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The aerosols regularlymanipulated bymodular platformof acoustic tunable phase-control at resonant frequency
2.6427 kHz are demonstrated in this paper. In order tomake full of the superimposition ofmultiplewaves in non-
uniform two dimension acoustic standing wave field, the modular platform is composed of the square cavity
and the two pairs of symmetric acoustic sources with Helmholtz resonators. The modular platform allows that
the effective volume of cavity is 32.8 (length) × 32.8 (width) × 5 (height) cm3 and also the tunable acoustic
phase-control is realized by proposed two different phase modes named π-mode phase and 0-mode phase.
The ranges of the aerosol size distribution and the aerosol concentration are 0.08 μm–1 μm and 51.6–93.3%
(Opacity), respectively. The experimental temperature remains at 298K. Results indicate that the platformcauses
perfect nonuniform two-dimension acoustic standing wave field. Under the condition of π-mode phase, the
manipulation is better than that under 0-mode phase; the characteristic length of X-pattern for displaying the
manipulation is half-wavelength larger than quarter-wavelength acquired in one-dimension acoustic standing
wave field. The major areas to remove aerosols are 39 cm2 under π-mode phase and 9.7 cm2 under 0-mode
phase. The phase is an important parameter for impacting the manipulation of aerosols. For explaining the
difference of manipulation under the two phase conditions, the relative structural factors of acoustic field are
found and considered as the intermediate variables from acoustic tunable phase to aerosol manipulation.
Especially, the large neck for the shape of sound pressure nodes might cause weak interaction between aerosols
and acoustic field and further result in the unexhaustive manipulation.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Aerosol manipulation in acoustic standing wave (ASW) field can
achieve the regular motion of aerosols in a finite space. This regular
motion plays the significant role in the process of aerosol removal.

Recently, there are different experiments to study the aerosol
behaviors in ASW field, in order to manipulate the aerosol removal
more efficiently [1–5]. Frequency and sound pressure as the important
characteristic parameters of ASW field have been verified acting as the
significant factors to impact the effect of an acoustic field on aerosol
manipulation. Enough high sound pressure (140 dB [1], 120 dB [3])
and appropriate frequency (1.4 kHz [1], 1.416 kHz [3]) are essential to
acquire anobviousmanipulation effect. However, the study on the aero-
sol manipulation by the phase acting as one characteristic parameter of
ASW field is rare, which is one objective of this paper.

In the aspects of particle manipulation by ASW about phase within
liquid (water [6,7] generally selected), the significant study on the
hermal Conversion and Control
t, Southeast University, Nanjing
phase-control has been done currently. One thing they [6,7] mostly
focused on is the microscopic scale of set-up such as micro-channel.
Besides, Raeymaekers et al. [8] studied the macro scale patterns [8]
about particle manipulation using bulk acoustic wave in water.
However, the physical characters of particle environment for liquid
and gas respectively are obviously different such as the acoustic
velocity, the viscosity, the density, etc. At the same time, the acoustic
source is a piezoelectric transducer for producing high frequency
(740 kHz [6], 91 MHz [7]) acoustic wave in water. Utilizing the
plate [6,8] and the cylinder [8] for the types of conventional piezoelectric
transducer can transmit directly satisfactory acoustic wave into water.
Conversely, when used to manipulate particles in air, the conventional
piezoelectric transducer needs to be improved based on the acoustic
impedance match between transducer and air, for example the addi-
tional radiation plate and mechanical amplifier used in the device of
Juan et al. [4]. Therefore, without special improvement for the device,
the conventional acoustic source cannot produce enough high sound
pressure used for aerosol manipulation at the relative low frequency
like 1.4 kHz in air medium.

Other relative important researches are the acoustic manipulation
[9] and levitation [10–12] of micro- and macro scale particles in gas.
Karpul et al. [9] designed industrial acoustic filters to manipulate
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particles, and showed the advantage of optimizing operating and
structure factors of acoustic filter on achieving better manipulation.
They studied respectively two kinds of different particles, radiuses of
1 μm for graphite and 1 mm for polystyrene foam. Weber et al. [10]
constructed an acoustic levitator to achieve levitating liquids at
resonant frequency ~22 kHz. Their particle diameter is in the range of
1–3 mm. Daniele et al. [11] designed an acoustic macro platform for
levitating a steel sphere of 5 mm in air using ASW of 25 kHz. Therefore,
it is appropriate that we study the effect of the phase of ASW on the
aerosol manipulation at low resonant frequency, especially in macro-
scopic cavity. In terms of the industrial occasions for flue gas emission
from coal and oil combustion, the amount of emission for aerosols is
usually huge [13]. When applying the aerosol manipulation in ASW
field to remove aerosols in these occasions, the design andmanufacture
of the huge cavity to achieve optimal acoustic resonance is also the one
of challenges.

