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Numerical particle-based modelling of aerosol particles in an acoustic field is performed, and the influ-
ence of the effects, including orthokinetic collision, an acoustic wake effect and mutual radiation pressure
effect, responsible for the particle agglomeration is analyzed. The standard discrete element method is
modified to take into account the drag force of the gas obtained using Oseen’s solution and the mutual
radiation pressure force. Numerical modelling of the agglomeration of two identical particles in a strong
acoustic field is performed, and the results are compared with the available analytical solution and the
data obtained in the experiments described in the literature. Finally, the simulation of a 2D polydispersed
particle system at various sound frequencies is performed. The obtained results show that the major
agglomeration mechanism is the acoustic wake effect, while orthokinetic collision plays an insignificant
role.
� 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Acoustic agglomeration of dispersed aerosol particles is a pro-
cess when intense sound waves produce relative motions and col-
lisions between the initial small particles sequentially forming
larger particles. Larger particles can be more easily caught using
conventional particle filtering devices, and, therefore, acoustic
agglomeration is used to significantly enhance the removal rate
of the micron size particles [1–3].

The process of acoustic agglomeration is governed by various
particle–fluid and particle–particle interactions, and several
approaches to acoustic agglomeration have been developed. Theo-
retical aspects of various agglomeration mechanisms are discussed
in [4–7]. Orthokinetic interactions refer to the agglomeration due
to direct collisions between particles that are entrained at different
velocities in the oscillatory motion of the sound field. The particles
of various sizes are entrained differently by the motion of the med-
ium because of the differences in particle inertia. The earlier inves-
tigations into orthokinetic collisions date back to the contribution
of Mednikov [8]. The important contribution of Dong et al. [9],
relating to separate and combined effects of orthokinetic collision,
may be also mentioned. Nevertheless, the orthokinetic collision
mechanism is able to model particle collisions occurring due to dif-
ferent particle entrainments, but it does not explain the agglomer-
ation of particles of the same or similar size.

Aerosol particles not only interact with the ambient gas, but the
interaction between the particles in the gas can be observed.
According to the Oseen’s solution, an asymmetric flow field is
formed around the moving particle. If two particles are in the line
with the flow field, then, the drag reduction is less significant for
the leading particle, and, as a result, the ‘tail’ particle moves at
an accelerated speed towards the leading one [10]. This hydrody-
namic interaction is called ‘‘acoustic wake effect’’ (AWE) [4]. The
significance of this effect for the agglomeration of particles was
studied in [4,11,6,9,12] by using the analytical and numerical
methods and was experimentally verified in [13–15].

Two nearby particles exert forces on each other because their
scattered waves nonlinearly interact with the incident acoustic
wave. This is known as ‘‘mutual radiation pressure effect’’ (MRPE),
the significance of which is pointed out by Gonzalez and Gallego-
Jurez [15]. The analytical solution for MRPE force was derived by
Song [16,5]. While the experimental and numerical results in
[17,13] fail to provide the direct evidence to support the Song’s
hypothesis of scattering interaction as an effective refill mecha-
nism of the emptied agglomeration volumes, the authors in [15]
suggest that MRPE is behind a repulsion effect observed in combi-
nation with the attraction exerted by the AWE.

As noted by Zhang et al. [12], the conclusions drown in the cited
works about the role of the agglomeration effects do not agree with
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Nomenclature

l dynamic viscosity (Pa s)
m kinematic viscosity (m2/s)
x angular frequency (rad/s)
qg gas density (kg/m3)
qp particle density (kg/m3)
AWE acoustic wake effect
dp particle diameter (m)
Fb buoyancy force (N)
Fd drag force (N)
Fg gravity force (N)
FMRPE mutual radiation pressure effect force (N)
g acceleration of gravity (m/s2)
m mass of the particle (kg)
MRPE mutual radiation pressure effect

R particle radius (m)
Re Reynolds number
SPL sound pressure level (dB)
t time (s)
U0 acoustic velocity amplitude (m/s)
ug gas velocity (m/s)
ug;ac gas velocity due to acoustic waves (m/s)
ug;pv perturbation gas velocity (m/s)
up particle velocity (m/s)
Vp particle volume (m3)
€x particle acceleration (m/s2)

Fig. 1. The calculation scheme of two particles.
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each other and, sometimes, even contradict one another. Therefore,
a more comprehensive study of the effects responsible for acoustic
particle agglomeration is still needed.

