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Abstract

In this study, a novel fiber with slit-crescent-shaped cross-section is proposed to enhance

the filtration performance of PM2.5 in fibrous filtration. The collection efficiency of this fiber is

simulated by using a Brownian dynamics simulation technique, and its filtration pressure

drop is obtained by numerically solving Navier-Stokes equation with Fluent software. A

parametric study is performed to improve the optimum filtration performance of the slit-cres-

cent-shaped fiber via adjusting its structural parameters (dimensionless center-to-center

spacing and slit width). Results indicate that at the optimal condition, i.e., when dimension-

less slit width ranges from 0.2 to 0.4, collection efficiency is enhanced by 13.1%–101.1% rel-

ative to the circular fiber for particles ranging from 0.1μm to 2.5μm for the slit-crescent-

shaped fiber under various dimensionless center-to-center spacing, and filtration pressure

drop is reduced by up to 14.4%. In addition, quality factor is introduced to evaluate the com-

prehensive filtration performance of the slit-crescent-shaped fiber with different structural

parameters, and results show that large dimensionless slit width and small dimensionless

center-to-center spacing lead to a much higher quality factor than the circular fiber, espe-

cially for particles lager than 0.5μm. The numerical results obtained in this work are condu-

cive to designing high efficiency fibrous filters.

1. Introduction

Respirable aerosol particles (PM2.5, particle diameter�2.5μm) emitted from nature and

human activities are harmful and can damage the respiratory immune function as well as the

central nervous and cardiovascular systems of human body [1, 2]. Fibrous filtration is the most

widely used air filtration technique for removal of PM2.5 from gas stream, and is applied in a

variety of residential, medical, industrial air conditioning systems and personal respirators

(e.g., N95/N99) [3]. The comprehensive filtration performance of fibrous filter is typically eval-

uated by quality factor (QF) [4], which is defined as QF = −ln(1−E)/Δp, where E is collection

efficiency and Δp is pressure drop. A higher QF fibrous filter should perform with lower pres-

sure drop and much higher collection efficiency. In order to improve quality factor of fibrous
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filters, substantial efforts have been conducted by many researchers, and many achievements

have been made. Such researches include composites of nanometer and micrometer fibers [5–

8], optimization of fiber arrangement [9, 10], fibrous media morphology modification [11–

13], and so on.

With the recent advancements in fiber manufacturing technology, noncircular cross-sec-

tional fibers, for instance, rectangular, elliptical, triangular, trilobal, etc., have emerged as a

promising fiber media with potentially higher collection efficiency and quality factor than con-

ventional circular fibers [14–16]. Many researches have been studying collection efficiency

and pressure drop of rectangular fibers [17–19]. Such studies revealed that rectangular fibers

had a higher diffusional collection efficiency than circular ones, however, their pressure drops

are also higher. Numerical simulations by Hosseini and Vahedi Tafreshi [20] indicated that

the difference between collection efficiency of square fibers and circular ones were negligibly

small for particles ranging from 0.1μm to 0.7μm, however, filtration pressure drop of the for-

mer is higher than the later.

Flow field, pressure drop and particle collection efficiency of elliptical fibers have also been

investigated [21–26], and results show that these fibers are much better than conventional cir-

cular fibers in removing nanoparticles dominated by Brownian diffusion, however, their pres-

sure drops are also higher in the case of large orientation angle and aspect ratio. Recently, Jin

et al. [27] numerically investigated filtration characteristics of randomly arranged elliptical

fibers as well as circular fibers, and found that elliptical fibers had a lower quality factor than

that of circular ones for sub-microparticles (0.1μm–1μm).

Experimental work by Sánchez et al. [14] proved that trilobal polyimide filters had a higher

collection efficiency than circular polyester filters for particles ranging from 0.7μm to 1.2μm

when filtration velocity is 0.1m/s, while shows a lower collection efficiency at the high filtration

velocity of 0.2m/s. Gu et al. [16] investigated the filtration performance of fibers with Y-shaped

and circular section by numerical and experimental methods, and concluded that retention of

PM2.5 with Y-shaped fibers is better than that with circular fibers. Tafreshi et al. [20, 28]

numerically simulated the filtration process of trilobal fibers, and found that despite having a

higher collection efficiency than circular fibers for sub-microparticles (0.1μm–1μm), trilobal

fibers had a lower quality factor because of its much higher pressure drop. Similar researches

have also been reported in other studies [15, 29].

