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ABSTRACT 
 

Acoustic agglomeration proves promising for preconditioning fine particles (i.e., PM2.5) as it significantly improves the 
efficiency of conventional particulate removal devices. However, a good understanding of the mechanisms underlying the 
acoustic agglomeration in the standing wave is largely lacking. In this study, a model that accounts for all of the important 
particle interactions, e.g., orthokinetic interaction, gravity sedimentation, Brownian diffusion, mutual radiation pressure 
effect and acoustic wake effect, is developed to investigate the acoustic agglomeration dynamics of PM2.5 in the standing 
wave based on the framework of direct simulation Monte Carlo (DSMC) method. The results show that the combination of 
orthokinetic interaction and gravity sedimentation dominates the acoustic agglomeration process. Compared with Brownian 
diffusion and the mutual radiation pressure effect, the acoustic wake plays a relatively more important role in governing 
the particle agglomeration. The phenomenon of particle agglomeration becomes more pronounced when the acoustic 
frequency and intensity are increased. The model is shown to be capable of accurately predicting the dynamic acoustic 
agglomeration process in terms of the detailed evolution of particle size and spatial distribution, which in turn allows for 
the visualization of important features such as “orthokinetic drift”. The prediction results are in good agreement with the 
experimental data. 
 
Keywords: Fine particles (PM2.5); Acoustic agglomeration; Standing wave; Direct simulation Monte Carlo (DSMC) method; 
Numerical simulation. 
 
 
 
INTRODUCTION 
 

Particles with an aerodynamic diameter not greater than 
2.5 µm are referred to as fine particles, or PM2.5. These 
particles are generated mainly from coal-fired power plants, 
industrial processes and vehicles (Ehrlich et al., 2007; Li et 
al., 2013; Pui et al., 2014). Due to the small particle size, it 
is extremely difficult for the conventional devices, e.g., 
bag filters, electrostatic precipitators (ESPs), cyclones and 
wet scrubbers, to effectively remove PM2.5 from the flue 
gas. Consequently, a large amount of PM2.5 is emitted into 
the atmosphere, causing a board range of adverse effects to 
human health. It has been reported that the collection 
efficiency of PM2.5 using conventional devices can be 
improved by means of preconditioning technologies such  
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as acoustic agglomeration (Hoffmann, 2000; Liu et al., 2009; 
Fan et al., 2013), electric agglomeration (Chang et al., 
2015) and heterogeneous condensation (Fan et al., 2009; 
Yang et al., 2010). Amongst these technologies, acoustic 
agglomeration that applies an intense acoustic field to 
manipulate the motion, collision and hence agglomeration 
of PM2.5, has been recognized as a promising method for 
the removal of PM2.5. Under the acoustic field, the fine 
particles coagulate into large agglomerates which can then 
be collected using the conventional devices. 

Experiments have been carried out in the past decades to 
determine the factors affecting the agglomeration behavior 
of PM2.5 under the acoustic field (Volk et al., 1976; Rajendran 
et al., 1979; Tiwary et al., 1984; Hoffmann et al., 1993; 
Kashkoush and Busnaina, 1993; Sharifi et al., 1994; Capéran 
et al., 1995; Manoucheri and Ezekoye, 1996; Gallego-Juárez 
et al., 1999; Spengler and Jekel, 2000; De Sarabia et al., 
2003; Komarov et al., 2004; Liu et al., 2009; Liu et al., 
2011; Wang et al., 2011; Yan et al., 2015). The experimental 
results indicated that the removal efficiency using acoustic 
agglomeration depends on the acoustic frequency and 
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intensity, particle size and concentration, and residence 
time. However, a good understanding of the mechanisms 
underlying the acoustic agglomeration is still largely lacking. 
Attempts through theoretical analysis have also been directed 
towards the explanation of the occurrence of the acoustic 
agglomeration phenomenon (Shaw and Tu, 1979; Chou and 
Shaw, 1981; Chou et al., 1982). Different mechanisms of 
acoustic agglomeration, e.g., orthokinetic and hydrodynamic 
interactions and acoustically induced turbulent deposition, 
have been reported. The orthokinetic interaction is described 
as the relative motion of particles induced by the viscous 
entrainment of the acoustic wave. The acoustic particle 
entrainment associated with orthokinetic interaction has been 
reported in many studies (e.g., Hoffmann and Koopmann, 
1996; Hoffmann and Koopmann, 1997; González et al., 
2000; Cleckler et al., 2012). The hydrodynamic interaction 
consists of the mutual radiation pressure effect that represents 
Bernoulli’s hydrodynamic principle and the acoustic wake 
effect caused by asymmetric flow fields around the particles 
under the Oseen flow condition (Hoffmann and Koopmann, 
1996). The particle interactions due to the mutual radiation 
pressure effect and the acoustic wake effect have been 
observed in both experiments and model simulations 
(Hoffmann and Koopmann, 1996; Hoffmann and Koopmann, 
1997; González et al., 2001; González et al., 2002; González 
et al., 2003). Generally, the acoustic turbulence occurs at 
an acoustic intensity higher than 160 dB (Chou et al., 1982; 
Tiwary et al., 1984; Chen et al., 2008). Therefore, for an 
acoustic intensity less than 160 dB, the acoustic particle 
interactions are mainly caused by the orthokinetic interaction, 
the mutual radiation pressure effect and the acoustic wake 
effect. 