In the past, the particle agglomeration was numerically mod-
elled by many researchers (e.g. [8,5,4,18,12]). The well-known
Smoluchowski equation can be used to solve the discrete particle
or cluster dynamic equation [16]. As an alternative method for
the simulation of acoustic agglomeration, the direct simulation
Monte Carlo method was applied by Sheng and Shen [18].

Aerosol is particulate medium, therefore, the particle-based
approach is a natural numerical technique, which could be applied
to its simulation [19]. The development of the discrete element
method (DEM) for aerosol particles follows formally the conven-
tional path, and is focused on the evaluation of all available particle
forces, including binary interactions with the neighbouring part-
ners, particle–fluid interaction and the external field induced
forces. A detailed classification of particle forces occurring in fluid
may be found in the review papers [20,21]. Concerning the acous-
tics induced forces, the reviews of [15,22–24] may be mentioned.

In the present work, the DEM methodology was adopted for
simulating acoustic agglomeration of aerosol particles, and our
in-house DEM code [25,26] was changed for simulation purposes.
In Section 2, the methodology and basic relations of the particle
interactions applied to the dynamic behaviour of aerosols is
described. In Sections 3 and 4, the obtained numerical results are
presented.

2. A theoretical model

The model presented below follows the DEM methodology.
Three mechanisms used by other authors and potentially responsi-
ble for the acoustic agglomeration are described and incorporated
into DEM.

The motion of each aerosol particle is governed by the Newton’s
Second law:

m€xp ¼ Fd þ Fb þ Fg þ FMRPE; ð1Þ

where Fd is the drag force of gas, Fb ¼ Vpqgg is the buoyancy force,
Vp is the volume of the particle, Fg ¼ mg is the gravity force. The
drag force can be established in the Oseen regime [27] by

Fd ¼ 6plR 1þ 3
16

Re
� �

ug � up
� �

; ð2Þ

where Re ¼ 2Rðjug � upjÞ=m is the Reynolds number, R is the radius
of the particle, l is dynamic viscosity of the fluid (l ¼ mqg), ug and
up is gas and particle velocity respectively. The gas velocity ug is
expressed as
ug ¼ ug;ac þ ug;pv ; ð3Þ

where ug;pv is the perturbation gas velocity and ug;ac is the vector of
gas velocity due to acoustic motion, whose one component is equal
to

ug;ac ¼ U0 sinðxtÞ: ð4Þ

Note, that the spatial variation of acoustic velocity is neglected
in Eq. (4).

Particle collisions due to different particle oscillations in the
acoustic field (4) (when ug;pv is neglected in Eq. (3)) is called the
orthokinetic collision (OC) mechanism [9]. However, it is clear that
this mechanism can cause the agglomeration of different size par-
ticles only, while the agglomeration of similar sized particles can-
not be explained by it.

The perturbation gas velocity ug;pv is calculated based on the
steady Oseen approximation [27]. However the use of Oseen
approximation may not be necessarily justified in the theoretically
strict meaning. Owing to the nonlinear convection term in Navier–
Stokes equation, Oseen approximation for oscillatory flow past a
sphere can take a completely different form from that for station-
ary flow. There are no theoretical bases that the flow pattern of
oscillatory flow is similar to that of steady flow. Deeper consider-
ations on this theoretical matter can be found in [28]. In the pres-
ent work the perturbation gas velocity ug;pv in the polar
coordinates is described in the Oseen regime by the equations pre-
sented in [29] at the position of particle i generated by particle k
(Fig. 1):
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v ik;r ¼
A0

r2 �
A0e

�rðjvk j�vk cos hÞ
2m

r2 1þ r
jvkj þ vk cos h

2m

� �
;

v ik;h ¼
�A0vk

2rm
sin he

�rðjvk j�vk cos hÞ
2m ;

ð5Þ

where A0 ¼ 3
2 mRk 1þ 3Rk

8m jvkj
� �

and vk ¼ ug;ac � up is the relative
velocity of the particle. Then, the perturbation gas velocity ug;pv in
the Cartesian coordinate system is obtained from Eq. (5) by

ug;pv;x ¼ v ik;r cos h� v ik;h sin h

ug;pv;y ¼ v ik;r sin hþ v ik;h cos h:
ð6Þ

An illustration of stream lines of the perturbation velocity
around the moving spherical particle is shown in Fig. 2. An asym-
metric flow pattern is clearly seen on the figure by comparing the
stream lines in front and behind the sphere. This asymmetry
causes the different reduction of the drag force.

