Study on collection performance improvement
and evaluation techniques for respirator filters
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Fig. 1-1 Typical particle size fractionation, formation/transformation processes

for ambient aerosols in general from Baron and Willeke (2001) [1]
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Table 1-1 Physical properties of nanofiber filters and a base filter.

Fiber diameter, Thickness, Packing density,
dr [um] L [mm] a [-]
Base filter (BF) 16 2.1 0.149
Nanofiber 1 (NF1) 0.68 1.4 0.035
Nanofiber 2 (NF2) 0.60 2.5 0.033
Nanofiber 3 (NF3) 1.10 3.1 0.029
Nanofiber 4 (NF4) 1.08 5.5 0.020
Nanofiber 5 (NF5) 1.10 4.3 0.014
op _ —INP (1-1)
Ap
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Fig. 1-2 Single fiber collection efficiency of sample filters. [7]



0.06 1

0.04 {nd
0.02

0.01+

: 58

Quality factor, QF [Pa’]

0.002 T
10 100 500
Particle diameter, d_ [nm]

Fig. 1-3 Quality factor of sample filters. [7]

(2) B. Maze, et al. (2007) [8]
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Fig. 1-4 Trajectory of 20 and 30 nm particles in the x-y plane within the first

milliseconds of their travel from the origin,(0.0.0), in a stagnant air. [8]
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Fig. 1-5 Simulation domain and boundary conditions. [8]
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Fig. 1-6 Collection efficiency of filter media made of fibers 50, 100 and 200 nm. [8]
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Fig. 1-7 Comparison of mean thermal impact velocity and critical velocities derived from the

JKR and B-H models. Note that the crossover occurs between 1 and 10 nm. [9]
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Fig. 1-8 Penetration of THAB ions and WOx with the electrical mobility distribution of the
THAB ions. [13]
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Fig. 1-9 Single fiber collection efficiency through SUS wire screen. [14]
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Fig. 1-10 Penetration of mono-disperse silver and NaCl particles through N95 respiratores

from five manufactures at 85L/min. [15]
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Fig. 2-2  Single fiber collection efficiency of nanofiber (100 nm, 300 nm).
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Fig. 2-3 SEM images of (a) Code100 and (b) Polypropylene filter.
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Fig. 2-4  Fiber size distributions of Code100 and Polypropylene filter.
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Fig. 2-5 Illustration of the liquid filtration process
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Fig. 2-6  SEM images of four filters.
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Fig. 2-7 Fiber size distributions of the four filters by liquid filtration.

Table 2-1 Properties of test filters and Code100.
Fiber diameter, Mass of Geometric Thickness, Packing
dr [pm] glass fibers | standard deviation, L [pm] density,
[g/m?] og [-] al-]
Base filter 3.06 - 1.29 294.6 0.113
Codel00 0.35 - 1.63 - -
Sample A 0.47 1.45 1.31 13.8 0.042
Sample B 0.44 7.15 1.25 39.7 0.072
Sample C 0.38 12.36 1.71 50.2 0.089
Sample D 0.29 28.32 1.72 125.8 0.090
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Fig. 2-9 SEM images of four filters.
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Fig. 2-10 Fiber size distributions of the four filters by gravitational settling.
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Table 2-2  Properties of test filters and Code100.

Fiber diameter, Mass of Geometric Thickness, Packing

D¢ [pum] glass fiber | standard deviation, L [pm] density,
[g/m’] ogl-] al-]
Base filter 3.06 - 1.29 294.6 0.113

Codel100 0.35 - 1.63 - -

Sample E 0.48 1.63 1.67 14.5 0.060
Sample F 0.44 6.60 1.65 40.3 0.070
Sample G 0.33 11.80 1.71 89.9 0.074
Sample H 0.32 28.62 1.60 189.7 0.086

() BELET /) 774 NDOEE

AR TIE, T/ 77 A N7 4V OREEHIEE L TIHRIEEZN—R & LTZiRA ik L
HEOWBIEICER L To7e, £2T, HRITITHY 7 4 VA EDOERE T HEECT 4 V4
Ytk O H CEERR 1T D BUEA, (ERFIEOMHEIZ LY EOREET 5O L
77

Codel00 ® AfHIZxt LT, 7/ 77 A ROEE 71 v b L=/ T 7 % Fig.2-11 TR
T F9. EHRBRETER L) ) 77 ART AN E DS ZDTF ) T 7 A RGO
JRIZEAHICR LTHBIL TWD Z &R 30D, MABIETHER LT ) 77437 4 04
DYFE. EDT I 77 AN GOREIL BT U CHBIANIZITEM L TWh RN Z & 23555
Do ZOMEX, AMORBRIIKB AEAEITH Z EICERT S EEZX NS, ZhiE, &
MOREIZFERE LT/ 7 7 A NSBRSIAWIZ LD hEmzx biv, 7 7 7 A4 SBEMN
HECHRET 2720 Th D, —H T, EALBRIETIZ, Wil AEE TR | IRHnb
RNZ D, EEMRMED RisEm S IR B S D, FEERIZ Fig2-11 Tl o7
VG EOH ORI TV C IRUD LY BB o TND Z ENnbnd, REITIE,
COXIMER L7274 V22T, EHBRRB L OT 4 v ZHHEDROWE 2TV,
7 4 VA SHEMERE A R, FERIOICETAN L 72,

28



200

® Gravity settling "
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Fig. 2-11 Relationship between mass of glass fiberst and thickness of nanofiber.
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2-4 YU INDEHBRRAE & ARE— MR T O
2-4-1 ERFEROGMH

ATERCRLA U7z 2 o (R Ak, B IEREE) ORI LV AER L7 7 4 v 2 0
JE KB ERRE & Fig. 2-12 1R T, 22T, 7 A4 /VZ FHEOR L 7 OB E2 g+ 5
Tk, AEEEE 0.05~0.15m/s & B SETEREZITV., 74 VX OEEKE
ZEEFH RS T A R — testo SIOZ X W HIE L7,

Differential Pressure Gauge

e n

¢47

u:0.05~0.15 m/s
Air _»I' MEC >Q

Fig. 2-12  Experimental setup for measuring pressure drop of filters.

2-4-2 RBRHERROEBR
(QEAHBEIC LV ER L7287 « V& OESRK

R ABEIZ L AERLL 7238 7 o« v & OFEJHRIER £ % Fig. 2-13 1277, Z0OK
X, T/ 7 AN E T NV DENEREPREICHL T ey LD THD, =
NEY ., FHEBFEEITBOTHEORIN & & HICEEERFELS 2o TN D Z E NS0
%o F7=. Sample C(W=12.36 g/m)IZDVTF /7 7 A NBOIHDE I KAPN % 2-2-3 Hi
TR LIEH—FHEEAE LTIZBRD 7 7 BT V7 4 )V Z(FEMP)IZE1T 2 BaE 1Rk &
L7z (Fig. 2-14), T OBGHRITE —FHEDOLE OB TH Y . Fiwit & FEE 2 Hhig
T 5L, FEREOIENREMEN ERD0D, T T, Eq RIAHITEVRDIZT 4 %
DARL)—MERT- 61373 L0 W—ICHRHESNZT7 4 V2 X0, EIBRERN T3 5D 1
ThoHrZ LERL TN,
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Mass of glass fiber, AW [g/m?]

Fig. 2-13  Pressure drop of sample test filters made by liquid filtration.

Pressure drop, AP\r [Pa]

Sample C
- HimR 7
L 5§=7.34 |
’,’ I
0 0.05 B 0.15

Filtration velocity, u [m/s]

Fig. 2-14 Comparison of experimental pressure drop with theoretical one for Sample C.
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WRABBEIZ LV ERI L =2 EnoY v PO FE L S AEEICH LT F ey L
ToAER % Fig. 2-15 12~ ¥, KPR OFERIL, Eq. 2-14) % AW TARE MR T 0 I X W fiiE%
ITolHEEMTHD, WHREICLLT, RY—MRTFIIFBLET~10RBETHL Z LN
otz

600
— O A(W=1.45)
g 500 | oBw=7.15)

L O C(W=12.36) \
5 400 Abw=2832) 5=10.51
o300
O
Q
§ 200 5=734 _1
glOO - 0=6.48 &
(a8

5=7.18
0
0 0.05 0.1 0.15

Filtration velocity, u [m/s]

Fig. 2-15 Pressure drop of Sample A,B,C,D.
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(b) BEHEBECLIVERLERRA T 4 V2 DEHHRK

PR REIEIC X 0 R U723 7 o L & OJE DHRSSEIER A Fig. 2-16 [TRT, 20
B, ABEIC L VIER LT o v & LIEERIC, 7/ 7 7 A S FE 87 1 V2 OFEJIHRR
ZPHEICKH LTI ry FLIEbDOTHD, BEHLFIZEIVIERLEGEICONTHES

WHEEEIZRBWT, EOHEINE & HIENBEERE L R TND 2 ENbnd, £z,
TR 7 4 V2 DF ) 7 7 A NBDOHDETEIAPNe & FMF (IZ361T 2 BaRE K &
DD B ARE— K T 6 ZRDT=, RE—MER T CHIERZ OJE K Z A I3 LT
7'my hL7eb D% Fig. 2-17 12 d, BEAHREEICBW TR, RY—MRET d I3k L2 2~
SERETHY, A THERUZEERN 7 1 V2 X0 S AR —MRTF2/ NS i L 7o
Too BEIREEITY > T AAEROBRITIR AIED X DR BIZ K2 30063, e
B—lc@cExl-bnEEZ DD,

1000 . .
0 0.05 m/s

800 F 40.10m/s -
0 0.15 m/s

600

400

200

Pressure drop, AP [Pa]

0 10 20 30
Mass of glass fiber, AW [g/m?]

Fig. 2-16 Pressure drop of sample filters made by gravitational settling.
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Fig. 2-17 Pressure drop of Sample E,EG,H.
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2-5 U NV ORMENRAIE
AREITIE, WAHER KOEEREEIC LV ER L2 B Y 7 o7 vy U Es)
ROWPEIZOWTHBAT S,

2-5-1 FERFEROGKME

AFEER T U7 EBREEE X % Fig. 2-18 127§, RIEEHY 10 ~ 200 nm O i FH O FERRL 1 &
LT, B v 7 ZBREWRF (Y v BULRIERT ARF-30K) % U TSR EEME A L - T
A4 T2 NaCl KL% 24 Am BUERFRIRIC X0 P BRI L, SEs ket Th D
DMA (Differential mobility analyzer, TSI inc.)% VN CTHGEORL 120k L=, £ LT, B
M Am IR Z VD 2 L2 K 0 AF DAV B - MR O RBRRL T A I VLR ZE R LR
BRI RICT A VERAVE~NEA LT, 2056, KISz T 5
CPC(Condensation Particle Counter, TSI inc.)%& V=, F 72, KD 200 ~ 500 nm D #iJHOFA
b & LT, 2l Yo7 b~APFITL o THRAELTLHTO NaCl kL% 2 Am HUH TR

CEOHERL, (HERZER EIREMIN LI T 4 VE RNV T NEAN LT, 2086, R
FOFHENZIT A NR—T 4 7 VB T v #—ToH % OPC(Optical Particle Counter, RION KC-
03B) % FAV /=, SHEEE D A E DOFHE L~ A 71 —= > k7 —F —(SEC-510 STEC Inc.) &
FWTITU, 0.05 ~0.15 m/s DFIFHTEL X7, T /RO 7 ¢ VX Bl % 3 5 B

ik, RN T ORER ~DILBILE DR L 5 2 5 /RN S 2 55 O T, Fig. 2-18 1IR
TEIOECTARNTANEEFHFALIE 7 A NEARNZ LRI UBROT A N7 4 V2 OFF
AL TWRNT VB RNV 2N L, 2 NE O BT 2R T EEIRE Chier.
Cotank ZHIE LT, 22T, BASNDREBRLA OIREIIFICLEL TV D DI TIEZRL,
FREM ORI PEWRENEBT 5 2 E3H 5D T, Table 2-3 IZRT XL T 4 L Z B3 EA
SNTNDLHENLL L FHAZSI TV WAL ORLTEEIEE Chier. Colnk & T AVEAL A
WZHIE L, BRI T DB Pye & BEq. (2-20)2 WV TRD 72,

N 2C
1 _ filter ,n
nz=l { (Cblank,n + Cblank,n+1 )}

N

P, (d,)= (2-20)

Z T, NITEERBROMERETHY . RFEBRIZBWTIEIN=4 TH 5,
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N, NaCl:680°C 241 241 CPC 3775
1.5L/min ) Am Am U 0.05~0.15m/s

Cblank

e © ASH

10~200 nm E

&
TEScEARICIE 241Am Filter Crier &*°°°° _’-

NaCl: 0.1wt%

aerosol
P = — OPC
N, G& e d=b
1.5L/min IiT 7 Diffusion dryer

Collison
Atomizer
200~500 nm

Fig. 2-18 Schematic diagram of experimental setup for determining particle collection efficiency.

Table 2-3  Penetration measuring method

1 2 3 4 5 6 7 8 9

Colank | Chlank,1 Cholank,2 Cholank;3 Colank,4 Cholank,5

Cirilter Cilter,1 Cilter,2 Crilter3 Cilter,4
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2-52 ERFERROELR

1R A3 B OV JIEBRIEIC K 0 ERL L 7238 7« v 2 Ol (AiiEE @ u=0.05,0.10,
0.15 m/s) & KifIZk LT e w b L7#ER % Figs. 2-19 ~ 2-21 2 Y Figs. 2-22 ~ 2-24 (2R,

T, WA TER L7723 7 4 V4 (u=0.05 m/s)IZOWCHT %, KFoAKE D
7y MIZRBH 7 4 V2 OFERETH Y, PPREOHEMN & & HI2FmRITED Lz, &
KBBRATIRE DR > 70 A 1E 200 nm F2JE, b EOE WY 7L D Tl
100 nm F2HE & BT/ NE L 72> TR Y (Fig2-2 TR L7l & —F LT, 2B h O ERIT
Egs. (2-9) ~ 2-13)I2 & W 1§ 54115 FMF O Bl ERE DR of 2 AN —MER T 6 TPRT 25 2
LT LY Eq. 221D X S ITHIEEITV, Z O IER O KRS HE v % Bq. 2-22)IT7R
FxIEEEANARA L TR LB Th 5,

f
n=""/s (2-21)

P==exp{— fal T} (2-22)

AR L FERE A D & ERE & HERRESNIFIE L TWD T D, A
KIF 0 12 K DHENROMIEITH DREZ Y TH D Z L3005, LML, 10nm &MU
K- CIEBBRRDOERIEDIE > NE< 7o Td, T, fHEREDOARLE) 1 6 7217 Tl
FIETERWEF, 72 2 ITRERT R EDOEETH D LHES D, 2O X5 REmIEA
WHEZZ L ST, FIAERGEEZBR A THLRKRTH -7, LovL, EHWKEIEICLY
TER L7277 4V Z DOFR, AW EVIER L7277 4 0% X0 HFmEMRN 2 & 3550
Do ZAUE, EINRBFEIZEVIER L7 4 VX ORE—HR T2/ E L REELENZ &
BRERTOEBEARBW LI bDEEZHND,
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OA(W=1.45)

©B(W=7.15)

DC(W=12.36)
101 ¢ AD(W=28.32)

102

Penetration, P [-]

1073 5.

104

0.01 0.1 1 10
Particle diameter, d, [um]

Fig. 2-19 Penetration of NaCl particles through sample A,B,C,D.(#=0.05 m/s)

1 T T T TTTI T T T rrrm T T Tt

10m/s

Penetration, PI-1

OA(W=1.45)
©B(W=7.15)
OC(W=12.36)
AD(W=28.32)

0.01 0.1 1 10
Particle diameter, d, [um]

Fig. 2-20 Penetration of NaCl particles through sample A,B,C,D.(4=0.10 m/s)
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u=0.15m/s
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& 103 OA(W=1.45)
©B(W=7.15)
oc(w=12.36)
AD(W=28.32)

104

0.01 0.1 1 10
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Fig. 2-21 Penetration of NaCl particles through sample A,B,C,D.(u=0.15 m/s)

1 .
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Fig. 2-22  Penetration of NaCl particles through sample E,FG,H.(#=0.05 m/s)
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O E(W=1.63)
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Fig. 2-23  Penetration of NaCl particles through sample E,F,G,H.(#=0.10 m/s)
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OF(W=6.60) |
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Fig. 2-24  Penetration of NaCl particles through sample E,F,G,H.(#=0.15 m/s)
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2-5-3 PAN F ./ 77 A4 NELDHE
AE T, BRI OTHRESN-o LY ha A= JETERENERY 727 )
7=k UJPAN)T /) 7 7 A NERMETIER LT 7 7 A O %#1T 9, Table 2-4

\ZPAN 7/ 7 7 AT 4 )L & & HEERIR & LT AiiE
JV % (Sample A)DWIMEE A TR, ZORIZRT LD

PR (B ADIX, AWFZEIC L 0 /ER L 72 Sample A & 13
JVZ TR, FEHEER 042 L Sample A @ 0.042 XV £ 10 {55
)77 A NOBHEFIE R AR U & U 72 BR o> B —HgHE i HE 500 28 DS HE 0D e RS O AN 18—
KF OB LY ED X HIZET 5Ot Lz,

Table 2-4  Properties of filters.

