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Figure 2. Two examples of linear increase of pressure drop by face velocity[69.70].



w

T
G

—

0

a8
g
T

7}

ol

(P wl =+
Pi-Py)o= e

Stol upeh Fahga A

T

o

=

Aol

(Pressure drop
o)
=]

A}

T 3}8-(% penetration)

(e}

At
=

Aol 4l

g2 e

(100%-% penetration)¥} 3 7|7}

(P2)

1=
=

or o
i
H

o
2} spreading ¥ ©] pore

=

(Figure 3). A &2l o2} 3} o A
Zd

CED

o]

4 ez E

oF

j2a|
o
i

S

-
4

B/
B

oF

TR

U S s,

SH AT 92 Fas

ojp

X0

)

%

+

ol

& #7

S
=

9] spreading
U711,

[e)

=

o] 73}

=
E] 2] pore

i)
=

T

~F

1A &3l spreading® Al oo &

°©

ol
24,

E] 9

B ] pore”}t
_\g
ol A7

=94 o3 WMAYE

o3
=

°

2] €

35

ng

(maximum penetration)©]

clogging

o

=

71454

N
of
ﬁo
o)

—

A

)|
~
file)

—

A
il

of wa
A=

=

R

CRIE

o

2}

Figure 43 7t}

}+= clogging point
H

()]

of uwel v

°©

T
-

Hlnl 138 3E
_ 10 _

57 W] Hu) Frgo] WA
AR ol

%3} ol

clogging ©|



)

JIK
i

No

}E}

oA o 7%= surface filtration &

hyA
ar

7 2

A

o]
H

ROE N

depth filtration &4}o]

uk

s

19}

bol Agte] WA g%

5

H-f

T
-

A ZEEH O o3t

ma

B 9] poreZ} Zro}

_\*g
¥ ol At

o] vk LEfu,

i

e
=

W o] pore

-
It

% HH
=

=} O
FS

<

Sk
=

PN
S

w2 7]

Agro]

w4 3o

} 2 surface filtration©]

S

ES

=3}

B9 depth filtration

A7 A3 3

T
T

e L R R

al

&

-
[

JA1ZE Aol 7}

U2} o ol o

=2 1F

o

_11_



X2t (Pressure drop)
= Pressure of P; - Pressure of P

E 1= (Penetration)

Amount of penetrating particles
= P adle il x 100(%)
Amount of loading particles

Figure 3. Schematic image of pressure op and penetration.
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obAl= A&el vk wEbd ) WiFelM AR7F AAG = W&

)
(packing density)e] =il 22 A7 7]&E& A7l 49 HEPA
(high efficiency particulate air) filterell A &sA v, F719 F43 =&
o] d&3tA o]FojA A fo} =& o] WA= THo] EA

=
[76]. vhola =l 2o Byl tmAfel Huwdtel AH Alo] 117
Z [e)
-+

T = 1
ol Wol Huz & 7Egs IA4L ¢ Aem, o= ZdH=E 488 4
37 582 Aol sl A4S PaAYE AL Yot Fae =

free path molecules) 65.3 nm (25 C, 1 atm 715)¢ <HETTFE AH
371 Abelo] gfHo] FHAsteE dAldol WASH ol & slip effectet &
(32, A7 607100 nm =71 UrdGE AUt BAs Ta9 o
(random motion)ell ¢]sle] HAdHo] AT, o2 Qlsto], F7]9
s WEF A EAsE 38 (drag
T oAlUA £Ho] Zo]Eo] FUY £E

e BAY [77] 2y, olH e ddE il A ®

o
=
)
L)
Ll
1o
=)
ot
£

2) 71A A7 v A =871 A7A o5t
71 A Ht Ay AEE te As 3 A
Mean free path = (KxT)/( /2 xuxd*xP)
K=Boltzmann constant

d=Signifies the feective diameter of air molecules

T=Temperautre of air

P=Standard atmospheric pressure
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3 A (>35 m)7 EAE ASo] TS AA LA
AfrEol L] g7l slip effect7t 2387 o =

ol A FAdE 22 72> Z 7]Fe v]3]

oX, of\

it Me
{é
rlo

o

Mo o %o
o =

b

o

H o Ho

A 7ol & wmiolaRAFE WA & A F (number of fibers per
unit area)’} YA G nHlE] AL AFS BTH78]. AGF 3+ 7+ZA o]
7WbE wxAddre vholA 24 el Hls| %2 packing density$F 2

a719] 7lE¥s FATTE o2 ke, yxAdfE FA4E L vlolaw
A el vldl =2 Zqte] HAE v

Gao et al. [36]9] Aol A+= PAN =
nm) %} microsphere (diameter 658 nm)< ol & H| &% F A9 HAFSHS
intermingled ¥ €& AZstdoh dx=AdF=w 749 92 S 7
(1.17 m)< FAZstAF o™, SA WALE microsphere®] H]&0] Folx]
wet 71E A7) (1.69 m)7F S7HekR il =% (porosity) H3gF =olxl
Ads Bt d=Adires 949 245 74 <
Rom, YA tin] 2ol & microsphere®] YA Akolo] $]X
shof w5} A