Eqs. (3)–(6) allow us to analyse the influence of the so-called
hydrodynamic acoustic wake effect (AWE) [9], where the presence
of one particle influences the movement trajectory of another
particle.

According to Song [5,16], two nearby particles are not only
entrained into the primary acoustic field, but also oscillate with
the fluid motion of the scattered wave fields. This is referred to
as the mutual radiation pressure effect (MRPE), a hydrodynamic
mechanism of interaction taken into account together with the
AWE, as suggested in [15].

Danilov and Mironov [30] used method, by which the hydrody-
namic force on one of two interacting particles is calculated by
evaluating the total time-average momentum flux of the fluid
through a closed surface which encloses that particle. This method
is modified by Song [16] to include the effects of the partial
entrainment of the particles and the viscous wave scattered from
the particles. An average radiation pressure force in the spherical
coordinates in one acoustic cycle ([16], p. 115, Eq. 4.36–4.37) is
as follows:

f ki;r ¼
3q0U2

i

16p
a3

1a3
2

3 cos2 h� 1
r4 gki;rðr; hÞ;

f ki;h ¼
3q0U2

i

16p a3
1a3

2
sin 2h

r4 gki;hðrÞ;
ð7Þ

where gki;r and gki;h are defined as the hydrodynamic interaction
functions that show a very complex dependence on r and h [16].
The mutual radiation pressure force FMRPE is obtained by transform-
ing f ki;r and f ki;h into the Cartesian coordinate system.

In Eq. (7), f ki;r and f ki;h are inversely proportional to the fourth
power of the radial distance r between two interacting particles.
Therefore, MRPE may be relevant only to the particle collision pro-
cesses if the separation distance between the particles is small.

The equation of motion (1) should be solved for every particle in
the system. This is achieved by explicit time integration using the
velocity Verlet scheme with fixed time step [31]. To achieve accu-
rate results, a small time step should be used in numerical simula-
tions. On the other hand, the small time step increases the
Fig. 2. Streamlines of the perturbation velocity around a spherical particle moving
to the left in a stagnant fluid (dp ¼ 8 lm; vk;x ¼ �1 m=s, Re ¼ 0:52).
computational time required, which is important for simulations
of larger particle systems. Therefore, the time step not larger than
1=250 of the period of the sound wave was chosen for simulations,
when several numerical tests had been performed.

The contact between particles is checked at each time step dur-
ing the simulation. If the contact is found, the coagulation of parti-
cles is assumed, and two particles are merged into one bigger
spherical particle using the relations:
Vp;new ¼ Vpi þ Vpk;

up;new ¼
upimpi þ upkmpk

mpi þmpk
;

xp;new ¼
xpimpi þ xpkmpk

mpi þmpk
;

ð8Þ
where subscripts pi and pk denote the particles in contact, while
subscript p;new is for the merged particle. V ; m and x are the vol-
ume, the mass and the coordinates of the respective particle.

The presented theoretical model (Eqs. (2)–(8)) for calculating
the motion of particles in the acoustic field is similar to the model
used in the standard discrete element method (e.g. [32,33]). How-
ever, (a) no contact forces are calculated there and (b) long-range
forces (Fd; FMRPE) should be calculated in contrast to the standard
DEM. In Sections 3 and 4, this model is used for the numerical anal-
ysis of the particle motion in the acoustic field.
3. The numerical tests

