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Experimental and Numerical Investigation of Slip Effect on
Nanofiber Filter Performance at Low Pressures

Zhengyuan Pan,* Qisheng Ou,* Francisco J. Romay, Weigi Chen, Yun Liang,

and David Y. H. Pui

Nanofiber filters are widely used in air filtration applications due to their
superior performance over microfiber filters. Velocity slip around nanofibers
has been identified as a key factor contributing to their high figure of merit,
yet its impact on filter performance, especially particle collection efficiency,
remains unclear due to the difficulty in isolating the slip effect as the sole
variable. This study combines experimental and simulation methods to
investigate the slip effect by adjusting the air molecule mean free path, rather
than varying fiber size as done in previous studies. Filter media with mean
fiber sizes ranging from 16.2 to 0.084 um are utilized. An image-based
regression method is developed to address the challenge of determining the
solidity of thin nanofiber layers. The results show that the slip effect is
enhanced as the testing pressure decreases, reducing pressure drop by less
than 15% for microfiber filters and over 50% for nanofiber filters ~100 nm.
The enhanced slip effect at low pressures (i.e., relatively low pressure
compared to the ambient environment) significantly improves filtration

past 4 years due to the COVID-19 pan-
demic that started in 2019. Airborne aerosol
dissemination has been considered an im-
portant transmission route for SARS-CoV-
2 RNA/2 and by implementing HEPA-
air filtration, airborne viruses can be effec-
tively removed to levels below the qPCR
limit.?] The key to air filtration tech-
niques lies in the filters. Fibrous filters,
in particular, are recognized as the most
cost-effective solution for high-efficiency
filtration of submicron particles, due to
their 3D fiber networks that trap aerosols
while maintaining high air permeability.[*]

Filtration efficiency and pressure drop
typically exhibit a trade-off: increasing
filtration efficiency often leads to higher
pressure drop and energy costs, thereby
no obvious improvement in the figure of

efficiency, especially for particles larger than 100 nm. It also proposes
semi-empirical equations for predicting filter performance in slip and

transition flow regimes.

1. Introduction

Air filtration techniques have been applied in different scenar-
ios, ranging from industrial clean rooms and residential or com-
mercial HVAC systems to personal protective equipment such as
NO95 or FFP2 respirators, which have been of great concern in the
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merit (FOM = —In (P)/Ap).5] Nanofibers,
however, offer a potential solution, pro-
viding high filtration efficiency with
relatively low-pressure drop due to their
thin diameter and high specific sur-
face area (typically spanning from 3 to
300 m* g~').l"2 This enhances interception (R = d,,/dy)!"*l and
diffusion mechanisms, ultimately improving FOM.

More importantly, as gas flows over a fiber, within the so-called
Knudsen layer with a thickness of the order of the gas molecular
mean free path, the gas becomes rarefied, and velocity slip oc-
curs. When the fiber size d; is close to the mean free path 4, that
is the Knudsen number (i.e., Kn = %) is relatively large (Kn >

0.001), the slip effect from the Knudsen layer can be evident.'*

Many studies have mentioned that the slip flow at the nanofiber
surface leads to reduced skin friction drag between the fluid and
the fiber surface, which translates into lower pressure drop.[1>1¢]
Meanwhile, the slippage gives the double benefit of enhance-
ment in interception and diffusion effects.['”18] However, most of
these studies rely on replacing the zero tangential velocity bound-
ary condition with a slip velocity proportional to the tangential
stress for the Kuwabara flow field.'"2) Few papers have verified
and studied how the slip effect on the nanofiber filtration perfor-
mance experimentally due to the difficulty in characterizing the
physical properties of nanofiber filter media precisely.*?] Pre-
vious research, such as that by Zhao et al., suggested that the slip
effect reduces pressure drop and improves FOM, especially for
fibers with diameters close to 4.[2)] However, maintaining consis-
tent solidity (also known as fiber packing density or fiber volume
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fraction) or solidity inhomogeneity when fabricating nanofibers
of different sizes is challenging, making it difficult to isolate the
slip effect by simply adjusting fiber size. Additionally, their simu-
lations, which were used to explain the experimental results, did
not account for slip boundary conditions, and the fiber volume
fraction was inconsistent. Hence, discerning whether the slip ef-
fect led to a reduction in the pressure drop is challenging. As
the Knudsen number can also be changed by the gas molecular

mean free path (i.e., 4 = §\/ %ﬁ, where y, p, R, and T denote the

fluid viscosity, pressure, gas constant, and temperature, respec-
tively), some studies characterized the slip correction factor of
nanoparticles as a function of the Knudsen number by adjusting
the operating pressure ranging from atmospheric pressure down
to 0.2 kPa.[2*25] Some filters may be operated at low-pressure con-
ditions when sampling at high altitudes such as in the upper
troposphere,[?] or in some special processes such as the atomic
layer deposition process in the semiconductor industry.l?”] Bao
et.al. proposed to verify the slip flow in nanofiber filter media (70
< d¢ < 500 nm) on pressure drop reduction at low-pressure con-
ditions to distinguish the interference from the inhomogeneity
of the filters.[?8?°] However, the mass flow rate during the testing
was fixed, while the volume flow rate as well as the face velocity
increased inversely proportional to the pressure. Therefore, the
slip effect on the pressure drop could not be obtained directly.
Their studies were limited to the discussion of the slip effect on
flow resistivity, while the filter performance on the particle col-
lection was not investigated. He et.al. experimentally studied the
filtration performance of metal filters (d; = 1.24 um) that are typi-
cally used in the semiconductor industry under low-pressure op-
eration. They found the maximum value of particle penetration
changed significantly with the operating pressure. Liu et al. ex-
plored the impact of operational pressure on the filtration perfor-
mance of electret filter media that contain fibers exceeding ten
microns in size.3% While these studies focused on examining fil-
ter performance in relation to pressure, an unresolved question
remains regarding whether low pressure induces a similar reduc-
tion in pressure drop for filters featuring diverse fiber sizes. The
influence of low pressure also extends to particle diffusion, po-
tentially enhancing diffusion collection efficiency. Consequently,
the slip effect around the fibers and its impact on filtration effi-
ciency remains unclear.

