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Nomenclature

a Packing density [-]
acr Packing density for coarse fiber [-1
arr Packing density for fine fiber [
C. Cunningham’s slip correction factor [

Caown |Particle concentration in downstream [#/cm?’]
Cuw Particle concentration in upstream [#/cm”]

D, Inter-fiber distance [m]
deq The nominal fiber diameter [m]
d. The nominal fiber diameter weighted by length [m]
dcr Fiber diameter of CF [m]
der Fiber diameter of FF [m]
de Fiber diameter [m]
dp Particle diameter [m]

D Diffusion coefficient of particle [
DF Degree of fluctuation for logarithm of penetration [-1

0 inhomogeneity factor []
A pf Measured pressure drop across real filter [Pa]
Ap' calculated pressure drop [Pa]

F Dimensionless drag force [-]

G gravitational parameter [-1

g gravitational acceleration [m/s?]
Ggsp Gap between surface of particles [m]

n Filtering efficiency [1
Nno Filtering efficiency due to diffusuon []
Nr Filtering efficiency due to interception [

Filtering efficiency due to interaction
M or between diffusion and interception [

n; Filtering efficiency due to inertial impaction []
Ne Filtering efficiency due to gravity settling []

k hydrodynamic factor [
kg Boltzmann constant [-1
Kn Knudsen number [




Nomenclature

-InP Logarithm of penetration [-]
-INP peas.  |Measurement value of logarithm of penetration []
-InP ¢,c.  |Calculated value of logarithm of penetration [
-InP ¢ Logarithm of penetration for coarse fiber [
-InP ¢ Logarithm of penetration for fine fiber [-]
-InP cr+rr |Logarithm of penetration for coase and fine fibers []
/ length of fiber [m]
Le Light intensity through air filer [
Lg Light intensity of reference light [
LSR |Light shading rate []
MPPS |Most penetrating particle size [m]
Ne The number of fibers in thickness direction [-]
Nce The number of coarse fibers [-]
Ner The number of finefibers []
7] Viscosity coefficient of gas []
p Pressure [Pa]
Pe Peclet number [-]
R interception parameter []
Re Reynolds number [-]
RE Relative error [%]
p, |Density of particle [g/cm?]
St Stokes number [-]
Spck Increase in logarithm of penetration for coarse fiber [-]
SprF Increase in logarithm of penetration for fine fiber [-]
T Thickness of filter [m]
t temperature [K]
u filtration velocity [m/s]
VEber |Volume of only fibers in air filter [m?]
Vriter [Volume of air filter including fibers and voids [m3]
We  |Weight of fiber 9]
Wce  |Weight of coarse fiber [d]
W e Weight of fine fiber [a]
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Fig.1 The relationship between particle size and penetration into the lung ']
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Table 1 Mechanical filter and electret filter

Mechanical filter

Electret filter

Types
8
Material Glass fiber Polypropylene
Mechanism Mechanical filtration Mechanical f||t_rat|on
and electrostatic forces
Strage life Long (10 years) Short (2 years)
Pressure drop High Low

BiEe~ 27 OEN, ENEDWREELTLHZETHDLZ LD, ZDYESY AT X —
B =N, KiAHERRIZ K> THIEDRN TR T, BMORWAN=INVT 4 v Z &l L
MUIRND, AN=TNT A VZE, BREGAENE W) REREFMZAT 5. mOER
EIARS 2720 ORRE LT, 7Y —UHE LTINS 7 4 V2 280 B A TGS
THZET, AIMEMEERT L LR KITHL. #lE LT, PIEYAZICHKRIND
AIMNERD 7 4 V2 (AR Z K 5 IRT. 7 =D Az U0 BV RREZ X 6 12
RY TV =Y RROAKE LTI R7 R THDL OO0, 810 KT 72 ARIEKE 220

HeALTRY, MXEROEBUCFE L T 5B

Fig.5 Pleated filter

Fig.6 Cut-opened filter




1-3 & efEAeLE

PiEE~ A 713% D EITIE CTe MR 03 H 0, & 2 [T & B0 @i e vE T
B & BREEDBUE STV 2 B @ KERFLORIE LT HM T, —Eit#E 40 L/min TEX
LB BRER A NEST 5. — K, MENRITT 4 v Z OFIEITIS URLf OFRELE N
A B E ST 5. RIS HR AT RE(Replaceable), D [ df#i\ M5 C(Disposal), S 3 [E A%k: 1
(Solid)lZ xS Al fE, L 1 diRIAKIF(Liquid |2 RIS AT RE & WD) Z & 2R L TWnWb. £/, =L 7
Ny RZ 4 V&1L RS, DS 12, AH=HNT7 ¢LZT RL, DL IZ&4 L, fil& LT, RS
(Replaceable Solid) 1%, ZZHLFIREMNDEUARKRLF-XIETH D Z & 2" d. WThd Type 25 1,2
FON3 & ERA D 2 LISk O EMENBINT S 2 & AR L, HERO EE 80,
95,99.97 % & LA 5. SR LT 2 BEKEID 70,80, 160 Pa & EH- L, AEHEMDOS
WHRLFIZIE, B L EOmE AR L, MESFELELEIETTND.

T, RARBRICOWTHEMT D7D, A=AV T7 427 Ny N7 4 VH
D fx KB IR 18 (Most penetrating particle size, MPPS) % [X] 7 I[Z/RT™. AW =H /LT 4 )V HD
FEZDRITRLF RISV, LA R B, R FEBRRE WL, Y, HE, &30
<. HEEREII N O 2 TOMEHMEOEGHE T/REND 729, 200 nm U7 THALHIZHH
SN 720 (FBEED R, Z ORI MPPS ThH BB, — =17 Ly k
TANZINE, AT =TIV T 4V F ORI, BRI K DMERES MR IS, B
TRENPRKE VR, R FICHET 2BMENRKE L RV HEDRITIEATLH. To/R, K7
DLEY, MPPS IZ/MRIRMNIICY 7 R L, =L 7 L 7 4L X O MPPS (% 80 nm {3 &
5.

I

Table 2 Class of filters for Japanese Industrial Safety and Health Act

Standard Target
Filtering Efficiency (at 85 L/min)

firter Type Usage Pressure drop [%] Particle N

(at 40 L/min) Toxicity
[Pa] For solid For Ligid (Example)
(NacCl) (Dioctyl phthalate)

RS1 = 70 280.0 Sand Low
RS2 Replaceable < 80 295.0 Weld fume Middle

Electret RS3 =160 299.9 Nanomaterial(CNP) High

filter DS1 < 70 280.0 i Sand Low
DS2 Disposal = 80 295.0 Weld fume Middle

DS3 =160 299.9 Nanomaterial(CNP) High

RL1 = 70 280.0 Water mist Low
RL2 Replaceable = 80 295.0 Tar mist Middle

Mechanical RL3 =160 ) 299.9 Indium Compounds High

filter DL1 =70 280.0 Water mist Low
DL2 Disposal = 80 295.0 Tar mist Middle

DL3 =160 299.9 Indium Compounds High
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Fig.7 Filtering efficiency for mechanical filter and electret filter

B RR AT LS W EDRORE BT DRBREE A 3 1TRIB, -5
WIS AOFRETHY, =L 7 by M7 4L FE 60-100 nm, A=AV 7 1)L &
1% 150-250 nm OFIPHN & ED LTV D. Z ORI -BRITHS 7 4 L F D MPPS D#iPH & [F]%
CTHEMRGY, WMEDEEZH LV CTIMETE S L5 IR TW5. MR LF
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TANHZT B VIR T OWRBNCEY, TANT 4 VE RNV ZEiE L, £ ORiED
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Table 3 Test condition for Japanese Industrial Safety and Health Act

Test Particle
Filter Series Median Standard concentration Flow rate
Type diameter deviation [me/m’] [L/min]
[hm] [-] me/m
Electret filter RS DS NaCl 60-100 =16 =60 85
Mechanical filter RL DL DOP 150-250 =16 =100 85
Upstream Photometer
Compressed
i t Test Filter Holder
Downstream Photometer
Mixing
Chamber AP Flow Meter
I
Aerosol
Generator
Vacuum
| ‘ @‘ ‘ Pump
' Exaust
Compressed
Air
Fig.8 Automated filter tester Fig.9 Internal structure of AFT8130AB7)

(AFT8130A, TSI)B7)

B RAEDOTE LWRIEZX 10 (23907, [Efg2e5nT h~A — e —F 2 —7(ADT)
EEICEID ERWEIC KV BEE L 220, ADT DR &2 W BT 5. ADT B~ b iRkl 723
BAEL, TU MLy bbIRET D, 2O/, A 37 Z—ICBWTHRR FIEREIND
e, 47 I m A RO DHPRET v NSNS, T AT 4V Z RV
A0 M, NIRRT, ENENORFERERBK 11 O7 + h A —Z|Z@R[R SN 567,
TH MA=ZWNHOTA F— Kb b= —Zh T EHZEKUCIRA L, & OBEDEOTRE
X7 4 b7 4 77 2 —TE S 4L, B OV R O HCELIEIREE D L S RN E
Hahs.
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. .
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i -
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Fig.12 Internal structure of SMPS (Model 3034, TSI)
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THIE U722 B 13 12T, B4 O H fE(NaCl:80.0 nm, DOP:181.1 nm) M OMEE(R 7=
(NaCl:1.55 nm, DOP : 1.58 nm)D &H 5 6K 3 OREEAE L TV D Z L bbb,

— 8 x 107 - .
[ap) Median Diameter : NaCl 80.0 nm, DOP 181.1 nm
g Standard diviation : NaCl 1.55 nm, DOP 1.58 nm
* ©NaCl ODOP
7 F
S 6 x 10
e NaCl
© Median g@%
+ 60-100 nm é Yod
Q 7 k- 8 < N
’é 4 X 10 o < /22)
3 Q
O o
Q0 @
e 2 x 107 \
>
C
]
O
5 0 3
& 0 100 200 300 400 500

Particle size [nm]

Fig.13 Particle concentration and particle size for NaCl and DOP
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W2E T 74NV ORTFHEHER

2-1 B—BHEDOR FRIEA V=X A

WA TR SN D 7 4 NV Z DFFERNRO A I = X MIMD THMETH Y, b IR
Wt LT, H—MEDMENRICER L, xR R_TA—ZOOROZEZREST HZ
ETHBMNIR S, KIS L THREICAE SN TWD 1 KROMHEZFIZT D L&, X 14 O
LB, IR, HY, B\, BEHO 4 FEODEDPRAHEICEH EEZLNTEY, K
DET ML LTZBRAEE STV 5. KPR Z L OESNRZ R 15 1IZBWT, LK
TR DN SRR B &, LSO D | ML OE TR AR K E WG < @)
<. HEDHRIZIINOEDROEEIT /D720, BILE—EDOR G 200 nm) THER%
PR 725, Fl2ZORIFRIT, bR DNERT 2R THDLZ 0D, —RIICTRK
iR -£5(Most penetrating particle size, MPPS) & T4 T\ 5 35-36],

a) Diffusion ¢) Inertial impaction

b) Interception

—

d) Gravity settling

Fig.14 Filtration mechanisms for mechanical filter
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Fig.15 Theory model for filtering efficiency
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TNz L > TABANCENE, 7T U Ef EMHIND. 77 0 L EER RV &, X 14a)D K5
(2, RIS R & AMLTRRAE ICHE Il LIRS D, 207 T U ViEB 4 T 2 koo
IRT A —=RIL, Bl & YIRS E O A R LE(Pe)TH Y, K()TRDH
NS . de ITMEHERS, u 13 AU EE (BGE), D 13Q2) TR S D LB RS T d 5 13841,

dFu
‘=D (1
D= CckBt / 37Z'H.dp (2)

T T, CAdh = T LD, ke 13RIV < B, I TIREE, w 1R MEAREL, de 13k
DFEZ R RPN NE 2D &, SRR D 133U~ VI Pe 1I/NS <72 5. <7
UL Pe 3 /NS N L X, B iitlmos s i X0 i sl S I bV ) T AR L TR,
PEBEN RS0 < 72 D PEBENIRIZ L DR OF] & LT, Kirsch®I23 228 L 72 Blim iz
GIRT

np = 2.7 Pe™2/3 (3)
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b) Peclet number vs. filtering efficiency
Fig.16 Correlation between Peclet number and filtering efficiency

due to diffusion with respect to particle size.
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WD IE, X 14b)D K 51T, HHEIC K > THIMZZ X T2 ARSI > TohLF-28, fkMED DRI
RN OREEZ @ UK 5 & T ISR MEI i L, fiE SN2 A D=L TH
5. W2 K DB pp 1 TR TR R E W B &, b2 dp LR dr DL TH Y,
K@) TRENDIEY T A—F RITEY KR EN B4, Fi-, WY IZ L B LRI
& L C, Friedlander®232 %2 U 72 BER A X (S)ITR T

dp
k=2 4

ng = 1.25R182/2k (5)

k1Z3(60) TR SN B K TNFHR AT H D14 K ITFHIIR F- k 13RI % 58 3 5 2850 ke
WCUTRE L72BS, I LV RIRICEANE LD, ZOBARICLVRETHIENHEEEEE
THIDIT, 7 4 VX OHEFIER ah B LT HKITFHINT bk Z#EANTDH I EPRES
ni-.

k = —0.5Ina- 0.75 + a — 0.25 a? (6)

T 4 VH T S D A 7 HERE dr(1000 nm) & AIEEEE 1 (0.2 cm/s) & W THEH L7z
KL APE dp (ZKET 2D DRI L DIHELER g LD RT A =2 R OFUREIK 17 [TR-T
VTR dp DREL D &, WY RT A—4 R KOV BRI K DIEDNR 13 LH9 5.

FEHAR AR T DD IC K DHENE np & AKRITFR T OBMREK 18 1R T. BHEa
D EF-E & BRI T KT L, 0 RIC KX DIESNR 2 EHT 5.
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Fig.17 Correlation between interception parameter and filtering efficiency

due to interception with respect to particle size.
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Fig.18 Correlation between hydrodynamic factor and filtering efficiency

due to interception with respect to packing density
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LTINS 238 0 12 K 2 B —fiE DTN pe & [FARRIC, 1BPEIC K DHEERNE n 1R
dp LA N—7 2ZH St ITHBIL T LTz, L Ly s, Kir-@BnF ) A— LA —4—
OB T, IBHEIC X D HEER g (3 0 12 X DIEDE pp & TR, K72 dp
723 1000 nm (Z331F DN CTLEGT 5 LD 1T L DR i 389 0.8 THDHDITHF L,
B 1389 0.14 ThHoTo, T, Y XT A —F R HRHERS dp I L THIINT 2 DIz
s L, 1BME/RT A —% St BSRL7HE dp D 2 FIZHBIT D720, 1BPEIC X DME D LK
TR EEI T e L ER HID.
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B, 14d)D X 912, BN KEZ 7okl 03hi BIROE N L - THlHE RIZE T L, H
LINDAN=ALTHD. NADRTEIIINT A—F GHBZLERI7ZR K+ & LTy <UL

_ Ccppdig
~ 18uu an

HANT A =2 OWKIE, A b —27 28 St LFEBPILTWD A, Al u ([ Fld 5 &
W) RN D, AEEE u BHINT S L, B K VIR S DRI AEIN L, FEE T
Ml < BN KDL FTRER KL AW T D720 Th 5. BT L DHEDE ne O
;& LT, Yoshioka & 23 (12) &2 #2452 L 7202,

ne =G/(1+6) (12)

K28 dp \ZxF T D EINT K DIENE ng M OE )87 A —% G OBMRZEIX 20 12777, KL
FFA3 100000 nm (100 pm)LL 235, ESNT A —4% G BEMIZ EH L, i3 2 ESH=E
ne LIAKRIZ ER/- Uiz, ENICKDEA D =X L1F, 100 um LA ETHE E 2 D728, T/ A
— FVORERCILE N X D MEREILIZ LA LB e 52 5.
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a) Particle size vs. filtering efficiency and gravitational parameter
Fig.20 Correlation between gravitational parameter and filtering efficiency

due to gravity settling with respect to particle size
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2-2 %—%ﬁ%@)ﬁ%iﬁ%ﬂ?ﬁ@'ﬁg

NS B E O FiEE PRGR A 428 L 7o WF7E% 13 Langmuir (1942) T 553, LI K HHL
TR TR & RS DO &2 R L Pe \CHBIT B S RE L, FEBR
FERMNS, PLEBRMICA)D E BV IRE Lz, E I X DHEDE gr L, B 12 dp &l
MEES de DHTH LY RNT A—5 R ZEHE LD, KROBEIC bIEFT L5, v
AV IVAE(Re)Z /N T A —FITMZ =R ZHRB L, B 2EROMESRLE LT,
JERR LRV I L A HEE A A LA ERE L.

np = 2.7Pe~?/3 (13)
1
n=np+ ng (15)
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Friedlander (1957)i%, Langmuir(1942)D R(15) & [FIEEIC, Bk OIERN R L R & Y
OMETRIND EFRLE BT, L0 IEMERTHNAFTREE 725 X 512, L, #Y 2h %
MIZDWTC, B2 a2 L7208 B & o FEE R4 v ERNIc, X6k
DI EBEHORXGH R T O LBV ITIRE L. kIR UL 2-1 HTEEH O (6) TRS
NHIKIJFHIRFTH 5.