2314
o
TIES 59 dd 4y

|
Jo
~~~
g}
o
@
=
oy
e
)
3
o
—
)
=
—_
w
©

w$e wrol gAe BEA7F 3 (intermolecualr force)7} FE3HA &
of A7IMAL HAANA H7]A HbdkEo] 9% Coulombic stretching
force®} EA AFEZFe] 913 (macromelecualr entanglement)ol 2] gk
retractive force?] B3 o=z olsto] AAe A&7 F dEH 9 H=
(bead)9} ¥ <+3}+= bead-on-string® ©]dA /71 WALE TH18]. Bead-on

3) Bernoulli’s equation
Q (F3)=V (£x)xA (| H)
FA S 45 71F A7) v gt
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- stringoll EAE = = A Hle 2ol & 4 FEHE Hol=
SA wWZol, ¢ Wil - A Alele] HAS FASE dEe
F8ste] 718 =719} porosityE F7HAA 719 EEo] YESHA 9]
Fojx S gFEE A%E HBAT[25]

Fan et al[31]¢] 7oA o F7Fe &uis €3 &H4& A7
AbgE Aol Al Euf S S57F tE7 EHT]?:OH, durAl dFH

Aol 2 J&sta sl do] = FEo 4
FE) Tl Self-curved ribbon morphology JHY HAF=E AZE 9

=]
gurzlel Af 9y Bl wEe] porousdt 7|E EAL Ayomw o= <l

(ribbon morphology)”}

:10

sto] &t o] FAAC AxE w9t} (Figure 6b).

ot 2L A8 A AAE v"ow U7t Faeles TR 98s
TRt Ve A FEiol wel vgstA Astele At S F
= s g @ F dvk =3 71EY] A= el FdEE dAY

s A
A Aol d&FS Fo Hd (clogging)dl 23 ¢t T7HE AAHA

g 7lwol AS Ag, dA= § ®;Wel EFPH=  surface
filtration FEIE Holw, A7} o] % clogging©]

Tde ol e AY As
< A7 ¢ W E HAFste] £ E = depth filtration FEE Ko™
surface filtrationoll ws <ol ot 7]go] wpgle] =A dAYsto] A}
o Aol =gA AR Y. A AAH 7lE Z77F doldk oY F
o] s A ALt v HEHE AFsk= A $[34, 801, 71Ee] &
M2 S A FAE= dAE A7) wet sAF o ofvst
o] surface filration ™4l depth filationS T& & oz HEAAIA wWE X
4 AEss WA & 5 Adn (Figure 60).

chFd Felel ARsh /1BTEE o §3tel BelhA e

o
I
3
>
N
O

%
o
W
N,
Lo
)

H

O
)
Av

L

=2

Ao wa
A e Arse] WAl frh B Aol Hele] Ag] A%
=X Ao A

-
S FE A45S BFHOR HEdel ASHA 44 £
) o
= ar

Aste BE PAAS AgsaA dt
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Nanofiber

Microfiber

Bead-on-string

Figure 5. Schematic pore size images of nanofiber, microfiber and bead-on-string webs.
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Scaffold nanofiber
Thin nanofiber

Microsphere

(c) Integrated air filter

(b)

PSU microfiber layer

100 pm Compact fabric

; (Low porosity) B

Multi-level physical sieving
with low air resistance

PAN nanofiber layer

; . Loose fabric
1100 prn | (High porosity) PA-6 nanonets layer

Figure 6. The previous studies of electrospun web with low filtration resistance (a) 3D composite
membrane with nanofiber and microsphere[36] (b) Ribbon-like fiber[31] (c) Multilevel air filter[34]
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A 1A AR R A

A7|AL g A x2S 98] polystyrene (PS), polyacrylonitrile (PAN)
B2 ALg8ith (Sigma-Aldrich, US.A). EAES &a)1]7]7] ¢
#7147 += N N-dimethylformamide (DMF, Fisher Scientific, U.S.A)
9} tetrahydrofuran (THF, Daejung, Korea)E AF&3t3t}t. Sodium
chloride (NaCl, Daejung, Korea)> o3 A5 HXZEC AFEH= 2%
NaCl &<} Alzxol] Ab&siqich. Eyz=dd (PP) 292 = RAX
(Gaurdman, Korea)= A7["AF 9] o3 A5 HEEES 98 7B

2 Ahgakr.

=

o

Aelg -JJFJE polypropylene (PP) MEE =% (MB) 4HdZHE A&
skt & IE Alolo] A A9 FU|FS FASH] flskA
FA 5 mm, A7 714 mm 938 79 (surface area 40 cm?)< £2 of
ad FHolEE Al LSt
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A2 d AZTA A A F

1.1 AZ]EAL 894 A=

2= DMFe} THFE 1:1 H]%E =& &l 10, 12, 14, 16 w/v %

TE2 &alstth. PAN a2k DMF &rfe] 8 9, 10, 11 w/v % &
2 BN, BE oS FEAH Hx 240 o8 sAdel E

ZHE PS, PAN &2 247} 22 AolA] (914 0.72 mm, W7 041
mm), 25 Al°]A ()7 051 mm, W74 026 mm) & == A HXR F
Aol 2242 °C, 233 %RH L5 %E
(ESR200D, NanoNC, Korea)oll #2Hs}sitt.
mlL/hE AAFHYY. =3 FdE 14 AL

E PP ~HEE Angoz 74 F 100rpme2 3 As Tk A7 A}
Aol okt g BAe7] flete] PP ~2HEE AW o A 3F8)
of WAletIth At A FAA e w=Zo A dAxo] HAde HH
2174 W FHE dASA WAkelr] flgte] =d AT PS &N 7
S5 vtk 15 kV, 20 kV Aste] dAEA FrrEATE PAN &9 &
Lo wet 8 9 w/v %= 18 kV, 10 w/v %= 16 kV, 11 w/v %= 14
kV Asts 7heto] AR5 BAbs it Alztd A71HAE 42 ARske
S E TEAT7] Skl Aol A 24X TS AAA X EH AT HA
H A7HA Ao dE e AHe US3 2o (Figure 7, Table 1).
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I Mean diameter 5.73 um

.\- Mean diamter 6.87 um

0 |
1234567 8 91011121314151617
Bead diameter (um)

PS 10 w/v% 15 kV = 1PS 10 w/v% 20 kV

Figure 7. Morphological characterization of electrospun webs. (a) Bead diameter distribution of PS 10 w/v
% 15 kV and 20 kV, (b™1) PS electrospun webs produced by (b) 10 w/v % 15 kV, (c) 10 w/v % 20 kV,
(d) 12 w/v % 15 kV, (e) 12 w/v % 20 kV, (f) 14 w/v % 15 kV, (g) 14 w/v % 20 kV, (h) 16 w/v % 15
kV, (1) 16 w/v % 20 kV. (37m) PAN electrospun webs produced by (j) 8 w/v % 18 kV, (k) 9 w/v % 18
kV, () 10 w/v % 16 kV, (m) 11 w/v % 14 kV
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Table 1. Morphology of electrospun web with varied electrospinning conditions

Conc. (W/v%) 10 12 14 16
Applied voltage (kV) 15 20 15 20 15 20 15 20
) ) 0.43 0.46 0.65 0.83 1.05 1.24 2.21 2.92
PS | Fiber diameter (um)
(£0.07) (£0.06) (£0.09) (£0.12) (£0.15) (£0.24) (£0.27) (£0.29)
Bead diameter () 5.73 6.87 4.64 5.60 4.45 5.54
. _
cac lametet MV i310) | (2353) | (2153) | (£163) | (2076) | (x0.76)
Conc. (W/v%) 8 9 10 11
Applied voltage (kV) 18 18 16 14
Fiber diameter () 0.24 0.31 0.36 0.40
m
PAN | Hiber diameter (+0.03) (+0.03) (+0.03) (+0.04)
454 3.61
Bead diameter (um) -
(+2.54) (+1.36)

Note. The process conditions that produce microbeads, microfibers and nanofibers were highlighted and

those morphological features were chosen for further investigation.
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2 AgoA AL dYEE

2). 5 7xT 2y #olo &, #Holo] Ale] HAS Eyste] A SN

t} (Table 3). ¥ F+ZFE control A2 @Y #olo] (1-Layer)E
( =]

AAstdth. MB Z2E 2 -Layer), 4%

ot
~
(\)

4-Layer)<

glol AAX A& =S 7 #lolo] Ake] 3+ 0 mm gapo = 73
