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A B S T R A C T

The influence of pulverized coal irregularity on acoustic attenuation is investigated, the relationship among the
ultrasonic attenuation, the volume fraction and size of pulverized coal is established, and the theoretical de-
pendence of retrieved pulverized coal volume fraction and particle size is formed with experimental data. The
signal excitation of superposed wave is proposed to boost integration level of the experimental setup at two
different frequencies of 40 kHz and 200 kHz for in-line measurement. Then, a comprehensive method integrating
Hilbert-Huang transform (HHT) and fast Fourier transform (FFT) is conducted for the effective signal identifi-
cation during the signal processing. In the meantime, the influences of the designed probes on the flow field are
analyzed by numerical simulation. In-line measurements are carried out at different zones/depths of the
pneumatic pipelines, including one-hour continuous monitoring. The particle size comparison between imaging
and ultrasonic methods shows that the latter is effective, which yields an average deviation of about 15%, and
the obtained average volume fraction of pulverized coal is approximately 0.112%.

1. Introduction

The pulverized coal in pneumatic pipelines of a coal-fired power
plant is a typical gas–solid two-phase flow. In-line monitoring the
concentration and size of pulverized coal is becoming increasingly
important to improve the operational safety, reduce the emission of
dust and NOx, and consequently improve the coal combustion effi-
ciency [1–3].

So far, various measurement methods of gas–solid flow parameters
have been developed, such as differential-pressure method, light fluc-
tuation method, electrostatic method, and heat balance method.
Monazam et al. [4] estimated solid mass flow rate based on measure-
ment of pressure drop in horizontal section of circulating fluid bed.
Kitayama et al. [5] proposed a three-dimensional measurement method
on pulverized coal by the image processing system with two micro-
scopes. Su et al. [6] investigated the optimization parameter of the
particle size inversion with light extinction spectrometry
diagnostics. Cai et al. [7] conducted experiments to monitor the size
and concentration variation of pulverized coal by light fluctuation
method, and the results reflected an expected response under different
operating modes. Zhai et al. [8] utilized the principle of heat balance to
obtain the concentration of pulverized coal in the ball type pulverized
system. In addition, electrostatic method relying on electrostatic

fluctuation signal has been widely carried out in certain industries for
the flow measurement of pneumatically conveyed solids [9–11].

The authors have noted that ultrasonic measurement has gained a
remarkable development from theoretical modeling to experimental
technology in particulate two-phase flow [12–14]. Although commonly
used in suspensions or emulsions, it can also show sensitive changes of
pulverized coal size and concentration. In addition, ultrasound pos-
sesses attractive characteristics like transmission ability, resistance to
fouling when serving as an on-line measurement method. Hence, ul-
trasound method can be a competitive approach for in-line measure-
ment of the pulverized coal. In principle, when ultrasound propagates
in gas–solid two-phase flows, the wave will be attenuated, which is
mainly characterized by the acoustic scattering, viscous loss and heat
loss after experiencing the interaction with the involved particles.
Currently, quite a few theoretical models can be employed to predict
the acoustic attenuation coefficient in the particle system [15–17], but
most of them assume that the particles are ideal smooth spheres.
Therefore, ultrasonic method for in-line measurement is currently fa-
cing several challenges. The particle size of the pulverized coal is not
always identical. On the contrary, the range of the measured particle
size is quite broad, ranging from microns level to centimeters level
[18–21]. The various shapes of particles can be spherical, ellipsoid, or
arbitrary irregular geometry. In addition, a compact and stable
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experimental device is also critical in complex industrial scenes, where
the mode of superposed signal, a combination of two or several dif-
ferent frequency components in the same time domain can show sig-
nificant advantages to boost integration level of the experimental setup,
especially the easy-to-operate and low-cost signal generation module.

