
 
 

Delft University of Technology

An ultrasonic shear wave viscometer for low viscosity Newtonian liquids

Mastromarino, S.; Rook, R.; De Haas, D.; Verschuur, E. D.J.; Rohde, M.; Kloosterman, J. L.

DOI
10.1088/1361-6501/ac200f
Publication date
2021
Document Version
Final published version
Published in
Measurement Science and Technology

Citation (APA)
Mastromarino, S., Rook, R., De Haas, D., Verschuur, E. D. J., Rohde, M., & Kloosterman, J. L. (2021). An
ultrasonic shear wave viscometer for low viscosity Newtonian liquids. Measurement Science and
Technology, 32(12), [125305]. https://doi.org/10.1088/1361-6501/ac200f

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1088/1361-6501/ac200f
https://doi.org/10.1088/1361-6501/ac200f


Measurement Science and Technology

PAPER • OPEN ACCESS

An ultrasonic shear wave viscometer for low
viscosity Newtonian liquids
To cite this article: S Mastromarino et al 2021 Meas. Sci. Technol. 32 125305

 

View the article online for updates and enhancements.

You may also like
Magnetoelastic-Sensor Integrated
Microfluidic Chip for the Measurement of
Blood Plasma Viscosity
Ping Chen, Qiushi Jiang, Shin Horikawa et
al.

-

Effect of the polystyrene surface
hydrophobicity on QCM sensor resonance
frequency in contact with water-glycerol
mixture
Setyawan P. Sakti and Putri S. Arinda

-

Effect of Liquid Viscosity on a Liquid Jet
Produced by the Collapse of a Laser-
Induced Bubble near a Rigid Boundary
Xiu-mei Liu, Jie He, Jian Lu et al.

-

This content was downloaded from IP address 154.59.124.113 on 25/10/2021 at 11:10

https://doi.org/10.1088/1361-6501/ac200f
https://iopscience.iop.org/article/10.1149/2.1441706jes
https://iopscience.iop.org/article/10.1149/2.1441706jes
https://iopscience.iop.org/article/10.1149/2.1441706jes
https://iopscience.iop.org/article/10.1088/1742-6596/1153/1/012044
https://iopscience.iop.org/article/10.1088/1742-6596/1153/1/012044
https://iopscience.iop.org/article/10.1088/1742-6596/1153/1/012044
https://iopscience.iop.org/article/10.1088/1742-6596/1153/1/012044
https://iopscience.iop.org/article/10.1143/JJAP.48.016504
https://iopscience.iop.org/article/10.1143/JJAP.48.016504
https://iopscience.iop.org/article/10.1143/JJAP.48.016504


Measurement Science and Technology

Meas. Sci. Technol. 32 (2021) 125305 (11pp) https://doi.org/10.1088/1361-6501/ac200f

An ultrasonic shear wave viscometer
for low viscosity Newtonian liquids

S Mastromarino1, R Rook1, D De Haas1, E D J Verschuur2, M Rohde1,∗

and J L Kloosterman1

1 Department of Radiation Science and Technology, Delft University of Technology, Mekelweg 15, Delft,
JB 2629, The Netherlands
2 Departments of Imaging Physics, Delft University of Technology, Lorentzweg 1, Delft 2628 CJ,
The Netherlands

E-mail: M.Rohde@tudelft.nl

Received 2 March 2021, revised 19 July 2021
Accepted for publication 23 August 2021
Published 17 September 2021

Abstract
A method based on ultrasonic wave propagation is applied for the determination of the viscosity
of low viscous liquids. A waveguide is used to remotely transmit the ultrasonic waves from a
shear piezoelectric transducer into the liquid. At the solid–liquid interface, a guided wave mode,
the shear mode, is used to extract the liquid viscosity. The energy of the reflected ultrasonic
wave depends upon its operating frequency, the physical properties of the liquid (viscosity and
density), and the waveguide (density and shear modulus). The results show that the attenuation
of the waves, and thus the viscosity of the liquid, can be retrieved using this method.
Measurements on water, ethanol, and mixtures of water/glycerol illustrate that the method can
monitor changes in attenuation due to the viscosity of the liquid. The range of viscosities
measured was between 0.8 and 60 mPa s. Compared to literature values, the relative error for
these measurements was lower than 12% while the uncertainty in the measurements was lower
than 5%. Besides its ability to measure low viscosities, this method offers advantages such as
the capability to perform in-situ measurements of liquids in harsh environments, the omission of
mechanical parts, and the possibility to handle small volumes of liquid. These features make this
method suitable for low viscous liquids that are radioactive, corrosive and at high temperature.

Keywords: ultrasonic viscometer, shear waves, guided waves, acoustic bulk attenuation, viscosity

(Some figures may appear in colour only in the online journal)

1. Introduction

In many industrial applications one can find low viscosity
liquids in harsh environments, such as high temperatures,
high corrosion or high radioactivity. One example is the nuc-
lear fuel used in molten salt nuclear reactors. Measuring the
viscosity of liquid nuclear fuels is difficult because of the
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high temperatures and levels of corrosion and radioactivity.
These conditions impose severe requirements on the measur-
ing equipment: a remote measurement where the salt is not in
close contact with the electronic instrumentation is preferred.

