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Fibrous media filtration is effective to control particulate matter contamination in the air. To achieve 
filter performance precisely, the particle deposition with a 3-D fiber model was established based 
on the bag filter (F8) fibrous media and performed the effects of solid volume fraction (SVF), dust 
concentration and particle size on the filtration efficiency during the dust loading process by CFD-DEM. 
The results showed that the efficiency increased as the SVF of fibrous media increased. As particle 
size increased from 1 μm to 120 μm, the filtration efficiency improved from 51% to 97%. Filtration 
efficiency was proportional to the dust concentration and fluctuated at more than 90%. Furthermore, 
the dendritic structure affected filtration performance. The equivalent solid volume fraction (ESVF) 
was proposed, due to analyzing the collapse and reconstruction of dendritic structures during particle 
deposition. When the fluid velocity increased from 0.04 m/s to 0.21 m/s, the efficiency fell by around 
20% because the dendritic structure of particles on the fiber was disrupted resulting in a reduction of 
the ESVF. These findings could provide aids to optimize the filtration performance and improve the 
indoor environment quality.
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Abbreviations
ρ	� Density of the fluid (kg/m3)
g	� The acceleration of gravity (9.8 m/s2)
u	� Fluid velocity (m/s)
ϵ	� The 3-D filter’s porosity
t	� Time (s)
τ 	� Stress tensor (Pa)
v	� Particles flow velocity (m/s)
w	� Angular velocity (rad/s)
I	� The moment of inertia of the particle (m4)
k	� The amount of collision of particles
m	� The mass of the particle (kg)
ffp	� The force between the particle and fluid (N)
fc,j 	� The tangential and normal contact force (N)
fd,j 	� The tangential and normal damping force between the particles (N)
Tj 	� The torsional force produced by the collision of particles (N)
c	� The solid volume fraction (SVF)
∆c	� The equivalent solid volume fraction
Gm	� Basic weight of fiber media (kg/m2)
X 	� Thickness of the fiber media (mm)
ρf 	� The density of the fiber (kg/m3)
∆p	� The pressure drop between the two ends of the media (Pa)
µ	� The dynamic viscosity of the fluid (kg/(m·s))
df 	� The fiber diameter (µm)
f (c)	� A dimensionless function that reflects the impact of SVF

School of Energy and Safety Engineering, Tianjin Chengjian University, Tianjin 300384, China. email:  
lindalyj@tcu.edu.cn

OPEN

Scientific Reports |        (2025) 15:32161 1| https://doi.org/10.1038/s41598-025-93920-7

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-93920-7&domain=pdf&date_stamp=2025-8-12


Ku	� The kinetic factor of the Kuwabara flow field
E∑	� The total efficiency of a single fiber (%)
V 	� The volume of the computational domain (m3)
Vf 	� The volume of the fibrous media (m3)
Vp	� The volume of dendrites structure (m3)
Min	� The mass of the imported particles (g)
Mout	� The mass of the export particles (g)

Filtration is one of the most significant processes in mechanical gas-solid separation, as it separates scattered 
solid particles from a suspension. Air filters effectively remove outdoor pollutants and are primary for air 
conditioning systems to deal with fresh air1. Currently, the fibrous media is used for 70% of air filters2,3. Previous 
studies have found that the fiber structure and dust characteristics affect the properties of the fiber filter (pressure 
drop, efficiency, energy consumption, etc.).

Field studies have focused on the pressure drop of fiber filter materials. Meanwhile, a few researchers4–6 
have provided theoretical models for predicting pressure drop and an empirical formula for filtration efficiency 
to optimize the efficiency of a single fiber7. Saleh et al.8 developed formulas for forecasting transient pressure 
decrease and evaluated the performance of pleated filters during dust loading. Subsequently, some studies have 
optimized the fiber material structures9,10. Li et al.11 investigated the effect of fold shape on filtering performance 
and concluded that the fold ratio should be kept below 1.59. The filter materials were evaluated for filtration 
performance12 and the particle’s contribution to the filter’s overall efficiency was determined using the single-
fiber filtration efficiency model. Shu et al.13 concluded that the transverse distribution of the amount of deposited 
particles in the pleated filter media was in two peaks structure. Zhang et al.14,15 studied the performance of 
aircraft cabin air filters (V-type, cylindrical, and plate-type) and proposed an equivalent permeability coefficient 
method for determining the operating resistance of high-efficiency particulate air filters (HEPA). Zhang et al.16 
calculated the average pressure drop of the dust holding operation to determine the energy consumption of the 
HEPA media.

