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Abstract

This paper describes an application of ultrasound techniques to solid-liquid fluidized beds. The
ultrasonic methods, experimental setups, and the signal processing for obtaining velocity
profiles, particle size distribution, and solids volume fraction are discussed. The techniques are
based on the measurement of the ultrasound attenuation coefficient, sound speed, and frequency
shift of the propagated sound wave. The ultrasound propagation speed in solid-liquid fluidized
bed was measured to be between 1504 m/s to 1565 m/s for glass particles with volume
fractions spanning from 27% to 70% in water. The solid velocity profiles were measured for
liquid superficial velocities varying from 0.84 cm/s to 4.24 cm/s. The particle size distributions
were measured for four different sizes of glass particles ranging from 500 pm to 1250 um at a
solid volume fraction of 35%. This paper also reports the importance of the techniques as a
diagnostic tool to investigate the particles segregation behaviour in solid-liquid fluidized beds
at different fluidization conditions. The results indicated that ultrasound techniques are a

powerful tool that can characterise in real-time highly concentrated solid-liquid systems.
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1. Introduction

Fluidized-bed reactors have very broad and extensive industrial applications, mostly in the
chemical, biomedical and nuclear power generation fields (Cocco et al., (2014)). To understand
and be able to predict the behaviour of these complex systems it is of paramount importance to
measure different parameters, such as fluid and particle velocity profiles, particle size
distribution and voidage (fluid volume fraction) during operation. Currently no single technique
available enables the measurement of all these parameters. The aim of this paper is to introduce
ultrasound-based techniques, which can measure these quantities in real time in liquid-solid
fluidized beds. Particle size characterization in fluidized bed systems is of great importance to
their application in energy generation, materials preparation, and pharmaceutical industries.
Measuring the particle size distribution (PSD) is significant when it changes over time, due to
agglomeration or particle breakage in thermochemical systems (Lin et al., (2011), lannello et
al., (2020)), polymerisation or attrition (Yates and Lettieri, (2016)), and in biological wastewater
treatment (Garbowski et al., (2019)). Acoustic emission technique could be used to the study of
fluid-particle flows; recently acoustic emission waveform was used to obtain detailed structural
characteristics of coal rock masses at different loading stages (Li et al., (2021)-b, Li et al,,
(2021)-a). Ultrasound technique can be used to observe particle segregation patterns and can be
useful to understand and optimize the hydraulics of a fluidized-bed reactor. On the other hand,
solid particle velocity and voidage profiles provide useful information on the fluidization
quality. Being able to non-invasively determine these quantities while the fluidized bed is
operating would represent a great diagnostic tool, useful to improve the operation of industrial

systems.

Several measurement techniques have been developed to characterize dispersed phases in
opaque fluidized bed systems, such as impedance and optical fibre probes (Taofeeq and Al-
Dahhan, (2018), Tortora et al., (2008)). Currently, axial voidage profiles can be obtained from
local pressure measurements (Saadevandi and Turton, (2004)), electrical capacitance (Sines et
al., (2019)) and optical probes (Liu et al., (2003)). The physical principles behind the last two
techniques are, respectively, the differences in the electrical properties between various phases
in the case of impedance probes, (Spinelli et al., (2019)) and in the light transmission properties
for optical fibre probes (Mufioz-Cobo et al., (2017)). However, the optical probe techniques are
invasive, affecting the fluid dynamics of the bed. Techniques based on electromagnetic radiation
attenuation for obtaining voidage distribution, such as y-ray or x-ray imaging (Materazzi et al.,
(2017)) rely on the differences in density of different materials. Their applications to liquid-
solid fluidized beds, where this difference is fairly small, are therefore limited (Panariello et al.,

(2017)). Current techniques to measure the solid particle velocity field are particle image
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velocimetry (Laverman et al., (2008)), optical fibre Doppler frequency shift (Evseev, (2016)),
positron emission particle tracking (PEPT) (Langford et al., (2016)) and computer-automated
radioactive particle tracking (CARPT) (Mosorov, (2013)). In particle image velocimetry tracer
particles must be inserted with refractive index that matches that of the liquid and of the other
particles, significantly limiting the materials that can be used. On the other hand, the optical
fibre Doppler frequency shift technique is invasive, while the last two tracking methods are not
appropriate for online diagnostics, as they follow one particle at a time and need further
statistical post-processing to provide the particles velocity field. Finally, particle size
distribution and segregation patterns in a fluidised-bed reactor can be obtained by sampling the
particles at different heights (Chen and Keairns, (1975)) or at the top of the bed (Di Renzo et
al., (2020)) while the reactor is operating. Alternative techniques include stopping the flow to
freeze the bed and then measuring the pressure drop for small flow rates along the column (Lam
Cheun U, (2010)) or applying image analysis to a pseudo-2D fluidized bed system (Obuseh et
al., (2012)). From these techniques, sampling particles and using local pressure drop are not
suited to online measurements. The local pressure measurements can only determine an average
particle size, rather than a distribution. The last approach is only applicable to 2D reactors with

transparent walls, which are not common in industrial applications.

