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Abstract: The purification of indoor pathogenic microorganisms has become a topic of concern. The
use of nonwoven media air filters causes high resistance, and the problem of noise limited their
application under high air volume. Thus, we propose a micro-electrostatic filter, which has improved
performance compared to an electrostatic filter, with a new type of cylindrical structure to tackle
indoor pathogenic microbial aerosol pollution. Through simulation, it is found that the filtration
performance of a cylindrical structure is better than that of a plate structure under all simulation
conditions. For particles larger than 1 µm, the shortest theoretical length of the dust collecting plate
required for the cylindrical structure is 34% shorter than that for the plate structure. For 0.1 µm
particles, the filtration efficiency of the cylindrical structure is nearly 20~30% (the maximum value
is 29.76%) higher than that of the plate structure, while the air velocity is 1.5 m/s~2.5 m/s. The
resistance of the cylindrical micro-electrostatic filter is only half of that of the combined plate type
micro-electrostatic filter, indicating that the cartridge structure has enormous energy-saving potential.
The introduction of the quality factor further proves that the integrated filtration performance of the
cartridge micro-electrostatic filter is better. The application of cylindrical micro-electrostatic filters in
HVAC systems can help improve indoor air quality and reduce health risks.

Keywords: cylindrical micro-electrostatic filter; pathogenic microbial aerosol; fine particle; simulation

1. Introduction

In recent years, frequent outbreaks of airborne infectious diseases have become a
cloud on the horizon on human health, including the outbreak of severe acute respiratory
syndrome (SARS) in 2003, H1N1 influenza in 2009, and Middle East respiratory syndrome
in 2012. In particular, the COVID-19 pandemic, which began to rage through the world in
December 2019, has delivered a devastating blow to society [1,2]. In addition to particles,
people have begun to focus on pathogenic microorganisms in indoor air environments. At
present, fan coils and combined air conditioning systems, which are considered some of the
most important sources of indoor pathogenic microbial pollution [3,4], are equipped with
only medium-efficiency filters [5,6] at levels F7, F8, and F9 [7], which have a low filtration
efficiency for pathogenic microbial aerosols of only approximately 70% [8]. Improving
indoor ventilation and the filtration efficiency for pathogenic microorganisms will signifi-
cantly reduce the risk of indoor pathogenic microorganism infection [9]. However, in the
existing heating, ventilation, and air conditioning (HVAC) systems, increasing the filtering
air volume will result in a substantial increase in resistance [10,11]. Additionally, to use
high-efficiency media filters for air purification of residential and commercial buildings
as a way to achieve high filtration efficiency will lead to unacceptably high resistance
and high energy consumption [12,13]. Therefore, it is essential to develop a filter that has
low resistance under high air volume and has a high filtration efficiency for pathogenic
microorganisms at the same time.
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Compared with medium-efficiency media filters widely used in existing air con-
ditioning systems, electrostatic filters have similar filtration efficiency and lower resis-
tance [14–18]. Another reason to consider using electrostatic filters in HVAC systems is that
electrostatic filters can disinfect in addition to physically trapping pollutants. According to
early experimental work, an electrostatic filter will produce many ions during operation.
Pathogenic bio-aerosols in the air are effectively disinfected upon exposure to ions [19–26].

Electrostatic filters were first used for industrial dust removal and are now widely
used in various industries, including commercial kitchens, air purification, and other
fields [14,15,27,28]. The filtration efficiency of an electrostatic filter is mainly determined
by the discharge voltage and the voltage of the dust-collection plate [29]. Based on this,
researchers have made structural design changes to the electrostatic filter, for example,
from a single-zone electrostatic filter to a double-zone electrostatic filter [30]. The flat-plate
double-zone electrostatic filter separates the discharge area from the dust-collection area.
The electric field intensity near the dust-collecting electrode surface usually increases from
less than 5 × 105 V/m to 106 V/m [31]. However, most of the dust-collection plates of
traditional electrostatic filters are metal plates, and their surface is often not guaranteed
to be sufficiently flat. As a result, the local electric field intensity around a spike in the
surface will be much higher than the average field intensity [30]. Moreover, there is a risk
of introducing byproducts such as ozone if the electrostatic filter is directly introduced into
an indoor environment where people are present [32–34].

