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Abstract

Acoustic methods applied to opaque systems have attracted the attention of researchers in fluid
mechanics. In particular, owing to their ability to characterise in real-time, non-transparent and
highly concentrated fluid-particle systems, they have been applied to the study of complex
multiphase flows such as fluidised beds. This paper gives an overview of the physical principles
and typical challenges of ultrasound and acoustic emission AE methods when applied to fluid-
particle systems. The principles of ultrasound imaging are explained first. The measurement
techniques and signal processing methodologies for obtaining velocity profiles, size distribution
of the dispersed phases, and solid volume fraction are then discussed. The techniques are based
on the measurement of attenuation, sound speed, frequency shift, and transit time of the
propagated sound wave. A description of the acoustic emission technique and applications to
fluid-particle systems are then discussed. Finally, extensions and future opportunities of the

acoustic techniques are presented.

1. Introduction

The flow of multiphase mixtures is complex and involves a wide range of length and time scales.
The development of predictive models for such systems is dependent on the availability of
experimental data on the spatial and temporal distribution of the phases and on their velocities.
The experimental study of dispersed patterns in particular, including solid particle flows and
gas-liquid or liquid-liquid dispersions, is demanding as it involves the presence of many
interfaces and a wide size distribution of the suspended phase. Particle-fluid flows appear in
fluidisation, pneumatic conveying, and solids processing, with applications in nuclear power
generation and in wastewater treatment (Klinzing et al., (2011), Wang et al., (2019), Werther,
(1992), Yates and Lettieri, (2016)). Dispersed liquid-liquid or gas-liquid flows are common in
two-phase separations and reactions, with applications in extraction of metals or
pharmaceuticals, in bubble columns for treating wastewater and in the transport of multiphase
mixtures in the oil and gas industries (Ngan et al., (2009)). Despite extensive research studies

in this area, the structure of dispersed flows, especially at high dispersed phase fractions and in
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unsteady-state conditions, is not entirely understood (Poelma et al., (2006), Voulgaropoulos and
Angeli, (2017))

Many measurement techniques have been developed in order to understand the physical
phenomena underpinning multiphase flows, and these are classified as invasive and non-
invasive. Examples of invasive measurement techniques are impedance and optical fibre probes
(Serizawa et al., (1991), Mufioz-Cobo et al., (2017)). The principles of these techniques are
based on the differences in the various phases of the electrical properties for impedance probes
(Spinelli et al., (2019)) and of the light transmission properties for fibre optical probes. Other
examples of invasive techniques are hot wire or hot film anemometers and thermocouples,
which also disturb the flow field and can thus affect the accuracy of the measurements (Bohs et
al., (2000), Farage et al., (1997)).

The non-invasive measurement techniques are classified by their working principle, and include
electrostatic, acoustic, positron emission particle tracking (PEPT), X-ray imaging (Wang et al.,
(2019)), laser Doppler anemometry (LDA), optical particle image velocimetry (PIV), magnetic
resonance imaging (MRI) (Pore et al., (2015), Boyd and Varley, (2001)), and tomography
methods such as ECT (electrical capacitance tomography) (Li et al., (2018)), and EMT
(electromagnetic tomography) (Han-liang and Ling-an, (2000)). The optical techniques (e.g.,
PIV and LDA) are suitable for highly diluted dispersed systems with volume fractions lower
than 5% (Patricia and Derek, (2000), Poelma, (2017)). These techniques require optically
transparent test sections; to increase the range of volume fractions that can be studied, the
refractive indexes of the phases should be matched so that the system remains transparent.
(Poelma, (2020), Su et al., (2007)). Refractive index matching limits the range of liquids and
solids that can be studied, which are not always representative of industrial applications. MRI
techniques are expensive and require complex signal processing methodologies (Boussel et al.,
(2009)). X-ray imaging is a penetrating form of high electromagnetic radiation (Halls et al.,
(2018), Chirone et al., (2018)) and has been applied to gas-solid or gas-liquid systems only, e.g.,
systems with significant differences in phase densities and radiation transparency. Tomography
methods e.g., ECT have been successfully applied to the study of two-phase flow phenomena
in fluid-particle flows; the ECT technique measures the electrical capacitances between sets of
electrodes, placed around the fluidised beds. The sensors in EMT are made of a set of excitation
coils to produce a magnetic field within a pipe cross section and of a set of detection coils to
detect the changes in the field due to changes in permeability and conductivity inside the pipe
or vessel (Ismail et al., (2005)). An overview of non-invasive and invasive measurement

techniques for fluid-particle flows is given in Table 1.



Table 1 : An overview of measurements techniques in fluid-particle flows

Techniques What can be Pros Cons References
measured?
Fibre optic Void fraction, local Electromagnetic Tracer material (Rojas and Loewen,
probes (invasive) | flow velocity and interference relatively expensive, (2007), MaaR et al.,
characteristic size. immunity, high end-user unfamiliarity | (2011), Poelma, (2020))
temperature
applications, high
resolution
Hot film Void fraction and Cheap, high Heat transfer and (Wang and Ching,
anemometry slip velocity temporal resolution, | aerodynamic problems | (2001), Orlii and
(invasive) Alfredsson, (2010))
Thermocouples Fluid temperature Simple, Reference is less stable | ((2008))
(invasive) inexpensive, large

variety temperature

Positron emission
particle tracking
(non-invasive)

Tracking a single
particle, mapping the
concentration

Relatively open
channel geometry,
high temporal
resolution

Radioactive tracer
particles are used

(Parker and Fan, (2008),
Windows-Yule et al.,
(2020))

Optical particle

Velocity of dispersed

Superior time

Small penetration

(Yang and Johnson,

image phase resolution, depth, requires dilute (2017), Yeeet al.,
velocimetry qualitative flow systems (2019))

(PIV) (non- field mapping

invasive)

Electrical 2D/3D Volume Relatively cheap Low resolution(>>1 (Flores et al., (2006),
capacitance fraction and phase and fast mm) Lei and Liu, (2011))
tomography ECT | distribution