Ultrasound techniques offer a valid alternative to the above approaches as they have many
desirable characteristics; they are non-intrusive, have fast response and low cost, allowing for
cheap, online measurements of non-transparent test sections(Hossein, (2019), Hossein and
Wang, (2019)). (Vatanakul et al., (2005)) used ultrasound attenuation and speed to measure the
phase hold up in air-water-solid circulating fluidized bed. In this study we develop the
ultrasound techniques to characterise particle velocity profile and particle size distribution
(PSD) beyond the phase hold up, in liquid-solid fluidized beds. The ultrasound techniques used
here are based on the measurements of the sound attenuation and speed to characterise the
voidage of the bed, of the Doppler effect to obtain the solids velocity profiles, and of the
attenuation coefficient at different sound excitation frequencies to characterise the particle size
distribution. The Doppler effect manifests itself as a change in the frequency of the sound wave
when it impacts objects moving at a different velocity with respect to the sound source and is
widely used in medicine (Chun et al., (2011), Sigel, (1998)); in multiphase flows it has been
used to obtain velocity profiles of solid particles in dispersed liquid-solid flows (Meribout et al.,
(2020), Tomonori et al., (2013), Takeda. Y., (2013)) and of bubbles in bubbly flows (Aritomi
et al., (2000)). Ultrasound has been used to analyse the particle size distribution in sample cells
for solid concentrations up to 10% (Nan et al., (2019), Patricia and Derek, (2000)) and a range
of particle sizes, up to 30 um (Thao et al., (2016)).



In this work we develop the ultrasound techniques and signal processing to characterize the
velocity profiles and size distribution of particles in addition to volume fraction in highly
concentrated fluidized beds, with up to 35% particles volume fraction, for the first time.
Previous works have obtained phase hold up in fluidized beds (Vatanakul et al., 2005) or only
studied the variation of the sound speed and attenuation in suspensions of particles in sample
cells or small vessels (Dion and Burns, (2011), Huang et al., (2013), Hossein and Wang, (2020)).
We also propose a new approach to measure the velocity profile of the solids, based on the use
of two transducers. The conventional use of a single transducer for velocity profile
measurements leads to a large error because both the transmitted and the reflected signals travel
through the same path in the mixture. Furthermore, when the probe switches from the
transmitting to the receiving mode, there is some loss of the signal. The use of multiple sensors
overcomes these issues. In what follows, the materials used, and the methodologies developed
are discussed in Section 2. Section 3 details the results and discussions, and Section 4

summarises the conclusions.

2. Materials and Methods

The experiments were conducted in a vertical fluidized bed made of a borosilicate glass tube,
which is 0.4 cm thick, 80 cm high and has an inner diameter of 5 cm (see Figure 1). The top of
the tube has a stainless-steel dutch weave mesh to prevent suspended particles from escaping.
Water (tap water with density of 1000 kg/m?) is pumped into the bed through a distributor,
which is made of another stainless-steel dutch weave mesh with a hole size of 500 pum. The role
of the distributor is to evenly distribute the water across the bottom of the bed and avoid the
backflow of particles. The flowrate is controlled via two manual rotameters. It is assumed that

the temperature is constant and equal to room temperature.



M- Manometer

P- Pump
T1- Transmitter transducer 1
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Figure 1: Diagram of the liquid-solid fluidized bed with a sketch of the a) ultrasound
attenuation and speed measurement setup, b) ultrasound spectroscopy measurements, ¢) UVP
measurement.

The bed is initially made of glass beads with a density of 2500 kg/m3. Beads of different
diameters (as provided by the manufacturer) were used, as shown in Table 1. Sample 4 in Table
1 was obtained by mixing equal masses of samples 2 and 3. The minimum fluidization
velocities, Uy, for each size, at which the bed starts to expand, are also shown. They were
obtained experimentally from fluidization curves of pressure drop across the bed against liquid
superficial velocity. The pressure drop increases with increasing liquid velocity until the point
of fluidization, where the liquid velocity is large enough for the drag force on the particles to
balance their weight; beyond this point, the pressure drop is constant. The minimum fluidization
velocity can be obtained from the intersection of the two lines fitting the experimental data
below and above the fluidization point. These minimum fluidization velocities are a function

of the particle size and density, as well as of the density and viscosity of the liquid.

Moreover, the average minimum fluidization velocity of sample 4 was obtained both with a
correlation for binary mixtures (Owoyemi, (2007)) and experimentally by the means of the
pressure drop curves. The first technique returned a value of 0.78 cm/s, while the second one
led to a minimum fluidization velocity of 0.96 cm/s. The two results are consistent with each
other, and the discrepancy is possibly due to a combination of experimental error and the fact

that the correlation for binary mixtures does not take into account certain properties, such as the
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width of the particle size distribution. Both of them, however, are significantly lower than the
larger particle minimum fluidization velocity, as expected (Yang, (2003)). The experimentally

derived minimum fluidization velocity U, will be used here.

Table 1: Prepared samples for ultrasound spectroscopy test

Sample Particle Weight Minimum
Diameter Range Fluldlzat.mn
superficial
(Manufacture) [gram] velocity
m
(] Upf [cm/s]
1 500-600 443 0.28
2 750-1000 443 0.75
3 1000-1250 443 1.19
4 750-1250 443 0.96

The particle size distributions of each of the three unmixed samples, to be used as a reference,
were obtained from images with a border recognition code based on the Matlab function

imfindcircles. The results are shown in Figure 2.
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Figure 2. Particle size distributions of the three samples.

