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Air filtration is used at home, medical and industrial environments for air purification. Depth filtration is an important
for air filtration because particulate matters are captured by its mechanism inside a filter. In this study, numerical
simulation of air filtration was carried out by a two-way coupling model using lattice Boltzmann and virtual flux
method. In addition, discrete element method was used for considering the particle-particle and particle-fiber
interactions. Filtration performance among staggered, parallel and mixed fibrous filter models was investigated. For
the mixed model, the fiber y-position was changed exponentially along the uniform flow direction. Consequently, the
filter structure was changed spatially from parallel to staggered. As a result, the performance of the mixed model was
intermediate between those of the parallel and the staggered models, and it caused a long traveling distance of the

captured particles.

1. #E

I, WEERIEMNET Z & TIRAMO T SRR L
TR Y« SEET DEMETH D, ITE, FEEEID BB,
PEEIC V-5 E CIBEBAMITER Sh s, #ilxiE, FrEfo
ZESIE R, AN T OB R D7 U — 2 — 21k, TR
FIEEIC BT D T o A DlgER S Th D, £i5,
BB T L 72> TV DO KREIFA TH S, TOFKRTHD
KRETEGE T BB T AT 7 DR S5 130 Vi,
WD, 1Ek7e EOR-IRE (PM : particulate matter) 232817 i
5. FRZ, PRERERDTE L\ OGEIECIIEE e T3 b0 A B HA
BEONINERZ L0 RKIGG IR & 7p o Td. KRETEYE
WEIS NFIDIERIRZA LT, MR AR ER AR 21T L,
B R BB RIFTOZ L0, SRR PRI ZURERM
DI=DIZZEKIE LA, BT 7 4 2 OMERER RO 5
AN QAYN
JEENOTGEIRZT, DL IITA v = L0 SRR
BISE D PRT SN2V EEFIH LR TH Y, ZhaFRE
BRI . JEEBEICIT T OFmERLSNC Y, T X N
2V N THHEDO S TEFISEIC X 0B T-H 3R S N D108 (PR IS
R, 7 VAN THERE U T BB N 7 o VB ORI R R
Z L TR ORI BIBIR CTE D — Z IEEOMEET D, FRHT
TT T A E T, WRHEBOTEEERD 10 LA TO LR 20, ik
HERIBR X 0 B 7R I3ZER E T T 4 W H NS A D IAFR
9, WEIEBHGIEIEND. S I ZogEERsSRo
BIAHHHEA B =X B TAEEESS, M50, R, HEREInES
NDZEBRPD->TOES, EMEEZE, EIEORENR -0
(CHEHBIT R T2 T B 22K D UK -0 BREET,  flE iz
UHE SN DB CTH D, iz, O ITRF-HMHES D Otk
WZIR>TIE R 29T, itk & kERim gD S8 % T al
B & CHEHECEZE U TR SN TH 5. FROIEESIS
TIEZNSOBEMES L TEIND T2, =T 7 4 L2 NERDIE
BRI L VMR D, SBIS, =T 74 NE ORI TR 72
FEBRATONTNABR, FERRFNT 7 1 L& PREROFERR T2
), R —iHER O A OB ZAT 5 DIZREETH 57-90,

GEIEIRIZIT 2 2 S ORITHEA I =X LB ED LT Z
STWDDWEFTRD Z LT LV, ZD7-), vIal—T3
ATESTT 4 NFPEMERO WYL AT O Z LITEETHY,
S BITIHNVDRHEOHHEDRLE, KA XL DT A—H
ERNTHN TR U ChRoi7eIRmsf t i~ £ 5 72, BIFETIIA
W7 I —FHAMREL 72 5.

GBI B OB L8 2 DR 0Oi@E B 2 1B 5 I 2 L
—3 3 VETIVRZND, MU BRI TN S WG
BIREF- DO Z HER3 2 R BN A(one-way  coupling model)<>
HRHE—RIT T, R — R OEZEOR S - BiiA E LioeT
VIR Ckk 2 I B T OALDMAAET D, BT CIIAR AR % 15
TROETNEMND Z & THAEAMABN TE SR EDA Y v |
DHDN, FO—I CHEAOYHTT VIR EZT 572 DT
AUy MR®H5. AT, REEIEESGU I ORI & e
DRIA-—RIA, R —MER O E/ER-IZE B L, DEM(Discrete
Element Method) ¥ i\ % = & CTEZ2Hs O Bz M L
TRUVBREET VAR LT, R, FEERIZES 0 i E T8
JEL7ET/UE Mino 5O - iR OTEE Y I = L—a v
TEHEALTWDD, BIRTCIEEEZEID R THD. Z0OFT
TS E > CREESHOIEDEN Y, KR & HEHEE DT SRSk
TIFESRINENE 2 Y, K 0B S CORBENTTREE 72
-7z