CEOERILT=F ) T AT o
2. PAN T/ 7 7 A N7 ¢ L Z O
IZ[AERTH 525, PAN 7 o«
7o TWb, ZZT, F

Weight, Fiber diameter, Packing density,
Sample
W [g/m?] d[ 1w m] o[-]
Sample A 1.45 0.47 0.042
PAN 1.48 0.36 0.42

Fig. 2-25 1X., PAN 7/ 7 7 A /3 & Sample A O Bl n 2R T£2IC
vy hL72bDOTH D, KT D2 DOMHkIT, ¥—
D, YLH - S ZE VI K 2 B—HERE RO FE,
B PAN 7 o L Z DI,
FORLEEREZ LR THD L

A IR R A N 2

xTLTr e

IZFEHEINTWS (FMF) SRELTZ & &

ik Cdd %, ¥ —FRH DKL, FEHED

Sample A DF) 9 ERRERERETHL ZLIZEDLZHDTHD,

ER (T Hb bbb, £,

WX, Ai

ERHEEESND, LrL, ey
PAN 7 ¢ )L Z D J575 Sample A £ 0 HIHERMNMEL 72
STV, ZHUEXPAN 7 4 L OIETHBERORIER R LV RO 7o A h)—
Z DAL & THIIE L7-HE
PAN /7 7 A /X7 4 )L % & Sample A DJE KT
B u=0.05m/s D, TIEILSPa, 3Pa EARWIRICL VW IERIL =)/ 7 7

PERA- 0 23 66 &\

A RT 4 VEIHEDNRBE DT TR FREBRNC EBbh o, UL, A
WEIC K OIER U727 0 v Z DTN,

Bk TW D72 ThHL EEZBND,
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100 — —— -
® PAN u:0.05 m/s
O A(W=1.45)

Single fiber collection efficiency, n [-]

10 100 1000
Particle diameter, ¢} [nm]

Fig. 2-25 Single fiber collection efficiency of PAN filter and Sample A.
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2-5-4 F ) 77 ANORERBIC L D E—HERESR~DEE

KAk L OE DRI L0 ERL U 7238 7« Vv % OB iHEE S FE 4 Fig. 2-
26, BLUFig. 22710k LD, TNH 2ODF 5 7Ok EfT. FHENARE—M
KT 6 12K DHIERT & MIER DK T 4 V2 DHEER Th 5, REOEMNE & HI T
AR L TV 223, MIER TiX. EOSMTHIZIEFEBROMED BT & 225 T
Wb, TNENOERMBIZONTS, PREICE 5T, HiHEMEDRIMTIELD S 220
EWVNH T ENDL, AR X OENILEIZ LD HERE L7 7 ¢ v 2 il Fig. 2-28 12”3 &
N, MEHEHERS S OREE A R B2 6| 3 IRGTHIIZIEA T MICIEE S TV D Z LR TS
ND, 2O LNb, HEABEICOWTIIARE MR 725 7~ 10, TEHLBEEICOW TR
2~SFRELIZLSEEIHDLILOD, ZNDH 2 ODHIEIE3RITMICT ) 7 7 A N EFEET
HZEICHLIEFETHDL EEZXDBND,

100
OA(W=1.45)
©B(W=7.15)
Oc(W=12.36)
10 AD(W=28.32)

Single fiber collection efficiency, n [-]

0.01 i i i PR B A
10 100 1000

Particle diameter, a;, [nm]

Fig. 2-26  Single fiber collection efficiency of sample A,B,C,D.
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Single fiber collection efficiency , n [-]

100

OE(W=1.63)
©F(W=6.60)
OG(W=11.80)
AH(W=28.62)

10

0.01 e e

10 100
Particle diameter, dIO [nm]

Fig. 2-27 Single fiber collection efficiency of sample E,F,G,H.

Code 100

Fig. 2-28 [Illustration of nanofiber layer.
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2-6

i

AWFFETIZ, 74 V2 OfiEMEREZN ESELZE2AMNE LT, T/ 774 73%HD
FEE DR S THM LICHR S BT 4 V2 2/ERL | £ OMERE 2 R - BlEaRIIZRE
fli L7z LIRS, ARSI VELNIERMRAEF LD S,

RBRHA 7 4 NV DIER

1.

T T ANOREREIEE LT, IEEN— R L LIZiRAilE & B JIERIEIC

V. Codel00 D77 7 AffifE(dr=0.35 um)Z st L 72 2R Fm 'L PP)R 7/ rn 7 7
4NuF3%mmtmﬁﬁéﬁﬁ%M74»&@@%%ﬁokom%%%WELk&
Z A RABEICIBNTIE, HEE DD 22 WHEFH T IO BRANIE A I R B RRAE D
BIRIFTLE 272728, Codel00 DIEHMEES /341 & Lb 2D &3 TR IMBAERMNIC >~ k
LCWeds, kA, EALRE L b I EIMHER 7Y 300 ~ 400 nm 2ED T/ 7 7
ANEREICFEE L1277 4 VE BERITE T,

TER LR T A V2 DT ) 7 7 A RNORIREZRE LIz & Z A, IRABIEDTINES
R I VER L7 b 0 LT, BEN#E -T2, ZHuL, BARETIE T, 7
7ANEIIFCENZMA D Z &b T 7 7 A NP EMNEE THRE L TV D
O ThoHLEEZLND,

RER T 4 NV F DT v VEENEEOFHE

3.

INHDREBRT 4 NV HESIEEONEM/E 7 7 T VT 4 )L Z(EMF) OB E /48
RO AT, RE—MERF 2B LT, FOREER, RABEICBWTITRYL—
PERT-3589 7 ~ 10, BEINEEEIZBWTIEN 2~5 Tho Tz,

NaClKL 7 & VT A VA ERRZ T o 7o & 24, £ 7 4 VA ERTDE L Hi, #
BEROBMIZAV, SIEDFA LR LCO BB R ST, £, SRBMT 1L
SIZDVNT, BMF 7 4 b5 (B % Bl W BRA A 0o 2 Sl & DJE T AU
0L LT R T 10 K 1 HIE £ T - - iR & BRI OB 2 E — B L
BY . ESEELVRDERY—MERTFICLVBET AT, F /7747 4L
5 OIENE AT D = & BTHETD D,
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PAN /) 77 ANT 4 VE L DB

5. WHEARIU L LIERABEIC LI VIER LB 7 v 2 L PAN 7 4 L Z DT 1
Y IHEMRED AT o 7o L 2 A AT L VIERILTc 7 4 V2 DIETHERO T
DMEL . B—fHEREDE RN BN 2 LB bh o7, PAN 7 4 VX O X 52 R ek S
WCHERE L7277 0 v & Tk, R —PERT2 66 &R A1k & TR 10 SRR &
<\ HEHE SN — D ZIR TR DR o 1 7 4 VA BN G 2D 2 L &

REEL TN D,

W LT ) 7 7 A NOHEEEE
6. HV TN OB E SR IIHRE E IR, 1 ZIE - LT, Lo TA
B L72T 7 7 7 A NE, ZIRGCIICIEA G MIZFERE SN TWA Z Enbrolz,

7. ZWRITHINCT ) T A RNEREE ST L FEE LT, AR AR R & Vs,
RABE, BIOENEBIETIE L HTETHY, 5% L0727 4 VX 2 {Eil4
HTEIZEY 7 o M RHEMERON EDNRIAEND,
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Appendix A

BEICRTDENBREKT —F O ROIARY—HERTF &
Kirsch b YOARE—HREF DZEICE T 2 BRIEERIZOWT

Kirsch & 3£ NHEILORPEICIB VT, MHEFTEO AR —M 2R3 fHiE L LT, X(A-DHD
X277 UETAT 4N EZOERTH) F L Kn=0 IZBIF5ET 4V Z OERITTHL Fo
D E L TERZ L,
o= F/ Fy (A-1)

ZIT, Ty UETIAT 4 VEOERTH FiE, A2 TREIND,

Ff =4x[—0.5Ina—0.52+0.64a] ! (A-2)

Kirsch & (1971) 29}%. FMF 2% LT, Kn=0 BT DRI Fo L HAHENICEBITS
F OERIIAA3)THEZONAZ B2 LT,

Fl=Fy '+ r(1—FA3)Kn/4n (A-3)

Fo, BT 4 NFITONTIL, A3 E FRER AN ZREL TV D,

F'=Fy '+143(1-a) 0 "?Kn/d (A-4)

RA-DIT LY RE—[K T 6 ZRKDDHIZH 7=V | Kirsch & IHifaxtES) P % 760 torr 7> 5 7 torr
EFTCLSETETANIDOENRIEZRET L2 LT F L E PLORBKREZRD, o1
TEMRE PI=0 FTHET L LICLY, ET4NVEDF L LT,

B, SEOFRTHEMA LIZT 4 V& EITRR DM, Jia?) BT T — & Bk
%, Jia BlE, T A#E~ « V% (HEPA) OJESHRKZBIESRMCTHRIZE L, Kirsch & & [A
BOIFIETRDTZ 0 &, KA-DIZBWT, d=1¢E LT, BH—FET 4 VFDOKRKE FITEHE
T5 F kD, 2 RRJUEICBITDET 4 VEZDIETERNGROT FFOlER -T2 6
U7z, AR % Table A-1 127”77, 24K Y, Kirsch & OARE—HER T3 6,53, HET
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FERAN RO TR —VER F137.63 LITVME & 725 2 & R LTz,

Table A-1 Comparison of inhomogeneity factor (F/F") and degree of un-uniformity by Kirsch et

al.(1973)?
Degree of
Dimensionless Dimensionless Inhomogeneity
Non-uniformity by
Sample force of FMF force at Kn=0 factor, FI//F"
Kirsch et al.
[ Fo [-] J= F/F [] o[-
Glass fiber A 10.72 1.64 6.53 7.63
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FBIE HERBEZHE LT~ v FORE LHEDROAE

AIETIX, 7 4 VX OEEICBT 9L LT, 7 7 7 A4 37 4 M Z OFEPER b mT
2B EGTo, RETT 7 4 VH OWEITIIT DR A AORBIZBT 2058 L LT, B
&N CHHEETH DR A TOER, T7bb 7 4 L7 THIE TE 2 i/ DRtk
RIS D72 D OME 21T o 70, 7235, AWFSETIL 10 nm BLUF OB HOhL 7 D3 A & %)
E S R (ESZ RN AVANY F RS SIAY

3-1 &5

—fRIZ, B 7 v L EOBIRRL I, BEARREICEEE LT 5 LBk S, Ll &
JEPMELS RN T I 7 urETTNEL D L R L ERKRERO 7 7 T AT — LA
TR ZEANC 72 | EZRL IR EICE T D, =7 a Yy VR fFaxdgR e Licga, 20X
5 7RI OGS - FHERERIT [TLE ) SIS, —J5, BUEEhRN K& WA A0 11%, B
RENZBWTRE SN DIHEERE, BERERE LIcEEs LTI, ik~ Bk s, R
RERIIT A « AREWRERET DR~ A7 LRI T2 RET BB LA~ AZIZHIT D
NWTEY, KT L RUES T OBRICET 28T WAZRE Y 27 OBIRE VI BLEND D
WO TEHETH D, ZOWAE LBkIR Y OB & 72 D019 A XITBI$ 2 EBRAY - Blam 72
BETMTO, BT, 2am BENRZOER L LTEX LTS 9, Thbb, Z0
YA RGEIL DT L1 A 531 & EURRL O P e E 28 U, BERRE 2R 53

ENATET D0 E 9 L, OB 72 K& SITMA T, R OME, K, BEARE R
OYEZR BIKAFT DR S D, ZHUTINA T, R FRHE L TS EfES T LY
kit L ERREOMNENINENTHZ b THEND, Lend-> T, F /K- OE R E A~
DILAEBG & FEBRANIRNTT 51213, 1 X, TRk, HEkEe7e & WA B (S HIE S
Te BRI DFRAEVEDMENL P e b EHE L 72 D,

Y7 10 nm SEIK ORI T DI, RFEMELE, 7 — 7 MERENVBRINTWDHR, &
BEOR T 2%/ERFER, =17 hrAT L— L HESRBDOMA)OMAGDOREIZL DT
EPRHRE SN TS, Leedld, =L 7 hrAT L—IEICL Y i~ FC2mBEOKRE I
RO~ I ahy A A BREA S BERE IO FEOBkIR D 2 RE LTz, £ ORESR.
RiFE 0.9 ~ 2.6 nm O~ 7 B 43FA AT, [EREREDBRIRY A& 2 LG L T\ 5,
—J5CHeim b Y%, Bb& 7 AT o OT7 — 7 BEIZ LV REAE LT 0.9~12nm ORLFIZ K
D SUS UAY A7 U—rDAMNEEFHIIL, Bk RpnZ s ax@E L, ZhbM
B3 % B AT DHEENLETH D,

IEOHRLY, =7 ha A7 L—ETRAE LR E, RN < THEMICHE

51



LT AMREMERMER STV 5, T7bh | kxR EIRENRA L WS =T v Y L%
DMA T3 2 &, BIO 1 MoK FI2MA T, FUBXBHELZHFT L, L K&k
fili 5 B - S PBRRL IR AT D, 2072, L6 Ol ERLF-2MEET 2 & | WE
WZCRE RV A ZXORF-DRAT D & L HIT, K FREDEMOEEIZL->T, AT E I
RTINS D TREMED B 2,

AETIE, =7 hrAT L —ICX o TRAESEIERF ~ 7 11O EIRIE & fil 5
D720, FEPEECHAm) 2 W THEREBORE 2 A 7, £/o, 2O X5 RIFETH
BIRBA G L2 ]h~ 7 m oy 2Bk & LTHWT, 7 0 VZ ERBR 21TV, Hilide
NERIC G 2.5 BRI DO Hy IR AE D BB 2 3T L 72,

32 T T 4 NVFIZ K BDRFOMERER

ARETIEZ, =70 Y VKT NET 7 4 )V Z OffifE EICHIE S D BREIC—KRIICHW b
% HL— e AU EEERIC DV TR ARHFFE T 2 3Bk 1 O STRLI 72 fl SRS T d DIk
BIROEL VA Y A7 ) — o ~DORIFDIEIZ OV TR~ S,

3-2-1 JEBIC X DRI TFOfE

TTa VRN T 4 VEITHET DR & LT ARSI, S &0, 1ErEEE, ik
B, EERE, BESI 1D 5 SOBENR S D, =T 7 4V HIT K DT KL ORERIER 100
nm LA ) TIE, JEHNC L DRl KB 2t & 72 5, 2079, Fig. 3-1 1277 L9
(2. Brown MEENIZ L o THkHEICHEZE L ChL X SN 5,

Stream line

Particle

Fiber

Fig. 3-1 Collection on single fiber by diffusion (Brownian motion)
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AW THND~ 7 a5y FA F o ORifdE 10 nm LT Th Y . JESdEE S LR 2 Hi%E
Pt L 72 %, PRI K DR O B —HkHER SR 2D S8 13, R I OB /N & < 72 B 2o
TREL 2D, YEBODOREILEq. 3-1) TEFR I D Peclet #(Pe) TH I D,

ud, (3-1)

Z 2T, DITKLT OILHAREL, w (TAWEETH D, YLHERE D IZR OB TE S

—

%,
CKT  ZkT
= (3-2)

C

- 3mud, - .npe

T CAFTROMERE. kIR Y~ B, TITHOHREE . w1 ZIR A EE . d, 130ks
B, Z I TELSBEE, ¢ (TBREREL R LTINS, PeHUIMTiE LILHEDL T, Z0E
WITCEED N S ONE EIEERDS A D2 iSRS & U CIER %, ABFZE Tl Chang & 7 Ot
(ZH:AD X | Bq. (3-3) TE I N D BRI R O ERA 2 iz, £ DR R % Fig. 3-2