When the liquid superficial velocity is larger than the minimum fluidization velocity U,, the

bed starts expanding and the solid-liquid mixture starts behaving like a single phase fluid. Since

the fluidizing agent is a liquid, there will be no formation of bubbles, while as the flow rate

increases, the fluidized bed will continue to expand (Ghatage et al., (2014)). The values of the
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liquid flow rate and of the corresponding bed height are measured respectively via the
rotameters and a tape measure on the fluidized-bed wall. The bed height hy allows for the
computation of the bed voidage, €. Table 2 shows the voidage values for 0.55 kg of sample 1
particles. Knowing the mass and the density of the particles, respectively my and p,, as well as
the inner diameter, Dy, of the fluidized bed, the voidage is calculated according to the following

Equation:

Dyp? )

Table 2. Experimental conditions for ultrasound attenuation measurements in the liquid-solid

fluidized bed (mass of the sample 1 particles: 0.55 kg).

Liquid Flow U/U e [-] Bed Bed Average
Rate Height Expansion (calculated)
[L/min] [em] [em] voidage
[—]
0 0 18.4 0 0.391
0.5 1.5 19.2 0.8 0.416
1 3 22.9 4.5 0.511
1.5 4.5 25.5 7.1 0.561
2 6 28.4 10 0.605
2.5 7.6 319 13.5 0.649
3 9 36.9 18.5 0.696
3.5 10.6 41.4 23 0.729

For the measurements of the various bed properties using ultrasound techniques, different

settings were used, as described below.

Experimental setup 1: Ultrasound propagation speed and attenuation for voidage

measurements

To obtain the fluidized bed voidage, the ultrasound propagation speed or the attenuation
coefficient need to be measured. A diagram of the position of the transducers transmitting (T1)
and receiving (T;) the ultrasound signal is shown in Figure la. Transducers used in our
experiments were manufactured by Sonatest, (Sonatest RTD2250 %4’ in diameter, Resonance
frequency 5 MHz, Delay Line, MICRODOT). To receive the best possible signal, the alignment
of the transducers is pivotal. The ultrasound excitation signal is generated by an ultrasonic
pulser/receiver (JSR Imagining Pulser/Receiver DPR 300) and is sent through the liquid-solid

fluidized bed via the transducer T;. The propagated signal is captured by the second transducer
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T, and is collected via the same ultrasound pulser/receiver. The signal received is attenuated
with respect to the transmitted one, mostly due to the interaction of the ultrasound with the
liquid-solid interfaces, and, for this reason, the received signal is amplified by up to 50 dB. The
signal is then displayed on an oscilloscope screen (Keysight-DSOX3014T, 4-channel, 100
MHz). The digitized signal is downloaded from the oscilloscope to a computer for further signal

processing.

To measure the ultrasound attenuation in the glass beads-water mixture, a reference for the
propagated signal is required. As reference, the signal transmitted through the liquid phase (tap
water) only is taken. The received reference signal and its Fast Fourier Transform (FFT) are

shown in Figure 3.
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Figure 3: (a) The reference signal for ultrasound attenuation with a frequency of 5 MHz

(amplified by 30 dB), and (b) its FFT magnitude.

The maximum amplitude of the received reference signal, A,, is found equal to 35.24 V, using

VOU
an amplification of 30 dB (Gain=2010g(vmt)dB), meaning that the signal before the

amplification is equal to 1.11 V.

To calculate the ultrasound speed in tap water inside the tube with an inner diameter of 5 cm,

the following Equation can be used:

Dy, Q?)

where t is the arrival time of the propagated sound wave, Dy, is the tube diameter, and C is the

ultrasound speed in the liquid (water) phase. The arrival time of the signal is equal to t = 34.2
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us, as can be seen in Figure 3a. The time required for the signal to travel through the 0.4 cm
thick borosilicate glass wall was measured previously and found equal to 0.8 ps. The speed of
sound in tap water was then found equal to 1462 m/s. The signal processing methodology to
calculate the bed voidage from both sound speed and attenuation measurements is discussed in

section 3.

Experimental setup 2: Attenuation spectroscopy for particle size distribution

measurements

A schematic representation of the experimental setup for the ultrasound attenuation
spectroscopy measurements is shown in Figure 1b. The main difference with respect to the
experimental setup 1 is the use of a signal generator and radio frequency (RF) amplifier for a
fine control over the ultrasound signal characteristics. For each experiment, the sample particles
were placed into the bed. In order to have a fully expanded bed, the liquid superficial velocity
was set to 2.1 cm/s, which is three times above the minimum fluidization velocity of all particle
sizes considered. The resulting values are reported in Table 3, together with the bed voidage for

each sample at the liquid superficial velocity of 2.1 cm/s, calculated according to Equation 1.

Table 3. Minimum Fluidization velocity U,,s and bed voidage at the chosen liquid superficial

velocity of 2.1 cm/s for each sample.