To enhance the field strength between the electrode plates and reduce ozone genera-
tion, an intense field dielectric (IFD), also called a micro-electrostatic filter, was proposed.
It encapsulates the metal electrode in the dielectric material to achieve high efficiency,
low resistance, and low ozone emission [35–37]. In the research on the plate-type micro-
electrostatic filter, the researchers have proved that the resistance of the plate-type micro-
electrostatic filters is only 14 Pa at 1.0 m/s, and the initial PM2.5 filtration efficiency can also
reach 99.8%. However, after 50 days of operation, the PM2.5 filtration efficiency of a plate-
type micro-electrostatic filter drops to 50% [20]. This study also means that although the ef-
ficiency of a plate-type micro-electrostatic filter has reached the level of a medium-efficiency
filter, its filter performance is challenging to regulate after it contains dust [14,20,38]. There-
fore, improving the dust-holding capacity (DHC) of the micro-electrostatic filter is the key
to its application in HVAC systems.

Additionally, increasing indoor ventilation can effectively reduce indoor pathogenic
microorganisms and viruses [39]. To increase the air volume of the filter in an existing
HVAC system, we combined four plate-type micro-electrostatic filters together, and the
airflow direction is shown in Figure 1a. Similar to this structure, the cylindrical struc-
ture is used for a fiber filter to reduce the trade-off between resistance and efficiency. A
cylindrical structure has a larger filtration area and higher filtration efficiency at the same
resistance [40–42], often used in automobile filters and aviation filters [43,44]. Based on
the above analysis, we have designed a cylindrical micro-electrostatic filter. It is expected
to operate with low resistance under a high air volume while ensuring high filtration
efficiency. The structure and airflow direction are shown in Figure 1b.

This research compares the filtration performance of the novel cartridge-type micro-
electrostatic filter (Figure 1b) with the combined plate-type micro-electrostatic filter (Figure 1a).
It is assumed that both the filtration area at the inlet and the length of the electric field
channel are the same. Simultaneously, the mainstream characteristics of the two types of
micro-electrostatic filters are similar. Therefore, the filtration efficiency is determined by
the movement of particles in the electric field channel, which are shown at the rightmost
side of Figure 1. Therefore, by simulating the movement of particles in the electric field
channel and the filtration performance, a comparison of the filtration performance of the
cartridge micro-electrostatic filter and the combined plate-type micro-electrostatic filter can
be obtained. From a qualitative perspective, compared with the combined plate-type micro-
electrostatic filter as shown in Figure 1a, the cross-sectional area of the electric field channel
for the cylindrical structure gradually increases along the airflow direction. Furthermore,
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this increase helps reduce the movement velocity of particles, thereby bringing higher
filtration efficiency and lower pressure drop.
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Figure 1. Schematic diagram of the filter structure and airflow direction; (a) combined plate micro-
electrostatic filter; (b) cylindrical micro-electrostatic filter.

During indoor transmission, viruses, bacteria, and other pathogenic microorganisms
are often not transmitted as a single body but are mostly attached to dust in the air or con-
densed into larger particles [45,46]. According to previous research [47], bacteria are usually
mixed with other airborne microorganisms, resulting in a diameter of 1.0 µm~5.0 µm in air.
Martin Möritz et al. studied the pathogenic microbial removal performance of air filters in
HVAC systems [8]. Their results showed that the pathogenic microbes that grow and re-
produce on the filter and reenter the air have a particle size of 1.1 µm. Additionally, Li et al.
compared the actual removal efficiency of pathogenic microorganisms and particulate mat-
ter through experiments and found that the removal efficiencies were basically the same
after 60 s [48]. When conducting simulation studies on pathogenic microbial purification,
researchers often simplify the simulation to particles larger than 1 µm [49,50]. Although
microorganisms are mainly considered particles larger than 1 µm, it is still necessary to
evaluate the filtration performance of single-sized particles of 0.1 µm~1 µm [51]. Therefore,
we use particles larger than 1 µm and 0.1 µm~1 µm to simulate the capture process of
microbial aerosols.