3.1. A falling particle

The theoretical model presented in the previous section and
implemented into the computational program was tested for a
simple case of a falling particle without the acoustic field. The ter-
minal velocity of falling spherical particle was calculated numeri-
cally and compared with the analytical result obtained from
Stokes equation [34]. The results for different particle sizes (parti-
cle diameter varies between 1 lm and 24 lm) are presented in
Fig. 3. This comparison shows very good agreement between the
numerical simulation and the analytical results when no acoustic
field is applied and proves the validity of the developed computa-
tional algorithm for calculating the movement of particles when no
acoustic field is applied.
Fig. 3. Terminal velocity as a function of particle diameter: line represents
analytical prediction using Stokes solution (qp ¼ 2400 kg=m3).
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3.2. The agglomeration of two particles: the comparison with the
analytical solution

The numerical solution of the convergence velocity of two
particles u12 was compared to the analytical solution derived by
Dianov et al. [10]:

u12 ¼
3U0

2pr
R1l1 þ R2l2ð Þ; ð9Þ

where l1 and l2 are the functions of qp; qg ;x and R.
Two particles with equal diameters (d1 ¼ d2 ¼ 8 lm,

qp ¼ 1000 kg=m3) were placed at the initial distance of 200 lm
and subjected to the action of the acoustic field (U0 ¼ 2 m=s, SPL
149.3 dB). The air properties at 20 �C were used (l ¼ 18:3 lPa s,
qg ¼ 1:2 kg=m3). If no perturbation velocity ug;pv (Eq. (3)) is calcu-
lated, then, the particles just oscillate around the initial position,
not approaching each other. However, when ug;pv is calculated,
then, two particles approach each other and, eventually, merge
into one bigger particle.

The results of simulation, together with the curve from the ana-
lytical solution, are presented in Fig. 4. Since the particles in the
numerical simulation have zero initial velocity, it requires several
acoustic cycles until the particles are entrained. As can be seen, rel-
ative particle velocity u12 in the numerical solution varies with
time, but the mean values of u12 are very close to analytical results,
when two particles are far apart. When two particles are approach-
ing each other, the difference between the analytical and numeri-
cal solutions starts to appear at about 100 lm and increases
rapidly, when two particles continue to approach. This difference
can be explained by the fact that, during the derivation of Eq. (9),
some terms of the equation, which are not relevant when particles
are far apart, are dropped.
3.3. The agglomeration of two particles: comparison with the
experimental data

The comparison between the results of the numerical simula-
tion and experimental results reported by Gonzalez and Gallego-
Jurez [15] is presented below. In the experiments [15], small glass
spheres (the diameter dp ¼ 8 lm) were subjected to the action of
the horizontal acoustic field (U0 ¼ 0:44 m=s, SPL 136.1 dB) and
the process of agglomeration was filmed. The results of the com-
parison are presented in Figs. 5 and 6. Fig. 5 shows the trajectories
of the particles, initially aligned along the acoustic axis, moving in
the acoustic field of 900 Hz at the initial distance between the cen-
tres of the particles equal to 207 lm. The entrainment factor was
obtained to be equal to 0.357 in the numerical experiments, while
Fig. 4. Comparison with the Dianov’s solution.
the reported value in the real experiment was about 0.35. Fig. 5(a)
presents the results obtained without taking into account the
MRPE force FMRPE (Eq. (1)), while in Fig. 5(b), the results are
obtained with the MRPE force. As can be seen from the figures,
the MRPE force changes the way how two particles approach each
other. When the distance between the particles is smaller, the par-
ticles in Fig. 5(a) start approaching each other more quickly and
form a parabola-like trajectory. This shape of the trajectory is sim-
ilar to that measured in the real experiment. However, the trajec-
tories of the particles are of different shape, when the MRPE force
is added (Fig. 5(b)). The measured agglomeration time is equal to
26 ms in the case, when the MRPE force is not applied, which is
in quite good agreement with the approximate value 30 ms
obtained in the real experiment. The measured agglomeration time
is equal to 84 ms for the case with the MRPE force applied. Vertical
particle velocity of 7.2 mm=s can be calculated from the picture
presented in [15] for the case of the acoustic frequency
f ¼ 900 Hz. However, a smaller value of vertical velocity
4.5 mm=s, was obtained in the numerical tests, while the analytical
terminal velocity from the Stokes equation is equal to 4.6 mm=s.

