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a  b  s  t  r  a  c  t

The  visualization  and  analysis  of a  novel  acoustic-particulate  system  is the  objective  of  this  study.  The
system  is  composed  of  rice-husk  fired  smoke  particulates  (36.7  nm–840  �m)  and  one  annular  resonant
circular-tube  waveguide  contrarily  coupled  with  two  sound  sources.  The  collective  interaction  behavior
process  of smoke  particulates  in  an  inhomogeneous  acoustic  field  is  displayed  during  an  experiment
and  a simulation.  The  result  shows  that  the  aggregation  and  fragmentation  of  particles  under  a  change  in
resonant  frequencies  and  sound  pressure  amplitude  is extremely  complex.  This  complex  process  consists
of  dynamically  tuning  the  particle  characteristics  to attain  stripes  shaped  like thin-films/umbrellas  and
clusters  with volume-change/fragmentation.  The  balanced  modulation  of the  acoustic  radiation  force
and  secondary  radiation  force  to alter  the  particle  characteristics  (size  and stack  density)  is verified  to
be  the  control  mechanism  of  the particle  system.  The  intermediate  variable  of  the process  control  is
Stripe pattern
Inhomogeneous field

the  acoustic  contrast  factor  (Ф) related  to the  physical  characteristics  of the growing  particulates.  The
value  plus-minus  alternation  of  Ф results  in  different  particulate  processes.  This  study  can  enhance  the
application  of aerodynamic  acoustic-particulate-fluid  systems  for environment  protection,  energy  fuel
conversion,  and  industrial  production.

©  2021  Chinese  Society  of  Particuology  and  Institute  of Process  Engineering,  Chinese  Academy  of
Sciences. Published  by  Elsevier  B.V.  All  rights  reserved.
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Introduction

The shift, aggregation, deposition, removal, and suspension
of numerous small particulates in air belong to the collective
behavior processes of particulate-fluid systems. In terms of the
particulates of sizes from several nanometers to several hundreds
of microns, these processes have specific meaning in the field of
particuology relating to environmental protection, the energy fuel
conversion, and industrial production (Andrade, 1931; Brandt,
1989, 2001; Melde, Mark, Qiu, & Fischer, 2016; Qiao et al., 2020;
Qiao et al., 2020; Yan, Lin, Zhao, & Chen, 2018; Zhang et al.,

2020; Zhou et al., 2017). Taking the industrial smoke emission
sources as an example, as many small particulates (such as PM2.5,
submicron particles, and nanoparticles) as possible are expected
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o be completely removed, as the requirements for greater air
uality increase (He, Luo, Lu, Liu, & Fang, 2019). However, the
rapping efficiency of a cyclone dust extractor for PM2.5 is no
igher than 40%, and that of a traditional electrostatic precipitator

or submicron particles is no higher than 30% (Kilikevičienė  et al.,
020). Particulate matter easily collects viruses and toxic heavy
etals suspended in air, threatening human health (Pui, Chen, &

uo, 2014). A fluid-particle system under the effect of an acoustic
eld may  exhibit diverse phenomena, such as particle suspension,
gglomeration, separation, aggregation, and fragmentation. These
henomena are of significance in both science and technology
elds. When neglecting the challenge of particle fragmentation,
coustic-particulate technology generally has the advantage of
igh-efficiency removal of smoke particulates (Lee, Cheng, &
haw, 1982; Shi et al., 2020). The application of a particulate

coustic fluid system is considered an important particle pollution
reatment method (Andrade, 1931). The extensively experimental
nd computational visualization and analysis of a novel acoustic-
articulate system should be able to overcome the challenge of a

hinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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Nomenclature

A Ke location point
AN  Abbreviation of anti-node
B  Ke location point
C  Ke location point
ca Acoustic velocit (m/s)
dp Diameter of particle (m)
D  Width of stripe spacing (m)
Des Distance of two identical particles (m)
f Frequenc of sound (Hz)
Fd Drag force (N)
Frad Acoustic radiation force (N)
FS Secondar radiation force (N)
H Height of stripe (m)
k  Wave number (1/m)
K–K  Local view of x–z plane
N  Abbreviation of node
O  Center point of circular tube
OB Line segment
p  Sound pressure (Pa)
P  Sound pressure amplitude (Pa)
�P Variation of squeezed pressure (Pa)
Q Length of aggregate cluster (m)
t Time (s)
T  Time ccle of acoustic field (s)
v Vibration velocit of particle (m)
V Volume of particle (m3)
�V  Variation of volume (m3)
x Position (m)
x–z  Cartesian coordinate system
˛  Deviated angle of particle aggregation zone (–)
ˇa Compressibilit of fluid medium (1/Pa)
ˇp Compressibilit of particle (1/Pa)
� Viscosit coefficient of air (Pa s)
� Intersection angle (rad)
� Densit of fluid medium (kg/m3)
�p Densit of particle (kg/m3)
� Wavelength (m)
Ф Acoustic contrast factor (–)

c
o
w
2
a
c
s
p
V
p
s

a
2
t
2
I
Z
n
i
d
t
a
m
e
t
m
t
H
2
t
t
t
p

e
2
o
p
t
1
s
n
t
(
1
6
Z
p
2
i
o
t
r
(
f
t
t
2
(
d
t

ω Angular velocit (rad)

traditional dust removal method for PM2.5 (Andrade, 1931; Fan, Xu,
Zhang, & Su, 2019; Hirayama, Plasencia, Masuda, & Subramanian,
2019; Kielpinski, 2015; Neild, 2016; Qiao, Dong, Huang, & Naso,
2018; Scales & Snieder, 1999; Zhang et al., 2018; Zhou et al., 2016).