In this research, we take pathogenic microorganisms (simplified as particles) as target
pollutants. By simulating the movement of particles in an electric field channel (hereinafter
collectively referred to as single channel simulation, Section 2), we compared the cylindrical
structure and the combined plate structure under different working conditions (Section 3.1).
Additionally, we used the “shortest trapping length” (STL) required for particles larger
than 1 µm, minimum filtration efficiency, airflow resistance, and quality factor to compare
the cartridge micro-electrostatic filter and combined plate micro-electrostatic quantitatively
(Sections 3.2 and 3.3). The applicable conditions of the cylindrical micro-electrostatic
filter and aspects that can be further studied are discussed in Section 3.4. Based on the
simulation research, technical advantages and valuable conclusions of the cylindrical
micro-electrostatic filter are given quantitatively (Section 4).
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2. Materials and Methods

A micro-electrostatic filter is composed of multiple electric field channels, and the
movement of particles in an electric field channel determines the performance of the
filter. A single channel model is often used for simplified calculation [20] to simulate the
performance of the electrostatic filter and was adopted in this research. We first used
the methods commonly used in the literature [20,52] to simulate the flow field and the
electrostatic field, and then establish the particle motion and charging model in the electric
field channel. The accuracy of the model was verified by using the data and results of
Xiong. et al. [20]. The schematic diagram of the research method used is shown in Figure 2.
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2.1. Flow Field and Electric Field Model

The single channel model is a multi-physics system including flow field and electric
field. According to previous research [20,52], the standard k-εmodel is suitable for the flow
field calculation of the single channel model. The governing equations can be expressed as:

∂ρ

∂t
+∇·(ρu) = 0, (1)

∂ρu
∂t

+∇·(ρuu− τ) = f, (2)

where ρ is the density of the fluid (kg/m3), t is time (s), u is the velocity field of the fluid
(m/s), τ is the stress tensor (Pa), and f is the fluid volume vector (N/m3).

For the single channel model, the ion concentration in the airflow is very low and
insufficient to change the space charge density. Therefore, we use the Poisson equation to
simulate the electric field:

E = −∇ϕ, (3)

∇(ε0εrE) = ρe, (4)

where E is the electric field strength (V/m), ϕ is the electric potential between the dust-
collection plates (V), ε0 is the absolute dielectric constant of a vacuum (C/(m·V)), εr is the
relative permittivity, and ρe is the volumetric space charge density (C/m3).
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2.2. Particle Charge Model and Force Analysis

Charging is instantaneous under a certain electric field strength [53–55]. Therefore,
when simulating the charging of particulate matter, we adopted the following assumption
commonly used in the literature: each particulate passes through the needle tip discharge
device to reach a saturated state of charge [16]. The charging principle of particles of differ-
ent sizes varies. Particles larger than 0.5 µm collide with other ions or charged particles to
obtain additional ions for charging, which is called field charging. Particles with a particle
size between 0.3 µm and 0.5 µm are not only subjected to diffusion charging due to thermal
motion (referred to as Brownian motion), but also to field charging. Cochet [56] compre-
hensively considered field charging and diffusion charging and gave a comprehensive
model. For a particle of a given size, the particle charge can be expressed as saturated field
charge or syndicate charge, as shown in Equations (5) and (6).

dp > 0.5 µm, qs =
3ε

ε + 2
πε0Ed2

p, (5)

0.3 µm ≤ dp ≤ 0.5 µm, qp = πε0Ed2
p

( ε− 1
ε + 2

) 2
1 + 2λ

dp

+

(
1 +

2λ

dp

)2
, (6)

where qs is saturated field charge (C), qp is syndicated charge (C), ε0 = 8.85×10−12 C/
(

N·m2),
ε is the relative permittivity of particles, and λ is the mean free-path of gaseous molecules (m).

The force of particles in the electric field determines the form of the particle motion.
The motion trajectory equation of the particulate matter can be expressed by the classic
Newtonian equations. Therefore, the differential equation of particle movement in the
electric field is:

m
du
dt

= qEy +
3πµdp(u− v)

Cu
, (7)

where m is the mass of a single particle (kg), v is the velocity field of the particles, Ey is the
local electric field strength of the dust-collecting pole (V/m), µ is the air dynamic viscosity
(N·s/m2), Cu is the Cunningham slip correction factor, and the calculation equation of Cu
is as follows [57]:

Cu = 1 + 2
λ

dp

[
1.257 + 0.4exp

(
−

0.55dp

λ

)]
, (8)

The first term on the right side of Equation (7) represents the electric field force
received by the particle, and the second term represents the drag force between the particle
and the fluid.