Furthermore, filters’ performance and dust buildup distribution in dust-holding procedures have been 
investigated. Confocal microscopy has been used to observe the morphology and particle deposition caused 
by filter fiber material during the dusting process17. Cao et al.18 simulated the dynamic change of pressure drop 
during dust loading are realized by CFD. Wang et al.19 obtained the pressure drop of the filter material decreased 
as the dust loading rate increased for a specific filter area, experimentally. Besides, Yit et al.20 found that the 
filtration efficiency increased with increasing velocity as the inertial impaction increased at higher velocity, 
experimentally. To summarize, experimental data on filtration performance and numerical models have been 
obtained in the dust loading process.

In numerical studies, filter media was simplified to single fiber or isolated fiber21,22. Based on the single 
fiber, the literature23,24 analyzed the gas-solid flow of certain more regularly arranged fiber filters. To simplify 
the actual fiber filter to a regularly arranged structure, two-dimensional stochastic models have been utilized to 
characterize the filter material as a random column25. Kang et al.26 has studied that the flow field of particles was 
simulated with the same fiber size, average solids and media thickness in a two-dimensional filter media model. 
However, the sampled two-dimensional model could not be effective in representing real fiber structures in the 
fiber filtration process.

Thus, the microscopic 3-D fiber model has been used to assess the impact of structural characteristics, 
operational parameters, and particle size on pressure drop and filtration efficiency16,27,28. Cao et al.29 generated 
a 3D micro-scale model of fibrous media by the Voronoi algorithm. The effects of fiber structure12,30–32, particle 
diameter33, and airflow aerodynamic parameters on filter pressure drop19 and efficiency33 were explored with 
a 3-D fiber model created by CFD in field studies. Schilling et al.34 compared the motion and redistribution of 
dendrite structures generated by sedimentary particles on filter fibers by using different multiphase methods, 
and obtained that the separation of dispersed particles in a fluid on single fiber of a fibrous media was determined 
by CFD-DEM Previous studies35–37 have reported that increasing fluid velocity and particle concentration could 
increase the capturing efficiency of a 3-D fiber model by the computational fluid dynamics–discrete element 
method (CFD-DEM). Vivacqua et al.38 developed a rheological model that explains the relationship between 
the dimensionless shear stress and the inertial number for particle shapes. Dong et al.39 established a particle 
interaction model to predict the dynamic deposition behavior by CFD-DEM. Cheng et al.40 found that the CFD-
DEM method could be applied to investigate the deposition process of pleated air filter media. Thus, CFD-DEM 
is a potent tool for analyzing gas-solid flow problems to improve solution accuracy in the capture efficiency by 
fibrous media.

The impact of fiber structure and dust source on the performance of the filter media dust-holding process 
has been studied, and some experimental data has been gained in previous studies. However, most of these 
investigations focused on the fiber structure of high-efficiency particulate air (HEPA) filters, and it is not enough 
to examine the deposition of medium-effect bag filters. Field studies on the deposition pattern of particles on 
the fiber surface and the process of “filter cake” formation have concentrated on the influence of dust loading on 
pressure drop and filtering efficiency. Besides, the effect of dust loading on fiber structure should be paid more 
attention in the deposition process. Due to the randomly distributed fibers and the unstable two-phase flow of 
gas and solids in the filtering process, this study aims to analyze the effect of changes in dendritic structure on 
SVF and filtration performance during dust loading by means of a stochastic 3D fiber model.
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Method
Mathematical model
Aerosolized pollutant control by fibrous media is a dynamic process, in which the deposited particles continuously 
alter the pressure drop and efficiency. The Navier-Stokes equations have been used to solve the flow field and 
inter-particle interaction, and the Lagrangian equations have been used to solve particle motion.

