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A B S T R A C T   

Acoustic agglomeration is a technique that leverages on sound waves to promote the collision of aerosol par
ticulate matter, thus leading to the formation of larger particle agglomerates. In this study, this acoustics-driven 
phenomenon is demonstrated for its usefulness as an aerosol pre-conditioning method to significantly enhance 
the efficiency of filtration systems in particle treatment processes. Specifically, favorable changes in pressure 
drop across the filters are observed as a result of receiving less particle mass, for which filters are shown to be 
able to have their operational life extended remarkably by more than 50%. The involved ultrasonic aerosol 
agglomeration mechanisms are unveiled through numerical simulations, and the effects of residence time, sound 
pressure level, and initial particle number concentration on agglomeration performances are experimentally 
investigated. In addition, validations and measurements of filter pressure drop are obtained through a series of 
experiments. This study provides a comprehensive overview to the design and performance characterization of 
acoustics-agglomeration-enhanced filtration systems, which could potentially derive energy savings for fan 
power in ventilation systems and be scaled up for applications in industrial plants for reducing carbon emissions.   

1. Introduction 

The ability to effectively manipulate and process aerosol particles 
has been gaining increasing attention in light of the global quests for 
carbon neutrality, energy saving, and emission reduction [1–5]. It has 
been proven that both chemical [6–8] and physical methods [9–14] can 
offer effective manipulation/treatment of aerosol particles. In the latter, 
the physical methods include the use of turbulence/vortex [9,11,15], 
magnetics [12,16], electrics [14,17,18], and acoustics [1,19–26] for 
aerosol particle manipulation. Among them, the acoustic manipulation 
method, specifically acoustic agglomeration (AA), harnesses sound 
waves to cause additional motions and collisions of aerosol particles to 
achieve particle coagulation [1]. Different from the acoustic mecha
nisms utilized for particle manipulation in fluidic environments such as 
acoustic radiation forces and acoustic streaming [27–29], physical 
mechanisms involved in acoustic aerosol agglomeration include the 
orthokinetic and hydrodynamic effects [30,31]. Through the combined 

orthokinetic and hydrodynamic effects, smaller aerosol particles cluster 
to form larger particles that result in changes to airborne particle size 
distribution (PSD) and concentration levels. Compared with other 
physical aerosol manipulation mechanisms, AA can circumvent the use 
of large-scale electric or magnetic systems, as well as complex flow 
regulators in aerosol chambers or tunnels. 

Throughout the years, many researchers have demonstrated the 
effectiveness of AA for controlling aerosol emission [1,32–37], in which 
audible speakers are mostly adopted as sound sources. For instance, 
Yang et al. recently have applied AA to treat oil particles with a sound 
pressure level (SPL) higher than 130 dB and a frequency between 1000 
Hz and 5000 Hz [38]. However, audible sound with high SPLs may cause 
serious noise issues and damage to human hearing especially when there 
are operators around AA processes. Therefore, the use of airborne ul
trasound for further development of AA has been highlighted [30], and 
some researchers have successfully established and deployed efficient 
ultrasonic systems to substitute audible speakers for AA of aerosol 
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particles [21,39,40]. 
Although the ability of AA to manipulate airborne PSD and con

centration levels has been proven through numerous experimental 
studies [1,30], its direct usefulness and application in pollution control 
is still lacking. A potential use for AA is in filtration systems where the 
pre-treatment of aerosols upstream of air filters could enhance particle 
removal efficiency. The rationale is that smaller particles agglomerate 
under sonication to form larger particles that can be more easily 
captured by the filters [38,41,42]. However, this increase in particle 
removal efficiency is often accompanied by faster increase in filter 
pressure drop (PD), thus requiring more energy to be consumed by the 
exhaust fans (to overcome filter PD). This trade-off remains a challenge 
to be resolved before AA can be efficiently applied to pollution control 
systems involving filtration processes. 

