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The two-dimensional distribution of gas-solid flow parameters is a great research significance to reflect
the actual situation in industry. The commonly used method is the ultrasonic tomography method, in which
multiple probes are arranged at various angles, or the measurement device is rotated as that in medicine, but
in most industrial situations, it is impossible to install probes at all angles or rotate the measured pipe. The
backscattering method, however, uses only one transducer to both transmit and receive signals, and the two-
dimensional information is obtained by only rotating the transducer. Ultrasound attenuates greatly in the air,
and the attenuation changes with frequency. Therefore, COMSOL is used to study the reflection of particles with
different radii in the air to ultrasound with various frequencies. It is found that the backscattering equivalent vol-
tage is the largest when the product of ultrasonic frequency and particle radius is about 27.78 Hz- m, and the
particle concentration of 30% causes the strongest backscattering. The simulated results are in good agreement
with the Faran backscattering model, which can provide references for selecting the appropriate frequency
and obtaining the concentration when measuring gas-solid two-phase flow with the ultrasonic backscattering

method.
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1. Introduction

Gas-solid two-phase flow occurs widely in indus-
try, such as pneumatic conveying of solid particles,
and pulverized coal-air two-phase flow in the circu-
lating fluidized bed, etc. In these industrial processes,
the parameters to be measured are mainly the con-
centration and radius of solid particles, and it is im-
portant to realize the real-time measurement of them
in the gas-solid two-phase flow. For example, for the
circulating fluidized bed, the real-time measurement
and timely adjustment of the particle radius and con-
centration of pulverized coal are meaningful for im-
proving combustion efficiency, preventing choking and
other safety problems, and for reducing pollutant dis-
charge and energy consumption (JING et al., 2011). For
the measurement of particle concentration and radius
in the gas-solid two-phase flow, researchers have pro-
posed many methods, such as the differential pressure

method (SHAFFER, BAJURA, 1990), optical methods
(WANG et al., 2018; CAI et al., 2005), and electrical
methods etc., but all of these methods have their own
shortcomings. The principle of the differential pressure
method is pressure difference, but the results are accu-
rate only when the concentration is high (HAN et al.,
2016). The instruments used in optical methods are
generally more precise, expensive, and sensitive to field
conditions (SAKAMOTO, SAITO, 2012; MA et al., 2021).
The electrical method requires the measured medium
to have certain electrical properties, so its application
scope is limited (MENG et al., 2010). With the advan-
tages such as strong penetration, not being affected by
concentration, no interference to the flow field, and its
capacity for continuous on-line measurement, acous-
tic methods have attracted extensive attention from
researchers and have been applied to two-phase flow
measurement (AWAD et al., 2012; BOONKHAO, WANG,
2012; GU et al., 2018). There are many ultrasonic mea-
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surement methods, but in most cases, the ultrasonic at-
tenuation method is selected for measuring two-phase
flow (DONG et al., 2020; TsuJi et al., 2019). Specifi-
cally, the signal detected by two transducers placed at
opposite ends of the pipe is used to reflect the con-
centration and radius change of particles in gas-solid
two-phase flow (TIAN et al., 2013; CHEN et al., 2020).

The ultrasonic attenuation method is effective
when using for one-dimensional measurement, but it
still faces many challenges when applied to two-dimen-
sional measurement. For example, it requires multiple
transmitting and receiving transducers to form multi-
ple measuring circuits (ultrasonic process tomography)
(Yao, TAKEIL 2017), in which transducers are needed
to be placed 360° around the pipe (as shown in Fig. 1a),
or it can be achieved by rotating the system, which is
impossible in most industrial applications, and may
cause safety risks in production. Thus, to put forward
a new method of gas-solid two-phase flow measurement
is of great significance.

Fig. 1. Arrangement of transducers in the two measurement
methods: a) the ultrasonic attenuation method, b) the ul-
trasonic backscattering method.