2.9

np = Wpe—z/3 (16)

Stechkina (1966) I, Langmuir(1942) DYEHEL & D ORENF 5 B H O EBRER G, K
A7) EFXA8) ITRTEBVEE LB S51C, LM EEY 2N ENOAZEAERIC L » Tk
AT DAHEAE nor 29D E BV IR LT, 6 1T ARBE—MER 1 & FEEh, RRO)IRT &
T, EBEDO T 4 OBKIPFERE AN T 2 KD AR Uiz is S hiaHE
(APYDTH 5. H—kiEofEsh I, K17), K(18), K(1YDEHRTH LK (22)TRS
o ERELE.

np =2.9k™3Pe=2/3 + 0.624Pet (17)
_ 1 {2(1+R)1 (1 +R) + — 1+R} 18
e =S¢ n 1T R ( ) (18)
npr = 0.624 §3/2 |1/3 (19)
_ o
0= o (20)
Apf = Fuul (21)
n=mnr+ Np+ Npr (22)
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X 5T, Kirsch & Stechkina(1978)1%, FHHEEE EREE D7 4+ v T 4 T HEBRE L, 2K
OHfifEDNRLE Lz z2 0 HY, FREEE2 K ©23), X@4), XesSHYD LBV,
Stechkina (1966) DA E1E L 72155,

1 1
N = 2.7Pe™*/ {14 0.39(k) 5Pe3kn} + 0.624Pe ™ (23)
! 20+ R)In(1 +R) (14—R)+— ! + 2.86kn 2+ Rk 24
TR =2k . 1+R 1+R (24)
Npr = 1.24k~1/2pe=1/2R2/3 (25)

Lee & Liu (1982)!Z, Stechkina (1966)=<° Kirsch (1978) & 131 C, np 1% #r (T & > THE L7281
Fr,mpbELppIZE > THELRF2ENZR _EH L TRV, TONEET 54
TN D LBz T 7k, Bzl FHHPHMER D) & JER T 5 721, JHERS de 23/
SUVBEIR(<2 pm) TIET RO RN RET D LB R, EREEL 7 X v B8 Kn T LT-H
T 5 K(26) & B L 760,

—np + nx —f(Pe,R) = 1.6 (=%)1/3 pe=2/3 4 0.6 1% K (26)
n=™np T Nr ’ = 0L kn (1+R)
Liu & Rubow(1990)i%, Lee & Liu(1982) & [Rl4kIZ B am=X oD H &t ke S 2 IRk 5
720, TROBREZBETEDLI7 X8 Kn 28T A—2 L LTz, #Hi-2X02E

A(28) & MR L 72671,

Np = 1.6 (Y3 Pe~?/? ((1 +0.388kn) " ( m)) (27)

Kn

R? 1.996Kn
nR_06 Kn (1+R) (1 R ) (28)

Liu & Rubow(1990)73 4218 L 72 Q282 L DIEBEN R L DB R % npw EERT D &,
Payet(1991)i%, JAERh 350 << ~<7 LI Pe DMEWEEIRIC BV TIL, npii 238 KT &
NDZLEEMLIZ. 22 Copu k7 X v U8 Kn TIEIE L723(29) % 298 L 726,

) ((1 a)Pe) 3
np = 1.6 (K;:‘) Pe=2/3 ((1 + 0.388Kn) ~ 2~ ) (29)

+71p,Liu
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2-3 Fan Model Filter (FMF)

2-1 RO 2-2 T T, B OREDRIC OV TR, Mgl 7 o L2 2k
DFFERNRE M D Z LN TE 720, Kirsch(1978)1%, H—flliffE DIfitEZN = » 12, MRHER dr, &
WRa, JEA T %37 A —4 & LT, Fan Model Filter (FMF)DJF &2 _X— 2 & L7127 VX 4
(KDIHEN RO/ A IRR L7255 FMF OB & 13, 7 4 V2 2T 2 i O ke 23
=TV, ETOMMESEIRICK LRE T, H—ICRBEShTWD LRE LIZRETO
HWENETHS.

y EWUNEE dT OB S 7= OMENRL T2 &, HAKEHZ o= 7 1 LR
JE X dT % @i 5 2 MICHE SN D R48 ne 13XGBO)TREND.

nc= NydT (30)
Z 2T, N IFUNB IR AT DR EEBURE CTh 5. UM 2l 2 =7 1 Y L O

FEWD 5313, NSy Al 2 AR O = 7 1 Y VR ORI SN HRITFE ne \IZF LW
723, RGBDMBLY L.

dN= -nc= -NydT (31)

REHEESI2ERTHES L, XB2),X@3)Dn LBy, XEET L, BEEPEZRDOLNDK
BHNFELND.

Noue dN t

fNin t N T Jovdl (32)
I (Nou/ M) = T (33)
P= e 7T (34)

Z 2 T,neld, Bl 7o v ORI (MM D HALR S H72 ) OERTLHF) 2 D &
KBS TREND.

ne = Nr/dFLdT (35)

HEOIFHBS) EE LW ew, MNESHNES dT OHENE S 72 0 OF#EN= » 13K(36)

TREND.
yzndFL (36)
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I T, RERAT T 4 VEEHEICKT AR O L2 3720, fi#EE L 13X37) TR
Ehb.

L=4a/nd, (37)
2(36) & @B HAB)MBRKD BN D.
y:4a77/7rdF (38)

KB4 LK@ D, K HBERE RT PHAXEBHD LBV ITRO LN, FHESRE & LTIE
K@) TREND.

P=1-E=—e"" =exp (-4anT/mdy) (39)
Fe 1 {— 4anT} 40
= exp — (40)

Kirsch (1978)IZR(40) 2K L7228, EBRD 7 ¢ V& o T2 Ad 1 U= HisE 2R o FZE
LEMRMEZ R LTz L 2 A, Tl RE WD LIZRDW o, FMF OB TIX, & TCoOfkED
AR LIRE CH—ICREINTWD LRE L TWDER, EEDOT 4 V2 T, £2TO
WHEDSUED LBV ICFHRIE I RWeD, ZOTMEAMIET 572912, BEHOFQ20)ITRT
R MR 6 ZRE@ONWIIMA D Z L Z2EZT-. SBI, FEE DT 4 T 4 T HZEE
L,aza(l-a)(1+0)C,n % n/dCEIBRAT-NEDEIRE LB,

(41)

=1 { — 4anT }
T TP - L+ 0)s 4

FMF BEiRlZ33< 7 4 VX OFEHRIFXGD TRERHTE 2 Z ERHLMCEN TN D
W, B iHE OISR 5 IZOWTUE, 22 IR T L D IS, HEOMER NEmNAEE L
TWDHTes, TORELK LT, 7ok, WEE EIZRETOR 4 EORERETE D
DEETERTRUBETH Y, 100 %23 < A0 T 5. — 5 C, MENEE LB
T ORI E L TR@)ITRT L B0 AR 2 W B80E 18 2R (-InP) A3 & 215901 [%] 21 @
£ 91, MHERL G BTk LEARAITHEINT 2 720, FHIHEERfE o 5. Zoizw,
T A NVERFRIZBNT, —RBNICFHMIICER SN DT A—=F ThH L. RKFRICENTH,
FHEENEREFEIE & L C. xHoBZ - InP TiHMIT 5.

—InP = —In(1 - E) (42)
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Fig.21 filtering efficiency and logarithm of penetration

LR OHGRADO FRNGEE X, EBRD T 4 L2 ORFENRT RN 3 2 BRICEHE R
IR CTH 5. 22 ETHAN LB, BEOWIIEED, X 0 RKEO @O LR R T A
THODOWMEZE T L TE Y, 57 HOBGRAL IR, ENENDRE LTt
HEZE » ZRXEDITRAL, EBEO 7 ¢ V& Oxb5id i 2 L E (-InPues.) & 7 HAE (-
InPeac) DHEGER 2 22 1R £z, FIEINPuress) & FHFE(-InPeac) & FV, 2L (43)
MHE M U72FxRE 2 (Relative error, RE)YDEHIE A £ 4 (2”7,

RE = (=InPpeas.— —InPcajc. ) <100 (43)

—InPpeas.

7 FOMGRARTIZEN T, FHRMEITEREZ TR The, 2F 0, 2 ToRRRITFHE
AN LTV D 2 L2725, 7 FOBGRAO T T, wHfoki R IR IE & G E O F %t
A B /N SV O Kirsch (1978)1C X 5 #Ea=NT & - 72. Bulejuko (2018)3K~<TW % &
¥V, Kirsch(1978) D BGwm AU, FLHUZ K DT np LIV 12 L DR e 1217 T2 <,
np & nr OHFZNRIC K DL por ZRBELIMF LIzl B o000 2721,
Kirsch O FHATH XTI 524 % & @ oD, EEEDO 7 ¢ v OMERE TN H 7T 6E
LIFE R,
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Fig.22 Correlation between Measured logarithm of penetration and calculated value

Table 4 Mean relative error between measured -InP and calculated one.

Mean relative error

Theory (%]
Langmuir (1942) 76.1
Friedlander (1957) 4.4
Stechkina (19606) 73.7
Kirsch (1978) 52.4
Lee and Liu (1982) 73.8
Liu and Rubow (1990) 80.8
Payet and Liu  (1991) 92.0
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2-4 HFFEEBY

BiEE~ A7 A==, AI=T1VT 4 V5 2T 5802 R T 2 BRICIT LKA
TSR (R ORRIE & HEEERRE) L, %< O a R hEEE) & THAEERF) 2 A
MBI, A—=H—IZL o TRERAHL R S5TND. 2-3 HTHBRARET 4 L7 OHGHNT
I b5 O B Kirsch (1978) DB A AW CxHB B R 2 FE LT H, EHME & oM
72X 524%E REWV. - T, BUEE TIZHE SN TV A EERAEZ HWTEMN 7 4 V% Oxf
BF WL IEMICTHIT 2 2 L IINEETH D &R 5. Hrllsh OB R, 5 E <o
EVEESE, ZRAEEMEOAN I A M 20T THEERRLEAE 552520, 22
T, AR, HER T 7 ¢ L Z OREZNE A EMIC TR 5 5 EOM 2 ARy E L, Xf
HoBimsR L MDA 537 A—2 ZREt LTz,
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FI3E JEERIT L DM EFEERETH
3-1 B BRORE T A —F

BIEE~ A 7 O3t #oE = & R 5 KA TR A LS 5 720120%, HEoEEE &4
BIRRZFF D & FHISND R T A—F AT HERS H. £ 2T, MEGEHEOME%
23 \TRT. R IR & MRHEOBEMRIC K> THE L D720, 7 1 v F O FEE RN
mOER, BN EH L, HIOEREREL 8D LB OND. K X b THIEATEE & W
9 J.C,LED 7 A b & SLR (Single lens reflex) 1 A 7 Tl T& % MR (Light shading rate,
LSR)IZHE H L7z, LS Z X 24 1T-77. HOEIE LSR (3o =g & [k, 7 4V
BN E ENDMHERICHAE L CHINT 5. Jhbb, MEEEE-InP S MHBEBERE TS
HLOLETPHREND. 2T, MRELSVEBRICEZ 27 A N7 o V2 2 ERLL, xt¥ok
WE-InP &L LSR OFIBIBIMRZ 04 L, Rl L7280 & 5 B0E =R O T 23 AT HE
ME DDA LT,

Inlet Outlet Outlet
2% ¢ o2 -
L . Q. . . .. ’: ’ - ®
.,\‘o o .
Particle Fiber NV
Filtering efficiency : Low Filtering efficiency : High
Packing density : Low Packing density : High

Fig.23 Concept of filtering efficiency for air filter

Incident light ;;Ei | Transmitted light Incident light
: N

> @) > D

Transmitted light
.

2>

LSR : Low LSR : High
Packing density : Low Packing density : High

Fig.24 Concept of light shading rate for air filter
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3-2 TABMZ 4 NVFIER

AW CUE, HOE R %4 EMEICHET 2 2 LICEAZ B 2, R4E S 53 Bk 7
BOREN ST UE, 74 V2 il d DR EERE IS T 2R REL R D720, JE
BEEIELS 25, Lo T, b FiRELZ &< TOLENDH L. BiEE~ A 713 85 L/min DI
BCHENELZFMT 2LEN D D0, —RIRTT 7 4 VZ ORI IT 2 EGE 10
L/min) & bR TR E L, REROBEBRL TIRENME T 5. 2T, AR ClIm R 7R E
AR B 72012, RBRITEEA 5.5 Limin TEMT 2 2 & & Uiz, AP CIE, ERRETTHR

AIBEREAD 310 cm? THDH 7 A N F & Z—5 > I LT3, 5.5 Limin TIXSRER 2 - T
LEH. £IZT, 51T LI, RBOIREMEEKRE L, AlimfEz 19.6 cm? ([l
R % Z & T, EERDOPE~ AT T 4V FZ DA (4.6 cm/s) & —HSH 7.

Table 5 The shape of test filter and test condition

Commercial Test filter
filter

Item
Air flow rate Q [L/min] 85.0
Filtrationarea A  [cm?] 310.0 19.6
Linear velocity U [cm/s] 4.6 4.7

U= Q -1000/ (A - 60)

T DMK, BMEOR S, Zffilga A b, @R OER S EOHH T, EERICT 4 v
HA=T—IC XL MHENDH T AL L=, £ 6 1R T X D ITHEKHERRAS 0.8-2.7 pm @ 4
AN LT-, 2D 7 4 VA MRS LTI ZRER Th 5. 72721, EitofiEe
X7 4 L2 A—7—75 Brunauer Emmett Teller (BET) % & - TR O 7= LbE & D ©H D AFMIE
TLMRW., 2T, EERICHRBRICA N T 5 e T E A E B8 SEM (Model Phenom
ProX, Thermo Fisher SCIENTIFIC)ZffiH L, X 25 @ & 35 0 fkHER 2 0 L, &-FE 1000 fiED
FEME A AREMAMER & LT 7.
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Table 6 Fiber diameter of glass wools for test filter

Glass fiber 1 2 3 4
BET Mean
(Manufacturer data)  diameter 0.80 1.00 1.80 2.70
SEM e 078 0.95 201 2.99
lameter
’gjz Avg.
=10 Avg. 2.99 Hm
ti“ g 2.01zum -;
§ 6 i
Avg.
% 4 o.%gﬁm 0.95 u i
38 i ; -
U T
I |

Fiber 1 Fiber2  Fiber3  Fiber 4

Fig.25 Fiber diameter measured with SEM

26 \ZT7 A N7 4 WAVERIOBENS & /R g™, B T AREHEZ KIS B S, PRSI L
ATe. PRRER O HYLIZITIX 27 IR TEAR 105 mm DU A Y — A v ¥ 2 MR ST PO
HY, PIRERD B DIEMZER E M LAt Z & TRIEZTNHEH S, A v a I
HRDBTER S ND. TA Y =0 =2 LOBMMEHERIICE TN DK ZRERITT 2D
) 40 FPH M 225U TR I i S 5. POHEER D B Y ) U 7o ikMEHERS ) 2 In A Uaz g
HE(VTR-115,ISUZU)C, MNEGLHEE (GREE 140°C, B30 0) T 5 Z L TTF A b7 4 VW H & 58K
A
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Compressed air
Water

Fiber Glass

~ kK W wire gauze

Drained water

Fig.26 Paper machine for fabrication of test filter

150 mm

Wire gauze
(50 mesh)

Fig.27 Paper mold with wire mesh
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FARNT 4 NEZEERT AL, 27 D EBY, PRED RO EEER Y BRT 5.
FEAGZ2 5 2 105 0 AT BR O FPHRE /11T 0.0-0.3 MPa O#iH CTHEEAIRETH v, EE ThiuTE
BRI CHEAK T 2720, 1ERIBNRNH L7252 U v b23H 5. LU S, WHE D Ik

Y DR IC BT B 1-0b, 7 7 4 2 ORI EIC B E 5 2 5 THEMR 5 5.
T, PRENOFBEMET D100, SERHN LIRE DT, FHRRIERE L 725

Fiber 1 OBl A (#EHERE 0.78 pm, 0.3 g)?&»ﬁﬂ% L, RTICRT S RMUEOWHETT 1 FfEZoE
25 i3> 7 4 N AR L 7o, PR & et Bud i R & R YE(R 2=(Standard deviation, SD)?D
BIfRZ X 29 (2777, 0.20 MPa B 2.5 & BOERRME T 95 i, fRHERAES EFL,03
R Tz, —77,0.10 MPa L FOSMAETIE, £ OEMERAIL 0.2 LLUF TLEL TV e, 550
JER@ENE T A ¥ — Ay EAOBHEHERE DR TR S L 5 728, (EIRH T o xt¥
BROIOLDENRKEL R, B EEMMET LD LB 6D, EEEFED
FEHE(R 7 SD 28/ N S W EAF A ERLZAF: (0.01, 0.05, 0.10 MPa)D 1 Tig b 48 HEE] THIE T& 5
0.10 MPa & fei 5ot & L7z,

Table 7 Test condition for fabrication of test filter

Pressure during

No. the papering process
[MPa]

1 0.01

2 0.05

3 0.10

4 0.20

5 0.30

6 0.8
Q 107 o
T 5| (i) i) (}) C;) % =
- 106 D
S 4 | c
© {05 .%
b g
c 3 r 104
o o
= e * 13 D
o 2 r . g
L 4 L 4

E 1 0.2 %
ks 1 O Logarithm of penetration {01 @
g @ Standard deviation
- 0 0

No.1 No.2 No.3 No.4 No.5

Fig.28 Logarithm of penetration and standard deviation for test filter
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TARNT g VEE, RYIIRT AFEEEZEHR LT, 2 TOT A N7 4 VZITIX, T A
MEEEETDHEODONAL VA —=REESNTHWS. BARIZ01 g5 06gETO01gTO
I E 7.