A technique that may overcome the aforementioned diffi-
culties consists of the use of ultrasounds in a waveguide. The
usage of ultrasound for measuring material properties started
in 1949 with Mason et al who placed the transducer in dir-
ect contact with the liquid [1]. This is, however, not possible
for measuring corrosive liquids that can destroy the piezoelec-
tric element in the transducer. The high temperature is also
a limitation for the transducer. Above the Curie temperature
of the transducer, the piezoelectric activity is lost and high-
temperature transducers are not yet available [2]. Therefore,
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a waveguide is used to separate the transducer from the
liquid.

In 1971, Hunston et al [3] proposed the measurement of the
shear properties of liquids using a strip waveguide immersed
in a liquid. In their experiment, an aluminum strip is connected
to a transducer and placed in a empty cell. The cell is then filled
with the liquid sample to be measured until the sample touches
the transducer. The change in attenuation of the waves is meas-
ured when the strip is in air and then when it is immersed in
the liquid sample. The attenuation is expressed in terms of the
viscosity. With this technique, Hunston measured a viscosity
as low as 3.6 mPa s with an error respect to the literature value
between 30% and 40%. Knauss et al [4] repeated the measure-
ment proposed by Hunston to obtain a better accuracy of the
results. Through the use of a longer waveguide and a different
frequency, a higher attenuation was achieved and the measure-
ments of the viscosity had a maximum relative error of 11%.
The method proposed by the group of Hunston and Knauss
is based on the attenuation of the wave in a waveguide com-
pletely immersed in the fluid. In their system the transducer is
in contact with the fluid. This makes this system not suitable
for corrosive fluids or at high temperature.

The potential applications of ultrasounds to measure vis-
cosity at high temperature was first reported in 1996 by
Shah [5]. Shah measured liquids with viscosities between
2 and 10 Pa s up to 60 ◦C. Prasad et al [6] have reported
ultrasonic studies based on longitudinal waves on glass melts
using a measuring system comprising ultrasonic waveguides
of alumina. They have developed an experimental apparatus
to measure, in situ, the viscosity of molten glass at elevated
temperatures (up to 1250 ◦C). In their method, guided waves
are generated through a cylindrical buffer rod and the reflec-
tion coefficient is measured. From the relation between the
reflection coefficient of a wave at a solid-liquid interface and
the acoustic impedance of a liquid, the product of density and
acoustic velocity, the viscosity can be obtained knowing the
density of the liquid [7]. Since the impedance determines the
ability of an ultrasound wave to pass from one medium to
another, in the reflection coefficient method, attention should
be given to the choice of the material of the buffer rod. The
effectiveness of this measurements method is reduced when
there is a mismatch of the impedance between the solid and
the liquid, which reduces the possible materials for the buffer
rod suitable for low viscous liquids at high temperature.

More recently, Vogt et al [8] measured the viscosity of gly-
cerol (1.15 Pa s) and the commercial Cannon VP450 viscosity
standard (1.42 Pa s) measuring the change in the attenuation
coefficient, as proposed by Hunston, but using a cylindrical
wire as the waveguide. A rectangular waveguide was used
instead by Cegla [9], who obtained the density and viscosity of
a liquid simultaneously by measuring the attenuation and the
velocity of the guided waves [10]. Both Cegla and Vogt have
measured the viscosity of different liquids, from 1 to 13 Pa s
with errors relative to the literature values of maximum 4%.

Gitis et al [11] also used the measurement of the attenu-
ation coefficient, but proposed an alternative approach to using
a rectangular waveguide. Gitis et al identified the limit of the
method in placing a transducer on the strip end surface of the

waveguide. The attenuation, and the accuracy of the meas-
urement, can be increased if the surface of contact between
the piezoelectric element and the waveguide is higher. Gitis
et al designed a set up in which the waveguide is shaped as
a ribbon and it is hermetically sealed in a vessel filled with
the liquid sample. The intensity of the waves and their atten-
uation is optimized by using an angle ultrasonic transducer
glued to the waveguide, obtaining a higher surface of con-
tact with the waveguide. The difference in amplitude between
the signal when the vessel is empty and then filled with the
sample is used for the measurement. With this method Gitis
et al measured the viscosity of liquids as low as 1 mPa·s with
a relative error of 1%. A substantial increase in the accur-
acy was achieved for the attenuation method for measuring
the viscosity. The disadvantage of this method for measuring
aggressive liquids is that the waveguide has to be completely
immersed in the liquid, therefore a large volume (more than
200ml approximately) is needed.Whenmeasuringmolten salt
fuels, for example, a large volume has to be avoided because
of their high radioactivity.