Atk 77 5 mme] o™ EEolE FE=< #olo Aboldl AFdste]
5mme &715E HE 75 AFsAd (Figure 8).

Table 2. Characteristics of meltblown filter

Meltblown filter web (MB)
Material Polypropylene
Basis weight (g/m?) 34 (£3)
Thickness (mm) 0.28 (+0.03)
Solidity (unitless) 0.133
Porosity (%) 6.7
Mean fiber diameter (um) 2.6 (£1.1)

Table 3. Test variables

0 mm gap Air gap (5 mm)
Face velocity (cm/s) 15 20 15 20
1-Layer 0 o
No. MB (control)
layers 2-Layer O O O O
4-Layer O O O O
_ 23 _
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(a) (b)

k4
Meltblown

(d) (@) ) oy

FY
"t::::: az#
S5mmz
it T E:—————-"'"_._.-
SmmzI

Figure 8. Experimental set-up for layer construction (a) 1-Layer (control) (b) 2-Layer (0 mm gap) (c)

2-Layer (Air gap) (d) 4-Layer (0 mm gap) (e) 4-Layer (Air gap)
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W2 F8 7] (108auto, Gressington Scientific Inc., UK)E ©]-&3}o] 20 mA,
1202 &<t § 29S We Z® 5, FAREAAER A (FE-SEM, JSM-7800F,
JEOL Ltd, Japan)= &3 Ao FEHE A0 A/ 2 = A
e #F9d SEM ol AE Image] ZTEIIFS o]§3to] SAsAH
A71AE §) FASE dlojo] Aol o] miAlgh 1+ 2 At S dHOR
zZhel SEM oln| A& #F st SAHHJT A
porometer (CFP-1500AE, Porous Materials Inc., U.S.A)S o] &3}o] 7]
T A7) BEEE SASAT A9E 4y @l Holo FAE told
ol Aol ¥ (2046F, Mitutoyo, Japan)o. = =43ttt 2 (D3 2 &
sto]l A71WAL 93 A8 FEH 9 solidity, porosity 7} AlAHE A T

\I

1AL 18 capillary flow

Solidity = m/(axtxd) (1)
Porosity (%) = (1—solidity)*100(%) (2)
m (g): § 77

a (cm?): § w3

t (mm): € 7

d (g/em®): 1EA L% (PS-1.04 g/cm’, PAN-1.184 g/cm’,
PP-0.91g/cm®)
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42 ¥¥ 43 A5 H7}
4.2.1 YA EALZ

oA ds H7bel AHEE NaCl 944 #2742 count median diamter
(CMD)™ 0.075 pm, mass mean diameter (MMD)™ 0.26 ym°. = MPPS
(most penetrating particle size)oll €3t A 7|7} AFEEH AT &9 F o
9 9A A% % (mass concentration) 251 mg/m’® & AAHU L
™ aerosol neutralizers AA T4 YAZ FAE AT US National
Institute for Occupational Safety and Health (NIOSH) 42CFR part 84
Hl2E Wl w} JAE A&EH oz EAlstE 29 H2E (loading
test) S FgstF . BEAE Aol ¢ (loading mass, mg)E HEE A
ZF (T, min), gA A% % (Mass concentration, mg/m°), &=
(L/min)& &3t ALE AT (2 3). 28 AFE 374 7o mef, Azt
T BAME = G o] trE7] wjiel] E AFdA = BHIAE AIZE O
2 FARE JAHY] el wE EH Y A WEE YA

—_

Loading mass (mg)

Flow rate (L/min)
1000 3)

= T (min)xMass concentration (mg/m?®)x
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422 A3 H2E %A

4y o] XY= oA} Ass gofstr] #18ke] TSI 8130 (TSI Inc.,
US.A)E ©]&3] NaCl f4=tell tigt 4= F3& (%)% A4 (Pa)s =
gatAh aAd2 7171 A A4 3 Al 1471 Pa 7HA S =HJT A
AL 1S FEHEHA (effective surface area) 40 cm?® LA H o
NaCl Aol thak o3 gl ~E7F 1o % (Flow rate) 34
L\min, W< % (face velocity) 142 cm/s ZAA AAE HdA 20 mg
2d9stat. HESEE dHE Fa3xEHA (effective surface area) 40
cm’, % (Flow rate)S 36, 48 LPM 2@ o & Ado] xafudon 7zt
Zyo] W& (face velocity)i= 15 cm/s, 20 cm/solA] 4AE H o 30
mg 293t ZF ZH Y quality factor (QF)S 24 (45 &3 A4tst
o A%t & FHES vuEA Tt

Quality factor (Pa !) = —In (% Penetration/100% ) 4)
Pessuredrop(Pa)
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Al 5 4 3D modeling & simulation

glojo] Ato] mAl k=l o7k kb A BEHE Felst] flste] 3D
2y o3 AEHOIHE FASATE (Geodict software package,
Math2Market GmbH, Germany)d. 2 #| A &o|Ax A z2tH wlo]aZ2d
A71AE 9] (m-Fiber)S 7] FEHZ EAYS dstgon A4 A
A4, § FAE wgste] ddyoloje #olo] Ape] IF=o] EAjst
= B2dS A=A Y. A+ hexahedral voxel (voxel length 0.2 um) =
TG e, 1000x1000x42 i ZL71e] @ #Holo] mlolmam G <
(m-Fiber) 1&, a9 = 1/2 FAZ 2t #Holo Akole]l 1.6 mm, 5.0
um, 10.0 um 7H5S B3 3% mdS Azt 3D Rd g S F3) A
e g AR AA, FA, 58 X3S porosity 5 P 54
Table 49 3713}t

AA AgoA YA {5 279 #Hol== 4 (Reynolds number)
S 173 Stoke's equationol| A AAE fFE 2SS AT Al EH o)A

AFEEAT FYEE T71Y S2e AVIHAR 9 o3 HAES wdSH
] o Y

< 142 cm/se2 AAHHS , Yol TAstE EH g wjEE
o 5] WA= o] Aol & ]’“}'5}04 2} 23S ==319 Y. Al EE
o] Ao AF&¥ NaCl particle2 MMD ~0.5um, mass concentration 25

mg/m’O 2 AZEP o A7F & AA AP U3 o] PAS BA
stttk BEAFE 92Fe] 8292 Brownian motion®] Wl %3}

EEciciv sy

4) M@ FITIMNEA T =52 o s At
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Table 4. Physical characteristics of modeling constructions

m-Fiber single

m-Fiber dual layer

m-Fiber dual layer

m-Fiber dual layer

layer 1.6 mm gap 50 um gap 10.0 um gap
Fiber diameter (um) 2.28 (£0.37) 2.20 (£0.45) 2.20 (£0.45) 2.20 (£0.45)
Thickness (ym) 10.0 11.6 15.0 20.0
Porosity (%) 71.0 75.1 80.8 85.7
_ 29 _
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thFst Al A ZE AT (Table 1). 5=9F Atel wE Mf Fel= SEM
olu| X & F 3 J&%Q ) thH(Figure 6). ©& 5o gAo=z wALE A&
= H=7} 4 FAE bead on stringd] HEj S E‘}iﬂr s 287}

WA Az v =Y Fr7F At A FAVE S
%A 7HE B o nl=e yxAlart BAaEAS U% PS 16 w/v %
oA vl=7F gle mro] A2 7 A HJAT PAN 10 w/v % &4
H =7 e YA w7t S8skAl WAkE ok

o]F AdS dd Y v, At =19 PSS PAN d7|%HAF A
-, = A4 B 2 A7|HA 99 pore size distributions #4135
t} (Figure 9). PAN 10 w/v % 16 kV Z7ddA] ¥AlE AfF= v=7}
= Yeds 036 m) FEHE AU Yo 19 pore size: 1.27
% YERSTE (n-Fiber). PS 16 w/v % 15 kV Z A4 WAt AH=
Hl=7F glaz 2 7o) ~221um ¢ wlo]l=ZEAfFo|tl (m-Fiber). PS mlo] =
24F 92 50% o] pore7t 8.04 mm A7IE ©HE el BlS| B LA

pore sizeZ} FAHAJE. PS 10 w/v % 20 kV ZAo A WALH &
Y d7(046 et 37 Aol & H=(76.87 )7t A FAHE
bead on string T7%E X (m-Bead). PS bead on string 99 pore
sizetx= 2.00 = ol Aol & HEVF YA Aleld HAES Wl
g F3P3te] PAN Y AdH AET 2 pores A Aoz HO
t}. PAN YA+ (n-Fiber), PS vlo]Z 2 (m-Fiber), PS bead on
string (m-Bead)+= Z+ZF A% 2743 Fefe] Ao]= pore structure”}
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ol 2y o dASA

A71AE A AN & F AFE 11 H&2 sl WALSte] =
H NS A#stdnt. AA, m-Fiber? n-Fibero A WA A4