Table 8 Fiber diameter and weight of fibers for test filters A-D

Weight of fibers [g]

Test

filter Fiber 1 Fiber 2 Fiber 3 Fiber 4 Binder

(0.78 um) (0.95 pm) (2.01pm) (2.99um) (13.0 um)

A 01-06 - - -
B - 0.1-0.6 - -
C - - 0.1-0.6 -

0.25

290%, SEMIC L > TIEBNTET A7 4 V% A-D DAMELZ R L TWA. T XTOEE
WA OIDERED 10um Z B2 AHETI A X —Th b, iz, A X —NERE~ A
JaA— MO T ABHEZ B Z AL TEE S E TV DOIRTFRHALND. 1TL A E D]
MEDRARICEREL R T HICALE SN TR Y, —HOBHEITER > T HD0D, LA LED
WL 7 A W EZ AT A THNIZHBL TSI ERbhd. LoT, ZTNHLDTARNT 4L
Z 1%, HEOBLE 2B 5 FMF Blm i rlRe 2t Th 5 L B biLd.
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[ R——

| AN

Fig.29 Scanning electron microscope (SEM) image of (a)-(d) the test filters A-D,
(Weight of fibers : 0.6 g)
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3-3 BHMETEIESR L EAEIE

TARNT 4V H OB L MBOHFRE L WNE T DN, FEAMERE LTTA M7 41 H
A-D DD FHEL L JEH T HFETHZ L & Lz, 74 NVZDER TIEK 30 (2T
v 7 F A —(Model H, PEACOCK) % W, 1 o 7 zo&, HIEOT A R 7 4 VX DH
D% 08 5 HEELE MK 7 M Ofl B WCHERR L 725 20 S&2RE Lz, 7 4 /v % O
FilZ 622 em? LEERITH D728, 7 4V Z L ERFHEORAICL Y, ZEREET 7 4
VA DEFITREHTE 2. Hi\ T, Rz 3HHT 572012, Mk ik o 2 o Bf % X
31 R E Y J A—4#(AccuPycl345, SHIMADZU) CHIE L7=. 2 /) A —Z OHIER#E %
R AT VTN TF vy NI EEEOY TN B ANNTE L, @RV AL —EET
Py LB ECHREA D, D%, NV T EBREILRET ¥ TR, FATIES) P, &R0,
Py & P OND, B TV OERERHIE S D, M3 HED B DERFEE V piver, ZEBR%E 5
o7 A VHDEFEE Ve £ T D&, 7 4 VH DIE alE V river/ Vi C/RSND.

Fig.30 Thickness gauge, (Model H, SHIMADZU)
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Fig.31 Pycnometer (AccuPyc 1345, SHIMADZU)

() !Expansion

Valve

: chamber

|
/

Fig.32 Principle of measurement of fiber volume with Pycnometer
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WRHERS dp MOBA & W lZXH T 27 A N7 4 V% A-D OFHEFa# X 33 1T7-T. MR
dr DI 72D EFHERaSE\INT 5 Z EDR 00D, T, MEERPHWE 7 VX 2T 4
TINT, WHEF LR L WV BBICRET 220 BE2 N5, TO—FT, KERaIMMED
LA B We IR —EDEA2 R L. ZOHEBICHOWTIE, SRS E W% 0.1 g2 b
0.6 g FTHEMIETYH, FA—HHEROMHMENE X TUEANE T2 T, 7 4 VX ONEE
EHEPREDL W=D EEZLND.

WA, FRHERS de L OBCA & Wl 5T A M7 4 V% A-D DEL T %X 34 \TRT. ik
HECIIE A S E BN 2R % T L, MRHERS S ROERIE AN LT-. 708, JE A Al
AEICHHILTEL 20, 2 TOBHERICBWT, A RICH LERIICEMNT S Z & 23
RENTZ. K 34@ICEBWT, CF DECAEN 0 g IZB T 5/EL, T7abbU I 0mm 2725
T TH D03, 0.30-035 mm BREDELDNH D Z E03nnd. 2, BTOT AT 1L
BN T A AT DO DA X =N —E& 025 g THRAINTWATZH EE X
HID. NA U E—OMMERIT 13um THY, 77 27— )L Of#ERL(0.78-2.99 um)IZx} L,
AEIZKLS, BEHOBEIMIAD 2 RWEBEL b3 EEZILND.

Kirsch H3EZE L7- FMF OFHROX@ED D6, K- ELRITIIER L [E I Hfi4
D2 ENFBITWD., JHEFEREInP) b FHENE & ARk, FHEERNELITHEL T
WINT2b0LBEZXHND T LG, 3-5 BRI HEHRBIZONTELRET HEOFHRIC
AT 5.

39



0.12

0.10

0.08

0.06

0.04

Packing density, «[-]

0.02

0.00

—0 o 0 ] o
O - S S - S o
T o o o . o
L] TestfiterA dg=0.78 um
> TestfilterB dg=0.95pum
/N TestfiterC dg=2.01 um
O TestfiterD dg=2.99 um

00 01 02 03 04 05 06 07
Weight of fibers, Wt [g]

(a) Correlation between the weight of fibers and the packing density

0.12

0.10

0.08

0.06

0.04

Packing density, « [-]

0.02

0.00

M\@

10.00g O 0.06¢g
¢$>0.02g =2 0.08 g
/N0.04g + 0.10g

00 05 10 15 20 25 30

Fiber diameter, dr [um]

3.5

(b) Correlation between the fiber diameter and the packing density

Fig.33 Correlation between parameters of test filter A-D and packing density
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Fig.34 Correlation between parameters of test filter A-D and thickness
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3-4 SEYEERHEIE

SR E H1EE X 35 1R T. HIRIZIE LED 74 h(Model LM-6M, Hataya limited) % fifi
ML LED 74 FONHEZZDEEMEMT DL T A FOFULER & AMEF THRIRE DR Y
MREL, HBENGINZEV BAR>TLED. FL—3 07— =2 KA NRD LIZE
<&, L, BN K2 HBEDRY 2T 52 LN TE. 22T, 7A M7 4
NEEAEMET, 28D L— o TN =il LT A LED 7 A kO E RIZHEE
& L7z SLR I A 7 (Model D850, Nikon) sz L, & DIRJE & AFEIRE Reference light
luminance (Lr)& L7z. KIZ, ML —I 2 7 _X—= =D LIZT A N7 4 V& ZE X, [A CEH
TR LIZEiB % 7 ¢ L O E5EE Luminance through filter (Lr) & L7z,

SLR camera
(D850, Nikon)

Test filter

Tracing papers

LED light
(LM-6M, Hataya limited)

Fig.35 Set-up for measurement of light shading rate

36 ICAHEHRE Ly & 7 4 W F OFIECTREE Lr ORREEHGS 2R Le (31 E LTT
AT 4 H A (HEFE dr 2 078 pm, FEMERL S & We: 0.1 g &2 7R T . JLOME X
MATLAB2020b ZfEH L, ¥ 36 O HREIZRT 40 mm x 40 mm @ 6400 Pixel D FELEIfED 5
B U7z, Y6 LSR I, ®HEOE MR- InP & [, AFHOEIRE L IZxT 257 4 V2 D
T CIREE Ly DT L B R a B o X (44) BRI L7z,

LSR = —In (Lg/Lg) (44)
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(a) Reference light luminance, L (b) Luminance through test filter A
(dr:0.78 pm, Wr:0.1 g), Lr

Fig.36 Examples for measured Lr and Lr

HGHERS & MIHERL & 8 & & ISR L 72B i e IR Le ORRF %2 X 37 1§, #HERS 25 <
WAERL & BN OERE, IR I & DN FEA RN D.
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w 200
© . r
ol Test filter C &
© (2.01 um) 1450 =
€ 5
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2 (0.95 um) 2
50
2 | Testfilter A

Fig.37 Examples for measured luminance through test filter, Lr

Z T, WAL A B e &HOEER LSR OBMR A 38 (TR T. ORI LSR ITMIAERL & &
W \ZxE L, EARAIZEM U7, BAARE we BSEINT 5 &, M 34@ITTRT L7 452D
B2 T BEINT 5720, 7 4 VX NEFBBRT D TER SN DIFIEREMLTclcd L EZ
Sivd. Fiz, X 38 D, MEHER dr S EEEEERNE L AR D 2 ER 0D, iU,
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HEBE DS & REHETR) 23 IS BE A, X 33(b)D & 9 ISP+ 5720 L E2 bR
%, FEHEB eI X, 22D LS S5 72, S LSRITEINT 5. £z
MRS = 0 g ICBIT 2AFIL 0127259, 02-03 FRIEDME A /R Lz, ZHUTBIAIZ 0.25
g D—ERTHEENDI A UL —DOFBLEZLND. A UL —TEE 13 um O~
AT THY, HT7 AEHEOD.78-2.99 um) L D HEICKW-®, #ERREZHLTND EE X
bId.

2.0
7 [0 A dr 0.78 um
v <& B dr 0.95um
@ 15 L & C d201um
. O D dr 2.99 um
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®
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S5 A
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w 05 |
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Fig.38 Correlation between weight of fibers and LSR

3-5 XMNEHFBRAE
3-5-1 BIEHIE

B4 39 1%, RBREEE OB A R d. EREZERUTRI R ARR (3076, TSI IZiBRENDH L
T 2wt%DH b B U A (NaCl) YEHEASEI AL L, S U 5 7 LM Feli S - i hipk 4 it
F% T L TRBRAS IR E SIS, BB TIL AR RIS (CD-3000, PALAS) % i 5.
BIRGIE = > O ON/OFF D)V B 21T & 0 SBRITES Dt & 28 2 T\ A hFn oo A7
ERETHZENTED, TANERAFICT A LT (V8 %ty b LIZRIET, Scanning
Mobility Particle Sizer (SMPS,TSI) {Z X 0 JI7E L 727145 B 73 5 182 £ (Concentration in
downstream, C pown) & 53, 7 ¢ /L& 7RV A NS ZE BRI HE TN U 7207 (8 B0 B 7355308
JEJE (Concentration in upstream, Cyp) T 5.
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Controll unit

Dryer (CD-2000, PALAS)
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g =t =
Compressed air = Dryer Filter holder L
(CD[\IZ%L(I;(r)aIIiDZAe{AS) 12.5 L/min SUPS O7 TS0
NaCl 2 wt% solution ' Excoss > @
[

4.5 L/min
Aerosol Generator Pump

(3076, TSI)

Fig.39 Experimental set-up for measurement of -InP with the neutralizer

40 (TR F I AR (3076, TS Z it L 72 B 2 d . Eio, KPR AEFE A 41 1R T
MESNT2ERNAY 7 4 Ailind 2 & CHRAET 2 AEIC L0 BLENO NaCl KER AT
BB, BEEICHEZE LI, MU Ry SIS S, RE RIEIT A RNICR
TR TF IRADRETS.

Aerosol out

L
:
Aerosol
[ > | 0.0135 Dia.
generator Hole in 3/8 Dia. Disc.

ssed —a
Air In
NaCl
solution
O-Ring
Fig.40 Particle generator (3076,TSI) Fig.41 Principle for aerosol generation
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Fig.42 Dryer tube contained within silica

B 43 ICEM Mg E T, £, TOFEER 4 (RT3 o S RERER P s
CD2000 1%, BA A v LA 4 Ottt T CTh 5. FHFgeNE O O BRI & BT 4
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ORI LB L, B OBATIET T 5.

+« e
RRERE &
v© KBRS
® 7 BimE
kU e
®y
l o, "ovo 5214y
¥y

Fig.43 neutralizer (CD-2000, PALAS) Fig.44 Principle for neutralization

A5 |27 4 VHEBNVFNZT 4 VE RV E ONEEE Z RS, 7 4 VE RV ERNE Tl
T4 NEEFSDERRY) T EREREROTZDDY TR T R—T T 4 NV F EEHE
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Fig.45 Internal structure of filter holder

A ORI B Cop 13, X 46 (TR T L D ITHASBRL 7 & 72 o o, BRI TR 7
DRIBEAIAT T RAB (" — 7 B 0.08 pm TH Y, ¥ — 7 ki TORHE B E 1
1.0x106 #/cm® TdH-7=. T A b7 4 L4 A (weight of fibers 0.1 ) Caown I, £J 0.09 um % £°
— 7R PR L LT URBY 2 P ORI A (X 4T) 2R LTe. 7 A b 7 4 /v 2 O Eodst
F(-InP)X, Cop IZHKT D Coown DXIEAAEH L THMAS) TR SN D.
-InP = -In (Caown/Cup) (45)
ST RIZIBWN TS, #E)72 MPPS Th 55 0.15 pm THAKEZ R L, Kif-£8725 MPPS
MBIET T2 510 & HNT 5 HEOWFRTYS EF9 2 IRE 2 s o i 2R Lz
(X 48). —H T, 7 A K7 4 /LH A (weight of fibers 0.6 g)? T JiRfll DKL T-EHILEE Caown 1XX
47 IR T K DB AR A 2R L, B 15 0.05 pm A3 KO0 0.3 um BL o> fElEk T ik
TAEEIRERS 0#em® & ) A4 AL~V Th ol ZORER, K 48 1R T 5 HHEE=R-InP & il
T 72 %P BB SR AR 2 R S 7e o T2 1o @, MERE RS IEME CIE/R W EDRRBEIND.
BRI T L D15 Y& B < T2 DI, THEZER & BT R FgR NI HIE 15 Limin Ot TR
THMEND -T2 EBRA T, R EBRENBD Liclzd B b5,
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Particle number concentration
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10" Faround 0.08 um

100 1 1 1 L1 I\Illl 1 1 1 L1 1 1.1
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Fig.46 Particle number concentration of upstream, Cyp
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102 | e
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100 1 1 T N A | 1 1 L1 1111
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Fig.47 Particle number concentration of downstream, Cdown
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Fig.48 Logarithm of penetration for test filter A, -InP

Logarithm of penetration, -InP [-]

oOl\)-bCh
T

2T, BIRORIEEIRE Cyp Z NS5 72912, Eif P R#H(CD-2000, PALAS)%
AT, IREAIEE T2 28127 TART A NZIEAD=TINT 4 V2 THY, B
DFBENHEREN B LW EEX O TH 5. BMTH g & 6912 B R
FEMT D720, T A N7 4 )V FZ ORMEEN % £ HENFHEKSD-3000, 7 A T EBEKAS
HTHELZ. 7 AR T7 4V ZOREENMIT<0.01 kV EEETEIRITEN-T2. 2B,
L7 by b7 4V ZORIENIL 1000-2000 KV ThDH. Lo T, slBki 7-23HE L T
WTCh, WELLKF25 & HFE THET SR ITIT L A LR, EERICHRBRKL T ICHE
LIERIET A N7 4 W Z OFENRIIFLAEHELRNLEZZIHND.

BT, RO R FEBRBITHBE L RN L 2 RET 572012, B figs o
ON/OFF Z )82 % Z & C, EyfloRi HEEIREE Coyp (K 49), 7 4 L& OFi A Ok
BHEFE Chown (K 50), EOHZER-InP (K SHIZHOWT, B FOAEC L 552 ik LTz,
BRI ORI EERLEE Cup, T URAN DREFEEGR L Caown & XHECE =R -InP 1T, EfrPIOH
Db LT, RCHEZEOMHEE R L, Ko T, AFRICEWTIE, Bz Lx
< CHIEMRRBREEMTE 5 LIRS
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Fig.49 Particle number concentration of upstream, Cy, with/without neutralization
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Fig.50 Particle number concentration of downstream, Cgown With/without neutralization
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12 | @ Weight of fibers 0.6 g 9 Weight of fibers 0.6 g
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Fig.51 Logarithm of penetration for test filter A, -InP

39 OFRERF DD, B P AEE CD-2000 % bR\ - ikBRR & X 52 (2R, BB ORI 1
TEBREE Cup % X 531277 97.0.04 um % B — 7 Bi 748 & L7z By BRI A M S HiLT=. 2 o
B EIX B g 2 U723 BR IR 1T 2 BREERL O B — 7 R 7£8 0.08 um @ 0.5 5T
B, ZHIXBEMPEGRE EN LG T ORE N RNE L R ol o), RS RE Z @il g
2 HEEE L OREI 3 U, BRI EDEE LIS K RoTeled & EZE 2 bvd. — 7, RifiE
FEIZ 1.0x105#/cm? 2> 5 3.0x106 #/em’ ~F) 3 fFHII0 L 7=, BATFfas &2 A0 L2 & T, B
HREICIEA T D HEN D > 2 IEH 225 15 Limin 2 @K 2 BNENRL holzlzd B X
IS, RERKL T ORLTEEIRE Cp ZHODH T ENTEXH 52 ORERIL, 74 VFD
AN DORL AL L Caown (25X T2 EIRAORLHEEBIRE Cop DB KR EL D720, &
D IEfE e OB =R E N AIHEIC /2 D B 2 6D,
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Excess

33 Llmin T 1.0 L/min
Compressed air = =<} 5.5 L/min
— 1.0 L/ml:n ﬁ
Compressed air =» 3.0 L/min _D_- =
Dryer .
I Filter holder SMPS(_TSI5034)
NaCl 2 wt% solution ’
I —=<Q
Atomizer (TSI, 3076) Mixing chamber Manometer 4.5 L/min

DP-320 Pump

Fig.52 Experimental set-up for measurement of -InP without the neutralizer
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Fig.53 Particle number concentration of upstream, Cyp

TARNTZ 4 NE A-D OFRL IR (Coomn) & X 54 1TRT. ARG BRI RE D L
Ciown 1FETF L, B FOFBEIMET L2 2 & 28T, ZHITHHEERINC LY 7 0L Z 2
TAT DR TR LT EEZBND. £, MHER de DKL 72D & Caown (THEM L
o ZHUEL, WRHERR SR L T A FRICHEMETRIE MK T 5 72, BT & ik OBl e R 23K
TL, FIrHEEEDE T LBz bnb.
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(a) Test filter A (dr : 0.78 um)

108
®o0.1g [Joa4g
107 A02g Oo5g
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Particle number concentration
of downstream, C,,,,, [#/cm?]
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(b) Test filter B (dr : 0.95 um)

Fig.54 Particle number concentration of downstream for test filter A-D, Cdown
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(c) Test filter C (dr : 2.01 um)
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(d) Test filter D (df : 2.99 pm)

Fig.54 Particle number concentration of downstream for test filter A-D, Cdown
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@5z, WIE LT A N7 4V A-D OFBIBRIAIEE Ciown & BRETRI IR Cyp D
DR U7k EGE R -InP %X 55 1283, &AM & LT, MEER dr DS b T A
N7 4 VH A(dp: 0.78 um)D A EEIR =D R b E <, BAKL 72 DI 23U HuF i ==K T
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(b) Test filter B (dr : 0.95 pm)

Fig.55 Logarithm of penetration for test filter A-D, -InP
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(d) Test filter D (dr : 2.99 um)

Fig.55 Logarithm of penetration for test filter A-D, -InP
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ZIT, KS5ICBITAHT A N7 4 VF AD OMEFEER-InP IZHOWT, AR 0.6gITE
BT 2 &, SR IIC K 2 S 23 SCRL A 2R 788 dp 2% 0.02 um OFISIC I T 5 5HE0d
WH-InP (X, 7T A N7 4 V2 A GEHERE dr : 0.78 um) THI 10, B (dr : 0.95 um)THJ 10, C (dr :
2.01 um) T 10,D (dr:2.99 pm) THI 8 L7 o7, T A N7 4 VX D OAHRRLLE N, 413 8-
10 ERIEOMEFEMFL 2D 2 L 2R Lo, —FH T, #YRRIT X 2RI SRR 72
BIA2E dp 23 0.4 pm OFEIRIZ IS 1T 2 xH0BEEIX, 7 A M7 4 v A (EHERE dr: 0.78 um) T
#9110, B (dr: 0.95 pm) THJ 6, C (dr: 2.01 um) THJ 4, D (dr : 2.99 um)'C“%'\J 1 L7 otz HEHERE dr

W2 XD EBMBEOETMDO TREL, TA RN T 4 VZ A OXEBZBWRILD O 10 5Th
Sfz. F T, KRR dp \Z X DHRBGHBRR-InP DEEBET HT-0OIL, TART 4 VED
SHEOER R & B OBGRAN D ERT 5.