Sample Minimum
Fluidization
Particle Size Range velocity Bed voidage at 2.1
(Manufacture) [um] cm/s [-]
Umf [cm/s]
1 500-600 0.28 0.70
2 750-1000 0.75 0.56
3 1000-1250 1.19 0.47
4 750-1250 0.65 0.58

For the spectroscopy measurements, signals are generated (with a frequency ranging between 2
MHz to 8 MHz) by the waveform signal generator and amplified by 30 dB by the RF amplifier.
The amplified signal is sent through the fluidized bed via transducer T;. The propagated signal
is then captured by transducer T, and collected by the ultrasound pulser/receiver. The signal
received is attenuated with respect to the transmitted one, mostly due to the interaction of
ultrasound with the liquid-solid interfaces, and, for this reason, it is amplified by up to 70 dB.
The signal is then displayed on the oscilloscope screen and downloaded to a computer for further

signal processing.



To measure the attenuation coefficient in the bed at different excitation signal frequencies, a
reference signal is required, and this is obtained by sending the signal through the liquid phase
(water) only in the fluidized bed. An example of the reference frequency spectrum at different
excitation frequencies is shown in Figure 4. The received signal spectrum is found through

processing the raw received signal via FFT.
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Figure 4: The maximum value of the FFT (Fast Furious Transform) of the reference signal

spectrum for different excitation signal frequencies (x-axis).

Experimental setup 3: Doppler effect for velocity profile measurements

Figure 1c illustrates the ultrasonic velocity profile (UVP) measurement system for obtaining the
solid particles velocity profile. The setup is similar to setup 2, with the use of a signal generator
and an RF amplifier for a fine control over the ultrasound signal characteristics. In contrast to
the previous two set ups, the transducers are placed at an inclination angle of 45°, on opposite
sides of the fluidized bed wall, to ensure the capture of the velocity component in the direction
of the measurement line. Some ultrasound gel was applied to eliminate air between the
transducers and the fluidized bed wall: For these experiments, the particle sample 1 was used
and the liquid superficial velocity, U, was initially set to 0.84 cm/s, which is three times above

the minimum fluidization velocity, and increased progressively by 0.84 cm/s up to 4.24 cm/s.
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An ultrasound signal with a frequency of 5 MHz and 4 cycles is emitted from the signal
generator and amplified before it is transferred to the emitting transducer T;. The signal is
scattered by the moving particles along the measurement line x (see Figure 1¢), and the scattered
signal is received by transducer T,. The received signal is amplified by up to 46 dB by the
pulser/receiver, is displayed on the oscilloscope screen and downloaded to a computer for
further signal processing. The received signal contains both the initial and the shifted
frequencies. The inclination angle of the transducers 8 = 45° and the angle between the flow
direction and the measurement line x (see Figure 1c) are assumed to be the same, neglecting
refraction, because the difference between the density of the ultrasound gel and of the tap water

is small and it can be ignored (Hossein et al., (2021)).

It is possible to measure all three properties with the same setup. However, for the particle size
distribution the signal must be emitted with at least three or more different frequencies, while
for the measurement of the velocity profile, the transducers must be mounted with an inclination
angle. The hardware in Set up 2 (which is the same as in Set up 3) could be used for all
measurements: using a single frequency for the void fraction measurements or inclining the

transducers for the velocity profile measurements.

3. Results and Discussion
3.1 Voidage profile measurements

To measure the voidage profile in the liquid-solid fluidized bed, the experimental setup 1 is
used. For the voidage measurements, 0.55 kg of particle sample 1 were placed into the bed. The
signal is sent through the liquid-solid mixture and the liquid superficial velocity is varied, while
the received signal is amplified by up to 50 dB. The transducers are mounted on the bed wall at
a height of 11 cm above the distributor plate. Two different techniques have been employed to
measure the voidage in the bed, namely the attenuation coefficient and the ultrasound speed in
the bed. The liquid superficial velocity was varied between 0.42 cm/s and 3.0 cm/s, with

increments of 0.42 cm/s, in order to study the fully expanded behaviour of the bed.

Attenuation measurements: The bed height was measured at different liquid flowrates. The
ultrasound attenuation coefficient (), as the signal travels through a medium over a length Dy,

(the inner diameter of the tube in this case, which is 5 cm) can be calculated by:

A =Aje P 3)
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where, A; is the attenuated amplitude and A, is the reference amplitude (see Figure 3b) of the

sound wave.
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(a) (b)
Figure 5: (a) Ultrasound attenuation coefficient (orange colour) and bed expansion (blue
colour) vs liquid superficial velocity (U)/minimum fluidization superficial velocity (Upy) in the
liquid-solid fluidized bed with sample 1 particles. (b) Ultrasound attenuation coefficient vs

bed voidage.

In Figure 5a the attenuation coefficient and bed expansion height are plotted against the ratio of
the liquid superficial velocity (U) over the minimum fluidization superficial velocity (Upy).
From the bed height, the bed voidage can be calculated using Equation 1 (see also Table 2). As
can be seen in Figure 5b the attenuation coefficient reduces as the bed voidage increases, and

this agrees with previous studies (Macchi et al., (2001)).