As the computer technologies advance, investigations of 
acoustic agglomeration using numerical models become 
increasingly popular. Three numerical simulation methods, 
namely sectional method (Ezekoye and Wibowo, 1999; 
Zhang et al., 2012), method of moment (Zhang et al., 2011) 
and direct simulation Monte Carlo (DSMC) method (Funcke 
and Frohn, 1995; Sheng and Shen, 2006; Sheng and Shen, 
2007) have been generally employed in the literature for 
predicting the particle agglomeration. However, the DSMC 
method has shown great advantages over the other two 
methods (Zhang and Fan, 2012; Wei, 2013). The sectional 
method and the method of moment solve mathematical 
equations for particle agglomeration through an appropriate 
discretization scheme or by quadrature. The numerical 
implementation of these methods is complicated, causing 
difficulties in programing. Moreover, discrete errors using 
these methods are generally large. The DSMC method 
describes directly the dynamic evolution of particle position, 
size and number in a dispersed system through an amount 
of random samples from the system. The DSMC method 
itself has discrete nature, making it easier to program and 
better to reflect the physical process compared with the 
former methods. Furthermore, in the DSMC method, the 
real particles are replaced by the sample particles, leading 
to a much less number of particles to be simulated and 
hence a substantial reduction in the computational time. 
Previous studies using the DSMC method for acoustic 

agglomeration have shed some insight into the role of 
orthokinetic interaction in the standing wave (Funcke and 
Frohn, 1995) and the roles of orthokinetic interaction and 
mutual radiation pressure effect in the travelling wave 
(Sheng and Shen, 2006; Sheng and Shen, 2007). However, 
questions remain as to whether the acoustic wake effect 
should be included or not. As the standing wave is much more 
efficient than the travelling wave (Rajendran et al., 1979; 
Fan, 2008), it is necessary to develop an adaptable method 
by which our understanding of acoustic agglomeration, 
particularly in the standing wave, can be further improved. 
Sheng and Shen (2006, 2007) combined the DSMC model 
with the general dynamic equation for particle coagulation 
(Friedlander, 1997). Unfortunately, their method was unable 
to track the particle trajectories and accordingly failed to 
capture the evolution of the spatial distribution of particles. 
Recently, the DSMC method has been adopted by our 
group to investigate the particle collision rate due to the 
orthokinetic interaction in the standing wave (Fan et al., 
2013). The trajectories of sample particles have been tracked 
and the detailed dynamic process of acoustic collision has 
been demonstrated.  

In the present work, the DSMC method is extended to 
study the acoustic agglomeration dynamics with the inclusion 
of the mutual radiation pressure effect and the acoustic wake 
effect. Benchmarked experimental data is used to validate the 
model developed in this study. The model is then applied to 
further investigate the phenomenon of acoustic agglomeration 
under the standing wave conditions. Specifically, the relevant 
importance of different mechanisms in governing the process 
of acoustic agglomeration has been discussed. Moreover, the 
effects of key operating conditions (i.e., acoustic frequency, 
acoustic intensity and initial particle size distribution) on 
the acoustic agglomeration have been investigated. The 
objective is to achieve a fundamental understanding of the 
mechanisms and physics underlying the phenomenon of 
acoustic agglomeration.  
 