In this study, we address this challenge by demonstrating the in
crease of aerosol filtration efficiency without significant increase in PD 
of air filters in a purpose-built aerosol wind tunnel system. This is ach
ieved by combining AA with a mechanical particle separation process. 
Specifically, aerosol particles first undergo AA to form larger particle 
agglomerates and then undergo deposition in a particle separation 
component. Owing to the reduction in particle mass through the com
bined action of these two processes, the downstream air filter receives 
less particle mass and thus experiences lower PD compared with the 
scenario where there is no AA process. Additionally, an airborne ultra
sonic system is used to perform AA to avoid the issue related to audible 
noise caused in human working environment, bringing this study closer 

to its practical implementation. In the following sections, we will discuss 
the mechanisms of ultrasonic aerosol agglomeration, and further 
demonstrate its usefulness as a particle pre-conditioning method to 
reduce the filtration burden on air filters when coupled with a prior 
particle separation process. Different parameters affecting the perfor
mances of ultrasonic aerosol agglomeration will also be discussed. 

2. Experimental setup 

The experimental setup of an aerosol wind tunnel for ultrasonic 
aerosol agglomeration in this study is shown in Fig. 1. The aerosol wind 
tunnel is composed of multiple modular sections that include an inlet, a 
dust diffusing chamber, an ultrasonic agglomeration zone, a particle 
separation device, a filter test section, a fan, and an outlet. The inlet 
section contains an entrance to ambient air which is cleaned by a High- 
Efficiency Particulate Air (HEPA) filter. In addition, the inlet section 
contains a bypass which allows particles that are aerosolized by a dust 
generator (SAG 410/H, TOPAS Inc.) to be dispensed into the tunnel. For 
each run of experiments, new standard Arizona A4 test dust (PTI Inc.) is 
used. Downstream of the inlet section, a lobe mixer allows particles to be 
uniformly mixed with the ambient air in the diffuser. 

Following which, the particles enter the ultrasonic agglomeration 
zone which has a total length of 3 m and a diameter of 200 mm. A 
customized ultrasonic transducer with a working frequency of 21 kHz 
(Pusonics Inc.), of which the main body is made by titanium, is excited 
by a matched power supply to provide an ultrasonic field within the 

Fig. 1. Aerosol wind tunnel-based experimental setup. (a) Schematic. (b) Photo.  
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agglomeration zone. Five sampling points are distributed along the 
agglomeration zone to allow for measurement of local SPLs using a 
microphone (Brüel & Kjær Type 4954) that is connected to a laptop 
through a data acquisition (DAQ) card. The sampling points are also 
used to measure particle number concentrations (PNCs) using a particle 
size spectrometer (ELPI+, Dekati Inc.) with a diluter. In addition, flow 
speeds in the agglomeration zone are measured by a hot-wire 
anemometer (Center 332) through these sampling points. 

As shown in Fig. 1, a reflecting plate is positioned at the end of the 
agglomeration zone for the formation of a standing wave ultrasonic 
field. It is anticipated that a standing wave ultrasonic field enables better 
agglomeration performance as compared to its corresponding traveling 
wave ultrasonic field when the sound parameters are kept the same [30]. 
A particle separation device is arranged behind the agglomeration zone 
to capture the larger particle agglomerates that are formed through the 
ultrasonic agglomeration process. Without this particle separation de
vice, the downstream air filter with pre-ultrasonicated aerosol particles 
would receive particle mass that is almost the same as the condition 
without ultrasonication of aerosol particles, leading to insignificant 
changes in PD across the filters. Consequently, the incorporation of such 
a particle separation device after the ultrasonic agglomeration process 
becomes essential to achieving the concurrent improvement in filtration 
efficiency with desired changes to filter PD. Here, a cyclone separator 
(HG0011718, OEM) is used as the particle separation device, and other 
types such as settling chambers/pipes can also be considered [42]. 