For the application of particle-fluid systems, the geometric
structures of particulate technology devices (such as a coal burn-
ing boiler or industrial dust catcher) are generally important and
diverse (Guo, Chen, Shen, Wang, & Yang, 2020; Havey, Jaquay,
Holton, Hussain, & Olenick, 2018; Sun, Yang, Wu,  & Wu,  2020). The
influence of different acoustic geometries on the motion behav-
ior of particulate matter plays an important role in the technical
development process of the acoustic aggregation process (Gallego-
Juarez et al., 1999; Wang et al., 2018; Zheng, Li, Wan, Hong, &
Wang, 2019). For example, Zhang’s team has generally selected a
one-dimensional vertical tube as a particulate aggregation chamber
used for fire-smoke elimination (Zhang et al., 2020) and submicron
coal-fired particle removal (Zhang et al., 2018). Based on a quadri-
lateral aggregation chamber (Qiao, Huang, Vincenzo, & Dong, 2015),

Qiao’s team (Qiao et al., 2020) found the tuning effectiveness of a
normal 16-sided two-dimensional horizontal waveguide on smog
aerosol aggregation. In addition, Gubaidullin’s team (Gubaidullin,
Ossipov, & Abdyushev, 2018) numerically determined the acousti-
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ally  modulated dynamic distribution of the hyperbolic resonator
n the aerosol particle drift process in a two-dimensional channel
ith a complex geometry. Vainshtein’s team (Vainshtein & Shapiro,

011) found the collective gathering of a quadrupole hyperbolical
coustic chamber on submicron particles in a three-dimensional
onfiguration. Differing from the previous acoustic particle-fluid
ystems, an annular circular-tube waveguide used to enrich the
articulate technology application is focused on in this study.
isualizing and analyzing the collective aggregation behavior of a
article system in an annular inhomogeneous acoustic field is the
tudy objective of this paper.

For  the development of a theoretical mechanism, it is gradu-
lly recognized that the aggregation kernel model (Zheng et al.,
019), the acoustic radiation force model (Qiao et al., 2015), and
he secondary radiation force model (Qiao, Huang, Naso, & Dong,
017) are three completely different types of main mechanisms.

n previous outstanding studies (Shi et al., 2020; Yan et al., 2018;
hang et al., 2018, 2020; Zheng et al., 2019), the aggregation ker-
el model is generally considered as the dominant mechanism to

llustrate the aggregation characteristic of small particulates with
ifferent size ranges. This mechanism mainly focuses on the effec-
ive collision regulation of particulates with different sizes in an
coustic field environment. An effective collision causes two  or
ore small particulates to grow into one large particulate (Zhang

t al., 2018). However, under the condition of a strengthened acous-
ic field, the effective collisions are suppressed. The aggregation

echanism, which is particularly used for explaining the fragmen-
ation phenomenon, still needs to be further studied (Shen, Huang,
e, Zhang, & An, 2018). In addition, our previous studies (Qiao et al.,
017a, 2015; Qiao et al., 2018, 2020) preliminarily indicated that
he acoustic radiation force and secondary radiation force belong to
he dominant mechanism. Further, exploring the capability of the
wo  forces in modeling the acoustic aggregation and fragmentation
rocess is also a study objective.

In  the current study, the acoustic (Liu et al., 2009), particle (Yan
t al., 2018; Zhang et al., 2018), and operating (Qiao et al., 2018,
020) parameters of a device are considered to be three types
f main control parameters influencing the modulated effect of
articulate shift, aggregation, deposition, and removal. The acous-
ic parameters mainly consist of the acoustic frequency (Andrade,
931), sound pressure (Gallego-Juarez et al., 1999), inhomogeneous
tructure of an acoustic wave packet (Qiao et al., 2015), and reso-
ance (Kilikevičienė  et al., 2020). For the generally selected values,
he acoustic frequencies are of low frequency, such as 0.7–3 kHz
Liu et al., 2009), 1.5 kHz (Zhang et al., 2020), 1.2 kHz (Andrade,
931), and 2 kHz (Yan, Chen, & Li, 2016). The sound pressure is
3–502 Pa (Chen et al., 2015; Liu et al., 2009), 632 Pa (Liu, Wang,
hang, Zhou, & Cen, 2011), and 282 Pa (He et al., 2019). The particle
arameters mainly consist of the size distribution (Yuen, Fu, & Chao,
017; Zhou et al., 2016), concentration (Zhang et al., 2020), viscos-