HEHEZ 4 VH OPIIEE NS T 7 e —F L WD e s L
T, Wang HO1F 7 1 L fHECE SR T TLo s LT
parallel &5 /1 & 2 HIZHES L 7= staggered &5 /L CO 2 R TTARHT &
1TV, BB OETIVOITHEN R HESRRS LOVE Rk & 72
HIEEHELTWA. F7, Li 501 staggered EF ALY B
HRET N ARDT, 7 4 IV DT EEROHHER A RFTY
WZEERE L CRE — U AT 24TV, DS lkiER 7 ¢ VA RIS
BEIED Z L CRSRNERISERL S NS LA LTV D. R
WTIL, 1207 4 /VZ N THKERE DS parallel 2> staggered ~
EZERINCZE D mixed BT LVEIEEL, staggererd, mixed,
parallel ZAV5 =207 4 )V EET )VOMWEE T IR, T,
KO BN 759 traveling distance 72 & & VTR L 7=

Copyright © 2019 by JSFM



2. HEEEE

ARFETIL, BRIARD IR IER O LA L7z 2
WITRE- Boltzmann %% AV =, hiF-0OES 2L Newton
%A% 2 RS Runge—Kutta 7 CHERI L L7z, Wk Ticdh
RiTF-72 EOYNERDFHTIETIE, T Bolzmann i THWLILE
ERIREZIHE TR T ORI 2 R AT e (AR Ak
@ZEH L. S 51, YiAE>Z251H 51213 DEM (Discrete Element
Method) “% fil\ \/=. DEM IZ#ADIRRER SR L CHComik
DIEFZ BT 5 FETH D720, two-way coupling F-45 & AR
BEWVHRATHETHD. I bTEE AW ORI T—hi 7, kit
—HEHERS, ORI — AR E N ORI AR 1 2 2 CEB LR
BEATH ZENTES, MHEMERNZBE L2TUL e b0
OFR I 2 MIE DS, JEHER LR TN LWSRCR O
KiFEENED X9 72 one-way coupling Tk XL ¥ b IERE/RES A
DHEEEFHTELLDTHLEEZLND.

2. 1. IFFRMEA&EF Boltzmann £O©

IEBY A% Boltzmann 7513, #41- Boltzmann OEFTCéH 5 7 /L
Y RAOHEHM I ZRDHDD, AT VEAEEZ KIBIZHIETE 2
FEThHD. AT, FEEMEMERIRIC I 2 TEREMEORRZK
WOT=-0IT, A& Bolzmann B HEREEDERL O 255
7%, 723, #1 Bolzmann IEOBERBERILET /ML 2 oT
FRITIZR W Tlie b — 70 9 T 7 LA HH L7z,

FEEREEOERA LA L 72 IESY bA%-T- Boltzmann JEDREH R
IR EN .

ot
Dot + 8t,x + e, 6t) = Sl (t, x) + (1 - 7) pat,x) (1)

TIT, plIESARREEL, pelITES AR, pa I ES
SITRBRDITHGED, TITHEFIRARE, eq | THERGHEE~Y b L, 613
I, Sx(3Z2RILIAME T D, EA AR po®id,
Maxwell D5 L » ek ans.

(a')z z
=y

p5?=w@[p+;m{ea-u+

TIC, plIES, poldHHERE, ol RHTHD. F, weld
HMEECTH D, [EIIARBEEOIEHERROULE pLiL, &K
TERINS.

Wg [€aiCaj
%zf(;ﬂ—%yﬁq @)
S

ZIT, O NHEST Y OB TH Y, 6513 Kronecker
delta Th 5. YRR TH DTS p, HE u, )7 VNI
5 IR B TR EN S,

P= Zpa @

1
u= Do Z €qPa (5)

a

N

€ai€aj
m = Z —2 Pa~ POy~ pottity (6)
a

FEIBEBERAAFEL VRO L
A04-4
2. 2. {RAEFREED®
PAEFRIEEVE, TV M&E T TEETIRIROEFHR L UOW
ORISR EFET 2 TETHD. AFETHWDS T BV M
FIEA TR CRERN B, /e EOEETRIRY
I8 O OFREERROFFI I TBERE AHE 172 & & TR T
FRAGPEDSEL L 70 B (RARCHTE TV, DRSS ), R,
IS DEEREA % G- 2 TRAERIZ 0 A B & N D 2 & Ciidsiie
BEDFEI VAR ESI 2D Z ENTE D, IBIL, W@EOVIE
DFE 2 — NIABREROFHEN—TF 22 A7 CalEnss
FET D728, FEERERTHD EWVIHIFELRH 5.
YRR OB O R Th 2SI TR AT~ & 9
2, FENRERIT I ARC O, BE IR Y 72 LOBERS 252 5.

ap
-— =0 7
on wall ( )

Upan = Uy + @y XT (8)

ZZC, Upyan [ ISR R DOTEAIRE, w, (IEDOEE, w,(T
WIRDBIEEE, riZEOE LN SMIRERSETORY L, n
AL IR DR T ML ThS.