2.3. Boundary Conditions and Meshing

As shown in Figure 3, the physical model of the single channel model is divided into
three parts: inlet, electric field channel, and outlet. The central section of the electric field
channel, with a length of 40 mm, is used for display, and the electric potential was applied
to the outer surface of the outer frame. The inlet and outlet dimensions of the combined
plate-type electric field channel are 2.5 mm × 5.0 mm. The inlet and outlet dimensions of
the cylinder electric field channel are 2.5 mm × 5.0 mm and 2.5 mm × 7.5 mm. Velocity
inlet and pressure outlet boundaries are used for the flow field simulation, and the walls of
the electric field channel adopt nonslip boundary conditions. The outlet pressure is set to
0 and the inlet air velocity is set to 1.0 m/s, 1.5 m/s, 2.0 m/s, and 2.5 m/s.
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The inlet and outlet are set to “no potential vertical difference” in the electric field
simulation. One pole of the electric field channel is grounded, and the other is a high-
voltage pole. The voltage values are 6.0 kV, 7.0 kV, 8.0 kV, 9.0 kV, and 10.0 kV. The particles
are uniformly released from the inlet at an injection rate of 10,000 particles/s. The constants
used in the modeling process are shown in Table 1.

Buildings 2021, 11, x FOR PEER REVIEW 6 of 17 
 

The first term on the right side of Equation (7) represents the electric field force re-

ceived by the particle, and the second term represents the drag force between the particle 

and the fluid. 

2.3. Boundary Conditions and Meshing 

As shown in Figure 3, the physical model of the single channel model is divided into 

three parts: inlet, electric field channel, and outlet. The central section of the electric field 

channel, with a length of 40 mm, is used for display, and the electric potential was applied 

to the outer surface of the outer frame. The inlet and outlet dimensions of the combined 

plate-type electric field channel are 2.5 mm × 5.0 mm. The inlet and outlet dimensions of 

the cylinder electric field channel are 2.5 mm × 5.0 mm and 2.5 mm × 7.5 mm. Velocity 

inlet and pressure outlet boundaries are used for the flow field simulation, and the walls 

of the electric field channel adopt nonslip boundary conditions. The outlet pressure is set 

to 0 and the inlet air velocity is set to 1.0 m/s, 1.5 m/s, 2.0 m/s, and 2.5 m/s. 

 

Figure 3. Schematic diagram of the single channel simulation geometric model. 

The inlet and outlet are set to “no potential vertical difference” in the electric field 

simulation. One pole of the electric field channel is grounded, and the other is a high-

voltage pole. The voltage values are 6.0 kV, 7.0 kV, 8.0 kV, 9.0 kV, and 10.0 kV. The parti-

cles are uniformly released from the inlet at an injection rate of 10,000 particles/s. The 

constants used in the modeling process are shown in Table 1. 

Table 1. Constants used in the single channel simulation. 

Parameters Value 

Polypropylene resistivity 1 × 1019 Ω∙m 

Relative permittivity of polypropylene 2.2 

Aerodynamic viscosity 18 × 10−6 Pa·s 

Particle density 2200 kg/m3 

Air density 1.29 kg/m3 

Elementary charge 1.6 × 10−19 C 

In the process of meshing, as shown in Figure 3, the geometric model is divided into 

the following two parts: the air-flow channel and the outer frame. There are 5 mm none-

lectrode-covered parts at both the inlet and outlet. Therefore, only the middle 40 mm will 

have an applied electric potential, and the electric potential will be applied to the outer 

surface of the outer frame. The inlet and outlet dimensions of the combined plate-type 

electric field channel are 2.5 mm × 5.0 mm. The inlet and outlet dimensions of the cylinder 

electric field channel are 2.5 mm × 5.0 mm and 2.5 mm × 7.5 mm. 

For a single channel, the flow field and the particle field exist only inside the air chan-

nel, and there is an electric field in only the outer frame. Therefore, the grid is divided 

separately into the air channel and the outer frame. Since the electric field calculation is 

relatively simple, the grid inside the frame is a triangular grid, which is relatively sparse 

and does not require a boundary layer. The internal grid of the airflow channel is com-

posed of rectangular and triangular grids, and rectangular grids mainly exist in the 

Figure 3. Schematic diagram of the single channel simulation geometric model.

Table 1. Constants used in the single channel simulation.

Parameters Value

Polypropylene resistivity 1 × 1019 Ω·m
Relative permittivity of polypropylene 2.2

Aerodynamic viscosity 18 × 10−6 Pa·s
Particle density 2200 kg/m3

Air density 1.29 kg/m3

Elementary charge 1.6 × 10−19 C

In the process of meshing, as shown in Figure 3, the geometric model is divided
into the following two parts: the air-flow channel and the outer frame. There are 5 mm
nonelectrode-covered parts at both the inlet and outlet. Therefore, only the middle 40 mm
will have an applied electric potential, and the electric potential will be applied to the outer
surface of the outer frame. The inlet and outlet dimensions of the combined plate-type
electric field channel are 2.5 mm × 5.0 mm. The inlet and outlet dimensions of the cylinder
electric field channel are 2.5 mm × 5.0 mm and 2.5 mm × 7.5 mm.