ty (Zhang et al., 2018), and humidity (Yan et al., 2016, 2018). The
perating parameters mainly consist of the phase (Qiao et al., 2015),
he number of operating acoustic sources (Qiao et al., 2020), the
esidence time (Chen et al., 2015), the environmental temperature
Qiao et al., 2018), and the corona field (He et al., 2019). However,
or practical aggregated particulates, the stacking density of par-
iculates in the above studies is not referenced, and the density of
he entity is utilized. For an acoustic field with a low frequency of

 kHz and an environmental temperature of 20 ◦C, the wavelength
340 m/s  ÷ 2000 Hz = 340 mm)  is substantially larger than the aero-
ynamic suspension particles. The regular void structure (such as
he porous characteristic (Qiao et al., 2018; Shi et al., 2020; Xu

t al., 2019)) of particulates produced during the combustion pro-
ess indicates that the stacking density should not be neglected.
or two mini-sized particles with the same external contour vol-
me, one solid substance and one porous substance have the same
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external acoustic radiation area (Gor’Kov, 1962; Laurell, Petersson,
& Nilsson, 2007; Xu et al., 2019). In the theoretical model of acous-
tic aggregation, the originally utilized particle density should be
the stacking density rather than the entity density, particularly for
biomass-fired smoke particulates.

Differing from our previous studies, the particulate aggregation
and fragmentation in a novel annular one-dimensional acous-
tic field with a resonant frequency range of 0.12–1.9 kHz and a
sound pressure amplitude range of ≤1000 Pa are studied here.
Based on the wave engineering concept of parity-time symmetry
(Fleury, Sounas, & Alu, 2015; Qiao et al., 2017a; Scales & Snieder,
1999; Sirtori, Barbieri, & Colombelli, 2013; Strecker, Partridge,
Truscott, & Hulet, 2002), the annular circular-tube waveguide
coupled with the two same Helmholtz sound sources (HSSs)
contrarily installed at the tube ends is an attempt to generate
the acoustic field environment. The complex acoustic-particulate
process within the waveguide belongs to a novel particle-fluid
system. The three mechanisms corresponding to the acoustic
radiation force, secondary radiation force, and stripe models are
attempts to theoretically illustrate the acoustic aggregation phe-
nomenon of rice-husk fired smoke particulates with a size range
of 36.7 nm–840 �m.  The complex aggregation and fragmentation
process of particulates between the contiguous node and anti-node
within a wave packet is discovered through both experiments and
calculations. This complex process should be attributable to the
characteristic change in the particle physical parameters (such as
the size, staking density, and porosity) caused by the different pres-
sure strengths of an acoustic field. The three types of main control
parameters, including acoustic, particle, and operating parameters
of the device have been carefully discussed. The balanced mod-
ulation of two  radiation forces is provided to explain the process
control, which is extremely important for the engineering design of
an acoustic-particulate-fluid system. The visualization and analysis
of the acoustic-particulate system in an air medium enhances the
application of particle technology broadly relevant to environment
protection, energy fuel conversion, and industrial production. This
paper is another meaningful contribution to the authors’ previous
series of studies (Powder Tech., 2015; Powder Tech., 2017; Powder
Tech., 2020).

Setup and method

Fig.  1(a) shows the design and operation principle of the exper-
imental setup and its measurement method. For the design, the
two same HSSs based on the parity-time symmetry (Fleury et al.,
2015; Qiao, Huang, Naso, & Dong, 2017) are contrarily installed
at the ends of annular circular-tube waveguide along the cen-
ter line, and each HSS consists of a Helmholtz resonator and a
speaker. The waveguide length of the annular circular-tube center-
line is 978 mm,  and the internal diameter is 35 mm (Qiao, Huang,
& Dong, 2014). The material of the circular tube is transparent
plexiglass. The geometric sizes of the HSS satisfy the resonant sim-
ilarity principle (Cheng, Dong, & Qiao, 2016), where the resonant
frequency of the Helmholtz resonator equals the seventh-order
harmonic frequency of 1.286 kHz of the waveguide. The component
arrangement results in a complex generation device with an annu-
lar acoustic field environment. For the operation, a strengthened
annular one-dimensional acoustic field is motivated by the sinu-
soidal audio energy of two speakers (8�) supplied with a power
amplifier and a signal generator. For the field measurement of an
acoustic quarter-wavelength of larger than 6 cm,  sound pressure

meters are chosen to weight the gradient structure of an inho-
mogeneous acoustic field. The measurement positions xi (i = 1–55)
from among the 55 positions are uniformly arranged along the
circumferential length direction of the annular waveguide, and
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28 = 48.9 cm is the middle position. The positions xi with an even
umbered subscript are 27 equal points on the waveguide, and the
ther xi are the measurement positions 15 mm away from each
osition for which the subscript i is an integer multiple of 4.

To  easily understand the acoustic field environment (Qiao et al.,
020), a fluid simulation using ANSYS acoustic scientific software

s applied to calculate the pressure fluctuation regulation of the
coustic field. Fig. 1(a) shows the numerical model of the fluid
edium of air within a circular tube. The mesh size of the finite

lement simulation is sufficiently accurate at much smaller than
/8 wavelength. For the boundary conditions, the horizontal side
f the waveguide is rigid, and the two ends correspond to a pres-
ure variation of a sinusoidal form with the same amplitude and
requency.