Fig. 6 shows the trajectories of particles, moving in the acoustic
field of 3000 Hz at the initial horizontal distance between the cen-
tres of two particles equal to 190 lm and an angle between the
particles equal to 19� with respect to the axis of the horizontal
acoustic field. The entrainment factor was obtained to be 0.11 in
the numerical experiments, while the reported value in the real
experiment was equal to 0.08. Similar to the previous case, the
MRPE force changes the way how two particles approach each
other. The calculated agglomeration time is equal to 23 ms in the
case without applying the MRPE force, which is similar to the mea-
sured value of 20 ms in the real experiment. The numerically
obtained agglomeration time is equal to 48 ms for the case with
the applied MRPE force. Vertical particle velocity about 36 mm=s
is calculated from the picture presented in [15] for the case of
the acoustic frequency f ¼ 3000 Hz and the sound velocity
amplitude U0 ¼ 0:44 m=s. However, the values for the numerical
and the analytical terminal velocity remain unchanged
(v term;num ¼ 4:5 mm=s;v term;anal ¼ 4:6 mm=s) because the horizontal
acoustic field does not influence the vertical movement of the par-
ticle in the applied model.

First, the presented results allow us to conclude that the main
mechanism responsible for the particle agglomeration is AWE,
while the known solution for the MRPE demonstrates the non-
physical character of particle agglomeration. Second, it seems that
the horizontal acoustic field influences the vertical particle veloc-
ity, however, the presented model cannot take into account this
influence.

The comparison between the numerical and experimental
results demonstrates that considerable differences still exist. Con-
sequently, the more detailed numerical analysis and more accurate
experiments are required in further investigations.
4. Simulation of 2D particle system

In this section, the simulation of the particle system in the hor-
izontal acoustic field is performed. Forces, acting on each particle,
are the drag force Fd, the buoyancy force Fb and the gravity force Fg

(Eq. (1)). Here, Fd is influenced by the perturbation gas velocity
ug;pv (Eq. (3)), which means that AWE is taken into account. How-
ever, FMPRE has not been calculated for the particles in this numer-
ical analysis, because FMPRE caused doubtful agglomeration patterns
in Section 3.3. It should be noted, that the Cunningham correction
factor for the drag force [35] may be important for such small par-
ticles as used in the simulations, however, it was not applied in the
presented work.



(a) (b)

Fig. 5. Agglomeration of two particles (f = 900 Hz, U0 ¼ 0:44 m=s): (a) without applying the MRPE force; (b) with the MRPE force applied.

(a) (b)

Fig. 6. Agglomeration of two particles (f = 3000 Hz, U0 ¼ 0:44 m=s): (a) without applying the MRPE force; (b) with the MRPE force applied.

Fig. 7. 2D simulation domain.

Table 1
Simulation parameters of the 2D particle system.

Parameter Value

Particle size distribution log-normal
Geometric mean particle diameter 0.8 lm
Geometric standard deviation 1.3
Initial number of particles 300/1 mm2

Density of particles, qp 1118 kg=m3

Dynamic gas viscosity, l 18:3 � 10�6 Pa s
Acoustic amplitude, U0 1.0 m=s
Sound pressure level, SPL 143.3 dB
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For the sake of simplicity, we limited our research to a two-
dimensional case. The real space with small particles, where the
acoustic agglomeration takes place (e.g. some sort of a filtering sys-
tem), is usually very large and has a lot of particles. Modelling of
this system would be impossible, therefore, only a small part of
the whole system was selected and used in the simulations. A
small simulation domain of this type is shown in Fig. 7. Since it
is only a cut, periodic boundary conditions are used for all four
sides of the domain [36]. In periodic boundary conditions, the sim-
ulation box is replicated throughout space to form an infinite lat-
tice. When a particle moves in the simulation box, the motion of
its periodic image in every one of the other boxes is the same.
When the particle passes through one side of the simulation box,
it re-appears on the opposite side with the same velocity. Each par-
ticle interacts with the other surrounding particles on the simula-
tion and replicated boxes. The minimum image convention is used,
by which the particle may interact only with the particles whose
centres lie within distance no larger than half of the width of the
simulation box.