Different from the transmission principle of the ul-
trasonic attenuation method, the backscattering mode
may be the effective technical approach, in which the
transmission and reception of ultrasound are comple-
ted by the same transducer in one-dimensional mea-
surement (MATHIEU, SCHWEITZER, 2004; DUKHIN
et al., 2000). The two-dimensional measurement can
be achieved by only rotating the transducer across the
cross-section, which is more practical in industrial mea-
surement (as shown in Fig. 1b). This method is sim-
ilar to reflection, but the difference is that reflection
generally refers to the interaction of ultrasound with
particles much larger than the wavelength of the ultra-
sound, whereas when particles are much smaller than
the wavelength of the ultrasound, the interaction is
called scattering (ANDERSON, 1950). The backscatter-
ing (the scattering angle is around 180°) method is
based on the interaction between the signal and the
target in the gas, especially the scattering characteris-
tic. During the backscattering measurements, after ul-
trasonic transducer transmits the pulse wave, the pa-
rameters can be determined quantitatively or semi-

quantitatively according to the intensity of echo sig-
nal reflected by particles. Compared with the ultra-
sonic process tomography method, the backscattering
method does not require installing detectors at all de-
grees, which greatly simplifies the measurement system
and makes the operating procedures more convenient
(J1A et al., 2017).

The ultrasonic backscattering method has been
used in some industrial fields. WESER et al. (2013;
2014) proposed a semi-empirical method to measure
particle radius and concentration in liquid-solid two-
phase flow, the equivalent sound attenuation and scat-
tering amplitude are obtained after the statistical anal-
ysis of the scattered signals of particles, then the ra-
dius and concentration can be known. ELVIRA et al.
(2016) also used the backscattering method with high-
frequency ultrasound to measure the concentration of
yeast suspensions, which proved the effective applica-
tion of the ultrasonic backscattering method in mi-
cron particle measurement. FURLAN et al. (2012) mea-
sured the concentration of sodium-calcium glass par-
ticles (195 um in diameter) in the slurry by backscat-
tering method, and achieved accurate results (FURLAN
et al., 2012). But these applications are all liquid-solid
two-phase flows, in the field of gas-solid two-phase flow,
the employment of ultrasonic backscattering method
still faces many challenges. For example, the attenua-
tion of ultrasonic waves in the air is much faster than
that in the liquid or solid; the higher the ultrasonic fre-
quency is, the larger the attenuation will be (as shown
in Table 1); the reflection echo of smaller particles is
too weak, and so on (EPSTEIN, CARHART, 1953).

Table 1. Propagation distance [km| when ultrasound
attenuates to 1/e.

Frequency [kHz] Air Water
20 1.89-107" 3.13-10%
50 3.03-1072 5.01-10
100 7.58-1073 1.25-10
1000 7.58-107° 1.25-107"

In this paper, we demonstrate the feasibility and in-
fluencing factors of ultrasonic backscattering method
in gas-solid two-phase flow by simulating the reflec-
tion intensities of different radii and concentrations of
particles in the air to ultrasonic waves with different
frequencies. The research is based on the finite element
analysis software COMSOL, and the simulation re-
sults are verified by the Faran model. The results show
that the backscattering intensity is the largest when
the product of ultrasonic frequency and particle radius
is about 27.78 Hz-m, and the particle concentration
of 30% causes the strongest backscattering. This work
can provide the theoretical basis for the selection of
ultrasonic frequency and the determination of particle
size and concentration information in actual measure-
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ment, and also a solution for the novel measurement
method for two-dimensional distribution in gas-solid
two-phase flow.

The paper is structured as follows. The theoretical
background of backscattering method and the Faran
model is introduced in Sec. 2. In Sec. 3 the simula-
tion model, modelling basis, simulation process, cor-
responding results, and verifications of results are de-
veloped. The results are discussed in Sec. 4. Finally,
Sec. 5 summarizes the main conclusions.