For the acoustic experiment of particle aggregation, the fired
moke particulate matter with a main size of less than 0.84 mm  is
oaded into the waveguide to display the particle aggregation in
n annular acoustic field. One specific camera is used to record the
ggregation effect in space-time. The experimental material type of
he particle source is the coke particulate of rice-husk fired smoke.

ith a specific particle sieve, the measured equivalent diame-
er ranges of the particle weight percentage are <100 �m (33%),
50–100 �m (13.25%), 180–150 �m (17.95%), 212–180 �m (7.6%),
12–250 �m (15.67%), 250–297 �m (6.9%), 297–420 �m (0.2%),
20–590 �m (4.42%), 590–840 �m (0.97%), and >840 �m (0.1%).
he key point O is the center of the circular tube, and the other key
oints A, B, and C correspond to three characteristic locations. In
ddition,  ̨ represents the acoustically deviated angle of the particle
ggregation zone far from the line segment OB.

echanisms

In an acoustics-particle-fluid system under a standing wave
nvironment, it is believed that the acoustic radiation force and
he secondary radiation force play an important role in the shift
nd aggregation evolution process of the particulates (Laurell et al.,
007). These two  types of force mechanisms are effective for par-
iculates of a size much smaller than the wavelength of an acoustic
eld. However, the balance modulation of two  forces on the particle
haracteristics (size and stack density) has not been considered as
he control mechanism of the particle system. This control mecha-
ism is the quantitative contribution of the present paper.

coustic  radiation force

In  the fluid medium of air, a small coke-type particulate with size
uch smaller the wavelength 340 mm can equal a spherical par-

icle in terms of compressibility. The action of a one-dimensional
coustic standing wave on a single compressible sphere is called
he acoustic radiation force, as first suggested by Gor’kov (Gor’Kov,
962). The action force formula is expressed as follows (Brandt,
001; Bruus, 2012; Qiao et al., 2015):

rad = −(
	2P2ˇa

12�
)d3

p
(ˇ, �) sin(2kx), (1a)

and 
(ˇ, �) = 5�p − 2�a

2�p + �a
− ˇp

ˇa
. (1b)

ere k = 2�f/ca represents the wave number; P, f, and x represent
he sound pressure amplitude, the frequency, and the position
f acoustic field, respectively; �a, ˇa = 1/

(
�c2

a

)
, and ca repre-

ent the density, compressibility, and acoustic velocity of a fluid

edium; �p, ˇp = –(1/V)(�V/�P), and dp represent the density,

ompressibility, and particle diameter; V represents the volume of
he particle; and �V represents the variation of V with the variation
f �P under squeezing pressure. In addition, Ф(�,ˇ) represents the
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Fig. 1. Diagrammatic sketch of setup an

acoustic contrast factor. The value of Ф depends on the density-

compressibility characteristic of the particle and fluid medium.
When Ф < 0 (or Ф > 0), the particles shift toward the pressure anti-
node (or node) of the standing wave. The value of Frad indicates

n
a
p

85
del: (a) experiment and (b) simulation.

he  shift extent of particles between any contiguous anti-node and

ode. Owing to the particle size diversity of rice-husk fired smoke,

 different shift velocity of the coke particulates causes a complex
articulate collision aggregation effect.
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Secondary radiation force

Different  from the particle shift between the inhomogeneous
structures of the acoustic field, the secondary radiation force repre-
sents the acoustically interactive force between any two particles.
This force indicates the aggregation extent of any two particles,
regardless of whether their sizes are the same. In addition to the
acoustics-particle characteristic, the force formula also contains the
position relationship of the intersection angle between the central
line of two particles and the propagation direction of an acoustic
field, as follows (Ahn et al., 2014; Laurell et al., 2007; Qiao et al.,
2017a):

Fs = 	d6
p

16

[
(�p − �a)2(3cos2� − 1)

6�aD4
v2(x) − ω2�a

ˇp − ˇa

9D2
p2(x)

]
(2)

Here  � represents the intersection angle; D represents the distance
of two identical particulates; ω = 2�f represents the angular veloc-
ity of a fluid medium; and v(x) = p(x)/(�aca) and p(x) represent the
particle vibration velocity and the sound pressure of the acous-
tic field, respectively. Owing to the inhomogeneous structures of
a standing wave, the two terms with equal signs on the right side
of Eq. (2) demonstrate a different particulate aggregation regula-
tion in an anti-node and a node. At the positions near the pressure
anti-node where v(x) = 0, the secondary radiation force Fs is attrac-
tive. At the positions near the pressure node where p(x) = 0, the
value of Fs depends on the value of �. If � = 0, Fs is repulsive; by
contrast, if � = 90o, Fs is attractive. When v(x) = 0, or p(x) = 0 and
� = 90o, the attractive force enhances the aggregation process of two
coke particulates. By contrast, when p(x) = 0 and � = 0, the repulsive
force enhances the aggregation and fragmentation process in the
direction parallel to the propagation direction of an acoustic field.
For two particles with similar sizes, Eq. (2) corresponding to one
simplified expression is convenient and effective during the cal-
culation, particularly for the same-sized particles. For polydisperse
particles, the expression of dp

6 should be replaced by dp1
3·dp2

3 (the
third powder of the product of two particle diameters, dp1 and dp2)
(Weiser, Apfel, & Neppiras, 1984). To an extent, the effect of the size
difference on the particle aggregation can be analyzed on the basis
of Eq. (2).