After the cyclone separator, another sampling point is positioned 
before test filters to measure and compare PNCs downstream of the 
cyclone separator. For the filter PD tests, M6 (BS EN 779) filters (Camfil 
Inc.) are used, and a custom-made digital manometer (Bluewind Inc.) is 
installed to measure PD across filters using the connected test rings 
shown in Fig. 1(b). For each PD test, a new M6 filter is used throughout 
the entire experimental process. In the outlet section, another HEPA 
filter is installed to clean the air before it is released into an outdoor 
environment. The exhaust fan (TECO ELECTRIC & MACHINERY PTE 
LTD) controls the flow speed within the aerosol wind tunnel through a 

combination of the power setting and the throttling valve. 

3. Numerical setup 

3.1. Modelling of ultrasonic agglomeration zone 

A model of the agglomeration zone with the corresponding boundary 
conditions is generated for numerical simulations of the vibration field 
in the ultrasonic transducer and the resultant ultrasonic field in the 
agglomeration zone (Fig. 2(a)). Simulations are performed by the 
commercial software COMSOL Multiphysics 6.1 (Burlington, MA, USA) 
based on the finite element method (FEM). Herein, given the limited 
computation resources available, a simplified two-dimensional (2D) 
model is used. As shown in Fig. 2(a), multiple hard walls are used to 
mimic the internal walls of the tunnel and the reflecting plate. Two 
perfectly matched boundaries (PMBs) are imposed to mimic the con
necting ports with other modular sections. The vibration excitation 
(indicated in the dashed red box in Fig. 2(a)) is exerted on the upper part 
of the transducer in the x-direction, and the radiation plate-air interfaces 
are set as the acoustic-structure boundaries. The acoustic-solid interac
tion module in COMSOL is employed to implement frequency-domain 
simulations, and the governing equation for computing the vibration 
field in the ultrasonic transducer is 

− ρsω2u = ∇⋅S+FVeiφ (1)  

where ρs is the density of solid, ω is the angular frequency, u is the 
displacement vector, S is the second Piola-Kirchhoff stress, FV is the 
volume force vector, i is the imaginary unit, and φ is the phase angle. 
The governing equation for computing the ultrasonic field in the 
agglomeration zone is the lossy Helmholtz equation considering the 
thermally conducting and viscous effects for sound attenuation [29], 
which is expressed as 

Fig. 2. (a) Physical model and boundary conditions for simulating vibro-acoustic fields. (b) Meshed model around the acoustic-structure boundaries. (c) Simulated 
vibration mode of the ultrasonic transducer at 21 kHz. (d) Simulated ultrasonic field (absolute acoustic pressure) in the agglomeration zone at 21 kHz. 
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Cp

] p = 0 (2)  

where p is the acoustic pressure and cg, ρg, μ, μB, Cp, γ, and k are the 
sound speed, density, dynamic viscosity, bulk viscosity, heat capacity at 
constant pressure, ratio of specific heats, and thermal conductivity of 
gas, respectively. The material parameters used in the simulations are 
listed in Table 1. 

The meshed model around the radiation plate-air interfaces is shown 
in Fig. 2(b), in which the free triangular mesh is used. To ensure the 
reliability of simulation results, a maximum element size of 32.4 mm is 
set in the transducer domain and 1 mm in the air domain (about 6.12 % 
of the wavelength of the ultrasonic field at 21 kHz). 

The simulated vibration mode of the ultrasonic transducer at 21 kHz 
is shown in Fig. 2(c). It can be observed that the x-directional vibration 
of the transducer’s upper part (indicated in the dashed red box in Fig. 2 
(a)) induces the flexural vibration of the radiation plate through the 
connecting rod, which provides airborne ultrasound to the agglomera
tion zone for aerosol agglomeration. 

Fig. 2(d) shows the simulated distribution of absolute acoustic 
pressure in the agglomeration zone at 21 kHz. From the three insets, it 
can be observed that the standing wave ultrasonic field is well distrib
uted throughout the entire agglomeration zone. Even though the 
attenuation effects are considered in the simulation of ultrasonic field 
(Eq. (2)), their effects appear to be insignificant along the agglomeration 
zone (by comparing the intensities of absolute acoustic pressure at 
multiple acoustic anti-nodes). This indicates that the airborne ultra
sound emitted by this transducer under 21 kHz experiences little 
attenuation along the length direction of our ultrasonic agglomeration 
zone. 