For a single channel, the flow field and the particle field exist only inside the air
channel, and there is an electric field in only the outer frame. Therefore, the grid is divided
separately into the air channel and the outer frame. Since the electric field calculation
is relatively simple, the grid inside the frame is a triangular grid, which is relatively
sparse and does not require a boundary layer. The internal grid of the airflow channel is
composed of rectangular and triangular grids, and rectangular grids mainly exist in the
boundary layer. The overall model has 50,136 domain units, and a partial grid diagram is
shown in Figure 4. According to the existing research [20], the grid size we use meets the
requirements of the simulation and can accurately simulate the flow field.
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2.4. Simulation Verification

Xiong et al. [20] have conducted simulation and experimental research on the plate-
type micro-electrostatic filters, and it was used to verify the accuracy of our simula-
tion model. As shown in Table 2, a single channel simulation on the plate-type micro-
electrostatic filter was done. The parameters or settings not listed in Table 2 are the same as
described above. As shown in Table 3, the experimental data used for verification are the
measured fractional efficiency by particle size at 1.0 m/s.

Table 2. Parameters in plate-type micro-electrostatic filter simulation.

Parameters Value

Length of collecting plate 55 mm
Inlet and outlet of the single channel 2 mm × 4 mm

Voltage of collecting plate 10.0 kV
Particle density 3000 kg/m3

Air velocity 1.0 m/s

Table 3. Fractional efficiency by particle size.

Particle Size 0.4 µm 0.6 µm 0.8 µm

Filtration Efficiency 99.8% 99.9% 100.0%

Taking the working condition with an inlet air velocity of 1.0 m/s as an example, we
simulated the fractional efficiency by particle size in a single channel, and the verification
result of the simulation model is shown in Figure 5a. The black line in the figure is the
fractional efficiency by particle size obtained by our simulation model, and the red square is
the experimental value shown in Table 3. It can be seen from Figure 5a that the results of the
simulation are consistent with the experimental results. In addition, we also simulated the
electric field and velocity field of the single channel, and the results obtained are shown in
Figure 5b,c. The simulation results of the electric field and velocity field are also consistent
with the literature. Therefore, our simulation method and the model we used are feasible.
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3. Results and Discussion
3.1. Analysis of Influencing Factors of Filtration Efficiency

Because the effects of secondary mixing and shedding of particles can be ignored, it is
assumed that the particles were wholly captured when vertically displaced on the dust-
collection plate. According to the force analysis of particles in the electric field channel,
as shown in Equation (7), the electric field strength between the dust collecting plates
(collection voltage) and the inlet air velocity will affect the movement of particles in the
electric field channel, which will then affect the filtration efficiency of the micro-electrostatic
filter. Therefore, we have studied the influence of the collection voltage and the inlet air
velocity on particles’ movements in the electric field channel simulation.

3.1.1. Collection Voltages

Figure 6 shows the influence of the collection voltage on the trapping of particu-
late matter in the electric channel of the cylindrical and the combined plate-type micro-
electrostatic filter. When the discharge electrode voltage and air volume were constant,
particles more prominent in size were easier to trap. When the dust-collection plate was
long enough, the capture efficiency of the two structures for the usual microbial parti-
cle size (>1 µm) was 100%. However, for the single size (0.1 µm~1.0 µm), the filtration
efficiency of the cylindrical structure is higher. When the air volume was constant, the
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lateral displacement of all particles increased as the voltage decreased. Additionally, the
displacement distance of the particles in the cylindrical channel was significantly smaller
than that in the plate channel, and this was more obvious at low voltages.
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The filtration performance of the combined plate-type and cylindrical micro-electrostatic
filters after holding dust can also be analyzed from Figure 6. As the dust-collection
plate captured the particulate matter, the voltage between the dust-collection plates was
continuously attenuated, and the average electric field intensity decreased, resulting in
a decrease in the filtration efficiency. Therefore, if the working condition with the dust
collecting plate voltage of 10.0 kV is regarded as the initial working condition with the
micro-electrostatic filter, then the plate voltage of 6.0 kV can be regarded as the working
condition after holding dust. According to reference [20], the number of working days
corresponding to the voltage attenuation of the dust collecting plate to 60% of the initial
voltage is 24 days. Comparing these two working conditions of the cylindrical micro-
electrostatic filter and the combined plate-type micro-electrostatic filter, we can conclude
that the cylindrical micro-electrostatic filter maintained high filtration efficiency during
long-term operation.