Regarding the numerical simulation of nanofiber filter perfor-
mance, two primary challenges remain accurate characterization
of the thin nanofiber layer and the applicability of the slip model
at a high Knudsen number. First, due to the limitations of the
mechanical properties, the thin nanofiber layer could be easily
crushed during the sample preparation to determine the thick-
ness or porosity.?!l Second, most air filtration studies have been
conducted under the assumption of the continuum flow regime.
As the fiber size goes smaller, the classical Navier—Stokes equa-
tions with certain slip boundary conditions on the fiber wall,
such as the well-known Maxwell’s slip velocity expression (0.001
< Kn < 0.25) can be employed to capture the flow behavior in
the filter. Krish et al. stated the slip model can be applied in the
early transition regime (0.25 < Kn < 1).3? For cases where the
Knudsen number is relatively high, indicating a free molecular
regime (Kn > 10), such as air filtration with carbon nanotubes
or under extremely low pressures,[**! the kinetic model based on
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Boltzmann equation or extended Navier-Stokes should be uti-
lized instead. Maze et al. mentioned that the airflow field distri-
bution from fibers can be negligible, and the particle filtration
efficiency of nanofiber filters would be dominated by Brownian
diffusion and interception.**) However, in the transition regime
(1 < Kn < 10), Maxwell’s first-order slip boundary was reported to
overestimate the slip velocity.l*>! To address this, modified first-
order slip boundary!'¢3%! or generalized second-order slip bound-
ary conditions!'*! were proposed to simulate the flow, but these
models have not been applied to nanofiber filter performance
predictions.

In this study, distinguishing the uncertainties from the filter
media, the slip effect on the filter performance (i.e., pressure drop
and initial filtration efficiency) was investigated at low-pressure
operation. Using critical flow conditions, different orifices with
specific sizes were used to fix the face velocity at ~10.5 cm s7!
when adjusting the testing pressure. A calibrated and modified
condensation particle counter (CPC, TSI model 3010) was used to
monitor the particle number concentration upstream and down-
stream of the filter media at low pressures. Two microfiber fil-
ters with a mean fiber diameter of 3.93 and 16.2 pm, and four
nanofiber filters with a mean fiber diameter in the range of 0.084—
0.432 um were selected for the experimental study. An image-
based regression method was proposed to solve the difficulty in
determining the filter solidity of the nanofiber layers. To distin-
guish the slip effect’s impact on filtration efficiency performance
from other factors such as particle diffusion, three cases with con-
trolled variables were simulated and subsequently compared to
the experimental results. Semi-empirical equations for predict-
ing the filter performance in the slip flow and transition flow
regimes are proposed. This research was undertaken to provide
a more comprehensive understanding of how the slip effect in-
fluences the initial filtration performance of fibrous filters.

2. Results and Discussion

2.1. Characterization of Filters

The surface morphologies of the microfiber-based filter (referred
to as MF)) samples are shown in Figure la,b. The nanofiber
layer of nanofiber-based filters (referred to as NF) samples are
shown in Figure lc—f. The cellulose fibers in MF-1 have irreg-
ular shapes and rough surfaces, while the melt-blown fibers in
MF-2 and nanofibers in NF samples, were straighter and have
regular shapes, and the fiber surfaces were smoother. The fiber
size of the samples is summarized in Table 1. Both filters MF-
1 and MF-2 has a single-layer structure, mean size of the fibers
were 16.2 and 3.9 um, respectively. The nanofiber membranes
of NF-1, NF-2, and NF-3 were sandwiched by two meshes, the
mean nanofiber sizes were 0.432, 0.138, and 0.097 pm, respec-
tively. The mean size of nanofibers coated on a substrate of NF-4
was 0.084 um. The cross-sectional SEM images of MF-2 were de-
picted in Figure 1g, and the measured thickness was 92.7 um, and
the estimated actual solidity was 15.0%. The tilted cross-section
of the nanofiber membrane of NF-2 is shown in Figure 1h, and
the corrected thickness was 0.979 um. For filter NF-2 where the
nanofiber layer can be distinguished easily from the two support
mesh layers with relatively large pore spaces, the solidity of its
nanofiber layer was obtained using an image-based regression
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Figure 1. Top-view SEM images of a) MF-1 (df = 16.2 pm), b) MF-2 (df = 3.93 um), and the nanofiber layer of c) NF-1 (d¢f = 0.432 um), d) NF-2 (d¢ =
0.138 um), e) NF-3 (df = 0.097 um), f) NF-4 (d¢ = 0.084 um). Cross-section SEM image of g) MF-2. Cross-sectional SEM image of h) nanofiber layer of

NF-2 cut with FIB.

method as depicted in Figure 2a (see Experimental Section for de-
tails). Due to multilayer fiber stacking, the solidity directly deter-
mined from the top-view SEM images, denoted as multi-layered
solidity, tends to overestimate the actual solidity. To address this,
we built a regression curve showing the relationship between
multi-layered solidity from the 2D top-view image and actual so-
lidity as depicted in Figure 2b, based on 3D virtual nanofiber
filters. As the multi-layered solidity of the NF-2 nanofiber layer
can be obtained from its segmented surface SEM images,
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which was 45.6% here, then its actual solidity was deducted
as 6.0%.