Stripe

Based on two radiation forces, the equilibrium spacing D of
two particles (where dD/dt = 0, and t is time) can be derived
when simultaneously considering the drag force Fd on the parti-
cles (Weiser et al., 1984). Here, Fd = 3��dpdD/dt, where � is the
viscosity coefficient of air. The three types of forces form a rela-
tively balanced relation for two moving particles with the same
size in a one-dimensional acoustic standing wave field. The theo-
retical equilibrium spacing Des can be calculated using the stripe
model of Weiser (Qiao et al., 2017a; Weiser et al., 1984) as follows:

D6
es = d3

p

4k3

(
�p

�a
− 1

)2
(
�p

�a
− ˇp

ˇa

)−1

. (3)

Eq.  (3) demonstrates that the equilibrium spacing of a large
number of particles evolves into many parallel stripes consisting
of a particle aggregation cluster, when the acoustic action time is
sufficient long.

Results  and analysis
Acoustic  field and radiation force calculation

Fig. 2 shows the characteristics of the acoustic field during the
process of particulate aggregation. The resonant effects are clear
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t  0.12, 0.2, 0.52, 0.8, 1.1, 1.3, 1.6, and 1.9 kHz (see Fig. 2(a)). The
ound pressure increases with the input voltage and decreases with
he resonant frequency (Fig. 2(b)). The sound pressure amplitude
t a certain input voltage amplitude can be acquired by the range
elation of the pressure and a voltage of 1–10 V. The experimen-
al resonant frequency of 1.3 kHz is similar to the designed value
f 1.286 kHz. The experimental and theoretical harmonic effects
f the waveguide are always similar in the resonant frequencies
see Fig. 2(c)). According to Eq. (1b), the variations in the acous-
ic contrast factor with the density and the compressibility of the
articulates is calculated. The monotonous variation (see Fig. 2(d))
emonstrates that the shift and accumulation of coke particulates
etween the anti-nodes and nodes of a standing wave are over-
helmingly affected by the physical characteristics of the smoke

articles.
Fig. 3 shows the macro- and micro-structures of coke parti-

les at four magnifications under a scanning electron microscope
SEM). The particle size distribution (36.7–840 �m) can be given
hrough the number statistics of the SEM photos. It can be seen
hat small particulates with an external surface size of approxi-

ately 857.1 �m (length) and 135.2 �m (width) mainly appear as
ollow cylinders with a wall thickness of approximately 49.95 �m
see Fig. 3(a)). As an example, in terms of the inner surface, the
etailed structure appears as numerous stripe fins with a thickness
f approximately 970.8–1.996 �m (see Fig. 3(b)). The interspacing
etween two contiguous fins is approximately 6.817–10.76 �m.
ombined with alveolus details (see Fig. 3(c)), the surface of the
ns fills in regularly with a porous aperture of approximately
.134–3.86 �m.  The material of the fins consists of numerous nano
articles with a size of approximately 36.7–307.4 nm (see Fig. 3(d)).
he actual density of the hollow cylindrical particulate should be

ess than the density of the ideal solid carbon particles generally
onsidered in a previous study (Karpul, Tapson, Rapson, Jongens, &
ohen, 2010), where Ф ≈ 2.5 (ˇp = 1.99 × 10–5 Pa–1, �a = 1.21 kg/m3,
p = 2200 kg/m3, ˇa = 7.15 × 10–6 Pa–1). Regardless of whether the
otential measurement error of the particle sieve on the cylindrical
articles is neglected, it is reasonable to focus on the coke particle
ensity range of 1.21–2200 kg/m3 in Fig. 2(d).

As  an example, the inhomogeneous characteristic of a one-
imensional acoustic field is demonstrated in Fig. 4. The pressure
istributions of 0.191 and 0.52 kHz display an inhomogeneous-
coustic gradient structure within an annular waveguide. The
ressure curves with a measuring time interval of 10 ns consti-
ute the standing wave patterns (Qiao et al., 2017a) with one and
hree wave-packets (see Fig. 4(a) and (c)). The experimental fluctu-
tion pattern of the wave-packet along the annular direction agrees
erfectly with the stimulation results (see Fig. 4(b) and (d)). Com-
ined with Eq. (1a), the inhomogeneous acoustic field provides the
coustic fluid environment of the collective motion and accumu-
ation behavior process of the coke particulates. Further, based on
q. (2), the interactive force between particles is calculated. The
onstants are ˇp = 1.99 × 10–5 Pa–1, �a = 1.21 kg/m3, �p = 164 kg/m3,
a = 340 m/s, ˇa = 7.15 × 10–6 Pa–1, f = 0.191 kHz, and Ф ≈ –0.3. In the
irection of � = 0◦ and � = 90◦, the repulsive and attractive forces

ncrease simultaneously with the increases in the particle diameter
nd sound pressure (see Fig. 5). Conversely, they decrease clearly
ith an increase in the inter particle distance.