3.2. Modelling of ultrasonic aerosol agglomeration 

The ultrasonic aerosol agglomeration process is modelled to inves
tigate changes in PSD with and without ultrasonication. Here, the PSD 
function n(v,t) is considered to be only dependent on the time t and the 
particle volume v. As a result, the agglomeration process is governed by 
the temporal aerosol evolution equation as [43] 

∂n(v, t)
∂t

=
1
2

∫ v

0
β(ṽ, v − ṽ)n(ṽ, t)n(v − ṽ, t)dṽ −

∫ ∞

0
β(v, ṽ)n(ṽ, t)n(v, t)dṽ

(3)  

where β is the total ultrasonic agglomeration kernel. Typically, there are 
two types of kernels to be considered in AA; the first one is the ortho
kinetic kernel [31,44,45], which is expressed as 

βOR(d1, d2) =
1
2
(d1 + d2)

2Ugη12 (4)  

where d1 and d2 are the particle diameters, Ug is the acoustic velocity of 
air, and η12 is the real part of the entrainment factor difference H12 = H1- 
H2. The entrainment factor H is defined as 

H =
1

1 − iωτd
(5)  

where τd is the dynamic relaxation time of particle and is defined as 

τd =
ρpd2

p

18μ (6)  

where ρp and dp are the density (assumed as 1 g/cm3 here) and diameter 
of particle, respectively. The other kernel usually considered is the 
mutual radiation pressure (MRP) kernel that captures the hydrodynamic 
effect, and is expressed as 

βMRP(d1, d2) =

̅̅̅
3

√
ρgU2

g

144πμ
d2

1d2
2

d1 + d2
g12 (7)  

where g12 is the hydrodynamic interaction function [22]. The total 
kernel used for the ultrasonic aerosol agglomeration simulations is the 
sum of the orthokinetic and MRP kernels, which is given as 

βtotal = βOR + βMRP (8)  

As the equation for describing the temporal evolution of PSD (Eq. (3)) is 
a partial, non-linear, and integro-differential equation, only a limited 
number of analytical solutions are available. Commonly, numerical 
methods are employed [22,31,45–48], and here we adopt the sectional 
method to resolve the PSD under ultrasonic agglomeration [31,47–49]. 
The detailed implementation strategy of this method is described in our 
previous study [31]. 

4. Results and discussions 

In a typical experiment, we first set the flow speed inside the 
agglomeration zone (Fig. 1) as 0.72 m/s, and this gives the residence 
time of aerosol in the agglomeration zone to be 4.2 s. The ultrasonic 
transducer is operated under 40 W to avoid rapid heating under its 
maximum driving power of 50 W. At each sampling point, 20 mea
surement points of SPL are captured by moving the microphone probe at 
the same interval along the sectional radial direction. For instance, at 
sampling point 1 (Fig. 1(a)), the arithmetic mean of 20 values of SPL is 
obtained to represent the characteristic SPL for this sampling point. The 
process is then repeated for the other 4 sampling points and their 
average is used to represent the characteristic SPL for each experimental 
condition. Following the steps described above, under the transducer 
driving power of 40 W, the characteristic SPL is obtained to be 137 dB. 
The dispensing rate of the dust generator is set to be 10 % of the 
maximum dispensing rate on its front panel, and under the combination 
of this setting and the flow speed of 0.72 m/s, the initial total PNC 
generated is denoted as C1 (Table 2). 

Fig. 3(a) shows the comparison of the PSD without and with ultra
sonication (residence time: 4.2 s; initial total PNC: C1; SPL: 137 dB). 
Both experimental and simulated results show that with ultrasonication, 

Table 1 
Material parameters used in the FEM simulations.  