At rest, the packed bed height is equal to 18.4 cm; with the liquid superficial velocity increased
to 2.5cm/s, the bed height expands to 36.9 cm (see Figure 5a). At these conditions, the
ultrasound attenuation coefficient was measured at various bed levels, and it was found to vary
between 607 m ~! to 609 m ! as can be seen in Figure 6. The results indicate that the bed is
expanding more or less uniformly. The error bars in Figure 6 are determined by dividing the
standard deviation, g, of the measurements by the square root of the number of measurements,

N, inourcase N = 5.

o (C))

error = \/_N

The potential measurement error could be due to a transducer misalignment, which would affect

the strength of the measured transmitted signal.
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Figure 6: Ultrasound attenuation coefficient measured at different bed heights for a fixed

liquid superficial velocity (2.5 cm/s).

Sound speed measurements: In this work the average bed voidage can also be obtained by
measuring the ultrasound speed in the mixture. The ultrasound propagation speed in solid-liquid
mixtures for different concentrations has been reported by (Atkinson and Kyto maa, (1993)).
The ultrasound speed through the bed was calculated using Equation 2. The variation of the
ultrasound speed with the bed voidage is presented in Figure. 7, based on the average of three
experiments, giving a standard deviation of less than 0.21%. It was found that, by increasing
the liquid superficial velocity, and therefore increasing the bed voidage, the arrival time of the
signal was increased. This is in accordance with the expectation that the larger the voidage is,
the slower the ultrasound signal will travel, since the ultrasound speed in water is smaller than
the ultrasound speed in glass. The phenomenological model by (Uric, (1947)) can be used to
theoretically calculate the sound speed in a mixture, Cp,ix, When both the effective density pes

and the effective compressibility B¢ of the mixture are known.

Co— ®)
T [PetiBete

Peff = Ps@ + ps(1 — @) (6)

Bett = Bsp + Br(1 — D) (7

where, pr and ps are the densities of the fluid (water) and of the glass particles, respectively, B¢

and [3s are the compressibility of the fluid (water) and of the glass particles, respectively, and @
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is the volume fraction of the particles. Urick’s model is more appropriate when the dispersed
material has an acoustic impedance close enough to that of the continuous phase; the model,
however, does not consider the effect of the fluid viscosity and of the particle size. Harker and
Temple, (1988) improved Urick’s expression by including the effect of fluid viscosity and

particle size as follows:

per= 00 + (1 — 0)p; — 2(ps — p)?0(1 — 9)Q/(Q% + B ®

9/8 9
Q= 2(ps—pf)(1—¢)+§(§)pf+ 3p¢ ©)

where, R is the particle radius, 5=/21/®Pr, 1 is the water viscosity, w is the angular frequency
of the emitted ultrasound signal, and the term B is given by (Harker and Temple, (1988)):

v=3ol(d)+ ()} "
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Figure 7: Ultrasound speed in liquid-solid mixture as predicted from the expression introduced

by (Harker and Temple, (1988)) (black line) and measured ultrasound speed in liquid-solid

fluidized bed as a function of the bed voidage (blue line).

14



Equation 8 and Equation 7 are used for the predictions of ultrasound speed in Equation 5, and
the predicted ultrasound speed is compared against the measured one in Figure 7 for different
values of bed voidage. The differences between the measured and predicted results may be
attributed to the effect of the liquid velocity to the ultrasound speed, which is not accounted for

in Equation 8.

Figure 5(b) or Figure 7 can be used to obtain the bed voidage at different heights for the systems
described above. This information can be useful when analysing nontransparent systems (e.g.,

metal vessels) to study the bed expansion and voidage at different fluid flowrates.

3.2 Particle Size Distribution (PSD) measurements

The ultrasound attenuation spectra that are acquired in the excitation frequency range of 2-8
MHz are used to determine the particle size distribution using the experimental setup 2. To
enable this, the following are required: a mathematical model to interpret the ultrasound
spectrum (Su et al., (2008)), the measurement of the ultrasound attenuation coefficient over a
range of frequencies, and the retrieval of the PSD. The physical mechanisms occurring in the
interaction between particles and ultrasonic waves include scattering losses, viscous inertial
dissipation (particles will oscillate due to the density difference between the particle and the
liquid and this converts part of their energy into heat) and absorption, which is not related to the
particle size. The attenuation coefficients of the different samples of glass beads with a solid
volume fraction of 35% at liquid superficial velocity equal to 2.1 cm/s are calculated from

Equation 3 and presented in Figure 8 for a range of ultrasound transmitting frequencies.
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Figure 8: Ultrasound attenuation coefficient spectra of glass beads (transmitting signal
frequency x-axis, attenuation coefficient y-axis).