When sin(2kx) = 1, the calculated acoustic radiation force for
 > 0 and Ф < 0 is shown in Fig. 6(a). It can be seen that the pos-

tive (respectively negative) range of Frad is 10–21 N to 10–2 N
respectively –10–20 N to –10–2 N) for a particle diameter of 1 �m
o 0.1 m.  The absolute value ranges are simultaneously contained

ithin the Fs value ranges of the repulsive force (10–30–1033 N) and

he attractive force (10–35–1034 N) (see Fig. 5). The dominant force
lternation depends on the characteristic change in particles (such
s ˇp, �p, dp, D, and �) and the acoustic field (such as p(x), P, f). The
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Fig. 2. Acoustic characteristics: (a) experimental frequency response, (b) experim
acoustic contrast factor of the calculation.

drag force balance of Frad and Fs on the particulates results in a static
stripe of a particle cluster (Weiser et al., 1984). Based on Eq. (3), the
calculated stripe spacing is shown in Fig. 6(b). As an example, for
a particulate diameter of approximately 20 �m,  the stripe spacing
of the particulates amplifies monotonously from 2.5 to 8 mm with
a decrease in the acoustic frequency from 1.3 to 0.12 kHz. Within
this frequency range, the further increase in the stripe spacing is
only attributed to the aggregate size increase of the particulates.

Aggregation evolution with different frequencies

Fig. 7 shows the collective behavior of particulate evolution
with frequency under the condition of the same input voltage
amplitude of 10 V. It can be seen that the particulate aggrega-
tion effect is clearly different at different resonant frequencies.
At low frequencies (0.191 and 0.52 kHz), the aggregate clusters
(see Fig. 7(b) and (c)) are mainly shifted and accumulated toward
the pressure anti-node of the acoustic field (see Fig. 4). The
aggregation should be attributed to the predominant acoustic radi-
ation force, which is closely related to the pressure time–space
fluctuation structure (wave-packets) at low frequencies. At high
frequencies (0.8 kHz and 1.3 kHz), numerous stripes of particulate
aggregation are distributed on the pressure nodes of the acous-
tic field. The experimental values of stripe spacing are similar
to the theoretical values (see Fig. 6(b)). The spacing values of
6.4 mm (0.191 kHz), 3.25 mm  (0.8 kHz), 2.5 mm (1.3 kHz), and 8 mm
(0.12 kHz, see Fig. 8(l)) always coincide experimentally and theo-
retically. The spacing control range (2.5–3.8 cm)  is much larger than
our previous stripe-spacing findings (400–800 �m)  of tobacco-
fired smoke-aerosol particle manipulation (Qiao et al., 2017a). In
terms of the particle size range (<100 �m)  with the largest weight

percentage (33%), the predominant size of the coke particulates,
approximately 20 �m,  indicates a new size measurement tech-
nique for aerodynamic suspended micro-particles. In addition, the
geometry of a stripe has an umbrella shape along the vertical

t
w
e
s

87
 relation between sound pressure and voltage, (c) resonance, and (d) theoretical

irection  (see Fig. 7(b)). The bottom and top of the “umbrella”
espectively correspond to the maximal and minimal values of the
tripe spacing. The two  values result from the predominant diam-
ter of the particulates. Combined with the data in Fig. 6(b), the
aximal value of 21.5 mm (dp = 250 �m)  and the minimum value

f 6.4 mm (dp = 20 �m)  limit the stripe spacing range for the par-
iculates (87.47%) of 20–250 �m within a resonant frequency of
.191 kHz.

As an example, Fig. 8 shows the stripe details at different fre-
uencies and sound pressure amplitudes. Within the error range of
he harmonic frequency of the fifth-order, even though the spac-
ng width of the stripe changes is weak, the thickness and height
till clearly change. The shape of the stripe is displayed as a thin
lm with a thickness of approximately 0.3 mm.  In practical terms,
ne individual striped thin-film belongs to a regular particulate
ggregation cluster.

ggregation  evolution with different sound pressure amplitudes

Fig.  9 (vertical view) shows the characteristic behavior of the
articulate evolution with a sound pressure amplitude under the
ondition of the same acoustic frequency of 0.191 kHz. It can be
een that the initial states of the particulates are uniformly dis-
ributed on the inner-wall surface of the waveguide bottom (see
ig. 9(a)) because of Earth’s gravity. With an increase in the input
oltage amplitude, two types of radiation forces gradually increase,
nd the originally static particles gradually remove the gravity.
he particulates of sizes from small to large gradually begin to
ove and suspend in the air in the form of a stripe. The number

f particles attached to the inner wall gradually decreases with
n increase in the pressure amplitude, and the spacing value of

he stripes also gradually increases (see Fig. 9(b)–(k)). Combined
ith the theoretical regulation shown in Fig. 6(b), the spacing

nlargement with the sound pressure should be attributed to the
ize enlargement of growing particles in the small stripe parti-
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Fig. 3. SEM details of particulates. (a)–(d) refer to different magnifications.