Table 1 summarizes the previous measurements that have
been done using a waveguide for measuring the viscosity of
fluids. These works have been based on the measurement of
either the reflection coefficient at the solid-liquid interface or
the attenuation of the longitudinal, torsional or shear modes
in cylindrical or rectangular waveguides when immersed in a
liquid sample. Both the techniques have been successful in dif-
ferent ranges of viscosity reporting results with relative error
as low as 1% [11]. While the reflection coefficient technique
has the difficulty of finding a waveguide that is compatible to
the liquid, the attenuation measurements have met the diffi-
culty to reach the necessary accuracy of the measurement. For
many of these techniques a large amount of liquid is needed,
an incompatible characteristic for harsh liquids.

In this work we have chosen to measure the viscosity from
the attenuated shear waves in a plate waveguide for several
reasons. First, the shear waves do not show dispersion, the
wave packets do not change phase velocity while travelling
along the waveguide and maintain their shape [8]. Second,
these waves do not convert into other modes when the plate
is immersed in a liquid, making the interpretation of the meas-
ured signal easier [9]. Third, the shear waves are highly attenu-
ated by the viscosity of the liquid resulting in a high sensitivity
to low viscous liquids [13]. The advantage of the set up pro-
posed in this work is that a very thin plate and a small amount
of liquid are used for the measurement, differently than the set
up proposed by [11]. The set up proposed is very similar to the
one used by [9], but we used this method for measuring low
viscous liquids.

This non-destructive method is based on wave pulses of
short ultrasonic waves at high frequencies (MHz range) travel-
ling through a plate that is partially immersed in the liquid. The
piezo-electric transducer is placed on top of the waveguide,
and is, thus, physically separated from the liquid, eliminating
problems that might arise from a liquid under harsh condi-
tions. The distance of the transducer from the liquid and the
small interface between transducer and plate waveguide will
allow the transducer to remain at low temperature. By doing
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measurements at different immersion depths the determined
attenuation of the wave pulse can be used to derive the vis-
cosity. The attenuation is measured while the waveguide is
immersed in the liquid, therefore it is easier to perform an
experiment varying the temperature.

In the section 2 of this paper, the theory on which the
ultrasonic technique is based is described. A more descriptive
section is dedicated to the shear horizontal wave attenuation
method since this is the chosen mode for the measurements
presented here. Then, in section 3, the experimental set-up and
procedure are described. Section 3.2 is dedicated to the data
processing and section 3.3 to the determination of the accur-
acy of the method. Results are shown in section 4, followed by
conclusions.

2. Background

The principle used for evaluating the viscosity of liquids is
based on a high frequency wave that is transmitted in a solid
guide and attenuated by the shear motion within the liquid in
which the guide is immersed. A transducer generates a wave
and sends it through the waveguide. The wave’s mode can
be generally of two different types (longitudinal and shear),
depending on the way in which the piezoelectric material
inside the transducer is cut. While the longitudinal waves
transmit in liquid, gas and solids, shear waves can be sustained
by solids only [14, 15]. When using a waveguide embedded
in another material, the shear waves can be transmitted into
the waveguide and their energy can partially leak towards this
material via their mutual interface and be attenuated.

When the embedding material is a liquid, the waves are
transmitted in the liquid as bulk waves [16]. In this case there
is a distinction between the transmission of waves that can
occur if the liquid is viscid or inviscid. In inviscid liquids, shear
stresses do not exist and only longitudinal waves can be trans-
mitted [17]. When the plate is immersed in a viscous liquid,
shear stresses may appear as well in the surrounding liquid and
the guided waves, both longitudinal and shear, propagating in
the plate can be attenuated due to viscous dissipation [10].

The shear wave that is excited in this work is the plate mode
commonly referred to as SH0mode. This mode does not intro-
duce longitudinal waves in the surrounding liquid. Therefore,
shear is the only mechanism that causes energy loss in the
plate. The rate of the attenuation of the shear wave depends on
the material properties of the waveguide and of the surround-
ing liquid, together with the frequency of the propagated wave.
Bymeasuring the attenuation of the reflected shear wave in the
plate, the viscosity of a Newtonian fluid can be calculated by
the approximation derived by Cegla et al [18],

α=− 1
2 h

(2 ρfωη

Gρs

)1/2
, (1)

where α is the attenuation of the wave, h is the thickness of the
plate, ρf is the liquid density, η is the liquid dynamic viscosity,
G is the shear modulus of the plate, ρs is the plate density andω
is the angular frequency of the shear wave. This formula works
well if the frequency thickness, being the product h ·ω/2π,

is up to about 2 MHzmm. Above this value, the SH0 mode
shape becomes frequency dependent. Cegla et al [18] showed
that the deviation between equation (1) and its exact solution
is 0.04% when the frequency-thickness is 1 MHzmm. For this
reason, this value for the frequency-thickness will be used in
this work.