On the other hand, among the current studies, one dimension ASW
field is prior selected for the establishment of ASW field by one acoustic
source and reflective plate [4,14] or by two symmetric acoustic sources
[15,16]. However, two-dimension ASW field has potential advantage
making full of the superimposition of multiple waves and such research
has been developed. In some studies [4,6,17] the two-dimension ASW
field is formally two dimensional in space, but such ASW field can be
equal to one dimension ASW field because of the uniform distribution
along the direction perpendicular to the propagation of acoustic wave.
In fact, such two-dimension is only the extension of one dimension
ASW field in plane, and it still belongs to the scope of one-dimension
in nature. In contrast, the nonuniform two-dimensional ASW field
(NTASWF) is rarely used for aerosol manipulation, which is another
objective of this paper.

When carrying out the aerosol manipulation in NTSAWF, however,
how to control the interaction between aerosols and two dimension
ASW field becomes a significant topic on the interaction between aero-
sols and acoustic field environment of their existing. This paper demon-
strates that the aerosol moving behavior can be regularly manipulated
by modular platform of acoustic tunable phase-control in NTASWF at
2.6427 kHz of a low frequency.

2. Experiment and method

2.1. Experimental set-up

The modular platform of acoustic tunable phase-control consists of
two types of modules, one horizontal square cavity and two pairs of
symmetric acoustic sources, showed by Fig. 1. The square cavity is
made up of Perspex plate of thickness 5 mm and its volume is 32.8
Fig. 1. Schematic diagram of setup.
(length) × 32.8 (width) × 5 (height) cm3. Four same power acoustic
transducers are arranged on the four sides symmetrically against to
the center point of square cavity. Two acoustic transducers of each
pair are opposing each other, and constitute symmetric acoustic sources
of a pair with respect to the center point. These acoustic sources have
same center frequency. The acoustic source is the type of acoustic
streaming, named as Helmholtz resonator source (HRS) [16,18].
Helmholtz resonator source is composed of electromagnetic speaker
and Helmholtz resonator. HRS operating at Helmholtz resonance
frequency (HRF) can produce great acoustic wave of similar single
frequency [18]. Such acoustic wave can satisfy the requirement of
sound pressure when manipulating aerosols by acoustic tunable
phase-control. In order to realize the resonance of modular platform
and cause suitable NTASWF, the working frequency of acoustic source
is equal to the HRF and to the five order harmonic frequency of square
cavity.

The structural parameters ofmodular platform satisfied the following
formula [16,19]

nc= 2Lð Þð Þ2 ¼ c2=4π2� �
πd2e=4

� �
= le þ 0:73deð Þ= ltπd

2
t =4

� �
¼ f 2; ð1Þ

where n = 5 is the five order harmonic order of square cavity; L is the
length of square cavity; c is the acoustic velocity of air; de = 8 mm,
le = 5 mm, dt = 35 mm & lt = 2 mm are the geometric parameters of
Helmholtz resonator; and f is HRF equal to 2.6427 kHz in our study,
and equals the center frequency of acoustic source.

Eq. (1) is a similarity condition for resonance. According to this
similarity condition, the geometric size (length andwidth) of the square
cavity can be larger. For example, a smaller f, satisfying the geometric
parameters de, le, dt, lt, corresponds to a longer L, or an appropriate larger
n, satisfying the positive odd integer (the even integer has not been
verified [16]), corresponds to a longer L. In order to avoid the generation
of the ASW field in the direction of height, the height of square should
also be less than half-wavelength. This constraint ensures the produc-
tion of NTASWF only in the plane of length–width. Therefore, under
the constraint of Eq. (1) and the height constraint, the influence of the
setup dimension amplified on acoustic tunable phase-control can be
neglected [16]. It must be pointed out that such method has not been
suggested in previous study.