Therefore, the influence on the acoustic attenuation caused by the
irregularity of pulverized coal is firstly theoretically investigated in this
paper, based on Lloyd and Berry complex scattering model with frag-
ment correction. Numerical simulations of the acoustic behaviors are
then conducted, establishing the relationship among ultrasonic at-
tenuation, the volume fraction and Sauter mean diameter (SMD, D32) of
pulverized coal. The signal excitation mode of superposed waveform
comprising two different frequencies of 40 kHz and 200 kHz is then
adopted in the design of experimental system. As a core component, the
probes are carefully considered from the perspective of acoustic signals
capture and numerical simulations are carried out to estimate their
influences on flow fields. Currently, with the help of time–frequency
analysis of HHT, the effective signals can be distinguished from the
noisy ones [22,23]. While, the FFT analysis of the effective signal is
usually implemented to determine the expected amplitude [24,25].
Hence, Hilbert-Huang transform and fast Fourier transform are in-
tegrated to implement the effective signal identification and processing
in this work. Afterwards, in-line measurements are carried out at dif-
ferent zones of the pneumatic pipelines. Consequently, the inversions of
the particle size and the average volume fraction are performed, which
are then compared with the results of image analysis to give rise to an
evaluation of the proposed method.

2. Modeling and numerical calculation

2.1. Methodology

According to the Lloyd and Berry complex scattering model [26],
the acoustic attenuation coefficient in the gas–solid two-phase system
can be expressed as:
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where kf is wavenumber of the incident wave, ′A0 and ′A1 are the
scattering coefficients of the particle system, respectively. ϕv is volume
fraction. Φn is the volume fraction of the particles with a diameter of Dn.
A n0 and A n1 are the scattering coefficients of a single particle with a
diameter of Dn, respectively. Since this theory assumes that the particles
are independent and smooth spheres, it is not guaranteed that the ac-
tual pulverized coal with an ideal shape. Wang et al. proposed a frag-
ment correction method [27], and it can be expressed as
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where α is the corrected attenuation coefficient. τv is viscous relaxation
time. ω is angular frequency. μf is viscosity of the continuous phase. ρs
is density of the particle phase. D32 is Sauter mean diameter (Sauter
mean diameter is widely used as the parameter for describing the
particle size in the long wavelength region). It is noted that the cor-
rection factor γ is independent of frequency, and it has been given and
verified by experiments in Ref. [27].

2.2. Numerical calculation

Table 1 lists the physical parameters of the pulverized coal and air
which are required for numerical calculation (The temperature is set as
71 °C which is just consistent with that of pipe flow during in-line ex-
periments). In this calculation, the range of the pulverized coal size is
1–200 μm, and the volume fraction is from 0.01% to 1%. Therefore,
ultrasonic frequencies of 40 kHz and 200 kHz are selected to ensure that
the ultrasonic waves can propagate through the gas medium while the
signals at different frequencies can be obviously identified, providing
enough contrast of ultrasonic attenuation. As shown in Fig. 1, the re-
lationship among the ultrasonic attenuation coefficient, the particle
size, and the volume fraction of the pulverized coal is obtained by
numerical calculation. The acoustic attenuation coefficient at 200 kHz
is obviously higher than that at 40 kHz under the computation condi-
tions of other factors being held constant. Fig. 2 shows the relationship
of the ratio of the ultrasonic attenuation coefficients (at 40 kHz and
200 kHz), the particle size, and the volume fraction, it reveals a
monotonous dependency of the attenuation ratio on the particle size.
Thus, it shows that the particle size can be obtained by using experi-
mental data only at two ultrasonic frequencies. Furthermore, when the
volume fraction is within 1%, the present relationship is independent of
the volume fraction of pulverized coal.

2.3. Influence of parameter variation on numerical calculation

The ultrasonic propagation in the gas-solid two-phase flow is com-
plex. Therefore, the numerical calculation is affected by the physical
parameters of both continuous-phase and particle. The influence of
physical parameter variation on ultrasonic attenuation is thus dis-
cussed. Fig. 3 shows the influence of parameter variation (± 10%) on
the prediction of ultrasonic attenuation. As shown in Fig. 3, the

Table 1
Physical properties of pulverized coal and air (71 °C).

Physical parameters Pulverized coal Air

Density/(kg·m−3) 1400 1.026
Acoustic velocity/(m·s−1) 2380 373.6
Shear modulus/(N·m−2) 1.27× 1012 –
Shear viscosity/(Pa·s) – 2.065× 10−5

Thermal conductivity/(W·m−1·K−1) 4.2 0.02969
Specific heat/(kJ·kg−1·K−1) 0.73 1.009
Acoustic attenuation/(s2·m−1) 8.8×10−14 1.7× 10−11

Fig. 1. Relationship among ultrasonic attenuation coefficient, particle size, and
volume fraction of pulverized coal.
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