The dissipation of the shear waves in the liquid depends on
the viscosity, and thus on the shear stress. It can be shown that
the attenuation shows an exponential decay along the direc-
tion of propagation, i.e. ∼ e−αx1 . From the derivation of the
velocity profile in the liquid one can recognise a length scale
over which the shear waves propagate in the liquid perpendic-
ularly to the plate surface. This length scale is the viscous skin
depth of the wave that defines the distance a wave will travel
before the amplitude of the wave decays with a factor of 1/e.
The viscous skin depth is defined as:

δ =
( 2η
ρfω

)1/2
. (2)

For example, the measurements in water with a viscosity of ca.
1 mPa s and a density of 1000 kgm−13 using a transducer with
a frequency in theMHz range, result in a the viscous skin depth
in the µm range. The same is valid for the highest viscosity we
measured (∼50 mPa s). This means that the container holding
the liquid can be very small and will allow measurements with
merely a few ml of liquid.

3. Experimental setup

The setup in figure 1(a) was designed to excite and trans-
mit shear waves through a waveguide, being a metallic plate,
immersed in a liquid of which the viscosity has to bemeasured.
In this setup an ultrasonic wave is generated by a transducer
placed at one end of the waveguide. The transducer converts
the electrical signal into a mechanical signal, a displacement
wave, which is transferred to the waveguide. A shear trans-
ducer V-155RM by Olympus (Normal incidence shear wave)
with a peak frequency of around 5 MHz and a diameter of
13 mm is used for the production of shear waves. The trans-
ducer is clamped at the top of the plate and is used to excite
SH (shear horizontal) waves, with displacements in the x1x2
plane. Note that by rotating the transducer around the x1 axis,
by π/2 rad, the polarisation of the waves can be chosen to flex-
ural waves if desired (not in this work). The transducer is such
that the direction of the polarization of the shear wave is in
line with the right angle connector. After transmission to the
plate, the wave moves along the x1 direction. Its path should
be free of obstructions that may cause distortion of the wave.
As such, the clamps (indicated by Clamping in figure 1(a)) are
put at some distance from the middle of the plate to prevent the
distortion. By putting pressure at the edges and at the centre
of the plate, it was tested if the clamps would be of influence
on the wave attenuation.

No change in the amplitude of the reflected wave was
observed when pressure was applied on the edges of the plate,
while the wave was strongly attenuated when pressure was
applied in the centre, confirming that the clamping can be
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Figure 1. Schematic of the waveguide immersed in liquid. The clamping is shown (a) as well as the mechanism of immersion depth (b).

safely attached to the sides of the plate. To install the trans-
ducer, pressure is applied downwards on top of the transducer,
after which it is clamped on the sides and the pressure on the
top is released. To enhance traction between the transducer and
the very thin plate (0.1 mm thickness), a shear couplant SWC-
2 by Olympus (couplant and adaptors) is used. The connection
between the transducer and the plate is essential in the stabil-
ity of the transmitted signal. This connection depends on the
alignment of the transducer on the place. To obtain an intense
signal, the middle of the transducer has to be exactly on the
place as this maximizes the contact area between the trans-
ducer and the plate.

Figure 2 shows the experimental setup. Connected to the
transducer, an arbitrary waveform generator DG1022A by
Rigol (Arbitrary Waveform Generators, AWG) is used to gen-
erate a sinusoidal wave packet of 40 cycles with a frequency
in the ultrasonic range. Each wave packet consists of 40 cycles
to assure that a sinusoidal wave is obtained at a constant
chosen frequency. A wave packet consisting of few cycles
shows an exponential decay that interferes with the measure-
ment of the attenuation. The wave packet is repeated with
a delay of 30 ms. This delay is needed as the waves get
reflected many times in the waveguide before they are fully
attenuated. The amplitude of the generated signal is chosen
as high as possible, to get the highest signal to noise ratio.
The amplitude of the generated signal can be limited by a
couple of things: the generator, the amplifier, the oscilloscope,
and the transducer. The signal generator has a maximum out-
put voltage of 10 Vp-p (Peak-to-Peak Voltage). The trans-
ducer is preferably used with no voltages higher than 100 V.
If the transducer is used a long time at continuous excita-
tion voltages of 300 V or higher, it could be re-poled to a
longitudinal wave transducer. This is an irreversible effect,
so good care has to be taken in not exposing the transducer
to these voltages continuously. The oscilloscope used is the

Keysight InfiniiVision DSOX2024A, which has a maximum
input voltage of 200 Vp-p. The maximum voltages for the
transducer and the oscilloscope are higher than the maximum
output voltage of the signal generator. Therefore, a radio fre-
quency amplifier 2100 L by E & I (E. I. Innovation, 100 W,
10 kHz–12 MHz RF amplifier) is used to amplify the signal
outputted by the generator. The amplifier used in this work
can only withstand an input signal of +13 dBm without dam-
age, corresponding to 1 V. This limits the output signal of
the generator to 2

√
2 Vp-p. To be below the limit, the amp-

litude of the wave is set to 1 Vp-p. The amplifier has a gain
of 50 dB, which amplifies the 1 Vp-p signal to around 300
Vp-p. This is higher than recommended for the transducer, but
as the waves are sent in bursts, it is not excited continuously
with this voltage. The oscilloscope is not made to withstand
these high voltages, and therefore a delimiter was fabricated to
limit the voltage that is sent to the oscilloscope. The delimiters
is placed between the amplifier, the transducer and the oscil-
loscope. The delimiter splits the input signal from the trans-
ducer and the received signal and decreases the voltage sent
to the oscilloscope while sending the amplified signal to the
transducer.