The sound pressure, p, radiated from the acoustic sources is pmε =
pa exp(i(ωt + ψm

ε )), here, pa and ω are respectively the amplitude and
angular frequency of sound pressure, t is the time, the phase ψ = π or
0 represents the contrary (π) and same (0) to the vibration directions
of the symmetric acoustic sources (note that using the inversion of the
two vibration directions [16] does not produce the general phase
achieved by Kun et al. [20], and the study on how to improve the
method to achieve the general phase for our proposed set-up has not
been carried out), the subscriptm = 1 or 2 represents the two sources
of the each pair of symmetric acoustic sources, the superscript ε = 1
or 2 represents the two pairs. Acoustic tunable phase-control can be
realized through the tunability of contrary and same phase between
acoustic waves radiated from the each pair of symmetric acoustic
sources. Therefore, the acoustic tunable phase-control in this paper is
equivalent to two different phase modes, π-mode phase and 0-mode
phase. The foundation of this classification is based on the tunability
for the phase of the each pair of symmetric acoustic sources [16].
Using the phase of ψm

ε , the two modes can be expressed as

ψε
m
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It must be pointed out that according to the right side of Eq. (2),
there also have other modes, such as [(0, π), (π, 0)], [(π, π), (π, π)],
[(0, π), (0, 0)]. Due to the symmetry of square cavity, [(0, π), (π, 0)]
and [(π, π), (π, π)] is the same as [(0, π), (π, 0)] and [(0, 0), (0, 0)],



Fig. 2. Arrangement for the test points.
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respectively. The mode of [(0, π), (0, 0)] is derived from the difference
between two pairs. Study on the mode difference between several
pairs is not referred in this paper.

A sinusoidal AC voltage signal at amplitude 15 V and frequency
2.6427 kHz is input electromagnetic speaker by an amplifier, and the
peak sound pressure amplitude resulted in ASW field is 108 Pa. The
voltage amplitude used by us is the same as Teruyuki et al. [21], but
the frequency is far lower than 1.75MHz, which used by them. Tobacco
smoke is filled into the square cavity so as to display manipulating
performance of the acoustic tunable phase-control on aerosols. The
aerosol size is less than 1 μm [22]. The aerosol size distribution to
aerosols larger than 50% is covered in 0.08–1 μm [22,23] (0.08–0.7 μm
[22], 0.25–1 μm [23]). The quantitative aerosol concentration can be
demonstrated with opacity [24–26] 51.6–93.3% (measured by opacity
smoke meter (SV-5Y) and exhaust gas analyzer (SV-5Q), high opacity
corresponding to high aerosol concentration), and the components
corresponding contain NOx(53–56 ppm), HC (467–664 ppm), CO
(1.27–1.59%), CO2 (3.58–4.32%), andO2 (17.2–20.69%). The experimental
temperature is kept at the uniform ambient temperature of 298 K.

2.2. Analysis method

2.2.1. Acoustic radiation force
A number of papers [6,7,11,12,17,21,27–30] on particle manipula-

tion using ASW have indicated that aerosols in ASW field are exerted
an external acoustic radiation force. The acoustic radiation force results
from the acoustic radiation pressure [11,31]. Due to the size 0.08–1 μm
of aerosols and the wavelength 13.12 cm of acoustic wave in our
experiment, the regime of aerosol manipulation using ASW agrees
with the Rayleigh regime [6]. Because the size of aerosols used by us is
much smaller than the wavelength of acoustic wave [12], once the
shape of aerosols is equivalent to compressible sphere, the acoustic
radiation force, F, on a single, small sphere can be given by Gor'kov [28].

F ¼ − 4πR3=3
� �

∇ p2A= 4ρ0c
2
0

� �
f 1−3ρ0v

2
A=8 f 2

� �
; ð3aÞ

f 1 ¼ 1−ρ0c
2
0= ρc2
� �� �

; ð3bÞ

f 2 ¼ 2 ρ−ρ0ð Þ= 2ρþ ρ0ð Þ; ð3cÞ

where, R is the equivalent radius of aerosols, pA and vA are the pressure
amplitude and the velocity amplitude in ASW, ρ0 and c0 are the density
and the acoustic velocity of the aerosols, f1 and f2 are the acoustic
contrast factors, ρ and c are the density and the acoustic velocity
of the host fluid medium. According to the theory of Gorkov,
Eq. (3a)–(3c) can be used in any ASW field except for the traveling
wave field [17,28].