2. Theory of backscattering method

When the ultrasonic wave is incident on isotropic
particles, it scatters in all directions. Depending on
different scattering angles, the scattered wave can be
divided into forward scattering, lateral scattering, and
backward scattering, as shown in Fig. 2a. It is forward
scattering when the scattering angle is less than 90°,
and if the scattering angle is between 90° and 180°, it is
backward scattering (backscattering); otherwise, it is la-
teral scattering (ANDERSON, 1950). The schematic dia-
gram of backscattering is shown in Fig. 2b.
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Fig. 2. Schematic diagram of three kinds of ultrasonic scat-
tering mechanisms and details of backscattering: a) three
kinds of scattering, b) diagram of backscattering.
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Backscattering wave

Faran first studied the scattering that the ultra-
sound incidents to the cylinder or sphere, and put
forward the complete single-particle scattering model,
which was in good agreement with the experimental
results. In Faran’s opinion, solid particles can be regar-
ded as the rigidly fixed ball when the grain density is
greater than that of fluid, and the expression of single-
particle scattering sound pressure as follow (FARAN Jr.,
1951):
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Y™ =tanay, (kra).

Dimensionless wavenumber ka:

2r x w-x w-f-x

ka = b\ 9 = b\ = ¢ ) (8)
where x refers to particle radius, f is the sound fre-
quency, A is the wavelength, c is the sound velocity, k is
the wavenumber, a is the particle radius, the deriva-
tives of Bessel function and Neumann function (j/,,n!,)
represent the differentiation relative to dimensionless
wavenumber ka, and the angular distribution of scat-
tering amplitude of the scattering wave is represented
by the Legendre polynomial P, of the n-th order
(HwaNG, CHEN, 2007):

Py(cosb) =1,
d'ﬂ

1
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n=12...

The dimensionless wavenumber of a longitudinal wave
inside the particle:

kra=——. (10)

The dimensionless wavenumber of a compressional
wave inside the particle:

kTa: —_—. (11)
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The Faran model can be applied to flow with solid
particles or fluid particles, for it takes into account the
propagation of longitudinal and compressional waves
inside particles and is not affected by particle radius.
Therefore, the Faran model is selected for theoretical
analysis in this paper (WESER et al., 2013).

Assuming that the number of particle phases is N
and each particle is considered to be incoherent, the
total scattered sound pressure is:

Pr=P-N=P ¥ (12)

Vp

where Vp represents the volume of a single particle,
and cy is the volume concentration of N particles dis-
persed in the surrounding medium. When many parti-
cles exist at the same time, they may interact with each
other. To study the backscattering intensity in this
situation (TWERSKYT, 1975), PERCUS and YEVICK
(1958) proposed the concept of the packing factor W,
which is the degree of free space among particles. It de-
creases with the increase in particle concentration. The
expression of the packing factor related to concentra-
tion is given as:
(1 - Cv)4

Wlev) = Aaaye

(13)

By substituting it into Eq. (12), the total backscat-
tered sound pressure at a certain concentration can be
obtained:

c P
Ps=P- L W(cy)=—-cv -W(ey).  (14)
Vp Vp

3. Simulation model
8.1. Introduction of simulation modelling

COMSOL is a multi-physical field simulation soft-
ware, which can realize the design and optimization of
practical engineering problems by simulating physical
phenomena in real scenes. All the steps involved in the
modelling workflow can be implemented in COMSOL,
from geometric modelling, defining material proper-
ties, setting up physical fields for describing physi-
cal phenomena, solving the model, as well as post-
processing the model to provide accurate and credi-
ble results. Therefore, COMSOL software is chosen to
simulate the backscattering of particles in the gas-solid
two-phase flow (KHUSHRUSHAHI, ZAHN, 2011).