MODEL AND METHOD 
 

The acoustic agglomeration occurring in a chamber is 
considered. The standing wave is generated by the 
superposition of a sinusoidal incident wave propagating 
along the horizontal direction and its own reflected wave. 
For clarity, let’s take the direction of the wave motion as x, 
the gravitational direction as z, and the direction perpendicular 
to x and z as y. Prior to the application of the acoustic field, 
the particles are carried along by the gas flow in the y 
direction.  
 
Equations of Wave Motion 

The equation of wave motion for the standing wave in the 
non-rotational and inviscid gas can be derived as (Bruneau, 
2006) 
 
ugx(x, t) = ua sin(kx) sin(2π ft) (1) 

 
where ugx(x,t) is the oscillating velocity of the gas at position x 
and time t; ua is the velocity amplitude; k is the wave 
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number; and f is the frequency. 
The viscosity and rotation of the flow field around a 

particle can be neglected, if the following relations are 
satisfied (Cleckler et al., 2012) 
 
dp/λ << 1 (2) 
 
dp

2cρg/(μgλ) << 1 (3) 
 

Re / 1p g g p p gu u d   
 

 (4) 

 
where dp is the particle diameter; λ is the wavelength; Rep 
is the particle Reynold number; ρg is the gas density; gu


 

and pu


 are the gas and particle velocities, respectively; µg 
is the dynamic viscosity of the gas; and c is the speed of 
sound. While it can be easily obtained that relations (2) 
and (3) are well satisfied, the particle velocity needed to 
compute Rep is not directly available. However, Rep can be 
estimated using Rep ≈ ρg|ugx – upx|dp/µg ≤ ρgua(1 – η)dp/µg, 
where η is the particle entrainment coefficient represented 
in a function of the acoustic frequency and the particle 
relaxation time (Hoffmann and Koopmann, 1996; González 
et al., 2000). For the PM2.5 subjected to the acoustic field 
presented in this work, Rep ≤ 0.13 is obtained. Therefore, 
Eq. (1) can be used as an approximate solution to describe 
the gas velocity induced by the acoustic wave.  

The acoustic intensity described by the sound pressure 
level, L (dB), is often used to describe the acoustic field. It 
can be expressed as a function of the gas velocity amplitude 
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where Pr is the reference sound pressure, and Pr = 2 × 10–5 

Pa.  
 
Equations of Particle Motion 

Forces acting on a particle in the acoustic field include 
the gravitational force, the buoyancy force, the drag force, 
and the unsteady forces (e.g., the Basset force, the virtual 
mass force and the pressure gradient force). Since pervious 
work has shown that the unsteady forces are negligible 
compared with the drag force (Cleckler et al., 2012), the 
equations of particle motion can be written as 
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where mp is the particle mass; ρp is the particle density; g is 
the acceleration of gravity; and the subscripts x, y and z 

represent the components along the x, y and z directions, 
respectively. Cc is the Cunningham slip correction coefficient, 
given by 
 
Cc = 1 + Kn[1.257 + 0.400 exp(–1.100/Kn)] (7) 
 
where Kn is the Knudsen number, which is defined as Kn 
= 2λg/dp with λg being the mean free path of gas molecules. 

Note that the first terms on the RHS of Eqs. (6) are the 
components of the drag force in the Stokes flow regime 
(Rep << 1). For increasing Rep, the Stokes drag force (Fs) 
can be extended to Oseen drag force (Fo) to include the 
first-order inertial effect in the form of Fo = Fs(1 + 3Rep/16) 
(Dianov et al., 1968; González et al., 2001). 

The particle velocity can be solved by Eqs. (6). 
Subsequently, the particle displacement is calculated by 
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where ( )pS t t 


 is the particle displacement at time t + Δt. 