(non-invasive)

Ultrasound Volume fraction, Relatively cheap, Only suitable for (Hunter et al., (2011),
velocity profiles, temporal resolution | liquid as continue Hossein, (2019))
particle size high phase
distribution

MRI (non- Volume fraction, Can measure Expensive, material (Gladden, (2003),

invasive) average velocity. despite presence of | restrictions, slow, high | Ramskill et al., (2018))

gas, low time safety hazardous
resolution

X-Ray (non- Phase distribution 2D | No limitation on Expensive, high safety | (Macri et al., (2020))

invasive) or 3D materials. High hazardous

resolution

Ultrasound techniques offer the possibility of non-intrusive, low-cost measurements, which can

be used in non-transparent test sections (Laurent et al., (2001), Afaneh et al., (2011), Allegra
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and Hawley, (1972)). They have been applied in areas such as medical imaging of gallstones
(De-la-Cruz-Torres et al., (2020), Ortiz et al., (2012)), ionic fluid imaging in animal tissue
(Hossein and Wang, (2019)), measurement of atomic weight and ionic charges of colloidal
suspensions (Hossein and Wang, (2020)), measurement of the physicochemical properties of
nanoparticles including shape and charge in colloids (Hossein, (2019)). The time of flight
(TOF)-based technique has been used to detect ice particles in slurry flow (Sari et al., (2000)),
while the Doppler method has been used to obtain velocity profiles in oil-water stratified flows
(Xiaoxiao et al., (2015), Weiling et al., (2018)). Ultrasound techniques have been applied to the
measurement of porosity and compressibility of suspended particles (Han et al., (2017)), particle
size distribution (PSD) (Wdckel et al., (2012), Tsujimoto et al., (1999), Tran et al., (2016)),
particle and bubble velocity profiles and porosity in porous materials (Zhou et al., (2013), Wang
et al., (2002), Hunter et al., (2011)). Acoustic emission AE technique has been applied to the
measurement of particle size and bed height in solid-gas fluidised bed (Tsujimoto et al., (1999)).
The use of acoustic emission AE signal to establish the particle size distribution in solid-gas
flows was reported by (Uher and Benes, (2012)). Medwin, (1976) used ultrasound to study the
behaviour of a single bubble suspended in a liquid phase and determine the effect of bubble size
on resonance frequency. Cents et al., (2004) developed a technique to measure the size
distributions and phase holdup of particles, droplets, and bubbles in two-phase, and three-phase
systems. They showed that the technique was able to resolve the size distribution of solid
particles in the presence of gas bubbles. Jingyuan and Yong, (2016) measured with ultrasound
the particle size in a solid-gas fluidised bed system. Povolny et al., (2018) with a pulse-echo
technique obtained the horizontal position of rising air bubbles in a water tank and showed that
multiple bubbles could be detected concurrently. Wongsaroj et al., (2018) obtained
instantaneous velocity profiles of the liquid phase and the bubbles separately in the bubbly flows
based on the Doppler Effect using a single resonant frequency transducer. An extensive review
on ultrasound image velocimetry techniques and their challenges was given by (Poelma,
(2017)). The review focused on the application of cross correlation techniques to estimate

velocities (echo PIV) from ultrasound-based image.

Different ultrasound methods e.g., transit time, Doppler effect, and attenuation spectroscopy can
be used to characterise dispersed phases in liquid-solid, liquid-liquid, and liquid-gas flows.
Ultrasound propagation speed and attenuation depends on the properties of the medium such as
density and compressibility; these methods can therefore be used to measure the volume fraction
of the dispersed phase in fluid-particle flows (Han et al., (2017), De-la-Cruz-Torres et al.,
(2020)). Ultrasound can also be used to measure the particle velocity profiles in liquid-solid
flows (Doppler Effect) and to characterize particle size distribution based on attenuation

spectroscopy approaches (Wongsaroj et al., (2018), Nan et al., (2019)). This technique works
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well for low and high volume fractions of the dispersed particles, but due to high attenuation of
ultrasound in air, it cannot be used to monitor particles in particle-gas flows. The acoustic
emission technique (AE) can be used in solid-gas flows. In such gas-solid systems, elastic waves
are generated from the particle-particle or particle chamber wall collisions or friction (Atkinson
and Kyto"'maa, (1993)). The sound generated by the friction, collisions and fluid turbulence in
gas-particle systems includes not only audible sound, detectable by a microphone, but also high
frequency sound in the non-audible range (Xu et al., (2021)). The generated elastic waves (or
sound) can be recorded by a microphone or an acoustic emission (AE) sensor. Particles in solid-
gas flows can be monitored and characterized once the correlation between particular elastic
waves and particle motion is established (Tsujimoto et al., (1999)). The AE technique can also
be applied to other systems such as liquid-particle flows.

The main drawbacks of the ultrasound techniques are the relatively low resolution and the
maximum achievable frame rate (Poelma, (2020)). The use of high ultrasound frequencies can
improve the resolution, but it leads to high signal attenuation or reduced penetration depth (Ortiz
et al., (2012)). In addition, ultrasound techniques are only suitable when the continuous phase
is liquid. AE techniques, on the other hand, suffer from low amplitude (acoustic signal is
usually weak and operating environments are often noisy which make the discrimination
of the signal very difficult), disturbances from high frequency signal sources such as

turbulence, or interference from nearby electromagnetic sources.

In this paper, we review advances on the application of ultrasound-based and acoustic emission
AE techniques to the study of fluid-particle systems. The basic principles of ultrasound imaging
have previously been reviewed (Wu et al., (2020), Yan et al., (2020), Zhang et al., (2020)).
However, the signal processing approaches for obtaining velocity profiles, dispersed phase size
distribution and volume fraction have not been systematically presented. The use of different
sensors for various applications is an essential part of the measurement technique but has not
been discussed extensively in the existing literature. We review the ultrasound techniques and
their signal processing for online measurements in fluid-particle systems. The measurement
methods based on transit time and attenuation are discussed in Section 2. Section 3 describes
the signal processing approaches for obtaining velocity profiles, particle size and volume
fraction. The acoustic emission AE technique for measurements in particle-gas flows is
discussed in Section 4. Section 5 summarises the conclusions and discusses opportunities for

further improvements and applications.