Symbol Quantity Value for 
titanium 

Value for air 

cg Sound speed / 343 m/s 
ρs/ρg Density 4506 kg/m3 1.2 kg/m3 

μ Dynamic viscosity / 1.82 × 10− 5 

Pa•s 
μB Bulk viscosity / 5.45 × 10− 6 

Pa•s 
Cp Heat capacity at constant 

pressure 
/ 1015 J/(kg•K) 

γ Ratio of specific heats / 1.4 
k Thermal conductivity / 0.026 W/(m•K) 
ν Poisson ratio 0.321 / 
E Young modulus 115.7 GPa /  

Table 2 
Experimental parameters for the definition of initial total particle number con
centrations (PNCs).  

Initial total 
PNC 

Dispensing rate 
(%) 

Flow speed in the agglomeration zone (m/ 
s) 

C1 10 0.72 
C2-1 15 0.36 
C2-2 30 0.72 
C2-3 70 1 
C3 100 0.72  
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Fig. 3. Comparison of particle and filter characteristics without and with ultrasonication of 137 dB under the residence time of 4.2 s. The initial total particle number 
concentration is denoted as C1. (a) Particle size distribution. EXP represents the experimental result, and SIM represents the simulated result. (b) Removal efficiency 
of particle number concentration versus particle diameter. (c) SEM images of particles that are deposited at the bottom of the cyclone. (d) Measured particle size 
distribution after the cyclone. (e) Measured time-domain pressure drop increment of air filters. 
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the PNCs experience significant drop across the measurable particle size 
range, especially in the central size range. This indicates that aerosol 
particles are agglomerated by airborne ultrasound and thus their 
respective concentrations are decreased accordingly. The difference 
between the experimental and simulated results may be due to the un
even distribution of SPLs in the experimental tunnel setup as opposed to 
a constant SPL used in the simulations, which could overpredict the 

actual ultrasonic aerosol agglomeration performances. Moreover, as the 
measurable size range of the particle counter is limited to 6 nm to 10 μm, 
aerosol particles that are larger than 10 μm can only be captured 
through the simulations, as shown in the inset of Fig. 3(a). 

The removal efficiency of PNC at each particle size bin is defined as 
(1-N/N0) × 100 %, where N0 and N are the PNCs without and with 
ultrasonication at each particle size bin, respectively. The experimental 

Fig. 3. (continued). 
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and simulated results of removal efficiency of PNC versus particle 
diameter is shown in Fig. 3(b), where it can be observed that removal 
efficiencies of PNC are positive across all the particle size bins from 0.1 
to 10 μm in the experiments. On the other hand, there is increase in PNCs 
for the particle size bins from 3 to 10 μm in the simulations due to the 

agglomeration of smaller particles and the formation of larger particle 
agglomerates. With higher concentrations of larger particles after ul
trasonic agglomeration, it is postulated that the cyclone separator can 
become more effective in reducing PNC prior to the downstream air 
filter. As a result, the filter would receive less particle mass and 

Fig. 4. Comparison of particle and filter characteristics without and with ultrasonication of 137 dB under different residence time. The initial total particle number 
concentrations are denoted as C2-1, C2-2, and C2-3, respectively. (a) Measured removal efficiency of particle number concentration versus particle diameter. (b) 
Measured time-domain pressure drop increment of air filters. 
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potentially experience a slower increase in PD. To validate this 
assumption, particles settled at the bottom of the cyclone without and 
with ultrasonication are collected to perform the scanning electron mi
croscopy (SEM) characterization. As shown in Fig. 3(c), the particles 
that experience ultrasonication undergo agglomeration and are 

evidently larger as compared to those without ultrasonication. 
Furthermore, the comparison of the PSD spectra after the cyclone 
(before the air filter) shows that PNCs with ultrasonication also expe
rience decrease across all the measurable particle size bins from 0.1 to 
10 μm (Fig. 3(d)). 

Fig. 5. Comparison of particle and filter characteristics without and with ultrasonication under the residence time of 8.3 s for different SPLs. The initial total particle 
number concentration is denoted as C2-1. (a) Measured removal efficiency of particle number concentration versus particle diameter. (b) Measured time-domain 
pressure drop increment of air filters. 
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Fig. 3(e) shows the measured time-domain PD increment across test 
filters without and with ultrasonication. Here, the PD increment is 
defined as its difference between its real-time and initial values. With 
ultrasonication, the PD increment across the filter rises less rapidly as 
compared to that without ultrasonication, and in the same duration of 
30 min, the total PD increment of the filter with ultrasonication is 
reduced by around 20 % of that without ultrasonication. These results 
validate our design purpose of slowing down PD across air filters 
through the combination of the ultrasonic aerosol agglomeration and 
the cyclone-based particle deposition processes. 