Fluids
Fluid phase equations follow the mass conservation law and momentum conservation law of the local average 
variable. When simulating the dust loading in the filter, the air was treated as a continuous phase, expressed as 
the N-S Eqs. (1)-(2)41. For Reynolds number was less than 1, the airflow that passed through the fibrous media 
was considered as laminar.

	
∂ε

∂t
+ ∇ · (εu) = 0� (1)

	
ρ

∂εu

∂t
+ ρ∇(εuu) − ∇ · (ετ) = −ε∇p + ρεg − ffp� (2)

Particles
During particle deposition, the particles could interact with air and collide with fibers or adjacent particles, 
resulting in an exchange of momentum and energy. In this study, the JKR model42 was adopted to solve the 
contact forces of particle-solid which is a non-linear soft-sphere model. The expressions were shown as follows43:

	
m

dv

dt
=

∑k

j=1
(fc,j + fd,j) + ffp + mg� (3)

	
I

dw

dt
=

∑k

j=1
(Tj)� (4)

Simulation method
In this study, the process of fine particles deposition and agglomeration was simulated by the CFD-DEM 
coupled model. The CFD method was calculated using Fluent software while the DEM method was calculated 
using EDEM software. In order to obtain a complete description of the interaction between fluid and particle, 
the two-way coupling which took the interactions of the particle-fluid and particle-particle into account was 
employed. A single particle could be tracked, yielding a wealth of information in a particle–fluid system based 
on the CFD-DEM model, which is critical for explaining the mechanics of particle–fluid flows. In the coupling 
process, the explicit time integration method was used to solve the translational and rotational motion of the 
particle in DEM, and the SIMPLE algorithm was adopted to solve the fluid control equations in CFD. The CFD-
DEM models have been used to determine the state of motion of gases and particles in both the gas and solid 
phases36. The advantage of coupling computation is that it takes into account the particles’ shape, characteristics, 
and size distribution, allowing the particles’ movement and interaction with the fluid to be precisely defined. In 
this paper, several simplifications were applied to capture of particles as follows:

	(1)	 All particles are simplified to spherical;
	(2)	 No energy loss following the capture of particles;
	(3)	 Upon particle collision fibrous media is uniformly treated as was trapped, without satellite particle produc-

tion, and only momentum is exchanged between the two particles without deformation.

Structural model of fibrous media
The geometric models of fibrous media
To construct a more realistic fibrous media structure, the microscopic cross-sectional images of the interior 
filter media were obtained by scanning electron microscopy (SEM) imaging. Then, a text document containing 
the parameters, such as the diameter, bending, and position of the actual fiber extracted from the images, was 
written and identified to generate the 3-D fiber model automatically in CFD. In this paper, the 3-D model of 
fibrous medium constructed was an ordered model without considering fiber interlacing. Finally, 3-D models 
with random multilayer were established whose SVF were 1.84%, 2.9%, 4.09% and 5.28%, respectively. SVF is 
the fiber packing density, which was calculated as Eq. (5)51,52. The rendering of the 3-D model of fibrous media 
was shown in Fig. 1.

	
c = Gm

ρf X
� (5)

Mesh independence validation
The mesh dependencies of the calculation model needed to be verified before the numerical calculation of the 
flow field was performed, which compared pressure drops at different fiber mesh densities to find an optimal 
solution46. Because the fibers were smaller than the computing domain, the increase in mesh number was 
necessary to improve the mesh quality47.

The results that pressure drop varied as the number of meshes46 were shown in Fig.  2 ( Fiber diameter 
(df ) = 7.66 μm ~ 20 μm. SVF = 0.0184). The pressure drop was stable when the number of meshes was about 
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1 million in this case’s calculation. In this study, mesh independence was demonstrated to result in mesh numbers 
ranging from approximately 1 million to 3 million in working conditions.

Model validation
To verify the usability and accuracy of the CFD model, the condition was selected (SVF = 5.28%, 1 layer of media) 
as an example. Figure 3 showed the comparison of the simulation values of pressure drop with the Kuwabrara 
model values4 and the Davies experimental correlation formula48. The numerical simulation value was well 

Fig. 2.  Mesh independence test.