3.1.2. Inlet Air Velocity

The particle capture results of the cylindrical and plate single channel models at
different inlet velocities are shown in Figure 7. As the filter efficiency for large particles
was 100%, the capture of 3 µm particles is not shown here. For the single-sized parti-
cles (0.1 µm~1 µm), during long-term use under the operating conditions that we were
concerned about, the filtration efficiency of 0.1 µm particles cannot reach 100% from the
plate structure when the dust-collection voltage was 6.0 kV, and the air velocity was
1.0 m/s~2.5 m/s. However, for the cylindrical micro-electrostatic filter, the 100% capture
efficiency for 0.1 µm particles can be ensured at 1.0 m/s. Therefore, the risk of indoor
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pathogenic microorganisms and viruses infecting occupation can be significantly reduced
if the cylindrical filter is used in an indoor HVAC system.

Figure 7. Movement of particles in the two micro-electrostatic filter channels under different air velocities: (a,c,e,g) show
the combined plate-type micro-electrostatic filter at 2.5 m/s, 2.0 m/s, 1.5 m/s, and 1.0 m/s; (b,d,f,h) show the movement of
particles in the cylindrical micro-electrostatic filter at 2.5 m/s, 2.0 m/s, 1.5 m/s, and 1.0 m/s.

3.2. Shortest Trapping Length (STL)

We propose the “shortest trapping length (STL)” to reflect the capture efficiency of
the micro-electrostatic filter on particles of a specific size. The STL means the length of the
dust collecting plate under which the filtration efficiency of a specific size of particles in
the electric field channel is precisely 100%. It reflects the filtration efficiency and can also
be used for the structural optimization design of the micro-electrostatic filter.

Figure 8 shows the theoretical STL required by the cartridge and combined plate-type
filters to trap different sizes of particles at various inlet air velocities. Taking particles larger
than 1 µm as the criterion, at 2.5 m/s, the required theoretical STL was 17 mm for the
cylindrical micro-electrostatic filter and approximately 25 mm for the plate structure. It can
be obtained that the STL required by the cylindrical structure is 34% shorter than that of
the combined plate structure. This result means that under the same inlet air velocity, the
cylindrical micro-electrostatic filter needs to occupy a smaller volume than the combined
plate-type micro-electrostatic filter to achieve the same filtration efficiency. It also makes
the cylindrical micro-electrostatic filter more space-saving when used in an HVAC system.
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3.3. Cylindrical Structure vs. Plate Structure

The three parameters of particle capture efficiency, airflow resistance, and quality
factor, which are often used to evaluate the filtration performance of filters or filter me-
dia [58–60], are used to evaluate the performance of cylindrical and combined plate-type
micro-electrostatic filters. According to the above analysis, the micro-electrostatic filters
of the two structures have high filtration efficiency for particles larger than 1 µm under
simulated conditions. In other words, the non-single state pathogenic microorganisms and
viruses can be effectively captured by the micro-electrostatic filter. However, the single
state pathogenic microorganisms and viruses can pass through the micro-electrostatic filter,
so it needs to be considered critically. The size of common pathogenic microorganisms
and viruses is 0.1 µm~1 µm. Therefore, we select particles of 0.1 µm to compare the mini-
mum filtration efficiency quantitatively. The particle number at the inlet and outlet of the
single channel model is counted in the simulation, and the filtration efficiency (η) can be
calculated as:

η = 1− Noutlet
Ninlet

, (9)

where Ninlet and Noutlet are the number of particles at the inlet and outlet, respectively.
In actual conditions, the resistance of the micro-electrostatic filter (∆P) usually includes

local resistance and electric field channel resistance and can be expressed as:

∆P = Pξ + PS, (10)

Pξ = ξρ
u2

2
, (11)

PS = αρ
u2

2
, (12)

where Pξ is the local resistance at the inlet and outlet (Pa), PS is the resistance along
the electric field channel (Pa), ξ is the coefficient of local resistance, and α is friction
coefficient which comprehensively consider the length, geometric characteristics, and
material roughness of the single channel. The single channel resistance calculated in the
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simulation is PS. It can be seen that the actual resistance of the micro-electrostatic filter
should be γ times the single channel resistance, where γ is calculated as:

γ =
∆P
PS

=
ξρ u2

2 + αρ u2

2

αρ u2

2

=
ξ

α
+ 1, (13)

Since the airflow of the cylindrical micro-electrostatic filter and the combined plate-
type micro-electrostatic filter are similar, the ξ value of the filters is the same. Therefore,
the resistance of a single channel can reflect the overall resistance characteristics of the
micro-electrostatic filter.