4.1. Effects of residence time 

The effects of key acoustic and aerosol parameters on ultrasonic 
agglomeration and filter PD performances are experimentally investi
gated. Firstly, the experimental SPL and initial PNC released into the 
tunnel are kept constant, while the flow speed in the agglomeration zone 
is varied. This affects the residence time, which is the duration that 
aerosol particles are subjected to the maximum influence of ultra
sonication. In order to keep the initial PNC constant under different flow 
speeds, the dispensing rate of the aerosol dispenser have to be increased 
as the flow speed increases. Here, the initial total PNCs are measured 
and denoted as C2-1, C2-2, and C2-3 under the combinations of the 
dispensing rate of 15 % and the flow speed of 0.36 m/s, the dispensing 
rate of 30 % and the flow speed of 0.72 m/s, and the dispensing rate of 
70 % and the flow speed of 1 m/s, respectively (Table 2). The compar
ison of the initial PSDs under C2-1, C2-2, and C2-3 is given in Fig. S1 
(Supplementary Material). 

Fig. 4(a) shows the removal efficiency of PNC versus particle diam
eter under different residence time. As observed, increasing residence 
time can increase the removal efficiency of PNC for most particle size 
bins due to the longer duration of ultrasonic agglomeration process. 
Also, under the residence time of 3 s and 4.2 s, there is an increase in 
PNCs for larger particle size bins, which may result from the agglom
eration of smaller particles into larger ones. Fig. 4(b) shows the 
measured time-domain PD increment of air filters without and with 
ultrasonication for different residence time. The increase in PD incre
ment is more gradual with the increase in residence time as the higher 
agglomeration efficiency leads to the improved cyclone performance 
and hence less particle mass reaching the filters. Notably, for the resi
dence time of 8.3 s, the total PD increment of the filter with ultra
sonication of 30 min is reduced by 67.3 % of that without 
ultrasonication. 

4.2. Effects of sound pressure level 

The performance of ultrasonic aerosol agglomeration and the resul
tant PD increment across filters are also experimentally investigated 
under the experimental SPLs of 133 dB and 136 dB (under the transducer 
driving powers of 15 W and 30 W, respectively), respectively. Fig. 5(a) 
shows the removal efficiency of PNC versus particle diameter under 
different SPLs when the residence time and initial PNC are kept con
stant. It can be observed that a higher SPL enables higher removal ef
ficiencies of PNC across all the particle size bins. Theoretically, this can 
be partially explained by the stronger influence of the orthokinetic and 
hydrodynamic effects under a higher SPL (Eqs. (4) and (7)). Similarly, 
for the time-domain PD increment across filters in Fig. 5(b), an increase 
in SPL leads to a slower increase in PD increment with reasons similar to 
the increase in residence time as explained earlier. 

4.3. Effects of initial particle number concentration 

To investigate the influence of initial PNC on ultrasonic aerosol 
agglomeration as well as PD increment across filters, the PNC released 
into the tunnel from the particle dispenser is varied. Apart from C1 and 
C2-2, a higher initial total PNC of C3 is considered, and it relies on the 