JEHED TN K 2 B —1HEDOREEZN S np X, B b REEE D=V Kirsch (1978) OBil& 2615 % &
X2 TR, XA 72/ 3T A =2 FXONRT T Vi Pe T D, 7 ANT 4V H A-
D ORI dp T & DT L Pe & pp DFFEEZ X 56, 157 12T, K56 1280 T, X7
UL Pe IXRI 788 dp \ZEEBT L C EH L7, 24U, OISR T R LI Pe 28 R DILHGE
JE 2 TR RS D AT BB 5 2, HEBARE D 1F, ROWTRT L D TR dp IR
THDTHD. £2, X7 VI Pe 1T ()NTRT EEBY, HHER de ICHBIT D720, T A
N7 4V E ORHEES de DHINZHON T ER$T2 2 L0300 5%. 57 128\ T, IEHEIRIC
& B M DI ER R yp 1%, R FEdp & T A N7 4 IV E OREHEL de DIETIZHEWR % 12
U7z, Zaud, RiF48 dp ERHERS dp DBADIZ L 6 ~7 LEIRTICL2bDEE 2 61
%, YEESER < T DRI dp 0.02 um (ZEBWTT A b7 o )V Z OYEHG R X 2 Bl
HEOHIEDNR qp 2l T D L, TA DT 4 VX A EHERS dr: 0.78 um) T 0.144, B (dr : 0.95
um) T 0.124, C (dr : 2.01 um) T 0.099, D (dr: 2.99 um) T 0.081 & 72~ 7=, HBROMEY & D
&, MEHERE de 23 078 um — 2.99 um (ZHIN L 72 BEOERIL FRIT/N S <, 0.56 F
(0.081/0.144) T~ 7-.
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O Test filter A, dr 0.78 um
< Test filter B, dr 0.95 um

| [ Test filter D, dr 2.99 pm

A Test filter C, dr 2.01 um L
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0.10
Particle size, dp [um]

1.00

Fig.56 Calculated value of Peclet number for test filter A-D
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Fig.57 Calculated value of filtering efficiency due to diffusion for test filter A-D
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HED BNFAT K B BE—HE ORI e 1, H5 b REFE O B Kirsch(1978) D il 4 215 % & 2
RH TR, IR FFRENRTEY NTFGA—F RTHD. TANT 4 /L% A-D DRI+
Pedp ZTL DY NT A—H R LAY I L DR qr OFEMEA K 58, X 59 12T
58 12BNWT, D RXTA—% RIX, K@D LBVRAR dp IZHBIL T EA L, Fz, 3
D NT A—H RIE, HEHELS dp \ICILBIT D728, 7 A N7 4 L H ORFHERE dr OHIINZ D4
TR FT D2 ER0n5. K59 1280 T, #Y 2RI L 2 H—MEOTMEZE nr 1L, 7 A
N7 4 VB OIBHERE de DIV, BIMIIRT L2, Zhud, Eto by, #3752
— & R DMNHERR dp (T T 272D LB 2 Hivd. 0 DR BT DR 7 dp 0.4 pm (1T
BT, TA T 4 F O BRI KD E— WA DTHENR npp ST DL, TA T
4V A EHELS dr:0.78 um) T 0.044, B (dr: 0.95 um) C 0.032, C (dr: 2.01 um) T 0.0087, D (dr:
2.99 um)T 0.0041 &7po7z. LFLOJERIC X DHER L LD &, MR dr 2% 0.78 um
— 2.99 um (ZHIN L 72 BEOFHEE D AN T RIT K X <, 0.093 f% (0.0041/0.044) T > 7z,

2.0
1 O Test filter A, d 0.78 pm
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Fig.58 Calculated value of interception parameter for test filter A-D
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O Test filter A, dg 0.78 um
<> Test filter B, dr 0.95 um
0.4 | A Testfilter C, d: 2.01 um
[] Test filter D, dr 2.99 um

Filtering efficiency
due to interception, ng[-]

o |///
T

Particle size, dp [um]

Fig.59 Calculated value of filtering efficiency due to interception for test filter A-D

TANT 4 NFIZBT D MO RIT, HERS dr O¥IINTPEVMETT L7z, i
P& dp 73 0.78 pm 205 2.99 um (ZZEL L72BR, #0012 X DD nr DK TFERIL 0.093 £%
(0.044 — 0.0041) THEHL np DL T 0.56 £5(0.144 — 0.081) LV HLRENWZ B ah-oT.
KADIZRT FMF OB O RH LR E LK@ ORDIZT A N7 4 24
RO EOHZIER-InP X 60 12779 FMF Bliaa/n ORI U727 2 b 7 4 v 2 OxtBukia R
13, HERS dr ORI T 223, JEHED AN TRY VIR PR 5EI( 0.01-0.05 um) TIK
THRIINEW., EREOLEBY, BRI X DMEDE g [TITHHERR dF OB NN
DThHDHEEZEZLND., —J7T, Y NENTRO IR FRRAEIK(0.2-1.0 pm) TUX, EHERE dr D
I £ > THHEERR-InP 1ZTEWIIKT Uiz, 012 X DHEDER g ARSI O E
Lo TRMIUIK T 2720 B2 bN5.

60



e 12 O Test filter A, d: 0.78 pm
o4& O Test filter B, dg 0.95 pm
ST 101 A\ Test filter C, dr 2.01 um
0 > C [] Test filter D, dg 2.99 um
S 3 g |0 0p0.2-1.0 ym
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TE 2
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Fig.60 Calculated value of logarithm of penetration for test filter A-D

60 715, FRHEPEOHNNT K 2 $HEOFZ B OARTIL, FEEASRY VISR F-RRM TR
&<, D AR R TRENRE < RY, AMICHGERENMET T 5 Z &R
STz, HEBENR LR Y BRI K DHEL RO ST (ptyr) 3 i bK< 72 DR IR T
BRBRNEK L IR D128, Fe Kz kI8 (Most penetrating particle size, MPPS) & 72 % . MPPS
X, 7 4 VZ OMMERR, AIREEED T A =X Lo TEBHTHLOD, BELZ 0.15 pm
Wb EEZLNTEBY, 7A M7 4 V4% A-D ® MPPS [T fEHI72ETH S 0.15 um (2T
LVMEE 2o Te. BIZIE, 7TA M7 402 A (fERE 0.78 um)D MPPS 1349 0.14 um &K
fEZmR LTz, —J7, i ENRNEETHHT A 7 4 V% D (#kHERE 2.99 um)?®> MPPS
13028 um & EVMEZ R L7272, sEEZERE MR MPPS 13803 2@ m 2 F->. Zih
13, 60 12T K DT, MRHERR de 2SEINT 2 &, R F18 de D3/ S VR TIE, SRR 0
PEHC X D REBRRPE T LIS W, RN K& Wik <, #0012 X 55 5fim =R
DEIET T2 ENBEREEZLND.
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MPPS (25T B RHEHE I, &b L O ERHGHEMEEN R IRV TOFMI L 720, 7
A VE DMREE RRITIRT 5 2 LM TEX 5720, AFFETH MPPS 1281 2 % HiFEiR%E
TR 5. MPPS % XA 2 BIAIIMAERS de &5 2 DD DS, MEHERL A & Wr 2% MPPS |2
5.2 55085 AT D70, MHER dr & RHERL G & We (2K 2 MPPS ORI A X 61 |27
T B 61 ()b, MRHERCA = WE 2RI L TH, MPPS IZRIZF TAL LW Z &V RENT.
61 (b)> 5, FHERS dr DIEINLE, MPPS IZBHEICHI N L 72 Z L VR &N 5. X 61(a),
61(b))25, 2.99 pm DT A k7 4 /LF D TiE, MPPS 7% 0.21-0.28 pm & Mo K& < 725 |k
(2, FEMERL A B e OZIC LD HAMED e WK E RIE L SE N A L. 2T, X 55(d)
R T &L 91T, MPPS FHE DR EE R D T/ E <, K18 dp D3 2 405 it
FOEAPN NI Wb EEZXDBRD. L5 T, MPPS IZ2WTC, 7 A N7 4 L Z k% EfE
THE, TARTZ 4H A-C (0.78 um, 0.95 pm, 2.01 um) OHFRMENEFE LN EE X, 0.15

pm ZEE L7z,

0.30
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020 F A
A A A
Lo Lo A A Lo
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o e 8 ©o _ o
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010
O B dCF =0.95 “‘m
0.05 _ C dC,‘F =2.01 pm
O D dep = 2.99 pm
000 L L L L ! |
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Weight of fibers [g]

(a) Correlation between weight of fibers and MPPS

Most penetrating particle size,
MPPS [um]

Fig.61 Most penetrating particle size for test filter A-D, MPPS
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Fig.61 Most penetrating particle size for test filter A-D, MPPS

MRHERL A & W & XPHOE R R (InP)DOBR 2 X 62 (T3, X EEE - InP 1 XE A I3 L
ERRAZHIIN L7z, BlG & W IS5 &, X 34(a) ISR T KO IZEAR T AT 5729
(2, Mt & B ORI L COadBZimREN LR LiceZExbnd. £z, M 62 »
5, MHEREDS MV LRGBS 26 iR EAE, 77205 1 KRADHE A RENT &
RS, ZhUE, BHERE de DSHIOER, BRAER L3 ICBES VY, X 33(b)D & 9 IS FEE R e
BT 270 LB 2 b, FREEaS T 5 2 & T b kil &ohI 1 OBl == I3 N3 %
78, MHERL A BN U T, uFi=-InP O ER-FIEEL< .

BB, TARNTZANZIT—ERE025g DA X —%ETel=-0, [X38 TIIMHERAEO0g

BT DRICBOTHIER LSR 1L 0 12722567, N =0 HET 2 2 &R

BXNT=. — 5T, X 62 OXEH BRIV T, 0 g 1B DR EH BRI 0 1T & 72 0 i
DTNSWEE IR o7 K62 1T RHERL & i Wr & HE0E IR -InP OBIfRD 1L, KW
A U —BHEDAFEAE LT, fkiHE &R O R O INIZ S22 63, *iEE
ITBE L 2o To b O L HATND.
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Fig.62 Correlation between weight of fibers and logarithm of penetration

3-6 LR & FEER DOF MR

B4 38 L[X 62 725, HEYEFH LSR & AEOHMHE-InP X, Wb kHERL A & we Ot
L, EARICHEINT 2 2 ERENTZ. 22T, TA N7 4 VEORERaL|EHR T 2k
LR LSR & BuFim=R-InP OAHBARMR 24 L7z, X 63 IZ R a (ZhT HIEREZ R
TR EXHEEEEOWT G, MRS 20 BHEENEGL R DICONT, EHRT
DIEEZ R LTz, Loy L7 D, SR T, W CFRERTH, #IR & BRIk
TRMEN RSN 2, BEEAEDOEN(0.1-0.6 @)K L, X 33 (2R XL 912, MR
B W DA TH, 74 V2 NOMMERENZ(L LR WO FE R o [T L L7203,
34 \RT XD, EAH T MBHEHERLA & e ICHAI L TN 5720 B2 0b. £2T,
X 64 (ZJE A TIZxET 2PEREZ /R T, ML LSR & XEUE MR- InP 1%, JEA OB LiE
IG5 Z LR ST,

HEEER LSR & B i =-InP 1X, FEHLaLBEATOEL LI LTH, LT
LFBRRE AT D252 5NDT20, X 65 IR L JEL DT (x4 D PEEE R~
65 720, WO LSR & xHZ i -InP 1%, FTIEL L ELORal (26 LT, ERAITHENT
DR Z R 2 &3 o 7o, BEEERLSR &t EuBZ MR- InP 1%, R a, BAT, FREEKL
JEHDFEal (2% L ClRBROFHBIRIfR &2 " 379, #EE3 LSR & %MHuFilE-InP &, fHEIRS
REATILHEZZOND.
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(a) Correlation between the packing density and the light shading rate

10
c — 0 A dr 0.78 um
Q'L' <> B dF0.95p,m
— 8 O
©Q A C  dr 2.01pm
*qc'j—. O D dr 2.99 um o
N i
2d 6 )
w <C
O o o
()
E =
Ei.: 4 B o O
= » o
C O
O) +— A O a
9% 2 | A
A o
% m]
o
O 1 1 @A 1

0.00 0.02 0.04 0.06 0.08 0.10
Packing density of filter media [-]

(b) Correlation between the packing density and the logarithm of penetration

Fig.63 Performances of test filter against the packing density

65



10

S'T‘
Sa 8
= C
o T
O 6
£
S =
E =
by
—
S @
O) +
g% 2
0

0.0

Thickness of filter media [mm]

0 A dr 0.78 um
<& B dr 0.95um
- /A C
O D
<
02 04 06 08 1.0
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Fig.64 Performances of test filter against the thickness
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- (1] A dr 0.78 um
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Fig.65 Performances of test filter against the multiplicative value of packing density and thickness
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BWESER LSR & 5 H0E =R -InP DRIFR %X 66 (ZRT. *EEBIRITEER D 2 Tl L]
DRERPGF DN, FTo, EIERITHT 2 BOEME ORI, 7 A M7 4 Vv F ORI &
(ZE2 0, T 4 VB ERERT DIEHERS dp AEEINT 2 &, RO BN R S ek Hig i R
O EFRAEMEL 22 BN R ST, £ 2T, MEHER T LB U RIS T D %K
BHRHED EFMELnpise) & B 67 (3T, HIEHRITTET D )H0HE R RO FEFAE Lnpwsr 1,
AR R ERBT L, YD & ot gm0 E, R46) TH LT,

—InP = %2 LSR? (46)
dp
— 12
QC. (] A drf 0.78 um
£ 10 k& B d 095um
S A C  dr 2.01 pm
= 8 [0 D o 299um X
*’é 6 | -InP = 5.1 LSR? —_
—_ 2
Q nP=4.0LSR
S 4 | anP=32LsR?
€
£
= 2 -InP=2.1LSR?
®©
3
| 0 | |
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Light shading rate, LSR [-]

Fig.66 Correlation between LSR and logarithm of penetration
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N
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Increase in the logarithm of penetration
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Fig.67 Correlation between fiber diameter and increase in the logarithm of penetration for LSR
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Z I T, MEOHEZR-InP M EEEE LSR @ 2 F|ITHAI L, #ERITHT D wHEos iR 5
I Linpisr DSEHERE dp (IC R HLHI 9 2 BRI 2 B 424 5. £ 9L LSR @ 2 FlT Hufil 9~ 2 Bk
MBIRAR L. OB F LERITED 5 b, RS B ORI, BRI 5
LR, K38 KO 62 MHERINTWS., —FH T, #EER & EBHMmEORRIZIBNT,
TR DI 2 FIZHFIT D LD T & 1E, EEYEEN 1RO T, #XFEO E
B RIEOBE BB A %, HEYEEN 1 L EOfEKR T, $EERED FAESEN R A 2
HIEEREWTD. 0F0, #ENET-EOEEE T LA LT WA, ToEEE B D
b ERSEMNMET LIORT 5 2 & 27T RN —EOEmOE R )ET5ETEAL
RFTVE L, RHEOE IR E &R OB RIS S DT, T A VB DRSBTS

2R LEBOBHER T I N TV W E R FRFSIZER LT LE D Ok L, H#kE
X7 4 VEREBFNTK L, BHED 1| R THAET LD DRE OB ATRE/R T2 &35
X DHiLDH. —H T, MEH R L HENCRD—EOEIKGELE 1) 2B 5L, 74 VFDE
F 5 0 DIFAEBN T RO AFAE T D 728D, SHEFE R (TR s LT 5 U, R E
(E53F)T 100 %< £CTEATH. —FHTEIRIZEAL T, T 7 AfKEC X 26HELS
BAET DI, 7 4 NH DOREB T OWHEPNBEITHFEL T, BRICHEET 52 L13T
T, BORIZENTII 100 %fIHEICE LR & W S G 2 LTz,

ZOEGRBIE LW EHERT D720, [EA T, TR a, MR dr S OREEN D, ERI7H
IR DA E AR D MEN D D, £ 2T, [ U OMMEN SRR T — IR L7z
EARGE LTt D FHERRE 2 (X 68 1T~ T, X1 68 2D, FRHED FRIER ol X, MRHERE dr & HikHE
Al L OREHERT EERE (D) Z M LR@7)TrREND. R@TOREFIC &L - T, kMR D
IZ48) TR B D . FTEASFANZIIT DIEHEARLU(N)IZME)D L B0, [EA T il
MEEE D, T2 2 & TROOLND. T A N7 4V H A-D OMHER dr, WiHED TR, &
Z TIXBERCTH D70, B LIZER TN DHHEASL Ne 214 69 123, [F UELA

DG, WHERAM 72 DI O THIEARBNRZ < 725 Z & &, Bl GBI f L Tk
RKEPEZ D Z LRS-,

a = n(%/,)? / D? (47)

D; = dF/z /n/a (48)

LI (49)
o D; - dey™/a
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Fig.68 The image of packing density with fiber diameter and inter-fiber distance
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Fig.69 The number of fibers in the thickness direction of test filters A-D

70



TNENREBZEEZR-InP LB LSR OWEE 2 [E 705 [0 OMHEAE TR T 5 Z & T,
e 1AM 72 0 O EOEE - InP/fiber & fiE 1 A2 720 OFEIEE LSR/fiber %:%%7‘:( 70,
X 71 ZPR). fikiE 1 AR Y4720 O3PS InP/fiber 1L, MGHERSWEE V. £, B
We OEIMIFENR 2 B Z NS <72 D b OO, {272 O HOFE = -InP/fiber XA A
B R B LTI 2B R ST, — 5T, e 1 ARM 720 OB LSR/fiber 13,
THAEBEDSHIOER R, 72, flfE 1 A 72 0 ol SR LSR/fiber 13, LA & Wr 23 0.2 g (T
THETIEHFAILTERTLH2HDD,02g B2 THHIE, BLAE We EINL THIRIED
EZR Uz, Ko T, e 1 A7 0 OMERBIZAE B 25 &, Bl =R-InP/fiber | TAlHE = W
DOEEIMZAEN E5H UFeiT 223, 63 LSR/fiber I XHkHER We 238N L CTH, —EDOMIZIUR
THI ENRINT.