2. Basic Principles of Ultrasound Techniques

In ultrasound based techniques, a high-frequency sound wave (typically 1-20 MHz) is passed
through the flow area of interest using a probe (transducer) (Wells, (1975)). The choice of
frequency can affect the resolution of the image or the depth of the area that can be investigated.
A low frequency signal gives a lower quality image but can penetrate deeper into the medium,
whereas a high frequency improves the image resolution at the cost of high attenuation and
shallow penetration (Pirri et al., (2020), DosRamos, (2012)). In ultrasound imaging, the main
concern is the attenuation of the propagated sound wave in the medium, which causes a
reduction in signal amplitude. Here, we are briefly describing the time-of-flight TOF and
attenuation of ultrasound as an important parameter for the fluid-particle system
characterizations. In fluid-particle system TOF and attenuation of sound wave are proportional
to the volume fraction of the particles, and they can be used as a tool to characterize the volume

fraction of the mixture.
2.1 Time of Flight (TOF)

When an ultrasound wave propagates through a fluid-particle system, it is partially reflected by
the particle interfaces due to the difference in acoustic impedance between the fluid and the
particles. The wave is reflected back and detected by the same transducer. The transducer
records the time taken for the transmitted wave to be reflected back from the interface, which is
called the Time of Flight (TOF) (Atkinson and Kyto'maa, (1993)) and is given by:

x=—=tXc (1)

where x is the distance, c is the ultrasound velocity in the medium, and t is the TOF through the
medium. The factor %2 is introduced because the signal travels twice through the medium, to the
particle and back. In some cases, the reflection of sound is minimal due to the similarities in the

acoustic impedance of the materials (Hossein, (2019), Baker, (2005)).
2.2 Attenuation

Attenuation of the sound wave can be caused by several factors such as absorption, scattering,
reflection, divergence, and diffraction. Absorption is the reduction of intensity which happens
when the ultrasound propagates through a medium and some of its energy is lost in the form of
heat. Scattering occurs when the ultrasound wave strikes a different medium. Reflection occurs

when the ultrasound wave travels from one medium to another that has different impedance
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(Wu etal., (2020)). Divergence is the spreading of the sound wave beyond the focal point of the
probe. Diffraction happens when the wave passes around a barrier. The presence of particles in
fluid-particle systems, attenuates the sound wave; the attenuation is increased with the particle
concentration (Stakutis et al., (1955)). This is due to the impedance difference between the solid
particles and the fluid (Soong et al., (1997)). The attenuation coefficient of sound(a;) wave

transmitted through a medium over length x can be calculated by:

A; = Ay e %* (2)

where A; is the attenuated amplitude and A, is the initial amplitude of the sound wave. The
acoustic impedance, Z describes the resistance to an ultrasound beam as it passes through a
medium and is given by Z = p.c where p and c are the medium density and the ultrasound
speed in that medium, respectively. When an ultrasound wave encounters an interface between
two media with different acoustic impedances, Z; and Z,, part of it is transmitted and part of it
is reflected. If the incident wave has amplitude A; and approaches the interface with angle 6;, the
reflected wave has amplitude A, and angle 6,., and the transmitted wave has an amplitude A;

and angle 6;, then Snell’s law (Savino and Ambrosio, (2019)) can be applied:

sin(0;) _ sin(6¢y) _ sin(6y)

(3)
C1 Cy C1
The reflection coefficient, R, is then given by:
_ Zycos(6;) — Zycos(6;)
~ Zycos(0;) + Zycos(6,) (4)

3. Application of Ultrasound to Fluid-Particle Systems

In fluid-particle system is of interest to measure several different parameters of these opaque
system, e.g., velocity profiles, particle size, and volume fractions. There are currently no single
techniques available to that able to measure all these parameters, therefore ultrasound technique
can be introduced to measure all these parameters. In this section, the ultrasound signal
processing methodology for obtaining important parameters in fluid-particle flows is discussed,
including average velocity and velocity profiles of both continuous and dispersed phases
(Section 3.1), dispersed phase size distribution (Section 3.2) and volume fraction of the particles
(Section 3.3).

3.1 Velocity Profile Measurements



The transit time method can be used for measuring the velocity of a single-phase liquid (e.g.,
water), and the Doppler shift technique used for measuring the velocity profile of particles in

fluid-particle flows are described below.

Transit Time Method: In this method, the propagation time of the ultrasound signal is
measured between the emitting and the receiving transducers. The principle of this technique is
shown in Figure 1, where the first transducer is mounted at the top of the pipe with angle of
inclination 6 and the second transducer is mounted at the bottom of the pipe with the same
inclination angle. This technique has been widely used to obtain average velocity in single-

phase flows (Thi et al., (2020), Nguyen and Park, (2019)).

Transducer A

Transducer E

Figure 1: Transit time average velocity measurement geometry.

The propagation of a sound wave in a fluid can be described as a vibrating motion where
molecules or atoms are displaced from their normal positions, which means that if the fluid is
moving, then the sound wave will move with the fluid (Conrad and Lynnworth, (2002)). In
Figure 1 with the flow moving from left to right, if the wave is propagating from Transducer B
across the pipe towards Transducer A, the wave propagation speed will slow down, whereas if
the ultrasound wave propagates from Transducer A to Transducer B the wave propagation speed
will increase (Raine et al., (2015)). The propagation time, T4, of the wave from Transducer A to

Transducer B is given by:
_ D
" ¢+ vcos6

(5)

Ty



where 0 is the angle between the flow and the wave propagation direction, and D is the distance
between Transducers A and B. When the ultrasound propagates upstream from Transducer B to

Transducer A the propagation time, Ty, is given by:
. — D
B ¢ —vcosh (6)
From Equations 5 and 6, the average flow velocity, v, can be found as follows:

. (Tg — Ty) c?
" 2 Dcost (7)

The transit time method works well for single-phase flows and is widely used in practice to
measure the velocity of gases or liquids within industrial applications (Eren, (1998), Mori et al.,
(2002)). The technique encounters problems in dispersed multiphase flows due to the scattering
of the sound wave by the suspended particles or drops/bubbles. As a result, the wave can be
significantly attenuated and may not be recorded by the receiving transducer (Vatanakul et al.,
(2004), DosRamos, (2012)).