Although noncircular fibers mentioned above usually have a higher collection efficiency

than conventional circular fibers for PM2.5, pressure drop of noncircular fibers is also generally

higher, which lead to larger energy consumption and poorer quality factor than circular fibers.

Thus, high-efficiency and low-energy consumption fibrous filters are still highly desirable.

In this study, a novel fiber with slit-crescent-shaped cross-section is proposed to lower fil-

tration pressure drop and enhance collection efficiency of PM2.5. A numerical method is

employed to investigate particle filtration process of slit-crescent-shaped fibers. Particles

smaller than 0.1μm where Brownian diffusion is predominant can be efficiently removed by

conventional circular fibers, while those ranging from 0.1μm to 2.5μm with relatively weak

effects of Brownian diffusion and inertia impaction have a relatively low collection efficiency

when collected by circular fibers. Therefore, a representative particle size range, i.e., 0.1μmδ dp

δ2.5μm, is selected to study the effects of structural parameters (dimensionless center-to-center

spacing and dimensionless slit width) on filtration performance of slit-crescent-shaped fibers.

The current work aims to present a new kind of non-circular cross-sectional fiber which can

achieve a much higher quality factor for PM2.5 filtration, hoping to contribute to fibrous filter

design and improvement of filtration performance in practical engineering.
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2. Computational model

2.1 Fluid flow model

We consider an arrangement made up of equally spaced slit-crescent-shaped fibers paralleling

to each other with the axis of these fibers perpendicular to the flow, and thus the flow field

around each fiber is completely consistent, as shown in Fig 1(a). As the slit-crescent-shaped

fiber is infinitely long along the Z-axis, a representative cuboid domain ABCDEFGH in Fig

1(a) is adopted for flow field calculation, as shown in Fig 1(b). In order to clearly identify the

structural parameters of the slit-crescent-shaped fiber, a 2D cutting plane A1B1C1D1 is taken

out from Fig 1(b), as shown in Fig 1(c).

As illustrated in Fig 1, Lf,W and L are height, width and length of the computational

domain respectively (W= L), rf1 and rf2 are circumscribed circle radius and inscribed circle

radius of the slit-crescent-shaped fiber correspondingly, the circumscribed circle radius

remains constant (rf1 = 5μm), Δx and Δy are the center-to-center spacing of the circumscribed

circle and inscribed circle as well as the slit width, ε is the dimensionless center-to-center spac-

ing expressed as ε = Δx /(2rf1) and δ is the dimensionless slit width defined as δ = Δy /(2rf1), Δs
is the slit depth, which depends on ε, and Δs increases with the increasing ε.

Generally, the fluid flowing through the fibrous filter is laminar as the fiber Reynolds num-

ber is much smaller than unity (Re<<1), as a consequence the flow across the fiber viewed in

this paper can be simplified to a three-dimensional incompressible steady viscous laminar

flow. The vectorial form of the continuity and momentum equations are respectively given as

[30]:

r � u* ¼ 0 ð1Þ

u* � rð Þu* ¼ �
1

r
rpþ n � r2u* ð2Þ

where ū is fluid velocity vector, ν is fluid kinematic viscosity, ρ is fluid density, p is fluid

pressure.

Fig 1. Simulation model and computational domain. (a) Model of parallel fiber arrangement, (b) Simulation model, (c) Schematic of the slit-crescent-

shaped fiber.

https://doi.org/10.1371/journal.pone.0240941.g001
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The numerical solutions of the continuity and momentum equations are carried out with

finite volume method implemented in Fluent software. To ensure accuracy of numerical calcu-

lations, double precision solver is employed. Second order upwind scheme and SIMPLEC

algorithm are adopted for control equations discretization and pressure-velocity coupling,

respectively. Convergence criterion is set as 10−6 for continuity and momentum equations.