(Fiber-mix)¥} 4|, m-Bead®} n-Fibers A WA AH{ <
(Bead-mix)E T4 3} th. Fiber-mix¥ Bead—mix9 pore sizex= Z+z+
2.6 um, 1.95 mol™ n-Fiberel] ®|3] & pore sizeE HFASATE 5 T+
Af e B 593 5 (£0.12) g/m® BFo g A==}
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0 % avg.2.21 um

18 2 23 724 16 28
Fifer diametes [wm)

033 036 03% 043
Fiheq' di,a-rsun.-r [arm]

e

avg. 6.87 pm (d) 100
90
F 80
I = 70 2.6 um 8.04 um
2 6
I J"h E S0
2 4 6 810121416 T A
Bead diameter (pm) = 0
5% -
avg. 0.46 pm 20
210
1] e L S
0 1 2 3 4 5 & 7 8 9
Pore size (um)
-frn:Fiber =-m-Bead -B-m-Fiber
g4 045 05 055 == Bead-mix ==Fiber-mix

Fiber diameter [pm]

Figure 9. Fiber morphology and size distribution of electrospun fibers produced by (a) PAN 10 w/v % 16
kV, (b) PS 16 w/v % 15 kV, (c) PS 10 w/v % 20 kV, and (d) pore size distribution of a single layer web
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12 47184 § Fx 2A

1.21 & golo] AA

529 A% ¢ n-Fiber, m-Bead, m-Fiber, Bead-mix, Fiber-mix+
25 g/m® BE 5 g/m® BHo R AFYJY. HE 5 g/m? 4e v
olo}Z AbgHEoew HF 25 g/m® U F A4S @G AA HFo] 5
g/m’el ) FEE AT BF 25 g/m*d g2 T 9E A AE
slo] = #olo] FRE A Fetg on, n-Fiber® m-Bead €9 x|
A5 EE3te] (Up)m-Bead/(Down)n-Fiber, (Up)n-Fiber/(Down)m-Bead
T Fx2E2 AZs9th n-Fiber®}t m-Fiber ¥ 7Y Y& A&3
(Up)m-Fiber/(Down)n-Fiber, (Up)n-Fiber/(Down)m-Fiber T%& | #35}%
o 2 Aol AE 145§ #elo]e] 542 Table 5ol W AT
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Table 5. Physical characteristics and schematic images of electrospun webs.

(Down)n-Fiber

(Down)m-Bead

(Down)n-Fiber

(Down)m-Fiber

n-Fiber m-Bead m-Fiber Bead-mix Fiber-mix
Web image
Fiber diameter (um) 0.36 2.21 0.36/0.46 0.36/2.21
Bead diameter (um) - - - -
Basis weight (g/m?) 5 5 5 5
Thickness (um) 5.46 10.94 10.96 10.00
Porosity (%) 22.7 56.06 59.0 55.0
n-Fiberx2 m-Fiberx2 Bead-mixx2 Fiber-mixx2
Web image
Basis weight (g/m?) 2.5%x2 2.5%2 2.5%2 2.5%2 2.5%2
Thickness (um) 2.73%2 9.27x2 5.47x2 5.48%2 5.00x2
(Up)m-Bead (Up)n-Fiber (Up)m-Fiber (Up)n-Fiber

Web image
Basis weight (g/m?) 2.5x%2 2.5x%2 2.5%2
Thickness (zm) 12.00 12.00 8.20
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1.2.2 A g me 9 Y 7=

@ ool ¥ T m-Bead? T/ (1854 mE L3I H gl
n-Fibere] F7 (546 )¢} vluste] 348) =2 7 porousst +xE
A3ttt m-Bead §) @ SEM ©o|n| A& E3lo] nfo]a 2 7]9] H]
=7 xR Ate]l A S fAEtE FREY 988 S5t P9 F
A7F 7Vl porousdt FE2E I TS FleAtt (Figure 10c). ¥HH
n-Fiber & YxAdfEo] wweA Dste 7P we FA9
porosityE A YL At (Figure 10a). Plo] A2 F 5 A ¥ m-Fiber
2 2 A7 FAALE 23t n-Fiberdl Hla] ¢F 28] =A% T4 (10.94
m)E P sk
9] porosity: mlolmZZB| =7 EA43E= m-Bead’} 75.1%E
o n-Fiber®t m-Bead’} 1:1 H]& =2 3% Bead-mix7}
59.0%= F HARE =Jth vtola=dF=E 4% m-Fiberv= 56.06%,
n-Fiber# m-Fibere] &% Fiber-mixt 55.0%5 H It H=AdHF=
T4%E n-Fiber< 227%= 7bF¢ W& porosityE H T (Table 5).
Bead-mix®} Fiber-mix+= YA (0.36 m)7F s oz Ao &
mtolARH = (6.87 ), wholZEAIT (221 )t EFE ol A+ Al
¥4 0] F7Ve porosity 9} pore size’} A= & 37 LERYTH

]
ek

2
7HE =Sk
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|

)ﬁfmﬂn /10.87um_ 10,74

- 10qume!

m-Fiber, (c) m-Bead, (d) n-Fiberx2, (e) m-Fiberx2, (f) m-Beadx2
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1.3 A+ F8 & dolo 7z wE 2H AHT
131 A7 =798

Table 5ol A Al ¥ 147FA] A7|HAF ol digh o3 J5&
skt A71EAE e oFgk S Hokstr] fste] FHe PP
= AWSE ZA AFEsEAT AMYPS FHE 9% ol Ay
stz Bl ~E ZAijo] e 3 .
T H2EE A71%A e NaCl 948 #d) 20 mg 293
WA sl 912 %314 (penetration), ¢t (pressure drop)S 7] =3}

m-Fiber?} m-Fiberx2& A 2|3t & A7|WAF dH+= Ao A=A
Eo] 3% olstE =2 o &S HAY (Figure 11). 922 F9

el A ol B, A A fo
=

—_
o=
[

|m

mlo
=)
R
N
§2
[
e
o
>~
>
ofo
ol
pats
.
g B
e ox O rim

rl

2
o g 41 =

co —
o

il
ol
£
i
i)
(i
£
—E4 (]
SUEIN
x
~
of o
)

K

o

A U] -of /\1 ol s 4 7| wel,
2 Fiabgs ®H]lo
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2 e gE AAAd FHREeEE =2 ge Holn o3 g8 g
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Penetration (%)

0 4 8
Challenged mass (mg)

+-n-Fiber

©-m-Bead x 2

<-Bead-mix

*-Fiber-mix x 2

*(UP) n-Fiber/(DOWN) m-Fiber

Penetration (%)
[
(9]

2@
TR ERAR R KKK KK 3K KoK KK KKK

16 20 0 4 8 12 16 20
Challenged mass (mg)

#-n-Fiber x 2 ©-m-Bead
Bm-Fiber Fm-Fiber x 2
<-Bead-mix x 2 >Fiber-mix

=(UP) n-Fiber/(DOWN) m-Bead
#*-(UP) m-Fiber/(DOWN) n-Fiber

=(UP) m-bead/(DOWN) n-Fiber

Figure 11. Penetration of NaCl particles during 20 mg of challenged mass. Left, penetration of all filter

media, and right, enlarged for the circled area.
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1.3.2 A 293 A<k W3}

NaCl 9#=2 H o 20 mg 2YH3E ot o wal x4 A S Ao
At (Figure 12). n-Fiber#} n-Fiberx2i:= %7] zF¢to]l zZ+zZb 762 Pa,
726 Pa® thE ol Ml &2 #E Blom, NaCl 447F 7.5 mg, 85
mg TAME o]& Hd gl 1471 Paeol =93ttt (Figure 12a).
n-Fiber& HWxAF= A5, 22 4719 7e& AY @2 F
I =S A3 Aess Bv ok n-Fiberd} u7EA| 2 vbe F3
1<l m-Bead®} m-Beadx29] %7] A2 202 Pa, 171 Paz &4l
g = 2 FUEEE HYg o, ol Z7tE 71 A7 93
o7 HelY UAE 20 mg ZYdE E<¢ m-Bead”} n-Fiberel] H]3}4]
Ho 735% F2 S H3, m-Beadx2 HE3H n-Fiberx2el] 1|3}
T76.5% W AR]t ge Bk Figure 12914 71 A77F 2 flo] At
Yol v Aol FJAHIJY. 7w AVI7F M & m-Fiber,
m-Fiberx2+ 7H4 @& 7] A9 (72 Pa, 64 Pa)s H oY, Fi&

A
fo o do

N

.

Bead-mix, Fibermix= 9 743 7+ 79 99 H 2%
o} vGe AyE HYrh o & 59, Bead-mixe %7 A¢S 94S A
3l m-Bead®} n-Fiber®] %712t (202 Pa, 762 Pa)9] H1r<l 482 Pa

B v 367 Pa® YEY Y (Figure 12d). Fiber-mix %3k vlz7FX] &2
m-Fiber# n-Fibere] %7]12F¢}t (72 Pa, 762 Pa)®] HrQl 417 Pa XU}
e 261 Pas HE ST (Figure 12e).

e

e 7 TR/ FEHE AAA F2E FAHse A9, 37 EolL
= 3 HA #olo pore sizeZt W Ay A 2V UEWH
(Figure 12f). Z7] 2kt #ojo] Fx9F AF#glo] Hl=gh s HAS

U, A& oz Ayt d3EE FAHA 7|F A7 2 m-Bead,