The particle size distribution used in the current research is the
same as that used in the experiments reported in [37]. At the
beginning of simulation, the particles are randomly distributed in
the simulation domain and the horizontal acoustic field is applied.
Simulation parameters are presented in Table 1. An example of ini-
tial particle distribution is presented in Fig. 7. Note, that the diam-
eters of the particles are multiplied 10 times in Fig. 7 just for
visualization purposes (it would be impossible to see the particles
of real size which were used in the simulations).
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(b)

Fig. 8. The analysis of the numerical parameters: (a) the influence of size of the
simulation domain; (b) the influence of the radius ai .

(a)

(b)

Fig. 9. The influence of agglomeration velocity: (a) the normalized number of
particles n=n0 vs time of impact; (b) the dependence of the normalized number of
particles n=n0 on the entrainment factor calculated for a particle with the mean
diameter at t ¼ 0:05 s.
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First, the analysis was carried out to answer the question, what
minimum size of simulation domain can be used. Modelling using
0:5� 0:5 mm, 1:0� 1:0 mm and 2:0� 2:0 mm simulation domains
was performed. The results obtained are presented in Fig. 8(a). In
this figure, the change of the normalized number of particles,
n=n0, during the simulations is demonstrated. Here, n is the current
number of particles and n0 is the initial number of particles. It can
be seen, that if 0:5� 0:5 mm domain is used, the relative number
of particles changes more stepwise. Only when the simulation
domain of 2:0� 2:0 mm is used, the agglomeration curve remains
smooth. Therefore, the simulation domain of this size is used
further.

In general, every particle in the domain influences the move-
ment of all other particles because of AWE (see Eqs. (3)–(6)). How-
ever, if the distance between the two particles is large, the
influence is very small (see Eq. (5)). Therefore, the calculation of
forces acting on a particle is limited to the surrounding particles
in the radius ai ¼ aRi from the particle itself (Fig. 7), where Ri is
the particle radius, while the parameter a is predefined at the start
of simulation. It means that all particles, which are in the radius ai

around the particle i, influence the motion of the particle through
the calculated perturbation gas velocity ug;pv . A series of simula-
tions using the various values of the parameter a is performed
and the results are presented in Fig. 8(b). It can be seen, that the
agglomeration with the radius ai ¼ 40Ri is very slow. Agglomera-
tion velocity increases, when more particles are taken into account
(a larger ai is used) for calculating the forces. However, when ai

reaches approximately 960Ri, the change of ai does not make any
significant influence. Therefore, ai ¼ 960Ri has been selected for
further tests.

The modelling of the agglomeration of a particle system is per-
formed. The influence of different agglomeration effects and differ-
ent acoustic frequencies in the range of 10–200 kHz is analyzed. In
the studied model, the spatial variation of acoustic velocity is
neglected (see Eq. (4)). Therefore, presented simulations does not
treat the standing wave case with short wave length, where parti-
cles may gather in the nodes or antinodes of acoustic pressure. The
results are presented in Fig. 9. Fig. 9(b) shows how the normalized
number of particles depends on the entrainment factor, which is
calculated for the mean particle diameter of the initial particle sys-
tem (t ¼ 0 s). Fig. 9(a) demonstrates how the normalized number
of particles changes in time at various frequencies, when AWE is
calculated.

As can be seen, the agglomeration process is very fast: 0.2 s is
sufficient to reduce the number of particles by factor 10 and more.
However, the influence of the acoustic field depends on frequency.
The agglomeration in the 10 kHz acoustic field is the slowest pro-
cess. An increase in the acoustic frequency from 10 kHz to 20 kHz
determines how fast the agglomeration takes place (see Fig. 9(b)).
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However, when the acoustic frequency increases from 50 kHz to
200 kHz, no great difference can be observed.

When no AWE is calculated (the last line on the legend
Fig. 9(a)), only very few particle agglomerations occur and, there-
fore, this line remains almost horizontal at n=n0 ¼ 1:0. This shows,
that the orthokinetic collision effect (OCE) produces very small
influence on the acoustic agglomeration. The comparisons with
the experimental data presented in Section 3.3 allow us to assume,
that the theoretical model cannot adequately describe the vertical
particle velocity in the acoustic field. The expected increase in the
vertical particle velocity can cause some changes in the agglomer-
ation of particles due to the OCE. However, this possible increase in
the number of agglomerations cannot significantly change the
influence of OCE.