The schematic diagram of the setup for testing the pressure
drop and particle filtration efficiency of samples is shown in
Figure 3 (see Experimental Section for details). As the presence
of electrostatic charge on the fibers can significantly affect the
particle penetration, interfering with our study on the slip ef-
fect, the electrostatic charges were fully eliminated with saturated
isopropanol (IPA) vapor. The initial filtration efficiencies of the
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Table 1. Fiber size features of the filter samples.

Sample Producer Mean fiber size (um)
Upper layer Middle layer Bottom
layer
MF-1 FibrWay N/A 162 (7.7)% N/A
MF-2 3M Corporation N/A 3.9 (0.9) N/A
NF-1 POLLENTEC 174.9 (17.3) 0.432 (0.232) 106.8 (9.0)
NF-2 SHEMA 46.4 (3.4) 0.138 (0.070) 46.4 (3.4)
NF-3 PLASMAGEAR 62.7 (1.7) 0.097 (0.04) 62.7 (1.7)
NF-4 AIRQUEEN N/A 0.084 (0.035) 26.4 (3.4)

?) Standard deviation in parentheses.

filters as a function of particle diameter at ambient pressure are
shown in Figure 4a, wherein the efficiencies of the original fil-
ters and IPA-treated (i.e., electrostatic charge removed) filters
were represented by solid and hollow symbols, respectively. The
testing face velocity was 5.35 cm s71. In general, typical U-shape
curves were obtained for all the samples. After the treatment with
IPA, the filtration efficiency at MPPS (most penetrating parti-
cle size) of MF-2 from the 3M masks decreased, indicating this
mask was made of electrostatic charge-enhanced fibers. The ef-
ficiency of NF-3 also decreased slightly. For the other samples,
the filtration efficiencies were nearly unchanged. The most pen-
etrating particle size (MPPS) of the IPA-treated MF samples was
~200 nm, while the MPPS of NF samples were ~#100 nm or even
smaller due to the higher contributions from the enhanced inter-
ception effect.

2.2. CPC Counting Efficiency at Low Pressures

Before the filter performance testing, the counting efficiencies
of the CPC 3010 (TSI, USA) at low pressures were evaluated

www.small-journal.com

as shown in Figure 4b. The efficiency was normalized by the
counting efficiency of particles at ambient pressure, assumed to
be 100%. The temperature difference between the saturator and
condenser was set to 25 °C instead of the default value of 17 °C
to improve the counting efficiencies at lower pressures.>”] Here,
the counting efficiency is defined as Equation (1),

C Po
”counting - Co p (1)
where C is the number concentration at a low-pressure p; C,
is the number concentration at ambient pressure p,. Figure 4b
demonstrates that the efficiency of CPC 3010 decreased gradu-
ally as the testing pressure dropped. At 24.3 kPa, the counting
efficiency was only 0.6 times the ambient pressure value. The
reduction in counting efficiency could be due to the higher inter-
nal particle losses on the CPC walls, and to particle losses when
passing through the CPC upstream critical orifice due to turbu-
lent deposition.[”]

2.3. Pressure Drop of Filters at Low Pressures

The flow behavior of nanofiber filters at low pressures was in-
vestigated and compared with the microfiber filters. The low-
pressure experiment’s test conditions are detailed in Table 2. The
pressure drops were measured with clean filters, separate from
the filtration efficiency testing. Instead of using a constant mass
flow rate,!”] a constant testing face velocity was maintained at
~10.5 cm s71, following the NIOSH standard.*®! This adjustment
in face velocity is crucial, as it significantly impacts the filter’s
pressure drop. To achieve this, four critical orifices ranging from
0.838 to 0.583 mm, together with a mass flow controller down-
stream of the filter holder, were utilized to attain absolute testing
pressures of 54.3, 36.3, 30.3, and 24.3 kPa, respectively. Figure 6a
displays the pressure drop tested at a constant face velocity, under
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Pre-set Multi-layered 0.8
solidity y; Solidity a;
0.7 | .
/H///
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Figure 2. Determination of the solidity of nanofiber filter media. a) Schematic figure showing the image-based regression method. b) Multi-layered
solidity from 2D top-view image as a function of the pre-set solidity of the 3D virtual filter.
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Figure 3. Schematic diagram of the testing setup for reduced pressure conditions.

various pressure conditions. As shown in Figure 6al, the pres-
sure drop is reduced with the decrease of the testing pressures.
Here, the logarithmic x-axis and y-axis represent the absolute test-
ing pressure and pressure drop across the filter media, respec-
tively. For the MFs, the curves (back and blue dot lines) appeared
flatter, whereas for the NFs, particularly those with the nanofiber
~100 nm, the curves (pink, green, and red dot lines) were consid-
erably steeper. To delve deep into the slip effect on filter pressure
drop, as shown in Figure 6a2, the x-axis was changed to refer to
the Knudsen number reflecting the fiber diameter and testing
pressure, and the pressure drops were normalized by the corre-
sponding measured values at ambient pressure. According to the
Knudsen number, the flow through the two MFs is of slip flow
character (0.001 < Kn < 0.1), while the flow through the NFs is
the transition flow regime (1 < Kn < 10). As the Knudsen num-
ber decreased by reducing the operating pressure, the pressure
drop of the filters was reduced. At 24.3 kPa, the pressure drop of
MF-1 (d; = 16.2 pm) and MF-2 (d; = 3.9 pm) decreased to 0.93
and 0.86 of the corresponding values at ambient pressure. For
NF-1-containing nanofibers with a mean size of 432 nm, the pres-
sure drop was reduced to 0.82 of its original value. It seems that
its pressure drop curve showed a similar behavior as for MFs.
This could be explained by the fact that the contribution of the
nanofibers on the pressure drop was not dominant due to the
low solidity of the nanofibers or sparse nanofibers (Figure 1c) in

the nanofiber layer of the filter, which can also be reflected by the
lower initial filtration efficiency as shown in Figure 4a. For the
other NFs containing fibers with a size of ~#100 nm, the pressure
drops were reduced sharply as the Knudsen number increased,
to ~0.4 of the tested values at ambient pressures. As the testing
face velocity was fixed, this means the velocity slip around the
fiber surface could exert a more pronounced impact on the flow
resistivity of nanofiber filter media compared to microfiber filter
media.

