measured using ultrasound and displayed in Fig. 8a. As antic-

ipated, the reflection coefficient decreases with increasing

viscosity.

The ultrasonic viscosity is then computed using the per-

pressure calibration. In Fig. 8b, the ultrasonic viscosity is

plotted with green markers, the low-shear literature viscos-

ity from Bair et al. (2018) is plotted with a solid line, while

the steady high-shear viscosity (Bair 2006) at 4.5 × 106 s−1

is a dotted line (see Appendix A). The ultrasonic viscosity

increases with increasing pressure, and shows good agree-

ment with the high-shear literature viscosity. The ultrasonic

data point at 150 MPa stands out from the trend. It is due to

the calibration curve at 150 MPa having a greater negative

slope than the others. Improving the calibration at this pres-

sure would resolve the issue. The overall result for SQL+PIP

validates the use of the ultrasonic viscometer under pressure.

The ultrasonic viscometer is capable of measuring the

viscosity under pressure. Some key considerations when

Fig. 7 Air-referenced calibration for each pressure step. The steady high-shear viscosity of SQL was used
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Table 1 Determination coefficient between the reflection coefficient R

and ln(η) for each pressure step

Pressure (MPa) Determination Coefficient r2

50 0.574

100 0.918

150 0.898

200 0.852

300 0.896

400 0.975

500 0.824

600 0.767

measuring the ultrasonic viscosity of other samples are pro-

posed:

• The steady shear from the literature is difficult to compare

with the ultrasonic shear. Moreover, there is no certainty

that the Cox-Merz rule applies at such high frequencies

and that the effective ultrasonic shear rate is 4.5×106 s−1.

• The calibration is not perfect; using additional calibration

fluids is necessary to increase the ultrasonic viscosity

measurement accuracy.

• There is an uncertainty on the behaviour of the reflec-

tion coefficient near 0. This behaviour is studied in the

following section with a fluid of higher viscosity.

Reflection coefficient inversion with PAO100

The reflection coefficient of PAO100 is studied in Fig. 9a:

it initially decreases with increasing pressure, followed by

an unexpected reversal. This reflection coefficient inversion

has not been previously observed and its impact on viscosity

measurements remains uncertain. One possibility would be

to enhance the post-processing method to extract viscosity

information despite the inversion. For example, by analysing

the phase of the reflection coefficient. Otherwise, if the inver-

sion prevents the viscosity measurement, the instrumentation

could be modified to eliminate the phenomenon. Pulsing an

ultrasonic transducer of a different frequency, and adjusting

the thickness and material of the matching layer, would shift

the reflection coefficient. These parameters should be opti-

mised based on the expected viscosity range of the test fluids.

The ultrasonic viscosity of PAO100 was computed using

the per-pressure calibration and is plotted as a function of

pressure in Fig. 9b. The ultrasonic viscosity behaviour of

PAO100 deviates significantly from trends predicted by the

literature models. This discrepancy arises because the cali-

bration curves were established using fluids with reflection

coefficients and viscosities that fall well outside the range

exhibited by PAO100. As a result, small inaccuracies in

the slope of the calibration curve can lead to large errors

when measuring highly viscous fluids like PAO100. For

example, at 150 MPa, the calibration curve is based on a max-

imum viscosity of ≈ 102 mPa s, corresponding to a reflection

coefficient of 0.8, whereas PAO100 exhibits a reflection coef-

ficient of 0.5 at the same pressure. This mismatch accounts for

the poor accuracy in the viscosity of PAO100 and highlights

the need to procure additional calibration fluids, particularly

viscous ones.

Conclusion

The objective of this work was to perform ultrasonic viscos-

ity measurement under pressure. The testing was performed

at 40 ◦C from ambient pressure up to 600 MPa. The ultra-

sonic shear rate was estimated to be 4.5 × 106 s−1 based

on the Cox-Merz law. The temperature and pressure con-

Fig. 8 Ultrasonic measurements of SQL+PIP under pressure: (a) reflection coefficient, (b) ultrasonic viscosity compared to low and high-shear

models from the literature
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Fig. 9 Ultrasonic measurements of PAO100 under pressure: (a) reflection coefficient, (b) ultrasonic viscosity compared to low and high-shear

models from the literature

ditions were monitored and deemed good enough for the

current application. Fluids of known viscosity behaviour

under high-pressure and high-shear were used to calibrate

the viscometer. Ultrasonic viscosity measurements were per-

formed for 2 fluids and compared with literature data.