Δt is the time step and often substantially smaller than both 
the sound period 1/f and the particle relaxation time τ to 
achieve the high computational accuracy, 
 
Δt << 1/f (9) 
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DSMC Method 

DSMC method is employed to predict the particle 
collision and the subsequent agglomeration behavior. The 
computational domain is divided into a number of small 
cells. It is assumed that the collision is binary and occurs 
only between particles residing in the same cell. The 
probability of particle i colliding with other particles in the 
time interval Δt' is expressed as 

 

1 1

/
N N

i ij ij j ci
j j

P P w t V
 

     (11) 

 
where Pi is the collision probability between sample particle i 
and all other particles; Pij is the collision probability between 
particle i and j; N is the number of the sample particles 
within the cell of particle i; βij is the collision rate between 
particle i and j; wj is the number weight of the sample 
particle j (i.e., the number of real particles the sample particle 
j represents); and Vci is the volume of the cell in which 
particle i resides. 

The collision rate (also called the agglomeration kernel) βij 
is used to represent the effect of particle interactions on the 
acoustic agglomeration. Besides the acoustically induced 
particle interactions, Brownian diffusion as a result of the 
particles’ random motions and gravity sedimentation due 
to the difference in the particle settling velocities can, in 
principle, induce particle agglomeration. Therefore, all of 
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the important particle interaction mechanisms including 
the Brownian diffusion, the gravity sedimentation, the 
orthokinetic interaction, the mutual radiation pressure effect 
and the acoustic wake effect are considered in the present 
work. The overall collision rate βij can be obtained from the 
mechanisms mentioned above using a simple additive method 

 
Bro Gra Orth MRP AW

ij ij ij ij ij ij           (12) 

 
where Bro

ij , Gra
ij , Orth

ij , MRP
ij  and AW

ij  are the collision 
rates due to the Brownian diffusion, the gravity 
sedimentation, the orthokinetic interaction, the mutual 
radiation pressure effect and the acoustic wake effect, 
respectively. 

The combined effect of the orthokinetic interaction and 
the gravity sedimentation can be obtained from the relative 
motion of particle i and j based on the numerical solutions 
of Eqs. (6) 
 

2( )
4
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 (13) 

 
where piju


 is the relative velocity between particle i and j. 

When submicron- or micron-sized particles are considered, 
agglomeration caused by Brownian diffusion may be 
significant. The collision rate between particle i and j due 
to Brownian diffusion is given by (Sheng and Shen, 2006) 
 

2
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where kB is the Boltzmann constant; and T is the temperature. 

The collision rate resulting from the mutual radiation 
pressure effect and the acoustic wake effect in the travelling 
wave have been derived by Song (1990) and Dong et al. 
(2006). Here, the collision rate is extended to suit the standing 
wave condition using the local velocity amplitude 
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where gij(r) is the hydrodynamic interaction function based 
on the mutual radiation pressure effect, which is a function 
of the separation distance between the particles, r. gij(r) 
depends also on the longitudinal wave strength parameter, 
the viscous wave strength parameter, the longitudinal 
wavenumber, and the viscous wavenumber. For details of 
gij(r) see (Song, 1990). Moreover, l is the slip coefficient 
and reads 
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To include all collision events, the time interval Δt' must be 

sufficiently small to ensure Pi < 1 for each sample particle. 
According to Eq. (11), the time interval satisfies 
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The modified Nanbu method (Tsuji et al., 1998) is used to 

judge the occurrence of collision between a pair of sample 
particles. A random number R with a uniform distribution 
in the interval [0, 1) is generated. Subsequently, a candidate 
collision partner of sample particle i (i.e., the sample particle 
j) is selected from the sample particles in the same cell 
following  

 
j = int[R × N] + 1 (21) 
 
where int[R × N] represents the integer part of R × N. 

It is considered that the sample particle i collides with 
the selected sample particle j during the time interval Δt' if 
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j
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It is assumed that all of the collisions lead to agglomeration. 

To reflect the consequence of the agglomeration event, the 
number weight, the volume and the velocity of the 
colliding sample particles are adjusted (Zhao et al., 2005). 

The velocity of the formed agglomerate aggu


 is given by 

the conservation of momentum 
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where superscript 0 indicates the value just before the 
collision. 

The post-collisional number weight, volume, and velocity 
of the colliding sample particles are updated by (Zhao et 
al., 2005; Zhang and Fan, 2012): 

If wi = wj, 
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If wi > wj, 
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0 0, ,new new new
i i j i i pi piw w w V V u u   

 
 (25a) 

 

0 0, ,j

new new new
j j j i pj aggw w V V V u u   

 
  (25b) 

 
If wi < wj, 

 

0 0, ,new new new
i i i i j pi aggw w V V V u u   

 
 (26a) 

 

0 0, ,new new new
j j i j j pj pjw w w V V u u   

 
 (26b) 

 
where superscript new indicates the post-collisional value. 
 