 

Fig. 1.  The modeling process for 3-D fibrous media (Using the software is indicated above the arrow).
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agreed with the empirical correlation value (Fig. 3), indicating that the calculation model was reasonable and 
the results were credible.

Computational domain and boundary conditions
Figure 4 showed the computational domain and boundary conditions of the numerical simulation model. The 
velocity-inlet and pressure-outlet were applied for the inlet and outlet of the airflow, respectively. The rest of 
the calculation region was subjected to periodic boundary conditions. The particle factory created and released 
particles at a distance of 0.05 mm from the surface of the 3-D filter media, which traveled with the fluid and 
were trapped by the fibrous media. Encapsulated particles exited the calculation area via the pressure outlet. The 
gas-solid two-phase flow was considered to be uniform and introduced into the computational area from the 
velocity input (left) to the pressure exit (right). In addition, non-slip boundary conditions were adopted with 
fiber surfaces. Tables 1 and 2 summarized the parameters used in the simulation.

Theoretical calculation
Regarding the resistance of the filter media of fiber filters, the airflow will be hindered when it passes through 
the filter media. At low flow rates and small Reynolds numbers, the pressure drop between the two ends of the 
porous media obeyed Darcy’s law:

	
∆p = f (c) uµX

d2
f

� (6)

The most widely applied empirical formula derived by Davies19,56:

Fig. 3.  Pressure drop comparison between CFD simulation and empirical models.
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Material Particle Fiber

Density(kg/m3) 900 800

Diameter(µm) 1–80 5–27

Poisson’s ratio 0.21 0.4

Modulus of shear (MPa) 1 500

Table 1.  The parameters of the material used in the simulation.

 

Fig. 4.  Computational domain and boundary conditions.
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	 f (c) = 64c
3/2

(
1 + 56c3)� (7)

Kuwabara4 analyzed and obtained the typical flow field applications by Darcy formula, which has the kinetic 
factors and dimensionless resistance as follows31,35:

	
f (c) = 4c

Ku
= 4c

− 1
2 ln c + c − 3

4 − c2
4

� (8)

The theoretical formula for filter media resistance under the Kuwabara flow field is:

	
∆p = 4c

− 1
2 ln c + c − 3

4 − c2
4

uµX

d2
f

� (9)

The filtration efficiency (E) was expressed in Eq. (10)50.

	
E = 1 − exp

(
−4∆cXEΣ

πdf (1 − ∆c)

)
� (10)

The ∆c ,defined as Eq. (11), is the ESVF of fibrous media:

	
∆c = Vf + Vp

V
� (11)

The Vp, defined as Eq.  (12), is the volume of dendrites structure on the fibers during the filtration process. 
According to Eq. (12), Vp can be calculated for the mass Min of the imported particles, Mout of the export 
particles and the density ρ of the A2 dust during dust loading.

	
Vp = Min − Mout

ρ
� (12)

Results and discussion
In this section, the effects of fluid velocity (0.04 m/s, 0.09 m/s, 0.13 m/s, 0.17 m/s, and 0.21 m/s), a number of 
fibrous media layers, SVF (0.0184, 0.0290, 0.0409, and 0.0528) and dust accumulation were investigated on 
filtration performance, as well as dust deposition on fibrous media (Table 3). The fluid velocity range in the 
simulation as well as the SVF range are based on the EN779:201251.

SVF(%) Layer fluid velocity (m/s)

Operation 1

1.84

1

0.04
0.09
0.13
0.17
0.21

Operation 2 2

Operation 3 3

Operation 4

2.90

1

Operation 5 2

Operation 6 3

Operation 7

4.09

1

Operation 8 2

Operation 9 3

Operation 10

5.28

1

Operation 11 2

Operation 12 3

Table 3.  The operating circumstances of the fiber media model.

 

Interaction Particle-particle Particle-fiber

Coefficient of restitution 0.15 0.1

Coefficient of static friction 1 1

Coefficient of rolling friction 0.01 0.01

Table 2.  The parameters of interaction used in the simulations.
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The influence of SVF on pressure drop
Pressure drop is an important indicator to evaluate the performance of fibrous media. The simulated values of 
pressure drop at the fluid velocity were obtained for 12 operating circumstances and compared to determine the 
effect of SVF on the pressure drop of the fibrous media.