The following results were drawn from the experiment:

• Reflection coefficient. There is a clear impact of pres-

sure on the measured ultrasonic signal: the amplitude

of the reflection coefficient decreases as the pressure

increases. There are no dynamic pressure effects, which

opens the possibility to perform dynamic measurements

under varying pressures.

• Calibration and reference. An air-referenced calibra-

tion was performed and was found to be dependent on

fluid properties beyond viscosity. One calibration per

pressure step was thus required.

• Viscosity. The viscosity of SQL+PIP was measured up

to 600 MPa and was in agreement with the high-shear

viscosity from the literature. It validates the use of the

ultrasonic viscometer under pressure.

• Reflection Coefficient Inversion. The ultrasonic viscos-

ity of PAO100, a viscous fluid, was measured up to 600

MPa. It featured a reflection coefficient inversion and

highlighted the need for additional calibration fluids.

Further work is required to build on these results:

• Improve the cell design to expand the pressure range

available for testing. Instrument more frequencies/mat-

ching layers to increase the range of measurable viscosi-

ties.

• Modify the ambient pressure testing. It is proposed that

the cell is turned upside down during tests to prevent

any air bubbles to be trapped between the fluid and the

matching layer.

• Identify additional calibration fluids with well-defined

viscosity behaviour under high-pressure and high-shear

conditions.

• Understand how the ultrasonic shear impacts the viscos-

ity measurements of shear-thinning fluids.

To conclude, the ultrasonic viscometer is capable of mea-

suring viscosity under pressure. Compared to conventional

methods for measuring viscosity under pressure, ultrasonic

viscometry could perform in-situ measurements. This would

allow real-time measurements under real tribological condi-

tions, such as in monitoring applications.

Appendix A: Low and high-shear viscosity
behaviour under pressure

This appendix details how the low and high shear viscosity

behaviour under pressure of the test fluids was obtained from

experimental data available in the literature. First, the litera-

ture data was gathered. Second, the low-shear viscosity under

pressure was determined using the Vogel-Fulcher-Tammann

(VTF) equation and the Williams-Landel-Ferry-Yasutomi

(WLF-Yasutomi) model. Finally, the high-shear viscosity

was determined using the Carreau model when available.

This provided the viscosity data to calibrate the ultrasonic

viscometer.

A.1 Literature viscosity data

The test fluids were distilled water, octane, squalane (SQL),

squalane+polyisoprene (SQL+PIP), diisodecylphthalate

(DidP), and polyalphaolefin 100 (PAO100). These fluids
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were selected because they have been extensively studied in

the literature. They are however not calibration fluids. This

means that their viscosity is not standard and can vary from

one batch to another.

Viscosity data first needed to be gathered for each fluid

over wide temperature and pressure ranges. Depending on

the fluid, different methods were used to obtain the V-T-

p behaviour. The WLF-Yasutomi model (Bair et al. 2013)

is described in this appendix for octane, DidP, PAO100, as

well as SQL and SQL+PIP. Some data choices were made to

improve the fits.

The data for octane came from Caudwell et al. (2009),

Dymond and Young (1981), Oliveira and Wakeham (1992),

Harris et al. (1997), Doolittle and Peterson (1951), Giller

and Drickamer (1949), Madge (1930), Thorpe and Rodger

(1894). Octane evaporates quickly, and is thus difficult to

work with at higher temperatures. For this reason, the data

above 100 ◦C was discarded.

The WLF models for SQL and SQL+PIP were readily

available from Bair et al. (2018). The models are verified

with the data from Bair (2006, 2002), Bair et al. (2018),

Schmidt et al. (2015), Irving and Barlow (1971), Krahn and

Luft (1994), Pensado et al. (2006), Harris (2009), Ciotta et al.