Doppler Method: The Doppler Effect is a change in the frequency of the sound wave when it
impacts objects that have different velocity to the sound source. To measure velocity with the
Doppler method in a flowing fluid, tracers (such as bubbles or particles) are added, which shift
the frequency of the sound wave (Takeda, (1986)). The frequency shift is predicted by the
Doppler theory. This method is widely used in medicine (Chun et al., (2011), Sigel, (1998)); in
multiphase flows it has been used to measure the velocity profiles of solid particles in dispersed
solid-liquid flows (Meribout et al., (2020), Tomonori et al., (2013), Takeda. Y., (2013)) and
bubble velocity profiles in bubbly flows (Aritomi et al., (2000)). Earlier research has shown that
the Doppler shift is proportional to the phase velocities (Thong-un et al., (2018)). Velocities of
dispersed drops in oil-water flows have also been measured with this approach (Liu et al.,
(2018)).

A schematic set-up for measuring the velocity of solids in solid-fluid flows based on the Doppler

Effect together with the signal processing approach is shown in Figure 2.
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Figure 2: Ultrasound Doppler velocity profile measurement configuration and geometry, echo

signal and velocity profile configurations (Wongsaroj et al., (2018)).

An ultrasound wave is transmitted into the flow by the transducer, and the reflected
(backscattered echoes) signal is recorded by the same transducer. To measure the velocity
profile along the wave path x, the procedure is repeated after a short time (of the order of
microseconds), and the two signals are cross-correlated (Card et al., (1971)). The velocity profile
along the ultrasound wave path can be calculated using Equation 8:
v _ c
() = 57 mgfa® (8)

where f, is the transmitted frequency, f; is the Doppler frequency, c is the sound speed in the

medium and @ is the incident angle (Wongsaroj et al., (2018)). The reflected (echo) signal,e(t),

received by the same transducer theoretically can be expressed as:

fa (x)>
fi prf

e(t) = Acos2n(f,(t —t,) + n< 9)

where t,, represents the delay time of the reflected signal at n (number of pulses), A is the signal
amplitude of the reflected signal and f,,r is the pulse repetition frequency. To obtain the
velocity profile from Equation 8, the Doppler frequency from Equation 9 is required. The
Doppler signal is extracted from the reflected signal, e(t), and is estimated using FFT (Fast
Fourier Transform) from the following equations (Thong-un et al., 2018). Firstly, the echo signal
e(t) is treated with a low pass filter (noise removed) to eliminate the carrier wave component
in Eq 10, and then the magnitude of each frequency bin is calculated by Eq 11. The subscripts |

and Q in Eq 10 refer to the sine and cosine terms
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[Ze(t)ex p(izn'fot)]low pass filter = Xy (t) +ix Q(t)- (10)

Xmagnitude(f) = ’XIZ )+ iXé 6] (11)

where, X;(f) and X, (f) are the DFT (Discrete Frequency Transform) of x;(t) and x4 (t). To

express the power spectrum, we need to carry out FFT for each reflected pulse.

Prorwara(f) = (Re[X,(P)] = Img[Xo(N])*  + (Re[Xo(F)] + Img[X,(F) )?

Poackwara(f) = (Re[X;(f)] + Img[Xo(F) 1) 2 + (Re[Xo ()] — Img[X;(f) )?
Where P is the power spectrum, and finally the Doppler frequency can be determined by:
fd (x) _ Z f(Pforward (f) - Pbackward (f)) (13)

Z f(Pforward (f) + Pbackward (f))

Finally, the computed f; (x) is inserted into Equation 8 to calculate the particle velocity profile.
When there are many particles in the mixture, the number of pulses, n e.g., the number of
reflected pulses from the mixture, could be counted, and similar to a single particle (explained

above), the signal processing could be carried out for a large number of particles.

The above technique is the most used method to measure frequency shift, although it is not the
most accurate. This is because both the signal transmitted through the mixture, and the signal
reflected by the moving particles are received by the same transducer. This leads to an error as
the signal travels along the same path for a second time while changing its frequency. Another
error arises as the transducer switches from the transmitting to the receiving mode, which can
result in loss of some of the signal (Wongsaroj et al., (2018)). A better way to measure the
Doppler shift frequency would be to use two transducers, one as a transmitter and the other as a
receiver, see Figure 3, with the signal travelling only once through the mixture (Xiaoxiao et al.,
(2015)).

11
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Figure 3: Ultrasound Doppler velocimetry [ultrasound wave propagated along the x-direction]
(Xiaoxiao et al., (2015)).

The wave received by a tracer particle will have a frequency, f;, which is different to the emitted

frequency f, and is given by:

f1:c+V(x)c059f0 (14)

Cc

where V (x) denotes the particle velocity, c is the speed of sound in the continuous fluid, and 6
denotes the transducer inclination angle. The acoustic wave scattered by the particle that is

received by Transducer B has frequency f,. given by:

c

fr= c—V(x)cosh

f (15)

From Eq 14 and Eq 15 the frequency shift, f;(x), can be found as:

(16)

faG) = fi— fo = [ L2

c

From Equation 16, the velocity profile of the particles V(x) along the direction of the ultrasound
wave propagation (Figure 3) can be calculated as:

¢ fa(x)

Ve = 2cosB f,

A7)

For accurate results using the Doppler method, it is important to know the correct Doppler
angle,a, (the angle between the ultrasound wave propagation direction and the flow direction

(see Figure 4 a). The following equation can be used to calculate the Doppler angle:

— 3 2]
cosa = ZCOS (18)
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where, c;is the sound speed in the ultrasound gel, csis the sound speed in the fluid-particle
flow, @ and 6 are the Doppler angle and transducer incline angle, respectively. The difference
between a and 8 can be small if the gel and the continuous fluid in the pipe have similar acoustic
impedance and this is the case when the test fluid is water. However, if the test fluid is not water,
this difference may be large and cannot be ignored.