The boundary conditions are presented in Fig 1(c). Uniform velocity inlet boundary condition

and pressure outlet boundary condition are applied to inlet and outlet of the computational

domain separately, and periodic boundary condition is considered for the sides of the domain

[9]. For the air flow across the microfiber surface in this paper, a no-slip boundary condition is

specified at the fiber surface [31].

2.2 Particle motion equation

The steady-state particle filtration process is considered, that is, the influence of deposited par-

ticles on flow field is ignored. The dominant forces exerting on a particle include air drag force

and Brownian force, therefore, external field forces, such as electrostatic force and gravity, are

not taken into consideration. Additionally, for a dilute gas-particle low velocity flow, particle

rebound effect and particle-particle interaction can also be ignored in this work [32].

Under the above assumptions, the vectorial form of the particle motion equation can be

written as [33]:

mp
du*

dt
¼ F*d þ F

*

b ð3Þ

F*d ¼
3pmdp
Cc

u* � u*ð Þ ð4aÞ

F*b ¼ mp � z
*

ffiffiffiffiffiffiffi
pS0

Dt

r

ð4bÞ

where,mp is particle mass, u* is particle velocity vector, t is time, F*d and F*b are drag force and

Brownian force, μ is air kinematic viscosity, dp is particle diameter, Cc is Cunningham slip cor-

rection factor [34], z
*

is independent Gaussian random number with zero mean and unit-vari-

ance, Δt is particle time interval and S0 is spectral intensity of noise [35] defined by

S0 ¼
216m � kBT
p2r2

pd5
pCc

ð5Þ

where κB is Boltzmann constant, κB×1.38×10−23J/K, T is air temperature, ρp is particle density.

The discrete phase model (DPM) is employed in Fluent to track the particle trajectories

around the fiber. The Brownian force is programmed in the form of a UDF for Fluent program

[36]. Moreover, Fluent treats a particle as a point particle (i.e., a mass point) when particle

motion trajectory is solved, and the collision behavior is determined when the particle center

is in contact with the wall surface. Hence, DPM in Fluent can only calculate particle collection

due to inertial impaction and Brownian diffusion rather than interception. To include the

interception effect in our simulation, a UDF is developed to modify DPM module imple-

mented in Fluent. The UDF subroutine will continuously monitor every particle, if the dis-

tance between the particle’s center and the fiber surface is less than one particle radius, the

particle is considered as being captured and the current particle trajectory calculation is then

terminated.
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3. Results and discussion

In this work, effects of dimensionless center-to-center spacing and dimensionless slit width on

pressure drop and particle collection efficiency of slit-crescent-shaped fibers are investigated

numerically. Main parameters and their corresponding values adopted in the simulation are

listed in Table 1.

3.1 Validation of present model

3.1.1 Grid independence verification. The computational domain shown in Fig 1(b) is

meshed using tetrahedral elements with fine grids within the vicinity of the fiber wall and

coarser grids away from the fiber wall. To ensure that numerical calculation results are mesh-

independent, we take a slit-crescent-shaped fiber with dimensionless center-to-center spacing

ε = 0.15 and dimensionless slit width δ = 0.2, as an example, the fiber is meshed with different

grid numbers on its perimeter. The pressure drop through the fiber with different grid num-

bers are calculated, and the results are presented in Fig 2.

It is evident that pressure drop gradually reaches a plateau as mesh density increases, the

difference between 80 and 120 grids can be ignored. Thus, 80 grid nodes around the slit-cres-

cent-shaped fiber is set for our numerical simulation.

Table 1. Values of parameters used in simulations.