(2009), Comuñas et al. (2013), Comuñas et al. (2014) for

SQL, and Bair (2006) for SQL+PIP.

The data for DidP was provided by Paredes et al. (2009),

Harris and Bair (2007), Motari et al. (2007), Caetano et al.

(2004), Caetano et al. (2005), Fröba and Leipertz (2007).

DidP is especially sensitive to changes in viscosity due to

formulation difference in batches. In Harris and Bair (2007),

only the data from sample B was used as it was the clos-

est in formulation. Moreover, the data above 600 MPa was

discarded as it was not used in the present application.

The viscosity of PAO100 is derived from Nakamura et al.

(2016), Liu et al. (2008), Bair and Flores-Torres (2019), Watts

and Willette (1982). All the data was used for the VTF model,

as it provided more points at ambient pressure. Only Liu et al.

(2008) and Bair and Flores-Torres (2019) were used for the

WLF model to focus on the pressure behaviour.

The data for distilled water was extracted from Huber

et al. (2009). Only the data at 40 ◦C was used as it was the

temperature of interest for the current application. An inter-

polation was applied and is detailed in this appendix.

A.2 Low-shear viscosity

A.2.1 VTF Equation

The Vogel-Fulcher-Tammann (VTF) equation links temper-

ature T and viscosity η with A, B, and C fluid-specific

constants (3). The constants A, B, and C can be determined if

the viscosity is known for at least three distinct temperatures.

η = A exp

(

B

T − C

)

(3)

The glass transition describes a change in the physical

properties of a solid material composed of polymers. The

glass-transition temperature Tg0 is the temperature at which

this change happens. It was determined for each fluid by set-

ting the viscosity at ηg = 1012 Pas by convention and using

the previously determined A, B, and C constants (4). The

glass-transition temperature is needed in the WLF-Yasutomi

model.

Tg0 =
B

ln
(ηg

A

) + C (4)

Fig. 10 Viscosity-temperature

behaviour of DidP at ambient

pressure
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Table 2 VTF parameters

Parameter unit Octane SQL (Bair et al. 2018) SQL+PIP (Bair et al. 2018) DidP PAO100

A Pa s 4.40 10−5 – – 7.102 10−5 6.72 10−5

B ◦C 490.90 – – 795.031 1639.55

C ◦C −179.93 – – −86.844 −129.50

ηg Pa s 1012 1.23 107 1012 1012 1012

Tg0
◦C −166.90 −88.69 −73.62 −65.463 −85.47

In Fig. 10, the literature viscosity of DidP as a function of

temperature was plotted with coloured markers. The black

curve is the temperature-viscosity modelled behaviour of

DidP at ambient pressure.

The parameters used for the VTF model for each fluid are

summarised in Table 2.

A.2.2 WLF-Yasutomi Model

The viscosity-temperature-pressure behaviour for each fluid

is then determined using the Williams-Landel-Ferry-Yasutomi

(WLF-Yasutomi) model (5) (Bair et al. 2013). In this equa-

tion, ηg is the glass-transition viscosity, C1 and C2 are

constants, and T is the temperature. Additionally, Tg(p) and

F(p) are determined by Eqs. 6 and 7, respectively, where

Tg0 is the glass-transition temperature (determined with the

VTF equation), p the pressure, and A1, A2, B1, and B2 are

constants. The model is valid between Tg0 and Tg0 + 300 ◦C

according to Yasutomi et al. (1984).

η(T , p) = ηg exp

(

log(10)
−C1

(

T − Tg(p)
)

F(p)

C2 +
(

T − Tg(p)
)

F(p)

)

(5)

Tg(p) = Tg0 + A1 log(1 + A2 p) (6)

F(p) = (1 + B1 p)B2 (7)

In Fig. 11, the literature viscosity of DidP as a function of

temperature and pressure was plotted with coloured markers.