The attenuation coefficient measurements versus the frequency of the emitted waves are presented
in Figure 8. The attenuation coefficient measurements were repeated three times, and based on the
average of three experiments, giving a standard deviation of less than 0.23%. An inversion
algorithm is required to estimate the particle size distribution from the experimental measurements
of the attenuation coefficient. The calculation of particle size distribution is not only related to the
frequency dependence of the ultrasound attenuation spectra but also depends on the theoretical
model and inversion algorithm. The best model should provide minimum error between the
calculated and measured ultrasound attenuation spectra. The optimum regularization technique is
an independent model, which is improved by optimizing the regularization factors combined with
mathematic operations such as Generalized Cross Validation, to solve the ill-conditioned equations
and yield a higher stability of solution (Jia et al., 2019). We adapted the optimum regularization
technique model here, because of its simplicity, and accuracy. It provides less error between the
measured and calculated attenuation coefficient spectra compared to Broyden-Fletcher-
Goldfard-Shanno algorithm (Head and Zerner, (1985)), Levenberg-Marquard algorithm
(More¢, (1978)), and Genetic algorithm (Yang et al., (2016)). and thus, results to better

measurement of particle size distribution.
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One model which links the attenuation coefficient to the frequency is the ECAH (Epstein,
Carhart, Allegra and Hawley) model, which considers the ultrasound attenuation coefficient as
the sum of the scattering effects from each particle (Allegra and Hawley, (1972)). In the ECAH

model the attenuation coefficient, «, is given by:

a=a(f®,RP) (11)

where, fis the ultrasound emission frequency, @ is the particle volume fraction, R is the particle
radius while the physical vector P contains all the physical properties. The ultrasound
attenuation in the fluid-particle system is taken as the sum of the scattering effects from each
particle size, and is expressed as (Su et al., (2008)):

a=

N [ee]

30 q;

o 2 :R_’3 Z (2n + 1)Re[Ay(Ryw)] (12)
Cj=1"n=0

2, . .
where, j = 1 to N, k. =, is the wavenumber of the emitted wave, w is the angular frequency,

g;j is the volume fraction of particles with size in the range of [R; + R; + 1], A, is the scattering
coefficient, and can be calculated by different approaches available in the literature (Hay and
Mercer, (1985)), (Temkin, (2000)). A, is a function of k.R. The integer n=0,1,2,3...
corresponds to the nth partial wave. Su et al., (2007), reported the variation of the scattering
coefficient A, versus integer 0 < n < 7, for a particle size distribution and showed that the

scattering coefficient decays dramatically for small particles, but is constant for larger particles.

Equation 12 can be used to calculate the ultrasound attenuation coefficient theoretically, and it
reveals the theoretical basis for particle size measurement by using the measured attenuation

coefficient spectrum. The matrix form of Equation 12 is expressed by (Nan et al., (2019)) as:

30 £ 1
«w) =5 [ =5 (2n + DA, erVAR
R kc n=0

G - (13)

Ai]'

or, Gi: Aij Fi‘

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 for different frequencies.
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Equation 13 is a classical ill-posed problem, therefore a regularization factor y (the optimum
factor i.e., a Lagrange multiplier used to find local minimum and maximum values) and a

smoothing matrix H has been introduced by (Jia et al (2019)) to solve it as follows.

F=(ATA +yH)A'G (14)

In addition, an inversed Gaussian, can be employed to fit the particle size distribution (Lyon,

(2014)). The general form of the inversed Gaussian distribution function is given by:

. }(X - mu)z 15)

T2 o

e
021‘[

F() =

where;-m, is the median of X variables and o is the standard deviation.

The whole method described above is called Optimum Regularization Technique ORT (Su et
al., (2007)). Figure 9 shows the measured particle size distribution of glass beads for the particle

sizes considered (Table 1) by inversion of the measured attenuation coefficient.
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Figure 9: Inversed particle size distribution from the measured attenuation coefficient of glass

beads with various particle sizes.

Figure 9 shows that the ultrasound technique can reliably measure online particle size
distribution in highly concentrated particle suspensions. The particle size distributions of

samples 1, 2, and 3 were also measured from image analysis (see Figure 2). The results
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demonstrate that the widest PSD is found for sample 3. As can be seen in Figure 9, the
ultrasound spectroscopy measurements gave a narrower size distribution compared to image
analysis (see Figure 2), while the results from ultrasound are closer to the nominal particle

sizes.

3.2a Segregation behaviour of particles in solid-liquid fluidized bed

In order to highlight the importance of the ultrasound attenuation technique as a diagnostic tool,
the experimental setup 2 and the methodology described above were employed to investigate
the segregation behaviour of the particles in sample 4 (see Table 1) at different fluidization
conditions. The transducers were mounted at a height of 6.5 cm above the inlet distributor of
the bed. The bed was initially run at a high superficial liquid velocity of ~6 cm/s for a while,
to make sure that the particles were well mixed; after this the liquid flow was stopped abruptly.
A visual check was performed to make sure that the particle sizes were actually mixed (Figure
10a). This check was possible thanks to the different colours of the ballotini particles of different
sizes. The liquid superficial flow velocity was then increased again to specific values in between
the minimum fluidization velocities of the different particle sizes. Specifically, the chosen

velocities were U/Ups= 0, U/Upe= 1.35, and U/U s = 4.37, see FigurelO.