FRROFERN G, KGO & B VI, MEFIEFE-InP 3EEE LSR O 2 FelTHpd 2 EIA
TRDIEY LB 2 HID. (i 1| A 72 D OB LSR/fiber 13564075 i - InP/fiber & H,
— & DRI 1)&( T EH LT W Z R0, 2, sHEOERRBER T IS
BAAET DIHEDOTHERR NI OB CRIN D201, M | R TITRF 21T L A CHET
TRV, IO Y TH D7, BAHFANC | AT HMMENFET LS HRRED
A FHET, R E L VKRNI P R B b LB b5, —FH T, —EOHEK
GBS DA ZTHHIE, BRI MEGEEEO SN LR LT W Em AR, Z O
I, EYERIZEBWTIR, U7 AHEO R CHRBELS AT D720, BT MIZIBW THE
BOMMEPFAEL T, BRI T HZLDRRETH LD EERHND.
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Fig.70 Logarithm of penetration per fiber, -InP/Nr
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Fig.71 Light shading rate per fiber, LSR/Ng

WAZ, WS T B REOHHAZE (Linprsr) DSHEHERS dp |2 S92 BR &2 5 7212,
4TIDOT A b7 4 W ZIZHONT, B—l#E DR R OB L 2 FHAEEZ VW THEE
U7z, BER U7/ttt dr & LT, 0.78 pum, 0.95 pm, 2.01 pm, 2.99 um O 4 i & FFAl% 4 0
MPPS & 72 ki 748 dp 0.15 pm Z (1) & R@NTRAT D Z LT, X7 LI Pe LD RT
A= R %R, HEBUZ K 2 B—HE DL R TR np &IV 12 K 2 HED =R TRIE 7z
72 1T, F£72, K72 BB 7 MPPS Th DRI dp 0.15 um (2351 2 il
dp \ZARTFT D HEEUT X 2 B—HHME DI R TIUE 7D o meps &3 D (1T & 2 B —HHE D4R
SHERTNE nracvees DBEFRIZ, X(50)E G TRENS.

—2/3
Mpatmpps = 0-10dp / (50)

Nratmpps = 0.19dz" (51)
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B — i DIE DR np O KEKR A 1I2T LI Pe TH Y, 7 LEIFR(ITRT LB, #
FERS dr 12 1 BT 5. 16> T, @ISR T o 3T LI Pe D-2/3 FITHMBIT 5 Z & D>
51, R(S0)Z/RT MPPS 0.15 um (28T D7 A R 7 4 VX OIERIC X 5 H—Hl#HE D D)
T IE 5p acmeps DEHERS dp D-2/3 FIZHBIT 5 Z L 1ITR Y TH D, RIZ, H—HEOHIE
5h% pp DKERTITHEY T A—FZ R TH Y, #Y 8T 2 —4 RIFR@ITTRT EBY, @
HELE dr D-1 BT 5. - T, RQOITRT gr 23D /8T XA —& RIZHBITH Z &0
51, FGDIZRT MPPS 0.15 um ([ZBIF DT A b7 4 VX OV (2 L 5D HE—#EDOFER)
R WME 7D o mpps DAAESS dp -1 RIZHBIT D2 LIIRYTHL. 22T, AitOHE ]
{12 K DD TIE 7o aomees 13, TEHBUT K 2 B —HHE O TR D= T B 7D a mpps & 18
DI K D B—HIHE DR N =R T HME g o mpps DA TR S 4L, AG)UITRT L 91T, #HERED-
1 BT D THE S 72, 0.15 pm AZFWN T, 7R acvpes 23 7 acvpes O 2 F5FRFE & <, fikidE
PED-1 FITEHMAIT D nramers D3RR EBE L R LI EEZ BND.

Np+ratmpps = 0.31dg! (52)

K(52)E X 72 35, MPPS 0.15 um (2B 5T A b 7 4 V2 ZBIT 5 Bt O ERh R
ITRRHER D-1 ITHFI L TR T2 Z R iicizd, ZoBEN, KE6)ZB\ T,
BRI D OB R AME (LnpLsg) DSRHERE de -1 FRICHHI L2 HER EZ X B .

0.7
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Fig.72 Correlation between Fiber diameter and single fiber efficiency at MPPS
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3-7 FRIRDOZLHHER

T 4B OMBOFEREE T D LT, MxEEE 0% T TR TEL Z LR RETHDI LD
O, JHEHEEBFEOWE BIRIC S —EDOBAEIITFAET 2T-OARARETHSH. T 2T, THIRIC
L DMRRAAEOHFHHER T T OLERH 5. B LA RED, EROE~ 27
7 4 v Z OFEMRONTYXOHBANTHNIZ AR TREECTCHL LD LB XTI,
ZIT, TANE A= —ORhE~ X7 5O AFT8130A ([ZFB1F 2 120 EORET —#
ZFHA L, /NT Y X O (Degree of Fluctuation, DF) % 45 L 7=, 0% i =R o0 1 1l (-
InPindiv.) & & DO N-EIE(-InPave ) & FAW(S3) 0 B FEH L7z,

DF=(—In?7 — —InP )/ —InP +100 (53)
indiv. avg. Avg.
T3 NRTHERE AR IR W T, 120 HORET — X DN, 114 1 (95%) 73+ 15 %D EFHIZIL

FoTWDHID, FAXFAAEIT 15 %N THOIIL, RETHORFEE LTRYTHDLLE
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Fig.73 Fluctuation for Logarithm of penetration for actual filters
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TART A NE ADIZOWT, LT FZRAORX(46) 2 L, HIE L7203 LSR 7
DR Ut HoBim e & J00 Lo xcHoB R & ik L7-(K 74 20R). F72, 5 L= EBRX
DELEEHERT D701, RGEHD L B0, R O KR (-InPyess) & FEBRAH D
FHRAF(-InPcaie.) D 72 D cHE % SZRE TR 2% 2 & C, FXFA2E (Relative error, RE)% 3R
72(3 9 2M). 7ok, K74 120, Hlseg & LT, Kirsch 5(1978)I2 &% FMF OB =iz &
%At R E A2 R

RE = (I-InPMeas.— —InPcqic.]) 100 (54)

—InPpmeas.

HEGL L 72 R B3R D 7o-InP FHRE O EBRIEI R DA RE A DO FEHEIT 23.4 % & 7
0, FHXFAZEN 52.4 % TodH FMF OFFRAL D HIFENRIBICSEE L L 5% 5. FMF B
A OGRS OFHRAAIZ IR L 0 b/ S TR Y, BlEe BT X T OMHED IR
AVH TR U CHEICRM L TWD Z & AR E LTWDA, EEIZIISNT LT XTO
MAENEE TH D EIFRORWNWeDEEX D, —F THEE L2 FZRAUI N L 78
R EREOBBFROMBERE N— AR L7272, ROIRT LB, MMERAEITNEL,
TARNT 4 VH A (FHERS:0.78 um) T 13.6 %, 7 A F 7 4 /L% B (#lfEFE:0.95 um) T 20.4 %,
TARNT 4 VH C (HERE:2.01 um)T 31.1 %, 7 A b7 4 V% D (f#EFS:2.99 um) T 28.4 %
Lol TDOT LMD, HOLER & REOE R ORI EITIEMEZ FhE S 1, FHBIBEMR A EMELC
R CEZbDEBEZ NS, LLeRs, THREDOBIEME TH D 15 %Ll F2dE L
T2DIE, TARNTZ A VHE ADIHTHoTz. T, #ERRITIT D xHEOHE R AR I K
HBIL TR T 5720, ZAE2MMERIC L W HIET 2 @6 ZMEE LT b 00, w1+
TP bDEBZZHND.

F7o, ¥ 4 BEOHMATRT L OIL, EEROBE~ R AT 7 4 L 2I20E, HEOBHMET
R ESND Z ENLIELIED D, HEEF LSR 12 X DHESHRO T RNITHEHER 2 um LT O
TANZIZK L TUIAERTH D L EZLNDD, LS ORI DM Tk S
NHZT 74 NVEZICEAIELZ EIFRETHLEEELZDND.
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A Developed formula [ Kirsch (1978) M
— B Developed formula O Kirsch (1978) @
L 12 | C Developed formula A Kirsch (1978) A
Q D Developed formula < Kirsch (1978) 4
(- (W)
T 10 }
Y
@)
() B (m ]
E 8
©
> 6 | O
©
O} o |
—
S 4 0 "
-]
s o
§ 2| et
l‘,
O A | | | | | |
0O 2 4 6 8 10 12 14
Measured value of -InP [-]
Fig.74 Comparison of measured -InP and calculated one
Table 9 Relative error for logarithm of penetration
Mean relative error
Test Fiber diameter [%]
filter [um] Developed Kirsch
formula (1978)
A 0.78 13.6 41.7
B 0.95 20.4 45.8
C 2.01 31.1 60.0
D 2.99 28.4 61.9
Avg. 1.68 23.4 52.4
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FA4E QEOBMHERLZEZR LI EERED T

4-1 ER=T 7 4 VF DA

B3 mICBWT, M ROMME TR END 7 o VX ORENEE TRIT 5720 OB
DHFHEULZ OREE RS TIRWZ L2V TR, F72, HrLWlEEE LT T 4%
WHEDO N 2D T A—HZFB L, N LSR IZ LD FHIZRGF Lz 25, 2ot
AR 234 %L 20, BFOHERAROMHEMIRZAE(524 %) E 0 IR T L7z, LrLAan s, F
HRSEDO HIEETH D 15 % FAMEET, EEREOZT 74 v 2~ MIIR#ETH D &
Lo Tz,

B, EBEOZT 7 4 F I L TFRIRAMET 572012, EEOE~ 27 I
EHINDAT=TINT 4 VEIHERT HBHEICONTRRD., A=V T 4V Z T,
ZOTAY Y FTHLHBXTIETLO R S T 572012, AlREEELBT 57 ) — > HiE
ERDIENZN. TV =TT 4V E O EAEE A RFET D720, EBEOT 0 L H I
PR 7200 R D B AL D2, MR Z R T @) D, FESE O M I ke
FRITHDHEEZ DD, 7 4 NVEOBEZ @D HIIE, RERKOEHESLETHS. L E
DEFIND, PHE~ A7 HA =007 0 V1L, LI 2 FO#HE &2 G b Tl S
B ENLIELIED D626,

- Coarse fiber (CF) : ###EF% 0.7 pm LA I
* Fine fiber  (FF) : fkHERR 0.7 um A5

2 FEOMHMETHERR SN D 7 4 VW ZIZ FMF O THH RN Z#EHA S TS 2 13T
720N, 2 FEOHMERE D EEESE 2 IV, 5 BITAREIBRMER 2 U 3, BER=CI2 Y T
HDHZEEEITIAREE 72D, 2T, Brown(2001)(% 2 FEOfHE TR S D 7 4 v Z DRE
e 2 k> 5 )71k & LC, CF, FF OMFER%Z 2L dor, der, WHESE T ner, nrr
LEF L, ORI ECELMBHERE, HRF AR, HERPESHER 2R L T 210,

o o
nCFdCF +nFFdFF

nér' +nig
a =1 : Number-weighted average

o =2 : Area-weighted average

a = 3 : Volume-weighted average

Jagnathan (2008)1%, FEFRIZ 2 FOMMERE TR S LD 7 1 /L ZIZ DN TH(35)IT K H50F
PRRMERS, TR IIMHERS, HEREIIMHERE 23R 10 O L3 0 B L 729,
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Table 10 Representative fiber diameter of a filter composed of fibers with two different diameters!®3]

Number of fibers Number-weighted Area-weighted — Volume-weighted
of each diameter average diameter average diameter average diameter
80.00 pm 40.00 pm

4 0 80.00 80.00 80.00

3 1 70.00 74.29 76.92

2 2 60.00 66.67 72.00

1 3 50.00 56.00 62.86

0 4 40.00 40.00 40.00

L LR 5, RO TAEMMER A2 QDI L TR 7l IR R & SR X
BN Y, CF OREHER (der) & FF OIBFHERR (dpr) DFER K E WL ZOTRBEN KE D 2 L %
WS Lz, GHIT L » TROTANEMHER ITBE NIV & B 2 55, Tafreshi (2009)13 5K
(SONTHHE DAL, A, FRICMEZ BV, FEZEMIZRO TWD Z EAMEE S
A, MRHER P 2 3R 58 L 72100 MHER P do 13 HERS & TR aD i 5 5 (56) TR &
no.

1 _ aCF 1 AfRF 1 56
d; a dig a dig (56)

CF & FF OEENFE U ThiuE, X(GEND & B REROD(a/a) | TEELW/WIZE LN
O, REONIXG)IZEE T 5.

ai/a = Wi/W (57)

1

1 1
—= Wep—— +Wppr—r (58)
dL dCF

2
dFF

ZTNENDOEE Wer & WeplZ(59) L OR(60) THb S5 720, flHER F¥MHE 2 7~ X(61)
DAL 5.

nep dé
VVCF= ZCF - 2 (59)
nCFdCF+nFF dFF
nepdfp
Wgp = ———— 60
FF nCFdéF+nFFd%‘F ( )
dcrpd
dL — CF “FF (61)

2 2
nFFdCF+nCF dFF
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ZIT,2 HOMM TR SN DT 7 4 V2 T, ERROMEMIRITINZ, MHEO LR
ARETRDLAKOLBEEM TH HE 2 AV, BOPY), miE Y, 7Y, iR T
Bozhnehic X R EMHER 2B H L. ThEnoREBMERZX@GDICRAT D Z &
T, MEBEBOFHFEM AR 75 (2R T &0 RKD7-. Tafreshi(2009) 32 L 7= L 912, K
(EDIRTHEREE FIEOREERN R b @ ->T2 b DD, T OFXEAFE(49.3 %) I3 H —flkiE T
AR SV D 7 4 V2 DFERIFRZE(44.5 %) L D RE o7z, 2 FOBME TR SN A EH =T
T AN OHEDEETRT D EIFE RO T L2 LD b RBETHD L F XD,

Mean
Item Symbol re;?rté\:’e
“—r— 8 I [%]
o L Number-weighted [ ] 50.4
E o Bimordal Area-weighted | 50.8
E 8 filter  volume-weighted 50.7
= Q. 6 | Length-weighted A 49.3
®© c Unimordal fiber * 44.5
8™ .
- - A
55
Q= 4 | ¢ i
+— "C_U' .
L = 'y
-+ L | <}
32 4
T O )
*
Oa 2 .
*
*
O | | | |

0 2 4 6 8 10
Measured logarithm of
penetration, -INPy;,. [-]

Fig.75 Measured and calculated logarithm of penetration for air filters composed of two types of fibers.

fitiwm & L C, FMF OB HE LR O PRI EE MR RIS, EBEOA =TT 1V H
IIHEHERE 23 B2 72 D CF, FF O 2 FECHER ST 0, REMIHER 2 FMF O BEGRUZ Y TiE e
THIEDRER N T D &, B0 7 4 V2 LR THEIXISLIKT TS L5 5.