The curves are the pressure-viscosity behaviour of DidP at a

set temperature. The black curve is the pressure-viscosity at

40 ◦C, which is of interest in this application.

The viscosity-temperature-pressure behaviour can thus

be determined over a temperature and pressure range. The

parameters used for the WLF-Yasutomi model for each fluid

are given in Table 3.

A.2.3 Interpolation

Water has a behaviour different to most oils under pressure:

its viscosity range is small under pressure, and it has a convex

shape under 400 MPa. For this reason, the WLF-Yasutomi

model was not used. Instead, the interpolation function from

Scipy in Python was used to interpolate data from the litera-

ture. Only the data at 40 ◦C was kept as it was the temperature

of interest in this application. The results are shown in Fig. 12.

Fig. 11 Viscosity-temperature-pressure behaviour of DidP
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Table 3 WLF-Yasutomi parameters

Parameter unit Octane SQL (Bair et al. 2018) SQL+PIP (Bair et al. 2018) DidP PAO100

A1
◦C 37.32 263.8 554.1 166.63 142.69

A2 MPa−1 0 3.53 10−4 9.33 10−5 4.57 10−4 6.13 10−4

B1 MPa−1 1.130 10−2 1.37 10−2 8.39 10−3 6.88 10−3 9.41 10−3

B2 – –0.543 –0.3427 –0.53 –0.525 –0.294

C1 – 16.17 11.66 15.49 16.1599 16.08

C2
◦C 10.65 39.17 20.12 21.3989 43.00

A.3 High-Shear Viscosity

As the ultrasonic viscometer is a high-shear viscometer,

it was important to take into account any shear-thinning

behaviour from the fluids. For all shear-thinning models, the

Cox-Merz law was applied and the resonance frequency (4.5

MHz) was used as the shear rate (4.5 × 106 s−1). The cyclic

frequency f was used rather than the angular frequency ω,

as recommended by Bair et al. (2018).

Water and octane (C8 H18) are both made of small

molecules, they were thus considered to have a Newtonian

behaviour: their low-shear viscosity was used. No model was

found in the literature for the shear-thinning behaviour of

DidP: the low-shear viscosity was used.

SQL has a shear-thinning behaviour at high shear rate.

Bair et al. (2014) proposed a steady-shear Carreau model,

which was applied to the WLF-Yasutomi model. At 40 ◦C,

the low-shear and high-shear viscosities are identical up to

200 MPa. The high-shear viscosity is then lower than the

low-shear one. In Eq. 8, η is the high-shear viscosity, μ is the

low-shear viscosity from the WLF-Yasutomi model, γ̇ is the

shear rate, and G = 7 MPa and n = 0.46 for the steady shear

of SQL. As done by Bair (2006), the single-plateau Carreau

equation was used as the second plateau was not observed.

η(γ̇ ) = μ

[

1 +

(

μγ̇

G

)2
]

n−1
2

(8)

SQL+PIP is a shear thinning fluid. Similarly to SQL, the

Carreau model proposed by Bair (2006) was applied to the

WLF-Yasutomi model (8). This time, G is defined using (9),

with n = 0.8, G R = 10 kPa, μR = 0.0711 Pas, and m = 0

for the steady-shear viscosity of SQL+PIP.

G = G R

(

μ

μR

)m

(9)

The shear-thinning model from Bair and Flores-Torres

(2019) was used to compute the steady-shear viscosity of

PAO100. In Eq. 10, the steady-shear viscosity η is expressed

as a function of the low-shear viscosity μ from the WLF-

Yasutomi model, the shear stress σ , and the parameters

Fig. 12 Viscosity-pressure behaviour of distilled water at 40 ◦C
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for PAO100: G1 = 22 kPa, G2 = 5080 kPa, n1 = 0.89,

n2 = 0.52. The shear stress σ was selected so that the shear

rate γ̇ was equal to 4.5 × 106 s−1 using γ̇ =
σ
η

.

η(σ ) = μ

[

1 +

(

σ

G1

)2
]

n1−1

2n1

[

1 +

(

σ

G2

)2
]

n2−1

2n2

(10)
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