Simulation Procedure 

A three-dimensional domain with a volume of λ × 10 
mm × 10 mm is considered. The domain is evenly divided 
into 100 cells along the x direction. Initially, the sample 
particles with a number weight w0 are uniformly distributed in 
the domain. The initial average velocity components of the 
sample particles in x, y and z directions are 0, 0.5 m s–1 and 
0, respectively, and each velocity component has a random 
fluctuation in the range from –0.02 m s–1 to 0.02 m s–1. 
Based on Eqs. (9), (10) and (20), the time step Δt for solving 
the particle motion and the time interval Δt' for calculating 
the particle collision can be estimated. The computational 
parameters used in the simulations are listed in Table 1.  

Steps of the numerical simulation are detailed as 
follows: 
(1) The gas flow field and the particle distribution are 

initialized. Sample particles are generated according to 
the initial particle size distribution. Meanwhile, the 
number weight, the velocity and the position of the 

sample particles are specified. 
(2) New velocities and positions of all the sample particles 

after the time step Δt are calculated using the equations 
of particle motion (i.e., Eqs. (6) and (8)). 

(3) The locations of the particles are updated. For particles 
not in the simulation domain, the periodic boundary 
condition is applied to relocate the particles. 

(4) Steps (2) and (3) are repeated for Δt/Δt' times. 
(5) The collision pairs are searched using the DSMC method. 

If two particles collide with each other, the agglomeration 
events are handled by changing the number weight, 
volume, and velocity according to Eqs. (24)–(26). 

(6) Steps (2)–(5) are repeated until the time reaches a 
specified value. 

The numerical simulations are performed on a computer 
equipped with 4 CPUs (Intel i5) and RAM of 8192 MB. It 
takes 4–8 days to run a simulation case, depending on the 
number of computational particles, which ranges from 7650 
to 30600. 
 
RESULTS AND DISCUSSION 
 
Model Validation 

The experimental data on acoustic agglomeration of coal-
fired PM2.5 by Zhao (2007) is used to validate the model. 
For consistency, the acoustic wave used in the simulation 
is kept exactly the same as that used in the experiment 
(i.e., a standing wave with f = 1000 Hz and L = 158.5 dB). 
The prediction results with the Stokes drag force as well as 
the Oseen drag force and the experimental data of the 
particle size distribution at t = 3.2 s are shown in Fig. 1. It 
can be seen that the difference between the particle size 
distributions after acoustic agglomeration predicted with 
the two drag forces is negligibly small, because Rep is not 
big enough to produce obvious differences in the drag 

 

Table 1. Computational parameters used in the simulation. 

Parameter ugy/(m s–1) p0/Pa T/K ρp/(kg m–3) w0 Δt/s Δt'/s 
Value 0.5 101325 300 2400 5000 8 × 10–8 8 × 10–6 
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Fig. 1. Comparison with experiment of Zhao (2007). L = 158.5 dB, f = 1000 Hz, t = 3.2 s. 
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forces and in the consequent agglomeration rates. It can be 
also seen that the prediction results agree reasonably with 
the experimental data. Both the prediction results and the 
experimental data show that the particle number concentration 
decreases under the standing wave. The area under the 
particle size distribution curve obtained in the experiments is 
slightly smaller than that in the simulation, implying particles 
agglomerate to a greater extent in the experiments. This can 
be understood by the fact that the particles are assumed to be 
spheres in the simulation. In reality, the aggregates generated 
during the acoustic agglomeration of solid particles cannot 
be spherical. Instead, chain-like structures (Hoffmann and 
Koopmann, 1996; Komarov et al., 2004; Liu et al., 2009) 
are often observed. Compared with the equivalent spherical 
particle, the chain-like aggregate can be entrained more easily 
by the acoustic wave (Yang and Fan, 2015). Accordingly, 
the volume the aggregate sweeps during its oscillating 
motion is larger. Therefore, the particle interactions involving 
the aggregates could be underestimated if the aggregates 
are considered spherical.  
 