o 0.52
Fig. 4. Sound pressure distribution: (a) and (b) refer to 0.191 kHz; (d) and (c) refer t
and  AN and N respectively represent the anti-node and node of a standing wave.

cle cluster. The experimental range (approximately 2.75–36.7 mm)

of the spacing enlargement agrees similarly with the theoretical
range of 2.5–38 mm.  The theoretical maximum (38 mm)  should
be attributed to particles with the largest experimental size of
dp ≈ 840 �m.

a
v
s
s
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 kHz; (a) and (c) are experimental data; (b) and (d) are theoretical calculated data;

As an example, Fig. 10 (front view) shows the behavioral char-

cteristics of the particulate stripe evolution (0.191 kHz) along the
ertical direction. It can be seen that the height and width of the
tripe gradually and simultaneously increase with the rise in the
ound pressure amplitude. There experimentally exits an obvious
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Fig. 5. Calculation of secondary radiation force: (a) � = 0◦ , p(x) = 120 Pa; (b) � = 90◦ , p(x) = 120 Pa; (c) � = 0◦ , D = 1 mm;  (d) � = 90◦ , D = 1 mm.

pacin

v
s
s
l
m
a
t
t
T
c
w
c

Fig. 6. Calculation of acoustic radiation force and stripe s

height-value jump between two input voltage amplitudes of 6.5
and 7.5 V. This experimental characteristic might reveal two com-
pletely different acoustic action mechanisms. Combined with the
positive-negative alternation of the acoustic contrast factor, the
mechanism alternation might result from the change in the physi-
cal characteristic of the aggregated particulates during the growth
process of a particle stripe.

Dynamical  evolution of aggregation

Fig. 11 (front view) shows the dynamic periodic characteristic of
the behavior evolution for a particulate stripe under the condition

of an input voltage amplitude of 4 V and a frequency of 0.191 kHz.
It can be seen that the particle distribution along the propagation
direction of an acoustic wave changes periodically over time (cycle
of approximately 1.056 s), and the stripe with the umbrella shape

l
4
t
c

89
g: (a) and (b) respectively refer to the force and spacing.

aries  dynamically. As an example (see Fig. 11(b)–(l)), the umbrella
ize of the stripe cluster changes with the motion positions of the
tripe particle cluster. Two  larger repulsive forces caused by the
arge contiguous clusters (1 and 4) drive two small clusters (2 and 3)

oving toward each other (see Fig. 11(b) and (c)). They then merge
nd become one new large cluster (2’) (see Fig. 11(c) and (d)). When
he cluster becomes sufficiently large, the repulsive forces between
he inter particles within the top of the cluster become dominant.
he dominant repulsive forces and gravity cause the inter parti-
les to land at the contiguous bottom of the inner-surface of the
aveguide. The landing particles accumulate into a growing new

luster (see Fig. 11(d)–(h)). The bottom distance between the new

arge cluster and the contiguous large origin cluster (such as 3’ and
’, or 2’ and 3’, in Fig. 11(i) and (j)) is approximately 16.7 mm,  and
he top distance is approximately 4.7 mm (16.7–12 = 4.7). They all
ontain the theoretical range (2.5–38 mm)  of the stripe spacing.
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Fig. 7. Particulate distribution at six frequencies: (a) 0.12, (b) 0.191, (c) 0.52, (d) 0.8, (e) 1.3, and (f) 1.6 kHz; K-K represents the local view of the x-z plane.
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Fig. 8. Stripe details for nine frequencies. (a)–(f) Input voltage amplitude of 10 V; (g
of the waveguide.

The dynamic variation of an aggregate stripe should be attributed
to the practical complexity of the physical dimensions of the coke
particulates during the smoke production process. In terms of envi-
ronment protection, the effective collisions of small particles such
as air-pollution, PM2.5, should be strengthened by applying the
enhancement mechanism of a stripe-particle-cluster growth. The
sufficiently large particles of the agglomeration can be removed
using a cyclone dust extractor or electrostatic precipitator during
the next stage (Kilikevičienė  et al., 2020).

Fig. 12 (axonometric drawing) shows the dynamic periodic char-
acteristics of the behavior evolution for an aggregate cluster under
the conditions of an input voltage amplitude of 10 V and frequency
of 0.191 kHz. It can be seen that the aggregate cluster period-

ically changes between the node and anti-node of the acoustic
field. The volume of an aggregate cluster varies with time, and
here, it is weighed by a defined length parameter Q. With same

i
D
a

90
nput voltage amplitude of 4 V; the signs of B and H represent the specific positions

eight  and number of origin particulates, a large Q corresponds to
 large volume of aggregate clusters. The motion direction of the
luster alternates toward the node or anti-node depending on the
coustic contrast factor Ф relating to the physical characteristics
f the aggregates. For specific initial particulates, such as generally

deal solid carbon particulates (Ф > 0), the particulates migrating
oward the pressure node constitute a specific aggregate clus-
er. There exists a maximal cluster volume, where Q = 15 cm (see
ig. 12(m)). During the migration process, two  or several particu-
ates merge into one new large aggregate, and its acoustic contrast
actor decreases toward a value of less than zero. When Ф < 0, the