The pressure drop grew as SVF increased at the same fluid velocity. As the fluid velocity increased, the 
difference in pressure drop between the low SVF (0.0184) and high SVF (0.0528) was increased gradually. The 
pressure drop increased from 1.26 Pa (0.04 m/s) to 1.34 Pa (0.04 m/s) at the SVF of 0.0184 from 0.0528, while 
that increased from 4.48 Pa (0.17 m/s) to 5.74 Pa (0.17 m/s) at the same range of SVF. Under the fluid velocity 
of 0.21 m/s, the pressure drop increased from 5.52 Pa (0.0184) to 6.72 Pa (0.0528) in Fig. 5. The pressure drop 
grew also as fluid velocity increased at the same SVF. The pressure drop increased from 1.26 Pa (0.04 m/s) to 
5.52 Pa (0.21 m/s) at the SVF of 0.0184, while that rose from 1.34 Pa (0.04 m/s) to 6.72 Pa (0.21 m/s) at the SVF 
of 0.0528 in Fig. 5.

According to Darcy’s law, when a fluid flows through a porous media, the larger the input velocity, the greater 
the pressure gradient52, the pressure drop had a positive relationship with fluid velocity, and the change in 
pressure drop with fluid velocity was linear. The correlation formula indicated a positive correlation between 
pressure drop and SVF, which was consistent with the pattern in Fig.  5. Additionally, under higher velocity 
conditions, because dendrite structures were more likely to collapse, the pores were more easily clogged by 
particles, resulting in an increased pressure drop (Fig. 5). Yue et al.52 showed that increasing the media SVF 
resulted in smaller pore sizes and a denser fiber arrangement in the fiber filter. The phenomenon results in 
increased obstruction of fluid flow, which leads to increased pressure drop.

Fig. 5.  Relationship between fiber pressure drop and SVF in different fluid velocity.
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The influence of SVF and layers on filtration efficiency
The filtration efficiency of all three layers of fiber media decreased with increasing fluid velocity at different SVF 
conditions. At the SVF of 0.0184, the filtration efficiency increased from 52.5% to 83.24% with layers of fibrous 
media increasing from 1 to 3 at the fluid velocity of 0.04 m/s; while the filtration efficiency decreased from 52.5% 
to 40% with the fluid velocity increasing from 0.04 m/s to 0.21 m/s at the same 1 layer of fibrous media in Fig. 6A. 
At the SVF of 0.0290, The filtration efficiency declined from 85% to 58.5% as the fluid velocity increased from 
0.04 m/s to 0.21 m/s at the 3 layers of fibrous media; but the filtration efficiency increased from 73.5% to 85% 
with layers increasing from 1 to 3 in the fluid velocity of 0.04 m/s in Fig. 6B. At the SVF of 0.0409, the filtration 
efficiency increased from 72% to 87.5% with the layers increasing from 1 to 3 in the fluid velocity of 0.04 m/s; 
while the filtration efficiency decreased from 87.5% to 68% as the fluid velocity increased from 0.04  m/s to 
0.21 m/s at the 3 layers of fibrous media in Fig. 6C. At the SVF of 0.0528,  the filtration efficiency increased from 
76% to 88% with the layers increasing from 1 to 3 in the fluid velocity of 0.04 m/s; while the filtration efficiency 
decreased from 88% to 74% as the fluid velocity increased from 0.04 m/s to 0.21 m/s at the 3 layers of fibrous 
media in Fig. 6D. Under the same layers of fibrous media, the filtration efficiency of the fibrous media increased 
with the higher SVF (from 0.0184 to 0.0528), agreed with field study52. At low fluid velocities, the captured 
particles adhered more stably to the surface of the fibrous media. As fluid velocity increased, particles were 
more likely to break away with the airflow rather than being collected, resulting in a drop in capture efficiency. 
SVF reflected the density of fibers within the fibrous media; for the same dust source, it was evident that dense 
fibers collected more dust than sparse fibers. This finding revealed how variations in SVF caused changes in 
the internal structure, making it simpler for particulate materials to be trapped by processes. However, as fluid 
velocity increased, efficiency declined. The increased fluid velocity damaged the structure of particulate matter, 

Fig. 6.  Filtration efficiency at different air velocities.