Comparison of Different Agglomeration Mechanisms 

Particle agglomeration in the acoustic field is governed 
by several mechanisms including the orthokinetic interaction, 
the gravity sedimentation, the Brownian diffusion, the mutual 
radiation pressure effect and the acoustic wake effect. The 
effect of the orthokinetic interaction on the acoustic 
agglomeration has been studied under both the travelling 
wave (Ezekoye and Wibowo, 1999; De Sarabia et al., 2003; 
Sheng and Shen, 2006; Sheng and Shen, 2007; Zhang et al., 
2011; Zhang et al., 2012) and the standing wave (Funcke and 
Frohn, 1995) conditions. The mutual radiation pressure effect 
under the travelling wave condition has also been reported in 
previous work (Ezekoye and Wibowo, 1999; Sheng and 
Shen, 2006; Sheng and Shen, 2007). However, investigation 
on acoustic agglomeration due to the mechanisms other than 
the orthokinetic interaction under the standing wave condition 
is very scarce. Therefore, it is necessary to examine the 
effect of the hydrodynamic particle interactions, specifically 

the mutual radiation pressure effect and the acoustic wake 
effect, on the acoustic agglomeration dynamics. 

The simulation results of the acoustic agglomeration 
under different particle interaction mechanisms are given in 
Fig. 2. The particle size distribution before and after acoustic 
agglomeration is shown in Fig. 2(a) and the evolution of 
particle number concentration during acoustic agglomeration 
is shown in Fig. 2(b). The acoustic intensity and the frequency 
used in the simulations are 155 dB and 5000 Hz, respectively, 
and the residence time is 3 s. From Fig. 2(a) it can be seen 
that the particle number concentration in the submicron 
size range decreases remarkably and that in the micron size 
range increases slightly, indicating the occurrence of 
particle agglomeration. It is also noted that the particle 
number concentration in the micron size range is slightly 
higher when all of the particle interaction mechanisms are 
included than that obtained when only the orthokinetic 
interaction and the gravity sedimentation are considered. This 
suggests that other mechanisms apart from the orthokinetic 
interaction and the gravity sedimentation that drive acoustic 
agglomeration exist. Fig. 2(b) clearly demonstrates the effect 
of different mechanisms on the acoustic agglomeration. The 
combined effect of the orthokinetic interaction and the 
gravity sedimentation plays a dominant role in the particle 
agglomeration, whilst Brownian diffusion is negligible. With 
respect to the hydrodynamic interactions, the acoustic wake 
effect is more influential on the particle agglomeration 
behavior than the mutual radiation pressure effect. The 
result simply suggests that the acoustic wake effect should be 
taken into account in the numerical simulation or theoretical 
analysis of the acoustic agglomeration phenomenon. 

 
Dynamic Process of Acoustic Agglomeration 

Fig. 3 shows a sequence of snapshots during the acoustic 
agglomeration. It can be seen that an increasing number of 
particles drift to and gather at the wave node with the 
increase in the residence time. The drift motion of a single 
PM2.5 under the standing wave has been theoretically 
described by Czyz (1987, 1990) and numerically analyzed
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Fig. 2. Comparison of the effects of agglomeration mechanisms. L = 155 dB, f = 5000 Hz, t = 3 s. (a) Particle size 
distribution before and after acoustic agglomeration. (b) Evolution of total particle number concentration with time 
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Fig. 3. Evolution of particle spatial distribution with time. L = 155 dB, f = 5000 Hz. 

 

by Song and Fan (2016). It has been recognized that the 
particles with diameters above 0.5 µm are more prone to 
drift. The drift velocity decreases rapidly with the decrease 
in particle diameter when the diameter is less than 0.5 µm. 
The drift-to-node phenomenon results from the asymmetric 
motion of the gas in the standing wave. The drift velocity 
varies with the particle position and size (Song and Fan, 
2016), thus the relative drift velocity may contribute to 
particle interaction and agglomeration. It is worth noting 
that the effect of the acoustic particle drift has not been 
modeled in previous simulations of acoustic agglomeration. 
Nevertheless, this effect is naturally included in the model 
developed in the present work in the equations of particle 
motion and in the collision rate of orthokinetic interaction. 
To distinguish the contributions of relative drift motion and 
oscillatory motion between the particles to the acoustic 
agglomeration, the former is henceforth referred to as 
“orthokinetic drift” and the later “orthokinetic oscillation”. On 
this basis, the orthokinetic interaction involved in acoustic 
agglomeration under the standing wave condition is actually 
comprised of orthokinetic drift and orthokinetic oscillation. In 
addition to the orthokinetic drift, the drift-to-node motion of 
particles also leads to an increase of the local particle number 
concentration at the node, which in turn may contribute to the 
particle agglomeration. In our model, the effect of increased 
particle number concentration on the acoustic agglomeration 
is directly taken into account in the collision probability, 
since a higher particle number concentration leads to a greater 
collision probability as given by Eq. (11).  