The SH0 waves propagate along the plate until the location
where the plate is in contact with the liquid. By inserting the
plate into the liquid, as shown in figure 1(b), the shear waves
are attenuated due to the viscous shear the liquid exerts on the
plate. The signal is then entirely reflected at the end of the
plate, travels back to the transducer and is recorded.

The measurement of the attenuation α is based on the
intensity of the waves at two immersion depths of the plate
in the liquid as follows:

α=− 1
2(d2 − d1)

ln
S2(ω)
S1(ω)

, (3)
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Figure 2. Schematic of the setup including the electronics to record the waves.

where d1 < d2 are two different immersion depths, and S2(ω)
and S1(ω) are the received signal amplitudes at the respective
immersion depths and at frequency ω.

The immersion depth is altered by moving the liquid con-
tainer, placed on an elevator that can be steered automatic-
ally with an electromotor. A ruler can be used to gauge the
insertion depth, although it can also be set at a regular inser-
tion depth by the electromotor. In principle it is sufficient to
perform a measurement at only two different depths to eval-
uate the attenuation and consequently from equation (1), cal-
culate the viscosity. However, to increase the accuracy of the
measurements, the plate was immersed in the liquid at sev-
eral immersion depths. Each measurement was performed by
increasing the immersion depth of the stainless steel plate by
steps of 0.40 cm. The height of the container (82 mm) allowed
to obtain the signal from a minimum of ten immersion depths.
The maximum volume of the container is 45 ml, this is a small
volume for a density measurement and it is ideal for measuring
liquids in a harsh environment.

It must be noted that hysteresis in the level of the liquid was
observed, where the liquid could differ in height by approx-
imately 0.5 mm between the cases where the plate was inser-
ted into the liquid and the cases where the plate was extrac-
ted from the liquid. This phenomenon, caused by the creation
of a thin film of liquid during extraction of the plate, was
mainly observed for viscous liquids, in the order of 50 mPa s,
while it was not observed for water. Therefore, it was chosen
to perform measurements by inserting the plate in the liquid
only.

The liquid temperature was recorded during the experi-
ments using a thermocouple that was immersed in the liquid.

3.1. Materials

A thin metallic plate of stainless steel was used as the wave-
guide. The properties of the plate, such as shear modulus and
density, have to be known in order to accurately evaluate the
liquid viscosity in equation (1). The density of the plate was
calculated by the ratio of mass and volume, thereby measuring
the weight with a common balance. Three measuring instru-
ments were used to measure the dimensions of the plate. The
thickness of the plate was measured with the 3732XFL-1 elec-
tronic micrometer by Starret. The micrometer was NIST cal-
ibrated and had accuracy of 0.002 mm. The thickness of the
plate was measured 0.202± 0.002 mm. The width of the plate
was measured with the 799A-6/150 electronic caliper by Star-
ret, with accuracy of 0.02 mm. The caliper was also NIST
calibrated. The width of the plate was measured to be 80 ±
0.02 mm. The length of the plate was measured with a meas-
uring tape and it was 300mmwith an uncertainty of 0.1mm, as
reported by the manufacturer of the measuring tape. The dens-
ity of the plate was then found to be 7874.3 ± 78.1 kgm−13.
The shear modulus, together with the density of the wave-
guide, defines the shear wave speed in the plate, i.e. G= vsρs.
Therefore, the shear modulus can be obtained by knowing the
density and the velocity of the shear wave in the metallic plate.
The shear modulus, 74.9 ± 0.7 GPa, is in agreement with the
range of values (dependent by the composition of the stainless
steel) in literature [19]. The velocity of the shear wave in the
metallic plate, vs, was measured from the time of arrival of the
first shear signal. Between each reflection, the wave travelled
from the top of the plate to the bottom and then back to the
transducer, which corresponds to two times the length of the
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plate. This means that the shear wave velocity can be calcu-
lated using vs = 2l

∆t . The velocity was found to be 3083.33 ±
2.78 m s−1, in agreement with the range of literature values
for the different grades of stainless steel [20].

Five different Newtonian liquids were analysed. The
liquids have a dynamic viscosity in the range between 0.8 and
60 mPa s at room temperature. Water, ethanol, both with a
low viscosity, and three mixtures of water and glycerol with
increasing volume fraction of glycerol, weremeasured. For the
mixtures, the two liquids were stirred until they were homo-
geneously mixed to last for the duration of an experiment (ca.
half an hour). The mixtures were then stirred again and the
experiment was repeated in order to check for the repeatabil-
ity. The ratio between water and glycerol was chosen in order
to have viscosity between 10 and 60 mPa s.

The density of the liquids was calculated from the mass and
volume ratio using an Erlenmeyer flask of 25 ml to measure
the volume.