Under the effect of such external force, the aerosols in the host
fluid medium can be manipulated between sound pressure nodes and
anti-nodes [21,27]. ρ0, c0, ρ, c are the key parameters to determine the
aerosols are driven to pressure nodes or anti-nodes [11,29]. In order to
distinguish the direction of the driven using one parameter, J. Greenhall
et al. [6] used the improved acoustic contrast factor [29,30], Ф,

Φ ¼ 5ρ0−2ρð Þ= 2ρ0 þ ρð Þ−β0=β ð4Þ

where,β0 andβ are the compressibility of the aerosols and the host fluid
medium, respectively.

If Ф N 0, the aerosols are driven to the nearest pressure nodes. If
Ф b 0, the aerosols are driven to the nearest pressure anti-nodes [6,9].

2.2.2. The effect of temperature
According to the mechanism of Brownian motion [32,33], the

aerosols for the particle diameter size at submicron are driven to take
irregular motion at a given ambient temperature as 298 K [34]. In a
given space, the temperature gradient [35] will cause the different
kinetic energies for the aerosols [33]. The numerous aerosols with
different kinetic energies will then make the number-mean motion
directional [33] from the high temperature positions to the low temper-
ature positions. However, due to the uniform ambient temperature in
our experiment, the difference of temperature at different positions
can be neglected. The aerosol number distribution, affected by the
temperature gradient, over different positions is neglected. Meanwhile,
the effect of temperature changing with time can also be neglected due
to the constant experiment temperature [32].

2.2.3. The selection of characteristic parameters
According to Section 2.2.1, aerosol manipulation in NTASWF is

determined by the characteristics of acoustic field, such as the distribu-
tion of sound pressure in the square cavity. Other characteristics contain
the value of sound pressure and the frequency, because they decide
firstly whether the aerosol manipulation is realized or not [1,3]. On
theother hand, thedistribution of soundpressure presents thepositions
of pressure anti-nodes and pressure nodes, and these anti-nodes and
nodes present the positions of aerosols under the realization of aerosol
manipulation. Consequently under the conditions of the realization,
that is, at the appropriate sound pressure and frequency, we focus on
the aerosol number distribution for the two modes. The distribution of
sound pressure can be used to study the relation between acoustic
tunable phase-control and aerosol manipulation.

2.2.4. The analysis of NTASWF
In the previous papers [6,20,36], the acoustic reflection was consid-

ered as an unfavorable [20,36] phenomena accompanied. The authors
[6,20,36] took measures to reduce the effect of the reflection of sides
on acoustic field. Conversely, we consider the effect of reflection and
therefore, the structure of NTASWF is complex [6]. According to the
symmetry of NTASWF in our set-up, the study to the characteristic of
acoustic field is simplified as the pressure variation with the positions
covered in the two-dimension region of one eighth of square. Test
points arranged, x1, x2, x3, x4, x5, x6, x7, x8, x9, x10, x11 are showed in
Fig. 2. The distance between contiguous two test points for x1, x2, x3,
x4, x5, and x6 and for x1, x7, x8, and x9 equals to quarter-wavelength. x6,
x10, and x11 cross the diagonal line of square.

The wave equation for sound pressure p in NTASWF is identified
with the Helmholtz equation.

∇2pþ k2p ¼ 0 ð5Þ

where∇2 = ∂/∂x2 + ∂/∂y2 is the Laplace operator for the plane coordi-
nate x–y; k is the wave number.

It is well known that Eq. (5) belongs to the Laplace equation. The
internal acoustic sourcesmounted symmetrically on four sides of square
cavity constitute a closed and solved physical system. The Laplace
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equation model based on such physical system is solved. Eq. (2) gives
out the boundary conditions at the positions of acoustic sources for
the two modes.

In addition, Eq. (5) indicates that the second derivative of sound
pressure ∇2p is existent in NTASWF. According to the definition of
spline interpolation function, the fitted curves based on spline interpo-
lation function for the sound pressure magnitudes at the arranged
positions demonstrate the changed regulations of sound pressure with
continuous positions. By comparing the changed regulations of sound
pressure between under π-mode phase and under 0-mode phase, the
effect of acoustic tunable phase-control on aerosol manipulation can
be analyzed.