In the actual field, taking pulverized coal trans-
mission pipeline as an example, the concentration and
particle size distribution on the two-dimensional cir-
cular cross section is mainly concerned, rather than
the changes in the three-dimensional pipe, so the two-
dimensional model is chosen for simulation. Besides,
the two-dimensional model can greatly reduce the cal-
culation time and improve the efficiency of simulation
(WANG et al., 2016). In the simulation, the solid par-
ticles with different radii were placed in the center of

the measured pipeline, which is full of gas, and the si-
mulation model structure is shown in Fig. 3. The pipe
diameter R is 150 mm, and the diameter and thick-
ness of the ultrasonic transducer are 10 mm and 5 mm,
respectively. The main concern is the propagation of
sound rather than the structure of the transducer in
the simulation process, so the piezoelectric material
PZT-5H is briefly considered as the transducer, the
continuous phase medium and the discrete phase par-
ticles are self-added materials, and the relevant para-
meters are shown in Table 2.

Transducer

10 mm

Fig. 3. Simulation model structure of a circular pipe
and a particle.

Table 2. Physical parameters of air and particles.

Physical properties Air | Particle | PZT-5H
Density [kg/m?| 1.225| 2250.0 | 7500
Longitudinal wave velocity

339.9 | 2500.0 4560
of sound [m/s]
Shear wave velocity
- 1366.9 2375
of sound [m/s]

Meshing is an important process for simulation,
which will directly affect the calculation accuracy.
The maximum element of this simulation was se-
lected as 1/7 of the wavelength (WANG et al., 2017).
The pipeline, ultrasonic transducer and solid particles
were treated with relatively extremely refined, and ex-
tremely refined, respectively. Figure 4 shows the simu-
lation model after grid processing, in which the trans-
ducer and solid particles are mapped, and the pipeline
is divided into the form of the free triangular grid. The
distance of ultrasonic reflected to the farthest pipe wall
is twice the diameter of the pipe, and the transmis-
sion speed of ultrasonic in the air is about 340 m/s.
Therefore, in order to make obtained data complete,
the solution time should be no less than:

_2d 2-300 mm

— = =1.76 ms. 15
v 340 m/s e (15)
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Fig. 4. Simulation model with grid processing.

Finally, the solution time was set to 2 ms, and the
actual simulation time was about 8 minutes.

8.2. The coupling equation of
electricity-structure-sound system

The piezoelectric material (the transducer) can
produce ultrasonic waves when excited by the Gaus-
sian pulse with an amplitude of 220 V (as shown in
Fig. 5). Gaussian pulse is selected because the main
lobe of Gaussian pulse is wider and the side lobe sup-
pression is better compared with other pulses. The ter-
minal type is set to a circuit, which is shown in Fig. 6
to make the transducer used for both transmitting and
receiving ultrasonic waves. Node 0 is set as grounding,
node 0 to 1 is a 220 V voltage source, from node 1 to 2

220

110

o
!

Voltage [V]

-110+

-220 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Time [ms]

Fig. 5. Waveform of Gaussian sinusoidal pulse.

5@

Fig. 6. Equivalent circuit diagram of the terminal.

;
Resistor
R=100Q

of the circuit a resistance with 100 Ohm is placed to
ensure the safety of the circuit, and node 2 to 0 is piezo-
electric ceramics. When the ultrasonic wave propa-
gates in the air, it encounters particles and is reflected
by the particles. The reflected ultrasonic signals are
converted into electrical signals by the data acquisi-
tion process, and are transmitted to the computer.
The finite element analysis of this process mainly in-
volves the coupling of three physical fields: electricity-
structure-sound, in which the wave equation of the
sound field is:

1 o

pc2 92t (16)

1
+V- (——(th)) =0,
pc
where p is the material density, ¢ is sound velocity,
P refers to sound pressure, V is Laplace operator, ¢ is

time.
The equation of the structural mechanic is:

0%u
P ot
where u is the displacement, s is the stress, and Fy is

the volume force.
Maxwell’s equation of the electric field is:

=V-s+ Fy, (17)

V-D=py. (18)
where D is the electrical displacement and py is the
volume charge density (LOUISNARD, 2012).