otion direction of the cluster turns into the pressure anti-node.
he collision aggregation becomes violent owing to the increase
n the number of particle pairs moving in the opposite direction.
uring the acoustic aggregation, the volume of the cluster gradu-
lly becomes small, and the distance of two contiguous particles
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Fig. 9. Particulate distribution for 13 input voltage amplitudes: (a) 0, (b) 0.5, (c) 1, (d) 1.5, (e) 2, (f) 2.5, (g) 3, (h) 4, (i) 4.5, (j) 5.5, (k) 6.5, (l) 7.5, (m) 9, and (n) 10 V.
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Fig. 10. Stripe particulate cluster characteristic. H and D represent 

also gradually decreases. Combining Figs. 5(a) and 6 (a), when the
distance of two particles is sufficiently small, the repulsive force
along the propagation direction of the acoustic wave will obvi-
ously increase and become dominant. At this moment, the cluster
achieves the smallest volume, where Q ≈ 10 cm (see Fig. 12(n)).
After a short homeostasis of approximately 2 s, the sole cluster
breaks up into two small clusters of Q1 ≈ 7.8 and Q2 ≈ 5.6 cm (see
Fig. 12(o)) depending on the secondary radiation force. The spacing
of the two clusters is approximately 2.8–3.8 cm (see Fig. 12(d), (g),
(k), and (o)), similar to the theoretical calculation (see Fig. 6(b)).
Then, the fragmentation of the aggregates becomes dominant, and
the physical characteristic of the particulate results in Ф > 0. Under
the action of an acoustic radiation force, the particulates are moved

to the pressure node of the acoustic field again. Accordingly, the
dynamically and periodically collective particulate behavior sug-
gests a novel particulate-fluid platform. This platform provides a d

w

91
ight of the stripe and the width of the stripe spacing, respectively.

ontactless tunability fluidization process, which can be applied
o many aspects such as a pulverized coal burner or particulate

aterial production, among others.
Compared with our previous studies (Powder Tech., 2015; Pow-

er Tech., 2017; Powder Tech., 2020), the experimental findings in
his paper have abundant implications in terms of particle manip-
lation. The implications include new acoustic-particle-operating
arameter-control methods, a new geometric device structure
esign, application of mechanisms for particle manipulation, and
heir selection.

onclusions
Particulate aggregation through an inhomogenous one-
imensional acoustic field within an annular circular-tube
aveguide was studied experimentally and theoretically under a
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Fig. 11. Dynamic stripe at 4 V: (a) time interval of 44 ms  of two adjacent images;
(b)–(l)  time interval of 132 ms  of two adjacent figures. The sign of B represents the
reference position.
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Fig. 12. Dynamic aggregate cluster at 10 V: (a)–(p) 
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esonant frequency range of 0.12–1.9 kHz. The particle interaction
nvironment with a sound pressure of up to 1000 Pa is successfully
odulated by a waveguide with an input power of 0–12.5 W.  The

xperimental particulate source material is the coke particulate of
ice-husk fired smoke of sizes no larger than 0.84 mm. The results
ound that the aerodynamic particulate aggregation behavior is
xtremely complex, which is collectively manipulated by the
ave packet structure tuning of the inhomogenous acoustic field.

 low sound pressure causes umbrella shaped dynamic particle
tripes with a tunable weight, height, and spacing. A high sound
ressure causes a dynamic particle aggregation cluster with a
unable volume and spacing. The dynamic evolution process of
he particle stripes and particle clusters belongs to two obviously
ifferent phenomena regarding particulate aggregation and frag-
entation. The balance tuning of the acoustic radiation force and

econdary radiation force is analyzed as the control mechanism of
he experimental phenomena. The control method is the physical
haracteristic (such as the size, the stacking density, and the
orous) tuning of particulates under different acoustic environ-
ents. The results are extremely valuable for understanding the

ollective particle motion behavior of a standing wave acoustic
eld, particularly the aggregation, fragmentation, suspension,
ollision, deposition, removal, and transfer. The new findings
nhance the application of a particulate-fluid system related to
nvironmental protection, energy fuel conversion, and particulate
aterial production, among other factors.

In addition, the new findings of this study indicate that there are
any additional areas for future research. For example, (1) when
odelling the particle aggregation, the cylindrical particles with

ores as spheres are considered, which largely deviates from the
ctual particle shape. Commonly, the particle shape will affect the
orce acting on the particle, and thus affect the equilibrium posi-

ion of the particles. However, the experimental values of stripe
pacing agree well with the theoretical values. The effect of the par-
icle shape should be further studied. (2) For modelling an acoustic
article interaction, the acoustic wake effect is often considered a

Evolution distribution at different moments.
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major particle interaction mechanism. However, the acoustic wake
effect is ignored in this study; nevertheless, the new phenomena are
still appropriately explained based on the three mechanisms of the
acoustic radiation force, secondary radiation force, and stripe mod-
els. Therefore, compared with general cognition, further research
should be both subversive and complementary in terms of the
research direction of an acoustic-particle-fluid system.
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