U/Umf,mix=0 U/Umf,mix=0'88 U/Umf,mix=1'35 U/Umf,mix=4'47

-;y‘A....,..:._.--,:-m-.f.,

(a) (b) (c) (d)

Figure 10: Image of the solid-liquid fluidized bed at various fluidization conditions.
Four different fluidization conditions are here considered and described:

e For superficial velocities significantly smaller than the mixture minimum fluidization
velocity (Figure 10a) the bed is at rest and still well mixed since the particles have not

started moving.
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e As the water flow rate through the bed increases, the smallest particles are the first ones
to start fluidizing, even for values of superficial velocity slightly smaller than the
mixture minimum fluidization velocity, such as in Figure 10b. Here, U/U y¢mix=0.88,
meaning that the superficial velocity is lower than the mixture fluidization velocity. On
the other hand, however, U/U ¢ sampie 2=1.13, implying that the liquid superficial velocity
is larger than the minimum fluidization velocity of the smaller particles (750-1000um).
This leads to an incipient segregation, as the smallest particles migrate and end up near
the top of the bed. However, some of these small particles remain stuck in between the
large ones at the lower parts of the bed that have not fluidized yet.

e As the flowrate is further increased beyond the mixture minimum fluidization velocity
(Figure 10c-d), all particles are fluidized and segregation is free to happen, causing the
larger particles to drop to the bottom of the bed, while the smaller ones reach the top.
This phenomenon is more evident for larger water flow rates (Figure 10d) since the drag
force on each particle increases both with the superficial velocity and with the particle
size. Therefore, the difference in between the forces acting on the particles of different
sizes increases with the superficial velocities.

o If the flowrate is increased even more, turbulent mixing might prevail over this
segregation phenomenon and, at least partially, restore the even distribution of particles
of different sizes across the bed. This fluidization condition, however, was not
achievable with the experimental setup used, as the upper limit on the water flow rate

was too low to see a significant effect of turbulent mixing.

Since all the particles are made of the same material, and therefore have the same density,
no layer inversion is expected to occur (Di Felice, (1995)). The corresponding measured
attenuation coefficients of sample 4 are shown in Figure 1la, and the particle size
distributions at 6.5 cm height, calculated from the inversion of the experimentally measured

attenuation coefficients, are shown in Figure 11b.
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Figure 11: (a) Ultrasonic attenuation coefficient spectra for glass bed particles sample 4 (see
Table 1), (b) Inversed particle size distribution from the measured attenuation coefficient of

glass beads for sample 4 (see Table 1)

The results of the ultrasound experiments seem to agree with the expectations: for fluid
velocities below the minimum fluidization velocity of the smaller particles, no particles
fluidized, and the particle size distribution at 6.5 cm above the distributor mesh returns an
average value between the size ranges of sample 4. As the flow rate is increased above the
mixture minimum fluidization velocity U/U,,r = 1.35, a shift of the particle size distribution
towards larger sizes in the lower region of the fluidized bed can be seen in Figure 11b. This
agrees with the visual observations (Figure 10c). As the flow rate further increased to U/U ¢
= 4.37 a larger shift of the particle size distribution towards larger sizes can be seen in Figure
11b. The behaviour of the bed, for the range of velocities used, suggests that an increase in the
fluidization velocity will cause an increase in the segregation, while mixing is expected to

prevail only at flow rates larger than five times the mixture minimum fluidization velocity.

The results of PSD measurements are clearly indicating that the ultrasound technique has the

potential to be used for the measurement of particles segregation in solid-liquid fluidized beds.

3.3 Particle Velocity Profile Measurements

For the measurement of the particle velocity profiles in the fluidized bed via the Doppler effect
the experimental setup 3 is used. From the frequency shift of an acoustic wave between the
sound source (Transducer T1) and the particles that move relative to the ultrasound transducer,
the Doppler effect can be used to determine the particle velocity distribution (Takeda. Y.,

(2013)). In this work, the ultrasound wave is propagated in the direction of the measurement
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line, x (see Figure 1c), at a depth x, with the maximum value for this depth, X%, given by

(Tomonori et al., (2013)):

C (16)

where, C is the sound speed in the continuous phase (here is water), and fi,¢ is the pulse repetition

frequency. The distance x of each reflected pulse towards the receiving transducer can be

estimated from:

¢ a7
X = Eti
where t; is the reception time of each pulse. The signal is emitted by the transmitter transducer Tq
with frequency f,. The transmitted signal is then scattered by the moving particles, and the
scattered signal is received by the receiver transducer T, with frequency f; . Owing to the

motion of the particles relative to the transmitter transducer, the particles receive the transmitted

signal with frequency f; found as:
C+ Vcos 8 @8)
fi= ——Hf,
C

where, V is the particles velocity, C is the sound speed in the continuous phase (water), and 6
is the angle between the flow direction and the ultrasound beam axis. The frequency of the
scattered wave f; received by transducer T, is modulated by the motion of the particles relative
to the transmitting transducer as:

C (19)

fr= C — Vcos Gfl

Combining Equation 18 and Equation 19 we can find:

2VcosbO 20)
fr= (1 T Veos Q)fo

The ultrasound velocity in fluid much larger than the particles velocity C>>V, then

C —Vcos 8 = C, and Equation 20 becomes:

2VcosO 21
)

The Doppler shift f, can be expressed as:

2VcosO 22
o=te—fo= (o]t 2
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From Equation 22 we understand that the frequency shift of the signal is proportional to the
particle velocity (Tomonori et al., (2013)). The particle velocity V; (where i is the number of
reflected pulses) at each location along the measurement line x can be found by:

C fpx (23)
Vi) = 2cos 8 f,

where, f, is the frequency of the emitted signal, 0 is the transducer inclination angle and fp x is
the frequency shift. To calculate the frequency shift, we used Fast Fourier Transform (FFT) on
the received signal. The reflected pulses at each location i along the depth Ry will provide one
peak frequency. The post-processing steps for the reconstruction of the velocity profiles are

illustrated in Figure 12.