3.2. Data processing

The data were recorded using LabVIEW. The program recor-
ded a predefined number of signal windows, 128 in this work,
displayed on the oscilloscope. Each signal had a number of
wave periods visible on the oscilloscope that depends on the
used frequency. For the used frequencies in this research, each
recorded signal contained 40 wave periods.

To obtain the signal strengths at each immersion depth,
the 128 windows showing the reflected waves were aver-
aged before calculating the intensity of the averaged wave.
The background noise was considered to be a random signal
with zero mean and a fixed variance, so when the windows
were averaged, the background noise cancelled out. On top of
that, the amplitude was constant over the whole signal, which
means that the rms of this signal was the amplitude divided
by

√
2.

For Newtonian liquids, the intensity of the reflected
signal exponentially decays as a function of the immer-
sion depth of the waveguide in the surrounding liquid,
following:

S(x) = S0e
−2α(x−x0), (4)

which is a rearrangement of equation (3). Therefore, an expo-
nential curve was fitted through the measured rms of the
intensity reflections at each immersion depth:

Sfit(x) = C1e
C2(x−x0), (5)

where x is the immersion depth of the plate and the two coef-
ficients C1 and C2 are determined in such a way that the expo-
nent fits the data best. Equations (4) and (5) were combined to
obtain the attenuation as:

α=−C2/2. (6)

Table 2. Parameters used for the analysis.

Property Value and uncertainty

Waveguide density (kgm−3) 7874 ± 78
Waveguide shear modulus G (Gpa) 74.9 ± 0.7
Waveguide thickness (mm) 0.202 ± 0.002
Waveguide length (mm) 103.4 ± 0.1
Waveguide width (mm) 80.20 ± 0.02
Transducer frequency (MHz) 2.6–3.6± 3 × 10−6 MHz
Density of the liquidsa 0.2%
a The density uncertainty was calculated from the propagation of the errors
in the volume uncertainty and mass uncertainty of the fluid.

3.3. Accuracy of the viscosity evaluation and of the
attenuation measurements

The uncertainty of the viscosity derivation has been determ-
ined by applying:

ϵ(µ) = |µ0|

(
2

(
ϵ(h)
h

)2

+ 2

(
ϵ(α)

α

)2

+

(
ϵ(ρs)

ρs

)2

+

(
ϵ(G)
G

)2

+

(
ϵ(ρf)

ρf

)2

+

(
ϵ(ω)

ω

)2
)1/2

. (7)

In equation (7), ϵ(h) is the uncertainty in the thickness of
the plate, ϵ(ρs) and ϵ(G) are the uncertainties in the density
and shear modulus of the plate, ϵ(ρf) the uncertainty in the
density of the liquid and ϵ(ω) the uncertainty in the frequency.
The ϵ(h) is based on the uncertainty of the caliper used for
measuring the thickness of the plate, that is 0.002 mm. The
uncertainty of the balance (i.e. 0.01 g ) and of the volume
measurement (i.e. 0.04 ml) is used to calculate ϵ(ρf) result-
ing in a relative uncertainty between 1.1% and 2.0%. The rel-
ative uncertainty of 1% for both the density and shear mod-
ulus of the plate is retrieved experimentally according to the
method given in section 3.1. The uncertainty in the angular fre-
quency, ϵ(ω), is the uncertainty of the frequency of the waves
sent by the generator multiplied by 2π. The frequency of the
generator has an uncertainty of 1 ppm, which corresponds to
3 ×10−6 MHz for a frequency of 3 MHz. The properties of
the plate and the source of errors for these measurements are
reported in table 2. The uncertainty in the attenuation ϵ(α)
was calculated through a total least-squares approximation of
the data. The confidence bounds for the exponential fit from
equation (5) were calculated considering parameters that are
a measure of the fit: the inverse R factor from QR decompos-
ition of the Jacobian, the ◦s of freedom for the error, and the
root-mean-squared error [21]. By combining these paramet-
ers, 95% confidence intervals for the fit parameters and thus
the attenuation was obtained. The difference between the fit-
ted coefficient C2 and one of the 95% confidence bounds was
used for calculating the uncertainty of the attenuation. The rel-
ative uncertainty measured in α was up to 1%. Substituting
the standard deviations of the experimental data to the total
error on µ, one obtains the relative uncertainty of 5% in the
viscosity.
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Figure 3. Amplitude of the SH0 mode for a stainless steel plate immersed in a mixture of water and glycerol 30/70 vol% at 3 MHz. The
intensity was measured each 0.40 cm of immersion of the plate in the liquid. An exponential curve was fitted through the measured rms of
the intensity reflections to retrieve the attenuation of the waves (α = 3.82 ± 0.03, ■; α = 3.79 ± 0.03, ⃝ ;α = 3.72 ± 0.02, ▲). The
experiment was repeated three times in order to increase the accuracy by averaging. The amplitude was normalized (b) to show the
repeatability of the three measurements in retrieving the attenuation.