To confirm this, the flow behaviors in the MF-2 and NF-2 were
further studied through numerical simulations. The computa-
tional domain and configurations of the boundary conditions can
be seen in Figure 5. The bulk flow behavior outside the Knudsen
layer in the computation domain was simulated by solving the
Navier-Stokes equations for steady and incompressible Newto-
nian fluid. In the cases for this work, assuming the fiber diam-
eter as the characteristic length, the Reynold number was suffi-
ciently small (Re <« 1), so the inertial term can be neglected, and
the momentum balance equation was simplified into the Stokes
equation as shown in Equation (2) to save computational cost,
—uAV+Vp=0 2)
where ¥ is the flow velocity (m s7!). Within the Knudsen layer
around the fibers where the rarefaction effect is obvious, the gas

a, . b
7.y MF-1
A . A2 o [ ME1GPA) LOF  oommmmmmommooooosoooooooooooooooooooos
& N 2 o @ o MF2 5 35
A A A A L] O o MF2(IPA) Q = A
0.8+ ° . 22 T8 v NR1 x A 2 & 5
O a8 5 6 7 NF-1(IPA) 303 r F I 3 5 T
= o 4 s 1 o NF2 el < X 5
2 5 NF2(PA) 2 T T T 2
2 0.6 [ bt * NF3 ) ] * * e 5 A 9
2 3 o 9 o NEsapa) 2 0.6 * L] 1 c X 3
g 5 og® L g bogid
g . 8 . . g I NF4(PA) @ t
£ 047 ° ; 580 o4
I & s I ¢ -~~~ Ambient
E ¢ 5 ° é é 5 ] 5 0 543kPa
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Figure 4. a) Initial filtration efficiencies of the filters at ambient pressure, b) counting efficiencies of CPC 3010 at low pressures.
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Table 2. Test conditions for the low-pressure experiments.

Absolute pressure (kPa) ~99 543 36.3 303 243
Orifice diameter (mm) N/A 0.838 0.711 0.635 0.584
Gas mean free path (nm) 65.7 129.7 161.0 212.4 252.8
Mass flow rate (I; min~")? 10.9 5.9 3.9 33 2.6

Face velocity (cm s™) 10.5 10.5 10.5 10.5 10.5

? Standard liters per minute referenced to 21.1 °C and 101.3kP absolute pressure.

velocity difference between the fiber surface and gas interface de-
creases (i.e., velocity slippage occurs). In cases for this work, the
Knudsen number was relatively large due to the small fiber size
and low-pressure conditions, the modified Maxwell’s first-order
boundary condition as shown in Figure 5 was used and modified
to study the velocity slippage within the Knudsen layer on the
bulk flow field,

TV =—AM- V@) 3)

7i is the normal direction to the fiber surface, 7 denotes any di-
rection such that 7 -7, A4 defined as the slip length, and A is
the slip coefficient, 4 is the air molecular mean free path that
varies with the testing pressure. For MF-2 with Kn smaller than
0.1, A was 1, and Equation (3) can be simplified to Maxwell’s
slip model. Inspired by the assumption that the existence of a
“molecular layer” surrounding the fiber inside of which the air-
flow is of molecular character. A was set to 0.8183 for NF-2 with
Kn larger than 0.25 (transition flow).['] Using the calculated air
molecular mean free path based on the tested absolute pressures
listed in Table 2, AA was set as an input parameter to describe
the flow velocity slippage around the fibers under different test-
ing pressure conditions. The comparison between the pressure
drops from simulated and experiments as a function of Knudsen
number is shown in Figure 6b. With the modified slip model, the
simulated values still agree well with the testing results even for
the NF-2 in the transition flow regime. Figure 6¢,d separately de-
pict the flow fields of MF-2 and NF-2 under different operating
pressures (ambient pressure, 36.3 and 24.3 kPa from left to right
figure). For the NF-2 composed of nanofibers with a size close
to the gas molecule mean free path, the bulk flow field became

www.small-journal.com

more uniform with the decrease in operating pressure of NF-2.
It is expected that the influence of the fiber arrays can completely
disappear when the flow through the filter is in the free molecular
flow.>*] While for the MF-2 sample, the influence of velocity slip
within the Knudsen layer on the bulk flow field was not so obvi-
ous, the bulk flow velocity distribution seemed unchanged when
the operating pressure decreased, resulting in the reduction of
overall pressure drop that was not as large as for the nanofiber
filter sample.