combination of the 100 % dispensing rate of the dust generator and the 
flow speed of 0.72 m/s in the agglomeration zone (Table 2). The com
parison of the initial PSDs under C1, C2-2, and C3 is given in Fig. S1 
(Supplementary Material). Fig. 6(a) shows the removal efficiency of PNC 
versus particle diameter under different initial total PNCs (C3 > C2-2 >
C1) when the experimental SPL and residence time are kept constant. It 
is seen that overall, a higher initial PNC allows for higher removal ef
ficiencies of PNCs. This is because with a higher initial PNC, particles are 
closer to each other at the beginning and thus more easily agglomerated 
under ultrasonication, thus resulting in better agglomeration effects. 
Fig. 6(b) shows the measured time-domain PD increment of air filters 
without and with ultrasonication for different initial total PNCs. It can 
be observed that the PD increment for C3 with ultrasonication, despite 
having the largest concentration, does not exhibit the expected largest 
difference in PD increment as compared to without ultrasonication. This 
is because during the experiments for C3, due to this high concentration, 
a single run of the dust generator with a fixed container with maximum 
contents can only sustain a short duration, thus making the corre
sponding time-domain PD increment data inconclusive. While 
comparing the PD increment results under C1 and C2-2 with ultra
sonication, it can be seen that a higher initial PNC leads to a slower 
increase in PD increment as compared to its non-ultrasonication coun
terpart. This conclusion could also be extrapolated for C3 if the ultra
sonication duration could be as long as that for C1 or C2-2. 

4.4. Quantitative evaluation of pressure drop across filters 

The effects of ultrasonication on the increase in PD increment across 
filters are evaluated in a more quantitative way through a defined per
formance factor. Firstly, the time taken for PD to reach twice the initial 
PD of air filter (meaning the PD increment is equal to the initial PD) 
without and with ultrasonication is denoted by τ0 and τ, respectively. 
Next, a performance factor for PD is defined by (τ-τ0)/τ0 × 100 %. With 
this definition, Fig. 7(a) shows the relationship between the perfor
mance factor for PD against SPL when the residence time and initial total 
PNC are kept as 4.2 s and C2-2, respectively. It can be observed that 
increasing SPL improves the performance factor. Separately, when 
residence time is varied under a constant SPL of 137 dB across different 
initial total PNCs (Fig. 7(b)), it can be observed that the performance 
factor rises with the increase in residence time. It is worth mentioning 
that at some data points in Fig. 7, the performance factors are higher 
than 50 %, meaning that it would take more than 1.5 times of operation 
duration for an air filter to reach twice its initial PD with the ultrasonic 
aerosol agglomeration as compared to that without ultrasonication. This 
slower increase in PD across air filters could enable savings in energy 
consumption of exhaust fans in gas cleaning process lines in industrial 
plants [1,42], which is one of our future study directions. 

5. Conclusion 

In this study, the combined use of the ultrasonic aerosol agglomer
ation and a particle deposition technique is demonstrated to realize 
favorable changes in pressure drop across air filters in a purpose-built 
aerosol wind tunnel system. This is different from the conventional 
application of acoustic agglomeration which is mostly applied for 
aerosol emission control. The process is realized by the ultrasonic 
agglomeration of aerosol particles to transform small particles into 
larger agglomerates for the enhanced deposition in a subsequent particle 
separation device. Owing to this more efficient particle separation 
process, a downstream air filter receives less particle mass, resulting in a 
slower increase in its pressure drop as compared to the case without 
ultrasonic aerosol agglomeration. The agglomeration performance is 
evaluated through a series of numerical simulations and experimental 
investigations. Parametric studies are performed on the effects of resi
dence time, sound pressure level, and initial particle number concen
tration on the ultrasonic aerosol agglomeration performance and PD 
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increment across air filters. Our study indicates that besides application 
in aerosol emission control, the acoustic agglomeration technique is also 
capable of improving the operation characteristics of air filters (i.e., 
pressure drop here) in a tunnel system. This is promising to not only 
prolonging service lives of air filters (by more than 50 % indicated in this 

study) but also enabling energy savings in exhaust fans (for overcoming 
air filter pressure drop) in industrial gas treatment processes and other 
ventilation systems. 

Fig. 6. Comparison of particle and filter characteristics without and with ultrasonication of 137 dB under the residence time of 4.2 s for different initial particle 
number concentrations. The initial total particle number concentration is varied between C3 > C2-2 > C1. (a) Measured removal efficiency of particle number 
concentration versus particle diameter. (b) Measured time-domain pressure drop increment of air filters. 
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