4. Results

As described before in section 3, the attenuation of the shear
waves in liquids was retrieved from the amplitude of the meas-
ured shear waves at a range of immersion depths.

Figure 3(a) shows the measured decrease in intensity of the
SH0 mode as a function of the immersion depth of the stain-
less steel plate in a mixture of water and glycerol 30/70 vol%.
To show the repeatability of the method, the three experiments
shown in figure 3(a) were performed at three different times.
The intensity differs between each set because the energy
transferred by the transducer to the plate may vary (e.g. by dis-
connecting it in between two measurement series). According
to equation (3), however, only the ratio of two intensities for
two or more immersion depths is of importance. The intens-
ity was fit with an exponential curve and after normalization,
figure 3(b) shows that the three curves are in agreement and
the derived attenuation has a maximum of 2.6% difference
between two measurements. The experiments were therefore
considered to be sufficiently repeatable.

This procedure was followed for each liquid analysed. The
viscosity was then obtained using equation (1). At room tem-
perature, liquids with a viscosity ranging from 0.8 to 60 mPa s
have been measured. The measured attenuation and the vis-
cosity calculated from the averaged attenuation are reported in
table 3. The results are compared to the literature values and
to our own experimental results obtained with a commercial
falling ball viscometer [22]. The last one was used to validate
the results obtained with the waveguide viscometer. For the
used liquids, there are experimental data in the literature that
can be used as a reference. However, for some liquids, like the
water/glycerol mixtures, few experimental data are available
in the literature, and the fractions in the mixture may change
over time. The advantage of using this falling ball viscometer
is that a reference viscosity for the liquids can be obtained at
the same time, under the same conditions, and with exactly

the same composition as the viscosity measurements with the
ultrasonic waveguide.

For the low viscosity of water, with measured viscosity of
0.88 ± 0.04 mPa s, the relative error to the literature value is
2%, while it is 4% to the measurement performed with a fall-
ing ball viscometer. For ethanol, with a measured viscosity of
1.19 ± 0.07, the relative error is higher: the relative error to
the literature value is 12% and it is 4% to the falling ball vis-
cometer. The ethanol 95% was purchased by Sigma Aldrich,
but impurities might be present in the liquid. A slightly dif-
ferent composition of the purchased ethanol might change its
viscosity. In fact, the measurement of the viscosity of ethanol
performed with the falling ball viscometer has a lower relat-
ive error (in agreement with the error found for all the other
liquids) with the measurement done with the acoustic method.
This supports the hypothesis that the purchased ethanol has a
different composition (due to impurities, moisture or different
percentage of methanol and 2-propanol) that the one found in
literature.

The viscosity of three water/glycerol mixtures, varying
from 14.5 to 57.4 mPa s, has been measured and the results
as a function of glycerol content are plotted in figure 4. The
results show that this technique is sensible to change in viscos-
ity of water/glycerol mixtures when the amount of water con-
tent differs. With a very small addiction of water in the mix-
ture, the viscosity drops significantly: the viscosity of a water/
glycerol mixture with only 1%water is almost 20% lower than
the viscosity of pure glycerol [25, 27]. These are results for a
liquid temperature of 22 ± 0.5 ◦C. The experimental values
are compared in figure 4 with the results obtained by Cheng
[25] and revised by Volk and Kähler [26], shown by the dotted
line.

The viscosity measured in this work agrees within 3%
to the results of Cheng. Besides the strong dependence on
the water content, the viscosity of the mixtures is also very
sensitive to the temperature fluctuations of the liquid as it
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Table 3. Viscosity µ calculated from the attenuation measured with SH0 waves. These results are compared with the viscosity obtained
from literature and measured in this work with a commercial falling ball viscometer.

T f α µ lit. µ ER to lit. µa ERa

(◦C) (MHz) (npm−1) (mPa s) (mPa s) (%) (mPa s) (%)
Liquid This work Literature Reference Falling ball

Water 26 ± 0.1 3.0 0.59 ± 0.01 0.88 ± 0.04 0.86 [23] 2 0.84 4
Ethanol 95% 26 ± 0.1 3.0 0.64 ± 0.02 1.19 ± 0.07 1.05 [24] 12 1.2 4
Wat/Gly 40/60 vol% 22 ± 0.1 3.0 2.58 ± 0.02 14.5 ± 1.1 14.4 [25, 26] 1.4 13.9 4
Wat/Gly 30/70 vol% 22 ± 0.1 3.0 3.78 ± 0.03 31.0 ± 0.6 31.9 [25, 26] 3 29.8 4
Wat/Gly 25/75 vol% 19 ± 0.1 3.0 5.62 ± 0.01 57.4 ± 0.2 57.9 [25, 26] 0.8 55.8 3
Measurements varying the frequency
Wat/Gly 40/60 vol% 22 ± 0.1 [2.6; 3.6] — 15.0 ± 1.0 14.3 [25, 26] 1.4 13.9 4
Wat/Gly 30/70 vol% 22 ± 0.2 [2.6; 3.6] — 30.3 ± 0.6 32.0 [25, 26] 3 29.8 4
Wat/Gly 25/75 vol% 22 ± 0.1 [2.6; 3.6] — 48.5 ± 0.3 47.8 [25, 26] 1.5 46.5 4
a These values were obtained with the falling ball viscometer.