In addition to the numerical simulation results, calculations
from semi-empirical equations were investigated and compared
with the experimental data. Pich(®) summarized the empirical
or semi-empirical equations for the pressure drop as a func-
tion of operating pressure for the continuum, slip flow, and free-
molecule regions. Then for MF-2 in the slip flow regime, the pres-
sure drop is given as Equation (4),

_ 16u Uyt < a )

Ap = 4
P 47 \=075-05Ina+0.99%Kn *)

where U, denotes the face velocity (m s™!); a denotes the solidity
of a filter; ¢t is the filter thickness (m). For NF-2 in the transition
regime, our previous work[*?! by fitting simulation results con-
sidering the slip effect on the nanofiber surface with a nonlinear
regression with a similar formula of Brown’s equation gives

p= 47 \Ku+A—A/(1+0.149Kn)

where Ku = —0.5In a — 0.75 + @ — 0.25a?is Kuwabara parameter,
andA=18.35(1 — a)? — 3.79(1 — @). As shown in Figure 6b, the re-
sults from the above two semi-empirical equations, represented
Dby solid lines, agreed well with the experimental data and simu-
lation results. Moreover, the above equations can also explain the
experimental results shown in Figure 6a2, the normalized pres-
sure drop decreased with the increase of Knudsen number and
can be affected by the filter solidity as well.

Slip length

Ou

slip — AL 5

U,

=0

Figure 5. Schematic diagram of the filter computational domain and slip boundary configuration for the nanofibers.
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Figure 6. Pressure drop results of the filter samples. a1) The pressure dro
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p tested under different pressure conditions, a2) normalized pressure drop

as a function of the Knudsen number. b) Comparisons between simulated and experimental results of MF-2 and NF-2. Flow field inside the MF-2 at c1)
ambient pressure, c2) 36.3 kPa, and c3) 24.3 kPa. Flow field inside the NF-2 at d1) ambient pressure, d2) 36.3 kPa, and d3) 24.3 kPa.

2.4. Particle Filtration Performance at Low Pressures
2.4.1. Experimental and Numerical Simulation Results

The performance of the six fibrous media filtering sub-micron
particles was tested at a face velocity of 10.5 cm s™! under dif-
ferent operating pressures. Two pneumatic solenoid valves were
used to sequentially sample the aerosol flow upstream and down-
stream of the filter. A 30 s interval was applied after each valve
switch to ensure flow and concentration stability. In each test,
the efficiency for each particle size was calculated using Equa-
tion (13) (see Experimental Section). The measured filtration ef-
ficiencies as a function of particle diameter for filters MF-2, NF-2,
and NF-4 are plotted in Figure 7al,b1,c1, respectively (results of
the other samples can be found in Figure S1, Supporting Infor-
mation). As illustrated in these figures, the discharged filter sam-
ples showed the typical U-shape fractional filtration efficiency
curves regardless of different fiber sizes and operating pressures
due to the interactions between the increased influence of parti-
cle diffusion, interception, and inertial impaction. The most pen-
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etrating particle size (i.e., MPPS) of the filters was almost un-
changed as the pressure was reduced. The fractional filtration ef-
ficiencies of the filter samples were significantly improved as the
operating pressures decreased (or increased in Knudsen num-
ber). For a better description, their normalized particle penetra-
tions are plotted in Figure 7a2,b2,c2 (results of the other sam-
ples can be found in Figure S1, Supporting Information). The
tested penetrations were normalized by the corresponding re-
sults at ambient pressure. Similarly, the fractional penetrations
of the filters decreased as the operating pressure was reduced. At
24.3 kPa, the penetrations at the MPPS of MF-2, NF-2, and NF-
4 decreased to ~0.69, 0.67, and 0.37 of the corresponding pen-
etrations at ambient pressure. The possible reasons explaining
the improved filtration performance as the pressure decreased
are: 1) Regardless of fiber diameter, the enhanced slip effect
around the fiber surface makes the fluid flow streamlines closer
to the fiber surface, and more particles following these stream-
lines can be captured by the interception effect; 2) The particle
diffusion is enhanced at low pressures, especially for smaller par-
ticles of nanometer sizes; 3) The “slip” at the particle surface is
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Figure 7. Filtration efficiency against particle diameters for filters al) MF-2, b1) NF-2, and c1) NF-4. Normalized particle penetrations against particle

diameters of filter a2) MF-2, b2) NF-2, and c2) NF-4.

enhanced, and whether this will affect the filtration efficiency is
unknown.

To further depict the slip effect around the fibers on the fil-
ter performance, numerical simulations with different controlled
variables of filter MF-2 and NF-2 were conducted separately (see
Experimental Section for simulation details). The filtration effi-
ciency results of three cases are shown in Figure 8. The sim-
ulation results are shown by dashed lines, and the experimen-
tal data are shown by symbols. In case 1, we considered all the
factors above that depend on the pressure, such as velocity slip-
page around the fiber, Brownian motion effect (i.e., diffusion),
and Cunningham slip correction factor C. (see Equation (15)
in Experimental Section) to correct the slip on the particle sur-
faces; In case 2, we fixed the slip length reflecting the slip effect
around the fiber, while keeping the other conditions as in case
1; In case 3, we fixed the particle diffusivity and Cunningham
factor C¢, but we varied the slip length with the changing pres-
sure. As shown in Figure 8al,a2 of case 1, the experimental and
simulated efficiencies of MF-2 were in good agreement. The sim-
ulated efficiencies of NF-2 were slightly higher than the experi-
mental ones, which could be attributed to the non-uniformity of
the real samples as the nanofiber layer was only ~1-um thick.
However, the general trend of the data from both methods was
consistent. Figure 8a2,b2 present the simulated results of case
2. As the operating pressure increased, the slip effect around
the fiber surface would not change due to the fixed slip length.
For particles with a size larger than 100 nm strongly affected by
the interception effect, the fractional filtration efficiencies just in-
creased slightly, much less than in case 1. For particles smaller
than 100 nm, which were mainly diffused to the fibers, the over-
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all data were close to the results in case 1. It can be concluded
the enhanced slip effect was the main factor that improved the
filter performance for larger particles (d, > 100 nm). The simu-
lation results of case 3 are shown in Figure 8a3,b3. Contrary to
case 2, the particle diffusivity and C. were fixed, but the increase
in filtration efficiency for smaller particles was not as obvious as
in case 1. But for larger particles, since the slip effect around the
fiber was enhanced with the decreased operating pressure, the
fractional efficiency curves showed the same shapes as in case
1. Therefore, the best agreement between experimental and nu-
merical results is obtained for case 1 which includes the effects
of flow slip, particle diffusion, and particle slip as the pressure is
reduced.

