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Abstract. In thermal power systems, coal-fired boilers contain dense flue gas with high-
concentrations of particulate matter. Their acoustic attenuation characteristics directly determine
the measurement accuracy of acoustic monitoring equipment. Systematic investigations on
boundary layer attenuation caused by nonlinear acoustic effects under high-concentration
conditions is still insufficient. This study establishes a two-dimensional numerical model of
acoustic attenuation in particle-laden flue gas based on nonlinear acoustic theory and
thermoviscous boundary layer mechanism. The influences of particle radius, volume fraction,
particle distribution, and acoustic frequency on the attenuation coefficient are quantitatively
analyzed under ambient temperature and atmospheric pressure. The simulation results in the
particle-free medium are highly consistent with the Stokes-Kirchhoff theoretical solution. In
particle-laden media, particle surface viscous dissipation is the main attenuation mechanism. The
attenuation coefficient increases significantly with particle radius and volume fraction, increasing
sharply below 1000 Hz and following the f?2 scaling law above 5000 Hz. The boundary layer
overlapping effect under 1 % volume fraction further enhances energy dissipation. This model can
improve the theoretical system of sound propagation in high-concentration suspensions, and
provide a solid theoretical foundation for the design and optimization of acoustic monitoring
devices in practical furnace environments.

Keywords: sound attenuation, boundary layer, coal-fired boiler, particle radius, volume fraction,
thermoviscous dissipation.

1. Introduction

Coal-fired boilers are core power-generation equipment in thermal power plants. The flue gas
inside the furnace carries a large number of coal-fired particles, forming a typical
high-concentration particulate medium [1]. Acoustic monitoring technology has been widely used
in online measurement of particle concentration, particle size distribution, and flow field
parameters due to its non-intrusive, high-temperature resistant, and real-time characteristics [2].
However, sound waves propagating through particulate media experience strong attenuation
caused by scattering, viscous dissipation, thermal conduction, and boundary layer effects. This
seriously reduces the signal-to-noise ratio and detection accuracy of acoustic monitoring systems
[3]. Therefore, clarifying the acoustic attenuation mechanism and quantitative law in boiler
particle-laden flow is of great theoretical significance and engineering value for improving the
performance of acoustic detection technology.

The study of acoustic attenuation in suspensions has a long history. Sewell [1] first
theoretically analyzed sound extinction caused by cylindrical and spherical obstacles in viscous
fluids. Urick [2] and Lamb [3] established classical models of acoustic absorption in dilute particle
suspensions, focusing on geometric scattering and fluid bulk viscosity loss. With the development
of acoustic detection technology, multi-mechanism coupling effects are gradually taken into
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account. Hamilton [4] studied acoustic attenuation in marine sediments and emphasized the
contributions of particle friction and pore flow. Cao et al. [5] modified the diffraction effect and
realized ultrasonic attenuation measurement for bone density models. Lei et al. [6] analyzed the
influence of bubble content on ultrasonic attenuation in agar gel. Chen et al. [7] measured the
dynamic attenuation coefficient of biological tissues and predicted thermal damage. Yang et al.
[8] evaluated the sound attenuation performance of carbon fiber composite structures.

Although existing studies have made progress in various particulate media, they still have
limitations in boiler environments. Most models are only applicable to dilute suspensions and
ignore the nonlinear boundary layer dissipation under high-concentration conditions [9]. The
coupling effect of particle radius, volume fraction, and acoustic frequency on attenuation is not
fully revealed. The dominant attenuation mechanism in actual furnace environments is still
unclear. In addition, the quantitative relationship between boundary layer thickness and
attenuation coefficient lacks numerical verification [10].

To address the above deficiencies, this study establishes a two-dimensional numerical model
of acoustic attenuation in particle-laden flue gas. The model fully considers viscous boundary
layers, thermal boundary layers, particle scattering, and thermoviscous absorption of the gas phase
[11]. The accuracy of the numerical scheme is verified by comparing with the Stokes-Kirchhoff
theoretical formula. The influences of particle radius (37 um, 50 pm), volume fraction (0.2 %,
0.6 %, 1.0 %), and acoustic frequency (0-10 kHz) on the attenuation coefficient are systematically
studied. The dominant attenuation mechanism and frequency scaling law are clarified. This work
provides a reliable numerical method and theoretical support for acoustic monitoring and signal
correction in coal-fired boilers.

2. Simulated model

A two-dimensional computational model is established with dimensions of L = 34.3 mm and
H =2 mm. Rigid wall boundaries are set at y = 0 mm and y = 1 mm. The left inlet (Port 1) is the
acoustic excitation source with an amplitude of 1 Pa, and a plane wave of phase 0. The right outlet
(Port 2) is a non-reflective absorbing terminal to suppress wave reflection and measure transmitted
sound pressure to calculate transmission coefficient/loss.

Coal powder particles with specific sizes and volume fractions are randomly distributed in the
domain. Their boundaries use a thermal viscous impedance model to simulate boundary layer
energy dissipation. The pressure acoustic module simulates sound propagation, with the fluid
model set to “heat conduction and viscosity” to incorporate air’s sound absorption effect.
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Fig. 1. Simulated model

In numerical simulation, the volume fraction of particles in a two-dimensional domain can be
expressed as:

1
¢ = §NT[R2, (1)

where, ¢ is particle volume fraction; S represents the area of the two-dimensional domain; N is
the number of particles, and R is the particle radius. The geometric model is discretized using a
free triangular mesh. To ensure calculation accuracy, the maximum grid size is less than 1/10 of
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the wavelength, and the minimum grid size is 1/10 of the particle diameter.