In the simulation, the pipe wall is set as the hard
sound field boundary, the inner boundary of the ultra-
sonic transducer is set for the transmitting-receiving
end, and the acoustic boundary condition is sound-
structure coupling. The outer boundary condition of
the ultrasonic transducer is ground, and roller support
is chosen for the structure boundary condition to pre-
vent unnecessary movement caused by sound propaga-
tion.

3.8. Simulation process and analysis

8.8.1. The effect of particle radius on backscattering
at different frequencies

The particle radius r was set from small to large to
be 0.2 mm, 0.3 mm, 0.4 mm, 0.6 mm, and 1.0 mm, and
the frequencies were 30 kHz, 50 kHz, 75 kHz, 100 kHz,
and 150 kHz, respectively to study the backscattering
of the particle with different radii to ultrasonic signals
with different frequencies. The ultrasonic wave emit-
ted by the transducer will be reflected by particles
and the echo will be received by the transducer. Figu-
re 7 shows the backscattering waveform of particles
when the frequency is 100 kHz and the radius is 0.3 mm.
The frequency domain signal (equivalent voltage varies
with frequency) obtained by Fast Fourier Transforma-
tion of backscattered time-domain signal (equivalent
voltage versus time) is shown in Fig. 8.
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Fig. 7. The backscattering waveform of particles when the
frequency is 100 kHz and the radius is 0.3 mm.
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Fig. 8. The frequency-domain signal obtained by FFT.

The simulated reflected amplitude of particles with
different particle radii at different frequencies is shown
in Fig. 9. It can be seen that the backscattering equiva-
lent voltage is much larger when the frequency changes
from 75 to 150 kHz than that when frequencies are 30
and 50 kHz; the backscattering is not getting stronger
with the higher frequency, but presents the maximum
value at 100 kHz; and the higher the frequency is, the
smaller the particle radius corresponding to the maxi-
mum equivalent voltage is.

12 r=0.2mm
Er=0.3 mm
ﬂ]]]]]]]]r=0.4 mm
@r=0.6 mm
B r=1.0mm

COo~r2=2=2=2N
Peohto®0
A R AN

Voltage [mV]

0.05-

R H IR

0.00-

1

30 50 75 00 150

Frequency [kHz]

Fig. 9. Relation diagram of backscattering equivalent volta-
ge with the variation of frequency and particle radius.

8.8.2. Verification of the effect of particle radius
on backscattering at different frequencies

The Faran model was researched to describe the re-
lationship between the equivalent voltage amplitude of
particle backscattering, frequency and particle radius.
The parameters of the continuous phase and dispersed
phase used are the same as shown in Table 2. According
to Eq. (1) to Eq. (7), when the dispersed phase and the
continuous phase are determined, namely, after the re-
lated parameters of both phases are known, the dimen-
sionless wavenumber ka is the only parameter affecting
the backscattering sound pressure. Therefore, the re-
lationship between the backscattering sound pressure
and the dimensionless wavenumber ka can be studied
in theory to validate the simulation results.

Figure 10 shows how relative backscattering ampli-
tude (the backscattering voltage divided by the emis-
sion voltage, normalized) changes with dimensionless
wavenumber when the scattering angle is 180°. It can
be seen that when other conditions are the same, the
backscattered sound pressure amplitude varies obvi-
ously with dimensionless wavenumber ka. The back-
scattered amplitude (scattering angle 180°) reaches the
maximum when dimensionless wavenumber ka is 0.5.
According to the definition of dimensionless wavenum-
ber (Eq. (8)), dimensionless wavenumber ka is pro-
portional to the product of ultrasonic frequency and
particle radius when the continuous phase is known
(i.e. when c is determined), to be precise:

ka = (2r)c) fr = (2-3.14/339.9) fr ~ 0.018fr.  (19)

0.8

0.6
0.4+
0.2+
0.0+

-0.2 4

Relative backscatterng amplitude [-]

0 10 20 30
Dimensionless wave number [-]
Fig. 10. The relation curve of relative backscattering am-
plitude versus dimensionless wavenumber ka.