m-Fiber7} A ®HA dolojz Atgd uw n-Fibere] A

AR & e Bluste] Qb F7F £E7F v AS glH ok (UP)
m-Bead/(DOWN) n-Fiber, (UP) m-Fiber/(DOWN) n-Fiber< (UP)
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n-Fiber/(DOWN) m-Bead, (UP) n-Fiber/(DOWN) m-Bead X.t} Zz}7zt
Hdl 51.0%, 345% S At AHE BHAGY. o= dA £ A
gk clogging WA Aol = F5EHQlom, o] g9 7|F SAdd mE

A 23 A% 2

O

—
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(a) 1500 (b) 1500 (c) 1500
1350 1350 1350
1200 1200 1200
£ 1050 £ 1050 & 1050
g 900 g 900 g 900
T 750 T 750 T 750
g g g
3 600 3 600 3 600
g 450 g 450 g 450
& 300 300 & 300
150 150 150
0 0 0
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
Challenged mass (mg) Challenged mass (mg) Challenged mass (mg)
A-n-Fiber  -n-Fiberx 2 ©-m-Bead -©-m-Beadx?2 = m-Fiber  {&-m-Fiberx 2
(d) (e) 1500 2K () 1500
1350 X 1350
1200 1200
& & 1050 & 1050
B 2 900 g 900
o 5 750 o° 750
o @ o
5 £ 600 5 600
v v a
& @ 450 g 450
a & 300 8 300 ®
150 ° 150
0 0
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
Challenged mass (mg) Challenged mass (mg) Challenged mass (mg)
; ; >¢Fiber-mix X%-Fiber-mix x 2 = (UE} ni-Bead/ (BOWN) FrFler
-©-Bead-mix <-Bead-mix x 2 =-(UP) n-Fiber/(DOWN) m-Bead

*-(UP) m-Fiber/(DOWN) n-Fiber

- (UP) n-Fiber/(DOWN) m-Fiber
Figure 12. Build—up of pressure drop during 20 mg of NaCl mass loading. A single and a dual layer of (a)
n-Fiber, (b) m-Bead, (c) m-Fiber, (d) Bead-mix, (e) Fiber-mix, (f) a dual layer consisting of different kind

webs. Note. The maximum detection limit of pressure drop is 1471 Pa
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1.3.3 2t oY) o3 A5 &4

A&A1 JA 2o mE ASF giv] o3 A vl £4517] 9
sko] quality factor (QF) k= AlAtstA o (Figure 13). YJA7F A &4 o
2 29 g g, FHEE stgste] o3 &S Aeetd ot A9k
Fsslel BE FE7F L8 QF ghol Yol AP S =t

n-Fiberi= o3 &&0] 99.99% ol oz 53 Ases AWSdE
=Tetal e Astez ld Mg w2 QF 237 UEEt m-Bead
B 99 dgolo] F b Ee %7] QF (0027 Pahpts HYe

n-Fiberd QF (0.012 Pa )Rt} 2u) o)A =& X7} g5}t m-Fi
1

ber %27] QFE 0.021 Pa'Z A2 7Hd wroy =& E3gz 3|
m-Beadel|l H]3] @2 %7] QF #< 2Aav. 28y, 4A7F 5 mg A
H o]F & Agto g 2ld m-Fiber?} m-Bead? QF7} 9 A% += A

7} U el th Bead-mix @} Fiber-mix+ n-Fiberel H|slo] AAH o2 =
S QFE ®Ht}h 2%0o] AAZ dual layer 7+FE @ #olo] #+x H
o s A AdE o, ol lste] HAA <l QF7F @ # o]of
Txof w8 S7te Aot yErd o (Figure 13b). ©H8 + T79 4
of AAX FxolME x7|o A FHEFH} 2GS B X H QF
523k g B oy n-Fiber7b &5 dojolo] $x3ta m-Fiber,
m-Bead”} &5 #olojel A8t A, v -zl HlE] JAt 2
"ol weh QF7F &2 235 B3
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(a) 5035 (b) 0.035 (Q 0.035

E E 0.03 é 0.03
= T~ 0.025 . 0.025
S S 2
E g 0.02 & 002
Py & 0.015 E 0.015
B T 001 ® 001
o = 0.005 2 0.005
0 0 0
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
Challenged mass (mg) Challenged mass (mg) Challenged mass (mg)
A-n-Fiber ©m-Bead L T == (UP) m-Bead/(DOWN) n-Fiber
= m-Fiber <-Bead-mix Sm-Fiberx2  -©Bead-mix x 2 = (UP) n-Fiber/(DOWN) m-Bead
> Fiber-mix *-Fiber-mix x 2 #*(UP) m-Fiber/(DOWN) n-Fiber

#(UP) n-Fiber/(DOWN) m-Fiber
Figure 13. Quality factor of different filter constructions. (a) Single layer filter media with different fiber

morphologies, (b) dual layer constructions consisting of the same kind webs, (¢) dual layer constructions

consisting of different kind webs
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1.4 718 3719 A4 &4

2

pore size= ZFstell 2 H 4 3 53] gy
W BHAS AYe SAHSE Qs JAE skl &olg FAol
ATk WA, YR Ale] F3te] & W E Y FxE olFH
pore sizeZ A3t Agto]l =2 ©@Ho] EAST n-Fiber A 274
360 nm, 78%¢<] pore 7} 1.27m= 7} =2 oA a8 A4S 2k
(Figure 9d). m—-Bead™= pore?] 80%7} 2.05 wmo|™, o]+= nfola=z A7

o] M= (686 m)7F Yx=A+ (460 nm) Alelel AL E¥E 9IS
ste] =& oA g8 2& AYSs EAoh A Aol & m-Fiber
(2.21 mm)= pore sizeZ} 5-9 mm Wl $1XstH 804 mm =712 pores
50% ©°]% Adtk. Bead-mix®} Fiber-mixT n-Fiberel m-Bead<}
m-Fibere] &% o] n-Fiber tH] o] 743 FAH A A3E HY
t} (Figure 12d, e). Bead-mix%} Fiber-mixT= 80% ©]7d2] pore’} Z+7};
1.95 mm, 2.6 mmo]l™ n-Fiber (1.27 m)oll B]3} pore size’} ZF7}38Fsith.
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1.5 A+ deis 9 £ AF

A NaCl A7 ﬂﬂ‘ﬂ“P A oA 21E AsS &dstr] 4
o] Az 29 A, & 51 & SEM o|v xS 93t (Figure 14).
n-Fiber< #& pore sizeZ <late] thi-E9o NaCl YA7F 4 Fdo %

of AT P WF= HFsHA I A= ZHS da e o
- opore= 9l flo] WA I Ras EAT § ZWed AHFdE
NaCl d#t= <Qlal Fd¥= 5718 550 d&stA o] Fojxx] o}
of 3} AZbo] HolHgE Af Aol wEA WA Y. webA, n-Fiber
< e el Ha =& AYs Heolx v ¥, m-Bead®t
Fiber-mix= ¥8¥ dAEo] §§ Wil AgS Adsditt vpoja=

H =9} wlolaZ Ao 93] F7F¥ pore size’t depth filtrations &5
Ao g WAAA dust holding capacityE <7HAZ . wEbA], m-Bead
9} Fiber-mix+ n-Fiberell vla] JAE 213k clogginge] A& o] 29t
Fe FE7F H=A BAATE Fds AT

Pore size’} & v 722 AZEH = 4L depth filtration &34
o] &3ate] Y A& FHE 7 F Aok Pore size’t & HE&
of $IAAI71AL pore size7b b2 = shi-ol IAAIA, Aol AL H
A dxb= A HA dlololE Fste] 7 WA #olojolA o] w
2 IH 9| cloggings =3 At @4 a3E & & v (Figure 126).
Ax 717 g A9 9 29 g8 ZA dAs —’F e Ao
Hed, o] wof= dAF A Ao

4
UAE THSUA e e

rlo
=4
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Before loading

Figure 14. Particle loading after 10 mg NaCl challenged mass. (a) n-Fiber before loading, (b) m-Bead
before loading, (c) Fiber-mix before loading, (d) n-Fiber after 10 mg loading with different magnifications,

(e) m—Bead after 10 mg loading, (f) Fiber-mix after loading.
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1.6 w5 e Ay 83

G #ojo] §1 3% (n-Fiber, m-Bead, Fibermix)9 *%7] A4S
10, 15, 20, 25, 30, 35 LPM (% 4.2, 6.25, 83, 1042, 125, 14.6 cm/s)
oA =Ast}t (Figure 15a). F&0] ZF713to] wet 3% ¢ =% ¢