The evolutions of the particle size distribution and total 
particle number concentration are shown in Fig. 4. It can 
be seen that the concentration of small particles decreases and 
the concentration of large particles increases with time due 
to the formation of agglomerates by acoustic agglomeration. 
It is also found that total particle number concentration 
decreases monotonically with time but slowly for a long 
time, which is in accordance with the experimental findings 
(Manoucheri and Ezekoye, 1996; Liu et al., 2009). The 
results indicate that the present model is capable of accurately 
capturing the phenomenon of acoustic agglomeration. 
 
Effect of Acoustic Frequency 

Fig. 5 shows the effect of acoustic frequency on the 
particle agglomeration. The acoustic intensity is constant at 
155 dB and the residence time is 3 s. It is clearly shown 
that as the acoustic frequency increases, the particle number 
concentration peak decreases and the particle number 
concentration above 1 µm increases. This result is contrary 

to common beliefs that the acoustic agglomeration should 
be suppressed with increasing acoustic frequency, as the 
particle oscillatory motion is damped at a higher acoustic 
frequency. It is evident that the particle agglomeration 
becomes more pronounced at a higher acoustic frequency. 
For instance, the total particle number concentrations are 
reduced to 72.5%, 61.3% and 49.4% of the initial 
concentration after acoustic agglomeration at the frequency 
of 2000 Hz, 5000 Hz and 8000 Hz, respectively. This can 
be explained by the orthokinetic drift (i.e., the drift-to-node 
motion of the particles) in a standing wave. On the one 
hand, for the acoustic frequency range used here, the drift 
velocity increases with the increase of the frequency (Czyz, 
1987, 1990; Song and Fan, 2016). On the other hand, 
increasing frequency shortens the wavelength. As a result, 
particles accumulate more rapidly, leading to more 
concentrated regions in the volume, which in turn induces 
more intense particle interactions and agglomeration due to 
the orthokinetic effect, the acoustic wake effect as well as 
the mutual radiation pressure effect. It is also worth noting 
that the effect of the acoustic frequency is not robust, instead 
it strongly depends on the particle size distribution (Gallego-
Juárez et al., 1999; Liu, et al., 2011). Therefore, numerical 
and experimental investigations are still required to explore 
the effects of frequency on the acoustic agglomeration for 
different particle size distributions. 
 
Effect of Acoustic Intensity 

Fig. 6 gives the effect of acoustic intensity on the acoustic 
agglomeration at f = 5000 Hz and t = 3 s. As expected, 
both the peak of the particle size distribution and the total 
particle number concentration decrease when the acoustic 
intensity increases. Specifically, when the acoustic intensities 
are 145 dB, 150 dB and 155 dB, the total particle number 
concentrations decrease by 20.6%, 30.9%, and 38.7%, 
respectively. This is justifiable as the higher acoustic intensity 
produces the larger amplitude of particle oscillatory motion 
and the greater velocity of the particle drift-to-node motion, 
providing more opportunities for particles to collide due to 
the orthokinetic interaction. Meanwhile, faster drift-to-node 
motion leads to smaller separations between the particles, 
resulting in higher collision probability caused by both the 
acoustic wake effect and the mutual radiation pressure 
effect. The simulation results are well supported by previous 
experimental results which show that particle agglomeration 
is enhanced as the acoustic intensity increases (Gallego-
Juárez et al., 1999; Komarov et al., 2004; Liu et al., 2009; 
Yan et al., 2015). 
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Fig. 4. Evolution of particle size and concentration with time. L = 155 dB, f = 5000 Hz. (a) Evolution of particle size 
distribution with time. (b) Evolution of total particle number concentration with time. 
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Fig. 5. Effect of acoustic frequency on acoustic agglomeration. L = 155 dB, t = 3 s. (a) Particle size distribution before and 
after acoustic agglomeration. (b) Evolution of total particle number concentration with time. 