2. 3. Discrete Element Method®

DEM ki3, T ehniRif7n & A sifeik & ROE LTl D Tl
<, Mz OREF-OFEBFRAAMS Z L1 K> ThfkiEakozE
WA S I 2 L—2 3 VT A RETH D ARIZED 2 Yot DEM
Tl % ORI A MO X 5 iR ET /L E LT D Z & THA
X MEHREL, LS OhrTE RV ZITA DL oIl
7. Flz, Ex ORHITATIRRIEE b OWIR L EZIND =D
I RIEAMEZE T DB X 5. Z OEZEEBOET /M,
TERREATHAZ X > THHAIZAEL hard sphere ©F /L&, FHAEEA
F1% 52 THBROBHEZ A% IV CHREEIREAICAELS  soft sphere
ET/UFig. )38 503, AT soft sphere £7 /L% HV =,
soft sphere &7 /L CIIEZEOBALE U INVEETY (BAES,) %
TRL, ZOBREICL > THAENDEZRD S, ZOMAEER
TN N ODDETAPER SN TEY, ZOHTHEZICE
LIV A REITE, HMTRERIIMR ZLoTE
289 Kelvin €7 /L% AV . #9 Kelvin €7 /W3 Fig. 2 [T~
F OB R I U E B AR R S &, BRI L
Bl L CTHI N &S L NI X AEAETLTHY, B
TN HONOFBHESER & LTEIL . 72720, B
FHCRE LB EOTIMER LTERRHIIE 5 & & 23 BRI A
FA BEBAT S Z 212 LT Coulomb BB A =B+ 5B L %
V=,

Fig. 1 Geometric layout of contact between objects on soft sphere model
of DEM and physical quantity of the objects.
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(@) Normal force model (b) Tangential force model
Fig. 2 Schematic of linear Kelvin model for interactive force between two
objects; (a) normal force model; (b) tangential force model.
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Fig. 3 Conceptual diagram of single fiber efficiency .
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Fig. 4 Schematic of simulation model for analysis of single fiber

efficiency.

Table 1 Computational condition for analysis of single fiber
efficiency.

Fiber diameter d¢ [um]
(Characteristic Length D)
Inlet velocity U;, [ms]
(Characteristic Speed U)
Fluid density p¢ [kgm™]
(Characteristic density p)
Kinematic viscosity ve [m?s?]
Reynolds number Re [-]
Particle density p,, [kgm ]
Particle diameter d, [um]
Poissonratio v [-]
Young’s modulus E [GPa]

Hamaker coefficient H [J]

Closest distance between objects
zy [A]
Static friction coefficient g [-]
Dynamic friction coefficient
pa [
Coefficient of restitution e [-]
Rolling resistance coefficient

Hp [']

50
03

12

15%x10°
1
400, 600, 800, 1600
50
03
01
(Fiber) 6.7x107%
(Particle) 1.0x107%

45
05
05
004, 01, 015
0.05
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Fig. 5 Single fiber collision efficiency and single fiber capture efficiency as
a function of stokes number for parameter identification and grid
independence study.
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Fig. 6 Schematic of the filter models used in this study; (a) staggered
model; (b) mixed model; (c) parallel model.

Table 2 Computational condition for analysis of filter model.

Fiber diameter d¢ [um]

(Characteristic Length D) 50
Inlet velocity U;, [ms] 03
(Characteristic Speed U) '
Fluid density p¢ [kgm™] 1
(Characteristic density p) '
Kinematic viscosity v¢ [m?sY] 15x10°
Reynolds number Re [-] 1
Particle density p,, [kgm ] 200
Particle diameter d, [um] 50
Packing fraction o [-] 0.057
Filter thickness [mm] 1.39
Number of particle [-] 50
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Fig. 7 Comparison of initial pressure drop and averaged final pressure
drop among the three filter models.
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Fig. 8 Comparison of the averaged collection efficiency among the three
filter models.
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Fig. 9 Comparison of x-distribution of averaged particle penetration
among log-penetrating expression solid line and the three filter models.
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Fig. 10 Comparison of the normalized averaged traveling distance among
the three filter models.

Fig. 11 | THfiE SRt 1 272 0 12 K BBk OB IR
7R, staggered, mixed €7 /U parallel €7 /U L TENEN
2%, 13FLaote. ZDZ &N, parallel T /UTRF% LV
BRODIRNFIETHHETE 27 A VAHETH D ERDBID.
Z U3, staggered &5 /LTI Fig. 12 D X D ITHfE SRz &
T X N SHEHEFR OZERD N 2 HFEO e E 5 Z & TRtk
BT %73, parallel &7 /L Tl Fig. 13 0 & 912 x HTANCIE
SAEHEORNTRI Al 2 BT HZEROTh A ZIUZ ETHE L
W2 DTS staggered (R TEIIS - &2 BN,

e
—_
o

e o e

o> o =

S & o
T T T

captured particle [Pa]
=]
(=]
E

Increase of pressure drop per

1 1

Staggered Mixed Parallel

Fig. 11 Comparison of averaged increase of pressure drop per captured
particle among the three filter models.

Fig. 12 Nondimensional x-direction velocity contour of the staggered
model. Black circles represent fibers and white circles represent particles.
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Fig. 13 Nondimensional x-direction velocity contour of the parallel
model. Black circles represent fibers and white circles represent particles.
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