ZIT, YA A—T1—D7 4 VA RET - A RS TEBET D &, CF & FF O
MERS LA B2 T L TR ORIES ZFR L TV 528, BIREHE ORG-S 3 £ 72
BILL 7o TNDZENDH Y, HER & Bl A &AL X LB OMED R OFEIIMIZ /2 -
TWRW, 5 3 EITEW T, Coares fiber (CF)DMEHERIZRZ 44 D —BROMHMET L H
(0.78, 0.95,2.01 K 0% 2.99 um)DiHEFE R o, JEA T, HELH LSR, xtFi==-InP 4 ¥4l L
7oy, REIZBWT,FF ORELTET L2 L L Lic. LovLadn, K26 IR iz
flEHI U, FF DA TS 5 L JEAR <, BENMELS 222720, (FRTE R o7,
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T, BIE TR A4TEDOMHE L R U b D@ D CRZ MEHIMMD 7= DFFHA L L,
—EBALE L7z BT, 3 OMHERD FF 2 AV, FF Ol 882 —E & 0.02g T oM SE 5
LT, TANE DR, TR, MEFRE~OEBEERET L L L L. E5IT, CF
& FF ZNENOMKMER, BLA RSN D EM 7 4 V2 OWENR L ERICHEE T 5 FHIRO
fEEE IR L7z,

42 TABMTZ4NFIERL

F 1R T L DI, MHERRDY 0.8-2.7 um @D CF4 fEi & | ##EEEDY 0.33-0.65 pm @ FF3 fi %
BIR L7, 72721, % 3 % & [A4EIC Brunauer Emmett Teller (BET): X - TR 7= b R )
D ORWET LMW ®, AEME 1 B8 :SEM(Model Phenom ProX, Thermo Fisher
SCIENTIFIC)TX 76 ™ & 33 V) e 2 F2H L, 4FE 1000 1O M 2 A FHEt & LTk
-7z,

Table 11 Fiber diameter of CF and FF for test filter

Fiber diameter [um]

Glass fiber Coarse fiber, CF Fine fiber, FF
C1 C2 C3 C4 F1 F2 F3
BET Mean 585 100 1.80 270 0.33 0.50 0.65
(Manufacturer data) diameter
SEM d.'\"ea” 078 0.95 2.01 2.99 042 052 0.65
iameter
12
= 23?9,9'
.99 um
'E" 10 Avg. :
1R 2.01 um i
° 8 c
L x*
: -
O g ;
=
3 A 03\5/9'
1 Avg. .95 um
-S 4 0.78 um % Avg. Oé\Slgme
(<} % % @ Avg. 0.52um
O 2 : H 0.42 ym " y
: ! L.
C1 C2 C3 C4 F1 F2 F3

Fig.76 Fiber diameter measured with SEM
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TARNT VAR RIORT 12FEEAER L. 7 A M7 4L ¥ E-P X, CFELA E(Wcr)
1£0.25 g T—E & L, FF OBLA EWrr)iX 0.00 g 705 0.10 g £T0.02 g $ oMt/ 7
B, FF OHBOT A N7 4V ZAERG G L7oAs, MHEDS T~ & 272010255 <, {FR
THZENTERDPoT. FIETHEGERSSR)LTET A N7 4 /v% A-D (dcr:0.78,0.95,
2.01,2.99 um)iX CF DA THERRK S DT A b7 4 V& & 700, CF SMERRIC B 2 5 8 % i
T2 ETHHATH LT, REIZBWTHE, ZOMREIZ DWW TIRARS.

Table 12 The fiber diameter and weight of CF and FF for test filters E-P
Weight of fibers [g]

Test Coarse Fiber ( CF ) Fine Fiber ( FF)
filter C1 c2 C3 c4 F1 F2 F3  Binder
(0.78 pm) (0.95 pm) (2.01 ym) (2.99 um) (0.42 pm) (0.52 pm) (0.65 um)
E 0.00-0.10 - -
F 0.25 - - - - 0.00-0.10 -
G - - 0.00-0.10
H 0.00-0.10 - -
| 0.25 - - - 0.00-0.10 -
J - - 0.00-0.10
K 0.00-0.10 - - 0.25
L - 0.25 - - 0.00-0.10 -
M - - 0.00-0.10
N 0.00-0.10 - -
O - - 0.25 - 0.00-0.10 -
P - - 0.00-0.10

77 1%, SEM CTHIE ST A N7 4 VX E-P OBl Z R L TWD. T _XTOEBE TR
HIVHERED 10 um & M2 DI NS X —Th 5. £72, CF DHDT A N7 4 VX A-
D L[EERIZ, NS X —DNERE~A 70 A — NARRO T T A2 B Z A THE S
TED, ZEAEDBHEIT T AV EZ AT 0 THIZE —IZHBLTWA Z bbb, 7272
L, 7A M7 4% A-D ® SEM Eff (X 29) &k, SHEROMO FF 2#FlG LT\ 7
D, BEITHFERS N Z L b5,
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Fig.77 Scanning electron microscope (SEM) image of (a)-(l) test filters E-P

(Coarse fiber 0.25 g, Fine fiber 0.10 g)
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4-3  WEHETSIER L EAHE

TANT 4N BPIE, 7 A4 VZPEREICKT D FF OMGHELE der & BLE B Wee O 5278 2 1
BT HOIMER L7z, £ 2 C, FF OELARISHT DT A M7 4 /L4 E-P DFEHERa% X 78
\Z7R” Y. CF & FF OWT AL b IRHER M < 72 D 12 O FRIEFR e N L7z, Zhid, CF O %
THRESNDT A N7 412 A-D & FERRICHHER 2SI, K OBURICRIET 720 8%
ZHD. S HIZ,FF ORAEDHEIIENTERATIEM L7, ZiE, —E&0.25gkE
STV HHEHERE O KUY CF Tkt L, FRMERROMI FF 23880195 2 & T, 2 &ON, v
WRAE O LER DG 2 COREIMHER DM 7o b7 LB b b.

WIZ FF OFEA & Wep \SkT 5T A N7 4 V% E-P DER T %X 79 1Z77F. CF OREHES
WKL 22 DI ONER DI T D Z R LTz, ZHUL CF OA TR IND 7 VX L
M ThodEFE x5, —F T, FF OBHERNIEARICE 2 55803/ SV, S 512 FF Ofd
AEMEMLTY, ERTDOTC EFT 57200 T, FF OB ABEOFEL/NSWNI EARS
Tz, ZAUE CREHERS 0.78-2.99 um)iZ%f L C, FF(0.42-0.65 um) (ZHIWV=H EE X L 5.
ZZT,CF & FF TH SN D 7 4 V2 OWNEIMEIE & LT, CF & FF ORLEZ B4 5. CF
IR HIE RS HMETH D720, 74NV OFEREET L OICT7 4V FRICEE S, il
EMEHEDO NI R E 2 2EEMAE L TVE LD L FHEENS. KW CF TR SN TS 7 ¢
JLHZHIV FF DEdA S5 &, FF 1 CF Al EOMHERNIZFET D R E R A2 5 X )
WZHE SIS B BID. 16> T FRITZEREZHO L5721 TH Y, FF ORLEEZ L T
HIRELOEINZIIF ST, REFOHEMOLIZEHFLG LTV DL ARENR S D B2 b,

83



Packing density of filter media, o [-]

Thickness of filter media, T [mm]

0.10

0.09
0.08
0.07 -0+ Test filter E, dcr = 0.78 um, drp = 0.42 um
006 + ~ B- Testfilter F, dcr = 0.78 um, dgr = 0.52 um
—l— Test filter G, d o = 0.78 um, dgr = 0.62 um
0.05 } - Test filter H, d ¢ = 0.95 pm, dge = 0.42 pm
-& - Testfilter I, dcp =0.95 um, dge = 0.52 pm
0.04 | —@TestfilterJ, dcr =0.95 um, dee = 0.65 um
O Test filter K, dcg = 2.01 um, dgr = 0.42 um
0.03 } -& TestfilterL, der = 2.01 pm, der = 0.52 pm
—@— Test filter M, dcr = 2.01 um, dee = 0.65 um
0.02 | A Testfilter N, dgr = 2.99 um, der = 0.42 pm
- A- Test filter O, dgr = 2.99 pm, dee = 0.52 um
0.01 F  —A Testfilter P, der = 2.99 um, der = 0.65 um
0.00 —

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Weight of FF, W [g]

Fig.78 Correlation between weight of FF and packing density

0.6

0.5

0.4

-0 Test filter E, dcg = 0.78 um, dee = 0.42 um
- B- Testfilter F, dcr = 0.78 um, dgg = 0.52 pm
03 F —— Test filter G, d e = 0.78 pm, de = 0.62 um
Q- Test filter H, dcr = 0.95 um, dgg = 0.42 um
-&-Testfilter I, dcr=0.95 um, dgr = 0.52 um
0 2 | —— Test filter J, dcr = 0.95 um, dge = 0.65 um
’ O Test filter K, dcg = 2.01 pm, dgr = 0.42 pm
- &- Testfilter L, dce = 2.01 um, dgr = 0.52 um
—@— Test filter M, dcr = 2.01 pm, dgr = 0.65 um
01 A Test filter N, dgr = 2.99 um, dep = 0.42 um
- A- Testfilter O, dgr = 2.99 um, dgs = 0.52 um
—A— Test filter P, d cr = 2.99 um, dgr = 0.65 pm

00 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 010 0.12
Weight of FF, W¢ [g]

Fig.79 Correlation between weight of FF and thickness
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4-4  HPFEERAE

553 B LA U7 iETHIE U 72 @@l Ok EEREE Coown 22X 80 ITRT. TD T 4 /L
% T FF ORE & Wer OHEAINTAE KL F IR L Coown (R T L7272, K7 OFEE MK
TLEZ L&Y, FF OFLEG & W M SE25E, K79 IORTEAZIZE AL B
7T, X 78 IR T FRIE R T FF OB G EICHHI L THEIN L2, Ko T, KL EEIRE Caown 23
T LRI HRERaDMEEZ DD, K FFROCFDOEL L b, R K< 72
B2 THEIE OB F LR E Caown MM LT, ZHUE, T A M7 4 VX A-D L[RIFEIC
BNKL 72 D8, M TR apME T 5 720, Rt & MEHEO Bl R MK T L, BT
PREME T L7220 & b 5.

T A N7 4 )VHZ E-P OXEEEFR-InP %X 81 |Z75F. MPPS 1%, — kIR L ZE2 5N T
W5 015um fHL & 7o 72 b DD, FFICKDEHB L ONTZ.CFDHDT A NT 4 VF A-
D & RBRIC, R IMEVSMET MPPS 2SN AN Ao 2T, 7 A7 4
L B-P DA & MPPS ORIfR % Fi4 L7-.
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c ®o0.00g [J0.06¢
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® G AN004g <0.10g
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c 3 10°f
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g £ 10¢
E O
3 5 108
@ S
O ©° 102
+ ©
‘5—0 © 107§

100 &

0.00

Particle size, a, [um]
(a) Test filter E (dcr: 0.78 pm, drr: 0.42 pm)

Fig.80 Particle number concentration of downstream for test filter E-P, Caown
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Particle number concentration

Particle number concentration

of downstream, C,,,, [#/cm?3]

of downstream, C,,,,, [#/cm?]

Fig.80 Particle number concentration of downstream for test filter E-P, Caown

@®0.00g [J0.06¢g
A002g O0.08g
AN 0.04g <0.10g

0.01 0.10 1.00

Particle size, d, [um]

(b) Test filter F (dcr: 0.78 um, drr: 0.52 pum)

®o.00g [J0.06g
A002g O008g
N0.04g <0.10g

0.01 0.10 1.00

Particle size, a, [um]
(c) Test filter G (dcr: 0.78 pm, drr : 0.65 pm)
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@®o0.00g []0.06¢g
107 + A002g O008g
AN0.04g <0.10g

Particle number concentration
of downstream, C,,,, [#/cm?3]

0.01 0.10 1.00
Particle size, d;, [um]

(d) Test filter H (dcr: 0.95 um, dpr : 0.42 pm)

®000g [Jo.06g
107 A002g (Oo.08¢g

A0.04g $o10g

Particle number concentration
of downstream, C,,,, [#/cm?q]

0.01 0.10 1.00
Particle size, d;, [um]

(e) Test filter I (dcr: 0.95 pm, drr: 0.52 pm)

Fig.80 Particle number concentration of downstream for test filter E-P, Caown
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(g) Test filter K (dcr: 2.01 pm, drr: 0.42 pm)

Fig.80 Particle number concentration of downstream for test filter E-P, Cyown
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Fig.80 Particle number concentration of downstream for test filter E-P, Caown
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Fig.80 Particle number concentration of downstream for test filter E-P, Cgown
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Particle number concentration
of downstream, C,,,, [#/cm?3]

Fig.80 Particle number concentration of downstream for test filter E-P , Cgown

Logarithm of penetration, -InP [-]
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Fig.81 Logarithm of penetration for test filter E-P, -InP
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Logarithm of penetration, -InP [-]

Logarithm of penetration, -InP [-]
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Fig.81 Logarithm of penetration for test filter E-P, -InP
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Logarithm of penetration, -InP [-]

Logarithm of penetration, -InP [-]
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Fig.81 Logarithm of penetration for test filter E-P, -InP
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Logarithm of penetration, -InP [-]

Logarithm of penetration, -InP [-]
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Fig.81 Logarithm of penetration for test filter E-P, -InP
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Fig.81 Logarithm of penetration for test filter E-P, -InP
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Fig.81 Logarithm of penetration for test filter E-P, -InP

TART 4 H B-P DEME MPPS ORfRZ AT 5728, CF & FF TR I DT A
N7 4 V% E-P O MPPS % [X 82 (2777, [X] 82(a)> &, FF DOELA & Wer BEINZ AL, MPPS 73
Wb9 52 LITMZ, MPPS A% CF OIF#ER der IS BIKIFT 2 2 &N nind. 22T, X 82
(b), (¢), (D LBV, CF DFHERE dep Z & D MPPS &4 L7-. & DfE5E, CF OMHER DY
IMZEE MPPS 23N L7=. 2, CF OA TR SND T A N7 4 0¥ A-D E[REEIZ,
MHER OO WY RT A =% R OWDIT LY, KRB KEWERIZE T DNk
BEMEF L0 EEZOND. £77, K 82@)IZEBWV T, H5IZ FF OBLAE 0 g T CF Offk
HEERIZ L W MPPS ARk & < g o726 DD, FF OELA BN X > T, MPPS 28 0.2 um LLF
IR U722 L3550 5. ZHUE FE OIS L0 T R b7 4 )V AT 5 e O e
EEMEAME T L2 & THEY 8T A—% R B EF L, Kb +B&AOHMEERES M Lz
HEEZLND.

728, CF DR TR ENDET A N7 V5 A-D L[RERIC, CF & FF TR SN 57T A b
7 4V E-P &, CF 28 2.99 um Ok C, MPPS 78 0.2-0.3 um & Muglc K& <720, (5o
XHREL oz, MhME CAGRHERR 2.99 um)Z & Te & MPPS WEE LR 2D B2 6
5. ZOMBIT MPPS IO E 0 mD T/NE <, B8 dp DEAITSH T 5 3 #0%
- InP OZAL/NE N EE X BV, C4 LIS O CF fl#HERE (0.78 um, 0.95 um, 2.01 pm)
D7 4VZDMPPS (F4TC02 umbAF&ERYD, A N7 404 A-D E[EERIZ, MPPS O
JAEIZIB L% 0.15 um & 7257, MPPS TOFFENERFAMIL, 7 4 Vv Z Zheb i LWEIET
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P CE B728, TANTZ 4 VH BPHT AN 4 /LH A-D E[RERIZ MPPS & LT 0.15 um
TiHiliziTo> 2 & & L.

_ 0.6
()] [0 Test filter E, d - = 0.78 pm, d.. = 0.42 pm
N -B- Testfilter F, der = 0.78 pm, der = 0.52 um
est filter G, =0.78 pm, =0.62 pm
n 05 | —M Test filter G, d .- = 0.78 um, d, = 0.62
() ) O TestfilterH, d o= 0.95 pm, d = 0.42 pm
o -&-Testfilter], dg =085 pm, der = 0.52 um
'-E 9 Testfilter J, d . =0.95 ym, d.. = 0.65 pm
© £ 04 + O Test filter K, dg- = 2.01 pm, dr = 0.42 um
Q. S - & Testfilter L, d .- =2.01 pm, d.p = 0.52 pm
est filter M, =2 um, =0. um

o— @ Testfilter M, d o = 2.01 ym, de; = 0.65
c o 03 | A Test filter N, d o = 2.99 um, d; = 0.42 ym
"(B' o ’ - A- Testfilter O, d o= 2.99 um, d- =0.52 um
o O A A Testiiter P, dce=2.99 um, d; =0.65 um
pe—
o=
c 0.2
(O]
o
»
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(b) Correlation between fiber diameter of CF and MPPS
(Test filter E, H, K, N : diameter of FF 0.42 pum)

Fig.82 Most penetrating particle size for test filter E-P, MPPS
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Fig.82 Most penetrating particle size for test filter E-P, MPPS
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FF OBLE & Wer & HE0ZIBZR-InP OBfR A X 83 1T~ d. wHE0ZIE=IT, FF ORA & Wer
Zxt LIEARAZEEIN L 72, FF OREESENT 5 &, X 78 1R T & 9 IS FE R an BN+
BT, e &R ORI L, sHEuEEEN LR L Exonb. £, K
83 726, CF & FF OWTTH, MR HIVEL, BRI $ 5 2 L 300 5.
DAL 78 IR T R & [ LB TH Y, MEERAM 220, FEESEMLZZ &
DERNZEZ BND. £72,FF OELE & W 3 0 g 1281 5 R EOEIERZE-InP 13 0 1272 57200,
ZHUE, —EE 025 g TERAINTWD CFICH KT 2 5E0ERE T, CF DHADT A K7 ¢
L2 A-D LIRIERIZ, CF OREHERR dor 23HIWERIZ, FRIER o MHINT 2 729, xiEFE - InP
EEVMEIZ 72 .