The actual sound attenuation coefficient is the sum of viscous absorption, heat conduction and
relaxation effects in the gas medium within boiler. The corresponding sound wave attenuation
formula is Stokes-Kirchhoff formula:

2a = k=12 2
Agas = pocg 3.11 Up T K\Y C, . ()

Thermophysical parameters of flue gas (20 °C, 1 atm) [12]: Density: p, = 1.2043kg/m?; Shear
viscosity: u =1.8133x107 kg/(m's); Bulk viscosity: up = 1.088x10 kg/(m-s); Thermal
conductivity: k¥ =0.0257 W/(m'K); Specific heat: €, = 1004.5 J/(kg-K); Specific heat ratio:
y = 14.y =(,/CV,and CV is the specific heat at constant volume. The unit of sound attenuation
coefficient calculated by this formula is Np/m, and the unit of sound attenuation coefficient in the

simulation results is dB/m. The conversion relationship between the two and the standard
conversion formula are derived as follows:

ap/m = 20logo(e) - ayp/m =~ 8.68589ayy, /m. 3)

The attenuation coefficient in the simulation is calculated by the sound power transmission
loss [13]:

10 w;
Asim = T10g10 (m). 4)

where W;, is the incident sound power; W, is the emitted sound power, and L is the distance of
sound propagation. The unit of sound attenuation coefficient is dB/m.

3. Results and discussion
3.1. Sound attenuation in a particle free environment

To verify the accuracy of the model, the study first simulated the sound attenuation coefficient
without particle media, and the results are shown in Fig. 2.
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Fig. 2. Comparison between theoretical values and simulated results

As shown in Fig. 2, under ambient temperature and atmospheric pressure, the simulation
results are highly consistent with theoretical predictions, both increasing significantly with
frequency and aligning with the a o f?2 scaling law. This validation confirms the accuracy of the
“heat conduction and viscosity” fluid model and numerical scheme. The variation of attenuation
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coefficient after particle addition can be attributed to particle scattering and surface dissipation
effects.

3.2. Sound attenuation in a particle environment

In particle-laden gases, the dissipation of particle boundary layers (divided into viscous and
thermal boundary layers, generating viscous and thermal conduction attenuation respectively, Key
factors affecting the attenuation coefficient are expressed as follows:

2 2v 2K
8, = /—“ = /—, 8 = / , (5)
Po® w pCow

where §,, is the viscous boundary layer thickness, and 6, is the viscous boundary layer thickness.
Under ambient temperature and atmospheric pressure, the particle radius (R) and volume

fraction (¢) effect on the acoustic attenuation coefficient in particle-laden media are shown in
Fig. 3.
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Fig. 3. The variation of sound attenuation coefficient in different particle concentrations

As shown in Fig. 3, in the same radius, the attenuation coefficient increases significantly with
volume fraction (0.2 % < 0.6 % < 1 %). This is higher than that of the particle-free model in the
entire frequency range, especially in the low-frequency range. This confirms that particle surface
viscous dissipation is the absolute dominant mechanism. In the low-frequency range (< 1000 Hz),
the curves increase sharply, and the enhancement effect of volume fraction is significant. In the
mid-to-high frequency range (> 5000 Hz), the slope slows down, following the a \/7 law, and
the synergistic effect of volume fraction and frequency strengthens attenuation.

For the same volume fraction, the attenuation coefficient of the 50 um particle model is
significantly higher than that of the 37 um model. This is because larger particles have larger
surface area, enhancing boundary layer dissipation and scattering effect, especially in the high-
frequency range. Notably, under 1 % high concentration, the overlapping effect of particle
boundary layers further improves attenuation efficiency. This is consistent with the actual working
conditions of boilers.

4. Conclusions
1) Under ambient temperature and atmospheric pressure, the simulation results of the “heat

conduction and viscosity” fluid model in the particle-free environment are consistent with
theoretical predictions. This verifies the accuracy of the numerical scheme, and the variation of
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the attenuation coefficient after particle addition is attributed to particle scattering and surface
dissipation.

2) In micron-sized dust systems, particle surface viscous dissipation is the absolute dominant
mechanism of acoustic attenuation. Traditional theoretical models only considering geometric
scattering or fluid-phase absorption are no longer applicable.

3) For particles with the same radius, the attenuation coefficient increases significantly with
the increase of volume fraction (0.2 % < 0.6 % < 1 %). Higher volume fraction enhances energy
dissipation by increasing the total surface area of particles, with a more prominent enhancement
effect in the low-frequency range. The overlapping effect of boundary layers under 1 %
high-concentration further improves attenuation.

4) In micron-sized particle-laden flue gas, particle surface viscous and thermal boundary layer
dissipation is the dominant attenuation mechanism, which is different from the traditional
viewpoint of scattering domination.

5) For particles with the same volume fraction, the attenuation coefficient of larger radius
particles (50 um) is significantly higher than that of smaller radius particles (37 um). Larger radius
enhances dissipation and scattering by expanding the single-particle surface area, with a more
obvious enhancement effect in the high-frequency range.

6) The attenuation coefficient of particle-laden systems shows a consistent variation with
frequency: it increases sharply in the low-frequency range (< 1000 Hz) and follows the a « \/7
law in the mid-to-high frequency range (> 5000 Hz). The synergistic effect of particle radius,
volume fraction and frequency enhances the acoustic attenuation effect, providing a theoretical
basis for acoustic monitoring technology in high-concentration boiler environments.
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