Figure 4. The viscosity of the water/glycerol mixtures, (⃝ 40/60
vol%,△ 30/70 vol%, □ 25/75 vol%) as a function of volume % of
glycerol at 22± 0.5 ◦C measured with the waveguide and calculated
with an empirical formula (dashed line) by Cheng [25, 26].

is shown in figure 5, where the results between 19 ◦C and
22 ◦C are shown. In this temperature range between 19 ◦C
and 22 ◦C the viscosity drops by almost 7%. Therefore, it
is important to measure the temperature of the liquid dur-
ing measurements. The results are compared to the liter-
ature data by Cheng [25] in figure 5 showing agreement
within 4%.

4.1. Influence of the frequency on the viscosity

For the three mixtures of water and glycerol, the attenuation
was measured at several frequencies between 2.4 and 3.6
MHz. For Newtonian fluids, the measured viscosity should be
independent of the applied transducer frequency [28]. How-
ever, these measurements were performed to evaluate if the
accuracy of the result could be increased by averaging the vis-
cosity at different frequencies.

Figure 5. The viscosity of the 25/75 volume % water/glycerol
mixture measured with the ultrasonic viscometer ■ as a function of
the liquid temperature, compared to the literature data by Cheng
[25] (dashed line).

The attenuationmeasured experimentally for the three mix-
tures at different frequencies is shown in figure 6(a), where
the predicted curve (the solid line in the figure) for each liquid
is calculated by using the viscosity published by Cheng [25].
The attenuation is found by taking the mean attenuation from
three measurements at each frequency. According to equation
(1), the attenuation follows a square root dependency on the
frequency of the waves. From the viscosity in figure 6(b), it
is shown that the viscosity measured at different frequencies
deviated from the mean viscosity of maximum 5%, within the
uncertainty of the measurements.

Table 3 summarizes all the measured attenuation and the
viscosity compared to the values found in literature and with
the falling ball viscometer. In figure 7(a), the comparison
between the viscosity measured with the ultrasonic wave-
guide viscometer and the literature values shows good agree-
ment. The relative error between the literature values and
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Figure 6. The measured attenuation of the mixtures water/glycerol as a function of frequency (a) is used in order to retrieve the viscosity of
the liquid. The liquid viscosity for the water/glycerine mixtures from the ultrasonic measurement are compared to the reference values.

Figure 7. The viscosity from the shear guided waves attenuation for all the liquids measured is compared to the theoretical viscosity (a) and
to the results from the falling ball viscometer (b) for the liquids at the same temperature. The error bars indicate the uncertainty of the
method calculated as in section 3.3.

the experimental ones is less than 4% for all the liquids
except ethanol. A comparison between the viscosity for all the
liquids measured by the SH0-wave technique versus the vis-
cosity obtained with the falling ball viscometer is presented
in figure 7(b). The results obtained with the waveguide vis-
cometer are slightly higher than the viscosity obtained with
the falling ball viscometer and generally the viscosity meas-
ured with the ultrasonic setup corresponds better to the literat-
ure data than to the falling ball viscometer.

5. Conclusions

The technique based on ultrasonic wave propagation for deriv-
ing the viscosity of liquids is a promising technique for meas-
uring a wide range of low viscosity liquids between 0.8 and
60 mPa s. The shear horizontal mode (SH0) was used to
measure the dynamic viscosity of Newtonian fluids at room
temperature.

The experimental results compare quite well to literature
values with a relative error within 3% except for ethanol that
showed results off by 12% compared to literature data. The

results by the ultrasonic viscometer were also compared to
the results by a commercial falling ball viscometer. In this
last case the relative error was slightly more significant, being
less than 4% for all the liquids. The ultrasonic viscometer
showed the capability of measuring small variations of viscos-
ity for liquids with low viscosity, as for the measurements of
the water/glycerol varying the glycerol content and the tem-
perature. The viscosity of the water/glycerol mixtures was
measured at different frequencies ranging between 2.6 and
3.6 MHz. The results showed, as expected, that the viscosity
of the mixtures is independent of the wave frequency.

Finally, this work shows that this type of viscosity meas-
urement is suitable for liquids with low viscosity in a harsh
environment, where the electronic parts should be kept apart
from the liquid. This work show also that a small volume of
liquid (less than 40 ml) is enough to obtain viscosity results
with an error below 4%. A more accurate measurement can be
performed by using another type of transducer tomaximize the
contact between the transducer and the plate and by increas-
ing the intensity of the signals and the attenuation of the waves
due to the viscous liquid.
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Future applications of this ultrasonic viscometer will
address the possibility of performing measurements at high
temperatures. The possibility to measure non-Newtonian flu-
ids will also be considered. The use of a smaller waveguide
will also be studied in order to make the amount of liquid
necessary for the measurements as minimal as possible.
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