IZR7,

2
Np = 2.68Pe 3 (3-3)
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Fig. 3-2 Theoretical collection efficiency of single fiber by diffusion

Fig. 3-2 (TR 9 & 912, FHEEREME 2SR SKRCR 20 BRI T, #RAERR 2/ N & <70 L HE—
ARMESE D=3 %,

3222 VA ¥ RT ) — o ~DhiFDHE
KB R A2 D C M R 2 RO BRI, R dr. 7 4V Z DIEI b, FolH
RoaNEETHDH, T2 T BB —ET, RENAL—ALHEBEEZ L TWDHUA VR

Ve BB 7 g N Z e L THW, VAV RAZ Y — 2B 5 BE%E P IIxtiosmal T
5.2 B, Cheng P51, ZHUTKL T O ERNR n 2 BB L -k XA RE LT,

P = exp _iiinscrecn : 77§ (3_4)
Tl-ad,; ‘

=17, (3-5)
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ZIZT hIFAZ Y =2 I DIEE | fgereen 13 A7 U — UK, ns IZHE—MEHEREZIR, 5ol
B2 2~ T, — IS, KR nm D HH pm ORLFX T 7 T AT — /L A 358 < |
(BN pa= 1 EHTRTZENTED7DIT, H—MEHEDRIIHEEDR L E L2 D,
UL, F /A ZRFIZ8W T, Wang & KasperDIZAF B 2N o= 1 OAEDS 10nm LLF D
RIS CIERRALE T KL OBGER)IC & > TEARRE TBEIR Y 234 U, EEBRLS 25
T LA AERE LT,

33 HEREEZHE L PEG A4 ORAE
3-3-1 EBREE

RIS 10 nm PAF ORL O EURRK i ~O LA FeE 2 392 72D 12iE, SRR - 054
EFHINZ O\ TR BN DT — X OEFEEORFEN LI TH D, FRIC, AR T ORMIZE L
T, HEME, WS, LT IREIIATIEO B A ER T 5 5 X THEHETH S, I HIZCPC
DFHAITIR (TSI-3776 D 50% MR ORIAEE 2.5 nm) X° AE OFfE (BRI 112D i
Z L. SN H LY 1000 fil/ce (10fA) LA EDRIFIREENLETH L) 728, FHUZELE O RO
FE L PR TRGER LT L 72D, AEiTIE, =V 7 hr AT L—ickbd~ralyiA 4%
AL rfk, FHANEICB L TRk L, ERCIREZ B L7z 9 2 T PEG /3 F O EKBEN /10
% FEERIIZR O T=,

(a) EBRERE

Fig.3-3 12, PEG 43 F D343 L OEXEE 540 E D 723D O FERIR I 27~ FBRik
BIIRE S T BT RAEM(= LY ha 27 L —(ESD). 8kl (155 B §R 3 o ik 2e
(DMA)), FRHER(=7 = Y LERFHAE), B ER(CPC)) M bR STV D,
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WienfDMA
Syrlnge pump

D.C.2.8~3.0 kV ¢ [ ]

;

Fig. 3-3 Experimental set up for measurement of electrical mobility of macro molecular ions.

(b) KL FFEAELR

BT RATEIR, AR TR EIR, S OICHEMET DR LTI, DL, IR
WETEE, ARREEERIE, BEMBFEREPHVLND, TOF T, AEBRTHW KT v/ 1
DFOREFETHDHEERZR(E L7 br AT L — A FUAMEIZ OV TEFEL B D
WS DA 2 2RI 3 L, ZOFHIRAY RY U T DIDIZEHETHY |
BEE TR RIFIERBERIN TS, FiZo L7 ba X7 b—A 4 ALIEIZ LT O R
DD,
O 12 RKGE T CIEMEENICA AT D LN TE D,

@ WP OWE %5y FHE 2 o 7o F EXAHFITED HE D,

@ HTEMYICESZ LT, BHOT A AWIEEH T 550 TIRDA A A dtfinic
AT D ERARETH D,

PR, =7 A7 L—F, =7 e Yy LA E LTHIER STV D, 2t
BIRTDHZ LI, BRESEDLIDTA AL OV A XEFfHITE, I/ A— VA —F—D
PRI & BT 2 Z LN A[RE L 725 810 Fig. 3-4 I L7 hu A7 L—OE &R %2/~
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Fig. 3-4 Illustration of ion generation by electrospray.

T haRATL—EOEEIL, XYy TV —Fa—T YTV TE XYy VT AR
BONER, mEERIN, v 7 U =Bl TR SN TnD, =17 hr X7 L—IZ,
REHAR AR T 2 HEE LT D U URV IR LR TS, 2o Shzitkhic,
BELEZHINT 52 & T, 74 7—a— v LIRS MEEROBRERKT 5, 74 7 —=
— DS TITE IR KRS D 2 L TIRIRT OBMEENRS 20 . A F U REDORFEHR
AT D, ZORBHVPEROERRENLD bRELS DL T4 T —a—r Ok LR
PDIETE S, R & 7R o THMES L, KMRICE =76k b7 vy RO T
AFDELND, ERENDIDTA AL ORE ST, WEOMRE - T BE2EZ2HZ LT
Bea Ippi 2 AT D EBARETH D, =7 ha AL —THohin A4 13%
TBHTHY | ZMHE LA T L Vo T2 R DOREENTND T2, srfkdEiE &
HEDEDLT LR BOWDORTA T 255 2 ERAREL R D,

(©) kR

F 7 KL ORLEE A E 3 B R 7B 53 #k#¥(DMA ; Differential Mobility Analyzer)’’ H
WHID, DMA IF, R ORI LM EREIC K > TIRE S DR O BB ENE O
EWZFIH L 7RF D45 E T 5, DMA % W CTofk al e ZoRi2#iPH1Z 5 £ % 1 nm ~
lum ThH 5, £7-, DMA [TRHEEE LA DED Z LI L o> ThEASMHEZEE & LT
ANHNTWD, AL T, A0H%E S L=2855mm, WEOIER Ri=27.5 mm, F+
A DAL Ry = 32.5 mm @ Wien BL-DMAW A L7z, v — R &K CHUNEEIZ L - T
13500 HABORL T ORI R D03, AT/ S WK ORI 2 50k 3 D BRI W S
b, =7 hr A7 L —L Wien-! DMA %\ T, Bzt Es(CPC) & =7 1 VL
FiaH(AE) & O AE ORI LV BEXBENE 2T Lz,
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3-32 RBRBEEROEREMH

RIEE2310 nmBA T DKL [E AR i O VLA R 2RI 5 72012, Y1 X &I L 72 3K8k
BT DORENKRDBND, £Z T, TV 7 haRT b—A F o3 LRI E S has
(Wien®l-DMA)Z W CAR Y =F L > 7Y a—)v (PEG) &3 ESE, mEFMICES
PEG/) 1-DEXBENE AL %2 KD 7=, PEGITALREM-CEE G 72 I S b 7e EAEKR
~OEEMENE L, =T 1Y L LIEPEG~DORFTIC LD HER BT/ NSV DL EZ bR
24

RIBRTHW TR T H D PEG D4y T & Fig. 3-5 12”7,

HoAF

© : Oxygen Q) : Carbon(Q) : Hydrogen
Fig. 3-5 Structure of Polyethylene glycol ion.

PEG |35 T EZ il L7280 @mWRE L AFT 52 LN AETH H, AEBRTIT
Oy EH 2,000, 4,600, 10,000, 21,300, 75,200 g/mol Dif# A AT L7-, EHHMIZIZ, £ D
FifRIE 22~62nm ([ZAHY T 5, PEG SUEHAIROEIEE L TIRD X 5 ITHIRETE L=, A
2 ) — (R BEEAL SR & 8RR Z IRFELE 111 TIRA S, BEME2 52 5702 EME &
U CHEET »E=7 A((ROBEFLZ)ZIRML 10mM & 722 X9 ISR L, Z OElEE T
T FEBROFERNS | K51 H(2,000, 4,600, 10,000, 21,300, 75,200 g/mol)lZkt L T, #AEHE
JE % Z 24 0.005, 0.05, 0.02, 0.02, 0.002mM (2725 X D IZFHR L7z, LIEe, Zh bk
BHER % % 124 PEG2000, PEG4,600, PEG10,000, PEG21,300, PEG75,200 & #i9 5 2
LIZT D, INH 40 ET L7 ha AT L —|C Lo THEE - HRIEHZLICh,
DFREDOA F o 2K T2 LA FEEE 2D,

AWFFEClE Fig. 3-3 1R T EZBREE 2 VT, EXBENE A0 ORIE %17 - 72, PEG g
WikzE> ) R TIZED 500 pgh D& T, =L 7 hrAT L—{Ififg Lz, =17
B 27 L —~OREHAR OMARIE, VU PO A X NT (A8 HEH0.11 mm 1D, 0.24
mmO.D,L=25cm () —T PV A = ) HNTYTol2, =LY hr AT L—IZEEE
JR(HAMAMATSU %, Model C3350)% V)T, 1900 ~2500V OEEZFIM L=, £ LT, &
EWRT AT —a— &R SETPEG - &RAE S, =L 7 br X7 L—D#o 5
iz, CCD WAT L= —2HNWTBIETHZLIZLY, T4 T —a—rOk+FZ ik
R TE 5 X 91T L7e(Fig. 3-6). Z D & 5 7k T4 EH 7 PEG 70 FIEZAMICHiE L T
WHEBZOND, TDID, HEREOHFZ o IR TH D 2 Am & o, Ffngss
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WG & ISR A R E L TR BTN AT o 72855 0 2 O EIRED PEG 43 % Wien
AI.DMA IZE AL Tk L7z, Wien B.DMA OELEFIICIE, @ELEY —A « A—H
(KEITHLEY,INC.#, Model 2410) & F\ Nz, E72, ¥ —AH AP &L, 15 L/min [Z587E LT
FEREAT 72, 43k LTz PEG 43 FOEEGRE OHIE 2, EEfatLq s (TSI 4L CPC-3776)
L7 m Y VERREHAE) THIE L CESBEIE 50 2 KD T,

Fig. 3-6  Picture of electrospray

333 ERFERBIUVER
(@ PEG OEXBBESM (hIFAVEL FHHUEE:CPC)

PEG4600 Z ikttt & L CERBEIEL M ONIE 21T 7o, TFERNPEVG S OESBEE
AT DORER A Fig. 3-7 12, TR Z&E L BRI ET - - BEXBENEL 04 O R % Fig.
3-8 (TR T A | AR A B | A 3 AR U B B (Z,) D W A T, T AngR Y VGG Fig.3-
T DX 2IEDHHR R OND, ZOREWTDE—7 % PEG4600 HI2kD & — 7 T
EEE VMERET D & ZORARIT 22 nm 12725, —F CTHMSZ#E L CHEh 41T
ST2HEA . Fig. 3-8 IR T X 9 ICH RN WA OFER & T — 7 ONLE N A I E)
LTCWo, [ARRIC Ll EARE L TRRZRD D & 2.7 nm 12725, ZO X 5 U N1
WA A N2 L5 T EIRRE T, 1 lid 5 WIS T LVFELE T E 72072, PEG4600
DORIBITIIEL LI, 27nmm THDHEEZBND,

PEG2000, PEG10,000, PEG21,300, PEG75,200 Z &kt & LT, PEG4,600 & [FIkE72 328k %
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#T-7-, PEG10,000 ~ PEG75,200 O RIS E & P& a4 L CHER a1t 72
Ba OBEXBENE DA ORERE R % Figs.3-9 ~3- 16 |Z7~77, Figs.3-9, 3-11, 3-13, 3-15 (IR
T X oI, PRZNENIG S, MDA R S 41, PEG4600 DF & [FIER 22 M 2315 5
nie, ZIEEOY—27 ORERE—2 % PEG RO E—27 T 1L li L KET 5 & . PEG2000
ORIEEIE 2.4nm, PEG10000 % 2.4 nm, PEG21300 (% 2.4 nm, PEG75200 |% 2.6 nm 272 %,
Figs.3-10, 3-12, 3-14 X 3-16 (2T L D ICHFIZRAZFRE L TR 21T o 7of5 R, H
g N IEWIGE OFER & AT — 27 OALENIZHE) L PEG4600 DFE & [FAR 728 M 4 7~
Lize ZHB ORI % LAl & RE L TRIfE A RO 5 &, PEG2000 (X 2.2nm, PEG10,000 DL
1% 3.5 nm, PEG21,300 OKi£EIE 4.5 nm, PEG75,200 ORifEIX 6.9 nm & 72-7-, Zhb X
D, =L 27 br A7 L —THA L PEG K FIIZAMhIZHE L Tk Y, DMA-CPC OFLAH
e T, MEHRE 1 MMEfET 2 EELWRFREBGELNRNT ERDhoTe, Ko T,
CPC # HWCEHIIT 2 BRI 1X, DMA A CTOREFFIRLETH D,

60



70

g

E 60 | —PEG4600
= 50 |

X

£ 40 |

=

|

s 30 |

[-5]

&

[=}

S 20 |

S

2

S 10 |

=

Z

0 | L |
0 2 4 6 8

Inverse electric mobility X 104, 1/Z, [V+s=m]

Fig. 3-7 Inverse mobility spectra of electrosprayed PEG4.600 (Without Am)
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Fig. 3-8 Inverse mobility spectra of electrosprayed PEG4,600 (With Am)
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Fig. 3-9 Inverse mobility spectra of electrosprayed PEG2000. (Without Am)
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Fig. 3-10 Inverse mobility spectra of electrosprayed PEG2000. (With Am)
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Fig. 3-11 Inverse mobility spectra of electrosprayed PEG10,000. (Without Am)
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Fig. 3-12 Inverse mobility spectra of electrosprayed PEG10,000 (With Am)
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Fig. 3-13 Inverse mobility spectra of electrosprayed PEG21,300. (Without Am)
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.3-14 Inverse mobility spectra of electrosprayed PEG21,300. (With Am)
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Fig. 3-15 Inverse mobility spectra of electrosprayed PEG75,200.(Without Am)
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Fig. 3-16 Inverse mobility spectra of electrosprayed PEG75,200. (With Am)
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(b) PEG DEXBBELM (PMBEL FHEE:AE)

CPC CHIE L7 EBXBEE M OMR LY | PRgRBEWISE O PEG 75 FORFRIE 2.2 ~
2.6 nm £/NEVY, CPC D 50%HRIERIL 2.5 nm TH V. AE & W\ CEXBENE 540 &k
DTHERAZ T D 2 & T, BMHEEIC L DT EDOH A W CT& 5, Figs. 3-17 ~ 20
\Z AE THIE L= EEXBENE 5 OFE R & ~T, Mt AE OEFME 1, il B8 E
Zy)DWHTH D, 7235, AE OEFIE 1 & EEGRE N OREfRIL, Eq. B-6)Di@by &8s,

I
N=——— (3-6)
ny, ‘e qe

2T, mp TR T O, e lITEREE, g ld= L7 ha A —X AT LT v/ L
=ETHD,

Figs. 3-17 ~ 320 £V IO BSBEE AN R 6D, K& —27 % PEG kO E
— 27 T I ERET 5 &, PEG4600 OFiFEIE 2.3nm, PEG10000 DRI 2.4nm, PEG21300
ORIFEIE 2.5nm, PEG75200 DRIFE 2.70m & 725, CPC THIE L7ofER LKL TH B —2
DOALEIZEAER R O o7, REDORE S 2 SDOWERZHEH L CTHL Zp TE—Z7 2
BoNTNDHZE LD, FHIEROZYMEAHR TE b0 EEXD, L., AE OERIME
MORIES A 1 liE U CTEBOREZRD D & CPC THIE L2~ 100 fFm < 72 o
7co CPCIFHRIFDV/NE L R DIZEMHNENR T T 5, ZD720, HEIREIZEZNH D Z &
DY S DD BHEZERU EOZENPHTWD, 2Tz L7 e X7 L—"THAE LK T
RA T BEMTHFEL TN DD LEZXOND, BT, BELZE—7 O, 1o
WAL IZNZ, A UEXBEELETLH, LV RERSBMEE PR EERLTNDLIEDL
TIN5,
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Fig. 3-17 Inverse mobility spectra of electrosprayed PEGa 600 (Without Am)
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Fig. 3-18 Inverse mobility spectra of electrosprayed PEG10.000 (Without Am)
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Fig. 3-19 Inverse mobility spectra of electrosprayed PEG21 300 (Without Am)
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Fig. 3-20 Inverse mobility spectra of electrosprayed PEG7s.200 (Without Am)
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() PEG O5yFE EREDRER