3. Analysis and discussion

3.1. Performance of aerosol manipulation

In Fig. 3, the regions of X, BI, BII, BIII & BIV divided out by the curved
dotted lines represent the aerosol characteristic number distributions
for types of five based on the five regions, which demonstrates the
distribution characteristic of aerosol concentration in the square cavity
under the two modes. The regions of C represent the gathered aerosols
in the region of X. The dark region of X represents the concentration of
aerosols in this region, which is low. The bright regions within the
regions of B represent the concentration of aerosols in the regions,
which is high. Note that the dark regions in the regions of B are due to
the lack of background light, and their concentrations of aerosols are
actually similar to bright regions. Half-wavelength of acoustic wave,
λ/2, is the characteristic length used for representing the size of region
X. This characteristic length represents the major size of region X.
Fig. 3. Effect of NTASWF on aerosol manipulation. (a), π-mode phase. (b), 0-mode phase.
Fig. 3 shows that aerosols in square cavity are obviously divided into
five regions by acoustic field. These regions constitute an X-pattern, no
matter whether for π-mode phase or for 0-mode phase. On the basis
of theNTASWFunder the twomodes, the aerosols are directional driven
between nodes and anti-nodes. Under the remaining action of acoustic
radiation force, the aerosols within region X are removed to other four
regions, and accumulated these places. Therefore, aerosols within
region X are few, contrary to the numerous aerosols in other four
regions of B. In this region X, aerosols are interestingly removed away.
Such removal indicates that the fundamental principle of set-up might
be used to regional aerosol removal in the space scale of cm-level,
32.8 × 32.8 × 5 cm3, such as in specific room orworkplace withmassive
aerosols. In contrast, for other four regions, aerosols are gathered
to these four places. Such gathering indicates that the fundamental
principle of set-up might achieve aerosol aggregation in somewhat
macro space and apply to the separation of component of aerosols. In
other words, the application range potential includes the places where
require controlling concentration distribution for aerosols.

Meanwhile, it is noteworthy that the X-pattern is well agreed with
the recent important numerical result of Ding et al. [27] without regard
of their liquid medium experiment, the significant difference compared
to gas in our current study. Besides, in terms of the size of X-pattern,
something of interest in our study is that the size of X-pattern is
cm-level much larger than mm-level of Ding, 2.5 × 2.5 × 3.5 mm3.
This is mainly because our set-up is effective at a lower resonance
frequency (2.6427 kHz) rather than several ormore dozens of thousand
hertz due to the acoustic impedance difference. According to λ = c/f,
this frequency causes a longer wavelength. This wavelength corre-
sponds to a bigger wavelength space containing more aerosols. Then,
the numerous aerosols can be simultaneously manipulated within the
bigger wavelength space. Therefore, our technology might have the
advantage of convenient implement for the simultaneousmanipulation
of numerous environmental aerosols.

In addition, in terms of the effectiveness of aerosol manipulation in
space, the characteristic length under π-mode phase is 6.56 cm equal
to half-wavelength. That under 0-mode phase is ~3.28 cm equal to
quarter-wavelength. It is obvious that the size of region X under
π-mode phase is much larger than that under 0-mode phase. This
large size verifies the manipulative effectiveness under π-mode phase.
Furthermore, seeing from Fig. 3(b), under 0-mode phase there are
two specific remaining existences of gathered aerosol regions of C
embedded in region X. These remaining existences indicate that the
manipulation of aerosols in region X is not exhaustive under 0-mode
phase. Accordingly, the performance of absolute manipulation under
π-mode phase is also better than that under 0-mode phase.

3.2. Acoustic tunable phase-control

According to Eq. (2), the acoustic tunable phase-control is carried
out by providing the boundary conditions on the acoustic sources
of NTASWF. According to Eq. (5), under the effect of the boundary
conditions the NTASWF is caused under π-mode phase and 0-mode
phase. According to Eqs. (3a)–(3c) & (4), the NTASWF corresponding
determine the manipulation of aerosols between nodes and anti-
nodes. Therefore, the realization of acoustic tunable phase-control
contains the establishment of NTASWF by the two different modes,
and the aerosol manipulation based on the NTASWF.