Figure 9a shows the filtration efficiency of the two types of micro-electrostatic filters
for 0.1 µm particles at different air velocities. It can be seen from the figure that under
the same air velocity, the cylindrical structure has a higher filtration efficiency. Within
1.5 m/s~2.5 m/s, the filtration efficiency for 0.1 µm particles of the cylindrical structure
is 20%~30% higher than that of the plate structure. The inlet air velocity should be con-
trolled lower than 1.0 m/s~1.5 m/s to ensure high filtration efficiency for 0.1 µm particles.
Figure 9b shows the single channel resistance of the cylindrical structure and the plate
structure under different inlet air velocities. It can be seen from Figure 9b that under the
simulated air velocities, the single channel resistance of the cylindrical structure is almost
half that of the plate structure. According to the above analysis, the overall resistance
of the cylindrical micro-electrostatic filter should also be half of the combined plate-type
micro-electrostatic filter, indicating that the cartridge structure has excellent energy-saving
potential.
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Figure 9. The filtration performance of the two types of micro-electrostatic filters: (a) the filtration
efficiency of the two types of micro-electrostatic filters for 0.1 µm particles at different air velocities;
(b) the single channel resistance of the two structures.

The quality factor [59] was introduced to evaluate the comprehensive filtration perfor-
mance of the two types of filters:

Y =
−ln(1− η)

PS
, (14)

The larger the quality factor is, the better the overall performance of the filter. The
calculation results of Y are shown in Table 4.
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Table 4. The calculation results of quality factor Y.

Air Velocity (m/s) 1.0 1.5 2.0 2.5

Y
Cylindrical
Structure ∞ 5.17 1.31 0.57

Plate Structure 5.37 0.86 0.33 0.16

It can be seen from Table 4 that the comprehensive filtration performance of the
cylindrical structure is better than that of the plate structure. At 1.0 m/s, because the
filter efficiency of the cylindrical structure for 0.1 µm particles is 100%, the quality factor
approaches infinity. At 1.5 m/s, 2.0 m/s, and 2.5 m/s, the quality factor of the cylindrical
structure is 6 times, 4 times, and 3.5 times that of the plate structure, respectively. In
addition, the results in Table 4 also show that reducing the inlet air velocity will significantly
improve the overall filtration performance.

Overall, the minimum capture efficiency of the cylindrical micro-electrostatic filter is
higher than that of the plate-type electrostatic filter, and the resistance is only 50% of the
plate type filter. Under simulated conditions, the quality factor of the cylindrical micro-
electrostatic filter is 3.5–6 times that of the plate filter, and the lower the air volume, the
more pronounced the advantage. At the same time, according to the analysis in Section 3.1,
the cylindrical filter can maintain a higher collection efficiency than the plate filter after
holding the dust. Therefore, the filtration performance of the cylindrical micro-electrostatic
filter completely surpasses the plate filter.

3.4. Discussion

The filtration performance of the cylindrical micro-electrostatic filter is better than the
combined plate-type micro-electrostatic filter due to its unique cross-sectional structure.

As shown in Figure 10, take the movement of a particle in an electric field channel as
an example. The particles are subjected to a drag force perpendicular to the direction of
the electric field and an electric field force parallel to the direction of the electric field. The
direction of the electric field is perpendicular to the direction of the airflow. The trapping
efficiency [1,61] of particulate matter can be expressed as:

η = 1− exp
(
−ωL

υb

)
(15)

where ω is the moving velocity of particles in the direction of the electric field (m/s), L is
the length of the dust collecting plate (m), v is the moving velocity of the particles in the
airflow direction (m/s), and b is the distance between the dust collecting plates (m).
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Suppose the dust collecting plate can capture the particle. In that case, the particle’s
travel distance in the electric field’s direction is the same as the distance between the dust
collecting plate (b in Equation (15)), and the travel distance in the airflow direction is less
than the length of the dust collecting plate (L in Equation (15)). In this study, the distance
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between the dust collecting plates (b in Equation (15)) of the two types of micro-electrostatic
filters is the same. That is to say, in the electric field channels of the two types of micro-
electrostatic filters, the movement of particles in the direction of the electric field is the
same, and the movement time is also the same. Furthermore, along the airflow direction,
the cross-sectional area of the electric field channel of the cylindrical micro-electrostatic
filter gradually increases, and the airflow velocity in the channel gradually decreases. In
contrast, the cross-sectional area of the electric field channel of the combined plate-type
micro-electrostatic filter remains unchanged, and the airflow velocity in the channel is also
constant. Therefore, in the same movement time, along the airflow direction, the travel
distance of the particle in the electric field channel of the cylindrical micro-electrostatic
filter is smaller than that of the combined plate-type micro-electrostatic filter. It shows that
for the cylindrical micro-electrostatic filter, the particles can be trapped in a smaller length
of the dust collecting plate. In other words, the cylindrical micro electrostatic filter has a
higher collection efficiency under the same length as the dust collecting plate.

Through simulation studies, the two types of micro-electrostatic filters can achieve
almost 100% filtration of microbial aerosols with a particle size larger than 1 µm, and the
resistance of the cylindrical micro-electrostatic filter is only 50% of that of the combined
plate-type micro-electrostatic filter. This finding indicates that the filtration performance
has been dramatically improved. The use of the cylindrical micro-electrostatic filter for
indoor HVAC systems has three main advantages. First, it can efficiently capture the indoor
pathogenic microorganisms and viruses. Even for monomeric pathogenic microorganisms
and viruses (about 0.1 µm), it can achieve a capture efficiency of more than 90%. Second,
its resistance is extremely low. According to the literature, the resistance of the plate
micro-electrostatic filter can be as low as 14 Pa [20], which is only 7% of the final resistance
(200 Pa) of the traditional media filter [7] under the same filtration efficiency. The new
cylindrical micro-electrostatic filter proposed in our research also inherits this advantage
and has the characteristics of low resistance. It can therefore achieve large air volume
operation, which is extremely beneficial to improving the indoor environment. Third, like
the electrostatic filter, the micro-electrostatic filter can achieve effective sterilization [19,26]
and the ozone emission [20,38] is extremely low, so it will not cause indoor ozone pollution.
Finally, the cylindrical micro-electrostatic filter has a lightweight structure and is easy to
install. It can meet most of the air volume requirements and resistance requirements in
existing HVAC systems. However, only single channel simulation analysis was considered
in this study. In actual conditions, the flow velocity at the entrance of different electric
field channels is not the same. This non-uniformity of the airflow can lead to an uneven
distribution of pollutants. Moreover, the overall filtration efficiency of the filter may be
different from the single channel simulation results. Therefore, it is also necessary to
perform simulation or experimental research on the overall performance of the cylindrical
micro-electrostatic filter.

4. Conclusions

By simulating the movement of particles in an electric field channel, we concluded that
the cylindrical micro-electrostatic filter could eliminate the problems of existing plate-type
micro-electrostatic filters during long-term use. The cylindrical has a higher filtration
efficiency and lower resistance.

Regarding the length of the dust collector and taking particles larger than 1 µm as
the criterion, the STL required for the cylindrical micro-electrostatic filter is 17 mm, which
is 34% less than that for the plate structure (25 mm). It implies that the volume of the
cylindrical micro-electrostatic filter is smaller.

Through theoretical analysis, the relationship between single-channel capture effi-
ciency and filter efficiency is established. Through the calculation of single-channel capture
efficiency, for 0.1 µm particles, the minimum capture efficiency of the cylindrical micro-
electrostatic filter is 20~30% higher than that of the plate-type electrostatic filter, and the
resistance is only 50% of that of the plate-type filter. Under simulated conditions, the
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quality factor of the cylindrical micro-electrostatic filter is 3.5–6 times that of the plate filter,
and the lower the air volume, the more pronounced the advantage. Therefore, the filtration
performance of the cylindrical micro-electrostatic filter completely surpasses the plate filter.

Since the cylindrical micro-electrostatic filter has higher efficiency and lower resistance
than the plate or media filter, it can run with a larger air volume under the same collection
efficiency. Therefore, when it is used in HVAC systems or air purifiers, it is more conducive
to creating a healthy indoor environment and reducing health risks.
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