Figs.3-7~3-20 OEKBENEL 540D B — 7 (L& % EXBENE 7, XV LLF @ Millikan

& Fuchs DA HW T, K OEMZ 1l & E L TROIREZ 7 7y b LICHR % Fig.
321 \Z7RT, F£72 PEG 7 78 & K5 CTrHlll L 72k O Bk % Table 3-1 IZF & 7,

dp _ nye
Cc(dp)  3muzp

(3-7)

Z ZC., CclZ Cunningham O EFREL, wlTHEETH D,
Fig.3-21 Ot TR, #ihi o TETH D, KFHO 7 vy MIBXBEE 540 L0 KD
FRITRL L pp=1.12 X 10% kg/m® DERIE L E L T Eq. 3-8) TRDOHND

ToRLF15
Saucy et al.' P23 SEERAYIZHRFE L 7= PEG 3 -8 M, & Ri 172 DB

HERR A L TWD, Eiz,
PR LV RO TR FREZ IR T LT,

dp = ( o ) (3-8)

TN ApPp

T 2T, Nald, 7RH Ra @, pp 1 TEETH D,
Fig. 3-21 XU Table 3-1 £V, HRGRPIENGEORERE D &5 TENAEE L THRZE
—J7, HRERAE M L% FTEOHERE & HITREEN

ITEE L7 b
FIF—F L7, PRSSARE L CMETmE{ThA

27 ~7nmm EFTELL., 2 20O G E T
WS, DMA-CPC OflABHE TITR 7R ZIELS T CE 2V &z b,
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10 ¢ dp with neutralizer
X dp without neutralizer (CPC)
_ 9 O dp without neutralizer (AE)
E g — = Saucy's experimental equation
= - Diameter of sphere single molecule
Q.
s 7/ 0]
5 6 al
L z
E 5 _
5, P
2
o
s 3
)
- - IoZe
) = é/’/ { hli
1
0
1 10 100
Molecular weight, Mw [kg/mol]
Fig. 3-21 Relationship between molecular weight and particle diameter of PEGs
Table 3-1 Relationship between molecular weight and particle diameter of PEGs
Molecular Weight d, with Am (CPC) d, without Am (CPC) | dp without Am (AE)
[kg/mol] [nm] [nm] [nm]
2.0 22 2.4 -
4.6 2.7 22 23
10.0 35 24 24
21.3 4.5 24 24
75.2 6.9 2.6 2.6
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34 V7 brRFV—TRAELKLPEG B TA A ORELHOFM L PEG1000 B3 1A
F DAL

AEIORR LY, =7 b AT L —"THAE L7 PEG 70 1A 421X DMA [ZE AT 5HH)
IR Z LW EIELWRLFRERD D Z LN TE RN LRI N, Zhii=
L7 b AF L —THALIKRFREMICHEL TS Z ERERTH D RN D,
% ZC., DMA T45ifk L 7= PEG4600 } T} PEG2000 =7 1 V' /L& H1f11%12F / DMA THL 1
BBNEH T 5 DMA IR EATV, RLEENAR & B i &2 KTz, S HI2, Zhb0RBR
FEENS | 14> PEG1000 By 1A A 2 DA JTHEIC DWW CTEBRIICHRT L 7=,

3-4-1 ERFEROSRME

FERIEE & Fig.3-22 12~ 9, =1L 27 b A7 L—% T PEG2000 & OF PEG4600 %)+
A F U EFESHE, BEH#EDMA IEA L, EXBENEICL > Tofkanizzr v/ L% fif
BPREREICE L%, FET / DMA IZEA L, i Bk e COBKEBE 54 & 5HA
L7z, 728, 1 B¢H D DMA FIINIEE L, Fig.3-7 & O\ Fig.3-9 OEBELXBENESAAD 2 SO
—7 & LT,

Fo BRI & L CR P2 TREZR IRV /NS <5728 AE (2L Y PEG1000 Z FVT
RS EEEA 2 5HA LT,

Electrospray

Syringe pump

H.V.

Pump 2 L/min
Exhaust

241Am E::I

Exhaust «—

=

CPC 3776 nhano
1.5 L/min DMA

Fig. 3-22 Testing set up for measuring particle size distributions of multi charged PEG aerosol.
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342 ERERROBE
(@) TV7 haRXFL—TRELKL PEG 5311 F 2 O ELRDOFAM

iy Al N2 E 2 371015 72 PEG4600 43 1A A OEX B ENE 534 (Fig.3-7) D 2 DD
E— 7 \ZE £ PEG 53 FA A v ORLEESARIER R % Fig.3-23 12~ d, [FMIZHBWT,
3010 nm AR OF 2R 1%, FAIRTEIRAE CHEHE ST | EWER T LCLMEETE
RNDT, BEEE n,= 1 & L TRDTRIREE L > TWDH, Tk YD, PEG4600 DF 1 B —
71389 3nm OB TA A THY | HH2 E— 7 IS METEDT /) ~— L ZliHED
10~30 nm OH KK TN EENTNWD Z LN bnD, FAREIZ, Fig.3-9 (278 L7z PEG2000 &
BRBBENMOE | ©— 7 TR LTRLFORESAZFI Lz & 2 A, K74 2.2 nm
DY v =TS HNELNTZ, £/2, HF2 E—27120E5~18nmm DR FRNEEN T\, L
2R o TH 1 E—22/HY4 7% DMA AIINEETHkT52 LT . =7 hr AT L—0D3
AT ORBETT D E RS HE—DTA AV EZROVHTIENTES, 2L H 1Y
— 7 DEIBEEND Eq.3-1)2 HW TR FOfERZH I L7 & 25, PEG4600 TIEA) 4
fii, PEG2000 1349 1 fi& 720, B FEBKREL RDIEEZMICHET 52 /) ~—DBFET
BHEVWZ D, UEDZ D, PEG4600, 2000 TiEH 1 E—2713E / ~—Th v, PEG4600
TP EL % 4. PEG2000 Tl 1 &35 2 L1280, AE THIE S5 EH D Eq.(3-
6)x HWCTEEIREICHAE TE 5 EZXbND,

S BT, PEG 23 8D 2000 £V &/hSWHEITIE, BONDH—00FA 43 L7
HETREINDZ LB, PEG2000 LA T DR DFE A 27l ATz,
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Fig. 3-23  Particle size distributions of PEG4600 aerosol measured by tandem DMA method.
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(b) 1ffi> PEG1000 53 F A A DRAE

JREE 0.005M @ PEG1000 ik & W= L7 ke A7 L —"THE L7 PEG 53 1 4 DE
KIBENE A % AE TR L 726 5% Fig.3-25 (R L=, Z 2 Tlid DMA A Y7 hfnds
EIERRE LTy, fR LY 2N E TORER L FERIC 2 O BXBEE M1 D
Tl EMnS, B E—7 THofk LRI T23 1lid PEGI000 #5374 4> Th oD EFE X, R
EiOMENRABRICHEA Lz, § 1 B~ OBLXBEE L VR PEGI000 DR 11X
1.84 nm & 7257z, 7235, 1000 L FD43F 8D PEG AT 25 Z & TRV /NS K% %8
HETEDHLEEZONDN, BAER TRENMEN & RO 2 IEEOBLRBEESMEZGD
ENTERD ST, TR ERIIIMEH Uo7,

0.5

04 r

03

0.2 r

Electrical current of AE (HA)

0.1

O | | | |
0 2 4 6 8 10

Inverse electrical mobility X 104, 1/Zp (V*s*m?)

Fig. 3-25 Electrical mobility distribution of PEG1000

35 K[~ rufyFrERAWET 4 V2 HERR

AHiITIX, =7 ba A7 L—"TH34A L7478 1000~75200g/mol ® PEG 7311 4 %
BRI & LT, BRI 7 A VW RERBR AT T2, ET V7 4 Z E LT, H—FREDOT
A ¥ ATV = EHWFBRRIGMHICB N TEREL RO, HBONTREER KV B
LA U, IR IC DS W HEEE & i 217 R~ 7 v 47 O BRI
HREME A B L 72,
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3-5-1 FERIEERORE
@ TAMNZ4NE (VAXRTV—V) Ok

AWFETHWZT A M7 4 V2 D SEM 4% Fig. 3-26 1273, 74 /0% & LT SUS BL
O Nylon @ 2 O T A YA V=20, TRHDT A N7 4 VZ 1T, WMEHER—
TET, READ AL — RIBHEN S 7R DA REEZ LTV 2D, AFEO BRI Th L [ERERHE T

H—0 7 OFEREZ T 2 720213, 7 A M7 g% & LTl o it i@ 2 BRI ©

. RERH—THLULEND D, 20D, RN INGDTAYRT ) —FET
T 4B E LTHWLILTE T, (Cheng & Yeh?)

SR A & A\ C iR R R & R D BRI, IR . 7 4 VEERH L,
FHR o ZFHIT 2 HERH D, AFTETIL. 7 4 VX OFHER di i3 SEM BEEIZ L D | 50
AROMHeZE T 2 2 JMTRNE LT P E AW, BAR L, IO 7y VB e~ A7 a A —
% (PEACOCK, Model G-6C)IZ L ¥ 20 [EIFHII L. O FEEAE W o, FREE o X, k%
Tk,

a = my(Ldyps) (3-9)

ZIZT LIFVANYRI V=V DRER, pslETA YAV — 2 OMMEOME DERE, d iV
A YA V=V DM, mETA YA Y= OEETH D, SUSI4BLOT A o0
FEIE, ZNE psus= 7,930 kg/m®,  pryion= 1,140 kg/m® & Uiz, AKFEBRTIZ, VAT AZ Y
— % 3cem DIEFBIZUOVERY, Z0OTIA4 Y AT Y — 2 O &% %E 1 K (Sartorius,
CPA225D) CHlliE L 7=, SUS304 3L TN v OB &I, Z4LFH msus = 0.00008166 kg.
Mnyion = 0.00006561 kg L 72572, ZD XL TRDIEKE VA VAT Y — 2 OMMER dr & T8
=R o % Fig. 3-26 DEE TR L=,

200 um
(a) SUS wire screen (b) Nylon wire screen
df= 30 pm df= 95 pm
o =0.247 o =0.402

Fig. 3-26  SEM micrograph of test filters.
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(b) EBREE

43 FH 1000~75200g/mol @ PEG 43 7 3Bk 7L L THWT, SUS VA ¥ A7V — ]
UNwm74%27)~y®£u¢%metoHg%ﬂﬁ%&ﬁ%%ﬁﬁ FEBRFR K IR
& 43T, PEG 70 FI8AEHD, SotldiB. FEERD. BRI SR S T %, BRI 11
IV7FD27V~&%%ﬂ%%”ﬂ%ﬁ%m@DMM@ﬁﬁébﬁ?%iéﬁtoHg}
27 1\RT L 9IS AR TIEFRIZE CHAMDALE IS & - TRERK OB iE 2 2 b S &
Too BIFD(a)~ ()DFEE TIL, () TFge > E G S O MR-, (b)Wien Z-DMA D
(SR Rl LR 21T o 72 1l kL 1, B KON ()DMA P Th)DhL 1% &
HIZY 9 —EME R Uz B BOR M R 70 3 DO EREOR 28X, 7
B@DEMETIE, 2IEMEOBESBBE MO S B REWE =7 TR a2k Liz, K>TZ
DOFEMTIE, ZEFEOHKNBLT 25 A TND,

ZOXHTLT, Bohi 30 OREIRIED PEG /) T A THF 2K S IRAFIR LI
TANERNVENEAN LT, RSO AMEEOFHE I~ A7 n—ary te—J—%
iz, F 7 RLF-0D 7 4 v 2 Zgili 3 % FHM 3 5 BRI 1%, #REE A C OBER ~OILEE A A3 58
BHZ DAREMNEZ BND DT Fig. 32T IR T EIICT AN T4 NV Z B L7274V
AARNE L BRLFILEBROT A N7 4V ZOEHINTWRNT 4 VERNVE 2 EnE
MAPFNZHE L. TR Zn o BIZB T D EEIRE Chere Coak E KA AT T 280D
MBI R ER(CPO) Z JHWTHRIE L7, 2 2°C. BA I D BRI 1 DR L DR FEEZEA b
BEEL, TANEPEASILTWARALY (7 4 LEZRAK) L FHBAISHL TN L
BT T2 HRNE) ORLTEERE Y 2N ZNREICHE L, iR Pa. % Eq. (3-100%
AWTR$7= (Table 3-2),

ZN“ 2Cfilter,n
n= C ank,n + C ank,n
Pave(dp): 1 ( bl k,N blank, +1) (3_10)

Z 2T, NITEEEREREE(=3)TH 5.,

Table. 3-2 Penetration measuring method.

1 2 3 4 5 6 7

Chlank Cholank,1 Cholank,2 Cholank;3 Colank,4

Cilter Crilter,1 Cilter,2 Ciler,3
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ESI Wieni”D

#Am (@) lon counter
ES| WienF!DMA =N
D
(b) model 3776
D arnp, CPC
Q=15L/min
(c)

Fig. 3-27 Experimental setup for measurements of penetration through the wire screen.

3-52 RBREBORIE1 FEEORREL

(a) BRBRAEROGMH

MEDRICEBL X HNTE LT, BB T2 7 4 VA ITHIET S Z LICL 5 EBR
DORERFEALSLCTERBL T OEFIRIE DB LD HERBE 2 bD, ZDTD 7 1 V2 filitE
EBRAEAT ORI, 2 b ORBEE T Lic, B &R > TV 2Bk 1% AV TR 4 |
ET DL R ORI T 4 V2 ITHE S D BN T OESHEINT 5, ZIUZ XLV %
MEATUTIC B L 72RO L TR B E . ORI & & HICHZBRD LA T 5 L%
2 Hivd, £ T, PEGH T A A v ABRRi1- & L THWT, #ilEORIFE(LORIE A 1T
-7z,
FHREORIEEALORE L, Fig. 3271 R TR CEBREAT o 72, AT 2RBRL 713,
Fig. 3-27 D% (b) THAE X H 72 1l EPEG 10,0005 1% F\ Nz, A £ 0.25 m/s|lZf T
LT, SOmICEmEOREEITo 72, BT 1 V& L LT, SUSYA VA2 U —2 &Nylon
TAYAZ Y —vEHERA L,

(b) EBRFERBLUOBE

SUSTU A ¥ A7 U — % HCHIE L7z Hilifaf BEPEG 10000 7 1 /L D 51 3% % 12047 [H
HIE U7 fE S 2 Fig. 3-2812, NylonV A ¥ 2 7 U — % W CHIE L 7= L0 &G 3 % Fig.
3291279, MEENEEEE, MBI A RS, Chb XY MEEZZET L ChiEinE
EREENZ S L CUIRIE—ETh 0 | fife A~ OB RERIC £ 2 Z B0 E A~ D R 2 TR
TERpolz, MBGRIISUSHORE K OB L 2 L, BT —AINTND
ZEMNLERBULULEMAHELEZELDEEZD,
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Fig. 3-28 Penetration of PEG10000 (singly charged) through SUS wire screen.
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Fig. 3-29  Penetration of PEG10000 (singly charged) through Nylon wire screen.
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3-5-3 RBREBEORIL2 ABRKFREDEE

BRI OREIRE 2 2L S8 D 2 & T, kT OMEMBICHEL 52 BiRRNZET
HZENBEZBND, €I TPEGH T HRBRL & L THW., ZOBBIRE2 2S¢ T
WROHNE Z1T > 72,

(a) EBRFEROEMH

BRI E O EE A Fig.3-3012 78 L7, akBRRL 121X 1l BEPEG21300 4y - % H\ 7=, Fig.
32NNTRTSUSTA Y AT U= % 7 4 VARV ZIHES L, =7 vy )RR E 2 25k &
T Citier & Corank D H LI E ORE ZAT o 7o, BEIRE A KT S 572912, Fig. 3-3012
RTEIIEDMAE 7 AV ERLVEZDIC, v A7 a—ay ha—F7—Z225#%E L7-, DMA
RV~ A7 m—ay b —7 =T, HiF2ER0OEES ~ 11 LminE THENSEL 2 &
THARSE, HEREZR TSR, 74V 2RV EORNICHRE LIz~ A 7o —ay ha—
T7—=a2HAWTT7 4 V2 RNZITEANT DI ED0.1~04 m/siZ/e D K 5 IZFE L7z,

241Am

Cilter
Wien#IDMA e
% Q = 1.5 LUmin
Cblank

Fig. 3-30 Experimental setup for measurements of penetration through SUS wire screen.