3.2.1. Establishment of NTASWF
After defining time-phase χ = iωt or χ = iωt + π, the periodic

changing of sound pressure with time, p(t) ~ exp(iχ), is demonstrated
by the circulated repeat of sound pressure over the time-phase of 2π,
showed by Fig. 4(a). The optional test positions are based on where
able to achieve peak sound pressure under the two modes. The sound
pressure magnitude data in greater than two cycles is dispersed in
Fig. 4(a), varied with different time-phase. The dispersed data in



Fig. 4. Peak sound pressure (a) and time evolution of sound pressure (b) & (c).

Fig. 5. Sound pressure distributions. (a) & (b), π-mode phase. (c) & (d), 0-mode phase.
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Fig. 4(a) indicates that the sound pressure changing under π-mode
phase is more drastic than that under 0-mode phase. The amplitude of
sound pressure under π-mode phase is ~6 times larger than that
under 0-mode phase.

In addition, Fig. 4(b) & (c) shows that the sound pressure varying
with time is nonuniform in the region of one eighth of square, which
indicates the production of NTASWF under the two modes.

3.2.2. Relation between NTASWF and aerosol manipulation
Base on the size of region X showed in Fig. 3, the square of

characteristic length (λ/2) is the major area of region X in which the
concentration of aerosols is low. The areas, 6.252 ≈ 39 cm2 (π-mode)
and 3.122 ≈ 9.7 cm2 (0-mode), approximately represent the areas in
which using NTASWF remove aerosols. Further, such two areas show
directly the performance of aerosol manipulation in the NTASWF.
Consequently, studying the acoustic field along the characteristic length
instead of the whole one eighth region of square showed in Fig. 2
satisfies the requirement for exploring the relation between NTASWF
and aerosol manipulation. In other words, it is appropriate that using
the sound pressure distribution passing x1, x2, x3, x4, x5 & x6 analyzes
the relationship between acoustic tunable phase-control and aerosol
manipulation.

In Fig. 5, asterisk 1 represents test point. Solid line 2 represents fitted
curve based on the cubic spline interpolation function using these test
points. Short dash line 3 indicates the linear interpolation used to
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judge the changing trend of solid line along x-axis. The patterns in (b) &
(d) represent sound pressure distributions inmore than one cycle using
the samefittingmethod. The pressure node & anti-node are abbreviated
to N & AN.

Fig. 5 demonstrates the soundpressure distributions. Thefluctuation
of sound pressure is different along the characteristic length. In terms of
π-mode phase and 0-mode phase the changing trends of pressure along
x-axis in ASW field are almost contrary. This contrary is based on the
difference between the two types of fitted curves. These contrary trends
indicate that, just as showed by Fig. 5(b), under π-mode phase there are
respectively two pressure anti-nodes and two pressure nodes along
x-axis. Under 0-mode phase, the quantities corresponding to anti-
nodes and nodes are three, showed by Fig. 5(d). As the consequence,
the intensity distribution of pressure variation along x-axis under
0-mode phase is more disperse than that under π-mode phase. Since
aerosols in ASW field are limited in each region between contiguous
anti-node and node (see Section 2.2.1), that more disperse distribution
can directly bring about the more disperse number distribution of
aerosols, just as the experimental existence of the regions of C under
0-mode phase.

According to Fig. 5(b) & (d), the sound pressure distribution curves
varied from time shape sole pattern symmetrically against to itself
horizontal symmetric line. Under π-mode phase the sound pressure
variation from position x4 to position x6 is alternatively monotonic
increase or decrease and does not cross zero point. The increase and
the decrease correspond to the moments when the sound pressure
distribution curves are respectively below and above the symmetric
line. There is not an extreme value at x5 like that under 0-mode phase.
Such variation under π-mode phase might be one reason of region X
of size greater than that under 0-mode phase. Additionally, the external
profile of the sole pattern has two boundary curves in the up and down.
The curvature of the two curves determines the curvature of sound
pressure distribution curve at each moment, defined as the curvature
of shaped pattern. The difference of the pattern curvature of pressure
distribution under the two modes might also be one reason of that.
Under π-mode phase the position x5 becomes an inflection point
and the corresponding sound pressure does not equal to zero. Such
two reasons probably result in the absolute removal of aerosols in
region X.