5. Conclusions

In the current research, the numerical analysis of three agglom-
eration effects, i.e. orthokinetic collision, acoustic wake effect and
mutual radiation pressure effect, was presented. The numerical
method, based on the well-known discrete element method, was
used for the analysis. Based on the performed numerical analysis,
the following conclusions can be drawn:

� Modelling of two identical particles has shown that the main
mechanism responsible for acoustic agglomeration is the acous-
tic wake effect.
� The known solution for mutual radiation pressure effect has

shown non-physical behaviour of two particles in the process
of agglomeration.
� Quite good agreement between numerical and experimental

results relating to the entrainment factor and the agglomeration
time could be observed. However, the performed numerical
modelling and the experiments have shown significant differ-
ences between the vertical particle velocities in the acoustic
field, especially, at higher frequencies (for lower entrainment
factors). Real experiments demonstrate the influence of the ver-
tical particle velocity on the acoustic field. However, the pre-
sented theoretical model cannot take into account this
influence.
� Modelling of the 2D system of polydispersed particles demon-

strated that the orthokinetic mechanism plays an insignificant
role in the agglomeration of particles in the system, while the
acoustic wake effect is a major agglomeration mechanism
responsible for particle agglomeration in the case of travelling
acoustic waves.
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[32] R. Balevičius, R. Kačianauskas, Z. Mróz, I. Sielamowicz, Analysis and DEM
simulation of granular material flow patterns in hopper models of different
shapes, Adv. Powder Technol. 22 (2) (2011) 226–235.

[33] A.-N. Huang, H.-P. Kuo, Developments in the tools for the investigation of
mixing in particulate systems – a review, Adv. Powder Technol. 25 (1) (2014)
163–173.

[34] A. Nguyen, H. Stechemesser, G. Zobel, H. Schulze, An improved formula for
terminal velocity of rigid spheres, Int. J. Miner. Process. 50 (1–2) (1997) 53–61.

[35] M.L. Eggersdorfer, S.E. Pratsinis, Agglomerates and aggregates of nanoparticles
made in the gas phase, Adv. Powder Technol. 25 (1) (2014) 71–90.

[36] M. Allen, D. Tildesley, Computer Simulation of Liquids, Oxford University
Press, Oxford, 1987.

[37] P. Capéran, J. Somers, K. Richter, S. Fourcaudot, Acoustic agglomeration of a
glycol fog aerosol: Influence of particle concentration and intensity of the
sound field at two frequencies, J. Aerosol Sci. 26 (4) (1995) 595–612.

http://refhub.elsevier.com/S0921-8831(14)00322-7/h0005
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0005
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0005
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0005
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0010
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0010
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0010
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0015
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0015
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0015
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0020
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0020
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0025
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0025
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0030
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0030
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0030
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0035
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0035
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0040
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0040
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0040
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0045
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0045
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0045
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0050
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0050
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0050
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0055
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0055
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0060
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0060
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0060
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0065
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0065
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0065
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0070
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0070
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0070
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0070
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0075
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0075
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0075
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0085
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0085
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0085
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0090
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0090
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0095
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0095
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0100
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0100
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0105
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0105
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0110
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0110
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0110
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0115
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0115
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0115
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0120
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0120
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0120
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0125
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0125
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0125
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0130
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0130
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0130
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0135
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0135
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0140
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0140
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0140
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0145
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0145
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0145
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0150
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0150
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0155
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0155
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0160
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0160
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0160
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0165
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0165
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0165
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0170
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0170
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0175
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0175
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0180
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0180
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0180
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0185
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0185
http://refhub.elsevier.com/S0921-8831(14)00322-7/h0185

	Numerical particle-based analysis of the effects responsible for acoustic particle agglomeration
	1 Introduction
	2 A theoretical model
	3 The numerical tests
	3.1 A falling particle
	3.2 The agglomeration of two particles: the comparison with the analytical solution
	3.3 The agglomeration of two particles: comparison with the experimental data

	4 Simulation of 2D particle system
	5 Conclusions
	Acknowledgment
	References