 

Scientific Reports |        (2025) 15:32161 9| https://doi.org/10.1038/s41598-025-93920-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


such as dendrites structure sticking to fibers, resulting in a loss in efficiency. According to the literature22,33, the 
effect of inertia collision was particularly obvious when the fluid velocity increased, leading the particles to travel 
in a straight line with the gas stream, raising the probability of particle-fiber collisions. However, the influence of 
deposited particles on fluid velocity was not been addressed. In this study, considering the particle deposition, 
the results were found that increasing fluid velocity would break the dendritic structure and allow the deposited 
particles to detach, leading to lowering filtration effectiveness.

Influence of dust accumulation on pressure drop and filtration efficiency
Pressure drop
The effect of dust loading on filtering performance during the deposition process could be seen in Fig. 7, resulted 
in a high increase in efficiency and a small increase in pressure drop in the first stage (the dust loading from 20 
mg/m3 to 140 mg/m3). As the dust loading rose, a stable cake structure formed within the filter media, and the 
efficiency progressively achieved dynamic stabilization. The pressure drop only increased from 5.74 Pa to 6.15 Pa 
with a growth rate of 15.83% in the first stage, whereas the growth became significantly faster in the second stage 
(the dust loading from 140 mg/m3 to 1200 mg/m3 ) the pressure drop increased from 6.15 Pa to 14.96 Pa with a 
growth rate of 143%, consistent with the results of Frising et al.53. The increase in dust loading during deposition 
could be substituted for the ESVF, which was introduced into Eq. (6) from Eqs. (11)-(12) to obtain Eq. (13) about 
the relationship between the pressure drop?∆P? and the dust loading (Mx).

	 f (Mx) = ∆P = K0(K1 + K2Mx)
3
2

[
1 + 56(K1 + K2Mx)3]

� (13)

where K0, K1 and K2 were quantities independent of Mx.
The pressure curve was displayed as a function of dust loading using Eq. (13) (Fig. 7). In the initial stage 

of filtration, ∆c was caused to rise for particles deposit and form dendrites structure across the filter media. 
As dust loading increased, ∆c was led to gradually stabilize because particles accumulated on the filter media 
surface. These cakes were continuously compacted as the filtration process, as well as the filtration mechanism 
shifted from deep filtration to surface filtration and cake creation as the dust was loaded, resulting in a change 
in pressure, agreed with field study13.

Filtration efficiency
Figure 8 depicts the simulation of two fiber media (SVF = 0.0528 and SVF = 0.152) at a fluid velocity of 0.17 m/s. 
To validate the model’s correctness, the deposition experiments were performed on a fiber medium with an SVF 
of 0.152 at an airflow of 3400 m3/h (fluid velocity = 0.17 m/s). The efficiency of the filter changed as the dust 

Fig. 7.  Pressure drop and efficiency during dust loading.
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loading increased (Fig. 8). Because the particles deposited on the surface of filter fibers could operate as a capture 
for the particles following the filter, the efficiency gradually increased with the filter accumulated dust, which 
was the phenomenon called “filter cake“36,54. Filter cake surfaces serve as a filtration function to collect the dust 
in the back and also serve as a new “fiber”, resulting in a smaller gap in the capture network, greater density, and 
increased SVF of the filter material.

According to the empirical formulas for filtration efficiency mentioned in Eqs.  (10) and  (11), g (?c), a 
function of the ESVF, was defined as Eq. (14).

	
g (∆c) = η = 1 − exp

(
k3

∆c

1 − ∆c

)
� (14)

Where k3 is a constant (-15) in this condition. Efficiency increased and then stabilized when the comparable 
solid volume fraction rose. The concept of ESVF (∆c) was introduced to explain the specific relationship 
between fiber filtration efficiency and SVF. The ESVF of the fibrous media would increase and stabilize at 0.16 
with the dust-loading proceeding, and the efficiency of the fibrous media gradually stabilized without the same 
initial SVF (Fig. 9).