o] AFA L FrkekE AAE Bt ole veA WAES Fide

Lo Agtel AHFA A o]&<l Darcy’s lawel dX &S

AL &
sttt

TES rEe BHCE U gle®, o] dAN e aeste] o
S Al FAF 40 em® WA 1] 2t gk (Figure 15a)& % 85 LPM
oA o] WA 45 FAHUS W oz skl (Figure 15b).
A S 2xdolA, Ak Aol AR wep sk FEA ]
LHERst o

S5 HST N-type € HZE 3+4<¢ US National Institute for
Occupational Safety and Health (NIOSH) 42CFR part 84¢] w=w4
N9 &5 HI 7]E2 85 LPM H#@olA NaCl 942 F34& <5%, &
7148 <35 mmH-0 (343 Pa), #i7]1 A& <25 mmH,0 (245 Pa)elt). &
WA o2 A Fo| A FujEE HolA mtazm |AE 2107240 cm?® Alo] 9
ZA4 3}, Fiber-mix2} m-Beads= 928 4A F38(>3%, Figure 11)3}
WA 227 cm®oll A F7], wi7IAE JERY A5 e A gE B
t} (Figure 15b). ¥ A3 Ax=2 9 + FEHY AF 2 NIOSH %
3 NS 4S5 ThEehs 1as& At D Ao H8E 74

& Welx k.

_47_



(a) 800 (b) 800
— 700 — 700
< 600 2 600
S 500 S 500
o 400 o 400
> 300 > 300
;LE 200 $ 200 - |
1
103 lﬂg I.__i -
3 6 9 12 15 90 120 150 180 210 240 270 300 330 360
Face velocity (cm/s) Surface area (cm?)
-+-n-Fiber -e-m-Bead -#-Fiber-mix -&-n-Fiber -*-m-Bead =-Fiber-mix

Figure 15. Pressure drop of n-Fiber, m-Bead, and Fiber-mix webs at different face velocities. (a) Pressure

drop tested at different face velocities, (b) pressure drop with different surface area.
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1.7 #@eojo] Alo] WA k=] o3 Xk IF

b
1©
o

1.71 2 2

A &
o] 48% At A#E  FlsAUtt (Figure 12b, c¢). n-Fiberx2+
n-Fiberol]l #H]&o] 2}¢to] 6.8% AE 7AW 25 g/m?x2 #olo] Fx%
2 Q% Ak A 23Ut A
4y § @¥ SEM o|n[A|elA T #Hololep T 27o] HAX
Z+= #eolo] Aloldl 15-52 mme] mAg Feo] EAlst= AS &3t
o} (Figure 10). #lo]o] Alole] wlAdt &2 S
05 dojo2 F94E ), ol
A dlolojol wla] W& 2t Aol FFSE + AR FFHHEv. SEM
=] E

ojmA 45 3l
6(‘)]:

f
)
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1.7.2 Simulation ¥4

A7 L 1 #lo]o] Apele] wml A IF=rel o]k 29t A NS B4
371 $¢3Fe] FiberGeo module of GeodictE AF-&3te] A9F 747 =2 A
1Al & m-Fibere] 3D 29< A 239t m-Fiber &< #o]o] = dlx}

O

dojo] Atoleo] Z+zF 1.6 m, 5.0 mm, 10.0 wm F=Fo] EA 3= 359 nd
S AT 1.6 m, 50 m Z719 7+=2e AA A FE n-Fiberx2
(15 m)3} m-Fiberx2 (5.0 pm) ¥ Wrgste] AA QoM voxeld

A G702 mel AE Aetste] 15 me 1.6 me = A H AT, F71
Aoz 100 mes HEESEY #olol b9 A7|7F 2§ WSt w2 +=
FFS Sl AA AP sdstA AlEEolAdA JAE FHU
20 mg wASkE wd o TAStE F3E&  (penetration) 2%
(pressure drop)S 313ttt (Figure 16). %7] F3}&3 A2
m-Fiberx2 (Sim.), m-Fiberx2 (1.6 gm, 5.0 m, 10.0 gm) (Sim.) 4% =
AR 3 BSd dlolo] =l o9 At A S EARE A
o] ol F7HEFE WA yEwton, 5ol S5 A A
& 2ef S7F S0 gl FHEAY. dA FHReE 7x b

=
}O]E EO]X] i gc ‘34 gojo] Atole] b= o3 &9 W3 glo]
7

o] contour plotg F3te] 4% =
| dlolo] Alo] zt=ell A 3 WeFoz o]l QtEo] = A |
Hol o WA= AAA] ASto]l Haiche AdH S HloH
=9 A7 E55 AFshA vErsT ol ¢

= Eabgel mek gojo] Apefel wARk ko] E At

el 237t das FAskh

N

©
i

f
o,
Jo
it
o,
_|>i
N
X
B
( _ll_}, -
o
o

1
l

fo
o =
1o

AHE 10712 mg EAFSE o] %9 contour plote]™, 3 ML 1] M§ T}

[e))]
H =
A ZEE 9Afolth

st
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30 1500
(a) —m-Fiber (Sim.) (b) —m-Fiber (Sim.)
25 —m-Fiber x 2 (1.6 pm gap) (Sim.) 1200 —m-Fiber x 2 (1.6 pm gap) (Sim.)
m-Fiber x 2 (5.0 um gap) (Sim.) m-Fiber x 2 (5.0 um gap) (Sim.)
L 20 —m-Fiber x 2 (10.0 pm gap) (Sim.) ;:_? 900 —m-Fiber x 2 (10.0 pm gap) (Sim.)
5 1 3
© < 600
g 10 v
c 3
& 5 g 300
a
0 0
0 4 8 12 16 20 0 4 8 12 16 20
Challenged mass (mg) Challenged mass (mg)

Figure 16. Simulated penetration and pressure drop for the wvirtual filter models with continued mass

loading. (a) Penetration and (b) pressure drop for the virtual filters with different gaps[&1].
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Pressure / (Pa)

100.00e0 —'

80.00e0
60.00e0 —
40.00e0 —”
20.00e0 :i
0.0

Plot Range:

max : 100.00e0

min : 0.0

Data Range:

max : 785.86e0
min : -160.25e0

Figure 17. Pressure drop contour plots for three virtual models. (a) a single-layer of m-Fiber, (b) m-Fiber

x2 with 1.6 um gap, (c) m-Fiber x2 with 5.0 pym gap, and (d) m-Fiber x2 with 10.0 ym gapl81].
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A 24 2 #Holo] ko 9% A A a7
2.1 Fojo] X4 WE o3 AF
2.1.1 2-Layer &%

14 15 cm/soll A MEERE T gelo] IEH(MB control)®] %
B398 362%%2 vEyY MB ZE 28L F7F A£XE glo] A
5

i

N

X

2L-0 gap? %7] F34&L 012%% MB control FI&oA o=
T Ao FAEE A7 HAEAT (3.62%x3.62%=0.13%). &L g
Zo 4] MB control®] %7] b2 67.7 PaolH, 20| A1&2 H$ o
Y= 32 67.7 Pax2=1354 Pa°lt}. 2L-0 gap® =71 A 23
1187 Pa® o Sgkell Hl&l w& A37f 2d w3k
4y #olo] Atole] F4 5 mm O}ia ZH o EE A st
== 4% 7FQL-air gap)= 7] FHE&, 2ol 2L-0 gap¥

st A¥E BT 7% 156 em/solA 27] *¢2 MB control¥ H] 1l
sk 2 layer 7% (0 gap, Air gap)e]l 2 FAE Efou, A7 A
Sxoxw =g wel A]E gro]l 9= AdE B (Figure
18a). H o YA F34E&E& MB control (11.77%)°] H]ste] 2L-0 gap,
2L-Air gap®| 727} 0.83%, 0.95% = =<2 dA ¥H 3285 A4
(Figure 18b). % 20 cm/sol A 2L-0 gap¥} 2L-Air gap< %7 A
HlszepAI vk Air gap® 2 S7F £x7F =9 Aol dEw
(Figure 18c).

A71AE ) A Ao} vt A®E glo]o] Afolo| EA| k= el

=2 wSolA ZHUF A SR

o
N
o M do rir

e,
o
rol

e, ri
offt
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15

2
=12
(@) 1500 (b) 16 £ o Lk
= 14 B B et
= s 12 i gos | "
S = 2 03 ',ﬂ" T
: g : e
5 g g 0 5 10 15 20 25 30
a o 4 Challenge mass (mg)
g T
a a. 2
[ eesosetldess SSeefiToeessesssas
0 3 & 9 12 15 18 21 24 27 30 0 2 6 9 12 15 18 21 24 27 30
Challenge mass (mg) Challenge .ioelad {mg)
-0 gap 15 cm/s & Air gap 15 cm/s 0 gapda ey SAirgap 15 em/s
—MB cantrol 15 cm/s —MBE control 15 cmys
_ 15
=
=12
e -ty
{C} 1500 [d} 16 I £ 09 i K‘.
= — 14 LA g 06 L ke
S £ N o3 ¢ N,
S 900 § 10 [, 0 i T,
® ® 8 | 0 5 10 15 20 25 30
§ 600 E 6 i Challenge mass {mg)
w a4 e
1] 2
= 300 o P L
8 p ewetttittase,,
0 3 6 9 17 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30