2.4.2. Regression Model Prediction

Using the experimental and simulation data of filter efficiency
as a function of particle size and operating pressure condi-
tions, semi-empirical equations according to the Knudsen num-
ber reflecting the flowing regimes are proposed. For filter be-
havior in continuum and slip flow regime, the particle filtra-
tion efficiency as a function of particle diameter was investigated
based on the single fiber theory of previous studies.!*’! The filter
penetration correlates with the total single-fiber efficiency (Ey)
through,

(©)
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where E, defined as the ratio of particles collected by fiber to
the total number of particles within the volume of air swept out
by the fiber’s geometry, is contributed from filtration efficiencies
due to diffusion (Ep), interception (Eg), impaction (E;), and op-
tional term (EpR) accounting for the interception of the diffusing
particles.[!3]

Ey = Ex + Ep + E; + Epg (7)

Then for the filter MF-2 in the slip flow regime, the expressions
accounting for diffusion and interception terms from Lee and
Liul*! were applied

Eq = a,((1 — @)/Ku)(R?/(1 + R))(1 + 1.996Kn/R) 8)

Ep = a,((1 — a)/Ku)*> Pe?3(1 4 0.388Ku~' Pe'/*(1 — a)Kn)  (9)
where g, =1, and a, = 1.6; R = d,,/d; is the interception parame-
ter, and d, is the particle size; Pe = d¢U,/D is the Peclet number,
and D is the diffusion coefficient. As shown in Figure 9a, the cal-
culated results with the modified semi-empirical equations, de-
picted by meshes, agree well with simulation results, while the
symbols representing experimental data closely align with the
curves.
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As mentioned above, most of the studies only focused on filter
behaviors with Knudsen number <0.25. To get a semi-empirical
equation predicting the nanofiber filter NF-2 in the transition
flow regime, the penetration solely contributed by the intercep-
tion or inertial impaction was obtained by numerical simulation.
As the particle density is set as 0 kg m~3, and the Brownian mo-
tion term in Equation (15) (see Experimental Section) is dropped,
the penetration solely contributed by interception (Py) can be ob-
tained, and then the single fiber efficiency Ey can be derived with
Equation (6). Similarly, the penetration contributed by a combi-
nation of interception and impaction (PyxP;) by dropping the
Brownian motion term but with a particle density. Then Py and
Ep, can be obtained with a combination of Equations (6) and (10).
For simplicity, the enhancement filtration efficiency contributed
by interception of the diffusing particles was not considered.

P=P,x P, XP, (10)

Based on the data from our numerical simulation, the non-
linear regression with similar functional forms as the semi-
empirical equation from Lee and Liu (Ey) and Brown (Ej) was
proposed as follows,

Ep = by((1 — a)/Ku)(R*/(1 + R))(1 + b,Kn/R+ b;Kn/R*)  (11)
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Ep = (¢, Ku™'3Pe™" + ¢, Pe™")(1 + ¢, Ku™'/? Pe'/> Kn) (12)
where the obtained b,, b,, and b, equals 0.77, 0.24, and 0.21, re-
spectively; c,, ¢,, and c¢; equals 2.28, —0.08, and —0.67, respec-
tively. Figure 9b2 shows the comparison between the simula-
tion results (dashed lines) and empirical correlations on Ep with
respect to R and Kn (meshes), the R-squared value is 0.9929.
Figure 9b3 depicts the fitting results of Ej, as a function of Kn and
Pe, and the R-squared value is 0.9971. The R-squared values are
close to 1, demonstrating that the obtained regression equations
agree well with the simulation results. Finally, Figure 9b1 illus-
trates that the calculated results obtained through semi-empirical
equations, depicted by meshes, align closely with simulation re-
sults. Additionally, the data points from experiments fall in prox-
imity to the curves. The complete equations can be seen in Text
S1 (Supporting Information).

2.5. Figure of Merit

The FOM of the filter samples is shown in Figure 10. As expected,
the FOM of the filters was improved as the operating pressure
decreased due to the reduced pressure drop and improved par-
ticle filtration performance. The NFs showed higher FOM than
the two microfiber filters. Filter NF-2 showed the highest FOM
regardless of the operating pressures. Except for filter NF-1 of
which sparse nanofibers had less impact on the overall perfor-
mance, the increase in FOM of nanofiber filters was higher than
for microfiber filters. For filtering larger particles, such as parti-
cles with a size of 300 nm, strongly affected by the enhanced slip
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effect as mentioned above, the FOM of MF-1, MF-2, NF-2, NF-3,
and NF-4 at 24.3 kPa were respectively improved by 165%, 175%,
243%, 297%, and 275% compared to the corresponding FOMs at
ambient pressure.

3. Conclusion

In this work, the investigation of the pressure drop and initial
particle filtration performance of fibrous media at various oper-
ating pressures provides valuable insights into the complex in-
terplay between the slip effect around the fiber surface and filter
performance. The pressure drop across the filters was observed
to decrease with decreasing testing pressures, with distinct differ-
ences between microfiber (MF) and nanofiber (NF) media. The
slip effect on pressure drop, analyzed through Knudsen num-
bers, revealed that MFs exhibited slip flow characteristics, while
NFs, especially those with nanofibers ~100 nm, demonstrated
transition flow characteristics.