(b) EBRFERBLIOEER

K AR L2 3 CRBRRL 7 O EHOR E 2 B b S 72 & & OFERRFE R % Fig. 3-311Z77,
HEH X Criner D H P BB EE . BEHN X Corank D Y IEEREE A2 7R3, 2L R D | S AEHEC
W TEBOR L AR T ST RIS A LA E < | Crner® H A BEEBREE I Colan D HY FEEL
TREEIZHS U CEARICEL L TV D, KFREKOABEEN—EDHZEITITT 4V F D
BREL —E L7 D, ARMGEAER LD | FIEIC T 2RO EBIR I A AV I
ZEnn, HBRROBAEMEA R LT,
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Fig. 3-31 Relationship between number concentration Colank and Ctirter.

3-5-4 ERFEROSME

Fig. 3-27 D (a) ~ (c) TR SH7- 3 1@ Y OHFEIRIED PEG 2y 72 Bk - & L THW
T SUS KO Nylon VA ¥ 27 U — 2 O R 2l Lz, A#EEIL 0.25 ~ 045 m/s £ T
AL STz, & AuEE T L 72BL PR EGR L Chiters Colank % Eq. 3-10)ICfRA L %
B L7z, SHICARIFR TR, GO 7o@EiasE % Bq. G-OITRA L CTH e = %k
Wiz, 72%, 10nm LU F ORKF OB TILRAHERME D B TH 5 Z L b FEBRSME LY
Pe BAaBH L, FBREI VD RO IHEAHELR ORI R Bq.(3-3) & —HT 2R L
77

3-5-5 EBRHER
(a) SUS UAYR7 U —OBE—HERHESER

BWMBPERER L ERMEREDELZ R, Pe BHEOMBEE T Y N LERERE
Figs.3-32 ~3-34 |Z7”9, 72, Eq. (3-3)DH—{HEMEF R IZ AW TR 7o HEE I A X
DFEAETRT,

Fig. 3-32 KV | ZAfiHi# PEG 27O Bl E RIIHEE M L VIR 220 . — R, ##)
MER DD OBEIZ X DBk AT TWDH L2 IZR- x5, LaL, Fig.3-33 K1Y 3-34
DX DT 1 Al R O AR RE ORI 712 %9 2 B —HE RN R ITHEEMR & L < —%
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L 72, Fig.3-33 {23\ T, PEG1000, 2000 OHIEM b HEEM E —FH L TWDH Z L5, 1.84nm
PLEORLF- TR Y N & TWRWZ E DR S 72, £72. PEG4600 O T ¢
VA DMEIZ L DB N EREET 5728 Nylon A v ¥ = % VW 7-ikBR 4 i L 7=,

— 10
- i 0 PEG75200
o ‘ © PEG21300
=%}
g 1| A PEG10000
= i °© PEG4600
S *
2 ﬁ
S 0a |
2 i
_Q |
a.: =
= ,
=Y, |
=
Z 0.01 -
1 10 100 1000

Peclet number, Pe [-]

Fig. 3-32  Single fiber collection efficiency of PEG (multiply charged) through SUS wire screen.
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Fig. 3-33 Single fiber collection efficiency of PEG (singly charged) through SUS wire screen.
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Fig. 3-34  Single fiber collection efficiency of PEG (equilibrium charged) through SUS wire screen.

(¢) Nylon VA ¥R Y—rOBE—@imEs=E

Nylon VA ¥ A2 U — % FHWTENR IR LD Pe R O H—HEMEN R4 R
mEORE 7 v b LTz (Figs.3-35~3-37), SUS A v o= Zffi ] L7-WE & RIERIC, 2l
T PEG 4 1 O H—{E R 20 B ITHEEMR L 0 IK< 22 0 | 1 %578 PEG 4 1 & i+ 7% PEG
531 DB MR RITHEERR L 12T B L7z, SUS A v = & OFEWIHEGR T X 720

7,
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Fig. 3-35 Single fiber collection efficiency of PEG (multiply charged) through Nylon wire screen.
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Fig. 3-36  Single fiber collection efficiency of PEG (singly charged) through Nylon wire screen.
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Fig.3-37 Single fiber collection efficiency of PEG (equilibrium charged) through Nylon wire screen.

3-5-6 EBE

3 FFEHOFEIRED PEG 70 A A v iR - & L TET VT 1 V2 OHE—HEHED
RaROTFR, DMA ADTZT 0 Y L OfELFIET, 2 EWSMORER/E—27 T
G5k U TR CHIERNRABR 21T 9 & . Fig.3-32 & N Fig.3-35 O L 9 ([ HLHdHE O PR H>
B, BUEBNE U X9 ICARbND 2 ENbhote, — I CHEIRIEZ | i E K& OVF
flr s MR RE & A U CHHEE 2D RRBR AT o 7o i R IR K D idEsiam & — B L7, Zhud
T FRATL—THAEL] PEG 5 Fa2Z£DEE DMA ITEAT S L, —EOHINEE
THMLUTHAND 1 ORI FIZINZ T, [ UEXBEEZ AT 5KE RERDOLME
LA DR FITIRAT 2 b D L HEEIN D, T O TIE, BRI NE 22513 EHLHR
RN K DHEDENRL 2D T2, K&K OIRANIIHED LR LK T S5 KM
B D,

Lee D OTIL, =L 7 br A7 L—THRASIH7- PEG KL 1% i H 1712 DMA IZ
HMALTEY, AEIO LD ICEEMEBHICH 2L E@REN AN bD L Bbhs, L
mL., PEG X0 b FEBEEOSTFHA XO/NSENT I TIAFRALT VBT bA F
TITHEE D EA A AR C & 2 FTREMEITAR < . EBRIZ 0.9~ L4 nm BRE DR —/r F 3 AETE
TS EBEZ B, BERIRY OFEEMEITSH S L F A2 5, FRERB L, AR TIE, 204 F
CEMBEBRIT D LR T ORENTE ot ERICEEZ1T ) Z L TE RN
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oz, LIERo T, ABIZXVBUNRRLF 2 1 iSRS L IZEFEORETHRIHTE 55
HIEANDOBEPLETHD LZEZDND,

AWFFETIE, RP~ 7 a oy FOEREREOWE LM T 572012, =L 7 fex 7L
&Ry T By kg (Wien B-DMA) & FI\V C PEG 23 - & R AE S ¥ 72, Z D PEG 4y D
RREZ AP HAIZRCHAMIZ K 0 #lf L <, 3 FEOMERIED PEG /5 T2 3 /E &7,
ZNHOREK 72 AT, SUS KO A ur VA Y27 ) —rOBi@aReiiL, B
AR R 2 R THERE H OB RE DR 24T > 72, LT ICABIE CE bRz Tk
HMREZFE LD D,

[

=

i

i)

1. %31 1000~ 75200g/mol ® PEG Z# L 27 hu A7 L —(C LW HE {4 L LTz
TaY bt L FEEMSL LT, £, BEIHET PEG A AT r Y ulii%
ZHE LR 7238 STV 5,

2. 43 1000~ 75200 D ZAfi#E PEG 73 FZ A4 5 2 & T, RN 1.8~ 6.9 nm D
1 %558 PEG 70 7 AETE 5, £72 DMA ADICHIZ AR E LRWEAIciE, 21
WA OE —E— 7 BE—F T A F L ThDHI L 2R L, 2B, ZOFETHLN
% PEG4600 Hi—/3 11 A 1% 4 i, PEG1000 & T* 2000 (X 1 fliiCHE L T\ D Z & % Hf
RBULTZ, 2, DR EREROBBITHEGRME S TIE S L,

3. 3 ODHEIRIED PEG 70 & BRRi & L THWT, 7 4 VX HERBREZIT - /5 R,
SUS VA YA U—>2& Nylon VA ¥AZ U —IZRERREA NG SNTZ, TD7),
TARNIAYARZ Y = OMBEDEIZ L DHETENEEZ D,

4, Fig. 3-27 DM (a) THA SH 72 PEG 50 T4 A 13 2 M OBLRBEE DA &R~ Lz,
FoE—7 BV THEERE T/ L 2 A, BH—iMEMERRICE SV TR HEE
FRED BEDEMET L, Ziud, Bk Bl & T\ 0 TidZe <, BIIO 11l
DRLFIZMZ T, [A CELIBENE A F T MRS ER FORANRE TH 5,

5. Fig. 3-27 OfRHE(b) K ON(c) THAE W72 1Al & K ONE s PEG 4311 4 ORitERh
SITHEER L —E LTz, ZHUT Lee 2R L72WFJERE IR & 570 2%, AWFZETlL. PEG
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BT A A ORETTE, RBROZUEME L TRY . 7 —F OfFErtiTmy & A
b,

b, AFECIE= L2 b A7 L—%& - PEG 1A A Oy sE R 2 B 6 82
T 5 ELEBITY T 10nm ORLFITHRT D 7 4 V2 OIEN RO 715 % et LTz, £,
PR FRPBRAIR LV | Bk 0 13072 < L BRI 1.8 nm UL ETIHE Z H22nEn ) 2 &
EMER LT=, S DICHFFgs7e LTIAE L PEG B BA 4 % AE TiHillld 5 FiE &R
TERZEDND, ABREDINERGTREO~ T ahy 1A 4 v & T8 AE SN 5 et
%5 2 LT 1 nm BEDORLFIZXT 2 Bk W OMEER FIRETH D,
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B2 BTIET A VYOOI E LTH ) 7 7 A 37 4 L FOEERIGIZ OV TER
EATolz, 1o, B3 BICBWURERBZHIE L2 1.8~6.9 nm O~ 7 a4y1A 4 DX
HETE & RN T A e Nr L7z, AR TIT, MERIZEA 2498 LT, MRS T~
A7 T 7 4 VX OVEREREMN 2 i 5 72 DIC U EAR AR 2R X o L—Z OB &
Z OISHAMFZEICE L TRtk 35,

4-1 FES

NP AR ELE . AER U A O ARTIC L AEEREZIET 2B THEATS b0
ThU., ZOMRITENT 2 NOMRIZKRE S EEEZT D, NOMEREL, MR, A,
N, REEOA M, EIHIRECERETRIEE R S RS L0 B L, REREORBEICH
W22 LRmmbitTng 9, —5 T, RAR#EEDOEZREAR TIX, HER
Z PN e — T D@ B IE I O IREN R CREMAMT i T %, HiFEEER O <SRRI,
B D~ 27 2L [ UM FCIHMEiT 213 ADThHH, LnL, —ERMoOEREMNT
1, RUUTIE C TR T 2 EEDO~ A7 OERFOMEREZ Sk LTV D LTV 22, &5
(2. AR IS A ORI % BN L C LB 7R 2B S B D Fr e SIS 5 FEBN 7 7 A & IR A
R H (PAPR) WXL DF Az i 68 D knds (ESLD 7 &4 2 7o EPERe, milkae7e
KON ED SN TEY . b DAz RN 9 % 72 812 S I O FFUEE 2 A
W GIEOREENLETH D,

WP ) 8 EL D S Al FH R DM RE 2 5TATE 9~ 5 725D, Bk & EEROIEER IR R &
PR L T2 T v U NN B W TR 12k & RENVMEZThE, ZOM O~ 27 NI ORLT-#
B2 JE UCBhE R 2 FH I A M T TE 2 4D, L L, AiFE o7 < [A UMK
ZVIRTZENNETH L Z &6, PERERER TIIEE DO~ R 7 & [F CFFRSE T
WTERV, SHIC, AEWENRAET LRE T THBRERBRZITO ZL1XTERn, Zh
BOBMRND, v A7 T4 H | WIE e & O T PR LE E & R D BRI O
IR 7R & O JE IR 72 REUI T & S AE T D EE B ST E 2 83, E72, BIOBIFT
I, EHEAR VPRI TE 2 BRI E U CRAET IR Y L 2 L— 20, COy 7 & DI T AR
ERMRDOMEFE THY I 2 L— hT& % Automated Breathing and Metabolic Simulator
(ABMS) EMEIEN D VAT LB I TNDS 419, L LZiboliFicksnad, F
EFRDONOIRZHE L, EOMRHEREZFET 2 2 LIERBTHRY, —J7 T fEEFD
NOMER R AR T 2 EENAE SN TWDER, ZOWEEER S R 2 L —F THAT
5 Z EIIAT O TR u 202D,

Fox i, 1EEBIGICEBIT D EEE ORI OB Lok 7 ) o 7@ & %
DI 2 BEICHAET DV AT DOV THE (T T& e 22, ZOV AT L&
D2 LT LY FEEIGEWRER S FIZEB W T T 4 VX OBhER, WIUE OV 578, R
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Fi. ~ 2207 4w ME, 7402 LRy T OFf, ZERIERIROBAEZEKE S, F LT
~ AR S NI AR YOI e L OFEMA FIRE & 7R o 7 22429,

UL, TRETHERADPHEB L CTEEMER Y I 2 L—2 L, MROFAREICHEN S
ST, THUE, FEEk LTI IC B W TR L IR B BRI —B LWV 2 LR T
Do MRS X 2 L—& (%, BBV ) X OEEINC L BRI E AT L8, vV oF
DA M —ZIEIRARD D720 BRI OFAIZB W CEHAIREFORZENERT 5 &, v
YHEDA N — 7 PNRFUTEL, FERT — 2 ~OBREN TE /e 7D, AL TIE, ZORM
EEIRT HT20D ) TNEA LMMEIET 0T T M BR L, RO E FAEDRKE 2K
REL7o, 70, BB LIEMREEEABEL, fMilE7 07 7 AOFMEEMRGE LT, M
Ty R 2 =2 & O TR A RE R OVEREFEM OIS & LT, Bl 7 7 A E I
W PRt B oD FEfl 1 2 FBL4E U 72 BIREMERE DRI, KO, FRRSRAFIZR T D~ A7 7 4 Vv H
D AIENRIZOW TR, ERIVGEAZ 1T > 72,

42 FER S I 2 L—X O L I
4-2-1 BRI 2 L—F OEE L 5

BAFE L7 o X = b— & Ok LA EEX & Fig.d-1 L O Table 4-1 (2R L7, ARZEE (T,
FELTEHRY—RT U U F RO —ARa hra—F (CYA150, Shinto, Japan) . JIEHE
%% (2711A, Pragmatic Instruments, USA) . XN 2 KD 7 2 U > Z(10A-6, Taiyo, Japan) 7> 5 1#
ENTWD, =T VU o HE2ARMERT D ET, BLRFET A% Wi~ A7 O
WIE D X 5 2 M2 RBCR e A LB L T 23RBS 2 SORERY > TV Z[FRFCEHT 35 2
LR ERARETH D, BEIXY—HR Y U FD ML I IL2.92kN, g KA k2 — 27 13 300
m/s, A hBe—27EiZ250mTHb, =TI FOVY oFay RIFEBHV—RT U o F
ICHBIIC S ST, BEIR T —R v ) VX OERENCGbETU U 4y RAE)
< Z L TRRFWERET D, BHRXY—RL ) o FDA Fr—271% 0.01 nmENAL THIHE S
NTEY ., MR OBEHE T2 Z(IC bR TE D, =7 v U DT U XN 125 m
Thb, TTVIH2ARTIEOR ha—27 40K 6L OZERERET D, ZOREIL,
%< ORANBHEORTEREL Y bRERMETH D, BEXT—AR U o F OMfEEE (FER[E
) X, BER BI3ROK 300 [Bl/min (5Hz) THHR, A r—RNELSRDIIFEETNL, &
KA b a—7 (250 mm)RF O FER [F1%0E 30 [Bl/min & 725, Z4Uid 50 BREREL 5 C 180 L/min (2 4H
B L., BARET TR, KE, EU, #E, f1EZR L ORI R#E RO TR SN
TWDIRGEM AT LTV D,

AWFFETRHZE LT > 2 = L—Z %, MERRIE DR AFELE LT 3 2OE—RFE2 AL
TW5, F—IZ, T REMRLMA L TREREFE O BERE&EEZ AT 2 LT EE
DR GO IERIE ., =AM, BREOEREEEZ AT H, ZOF—RFTE v ¥R
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hm—2 OfLE LR 2N T 0 7T A TRHE L, BEREIE L IRE R — 22 22500 & 54k