Parameter Values

Fiber circumscribed circle diameter df1 / μm 10

Fiber length Lf / μm 50

Dimensionless center-to-center spacing ε 0.05–0.3

Dimensionless slit width δ 0.05–0.4

Particle diameter dp / μm 0.1–2.5

Filtration velocity u1 / m�s−1 0.05

Air viscosity μ / Pa�s 1.82×10−5

Air pressure p / Pa 1.013×105

Air temperature T / K 300

https://doi.org/10.1371/journal.pone.0240941.t001

Fig 2. Effects of mesh density per fiber perimeter on pressure drop of the slit-crescent-shaped fiber.

https://doi.org/10.1371/journal.pone.0240941.g002
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3.1.2 Validation of Brownian diffusion subroutine. According to the classical theory of

Brownian movement, the mean displacement of particles due to Brownian diffusion is propor-

tional to the square root of time t and the particle Brownian diffusion coefficient D [37], that is

hxiðtÞi ¼
ffiffiffiffiffiffiffiffiffiffiffi
2D � t
p

ð6Þ

where hxi(t)i is the square root of the arithmetic mean of the squares of particle displacements

in i-direction.

To validate the accuracy of the Brownian diffusion subroutine developed in this simulation,

we consider a square simulation domain with quiescent air in Cartesian coordinate. N particles

with given diameter are injected into the center of the simulation domain, denoted as xi,j (0) =

0, ui,j (0) = 0, j = 1, � � �, N, and their displacement xi,j (t) and time t per time step are recorded.

Then, hxi(t)i is calculated by [37]

hxiðtÞi ¼
1

N

XN

j¼1

ðxi;jðtÞ � xi;jð0ÞÞ
2

" #1=2

ð7Þ

Fig 3 presents a case of such mean displacement calculation results in x-direction with par-

ticle diameter dp = 1μm, time t = 1s, time step Δt = 5ms and air temperature T = 300K. In Fig

3, the theoretical solution of mean displacement calculated from Eq (6) is also included. It can

be seen that the Brownian movement of a single particle (ie, N = 1) exhibits significant random

fluctuation effects, which is quite different from theoretical solutions. Furthermore, the differ-

ence between the mean motion displacement of the particles group calculated by Eq (7) and

the theoretical solutions decreases with increasing statistical particle number. When the num-

ber of statistical particles increases to N = 5000, the difference between our results and the the-

oretical values can be negligible, which reveals that our Brownian diffusion subroutine has

been correctly implemented.

3.1.3 Validation of particle number density at the inlet. Collection efficiency of the slit-

crescent-shaped fiber is determined by particle motion trajectory, which is affected by flow

field and external forces exerting on the particle. We consider Brownian diffusion, intercep-

tion and inertia impaction simultaneously in our calculation, so the dominant forces exerting

on a particle include the air drag force and the Brownian force. For a fixed flow field and parti-

cle diameter, air drag force remains constant; while Brownian force depends Gaussian random

Fig 3. Verification of Brownian diffusion numerical model.

https://doi.org/10.1371/journal.pone.0240941.g003
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number, and is a random variable. This means that motion trajectories of particles emitted

from the same position are different from each other for a fixed flow field and particle

diameter.

To reduce statistical fluctuations due to Brownian diffusion and achieve accurate collection

efficiency and quality factor predictions, we release a large number of particles at the inlet of

the domain and track their trajectory simultaneously. Influence of particle number density

Nin/(W�Lf) adopted at the inlet on collection efficiency E is presented in Fig 4. It can be seen

that collection efficiency is independent of particle number density at the inlet when Nin/

(W�Lf)>1×1017 m-2, so this particle number density is adopted for collection efficiency

calculation.

3.1.4 Validation of particle collection efficiency. Validation exercises are performed to

ensure the reliability of our numerical model. The single fiber collection efficiency (η) of the

circular fiber calculated by the same numerical method as the slit-crescent-shaped fiber is

compared with the experimental data of Lee et al. [38], and the results are shown in Fig 5. As

shown in Fig 5, the single fiber collection efficiencies predicted by our numerical model are in

good agreement with the experimental results. Hence, this comparison validates our numerical

model well.

3.2 Flow field and particle trajectories

Flow fields around the slit-crescent-shaped fiber with ε = 0.15 and δ = 0.2 are simulated and

discussed in Fig 6, together with particle motion trajectories (dp = 0.1μm, 0.5μm, 2.5μm). Flow

fields and particle trajectories around the circular fiber are also shown in Fig 6 for comparison.

The background contour represents velocity field, while the light gray smooth curve and the

black curve denote streamlines and particle trajectories, respectively.