Numerical simulations using the modified Maxwell’s first-
order slip model further confirmed the observed trends in pres-
sure drop, aligning well with experimental results. The simula-
tions highlighted the significance of slip effects, particularly in
NFs with nanofibers with diameters close to the gas molecule
mean free path. The influence of velocity slip within the Knudsen
layer on the bulk flow field was more pronounced in NFs com-
pared to MFs, elucidating the role of the nanofiber characteristics
in governing fluid dynamics.

Moving on to particle filtration performance, the experiments
demonstrated a notable improvement in fractional filtration ef-
ficiencies as the operating pressures decreased. The simulations
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Figure 10. FOM of the filter media at different testing pressures.

further illustrated the impact of slip effects on filtration efficiency,
with enhanced slip contributing to improved performance for
sub-micron particles with sizes larger than 100 nm regardless of
fiber size. The semi-empirical equations revealing the filtration
efficiency as a function of particle diameter and Knudsen num-
ber for filters in the slip flow and transition flow regimes have
been proposed based on experimental and simulation data.

Overall, the findings underscore the importance of consider-
ing slip effects and operating pressures in understanding and op-
timizing fibrous media for both pressure drop and particle filtra-
tion performance. This research contributes to the fundamental
understanding of fluid dynamics in fibrous media and provides
valuable insights for the design and improvement of filtration
systems, by making use of numerical modeling and experimen-
tal filter performance measurements.

4. Experimental Section

Material and Sample Preparation:  To fully understand how slip effect
influences fibrous filter performance, a total of six filter media samples
were prepared, incorporating two microfiber-based and four nanofiber-
based filters. The sample MF-1 composed of cellulose fibers, was prepared
using the wet-laid method (Fibr Way Co., Ltd). The middle melt-blown layer
of a commercial Procedure Mask (3M Corporation) was employed as an-
other microfiber filter MF-2. For nanofiber-based filters, the sample NF-1
was cut from a nano screen filter (POLLENTEC) for residential air filtration,
in which an electro-spun nanofiber layer was sandwiched by two protec-
tive meshes (See Figure S2a, Supporting Information). The samples NF-2
(SHEMA) and NF-3 (PLASMAGEAR) with a similar three-layer structure
(See Figure S2b,c, Supporting Information) as NF-1 were taken from two
commercial filter face masks, respectively. The sample NF-4 (AirQueen)
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Particle diameter (nm)

was from the middle layer of a face mask after removing the two outside
spunbond fabrics. It had a typical structure where the nanofiber layer was
supported by a microfiber-based substrate (See Figure S2d, Supporting
Information).

Filter Characterization—Filter Structures: The fiber diameter distribu-
tion of the nanofiber layer of the NF samples was measured from the sur-
face SEM (Helios NanolLab G4 dual-beam, FEI) images using a validated
open-source nanofiber diameter measurement software plugin (i.e., Diam-
eter] of Image(“2]). Images with a magnification of 5000 or 10 000 were
selected to ensure enough fibers and high resolution. Due to the irregular
shape of the fibers and compact structure where fibers often overlap each
other in axial directions, the fiber size of MF samples was determined by
manually measuring over 50 fibers in each image. The filter thickness was
obtained from the cross-sectional SEM images. Specially, to prevent the
thin nanofiber layer from being crushed during the sample preparation,
the cross-sections were milled by being exposed under the patterned Fo-
cused lon Beam (FIB). For the nanofiber layer of NF-2, a voltage of 5 kV
and a current of 26 pA were applied during the FIB process. More details
of the method can be found in our previous work.[3]

With the fiber size and filter thickness obtained using the method
above, the solidity of filter MF-2 and NF-2 were determined next. The so-
lidity of MF-2 consisting of microscale fibers was determined by matching
the simulated pressure drop of the virtual filter with pre-set solidity with
the experimental result measured at ambient pressure.['3]

Filter Characterization—Solidity of Nanofiber Membrane: For the
nanofiber-based filter NF-2, an image-based regression method was used.
As depicted in Figures 2a and 3D virtual filters with pre-set solidities (y)
were first generated using PaperGeo (M2M, Germany). Subsequently, the
top-view images of these virtual filters were captured. The solidity of each
image (a) was determined by quantifying the number of black pixels rep-
resenting the fibers on the corresponding segmented or binarized images
using a Python code snippet. Similar to the SEM images, this solidity es-
timation may be inflated due to the superposition of fibers from multiple
layers. To address this limitation, the regression of multi-layered solidity
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and actual solidity was established. By obtaining the multi-layered solidity
from SEM images, the actual solidity of the real filter could be deduced.
It was important to note that this method was particularly suited for thin
nanofiber layers, where even fibers at the bottom of the filter can be iden-
tified in SEM images.