 

Effect of Particle Size Distribution 
The effect of particle size distribution on the acoustic 

agglomeration is shown in Fig. 7. The initial particle size 
distributions can be approximately described using log-
normal functions with the same geometric standard deviation 
but different geometric mean diameters (i.e., 0.15 µm, 0.3 
µm and 0.5 µm). The acoustic frequency of 5000 Hz, the 
acoustic intensity of 155 dB and the residence time of 3 s 
are used in the simulations. It can be seen that the particle 
size distribution has a significant influence on the acoustic 
agglomeration. For initial distribution 1, most of the particles 
are fully entrained by the acoustic wave, only a small amount 
of relatively large particles exhibit different entrainment 
rates of oscillatory motion along with obvious drift-to-node 
motion. The motion behaviors of the relatively large particles 
lead to the orthokinetic interaction and the other acoustically 
induced interactions resulting from the entrainment motion 
of the particles. As the geometric mean diameter increases, 
for example, to 0.3 µm as represented by initial distribution 2, 
there are less particles that can be fully entrained and more 

particles with different entrainment rates. In this case, 
particles move with a greater relative velocity, which 
promotes the particle interaction and agglomeration. When 
the geometric mean diameter of the particles increases up 
to 0.5 µm as given by distribution 3, much more intense 
acoustic agglomeration occurs. Correspondingly, the peak 
of the particle size distribution decreases dramatically and 
the total particle number concentration decreases to 5% of 
its initial value in 1 s. The particle size distribution is an 
important factor affecting the acoustic agglomeration. 
Experimental investigations have demonstrated that with 
large additional particles as a second mode or with particle 
enlargement by heterogeneous condensation the removal 
of particles from the small particle range can be significantly 
enhanced (Hoffmann et al., 1993; Wang et al., 2011; Yan 
et al., 2015). 
 
CONCLUSIONS 
 

The acoustic agglomeration process of PM2.5 in the 
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Fig. 6. Effect of acoustic intensity on acoustic agglomeration. f = 5000 Hz, t = 3 s. (a) Particle size distribution before and 
after acoustic agglomeration. (b) Evolution of total particle number concentration with time. 
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Fig. 7. Effect of particle size distribution on acoustic agglomeration. L = 155 dB, f = 5000 Hz, t = 3 s. (a) Particle size 
distribution before and after acoustic agglomeration. (b) Evolution of total particle number concentration with time. 

 

standing wave has been modeled using the DSMC method. 
The effects of the drag force resulting in orthokinetic 
interaction and the gravitational force leading to gravity 
sedimentation on particle motion are taken into account, 
therefore the particle trajectories can be tracked. The 
contributions of other mechanisms such as the Brownian 
diffusion, the acoustic radiation pressure effect and the 
acoustic wake effect are included by a simple addition of 
the relevant collision rates to that obtained from the relative 
velocity based on the particle motion.  

The simulation results are verified by the experimental 
data. On this basis the processes of acoustic agglomeration 
are studied by considering different acoustic mechanisms 
and varying key operating parameters, such as the residence 
time, the acoustic frequency, the acoustic intensity and the 
particle size distribution. The simulation results show that 
the combined effect of the orthokinetic interaction and the 
gravity sedimentation plays a dominant role in governing the 
acoustic agglomeration. The effect of the Brownian diffusion 
on the particle agglomeration is marginal. Compared with 

the mutual radiation pressure effect, the acoustic wake effect 
appears more influential on the acoustic agglomeration. The 
visualization of the acoustic agglomeration process reveals 
the critical feature of “orthokinetic drift” involved in the 
orthokinetic interaction and shows the high concentration 
regions resulting from the “orthokinetic drift”. It is also 
found that the particle agglomeration phenomenon is more 
pronounced for higher acoustic frequency, higher acoustic 
intensity and larger particles. This work provides valuable 
data and vital information for the future optimization of 
acoustic agglomeration in the standing wave.  
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