14

dcp = 0.78 um, dge = 0.42 um
dcr =0.78 um, dgr = 0.52 um
dor = 0.78 um, der = 0.62 pum
der = 0.95 um, der = 0.42 um
der = 0.95 um, der = 0.52 um
dor = 0.95 um, der = 0.65 um
der = 2.01 um, dep = 0.42 pm
der =2.01 um, der = 0.52 um
dor = 2.01 um, der = 0.65 um
dcp =2.99 um, dee = 0.42 um o..
dr = 2.99 um, der = 0.52 um

der = 2.99 um, der = 0.65 um 0

bibo0biohpa
TOo0OZEr X —~ITommMm

Logarithm of penetration, -InP [-]

o N B~ O 0 O

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Weight of FF, W [g]

Fig.83 Logarithm of penetration for test filter E-P, -InP

100



4-5 CF KU FF OFHEE KR OELEED> b D EER
4-5-1 FEBRABEDOHE

AREFETIZ, CFORDTARNT 4 /L% AD & CF & FF THERINDT A N7 4 /L ¥ E-P
DORFOFZMWZIT, £ CF & FF OGRS ZIZHAIT 2 1 IRATREIND Z & 03500
STWVD. fETHIRARTELBY, EYAT A—I—D7 4 VZFHRE O 7 vt R
IZHB T, CF & FF Of#ER L Bl G ®EHET 5. £ 2T, £ L4 CF, FF ITERT 2 %44
B % -InPcr, -InPrr & TEFE L, 7 A N7 4 VX OB L (-InPerrr)lE, 2(62)D X 9 I2-
InPcr & -InPer DFITRIND EARGE L EBRAROEE 2 it L7z,

—lnPCF+FF = —lnPCF + —lnPFF (62)

4-52 CFDHTHEEIND T 1 /VF

CF DR THERINDT A N7 4 V% A-D OFEIRF-InPcy D FERRN GIEFT 5. X 84 12
9 CF OFLA & Wer & -InPer DBIFRD 5, CF Bl G & Wer lZHBIT 5 1 IRRUT2DHZ & &)1
WROME X 1L, CF OEHERE dor EFIBRH D Z LR FREND. Lo T, 20 1 kKXOMHEE
% Spcr &% &, CF OMHERR dor & Sper DBIFRZ BT 5209 4UE CF ICHIKT 2 540 i
F-InPcr DEBRAD RO BN D, X85 1Z7~”T CF OMHERE der & Sper DEIRN S, Sper 1 CF
DREHERE dor D 2 FIZKHBIT 5 Z ERghoT-. ZOHBITRO L IIZELZND. FH
LTl T AB#EIT 2 TR U (KRIE IO NN—F — T L= F 7 2 2R & RIE Lk
HALT D) TH D720, HHERIIETRIS THD EBEXONTWD., D7, HFHERN 2 %
(2722 &, WAHERTTRNIE 4 (512705, BER RS CThIUE, LARMICERIL 4 51275,
FMBE UH T A(ERS7SI02, ALO) TEE G FETHDH Z LD, [ URLE & THHER 2
2 [EURFEDS 4 IS0 duiE, MRHEASE 1/4 151272 5. X5 C, Sper 28 CF OHMER D 2 I
BT 52 EI3ZEThHHEEZLND. 128, filE L, CFOATHRIND 7 1V
2 D xEE I = -InPor DFEFRAUTX(63)D LBV LT,

—lnPCF =8.5 dCF_z WCF (63)
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Fig.84 Correlation between parameters of test filter A-D and logarithm of penetration
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oo
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Slope for logarithm of penetration

Fig.85 Correlation between fiber diameter of CF and Spcr

4-5-3 CF X' FF TSNS 7 4 V5

CF X OVFF TR SN D 7 4 VX OxtEuEim =1L, R(62)2rd &L 912, CF, FF 1T
\ZHRT 5t 0B -InPer & -InPer DB R TR 5. X 86 (12737 FF BLA & Wer & XL
B -InPcprr DBIRING, T A N7 4 V4 E-P OXHEGERFE T, CF (kT 2t EoE g
-InPcr NI ZHERL L, FF OMHERE der & FHEIT 20X 287 D, FF ORCE & Wee IZHLBIF 5
1 R TR S ND EFHEEND. ZZC,CFOATHERINDT A NT 44 AD E[FL
PIHEC, M 86 1T D FF OFIE & & it 8= -InPeper DBIRIZHIT D 1 RAOBEE %
Serr & L, FF OMEHERS dpr & Sprr DBIRZ I 5 20T L, SHE R -InPeprr O FEBRAE HEEE
T 2. X187 12”3 FF OMHER dir & Sper DBILRAN G, Sprr 13 FF OFEHMERS dpr D 2 FRITI L
B4 2% Z & minotz. ZOEHIL, CF & RIBRIC, FF OEHMER A 2 512725 Z & T, FF Ok
HMEARZOS VAR 72 D cb b EZBNLD.
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Logarithm of penetration of
Test filters E-P, -INPqp,ee[-]

[-]

Slope for logarithm of penetration
against weight of FF, Spee

RN
LN

O E, dcr=0.78 um, dee = 0.42 pm
-B- F, dcr=0.78 um, dgg = 0.52 um
—— G, dcr=0.78 um, dgg = 0.62 um
e H, dep=0.95 um, deg = 0.42 um
-4 |, deg=0.95pm, dgg = 0.52 um
—— J, dge=0.95pum, dge = 0.65 pm
O
Ao
_A-
—A—

N
N
T

K, dgr=2.01 pm, dee = 0.42 pm
& L, dgr=201pm, dg =0.52 um
M, dcr =2.01 um, dgg = 0.65 um
N, dcp=2.99 um, der = 0.42 um Q.-

—_—

o N b~ O 00 O

0, dgr=2.99 um, dee = 0.52 um
P, dgr =2.99 um, der = 0.65 um (]
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Fig.86 Correlation between the weight of FF and logarithm of penetration
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70 Sprr= 7.5 di?
60
50 +

40 |

30 r

B Test filter E, F, G, d=0.78 um
20 @ Test filter H, 1,), dg=0.95um
@ Test filter K, L, M, dg=2.01 pm
10 + A Testfilter N, O, P, d =2.99 um
B Average value of dg = 1.68 um

0 | | | | | | |
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Diameter of FF, de  [um]

Fig.87 Correlation between fiber diameter of FF and Sper
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87 75, FF (IR 2 %40 =R -InPrr D EBRX RO B D720, K(62) & HK(63)%
MAGDOED Z LIZL Y, 2RO B -InPcrapr D E(64)D & 3 0 ITRKD BTz,

—lnPCF+FF = —lnPCF + —lnPFF = 8.5 dCF_Z WCF + 7.5 dFF_Z WFF (64’)

R(64)D & BV HEFE U 7= -InPeperr D EBRZUZ, CF [T 5 64 %18R-InPcr & FF 2/
K3 2 *HOH IR - InPre 522N LTV D728, CF & FF BRI O X518 - InPeprr
W25 2 D580, TNENDHENVIZTH LW EE&RifeE LTWD. LML G, CFOD
WEHMERR dop Z & WZHEPR L7z Sper 3% 13 & X 88 (2”9, FF ORGHERL A& BB ANC X 5 -InPpr k-

FAE % 77T Sprr 1, CF OFFHER dep lC K o Th, DT NIETT 52 LR L NIRRT,

Table 13 The fiber diameter of CF and Sprr

ltem Indivdual values Avg.
dcr [um] 0.78 0.95 2.01 2.99 1.68
Sprr [ 34.1 325 26.4 19.6 28.2

100 ,
L] Test filter E, H, K, N (d e = 0.42 um)

O Testfilter F, I, L, O (dg = 0.52 um)
80 < Test filter G, J, M, P (d g = 0.65 um)

60 | dFF = 042 l,lm

Average value

der = 0.52 um

40 |

20

Slope for logarithm of penetration
against weights of FF, Sper [-]

dcr: 1.68 um

O | | |
00 05 1.0 15 20 25 3.0 3.5 4.0

Diameter of CF, d. [um]

Figure 88 Correlation between fiber diameter of CF and Sper
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FFREAEEET D L, Sprrld, CF OMHER der i L » TR SN D MER DD EE 2 DR, =
DIFELRI A Cracior & TEFRT D, R 13005, i L7z CFBHERROF)EIX 1.68 um TH D
Zl b, Sepr DB 282 THDHZ ENo TN D, Z 2T, LRI Cracor 3R 5
72 9IZ1%, CF OFEHERS dor & Sprr i2DW T, ZEN O FEIEI %9 5 B BIME Ok BIR &
LT DHENRD D EB 2 T-. % 2T, CF OMFER dor & Sper OFWNEM 2 TN
EIME (1.68 um XX 282) Chr$ 5 Z & T, &£ 14 LUK 89 I/~ d L 80, @5 CF il
B der DAL & Sprr DA F-AIMEIZ KT DML & LT,

Table 14 Ratio of fiber diameter of CF and Sprr to each average values

Ratio to Avg.

Indivdual values Avg.

dce/1.68 [
Spre/28.2 [

0.46 0.57 1.20 1.78 1.00
1.21 1.15 0.94 0.70 1.00

The ratio of individual Sper to Spee

at averaged coarse fiber diameter,
(Spr/28.2) [-]

2.5

2.0

1.5

1.0

0.5

0.0

Sprr increases
(When dgr becomes finer)

(] : Correction factor (Cricr)
¢t Ciactor = - 0.381 (de/ 1.68) +1.381

Sprr decreases

(When dgr becomes coarser)
1 T 1 1 1

05 10 15 20 25 30

The ratio of individual coarse fiber diameter
to average value of coarse fiber diameter, (de/1.68) [-]

Figure 89 Correlation between the ratio of dcr and Sprr to each average values
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89 DFEXFEILRN D, M IEAREL Cractor 1ZFU(65)D EF 0 I2HF BTz,

_ dcr
Cractor = = 0.381 o +1381 (65)

HIEAREL Cractor VX CF OFEHER dor OBIINCHABI L TR T2 | kA TRENTZTZ0, AD
B 2R Z LR 0noTz. ZORBRIY, MEFREL Cracor (23T, CF OMEHERE dor 23, FF L
B Wer BN X 256805182 0O _EFAE Sprr 1252 2 FEBT, FF OMRHERE dpp & FLA~THED
TNESWZ L ZEKRT D, ZOERE LTI, CF MHERR dor 23 Spre (CBA 5 2 DB A3,
CF 3 3BL T % 7 4 )V Z NS OFBHME EH R A T E L TV D2 L FE X BN D.CF & FF THE
FRESND 7 1 V2 NESORME TR o BET DB, CF OLDORENORL &, K33 725
TARNT 4 NF DFER T CF OHERE dop (ZHBI L TR T 5720, WEIOZER L LT
IIRELSRDIEERT. TANT 4 VHZ E-PILFF REEGINDHOD,CFIZLVAELT

ZERRAD R E VRIS, ZERA O 572D E R FF BLA & W 3% b B2 605, 5
W Z D LRIED FF ZBELA L Th, CF OIHER dor 23K E WA, SHB0EZIEZR D EFAE Sper
T 72 5.

Z DRFIEAREL Cracior 1%, CF OREMERS der 12 & > TEBIT % FF OBELA & Wee BN T2
RELTEE =R -InPrr O _EFEZ I IET D720, -InPre ICET DM ENH 5. BIROXHoFkiEFE
-InPcripr 1%, Hy(66)D & BV ITHEIND.

—InPcpspr = —InPegp + Cpactor (—InPgp )

der
1.68

= 85 dep? Wep + (— ) 7.5 dpg? W (66)
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4-5-4 EBRAUC L 2 FRIOZ LM

RER L - ERAOZ UM AR T D202, TA N7 4 V% E-P OXEHBEBRIZHONT
FEBRME (-InPreas.) & FEERZD & O FHEAE(-InPeae) DBIFR % 1X] 90 1277, 72, X190 121,
Felt4e & LT, Kirsch 5(1978)IC & 5 FMF O FHRUC Xk 2 3B H A R, E5E & 3 EHE
DOFIXFAZERE) &, 2 (54) 70> B R Uiz, #E5E LU 72 EBR ) 53RO 7--InP FH5AE O FZERE 2%
T OFREERE)L 13.2% L 72V, £15 %z e L7z, AXRRAEDS 44.5 % Td 5 FMF O Fiim
AL BBENKIEICSE L2 5% 5.CF & FF OMER LA B0 EEREICE 25
WELFRNCHRAE L, WONT LR, ZOERRNOBENKELE-LDLEEZ LS.

14
— — 12 + O The novel empirical formula
O .
£ ¢
£ 8 10 F Relative error 13.2 %
-: D~
© c
g7 8 | :
. c
38 ®
-— = 6 B
o
S e
O}
O c 4 +
© O
O a
2 L
O 3 | | | | | |

0O 2 4 6 8 10 12 14

Measured logarithm of
penetration, -InPy;..¢ [-]

Figure 90 Correlation between the measured logarithm of

penetration and calculated one for test filter
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W, EEOE~ AT 7 4 VA EAFARENE ) D ERlETHLENDSH. £ 2
T, B~ A7 A—=J1—0b, BLEWNE (EHT 2R & 2 OB A )M Th 5 4 T
DERZANEZEAF LT L. 72720, BE~AZ AT 7 4 V213, 1 HOMHES T
WAR7ZX 52, ABEMEINEEL-201C, TV —UELRoTWS, 20T —Y 7
ANE X OFEE, RFFEORBISEICEHA T2 Z I3 TSRV, £2T, TA N7 44
ER CEA 105 pm OMBICEI D oNTE L7, 7 A M7 4 & LR UK TORENE
AR5 INTRT. AEAF LT 4 V2 OIEZIRIX31E, 80 %A D 99.9 %E TD 4 FHHT,
AEH 5 4 DNEIS, FIESRIT EAT 5. F72, CF % C2(0.95 pm) & C3 (2.01 pm)? 2 FlikE
T, FF X F2 (0.52 ym)® 1 fifE CTH ~7-. CF TEAZFHEE L, FF OMHEARL A 23 2 &
THEDREZHE L TND EEZLND.

Table 15 Fiber diameter and weight for material of actual air filter

CF FF
Actual - - X -
filter Class Diameter weight Diameter weight
[um] (9] [um] [g]
Sample 1 280% 2.01 0.42 0.52 0.04
Sample 2 295% 0.95 0.25 0.52 0.08
Sample 3 299% 2.01 0.38 0.52 0.17
Sample4 299.9% 2.01 0.38 0.52 0.25

EM 7 4 NV E B0 T o 7L O EuE R A FE]I L, CF & FF OfKHER K OBL A
EAGHL, MELLERADLOIHRMAERML Lz, 72, 7 A 7 4 ¥ EHERIC, X
S BrExFEEEZ R L, £ 16 LXITRT. 3, kD FMF I X DM %7A741T 31.6-
53.5 % CTYHIEIX 387 %& KEL, T A N7 (/L OMXRRAE@4.S %) &[RRI, I
BN EF DI D &G0, M L2 EBROMTEEIT 11.4 - 26.0 % THHHEIL 17.0 % &
720, BIEED 15 %LINEGE Lo Te. ER 7 AV OEBEIET AR 7 40280 %
REWTD, HETEHDIZO DT L REVTEDICRENRELS RoT LB BN,
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Table 16 Logarithm of penetration and relative error for actual air filters

The logarithm of penetration, -InP [-]
Relative error [-]

Actual Calculated value
filter Measured
value EME Empirical EME Empirical
formula formula
Sample 1 2.58 1.20 1.91 53.5 26.0
Sample 2 4.24 2.90 4.94 31.6 16.5
Sample 3 6.12 3.97 5.42 35.1 11.4
Sample 4 8.40 5.51 7.21 34.4 14.2
Avg. 5.34 3.40 4.87 38.7 17.0
14
= —_ 12 O The novel empirical formula
o .\
€ o
£ 510
)
.: Q
® cC
8L 8|
C
O 0O
2 6 |
o0
3 ©
S c 4
© O
O o
2 L
O 1 1 1 1 1 1

0O 2 4 6 8 10 12 14

Measured logarithm of
penetration, -INPy;e.s [-]

Figure 91 Correlation between the measured logarithm of penetration

and calculated one for actual air filter
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4-6 FMF EiRIZE S\ 2t BZzm R OF#H THI=C

4-5 HIZB T 2FHAUC L 22T 7 4 VEZ OMRBTHNZ LD, 7 A M7 4 V2128
WTIE o ERFRZE 132% = 15%) Tho7leh, EH 7 4 L ZIZBWTEIAR 5
(172 % = 15 %) CThoT-7cd, ERRERFERK & IXF 2. L0 Efle TG LA
KT DHUEND D, 22 THiceT 7 a—F %853 £ T, Kirsch 5(1978)234&% L 72 FMF ©
PRI E CE RN H D LB X T, 7o 61F, FMF O GmAUTIE, IR MnH
D, 7 4 VE BT DHEOMMER N —TH D ERETILERH D DD, EEDO
TT7 7 42X CF & FF O 2 O THK ST Y, CF & FF OfffER FHEZ 7 1
N DOREMHERLE LTE IO THDINLTH D, ZORFBHHROEAIZL - T, CF
L FF D2 TR INDTT 7 4 VEZ~OTRKGED, B CRRIh 7 V2 X
DHIRTTHZ LI, 5 TR EBVILNTHD.

CF & FF @ 2 FEREHOMHME TR SN D 7 4 L Z1Z FMF OFsaz 45 LT, 2 fiER
DT 4 NEOFEIGESBICTH LI L. DT 4VF AL BOFEDNEN A &
B THDLEWRET D, 740F AL BEERT, 740H% A% ERANCEREL, Rir88
R EERLIZGE, 74 0% A Zilil LTk F-(1-pN DR, 7 4 V% B O LN Bz
L, &BIZ, ZONDOA-B)YDHNT 4 V5 BO TN EET 5. E>T, 744 A LB
ZERIZGE OMEDR A8 13X (67) TR 5.