Pressure Drop and Particle Collection Performance at Low Pressures:  Be-
fore the testing, the filter samples were discharged with saturated iso-
propanol for 12 h and dried in a fume hood for 2 h.[*4] The schematic
diagram of the setup for testing the pressure drop and particle filtration ef-
ficiency of samples under low-pressure conditions is shown in Figure 3. In
general, the front part mainly consisting of aerosol generation and particle
size classification (by electrical mobility) was operated at ambient pressure
conditions, while the rear part containing the filter holder for mounting the
samples with an effective filtration area of 17.34 cm? was at reduced pres-
sures. The testing pressure was adjusted by a critical orifice operated at
choked flow conditions (i.e., the gas velocity in the orifice was sonic veloc-
ity when the downstream-to-upstream absolute pressure ratio was smaller
than 0.528).13] To test the fractional efficiency, a standard method to gen-
erate monodisperse particles was followed.['*] The aerosols were gener-
ated by aerosolizing the 1wt.% NaCl solution using a Collison-type atom-
izer (TSI 3076, U.S.A). After passing through a diffusion dryer and Po-210
bipolar charger, the polydisperse particles were size-classified by a differ-
ential mobility analyzer (DMA) to obtain monodisperse particles in the
range of 30-500 nm. The DMA was operated with a sheath flow rate of 5
L min~" and an aerosol flow rate of 0.5 L min~'. The DMA sheath and ex-
cess aerosol flow rates were controlled by dedicated mass flow controllers.
Then the selected particles from the DMA mostly carrying one electrical
charge were charge-neutralized by another Po-210 neutralizer to give the
particles a Boltzmann equilibrium charge distribution. A calibrated con-
densation particle counter (CPC 3775, TSI) upstream of the critical orifice
was set to monitor the particle number concentration at atmospheric pres-
sure. On the downstream side, four separate flow paths with specific criti-
cal orifices (O'Keefe Controls, U.S.A) were used in addition to the straight
tube leg. This allowed us to fix the volumetric flow rate as well as the fil-
tration face velocity while reducing the downstream pressure to specific
values. A vacuum pressure gauge was used to monitor the real-time test-
ing pressure. Another modified and pressure-calibrated CPC (CPC 3010,
TSI) was used to measure the particle number concentration upstream
and downstream of the testing samples at reduced pressure conditions,
and the filtration efficiency E was given as in Equation (13),

n=1-P (13)

where P =

Cdown
Cy
cle number concentration; C,,: upstream concentration). The CPC 3010
was selected because of its simple design that was easy to modify for low-
pressure operation and to minimize the risk of flooding with the working
fluid. The purge air inlet on the exhaust was blocked to achieve a stable
operating pressure. The measured number concentration was corrected

for coincidence error by the following equation,

was the particle penetration (Cyg,,n: downstream parti-

C, = Gexp(C Q) 2 (14)

a

where C, and C; were the corrected and indicated concentration (#/cm3),
respectively. Q, was the nominated flow rate (L min~'), Q, was the actual
flow rate (L min~"), and 7, = 0.4 ms was the effective time each particle
resided in the viewing volume. The pulse shape and height indicating the
electronic signal of the photodetector were also checked to make sure an
adequate signal-to-noise ratio could be achieved even at the lowest test-
ing pressure (i.e., 24 kPa). To maintain a consistent sampling volumetric
flow rate at various testing conditions (i.e., 0.92 L min~"), a vacuum pump
with a working pressure below 10 kPa was used downstream of the CPC
3010, along with a critical orifice to maintain constant volumetric sampling
flow rate for the CPC. The testing setup was controlled using a custom
LabVIEW-based (NI, U.S.A) program to configure the testing conditions
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such as the flow rates, and retrieve the data from the CPC and other sen-
sors automatically.

Simulation of Filter Performance:  The virtual fibrous structures of these
filters were generated based on the filter characterization results, i.e., fiber
size distribution, solidity, and thickness using PaperGeo (M2M, Germany)
with a voxel-based grid. Here, the term “voxel,” short for volume elements,
refers to a type of Cartesian grid with a regular structure. According to
the fiber morphologies shown in Figure 1, straight cylinders with specified
size distribution were assumed to represent the synthetic fibers in the real
filters. Fibers in the models were assumed to be isotropically distributed
in the in-plane direction and stacked homogeneously in the through-plane
direction.

In this work, the airflow and particle transport during the filtration
process were simulated using the FilterDict-Media module of the voxel-
based simulation software package GeoDict (M2M, Germany). With the
obtained flow field with Equations (2) and (3), the particle transport under
different testing pressures can be tracked by solving the motion govern-
ing equations considering the fluid drag, Brownian motion, and inertial
impaction as shown in Equations (15) and (16)[43]

3
—_— = At)? — At)2 2kg T
Yt —xi—p ’At:ﬁ(&—v ’)+& B gauss(0, 1) (15)
P m+ yAt P m + yAt y
Xt =¥ + VPH']At (16)

d
where y = 371:,uc—p was the friction drag, and wherein Cc = 1+ di(2.34 +
< p

4
1.05e7°‘397p) was the Cunningham slip correction factor for the slip effect
on the particle surface? The electrostatic effect was not included to match
the experimental conditions. For simplicity, a particle was considered cap-
tured by the filter when the distance between the centroid and fiber surface
was detected as smaller than the particle radius. For each size, the motion
of 1000 spherical particles with the same density as NaCl (2165 kg m~3)
was tracked. Efficiency was quantified as the ratio of the captured particles
to the total number introduced into the computational domain.

The computational domain and configurations of the boundary condi-
tions can be seen in Figure 5. Periodic boundary conditions were utilized
at the tangential planes parallel to the flow direction. Periodic boundary
conditions were verified and used at the air inlet and outlet planes based
on the structural characteristics of the fibrous filter.[46-%3] The filter size
was configured as 700 x 700 x thickness voxel® and an empty region of
200 voxels thick was added upstream and downstream of the filter, respec-
tively, to prevent flow channel closure. The voxel size for each case was de-
termined by voxel dependence verification results (See Text S2 and Figure
S3, Supporting Information for details). The particle injection plane was
set T um downstream from the inlet and particles would be reflected into
the domain at the inlet plane to avoid small nanoparticles across the inlet
due to the Brownian motion.
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the author.
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