Ultrasound Gel /) c,(gel) 8MHz

(D,=3)
Particle (Pattern C)

b cpipe)
cz(Water)

= b — Bubble (Pattern A)
2MHz N

(D,=10)

(a) (a)

Bubble (Pattern B)

Figure 4: a) Detection of the angle between ultrasound wave propagation direction and flow
direction (Wang et al., (2002)), b) schematic diagram of a multi-wave transducer (Kikura

et al., (2009)). .

A technique which utilises a multi-element transducer that produces waves with different
frequencies has been applied to the simultaneous measurement of both liquid and bubble
velocities in dispersed bubble- solid flows (Kikura et al., (2009)). The transducer used had an
inner element with 3 mm diameter operating at 8 MHz frequency and an outer element with 10
mm diameter operating at 2 MHz frequency (Figure 4 b) and was installed on the outer surface
of the test section with an angle of 45° facing downwards. The signals reflected from the phases
were then recorded by the same transducer. The measurements were carried out in a suspension
of micro plastic particles used as tracers (at concentration of 0.2 g/L ) and of bubbles (2.5 mm)
at void fraction of 1.8% . The inner transducer element indicated the liquid velocity using the
particles as tracers, while the outer element was used to calculate the bubble rising velocity. The
signal processing is more complex in the case of multi-element transducers compared to single
element ones. A combination of the reflected signals at 2 MHz and 8 MHZ is shown in Figure

5, where D, denotes the probe element diameter (see Figure 4 b).
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Figure 5: Ultrasound signal patterns (Kikura et al., (2009), Hiroshige et al., (2009)).

As can be seen in Figure 5, in Pattern A, the reflected signal appeared at 2 MHz, from the
bubbles, but there is no reflected signal at 8§ MHz. In Pattern B, the reflected signals appeared
at both the 2 MHz and 8 MHz, including both particles and bubbles. In Pattern C, the signal is
reflected only at 8 MHz from the particles. The bubble velocities were obtained using the
reflected signals at 2 MHz from Patterns A and B. The liquid velocity profiles were found by
subtracting Pattern B from the recorded signals at 8 MHz, and the particle velocities were

obtained using the reflected signals at 8 MHz in Pattern C.

3.2 Particle Size Distribution (PSD)

Ultrasound has been used to analyse particle size distribution in multiphase flows for solids
concentrations up to 60% (Nan et al., (2019), Patricia and Derek, (2000)) and a wide range of
particle sizes, from 10 nm to 1 mm (Thao et al., (2016), Vatanakul et al., (2004)). Two types of
waves have been applied: continuous and pulsed longitudinal waves (Atkinson and Wells,
(1977)). Pulsed waves are preferred to continuous ones to avoid the effects of acoustic
interference (where two waves with similar frequency in a medium combine and produce a
constructive or destructive wave (Mingxu et al., (2008)). In the measurements, ultrasound
waves with different frequencies are emitted by the transmitter and the attenuated signals are
collected by a receiver (Spelt et al., (1999)). The attenuation coefficient can then be calculated
using Equation 2 (Riebel and Loffler, (1989)). An example of the relationship between particle

size and attenuation spectrum for different frequencies is shown in Figure 6.
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Figure 6: Variation of relative attenuation coefficient with particle size at different frequencies

(Mougina et al., (2003)).

From Figure 6 it is clear that if attenuation is measured at a single frequency, only four mono-
size populations (two in the region of viscous attenuation, one in the scattering loss region and
the fourth in the diffraction zone) could be produced. This is the reason that a range of
frequencies is used. To obtain the particle size distribution (PSD), the attenuation of the
ultrasound signal propagating through a fluid-particle flow is measured as a function of
frequency. The FFT method can be used to obtain the broadband ultrasonic spectrum, from
which the attenuation spectrum is calculated for each frequency. In most cases, the PSD is
derived from the acoustic attenuation measurements by using the Epstein and Carhart (Epstein
and Carhart, (1953)) and Allegra and Hawley (Allegra and Hawley, (1972)) (ECAH) model.
The model considers the scattering of the ultrasound by a single particle and relates the
attenuation spectrum with the physical properties of the particle. The physical properties of each
phase are required, including sound velocity, density, thermal expansion coefficient, heat
capacity, thermal conductivity, viscosity of continuous phase, and shear rigidity of the solid

sphere. In the ECAH model the attenuation is related to the physical properties as follows:

a=ua(f,0,rP) (19)

where a denotes the attenuation spectrum vector, and r is the particle radius. Theoretically, the
attenuation is a function of frequency f, particle volume fraction ¢,., particle radius r and a
physical vector P which contains all physical properties. The ultrasound attenuation, «, in the
fluid-particle system is taken as the sum of scattering effects from each particle, and is expressed
as:
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_ 30, 1
a= 2 Jzzl(r]f .n:0(2n + D[A, (1}, w;)] (20)

where k = 2:" is the wavenumber of the emitted wave, A, is the scattering coefficient, which is

a function of (kr), k and r are the wave number and the particle radius respectively, and N is
the number of points in the attenuation spectrum. The integer (n = 0,1,2,3 ...) corresponds to
the nth partial wave and represents different angular modes (monopole n = 0, dipole n = 1,
guadrupole n = 2, and so on). The variation of the scattering coefficient An plays a key role in
the calculation of the attenuation coefficient. The attenuation caused by the particles having

diameter 2r and volume fraction ¢,. is proportional to :’72, (Riebel and Loffler, (1989)), and the

attenuation coefficient can be calculated as follows. The inversion process to solve the form of

matrix of Equation 20 is expressed by (Jia et al (2019)) as:

_ 30, 1 ©
a(w;) = > sz(rj)3zn=0(2n | 1)[An((rj,wl-)]drz VAr; (21)
Gi Ajj F;
AF =G (22)

where A represents the scattering coefficient matrix, F is the discrete frequency distribution of
the particle size, and G is the actual attenuation coefficient measured at a different frequency.
The Equation 21 is a classical ill-posed problem and therefore the regularization factor y and
smoothing matrix H was introduced by (Jia et al (2019)) to solve the form of the matrix as

follows.