2™ =1 (1—n) (1= %) (67)

CF & FF THM SN D TT 7 L ZIZOWTh, [M92 O L 91, CF A% Liifl, FF 23 T
I EAEE L, CF & FF OXNLEIUC K 2ENRE oF, pF LT 2L, F—F 1 OfEHR
nFTEE, YY) TREND L FXBND.

nCF+FF = 1 _ (1 — F) (1 = nFF) (68)

ZIT, ner & neeld, CF & FE CREBICR®D 2 LEBH 0, 2(69)& X (T0) TR ENS.
nersrr ZR(TINTARAT 5 2 & T, 7 4 M EZ RRDIENRE NRKD HND.

nF =n5" + 05" + n5k (69)

" = 15" + 1R + nbk (70)
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- _ 4aTICF+FFT (71)
T TP - L+ o)d df

Filter

@)
o O
@)
0%,
O Air flow
@)
oD o
@)
O
O
CF FF
—) a—

Figure 92 Filtering image of CF and FF

FMF BRI DWW TR O 2 S 2 R T 572012, 7 A 7 4 /v F E-P DX
FIEERIT DN T FEBRE(-InPyeas ) & BEFR N S O FFRAE(-InPeac ) DEMR & X 93 1289, £z,
93 (2, He#gxf4: & L, Kirsch 5(1978)iZ & 5 FMF OFa L 4-5 B CTHESE L 7= EBRrUC
X DR Z R, FERE & REE O REZERE) L, G)OHE M Lz, FMF B 10
DWTHTHE TR K D FHEAME & FERAE ORI RFAZERE)E 9.9 % T, HAEE(S %LAN) % i
L2 T <, 7EKD FMF (RE:44.2 %) & 5-1 B CHEZE L 72 FEHRAU(RE: 13.2 %) &L U iRz
TEVKEETHSH - &R LT, CF & FFIC L AR FHEI, 2 KERD 7 (L% LRI,
CF L FFZ2EETRELTCNDHDEEZLND.
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O The novel empirical formula
2\ Modified FMF with Length-weighted

—
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Relative error 9.9 %
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Calculated logarithm of
penetration, -InPc,. [-]

L_
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Measured logarithm of
penetration, -INPyeas [-]

Figure 93 Correlation between the measured logarithm of

penetration and calculated one for test filter

EH 7 4 M EZ ST VRNV U TN T b EE B R R A R H L, FHE &
b L7=( 94 /) . F£72, TOMXIFAZEAE 17 187 FMF BRI ISV 78 Tl
A L CROIZEM 7 4 v 2 O BudibRa5E & FERIME O AR FAZE(RE)X 10.5-19.1 %
L0, EEET 148 %l le>7c. T ARTZ 4% D REO.9 %)LV EVWEE Ze-7223, H
FEAED 15 %UANIT R L. 2O Z &5, FMF BRI S W25l Piliss 2 b7«
NWRTET TR, EM7 4V ZITk L THEM TR & flimm DT Hivs.
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Figure 94 Correlation between the measured logarithm of penetration

and calculated one for actual air filter

Table 17 Logarithm of penetration and relative error for actual air filters

The logarithm of penetration, -InP [-] )
Relative error [%]
Actual Calculated value
filter Measured

value EME Empirical Modified EME Empirical Modified

formula FMF formula FMF

Sample 1 2.58 1.20 1.91 2.31 53.5 26.0 10.5
Sample2 4.24 2.90 4.94 4.70 31.6 16.5 10.8
Sample3  6.12 3.97 5.42 4.98 35.1 11.4 18.7
Sample4  8.40 5.51 7.21 6.80 34.4 14.2 19.1

Avg. 5.34 3.40 4.87 4.69 38.7 17.0 14.8
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FMF BERICEE DWW TR T A b7 4 v 2 7200 T, EM 7 4022 LTH
HHAWRETH D Z L &2RT 2 LN TED, BMARAIC DWW TR LERH 5. CF & FF
DA T 4 W Z I L DRIT-HIED, CF & FF @ 2 BefE ¢4 U 2 BE5R1E, CF & FF 32 i
MIZLTHEY, EOVORMEEBEIC TS LW ERFIHRICH S, - TC, CF & FF ORIl
LV ANARAT L22WEI A B 522§ 2 BN D 5. CF & FF OMGHE R EEEED + 53 12
TVWRIETHLARNWEEZ NS,

ZZ T, AEEM L= CF & FF THERLS LD T A b7 /L% E-P OffERHIIEBEOF 2
ArTe, TANTZ 4 VF BPIE, £12I-T LT, —ERE 025 gD CF ZX—R|ZL, FF
% 0.02g T OO LTZERIZ R > TWND T2, 7 4 NV OFHERIZ—E TIE72 <,CF L v
UNFF OFLA B 2 D18, BB dave & LTIEM< 225, 7 A M7 4 L& B-P X, CF
& FF ORGER C B A BIIBEMTH Y, S RATSH S, 12720, £7 7 A v —id, #
HERIZRISECTH D720, RAMOBHESIIRA & L BHERO 2 RICHBITH B2 HND. £
Z T, CF & FF OFELA &% Wer, Wer, WHERS % der, dpr & L, Wep 2 FF SRHERRIZXIT 5 CF f%
MDD 2 fAF U H 2 & THMEEZ B8 L7=X(72)% VT CF & FF OfkHER 2
dave ZHH LTz,

de = dcr Wer + dpp Wer (dcp/drr)?
Ave Wept Wer (dep/dpr)?

(72)

FRHEPE - IIE dave T FF OBLE ®RITIE U TEAT 272, FF ORE & Wee (12X 5 HHEARIMR
%X 95 127”9, FF OFEHERL G B Wee OIS PE, HEHEESFIIE dave /IIK T L7z, F 72, FF
DELA BN S W35 T, CF OFRHERE der 25 KECH) TREHERS M dave 2R L, K
E 1B Ao, — 77, FF ORCE 8N R & WA T OMAHEES T EIE dave (23T, CF #ikiE
PRderlZ XD 7E1F L A ERLBIT, FF ORRHERE dre 23 LRI T o 5 725, FF OBLE 5 Wee 75 0.08
g A5 E, BERMIZ05-1.0 um fHE TR L, 7A M7 4 V2 T DEI/NEL oot
ZIT, BT ANT 4 VE BT DHED, X 68 1T L D ICE MR TH IR L T
WHESGEL, K95 THM L7ZBHER LA dave. & F20 L= TR E o AV, X(48)12 D,
FAE NI EERE D; 25RO 7= (X 96). MEHERIEEEE D, 131X 95 [ /R JHEHER EHIME dave & FIEEDAH
)73 5 5 4172, FF OFRHERC & 5 Wee 23BN L, MHERS TIIME dave 2350 < 72 D124 T, ke
M EEREE D, (380 U, FF OBCE 88 0.08g 22 5 &, 2RMIZ 1.5-3.0 um T TR L, 7
ARTANZTEDOEITNEL 20T,
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Average fiber diameter for CF and FF, dy,, [um]

Inter-fiber distance, D, [um]
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Figure 95 Average fiber diameter for CF and FF
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Figure 96 Inter-fiber distance for test filter E-P
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Z 2T, WEHEBS I dave 2 WHERTEERE D CBRT 2 2 S1C X 0, #HEMIEEEE Dl
RHERS M dave D o (dave/Di) % R T2 (1K 97). $IRHER]BRBE D: (256 2 MHERS EAME dave D
Fo(dave/Di)iE, CF ORBAHEES der 2348 <, FF OELA & Wer HRE R DHIZO0T, DTNk
A LD, BB LZ030-034 TEDHL 72D Z LRI NT. RN K 225 L, 220

HREL Y, SEMERIIREE D, H RE < 22 D72, FkHEMIEREE D, (263 2 MHEE - XIE dave

D(dave/Di) & LTI, FRIFIZRD2HDEEZHND.

QO —
-— o~
o Q
E s

(2]
S S e ¢ § & 4
5 S 03§
5 & OE, dep=0.78 pum, dpp = 0.42 um
Pe) 8 BF doe=0.78 pm, de = 0.52 um
= C WG, dcr=0.78 um, dep = 0.62 pum
o S 0.2 OH dge=0.95 um, dgp = 0.42 pm
% D ' @1, dep=0.95 um, dgp = 0.52 pm
o O ®J, dp=0.95 pm, dpe = 0.65 um
°>’ o) OK, dge=2.01 pm, dgg = 0.42 pm
w— = 01 ® V. d =201 um, dge = 0.65 pm
o 5 AN,d o = 2.99 um, deg = 0.42 pm
8« A0, =299 um, dep = 0.52 pm
© = AP dgr=299 um, dgp=0.65 um
m -lg OO 1 1 1 1 1
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Weight of FF, We[g]

Figure 97 Ratio of average fiber diameter to inter-fiber distance
WIZ, 2 17 THRANTZEA T 4 v Z D SEIVIRNTZY T MSHON T, HEESTIIME dave,
AIRHE T B Dy, AEGHERR]EREE Dy (ST 2 A E I ME dave D Ho(dave /D) 3R 18 (29, M
7 4 I Z OREHERIEERE D; (2% 2 MHERS T 2IME dave D Ei(dave/Di)iF 0.28-0.32 T, 7 A L7
£ L4(0.30-0.34) & LEAR TR/ NS WE D N B D b DO, iR 7p 22 TIE 7220,

Table 18 Ratio of average fiber diameter to inter-fiber distance

Average Packing  Thickness Inter-fiber ratio of average Relative
Actual fiber density distance fiber diameter to error
filter diameter inter-fiber distance

[um] [-] [mm] [um] [-] [%]

Sample1 1.13 0.067 0.81 3.89 0.29 10.5
Sample2 0.73 0.062 0.61 2.58 0.28 10.8
Sample 3 0.71 0.076 0.82 2.29 0.31 18.7
Sample 4 0.66 0.082 0.88 2.04 0.32 19.1
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TARNTANE ERERT 4 VHDENZIUCOWT, MEHEREERE D; (27 2 il Ty
I dave. D Ho(dave/Di) & FMF BRERIZIE SN T BT BL P IIZCIT & 2 k507008 28 00 - JHIHS BE (FR e R
VDR Z K 98 TR BT 1 v ZITHEMEFBERE Dy (256 D RHERE - E dave DL
(dave/D) D3 K Z N Sample 3 (0.31) & Sample 4 (0.32) THIXREZEN 18.7 % & 19.1 % & K& < 72
DEEMNH ST, LU G, T A N7 4 )V H TIL, dae/Di & FHXIERAZEIT B e 72 0 BE BEILR
FROIR. 728, TANT 4 VZOMMREIL, BEE 0 15 40 O TRELIESD
WTWD. - T, T AN 4 VE ERMT 4V ZIZIRT D MAERIFRRE D; (269 S #kMERS
B dave D Ho(dave /D) D534 T 5 0.28-0.34 DFEPFHIZEHB O T, THIREEICA ZE R 2= A
SR G- T, D7 &b, dave/Di D5 0.28-0.34 OFIPHIE, CF & FF OMEHER BHEEA 145
BN TH Y, CF & FF ORLFESHEITIKT LWk Th D & THEN .

50
— 2 O Test filter
O =— .
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ES 40 | °
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Figure 98 Correlation between ratio of average fiber diameter to inter-fiber distance

and relative error for logarithm of penetration by modified FMF
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Z 2T, MRMERIEERE D (2T D EHE R EIE dave D H(dave /D) D H531Z/ N S VT AU, CF &
FF OBEEN -+ TV D B2 b5 720, A & LT dae/Di O EREZRET
VERD D, Lin LIRS, RIFFEOMBOEBROMER R TIE, EHLZ=T 7 412D
dave/D:i 73 0.28-0.34 720, TOHEHBNTIEITFHIBEICEBERZZTAR O NRho T2, K
W DTIRAE RO, dave/Di D EIREFHET 5 Z LIZREETHD. £ 2T, FHFEDOA B =X
Lo —V —IZ X DR FORBELCEER Lz, RRF ORI L—F—%2 Y4 THA,
B2 1 COCITHGEL U, R IREE MR & BEBGELIC 22 2203, R FIREED @V & HGEL L 720k
DEFHORL IS 720, BENEELIEA L, A ZEBEL & FES. TRV — P EHINDIC
£2 L, ZOZHEBEPMBIZZ22REL, K 99 12T K 918, KR Lo miHE o
Gsp \ZXET DRIAHE dp DH(dp/Gsp) DS 50 LA EE B Z BN TWAIN, Z 2T, =27 7 4 0¥ %
[FIRRLT, Akt ] o> 3 i [A] oD BRI 63 2 MkMERR D BN 50 LUE & 72 DA% CF & FF 232
TR FAHEIC T T O RELEX 2. L Lans, K100 IRT L9118, =7 7 4 b
2 DFEHERIEERE D1 X, MHER L OH.OROBRBEZ R~ T 720, M99 ITR3 R [F Lok
DR Gsp & EZNRILD. Lo T, ZEHGELAMBEICR S WEDOERIC—BIED L, K
(7D LBV, fHER T O E MmO MEED, - dave) \S5T DHEHER PIIE dae DL E 72D
dave/(Di — davg )03 50 LA 272 BEIZ, CF & FF O TR BAET L EE 261 5.

dAVg.

—>— 250 73
Di - dAvg. ( )

(732 NETE L TRDIZA(THD & 50, MEAMERETIIE dave. & MIAERIEERE D; O Ho(dave/Di)
230.98 LA EIZ72 5 & CF & FF OFEEEN T & C, T4 CF & FF ORI T4 %
LEZOND.

d
A& > 0.98 (74)

i
M LIz 7 1 )V 2 OWHECE TN dave & WRHERBERE Di O Fo(dave /Di)I 0.28-0.34 TH D,
0.6 AL EDEDRD DT80, T /el EFEETHD L EZBND.

Particle diameter, dp Fiber diameter, dr

i Inter-fiber distance, D; /

O—0O >

gap between the Deifference between D, and df,
surfaces of particles, Ggp D, - dr
1
Figure 99 Definition of gap between the surfaces Figure 100 Definition of inter-fiber
of particles in laser light scattering distance in filtration
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WIZ, =7 7 4 V2 OFEHME FERE D 2k D HRHEE I dave D Eb(dave /D)7 0.98 DL 1
R DR EEET D, X 68 DLBY, N FERRE TH—ICREINDHGE, MHERH IR
HE D 1 3@ D LBV 5 X 6N D120, fiEFIERE D (263 2 HEE T IME dae DL
(dave/D)IE, (T5)TRD D Z ENTE, HHEOTIERaDAHEZEHE LI THL Z &0
3.

dAvg./Di = 2\/% (75)

H(75) % AV, dave/Di 5 0.98 & 72 2 R OMHE TR R aZe KD 5 72912, M TR R o & fHER]
BB Dy (29 2 HEHERS TYIME dave D Ho(dave /D) D BIFR Z X 101 (2789, dave/Di 75 0.98 LA E
&R DHET IR alX, 0.75 LA B & 2r o 72, ady 0.75 LLEDOFESIC B W T, KiF-OXDLE
BELE R L X 912, CF & FF ORI N T 5L Z2 b5, K-> T,CFE& FF/ED 2
B CORHEE BB LI H TR BT 2 50001, =7 7 4 V& OffifE e o
075 RiichorZ L BEZXDND. — KR T 7 4 VX OBHEFIARENK 0.1 LT EE
ZHNTERYOS, HWHAGRGD 075 £ 0.6 L EORERENRGHD Z L E2BET 5 &, Fl Tl
R, 1 FELETCOT 74V ZICEAARELEEZ DD,
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Figure 101 Correlation between packing density for filter media and

ratio of average fiber diameter to inter-fiber distance
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BSE KS

TT T 4 v F DOREOEE R & BRI T T 2 TIEEMENLT D721, HERT DMl &

1.

BEABHIL, R LSR & EBiER-InP 2 FEHT 5 2 L TUTFTOMR &2 157-.

RN S DT 7 4 )V Z OREE IR ET

C T T 4 VE OREBFE R, EORRO 2 FITHAI L, AT D ORISR D

Z NI,

© T AV F OEHER & DR E R L LI BE RO TR 2L L, R LR

B & ERMEO KRR AT FIME T 234 % TH Y, 16RO FMF BEiG(FHATREZE 44.5 %) &
RO ;9NN e Il o O

cEHOTT 7 4V Z O EHBEBEOIEICH T HIELOXIT 15 BRETH Y,

FEMOZT 7 4 NV Z OMBHZBRO T RERERIZI N5 TH 5.

2. Coase fiber (CF) X ! Fine fiber (FF)®D 2 FifH CHERL S AL D=7 7 ¢ /L & Ot 5z %1

2-1

2-2

CF & FF Of#ERS L AR G B2 T A —2 L L2 EZHRAIC L 5T/

- CF & FF OfHERIC L 53, =7 7 4 L X OffHERL A B 2 H03 & iH0E R X B

HNZHIN L, BB 864 2 )P0zt =R O B INEI G TR D 2 RIS BCEB] L7z,

 FF OEL A 2K D 1 EOHZ R OMEINEIE 1 CF OMFER OB 2T, B KL 7R

DIZONTETT 2.

* FF OxH0HE R OBEINE A2, CF OMHERRIZ X 2 b5 A2 57" 5 2 & T, CF & FF

ZNENDOREFZIEROFI TR SN L M EEIE RO FRA L LT

< FEERRUC L B U AR & ERMEOFE SR T E T 17.0 % Th o 7.

FMF Ea=U S W 7= iR R o T

CF L FF T SNT=7 4 NV H B2 ZNFICF & FF D2 g TR END 7 4 42 b

REL, 74 VZE BT 5k 1% CF & FF OB RO L L THEE T 5 FMF O
\ZHEADW T HTHR PRI 2 LT,

* FMF Blaa S W B PRI & 0 B U 7R & SERE OAR R RA R T IE T

148% ChoT-. Zhidk, EBEOBE~AZ HTT 7 4 VX ORMEBEBREDITLSED
AN TH DL, EF7 402 I LA TH 5.
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- LTI O SR, CF & FF BPRLFOE~AEWICFH LN & THY, £0
A2 $ 2T 7 4 0 Z OMEHEFTEERIT, 0.75 A & A T,

- BRI T 4 L Z OFIEERIL 0.1 LFTh DS, ZoFRIRNT, HFEToT
T4 NVZIZHETETH 5.
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