Challenge mass (mg) Challenge load (mg)
@0 gap 20 cmy/s = Air gap 20 cmy/s U R ALl or0ls WAIF gap 20 cm/s
—MB control 20 cm/s —MB control 20 cm/fs

Figure 18. Pressure drop and penetration development for 2-layer constructions during 30 mg of NaCl

loading. (a) Pressure drop at 15 cm/s (b) Penetration at 15 cm/s (c) Pressure drop at 20 cm/s, (d)
Penetration at 20 cm/s.
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2.1.2 4-Layer T+&

4-Layer % olo Alo] zk=o 2 Qg At FavF LS
dom =2 FHAA a7t Skt (Figure 19). % 15 cm/sol
A JA7E 20 mg 29YE F 4L-Air gap 4L-0 gap Rt A%
176% #Za3kAth +% 20 cm/solA JA7F 20 mg 29 AFoF
AL-Air gape] 4L-0 gap® ¥Hlulste]l 21.9% Y& A3
2-Layer, 4-Layer 55 =2 #%9A Air gapel At #
=YAA #As = AS glskdnt

HAd JdA FH4E&L 4-Layer 724 0.01% ©]st=, MB control 2}

e

IOE

= B3l

g7t

P> EN )

—m—@r

jus

Juste] w8 o3 Ase BAY (Figure 19b, d). 4L-Air gap® %7]
Fghe 2224 Pao® o3 (677 Pax4=270.8 Pa)Rt} w2 s m )
H<4 15 cm/sol A 4AL-Air gaps #lo]o] Aol kol o3t 2t =7}
E27F #A4%e] 18 mg YA =9 ©o]F MB controlo] Htf v xp<t
we mat

AL-Air gap> @4 @ o]oj¢l MB controlel Blsl| Z=7] x§t2 =A|
AL o3 HAGo| A AgF TUF HR7F Ha =8 A% 285 AY
= A3E Bt webd, 13 dlojo] Atolo] AT =S Fost=
Aol gt el SAARN EHE F F AS5S FAsA.
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0.05

(@) 1500 b) 16 £ 004

E 3 14 ,E 0.03

a =12 r‘E", 0.02

E = 10 & 001 mlr?".!"i-;r:'-;'-;

@ ‘E_i_ 8 i i bty 4+t
2 e 6 0 5 10 15 20 25 30
E a 4 Challenge mass (mg)

= 2

0 eeeeeeeesssessecesd

0D 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30
Challenge mass (mg) Challenge mass (mg)

&0 gap 15 cm/s = Air gap 15cm/s &0 gap 15cm/s < Airgap 15 cm/fs
—MB control 15 cm/s —MB control 15 cm/s
__oos
=
(d)1s £ 004
14 S 0.03
m
12 5 002
10 $ oo

@ T aeeesseeseee
) Sessssssssssd oooioioundno

Penetration (%)
o

B (1] 5 10 15 20 25 30

4 Challenge mass (mg)
2 =
U ".'..'.......'..'..-- -

0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 320

Challenge mass (mg) Challenge mass (mg)
@ 0gap 20cm/s <Air gap 20 cm/s «0 gap 20 cm/s =Air gap 20 cm/s
—MB control 20 cm/s —MB control 20 em/s

Figure 19. Pressure drop and penetration development for 4-layer constructions during 30 mg of NaCl

loading. (a) Pressure drop for 15 cm/s (b) Penetration for 15 cm/s (c) Pressure drop for 20 cm/s (d)
Penetration for 20 cm/s.
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2.2 YA 293 Y AL 9 #A

2.2.1 Clogging point

ol wEA spreading o] EWAsHE maskingshH A

oo
=2
>
S
>
ofo
i
=
vs}
o
2,
il
a
rlr
i
v
)
I
1)
=
N
o
)\
&
1%
X
o
X,
~N

AL AR osalA Fagol FA Ases AL R (Figure

=
18b). Aol T3} (Max. Pn)oll =3 3 ¥ 14 YA7} pores
1

27] Al ZFstH A F o] fFAastr] AlZFgkTE Poreo] wH o= Qs F
Hge Fastan A g45HA AsetAl He=dH o] AR clogging
point® &

e
2-Layer 7%+ ©@< golojo] H|ste clogginge] =A AT
T 21 F&elA 2-Layer 7% (0 gap, Air gap)®] H ol F3&o] &
A3 AL A&7 9.8 mg, 7.2 mg EAME 2 Foln A g o]o (MB)
= YA7F 52 mg, 37 mg EAE Aottt (Table 6). 2L-0 gap,
2L-Air gap 53 AJH oA cloggingo] A o = FZoA
cloggingo] WA Al &8kt 4-Layer v+ AF koM i F3

&°] 0.01% olstz fFA=o Ao F3& Ade 54T 7 sl
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Table 6. Summary of loading performance of different filter constructions.

Face Constr. In. pn Max. pn In. dP dP at max. pn |Challenge load at|Challenge at 490 Pa
vel. (%) (%) (Pa) (Pa) max. pn (mg) (mg)
1L-MB 3.62 11.77 67.7 132.4 5.2 17.0
2L-0 gap 0.12 0.83 1187 2354 9.8 18.6
= 2L-air gap 0.14 0.95 116.7 234.4 9.8 18.8
S 0 gap | 001 | <001 | 2373 N.D. N.D. 147
4].-air gap <0.01 <0.01 222.6 N.D. N.D. 16.6
1L-MB 5.2 13.77 89.2 164.8 3.7 11.6
2L-0 gap 0.3 1.11 172.6 306.9 1.2 13.0
20 2L—air gap 0.2 0.71 171.6 288.3 1.2 134
S U 0 gap | <001 | <001 | 3344 N.D. ND. 8.1
4L-air gap <0.01 <0.01 325.6 N.D. N.D. 8.9
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2.2.2 Loading capacity

Ao AL Y Fxo w ]
skl o2 NaCl YAboll gk o3 2pgfo] 490 Paoll Ed¥sles AR
Vo ®m AASa, old =4I| 7bA] ARG nAIYAY FEE vl
sttt (Table 6).

7155 ZAFY 490 Paoll =237 7bA] YA 2-Layer 0 gap, Air gap 2t
Z} #4415 em/solA 186 mg, 188 mg, T 20 cm/solA 13.0 mg,
134 mg FAFE AT Air gape] 0 gapol H|sFe] EAFE A} o] 1.1%
(15 em/s), 3.1% (20 cm/s) S7tetdew % 7+ dE ALE 9 7
o] frALSE A3E Bt

4-Layer 0 gap, Air gap 7%+ 2% 490 Pas 7|02 YA 75
15 cm/soll Al 14.7 mg, 16.6 mg, +% 20 cm/s9lA 81 mg, 89 mg WA}
AT Air gap< 0 gapXEth s xSt =Esh7I7EA] 12.9% (15
cm/s), 9.9% (20 cm/s) B2 9AE 3 & £ IAdo wEbA, #@ o] o
=l ogk AbE STk dolol U B A &3 A dE
s el
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2.3 Holo] 7+=o] 93t depth filtration

zh #lolo] 8 At 2 E FHE A4 8H7] sk NaCl 30 mg =
g o]F SEM<S #d3At. % 15 c/solA] dAE EAFSE 2-Layer
SEM o]ux]ol A 0 gap¥} Air gape 7z} dlojo] W T Fej7p A
2H5FS BXAY (Figure 20). = A8 A3 (Figure 18a)9} service life
T AR xR wel 2 Aol E HolA Fow FARgE AFE H
ATH.

4-Layer SEM o]u]X|of|A (O gape] & WA #oloj= Air gapd =
HA #olojel vluste] NaCl YAbEe] WulstA dd=o] A+ FHE
w9t} (Figure 21). Air gape ¥ WA #olol= A WA Holols &
sk JARrEo] xR o] 0 gapell Hld] depth filtrationo] S ¥& o= ®

29t A 235 Hel 4-Layer %29 ZF dolo] H 2d A F T
£ SAste] NaCl 4A7F E9E vl&S Hlustlth. SEM o] 7] A] o
X = 4L-0 gap, 4L-Air gap®] 173HA #olojo] A7 2-H H<Fo]
lER oy, SEM olulx| e} &2 vA A2 detection limitell 2|3}
3R Helole FA Wk UEREA] gkt
NaCl g27F A 30 mg 29 HE 5<F 41-0 gap, 4L-Air gapd]
g F4E&E 001% olstE A9 EE JAE EHE ZAeE HAY
(Figure 19b, d). 4L-0 gap< #AFH NaCl 30 mg 9AH7F 3 WA 9 o]
ofe} T WA #Holojo Z+7Z 293 mg (97.8%), 0.7 mg (2.2%) XH
ok AL-Air gap 3 WA #eololet F A #olojd 77t 283 mg
(94.3%), 1.3 mg (4.3%)7} TR EAQ oW 04 mge 3, 4HA @ o]ojo] =
e ASoZ HRTE (Table 7). #@olo] Afolo] dAg 44 Fod