The number of particles deposited on fiber surfaces gradually increases with filtration time. During the early 
stage of filtration (Fig. 10T = 1ms), the deposited particles are evenly distributed across the surface of the fibers. 
Then, with filtering, they gradually form a more distinct dendritic structure (Fig. 10T = 5ms); at this moment, the 
particles have not entirely deposited on the fibers, but the majority have been caught by the dendrites. When the 
filtering period reaches a specific time (Fig. 10, T = 15ms or T = 20ms), more dendrites are created by decreasing 
the porosity, indicating that the agglomeration process is more visible, resulting in the formation of filter cake. 
However, the dendritic shape in the early stages of filtration improved filtration efficiency to some extent13 
(Fig. 10). But it was also relatively unstable since the dendritic structure was easily destroyed by mass particle 
inertia, and efficiency fluctuated with dendritic structure breakdown and reformation. As the large mass particles 
left52, the dendrite gradually became denser, and the efficiency rose until the filter was blocked and destroyed27.

Fig. 8.  Changes in the efficiency of the filtered media during dust loading.
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The influence of particle size on filtration efficiency
Particle size affected filtration efficiency during the dust-holding process of the fiber media. According to ISO 
12103-1, A2 experimental dust (mainly silica, doped with other mixtures, 900  kg/m3)51,55was used in this 
experiment, and the particle size distribution was shown in Fig. 11.

Figure 11 showed the efficiency of the A2 dust particle compared to the empirical model at SVF = 0.0528. The 
filtration efficiency increased as particle size rose due to the inertial collision and interception effect (Fig. 11). 
This phenomenon had also been validated in the literature56. The efficiency in this paper was higher than in the 
Kuwabara empirical correlation. This phenomenon might be explained that the empirical formula for filtration 
efficiency was calculated based on single fibers, whereas the filtration media in this simulation was multifiber. 
Simultaneously, the total effect of many mechanisms resulted in the filter media’s filtration efficiency on the 
particles. There might be a discrepancy between the simulated efficiency value and the empirical formula value 
because Eq. (9) only took into account inertia, diffusion, and interception. The study’s particle size ranged from 1 
to 120 μm, and the particles’ Brownian diffusion was extremely tiny. Despite this, the overall trend was consistent 
with the trend in the calculations of Eq. (9).

Conclusions
This study examined the filter performance of dynamic processes of particle deposition by the CFD-DEM. A 
3-D model of the fibrous media was established based on real F8 fibrous media. The effects of the SVF, filtration 
velocity, particle size and dust loading, and fiber diameter distribution on the filtration efficiency of fibrous 
media were studied. Pressure drop and filtration efficiency were positively correlated with SVF. Pressure drop 
increased with higher fluid velocity at one certain SVF. When the fluid velocity increased, the filtration efficiency 
reduced because the dendrites structure of particles on the fiber was destroyed. The filtration efficiency increased 
with the particle size of the particulate matter, because of the increased inertial impaction and interception 
of particles. The filtration efficiency increased from 73% to 92.5% with the increase in the dust generation 

Fig. 9.  ∆c during dust loading
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Fig. 11.  Fractional efficiency of the fibrous media (SVF = 0.0528).

 

Fig. 10.  Deposition of particles on fibrous media (Top: Simulation, Bottom: Experiment)(clean fiber media 
(Early), dust-loaded fiber media (11.49 Pa, twice the initial resistance) (Interim) and dust-loaded fiber media 
(15 Pa, the maximum pressure drop) (Late) by scanning electron microscopy (SEM) imaging.)
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concentration (from 140mg/m3 to 1000 mg/m3). The formula for the resistance and efficiency with the ESVF 
was provided as a function of dust holding capacity, along with the curves for the resistance and efficiency. The 
filtration efficiency first rose rapidly and then fluctuated resulting from changes in ESVF. Additionally, since the 
particulate matter in the real filtration process contained a range of components and behaviors, more research 
on multi-field coupling mixed with varied features should be required in the future.

Data availability
Data is provided within the manuscript.
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