In Fig 6, the fluid flowing over the slit-crescent-shaped fiber is divided into two parts. The

main part of the fluid passes around the fiber with a higher velocity, which is similar to the cir-

cular fiber, while the rest flows through the inner cavity with much smaller velocity than mean

filtration velocity, which is significantly different from the circular fiber. Due to these low-

speed particle-laden flows in the inner cavity of the slit-crescent-shaped fiber, Brownian diffu-

sion of particles entering this region becomes stronger under such a small velocity. Such

Fig 4. Influence of particle number density introduced at the inlet on collection efficiency of a typical slit-

crescent-shaped fiber simulated in this study.Nin represents the number of injected particles from inlet of the

domain, ε = 0.15, δ = 0.2 and dp = 0.5 μm.

https://doi.org/10.1371/journal.pone.0240941.g004
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increased diffusion ability attenuates the particle carrying capacity of the fluid, and effects of

random fluctuation of these particles are enhanced, leading to an increase in probability in the

particle deposition, as shown in Fig 6(d)–6(f). This means that the novel slit-crescent-shaped

fiber can efficiently improve the particle collection capacity.

By comparing the motion trajectories of particles with three different sizes (dp = 0.1μm,

0.5μm, 2.5μm), it can be seen that the particle collection performance improvement by the slit-

crescent-shaped fiber for intermediate particle (dp = 0.5μm) is more notable than for fine parti-

cle (dp = 0.1μm) and large particle (dp = 2.5μm) when compared with the circular fiber. This

leads to the conclusion that the slit-crescent-shaped fiber is more effective in removing inter-

mediate particles.

3.3 Deposited particle distribution on the fiber surface

Particle deposition distributions of the slit-crescent-shaped fiber are displayed in Fig 7 for

three particle sizes (dp = 0.1μm, 0.5μm, 2.5μm) and three dimensionless slit widths (δ = 0.05,

0.2, 0.4). In Fig 7, particle deposition distributions of circular fibers are also included for com-

parison. Results of particle deposition distribution for dp = 0.1μm, 0.5μm and 2.5μm are

obtained after 80 000, 150 000 and 3 000 particles have been injected from the inlet of the

domain separately. Note that the deposited particles on the surface of the fiber only represent

the position of deposited particle, not its true size.

As displayed in Fig 7, for the case of dp = 0.1μm and dp = 0.5μm where Brownian diffusion

play an important role, particles can deposit on any position of the fiber surface and deposited

particle number of which decreases gradually from the windward surface of the fiber to the lee-

ward surface, while large particle (dp = 2.5μm) dominated by inertia impaction can only

deposit on the windward surface of the fiber. It is particularly interesting that there is different

spatial distribution of deposited particles between slit-crescent-shaped fibers and circular

fibers. Quite a number of particles can go into the slit of the slit-crescent-shaped fiber, which is

different from the circular fiber. This can be seen in Fig 7 that the longitudinal split is filled

with deposited particles, indicating that the slit-crescent-shaped fiber can capture more parti-

cles than circular fiber due to its novel geometry structure.

Fig 5. Comparisons of simulated collection efficiencies of circular fiber and experimental results. df represents

fiber diameter, C represents fiber packing density.

https://doi.org/10.1371/journal.pone.0240941.g005
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It should be noted that particles deposited inside the slit of the slit-crescent-shaped fiber

will not significantly increase the frontal projected area and consequently keep a lower increase

rate in pressure drop. This deposition behavior can alleviate clogging and thus extend the ser-

vice life of the filter to a certain extent.

In addition, effects of slit width on particle deposition distribution of slit-crescent-shaped

fibers are also examined in Fig 7. In the case of δ = 0.05 (Fig 7(b)), particles mainly deposit on

the outer surface of the slit-crescent-shaped fiber, and deposited particle number is slightly

lower than that of the circular fiber when dp = 0.1μm, 0.5μm. As dimensionless slit width

increases to δ = 0.2 (Fig 7(c)) and δ = 0.4 (Fig 7(d)), a large number of particles tend to deposit

inside the inner cavity, and number of deposited particles for these three particle sizes is higher

than that of the circular fiber. This comparison suggests that the slit-crescent-shaped fiber with

a large slit width works better in collecting particles.