AL-Air gap> ZHE FYst= 37 &850 AAs] Eulso 4R s
Fo#olo7bx] #Exstes AS SRIsEA T o] $ depth filtratione]
AL ZSE HAE AAAA LB Aol ol wi7bA Y AREAI RS ST

=
o)
=
AE w3 olojd § Tk

=
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L

M ye Wi

construction after 30 mg loading (15 cm/s). (a)

gap, (b) 2nd MB layer with 0 gap, (c) 1st MB layer with air gap, (d) 2nd MB layer with air gap
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Figure 21. aes 4-Layer Stion afr 30 mg loadi 15cm/. (a) 1st 1 ith 0
gap, (b) 2nd MB layer with 0 gap, (c) 3rd MB layer with 0 gap, (d) 4th MB layer with 0 gap. (e) 1st MB
layer with air gap, (f) 2nd MB layer with air gap, (g) 3rd MB layer with air gap, (h) 4th MB layer with

ng (

air gap.
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Table 7. Loaded mass for each layer for 4-layer constructions.

Gap 0 mm gap Air gap
Layer tested Mass loaded (mg) Load share (%) Mass loaded (mg) | Load share (%)
1st layer MB 29.3 (£ 0.6) 97.8 (£ 1.9) 283 (£ 1.2) 94.3 (£ 0.1)
2nd layer MB 0.7 (£ 0.6) 22 (£ 1.9) 1.3 (+ 0.6) 43 (£ 1.9)
- - 04 14

3rd layer MB

4th layer MB

(prediction value)

(prediction value)

Note: The lowest detection limit of balance was 1 mg. The lower mass was not measurable.
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B oATE Aa gu L dolo] T2 2@l A&H o3t 3}y
oA e o3 HEI e 4T FAGE UHE AVFL HED
stk olE $lstel AVWA FAL Bl Qo Af L W= G,
A A%, 1B 2% desax, b3 deld 9 Adstel 94 =

L AR 2 9= e A4 we A78A 19 7]+ n-Fiber
(Fiber diameter 0.36 gm) 1.27 m, m—Bead (Fiber diameter 0.46 pum,
Bead diameter 6.87 pm) 2.05 pm, m-Fiber (Fiber diameter 2.21 um)
8.04 m, Bead—mix 1.95 um, Fiber-mix 2.6 m= <1H At =M
P2 mola= A ol Hl& 22 7S PR, vfo] A Z N

S df Aol 14 WA 7ES FAAIE A%E nad.

2. A7 HAL ) F b 2 7)1F (804 mm)E AYd m-Fiberd 2& o3}

[}
A#RE Begow 74 A JF (127 me AW

= ¥ 289 AR s A Aom FAHdn o
2 Sdto] g9 7)Fe 4R TR o] BAsE Age AA
st T g a&dlo] AT

3. NaCl 42 29 5 A =5 & SEM o|v A &4 A3 v
T2 774% n-Fiber& 4A7F § WFE= HAFeA ek #W
clogging ¥ surface filtration®] YWEFG T n-Fiber Xt & 7|¥
A m-Bead®} Fiber-mixi= NaCl ¢#7F € U Fo 3% depth

filtration®] X3 AsS BHAvh xWel A7 Fol F7] frslel €
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g3] o] FoAA X3 n-Fiber® At wEA A3 v,
m-Bead®} Fiber-mix= ¢A7F 8 W59 W #YUsHA X5
o] n-Fiberell H]3] clogginge]l A A%o] zpeto] HH3s] st 4
S Bt
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N
~

of 2L o 8 o2 d

E! PAE LA = A7 Al dA EA

A, T FAES AT A7 4L-0 gape 1% layer 97.8%, 2™ layer

shel g ot AL-Air gape 1% layer 94.3%, 2™ layer 4.3% 3

Ao UmA 14% GAE= 39 layer, 47 layerol Al o 28 Ao
|

o

2 Helt} golo] Atolo] 5 mm air gap®] €Ad= AF, FUEHE
719l A-3 Eujel &7 depth filtration®] WA 3}l cloggings =
FE 2948 ®Rod

® AT AE 4R AFHAY 99 Agd vAE 84xE T
o7 Agspg o, Algdolds F3l dolo] Afo] k=l &g At
A BHE #AEA T HoA goE Adrh A7HAF 3R oE
st FEjo] AFeF dolo] FRE AFste] FAdE P9 71E 5A
2 F34E, A% AsS Hotsiin. =3 A5E HESER dHE
&3ote] glelo] = WE A5 T4 ZHE Flsdt B AT
U 237 Hste] dE&AHoE AL Jled HAds ARt o,
SHo0® $F HIT 28 AYd FEE ¢seta HVAC
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Abstract
The effect of geometric and
multi—-layer structures on
filtration efficiency and pressure

drop of filter web

SANG HYUN ROH
Department of Textiles, Merchandising

and Fashion Design
The Graduate School

Seoul National University

The build-up of pressure drop with mass loading of particles
aggravates the breathing resistance and energy consumption of
HVAC (heating, ventilation, air-conditioning) system. Lowering the
pressure drop and extending the service life i1s the significant
requirement for above reasons. This study investigated the role of
pore and layer construction of filter media on the pressure drop
development with continued particle loading.

Five  basic  morphologies, including  microfiber, nanofiber,
microbead-on-string, and a mix of those morphologies were
fabricated via electrospinning. Then the variations of layered

constructions were made, to include a total 14 different filter
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structures. For the conventional meltblown filter, the web-to-web
space was implemented by inserting a bulk air gap between the filter
webs.

For a single layer electrospun web, the pore size rather than the
percent porosity had a major impact on the pressure drop. Nanofiber
electrospun web which had most small pore size showed high initial
pressure drop. Also, the pressure drop increased more quickly than
other webs, because small surface pores were quickly clogged by the
collected particles. The web with microbead on string showed a low
initial pressure drop. Microbead sustained space between nanofiber,
helping the depth filtration through the inner pores. For dual layers,
the space between the layers and the placement order of webs were
important factors affecting the pressure drop and depth loading of
particles.

For the layered constructions with conventional meltblown webs,
the effect of air gap on the reduced pressure drop was greater at the
higher face velocity. The inserted air gap was more effective than
the 0 gap in reducing the pressure drop, because the air space
between filter layers acted as an effective air flow channel between
the compact filter layers. The loading capacity also increased with the
air gap 1mplementation, effectively delaying the clogging and
extending the service life. The results of this study can be used as a
practical design guide to reduce pressure drop and to promote depth

filtration.

keywords : Pore, Layer construction, Pressure drop, Service life,

Depth filtration
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