In particular, according to Fig. 5(b) & (d), as sound pressure distribu-
tion varies from differentmoments, there leads to two types of pressure
nodes, neck and dot. The soundpressure node dots under 0-modephase
are not similar to that under π-mode phase, and large necks lead to the
weak interactions between acoustic fields and aerosols. Theweak inter-
actions might also result in the aerosols remaining existence of regions
of C. It must be pointed out that the large neck causes high peak sound
pressure at node and low pressure gradient between contiguous node
and anti-node. Therefore, according to Section 2.2.1, the acoustic
radiation force is small, and causes the weak directional removal of
the aerosols between the node and anti-node, which constitutes the
weak interaction. Conversely, the absolute dot causes the peak sound
pressure at node to be low and the pressure gradient to be high. There-
fore, the acoustic radiation force is great, which results in the strong
interaction. Such strong interaction might cause the absolute removal
of aerosols in region X.

Finally, in terms of region X, the characteristic length λ/2 of aerosol
manipulation, showed in Fig. 3(a), equals to two times of the distance
between the two positions of x5 and x6, showed in Fig. 5(a) & (b).
Fig. 6 demonstrates a common characteristic length a to any ASW field.
This characteristic length a is integer times of quarter-wavelength, and
shows the distance of contiguous aerosol accumulation regions. There
are rare aerosols in single region with length a. Hence, in NTASWF
under π-mode phase the characteristic length a showed by Fig. 6 equals
to λ/2. In one-dimensional ASW field, however, the characteristic length
is only quarter-wavelength [9,17], that is, a = λ/4 in Fig. 6. For one
dimension ASW field or its simplified analogy from higher dimension,
the positions of antinodes and nodes demonstrate the tendency posi-
tions of accumulated aerosols driven by acoustic radiation force. The dis-
tance (one-wavelength) of contiguous antinodes for the NTASWF under
π-mode phase is twice than the distance (half-wavelength) for the one
dimension ASW field. Therefore, the characteristic length here under
the π-mode phase is twice as much as that in the one-dimensional
ASW field of the previous study [7,9,17]. According to the above analysis,
the characteristic length increase is derived from the NTASWF under
π-mode phase.
4. Conclusion

Acoustic tunable phase-control has been used successfully to
manipulate the interaction between aerosols and NTASWF at resonant
frequency 2.6427 kHz through a macro-scale modular platform. The
specific acoustic field of aerosols regularly manipulated is assembled
through this modular platform. The aerosols used are tobacco smoke.
It was found that the suitable NTASWF was caused in the cavity and
then NTASWF caused an X-pattern distribution for aerosols. Aerosols
in cavity are divided into five regions by X-pattern. In the region X,
the aerosols is rarer compared with the other regions. The major size
of X-pattern under π-mode phase is 6.56 cm greater than 3.28 cm
under 0-mode phase. The major areas to remove aerosols are 39 cm2

(π-mode) and 9.7 cm2 (0-mode). Acoustic tunable phase-control does
change the distribution of sound pressure and regulate the structural
factors of acoustic field. These factors are considered as the main inter-
mediate variables for realizing the aerosol manipulation by acoustic
tunable phase-control. It must be pointed that the degree of interaction
between aerosols and acoustic field is decided by the shape of sound
pressure nodes, that is, necks corresponding to weak interaction and
dots corresponding to strong interaction.

The manipulation is effective at 298 K for the aerosols of the aerosol
size distribution ranged in 0.08 μm–1 μm and of the aerosol concentra-
tion ranged in 51.6–93.3% (opacity).
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Appendix A

In order to demonstrate a good result on aerosol manipulation
proposed in this paper, a chemical smogmaterial is chosen as a different
aerosol resource todisplay themanipulation effect. Themain compounds
of the material consist of tetramethrin, three chlorine permethrin. The
size distribution of such aerosols corresponds to b1 μm (55.6% aerosols),
1–2.5 μm(37.5% aerosols), 2.5–4 μm(6.9% aerosols), whichmeasured by
Dust Track II-Model 8532. A similar result is caused and showed in
Fig. A.1.



Fig. A.1. Aerosol manipulation for a chemical smog material under π-mode phase.
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