The backscattering amplitude reaches the maximum
when dimensionless wavenumber ka is 0.5, in other
words, when the product of ultrasonic frequency and
particle radius is 27.78 Hz-m (Eq. (20)), the backscat-
tering intensity is the largest:

fr=ka/0.018 = 0.5/0.018 »27.78 Hz-m.  (20)
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That is to say, the closer to 27.78 Hz - m the product
of ultrasonic frequency and particle radius is, the larger
the amplitude of backscattering will be. Take the case
with the frequency of 30 kHz and the radius of 1 mm
as an example, the product of ultrasonic frequency and
particle radius:

fr=30000-0.001 = 30 Hz - m. (21)

Compared with the case of the same frequency and
other radii, the product of the two is the closest to
27.78 Hz-m (the others are 6 Hz-m, 9 Hz-m, 12 Hz-m,
and 18 Hz-m), so the backscattered equivalent voltage
reaches the maximum at this time. This is why the higher
the frequency in the COMSOL simulation, the smal-
ler the particle radius corresponding to the maximum
backscattering amplitude. Thus, the results of COM-
SOL simulation are verified by the Faran model.

8.8.8. The effect of concentration on backscattering

It can be seen from Fig. 9 that the equivalent vol-
tage of backscattering reaches its maximum at 100 kHz
and 0.3 mm when the ultrasonic frequency changes
from 30 to 150 kHz and particle radius from 0.2 to
1.0 mm. Therefore, 100 kHz and 0.3 mm are selected
respectively as the simulation conditions to explore the
effect of the concentration of backscattering intensity.

In the simulation, the mass concentration was 10%,
30%, 50%, and 70%, respectively. To realize the change
of mass concentration, the number of particles needed
to be changed, and the relationship between the num-
ber of particles n and the mass concentration -y, is
shown as follows:

nSp nmr?

S, PPT ARz frT

0.3\?
Y 2250n [ — | =0.009n, (22)

150

where S, and S, stand for the cross-sectional area of
individual particles and the pipe respectively, p, is the
density of granular materials, » and R refer to the ra-
dius of individual particle and the pipe.

According to the calculation, when the mass con-
centration is 10%, 30%, 50%, and 70%, the number
of particles to be arranged in the simulation is 12, 34,
56, and 78, respectively. Other conditions for simula-
tion are the same as described before, and the final
variation of backscattering intensity with the concen-
tration is shown in Fig. 11. It can be summarized that
the backscattering equivalent voltage does not increase
with the increase in mass concentration, but maximizes
at a concentration of 30%.

3.3.4. Verification of the effect of concentration
on backscattering

Similarly, the results of COMSOL simulation
are verified with the backscattering model modified
by PERcUS and YEVICK (1958). Based on the theory

10
— 8-
S
E
2 6
8
o
> 4]
2 -
0 T T T T T T T
10 30 50 70
Mass concentration [%]
Fig. 11. Histogram of backscattered equivalent voltage

varying with mass concentration.

of Sec. 2, when there are more particles in the two-
phase flow, the total backscattering sound pressure is
proportional to the product of concentration and filling
factor, so the change of total sound pressure with con-
centration can be reflected by representing the product
of the two with the change of concentration. Figure 12
shows the change of backscattering intensity with con-
centration obtained by the modified model. It can be
seen from the figure that when the concentration is
32.4%, the product of concentration and packing factor
reaches the maximum, that is, the scattering reaches
the strongest. The result is consistent with the results
obtained by COMSOL simulation. Therefore, the ac-
curacy of simulation can be proved.

0.05
009%%0,
I o,
P I %o,
0.04 1 g | %%,
/o | %
/o : o,
o
~3 0.03 X
s I ! R
I )
T |
< 0.02 1 / : O\O
(o] . \O\
| '
4 l
0014 ! Y
: ®
0.00 10.324 Q
0.0 0.2 0.4 0.6 0.8 1.0

Cy

Fig. 12. The relation curve of the product of concentration
and packing factor versus concentration.