Transducer

>> <—_. Signal * Frequency Frequency Velocity
< Demodulation : ' shift fp r, Profile I/;

Analysis

Figure 12: Signal processing for velocity profile measurements.

The signal is transmitted through the solid-liquid fluidized bed in burst mode with 4 sinusoidal
cycles at a frequency of 5 MHz and sound speed Cs in the liquid-solid medium. The received
signal e(t) can be written as (Murakawa et al., (2014)):
Nprt =1 (24)
e®= Y, Asin (2f[t—t + fon /foe]) + Wi
i=0
where, t; is the delay time (is calculated by measuring the reception time of each reflected
pulse), A; is the amplitude of the received signal, fp,;¢ is the pulse repetition frequency and in our

case is 100 Hz, Nyt is the number of pulse repetition frequency bins and w([i] is the signal noise.
The received signal (echo signal) is demodulated by multiplying the samples by cosine and sine
(e _i(znf"t)) (Thong-un et al., (2018)), (see Equation 25), and low pass filtered.

Y(t) = [Ze(t)ei(znfOt)]low Pass Filter = Xl(t) + iXZ (t) (25)

where, x1(t) and x,(t) are the real and imaginary parts of Y(t) respectively. If the signal is
discrete then instead of x;(t) and x(t) the discrete functions X1 (i) and X,(i) are used,
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The frequency shift can be estimated by:

1 n(x) (26)

fp,x = PRI N

where, PRI is the pulse repetition time interval between two adjusted pulses. The power

spectrum density n(x) was calculated from
N—1,
%o dlcgl? @7

nXx)=—y-—1

where Cy; is the matrix element corresponding to the depth Ry and can be represented as FFT of

(X1(1) and X2(i))

The Doppler shift frequency at depth x can be calculated by using Equation 26, and the velocity
profiles are finally calculated by substituting fp, x into Equation 23 for all the depths along x.
An example of the solid velocity profiles measured for particle sample 1 (see Table 3) is shown
in Figure 13 at different liquid superficial velocities U. The measurement line x is not horizontal;

a normalized x-axis is used where (x is divided by the bed diameter D).
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Figure 13: Velocity profiles measured in solid-liquid fluidized bed for sample 1 (see Table 1)
at superficial liquid velocities U ranging from 0.8488 cm/s to 4.2441 cm/s (x is the depth, see
Figure 1c, and D is the diameter of the fluidized bed).

The results show that the frequency shift increases as the liquid superficial velocity increases,
since the particle velocities will also increase. From the velocity profile measurements in Figure
13, it appears that the particles inside the fluidized bed are circulating, having an upward motion
in the centre of the bed and a downward one at the periphery. This agrees with findings from

previous numerical studies (Limtrakul et al., (2005), Wang et al., (2010)).

4. Conclusions

Ultrasound techniques can potentially be a powerful tool for the determination of volume
fraction, velocity profile, and particle size distribution of solid suspensions in liquids as
encountered for example in fluidized bed systems. The system used for the experiments here
consisted of a cylindrical fluidized bed with an inner diameter equal to 5 cm, a glass wall and a
distributor mesh. The particles used were glass beads with diameter ranging between 500 and
1250 um and the fluidizing agent was water. Different ultrasound setups were used to obtain the
different properties. For the measurement of the voidage, the attenuation coefficient and the

transit time of the ultrasound wave through the solid-liquid mixture were used. The particle size
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distribution was obtained by means of ultrasonic spectrometry. The ultrasonic attenuation
coefficient was measured for a wide range of frequencies from 2-8 MHz. Combining the
ultrasonic attenuation measurements and the Optimum Regularisation Technique ORT inversion
algorithm, the size distributions of three different glass particle samples ranging from 500 pm
to 1250 pum, were measured. The ultrasound technique was also used as a diagnostic tool to
investigate the segregation behaviour of particles of different sizes at increasing fluidization
velocities. Finally, the particle velocity profile in the fluidized bed was determined by the
Doppler effect. The results showed that the particles moved upwards at the centre of the
fluidized bed and downwards near the walls, indicating circulation patterns within the bed.
These velocity profile shapes, and circulation patterns are in good agreement with literature
results. The ultrasound measurement methods presented in this paper are not limited to solid-
liquid fluidised beds but are applicable to any fluid-particle flows where the continuous phase

is liquid.
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Highlights:

e This paper describes an application of ultrasound techniques to solid-liquid fluidized beds.

e The ultrasonic methods are used for obtaining velocity profiles, particle size distribution, and
solids volume fraction.

e The solid velocity profiles and particle size distributions were measured for four different sizes
of glass particles ranging from 500 pm to 1250 pm at a solid volume fraction of 35%.

e The importance of the techniques as a diagnostic tool to investigate the particles segregation

behaviour in solid-liquid fluidized beds at different fluidization conditions are reported.
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