Fig 6. Flow field and particle trajectories. (a, b, c) Around the circular fiber, (d, e, f) Around the slit-crescent-shaped fiber with ε = 0.15, δ =

0.2, (a, d) dp = 0.1μm, (b, e) dp = 0.5μm, (c, f) dp = 2.5μm.

https://doi.org/10.1371/journal.pone.0240941.g006
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3.4 Pressure drop

Effects of the dimensionless center-to-center spacing (ε) and dimensionless slit width (δ) on

pressure drop ratios (Δp/Δpc) of the slit-crescent-shaped fiber (Δp) to that of the circular fiber

(Δpc) have been investigated in this section, and results are illustrated in Fig 8.

Fig 7. Visualizations of deposited particle distribution on the fiber surface. (a) The circular fiber, (b, c, d) The slit-crescent-shaped fiber with δ =

0.05, 0.2, 0.4 respectively when ε = 0.15, (a-1, b-1, c-1, d-1) dp = 0.1μm, (a-2, b-2, c-2, d-2) dp = 0.5μm, (a-3, b-3, c-3, d-3) dp = 2.5μm. “WW” represents

windward of the fiber, “LW” represents leeward of the fiber,Nd represents the number of deposited particles, Sky blue spheres represent deposited

particles on the outer surface of the fiber, Red spheres represent deposited particles on the inner surface of the fiber.

https://doi.org/10.1371/journal.pone.0240941.g007
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It can be observed that the pressure drop ratios between the slit-crescent-shaped fiber and

the circular fiber are less than 1, indicating that the filtration pressure drop of the former is

lower than the later. Moreover, the pressure drop of the slit-crescent-shaped fiber slightly

increases as ε increases, and decreases as δ increases. In fact, for a fixed filtration velocity, pres-

sure drop of the slit-crescent-shaped fiber is determined by both the friction surface area and

the windward area, which both depend on ε and δ. A larger ε leads to a larger inner friction

surface area, while a larger δ leads to a smaller friction surface area and windward area. This

means that a slit-crescent-shaped fiber with a small ε and large δ has much lower pressure

drop. For example, when δ = 0.4, the filtration pressure drop of the slit-crescent-shaped fiber

under various ε is reduced by 11.8%–14.4% relative to the circular fiber, which is higher than

when δ�0.2 (8.6%–10.2%).

However, for different δ regions, a significant difference in the decrease extent is observed.

For a small δ, most of the fluid passes around the slit-crescent-shaped fiber, while only a small

amount flows through the inner cavity, which means δ has a weak influence on the fluid field

and pressure drop. This is why there is no significant difference observed for the pressure drop

ratio when δ increases from 0.05 to 0.1. For a large δ, a large amount of fluid flows through the

inner cavity, which indicates δ has a strong influence on the fluid field on one hand. In addi-

tion, enlarged δ accompanies with small friction surface area and windward area, which leads

to a significant decrease of pressure drop, especially when δ is further increased to 0.2 and 0.4.

3.5 Collection efficiency

Fig 9 presents variations of collection efficiency (E) with the particle diameter at various

dimensionless center-to-center spacing (ε = 0.05 and 0.3) and dimensionless slit width (δ =

0.05, 0.1, 0.2 and 0.4). The collection efficiency of the circular fiber is also given in Fig 9 for

comparison. The collection efficiency E can be calculated by

E ¼
Nin � Nout

Nin
�
W
df1
� 100% ð8Þ

where Nin and Nout are the number of injected particles from inlet of the domain and escaped

particles from outlet of the domain, respectively.

As seen in Fig 9, collection efficiency of the slit-crescent-shaped fiber with various ε and δ
has a similar profile as the circular fiber. The variation trend of the collection efficiency with

Fig 8. Pressure drop ratios of the slit-crescent-shaped fiber to the circular fiber.

https://doi.org/10.1371/journal.pone.0240941.g008
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particle size is consistent with that of classical fiber filtration experiments. For small particles

where Brownian diffusion plays the most important role in particle capture, all collection effi-

ciency first decreases with the increase of particle diameter, then continues to decrease and

reaches a minimum value. Lastly, collection efficiency increases with increasing particle diam-

eter, showing the increasingly enhanced effects of interception and inertia impaction

mechanisms.