4. Discussion

4.1. The effect of particle radius on backscattering
at different frequencies

Based on the simulation results shown in Fig. 9, the
backscattering intensities with the ultrasonic frequen-
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cy between 75 kHz and 150 kHz are much larger than
that when the frequency is smaller (30 kHz, 50 kHz).
For this result the explanation is that the larger the
ultrasonic frequency is, the smaller the wavelength of
the corresponding sound wave will be, and the smal-
ler the ratio of wavelength to particle radius will be,
making the scattering effect more obvious, thus the
backscattering amplitude gets larger (RANK, MCKEL-
VEY, 1949; DUKHIN, GOETZ, 1996; 2001).

Besides, when the frequency changes from 30 kHz
to 150 kHz, the backscattered equivalent voltage does
not become larger and larger, but reaches its maxi-
mum value at 100 kHz, and the differences among the
scattered equivalent voltage from 0.3 to 0.6 mm are sig-
nificant at 100 kHz. The reason is that, although the
scattering effect is more apparent with the increase of
frequency, there is also the attenuation of sound in the
air, and the degree of attenuation is directly propor-
tional to the square of the frequency. With the increase
in frequency, the attenuation gets more obvious and
the backscattering amplitude is larger. When the in-
fluence of attenuation is greater than that of increased
backscattering, the intensity will gradually decrease in-
stead (AWAD et al., 2012; CHALLIS et al., 2005). There-
fore, the comprehensive analysis must be carried out
in the practical measurement to select a more appro-
priate ultrasonic frequency.

4.2. The effect of particle concentration on
backscattering at different frequencies

As we can see from Figs 11 and 12, the backscatter-
ing equivalent voltage does not get stronger with the
increase of the concentration, but presents an optimal
value at the concentration of 30%. When the concen-
tration is low, the total backscattering intensity can
be regarded as the sum of the backscattering intensity
of each particle (FLAX et al., 1978). As the concentra-
tion increases, the number of particles increases, lead-
ing to the increase of backscattering intensity. Howe-
ver, when the concentration increases to a certain de-
gree, the interaction between particles becomes signif-
icant, for example, the backward scattered waves of
one particle may be blocked by another, and the colli-
sion between particles changes the propagation direc-
tion of the sound waves. This leads to the phenomenon,
that the total strength of backscattering is no longer
the sum of the backscattering of many single particles,
and even decreases with the increase in the concen-
tration (PEssOA, NEVEs, 2020; MCCLEMENTS, 1991;
LAX, 1951).

5. Conclusions

The finite element software COMSOL was used to
simulate the application of the ultrasonic backscatter-
ing method in the gas-solid two-phase flow. The re-

sults show that the intensity of backscattering is rela-
ted to the particle radius, concentration and ultra-
sonic frequency. Given the gas-solid two-phase flow
in this paper, when the dimensionless wavenumber
ka is 0.5, the backscattering amplitude is the largest,
that is, the product of ultrasonic frequency and particle
radius is about 27.78 Hz-m. When the concentration
is small, the particles can be considered to be no inter-
action and the total intensity of backscattering is the
sum of all individual particles. Therefore, the higher
the concentration, the stronger the backscattering in-
tensity. However, the interactions between particles are
no longer negligible when the concentration reaches
a certain level (up to about 30%). At this time, part of
the backscattered sound waves will be blocked and the
propagation direction changes, as a result, the increase
of the concentration will have an adverse effect on the
backscattering intensity, making the backscattered in-
tensity decrease. In conclusion, this work can provide
the theoretical basis and guidance for the selection of
ultrasonic frequency and concentration in practical ap-
plications, and a novel solution for the convenient mea-
surement in the gas-solid two-phase flow field.
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