T& 2 L )BEAY =RV o F BRI D, % 12, PC TIERR L IAREEIECMFL
DY 7Y o A E R Ea i L CRiek LIS 2 AT 5, ANDOFFRZ E %0
JEH TR DG £ OBIBIIFER OFIERIZ IS U R IE & 72 5, RE— R TIL,
CORET—ZxEERFEZE LTANTLILET, ZOEFEZRICEHAY—R U ¥
DOERE A HIE SN ZEKBIE AT D (EERHITE), REOT— NI, H 0% — FiZkw
B NOMRZFT 5 PN ZEEMR Y I 2 L—XIZAT 752 LT ZEDOAND
WA [AIH L CERBTE 2 BT 5 Z L3 WRETH 5,

Breathing Pattern | W B
recording device »| Amplifier Air Cylinder

Arbitraryjwaveform

DC Converter Position I ~Test Sample
Synchro- Servo PEIES Servo Air
ask control | Controller =————#{ Cylinder
Ow data <|[— L
Flow meter 1
. Sine, Trigngle, Square |
Subject - -
Data setter Air Cylinder
Fig. 4-1 Basic concept of breathing flow reproduction system
Table 4-1 Specifications of Breathing Simulator
Breathing Frequency per minute (cycles/min) 0-300
Maximum cylinder stroke (mm) 250
Maximum cylinder speed (mm/s) 300
Tidal volume of one breath (L/cycle) 0-6
Maximum minute volume of breathing simulator (L/min) 180
Reproductive breathing waveform (3 modes) 1. Sine, Triangle, Square
2. Arbitrary
3. Synchronized-control with a
human respiration
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4-2-2 FERY I 2 L—FIZ K BERETE ORAE L HIHE

FEURIC L 25 GEE L, Figd-2 O X5 ICHEE a2l b LR EWROEE L5,
N 2 0 S AGET 2 & Wi ¢ 123851 2 BRI Vi (L/min) i Eq.(4-1) D X5
iZRINhb,

Vi=Vmax sin(2 7 t/v) 4-1)

22T Vi IR OBKHEEL/min), v 1 1 EOMNLIC BT 5 EBs) T D, WL
Vi=0 0L LT ETICOpNIE oo miEL | EHKE V (L) L7725, FROE KN
I Vinax 1. Eq.(4-2)D L D IZH A 1 & PR & Ve (L/min)DFETH VD | Vaye I3 1 [FIHR
& Vi & PRI £ (cycles/min) DFE T S 415,

Vimax = T Vave=7 Vlfc (4'2)

PP R 2 L— XIS 1 EREAR Vi, ) VR ba—2 Lyem)é =7 ) oK
DU Ay (cn?) DR E 725, Lo TET U w4 K0 A5 2B Vild, Eq.d-1)&
Eq.4-2% AT EQU-HD LI ICRT LN TE S,

Vi= (7t Acyife Ley)) SinQ 7 fs 1) (4-3)

P S R 2 b— 2 L0 BRI 2T D56, EqQé-3)ICit> TEBXS—R U &
A ERIET 5 2 & T 1 AR Vi ERERF O IEBGEE A D LN TE S, I HIT,
Eq.(4-3) &5y (Vi=Adx/dr) 95 Z & TR ricBIF D A ba—2 i@ x ZHHTHZ N
TE %, EQ@-ITHENIF Y R =2 L—F ZALERTEY 2 2 & TIERB IR O 3 L0 T HE
2%,

x=-(Ley/2)cos Qnfet) (4-4)
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Vt (L/min)

Expiration

Inspiration

t (min)

Fig. 4-2 Example of a breathing pattern (sinusoidal).
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WEL 2D,

AW TR L= A ha— 2 {@EOMIE T 1 7T L0 E 4 Figd-3 O7a—F ¥ — b
VR LTz, ETMEN OGRS U B va N —AR a2 hae—J I A 1&nhsd, ¥
—R Ly b =T vin (S UT I veon CEEIRY —AR U X EERET 5, Znzigy
WY Z & TAN LIRS Ul R 2R ET 52 2 e N TE D, FRFCY—AR=
Yhu—J BRI A =D E s ERE L, BETH(INES ET D), K
EETIT, A be—7AEEPL (125mOf7E) 2Bed L, £2250mdDA he—27 %0
+125mm& L7z, L7en-> T, WMREEFFIEDFICREOH S, A hr—27 O LETER
IZhy, HARMEL il s, L, BXEEFFREICENH D 5E 1T, RS
TN E 7l TBD &6 T Do Z OFEFEAEDS TR = Z, 288 2 7o BRICHIED BRAA 415, il IE

BTN —AR Y X OERBNEE veon ([ZHIIEMRE a d-a T 52 & TITbh D, FF
WHARGERORBRCTIX, E&L LTRKEDNEETHDH Z &5 Figd-3 TR DA EHIE
THHZRLTODEN, HIEITRKIZHENT D ENAETH D, S B —FRar hr—

FIIEELFR 3 DA S 1 —2 Off7E Sa KON Sp ZFHE L TRV | FEEIE S O E 7o 13
DAMEIE LT B TR EZ R T 5,

Figd-4 |ZMIE7 0 7T LDV 2 b—ra URERZR L2, ZOKXIE 100 L/min O 1E5
WIZBWTRKENFRELY S 1 %ZWGAEDA e — 7 fE x LR S ORFFZ(L
ZRLTWD, Z 2T, Vi=25L,f =40 cycles/min, Acyy= 122.5 cm?, Ley;=102.4 mm, 7Rz =-
1%, HIERFAME z.= 8000, MiEfa%L a=0.98, (i x OFHARIFE= 40ms & L7z,

OISR GR) IIHIET 1 77 ARBEE L TWRWEED R b — 7 (iE4R L
TWo, Aba—7f@EITRME & bice AT ATmICEEI L, 60 BfE%IZIZA hae—
ZA0E xi 1F2-100mm (2 F TEL TWD, FRFZ, MV OR) O LIERME S b4
BT TV Z Db, ZOEETIE 70 BRBZIIZA hr—27 O FRTH 5-125 mm
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\ZEEL ., IEREZRPPR IO BFANTE <25, —F T, fiE7n 7 a0 8HE. K

i
WERR () TRLULIEA bu— 7 (E x 1325 BT TR S HINCER T, 60 FPE2ICIT A
Fa—27 OHLRERMEE TRSTWD, ZiuE, 25 AL CREEM S S FFAME Za 2 T
[ D MIENR AL — b LI27edTHD, KOBGHR () DDA 25 I TRPMNIS 2 - T
WDHDRDND, MIET 77T LOBEANILY | NOFEZ AT L7256 THRERIZE L
TR DA FIREL 725

C  stART )

Z: Allowance of sum of piston displacements

Z, M, a M : Number of displacement summation for
correction direction

a: Correction factor

S=0

( i:(ljgpn |
|
nput (v,), /

omparison of S and

S<-Z, |S|=<z, J S>Z,
A 4 « y
Inh'; Vcont=vin Inh'; Vcont=vin Inh'; Veont™Vin
Exh.; Von=-Vin/a Exh.; Voont=-Vin Exh.; von=avi,
l PN |

1

| Sendv,, forservo cylinder control |

W Detection of piston displacement

M1 Summation of piston
=S+X. = X: = N
S=5X, S g Ss ,-;MX displacements

Judgment of
correction
termination

A e

Loop

| stop |
I

C e )

Fig. 4-3 Flowchart of the basic concept for piston position correction.
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——Piston Position (No correction)
125 i . . 40000
——Piston Position (Correction)
100 ---- Sum of piston displacement (No correction) . 30000
75 - = -Sum of piston displacement (Correction)
- 20000
e 50 n
£
A MAdaatdiriid - 10000
: |
E= 0 A - 0
= VU
c 25 1HEH HAHL ~10000
k7 ;
b__ _50 LI | =
AR R R A R : - —20000
=75
T UHU U U “ U ~30000
-100 : L
_125 1 —40000
0 10 20 30 40 50 60
Time (s)

Sum of piston displacement:S (mm)

Fig. 4-4 Example of the real-time position correction
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4-3 MR OFEEE BE Y AT ADRGE
4-3-1 MR RaR Ik E

FRIR I TE DFCERICITH TR D 2D3BA%E LTCMFRIE Y 7' o 7 3E 2 iz, ZO3EE
IEEER OIEEE OG22 s 27 L7 2EE Th 5, 2B O A Figd-5 1
RUTz, EIT BICA~S A7 EEE Y, 77— ad—RkUOANy 7T U THEE ST
%o A ORI L 5 EAERNEDE L WAL TR L, ZOENT =X 20—
([ZRLET 2, PO~ A7 OEENE L FEOEFRZ RO THREMREZFER L T Z & T, i
R LICE )T — 2 ORI 2150 2 E N TE D, RO ERIL, IREXKNREICL D
FHAMED B2 EE L T30 ‘C. 80 %RH OFMFTIEM L7z, £7z, FHIMEICR B L 52 %
AR DM E e OBEERER  B DIFIIZ DWW TEE S LTV D,

Pressure
transducer

V7
Data Logger

Mask

Battery

Fig. 4-5 Concept of breathing pattern recording device. >3
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4-3-2 EBRFERORME
(a) ERERMICL D RAT LOREE

NP1 384 2 Rk B R ONREIR & R = L— & DRk B OV AR R D RS 2 RGE T 2 T2 ok @
FEpaAT o7, WEBRIEE O E % Fig4-6 (TR Lz, £TMEK Y I o L—F TEEATR RO
WL % 6 A S, T DZER T % MR Y Rig O~ A 7 & TRk L7z (Figd-6 1),
LBk LT T — X A R 2 L—ZIZ AT L T4 LT (Figd-6 ), ikBR&{}:% Table
42 TR LT, PR Y R = b— & THA LT BRI IELR & U, MR 10~40 L/min
& LTz, ZAUTEFIRRE~ B ORI BT 2 MR RIS 9 5, MR RO FHINIC X
JE bt AR EFE LFE - 400LM  (SOKKEN) A L7z, FRBREFHEIIA S 60 B & L, BRI
3-5 FEIfR D IR LAT > 72,
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Human Dummy head

Pressure
transducer
[
Laminar Air-flow
Breathing pattern Flow-meter
recording device

_@ Breathing Simulator

Pressure
transducer
[
Laminar Air-flow r\/\/v 4 Breathing pattern
Flow-meter Y \ recording device

Breathing Simulator

Fig. 4-6  Setup for evaluating accuracy of the breath recording device and breathing simulator; Top:

Generation and recording of a known airflow pattern, Bottom: Reproduction of the recorded

breathing pattern.

Table 4-2 Test conditions

Breathing condition 10 L/min (1.0 L/cycle, 10 cycles/min)
20 L/min (1.0 L/cycle, 20 cycles/min)
30 L/min (1.5 L/cycle, 20 cycles/min)

40 L/min (1.67 L/cycle, 24 cycles/min)

Test time 1 min
Sampling frequency 0.1s
Repetition 3 -5 times at each breathing condition

98




(b) WET v 7T LADFEZEDKRIE

Figd-3 \OR LIZMIET B 7 T AORKGEE LT, B7&D 2 MR EICFEk LTz 3 4 OREEE
SEFH OWEI I 2 IE 7 12 77 A ON & OFF OIRRE TR 2 AR Ui L7, EBRIC
IX Fig.d-6 T ORI 2 AV A L 7oY. & JE it =0R &3 TRl L. A ) U7 R
ZAAIED D K OMHIEZR L O Gl TR T2 RER I TE O fRATRE R & el U 7o, 3BRSR % Table 4-
31~ LTz,

Table 4-3 Test conditions

Breathing pattern Worker A, B, C2¥
Test time 800 s

Sampling frequency 0.1s

Position correction ON/OFF

4-3-3 RBEREROEE
(a) ERERRIZL DR T ADKEDRIE

RN CRAE ST MR % PR Ro S i & M S R = L— X THA LR %
Table 4-4 (TR LTz, 2KV | PEREERLEREEE Tl 10—40 L/min OFE 2 -4% DFE7ETRE
LT, ZOT —=F %R I 2 L —F THAELZE ZATTOMNREIZS L T-5%DiREL
7Rolz, AL 10 L/min 23 b KE LS, HERENRKELS DI LN > THAD Lz, Zh
X, oY U TERICER L TWAEE YO/ NEHIETH S 1 Pa X OB E
MEWZ LIZER L TWD, Ko7 ) o 73E@ L (EEROMNRT — 2 280, BET S
HIJTRREIL T D, WEDOIFIE 2D TIE, EEFT OB ARANOMER &EITZ < D4 40 L/min
UTTHHLEOMELDHD LMD, KU AT AIEOKEE TR O & HAENTRET
bHbHLEZD,

99



Table 4-4 Minute volumes obtained by the breath recording and reproduction system.

Minute volume (L/min)

10 20 30 40

Condition Measured

Generated air flow 9.9 £ 0.14 20.1 = 0.14 300 = 0.08 40.1 = 0.05
Breath recording device 9.6 £ 0.08 197 = 0.19 294 = 0.29 40.1 = 0.05
Reproduced air flow 9.6 £ 0.12 19.1 = 0.05 296 = 0.05 399 %= 0.12

Values are mean = SD

(b) MERIET v /T LOFEDRKRIE

BRI B o 77 ) o AL E CRiERk L TR E R ORI & R > X = L — & THA
L7- % Figd-7 2R Uiz, £, 26 O A ME ON/OFF THA L, fEHT L= %
% Table 4-5 12~ L7z, Figd-7 LV, MK I o b—F THAE LMEREFIL, LEkE &
IR & & Uiz, Fio, MR E Ciisk LMl &3S ABC T
24, 31, 17L/min ToH>72DITx L, FFARE O & OFRZEIIAH IE OFF THI-10%. ffi1E
ON THKI-5% & 72 \AHHIET 7 27T DWHSRERIETE O FAEICA NN - Z & 2R LT 5,
Flo, WRE— 7 MEITWTHORFIZBWTHRE @0 T hoTz, 1EEH B OMNK
WHO—EIRK L TR LTEDON Figd8 Thbd, ZNXV, MiET v/ T AxiEE) g7
WSS (BB 1213, MKUEIES 0 (FHIR) IS L TRESER>TNWDHZ NP
M5, 2T, BENR Y —R Y DR a— I BRRICEL TWALZ 2R LTV,
ZOBRBIZEY | EHRREDISCERICHARTHEIONS oo bD B X DH, —TJ7 T,
MIE7 v 7T D BB SE256 GRRR) . WA e E K< —& L Tkh ., fiE
Tl T AN Y HE AR —Y OIRFUCET LD EHNTND Z ERERTE 2, 7272
L. fiiE7 2277 4 ON OBAIZIE, TNIAMEEMETS-OICFEREZRKESLTE
0. FEREIECEIE LY b RELS RS TWND Z ERbnd,

ARWFFETHAFE LIy 2 2 b— 213, FFREIE O BAEOIC, FiifEEH OIRHRC= T
BY LI E—RECHLAMNTHLLEEALND,
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Fig. 4-7 Breathing patterns of three welders, recorded with the breath recording device (left

column) and those reproduced by the breathing simulator.
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Table 4-5 Characteristic parameters for welders’ breathing patterns.