When ε is as small as 0.05, as shown in Fig 9(a), collection efficiency of the slit-crescent-

shaped fiber increases with the increase of δ. When δ = 0.05, the slit-crescent-shaped fiber

works much better for particles larger than 1μm, while the circular fiber performs slightly bet-

ter in dealing with small particles (dp <0.5μm). The reasons for this are as follows: (1) particle-

laden fluid flowing through the inner cavity of the slit-crescent-shaped fiber is rare due to

small slit width, and few particles can enter the slit to deposit, and (2) diffusional deposition

depends on the surface area, and the slit-crescent-shaped fiber has a smaller outer deposition

surface area than the circular fiber. When δ = 0.1, the slit-crescent-shaped fiber has a higher

collection efficiency than the circular fiber in most cases, except for when dp <0.2μm. As the

dimensionless slit width increases to 0.2� δ�0.4, particle laden fluid flowing through the

inner cavity of the slit-crescent-shaped fiber increases, and large numbers of particles tend to

deposit inside the slit, leading to a rise in collection efficiency.

At the large ε of 0.3, as shown in Fig 9(b), the slit-crescent-shaped fiber perform similarly to

the situation of ε = 0.05. However, collection efficiency for the case of ε = 0.3 is lower than that

of ε = 0.05, especially for δ smaller than 0.2 as shown in Fig 9. This is because that the enlarged

inner friction surface area accompanies with the large ε, which increases the flow resistance

and leads to the decrease of flow rate of particle-laden fluid flowing through the inner cavity of

the slit-crescent-shaped fiber, and therefore, less particles can enter the slit to deposit.

In order to quantitatively analyze increased collection efficiency percentage of the slit-cres-

cent-shaped fiber over the circular fiber, the collection efficiency enhancement factor (λ) is

introduced here, which is defined as follows:

l ¼
E � Ec

Ec
� 100% ð9Þ

where E and Ec are collection efficiency of the slit-crescent-shaped fiber and the circular fiber,

respectively.

Fig 10 shows the collection efficiency enhancement factor λ for the cases with δ sets to 0.05,

0.1, 0.2 and 0.4. For a small ε (ε = 0.05), as illustrated in Fig 10(a), when δ = 0.05, the slit-

Fig 9. Collection efficiency of the slit-crescent-shaped fiber and the circular fiber. (a) ε = 0.05, (b) ε = 0.3.

https://doi.org/10.1371/journal.pone.0240941.g009
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crescent-shaped fiber can enhance filtration of particles larger than 1μm when compared with

the circular fiber, and λ can arrive at as high as 32%, while for particles smaller than 1μm, how-

ever, λ�0, indicating that the circular fiber does much better. When δ = 0.1, λ is increased

when compared with δ = 0.05, and generally larger than zero, suggesting that the slit-crescent-

shaped fiber is better than the circular fiber for most cases. As dimensionless slit width

increases to 0.2� δ�0.4, the slit-crescent-shaped fiber can achieve conspicuous collection effi-

ciency improvement in all cases, and bring about a collection efficiency improvement larger

than 17.45% and 31.3% for particles ranging from 0.1μm to 2.5μm when δ = 0.2 and δ = 0.4

separately. Moreover, compared with small particles (dp <0.5μm) and large particle (dp =

2.5μm), a much higher collection efficiency enhancement factor for intermediate particles can

be found in Fig 10(a), and λ even arrives at 101.1% for dp = 1.5μm. This is because that the

motion trajectories of small particles and large particles are weakly affected by various flow

field induced by different fiber cross-sections. Thus, collection efficiency improvement of the

slit-crescent-shaped fiber relative to the circular one is relatively weak for these particles.