F = (ATA+yH)ATG (23)

The core matrix, 4, is constructed as a ‘forward problem’ by summing the discrete particle size
and frequencies. H is a smoothing matrix (a filter to reduce the noise), y is the optimum factor
(i.e., a Lagrange multiplier used to find local minimum and maximum values) (Su et al., (2008)).

The solution of F represents a positive value for PSD.

In fluid-particle system the contribution of different particle size fractions to the overall
ultrasound attenuations are linearly weighted with their concentration. The matrix of extinction
coefficient A is given by:
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where, o = 7P = T d is particle diameter, A is the wavelength, np is the dynamic
F

fluid viscosity, f is transmitted wave frequency, p, and pg are particle and fluid viscosity,
respectively. The optimal regularization technique (algorithm) was used by (Mingxu et al.,
(200)) by optimization of the y factor to particle size distribution inversion. In Equation 23 F is
a non-negative discrete frequency distribution of the particle size. To calculate the attenuation
coefficient G; in practice, two sensors are attached to the mixture wall in the opposite direction:
one sensor sends the signal with a range of frequencies, and the other sensor receives the
attenuated signal. The attenuation of the received signal can be calculated for each frequency
by using Equation 2.
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Figure 7: Numerical simulation employing Optimum Regularization Technique algorithm (a)
inversed PSD; (b) predicted ultrasonic attenuation spectra expressed by Equation 17 (Rn is the
characteristic radius parameter of Rosin-Rammer distribution and k is the uniformity

coefficient) (Mingxu et al., (2008)).

Figure 7 shows a numerical solution following the above algorithm that was carried out for a
glass beads aqueous suspension 1% (v/v) with the predicted attenuation spectra and PSD for
different particle sizes (15, 30 and 65 um) by (Mingxu et al., (2008)).

Richter et al., (2005)., also reported a methodology proposed by Faran (Faran, (1951))) to predict
particle size distribution in a region of micro-sized particles using the measured attenuation

spectrum. They first characterized particle volume fractions independently from the ultrasonic
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attenuation with respect to particle size and shape. The results compared well against those from

a commercial attenuation spectrometer.

3.3 Solid Volume Fraction

Ultrasound techniques can be used to measure the volume fraction of particles in dispersed fluid-
particle flows. The dispersed phase volume fraction affects the ultrasound speed and the
attenuation of the propagated wave (Poelma, (2020)). The ultrasound speed is dependent on the
density and compressibility of the medium and is affected by the presence of solid particles and
gas bubbles within the flow (Kong et al., (2017)). According to the literature in liquid-solid
flows both the wave transmission time and the amplitude ratio (the ratio of the received signal
amplitude, A4;, to the transmitted signal amplitude, A,) decrease with increasing solid volume
fraction (Soong et al., (1997), Jingyuan and Yong, (2016)). In addition, an increase in gas
velocity increases the attenuation of the propagated wave. The change in ultrasound propagation
speed and attenuation depends on the applied frequency, bubble, or particle size and on the
dispersed phase volume fraction within a mixture (Tran et al., (2016), Wang et al., (2019)).
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Figure 8: Transmission time and amplitude ratio vs solid concentration in a water-glass

particle system measured at a frequency of 4 MHz (Stolojanu and Prakash, (1997)).

Figure 8 shows the transmission time and amplitude of the propagated ultrasound wave as a
function of solid concentration in fluid (water)-particle flows within a Plexiglas channel with

0.1016 m diameter. Two ultrasonic sensors were used to generate and receive the signal through
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the system. Excitation frequencies of 0.1 to 100 MHz were used to measure the transmission
time of the ultrasound wave through a mixture of glass particles (35 um) in water at a
concentration of up to 90% by weight. For the amplitude measurements concentrations up to
25wt % were used (Stolojanu and Prakash, (1997)). As can be seen in Figure 8 both the
transmission time and the amplitude ratio decrease with increasing particle concentration. The
increase in gas velocity will increase the number of bubbles and this increases the transition

time of the propagated wave (sound waves move slower in gas compared to liquid).
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Figure 9: a) Variation of ultrasound velocity vs solid concentration and particle size in water-
glass bead suspensions b) Attenuation as a function of solids volume fraction and particle size
(Stolojanu and Prakash, (2001)).

In Figure 9 a, the results indicated that the acoustic wave speed decreases with increasing
particle size. It is not clear what causes the change of velocity with increasing particle size.
Figure 9 a also shows that the sound velocity increases with increasing solid particle volume
fraction, which is expected because the sound speed increases with an in increase in both the
compressibility and density of the medium. The effect of solid volume fraction (up to 45 vol%)
of different particle sizes on ultrasound speed in slurry systems was reported by (Stolojanu and
Prakash, (2001)) (Figure 9 b). To express the effect of solid volume fraction on attenuation, the
following equation was proposed for the attenuation coefficient by (Stolojanu and Prakash,
(2001)) :

a= a; = —Zn:%ln (i—j) (25)

n
i=1 i=1

where, 4, is the initial amplitude, 4; is the attenuated amplitude and x is the distance the sound
wave travels in the medium. Figure 9 b also shows that the attenuation increases with increasing
particle size and solid volume fraction while the increase in volume fraction is more significant

for the larger particle diameter.
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An algorithm for determining the volume fraction of oil drops dispersed in a water continuous
phase has been described by (Chaudhuri et al., (2012)). This analogous methodology could be
used in other dispersed systems such as solid-liquid flows. Two models have been proposed to
calculate the oil volume fraction, ¢, by (Uric, (1947)) and (Atkinson and Wells, (1977)). The
two models can be combined as follows. The volume fraction of oil in the mixture of oil V, and

water V,, is given by:

)
(p =
From conservation of mass in an oil-water system.
pWVo + V) = poVo + Pwhiv = p = po® + puw (1 — @) (27)
where, p is the mixture density, p,, p,, are the oil and water densities, respectively.
From the above equation:
P Po
—=p—=+(1-¢)=1—p(1 -1
ow  bw ¢ v(1=n) (28)
where = 5—" . From Equation 27 and Equation 28 the following is found :
P A=) +p2Cte)  (A-p)+r2+9) 2
pw Pu(l+20)+20,(1—9) (+2¢)+2r(1—¢) (29)

The speed of sound in oil, c,, and in water, c,,, is expressed as:
1 1

!C -
NN (30)

Co =

where k,, k,, are the oil and the water compressibility, respectively. Also:

2
Ko _KoPo Pw _ Sw” _ Cy

= =TT 31

Ky KwPw  Po TCOZ TCZ ( )
2 2

Here C, = CCZ—D C, = CCZ—W ¢ is the sound speed in the mixture, ¢ = 1/,/pk, p is the density of the

composite medium and « is the adiabatic compressibility of the medium.

k= @K, + (1 - @)y, (32)

From Equation 30 and Equation 31 it is found that:

K ok, ¢
— = 1-@)=1—g(l-—=
T, FAme =19 -Tm) (33)
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By multiplying Equation 32 with Equation 23 the following quadratic Equation 28 is found:

Ap?+Bp+D =0 (34)

where A = (C; —rCy)(1 —71),B =2rC, — C; +r?Cy + 2r(1 — €, — 7) and
D=r(1+2r)(1—-Cy).

The final solution of the quadratic equation is given as follows:

—B ++VB? — 44D
Q= A (35)

The solutions of Equation 35 are shown in Figure 10 for various temperatures, and this showed
that the sound speed is a function of volume fraction and the density in water and crude oil.
Chaudhuri et al., (2014) also reported the numerical study and reveals that, higher errors occur

when the two-component fluids' properties (sound speed) are similar.
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Figure 10: Volume fraction of crude oil in water as a function of the sound speed at different

temperatures (Chaudhuri et al., (2014)).
4. Acoustic Emission AE Technique

The term acoustic emission (AE) describes both the phenomenon and the measurement
technique. In fluid-particle systems the collision between particles or of the particles with the
chamber wall releases energy in the form of elastic waves. The generation of the elastic waves
is termed acoustic emission and depends on the nature of the sources. The elastic waves are
generated in the range of ultrasound frequencies and can be detected via a microphone or a
transducer (Scruby, (1987)). Acoustic emission elastic waves can also be generated when the
internal structure of solid materials changes (Nsugbe et al., (2019)). The generated AE signals
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are of practical interest in engineering for solids characterization in solid-gas flows, or for
detection of leaks in flow systems. Here, in the following section 4.1, we introduced the

application of acoustic emission technique to solid-gas flows.
4.1 Application of Acoustic Emission AE Technique to Solid-Gas Flows

Non-intrusive acoustic emission (AE) sensors can be applied to characterise the two-phase flow
in solid-gas, solid-liquid and liquid-gas flows. The acoustic technique has not been applied to
gas-liquid circulated fluidised beds. In gas-solid fluidised beds, an elastic wave may be
generated from (1) particle-particle or particle-wall friction, (2) particle-particle or particle-wall
collisions, and (3) air turbulence in the bed. This elastic wave includes both audible and high-
frequency sound, which can be measured by the AE sensor. The acoustic wave of an AE
transducer with a frequency of 40 kHz in the air is 0.01 dB, and this implies that the probe
cannot reliably be used at a large distance from the source of elastic wave due to the high
attenuation of the sound wave in the air. The AE sensors have a piezoelectric element which
converts the mechanical sound wave into an electrical analogue signal, which is then amplified
and converted to digital data and displayed on an oscilloscope. Xu et al., (2021) reported a series
of experiments to measure the effect of the acoustic field on the fluidization characteristics of
solid-gas separation fluidised bed. They concluded that the acoustic frequency changes with
increasing the volume fraction of fine particles and sound pressure level, and the sound filed
improves the efficiency of the contact between the air flow and the particles. Tsujimoto et al.,
(1999) developed a high-frequency 140 kHz AE sensor and applied it to a gas-solid fluidised
bed. They reported the relationship between acoustic emission amplitude, gas velocity and
dimensionless bed height. They used an acoustic sensor to measure the elastic wave of a sound
generated by the fluidised particles in solid gas fluidised bed granulator. The generated elastic
wave by friction and collisions of the fluidised particles propagated in all directions and
collected by the AE sensor. The detected signal was amplified up to 40 dB. The output signal
frequency was analysed using FFT. The AE signal filtered by the band pass filter to filter out
the background noise. In general, the activity of the fluidised bed particles depends on the gas
velocityUs, beyond the minimum fluidisation velocity, Up,¢. The frequency spectrum obtained
from the fluidised bed particles at a gas phase velocity of Us = 0.6 m/s is shown in Figure 11 a.

The maximum AE amplitude recorded within the sensor frequency range of 125-375 kHz. The
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change in both acoustic emission amplitude, 4,¢, and the expanded bed height, H, are shown

in Figure 11 b.
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Figure 11: a) Frequency spectrum obtained from the fluidised bed particles at gas phase velocity
of U = 0.6 m/s, and b) change in mean amplitude (L,z) and fluidised bed height (H) with
increasing fluidised bed gas velocity (Us) (Tsujimoto et al., (1999)).