Worker Waveform Average minute Peak inhalation air
volume (L/min) flow rate (L/min)
Recorded 243 127.9
A Reproduced (Corrected) 23.0 128.2
Reproduced (Non-corrected) 21.6 127.1
Recorded 31.2 145.2
B Reproduced (Corrected) 30.1 148.0
Reproduced (Non-corrected) 26.7 144.7
Recorded 16.6 85.0
C Reproduced (Corrected) 159 91.0
Reproduced (Non-corrected) 14.9 89.0
150 —Original (recorded breathing pattern)

----Reproduced without position collection
—Reproduced with position collection

\

100

N i
~
5 VIR /
% O { 4 * ’ 1
T 240 i i 128D i | 2f0
2 ] i ! i i
S sof |! ] : : ’
= |\ Jj U 1
-100 : \\'j\,
150 Time (s)

Fig. 4-8 Comparison of reproduced breathing patterns with and with the null position

correction with the one measured by the breath recording device.
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44 PRI 2 L— 5 F AT PP R R OB A O

ARETIEFPR Y 2 2 L—F & L CEB 7 7 A & P AR#E (PAPR) OPEREFHM

EATO T AR A HET 5, PAPR IV A7 NICEBEX DO 7 7 BN S V=R AR GE R T
BB TAYAZ L0 bEOERRENLE L SNAEECTHERT 5, TF, S8 7
DA E 35 FE ORI RTS8 2 880 PAPR B ST\ D 2, Z D PAPR [T
DI S Z BRI A L TR R B T O MEEZ A LTl 20~ A7 OF N Z A
THDIE, AOMREFERAT2ONRLELNEEZOLND, T 2T, KB PAPR
(BS-PAPR) & fit3k D ififgi 4 PAPR (CF-PAPR) DFS#EMEREIC D\ CIABVESEER BT & 45
LRl 21T, IS R 2 L — X ORFIMEERGE LTz,

4-4-1 EBRFGEROSRME

#BRIZIL BS-PAPR & CF-PAPR D 2 fED XS A T DY TN %A LT (Figd9), Z
D2 FEIE, TANZDOESTEK, Ty roOEEEE ANy T VEENRRICIZRD L OFEL
Too 7 4 VZ OFFEZNZIL 0.3 um ORIFITK LT 99% DV FNZAEH Uiz, FEEiEE %
Fig.4-10 /R LTz, 2.6 m®* DF ¥ S HEWWEEE (CO, AT — 7 ) ZXiE L.
W7 — 7 i EJ7 60 em, HEHE 60 emlZFRER~ R 7 A 4G LT NBHAZRRE L=, ABHO O
P D BTEER T AR 2 72RO 1T s S 2 L— 2 2 L, R S 2 L — 2 AL
NEWR 2 NBE D IR PER S8 72, Fv U NNOE#EE 22— AR 30 mg/m? 72 5 K 9
ICHREE L, ~ A7 WA ORI (Cin/Cou) T ¥ X VF) U AGEE AP-6320 (SEHIENF) TR
LCHRB~ A7 O#REZHEB LT, ol B~ A7 & NBEICHEET DO, 7«4 v PRE
#REL, 77 OB OFF ORFIZIEE ST~ 27 A~OIRIVIADKI S %L 72D X9
FHEN U7 B S R o — & CRAE LR ATEI O3B T L7-1E3%3# AB,C & LT,
B IT, BRESE PF A3 502K T 9% & Tt L 72, PF=50 1., K[E O J5 @2 254 T (NIOSH)
TARIN TN HEAEE PAPR OfRER#%%% (APF) Th o,

pis=R (PF) OFIEIZLLITORICL D,
PF(-) = 100(%) / Total Inward leakage(%) 4-5)
Total Inward leakage (%) = 100 * Blank * Cin/ Cout (4-6)

Z Z T, Total Inward Leakage £~ A7 O2JFiLE (%), Blank 12 BDOT VX Ky UAG
DenE () 2R,
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Fig. 4-9 PAPRs tested
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Welding Sampl
- Machine ...

3 way valve

Welding Controller

Fig. 4-10 Testing system for measuring protective performance of PAPRs under simulated usage

condition.
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4-4-2 EBRERROEE

COr HAT — 7 iR o — LB FICR T 2B~ 2 7 OB@IRH & PF OBfR% Figd-

11 %O Table 4-6 (278 LTz, AEBRTII~ A7 2HETIHEE, 77 U &2 ILDTIRIET 5%
FEDOIRNFIZ2 D L) BROCHEI L=, 77 7 X0 IIIEil > 7 & bich CADTR
AUTIZE A LR, BWPF AR L7z, RERIORE & & HITR 2 ICHIEME T Le, i
IR CIE 7 7 ORISR E — 7 WEZ I kB> THY | mENIBETH D72
DI D ORI DOIFIVAR NI LB LTS, L LEFoOREE & bk
CAMT7 4 VAICHRE LUE RN ER T2 Ty 7 v OERENMET L, BRI~
AT NBEEICR VB CANRN 72O PEREY Lzt &2 b5, £ PFIZET
WCRELSBIELADLET LTS Z E¥bnd, B PFOK T IX, HEREORS
E— 7 iENEm < RDHES CTHFEICHENLTEY | FFROKE SIZL > Ty A7 OP#EMERE
MRESEEBELZITTND I EERLTND,

ARG S D | BT KT LT PAPR 28A %) Td o 7o R[] (PF<50 (2323 5 £ TOR#H])
IRELSERDZ Enbhotz, 1EEE A OMRKIZxH LT CF-PAPR 1% 58 43, BS-PAPR C
1% 116 43 PE>50 - fERF L=, F7o, fFEH BIX3 NAOH TR OMFERENSKE o7/
PAPR DA% 7251345 < . CF-PAPR T#J 50 47, BS-PAPR IE 102 /3 Ch -7, 1E¥EHE C I

3 NOH TR ENF /NS < AR IX CE-PAPR T 171 4y, BS-PAPR (%255 /7 &
o7z, BS-PAPR (I CF-PAPR (2L~ THI R SK) 1.5~2 5 & < | Piagtkreom ki
BRhIMEERTH D EWVR D, UL BS-PAPR 285 HIE OIS A D TR AR O A i
R REZERT 5720 Th Y | EHAIC R KR EZEE L TS CF-PAPR ICH~RT, 70
NE~OHTCADOBEGEEY PMERLTZZ ERBERTH D, RBAERIORBRTIIEEL 2 —
LPREEDS 30mg/m? & e, 15 DAV RN BRI EVME R 2R L7y, FEERD
BRECIIFICEREOL 2 — MIBEBEIND Z LiX20n e, HRAKBEIIEIZIEDS b0
b D,

AREBRICE Y, NOM A A L CTHERAREROFEZIT > 2 & T, WA E— 7 it &)
~ A OYEMERBICH BT 5 2 L AR LT, £ MEEFIC LV BV EERE 2 MEFF T X 5
RN R/ 5 2 & ROVEB 7 7 o O A FFRIZBRE S 5 2 & Tk Elo~ 2
7 X0 L EmOBIHENERE S RRFRIMERF CE 2 Z LR ERH LM E 2R o7, 21U X PAPR OF
B CITRHME CE RN &b Fox OBIF LIZFER Y I = L— ZIXEBEOMEH ST
OMEREEZHERT D ECHATHD LV D,
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Fig. 4-11 Protection factors over elapsed time for test PAPRs under worker C’s
breathing condition.
Table 4-6 Protection factor of PAPRs under simulated usage condition.
Worker CF-PAPR BS-PAPR
A 527 844
Initial protection factor
B 815 702
[]
C 404 2347
A 58 116
Simulated effective usage time3
B 49 102
[min]
C 171 255

% : Simulated effective time is obtained as the time until protection factor reached below

50.
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4-5 FEEERNICBITA~RZ BT 4 VZ OMEREEEATE

NDFER L, WK & PR A FICHR D IR L TR Y, v A7 OFEBROR TR R 27T 2
7ozl FIZET 2IRESHE T TR T 208 R b 5, Lo, Zx LT 2 imEN
TT T 4 E OIEMREIC G 2 BB OV TOHEBNKRIETH £V IThhTunaan,
Alireza & 200%, FpR[AI%EE & A E— 7 i (PIF, Peak inhalation flow)ASKi - flifE%h=R 1
b2 5B E L, MEDRIIMEREE LY = I RESEEIND L E2RL
7z. F7- Eshbaugh & 28 X, EHUE & A U FE0H 2 Fr R R O MifE2h 1%, EF ik &
DK< 7D 2 L &R LTc, 2D OBHENETIR, 7 1 V& OFER R % %R Xt THR
LTWa 08, FEBREROIEGRIR BRI THOI TR,

KEFGEIL. =7 7 4 VX ORELNRIC 1T B FOEEV D BB A MR . EERE IR 5
ZEEAME L, MBS~ A7 IR SN T T A7 4 L2 RORY e b
NHiHT L by b7 g Z EAG, FEERETAUCIS T D UKL 5 EE & N R
BN CEHAI L. i L BEROR A RD T, S bICEETREAETY 7 4 VX OFBE
EZRHAIL . JEEF AL TR BRER & i Lo, F 72— ER R 2 . FEEF TN
BT B HEEE OV CEGRARGE 2 e 7,

4-5-1 EBRFEROEHE
(a) RBR741%

HER 7 4V Z T, BERY e L7 o vZ (TORAY, Ltd.) KOH T Ak~ L&

(HE1071) 0 2 fifiz 7z, 700 SEM 8% Fig 412 108 LTz, 7 A L5 DA%
PRIE 0 80mm & L7-, MEHERR P AHIER R % Fig.d-13 12, Yo 704 Table 4-7 12
~LT

Fig. 4-12 Test filters (Left: PP filter, Right: Glass fiber filter)
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999 m PP fiber filter

o Glass fiber filter

Undersize fraction, U(D,)[%]
333
P rrrnr

0.01 0.1 1 10

Fiber diameter, d. (um)

Fig. 4-13 Fiber diameter distribution of glass fiber filter and pp filter.

Fig.4-13 L 0 & TEERAE(0,) 13d 5 £ d sy PHEE LTEQ@-7) OX5ITRDT,

1850

d,
O_g: ;84.13 4-7)

/850
F I HERES D45 012 Eq.(4-8) DX HICEFREN D,
- —2
d>—d
o= szf (4-8)
df

MRAHEB AT DS EERL AR ISAE O LIRET 2 EMHERE D o 130 g 2T Eq.(4-9D &
*

HICREND, EI VMR d, 13 Bq. 41002 O TR TR 5,
o=1-exp(in’c,) (4-9)
d, =d . exp(0.5n’ 5,) (4-10)
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TANEDOEE (w) ITEBETFRETHELE, 74 VEZDER LOFHHNZIEI /7 aA—X
(PEACOCK, Model G-60) % I\ /=, ds 137 1 V2 OB, p, 137 4 V2 e D%
ZR Y. FERIARES RS BEq @ 1DZAW TR L,

a — Wf/(Ldspf) (4-11)

Table 4-7 Basic physical properties of tested filters.

Physical properties PP filter Glass fiber filter
Fiber diameter, df [pm] 2.96 1.56
Geometric deviation, og 1.39 1.97
Filter thickness, Z [mm] 0.35 0.30
Fiber density,or [g/cm3 ] 0.90 2.50
Packing density,a’[-] (measured) 0.16 0.048
(b) EBRILE

REAIEE X % Fig.d-14 KO Fig4-15 (T Lz, RBREEEIL, 2 Y27 74 % —I2
£ % NaCl ki 7-3 450, i FndtiE (PALAS2000), /N> 7 7 —F v L3 iRBRAR V2R,
MEF TR SN D, REBRTIE, WEOEICE b ) 7 4 v OVERER B A IG5 72
W, T ANEEBERSE LR E, R T E W —EBR K OMNR Y 2 b—2 i
ARENFEIC K D@D 2 @0 & Uiz, FERTIET 4 Vv Z OADHFEEZRETE RN &9
OLFER Y R 2 L— 2 OZEKHAIC =2 E L WRRFORIROD A7 1 /v 2 % @i S &
oo FEBEBICMEOEICE B2 )~ AT T 4V Z O TR IR E O A Y 7L
A NTBELTZHEITRY, £2Z2CL—H—R—=F 1 71w %(KC-18, RION Co.
Ltd) DSV A 1% 0.2 8 2 L ZHAIY | il OZE & 7 ¢ V2 TR 7R E D 2 k%
[FRFEHEI L 72, 723, KC-18 1% 1,000,000 /L % T 5% DFHEGERETHIE TE 572, &t
MBS Z OFEFHZ B 2 720 K 9 NaClRL FHREZFRTE Lz, Ny 7 7 —F ¥ N3, IREhik
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DOE—7 MiRIZ L 2B AN ENEE 2 T D72 DICHKE LTz, £z, RERIEDIT /)
HEOLE ZWEER (2 2E3H46 DP-330) THIE L7-, #&BRSM:4% Table 4-8 |Z7R L
7=,

LPC T L DR DO BT IIER TR EO R T DY A XORLADBxtG & 70D, AL T
L. 2HBD/VATI D BT LPC O 2R 1A XD VAT 2 RIFFFHA L, 155407261
FEOFEERD Z L THM L F DR EHEPHOMEEIRE 2157, #121F 0.1um ORI D
HIEIE, >0.1um O,V A E>0.15um OV AN EFHE L, TDFE%E 0.1~0.15um
DRLFIRIE L Ue, AR TEH L7z L —Y—"—F ¢ 7 v d 7 % KC-18 DL 1P
% Table 4-8 [Tk L 7=,

BEE P(%)DOFEIFLLTO X 51241572,

P :(Cdownli Cdoan) X100/ (alpli apo) (4'12)

ZIZT, G 3 Ay o 2 TEH L7277 4 v 2 B O/ INREF- B ORLT-EE, Cupe 13
POVAT T o B TEHAI LT 7 4 v 2 BRI O RKLF B ORI EE T D, [FERIC, Ciown
J O Caownz 1Z, 7VAA D 2 THHEILTE T 4 V& FiMIOR Tz w9, 728, IRkE
T SRSRATIZ 31T 2 HE Tl HRAICBREE N ZE(L L TWD Z L0 b, bR
I LT r Yy h L, BRFRICB T DB %2 kDT,
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Charge 1/\r .
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Collison Nebulizer

Fig. 4-14 Schematic diagram for constant flow experiment

Pulse counter

| -
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Buffer bag Gas meter
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+

| Servo Cylinder

-

Air Cylinder

!

HH TTHH

|

Breathing simulator

Fig. 4-15 Schematic diagram for cyclic flow experiment
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Table 4-8 Experimental conditions

Test filter

Glass fiber filter (HE1071)

Charged polypropylene(PP) filter

Filtration area

50 cm2 (®80 mm)

Cyeclic flow pattern

Triangle (inhalation only)

Constant flow

5, 15, 30, 45 L/min

Ventilation condition

1.5 L/cycle, 10 cycles/min
3.0 L/cycle, 5 cycles/min

5.0 L/cycle, 3 cycles/min

Measured particle size

0.1 um (0.1-0.15 um)
0.15um (0.15- 0.2 pm)
0.2um (0.2 -0.3 um)

0.3um (0.3-0.5 um)
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4-5-2 MHEE T 4 NV F OEEER
(a) B ROTHEEREIEIC X DRI T DHEEE 23

TT 7 4V OFEEEITICH, S A &0 BEEE, BEHOREROELS N THD, 2
Z TR AR R OXxIG L 72 DRI A X TH 2 0.01 um~E um OFL 7 OFFEICITILHL, S
2 E ) K OMEMEE S D IR T D, —MI72 HEPA 7 ¢ /L2 ORI 118 L LR D
BIfR % Figd-16 IZR LTz, 77 U VIEBNC X D IHUEIL, 2250 T OEGER) 23 K X < 2
T HIHEEL LT 0.lum BA O CXE L 720 | R TR/ NS < 72 D1F EHERN RN
Bl 7eh, ~HTEZEY ROEMEREITR RN KRELS RDIZFERADHTHD, 20D,
Fig.4-16 @ X 5 \ZHHERE 7 « Vv 2 DN RORARME (MPPS) 132 OFEEIIR N D 239,
B C A~ A7 OFFEER CIERBRL & L CIEH E S 2 X 0O TR & 72 eIk Chr 7
FESNRMEL 72 B 5EIK) T HEEPNAE 0.3um ORLFH A ARERA SN T D,

99.99 T . .
Percent )
Efficiency ! !
9997 T Diffusion ! Diffusion i Inertial
i+ And 1 Impaction
i Interception | and
: i Interception
99.94 T i i
0.01 0.1 1.0

Particle Diameter (micrometers)
Fig. 4-16 Filter efficiency vs. particle size (electrostatic force ignored)

74V H OREDEIL B2l THETE 5, T2, B - &2 2 0 FEo B M
(] W Bq.(-13)0 & 5 I SRHEMSHEC 51T 5 B BB oI TR S h 5,

Mhx =15+ + f(Pe,R) (4-13)

! =2.7pe {1+0.39(kf )" Pe1/3Kn} @14

n§=—L{—l——a+Rﬂaa+anu4n} (4-15)
2k" |1+R
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f(Pe,R)=1.24(k’ )_1/2 Pe*RF (4-16)

T gl ROl T 7 T NT 4 NE OIEMR NS 2 E 0 RS X 2 H e
W, f(Pe, R) ITIEH & 2 VAN L 5 H—lffEEL L Th D, F72, Kn i
7 X—F ). KITEFEOKITFER TG, CclI TR HERKOTH D, X7 LI Pe i
T IR O KN T TH Y | JEEIRE D & HVTEq4-19 TEIND, RIFEZEY X
TA—=HHTH D,

2

K = —05ma—>+a-% (4-17)
4 4
d
CC :1+%[1.257+0.4exp(—1.1—p)] (4-18)
d )
udf
pe="% (4-19)
D
C kt
-_—¢ = (4-20)
3mud,
d
R=-1 4-21)
d,
Kkn=24 (4-22)
d

DBEET7 AN ZDAEERERRY VT LVORKBEDOHE

WRIZHTE LI ED 2R 58 E 7 4 VX I K DR OEIZEHB VT, Brown b 393K
FIHERIE O VBN KR O —a U DI L D DR 2GR Lz, %RICKAD
L Eqs.(4-23)~@2DIR L2 L 212 X 0 RE REHOHERZ R L)