In the case of a large ε (ε = 0.3), as shown in Fig 10(b), the slit-crescent-shaped fiber can

bring about a collection efficiency improvement larger than 13.1% and 31.8% for all particles

when δ = 0.2 and δ = 0.4 separately, while usually performs worse than the circular fiber for

particles smaller than 1μm when δ�0.1, which is similar to that of ε = 0.05. However, λ is

decreased when compared with ε = 0.05, take δ = 0.4 and dp = 1μm as an example, λ = 95.9%

when ε = 0.05, whereas λ falls to 70.3% when ε increases to 0.3.

3.6 Figure of merit (or quality factor)

Considering four representative particle sizes (dp = 0.1μm, 0.5μm, 1μm and 2.5μm) as a case,

Fig 11 shows quality factor of the slit-crescent-shaped fiber (QF) with various dimensionless

center-to-center spacing (ε) and dimensionless slit width (δ). The calculation results of quality

factor for the circular fiber (QFc) are also shown in Fig 11, which is given by the imaginary hor-

izontal line in the figure. For the sake of argument, the increased quality factor percentage

(λQF) of the slit-crescent-shaped fiber over the circular fiber for several representative cases is

also given in Fig 11, and λQF is defined as λQF = (QF−QFc)/ QFc×100%.

When ε = 0.05, as displayed in Fig 11(a), QF of the slit-crescent-shaped fiber increases as δ
grows, because a larger δ leads to a higher collection efficiency and lower pressure drop, which

has an advantageous effect on the quality factor. For fine particle (dp = 0.1μm), the slit-cres-

cent-shaped fiber has a higher QF than the circular fiber when 0.2� δ�0.4, and λQF reaches

Fig 10. Collection efficiency enhancement factor of the slit-crescent-shaped fiber over the circular fiber. (a) ε =

0.05, (b) ε = 0.3.

https://doi.org/10.1371/journal.pone.0240941.g010
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up to 54.2%, while it usually performs worse than the circular fiber when δ�0.1. When collect-

ing intermediate particles (dp = 0.5μm, 1μm) and large particle (dp = 2.5μm), the slit-crescent-

shaped fiber performs better than the circular one, and can bring about 92.1%, 130.9% and

101.4% increase of quality factor respectively for these three particles, which is higher than

when dp = 0.1μm. This is because the slit-crescent-shaped fiber has a lower collection efficiency

for small particles than other particles.

As dimensionless center-to-center spacing increases to ε = 0.15 (Fig 11(b)) and ε = 0.3 (Fig

11(c)), the variation trend of QF with dp and δ is similar to that of ε = 0.05. However, a larger ε
leads to a lower collection efficiency and higher pressure drop, which results in a lower QF
than the situation of ε = 0.05. Take dp = 0.5μm and δ = 0.4 as a case study, λQF = 92.1% when

ε = 0.05, whereas λQF falls to 74.6% and 70.1% when ε increases to 0.15 and 0.3.

4. Conclusions

In this study, an effective novel non-circular fiber with slit-crescent-shaped cross-section is

employed to lower pressure drop and enhance collection efficiency. Effects of fiber structural

parameters, including dimensionless center-to-center spacing and dimensionless slit width on

filtration performance of the slit-crescent-shaped fiber are investigated by numerical methods.

Pressure drop and collection efficiency are compared between the novel fiber and the circular

fiber. The results show that the slit-crescent-shaped fiber can efficiently reduce pressure drop

by up to 14.4% relative to the circular fiber, and increase collection efficiency. At optimal

dimensionless slit width range (0.2� δ�0.4), where the slit-crescent-shaped fiber has a much

higher collection efficiency than the circular fiber, and collection efficiency increased percent-

age relative to the circular fiber varies from 13.1% to 101.1% for particles in the range of

0.1μm–2.5μm. A better comprehensive filtration performance (quality factor) of the slit-cres-

cent-shaped fiber can be achieved by optimizing structural parameters, i.e., a slit-crescent-

shaped fiber with a large dimensionless slit width and small dimensionless center-to-center

spacing works much better than the circular fiber, especially for particles lager than 0.5μm.
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Fig 11. Quality factor of the slit-crescent-shaped fiber and the circular fiber. (a) ε = 0.05, (b) ε = 0.15, (c) ε = 0.3.
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