In Figure 11 b, the bed heights are also measured visually (dashed lines), while the square
symbols indicate the bed height as measured by the acoustic emission sensor. An increase in the
amplitude of the received signal with the gas phase velocity was related to the increase in the
frequency and strength of particle-particle or particle-wall collisions beyond the minimum
fluidisation velocity (0.128 m/s). The relationship between the measured AE amplitude and the

gas velocity for various operating conditions is presented in Figure 12 a.
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Figure 12: a) Effects of fluidised bed air velocity against mean AE amplitude at different size
(L,M,S) and weight (W) of particles in a fluidised bed (Tsujimoto et al., (1999)), b) A
comparison of ultrasound level measurements with visually measured bed levels in a hopper

(H is the distance of the powder level from the probe) (Kong et al., (2017)).

The experimental conditions were fitted to the following equation:

A4 (232X 107 /)17 = 1.40 X 1072[(Us = Upy)/Ums]**° (36)

where d, denotes the particle diameter. For all sample sizes, small, medium, and large (S, M,

L) in Figure 12 a, the AE amplitude increases with increasing gas velocity and particle size.

Briongos et al., (2005) showed that low-frequency acoustic emissions could be used to monitor
solids in solid-gas fluidised beds. They developed a portable measurement system that is
applicable to both laboratory and industrial scales. Jingdai et al. (2009) carried out acoustic
emission measurements to monitor the patterns during particle fluidization. The results showed
that the gas velocity, particle size, and static bed height significantly impacted the fluidization
pattern.

Kong et al., (2017) also reported an acoustic displacement sensor (this sensor operates with a
low frequency signal, f = 40 KHz) monitoring technique for gas-solid fluidised beds, see
Figure 12 b. The results from acoustic techniques were compared with data obtained from video-
imaging. The bubble frequencies were found at 1.6, 1.8, and 1.9 1/sec, respectively, and these
results were very close to the results obtained using video imaging (1.68, 1.82, and 1.88 s—1,
respectively). Wang et al., (2019) investigated the detection of acoustic signals from the flow
of sand in a steel pipeline. The AE signals were measured in two different positions (one at the
upper surface of the pipe and the second after a bend). Sand particles with a diameter of 80 um,
96 um, 109 um, 125 um and 150 um and density of 2.65 g/cm3 were mixed with water in the
reservoir. They found that the AE [RMS] value is increasing with both the sand size and the

concentration. The results indicated that the AE sensor could detect sand in water flow.
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5. Conclusions

Ultrasound techniques were originally designed for medical imaging, but recent works have
shown that they can be reliably used to study fluid-particle flows. Acoustic based measurements
offer significant advantages over other techniques, such as fast response, real-time
measurement, and possibility to use them with optically non-transparent test sections, often
required for high pressure, high temperature processes or in reactors with radioactive content.
In addition, acoustic equipment is cheap, not harmful and involves no radiation. Ultrasound
techniques can be used in liquid-particle systems to obtain volume fraction of the particles,
particle size distribution and velocity profiles. The main drawbacks of the ultrasound techniques
are the relatively low spatial resolution and the maximum achievable frame rate. The use of high
ultrasound frequencies can improve the time resolution, but can lead to high signal attenuation
or reduced penetration depth. However, because of the large attenuation of sound in gases,
ultrasound-based techniques cannot be used in gas-solid systems; in such system acoustic
emission (AE) techniques are more appropriate. The main drawbacks associated with the
acoustic emission AE techniques are low amplitude (which in noisy environments can make the
discrimination of the signal difficult), the need for highly specialised sensors, the disturbances
caused from high frequency signal sources such as turbulence, or possible interferences from

nearby electromagnetic sources.
In summary, this paper showed that:

e The transit-time method can measure the average liquid velocities in single-phase flows.
Methods based on the Doppler effect can measure particle, bubble/droplet, and liquid
velocity profiles in fluid-particle systems.

¢ Ultrasound attenuation or sound speed measurements of a propagated sound wave in a fluid-
particle mixture can be used to characterise volume fractions of particles or droplets in fluid-
particle flows.

e Ultrasound attenuation techniques can be used to characterise particle size distribution in
highly concentrated liquid-particle flows.

e The acoustic emission AE technique can be used to measure particle size and particle
velocity in gas-particle flows.

Ultrasound techniques can be further applied to three phase flows, bubbly flows and liquid-

liquid or liquid gas flows and to flow regime imaging. However, acoustic techniques require

additional improvements in terms of building algorithms for data processing. Improvements
can be achieved by employing machine learning to enhance the accuracy of flow measurements
and to identify flow regimes by ultrasound. Machine learning has been used to improve the

accuracy of real-time flow regime identification (Zhang et al., (2020)) and has recently emerged
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as the leading learning tool in image analysis. The major performance improvements that can
be achieved with machine learning greatly depend on the availability of large training datasets.
However, the current availability of datasets in the application of fluid-particle flows is limited.
Ultrasound and acoustic emission AE techniques that enable fast measurements are suitable for
obtaining large number of data; their further development together with machine learning are

therefore very promising.

This review demonstrated that acoustic-based methods (ultrasound and AE) can advance the
fundamental understanding of fluid-particle flows and can help their monitoring and operation.
Ultrasound and acoustic emission based measurements can be considered for many multiphase
flow applications including fluid-bed systems, solid-liquid-gas systems in stirred vessels, and

in small channels used for process intensification.
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Nomenclatures

Symbol Abbreviations Unit
Apg Acoustic emission amplitude mVorV
A Wave amplitude mVorV
A, Scattered wave amplitude mVorV
c Sound Speed m/s
x Distance cmorm
D Pipe diameter cmorm
f Frequency Hz
fa Doppler frequency Hz
forf Pulse reputation frequency Hz
k Wave number cm™1
K Compressibility m?/
t Time sec
Upys Minimum fluidisation velocity m/s
Uq Gas phase velocity m/s
V(x) Particles velocity Profile m/s
VA Acoustic Impedance Pa.s/m
9 Wave transmission angle Rad/m
a Attenuation coef ficient cm~torm™
p Density kg/m3
R Reflection Coef ficient | e
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0] Volume fraction | ...

) Angular frequency Rad/sec
r Particle radius um
t, Delay time sec
14 Optimum factor | ..
A Wave length m
Nr Fluid viscosity Pa.sec
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