7 =1.48K,"” 107 <K, <107) (4-23)
nr=051n""K)” (107 <K, <10°) (4-24)
7 =0.54n"°K)"  (10° <K, <10%) (4-25)
e =0.78K,. (107 < Kc<107") (4-26)
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7t =059 7K 107" <K, <10") (4-27)

DI ol kgt Y LSRR Th S, h IRFOANFRT, K, &
K /85 A— 8 RO —a v )85 A—8 Th %,

212 32
_ (ep -DCx Qfdp
6(e, +2)g,(1+€,) ud u

(4-28)

In

c
__ G0, (4-29)
6g,(1+ £, )ydpu

C

ZZ TOIUIMHEEREE, alIFBER, o KO e, 1 TMEHE S BT OBHRT-E— A b, nplT
i DEME T D, AR THWRMEEREE O X PP 7 4 V¥ OF = % A7 E
NaCl ki 7~ CEHAl4 2 Z & T Figd-17 O X5 ITHEE LTz, #E pp 7 4 LV H D Qf 1 6.5x10°
Chm? L7 o7z,

1.0E401 |
_ - ——1074<Kin<10A-2
1
N ———101-2<Kin<1040
— _ Charged PP
1070<Kin<102
> & 01um Qi=6.5x10"° C/m?
QC_, B 0.15pm
'S 1.0E400 | A 0.2um <
4= F o A
G X 0.3um & X
GCJ 0.5um ><A
.0
+—
Q
S 1.0E-01 |
© ;
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=
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Fig. 4-17 Experimental single-fiber collection efficiency due to induced force as a function of

induced force parameter for charged PP filter
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(C) BE T ANFIZLBARNLY < EEHEREOR T DORE

FIEE 7 4 NV Z T L DRI T OB —{RHEREE DR 12O\ T, LR 3OTFHFE S NT A —F
Kn&E 7 —na o jRNT A =2 Ke#HWTLUTOX 9 e Xa2wmiE L,

n=C1 Kin?P+Cz Kc ¥*-C3(Kiv Kc)'? (4-30)

ZIT, CO~GIEET7 AV ZOMERCHERELR ENLROONIER TH D, S HIZANML
ML, Bq.(4-30)% Eq.U-3)D L ST T o AEBIC L 2 BAE ZE L ChET L L L biC
TR IR AE ORI B P I L CHEGmR A IRE L,

NED = APe—2/3+BKIN2/5+CKC3/4_D(KINKC)1/2 (4_3 1)
P =f(0.dp) p(0.dp) + 2 f(1.,dp) p(1.dp) + 2f(2,dp) pudp) + =+ = * (4-32)

Z ZTABCD FFERIITKRD LD EER. A0.dp) TR~ kB IC 1T 5 0
B R - DIFTEEIS . p0.dy) % O (BT Bk DFEFE Z "9, L7=2v> T Eq.(4-32)1%,
NN~ TR RBIC 3T DRI 2 . KBTI T DR DIE(EL & @i =R
DO TRT ZENTELILERLTND,
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4-5-3 7 4 )V Z OEHIE L TiE O BR

BB TR L2 H N2 W, AR TR L7z s v 2 ot L v . @R TEIC
K3 D AR I Z 1T 2 L RHER SR 2h 3 ) OV il R DBk &2 R 7=,

(@) HTRERHET 4 VE VL KT B IEBIEERE O REEE

ARIFTE TR LT 7 AfEHE T ¢ V2 OYERIHERSEIC LD B —8E2h=E gp E Wit u D
Bt % Figd-18 (/R LTz, Tk v, M ER FRENPRKELRDIFE ppldK T L, £
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Fig. 4-18 Relation between p and u calculated by Eq.(4-14) at various particle diameters.
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(b) HITABHET A NEZF U TINICHT B EZ2E Y BEBEORERE

S ZE 0 BEREIC XD MR EE R pr E VO u OEAfR%E Fig4-19 (R LT, S &V
WCEDHWEFSIZAEN RTI A —FOBRIKGFT D72 sl B miz—E L 2o 7,
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Fig. 4-19 Relation between z7r and u calculated by Eq.(4-15) at various particle diameters.
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Fig. 4-20 Relation between 7p and u calculated by Eq.(4-10) at various particle diameters.
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PR, S A E D EBICIIT D T AHET 1 v F O —IBHERE N RIL Eq4-13 D K H 1T
B TSRS O L —RHE SRR DRI TR S 41D, Eq.(4-13) % W THIR L7z 3 S DtE% &
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Fig. 4-21 Relation between pr and u calculated by Eq.(4-13) at various particle diameters.
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(e) HT AWHET 4 NV Z 2EDFBROFHE

ARGECTHER LT 7 Affifle 7 « V2 OFEHE & i OER % Figd-22 \Zr L, K&
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Fig .4-22 Relation between penetration and u calculated by Eq.2-1 at various particle diameters.
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Fig.4-25 Penetration of the PP filter at various particle diameters.

124



4-54 REWEDBSEM L 7 4 VF OFEBEDBIE

RITEINLT T 7 ¢ V& OB FHERE 25T 2 FdE 8 DU CHL— iR MER SR BRGR X 0 36am
L7z, AREITIE, RIfiOT — % % FEIZ 15 Limin OFEREFRT 5 7 4 V2 OFwEEHEE
T 5,

FRIR AT = A & L, FRIRIEER A2 TR X 5 (2 3 PR L & B 7= S CHERE 4 bt L
2o ZAWITHEAIR Y72 0 OFEHEES—ETH Y | EEFTNOFEPPMICEND
HLOEEZEZLND, Fio, ANOFEREHEITES 10~30 cycle/min 2 TH 523, 4 ENTE
IR DI EIRE 2 B E UMK EHE D7 < BROE LT, BERIFIZBIT 2 ZA 0RO 21
% Fig.4-26 | TR L7z,

O 1 FEHAE 1S L, FEREEL 10 B (0 M E =15 L/min, “FEJEHE 0.1m/s)
@ 1A E3.0L, FEREELS B (oM E =15 L/min, “F¥J3EHE 0.1m/s)
@ 1A ESOL, FEREE 3 B (0 M R =15 L/min, “FE¥J3EHE 0.1m/s)

0.25
e 1,51 /cycle, 10cycles/min
3L/cycle, 5cycles/min
- 0.2
E 5L/cycle, 3cycles/min
2 0.15
O
s)
E
3 01
i)
vy
< 0.05
0 1 1 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 10 11
t(s)

Fig.4-26 Triangular flow patterns through test filters during one inspiration (filtering effective

area: 100 cm?)
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Fig. 4-27 Estimated Penetrations of glass fiber filter at three triangular flow patterns.
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Fig.4-28 KEstimated Penetrations of pp filter at three triangular flow patterns.
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Table 4-9 Relationship between tidal volume and estimated penetration at each

particle sizes (Glass fiber filter).

Particle | Breathing Integrated Integrated Average
size frequency penetration per penetration per penetration per
(nm) (cycles/min) | cycle, P (cycles) minute, Aimin cycle, Pave

(min-1) (cycles™)
10 1.48E-07 1.48E-06 9.87E-09
50 5 3.07E-07 1.53E-06 1.02E-08
3 5.18E-07 1.55E-06 1.04E-08
10 3.76 37.6 0.251
100 5 7.53 37.6 0.251
3 12.6 37.7 0.251
10 4.96 49.6 0.331
150 5 9.91 49.5 0.330
3 16.5 49.5 0.330
10 5.33 53.3 0.355
200 5 10.6 53.1 0.354
3 17.7 53.1 0.354
10 4.84 48.4 0.323
300 5 9.64 48.2 0.321
3 16.1 48.1 0.321
10 2.51 25.1 0.167
500 5 4.99 24.3 0.166
3 8.31 24.9 0.166
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Table 4-10 Relationship between tidal volume and estimated penetration at each

particle sizes (pp filter).

Particle | Breathing Integrated Integrated Average
size frequency penetration per penetration per penetration per
(nm) (cycles/min) | cycle, A (cycles?) minute, Pimin cycle, Pave

(min-1) (cycles™)
10 6.67 66.7 0.445
50 5 13.3 66.5 0.443
3 22.1 66.4 0.442
10 4.98 49.8 0.332
100 5 9.93 49.7 0.331
3 16.5 49.6 0.331
10 4.70 47.0 0.313
150 5 9.37 46.9 0.312
3 15.6 46.8 0.312
10 4.47 44.7 0.298
200 5 8.92 44.6 0.297
3 14.9 44.6 0.297
10 4.09 40.9 0.273
300 5 8.17 40.8 0.272
3 13.6 40.8 0.272
10 3.30 33.0 0.220
500 5 6.59 33.0 0.220
3 11.0 33.0 0.220
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Fig. 4-31 Relationship between flow rate and pressure drop of test filters measured under constant

and cyclic flow condition.

(b) EHERBIRIC X 5 ZE R ERH RO

AREN L & % LPC OFHRIFE RO —fF1 & LT, 1.5LX10 cycles/min DS T 0.1 pm D
FLF(0.1~0.15 um OFPANCKI T2 H T AHET 1 V2 KD pp 7 4 VX D 0.2s T & DRI
%E%wﬁ%%ﬁym2&0¢%:%bto__forwwpmmimﬁ¥%fi L
WHEOT Ty DL 2D, RIS T ¢ V& Zi@iE L 72k 713 0.1 um Down & 0.15 um Down
DETH D, F%i@i/}lb@”ﬁ%ﬁi ETHY ., FHRIEEXMNEROFGHEICA DT TELL LT
WD Z ENDroTs, BRmBEORREIT, FFRAERWIZKREROA TEIE L 72, £o, FFX
%m74w&:mhéﬁﬁi?m&&Dﬁ%ﬁ@@bﬁw@f?%éﬁ\HyHZ&Fg4
BHHDLND KL IITFFREFIZ S 0.1 um LA EORLF235%7 30 . 0.15 um LA EORLF-23 20
BREFHH STV e, ZHUEMERE o DO THL /=T 4 VI U U Z OR T B E
LTWATED, 74 VEHRNAVENORLTE2FILIZ b DB 2 Hivd, IS T T A7 O
FEATG 2 S U 72 BER 0D F2BR 25383903 TRERIRFIC BRI - A 51l L CTRmEZ RO TR | 7

131



nhHY

HOWPE &1L D FERIC

75
%

FHHI U727 4 V&2 OfREE

A

S IVH il LTk DR

DEEDbND,

—*—0.15um-Down

0.15um-UP —o—0.1um-Down

0.1um-UP

====-Air flow rate A

0.3

300

(sz'0/sejo11ded) 1unod apiled

o o o
o n o
~N — —

Nl 250

i

A

st L e

At

e

Al
A

A A s a . MAd A A A A“ .

0.25

(s/w) n ‘@1e4 moy4 a1y

20 30 40 50 60
Time (s)

10

Fig. 4-32 Particle concentration measured up- and down-stream of glass fiber filter at cyclic flow

condition (1.5L/cycle,10cycles/min).
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Fig. 4-34 Relationship between flow rate and 0.1 u m particle penetration of glass fiber

filter measured at cyclic and constant flow condition.
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Fig. 4-35 Relationship between flow rate and 0.15um particle penetration of glass fiber

filter measured at cyclic and constant flow condition.
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Fig. 4-36 Relationship between flow rate and 0.2pm particle penetration of glass fiber
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Fig. 4-37

filter measured at cyclic and constant flow condition.
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Fig. 4-38 Relationship between flow rate and 0.1pm particle penetration of pp filter

measured at cyclic and constant flow condition.
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Fig. 4-39 Relationship between flow rate and 0.15um particle penetration of pp filter

measured at cyclic and constant flow condition.
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Fig.4-40 Relationship between flow rate and 0.2pm particle penetration of pp filter

measured at cyclic and constant flow condition.
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Fig. 4-41 Relationship between flow rate and 0.3pum particle penetration of pp filter

measured at cyclic and constant flow condition.
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Relationship between flow rate and 0.1um particle penetration of discharged
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Nomenclature

A Hamaker constant [-]
Acyi cross sectional area of piston/filter [cm?]
Ay filtration area of filter [m?]
a collection coefficient [-]
C particle concentration [particle/cm?]
Chlank particle concentration of blank holder [particle/cm?]
Ce Cunningham’s slip correction factor [-]
Cp drag coefficient [-]
Caiownl down-stream pulse count of counterl [pulse]
Caown2 down-stream pulse count of counter2 [pulse]
Crilter particle concentration of filter fixed holder [particle/cm?]
Cin particle concentration of inlet [particle/cm?]
Cout particle concentration of outlet [particle/cm?]
Cupi upstream pulse count of counterl [pulse]
Cup2 up-stream pulse count of counter2 [pulse]
D diffusion coefficient of particle [m]
d diameter [m]
dy fiber diameter [m]
dp particle diameter [m]
ds area of test filter/screen [m?]
E collection efficiency [-]
e elementary unit of charge [C]
F drag force [N/m]
fc breathing frequency [cycle/min]
h thickness of filter [m]
hi hydrodynamic factor [-]
1 current measured by the electrometer [A]
I.D. inner diameter [m]
Kc Coulombic force parameter [-]
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hydrodynamic factor of fan model filter

[-]

K induced force parameter [-]
Kn Knudsen number [-]
Kp compressive-elastic coefficient of particles [-]
Ks compressive-elastic coefficient of wall surface [-]
L thickness of filter [m]
Leyi cylinder stroke [cm]
Lpuma rod length of DMA [m]
M number of data for summation of positon displacements [-]
ms mass of screen [kg]
/ total fiber length per unit filter area [m/m?]
r total fiber length per unit filter volume [m/m?]
My molecular weight [Da]
N particle number concentration [particle/cm?]
np number of charges on a particle [-]
0.D outer diameter [m]
P penetration [-]
Pave average penetration [cycle ]
Pe Peclet number [-]
p number of charges [-]
pi instantaneous penetration [-]
P integrated penetration per cycle [cycle!]
Primin integrated penetration per minute [min']
0 charge density [C/m?]
0. volumetric flow rate of aerosol [L/min]
0. volumetric flow rate of sheath gas [L/min]
Q. volumetric flow rate of carrier gas [L/min]
Qs volumetric flow rate of sampling aerosol [L/min]
o, volumetric flow rate of Ion Counter [L/min]
q quality factor of filter [1/Pa]
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qe volumetric flow rate of aerosol into electrometer [L/min]
R interception parameter [-]
R inner radius of center electrode for DMA [mm]
R> outer radius of center electrode for DMA [mm]
Re Reynolds number [-]
S sum of piston displacements [mm)]
Sa sum of piston displacements from 2M to M+1 [mm)]
S sum of piston displacements from 0 to M [mm)]
T temperature [K]
t time [min]
u filtration velocity [m/s]
v voltage [V]
Vave minute volume [L/min]
Ver critical velocity [m/s]
1%} voltage of DMA [V]
Ve voltage of electrospray [V]
Vi volumetric flow rate [m/s]
Vi tidal volume [L/cycle]
Vim impact velocity [m/s]
Vinax breathing peak air flow rate [L/min]
Veont control voltage of servo cylinder [V]
Vin voltage input [V]
Vi breathing air flow rate [L/min]
wy mass of filter [kg]
Xi piston position [mm)]
y time per cycle [s]
Zy electric mobility [m?/(V+s)]
Za allowance of piston displacements [mm)]
z mass fractions of fibers [-]
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Greek

o packing density of filter [-]
) packing density of filter considering variance of
“ fiber -
) inhomogeneity factor of filter [-]
£ dielectric constant (-]
& space permittivity [C*/(Nm?)]
A mean free path of gas molecules [m]
Y7, viscosity of air [Pa-s]
0 dimensionless polar coordinate tangential direction [-]
k Boltzman constant [J/K]
P density [kg/m’]
o variance of fiber [-]
T coefficient connected with gas slip near fiber surface [-]
Ap pressure drop [Pa]
n single fiber collection efficiency (-]
A mean free path [nm]
u viscosity of air [Pa * s]
% time of a cycle [s]
p density [kg/m?]
o variance of fiber [-]
Op-s adheasion energy between particle and wall [-]
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Superscripts

exp Experimental

f fan model filter

r real filter

th Theory
Subscripts

blank blank holder

C Coulombic force

D diffusion

down down-stream

f fiber

fg geometric

filter filter holder

In induced force

in inlet

out outlet

p particle

R Interception

up up-stream
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